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José A. Peres

Zacharias Frontistis

Mha Albqmi

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Gassan Hodaifa

Universidad Pablo

de Olavide

Seville, Spain

Antonio Zuorro

Sapienza—University

of Rome

Rome, Italy

Joaquı́n R. Dominguez

Universidad de Extremadura

Badajoz, Spain

Juan Garcı́a Rodrı́guez

Complutense University

of Madrid

Madrid, Spain
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Peres

Degradation of Agro-Industrial Wastewater Model Compound by UV-A-Fenton Process: Batch
vs. Continuous Mode
Reprinted from: Int. J. Environ. Res. Public Health 2023, 20, 1276, doi:10.3390/ijerph20021276 . . . 305

vi



Amir Hossein Navidpour, Sedigheh Abbasi, Donghao Li, Amin Mojiri and John L. Zhou

Investigation of Advanced Oxidation Process in the Presence of TiO2 Semiconductor as
Photocatalyst: Property, Principle, Kinetic Analysis, and Photocatalytic Activity
Reprinted from: Catalysts 2023, 13, 232, doi:10.3390/catal13020232 . . . . . . . . . . . . . . . . . . 321

Tomoki Haketa, Toshiaki Nozawa, Jun Nakazawa, Masaya Okamura and Shiro Hikichi

Oxidation Catalysis of Au Nano-Particles Immobilized on Titanium(IV)- and
Alkylthiol-Functionalized SBA-15 Type Mesoporous Silicate Supports
Reprinted from: Catalysts 2023, 13, 35, doi:10.3390/catal13010035 . . . . . . . . . . . . . . . . . . 351

Mohammad Issa, Dennis Haupt, Thorben Muddemann, Ulrich Kunz and Michael Sievers

The Electrochemical Reaction Kinetics during Synthetic Wastewater Treatment Using a Reactor
with Boron-Doped Diamond Anode and Gas Diffusion Cathode
Reprinted from: Water 2022, 14, 3592, doi:10.3390/w14223592 . . . . . . . . . . . . . . . . . . . . . 367
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Preface

Within the last twenty years, advanced oxidation technologies have begun to be taken seriously

as green technologies and are highly efficient from the point of view of final yields since they are

chemical reactions that can be controlled and directed according to the end goals in each case.

Thus far, they have considered emerging technologies to be of little application at the industrial

level, as they are commonly considered relatively expensive compared to conventional technologies.

This consideration is not entirely true since, in many cases, the costs of these technologies can be

low, as they are simple technologies, and the costs of the chemical reagents used depend on each

geographical area. It is also important to mention the degree of previous optimisation of these

technologies in each case, which usually implies a notable cost reduction, especially when considering

the circular economy of the processes in which these technologies are applied.

Advanced oxidation technologies can be used individually or incorporated into more complete

processes or bioprocesses. In this sense and as a non-limiting example, they can be applied in

wastewater treatment as a main technology/for pretreatment or as a final operation to adjust the

final percentages required by current legislation.

This topic is characterised by being a multidisciplinary volume of the journals Catalysts,

Processes, Sci, International Journal of Environmental Research and Public Health, and Water, in

which the aim is to extend our knowledge of the current state-of-the-art technologies related to

current and possible future applications of advanced oxidation processes.

Finally, we would like to thank the contributions of the authors participating in this volume,

without whom this topic could not exist.

Gassan Hodaifa, Antonio Zuorro, Joaquı́n R. Dominguez, Juan Garcı́a Rodrı́guez, José A. Peres,

Zacharias Frontistis, and Mha Albqmi

Editors
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Advanced Oxidation Process: Applications and Prospects
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Zacharias Frontistis 6 and Mha Albqmi 7
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The generation of waste has increased significantly over the last 50 years. This has
affected the quality of the air, water, and soil, leading to climate change, the effects of which
are increasingly being felt by the world’s population. Faced with this scenario, society is
being forced to look for solutions to maintain the health of the planet and of humans. In
this sense, advanced oxidation technologies (AOTs) present solutions that are difficult to
achieve through conventional technologies, given the complexity of the composition of
the waste generated by industries that increasingly pollute. The scientific community is
working to develop AOTs from emerging to well-established technologies, as they are a
greener option and fit well into the processes that lead to a circular economy. This Topic
is dedicated to understanding the current situation concerning AOTs, and what these
technologies can offer us in the search for effective environmental solutions to reduce or
eliminate waste generated by different industrial sectors. The papers that make up the
Topic and correspond to different technologies involving advanced oxidation processes
(AOPs) are as follows.

Lu et al. [1] studied the degradation effect of heat/peroxymonosulfate (PMS) on
atrazine (ATZ). The results show that the heat/PMS degradation for ATZ is 96.28% when
the phosphate buffer (PB) pH, temperature, PMS dosage, ATZ concentration, and reaction
time are 7, 50 ◦C, 400 μmol/L, 2.5 μmol/L, and 60 min. Kim et al. [2] aimed to enhance the
catalytic activity of a coal-based powdered activated carbon (PAC) via thermal treatment.
They suggest that a simple thermal treatment can significantly change the characteristics of
a PAC, to improve the removal of organic micropollutants. These changes in properties, and
how they affect performance, can provide important information regarding the improve-
ment of carbonaceous catalysts. Govindan et al. [3] examined the relationship between the
intrinsic structure of a carbocatalyst and the catalytic activity of peroxomonosulfate (PMS)
activation in acetaminophen degradation.

Wang et al. [4] demonstrated the potential utility of ferrate(VI)-based advanced oxida-
tion processes for the degradation of the UV filter benzophenone-4 (BP-4). Zhu et al. [5]
investigated the degradation of cetirizine (CTZ), a representative antihistamine, under
UV/chlorine treatment. Liu and Sun [6] developed an efficient process for treating refrac-
tory 2,4-dichlorophenoxyacetic acid with radio frequencies.

Water 2023, 15, 3444. https://doi.org/10.3390/w15193444 https://www.mdpi.com/journal/water
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Akter et al. [7] investigated the consequences of ozone dosage rates on the qualitative
changes in organic compounds and nitrogen in anaerobic digestion effluent during the
ozone process. Rafiee et al. [8] worked to reduce the chemical oxygen demand (COD) of an
aeration effluent with an initial COD of 13,004 mg/L. In this study, an optimization process
was conducted in order to find the quantities of H2O2, O3, and UV irradiance required to
reduce the COD of the effluent to the lowest possible.

Zhang et al. [9] studied doxycycline (DOX), a typical antibiotic, and its removal using
potassium ferrate (Fe(VI)) and montmorillonite, and investigated the effect of the Fe(VI)
dosage, reaction time, initial pH value, montmorillonite dosage, adsorption pH, time, and
temperature on DOX removal.

Kastanek et al. [10] show the indispensability of the Fenton reaction in relation to
environmental issues, as it represents the basis of all advanced oxidation processes around
the idea of oxidative hydroxide radicals. The study aims to not only summarize the
current knowledge of the Fenton process and identify its advantages, but also address the
problems that remain to be solved. Zhang et al. [11] indicate that Cu and Co have shown a
superior catalytic performance to those of other transition elements, and that layered double
hydroxides (LDHs) have presented advantages over other heterogeneous Fenton catalysts.
Manduca Artiles et al. [12] report the degradation of diazepam (DZP) in aqueous media via
gamma radiation, high-frequency ultrasound, and UV radiation (artificial–solar), as well
as the results when each process is intensified using oxidizing agents (H2O2 and Fenton
reagent). Zhang et al. [13] fabricated three different types of manganese dioxide (MnO2),
with rod-like, needle-like, and mixed morphologies, via a hydrothermal method, changing
the preparation conditions and adding metal ions, which were utilized as an activator of
persulfate (PS) to remove aqueous dyes. In their review, do Nascimento et al. [14] comment
on the importance of choosing the best synthesis method and experimental conditions to
modify the structural, morphological, and electronic characteristics of semiconductors and,
more specifically, tin oxide (SnO2), as these parameters may be a determinant of a better
performance in various applications, including photocatalysis. Suchanek et al. [15] have
developed a new methodology for a broader assessment of the photocatalytic removal
of NOx species (NO2, HONO, and NO) from the air. The study provides important
suggestions concerning the suitability of NO and NO2 as test molecules, with NO being
more suitable. Silerio-Vázquez et al. [16] analyzed a solar heterogeneous photocatalytic (HP)
process for arsenite (AsIII) oxidation and coliform disinfection from a real groundwater
matrix employing two reactors—a flat-plate reactor (FPR) and a compound parabolic
collector (CPC)—with and without added hydrogen peroxide (H2O2). Arouca et al. [17]
evaluated the effectiveness of white-light photolysis (WLP) via an advanced oxidation
process (AOP) for removing polycyclic aromatic hydrocarbons (PAHs) from proximity
firefighting protective clothing (PFPC), while maintaining the integrity of the fabric fibers.
Experiments were carried out, with variations in the reaction time and the concentration of
H2O2. With WLP (without H2O2), it was possible to remove more than 73% of the PAHs
tested from the outer layer of PFPC in 3 days. Díez et al. [18] carried out the synthesis
and characterization of novel graphene oxide coupled to TiO2 (GO-TiO2) in order to better
understand the performance of this photocatalyst compared to the well-known TiO2 (P25)
from Degussa. Checa et al. [19] synthesized and characterized a magnetic graphene oxide
titania (FeGOTi) catalyst for application in primidone removal from water, and checked for
any possible enhancements. This compound was chosen because its presence is expected
in urban wastewater, and its direct reaction with ozone is relatively low. Jorge et al. [20]
investigated the degradation of a model agro-industrial wastewater phenolic compound
(caffeic acid, CA) via a UV-A-Fenton system. According to the results, the UV-A-Fenton
process at pH 3.0 achieved the highest CA degradation rate. Navidpour et al. [21] present a
review of the photocatalytic processes and the mechanisms, reaction kinetics, and optical
and electrical properties of semiconductors, and the unique characteristics of titanium
as the most widely used photocatalyst; and compare the photocatalytic activity between
different titania phases (anatase, rutile, and brookite) and between colorful and white TiO2
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nanoparticles. Haketa et al. [22] designed novel Au nano-particle catalysts immobilized on
both titanium(IV)- and alkylthiol-functionalized SBA-15 type mesoporous silicates. The
combination of Au nano-particle catalysts and other species that activate H2O2 served as an
aerobic oxidation catalyst applicable to various substrates, including alkenes and alkanes.

Issa et al. [23] used the boron-doped diamond (BDD) anode, combined with a gas
diffusion electrode (GDE) as a cathode, to constitute an attractive type of electrolysis system
for the treatment of wastewater to remove organic pollutants. With this approach, they
studied the treatment of synthetic wastewater, simulating the vacuum toilet sewage on
trains via a BDD-GDE reactor, where the kinetics were presented as the abatement of the
chemical oxygen demand (COD) over time.

Přibilová et al. [24] trialed the possibility of using persulfate to lower the amount of
emerging contaminants released into the environment. The main disadvantage of sulfur-
based AOPs is the need for activation. The authors investigated an economically and
environmentally friendly solution based on hydrodynamic cavitation, which does not
require heating or the additional activation of chemical substances.

Jorge et al. [25] proposed a new approach to winery wastewater treatment: (1) the
application of the coagulation–flocculation–decantation (CFD) process with an organic
coagulant based on almond skin extract (ASE), (2) the treatment of the organic recalcitrant
matter through sulfate radical advanced oxidation processes (SR-AOPs), and (3) the evalua-
tion of the efficiency of the combined CFD with UV-A, UV-C, and ultrasound (US) reactors.

Liu et al. [26] studied the migration/change characteristics of the centerline of the
channel of the Yangtze River in Zhenjiang–Yangzhou; these characteristics are crucial for a
comprehensive understanding of the river. In this study, a detailed calculation method is
proposed to extract the channel centerline in Zhenjiang–Yangzhou, using old maps and
remote sensing satellite maps, and to dissect it into seven parts.

Tincu et al. [27] studied mercury (Hg) exposure through a fish-based diet to evaluate
the correlations between Hg blood concentrations and specific biomarkers for oxidative
stress that can lead to neurological and cardiovascular diseases through the exacerbation of
oxidative stress.

The scientific contributions to this Topic have shed light on the state of the art of
emerging advanced oxidation technologies, which show promise for being incorporated
into the industrial sector in the not-too-distant future.
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Abstract: The degradation effect of heat/peroxymonosulfate (PMS) on atrazine (ATZ) is studied.
The results show that the heat/PMS degradation for ATZ is 96.28% at the moment that the phos-
phate buffer (PB) pH, temperature, PMS dosage, ATZ concentration, and reaction time are 7, 50 ◦C,
400 μmol/L, 2.5 μmol/L, and 60 min. A more alkaline PB is more likely to promote the breakdown
of ATZ through heat/PMS, while the PB alone has a more acidic effect on the PMS than the partially
alkaline solution. HO• and SO−

4 • coexisted within the heat/PMS scheme, and ATZ quantity de-
graded by HO• and SO−

4 • in PB with pH = 7, pH = 1.7~1. HCO−
3 makes it difficult for heat/PMS to

degrade ATZ according to inorganic anion studies, while Cl− and NO−
3 accelerate the degradation

and the acceleration effect of NO−
3 is more obvious. The kinetics of ATZ degradation via heat/PMS is

quasi-first-order. Ethanol (ETA) with the identical concentration inhibited ATZ degradation slightly
more than HCO−

3 , and both of them reduced the degradation rates of heat/PMS to 7.06% and 11.56%.
The addition of Cl− and NO−

3 increased the maximum rate of ATZ degradation by heat/PMS by
62.94% and 189.31%.

Keywords: heat activation; PMS; atrazine; degradation mechanism; kinetics

1. Introduction

With the continuous growth of the world’s population, the demand for crops increases,
and the use of chemical fertilizers, pesticides, and herbicides has caused serious impacts on
the global soil and water environment [1,2]. Herbicides remain the most effective, efficient,
and economical way to control weeds, and its market continues to grow even with the
plethora of generic products. With the development of herbicide-tolerant crops, use of
herbicides is increasing around the world, which has resulted in severe contamination of
the environment [3]. Atrazine is a commonly used chemical herbicide. This herbicide is
considered moderately toxic for humans and very dangerous for the environment since
significant levels persist in the environment and are highly toxic even in low concentra-
tions [4]. ATZ is also potentially harmful to the growth and development of aquatic plants,
animals, mammals, amphibians, and human cells [5,6]. Annual atrazine use in China
has increased year on year since 1980 [7]. Based on this, the total amount of ATZ used
nationwide could reach 108 kg by the end of 2018. ATZ can be excreted in wastewater
on a variety of environmental substrates, for example, ground and surface water, various
sediments, potable water, and soil [8]. The amount of ATZ in ground and surface water and
soil can continue increasing because of its heavy use and chemical stability [9]. Inside the
aqueous solution, atrazine owns a half-life of 60 to 150 days in humic acid and/or water,
accordingly [10]. Due to the serious environmental hazards of ATZ, as early as 1994, the US
Environmental Protection Agency issued a communique stating that only 3 μg L−1 ATZ is
allowed in the water [11]. However, atrazine is found in 32% of U.S. water bodies, at an
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average quantity of 0.17 g/L [12]. Many of our rivers and reservoirs detected more than
3.9 μg/L, and in the Hygienic Standard for Drinking Water, the number is required to be
limited to 2 μg/L [13–17].

Effects and endocrine disruption are the two main biological consequences of ATZ.
The harmful effects of ATZ on various organisms in nature are mainly manifested in
the interference of ATZ in the normal operation of the endocrine system and it causing
organisms to produce toxic reactions. From the viewpoint of Sun et al. [18], ATZ with a
concentration of 10 mg/L or above inhibited the germination rate of rice seeds. Fu et al. [19]
found that an ATZ concentration of 0.125 mg/cm2 inhibited the embryonic development
of the red-eared turtle. The research of Benjamin and others [20] showed that ATZ can
slow the vertebrae growth of zebra fish. Excessive use of ATZ (greater than 3 mmol/L)
can lead to severe head defects in development zebra fish cranial [21,22]. According to the
studies by Remayi and others [23], atrazine at 0.2 mg/L and 0.5 mg/L can damage the germ
cell lines and spermatogenic tubules of adult frogs, and extensive connective tissue was
formed around the spermatogenic tubules. Lin et al. [24] discovered that ATZ can cause ion
imbalances in the heart and liver of quails, causing additional harm. Through raising the
work of CYP19 enzyme in creatures’ body, ATZ can disrupt the body’s endocrine balance,
according to the studies by Beaudoin and others. According to studies by Beaudoin and
others, ATZ can disrupt the body’s endocrine equilibrium through raising the action of the
CYP19 proteinase among human organisms. [25]. Chao et al.’s research shows that atrazine
(ATZ) poses high risks to algae and worms [26].

At present, various improved oxidation processes depending on PS/PMS, such as
heat/PS [27], PBS/PMS [28], UV/PS [29], and UV/PMS [30], have been proven to have
good degradation effect on ATZ in water. However, heat/PMS heat/PMS degradation of
ATZ is rarely researched. Therefore, in PB, the impacts of heat/PMS upon ATZ oxidation
degradation under various situations are studied. The process and dynamics of degrada-
tion are also investigated, which provides some reference value for further enriching the
chemical treatment technology of pesticides containing drainage.

2. Materials and Methods

2.1. Reagents and Instruments

Reagents: All below are analytically pure, including caustic soda, sodium dihydrogen
phosphate, sodium nitrite, ETA, tert-butanol (TBA), sodium chloride, baking soda, and
potash nitrate. ATZ and PMS were bought on Aladdin.

Instruments: HPLC (2695–2996), electronic balance, UV lamp (Cnlight ZW5D15W-
Z150), pH meter (PHSJ-3F), CNC ultrasonic cleaning machine (KH5200DB), Ultrapure
Water machine by Youpu, Smart thermostat that saves energy (DC-1030), and isothermal
magnetism mixer (78HW-1).

2.2. Experiment Scheme
2.2.1. Solution Preparation

A total of 100 mol/L ATZ reserve liquid was made from water through ultrapure. The
water resistivity was 18.24 MΩ cm. The NaH2PO4 solution’s concentration of NaH2PO−

4 −
NaOH buffer was 0.2 mol/L. The NaOH solution’s concentration was separated into two
parts: 0.2 mol/L and 0.02 mol/L. Concentrations of NaNO2, NaCl, NaHCO3, and KNO3
solution were configured to 0.1 mol/L, 1 mol/L, 0.5 mol/L, and 1 mol/L, respectively. PMS
solution was set to 0.01 mol/L and kept in a dark place. Concentrations of tert-butyl alcohol
and ethanol solution were 8 g/L and with a steady capacity of 1 L. Table 1 demonstrates
the pH6, pH7, and pH8 production techniques.
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Table 1. Manner of NaH2PO−
4 − NaOH buffer preparing.

pH
0.2 mol/L

NaH2PO4 (mL)
0.2 mol/L NaOH (mL)

6 250 28.50
7 250 148.15
8 250 244.00

2.2.2. Experiments with a Heat/PMS Degradation Manner for ATZ

Heat/PMS degradation of ATZ in 1.25 mmol/L PB was investigated using a variety of
temperature conditions (30, 40, 50, and 60 ◦C), pH value (6, 7, and 8), PMS concentration
(50, 100, 200, and 400 μmol/L), and ATZ concentration (1.25, 2.5, and 5 μmol/L). Various
concentrations of tertiary butyl alcohol and ethanol degrade ATZ in different ways. Below a
50 ◦C water bath, the process of ATZ degradation by various concentrations of TBA and ETA
was studied when PB, PMS, and ATZ concentrations were 1.25 mmol/L, 100 μmol/L, and
2.5 μmol/L, accordingly. Effects of typical anions Cl−, HCO−

3 , NO−
3 in water upon the ATZ

degradation via heat/PMS were studied through adding diverse concentrations of NaCl,
NaHCO3 and NaNO3, and 0.1 mol/L of NaNO2 solution played an ending agent role.

2.3. Analysis Method

ATZ was evaluated via using a Symmetry® C18 LC column. The exact detecting
methods are listed below: a 60:40 methyl alcohol to ultrapure water mobile phase ratio, a
flow velocity of 0.8 mL/min, operating temperatures of 40 ◦C, and determinate wavelength
of 225 nm.

3. Results and Discussion

3.1. The Influence of Temperature upon ATZ Degradation via Heat/PMS

In PB of pH = 7, diverse temperatures have an effect upon the ATZ degradation via
heat/PMS, which is depicted in Figure 1 as ATZ and PMS concentrations are accordingly
2.5 μmol/L and 100 μmol/L. As Canlan showed in research [31], formula of the kinetics on
oxidative degradation of ATZ via heat/PMS is established according to the below kinetic
equation, and the first-order-kinetics are,

Ln(C/C0) = −K1t (1)

C: ATZ concentration at any given time, μmol/L;
C0: The concentration of ATZ at start, μmol/L;
K1: The pseudo first-order reaction rate constant, min−1.

Figure 1. ATZ degradation kinetics curves under diverse temperature (C0 = 2.5 μmol/L).
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As Figure 1 shows, ATZ elimination rate is higher as the temperature increases from
40 ◦C to 50 ◦C than as the temperature ranges from 30 ◦C to 40 ◦C and 50 ◦C to 60 ◦C. The
experiments of ATZ degradation via heat/PMS under various temperatures conformed
to the quasi-first-order reaction kinetics. As Figure 1 depicts, reaction proceed rises 8.05
times as temperature rises from 30 ◦C to 60 ◦C. This is because temperature does have a
major effect upon the outcome. As temperature rises, the level of free radicals inside the
reaction rises as well, accelerating the degradation of ATZ [32,33]. Also, ATZ elimination
rate at various temperatures is given. (See Appendix A, Figure A1).

3.2. The Influence of PMS Concentration upon ATZ Degradation via Heat/PMS

In PB of pH = 7, the effect of diverse PMS concentration upon ATZ degradation
via heat/PMS is depicted in Figure 2 as the concentration and temperature of ATZ are
2.5 μmol/L and 50 ◦C, respectively. According to Figure 2, the experiments of ATZ degrada-
tion via heat/PMS under various PMS concentrations all match the pseudo-first-order reac-
tion kinetics. As the reaction concentration increases from 0.050 mmol/L to 0.400 mmol/L,
the reaction rate increases 20.19 times. This is mainly because, when other conditions
remain unchanged, the higher the concentration of oxidant per unit time, the higher the
concentration of free radicals generated by thermal excitation, and then the higher the
oxidation efficiency. It can thus be seen that PMS concentration makes a big difference on
the degradation of ATZ by heat/PMS. Also, effect of the PMS density on ATZ removal
rates is given. (See Appendix A, Figure A2).

Figure 2. Effect of the PMS density on ATZ removal rates (C0 = 2.5 μmol/L). The ATZ degradation
kinetics curves.

3.3. The Impact of pH Value upon ATZ Degradation via Heat/PMS

As the ATZ concentration, PMS concentration, and temperature are 2.5 mol/L, 100 mol/L,
and 50 ◦C, respectively, the influence of different pH on heat/PMS degradation of ATZ is
shown in Figure 3. As Figure 3 depicts, as the reaction pH is rising, the action of ATZ
degradation via heat/PMS is gradually strengthening. As the reaction pH rises from 6 to
8, ATZ elimination rate increases from 38.94% to 76.37%. The rate of ATZ elimination in an
alkaline environment is greater than in an acidic environment. The following are the primary
causes: heat can trigger PMS to produce SO−

4 • and HO• (as shown in Equations (1) and (2)),
and HO• has slightly higher oxidizing ability to ATZ than to SO−

4 •. SO−
4 • and HO• ex-

hibit secondary reaction rates that are 3 × 109 M−1s−1 [34] and 2.59 × 109 M−1s−1 [35].
The SO−

4 • has a capacity to interact with any pH of water to generate HO•. The reaction
rate factor is 8.30 M−1s−1 [36] (as seen in Equations (1)–(3)). However, in alkaline environ-
ments, SO−

4 • can interact with OH− to generate HO• as well, and the reaction rate factor is
6.50 × 107 M−1s−1 [37] (as shown in Equations (1)–(4)). In most cases, pH alterations have no
effect on the production of SO−

4 • in heat/PMS. Thus, more HO• is generated in heat/PMS
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systems at alkaline environments, and the elimination rate of ATZ in alkaline environment is
greater than that under acid environment. As is depicted in Figure 3 and Table 2, the ATZ
degradations via heat/PMS experiments under diverse pH value are all in accordance with
the pseudo-first-order reaction kinetics. With reaction pH rising from 6 to 8, the reaction rate
increases 2.89 times, which indicates that pH value makes a big difference in ATZ degradation
via heat/PMS. Also, effect of pH on ATZ removal rates is given. (See Appendix A, Figure A3).

HSO−
5 + Heat → SO−

4 •+ HO• (2)

SO−
4 •+ H2O → SO2−

4 + HO•+ H+ (3)

SO−
4 •+ OH− → SO2−

4 + HO• (4)

Figure 3. The kinetics of quasi-first-order reactions of heat/PMS degradation of ATZ at different
pH values.

Table 2. The kinetics equations and parameters of quasi-first-order reactions of heat/PMS degradation
of ATZ at various pH.

pH Kinetic Equation t1/2 (min) Kobs (min−1) R2

6 Ln(C/C0) = −0.00816t − 0.01166 84.9 0.00185 0.99775
7 Ln(C/C0) = −0.01600t − 0.07571 43.3 0.01600 0.98355
8 Ln(C/C0) = −0.02362t − 0.01394 29.3 0.02362 0.98119

3.4. The Effect of ATZ Concentration upon the ATZ Degradation via Heat/PMS

Impacts of various ATZ concentrations upon the ATZ degradation via heat/PMS
in PB of pH = 7 at 50 ◦C are depicted in Figure 4 when the PMS concentrations are
2.5 μmol/L and 10 μmol/L. As ATZ concentration rises, the influence of ATZ degradation
via heat/PMS has a gradual decline, as is depicted in Figure 4a. As ATZ concentration
increases from 1.25 μmol/L to 5 μmol/L, ATZ elimination rate declines from 90.77% to
56.91%. It is worth noting that the ATZ concentration tends to be balanced after 5 min
when the concentration of ATZ is 5. This mainly because increasing the ATZ concentration
results in the rise of collisions among ATZ with SO−

4 • and HO• in unit time, leading to
rapid degradation of ATZ. After the oxidant is used up, the concentration of ATZ tends to
equilibrium and does not decrease. As is shown in Figure 4b, the experiments upon the
ATZ degradation via heat/PMS with different pH are all in accordance with the pseudo-
first-order reaction kinetics. As ATZ concentration rises from 1.25 μmol/L to 2.5 μmol/L,
the rate of reaction decreases by 2.45 times. This implies that ATZ concentration greatly
affects ATZ degradation via heat/PMS.

9
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Figure 4. Effect of ATZ density (C0) on ATZ removal rates: (a) experimental results; (b) the ATZ
degradation kinetics curves.

3.5. Degradation Mechanism Study of ATZ via Heat/PMS

When the PMS and ATZ concentrations were, accordingly, 10 mol/L and 2.5 mol/L,
temperature was 50 ◦C. The ATZ degradation process via heat/PMS was investigated using
a single variable method with 1.25 mmol/L PB solution and pH values of 6, 7, and 8, and
the results are shown in Figure 5.

According to Figure 5a, the degradation effect is weak and the degradation rate of
ATZ by PB alone is about 3%. The ATZ would not decompose under the 50 ◦C water
bath. Compared with adjusting the initial pH value to 7 with NaOH, using PB with the
pH value of 7 has better ATZ degradation effect by heat/PMS. This is largely due to that
the pH of system at the start was changed to 7 by NaOH, and the pH measured 4.5 after
the reaction, which is similar to the pH gradient degradation effect demonstrated in this
paper and will not be repeated here. In addition, PB can activate PMS to create SO−

4 •
and HO• [28]. In accordance with studies of Dionysiou et al. [38], the tert-butanol(TBA)
reaction rates with HO• and SO−

4 • were 3.8–7.6 × 108 M−1s−1 and 4–9.1 × 105 M−1s−1,
while Buxton [39] and others found that ETA reaction rates with HO• and SO−

4 • were,
respectively, 1.2–2.8 × 109 M−1s−1 and 1.6–7.7 × 107 M−1s−1. Therefore, when HO• and
SO−

4 • cohabit, TBA can catch HO•, while ETA can catch HO• and SO−
4 •.

As depicted in Figure 5b–d, the addition of TBA and ETA have an inhibition effect
upon the ATZ degradation via heat/PMS, and the inhibition effect of TBA is weaker than
ETA. HO• and SO−

4 • cohabit within the heat/PMS system. Maintaining TBA and ETA with
the concentration of 64 mg/L, respectively, in PB under pH 6, the ATZ degradation rate via
heat/PMS is decreased to 17.44% and 5.04%, indicating that ATZ oxidative degradations
by HO• and SO−

4 • are, respectively, 55.21% and 31.84%, and the oxidation ratio of the
two is close to 1.7 to 1. Maintaining TBA and ETA with the concentration of 64 mg/L,
respectively, in PB under pH 7, the degradation rates of ATZ by heat/PMS decrease to
42.50% and 1.66%, indicating that ATZ oxidative degradations by HO• and SO−

4 • are,
respectively, 29.00% and 68.23%, and the oxidation ratio of the two is close to 1 to 2.4.
Maintaining TBA and ETA with the concentration of 64 mg/L, respectively, in PB under
pH 8, the ATZ degradation rates via heat/PMS decrease to 46.23% and 7.32%, indicating
that ATZ oxidative degradation by HO• and SO−

4 • are, respectively, 39.47% and 50.95%,
and the oxidation ratio of the two is close to 1 to 1.3. It can be seen from this that under any
pH conditions, the oxidative degradation of ATZ via heat/PMS is mostly caused by free
radicals, but the dominant free radical types are different under diverse pH conditions.
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Figure 5. (a) Analysis of each component’s oxidation impact upon the heat/PMS system. (b) The
impact of TBA and ETA upon ATZ degradation via heat/PMS in PB of pH = 6. (c) The impact of
TBA and ETA upon ATZ degradation via heat/PMS in PB of pH = 7. (d) The impact of TBA and
ETA upon heat/PMS degradation ATZ in PB of pH = 8. (e) The impact of phosphate buffer upon the
degradation of ATZ via PMS alone.

When the ATZ and PMS concentrations are, respectively, 2.5 μmol/L and 10 μmol/L,
and reaction temperature is 20 ◦C, the degradation effect of ATZ is shown in Figure 5e in
PB of 12.5 mmol/L with the pH of 6, 7, and 8. As is depicted in Figure 5e, PMS has no
degradation effect on ATZ when adjusting the initial pH of the reaction system to 6, 7, and
8 by NaOH. The degradation rates of ATZ by PMS are, respectively, 11.72%, 13.5%, and
7.87% when the pHs of PB are 6, 7, and 8, respectively. The PMS oxidation mechanism
is when the PMS are excited to generate strong oxidizing SO−

4 • to oxidize and degrade
the target, indicating that the PB can excite PMS to generate SO−

4 •. The overall effects of
PMS on ATZ degradation in different PB solutions are listed as follows: degradation is best
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at pH 7, then followed by pH 6 and pH 8; the degradation effect is only slightly different
when the PMS pH measures 6 and 7, indicating that phosphate is more likely to stimulate
PMS under acidic conditions, which is consistent with the research by Gu et al. [28].

3.6. The Influence of Typical Anions Concentration in Solutions upon the ATZ Degradation
via Heat/PMS

The typical anions’ effects in solutions such as Cl−, HCO−
3 , and NO−

3 upon the ATZ
degradation via heat/PMS are depicted in Figure 6. The concentrations of PB, PMS, and
ATZ were, respectively, 1.25 mmol/L, 10 μmol/L, and 2.5 μmol/L. PB pH value equaled 7.
Reaction temperature was 50 ◦C.

Figure 6. (a) The impact of Cl− upon the ATZ degradation via heat/PMS in PB of PH = 7. (b) The
impact of HCO−

3 upon ATZ degradation via heat/PMS in PB of pH = 7. (c) The impact of NO−
3 upon

ATZ degradation via heat/PMS in PB of pH = 7. (d) The kinetics of quasi-first-order reaction of
heat/PMS degradation ATZ.

On the basis of Figure 6a–c, HCO−
3 shows an inhibition influence on the ATZ degra-

dation by heat/PMS. This is mainly because to produce CO−
3 •, HCO−

3 could fight with
ATZ for HO• and SO−

4 • within the heat/PMS system, whose reaction rate is lower than
those of HO• and SO−

4 • (as shown in Equations (5)–(7)). The Cl− and NO−
3 both have

auxo-action influence upon ATZ degradation within the heat/PMS system at the identical
concentration, and the promoting effect of NO−

3 is higher than Cl−. Specific phenomenon
behavior is shown below; the ATZ degradation efficiency increased from 59.86% to 80.73%
and 94.15%, respectively, after adding Cl− of 1 mmol/L and NO−

3 of 2 mmol/L to the
heat/PMS system. It is worth mentioning that the Cl− shows a promoting effect within
the set concentration range, but the promoting effect first increases and then decreases. In
addition, the promoting effect is strongest when the concentration is 1 mmol/L. This is
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largely due to that minor Cl− could trigger PMS to produce HO• and SO−
4 • [40] to increase

the HO• and SO−
4 • concentrations in the heat/PMS system and accelerate the ATZ degra-

dation. When the Cl- increased in the reaction system, Cl− could fight with ATZ for HO•
and SO−

4 • within the heat/PMS system to produce Cl•. Reaction rates of HO• and SO−
4 •

are higher than those of Cl−. Thus, it shows an inhibiting effect on the degradation (the
main equations are shown in Equations (8) to (12)). SO−

4 • could react with NO−
3 to generate

NO3• (around 2.5 V) whose redox potential is similar to SO−
4 •, participate in the ATZ

degradation to accelerate the PMS decomposition, increase the concentration of HO• and
SO−

4 • in the heat/PMS system, and accelerate the ATZ degradation (the main equations
are shown in Equations (13) and (14)). The research presented by Ghauch et al. [41] also
found that NO−

3 can promote the degradation of bisoprolol by heat/PS, which is similar to
the experimental phenomenon. As shown in Figure 6d, comparing with HCO−

3 of the same
concentration, ETA has a slightly stronger inhibitory influence upon ATZ degradation via
heat/PMS; it reduced the ATZ degradation rate to 7.06% and 11.56%, respectively. The
additions of Cl− and NO−

3 increase the maximum rate of ATZ degradation by 62.94% and
189.31%, respectively. The reaction is shown in formulas (5)–(14) [36,42–49].

HO•+ HCO−
3 → CO−

3 •+ H2O, K = 8.60 × 106 M−1s−1 (5)

SO−
4 •+ HCO−

3 → CO−
3 •+ HSO−

4 , K = 2.80 × 106 M−1s−1 (6)

CO−
3 •+ ATZ → products, K = 6.20 × 106 M−1s−1 (7)

HO•+ Cl− → ClOH−•, K = 4.30 × 109 M−1s−1 (8)

ClOH−•+ Cl− → Cl−2 •+ OH−, K = 1.0 × 105 M−1s−1 (9)

SO−
4 •+ Cl− → Cl•+ SO2−

4 , K = 3.0 × 109 M−1s−1 (10)

Cl•+ Cl− → Cl−2 •, K = 8.50 × 109 M−1s−1 (11)

Cl−2 •+ ATZ → products, K = 5.0 × 104 M−1s−1 (12)

SO−
4 •+ NO−

3 → NO3•+ SO2−
4 , K = 5.0 × 104 M−1s−1 (13)

NO3•+ ATZ → products (14)

3.7. The AZT Degradation Products via Heat/PMS and Degradation Path Analysis

The ATZ degradation products via heat/PMS were studied and the degradation path
was inferred by HPLC-ESI-MS (cationic pattern). Three samples were taken from 5, 20, and
60 min during the experiment, and first-order mass spectrometry was performed for total
ion and extraction ion analysis.

It can be seen from the mass spectra, total ion flow diagram, and extract ionic flow
diagram of the three samples that the charge mass ratio of the main ATZ degradation
products are 128, 146, 174, 188, 198, 214, and 232 [30,31,50,51], and so on. ATZ has a
relative molecular mass of 216. ATZ has a molecular mass 42 more than m/z174, and the
molecular mass of isopropyl is exactly 42, so m/z174 is considered as deisopropyl ATZ
(deisopropyl atrazine, DIA). ATZ has a molecular mass 28 more than m/z188 and the
molecular mass of ethyl is exactly 28, so m/z188 is considered as desetyleatrazine ATZ
(desetyleatrazine, DEA). M/z174 has a molecular mass 28 more than m/z146, and the
molecular mass of ethyl is exactly 28; m/z188 has a molecular mass 42 more than m/z146,
and the molecular mass of isopropyl is exactly 42. Therefore, m/z146 is considered as
deethylation deisopropyl ATZ (deethylation deisopropyl atrazine, DEIA). m/z146 has a
molecular mass 18 more than m/z128. Thus m/z128 is considered as chlorine ions of
DEIA replaced by hydroxyl groups, 2-hydroxy-4,6-diaminoATZ (deethylation deisopropyl
hydroxy atrazine, DEIHA). ATZ has a molecular mass 18 more than m/z198. Therefore, it is
considered that in the ATZ degradation procedure, hydroxyl groups replaced the Cl atoms
to generate 2-hydroxy ATZ (hydroxy atrazine, HA). ATZ has a molecular mass 16 less
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than m/z232 and the molecular mass of hydroxy is exactly 16. Therefore, it is considered
that in the ATZ degradation procedure, a hydroxyl group replaced a hydrogen atom to
generate 2-chloro-4-hydroxy-ethylene-6-isopropyl ATZ (2-Chloro-4-hydroxyethylamino-6-
isopropylatrazine, CHEIA). m/z232 has a molecular mass 18 more than m/z214, so m/z128
is considered as the further dehydration and degradation product of CHEIA, 2-Chloro-
4-vinylamino-6-isopropylamino ATZ (2-Chloro-4-vinylamino-6-isopropylamino atrazine,
CVIA). m/198 has a molecular mass 16 less than m/z 214, so m/z214 is considered to be
the product of hydroxyl substituting one of the hydrogen atoms in HA, 2,4-dihydroxy ATZ
(dihydroxy atrazine, DHA).

This shows that the ATZ degradation via heat/PMS is primarily accomplished through
by dealkylation and dechlorination, which matches the findings of Ji et al. [52]. Figure 7
depicts the degradation method of ATZ.

Figure 7. The possible degradation pathway of ATZ.

4. Conclusions

The ATZ degradation in PB via heat/PMS was investigated by the methods of ex-
periment and kinetics modeling. The degradation mechanism, oxidation kinetics, and
degradation products were studied. The following are the main findings of this paper.
The ATZ degradation efficiency of heat/PMS is proportional to temperature and PMS
concentration but inversely proportional to ATZ concentration. PB is more favorable to
ATZ degradation under alkaline environments. Acidic environments are more favorable
for PB to stimulate PMS. HO• and SO−

4 • cohabit within heat/PMS system. ATZ degrada-
tion via heat/PMS is mainly free radical oxidative degradation under any pH conditions,
but the dominant free radical types are different under different pH conditions. HCO−

3
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has repressive impacts on the degradation of ATZ. Both Cl− and NO−
3 show facilitating

effects on the ATZ degradation via heat/PMS, and the stimulating impact of NO−
3 is more

remarkable. ATZ degradation kinetics via heat/PMS corresponds with quasi-first-order
reaction kinetics. Dealkylation and dechlorination are the key mechanisms through which
ATZ is degraded via heat/PMS. A total of eight products of seven mass-to-charge ratio
were found by the product analysis.

The degradation of atrazine by UV/PMS and US/PMS, and even the degradation of
atrazine by thermal-activated persulfate, has been studied. However, there are few studies
on the degradation mechanism of atrazine by heat/PMS system in PB. In this paper, the
mechanism was obtained through the study of the system, and it was found that PB in
alkaline condition can promote the degradation of ATZ by heat/PMS more than PB in
acidic condition. The important conclusions are that PB is more likely to stimulate PMS
in acidic conditions than in alkaline conditions, and that PB alone can stimulate PMS,
which offers a breakthrough and contribution to previous studies and lays a foundation for
subsequent studies.

Atrazine is not easy to degrade, and it can exist stably in aqueous environments for
a long time, which not only affects the survival of animals and plants, but also threat-
ens human health. Most studies do not clarify the types and hazards of ATZ degrada-
tion intermediates. Therefore, paying attention to the degradation efficiency of atrazine
while taking into account the toxicity of intermediate degradation products is of great
significance for optimizing ATZ degradation technology, which is also one of the future
development directions.
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Appendix A. Single Factor Influence Diagram

As Figure A1 shows, the influence of degradation of ATZ via heat/PMS is increasing
as the reaction temperature is rising. ATZ elimination rate improves from 19.22 percent to
77.01 percent as reaction temperature increases from 40 ◦C to 50 ◦C.

As Figure A2 depicts, the ATZ degradation is remarkably increasing as the PMS
concentration increases. The ATZ elimination rate increases from 10.95% to 96.28% as the
system’s PMS concentration increases from 0.050 mmol/L to 0.400 mmol/L. Moreover,
ATZ elimination rate increased most significantly as the PMS concentration improved from
0.050 mmol/L to 0.100 mmol/L.

As Figure A3 depicts, as the reaction pH rises from 6 to 8, ATZ elimination rate
increases from 38.94% to 76.37%.
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Figure A1. ATZ elimination rate at various temperatures (C0 = 2.5 μmol/L).

Figure A2. Effect of the PMS density on ATZ removal rates (C0 = 2.5 μmol/L). Experimental findings.

Figure A3. Effect of pH on ATZ removal rates (C0 = 2.5 μmol/L). Experimental findings.
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Abstract: Thermal treatment is simple and has high potential in activated carbon (AC) modification
because its functional groups, structures, and pores can be significantly modified. However, the
changes in characteristics of ACs, affecting catalytic activity, have not been investigated enough.
Therefore, in this study, a coal-based powdered AC (PAC) was thermally treated, characterized, and
subjected to the removal of an antibiotic (oxytetracycline, OTC). The PAC treated at 900 ◦C (PAC900)
showed the best OTC removal compared to the PACs treated under lower temperatures via both
adsorption and catalytic oxidation in the presence of peroxymonosulfate (PMS). The results of N2

adsorption/desorption, Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
Raman spectroscopy, X-ray diffraction, and Boehm titration showed increases in basicity, specific
surface area, graphitic structures with higher crystallinity and more defects, and C=O in PAC900
compared to PAC. Stronger signals of DMPO-X and TEMP-1O2 were shown for PAC900+PMS
compared to PAC+PMS in electron paramagnetic resonance spectroscopy. It is suggested that a
simple thermal treatment can significantly change the characteristics of a PAC, which improves
organic micropollutants removal. The changes in the properties, affecting the performance, would
provide important information about the improvement of carbonaceous catalysts.

Keywords: activated carbon; thermal treatment; peroxymonosulfate; catalysis; antibiotic

1. Introduction

A number of studies have recently reported the removal of organic micropollutants
using persulfate (PS)-based advanced oxidation processes (AOPs) due to their great poten-
tial [1]. Peroxymonosulfate (PMS) and peroxydisulfate (PDS) can be activated via metallic
catalysts, photocatalysts, and heat [2,3]. However, their application is limited because of
the secondary contamination caused by metal leaching and high energy consumption [4,5].
In addition, the leached metals can form inactive species in the presence of an oxidant [6].

On the other hand, non-metallic carbonaceous materials have attracted considerable
interest as heterogeneous catalysts because of their high chemical and thermal stability,
large surface area, high electrical conductivity, and environmental friendliness [4,7]. Various
carbonaceous catalysts have been studied for PS-based AOP, such as graphene oxide (GO),
three-dimensional cubic mesoporous carbon, carbon nanotubes (CNTs), nanodiamonds,
graphitic carbon nitride, and activated carbon (AC) [7,8]. Among them, AC has been
widely used and studied as an efficient adsorbent of organic pollutants in the aqueous
phase due to its large specific surface area, abundant functional groups, and well-developed
pores [2,9,10]. Moreover, the specific functional groups and graphitic structure of AC can
act as reactive sites for PS activation to accelerate electron transfer and/or generate reactive
species, such as SO4

•− [9,11,12].
Despite the potential of ACs as efficient heterogeneous catalysts, they are not as effec-

tive as GO and CNTs in activating PMS and PDS [8,13], and thus, they require modifications
to enhance their catalytic activity. It has been demonstrated that the catalytic activity of
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carbonaceous materials largely depends on the degree of graphitization, the defects and
crystallinity of the graphitic structures, the types and number of surface functional groups,
and the surface area [2,7,8,13,14]. Therefore, properly changing those factors could improve
the performance of ACs in the catalytic degradation of organic pollutants.

ACs can be modified chemically, physically, and via the introduction of metal (oxide).
The basic groups and specific surface area, which are advantageous for the activation
of PMS and/or PDS, can be increased by chemical modification of AC; however, the
used chemicals may cause serious secondary pollution [15,16]. The immobilization of
metal-based particles can enhance adsorption capacity [16–19] and catalytic activity [16,20].
However, their deactivation would be serious because of the decrease in surface area,
leaching of the metals to increase the metals in treated water, and accumulation of the
leached metals on ACs and the particles, as demonstrated for Fe3O4-loaded AC [20].
Recently, microwaves and plasma have been studied for AC modification. However, their
feasibility is challenged by the intensive use of energy, and their objective is hetero-atom
doping to improve adsorption capacity [21–23], not modifying the intrinsic characteristics
of an AC.

On the other hand, not only the pore structure and surface functional groups but
also graphitic structures can significantly be modified by simple thermal treatment. The
advantages of simple thermal treatment under inert gas conditions have been demonstrated
before in a limited number of studies. For example, it was reported that an AC thermally
treated under N2 showed superior performance in dyes reduction in the presence of
sulphide compared to the ACs chemically treated with HNO3 and O3 [24]. In addition, it
was reported that PDS activation by biochar was greatly improved [12], electron transfer
of graphite was accelerated [25], the adsorption capacity of phenolic compounds was
increased [26], and the phosphorus adsorption onto an AC was enhanced [27] via simple
thermal treatment under inert gas. Those improvements are attributed to the changes in the
functional groups and structures of the carbonaceous materials. Despite encouraging reports
regarding the thermal modification of ACs, it is hard to find the details of the changes in the
characteristics, which can be assigned to the improved catalytic activity [23,24,28,29].

Therefore, in this study, a coal-based powdered AC (PAC) was thermally treated and
characterized regarding its pore structure, crystallinity, and surface functional groups. The
PACs were subjected to the adsorption and catalytic degradation of an organic micropollu-
tant, i.e., oxytetracycline (OTC). OTC was selected as a representative micropollutant. OTC
is one of the most widely used antibiotics for disease prevention and growth promotion in
livestock [30]. Most OTC is excreted non-metabolically, and it is frequently detected in sur-
face water, sewage, groundwater, drinking water, seawater, and sediments worldwide [31].
In natural water environments, OTC exposure can cause eco-toxicity and the development
of antibiotic resistance [30,31]. The efficient removal of OTC is of great concern because
OTC is poorly biodegradable, and the ozonation and photocatalytic degradation of OTC is
costly and produces toxic byproducts [32,33].

2. Results

2.1. OTC Removal by PACs Treated at Different Temperatures

OTC removal was first investigated with the PACs treated at different temperatures
(Figures 1 and S1). It was shown that the pseudo second-order rate constant (k2) of OTC
removal increased with increasing treatment temperature, regardless of the presence of an
oxidant, confirming the advantage of thermal treatment. The removal efficiency of OTC
after 60 min by the untreated PAC, PAC treated at 500 ◦C (PAC500), PAC treated at 700 ◦C
(PAC700), and PAC treated at 900 ◦C (PAC900) was 16.8%, 20.96%, 27.46%, and 41.24%,
respectively, in the absence of an oxidant, i.e., via adsorption. It was 48.86%, 59.20%, 60.7%,
and 72.01%, respectively, when PDS was introduced, while it was 68.6%, 70.2%, 70.7%, and
80.2%, respectively, in the presence of PMS.
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Figure 1. The pseudo second-order reaction constants (k2) of OTC removal in the absence of an oxidant
and in the presence of 1 mM PDS or PMS (PACs 0.1 g/L, OTC 25 mg/L, initial pH 6.0, 20 ± 2 ◦C).

It is also demonstrated that OTC removal was faster with PMS than with PDS when the
same PAC was used. The k2 of OTC removal with 1 mM PMS was 2.0, 2.1, 1.8, and 1.7 times
that with 1 mM PDS when PAC, PAC500, PAC700, and PAC900 were used, respectively. It
was reported that the radical generation from PMS is more difficult than from PDS because
of its shorter O-O bond distance and larger bond energy [34]. Therefore, the superiority of
PMS to PDS is attributable to the self-activation of PMS and the involvement of non-radical
pathways [34,35]. Because PAC900 showed the best performance, the characteristics and
OTC removal of PAC and PAC900 were investigated in detail, as follows.

2.2. Characterization of PAC and PAC900

The N2 adsorption/desorption isotherm of PAC and PAC900 commonly showed Type
IV isotherms with H4 hysteresis loop (Figure 2A), suggesting that the PACs are micro-
and mesoporous [36,37], which was evidenced by the average pore size (dp) (Table 1). It is
suggested that micropores are dominant with a small number of mesopores for PAC and
PAC900, considering the sharp increase in the adsorption amount at the P/P0 of less than 0.1
and the faint hysteresis loop at the P/P0 of 0.2–0.8 [38]. It was evidenced by the mesopore
size distribution obtained via the Barrett–Joyner–Halenda (BJH) method (Figure 2B).

 

Figure 2. (A) N2 adsorption–desorption isotherms and (B) mesopore size distribution by Barrett–
Joyner–Halenda (BJH) method for PAC and PAC900.

Table 1. Specific surface areas (SBET), total pore volume (Vp), and average pore size (dp) of PAC and
PAC900.

SBET (m2/g) Vp (m3/g) dp (nm)

PAC 685.76 0.4375 2.552
PAC900 734.53 0.4665 2.541
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Thermal treatment at 900 ◦C significantly increased the specific surface area (SBET) and
total pore volume (Vp), while the dp decreased slightly (Table 1). However, N2 adsorption–
desorption isotherms and dp did not differ significantly between PAC and PAC900, indicat-
ing that the pore structure was not notably changed by the thermal treatment.

The basicity was 872 and 1004 μmol-OH−/g, while the acidity was 147 and 42 μmol-
H+/g for PAC and PAC900, respectively. The decrease in the acidity is attributable to a
decrease in acidic functional groups, such as carboxylic, anhydrides, and lactones, which
thermally decompose at 373–900 ◦K [39]. As a result, the fraction of basic groups, which
are relatively thermally resistant, increased.

The changes in the functional groups were further investigated using Fourier transform
infrared (FTIR) spectroscopy (Figure 3A). The bands were found in the FTIR spectrum of
PAC at 3500–4000, 2950, 2167, 2010, 1735, 1620, 1258, and 1175 cm−1, which are assigned to
the stretching of O–H groups, aliphatic CH2 asymmetric stretch, C≡C vibrations in alkyne
groups, C=C vibrations in alkyne groups, ketonic and carboxylic C=O stretching, C=C of
the aromatic ring, highly conjugated or graphitic C=C, C–O–C stretching vibrations, and
phenolic C-OH, respectively [40–42]. After thermal treatment, i.e., PAC900, the intensity of
the bands of OH decreased, while the bands of aliphatic CH2, ketonic and carboxylic C=O,
C–O–C, and phenolic C-OH disappeared. It is in agreement with the reduction in acidity.
Instead, the intensity was increased for the bands of C≡C of alkyne, C=C of alkyne, and
graphitic C=C, indicating an increase in graphitic structures [12,41].

 

Figure 3. (A) FTIR spectra and (B) XRD patterns of PAC and PAC900.

The X-ray diffraction (XRD) patterns of both PAC and PAC900 showed three (3)
common peaks (Figure 3B). The peaks at 2θ ≈ 21◦ and 26.7◦ represent the (002) plane of the
interlayer spacing of the graphitic structures, while the broad peak at 2θ ≈ 42.6◦ is assigned
to the (100) plane of the graphitic structures. The peaks of the (002) plane were significantly
more intense for PAC900 than PAC, suggesting an increase in crystallinity, ordered graphite
structures, and sp2-C [43], by the thermal treatment.

The Raman spectra showed common bands at 1210, 1344, 1540–1550, 1588, 1610,
2678–2679, and 2604–2609 cm−1, which were assigned to the D4, D, D3, G, D2, D+G, and
2D bands, respectively (Figure 4, Table 2). The D4, D, D3, G, and D2 bands are associated
with a disordered graphitic structure and ionic impurities, disordered graphitic lattice
by sp3 hybridization including graphene layer edges, amorphous carbon, ideal graphitic
structures with sp2-C, and disordered graphitic structures in surface graphene layers,
respectively [44]. The intensity of D4, D3, and D2 bands was lower for PAC900 than
for PAC, indicating a decrease in disordered and amorphous graphitic structures and an
increase in crystallinity by thermal treatment. In addition, the intensity of the D, G, D2, and
2D bands changed, resulting in increases in the intensity ratios of the D band to G band
(ID/IG), of D band to D2 band (ID/ID2), and of 2D band to G band (I2D/IG). They suggest an
increase in the structural defects in the graphitic structures [45], of the defects associated
with charged impurities rather than the hopping defects formed by the deformation of
carbon bonds [46], and of single graphene layers [44], respectively.
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Figure 4. Raman spectra of (A) PAC and (B) PAC900.

Table 2. The results of Raman spectroscopy.

D4 D D3 G D2 D+G 2D ID/IG ID/ID2 I2D/IG

PAC Center (cm−1) 1210 1344 1540 1588 1610 2679 2906 3.69 19.23 0.51
Fraction (%) 10.2 41.6 15.3 11.3 2.2 13.9 5.7

PAC900 Center (cm−1) 1200 1344 1550 1588 1610 2678 2904 3.80 33.13 0.58
Fraction (%) 7.4 46.1 13.8 12.1 1.4 12.2 7.0

The X-ray photoelectron spectroscopy (XPS) survey spectra of PAC and PAC900 show
that the C/O ratio was increased from 7.5 for PAC to 9.2 for PAC900 (Figure S2). The
C1s and O1s spectra are presented in Figure 5, and the results are provided in Table 3.
The C1s XPS spectrum of PAC shows peaks at 284.3, 285.0, 287.1, and 290.3 eV, which are
assigned to graphitic C-C/C=C, C-O/C-N, C=O of quinone and pyrone, and O-C=O of
carboxyl and ester, respectively [41]. After thermal treatment, i.e., PAC900, the fraction
of the peak of graphitic C-C/C=C (284.6 eV) increased, while that of O-C=O (290.4 eV)
decreased. The O1s spectra show common peaks of C=O of quinone, C-OH, and C-O at
530.3, 531.9, and 533.4–533.8 eV, respectively, for both PAC and PAC900 [47]. However, the
fraction of C=O increased significantly, while that of C-OH decreased notably for PAC900,
as suggested by the decrease in acidic groups and the increase in the basic groups in the
results of Bohem titration.

Table 3. The results of XPS.

C1s O1s

Graphitic
C-C/C=C

C-O/C-N C=O O-C=O C=O C-OH C-O

PAC Position (eV) 284.3 285.0 287.1 290.3 530.3 531.9 533.4
Fraction (%) 56 24 9 11 46 49 5

PAC900 Position (eV) 284.6 285.4 287.6 290.4 530.3 531.9 533.8
Fraction (%) 58 24 9 9 53 38 9

The scanning electron microscopy images of PAC and PAC900 are provided in Figure S3.
The surface of PA900 was smoother than that of PAC, indicating more meso- and micropores
in PAC900, as suggested by the results of N2 adsorption/desorption (Table 1 and Figure 2).
Meanwhile, the pHpzc of PAC and PAC900 was 7.46 and 9.97, respectively (Figure S4),
indicating that PAC900 is more positively charged than PAC at the same pH [48]. This
would affect the adsorption of OTC onto the PACs via electrostatic attraction [49].
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Figure 5. C1s and O1s XPS spectra of (A,C) PAC and (B,D) PAC900.

2.3. OTC Removal by PAC and PAC900 under Different Conditions

OTC removal by PAC900 was faster than by PAC under all conditions, verifying
the benefits of thermal treatment (Figures 6, S5 and S6). Figure 6A shows that the OTC
removal was accelerated as the dose of PAC or PAC900 was increased, regardless of the
presence of PMS. It should be noted that an injection of PMS significantly improved OTC
removal when the PAC900 dose was low, but the enhancement became less significant
as the PAC900 dose was increased. The k2 of PAC900+PMS was 2.8 times that of PAC
(0.036 L/mg·min) when the PAC900 dose was 0.1 g/L. However, it was 1.07 times that of
PAC (0.308 L/mg·min) when the PAC900 dose was 0.5 g/L. This indicates that adsorption
becomes more responsible for the overall OTC removal than catalytic oxidation as the
PAC900 dose was increased. However, the k2 was increased with an increasing dose of PMS
(Figure 6B), suggesting that PMS plays a significant role, i.e., catalytic oxidation, along with
adsorption. This evidences that PMS was activated on the surfaces of PAC and that that was
enhanced on PAC900. It was reported that surface-bound reactive species, i.e., PMS*, are
formed via the electron transfer from electron donors to the PMS adsorbed on carbonaceous
materials, and the process is mediated by sp2–hybridized carbon networks [50]. This leads
to the generation of SO4

•− and/or SO5
•−, which are reactive radicals themselves and

precursors of other reactive species such as O2
•− and 1O2 [12,51].

2.4. Radical Identification and the Possible Mechanisms of OTC Removal by Thermally Treated AC

The electron paramagnetic resonance (EPR) spectra using 5,5-dimethyl-1-pyrroline
n-oxide (DMPO) showed signals of 1:2:1:2:1:2:1 for both PAC+PMS and PAC900+PMS,
representing the nitroxide of 5,5-dimethylpyrroline-(2)-oxyl-(1) (DMPO-X) produced by
DMPO oxidation [52] (Figure 7A). The DMPO-X is generated by the oxidation of DMPO by
SO4

•− and/or SO5
•− [52,53]. On the other hand, no DMPO-OH• signals were detected,

suggesting that SO4
•− and/or SO5

•− is dominantly responsible for the degradation of OTC
in PAC+PMS and PAC900+PMS. Figure 7B shows the signals of TEMP-1O2, i.e., 1:1:1, for
both PAC+PMS and PAC900+PMS.
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Figure 6. The pseudo second-order rate constants of OTC removal (k2) at different dose of (A) PAC or
PAC900 (PMS 1 mM) and (B) PMS (PAC or PAC900 0.1 g/L) (OTC 25 mg/L, initial pH 6.0, 20 ± 2 ◦C).

 

Figure 7. EPR spectra of PAC and PAC900 using (A) DMPO and (B) TMPO (PAC 0.5 g/L, PMS 1 mM,
DMPO, or TMPO 10 mM).

The signals of DMPO-X and 1O2 were stronger for PAC900+PMS than PAC+PMS,
suggesting that the faster OTC removal in PAC800+PMS than in PAC+PMS is attributable
to the enhanced generation of oxidative species, i.e., SO4

•−, SO5
•−, and 1O2. In particular,

the signals of 1O2 were much stronger in PAC800+PMS than in PAC+PMS, indicating a
significant contribution of 1O2 in OTC removal in PAC800+PMS because 1O2 is a strong
oxidant with a standard reduction potential of 2.2 V [51]. 1O2 can be generated by the
recombination of SO5

•− (Equation (1)) [54], from SO5
•− and H2O (Equation (2)) [55,56],

and from the self-decomposition of PMS (Equation (3)) [54,55]. Therefore, the enhanced
1O2 generation can be assigned to the improved PMS activation by PAC900 than by PAC.

SO5
•− + SO5

•− → S2O8
2- + 1O2, (1)

2SO5
•− + H2O → 2HSO4

− + 1.51O2, (2)

HSO5
− + SO5

2- → HSO4
− + SO4

2- + 1O2. (3)

Enhanced PMS activation by thermal treatment is attributable to the changes in the
properties of the PAC. The increase in Lewis basic sites, such as C=O, can improve PMS
activation because the C=O in quinone or pyrone donates electrons to break O–O bond
to generate radicals [12]. The increase in the defects in graphitic structures, as indicated
by ID/IG (Table 3), would lead to the electron transfer to PMS due to a denser electron
population [12,25]. The π electrons can form dangling bond states at the edges and defects
because of the missing atoms in the C lattice so the electron transfer from the graphite
structures to the PMS is accelerated [57]. Most of all, it is thought that the superior
OTC removal by PAC900 is attributable to the increased graphitic structures and their
crystallinity, as suggested by Table 3 and Figures 3–5. It was reported that the well-
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crystallized graphitic structures carry abundant π electrons, which enhance the electron
transfer to PMS and reduce it to SO4

•− and/or SO4
•− (Equations (4) and (5)) [12,55,57,58].

HSO5
− + C-π → SO4

•− + C-π+ + OH−, (4)

HSO5
− + C-π+ → SO5

•− + C-π + H+. (5)

It should also be noted that the adsorption of the organic compounds with aromatic
rings onto graphitic structures can be improved via enhanced π-π electron donor–acceptor
(EDA) interactions because graphitic structures are effective π-electron donors [59,60].
Therefore, the adsorption of OTC onto more developed graphitic structures, i.e., PAC900,
would be enhanced, as demonstrated in this study (Figures 1 and 6).

3. Materials and Methods

3.1. Materials

A coal-based PAC (NORIT® PAC 20BF) was purchased from Cabot (Alpharetta, GA,
USA). The PAC of 38–72 μm was separated by sieving, washed several times using ultrapure
water, and dried at 150 ◦C for 12 h. The PAC was subjected to thermal treatment under
Ar gas at 500, 700, and 900 ◦C (5 ◦C/min) for 2 h using a tube furnace (OTF-1200X-UL, MTI
Corp., Richmond, CA, USA), which is denoted as PAC 500, PAC700, and PAC900, respectively.

Potassium peroxymonosulfate (KHSO5·0.5KHSO4·0.5K2SO4, PMS), sodium peroxy-
disulfate (Na2S2O8, PDS), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH, ≥97%),
5,5-dimethyl-1-pyrroline n-oxide (DMPO, ≥97%), and 2,2,6,6-tetramethyl-4-piperidinol
(TEMP) were procured from Merck KGaA (Darmstadt, Germany). All chemicals were
analytical grade and used as received. Ultrapure water was supplied by Aquapuri series 5
(Younglin, Anyang, Korea).

3.2. Batch Experiments

Batch experiments were performed using 250 mL round flasks at room temperature.
The PACs and ultrapure water were mixed, and the pH was adjusted to 6.0 ± 0.1 using 0.5 N
HCl and 0.5 N NaOH. The standard solutions of OTC (pH 6.0) and oxidant (PDS or PMS)
were added to start the reaction. The concentrations of PAC, OTC, and PDS or PMS were
0.1 g/L, 25 mg/L, and 1 mM, respectively. Aliquots were taken at predetermined times and
filtered through a 0.45 μm polyvinylidene fluoride (PVDF) membrane. The concentration of
OTC in the filtrates was analyzed using a high-performance liquid chromatography (HPLC)
system (YL9100 Plus, Youlngin, Korea). A C18 column (Eclipse Plus, 4.6 × 250 mm, 5 μm,
Agilent, Santa Clara, CA, USA) was used, and the mobile phase consisted of 0.01 M oxalic
acid, acetonitrile, and methanol (70:20:10, v/v/v). The flow rate, the column temperature,
the detection wavelength, and the injection volume were 1 mL/min, 30 ◦C, 358 nm, and
25 μL, respectively.

3.3. Characterization

The pore structure and specific surface area of the PACs were determined using
BELSORP-max (MicrotracBEL, Osaka, Japan). The total surface area and pore volume
were obtained using Brunauer–Emmett–Teller (BET) method, while the mesopore size
distribution was calculated using the Barrett–Joyner–Halenda (BJH) method. The acidity
and basicity were measured by standardized Boehm titration [61]. FTIR spectra were
recorded at 4000–400 cm−1 with the pellets prepared from the mixture of 0.2 mg PAC and
200 mg of KBr, using an FTIR spectrophotometer (Spectrum One System, Perkin-Elmer,
Waltham, MA, USA). XRD patterns were analyzed using a DB Advance X-ray diffractometer
(Bruker, Bremen, Germany), in 2θ between 3◦ and 89.14◦. Raman spectra were obtained
using a Renishaw in Via Raman microscope (Renishaw Inc., West Dundee, IL, USA) with
an excitation wavelength of 514 nm. XPS was carried out using a K-Alpha XPS instrument
(Thermo Electron, Waltham, MA, USA) with a monochromatic Al α-Alpha radiation source,
and high-resolution spectra of C 1s and O1s were obtained in 0.1 eV steps. The PAC and
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PAC900 were sputtered with Pt, and the microscopic images were taken using a field
emission SEM (FE-SEM; Carl Zeiss, Oberkochen, Germany).

Radicals were identified using an EPR spectrometer (JES-X320, Jeol, Akishima, Japan)
at a center field, a power, and a modulation frequency of 3389.9 G, 2.5 mW, and 100 kHz,
respectively. DMPO (10 mM) was used for trapping sulfate radicals (SO4

•−, SO5
•−), while

TEMPO (10 mM) was used as the singlet oxygen (1O2) trapper. The pH drift method was
used to determine the pH of the point of zero charge (pHpzc) of the PACs [48].

4. Conclusions

A coal-based PAC was thermally treated to improve the removal of OTC in this study.
It was shown that OTC removal was improved with increasing treatment temperature from
500 to 900 ◦C, regardless of the presence of PMS. Therefore, the PAC and PAC900 were
characterized and investigated for OTC removal in detail.

N2 adsorption/desorption isotherms showed that specific surface area and total pore
volume were increased by the thermal treatment, which did not cause a notable change
in pore structures after the thermal treatment at 900 ◦C. The results of FTIR spectra, XRD
patterns, Raman spectra, Boehm titration, and XPS spectra suggest that basicity, C/O ratio,
the fraction of graphitic structures, crystallinity, and defects of the graphitic structures, and
the fraction of C=O were all higher for PAC900 than for PAC. Instead, carboxylic groups,
phenolic groups, and disordered and amorphous graphitic structures were decreased after
thermal treatment.

PAC900 showed significantly better OTC removal in the absence, i.e., adsorption,
and in the presence of PMS under various doses of PACs and PMS. The EPR spectra
of PAC900+PMS demonstrated stronger signals of DMPO-X and much stronger signals
of TEMP-1O2 than PAC+PMS, indicating enhanced PMS activation and 1O2 generation
by PAC900.

The results suggest that the improved OTC removal by PAC900 is attributable to
the enhanced electron transfer to PMS via increases in C=O, more crystalline graphitic
structures, and defects. In addition, the improved π-π EDA interactions via the increase in
the graphitic structures also contributed to the enhanced OTC adsorption onto PAC900.

The results of this study demonstrate that both the adsorption and the activation of
PMS by an AC can significantly be improved by simple thermal treatment through the
modification of its properties. These also would provide valuable information about the
design of carbonaceous catalysts with a better performance in micropollutants removal.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14203308/s1, Figure S1: OTC removal using various PACs (A)
in the absence of an oxidant and in the presence of (B) PDA and (C) PMS (PACs 0.1 g/L, PDS or PMS
1 mM, OTC 25 mg/L, initial pH 6.0, 20 ± 2 ◦C); Figure S2: XPS survey spectra of PAC and PAC900;
Figure S3: SEM images of (A) PAC and (B) PAC900; Figure S4: Point of zero charge (pHpzc) of PAC
and PAC900; Figure S5: OTC removal at different PACs dose in (A) PAC, (B) PAC+PMS, (C) PAC900,
and (D) PAC900+PMS (PMS 1 mM, OTC 25 mg/L, initial pH 6.0); Figure S6: OTC removal at different
PMS dose in (A) PAC +PMS and (B) PAC900+PMS (PACs 0.1 g/L, OTC 25 mg/L, initial pH 6.0).
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Abstract: We examined the relationship between the intrinsic structure of a carbocatalyst and catalytic
activity of peroxomonosulfate (PMS) activation for acetaminophen degradation. A series of nitrogen-
doped carbon nanotubes with different degrees of oxidation was synthesized by the unzipping
method. The linear regression analysis proposes that pyridinic N and graphitic N played a key role
in the catalytic oxidation, rather than pyrrolic N and oxidized N. Pyridinic N reinforce the electron
population in the graphitic framework and initiate the non-radical pathway via the formation of
surface-bound radicals. Furthermore, graphitic N forms activated complexes (carbocatalyst-PMS*),
facilitating the electron-transfer oxidative pathway. The correlation also affirms that -C=O was
dominantly involved as a main active site, rather than -C-OH and -COOH. This study can be viewed
as the first attempt to demonstrate the relationship between the fraction of N-groups and activity,
and the quantity of O-groups and activity by active species (quenching studies) was established to
reveal the role of N-groups and O-groups in the radical and non-radical pathways.

Keywords: N-doped CNTs; PMS activation; N-groups–activity relationship; O-groups–activity relationship

1. Introduction

In environmental remediation, metal-free carbocatalyst-based advanced oxidation
processes (AOPs) with persulfates (peroxomonosulfate (PMS) and peroxodisulfate (PDS))
have received increasing attention as sustainable alternatives to metal-based AOPs [1–4].
Carbocatalysts, with a high specific surface area, unique charge carrier mobility, low mass-
transfer resistance, and low-dimensional structure, have proven to be efficient in various
heterogeneous catalytic processes [5–7]. Now-a-days, diverse strategies have been explored
to activate PMS [8] because an asymmetric chemical structure of PMS (HSO5

−) is believed
to be effectively activated by carbocatalysts [9,10], rather than symmetric structure PDS
activation [11–13].

Carbocatalyzed PMS activation and catalytic oxidation involves free radical pathways
and non-free radical pathways [1,2,4]. Free radical oxidative pathways are mostly ascribed
to the generation of SO4

• −, •OH and O2
• −. Carbocatalysts activate PMS via the electron-

conduction mechanisms, which can break the O-O bond in PMS to form free radicals.
SO4

• − is considered to be a more efficient oxidative free radical than •OH. SO4
• − has

higher oxidation potential (2.7–3.1 V) and longer half-life time (3.4 × 10−5 s) than •OH
with a low oxidation potential (1.8–2.7 V) and shorter half-life time (2 × 10−8 s) [14,15].
Furthermore, SO4

• −-mediated oxidation exhibits good catalytic efficiencies in a wide range
of solutions of pH 3–9 [16]. Non-free radical pathways are predominantly attributed to the
formation of singlet oxygen (1O2) [17,18], electron-transfer based oxidation [19], formation
of surface-bound complexes [20], and surface-bound- SO4

• − [21,22]. Generally, 1O2 has
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a mild oxidation potential (0.65 V), so that the reactivity of 1O2 is also relatively lower
than those of SO4

• − and •OH [23]; however, 1O2 is more selective to electron-rich organic
compounds [24,25]. Electron-transfer mechanism occurs when the carbocatalyst surface
acts as an electron-bridge (e− acceptor) to accelerate the electron transfer from organic
pollutants (e− donor) to PMS molecules adsorbed on the catalyst surfaces. Importantly, the
non-radical pathways can also sustain excellent reactivity in complex aqueous matrices,
such as wide pH conditions and the presence of various co-existing anions and natural
organic matters [9].

In contemporary times, carbon nanotubes (CNTs) have demonstrated to be more
efficient in PMS activation and degradation of various organic compounds [19,26–30]. CNT,
with a peculiar sp2-hybridized π conjugation, along with low level defects and limited
oxygen-containing functional groups, can appreciably accelerate the catalytic activity. In
fact, oxygen functional groups, including hydroxyl (-OH), carbonyl (-C=O) and carboxyl
(-COOH), in the graphitic network are very important for PMS activation [1,31]. In addition,
the proper modification of CNT surfaces by hetero-atom doping has shown enhanced
catalytic performances [16]. That is, the N-doping on CNTs can create novel catalytic
active sites, good charge distribution of neighboring carbon atoms in the conjugated sp2-
carbon network, and thus induces a high chemical potential for catalytic reactions [16].
Recent investigations demonstrated that N-doping can establish electron-rich Lewis basic
sites, including boundary N (pyridinic N, pyrrolic N), substitutional N (graphitic N), and
oxidized N (Table S1) [32–41]. In addition, N-doping can also create oxygen functional
groups (C-OH, C=O, and COOH) in the carbon framework, which also shows good catalytic
performances. A few studies stated that the C=O group profoundly participated in PMS
activation among the oxygen-containing functional groups [33,35].

The quantitative structure–catalytic activity relationship in NCNT/PMS has been
explored to reveal the dominant species for PMS activation [34]. This study demonstrates
that graphitic N in NCNT has a major role in PMS activation and facilitates non-radical
oxidative pathways through NCNT–PMS* activation complexes. However, the catalytic
activity of N-groups has not been explored based on the reactive oxidative species (classical
quenching studies). Similarly, quantitative correlation between oxygen-containing func-
tional groups and catalytic activity in NCNT/PMS is of fundamental importance to reveal
key active oxygen groups for PMS activation. So far, the fraction of oxygen groups-activity
correlation has not been reported to interpret the key active oxygen functional groups in
the NCNT/PMS system.

Therefore, to explore the relationship between oxygen functional groups and catalytic
activity in the NCNT/PMS system, four different NCNT materials functionalized with
distinct oxygen contents were prepared through different degrees of oxidation. Further-
more, this was the first attempt to rationalize the quantitative structure–catalytic activity
relationship based on the scavenging of radical and non-radical oxidative pathways by
classical quenching studies. Additionally, the relationship between the intrinsic structure
of N-dopants and catalytic performance was also analyzed to unveil the role of N species
in NCNT/PMS catalytic activity. Radical and non-radical reactive species were determined
through classical quenching study, as well as by EPR analysis. The quenching experiments
were comprehensively performed with eight different quenching agents and the catalytic
activity of each radical and non-radical species was rationalized.

2. Results and Discussion

2.1. Structure Characterizations

Figure S1a displays the XRD spectra of pristine CNT, NCNT, and Uz-NCNTs. The
strong diffraction peak at around 25.93◦ is ascribed to the (002) reflection of the hexagonal
graphitic structure. N-doping (NCNT) did not noticeably change the (002) diffraction; how-
ever, the main graphitic peak position gradually decreased from 25.93◦ to 25.87, 25.51, and
25.27◦, respectively. On the other hand, the interlayer distance of 3.43 nm of CNT/NCNT
slowly increased to 3.44, 3.49 and 3.52 for Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-8, re-
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spectively. It suggests that the chemical oxidation can successively intensify the C-C bond
formation and disorder the sp2-C conjugation. Furthermore, the N-doping and chemical oxi-
dation create defective sites (edges and vacancies) and can also establish oxygen-containing
functional groups in the main graphitic network [33]. This surface modification tends to
increasingly broaden the (002) diffraction peak, which substantiates the decreased graphitic
degree of Uz-CNTs.

Raman spectra of the derived carbocatalysts are presented in Figure S1b. The charac-
teristic D-band, G-band, and 2G-band of CNT were observed around 1347–1359, 1585–1612
and 2698–2732 cm−1, respectively. The D-band at 1347, 1353, and 1359 cm−1, and the
G-band at 1501, 1612, and 1608 cm−1 were also noticed for Uz-NCNT-2, Uz-NCNT-4, and
Uz-NCNT-8, respectively. The integrated intensity ratio of the D-band versus the G-band
(ID/IG) is a substantial factor in determining the defect and deformation level. Table S2
shows that the ID/IG value of NCNT (1.03) is higher than CNT, verifying that consider-
able defective sites originate in the well-organized sp2-carbon network by N-doping. The
ID/IG value further increased for Uz-NCNT-2 (1.08) and Uz-NCNT-4 (1.13), which shows
that more disorders and defective sites were established in the carbon network with the
increasing oxidation levels. However, the ID/IG decreased to 0.96 for Uz-NCNT-8 as the
degree of oxidation increased more (8 g KMnO4 addition). This may be possibly due to the
formation of abundant oxygenated functional groups in the carbon lattice, which could
disrupt the vacancies and break the chemical bonds in the graphitic network [42]. Moreover,
the intensity of the 2D-band at 2703 cm−1 also diminished as the amount of oxidizing agent
(KMnO4) increased. It implies that the chemical oxidation employed with 2, 4 and 8 g of
KMnO4 brings more boundaries, sp3 domains or vacancies and disorders into the carbon
network, along with edges [38].

Figure S2a shows that the absorption peak at 273 nm (CNT, and NCNT) is attributed
to the π-π* excitation of the graphitic sp2-C network. This π-π* absorption peak shifted
substantially to 230 nm for Uz-CNTs. This crucial blue-shift informs us that the homogenous
sp2-C=C conjugation is broken, and sp3-C-C domains are formed on the carbocatalyst
surface by chemical oxidation. Figure S2b exhibits FT-IR spectra of the carbocatalyst. It
displays limited oxygenate functional groups that exist on the CNT, as well as NCNT
surfaces. A few evident bands visibly appeared with the Uz-CNT samples. In particular,
the bands at around 1980 and 1891 cm−1 correspond to the asymmetric and symmetric
stretching vibrations of the C-H bond, while the bands at around 1717, 1580, 1389, 1167
and 1038 cm−1 are ascribed to the -C=O, -C=N/-C=C, -C-OH, -C-N, and -C-O stretching
vibrations, respectively [43].

2.2. Specific Surface Area and Chemical Status

N2 sorption isotherm and BJH pore size distribution profiles are shown in Figure S3.
N2 adsorption/desorption isotherm results of all the samples (except Uz-NCNT-4) reveal a
Type IV isotherm with a H1-type hysteresis loop when P/P0 = 0.4–0.9. Uz-NCNT-4 exhibits
a Type IV isotherm with a H3-type. Type H1 hysteresis implies that the catalyst channels
have uniform pore sizes and shapes, while the type H3 hysteresis proposes that the catalyst
(Uz-NCNT-4) contains a very wide distribution of pore sizes [44,45]. The evident peak
between 3 and 5 nm in Figure S3f states that the synthesized carbocatalysts primarily
consist of mesoporous structures (>2 nm). As shown in Table S3, the BET surface area
206.41 m2 g−1 (CNT) is not substantially changed by N doping (207.06 m2 g−1, NCNT),
but it is gradually reduced to 163.04 m2 g−1 (Uz-NCNT-2), 140.72 m2 g−1 (Uz-NCNT-4)
and 4.41 m2 g−1 (Uz-NCNT-8) with increasing dosages of oxidizing agent (KMnO4). The
decrease in BET surface area is probably due to the collapse of the carbon skeleton structure
and crinkled layers during the oxidation processes. The high loss of surface area with
Uz-NCNT-8 is possibly due to the intense stacking effect, resulting from strong hydrogen
bonding between the oxygen functionalities on the catalyst surface. X. Duan and coworkers
reported that heteroatom (N, P and S) doping into graphene greatly reduces the specific
surface area due to formation of a crinkled layer and stacking effect [46,47].
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The chemical compositions of the nitrogen-doped carbocatalysts were examined by
XPS and are displayed in Figure S4 and Table S4. As shown in Figure S4b, the N 1s
characteristic peak is noticed at around 399.9–400.8 eV, indicating that N atoms were
successively introduced into the carbocatalyst. The analysis also shows the N content of
0.93, 1.07, 1.04, and 0.62% is noticed in NCNT, Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-8,
respectively (Table 1). The high resolution N 1s spectrum in a specific range (392–410 eV)
was deconvoluted into four N-groups, such as pyridinic N, pyrrolic N, graphitic N or
substitutional N, and oxidized N (Figure S4c–f). The deconvoluted peak center, peak area
and total area of the respective sample are provided in Table 1. Each peak area was divided
by the total area of the specific N 1s spectrum and calculated the fraction of N-dopants.
Table 1 denotes that the pyridinic N and graphitic N contents were progressively enriched
from NCNT to Uz-NCNT-2 and Uz-NCNT-4, and then drastically reduced for Uz-NCNT-8.
In contrast, pyrrolic N content decreased from NCNT to Uz-NCNT-2, and Uz-NCNT-4 and
increased at Uz-NCNT-8. On the other hand, oxidized N content greatly decreased from
NCNT to Uz-NCNT-4 and completely vanished for Uz-NCNT-8. The analysis concludes
that the amount of oxidizing agent significantly governs the N-dopants’ levels.

Table 1. Atomic percentages of elements in the carbocatalysts were obtained from XPS analysis.

Carbocatalysts N/at. %
N/at. %

Pyridinic N Pyrrolic N Graphitic N Oxidized N

CNT NA 0.00 0.00 0.00 0.00
NCNT 0.93 0.06 0.28 0.35 0.32

Uz-NCNT-2 1.07 0.13 0.13 0.53 0.20
Uz-NCNT-4 1.04 0.18 0.18 0.72 0.05
Uz-NCNT-8 0.62 0.15 0.67 0.18 0.00

C at. % O at. %
O/at. %

C-O C=O COOH

CNT 99.11 0.89 0.63 0.37 0
NCNT 96.04 3.04 0.21 0.58 0.21

Uz-NCNT-2 77.43 21.5 0.22 0.54 0.24
Uz-NCNT-4 74.39 24.58 0.08 0.59 0.33
Uz-NCNT-8 67.22 32.16 0.10 0.45 0.46

Table 1 also indicates that the oxygen atomic percentage steadily increased from 0.89
(CNT) to 3.04, 21.5, 24.58, 32.16% with NCNT, Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-8,
respectively. It confirms that extending oxidation levels establish more oxygen-containing
functional groups in the carbon network. High resolution O 1s spectrum between 526 and
541 eV was deconvoluted into five major peaks, which are related to the hydroxyl group
(C-O), carbonyl group (C=O), and carboxyl group (COOH) (Figure S5 and Table S5). Table 1
presents the amount of C-O group, 0.63 at. % (CNT), which steadily decreased to 0.21,
0.22, and 0.08 with NCNT, Uz-NCNT-2 and Uz-UNCT-4, respectively, although it slightly
fluctuated to 0.10 at. % for Uz-NCNT-8. In contrast, the C=O group content increased from
0.37 at. % (CNT) to 0.58 for NCNT and then it fluctuated to 0.54, 0.59, and 0.45 at. % with
increasing oxidizing power of 2, 4 and 8 g KMnO4, respectively. The lower C=O fraction
for Uz-NCNT-8 may be due to the transformation of C=O into the -COOH group at a
higher degree of oxidation level. The oxidation process employed KMnO4 in concentrated
H2SO4 as an oxidizing agent; this can generate the strong oxidizer Mn2O7. This Mn2O7
oxidizer is able to oxidize the carbonyl groups in aldehyde or benzoquinone structures
on carbocatalyst surfaces and converts them to -COOH [48–50]. Thus, the amount of
-COOH gradually increased with the degree of oxidation level in this study. The analysis
affirms that the KMnO4 dosage crucially controlled the formation of oxygen-containing
functional groups.
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2.3. Catalytic Performance
2.3.1. Role of N-Doping on Catalytic Performances

Catalytic performance of all carbocatalysts was examined using constant pollutant
concentration (CACP = 10 mg L−1), and PMS dosage (CPMS = 0.5 mM) with pH0 = 7 ± 0.3
and is presented in Figure 1a,b. It was found that ACP degradation profiles for all catalysts
were well fitted with the first-order kinetic model. The ACP degradation rate constant,
k1 (ACP) = 4.37 × 10−4 s−1, for CNT is enhanced to 18.4 × 10−4 s−1 for NCNT, vali-
dating that the surface modification of CNT by nitrogen doping greatly increases the
catalytic activity. The k1 (ACP) of NCNT is further increased to 22.05 × 10−4·s−1 (Uz-
NCNT-2), and 28.35 × 10−4 s−1 (Uz-NCNT-4) with the increase in the degree of oxidation
level, respectively. However, the k1 (ACP) for Uz-NCNT-8 is relatively lower than k1
for Uz-NCNT-2 and Uz-NCNT-4. This might be due to the presence of the low fraction
of N (0.62 at. %) in Uz-NCNT-8, compared to Uz-NCNT-2 (1.07 at. %) and Uz-NCNT-4
(1.04 at. %). Furthermore, the graphitic N fraction is also substantially reduced for Uz-
NCNT-8. The graphitic N can greatly influence the electron transfer ability among N
dopants, because it can readily alter the charge distribution of adjacent carbon atoms
due to the electronegativity [27]. It is also noted that the existence of abundant pyrrolic
N (0.67 at. % for Uz-NCNT-8) adversely influences the catalytic activity of the carbocat-
alyst. Typically, a pyrrolic N atom is attached to a five membered pentagonal ring and
contributes two p-electrons to the π system, increasing the electron density of the main
graphitic layer [16]. However, the lone pair of electrons in the sp2 orbital is parallel to the
sp2 orbital of adjacent C [51]. As a result, the lone pair of electrons readily contributes to the
delocalization and reinforces the density of the graphitic network, rather than transporting
electrons to the adsorbed organics and/or PMS. Due to the spatial arrangement of sp2

pyrrolic N, the adsorption of organics or PDS on the pyrrolic ring is hindered.

Figure 1. (a) ACP degradation profile versus time and (b) first-order kinetic rate constant, k1 (ACP). (c)
PMS decomposition profile versus time and (d) k1 (PMS). Experimental conditions CACP = 10 mg L−1,
CCatalyst = 100 mg L−1, CPMS = 0.5 mM and pH0 = 7 ± 0.3.

To evaluate the role of each N species on the catalytic performance, the regression
analysis was applied between N-contents and k1 (ACP). In Figure 2a, high linear correlation
was obtained with pyridinic N (R2 = 0.9219) and graphitic N (R2 = 0.8891). Meanwhile,
low correlations were obtained for pyrrolic N (R2 = 0.1363) and oxidized N (R2 = –0.0055).
Similarly, the PMS decomposition rate constants, k1 (PMS), of all carbocatalysts were also
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examined and are displayed in Figure 1c,d. It implies that the k1 (PMS), 1.28 × 10−4 s−1

for CNT, is substantially enhanced with NCNT (3.59 × 10−4 s−1), and slightly fluctuates
for Uz-NCNT-2 (3.3 × 10−4 s−1). This may be due to the crinkled graphitic layer during
the chemical oxidation process. Then, k1 (PMS) increased for Uz-NCNT-4 (3.81 × 10−4 s−1)
and decreased for Uz-NCNT-8 (2.55 × 10−4 s−1). Furthermore, the relationship between
k1 (PMS) and N-dopants in Figure 2b exhibits a reasonable correlation (R2 = 0.7014) with
graphitic N, affirming that graphitic N appreciably promotes PMS activation, rather than
other boundary Ns (i.e., pyrrolic N and oxidized N). Although graphitic N seems to play
a main role in the catalytic system via PMS activation (0.8891 with k1 (ACP) and 0.7014
with k1 (PMS)), pyridinic N also slightly outperforms the other N-dopants. This may be
attributed to the fact that pyridinic N has a lone pair of electrons considered as a Lewis
basic site, which can effectively enhance the electron population of the main graphitic
layer and improve the catalytic activity [52]. Moreover, the substitutional N (graphitic N)
can also break the uniform sp2-hybridized π-conjugations at the carbon periphery. The
higher electronegative N atom (graphitic N) can induce a positive charge to adjacent carbon
atoms through charge transfer. As a result, the positively charged sites can enhance the
PMS adsorption and weaken the peroxide bond (O-O) in HO-SO4

−
, generating reactive

oxidative species [34,36].

Figure 2. Role of N-content and specific N-constituent in k1 (ACP) (a), and k1 (PMS) (b). Experimental
conditions CACP = 10 mg L−1, CCatalyst = 100 mg L−1, CPMS = 0.5 mM and pH0 = 7 ± 0.3.
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2.3.2. Role of Oxygen Functionalities on Catalytic Performances

Three oxygen-containing functional groups (C-O, C=O, and -COOH) and the amount
of oxygen groups are detected from O 1s XPS spectra and are summarized in Table 1. To
ascertain the effect of the O-content and three oxygen groups on catalytic performance,
the k1 (ACP)-O-content relationship was evaluated (Figure 3a,b). In Table 1, the reaction
rate k1 (ACP) gradually increased with the increasing atomic percentage of O-content
from 0.89 at. % for CNT to 3.04 at. % (NCNT), 21.5 at. % (Uz-NCNT-2), and 24.58 at. %
(Uz-NCNT-4). However, k1 (ACP) decreased at 32.16 at. % of oxygen content (Uz-NCNT-
8). Increasing the fraction of oxygen content could significantly enhance the electron
population in the graphitic layer, which could remarkably enhance the electron transfer
oxidative steps. Furthermore, the existence of a significant quantity of oxygen functional
groups in the graphitic framework could also appreciably transport the electrons to PMS or
organics, resulting in a higher degradation rate [53]. Nonetheless, the decrease in k1 (ACP)
for Uz-NCNT-8 may be ascribed to the existence of the many oxygen-containing functional
groups, which make the electron conductivity of the graphitic layer worse by occupying
the active edges and blocking the interaction between the carbocatalyst and PMS through a
stereo-hindrance effect [53]. It implies that oxygen-containing functional groups crucially
govern ACP degradation in CNT-based carbocatalyzed PMS systems.

Figure 3. Role of O-contents and oxygen functionalities in k1 (ACP) (a), and k1 (PMS) (b). Experimen-
tal conditions CACP = 10 mg L−1, CCatalyst = 100 mg L−1, CPMS = 0.5 mM and pH0 = 7 ± 0.3.
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A well fitted positive linear correlation (R2 = 0.9699) with a -C=O group confirms
that the carbonyl group at the edges is a dominant active site in the catalytic systems
(Figure 3b). Recent investigations have also demonstrated that the electron-rich -C=O
group is believed to be a paramount active site for PMS activation because it breaks the
O-O bond in PMS into SO4

• − and •OH and then triggers the formation of 1O2 [33,35].
Meanwhile, the correlation (R2 = 0.7503) with the -COOH group suggests that carboxylic
acid functionalities are also participating in the catalytic oxidation processes [54–56]. On
the other hand, a negative linear fit for -C-O (R2 = 0.9364) indicates that the excessive
electron-donating hydroxyl groups in the main graphitic structure might be unfavorable
for electron-transfer oxidation [53]. A good linear relationship between k1 (PMS) and
-C=O (R2 = 0.9775) in Figure 3b proposes that the carbonyl groups at the reactive edges
and defective sites can remarkably aid the PMS activation [33,35]. Furthermore, the poor
correlation between -COOH and k1 (PMS) indicates that the PMS adsorption did not
significantly initiate -COOH. It may be due to the COOH group’s spatially wide molecular
structure and hindered broad molecular structure of the PMS. However, the meaningful R2

between k1 (ACP) and -COOH may be due to the electron-withdrawing carboxylic group
altered the electron density in the graphitic structure and facilitates the electron transfer
oxidative steps.

2.4. Identification of Main Reactive Oxidative Species in Carbocatalyst/PMS Systems

Typically, PMS activation by CNT-based carbocatalysts can generate diverse radical
and non-radical oxidative components, as described in Equations (1)–(18). EPR was used
to find the active species involved in the carbocatalyzed PMS activation systems. The
spin-trapping agent TMP was employed to detect the 1O2. In Figure 4a, a weak signal was
observed in PMS without a catalyst because of the slow self-decomposition of PMS [57].
For all the carbocatalysts/PMS systems, a typical three-line TMP-1O2 adduct signal with
equal intensities (1:1:1) was obtained. It substantiates the fact that the interaction between
carbocatalysts and PMS can invariably generate 1O2 to react with TMP and produces the
stable adduct 2,2,6,6-tetramethyl-4-piperidnol-N-oxyl. Superoxide radical anion O2

• −
can also react with TMP to form equal intensities of three-line EPR signals [58]. Thus, to
evaluate the contribution of O2

• − in carbocatalyst/PMS systems, EPR analysis was carried
out in the presence of an 1O2 quencher (10 mM FFA). As shown in Figure 4b, the intensities
of the three-line TMP-1O2 adduct signal are considerably diminished, corroborating that
O2

• − is also produced in carbocatalyzed PMS activation.

CNT-C=N + HSO5
− → CNT-C-N+ + SO4

• − + OH− (1)

CNT-C=N + HSO5
− → CNT-C-N+ + SO4

2− + •OH (2)

C=C=N-Csurface-C=O + HSO5
− → Csurface-C=O+ + SO4

• − + OH− (3)

C=C=N-Csurface-C=O + HSO5
− → Csurface-C=O+ + SO4

2− + •OH (4)

Csurface-C=O+ + HSO5
− → Csurface-C=O+ + SO5

• − + OH− (5)

C=C=N-Csurface-COOH + HSO5
− → Csurface-COO+ + SO4

• − + 2OH− (6)

C=C=N-Csurface-OH + HSO5
− → Csurface-O+ + SO4

• − + 2OH− (7)

C=C=N-Csurface-C=O + HSO5
− → Csurface-C=O=O + H+ (8)

Csurface-C=O-O+ + SO5
2− → Csurface-C=O + 1O2 (9)

C=C=N-Csurface-C=O + HSO5
− + 2OH− → Csurface-C-O-O+ + H2O + SO4

2− (10)

C=C=N-Csurface-C-O-O+ + HSO5
− + 2OH− → Csurface-C=O +1O2+ H2O + SO4

2− (11)

SO5
2− + HSO5

− → HSO4- SO4
2− + 1O2 (12)

2O2
• − +2H2O → H2O2+ 1O2+ OH− (13)
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O2
• − + •OH → 1O2+ OH− (14)

HSO5
− + e− → SO4

• − + OH− (15)

HSO5
− + e− → SO4

2− + •OH (16)

HSO5
− + NCNT-C . . . . π+ → SO4

• − + OH− (17)

HSO5
− + NCNT-C . . . . π+ → SO4

2− + •OH (18)

Figure 4. (a) EPR spectra of TMP-1O2 adducts under different carbocatalyst/PMS systems.
(b) EPR spectra of TMP-1O2 analyzed in the presence of CFFA = 10 mM, and CTMP = 50 mM;
(c) EPR spectra of DMPO-SO4

• − and DMPO- •OH adducts were analyzed using CDMPO = 100 mM.
CCatalyst = 10 mg L−1, CACP = 10 mg L−1; and CPMS = 1 mM.

Other active free radicals SO4
• − and •OH were also identified by using an EPR, in

which the spin-trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was employed
to detect SO4

• − and •OH. In Figure 4c, the weak characteristic peaks of DMPO-•OH can
be observed from PMS only. This can be ascribed to the hydrolysis of PMS that forms
less •OH. In contrast, the prominent variation in the peak intensity is observed before
and after the addition of the carbocatalyst, verifying that derived carbocatalysts (NCNT,
Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-8) are capable of generating SO4

• −and •OH. The
reaction between •OH and DMPO can produce a DMPO- •OH adduct signal, with a relative
intensity ratio of 1:2:1:2:1:2:1 [59,60]. This may be due to the fact that DMPO can oxidize
and yield 5,5, -dimethyl-2-pyrrolidon-N-oxyl (DMPOX). The presence of a DMPOX signal
in Figure 4c specifies that •OH, and SO4

• − are consistently formed in carbocatalyst/PMS
systems. This may be due to the transformation of DMPO-SO4

• − and DMPO- •OH adducts.
A fast nucleophilic substitution reaction between highly reactive DMPO-SO4

• − and H2O
(DMPO-SO4

• − = 95 s in water) resulted in the rapid transformation of the DMPO-SO4
• −

adduct into DMPO-•OH. Then, DMPO- HO• was oxidized into DMPOX through electron
abstraction by HO• and/or SO4

• − [61]. EPR study recommends that SO4
• −and •OH are

also formed through PMS activation and contribute to ACP degradation.

2.5. Classical Quenching Studies

To further identify the reactive oxidative species that participated in the catalytic
systems, classical quenching experiments were also attempted in detail. The ethanol/tert-
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BA, and p-BQ were utilized to detect SO4
• −/•OH and O2

• −, respectively [62–65], and FFA
and L-His were considered as efficient quenchers to identify the 1O2 [66,67]. The non-free
radicals, surface-bound radicals, surface-bound activated complexes, and free flowing
electrons were also evaluated using specific quenchers, such as KI, phenol, and NaClO4,
respectively [43,68,69]. The rate constants for the reactions between the reactive oxidative
species and specific quencher are briefly described in Table 2.

The effect of quenchers on the ACP degradation profiles and observed first-order rate
constants are shown in Figures S6 and S7, respectively. In general, the ACP degradation
rate constant is substantially inhibited by the addition of specific quenchers, suggesting
that radicals (SO4

• −/•OH and O2
• −), 1O2, non-free radicals (surface-bound radicals,

surface-bound complexes, and free flowing electrons) are intrinsically involved in the
catalytic system. In particular, the high inhibition rate with the 1O2 quencher (L-His,
FFA) in CNT/PMS and NCNT/PMS proposes that 1O2 based-oxidation process led to
ACP degradation. It may be because the PMS activation by the carbocatalyst (CNT and
NCNT) with a smaller number of oxygen groups was limited, resulting in the lower amount
of free radical formation. Furthermore, the adsorption of organics by the carbocatalyst
was ascribed to the π–π interactions and electrostatic interactions between the electron
donor (ACP) and electron acceptor (catalyst). Subsequently, the organic contaminant was
degraded via the electron-transfer mechanism in the surface of the graphitic layer (i.e.,
non-radical oxidative pathway) [42]. In contrast, the radical quenchers (ethanol, tert-BA
and p-BQ) and non-radical quenchers (NaClO4 and phenol) greatly hampered the ACP
degradation rate with the oxidized NCNTs (Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-
8). The considerable number of oxygen contents in the catalyst surface can significantly
enhance the electron density of the graphitic network. It can efficiently interact with the
peroxo bond (-O-O-) in the PMS structure and enhance free radical generation. It is evident
that free-radicals, as well as non-radical electron-transfer based oxidation, jointly facilitate
ACP degradation with Uz-CNTs/PMS system.

2.5.1. Role of N-Dopants on Radical and Non-Radical Pathway

The role of N-dopants on PMS activation for ACP degradation was further rationalized
based on the results in Figure S7. To investigate the relationship between N-dopants
and individual oxidative species activity, the normalized inhibition ability by a specific
quenching agent was calculated according to the equation given below.

Inhibition Ability =
k1(ACP)C − k1(ACP)Q

k1(ACP)C
(19)

where k1(ACP)C is the first-order ACP degradation rate constant for the carbocatalyst/PMS
in the absence of quenchers, and k1(ACP)Q is the ACP degradation rate constant with
a specific quencher. The normalized inhibition ability with N-dopants is presented in
Figures 5–7. The notable correlation of ethanol (R2 = 0.7359) and tert-BA (R2 = 0.7309)
(tert-BA) with pyridinic N was observed in Figure 5a, while the correlation (R2 = −0.1122)
between p-BQ and pyridinic N-content was low. The correlation illustrates that pyridinic
N substantially governs SO4

• −/•OH formation and radical-based oxidation. This may
be explained by the fact that the lone pair of electrons are in a sp2 (pyridinic N) orbital
perpendicular to the sp2 orbitals of the adjacent carbon; thus, the pyridinic N can readily
transport the non-bonded electrons to PMS and facilitate the formation of free radicals
(SO4

• −/•OH) [70]. A plausible PMS activation mechanism, as described in Equations
(1)–(18), suggests that no direct interaction occurs between PMS and the N-functional group
to form superoxide anion radicals. Furthermore, p-BQ yields a good R2 value (0.9256) with
graphitic N, proving that graphitic N plays a crucial role in O2

•− mediative oxidation. The
increased inhibition ability by the O2

•− quencher (p-BQ) indicates that a great number of
O2

•− contributes to efficient ACP degradation. The relationship between graphitic N and
tert-BA seems to be that inhibition ability increased with the increasing graphitic N content,
suggesting that graphitic N heavily influences the formation of SO4

• −/•OH. Figure 5
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also implies that pyrrolic N and oxidized N did not appreciably participate in the radical
oxidative pathway, as they show very low R2 values with ethanol and tert-BA (Figure 5b,d).
Figure 5a,c also imply that the low slope value between pyridinic N vs. p-BQ and graphitic
N vs. p-BQ suggested that pyridinic N and graphitic N did not control the formation
of O2

•−.

Table 2. The second-order rate constants for the reaction between reactive oxidative species and
specific quenchers.

Scavengers
Molecular
Formula

ROS Species
Reaction Rate Constant

(M−1 s−1)
References

1 Ethanol C2H5OH SO4
• − and •OH kSO4•− = 9 ×108

kHO• = 1.1 × 106 [63,71]

2 tert-Butyl alcohol C4H10O •OH kHO• = 4.5 × 108 [63]
3 p-Benzoquinone C6H4O2 O2

• − kobs. = 9 ×108 [64,65]
4 L-histidine C6H9N3O2 1O2

kobs. = 3 × 108
[16,67]

5 Furfuryl alcohol C5H6O2 kobs. = 1.2 × 108

6 Phenol C5H5OH
Surface-bound

radicals
(SO4

• − and •OH)

kSO4•− = 8.8 × 109

kHO• = 6.6 × 109 [68,69]

7 Potassium iodide KI Surface bound
complexes – [72,73]

8 Sodium
perchlorate NaClO4 Free electrons – [43]

Figure 5. Role of radical (O2
• −-, •OH and SO4

• −) quenchers on ACP degradation rate (k1(ACP)).
Correlation between k1 (ACP) and pyridinic N (a), k1 (ACP) and pyrrolic N (b), k1 (ACP) and graphitic
N (c), and k1 (ACP) and oxidized N (d). Quenching studies were carried out at CACP = 10 mg L−1,
CCatalyst = 100 mg L−1, CPMS = 0.5 mM, C Ethanol or Ctert-BA = 500 mM, Cp-BQ = 50 mM.
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Figure 6. Role of singlet oxygen (1O2) quenchers on ACP degradation rate (k1(ACP)). Correlation
between k1 (ACP) and pyridinic N (a), k1 (ACP) and pyrrolic N (b), k1 (ACP) and graphitic N
(c), and k1 (ACP) and oxidized N (d). Quenching studies were carried out at CACP = 10 mg L−1,
CCatalyst = 100 mg L−1, CPMS = 0.5 mM, CFFA = CL-His = 50 mM.

Interestingly, the oxidized N exhibited meaningful correlation of R2 = 0.6760 and
R2 = 0.6469 with L-His and FFA, respectively (Figure 6d), while other N-dopants provided
a low R2 value with 1O2 quenchers. This proposes that the oxidized N has an auxil-
iary role in the 1O2 mediative oxidative pathway. The inhibition ability of the non-free
radicals in Figure 7a showed a high correlation (R2 = 0.8929) between NaClO4 and pyri-
dinic N, emphasizing that pyridinic N accelerates catalytic oxidation by electron-transfer-
based oxidation.

It also shows a decent correlation with phenol (R2 = 0.8901), suggesting that the
surface-bound radicals were also controlled via boundary pyridinic N. Moreover, graphitic
N also yields notable R2 = 0.8572 (KI), which implies that graphitic N can form activated
complexes (carbocatalyst-PMS*) and initiate the electron-transfer process (Figure 7c). The
N-dopant non-free radical activity correlation indicates that pyridinic N delivers more
electron density to the carbon periphery and improves electron conductivity in the carbon
framework. It could propagate the non-radial oxidative pathway through the formation of
surface-bound radicals. Moreover, graphitic N facilitates electron-transfer based oxidation
preferentially via the formation of carbocatalyst-PMS* activated complexes. W. Ren and his
co-workers demonstrated that N-doped CNT profoundly enhances the PMS adsorption
quantity and forms NCNT-PMS* complexes, which significantly raised the phenol oxidation
efficiency through the electron-transfer regime [34].
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Figure 7. Role of non-radical (free electrons, surface-bound •OH and SO4
• −radicals and surface-

bound activated complexes) quenchers on ACP degradation (k1(ACP)). Correlation between k1 (ACP)
and pyridinic N (a), k1 (ACP) and pyrrolic N (b), k1 (ACP) and graphitic N (c), and k1 (ACP) and
oxidized N (d). Quenching studies were carried out at CACP = 10 mg L−1, CCatalyst = 100 mg L−1,
CPMS = 0.5 mM, CFFA = CL-His = 50 mM.

2.5.2. Role of O-Contents on Radical and Non-Radical Pathway

To investigate the oxygen functionalities–activity relationship, the normalized inhibi-
tion ability was correlated with O-contents. The obtained result was scrutinized alongside
the individual oxygen functional groups and presented in Figure 8a–c. A good R2 value is
obtained between p-BQ and the carbonyl group (0.9827), while the hydroxyl group and
carboxyl group yield very low R2. This corroborates that a greater quantity of O2

• − is
produced with the increasing carbonyl content, highlighting that the carbonyl group cru-
cially leads the O2

• − -based oxidation. Furthermore, the inhibition ability of ethanol and
tert-BA correlated with all the oxygen groups and showed no notable linear relationship
(Figure 8b,c), implying that the SO4

• −/•OH-based oxidation pathway is not directly de-
pendent on any specific oxygenated functional groups. The inhibition ability of L-His/FFA
is also shown in Figure 9. Surprisingly, the negligible R2 values of L-His/FFA with all the
oxygen-containing functional group reveals that oxygen-containing functional groups did
not directly govern the 1O2 oxidation pathway. Figure 10b shows a high R2 value with the
carbonyl group (0.9472) and KI, suggesting that the -C=O group may play a major role
in the surface-bound radical-based oxidation pathway. Furthermore, the hydroxyl group
and carbonyl group exhibit a low R2 value with KI, implying that -C-OH and COOH do
not considerably regulate the surface-bound radicals (Figure 10a,c). On the other hand,
the hydroxyl group provides a negative linear relationship with NaClO4 (0.7485) and
phenol (0.8932). It indicates that the presence of more electron-donating groups (-C-OH)
could largely hinder the electron-transfer oxidative pathway, as well as attenuating the
formation of NCNTs-PMS* activated complexes. This may be ascribed to the interplaying
of oxygen functional groups and the fact that the primary carbon periphery adversely
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affected the surface-activated complex mediative oxidative process [16,42,53]. This study
also demonstrates that formation of more hydroxyl groups on graphitic layer deliberately
interrupts the non-free radical pathway (electrons and surface-bound complex). This obser-
vation also matches with Figure 3a, which shows the oxygen functional groups–catalytic
activity relationship.

Figure 8. Role of radical (O2
• −-, •OH and SO4

• −) quenchers on ACP degradation rate (k1). Correla-
tion between k1 -C-O (a), k1 and -C=O (b) and k1 and -COOH (c). Quenching studies were carried
out at CACP = 10 mg L−1, CCatalyst = 100 mg L−1, CPMS = 0.5 mM, C Ethanol or Ctert-BA = 500 mM,
Cp-BQ = 50 mM.
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Figure 9. Role of singlet oxygen (1O2) on ACP degradation rate (k1). Correlation between k1 and -C-O
(a), k1 and -C=O (b) and k1 and -COOH (c). Quenching studies were carried out at CACP = 10 mg L−1,
CCatalyst = 100 mg L−1, CPMS = 0.5 mM, CFFA = CL-His = 50 mM.
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Figure 10. Role of non-radical (free electrons, surface-bound radicals (•OH and SO4
• −) and surface-

bound activated complex) quenchers on ACP degradation rate (k1). Correlation between k1 -C-O (a),
k1 and -C=O (b) and k1 and -COOH (c). Quenching studies were carried out at CACP = 10 mg L−1,
CCatalyst = 100 mg L−1, CPMS = 0.5 mM, CFFA = CL-His = 50 mM.

2.6. Insights into NCNTs/PMS and Unveiling the Active Sites

The catalytic performance of nitrogen-doped CNTs is fundamentally determined
by their intrinsic electronic configurations (sp2- and sp3- hybridization). N-groups and
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the oxygen-containing functional groups, and the structural defects (edges and vacan-
cies) are believed to be key active sites for catalytic oxidation [32–37]. This present cat-
alytic system demonstrates that high catalytic activity is noticed with Uz-NCNT-4/PMS
(k1(ACP) = 28.35 × 10−4 s−1), rather than pristine CNT, NCNT, Uz-NCNT-2 and Uz-NCNT-
4. The summary of the structure–catalytic activity regression analysis (Table S6) affirms
that pyridinic N and graphitic N groups are major active sites for high catalytic oxida-
tion. Thus, the presence of a high content of pyridinic N (0.18 at. %) and graphitic N
(0.72 at. %) with Uz-NCNT-4 shows high catalytic activity. This hypothesis also matched
with the structure–catalytic activity by the specific reactive species relationship, as depicted
in Table 3. The assessment demonstrates that pyridinic N, as well as substitutional N
(graphitic N), cooperatively lead the catalytic oxidation through radical as well as non-
radical pathways.

Table 3. Role of N-dopants and oxygen functional groups on carbocatalyst/PMS activation pathway.

Carbocatalyst/PMS
Activation
Pathway

Reactive
Oxidative Species

Governing
N-Dopants

Correlation
Coefficient (R2)

Governing
O-Groups

Correlation
Coefficient (R2)

Radical Species
•OH/SO4

• − Pyridinic N
0.7359 (Ethanol)
0.7309 (tert-BA) — —

O2
• − Graphitic N 0.9259 (p-BQ) -C=O 0.9827 (p-BQ)

Singlet Oxygen 1O2 — — — —

Non-Radical
Species

Free flowing
electrons Pyridinic N 0.8929 (NaClO4) -C-O 0.7485 (NaClO4)

(Downtrend)
Surface-bound

radicals Graphitic N 0.8572 (KI) -C=O 0.9472 (KI)

Carbocatalyst-
PMS* activated

complex
Pyridinic N 0.8901 (Phenol) -C-O 0.8932 (Phenol)

(Downtrend)

The sp2-hybridized N atom in a six-membered pyridinic ring is typically produced
at the edges and defects of the main graphitic network and provides one p-electron to the
conjugated π system. Consequently, pyridinic N can increase the density of π states of
the graphitic network, which can facilitate the notable electron-transfer oxidative pathway
(Figure 11a). Pyridinic N activity-inhibition ability with NaClO4 correlation (R2 = 0.8929,
Table 3) supports this assumption. It means that the free flowing π electrons from sp2-C
in the graphitic carbon network can be activated through conjugating with the lone-pair
electrons of pyridinic N [16]. The detectable R2 value of pyridinic N with ethanol/tert-
BA recommends that the terminal and edges of pyridinic N may also help to generate
SO4

• −/•OH through the interaction between the O-O bond of HO-O-SO3
− and pyridinic

N (Figure 11b). Luo and coworkers suggested that pyridinic N with a lone pair electron
can significantly improve the π conjugation [52]. Graphitic N can also be another key
active site, as shown in this study. The smaller atomic radius and high electronegativity
graphitic N (3.04) compared to the adjacent carbon atoms (2.55) can stretch the electrons
from neighboring carbon atoms [34]. These activated carbon centers can potentially in-
teract with HO-O-SO3

−
to form a highly reactive complex (NCNT–PMS*) via the direct

electron-abstraction step and generate surface-confined free radicals on the catalyst sur-
face (Figure 11c). This hypothesis is witnessed from the correlation between graphitic
N-inhibition ability by KI (R2 = 0.8572, Table 3). Structure–oxidative species activity also
substantiates that graphitic N can induce the radical pathway via O2

• − in the catalytic
system (Figure 11e).
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Figure 11. Proposed mechanism in PMS activation by NCNTs, non-radical pathway (a–d) and radical
pathway (e–f).

Uz-NCNT-4 with the highest content of carbonyl groups (0.59 at. %), along with
low contents of the hydroxyl group (0.08 at. %), shows superior catalytic performances.
Tables S6 and 3 show that the carbonyl group can act as the principal active site rather than
the other oxygen-containing functional groups. The electron-rich carbonyl group can act as
an electron donor. Thus, the electrophilic group (peroxide bond) in PMS can be activated
with the nucleophilic carbonyl group by electron-transfer and then produces reactive free
radicals (Figure 11d–f). A high R2 value (0.9427) between KI and the carbonyl group
affirms that electron transfer between PMS and the carbonyl group can form surface-bound
radicals. These electron-transfer processes and active surface-confined free radicals perform
remarkable catalytic oxidation. J. Li and co-workers revealed that nucleophilic carbonyl
groups can provoke a redox cycle to produce SO4

• −/•OH [26].
Furthermore, the abundant hydroxyl group can relay a contrary role to catalytic

oxidation. This may be explained by the fact that the electrophilic O-O group in PMS can
be readily adsorbed with the electron-rich hydroxyl group [34]. Because the H atom in the
hydroxyl group dissociates itself and binds with the PMS molecule, the electron transfer
process is relatively low; thus, -C-OH in the graphitic network can convert to -C=O. This
functional group conversion step may unfeasible for efficient PMS activation, as reported
from the experimental observation with graphene-catalyzed PMS by X-Duan et.al [74].
The present study also substantiates that there is no good correlation between the 1O2
quencher and the N-groups or O-groups, suggesting that N-dopants/oxygen-containing
functional groups do not directly initiate the 1O2. However, the EPR results show that 1O2
is intrinsically produced in the catalytic system (Figure 3a). Typically, the formation of 1O2
can include different pathways, including self-decomposition of PMS, the electron-transfer
reaction from carbocatalyst to PMS and the coupling or direct oxidation of O2

• − [9,75]. In
addition, the detectable R2 value with the carboxyl group (Figures 3b and 10c) indicates
that non-bonded lone pair electrons in oxygen atoms in the carboxyl group can partially
support the electron-transfer process for catalytic activity. Overall, Tables 3 and S6 clearly
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demonstrate that N-doping and oxygen functional groups synergistically contribute to the
radical and non-radical formation and ACP degradation process.

2.7. Activity Stability Test

To determine the activity stability of the carbocatalysts, the carbocatalysts were evalu-
ated through a reusability test over three consecutive runs and this is depicted in Figure
S8. Around 53, 94, 96, 99, and 96% of ACP degradation efficiency was observed with CNT,
NCNT, Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-8, respectively. However, approximately
<5% of ACP degradation efficiency was reduced at the 3rd cycle. The deactivation of the
carbocatalyst may be due to the intricate influences of surface characteristics and structural
changes, including the adsorption of intermediates/by-products, coverage of active sites
and loss of a small quantity of catalyst during filtration/separation. This phenomenon
can inhibit the charge transfer process between the carbocatalyst and PMS, resulting in
suppressed ACP oxidation [46]. Furthermore, Uz-NCNT-4 demonstrated a high ACP
degradation efficiency with all runs compared to the other catalyst, confirming that the
chemical oxidation of NCNT with 4 g KMnO4 could remarkably improve the reusability
and stability.

3. Materials and Methods

3.1. Materials

PMS (available as Oxone, KHSO5·0.5KHSO4·0.5K2SO4), dicyandiamide (99.5%, C2H4N4),
ethyl alcohol (99.5%, C2H5OH), phosphoric acid (85%, H3PO4), sulfuric acid (Conc. H2SO4),
hydrogen peroxide (30%, H2O2) solution and sodium hydroxide (NaOH) were purchased
from Sigma Aldrich, Seoul, South Korea. In addition, HPLC grade methanol (99%, CH3OH)
for HPLC was purchased from Honeywell, Seoul, South Korea. Pristine multiwalled carbon
nanotubes (MWCNT), with a diameter of 5–15 nm and length of ~10 μm, were obtained
from Carbon Nano-Materials Technology Co., Ltd., Seoul, South Korea. All chemicals were
laboratory grade and were used without further purifications.

3.2. Preparation of NCNT and Uz-NCNTs with Different Degree of Oxidation

First, 1 g of pristine CNT powder and 0.48 g dicyandiamide were dispersed into 100 mL
ethanol solution. The solution mixture was constantly stirred at 80 ◦C until the solution was
evaporated to obtain a homogeneous mixture. The mixture was kept into a tubular furnace
and pyrolyzed for 3 h at 600 ◦C under N2 atmosphere, with a gas flow rate of 20 mL min−1.
After cooling down to room temperature, the obtained powder was sufficiently ground and
labelled as NCNT. Later, an unzipped NCNT (Uz-NCNT) carbocatalyst was synthesized
based on a previously reported chemical oxidation method [39,40]. Then, 1 g of as-prepared
NCNT was dispersed into 100 mL of concentrated H2SO4 solution for 1 h, then 20 mL of
H3PO4 was slowly added to the above mixture and continuously stirred in an oil bath at 80
◦C. Subsequently, a desirable amount of oxidizing agent KMnO4 was slowly introduced,
and the reaction mixture was left to react for 2 h. Later, the warm reaction mixture was
carefully transferred into 500 mL of cold water containing 15 mL of H2O2. Then, the
solution was centrifuged, washed with dilute HCl solution and again 3–5 times with
distilled water. Finally, the obtained precipitates were dried by freeze-drying. Different
degrees of oxidized unzipped NCNT carbocatalyst named as Uz-NCNT-2, Uz-NCNT-4
and Uz-NCNT-8 were synthesized by varying the amount of oxidizing agent KMnO4 with
2, 4 and 8 g, respectively.

3.3. Characterizations of Carbocatalyst

Surface functional groups of the carbocatalyst were analyzed using Fourier-transform
infrared spectroscopy (FT-IR) on a PerkinElmer instrument (Spectrum One System, Perkin-
Elmer, Waltham, MA, USA). UV-visible spectra were recorded using a UV-Visible spec-
trometer (UV 1240, Shimadzu, Kyoto, Japan). N2 adsorption/desorption was measured
by BELSORP-max, BEL, Japan, Inc., Tokyo, Japan. The Brunauer-Emmett-Teller (BET)
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equation and Barrett-Joyner-Halenda (BJH) method was applied to determine the specific
surface area and pore size distribution of the carbocatalyst, respectively. X-ray diffrac-
tion (XRD) patterns were obtained on a D8-Advanced diffractometer system from Bruker
(Bruker, Karlsruhe, Germany) with kα radiation (λ = 1.5418 Å). The interlayer distance
of the graphitic plane was determined by Bragg’s equation, nλ = 2dsinθ, where λ is the
incident wavelength (1.5406 Å), θ is the peak position, n is the order of diffraction (1), and
d is the interlayer spacing or d-spacing value. Surface composition of the catalyst was
examined with a K-Alpha TM X-ray photoelectron spectrometer (XPS) system (Thermo
Electron, Waltham, MA, USA).

3.4. Evaluation of Catalytic Performance

Acetaminophen (ACP, C8H9NO2, 151.16 g mol−1) degradation tests were carried
out to explore the catalytic performance of the NCNT and Uz-NCNTs regarding PMS
activation. A total of 100 mg L−1 of carbocatalyst was added to 100 mL of ACP solution
(10 mg L−1) and stirred constantly (500 rpm) under dark conditions. At a given interval,
3 mL of solution was taken and filtered with a 0.22 μm pore size PVDF membrane filter.
The concentration of ACP was analyzed using high-performance liquid chromatography
(HPLC, Ultimate 3000, Dionex, Thermo Fisher Scientific, Waltham, MA, USA) with UV
absorbance at 230 nm. The reverse-based separation was carried out on an Eclipse XDB-C18
analytical column (Eclipse Plus, 4.6 × 250 mm, 5 μm, Agilent, Santa Clara, CA, USA).
The mobile phase was prepared with methanol and deionized water (1:2, v:v), and the
mixed solution was adjusted by phosphoric acid until the pH reached 3. The flow rate,
temperature, and injected volume were 0.8 mL min−1, 25 ◦C, and 25 μL, respectively. All
kinetic catalytic experiments were performed in triplicate and the relative standard errors
were less than 5%.

The first-order kinetic equation was used and expressed as -ln(Ct/C0) = k1t, where
k1 represents the apparent rate constant (s−1), and C0 and Ct are the initial concentration
(mg L−1) and concentration at time t of ACP in solution, respectively [25]. The PMS
concentration was also measured by KI, Na2HCO3, and a UV–Vis spectrophotometer
(UV 1240, Shimadzu, Tokyo, Japan) [41]. The yellow color developed by the reaction
between PS and iodide in the presence of bicarbonate exhibits an absorbance at 395 nm.
PMS decomposition rate was also determined using first order kinetics. Moreover, the
activity stability of the carbocatalyst was also determined by reusability tests with four
consecutive steps.

3.5. Evolution of Reactive Species Quenching Study and EPR Analysis

Ethanol (C5H5OH), tert-butyl alcohol (tert-BA, (CH3)3OH), para-benzoquinone (p-BQ,
C6H4O2), furfuryl alcohol (FFA, C5H6O2), L-histidine (L-His, C6H9N3O2), potassium io-
dide (KI), phenol (C6H5OH), and sodium perchlorate (NaClO4) were employed to detect
the reactive oxidative species involved in the reaction. Furthermore, electron spin resonance
spectra were observed with a JES-FA200 (Joel, Tokyo, Japan, X-band) at ambient tempera-
ture under visible light irradiation (λ > 420 nm), using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) and 2,2,6,6-tetramethyl-4-pi-peridone (TMP) as the spin trapping agents.

4. Conclusions

Different levels of oxidized nitrogen-doped CNTs (Uz-NCNTs) were synthesized by
varying the oxidizing agent KMnO4. The specific surface area substantially decreased
with increasing oxidation levels of N-doped CNT. On the other hand, the amount of
oxygen 0.89 at. % (CNT) evidently increased to 3.04, 21.5, 24.58, and 32.16 at. % with
NCNT, Uz-NCNT-2, Uz-NCNT-4 and Uz-NCNT-8, respectively. Catalytic performance
of the carbocatalyst was examined via PMS activation for ACP degradation. Uz-NCNT-
4 exhibited high catalytic activity for ACP degradation through PMS activation with a
6.5-fold enhancement, compared to the CNT activity.
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The structure–catalytic activity relationship exposes the fact that pyridinic N and
carbonyl groups play a key role in the catalytic system. EPR and classical quenching studies
reveal that the radical (SO4

• −, •OH and O2
• −), 1O2 and non-radical species (surface-

bound radical, electrons, and surface-bound complex) intrinsically contribute to catalytic
oxidation. The mechanism of PMS activation on the carbocatalyst was illustrated based
on the structure-oxidative species activity correlation. N-doping and oxygen-containing
functional groups propagate both radial and non-radical mediative oxidation pathways.
Existence of electron rich Pyridinic N and graphitic N configuration can boost up the
greater electron density of the graphitic network and lead to significant electron transfer-
based oxidation via surface-bound radicals. Moreover, the quantity of O2

• − generation is
steadily raised with the increase in graphitic N and the carbonyl group. A large amount of
oxygen-containing functional groups greatly inhibits the SO4

• −/•OH mediative oxidation
pathway. The linear regression analysis also emphasized that the presence of more hydroxyl
groups might be unfavorable for catalytic activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12080845/s1, Figure S1: (a) XRD patterns and (b) Raman
spectrum of CNT, NCNT and unzipped NCNTs; Figure S2: (a) UV-visible spectrum and (b) FT-IR
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Abstract: This work demonstrates the potential utility of ferrate(VI)-based advanced oxidation
processes for the degradation of a representative UV filter, BP-4. The operational parameters of
oxidant dose and temperature were determined with kinetic experiments. In addition, the effects
of water constituents including anions (Cl−, HCO3

−, NO3
−, SO4

2−), cations (Na+, K+, Ca2+, Mg2+,
Cu2+, Fe3+), and humic acid (HA) were investigated. Results suggested that the removal rate of
BP-4 (5 mg/L) could reach 95% in 60 min, when [Fe(VI)]:[BP-4] = 100:1, T = 25 ◦C and pH = 7.0, The
presence of K+, Cu2+ and Fe3+ could promote the removal of BP-4, but Cl−, SO4

2−, NO3
−, HA and

Na+ could significantly inhibit the removal of BP-4. Furthermore, this Fe(VI) oxidation processes
has good feasibility in real water samples. These results may provide useful information for the
environmental elimination of benzophenone-type UV filters by Fe(VI).

Keywords: benzophenone-4; ferrate (VI); oxidation; kinetics

1. Introduction

Benzophenone (BP)-type UV filters are a kind of oil soluble substance that is easy to
dissolve in aromatic hydrocarbons such as benzene and toluene but difficult to dissolve
in water. Therefore, it is easier for this substance to enter the organism than water-soluble
substances, thus causing toxic effects (Table 1 lists the structure and solubility of some
substances). BPs are discharged into the sewage treatment system in a large amount and
are difficult to degrade, and there are a large number of residues in the activated sludge. At
the same time, BPs can also be brought into water through water entertainment activities
such as swimming and bathing [1]. BPs have been detected in various water samples [2]
and other environmental media [3,4]. Furthermore, BPs can also enter the human body
through the skin, diet and air, which poses a threat to human health. BP residues have been
detected in human samples [5,6]. Song et al. [7] reported that BP-3 concentrations showed
positive correlations between maternal serum (MS) and cord serum (CS), while the CS/MS
ratios of BP-1, BP-3, BP-8 and 4-OH-BP were affected by molecular weight or logKow, along
with negative correlations.

Table 1. The structure and solubility of Part BPs.

NO. Name Structure Solubility

1 Benzophenone
Insoluble in water
(<0.1 g/100 mL at

25 ◦C)
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Table 1. Cont.

NO. Name Structure Solubility

2 Benzophenone-3(BP-3)
Insoluble in water
(<0.1 g/100 mL at

20 ◦C)

3 Benzophenone-4(BP-4) DMSO (Slightly),
Methanol (Slightly)

4 4-hydroxy benzophenone Insoluble in water

Passive diffusion may play an important role in the placental transfer of these BP-type
UV filters. BP-3, BP-4, BP2 and 4-OH-BP were frequently detected in featured aquatic
environments of Shanghai, and BP, BP-4 and BP-3 might adversely affect fish and other
aquatic organisms [8].

Since BP substances are harmful to organisms and human, removing them from the
environment is very important. Photochemical transformation is an important transfor-
mation pathway of UV sunscreen in natural water, which affects its environmental fate
and ecological risk. The reaction rate and pathway of photochemical transformation are
affected by pH and soluble substances in the water environment, and products with greater
ecological risk can be produced under the light of BPs [9]. Vione et al. researched the
light conversion process of BP-3 under the conditions related to surface water and found
that BP-3 can be directly photodegradated and can also be indirectly photodegradated
by hydroxyl radical (OH) and soluble organic matter DOM* [10]. The photolysis half-life
of BPs varies with the environmental conditions and is possible in a few days to several
months. Generally, organic pollutants can be removed by microbial degradation. Gago
Ferrero et al. [11] studied the degradation and photodegradation processes of BP-1 and
BP-3 by aerobic bacteria. The results showed that more than 99% of BP-1 and BP-3 could
be degraded by biological treatment within 24 h, while the removal efficiency of phase
reflective degradation was very low, especially for BP-3, which had little degradation effect.
The results of metabolite analysis showed that BP-1 was decomposed by T. versicolor of
BP-3, but the glycoconjugate derivative was the main metabolite. Moreover, there was no
metabolite formation with a higher estrogen effect during the biodegradation of BP-1 and
BP-3. Liu et al. [12] used activated sludge and digested sludge to study the biodegrada-
tion process under anaerobic and aerobic conditions. The results showed that anaerobic
biodegradation was more suitable for the removal of BP-3. Beel et al. [13] explained the
anaerobic biodegradation process of BP-4 in the activated sludge of the urban sewage
treatment system and found nine kinds of transformation products that showed a higher
toxicity of bacteria (Vibrio fischeri) than BP-4.

As this emerging contaminant cannot be eliminated effectively by conventional pro-
cesses, it is necessary to explore efficient measures for the degradation of BPs from water.
In order to remove UV filters from water, many measures have been researched, includ-
ing ozonation, chlorine, persulfate and ferrate [14,15]. Amongst them, the products of
ferrate (FeO4

2−, Fe(VI)) reaction are ferric oxides/hydroxides, which can act as coagu-
lants/precipitants. Therefore, as an effective green oxidant, ferrate(VI) (Fe(VI)) has attracted
much attention [16,17]. Research works have proved that Fe(VI) is very promising for the

56



Processes 2022, 10, 1829

degradation of organic materials, such as PPCPs, endocrine disrupting chemicals and
pesticides [18–21]. However, information on the degradation of BP-4 by Fe(VI) is scarce.

In this study, we attempted to investigate the oxidation of BP-4 by Fe(VI) in aquatic
environment. First, experiments were implemented in order to obtain the optimal reaction
conditions of oxidant dose and temperature. Then, coexisting water components such as
metal cations (Na+, K+, Ca2+, Mg2+, Cu2+, Fe3+), inorganic anions (Cl−, NO3

−, HCO3
−,

SO4
2−) and humic acid (HA) were tested for their effects on BP-4 removal. Finally, the

removal of BP-4 in natural waters was also evaluated.

2. Materials and Methods

2.1. Chemicals and Reagents

BP-4 (CAS no: 4065-45-6, 98% purity) and potassium ferrate (K2FeO4, CAS no: 39469-
86-8 Fe(VI), purity > 95%) were obtained from J&K Company (Shanghai, China). Methanol
and formic acid gained from Merck Company (Darmstadt, Germany) (for HPLC) were of
HPLC grade. The rest of the reagents were of analytical grade or higher. Ultrapure water
(18.2 MU cm) was prepared with a Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Removal of BP-4 by Fe(VI)

Degradation experiments were carried out in batches with 100 mL brown glass in a
rocking bed (150 r/min) at 25.0 ± 0.2 ◦C. The pH of solution was initially adjusted by HCl
or NaOH. At the specified time interval, an 0.8 mL sample was collected and immediately
filtered into a 2.0 mL vial containing 0.2 mL chromatographic grade methanol to quench
the reaction (through a 0.22 μm filter). In order to study the potential effects of various
environmental factors, the initial BP-4 solution was adjusted to a different pH value or
pre-added with 0.5 mM ions (Fe3+, Ca2+, Mg2+, Cu2+, Na+, K+, SO4

2−, Cl−, NO3
−, HCO3

−)
and 1–30 mg/L humic acid (HA). The degradation of BP-4 in two environmental water
samples in Jiaxing (one surface water sample from canal, one sample of effluent of Jiaxing
domestic sewage treatment plant in Jiaxing, China) was also studied. All experiments were
carried out twice, and the average values are presented in the paper.

2.3. Analytical Methods

The concentrations of BP-4 were measured by an Agilent 1200 high performance liquid
chromatograph (HPLC) equipped with a quaternary pump and a diode array detector
(Agilent Technologies, Palo Alto, CA, USA). Chromatographic analysis was performed with
a 1.0 mL/min flow rate on a Zorbax Eclipse XDB-C18 analytical column (4.6 mm × 150 mm,
particle size 5 mm) (Agilent Technologies, CA, USA) at 30 ◦C. The injection volume was
20 μL, and the elution time was 10 min for all samples. The mobile phase was methanol
(A) and water (B) (60:40).

3. Results

3.1. Removal of BP-4 from Aqueous Solution

Initially, removal of BP-4 by Fe(VI) was investigated with different molar ratios of
Fe(VI) to BP-4. The results are presented in Figure 1. The concentration of BP-4 decreased
rapidly within 10 min and changed slightly after 60 min. This is because the strong oxidation
of Fe(VI) can effectively remove the target pollutants in a very short time when the oxidant
has a high initial concentration in the reaction solution. As time goes by, the concentration
of Fe(VI) decreases rapidly, and the reaction tends to stop. In addition, the removal rate
of BP-4 increases remarkably with increasing Fe(VI) (except [Fe(VI)]:[BP-4]) = 200:1). For
example, the removal rate BP-4 was from 30% to 95% (at 60 min) when the molar ratio was
from 25: 1 to 100: 1. At a higher ratio of 200:1, the degradation efficiency will be lower. This
is because Fe(VI) reacting with the target pollutant is enough in the reaction solution and
will only overflow as the dosage increases. In addition, the instability of ferrate will lead to
the auto-degradation of Fe(VI), and the auto-degradation rate will also increase with the
increase of the concentration of Fe(VI) solution. The ratio of Fe(VI) used to degrade BP-4
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decreases, meaning that the degradation efficiency decreases. Feng et al. also reported this
phenomenon in their research [20].

 
Figure 1. Effect of dose of oxidants ([Fe(VI)) on the removal of BP-4 (experimental conditions:
[BP-4]0 = 5 mg/L; pH = 7.0 ± 0.2; T = 25.0 ◦C; reaction time = 90 min).

In the next set of experiments, the effects of pH on the degradation were determined,
as shown in Figure 2A. The removal rate of BP-4 was greatly affected by the pH value of
the solution. The reason is that the pH value of the solution will affect the oxidation ability
and stability of potassium ferrate. In acid conditions, potassium ferrate has the highest
oxidation potential (2.2 ev) in conventional water treatment agent, which is much higher
than 0.72 ev in alkaline condition, meaning the degradation rate of pH = 3 (highest) is much
higher than that of pH = 11 (lowest) in the first 10 min. There are different forms of ferrate
solution in different pH environments—generally, the forms are H3FeO4

+, H2FeO4 and
HFeO4

−. In the acidic environment, the ferrate in the aqueous solution is mainly in the
form of H2FeO4 and HFeO4

−, at which time the ferrate is active and easy to decompose;
in the alkaline condition, the ferrate is mainly in the form of stable FeO4

2−. Therefore,
the stability of potassium ferrate is better when the pH is higher than 7. When the pH is
3, the ferrate root is extremely unstable, and its self-decomposition is intensified, which
leads to basic non-degradation after 10 min, and the final degradation rate is the lowest.
Potassium ferrate with pH = 7 and pH = 9 has both high oxidation potential and good
stability, meaning these should be the best pH values for degradation of BP-4. At pH = 11,
its good stability enables ferrate to react with BP-4 continuously. Thus, the next experiment
was studied with pH = 7.0.

The reaction temperature also significantly influenced the degradation of BP-4. As
shown in Figure 2B, the BP-4 degradation rate is faster with the temperature increasing.
The reason is that heating can accelerate the efficient degradation of BP-4 by Fe(VI), and
the results are in accordance with the degradation of organic chemicals by other oxidants,
such as potassium permanganate and persulfate [22,23]. The degradation rate constants
(k) were 0.0204, 0.0290 and 0.0407 min−1 at 25 ◦C, 35 ◦C and 45 ◦C. In addition, based
on the experimental data, the activation energy (Ea) of the BP-4 oxidative degradation by
Fe(VI) was estimated to be 27.2 KJ/mol (R2 = 0.9999) with the Arrhenius equation. It can
be speculated that higher temperatures were of benefit to the removal of BP-4.
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Figure 2. Effect of initial solution pH (A) and temperature (B) on BP-4 removal by Fe(VI) (exper-
imental conditions: [BP-4]0 = 5 mg/L; T = 25.0 ◦C for pH (initial pH 7.0 ± 0.2 for temperature);
[Fe(VI)]0:[BP-4]0 = 100:1; reaction time = 90 min).

Based on the above results, experimental conditions were the following: [BP-4] = 5 mg/L,
initial pH 7.0 ± 0.2, [Fe(VI)]0:[BP-4]0 = 100:1; T = 25 ◦C, reaction time = 90 min.

3.2. Effect of Inorganic Ions on Degradation

The effect of inorganic ions on the degradation of BP-4 was evaluated (as seen in
Figure 3). Experimental conditions were as follows: [BP-4] = 5 mg/L, [Fe(VI)]0:[BP-4]0 = 100:1,
T = 25 ◦C, [Anions] = [Cations] = 5 mM. As shown in Figure 3A, Cl−, SO4

2− and NO3
−

ions significantly inhibited the removal efficiency of BP-4 by Fe(VI), but the impact on BP-4
removal was not apparent with the addition of HCO3

− at 5 mM. For monovalent cations
such as Na+ and K+, they had an obvious influence on BP-4 removal (Figure 3B). Na+ ions
reduced the removal of BP-4 by Fe(VI), while K+ ions could promote its degradation. When
Mg2+ and Ca2+ were added in reaction solution, the effects were not obvious. Ca2+ ions
inhibited the removal of BP-4 by Fe(VI), and Mg2+ ions presented no obvious effect on
BP-4 removal. Moreover, the effect of Cu2+ and Fe3+ (transition metal ions) on the removal
of BP-4 was also investigated. When these ions were present in the reaction solution, the
removal rate of BP-4 increased (Figure 3B). Cu2+ showed more increase than Fe3+.

According to Figure 3, K+, Cu2+ and Fe3+ could promote the removal of BP-4, but Cl−,
SO4

2−, NO3
− and Na+ could significantly inhibit the removal of BP-4. The specific reason

was that K+, Cu2+ and Fe3+ play a catalytic role in the oxidative degradation of BP-4 by
Fe(VI).

  
Figure 3. Effect of anions (A) and cations (B) on the removal of BP-4 after 10 min. [Anions] = [Cations] = 5 mM.

3.3. Effect of HA on Degradation

The effect of dissolved organic compounds on the removal of BP-4 by Fe(VI) was
measured by adding HA with a concentration of 1–30 mg/L. The addition of HA decreased
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the efficiency of removing BP-4 by Fe(VI) (Figure 4). With the increase of HA concentration,
the removal rate of BP-4 nonlinearly decreased. The results show that HA competes with
BP-4 to react with Fe(VI). In other words, Fe(VI) reacts not only with BP-4 but also with HA.

Figure 4. Effect of humic acid (HA) concentration on the removal of BP-4.

In Figure 4, when the HA concentration was lower than 1 mg/L, the removal rate
of BP-4 did not show an obvious effect due to HA. The removal rate of BP-4 decreased
with the increase of concentration of HA. When the concentration of HA increased to
20 mg/L, the removal rate of BP-4 changed from 95.82% to 24.09% in 60 min, and when the
concentration of HA reached 30 mg/L, the removal rate of BP-4 was reduced to 16.31%.
The main reason was that HA has a variety of functional groups, such as -COOH, -OH, etc.
The organic matter with these functional groups could have different chemical reactions
with oxidants in water, including ferrates. The HA could be oxidized by FeO4

2− in the
reaction solution, and that would reduce its reaction with BP-4. At the same time, the HA
could not have been oxidized completely, and its products could also form complexes or
be subject to adsorption with the final product Fe(OH)3 colloid of potassium ferrate, thus
competing with BP-4 and reducing the removal rate of BP-4.

3.4. Removal of BP-4 in Environmental Water Samples

It is necessary to assess the feasibility of this oxidative technique to completely elim-
inate low levels of sunscreen agents in different waters. Initially, the removal of BP-4 by
Fe(VI) in different waters was evaluated at pH 7.0. The molar ratio of Fe(VI) to BP-4 was
100:1. The results of the removal of BP-4 as a function of time from various water matrices
are shown in Figure 5. Fe(VI) can almost completely remove BP-4 from most water samples
in 90 min, except for secondary effluent water samples. The reason may be the coexisting
constituents, which could significantly inhibit the removal of BP-4.
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Figure 5. Removal of BP-4 from water samples by Fe(VI) at a molar ratio of 100:1 ([Fe(VI)]0:[BP-4]0).
(abbreviations: UPW—ultrapure water; DIW—deionized water; SEW–secondary effluent of sewage
treatment plant; RW—Jiaxing Canal River Water.).

3.5. Oxidation Products of BP-4 and Possible Reaction Pathways

To identify the identification of oxidation products, mass analysis experiments were
performed at 5 mg/L BP-4 (initial concentration), [Fe(VI)]:[ BP-4] = 100:1, T = 25 ◦C and
pH = 7.0. A total of three products were identified in positive mode by LC-TOF-MS, and
structural assignments were achieved with the product ion scan. The MS/MS spectra and
the proposed fragmentation patterns of BP-4 and its reaction intermediates are illustrated
in Figure 6.

 

 

Figure 6. Degradation pathways of BP-4 by ferrate (VI) process.

Figure 6 shows that the ring of benzene can be oxidized, and the results are in ac-
cordance with references with PMS and ozone [14,24]. While the ring of benzene is not
oxidized with the biological method [12], the ability of the chemical oxidizing agent is
stronger than biodegradation, so more effective methods need to be developed.

4. Conclusions

The research suggests that Fe(VI) has great potential to remove BP-4 and can be used
as a rapid and effective method. The presence of inorganic ions (i.e., K+, Cu2+ and Fe3+) in
water increased the removal efficiency of BP-4 by Fe(VI). In contrast, Cl−, NO3

−, SO4
2−,

Na+, Mg2+ and Ca2+ ions decreased the removal efficiency of BP-4 by Fe(VI). HA may affect
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the removal efficiency of BP-4 by Fe(VI). The removal of BP-4 by Fe(VI) varied with the
water type and constituents of water matrices.
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Abstract: UV/chlorine treatment is an efficient technology for removing organic pollutants in wastew-
ater. Nevertheless, degradation of antihistamines in the UV/chlorine system, especially the under-
lying reaction mechanism, is not yet clear. In this study, the degradation of cetirizine (CTZ), a
representative antihistamine, under UV/chlorine treatment was investigated. The results showed
that CTZ could undergo fast degradation in the UV/chlorine system with an observed reaction rate
constant (kobs) of (0.19 ± 0.01) min−1, which showed a first-increase and then-decrease trend with its
initial concentration increased. The degradation of CTZ during the UV/chlorine treatment was at-
tributed to direct UV irradiation (38.7%), HO• (35.3%), Cl• (7.3%), and ClO• (17.1%). The kobs of CTZ
decreased with the increase in pH and the increase in concentrations of a representative dissolved
organic matter, Suwannee River natural organic matter (SRNOM), due to their negative effects on
the concentrations of reactive species generated in the UV/chlorine system. The detailed reaction
pathways of HO•, ClO•, and Cl• with CTZ were revealed using quantum chemical calculation. This
study provided significant insights into the efficient degradation and the underlying mechanism for
the removal of CTZ in the UV/chlorine system.

Keywords: UV/chlorine; cetirizine; reactive species; dissolved organic matter; reaction pathway

1. Introduction

Pharmaceuticals and personal care products (PPCPs) have attracted widespread at-
tention because of their ubiquity in the aqueous environment and potentially high risks to
the ecosystem [1–3]. Antihistamines, as one kind of PPCPs, are mainly used to alleviate
human allergies [4]. In recent years, antihistamines have been frequently detected in the
environment due to the extensive production and widespread use [5]. The concentrations
of antihistamines in surface water have been found to be mainly at ng L−1 level, and
high concentrations up to μg L−1 level were also reported [6,7]. The antihistamines in
surface water are mainly discharged from wastewater treatment plants (WWTPs), of which
effluent contains antihistamines with concentrations as high as mg L−1 level [7]. Although
antihistamines have been produced and used as specific histamine H1-receptor antagonists,
the toxic effects, e.g., cardiotoxicity and sublethal effects, of frequently used antihistamines
to aquatic organisms have been observed [6,8,9]. Thus, it is of great significance to remove
antihistamines in wastewater before their discharging into natural waters.

Nowadays, the mainly used treatment technologies in WWTPs cannot effectively
remove organic pollutants [10,11], especially PPCPs [12,13]. Antihistamines have been
also ineffectively or inefficiently degraded by the traditionally used technologies due to
their high concentration in the effluent from WWTPs [7,14]. Advanced oxidation processes
(AOPs), including ozonation, ultraviolet (UV)/H2O2, etc., have been proven to be effective

Water 2022, 14, 1323. https://doi.org/10.3390/w14091323 https://www.mdpi.com/journal/water
65



Water 2022, 14, 1323

technologies for degrading refractory PPCPs, including antihistamines [5,15,16]. The
antihistamines, e.g., cimetidine (CMD), cetirizine (CTZ), and diphenhydramine (DPD),
have been shown to undergo degradation in TiO2-initiated photocatalysis [17], ozonation
and peroxymonosulfate oxidation [5,18], and UV/H2O2 treatment [19], respectively.

Among various AOPs, UV/chlorine technology is attractive due to its efficient degra-
dation of various pollutants [20–22]. In a UV/chlorine system, reactive species with high
reactivity such as hydroxyl radicals (HO•) and chlorine free radicals (including Cl•, ClO•,
and Cl2•−) were generated, which dominated the degradation of organic contaminants [23].
For example, Lei et al. [24] found that two representative antihistamines, cimetidine and
famotidine, could undergo fast reaction with HO•, Cl•, and Cl2•−, and the reaction rate
constants were 6.50 × 109 M−1 s−1, 1.46 × 1010 M−1 s−1, and 0.43 × 1010 M−1 s−1 and
1.72 × 1010 M−1 s−1, 2.78 × 109 M−1 s−1, and 1.65 × 109 M−1 s−1, respectively. There-
fore, it can be reasonably speculated that antihistamines can be efficiently degraded in
the UV/chlorine process. However, little attention has been paid on the removal of anti-
histamines. Furthermore, the contribution of these reactive species to the degradation of
antihistamines in the UV/chlorine system is also unclear.

The degradation of PPCPs in a UV/chlorine system was reported to be influenced by
aqueous environmental factors [25]. For example, pH can affect free chlorine’s dissociation
and subsequently influence the generation of reactive species [26], and also change the
reactivity of ionizable active pharmaceuticals with the generated reactive species during
the UV/chlorine process [27]. During the UV/chlorine treatment, dissolved organic matter
(DOM), which is a ubiquitous component in wastewater, was shown to inhibit the degrada-
tion of two PPCPs (naproxen and gemifibrozil) via inner filter effect and quenching of the
generated reactive species [25]. The water matrix could not only influence the degradation
efficiency but also affect the degradation pathways of PPCPs by changing the generation
and presence of reactive species during the UV/chlorine treatment. The reactivity of the
generated reactive species toward PPCPs was shown to be structure-dependent [28].

The reaction of the reactive species in a UV/chlorine system with PPCPs could lead to
the formation of toxic by-products [29], and the formation of halogenated intermediates in
the reactions of reactive chlorine radicals with PPCPs is a great concern in the use of the
UV/chlorine technology [28]. Therefore, it is essential to investigate the detailed reaction
pathways of the reactive species such as HO•, Cl•, Cl2•−, and ClO• with PPCPs. The reac-
tions of these reactive species with organic pollutants mainly occur through single electron
transfer, abstraction of hydrogen (H-abstraction), and addition pathways [30–32]. Quantum
chemical calculation has been previously applied to investigate the reactions of reactive
species with organic contaminants successfully [32,33], and the results demonstrated that
H-abstraction and addition are the major reaction pathways [21]. Nevertheless, the reaction
pathways of antihistamines with the generated reactive species in the UV/chlorine system
are still unclear and worthy of urgent research.

Thus, the degradation of antihistamines in a UV/chlorine system was investigated with
CTZ as a representative, which is among the most detected antihistamines with the highest
concentrations in the effluent and surface water [7]. The effect of pH, initial concentration, and
SRNOM (a representative of DOM) on the degradation of CTZ was revealed. Furthermore,
the contribution of the reactive species on the degradation of CTZ was investigated, and the
detailed reaction pathways of these reactive species with CTZ were calculated using quantum
chemical calculation. The results of this study were helpful for providing alternative tech-
nology to remove antihistamines in wastewater as well as deep insight into the degradation
mechanisms of emerging PPCPs in the UV/chlorine system.

2. Materials and Methods

2.1. Chemicals

CTZ (98%), sodium hypochlorite solution (available chlorine 5%), nitrobenzene (NB,
98%), and tert-butanol (TBA, chromatographical purity) were purchased from J&K Scien-
tific Ltd. (Beijing, China). SRNOM (2R101N) was obtained from the International Humic
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Substances Society. Na2HPO4 and NaH2PO4 were purchased from Tianjin Damao Chem-
ical (Tianjin, China). Methanol (chromatographicfal purity) was purchased from TEDIA
(Fairfield, CT, USA). Ultrapure water was produced using an instrument purchased from
Chengdu Ultrapure Technology Co., Ltd. (Chengdu, China).

2.2. UV/Chlorine Degradation Experiments

The experiments were performed in an OCRS-PX32T rotatable photochemical reactor
that was obtained from Kaifeng HXsei Science Instrument Factory (Kaifeng, China) (Figure
S1). The light source used in this study was a 500 W mercury lamp with main wavelengths
of 254 nm and 297 nm, of which light intensity was determined to be (1.45 ± 0.07) mW
cm−2 and (0.57 ± 0.03) mW cm−2 using a UV-B dual-channel ultraviolet radiation meter
(Photoelectric Instrument Factory of Beijing Normal University, Beijing, China). During the
treatment, the temperature was controlled at (25 ± 1) ◦C using a circulating cooling water
system. All experiments were conducted in triplicate.

The initial concentration of CTZ and free chlorine was 10 μM and 100 μM, respectively
(Phosphate buffer solution (PBS), pH 7.0). The UV-Vis absorption spectra of NaClO and
CTZ are shown in Figure S2. UV/chlorine treatment was performed in the photo-reactor
for 10 min. During the irradiation, dark control experiments were conducted with quartz
tubes (30 mL) covered using aluminum foil. Samples were obtained and placed in dark
conditions at room temperature during the UV/chlorine treatment. The concentration of
residual chlorine was determined with the method that we used in our previous study [34].

The effects of the initial concentration of CTZ (2, 5, 10, 25, and 50 μM) and free chlorine
(100, 200, 500, and 700 μM) on the degradation of CTZ was investigated by changing the
concentrations. SRNOM was added with concentrations of 2.0, 5.0, 10.0, and 15.0 mg L−1

to investigate its effect on the degradation of CTZ. NB (2 μM) was used as the quencher of
HO• [35], sodium bicarbonate (NaHCO3, 100 mM) was used to scavenge the HO•, Cl•, and
Cl2•− [28], and TBA (100 mM) was employed as the quencher of HO•, Cl•, and ClO• [36].
During the degradation of CTZ, Cl− with high concentration of 50 mM was added to
investigate the roles of Cl• and Cl2•− as it can convert Cl• to Cl2•− [27].

2.3. Analytical Methods

An Agilent 1260 II HPLC (Agilent Technologies Inc., Santa Clara, CA, USA) with
a diode array detector was used to quantify CTZ. During the quantification, a Welch
Ultimate™ AQ-C18 (250 mm × 4.6 mm, 5 m) analysis column (Welch Materials Inc.,
Maryland, USA) was used. The mobile phase for the detection of CTZ was methanol and
0.1% phosphoric acid solution aqueous (pH 2.3) with a ratio of 60:40, and the wavelength
selected for the detection of CTZ was 200 nm.

2.4. Quantum Chemical Calculation Methods

All quantum chemical calculation was performed with Gaussian 16 software [37]. The
optimization and single-point energy calculation were performed using density functional
theory (DFT) with the function of B3LYP. The optimization was performed at the level
of 6-31+G(d, p), and the single-point energy calculation was performed at the level of
6-311++G(3df, 2p). The integral equation form of the polarization continuum model
(IEFPCM) was used to consider the solvent effect of water. The transition state (TS) was
obtained and characterized by the virtual vibration frequency (only one), and was verified
with intrinsic reaction coordinate (IRC) analysis. The thermodynamic energies, i.e., Gibbs
free energy and enthalpy, were obtained and zero-point correction was performed while
calculating these energies.

3. Results and Discussion

3.1. Degradation of CTZ and Influencing Factors during UV/Chlorine Treatment

During direct UV irradiation, obvious degradation of CTZ was observed and no
obvious degradation in the dark controls was observed (Figure 1). These results indicate
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that CTZ was photodegradable under direct UV irradiation, and the degradation of CTZ
followed pseudo first-order kinetics. The observed degradation rate constant (kobs) of
CTZ under direct UV irradiation was calculated to be (0.08 ± 0.01) min−1. In a previous
study, the photodegradation of CTZ under UV irradiation was also observed [38]. In the
UV/chlorine system, the degradation rate of CTZ was faster than that under direct UV
irradiation (p < 0.05, Figure 1). The kobs of CTZ increased to (0.19 ± 0.01), (0.29 ± 0.02),
(0.42 ± 0.03), and (0.50 ± 0.02) min−1 with concentrations of free chlorine increased to 100,
200, 500, and 700 μM, respectively. These results demonstrated the important role of free
chlorine in the removal of CTZ. The degradation efficiency reached up to 84.9% within
10 min of treatment and exceeded 90% within 15 min of treatment at the free chlorine
concentration of 100 μM in the UV/chlorine system. Thus, the free chlorine concentration
of 100 μM was selected in the following experiments.

Figure 1. Degradation kinetics of CTZ in UV/chlorine system with different concentration of free
chlorine (pH = 7.0, [CTZ]0 = 10 μM. The error bars represent the 95% confidence interval (n = 3)).

In the UV/chlorine system, the initial concentration of organic pollutants was shown
to affect their degradation kinetics and efficiencies [39]. Therefore, the effect of initial
concentrations of CTZ on its degradation was studied, and the results are exhibited in
Figure 2 and Figure S3 in the Supplementary Materials. As shown in Figure 2, the kobs
of CTZ showed a first-increase and then-decrease trend under UV irradiation as well as
the UV/chlorine treatment. The fastest degradation rate of CTZ was observed with its
initial concentration of 10 μM. With the increase in initial concentration of CTZ from 10 μM
to 50 μM, the kobs of CTZ under direct UV irradiation and in the UV/chlorine system
decreased 36.4% and 64.4%, respectively.

The effect of initial concentration on the degradation of CTZ under direct UV irra-
diation was attributed to the competitive light absorption effect at the CTZ with high
concentrations. The differences in kobs values in the UV/chlorine system compared with
those under direct UV irradiation also showed a first-increase and then-decrease trend
(Figure 2), indicating that the concentration-dependence in the degradation of CTZ was
not only attributed to the UV-induced degradation but also the competing reactions to the
generated reactive species.
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Figure 2. Observed degradation rate constant (kobs) of CTZ with different initial concentration in
UV (circle) and UV/chlorine (square) system (pH = 7.0, (Free chlorine)0 = 100 μM. The insert figure
represents the differences in kobs values in UV/chlorine system compared with those under UV
treatment alone. The error bars represent the 95% confidence interval (n = 3)).

The influence of pH on the degradation of CTZ was studied and the results showed
that the kobs of CTZ decreased with the increase in pH in the UV/chlorine system (Figure 3
and Figure S4 in the Supplementary Materials). There were two possible mechanisms for the
pH-dependence of CTZ degradation: (1) the different reactivities of the generated reactive
species toward CTZ of different forms, i.e., neutral form and anionic form; (2) the dissociation
of HOCl/OCl− with pKa of 7.5 [40] led to different concentrations of the generated reactive
species [41]. In this case, the former was not suitable as more than 99.7% CTZ (pKa = 3.5) existed
with anionic form in the solutions with pH above 6.0. Thus, in the UV/chlorine system, the
decrease in kobs of CTZ with the increase in pH was due to the dissociation of HOCl to OCl− as
the generation quantum yield of reactive species was higher and radical scavenging effect was
weaker for HOCl compared with those of OCl− [42].

Figure 3. Observed degradation rate constant (kobs) of CTZ in UV/chlorine system in different pH or
in the presence of SRNOM with different initial concentrations ([CTZ]0 = 10 μM, (Free chlorine)0 =
100 μM. The error bars represent the 95% confidence interval (n = 3)).
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The DOM in the wastewater, which was shown to significantly inhibit the removal of
primidone and caffeine in the UV/chlorine system, is considered to be a great defect during
the practical application of UV/chlorine technology [39]. As exhibited in Figure 3 and Figure
S5 in the Supplementary Materials, in the UV/chlorine system, the presence of SRNOM
obviously decreased the kobs of CTZ (p < 0.05), and the inhibitory effect of SRNOM increased
with the increase in its concentration. The kobs of CTZ decreased from (0.19 ± 0.01) min−1

without SRNOM to (0.18 ± 0.01), (0.16 ± 0.01), (0.14 ± 0.01), and (0.12 ± 0.01) min−1 in the
presence of SRNOM with concentrations of 2.0, 5.0, 10.0, and 15.0 mg L−1, respectively, of
which decreased rates were 7.3%, 17.8%, 28.4%, and 38.9%, respectively. The inhibition on
the degradation of CTZ induced by SRNOM was attributed to: (1) the light screening effect
of SRNOM as it can absorb light with wavelengths from 200 to 400 nm (Figure S1); (2) the
competition with reactive radicals as reported in a previous study [39]. Thus, it could be
concluded that the DOM in wastewater is an unfavorable factor during the degradation of
antihistamines in wastewater using UV/chlorine technology.

3.2. Roles of Reactive Species in Degradation of CTZ

In the UV/chlorine system, the underlying degradation mechanisms of CTZ were
revealed by performing quenching experiments. As can be seen in Figure 4, the presence of
Cl− significantly decreased the kobs of CTZ in the UV/chlorine system (p < 0.05), indicating
the involvement of Cl• in the degradation of CTZ as Cl− can quench Cl• to generate
Cl2•− rapidly [27]. In the presence of NB, the kobs of CTZ decreased to (0.12 ± 0.01)
min−1 from (0.19 ± 0.01) min−1 in the PBS (p < 0.05), which indicated the involvement
of HO• during the degradation of CTZ. The presence of HCO3

−, which could quench
HO•, Cl•, and Cl2•− [28], decreased the kobs of CTZ to (0.11 ± 0.01) min−1 (p < 0.05).
The contribution of Cl• and Cl2•− (kobs(NB)−kobs(HCO3

−)) was comparable with that of
Cl• (kobs(PBS)−kobs(Cl−)) in the degradation of CTZ, which demonstrated the negligible
effect of Cl2•− on the degradation of CTZ. The addition of TBA, which quench HO•, Cl•,
and ClO• [36], further decreased the kobs of CTZ compared with that of HCO3

−, which
indicated the involvement of ClO• in the degradation of CTZ.

Figure 4. Observed degradation rate constant (kobs) of CTZ (10 μM) in UV/chlorine system ((Free
chlorine)0 = 100 μM) under different conditions (PBS, pH = 7.0; (Cl−) = 50 mM; (NB (nitrobenzene))
= 2 μM; (HCO3

−) = 100 mM; (TBA (tert-butanol)) = 100 mM) and in UV system as a control (the error
bars represent the 95% confidence interval (n = 3)).

In the UV/chlorine system, the presence of SRNOM could inhibit the degradation of
CTZ (Figure 3). Thus, the involvement of the reactive species in the degradation of CTZ in
SRNOM solutions was also investigated. The addition the quenchers decreased the kobs of
CTZ in the SRNOM solutions (Figure 5), which was similar with those in the PBS. Thus,
in the presence of SRNOM, HO•, Cl•, and ClO• were also involved in the degradation
of CTZ.
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Figure 5. Observed degradation rate constant (kobs) of CTZ (10 μM) in the presence of SRNOM (5 mg
L−) in UV/chlorine system ((Free chlorine)0 = 100 μM) under different conditions (PBS, pH = 7.0;
(Cl−) = 50 mM; (NB (nitrobenzene)) = 2 μM; (HCO3

−) = 100 mM; (TBA (tert-butanol)) = 100 mM)
and in UV system as a control (the error bars represent the 95% confidence interval (n = 3)).

Contribution ratios of the reactive species (HO•, Cl•, and ClO•) and direct UV irradia-
tion to the degradation of CTZ were calculated, and the values are shown in Table S1 in the
SI. The contribution ratio of UV-induced degradation of CTZ was 38.7% in the PBS. For the
reactive species, the contribution ratio of HO•, Cl•, and ClO• was 35.3%, 7.3%, and 17.1%,
respectively. The remaining 1.6% degradation of CTZ was attributed to other reactive
species. Among these reactive species, HO• played a crucial role during the degradation of
CTZ. In SRNOM solutions, the contribution ratio of direct UV-induced degradation of CTZ
increased to 42.2% compared with that in the PBS. The contribution ratio of HO• and Cl•
decreased to 29.6% and 4.8%, respectively, compared with the values in the PBS. However,
the contribution ratio of ClO• increased to 21.2% from 17.1%. These results demonstrated
the different role of SRNOM on the quenching of these reactive species.

3.3. Degradation Pathways of CTZ in UV/Chlorine System

Considering the complexity of the reactions for CTZ in the UV/chlorine system, the
DFT method was used to investigate the degradation pathways of CTZ in the UV/chlorine
system. In wastewater, CTZ mainly exists in anionic form as it is with low pKa of 3.5.
Therefore, the reaction pathways of anionic CTZ with the important reactive species (HO•,
Cl•, and ClO•) were calculated with DFT methods. As shown in a previous study, major
reactions of these reactive species with small organic chemicals are through H-abstraction
and addition pathways [21]. For anionic CTZ, there are 24 H-abstraction and 12 addition
pathways (Figure 6). All these possible reaction pathways of HO•, Cl•, and ClO• with CTZ
were calculated, and the calculated values of Gibbs free energy change (ΔG), activation free
energy (ΔG‡), and enthalpy change (ΔH) for these reaction pathways are listed in Tables
S2 and S3. The reaction complexes, transition states, and reaction intermediates of these
reactions are shown in Figures S6–S10 in the Supplementary Materials.
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Figure 6. Addition and H-abstraction reaction pathways for reaction of CTZ with HO• (ΔG: Gibbs
free energy change; ΔG ‡: activation free energy; unit in kcal mol−1).

For the HO•-initiated H-abstraction and addition reactions, the values of ΔG and
ΔH were all < 0 (Figure 6 and Table S2), implying that H-abstraction from CTZ and HO•
addition to the unsaturated bonds of the phenyl group of CTZ were all thermodynamically
spontaneous. The values of ΔG‡ for the addition reactions were from 0.87 to 5.59 kcal
mol−1, indicating that these reactions were also dynamically possible. The HO• additions
on the C16 and C20 sites were with low ΔG‡ values (0.87 and 0.89 kcal mol−1, respectively),
which indicated that the addition reactions at the two sites were more favorable. For the
H-abstraction reactions, the ΔG‡ values for the pathways from the phenyl group (H41-
49) and α-carbon (α-C) are from 1.72 to 10.52 kcal mol−1, and the pathways from the
hydrocarbon chain (except that from the α-C) were all barrierless, which indicated that
the H-abstraction reaction from the hydrocarbon chain of CTZ was more favorable. These
results demonstrated the high reactivity of HO• with CTZ, which is in accordance with
the extremely high reaction rate constant of HO• with CTZ (8.94 × 109 M−1 s−1) [43].
Meanwhile, these results are also in agreement with the experimental results that HO•
plays an important role during the degradation of CTZ in the UV/chlorine system.

For the ClO• addition pathways, only the ΔG and ΔH for the reaction at the C24
site were negative (Figure 7 and Table S3), indicating that ClO• addition to the unsatu-
rated bonds at the C24 site was thermodynamically spontaneous and exothermic. Thus,
although the ΔG‡ values of the addition reaction at the C24 site (17.21 kcal mol−1) were
relatively higher compared with that at other sites, ClO• addition reaction could only
occur spontaneously at this site. This was due to the generation of a thermodynamically
more stable intermediate with an oxygen atom on C24 instead of Cl. The H-abstraction
pathways on the phenyl group of CTZ were all thermodynamically nonspontaneous and
endothermic as they were all with positive ΔG and ΔH (Table S3). The abstraction reactions
of H39, H40, H50, and H51 at the hydrocarbon chain were thermodynamically spontaneous
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and exothermic due to their negative ΔG and ΔH (Figure 7 and Table S3). Among these
reactions, the abstraction of H50 and H51 were more favorable due to the lower ΔG‡ values
(2.22 and 1.83 kcal mol−1, respectively).

Figure 7. Detailed addition (C24 site) and H-abstraction (H39, H40, H50, and H51) pathways for the
reaction of CTZ + ClO• (the values in the brackets are length of bonds marked with the dashed lines,
and the unit is Å; TS and IM denote transition state and intermediate, respectively).

For the reaction of CTZ with Cl•, only H-abstraction of H36 was with negative ΔG
(−3.08 kcal mol−1), and of which ΔG‡ was 9.54 kcal mol−1, implying that H-abstraction of
H36 was thermodynamically spontaneous and dynamically possible. The reaction complex,
transition state, and intermediate of this reaction are shown in Figure S11. The results
implied that the Cl• showed low reactivity toward CTZ, which is consistent with the
experimental results that Cl• played a minor role (7.3%) in the degradation of CTZ in the
UV/chlorine system.

For the reactions of CTZ with HO•, Cl•, and ClO•, H-abstraction is the main reaction
pathway, which leads to the generation of C-centered radicals. C-centered radicals undergo
subsequent reactions with dissolved O2 or H2O to form hydroxylated products [30,32].
Addition reaction of HO• and ClO• with CTZ could also lead to the generation of hydroxy-
lated products and the dechlorinated product. Meanwhile, no chlorinated products were
generated during the reaction of these reactive species with CTZ. Thus, the degradation of
CTZ during the UV/chlorine treatment could decrease the toxicity induced by CTZ.

4. Conclusions

The degradation of an emerging organic pollutant CTZ in the UV/chlorine system
was investigated and the underlying reaction mechanism was revealed by combining the
methods of experiment and quantum chemical calculation. The results demonstrated that
CTZ could be removed efficiently in the UV/chlorine system, of which degradation was
initial-concentration dependent. In the UV/chlorine system, besides direct UV-induced
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degradation, the generated HO•, Cl•, and ClO• contributed greatly to the degradation
of CTZ, among which HO• played a crucial role in the degradation of CTZ. The HO•
and ClO• initiated the degradation of CTZ mainly through addition and H-abstraction
reactions, and the Cl• could only initiate H-abstraction reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14091323/s1, Figure S1: Photochemical reactor system dia-
gram; Figure S2: UV-Vis absorption spectra of NaClO, CTZ, and SRNOM; Figure S3: Degrada-
tion kinetics of CTZ with different concentrations in UV/chlorine system; Figure S4: Degrada-
tion kinetics of CTZ in UV/chlorine system with different pH values; Figure S5: Degradation
kinetics of CTZ in UV/chlorine system in the presence of SRNOM with different concentration;
Figure S6: Reaction complexes, transition states and intermediates of the addition reaction pathways
of CTZ with HO•; Figure S7: Reaction intermediates of barrierless H-abstraction reaction pathways
of CTZ with HO•; Figure S8: Reaction complexes, transition states and intermediates of the hydro-
gen abstraction pathways of CTZ with HO•; Figure S9: Reaction complexes, transition states and
intermediates of the addition reaction pathways of CTZ with ClO•; Figure S10: Reaction complexes,
transition states and intermediates of the hydrogen abstraction reaction pathways of CTZ with ClO•;
Figure S11: Reaction complexes, transition states and intermediates of the hydrogen abstraction
reaction of H36 of CTZ with Cl•; Table S1: Contribution ratio of different reactive species and UV
degradation to the degradation of CTZ in UV/chlorine system; Table S2: Calculated Gibbs free energy
change (ΔG), enthalpy change (ΔH) and activation free energy (ΔG‡) values for possible reaction
pathways of HO• with CTZ; Table S3: Calculated Gibbs free energy change (ΔG), enthalpy change
(ΔH) and activation free energy (ΔG‡) values for possible reaction pathways of ClO• with CTZ (in
kcal mol−1).
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Abstract: 2,4-dichlorophenoxyacetic acid (2,4-D) is a widely used herbicide for controlling broad-
leaved weeds. The development of an efficient process for treating the refractory 2,4-D wastewater
is necessary. In this study, liquid-phase degradation of 2,4-D induced by radio frequency discharge
(RFD) was studied. Experimental results showed that the degradation was more effective in acidic
than in neutral or alkaline solutions. During the degradation, a large amount of hydrogen peroxide
(H2O2, 1.2 mM/min, almost equal to that without 2,4-D) was simultaneously produced, and catalytic
effects of both ferric (Fe3+) and ferrous (Fe2+) ions on the degradation were examined and compared.
It was found that 2,4-D degraded more rapidly in the case of Fe3+ than the that of Fe2+. Such a
scenario is explained that Fe3+ was successively reduced to Fe2+ by the atomic hydrogen (•H) and
•OH-adducts of 2,4-D resulting from RFD, which in turn catalyzed the H2O2 to form more •OH
radicals through Fenton’s reaction, indicating that Fe3+ not only accelerates the degradation rate
but also increases the amount of •OH available for 2,4-D degradation by suppressing the back
reaction between the •H and •OH. 2,4-dichlorophenol, 4,6-dichlororesorcinol, 2-hydroxy-4-chloro-
and 2-chloro-4-hydroxy- phenoxyacetic acids, hydroxylated 2,4-Ds, and carboxylic acids (glycolic,
formic and oxalic) were identified as the byproducts. Energy yields of RFD have been compared with
those of other nonthermal plasma processes.

Keywords: aqueous solution; radio frequency discharge; 2,4-D; degradation; Fenton

1. Introduction

2,4-dichlorophenoxyacetic acid (2,4-D) is a systemic herbicide extensively used for
broad-leaved weeds control in cereal crops, pastures, and orchards. 2,4-D kills dicots (but
not grasses) by mimicking the growth hormone auxin, causing uncontrolled growth and
eventual death of the susceptible plants [1]. In 2015, the International Agency for Research
on Cancer (IARC) confirmed its 1987 classification of 2,4-D as a Group 2B carcinogen [2,3].
Due to its massive use and high solubility in water, 2,4-D can easily seep into the aquatic
environment during its production and application. 2,4-D is hardly biodegradable at
concentrations higher than 1.0 mg/L [4]. Acid-washed powdered activated carbon (PAC)
can effectively adsorb 2,4-D from aqueous media [5]. However, as PAC adsorption is
just a phase transferring process, the adsorbent becomes a hazardous waste when it is
saturated with pollutants that need to be properly disposed of. In this context, some
energetic methods such as TiO2 photocatalysis [6], electrochemical oxidation [7], gamma
irradiation [8], sonolysis or their combination [9] have been developed. Although showing
some promising, these processes suffer respective deficiencies of either process complexity
or low energy utilization, and the search for efficient and effective 2,4-D decomposition
processes is necessary.

In the past decades, electrical discharges for water purification have been investigated
extensively [10–12]. Pulsed corona discharge (PCD) inside water, glow discharge in contact
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with water and dielectric barrier discharge (DBD) close to water surface etc. were usually
employed for the decomposition of harmful pollutants [12]. Degradation of 2,4-D by
PCD over water surface [13,14] and by DBD in planar falling film reactor [15] have been
evaluated and compared with some typical water treatment technologies. Recently, radio
frequency discharge (RFD) [16,17] is receiving increasing attention as a novel plasma
water treatment process due to its easy formation both in pure water and in solution with
high conductivity [17], low breakdown voltage [18] and experimental simplicity. Several
chemically active radicals (•OH, H•, •O, etc.) derived from H2O molecules were in situ
generated, which can initiate the degradation of organic pollutants such as methylene
blue [16] and Congo Red [18]. Wang et al. investigated the RFD of metronidazole [19]
and found that reducing species played a significant role during the degradation. The
formation of hydrogen peroxide (H2O2) during RFD of pure water was reported, and
some catalytic effects of ferrous sulfate on the dye discoloration were observed. However,
H2O2 quantification with the presence of the dye was not performed. In addition, when
ferrous ion (Fe2+) was added to the solution, it would be rapidly oxidized by H2O2 into
ferric ion (Fe3+) [16]. However, at present, no comparison in catalytic effect between Fe2+

and Fe3+ has been made. In this study, both 2,4-D degradation and H2O2 formation were
investigated. Besides optimizing the experimental conditions, the catalytic mechanism of
iron salts, especially that of the Fe3+ on the degradation was fully explored.

2. Experimental

The experimental apparatus, consisting of a radio frequency power supply (RSG-300,
Reshige Electronics Inc., Changzhou, China), a vacuum matching box, a quartz reactor and
a coaxial electrode system, is shown in Figure 1.

Figure 1. Experimental apparatus for 2,4-D degradation.

The reactor was a quartz cylinder with 60 mm of inner diameter and 150 mm in height.
The coaxial electrode system consists of an inner electrode (pointed Pt wire, Φ = 1.0 mm),
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a quartz tube (i. d. = 1.0 mm, o. d. = 2.0 mm), and an outer electrode (copper tube,
i. d. = 2.2 mm, o. d. = 3.0 mm). Discharge is generated at the tip of the inner electrode in
contact with the liquid. In such an electrode system, the discharge can be stably sustained
without the shielding box needed in conventional RFD [18,19]. 2,4-D was dissolved in
distilled water and a 250 mL portion was poured into the reactor for treatment. Na2SO4
was used to adjust the solution conductivity. The pH of the solution was adjusted with
dilute H2SO4 or NaOH to the expected value. During the reaction, the plasma heats the
water in the reaction cell [16]. The reaction vessel was coated by a water jacket, where the
temperature of the solution was kept at 298 ± 2K by running with cooling water.

During the discharge, the solution in the reactor was constantly agitated by a magnetic
stirrer and the aliquots were periodically taken out for analysis. 2,4-D and the phenolic
byproducts were analyzed by a reversed-phase HPLC (SHIMADZU LC-20A) coupled with
a diode array UV detector. A C18 (4.6 × 25 mm) column was used for the separation. The
eluent was composed of 40% acetonitrile and 59.9% H2O and 0.1% H3PO4. The flow rate
was 1.0 mL/min. The detection wavelength was usually set at 283 nm. Removal of 2,4-D
(η2,4-D) was calculated according to Equation (1).

η2,4-D(%) =
(C0 − Ct)

C0
× 100 (1)

where Ct (mM) was the concentration of 2,4-D at discharge time t and C0 (mM) was
the initial concentration of 2,4-D. Energy yields for 2,4-D removal (J2,4-D) is calculated as
Equation (2) [11,14].

J2,4−D =
C0Vol
2Pt1/2

(2)

where Vol represents the solution volume (L), P the input power (W) and t1/2, the discharge
time required for 50% removal of 2,4-D (s).

The phenolic byproducts were identified by comparison of their retention times and
UV spectra with those of the authentic standard samples or with the help of LC-MS [20].
Determination of organic acids and chloride ions (Cl−) was performed by ion chromatogra-
phy (IC, DIONEX ICS-1100) equipped with an Ion Pac AG-23 column. 0.01 mol/L KOH
solution was used as the eluent with a flow rate of 1.0 mL/min. H2O2 was determined
by a colorimetric method where the yellow color pertitanic acid formed by mixing the
treated solution with titanium sulfate was determined by absorption at 410 nm [21]. The
concentration of Fe2+ was determined colorimetrically where 1,10-phenanthroline was
used as the color reagent [22]. It is noted that some catalase should be immediately added
to the solution to decompose the residue H2O2 as it interferes with the determination
of the Fe2+. Total organic carbon (TOC) was measured by a TOC analyzer. The gaseous
hydrogen evolved from the solution was determined by gas chromatography (GC-2014C,
SHIMADZU). Each determination was performed three times and the average value was
adopted, with a standard deviation of less than 4.5%.

3. Results and discussion

3.1. 2,4-D Degradation and Chloride Formation

2,4-D undergoes efficient degradation when subjected to RFD. Figure 2 shows the
decays of 2,4-D and TOC and the formation of Cl− during the RFD treatment.

As depicted in Figure 2, both 2,4-D and TOC declined exponentially while the yield of
Cl− increased gradually with increasing discharge time. The TOC decreased less rapidly
than 2,4-D, indicating that intermediate byproducts were formed during the discharge. At
the initial stage (<60 min), the yield of Cl− is less than that expected from the decomposition
of the parent compound. With 60 min of discharge treatment, 61% of 2,4-D was degraded
and 0.32 mM of Cl− was generated, meaning that only 26% of the organic chlorine of the
transformed 2,4-D was mineralized into Cl−. After 140 min of discharge, the concentration
of 2,4-D was below the detection limit and 1.63 mM of Cl− was generated, where the yield

79



Water 2022, 14, 1719

of Cl− reached 82%. After 210 min, the Cl− reached its stoichiometric point (2.0 mM), and
after 300 min. (not shown in the figure), the concentration of TOC reached zero, indicating
that 2,4-D was totally transformed into inorganic carbon and Cl− under the action of RFD.
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Figure 2. Decays of 2,4-D and TOC and formation of Cl− during RFD treatment. ([2,4-D]0, 1.0 mM;
input power, 200 W; pH0, 6.51).

3.2. Effects of Initial pH on 2,4-D Degradation

pH is an important parameter affecting the degradation process. In order to better
elucidate the effects of pH on 2,4-D degradation, pH variations during the RFD in the
presence and absence of 2,4-D are illustrated in Figure 3.

Figure 3. Variations of pH in the presence and absence of 2,4-D during RFD treatment (input power,
200 W; [2,4-D]0, 1.0 mM; initial pH, 6.51).
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As shown in Figure 3, without 2,4-D, the solution pH varied little during the discharge.
However, in the presence of 2,4-D, the pH dropped dramatically. The decrease of pH in
presence of 2,4-D can be explained by the formation of HCl and organic acids (c.f. 3.4).
In order to better examine the effect and mechanism of pH on 2,4-D degradation, the
experiments were performed both in buffered and unbuffered solutions. Here, phosphates
were chosen as the buffering agents as the rate constants for the reactions of phosphates
with •OH (e.g., Equations (3) and (4)) [23] are much smaller than that for the reaction of
SO4

2− (Equation (5)) [14].

H2PO4
− + •OH → H2PO4• + OH− k3 = 2.0×104 M−1·s−1 (3)

HPO4
2−+ •OH → HPO4

−• + OH− k4 = 1.5×105 M−1·s−1 (4)

SO4
2− + •OH → SO4

−• + OH− k5 = 1.5×106 M−1·s−1 (5)

Figure 4 shows the 2,4-D removal under different initial pH (pH0) values with 10 min
of RFD treatment in unbuffered and phosphate buffered (prepared with 2.0 mM NaH2PO4,
no data from pH0 3.0 to 6.0 as it has little buffering in the range) solutions.

Figure 4. 2,4-D removal under different initial pH values in buffered and unbuffered solutions (input
power, 200 W; [2,4-D]0, 1.0 mM; discharge time, 10 min).

It can be observed from Figure 4 that the 2,4-D removal decreases with increasing
pH0, both in the cases of the buffered and the unbuffered solutions. The removal of 2.4-D
declined from 37% at pH 2.0 to almost half (18%) at pH0 9.0 and from 33% at pH 2.0 to
13% at pH0 8.0, meaning that the decrease is more pronounced in the buffered solution.
Such phenomena can be explained that the degradation of 2.4-D in RFD is mainly an •OH
radical process (degradation rate decreased in the presence of ·OH scavenger, not shown in
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the figure), [20] it is more advantageous to the decomposition under acidic conditions as
the alkoxyl group is more easily to be released from the C1 ·OH adducts in the presence of
H+ [24,25] (Scheme 1):

Scheme 1. H+ catalyzed cleavage of C1 ·OH adducts.

Figure 4 shows that the difference in 2,4-D degradation between pH 4.0 and 9.0 was
less noticeable in the case of unbuffered solution than in buffered ones, possibly due to the
formation of acids which reduced the pH gap in the unbuffered system.

3.3. H2O2 Formation and Effects of Iron Salts on 2,4-D Degradation

Previous studies showed that the major molecular product formed in the liquid phase
is H2O2. [16,17] However, the formation of H2O2 in the presence of organic pollutants has
rarely been reported. [16] In this investigation, H2O2 generated both in the presence and
absence of 2,4-D is presented in Figure 5.

Figure 5. H2O2 generation in the presence and absence of 2,4-D in RFD (input power, 200 W; [2,4-D]0,
1.0 mM; pH0, 5.6).
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It can be seen in Figure 5 that less H2O2 was generated in 2,4-D solution than in
solution without it, meaning that •OH radicals are the primary precursors of H2O2 and
are the active species for 2,4-D degradation. However, the discrepancy is little in the early
stage (<15 min), and the gap between the two concentrations of H2O2 was less than 10%,
meaning that the concentration of •OH radicals near the plasma is so high that only a small
part of them was consumed by 2,4-D and the rest dimerized to form H2O2.

The concentration of H2O2 in the presence of 2,4-D traces the curve for experiments
in its absence, indicating that H2O2 alone cannot lead to rapid degradation of 2,4-D. It
is desirable to convert H2O2 into reactive •OH radicals for pollutant degradation. It is
desirable to add iron ions to enhance the •OH radical formation and increase the 2,4-D
decomposition through Fenton’s reaction (Reactions (6) and (7)) [26].

Fe2+ + H2O2 → Fe3+ + •OH + OH− k6 = 40-80 M−1·s−1 (6)

Fe3+ + H2O2 → Fe2+ + HO2• + H+ k7 = 0.001-0.01 M−1·s−1 (7)

The 2,4-D degradation in the presence of 0.5 mM iron ions is shown in Figure 6.
It can be observed from Figure 6 that both Fe2+ and Fe3+ showed remarkable catalytic

effects on 2,4-D degradation. With 5 min of discharge, 2,4-D removal in the presence of Fe3+

(38%) was a little higher than that of Fe2+ (36%), where it was only 20% without a catalyzer.
However, the catalytic effect of Fe3+ was more obvious than that of Fe2+ with increasing
discharge time. At 10 min. the 2,4-D was totally removed in Fe3+ while only 70% was
achieved for Fe2+. Such a phenomenon is abnormal in conventional Fenton reactions, as the
reaction (7) is several orders of magnitude slower than the reaction (6). The reason may be
that Fe3+ has been reduced by the ·OH-adducts formed by addition to the ring at positions
unoccupied by the substituted groups (hydroxycyclohexadienyl radicals), producing the
corresponding hydroxylated 2,4-Ds and Fe2+ [25,27] (Scheme 2):

Figure 6. Effect of iron ions on 2,4-D removal in RFD treatment. (Conductivity 1.5 mS/cm, pH0 2.0,
input power 200 W).
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Scheme 2. Fe3+ reduction by •OH-adducts formed by addition to the ring at positions unoccupied
by the substituted groups (hydroxycyclohexadienyl radicals).

On the other hand, in the present pH range, much of Fe3+ is present in the form
of FeOH2+, which can be efficiently reduced by the ·H atoms generated by the RFD to
Fe2+ [28]:

·H + FeOH2+ → Fe2+ + H2O (8)

Fe2+ ion resulting from the reactions above reacts with H2O2 (reaction (6)) to convert
the H2O2 back to ·OH radicals, ultimately leading to the decrease in H2O2 formation
(Figure 5) and the increase in 2,4-D degradation (Figure 6) [13].

In order to prove the above assumptions, formations of Fe2+ and molecular hydrogen
(H2) during RFD were investigated, and the results were shown in Figure 7a and b, respectively.

It can be observed from Figure 7a that, in the case of Fe3+, a lot of Fe2+ was formed
during the RFD in the presence of 2,4-D and little Fe2+ was detected in the absence of 2,4-D,
indicating the UV radiation from RFD is too weak to effectively induce the photoFenton
activation (FeOH2+ + UV → Fe2+ +·OH) [29]. Figure 7b shows that the amount of H2 in the
gas phase decreased in the presence of Fe3+. At 10 min. about 0.3 mmol H2 was evolved
from the solution in the absence of Fe3+. However, only 0.19 mmol H2 was detected when
0.5 mM Fe3+ was added to the solution, which means that at least 0.22 mmol Fe3+ was
reduced to Fe2+ by the ·H atoms. As the reaction between ·H and ·OH is suppressed due
to the scavenging effect of Fe3+ [30], which in turn increases the amount of ·OH radicals
available for 2,4-D degradation.

H +·OH → H2O (9)

However, as shown in Figure 7b, the amount of H2 formed with the case of Fe2+ is
higher than that without it. This can be explained that the •OH produced by RFD can
rapidly oxidize the Fe2+ to Fe3+, which suppressed the Reaction (9) and increase the amount
of ·H and ultimately the amount of H2 via dimerization [30].

OH + Fe2+ → Fe3+ + OH− (10)

H + H → H2 (11)

Fenton reagent (Fe2+ + H2O2) oxidation is an effective method for degradation of
the refractory organic pollutants. However, the reaction has to be undertaken in acidic
conditions (pH: 2–4). In addition, as the Fenton reaction proceeds, the Fe2+ rapidly oxidizew
to Fe3+ and the reaction becomes a Fenton-like one, which leads to a substantial decrease
in the reaction rate. In order to accelerate the reaction, ultraviolet light (UV) was usually
employed (UV/Fenton). However, UV/Fenton was only effective in solutions with high
UV transmittance. In RFD of 2,4-D, Fe3+ showed an extraordinary catalytic effect due to its
successive reduction to the Fe2+, meaning that RFD may be used to promote the Fenton-like
reactions, especially in liquids with poor UV transmittance, which is of interest because
most real wastewater is UV opaque. In addition, the pH of the solution can spontaneously
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drop to the Fenton’s operation range, indicating that Fe3+/RFD is a promising process for
2,4-D degradation. In order to further clarify the potential application of RFD in accelerating
the Fenton-like process, concentrated 2,4-D degradation by Fe3+/H2O2 in the presence and
absence of RFD was performed, and the results were shown in Figure 8.

Figure 7. Formations of Fe2+ (a) and H2 (b) during RFD (input power, 200 W; pH0, 2.0).
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Figure 8. Accelerating effect of RFD for Fenton-like process (input power, 200 W; pH0, 2.0).

It can be observed from Figure 8 that without RFD, little 2,4-D degradation proceeded.
When RFD was applied in the Fenton-like process, the 2,4-D degradation was significantly
enhanced where it could be removed completely in 25 min. of RFD, indicating that RFD
was a useful tool for accelerating the Fenton-like process.

3.4. Intermediate Products Formation and Possible Decomposition Pathway

In order to gain insight into the 2,4-D decomposition mechanism, HPLC and IC
were utilized to help identify the intermediate products. Figure 9 shows the HPLC chro-
matograms of the solution within 40 min of RFD treatment monitored at 283 nm.

Figure 9. HPLC chromatograms during the RFD treatment (input power, 200 W; [2,4-D]0, 1.0 mM;
pH0, 2.0).
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As shown in Figure 9, several byproducts were observed. The peaks at retention
times 12.8 min and 23.5 min are 4,6-dichlororesorcinol (4,6-DCR) and 2,4-Dichlorophenol
(2,4-DCP), respectively. Three isomers of hydroxylation products of 2,4-D, i.e., 3-, 5- and
6-hydroxy-2,4-D (C8H6Cl2O4) and two chlorohydroxyl isomers (2-hydroxy-4-chloro- and
2-chloro-4-hydroxyphenoxyacetic acid: C8H7ClO4) were roughly identified by the LC-
MS [20]. As no standards are available for these products, their precise identification
and quantification cannot be performed. As 2,4-DCP is found as a common intermediate
byproduct in other methods, [6–9] the concentration variation of 2,4-DCP as a function of
discharge time is given in Figure 10.

Figure 10. Appearance and decay profile of 2,4-DCP during RFD (input power, 200 W; [2,4-D]0,
1.0 mM; pH0, 2.0).

It can be observed from Figure 10 that the 2,4-DCP forms immediately after the dis-
charge takes place. Its concentration increases gradually with discharge time trough to
90 min and then progressively diminishes. Such a gradual increasing and then decreasing
trend is always observed in other treatment processes. The maximum concentration of
2,4-DCP formed is 0.11 mM in RFD of 1.0 mM 2,4-D. In comparison, more than 0.5 mM
2,4-DCP was formed in TiO2 photocatalysis of 1.0 mM 2,4-D [6], 0.04 mM in γ radiolysis
of 0.5 mM 2,4-D [8] and 0.02 mM in sonolysis of 0.22 mM of 2,4-D [9], respectively, in-
dicating that the 2,4-DCP buildup/decomposition pattern in RFD is similar to those in
γ radiolysis and sonolysis (the maximum concentration of 2,4-DCP is about 10% of the
parent compound).

Aliphatic acids with a retention time of less than 3 min are difficult to quantify as
HPLC cannot separate them well. Therefore, IC was employed to determine the organic
acids, and results are shown in Figures 11 and 12, respectively.
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Figure 11. IC chromatogram of the RFD of 1.0 mM 2,4-D in pure water (input power, 200 W; discharge
time, 40 min).

Figure 12. Carboxylic acids determined by IC during RFD (input power, 200 W; [2,4-D]0, 1.0 mM;
pH0, 2.0).

As shown in Figure 11, glycolic acid, formic acid and oxalic acid were produced. The
yields of formic acids and glycolic acid increased to the maximums within 120 min and
then diminished gradually. On the other hand, the yield of oxalic acid increased smoothly
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within 180 min and then declined. At 120 min, they are present with: glycolic acid at
0.31 mM, formic acid at 0.20 mM, and oxalic acid at 0.13 mM (Figure 12).

Figure 12 shows that the amount of glycolic acid accounts for almost half of the de-
graded 2,4-D, indicating that its formation results from the primary reaction step. Glycolic
acid was formed by cleavage of ipso-•OH-adducts on position 1 of 2,4-D [25] (Scheme 3):

Scheme 3. Glycolic acid formation by cleavage of ipso-•OH-adducts on position 1 of 2,4-D.

Formic and oxalic acids are common ring opening byproducts of aromatic compounds
in advanced oxidation processes [12]. However, it should be noted that acetic acid observed
in the ionizing radiation of 2,4-D [20] was not detected in the present investigation. This
may be because the retention time of acetic acid is very close to that of glycolic acid in IC.

The formation of chloride ion (Cl−) was attributed to the addition of •OH on the
position of 2 or 4, followed by the fast elimination of HCl [20] (Scheme 4):

Scheme 4. Formation of chloride ion (Cl−) due to the addition of •OH on the position of 2 or 4,
followed by the fast elimination of HCl.

•OH radicals addition to the unsubstituted position of 2,4-D and then oxidized by
phenoxyl radical to produce the hydroxylated 2,4-Ds and 2,4-dichlorophenol or chlorohy-
droxyphenoxyacetic acid [31] (Scheme 5):
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Scheme 5. Mechanism for formation of hydroxylated 2,4-Ds, 2,4-dichlorophenol and chlorohydrox-
yphenoxyacetic acid.

Further hydroxylating of 2,4-DCP or ydroxyl-2,4-D leads to the formation of 4,6-
DCR [32] (Scheme 6):

Scheme 6. Mechanism for the formation of 4,6-DCR.

It is noted that typical phenolic byproducts such as 4-chlorocatechol, 2-chlorohydroquinone
and 1, 2, 4-trihydroxybenzene commonly found in other radical processes were not ob-
served in the present investigation, possibly because of their unstable nature [7].

Based on the above observations, the probable reaction mechanism for 2,4-D decom-
position by RFD is proposed in Scheme 7.
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Scheme 7. Proposed decomposition pathway for 2,4-D decomposition in RFD.

Scheme 7 shows that degradation of 2,4-D in RFD proceeds as follows: initiation of the
reaction, ring destruction and oxidation of the organic acids. At the beginning stage, •OH
radicals resulting from the RFD reacting with 2,4-D, forming the hydroxycyclohexadienyl
radicals (•OH adducts). The •OH adducts formed on ipso positions subsequently undergo
HCl and glycolic elimination, forming the corresponding phenoxyl radicals. The resulting
phenoxyl radicals are unstable and rapidly oxidize the •OH adducts of the unsubstituted
positions to form the corresponding phenols (2,4-DCP, 2-hydroxy-4-chloro- and 2-chloro-
4-hydroxy- phenoxyacetic acids) and hydroxylated 2,4-Ds. Further hydroxylating of the
aromatic ring leads to the ring cleavage to form the organic acids. The organic acids
are eventually oxidized by •OH radicals into CO2 and H2O. As indicated in Figure 6,
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the solution would be acidic at the end of the discharge if the 2,4-D decomposition was
conducted in neutral pH. Therefore, the final product in the solution would be HCl.

3.5. Energy Yields Evaluation

Energy yields (J2,4-D) is a significant factor in evaluating the feasibility of practical
application. J2,4-D is calculated according to Equation (2). J2,4-D and reaction rate constant
(k, min−1) [11] of RFD, other nonthermal plasma systems and some competitive methods
are summarized in Table 1.

Table 1. Energy yields for 2,4-D removal of RFD and other methods.

C0 (mM) Method
k J2,4-D

References
min−1 g/kWh

1.0 RFD 200 W, pH0 2.0 0.018 0.35 This work
1.0 RFD 200 W, pH0 2.0, 0.5 mM Fe3+ 0.078 1.51 This work
1.0 RFD 200 W, pH0 2.0, 0.5 mM Fe2+ 0.063 1.22 This work

10.0 RFD 200 W, pH0 2.0, 20 mM H2O2
2,4-D, 0.5 mM Fe3+ 0.047 9.06 This work

0.0045 PCD over water surface, air as
discharge gas (PCD/Air) 1.50 [19]

0.25 TiO2 photocatalysis, 125 W, 2.0g/L
TiO2, pH0 3.3 0.76 [6]

0.22 Sonolysis, 50 W, O2 sparging 1.75 [9]
0.45 DBD/Ar-Fenton 8.83 [15]
0.45 DBD/Ar 3.85 [15]
0.45 DBD/Air, 200 W 0.25 [15]

Table 1 shows that the J2,4-D of RFD is comparable to that of sonolysis and is higher than
that of TiO2 photocatalysis. Among the nonthermal plasma systems, J2,4-D follows the order
of DBD/Ar-Fenton ≈ RFD-Fenton like > DBD/Ar > PCD/Air ≈ RFD/Fe3+ > DBD/Air. It
is shown that the J2,4-D of RFD/H2O2/Fe3+ is comparable to that of DBD/Ar-Fenton, the
most efficient nonthermal plasma process reported. However, DBD/Ar-Fenton has to be
operated in a pure noble argon atmosphere, instead of air, which would greatly increase
the experimental complexity and the operation cost, indicating that RFD is not only a
competitive process for 2,4-D degradation itself but also a useful tool to accelerate the
Fenton-like process.

4. Conclusions

2,4-D can be efficiently degraded and dechlorinated under the action of RFD. The
successive attack of •OH radicals on the benzene ring was the key step. Decreasing
solution pH was favorable for the degradation. During the discharge, pH gradually
decreases as HCl and organic acids are formed, and significant quantities of hydrogen
peroxide are produced. Both Fe3+ and Fe2+ displayed marked catalytic effects. However,
due to the reducing actions of the •OH-adducts and the hydrogen atoms, Fe3+ performed
better than Fe2+, which indicates that RFD may also be used to promote the Fenton-like
reactions. Major intermediate byproducts are 2,4-dichlorophenol, 4,6-dichlororesorcinol,
hydroxylated 2,4-Ds, 2-hydroxy-4-chloro- and 2-chloro-4-hydroxyphenoxyacetic acids,
glycolic acid, formic acid, oxalic acid and chloride ion. RFD has comparable energy yields
with those of pulsed corona discharge over a water surface and sonolysis and is higher than
that of TiO2 photocatalysis, indicating that RFD is a useful process for 2,4-D decomposition.
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Abstract: The objective of this study is to investigate the consequence of ozone dosage rate on the
qualitative change in organic compounds and nitrogen in anaerobic digester effluent during the
ozone process. Therefore, ozonation improves the biodegradability of recalcitrant organic compounds,
quickly oxidizes the unsaturated bond, and forms radicals that continue to deteriorate other organic
matter. In this study, ozonation was performed in a microbubble column reactor; the use of microbub-
ble ozone improves the status of chemical oxygen demand (COD) and changes of organic nitrogen
to inorganic compounds. The ozone injection rates were 1.0, 3.2, and 6.2 mg/L/min. The samples
obtained during the ozone treatments were monitored for CODMn, CODCr, TOC, NO2

−-N, NO3
−-N,

NH4
+-N, T-N, and Org-N. The ozone dose increased 1.0 to 6.2 mg/L and it increased the degradation

ratio 40% and the total organic carbon 20% during 20 min of reaction time. During the ozonation,
the CODCr and CODMn values were increased per unit of ozone consumption. The ozone treatment
showed organic nitrogen mineralization and degradation of organic compounds with the contribution
of the microbubble ozone oxidation process and is a good option for removing non-biodegradable
organic compounds. The original application of the microbubble ozone process, with the degradation
of organic compounds from a domestic wastewater treatment plant, was investigated.

Keywords: anaerobic digester effluent; biodegradability; nitrogen; ozone; organic compound

1. Introduction

Millions of tons of organic waste are produced by humans every day, a significant
portion of which is dumped into domestic wastewater. In domestic wastewater treatment
plants, the principal treatment system is mostly biological [1]. The conventional biological
wastewater treatment process employs a group of various microorganisms to degrade
organic wastewater compounds aerobically [2]. Effluent from anaerobic digestion tank
and composting processes effluent is more specific type of wastewater, the properties
primarily rely on the oxygenation and moisture of the treated substance. Recalcitrant
organic compounds are compounds that resist the atmosphere and are especially conducive
to the treatment of aerobic microbial wastewater [3]. Recalcitrant compounds consistently
emerge from biological treatment processes, and they create a potential problem for water
reuse [4–7]. Anaerobic digestion is a possible technique for processing many types of
recalcitrant organic matter. In anaerobic digesters, nitrogenous substances are converted to
ammonium nitrogen (NH4

+-N) by a biodegradation process [8]. Therefore, the dissolved
oxygen level in the anaerobic digester effluent is not sufficient, due to the anaerobic process.
The high concentrations of nutrients and low oxygen availability in the anaerobic digester
effluent can affect aquatic organisms that receive the natural water, reducing biodiversity.
However, wastewater from anaerobic digesters requires further treatment to protect the
aquatic environment [9].

Currently, ozonation is a popular technology for the neutralization of fluid process
residues. Most commonly, ozone reduces the number of organic pollutants or the toxicity
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of wastewater. In addition, organic compounds can be oxidized and become degradable by
ozonation [10]. Ozone has been successfully used for the disinfection and decomposition
of dissolved organic pollutants [11–16]. Ozone is a strong oxidant that reacts as molecular
ozone or through the formation of secondary oxidants, such as free radicals [17]. The
principle of the ozone process is based on the release of hydroxyl radicals, which accelerate
the degradation of organic compounds in an aquatic environment. The main factors
affecting ozonation performance were pH, the nature and concentration of oxidizable
organics, ozone dose, the presence of oxidant scavengers, and the efficiency of ozone mass
transfer. Ozone pretreatment, to improve biodegradation via partial oxidation, is a potential
solution for recalcitrance.

Therefore, it is possible to use the ozone oxidation system for preliminary preparation
of the digestion tank effluent from the composting procedure for neutralization in a profes-
sional wastewater treatment plant. Ozonation is among the most effective technologies to
oxidize recalcitrant and non-degradable substances converted to a biodegradable form [1],
and is also considered a good treatment option, as ozone is a strong oxidant that converts
organic and inorganic pollutants into non-toxic by-products [18,19]. Ozone has been used
in potable water treatment for disinfection, odor treatment, and color removal [20]. The
ozonation of organic compounds involves a stepwise process, where the oxygen particles
are gradually integrated into the compound [2]. Therefore, ozone treatment shows a strong
positive impact on digestion wastewater, due to the high content of aerobic bacteria and
non-degraded organic matter. The objective of this study is to investigate the change in
recalcitrant organic carbons and nitrogen in effluent from an anaerobic digestion tank.
Anaerobic digestion has been used for decades to treat leachate from municipal solid waste
landfills, and leachate is well known for its high COD and ammonium concentration and
low biodegradability [21]. Due to the characteristics of this kind of effluent, the improve-
ment in organic characteristics by the ozone process is the focus of this study. This study
aimed to develop a more effective and economic ozone treatment process for sewage water,
with a significant component of non-biodegradable substances, to establish an ozone dosage
rate for improving organic removal and conditions for the ozone operation. However, the
experimental results also efficiently evaluate the ozone dosage’s performance to enhance
the biodegradability of effluent from the organic waste digestion tank at a laboratory scale.

2. Materials and Methods

2.1. Experimental Setup

The experimental devices shown in Figure 1 are installed at the domestic sewage
treatment plant (STP), located in South Korea. In this experiment, the effluent from the
anerobic digestion tank was used as the target water for treatment. The influents used in
this experiment, from the anaerobic digestion tank composting process effluents, depended
mainly on the oxygenation and moisture of the processed material.

Figure 1. Schematic diagram of experimental setup.
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2.2. Operational Condition

The batch test was conducted with 3 different ozone feed rate and with 1 L/min
fixed ozone flow rate. The raw water volume and water flow rate were fixed at 20 L and
25 L/min, respectively, for all conditions. Operating conditions are listed in Table 1.

Table 1. Operational conditions.

Operating Conditions Unit
Ozone Feed Rate (mg/L/min)

1.0 3.2 6.2

Oxygen flow rate L/min 1.0 1.0 1.0
Oxygen tank flow rate L/min 3.5 4.0 4.0

Pressure (Kgf/cm2) 0.7 0.7 0.7

2.3. Characteristics of Wastewater

The STP anerobic digestion tank effluent contained a high COD concentration and
low biodegradability. This wastewater composition was consistent with the pollutant
characteristic of domestic sewage. Water temperature (T) and pH were measured in the
process of sampling. Detailed properties are shown in Table 2.

Table 2. Characteristics of influent.

Parameter Concentration Parameter Concentration

pH 7.80 T-N (mg/L) 350–355
Temp 30–35 ◦C NH4

+-N (mg/L) 270–280
CODCr (mg/L) 180–280 NO3

−-N (mg/L) 0.007–0.009
CODMn (mg/L) 95–105 NO2

−-N (mg/L) 3.0–8.0
TOC (mg/L) 130–140 SS (mg/L) 40–45

2.4. Experimental Procedure

The ozone system consists of an ozone generator, ozone reaction column (effective
volume 20 L), sampling port, residual ozone meter (electrode method, measuring range
0.5 ppm), flowmeter (20 LPM), ejector, ozone gas monitor, gas flow meter, and ozone
destructor. Ozone was generated from oxygen conversion in the ozone generator and
simultaneously entered the ozonation reaction column.

The ozone process was fed domestic wastewater from the anaerobic digestion tank
effluent and contained a high COD concentration and had low biodegradability. This
wastewater composition was consistent with the pollutant characteristics of domestic
sewage. Water temperature (T) and pH were measured in the process of sampling.

2.5. Analytical Methods

The ozonation process was performed in a reactor and was fixed with a microbubble
generator. Samples were collected at 2–5 min intervals after starting the ozonation using
1 L plastic bottles from sampling ports of the reactor. Temperature and pH were measured
using a pH meter (S-610H) immediately after sampling. Soluble CODCr, CODMn, NO2

−-N,
and NO3

−-N were measured after filtration using 47 mm microfiber filter paper. Total
CODCr, CODMn and T-N were measured using the CMAC standard method by the HACH
DR-5000 spectrophotometer. Dissolved ozone concentration gas was captured from the
ozone gas monitor by electrode method; the measuring range was 0.5 ppm. For the analysis
of TOC, the total organic high-temperature carbon combustion oxidation method (ES
04311.1b) was applied among the water pollution process test standards. The instrument
used for the analysis was a TOC-V CPH (SHIMADZU), and the combustion temperature
was 680 ◦C. The amount of sample used for the analysis was 40 mL, filtered once using a
0.45 μm syringe filter, transferred to a vial, mounted on an auto-sampler, and measured
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by the non-purifying organic carbon method (NPOC method) at 680 ◦C, and the pH was
controlled by 85% H3PO4 (automatic injection of the instrument).

3. Results

3.1. Changes in Organic Compounds

The chemical oxygen demand potassium dichromate index (CODCr) measures the
oxygen equivalent of the amount of organic matter oxidizable by potassium dichromate in
a 50% sulfuric acid solution. The chemical oxygen demand potassium permanganate index
(CODMn) measurement of a sample is an alternative method for measuring the oxygen
requirement and is an indication of the oxidative degradation potential of wastewater [2].
The CODMn measurement requires a shorter oxidation time, simpler apparatus, and pro-
duces no hazardous chromium waste. Due to its high reproduction potential and reactivity,
ozone reacts with both organic and inorganic compounds [22–24]. In addition, ozone is
a strong oxidant that is capable of causing cell lysis and disinfection and increasing the
content of soluble COD [17,25–27].

Figure 2a shows that when the ozone dosage was 1.0 mg/L/min, the efficiency of
improving organic compounds increased slowly, and the soluble CODCr value increased
from 190 to 275 mg/L. This results occurred due to dissolved ozone was present, organic
matter was decomposed by the ozone, and the degradation performance of the ozone
process was enhanced [28,29]. However, under the different ozone conditions, the feed rate
had an almost similar efficiency in improving organic compounds with increasing reaction
time. Here, mainly in the ozone system, ozone oxidized the organics directly [28]. Ozone
utilization is more effective at lower ozone concentrations, but longer retention times are
required for optimal efficiency [30]. When the dosage of ozone was increased from 3.2 to
6.2 mg/L/min (Figure 2b), the soluble CODCr changed only slightly after 10 to 20 min. This
phenomenon happened because the O3 solubility in water is constant; therefore, an overly
excessive dose of O3 cannot improve its oxidation performance. The CODMn determination
of wastewater is the amount of oxidizing organic matter in the sample [31] and indicates
the potential extent of biological oxidation. An increase in the CODMn of a sample would
indicate its higher amenability to biodegradation.

Figure 2b indicates that during the ozone dosing from 1.0 to 6.2 mg/L/min, the effi-
ciency of improving organic compounds increased from 32 to 51%. On the other hand, when
the ozone dosage increased from 3.2 to 6.2 mg/L/min (Figure 2b), the soluble CODMn did
not increase compared to the ozone dosage rate. The graph indicates that the 3.2 mg/L/min
O3 feed rate has the maximum increment, and increased rapidly between 10 min and 20 min.
In this stage, the O3 solubility in water is increased; therefore, a 3.2 mg/L/min dose of O3
can improve its oxidation performance. However, in all conditions of ozone feed rate, the
conversion of material into biodegradable matter enhanced after 10 min of ozone reaction
time. Comparatively, in low O3, the feed rate had better efficiency in improving organic
compounds with increasing reaction time.

The total organic carbon (TOC) content of a sample is the amount of organic matter
potentially available for microbial mineralization. The COD/TOC ratio is an indication
of biodegradability. An increase in the proportion after ozone treatment indicates better
biodegradability because of an increase in the COD and TOC proportions, which can be
modified by biological mineralization [2]. From Figure 2d, it can be observed that the ozone
experiments decreased the recalcitrant organic load of the anaerobic digestion tank effluent
and increased the CODMn/TOC ratio. These results show that inorganic compounds
were changed into organic substances; therefore, it could easily be biologically degraded.
Although there is a crucial improvement of CODMn/TOC ratio which is higher than 0.4
and this is the minimum value considered apposite for the efficient implementation of a
biological treatment [32].
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(a) (b) 

  
(c) (d) 

Figure 2. Effect of ozone feed rate on (a) SCODCr, (b) CODMn, (c) TOC, and (d) CODMn/TOC.

3.2. Changes in Nitrogen

To demonstrate the transformation of nitrogen in the ozonation process, the anaerobic
digestion tank effluent was exposed by ozone at feed rates of 1.0, 3.2, and 6.2 mg/L/min,
and the total reaction time of each experiment was 20 min. Figure 3 presents NO2

−-N,
NO3

−-N, NH4
+-N, and T-N variations at three different feed rates. Due to the inhibitory

characteristics of ammonium nitrogen, during 20 min of reaction, the NH4
+-N concentration

was nearly similar compared to all the feed rates of ozone oxidation. This indicated that the
ozone could hardly convert the NH4

+-N into NO3
−-N or NO2

−-N in this case. In contrast,
ozone may be more involved in the oxidation of nitrite, nitrate, and organic nitrogen. Hence,
the ozone had minimal effect on T-N removal and changes in NH4

+-N. During 20 min of
ozone reaction, the variation in the T-N concentration was inconspicuous, which indicated
that the effect of ozone on nitrogen removal was not significant. However, the nitrate and
nitrite concentrations of the anaerobic digestion tank effluent were below than 0.5 mg/L
and, when ozone applied the values were increased per unit of ozone consumption. This
showed that the pre-ozone treatment mainly had a significant changing effect on organic
nitrogen in wastewater.
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(a) (b) 

  
(c) (d) 

Figure 3. Nitrogen changes by ozone: (a) NO2
−-N, (b) NO3

−-N, (c) NH4
+-N, and (d) T-N.

3.3. Effect of Ozone Dosage on Nitrogen

From Figure 3, the changes in NO2
−-N, NO3

−-N, T-N, and NH4
+-N can be observed,

and the values were monitored to investigate the effect of ozone treatment. The average
changes according to the total composition of NH4

+-N, NO3
−-N, NO2

−-N, and T-N dur-
ing the ozonation treatment process are shown in Figure 4. After ozone treatment, the
results present increasing NO3

−-N and NO2
−-N, slightly decreasing NH4

+-N, and almost
consistent T-N. In the process of this treatment, a small amount of ammonia nitrogen can
be oxidized to nitrogen nitrate. The radicals produced by ozone treatment potentially
resist ammonification from organic nitrogen, a small amount of ammonia nitrogen can
be oxidized to nitrogen, and the combination of the two will reduce the concentration of
ammonia nitrogen, so the amount of ammonia nitrogen declined slightly [33,34]. The ozone
process could not remove nitrogen directly, which led to an almost similar concentration of
T-N, and [35] also reported that nitrate formation is enhanced by the direct oxidation of
ammonium by ozone.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. Effect of ozone feed rates on (a) NO2
−-N, (b) NO3

−N, and (c) Org-N, and ozone consump-
tion vs. generated (d) NO2

−-N, (e) NO3
−N, and (f) Org-N.

3.4. Effect of Ozone Dosage on CODCr, CODMn, and TOC

To demonstrate the effect of ozone dosage and reaction time, the anaerobic digestion
tank effluent was exposed to ozone dosage at 6.2, 3.2, and 1.0 mg/L/min, respectively,
for 20 min of reaction time. Figure 5 shows that when the ozone dosage increased from
1.0 to 6.2 mg/L/min, the ozone consumption also increased from 2.1 to 141.4 mg/l. With
the increase in ozone consumption, the soluble CODCr and CODMn concentrations also
increased. Consequently, the effect of low ozone dosage can achieve high degradation
of organic compounds. The result shows that ozonation is more effective at degrading
organic pollutants in under 20 min of reaction time. In these experimental conditions,
ozonation allowed direct oxidation by microbubble ozone; the pH value was around 7.8
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and there was almost zero sludge production. The applied ozone dosage was determined
upon TOC and COD content in the effluent. The result shows the effectivity of direct ozone
reactions on TOC increment efficiency. Studying the COD and TOC variations helped to
better understand the effect of ozonation. The increase in COD was insignificant when the
ozone dose of 6.2 mg/L/min was introduced. An excess ozone dosage lowered the total
process utilization efficiency.

  
(a) (b) 

  
(c) (d) 

Figure 5. Effect of (a) ozone consumption and feed rate on (b) CODCr, (c) CODMn, and (d) TOC.

3.5. Ozone Dosage on Ozone Consumption and Reaction Time Effects on Biodegradability

Figure 6 indicates that when the reaction time of ozonation was 60 min, the efficiencies
of improving the biodegradability CODMn/CODCr ratios were 1.08%, 0.85%, and 0.72%,
respectively, but at 20 min of reaction time, the CODMn/CODCr ratios were high (0.99%,
0.92%, and 0.81%), and from this, the ratios declined to 0.83%, 0.84%, and 0.72%, respectively.
With the high ozone feed rate, the efficiency of improvement was comparably high, and the
high ozone concentration may have promoted the degradation of organic matter. Therefore,
at a low feed rate of ozone gas, the reaction time was a maximum of 180 min and the ratio
of CODMn/CODCr was increased from 0.39 to 0.77, but the maximum value of 96 appeared
at 120 min of reaction time. When the initial ozone concentration was 3.4 mg/L/min, the
CODMn/CODCr ratios were increasing up to 60 min, and then became stable, and, thus,
difficult to decompose organic matter. In this situation, the total CODCr and CODMn values
were also decreased. In opposition, at a high ozone concentration, the ratio increases from
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0.79 to 1.29, which shows high biodegradability compared to the other feed rate of ozone gas.
In other cases, the biodegradability parameters are estimated as a function of ozone dosage
and show the optimum ozone dose for maximum biodegradability improvement [2].

 

Figure 6. Ozone dosage and reaction time effects.

4. Discussion

Ozone-based oxidation processes are currently being assessed and increasingly ap-
plied for strengthened treatment of domestic wastewater effluents [36]. Initially, reduction
or conversion of the parent compound was the only goal of such treatment, but micropollu-
tants do not usually mineralize and less transformation products arise during the reaction
with ozone [36,37]. Previous studies have shown that the formed transformation products
have less biological activity, compared to the original compounds [38]. However, some
literature showed enhanced toxicity after ozonation [39,40], and in these observations, it
is unknown which transformation products from micropollutants, or by-products were
formed during oxidation [36,38,41–44]. Additionally, the increased ozonation-induced
toxicity is often mitigated by biological after-treatment [40].

The results of the present study confirm that ozone can effectively degrade the organic
compounds from the anaerobic digestion tank and assist in biodegradability. Moreover,
the results showed the significant changing effect on organic nitrogen during the ozone
process. Microbubble ozone technology was chosen for ozonation because of the reliability
and efficiency; the use of the microbubble type of ozone also overcomes the limitation
of solubility, which leads to low utilization efficiency during wastewater treatment. Dur-
ing ozonation, an appropriate ozone flow rate selection for the decomposition of organic
pollutants is very important for optimizing ozone utilization. An increase in ozone dose
enhances the driving force for ozone to move into wastewater, which increases the pro-
duction of hydroxyl groups that ultimately improve the decomposition efficiency and
mineralization rate of organic matter [45,46]. In this experiment, ozonation was used to
improve the characteristics of organic pollutants from non-degradable to biodegradable, by
changing the biological properties during the oxidation process. The ozone feed rate and
ozone reaction time affect the change of organics [2] and the ratio of organics increases over
time [22]. In previous studies of wastewater treatment, various parameters have been used
to measure improved biodegradability ratios (BOD/COD, BOD/TOC, and BOD/DOC) [2].
In addition, the biodegradability parameters identify the optimum ozone conditions for
the removal of recalcitrance. Overall, the CODCr, CODMn, and TOC rates increased after
the main experiment, to 30%, 40%, and 20%, respectively. However, the initial concentra-
tion levels of COD and TOC were higher during the main experiment, compared to the
preliminary experiment, due to the different sampling times.

To demonstrate the ozone dosage effect on ozone consumption and reaction time on
the improvement of biodegradability, the anaerobic digestion tank effluent was subjected
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to ozonation at 1.0, 3.2, and 6.2 mg/L for 20 min of reaction time. The results indicate
that ozonation is more effective at degrading the non-degradable pollutants under 20 min
of reaction time. However, the ozone concentration increasing because of the ozonation
utilization rate decreasing is a sign of a suitable situation at which to stop ozonation and
commence biodegradation. In these experimental conditions, ozonation allows direct
oxidation by microbubble ozone; the pH value was around 7.8 and there was much less
sludge production.

However, there are also a few limitations for the ozone treatment, such as the applica-
tion of excessive ozone dosage to compensate for the low ozone solubility. This leads to the
high cost of the ozonation process. Ozonation may form toxic by-products and the partial
oxidation of biodegradable matter may form recalcitrant compounds [2].

5. Conclusions

The effect of ozone dose on organic compound and nitrogen changes has been investi-
gated by using anaerobic digester effluent. Under the appropriate parameter conditions
(ozone gas flow of 1.0 L/min and ozone dosage of 1.0–6.2 mg/L), the effluent soluble
CODCr, CODMn, and TOC values were increasing, which indicated that the system im-
proved the biodegradability of organic substances. The ozone dose of 6.2 mg/L increased
the degradation ratio by 40% and increased the total organic carbon by 20% over 20 min
of reaction time. Therefore, the CODCr and CODMn values will increase per unit of ozone
consumption with the increase in reaction time. On the other hand, the new findings of this
study were that the appropriate ozone feed rate confirms to change the nitrite and nitrate
ions under ozonation. The ozone treatment showed organic nitrogen mineralization and
degradation of organic compounds, with the contribution of the microbubble ozone oxida-
tion process, and is a good option for removing non-biodegradable organic compounds.
The application of the microbubble ozone process, with the degradation of organic com-
pounds from a domestic wastewater treatment plant, was investigated. It is well known
that ozonation can oxidize non-degradable organic compounds to degradable by-products.
In addition, ozone promotes the partial oxidation of pollutants, and by partial oxidation,
wastewater organic pollutants improve their characteristics. Finally, the above-mentioned
results indicated that the process was more suitable for the pre-treatment of anaerobic
digester effluent to treat refractory organics of domestic wastewater. Further studies should
be focused on the cost effectiveness and optimization of ozone in the following treatment
process. Further, it is necessary to carry out more pilot plant-scale experiments with actual
domestic wastewater implementations of scale-up parameters.
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Abbreviations

COD Chemical oxygen demand
CODCr Chemical oxygen demand by dichromate
CODMn Chemical oxygen demand by permanganate
TOC Total organic carbon
NO2

−-N Nitrite nitrogen
NO3

−-N Nitrate nitrogen
T-N Total nitrogen
NH4

+-N Ammonia nitrogen
Org-N Organic nitrogen
SS Suspended solids
BOD Biochemical oxygen demand
DOC Dissolved organic carbon
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Abstract: Extensive research has been carried out to figure out safe means of disposing various
industrial effluents. Industrial wastewaters from the aeration industry such as heavy metals and oily
substances contain a high degree of contamination. The advanced oxidation process is one of the
most effective and rapid methods of removing contaminations, which can lead to a high chemical
oxygen demand (COD). The aim of the present study is to reduce the COD of an aeration effluent
with the initial COD of 13,004 mg/L. About 20 sets of experimental tests were conducted to identify
the contribution of H2O2, O3, and UV to the treatment process. The influence of the quantities of
additives and the dose of the UV irradiance were, too, among the subjects of the study. These factors
were altered throughout the experiments and their mutual effects were measured. To design the
experiments, Minitab software 16 was utilized. The experimental conditions were set at the standard
values of 25 ◦C and 1 bar to minimize any uncertainty. Based on the results, a correlation was
derived, which was capable of expressing the effects of the input parameters (AOPs parameters) on
the response (the COD level). Finally, the optimization process was conducted to find the quantities
of H2O2, O3, and UV irradiance required to decrease the CODs of the effluent to their lowest possible.
Based on the findings, when the doses of H2O2, O3, and UV to the treatment process were 40 mg/L,
8 mg/L and 86 mWs/cm2, respectively, the COD percent change was 51.5%.

Keywords: aeration contaminants; advanced oxidation processes (AOPs); COD reduction; UV; ozone;
H2O2

1. Introduction

Water is used in many industrial operations [1]. Industrial wastewater streams con-
taining harmful organic and inorganic substances are generated from various industries
such as aeration, metal-working, and metallurgy. Several aeration industries exist in places
that are regarded as most hazardous locations due to the discharge of large volumes of
wastewater with high levels of hardness, total dissolved solids, total suspended solids,
chemical oxygen demand (COD), biological oxygen demand, and pH. The sources of high
COD include reactive peroxometal complexes and greasy substances. Substances with
high COD levels not only are harmful for the environment, but also can accumulate in
human body through the natural food chain [2]. When their concentration surpasses the
determined standards, serious health problems will arise among the people [3]. Hence, it
is needless to emphasize that wastewater from aeration industries must be treated prior
to the disposal of the waste. Often, physical means are not efficient enough in ridding of
these extra substances. To remove them, one can rely on the advanced oxidation process
(AOPs) [4]. AOPs contribute to the cleaning process by generating such highly reactive
radical species as OH• [5,6]. To put it in the same context, AOPs involve the production of
OH• through Injecting H2O2, ozone, and oxidants in combination via ultraviolet (UV) irra-
diance. To perform the operation more proficiently, researchers have suggested combining
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the three methods above [7] resulting in the release of HO•, which is mainly responsible
for the degradation of organic compounds.

As OH• is reactive electrophiles, it is counted as a highly effective compound in
eliminating organic chemicals [8]. It none-selectively reacts rapidly with almost all electron-
rich organic compounds. As a result, OH• causes the breakdown of the organic compound
and diminishes the pollutants concentrations [9]. It grasps a hydrogen atom from the
organic compound (R−H) in wastewaters, and then leads to the production of an organic
radical (•R). Following that, the organic radical is motivated to chemically react with
other compounds to be neutralized [10–12]. This procedure is concisely shown in the
equation below:

R − H + HO· → H2O + ·R (1)

Due to some complex reactions, OH• and O2
−• are generated when ozone is added

to wastewater. These radical compounds cause the oxidation of organic species. By
introducing a small volume of H2O2, the rate of OH• production could be enhanced
through the following stoichiometry [13].

2O3 + H2O2 → 2HO ·+3O2 (2)

The performance of the ozone can also be boosted when the wastewater is exposed
to the UV irradiance [14]. The application of UV in treatment is wide, and a comparative
study among selected AOPs integrated with UV was done by some researchers [15–17]. The
UV irradiance interferes in the process by generating H2O2 as an intermediate; following
that, OH• is composed. The reactions involved are written as follows:

O3 + H2O + hν → O2 + H2O2
2O3 + H2O2 → 2HO ·+3O2

(3)

Equation (3) shows the photolysis of ozone and the production of hydrogen peroxide,
which eventually leads to the generation of the HO• radical [18].

H2O2 may also be introduced into the wastewater system as a single oxidant or one of
the included oxidants [18]. The appropriate concentration of H2O2 is crucial during the
degradation of pollutants. If an unexpected quantity of H2O2 is added to the wastewater, it
can react with other contaminants to produce oxidizable materials, which is not the desired
goal for the process. While easy to perform and beneficial to apply, the combination of
H2O2 and UV is also used for decreasing the pollutant volume. Karci et al. [19] reported
the polyethoxy chain of the surfactant is more susceptible to degradation in the H2O2 and
UV treatment process. Antonopoulou [20] found the application of UV and H2O2 proved
influential in reducing the odorous aldehyde concentrations.

Although this method of AOP is less costly and easier to carry out, it suffers some
drawbacks. One of its main issues lies within its inability to absorb the UV light when
large quantities of H2O2 are present in the wastewaters. This causes the loss of most of the
light input [18]. Such an undesirable phenomenon can be hindered when the pH values
of the wastewaters are decreased by altering the ratio of peroxide to ozone. AOPs have
an oxidation potential of 2.33 V, approximately, and hence, compared to conventional
oxidants such as KMnO4, show faster oxidation reaction rates [21,22]. Ozone, with its
ability to react with organic compounds including polyphenols, is known as a strong
oxidizer [8]. The combination of ozone, UV irradiance, and H2O2 has been suggested as an
effective method for the treatment of wastewater with polyphenol content in documents
such as those used by manufactures working with metal materials [23]. Therefore, several
researchers have tried to determine the optimized parameters in terms of the concentrations
of H2O2, O3, and the dose of UV when lowering the level of COD in effluents [10,19,20]. It
should be mentioned that the response surface methodology (RSM) is a common way for
optimization in an analytical chemistry application such as water treatment [24–26]. RSM
was successfully applied in some experimental works as its responses are influenced by
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AOP variables, and optimization of the levels of these variables can be obtained through
the fit of a polynomial equation to the experimental data.

The idea of applying UV, H2O2, and O3 to decrease the COD level seems reasonable,
but is it efficient? What is the interaction of the mentioned parameters when the three AOP
parameters are combined for a wastewater treatment? Do they cancel each other’s effects or
strengthen treatment capabilities? In the present study, 20 experimental tests were designed
to observe and detect the effects of H2O2, O3, and UV altogether on the treatment of aeration
factory’s produced effluents. The main objective was to find the most efficient process with
the lowest energy consumption for eliminating organic compounds and lowering the level
of COD. Therefore, the experimental conditions were designed with the help of the RSM
method, which was introduced to the Minitab software 16. After conducting the tests, the
optimized point at which the definitive treatment could be conducted was determined.

2. Materials and Methods

The materials, apparatus and measuring methods used in the experiments are briefly
introduced as below.

2.1. The Apparatus

• COD Reactor (Box 389, Loveland, Hach Co., CO, USA)
• Spectrophotometer (Jenway 6305, UV/Vis. Spectrophotometer, UK)
• Centrifuge (Werk NT.BaujharEkin, Universal 320 R, Hettich, Germany)
• Lab oven
• Furnace (Aria-Electric, EMTC model, Iran)
• Ph meter (pH 162, Iran)
• Laboratory scales with measurement accuracy of 0.00001 g (Kyoto Co., Electronic

balance, AEL-40SM, Japan)
• Ozone generator (ARDA Ozone- ONE)
• UV bulb (33 W, AQUA SAFE, Taiwan)
• RO Pump (TY-2800- 24 VDC)

2.2. The Input Materials/Chemicals

• Potassium Dichromate (Zigma), 99% (W/W)
• Concentrated sulfuric acid (Merck), 98% (W/W)
• Mercury sulfate (Zigma), 98% (W/W)
• Silver sulfate (Zigma), >99% (W/W)
• Potassium Hydrogen Phthalate (Merck), >99% (W/W)
• Hydrogen peroxide (Merck), >30% (W/W)

2.3. The Studied Wastewater

Several wastewater samples were taken from an aeration factory. The COD of the
wastewater samples was measured at 13,004 mgO2/L. Due to the high value of COD in the
effluent from the aeration industry, the wastewater taken was regarded as appropriate for
the purpose of the present study. They were maintained at a temperature of 4 ◦C to prevent
any changes in the wastewater’s COD.

Due to its high COD level, wastewaters are not allowed to be released into the envi-
ronment without any pretreatment actions. Therefore, advanced treatment methods were
employed in the study to reduce the value of the COD to a standard level of 250 mg/L [27]
before disposing the wastewater.

2.4. Measurement Methods

In order to evaluate the performance of the advanced oxidation process, it is essential
for the key factors of the process to be measured. To this end, the most important property,
the quantity of organic substances in the wastewater, should be measured. There are various
techniques for measuring the quantity of organic substances such as: (i) the chemical oxygen
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demand, and (ii) the total volatile solid. To determine the quantity of the wastewater’s
COD, a method similar to the D-5220 closed reflux, known as the colorimetric method, was
employed [27].

2.5. Construction of the Base Line

Among the available treatment approaches, those combined methods, which include
UV, O3, and H2O2, were employed as the basis of the present work. To find the best
combination, in terms of UV dose and the amount of O3 as well as H2O2, several tests were
conducted. The chosen ranges were picked up as per the literature [28–33].

A sample of the untreated wastewater was poured into a 2000-mL Erlenmeyer flask.
This Erlenmeyer flask was the storage of the system, and the untreated water started to
be pumped out through a container with a volume capacity of 1500 mL to be exposed to a
high level of UV irradiance. The UV irradiance was emitted from a 33 W bulb with a length
of 80 cm. The flow rate of the fluid was kept at 200 mL/min and some baffles were put on
the way of the flowing water in the container to generate turbulency in the flowing fluid.
The level of the water in the container was kept lower than 0.5 cm in order to increase the
surface area of the exposed water to the UV irradiance. At the same time, based on the plan
mentioned in Table 1, sufficient quantities of H2O2 and O3 were added to the fluid. The
container output was led to a tee. A branch of the tee was used to collect the treated water
at the end of the process. The other branch was used to recycle back the fluid to the storage
to increase the efficiency of the process. The COD of the treated product was measured
after 40 min of the disinfection operation. In total, 20 tests were conducted when using
various combinations of UV/H2O2/O3. With the aim of minimizing the inaccuracies in
the measurement results, and to ensure the repeatability of the tests, all of the tests were
performed three times, and then the average values of the three tests were regarded as the
final figures. Figures 1 and 2 represent a simple schematic of the treatment system used
during the process.

 

Figure 1. The disinfecting system at the experimental scale.
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Table 1. The real values associated with each coded value in Minitab software 16.

The Coded Value The Dose of UV (mWs/cm2)
The Concentration of O3

(mg/L)
The Concentration of H2O2

(mg/L)

+2 400 8 120

+1 310 6.5 95

0 220 5 70

−1 130 3.5 45

−2 40 2 20

Δζ 90 1.5 25

Experimental Conditions

In the present work, the concentration of H2O2 and O3, as well as the dose of UV were
studied under five levels tabulated in Table 1. To adapt the tests and designs with harmony,
X domain was set between −2 and +2 in Minitab. Therefore, according to the table, each of
the values in the AOP process calls a number between −2 and +2. Following the definition
of the parameters’ ranges, 15 tests with different values of parameters were randomly
selected and conducted. Together with the test conditions, they were recommended by the
Minitab software and are listed in Table 2. Accordingly, the last five tests (from case 16 to
case 20) have (0, 0, 0) values. Please note that these sets of tests were designed to determine
the level of errors.

Table 2. The tests plan recommended by Minitab 16.

The Parameters’ Coded Values
The Test Number

X1 X2 X3

1 −1 −1 −1

2 1 −1 −1

3 −1 1 −1

4 1 1 −1

5 −1 −1 1

6 1 −1 1

7 −1 1 1

8 1 1 1

9 −2 0 0

10 2 0 0

11 0 −2 0

12 0 2 0

13 0 0 −2

14 0 0 2

15 0 0 0

16 0 0 0

17 0 0 0

18 0 0 0

19 0 0 0

20 0 0 0
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Figure 2. The schematic view of the disinfecting system.

3. Results and Discussion

Experiments were carried out by applying UV irradiance and adding H2O2 and O3
compounds at the natural pH of the effluents taken from the aeration field. This enabled the
identification of the power of AOPs at different conditions of removing the COD amounts.
Figure 3 shows a wastewater sample before and after disinfection. The mentioned process
almost removed the bad smell, dark color, COD amount, and other heavy metal effects on
the water. Table 3 highlights the ability of each set of tests in removing the COD from the
studied wastewater.

 

Figure 3. The appearance of the aeration wastewater before and after the treatment.

The treatment cost of each individual test was evaluated based on the electrical energy
per-order (EEO) according to the following equation

EEO =
WUV + WH2O2 + WO3

V × log
(

CODi
CODf

) (4)

where EEO stands for the electrical energy consumption per order (kWh/m3), WUV is the
electrical energy consumption of the UV lamp (kWh), WH2O2 shows the equivalent electrical
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energy of the applied H2O2 (kWh), WO3 represents the equivalent electrical energy of the
applied O3 (kWh), V presents the volume of the sample (m3), and CODi and CODf are
the initial and final concentration of the sample, respectively. The ozone conversion to
equivalent electrical energy unit was done by assuming that the used ozone generator
produced 50 mgO3 per hour, and that the energy consumption of the equipment is 20 kWh.
The electrical energy conversion for the applied peroxide is based on the cost of peroxide,
0.01 $/g, and the charge of electrical energy 0.14 $/h.

Table 3. Results of the 20 sets of tests.

The Parameters’ Real Values

The
Test Number

The Dose of
UV (mWs/cm2)

The
Concentration
of O3 (mg/L)

The
Concentration

of H2O2 (mg/L)

COD after
Treatment
(mgO2/L)

COD Percent
Change (%)

Energy
Consumption

(kWh/m3)

1 130 3.5 45 6960 46.5 23.2

2 310 3.5 45 6680 48.6 30.9

3 130 6.5 45 6470 50.2 24.8

4 310 6.5 45 6485 50.1 33.5

5 130 3.5 95 6700 48.5 33.5

6 310 3.5 95 6582 49.4 41.5

7 130 6.5 95 6435 50.5 35.5

8 310 6.5 95 6470 50.2 44.4

9 40 5 70 6985 46.3 26.9

10 400 5 70 6640 48.9 42.9

11 220 2 70 6905 46.9 31.6

12 220 8 70 6405 50.7 36.1

13 220 5 20 6908 46.9 23.9

14 220 5 70 6665 48.7 34.1

15 220 5 70 6687 48.6 34.2

16 220 5 70 6690 48.6 34.3

17 220 5 70 6692 48.5 34.3

18 220 5 70 6685 48.6 34.2

19 220 5 70 6685 48.6 34.2

20 220 5 70 6692 48.5 34.3

The COD reduction percent and the electrical energy consumption for the 20 tests done
are shown in Figure 4. As seen in the figure, the best and the worst test numbers for the
water treatment without paying attention to their energy consumption are tests 9 and 12,
respectively. On the other hand, tests 8 and 1 are the most and the least energy-consuming
processes in this work, respectively. The figure does not show a pattern to understand
where the optimum point for the purpose of treatment and energy saving is. Therefore,
these data were given to Minitab for more analysis.
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Figure 4. Comparison of COD percent change with electrical energy order over the 20 tests mentioned
in Table 3.

3.1. Residual Diagrams

In order to reassure all the model assumptions for the present model have been met,
the residual plots should be validated. There are essentially four residual plots in Minitab
that guide the users to clarify if they follow a normal distribution or the confidence intervals
and p-values can be accurate. The residual diagrams for this experiment (COD reduction)
are shown in Figure 5. The first plot is the normal probability plot of the residuals, which
represents the residuals versus their expected values. The plot verifies the assumption that
the residuals are normally distributed if it approximately follows a straight line without
any abnormality. As it can be observed from Figure 5a, data are in their normal condition
and are close to the cross line.

The residuals versus fits graph indicates the fitted values on the horizontal axis and
the residuals on the vertical axis. The question regarding the residual variance whether
being constant or not can be addressed by residuals versus fits graph shown in Figure 5b.
Considering the points on the graph, one could recognize the residual variance is reasonable
and constant in the present study. Not only are the data points scattered around the
horizontal zero line, but they also do not seem to follow a unique pattern.

The distribution of the residuals for all observations can be seen in a histogram plot.
Theoretically, when the curvature of the histogram chart is close to bell-shaped, it represents
the normal distribution of the data in the design of experiments (DOE) media. Figure 5c
shows the histogram bar chart of the work. As it can be observed, although the chart does
not resemble a perfect bell-shaped histogram, it is within a reasonable range to conclude
the correctness of the residual data.

The residuals versus order plot displays the residuals in the order that the data were
collected. The residuals versus order plot is used to confirm the assumption that the
residuals are independent from one another. There are no trends or patterns in independent
residuals when shown in time order. The patterns in the data may suggest that residuals
close to one another are likely connected and hence, not independent. Ideally, the residuals
on the plot should be distributed around the zero line randomly. Figure 5d shows data
points in the order do not follow a logical pattern. On the other hand, Figure 5d confirms
that the residuals are independent from one another.
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Figure 5. Cont.
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(d) 

Figure 5. The residual diagrams related to the final COD after the water treatment process. (a) Normal
probability plot. (b) Versus Fits plot. (c) Histogram plot (d) Versus order plot.

3.2. Developed Correlation

The analysis of the results for chemical oxygen demand was conducted by the Minitab
software 16. Table 4 shows the analysis of variance (ANOVA) results displayed in the
session window of Minitab. The p-value is a measure of how likely the sample results
are, assuming the null hypothesis is true. Its value is somewhere between 0 and 1. The
p-value shows the power of each parameter participating in the input-response parameters.
In the present study, if the p-value of an input parameter, all of which are tabulated in
Table 4, is greater than 0.001, that parameter is regarded as weak and without a significant
influence on the results. Indeed, if the p-value is 0.05 or more, its corresponding parameter
is regarded as insignificant, which can lead to ignoring its influence on the response’s value.
Based on this analogy, the following correlation, which relates the AOPs parameters to the
COD value, was obtained.

Y = 6663 − 64.87X1 − 128.87X2 − 55.87X3 + 56X1X2 + 38.5X2X3 (5)

Table 4. Second order regression coefficients for the input factors and response.

Variables Regression Coefficients t-Value p-Value

y-intercept 6663 172.812 0.000
X3 = H2O2 (mg/L) −64.87 −2.684 0.023
X2 = O3 (mg/L) −128.87 −5.332 0.000
X1 = UV (mWs/cm2) −55.87 −2.312 0.043
X3 × X3 18.47 0.958 0.361
X2 × X2 −20.91 −1.085 0.304
X1 × X1 11.97 0.621 0.549
X2 × X3 56 0.638 0.032
X1 × X3 22.75 0.666 0.521
X2 × X1 38.5 1.126 0.028
R2 = 0.83 ADD = 0.00 R2(ADJ) = 0.83

Equation (5) was obtained with an adjusted R-squared value of 0.83 and a coefficient
of determination of 0.72, which states that the above equation can generate fairly accurate
values that match the experimental data.
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3.3. Analyses of the Response’s Surface Plots

It is worth noting that the synergy of independent parameters over a response can be
studied through contour or 3D plots. To do so, one variable has to be maintained constant
while letting the other two vary within their defined ranges in a system of three variables.
The figures generated from this method show not only the effects of two independent
parameters simultaneously, but also the patterns of the response.

Figure 6a shows the combined effect of UV and O3 on the level of COD when H2O2 was
held at 0 (the coded value). From there, one may indicate that the lowest COD is obtained
through applying the maximum quantity of O3 along with the emission of medium UV
dose. Due to relative obscurity of the effluent as well as its high concentration of heavy
metal, the UV irradiance does not work properly. As a result, O3 and UV do not have
an effective synergy to lower the level of COD when the effluent sample possesses low
transparency and high heavy metal content.

Assuming a constant value of 0 (the coded value) for O3, both of UV and H2O2 have
been modified to observe their effects on the level of COD. The results are summarized
in Figure 6b. While Figure 6a does not show a recognizable symmetry and pattern for
the response, Figure 6b demonstrates a linear change in the value of COD (as the studied
response). In other words, the higher the amounts of UV and H2O2 used, the lower the
COD levels generated. Obviously, symmetry exists throughout the plot. Although the
overall COD reduction comes from using UV, and H2O2 is lower than that when UV and O3
simultaneously are employed, the COD reduction with UV and H2O2 is done recognizably
well, which shows the strong positive synergy between UV and H2O2.

The advantages and disadvantages of utilizing H2O2 can be perceived by observing
Figure 6c. In spite of the fact that the use of O3 itself improves the level of purification
and also reduces the level of COD, H2O2 is effective if only the optimized volume of
H2O2 is added to the effluent. Higher volumes of H2O2 decrease its removal power since
a competition between carbonate and bicarbonate in the mixture comes into the scene,
which in turn prevents AOPs from generating more HO• radicals. Furthermore, similar
to Figure 6a, Figure 6c does not indicate a predictable response pattern. The interaction
of H2O2 and O3 changes with varying the concentration of injected O3, and hence, an
optimization procedure needs to be conducted to figure the appropriate volume of H2O2
required to reduce the COD level.

3.4. Optimization Conditions

The optimized amount of AOPs can be obtained by Minitab’s response optimizer. In
fact, by employing Equation (5), Minitab can introduce the best AOP’s combination accord-
ing to which the wastewater from the aeration industry can be cleaned more effectively.
The optimization outcomes and the after-treatment COD level are presented in Table 5.
The optimized value for UV emission is 86 mWs/cm2, which can be counted as a medium
UV emission. The used wastewater was too dark and obscure, and therefore, UV was not
effective enough to remove the pollution compared with O3 and H2O2 when high chemical
additives were added to the wastewater. In addition, the level of optimized O3 should be
higher than H2O2 level to decrease competition between bicarbonate and carbonate ions in
the fluid. Thus, while 8 mg/L O3 as the highest applied amount is the optimum point for
the COD reduction, 40 mg/L H2O2 as a medium value is recommended by Minitab.
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(c) 

Figure 6. The contour plots showing the reduction of COD in the effluent after the AOP treatment,
when (a) O3 and UV change (b) H2O2 and UV change (c) H2O2 and O3 change.

Table 5. The optimized values defined for AOP.

UV (mWs/cm2) O3 (mg/L) H2O2 (mg/L)
COD (mgO2/L)
after Treatment

COD Percent
Change (%)

Energy
Consumption

(kWh/m3)

86 8 40 6313 51.5 22.7

Figure 7 shows three 3D plots of the response graphs of applying O3 and UV at three
levels of H2O2. Based on the output depicted in Figure 7, it can be concluded that the
efficiency of COD removal will be optimum when the O3 and H2O2 quantities are around 2,
and −1, respectively, while the UV irradiance varies between −1.5 and −2. By converting
the mentioned coded numbers using Table 2 to real values, the optimum values mentioned
in Table 5 are found. This verifies the optimum AOP values in Table 5.
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(a) 

(b) 

(c) 

Figure 7. 3D plots of response surface graphs for the combined effect of H2O2, O3, and UV on COD
removal. (a) H2O2 (X3) = −1, (b) H2O2 (X3) = 0, and (c) H2O2 (X3) = 1.
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4. Conclusions

A total of 20 sets of experimental tests were conducted in order to study the perfor-
mance of AOPs, including H2O2, O3, and UV, when disinfecting the effluent released from
an aeration industry. The experimental tests were planned by the Minitab software. The
mutual effects of the additives over the water treatment process were examined through
analyzing the contour plots. It was observed that the use of H2O2 and O3 together can
remarkably enhance the cleaning process. However, when the quantity of H2O2 exceeded
what is known as the optimized amount, it unexpectedly lost the potential to reduce
the level of COD in the wastewater. It was shown that at constant levels of O3 and UV,
doubling the amount of H2O2 from 45 to 95 mg/L only decreased the wastewater COD
insignificantly from 50.1% to 50.2% while the energy consumption was increased from 33.5
to 44.4 kWh/m3. Similar to the case of H2O2, the UV irradiance yielded the same results
when it was employed in the treatment process together with a high level of O3. Unlikely,
H2O2 or UV irradiance alone linearly decreased the level of COD in the effluent when a
low concentration of O3 was used. The results showed that by increasing the dose of UV
emission from 40 to 400 mWs/cm2, the COD level was decreased from 46.3% to 48.9%
when the chemical additives were low or medium. However, this positive effect could not
be extended when the additive levels are high. According to their effects on the process,
a polynomial correlation was derived through which the response (COD value) could be
found by simply substituting the variables’ quantities in the correlation. Following that, to
obtain the optimized quantities of H2O2, O3, and UV altogether, the optimization task was
completed with the help of Minitab’s response optimizer. A UV emission of 86 mWs/cm2,
O3 dose of 8 mg/L, and H2O2 dose of 40 mg/L were the optimum values reported by
Minitab. It was found that by using the optimized AOP values, the COD reduction reached
the highest value of 51.5% with the lowest energy consumption.
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Abstract: Doxycycline (DOX), a typical antibiotic, is harmful to aquatic ecosystems and human health.
This study presents DOX removal by potassium ferrate (Fe(VI)) and montmorillonite and investigates
the effect of Fe(VI) dosage, reaction time, initial pH value, montmorillonite dosage, adsorption
pH, time and temperature on DOX removal. The results show that DOX removal increases when
increasing the Fe(VI) dosage, with the optimal condition for DOX removal (~97%) by Fe(VI) observed
under a molar ratio ([Fe(VI)]:[DOX]) of 30:1 at pH 7. The reaction of DOX with Fe(VI) obeyed
second-order kinetics with a rate constant of 10.7 ± 0.45 M−1 s−1 at pH 7. The limited promotion
(~4%) of DOX adsorption by montmorillonite was observed when the temperature increased and
the pH decreased. Moreover, the synergetic effect of Fe(VI) and montmorillonite on DOX removal
was obtained when comparing the various types of dosing sequences (Fe(VI) oxidation first and
then adsorption; adsorption first and then Fe(VI) oxidation; simultaneous oxidation and adsorption).
The best synergistic effect of DOX removal (97%) was observed under the simultaneous addition of
Fe(VI) and montmorillonite, maintaining the Fe(VI) dosage (from 30:1 to 5:1). Five intermediates
were detected during DOX degradation, and a plausible DOX degradation pathway was proposed.

Keywords: advanced oxidation; potassium ferrate(VI); doxycycline degradation; synergistic reaction
mechanism

1. Introduction

The use of drugs and personal care products (PPCPs) as emerging contaminants
has attracted extensive attention from around the world [1]. The “pseudo-durability” of
antibiotics caused by the large-scale use of antibiotics in human, veterinary, agricultural
and aquaculture activities [2], as well as the residual and continuous testing of antibiotics
in the environment, have also attracted widespread concern [3–5]. Doxycycline (DOX), as
one of the most important antibiotics, has been widely used and transferred to the aquatic
environment, resulting in a high concentration in pharmaceutical wastewater, ranging
from 3.9 ng/L to 500.0 μg/L [6–9]. Studies have also indicated that residual DOX in water
threatens aquatic ecosystems and human health in the form of endocrine infections, as well
as promoting bacterial resistance [10]. Therefore, the remediation of DOX is urgent.

Ferrate(VI) (Fe(VI)), a green and environmentally friendly agent, has multiple func-
tions, such as oxidation, flocculation and adsorption, leading to its increasing use in water
treatment. Wang et al. conducted a study of the mechanism of fluoroquinolone antibiotic
and sulfonamides degradation by Fe(VI), which revealed the reaction rate constant for the
fluoroquinolone reaction with Fe(VI) [11,12]. Su et al. focused on the trimethoprim and car-
bamazepine degradation by Fe(VI) and proposed a degradation pathway [13]. Yunho et al.
assessed a technology for enhancing the dual functions of Fe(VI) to oxidize micropollutants
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by the formation of ferric phosphates [14]. However, its redox potential decreases from
+2.2 to +0.7 V when the environmental pH turns from acid to alkaline [13,15]. This results
in the inefficient mineralization of target contaminations, leaving potentially toxic small
molecular substances. For this reason, novel technology must be introduced to account for
these limitations.

Adsorption technology plays an important role in wastewater treatment. The most
important factor of adsorption between adsorbents and adsorbates is their hydrophobic and
electrostatic interaction [16]. Montmorillonite, as a natural silicate mineral, has a relatively
large specific surface area (SSA), with a high cation exchange capacity (CEC), which can
be used as an efficient adsorption agent [17]. Therefore, the addition of montmorillonite
may be an effective approach to the adsorptive removal of small molecular substances
stemming from Fe(VI) degradation. Furthermore, montmorillonite can not only adsorb
target pollutants in solution, but can also enhance the overall adsorption and flocculation
capability of Fe(VI) by activating adsorption bridging, net flapping and sweeping and
electrical neutralization with in situ Fe(III) particles from Fe(VI) decomposition.

This work’s objectives were to: (i) explore the degradation performance of Fe(VI) by
assessing the oxidation efficiency and mineralization of DOX; (ii) investigate the adsorption
performance of DOX by montmorillonite; (iii) elucidate the mechanism of the synergistic
effect of the oxidation and adsorption of DOX by Fe(VI) and montmorillonite; and (iv)
identify the degradation products of DOX and propose a degradation pathway for DOX,
considering the molecular structure of target pollutants and the oxidation mechanism
of Fe(VI).

2. Materials and Methods

2.1. Chemicals and Materials

Doxycycline (DOX) with a purity of 98% and montmorillonite with a purity of over 95%
were purchased from Aladdin (Shanghai, China). Fe(VI) was prepared by electrochemical
methods with a purity of at least 90% [18]. Other chemical reagents were of analytical
grade, purchased at Xiaoshan Chemical Reagent Factory (Hangzhou, China). All chemical
solutions were prepared in Milli-Q water, with the initial concentration of DOX being
11.25 μM. The Fe(VI) stock solution was prepared in a borate buffer solution composed of
81% 0.05 M borax and 19% 0.2 M boric acid, with a pH of 9.2.

2.2. DOX Removal by Fe(VI)

In this study, the Fe(VI) concentration was determined by ABTS methods and detailed
information is given in Text S1 [19]. Subsequently, a 1.0 mM Fe(VI) stock solution was
prepared in borate buffer solution at pH 9.1 prior to the experiment. A total of 50 mL of
11.25 μM DOX was dispensed into a beaker and stirred using a magnetic stirrer (Thermo Sci-
entific, MA, USA) at 200 rpm. The pH of the solution was adjusted using 0.1 M hydrochloric
acid and 0.05 M sodium hydroxide to various levels, ranging from 4.0 to 10.0. Subsequently,
various volumes of a 1 mM Fe(VI) stock solution were introduced to the reaction to main-
tain an initial Fe(VI) concentration range of 56.25 to 337.50 μM. At predetermined intervals,
samples were collected, the reaction was quenched with 30.0 μL of 0.1 M sodium thiosulfate
and filtered through a 0.22 μm membrane filter (Xingya, Shanghai, China). These samples
were further used to quantify the residual DOX concentration and total organic carbon
(TOC), to determine the DOX removal efficiency and mineralization. To exclude the effect
of filtering, the recovery rate after filtering was measured (Figure S1). The result showed
that the recovery rate was close to 100% with various initial DOX concentration injections,
indicating that the filtering process did not affect the subsequent experiments.

2.3. DOX Removal by Montmorillonite Adsorption

Before the experiment, 50 mL of 11.25 μM DOX was added to a beaker. The pH
of the solution was adjusted, as described in Section 2.2. Subsequently, the solution
was supplemented with montmorillonite powder. The mixture was then stirred using a
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magnetic stirrer (IKA, Schwarzwald, Germany) at 250 rpm, at a temperature of 25 ◦C. After
24 h of adsorption, the supernatant was withdrawn and centrifugated at 200 rpm for 10 min.
The centrifuged sample was then filtered through a 0.22 μm membrane filter (MF-Millipore,
Hongkong, China), to determine the DOX concentration.

2.4. Kinetics Study

The reaction kinetics of Fe(VI) with DOX were investigated at 20 ◦C under pseudo-
order conditions, with an excess Fe(VI) concentration of [Fe(VI)]:[DOX] = 49.8:1 to 199.2:1
at pH 7.0. The initial concentration of DOX was 2.25 μM. Samples were taken from the
mixture at pre-determined time intervals, up to 1800 s, and then immediately quenched
with 30.0 μL of a 0.10 M sodium thiosulfate solution. The rate expression for the reaction of
Fe(VI) with DOX is represented by Equation (1):

r = −d[DOX]/dt = −k[ f errate(VI)]a· [DOX]b (1)

The reaction rate between Fe(VI) and DOX is represented by r, while k stands for the
reaction rate constant. The parameters a and b in Equation (1) denote the reaction orders
relating to the concentrations of Fe(VI) and DOX, respectively. It was widely reported that
the oxidation of an organic contaminant by Fe(VI) follow second-order kinetics [18–20].
Therefore, Equation (1) can be reduced to Equation (2):

ln
(
[DOX]t
[DOX]0

)
= −kapp

∫ t

0
[Fe(VI)]dt (2)

where [DOX]t and [DOX]0 are the concentrations of DOX at different reaction time, t and
zero, respectively. All the samples were withdrawn and analyzed in triplicate.

2.5. Analytical Methods
2.5.1. The DOX Concentration

The DOX concentration was determined using high-performance liquid chromatogra-
phy (HPLC) (Shimadzu, LC-20A), as referred to in the previous literature [21].Under the
conditions in Table S1, the characteristic peak of DOX appeared at about 3.9 min, and the
calibration curve of DOX concentration is presented in Figure S2.

2.5.2. Identification of Oxidized Products

The intermediate products of DOX were characterized by GC–MS with the conditions
in Table S1 (Shimadzu GCMS-QP2010plus, Kyoto, Japan), using parameters referenced pre-
viously [22]. All samples were acidified with hydrochloric acid to pH < 1 and concentrated
by using a liquid–liquid method, extracted using trichloromethane.

2.6. Characterization

The specific surface area and porosity was carried out using ASAP 2460 de-
vices (Micromeritics, Atlanta, GA, USA) by the Brunauer–Emmett–Teller (BET) and
Barret–Joyner–Halender (BJH) methods. Fourier transform infrared (FTIR) spectra were
measured by Nicolet iS20 devices (400–4000 cm−1, Thermo Scientific, MA, USA).

3. Results and Discussion

3.1. DOX Removal by Fe(VI) Oxidation
3.1.1. The Impact of Fe(VI) Dosage

In this experiment, various quantities of Fe(VI) were introduced to a solution con-
taining 11.25 μM DOX at pH 7.0, with the objective of removing it within 60 min. The
result in Figure 1 showed that DOX removal increased from 82.47 to 96.98% as the molar
ratio ([Fe(VI)]:[DOX]) increased from 5:1 to 30:1. This demonstrated that DOX was almost
fully removed by Fe(VI) at a molar ratio of 30:1. This could be attributed to the increased
probability of collisions between Fe(VI) and DOX molecules when increasing the Fe(VI)
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dosage. In addition, the results showed that DOX removal can reach more than 70% within
5 min under all conditions. However, at lower Fe(VI) doses, DOX removal was quicker in
the initial stages of the reaction, which might be attributed to its rapid self-decomposition
(Equations (3) and (4)) as the Fe(VI) concentration increased [22]. This led to the ability of
per unit Fe(VI) to remove DOX reduced [23].

2H3FeO4
+ → [H4Fe2O7]

2+ + H2O (3)

[H4Fe2O7]
2+ + 2H+ + 6H2O → Fe(OH)2(H2O)8

4+ + 3/2O2 (4)

Figure 1. Effect of Fe(VI) dose on DOX degradation.

3.1.2. Impact of pH

Given that pH greatly influences the redox potential and stability of Fe(VI), the impact
of pH on the removal of DOX by Fe(VI) was explored (Figure 2). In the experiment, the pH
ranged from 4.0 to 10.0, the initial concentration of DOX was 11.25 μM and the molar ratio
([Fe(VI)]:[DOX]) was set at 5:1. The reaction between DOX and Fe(VI) ended within 10 min,
and DOX removal reached more than 80% under all pH conditions. With the increase in
pH, DOX removal showed a tendency to decrease first and then rise. At pH 7.0, DOX
removal was the lowest (80.92%), and reached its maximum at pH 9.0 (97.48%). DOX
removal under the other pH conditions were 91.04 (pH 4.0), 88.53 (pH 5.0), 86.61 (pH 6.0),
95.12 (pH 8.0) and 93.01% (pH 10.0). The reaction rates between DOX and Fe(VI) gradually
decreased as pH increased during the initial reaction period (within the first 2 min), but
DOX removal by Fe(VI) was more efficient under alkaline conditions. This may attributed
to the higher redox potential (+2.2 V) of Fe(VI) [15] under acidic conditions compared to
alkaline conditions (0.72 eV). Another reasonable explanation of the decrease in the reaction
rate under acid conditions with the increase in pH could be that it is due to the conversion
of the protonated form of Fe(VI) (HFeO4

−) to the less reactive deprotonated Fe(VI) species
(FeO4

2−) in alkaline conditions [24]. Moreover, the potential explanation for improved
DOX removal at pH 9 could be due to the pH value being close to DOX’s dissociation
constant of 9.15 (Table S2) [25], causing the best DOX degradation effect at pH 9.
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Figure 2. Effect of different pH values on DOX degradation.

3.1.3. Kinetics

Initially, the decline over time in both DOX and Fe(VI) in the reaction with excess
Fe(VI) was determined at pH 7.0. The changes of Fe(VI) and DOX concentration over
time with different dosage of Fe(VI) in Figure S3. The plots of ln([DOX]t/[DOX]0) versus∫ t

0 [Fe(VI)] are displayed in Figure 3. A linear relationship can be observed (R2 = 0.99),
indicating that the reaction of Fe(VI) with DOX followed second-order kinetics. The slope
represents the second-order rate constant (kapp), which was 10.7 ± 0.45 M−1 s −1.

k ±

Figure 3. Kinetics analyses of DOX degradation by potassium Fe(VI).
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3.1.4. Mineralization

In order to investigate the degradation degree of DOX by Fe(VI), the mineralization
changes of DOX were recorded (Figure 4) [26–29]. The degradation of DOX reached a
maximum within 5 min. At this time, DOX removal exceeded 77.0%, while TOC removal
was only 39.2%. At 30 min, DOX removal reached 83%, while TOC removal in the solution
barely increased. The results showed that, although Fe(VI) was able to remove DOX in a
short time, it was limited in its ability eliminate DOX degradation products. Fe(VI) only
oxidized DOX into other organic substances, and the mineralization degree was low. One
study showed that that the mineralization efficiency of pristine Ag/AgCl and composites
ACM-5 reached 18.97% and 46.65%, respectively, within 60 min [26]. Another study found
that the transformation products of DOX with a small molecular weight were not observed
even after 60 min of ozonation, suggesting that mineralization might be difficult [30].
Additionally, another study did not observe DOX degradation by peroxydisulfate oxida-
tion [31]. The reasonable explanation for this may be that the structure of the naphthalene
benzene ring in DOX is very stable and difficult to degrade, which is investigated further
in Section 3.4.

Figure 4. TOC and DOX removal at different reaction times.

3.2. Adsorption of DOX by Montmorillonite
3.2.1. Impact of Montmorillonite Dosage

To investigate the impact of montmorillonite dosage on DOX removal, different
concentrations of montmorillonite were added to remove DOX in a solution at pH 7.0.
The adsorption time was 24 h, with an initial DOX concentration of 11.25 μM. As the
montmorillonite dosage increased from 100 to 600 mg/L, DOX removal by adsorption
increased from 7.58 to 12.57%. Meanwhile, the absolute value of the zeta potential gradually
increased from 15 to 27 mV, indicating that montmorillonite was stable and dispersed in
the solution, resulting in an increase in DOX adsorption (Figure 5).

3.2.2. Impact of pH

In order to explore the effect of pH on the DOX adsorption efficiency by montmo-
rillonite, the initial pH of the experimental solution was set at 2, 4, 6, 7, 8 and 10. All
experiments were conducted at room temperature, the reaction time was 24 h, the initial
concentration of DOX was 5 mg/L and the concentration of montmorillonite was 100 mg/L.
With the increase in pH from 2.0 to 10.0, DOX removal decreased (Figure 6).
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Figure 5. Effect of different dosages of montmorillonite on DOX removal.

 
Figure 6. Effect of different pH values of montmorillonite on DOX removal.

Montmorillonite had the best effect on DOX removal (9.36%) at pH 7.0. Its removal
under different pH conditions were: 8.7 (pH 4.0), 7.74 (pH 6.0), 7.58 (pH 7.0), 5.85 (pH 8.0)
and 3.49% (pH 10.0). The adsorption of DOX by montmorillonite under acidic conditions
was significantly higher than under alkaline conditions. For this result, one reasonable
explanation is that the adsorption of DOX is influenced by DOX dissociation (pKa1 = 3.02,
pKa2 = 7.97 and pKa3 = 9.15) [25]. The dominant species of DOX was ionized DOX+

at pH 3.0. Concurrently, the zeta potential of the solution containing montmorillonite
was negative, indicating that DOX could have been adsorbed via charge neutralization
on the negatively charged surface of montmorillonite. Therefore, DOX adsorption by
montmorillonite was the highest at pH 2. However, the dominant DOX species gradually
turned from ionized DOX+ to deprotonated DOX− or DOX2− as pH increased and the Zeta
potential of montmorillonite surface become more negative (Figure 6) [32]. On account
of the principle of heterogeneous charge repulsion, DOX adsorption by montmorillonite
gradually decreased.
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3.2.3. Impact of Adsorption Time

Adsorption time is one of the main factors affecting adsorption efficiency. In this
experiment, 100 mg/L of montmorillonite was placed into a solution containing DOX
(5 mg/L, 11.25 μM) at pH 7.0. Additionally, samples at predetermined times—0, 0.5, 1, 2, 4,
6, 10, 12, 14, 18 and 24 h—were analyzed (Figure 7).

Figure 7. Effect of time on DOX removal by montmorillonite.

DOX adsorption by montmorillonite reached an equilibrium at 4 h, and the adsorption
efficiency was very high in the early stages. The adsorption efficiency at 10 min was 2.63%,
and with the extension of the adsorption time, the adsorption efficiency gradually increased
to 4.14% at 30 min, 5.66% after 1 h and then 7.39% at 4 h. Afterwards, although the DOX
concentration in the solution fluctuated slightly, it remained roughly unchanged. Therefore,
there were two adsorption stages of DOX by montmorillonite, namely, an early rapid
adsorption stage (0~4 h) and a later slow adsorption stage (4~24 h).

3.2.4. Effect of Adsorption Temperature

As temperature strongly affects adsorption, the influence of temperature on DOX
adsorption by montmorillonite was investigated (Figure 8). In this study, 100 mg/L of
montmorillonite was added to a solution containing DOX with concentrations ranging
from 11.25 μM to 675.01 μM at pH 7. When the initial DOX concentration increased to
337.51 μM, adsorption equilibriums at different temperatures were observed: 20.38 (25 ◦C),
26.40 (35 ◦C) and 29.43 mg/g (45 ◦C), indicating that the temperature increase was beneficial
to DOX adsorption by montmorillonite. The reason for this result may be that the ionized
DOX− under neutral conditions was predominantly adsorbed by montmorillonite via van
der Waals forces, which increased with faster molecular diffusion following a temperature
rise [33].

3.3. Removal of DOX by Fe(VI) and Montmorillonite

To investigate the synergistic effect of oxidation and adsorption, Fe(VI) and montmo-
rillonite were dosed in three different sequences under neutral conditions: (i) oxidation
first and adsorption; (ii) adsorption first and then oxidation; (iii) simultaneous oxidation
and adsorption. The above experimental results are shown in Figure 9. Additionally,
the results of DOX removal by Fe(VI) and montmorillonite alone at pH 7.0 are shown
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in Figure 10. At pH 7.0, DOX removal (5 mg/L, 11.25 μM) by Fe(VI) with a molar ratio
of 5:1 ([Fe(VI)]:[DOX]) was 82.07% after 60 min. Under the same experimental condi-
tions, DOX adsorption by 100 mg/L montmorillonite after adsorption for 24 h was 7.58%
(Figure S4).

Figure 8. Effect of temperature on DOX removal by montmorillonite.

 
Figure 9. Comparison of different dosing sequences of Fe(VI) and montmorillonite on DOX removal.
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Figure 10. The synergy mechanism of DOX removal by Fe(VI) and montmorillonite.

The results of many experiments showed that DOX removal can be improved by
combining Fe(VI) with montmorillonite. The synergy mechanism is shown in Figure 10.
All three dosing sequences (Fe(VI) oxidation first and then adsorption, adsorption first and
then Fe(VI) oxidation, simultaneous oxidation with adsorption) contribute to DOX removal
(Figure 9). The optimal DOX removal efficiency (97.18%) was obtained under the synergetic
effect of simultaneous Fe(VI) oxidation and montmorillonite adsorption. There may be
two reasonable explanations for this. First, the highly positively charged intermediate
product generated during Fe(VI) decomposition was neutralized with negatively charged
montmorillonite. Additionally, the oxidation characteristics of Fe(VI) made DOX react
with parts of the organic surface coating of colloidal particles, thus breaking through the
organic coating, enhancing the electric neutralization of Fe(OH)3 coagulants and colloidal
particles [34]. This may reduce the repulsion between particles and enable larger flocs
to agglomerate, improving the settling performance of flocs and the turbidity removal
effect. Secondly, in the simultaneous adsorption experiment, montmorillonite not only
adsorbed DOX and its degradation products, but it can also promote adsorption bridging,
net flapping and sweeping and electric neutralization with negatively charged in situ Fe(III)
particles, enhancing adsorption and flocculation. Furthermore, the turbidity caused by
montmorillonite can be settled by Fe(III) flocculation.

3.4. Characterization of Fe(III)-Montmorillonite Composite and Montmorillonite

In order to evaluate the pore characteristic (specific surface, pore volume and pore
size) of the Fe(VI)-montmorillonite composite, N2 adsorption–desorption analysis was
performed. Consistent with the IUPAC classification [35], both Fe(III)-montmorillonite
composite and montmorillonite showed Type IVa isotherm pattern with a significant H3
type hysteresis loop (Figure S5), indicating the presence of mesopores [36], this can also
be seen from BJH adsorption dV/dD pore volume(Figure S6). Due to the existence of
the hysteresis curve, the pores are corrugated, resilient and expansible [37]. The Fe(III)-
montmorillonite composite and montmorillonite surfaces were analyzed with a scanning
electron microscope (SEM) and a transmission electron microscope (TEM). The results
showed that montmorillonite has a layered structure (Figure S7a); after being combined
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with Fe(III) particles, it presents a non-geometric shape (Figure S7b,c), which indicated that
Fe(III) and montmorillonite were successfully combined.

The BET surface area and BJH pore size of montmorillonite were 159.33 m2/g and
6.42 nm, respectively. Comparatively, the Fe(III)-montmorillonite composite had a higher
BET surface area and BJH pore size (195.37 m2/g and 5.98 nm) (Figure S6 and Table S4),
indicating the coordination of Fe(III) particle and montmorillonite promoted the adsorption
capacity of sole montmorillonite. This result validated the synergistic effect of Fe(VI)
and montmorillonite combination on DOX removal, due to the enhanced adsorption by
formation of Fe(III)-montmorillonite composite.

3.5. Plausible DOX Degradation Pathway

GC–MS was used to identify the five intermediates of DOX when oxidized by Fe(VI).
The degradation products detected at each reaction period are shown in Table S3 and
Figure S8. Referring to the measured m/z value, the previous literature and consider-
ing the molecular structure of the target pollutants with the oxidation characteristics of
Fe(VI) [30,31,38,39], the possible degradation pathway of DOX is proposed in Figure 11.
The molecular structure of DOX contains a stable naphthol ring, so when Fe(VI) oxidizes
DOX it predominantly attacks the hydroxyl, amino and methyl groups in the DOX structure.
Combined with the TOC degradation results, it can be seen that it is difficult for Fe(VI) to
open the naphthol ring and oxidize DOX into small molecules. From the TOC degradation
effect of DOX (41.68%), it can be noted that, while the degradation efficiency of DOX by
Fe(VI) was high, the degree of oxidation mineralization was insignificant, similar to previ-
ous research results concerning tetracycline hydrochloride removal by Fe(VI) [29,40,41]. As
seen in Figure 10, when oxidized by Fe(VI), the phenolic hydroxyl groups and hydroxyl
groups on the naphthol ring of DOX are first oxidized, and the phenolic hydroxyl groups
are broken and oxidized into p-benzoquinone, while the C–O bond on the naphthol ring
is broken, losing two hydroxyl groups to generate the intermediate product OP1. Subse-
quently, one C–N bond on the naphthol ring of OP1 is broken, losing one amino group
and turning into a carboxyl group, while the other two C–N bonds break and lose two
methyl groups to produce the intermediate OP2. Later, the intermediate OP2 continues
to be oxidized, resulting in C–C bond breaking and the loss of a carboxyl group to form
the intermediate OP3. At this point, the p-benzoquinone structure on the naphthol ring
continues to lose one H2C=CH2 bond due to the oxidation of Fe(VI), producing the inter-
mediate product OP4. Finally, OP4 continues to be oxidized, losing two carboxyl groups,
and becomes OP5, the final product of DOX oxidation.

The FTIR band is captured for Fe(III)-montmorillonite at 400–4000 cm−1, the FTIR
spectra were performed to reveal the nature of the interfacial interactions between inter-
layers of Fe(III)-montmorillonite composite and montmorillonite after reaction (Figure 12).
The bands located at 1043 cm−1 are assigned to NO3

− symmetry stretching [42,43]. The
spectrum also shows stretching modes at 3434 cm−1 [43], while the bending modes appear
at 1635 cm−1 [44]. These samples show evidence for the presence of NH3

+ [44]. It proves
that the C-N bond on the naphthol ring of OP1 was broken, losing one amino group, and
parts of them were oxidized to NO3

− by Fe(VI).
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Figure 11. Proposed pathway of DOX degradation by Fe(VI).

Figure 12. FTIR spectra for the Fe(III) + montmorillonite composite.

4. Conclusions

Fe(VI) is highly oxidizing and DOX removal can be effectively improved by the in-
cremental dosage of Fe(VI) and montmorillonite. Under acidic conditions, DOX oxidation
by Fe(VI) and the adsorption of DOX by montmorillonite can be promoted in the initial
reaction stage. The oxidation of DOX by Fe(VI) finishes within 30 min at an optimal pH of 9.
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The adsorption of DOX by montmorillonite reaches an equilibrium at 4 h, and an increase
in temperature promotes adsorption. In addition, DOX oxidation reactions by Fe(VI) follow
second-order kinetics. Due to the stability of the structure of DOX, Fe(VI) cannot com-
pletely mineralize it. Although DOX was completely removed by Fe(VI), adding a small
amount of montmorillonite to the system can promote the further degradation of DOX
(DOX removal increased from 82.07 to 97.18%). The removal rate was observed to be higher
than simple oxidation. For example, 82% of DOX was removed by the electrochemically
generated Fe(VI) at the molar ratio of 5:1 [18]. The degradation ratios of DOX in the car-
bon black-activated peroxydisulfate and manganese–cobalt–tungsten composite oxidation
process reached 87 and 80%, which was lower than Fe(VI)-montmorillonite synergetic
system [31,38]. This indicated that the Fe(VI)-montmorillonite synergetic system was an
efficient approach to the removal of DOX. In addition to the excellent degradation rate,
the in situ Fe(III) particles formed by Fe(VI) decomposition acted as a good coagulant and
flocculant, promoting the flocculation and precipitation of particles in solution, removing
turbidity. Overall, this work demonstrates that DOX was almost eliminated via the synergy
of Fe(VI) and montmorillonite, and provides insight into the combination of oxidants and
adsorbents in water treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15091758/s1, Text S1. The Fe(VI) determination by ABTS method;
Figure S1: The recovery rate after filtering by 0.22 μm membrane; Figure S2: The standard curve of
DOX; Figure S3: Concentration of Fe(VI) (a) and DOX (b) with the reaction time; Figure S4: Com-
parison of oxidation alone (left axis) and adsorption alone (right axis) on DOX removal; Figure S5:
Isotherm Linear Plot: Montmorillonite (a), Fe(III)+montmorillonite (b); Figure S6: BJH Adsorption
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Abstract: This study is devoted to the Fenton reaction, which, despite hundreds of reports in a
number of scientific journals, provides opportunities for further investigation of its use as a method
of advanced oxidation of organic macro- and micropollutants in its diverse variations and hybrid
systems. It transpires that, for example, the choice of the concentrations and ratios of basic chemical
substances, i.e., hydrogen peroxide and catalysts based on the Fe2+ ion or other transition metals in
homogeneous and heterogeneous arrangements for reactions with various pollutants, is for now the
result of the experimental determination of rather randomly selected quantities, requiring further
optimizations. The research to date also shows the indispensability of the Fenton reaction related to
environmental issues, as it represents the pillar of all advanced oxidation processes, regarding the
idea of oxidative hydroxide radicals. This study tries to summarize not only the current knowledge
of the Fenton process and identify its advantages, but also the problems that need to be solved. Based
on these findings, we identified the necessary steps affecting its further development that need to be
resolved and should be the focus of further research related to the Fenton process.

Keywords: Fenton reaction; Fenton-like reactions; advanced oxidation processes; wastewater treatment

1. Introduction

The Fenton reaction, discovered at the beginning of the 20th century [1], is primarily
based on the idea of the formation of oxidizing radicals, which are created by the catalytic
action of Fe2+ on the decomposition of H2O2, added in a certain amount and ratio to water,
which also contains various organic substances. Oxidative radicals oxidize the present
organic substances to varying degrees during the momentary period of their existence.
This Fenton reaction is homogeneous because the catalyst (Fe2+ ion) is dissolved in water.
However, the catalyst can also be heterogeneous. For example, the Fenton reaction is
heterogeneous in the case of Fe particles, which under certain conditions release Fe ions
into the solution.

The homogeneous Fenton reaction is highly popular, for instance, due to the decon-
tamination of various organic pollutants in wastewater, both municipal and industrial.
This reaction is capable of decomposing even more structurally complex organic sub-
stances, e.g., azo dyes orange II, tartrazine, nonsteroid antiphlogistics such as acetylsalicylic
acid and most pharmaceuticals, as well as bacteriostatic antibiotics, e.g., tetracycline,
2,4-dichlorophene (precursor of the herbicide 2,4-dichlorophenoxyacetic acid), bisphenol
A, various endocrine disruptors, e.g., estrogens, pesticides of all types, etc. On the contrary,
it shows lower efficiency for the decomposition of simpler chlorinated substances, e.g.,
tri- and tetrachlorinated ethanes, chloroform, or tetrachloromethane [2]. The process of
contaminant oxidation in an aqueous environment using the homogeneous Fenton reaction
consists of several successive steps, namely the addition of reagents Fe2+ and H2O2 in
appropriate concentrations and ratios to the contaminated water while adjusting the pH,
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usually to pH 3, the progress and control of the oxidation reaction, the alkalization of the
solution after the reaction, and the coagulation–flocculation of the sludge and its separation.

The Fenton reaction is a pillar of the so-called advanced oxidation processes, which
currently belong to the most important categories of chemical processes aimed at remov-
ing hazardous substances from the environment. To elucidate, a few selected interesting
publications related to this reaction [3] are listed below. They are focused on the Fenton re-
action in real wastewater from various industrial productions [4,5], wastewater from textile
dyeing [6], leachate from landfills [7], fire extinguishing water containing phenol [8], and
the removal of extracellular polymers in sewage sludge worsening its drainage [9]. There
are already hundreds of publications dealing with the Fenton reaction, and its popularity
continues even nowadays, whereby the attention of scientists addressing ecological issues
is turning to previously poorly observed environmental pollutants, the so-called emerging
pollutants. These previously unmonitored substances, contained in waters in concentra-
tions of ng/L to μg/L, such as the so-called endocrine disruptors (hormones, surfactants,
additives to plastics and cosmetics, phthalates, parabens, bisphenol A, nonylphenol) [10–12]
or waste pharmaceuticals and drugs [13] are unwanted waste products of anthropogenic
origin that negatively affect aquatic diversity and are also potentially dangerous for hu-
mans. This study summarizes the current knowledge of the Fenton process and identifies
its advantages and also the problems that need to be solved, considering its historical role.
Based on these findings, the necessary steps are mentioned, which can affect its further
development and should be the focus of further research related to the Fenton process.

2. Advantages of the Fenton Process and Its Historical Role

The Fenton process is based on inexpensive reagents and the reactor arrangement is
simple. Compared to other oxidation systems, e.g., gas–liquid (chlorination, ozonation),
the reaction is not negatively affected by mass transfer. Concurrently, the system of Fenton
components can also be bubbled with air or oxygen, similar to the heterogeneous Fenton
reaction, where dissolved oxygen in water accelerates the formation of Fe2+ in the case
of using solid Fe particles as their source. The reaction can be easily controlled, and the
Fenton process is indispensable if simple and affordable chemicals together with a simple
reactor equipment (essentially a stirred tank) are used.

Fenton’s discovery of oxidizing radicals enabled the development of other new pro-
cesses based on this phenomenon, in which various oxidizing radicals, e.g., singlet oxygen,
are also generated by physicochemical processes, preferably by the action of UV radiation
of various wavelengths, including solar radiation, ultrasound, cold plasma, and streams
of electrons, from which dozens can be assembled by combination. This created a huge
space for further theoretical and experimental studies of advanced oxidation processes
and the verification of their effectiveness and the quality of products for the destruction of
hundreds of different organic substances. It should be emphasized that the classic Fenton
reaction is an excellent basis for the development of such advanced AOP modifications.

Essentially, AOPs are considered to be reactions where the formation of radicals is
initiated by another application of energy intervention, such as ultraviolet radiation. Due to
the more powerful generation of hydroxyl radicals, in most cases, AOPs also show a higher
efficiency of decomposition of organic substances than the classical Fenton reaction, which
is their greatest benefit. Some strongly recalcitrant substances (chloro and nitro derivatives
of phenol, phthalates, polyaromatics, polychlorinated aromatics such as PCBs, dioxins and
furans, pharmaceuticals, chlorinated fungicides and pesticides, alkyl benzyl sulfonates,
etc.) can be significantly disrupted only by these new AOPs. However, they are also more
energy intensive, more expensive, and their strong oxidizing power, in such situations
where the mineralization of organic substances does not occur, can lead to the formation of
oxidation byproducts, which appear more hazardous than the original organic substances.
With the classical Fenton reaction, such danger is less serious.

Nevertheless, the simple version of the Fenton reaction is irreplaceable when the
concentration of the target pollutant to be removed reaches the values given by regulations
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or standards due to its simplicity, incomparably lower costs, and the reduction in the risk
of creating hazardous side- and endproducts, which happens frequently. This trend is
evident not only from the great interest in studying the application of the Fenton reaction
in developing countries, where this simple technology is experiencing a great renaissance,
but also in economically developed ones, where it seems to be an ideal decontamination
technique for the decontamination of water from various smaller brownfields.

Why Are These Promising Methods Not Applied in Industry More Commonly?

AOP is currently receiving extreme attention in literature. AOPs can be made both in
the homogeneous variant (O3/H2O2, H2O2/Fe2+ a H2O2/UV) and the heterogeneous one,
e.g., H2O2/TiO2/UV. However, the main drawback of the homogeneous system is the inhi-
bition of radical propagation due to the presence of radical scavengers that are commonly
present in water, such as carbonates, bicarbonates, and NOM. This is the main reason why
homogeneous variants, including the classical Fenton method, are not implemented for
the treatment of contaminated waters on an industrial scale, although the application of
the Fenton method to various wastewaters is being addressed in laboratories. There have
been a large number of similar contributions in the last decade, especially from developing
countries, where methods of wastewater treatment from various local sources are begin-
ning to be considered, e.g., from wastewater refineries, the textile industry, especially from
dyeworks, tanneries, etc. [14–16]. However, Vega and Valdés [17] documented that the
aforementioned limiting factor could be reduced by a heterogeneous arrangement.

3. Heterogenous Variant of Fenton Reaction

The simplest variant of the Fenton reaction is the application of metallic Fe particles,
including nano-Fe, in which the formation of Fe2+ is applied under the oxidation conditions
of dissolved oxygen in water and in the presence of metallic iron particles, e.g., as nano-
Fe. Although the formation of radicals proceeds through a process similar to that of
the homogeneous Fenton reaction, radicals are mainly formed in close proximity to the
iron surface, where organic pollutants are also sorbed, which makes it easier for them to
meet. Interfering radical absorbers present in the liquid volume have less opportunity
to meet them. It is also possible to consider the addition of some heavy metal ions to
Fe particles during the oxidation process, which would fulfill the ideal requirements for
decontamination reactions based on the Fenton reaction as a universal process, during
which organic pollutants would be decontaminated and some heavy metals extracted
(sorbed) at the same time. However, how the sorption of heavy metal ions on nanoiron
particles could affect the formation of oxidative radicals still remains unknown.

A heterogeneous catalyst is not represented only by particles of metallic Fe. It is also
possible to anchor Fe on carriers (e.g., as Fe nanodots on alumina, activated carbon, and
various biochars) when the adsorption of the pollutant on the active sites of the sorbent
near Fe increases the opportunity for the reaction contact with the catalyst.

It appears that it is possible to incorporate metal ions into the mineralogical grid
of clays (montmorillonite, bentonite, natural and synthetic zeolites), especially Fe, Cu,
Ce, etc., forming structures known as pillared clays, which exhibit the properties of solid
Fenton catalysts, e.g., Fe-ZSM5 [18]. The synthesis of the most common catalyst, Fe-ZSM5,
is of great interest, e.g., [19–23], as it is possible to work with them under less acidic
conditions. Additionally, they find application in the decontamination of a number of
different types of wastewater, e.g., the decolorization of textile waters [24,25], and also
pharmaceuticals [13,26,27]. Clays modified in this way act as successful catalysts for the
destruction of organic pollutants, e.g., [28,29], (see Figure 1), either as Fenton process
catalysts or as photocatalysts or wet oxidation catalysts.
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Figure 1. Pillaring, exchange of simple cations for polyoxo cations, e.g., Al-Fe polycation
(Al13−x/Fex)7+, see Muñoz et al. [30]. Reproduced with permission from Stöcker et al., realiza-
tion of truly microporous pillared clays, published by Chemical Communications, 2018 [31].

For this reason, research on heterogeneous catalysts in recent decades has mainly
focused on two directions in which it is assumed that the inhibition of oxidative radicals is
suppressed. For example, research focuses on catalysts applied in the so-called catalytic
wet oxidation condition, which is a process used for the destruction of organic substances
using oxygen as an oxidant while the reaction temperatures are characteristically high,
usually over 200 ◦C. A number of solid catalysts have been applied based on various
combinations of heavy metals and their oxides, especially transition metals and rare earths,
including their various combinations, e.g., Mn/Ce, Co/Bi, Ru/Ce, or CuO-ZnO-Al2O, etc.
The reaction mechanism in the three-phase arrangement includes a number of interphase
mass transfer steps, and the reaction usually takes place in a bubbled suspension reactor.
High temperature and pressure contribute to the formation of oxidizing radical resistant
to the possible presence of scavengers. Due to this, it is possible to obtain over 90%
conversion of pollutants and mineralization of even complex organic substances into
CO2, ammonia and nitrogen, sulfates, phosphates, and chlorides. Wet oxidation and
catalytic wet oxidation processes, which enable a significant reduction in temperatures and
pressures, have also found industrial implementations for various types of wastewater
(pharmaceutical and chemical industry) in the typical temperature range of 140–325 ◦C and
2–12 MPa. Concerning industrial designs, mainly Fe2+/oxygen, Cu2+/air or oxygen, Fe-Cu-
Mn/H2O2, and Fe2+/air/H2O2 catalysts were applied. Although the process is expensive
and the corrosion of the metal parts of the reactors may cause a problem, it is reported
that it can be cheaper than incineration with all the safeguards. All important aspects of
this process are excellently described in Bhargava et al. [32]. It can be summarized that
even this very promising process can be considered as a continuation of the heterogeneous
Fenton reaction realized under high pressures.

Activated carbon, AC/H2O2 and AC/O3, also plays a very important role. When in
the presence of hydrogen peroxide, activated carbon acts as a catalyst because it can produce
additional oxidative radicals, and it seems that the inhibition of radicals is suppressed in
this system [17]. In the case of ozone, the presence of activated carbon generates oxidizing
radicals via the decomposition of the ozone. However, the chemistry of AC surface groups
plays a crucial role in radical production. Longer-term contact with hydrogen peroxide
disrupts the composition of AC surface functional groups and reduces the formation of
radicals due to the increased formation of acidic surface groups. Obviously, the presence of
basic groups is mainly responsible for the catalytic decomposition of hydrogen peroxide,
which leads to the production of radicals [17]. Nevertheless, other authors favor accelerating
the formation of radicals with HNO3 vapors [33]; thus, it would be appropriate to further
examine the activated carbon including various biochars as catalysts for the decomposition
of hydrogen peroxide. It is evident that not only the selection of suitable ACs and their
surface treatment can reveal a longer duration of use in contact with peroxide. Additionally,
Vega and Valdés [17] simultaneously showed that the presence of metal ions on the AC
surface, mostly Fe, could play a significant role in the decomposition of hydrogen peroxide,
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thereby increasing the formation of radicals. Even this variant with AC and hydrogen
peroxide can be considered as an AC/H2O2/Fe2+ application of the Fenton process in a
heterogeneous arrangement.

The presence of mesoporous-activated carbon particles is particularly advantageous
in waters with a high TDS content (total dissolved soils), which inhibits the formation of
radicals during a homogeneous Fenton reaction, as described in the work [34] focused on
waters with a high TDS content of around 1%.

It is difficult to decide whether coal acts as a generator of radicals in the presence of
dissolved oxygen, or only as a base with active sites for the contact of organic substances
with radicals created by other processes than with the contribution of coal, or mainly as
a TDS sorbent. Nevertheless, TDS can be sorbed onto the coal and stop interfering with
the generation of radicals. Such situations, in the case of waters with a high TDS content
(e.g., from tanneries), must be further studied. It is important for the heterogeneous Fenton
reaction that the reaction takes place on the surface of the catalyst, and the adsorption of the
organic pollutant is one of the important steps for the efficiency of oxidative degradation
by radicals (see Figure 2). At different pHs, the isoelectric point of the catalyst would
be different, and the electrical charge of the decontaminated target substance would be
similarly affected. Simultaneously, the pH of the solution influences the electrostatic
relations between the substance and the catalyst (i.e., repel or attract), which can explain
the effect of pH on the greater success of the degradation of the target substance under
either a homogeneous or heterogeneous Fenton reaction. However, even a pH closer to
neutral can save neutralization costs, which are more favorable for heterogeneous Fenton
reaction applications. Thus, further research in this direction is still open.

 

Figure 2. Formation of radicals on Fe-zeolite during oxidation of textile dyes. Reproduced with
permission from Queirós et al., heterogeneous Fenton reaction oxidation using Fe/ZSM-5 as catalyst
in a continuous stirred tank reactor, published by Separation and Purification Technology, 2015 [25].

It is evident that different heterogeneous variants of the Fenton reaction can enlarge
AOP for water decontamination at industrially interesting scales and, at reasonable costs,
result in useful solutions for environmental issues. For these reasons, considerable attention
is currently focused on the development of heterogeneous catalysts with a high and long-
term photocatalytic activity for the Fenton and photo-Fenton oxidation of wastewater. A
promising heterogeneous variant can work in the future at a neutral pH (which is so far
a practically unattainable wish of environmental engineers) and ambient temperature,
without the need to neutralize the effluent after treatment. Illustrative examples are
particles of magnetite, (Fe3O4), hematite (Fe2O3), goethite (α-FeOOH), pyrite (FeS2), and
lepidocrocite (γ-FeOOH), although compared to the homogeneous variant, the oxidation
reaction rate was usually lower due to the retarding mass transfer effect on the catalyst
surface. Hematite and goethite have iron in the Fe3+ oxidation state, and for the formation
of active radicals, it would be more appropriate to apply UV radiation, which formally
follows from the theoretical relationships presented below. It was found that at the same
time, they also act as photocatalysts and produce other necessary radicals due to the further
reaction of the regenerated Fe2+ with peroxide (relation (2) below). Many possible synthetic
and natural catalysts have already been described. Essentially, most solid substances
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containing transition metals, whether synthetic composites or natural minerals, when in
contact with hydrogen peroxide, show catalytic abilities to generate hydroxide oxidation
radicals, e.g., [35].

A number of works are devoted to the magnetic surface on powdered activated carbon,
which is positive for the practical application, as it is relatively simple to produce a catalyst
with magnetite nanoparticles. The coprecipitation reaction (addition of Fe2+ and Fe3+

salts to treated activated carbon by precipitation with ammonia) is used, see instructions,
e.g., [36], while the range of possibilities to degrade various pollutants is really large.

However, the problem with these solid catalysts lies in the gradual leaching of the
metal component into the solution and thus in the gradual transition to the conditions of the
classic Fenton reaction. The solution to prevent this transition of the heterogeneous Fenton
reaction lies in the use of stable nonmetallic catalysts such as graphene [37]. Graphene can
act as an effective electrode in the electro-Fenton process [38], as well as graphene oxide, or
graphene cornered on F3O4 particles, which are sacrificed during the reaction [39]. Related
to this, it can significantly stabilize and regenerate Fe2+ formed by the reaction, i.e., prevent
the premature formation of, e.g., Fe3+ sludge [40]. It turns out that in such constellation,
Fe3+ is more active than Fe2+; however, carbon nanotubes, diamond nanoparticles [41], or
fullerenes [42] could also be used. These carbon species can act either as a separate catalyst
or rather as a carrier with a large interfacial area for various combinations of transition
metals, e.g., Ce-Fe-RGO (RGO-reduced graphene oxide) [43]. Simultaneously, it has been
proved that the Fenton reaction can be operated over a much wider pH range. For example,
Wan et al. [43] even stated the pH of 7. Nevertheless, the experimental verification of
similarly optimistic data would be necessary.

Current experience with the application of nanocarbon catalysts to the Fenton process
is provided by Xin et al. [42]. However, further studies are necessary to verify that the efforts
associated with the preparation of these catalysts (e.g., the technique of laser bombardment
of graphite, electrospinning of preprepared forms of nanocarbon particles, vapor deposition,
etc.) will ensure the increased degradation efficiency, or optimally, the application of this
reaction in a pH-neutral environment at reasonable costs. Commercially available activated
carbon fibers saturated with Fe3+ can act competitively by simple immersion in chloride
hexahydrate [44], and reduction, e.g., by borohydride in the case of nanoiron, as stated
for the application of the natural fibers of palm biochar [45]. However, activated carbon
impregnated with Fe ions can also be used. It was verified by Duarte et al. [46] and
Messele et al. [47] for phenol degradation.

In particular, Soares et al. [48] showed that highly mesoporous supports (sol-gel-
method-prepared Fe/Xerogel M) and supports with a large interfacial area (Fe/activated
carbon M) with 2% Fe content and with increased N- functional groups as catalysts of the
Fenton heterogeneous process had greater degradation capabilities than other forms of
carbon catalysts in the degradation of p-nitrophenol, 3.6 mmol/L and H2O2 29, mmol/L
compared to catalysts with carbon nanotubes, which greatly favor the Fenton reaction in
a simple version with treated activated carbon (N- functional groups, e.g., after soaking
in a solution of melamine or urea). It follows that the surface phenomena, which have
not yet been completely clarified, are important at the application of the heterogeneous
Fenton reaction. It is obvious that the combination of a high number of mesopores and
a high interphase area together with the introduction of suitable functional groups (for
p-nitrophenol, e.g., N groups) allow for a given wastewater to “tailor a catalyst” for optimal
conversions. Therefore, research is also open to easily available activated carbon as a
component of the Fenton reaction catalyst.

4. When Can the Original Homogeneous Fenton Reaction Be Used?

There are many examples in the literature where real wastewater from various tech-
nologies are applied. Unfortunately, the experiments were not carried out on a scale that
would demonstrate the possibility of a continuous application of the Fenton reaction, which
is essential for industrial use. Most of the published works were applied as demonstra-
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tions in glass on a laboratory scale, although experiments were conducted with real water
samples collected in effluents from various technologies. Moreover, the Fenton reaction
is currently very popular in the photo-Fenton variant, i.e., with the participation of UV
radiation, which is another problem for scaling up.

However, the Fenton reaction is cited as the first option for reducing COD values in
highly contaminated waters with a high content of dissolved substances, colloids, and
NOM, especially strongly colored ones, e.g., for the removal of COD from wastewater
after textile dyeing (from dozens of works, e.g., [49]) or even leachate from landfills of
various wastes.

The Fenton reaction would be potentially usable as a pretreatment process followed by
other processes such as bioremediation, adsorption, membrane separation, sterilization, ion
exchange, etc. Another possibility could be its use as a part of a reduction–oxidation node
(reduction of chlorinated substances by metal + Fenton reaction). Similarly, it is possible to
include (electro)coagulation, filtration, or membrane separation before applying the Fenton
process (e.g., Vergili and Gencdal [50], for removing pharmaceuticals). The achievement of
a BOD5/COD ratio greater than 0.4 is often considered as a criterion for the suitability of
subsequent biodegradation (see, e.g., Cortez et al. [7]). However, the Fenton reaction does
not always reach this ratio, and therefore, it is necessary to apply other oxidation processes.
If we abandon the use of UV as too expensive, then the combination of H2O2/ozone can be
applied with a small concentration of peroxide, e.g., 400 mg/L [7].

Furthermore, it should be mentioned that reaching the expected final concentrations
of the removed substances can be considered a success; however, the decisive factor is
whether the resulting water is not ecotoxic after the treatment, i.e., particularly, if it is
not carcinogenic and mutagenic. The negative result of the relevant ecotoxicological
test, especially, for example, on lower organisms, is completely decisive for expressing
the success of the method used. Considering this fact, it is necessary to emphasize the
fundamental advantage of the Fenton reaction, namely that even if it usually does not reach
the mineralization of dangerous organic substances, it generally does not provide ecotoxic
intermediates or products, and related to this, it increases the possibility of the subsequent
bioavailability of pollutants.

Simplified Theoretical Basis of the Fenton Reaction

Well-known relationships involve the principle of the oxidative radical formation
and, simultaneously, the oxidation of the target substance R is indicated. The quantity
and quality of oxidation radicals are apparently different. The equations are, for practical
reasons, focused on the •OH radical, which reveals a very strong oxidizing potential and
can be quantified by set methods.

Fe2+ + H2O2 → Fe3+ + •OH + OH− (1)

Fe3+ +H2O2 → Fe2+ + HO2• + H+ (2)

Compared to (1), (2) is several orders of magnitude slower, Fe3+ at a pH higher than
5 forms solid oxyhydroxides, and the cycle is completed.

RH + •OH → R• + H2O (3)

R• + H2O2 → ROH + •OH (4)

Fe3+ + HO•2 →Fe2+ + O2 + H+ (5)

R• + O2 → ROO• (6)

These radicals, R• and ROO•, can further become disproportionate, or produce rela-
tively stable molecules, or react with Fe ions (e.g., [51]). The produced organic intermediates
can further react with hydroxyl radicals and with O2 and thus lead to other decomposition
products and, in the ideal case, to mineralized components (H2O, CO2, Cl−, etc.), which
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is only sometimes completed. A number of similar simplified schemes can be found, as
reported in detail, for example, by Umar et al. [52]. However, it is assumed that four main
reaction pathways actually occur: the addition of radicals, abstraction of hydrogen, transfer
of electrons, and combination of radicals.

However, it is important for practice that the Fenton reaction enables the oxidation
and gradual destruction of a number of organic substances, although the exact theoretical
background is still not clearly known.

5. Problem of the Fenton Process

The biggest problem with the Fenton reaction lies in the fact that the amount of hydro-
gen peroxide and ferrous ion is not optional and cannot be predicted for real wastewater.
Moreover, the decontamination efficiency of various organic pollutants of the target compo-
nents of interest depends on both the H2O2:R ratio and the H2O2:Fe2+ ratio. Furthermore,
these ratios depend not only on the concentration, chemical composition, and structure
of the target substance R but also, in real waters, on a variety of organic and inorganic
substances, which are undefined in terms of both their composition and structure. These
substances are defined by terms such as natural organic matter (NOM) or dissolved organic
matter (DOM), the total amount of dissolved solids, usually salts, total dissolved solids
(TDS), chemical oxygen demand (COD, an indicative measure of the amount of oxygen that
will be consumed during the reaction), total organic carbon (TOC), or biological oxygen
consumption (BOD5), which is the biochemical oxidation of organic or inorganic substances
in water under given conditions. The mentioned group quantities are defined by the rel-
evant standardized procedures. Regarding the mechanism of radical formation in AOP,
these components consume oxidative radicals; however, they can also produce them under
irradiation with light of different wavelengths. Some of them also act as radical absorbers,
and heavy metals can even act as catalysts. In addition, these groups show very different
values in real waters. For these reasons, to remove the same concentration of the target
pollutant (e.g., 100 mg/L benzene) from different wastewaters, a different and difficult
method to predict the amount of the substance is needed.

The existence of oxidizing radicals •OH is also very sensitive to both the amount of
supplied H2O2 and Fe2+, which can be formally expressed as relationships:

Fe2+ + •OH → Fe3+ + OH− (7)

H2O2 + •OH → H2O + HO2• (8)

HO•2 + •OH → H2O + O2 (9)

However, the oxidizing power of both O2 itself and other possibly present radicals is
much smaller than that of the •OH radical.

It would be theoretically possible to estimate the H2O2:R ratio from the assumed oxi-
dation schemes for the pure R component for pure water; nevertheless, it is impossible for
real water. The ratio must be determined experimentally for each case as evident from data
provided by various authors. The values and the ratio of H2O2:Fe2+ for diverse organic sub-
stances and real water with different concentrations of the target components R, COD, TOC,
and BOD varied considerably, mostly from 2.5–40 mmol/L: 0.17–1.48 mmol/L, and the ratio
was usually 20–27. However, the values of this ratio also reached 33 or 3 (at 4 mmol Fe2+

for landfill leachate with COD = 743 mg/L, see [7]). For instance, in Hasan et al. [53] and
Diya’uddeen et al. [8], the optimal H2O2 concentration was chosen to be 40.3 mmol/L and
for Fe2+ was 1.48 mmol/L in a molar ratio of 27.2 for real water containing COD and target
phenol in measured concentrations of 2322 mg/L and 84.8 mg/L. However, for high COD
values and complicated compositions, e.g., seepage waters containing a number of different
micropollutants (phenols, PAHs, pesticides, phthalates, and nonylphenol in microgram
quantities), hydrogen peroxide was applied in up to hundreds and thousands of mmol/L
in order to achieve a reduction in COD below the recommended 1000 mg/L and such
quality of the water, which would make it possible to lead it, for example, to the biological
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stage of the WWTP [54]. Even in the work devoted to the treatment of dyeing wastewater
containing azo and anthraquinone dyes with a COD over 2500 mg/L, in Gulkaya et al. [55],
the authors report a possible supply of 11,323 mmol/L H2O2 and a ratio of H2O2:Fe2+ (g/g)
up to over 100 for 95% COD removal. Another example of pharmaceutical wastewater
(COD = 18,000 mg/L) states 1000 mmol/L H2O2 and 50 mmol/L Fe2+, i.e., the ratio of
20 [50], and a recommendation for hydrogen peroxide dosage in the range of 1–10 mg/L [5],
which differs significantly from most designs. It is clear from the published results that
there is a significant difference for the estimation of the basic Fenton equation parameters,
whether it is the degradation of an organic component in water or in real water, where
the synergistic oxidation of all present components, including NOM (usually expressed as
COD), takes place. In this case, it is necessary to find the parameters experimentally.

The amount of hydrogen peroxide and the ratio to the catalyst is difficult to estimate
even for modifications of the Fenton process. For example, the addition of ozone can
reduce the dosage of hydrogen peroxide, while the pH is adjusted towards higher values
within which ozone produces radicals. For very complex contaminated leachate from
waste dumps (usually with COD above 2000 ng/kg and BOD5 below 100 mg/kg), the
applied peroxide concentration was 50 mmol/L and the ratio to Fe2+ was 1 [56]. In the
case of waters from the production of ammunition containing nitroaromatics and toxic
azo components, even for the combination of Fenton with ultrasound, the inverted ratio
Fe2+/H2O2 = 500 (concentration in mg/L) was chosen [57]. Roudi et al. [58] mathematically
determined the optimization for landfill leachate values of pH = 3, Fe2+ = 781.25 mg/L,
Fe2+/H2O2 = 2, which is in agreement with the value recommended by Cortez et al. [59].

A large number of similar articles can be found in the literature, mostly without a
deeper attempt to correlate the obtained data. Closer connections with the content of COD
and TOC were sought by Benatti et al. [60], who optimized these amounts for wastewater
more generally as the ratios [COD]:[H2O2] = 1:9 and [H2O2]:[Fe2+] = 4.5:1 (in mg/L, COD
in mg/kg).

However, despite a certain chaos in the determination of the basic parameters of the
Fenton process, this process has the preconditions to be applied in a real process, certainly
as one of the rational pretreatments of heavily contaminated water. For orientation, cost
estimates, e.g., to reduce COD minimally by 70% in wastewater from the production of
vegetable juices, for [Fe2+] = 20 mmol/L, [H2O2] = 100 mmol/L, pH = 3 a 4 h, the operating
procedures were calculated at 4.38 € per m3, see Amaral-Silva et al. [61].

5.1. COD and TOC, Important Criteria for Estimating the Inlet H2O2 Concentration and
Ratio H2O2:Fe2+

Turki et al. [62] searched for the optimum inlet concentration for highly polluted
landfill leachate COD of 12,000 mg/L. They found the optimum at an 82 mmol/L H2O2
and H2O2/Fe2+ ratio at 4. However, the authors of [63], based on semitheoretical notions of
the Fenton mechanism, estimated such quantities as 1.2 mg H2O2 per 1 mg COD input and
0.9 mg Fe2+ per 1 mg COD, which is a smaller molar ratio of the order. Similarly, concerning
wastewater from a flax cleaning plant, Abou-Elela et al. [64] indicated a suitable molar
ratio of H2O2/Fe2+ as 25 and a ratio, H2O2:COD = 0.75–1, for COD up to 6 g/kg, which
is similar to Turki et al. [62]. However, for cork boiling waters with COD = 5000 mg/kg,
they reported an optimal ratio of H2O2:COD of 2.2 (all in mg/L), an inlet concentration of
311 mmol/L, and an H2O2/Fe2+ ratio at 8.2.

The theoretical ratio of H2O2:COD was originally designed as stoichiometric:
1 g COD = 1 g O2 = 0.03125 mol O2 = 0.0625 mol H2O2 = 2.125 g H2O2 [65,66]. It was ap-
proximately valid, for example, for small values of COD = 964 mg/L, for the decontam-
ination of wastewater from paper mills with the optimum for H2O2:COD = 0.52–1.04
and input values of H2O2 = 15–30 mmol/L [67]. Similarly, the determination of the most
suitable ratio H2O2:COD = 2 for the decontamination of synthetic paint (COD = 421,
H2O2 = 800 mg/L, Fe2+ = 150 mg/L, molar ratio H2O2:Fe2+ = 8.8) falls into the specified
range [68]. However, these numbers are not generally valid, which is usual for Fenton
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reactions in the case of real water. For example, Talebi et al. [69] used 747 mg/L H2O2
for leachate from landfills with a COD of 3.511 g/L, whereas Saber et al. [70], exploring
refinery wastewater, published the ratio of H2O2:COD = 10.03 and used a COD = 450.

Other authors suggest [53] that rather than relying on COD values, it seems more
plausible to consider TOC. They reason that TOC measures carbon that is directly converted
and, therefore, is affected neither by the oxidation state of the organic matter nor by
organically bound elements such as nitrogen, hydrogen, and inorganic matter. In addition,
COD inadequately reflects the actual oxygen requirements for organic pollutant oxidation,
as it also includes the oxidation of other substances, e.g., ferrous ions, sulfides, etc. This
may explain the reason why the used concentrations of the basic components of the Fenton
process and their ratio can be difficult to correlate in real wastewater. However, in the
case of a large difference in COD >> TOC concentration, it will be necessary to consider
the different chemistry and structure of organic substances, and therefore increase the
amount of peroxide. It is very likely that the dosing of chemicals will also affect the BOD
and the BOD5:COD ratio and thus also the biodegradability, which opens up space for
further research.

5.2. Effect of Organic Substances in Effluents (EfOM-Effluent Organic Matter)

The Fenton reaction is often applied to eluents from WWTPs, while effluents from
treatment plants contain organic substances, which are, for example, substances resulting
from the biological activity of microorganisms, known as so-called extracellular dissolved
polymeric substances and soluble microbial products of microbial cell metabolism. These
are the ingredients that make up the bulk of COD. Basically, they play the role of sensitizers
in photochemical reactions, and therefore, they affect reactions related to UV and solar
radiation; moreover, they can also affect the result of an ordinary Fenton reaction, carried
out in dark or light environments. Apparently, all advanced oxidation processes are
affected by the presence of EfOM, where the main oxidation process takes place with these
components, with the micropollutants being degraded as a cometabolic process according
to these ideas (see hypothesis in Giannakis et al. [71]). Humic substances absorb light
and produce a hydroxyl radical; consequently, further reactions occur with the organic
substances and dissolved oxygen present. The entire system, in the presence of hydrogen
peroxide and Fe ions, further participates in the formation of oxidative radicals. It is clear
that the oxidation process under the conditions of a simple Fenton reaction, but even Fenton
under solar radiation (UVA, UVB) or hard UVC radiation, is very complicated, and some
opinions of different researchers are mentioned in the publication Giannakis et al. [71].

Obviously, Fenton processes can contain organic sensitizers in different qualities and
quantities in different real waters, especially in WWTP effluents; hence, the setting of the
most suitable reaction conditions depends mainly on the EfOM content, which significantly
varies. The presence of suspended particles would also have an impact, which would
affect the penetration of light. Thus, the main process of advanced oxidation by radicals is
the destruction of EfOM, while the oxidation of micropollutants is rather accidental and
accompanying. Probably, micropollutants would be removed only after EfOM has been
removed from these waters. Thus, the preliminary removal of these substances, for example
by coagulation or membrane filtration, would be suitable for the deeper decontamination
of micropollutants. It can be assumed for Fenton, solar Fenton, and UVB-photoFenton
that degradation rates (e.g., pharmaceuticals) are rather slower than with UVC/H2O2
applications. However, the amount of micropollutants removed by the Fenton reaction can
be significant for all reactions.

5.3. What Else Needs to Be Clarified concerning the Fenton Reaction?

Considering the fact that TOC and COD are usually associated with contaminated
water, it is essential to quantify or realistically estimate the concentration of oxidizing
radicals formed by the Fenton reaction necessary for the degradation of organic pollutants in
order to achieve the permitted desired target values (concentration of the target component
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or final COD, e.g., 1000 mg/kg, zero ecotoxicity, etc.). The amount of oxidizing radicals
can be quantified (e.g., [72–75]). Regrettably, the stoichiometric relationship between
TOC and the amount of oxidizing radicals is usually not specified. The total amount of
generated oxidizing radicals for different concentrations of H2O2 and Fe2+, as well as for
their H2O2/Fe2+ ratio (e.g., for pH 3), is not sufficiently known, which makes a more
accurate estimation of the input composition of peroxide and Fe ions for individual cases of
contaminated water impossible. Usually, these parameters are selected based on previous
experience and are further optimized experimentally. For this reason, it is necessary to
accept the situation that the setting of suitable concentrations of basic chemicals and their
ratio in the Fenton reaction cannot be reliably determined in advance. Simultaneously, it
should be taken into account that the vast majority of works on the Fenton reaction were
carried out with simulated water, and their conclusions are unreliable for real water.

6. Disadvantages of the Basic Fenton Process and Possible Solutions

The basic disadvantage of the Fenton reaction is the low pH value around pH 3, above
which the radicals are not stable. Moreover, at a pH below 3, there is a strong reduction in
radical formation [13], and at a pH above 3, specifically around pH 5, insoluble Fe(OH)2
is formed, and at a pH above 4, the low decomposition of peroxide, which preferentially
decomposes into oxygen and water without the formation of radicals, appears. For these
reasons, it is also necessary to focus on whether the target organic substances are soluble at
all of the pH ranges suitable for the generation of radicals. In the case of heterogeneous
catalysts, it is also essential to consider the isoelectric point and the surface charge of the
catalyst as well as the target substance, i.e., whether the adsorption of the substance on the
catalyst is favored at a given pH. It is one of the important control steps of radical oxidation
on the catalyst. Treated water also needs to be neutralized before being released into the
environment, which increases the cost of chemicals.

It appears that it is possible to apply an additive that “wraps” the Fe ion and prevents
the precipitation of iron hydroxide (e.g., by adding resorcinol, see Romero et al. [76]). This
direction becomes interesting for further research related to the effort to realize pollutant
oxidation at a neutral pH, which is highly urgent.

The application of the Fenton reaction under desired neutral conditions is currently
possible only with its modified hybrid version, e.g., with the catalyst ferric-nitrilotriacetate
complex (Fe3+-NTA) and under the influence of UVA radiation (0.178 mM Fe3+-NTA (1:1),
4.54 mM H2O2, UVA intensity 4.05 mW/cm2, hydraulic retention time (HRT) 2 h, influent
pH 7.6 [77]). The application of various chelate complexes with Fe can also be considered as
a variant of the homogeneous Fenton reaction, which is also possible in execution with UV.
The generation of •OH radicals was also confirmed with the use of Fe3+-ethylenediamine-
N,N′-disuccinic acid (Fe3+-EDDS), and regarding the degradation efficiency, it greatly
surpassed other Fe3+ complexes, e.g., with citric, malic, oxalic, and wine acid.

Some authors solved the problem of reducing the high consumption of chemicals by
treating effluents from treatment plants with extremely low values of iron and peroxide
(from popular ratios such as H2O2/Fe2+ (in mmol/L) = 2/0.2 or 3/0.3. They choose the
smallest one, perhaps 1.5/0.1), and the solution was doped with chelates (EDDS and citrate)
when it was possible to work at an almost neutral pH, see Miralles-Cuevas et al. [78]. It was
verified only for low values of drugs (carbamazepine, flumequine, ibuprofen, ofloxacin, and
sulfa-methoxazole) around 15 μg/L and very low values of COD (30–40 mg/L). However,
the result of the Fenton reaction, e.g., in the simultaneous presence of complex substances,
can be different from the classic Fenton reaction, see Kuznetsova et al. [79], and unlike the
classic Fenton reaction, the reaction can also take place at a higher pH, which would be
highly favorable. Nevertheless, a more acidic environment would be more favorable even
in the presence of chelates and with a heterogeneous Fenton reaction (which is shown by
the reduction in •OH oxidation potential formation at a neutral pH (2.8 V at pH 3 vs. 1.9 V
at pH 7) [25]).
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Additionally, another disadvantage of this reaction is the necessity to subsequently
rid the treated water of Fe ions or complexes. Further disadvantages of the homogeneous
Fenton process, such as the formation of a large amount of Fe3+ and the limited pH range
in the very acidic region, prompted the testing of the Fenton process in a heterogeneous
form. Additionally, the application in real wastewater encounters the presence of various
chelating substances and phosphates, which can react with Fe ions and, thus, interfere with
the generation of oxidative radicals, as already mentioned.

7. Energy-Assisted Fenton Reactions

As already stated, the simple original Fenton reaction (Fe2+/H2O2) can be simultane-
ously combined with UV radiation, ultrasound, or ozonation. Compared to the original
classical technology based on simply mixing two common chemicals, such variations are
now referred to as “advanced” and are a part of the AOP. The simplest advanced mod-
ification of the Fenton reaction is its execution under the application of UV radiation of
different wavelengths, which is known as the photo-Fenton variation (Fe2+/H2O2/UV).

The development of the knowledge of the theoretical foundations of the Fenton process
has led to the study and optimization of the Fe2+:H2O2:UV ratio, and logically also to the
idea of simplifying the scheme of the photo-Fenton arrangement, for example, by reducing
the mass of the catalyst to a minimum, and studying simpler arrangements without the
presence of a catalyst. It could even be a system where the amount of catalyst is zero, i.e.,
the H2O2/UV system, in which the oxidizing radicals are generated only by the action of
UV radiation on hydrogen peroxide and water. This system is universally applicable to
underground and surface wastewater, and it is the only one that enables the large-scale
treatment of contaminated water for drinking purposes, perhaps with the exception of
perfluorinated compounds. Some successes under strictly laboratory conditions—including
photolysis and photo-Fenton for shorter perfluorinated compounds—are cited by Arvaniti
and Stasinakis [80].

Photo-Fenton is already an independent process to which dozens of scientific reports
are devoted [81–84]. Its simple variation could represent a promising water decontami-
nation process; however, the decontamination products and intermediates may be more
toxic than the parent contaminant, and hence there is space for further ecotoxicological
research. This danger does not appear with the photocatalysis process. Instead of Fe2+

or particles of zero valent Fe in the heterogeneous Fenton variant, other catalysts can be
applied, e.g., TiO2, ZnO, i.e., chemical semiconductors which, when irradiated with UV
light of certain wavelengths, produce radicals capable of oxidizing organic substances
in water [85]. The combination with photocatalysis, when the full use of photogener-
ated electrons can be expected, which would increase the efficiency of the Fenton process
for the application of various semiconductors (such as TiO2, g-C3N4, graphene, BiVO4,
ZnFeO4 and BiFeO3, activated carbon/CoFe2O4 nanocomposites, etc.) is currently being
thoroughly studied [86–88].

From an economic point of view, it would be interesting to replace UV radiation with
solar radiation and simultaneously use ultrasounds such as F/US or ozone F/O3. These
modifications create different amounts of reactive oxidizing radicals, which are higher than
their amount in the classic Fenton process [89]. Variations in the amount of peroxide and the
ratio with Fe2+ were recorded, e.g., for leachate, 2000 mg/L H2O2 and 10 mg/L Fe2+ were
used during aeration under a medium-pressure Hg lamp (125 W). The amount of COD
dropped by 57% from 5200 mg/L within 60 min [90]. The decolorization of wastewater
especially from the food industry is often preferred. The almost complete decolorization
of strongly dark water from olive oil production, which is a significant environmental
problem, e.g., for the Mediterranean countries of Europe, was achieved by the combination
of H2O2/Fe (6/1 volumes) under UV radiation [91].

According to the targeted interest of most authors dealing with the oxidative decon-
tamination of organic substances, photo-Fenton, which has been verified in the removal of
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various pesticides, antibiotics, or industrial waters [49,92,93] is currently preferred, as well
as solar radiation at a neutral pH [94,95] or with heterogeneous catalysts [96,97].

It is evident that the application of heterogeneous variations, including photocatalysis,
is more efficient and, due to the reduction in the difficult final sludge, more practical than the
homogeneous Fenton reaction. Heterogeneous photo-Fenton with UV radiation could thus
be a good alternative for solving a number of water decontamination problems. However,
for highly polluted effluents, the penetration of UV radiation through a dense suspension
will be strongly reduced. In this case, the solution could be a variation producing UV light
using so-called electrodeless lamps with the application of microwaves, which are inserted
directly into the catalyst suspension, and the radiation is thus in direct contact with the
contaminant, e.g., heterogeneous Fenton + electrodeless lamp UV + microwaves. This
combination, which has already been tested for the decontamination of highly polluted
seepage waters [98] or without a catalyst for the removal of polybrominated substances by
Kastanek et al. [99], could prove useful for point sources of limited volumes of wastewater,
e.g., hospitals.

Another modification of the Fenton reaction is the electro-Fenton reaction, in which
the two chemicals H2O2 and Fe2+ are produced electrochemically, while the generated
radicals have an oxidative effect on the organic pollutants present (see Figure 3). It is an
interesting process, suitable for laboratory verification and theoretical research with the
potential of practical applications [100–103]. Hydrogen peroxide is formed on the cathode
during bubbling with oxygen, which does not need to be added. Simultaneously, the Fe3+

ion formed by the Fenton reaction is reduced, which contributes to the renewal of the
Fe2+ catalyst and the decrease in the ferric ion, thereby reducing the formation of iron
sludge, which is one of the inconveniences of the classic Fenton reaction. However, the
exact explanations for both radical generation and Fe2+ → Fe3+ → Fe2+ transitions have
not yet been found.

Figure 3. Electro-Fenton reaction mechanism diagram [42].

An important role is played by the design, arrangement, and material of the elec-
trodes, especially the cathode, which affects the formation of peroxide [104]). For example,
Wang et al. [105] recommends a carbon–polytetrafluoroethylene mixture as a base on a
Ni-grid, Zhao et al. [106] recommends graphene, etc. Apparently, the biggest technical
problem in practical use is solving the electrode distance for a scale up. Heidari et al. [107]
showed that the optimal electrode distance was 3 cm (in a 400 mL beaker, diameter 8.8 cm)
for the successful degradation of organics in water, specifically pentachlorophenol. For
realistic wastewater flows, it would be necessary to construct a reactor as a multiple system
of horizontally and vertically placed pairs of electrodes, which has not yet been tested.

However, the formation of insoluble hydroxide, which is inevitable during the course
of the reaction and covers the cathode over time, which reduces the amount of generated
hydrogen peroxide, is a problem. It will be difficult to estimate the ratio of peroxide to
catalyst. Moreover, regarding real waters, a part of the Fe ions will react with humic
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substances and compounds of fulvic acid and NOM to solid flocs, which may dissolve
during the reaction. It will be necessary to optimize whether it is more appropriate to
separate the flocs (they retain significant amounts of organic substances and possibly
heavy metals present) or to leave them in the reaction mixture as a source of catalyst.
Coagulation–flocculation is, after all, a common pretreatment method for Fenton reactions,
see Vedrenne et al. [108]. An electro-Fenton reaction would generally be suitable for
wastewater with a high salt content, owing to the fact that there is no need to dope the water
with an electrolyte (especially for the complex composition of, e.g., leachates wastewater
from landfills, or wastewater from leather treatment, textile dyeing, etc.). Nevertheless, it is
necessary to master the reaction arrangement in real large-volume conditions, namely the
material of the electrodes, their size, distances, etc. For example, the so-called reticulated
vitreous carbon RVC was applied as a cathode by El-Desoky et al. [109].

Another possibility for the generation of radicals is the use of ultrasound (US), which
could be more economically advantageous than UV radiation. It is apparently possible to
achieve good efficiencies with less chemical consumption and in a shorter time with the
application of US [110]. This is an indisputable advantage that would significantly reduce
the amount of sludge with Fe3+ [111]. Simultaneously, it is necessary to optimize power
USs because increasing the power may cause more formations of cavitation bubbles, which
generate oxidative free radicals OH•, and the supersaturation of the bubbles may even
cause less implosion, resulting in less efficiency of organic matter destruction.

During the ultrasonic radiation process, there are three reaction degradation zones: hy-
drophilic substances are localized inside the solution, nonvolatile hydrophobic substances
are located mainly at the bubble–water interface, and volatile substances are mostly inside
the cavitation bubbles. Pyrolysis, as a degradation reaction, takes plays inside the cavitation
bubbles. On the surface of the bubbles, the main reaction is the attack triggered by radicals
arising during the implosion of the cavitation bubbles. Last but not least, in the volume of
the solution, the reaction takes place with free radicals. Therefore, it is a very complicated
process, where each substance is differently hydrophobic, and it is difficult to optimize
the entire system [112]. Different ultrasonic variations in the Fenton reaction were again
tested, e.g., the electro-Fenton reaction with US, in which hydrogen peroxide and Fe2+

were generated in an electrochemical cell with special electrodes (boron diamond doped
electrodes) under the influence of US [113], or the completely reduced version without Fe
ions (e.g., Rahdar et al. [114]), as an analogy to advanced UV/H2O2 oxidation. The use
of US was also confirmed by Muñoz-Calderon et al. [115], who claimed that the correct
dosing of the oxidant and catalyst, supported by ultrasound, could be a good alternative to
the Fenton reaction.

8. Summarization

The Fenton reaction, by introducing the concept of oxidizing hydroxyl radicals, created
the phenomenon of contemporary advanced oxidation processes. It is unique in its apparent
simplicity and could significantly contribute to the healing of the environment in all its
modifications. The Fenton reaction has been cited and experimentally verified for decades,
and although hundreds of publications have been devoted to it, much remains unexplained.
Even some very basic data, such as the primary determination of the optimal dosage of
two single reaction quantities for the oxidation of the target component in real water, are
the subject of rather randomly and/or traditionally chosen quanta, requiring laborious
experimental optimizations for each individual case. However, most of the conclusions
of a large number of studies on the application of the basic Fenton reaction to different
real waters incline to the opinion that basically, regardless of the level of COD and the
dosage of peroxide, COD removal efficiencies, even for complexly polluted waters, are
on average around 70%. This fact is not only an interesting phenomenon of the Fenton
reaction, which does not disappoint in terms of the effectiveness of decontamination even
with a certain freedom in the selected amount of basic components, but also a confirmation
that it is unique and difficult to be replaced. In addition, it is one of the most important
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processes for the remediation of water and soil, especially if the concentrations of pollutants
are not high and the cost of the consumed H2O2 allows for a cost-effective treatment of the
reaction medium.

It appears that layered and porous aluminosilicates and analogous double oxides
containing iron, copper, or other transition metals exhibit a catalytic activity for the Fenton
process. However, as in any catalytic process, the key point is the efficiency of using the
reagent, in this case H2O2, to generate hydroxyl-free radicals. This issue has often been
ignored, and mostly only model pollutant extinction and/or total organic carbon reduction
has been studied. The optimization of H2O2 is also considered one of the important
parameters in the evaluation of the efficiency of solid catalysts. The current situation in this
area does not yet allow conclusions to be drawn regarding the relative catalytic activity
of the various tested solids. In addition to the selective activity in H2O2 conversion, other
parameters, such as catalyst stability, absence of leaching, and aging of catalytic sites,
as well as operating conditions including pH, temperature, and catalyst amount, must
be considered. It will also be necessary to confirm whether nonmetallic catalysts, e.g.,
graphene, have a high efficiency in generating hydroxyl radicals. Moreover, attention will
need to be paid to surface modifications by introducing suitable functional groups on easily
available activated carbon, perhaps also in the form of fibers, as a carrier of transit metals,
mainly Fe for heterogeneous variations in the Fenton reaction.

Simultaneously, it can be assumed that the use of the Fenton reaction will increase in
the near future, motivated by environmental problems and pollution remediation. Future
developments in this area will lead to clarification of the current state, with some new
materials emerging as major catalysts for the Fenton reaction. It already appears that
various modifications of the Fenton method (especially photo-Fenton with UV and visible
light) can, in many cases, be more effective for the decomposition of many recalcitrant
pollutants than the classical Fenton method. One promising possibility is the verification
of the Fenton/ultrasound variation, which can be operated in relatively large volumes,
even continuously.

The growing contents of so-called emerging pollutants in waters of all kinds will
probably, in the foreseeable future, inevitably lead to the need for their removal even on
a real scale, and society will have to bear the necessary costs, which, however, must be
rational. Deciding on which advanced oxidation process to use (there will probably be
no doubt about its application in the necessary complex with pre- and post-treatment
technologies) will be rational, and the choice will probably involve:

• Photolysis of the UV/H2O2 type, possibly with the application of various catalysts.
• Photocatalysis (most likely UV/TiO2), possibly with the interaction of H2O2.
• The classic Fenton reaction (Fe0, Fe2+, Fe3+, possibly in the form of a photo-Fenton

reaction under UV exposure).
• Homogeneous Fenton reaction working at neutral pH, i.e., its so-called “green” form

corresponding to current environmental trends.

Such a competition is not only still open but also indispensable, and the Fenton process
seems to have a great chance. This is evidenced by the incessant publication of its various
variants in very good scientific journals.

8.1. Future Directions

Research on the Fenton method will continue, and according to the current literature
search, its focus should be directed on the following topics:

• Solar energy, including clarifying its real influence on the homogeneous and heteroge-
neous Fenton reaction, which could be interesting for subtropical and tropical regions,
which currently usually suffer from high pollutant loads.

• An evaluation of the possibility of applying other components besides hydrogen per-
oxide, such as persulphates, percarbonates, or ferrate Fe4+, which has been addressed
so far by Lee et al. [116] and Karim et al. [117].
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• A theoretical clarification of how to optimally dose the amount and ratio of catalyst
(preferably Fe2+) and H2O2 for different water compositions, i.e., COD, TOC concen-
trations, and the composition of various micropollutants, which still, after more than
hundreds of years, remains unclear, left either to a random choice or supported by
randomized experiments.

• Solving the use of sludge with Fe3+ from the point of view of waste policies, especially
the use of sludge Fe as a catalyst, which would positively affect the economics of the
Fenton process (see Xu et al. [3]).

• Finding Fe3+ chelates, which could shift the Fenton reaction to its “green” homoge-
neous variant, working at a normal pH, which would, among other things, open the
Fenton reaction to other possibilities for removing, for example, emerging pollutants
from wastewater, when their strong acidification and subsequent neutralization is
difficult and expensive, e.g., Lekikot et al. [118], while the removal of the complex
from the treated water including regeneration is an indispensable step [119].

• A rational evaluation of costs to achieve the required final values of concentrations
and ecotoxicity for individual variants of the Fenton reaction, including hybrid ones,
which is necessary for the real use.

• A verification of the Fenton reaction, at least in a pilot setting, on traditional pollutants
from selected real producers of these wastes (PAU, BTEX) and on real wastewater
from various industries (on paper mill water [67,120], on leachate from landfills [121],
as well as emerging pollutants, which is mostly missing). It would make it possible to
express a fundamental opinion based on the conviction that, regarding the situation
in the issue of wastewater decontamination, the Fenton reaction is an irreplaceable
environmental tool.

8.2. Conclusions

The more than 100-year-old principle of the Fenton reaction, which fundamentally
influenced all subsequent advanced oxidation processes for the removal of pollutants
from water and soil, is far from being exhausted. Under real conditions, the formation of
oxidative radicals is strongly influenced not only by the presence of natural and dissolved
organic substances such as humic and fulvic acids, natural surfactants, and the interaction
of soil microorganisms, but also by the presence of natural chelates and other heavy
metals. The biggest problem of the Fenton reaction application in the real soil and water
environment is the necessity of a low pH of 3, which is ecologically harmful. However, the
use of Fe chelates, which enable the reaction at a normal pH, is also not a solution. Various
types of substances have been tried, from organic (based on EDTA, amino acids, or peptides)
to inorganic (e.g., tripolyphosphates); regrettably, no one has any idea what happens to
them in the real environment. The question also arises whether it would be wise to give
up the beautiful simplicity of the Fenton reaction and substitute it for complex catalysts,
which are more expensive and will eventually be connected with the same problems as
simple Fe ions in real waters or soils. As part of the development of scientific knowledge, it
is of course necessary to solve problems associated with the development of new catalysts,
including nanoforms; nevertheless, it must be taken into consideration that the reality of
contaminated soils and waters is complex, and thus experiments in simulated soil and
water are rather misleading and will not solve this problem. There is a huge scope for
experiments with real soils that would help shed light on the fates of oxidizing radicals
under various specific conditions, which could significantly expand scientific knowledge.

In conclusion, it could be stated that there are still many challenging scientific and
application issues associated with the Fenton reaction; therefore, we can look forward to
the potential upcoming interesting solutions and results related to real applications.
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54. Ateş, H.; Argun, M.E. Advanced oxidation of landfill leachate: Removal of micropollutants and identification of by-products. J.
Hazard. Mater. 2021, 413, 125326. [CrossRef]
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Abstract: Cu and Co have shown superior catalytic performance to other transitional elements, and
layered double hydroxides (LDHs) have presented advantages over other heterogeneous Fenton cata-
lysts. However, there have been few studies about Co–Cu LDHs as catalysts for organic degradation
via the Fenton reaction. Here, we prepared a series of Co–Cu LDH catalysts by a co-precipitation
method under different synthesis temperatures and set Rhodamine B (RhB) as the target compound.
The structure-performance relationship and the influence of reaction parameters were explored. A
study of the Fenton-like reaction was conducted over Co–Cu layered hydroxide catalysts, and the
variation of synthesis temperature greatly influenced their Fenton-like catalytic performance. The
Co–Cut=65◦C catalyst with the strongest LDH structure showed the highest RhB removal efficiency
(99.3% within 30 min). The change of synthesis temperature induced bulk-phase transformation,
structural distortion, and metal–oxygen (M–O) modification. An appropriate temperature improved
LDH formation with defect sites and lengthened M–O bonds. Co–Cu LDH catalysts with a higher
concentration of defect sites promoted surface hydroxide formation for H2O2 adsorption. These
oxygen vacancies (Ovs) promoted electron transfer and H2O2 dissociation. Thus, the Co–Cu LDH
catalyst is an attractive alternative organic pollutants treatment.
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1. Introduction

Rhodamine B (RhB) is a cationic xanthene dye with an aromatic structure and persis-
tent stability. It is commonly used in the printing and dyeing industries [1]. However, it
is harmful if swallowed by human beings and animals, and causes irritation to the skin,
eyes, gastrointestinal tract, and respiratory tract [1]. Furthermore, it also causes phototoxic
and photoallergic reactions. The carcinogenicity, reproductive and developmental toxic-
ity, neurotoxicity, and chronic toxicity to humans and animals have been experimentally
proven [2]. Therefore, the insufficient disposal of RhB-containing wastewater can lead to
severe environmental problems and threaten human health. Many methods have been de-
veloped for dye wastewater treatment, such as adsorption [3,4], advanced oxidation [5–8],
biological treatment [9,10], and photodegradation [11,12].

Among advanced oxidation processes (AOPs), the Fenton reaction has drawn great
attention from the academic and industrial fields as an effective wastewater treatment
owing to its low operating cost, low toxicity, and high degradation efficiency [13,14]. How-
ever, the homogeneous Fenton reaction has disadvantages, like a narrow working pH
range, poor recyclability, and secondary pollution of residual sludge [15,16]. To overcome
these drawbacks, the heterogeneous Fenton-like reaction with better stability and recy-
clability has been promoted as a promising alternative to the decomposition of refractory
organics. Moreover, Cu and Co have exhibited superior catalytic performance to other
transitional elements, so they have attracted a lot of research attention in the field of Fenton
reaction [17–21].
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Owing to their unique layered structure, layered double hydroxides (LDHs) have
presented clear advantages over other heterogeneous Fenton catalysts, with negligible
metal leaching during the reaction [22–24]. The LDH is a two-dimensional (2D) layered
hydrotalcite formulated as [M2+

1−xM3+
x(OH−)2] x+(An−)x/n·mH2O, in which M2+ and

M3+ represent divalent and trivalent cations in the host layers, respectively, and An– stands
for the compensative anion in the interlayer [25]. Moreover, abundant alkaline sites in the
LDH structure can benefit the maintenance of a weak alkaline condition during reaction,
which greatly depresses the leaching condition of catalysts [26,27]. Moreover, the metal
component in the positive layer with low redox potential, such as Cu, Fe, Ni, and Co,
can favor the electron transfer in reaction [28]. Furthermore, the oxygen vacancies (Ovs)
with rich electrons can stretch the O–O bond in H2O2 after adsorption and thus facilitate
the production of ·OH [29–31] with accelerated degradation of organics. In recent years,
Cu-containing LDHs have drawn great attention among LDH catalysts for Fenton-like
reactions. Wang et al. prepared the Cu1Ni2Sn0.75 LDH catalyst with almost total (97.8%)
phenol mineralization with a neutral pH value [32]. Tao et al. fabricated Cu–Fe LDHs
to treat methyl orange, with a nearly 100% removal in 13.5 min [33]. A Cu–Zn–Fe LDH
was also developed for the decomposition of an acetaminophen-containing sample, with a
degradation efficiency up to 100% within 24 h [34]. However, there have been few studies
on Co–Cu LDHs as catalysts for organic degradation via the Fenton reaction.

In this work, we prepared a series of Co–Cu LDH catalysts by a co-precipitation
method under different synthesis temperatures and set RhB as the target compound. In
addition, the structure–performance relationship and the influence of reaction parameters
were also explored.

2. Results

2.1. Bulk-Phase and Electronic Structure Characterization

Nitrogen adsorption–desorption isotherms of all catalysts are displayed in Figure 1a.
The isotherms show that all catalysts possessed the typical IV type isotherms with obvious
hysteresis loops at high relative pressures (0.6 < P/P0 < 1), indicating the presence of meso-
pores. Meanwhile, there were almost no microspores in the samples, as there was little N2
adsorption for all catalysts at low relative pressures (P/P0 < 0.1), which can also be clearly
observed from the pore size distribution curves (Figure 1b). In addition, as shown in Table 1,
the specific surface area of the catalysts decreased with increased synthesis temperature, to
65 ◦C, yet it exhibited slightly increasing return when the synthesis temperature reached
75 ◦C and 85 ◦C. A larger specific surface area usually provides more active sites, yet it
had little relationship with the catalytic activity in this case, as Co–Cut=65◦C exhibited the
highest RhB removal with the smallest surface area. In addition, the catalysts had a higher
specific surface area, which often exists in more active sites, and the specific surface area of
the catalyst synthesized at 65 ◦C was the smallest. The result indicates that the structure
of the catalyst is sensitive to the synthesis temperature. Furthermore, according to the
experimental results of ICP and XPS (Table 1), the molar ratio of copper and cobalt elements
in the catalyst is about 4.15 and 4.2, respectively, which were very close to the theoretical
value of 4 for the molar ratio of copper and cobalt elements.

Table 1. BET surface area, BJH mean pore size, pore volume, and elemental composition of catalysts.

Sample
SBET

(m2 g−1)
Volume

(cm3 g−1)
Pore Size

(nm)
Co:Cu Molar

Ratio

Surface
Co:Cu Molar

Ratio

Cu–Cot=45◦C 65.99 0.32 13.96 4.12 4.4
Cu–Cot=55◦C 62.86 0.36 17.52 4.15 4.3
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Table 1. Cont.

Sample
SBET

(m2 g−1)
Volume

(cm3 g−1)
Pore Size

(nm)
Co:Cu Molar

Ratio

Surface
Co:Cu Molar

Ratio

Cu–Cot=65◦C 46.47 0.22 13.38 4.14 4.2
Cu–Cot=75◦C 57.33 0.32 17.19 4.14 4.1
Cu–Cot=85◦C 60.33 0.36 17.26 4.1 4.3

The Co:Cu molar ratio was analyzed by ICP, the surface Co:Cu Molar ratio was analyzed by XPS.

Figure 1. (a) N2 adsorption/desorption isotherms and (b) pore size distribution curves of catalysts.

The bulk-phase structure of catalysts was further studied by XRD analysis. As shown
in Figure 2a, when the synthesis temperature was in the range of 45–75 ◦C, all catalysts
exhibited a group of characteristic diffractions corresponding to (003), (006), (012), and
(015) crystalline planes of the hydrotalcite-like (JCPDS#35-0965) structure at 2θ of 11.7,
23.4, 33.7, and 39.1, respectively [35]. The basal spacing d(003) around 0.74 nm was in
line with the presence of carbonate in the interlayer space, as in previous reports [25].
Moreover, a second phase was Cu(OH)2 (JCPDS#80-0656) owing to the excessive Cu
existence besides the necessary composition for LDH or the Jahn-Teller effect. This is
because Cu2+ could be situated in near-lying octahedra with the formation of the copper
compound with distorted octahedra, which is energetically preferred to the compound
of LDH [25]. A higher synthesis temperature would enhance the crystallinity of the LDH
structure, with an improved intensity of (003) reflection in the range of 45–65 ◦C. This
may be highly related to the promoted oxidation of Co2+, which resulted in the improved
LDH structure with increasing temperature. However, the condition for Co–Cut=75◦C
inversed for the decomposition of LDH framework under the circumstances. When the
synthesis temperature was 85 ◦C, the LDH structure of the catalyst disappeared. Thus,
the Co–Cut=65◦C catalyst had a better LDH structure. As shown in Figure 3, the catalyst
presented sheet-like structures, as is typical for LDH materials.

FT-IR characterization was then carried out to investigate the special Co–Cu interac-
tion, LDH property, and their influence on catalytic performance. The patterns in Figure 2b
show some vibrational information of different catalyst structures. There are three types of
O–H stretching modes in the catalysts. One is the νO–H vibration of the metal hydroxide
located at about 3570 cm−1 and 3623 cm−1 for Cu(OH)2 and Co(OH)2, respectively [36].
Another broad band in the region of 3300–3500 cm−1 can be attributed to the O–H stretch-
ing of the adsorbed and interlayer water [25]. Furthermore, the weak band at 1634 cm−1

was associated with the hydroxyl deformation mode of the water molecules in the in-
terlayer [37]. In addition, the peaks at c.a. 1361 cm−1, 992 cm−1, and 683 cm−1 can be
attributed to different stretching modes of carbonate [25], indicating carbonates as the
primary compensating anions in the LDH interlayer, which is in line with XRD results.
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Moreover, the peaks located below 683 cm−1 were related to M–O vibrations (M = Co
and/or Cu) [36], which varied across samples, indicating that the different M–O bonds
may determine their corresponding catalytic performance.
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Figure 2. (a) XRD patterns of catalysts; (b) FT-IR spectra of catalysts.

 
Figure 3. TEM images of Co–Cut=65◦C catalyst (a) lager-scale image (b) small-scale image.

Raman spectra analysis was further conducted to investigate these M–O bonds’ prop-
erties. As shown in Figure 4a, the four vibrational modes exhibited at ca. 189, 461, 527,
and 688 cm−1 all belonged to cobalt oxides corresponding to F1

2g, Eg, F2
2g, and A1g species,

respectively [38–40], and no Cu-related peaks were detected in all catalysts. In particular,
the shifts for Eg suggested that this is probably related to the incorporation of Cu in the
Co-related lattice. Specifically, the bands at 688 cm−1 (A1g) and 189 cm−1 (F1

2g) could be as-
signed to the Raman vibration of Co3+–O2− at octahedral sites and Co2+–O2− at tetrahedral
sites, respectively [41]. The bands at 461 cm−1 (Eg) and 527 cm−1 (F2

2g) can be attributed
to the combined vibrations in tetrahedral sites and octahedral oxygen motions [42]. Par-
ticularly, the band of 527 cm−1 can be ascribed to Co-related doubly occupied Ovs bound
with donor defects [43]. According to our previous study, the band’s peak intensity was
positive to the concentration of surface Ovs. With the improved LDH crystallinity and peak
intensity, shown in Figure 4a, F2

2g modes exhibited the same enhanced tendency, indicating
an increasing Ov density.
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Figure 4. (a) Raman spectra of catalysts; (b) UV–Vis DRS spectra of catalysts.

As shown in Figure 5, the convolutions of O1s XPS spectra were carried out for detailed
information, especially for oxygen defects. The core level spectra were fitted into three
identified peaks. Peaks at 529.8 and 530.6 eV were attributed to oxygen atoms bound to
lattice oxygen for metal oxides and hydroxyl species, respectively [31]. It is noted that
the peak at ca. 533.4 eV can be ascribed to the presence of defect sites in the low oxygen-
coordination [44]. In addition, Co–Cut=65◦C presented the highest defect density (Table 2),
with its changing agreeing well with the Raman analysis.

Figure 5. O1s XPS spectra of catalysts. (a) Co–Cut=45◦C; (b) Co–Cut=55◦C; (c) Co–Cut=65◦C;
(d) Co–Cut=75◦C; (e) Co–Cut=85◦C.
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Table 2. Oxygen defect density of catalysts.

Sample Oxygen Defect Density (%) O1s BE for Defect Sites (eV)

Cu–Cot=45◦C 5.6 533.2
Cu–Cot=55◦C 7.8 533.1
Cu–Cot=65◦C 12.8 533.8
Cu–Cot=75◦C 9.2 533.7
Cu–Cot=85◦C 3.19 532.3

The density of defects was calculated by atomic ratio depending on the area percentage of defect site oxygen in
total area for all peaks from XPS.

UV-Vis DRS spectra (Figure 4b) shed more light on the special electronic property of Ov
and the LDH structure. The absorption peak observed at 230 nm can be attributed to ligand-
to-metal charge-transfer excitations occurring in the MO6 coordination [45]. Moreover, the
peaks at c.a. 323–364 nm and 642 nm can be associated with O2−→Co2+ and O2−→Co3+,
respectively [41,46,47]. The shifts of the peaks also depicted the different doping conditions
of Cu in the LDH structure for different catalysts. In addition, the distinctive peak at
532 nm is related to the special metal–metal charge transfer of the Co–O–Cu oxo-bridge
in the MO6 environment for LDH, as it included the transitions of dz

2→dx
2−y2 for Cu2+,

1A1g→1T1g for Co3+, and 4T1g(F)→4T1g(P) for Co2+ with weak-field ligands [48–51], which
is also related to the generation of surface Ov, according to previous publications [52]. A
stronger peak intensity suggested a higher Ov concentration, with its changing agreeing
well with the Raman analysis. Thus, it can be concluded from the above discussion that
improved LDH structure is likely to possess more Co–O–Cu oxo–bridge interaction with
more lattice disorder resulting from the incorporation of Cu in Co sites. This special Co–O–
Cu structure can promote the generation of surface Ov, which is positively related to the
catalytic performance [35,41].

2.2. Catalytic Performance

The catalytic activity for all catalysts with different synthesis temperatures are shown
in Figure 6a. The RhB removal was raised from 82.5% to 99.3% as the fabricated temperature
increased from 45 ◦C to 65 ◦C, respectively. However, a further increment in the synthesis
temperature to 75 ◦C and 85 ◦C decreased the RhB degradation efficiency to 85.10% and
65.99%, respectively. Moreover, the adsorption only counted for less than 10% of the
total removal without the addition of H2O2, indicating that self-decomposition and/or
adsorption of RhB by catalysts can be excluded in this case, and the Fenton oxidation is
the key factor for total organic elimination. The homogeneous Fenton test showed that the
degradation resulting from metal leaching only contributed 9.3% of the total removal from
the homogeneous part (Figure 6b). Furthermore, the quenching experiment showed that
·OH was the main reactive oxygen species of the reaction, as the RhB removal declined to
9.8% with the existence of a scavenger (Figure 6c). Thus, the RhB decomposition can be
mostly ascribed to the ·OH generation over the catalyst surface rather than ·OH produced
by leaching metals.

The results of the catalytic performance tests reveal that the synthesis temperature had
a great impact on catalytic activity, as the optimum synthesis temperature of the catalyst
was 65 ◦C. However, the Co–Cut=65◦C LDH catalyst had the smallest specific surface areas
in the BET analysis, indicating that the catalyst performance is more structurally dependent
than the surface area in the Fenton-like reaction. In addition, among other catalysts, the
Co–Cut=65◦C LDH catalyst had the best performance, which can be attributed to its excellent
LDH structure and high density of Ov based on the XRD and Raman analyses. According
to a previous study [35], Ov is the main active site of the LDH structure, and it promotes
H2O2 adsorption, electron transfer, and H2O2 dissociation during reaction, which benefit
the generation of effective ·OH. In addition, the Co–Cut=65◦C LDH catalyst exhibited better
RhB removal efficiency compared with other catalysts (Table 3). Therefore, we selected the
Co–Cut=65◦C LDH catalyst to carry out the following experiments.
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Figure 6. (a) Catalytic performance of catalysts; (b) homogeneous RhB degradation for Co–Cut=65◦C

with CCu2+ = 0.072 ppm and CCo2+ = 2.814 ppm according to metal leaching analysis; (c) quenching
test for Co–Cut=65◦C.

Table 3. Comparison of RhB removal among different catalysts.

Catalysts Conditons Removal Ref.

Fe/MCM–41 1 g/L catalysts, 20 mM H2O2, 100
ppm RhB, pH = 4.0, 80 ◦C, 30 min. 99.1% [53]

MgFe2O4

0.625 g/Lcatalysts, 1.00 vol%H2O2,
10 ppm RhB, 45 ◦C, pH = 6.44, 180

min
90.0% [54]

Cu/Al2O3
1 g/Lcatalyst, 10 ppm RhB, 1000

ppm H2O2, pH = 5.14, 50 ◦C, 30 min 98.5% [55]

Fe3O4/MI 0.5 g/Lcatalyst, 20 mM H2O2, 10
ppm RhB, pH = 7, 25 ◦C, 30 min 99.6% [56]

Co–Cu LDH 0.1 g/Lcatalyst, 240 ppm H2O2, 10
ppm RhB, pH = 7, 40 ◦C, 30 min 99.3% This work

2.3. Investigation of Reaction Parameters

To better understand the reaction process, we also performed condition experiments
to investigate the influence of different reaction parameters such as H2O2 dosage, reaction
temperature, and pH surroundings for RhB removal, and find out the optimum reaction
parameters for the catalyst Co–Cut=65◦C. All experiments were carried out in conditions of
100 mL, 10 ppm RHB, 10 mg catalyst, 240 ppm H2O2, and 50 ◦C under 700 rpm-stirring for
60 min with initial pH = 5.15 unless otherwise specified for investigations of each parameter.
The kinetic study was based on the first-order reaction in the first 7.5 min to obtain a more
satisfactory fitting model.

2.3.1. Effect of Initial H2O2 Dosage

The effect of the initial H2O2 dosage on degradation of RhB was investigated in the
range of 160 to 960 ppm. As shown in Figure 7, as the H2O2 dosage rose from 160 to 480 ppm,
the RhB removal also improved from 77.71 to 96.19% in 5 min, with its corresponding
reaction rate constant kG (min−1) surging from 0.1924 to 0.4938 min−1 (Table 4). This
phenomenon can be ascribed to the fact that the adequate dose-up of initial H2O2 can
directly promote the generation of ·OH with further improvement for RhB removal [57].
However, a further increase of the initial H2O2 dosage to 960 ppm brought about a drop of
the catalytic performance, as excessive H2O2 and ·OH can quench ·OH and decrease the
degradation efficiency [35,55,58].
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Figure 7. Catalytic degradation of RhB under different H2O2 concentration (a) plots of pseudo-first-
order kinetics; (b) RhB concentration.

Table 4. The influence of H2O2 concentration on kG for the first 7.5 min and RhB removal in the first
5 min.

H2O2

Concentration/ppm
kG for First 7.5 min

(min−1)
R2

RhB Removal in
First 5 min (%)

160 0.1924 0.9895 77.7
240 0.2070 0.9928 83.4
320 0.3930 0.9898 93.4
480 0.4938 0.9900 96.2
640 0.3019 0.9795 91.1
960 0.2943 0.9929 86.7

2.3.2. Effect of Reaction Temperature

Figure 8 shows the positive relationship between the reaction temperature and RhB.
Specifically, the RhB removal in the first 5 min was 38.09%, 48.93%, 65.55%, and 84.07%
with the reaction temperature of 27 ◦C, 33 ◦C, 40 ◦C, and 50 ◦C, respectively. In addition,
the reaction rate constant k also increased with the rise of the reaction temperature (Table 5).
This is attributable to the fact that a higher temperature promotes the collision between
molecules, in which case more molecules obtain energy exceeding the activation barrier [59].
Thus, the reactions for the generation of ·OH and degradation of RhB were both improved
simultaneously.

Table 5. The influence of reaction temperatures on kG for the first 7.5 min and RhB removal in the
first 5 min.

Reaction
Temperature/◦C

KG for the First
7.5 min (min−1)

R2
RhB Removal in the

First 5 min (%)

27 0.0303 0.9841 38.1
33 0.0628 0.9967 48.9
40 0.1256 0.9915 65.5
50 0.2070 0.9929 84.1
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Figure 8. Catalytic degradation of RhB under different reaction temperatures (a) plots of pseudo-first-
order kinetics; (b) RhB concentration.

2.3.3. Effect of pH Surroundings

It has been well established that the reaction surroundings, especially for the pH value,
play an important role in Fenton or Fenton-like reactions. Thus, HNO3 and NaOH were
used to adjust the initial pH value in this work to better understand its influence on RhB
removal. As shown in Figure 9, the catalyst presented excellent performance within 30 min
over a wide pH range. Moreover, as the pH value increased from 5.2 to 7.9, the reaction
rate constant kG (Table 6) significantly improved within the first 5 min. In addition, the
highest RhB removal of 97.5% was achieved at pH = 7.0. However, a further increase of
the pH value had a negative impact on the reaction, with the removal in the first 5 min
dropping to 61.7%.

Figure 9. Catalytic degradation of RhB under different pH conditions (a) plots of pseudo-first-order
kinetics; (b) RhB concentration.

Table 6. The influence of pH on kG for the first 7.5 min and RhB removal in the first 5 min.

pH
KG for the First 7.5

min (min−1)
R2

RhB Removal in the
First 5 min (%)

5.15 0.2075 0.9784 84.3
6.12 0.2070 0.9928 82.6
7.00 0.3930 0.9898 93.0
7.91 0.3405 0.9760 94.9
8.95 0.1418 0.9911 61.7
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There are a few possible reasons for this phenomenon. In an acidic environment,
the greater stability of H2O2 [60] and the metal leaching of catalysts lead to a decrease in
catalytic activity. However, in strong alkaline solutions, the self-decomposition of H2O2
and the side reactions for ·OH scavenging are aggravated with a decline of the oxidation
potential for ·OH/H2O [61], which adversely affects the reaction.

2.3.4. The Reusability and Stability of Catalysts

To explore the stability of the Co–Cut=65◦C catalyst, repeated experiments of catalyst
recycling and reuse were carried out under the same experimental conditions. Experiments
were carried out in conditions of 100 mL, 10 ppm RHB, 10 mg catalyst, 240 ppm H2O2,
40 ◦C under 700 rpm-stirring for 60 min with initial pH = 5.15. As shown in Figure 10a,
the efficiency of RhB dye degradation was only slightly decreased after being reused three
times, but the removal rate of RhB could still exceed 85% after being reused three times.
Hence, the catalysts showed good reusability in catalytic degradation. For the stability, the
XRD spectra of Co–Cut=65◦C catalyst before and after the third run cycle are depicted in
Figure 10b, where the spectra appear identical except for the slightly lower peak intensity of
the (003) reflection at 2θ of 11.7, which presented a new Cu(OH)2 phase after the recycling
reaction. This can be attributed to the leaching of metal elements of the Co–Cut=65◦C catalyst
after three cycles.

♦ ♥
♦

∇ ∇♦ ♦ ∇ ♦

• ∇

♥
♦♦∇♦

∇

♦

♥♥

Figure 10. The reusability and stability of Cu–Cot=65◦C catalyst (a); and XRD diffractograms before
and after degradation (b).

2.4. Plausible Mechanism

According to the above experimental results, the possible heterogeneous Fenton-like
reaction mechanisms on RhB degradation by the Cu–Co LDH/H2O2 were proposed in
Equations (1)–(7). Irrespective of the existence of Oxygen vacancy (Ov), the events of
Equations (1) and (2) occurred [62]. Surface active centers of Co and/or Cu are involved in
one-electron oxidation to catalyze H2O2 to ·OH [30]. Concurrently, M(n+1)+ (M = Co and
Cu) was reduced by H2O2 according to the Haber-Weiss mechanism [63]. When oxygen
vacancy co-existed, Equations (1) and (2) accelerated and the steps of Equations (3)–(6)
were in effect [62]. Firstly, H2O absorbed on the surface vacancy of Vo≡Mn+ defect sites
(Equation (3)) to form the surface hydroxyl group [64]. Secondly, through ligand exchange
of the previous surface hydroxyl group which was prior to electron transfer, H2O2 adsorbed
on the same defect sites [64] (Equation (4)). Thirdly, the existence of Ov stretched of the
O–O bond, which facilitated activation of H2O2 to produce ·OH (Equation (5)) [21,65,66].
Finally, the reactive radicals (·OH) readily attacked RHB that adsorbed nearby the active
sites (Equation (7)):

≡Mn+ + H2O2 → ≡M(n+1)+ − OH + ·OH (1)
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≡M(n+1)+ − OH + H2O2 → ≡Mn+ + H2O +·O2H (2)

Ov≡Mn+ + H2O → Ov≡Mn+ − H2O* (3)

Ov≡Mn+ − H2O* + H2O2 → H2O2
* − Ov≡Mn+ − H2O* (4)

H2O2
* − Ov≡Mn+ − H2O* → Ov≡M(n+1)+ − H2O* + ·OH (5)

Ov≡M(n+1)+ − H2O* + H2O2 → Ov≡Mn+ − H2O* + ·O2H + H+ (6)

·OH + RHB → Intermediates → CO2 + H2O (7)

Therefore, Ov plays a key role in the heterogeneous Fenton-like reaction. The higher
the content of Ov in the catalyst, the faster the ·OH is generated, which in turn increases
the degradation rate of RhB. It can be seen intuitively from Figure 11 that the Co–Cut=65◦C
catalyst contains more Vo, and this is also the reason for the better performance of the
Co–Cut=65◦C catalyst.

Figure 11. Structural model diagram of catalysts.

3. Materials and Methods

3.1. Catalyst Preparation

Cu–Co LDH catalysts were obtained by the co-precipitation method [25,35]. Specif-
ically, mixed salts of Cu (NO3)2·3H2O and Co (NO3)2·6H2O with a Co/Cu molar ratio
of 4:1 was dissolved in 150 mL deionized water. The above solution dropwise added a
mixed alkaline of NaOH (0.4 M) and Na2CO3 (0.2 M) to adjust the pH to 12 under vigorous
magnetic stirring at 25 ◦C for 1 h. The mixture was aged at different temperatures (45 ◦C,
55 ◦C, 65 ◦C, 75 ◦C, 85 ◦C) for 24 h with subsequent centrifugation after being washed by
deionized water several times. The obtained pastes were then dried at 60 ◦C overnight and
denoted as Cu–Cot=x◦C as a final LDH catalyst.

3.2. Characterization

The BET surface area, pore volume, average pore size, and pore size distribution of
samples were calculated from the isotherms of the N2-physisorption, which is measured on
a Micromeritics ASAP 2460 instrument by N2 adsorption-desorption isotherms at −196 ◦C.
All samples were dried at 50 ◦C for 72 h in a vacuum oven and then degassed at 50 ◦C for
72 h by nitrogen before measurements. The specific surface areas were calculated from the
isotherms using Brunauer-Emmett-Teller (BET) method, and the pore size distributions
were calculated by the Barrett-Joyner-Halenda (BJH) method.

Trans-mission electron microscopy (TEM) images were recorded on a TEM FEI Talos
apparatus operating at acceleration voltage of 200 kV.

X-ray diffraction (XRD) was performed on a Bruker D8-Advance X-ray powder diffrac-
tometer with a Cu Kα ray source (λ = 0.154056 Å) at 40 kV and 40 mA. The intensity data
were collected at room temperature in a 2θ range from 10◦ to 70◦ with a scan rate of 6◦/min.
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Fourier transform infrared spectra (FT-IR) experiments were carried out on a FT-
IR/ATR spectrophotometer (Nicolet 50, Thermo Fisher, Waltham, MA, USA). The spectra
were collected from 4000 to 500 cm−1 with 32 scans and a resolution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher) was investi-
gated with a source of Al-Kα radiation (1486.6 eV, a pass energy of 30.0 eV). C1s peak at
284.8 eV was used for calibration of all binding energies. The peaks were fitted according
to references for O1s [31].

Laser Raman spectra (LRS) were collected on a confocal Raman (LabRam HR Evolu-
tion, Horiba, Kyoto, Japan) with a 50X objective under the excitation laser of 785 nm in
ambient environment. Laser intensity was set as 3.2% ND Filter with 100 s acquisition time
to ensure no damage of samples was caused during the experiment.

Diffuse reflectance UV-vis spectra in the range of 200–800 nm was recorded on an
UV-3600 Plus (Shimadzu, Kyoto, Japan) spectrophotometer with BaSO4 as reference.

3.3. Catalytic Performance Test

As for the catalytic activity, 10 mg of catalyst was dispersed in 100 mL of a 10-ppm
RhB solution with a stirring rate of 700 rpm at 40 ◦C. The suspensions were first mixed for
1 h at a certain reaction temperature 40 ◦C to reach an adsorption-desorption equilibrium
before H2O2 was added. Then, a 30 min Fenton-like reaction was activated by a dosage
of 240 ppm H2O2 with an initial pH surrounding unless otherwise specified. Then, 3 mL
of the liquid sample was taken from the reaction mixture at a given time and filtrated
through a 0.22 μm Nafion membrane for the analysis of the RhB concentration by a UV-Vis
spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) at an absorption wavelength of
554 nm. The RhB removal rate can be calculated by the following equation:

RhB removal rate (%) =
c0 − ct

co
× 100% (8)

where C0 is the initial concentration of RhB, and Ct is the concentration of RhB at time t.

3.4. The Homogeneous Experiment

After the catalytic performance test, the metal ion concentration of the catalyst leached
in the reaction solution was obtained by an atomic absorbance spectrometry (TAS-990F,
Beijing Purkinje, Beijing, China) instrument. The conditions for the homogeneous experi-
ment and the catalytic performance test were almost the same; the only difference is that
equivalent metal nitrate salts were used as the catalyst in the homogeneous experiment.

3.5. The Quenching Test

The conditions for the quenching test and the catalytic performance test were also
almost the same; the only difference is that an additional 50 mL of tert-butanol was added
at the beginning of the experiment for the quenching test.

4. Conclusions

In this work, a novel Fenton-like catalyst, Co–Cu LDH, was prepared under different
synthesis temperatures, and its best performance was achieved at a temperature of 65 ◦C.
The superior catalytic activity can be attributed to the catalyst’s structural defects, resulting
from Cu doping, and Co–O–Cu in MO6 surroundings enhanced the generation of Ov.
Moreover, the high density of Ov under a strong Co–Cu interaction could improve the
adsorption and dissociation of H2O2 as well as electron transfer to generate more ·OH,
giving rise to increased RhB removal. Furthermore, the investigation of reaction parameters
depicted the high catalytic activity of Co–Cut=65◦C, which showed the highest removal,
96.2% RhB removal, in the first 5 min, with an H2O2 dosage of 480 ppm. The results indicate
that the Co–Cu LDH catalyst is an attractive alternative organic pollutants treatment.
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Abstract: A degradation study of diazepam (DZP) in aqueous media by gamma radiation, high
frequency ultrasound, and UV radiation (artificial-solar), as well with each process intensified with
oxidizing agents (H2O2 and Fenton reagent) was performed. The parameters that influence the
degradation of diazepam such as potency and frequency, irradiation dose, pH and concentration of
the oxidizing agents used were studied. Gamma radiation was performed in a 60Co source irradiator;
an 11 W lamp was used for artificial UV radiation, and sonification was performed at frequency
values of 580 and 862 kHz with varying power values. In the radiolysis a 100% degradation was
obtained at 2500 Gy. For the sonolysis, 28.3% degradation was achieved after 180 min at 862 kHz
frequency and 30 W power. In artificial photolysis, a 38.2% degradation was obtained after 300 min
of UV exposure. The intensification of each process with H2O2 increased the degradation of the
drug. However, the best results were obtained by combining the processes with the Fenton reagent
for optimum H2O2 and Fe2+ concentrations, respectively, of 2.95 mmol L−1 and of 0.06 mmol L−1,
achieving a 100% degradation in a shorter treatment time, with a dose value of 750 Gy in the case
of gamma radiation thanks to increasing in the amount of free radicals in water. The optimized
processes were evaluated in a real wastewater, with a total degradation at 10 min of reaction.

Keywords: advanced oxidation process; wastewater; diazepam; gamma radiation; high frequency
ultrasound; UV radiation; Fenton reaction

1. Introduction

Contamination of surface water, groundwater, and wastewater has increased in re-
cent years due to the presence of so-called “emerging pollutants”, such as drugs and
pesticides [1–5]. Many investigations report the inefficiency of conventional wastewater
treatment plants for eliminating persistent pollutants, and as a result, the presence of
contaminants in effluent from treatment plants, rivers, lakes, and to a lesser extent in
groundwater [1]. Diazepam (DZP) is the most prescribed benzodiazepine for its hypnotic,
tranquilizing, and anticonvulsive properties, with levels in water bodies varying from
10 ng L−1 to 1 μg L−1 [6–12]. The presence of benzodiazepines affects the ecosystems
in different ways [13,14]. Due to benzodiazepines interaction with the GABAA receptor,
they may affect the function of the nervous system of non-target species, such as aquatic
organisms [13]. On the other hand, Subedi et al. showed that zebrafish (Danio rerio) larvae

Processes 2022, 10, 1263. https://doi.org/10.3390/pr10071263 https://www.mdpi.com/journal/processes
177



Processes 2022, 10, 1263

exposed to the mixtures of psychotic drug residues, including the benzodiazepines, had
affected immune system and gene expression [14].

Considering the high impact of pharmaceutical products, it is very important to
remove them from the wastewater before discharge. Several researches carried out in recent
years point to the use of advanced oxidation processes (AOPs) as innovative technologies
for the elimination of persistent pollutants [6,15–21].

For the degradation of DZP in aqueous medium, some studies report the use of
ozone [18], ultraviolet (UV) radiation, and its combination with oxidizing agents [6,22–24].
However, the most studied AOPs for drug degradation in water use gamma radiation and
high frequency ultrasound intensified with H2O2 and Fenton reagent [25,26].

In the present work, we studied the degradation of DZP in a synthetic matrix by
radical attack (HO•, e− (aq), H•, HO2

•) formed in the processes of radiolysis, sonolysis,
and photolysis in aqueous media as well as its intensification with H2O2 and the Fenton
reagent [26–28]. We hypothesize that the use of oxidizing agents will generate an additional
amount of highly reactive HO• radicals, allowing a greater efficiency in the degradation of
the molecule. Different parameters were optimized in the degradation processes to increase
the drug removal efficiency. These final conditions were applied in the analysis of samples
of real residual water.

2. Materials and Methods

For the DZP degradation studies, the three AOPs were carried out separately at an
initial concentration of 20 mg L−1 DZP (Sigma Aldrich, St. Louis, MO, USA) in acidified
distilled water, at pH values between 2 and 3, adjusted with a 10% solution of concentrated
H2SO4 (95–97% purity; Merck, Darmstadt, Germany).

Acetonitrile (HPLC grade purchased from Sigma-Aldrich) and orthophosphoric acid
(85% supplied by Merck) were used for the analysis by High Resolution Liquid Chro-
matography (HPLC). Hydrogen peroxide (35%) was obtained from Fluka. 99.5% potassium
iodide, 99.5% purity heptahydrate iron sulfate, and 98% sodium sulfite were purchased
from Merck.

For gamma irradiation of the samples, an ISOGamma-LLCo irradiator, equipped with
a 60Co source was used. The irradiation doses used were 0.1, 0.25, 0.5, 0.75, 1.0, 2.5, and
5.0 kGy at a dose rate of 3.73 kGy h−1. All experiments were performed at a temperature of
30 ± 2 ◦C. In the experiments carried out with the gamma irradiation process, the aqueous
solutions of DZP were packed in 50 mL bottles with screw cap, which reached a thermal
equilibrium at room temperature and atmospheric pressure.

A high-frequency ultrasound horn (Meinhardtultraschall Technik, Leipzig, Germany)
with flat transducer was used for the studies of sonolysis. Frequencies values of 580 and
862 kHz, with varying power levels, were evaluated. The degradation was carried out in a
1.5 L glass reactor at a controlled temperature (25 ± 2 ◦C) and constant stirring at 300 m−1.

The laboratory-scale artificial photolysis was performed with a UV lamp of 254 nm and
a power of 11 watts. The degradation was performed in a 500 mL beaker with irradiated
area of 78.5 cm2 and a constant stirring at 300 m−1. The solar UV degradation scaling
process was carried out in a 5 L open channel flat reactor of (irradiated area of 1600 cm2)
connected to a 20 L recirculation tank at the rate of 1 L min−1.

For the processing of the liquid samples treated in the three processes, a Shimadzu
High Resolution Liquid Chromatograph was used, with a LC-20AD double channel pump,
an automated SIL-10AL injector, and a UV detector with SPD-M20A type arrangement.
The column used was a Merck reverse phase with modified C18 (100 mm × 4.6 mm,
5 μm) spherical silica packed in an isocratic regime with 1 mL min−1 flow, and a ratio of
acetonitrile: water acidified to pH 2 with H3PO4: methanol of 40:40:20 v/v. The injection
volume was 10 μL and the wavelength used was 230 nm.

The mineralization analysis of the samples was carried out using a Total Organic
Carbon Analyzer Shimadzu (TOC-V CSN), equipped with an infrared detector of the non-
dispersive type. The sample was injected at 50 μL and the combustion process was carried
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out in a quartz tube at 680 ◦C with a platinum catalyst. An oxygen flow of entrainment of
the vapors was used at a rate of 150 mL min−1. The mean relative error in each result was
less than 6% and 2% for TOC and HPLC, respectively.

The degradation and mineralization values of the experiments were calculated by
Equations (1) and (2).

Degradation (%) =
Ci − Cf

Ci
× 100 (1)

where Ci is the initial concentration of diazepam and Cf is the final concentration of
diazepam at a point other than the initial value.

Mineralization (%) =
TOCi − TOCf

TOCi
× 100 (2)

where TOCi is the initial value of the total organic carbon and TOCf is the total organic
carbon at the end of the reaction.

In the characterization of the radiolytic transformations of the solvent we used the
concept of radiolytic performance (G-value), referred to the number of molecules, free
radicals, ions, excited particles, among others, that form or decompose when the system
absorbs 100 eV of energy from ionizing radiation [29,30]. This factor is calculated according
to Equation (3).

G − value =
RNa

D(6.24 × 1016)
(3)

where R is the change in concentration of diazepam (M), Na is the Avogadro number, D
is the absorbed dose (Gy), and 6.24 × 1016 is the conversion factor of Gy to eV/L. For the
conversion of the G-value to mol J−1 multiplies by 1.04 × 10−7 [31].

3. Results and Discussion

3.1. Effect of Operational Conditions on the Degradation of DZP by Radiolysis,
Sonolysis and Photolysis

Figure 1 shows the best conditions achieved in the process of degradation of DZP in
aqueous solutions at an initial concentration of 20 mg L−1 by sonolysis and radiolysis. In
the sonolysis process, three power values were tested for each frequency value used. For
the 580 kHz frequency, the electric power outputs were of 1.4, 8.7, and 21.8 Watt and for
862 kHz of 2.1, 10.4, and 30.6 Watt. In the photolytic degradation, a unidirectional 11 W
lamp was used. Figure 1 shows the results of DZP degradation by gamma radiation. It is
observed that at doses lower than 500 Gy, the degradation of DZP is very low. However,
for doses higher than 2500 Gy, a 100% elimination of the drug is obtained.

For doses below 500 Gy the G-value is low. In this case, the amount of DZP that
is degraded is less than 2% which may be associated with weak collisions between the
molecule and the radicals involved in the degradation process.

The drug degradation increases with adsorbed dose. At 1000 Gy an 83.4% elimination
of the DZP corresponding to a maximum G-value of 0.015 mol J−1 is reached. At dose
values above this point the G-value decays again since the degradation of the DZP reaches
100%, decreasing the probability that molecules are formed or destroyed in the system.

In the degradation of DZP by sonolysis a maximum at 180 min of 28.27% is obtained
at values of 862 kHz frequency and 30.6 watts of power. This is explained due to the fact
that at higher powers, cavitation bubbles are formed with high rupture energies which
generate a greater amount of HO• radicals, thus increasing the probability of interaction
with the molecule and its degradation.

In the degradation of DZP by photolysis a maximum of 37.97% was reached at 300 min
of irradiation. Although this degradation value is higher than that obtained by sonolysis,
the exposure time of the molecule to the radiation increases by 66%.
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Figure 1. Degradation of DZP by gamma and utrasonic radiation. Upper: Influence of absorbed
dose on DZP degradation and radiolytic yield (initial concentration: 20 mg L−1, pH: 2.5, dose rate:
3.73 kGy h−1); Lower: Influence of ultrasonic power and frequency on DZP degradation (initial
concentration: 20 mg L−1, pH: 2.5). Min, med, and max refer to the minimal, medium and maximal
value of the ultrasonic power for each studied value of ultrasonic frequency.

3.2. Initial Effect of pH on Degradation of DZP

The initial pH is an important factor to study since it influences the chemical and
physical conditions of the solution. The effect of pH on the radiolytic, photolytic, and
sonolytic degradation of DZP (20 mg L−1) at doses of 750 Gy, with a mercury lamp of 11 W,
with a frequency of 862 kHz, and a power of 30.6 W.

The Figure 2 shows the influence of pH on DZP degradation. For radiolysis, drug
degradation decreases with increasing pH, whereas for sonolysis at pH values 3, 5, and 7,
degradation has a similar value (decreasing for pH 2.5 and 9).

Study of pH influence on sonolytic degradation shows that at pH 3, 5, and 7, the best
degradation values are achieved. This result is closely related to the pKa = 3.4 value of the
DZP corresponding to the carbonyl group present in its structure. This is explained by the
fact that in acidic medium the molecule is dissociated in its protonated form, where the
species with net positive charge, has an electrostatic interaction with the negative charges
that are present in the periphery of the cavitation bubble [32], facilitating the process of
drug degradation. In contrast, at pH less than 3, the degradation process is deprived, and
hydrogen peroxide molecules formed (Equations (4)–(7)) can protonate and form more
stable species such as H3O2

+, and or radicals HO• can be attacked by the H+ limiting the
degradation process [32]. On the other hand, in basic medium (pH 9), there is practically
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no presence of charged species in the dissociation equilibrium, so the interaction with
the cavitation bubbles is much smaller [32]. Similar results have been obtained by other
authors who report that the ultrasonic degradation of different compounds is higher in
acid medium, which is also influenced by the fact that in this medium the HO• radicals
present a higher oxidation potential [33,34].

Figure 2. Influence of the pH of the solution on the sonolytic, radiolytic and photolytic degradation of
the DZP (c (DZP) = 20 mg L−1, T = 25 ◦C, US: v (agitation) = 300 m−1; f = 862 kHz, t =180 min Gamma:
D = 750 Gy,

.
D = 3.73 kGy h−1, UV: P = 11 W, λ = 254 nm, v (agitation) = 300 m−1, t = 300 min).

H2O + US → H• + HO• (4)

HO• + OH− → H2O + O− k = 1.2 × 1010 M−1s−1 (5)

HO• + H2O → H2O2 + H• (6)

HO•
ac + HO•

ac → H2O2 (ac) k = 5.5 × 109 M−1s−1 (7)

For radiolysis, increasing pH leads to a decrease in the degradation of DZP. On the
other hand, in acidic medium the hydrated electron is more likely to react with the H+ and
form the radical H+ by Equation (9) favoring the recombination reaction (Equation (8)).
In the alkaline medium, the dissociation of the HO• radical occurs, so degradation of the
drug is not favored (Equations (8)–(10)). Different authors report the same behavior in the
radiolytic degradation of other drugs with increasing pH [35–37].

H• + HO• → H2O k = 7.0 × 1010 M−1s−1 (8)

e−
(ac) + H3O+

(ac) → H• + H2O k = 2.3 × 1010 M−1s−1 (9)

HO• ↔ H+
(ac) + O•

(ac) pKa = 11.9 (10)

In the case of UV radiation, the effect of the initial pH was studied only for the
value 2.5. In a previous publication, this studied was carried out for a similar lamp to the
one used here, showing that best degradation results are obtained for pH value of 2.5 [38].

3.3. Effect of Hydrogen Peroxide on the Degradation of DZP by Sonolysis, Radiolysis
and Photolysis

In the combined process of photolysis and sonolysis with H2O2, an increase in the
formation of the hydroxyl radical occurs (Equation (11)), which is the main responsible for
the degradation of the molecule. By radiolysis the formation of HO• radicals is intensified,
due to the interaction of H2O2 with the solvated electron and the hydronium radical present
in the water radiolysis (Equations (9) and (11)) [31,39].

H• + H2O2 → HO• + H2O k = 9.0 × 107 M−1s−1 (11)
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Likewise, excess OH• radicals in the medium can cause a decrease in the removal
efficiency of the compound in the system. This is due to the fact that radicals tend to
recombine at a very high reaction rate, as shown by Equations (7), (8) and (12)–(14) [31].

HO• + H2O2 → HO•
2 + H2O k = 2.7 × 108 M−1s−1 (12)

HO•
2 + HO• → H2O + O2 k = 6.0 × 109 M−1s−1 (13)

HO• + e−aq → OH− k = 3.0 × 1010 M−1s−1 (14)

For DZP degradation study shown in Figure 3, a 20 mg L−1 solution of DZP at pH 2.5
for sonolysis, and pH 3 for photolysis and radiolysis was used. The power and working
frequency was 30.6 W and 862 kHz, respectively, for the sonolysis. A 254 nm lamp with
a power of 11 W was used for UV radiation, and the irradiation dose was 750 Gy for
gamma radiation.

 
Figure 3. Influence of the addition of hydrogen peroxide on degradation of DZP
(c (DZP) = 20 mg L−1, T = 25 ◦C, t = 10 min US: v (agitation) = 300 m−1; f= 862 kHz, pH = 3. Gamma:
D = 750 Gy,

.
D = 3.73 kGy h−1, pH = 2.5, UV: v (agitation) = 300 m−1, λ = 254 nm, P = 11 W, pH = 2.5).

In the three AOPs combined with H2O2 the DZP removal is intensified. For sonolysis
and radiolysis, a maximum of 45.41% and 91.16% for a concentration of 5.9 mmol L−1

of H2O2 is reached. For the photolysis the maximum removal of 22.2% is achieved at
2.95 mmol L−1 of H2O2 decreasing for the higher concentration of oxidant used. This can
be associated to processes of radical recombination, (Equations (3)–(5)) [21]. In general, the
efficiency of the degradation process followed the order: AOPs with H2O2 > AOPs > H2O2.

The addition of H2O2 increases the efficiency of AOPs for the removal of contaminants
in aqueous medium (You et al., 2021), obtaining the best results with the combination
gamma/H2O2 as has been reported in other studies [31].

3.4. Effect of the Fenton Reagent on the Degradation of DZP by Sonolysis,
Radiolysis and Photolysis

In Fenton processes, the HO• radicals are generated by the catalytic decomposition
of H2O2 using Fe3+ ions in acid medium at pH in the 2–4 range [40]. This method facili-
tates a high formation of HO• (Equation (15)), however an excess of Fe2+ can trap them
(Equation (15)), such as halogens, H2O2, or HO2

• (Equation (16)) [31].

Fe2+ + H2O2 → Fe3+ + OH− + HO• k = 63 M−1s−1 (15)

HO• + HO•
2 → H2O + O2 k = 1.0 ·1010 M−1s−1 (16)
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Table 1 shows the results of the degradation and mineralization of DZP by photolysis,
sonolysis, and radiolysis combined with the Fenton reagent. Experiment 9 of each opti-
mization series was repeated three times to verify the reproducibility of the experiments. In
all three AOPs with the Fenton reagent, a 100% degradation is achieved for the H2O2/Fe2+

ratio and concentration values of 5.9 mmol L−1. The best experimental condition in which
the maximum mineralization for the three AOPs is reached corresponds to the H2O2/Fe2+

ratio of 29 with values of 4.42 mmol L−1 and 0.15 mmol L−1, of hydrogen peroxide and
ferrous salt, respectively.

Table 1. Evaluation of degradation of diazepam intensified with Fenton reagent
(c (DZP) = 20 mg L−1, T = 25 ◦C, % D at 10 min, % M at 30 min US: v (agitation) = 300 m−1

P = 30.6 W; f = 862 kHz; pH = 3. Gamma: D = 750 Gy;
.

D = 3.73 kGy h−1; pH = 2.5. UV:
v (agitation) = 300 m−1; λ = 254 nm; P = 11 W; pH = 2.5).

Run
H2O2

(mmol L−1)
Fe2+

(mmol L−1)

Fenton Sono-Fenton Gamma-Fenton Photo-Fenton

% D % M % D % M % D % M % D % M

1 - - 13.2 27.4 1.1 - - - 13.2 27.4
2 5.90 0.59 98.0 7.3 100 14.3 100 37.5 100 10.6
3 5.90 0.20 78.2 4.3 80.8 17.9 94.9 51.2 86.7 14.8
4 5.90 0.12 71.1 2.8 74.8 17.4 92.8 50.1 46.5 14.5
5 2.95 0.29 89.6 1.9 100 14.4 96.1 48.7 79.9 14.0
6 2.95 0.10 73.2 2.1 74.3 19.4 96.3 58.4 64.3 16.9
7 2.95 0.06 51.3 3.0 58.7 18.3 96.4 56.7 35.8 16.4
8 4.42 0.44 97.2 9.6 100 15.0 96.5 53.0 98.1 15.2
9 4.42 0.15 71.6 ± 2.5 7.6 ± 0.8 65.9 ± 2.3 23.6 ± 1.1 95.3 ± 1.8 68.3 ± 2.7 47.7 ± 1.9 19.7 ± 0.7

10 4.42 0.09 69.1 4.9 59.0 22.5 95.3 66.0 37.0 19.3

The Fenton reagent alone can remove the DZP by 98% for the H2O2/Fe2+ ratio value
of 10 with concentrations of 5.9 mmol L−1. In spite of their high percentage of elimina-
tion of the drug, only 9.6% of mineralization is obtained for the ratio 10 H2O2/Fe2+ at
concentrations of 4.44 mmol L−1 and 0.44 mmol L−1, respectively.

A multiple regression analysis yielded a mathematical model to evaluate the influence
of H2O2 and Fe2+ concentrations on DZP mineralization for each AOPs.

For the case of the US the percentage of mineralization responds to Equation (17) for
a level of significance lower than 0.05 with a correlation coefficient of 0.89. The variable
(Fe2+)2 is not statistically significant and H2O2 concentration is proved to be the variable
with the highest incidence in the mineralization process. Equation (18) represents the
variation of mineralization for the photo-Fenton process.

% M = −9.24 − 44.37
[
Fe2+

]
+ 15.92[H2O2]− 1.88[H2O2]

2 + 5.99
[
Fe2+

]
[H2O2] (17)

% M = −33.32 − 60.50
[
Fe2+

]
+ 49.12[H2O2]− 155.21

[
Fe2+

]2 − 6.17[H2O2]
2 + 24.30

[
Fe2+

]
[H2O2] (18)

where % M represents the percentage of mineralization, [Fe2+] the concentration of Fe2+,
and [H2O2] the concentration of H2O2.

From the model the response surface and the isoline curves (Figure 4) of the miner-
alization were constructed as a function of H2O2 and Fe2+ concentrations. The mineral-
ization reaches a maximum higher than 22.5% for values ranging from 3.6 mmol L−1 to
5.0 mmol L−1 for H2O2, progressively decreasing with the increase of the catalyst. This
may be due to the fact that the amount of Fe2+ in the system begins to interact with the
HO• radicals, which decreases the process mineralization yield.

For the case of gamma radiation, the model adequately describes the experiment
according to Equation (19) with a correlation coefficient of 0.99. All coefficients of the model
are significant for a significance level of less than 0.05.
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Figure 4. UV-Fenton, US-Fenton and gamma-Fenton processes. (DZP) = 20 mg L−1, T = 25 ◦C,
t = 30 min. v (agitation) = 300 m−1, P = 30.6 W, f = 862 kHz, pH = 3. Gamma: D = 750 Gy,
.

D = 3.73 kGy h−1, pH = 2.5, v (agitation) = 300 m−1, λ = 254 nm, P = 11 W, pH = 2.5.

% M = −10.08 − 18.44
[
Fe2+

]
+ 14.49[H2O2]− 42.82

[
Fe2+

]2 − 1.81[H2O2]
2 + 6.87

[
Fe2+

]
[H2O2] (19)

Taking into account previous experiences using response surface methodology for
optimizing AOPs [41], this procedure was used in this work. The response surface and the
isoline curves were also constructed (Figure 4) where the mineralization reaches a maximum
of 17.5% for H2O2 concentration values ranging from 3.3 mmol L−1 to 5.0 mmol L−1 and
concentrations of Fe2+ lower than 0.3 mmol L−1 displaced towards an increase in the
concentration of the former.

3.5. Evaluation of Energy Efficiency in the Degradation of DZP with AOPs

The estimation of energy consumption is an essential criterion for evaluating the most
efficient AOPs in water treatment. A total of four criteria were used to estimate energy
consumption in the degradation by radiolysis, photolysis, and DZP sonolysis. The first is
the one proposed by Bolton and Carter in 1994, where the electric power is determined by
order of magnitude (EE/O) (Equation (20)), which is expressed in kWh L−1 and represents
the energy required to degrade a liter of polluted with the drug water [30,42]. The second
is the DW (Equation (21)) which expresses the amount of energy needed to degrade a
milligram of pollutant and its unit of measure is kWh mg−1 [31].

EE/O =
Pt

Vlog
(

Co
Cf

) (20)

where P is the consumption power at the facility (kW), t the irradiation time (h), V the
volume of the treated water (L), Co and Cf the initial and final concentrations in the working
solution (mg L−1).

DW =
Pt(

Co − Cf

)
V

(21)

where (Co − Cf)V is the mass of the degraded contaminant (mg).
Energy efficiency in mineralization was evaluated using the criteria (EE/O) and c

(DW) through Equations (22) and (23). The (EE/O) c represents the amount of energy per
carbon needed to treat a Liter of contaminant and the (DW) c amount of carbon energy
needed to degrade one milligram of pollutant.

EE/O =
Pt

Vlog
(

TOCo
COTf

) (22)

DW =
Pt(

TOCo − TOCf

)
V

(23)
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where P is the power of the equipment (kW), t the process energy consumption time (h), V
is the effective volume (L), TOCo the initial total organic carbon, and TOCf the final total
organic carbon.

In the study of energy efficiency, nine processes are compared in which three AOPs
are used: radiolysis, photolysis, sonolysis, and their combination with oxidizing agents
such as H2O2 and Fenton reactive. Experimental conditions were analyzed in which the
best % degradation of DZP for each process and its combination with the oxidizing agents
were reached.

The best results in the comparison of energy efficiency are found in the combination
of AOPs with the Fenton reactive allowing to decrease irradiation times of 40 to 12 min for
gamma-Fenton, 180 to 10 min in Fenton sleep and 300 to 10 min in photo-Fenton.

In Table 2, we report the best values obtained for energy efficiency for each studied
process. The best results are obtained for the photo-Fenton reaction.

Table 2. Energy consumption in the degradation and mineralization (*) of DZP in sonolysis, photolysis
and radiolysis. NA, not available.

Process
Time
(min)

EE/O
(kWh L−1)

DW
(kWh mg−1)

* (EE/O)
(kWh L−1)

* (DW)
(kWh mg−1)

Gamma 40 1.2 2.9 × 10−1 NA NA
Gamma-H2O2 12 1.7 9.7 × 10−2 NA NA

Gamma-Fenton 12 3.3 × 10−1 8.8 × 10−2 17.8 1.0
Sonolysis 180 2.5 6.5 × 10−2 NA NA

Sono-H2O2 60 4.7 × 10−1 1.3 × 10−2 NA NA
Sono-Fenton 10 3.9 × 10−3 1.0 × 10−3 0.5 2.0 × 10−2

Photolysis 300 1.1 2.9 × 10−2 NA NA
Foto-H2O2 300 1.3 × 10−1 1.1 × 10−2 NA NA

Foto-Fenton 10 1.4 × 10−3 3.7 × 10−4 0.2 8.0 × 10−3

3.6. Study of the Photo-Fenton Process with Solar Radiation in a Real Wastewater

Based on the positive results obtained in the experiments on the degradation of DZP at
laboratory scale using the photo-Fenton process, it was decided to scale-up this process to a
flat open-channel reactor with a reaction volume of 20 L. The experiments used sunlight as
the energy source, combined with Fenton’s reagent. The wastewater sample was taken at
the entrance of the “María del Carmen” wastewater treatment plant in Havana city, Cuba.

Three degradation experiments of DZP were carried out at a concentration of 20 mg L−1

for each molecule. The first experiment was carried out with technical water doped with
the studied molecule, using the concentration of H2O2 and Fe2+ ions that were the most
efficient in the photo-Fenton process with artificial UV light. For DZP, an H2O2 concen-
tration of 5.9 mmol L−1 and an Fe2+ ion concentration of 0.59 mmol L−1 were used. The
second experiment was carried out with wastewater doped with 20 mg L−1 of diazepam
and the same concentrations of H2O2 and Fe2+ ions. In the third experiment, the COD of
the wastewater sample was considered and the concentrations of H2O2 and Fe2+ ions to
be used were recalculated, they were 11.6 mmol L−1 and 1.16 mmol L−1 respectively. The
actual wastewater was previously characterized as established in NC 27:2012, Table 3.

As can be seen in Figure 5, 10 min after the reaction started a total degradation was
achieved for the molecule in the technical water. This behavior was similar to that obtained
in the photo-Fenton process with artificial UV at the same concentrations of H2O2 and Fe2+

ions. In the study, a total degradation of the DZP was obtained 30 min after the start of
the reaction.

By increasing the concentration of the Fenton reagent, taking into account the COD of
the wastewater, the total degradation of DZP was reached 10 min after the reaction started,
a value that indicate the need of knowing the complexion of the matrix to improve the
degradation process, and reaffirms the competitiveness of the organic molecules present in
the wastewater for the HO• radicals formed in the process.
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Table 3. Analysis of wastewater before and after photo-Fenton treatment with sunlight.

Parameters Waste Water Treated Water Efficiency (%) NC 27: 2012

Temperature (◦C) 27 26 - <40
pH 7.65 7.32 - 6–9

Conductivity (μS cm−1) 1085 ± 1 87 ± 1 91.9 <2000
CO (mg of O2 L−1) 188 ± 30 61.4 ± 6 67.3 <90

BOD5
(mg of O2 L−1) 91 ± 1 36.5 ± 1 59.8 <40

Settleable solids (mL L−1) 2.5 ± 0.1 0 100 <2
Floating material present absent - -

Iron (mg L−1) 0.91 0 100 -

TOC (mg de C L−1) 86.4 32.9 *
23.7 **

61.9
72.6 -

* TOC value at 30 min; ** TOC value at 120 min.

Figure 5. DZP degradation by photo-Fenton of technical water, wastewater without taking into
account COD, and wastewater taking into account COD. [DZP] = 20 mg L−1; pH 3.

The diazepam highest mineralization values, 61.9% and 72.6%, were reached at 30
and 120 min from the start of the reaction respectively, witnessing an increase of 14.6%
between the intervals measured 90 min apart. This result is of great importance since
although total degradation is obtained for DZP, there is a substantial increase in the per
cent of mineralization at 120 min with respect to that achieved in technical water with the
application of Fenton’s reagent alone (12%), with a difference in the mineralization reached
of 60.6% in both processes.

Taking in account the possible industrial application of this process in combination
with other conventional treatments for wastewater, photo-Fenton is applicable before
biological treatment. This is highly favorable since the microorganisms responsible for
the remission of contaminants are not capable of eliminating these molecules. It is also
important to note that the photo-Fenton process guarantees a satisfactory value of efficiency
in the reduction of BOD5 (59.8%) and COD (67.3%), that reduces the times of residence of
the water in the system and increase the volume to be treated each day.

4. Conclusions

1. The three processes of advanced oxidation, sonolysis, radiolysis, and photolysis
combined with the Fenton reagent guarantee the total degradation of diazepam in
synthetic matrices and more than 80% in a real matrix with partial mineralization.

2. Diazepam sonolysis guarantees 28% degradation of the drug at 30.6 W and 862 kHz
at 3 h of experimentation, while with photolysis 38% is achieved after 5 h. With the
increase of the dose of irradiation increases the degradation of the drug for doses
greater than 500 Gy, reaching the total degradation for a dose of 2500 Gy. In all cases,
the process is favored in acidic conditions, with the best results for the ultrasonic and
photolytic study at pH 2.5 and for the radiolytic at pH 3.
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3. The combination of the processes with hydrogen peroxide guarantees the intensifica-
tion of the same to the 10 min with an increase in more than 30%, 63%, and 21% for
the sonolytic, radiolytic, and photochemical degradation, respectively.

4. Integration of the processes with Fenton reagent guarantees the total elimination of
the drugs at 10 min in a synthetic matrix, and an increase in mineralization by more
than 16%, 60%, and 12% for sonolytic, radiolytic degradation, and photochemistry,
respectively.

5. All of the criteria for the evaluation of the energy consumption agree that the photo-
Fenton process constitutes the one with the lowest energy consumption for the degra-
dation of diazepam in the water matrix.

6. The degradation of the DZP in real residual water gave the best results in the ex-
periments where the COD was taken into account to adjust the H2O2, and Fe2+

concentrations. The photo-Fenton process guarantees total degradation using solar
radiation as a source of energy after 10 min. A decrease in COD, and BOD5 of waste
water was achieved below the limits required by NC-27-2012 for classification B. The
gamma-Fenton process guarantees maximum efficiency in decreasing COD, BOD5,
and TOC with 89.2%, 82.1%, and 88.1%, respectively.
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Abstract: In recent years, typical organic pollutants were frequently found in aquatic environments.
Among them, synthetic dyes were widely used in many industries, which resulting in a large
amount of wastewater contained dyes. Because of the characteristic of complex components, poor
biodegradability and high toxicity, this kind of wastewater brought lots of harm to the ecological
environment and organism. In this study, three different types of manganese dioxide (MnO2)
with the rod-like, needle-like and mixed morphologies respectively were successfully fabricated
by hydrothermal method with changing the preparation conditions and addition of the metal ions,
and utilized as activator of persulfate (PS) to remove the dyes aqueous. Subsequently, these MnO2

nanocomposite was characterized by X-ray diffraction (XRD) and scanning electron microscope (SEM)
measurements. In addition, Rhodamine B (Rh B), as a representative substance of xanthene dyes
was chosen as the target degradants to researched and compared the efficiency of removal via PS
activated by different MnO2. By exploring the influences of different reaction parameters on the result
of removal, results indicated that PS activated by the acicular MnO2 (α-MnO2) can remove 97.41% of
Rh B over 60 min, with the optimal catalyst/PS ratio of 2:1 (the concentration of the α-MnO2 and
PS were 1.2 g/L and 0.6 g/L, respectively), pH value of 3, at the temperature of 20 ◦C. Meanwhile,
the probable degradation mechanism was also proposed. At last, as the catalyst was reused for four
times, the degradation rate of target degradants decreased less than 10%.

Keywords: PS; MnO2; morphologies; SO4
•−; mechanism

1. Introduction

In recent decades, with the rapid development of industrialization and urbanization,
the environmental problems caused by refractory organic wastewater are becoming in-
creasingly serious and need to be effectively treated [1]. Due to the widespread usage of
synthetic dyes in printing, dyeing, papermaking, textile, cosmetics, leather and other indus-
tries [2], a large number of highly toxic, complex ingredients, and difficult to biodegradable
dye wastewater have been produced, and many organic dyes are difficult to metabolize
in the body, gradual accumulation causes great harm to human health and ecological
environment [3]. Therefore, it is crucial to find a more efficient and green treatment method
to degrade organic dye wastewater. The rhodamine series of dyes are 3’,6’ diaminated
xanthene-like fluorescents with excellent pH stability and a variety of structures, and dif-
ferent structures offer fluorescence with different wavelengths and colors. Rhodamine B
(Rh B), as a representative substance of xanthene dyes, is most common and most frequently
used, similar to diphenylmethane and triphenylmethane derivatives, generally used in
industries such as colored glass, paper, textiles, fireworks, and etc. It is difficult to degrade
in the environment, highly toxic, persistent and carcinogenic [4]. Herein, Rh B was selected
as target pollutants in this study. It is hoped to provide some methods and references for
the degradation of such organic dyes.

Water 2023, 15, 735. https://doi.org/10.3390/w15040735 https://www.mdpi.com/journal/water
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The usual methods for treating dyeing and printing wastewater include physical,
biological and chemical methods. The commonly used physical methods generally include:
adsorption, coagulation, membrane treatment, reverse osmosis, ion exchange and etc.
However, physical methods face many application limitations: (1) adsorption materials are
not suitable for hydrophobic dyes, and the regeneration cost is high and the loss is large;
(2) coagulation method is not effective for hydrophilic dyes, and it is easy to produce sludge
that needs further treatment; (3) membrane treatment and reverse osmosis membrane can
treat printing and dyeing wastewater well, but the cost is too high, the membrane is easy to
clog, and the treatment and disposal of waste membrane is also a problem; (4) ion exchange
method is only suitable for treating ionic dye wastewater, and it needs to be regenerated
continuously, which results in high loss. In addition, the biological treatment method is not
ideal for dye wastewater because most of these dyes are poorly biochemical and difficult to
biodegrade, among which it has been confirmed that reactive dyes are the most difficult to
be degraded in dyeing wastewater [5,6]. Chemical methods refer to the oxidation of organic
pollutants using oxidants, and the commonly used oxidants are H2O2, NaClO, O3 and etc.
The chemical method has the characteristics of good treatment effect, fast reaction rate,
complete degradation of pollutants, high treatment efficiency and wide application range.
Commonly used chemical methods are through the oxidant degradation of pollutants,
and will use photocatalysis [7], electrocatalysis [8], high temperature and other means
to catalyze the oxidant to produce a large number of hydroxyl radicals to improve the
degradation effect. However, for some hard-to-degrade organic substances, traditional
chemical methods still cannot effectively degrade them.

Advanced oxidation processes (AOPs), which have been developed in recent years, are
currently attracting much attention and can make most organic pollutants to be effectively
degraded by producing free radicals as the main active substance to eliminate pollutants
completely [9]. It is mainly represented by AOPs based on sulfate radical (SO4

•−) and
hydroxyl radical (•OH). By contrast, SO4

•− possesses a higher redox potential than •OH
(redox potential of •OH is 2.8 eV, while the SO4

•− is 2.5–3.1 eV) [10]; SO4
•− has better

selectivity through electron transfer, dehydrogenation, addition reaction to degrade organic
matter [11]; SO4

•− is more stable than •OH due to its shorter half-life [12]; the way to
produce SO4

•− is also easier and the origin of which shows a higher stability [13]. Currently,
AOPs based on SO4

•− radicals generally generate SO4
•− radicals by activating persulfates,

including peroxydisulfate (PS)and peroxymonosulfate (PMS). Among them, PS is a solid
that exists stably at room temperature, is easily preserved for transport and transfer,
dissolves easily in water, and is relatively inexpensive. The PS itself, as a strong oxidizing
agent, can also produce SO4

•− radicals in aqueous solution without a catalyst. In general,
PS is more stable and the above reaction rates are extremely low. After activation by applied
energy or catalyst, the peroxygen bond (O-O bond) in the PS breaks and a large number of
SO4

•− radicals can be efficiently produced with strong oxidizing properties. Herein, SO4
•−

radicals can degrade difficult-to-treat organic pollutants in wastewater into biodegradable
pollutants or even directly mineralize to carbon dioxide and water. In this process, SO4

•−
radicals will be reduced to sulfate (SO4

2−), and no toxic and harmful substances will be
produced, which is an environmentally friendly oxidant.

Therefore, the activation technology of PS has become the focus of current research.
The most commonly used PS activation methods are thermal activation, ultrasound, pho-
toactivation, and transition metal activation [14]. The reactions involved are as follows:

S2O8
2− + heat → 2 SO4

•− (1)

adjust the pH in the reaction parameter influence tests. All the experiments
were carried out for three times to minimize the errors

(2)

Mn+ + S2O8
2− → M(n+1)+ + SO4

•− + SO4
2− (3)

Mn+ + HSO5
− → M(n+1)+ + SO4

•− + •OH (4)
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However, some of these methods require a large number of high-cost oxidants, high
reaction conditions, or consume large amounts of energy [15]; likewise, some metal oxides
or metal ions as catalysts are prone to secondary pollution, such as Co2+, Co3O4, CuO,
etc. [16–18]. Thus, the exploration and development of green and efficient persulfate
activator has become a hot spot and focus now.

Manganese oxides are considered as common mineral oxides found in sediments
and soils [19]. Among the various catalyst materials, MnO2 has become a very promising
candidate because of its natural abundance, wide source, low cost, high activation, and low
toxicity [20]. Because of its superior oxygen mobility, manganese oxides can induce a wider
range of redox reactions [21]. More importantly, the reactivity of manganese-based oxides
is relatively high. Meanwhile, as a promising alternative to iron minerals, manganese
oxides are often applied in Fenton or Fenton-like reactions [22]. In recent reports, MnO2
have attracted considerable attention as activator for PS [23], especially, multi-component
magnetic material compounded with it [19,24]. In this paper, three different morphologies
of MnO2 activated PS were prepared to degrade organic pollutants, which can provide
a certain reference for the technology of activation of PS with MnO2 and research of its
multielement composite.

Herein, the main works of this study are: (1) Preparation of catalyst materials: three
different morphologies of MnO2 were fabricated by hydrothermal method by changing the
reaction conditions and adding metal ions; (2) Characterization of catalysts’ crystallographic
structure and micromorphology: X-ray diffraction (XRD) was employed to analyze the
materials’ composition and structure of atoms or molecules inside. Scanning electron
microscope (SEM) was used to observe the microscopic surface morphology of the MnO2
with different morphologies; (3) Study on the catalytic performance: Rhodamine B was
chosen as target pollutants to evaluate the catalytic activity of MnO2 on PS activation. The
tests of exploring the influences of different reaction parameters on the result of removal
were also conducted; (4) Stability evaluation: the repeated degradation experiments were
carried out for 4 times. The main objective of this study was to compare and select the
most dominant species among three different morphologies of MnO2 catalysts and to
reveal the relationship between the microscopic morphology of the materials and their
performance in activating PS for Rh B degradation. Ultimately, this research was expected
to provide an important reference for the study of the activation of PS by MnO2 and their
multicomponent complexes and the development of new nanomaterials for the efficient
removal of organic dyes from wastewater.

2. Materials and Methods

2.1. Chemicals

Potassium permanganate (KMnO4), manganese sulfate monohydrate (MnSO4•H2O),
manganese chloride tetrahydrate (MnCl2•4H2O), ferric chloride hexahydrate (FeCl3•6H2O),
potassium persulfate (K2S2O8), hydrochloric acid (HCl), absolute ethanol (C2H5OH), sulfu-
ric acid (H2SO4), potassium hydroxide (KOH), Rhodamine B (C28H31ClN2O3, Rh B) were
purchased from Kermel Chemical Reagent Co. Ltd. (Tianjin, China). All the chemicals
above were directly used when received without further purification. Noted, deionized
(DI) water was used throughout this experiment.

2.2. Fabrication of MnO2 with Different Morphologies

In this experiment, MnO2 was prepared by hydrothermal method. By changing the
preparation conditions, the reactant ratio and trying to add metal ions as auxiliary agents,
three different morphologies of MnO2 were obtained.

2.2.1. Fabrication of Rod-Shaped MnO2

8 mmol (1.3520 g) of MnSO4•H2O and 8 mmol (1.2640 g) of KMnO4 dissolved in
50 mL of deionized water, and performed magnetic stirring for 30 min to dissolve fully.
The mixed solution was then transferred to a 100 mL Teflon-lined stainless-steel autoclave,
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sealed and kept at 140 ◦C for 12 h. After cooling to room temperature, the precipitate was
centrifuged and washed with deionized water and absolute ethanol alternately three times,
finally dried in a vacuum oven at 120 ◦C for 12 h. The sample was ground and stored for
following use [25].

2.2.2. Fabrication of Acicular MnO2

The fabrication conditions of the above rod-shaped MnO2 were changed to some ex-
tent, instead of changing the dosing ratio of MnSO4•H2O and KMnO4 (1:1), an appropriate
amount of iron ions (Fe3+) was added to the reaction system. In this test, 1 mmol (0.2702 g)
of FeCl3•6H2O was added to the mixed solution, followed by magnetic stirring for 30 min
to dissolve thoroughly. The mixed solution was then transferred to a 100 mL Teflon-lined
stainless-steel autoclave, sealed and placed in a vacuum oven at 140 ◦C for 12 h. After
cooling to room temperature, subsequent processing was consistent with the rod-shaped
MnO2 above. After grinding, sample was stored for use [26].

2.2.3. Fabrication of Mixed MnO2

To obtain the mixed MnO2, 1.5 mmol (0.2970 g) of MnCl2•4H2O and 2.5 mmol
(0.3950 g) of KMnO4 were dissolved in 50 mL of deionized water, and 0.45 mmol (0.1216 g)
of FeCl3•6H2O were added to the mixture, which was sufficiently dissolved by vigorously
stirring. The mixed solution was poured into a Teflon-lined stainless-steel autoclave, sealed
and kept at 150 ◦C for 24 h. After cooling to room temperature, the treatment of the
precipitate simulated the preparation process of the first two types of MnO2 [27].

2.3. Characterizations

Powder X-ray diffraction (XRD) spectrograms of the samples were obtained on Panalyt-
ical multifunctional powder X-ray diffractometer (XRD D8 Advance, Rigaku Corporation,
Matsumoto, Japan) with a graphite monochromatic Cu Kα radiation (λ = 0.15418 nm). The
morphology and microstructure of three types of MnO2 were determined by field-emission
scanning electron microscopy (SEM, Japan Electron Optics Laboratory Co. Ltd., Mitaka,
Tokyo, JSM-6701F) at 20 kV.

2.4. Catalytic Activity Tests

Prepared a 10 mg/L Rh B solution of the target substance for use and took 50 mL
each time into 100 mL Erlenmeyer flasks, added a certain amount of catalyst and PS,
then marked according to different reaction conditions. At the same time, set a blank
group and pure adsorption group to contrast. Degradation experiments were conducted
at the temperature of 20 ◦C, on the shaking table with the rocking speed kept 180 rpm.
After the given time intervals, 5 mL of mixed solution was aspirated with a syringe
and filtered through a 0.22 μm to remove the catalyst, and immediately measured at
maximum absorption wavelengths of the Rh B (549 nm) in a T6 UV–vis spectrophotometer
(Evolution 300, Thermo Fisher Scientific Inc., Shanghai, China) [28]. Besides, the ratio
of the measured absorbance of the sample to the absorbance of the initial target solution
(At/A0) was regarded as the analysis index. Where At was the absorbance measured for
each sampled sample and A0 was the absorbance of the initial 10 mg/L solution of the
target pollutant. Meanwhile, in the following equation, C0 was the initial concentration of
the target degradant and Ct was the concentration of the target degradant in the solution at
time t. The degradation rate of this experiment was calculated using the following Equation
(5) [29]. Additionally, H2SO4 (pH = 2) and KOH (pH = 11) were employed to adjust the pH
in the reaction parameter influence tests. All the experiments were carried out for three
times to minimize the errors.

η% = [(C0 − Ct)/C0] × 100% = [(C0 − Ct)/C0] × 100% = (1 − At/A0) × 100% (5)
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3. Results and Discussion

3.1. XRD and SEM Analysis

In order to obtain the crystallographic structure of different types of the as-prepared
MnO2, X-ray diffraction (XRD) was carried out and results were displayed in Figure 1.
As depicted in Figure 1a, lines appearing at 28.7◦, 37.3◦, 40.9◦, 42.8◦, 56.7◦, 59,3◦, 64.9◦,
67.3◦ and 72.3◦ can be appreciably consistent with characteristic lines of β-MnO2 (JCPDS:
24-0735), corresponding to the (110), (101), (200), (111), (211), (220), (002), (310) and (301)
planes of tetragonal β-MnO2 crystals [30]. Meanwhile, several diffraction lines at 12.6◦,
18.0◦, 28.7◦, 37.4◦, 41.8◦, 49.7◦, 56.4◦, 59.9◦, 65.0◦ and 69.2◦displayed in Figure 1b can be
indexed to the hexagonal phase of K1.33Mn8O16 (JCPDS: 77-1796) with the exposure of
(110), (200), (130), (330), (240), (140), (251), (620), (002) and (541) planes. In addition, lines
at 12.7◦, 18.0◦, 25.7◦, 28.7◦, 37.5◦, 42.0◦, 49.7◦, 56.3◦, 60.0◦, 65.3◦, 69.2◦ and 72.8◦ shown
in Figure 1c, were attributed to (110), (200), (220), (310), (211), (301), (411), (600), (260),
(002), (541) and (321) crystal facets of tetragonal α-MnO2 (JCPDS: 44-0141) [31]. These
phenomena could rationally verify that three types of MnO2 were supposed to be pure
β-MnO2, mixed K1.33Mn8O16 and pure α-MnO2, respectively. In addition, all three MnO2
catalysts prepared in this study exhibited an excellent crystallinity and no obvious spurious
lines appeared in characteristic XRD patterns, indicating that pure MnO2 materials were
successfully synthesized.

 

 

Figure 1. XRD patterns of β-MnO2 (a), K1.33Mn8O16 (b) and α-MnO2 (c).
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Besides, to further analyzed the surface morphology of β-MnO2, K1.33Mn8O16 and
α-MnO2, SEM consequences of different samples were shown in Figure 2. As exhibited in
Figure 2a, as-prepared smooth and evenly distributed rod-like β-MnO2 with an average
diameter of about 80 nm showed a number of aggregated states. Moreover, the combination
between MnO2 nanoparticles and MnO2 nanorods observed in Figure 2b, were matched
with K1.33Mn8O16, a kind of mixed MnO2. While, α-MnO2 displayed acicular-like appear-
ance in Figure 2c were agglomerated with an average diameter of about 60 nm. In addition,
rod-like β-MnO2 and acicular-like α-MnO2 are essentially MnO2 nanorods, and the mixed
type is a combination one. However, the shorter length and finer diameter of α-MnO2
leaded to larger specific surface area in comparing with β-MnO2 and K1.33Mn8O16, which
could theoretically provide more reaction and activation sites to better activate PS [32]. This
inference was proved by the subsequent experiments.

 
Figure 2. SEM images of β-MnO2 (a), K1.33Mn8O16 (b) and α-MnO2 (c).

3.2. Organic Pollutants Degradation Performance

Herein, the degradation experiments of Rh B were carried out in various systems
under the unadjusted pH (4.86) to evaluate and compare the organic pollutants degradation
performance of three types of MnO2. As presented in Figure 3, only about 4.01%, 7.13% and
9.46% of Rh B could be removed with absorption of β-MnO2, K1.33Mn8O16 and α-MnO2,
respectively, which revealed the decolorization of Rh B had little to do with adsorption.
Besides, the degradation efficiency of Rh B was less than 45% over 60 min with the single
PS addition, which was ascribed to the weak direct oxidation of PS (E0 = 2.01 V) [33],
This result suggested that chemical oxidation alone could not efficiently oxidized organic
pollutants. Noted, for as-synthesized β-MnO2, K1.33Mn8O16 and α-MnO2, the Rh B removal
efficiency was markedly improved in presence of each type of MnO2 and PS simultaneously,
indicated that the activation effect on PS of catalysts in aqueous solution play a vital role in
the degradation of organic pollutants [34]. Among them, the efficiency of PS activation on
Rh B degradation with different catalysts was α-MnO2 > K1.33Mn8O16 > β-MnO2, which
was 78.43%, 67.48% an 47.62%, respectively. The result was consistent with those inference
obtained by SEM analysis, which was mainly caused by larger specific surface area α-
MnO2 possessed. In detail, the specific surface area of β-MnO2 with a rod-like structure
was approximately 7.9~13.2 m2/g, which was much lower than that of α-MnO2 with a
needle-like structure (44.4~76.5 m2/g) [32,35], while the specific surface area of hybrid
MnO2 should be somewhere in between. Thus, α-MnO2 enhanced the activation of PS with
its ability to expose more active sites, facilitating the elimination of Rh B in water.
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Figure 3. Time course of Rh B absorption and degradation via PS activation by different types
of catalysts. Experiment conditions: PS concentration = 0.6 g/L, catalyst dosage = 0.8 g/L, Rh B
concentration = 10 mg/L.

3.3. Optimization of Reaction Parameters

Generally speaking, as we all know that the addition of catalyst dosage, PS dosage and
catalyst/PS dosing ratio play important roles in degradation experiments by PS activation.
Moreover, detecting the influence of initial pH is great significance to prove the adaptability
of α-MnO2 in complicated practical water with various pH in the different places [36].
Therefore, a serious of tests were conducted to optimize reaction conditions. The effect of
α-MnO2 dosage (0.2 g/L, 0.4 g/L, 0.6 g/L, 0.8 g/L and 1.2 g/L) on the Rh B degradation
was displayed in Figure 4a. Obviously, the removal rate of Rh B promoted (43.38%, 62.71%,
68.89%, 78.61%, 84.49% and 93.80%) with the increased concentration of the α-MnO2.
Likewise, as illustrated in Figure 4b, the decoloration efficiency of Rh B promoted with the
increased dosage of PS, loading from 0.2 to 1.2 g/L corresponding to degradation efficiency
of 38.31%, 59.85%, 75.25%, 81.39%, 85.61% and 86.71%. These phenomena might imply that
with the increase of the amount of catalyst and PS, the available active metal ions increased,
which accelerated the activation of PS and generated more active substance to degrade Rh
B more efficiently [28]. In consideration of economics and inhibition caused by interaction
between the catalyst and PS, reasonable catalyst/PS dosing ratio needed to be determined
experimentally. It can be seen from Figure 4c that when the ratio of α-MnO2/PS was 2:1
(the concentration of the α-MnO2 and PS were 1.2 g/L and 0.6 g/L, respectively), the
effect of activating PS to degrade Rh B was best. The effects of initial pH were studied at
different values of 3, 5, 7, 9 and 11, as shown from Figure 4d, the degradation rate decreases
significantly with the pH value increasing. 97.41% of Rh B could be removed for 60 min at
the pH of 3, while the pH was increased to 5, 7, or 9, the degradation efficiency decreased
by 18%, 25, or 27% over 60 min. In addition, when the pH was increased to 11, only 28.53%
of Rh B was removed. The reasons of this result were as follow: (1) The zero point charge of
MnO2 and its complexes was reported to generally occur in the pH range of 3 to 5 [35,37,38].
Therefore, when the pH was sufficiently low, the crystalline surface became positively
charged, which was more favorable for electrostatic adsorption between the electron-rich
contaminants, PS and α-MnO2; (2) When the pH was too high, the large amount of SO4

2−
produced by the reactivity of SO4

•− and OH− (Equation (6)), caused the loss of SO4
•− [39].

SO4
•− + OH− → •OH + SO4

2− (6)
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Figure 4. Effect of reaction parameters on the degradation of Rh B: catalyst dosage (a), persul-
fate concentration (b), catalyst/PS dosing ratio (c) and initial pH value (d). Experiment condi-
tions: PS concentration = 0.6 g/L, catalyst dosage = 0.6 g/L, catalyst/PS dosing ratio = 2:1, Rh B
concentration = 10 mg/L and initial pH value = 4.86 (unadjusted).
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3.4. Mechanism Analysis

Based on the previous study [19,24,28], we proposed a possible mechanism in α-
MnO2/PS reaction system. As shown in Figure 5, continuous conversion of Mn (IV) and
Mn (III), which occurred on the surface of α-MnO2 were depicted in Equations (7) and
(8), a great number of SO4

•− produced via the activation of PS. Moreover, moiety SO4
•−

could further react with H2O to induce ·OH (Equation (9)). Therefore, the mineralization of
Rh B was mainly ascribed to strong active species, SRs (SO4

•−), hydroxyl radicals (•OH)
and even persulfate (PS). SO4

•− radicals and •OH radicals would preferentially attack the
central carbon ring position of Rh B to decolorize the dye and further degrade it through a
ring opening process. Rh B would be converted into complex xanthene benzene radicals
and produce three different forms of phthalic acid (phthalic acid, isophthalic acid and p-
phthalic acid) [40]. In addition, an alternative degradation pathway for Rh B under SO4

•−
radicals and •OH radicals attacking has been proposed. The main degradation products
were malonic acid, oxalic acid, glycine, m-aminophenol, adipic acid, 2-hydroxybenzoic
acid and trans-crotonic acid [41], as long as they were converted to simpler organic acids
and inorganic small molecule compounds by stepwise oxidation. Most of the above
low molecular weight acids were environmentally friendly and may also be eventually
converted to CO2, H2O and inorganic compounds.

Mn(IV) + S2O8
2− → Mn(III) + S2O8

•− (7)

Mn(III) + S2O8
2− → Mn(IV) + SO4

•− + SO4
2− (8)

SO4
•− + H2O → •OH + H+ + SO4

2− (9)

 

Figure 5. Proposed mechanism of Rh B degradation under α-MnO2/PS system.

3.5. Reusability of α-MnO2

Generally speaking, stability of catalysts is one of the most important characteristics
in all evaluation indicators. Considering practical application potential of α-MnO2, the
repeated degradation experiment was performed for four runs. As exhibited in Figure 6,
the degradation efficiency got slightly decreased after each cycle, from 97.41% to 89.76%,
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indicating that α-MnO2 had expectation of putting into practical application in the organic
pollutants’ degradation due to its good repeatability. In addition, there were several reasons
could explain this reduction of removal rate along the Rh B recycle degradation: (1) the
slight leaching of metal ions on the catalyst [42,43]; (2) the absorption of degradation
intermediate or remaining Rh B occupied the active sites on the surface of the catalyst in
the previous cycle [43]; (3) the by-production produced during the several cycles would
compete for active species with the Rh B molecules [44].

 

Figure 6. Performance of α-MnO2 upon 4 successive uses for Rh B degradation. Experimental
conditions: PS concentration = 0.6 g/L, catalyst dosage = 1.2 g/L, Rh B concentration = 10 mg/L.

4. Conclusions

All in all, rod-shaped, acicular and mixed MnO2 were successfully fabricated by hy-
drothermal method with controlling the conditions of reaction and addition of the metal
ions. From the results of surface morphology and crystallographic structure analyzed
by scanning electron microscope (SEM) and X-ray diffraction (XRD), three different mor-
phologies of MnO2 were corresponding to β-MnO2, mixed K1.33Mn8O16 and α-MnO2,
respectively. In the microscopic state, the α-MnO2 nanorods were more dispersed, and their
nanorods were shorter in length and smaller in diameter. The mixed type, K1.33Mn8O16
was a combination of manganese dioxide nanorods and manganese dioxide particles. In
contrast, the β-MnO2 mostly showed a polymerized state. Thus, the α-MnO2 with needle-
shaped microscopic morphology had a larger specific surface area and could provide more
activation sites. As-prepared α-MnO2 had a superior activity for Rh B degradation with the
addition of PS, and 97.41% of Rh B could be removed within 60 min. More importantly, the
reaction parameters are also optimized in this study, when the catalyst/PS ratio was 2:1 (the
concentration of the α-MnO2 and PS were 1.2 g/L and 0.6 g/L, respectively), pH value was
3, and the best catalytic efficiency for PS activation was obtained at the temperature of 20
◦C. Meanwhile, the probable degradation mechanism was also proposed. What’s more, the
catalyst was reused 4 times, and the degradation rate decreased by less than 10%. In a word,
this study provided an important reference for study on activation of PS by manganese
oxides and their multicomponent complexes and exploitation of new nano materials for
efficient removal of organic dyes in wastewater. In future research, the preparation of
composite materials from α-MnO2 with needle-shaped microscopic morphology together
with other substances as raw materials could be explored in depth. For example, magnetic
composites can be prepared to facilitate the recovery of the catalyst. Or other reactants can
be added to obtain composites with better activation and regeneration performance.

200



Water 2023, 15, 735

Author Contributions: X.Z. contributed to the Data curation, writing—original draft preparation,
X.G. and S.C. contributed to the writing—review and editing; J.S. and X.C. contributed to the
supervision, funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data available in a publicly accessible repository.

Acknowledgments: This work was supported by Research and Innovation Team Cultivation Pro-
gram of Yili Normal University (CXZK2021004) and Natural Science Foundation of Xinjiang Uygur
Autonomous Region (2021D01C461).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, X.; Wang, J.; Dong, X.-X.; Lv, Y.-K. Functionalized metal-organic frameworks for photocatalytic degradation of organic
pollutants in environment. Chemosphere 2020, 242, 125144. [CrossRef] [PubMed]

2. Zhang, W.; Tay, H.L.; Lim, S.S.; Wang, Y.; Zhong, Z.; Xu, R. Supported cobalt oxide on MgO: Highly efficient catalysts for
degradation of organic dyes in dilute solutions. Appl. Catal. B Environ. 2010, 95, 93–99. [CrossRef]

3. Guo, N.; Liu, H.; Fu, Y.; Hu, J. Preparation of Fe2O3 nanoparticles doped with In2O3 and photocatalytic degradation property for
rhodamine B. Optik 2020, 201, 163537. [CrossRef]

4. Ji, R.; Zhao, Z.; Yu, X.; Chen, M. Determination of rhodamine B in capsicol using the first derivative absorption spectrum. Optik
2019, 181, 796–801. [CrossRef]

5. Pearce, C., Jr.; Lloyd, J.; Guthrie, J. The removal of colour from textile wastewater using whole bacterial cells: A review. Dye.
Pigment. 2003, 58, 179–196. [CrossRef]

6. Banat, I.M.; Nigam, P.; Singh, D.; Marchant, R. Microbial decolorization of textile-dyecontaining effluents: A review. Bioresour.
Technol. 1996, 58, 217–227. [CrossRef]

7. Foti, L.; Coviello, D.; Zuorro, A.; Lelario, F.; Bufo, S.A.; Scrano, L.; Sauvetre, A.; Chiron, S.; Brienza, M. Comparison of Sunlight-
Aops for Levofloxacin Removal: Kinetics, Transformation Products, and Toxicity Assay on Escherichia Coli and Micrococcus
Flavus. Environ. Sci. Pollut. Res. 2022, 29, 58201–58211. [CrossRef]

8. Ennouri, R.; Lavecchia, R.; Zuorro, A.; Elaoud, S.C.; Petrucci, E. Degradation of chloramphenicol in water by oxidation on a
boron-doped diamond electrode under UV irradiation. J. Water Process. Eng. 2021, 41, 101995. [CrossRef]

9. Huixuan, Z.; Nengzi, L.-C.; Wang, Z.; Zhang, X.; Li, B.; Cheng, X. Construction of Bi2O3/Cunife Ldhs Composite and Its Enhanced
Photocatalytic Degradation of Lomefloxacin with Persulfate under Simulated Sunlight. J. Hazard. Mater. 2020, 383, 121236.

10. Pirsaheb, M.; Hossaini, H.; Janjani, H. Reclamation of hospital secondary treatment effluent by sulfate radicals based–advanced
oxidation processes (SR-AOPs) for removal of antibiotics. Microchem. J. 2019, 153, 104430. [CrossRef]

11. Lei, Z.; Yang, X.; Ji, Y.; Wei, J. Sulfate Radical-Based Oxidation of the Antibiotics Sulfamethoxazole, Sulfisoxazole, Sulfathiazole,
and Sulfamethizole: The Role of Five-Membered Heterocyclic Rings. Sci. Total Environ. 2019, 692, 201–208.

12. Chen, C.; Feng, H.; Deng, Y. Re-evaluation of sulfate radical based–advanced oxidation processes (SR-AOPs) for treatment of raw
municipal landfill leachate. Water Res. 2019, 153, 100–107. [CrossRef] [PubMed]

13. Wang, J.; Wang, S. Activation of persulfate (PS) and peroxymonosulfate (PMS) and application for the degradation of emerging
contaminants. Chem. Eng. J. 2018, 334, 1502–1517. [CrossRef]

14. Yang, L.; He, L.; Xue, J.; Ma, Y.; Xie, Z.; Wu, L.; Huang, M.; Zhang, Z. Persulfate-based degradation of perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonate (PFOS) in aqueous solution: Review on influences, mechanisms and prospective. J. Hazard.
Mater. 2020, 393, 122405. [CrossRef]

15. Matzek, L.W.; Carter, K.E. Activated persulfate for organic chemical degradation: A review. Chemosphere 2016, 151, 178–188.
[CrossRef]

16. Zhang, M.; Chen, X.; Zhou, H.; Murugananthan, M.; Zhang, Y. Degradation of p-nitrophenol by heat and metal ions co-activated
persulfate. Chem. Eng. J. 2015, 264, 39–47. [CrossRef]

17. Ruonan, G.; Meng, Q.; Zhang, H.; Zhang, X.; Li, B.; Cheng, Q.; Cheng, X. Construction of Fe2O3/Co3O4/Exfoliated Graphite
Composite and Its High Efficient Treatment of Landfill Leachate by Activation of Potassium Persulfate. Chem. Eng. J. 2019,
355, 952–962.

18. Xing, S.; Li, W.; Liu, B.; Wu, Y.; Gao, Y. Removal of Ciprofloxacin by Persulfate Activation with Cuo: A Ph-Dependent Mechanism.
Chem. Eng. J. 2020, 382, 122837. [CrossRef]

19. Junjing, L.; Guo, R.; Ma, Q.; Nengzi, L.-C.; Cheng, X. Efficient Removal of Organic Contaminant via Activation of Potassium
Persulfate by Γ-Fe2O3/A-MnO2 Nanocomposite. Sep. Purif. Technol. 2019, 227, 115669.

20. Miao, L.; Wang, J.; Zhang, P. Review on manganese dioxide for catalytic oxidation of airborne formaldehyde. Appl. Surf. Sci. 2019,
466, 441–453. [CrossRef]

21. Wang, Y.; Chen, S. Droplets impact on textured surfaces: Mesoscopic simulation of spreading dynamics. Appl. Surf. Sci. 2015,
327, 159–167. [CrossRef]

201



Water 2023, 15, 735

22. Ning, S.; Duan, Y.; Jiao, X.; Chen, D. Large-Scale Preparation and Catalytic Properties of One-Dimensional A/B-MnO2 Nanostruc-
tures. J. Phys. Chem. C 2009, 113, 8560–8565.

23. Xu, Y.; Lin, H.; Li, Y.; Zhang, H. The mechanism and efficiency of MnO2 activated persulfate process coupled with electrolysis.
Sci. Total. Environ. 2017, 609, 644–654. [CrossRef]

24. Zhengyu, D.; Zhang, Q.; Chen, B.-Y.; Hong, J. Oxidation of Bisphenol a by Persulfate via Fe3O4-A-MnO2 Nanoflower-Like
Catalyst: Mechanism and Efficiency. Chem. Eng. J. 2019, 357, 337–347.

25. Deshan, Z.; Sun, S.; Fan, W.; Yu, H.; Fan, C.; Cao, G.; Yin, Z.; Song, X. One-Step Preparation of Single-Crystalline B-MnO2
Nanotubes. J. Phys. Chem. B 2005, 109, 16439–16443.

26. Subramanian, V.; Zhu, H.; Vajtai, R.; Ajayan, P.M.; Wei, B. Hydrothermal Synthesis and Pseudocapacitance Properties of MnO2
Nanostructures. J. Phys. Chem. B 2005, 109, 20207–20214. [CrossRef] [PubMed]

27. Jiechao, G.; Zhuo, L.; Yang, F.; Tang, B.; Wu, L.; Tung, C. One-Dimensional Hierarchical Layered KXMnO2 (X < 0.3) Nanoarchitec-
tures: Synthesis, Characterization, and Their Magnetic Properties. J. Phys. Chem. B 2006, 110, 17854–17859.

28. Gong, C.; Zhang, X.; Gao, Y.; Zhu, G.; Cheng, Q.; Cheng, X. Novel Magnetic MnO2 /MnFe2O4 Nanocomposite as a Heteroge-
neous Catalyst for Activation of Peroxymonosulfate (Pms) toward Oxidation of Organic Pollutants. Sep. Purif. Technol. 2019,
213, 456–464.

29. Lavecchia, R.; Pugliese, A.; Zuorro, A. Removal of lead from aqueous solutions by spent tea leaves. Chem. Eng. Trans. 2010,
19, 73–78.

30. Jain, N.; Roy, A. Phase & morphology engineered surface reducibility of MnO2 nano-heterostructures: Implications on catalytic
activity towards CO oxidation. Mater. Res. Bull. 2019, 121, 110615.

31. Rao, T.P.; Kumar, A.; Naik, V.M.; Naik, R. Effect of Carbon Nanofibers on Electrode Performance of Symmetric Supercapcitors
with Composite A-MnO2 Nanorods. J. Alloys Compd. 2019, 789, 518–527. [CrossRef]

32. Yang, W.; Su, Z.; Xu, Z.; Yang, W.; Peng, Y.; Li, J. Comparative Study of A-, B-, Γ- and Δ-MnO2 on Toluene Oxidation: Oxygen
Vacancies and Reaction Intermediates. Appl. Catal. B Environ. 2020, 260, 118150. [CrossRef]

33. Ma, Q.; Zhang, H.; Zhang, X.; Li, B.; Guo, R.; Cheng, Q.; Cheng, X. Synthesis of magnetic CuO/MnFe2O4 nanocompisite and its
high activity for degradation of levofloxacin by activation of persulfate. Chem. Eng. J. 2018, 360, 848–860. [CrossRef]

34. Huixuan, Z.; Song, Y.; Nengzi, L.-c.; Gou, J.; Li, B.; Cheng, X. Activation of Persulfate by a Novel Magnetic CuFe2O4/Bi2O3
Composite for Lomefloxacin Degradation. Chem. Eng. J. 2020, 379, 122362.

35. Zeming, W.; Wang, Z.; Li, W.; Lan, Y.; Chen, C. Performance Comparison and Mechanism Investigation of Co3O4-Modified
Different Crystallographic MnO2 (A, B, Γ, and Δ) as an Activator of Peroxymonosulfate (Pms) for Sulfisoxazole Degradation.
Chem. Eng. J. 2022, 427, 130888.

36. Gong, C.; Nengzi, L.-C.; Gao, Y.; Zhu, G.; Gou, J.; Cheng, X. Degradation of Tartrazine by Peroxymonosulfate through Magnetic
Fe2O3/Mn2O3 Composites Activation. Chin. Chem. Lett. 2020, 31, 2730–2736.

37. Hirakendu, B.; Singh, S.; Venkatesh, M.; Pimple, M.V.; Singhal, R.K. Graphene Oxide-MnO2-Goethite Microsphere Impregnated
Alginate: A Novel Hybrid Nanosorbent for as (Iii) and as (V) Removal from Groundwater. J. Water Process Eng. 2021, 42, 102129.

38. Shijun, Z.; Li, H.; Wang, L.; Cai, Z.; Wang, Q.; Shen, S.; Li, X.; Deng, J. Oxygen Vacancies-Rich A@Δ-MnO2 Mediated Activation
of Peroxymonosulfate for the Degradation of Cip: The Role of Electron Transfer Process on the Surface. Chem. Eng. J. 2023,
458, 141415.

39. Lin, X.; Ma, Y.; Wan, J.; Wang, Y.; Li, Y. Efficient degradation of Orange G with persulfate activated by recyclable FeMoO4.
Chemosphere 2019, 214, 642–650. [CrossRef]

40. Meng, F.; Song, M.; Song, B.; Wei, Y.; Cao, Q.; Cao, Y. Enhanced degradation of Rhodamine B via α-Fe2O3 microspheres induced
persulfate to generate reactive oxidizing species. Chemosphere 2019, 243, 125322. [CrossRef]

41. Moutusi, D.; Bhattacharyya, K.G. Oxidation of Rhodamine B in Aqueous Medium in Ambient Conditions with Raw and
Acid-Activated MnO2, Nio, Zno as Catalysts. J. Mol. Catal. A Chem. 2014, 391, 121–129.

42. Huixuan, Z.; Wang, J.; Zhang, X.; Li, B.; Cheng, X. Enhanced Removal of Lomefloxacin Based on Peroxymonosulfate Activation
by Co3O4/Δ-Feooh Composite. Chem. Eng. J. 2019, 369, 834–844.

43. Zhongjuan, W.; Nengzi, L.-C.; Zhang, X.; Zhao, Z.; Cheng, X. Novel NiCo2S4/Cs Membranes as Efficient Catalysts for Activating
Persulfate and Its High Activity for Degradation of Nimesulide. Chem. Eng. J. 2020, 381, 122517.

44. Huixuan, Z.; Nengzi, L.-C.; Li, X.; Wang, Z.; Li, B.; Liu, L.; Cheng, X. Construction of CuBi2O4/MnO2 Composite as Z-Scheme
Photoactivator of Peroxymonosulfate for Degradation of Antibiotics. Chem. Eng. J. 2020, 386, 124011.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

202



Citation: do Nascimento, J.L.A.;

Chantelle, L.; dos Santos, I.M.G.;

Menezes de Oliveira, A.L.; Alves,

M.C.F. The Influence of Synthesis

Methods and Experimental

Conditions on the Photocatalytic

Properties of SnO2: A Review.

Catalysts 2022, 12, 428. https://

doi.org/10.3390/catal12040428

Academic Editors: Gassan Hodaifa,

Antonio Zuorro, Joaquín

R. Dominguez, Juan García

Rodríguez, José A. Peres and

Zacharias Frontistis

Received: 18 February 2022

Accepted: 4 April 2022

Published: 11 April 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

Review

The Influence of Synthesis Methods and Experimental
Conditions on the Photocatalytic Properties of SnO2: A Review

Jéssica Luisa Alves do Nascimento 1, Lais Chantelle 2, Iêda Maria Garcia dos Santos 2,

André Luiz Menezes de Oliveira 2,* and Mary Cristina Ferreira Alves 1,*

1 Laboratório de Síntese Inorgânica e Quimiometria (LABSIQ), Departamento de Química, CCT,
Universidade Estadual da Paraíba, Campus I, Campina Grande 58429-500, PB, Brazil;
jessica_alvesn@yahoo.com

2 Núcleo de Pesquisa e Extensão: Laboratório de Combustíveis e Materiais (NPE/LACOM),
Departamento de Química, Universidade Federal da Paraíba, Campus I, João Pessoa 58051-900, PB, Brazil;
lais.chantele@hotmail.com (L.C.); ieda@quimica.ufpb.br (I.M.G.d.S.)

* Correspondence: andrel_ltm@hotmail.com (A.L.M.d.O.); mary.alves@cct.uepb.edu.br (M.C.F.A.)

Abstract: Semiconductors based on transition metal oxides represent an important class of materials
used in emerging technologies. For this, the performance of these materials strongly depends on the
size and morphology of particles, surface charge characteristics, and the presence of bulk and surface
defects that are influenced by the synthesis method and the experimental conditions the materials
are prepared. In this context, the present review aims to report the importance of choosing the
synthesis methods and experimental conditions to modify structural, morphological, and electronic
characteristics of semiconductors, more specifically, tin oxide (SnO2), since these parameters may
be a determinant for better performance in various applications, including photocatalysis. SnO2 is
an n-type semiconductor with a band gap between 3.6 and 4.0 eV, whose intrinsic characteristics
are responsible for its electrical conductivity, good optical characteristics, high thermal stability,
and other qualities. Such characteristics have provided excellent results in advanced oxidative
processes, i.e., heterogeneous photocatalysis applications. This process involves semiconductors in
the production of hydroxyl radicals via activation by light absorption, and it is considered as an
emerging and promising technology for domestic-industrial wastewater treatment. In our review
article, we focused on the photodegradation of different organic dyes and types of persistent organic
pollutants using SnO2-based photocatalysts, and how the efficiency of these materials can be impacted
by synthesis methods and experimental conditions employed to prepare them.

Keywords: synthesis method; experimental conditions; tin oxide; heterogeneous photocatalysis;
persistent organic pollutants; dyes

1. Introduction

For decades, the world has been affected by serious environmental problems, espe-
cially water resources that have been polluted over the years. In particular, the disposal
of domestic-industrial effluents in water bodies has been a major problem for modern
society [1–5]. In this sense, the research community, public agencies, and environmentalists
have been very concerned about this issue. Among the contaminants commonly present in
wasters, persistent organic pollutants (POPs) are considered one of the main substances.
POPs are heterogeneous synthetic compounds based on carbon from natural or from anthro-
pogenic origins, with a high chemical resistance to degradation in the environment. These
substances are characterized by a high level of toxicity and can be disruptive, neurotoxic,
or immunosuppressive [6–9]. The excessive presence and accumulation of POPs in food
chains has a major impact on human health and well-being. For instance, Mansouri and
Reggabi [10] reported that the exposure to endocrine disruptors, and especially POPs, may
contribute to the development of type 2 diabetes mellitus. According to these authors,
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diabetic subjects had higher plasma concentrations of POPs than non-diabetics, and envi-
ronmental exposure to some POPs is associated with an increased risk of type 2 diabetes
in the studied samples. In addition, authors have stated that the exposure to some other
POPs may increase health problem risks [11,12].

The elimination, restriction, and control of POPs took place first in 2001, after the
Stockholm Convention [13]. Currently, more than 35 (thirty-five) POPs are reported in
literature, such as polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane
(DDTs), and hexachlorocyclohexane isomers (HCHs), which are general types of drugs
and medicine, pesticides, and synthetic dyes [14–17]. In this context, the search for new
methodologies to promote full POP removal and degradation from the environment has
attracted too much attention of the scientific community as well as public agencies, but it
has also been a challenge to be faced today [18]. Different physical, chemical, and biological
methods are used for degrading and removing pollutants present in water, air, and soil,
among which adsorption [19,20], electrocoagulation [20], and advanced oxidative processes
(AOPs) [21,22].

Among the diversity of water treatment methods, AOPs, particularly, represent a
group of techniques characterized by the generation of highly oxidizing agents as free
radicals. AOPs stand out due to their high efficiency in the degradation of numerous
organic compounds, such as pesticides, surfactants, chlorophenols, and benzene, among
others. APOs can promote mineralization of pollutants by transforming them into carbon
dioxide, water, and inorganic anions [23–25]. AOPs are divided into homogeneous and
heterogeneous, as well as photochemical and non-photochemical, processes [26]. Particu-
larly, the heterogeneous photochemical process known as heterogeneous photocatalysis
is one of the most important AOPs techniques used nowadays for being considered a
promising technique for the treatment of domestic-industrial effluents and environmental
decontamination [23,24,27–29]. In this process, semiconductors are irradiated by a light
source (UV and visible light or even sunlight) with energy greater than or equal to its bang
gap energy (Eg)—the minimum energy required to excite electrons from the lower energy
band (valence band, VB) to a higher energy band (conduction band, CB) of a semiconductor.
Thus, the energy absorption results in electronic excitation from VB to the CB, which leads
to the formation of photoinduced charge pairs (e−/h+). Electron–hole pairs present very
positive electrochemical potentials, which, when generated, give the semiconductor its
redox properties [27,30].

During photocatalysis, photogenerated e−/h+ can migrate to the surface of the mate-
rial and interact with an adsorbed species; in addition, they can be captured in intermediate
energy states, or undergo recombination. When e− are in the BC, one of the very important
reactions can occur, which is the reduction of the adsorbed O2 on the catalyst surface to
superoxide (•O2

−) radicals, avoiding recombination of electrons and the hole. This results
in the accumulation of an oxygen radical species that can participate in photocatalytic
reactions. On the other hand, when h+ from the the VB migrates to the catalyst surface,
it can react with adsorbed H2O to generate hydroxyl (•OH) radicals, reacting with the
pollutants to be degraded. It is worth mentioning that electronic recombination does not
favor photocatalysis, because if the e− and h+ recombine, the formation of the photogener-
ated e−/h+ pairs fails to participate in the oxidation-reduction process and formation of
free radicals in the process [30–32]. An illustration of the general mechanism involved in
photocatalysis is given in Figure 1, as also reported in [33].

A great variety of semiconductors have been playing an important role in the het-
erogeneous photocatalysis for energy production from water splitting [34–36] and for
environmental remediation toward the degradation of different organic pollutants such
as POPs [36–38]. Within the broad range of oxide semiconductors applied in photo-
catalysis, wide band gap ones, such as SnO2 [39,40], TiO2 [41,42], ZnO [43], NiO [44],
and WO3 [45–47], have been extensively explored because they are considered good semi-
conductors and have showed promising results. Although most studies have been dedi-
cated to titanium oxide (TiO2), tin oxide (SnO2) is also worth mentioning, as indicated by
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the number of published research articles listed in Table 1. SnO2 is an n-type semiconductor
with a large band gap value between 3.6 and 4.0 eV [47,48]. Its intrinsic characteristics
are responsible for the material’s conductivity, good optical and electrical characteristics,
and high thermal stability, among other qualities. Furthermore, SnO2 presents a high oxida-
tion potential and chemical inertness, as well as corrosion resistance and non-toxicity [47].
Thus, SnO2 has been successfully used in heterogeneous photocatalysis and showed to be
very efficient in the degradation of different organic pollutants, especially dyes [49–51].

Figure 1. General mechanism of the heterogeneous photocatalysis using a hypothetical semiconductor.

In respect to the synthesis of SnO2 that can affect the material properties and appli-
cations, the photocatalytic ones can be easily modified according to the synthesis route
used to prepare the material. In addition, although most SnO2-based photocatalysts are
explored in their powder form, their separation and reuse after the process is difficult, as it
needs filtration to recover the catalyst. Thus, other researchers have prepared SnO2-based
catalysts in their film form, which is considered an effective approach to overcome the fil-
tration issues after a photocatalytic reaction, allowing the reusability of the catalyst without
any material loss. These factors are important to design new and efficient photocatalysts.

Some review articles have dealt with the applications of SnO2 materials in photocataly-
sis. However, to our knowledge, none of them draw attention to particular characteristics of
synthesis methods and experimental conditions used to prepare the different SnO2-based
photocatalysts and how these directly impacted the sample characteristics, properties,
and photocatalytic efficiency for organic dyes degradation. For instance, in the review pub-
lished by Al-Hamdi et al. [47], results from studies conducted up to 2017 were shown, which
focused on the applications of SnO2 in an advanced oxidative process for the degradation
of organic pollutants, such as phenols, phthalates, and other toxins in water. In addition,
authors listed relevant investigations on fundamental aspects related to SnO2, such as
structure and properties, the charge transfer mechanism involved, and parameters that
affect the photodegradation of pollutants in aqueous solutions, such as the catalyst load,
concentration of the contaminant, and pH. In a recent review, Sun et al. [48] discussed
the importance of employing SnO2-based photocatalysis in environmental science and
energy fields. The authors focused several studies dealing with strategies used to enhance
the SnO2 properties for photocatalysis. The effect of doping, formation of solid solutions,
stoichiometry, particle size and morphology, besides the formation of hierarchical, porous,
and heterojunctions structures, were demonstrated. Apart from the applications in water
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splitting and organic dyes photodegradation, the authors discussion gave examples of SnO2
applications in Cr(VI) and CO2 reduction. The authors also mentioned the complexities
of applying photocatalysts in a large scale to simulate the real scope of the industry since,
although significant progress has been achieved in the improvement of the photocatalytic
efficiency of SnO2, there are still major challenges to be faced.

Table 1. Metal oxides applied in heterogeneous photocatalysis of dyes over the last 5 years. Data
collected from different research literature databases on 20 January 2022.

Oxide
Publications
Attributed to

Photocatalysis of POPs
Database

Publications
Attributed to

Photocatalysis of Dyes
Database

TiO2

9.103 Scopus 2.132 Scopus
1.369 Web of Science 3155 Web of Science
2.492 ScienceDirect 3.933 ScienceDirect
1.364 ACS Journal Search 1679 ACS Journal Search

ZnO

2.862 Scopus 1251 Scopus
252 Web of Science 1759 Web of Science

4.558 ScienceDirect 7.659 ScienceDirect
542 ACS Journal Search 806 ACS Journal Search

NiO

346 Scopus 93 Scopus
27 Web of Science 138 Web of Science

1.164 ScienceDirect 1.500 ScienceDirect
171 ACS Journal Search 174 ACS Journal Search

SiO2

582 Scopus 149 Scopus
41 Web of Science 150 Web of Science
228 ScienceDirect 343 ScienceDirect
438 ACS Journal Search 439 ACS Journal Search

WO3

951 Scopus 135 Scopus
10 Web of Science 191 Web of Science

2.593 ScienceDirect 341 ScienceDirect
2.570 ACS Journal Search 312 ACS Journal Search

SnO2

425 Scopus 181 Scopus
21 Web of Science 239 Web of Science
173 ScienceDirect 330 ScienceDirect
191 ACS Journal Search 261 ACS Journal Search

Based on what was mentioned, the present work aims to address important aspects
about recent and relevant achievements of how the choice of the appropriate synthesis
method and experimental parameters may influence the morphology, particle size, bandgap
energy, and, consequently, the impact on the photocatalytic properties of SnO2 for the
degradation of different organic dyes as targets of persistent organic pollutants (POPs)
molecules. Apart from the applications of pure SnO2 toward the degradation of dyes,
studies concerning photocatalysis using metal and nonmental-doped SnO2, as well as SnO2-
based composites, are also summarized. We believe that this literature review may provide
important aspects for the better development of SnO2-based catalysts, and understanding
the limitations, in order to use them in practical devices.

2. Persistent Organic Pollutants (POPs), Dyes, and Photocatalysts

Environmental problems, and especially water resources, have been a major problem
for the population, researchers, and environmentalists [1,2]. There are several contaminants
that are usually disposed into the environment, and can be classified into different types,
depending on their purpose and origin: persistent organic pollutants (POPs), pharma-
ceuticals and personal care products (PPCPs), endocrine disrupting chemicals (EDCs),
and agricultural chemicals (pesticides, herbicides) [51–53]. Particularly, persistent organic
pollutants (POPs)—which are organic chemicals that are highly toxic to humans—animals,
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and vegetation stand out among these pollutants. The specific effects of POPs can include al-
lergies, cancer, and damage to the central and peripheral nervous system and reproductive,
endocrine, and immune systems [13,14,54].

According to the Stockholm Global Conference held in 2001 that aimed to discuss
the consequences of the environmental degradation, twelve (12) chemical substances were
included into the POPs class. However, thirty-five (35) POP substances are listed as most
harmful [13,15,21,55–59]. Amongst the variety of POPs, drugs, pesticides, hormones, dyes,
synthetic textile products, artificial sweeteners, some micro-organisms, and algae toxins
have extensively been introduced on a large scale into the environment, which can strongly
affect aquatic life and human beings [21,53]. Particularly, synthetic organic dyes stand out
for being considerably used over the years in several technological sectors, such as textile
industries, in medicine, and in the manufacturing process of pens, among others.

Synthetic dyes are classified as POPs because of their difficulty to be degraded and
removed from the environment [55]. The disposal of effluents from textile industries is
one of the main sources of pollutants responsible for changes in the quality of receiving
water. The different dyes used in textile industries generally have a high organic load,
and this can be very harmful to the environment if inappropriately discharged. There is
an estimate that about 20% of the dyes used are disposed in effluents because of losses
during the dyeing process [36,59,60]. In this context, several methods (chemical, physical,
and biological) have been used for dealing with the treatment of contaminated effluents
with POPs (Figure 2). However, great efforts have been dedicated to studies related to
photodegradation and mineralization of organic dyes using photocatalytic materials under
UV-visible light, as well as sunlight irradiation.

 

Figure 2. Published articles referring to the treatment of different persistent organic pollutants. Data
collected from Web of Science on 20 January 2022.

As aforementioned, different materials have been applied in heterogeneous photocatal-
ysis, especially for photodegradation of POPs. As this review aimed to discuss important
works involving the photodegradation of organic dyes and types of POPs, the article’s
search was done considering different databases, as listed in Table 1. It is important to
highlight that most of the publications have devoted to the application of TiO2-based
photocatalysts. However, different metal oxides have been explored for such purposes
because of their unique and prominent properties, due to their structure, particle size,
and morphology [61]. From this search, SnO2 appears in 6th place among the six (6) oxide-
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based photocatalysts used in photocatalysis of organic dyes. It is still important to mention
that scientific research based on tin materials has been increased over the last years.

It is important to highlight that the search was done using the following words for ar-
ticles dealing with photodegradation of POPS, such as for SnO2: “SnO2, photocatalysis and
POPs” and “tin oxide, photocatalysis and POPs”; while for works concerning photodegra-
dation of dyes included, “SnO2, photocatalysis and dyes” and “tin oxide, photocatalysis
and dyes”. A similar search has been completed for each metal oxide listed in Table 1. Com-
pound words such as “photocatalytic properties”, “photocatalytic efficiency”, and “organic
dyes” were not placed in quotes for the search of papers related to photocatalysis of dyes
using these oxides.

Considering organic dyes, additional studies dealing with these pollutants are in need.
For instance, the emission of effluents from textile industries is one of the main things
re-sponsible for alterations in water bodies’ quality. Organic dyes have a high organic
load, generating strong impacts on the environment when inappropriately discharged.
Depending on the type of dye and the place where it is discarded, they can react with
other substances present in the environment, originating mutagenic and carcinogenic
by-products [62,63]. In dye molecules, two important organic groups are present: the chro-
mophore one, which is responsible for the color by light absorption, and the auxochrome
group that is responsible for dye fixation on fibers and for color intensification. These
groups are constituted by conjugated systems with double bonds and functional groups
(auxochromes), which are electron donors or acceptors [64]. Such characteristics have made
dyes one of the great villains in the process of polluting water. In this context, a great
amount of research has explored the photocatalysis of different organic dyes using wide
band gap semiconductors, such as SnO2. These works are discussed as follows for SnO2,
which has been gaining prominence in this type of application over the years, as shown in
Figure 3.

 
Figure 3. Number of published articles concerning the photodegradation of organic dyes using SnO2-
based photocatalysts. Search performed on 20 January 2022, using different databases. The period of
2017–2021 was considered for this search.
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3. Tin-Oxide-Synthesis, Structure, Properties, and Applications as
Heterogeneous Photocatalysts

Tin dioxide (SnO2), obtained by combining Sn4+ and O2−, is a ceramic material that
has been used in a wide variety of applications, such as gas sensors, photovoltaic energy
converters, and photocatalysts [65–67]. The success for multiple applications of SnO2 is
due to its intrinsic characteristics, such as: n-type conductivity, which is responsible for the
conductivity of the material, and in addition to optical and electrical characteristics, high
thermal stability, and high surface area [36,49,68]. Electrical conductivity can be described
in terms of the movement of negatively charged electrons, and this gives rise to an n-type
semiconductor [36,49,50,69–71].

As for the crystal structure of SnO2, at room temperature, it adopts a rutile-type
tetragonal structure (cassiterite) with P42/mnm space group, as illustrated in Figure 4. This
structure is formed by a tetragonal unit cell defined by three (3) parameters: the a and c
lattice parameters and the internal parameter, u, which defines the oxygen position (u, u,
and 0). At room temperature, the theoretical lattice parameters for SnO2 are a = 4.7374 Å,
c = 3.1864 Å [72], and u = 0.3056 Å. It has been reported that SnO2 can also adopt an
orthorhombic, CaCl2-type (Pnnm) structure, besides existing in an orthorhombic α-PbO2-
type (Pbcn), a cubic pyrite-type (Pa-3), an orthorhombic ZrO2-type (Pbca), and a cotunnite-
type (Pnma) structure. However, these structures are metastable at ambient conditions,
and it is hard to follow these phase transitions through traditional methods under low
pressure and temperatures [63,64].

Figure 4. (a) A P42/mnm tetragonal crystal structure of SnO2 showing (b) environment of distorted
SnO6 octahedron and (c) lattice parameters, obtained using VESTA software and structural parameters
reported in [73].

The structure of SnO2 consists of chains of SnO6 octahedra in which each Sn atom
is octahedral, surrounded by six oxygen atoms, while each oxygen is surrounded by
three Sn atoms arranged at the corners of an equilateral triangle. The structure’s Sn:O
coordination is 6:3, with each octahedron not being regular, showing a slight orthorhombic
distortion [72,73].

The literature has reported that SnO2 can present nano- and micro-structured charac-
teristics, however, most researchers have been dedicated to the synthesis of SnO2 in the
form of nanoparticles. Such characteristics have offered good opportunities to explore
new physical and chemical applications. Recently, SnO2 has been applied to the degrada-
tion of antibiotics [74], fuel cell catalysts [73], gas sensors [75], sodium ion batteries [76],
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light-emitting diodes [77], heterogeneous photocatalysis, and antimicrobial activity [78,79].
There are several synthesis routes and experimental conditions to obtain SnO2 in powder
form, the choice of which may influence the particles’ morphology and texture, besides
their structural, optical, and electronic properties, which will consequently impact the effi-
ciency and final application of the material. In relation to SnO2-based thin films, chemical
deposition methods have appeared to be the most used [62,80–84].

With respect to the applications in photocatalysis, SnO2 catalysts with a tetragonal,
rutile-type structure are the main phases investigated, but a recent work reported that the
coexistence of mixed tetragonal–orthorhombic phases affected the photocatalytic efficiency
of SnO2 [85]. All these factors are described below.

4. Synthesis Methods and the Influence of Experimental Parameters on the
Characteristics and Photocatalytic Properties of SnO2-Based Materials

One of the main aspects this review refers to is the approach of how different syn-
thesis methods and experimental parameters affect the photocatalytic properties of SnO2-
based materials.

Researchers have employed different methods to produce new materials with specific
properties and applications. The choice of an appropriate condition to prepare a material is
crucial to modifying its physicochemical characteristics, such as crystal structure and mor-
phological and texture characteristics of the particles (size, shape, surface area, and surface
charge characteristics), as well as the electronic and optical properties. The variation on
these characteristics may change the applicability of the material. In this sense, different
researchers have devoted to obtaining SnO2-based materials with specific characteristics
and efficient photocatalytic behaviors. Among the great variety of methods known in
the literature, SnO2-based photocatalysts have been obtained, in their powder form, by a
solvothermal reaction [86,87], the microwave-assisted hydrothermal method [88], chemical
precipitation [68], the polymeric precursor method [89], and sol-gel [14], all which are
mostly used.

In relation to the photocatalytic properties of SnO2 particles, although there is a
variety of organic pollutants, organic dyes such as Methylene blue (MB), Rhodamine B
(RhB), and Methyl orange (MO) have been the most used as target molecules to evaluate
the photocatalytic efficiency of SnO2. However, other organic dyes such as Congo red
(CR), Malachite green (MG) and Eriochrome black T (EBT) have also been explored for
such purposes. In this context, the photodegradation of these organic dyes is highlighted
in this review. Apart from powdered SnO2 materials, SnO2-based films have also been
used as photocatalysts for dye photodegradation [90–93]. For the preparation of films,
chemical [64,80,84,86,89] and physical-based deposition methods [64] are used. In the
following sections, photocatalytic applications of pure and doped SnO2-based catalysts,
as well as the composites based on SnO2 in powdered and film forms prepared by different
techniques, are also discussed.

4.1. Pure SnO2-Based Photocatalysts

Besides being synthesized in its pure form, SnO2 has been prepared in its doped
form with metals or nonmetal ions, as well as in the form of composites with other semi-
conductor materials, or even impregnated in inert, non-active photocatalytic materials.
It is well known that the generation of electrons/holes (e−/h+) pairs by absorption of
a photon of equal energy, to or higher than the band gap energy induced by light, is a
basic prerequisite for a semiconductor to be used in photocatalysis. Because of its wide
band gap of SnO2 (3.6 eV), no absorption response to the visible light would be achieved,
and this is the main disadvantage of this material, which restricts its application in practical
devices. A wide variety of pure semiconductor materials, particularly SnO2, have been
investigated regarding the photocatalytic properties, but only few of them are considered
effective photocatalysts.
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Besides the value of the forbidden band energy corresponding to absorption in the
visible region, it is required that the energy levels of the conduction and valence bands
are suited to the redox potential of the water, so as to produce reactive agents to promote
breaking of organic pollutants molecules. Therefore, different authors have employed
various synthesis methods and varied experimental conditions in order to change particle
characteristics, which include size, morphology, and texture, as well as the crystallinity and
the presence of defects, in order to design efficient photocatalysts under UV irradiation.
These parameters can play an important role during photocatalysis, as they can affect the
adsorptive and photo-absorption capacity of the catalyst, besides reducing photogenerated
changes of recombination during photoexcitation. In addition, some authors also explored
the reaction mechanisms involved in the photodegradation of the dyes and how the reactive
species act for the photocatalysis to occur. These points are discussed throughout the review.

For instance, considering pure tin oxide as a photocatalyst, Akram et al. [90] prepared
SnO2 nanoparticles by the continuous microwave flow synthesis (CMFS) method in a do-
mestic microwave oven operating at 600 W, using tin chloride pentahydrate (SnCl4·5H2O),
sodium hydroxide (NaOH), ethanolic solutions. The solutions were pumped through the
microwave with the aid of peristaltic pumps to attain 10 min of retention time inside the
device. The resulting suspension was filtered, washed, and dried at 80 ◦C for 12 h, followed
by heating at 200 ◦C for 2 h to obtain SnO2 samples. The photocatalytic properties of the
nanoparticles were investigated toward the photodegradation of Methylene blue (MB) dye
under UV irradiation (365 nm). In their study, the authors also investigated the effect of
the concentration of the reacting SnCl4·5H2O and NaOH materials on the crystallinity,
particle size, and morphology, as well as the photocatalytic behavior of the SnO2 nanopar-
ticles. The authors evidenced that crystalline SnO2 samples with tetragonal, rutile-type
structures were obtained only after heating at 200 ◦C. The increase in the concentration
of SnCl4·5H2O (from 0.25 to 0.75 M) and NaOH (from 1 to 3 M) provoked an increase in
sample crystallinity and an average particles size from 4.33 to 8.56 nm, with no meaningful
change in morphology. This phenomenon was attributed to the increased number of nuclei
sites formed by the reacting species, as well as to the microwave irradiation that favors
better nucleation and crystal growth. Surprisingly, a decrease of the band gap (Eg) values
from 3.33 to 3.19 eV was also observed as a function of the precursor’s concentration, and it
was associated to the increase of the particle size. In relation to the photocatalytic property
of the samples, that sample was prepared using the lower concentration of the reacting
species, which presented the lowest degree of crystallinity (63%), smallest particle size
(4.43 nm), largest surface area (153.57 m2 g−1), and widest band gap (3.33 eV), and this was
the most efficient in the photodegradation of MB dye, reaching up to 93% of degradation
in 240 min. According to the authors, the higher efficiency observed for that sample was
mainly due to the large surface area and higher concentration of defects.

Still considering pure tin oxide photocatalysts, Abdelkader et al. [92] synthesized
SnO2 nanoparticles via a sol-gel method and calcined it at different temperatures (80, 450,
and 650 ◦C) for 4 h, in order to achieve different crystallinity and particle morphology.
The authors investigated the photocatalytic efficiency of the synthesized samples toward
Congo red (CR) dye degradation under UVA irradiation. For the synthesis of the nanopar-
ticles, tin chloride (SnCl2 2H2O) was dissolved in 250 mL of deionized water to obtain a
white suspension of a 0.4 M Sn (II) concentration. The suspension was stirred for 1h at room
temperature and oxalic acid was added dropwise to the aqueous solution as a chelating
agent with a molar ration of 1:1 (oxalic acid: tin cations). The obtained suspension was
centrifuged, filtered, and washed several times to eliminate chloride ions. The washed
precipitate was dried at 80 ◦C/24 h and calcined at 450 to 650 ◦C for 4 h. According to
the results, the sample obtained after drying at 80◦ for 24 h (SnO2-80) crystallizes in pure
tin oxalate (SnC2O4) with a monoclinic structure. On the other hand, pure SnO2 with a
P42/mnm tetragonal, rutile-type structure was obtained after calcinations at 450 (SnO2-450)
and 650 ◦C (SnO2-650). The authors draw attention to the use of oxalic acid as a chelating
agent, and it affected the particle characteristics for controlling the nucleation and crystal
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orientation, as well as the calcination temperature in the control of the crystallinity. The au-
thors evidenced that samples calcined at higher temperatures are more aggregated with a
foamed aspect because of the smallest particle size of the powders. The samples calcined
at different temperatures also presented a specific surface area that varied from 66.41 to
37.54 m2 g−1, and with band gap values from 3.35 to 3.49 eV for the SnO2-450 and SnO2-650
samples, respectively.

Curiously, regarding the photocatalytic behavior of the samples prepared by Ab-
delkader et al. [92], the highest efficiency in the degradation of CR dye (catalyst/CR dye
concentration of 0.5 g L−1) was achieved using SnO2-650 that presented a lower surface
area. This sample presented a dye photodegradation efficiency of 61.53% after 100 min
under irradiation. The authors pointed out that the highest efficiency observed for this
sample is especially due to its greater crystallinity that gives less surface defects as well
as particle aggregation. The lower density of surface defects (Sn2+ and oxygen vacan-
cies) could reduce recombination of the electron–hole (e−/h+) pairs. Because of this fact,
the authors proposed the photocatalytic mechanism involved in the CR photodegradation.
The reactions mechanism can be represented by Equations (1)–(6). According to the authors,
under UVA light, electrons are excited from the VB to the CB of SnO2 (Equation (1)) and,
simultaneously, holes are created in the VB. The photoinduced e− in the CB can directly
reduce Sn4+ to Sn2+ (Equation (2)). However, as Sn4+ can act as a scavenger of e−, Sn2+ can
influence the photo-reactivity by altering a e−/h+ recombination (Equation (3)). The h+ in
the VB is captured by H2O generating hydroxyl •OH radicals (Equation (4)). In addition,
according to the band energy position, the authors stated that the h+ in the VB of SnO2
(+3.50 eV/NHE) is more positive than that of the H2O/OH couple (+1.9 eV/NHE), which
is required for organic pollutant decomposition R/R•+ (+1 V/NHE), indicating that the
photoinduced holes in the VB can oxidize the adsorbed CR dye and H2O molecules on the
SnO2 surface. Thus, the formation of organic cation-radicals (R•+) is formed (Equation (5)).
As a result, all the O2

•−, •OH, and R•+ radicals participate in redox reactions responsible
for decomposing CR dye (Equation (6)).

SnO2 + UVA(365 nm) → n − SnO2 (h+
(VB) + e−(CB)) (1)

Sn4+ + e−(CB) → Sn2+ (2)

Sn2+ + 2O2 → 2O2
•− + Sn4+ (3)

H2O + h+
(VB) → •OH (4)

R + h+
(VB) → R•+ (5)

(O2
•−, •OH, R•+) + CR dye → intermediate products → Dye degradation (6)

Although most studies concerning photocatalytic degradation of dyes using pure
SnO2 have been performed under UV light, some authors investigated the photocatalytic
properties of SnO2 under visible light and sunlight. For instance, Kumar et al. [94] reported
the use of SnO2 particles prepared by a simple, eco-friendly, and low-cost biosynthesis
process using guava (Psidium guajava) leaf extract in the photodegradation of Reactive
yellow 186 (RY186) dye under sunlight. The authors prepared the samples by mixing a
2.1 M SnCl4 solution with the extracts in a ratio of 1:1, and kept under stirring at 60 ◦C for
4 h, followed by calcination at 400 ◦C for 4 h to obtain SnO2 nanoparticles. The authors
evidenced that the SnO2 single-phase nanoparticles with a size of 8–10 nm showed a high
photocatalytic efficiency, degrading 90% of RY186 dye in 180 min. For the photocatalysis,
a concentration of 1 g L−1 of SnO2 sample was used. According to the authors, superoxide
(O2

•−) and hydroxyl (•OH) radicals are responsible for the photodegradation of dye.
The efficiency of the photocatalyst in the degradation and mineralization of RY186 was
confirmed by CO2 evolution during the photocatalysis, which was analyzed by GC analysis.
The authors evidenced the complete mineralization of dye led to CO2 (0.8 μmol) and H2O.
As the photostability and reusability of the photocatalyst are important aspects, the authors
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evaluated them by performing five consecutive photocatalytic cycles. The photoactivity of
the catalyst remained about constant even up to five experiments, although gradual losses
in activity were expected. It is important to highlight that the use of powdered samples in
photocatalysis might be disadvantageous due to the loss in the amount of the catalyst after
centrifugation and filtration processes, which leads to a loss in photoactivity. However,
the authors reinforced that the synthesized catalyst is easily separable from the solution.

Like Kumar et al. [94], Haq et al. [78] synthesized tin dioxide (SnO2) nanoparticles
by an eco-friendly process using leaves extracts. However, in the study conducted by
Haq et al. [78] Daphne mucronata leaf extract was used as a capping and reducing agent in
order to control particle size and morphology. The authors evaluated the photocatalytic
performance of the samples toward Rhodamine 6G (R6G) dye degradation using 0.4 g L−1

of the catalyst. For the materials synthesis, a mixture of a 0.003M SnCl4·5H2O solution
with 20mL of the leaf extract was kept under 500 rpm and stirring at 55 ◦C. A greenish
gel was obtained after 40 min and aged for 24 h, which was subsequently washed with
hot water, filtered, washed with ethanol, and finally dried at 100 ◦C for 6 h to obtain a
fine, colorless powder. The authors obtained nanoparticle samples with an average particle
size of 64 nm and specific surface area around 147 m2 g−1. A maximum of 99.70% of
the dye degradation was observed after 390 min under simulated sunlight. The charge
generation and photodegradation mechanism reported by Haq et al. [78] is the same as the
one described by Kumar et al. [94] for RY186 dye [94].

Kumar et al. [94] synthesized SnO2 nanocrystals by a solution-phase growth tech-
nique, and the structural, optical, and photocatalytic properties of the nanostructures were
investigated. The effects of reaction temperature (180 and 200 ◦C), time (24 and 30 h),
the use of CTAB (CetylTrimethylAmmonium Bromide) surfactant on the particle size,
morphology, and band gap energy were evaluated. According to the authors, the SEM
images showed that samples synthesized at 180 ◦C for 24 (Sample 1) and 30 h without the
surfactant (Sample 2) presented particles with a rod-like morphology and crystallite size
of 17.12 and 26.51 nm, respectively. When the sample was synthesized at 200 ◦C for 24 h
without surfactant (Sample 3), SnO2 nanostructures with a nanoflower-like morphology,
with crystallite size at 28.25 nm were obtained. On the other hand, the samples prepared
at 180 (Sample 4) and 200 ◦C for 24 h with the addition of CTAB (Sample 5) showed par-
ticles with a nanosphere-type morphology with sizes of 23.80 and 32.14 nm, respectively.
The band gap (Eg) values estimated for sample 1 (nanorods), Sample 2 (nanorods), Sample
3 (nanoflowers), Sample 4 (nanospheres), and sample 5 (nanospheres) were 4.05, 3.88, 3.84,
3.95, and 3.76 eV, respectively. The authors associated the variation of the Eg values mainly
to the temperature and time conditions of which the samples were prepared, that directly
affected the particle size and morphology and, therefore, impacted photocatalytic activity
of the samples. Despite the wide band gap of the samples, the authors evaluated their
photocatalytic activity using 0.5 g L−1 of the catalysts in the degradation of Rhodamine
B (RB) dye under direct sunlight irradiation. Surprisingly, the authors observed a high
photodegradation of dye under sunlight, and the efficiency of the SnO2 nanostructures was
strongly related to the particles’ morphology. According to the authors, even presenting a
Eg = 3.76 eV, sunlight was enough to promote photoexcitation in Sample 5 to degrade 91.7%
of the dye after 2 h. As expected, Sample 1 (SnO2 nanorods with Eg = 4.05 eV) displayed
the lowest dye degradation efficiency in 2 h (76% of the dye is degraded). The authors
established that size, morphology, specific surface area, and dispersion of the catalysts
played key role in the photodegradation of the dye.

Assis et al. [58] used a polymeric precursors method to prepare SnO2 particles at
different temperatures (700, 800, and 900 ◦C). After being prepared, the powders were
impregnated in polystyrene foams in order to increase surface area due to the porous
characteristic of polystyrene, besides a favoring for the recovery of the material after use.
The photocatalytic property of the samples was investigated in the degradation of RhB dye
under UV irradiation with a catalyst/dye concentration of 0.4 g L−1. The authors observed,
using high-resolution transmission electron microscopy (HRTEM), that the SnO2 samples
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present nanoparticles with sizes ranging between 20 and 80 nm. Moreover, the formation
of agglomerates was observed in the samples calcined at higher temperatures (800 and
900 ◦C). The oxide obtained at lower temperatures presented a smaller particle size and a
larger surface area, which resulted in a greater photocatalytic activity, degrading 98.2% of
degradation of the rhodamine RhB after 70 min.

A very conventional synthesis procedure for obtaining oxide-based catalysts is the
so-called sol-gel method. Thus, Najjar et al. [93] synthesized SnO2 nanoparticles by a
green sol-gel method, using chitosan as a polymerizing agent, and calcined it at different
temperatures (500, 700, 800, and 1000 ◦C). The authors also draw attention to the use of
chitosan that may increase particle stability, prevent particles aggregation, and reduce
the particles’ toxicity. According to the TGA-DTA analysis, the temperature of 700 ◦C
(namely, SnO2-NPs at 700 ◦C) proved to be more adequate to prepare the desirable SnO2
catalyst. The material calcined at this temperature presented a spherical particle morphol-
ogy with an average size of 10 nm, as observed by TEM analyses. The authors evaluated
the photocatalytic properties of SnO2-NPs at 700 ◦C toward the photodegradation of Eri-
ochrome black T (EBT), an azo-type anionic dye. The photocatalytic tests were carried out
by adding 21.1 mg L−1 of the catalyst in 100 mL of EBT dye solution (10−5 M) and kept at
a constant stirring and UV irradiation (Hg vapor lamp, 500 W) for 270 min. Regarding the
photocatalytic activity of the prepared SnO2-NPs, a photodegradation efficiency of 77%
was obtained after 270 min. In order to investigate the best conditions for optimum dye
degradation using SnO2-NPs, Najjar et al. [93] also investigated the influence of the catalyst
concentration (8.7, 21.1, and 43.2 mg L−1) and the solution pH (3.5, 5, 7, and 9). The authors
observed an increase of the photodegradation rate by increasing the concentration of the
photocatalyst from 8.7 to 21.1 mg L−1, decreasing afterwards. According to the authors,
this decrease in photocatalytic efficiency of SnO2-NPs in a higher concentration is due
to the fact of accumulation of nanoparticles that lead to a decrease in the generation of
reactive radicals, such as hydroxyls (•OH). With respect to variation of the solution pH, the
highest photodegradation efficiency (77%) was attained at the isoelectric point of SnO2-NPs
at pH 3.5 (Zeta potential = 0 eV). Curiously, the photodegradation of the anionic EBT dye
at positive Zeta potential values (at pH 2) was not as expressive as that observed at the
isoelectric point of the catalyst.

According to Najjar et al. [93] the general mechanism involved in the dye photodegra-
dation using SnO2-NPs is summarized by Equations (7)–(12), that are similar to those
reactions displayed in Figure 1 for a hypothetical catalyst.

SnO2 + hυ → SnO2 + (h+
(VB) + e−(CB)) (7)

SnO2 (h+
(CB)) + H2O → SnO2 + H+ + •OH (8)

SnO2 (e−(CB)) + O2 → SnO2 + O2
−• (9)

O2
−• + H+ → HO2

• (10)

HO2
• + H2O → H2O2 + •OH (11)

Dye + •OH → degradation dye (12)

As the photostability of the catalyst is an important factor for its reuse in consecutive
photocatalytic tests, cyclic experiments of EBT photodegradation were carried out for the
SnO2-NPs under the optimal conditions established in the work. Thus, Najjar et al. [93]
evidenced that the degradation rate of EBT remained over 74% after five cycles. In addition,
using FTIR, XRD, TEM, and FESEM analysis, the authors showed that no visible changes
were observed in the samples after the fifth cycle, which confirms the high photostability
of the synthesized catalyst.

Recently, Luque et al. [39] synthesized SnO2 nanoparticles (SnO2 NPs) by a green
synthesis using Citrus x paradisi extract as a stabilizing capping agent. There were different
concentrations of the extract (1, 2, and 4% in relation to the aqueous medium—SnO2
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NPs-1, 2, and 4%). It is important to highlight that a heating treatment at 400 ◦C for 1 h
was completed to obtain crystallized SnO2 NPs. The authors obtained crystalline SnO2
nanoparticles with average sizes of 9.1, 5.1, and 4.7 nm when 1, 2, and 4% of the capping
agent was used in the synthesis, respectively. These samples also presented band gap
values (Eg) of 3.28, 2.77, and 2.69 eV, respectively, which were smaller than those Eg values
reported by Mahmood et al. [95]. This confirmed the role of this capping agent in controlling
the particles’ size, as well as in the modification of optical band gap properties of SnO2
NPs. The photocatalytic properties of the samples were then investigated under both
solar and UV irradiation using a SnO2 NPs/dye concentration of 1.0 g L−1. Furthermore,
Methyl orange (MO), Methylene blue (MB) and Rhodamine B (RhB) were used as target
dyes. Regarding the photocatalytic efficiency of the SnO2 NPs, SnO2 NPs-4% presented
the highest efficiency in the degradation of the dyes, degrading 100% of MO after 180
and 20 min under solar and UV irradiation, respectively. In relation to other dyes, SnO2-
NPs-4% degraded 100% of MB and RhB after 60 min under UV irradiation. The efficiency
of this photocatalyst in degrading MO, MB, and RhB dyes under these conditions was
confirmed by Turnover number (TON) and Turnover frequency (TOF) analysis. The authors
associated the superior photocatalytic efficiency of SnO2-NPs-4% to the smaller particle
size, larger surface area, and the increased number of active sites present on the surface
when compared to the other samples. Finally, the authors investigated the involvement
in the degradation of dyes, and they evidenced that •OH radicals are the main species
responsible for degradation.

Apart from the above-mentioned SnO2-based photocatalysts prepared by various
synthesis methods and the experimental conditions, the search for different photocat-
alytic materials with the desired efficiency is still a challenge. In this context, different
authors have prepared SnO2 catalysts, owing to the flexibility of applications, including
photocatalysis. Compared to powdered materials, the use of films in photocatalysis has
some advantages, especially for being easily recovered and reused in different batches.
For instance, Bezzerouk et al. [80] deposited SnO2 thin films on glass substrates at 450 ◦C
by an ultrasonic spray pyrolysis technique, and desired polycrystalline SnO2 films were
obtained with a band gap of 3.80 eV, greater than that for bulk SnO2 (Eg = 3.6 eV). The au-
thors evaluated the photocatalytic property of the films toward Methylene blue (MB)
degradation under UV-LEDs (340–400 nm, 7 W) and ultrasound (US) transducer (40 KHz).
Different degradation processes were investigated, such as: photolysis (UV), photocatal-
ysis (SnO2 + UV), the sonolysis process (US), and sonocatalysis (SnO2 + US) as well as
sonophotolysis (US + UV) and sono-photocatalysis (SnO2 + UV + US). Curiously, SnO2
film did not show meaningful activity in the degradation of MB dye under UV irradiation
(photocatalysis). However, when US was employed, a pronounced increase in the dye
degradation was observed, reaching to 88.33%, 94.31%, 97.28%, and 98.25% of efficiency
when sono-photocatalysis (SnO2 + UV + US), sonolysis (US), sonophotolysis (US + UV)
and sonocatalysis (SnO2 + US) processes were used, respectively. The authors associated
the highest efficiency of dye degradation using sonocatalysis to the production of acoustic
cavitation in the water that can favor the dissociation of water and the formation of an
important quantity of •OH radicals that participate in the degradation of dye. Finally,
the authors associated the lower efficiency of the processes under UV irradiation to the
rapid recombination of the electron–holes during SnO2 photoexcitation. Therefore, authors
showed different processes used to improve dye degradation using SnO2-based material.

As one could see, several methods and experimental conditions were employed to
synthesize undoped SnO2 materials (in powder and film forms) with different character-
istics and properties. It has been shown that these characteristics can directly impact the
photocatalytic activity toward the degradation of dyes under UV-visible light, as well as un-
der direct or simulated sunlight or even coupled with ultrasound irradiation. A summary
of some important works concerning the photocatalytic applications of different undoped
SnO2 materials obtained by different methods is listed in Table 2.
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It is known that, to design an efficient system, photocatalysts usually need to meet
some requirements, such as appropriate band gaps for light absorption, effective charge of
carriers’ separation, and appropriate VB and CB edge potentials. However, it is difficult
for pure SnO2-based photocatalysts to satisfy all of them. In this sense, doping SnO2 with
different cations and the formation of SnO2-based composites with other materials have
attracted interest, as they drive other possibilities of photocatalytic studies. Therefore,
discussion of different works concerning the photocatalytic properties of doped SnO2 and
SnO2-based composite is given in the following sections.

4.2. Doped SnO2 Photocatalysts

Although pure SnO2 nanoparticles with a different morphology have shown efficiency
in the degradation of dyes under irradiation, different authors have developed strategies to
overcome the low photoactivity of SnO2 under visible light exposure. For instance, doping
SnO2 with different foreign ions has shown to be an efficient way to shorten its band gap
and enhance its photoactivity.

Based on this fact, N. Mala et al. [98] synthesized SnO2 nanoparticles doped with
Mg2+ + Co3+ cations by a low-cost chemical solution method and investigated the antibac-
terial activity and photocatalytic efficiency toward the degradation of Methylene blue
(MB) and Malachite green (MG) dyes. The authors revealed that the samples presented
a tetragonal crystalline phase, with an average crystallite size of 24 and 25 nm for pure
SnO2 and SnO2-Mg:Co, respectively. The authors suggested that this slightl increase of the
crystallite size after doping was due to local distortions in the SnO2 lattice induced by the
presence of dopants. A nanorod-like morphology was confirmed through SEM images,
with a reduction in the crystal length and in the average diameter after doping. Surpris-
ingly, an increase in the band gap energy estimated for SnO2 (3.52 eV) and SnO2-Mg:Co
(4.22 eV) was observed. This behavior is attributed to the quantum confinement effect
that normally happens when the nanoparticle size decreases. However, no meaningful
variation was observed in the particle size for pure and doped SnO2 samples. Regarding
the photocatalytic activity of SnO2 and SnO2:Mg:Co nanoparticles, the authors observed
that SnO2 presented an efficiency of 82 and 86%, while SnO2-Mg:Co displayed 89 and
92% efficiency toward MB and MG dyes degradation, respectively, under visible light after
60 min. The authors explained that three factors are responsible for the increase in the
photocatalytic efficiency of doped SnO2, which are: prevention of the recombination of
electron–hole pairs photogenerated by surface defects, generation of greater number of
oxidative species (•OH, O2

−, and H2O2), and particle size reduction.
Chu et al. [99] synthesized Bi3+-doped SnO2 by the hydrothermal method at 180 ◦C

for 24 h, with a variation of bismuth molar content (3, 5 and 7%). The Rhodamine B
(RhB) and Ciprofloxacin hydrochloride (CIP) were used as target molecules to evaluate
the photocatalytic activity of the synthesized materials under simulated sunlight. XRD
analysis confirmed the cassiterite tetragonal phase for all the samples, with no secondary
phases, confirming that Bi3+ is dissolved into the oxide crystal lattice by replacing Sn4+

during the synthesis. The Bi3+/Sn4+ replacement in SnO2 was confirmed by HR-TEM,
UV–vis DRS, and XPS measurements. The average crystallite sizes decreased as a function
of doping from 5.3 nm in SnO2 to 3.3 nm in Bi-SnO2(7%). In addition, the band gap (Eg)
values showed a subtle variation of 3.72, 3.75, and 3.78 eV for Bi-SnO2(3%), Bi-SnO2(5%),
and Bi-SnO2(7%) samples, against 3.86 eV for the pure one. The authors state that the
introduction of new levels in the band gap of materials can act as a trap center for electron
and hole, reducing charge recombination, which is beneficial to improve photocatalytic
activity. By using PL spectroscopy, authors confirmed the lower recombination charge
rate in the Bi-SnO2(5%) sample for presenting the lowest PL emission among all samples.
Regarding the photocatalytic activity, Bi-SnO2(5%) showed an efficiency of 98.28% of RhB
dye degradation after 100 min and 92.13% of CIP degradation after 90 min under irradiation.
The excellent photodegradation efficiency of the doped samples was due to the increase
in light absorption, as well as the effective separation and migration of photogenerated
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charge carriers. All the results also indicated that there is an ideal amount of Bi3+ doping to
optimize the mentioned characteristics in order to enhance the SnO2 material functionality.

Although doped SnO2 is most prepared in powder, thin films based on doped SnO2
have also been studied in photocatalysis. For instance, S. Vadivel and G. Rajaraja et al. [84]
prepared magnesium-doped SnO2 films by the chemical bath deposition method, varying
Mg2+ molar concentrations (1, 5, and 10%). The films were deposited on glass, and after
deposition they were annealed at 500 ◦C for 5 h in air to promote crystallization. From XRD
analysis, the tetragonal rutile phase was confirmed in all films. Atomic force microscopy
(AFM) images revealed that the surface roughness decreases with increasing dopant con-
centration. The optical band gap energy for pure SnO2 was 3.63 eV, decreasing to 3.42 eV
for the film doped with 10% Mg. The photocatalytic activities of the films were evaluated
by the degradation of Methylene blue (MB) and Rhodamine B (RhB) dyes under UV ir-
radiation. The maximum photodegradation of the dyes was reached for 10% Mg-doped
SnO2 film, degrading 80% of MB and 90% of RhB after 120 min. Fast electron transfer
and high efficiency in electron–hole pairs separation led to a significant improvement of
photocatalytic activity in the doped sample.

In the work conducted by Haya et al. [82] films of pure SnO2 and doped with 2, 4, 6,
and 8% of Sr2+ were prepared by a chemical solution deposition method using the sol-gel
method to deposit the solution coating on a glass substrate. The effect of doping on the
structural, optical, morphological, and photocatalytic properties of the films were studied.
According to the results, the increase in Sr2+ doping promotes a decrease in crystallite
size and an increase in the lattice distortion. These effects generate a greater number of
defects, such as grain boundaries, micro-stresses, and displacements in the thin film lattice.
The average crystallite size decreased from 7.61 nm for undoped SnO2 to 3.80 nm for 8% Sr-
SnO2. It was also observed by UV-visible analysis that the presence of dopants introduced
new intermediate levels in the semiconductor band gap (Eg), decreasing Eg from 3.86 eV for
pure SnO2 film to 3.76 eV for Sr-richer SnO2 film. Additionally, the morphology of the films
was analyzed by AFM, and a smaller grain size was observed for 8% Sr-SnO2 (4.96 nm).
Consequently, it showed the lower surface roughness when compared to the other films.
Concerning the photocatalytic activity, the greatest efficiency in the degradation of MB dye
under irradiation was attained for 8% Sr-SnO2 film, which was attributed to smaller grain
sizes and surface roughness, as well as the introduction of new energy levels below the
conduction band of the pure material, resulting from the Sr doping.

Using a non-conventional method to prepare thin films, Loyola Poul Raj et al. [83]
prepared SnO2 thin films doped with 3 and 6 mol% of Tb3+ on a glass substrate by the spray
nebulized pyrolysis (NSP) method and calcined them at 400 ◦C to crystallize the materials.
The authors investigated the photocatalytic property of the films in the degradation of
MB dye under UV irradiation. According to the authors, doping SnO2 films with up to
6% of Tb3+ cations induces a decrease in the grain size from 80 to 56 nm, and the band
gap from 3.51 to 3.36 eV, which directly impacts photocatalysis, as reported by other
authors. Indeed, a maximum of 85% of dye degradation was observed after 120 min under
UV irradiation using SnO2 film doped with the 6 mol% Tb3+. Using PL spectroscopy,
the authors reveal that Tb doping leads to the creation of more defects that act as reactive
sites for catalyzed reactions. As a consequence of the study, the authors concluded that Tb
doping favored photocatalytic reactions by reducing particle size, and therefore increasing
the surface area and the number of reactive sites on the surface, which allows the dye
adsorption. In addition, Tb doping induces a decrease in the band gap of the materials,
which favors photo-absorption, aiming to potentialize charge carriers to participate in
photocatalytic reactions.

Other studies based on the synthesis of doped SnO2 catalysts and their applications in
the photodegradation of different organic dyes are listed in Table 3.
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4.3. SnO2-Based Composite Photocatalysts

As one can see from studies discussed in the sections above, pure and doped SnO2
particles and films have been well explored. However, SnO2 has also been combined
with other different semiconductors in order to reduce recombination of the photoinduced
charge carriers, to therefore improve photocatalytic activity.

Considering this fact, Abdel-Messih et al. [105] synthesized SnO2/TiO2 nanoparticles
with a spherical mesoporous morphology synthesized by the sol-gel process, using poly-
methylmethacrylate as a template. The amount of SnO2 (0–25%) in relation to the mass of
pure TiO2 was varied to obtain composites with different compositions. The samples were
calcined at 800 ◦C for 3 h to ensure complete organic polymer decomposition. In relation
to the photocatalytic property of the materials, photodegradation of Rhodamine B (RhB)
dye was performed under UV irradiation using a catalyst/dye concentration of 1 g L−1.
The photodegradation efficiency of the composites increased with the increase of tin oxide
content up to 10% (about 92% of the dye degraded after 3 h). However, the sample with
25 mol% of SnO2 showed the lowest efficiency, which was attributed to the loss of the
titanium anatase phase. The authors concluded that there is an optimal amount of SnO2 to
achieve the maximum efficiency. In addition, the remarkable reduction in particle size by
the existence of SnO2 in the composites enhanced the oxidizing power and extended the
photoinduced charge separation, and these were the main reasons for the increase in the
catalytic activity of the samples.

Das et al. [36] prepared Sn/SnO2 nanocomposites by the precipitation method, fol-
lowed by carbothermal reduction and calcination at 800 ◦C for 2 h. The authors investigated
the photocatalytic property of Sn/SnO2 composites in the degradation of methylene blue
under UV irradiation using a catalyst concentration of 0.5 g L−1. It was found that there
was a maximum efficiency of 41% for pure SnO2 after 210 min under irradiation, while the
Sn/SnO2 composite showed a higher photocatalytic activity of 99%. The highest efficiency
observed for the composite was related to the role of Sn on the surface of SnO2 nanoparti-
cles. As the Fermi energy level of Sn is higher than that observed for SnO2 due to its lower
work function, when metallic Sn is bound on the surface of SnO2 nanoparticles, electrons
migrate from Sn to SnO2 to reach Fermi-level equilibrium. The effect of the pH solution on
the photocatalytic efficiency of the composites was also evaluated. The pH had a direct
influence on the photocatalytic process, being the neutral pH favorable for the degradation
of MB dye. Finally, the authors investigated the reusability of the composites after three
cycles and confirmed that the photocatalyst is stable, but gradual loss in efficiency was
observed due to the loss of the material during recovery processes.

Li et al. [85] synthesized carbon-coated, mixed-phase (tetragonal/orthorhombic) SnO2
(i.e., tetragonal/orthorhombic) nanorods photocatalysts by a combined chemical precip-
itation and hydrothermal method at 180 ◦C for 6 h. The SnO2-C composite with a SnO2
tetragonal phase was obtained after calcination of the hydrothermal products at 550 ◦C for
4 h. The photocatalytic activities of the samples were investigated toward the degradation
of Methyl orange (MO) dye under UV irradiation using a catalyst/dye concentration of
0.6 g L−1. The as-prepared mixed-phase SnO2 showed a photodegradation activity of
52% against an efficiency of 39% for pure SnO2 with a tetragonal phase after 60 min un-
der irradiation, indicating the influence of different phases on the junction formation to
tune photocatalytic activity. Coating mixed-phase SnO2 nanorods with carbon provided
a degradation activity of 98%. The tetragonal/orthorhombic-SnO2 material exhibits very
high stability after three cycles, remaining about constant without apparent deactivation.
Photocatalytic activity was not primarily attributed to the narrower band gap or visible
light absorption tail. By demonstrating that the transfer and separation of photogenerated
electron–hole pairs are improved by the introduction of a carbon layer in interparticle
space. To understand the photocatalytic mechanism, different scavengers were used in
the study—triethanolamine (TEOA), tert-butyl alcohol (TBA), and benzoquinone (BQ).
The results indicated that the species h+, O•−

2 , and HO• played important roles in the
degradation of MO.
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Constantino et al. [97] synthesized a porous composite based on SnO2/cellulose acetate
with the electrospinning method and calcined it at 120 ◦C for 48 h. The photocatalytic
activity of the nanocomposites was studied toward the degradation of MO and MB dyes
under UV irradiation using a catalyst/dye concentration of 1.3 g L−1. The photocatalytic
efficiency of SnO2/cellulose was approximately 92% of MO degradation after 210 min and
95% of MB degradation after 240 min. It is worth mentioning that the photodegradation
process did not alter the average diameter and morphology of the fibers as well as their
surface chemistry. From TOC analysis, the authors evidenced that only 54% and 79% of
MO and MB dye are mineralized after the photocatalytic process. However, presence of
other compounds as by-product of dye degradation was confirmed by LC–MS.

Silva et al. [37] synthesized spherical nanoparticles and microrods of Ag3PO4/SnO2
composites, by the in situ coprecipitation method, with various molar ratios of 5, 10, 15,
and 20% of SnO2 in relation to the mass of pure Ag3PO4, followed by calcination at 350 ◦C
for 2 h. The photocatalytic performance of the samples was investigated by the degradation
of Rhodamine B (RhB) dye under visible light irradiation using a catalyst/dye concentration
of 0.6 g L−1. The authors observed superior photocatalytic activity for all the composites
when compared to pure Ag3PO4. The authors evidenced that the excess of SnO2 damaged
the interfacial contact between the Ag3PO4 and SnO2, which was due to the high degree of
particle agglomeration. The photocatalytic mechanism involved in the photodegradation
of the dye was also investigated for pure Ag3PO4 and Ag3PO4/SnO2-15%. It has been
confirmed that the photogenerated holes participated in the direct degradation of RhB
when Ag3PO4 was a photocatalyst. On the other hand, there was a significant participation
of O•−

2 radicals when Ag3PO4/SnO2-15% is used. The highest photodegradation efficiency
presented by the Ag3PO4/SnO2-15% composite was confirmed by total organic carbon
(TOC) analysis. Reusability tests were also performed for Ag3PO4/SnO2-15% and a loss of
43.2% of its photocatalytic efficiency was observed after the third cycle, which was similar
to that observed for pure Ag3PO4. Using the X-ray diffraction technique, the presence of
Ag in the composition of the samples was observed after the photocatalysts were used
in photocatalysis.

Apart from the above-mentioned studies performed using composite particles, SnO2-
based composite photocatalysts have also been explored as films. For instance, porous
SnO2/TiO2 films were prepared using Ar-assisted, modified thermal evaporation, followed
by the atomic layer deposition (ALD) technique at 300 ◦C in the reaction chamber [62].
To prepare SnO2/TiO2 films, TiO2 layers were deposited on porous SnO2 nanofoam,
with those previous deposited on 2 × 2 cm2 Si (100) wafers or ITO substrates, with variation
in deposition cycles of TiO2 (10, 25, 50, and 100 cycles) by ALD. The samples were denoted
SnO2/TiO2-10, SnO2/TiO2-25, SnO2/TiO2-50, and SnO2/TiO2-100, respectively. After the
TiO2 deposition, the material was calcined at 700 ◦C for 1 h. The photocatalytic properties of
the films were evaluated by the degradation of MB at a concentration of 1.2 mg L−1 under
UV irradiation. The nanofoam heterostructures showed higher photocatalytic activity when
compared to the porous SnO2 nanofoam. SnO2/TiO2-50 nanofoam, which exhibited the
highest efficiency, reached to 99% of MB degradation after 300 min. The authors correlated
this fact to being due to a synergistic effect occurring between SnO2 and TiO2, and due
to the sparse deposition of the TiO2 layer on porous SnO2. Separation of charge carriers
due to the potential difference between SnO2 and TiO2 increases the lifetime of the charge
and improves the interfacial charge transfer to the species adsorbed on the surface. This
phenomenon, along with the strong oxidant •OH radicals formed in the VB of the TiO2
layer, improves photocatalytic efficiency of the SnO2/TiO2 heterostructure.

Other important works reporting the activity of SnO2-based composite photocatalysts
for the degradation of dyes are summarized in Table 4.
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Most of the authors reported that the number of materials for the formation of the
SnO2 with a different particle size and morphology, besides doped SnO2 with an appropri-
ate amount and type of dopant, and also the formation of the composite with SnO2, plays
an important role in improving the photocatalytic activity of the SnO2 material. In relation
to composites, the excess of both species can be harmful to the contact surface between the
phases, mainly due to the high degree of particle agglomeration. Tests using scavengers,
such as p-benzoquinone (BZ, C6H4O2), isopropanol (ISO, (CH3)2CHOH), and ammonium
oxalate monohydrate (AO, (NH4)2C2O4·H2O) indicate •OH is the main species in most
photocatalytic mechanisms. However, to obtain more insights about the photocatalytic
mechanism involved in composite materials, we seek to understand the charge transfer
between the phases from the band structures of each individual material. Structural and
electronic defects can also generate energy levels between the VB and CB, and, therefore,
modify the photocatalytic mechanism of composites. The creation of different interfaces
between the phases may reduce charge carriers’ recombination, leading to the formation
of a great number of free radicals to improve photocatalysis. In addition, several other
parameters can impact the photocatalytic efficiency of composites, such as phase composi-
tion, surface area, morphology, particle size, pore structure, electron–hole recombination
rate, and band gap energy of the individual components. Some authors showed that the
high surface area and the presence of pores are more effective parameters that affect dye
degradation since the existence of several active sites, responsible for the adsorption of
molecules, is crucial for the photocatalysis to occur.

Based on the findings above, it can be concluded that to design a new photocatalytic
material with specific characteristic, one has to consider optimizing type and amount
of dopants and interface characteristics between materials, or even the nature of the de-
sired product (powder, film, etc.), besides the microstructure of the material (particle size
and morphology), and by a choice of specific synthesis methodology and appropriate
experimental conditions.

5. Conclusions and Final Remarks

From this review work, it was possible to evaluate the importance of synthesis methods
and experimental parameters in obtaining tin-oxide-based materials with high performance
in heterogenous photocatalysis of persistent organic pollutants, more specifically, organic
dyes. The search for new materials and methodologies that provide efficient results for
the remediation of such pollutants has been one of the great challenges for the scientific
community. Among the studied promising materials, SnO2 has shown excellent results
as a catalyst in heterogeneous photocatalysis processes due to its intrinsic characteristics,
which have been responsible for the material’s conductivity, optical and electrical proper-
ties, and high thermal stability. As a consequence of the choice of the synthesis method
and experimental conditions, it was possible to evidence different morphology, particle
size, surface area, structural modifications, optical bandgap energy, and surface and bulk
defects, and, therefore, obtain excellent results in the application of pure and modified
SnO2 toward the degradation of persistent organic pollutants (POPs). In general, SnO2-
based photocatalysts have shown promising efficiency for degrading a series of different
organic dyes.

Considering pure SnO2 catalysts, synthesis conditions may especially influence parti-
cle size and morphology, specific surface area, crystallinity, and the presence of electronic
defects on surface and bulk of the materials, which are important parameters to change
photocatalytic efficiency under both UV and visible irradiation. With respect to doped
SnO2, the type and number of dopants may introduce different intermediate levels within
the gap, decreasing band gap energy to improve the photo-absorption in visible light.
Finally, it has been demonstrated that the composite formed with SnO2 is responsible for
band structure alignment and improvement of charge separation that led to an increased
photocatalytic activity when compared to the individual components. It is still important
to highlight that the study of the reaction mechanism involved in the dye degradation is an
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important aspect, which allows the design of new and efficient SnO2-based photocatalysts,
and an understanding of their laminations in order to use them in practical devices.
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Abstract: The ISO standard 22197-1:2016 used for the evaluation of the photocatalytic nitric oxide
removal has a main drawback, which allows only the decrease of nitric oxide to be determined specifi-
cally. The remaining amount, expressed as “NO2”, is considered as a sum of HNO3, HONO NO2, and
other nitrogen-containing species, which can be potentially formed during the photocatalytic reaction.
Therefore, we developed a new methodology combining our custom-made analyzers, which can
accurately determine the true NO2 and HONO species, with the conventional NO one. Their function
was validated via a photocatalytic experiment in which 100 ppbv of either NO or NO2 dispersed in air
passed over (3 L min−1) an Aeroxide© TiO2 P25 surface. The gas-phase analysis was complemented
with the spectrophotometric determination of nitrates

(
NO−

3
)

and/or nitrites (NO−
2 ) deposited

on the P25 layer. Importantly, an almost perfect mass balance (94%) of the photocatalytic NOx
abatement was achieved. The use of custom-made analyzers enables to obtain (i) no interference,
(ii) high sensitivity, (iii) good linearity in the relevant concentration range, (iv) rapid response, and
(v) long-term stability. Therefore, our approach enables to reveal the reaction complexity and is highly
recommended for the photocatalytic NOx testing.

Keywords: photocatalysis; air purification; NOx; HONO; NO2; mass balance

1. Introduction

Nitrogen oxides (NOx) present in the air are considered to be toxic gases. There exist
several strategies for NOx removal, focusing either on the emission control and prevention
of their formation, or dealing with NOx conversion to N2 or HNO3 using additional
chemical reagents [1]. While these methods cannot be used for NOx concentration of parts
per billion (ppbv), heterogeneous photocatalysis offers such a possibility [2–5].

Because of the need to compare the performance of photocatalysts and assess their
environmental applicability, the standard tests for the air-purification performance of
semiconductor photocatalytic materials were developed, namely ISO 22197-1:2016, CEN
(CEN/TS 16980-1, 2016), and UNI standards for nitric oxide (UNI 11247, 2010 and UNI
114874, 2013), further referred as ISO, CEN, and UNI.

Although these methods are well designed and allow the interlaboratory comparison
of results in terms of photocatalytic activity, they are less meaningful for the prediction of the
actual environmental impact under real-world conditions. The high input concentration of
500–1000 ppbv NO is one order of magnitude higher than that in heavily polluted air. Only
NO is used as the model pollutant (except UNI 11247, 2010), although NO2 is more toxic (its
amount in air is restricted by specific limit). While the NOx analyzer (chemiluminescent)
specified in ISO 7996 measures only NO selectively, NO2 measurement suffers from the
interference of other N-containing gases, including HONO and HNO3.
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Thus, to evaluate the real impact of NOx photocatalytic abatement technology, a
complete analysis of the degradation intermediates and products even at their very low
concentration is of utmost importance. Such analytical data will enable to proceed with a
complete balance of NOx compounds. This is necessary for the realistic assessment of the
performance of photocatalytic technology.

To address this issue, several strategies were reported (Table S1). Ifang et al. [6]
suggested testing the photocatalytic activity under relevant atmospheric conditions and
low reactant concentrations (<100 ppbv), and strongly recommended NO2 as a tested
reactant. According to the authors, the yield of nitrate formed by the photooxidation of
NO2 should be quantified by ion chromatography to exclude or confirm the formation of
other N-containing products. The interference issues of chemiluminescence analyzers can
be solved by using carbonate denuder as a trap for HONO [7].

Besides the common detection of NO and NO2, several papers have dealt with the
detection of other N-containing species. A chemiluminescence method for the detection
of HONO was reported [8]). Alternatively, HONO was detected by employing the long-
path absorption photometer (LOPAP) method [9,10] developed by Heland et al. [11]. The
detection of NO2, HONO, and N2O by the combination of selective catalytic conversion
measurement, LOPAP, and the gas chromatography/electron-capture detector, respectively,
was published [12]. Furthermore, these studies also focused on the determination of nitrate
(NO3

−) and nitrite (NO2
−) anions adsorbed on the surfaces using ion chromatography.

N2O detected by GC-MS with cryotrapping was found to be the main product from the
NO reactant; however, the NO concentration was 100 ppmv, i.e., very high [13].

The analysis of the all-important N-compounds (NO, NO2, HONO, HNO3, and N2O)
needed for the overall evaluation of photocatalyst performance is still exceptional within
the research community. Dedicated research dealing with possible solutions of complete
NOx degradation monitoring and photocatalytic activity assessment is of great value.

Therefore, we developed a methodology for the continuous monitoring of N-species
participating in photocatalytic NOx abatement. Our novel complex apparatus is partly
based on the ISO standard (NO analyzer, bed-flow reactor, total reactor flow, light intensity,
humidity) in order to enable interlaboratory results; however, we have supplemented
it with very sensitive and selective NO2 and HONO analyzers. After optimization pro-
cedures, the determination of the full balance of N-products (N+2,3,4,5) was carried out,
including those adsorbed in the photocatalyst (HNO3 and HONO). This enabled us to
assess more realistically the possible environmental impact of the air purification by means
of photocatalysts.

2. Results and Discussion

2.1. Requirements to the Apparatus

There are a number of requirements which should be fulfilled. We show that our
analytical system used in the developed experimental set-up fulfills following requirements:

1. No interference with each other;
2. Sufficient sensitivity achieving low detection limit;
3. Good linearity of the response in the needed concentration range;
4. Rapid response;
5. Long-term stability–suppressed zero drift;
6. Reasonable investment and operating costs.

Ad 1: Analyzers connected in parallel must not interfere with each other. Specifically,
the analyzers must not exhibit chemical interferences towards other N-containing species.
It is desirable to test independently the proper function of each analyzer and perform their
calibration. This is realized by a system of three-way valves, as specified below. The whole
apparatus tightness is crucial due the toxic gases used, and any leaks must be revealed
easily. Therefore, the system should be well-arranged and sufficiently easy to operate.
Apparatus materials have to be inert for all the used chemicals, and the tubes should be
as short as possible to minimize the sorption of the gases. Chemiluminescence analyzers
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(HONO and NO2) were tuned to be interference-free [14–16]. The NO2 analyzer showed
no detectable response to 1.0 ppmv of NO, and the HONO analyzer showed no detectable
response both to 100 ppbv NO2 and NO.

Ad 2: Due to the very low concentrations to be monitored, a high sensitivity of analyz-
ers is essential. Techniques based on chemiluminescence detection fulfill this requirement
very well. The advantages of chemiluminescence techniques lie in their selectivity as well
as very good sensitivity. The sensitivity (and the dynamic range) can be optimized by the
composition of the chemiluminescence solutions as well as by the gas flow through the
analyzer.

The detection limit ought to be in units of ppbv, as it usually occurs in natural air.
The nominal detection limits of the NO2 and HONO analyzers according to the producers
are much lower than is needed for our application [14–16]. However, the detection limits
determined in our laboratory with the analyzers connected to the measurement system
were much higher: 6.0 ppbv for NO2 and 1.0 ppbv for HONO. Meaningful reasons may be
the additional instabilities caused by parallel sampling and the additional adsorption of
gases within the tubes. The limit of detection was estimated as the concentration at which
the signal would be equal three-times the standard deviation of the background signal.

Ad 3 and 4: For the possible application in kinetic studies, it is crucial that the analyzers
respond rapidly with a sufficient frequency of data collection at least in one-second intervals.
Furthermore, the response needs to be linear over the range of expected concentrations
ranged from 1.0 to 1000 ppbv. For the HONO analyzer, a good linearity was found in the
tested range 2.0–300 ppbv. The NO2 analyzer performed a linear trend for concentrations
ranging from 10 to 1000 ppbv. Below 10 ppbv, nonlinearity was observed, as was previously
described in the literature [15].

Ad 5: A critical parameter for the applicability of the selected techniques is their
long-term stability. For the chemiluminescence custom-made analyzers, it was tested
with following concentrations: 100 ppbv for NO2 and 34 μg L−1 for NO−

2 (corresponding
to 12 ppbv of HONO in the air under given experimental conditions). The dosing of the
chemicals by peristaltic pumps may be unstable for longer time periods. Therefore, for NO2,
the stability was evaluated by observing the averages of the signals by periods of 10 min
(122 points) within 10 h, with the standard deviation of those averages being less than 1%.
For HONO, the signal was averaged for 5 min before and after 8 h of the photocatalytic
experiment (signal obtained from standard solution of NO−

2 ), the difference being 1.5%.
Both custom-made analyzers showed acceptable stability during a time period of at least
8 h, which is sufficient to ensure a reliable assessment of the photocatalytic activity.

Ad 6: The investment needed for assembling the custom-made analyzers is given
mainly by the cost of the photomultiplier and the pumps (for liquid reagents and gas
sampling). From current prices of these components, the estimated cost is below EUR 4000.
This is roughly five times lower than the cost of a commercial NO2 analyzer. Currently,
commercial analyzers for HONO have not been developed.

2.2. Photocatalytic Reactor and Analytical System

Our self-developed set-up consisted of three main parts: a gas supply manifold, a
photoreactor, and an analytical system (Figure 1). A set of mass flow controllers (Bronkhorst,
The Netherlands) was used to dilute the pollutant (50 ppmv NO or NO2 in N2, Messer
Technogas, Prague, Czech Republic) to the desired concentrations of 100 and 1000 ppbv.
The carrier gas (synthetic air) was humidified using a Drechsel bottle. Stream of the gas
passed through the photoreactor (ISO 22197-1, 2016) over a photocatalyst layer. Specifically,
the following testing conditions have been retained: total flow rate 3 L min−1, relative
humidity 50% at 25 ◦C, radiation intensity 1.0 mW cm−2 of UVA light (TL-D 15W BLB,
Philips, Prague, Czech Republic) with a dominant wavelength at 365 nm, a geometric area
of the layer 5 × 10 cm2, and the space height of 0.5 cm above the layer for the flowing gas.
The output of the reactor was divided into branches leading to the analyzers for HONO,
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NO2, and NOx/NO monitoring (Figure 1). These are described in the Supplementary
Materials (Figures S1 and S2).

Figure 1. Set-up for testing the performance of photocatalysts for NOx abatement equipped with
NO/NOx, NO2, and HONO analyzers.

Downstream of the reactor, the gas is simultaneously distributed to the analyzers.
They actively suck the gas by pumps, which are protected by liquid overflow bottles placed
in front of the pumps. The exhaust tubes downstream of the pumps are equipped by
one-way valves, preventing the return of the exhaust gases. The inlet to each analyzer can
be switched by a three-way ball valve between the analyzed gas and air from the lab drawn
through a filter. The analyzers can thus be tested individually. The excess gas goes either
directly to waste or can be passed by a 3-way ball valve through a capillary mass-flow
meter (MFM) to test the leakages in the segment of the system, including the photoreactor.
The bubbler has to be first bypassed to avoid damaging the MFM by water vapor.

2.3. Determination of Products in Gaseous Phase

The deNOx curves were integrated based on the formula in Equation (1), as follows:

deNOx =
p(qxNOx int − ∫ t

t=0 qxNOxdt)
RT

(1)

where p is normal gas pressure (101.325 kPa), q is the total gas flow (m3 s−1), t is the
time of photocatalysis (s), qxNOx in is a molar fraction of the pollutant in the input gas
mixture, xNOx is the measured instantaneous NOx molar fraction in the gas mixture behind
the photoreactor, R is the molar gas constant (8.314 J.K−1 mol−1), and T is temperature
(273.15 K). The gas conditions are given from the mass flow controllers, where the controlled
volume flow is given under normal conditions.

2.4. Quantification of NO−
2 and NO−

3 Anions (HONO and HNO3) Adsorbed on the Photocatalyst

Nitrite and nitrate anions accumulated on the layer during the photocatalytic reaction
were determined by means of an ultralow-range colorimeter (HI764 Nitrite Checker, Hanna
Instruments, Prague, Czech Republic) and corresponding reagents. After a 24 h extraction
of the anions to an exact volume (60 or 80 mL) of deionized water, a proper dose of
diazotation reagents (Hanna Instruments, Prague, Czech Republic) was added to the
solution and stirred carefully. In the presence of NO−

2 anions, the solution became a
shade of pink, depending on the nitrite concentration. NO−

3 anions were first reduced
to NO−

2 by cadmium (reagents NitraVer6, Hach Lange, GmbH, Berlin, Germany) and,
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afterwards, analyzed by the equal procedure as for NO−
2 . Concentration values obtained

for the nitrites were determined using the known NaNO2 solution concentration, and those
for nitrates were adjusted according to the measurement of the known KNO3 solution
concentration. In several cases, the solutions with the extracted nitrites/nitrates were
analyzed spectrophotometrically in a commercial lab for comparison, and the results were
in the reasonable agreement. Always fresh layers were used for these experiments.

2.5. Modified ISO Test Conditions

Unlike the standardized methods, we focused on the following experimental condi-
tions. First, the inlet concentration of the model NO or NO2 pollutant was adjusted to 100
ppbv, which corresponds to realistic environmental conditions. Due to simple reaction
stoichiometry, the sum of the concentrations of all assumed gaseous N-compounds (NO,
NO2, HONO, HNO3, but not N2O) present in the air flow was expected to be the same as
the initial concentration of reactant. The standard total gas flow (3 L min−1) through the
reactor maintained unmodified.

Second, the duration of the photocatalytic test was longer. Our experiments showed
that for highly active samples, the steady-state was not reached even after five hours. Third,
three analyzers were used, in contrast to the only one in the ISO standard.

3. Validation

3.1. Determination of Products in Gaseous Phase

To verify the proper functioning of the apparatus, the photocatalytic reaction of NO2
was tested on the TiO2 (P25) layer (49.1 mg). A model NO2 pollutant with a concentration
of 100 ppbv in the air with 50% relative humidity flowed through the reactor at a flow
rate of 3 L min−1. After purging the reactor and stabilizing the input concentration, the
layer was irradiated with a UV lamp of an irradiation intensity of 1.0 mW cm−2. At the
very beginning of the photocatalytic reaction, the NO2 concentration immediately sharply
dropped to half of its initial value, while neither HONO nor NO were formed in the gas
phase (Figure 2A). We can deduce that all the removed NO2 was adsorbed onto the surface
of the photocatalyst, mainly in the form of NO2 and HNO3. This explains the subsequent
partial deactivation of photocatalyst in the first one hour [17]. After this period, the reaction
achieved a steady-state character with a negligible change of NO2 concentration (0.3 ppbv
per hour).

Figure 2. Set-up for testing the performance of photocatalysts for NOx abatement equipped with
NO/NOx, NO2, and HONO analyzers. A 100 ppbv inlet concentration of NO2 (A) and NO (B),
respectively.
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Measurement via a commercial analyzer (APNA-370, Horiba, Tokyo, Japan) was
complemented with the selective measurement of NO2 and HONO using our custom-made
analyzers. In this case, the NO2 measurements are in excellent agreement with the values
obtained by the commercial APNA-370 (Figure 2A). This agreement can be associated with
the negligible formation of gaseous HONO and HNO3, which would otherwise contribute
to the NO2 and NOx signals of the APNA-370 analyzer.

Similar experiments were performed for 100 ppbv of NO while maintaining the same
reaction conditions. The decrease in the NO concentration in the air to 40 ppbv caused by
oxidation was accompanied by the gradual rise of the NO2 concentration (Figure 2B). The
NO2 concentration measured by the custom-made NO2 analyzer (Figure 2B, green line)
is again in very good agreement with the NO2 values obtained from the commercial one
(Figure 2B, red line). A tiny discrepancy observed at the beginning of the experiment (up
to 30 min) can be explained by the calibration of the custom-made NO2 analyzer below
10 ppbv due to a nonlinear behavior, as well as to the detection limit (6.0 ppbv). Moreover,
a negligible concentration of gaseous HONO was detected during the photocatalytic
abatement of NO.

3.2. Determination of Products in Solid Phase

HNO3 and HONO formation and their presence on the P25 layer were confirmed by
the extraction, described in the Experimental section. Amounts of HONO were at least
ten times smaller than those of HNO3, since nitrite anions were mostly oxidized to nitrate
during the layer transfer from the reactor and following the one-day extraction of anions
into water. Commercial analysis by spectrophotometry found the nitrite anions to be three
orders of magnitude less than the nitrate ones.

3.3. NOx Balance

Table 1 shows the comparison of the amount of NOx removed from the gas stream
and the HNO3 deposited on the photocatalyst surface. From these data, the percentage
imbalance p between the inlet, outlet, and deposited amount was evaluated according to
Equation (2):

p =

[
(O + D)− I
(O + D)

]
× 100 [%] (2)

where O is outlet, D is deposited, and I is the inlet amount.

Table 1. A comparison of the amount of NOx removed from the gas stream and HNO3 deposited on
the photocatalyst surface.

Pollutant
Irradiation
Intensity/
mW cm−2

Inlet
Concentration/

ppbv

Total NOx

Passed over
Photocatalyst 1/

μmol

NOx Removed
from Gas
Phase 2/
μmol

HNO3

Deposited on
Photocatalyst 3/

μmol

NO 0 100 3.68 0 <0.35
NO 1.0 100 3.68 0.65 0.90
NO2 1.0 100 3.68 1.10 1.70
NO 1.0 1000 36.8 1.20 1.30

1 in 5 h. 2 determined via integration of analyzer signal (after 5 h on stream). 3 determined via spectrophotometry
of solid phase extraction (after 5 h on stream).

We observed that the amount of NOx removed from the flowing gas determined by
the integration of the analyzer signal is slightly lower than the amount of HNO3 deposits
(Table 1). For 100 ppbv of NO, and especially for 1000 ppbv NO, this imbalance is low, being
6 per cent, and practically negligible for the former and latter case, respectively. However,
for 100 ppbv NO2 in the inlet gas, the imbalance is higher, achieving about 14 per cent.

There exist several potential reasons for this difference. First, a shift of the analyzer
output (e.g., due to a baseline instability). However, extensive tests showed that this is
not the case, as the performance of the analyzer is stable and reproducible. Moreover, the
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tightness of the set-up was checked by a helium test, and potential leaks can be completely
excluded. Further, the sorption of NOx on the walls of the set-up did not have any effect on
the outcomes of the experiments, as the tests themselves were started after an equilibrium
was achieved. At the same time, a potential content of nitrates or nitrites in the purchased
TiO2 powder was excluded by analytical measurement.

Second, the reason for the higher nitrate amount deposited on the photocatalyst may
be the formation of nitrate by the oxidation of nitrogen in the carrier air on TiO2. This
speculation is supported by Yuan et al. [18], who observed such oxidation even by sunlight.
Interestingly, we tested the possibility of a heterogeneous reaction of NO with the surface
photocatalyst in the darkness at an inlet concentration of 100 ppbv; however, no formation
of nitrates was detected.

Regarding the selection of either NO or NO2 for the standard testing of the photocata-
lyst performance, an interesting conclusion follows. NO2 seems more suitable due to its
higher toxicity, and especially as a pollutant whose concentration is monitored according
to relevant national limits and WHO guidelines. However, the imbalance given above
shows that it is a rather problematic compound due to its chemical properties, such as
complex sorption on the surface of not only the photocatalyst but also of other parts of
the experimental set-up in contact with the polluted air. These complex relations were ob-
served by Araña et al. [19], who determined the role of its sorption or disproportionation in
producing NO. Another observed process was the formation of stable [(NO−

3 )-(H2O)-NO2]
complexes on the surface of the photocatalyst.

4. Preparation of TiO2 Layers

For photocatalytic testing the commercial Aeroxide P25 (Evonik Industries, Essen,
Germany, batch No. 616000298) was chosen. The surface of 5 × 10 cm2 glass substrate
was abraded by silicon carbide of grits 220 (Top Geo Mineralienhandel GmbH, Satteldorf,
Germany) to increase the adhesion of ordinary soda-lime glass. Water suspension with
10 wt.% TiO2 was homogenized by dispersing instrument T25 (IKA, Staufen, Germany)
for 5 min at 20,000 rpm. This suspension was applied on the glass plate using an airbrush
(PME, Enfield, UK) in multiple layers to achieve the required sample weight (50 mg). After
spraying, each individual layer was dried with a blow dryer. All layers were stored in
a dark chamber under the nitrogen atmosphere. Figure 3 confirms the homogeneity of
deposited layers.

 

Figure 3. SEM micrographs of multiple P25 layer profiles. Left side–fivefold spraying. Right side–
elevenfold spraying. In both, the same amount of TiO2 deposited, and consequently the thickness of
the multilayer is the same.

5. Conclusions

We have developed a new methodology for a broader assessment of the photocatalytic
removal of NOx species in the air. Our custom-made analyzers, complemented with
the conventional one, exhibited high performance in the simultaneous detection of the
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true NO2, HONO, and NO species during the photocatalytic NOx degradation. This
innovative set-up enables to reliably determine a mass balance of the NOx abatement when
the analysis of deposits on the photocatalyst surface is involved. By our approach, almost
perfect mass balance for NO (94%) and NO2 (86%) removal was achieved. Furthermore,
our study provides important suggestions concerning the suitability of NO and NO2 as
test molecules, with NO being more suitable. As a next step of our research, the upgrade of
the photocatalytic apparatus by the implementation of a custom-made HNO3 analyzer will
follow.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12060661/s1, Figure S1: Custom-made analytical system for HONO detection in air,
designed and assembled by Mikuska and co-workers, Figure S2: Custom-made analytical system for
NO2 detection in air, designed and assembled by Mikuska and co-workers. Table S1: Overview of
the analytical systems used to determine gaseous nitrogen-based species and ozone. Ref. [20] is cited
in Supplementary Materials.
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Abstract: Arsenic (As) poses a threat to human health. In 2014, more than 200 million people
faced arsenic exposure through drinking water, as estimated by the World Health Organization.
Additionally, it is estimated that drinking water with proper microbiological quality is unavailable
for more than 1 billion people. The present work analyzed a solar heterogeneous photocatalytic
(HP) process for arsenite (AsIII) oxidation and coliform disinfection from a real groundwater matrix
employing two reactors, a flat plate reactor (FPR) and a compound parabolic collector (CPC), with
and without added hydrogen peroxide (H2O2). The pseudo first-order reaction model fitted well
to the As oxidation data. The treatments FPR–HP + H2O2 and CPC–HP + H2O2 yielded the best
oxidation rates, which were over 90%. These treatments also exhibited the highest reaction rate
constants, 6.7 × 10−3 min−1 and 6.8 × 10−3 min−1, respectively. The arsenic removal rates via
chemical precipitation reached 98.6% and 98.7% for these treatments. Additionally, no coliforms
were detected at the end of the process. The collector area per order (ACO) for HP treatments was
on average 75% more efficient than photooxidation (PO) treatments. The effects of the process
independent variables, H2O2 addition, and light irradiation were statistically significant for the AsIII

oxidation reaction rate (p < 0.05).

Keywords: groundwater; real water matrix; reactor prototype; arsenic speciation; collector area
per order

1. Introduction

The abundance of arsenic (As) in the Earth’s crust is around 1.5–3 mg/kg, making it
the 20th most abundant element and a component of more than 245 minerals [1]. When
the groundwater’s pH and bicarbonate anion (HCO3

−) concentration are high, As is easily
dissolved and passes to the groundwater cycle [2]. As toxicity affects all body systems,
causing both acute and chronic poisoning [3]. Acute exposure is rare and happens mostly
with exposure to arsenite (AsIII) than arsenate (AsV) [4]. Long-term exposure leads to a
variety of illnesses known as arsenicosis [5], which includes skin, bladder, kidney, and lung
cancer, along with black foot disease [6]. AsIII is more toxic than AsV [7] and also harder to
remove from water [8].

With nearly 1 billion people exposed to arsenic by food, and more than 200 million
people exposed to it via drinking water [9–11], As is a serious threat to the physical, social,
and economic well-being of people, affecting especially the population of developing
countries [12]. Countries affected by high arsenic concentrations in groundwater include

Water 2022, 14, 2450. https://doi.org/10.3390/w14152450 https://www.mdpi.com/journal/water
239



Water 2022, 14, 2450

Argentina, Australia, Bangladesh, China, Chile, Mexico, India, New Zealand, Nepal, USA,
Vietnam, and Taiwan [13].

In addition, the typical and harmful pollutants in developing countries are of biological
origin, as diseases present in almost 50% of their populations are associated with water,
both for supply and sanitation [14]. Worldwide, according to estimations, safe drinking
water is unavailable for 1.1 billion people; water scarcity is suffered by 2.7 billion people,
and 5 million people die each year due to waterborne infections [15,16]. These infections
can be caused by viruses, bacteria, or protozoa [17].

The World Health Organization (WHO) recommends that the As amount in water
should not surpass 10 μg/L [18]; as for microbiological water quality, the WHO recom-
mends the use of the following microbial water quality indicators: total coliforms, thermo-
tolerant coliforms, Escherichia coli, intestinal enterococci, enteric virus, and coliphage virus
(none of which should be detected in drinking water) [19].

The growing population and climate change are two of the main factors that are
increasing the demand for drinking water; it is then a priority to research drinking water
treatments to improve processes in terms of reliability, efficiency, safeness, and ease of im-
plementation [20]. Additionally, economic feasibility, technical viability, and environmental
safeness must be complied with for a technology to be considered sustainable [21].

Recently, the scientific community has shown extensive interest in advanced oxidation
processes (AOPs), considering them as the most promising technologies for the potabiliza-
tion of water and the treatment of wastewater on account of the nonselectivity of reactive
oxidizing species (ROS), enabling AOPs to remove pollutants, including microbes and
organic and inorganic contaminants [22].

Heterogeneous photocatalysis (HP) with semiconductors (or photocatalysts) is an
AOP developed in 1972 with several advantages, including its ability to use solar light and
that fact that is environmentally friendly and has a relatively low cost [23–25]. When the
photocatalyst is irradiated with light whose energy is higher than the photocatalyst bandgap
energy level, electrons in the valence band (VB) migrate to the conduction band (CB),
generating a positive hole (h+) and an extra electron (e–) in the VB and CB, respectively [26].
Oxygen adsorbed on the photocatalyst surface can react with e– to form superoxide radicals
(O2

•−), while water can react with h+ to generate hydroxyl radicals (HO•) [27].
HP with titanium dioxide (TiO2) has been investigated for As oxidation, which is a

good approach as AsIII is found as a neutral charge oxyanion in a wide pH range, and,
in contrast to other oxyanions, adsorption onto metal oxides or clays is inefficient, and
precipitation at near neutral pH barely occurs [28]. Although AsV is a triprotic acid and can
be found in several forms depending of the medium pH, its removal from water is easier
with processes such as chemical precipitation [29] and adsorption [30].

For the last two decades, HP has also been widely investigated for water disinfection,
showing potential for treatment through oxidative stress caused by ROS, Gram positive
and negative bacteria, DNA and RNA viruses, and even algae [31]. ROS can attack cell
membrane components, altering cell integrity, which results in a cytoplasm leakage [32];
they can inhibit required cell activities such as protein synthesis [33]; they can also break
organic covalent bonds present in biomolecules [34]. Many factors affect the efficiency of
disinfection via HP, including the chemical nature and concentration of the microorganisms,
time of treatment, light intensity, water matrix, deficiency of atomic ligands, surface energy
level, photocatalyst properties, and solution pH [22].

One of the main drawbacks limiting commercial and industrial HP application is the
lack of reactor designs efficient enough to handle large volumes of water [35]. Many types
of reactors have been studied and developed, but standard procedures for scale up are still
lacking; HP technology readiness level (TRL), which ranges from TRL = 1 (proof-of-concept
stage) to TRL = 9 (full operational scale stage), is between TRL = 4 (lab scale validation)
and TRL = 5 (ongoing pilot scale applications) [36]. Other relevant issues concerning
reactor design, such as reducing photon and mass transfer limitations [37] or a thorough
understanding of heat, mass, and light transfer in the system [38], are a current research
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interest as are operation conditions, such as analyzing reactor performance with real water
matrixes instead of synthetic water matrixes [39].

In this work, heterogeneous photocatalytic arsenic oxidation and water disinfection
were explored in two types of solar reactors, a compound parabolic collector reactor (CPC)
and a flat plate reactor (FPR); a real groundwater matrix was used, and coliform disinfection
was also analyzed. As removal via chemical precipitation with ferric chloride (FeCl3) was
explored, following oxidation. Estimations of the collector area per order (ACO) (m2/m3-
order) were performed for the evaluation of the area or energy requirements by every
reactor. The results were also analyzed from a reaction kinetic and statistical standpoint.

2. Materials and Methods

2.1. Location and Operation Timeframe for Experiments

Experiments were carried out in the city of Durango (25.613238◦ N, 103.435395◦ W,
1900 m above sea level; Durango, Mexico), and they were performed during the sum-
mer, autumn, and winter seasons at solar noon. The city is located within the planet’s
sunbelt, which receives an average solar radiation in the range of 5.5 kWh/m2/day to
6.5 kWh/m2/day [40].

2.2. Photocatalytic Reactors

The experiments were performed in a CPC tubular reactor set above a compound
parabolic collector; the tube was made of 3 mm thick polymethylmethacrylate (PMMA),
with an inside diameter of 4.48 cm and a longitude of 90 cm; 3 mm thick PMMA plates
(which served as the TiO2 support) were placed within the tube. Galvanized iron sheet
was used to make the compound parabolic reflector; commercial reflective adhesive paper
was used to cover the reflector. A submergible water pump was used to feed water to the
reactor from a reservoir into one end of the tube and sent it back to the reservoir using a
tubing arrangement (Figure 1).

Figure 1. CPC reactor scheme.

The FPR reactor has been described in previous works [41–43], but briefly, it consisted
of a PMMA compartment, with a feeding tube (with small holes separated every 0.5 cm)
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made of polyvinyl chloride set at the compartment’s top, plus a drainage located at the
compartment’s bottom. The PMMA compartment was placed onto an inclinable metal as-
sembly; reactor’s drainage led to the water reservoir, which, with the help of a submergible
water pump (Model H-331 BioPro, Jiangsu, China), was fed to the reactor (Figure 2). Table 1
shows additional reactor operational parameters, as reported in previous work [44].

Figure 2. FPR reactor scheme.

Table 1. Operational parameters differing between reactors.

Reactor Illuminated Net Area (m2)
Photocatalyst

Covered Area (m2)
Volumetric Flow (m3/h)

FPR 0.10 a 0.10 a 0.18
CPC 1.40 b 0.07 c 1.50

Note: a Glass plate area, equal to area covered by photocatalyst; b Reactor reflector area; c PMMA plate area
covered by photocatalyst.

In the CPC, TiO2 (Degussa-Evonik, Essen, Germany. CAS: 13463-67-7) was immo-
bilized on a 4.5 cm wide and 5 cm long PMMA plate, on both plate sides; sixteen plates
were used. While in the FPR, a 33 cm wide and 30 cm long frosted glass plate was used as
photocatalyst support. The immobilization methodology has been reported elsewhere [44].

2.3. Experimental Conditions

Each experimental run was carried out with 3.5 L of a 300 μ g/L AsIII solution prepared
using sodium meta-arsenite (NaAsO2; J.T. Baker, Radnor, PA, USA. CAS: 7784-46-5) with
groundwater from a local well, which already had 46.06 μg/L of AsIII and 5.46 μg/L of AsV;
groundwater physicochemical characterization is presented in Table 2. The solution was
also spiked with water from a municipal wastewater treatment plant (MWTE) to analyze As
oxidation in the presence of coliforms; the initial most probable number (MPN) per 100 mL
was >2419. A total of 0.358 mL from a 30% H2O2 (Fermont, Guadalajara, Mexico. CAS:
7722-84-1) solution was added to the water to analyze H2O2 addition effect. Experiments
in the dark were carried out for each experimental condition as control experiments, as
well as photooxidation experiments without TiO2.
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Table 2. Groundwater physicochemical characterization.

pH 8.52

Electrical Conductivity 548.25 μS/cm

Major ions (mg/L)
Na+ 4.38 mg/L
K+ 53.10 mg/L

Ca+2 9.87 mg/L
Mg+2 60.55 mg/L

F− 1.54 mg/L
NO3- 38.35 mg/L
NO2

− 1.83 mg/L
Cl− 26.39 mg/L

HCO3
− 148.50 mg/L

SO4
−2 59.75 mg/L

Arsenic (μg/L)
AsIII 46.06
AsV 5.46

Experiments lasted 300 min (which began 150 min before solar midday); 20 mL
samples were collected at 0, 30, 60, 100, 150, 220, and 300 min to measure AsIII oxidation
during the course of the experiment. To separate AsIII and AsV, for each sample, an As
speciation cartridge (MetalSoft Centre, Buena Park, CA, USA) was used, according to
the manufacturer’s specifications [45]. A radiometer (CUV5, Kipp & Zonen, Delft, The
Netherlands) was used to measure UV irradiance during experiments.

As removal was also explored. After solar treatment was over, 0.5 L samples [46] were
collected to carry out chemical precipitation with an optimized dose (2.19 mg/L) of FeCl3
(Merck, Darmstadt, Germany. CAS: 7705-08-0; determination included in Supplementary
Materials), and after adding the FeCl3, pH was adjusted to 6.5 using hydrochloric acid
(HCl; Merck, Darmstadt, Germany. CAS: 7647-01-0), and samples were taken to a jar tester
machine with a rapid mixing phase of 400 rpm for 1 min, a slow mixing phase of 20 rpm
for 10 min, and a settling phase for 20 min [47]. Samples were taken carefully with a
micropipette from the supernatant for As quantification. Figure 3 shows a flow diagram of
the process.

Figure 3. Process flow diagram.

Graphite furnace atomic absorption spectroscopy (GFAAS) (Avanta GBC model Xplo-
rAA) was carried out to quantify As.

For the experiments exploring disinfection, coliform bacteria inactivation was assessed
by MPN using the Quanty-Tray Method with defined substrate Colilert (IDEXX Labora-
tories, Westbrook, ME, USA) [48], which is approved by the USEPA [49]. Colilert media
was added to 100 mL samples (collected at the start and end of each experiment), mixed
until properly dissolved, and mixed solutions were then poured into a Quanty-Tray/2000,
sealed using the Quanty-Tray sealer, then put at 35 ◦C for 24 h for incubation [50]. This
method is based on the enzymatic activity of coliform bacteria, which metabolizes the
nutrient-indicating molecule ortho-nitrophenyl-β-D-galacto-pyranoside that turns colorless
water yellow [51].
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2.4. Kinetic Analysis

Scientific reports indicate that AsIII heterogeneous photocatalytic oxidation employing
supported TiO2 follows a pseudo first-order reaction rate [52,53], which is useful to describe
reactions limited by adsorption, as has been reported for heterogeneous photocatalytic
reactions with TiO2 [54,55]. AsIII data were used to determine the KphC, which was obtained
by fitting the data to the pseudo first-order reaction model equation, which was obtained
by established and conventional kinetics [56], as Equation (1) shows:[

AsIII
]

t
=

[
AsIII

]
0
e−KphC t, (1)

where
[
AsIII

]
0

is AsIII at t = 0,
[
AsIII

]
t

at time t, and KphC is the photocatalytic reaction
rate constant. Assumptions, such as laminar flow with a Reynolds number below 1000,
steady state operation, and constant fluid viscosity and density must be considered [57].

2.5. Fluence Analysis

Fluence (QUV) was calculated as indicated elsewhere [58–61] and is shown in Equation (2):

QUV = QUV,n−1 + UVn·(tn − tn−1)·Ai

Vt
, (2)

where the fluence is represented by QUV, the UV irradiance by UVn, the time by tn, the
net irradiated area by Ai, and the volume by Vt.

[
AsIII

]
t

can be calculated as a function of
QUV [59] employing Equation (3):[

AsIII
]

t
=

[
AsIII

]
0
e−kUVQUV , (3)

where KUV denotes the rate constant calculated for QUV.

2.6. Collector Area per Order Determination

The collector area per order (ACO) is the net area of irradiated photocatalyst needed,
considering an average solar UV irradiance, to decrease a contaminant’s concentration
by one order of magnitude, within a unit of volume [40,62]. It can be calculated by
Equation (4):

ACO =
AcEst

Vt log
([

AsIII
]

0
/
[
AsIII

]
t

) ; (4)

where the collector area per order is represented by ACO, the photocatalyst covered area by
Ac, the As concentration by [AsIII], the volume by Vt, the time by t, and the average solar
UV irradiance by Es.

2.7. Experimental Design and Statistical Analysis

A full factorial 25 experimental design was used to test the effects of 5 independent
variables, each variable with 2 levels (for a total of 32 different experimental runs, carried
out in triplicate), which can be seen in Table 3.

Table 3. Independent variables and their levels.

AOP H2O2 Reactor MWTE Spike Irradiation

Photooxidation 0 mM CPC 0 mL No irradiation (dark control)
Heterogeneous photocatalysis 1 mM FPR 10 mL Solar UV
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An analysis of variance (ANOVA) was performed to determine if the effect of each one
of the independent variables was significant for the result of the dependent variables [63].
Equation (5) shows the linear model used:

xijklmn = μ+ AOPi + H2O2j + Rk + MWTEl + DCm + QUVn + εijklmn, (5)

μ is the general mean; AOPi represents the effect of the AOP; H2O2j is H2O2 addition;
Rk denotes the type of reactor employed; MWTEl indicates MWTE spike added; DCm
stands for DC treatment; QUVn signifies QUV, and εijklmn is the linear model error. To
perform this analysis, SAS Studio 3.8 (SAS Institute Inc., Cary, NC, USA), which is a
statistical software, was used.

3. Results and Discussion

3.1. Arsenic Oxidation

Figure 4 shows AsIII photooxidation during the experiment on both CPC and FPR. The
initial AsIII concentration was 350 ± 2 μg/L. DC experiments showed very little oxidation,
which can be attributed to the effect of water and oxygen [64]. Solar photooxidation experi-
ments showed less than 25% AsIII oxidation. It is known that solar irradiation accelerates
oxidation, which can be attributed to UV and visible light, and, as it has been reported,
they also promote ROS formation in water without the need of a photocatalyst [65].

Figure 4. AsIII photooxidation (PO) experiments carried out both in CPC and FPR, with and without
MWTE spike. Experiments performed in the dark as control experiments (DC) are included as well.

Figure 5 shows also photooxidation experiments in the same treatments discussed
above, but with H2O2 addition. The accelerated oxidation fostered by H2O2 observed in
all cases was expected, as it has been reported that H2O2 is an effective oxidant in alkali
conditions [66] (working solution pH = 8.5). Experiments under solar irradiation yielded
an increased oxidation, as UV light causes H2O2 to undergo homolytic cleavage, generating
HO• [27], whose oxidative potential of 2.73–2.8 V is only surpassed by that of fluorine [67].
Both HO• and H2O2 are able to promote AsIII oxidation [68].
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Figure 5. AsIII photooxidation (PO) experiments carried out both in CPC and FPR, H2O2 added, and
with and without MWTE spike. Experiments performed in the dark as control experiments (DC) are
included as well.

Figure 6 shows AsIII oxidation via solar HP; DC experiments apparently showed an
increased oxidation, but most likely AsIII adsorption onto TiO2 surface is the main reason
for this observation [69], as at pH = 8.5, As is mostly found as arsenious acid, which has a
neutral charge [70]. The higher oxidation observed in HP experiments is clearly due to the
generated ROS by HP, which also includes O2

•− [71].

Figure 6. AsIII heterogeneous photocatalytic (HP) oxidation experiments carried out both in CPC and
FPR, and with and without MWTE spike. Experiments performed in the dark as control experiments
(DC) are included as well.
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In Figure 7, AsIII oxidation via HP+ H2O2 is shown. The highest oxidation was
achieved in this round of experiments, which conjoins the effects of the previous treatments.
The main ROS driving AsIII oxidation has been debated [72], but for cases in which H2O2 is
added, it has been recently proposed that a nonradical species, surface complexes Ti-peroxo
(Ti–OOH), would be the main oxidative species [73,74]. This fact can be theorized as an
AsIII oxidation experiment using cerium dioxide (CeO2), with cerium being in the same
periodic group as titanium, found in the presence of Ce-peroxo surface complexes [75].
Additionally, Ti–OOH (and Ce–OOH) has been reported as the main oxidative species
in antimony (which is located in the same periodic group as As) oxidation experiments
employing H2O2 over TiO2/CeO2 [76].

Figure 7. AsIII heterogeneous photocatalytic (HP) oxidation experiments carried out both in CPC
and FPR, H2O2 added, and with and without MWTE spike. Experiments performed in the dark as
control experiments (DC) are included as well.

Since the groundwater matrix used in the experiments contained several cations and
anions, other reactions could take place in some of the treatments; HO• can react with
CO3

2− and Cl− to form carbonate and chloride radicals, respectively (CO3
•− and Cl•);

NO3
− can give place to nitrite radical (NO3

•) [77]. Although the aim of this research is not
to study the effect of said species in the outcome of AsIII oxidation, it is worth mentioning
that they may play a role in the whole process.

The pH did not remain constant throughout the experiments; however, the change
was negligible (final pH > 8.0). Since AsIII (in the form of arsenious acid) pKa = 9.29 [78]
and TiO2 zero charge point is at pH = 6.3 [79], the pH change should not have a significant
effect on the outcome of the experiment, not even after AsIII oxidation, as the AsV pKa
values are pKa1 = 2.2, pKa2 = 7.08, and pKa3 = 11.5 [80].

3.2. Arsenic Removal

Water As concentration after chemical precipitation with FeCl3 is reported in Table 4.
Although more than 90% removal was achieved with every treatment, HP treatments
were the only ones to attain an As concentration that complies with the WHO guidelines.
Although it is well known that AsIII is harder to remove than AsV due to its neutral
charge [81,82], chemical precipitation is not a stoichiometric process and is also able to
remove As [83]. The increased removal in DC samples involving H2O2 can be explained
due to AsIII oxidation caused by the Fenton reagent that is mostly carried out under
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acidic conditions of pH < 3, but can also take place at higher pH values, at which point
sedimentation will occur as well [84].

3.3. Coliform Disinfection

Total coliform disinfection results are presented in Table 5. DC experiments did not
offer enough stress as to cause a noticeable effect in coliform MPN. Partial disinfection was
observed when H2O2 was added, which can be attributed to both internal and external cell
damage caused by the ROS [85]. Coliforms were not detected in solar experiments, which
is expected as SODIS is a well-known point of use technology for water disinfection, which
is effective for several microorganisms species [86]. It is inferred that disinfection could
have happened faster in the treatments involving TiO2 and H2O2, as has been reported in a
previous experiment [42].

As HP is nonselective, it can be used to deal with an assorted variety of contami-
nants [87] such as inactivating coliforms and oxidize arsenic as in the present case. This
characteristic makes it attractive for further research and additional development to keep
improving its technical feasibility. It is important to have options when it comes to water
treatment and potabilization, as most of the times, one solution cannot fit to all cases.

3.4. Kinetic Analysis

The calculated rate constants, both photooxidative (kpo) and photocatalytic (KphC), are
shown in Table 6. The reaction rate constants for DC experiments were much lower than
their irradiated counterparts in every case. H2O2 treatments also showed a higher reaction
rate constant than those of treatments without H2O2. The kpo values were lower than the
KphC values, and the higher reaction rate constants were observed in experimental runs
with higher AsIII oxidation. The coefficient of determination (R2) for DC treatments was
0.87 on average, while for irradiated treatments it was 0.96, which is an acceptable value to
fit the data to the pseudo first-order reaction model that has been reported to describe AsIII

heterogeneous photocatalytic oxidation [52,53].

3.5. Fluence Analysis

Table 7 presents the fluence and reaction rate constants as a function of QUV for
each treatment. Fluence was lower in FPR treatments than in CPC treatments as the total
irradiated surface is roughly 40% larger in the CPC than in the FPR. The proposed reaction
rate constant in the function of QUV has been used to describe the kinetics of a reaction in
function of cumulative UV dose as an alternative to kinetics in function of time [59]. The
average R2 value was 0.96, which is almost identical to the R2 obtained when fitting the
data to the pseudo first-order reaction model. It can be inferred that KUV is suitable for
explaining AsIII oxidation via HP as well.
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Table 7. Fluence and calculated reaction rate constants in function of fluence.

Treatment QUV (kJ L−1)
KUV (×10−3 kJ−1

L)
Treatment QUV (kJ L−1) KUV (×10−3 kJ−1 L)

CPC–PO 354.99 0.7 FPR–PO 251.03 1.0
CPC–PO + H2O2 339.45 2.2 FPR–PO + H2O2 240.04 3.1

CPC–HP 366.79 5.1 FPR–HP 259.38 7.0
CPC–HP + H2O2 361.57 5.6 FPR–HP + H2O2 255.69 7.9

3.6. Collector Area per Order

Table 8 shows the ACO value for each one of the treatments. A smaller Aco is gen-
erally associated with a more efficient process [44]. On average, CPC needed 30% less
photocatalyst covered area than the FPR, which is in accordance with the improved op-
tical efficiency provided by the reflector [52], accounting for an improved use of the
photocatalyst-covered area.

Table 8. Estimation of ACO for each treatment and comparative efficiency between reactors,
ε = [(ACOFPR − ACOCPC )/(ACOFPR )]× 100, for arsenic oxidation, considering batch operation and
a first-order rate reaction.

Treatment
ACO

(m2·m−3-Order)
Treatment

ACO

(m2·m−3-Order)
Efficiency (ε)

CPC–PO 83.3 FPR–PO 121.7 31.5
CPC–PO + H2O2 28.4 FPR–PO + H2O2 39.2 27.4

CPC–HP 11.3 FPR–HP 15.3 26.4
CPC–HP + H2O2 10.2 FPR–HP + H2O2 15.0 32.0

The ACO for HP treatments was on average 75% more efficient than PO treatments(
ε = [(ACOPO − ACOHP

)
/(ACOPO)]× 100), while H2O2 treatments were 38% more efficient

than treatments without H2O2 (ε = [(ACO0mMH2O2 − ACO1mMH2O2)/(ACO0mMH2O2)]× 100).

3.7. ANOVA Results

The summary of the ANOVA is shown in Table 9. The F-value for the model was
statistically significant (p < 0.05); hence, it can be assumed that the linear model was
appropriate for the analysis. The R2 value was 0.76, leaving enough room for improvement
for a better linear model that better explains variance [58].

Table 9. Summary of ANOVA for AsIII oxidation.

Source DF Sum of Squares (×104) Mean Square (×104) F-Value p-Value Probr > F

Model 6 4.7 0.7 49.61 <0.0001
AOP 1 1.3 1.3 88.53 <0.0001

H2O2 addition 1 0.2 0.2 13.96 0.0003
MWTE spike 1 0.0 0.0 0.01 0.9355

Reactor employed 1 0.0 0.0 0.01 0.9410
Irradiation exposure 1 3.0 3.0 195.13 <0.0001

QUV 1 0.0 0.0 0.00 0.9662

The results obtained through the ANOVA support the observations made previously
in Figures 4–7. The AOP effect was statistically significant; for PO, the UV light was the
main driver for AsIII oxidation, which is favored in alkaline conditions [88], but it is not as
fast as HP, which promotes ROS generation to accelerate AsIII oxidation [89]. H2O2 addition
accelerated oxidation due to ROS generation [90] or Ti-peroxo species formation (in HP
treatments only) [91]; hence, its effect being statically significant is within expectations.
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Solar light exposure (whether or not as in DC treatments) was the most significant effect
for AsIII oxidation (p < 0.05 in all three cases).

The MWTE spike did not have a statistically significant effect on the AsIII oxidation
reaction rate, which is within the expectations of AOPs being nonselective [92]; it is evident
that not every generated ROS is directed to AsIII. The effect of the used reactor was not
statistically significant either, despite the fact that their geometry allows for a completely
different operation (light distribution, light propagation, surface area to volume ratio,
etc. [93]). This finding supports the fact that the outcome of an HP operation might depend
on a plethora of variables and the interactions between them, such as the photocatalyst
properties, the source of light, the intensity of the light, the pH, the concentration of the
pollutant, and the temperature of the geometry of the reactor [44]. Finally, the effect of
the covariable, QUV, was not statistically significant, possibly because of uniformity in
the timeframe of the operation, which translated into minimal QUV variations (solar noon
operation and only on sunny days) [41,44] (p < 0.05 in all three cases).

3.8. Perspectives and Outlook

The present work results are in agreement with the HP TRL ongoing pilot scale applica-
tions. An As concentration of 300 μg/L is extremely high, and the obtained results provide
a notion of the resources needed to treat water with such characteristics. Disinfection can be
achieved with solar light alone, but AsIII oxidation was greatly improved when using HP,
and even more with H2O2. Both TiO2 and H2O2 pose no threat to the environment [94,95]
and could be used readily. The present work analyzed only a volume of 3.5 L, and it took a
considerable amount of time (300 min) to oxidize most of the AsIII, so an optimization in
function of time and volume treated with respect to AsIII concentration should be followed,
as proper experimental conditions have been found in the present work. Photocatalytic
reactors are not easily scaled up due to the intrinsic nature of light; however, if space is
available, scaling out is always possible [96].

TiO2 is only active when irradiated with UV light, which limits its efficiency for solar
applications, as UV light accounts for less than 5% of the received solar energy [97]; a
direct comparison against visible light-active photocatalysts should also be explored. TiO2
exhibits visible light activity when doped with some elements, for example nitrogen or
silver [98].

4. Conclusions

The treatments CPC–HP + H2O2 and FPR–HP + H2O2 yielded the best oxidation for
AsIII, with rates around 90%. These treatments also exhibited the highest oxidation reaction
rate constants, with 6.8 × 10−3 min−1 and 6.7 × 10−3 min−1, respectively.

As removal rates achieved via chemical precipitation for the aforementioned treat-
ments were 98.7% and 98.6%, reaching the As concentration level recommended by the
WHO, which is below 10 μg/L.

Additionally, no coliforms were detected in the irradiated treatments, which adds up
to the advantages of HP as a potential and promising technology for water potabilization
and wastewater treatment.

The determination of ACO showed that CPC was on average 30% more efficient than
the FPR, requiring less photocatalyst-covered area.

The effects of AOP, H2O2 addition, and light irradiation were statistically significant
for the AsIII oxidation reaction rate, while the type of reactor utilized, spiking with MWTE,
or fluence were not (p < 0.05), as found out with an ANOVA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14152450/s1, Table S1: FeCl3 dose and As concentration in the
supernatant. References [47,99–101] are cited in the supplementary materials.
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Abstract: The presence of polycyclic aromatic hydrocarbons (PAHs) on firefighters’ personal protec-
tive equipment is a concern. One form of preventing from these compounds is to decontaminate
proximity firefighting protective clothing (PFPC). Traditional decontamination methods do not pro-
mote total removal of pollutants and alter the properties of PFPC. The objective of this work was to
evaluate the effectiveness of white light-photolysis (WLP), an advanced oxidation process (AOP),
for removing PAHs from PFPC, while maintaining the integrity of the fabric fibers. Experiments
were carried out, varying reaction time and concentration of H2O2. With WLP (without H2O2), it
was possible to remove more than 73% of the PAHs tested from the outer layer of PFPC in 3 days.
The WLP provided the greatest removal of PAHs, compared with the most common mechanical
decontamination techniques (laundering and wet-soap brushing). The fibers’ integrity after exposure
to the white light was evaluated with infrared spectroscopy and scanning electron microscopy/energy
dispersive X-ray spectrometry. In addition, a tearing strength test was performed. No remarkable
fabric degradation was observed, indicating a possible, routine-compatible, simple, and inexpensive
method of decontamination of PFPC, based on photolysis, which is effective in the degradation of
PAHs and maintains the integrity of fabric fibers.

Keywords: photolysis; polycyclic aromatic hydrocarbons (PAHs); firefighters; personal protec-
tive equipment (PPE); proximity firefighting protective clothing (PFPC); advanced oxidation
process (AOP)

1. Introduction

Firefighting is a high-risk activity, affecting the physical and mental health of these
professionals. The International Agency for Research on Cancer (IARC) has classified
firefighters’ exposure to toxic materials as Group 2B, that is, possibly carcinogenic to
humans [1]. As well as the obvious effects of combustion of hazardous materials, the
contamination of firefighters’ proximity protective clothing may promote danger to their
health as well.

One of the main compounds that is formed during the combustion and pyrolysis
process of a material are the polycyclic aromatic hydrocarbons (PAHs) [2,3]. PAHs represent
a class of complex organic chemicals with more than 100 compounds containing two or
more aromatic rings condensed in different ways in their structures [4]. PAHs can be formed
by different pathways, as in an oil spill or oil seepage. The incomplete combustion of organic
matter and fossil fuels is the most prominent source of PAHs in the environment [5]. The
concern about the presence of these compounds in fire residues is due to the fact that many
PAHs are considered carcinogenic, mutagenic, and teratogenic [6,7].
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In the case of firefighters, the main routes of exposure are by inhalation and dermal
absorption. One way to reduce these contaminations is through the use of a self-contained
breathing apparatus (SCBA) and the use of proximity firefighting protective clothing
(PFPC) [8]. For dermal contamination, exposure can occur through the deposit of the
contaminants directly on the skin or through cross-contamination. This can be evidenced
by the fact that even when full personal protective equipment (PPE) is being used, including
SCBA, the PAHs level in firefighters is higher in post-combat situations than pre-combat
situations [8–10]. This is due to the cross-contamination that happens after the firefighters’
contact with a contaminated suit or equipment [11].

In order to reduce cross-contamination, an effective decontamination of all personal
protective equipment must be carried out. A number of studies have been carried out
to develop a safe and effective method of mechanical decontamination of proximity fire-
fighting protective clothing. Most decontamination (decon) methods involve laundering,
brushing, and using compressed air. Some of these mechanical decon techniques are not
sufficient to remove PAHs completely [12–15]. Another important fact is that the PFPC is
an expensive piece of equipment. In a 2017 bid made by the Military Firefighting Corps
(Corpo de Bombeiros Militar) of the Federal district of Brasilia, the purchase price of a
unit cost €1419.58 [16]. Considering this high purchase price per unit, suit conservation
is extremely important, so any decon method must not damage it. Laundering, however,
may alter the properties of fabric of the firefighting turnout gear [17–19].

An alternative to mechanical decon is chemical decontamination, such as advanced
oxidation processes (AOPs). Lucena et al. [20] evaluated the ozonolysis decon of model
PAHs (pyrene and 9-methylanthracene) in pieces of impregnated turnout firefighters’ fab-
rics. Despite being able to partially decontaminate the sample, the result was unsatisfactory
(due to the low degradation rate obtained and to the formation of compounds with similar
or greater toxicity than parent compounds, such as phenanthrene-derived compounds).

Considering positive results of using photolysis, an effective and less expensive AOP
used in the degradation of PAHs in liquid [21–24] and/or solid [25–27] samples, this
represents a possible way to decontaminate firefighters’ suits. This approach is favored
because most PAHs absorb in the range of 210–386 nm [28,29]. In addition, photolysis is a
simple, easy-to-perform, and low-cost method which a priori tends to not damage fabrics.

The goal of this paper is to evaluate the AOP chemical decon of firefighting protective
clothing impregnated with PAHs using white light photolysis as an alternative to the
mechanical decon methods already used. Besides studying the effect of reaction time on
PAHs removal, we also evaluated the addition of hydrogen peroxide, an oxidizing agent
that favors radical oxidation reactions. The aim of the study was to maximize the removal
of polycyclic aromatic hydrocarbon pollutants while minimizing damage to the fabric fibers,
and to maintain integrity of the fibers as well as the physical properties of the turnout gear.

2. Materials and Methods

2.1. Chemicals and Reagents

The analytes 9-methylanthracene (9MA, 98%) and pyrene (PYR, 98%) were purchased
from Sigma-Aldrich (São Paulo, Brazil) and used without additional purification. Acetoni-
trile, suitable for HPLC (>99.9%, Exodo and JT Baker, São Paulo, Brazil), hydrogen peroxide
(H2O2 35% w/v, Synth, São Paulo, Brazil), and deionized water (≥10 MΩ cm−1), produced
in a Milli-Q purification system, were used in all experiments.

All glassware was washed with a neutral detergent, and rinsed with deionized
water, then re-rinsed with ethanol (Synth), ethyl acetate (Synth), and dichloromethane
(Merk, São Paulo, Brazil), all HPLC grade.

2.2. White Light-Photolysis Experiments

All experiments were performed in a photoreactor equipped with a 250 W mercury
vapor and tungsten filament white light (emission spectrum in Supplementary Figure S1),
and two coolers to promote cooling and airflow, as shown in Supplementary Figure S3.
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PAHs (9-methylanthracene and pyrene) were deposited onto a piece of fabric from the
outer shell of the firefighting suits. The fabric had a nominal composition of 58% para-aramid
(Kevlar®), 40% meta-aramid (Nomex®), and 2% carbon from Unishell® with a water repellant
coating of fluorocarbon (Teflon®). The samples of fabric were provided by Santanense
Workwear and were used in the manufacturing of Brazilian firefighters’ protective clothing.
Pieces of fabric were cut into 3 × 3 cm2 squares (Supplementary Figure S4).

A 0.005 M pyrene and 9-methylanthracene stock solution was prepared in acetonitrile.
Then, 200 μL was dripped onto the fabric samples. The solvent solution was air-dried for
10 min at room temperature. After 10 min, 200 μL of H2O2 was also deposited onto the fabric
surface containing PAHs. H2O2 concentrations of 0%, 0.35%, and 3.5% of H2O2 in Milli-Q
water were evaluated. Photolysis (WLP) was carried out inside the photoreactor for periods
of 0, 1, and 3 days. A similar experiment was conducted without light irradiation (BLK),
as reference.

After the photolysis reaction took place, the fabric samples were extracted with 10 mL
of acetonitrile in a test tube. Each tube was placed into an ultrasonic bath for 20 min at
room temperature. After this procedure, the extracts were stored in amber flasks and stored
in a freezer. The extracts were analyzed by UV/VIS spectroscopy.

The kinetics were evaluated. Tests were conducted on the best condition of white
light-photolysis reaction (0% of H2O2) and in different reaction times (0, 1, 3, 6, 9, 12, and
15 days). The extracts were obtained as previously described and stored in a freezer for
further analysis. These samples were analyzed with a gas chromatogram coupled with
mass spectrometer (GC/MS) in order to determine the PAHs concentration and to detect
possible photolysis by-products.

2.3. Three-Layer Fabric White Light-Photolysis Decontamination

In order to analyze the effect of white light-photolysis decon within a more realistic
scenario, the decontamination procedure was carried out with real samples of the three-
layer fabric from used Brazilian firefighters’ protective clothing.

The fabrics from the turnout gear were cut into 10 cm diameter disks and sewn together
in the same order that is found on the Brazilian firefighters’ gear (Supplementary Figure S5).
Each disk was contaminated with 1.8 mL of the PAHs stock solution, then was air-dried for
10 min. The best reaction conditions found in the previous tests (reaction time and quantity
of H2O2) were reproduced. For the PAHs extraction, 80 mL of acetonitrile was used with
the fabric disks in an ultrasonic bath for 20 min at room temperature.

2.4. Three-Layer Fabric Mechanical Decontamination

To compare the white light-photolysis decon with mechanical decontamination tech-
niques, a series of experiments were carried out on the three-layer fabric samples.

For the wet-soap brushing decon, the procedure described by Fent, K.W., et al. [13]
was adapted. A neutral soap (0.5 mL of soap in 380 mL of water) solution was sprayed
onto a pre-soaked three-layer sample using a spray bottle. Then, the disk was scrubbed
10 times with a plastic bristle brush and rinsed quickly, preventing water from penetrating
the bottom layer of the sample.

Another common decon procedure which was evaluated was laundering. To evaluate
the efficiency of this technique, an experiment using a bucket and a mechanical stirrer was
carried out, simulating a washing machine. This adaptation was necessary given the small
size (10 cm) of the disks (instead the whole suit).

The simulated laundering decon was adapted following the methodology described
by NFPA 1851 [30], described in the Supplementary Material (Supplementary Figure S6).
Two washing cycles (20 min then 10 min) were completed, using 1 mL of a commercial
liquid laundry detergent. Then, three rinse cycles were completed: one for 10 min and two
more for 5 min each. In all cycles, 4 L of water was used, and after each cycle time the water
was completely drained.
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2.5. Extract Analysis
2.5.1. UV-VIS Spectroscopy

After the decontamination experiments, absorption spectra of extracts (Varian ul-
traviolet/visible spectrophotometer, model Cary 5000) were obtained to determine the
concentration of each target compound. For this, the extract was diluted in a volume of 1:1
(outer shell fabric experiments) and 1:2 (three-layer fabric experiments) for better analysis.
The spectra were obtained in the 220–400 nm range.

Quantification of the analytes was conducted with an analytical curve
(9-methylanthracene and pyrene). The curve and the ANOVA table are shown in
Supplementary Material. The absorbance of samples was subtracted from blank
samples (without the PAHs) for the concentration determination.

2.5.2. Gas Chromatography-Mass Spectrometry

The concentration of pyrene and 9-methylanthracene was determined by gas chromato-
graph (Agilent model 6890N) coupled with mass spectrometer (Agilent model 5973 inert),
in samples from the kinetics evaluation. The ASTM method 8270E [31] was used with a
Rxi®-1 ms stationary phase capillary column, with 100% methylpolysiloxane, dimensions
25 m × 0.20 mm × 0.33 μm (RESTEK).

The chromatographic operating conditions were the following. The injector tempera-
ture was maintained at 280 ◦C, in Splitless mode with 1.3 μL injection. The column was
maintained with a constant flow of helium at 0.6 mL.min−1. The chromatographic oven
programming had an initial temperature of 40 ◦C, held for 4 min, heating at a rate of
10 ◦C.min−1 to 320 ◦C, and remaining at this temperature for 2 min. The total time of
analysis was 34 min. Solvent delay was used for 4.00 min and a gain factor of 20.

The GC/MS interface was maintained at 280 ◦C, and the mass spectrometer was
operated in scan mode in the scan range from 35 to 500 m/z, with HiSense.u. The mass
spectra obtained were analyzed using the Chemstation Data Analysis program and the
NIST Search program (version 2.3). Quantification was conducted with external analytical
curves of 9-methylanthracene and pyrene. All the data is available in the Supplementary
Material (Figures S8, S9 and S21 and Tables S2–S4).

2.6. Fabric Evaluation

To assess whether the white light-photolysis decon would deteriorate the outer shell
fabric used in firefighting protective clothing, Unishell® samples were analyzed. Samples of
fabric without PAHs previous contamination were exposed for 3 days to white light (WLP)
and without it (BLK), using 0%, 0.35%, and 3.5% H2O2. Additionally, a long exposure
(30 days) test was performed with the best white light-photolysis condition.

2.6.1. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Infrared analysis was carried out using a Thermo Scientific Nicolet iS10 FTIR Spec-
trometer with The Thermo Scientific Smart iTX ATR sampling accessory. Spectra were
collected in the range of 460–4000 cm−1 with a DTGS detector, KBr beam splitter, and a
HeNe laser.

For each fabric sample, 10 FTIR spectra were collected at different locations on the sam-
ple and the average spectrum was obtained. Spectral baseline correction and normalization
was carried out using Origin 2021 program.

2.6.2. Tearing Strength

The sample submitted to photolysis best condition for 30 days (long exposure) was
chosen to be submitted to a tear resistance test. This was performed in accordance with
ASTM D2261:2013 (2017)e1 [32], Standard Test Method for Tearing Strength of Fabrics by
the Tongue (Single Rip) Procedure (Constant-Rate-of-Extension Tensile Testing Machine).
The experimental conditions are described in the Table 1 below.
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Table 1. Tearing strength experiment conditions.

Distance between the Jaws 75 mm

Speed 50 mm/min
Dynamometer Type CRT

Calculation Methodology Average of 5 peaks
Software Used Bluehill 3

Dimensions of each jaw Front: 2.5 mm × 7.5 mm
Back: 2.5 mm × 7.5 mm

Tear Direction Parallel to the warp and to the weft

2.6.3. Scanning Electron Microscopy with Energy Dispersive X-ray Spectrometry SEM/EDS

SEM/EDS images were obtained from fabric fibers after the treatment using a Zeiss,
model EVO 15, Scanning Electron Microscope with EDS Oxford UltimMax 40. Fiber
diameters were obtained using the Gwyddion® 2.60 program: 10 points were measured in
5 images for each sample (total of 50 measurements/sample). The images were obtained
using a backscattered electron detector and low vacuum, without conducting coating. For
the compositional maps, a 40 mm square silicon detector was used and AzTech software.

2.7. Statistical Evaluation

All experiments were conducted in triplicate (n = 3). All data obtained were evaluated
using ANOVA test and paired-sample t test to assess the statistically significant differences
among mean values.

3. Results and Discussion

3.1. White Light-Photolysis Experiments

The spectrum of the white lamp has several bands, both in lower wavelengths (283 nm,
322 nm, 353 nm) and in the longer wavelength region (465 nm, 496 nm, 498 nm, 545 nm,
and 577 nm). Comparing the absorption spectra of the model PAHs with emission spectra,
we can see a superposition of spectra, indicating that this lamp was suitable for the PAHs
photolysis. All spectra are available in Supplementary Material (Figures S1 and S2).

Before analysis of the effect of H2O2 concentration and reaction time, an experiment
was conducted in the dark (BLK) without using any energy source. After 3 days, the
longest reaction time tested, approximately 20 ± 1% of PAHs removal had been obtained
(Figure 1a). This removal is probably related to the carryover of the analytes due to the
airflow maintained inside the photoreactor and due to the compound volatilization. The
addition of an oxidizing agent (H2O2,) did not affect PAHs concentration (Figure 1b,c).
About 23 ± 6% and 26 ± 8%of PAHs removal was obtained with 0.35% and 3.5% of H2O2,
respectively. This may be related to the fact that hydroxyl radical formation is favored in
an aqueous medium and light is necessary to break the O-O bond in H2O2 [24].

Determining the basal level of PAHs removal, the same experiment was conducted
using the white light as an energy source. Again, the H2O2 content varied from 0 to 3.5%
w/v. The best result was obtained without H2O2 (0% H2O2), as shown in Figure 1d. As
observed in the BLK experiments, there was no change by adding an oxidizing agent.
About 65 ± 9% and 83 ± 12% of removal was obtained with 1 and 3 days of light exposition.
With the addition of 0.35 or 3.5% of H2O2, very similar results were achieved (81 ± 8% and
76 ±5%, respectively, removal after 3 days). This result strongly suggests that PAHs tested
are more susceptible to photoinduced degradation than to hydroxyl radical attacks. This is
not surprising, as the reaction was not carried out in an aqueous media (in which analytes
are insoluble). Moreover, considering potential applications, this can be seen as quite an
encouraging result, since very mild conditions were used. Comparing the PAHs removal
(Figure 2), the best condition was determined as 3 days of irradiation of with light without
H2O2 (about 83% removal of PAHs).
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Figure 1. UV/VIS spectra of experiments performed in 1 and 3 days with (a) BLK 0% of H2O2,
(b) BLK 0.35% of H2O2, (c) BLK 3.5% of H2O2, (d) WLP 0% of H2O2, (e) WLP 0.35% of H2O2, and
(f) WLP 3.5% of H2O2.

Figure 2. Comparative graph of PAHs removal in all tested conditions: BLK 0% of H2O2, BLK 0.35%
of H2O2, BLK 3.5% of H2O2, WLP 0% of H2O2, WLP 0.35% of H2O2, and WLP 3.5% of H2O2.

3.2. White Light-Photolysis Kinetics

For determination of the degradation kinetics of each PAHs, the samples were sub-
mitted to longer exposure and the extracts obtained after the WLP (without H2O2) were
analyzed by GC/MS. Both 9-methylanthracene and pyrene follow a pseudo-second-order
kinetics. The plot of 1/[PAH] versus reaction time was used to determine the rate con-
stant K (Figure 3).
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Figure 3. Pseudo second order rate constants for WLP (with 0% of H2O2) degradation reaction of
9-methylanthracene and pyrene.

The 9-methylanthracene curve draws attention for presenting two regions: initially a
faster reaction, with a rate constant of 53.8, and then a slower kinetic, with K = 3.8. Pyrene,
on the other hand, presents a well-behaved curve with a unique constant rate K = 11.67.
The efficiencies obtained throughout the test are described in Figure 4.

Figure 4. WLP (0% of H2O2) efficiency in degradation of PAHs obtained in 0, 1, 3, 6, 9, 12, and 15 days.

For 9MA, given that the first step reaction was relatively fast, 70% of the compound
was removed after only one day. Considering the cost–benefit, this implies that the
photolysis decon method could be performed in one day. With the slower kinetics of
PRY, on the other hand, relevant removal is observed around the 6th day of exposure.
The optimal results, considering both PAHs, were obtained between 6th and 9th days. In
real situations, however, this exposure time is very long and works against optimization
of the cost–benefit ratio.

Additionally, the mass spectra obtained in this experiment were evaluated and no
PAHs derivatives more harmful than the original PAHs were formed.

3.3. Evaluation of Fiber Integrity

In order to assess fiber integrity after photolysis, Fourier Transform Infrared/Attenuated
Total Reflection (FTIR/ATR) spectra and SEM/EDS images were acquired, and a tearing
strength test was carried out.
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3.3.1. FTIR/ATR

The fabric contained a mixture of Nomex® (meta-aramid) and Kevlar® (para-aramid)
fibers, which can undergo oxidation forming acids, alcohols, and/or amides [33–35]. In
the case of fiber degradation, it was possible to observe a reduction in the intensity of the
amide bands and an increase in the intensity of the bands in the O-H and N-H regions.
FTIR spectrum of untreated fabric was compared to treated samples. The spectra are shown
in Figure 5.

Figure 5. FTIR/RTA spectra of untreated sample and treated samples after exposure for 3 days:
BLK 0% of H2O2, BLK 0.35% of H2O2, BLK 3.5% of H2O2, WLP 0% of H2O2, WLP 0.35% of H2O2,
and WLP 3.5% of H2O2.

All the spectra are similar. No new band was observed nor even the widening or
shifting of existing bands, suggesting that the fabric did not undergo chemical changes
through treatment. The band at 3307 cm−1 refers to the N-H stretch of the amide of the
para-aramid and meta-aramid compounds, whereas the band at 1724 cm−1 refers to the
C=O stretch. The fibers have aromatic rings; it is possible to identify the C=C aromatic
stretch at 1640 cm−1. The region at 1017–820 cm−1 corresponds to the out-of-plane vibration
of the C-H, indicating a meta and para substitution. Bands in the 2918–2850 cm−1 range
are characteristic of the C-H sp3 stretch. However, since fibers are not expected to have
saturated carbons, the bands must have come from water repellant carbon-based coating,
which seems to have been preserved during treatment. For the Unishell® clothing, the
outer shell fabric has a fluorocarbon (Teflon®) coating, which is consistent with the C-H sp3

stretch. The other attributions of the bands are described in Table 2 and are in accordance
with what is described in the literature [33,35,36].
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Table 2. Assignment of FTIR/ATR bands.

Band (cm−1) Assignment

3307 N-H stretch
2918–2850 C-H sp3 stretch

1724 C=O amide stretch
1640 C=C aromatic stretch

1537–1472 N-H deformation in plane and C-N stretch
1411 and 1304 C-N aromatic stretch

1017–820 C-H vibration out-of-plane

In addition to the spectra obtained after 3 days of decontamination, an extended
experiment was carried out with WLP with 0% of H2O2 for 30 days (720 h). Even after the
longer exposure (Figure 6), no changes in spectral profile were observed.

Figure 6. FTIR/ATR spectra of untreated sample and WLP 0% of H2O2 exposed for 30 days.

These results suggest the treatments based on photolysis degraded the deposited
PAHs without altering the chemical structure of fibers. Even in prolonged experiments, no
substantial differences were observed in the FTIR/ATR spectra.

Davis et al. [33] conducted a similar experiment, where outer shell fabrics used in
firefighter jackets and pants were exposed to simulated ultraviolet sunlight at 50 ◦C and
50% relative humidity for different periods of time. The experiments were carried out
in NIST SPHERE (Simulated Photodegradation via High Energy Radiant Exposure), a
simulated photodegradation device. After 13 days exposure, the researchers observed a
significant degradation of the water repellant coating. Additionally, changes in the fibers
were identified by formation of compounds resulting from oxidation and break-up of the
amides bonds. In our work, a lower energy irradiation source was used (white light),
therefore there was less degradation of fabric than expected. In addition, the use of white
light is cheaper and imposes less risk to the operator. The satisfactory result obtained using
white light can be partially attributed to the match between the absorption of the PAHs
and the emission of the used lamp.
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3.3.2. Tearing Strength

As described in the NIST report 1751 [34], a way to assess changes in fabric constitution
and possible wear from the decontamination process is by performing a tearing strength test.
The NFPA 1971 [37] standard, which determines the necessary conditions for firefighting
protective clothing, indicates that the fabrics of the outer layer of combat suits must present
tear resistance higher than 100 N.

For the tearing strength test, only the sample treated for 30 days with WLP and 0%
H2O2 was compared to the untreated fabric. For the Unishell® fabric, the tearing strengths
were 260.97 ± 10.1 N and 218.39 ± 28.8 N for warp and weft, respectively. After the WLP
decontamination process, tear strength values of 192.62 ± 31.8 N and 181.52 ± 22.9 N were
obtained for warp and weft, respectively (Table 3).

Table 3. Tearing strength (N) values with expanded uncertainty with 95% confidence, performed in
accordance with ASTM D2261 [32].

Warp Weft

Untreated sample of fabric 260.97 ± 10.1 218.39 ± 28.8
After 30 days WLP decon 192.62 ± 31.8 181.52 ± 22.9

ΔN (absolute) 68.35 36.87
ΔN (%) 26% 17%

There was a reduction of warp (26%) and weft (17%) values, which could be related to
the breaking of the bonds in the fabric’s water repellant coating, and not necessarily due to
fiber degradation, as described by Davis et al. [33]. This fiber treatment makes the fabric
more resistant, increasing the force needed to tear it. By reducing the repellant coating
there is a reduction in the tearing resistance. This fact indicates that there is a reduction in
the fabric’s water repellant coating, not in the fabric’s fibers bonds, that is, no alterations
were observed in the FTIR/ATR spectra that would indicate a break-up of the para-aramid
and meta-aramid molecule.

3.3.3. SEM/EDS

Micrographs of outer shell fabric were obtained to visualize the morphology of the
fibers and investigate possible alterations. Images were obtained after decontamination for
3 and 30 days, as well as for the untreated sample, as shown in Figure 7.

 

Figure 7. Micrographs of fibers before and after treatment with (a) untreated sample, (b) BLK 0% of
H2O2, (c) BLK 0.35% of H2O2, (d) BLK 3.5% of H2O2, (e) WLP 0% of H2O2, (f) WLP 0.35% of H2O2,
(g) WLP 3.5% of H2O2, and (h) WLP 0% of H2O2 for 30 days.
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No change in fabric morphology was perceived and all fibers showed similar diameters
within the standard deviation (Table 4). The results suggest no damage on fabric surface
and the fibers maintained their structure, even for those undergoing photolysis with white
light for 30 days.

Table 4. Fiber diameter.

Sample Mean (μm) Standard Deviation (μm)

Untreated 14.15 2.71
BLK 0% 13.90 1.50

BLK 0.35% 13.68 1.19
BLK 3.5% 14.35 1.62
WLP 0% 14.00 2.57

WLP 0.35% 14.36 1.26
WLP 3.5% 13.85 1.95

WLP 0% for 30 days 14.53 1.80

This result reinforces the conclusion that the reduction in tearing strength described
in the previous item was associated with the Teflon® water repellant coating. Teflon® is a
polytetrafluoroethylene (PTFE) polymer used as coating for various materials [38]. Due
to the presence of a fluorine element, the presence of PTFE coating can be analyzed by
scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS). For
this, elemental mapping of several points on untreated and treated fabric for 30 days with
WLP 0% H2O2 by SEM/EDS were obtained. (Figure 8). The untreated sample showed
a higher density of fluorine, indicating the presence of the protective PTFE coating layer.
The 30 days treated sample showed a reduction in fluorine distribution, which indicates
the partial removal of PTFE coating in the outer shell samples, corroborating the idea that
polyamides remain intact after treatment and reduction in tearing strength can be attributed
to PTFE partial removal. It is important to point out that PTFE coating removal is expected
and occurs naturally with the use of the turnout gear and needs to be replaced after some
period. All maps obtained are available in Supplementary Material.

 

Figure 8. Compositional maps for fluorine for the untreated sample and for the treated sample with
WLP and 0% H2O2 for 30 days.

3.4. Three-Layer Fabric Decontamination: Mechanical Decon vs. White Light-Photolysis Decon

To compare the WLP with traditional mechanical decon, pieces of three-layer fabric
were contaminated with pyrene and 9-methylanthracene. The photolysis was carried out
according to previous tests carried out for 3 days. Wet soap brushing and laundering was
performed as described by Fent et al. [13].

After performing the tests, the samples were extracted with acetonitrile and the extracts
analyzed by UV/VIS for PAHs quantification. Degradation rates and spectra related to
each decontamination are depicted in Figure 9.
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Figure 9. UV/VIS spectra of decontamination procedure performed by (a) WLP for 3 days without H2O2;
(b) simulated laundering; and (c) wet-soap brushing. (d) Summary of percentage of PAHs removal.

The simulated laundering reduced the PAHs contamination by 44 ± 12% of PAHs,
while the wet-soap brushing reduced it by 32 ± 12%. Decontamination via photolysis
gave the best result, 73 ± 7%. This result demonstrates that photolysis with white light is
efficient in removing the PAHs deposited on firefighters’ protective clothing up to three
layers of fabric.

One of the main complaints related to laundering and wet-soap brushing is the fact
that the turnout gear remains damp after decontamination. This increases the risk of burns,
in addition to the discomfort and extra weight [39] or the need to wait a drying interval
before using the suit. The WLP, being a dry method, provides an advantage, in addition to
being relatively fast and efficient.

Another advantage of WLP is that there is a lower risk of cross contamination. The
firefighter ends up having less contact with the contaminated protective clothing when
compared with mechanical decontamination methods. When laundering is done at home
(the most common in Brazil), there is a greater risk of contaminating of other pieces of
clothes and even other residents, due to the use of the washing machine.

Another important fact is the durability of the turnout gear. The washing process
can promote further fiber degradation. Horn et al. [17] identified a reduction in tearing
strength tests after laundering. The group evaluated the three layers of fabric and three
methods of decontamination: laundering in a washing machine, wet-soap brushing, and
dry brushing. Laundering had lower trap tear strength than the other treatments evaluated.
After 10 washes, there was a reduction of 1.2–9.1%. With 20 washes the reduction was
9.3–19.6%, and with 40 washes it was 24.1–41.1%. Moreover, when fabric was submitted
to 40 times in laundering machine, tear strength dropped below 100 N, the minimum
requirement following NFPA 1971 [37].

The results discussed above could have been affected by experimental details and,
therefore, present discrepancies between studies conducted by different groups. In this
study, laundering was conducted on a small scale, using an adapted experimental set
up to simulate a washing machine. The bucket adaptation does not promote the friction
that facilitates washing, generated in the conventional washing machine. This may have
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disfavored PAHs removal and caused the lowest decontamination rate. Some studies have
published more efficient results using mechanical decon methods in the removal of analytes
than those described in this work.

Fent et al. [13] obtained wet-soap decon as the most effective technique in reducing
PAHs contamination, with an 85% reduction. It is important to note that those authors
did not use any chemical means for decontamination. In another study, performed by
Banks, et al. [12], laundering decon method failed to promote the total removal of the PAHs
and other compounds deposited on firefighting clothing after a fire event. In fact, in some
cases, they found a higher concentration, indication a cross-contamination.

4. Conclusions

The goal of this research was to promote a chemical method for decontamination of
polycyclic aromatic hydrocarbons deposited on firefighting turnout gear, using white light
photolysis. The method provides an alternative to mechanical decon processes already
used by firefighters.

The WLP decon promoted the removal of pyrene and 9-methylanthracene analytes
deposited on fabrics of the outer layer of firefighter turnout gear without the need to add an
oxidizing agent. After 3 days, the method promoted the removal of 81 ± 8% of both PAHs
following a pseudo-second-order rate. The proposed decontamination route was compared
with commonly applied techniques, laundering and wet-soap brushing, on three-layer
fabric. Photolysis showed a removal of 73% of the deposited PAHs, while laundering
removed 44% and wet-soap brushing 32%.

Regarding the fabric analysis, the protective clothing outer shell fabrics submitted to
3 and 30 days of photolysis were evaluated to assess whether the white light-photolysis
decon promoted deterioration of the fibers. The chemical structure of the fibers was
evaluated with FTIR/ATR; no changes were obtained in the spectra that could indicate the
breakdown of fiber polymers. The tearing strength test presented a reduction in tearing
strength by 17–26% after 30 days of light exposure. This reduction is not necessarily due
to fiber degradation but related to the partial removal of fabric’s water repellant coating.
The treated sample showed a reduction on fluorine density, indicating the suggesting
that the Teflon was degraded, but still was present. No change was observed in the
fibers’ morphology.

In view of these results, the 3 days WLP without H2O2 can be considered an efficient
chemical decon method for the removal of PAHs deposited on proximity firefighting
protective clothing, maintaining fabric’s integrity and properties. The WLP decon has
several advantages in comparison to what is currently used. Besides promoting greater
removal of PAHs than the mechanical decon techniques, it is not necessary with WLP to
use water on the turnout gear, which can result in burns if the suit is used while still damp.
In addition, the technique developed is simple, cheap, environmentally friendly, and safer
for the firefighter, as it reduces contact with contaminants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph191610054/s1, Figure S1: Emission spectrum of 250 W mercury
vapor and tungsten filament white light; Figure S2: spectrum of 250 W mercury vapor and tungsten
filament white light; Figure S3: Photoreactor equipped white light; Figure S4: Samples of fabric
from the outer shell of the firefighting uniform with composition of 58% para-aramid (kevlar®), 40%
meta-aramid (nomex®) and 2% carbon, from Unishell®; Figure S5: Samples of three-layer fabrics
from Brazilian firefighters’ protective clothing. (a) jacket pieces, (b) three-layer fabrics samples
(c) disk with the three layers sewn together; Figure S6: Scheme of three-layer fabric laundering
decontamination; Figure S7: UV/VIS (a) calibration curve for PAHs solution and (b) residual graph;
Table S1: UV/VIS ANOVA table for PAHs solution; Figure S8: GC/MS (a) calibration curve for
PAHs solution and (b) residual graph for 9-methylanthracene; Table S2: GC/MS ANOVA table for
9-methylanthracene; Figure S9: GC/MS (a) calibration curve for PAHs solution and (b) residual
graph for pyrene; Table S3: GC/MS ANOVA table for pyrene; Table S4. Limits of detection (LD) and
quantification (LQ), in mmol.L−1, obtained by the analytical curves for the analytes using GC/MS;
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Figure S10: UV/VIS spectra of experiments performed in 0, 1 and 3 days with BLK 0% of H2O2;
Figure S11: UV/VIS spectra of experiments performed in 0, 1 and 3 days with BLK 0.35% of H2O2;
Figure S12: UV/VIS spectra of experiments performed in 0, 1 and 3 days with BLK 3.5% of H2O2;
Figure S13: UV/VIS spectra of experiments performed in 0, 1 and 3 days with WLP 0% of H2O2;
Figure S14: UV/VIS spectra of experiments performed in 0, 1 and 3 days with WLP 0.35% of H2O2;
Figure S15: UV/VIS spectra of experiments performed in 0, 1 and 3 days with WLP 3.5% of H2O2;
Figure S16: UV/VIS spectra of decontamination procedure performed for WLP decon for 3 days with
0% of H2O2; Figure S17: UV/VIS spectra of decontamination procedure performed for simulated
laundering decon; Figure S18: UV/VIS spectra of decontamination procedure performed for wet-
soap brushing decon; Figure S19: Pseudo first order rate constants for WLP 0% of H2O2 reaction of
(a) 9-methylanthracene and (b) pyrene degradation; Figure S20: Pseudo second order rate constants
for WLP 0% of H2O2 reaction of (a) 9-methylanthracene and (b) pyrene degradation; Figure S21:
Chromatograms replicas of WLP 0% H2O2 experiments for the analyte 9-methylanthracene (a–c)
obtained in the retention time of 23.673 min and for the analyte pyrene (d–f) obtained in the retention
time of 25.166 min; Figure S22: Micrographs of fibers before treatment; Figure S23: Micrographs
of fibers after treatment with BLK 0% of H2O2; Figure S24: Micrographs of fibers after treatment
with BLK 0.35% of H2O2; Figure S25: Micrographs of fibers after treatment with BLK 3.5% of H2O2;
Figure S26: Micrographs of fibers after treatment with WLP 0% of H2O2; Figure S27; Micrographs of
fibers after treatment with WLP 0.35% of H2O2: Figure S28: Micrographs of fibers after treatment
with WLP 3.5% of H2O2; Figure S29; Micrographs of fibers after treatment with WLP 0% of H2O2 for
30 days; Figure S30: Compositional maps for fluorine for the untreated sample and for the treated
sample with WLP and 0% H2O2 for 30 days.
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Abstract: The synthesis and characterization of novel graphene oxide coupled to TiO2 (GO-TiO2)
was carried out in order to better understand the performance of this photocatalyst, when compared
to well-known TiO2 (P25) from Degussa. Thus, its physical-chemical characterization (FTIR, XRD,
N2 isotherms and electrochemical measurements) describes high porosity, suitable charge and high
electron mobility, which enhance pollutant degradation. In addition, the importance of the reactor set
up was highlighted, testing the effect of both the irradiated area and distance between lamp and bulb
solution. Under optimal conditions, the model drug methylthioninium chloride (MC) was degraded
and several parameters were assessed, such as the water matrix and the catalyst reutilization, a
possibility given the addition of H2O2. The results in terms of energy consumption compete with
those attained for the treatment of this model pollutant, opening a path for further research.

Keywords: titanium dioxide doping; graphene oxide; methylthioninium chloride; electrochemical
characterization measurements; photodegradation; process and catalyst characterization

1. Introduction

Photocatalysis has been regarded lately as a wastewater treatment alternative. It has
several advantages, namely the non-selective degradation of pollutants and the possibility
of working with sunlight [1].

Nevertheless, in order to achieve acceptable results when compared to other alter-
natives, such as absorption, researchers are focused on UVA-photocatalysis, where high
degradation rates can be achieved by the utilization of the high performant TiO2 [2].

However, the activity of TiO2 seems to be not enough for scale-up applications, as
little output has been found in real applications. This lack of real usability can be explained
by the drawbacks of TiO2, such as its activation only under UVA radiation [3] and its
insufficient absorption capacities [1].

In order to overcome this, some modifications have been performed to commercial
TiO2 (P25 from Degussa), such as doping with elements to reduce its band gap, which en-
hances its activation under wavelengths higher than UVA. For instance, Chakinala et al. [3]
added Bi and Ag to TiO2 to more efficiently degrade contaminants such as methylth-
ioninium chloride (MC) or rhodamine B. Likewise, the addition of porous compounds,
such as SiO2, has been essayed, favoring a reduction in the agglomeration between pho-
tocatalyst particles and promoting absorption due to an increase in photocatalyst global
porosity [1]. In this regard, other authors have proposed the addition of GO [4,5], although
the efficiencies attained can be widely improved with more sophisticated reactor set-ups.

With these alternatives for efficiency enhancement, photocatalysis processes could
compete with other less expensive alternatives, such as absorption, which has to cope
with spent absorbent disposal. Another approach that facilitates the real application of
photo-based processes is to synthesize photocatalysts with dual activity under UVA and
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visible radiation [3,5]. With this, the treatment times are not subject to either sunlight or
lamp operability.

Nevertheless, few researchers [1,3,6] have focused on the synthesis of dual activity
photocatalysts, although increasing attention on the topic has been noticed (Figure S1-SM:
Supplementary Material). Moreover, in those cases, the catalysts were expensive, either due
to the presence of costly elements, such as Ag [3], or due to the high temperature increase
requirement in the synthesis processes [1,6].

This study proposes the utilization of GO-TiO2 as a dual activity photocatalyst for the
degradation of a model drug (MC). For this, research was carried out under UVA radiation
and validated afterwards with simulated solar radiation. Moreover, the photocatalyst
was characterized by traditional measurements, such as X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), N2 isotherm and bang gap calculation, and by
poorly studied electrochemical measurements, such as impedance or electrochemical active
surface area (ECSA). The unstudied photocatalyst reusability was also assessed.

2. Materials and Methods

2.1. Reagents

MC of high purity was purchased from Alfa Aesar. GO (>99%) was bought from
ACS Material. H3BO3 (>99.5%), (NH4)2TiF6 (>99.9%) and ethanol (>99.8%) were acquired
from Sigma. TiO2 was acquired from Evonik (so-called P25), which contains 77.1% anatase,
15.9% rutile and 7% of amorphous TiO2. Milli-Q water was attained from an Advantage
A10 system (Millipore).

2.2. Catalyst Synthesis

The catalyst was synthesized using a previously reported procedure for the treatment
of industrial dyes [7], so that this study can deeply evaluate the photocatalyst performance
with the study of the drug MC. Briefly, it consists of the dispersion of GO (10 mg/mL) in
10 mL of ethanol. Then, 0.1 M of (NH4)2TiF6 is added dropwise under stirring, as well as
H3BO3 0.3 M. This was kept for 1 h under vigorous stirring. Then, the prepared mixture is
placed on a hydrothermal autoclave at 60 ◦C during 2 h. Then, the product is placed on the
furnace at 200 ◦C for 2 h so 1GO-TiO2 can be attained. The dosage of GO was studied and
consequently, 1

2 GO-TiO2 and 3-GO-TiO2 were synthesized.

2.3. Catalyst Characterization

The characterization of TiO2 was compared to the best performant GO-TiO2 catalyst for
MC photodegradation. Room-temperature XRD was carried out on a Rigaku diffractometer
with an X PERT PRO MRD (Pananalytical, USA), using Cu-Kα radiation (λ = 1.54187 Å).
Each pattern was recorded in the 2θ range from 20 to 80◦ with a step of 0.03◦ and the total
collection time of 2 h. The analysis of XRD patterns was carried out with Higscore software
3.0 (Pananalytical, Westborough, MA, USA).

FTIR measurements were performed using the NBI—Bruker Vertex 80 v vacuum FTIR
of Bruker within 400 and 4000 nm under N2 conditions.

The UV–Vis spectra of the photocatalyst were measured in a 1 wt % ethanol matrix
using a spectrophotometer (V-2550, Shimadzu, Kyoto, Japan).

The N2 isotherm was carried out with Autosorb IQ2 (quantachrome) by degassing the
sample at 303 K for 4.5 h and introducing N2 at 77.35 K.

The point of zero charge (PZC) was evaluated by plotting the set pH (with HCl or
NaOH) vs. the difference in pH after 24 h stirring, following reported procedures [5].

Electrochemical impedance spectroscopy (EIS) and ECSA were measured using the
Autolab PGSTAT302N of Metrohm (Herisau, Switzerland). A three-electrode system was
used, with Pt as the counter electrode, calomel electrode as the reference and Ni-foam
(1 cm2) as the working electrode, where the catalysts were impregnated. Then, 3 mg of the
catalysts were dissolved in 630 μL of a mixture of Nafion:EtOH (1:20). The experiments
were carried out in a 0.5 M Na2SO4 solution. EIS was measured on a frequency range of
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0.1–105 Hz with a sinusoidal perturbation of 10 mV. ECSA was measured by measuring
cyclic voltammetries (CVs) in a range of 0.1 V, so it crossed the 0 current. These CVs were
measured at scan rates between 10 and 200 mV s−1. Then, a linear trend was obtained by
plotting the scan rate vs. half the difference in current density between the anodic and
cathodic sweeps. The linear fitting slope of this graph provides the geometric double-
layer capacitance (CDL). ECSA is calculated following equation 1, where Cs is the specific
capacitance and has a value of 40 μF cm−2 [8].

ECSA = CDL/Cs (1)

2.4. Reactor Set-Up

Taking into account the porosity provided by GO addition, the equilibrium under
stirring on dark conditions was maintained for 30 min. The photocatalytic performance
was evaluated on two reactors. (I) The wide-open-reactor was cylindrical, with a diameter
of 10 cm and a height of 1.5 cm, in order to promote photocatalyst activation by the lamp
placed at 2 cm above (Figure 1), although a 6 cm gap was also assessed. The UVA-LED lamp
used was acquired from Seoulviosys model 78 CMF-AR-A03 (365 nm, 4.8 W). (II) In order
to test the efficiency of the high radiated surface area, a test that switched the wide-open
reactor for a narrow-open reactor was carried out (Figure 1B). This reactor has a 5 cm
diameter and is 10 cm high. (III) A test with simulated solar radiation was carried out with
a 400–740 nm emitting lamp (600 W, from Toplanet) placed at 2 cm next to the narrow-open
reactor, so a high surface area was irradiated (providing that glass is transparent to visible
radiation) (Figure 1C).

33
2

1

1

4

3

4

5

(A)                        (B)                          (C)

Figure 1. Proposed reactors: (A) wide-open-UVA reactor, (B) narrow-open-UVA reactor, (C) visible
reactor, where 1: UVA LED lamp, 2: 10 cm ø, 1.5 cm high cylindrical reactor, 3: magnetic stirring,
4: 6 cm ø, 10 cm high cylindrical reactor, 5: visible lamp.

All preliminary experiments were carried out using Milli-Q water (Sartorious) as the
working matrix, with a MC concentration of 20 mg/L. However, validation tests were
performed with real wastewater, kindly donated by WTP (wastewater treatment plant)
of Guillarei, Tui, Galicia, which remediates the municipal effluents by a primary process
(so-called physically treated water) and subsequent secondary treatment (physically +
biologically treated water). The characteristics of those effluents are provided in the
supplementary material (Table S1-SM).

2.5. Process Efficiency Analysis

Decoloration of the samples was followed using Equation (2), where Ai is the initial
absorbance and At is the absorbance at a time t. Absorbance was measured using the
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spectrophotometer (V-2550, Shimadzu, Kyoto, Japan). A calibration curve was produced in
order to assess the exact remaining MC concentration with time.

Decoloration = (Ai - At/Ai) × 100 (2)

Energy consumption (EC) was measured in order to evaluate the efficiency of the
processes and to compare the results. For that, Equation (3) was used, where L is the lamp
power (W), t is the treatment time (h) and C is the amount of degraded MC (mg).

EC (Wh/mg) = L × t/C (3)

3. Results

3.1. Preliminary Tests
3.1.1. GO Dosage

Initially, in order to select the catalyst to work with, the influence of GO dosage
was studied, as the amount of porous agents added to TiO2 has been shown to have
an effect on photo-activity [1,4]. In fact, some differences regarding dark absorption
and photodegradation were detected (Figure 2). The MC degradation enhancement is
remarkable when comparing well-known TiO2 to TiO2 with any GO dosage. Consequently,
the synthesized 1GO-TiO2 was prepared with half ( 1

2 GO-TiO2) and three-fold (3GO-TiO2)
the amount of GO. In addition, 1

2 GO-TiO2 was the best candidate in terms of photocatalysis
performance, and it was thereafter called GO-TiO2.

Figure 2. MC photodegradation (20 mg/L) at catalyst concentration of 800 mg/L under UV radiation.
TiO2 (white triangles), 1

2 GO-TiO2 (so-called GO-TiO2) (black circles), 1GO-TiO2 (black triangles), and
3GO-TiO2 (white circles).

3.1.2. Reactor Set-Up

In order to confirm the suitability of the proposed reactor (Figure 1A), the comparison
between the aforementioned reactors was carried out. The results provided in Figure 3
demonstrate the importance of irradiation surface and intensity. In fact, EC was calculated
for both the wide-open-reactor, with the lamp placed at 2 and 6 cm, and for the narrow-open-
reactor and provided EC values of 0.12, 0.21 and 0.18 Wh/mg, respectively. Consequently,
the open-wide-reactor with the lamp placed at 2 cm was used thereafter.
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Figure 3. MB degradation on the open-wide-reactor (OWR) and narrow-open-reactor (NOR), placing
the UV-lamp at different gaps.

3.2. Catalyst Characterization
3.2.1. XRD

The XRD data of both TiO2 and GO-TiO2 demonstrate that the former is stable in
the synthesis process (Figure S2-SM), possibly due to the mild conditions during the
GO addition.

3.2.2. FTIR

The FTIR spectra (Figure S3-SM) show that GO-TiO2 has characteristic peaks of both
GO and TiO2, demonstrating successful synthesis.

3.2.3. N2 Isotherms

Figure 4a depicts the N2 isotherm of both photocatalysts that fit a III type isotherm,
which indicates the presence of macropores and a weak interaction photocatalyst-MC [9].
GO-TiO2 showed significantly higher absorbance of N2, which may be related to its higher
absorption capacity. Surface area, pore diameter and volume are depicted in Table S2-SM.
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Figure 4. Mechanisms explaining the absorption behavior: (a) N2 isotherm and (b) point of zero
charge of TiO2 and GO-TiO2.

3.2.4. PZC

The PZC was calculated, and some differences were detected between TiO2 and GO-
TiO2 (Figure 4b). Indeed, the PZC was more than 1 pH unit of acid than the commercial
TiO2. The TiO2 PZC is in concordance with other studies [10].
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3.2.5. UV Spectra

Both catalyst dispersions in ethanol (1% wt) were measured between 190 and 900 nm
and the resulted profile is shown in Figure S4A-SM, where a slight augmentation in the
absorbance response can be observed, which can be related to higher photo-activity [1].
Tauc plots were calculated following previous protocols [1,2] (Figure S4B-SM), and band
gap values were measured, being 3.2 and 2.2 eV for TiO2 and GO-TiO2, respectively.

3.2.6. Electrochemical Measurements

The relationship between photo-activity and electrochemical activity has been demon-
strated previously [11,12]. Consequently, the electrochemical impedance spectroscopy
with the attainment of Nyquist graphs, and the calculation of the ECSA were carried out
(Figure 5), in which the data can be fitted to equivalent circuits (Figure S5-SM). The series
resistance represents the electrode, which is practically constant for both catalysts, con-
sidering the usage of the same set-up. In the case of the parallel resistance, it is related to
the layer resistance of the material, with a 4-fold smaller resistance in the case of GO-TiO2
when compared to TiO2.
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Figure 5. Electrochemical measurements: (a) Nyquist graph, where the lines represent the equivalent
circuit adjustment; (b,c) are CVs at different scan rates (in mV s−1) for TiO2 (b) and TiO2-GO (c). CDL
representation of both samples (d).

Regarding the Nyquist graphs (Figure 5a), the semicircle arc is smaller in the case of
GO-TiO2. It can be also noticed, when comparing CVs from TiO2 and GO-TiO2 (Figure 5b,c,
respectively), that the broadening of the CVs is practically twice in the case of GO-TiO2
(Figure 5c), obtaining a range of 0.2 mA compared to the 0.11 mA for TiO2 at 200 mV s−1.
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Regarding the CDL results, GO-TiO2 provided a more than double CDL value, demon-
strating that the increase in electroactive surface area has been accomplished, which is in
concordance with the N2 isotherm results (Figure 4a).

3.3. MC Degradation
3.3.1. Duality UVA–Vis

To our knowledge, the number of studies centered on dual activity UVA–Vis is much
smaller than those on the independent evaluation of the radiation source (Figure S1-SM).
Although, the trend is increasing with time, due to the obvious advantage of the possibility
of working with daylight and with low consumption lamps during the night. Consequently,
the synthesis and study of dual activity photocatalysts should be carried out in order to
facilitate real usages of photodegradation processes.

The photo activity of GO-TiO2 turned out to be higher than TiO2 (Figure 6); thus,
GO-TiO2 favors MC degradation not only under UVA, but also under visible radiation
when compared to TiO2.

GO-TiO2

TiO2

−

Figure 6. MC photodegradation (20 mg/L) at the catalyst concentration of 800 mg/L with TiO2 and
GO-TiO2 under simulated solar radiation.

3.3.2. Catalyst Reuse

Catalyst reuse directly affects the process cost [3]; thus, it was evaluated. Lower MC
degradation rates were reported (Figure 7a) for the 1st cycle (100%) to 2nd (70%) and 3rd
cycles (38%). As a solution, H2O2 (0.66 mg/mL) was added, as some references have tested
the enhancement of TiO2 photocatalyst performance with H2O2 addition [13]. In this case,
the efficiency was kept constant during the three cycles (Figure 7b).
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Figure 7. MC photodegradation under UV radiation (20 mg/L each cycle), using the same photocata-
lyst (at a concentration of 800 mg/L) during three cycles (a) and with the addition of 0.66 mg/mL of
H2O2 in each cycle (b).
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3.3.3. Matrix Effect

The working matrix is known to have an impact on photocatalysis degradation [14,15];
thus, its effect was validated. In fact, Figure 8 demonstrates that it was not only the
degradation that diminished when using real effluents, but also it was a slight reduction
in the absorption.. Indeed, a degradation decrease of 27% in the case of the physical and
biologically treated effluent and of 38% in the case of the physically treated effluent was
observed, when compared to the MC treatment with Milli-Q water.
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Figure 8. MC photodegradation (20 mg/L) at catalyst concentration of 800 mg/L under UV radiation.
Matrix composed of real wastewater that received a physical treatment (black circles), matrix that
received a physical and biological treatment (white circles), and milli-Q water (black triangles).

4. Discussion

4.1. Preliminary Tests
4.1.1. GO Dosage

Slight differences in MC degradation were detected when the ratio of GO varied from
1/2 to 3 (Figure 2), although variations were noticed on the adsorption behavior (at time
0). The higher the GO dosage, the higher initial absorption in dark conditions, which is
in concordance with previous studies and reflects the porous characteristics of GO [4,5].
However, the photocatalytic behavior dramatically changed; thus, 3GO-TiO2 caused 67%
absorption in darkness, increasing only to 83% MC degradation after 30 min of illumination.
On the other hand, 1

2 GO-TiO2 caused 15% absorption and MC photodegradation reached
100% after illumination. This demonstrated that the lower the GO quantity, the lower
the absorption within the GO porous structure and the better the photocatalytic activity.
This also demonstrates the fact that too much MC absorption within the photocatalyst
structure hinders the photocatalytic activity, due to the blockage of active sites [5], which
also explains the decrease during the catalyst reuse process, due to the adsorption of MC
on the photocatalyst (Figure 7a).

Additionally, 1
2 GO-TiO2 (called from now on GO-TiO2) surpasses commercial TiO2

performance by 30%. This may be caused by the enhancement of porosity and hydropho-
bicity caused by GO addition [5]. These results are in concordance with the work of
Mahanta et al. [1], who noticed that combining TiO2 with porous SiO2 enhanced TiO2
activity, but the lowest concentration was the most optimal. Additionally, GO-TiO2 im-
provement may be caused by easier photocatalyst activation, given the smaller band gap of
GO-TiO2 (Figure S4-SM).

4.1.2. Reactor Set-Up

The proposed wide-open reactor has a high surface area (10 cm) and the radiation
source is placed extremely close to the bulb solution (2 cm), which enhances the pho-
todegradation process. Indeed, this statement was corroborated by the results depicted in
Figure 3. Thus, when placing the open-wide reactor at 6 cm instead to 2 cm, the degradation

280



Int. J. Environ. Res. Public Health 2022, 19, 11874

performance was diminished by more than 40%. This is in concordance with other studies,
which have highlighted the decrease in the light intensity with distance. For instance,
Anku et al. [10] accomplished 95% methyl orange degradation with a xenon lamp placed
at 10 cm, whereas only 55% was achieved when the lamp was placed at 13 cm. This is in
concordance with the work of Casado et al. [16], who reported that the radiation W that
reached the reactor surface reduced with distance. For instance, when placing an LED
lamp at 4 cm from the solution, 15 W was reported. In contrast, if they placed the lamp
at 8 cm, only 5 W was recorded. Moreover, MC degradation suffered a decrease of 30%
when reducing the illuminated surface area from 10 to 5 cm (when changing the open-wide
reactor to the narrow-open reactor). In this case, this is in concordance with the intensity
of radiation by the illuminated surface, and although the intensity is higher on the very
center, extra photons can reach the photocatalyst [16] in the case of the open-wide reactor.

In both cases, the decrease is caused by the reduction in light intensity, reducing the
number of photons that can reach the surface of the catalyst [10]. When focusing on the
degradation behavior with time, one can notice that until the first 10 min, the performance
of MC degradation by the narrow-open reactor is worse than with the open-wide-reactor
placed at 6 cm; this may be caused by the light scattering of the concentrated MC solution
and the depth of the effluent in the narrow-open reactor. As time passes, the darkness of
the solution is diminished and with that, light scattering is reduced. Consequently, after
10 min of reaction, the MC degradation performance is higher with the narrow-open reactor
placed at 2 cm than with the open-wide reactor placed at 6 cm.

4.2. Characterization
4.2.1. XRD

Regarding XRD, the samples showed almost the same profile (Figure S2-SM), where
anatase and rutile phases are depicted. This is concordance with other authors, which
noticed that TiO2 was stable during superficial doping, demonstrating the high stability of
this material. For instance, Kurniawan et al. [4] added from 0.05 to 50% of GO to TiO2 in
order to enhance MC degradation and the XRD did not significantly change, as GO has
low crystallinity.

4.2.2. FTIR

FTIR measurements (Figure S3-SM) demonstrate the broadening of the peaks due to
the bonds generated within GO-TiO2. This is in concordance with the work of
Kurniawan et al. [4], who labelled the peak at around 1400 cm−1 as a H-O typical of TiO2
samples and reported that the new peaks between 1600 and 1700 cm−1 were caused by
C = C and C = O bonds, which are found in the GO sample. Indeed, Figure S3-SM demon-
strates the presence of several functional groups, which are known to promote worthy
photocatalytic activity [5], promoting charge transfer.

4.2.3. N2 Isotherms

Both TiO2 and GO-TiO2 showed type III isotherms related to the presence of macro-
pores [9]. GO-TiO2 showed higher N2 absorption (Figure 4a), which is related to a 19%
surface area increase in GO-TiO2 when compared to TiO2 (Table S2-SM), for which the pore
diameter and volume are higher due to surface clogging with GO and the increase in the
particle due to process synthesis [9,17].

These results are in concordance with the fact that GO-TiO2 showed a 15% absorption
rate (Figure 2); thus, this absorption may be caused by the physical trapping of MC due
to the higher surface area of the synthesized photocatalyst. Indeed, other authors have
experienced higher MC absorption on their photocatalysts when the surface area was
higher [18].
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4.2.4. PZC

The PZC is a way of measuring the possible electrostatic interactions between MC and
the photocatalysts. Thus, the absorption of MC within GO-TiO2 may be caused not only by
the physical trapping due to the higher surface area but also due to charge attraction.

Indeed, the PZC of TiO2 is 6.55 and PZC of GO-TiO2 is 5.19 (Figure 4b); this means
that at a pH below this value, the absorbent would be positively charged and at a pH above
the PZC, the absorbent would be negatively charged.

Thus, considering the MC structure where the large organic part is positive, negatively
charged absorbents would attract more of this pollutant. Considering that the PZC of
GO-TiO2 is lower than TiO2, the aforementioned negative charge is more common in the
former and with MC interaction. In fact, the pH of the MC 20 mg/L solution is 6.67, so it is
clear that TiO2 would almost not be negatively charged (PZC = 6.55), whereas GO-TiO2
would be negatively charged, as there is a 1.5 pH unit difference. Thus, the interaction
between MC-GO-TiO2 is not only physical, but also electrostatic.

4.2.5. UV Spectra

The UV–Vis response of GO-TiO2 was evaluated and compared to that of TiO2 and the
results (Figure S4-SM) demonstrate the much better activity of the synthesized GO-TiO2.
Thus, GO-TiO2, with a band gap of 2.2 eV, would be more easily activated under radiation
than TiO2 (3.2 eV, which is in concordance with previously reported data) [1,2]. Moreover,
the GO-TiO2 band gap means that it is also activated under visible radiation (Section 3.3.1),
due to the smaller electron–hole recombination rate [4].

4.2.6. Electrochemical Measurements

The Nyquist graph (Figure 5a) reflects a higher electron mobility in the case of GO-TiO2,
as it presents a smaller arc radius [2]. This higher electron mobility has been highlighted as
a reason for photocatalyst performance improvement in the GO-TiO2 samples [5]. Thus, GO
addition favors the movement of electrons and foments the charge carrier transference from
TiO2 to GO, avoiding electron–hole recombination. This fact is demonstrated by the better
performance of GO-TiO2 when compared to TiO2 (Figure 2). Indeed, the smaller value of
the parallel resistance (Figure S5-SM) (17.5 kΩ vs 75.2 kΩ) indicates a lower charge-transfer
resistance, which enhances the photocatalytic activity [2].

Moreover, increasing the surface area (BET) (Table S2-SM) and ECSA (Figure 5d) also
has a positive effect on the degradation performance, due to the increase in the surface
reactions of photogenerated carriers [5].

4.3. MC Degradation
4.3.1. Duality UVA–Vis

The results provided in Figure 6 demonstrated the activity of the GO-TiO2 photocata-
lyst under visible radiation. This is explained by the smaller band gap (from 3.2 of TiO2
to 2.2 eV of GO-TiO2) when adding GO to TiO2 [4]. Thus, even though this photocatalyst
adsorbs 15% more MC than TiO2, the degradation performance is doubled with this synthe-
sized catalyst. Other authors have demonstrated the dual UV and visible activity of their
synthesized catalysts, such as V/Mo-TiO2 [6] or TiO2-SiO2 [1], although GO-TiO2 may be
an easier-to-apply option. For instance, Chakinala et al. [3] had already demonstrated the
duality of a catalyst that was useful for both UV and visible radiation. Nevertheless, their
catalyst was more complex and expensive (Bi/Ag-TiO2). Other authors have reported that
TiO2 can experience a shift to visible radiation with the addition of compounds such as
GO [1].

Nevertheless, regarding the UV–Vis spectra, no significant shift was detected as in the
case of Mahanta et al. [1] for their TiO2-SiO2 photocatalyst. These authors explained the
dual activity of UVA-visible radiation by the small fraction of wavelengths in the visible
range, which are enough to activate the photocatalyst due to SiO2 addition in their case, or
GO in this study.
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4.3.2. Catalyst Reuse

The efficiency of the photolysis process is diminished after the second cycle (Figure 7a).
This is caused by the blocking of the active sites with MC molecules and also by the
generation of more stable intermediates [3]. In both cases, the addition of an extra oxidant,
such as H2O2, is a good alternative (Figure 7b), by helping with the cleaning of the active
sites and favoring the degradation of stable intermediates. In fact, the combination of
TiO2 and H2O2 promotes the generation of peroxy-titanium complexes (-TiOOH), which
promote the generation of HO· radicals [13]. Moreover, extra HO· are generated by the
H2O2 reaction with the electrons from the conduction band of GO-TiO2 and also with the
superoxide radicals that are produced by the photodegradation process [19].

The presence of macropores (Section 4.2.3) makes desorption difficult and this can
explain the fact that in the photocatalyst reuse process, the second and third cycles did
not show absorption because the MC within the structure was not degraded during the
first cycle (Figure 7a), demonstrated by the blueish color of the photocatalyst. In the
case of H2O2 addition the oxidants generated are enough to degrade the MC absorbed, a
fact demonstrated by the clean photocatalyst after reuse and the restored 15% adsorption
between cycles, as shown in Figure 7b. These results are superior to previous data, where
the performance of the catalyst was also reduced over the cycles [1,3]. These authors
could have considered H2O2 addition in order to reuse the photocatalyst. This opens a
path for real usages, where photocatalyst reuse could reduce waste disposal and simplify
plant operation.

4.3.3. Matrix Effect

Figure 8 demonstrates the negative effect of the usage of real wastewater as ma-
trixes. This is caused by the presence of organic and inorganic matter in those effluents
(Table S1-SM). Those compounds can act as scavengers and reduce the rate of the degrada-
tion process [14]. Moreover, even absorption under dark conditions was slightly reduced;
this can be caused by the absorption of the other organic matter present in the real effluents,
which cause an increase in COD (Table S1-SM), and by the clogging of the active pores, due
to the presence of suspended solids. Indeed, other authors [20] have noticed a reduction in
compound absorption under dark conditions with salts such as NaCl or NaHCO3, or when
treating real water, such as river water and treated wastewater. This can be explained by a
modification in the electrostatic attraction between the photocatalyst and the contaminant
due to the salt content variation [20]. Thus, in real effluents, the ionic strength and the
organic matter content vary, leading to particle agglomeration [15].

4.3.4. Comparison with Previous Research

The achieved results demonstrate the importance of suitable photocatalyst selection,
synthesis procedure and the importance of the reactor set-up to maximize its utilization.
Indeed, bibliography research has been carried out in order to compare similar photo-
degradation processes with the attained results (Table 1). The term EC (Equation (3)) has
been used to normalize the results, regardless of the initial MC concentration, the treatment
time or the lamp power. Thus, the difference in EC is caused by either photocatalyst
efficiency or reactor set-up.

In relation to photocatalyst suitability, the current results are superior to those of other
authors, who have tried the addition of other compounds to TiO2, such as SiO2 [1], V and
Mo [6] or even natural zeolite [21]. This highlights the suitability of the combination of
GO-TiO2, where GO addition favors the attraction between the drug and the photocatalyst,
accelerating the degradation process [4] due to the acceleration of surface reactions [5].
This increased attraction is caused by the higher acidity and surface area when compared
to raw TiO2, as it was demonstrated in Figure 4. Moreover, the GO addition increases the
electron transfer capacities of GO-TiO2 [5], as it was demonstrated by the electrochemical
impedance measurements (Figure 5).
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Nevertheless, the efficiency has been improved when compared to other GO-TiO2-
based photocatalysts (Table 1). In this case, the reactor set-up may be the differentiating
aspect, as for instance, Wafi et al. [5] placed the lamp at 10 cm from the solution, when
it is well known that the radiation intensity decreases with distance [2,22]. This fact has
been proven when comparing the MC degradation by placing the wide-open reactor either
at 2 or 6 cm from the UVA lamp (Figure 3). The results demonstrated more than 30%
improvement when the lamp was placed closer. This is in concordance with the work of
Sun et al. [22], who degraded 10% more MC within a film with their N-TiO2 photocatalyst
when the lamp was placed at 0.5 cm from the film than when it was placed at 3 cm, caused
by, in the latter case, lower photo current intensity due to the distance [2]. Moreover, the
synthesis process was much easier in this presented study. Thus, Wafi et al.’s experiment [5]
not only required calcination at 550 ◦C, but also the addition of dangerous reagents, such
as NaBH4. Other authors’ experiments required long synthesis processes [4,23], instead of
the brief GO-TiO2 process proposed in this work (Section 2.2).

Table 1. Recent studies on MC degradation with UVA photocatalysis.

MC
(mg/L)

Catalyst (mg/L) Lamp (nm, w)
Time
(min)

Degradation
(%)

EC
(W·h/mg)

Reference

20 GO-TiO2 (800) 360–365 nm, 4.8
W 30 100 0.12 This study

10 TiO2-SiO2 (1000) 8 W 30 85 0.47 [1]

10
TiO2

nanoparticles
(60)

UV, 300 W,
>420 nm 24 99 12.12 [2]

10 Bi-Ag-TiO2 (15) Vis, 250 W 120 90 111.1 [3]
5 GO-TiO2 (200) 500 W 60 92 108.70 [4]

6.4 Reduced
GO-TiO2 (1000) 6 W, 365 nm 60 86 1.09 [5]

3.2 V/Mo-TiO2
(1000) 365 nm, 8 W 60 86.7 2.88 [6]

10 Zeolite/TiO2
(50) UV, 16 W 120 100 3.20 [21]

73.57 Graphene-TiO2
(50) 360 nm, 17 W 480 87 2.12 [23]

Additionally, the EC of previous studies (Table 1) is much higher than the attained
EC in this study, which demonstrates the efficiency of the reactor set-up. Indeed, it was
not only the aforementioned reduction in the distance between the bulb solution and lamp
that provided a much higher performance, but also the increase in the radiated surface
area. In fact, this reality is also proven in Figure 3, where it can be noticed that increasing
the irradiated area from 19.6 to 78.5 cm2 (for the narrow-open reactor and the wide-open
reactor, respectively) caused an augmentation of around 40% in MC degradation. This
was caused by an enhancement of the catalyst exposure to radiation and by the uniform
irradiance of the photocatalyst through the small reactor depth [24].

Moreover, out of the selected references, no authors have validated their process with
real wastewater effluents (Figure 8). Furthermore, only Mahata et al. [1] and
Chakinala et al. [3] validated the reusability of the catalyst, although neither of them con-
sidered the utilization of an extra oxidant and even though Chakinala et al. [3] faced an
almost 40% decrease in pollutant degradation. H2O2 addition may have increased the
lifetime of their Bi-Ag-TiO2 photocatalyst.
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5. Conclusions

GO-TiO2 was successfully synthesized and characterized in order to assess its perfor-
mance as a dual (UV–Vis) photocatalyst. MC was used as a model pollutant in order to
understand the photodegradation process. Thus, characterization and MC degradation
unite to offer conclusions when compared to highly performant TiO2. For instance, GO-
TiO2 resulted in a higher surface area, which experimentally implied more MC absorption
under dark conditions, and a higher degradation rate due to better interactions of the
drug-photocatalyst when compared to TiO2. Regarding the higher electron transfer of
GO-TiO2, measured by Nyquist graphs, it was clear that the electron–hole recombination
was diminished in contrast to TiO2, which also explained the better photo-activity of the
former. Moreover, the results were validated by reusing the several photocatalyst cycles
by the assistance of H2O2 addition, by treating real wastewaters and by the comparison to
previous data. Indeed, the EC was 0.12 Wh/mg, which has not been achieved previously;
this makes room for further studies regarding the usage of the GO-TiO2 catalyst and similar
reactor set-ups.
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of TiO2 (black), GO (green) and GO-TiO2 (red) compounds. The insert figure is the zoom in of the
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Abstract: An easily recoverable photo-catalyst in solid form has been synthesized and applied in
catalytic ozonation in the presence of primidone. Maghemite, graphene oxide and titania (FeGOTi)
constituted the solid. Additionally, titania (TiO2) and graphene oxide–titania (GOTi) catalysts were
also tested for comparative reasons. The main characteristics of FeGOTi were 144 m2/g of surface
area; a 1.29 Raman D and G band intensity ratio; a 26-emu g−1 magnetic moment; maghemite, anatase
and brookite main crystalline forms; and a 1.83 eV band gap so the catalyst can absorb up to the
visible red region (677 nm). Single ozonation, photolysis, photolytic ozonation (PhOz), catalytic
ozonation (CatOz) and photocatalytic ozonation (PhCatOz) were applied to remove primidone. In
the presence of ozone, the complete removal of primidone was experienced in less than 15 min. In
terms of mineralization, the best catalyst was GOTi in the PhCatOz processes (100% mineralization in
2 h). Meanwhile, the FeGOTi catalyst was the most efficient in CatOz. FeGOTi led, in all cases, to the
highest formation of HO radicals and the lowest ozone demand. The reuse of the FeGOTi catalyst led
to some loss of mineralization efficacy after four runs, likely due to C deposition, the small lixiviation
of graphene oxide and Fe oxidation.

Keywords: magnetic catalyst; graphene oxide; titania; primidone; catalytic ozonation; photocatalytic
ozonation; water treatment

1. Introduction

Catalytic ozonation processes in the absence and presence of radiation are applied
to increase the efficiency of single ozonation to remove contaminants from water [1,2].
The application of ozone in water treatment is a well-known established technology that
can be used to fulfil different objectives such as disinfection, the elimination of common
by-products generated during drinking water chlorination [3] or emerging contaminant
removal, such as pharmaceuticals, from urban wastewater [4]. Ozone reacts selectively
with certain organics containing nucleophilic points in their molecular structure (i.e., phe-
nolic structures containing activating substituents of electrophilic reactions or unsaturated
moieties [5]). In advanced oxidation processes, ozone treatments are characterized by the
generation of highly reacting free radicals, such as the hydroxyl radical, that unselectively
react with organics in water [6]. This latter oxidizing route can be enhanced to a significant
level by combining ozone with one or more other agents such as hydrogen peroxide, UV
radiation or catalysts [6–8]. In this sense, the literature reports a huge variety of catalytic
materials and, among them, solids with a carbonaceous base are one of the most used
catalysts [9]. Hence, the synthesis and application of graphene-derived catalysts are raising
increasing research interest recently. Graphene, discovered in 2004, is a 2D monolayer solid
with a graphite-like structure of a high surface area, mechanical strength, significant electri-
cal conductivity and optical properties [10,11]. This material has been studied recently in
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several applications [10,11] including water treatments as catalytic ozonation (CatOz) or
photocatalytic ozonation (PhCatOz) for pollutant removal [12,13].

In any case, most of these works and others using different materials present important
drawbacks that have limited the possibilities of real application. One of the main problems
described is that most of these catalysts have been tested in powder form or are in nanome-
ter size, so their separation from water, once they have been used, represents a technological
and economically costly process. A possible solution to this problem is supporting these
catalysts on porous materials such as alumina or ceramic foams [14,15], but a significant
decrease in surface area is noticed. Another important drawback involves the radiation
employed and is the fact that the main photoactive solids, such as titania, present a high
band gap that makes visible radiation useless to activate the catalyst. Consequently, the
application of solar or visible light as a radiation source is not recommended. These two
important disadvantages could be eliminated or reduced when materials such as graphene
oxide, iron oxides and titania are linked into one unique catalyst. Iron and graphene
oxide supply magnetic properties and the capacity of absorbing visible light, respectively,
whereas titania has the capability of creating electron-hole pairs that trigger the formation
of hydroxyl radicals. Then, the use of this type of catalyst could be a good strategy to
improve catalytic or photocatalytic processes, mainly when ozone is also present [16].

Some similar catalysts have been reported in the literature with different GO loadings
in their composition. Thus, the following can be cited: Chang et al. [17] with 1 to 3% of TiO2,
Nada et al. [18] with 10, 20 and 30% of GO with magnetite or Guskos et al. [19] with 8% of
GO. However, when GO linked to TiO2 is used in photocatalytic oxidation, the previous
works have highlighted that the GO percentage should be limited to values lower than
4% [20,21] to achieve the maximum removal of pollutants. This is a convenient fact as GO
is an expensive material which should be minimized in large-scale processes, such as water
decontamination. For this reason, in this work, the GO percentage in the prepared catalyst
has been limited to 1%.

Accordingly, in this work, a magnetic graphene oxide titania (FeGOTi) catalyst was
synthesized, characterized and applied to check for any possible enhancement of primidone
removal from water. This compound was chosen because its presence is usual in urban
wastewater [22], and its direct reaction with ozone is relatively low [23].

2. Results and Discussion

2.1. Catalyst Characterization

The main textural and electronic properties of the catalysts are summarized in Table 1
and discussed throughout the present section. From Table 1, it can be observed that titania
synthesis, using the sol-gel methodology in the presence of commercial GO, led to GOTi
composites with similar SB.E.T. values. However, after the third-phase addition, the SB.E.T.
values decrease to 144.3 m2 g−1 in the final FeGOTi catalyst. The analogous materials
GO-Fe3O4 and Fe3O4-TiO2 were discarded from this study due to the strong lixiviation
of Fe in ultrapure water (measured using an Fe test in dissolution), reaching nearly total
dissolution that contrasts with the null lixiviation detected for the FeGOTi. Similar effects
were reported in other heterojunction systems where the graphene-like structure would
increase the semiconductor stability [24,25].

Powder X-ray diffraction (XRD) patterns of bare TiO2, GOTi and FeGOTi are depicted
in Figure 1a. In all cases, the catalyst preparation procedure led to a TiO2 characterized
by the presence of an anatase (PDF 01-075-2547) and brookite (PDF 01-076-1934) phase
mixture. Regarding GOTi as the FeGOTi precursor, the XRD patterns confirmed that
the TiO2 crystallographic phase remains constant after Fe3O4 deposition. Nevertheless,
the wide signal around 12o present in GOTi, typical in GO materials [26], disappears in
FeGOTi, probably due to a final GO content (c.a. 0.4 wt%) too low to be appreciated in
the diffractograms or a partial reduction induced using the catalyst synthesis procedure.
The XRD pattern of the FeGOTi catalyst exhibited some high intensity and sharp signals
associated with the presence of magnetite (PDF 01-075-0449), titanium maghemite (TiMag,
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Fe(Fe0.92Ti0.62)O4; PDF 01-071-6450) or even other iron oxide mixtures (Fe21.34O32; PDF
01-080-2186). Fe and Ti were homogeneously distributed as evidenced using SEM-EDX
mapping (Figure S1), and C was not possible to follow due to its low percentage. Similarly,
using XPS, C1s did not show significant differences between TiO2, GOTi and FeGOTi (see
Figures S2–S4).

Table 1. Main characterization results concerning the photocatalyst studied: reference TiO2, 1%
GO-TiO2 (GOTi) and 63.0% Fe3O4−0.4% GO–36.6% TiO2 (FeGOTi).

Catalyst
Band Gap

(eV)
SB.E.T.

m2 g−1
TGA
(% C)

XRD (nm) *
Crystallinity

Degree
Raman
(ID/IG)

TiO2 3.02 195.0 - 6.9 (A) 69.7 -
GOTi 2.86 184.2 1.24 7.3 (A) 70.0 1.31

FeGOTi 1.83 144.3 0.49 38.6 (M); 8.7 (A) 84.0 1.29
* Particle size determined using Scherrer equation method from XRD main signal: (A) = anatase;
(M) = maghemite/magnetite; TGA = thermogravimetric analysis; XRD = X-ray diffraction; ID/IG = D and
G band ratio intensity.

(a) (b) 

Figure 1. (a) XRD patterns of the solids. Identified phases were anatase (A), brookite (B), graphene
oxide ( ) and maghemite/magnetite ( ). (b) Magnetic moment, Ms, versus applied magnetic field,
H, for calcined magnetite (black) and FeGOTi catalyst (red).

The determination of the FeGOTi magnetic properties was performed by means
of the SQUID technique. The main results can be found in Figure 1b. In general, the
magnetic moment values, Ms, depend on the particle size. In the case of pure magnetite, a
range of values from 60 to 92 emu g−1 is commonly reported for pure and bulk material,
respectively [16,27,28]. In contrast, the Ms value for the FeGOTi catalyst was estimated
around 25 emu g−1 which is quite far from the magnetite values, demonstrating that the
synthesis procedure affects the iron-containing phase. This fact allows a much more correct
assignation of the phase detected in XRD as maghemite that presents similar magnetic
moment values in the bibliography [29,30].
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The Raman spectra collected between 1000 and 2000 cm−1 provides valuable informa-
tion regarding the graphene structure. In this Raman shift range, carbonaceous materials
“D” and “G” bands could be observed around 1300 and 1600 cm−1, respectively. In the
bibliography, D bands are associated with sp3C presence and, in the case of GO, indicate
the presence of oxygenated groups that disrupt the sp2 graphitic structure, with G bands
as a measure of the latter. The ratio between both band intensities can be interpreted as a
measure related to the presence of GO in the material. As observed in Table 1 and Figure
S5, catalysts containing GO, such as GOTi and FeGOTi exhibited ID/IG ratios of 1.31 and
1.29, respectively, within the range of the previously reported values for GO (1.2–1.4) [31].

A TGA-DTA-MS analysis of the catalyst allows the estimation of the carbon content
and can be observed in Figure S6. The mass losses associated with carbonaceous material
combustion exhibit an exothermic peak in the DTA analysis, whereas the endothermic
peaks are associated with gas desorption. The quantification would be carried out from
the measurement of CO and CO2 when an exothermic peak is detected. In this way, the C
content was determined as presented in Table 1, with 1.24% in GOTi and 0.49% in FeGOTi.

Concerning the band-gap measurements, a narrowing tendency was observed. Firstly,
after GO incorporation, a light narrowing from 3.02 to 2.86 eV made the catalyst able to
absorb photons of wavelengths up to 433 nm within the violet region (380–450 nm). Iron
oxides have been studied in photocatalysis and usually exhibit band-gap values around
2.3 eV [32,33]. Synergism in the ternary catalyst between the maghemite–GO–titania phases
leads to an important band-gap narrowing to 1.83 eV, meaning that FeGOTi can harvest
photons of wavelengths up to the red region wavelength (677 nm in this case). In Figure S7,
the normalized absorbance spectra of the three catalysts (TiO2, GOTi and FeGOTi) and the
normalized irradiance collected for the light source employed in this work are shown.

2.2. Activity Tests

Considering the ozone-involving experiments, different processes are studied. The
simplest process to remove the pollutant is the direct treatment of the sample with ozone in
the absence of light, which is called simple ozonation. The radical species of this treatment
can be intensified by the incorporation of a radiation source with the PhOz process or in
darkness by the incorporation of a catalyst that enhances the decomposition of ozone in
the reaction media (CatOz). Finally, the combination of ozone with both a catalyst and
light (PhCaTOz) exponentially increases the production of radical species responsible for
performing organic matter mineralization. The catalyst activity for bare TiO2, GOTi and
FeGOTi was evaluated at different reaction conditions including catalytic oxidation (Cat),
photocatalytic oxidation (PhCat), catalytic ozonation (CatOz) and photocatalytic ozonation
(PhCatOz) as well as in photolysis and single ozonation conducted as blank experiments.
The main results can be found in Figure 2, Figure 3 and Figure S8.

As can be observed in Figure 2, Figure 3 and Figure S8, ozonation, regardless of the
presence of a catalyst and light, leads to fast and total primidone removal [34,35] in less
than 30 min. Under photolysis conditions, primidone remains unchanged throughout the
reaction time, exhibiting less than 10% removal and negligible changes in the TOC after 3 h
of reaction. In the absence of ozone, the synergy between TiO2 and GO in photocatalysis
was revealed when the final primidone conversions after 3 h of treatment were compared
(Figure 2). After 3 h, complete primidone removal took place in the presence of GOTi,
whereas only about 40% could be eliminated using TiO2. Surprisingly, despite the lower
band gap of the FeGOTi catalyst (1.8 eV, Table 1), less than 20% of primidone removal was
detected under photocatalysis conditions. This fact is important and can be a consequence
of the catalyst’s internal composition. The TOC measurements indicate that ozone-free
photocatalytic treatments only achieved 30% mineralization when the most active catalyst
(GOTi, see Figure S8) was used, so the addition of ozone is still necessary for deeper
mineralization.
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Figure 2. Variation in normalized primidone-remaining concentration (C/C0) with time in experi-
ments: without catalyst—ozonation (�), photolytic ozonation (	) and photolysis (+); with bare TiO2,
CatOz (�), PhCatOz (Δ) and PhCat (x); with GOTi, CatOz (�), PhCatOz (*) and PhCat (♦); and with
FeGOTi, CatOz (�), PhCatOz ( ) and PhCat ( ). Conditions: gas flow rate, 35 L h−1; inlet ozone
gas concentration, 10 mg L−1; primidone initial concentration, C0 = 10 mg L−1; catalyst dosage,
0.25 g L−1; agitation speed, 700 rpm.

Figure 3. Variation in normalized TOC/TOC0 with time from primidone ozone advanced oxida-
tion experiments: without catalyst—ozonation (�) and photolytic ozonation (	); with bare TiO2,
CatOz (�) and PhCatOz (Δ); with GOTi, CatOz (�) and PhCatOz (�); and with FeGOTi CatOz ( )
and PhCatOz (�). Conditions: gas flow rate, 35 L h−1; inlet ozone gas concentration, 10 mg L−1;
initial TOC = 6.6 mg L−1; catalyst dosage, 0.25 g L−1; agitation speed, 700 rpm.

Due to the similar ionic radius of Fe3+ and Ti4+, the heterojunction of both semiconduc-
tors allowed the facilitating of the loading of Fe3+ species over TiO2, acting as a nucleation
point and generating an intimate union between both phases [33,36]. This fact has been evi-
denced in the FeGOTi XRD analysis (Figure 1a), where TiMag was identified as a possible
iron-containing phase and using the different magnetic moment measured using SQUID.
These latter values were closer to those reported for maghemite than for magnetite. The
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fact that TiMag is the dominant phase in the catalyst, explains the low band-gap value
observed in FeGOTi (1.83 eV) when compared to the reported values for Fe2O3 (2.3–2.4 eV),
although the low activity in the photocatalysis processes remains unclear [37]. The differ-
ence between the TiO2 conduction band energy and O2/O2

− reaction potential facilitates
the spontaneous generation of superoxide ion radicals in the titania surface as deduced
by comparing the semiconductor band energies with that of NHE for the photocatalytic
initiation reaction (see Figure S9). When Fe is introduced, it can first be admitted that the
system acts as a heterostructure with a TiMag interface that facilitates electron mobility
among the different phases and, second, as the conduction band of the Fe phase has lower
potential energy with respect to titania, the Fe-containing phase would act as an electron
sink, trapping the photogenerated electrons in a conduction band unable to generate O2

–

radicals, inhibiting this initiation route [38–40].
In the ozonation and PhCatOz processes, primidone was removed in the first 15 min

of reaction (see Figure 2), but different trends could be observed in the TOC (Figure 3).
The GOTi catalyst exhibited similar final TOC removal in the catalytic ozonation as in
the photocatalytic process, whereas FeGOTi showed the best results in CatOz. A possible
explanation is that the smaller particle size of the catalyst facilitates the ozone decomposi-
tion [41]. Nevertheless, in this case, TiO2 and GOTi exhibited similar particle size, so this
factor explains their similar TOC removal in CatOz. Regarding FeGOTi, the particle size
influence could not be the only explanation as the maghemite phase exhibited particle sizes
of around 38.4 nm. According to the bibliography, transition metal oxides with several
oxidation states, such as Ti and Fe, generate oxygen vacancies at the catalyst surface that act
as driving forces enhancing ozone decomposition [42–45]. Oxygen vacancy (Vo) generation
implies a structural defect where a superficial oxygen atom is removed from the metal
oxide crystalline structure. As a consequence, the neighboring metal requires a change
in the oxidation state to maintain the charge neutrality of the material, generating the
Ti3+/Ti4+ or Fe2+/Fe3+ pairs, respectively. These pairs are visible using XPS, Ti3+/Ti4+ in
fresh TiO2 and GOTi, and Fe2+/Fe3+ in FeGOTi (see Figures S2–S4). As the amounts of Vo
in the surface are proportional to the particle size [46], the fact that FeGOTi exhibits a better
behavior in catalytic ozonation seems to be sustained. Recently, Liu et al. [47] reported that
O3 decomposition over oxygen vacancies on TiO2-P25 facilitates water dissociation and
generates Ti-OH surface groups, enhancing the pollutant degradation process. This effect
can also be increased by the presence of a light source for pure TiO2. However, as discussed
with the photocatalysis data, when FeGOTi is considered as a coupled semiconductor
system with Fe phases acting as the electron sink, the recombination of the e–h+ pair is
favored to the detriment of the photodegradation process.

In PhCatOz, after 3 h of treatment, all of the catalysts tested exhibited nearly total min-
eralization (>90% TOC removal, see Figure 3). When GOTi was used, total mineralization
was reached in the first 2 h of treatment. Due to the O3 electron affinity, photogenerated
electrons in the solid can be collected more efficiently than in the presence of O2, enhancing
the radical production and TOC removal and revealing the synergism between the pro-
cesses. These processes follow pseudo-first-order kinetics, as can be observed from Figure
S10. Despite apparent pseudo-first-order rate constants, kap has no rigorous kinetic basis,
and they could only be used as a comparison tool to classify the catalysts according to their
activity. In this sense, Li et al. [48] formulated a synergy factor (SF), calculated through
Equation (1):

SF =
kap(photocatalytic ozonation)

kap(photolytic ozonation) + kap(photocatalytic oxidation)
(1)

From the SF values, a synergism estimation could be experienced, and the catalyst
efficiency could be compared [48,49].

As observed from Table 2, for the PhCatOz processes, the order of catalysts regarding
the TOC removal efficiency was GOTi > TiO2 > FeGOTi. This order is the same as that
observed in PhCat. The lower synergy in FeGOTi could be a consequence of the synthesis

292



Catalysts 2022, 12, 1587

procedure that uses GOTi as a nucleation point for FeOx deposition. Nevertheless, the
possibility of catalyst recovery and a similar mineralization tendency may be worthy of
further research on FeGOTi.

Table 2. Values of kap and synergy factor of TOC removal for the catalysts in PhCat, CatOz and
PhCatOz processes.

PhCat PhCatOz
SF

kap (min−1) R2 kap (min−1) R2

No catalyst 0 a - 0.0079 b 0.98 -
FeGOTi 0 - 0.0095 0.97 1.20

GOTi 0.0016 0.95 0.0405 0.90 4.23
TiO2 0.0007 0.95 0.0176 0.98 2.03

a It corresponds to photolysis. b It corresponds to photolytic ozonation.

Regarding the possible catalytic reaction mechanism, the bibliography reports several
hypotheses. Firstly, the mechanism can be analyzed considering each phase as a single
component or as an individual catalyst. Secondly, the mechanistic study can be addressed
considering the heterojunction of the components by pairs, for instance, TiO2 and graphene
or Fe3O4 and graphene. And finally, the third possibility implies an understanding of the
system as a three-component heterojunction. As there is no scientific agreement about what
kind of perspective is the most probable, especially when graphene is involved, it is very
difficult to propose an accurate and specific reaction mechanism for the process. These
difficulties were also found in other research work [50–55].

2.3. pH Stability Range and FeGOTi Reusage

Iron leaching is a common limitation for FeOx-based catalyst aqueous applications.
In ozone processes, H2O2 is usually formed from direct ozone reactions or hydroxyl ion
ozone decomposition [56–58]. At low pH values, in PhCatOz, the presence of Fe-soluble
species could lead to a second catalytic oxidation way due to the homogeneous Fenton and
photo-Fenton processes in the presence of H2O2 (also detected in this work) [59–61]. Under
unbuffered reaction conditions with FeGOTi, pH evolves from 7.5–8.0 to 4.8–5.0 at the end
of the reaction, likely due to the generation of short-chain organic acids intermediates [34].
In this work, however, no Fe ions were detected in the aqueous phase. To delimit a possible
pH application range, FeGOTi was tested in buffered PhCatOz experiments at pH values of
4, 6 and 8, with an HPO4

−2/H2PO4
− 50 mM buffer solution. This buffer was selected due

to the high presence of PO4
3− ions in urban wastewater. For pH values lower than 4, Fenton

and photo-Fenton processes are viable, so an additional reaction was performed at pH 3.8
where Fe begins to dissolve. As observed in Table 3, the presence of PO4

3− species from the
buffer solution negatively affected the catalyst performance, reaching mineralization levels
lower than those found in ultrapure water and simultaneously inducing some Fe leaching.
PO4

3− ions can be adsorbed on the solid inhibiting HO· radical production on the catalyst
surface [62,63]. When the pH decreases below 4, Fe leaching increases, and the levels of
Fe in solution are high enough to induce an additional photo-Fenton process, leading to
almost total mineralization. On the opposite hand, pH values above 8 would induce the
leaching of non-active aquo Fe-complex species in the photo-Fenton process, leading to the
lowest mineralization value observed (in the photolytic ozonation range).
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Table 3. Effect of pH on PhCatOz final mineralization values and Fe leaching detected with FeGOTi.
Conditions: gas flow rate, 35 L h−1; inlet ozone gas concentration, 10 mg L−1; primidone, C0 = 10 mg L−1;
TOC0 = 6.6 mgL−1; catalyst dosage, 0.25 g L−1; agitation speed, 700 rpm. HPO4

−2/H2PO4
− 50 mM

buffer solution.

pH % TOC Removal % Fe Leached

3.8 99.2 2.64
4.0 74.6 0.12
6.0 77.5 0.16
8.0 68.0 1.68

Reusability tests were conducted using the spent FeGOTi catalyst. The solid was
recovered with a magnet, washed with 3 × 50 mL of ultrapure water and dried overnight at
110 ◦C before being reused. As inferred from Figure 4, the activity of the catalyst experiences
a slight decay after the first use, maintaining a similar mineralization conversion in the
following reuses. Except for the fresh catalyst, mineralization conversion reached a stable
value after 2 h of treatment, exhibiting similar values as the photolytic process after 180 min.
No soluble Fe species in the reaction media were detected until the third and fourth run
(0.06–0.11% leaching); this fact, however, does not explain the activity decay.

Figure 4. TOC mineralization at different reaction times for the FeGOTi reusability test under
PhCatOZ conditions and photolytic ozonation as reference (PhOz). Conditions: gas flow rate,
35 L h−1; inlet ozone gas concentration, 10 mg L-1; primidone, C0 = 10 mg L−1; TOC0 = 6.6 mgL−1;
catalyst dosage, 0.25 g L−1; agitation speed, 700 rpm. Results at 0 min correspond to dark adsorption
for a 30 min period.

After the fourth run, the catalyst was recovered and characterized. In terms of optical
properties, the used catalyst exhibited a band-gap value of 1.80 eV, close to the fresh catalyst
value reported in Table 1. This suggests that the reaction conditions do not affect the
light absorption capacity of the catalyst despite Fe leaching. On the contrary, the textural
properties were affected. A decrease in the surface area from 144 to 123 m2 g−1 was detected
after the reaction, sustaining a clear effect of the reaction conditions on the catalyst structure.
When XRD was performed, the crystalline phase detected was the same in both the fresh
and used catalyst (Figure S11A). Despite the TiMag and anatase particle size exhibiting
similar values to the fresh catalyst (39.3 and 10.7 nm for the TiMag and anatase phases,
respectively), an increase in the FeGOTi crystalline grade from 84.0 to 93.1% was detected.
This increment indicates a partial recrystallization of the solid under PhCatOz conditions.
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Special attention must be paid to the 10–15◦ 2θ value, where a broad and low signal can
be appreciated in the used catalyst. As commented in Figure 1, in these diffraction angles,
graphene oxide exhibits its characteristic signal. The fact that this diffraction signal could
be not appreciated in the fresh catalyst indicates that the synthesis conditions gave rise
to a partial reduction in GO leading to a reduced graphene oxide structure (rGO). The
typical signal of rGO would be hindered by the anatase signal that also appears at the same
diffraction angle. Under ozone reaction conditions, rGO would recover some oxygenated
groups as it is seen in the 10–15◦ 2θ band of Figure S11A.

To study the potential causes of catalyst deactivation, TGA experiments with the
recovered catalyst were performed (see Figure S11B). The main mass loss detected was
associated with water desorption. The quantification of CO2 and CO associated with the
exothermic peaks and combustion signals indicates 0.32% of C content in the recovered
catalyst, which could be due to carbon deposition and some graphene oxide lixiviation.
Moreover, the XPS analysis evidenced a change in the Fe-oxidation state during the reac-
tions (Figure S12). In the fresh catalyst, Fe2p presents three clear peaks, with maximums
at 709.5, 711.2 and 713 eV, whereas after four runs, only two peaks were observed at 710
and 712.1 eV. The peak around 710 eV is typical for Fe oxides, such as magnetite (PDF
01-075-0449), titanium maghemite (TiMag, Fe(Fe0.92Ti0.62)O4; PDF 01-071-6450) or even
other iron oxide mixtures (Fe21.34O32; PDF 01-080-2186) detected using XRD. The peaks at
a higher eV evidenced the presence of species such as FeOOH, which, in the presence of
ozone, can promote the generation of HO radicals [30], and thus, Fe is oxidized during the
first run to a less active form.

In view of these facts, it can be concluded that the reaction conditions affect the catalyst
structure, especially from the fourth use. Under these conditions, a recrystallization of
the solid likely took place, and Fe leaching could be clearly appreciated. Despite the
decrease in activity observed after the first use, the activity of the catalyst stabilizes in the
following reuses, reaching similar mineralization levels as the photolytic ozonation in the
first 120 min.

2.4. Catalysts’ Efficiency Comparison

In previous works, the degradation mechanism of primidone was studied, and the
role of HO· radicals as being responsible of the predominant elimination route was demon-
strated [34,35,58]. Considering the mechanism of ozone processes, the generation of HO·
radicals can be assumed as a consequence of ozone interaction with a photogenerated
electron in the semiconductor conduction band or by direct reaction with hydrogen per-
oxide [58]. In this context, three parameters—transferred ozone dose (TOD), Rct and
RO3OH—can be considered to compare catalyst performance. These parameters can be
determined through Equations (2)–(4), respectively [64]. Firstly, the determination of the
ozone consumed by the water matrix through the transferred ozone dose (TOD) can be
used as a descriptive parameter of the catalyst [65,66]:

TOD =
vg

V

∫ t

0

(
CO3gasin

− CO3gasout

)
dt (2)

where vg refers to the gas flow rate, V the liquid phase volume, t the reaction time and
CO3gasin and CO3gasout the ozone concentration in the gas at the entrance and exit of the
reactor, respectively. Considering the low concentration of dissolved ozone with respect
to the TOD, the TOD can be considered as ozone demand. As observed in Figure 5, there
is a relationship between the TOD and consumed TOC in catalytic and photocatalytic
ozonation. Although FeGOTi was the catalyst that requires less TOD per mg of the TOC
removed in catalytic ozonation, the synergy of GOTi under PhCatOz conditions completely
surpasses the efficiency of FeGOTi, requiring less than 40 mg L−1 of ozone to reach total
mineralization.
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Figure 5. Changes in TOD with eliminated TOC during CatOz (A) and PhCatOz (B) for TiO2 ( ),
GOTi ( ) and FeGOTi ( ). Conditions: gas flow rate, 35 L h−1; inlet ozone gas concentration, 10 mg
L−1; primidone, C0 = 10 mg L−1; TOC0 = 6.6. mgL−1; catalyst dosage, 0.25 g L−1; agitation speed,
700 rpm.

Secondly, RCT, considered as a tool for emerging contaminant oxidation modeling,
provides a relationship between HO· and O3 exposure [66], allowing the estimation of a
catalyst’s ability to generate HO· radicals from O3 in the reaction media:

Ln
(

TOC
TOC0

)
= −RCTkHO

∫ t

0
CO3 dt (3)

where kOH is the apparent rate constant of the reaction of TOC and HO· radicals that can
be taken as 5 × 109 M−1s−1 [67].

Finally, the RO3OH parameter allows an estimation of HO· radicals regardless of the
ozone concentration applied [68,69]:

Ln
(

TOC
TOC0

)
= −RO3HOkHO

(
TOD − CO3dis

)
(4)

The values of both RCT and RO3HO are shown in Table 4 for CatOz and PhCatOz
experiments with different catalysts. As observed, the TiO2 catalyst, similar to the TOD, is
also the material with the lowest efficiency due to its lowest RCT and RO3HO values and,
hence, the catalyst allows the formation of the lowest HO concentration. In the case of
GOTi and FeGOTi, the corresponding values of RCT and RO3HO also confirmed the highest
efficiency of FeGOTi in CatOz and GOTi in PhCatOz. The former leads to the highest HO
concentration in the catalytic process, whereas the latter presents the best performance in
producing HO radicals in the PhCatOz process.

Table 4. Values of RCT and RO3HO for PhCatOz and CatOz processes with different catalysts. Condi-
tions as in Table 3.

PhCatOz CatOz

Catalyst RCT RO3HO RCT RO3HO

FeGOTi 3.28 × 10−4 5.52 × 10−9 1.04 × 10−4 2.25 × 10−9

GOTi 1.26 × 10−3 5.95 × 10−8 6.80 × 10−5 1.38 × 10−9

TiO2 1.49 × 10−4 2.72 × 10−9 5.27 × 10−5 1.02 × 10−9

Finally, the results obtained in terms of primidone removal were compared with others
previously reported, as shown in Table 5. Biological treatments such as biofiltration were
not considered as primidone remains unaltered after the process [70], highlighting the
importance of advanced oxidation processes for their removal.
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Table 5. Main values reported for primidone AOP treatment.

Removal, % (Time, h) of:

Process Radiation Source
Catalyst
(Dosage)

Primidone TOC Reference

UV/Cl2 Low Pressure Hg lamp - 80–90 (0.17) 5 (1 h) [71]
UV/Cl2 Low Pressure Hg lamp FeCl3 (50 μmol/L) 100 (0.085) 6.8 (1 h) [71]

Peroxymonosulfate Solar radiation PMS (5 mM) 95–100 (2) [72]
UV/H2O2 Two G15T8 germicidal lamps H2O2 (20 mg/L) 10–89 (0.33) - [73]

O3/UV Semicontinuous UV-LED TiO2 (0.5 g/L) 100 (0.25) 95 (1 h) [74]
O3/Vis 425 nm Vis-LED TiO2 (0.25 g/L) 100 (0.17) 90 (2 h) [35]
O3/Vis 425 nm Vis-LED GO/TiO2 (0.25 g/L) 100 (0.17) 80 (2 h) [35]

O3/UV-Vis Solar radiation TiO2 (0.25 g/L) 100 (0.1) 95 (3 h) This work
O3/UV-Vis Solar radiation GO/TiO2 (0.25 g/L) 100 (0.1) 100 (2 h) This work
O3/UV-Vis Solar radiation FeGOTi (0.25 g/L) 100 (0.25) 90 (3 h) This work

3. Materials and Methods

3.1. Catalyst Preparation

Ternary Fe3O4-GO-TiO2 catalyst was prepared following a sequential procedure em-
ploying commercial GO purchased from Graphenea®. Firstly, GO-TiO2 was prepared
using a sol-gel methodology adapted from previous works [35,75]. Briefly, the catalysts,
under vigorous stirring, were prepared by diluting 21.8 mL of titanium (IV) butoxide (97%)
in 6.4 mL of 2-propanol, adding, thereafter, 205 mL of distilled water at pH 2 (adjusted
with 65% HNO3). Titania sol was obtained after 75◦C reflux for 24 h and transferred to a
rotary evaporator to remove the alcohol using distillation at 80 ◦C under vacuum. Next, an
amount of GO powder, calculated to obtain 1% of GO content in the final solid, was added
and dispersed in the titania sol under ultrasonic treatment for 1 h. After evaporation to
dryness under vacuum at 80 ◦C on a rotary evaporator, the solid was heated overnight in
an oven at 100 ◦C. The obtained solid was milled and sieved. Reference TiO2 was prepared
following the same procedure in the absence of GO.

Fe3O4 incorporation was adapted from the method described in [76]. Under N2
atmosphere, 0.5 g GO/TiO2 was suspended in 350 mL of deionized water previously
bubbled with N2 during 30 min. Then, an aqueous solution (18 mL) containing 0.17 and
3.51 mmol of FeCl3·6H2O and FeCl2·4H2O, respectively, was added, and the flask sealed.
The mixture was vigorously stirred for 5 h under N2 at room temperature. After the
addition of 16 mL of 5 M NH4OH, the temperature was increased to 65 ◦C, and reaction
allowed to continue for 2.5 h. The product was collected using centrifugation, washed three
times with water to remove excess ions and heated overnight in an oven at 100 ◦C. Finally,
the solid obtained was milled and sieved. Theoretical catalyst weight composition was
0.4% GO, 36.6% TiO2 and 63% of Fe3O4.

To increase the stability of the catalyst and remove possible NH3 residues from the
synthesis, the solids were calcined in a muffle furnace. After a temperature ramp of
10 ◦C min−1, temperature was stabilized at 200 ◦C and maintained for 6 h. Then, the muffle
was cooled down, and the solid was milled and sieved. The solids obtained were named as
FeGOTi, GOTi and TiO2, referencing the calcined composites of Fe3O4-GO-TiO2, GO-TiO2
and bare TiO2, respectively.

3.2. Catalyst Characterization

Calcined material structure and morphology were characterized using a TEM Tecnai
G20 Twin 200 kV transmission electron microscope (TEM. FEI Billerica, Billerica, MA, USA).
All samples were mounted on 3 mm and 300 mesh lacey carbon film copper grids. The
images were acquired with “TEM Imaging & analysis” 4.0 software.

A powder Bruker D8 Advance XRD diffractometer with CuKα radiation (λ= 0.1541 nm)
and Ge 111 as monochromator was used to infer the crystalline phases present in the pho-
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tocatalysts. The data were collected from 2θ = 20 to 80◦ at a scan rate of 0.02 s−1 and 1 s per
point.

Thermogravimetric analysis was carried out in a SETSYS Evolution—16
(TGA. SETARAM—Scientific & Industrial Equipment, Lyon, France). An amount of
30 mg of sample was placed in an alumina crucible for TGA–DTA analysis and heated at
temperatures from 50 to 900 ◦C at a rate of 10 ◦C/min under a stream of synthetic air at
40 mL min−1 in order to measure weight loss, heat flow and derivative weight loss.

Surface areas of the solids were determined from nitrogen adsorption–desorption
isotherms obtained at liquid nitrogen temperature on an Autosorb iQ2-C Series, using the
Brunnauer–Emmett–Teller (SB.E.T.) method. All samples were degassed to 0.1 Pa at 120 ◦C
and 12 h prior to measurement.

RAMAN analysis was performed in a Thermo Scientific Almega XR dispersive RA-
MAN spectrometer, equipped with two objectives for sample focus: MPlan 10× BD and
MPlan 50× BD. A 630 nm laser beam as radiation source, 1288–92 cm−1 as spectral range.
Fluorescence correction was used, and the spot size employed was 2.5 μm. All Raman
spectra were registered and treated with OMNIC thermo scientific software.

UV-vis diffuse reflectance spectra were collected on a Cary 5000 (Agilent) UV-Vis-NIR
spectrophotometer with an integrating sphere. The wavelength range studied was 200
to 800 nm. The resulting reflectance spectra were transformed into apparent absorption
spectra using the Kubelka–Munk function (F(R)). The optical band gap of the materials
was determined through the construction of Tauc plots by plotting (F(R)hν)n against (hν),
with n = 1/2 as TiO2 is an indirect semiconductor. The optical band gap was obtained by
extrapolating the linear part of this plot to the energy axis.

For X-ray photoelectron spectroscopy (XPS) analysis, a Leibold–Heraeus LHS10 spec-
trometer (Bad Ragaz, Switzerland) capable of operating down to less than 2 × 10−9 Torr
was used. This was equipped with an EA-200MCD hemispherical electron analyzer with a
dual X-ray source, using AlKα (hν = 1486.6 eV) at 120 W, at 30 mA and utilizing C (1 s) as
energy reference (284.6 eV). The spectra were recorded on 4 × 4 mm pellets 0.5 mm thick
that were obtained by gently pressing the powdered materials following outgassing to a
pressure below about 2 × 10−8 Torr at 150 ◦C in the instrument prechamber to remove
chemisorbed volatile species.

Catalyst magnetic properties were determined using a Tesla superconducting quantum
interference device (SQUID). Magnetic moment, M, was measured at 300 K as a function of
applied magnetic field (from 0 to 7 T).

3.3. Photocatalytic Test

All tests were performed placing the reactor in an Atlas® simulated solar box SUNTEST
CPS+, equipped with a Xe arc lamp as radiation source and magnetic stirring. The radiation
fluency was kept constant at 500 Wm−2, and incident radiation wavelength was >300 nm.
Ozone was generated from pure oxygen with a 30/7 Sander laboratory ozonator type. In
a typical experiment, 0.125 mg of catalyst and 0.5 L of an aqueous solution of primidone
were placed in a borosilicate three-neck round-bottom reactor to have a final 10 mgL−1

concentration. In the absence of light, the reaction mixture was stirred for 30 min until
adsorption equilibrium conditions were reached. Then, radiation source was connected in
light-involving runs, and a 35 L h−1 gas flow carrying pure O2 or O3/O2 mixture (10 mgL−1

ozone concentration) was bubbled in the reaction media. Steadily, samples were withdrawn
from the reactor, filtered and analyzed.

3.4. Analytical Methods

As described in a previous work [35], primidone concentration was determined by
means of HPLC-DAD performed in a Hitachi Elite LaChrom chromatograph equipped
with a Phenomenex C-18 column (5 μm; 150 mm long and 3 mm diameter). The analysis
was carried out following an isocratic method with acetonitrile/acidified water (20:80 v/v.
0.1% phosphoric acid) as mobile phase, a flow rate of 0.6 mL·min−1 and 215 nm as detection
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wavelength. Total organic carbon (TOC) in samples was determined in a Shimadzu TOC-
VSCH analyzer. Ozone gas concentration in outlet gas was monitored with an Anseros GM-
19 ozone detector. Dissolved ozone in water was determined using the Indigo method [77]
with a Hach Lange 2800 Pro spectrophotometer set at 600 nm. Hydrogen peroxide was
analyzed following Masschelein et al.’s method [78]. Total iron concentration was evaluated
spectrophotometrically at 565 nm following the specification of Spectroquant® iron test
(Merck 1.14761.0001, Kenilworth, NJ, USA).

4. Conclusions

The main conclusions reached in this work are:
The characterization results demonstrated a magnetically easily recoverable photocat-

alyst synthesized through a sequential sol-gel procedure with a loading of graphene oxide
below 1%. This small loading clearly increased the efficiency in CatOz and PhCatOz. The
main characteristics of FeGOTi were 144 m2/g of surface area; a 1.29 Raman D and G band
intensity ratio; a 26-emu g−1 magnetic moment; maghemite, anatase and brookite main
crystalline forms; and a 1.83 eV band gap so the catalyst can absorb up to the visible red
region (677 nm).

Regarding the activity of the catalysts, although the presence of ozone alone already
leads to the significant removal of primidone (100% removal in 15 min), mineralization
(the TOC reduction), as already reported previously, is less than 20% after a 3 h reaction.
However, the presence of catalysts both in the CatOz and PhCatOz processes allows
increasing removal efficiency both for primidone and, especially, mineralization. Thus, the
three catalysts lead to total primidone removal in less than 8 min in the CatOz processes,
and similar results are reached during PhCatOz with the TiO2 and GOTi catalysts. As
far as mineralization is concerned, the FeGOTi and GOTi catalysts lead to the highest
mineralization in the CatOz and PhCatOz processes with best performances observed in
the latter process with 100% and 95% mineralization reached in 2 h with GOTi and 3 h with
FeGOTi, respectively.

The best pH values to perform PhCatOz were between 4 and 6 where low Fe leaching
was observed (less than 0.16%). However, at pH 3.8 with 2.68% Fe leaching, 99.2% mineral-
ization was observed in the FeGOTi process, likely due to the contribution of photo-Fenton
oxidation.

The reuse of the FeGOTi catalyst in PhCatOz leads to a decrease in mineralization
removal from 95 to about 78% after a 3 h reaction. This was likely due to some C deposition,
lixiviation of graphene oxide and Fe oxidation during the first run.

Finally, the parameters, such as the TOD, RCT and RO3HO that measure the amount
of ozone needed to reach some mineralization degree or the formation of HO radicals,
also confirm the best performance of GOTi during PhCatOz and FeGOTi during CatOz,
respectively. Despite these differences between both GO-containing catalysts, it must be
pointed out that FeGOTi allows an easy separation from water which results in lower costs
for a possible real application. Then, the study of magnetic catalysts also containing GO
and TiO2 can be an attractive way of continuing the research of photocatalytic ozonation
processes, especially with the use of solar light.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12121587/s1, Figure S1. (a) SEM image of FeGOTi (b),
oxygen-mapping using SEM-EDX (c), iron-mapping using SEM-EDX (d), titanium-mapping using
SEM-EDX, Figure S2. XPS of synthesized TiO2 catalyst, Figure S3. XPS of synthesized GOTi catalyst,
Figure S4. XPS of synthesized FeGOTi catalyst, Figure S5. Raman spectra of the catalyst, Figure S6.
TGA and MS detected for the catalysts: TiO2 (A), GOTi (B) and FeGOTi (C), Figure S7. Comparison
of normalized absorbance spectra (A; a.u.) of TiO2 (black dots), GOTi (red dots) and FeGOTi (blue
dots) and normalized irradiance collected for the light source employed in this work (E; a.u.), Figure
S8. Variation of TOC/TOC0 with time from ozone-free primidone photolysis and photocatalysis
experiments, Figure S9. Schematic diagram of band positions relative to NHE, Figure S10. Checking
apparent first order kinetics for PhOz (a) and PhCatOz (b) with TiO2, (c) with GOTi and (d) with
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FeGoTi, Figure S11. Comparison of XRD pattern of fresh and used FeGOTi (A), TGA and MS detected
for the recovered catalyst (B), Figure S12. Fe2p XPS of fresh (a) and four times reused (b) FeGOTi
catalyst [12,37,79].
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Abstract: The degradation of a model agro-industrial wastewater phenolic compound (caffeic acid,
CA) by a UV-A-Fenton system was investigated in this work. Experiments were carried out in order
to compare batch and continuous mode. Initially, batch experiments showed that UV-A-Fenton at
pH 3.0 (pH of CA solution) achieved a higher generation of HO•, leading to high CA degradation
(>99.5%). The influence of different operational conditions, such as H2O2 and Fe2+ concentra-
tions, were evaluated. The results fit a pseudo first-order (PFO) kinetic model, and a high kinetic
rate of CA removal was observed, with a [CA] = 5.5 × 10−4 mol/L, [H2O2] = 2.2 × 10−3 mol/L
and [Fe2+] = 1.1 × 10−4 mol/L (kCA = 0.694 min−1), with an electric energy per order (EEO) of
7.23 kWh m−3 order−1. Under the same operational conditions, experiments in continuous mode
were performed under different flow rates. The results showed that CA achieved a steady state with
higher space-times (θ = 0.04) in comparison to dissolved organic carbon (DOC) removal (θ = 0–0.020).
The results showed that by increasing the flow rate (F) from 1 to 4 mL min−1, the CA and DOC
removal rate increased significantly (kCA = 0.468 min−1; kDOC = 0.00896 min−1). It is concluded that
continuous modes are advantageous systems that can be adapted to wastewater treatment plants for
the treatment of real agro-industrial wastewaters.

Keywords: caffeic acid; electric energy per order; environmental impact; photo-Fenton; UV-A LEDs;
winery wastewater

1. Introduction

The rapid expansion of the agro-industry in both developed and developing coun-
tries is a major contributor of environmental pollution worldwide [1,2]. Agro-industrial
wastewater characteristics are much more diverse than domestic wastewater, which is
usually qualitatively and quantitatively similar in its composition. This industry produces
large quantities of highly polluted wastewater containing toxic substances and organic
and inorganic compounds such as: heavy metals, pesticides, phenols, and derivatives [3,4].
In the case of industries such as wine or olive oil production, large volumes of wastewa-
ters are produced from different activities, namely tank washing, transfer, bottling, and
filtration [5–7]. These wastewaters are characterized by an elevated content of suspended
solids, low pH (3–5), and high organic load composed of phenolic compounds, sugars,
organic acids, and esters [8,9]. Among these compounds, polyphenols are considered to be
hazardous compounds because they are not mineralized by conventional biologic treat-
ments [10,11], among which polyphenolic compounds are found to be the most abundant,
including gallic, syringic, protocatechuic, vanillic, and caffeic acids [12–15]. Caffeic acid
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(3,4-dihydroxycinnamic acid) is considered to be one of the most refractory phenolic com-
pounds to biologic degradation, because it exhibits high toxicity and antibacterial activity
and represents a risk to human health, reaching 100 mg L−1, with a half-life ranging from
21.2 to 26.7 min in natural conditions [12,16,17].

Due to the limitations of conventional wastewater treatment technologies in removing
recalcitrant pollutants such as caffeic acid, a more effective treatment is required to achieve a
complete mineralization of these organic compounds, such as advanced oxidation processes
(AOPs). In the AOPs, there is the generation of hydroxyl radicals (HO•), which react with organic
compounds, oxidizing them to simpler intermediates and possibly to CO2 and H2O [18,19]. The
HO• radicals are advantageous because they (1) do not generate additional waste, (2) are not
toxic and have a very short lifetime, (3) are not corrosive to pieces of equipment, (4) are usually
produced by assemblies that are simple to manipulate, and (5) have a high oxidizing potential
(E◦ = 2.80 V) regarding sulfate radical anion (E◦ = 2.60 V), ozone (E◦ = 2.08 V), hydrogen
peroxide (E◦ = 1.76), and chlorine (E◦ = 1.36) [20,21]. Among the AOPs, the photo-Fenton
process appears as a suitable treatment process for HO• radical production [22]. It employs Fe2+

and H2O2, which are readily available, easy to handle, and environmentally benign [18] and
“near-UV to visible region” of light, up to a wavelength of 600 nm [23] to improve the HO•
radical production and to rapidly reduce the Fe3+ back to Fe2+ [24,25]. Traditional mercury-
based UV-C radiation lamps can become very unstable, due to their overheating, decreasing
their efficiency and lifetime [26,27]. The UV-A LED lights are a good alternative to UV-C
mercury lamps because they have longer lifetimes, lower energy consumption, higher efficiency,
do not overheat, and are less harmful to the environment [28,29].

Although batch reactors have been shown to be efficient in contaminant degradation,
they are expensive when upscaling the treatment of wastewater; however, to counteract this
tendency, most industrial treatment facilities operate in continuous mode [30]. Therefore,
the aim of this work was to evaluate the degradation of caffeic acid in batch and continuous
mode, in a UV-A LED reactor with a wavelength of 365 nm. It is also intended to evaluate
how the different variables (pH, concentration of H2O2, and Fe2+) affect the kinetic rate of CA
degradation and energy consumption. The novelty of this work lies in the application of a
continuous system coupled with a UV-A reactor to degrade the CA phenolic, which has never
been performed before.

2. Materials and Methods

2.1. Reagents

Caffeic acid (3,4-Dihydroxycinnamic acid) was acquired from Sigma-Aldrich, St. Louis,
MO, and used as received without further purification. The molecular structure of caffeic acid in
non-hydrolyzed form is illustrated in Table 1. Iron (II) sulfate heptahydrate (FeSO4•7H2O) was
acquired from Panreac, Barcelona, Spain, and hydrogen peroxide (H2O2 30% w/w) and titanium
(IV) oxysulfate solution 1.9–2.1%, for determination of hydrogen peroxide, were acquired from
Sigma-Aldrich, St. Louis, MO, USA. Sodium sulfite anhydrous (Na2SO3) was acquired from
Merk, Darmstadt, Germany. Trifluoroacetic acid (HPLC grade, ≥99.0%) was acquired from
Riedel-de Haën, Seelze, Germany, and acetonitrile (HPLC grade, ≥99.9%) was acquired from
Chem-Lab, Zedelgem, Belgium. For pH adjustment, sodium hydroxide (NaOH) from Labkem,
Barcelona, Spain, it was used, along with sulfuric acid (H2SO4, 95%) from Scharlau, Barcelona,
Spain. Deionized water was used to prepare the respective solutions.

Table 1. Molecular formula, molecular structure, maximum absorption wavelength and molecular
weight of caffeic acid (CA) [31].

Name Molecular Formula Molecular Structure λmax (nm) Molecular Weight (g/mol)

Caffeic acid (CA) (HO)2C6H3CH=CHCO2H 324 180.16
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2.2. Analytical Determinations

Different parameters were measured in order to determine the effect of the treatments.
The dissolved organic carbon (DOC) in mg C/L and total nitrogen (TN) in mg N/L were
determined by direct injection of filtered samples into a Shimadzu TOC-LCSH analyzer
(Shimadzu, Kyoto, Japan), equipped with an ASI-L autosampler, provided with an NDIR
detector and calibrated with standard solutions of potassium phthalate. The hydrogen
peroxide concentration was determined using titanium (IV) oxysulfate (DIN 38 402H15
method) at 410 nm using a portable spectrophotometer from Hach (Loveland, CO, USA),
the pH and oxidation reduction potential (ORP) were measured by a 3510 pH meter
(Jenway, Cole-Parmer, UK), and the iron concentrations were analyzed by atomic absorption
spectroscopy (AAS) using a Thermo Scientific™ iCE™ 3000 Series (Thermo Fisher Scientific,
Waltham, MA, USA).

The caffeic acid (CA) eluting peaks were monitored at 280 nm using software
Chromeleon™ 7.2.9 (Thermo Fisher Scientific, Waltham, MA, USA). The CA concentration
was monitored by a UHPLC Ultimate 3000 (Thermo Fisher Scientific, Waltham, MA, USA),
using a C18 reverse phase column (250 × 4.6 mm, 5 μm) with a flowrate of 1 mL min−1

at 25.0 ◦C. The volume of injection was 10.00 μL, and the eluents used were ultrapure
water/trifluoroacetic acid (99.9:0.1, v/v) (solvent A) and acetonitrile/trifluoroacetic acid
(99.9:0.1, v/v) (solvent B) upon the linear gradient scheme (t in min; %B): 0, 0%B; 5, 20%B;
10, 100%B; 16, 0%B, 20, 0%B.

2.3. Fenton-Based Experimental Procedure

The Fenton-based batch experiments were performed in a self-designed lab-scale
reactor with 500 mL capacity and a solution depth of 1.4 cm (Figure 1). The lab reactor had
a rectangular shape with a bottom and mirror walls. The UV-A LEDs system was com-
posed of 12 Indium Gallium Nitride (LnGaN) LEDs lamps (Roithner AP2C1-365E LEDs)
with a λmax = 365 nm. 250 mL of CA solution with a concentration of 5.5 × 10−4 mol L−1

(pH = 3.90 ± 0.19, DOC = 68.7 ± 2.1 mg C L−1), which was constantly agitated (350 rpm) by
a L32 Basic Hotplate Magnetic Stirre 20 L (Labinco, Breda, Netherlands) at ambient temper-
ature (298 K) for 15 min. Initially, different AOPs were tested (H2O2, UV-A, Fe2+ + UV-A,
H2O2 + UV-A, Fenton, and UV-A-Fenton), then the pH (3.0–7.0), H2O2 concentration
(5.5 × 10−4–8.8 × 10−3 mol L−1), and Fe2+ concentration (0.18 × 10−4–11 × 10−4 mol L−1)
were varied.

 

Figure 1. Schematic representation of UV-A LEDs lab-scale reactor with peristaltic pump.
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For the Fenton-based continuous experiments, a reservoir filled with CA with a con-
centration of 5.5 × 10−4 mol L−1 and H2O2 was pumped by a peristaltic pump (Shenchen,
Hvidovre, Denmark) into the UV-A reactor, in which different flow rates (1–4 mL min−1)
were applied to the aqueous mean, with a hydraulic retention time (HRT) of 15 min
(Figure 1). The H2O2 was added in continuous mode to prevent radical scavenging and to
enhance CA degradation.

To determine the CA and DOC removal, Equation (1) was applied [32].

Removal (%) =
C0 − Ct

C0
× 100 (1)

where C0 and Ct are the initial and final concentrations of CA and DOC.

2.4. Electrical Energy Determination

Assuming the degradation of CA as a pseudo-first order (PFO) kinetic model
(ln[CA]t = −kt + ln[CA]0), the electrical energy per order (EEO) can be determined by
conversion of the units of the first order kinetic constants to min−1, which results in
Equation (2) [33]:

EEO =
38.4 × 10−3∗P ∗ 1000

V ∗ kobs
(2)

where P is the nominal power of the reactor (kW), V is the volume (m3), and kobs is the
pseudo-first order kinetic observed (min−1).

All the CA removal experiments were performed in triplicate, and the observed
standard deviation was always less than 5% of the reported values. Differences among
means were determined by analysis of variance (ANOVA) using OriginLab 2019 software
(Northampton, MA, USA), and the Tukey’s test was used for the comparison of means,
which were considerate different when p < 0.05, and the data are presented as mean and
standard deviation (mean ± SD).

3. Results

3.1. Chemical Degradability of Caffeic Acid

Considering the high content of impurities present in agro-industrial wastewaters,
it is difficult to understand the degradation of the single compounds present in their
constitution. Therefore, in this work caffeic acid (CA) was selected as a model compound
because it exists in many types of agro-industrial wastewater. To evaluate the capacity of
the UV-A reactor for the degradation of CA phenolic, several experiments were carried out:
(1) CA+H2O2, (2) CA+UV-A, (3) CA+Fe2++UV-A, (4) CA+H2O2+UV-A, (5) CA+H2O2+Fe2+,
(6) CA+H2O2+Fe2++UV-A. In Figure 2a are represented the results of CA removal after each
treatment. From the results, it was possible to observe that CA is resistant to oxidation with
the application of H2O2, UV-A, Fe2++UV-A, and H2O2+UV-A, with 1.5, 4.7, 7.9, and 12.7%,
respectively. With the application of H2O2, UV-A, and Fe2++UV-A, there is no generation
of hydroxyl radicals (HO•) and CA shows to be resistant to degradation by radiation,
H2O2, and iron. In accordance with these results, CA is harder to degrade regarding
other phenolics, such as gallic acid [34]. The combination of H2O2 + UV-A increased the
degradation of CA, due to the conversion of H2O2 into HO• radicals (Equation (3)). The
highest CA removals were observed with application of the Fenton and UV-A-Fenton
processes, with 92.3 and 99.9% after 15 min of reaction. An analysis of the ORP values
showed higher values with the application of Fenton and photo-Fenton, which could be
linked to the production of HO• radicals. To understand these results, the conversion of the
H2O2 and the concentration of Fe2+ available in solution were studied (Figure 2b). With the
application of H2O2 and H2O2 + UV-A, there was a low consumption of H2O2 (0.24 and
0.45 mM), thus a low generation of HO• radicals occurred. With application of Fenton and
UV-A-Fenton, the H2O2 consumption increased (0.80 and 1.20 mM). This increase could be
due to the reaction of Fe2+ with H2O2 (Equation (4)). This difference in H2O2 consumption
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could be due to the Fe2+ available. Due to the reaction of Fe2+ with H2O2, the Fe2+ was
oxidized to Fe3+, precipitating and ferric hydroxide. The UV-A was able to regenerate the
Fe3+ to Fe2+ (Equation (5)) [35,36], thus a higher HO• radicals generation occurred.

H2O2 + UV → 2HO• (3)

Fe2+ + H2O2 → Fe3+ + HO•+HO− (4)

Fe(HO)2++UV → Fe2+ + HO• (5)

 

Figure 2. Assessment of different AOPs in (a) CA removal and ORP variation and (b) H2O2

consumption and Fe2+ concentration. Operational conditions: [CA] = 5.5 × 10−4 mol L−1,
[H2O2] = 2.2 × 10−3 mol L−1, [Fe2+] = 1.1 × 10−4 mol L−1, pH = 3.0, agitation 150 rpm, temper-
ature = 298 K, radiation UV-A, IUV = 32.7 W m−2, t = 15 min.

These results were in agreement with the work of Cruz et al. [37], who observed an efficient
removal of Sulfamethoxazole by the combination of catalyst + H2O2 + UV radiation.

3.2. Effect of pH

The pH of the solution has an important effect in the degradation efficiency of CA.
Previous authors observed that the downward trend of HO• radical production increased
with higher pH, because the Fenton reaction’s optimal pH is around pH 2–4 [38]. The
pH of the CA solution was varied (3.0–7.0), with results showing a CA removal of 99.9,
87.7, 43.0, and 41.3%, respectively, for pH 3.0, 4.0, 6.0, and 7.0 (Figure 3a). As the pH
increased above pH > 3.0, the availability of the iron decreased (0.090, 0.079, 0.068, and
0.063 mM, respectively) (Figure 3b). At pH above 3.0, the Fe3+ produced by the oxidation
of Fe2+ in the Fenton process began to precipitate in the form of amorphous Fe(HO)3.
This formation not only decreased the iron concentration, but also inhibited the regen-
eration of Fe2+ [39]. In accordance with Equations (6) and (7), the reaction between Fe3+

and H2O2 generates ferric-hydroperoxyl complexes that decomposes to produce HO•
2

radicals and Fe2+, as shown in Equation (8); however, these reactions have a very slow
reaction rate (2.7 × 10−3 M s−1) [40]. Thus, at pH > 3.0, a lower concentration of H2O2 was
converted to HO• radicals, which decreased the efficiency of the UV-A-Fenton process.

Fe3+ + H2O2 → Fe(HO 2
)2+

+H+ (6)

FeHO2++H2O2 → Fe(HO)(HO 2)
++H+ (7)

Fe(HO)(HO 2)
+ → Fe2+ + HO−+HO•

2 (8)
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Figure 3. Effect of pH in (a) CA removal and (b) H2O2 consumption and Fe2+ concentration. Operational
conditions: [CA] = 5.5 × 10−4 mol L−1, [H2O2] = 2.2 × 10−3 mol L−1, [Fe2+] = 1.1 × 10−4 mol L−1,
agitation 150 rpm, temperature = 298 K, radiation UV-A, IUV = 32.7 W m−2, t = 15 min.

A similar result was observed in the work of Zha et al. [41], in the degradation
of landfill leachate by the photo-Fenton process. Considering that the pH of winery
wastewaters is usually between 3 and 4, the application of photo-Fenton at pH 3.0 decreases
the requirement of reagent consumption for pH adjustments.

3.3. Effect of H2O2 Concentration

In this section, the effect of the oxidant (H2O2) concentration in the efficiency of the UV-
A-Fenton to degrade the CA phenolic was evaluated. To keep the UV-A-Fenton competitive
with other processes, it is essential that this process represents a low-cost operation, thus
the control of the H2O2 concentration is implied. In observation of Figure 4a, different
H2O2:CA molar ratios (R) were tested, with results showing a tendency to increase the CA
removal by increasing the molar rate. With application of an R = 1 and 2, a low CA removal
was observed; however, when the R = 4 was applied, a near complete removal of CA was
observed, reaching a plateau after 10 min of reaction. Above this ratio, no considerable
CA removal was observed. To understand these results, the H2O2 consumption and Fe2+

concentration, along with the reaction, were studied (Figure 4b). With application of
R = 1 and 2, the H2O2 consumption was low (0.10 and 0.30 mM, respectively), despite the
high concentration of Fe2+ available (0.088 and 0.095 mM, respectively), which could mean
that the H2O2 consumed was insufficient to produce HO• radicals in a necessary amount
to degrade the CA phenolic. With application of R = 4, 8, and 16, the iron concentrations
remained similar (0.090, 0.087, and 0.086 mM, respectively); however, a higher H2O2
consumption was observed (1.2, 1.5, and 1.9 mM), thus a higher amount of HO• radicals
were generated, leading to the degradation of the CA phenolic. The consumption of H2O2
within R = 8 and 16 could be linked to the scavenging reactions between the excess of H2O2
with HO• (Equations (9) and (10)), leading to the production of hydroperoxyl radicals
(HO•

2) and superoxide anion radicals (O•−
2 ) with a lower oxidation potential (E◦ = 1.70 and

0.40 V) than HO• radicals (E◦ = 2.80 V) [42].

H2O2 + HO• → H2O + HO•
2 (9)

H2O2 + HO• → H2O + H++O•−
2 (10)
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Figure 4. Evaluation of H2O2:CA molar ratio in (a) CA removal and (b) H2O2 consumption and
Fe2+ concentration. Operational conditions: [CA] = 5.5 × 10−4 mol/L, [Fe2+] = 1.1 × 10−4 mol L−1,
pH = 3.0, agitation 150 rpm, temperature = 298 K, radiation UV-A, IUV = 32.7 W m−2, t = 15 min.

To have a better understanding of the effect of the H2O2 in phenolic degradation, the
results showed a good fitting to the pseudo-first order (PFO) kinetic model. The k values
vs. [H2O2] were plotted and two different kinetic rates were separated (Figure 5a). In a
first one, up to 2.2 × 10−3 mol L−1 H2O2, the PFO constant is directly proportional to the
concentration of H2O2 applied, with a slope of 0.012 mol L−1 min−1. In the second kinetic
rate (up to 8.8 × 10−3 mol L−1), the PFO constant increased linearly with the concentration
of H2O2, with a slope of 0.489 mol L−1 min−1. Based in these results, it can be assumed
that the LED light fully penetrates the solution, independent of the concentration of H2O2
used, so the geometry of the UV-A reactor and the depth of the solution appeared to be
adequate. These results were shown to be in agreement with the work of Li and Cheng [43],
who observed a direct relation between the increase in the kinetic rate of malachite green
degradation with higher H2O2 concentrations.

 

Figure 5. Outcome of several concentrations of H2O2 in CA degradation by the UV-A-Fenton process;
(a) dependence on the kinetic constant rates; (b) electric energy per order (EEO).
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It is also necessary to study the how the concentration of H2O2 affects the energy
consumption of the reactor, because the energy consumption determines part of the treat-
ment costs. In Figure 5b, the EEO values vs. the [H2O2] were plotted, with results
showing two distinct areas: (1) one for [H2O2] ≤ 2.2 × 10−3 mol L−1 and (2) one for
[H2O2] ≥ 2.2 × 10−3 mol L−1. For concentrations below 2.2 × 10−3 mol L−1, the degrada-
tion of CA was too slow, which implied a higher energy consumption. For concentrations
higher than 2.2 × 10−3 mol L−1, only small gains were observed, which are not profitable,
considering the high cost of H2O2 [44].

3.4. Effect of Fe2+ Concentration

As previously observed in Figure 2, the Fe2+ catalyst had a major effect regarding
UV-A radiation in the conversion of H2O2 into HO• radicals. Therefore, the H2O2:Fe2+

molar ratio (R1) was varied to study the effect of the Fe2+ concentration in the UV-A-Fenton
process (Figure 6a). The results showed that by increasing the catalyst concentration,
the rate of the CA phenolic degradation was increased. Clearly, the application of an R1
from 120 to 40 was revealed to be insufficient to achieve a complete degradation of CA.
Qualitatively, the results indicated that increasing the Fe2+ concentration in solution, for
a constant H2O2 concentration, increased the degradation rate of CA. To understand the
effect of the Fe2+ concentration, the H2O2 consumption and the concentration of iron that
remained in solution were analyzed (Figure 6b). With the application of an R1 from 120 to
40, lower concentrations of H2O2 were consumed, regarding the values obtained within R1
from 20 to 2, thus more HO• radicals were generated. Figure 6b shows that within the first
5 min a higher concentration of H2O2 was consumed with the application of R1 = 2, which
is consistent with the higher concentration of iron present, thus more HO• radicals were
generated. However, from this point onwards, the H2O2 consumption decreased to values
lower than those observed with the application of R1 = 4, which could be a strong indicator
that Fe2+ began consuming the HO• radicals. To confirm this theory, the Fe2+ present in the
solution was determined. The results showed higher Fe2+ concentrations available within
the application of R1 from 20 to 2 (Figure 6b). A similar behavior was observed in the work
of Faggiano et al. [45], in which increasing the concentration of iron to a certain extent lead
to a reduction of the H2O2 consumption.

 

Figure 6. Assessment of the H2O2:Fe2+ molar ratio in (a) CA degradation and (b) H2O2 consumption and
Fe2+ concentration. Operational conditions: [CA] = 5.5 × 10−4 mol L−1, [H2O2] = 2.2 × 10−3 mol L−1,
pH = 3.0, agitation 150 rpm, temperature = 298 K, radiation UV-A, IUV = 32.7 W m−2, t = 15 min.

The results obtained showed a good fitting to the PFO kinetic model, and by plotting
the k values vs. [Fe2+], two different dominions are shown (Figure 7a). In a first dominion,
up to 1.1 × 10−4 mol L−1, the PFO kinetic constant is directly proportional to the concen-
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tration of Fe2+, with a slope of 0.071 mol L−1 min−1. A second dominion was observed
from 1.1 × 10−4 to 11 × 10−4 mol L−1, in which the PFO kinetic constant increased linearly
with the concentration Fe2+, with a slope of 0.749 mol L−1 min−1. In a closer look, from
5.5 × 10−4 to 11 × 10−4 mol L−1, the kinetic rate decreased. This could be attributed to
scavenging reactions between the excess of iron present in solution and the HO• radicals
generated (Equation (11)) [46].

Fe2+ + HO• → Fe3+ + HO− (11)

 

Figure 7. Outcome of several concentrations of Fe2+ in CA degradation by UV-A-Fenton process;
(a) dependence on the kinetic constant rates; (b) electric energy per order (EEO).

These results were in agreement with the work of Xavier et al. [47], who observed that
the application of an excess of Fe2+ increased the scavenging reactions and decreased the effi-
ciency of the photo-Fenton process in the degradation of Magenta MB. Parallel to the kinetic
rate, the energy consumption was determined to evaluate the feasibility of the reactor. The
results (Figure 7b) showed two different dominions, one for [Fe2+] ≤ 1.1 × 10−4 mol L−1

and one for [Fe2+] ≥ 1.1 × 10−4 mol L−1. These results clearly stipulate that for concentra-
tions below 1.1 × 10−4 mol L−1, the reactions were too prolonged, implying larger electric
consumptions, thus it could result in higher costs for treatment plants. For application of
Fe2+ above 1.1 × 10−4 mol L−1, the gains were very low and do not justify the application
of those amounts of iron. The selection of the appropriate radiation type with the correct
geometry influences the kinetic rate of degradation and the costs of treatment. This fact
was observed in the work of Tapia-Tlatelpa et al. [48], who observed from testing UV lamps
with different geometries, that LED lamps with a radial position (similar to this work)
achieved the lowest energy consumption.

In Table 2, it is shown research that compares the EEO values obtained by other treat-
ment processes applied in the degradation of phenolic compounds, dyes, and compounds
of emerging concern. When compared to the work of Yáñez et al. [12], the methodology cre-
ated in this work was shown to be more efficient, reducing the energy required to degrade
the CA phenolic. In a different work, the application of a low-pressure Hg lamp (8 W power,
250 nm) presented an ideal process to convert the H2O2 into HO• radicals [49]; however,
without a catalyst, this was observed to be a slow process with high energy consumption.
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Table 2. Disclosed results of electric energy per order (EEO ) obtained after degradation of single
compounds by different treatment processes.

Contaminants
AOP

Processes
Conditions

EEO

(kWh.m−3 order−1 References

Caffeic acid UV-A LED/H2O2/Fe2+
[CA] = 5.5 × 10−4 mol L−1,

[H2O2] = 2.2 × 10−3 mol L−1,
[Fe2+] = 1.1 × 10−4 mol L−1

7.23 Present work

Caffeic acid (CA) UV-A-Fenton [CA] = 10 mg L−1, [H2O2] = 82.4 μmol L−1,
[Fe2+] = 558.6 μmol L−1 30 Yáñez et al. [12]

Winery wastewater UV-A-Fenton
TOC = 1601 mg C L−1, [Fe2+] = 2.5 mM,

[H2O2] = 225 mM, pH = 3.0,
agitation = 350 rpm, t = 150 min

641

Jorge et al. [51]

Winery wastewater UV-C-Fenton
TOC = 1601 mg C L−1, [Fe2+] = 2.5 mM,

[H2O2] = 225 mM, pH = 3.0,
agitation = 350 rpm, t = 150 min

170

Poultry
slaughterhouse

wastewater
UV-C-Fenton

TOC = 68.66 mg C L−1, [Fe2+] = 20 mg L−1,
[H2O2] = 98 mM, pH = 3.3,

agitation = 350 rpm, t = 150 min
248 Kanafin et al. [52]

Oxytetracycline
(OTC) UV-C/H2O2 [OTC] = 250 mg L−1, [H2O2] = 375 mg L−1 47.18 Rahmah et al. [49]

Sufamethoxazole
(SMX) UV-C [SMX] = 30 mg L−1, [H2O2] = 10 mM 1.50

Kim et al. [50]Sufamethoxazole
(SMX) Ozone [SMX] = 30 mg L−1 27.53

Sufamethoxazole
(SMX) Electron beam [SMX] = 30 mg L−1 0.46

Acid Red 88 (AR88) UV-A-Fenton
pH 3.0, [AR88] = 50 mg L−1,

[H2O2] = 4 mM, [Fe2+] = 0.15 mM,
[NTA] = 0.10 mM,

26 Teixeira et al. [53]

Orange PX-2R UV-A LED/TiO2 [OPX-2R] = 0.1 g/L, [TiO2] = 1.0 g/L 119.04 Tapia-Tlatelpa et al. [48]

p-hydroxybenzoic
acid (pHBA) UV-A LED/TiO2 [pHBA] = 50 mg L−1, [TiO2] = 1000 mg L−1 115 Ferreira et al. [33]

Z-thiacloprid UV/TiO2
[Z-thiacloprid] = 1.0 × 10−4 mol L−1,

[TiO2] = 1 g L−1 80.0 Rózsa et al. [54]

In the work of Kim et al. [50], three different reactors were applied: (1) UV-C lamp (6 W
power, 254 nm) with H2O2, (2) ozone batch reactor (1.12 mg O3/min), and (3) E-beam (1 MeV
and 40 kW). The results showed that the ozonation process achieved worse EEO results in
comparison to the UV-A reactor used in this work. Although the UV-C and E-beam reactors
showed promising results, the concentration of the SMX degraded was much lower than the
concentration of CA used in this work. The UV-A reactors with an emission wavelength of
365 nm were applied in photocatalytic degradation of dyes and phenolics [33,48], with results
showing efficient removals; however, they are not revealed as being competitive in comparison
to the results obtained in this work. In Table 2, several examples of the application of photo-
Fenton process to treat real wastewaters are also shown, such as in winery wastewater [51]
and poultry slaughterhouse wastewater [52]. It is shown that the demand for electric energy
to treat real wastewaters is much higher in comparison to single compounds, as is the amount
of reagents required to degrade the organic carbon.

3.5. Experiments in Continuous Mode

Previous sections have shown that batch reactors fitted with UV-A LED lights achieved
a near complete removal of CA from the aqueous solution. It was also observed in the
H2O2 and Fe2+ concentration variations sections that the degradation of CA occurred
in two phases, a faster one within the first 5 min, followed by a slower rate, reaching a
plateau. This occurs because, in the first period, the Fe2+ reacted very fast with the H2O2
(k = 78 mol−1 dm3 s−1), generating a high content of HO• radicals. Following this period,
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the ferric ions produced earlier reacted with the H2O2 producing HO•
2, with a much lower

kinetic rate (k = 0.02 mol−1 dm3 s−1) [55]. Therefore, these results indicate that the residence
time (τ, min) within the continuous mode is an important parameter to be considered. In
an ideal continuous reactor, the space-time is equal to the mean residence time, and is
determined in accordance with Equation (12) [55].

τ =
V
F

(12)

where V is the volume of the reactor (mL) and F is the flow rate (mL min−1). In Figure 8a
are shown the removal results of CA and DOC as a function of dimensionless reaction
time values (θ = t/τ), in which each θ is comparable to one τ [56]. The results showed
that a CA steady state was achieved after 0.04 space-time values, while the mineralization
of CA showed a steady state from 0 to 0.020 space-time values. By the analysis of the
results obtained, the flow rate had a significant influence on the removal rate of CA
and mineralization, in which, with F = 4 mL min−1, higher CA and DOC removal was
achieved (99.2 and 35.9%, respectively). The Fe2+ concentration analysis revealed that
the availability of iron remaining in the solution was similar to that observed in batch
experiments; therefore, the concentration of H2O2 was revealed to be the decisive factor.
In observation of Figure 8, it can be seen that the application of F = 1 and 2 mL min−1

led to considerable lower additions of H2O2 regarding the application of F = 4 mL min−1,
thus less HO• radicals were generated. These results were in agreement with the work of
Rosales et al. [30], who observed that increasing the residence time enhanced the generation
of HO• radicals, increasing the discoloration of textile wastewaters.

 

Figure 8. Assessment of different flow rates (1–4 mL min−1) in (a) CA and DOC removal; (b) H2O2

and Fe2+ concentration available as function of θ. Operational conditions: [CA] = 5.5 × 10−4 mol L−1,
[Fe2+] = 1.1 × 10−4 mol L−1, pH = 3.0, agitation 150 rpm, temperature = 298 K, radiation UV-A,
IUV = 32.7 W m−2, HRT = 15 min.

To understand the results obtained by the continuous mode, the kinetic constants were
determined by application of a continuous mode simplified model, assuming a first order
reaction Equation (13) [33].

kτ =
1− Css

C0
CSS
C0

(13)

where C0 and CSS are the initial and steady state concentrations of CA (mol L−1) and
DOC (mg C L−1). In Table 3 are shown the kinetic rate constants obtained under different
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flow rates. The results are plotted in Figure 9, showing that as the flow rate increases, the
kinetic rate of CA and DOC also increased, meaning that it achieved a good penetration
of the UV-A radiation into the water. Considering this behavior, the continuous mode in
association with the UV-A LEDs with horizontal geometry could be considered as a good
system for phenolic degradation.

Table 3. Kinetic constants from CA and DOC removal observed for the assays with different flow
rates (mL min−1). Means in the same column with different letters represent significant differences
(p < 0.05) within each parameter (kCA and kDOC) by comparing flow rates.

F τ CSS/C0 DOCSS/DOC0 kCA kDOC

mL min−1 min min−1 min−1

1 250 0.318 0.718 0.009 ± 4.5 × 10−4 a 0.00157 ± 7.8 × 10−5 a

2 125 0.059 0.707 0.063 ± 3.2 × 10−3 b 0.00332 ± 1.7 × 10−4 b

4 62.5 0.008 0.641 0.468 ± 2.3 × 10−2 c 0.00896 ± 4.5 × 10−4 c

 

Figure 9. Dependence of the kinetic constant (k) to the flow rate (F) of the continuous mode reactor.

4. Conclusions

This work attempted to study the effect of several parameters in the kinetic rate and
energy consumption of the hydroxyl radical-based oxidation processes. The experiments
were carried out employing a UV-A LED system emitting at 365 nm, H2O2 as the oxidant,
and Fe2+ as the catalyst. Based in the results, the UV-A-Fenton process at pH 3.0 achieved
the highest CA degradation rate. It is concluded that increasing the H2O2 concentration
increases the kinetic rate of CA degradation; however, above 2.2 × 10−3 mol L−1, the
reactor is not economically viable, because no significant EEO reduction is observed. It is
concluded that the Fe2+ achieves the best performance, with 1.1 × 10−4 mol L−1, with an
EEO = 7.23 kWh m−3 order. Above this concentration, the kinetic rate increases; however,
no significant gains in energy consumption were observed. When batch conditions are
applied to continuous mode, it is concluded that the degradation of CA is dependent on the
flow rate. It is also concluded that higher flow rates lead to higher CA and DOC removals
(kCA = 0.468 min−1; kDOC = 0.00896 min−1).

Based in the results obtained from this work, a UV-A LED reactor adapted to continu-
ous mode could provide an excellent process to reduce the soaring energy costs associated
with these systems and make them viable for wastewater treatment plants.
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Abstract: Water pollution is considered a serious threat to human life. An advanced oxidation process
in the presence of semiconductor photocatalysts is a popular method for the effective decomposition
of organic pollutants from wastewater. TiO2 nanoparticles are widely used as photocatalysts due to
their low cost, chemical stability, environmental compatibility and significant efficiency. The aim of
this study is to review the photocatalytic processes and their mechanism, reaction kinetics, optical and
electrical properties of semiconductors and unique characteristics of titanium as the most widely used
photocatalyst; and to compare the photocatalytic activity between different titania phases (anatase,
rutile, and brookite) and between colorful and white TiO2 nanoparticles. Photocatalytic processes are
based on the creation of electron–hole pairs. Therefore, increasing stability and separation of charge
carriers could improve the photocatalytic activity. The synthesis method has a significant effect on
the intensity of photocatalytic activity. The increase in the density of surface hydroxyls as well as
the significant mobility of the electron–hole pairs in the anatase phase increases its photocatalytic
activity compared to other phases. Electronic and structural changes lead to the synthesis of colored
titania with different photocatalytic properties. Among colored titania materials, black TiO2 showed
promising photocatalytic activity due to the formation of surface defects including oxygen vacancies,
increasing the interaction with the light irradiation and the lifetime of photogenerated electron–
hole pairs. Among non-metal elements, nitrogen doping could be effectively used to drive visible
light-activated TiO2.

Keywords: black TiO2; colored titania; photocatalytic activity; reaction kinetics; titania phases

1. Introduction

Water scarcity is known as the greatest threat to natural ecosystems and human health,
especially in arid areas of the world. Economic development and population growth have
led to an increase in water demand and reduction of water availability consequently [1].
It is estimated that there will be one billion people living in the arid area suffering from
absolute water scarcity by 2025. Thus, people living in such areas will be forced into a
reduction of water consumption in agricultural sectors and transmitting water to other
parts, which could reduce their domestic food production. Organic wastes, which originate
from different industrial products such as dyes, plastics, pesticides, and detergents, are toxic
pollutants that could lead to serious diseases in humans. Although wastewater treatment
has been extensively used for the degradation of organic pollutants, persistent organic
pollutants (POPs) are resistant to degradation and could remain in the treated water [2].
In addition, there are different indoor air pollutants, which could result in wide-ranging
health problems.
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Different methods have been used for the degradation of organic pollutants in wa-
ter, including sonochemical degradation [3,4], advanced oxidation process (AOP) [5–10],
adsorption [11,12], micellar-enhanced ultrafiltration (MEUF) [13,14], electrochemical ox-
idation (EO) [15,16], precipitation [17], coagulation [17,18], biodegradation [19], ion ex-
change [20,21] and forward/reverse osmosis [22,23]. It is notable that each of these pro-
cesses has advantages and disadvantages. AOPs are divided into various techniques
including photo-Fenton process, heterogeneous photocatalysis, ozonation, Fenton process
and H2O2 photolysis [24]. In general, AOPs have been proposed for poorly biodegrad-
able organic pollutants [2]. Extremely highly reactive hydroxyl radicals (•OH), which
are known as the (secondary) oxidant agents in these processes, are formed by primary
oxidants (such as ozone or hydrogen peroxide) and are capable of oxidizing various or-
ganic pollutants. The hydroxyl radicals, which are the common aspect of all AOPs, are
among the non-selective and powerful oxidants that could react through three mechanisms:
the transfer of electrons, the abstraction of hydrogen and the addition of radicals. Thus,
they can be potentially used for the degradation of complex chemical structures such as
refractory species [25,26]. Although AOPs need input of chemicals and energy [27], they
are becoming more efficient processes, e.g., photocatalysis. Around 60% of the expenses of
photocatalytic reactors could be allocated to the energy consumption [28]. AOPs have a
major advantage, as they are capable of partial or even complete degradation of pollutants.
In comparison, coagulation, flocculation and membrane processes concentrate pollutants
within one phase or transfer them from one phase to another [29].

Environmental photocatalysis has received remarkable attention since the discovery
of the TiO2 photocatalytic activity in 1972 [30]. The oil crisis was one of the reasons that
encouraged research in non-fossil fuels in the early 1970s. Moreover, searching for renew-
able energy sources is another major driver [31]. After their first observation over water
splitting by TiO2, the photocatalytic reduction of CO2 by different inorganic photocatalysts
was reported by Fujishima et al. in 1979 [32]. SnO2, TiO2, and ZnO have been extensively
used for photocatalytic decomposition of organic pollutants. Despite its several advantages,
the removal efficiency of organic pollutants in the presence of a tin semiconductor is not
that promising, limiting its use compared to main semiconductors [33–36], whereas TiO2
and ZnO semiconductor nanoparticles are widely used for the photocatalytic removal
of organic pollutants. In general, TiO2 and ZnO might act as electron acceptors/donors
when irradiated [37]. Because of its transparency, compatibility with the environment,
and suitable band gap, ZnO has attracted the attention of many researchers for photo-
catalytic activities [38,39]. ZnO has three main crystallite structures including wurtzite,
rocksalt, and zinc blend. Noteworthy, wurtzite is its most stable polymorph at ambient
temperature and pressure [40]. Although ZnO has shown higher photo-absorption ability
than TiO2, it suffers from photocorrosion while exposed to UV irradiation [10]. Overall,
TiO2 (as an ideal semiconductor) has attracted the attention of many researchers due to
its unique properties such as significant physicochemical stability, low cost, non-toxicity,
electronic and optical properties, as well as abundance, in various fields such as pigments,
catalysts, mineral membranes, dielectric materials and removal of pollutants [41,42]. TiO2
nanoparticles have shown higher photocatalytic activity than bulk TiO2 (due to larger
surface area). The properties of TiO2 nanoparticles, including morphology, crystal structure,
composition of phases, degree of crystallinity, specific surface area, and band gap are
influenced by the synthesis method [43–45]. TiO2 nanoparticles have three major crystal
structures including anatase, rutile, and brookite with unique band gap energies of 3.2,
3.0, and 3.1 eV, respectively. Notably, anatase phase with its wider band gap energy than
other titania polymorphs has received more attention for photocatalytic activities [44]. The
crystal structure of the main phases of titania, i.e., anatase, rutile, and brookite, could be
explained by various arrangements of TiO6 octahedra (Ti4+ surrounded by six O2−). Hence,
3-D assembly of TiO6 octahedra and different degrees of distortion are differences between
these crystal structures. Crustal structures of anatase, rutile, and brookite TiO2 are exhibited
in Figure 1 [46]. Noteworthy, the blue and red balls represent Ti and O atoms, respectively.

322



Catalysts 2023, 13, 232

Figure 1. Crystal structures of brookite, rutile, and anatase TiO2. Reprinted with permission from
Ref. [46]. Copyright 2015, Elsevier.

Photocatalysis is a branch of research that uses photons’ energy to initiate chemical
reactions, which has been inspired by natural photosynthesis [31]. Photocatalytic (PC)
and photosynthetic (PS) devices are different technologies that show sensitivity to charge-
transfer kinetics, carrier mobility and specific surface area though at varying degrees [47].

From the viewpoint of thermodynamics, chemical reactions are divided into uphill
and downhill categories. The schematic of these reactions is illustrated in Figure 2 (the
‘*’ sign could represent the transition state). Uphill reactions that are powered by light
could not be considered as photocatalysis [31]. Thermodynamically uphill reactions are
nonspontaneous, and the use of a canonical catalyst could not initiate these reactions [31].
Usually, photocatalysis is considered as an appropriate terminology to describe a large
number of spontaneous chemical reactions (downhill reactions) that are hindered by high
activation energies. Thus, the introduction of light, as a source of energy, could enable
these reactions [31,47]. Notably, there is another group of reactions that borrows the
photocatalysis term. These reactions that use external potentials, usually, are referred to
as photo-electrocatalytic/photo-electrochemical reactions [31]. Unlike photocatalysis, the
photo-electrochemical water splitting is a thermodynamically uphill reaction [48–50]. Thus,
during the process of photocatalytic water splitting, the energy of photons is converted to
chemical energy (by using a photocatalytic material) [50].

Figure 2. The schematic illustration of (a) uphill and (b) downhill reactions. Reprinted with permis-
sion from Ref. [51]. Copyright 2018, American Chemical Society.

The fundamental principles of photocatalysis and photocatalytic activity of various
kinds of semiconducting materials have been widely evaluated by researchers, especially
in recent years. Although this process is well-known as an efficient process for water and
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wastewater treatment, several key points should be further considered to facilitate the
use of this process for practical applications. Firstly, the use of promising photocatalytic
materials increasing the proficiency of this process is of high importance. Moreover, the
expansion of the scope of reactions should receive more attention. For example, TiO2
has found applications in building materials (for antifogging and self-cleaning properties)
and antibacterial materials since the discovery of its super hydrophilicity [52]. Super hy-
drophilicity is an effect observed for materials whose surfaces display water contact angles
(WCAs) below 10◦ [53]. Super hydrophilicity and photocatalysis are two simultaneous
phenomena occurring upon the illumination of TiO2 [54]. The attempt to degrade emerging
pollutants plays an important role in the development and practical applications of this
process. However, broad applications of this process would be unlikely without considera-
tion of an appropriate method of photocatalyst immobilization. Another key point is that
3–6% of the solar spectrum is from the ultraviolet radiation [55], while TiO2, as the most
common photocatalytic material, has negligible visible-light adsorption. Since about 43%
of the solar spectrum is allocated to visible light [56], attempts are intensifying currently
to drive visible-light activated photocatalysts. In recent years, photocatalytic processes in
the presence of semiconductors have attracted the attention of many researchers for the
removal and decomposition of organic pollutants. Several factors such as photocatalyst
type, structure, synthesis method and doping with metallic or non-metallic elements could
affect the efficiency of semiconductors. Therefore, the main goal of this study is to review
the kinetics of photocatalytic reactions and specifically clarify the photocatalytic properties
of TiO2 with different phases and colors.

2. Photocatalysis

2.1. Principles

Overall, semiconductor photocatalysis relies on four steps as follows [31]:

a. Absorption of photons with equal/larger energy than the bandgap energy of semi-
conductor under irradiation of light that results in the photogeneration of electron
and hole pairs;

b. Charge carrier separation;
c. Transfer of charge carriers to the surface of semiconducting material;
d. Redox reactions initiated by charge carriers.

The photogeneration of electron and hole pairs could be followed by the generation
of active species [57,58]. These highly reactive oxygen species (ROSs), including hydroxyl
radicals (•OH), superoxide radical ions (•O2

−), hydrogen peroxide (H2O2), hydroperoxy
radicals (•HO2) and singlet oxygen (1O2), are responsible for further reactions [55,59–61].
The oxidation potential of hydroxyl radical (Eº(•OH/H2O = 2.8 V) is just below that of
fluorine [62]. Notably, the photogenerated e−/h+ pairs could migrate through various
pathways, as they could migrate to the surface of the semiconductor material. The electron
acceptors (A) such as O2 could receive the photogenerated electrons, and the photogener-
ated holes could result in the oxidation of donor species (D) under these circumstances. The
redox potential levels of the adsorbed species and the position of conduction band (CB) and
valence band (VB) play an important role in the rate and probability of the charge transfer
processes for photogenerated e−/h+ pairs. The more is the lifetime of photogenerated
e−/h+ pairs, the more quantity of ROS should be produced, which leads to the higher
efficiency of photodegradation of organic contaminations in air and water. On the other
hand, the recombination of photogenerated e−/h+ pairs, which could happen either at the
surface or in the bulk of the semiconductor, prevents electron transfer processes and could
result in the emission of light or release of heat [63,64]. To yield the highest photocatalytic
activity, the recombination rate of charge carriers should be restricted. For such a purpose,
several techniques such as heterojunction formation [65], metal deposition [66], creation
of oxygen vacancies [67], and non-metal/metal ion doping [68] have been employed. It is
noteworthy that surface reactions take place only if the reduction and oxidation potentials
are more positive and negative than CB and VB levels, respectively [69].
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The mechanism of an ideal heterogeneous photocatalytic process is based on the
Equations (1)–(12) [70–72].

Semiconductor + hυ → Semiconductor (h+
VB + e−CB) (1)

h+
VB + e−CB → heat (2)

OH− + h+
VB → •OH (3)

H2O + h+
VB → •OH + H+ (4)

•OH + •OH → H2O2 (5)

e− + H+ + O2 → •HO2 (6)
•HO2 + •HO2 → O2 + H2O2 (7)

O2 + e− → •O2
− (8)

•O2
− + H+ + •HO2 → O2 + H2O2 (9)

H2O2 + e− → •OH + OH− (10)

H2O2 + •OH → H2O + •HO2 (11)
•OH + organic substances → intermediate → product (12)

The photocatalytic process in water could be carried out as follows [30]:

a. Transfer of the pollutants from the liquid phase to the surface of catalyst;
b. Pollutants adsorption onto the surface of the activated catalyst;
c. Photogeneration of ROSs, including •OH, followed by pollutants degradation;
d. Desorption of intermediates from the surface of catalyst;
e. Transferring intermediates into the liquid phase.

Due to the crucial role of surface reactions in the photocatalysis mechanism, the adsorp-
tion of reactants on the surface of the semiconducting material is of great importance [31].
For instance, various mechanisms of oxidation have been observed for the degradation
of phenol, benzene, and formic acid using TiO2 [73]. Formic acid could be chemisorbed
strongly on titania in water, which leads to direct oxidation by trapping photogenerated
holes. In comparison, benzene is physisorbed on titania and has been photo-oxidized
by an indirect transfer mechanism. When it comes to phenol, both chemisorption and
physisorption processes could take place, and its photooxidation mechanism depends
on the solvent used [31]. In addition to the reactants, the relative binding strength of
products/intermediates to the surface of photocatalytic material is of high importance. For
instance, the photocurrent decrease of WO3 in HClO4 has been allocated to the bond of
photogenerated species on it, which could hinder the water oxidation of active sites [31].
Another key point is the probable interactions between water and the photocatalysts, which
should be considered to determine the mechanism of photocatalytic processes.

2.2. Kinetic Analysis

The classical equation of Langmuir–Hinshelwood (L-H) has been widely used for
the kinetic analysis of both liquid-phase and gas-phase photocatalysis [55,74–78]. Using
this model, the relationship between the oxidation rate and the concentration of reac-
tant is shown in Equation (13) (when the concentrations of oxygen and water remain
constant) [77,78]:

r = −dD
dt

=
rLKapp

L [D]

1 + Kapp
L [D]

(13)

where r and [D] are the oxidation rate (mg m−3 min−1) and the concentration of reactant
(mg m−3), respectively [78]. Langmuir–Hinshelwood parameters are Kapp

L and rL that are
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identified as the apparent Langmuir adsorption constant (m3 min−1) and the apparent L-H
rate constant of the reaction, respectively [78,79].

Equation (13) can be transformed as Equation (14) [77]:

1
r
=

1
rL

(
1 +

1
Kapp

L [D]

)
(14)

The time dependence of the concentration of the adsorbed reactant is given in Equation (15) [77]:

d[Dad]

dt
= ka[D]([SD]− [Dad])− kd[Dad]− kiI[Dad] (15)

where [SD], ka, kd, and ki are the total concentration of the adsorption site for reactant,
adsorption rate constant in the dark, desorption rate constant in the dark, and photoinduced
desorption rate constant, respectively. There are some concerns for robotic application of
L-H model to interpret the kinetic data [73,79]:

a. Adsorption–desorption equilibrium of substrate species is not disturbed under illu-
mination (as a pre-assumption);

b. Ambiguous photon flow intervention (as an experimental parameter);
c. Issues in intervening physical meaning;
d. Chemical nature of the semiconductor surface does not change during photocatalysis

(as a pre-assumption);
e. Disregarding the electronic interaction of surface with substrate species;
f. Considering that chemisorption of organic species onto the surface of catalyst is vital

for photocatalysis.

The dark Langmuir adsorption constant (KL) is not the same as Kapp
L (usually Kapp

L �
KL). It has been shown that kLH is a function of absorbed light intensity (Iβ) where β equals
1.0 (at low absorbed light intensity) or 0.5 (at high absorbed light intensity) [80]. After
reevaluation of the semiconductor photo-assisted reactions, another simple mechanism has
been suggested as follows [80]:

D(liquid) ←→ D(ads) (16)

D(ads)
kLH←→ products (17)

It is assumed that the reaction of a surface hydroxyl radical and the absorbed reactant
takes place in the latter step, Equation (17), which results in the formation of products. Based
on the relationship between this step and absorbed light intensity (and the incident light
intensity, consequently) correlation between kLH and Iβ has been proposed as follows [80]:

kLH = αIβ (18)

In which α is proportionality constant and β equals 1.0 or 0.5 as discussed above. The
surface coverage of the reactant (θD) is defined as follows by consideration of a pseudo-
steady-state hypothesis [80]:

θD =
Kapp

ads [D]

1 + Kapp
ads [D]

(19)

where Kapp
ads is given by Equation (20) as follows [80]:

Kapp
ads =

1
Kapp

diss

=
k1

k−1 + αIβ
(20)
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Kapp
diss is defined as the apparent dissociation constant. Thus, the oxidation rate, r, is

given as follows by considering that −r = kLHθD [80]:

− r =
kLH[D]

Kapp
diss + [D]

(21)

Boulamanti et al. have proposed the following equation by studying the photocatalytic
activity of target gas and by considering the effect of water vapor [81]:

r = k
KLHD

1 + KLHD + KwDw
(22)

where Kw is a Langmuir adsorption constant proportional to the adhered water molecules
to the surface of the catalyst, and Dw is the concentration of water in the gas-phase.

3. Band Gap Estimation and Quantum Size Effect

Inorganic/organic semiconductors display various physical properties, and thus can
be used for a variety of purposes [82]. The optical properties of semiconducting nanomate-
rials are their band gap energy (Eg) as well as absorption coefficient (K), potentially. The
band gap energy of semiconductors is a crucial characteristic of their electronic structure,
which determines their potential applications [83]. Although it could be affected by the
synthesis/processing method, the exact determination of its value is a challenge in mate-
rials science and engineering. In direct band gap semiconductors, the recombination of
e−/h+ pairs could be radiative, if the VB maximum and CB minimum are aligned in the
momentum space, which results in photoluminescence [82]. When it comes to the indirect
band gap semiconductors, phonons (lattice vibrations) that are involved in the emission
and absorption of light allow the semiconductor to convert the light energy into mechani-
cal (photoacoustic) or thermal (photothermal) responses [82]. When a semiconductor is
exposed to photons of energy larger than its band gap, the transfer of electrons from the
valence band to the conduction band leads to an abrupt increase in the absorbency of the
semiconductor to the wavelength, which corresponds to the band gap energy. The relation-
ship between the incidental photon energy and the absorption coefficient is dependent on
the type of band gap (direct or indirect). The electronic properties of semiconductors are
usually studied by conversion of DR spectra to pseudo-absorption spectra, F(R∞), using
the Kubelka–Munk function as follows [83,84]:

F(R∞) =
K
S
=

(1 − R∞)2

2R∞
(23)

R∞ =
Rsample

Rstandard
(24)

where F(R∞) is the Kubelka–Munk function and R∞ is the diffused reflectance of the
non-transparent material with infinite thickness. Thus, the supporting material is not
contributed (in the case of semiconductors deposited on a substrate). The S and K param-
eters are the scattering and absorption K-M coefficients, respectively. It is notable that
S does not depend on the wavelength for particles larger than 5 μm. Therefore, S could
be considered as a constant and F(R∞) could be considered as a pseudo-absorption func-
tion, consequently [83]. By far, a combination of absorption-based spectroscopic methods,
including diffuse reflectance spectroscopy (DRS) on bulk samples or transmission measure-
ments on thin films and coatings and the Tauc method, is the most common procedure of
determination of band gap energy [83]. Since absorption-based spectroscopic methods do
not confound bulk properties with surface effects, they are preferable for the measurement
of bulk properties [83]. The Tauc method was proposed by Tauc et al. as a method for
determination of band gap energy by plotting an optical absorption coefficient against
energy while evaluating the electronic and optical properties of amorphous germanium.

327



Catalysts 2023, 13, 232

The strength of optical absorption is dependent on the difference between the energy of
photons and the band gap energy as follows [84]:

(αhν)
1
n = A

(
E − Eg

)
(25)

where ν is the photon/light frequency, α is the linear absorption coefficient, Eg is the band
gap energy, h is the Planck’s constant, A is a proportionality constant, and n is a constant
that depends on the nature of the electronic transition [84]:

For direct allowed transitions: n = 1/2;
For indirect allowed transitions: n = 2;
For direct forbidden transitions: n = 3/2;
For indirect forbidden transitions: n = 3.

The ‘E’ term is the incident photon energy and is calculated as follows:

E(eV) = hν =
hC

λ(nm)
=

1236
λ(nm)

(26)

It is notable that the majority of basic absorption processes are allowed transitions (n
= 2 or n = 1/2 for indirect and direct transitions, respectively) [84]. Finally, the graph of

(αhν)
1
n vs. hν is plotted, and the band gap energy is easily extrapolated by the interception

of the linear region to the X-axis. Usually, different values of n (usually 1, and 1/2) are used
to identify the correct type of transition. As an example, the Tauc plot of TiO2 is shown in
Figure 3 [85]. Noteworthy, the straight blue line has been plotted to estimate Eg.

Figure 3. The Tauc plot of TiO2. Reprinted with permission from Ref. [85]. Copyright 2015, Royal
Society of Chemistry.

It is notable that the size of particles could change the band gap energy of semicon-
ductors [55,86]. The planetary model of the Bohr hydrogen atom is generally used for
description of the movement of the bonded electron–hole pair originated by photoexcita-
tion. The exciton Bohr radius, aB, is used for calculation of the region of delocalization of
the electron hole pair as follows [86]:

aB =
�2ε

e2

[
1

m∗
e mO

+
1

m∗
hmO

]
(27)
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where ε is the dielectric constant of the semiconductor, e is the charge of an electron, � is the
reduced Planck’s constant, m∗

e is the effective mass of electron, m∗
h is the effective mass of

hole, and mO is the rest mass of an electron. The steric limitation of photoexcited charges is
observed in the bulk of a semiconductor whose nanocrystals are smaller than the region of
delocalization of exciton. This could change some characteristic features of semiconductors.
However, the degree of changes depends on the ratio of nanoparticle radius, R, and the
value of aB. In this case, two different modes could be considered [86]:

aB ≤ R: There is a weak restriction in this region so that a similar electronic structure
is observed for both the bulk crystal and the nanoparticle.

aB > R: There is a strong quantum confinement in the region so that a radical rearrange-
ment is observed for the electronic structure of semiconductor nanoparticle. For example,
energy of the exciton excitation increases. Moreover, discrete electronic levels are provided
by gradual change in the energy bands of the semiconductor.

This phenomenon, in which the top of VB and the bottom of CB shift in positive
and negative directions, respectively, is called a quantum-size effect and could result in
the expansion of band gap energy. The Bohr radius of rutile and anatase TiO2 is around
0.3 and 2.5 nm, respectively. Thus, interpreting the results by using quantum-size effect
needs deep evaluations, in cases such as TiO2, since synthesis of such a small size might
be difficult [55]. It is noteworthy that the band gap energy of semiconducting nanomate-
rials could be highly dependent on their morphology. For instance, titania particles with
nanoburrs or lateral organization could have lower band gap energies [87]. Based on the
band gap energy, semiconductors are divided into two major categories: wide band gap
semiconductors and narrow band gap semiconductors. Band gap energies of some major
semiconductors are illustrated in Figure 4 [88]. Among different photocatalysts, TiO2 is
used as the most common semiconductor for photocatalytic applications and is discussed
in the following part.

Figure 4. Band gap of major semiconductors (with respect to the redox potential of various chemical
species measured at pH 7). Reprinted with permission from Ref. [88]. Copyright 2015, Elsevier.

4. TiO2

4.1. General Properties and Applications

TiO2 has found several applications in toothpaste, sunscreens, plastics, printing ink,
condensers, paper, electronic components, leather, cosmetics, ceramics, food, and pigmen-
tation since its commercial production [89–91]. High refractive indices of anatase and rutile
phases, which lead to high reflectivity from surfaces, takes account for its several applica-
tions where white coloration is desired [42,92]. Since the discovery of the photocatalytic
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water splitting on a titanium oxide electrode under UV illumination by Fujishima and
Honda, serious efforts have been allocated to the study of its efficiency in photocatalysis,
photovoltaics, sensors, and photoelectrochemical applications, which can be generally
divided into two discrete categories of environmental and energy [93,94]. TiO2 is non-
toxic and earth abundant, and has high photostability [94,95]. It is the most common
semiconducting material used for photocatalytic applications and has been employed
as a benchmark photocatalyst in many research works (especially commercial Degussa
P-25 powder, which consists of both anatase and rutile phases) [96–98]. Although there
are various semiconducting materials, an overwhelming majority of researchers (around
60%) have focused on different TiO2 phases in photocatalytic works during the 2000s [99].
The position of the top valence band of TiO2 is ca. 3 V vs. NHE (at pH 0). Therefore,
the potential of its positive holes is remarkably more positive than oxidation potential
of ordinary organic compounds. The valence bands of the majority of metal oxides are
composed of the same orbitals (O2p). Thus, most of them possess the same potential of
the top valence band and the same oxidation ability is expected for all of them [55]. In
addition, the surface chemistry of water and oxygen is fundamental to important processes
such as the oxygen reduction reaction (ORR) and photocatalytic water oxidation. These
reactions are mediated by photoexcited electrons and holes, respectively. Water oxidation
is a hole-mediated process as follows [100]:

2H2O + 4h+→ 4H+ + O2 (28)

The ORR is a process mediated by photoexcited electrons that is followed by reactions
with coadsorbed water as follows [100]:

O2 + e−→ (O2)− (29)

OOH− + e−→ OH− + (Oad)− (30)

(Oad)− + e− + H2O → 2OH− (31)

H2O + OOH−→ OH− + H2O2 (32)

(O2)− + e− + H2O → OH− + OOH− (33)

H2O2 + 2e−→ 2OH− (34)

Although both the ORR and water oxidation involve the same intermediate species
(H2O2, OH−, or OOH−), the identification of the reaction intermediates is not simple (since
they are usually short-lived) [100]. To illustrate this point, characteristic times for different
photo-reactions in the heterogeneous photocatalysis on TiO2 are shown in Table 1 [101].

Therefore, one of the probable reasons for high photocatalytic activity of TiO2 could be
its high reduction potential that is responsible for the injection of photogenerated electrons
into the molecular O2 on its surface [55]. Notably, equal numbers of positive holes and
electrons must be consumed for completion of photocatalytic reactions. Thus, positive
holes cannot be used for oxidation reactions, despite of their high potentials, unless the
photogenerated electrons are consumed simultaneously. Most other metal oxides have
high oxidation ability; however, their low reduction ability may result in their lower
photocatalytic activity compared with TiO2 [55].
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Table 1. Characteristic times for heterogeneous photocatalysis on TiO2: where ecb
− is the conduction

band electron, hvb
+ is the valence band hole, etr

− is the trapped conduction band electron, >TiOH
shows the primary hydrated surface functionality of titania, >TiIVOH•+ is the surface-bound hydroxyl
radical, >TiIIIOH is the surface-trapped conduction band electron, Red is the reductant, and OX is the
oxidant [101].

Type of Primary Reaction Primary Reaction Characteristic Time (s)

Generation of charge carriers TiO2 + hυ → ecb
− + hvb

+ fs
Charge carrier trapping Hvb

+ + > TiIVOH → > {TiIVOH}+ 10 ns

• Deep trap (irreversible) ecb
− + > TiIV → >TiIII 10 ns

• Shallow trap (dynamic
equilibrium) ecb

− + > TiIVOH ↔ {>TiIIIOH} 100 ps

Charge carrier recombination hvb
+ + {> TiIIIOH} → >TiIVOH

ecb
− + > {TiIVOH•}+ → >TiIVOH

10 ns
100 ns

Interfacial charge transfer
{>TiIVOH•}+ + Red → > TiIVOH +

Red•+

etr
− + OX → TiIVOH + OX•−

100 ns
ms

4.2. Optical and Electrical Properties of TiO2

In general, rutile TiO2 is more anisotropic than anatase TiO2 in the range from infrared
to visible spectra. On the other hand, an important anisotropy is observed for anatase
phase in the band gap region [102]. Since titania is known as an n-type semiconductor,
donor-type defects (e.g., titanium interstitials and oxygen vacancies) are responsible for its
conductivity [103]. The excessive electrons in the solid, introduced by oxygen vacancies,
could enhance the electrical conductivity [102]. However, oxidized titania may show p-type
properties as a result of concurrent presence of acceptor-type defects including titanium
vacancies. Ti1−xO2 or TiO2+x could be applied, instead of TiO2, where titanium vacancies
could make a remarkable contribution to the defect disorder (under prolonged oxidation
conditions) [103]. Doping is an efficient method that could be used to form both n-type
and p-type titania. For example, manganese-doped TiO2 has shown p-type electrical
conduction [104,105]. In addition to manganese, iron, nickel, chromium and cobalt could
act as electron acceptors. Thus, Fe-doped [106,107], Ni-doped [108], Cr-doped [109–111]
and Co-doped [112,113] TiO2 could show p-type electrical conduction. The ratio between
the concentration of metal dopants and that of oxygen vacancies could be crucial to the
reduction or augment of the electrical conductivity. In addition to the concentration of
oxygen vacancies, their contribution should also be taken into account for evaluation of
the electrical conductivity [102]. On the other hand, niobium and tantalum could act as
electron donors. Therefore, W-doped [114], Ta-doped [115], and Nb-doped [116,117] TiO2
could show n-type electrical conduction.

Various non-metal elements including N, P, S, B, and I have been extensively employed
to drive visible-light-activated TiO2. Among those, N-doping has received remarkable
attention as a method efficiently used for driving visible-light activated TiO2 [118–122].
It has been shown that nitrogen-doping could remarkably reduce the formation energy
of oxygen vacancies as confirmed by DFT calculations. Thus, N-doped TiO2 can take
advantage of the presence of oxygen vacancies (especially on its surface) [123]. By far,
various methods have been used for the synthesis of N-doped TiO2 including sputtering,
sol-gel, chemical vapor deposition, decomposition of nitrogen-containing metal-organic
precursors, spray pyrolysis, pulsed laser deposition, combustion reaction, high-energy
milling, and implantation. Schematic illustrations of models for doping of different nitrogen
species including substitutional N-doping, interstitial N-doping, substitutional NO-doping,
substitutional NO2-doping, and interstitial NO-doping are shown in Figure 5.
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Figure 5. Schematic models for (a) substitutional N-doping, (b) interstitial N-doping, (c) substitu-
tional NO-doping, (d) substitutional NO2-doping, and (e) interstitial NO-doping. Reprinted with
permission from Ref. [124]. Copyright 2007, Elsevier.

Thus, nitrogen doping into a TiO2 lattice structure could be either interstitial or sub-
stitutional. Peng et al. synthesized both interstitial and substitutional N-doped TiO2 for
photocatalytic degradation of methyl orange and phenol. They suggested that although
both interstitial and substitutional nitrogen doping could drive visible-light activated TiO2,
interstitial N-doped TiO2 could show a higher photocatalytic activity than that of substitu-
tional N-doped TiO2 [125]. Zeng et al. compared the photocatalytic activity of visible-light
activated interstitial and substitutional N-doped TiO2 toward degradation of benzene
under the same conditions (similar grain size, crystallinity, and specific surface area of the
as-prepared samples) [126]. Unlike Peng et al., they concluded that substitutional N-doped
TiO2 could show higher photocatalytic activity than that of interstitial N-doped TiO2. Lower
recombination rate of the photogenerated e−/h+ pairs and higher proportion of surface
hydroxyl groups have accounted for the higher photocatalytic activity of substitutional
N-doped TiO2. The higher photocatalytic activity of interstitial N-doped TiO2 than that of
substitutional N-doped TiO2, as reported by Peng et al. [125], could originate from different
methods used by Peng et al. for the synthesis of interstitial and substitutional N-doped
TiO2 [126]. It should be noted that the photocatalytic activity of semiconductors could be
highly influenced by their grain/particle size [127–129], specific surface area [130–132], and
crystallinity/polymorph [133–135]. Of note, nitrogen doping could be achieved through
simultaneous interstitial and substitutional doping as confirmed by XPS analysis [136].
In substitutional doping, either oxygen atoms or titanium atoms can be substituted by
nitrogen atoms. Therefore, TiO2−xNx (titanium oxynitride) and Ti1-yO2−xNx+y are the
results of the substitution of oxygen atoms and substitution of both oxygen and titanium
atoms by nitrogen atoms, respectively. As suggested by Peng et al., Ti1−yO2−xNx+y could
be formed at high concentrations of nitrogen (as high as 21 mol%) [137]. Valentin et al.
suggested that nitrogen doping is likely accompanied by the formation of oxygen vacancies.
Besides, they proposed that the abundance of nitrogen-doping species is dependent on the
preparation conditions including the annealing temperature and the oxygen concentration
(in the atmosphere) [138]. As for the substitutional N-doped TiO2 (N-Ti-O and Ti-O-N),
localized N 2p states (slightly above the VB of pure TiO2) could be responsible for the
visible-light response [139]. Migration of photo-excited electrons from VB to the N 2p
states could reduce the band gap energy of TiO2 [136]. Notably, NO bond with π-character
that generates new localized states (slightly above the VB of pure TiO2) accounts for the
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visible-light response of interstitial N-doped TiO2 [139]. Valentin et al. suggested that the
highest localized states for the interstitial and substitutional nitrogen species are 0.73 and
0.14 eV above the top of the valence band, respectively [140]. Not only could interstitial and
substitutional nitrogen doping increase the visible-light harvest, but it could also intensify
the absorption of UV-light, which originates from the appearance of defect energy levels in
the band gap [126].

It has been shown that the photocatalytic efficiency of titania could be strongly cor-
related to its (micro) structure and semiconducting properties [103,141]. Additionally,
the electrical properties of titania nanostructures depend on the crystallographic direc-
tions [102]. It is why the evaluation of the electrical properties of TiO2 is of high importance
for photocatalytic applications, as shown in Table 2.

Table 2. Comparison of the crystal structural, optical and electrical properties for TiO2 nanostructures.
Adapted with permission from Ref. [102]. Copyright 2018, Royal Society of Chemistry. This
article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence
(https://creativecommons.org/licenses/by-nc/3.0/) (Accessed on 1 December 2022).

Properties
TiO2 Nanostructures

Rutile Anatase Brookite

Crystal Structure Tetragonal Tetragonal Orthorhombic

Lattice constant (A) a = 4.5936
c =2.9587

a = 3.784
c = 9.515

a = 9.184
b = 5.447
c = 5.154

Molecule (cell) 2 2 4
Volume/molecule (A◦3) 31.21 34.061 32.172

Density (g cm−3) 4.13 3.79 3.99

Ti–O bond length (A
◦
)

1.949 (4)
1.980 (2)

1.937 (4)
1.965 (2) 1.87–2.04

O–Ti–O bond angle 81.2
◦

90
◦

77.7
◦

92.6
◦ 77 − 105

◦

Band gap at 10 K 3.051 eV 3.46 eV
Static dielectric constant (ε0, in MHz range) 173 48

High frequency dielectric constant, ε∞
(λ = 600 nm) 8.35 6.25

When defects are electrically charged, defect disorder could largely affect the electrical
properties. There are several reports on the investigation of the electrical properties of rutile
TiO2 at high temperatures and in nanocrystalline form [142–146]. Although evaluation of
the electrical properties of anatase TiO2 is of interest, several experimental problems, owing
to its grain growth and partial phase transformation into rutile at elevated temperatures, has
prevented its widespread studies [141]. The electrical properties of oxide semiconductors
including titania are generally temperature dependent. This dependency is generally
considered by the activation energy of electrical conductivity [103,147]. It is notable that
the oxygen partial pressure could play a crucial role in the activation energy of electrical
conductivity of single-crystal (SC) and polycrystalline (PC) TiO2 [147]. The electrical
conductivity of metals and n-type semiconductors including TiO2 is the reciprocal of their
resistivity and could be expressed as follows [147,148]:

σ =
1
ρ
= enμn (35)

in which σ is the electrical conductivity, ρ is the resistivity, n is the concentration of electrons,
μn is the mobility of electrons, and e is the elementary charge [147]. Based on the four probe
method, sample dimensions are required to determine the resistivity and/or electrical
conductivity as follows [148]:

ρ = R
L
A

(36)
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where R, A, and L are resistance, surface area of the cross section, and distance between
voltage electrodes, respectively [148]. The mobility is defined as follows [149]:

μn =
ν

ε
(37)

The mobility is usually determined by scattering with photons (in an intrinsic semi-
conductor). The mobility’s of electrons (μn) for some semiconductors such as Si, Ge,
GaAs, GaN, InSb, InAs, InP, and ZnO are 1300, 4500, 8800, 300, 77,000, 33,000, 4600, and
230 cm2/Vs, respectively, and the mobilities of holes (μp) for the same semiconductors are
500, 3500, 400, 180, 750, 460, 150, and 8 cm2/Vs, respectively. Usually, semiconductors
possess a much higher mobility than that of metals including Cu (i.e., 35 cm2/Vs) [149]. In
the case of TiO2, the slope of log σ versus log p (O2), which is dependent on the oxygen
activity, is −1/6 and −1/4 in highly reduced conditions (p(O2) < 10−5 Pa) and in oxidized
conditions (p(O2) > 10 Pa), respectively (at elevated temperatures).

4.3. Promising Phases of TiO2 for Photocatalytic Applications

Titanium dioxide, which is an n-type semiconductor owing to the presence of oxygen
vacancies, crystalizes naturally in three major different phases including anatase (tetrago-
nal), brookite (orthorhombic) and rutile (tetragonal). Among all TiO2 polymorphs, anatase
and rutile phases are generally used in photocatalytic applications [150]. However, brookite
TiO2 could also find applications in photocatalysis [151–154]. It has shown a higher pho-
tocatalytic activity than that of rutile TiO2 in some cases. For instance, hydrothermally
synthesized brookite TiO2 has exhibited superior photocatalytic activity than that of hy-
drothermally synthesized rutile TiO2 in degradation of some hazardous pharmaceuticals
(ibuprofen, diatrizoic acid, and cinnamic acid) and phenol as model organic pollutant. The
higher efficiency of the brookite phase (in this case study) has been devoted to the existence
of highly active species, superoxide radicals and valence band holes, in the photocatalytic
treatment [155]. In another study, titania nanoparticles (including pure anatase, anatase-
rich, pure brookite, and brookite-rich phases) have been synthesized by Kandiel et al. for
photocatalytic purposes.

Interestingly, higher photocatalytic activity was observed by using as-prepared brookite
titania nanoparticles compared with as-prepared anatase TiO2 nanoparticles. The surface
area of the latter has been three times higher than that of the former. The higher photo-
catalytic efficiency of brookite titania nanoparticles for methanol photooxidation has been
devoted to their higher crystallinity and/or to the cathodic shift of the CB of brookite
TiO2 compared with that of anatase TiO2, which could facilitate the transfer of interfacial
electrons to the molecular oxygen [156]. Although anatase and rutile TiO2 are the most
common titania polymorphs used for photocatalytic applications, it has been shown that
brookite TiO2 could exhibit markedly high photocatalytic activity, even higher than the
anatase phase, in some cases (e.g., for degradation of ibuprofen, cinnamic acid, and phenol,
and photooxidation of methanol) [152,156]. However, brookite titania has not received
great attention due to some limitations such as its difficult synthesis procedure to generate
high purities [157]. Of note, rutile TiO2 is thermodynamically stable at ambient condi-
tions [156] while anatase is a meta-stable phase. The band gap energy of rutile phase is
lower than that of the anatase phase with the band gap energy of ~3.2 eV [158]. The phase
transition between titania polymorphs depends on several factors. For instance, particle
size, surface area, heating rate, particle shape (aspect ratio), volume of sample, atmosphere,
measurement technique, soaking time, nature of sample container, and impurities are
among various factors that affect the phase transformation of undoped anatase to rutile
TiO2 [92]. The transition of anatase to rutile is a reconstructive process in which the Ti-O
bonds are ruptured. Afterwards, a structural rearrangement and formation of new Ti-O
bonds occur which result in the formation of rutile phase. It is worth mentioning that the
phase transformation of anatase to rutile is a nucleation and growth process [92]. However,
it has been shown that this transition is limited by nucleation stage and not by growth. It
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should be considered that when it comes to the phase transition of nanocrystalline anatase,
both surface and interface nucleation processes could be observed though at varying rates.
The experiments have confirmed that interface nucleation is more rapid than surface nucle-
ation [159]. Usually, rutile phase nucleates at (112) twin interfaces, in pure anatase, because
of similar structure of these sites to rutile phase [92]. Upon heating, both meta-stable
brookite and anatase phases could transform to rutile phase, irreversibly, though at differ-
ent temperatures [92,158,160]. Notably, this transformation could take place at different
temperatures and various attempts have been made to promote/inhibit it [92]. When it
comes to the pure synthetic TiO2, it could occur between 600–700 ◦C [160]. According to
the report of Wu et al. [161], the effect of temperature on the phase stability and crystallite
size of TiO2 is shown in Figure 6.

Figure 6. Effect of thermal treatment temperature on crystallite size of TiO2. Reprinted with permis-
sion from Ref. [161]. Copyright 2007, Elsevier.

As evident, an increase in the temperature could result in an increase in the crystallite
size of both anatase and rutile TiO2 (though at different degrees). Although the transforma-
tion of anatase to rutile has been widely studied, the transformation of brookite to anatase
or vice versa is a bit controversial. The transformation of anatase to rutile could be carried
out either directly or indirectly. However, some reports suggest that the brookite phase
transforms to the anatase phase at first. Then, anatase TiO2 transforms to rutile TiO2. On
the other hand, there are some reports suggesting that the anatase phase transforms to the
brookite and/or rutile phases prior to the transformation of brookite to rutile [156].

Accordingly, the anatase and brookite phases are not stable at large crystallite sizes.
In another words, the most thermodynamically stable phases of TiO2 are rutile, brookite,
and anatase, respectively (by increasing the crystallite sizes). Thermodynamic studies have
also confirmed the higher stability of the rutile phase than the anatase phase at all positive
temperatures and pressures. The results are shown in Figure 7.
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Figure 7. Plots of Gibbs free energy of anatase and rutile versus (a) temperature and (b) pressure (at
room temperature). Reprinted with permission from Ref. [92]. Copyright 2011, Springer.

Bulk and/or surface doping of TiO2 could affect the stability of anatase and rutile
phases and change the temperature of the transition of anatase to rutile, which has been
explained by a ceased crystal growth as the result of the formation of Ti-O-M bonds. For
instance, doping with metal cations including Nd [162], La [163], Ni [164], Si, W, Cr [165],
Al, Nb, Ga, and Ta [166] could retard the grain/particle growth of anatase and rutile phases
and delays the transition of anatase to rutile. The addition of molybdenum and tungsten
could completely eliminate the anatase phase at temperatures between 680 and 830 ◦C,
respectively [102]. Doping with V, Ag, Mn [165], Zn, Fe and Cu [166] could generally
promote this transformation. However, there are some dual behaviors which should be
considered. For example, Wang et al. have reported the acceleration of anatase to rutile
phase transition for Nb-doped TiO2. It is while a depression effect has been observed on the
grains growth of anatase for Nb-doped TiO2 [165]. Using cationic/anionic dopants [167]
and non-metal dopants, including carbon [168], nitrogen [169], fluorine [170,171] and
chlorine [171] could affect the phase transformation of titania. Unlike interstitial atoms
that could increase the strain energy that must be overcome and the bonds that must
be broken, the creation of oxygen vacancies, originated from the incorporation of ions
with relatively small ionic radius and lower valence than that of Ti4+, could facilitate the
phase transformation by reduction of the strain energy needed for the rearrangement of
the Ti-O octahedra. The rate of the transition of anatase to rutile strongly depends on the
incorporated dopants [172].

4.4. Photocatalytic Activity of Anatase Titania Compared with Its Other Polymorphs

It is generally believed that among the anatase, rutile, and brookite phases, the anatase
phase is responsible for photocatalytic reactions. There are some statements that a pure
rutile phase could not have any photocatalytic activity at all. However, some believe that it
could possess photocatalytic activity, which depends on the nature of the organic reactant,
preparation method of the photocatalyst and the nature of the precursor materials [150].
Considering pure phases, the anatase phase could provide higher photocatalytic activity

336



Catalysts 2023, 13, 232

than rutile TiO2 [46,98]. The higher photocatalytic activity of anatase phase than other
polymorphs could be attributed to its higher mobility of charge pairs and density of surface
hydroxyl [46]. Notably, discrepancy with the recombination kinetics of e−/h+ pairs might
also play an important role in the superior photocatalytic efficiency of anatase phase as
photoluminescence (PL) studies for anatase TiO2 have clarified its lower recombination
rate of charge carriers than that of rutile phase under similar condition [173]. Brookite
and rutile TiO2 are direct band gap semiconductors, while anatase TiO2 belongs to the
category of indirect band gap semiconductors [174]. For indirect band gap semiconductors,
the electronic transition from the VB to the CB is electrical dipole forbidden. Under these
circumstances, the transition results in the change of both momentum and energy of the
photogenerated e−/h+ pairs (transition is phonon assisted). On the other hand, the valence
band to the conduction band electronic transition is electrical dipole allowed for direct band
gap semiconductors. Due to the momentum change, the electronic absorption/emission
of indirect band gap semiconductors is weaker than that of direct band gap semiconduc-
tors [175]. Thus, direct band gap semiconductors, such as rutile TiO2, have more efficient
absorption of solar energy than indirect ones (such as anatase TiO2) [174,175]. However, a
longer diffusion length as well as lifetime of photogenerated e−/h+ pairs could result in
better photocatalytic performance of anatase TiO2 than its rutile phase [174]. In addition, it
has been reported that the anatase phase is more active than the rutile phase in absorption
of hydroxyl groups and water [150] that could play an important role in photocatalysis.
A schematic of recombination processes of photoexcited e−/h+ pairs within anatase TiO2
(indirect gap) and rutile TiO2 (direct gap) is shown in Figure 8 [174].

 
Figure 8. Schematic of recombination processes of photoexcited e−/h+ pairs within (a) anatase
TiO2 and (b) rutile TiO2. Reprinted with permission from Ref. [174]. Copyright 2014, Royal Society
of Chemistry.

In addition to the band gap nature, the diffusion of free charge carriers is of remarkable
importance. To achieve appropriate photocatalytic efficiency, the photoexcited e−/h+ pairs
should migrate to the active sites where they are used prior to the recombination process.
In this context, the diffusion of photogenerated e−/h+ pairs is strongly linked to their
mobility, which is in turn related to their effective mass. The ratio of the effective mass of
electrons to effective mass of holes is used to predict the stability of photogenerated e−/h+

pairs with respect to their recombination. In this case, a larger effective mass difference
could enhance the photocatalytic activity as the result of the reduction of the e−/h+ pair
recombination [176]. In general, the transfer rate of photoexcited e−/h+ pairs that affects
the quantum efficiency of photocatalysts could be assessed by the effective mass of electrons
and holes [174].
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As evident, there is an inverse relationship between the transfer rate of photoexcited
e−/h+ pairs and the effective mass of charge carriers. To sum up, the smaller the effective
mass of charge carriers, the faster the transfer rate of charge carriers. Anatase TiO2 has a
lighter average effective mass of photoexcited e−/h+ pairs than that of both the brookite
and rutile phases, which leads to the faster migration of e−/h+ pairs from bulk titania to its
surface. This results in its lower recombination rate of photoexcited e−/h+ pairs [174]. It
should be noted that there is not yet consensus on the reasons for higher photocatalytic
activity of the anatase phase than that of the rutile and brookite phases [177]. It is worth
mentioning that there are various factors, including method of synthesis, concentration
of defects, purity of phases, surface crystallographic orientation, particle size, dopants,
specific surface area, and its crystal structure (type of polymorph), that could remarkably
affect the photocatalytic activity of TiO2 [46,98].

4.5. Colorful TiO2 versus White TiO2

Recently, colored titania materials such as green, red, yellow, blue, brown and grey of
various shades have been developed. The colorful titania could be synthesized by electronic
and structural changes such as the incorporation of Ti-OH and Ti-H species, formation
of oxygen vacancies, formation of disordered surface layers, reduction of Ti4+ to Ti3+,
narrowed band gap energy, and the modified electron density [178]. These could result in
the synthesis of green, red, black, and grey materials [179]. Black TiO2, synthesized by Chen
et al. using high pressure hydrogenation, has shown a largely narrowed band gap energy
(for massive visible light absorption) and an enhanced photocatalytic activity. Since then, it
has received remarkable attention in visible light utilization. Notably, the optical absorption
of black titania could be extended to the IR region (approximately 1150 nm) [178]. The
importance of black titania has resulted in its various applications in photocatalytic water
splitting, photoelectron chemical water splitting, photocatalysis, fuel cells, Li-ion batteries,
Na-ion batteries, Al-ion batteries, surface enhanced Raman active scattering substrate,
supercapacitors, cancer photothermal therapy, solar desalination, microwave absorption,
field emission, and dye sensitized solar cells (DSSC) [180,181]. Various methods, such as
low pressure hydrogen treatment, high pressure hydrogen treatment, argon treatment,
hydrogen–nitrogen treatment, hydrogen–argon treatment, hydrogen–plasma treatment,
chemical oxidation, chemical reduction, electrochemical reduction, pulsed laser ablation,
and hydroxylation, have been used to synthesize black titania nanomaterials [180].

Black titania, synthesized by hydrogenation, was firstly used for photocatalytic degra-
dation of methylene blue and phenol [182]. Since then, photodegradation of methylene
blue, as a model of organic pollutants, has been studied by many researchers using this
polymorph of titania [182–184]. It is worth mentioning that black TiO2 has shown a higher
photocatalytic activity than that of white TiO2 in several cases [184,185].

It has been stated that the formation of some surface defects, including oxygen vacan-
cies and/or Ti3+ oxidation states, and disordered layers in the surface of highly crystalline
TiO2, could increase the interaction to the light irradiation and the lifetime of photogener-
ated electron/hole pairs [184]. However, Ti3+ ions have not been observed in some samples
of black TiO2. Thus, oxygen vacancies could be known as the main factor responsible
for black coloration of titania [186]. The superior photocatalytic activity and/or photo
electrochemical properties of black TiO2 than pristine TiO2 or P25 have also been reported
by other researchers some of which are given in Table 3.
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Table 3. Superior photocatalytic and photoelectrochemical properties of black TiO2 than white TiO2

in some case studies.

Synthesis Method Light Source
Improvement of

Photocatalytic Activity

Improvement of
Photoelectrochemical

Properties
References

Melted aluminum reduction of
pristine anodized and

air-annealed TiO2 nanotube
arrays

The simulated sunlight
(intensity of 100 mW cm−2) -

Approximately 5 times
higher than pristine TiO2

nanotube arrays
[187]

Electrospinning process A 150 W xenon lamp -
Approximately a 10-fold
increase compared with
pristine TiO2 nanofibers

[188]

In situ plasma hydration of
TiO2 thin films

A 150 W xenon lamp (intensity
of 100 mW cm−2) -

Approximately 2.5 times
higher than pristine TiO2

thin films
[189]

Electrochemical reductive
doping

• UV source: A UV lamp (in-
tensity of 5.8 mW cm−2)

• Visible-light source: A
xenon lamp (intensity of
100 mW cm−2)

-

Approximately 2.2 times
higher than pristine anodic
TiO2 nanotubes (under both

UV and simulated solar
irradiation)

[190]

Using Ti2O3 as precursor for
preparing Ti3+ self-doped TiO2

nanowires
A 20 W UV lamp

Approximately 7.5 times
higher than pure TiO2 (P25)

in photodegradation of
methyl orange

- [191]

hydrogen plasma assisted
chemical vapour deposition

A 50 W simulated solar light
source

Complete photodegradation
of rhodamine B after

approximately 30 min
against partial

photodegradation of
rhodamine B even after 50

min for pure TiO2

- [192]

Annealing the TiO2 nanobelts
in hydrogen atmosphere

• UV source: A 350 W mer-
cury lamp

• Visible-light source: A 300
W xenon arc lamp

• UV illumination: An
approximate increase
of 24% compared with
pristine TiO2 nanobelts
in decomposing
methyl orange

• Visible light irradia-
tion: An approximate
increase of 17%
compared with pris-
tine TiO2 nanobelts
in decomposing
methyl orange

- [193]

Annealing the TiO2 nanobelts
in hydrogen atmosphere A 300 W xenon arc lamp -

Approximately 9.2 times
higher than pristine TiO2

nanobelts
[193]

Oxygen vacancies are among the most important/common point defects originated by
removal of some neutral oxygen atoms from the lattice structure of metal oxides including
TiO2 [194]. However, the major defect could become tetravalent titanium interstitials under
extremely reduced conditions that are experimentally difficult to achieve [103]. In general,
the driving force for the creation of vacancies is minimizing the Helmholtz free energy to
establish thermodynamic equilibrium at a specific temperature. Cations and anions are two
different types of vacancy defects in ionic crystals that lead to the formation of localized
energy levels over the VB maximum and below the CB minimum, respectively [194]. The
formation of oxygen vacancies could result in the development of Ti3+ species (by filling
the empty states of titanium ions using excesses electrons originated from removal of
oxygen atoms) [195,196] and the formation of shallow donor states under the CB of titania
originating from Ti 3d orbits [195]. Owing to the higher active surface area of nanomaterials
than that of bulk materials, a higher number of oxygen vacancies could be stimulated in
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the surface and subsurface regions of nanostructured titania than bulk titania. In addition,
titania nanocrystals have less formation energy of oxygen vacancies than their bulk coun-
terpart, which is why the creation of oxygen vacancies and evaluation of their effect in TiO2
nanomaterials have received greater attention. Oxygen vacancies possess the minimum
formation energy among the defects that could act as donors. Therefore, they have received
great attention in defining chemical and physical properties of materials (including super-
conductivity, ferromagnetism, photocatalysis, resistive switching, phase transitions, redox
activity, piezoelectric response, and photoelectrochemical performance) [194]. Hydrogen
thermal treatment, high energy particle bombardment, doping of metal or non-metal ions,
thermal treatment under oxygen depleted conditions, and some special reaction conditions
are common methods used for development of TiO2 with oxygen vacancies [195]. Thermal
treatment under oxygen deficient conditions could be considered as an efficient method
for creation of oxygen vacancies in TiO2-based nanomaterials [194]. This process is per-
formed at elevated temperatures, usually > 400 ◦C, in vacuum or pure Ar, He, and N2 gas
atmosphere [195].

The decrease of oxygen pressure results in an increase of the concentration of oxygen
vacancies; hence, thermal treatment of titania under oxygen deficient conditions could
facilitate the creation of oxygen vacancies. Therefore, the exposure of titania to air leads
to the gradual removal of oxygen vacancies [195]. Doping with accept-type foreign ions,
including Fe and Zn, could stabilize the as-formed oxygen vacancies [95,195]. Oxygen
vacancies on anatase phase and rutile phase have been widely studied since they could be
engineered/generated at mild conditions [196]. The calculation of the formation energy
of oxygen vacancies has confirmed that creation of oxygen vacancies at the top surface of
anatase (101) and (001) planes is more probable than other planes (because of their lower
formation energies of vacancies). In comparison, rutile (110) planes have lower vacancy
formation energy than that of other rutile crystalline planes [194]. Oxygen vacancies are
capable of introducing localized states into the band gap structure (instead of the change
of positions of valence band and conduction band). The driving force for development of
these localized states is the Madelung potential of highly ionic crystal [195]. Transition of
electrons from the oxygen vacancies to the valence band and/or from the valence band to
the oxygen vacancies leads to infrared- and visible-light absorption [185,186]. Additionally,
they act as potential shallow traps for significant improvement of the efficiency of electron–
hole separation [184,186]. The energy level position of oxygen vacancies, which form a
donor level under the conduction band of TiO2, is from 0.75 to 1.18 eV [185,186,195]. It is
worth mentioning that experimental and theoretical studies show that the excess electrons,
originated from the formation of the oxygen vacancies, could affect the reactivity and
surface absorption of important adsorbents including H2O and O2 on titania. These are
some reasons why development of TiO2 with the desired amount of oxygen vacancies is of
great importance [195].

In addition to black TiO2, other colored titania materials (including red, green, blue,
yellow, and various shades of grey titania) have also found applications in photocatalysis
and photoelectrochemical water splitting due to their specific features. For instance, Liu
et al. have synthesized anatase titania microspheres with an interstitial Bσ+ (σ ≤ 3) gradient
shell, red TiO2, that are capable of absorbing the full visible light spectrum. UV-visible
absorption of the white TiO2 and these red TiO2 microspheres are compared in Figure 9
(black and red graphs, respectively) [197]. Noteworthy, the colorful region represents the
visible light spectrum ranged from 400 to 700 nm.
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Figure 9. Comparison of UV-visible absorption of the white TiO2 and red TiO2 microspheres.
Reprinted with permission from Ref. [197]. Copyright 2012, Royal Society of Chemistry.

As evident, red titania microspheres possess much higher photo absorption ability
than white titania in the visible light range. These microspheres have provided a gra-
dient of absorption band gap energy from 1.94 eV (on their surface) to 3.22 eV (in their
core) [179,197]. It has also been reported that red anatase TiO2-based materials could
show an unusual visible-light absorption that is representative of new types of visible light
absorption bands of titania [198]. Thus, red titania-based photoanodes could be used for
photoelectrochemical water splitting under visible-light irradiation [197,198]. Some other
colorful titania-based photoanodes, including blue TiO2, could be inactive in photoelectro-
chemical water oxidation under visible-light irradiation [198].

5. Conclusions and Perspectives

The application of TiO2 semiconductor nanoparticles for the photocatalytic decompo-
sition of pollutants in wastewater has been considered in this study. Considering that TiO2
has three different structures (anatase, rutile and brookite), their stability and photocatalytic
efficiency were compared. It should be noted that the band gap energy of these three crystal
structures is different. In addition to the effect of band gap energy, the photocatalytic activ-
ity is influenced by the degree of stability and separation of the produced electron–hole
pairs which could be dependent on the mobility as well as the mass ratio of the electron
to the hole. Among the existing phases, the rutile phase has relatively high stability at
different temperatures and pressures. The photocatalytic activity of titanium depends
on its structure and morphology. Investigations show that the photocatalytic activity of
anatase phase is higher than that of rutile and brookite. Although some studies indicate
that the rutile phase does not have any photocatalytic activity, studies show that the rutile
phase can be used for photocatalytic processes, which depends on the structure of the
pollutant, the preparation method, and the precursor material of the photocatalyst. In
general, the photocatalytic activity depends on the stability of the produced electron–hole
pairs. Increasing the stability and separation of the created charges leads to a decrease in
their recombination and an increase in the photocatalytic efficiency. Studies show that the
photocatalytic activity of titania is also dependent on its color. Electronic and structural
changes such as the combination of Ti-OH and Ti-H species, the formation of oxygen
vacancies, the formation of irregular surface layers, and the reduction of Ti4+ to Ti3+ are
among the effective factors in the formation of colored titania. Black titania has a largely
narrowed band gap energy which leads to the enhancement of photocatalytic activity.

Due to their stability and adverse effects on human health and environment, the
application of colorful TiO2 in the degradation of persistent organic pollutants is worth
studying. It should be noted that photocatalysis cannot find practical applications without
immobilization of catalysts, due to the several issues encountered by using nanoparticles
including agglomeration and difficulty of recovery. Moreover, immobilization could fa-
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cilitate the application of photoelectrocatalysis with its superior efficiency than custom
photocatalysis. Hence, the application of surface engineering methods in the deposition of
colorful TiO2 films for photocatalytic degradation of persistent organic pollutants is of high
importance in future studies.
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29. Paździor, K.; Bilińska, L.; Ledakowicz, S. A review of the existing and emerging technologies in the combination of AOPs and
biological processes in industrial textile wastewater treatment. Chem. Eng. J. 2019, 376, 120597. [CrossRef]

30. Ahmed, S.N.; Haider, W. Heterogeneous photocatalysis and its potential applications in water and wastewater treatment: A
review. Nanotechnology 2018, 29, 342001. [CrossRef]

31. Zhu, S.; Wang, D. Photocatalysis: Basic principles, diverse forms of implementations and emerging scientific opportunities. Adv.
Energy Mater. 2017, 7, 1700841. [CrossRef]

32. Inoue, T.; Fujishima, A.; Konishi, S.; Honda, K. Photoelectrocatalytic reduction of carbon dioxide in aqueous suspensions of
semiconductor powders. Nature 1979, 277, 637–638. [CrossRef]

33. Ghaderi, A.; Abbasi, S.; Farahbod, F. Synthesis, characterization and photocatalytic performance of modified ZnO nanoparticles
with SnO2 nanoparticles. Mater. Res. Express 2018, 5, 065908–065918. [CrossRef]

34. Abbasi, S.; Hasanpour, M. The effect of pH on the photocatalytic degradation of methyl orange using decorated ZnO nanoparticles
with SnO2 nanoparticles. J. Mater. Sci. Mater. Electron. 2017, 28, 1307–1314. [CrossRef]

35. Abbasi, S.; Ekrami-Kakhki, M.-S.; Tahari, M. Modeling and predicting the photodecomposition of methylene blue via ZnO–SnO2
hybrids using design of experiments (DOE). J. Mater. Sci. Mater. Electron. 2017, 28, 15306–15312. [CrossRef]

36. Xu, B.; Liu, S.; Zhou, J.L.; Zheng, C.; Jin, W.; Chen, B.; Zhang, T.; Qiu, W. PFAS and their substitutes in groundwater: Occurrence,
transformation and remediation. J. Hazard. Mater. 2021, 412, 125159. [CrossRef]

37. Nur, H.; Misnon, I.I.; Wei, L.K. Stannic oxide-titanium dioxide coupled semiconductor photocatalyst loaded with polyaniline for
enhanced photocatalytic oxidation of 1-Octene. Int. J. Photoenergy 2007, 2007, 098548. [CrossRef]

38. Roozban, N.; Abbasi, S.; Ghazizadeh, M. The experimental and statistical investigation of the photo degradation of methyl
orange using modified MWCNTs with different amount of ZnO nanoparticles. J. Mater. Sci. Mater. Electron. 2017, 28, 7343–7352.
[CrossRef]

39. Abbasi, S.; Hasanpour, M.; Ekrami-Kakhki, M.-S. Removal efficiency optimization of organic pollutant (methylene blue) with
modified multi-walled carbon nanotubes using design of experiments (DOE). J. Mater. Sci. Mater. Electron. 2017, 28, 9900–9910.
[CrossRef]

40. Navidpour, A.H.; Hosseinzadeh, A.; Zhou, J.L.; Huang, Z. Progress in the application of surface engineering methods in
immobilizing TiO2 and ZnO coatings for environmental photocatalysis. Catal. Rev. Sci. Eng. 2021, 1–52. [CrossRef]

41. Abbasi, S. Investigation of the enhancement and optimization of the photocatalytic activity of modified TiO2 nanoparticles with
SnO2 nanoparticles using statistical method. Mater. Res. Express 2018, 5, 066302. [CrossRef]

42. Abbasi, S. The degradation rate study of methyl orange using MWCNTs@TiO2 as photocatalyst, application of statistical analysis
based on Fisher’s F distribution. J. Clust. Sci. 2022, 33, 593–602. [CrossRef]

43. Mazinani, B.; Masrom, A.K.; Beitollahi, A.; Luque, R. Photocatalytic activity, surface area and phase modification of mesoporous
SiO2–TiO2 prepared by a one-step hydrothermal procedure. Ceram. Int. 2014, 40, 11525–11532. [CrossRef]

44. Réti, B.; Major, Z.; Szarka, D.; Boldizsár, T.; Horváth, E.; Magrez, A.; Forró, L.; Dombi, A.; Hernádi, K. Influence of TiO2 phase
composition on the photocatalytic activity of TiO2/MWCNT composites prepared by combined sol–gel/hydrothermal method. J.
Mol. Catal. A Chem. 2016, 414, 140–147. [CrossRef]

45. Siah, W.R.; Lintang, H.O.; Shamsuddin, M.; Yuliati, L. High photocatalytic activity of mixed anatase-rutile phases on commercial
TiO2 nanoparticles. IOP Conf. Ser. Mater. Sci. Eng. 2016, 107, 012005. [CrossRef]

46. Etacheri, V.; Valentin, C.D.; Schneider, J.; Bahnemann, D.; C.Pilla, S. Visible-light activation of TiO2 photocatalysts: Advances in
theory and experiments. J. Photochem. Photobiol. C Photochem. Rev. 2015, 25, 1–29. [CrossRef]

343



Catalysts 2023, 13, 232

47. Osterloh, F.E. Photocatalysis versus photosynthesis: A sensitivity analysis of devices for solar energy conversion and chemical
transformations. ACS Energy Lett. 2017, 2, 445–453. [CrossRef]

48. Zhou, X.; Dong, H.; Ren, A.-M. Exploring the mechanism of water-splitting reaction in NiOx/β-Ga2O3 photocatalysts by
first-principles calculations. Phys. Chem. Chem. Phys. 2016, 18, 11111–11119. [CrossRef]

49. Yu, F.; Zhou, H.; Huang, Y.; Sun, J.; Qin, F.; Bao, J.; Goddard, W.A.; Chen, S.; Ren, Z. High-performance bifunctional porous
non-noble metal phosphide catalyst for overall water splitting. Nat. Commun. 2018, 9, 2551. [CrossRef]

50. Leung, D.Y.C.; Fu, X.; Wang, C.; Ni, M.; Leung, M.K.H.; Wang, X.; Fu, X. Hydrogen production over titania-based photocatalysts.
ChemSusChem 2010, 3, 681–694. [CrossRef]

51. Yang, X.; Wang, D. Photocatalysis: From fundamental principles to materials and applications. ACS Appl. Energy Mater. 2018, 1,
6657–6693. [CrossRef]

52. Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.; Shimohigoshi, M.; Watanabe, T. Light-induced
amphiphilic surfaces. Nature 1997, 388, 431–432. [CrossRef]

53. Otitoju, T.A.; Ahmad, A.L.; Ooi, B.S. Superhydrophilic (superwetting) surfaces: A review on fabrication and application. J. Ind.
Eng. Chem. 2017, 47, 19–40. [CrossRef]

54. Kazemi, M.; Mohammadizadeh, M.R. Simultaneous improvement of photocatalytic and superhydrophilicity properties of nano
TiO2 thin films. Chem. Eng. Res. Des. 2012, 90, 1473–1479. [CrossRef]

55. Ohtani, B. Preparing articles on photocatalysis—Beyond the illusions, misconceptions, and speculation. Chem. Lett. 2008, 37,
216–229. [CrossRef]

56. Kong, D.; Zheng, Y.; Kobielusz, M.; Wang, Y.; Bai, Z.; Macyk, W.; Wang, X.; Tang, J. Recent advances in visible light-driven water
oxidation and reduction in suspension systems. Mater. Today 2018, 21, 897–924. [CrossRef]
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Abstract: Novel Au nano-particle catalysts immobilized on both titanium(IV)- and alkylthiol-
functionalized SBA-15 type ordered mesoporous silicate supports were developed. The bi-functionalized
SBA-15 type support could be synthesized by a one-pot method. To the synthesized supports, Au
was immobilized by the reaction of the alkylthiol groups on the supports with AuCl4−, following
reduction with NaBH4. The immobilized amount and the formed structures and the electronic
property of the Au species depended on the loading of alkylthiol. The moderate size (2–3 nm) nano
particulate Au sites formed on Ti(0.5)-SBASH(0.5) were negatively charged. The aerobic alcohol
oxidation activity of the catalysts depended on the loading of alkylthiol and the structure of the Au
nano-particles. The non-thiol-functionalized catalyst (Au/Ti(0.5)-SBASH(0)) composed of the large
(5–30 nm) and the higher thiol-loaded catalyst (Au/Ti(0.5)-SBASH(8)) composed of the small cationic
Au species were almost inactive. The most active catalyst was Au/Ti(0.5)-SBASH(0.5) composed
of the electron-rich Au nano-particles formed by the electron donation from the highly dispersed
thiol groups. Styrene oxidation activity in the presence of 1-phenylethanol with O2 depended on
the loadings of titanium(IV) on the Au/Ti(x)-SBASH(0.5). The titanium(IV) sites trapped the H2O2

generated through the alcohol oxidation reaction, and also contributed to the alkene oxidation by
activating the trapped H2O2.

Keywords: Au nano-particles; aerobic oxidation; functionalized mesoporous silicate

1. Introduction

The catalysis of nano-scale Au particles has attracted much attention. In particular,
the oxidation catalysis of Au nano-particles is interesting because of their applicability
toward various oxidation reactions including dehydrogenative oxidation of alcohol and
oxygenation of hydrocarbons [1–10]. Catalytic performances of Au particles are affected
by the size of the particles. To control the particle sizes and prevent aggregating the
particles, interactions between Au and soft donors have been utilized [11–16]. Particularly,
organic thiol-modified silicates have been employed as precursors of solid supports of Au
nano-particle catalysts [15,16]. During the immobilization process, Au(III) precursors are
reduced to Au(I) species by thiols and stable Au–thiolate complexes are formed. Following
reduction in the Au–thiolate compounds yield Au(0) nano-particles. In the Au catalysts
prepared by these procedures, loadings of the thiols are relatively high (~ 1 mmol g–1),
and these thiol functionalities are removed by calcination [15,16]. The remaining thiols are
believed to have negative effects on the catalysis due to changing the electronic properties
of the Au particle and preventing the access of substrates to active sites. However, a
correlation between the thiol loadings and properties of the supported Au nano-particle
catalysts has not been investigated systematically.

To improve the activity toward hydrocarbon oxidation, Au nano-particle catalysts are
combined with other active species, such as titanium(IV) sites of titanosilicates [17,18]. Sev-
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eral titanium(IV) compounds are known to catalyze the alkene epoxidation with hydrogen
peroxide in homogeneous and heterogeneous system [19–25]. The heterogeneous titanosili-
cate compounds have been reported to catalyze not only the epoxidation of alkenes, but
also the oxygenation of alkanes and aromatic rings using hydrogen peroxide as an oxi-
dant [24–28]. During these catalytic reactions based on titanium(IV), peroxido complexes
of titanium(IV) might form as the reaction intermediate. It is known that aerobic alcohol
oxidation is catalyzed by Au nano-particle catalysts, and during the alcohol oxidation,
H2O2 would be formed and the resulting generated H2O2 could be utilized as an oxidant
in situ. Therefore, a combination of Au nano-particle catalysts and other species which
activate H2O2 would become an aerobic oxidation catalyst applicable to various substrates
including alkenes and alkanes. In this work, we have designed novel Au nano-particle
catalysts immobilized on both titanium(IV)- and alkylthiol-functionalized SBA-15 type
mesoporous silicates.

2. Results

2.1. Preparation and Characterization of the Catalysts
2.1.1. Preparation and Characterization of Bi-Functionalized SBA-15 Type Supports

The titanium(IV)- and alkylthiol-functionalized SBA-15 type supports Ti(x)-SBASH(y),
of which x and y denote the molar ratio of the titanium and alkylthiol sources, respectively,
were synthesized by the one-pot condensation of alkoxide precursors in the presence of
polymer micelle templates. Molar ratio of precursors Si(OEt)4: Ti(OiPr)4: Si(C3H6SH)(OMe)3
were controlled as 100 − (x + y): x: y (Scheme 1).

 
Scheme 1. Preparation of the bi-functionalized supports Ti(x)-SBASH(y).

The contents of titanium(IV) and alkylthiol, and the physicochemical properties of
Ti(0.5)-SBASH(y), prepared by using 0.5 mol% of Ti(OiPr)4 and 0–10 mol% of Si(C3H6SH)
(OMe)3 are shown in Table 1. The nitrogen adsorption/desorption isotherms of the obtained
supports showed type IV hysteresis, confirming the presence of mesopores (Figure S1).
The surface area, pore size distribution, and pore volume derived from the isotherms were
also consistent with the characteristics of SBA-15 type mesoporous silica support except for
Ti(0.5)-SBASH(10), of which the surface area and pore volume were decreased significantly
(Figure 1a, see also XRD analysis data shown as Figure S2 in Supplementary Materials). The
loading amounts of alkylthiol and titanium(IV) were quantified by analysis of the solution
of the supports obtained by alkaline treatment with the method on 1H NMR for alkylthiol
and UV-vis spectroscopy for titanium(IV). The loadings of alkylthiol were proportional to
the amount of Si(C3H6SH)(OMe)3 applied on the preparation when y was less than 8. The
loading amount of alkylthiol on Ti(0.5)-SBASH(10) was, however, decreased due to partial
destruction of the SBA-15 type mesoporous channel structure. Furthermore, the anchored
alkylthiol did not affect the loading of titanium(IV) as evidenced by the almost constant
amounts of titanium involved in Ti(0.5)-SBASH(y).
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Table 1. The contents of functionalities and the physicochemical properties on Ti(x)-SBASH(y).

Applied Ratio/mol% Contents/mmol g–1

Surface Area/m2 g–1 Average Pore
Diameter/nm

Total Pore Volume
/cm3 g−1x y Ti Alkylthiol

0.5

0 0.064 — 847.3 8.57 0.82
0.25 0.062 0.035 1013.1 10.09 0.95
0.5 * 0.066 * 0.064 * 971.4 * 9.58 * 1.04 *
0.75 0.063 0.101 1058.3 8.96 0.97

1 0.068 0.121 948.1 9.54 1.15
4 0.066 0.486 710.2 9.46 0.71
8 0.056 0.900 726.3 8.14 0.99

10 0.058 0.761 415.8 6.41 0.43
0

0.5

— 0.062 897.5 10.05 0.91
0.5 * 0.066 * 0.064 * 971.4 * 9.58 * 1.04 *

1 0.152 0.062 795.2 9.64 0.79
2 0.309 0.063 819.2 7.48 0.85
3 Not measured 732.0 Not calculated 0.56

* Same sample of Ti(0.5)-SBASH(0.5).

Figure 1. The distribution of the pore diameters of the bi-functionalized supports. (a) Ti(0.5)-SBASH(y);
(b) Ti(x)-SBASH(0.5).

Titanium-loading controlled supports, Ti(x)-SBASH(0.5) were prepared with the ap-
plied amount of alkyl thiols fixed at 0.5 mol% and with varying applied amounts (x) of
Ti(OiPr)4 from 0 to 3 mol% on the preparation (Figures S2 and S4). The pore diameter
distributions indicate that the loadings of titanium(IV) over 2.0 mol% lead to the destruction
of the SBA-15 type structure as shown in Figure 1b because Ti(IV) favors a six-coordinate
structure, and that leads to the formation of TiO2 crystalline domains as reported pre-
viously [29,30]. The characteristics of Ti(x)-SBASH(0.5) are summarized in Table 1. The
loading amounts of titanium(IV) were proportional to the applied ratio of Ti(OiPr)4 on the
preparation whereas the incorporated amounts of alkylthiol were almost constant.

2.1.2. Preparation and Characterization of Au-Immobilized Catalysts

The reaction of the prepared thiol-functionalized supports with yellow-colored EtOH
solution of NaAuCl4 (1.0 wt% based on the weight of the support was applied) yielded
ionic Au-immobilized precursors. After filtration and washing, the color of the resulting
ionic Au species-anchored supports was white. The observed color-changing behavior
suggests that the thiols perform as a reducing agent (Au(III) + 2RSH → Au(I) + RSSR), and
an anchor to form Au(I)-S(thiolate or disulfide) complexes.

Reduction in the Au(I)-anchored supports by NaBH4 in EtOH yielded the catalysts
Au/Ti(x)-SBASH(y). The color of the catalysts varied from reddish brown to pale brown on
the thiol-functionalized supports. The non-thiol-functionalized support catalyst Au/Ti(0.5)-
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SBASH(0)*, which was obtained by direct deposition of Au particles generated in situ
through the reduction in the Au(III) ions by NaBH4, colored purple. These colorations
(shown in Figure 2c) are due to the surface plasmon resonance on the gold nano-particles,
and the color difference is attributed to the difference in particle size.

 

Figure 2. Preparation of Au-immobilized catalysts Au/Ti(x)-SBASH(y): (a) A synthetic procedure.
(b) Reaction mixture of the supports with NaAuCl4·2H2O and reduction by NaBH4. (c) Colors of the
obtained Au-immobilized catalysts.

TEM and STEM images of Au/Ti(0.5)-SBASH(y) revealed the correlation between the
loading amount of alkylthiol and the size of formed Au nano-particles (Figure 3). On
the lower thiol loading support (y = 0.5), the particle sizes of Au were 2–5 nm (Figure S5
in Supplementary Materials). The Au nano-particle sizes were decreased with the in-
creased loading amount of thiol on the supports. On the higher alkylthiol loading support
(y = 8.0), no Au particles larger than 1 nm in diameter could be observed. On the non-thiol-
functionalized support (y = 0), the formed Au particles were larger than 5 nm.

The structures of the Au sites of the catalysts and their precursors (non-reduced Au
ions immobilized) were analyzed by EXAFS (Figure 4). On the precursors, Au–S bonds
were observed. On the lower thiol functionalized support (y = 0.5), the reduction with
NaBH4 led to reducing the Au–S bonds, whereas an increase in the Au–Au bonds was due
to the formation of the Au nano-particles. In contrast, many Au–S bonds remained on the
higher thiol-functionalized support (y = 8) even after the treatment with NaBH4. A small
extent of Au–Au bonds appeared, and, therefore, strong Au–S interaction would prevent
the forming of the Au clusters. Electronic states of the resulting Au species were also varied
according to the amounts of the alkylthiol loadings y. On the support with y = 0.5, the
binding energy of XPS of the formed Au particles was slightly shifted to lower compared to
that of the metallic Au formed on the non-thiol-functionalized support (y = 0). In contrast,
increasing the thiol functionalities (y = 8) yielded cationic Au with higher binding energy
as found in Figure 5.
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Figure 3. TEM (a) and STEM (b–d) images of Au/Ti(0.5)-SBASH(y) with y = 0, 0.5, 1, and 8.

Figure 4. XAFS of Au/Ti(0.5)-SBASH(y) with y = 0, 0.5, 1, and 8.

The immobilized amount of Au also depended on the amount of alkylthiol on the sup-
ports. For the non-thiol-functionalized support (y = 0), a few Au species were immobilized
on the solid filtered, and washed from the suspension of Ti(0.5)-SBASH(0) and NaAuCl4
in EtOH. For Au/Ti(0.5)-SBASH(y) with 0 < y ≤ 4, the amount of the immobilized Au
increased as increasing the alkylthiol content but was almost the same for the supports with
y = 4 and y = 8 (Figure 6 and Table 2), respectively. On the titanium loadings varied catalysts
Au/Ti(x)-SBASH(0.5) with 0 < x ≤ 2, the loading amount of Au was almost constant as
shown in Table 2. The color of these catalysts was the same. Therefore, the loadings of
titanium(IV) did not affect the immobilized amount and size of the Au nano-particles.
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Figure 5. XPS of Au/Ti(0.5)-SBASH(y) with y = 0, 0.5, 1, and 8.

Figure 6. Correlation between the immobilized amount of Au and the contents of alkylthiol and
titanium(IV) on Au/Ti(0.5)-SBASH(y).

Table 2. Immobilized amounts of Au on Au/Ti(x)-SBASH(y).

Catalyst Alkylthiol/mmol g–1 Immobilized Au/mmol g–1

Au/Ti(0.5)-SBASH(0) — <0.001
Au/Ti(0.5)-SBASH(0) 1 — 0.049

Au/Ti(0.5)-SBASH(0.25) 0.035 0.014
Au/Ti(0.5)-SBASH(0.5) 0.064 0.027
Au/Ti(0.5)-SBASH(0.75) 0.101 0.033

Au/Ti(0.5)-SBASH(1) 0.121 0.038
Au/Ti(0.5)-SBASH(4) 0.486 0.044
Au/Ti(0.5)-SBASH(8) 0.900 0.042
Au/Ti(0)-SBASH(0.5) 0.062 0.028
Au/Ti(1)-SBASH(0.5) 0.062 0.030
Au/Ti(2)-SBASH(0.5) 0.063 0.029

1 Prepared by the deposition of in situ generated Au(0) particles.
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2.1.3. Characterization of the Calcined Catalyst

TG analysis of the catalysts with y = 1 and 8, respectively, indicated that the weight
loss of the catalyst occurred over 423 K due to the combustion of alkylthiol. As described
above, the particle size and immobilized amount of Au depended on the loading amount of
alkylthiol. In addition, the EXAFS of Au/Ti(0.5)-SBASH(8) showed the Au–S bond. These
observations suggest that alkylthiol interacts with the Au particles formed on the support.
To remove alkylthiol, the calcination of the catalyst was examined. The higher alkylthiol
loaded Au/Ti(0.5)-SBASH(8) was calcined at 673 K for two hours under air. The resulting
calcined Au/Ti(0.5)-SBASH(8) was characterized by TEM and XPS. Formation of the nano
Au particles over 2 nm diameter was observed on the TEM image, as shown in Figure 7a.
The XPS data also indicated that the cationic Au species converted to the metallic one by
calcination (Figure 7b).

Figure 7. Comparison between the before and after calcined Au/Ti(0.5)-SBASH(8): (a) TEM images,
(b) XPS data. The calcination was done at 673 K for 2 h.

2.2. Catalysis
2.2.1. Aerobic Alcohol Oxidation Activity

Catalysis of the Au/Ti(0.5)-SBASH(y) was assessed by oxidation of 1-phenylethanol
with O2 at 333 K (Figure 8). In our system, any base additives were not required. The non-
thiol-functionalized (y = 0) and the higher thiol-loaded (y = 8) catalysts were almost inactive.
The catalytic efficiency based on the immobilized amounts of Au atoms (=TON of Au)
depended on the amounts of the thiol functionalities as y = 0.25 ~ 0.5 > 0.75 > 1.0 >> 8.0 = 0
(Figure 8c).

The calcination of the Au/Ti(0.5)-SBASH(y) (y = 0.5, 1, and 8) at 573 or 673 K, re-
spectively, for 2 h under air resulted in changing the catalytic performance. The order
of the alcohol oxidizing activity of the catalysts calcined at 573 K was y = 1 > 0.5 > 8.
On the catalyst with y = 0.5, the calcination led to a decrease in the activity. In contrast,
the calcination resulted in increasing the activity on the catalyst with y = 1, although the
improved activity was still lower than the activity of the non-calcined catalyst with y = 0.5.
Notably, the calcined catalyst with y = 8 showed acid catalysis rather than oxidation causing
dehydrative condensation (giving compound 2) and dehydration (giving compound 3), as
shown in Scheme 2 and Table 3. The origin of the acid catalysis might be the sulfate which
was formed by the partial oxidation of thiol. Elongation of the calcination time resulted in
increasing the alcohol oxidation activity with decreasing the acidic catalytic activity. Finally,
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washing the 2 h calcined catalyst with H2O showed the highest activity in the calcined
catalysts, although that was still lower than the non-calcinated catalyst with y = 0.5.

Figure 8. Aerobic oxidation of 1-phenylethanol catalyzed by Au/Ti(0.5)-SBASH(y): (a) Reaction
condition; (b) time course of the reaction; (c) content of alkylthiol versus TON of Au.

Scheme 2. Reaction of 1-phenylethanol catalyzed by the calcined Au/Ti(0.5)-SBASH(y).

Table 3. Conversion of 1-phenylethanol mediated by the calcined catalysts under O2.

Catalyst
Calcination Condition Amount of Products/μmol

TON of Au for 1
Temp./K Time/h 1 2 + 3

Au/Ti(0.5)-SBASH(0.5)
— — 349.1 0 258.6

573 2 99.7 trace 73.9

Au/Ti(0.5)-SBASH(1)
— — 53.6 0 29.8

573 2 135.1 trace 75.1
673 2 114.7 trace 63.7

Au/Ti(0.5)-SBASH(8)

— — 0.2 0 0.1<
573 2 0.8 66.9 0.4
673 2 4.7 166.1 2.3
673 4 8.3 110.3 4.0
673 8 26.7 trace 12.8
673 12 0 0 0

673 * 2 * 160.6 0 77.2

* This catalyst was washed with H2O after the calcination.
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2.2.2. Co-Oxidation of Alcohol and Alkene

Then we investigated the role of the titanium(IV) sites by the assay of the styrene
oxidation activity in the presence of 1-phenylethanol with O2 (Scheme 3 and Table 4).
In this reaction system, 1-phenylethanol might be a sacrificial reducing reagent and a
hydrogen source for H2O2 generation. The yields of the styrene-oxidized products were
correlated with the loading amounts of titanium(IV) (i.e., value of x), although the major
product derived from styrene was benzaldehyde, and the yields of styrene oxide were
quite low on each catalyst. When the non-Ti(IV)-loaded catalyst was used, the oxidation of
styrene occurred [31]. The styrene oxidation activity was improved on the titanium(IV)-
containing catalysts: The most reactive one was x = 2.0 in a series of Au/Ti(x)-SBASH(0.5),
although the major product was not epoxide 4, but aldehyde 5. In the absence of 1-
phenylethanol, the yields of styrene oxidized products were low even on the catalyst with
x = 1.0. Acetophenone was not formed in the absence of 1-phenylethanol, and that suggests
Wacker-type alkene oxidation given ketone did not occur. Co-oxidation of 1-phenylethanol
and styrene also proceeded on the mixture of the non-Au-immobilized support Ti(1)-
SBASH(0.5) and the non-titanium (IV)-loaded catalyst Au/Ti(0)-SBASH(0.5), but the yields
of the oxidized products were decreased compared to those on Au/Ti(1)-SBASH(0.5). This
result suggests that synergistic catalysis appears efficiently on the close arrangement of Au
and Ti(IV). A trend of the yields of acetophenone which was derived from 1-phenylethanol
was similar to that of the yields of styrene oxidized products.

Scheme 3. Aerobic co-oxidation of 1-phenylethanol and styrene catalyzed by Au/Ti(x)-SBASH(0.5).

Table 4. Conversion of 1-phenylethanol mediated by the calcined catalysts under O2.

Catalyst
Amount of Products/μmol

TON of Au for 1
TON for 4 + 5 (Styrene Oxidation)

1 4 5 Based on Ti Based on Au

Au/Ti(0)-SBASH(0.5) 51.2 1.2 17.3 36.6 — 13.2
Au/Ti(0.5)-SBASH(0.5) 106.1 0.1 30.0 78.6 9.1 22.3
Au/Ti(1)-SBASH(0.5) 58.3 2.5 55.4 38.9 7.6 38.6
Au/Ti(2)-SBASH(0.5) 96.9 1.3 83.2 66.8 5.5 58.3

Au/Ti(1)-SBASH(0.5) 1 0 4.8 9.1 — 1.8 9.3
Ti(1)-SBASH(0.5) +

Au/Ti(0)-SBASH(0.5) 2 39.2 0.4 30.2 28.0 4.0 21.9

1 Reaction without 1-phenylethanol; 2 Mixture of 50 mg of non-Au-supported Ti(1)-SBASH(0.5) and 50 mg of
Au-immobilized non-Ti-involving support was used.

We examined the detection of the generated H2O2 in the absence of styrene. In the
suspension including the catalysts, the amounts of detected H2O2 were consistent with
the styrene oxidizing activity correlated with the loading amount of Ti(IV) (Figure 9a). In
the liquid phase, however, no or small amounts of H2O2 were detected. Therefore, the
formed H2O2 was absorbed on the surface of the catalysts. The detection of H2O2 even on
the non-Ti(IV)-loaded catalyst suggests that the absorption on the silicate surface occurs.
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In addition, the detection of the higher amount of H2O2 on the Ti-loaded catalysts can
be explained why the complexation of H2O2 with the surface titanium occurs. The H2O2
trapping on the titanium(IV) sites might affect the alcohol oxidation activity. The order of
the TON of Au on 1-phenylethanol oxidation was inverse of the loadings of titanium(IV);
i.e., the non-titanium(IV)-functionalized catalyst Au/Ti(0)-SBASH(0.5) was the most active
(Figure 9b).

Figure 9. Effects of titanium sites on Au/Ti(x)-SBASH(0.5): (a) Detection of H2O2 generated during
the oxidation of 1-phenylethanol, (b) time course of 1-phenylethanol oxidation with O2.

3. Discussion

In this work, we developed bi-functionalized SBA-15 type mesoporous silica by using
a one-pot synthetic method successfully. The merit of the one-pot synthesis is the highly
dispersed arrangement of the introduced functional groups [32]. In our developed supports
Ti(x)-SBASH(y), the alkylthiol groups would be located on the wall of mesopores because the
hydrophobic part of the alkylthiol precursor interacted with the polymer micelle templates
during the formation of the silicate wall. The titanium(IV) ions were incorporated into
the SiO2 framework of SBA-15 and that resulted in the lower limit of the loading amounts
of titanium(IV) (i.e., x ≤ 2) because titanium(VI) favors octahedral rather tetrahedral
coordination geometry. The catalytically active titanium(IV) species might locate at the
surface of the silicate wall, and such titanium(IV) species were part of the whole titanium(IV)
on Ti(x)-SBASH(y).

The correlation between the loading amounts of the alkylthiol groups and the immobi-
lized amounts and the size of the particles of Au demonstrates that the alkylthiol groups
worked as the initial binding site of ionic Au species and the template of the formed Au
nano-particles. Noteworthy, the negatively- and positively-charged Au species formed
on Au/Ti(0.5)-SBASH(0.5) and Au/Ti(0.5)-SBASH(8), respectively, as shown in Figure 5.
Therefore, alkylthiol tunes the electronic property of the immobilized Au species.

The catalytic activity of the non-calcined catalysts toward the aerobic 2-phenylethanol
oxidation depended on the loadings of alkylthiol (i.e., y of Au/Ti(0.5)-SBASH(y)). The most
active catalyst was Au/Ti(0.5)-SBASH(0.5), of which the Au particles had 2–5 nm diameters
and were charged negatively. Tsukuda and coworkers reported that the electron donation
from Poly(N-vinyl-2-pyrrolidone) to the Au cluster resulted in the negatively-charged Au
species [33]. Ebitani and coworkers also reported the formation of negatively-charged Au
species in the Au–Pd clusters [34]. The Au nano-particles on Au/Ti(0.5)-SBASH(0.5) were
donated the electron from the thiolate donors. Those negatively-charged Au species activate
the absorbed O2 via the back-donation from Au 5d to π* orbital of O2 giving superoxide
(O2

−) or peroxide (O2
2−) like species bound to Au [35]. Therefore, the negatively-charged

Au nano-particles formed on the support with y = 0.5 was appropriate as the aerobic
oxidation catalyst. On the higher alkylthiol-loaded supports with 0.5 < y ≤ 8, the formed
Au species were rather positively charged and covered by alkylthiol. These electronic and
structural properties might be a reason for the lower catalytic activity. The partial removal
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of alkylthiol by calcination improved the activity of the catalysts with 0.5 < y ≤ 8. However,
the activity of the calcined catalysts could not exceed that of Au/Ti(0.5)-SBASH(0.5).

The aerobic co-oxidation of 1-phenylethanol and styrene was efficiently promoted
by the titanium(IV)-functionalized catalysts, whereas the activity of the non-titanium(IV)
loaded catalyst was low. The styrene oxidation activity depended on the loading amounts
of titanium(IV). Based on the assumption that the styrene oxidation proceeds only on the
titanium site, the catalytic efficiencies of titanium(IV) estimated from the oxidized styrene
products per the loaded titanium ion (i.e., TON of Ti(IV)) were inverse to the loading
amounts x. As reported previously, higher loading of titanium led to the destruction of
the ordered mesoporous structure of the titanosilicate due to the formation of titanium(IV)
oxide (TiOx) domain. In our catalysts, the higher loading of titanium(IV) might increase
the inactive TiOx sites.

The results of the H2O2 detection experiments suggest the catalytic oxidation mech-
anism and the roles of the components of the present catalysts. Hydrogen peroxide is
generated by the oxidation of alcohol by the gold catalyst. The resulting H2O2 is not only
absorbed on the surface of the silica support but is also trapped by the titanium on the sur-
face of the support. As a result of the trapping of H2O2 by titanium, the oxidation activity is
reduced when alcohol is the only substrate. The highest 1-phenylethanol oxidizing activity
on Au/Ti(0)-SBASH(0.5) may imply that the formed H2O2 is also utilized as the oxidant for
alcohol oxidation. In the simultaneous oxidation of alcohols and alkenes, however, alkene
oxidation activity is enhanced in the presence of titanium. Therefore, we can conclude that
the titanium moiety contributes to the capture and activation of H2O2. In our catalysts,
titanium might exist both on the surface and in the framework of the silicate wall. The
titanium-containing supports absorbed a higher amount of H2O2 and that is evidence of
the presence of titanium on the surface of the silica wall. However, only some titanium(IV)
might be present on the surface. In order to improve the catalytic performance, the amount
of the surface titanium species must be increased.

Finally, we will comment on the stability of the present catalyst. Checking the reusabil-
ity of Au/Ti(0.5)-SBASH(0.5) on the aerobic oxidation of 1-phenylethanol revealed that
the activity of the recovered catalyst was reduced (Figure S6 in Supplementary Materials).
Measurement of the amount of immobilized gold onto the catalyst after the third use
showed that approximately 8.2% of the initially loaded gold had been lost. The loss of gold
may have been caused by a change in the Au-binding thiolate anion during the liquid phase
oxidation reaction with a protic substrate, but the details are unknown. We are planning to
investigate the catalytic activity of the gas-phase reaction in the future.

4. Materials and Methods

4.1. General

Nitrogen sorption/desorption studies were performed at liquid nitrogen temperature
(77K) using a TriStar 3000 (Micromeritics Instrument Corporation, Norcross, GA, USA).
Before the adsorption experiments, the samples were outgassed under reduced pressure for
3 h at 333 K. The X-ray diffraction data of the powder sample of the supports were collected
a RINT-Ultima III (Rigaku, Tokyo, Japan). Inductively coupled plasma mass spectrometry
(ICP-MS) was performed on a 7700 Series ICP-MS (Agilent Technologies, Santa Clara, CA,
USA). Transmission electron microscopic (TEM) images were observed on a JEM-2010
(JEOL, Tokyo Japan) with an acceleration voltage of 200 kV and LaB6 cathode. Scanned
transmission electron microscopic (STEM) images were observed on a JEM-2100F (JEOL,
Tokyo, Japan). Samples were prepared by suspending the catalyst powder ultrasonically in
methanol and depositing a drop of the suspension on a standard copper grid covered with
carbon monolayer film. EXAFS data were collected on BL01B1 at Spring-8 (Hyogo, Japan).
X-ray photoelectron spectroscopy was measured on a JPS-9010 (JEOL, Tokyo, Japan) with a
MgKα X-ray source (10 kV, 10 mA) for the analysis of the chemical states of the catalysts.
The catalyst was pressed into a 20 mm diameter disk. Then, the disk was mounted on
the sample holder of the XPS preparation chamber. The observed binding energy was
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calibrated by using an O1s transition peak. Thermogravimetric analysis was performed on
a Thermo plus EVO (Rigaku, Tokyo Japan). NMR spectra were recorded on an ECX-600
(JEOL, Tokyo, Japan). UV-vis spectra were measured on a V650 (Jasco, Tokyo, Japan). GC
analysis was performed on a GC2010 (Shimazu, Kyoto, Japan) with an Rtx-1701 column
(length = 30 m, i.d. = 0.25 mm, and thickness = 0.25 μm, Restek, Bellefonte, PA, USA).

All commercial reagents and solvents were used without further purification.

4.2. Preparation of the Bi-Functionalized SBA-15 Type Supports Ti(x)-SBASH(y)

The bi-functionalized mesoporous silica supports, Ti(x)-SBASH(y), were prepared
similarly for the previously reported alkylthiol-functionalized SBA-15 by us [36]. To
control the loading amounts of titanium(IV) and alkylthiol, the condensation ratio of
tetraethoxysilane (Si(OEt)4; 100 − (x + y) mol%), Titanium(IV) tetraisopropoxide (Ti(OEt)4;
x mol%), and mercaptopropyltrimethoxysilane (Si(C3H6SH)(OMe)3; y mol%) were defined
as x = 0, 0.5, 1, 2, or 3, respectively, and y = 0, 0.25, 0.5, 0.75, 1, 4, 8, or 10, respectively.

In a flask, 4.1 g of the surfactant Pluronic P123 (triblock copolymer EO20PO70EO20
where EO = poly(ethylene oxide) and PO = poly(propylene oxide)) was placed, then
dissolved in 150 mL of aqueous HCl solution (pH 3.0). To the resulting solution, appropriate
amounts of the precursors (summarized in Table 1) were added. The mixture was stirred at
323 K for 20 h and subsequently heated and leave to stand at 373 K for 24 h. Once cooled,
the solid product was filtered and washed with water and ethanol. The P123 surfactant was
removed by Soxhlet extraction with a mixture of 100 mL of water and 200 mL of ethanol
over a 24 h period. The resulting white solid was dried under a vacuum.

Loading amounts of titanium(IV) and alkylthiol were determined by UV-vis and 1H
NMR spectrometry, respectively. The sample solution was prepared as follows. 10 mg
of Ti(x)-SBASH(y) was dissolved in 2 mL of D2O solution containing small amount of
NaOH with heating. The quantitative analysis of titanium(IV) was done by using di-
antipyrylmethane as the indicator for colorimetric quantitative analysis. For the quantity of
alkylthiol, the NMR sample was prepared as follows. To the alkaline D2O solution, 10 mg
(0.072 mmol) of p-nitrophenol was added as an internal standard. The loading amounts
of the thiol groups were estimated by comparison of the integration values of 1H NMR
signals of ethylene and phenyl groups.

4.3. Preparation of the Catalysts Au/Ti(x)-SBASH(y)

In a flask, 0.50 g of the support Ti(x)-SBASH(y) (except y = 0) were suspended in 30 mL
of EtOH. In another flask, 0.01 g (0.025 mmol) of NaAuCl4·2H2O was dissolved in 20 mL
of EtOH. The resulting EtOH solution of AuCl4− was added dropwise to the suspension
of the support, and the mixture was stirred for 12 h to adsorb gold ions on the support
surface. The resulting solid was collected by filtration and washed with 400 mL of EtOH.
The Au ions-absorbed support was suspended in 50 mL of EtOH. In a glass vessel, 20 mg
(0.50 mmol) of NaBH4 was dissolved in 5 mL of a mixture of H2O and EtOH (1:1, v/v).
The resulting NaBH4 solution was added to the EtOH suspension of the Au ions-absorbed
support. Then colored powder catalyst was collected, washed with 200 mL of EtOH, and
dried under a vacuum.

The non-alkylthiol-functionalized support Ti(0.5)-SBASH(0) could not absorb Au ions.
Therefore, Au/Ti(0.5)-SBASH(0) was prepared by the deposition of the in situ generated
Au particles. To 0.5 g of Ti(0.5)-SBASH(0) suspended in EtOH, 0.01 g (0.025 mmol) of
NaAuCl4·2H2O was added, then reduced by NaBH4. The resulting purple-colored solid
was collected, washed with EtOH, and dried under a vacuum.

The immobilized amount of Au was quantified by ICP-MS. The catalyst was dissolved
in aqua regia, and the resulting solution was diluted with H2O to apply ICP-MS.

4.4. Catalytic Aerobic Oxidation of 1-Phenylethanol

In the reaction vessel, 50 mg of the catalyst and 13 mg (100 mmol) of naphthalene (as
an internal standard for GC analysis) were placed under an O2 atmosphere. Then, 4 mL
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of toluene (solvent) was charged and warmed at 333 K. Finally, 122 mL of (1.0 mmol) of
1-phenylethanol (substrate) was injected.

The by-produced H2O2 was analyzed by the method reported by Takamura and
co-workers [37].

4.5. Catalytic Co-Oxidation of 1-Phenylethanol and Styrene

The reaction procedures were essentially similar to those of the aerobic oxidation of
1-phenylethanol (see above), although this co-oxidation reaction was performed without
solvent. In the reaction vessel, 50 mg of the catalyst and 13 mg (100 mmol) of naphthalene
(as an internal standard for GC analysis) were placed under an O2 atmosphere. Then,
1.1 mL (10 mmol) of styrene (substrate) was charged and warmed at 333 K. Finally, 122 mL
of (1.0 mmol) of 1-phenylethanol (substrate) was injected.

5. Conclusions

The titanium(IV)- and alkylthiol-functionalized SBA-15 type mesoporous silicate
supports, Ti(x)-SBASH(y), were synthesized by the one-pot condensation of the alkoxide
precursors in the presence of the polymer micelle templates. The molar ratio of the pre-
cursors Si(OEt)4: Ti(OiPr)4: Si(C3H6SH)(OMe)3 were controlled as 100 − (x + y): x: y
where 0 ≤ x ≤ 2 and 0 ≤ y ≤ 8, respectively. The supports synthesized with such composi-
tion showed the desired SBA-15 type characteristics, whereas the higher loadings of the
functionalities (such as x = 3 or y = 10) destroyed the ordered mesoporous framework.

The catalysts Au/Ti(x)-SBASH(y) were prepared by the reaction of the synthesized
supports with AuIIICl4− and following reduction with NaBH4. The structure and electronic
properties of the immobilized Au species depended on the loadings of alkylthiol. The
lower alkylthiol loaded support with y = 0.5 gave the negatively charged nano particulate
Au species, whereas the higher loaded one with y = 8 yielded the positively charged Au
clusters with the sulfur ligands. The aerobic alcohol oxidation activity also depended on
the loadings of alkylthiol. The most active catalyst in a series of Au/Ti(0.5)-SBASH(y) was
that with y = 0.5, of which the negatively charged moderate-sized Au nano-particles might
yield the active superoxide or peroxide adduct species. Both of the non-thiol-functionalized
catalyst Au/Ti(0.5)-SBASH(0) and higher alkylthiol-loaded catalyst Au/Ti(0.5)-SBASH(8)
were almost inactive due to the inactivity of the larger Au particles and the highly thiolate-
covered small Au species.

The co-oxidation of styrene and 1-phenylethanol was promoted by Au/Ti(x)-SBASH(0.5).
The yields of the oxygenated compounds derived from styrene were increased on the
increasing of the titanium loadings (i.e., x), although the major product was not styrene
oxide but benzaldehyde. Hydrogen peroxide is generated by the oxidation of alcohol by
the gold catalyst. The titanium moiety contributes to the capture and activation of H2O2.

Reuse of Au/Ti(0.5)-SBASH(0.5) on the aerobic oxidation of alcohol resulted in reduc-
ing the catalytic activity due to the leaching of Au. The loss of Au might have been caused
by a change in the Au-binding thiolate anion. We are planning to investigate the catalytic
activity of the gas-phase reaction in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13010035/s1, Figure S1: N2 adsorption isotherms of Ti(0.5)-SBASH(y);
Figure S2: N2 adsorption isotherms of Ti(x)-SBASH(0.5); Figure S3: XRD patterns of Ti(0.5)-SBASH(y);
Figure S4: XRD patterns of Ti(x)-SBASH(0.5); Figure S5: Distributions of the particle size of the
immobilized Au on Ti(0.5)-SBASH(y) with y = 0.5 and 1; Figure S6: Reuse test of Au/Ti(0.5)-SBASH(0.5)
on the aerobic oxidation of 1-phenylethanol.
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Abstract: A system of boron-doped diamond (BDD) anode combined with a gas diffusion electrode
(GDE) as a cathode is an attractive kind of electrolysis system to treat wastewater to remove organic
pollutants. Depending on the operating parameters and water matrix, the kinetics of the electrochem-
ical reaction must be defined to calculate the reaction rate constant, which enables designing the
treatment reactor in a continuous process. In this work, synthetic wastewater simulating the vacuum
toilet sewage on trains was treated via a BDD-GDE reactor, where the kinetics was presented as the
abatement of chemical oxygen demand (COD) over time. By investigating three different initial COD
concentrations (C0,1 ≈ 2 × C0,2 ≈ 4 × C0,3), the kinetics was presented and the observed reaction
rate constant kobs. was derived at different current densities (20, 50, 100 mA/cm2). Accordingly, a
mathematical model has derived kobs. as a function of the cell potential Ecell . Ranging from 1 × 10−5

to 7.4 × 10−5 s−1, the kobs. is readily calculated when Ecell varies in a range of 2.5–21 V. Furthermore,
it was experimentally stated that the highest economic removal of COD was achieved at 20 mA/cm2

demanding the lowest specific charge (~7 Ah/gCOD) and acquiring the highest current efficiency (up
to ~48%).

Keywords: kinetics; electrochemical reaction; rate constant; electrolysis system; boron-doped diamond
electrode; gas diffusion electrode

1. Introduction

Studying the kinetics of the electrochemical mineralization of organic pollutants in
wastewater is one of the most important research aspects helping to define the reaction rate
constant (k), which is very essential in the matter of reactor design and optimization of the
operating parameters. The residence time in the reactor can be readily defined if the value
of k is known. Accordingly, the reactor volume can be obtained through the flowrate of
the treated wastewater achieving a certain removal efficiency [1]. This arrangement is very
beneficial for discharged wastewater on public transport services such as trains or cruise
ships, where the wastewater properties change significantly according to the passenger
numbers and travel time during the day.

Using boron-doped diamond electrodes (BDD) as an anode in the electrolysis cells
to mineralize organic pollutants has drawn more attention in the last decades [2–8] due
to the generation of hydroxyl radicals (•OH), which completely degrades water organics
to CO2 with zero-discharge and without the formation of toxic by-products. Those dis-
tinctive features are missing in other wastewater treatment methods, such as ozone, that
forms undesired by-products [9] or biological treatment processes that produce sludge in
considerable amounts. •OH generated at the BDD surface mineralizes organics (R) in the

Water 2022, 14, 3592. https://doi.org/10.3390/w14223592 https://www.mdpi.com/journal/water
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electrolyte, according to reaction Equations (1) and (2), while the energy-wasting undesired
reaction (3) leads to oxygen evolution due to mass transport limitations [10].

BDD + H2O → BDD(•OH) + H+ + e− (1)

BDD(•OH) + R → BDD + mineralization products + H+ + e− (2)

BDD(•OH) → BDD + O2 + H+ + e− (3)

A combination of BDD as anode with a gas diffusion electrode (GDE) in the same
electrolysis cell showed higher effectivity to remove organic pollutants from wastewater,
as more reactive species are released at low energy consumption [11,12]. These oxygen-
reactive species contribute to mineralizing organics in the electrolyte solution, as well
as •OH released at the BDD surface [13,14]. Produced by reduction of oxygen at GDE
according to Equation (4), H2O2 decomposes by •OH generating more oxygen reactive
species such as •O2H, •O2, •OH, 1O2 [15–17].

O2 + 2H+ + 2e− → H2O2 (4)

The electrochemical mineralization of organics relates to the operating parameters in
the electrolysis cell [18]. For example, the physico-chemical properties of the electrolyte [19]
can increase or diminish the mineralization efficiency, which is affected by other effectors
such as conductivity [20] and type of organics [21]. Current density and cell potential also
play a very important role to determine the efficiency of the electrolysis system. Regarding
the other operating parameters, increasing the current density can promote the mineral-
ization rate and consequently the efficiency, as the •OH generation rate will be effectively
accelerated [22]; however, it depends on the types of organics aimed to be degraded [23].
The application of very high current density leads to the formation of side products, such
as oxygen, through the reaction of oxygen evolution (Equation (3)), decreasing the current
efficiency, because reactive species are wasted without promoting the mineralization of
the organic [24]. Treating the vacuum toilet sewage generated on trains or cruise ships is
an environmental matter which has gained more attention from many suppliers during
the last two decades [25]. This sewage is a kind of low-diluted blackwater with high or-
ganics concentration (COD = 3350–25,800 mg/L and BOD5 = 3750–7424 mg/L), according
to Wasielewski et al., 2016 [26]. Different treatment methods have been investigated to
deal with such sewage, including a continuously stirred tank reactor (CSTR), an up-flow
anaerobic sludge blanket (UASB), and a membrane bioreactor (MBR), but they need much
more space than available on the mentioned transition means [27]. Place shortage and
production of sludge has forced industry to look for other alternatives. Electrolysis systems
can be an optimal choice due to their small occupation size and zero-discharge property [15].
Other methods to treat vacuum toilet sewage were investigated by Haupt et al., 2019 [11]
to compare the removal effectivity of organics and the related energy demand. For this
goal, Haupt et al. investigated ozonation, peroxone, and BDD-GDE reactor as treatment
methods.

The purpose of this study is to investigate the treatment efficiency of organic pollutants,
measured as COD and contained in synthetic wastewater, using an electrochemical BDD-
GDE reactor. Different values of current density and initial COD concentration were tested.
Experimental data were used to describe the kinetics of the electrochemical oxidation
depending on COD degradation under the dominant operating conditions, aiming to
calculate the related values of the rate constant. A mathematical model to determine the
rate constant depending on the desired cell potential value was also proposed.

2. Materials and Methods

The investigated synthetic wastewater (SWW) used to simulate the real vacuum toilet
wastewater was developed in cooperation with a train toilet operator [11]. The efficiency
and the kinetics of the electrochemical treatment were presented through COD elimination
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over the experiment time. All conditions, including pH and temperature, were kept
the same as that of the vacuum toilet wastewater on trains, to meet the real treatment
conditions. The used SWW included different organic sources where glucose was the main
organic source, contributing to 96% of the whole COD concentration. To test the effect of
the initial COD concentration (CODint.) of SWW on the electrochemical mineralization of
organics, the original COD concentration of SWW (C0,1 of ~4410 ± 17 mg/L) was diluted
to C0,2 = 2267 ± 99 mg/L and C0,3 = 1175 ± 13 mg/L, whereby the electrolyte conductivity
σ was reduced from σ0,1 = 8.58 ± 0.24 to σ0,2 = 4.62 ± 0.12, and σ0,3 = 2.49 ± 0.06 mS/cm,
respectively.

2.1. Experimental Set-Up

All experiments were conducted using the experimental setup shown in Figure 1a.
The SWW as feed was stored in a tank of 3 L. A centrifugal pump (Schmitt Kreiselpumpen
GmbH & Co. KG, Ettlingen, Germany) was used to supply the reactor at a flow velocity
of 0.23 m/s, from the bottom to the top. The BDD-GDE reactor had flow channels to
ensure homogeneous electrolyte flow in the reaction zone (10 cm × 10 cm). The flow
rate profile between both electrodes at the highest flow velocity (0.23 m/s) in the current
BDD-GDE reactor was simulated using the computational fluid dynamics (CFD) software
and presented in Figure 1b. Air, containing oxygen, needed for the GDE to generate H2O2,
was provided through a back compartment behind the GDE and its pressure was adjusted
to approximately 35 mbar via the following water column. The current was supplied in
three different densities 20, 50, and 100 mA/cm2 by a TDK Lambda power supply (Gen
20–76; Tokyo, Japan), which also enabled controlling both voltage and current applied at
the electrolysis reactor. Each current density was investigated at the three different con-
centrations (C0,1, C0,2, and C0,3) for 4 h, while COD, pH, temperature, voltage, and current
were measured over the time of the experiment. A pH-, temperature- and conductivity
meter (Windaus-Labortechnik GmbH & Co. KG, Clausthal-Zellerfeld, Germany) was used
for these measurements.

The electrolysis reactor had a combination of BDD and GDE without a separator
(Figure 1c). In this reactor design, a BDD anode (type DIA-CHEM® by CONDIAS) was
coupled with a carbon-based GDE (Printex L6 on Ag-plated Ni mesh; Covestro AG, Lev-
erkusen, Germany). The printex catalyst was chosen for the GDE due to its high yield of
H2O2 in acid and alkaline environments in comparison to other pure carbon catalysts. De-
tailed information on electrode characterization and manufacturing method was published
by [12]. A PTFE-frame was located between both electrodes to seal the electrochemical
reaction zone and keep a 3 mm distance.

2.2. Analysis and Calculations

NaHCO3 (Th. Geyer GmbH & Co. KG, Renningen, Germany) was used to de-
stroy H2O2 generated during the process and existed in wastewater samples to avoid
overestimation in the COD test [28,29]. The samples were prepared at the ratio 22.5 mol-
NaHCO3/mol-H2O2 and were shaken at ambient temperature for 24 h by shaking the
device (Edmund Bühler GmbH, Bodelshausen, Germany) before COD tests were carried
out [30]. A rapid determination of H2O2 was conducted by test strips (Macherey-Nagel,
Dürren, Germany) to ensure the total decomposition of H2O2 in wastewater samples before
the COD test. COD was measured by cuvette tests (Macherey-Nagel, Dürren, Germany)
and spectrophotometry (Nanoclor UV/VIS; Macherey-Nagel, Dürren, Germany) according
to DIN 38 409-H41-1 [31].

369



Water 2022, 14, 3592

 
(a) 

 
(b) (c) 

Figure 1. (a) Experimental set-up with BDD-GDE reactor to treat synthetic wastewater (SWW);
(b) CFD-flow schema at the highest flow velocity (0.23 m/s); (c) BDD-GDE reactor: (1) front metal
plate; (2) anode half-shell; (3) boron-doped diamond (BDD) electrode; (4) thin PTFE frame of anode
side; (5) thick PTFE frame of cathode side; (6) gas diffusion electrode (GDE); (7) cathode half-shell;
(8) front metal plate of cathode side.
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The organic mineralization effectivity of such an electrolysis system can be evaluated
through the organics removal and current efficiency, in addition to the charge demand
needed to mineralize a specific organic quantity. The specific charge demand (SCD) of the
electrochemical mineralization can be calculated via Equation (5).

SCD =
j·A·t

V·(COD0 − CODt)
(5)

where SCD is the specific charge demand (Ah/gCOD), j is current density (mA/cm2), A is
the active area of electrodes (cm2), t is experiment time (h), V is wastewater volume (L).
COD0 and COD are the chemical oxygen demand at t = 0 and the time point t, respectively.
Both concentrations are given in g/L.

Current efficiency (CE), specified for the amount of electrochemically removed COD,
can be obtained from the equation used by Panizza et al., 2019 [32], expressed in Equation (6).

CE = F·V (COD0 − CODt)

8·j·A·t (6)

where F is Faraday’s constant (96,485 C mol−1).
Conducting the oxidation process under certain operating parameters and presenting

the experimental data as lnCOD0/CODt proportioning linearly to the experiment time,
the rate constant can be obtained as a slope of the linear plot of that direct proportionality.
Accordingly, a mathematical model can be built on how the rate constant changes depend-
ing on the applied cell operation parameters [10]. Such a model can help to estimate the
residence time in the reactor for a certain electrolyte at desired settings to achieve a certain
removal efficiency, especially for wastewater with changed properties, such as that on
public transport services (i.e., on trains). Accordingly, the reactor volume can be calculated
beforehand to meet the maximal flow rate of the discharged wastewater.

On whole, each one of the operating parameters relatively contributes to controlling
the electrochemical mineralization kinetics of the organics, which consequently determines
the treatment efficiency. The kinetics can be experimentally investigated and graphically
presented as COD degradation during the treatment time. Depending on what Schmidt,
2003 stated [33], most electrochemical reactions usually take place as a first-order reaction,
which has the following mathematical form [34]:

k·t = ln
COD0

CODt
(7)

where k is the rate constant (s−1).

2.3. Results and Discussion

In the investigated BDD-GDE reactor, the effect of the different current densities
(20, 50, and 100 mA/cm2) at three different CODint. (C0,1 > C0,2 > C0,3) on the organics
mineralization rate and specific charge demand was investigated. At all current densities,
and after 4 h treatment, lower initial concentration showed a lower total removed COD
(TR-COD) and consequently higher SCD, as shown in Figure 2a,b, respectively. Although
C0,1 is approx. 4 times higher than C0,3, the TR-COD at C0,1 was only 21–34% higher than
that at C0,3 at all current densities. Taking the TR-COD value (380 mg/L) at 20 mA/cm2

and C0,1 as a set-point, this value of TR-COD increased by 84% and 163% by the rising
of the current density to 50 mA/cm2 and 100 mA/cm2, respectively. For the other two
concentrations, TR-COD also jumped 120% and 210% at C0,2 and 74% and 186% at C0,3 as
the current density reached 50 and 100 mA/cm2, respectively.
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(a) 

(b) 

Figure 2. Influence of different CODint. (C0,1 = 4410 ± 17 mg/L; C0,2 = 2267 ± 99 mg/L;
C0,3 = 1175 ± 13 mg/L) on: (a) total removed COD (TR-COD) and (b) specific charge demand (SCD);
at different current densities (20, 50, and 100 mA/cm2) after 4 h treatment.

The interpretation of this result is that the application of a higher current density
generated more reactive species contributing to the electrochemical mineralization of
organics in the BDD-GDE reactor, which means a higher generation rate of •OH radicals at
the BDD surface. One portion of the generated amount of •OH radicals degraded more
organics in SWW [35,36], whereas the other portion accelerated also the decomposition rate
of H2O2 generated by GDE, providing the electrochemical mineralization once again with
more oxygen-reactive species, such as •O2H, •O2, •OH, 1O2. This agrees with the results
reported by Muddemann et al., 2021 for the electrochemical degradation of phenol [12]. It
is also important to mention that the H2O2 amount generated by the GDE in the reaction
medium increases as well by increasing the current density [37]. This contributes to
enhancing the quantity of the reactive species •O2H, •O2, •OH, 1O2 through the H2O2
decomposition by •OH radicals.

On the other side, the comparison between both effects of current density and CODint.
increase on the TR-COD amount shows a dominant mass transfer limitation in the reaction
medium which is hardly affected by changing the CODint., but is more affected by the
applied current density. This result is close to that of [38], where mass transfer controlled the
electrochemical mineralization rate at high current density and high reactants concentration.

The positively mentioned effect of increasing current density on the TR-COD led to a
charge loss outside the mineralization reaction, indicating an increase in the SCD value.
The increase of current density from 20 to 100 mA/cm2 increased the SCD by 90%, 63%,
and 75% at C0,1, C0,2, and C0,3, respectively. Conversely, the SCD decreased by 18%, 29%,
and 24% at 20, 50, and 100 mA/cm2 when CODint. is quadrupled from C0,3 to C0,1. The
reason is that energy consumption increases by higher current density, causing electrons
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(charge) transfer promoting acceleration of anodic polarization, and higher generation rate
of •OH radicals [39]. The dominantly existing mass transfer obligates a portion of •OH to
participate in some side (non-mineralization) reactions (i.e., oxygen evolution). The higher
the current density is, the higher this participation in the non-mineralization reactions [40]
which appears as an increase in SCD magnitude. Increasing the CODint. from C0,3 to C0,1
offers higher organic molecules that pick the generated •OH radicals via mineralization
reaction and as a result lower the SCD slightly.

Charge loss due to side reactions can be also mirrored in Figure 3, by the diminishing
current efficiency calculated depending on Equation (6), while the current density increases.
Increasing current density (from 20 to 100 mA/cm2) at the same conditions reduced the
current efficiency by 47% (from 47.7% to 25.1%) at C0,1 versus 40% and 43% for both C0,2
and C0,3, respectively. This reduction is attributed to the charge loss through the side
reactions/products caused by mass transfer limitation. This result agrees with Zhang
et al., 2013 who stated a diminishing current efficiency was due to the formation of side
products [35].

Figure 3. Current efficiency at different current density.

According to Equation (6), current efficiency is related to the TR-COD amount through-
out the treatment process time (4 h), which is controlled by the kinetics conditions dom-
inating in the reaction medium during the treatment. The kinetics presented as a timed
COD concentration decreasing in the BDD-GDE reactor, as shown in Figure 4, whereby the
pH decreased from 7 to 4 and the temperature increased from 10 to 34 ◦C during the 4 h
treatment. It is assumed that the curves of the electrochemical reactions are fitted to the
first-order pattern. Continued lines in Figure 4 present the measured COD concentration
throughout the experiment time at 100 (a), 50 (b), and 20 mA/cm2 (c).

At each current density, the COD concentration decreased over time in the approx-
imately same pattern despite the different initial concentrations, whereas the stepwise
decrease in current density from 100 to 50 and 20 mA/cm2 at the same initial concentration
softened the slope of the curves, indicating a lower degraded COD amount. The 4 h
treatment agrees with the results in Figure 2a. Depending on Equation (7) for first-order
reactions, ln(COD0/COD) shows a linear relationship to the experiment time at all current
densities and CODint. values as shown in Figure 5a–c. As glucose content in the treated
wastewater contributes to 96% of the whole COD, glucose was considered as the fingerprint
COD source to simplify the deriving of the reaction rate constant. The slope of each curve
refers to the value of the rate constant at the related conditions and shows that the rising of
current density increased the value of the rate. The effect of increasing current density on
the value of the rate constant can be illustrated by the activation of ascending the number
of locations on the catalyst (electrode) surface reducing the activation energy of reactants
and consequently increasing the rate constants [41,42].
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(a) (b) 

 
(c) 

Figure 4. (a–c) COD concentration decrease at different current densities. The continued line is the
measured value during the experiments. The dotted line is the theoretical value based on the rate
constant calculated from measured values.

This proportionality of the rate constant is not only related to the current density
but also the applied cell potential as stated by [33]. As mentioned, the dilution of the
original solution (C0,1) about 2-fold (generating C0,2) and 4-fold (generating C0,3) reduced
the conductivity of both diluted solutions by an approximate extent from σ0,1 = 8.58 ± 0.24
to σ0,2 = 4.62 ± 0.12, and σ0,3 = 2.49 ± 0.06 mS/cm, respectively, which increased the
internal resistance in the treated wastewater. To overcome this difficulty and provide a
certain charge input at different conductivities, an increasing initial potential (V0,3 > V0,2
> V0,1) must be applied according to the decreasing conductivity (σ0,3 < σ0,2 < σ0,1) as
explained in Table 1.

This necessary increase in the cell potential was the reason for the value increase
of the observed rate constant (kobs.) which ranged in this work between 0.67 × 10−5 and
8.33 × 10−5 s−1. In the literature, kobs. showed very different values according to the
organics to be treated and the treatment conditions. For example, it showed the value
2.4 × 10−5 s−1 at 18.90 mA/cm2 for degrading ethidium bromide [35], 8.8 × 10−5 s−1

at 15 mA/cm2 for the treatment of bisphenol A [43], whereas it was 1.9 × 10−5 s−1 at
15 mA/cm2 during reducing COD of diluted raw leachate [44]. Comparably, kobs. showed
a lower value (1.83 × 10−5 s−1) at a current density of 20 mA/cm2 for glucose degradation
close to the current work, indicating that the natural structure of organics considerably
controls the rate constant besides the effect of the current density and other parameters [45].
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Table 1. Reaction rate constant k and initial potential V0 at different electrolyte conductivities and
current densities.

Current Density
(mA/cm2)

k [1/s] Initial Potential V0 [volt]

Conductivity [mS/cm] Conductivity [mS/cm]

8.58 ± 0.24 4.62 ± 0.12 2.49 ± 0.06 8.58 ± 0.24 4.62 ± 0.12 2.49 ± 0.06

100 2.00 × 10−5 3.67 × 10−5 8.33 × 10−5 8.03 14.3 20.9
50 1.33 × 10−5 2.83 × 10−5 3.83 × 10−5 6.59 9.51 12.3
20 0.67 × 10−5 1.00 × 10−5 1.83 × 10−5 4.24 4.85 7.8

(a) (b) 

 
(c) 

Figure 5. Kinetic curves of the electrochemical reaction as a first-order reaction at different current
densities: (a) at 100 mA/cm2; (b) at 50 mA/cm2; (c) 20 mA/cm2, and different concentrations: C0,1

(square), C0,2 (diamond), and C0,3 (circle).

To validate the obtained values of the rate constant listed in Table 1, they were used
in the kinetics equation of the first-order reaction (Equation (7)) to theoretically calculate
COD concentration profiles in the reactor over time. The theoretical values are presented in
Figure 4a–c as dotted lines. Regarding the standard deviation, the theoretical values are
fitted to the experimental ones for glucose mineralization by BDD-GDE reactor very well.
Depending on values listed in Table 1, three models at three different current densities
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are graphically represented in Figure 6a which provides a wide range of cell potential to
calculate the rate constant.

 
(a) (b) 

Figure 6. Three mathematical models (a) and its uniform model (b) to calculate the rate constant of
glucose oxidation in BDD-GDE-cell on a wide range of current densities (20–100 mA/cm2) and cell
potentials (5–20 V).

The three models at three different current densities (20, 50, and 100 mA/cm2) were
assembled in one uniform model which is plotted in Figure 6b. This model allows cal-
culating the rate constant of the electrochemical mineralization of organics in the SWW
directly from the measured cell potential needed at a certain conductivity from the range of
2.49 ± 0.06 − 8.58 ± 0.24 mS/cm to provide a certain applied current density ranging from
20 to 100 mA/cm2. Indeed, changing the conductivity of the synthetic wastewater will just
change the set-point value of the cell potential to meet the desired current density changing
the rate constant. It means the rate constant can be directly and beforehand obtained from
Equation (8) of the proposed model (Figure 6b) just by determining the cell potential.

k = 4 × 10−6·Ecell − 10−5 (8)

where Ecell is the applied cell potential at the BDD-GDE-cell (volt), whereby the model
provides the value of kobs. on a range of 1 × 10−5–7.4 × 10−5 s−1 when the Ecell varies from
2.5 to 21 V to provide a current density ranging between 20 and 100 mA/cm2.

The validity of the model was mathematically checked on a cell potential range of
6–21 V and showed a maximal standard deviation ≤ ±20% of the value of the rate constant
calculated via the three models with different current densities (Figure 6a). Additionally,
the R-squared value (95.6%) shows the model highly adapting to the kobs. values drawn
from the experimental measurements. Therefore, it can be stated that the proposed model
(Figure 6b) is derived and checked to deliver trustable values for organics mineralization in
the investigated synthetic wastewater at the mentioned temperature, pH, conductivity, and
current density limitations.

For electrochemical COD mineralization in raw leachate and according to the model
of [44], kobs. reached 7.19 × 10−5 s−1, locating nearby the value 7.4 × 10−5 s−1, obtained
in this work at close settings of both cell potential and current density. Such differences
in kobs. values are mainly to be interpreted by the different physico-chemical properties of
types of organics in the wastewater, which emphasizes the fact that a certain mathematical
model must be derived for each type of wastewater, under certain limitations of operating
parameters, to be able to determine the rate constant as precisely as possible.
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3. Conclusions

In this work, different settings concerning current density and initial COD concentra-
tions were investigated to study the performance of the electrolysis BDD-GDE reactor used
to mineralize organics in synthetic wastewater, prepared to simulate real toilet wastewater
collected on board trains. In addition, this study enabled us to derive a mathematical
equation to determine the rate constant of the electrochemical reaction in advance, which
mainly helps design an electrochemical reactor with high accuracy for real situations.

Increasing current densities improves the removal efficiency of the electrolysis BDD-
GDE reactor more than increasing initial COD concentrations. For example, increasing
the current density from 20 to 50 and 100 mA/cm2 raised the TR-COD 84% and 163% (at
C0,1), 120% and 210% (at C0,2), as well as 74% and 186% (at C0,3), respectively. Conversely,
using a higher initial COD concentration such as C0,1 (four times higher than C0,3) helped
increase the TR-COD by just 21–34%, depending on the adjusted current density at the
BDD-GDE reactor.

Considering the energy side, the increase of current density from 20 to 100 mA/cm2

increased the SCD by 90%, 63%, and 75% at C0,1, C0,2, and C0,3, respectively. This means
that the advancement in the quantity of mineralized organics was accompanied by a charge
loss in the side reactions. Accordingly, the best current efficiency of the system is achieved
at low current density (20 mA/cm2) ranging between 36–48%, depending on the adjusted
CODint. value, whereas it diminished to ~23% at all CODint. values when the density
increases up to 100 mA/cm2.

Depending on the degradation of COD in the wastewater during the time of the
electrochemical treatment, the reaction kinetics presented by the experimental measure-
ments adopts the pattern of the first-order reaction. The experimental data of the different
treatment runs enabled the derivation of a simple mathematical model to calculate the
rate constant as a function of the cell potential. According to the model suited for the
investigated synthetic wastewater and applied operating parameters, the observed rate
constant kobs. ranges between 1 × 10−5 and 7.4 × 10−5 s−1 depending on a cell potential of
2.5 to 21 V.
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Abstract: The production and use of manufactured chemicals have risen significantly in the last
few decades. With interest in preserving and improving the state of the environment, there is
also growing interested in new technologies for water purification and wastewater treatment. One
frequently discussed technological group is advanced oxidation processes (AOPs). AOPs using
sulphur-based radicals appear to reduce the volume of organic contaminants in wastewater signifi-
cantly. The use of persulfate has excellent potential to successfully eliminate the number of emerging
contaminants released into the environment. The main disadvantage of sulphur-based AOPs is the
need for activation. We investigated an economically and environmentally friendly solution based
on hydrodynamic cavitation, which does not require heating or additional activation of chemical
substances. The method was evaluated for emerging contaminant removal research, specifically
for the group of steroid estrogens. The mixture of estrone (E1), 17β-estradiol (E2), estriol (E3), and
17α-ethinylestradiol (EE2) was effectively eliminated and completely removed during a treatment
that lasted just a few seconds. This novel method can be used in a broad spectrum of water treatment
processes or as the intensification of reactions in chemical engineering technologies.

Keywords: hydrodynamic cavitation; advanced oxidation processes; estrogens removal; water
treatment; persulfate activation

1. Introduction

Steroid estrogens (Figure 1) are representatives of a group of pollutants called en-
docrine disruptors. Their increased environmental presence poses a potential risk to
wildlife and human health, even at low concentrations. Estrogens are suspected of caus-
ing the development of certain defects and diseases, such as reproduction dysfunction,
metabolic diseases, cancer, and many others. The suggested link to the increased numbers
of patients with breast cancer—the most diagnosed cancer in women—is alarming [1].
Besides harming humans and animals, steroid estrogens also affect plant growth [2].

Water 2022, 14, 3816. https://doi.org/10.3390/w14233816 https://www.mdpi.com/journal/water
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Figure 1. Chemical structure of selected estrogens.

The physical-chemical properties of these compounds play an essential role in predict-
ing their fate in the environment. Estrogens are poorly soluble in water. The values of the
octanol/water coefficient (Kow)—defined as the ratio of the concentration of a compound
in n-octanol and water under equilibrium conditions at a specific temperature—indicate
slightly hydrophobic behavior and, thereby, a tendency to sorb to the solid phase and
thus be retained in the environment [3,4]. Most estrogens are excreted from the body in
the urine in conjugated form. These polar conjugates are biologically inactive and more
soluble in water. Nevertheless, at the influent of the wastewater treatment plant, primarily
unconjugated estrogens are found, indicating hydrolysis of the conjugates prior to entering
the treatment plant caused by bacteria like E. coli [4].

The crucial factor in polluting the environment with these substances is inadequate
wastewater treatment. Although there are already methods that can satisfactorily reduce
concentrations of various pollutants entering the environment, their application in practice
are both technologically and economically demanding. On the other hand, wastewater treat-
ment research has been actively producing new technologies based on various mechanisms
with various efficiency levels. Traditional Fenton and Fenton-like processes, ozonization,
UV-based methods, or other heterogenous photocatalyzed processes have been studied,
modified, and intensified for over two decades [5]. Significant development has been
achieved in advanced oxidation processes (AOPs) based on highly reactive radicals.

Sulphate radical (SO4•−)-based AOPs play a significant role in advanced wastewater
treatment development. Sulphate radicals are usually generated from persulfate (PS),
supplied as Na2S2O8, or less commonly from peroxymonosulphate (PMS) in the form of
2 KHSO5·KHSO4·K2SO4 [6]. It should be noted that the PS method is more cost-effective
and, in practice, more user-friendly than PMS [7]. Sodium persulfate is a white crystalline
compound highly soluble in water (73 g/100 g H2O at 25 ◦C [6,8], providing easy manipu-
lation. Although PS is a powerful oxidant, some form of activation needs to be used for
pollutant degradation at a reasonable rate [7]. Many papers have already been published
on PS activation; some introduce potentially environmentally responsible technologies,
such as thermolysis or photolysis.

Heat- or UV-activated persulfate has a significant advantage as it does not require
additional chemicals, thus it is a potentially environmentally responsible technology. How-
ever, it is necessary to consider the cost and impact of using the electric energy needed for
UV lamps or other additional energy to heat the system. Moreover, it must be recognized
that heating is not economical because thermal heating has been classified as pollution, nor
is it ecological [6] in recent literature. Table 1 lists some examples of PS activation methods.
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Table 1. Examples of PS activation methods.

Method Pollutant Efficiency Commentary Reference

UV and/or transition metals:
Fe(II), Fe(III), Co(II), Ag(I)

2,4-dichlorophenol 99.9% within 4 h

The high scavenging
effect, possible
inhibition by dissolved
oxygen, secondhand
water contamination
with high
concentrations of metal
ions, prolonged
reaction time

[9]

Iron-based nanoparticles
(bimetallic zero valent
nanoparticles) Fe/PS process

trichloroethylene >99% in 20 s reaction time

High cost and potential
environmental risk
caused by
nanoparticles

[10]

PS and PMS activation by
electrophilic transition metal
cations (Ag+ and Co2+), UV
(300 < λ < 400 nm) and/or heat
(T = 30 ◦C)

microcystin-LR ∼77% in 10 min

Best results achieved at
lower pH (pH = 3) and
higher PS
concentrations
[PMS]/[MC-LR] molar
ratio = 100

[11]

Magnetite nanoparticles/PS norfloxacin 90% within 60 min

The concentration of PS
1 mM; dose of
nanoparticles: 0.3 g
L−1; adjusted pH = 4.0

[12]

TiO2/light/PS acetaminophen up to 100% in 9 h, pH 9

High costs and
complicated in practice
(high dose of PS, pH
adjustment, prolonged
reaction time)

[13]

Phenols/PS nitrobenzene over 60% in 8 h, pH 11.5

Addition of hazardous
chemicals and the need
for significant pH
adjustment, prolonged
reaction time

[14]

PS activated by quinones PCBs over 60% in 1 h, over 80%
in 2 h

The mechanism of
persulfate activation
was primarily
elucidated

[15]

PS activated by Fe2+ diuron, ibuprofen
and caffeine >90% in 240 min

pH adjustment needed;
kinetics model
primarily evaluated

[16]

PS activated by
nitrogen-modified carbon
nanotubes

phenol >90% under 30 min
Phenol concentration =
20 ppm; catalyst dose
0.2 g L

[17]

PS/activated carbon Azo dye (orange 7) 80% degradation and 50%
mineralization in 5 h

The activation
effectiveness decreased
by adsorption of the
pollutant on the
catalyst

[18]

Thermally activated PS
59 volatile organic
compounds >90% in 72 h

The best results were
achieved in
combination with 5 g
l−1 of Na2S2O8 at 40 ◦C
for 72 h

[19]
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Table 1. Cont.

Method Pollutant Efficiency Commentary Reference

Thermally activated PS antipyrine 80% removal within 2 h
Anaerobic conditions
favoured degradation
(20%)

[20]

UV/PS sulfamethazine >95% in 45 min

Photolysis (22.0%),
persulfate oxidation
(15.10%), UV/H2O2
(87.5%) efficiencies
were also investigated

[21]

UV/PS cylindrospermopsin >99% in 20 min

UV (less than 5%) and
UV/H2O2 (~20%)
efficiencies were also
investigated

[22]

UV/PS
2,4,6-
trichloroanisole >80% in 30 min

Mechanism and
kinetics were primarily
investigated

[23]

PS/sonolysis carbamazepine 89.4% in 120 min, pH 3.0

PS and ultrasound
efficiencies were also
investigated; PS alone
with less than 50% and
ultrasound with less
than 5%

[24]

PS/sonolysis bisphenol A >90% under 60 min

High temperatures
enhanced sulfate
radical formation but
impeded sonochemical
activity.By-products
were also investigated

[25]

Both environmentally and economically sustainable methods are still needed in opti-
mal wastewater treatment technology. The methods mentioned above are only effective to
a certain extent and are associated with high time requirements. Experiments are usually
performed within tens of minutes, sometimes up to two or three hours, once for days [9–30].
Such a time delay is difficult to achieve in real-life water treatment. Therefore, we present
results with a time allowance of a few seconds and an efficiency comparable to or higher
than previously published alternatives.

We studied hydrodynamic cavitation (HC) as a persulfate activation process, which is
presented as an essential step in persulfate-based AOPs. Hydrodynamic cavitation is based
on lowering the pressure in the system, causing the formation of imploding bubbles and a
local increase in temperature. The imploding process generates a shock wave with enough
energy to produce radicals that are the basis of AOP [31,32]. The main advantage is that
there is no need for other added substances nor pH adjustment, and it requires significantly
shorter treatment time (seconds) and saves energy (the system does not need to be heated,
and cavitation can be provided just with the gravitation-based flow).

2. Materials and Methods

2.1. Chemicals and Reagents

Estrone standards (E1; 99%): 17β-estradiol (E2; 98%), estriol (E3; 98%), and 17α-
ethinylestradiol (EE2; 98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
As internal standards for the quantification of estrogens, deuterated 17β-estradiol (E2D)
was used for the quantification of estrone, estradiol, and estriol, and deuterated 17α-
ethinylestradiol (EE2D) for the quantification of ethinylestradiol cations, both purchased
from C/D/N Isotopes Inc. (Pointe-Claire, QC, Canada). The solvents methanol and
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acetonitrile for LC-MS and acetone for HPLC were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Ultra-purified distilled water was produced directly in the laboratory
using a Millipore system (Merck KGaA, Darmstadt, Germany).

Formic acid was used as the mobile phase (0.7 mM), hydrochloric acid to adjust the pH
of the samples before analysis, dansyl chloride (1 mg mL in acetone) in the derivatization
of estrogens to increase the sensitivity of the method, and sodium bicarbonate (100 mM;
pH = 10.5) as a derivatization buffer.

For the experiments, Na2S2O8 was purchased from Sigma-Aldrich (St. Louis, MO,
USA), and KI and NaHCO3, which was used in the spectrophotometric determination of
PS, from Penta, s.r.o., (Czech Republic).

2.2. Experiment Design

The experiments were performed on two litres of spiked water with an estrogen
concentration of 300 ng L−1 in the cavitation unit consisting of a tank, a pump, Venturi
tube, and control valves (Figure 2). The unit operates in circulation mode at speed flow 0.45
L s−1, inlet pressure 450 kPa, and pump power 0.75 kW. The experiment was performed
in three variants: (i) PS activation by HC, (ii) with thermal activation of persulfate (60 ◦C)
combined with HC, and (iii) with HC only.

Figure 2. Design of laboratory cavitation equipment.

The PS dose was chosen to be 0.1 mM in accordance with the available literature
dealing with a similar topic with a low time requirement and a task to keep the dose at a
reasonable level [12,19–25,31].

Treated water was circulated through the system and sampled after 4, 8, 12, and
20 s of treatment (1, 2, 3, and 5 cycles through the system). The monitored parameters
include pH, conductivity, persulfate, and estrogen concentrations. With regard to future
research, neither the ionic strength nor the pH of the solutions was adjusted in any way to
minimize the operational steps, hence the procedure was as economical as possible and
potentially suitable for practical implementation. The pH, temperature, and conductivity
were measured using a Combo pH/EC meter (Hanna, HI 98129). As the sulfate radical is
more stable and, therefore, has a longer lifetime than the hydroxyl radical and a slower
reaction rate [33], after collection, the samples were untouched for 3 h and 24 h, allowing
the degradation of destabilized molecules sufficient time to take place.

2.3. Analytical Method

The analytical method of estrogen analysis has already been published and de-
scribed [34]. The sample was analysed using the HPLC/MS (QQQ) system by Agilent
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Technologies (Santa Clara, CA, USA). The column used for analysis was Poroshell 120
EC-C18 (2.1 × 100 mm, 2.7 μm); the mobile phase was a mixture of 7 mM HCOOH and ace-
tonitrile with a flow of 0.35 mL min−1. In short, the pH of 50 mL of the sample was adjusted
to pH = 3 (±0.2), extracted with an SPE cartridge (Waters Oasis hydrophilic-lipophilic
balance (HLB) cartridges) to 8 mL of methanol, dried, reconstituted in 20 μL of acetone,
derivatized with dansyl chloride, dried again, and dissolved in 1 mL of 40% methanol.

Spectrophotometric analysis was used to determine the persulfate concentration.
Exactly 1 mL of reagent (KI/NaHCO3) was added to 200 μL of the sample [35], and the
sample was mixed well and allowed to react for 20 min in the dark. The reaction product
was analysed at 394 nm in a 96-well plate using a SparkTM multimode microplate reader
(Tecan, Austria).

3. Results

All the experiments were performed using a persulfate concentration of 0.1 mM. In
the first set, the system was activated by hydrodynamic cavitation only (without heating).
As can be seen in Figure 3, after only one cycle through the cavitation unit (t = 4 s), the con-
centration of the estrogen mixture drops to approximately 60% of the initial concentration.
After 24 h, the concentration lowered to a fraction of the initial amount. Simultaneously, a
decrease in persulfate content in the mixture was observed, confirming its consumption in
estrogens removal (see Figure 3B).

Figure 3. (A) Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated
by HC; (B) Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated
by HC combined with heat (60 ◦C); (C) Relative concentration of estrogens treated with persulfate
(0.1 mM) activated by HC (8, 12, and 20 s treatment) analysed 3 and 24 h after reaction; (D) Relative
concentration of estrogens treated with persulfate (0.1 mM) activated by the combination of HC (8,
12, and 20 s treatment) and heat (60 ◦C) analysed 3 and 24 h after the reaction.

The second set of experiments was performed by combining heat and HC activation.
The combined activation showed slightly less pronounced results 3 h after treatment, but
no significant difference was observed after 24 h (Figure 3B).
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Although the most significant data obtained are related to a single flow through the
cavitation device, degradation after 2, 3, and 5 cycles (8, 12, and 20 s) was also observed.
Within 3 h, post-reaction processes occurred, and more intensive estrogen removal was
observed. However, after 24 h, these differences disappeared, and PS activated by hydro-
dynamic cavitation destroyed 95–99% of the selected estrogenic compounds, similar to the
PS activated by HC and 60 ◦C heating (compare Figure 3C,D).

The graphical results are supported by the calculation of the rate constants in Table 2.
Based on the kinetic model of pseudo-first order, degradation constants (k) of estrogens
were calculated according to Formula (1):

− ln
(

ct

c0

)
= k × t, (1)

where c0 and ct represent the initial concertation and concentration at time t (min), respec-
tively [32,36].

Table 2. The pseudo-first-rate constants of estrogens degradation; r > 0.97.

Conditions kE1 (min−1) kE2 (min−1) kE3 (min−1) kEE2 (min−1)

PS 0.1 mM + HC 1.24 1.51 0.94 1.2

PS 0.1 mM (heat
activated 60 ◦C) + HC

1.15 1.40 1.68 1.54

PS concentration was also monitored during the experiments. The results show that
only about half of the dosed PS was needed (Figure 4), and there is room for possible dose
reduction. Moreover, no significant difference in PS concentrations was observed between
the sets with and without thermal activation.

Figure 4. (A) Concentration of PS after treatment with PS (0.1 mM) activated by HC; 1, 2, 3, and 5
cycles through the unit corresponding with 4, 8, 12, and 20 s of treatment; (B) Concentration of PS
after treatment with PS (0.1 mM) activated by HC combined with heat (60 ◦C); 1, 2, 3, and 5 cycles
through the unit corresponding with 4, 8, 12, and 20 s of treatment.
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To evaluate the effect of HC alone, a set of experiments was performed without added
PS. Figure 5 shows that HC alone does not eliminate estrogens and only acts as a tool to
activate PS.

Figure 5. Relative concentration of estrogens after treatment with HC only.

Simultaneously, the pH value was monitored for all samples. It can be seen (Figure 6)
that the pH value decreases slightly with an increasing number of cycles (longer reaction
time). This phenomenon is possibly caused by the formation of sulphates in the aqueous
solution [37]. This trend was observed for both the HC-only and HC-heat-activated sets.
However, even in this case, no difference was observed between the two variants.

Figure 6. The pH levels of samples after treatment with PS (0.1 mM) activated by HC; 1, 2, 3, and
5 cycles through the unit corresponding with 4, 8, 12, and 20 s of treatment, and after treatment
with PS (0.1 mM) activated by HC combined with heat (60 ◦C); 1, 2, 3, and 5 cycles through the unit
corresponding with 4, 8, 12, and 20 s of treatment.
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For the purpose of the cost comparison of some advanced oxidation processes, electric-
ity consumption can be used [33]. Electric energy per mass (EEM) and Electric energy per
order (EEO) were reported to be useful for calculating different types of treatment [38,39].
When contaminant concentrations are greater than 10 mg L−1, EEM should be applied,
while EEO should be applied when contaminant concentrations are less than 10 mg L−1. To
calculate treatment costs for the estrogen’s concentrations, (300 μg L−1) EEO was selected.
EEO values (kWh m−3 order−1) were calculated using the following Formula (2) [38].

EEO =
PHC × t × 1000

log
(

ci
c f

)
× V

, (2)

where PHC is the rated power of the pump (kW) in the HC system, t is the treatment time
(h), ci and cf are the initial and final concentrations (mol L−1) of each estrogen, and V is the
reaction volume (L).

Calculated values in kWh m−3 order−1 for PS 0.1 mM activated by HC, 4 s long
treatment are EEO(E1) = 2.02, EEO(E2) = 2.10, EEO(E3) = 1.12, and EEO(EE2) = 2.15. In the
case of PS 0.1 mM activated by the combination of HC and heat, the energy of external
heating depending on the heating source must be considered, so the formula cannot be
applied. Obviously, energy consumption is much higher in heat-combined activation as
compared to the case of HC activation.

4. Discussion

Our experiment setup is unique due to the short time needed for the actual treatment
and the lack of need for additional system heating. For comparison, the study performed on
wastewater to eliminate frequently occurring pharmaceuticals using PS was accomplished
at increased temperatures of 55, 64, and 75 ◦C. To achieve at least a 50% decrease in the
concentration of the monitored drugs, the wastewater had to be heated up to 75 ◦C and
allowed to react for 50 min (PS concentration ≤ 500 μM) [30].

Other studies focusing on eliminating estrogens by AOP produced results in reducing
concentration, summarised in Table 3 [26].

Table 3. Estrogen removal based on AOP with focus on PS-based AOP.

Method Estrogen Efficiency Reference

Fenton oxidation EE2 (200 μg L−1) 100% in 10 min [27]

Photo-Fenton E2 (272 μg L−1) 86.4% in 8 h [28]

Photo-Fenton E2 (1 mg L−1) 98% in 60 min [29]

PS/modified Fenton-like process E2 (6 mg L−1) 100% in 90 min [30]

PS/UV E1, E2 and EE2 (5 μM) over 95% in 5 min [31]

UVC/PS/TiO2 (on ceramic membrane) E2 and EE2 (100 μg L−1) uder 45% (radiation time 4.6 s) [40]

PS activated on nanoscale zero-valent
iron loaded porous graphitized biochar

E2 (3 mg L−1) 100% in 45 min [41]

PS/visible light/Bi2WO6/Fe3O4 E2 (5 mg L−1) ~70% in 60 min [42]

PS activated by reduced graphene
oxide–elemental silver/magnetite

nanohybrids
EE2 (10 μM) ~90% in 15 min [43]

PS/ultrasound E2 (5 mg L−1) over 90% in 90 min [44]

PS/ultrasound
E1, E2, E3 and EE2 (17–239 ng
L−1), real wastewater sample over 95% in 10 min [45]

PS/HC
E1, E2, E3 and EE2 (300 μg

L−1) 99% in 4 s treatment This study
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Although these methods show promising efficiencies, some even in a relatively short
time, Fenton-like oxidations are specific for the relatively high amount of waste and the
demand for added chemicals and/or energy [46]. For example, to eliminate EE2 200 μg L−1

within 10 min, 5 mg L−1 of Fe2+ and 8.6 mg L−1 of H2O2 is needed [26].
Promising results were observed in the literature: using UV-activated PS (c = 40 mg L−1),

50% of the E2 concentration was removed in deionized water within 5 min. However, in
natural wastewater, it was necessary to increase the concentration of PS to 200 mg L−1 to
achieve similar results [47]. Comparable results were observed in a study degrading E1, E2,
and EE2 (5 μM) in 5 min (PS dose 5 mM, pH = 6, UV-B) [31]. UV-based activation of PS has
been shown to be fast and effective. The main disadvantage in comparison to a PS/HC
system is the need for a UV source, which represents extra operation costs.

Furthermore, heating activation was performed to eliminate the common pharmaceu-
tical drug ibuprofen. The temperature required to achieve the half-life of 3.6 min (initial
concentration 20.36 μM) was 70 ◦C [48]. When using a PS concentration of 2 mM and 50 ◦C
temperature conditions, more than 360 min were required to remove at least 50% of the
sulfamethoxazole. For other sulfonamides, at least 6 min were required to halve the initial
concentration [49].

Another drug, the antibiotic chloramphenicol, was degraded by combining PS/UV.
The experiments were performed under natural conditions, and complete elimination was
achieved within 1 h [50]. Similarly time-consuming is the successful degradation of the
beta-blocker bisoprolol, which requires thermal activation of PS for at least 60 ◦C and
a contact time of 1 h [51]. A study combining thermal and UV activation on municipal
wastewater achieved E2 removal of over 90% within an hour [52].

Based on the available literature, it is assumed that SO4
−• and HO• radicals are

involved in removing estrogens by HC-activated PS [45,52]. HC-based treatment has also
been reported to promote the generation of HO2• and O2

•– radicals [53,54]. Nevertheless
SO4

−• and HO• are significantly stronger oxidants than HO2• and O2
–• [53].

The positive synergy of PS and HC has already been proven on the degradation of
polycyclic aromatic hydrocarbons in sediments removing PAH by 79% in 60 min [39]. Our
set-up proves the ability of HC-activated PS to effectively eliminate estrogens in a short
time, even in a flow-through-like system.

Since AOPs represent a large number of various processes, they are difficult to compare
with each other from different points of view. Based on EEO values, AOP can be classified
into three groups:

• <1 kWh m−3 order−1 for representing a realistic range for full-scale application,
• 1–100 kWh m−3 order−1 for a group that is possibly too energy intensive for most prac-

tical applications, but that can still be recommended for further full-scale-application
investigation,

• >100 kWh m−3 order−1, which is considered as not (yet) energy efficient [55].

Our results show that the PS activated by HC should be classified in group 2. Nev-
ertheless, the financial complexity of AOP processes is highly dependent on operating
costs. Here, it is necessary to think about the equipment’s lifespan. For comparison, this
can be a limiting factor in PS activation in frequently used UV lamps (with a lifespan of
around 12,000 h) and other UV-based AOPs. In addition, compared to similarly operating
ultrasonic activation, HC has been reported to be 10 times more efficient in the means of
electricity consumption [56].

The above examples show that heating, adding additional chemicals, and/or UV radi-
ation are required to eliminate estrogens or other drugs using PS-based AOPs successfully.
Compared to using hydrodynamic cavitation as PS activation, all these processes require
higher initial costs and high operating costs, whether in the form of increasing energy
prices or input chemicals. With the increasing demand for environmental responsibility,
there is a growing need for functional “green” technologies, and cavitation activation has
the potential to become an example of such technology.
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5. Conclusions

We demonstrated that selected estrogens could be effectively eliminated from water
during a short treatment time—within seconds. Venturi tube cavitation is an easy-to-
install and easy-to-use economically and environmentally friendly technique compared
to other known AOP (PS/AOP) alternatives. Based on the presented results, it can be
assumed that cavitation acts as persulfate activation. Its main advantage is that it requires
neither adding/dosing other substances into the treated water nor heating it, as opposed
to methods described in earlier papers. This method can be used in a broad spectrum of
water treatment processes or to intensify reactions in chemical engineering technologies.
Calculated values of EEO can be used for further comparison with other similar techniques
and scale-up.

A lab-scale experiment, which proved the efficiency of PS activation, was conducted in
this study. Pilot or other scale-up experiments are required to assess the different processes’
efficacy on real wastewater fully. Nonetheless, the short treatment time (4 s), estrogens
removal rate 99%, and flow rate of the lab-scale equipment 4.5 m3 h−1 proved that this
novel technology for removing estrogenic compounds is promising.
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Abstract: The large production of wine and almonds leads to the generation of sub-products, such as
winery wastewater (WW) and almond skin. WW is characterized by its high content of recalcitrant
organic matter (biodegradability index < 0.30). Therefore, the aim of this work was to (1) apply the
coagulation–flocculation–decantation (CFD) process with an organic coagulant based on almond
skin extract (ASE), (2) treat the organic recalcitrant matter through sulfate radical advanced oxida-
tion processes (SR-AOPs) and (3) evaluate the efficiency of combined CFD with UV-A, UV-C and
ultrasound (US) reactors. The CFD process was applied with variation in the ASE concentration
vs. pH, with results showing a chemical oxygen demand (COD) removal of 61.2% (0.5 g/L ASE,
pH = 3.0). After CFD, the germination index (GI) of cucumber and corn seeds was ≥80%; thus, the
sludge can be recycled as fertilizer. The SR-AOP initial conditions were achieved by the application
of a Box–Behnken response surface methodology, which described the relationship between three
independent variables (peroxymonosulfate (PMS) concentration, cobalt (Co2+) concentration and
UV-A radiation intensity). Afterwards, the SR-AOPs were optimized by varying the pH, temperature,
catalyst type and reagent addition manner. With the application of CFD as a pre-treatment followed
by SR-AOP under optimal conditions (pH = 6.0, [PMS] = 5.88 mM, [Co2+] = 5 mM, T = 343 K, reaction
time 240 min), the COD removal increased to 85.9, 82.6 and 80.2%, respectively, for UV-A, UV-C
and US reactors. All treated wastewater met the Portuguese legislation for discharge in a municipal
sewage network (COD ≤ 1000 mg O2/L). As a final remark, the combination of CFD with SR-AOPs
is a sustainable, safe and clean strategy for WW treatment and subproduct valorization.

Keywords: almond skin extract; Box–Behnken; coagulation–flocculation; response surface methodology;
sludge valorization; SR-AOPs; wine production

1. Introduction

The agro-industries account for 70% of all freshwater withdrawals worldwide, with
the wine industry covering three sectors of the economy: agriculture, manufacturing
and trade [1]. Due to the consumer demand for quality wines, washing and disinfection
operations are necessary, and it is estimated that a winery produces about 1.3 to 1.5 kg of
residue per liter of wine produced, 75% of which is winery wastewater (WW). Without a
proper treatment process, the WW environmental impact is enormous due to the pollution
of the water, degradation of the soil, damage to the vegetation, release of odors into the air,
eutrophication of water resources, and consumption of oxygen from the rivers and lakes,
leading to the suffocation of aquatic and amphibious life [2,3].
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The almond (Prunus dulcis (Miller) D.A. Webb) is a member of the genus Prunus. The
widespread distribution of the almond is related to its low chilling requirement, which
makes almonds very suitable for regions with mild winters and dry, hot summers. World
almond production has increased from 3.1 million to 4.1 million metric tons from 2011 to
2020 [4]. The almond industrial processes lead to the generation of large amounts of waste
related to the removal of shells and skins [5]. Therefore, in this work, it is proposed to
valorize the almond skin as a coagulant to treat WW via the CFD process.

The CFD process is a straightforward and economical process that has the capability to
remove organic and inorganic substances and colloidal particles, depending on operational
conditions, coagulant type and wastewater characteristics [6]. Although almond skin has
never been used before in WW treatment, it has been observed that the extraction of active
compounds from plants achieved significant results in wastewater treatment [7,8] and the
sludge could be recycled for fertilization [9].

Considering the chemical composition of WW and the presence of recalcitrant organic
matter in WW, one possible treatment strategy could be the use of advanced oxidation processes
(AOPs). Among AOPs, hydroxyl-based AOPs (HR-AOPs) or sulfate-based AOPs (SR-AOPs)
can be applied. In AOPs, hydroxyl radicals (HO•) are generated by a number of processes.
These radicals have an oxidation potential of 2.8 V, they are non-selective, reacting with the
pollutants and oxidizing them to CO2, H2O and partially oxidized species [10,11].

In the past years, persulfates, such as peroxymonosulfate (PMS, HSO−
5 ) and peroxy-

disulfate (PDS, S2O2−
8 ), have attracted increasing attention because they are much more

stable than hydrogen peroxide [12]. In addition, the sulfate radicals (SO•−
4 ) produced by

the activation of PMS and PDS (1) are more selective than HO• radicals for the oxidation of
compounds with carbon-carbon double bonds and benzene rings, and (2) have a higher ox-
idation potential than HO• radicals (E0 = 2.5–3.1 V) [13,14]. PMS is the active ingredient of
triple potassium salt (KHSO5•0.5KHSO4•0.5K2SO4): with an oxidation potential of 1.82 V,
it is stable at ambient temperature, easy to handle and the bond energy is estimated to be
in the range of 140–213.3 kJ/mol [15]. To generate the SO•−

4 radicals, the PMS can be acti-
vated by metal catalysts, heat, UV, visible light, ultrasound (US), alkali and photo-catalytic
activation (h+/e−) (Equations (1)–(6)) [16].

Mn++HSO−
5 → M(n+1)+ +SO•−

4 +HO− (1)

M(n+1)++HSO−
5 → SO•−

5 +Mn++H+ (2)

HSO−
5 +UV, heat or US → SO•−

4 +HO• (3)

HSO−
5 +e− → SO•−

4 +HO− (4)

HSO−
5 +e− → SO2−

4 +HO• (5)

HSO−
5 +h+ → SO•−

5 +2H+ (6)

One of the major problems detected in the treatment of WW is the presence of high
values of turbidity, total suspended solids, total polyphenols and dissolved organic carbon
(DOC) [17,18], which affect the efficiency of the AOPs due to radical scavenging (Equations
(7) and (8)) [19]. In a search performed in the Web of Science and Scopus, results showed
only 11 works published with the application of sulfate radicals for the treatment of WW. A
background for the activation of PMS in real WW has not been established, particularly for
WW with high contents of turbidity and TSS.

DOC + HO• → DOC+
ox +HO− (7)

DOC + SO•−
4 → DOC+

ox +SO2−
4 (8)

Considering this background, the main aim and novelty of this work is the production
of a coagulant from almond skin to apply in a CFD process for WW treatment and to recycle
the sludge as fertilizer. To decrease more recalcitrant organic matter, the aim is to use a
response surface methodology (RSM) Box–Behnken design to define the best SR-AOP to
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adopt for WW treatment. The influence of pH, temperature, transition metals, single vs.
multiple addition of reagents and different radiation sources (UV-A, UV-C and ultrasound)
is studied in the removal of organic carbon.

2. Material and Methods

2.1. Reagents

Potassium peroxymonosulfate (PMS) was acquired from Alfa Aesar (Ward Hill, Mas-
sachusetts, US), aluminum sulfate 18-hydrate (10% w/w, Al2(SO4)3•18H2O) was obtained
from Scharlau (Barcelona, Spain), cobalt(II) sulfate heptahydrate, iron(II) sulfate hep-
tahydrate (FeSO4•7H2O) and manganese(II) sulfate monohydrate (MnSO4•H2O) were
acquired from Panreac (Barcelona, Spain), Zinc(II) sulfate heptahydrate was acquired from
Merck, (Darmstadt, Germany), copper(II) sulfate 2-hydrate (CuSO4•2H2O) was acquired
from Honeywell Riedel-de-Haën™ (Charlotte, North Caroline, USA), magnesium sulfate
heptahydrate (MgSO4•7H2O), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), catechin, gallic acid, caffeic acid and
sodium chloride (NaCl) were purchased from Sigma-Aldrich (St. Louis, MO, USA). For
pH adjustment, sodium hydroxide (NaOH) was used from Labkem (Barcelona, Spain) and
sulfuric acid (H2SO4, 95%) from Scharlau (Barcelona, Spain). Deionized water was used to
prepare the respective solutions.

2.2. Analytical Determinations

Different physical–chemical parameters were determined to characterize the WW,
including turbidity, total suspended solids (TSS), volatile suspended solids (VSS), chemical
oxygen demand (COD), biological oxygen demand (BOD5), dissolved organic carbon
(DOC) and total polyphenols (TPh). The main WW characteristics are shown in Table 1.

Table 1. Physicochemical characteristics of winery wastewater (mean ± SD).

Parameter Values

WW1 WW2

pH (Sorensen scale) 3.95 ± 0.20 3.61 ± 0.24
Conductivity (μS cm−1) 45 ± 2.3 285 ± 14.3
Turbidity (NTU) 69 ± 4 649 ± 32
Total suspended solids—TSS (mg L−1) 200 ± 10 1405 ± 70
Dissolved organic carbon—DOC (mg C L−1) 138 ± 7 976 ± 49
Total nitrogen—TN (mg N L−1) 3.4 ± 0.2 10.7 ± 0.5
Chemical oxygen demand—COD (mg O2 L−1) 616 ± 31 4925 ± 246
Biochemical oxygen demand—BOD5 (mg O2 L−1) 163 ± 8 1438 ± 72
Biodegradability—BOD5/COD 0.26 ± 0.01 0.29 ± 0.02
Total polyphenols—TPh (mg gallic acid L−1) 1.90 ± 0.1 49.5 ± 2.5
Absorbance at 254 nm (diluted 1:25) 0.102 ± 0.005 0.198 ± 0.010
Absorbance at 254 nm (diluted 1:10) 0.124 ± 0.006 0.356 ± 0.018

The COD analysis was carried out in a COD reactor from Macherey-Nagel (Düren,
Germany), and a HACH DR 2400 spectrophotometer (Loveland, CO, USA) was used
for colorimetric measurements. The BOD5 was determined according to the 5-day BOD
test (Standard Method 5210B) using a respirometric OxiTop® IS 12 system (WTW, Yellow
Springs, OH, USA). The pH was determined via a 3510 pH meter (Jenway, Cole-Parmer, UK)
and conductivity was determined via a portable condutivimeter, VWR C030 (VWR, V. Nova
de Gaia, Portugal), in accordance with the methodology of the Standard Methods [20]. The
turbidity was determined via a 2100N IS Turbidimeter (Hach, Loveland, CO, USA), and the
total suspended solids were measured through spectrophotometry according to Standard
Method 2540D using a HACH DR/2400 portable spectrophotometer (Hach, Loveland, CO,
USA). The total polyphenols were measured using the Folin–Ciocalteau method, adapted
by Singleton and Rossi [21]. UV-vis measurements were performed using a Jasco V-530
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UV/VIS spectrophotometer. The total nitrogen (TN) and DOC samples were analyzed via
direct injection of the filtered samples into a Shimadzu TOC-LCSH analyzer (Shimadzu,
Kyoto, Japan) equipped with an ASI-L autosampler, provided with an NDIR detector, and
calibrated with standard solutions of potassium phthalate.

2.3. Preparation of Almond Skin Extract (ASE) and Characterization Methodologies

Almond samples (Prunus dulcis) from cultivars commonly produced in Trás-os-Montes,
northeastern Portugal, were obtained directly from producers located in this region, trans-
ported to the laboratory and the skin was removed from the almond. The skin was ground
to a fine powder using a 150 W Princess grinder with 2 knife blades (Deluxe, Netherlands).
All ground skins were sieved through a 0.4 mm sieve, and the resulting fraction with
particle size less than 0.4 mm was used in the coagulation experiments. The extract was
prepared by the addition of 12.5 g of prepared powder to 250 mL of a NaCl 1M solu-
tion, and the suspension was stirred for 5 h at ambient temperature (298 K) to extract the
coagulation-active compounds. Finally, the suspension was allowed to rest for 5 min to
sediment the solid parts, and the extract was collected through decantation [22]. The crude
extracts were stored in the refrigerator (278 K) and used the following day to avoid aging
phenomena and improve reproducibility. The ASE presented a pH of 5.0 ± 0.25.

The chemical spectrum of the almond powder (AP) was obtained via Fourier transform
infrared spectroscopy (FTIR), and the KBr sample was analyzed using an IRAffinity-
1S Fourier transform infrared spectrometer (Shimadzu, Kyoto, Japan) with the infrared
spectrum in transmission mode recorded in the 4000–400 cm−1 frequency region. The
microstructural characterization of the almond powder was carried out with scanning
electron microscopy (FEI QUANTA 400 SEM/ESEM, Fei Quanta, Hillsboro, WA, USA)
and the chemical composition was estimated using energy dispersive X-ray spectroscopy
(EDS/EDAX, PAN’alytical X’Pert PRO, Davis, CA, USA). The pH of the point of zero
charge (pHPZC) was determined according to the method described by Oussalah et al. [23],
in which 50 mL of 0.01 M NaCl solutions were adjusted to a pH range of 2–12. Then 200 mg
of almond skin powder was added to each NaCl solution. The suspensions were stirred
for 48 h at room temperature, and the final pH of the solutions (pHf) was determined. The
pHPZC was obtained from the plot of (pHf-pHi) versus pHi.

For the preparation of the methanolic extract, 40 mg of AP was weighed and mixed
by vortexing with 1 mL of 70% methanol. The mixtures were heated at 70 ◦C for 30 min
and centrifuged at 13,000 rpm at 1 ◦C for 15 min (Eppendorf Centrifuge 5804 R, Hamburg,
Germany). The supernatants were collected and filtered with Spartan filters (0.2 mm)
into HPLC amber vials. The methodology of Singleton and Rossi (1965) [21] was used
for the quantification of total phenolics in a 96-well microplate. Total phenolics results
were expressed as mg gallic acid equivalent (GAE)/g f.w. The total flavonoid content
was determined in a 96-well microplate using the colorimetric method described in
Dewanto et al. [24]. The total flavonoid content was expressed as mg catechin equiva-
lent (CE)/g f.w. The total ortho-diphenol content was determined in a 96-well microplate,
in accordance with the methodology of Soufi et al. [25], and the results were expressed as
mg of caffeic acid equivalents/g of dry weight. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
antioxidant activity assay was performed through spectrophotometry, as described by
Siddhraju and Becker [26], in a 96-well microplate. The DPPH was expressed as μg trolox
equivalent/g f.w.

2.4. Coagulation–Flocculation–Decantation Experiments

The coagulation–decantation–flocculation process was performed in a Jar test device
(ISCO JF-4, Louisville, KY, USA), with four mechanical agitators powered by a regulated
speed engine. The mixing of the ASE with WW samples was performed under a fast mix of
150 rpm/3 min and a slow mix of 20 rpm/20 min, at ambient temperature (298 K). Four
different ASE concentrations (0.1, 0.5, 1.0 and 2.0 g/L) were tested against four different pH
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levels (3.0, 6.0, 9.0 and 11.0), and, after a sedimentation time of 4 h, samples were retrieved
for analysis.

2.5. Box–Behnken Experimental Design

A Box–Behnken design was employed to assess the effect of different parameters on
the UV-A LED SR-AOP treatment of WW1, such as the concentration of PMS (mM, X1), the
concentration of Co2+ (mM, X2) and radiation intensity (W m−2, X3) under fixed conditions
(COD = 616 mg O2/L, temperature = 323 K, pH = 6.0, time = 120 min). For this study,
15 experiments were performed in triplicate. The levels considered for the Box–Behnken
design are listed in Table 2, with three replicates at the center of the design (SR2, SR10 and
SR11). Experiments were randomized to maximize the efforts of unexplained variability in
the observed response due to external factors.

Table 2. Symbols and coded factor levels for the considered variables.

Independent Variables Code Levels

−1 0 1

[PMS] (mM) X1 0 5 10
[Co2+] (mM) X2 0 2.5 5.0
Radiation X3 0 16.35 32.70

2.6. SR-AOP Set-Up

The experiments were performed on WW2 in a beaker with 500 mL capacity under
constant agitation (350 rpm). The temperature of the reaction was controlled with a heating
plate (Nahita blue model 692/1, Navarra, Spain) equipped with temperature probe. The
following variables were studied: (1) pH (3.0–11.0), (2) temperature (298–363 K), (3) catalyst
type (Zn2+, Al3+, Co2+, Cu2+, Fe2+, Mg2+ and Mn2+) and (4) reagent addition (single vs.
multiple addition). Finally, three radiation sources were used:

(1) A UV-A LED system composed of 12 indium gallium nitride (InGaN) LED lamps (Roith-
ner APG2C1-365E LEDs) with a λmax = 365 nm. Each UV-A LED had a nominal consump-
tion of 1.4 W when the current was 350 mA, with an optical power of 135 mW and an
opening angle of 120º, making any shadow zone impossible. The radiation was emitted in
continuous mode for all 12 UV-A LEDs and was controlled using a power MOSFET in six
different current settings, resulting in irradiance levels from 5.2 to 32.7 W m−2 measured
at a 5 cm distance with a UVA Light Meter (Linshang model LS126A);

(2) A Heraeus TNN 15/32 lamp (14.5 cm in length and 2.5 cm in diameter) mounted
in the axial position inside the reactor, with 15 W power. The spectral output of the
low-pressure mercury vapor lamp emitted mainly (85–90%) at 253.7 nm and about
7–10% at 184.9 nm;

(3) An ultrasonic system (Vibracell Ultrasonic processor VCX 500, Sonics & Materials Inc.,
Danbury, CT, USA) with 500 W power, equipped with a titanium alloy probe (136 mm
diameter, 13 mm) and a temperature control probe. For temperature control, a water
jacket was installed.

To determine the removal percentage of the parameters, Equation (9) was applied, as
follows [27,28]:

Xi(%) =
Ci − CF

Ci
×100 (9)

where Ci and Cf are the initial concentrations and 100 is the conversion factor.

2.7. Phytotoxicity Tests

Phytotoxicity tests were performed via the germination of Zea mays (corn) and Cucumis
sativa (cucumber) seeds (standard species recommended by the US EPA, the US FDA and
the OECD [29]). Seeds were immersed in a 10% sodium hypochloride solution for 10 min
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to ensure surface sterility, then they were soaked in pure water. One piece of filter paper
(Whatman filter paper 9 cm, Maidstone, UK) was put into each 100 mm × 15 mm Petri
dish, and 5 mL of test medium was added [30]. Seeds were then transferred onto the
filter paper, with 10 seeds per dish and a 1 cm or larger distance between each seed. Petri
dishes were covered and sealed with tape and placed in a controlled atmosphere with
a constant temperature (25 ◦C), maintained during the course of the experiment with a
WTM TS 608-G/2-i (Weilheim, Germany). After 7 days of darkness and 7 days of light, the
germination index was determined by Equation (10), in accordance with Varnero et al. [31]
and Tiquia and Tam [32], as follows:

GI(%) =

−
NSG,T
−
NSG,B

×
−
LR,T
−
LR,B

×100 (10)

where GI is the germination index,
−
NSG,T is the arithmetic mean of the number of germi-

nated seeds in each extract (wastewater),
−
NSG,B is the arithmetic mean of the number of

germinated seeds in standard solution (distilled water),
−
LR,T is the mean root length of

each extract (wastewater), and
−
LR,B is the mean root length in control (distilled water). If

GI ≤ 50%, then there was a high concentration of phytotoxic substances; if 80% < GI > 50%,
then there was a moderate presence of phytotoxic substances; and if GI ≥ 80%, then there
were no phytotoxic substances (or they existed in very small dosages).

2.8. Statistical Analysis

The coefficients corresponding to the model equation were obtained using Minitab
Statistical Software 2018 (State College, PA, USA). All experiments were performed in
triplicate, and a one-way ANOVA was carried out to determine any significant differences
(p < 0.05) using the Tukey test. Results are presented as mean ± standard deviation (SD).

3. Results and Discussion

3.1. Characterization of Almond Skin Powder

Before the production of the almond skin extract (ASE), it was necessary to character-
ize the powder obtained from the almond skin. Figure 1a shows the chemical spectrum
of the AS by FTIR. The band at 3460 cm−1 can be attributed to O-H and N-H stretching
vibrations of hydroxyl groups and amide A of polypeptides and amino acids, respectively.
The O-H stretching is also associated with the water fraction and with the polyphenol
content of the samples [33]. The band at 3190 cm−1 is related to the stretching vibration of
C=CH cis olefinic groups of unsaturated fatty acids [34]. The bands at 2924 and 2895 cm−1

correspond to the symmetric and asymmetric stretching vibrations of aliphatic CH2 func-
tional groups, respectively, which are linked with the saturated fatty acid fraction [35]. The
band at 1608 cm−1 corresponds with the stretching vibration of cis C=C of unsaturated
acyl groups [36]. The band at 1508 cm−1 corresponds to the bending vibration of the N-H
functional group mainly observed in Amide I and Amide II of protein compounds [33]. The
bands at 1450 and 1255 cm−1 are associated with the presence of CH bending vibrations in
CH2 and CH3, respectively [37]. Finally, a peak at 1016 cm−1 is related to the stretching
vibration of C-O functional groups characteristic of the carbohydrate fraction [36].

The SEM images (Figure 1b) show that the almond skin powder presents dark spaces
that correspond to empty spaces, similar to findings in other works involving plant-based
materials [38]. These porous materials allow the adsorption of the NaCl solution and the
desorption of material from the powder to the exterior, a necessary characteristic to produce
the ASE.
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Figure 1. Almond skin powder characterization: (a) FTIR spectrum, (b) SEM image (500×), (c) mineral
analysis and (d) pHPZC of almond powder. The pHi is the initial pH value of the solution, and ΔpH
is the difference between final pH values (after contact with the AP) and pHi values. Means in bars
with different letters represent significant differences (p < 0.05) between different minerals.

Figure 1c shows major concentrations of potassium (K+), calcium (Ca2+) and mag-
nesium (Mg2+), which are linked to the stress resistance of the plants [39]. The chemical
analysis presented in Table S1 shows that AS revealed a total phenolic concentration of
6.51 ± 0.62 mg GAE/g, a flavonoid concentration of 4.30 ± 0.16 mg CE/g, an O-diphenol
concentration of 0.65 ± 0.05 mg CAE/g and a DPPH concentration of 8.93 ± 0.34 μg Trolox/g.
These results are in agreement with the work of Oliveira et al. [40], who observed sim-
ilar concentrations in almonds. These results showed that the skin of the almond has
antioxidant capacities.

Figure 1d shows the effect of pH on almond skin powder. The pHPZC value determined
for the ASP was 4.73. This means that at a pH < 4.73, the surface of the almond skin powder is
positively charged, and the biosorption of anionic particles will be favored [41]. However, at a
pH > 4.73, the surface of the ASP is negatively charged, increasing the attraction of cations [23].

3.2. Coagulation–Flocculation–Decantation Experiments

In this section, almond skin extract (ASE) was applied for the treatment of WW2 via
the CFD process. Table 1 shows that WW2 has a complex composition with a high content
of organic matter, polyphenols and turbidity. In order to optimize the CFD process and
to understand the behavior of ASE, the pH of the wastewater and concentration of ASE
were varied. The results showed that the ASE efficiency was affected by the pH of the
wastewater. From Figure 2a, results show that a pH of 3.0 achieved a turbidity removal
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within the range of 94.8 to 96.8% and a TSS removal within the range of 96.9 to 98.1%. This
turbidity and TSS removal decreased as the pH increased. On the other hand, the variation
in ASE concentration showed little difference regarding turbidity and TSS removal. These
results are not in agreement with the work of Hussain Haydar [42], who observed that the
natural coagulant Opuntia stricta achieved high TSS removal at pH 10.3. Figure 2b shows the
influence of ASE on TPh removal. The importance of TPh removal lies in the reduction in
the color, which is caused mainly by the polyphenols [27]. The results showed that pH was
the main factor that influenced TPh removal, with the highest removal observed at pH 3.0.
These results agree with the pHPHZ values, which showed that a pH < 4.73 increased the
attraction of the proteins present in the ASE and the negatively charged polyphenols, such
as tannins. As the pH increased above the pHPZC, the electrostatic repulsion between the
proteins in the ASE and the polyphenols increased, explaining the low removal [43]. The
COD and DOC removals were studied (Figure 2c), with results showing high removals
with 0.5 g/L ASE at pH 3.0 (61.2 and 56.8%, respectively). These results showed that ASE
was able to reduce the organic carbon in suspension as well as the dissolved organic carbon.
Considering the low levels of organic carbon removed in other works [44], the use of ASE
proved to be competitive. Regarding the pH of the WW2 (3.61), the cost of pH changing is
avoided, thus this becomes a cheaper process for wastewater treatment.

 
Figure 2. Effect of ASE concentration (g/L) vs. pH in (a) turbidity and TSS removal, (b) TPh
removal, and (c) COD and DOC removal from winery wastewater. Operational conditions: fast mix
(rpm/min) = 150/3, slow mix (rpm/min) = 20/20, sedimentation time of 4 h.
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In order to decrease the environmental impact of sludge generation, this work tested
the possibility of recycling the sludge as fertilizer. The recovered sludge was applied as a
substrate for cucumber and corn seed germination. The results showed that the application
of 1.0 and 2.0 g/L ASE at pH 3.0 and 6.0 could have a toxic effect on seed germination
(Figure 3a,b). At the operational conditions selected (0.5 g/L ASE at pH 3.0), the results
showed a GI ≥ 80% with good radicular growth; thus, the sludge can be recycled as
fertilizer. These results are in agreement with the work of Jorge et al. [9], who observed
that the sludge of WW could be recycled as fertilizer if organic coagulants were applied.

 

Figure 3. Effect of ASE concentration vs. pH in (a) germination index of cucumber and (b) corn
seeds. Means in bars with different letters represent significant differences (p < 0.05) within each ASE
concentration by comparing the pH.

3.3. SR-AOP Optimization through Response Surface Methodology

In the previous section, ASE showed high efficiency in the removal of turbidity and
TSS; however, the coagulant showed limited capacity in the removal of COD. Therefore,
in this section, the removal of COD by SR-AOPs was studied. Considering the limited
information available regarding the oxidation of organic matter from WW by PMS and
Co2+, it was necessary to create a model that can help reach the concentration of PMS
and Co2+ and, at the same time, allow the study of different SR-AOPs. In this section,
a Box–Behnken design was applied to achieve the initial conditions of PMS and Co2+

concentrations. WW1 was used for this model due to its low COD, thus reducing the
reagent requirement. The assessment of the COD removal was performed throughout a
range of SR-AOP conditions (n = 15) based on distinct combinations of PMS concentration
(X1: 0–10 mM), Co2+ concentration (X2: 0–5 mM) and radiation (X3: 0–32.70 W m−2). The
results of the 15 runs are shown in Table 3. The range of PMS and Co2+ concentrations was
consistent with those previously assayed in the treatment of agro-industrial wastewaters
by other authors [45,46]. The LED lamps were selected as radiation sources due to (1) the
LED efficiency, (2) the LED price and (3) the maximum emission wavelength [47,48].

Before optimizing the treatment process, it is necessary to understand which SR-AOP
is best fitted to reduce the COD present in the WW. The RSM model allowed the study of
different variables to understand how they affect the generation of sulfate radicals (SO•−

4 ).
In Figure 4a, the removal efficiencies of different oxidation systems, which include (1) PMS,
(2) UV-A, (3) Co2+, (4) Co2+ + UV-A, (5) PMS + UV-A, (6) PMS + Co2+ and (7) PMS + Co2+

+ UV-A, can be observed. The reactions involving Co2+, PMS, Co2+ + UV-A and UV-A
reached a COD removal of 7.7, 10.1, 18.3 and 23.1%, respectively. The low removal observed
with the application of Co2+ and Co2+ + UV-A was expected since cobalt alone is not able
to generate radicals [49]. The UV-A radiation alone was revealed to be inefficient, which is
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in agreement with the work of Jorge et al. [18]. The application of PMS alone achieved a
reduced COD removal, a result that could be related to the low PMS oxidation potential
(1.82 V) [16]. The PMS + UV-A reached higher COD removal than PMS and UV-A alone
(33.7%), which is in agreement with the work of Huang et al. [50]. These results could be
due to the conversion of the PMS by the UV-A radiation into SO•−

4 radicals. The highest
COD removals were observed with the application of PMS + Co2+ and PMS + Co2+ + UV-A
(44.3 and 62.9%, respectively). The results showed that the activation of PMS by cobalt was
higher than the activation by UV-A radiation. It was also observed that a synergy effect
occurs with the application of PMS + Co2+ + UV-A. This synergy could be linked to the
regeneration of Co3+ to Co2+ by UV-A radiation, which further enhances the conversion of
PMS and the generation of SO•−

4 radicals.

Table 3. Box–Behnken design: effect of operational variables on COD removal yield ([PMS] = 0–10
mM; [Co2+] = 0–5 mM; radiation = 0–32.70 W m−2). Operational conditions: COD = 616 mg O2/L,
temperature = 323 K, pH = 6.0, reaction time = 120 min.

Experiments

Coded Level Response Values

[PMS] [Co2+] Radiation COD Removal (%)
(mM) (mM) Observed Predicted

SR1 5 5.0 32.70 54 49.1
SR2 5 2.5 16.35 46.4 46.4
SR3 0 5.0 16.35 16.8 14.4
SR4 5 5.0 0.00 44.3 42.5
SR5 10 5.0 16.35 58.7 67.8
SR6 5 0.0 32.70 33.7 35.5
SR7 0 0.0 16.35 23.1 14.0
SR8 10 2.5 32.70 62.9 58.7
SR9 10 2.5 0.00 52.5 45.2

SR10 5 2.5 16.35 46.4 46.4
SR11 5 2.5 16.35 46.4 46.4
SR12 5 0.0 0.00 10.1 14.9
SR13 10 0.0 16.35 24.6 27.0
SR14 0 2.5 32.70 18.3 25.6
SR15 0 2.5 0.00 7.7 11.9

Figure 4. SR-AOP optimization: (a) experiments with different oxidation systems in the reduction in
COD from WW1, (b) response surface methodology. Operational conditions: COD = 616 mg O2/L,
pH = 6.0, [PMS] = 5 mM, [Co2+] = 2.5 mM, temperature = 323 K, radiation UV-A 32.7 W m−2, reaction
time = 120 min.
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The RSM model also contributes to the optimization of PMS and Co2+ concentrations.
The increase in PMS concentration up to 5 mM showed an increase in COD removal due
to the higher generation of SO•−

4 radicals. As the PMS concentration increased to 10 mM,
results showed a reduction in COD removal (Figure 4b) due to the excess of PMS in the
solution, which competed with the organic matter for the SO•−

4 radicals (Equation (11)) [51].
These results are in agreement with the work of Govindan et al. [52], who observed that high
concentrations of PMS led to the consumption of SO•−

4 radicals, decreasing the degradation
of the contaminant pentachlorophenol.

HSO−
5 +SO•−

4 → HSO−
4 +SO•−

5 (11)

The Co2+ concentration was observed to have a significant effect on COD removal.
Comparing the results obtained in SR1 and SR8, when the PMS:Co2+ ratio decreased
from 1:0.5 to 1:0.25, the COD removal increased. The excess of Co2+ present in SR1
was observed to compete for SO•−

4 radicals, decreasing the efficiency of the oxidation
process (Equation (12)) [53]. These results are in agreement with the work of Rodríguez-
Chueca et al. [45], who observed that an excess of cobalt led to the consumption of SO•−

4
radicals in the treatment of WW.

Co2+ + SO•−
4 → Co3+ + SO2−

4 (12)

The quadratic model developed in this work permitted the adjustment of the theoreti-
cal values of COD removal to observed values with a low deviation (Table 3), suggesting
a successful application of the RSM methodology. From the RSM model, the polynomial
equation (Equation (13)) was obtained, and the regression coefficient (R2) for this method
was 0.931, which means that the model matches the COD removal adequately.

COD = 0.50 + 4.47X1 + 7.64X2 + 1.018X3 − 0.316X1X1 − 1.234X2X2 − 0.0118X3X3 +
0.808X1X2 − 0.0006X1X3 − 0.085X2X3

(13)

The regression coefficients of the intercept, linear, quadratic and interaction terms of the
model were determined with the application of the least squares method. The effect of
linear, quadratic or interaction coefficients on the response was studied via analysis of
variance (ANOVA) (Table 4). The degree of significance of each factor is represented by
its p-value, which indicates that the regression models for COD removal were statistically
relevant with a level of significance of p = 0.027 < 0.05 (Table S2). The model did not display
a significant lack of fit (p > 0.05), with R2 = 92.04% (Table S3); thus, it can be considered
a well-fitting model for the described variables. These statistical analyses revealed that
the most important variables for the COD removal from the WW were the PMS (X1) and
Co2+ (X2) (Table 4). Throughout this statistical model, the most relevant conditions were
obtained: [PMS] = 5.88 mM, [Co2+] = 5 mM, radiation intensity = 32.7 W m−2.

Table 4. F and p-values for selected responses for each obtained coefficient.

Variable X1 X2 X3 X1X1 X1X2 X1X3 X2X2 X2X3 X3X3

F-value 29.59 11.36 4.95 3.08 5.48 0.00 2.95 0.65 0.50
p-value * * n.s. n.s. n.s. n.s. n.s. n.s. n.s.

X1: PMS (mM); X2: Co2+ (mM); X3: radiation. n.s.: non-significant. Significant at * p < 0.05.

3.4. SR-AOPs Applied to a High Load WW

The operational conditions obtained with the RSM were applied in the treatment of
WW2, with a COD of 4925 mg O2/L. The advantage of creating a model with a WW with a
lower COD content is the application of a lower concentration of reagents, decreasing both
costs and scavenging reactions. The role of different parameters such as pH, temperature,
transition metals, the dosing procedure of reagents and radiation sources were investigated
to establish the optimal conditions for the treatment of WW2 with SR-AOPs.

Initially, the pH was varied from 3.0 to 11.0 over 240 min (Figure 5a). The results
showed a COD removal of 47.3, 57.0, 59.4 and 56.4%, respectively, for pH levels 3.0, 6.0, 9.0
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and 11.0. The low COD removal observed at pH 3.0 was consistent with the non-productive
reactions under highly acidic pH levels (Equation (6)), resulting in reduced production of
SO•−

4 radicals, which is in agreement with the work of Huling et al. [54], who observed no
considerable differences between pH 3.0 and 6.0 in the degradation of methyl tert-butyl
ether (MTBE) by persulfate oxidation. The results showed a favorable range from 6.0 to
9.0, which was in agreement with Yi et al. [55]. Above pH 9.0, a decrease in COD removal
was observed. These results were due to the fact that the alkaline solution inhibited the
dissolution of Co2+ while promoting the complexation and deposition of Co2+. In this
way, pH 11.0 inhibited the dissolution of Co2+, slowing down the activation of PMS and
reducing the catalytic activity [13,56]. Considering the initial pH of the WW (4.81) and
considering that the difference in COD removal between pH 6.0 and 9.0 was not significant,
pH 6.0 is a better choice, since a lower content of NaOH is required to be spent, which is in
agreement with the work of Rodríguez-Chueca et al. [46], who observed that pH 6.5 could
achieve significant COD removal from WW.

 

Figure 5. COD removal in the optimization of (a) pH ([PMS] = 5.88 mM, [Co2+] = 5 mM, radiation
UV-A, T = 323 K), (b) temperature (SR-AOPs: pH = 6.0, [PMS] = 5.88 mM, [Co2+] = 5 mM, radiation
UV-A; blanks: pH = 6.0, radiation UV-A), (c) type of metal catalyst (pH = 6.0, [PMS] = 5.88 mM,
[Mn+] = 5 mM, radiation UV-A, T = 343 K) and (d) dosing of PMS and Co2+. S—single addition,
M—multiple addition (pH = 6.0, [PMS] = 5.88 mM, [Co2+] = 5 mM, radiation UV-A, T = 343 K).
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The temperature of the wastewater was observed by other authors to have an influence
on the conversion of persulfate and the generation of SO•−

4 radicals [57,58]. Figure 5b
shows the COD removal at different temperatures (298–363 K) using the optimal pH of
6.0. Before the application of the SR-AOPs, it was necessary to understand the effect of
temperature without PMS and Co2+, so blank experiments were performed. The results
in Figure 5b show a maximum COD removal with the application of 363 K (20.6%). Thus,
the organic matter appears to be stable at high temperatures. With the application of
SR-AOPs, the results showed no significant differences between 298 and 323 K (51.6 and
57.0%, respectively); however, the COD increased significantly with 343 K (78.7%). In
the work of Chen et al. [57], it was observed that persulfate was more easily converted in
SO•−

4 radicals at 343 K, which agrees with the results obtained in this work. These results
are also in agreement with the works of Rodríguez-Chueca et al. [59] and Jorge et al. [28],
who observed that high temperatures are beneficial in activating PMS. Increasing the
temperature to 363 K the COD removal is reduced (78.4%), which could suggest that
temperatures above 343 K can inactivate the SO•−

4 radicals, decreasing the efficiency of the
reaction. In previous studies, the reduction in organic matter via thermally activated PMS
was observed to follow a pseudo first-order kinetic rate [46].

The effect of the nature of the metal catalyst was studied. In this section, seven different
sulfate catalysts were tested (ZnSO4, Al2(SO4)3, CoSO4, CuSO4, FeSO4, MgSO4 and MnSO4)
to evaluate their effect on the activation of PMS (Figure 5c). The results showed the
highest COD removal with catalysts CoSO4, FeSO4 and ZnSO4, with 78.7, 73.0 and 70.8%,
respectively. Cobalt has been reported as one of the most effective catalysts for the activation
of PMS, promoting a high generation of SO•−

4 and HO• radicals [55,60]. The regeneration
of Co3+ to Co2+ in the PMS/Co (Equation (2)) is thermodynamically feasible (0.82 V),
fast and the process proceeds cyclically many times until PMS is consumed [13]. The
application of FeSO4 was shown to be as efficient as CoSO4. In the work of Latif et al. [61],
iron was observed to be effective in the production of SO•−

4 radicals in the degradation of
the organic contaminant bisphenol A (BPA). The ZnSO4 catalyst was observed in this work
to have a significant effect on the conversion of PMS in SO•−

4 and HO• radicals, which is in
agreement with the work of Fang et al. [62], who observed that zinc could efficiently react
with PMS to generate SO•−

4 and HO• radicals that degrade BPA. Al2(SO4)3 was used as a
catalyst in Al3+/PMS reaction. The results showed a higher COD removal (68.4%) with
the application of catalysts MgSO4, CuSO4 and MnSO4 (68.1, 66.0 and 56.7%, respectively).
Aluminum sulfate is highly used in coagulation–flocculation–decantation processes, posing a
low risk to the environment with a higher discharge limit (10 mg Al/L) than cobalt (3 mg Co/L)
and iron (2 mg Fe/L) [63]. Thus, Al2(SO4)3 can be considered an alternative to cobalt.

To complement this optimization, the dosing procedure of the reagents was investi-
gated, in which the reagents were added in a single step at the beginning of the reaction
(S) or five times in a multiple addition (M). Four different ways were then selected to
understand the effect of single vs. multiple addition in COD removal: (1) PMS (S) + Co2+

(S), (2) PMS (M) + Co2+ (S), (3) PMS (S) + Co2+ (M) and (4) PMS (M) + Co2+ (M) (Figure 5d).
The results showed that the application of PMS (S) + Co2+ (M) achieved the lowest COD
removal (74.2%). These results could be due to a higher concentration of PMS present
in solution and insufficient Co2+ present to generate the SO•−

4 . In addition, the excess of
PMS could have a scavenger effect (Equation (11)), decreasing the efficiency of the reaction,
which could explain the decrease in COD removal. The applications of PMS (S) + Co2+

(S) and PMS (M) + Co2+ (S) showed similar results, with 78.7 and 78.1% COD removal,
respectively. These results showed that the catalyst addition had a significant effect on
the conversion of PMS and the generation of SO•−

4 radicals. With the application of PMS
(M) + Co2+ (M) the COD removal reached 82.3%, the highest of all addition methods. In
contrast with PMS (S) + Co2+ (S), the multiple dosing of reagents kept the concentrations of
PMS and Co2+ low in the reactor, suppressing the rate of scavenging reactions and, as a
consequence, a more gradual supply of SO•−

4 radicals were generated, resulting in a more
significant COD removal. The influence of multiple dosages of reagents was reported by
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other authors. For example, in the work of Sun et al. [64], it was observed that the addition
of PMS in multiple dosages decreased the self-decomposition of the oxidant caused by the
high concentrations of the addition in single mode.

In this work, the COD removal results were well-fitt into a pseudo first-order ki-
netic model (ln [COD]t = −kt + ln [COD]0), and the corresponding rate constants were
2.16 × 10−3, 2.49 × 10−3, 5.82 × 10−3 and 6.40 × 10−3 min−1 for, respectively, 298, 323,
343 and 363 K (Figure 6a). To have a better understanding of the influence of temperature
on PMS activation, the Arrhenius equation (lnk = lnA − Ea/RT) was used, and a chart
was plotted, fitting ln k vs. 1/T (Figure 6b), where A is the frequency factor, Ea is the
activation energy, R is the universal gas constant and T is the absolute temperature [58].
The results showed a good fit of the data (y = −1901.73X + 0.27647, R2 = 0.967). The average
Ea (16.07 ± 0.58 kJ mol−1) was observed to be lower than the activation of PMS reported
by Rodriguez-Narvaez et al. [65] (29.9 kJ mol−1) in the degradation of a contaminant by
PMS/Co2+ at a temperature of 343 K. In further experiments, a temperature of 343 K was
selected, considering that above this temperature no significant COD removal was observed.

 

Figure 6. (a) Pseudo first-order of COD removal at different temperatures and (b) plot of ln k vs. 1/T
for Ea estimation using the Arrhenius equation.

The PMS/Co2+/UV system was shown to be effective in the removal of organic matter.
In this section, the optimized conditions (pH = 6.0, [PMS] = 5.88 mM, [Co2+] = 5 mM,
T = 343 K, time = 240 min) were applied to the treatment of WW in three different reactors.
A UV-A LED photosystem, a low-pressure UV-C mercury lamp and an ultrasound reactor
were used. Figure 7a shows the COD and DOC removal after the application of the optimal
PMS/Co2+/UV system in the three reactors. Results showed a COD removal of 82.3, 76.0
and 52.2%, respectively, and a DOC removal of 75.8, 64.1 and 38.8%, respectively, for UV-A,
UV-C and US. The high mineralization observed with the UV-C reactor can be explained
by the photolysis of the PMS, which generates one mole of SO•−

4 radicals and one mole
of HO• radicals per mole of PMS (Equation (3)). In the work of Wang and Chu [66], it
was observed that the system PMS/Fe2+/UV (254 nm) achieved the highest degradation
of 2,4,5-trichlorophenoxyacetic acid, which was attributed to the decomposition of PMS
by the UV-C radiation. However, in this work, it was observed that the application of a
UV-A reactor achieved higher mineralization than the UV-C reactor. The activation of PMS
with UV-A radiation was shown to be effective in the removal of micropollutants from the
wastewater [67] and in the removal of organic carbon from WW [46], which is in agreement
with the results obtained in this work. Although the photolysis of PMS is negligible with
UV-A radiation [68], the application of Co2+ appears to be the contributing factor that
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increased the efficiency of the reaction and higher mineralization of the organic carbon. The
activation of PMS by ultrasound was also studied. The US can be used to generate SO•−

4
and HO• radicals by the decomposition of PMS (Equation (3)) [69]. The use of ultrasound
radiation showed a high removal of organic carbon, although the results were shown to
be lower than those of UV-A and UV-C radiation. These results are in agreement with the
work of Lu et al. [70], who observed a 71.4% atrazine degradation in the PMS/US system.

Figure 7. Evaluation of the PMS/Co2+/UV system with three radiation reactors (UV-A, UV-C and
US) in (a) COD and DOC removal, (b) TPh removal and (c) pH. Operational conditions: pHi = 6.0,
[PMS] = 5.88 mM, [Co2+] = 5 mM, T = 343 K, time = 240 min.

Among the organic compounds that are present in the WW, polyphenols are linked
to its toxicity, since aromatic compounds are difficult to degrade by microorganisms.
Polyphenols have a significant contribution to the dark color of the WW, which limits the
penetration of UV radiation and the catalyst regeneration [71]. In this section, the TPh
removal was evaluated as a function of the three reactors, with results showing a near
complete removal after the 240 min of reaction (Figure 7b). These results are linked with the
generation of SO•−

4 and HO• radicals by the three systems, which are extremely powerful,
non-selective and capable of oxidizing most organic compounds. The SO•−

4 and HO•
radicals are capable of attacking the phenol rings of phenolic compounds, yielding benzoic
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and cinnamic acids, flavonoids and anthocyanins, and then the rings of these compounds
break up to give organic acids and finally CO2 [28,72].

One of the main factors that affected the efficiency of organic carbon removal was
the pH of the wastewater. Therefore, the pH of the reaction was monitored during the
240 min. The results in Figure 7c show that all three systems had a large drop in pH within
the first 15 min, which could be linked to the production of SO•−

4 and HO• radicals. This
fact was previously reported by Esteves et al. [73], who observed a high decrease in the
pH in the treatment of high-strength olive mill wastewater using a Fenton-like oxidation
process. The follow-up of the pH is important because the type and rate of the produced
radicals are among the important effects of pH changes. At pH 6.0, the SO•−

4 radicals were
predominant [74,75]. As the reaction unfolded, a significant reduction in the pH took place,
caused by the hydrolysis of the SO•−

4 and the cobalt ions. Therefore, it could be perceived
that a higher concentration of SO•−

4 radicals leads to a more significant pH decline, which
is in agreement with the work of Li et al. [76].

3.5. CFD + PMS/Co2+/Radiation

In the previous section the legal limits for wastewater discharge in a sewage network
were not achieved for the UV-C and US reactors (COD < 1000 mg O2/L); therefore, in this
section, the CFD + PMS/Co2+/radiation combined treatment was studied. The CFD process
was performed as a pre-treatment followed by oxidation with SR-AOPs. Figure 8a shows
the evolution of COD and DOC removal with the combined system. Results showed a COD
removal of 85.9, 82.6 and 80.2% and a DOC removal of 83.3, 79.1 and 74.5%, respectively, for
CFD/PMS/Co2+/UV-A, CFD/PMS/Co2+/UV-C and CFD/PMS/Co2+/US. Two factors
were observed to increase the reactions’ efficiency: (1) the removal of turbidity, TSS and TPh
by the ASE, which clarified the wastewater, allowing better penetration of the radiation,
and (2) the removal of the organic matter in suspension, which acted as a scavenger of HO•
and SO•−

4 radicals. These results are in agreement with the work of Jaafarzadeh et al. [77],
who observed that the application of CFD as a pre-treatment increased the efficiency of
electro-activated HSO−

5 to treat pulp and paper wastewater. In comparison to other works,
such as Amor et al. [78], results showed that the application of the CFD/SR-AOP system
achieved higher organic matter removal from WW with lower reagent consumption.

In order to evaluate the mineralization capacity of the different processes, an efficient
parameter was applied, as a partial oxidation efficiency (μpartox), which can be determined
by Equations (14) and (15) [79], as follows:

CODpartox= (
COD0

DOC0
− COD

DOC
)× DOC (14)

μpartox =
CODpartox

COD0 − CODt
(15)

where μpartox is the partial oxidation efficiency that is between 0 and 1. The μpartox is
0 when only total oxidation occurs, and the value of 1 represents the ideal condition in
which only partial oxidation occurs. In fact, total oxidation occurs in μpartox < 0.5, while
partial oxidation is dominant in μpartox > 0.5. Figure 8b shows that with the application of
UV-A and UV-C reactors, the reduction in organic carbon predominantly occurred via total
oxidation reactions, becoming more pronounced at prolonged times, similar to the work of
Papastefanakis et al. [80]. With application of the PMS/Co2+/US and CFD/PMS/Co2+/US
systems, partial oxidation reactions occurred at 15 and 30 min, respectively, following
total oxidation reactions until 240 min of reaction. These results can be explained by the
high reduction in the organic matter by the HO• and SO•−

4 radicals, which increased
the mineralization.
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Figure 8. Effect of CFD/PMS/Co2+/radiation in (a) COD and DOC removal, (b) μ(partox), (c) TPh
removal and (d) BOD5 removal and BOD5/COD. Means in bars with different letters represent signif-
icant differences (p < 0.05) within BOD5/COD by comparing treatment processes. CFD operational
conditions: pH = 3.0, [ASE] = 0.5 g/L, fast mix (rpm/min) = 150/3, slow mix (rpm/min) = 20/20,
sedimentation time 4 h. SR-AOP operational conditions: pH = 6.0, [PMS] = 5.88 mM, [Co2+] = 5 mM,
radiation UV-A 32.7 W m−2, UV-C 15 W, US 500 W, T = 343 K, reaction time = 240 min.

In Figure 8c, the effect of the combined treatment in the removal of TPh can be
observed. The ASE was responsible for the removal of 83.2% of the TPh content from the
WW, decreasing the dark color of the WW and allowing a better penetration of the radiation.
With the application of the UV-A, UV-C and US reactors, the TPh removal rate increased
significantly. These results were in agreement with the work of Jorge et al. [18], who
observed that application of the CFD process boosted the TPh removal by the SR-AOPs.

Figure 8d shows the impact of the different treatment processes in the BOD5 removal
and, consequently, in the biodegradability. The applications of the PMS/Co2+/UV-A,
PMS/Co2+/UV-C and PMS/Co2+/US achieved a BOD5 removal of 69.6, 63.5 and 44.4%,
respectively. With the application of the CFD process, the BOD5 removal was increased to
73.9, 68.7 and 67.0%, respectively. The biodegradability was also evaluated, with results
showing an increase from 0.31 (CFD process) to 0.54, 0.53 and 0.49, respectively. The
combination of processes, was able to remove part of the recalcitrant matter, increasing the
biodegradable fraction, and allowing a subsequent biological treatment. These results were
in agreement with the works of Amor et al. [81] and Rodríguez-Chueca et al. [82], who ob-
served that the combined photo-Fenton and CFD processes increased the biodegradability
of crystallized-fruit wastewater.
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4. Conclusions

Wine and almond production are two major Portuguese agro-industries with enor-
mous weight in Portugal’s economy. The WW generated from wine production is of
environmental concern due to the high content of organic matter and polyphenols. From
almond production, the skin, often neglected by the food industry, is used in this work
to produce an almond skin extract (ASE). The results show that ASE achieves the highest
results regarding turbidity, TSS, TPh and COD removal with the application of 0.5 g/L
ASE at pH 3.0. It is concluded that the pH has a considerable effect on the ASE effi-
ciency, considering the isoelectric point (4.73). The sludge generated by the treatment
with ASE can be recycled as fertilizer, allowing its valorization. The response surface
methodology (RSM) associated with a Box–Behnken design was revealed to be one of the
most appropriate methods for the optimization of the basic conditions (PMS and Co2+

concentration and radiation) for COD removal from WW. The efficiency of the SR-AOP is
concluded to be dependent on factors, such as pH, temperature, type of transition metal
and manner of addition. Under the optimal conditions, pH = 6.0, [PMS] = 5.88 mM,
[Co2+] = 5.0 mM, T = 343 K, reaction time = 240 min, a COD removal was achieved of
82.3, 76.0 and 52.2%, respectively, for UV-A, UV-C and US reactors. The combination
of CFD with SR-AOPs has a synergic effect, in which the ASE removes 61.2% of COD
and the combined ASE/reactors remove 85.9, 82.6 and 80.2%, respectively, with UV-A,
UV-C and US. Moreover, the combination of processes allows all reactors to achieve the
Portuguese legal value of COD (≤1000 mg O2/L) for wastewater to be discharged as
municipal wastewater in a wastewater treatment plant (WWTP).
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Abstract: The Zhenjiang-Yangzhou reach of the Yangtze River is located at the top of the Yangtze
River Delta, which is one of the most dramatic changes in the lower reaches of the Yangtze River.
The study on the migration characteristics of the channel centerline is crucial for a comprehensive
understanding of the river channel changes in the Zhenjiang-Yangzhou reach. In this study, a detailed
calculation method is proposed to extract the channel centerline of the Zhenjiang-Yangzhou reach
by using old maps and remote sensing satellite map and decompose it into seven parts. The spatial
and temporal changes of Net Shift Distance (NSD), Cumulative Moving Distance (CMD), Migration
Rate of Channel Centerline (MRCC) and Linear Regression Change Rate of channel centerline (LRCR)
from 1865 to 2019 on the cross-section scale are studied. The results show that: (1) from 1868 to 2019,
the channel centerline of the Zhenjiang-Yangzhou reach kept shifting. The average net displacement
distance of the section is 1103.47 m on the right bank, and the average cumulative displacement
distance of the section is 2790.51 m. (2) According to the NSD and CMD data of each part, the
long-term movement direction of the channel centerline is basically the same, and a small part of the
channel centerline has periodic reverse swing. The probability of channel centerline moving right is
about twice that of moving left. At the same time, some rivers have high erosion risk. (3) Through
MRCC and LRCR data, the total number of channel centerline moving left and right is 156 and 329,
respectively, and the erosion risk level of the near half of the shoreline is high. (4) The change of river
boundary conditions and hydrodynamic force will affect the migration rate and direction of channel
centerline. (5) This study proposes a method to extract channel centerline from a braided reach
and study its changes, which can be applied to other similar reaches with a long history of human
activities and high density. The results enrich people’s understanding of the long-term changes of
a braided reach in the lower reaches of the Yangtze River and have certain guiding significance for
river regulation, navigation safety, and revetment construction.

Keywords: channel centerline; variations; the Zhenjiang-Yangzhou reach; the Yangtze River

1. Introduction

River systems collect, transport, and distribute water, sediment, and biomass in basins,
thereby tightly linking processes at multiple time scales, such as the hydrological cycle,
landscape changes, and ecological evolution. Water bodies interact with the atmosphere,
vegetation, environment, and landforms and play an important role in regional economic
and environmental sustainability, drinking water safety, and ecological security [1–3]. River
channel change can be very sensitive to environmental change and human activities, and it
has been one of the main research topics in fluvial geomorphology [4].

There are many braided reaches in the middle and lower Yangtze River in China.
These reaches have a number of central bars or islands, which lead to multiple channels
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at low flows, and such a planform geometry usually results in frequent lateral channel
shifting [5]. These fluvial processes of braided reaches can cause unfavorable effects such
as inducing the collapse of floodplain banks and threatening the safety of levees. Therefore,
channel migration processes in braided rivers have aroused major concern in the study of
river dynamics and geomorphology [6].

Multitemporal analyses of river course changes over long time are of crucial impor-
tance [7]. For example, the analysis of changes in water channel and floodplain of the
lower Yuba River in California, USA, was performed over a period of 100 years. This study
was mostly based on photogrammetric data and old maps, including a comparison of a
digital elevation model (DEM) and planimetric change analysis [8]. A similar study was
performed for the Basento River in Southern Italy. The researchers managed to carry out an
analysis of the channel changes over 150 years [9]. Another research using different data
sources concerns the Calore River in Northern Italy and change detection of its course since
1870. The data were processed using advanced GIS methods [10].

Remote sensing technology, as a multi-temporal, multi-spectral, low-cost, and high-
resolution information source, has been widely used to study channel morphological
changes in alluvial rivers, and specific methods or software have been developed to quantify
channel characteristics [11,12]. It is theoretically possible to define the boundary of an
extracted water surface area as the river bankline and then extract the channel centerline.
However, the extracted water boundary is very sensitive to the water level changes in the
same period, and the channel changes obtained from satellite images may be different when
the water levels are in different value ranges. Low water levels may lead to substantial
exposure of the riverbed, which will lead to errors in the extracted channels compared to
those at high water levels [13]. Only satellite images with the lowest possible water level
differences can be selected to reduce errors [14].

However, previous studies on channel evolution of braided rivers have generally
focused on the study of inflow-sediment changes, channel deposition and degradation, and
adjustments to cross-sectional geometry [15–17]. River channel migration plays a crucial
role in the morphological changes of braided rivers, which usually include various lateral
shifts of shoreline, water depth, main line, and channel centerline [18,19]. Several data
sources from historical maps, cross-sectional topography, and remote sensing imagery can
be used to determine these changes [20–22].

The Zhenjiang-Yangzhou reach is one of the most rapidly evolving braided reaches
in the lower Yangtze River. Based on the measured hydrology and topographical data,
extensive researches have been conducted on the evolution of the river, its influencing
factors, and channel conditions [23–27]. Numerous studies have shown that the Zhenjiang-
Yangzhou reach of the Yangtze River has undergone significant channel changes in the
past century, including the continuous lateral movement of the channel centerline as well
as the scouring and silting of the river banks. Therefore, to determine the temporal and
spatial variation of the migration direction and rate of the channel centerline is helpful for
a comprehensive understanding of the characteristics of the river process of the Zhenjiang-
Yangzhou reach of the Yangtze River. Nowadays, with the popularization of aerial laser
radar scanning technology and UAV aerial photography technology, the acquisition of
high-quality river change data has become very simple, and the scanning resolution of
the above method is also suitable for most software processing. Unfortunately, due to the
slow speed of river change, short-term aerial data cannot provide enough information
about river change. This means that in most cases, using one data source alone cannot
obtain long-term river channel change data, and multi-source data are needed for research.
However, remote sensing data and historical maps are not compatible in form, resolution,
coordinate system, projection, and accuracy. Therefore, it is necessary to establish a more
reliable semi-automatic program to standardize the two data sources. Based on the unified
standard and process, the channel centerline in the historical maps and remote sensing
satellite map was extracted, and the correlation analysis was completed.
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In this study, we employed multi-source data fusion methods at different scales to
study the spatiotemporal changes of the Net Shift Distance, Cumulative Moving Distance,
Migration Rate of Channel Centerline, and Linear Regression Change Rate of the channel
centerline from 1865 to 2019. The multi-source data include old maps and satellite imagery.
The main objectives of the current study are to: (1) propose a detailed computational
procedure to extract the channel centerline from old maps and satellite images and set the
baseline and cross-section; (2) calculate the temporal and spatial changes of the channel
centerline’s shift distance, Cumulative Moving Distance, Migration Rate of Channel Cen-
terline, and Linear Regression Change Rate on the cross-sectional scale to judge the risk of
river bank erosion; and (3) analyze the key factors affecting the lateral movement of channel
centerline and discuss the influence of river boundary conditions, hydrological conditions,
human activities, and other factors on the lateral movement of channel centerline.

2. Materials and Methods

2.1. Study Area

The Zhenjiang-Yangzhou reach of the Yangtze River is located at the apex of the
Yangtze River Delta, starting from Yizheng at the upstream to Sanjiangying at the down-
stream, of which the total length is 73.7 km [28]. This reach has a large range of changes
and a complex evolution process (Figure 1) [29]. The north bank of Zhenjiang-Yangzhou
reach is a vast delta alluvial plain, the south bank is close to the northern foot of the
Nanjing-Zhenjiang mountain, and the Xiashu loess terrace was formed in the late Pleis-
tocene, downstream of Zhenjiang Port; the river arm of bascule bridge bluff invades the
river and controls the development of the river.

Figure 1. Location of the area of study (a) in Eastern China, (b) Southwestern Jiangsu Province, the
apex of the Yangtze River Delta, and (c) the junction of Zhenjiang and Yangzhou.
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Affected by Yellow River flood over Huaihe River from 1570, the lower reaches of
Huaihe River gradually evolved from flowing eastward into the sea to flowing southward
into the Yangtze River, becoming a tributary of the Yangtze River. Since then, the water
inflow of the Huaihe River has gradually increased, reaching the maximum after the main
stream of the lower reaches of the Huaihe River was diverted into the river in 1851. This
change adds a new variable to the evolution of the river geomorphology of the Yangtze
River and changes the original channel characteristics and flow structure of the Zhenjiang-
Yangzhou reach of the Yangtze River. Beach scouring and silting and riverbank advancing
and retreating also change greatly.

The total length of the Zhenjiang-Yangzhou reach is 73.3 km, consisting of Yizheng
Curve, Shiyezhou Curve, Liuliu Curve, Hechangzhou Inlet, and Dagang Curve [30,31].
The reach plane form of Zhenjiang-Yangzhou is complex, with both branching sections and
bending sections. The river course changes rapidly, and the regulation is difficult [32].

2.2. Data Source
2.2.1. Old Maps

Old maps presenting the Zhenjiang-Yangzhou reach of the Yangtze River valley were
not a frequent subject of research. Old maps that were considered potentially useful include:
(1) The sandbar merging north bank on the Jiangsu Province Atlas, compiled in 1868, was
collected in the Library of Fudan University (No. 001126209), which recorded in detail the
river course and sandbar of the Yangtze River in Zhenyang section. Combined with the
historical data of Yangzhou City—“Jiangdu County Annals” and the data of The Harvard
University Library in the United States does not publish the historical data of the old
customs of China (1860–1949)”, published by historian Wu Songdi in 2014. It can basically
restore the change of the reach channel of the Zhenjiang-Yangzhou in the 1960s [33,34].
(2) In 1931, the Land Survey Bureau of the Ministry of Staff of the National Government
completed the topographic map drawing of Jiangsu Province and sorted out the military
topographic maps of various scales in Jiangsu Province. The relevant military topographic
maps were collected and collated by the Department of Regional Affairs of the Ministry
of Internal Affairs of the National Government. The relevant military topographic maps
can be obtained online through the Institute of Modern History of the Central Academy in
Taipei City, Taiwan Province, China [35]. The topographic map can be used as the basic
data of the river morphology of the Zhenjiang-Yangzhou reach of the Yangtze River in
the 1930s. (3) In 1953, the Cartographic Bureau of the United States Army Agency drew
detailed topographic maps of the surrounding areas of Nanjing, Jiangsu Province, based on
aerial imagery accumulated during the Anti-Japanese War and other mapping data from
the 1950s. The military topographic map was kept by the University of Texas Library after
decryption. The river morphology of the Zhenjiang-Yangzhou reach of the Yangtze River
reflected in the military topographic map can be used as the basic data for the river change
study of the Zhenjiang-Yangzhou reach in the 1950s [36].

2.2.2. Remote Sensing Satellite Images

Remote sensing images are real-time, accurate, and intuitive and are often used to
identify water-land boundaries [37]. In order to ensure the representativeness of the
extraction results, the selected remote sensing satellite images should be clear, cloudless,
and located at similar water levels. We selected two remote sensing satellite images,
including (1) TM image of Landsat 5 satellite, taken on 18 October 1984, with a spatial
resolution of 30 m, and (2) OLI image of Landsat 8 satellite, taken on 16 November 2019,
with the same as the TM image. The geometric correction was conducted by image-to-
image registration, with the image in 2019 as the reference of all other images. The root
mean square errors of correction are all less than 30 m.
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2.3. Research Method
2.3.1. Research Process

The following flowchart (Figure 2) represents the dataset and processing methods
used in this study. In some cases, it shows the relationship between data sets, the chan-
nel Centerline extraction method, and how to use them in the channel centerline of the
Zhenjiang-Yangzhou reach of the Yangtze River. According to the flow chart, we used
Arcgis10.5 and ENVI5.3 software to process the data step by step: (1) Each old map collected
was registered and geometrically corrected several times according to the standard map
published locally, and the quality inspection was carried out. The results with the highest
accuracy were output, and the shoreline was vectorized. At the same time, we manually
extracted coastlines from each satellite map by visual interpretation. (2) We extracted the
five different years of vectorized shoreline map summary, with automatic extraction of
their channel centerline. (3) We created a baseline and created appropriate interval sections.
(4) Each section intersects with channel centerline to form an intersection. We calculated
NSD, CMD, MRCC, and LRCR according to the distance between the intersection and other
intersections of the same section and the distance between the intersection and baseline.

Figure 2. Flowchart of used data and methods.

2.3.2. Determination of Section

The channel centerline of the Zhenjiang-Yangzhou reach is divided into seven seg-
ments: Yizheng Curve, North Branch of Shiyezhou, South Branch of Shiyezhou, Six
Curve, North Branch, of Hechangzhou, South Branch of Hechangzhou, and Dagang Curve
(Figure 3). Then, we found the buffer that is closest to the channel centerline and created
a baseline according to the buffer direction. Then, the cross-section was generated: the
longest length of the cross section was set to 3500 m, and the sampling interval was set
to 200 m. After smoothing, fitting, and adjustment, the cross-section was orthogonally
projected from the baseline to the channel centerline in different years. A total of 510
equidistant vertical lines were generated, including 19 equidistant vertical lines in Yizheng
Curve, 82 equidistant vertical lines in North Branch of Shiyezhou, 67 equidistant vertical
lines in South Branch of Shiyezhou, and 103 equidistant vertical lines in Six Curve. In
addition, the relevant parameters of this study are also shown in Figure 3.
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Figure 3. Map of the channel centerline and section position in Zhenyang Reach in different ages and
related parameters.

2.3.3. Calculation of Net Shift Distance (NSD)

Net Shift Distance (NSD) is the distance between the channel centerline of the farthest
and most recent years on each section. The NSD is expressed as follows:

NSD = dr − d0, (1)

In this formula, dr is the distance from the intersection point of the channel centerline
and the section line to the baseline in the recent year, and d0 is the distance from the
intersection of the channel centerline and the section line to the baseline in the furthest year.

2.3.4. Calculation of Cumulative Moving Distance (CMD)

CMD is the distance between the channel centerline that is farthest from the baseline
and the closest to the baseline on each section. CMD represents the sum of the motion
distance of the channel centerline position in all phases, which is independent of time. The
CMD is expressed as follows:

CMD = dj − di, (2)

In this formula, dj is the distance from the nearest intersection of the channel centerline
and the section line to the baseline; di is the distance from the intersection of the channel
centerline and the section line to the baseline.

2.3.5. Calculation of Migration Rate of Channel Centerline (MRCC)

MRCC refers to the change rate of the distance between the channel centerline in the
furthest year and the nearest year on each section. The MRCC is expressed as follows:

MRCC(i,j) =
dj − di

ΔY(j,i)
, (3)

where i denotes the point where the channel centerline intersects the section line in the
farthest year, and j denotes the point where the channel centerline intersects the section
line in the recent year. MRCC(i,j) denotes the terminal rate of change from the channel
centerline in the farthest year to the channel centerline in the latest year. di and dj represent
the distance between the channel centerline and the baseline in the furthest year and the
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nearest year, respectively; ΔY(j,i) represents the time interval between the nearest year and
the farthest year.

2.3.6. Calculation of Linear Regression Change Rate (LRCR)

LRCR refers to the point where the cross-section line intersects the channel centerline
by using the least square method, and finally, the change rate of the channel centerline is
calculated. LRCR can fit the changes of the channel centerline in all years, which is simple
in principle and easy to operate. The LRCR index is used in this study to calculate and
analyze the multiple change rates the channel centerline over a long period of time. The
LRCR is expressed as follows:

y = a + bx, (4)

a = ∑n
i=1(xi − x)(yi − y), (5)

LRCR = y − ax, (6)

Among them, y is a dependent variable for the spatial location of the channel centerline;
x represents the independent variable of the year; a is the fitted constant intercept; LRCR is
the regression slope, which represents the y change corresponding to each unit x change.

3. Results and Discussion

In this study, the above methods were employed to quantify the section- and reach-
scale morphometric parameters, covering the Net Shift Distance, Cumulative Moving
Distance, Migration Rate of Channel Centerline, and Linear Regression Change Rate in the
channel centerline of the Zhenjiang-Yangzhou reach in 1865–2019.

3.1. The Net Shift Distance and Cumulative Moving Distance of the Channel Centerline on the
Section Scale

In the past 100 years, the channel centerline reached by Zhenjiang-Yangzhou has
shown a trend of continuous swing on the whole (Figure 4). The average Net Shift Distance
of the section is 1103.47 m for the right bank migration, and the average cumulative
displacement distance of the section is 2790.51 m. The channel centerline has the largest net
displacement distance of the channel curve, followed by the South Branch of Hechangzhou,
North Branch of Shiyezhou, Yizheng Curve, and Curve, and South Branch of Hechangzhou,
and the smallest is North Branch of Hechangzhou. The maximum Cumulative Moving
Distance of the channel centerline is North Branch of Hechangzhou, followed by Six Curve,
South Branch of Shiyezhou, South Branch of Hechangzhou, and North Branch of Shiyezhou.

Among them, for the channel centerline of Yizheng Curve during 1868–2019, the value
of Net Shift Distance from upstream to downstream trend is high → low → medium, the
average section of Net Shift Distance is right bank migration 302.01 m, the highest value
appears in section 4, the right bank migration 650.63 m, and the lowest value appears
in sections 1 and 2. The variation trend of Cumulative Moving Distance from upstream
to downstream is low to high, with an average of 938.65 m. The highest value appeared
in section 5, which was 1972.7 m, and the lowest value appeared in sections 1 and 2.
Cumulative Moving Distance is much larger than Net Shift Distance, which indicates that
Yizheng Curve has periodic reverse swing. The connection between Yizheng Curve and
South Branch of Shiyezhou becomes the main channel in the upper reaches of the river,
which receives the influence of the geostrophic bias force. The river continuously scours the
right bank, resulting in the gradual movement of the channel center line to the right bank.

For the channel centerline of North Branch of Shiyezhou during 1868–2019, the value
of Net Shift Distance from upstream to downstream changed from low to high. The
average Net Shift Distance of the cross-section was 57.23 m, and the highest value appeared
in section 71, which was right bank migration 683.79 m; the lowest value appeared in
section 31, which was left bank migration, at 10.84 m. The change trend of Cumulative
Moving Distance from upstream to downstream is high → low → high, with an average of
435.93 m. The highest value appears in section 4, which is 244.36 m, and the lowest value
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appears in section 1. The Cumulative Moving Distance of sections 1–14 is far greater than
the Net Shift Distance, indicating that there is periodic reverse swing in this part of the
river. The absolute value of Cumulative Moving Distance after section 41 is basically the
same as that of Net Shift Distance, indicating that the long-term movement direction of
this part of the river is basically the same. The right bank of North Branch of Shiyezhou
was scoured, while the small sandbars in the area of Shiyezhou Sandbank continued to
merge, resulting in an expanding area of Shiyezhou Sandbank and a dynamic balance on
the right bank.

Figure 4. Changes of NSD and CMD of the channel centerline in Zhenjiang-Yangzhou reach.
(a) Yizheng Curve; (b) North Branch of Shiyezhou; (c) South Branch of Shiyezhou; (d) Liuwei
Curve; (e) North Branch of Hechangzhou; (f) South Branch of Hechangzhou; (g) Dagang Curve.

For the channel centerline of South Branch of Shiyezhou during 1868–2019, the value
of Net Shift Distance from upstream to downstream changed from low to high. The average
section Net Shift Distance was 869.04 m on the right bank. The highest value appeared
in section 59, which was right bank migration, at 1777.36 m. The lowest value appeared
in section 5, which was right bank migration, at 0.55 m. The change trend of Cumulative
Moving Distance from upstream to downstream is high → low → high, with an average of
1186.31 m. The highest value appeared in section 59, which is 1958.07 m, and the lowest
value appeared in section 33, at 606.65 m. Cumulative Moving Distance of sections 1–23 is
greater than Net Shift Distance, indicating that there is periodic reverse swing in this part
of the river. The absolute value of Cumulative Moving Distance after section 24 is basically
the same as that of Net Shift Distance, indicating that the long-term movement direction
of this part of the river is basically the same. At first, a large number of small sandbars
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were scattered in this area, which compressed the width of South Branch of Shiyezhou.
Later, after the small sandbars were merged into Shiyezhou Sandbank, the river surface
became wider.

For the channel centerline of Liuwei Curve during 1868–2019, the change trend of
Net Shift Distance from upstream to downstream is low → high → low, and the average
cross-section Net Shift Distance is left bank migration 2191.63 m. The highest value appears
in section 51, which is 4273.94 m for left bank migration, and the lowest value appears
in section 103. The variation trend of Cumulative Moving Distance from upstream to
downstream is high → low → high, which is consistent with the variation trend of Net
Shift Distance, with an average value of 2340.15 m. The maximum appears in section 59,
which is 4273.94 m, and the minimum appears at section 103. The absolute values of
Cumulative Moving Distance of most cross-sections are basically the same as those of Net
Shift Distance, indicating that the long-term movement direction of boundary curve in each
cross-section is basically the same. The reason for the dramatic change of the Six Curve is
that the hydrodynamic force has changed greatly, resulting in the change of the top impact
point, and the river changed from the initial concave bank to the convex bank.

For the channel centerline of North Branch of Hechangzhou during 1868–2019, the
value of Net Shift Distance from upstream to downstream trend is low → high → low,
the average section of Net Shift Distance is right bank migration at 4908.03 m, the highest
value appears in section 59, and the right bank migration is 7851.58 m. The lowest value
appears in section 2. The variation trend of Cumulative Moving Distance from upstream to
downstream is low → high → low, which is consistent with the variation trend of Net Shift
Distance, with an average value of 6465.19 m. The maximum appears at section 99, which
is 9139.1 m, and the minimum appears at section 2. The absolute values of Cumulative
Moving Distance of most sections are basically consistent with those of Net Shift Distance,
indicating that the long-term movement direction of North Branch of Hechangzhou in each
section is basically the same. Today’s Hechangzhou Sandbank area is much smaller than in
1868. At first, there was a huge and scattered small sandbank, and the northern bank of the
merged Hechangzhou Sandbank gradually shrank southward.

For the channel centerline of South Branch of Hechangzhou during 1868–2019, the
value of Net Shift Distance from upstream to downstream trend is low → high → low, the
average section of Net Shift Distance is left bank migration 498.38 m, the highest value
appears in section 5, and left bank migration is 4480.37 m. The lowest value appears in
section 4, with left bank migration of 20.15 m. The trend of Cumulative Moving Distance
from upstream to downstream is low → high → low, which is basically consistent with
the trend of Net Shift Distance, and the average value is 1474.11 m. The maximum value
appears in section 5, which is 4575.81 m, and the minimum value appears in section 43,
which is 80.86 m. The absolute values of Cumulative Moving Distance of most sections
are basically consistent with those of Net Shift Distance, indicating that the long-term
movement direction of South Branch of Hechangzhou in each section is basically the same.
During the long-term evolution of Hechangzhou Sandbank, the North Bank and West Bank
are shrinking, resulting in a part of the channel centerline of South Branch of Hechangzhou
moving to the left bank.

For the channel centerline of Dagang Curve during 1868–2019, the change trend of Net
Shift Distance from upstream to downstream is high → low → high → low, and the average
cross-section Net Shift Distance is right bank migration 212.48 m. The highest value appears
in section 4, which is 805.25 m of right bank migration, and the lowest value appears in
section 1 and sections 39–46. The change trend of Cumulative Moving Distance from
upstream to downstream is low → high → low, with an average of 475.66 m. The highest
value appeared in section 4, which is 805.25 m, the lowest value appeared in sections 1
and 9–46. The Cumulative Moving Distance of sections 5–33 is greater than Net Shift
Distance, indicating that this part of the river has periodic reverse swing. The Cumulative
Moving Distance of sections 1–4 and sections 34–36 are basically the same as the absolute
value of Net Shift Distance, indicating that the long-term movement direction of this part
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of the river is basically the same. Compared with other reaches, the hydrodynamic force of
the Dagang Curve has little change, mainly because the left bank has built many ports and
a large number of berths extend into the main channel.

3.2. Analysis and Risk Recognition Based on the Central Line of MRCC and LRCR

In this study, the Migration Rate of Channel Centerline (MRCC) and Linear Regression
Change Rate (LRCR) were employed to quantify the section- and reach-scale morphometric
parameters. It includes the moving distance and direction of channel centerline on all
sections. Based on the above data, we identified the risk of riverbank erosion (Figures 5–11).

Studies have shown that the braided river channel has self-adjustment characteris-
tics under basically unchanged climatic conditions and upstream water and sediment
conditions. The probability of the channel centerline moving to the left bank should be
roughly equal to that of moving to the right [38]. In this study, the total number of the
channel centerline moving left and right in the Zhenjiang-Yangzhou reach of the Yangtze
River is 156 and 329, respectively, indicating that the probability of the channel centerline
moving right is about twice that of moving left. It shows that the upstream water and
sediment conditions of the Zhenjiang-Yangzhou reach of the Yangtze River are unstable
and vary greatly.

 
Figure 5. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion risk
identification on Yizheng Curve.

As shown in Figure 5, the highest MRCC value of Yizheng Curve during 1868–2019
was 11.13 m/y, with an average of 2.19 m/y, and the highest LRCR value was 6.67 m/y,
with an average of 2.45 m/y. The number of left shifts of the Yizheng Curve section is 5,
and the number of right shifts is 12. Combining the direction and velocity of cross-section
movement to identify the bank erosion risk, Yizheng Curve can be divided into five sections.
Section A1 contains section 1, and the bank erosion risk level is low. Section B1 contains
section 2, and the erosion risk level is moderate risk on the right bank. Section C1 contains
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sections 3–7, and the erosion risk level is moderate risk on the left bank. Section D1 contains
sections 8–18, and the erosion risk level is high risk on the right bank. Section E1 contains
section 19, and the risk level of riparian erosion is low.

 

Figure 6. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion risk
identification on North Branch of Shiyezhou.

As shown in Figure 6, the highest MRCC value of North Branch of Shiyezhou during
1868–2019 was 6.58 m/y, with an average of 0.38 m/y, and the highest LRCR value was
5.3 m/y, with an average of 0.94 m/y. The number of left shifts of North Branch of
Shiyezhou section is 27, and the number of right shifts is 53. Combining the direction and
velocity of cross-section movement to identify the bank erosion risk, Yizheng Curve can be
divided into seven sections. Section A2 contains sections 1–2, and the bank erosion risk
level is low. Section B2 contains section 3–30, and the erosion risk level is moderate on the
right bank. Section C2 contains sections 31–37, and the erosion risk level is moderate on the
left bank. Section D2 contains sections 37–41, and the erosion risk level is moderate on the
right bank. Section E2 contains sections 42–57, and the erosion risk level is high on the left
bank. Section F2 contains sections 58–80, and the erosion risk level is high on the right bank.
Section G2 contains sections 80–83, with an erosion risk rating of high risk on the left bank.
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Figure 7. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion risk
identification on south branch of Shiyezhou.

As shown in Figure 7, the maximum MRCC value of South Branch of Shiyezhou
during 1868–2019 was 11.54 m/y, with an average of 5.7 m/y, and the maximum LRCR
value was 12.63 m/y, with an average of 5.93 m/y. The number of left shifts of South Branch
of Shiyezhou section is 3, and the number of right shifts is 63. Combining the direction and
velocity of cross-section movement to identify the bank erosion risk, Yizheng Curve can be
divided into four sections. Section A3 contains sections 1–5, and the erosion risk level is
moderate on the right bank. Section B3 contains sections 6–8, and the erosion risk level is
moderate on the left bank. Section C3 contains sections 9–15, and the erosion risk level is
moderate on the right bank. Section D3 contains sections 16–67, and the erosion risk level
is high on the right bank.

As shown in the Figure 8, the maximum value of MRCC of Liuwei Curve during
1868–2019 was 30.85 m/y, with an average of 18.32 m/y, and the maximum value of LRCR
was 30.29 m/y, with an average of 13.76 m/y. The number of left shifts of Liuwei Curve
section is 91, and the number of right shifts is 9. Combining the direction and velocity of
cross-section movement to identify the bank erosion risk, Yizheng Curve can be divided
into three sections. Section A4 contains sections 1–11, and the erosion risk level is moderate
on the right bank. Section B4 contains sections 12–15, and the erosion risk level is moderate
on the left bank. Section C4 contains sections 15–103, and the erosion risk level is high on
the left bank.
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Figure 8. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion risk
identification on Liuwei Curve.

As shown in Figure 9, the highest MRCC value of North Branch of Hechangzhou
during 1868–2019 was 82.96 m/y, with an average of 40.41 m/y, and the highest LRCR value
was 93.8 m/y, with an average of 26.83 m/y. The North Branch of Hechangzhou section
moves left 12 times and right 130 times. Combining the direction and velocity of cross-
section movement to identify the bank erosion risk, Yizheng Curve can be divided into
three sections. Section A5 contains sections 1–7, and the erosion risk level is moderate on
the left bank. Section B5 contains sections 8–137 with high risk of the right bank. Section C5
contains sections 138–149, and the erosion risk level is moderate on the left bank.

As shown in Figure 10, the maximum MRCC value of South Branch of Hechangzhou
during 1868–2019 was 29.09 m/y, with an average of 2.69 m/y, and the maximum LRCR
value was 28.16 m/y, with an average of 2.81 m/y. The number of left shifts of South
Branch of Hechangzhou section is 16, and the number of right shifts is 27. Combining the
direction and velocity of cross-section movement to identify the bank erosion risk, Yizheng
Curve can be divided into five sections. Section A6 contains sections 1–2, and the erosion
risk level is high on the right bank. Section B6 contains sections 3–4, and the erosion risk
level is moderate on the left bank. Section C6 contains sections 5–16, and the erosion risk
level is high on the left bank. Section D6 contains sections 17–18, and the erosion risk level
is moderate on the left bank. Section E6 contains sections 19–43, and the erosion risk level
is moderate on the left bank.
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Figure 9. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion risk
identification on North Branch of Hechangzhou.

Figure 10. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion
risk identification on South Branch of Hechangzhou.
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Figure 11. The Migration Rate of Channel Centerline, Linear Regression Change Rate, and erosion
risk identification on Dagang Curve.

As shown in Figure 11, the maximum value of MRCC of Dagang Curve during 1868–
2019 was 8.71 m/y, with an average of 2.05 m/y, and the maximum value of LRCR was
6.71 m/y, with an average of 1.26 m/y. The number of left shifts of Dagang Curve section
is 2, and the number of right shifts is 35. Combining the direction and velocity of cross-
section movement to identify the bank erosion risk, Yizheng Curve can be divided into five
sections. Section A7 contains sections 1–4, and the erosion risk level is high on the right
bank. Section B7 contains sections 5–31, and the erosion risk level is moderate on the right
bank. Section C7 contains sections 32–33, and the erosion risk level is moderate on the left
bank. Section D7 contains sections 34–38, and the erosion risk level is high on the right
bank. Section E7 comprises sections 39–47, with a low risk rating for riparian erosion.

3.3. Influence Factors of Channel Centerline Changes

Channel evolution covers various deformation components such as adjustments in
planform and cross-sectional geometries, and channel migration is a critical component
of channel planform adjustments in alluvial rivers. Factors influencing channel migration
mainly include changes in river boundary conditions, hydrological and sediment changes,
and sandbanks merging. These influencing factors are presented herein to investigate the
variation characteristics in the variation characteristics of the migration intensity of the
channel centerline of the Zhenjiang-Yangzhou reach of the Yangtze River.

3.3.1. Changes of River Boundary Conditions

The Zhenjiang-Yangzhou reach is located at the top of the Yangtze River Delta, and
the tidal current of the Yangtze River estuary can reach the reach to form a jacking effect.
Therefore, the boundary conditions of the river will change with the dynamic changes of the
material composition of the riverbed, topography, water level difference, and river slope.

The geological structure of the located Yangzhou reach belongs to the Yangzi quasi-
platform, and the river trend is basically consistent with the geological structure trend,
showing a west-east trend. The river valley reached by the Zhenjiang-Yangzhou reach
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is narrow in the upper part and wide in the lower, showing an asymmetric horn shape.
Both sides are alluvial plains, and outward are loess terraces and low hills. The riverbed is
mostly composed of fine sand or silt, and there are medium-coarse sand and gravel in the
deep groove.

The southern bank of the reach is the Xiashu loess terrace and part of the impact
plain at the northern foot of the Ningzhen Mountains. The Xiashu loess was formed about
100,000 years ago by river accumulation. All the riverbeds and bank walls made up of
Xiashu soil are hard and have strong impact resistance. The riverbed on the south bank
of the reach is mostly composed of Xiashu loess with good impact resistance except for
Zhengzunzhou and a few bank walls. Therefore, all the rivers adjacent to the south bank
(right bank) are not seriously eroded except the South Branch of Shiyezhou, where the
south bank is continuously eroded.

The north bank of the reach can be divided into two parts from the terrain. Weiyang
Loess Platform is located in the north of Yizheng to Yangzhou line. Loess is widely
distributed and stretches for tens of kilometers. The southeast and east are the alluvial
plains of the Yangtze River Delta. This area was once a shallow estuary area in history. The
riverbed and bank wall there have poor erosion resistance and are easy to be washed by
water. Therefore, after the crest point gradually moves to the northern bank of the adjacent
curve opposite Jinshan Mountain, the central line of the channel moves northward rapidly.

The hard soil or bedrock outcrops in the river reach are not easy to scour. The bank
wall has become a good diversion barrier, and even if there are some concave alluvial
soil banks, due to the inertia of the flow, in general, in flood years, a large scour will not
occur. However, the soil conditions of river floodplains are different. According to the
investigation and study of the modern river floodplain sedimentary columnar samples
collected in our field and the outcrop profile in the field, it was found that the mud deposits
deposited at a high water level in the flood period of the river reach are prone to mud
cracks in the dry and rainy environment and have obvious characteristics of mud cracks.
Figure 12 shows the scene images of dense mud cracks found near Zhengrunzhou.

Figure 12. Mud fracture structure of floodplain near Zhengrunzhou.

The located Yangzhou reach is mainly composed of barrier sand, sandbars, and
beaches, which originally had multiple rivers. Later, some Jiajiang Rivers were silted by
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sediment and became dark rivers. The floodplain sediments in front of the embankment
have obvious horizontal bedding structures, most of which are horizontal laminas of
millimeter thickness, as shown in Figure 13. Under the impact of river water and waves,
the sand layer is very easy to be hollowed out, resulting in the loss of support and collapse
of the upper floodplain sediments.

 

Figure 13. Pores in middle layer, sand layer, and plant root of columnar sample.

The swing of the river bank makes these dark rivers appear on the current river
bank and even be pushed down by the river embankment. There will be a great deal of
groundwater in and out of the dark river and will even take away silt, resulting in bank
collapse and even embankment collapse into the river, forming an obvious gap on the
bank. As shown in Figure 14, several examples of bank collapse show that large-scale bank
collapse will lead to increased river width at the bank collapse, resulting in the channel
centerline moving to the bank collapse.

Figure 14. Typical bank collapse cases in Zhenyang Reach.
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At the same time, the two sides of the river are densely populated, and regular floods
pose a huge threat to the safety of people’s lives and property. The continuous deposition of
Zhenjiang Port has seriously affected the local economic development. Therefore, various
river regulation projects have been carried out in the river. These projects have gradually
changed the boundary conditions of some river sections and have also had some impacts
on the evolution of the river.

For example, the regulation of Zhenjiang port and the expansion of Jiaobei beach will
lead to the evolution of the river regime in favor of the development of the South Branch
of Hechangzhou. The problem of bank collapse on the north side of Hechangzhou is very
active. Although Zhenjiang has carried out a dam project in the left bank of Hechangzhou
to solve the problem of diversion ratio, which has a certain effect on improving the di-
version ratio, the development of Jiaobei beach is continuing, and the change of river
regime determines that it cannot fundamentally solve the problem of diversion ratio in
Hechangzhou. Artificial river regulation leads to the development of Jiaobei beach and the
narrow channel, which will aggravate the risk of bank collapse.

3.3.2. Changes in Hydrodynamic Conditions

The expansion of the Huaihe River channel and the increase of water quantity have
a great influence on the change of the reach hydrodynamic conditions of the Zhenjiang-
Yangzhou reach. The Zhenjiang-Yangzhou reach was narrow at both ends and broad in the
middle hundreds of years ago. When the river channel changes from a narrow section to a
wide section, the kinetic energy in the original mechanical energy of water and sediment
flow will be significantly reduced, so the sediment will fall and silt accordingly. When
the channel changes from a wide section to a narrow section, the backwater action of the
narrow section causes the sediment to fall before the entrance to the narrow section. After
the north branch of the Huaihe River enters the river, the water and sediment conditions
change, and the main current line of the lower reach of the Zhenjiang-Yangzhou reach
gradually moves to the southeast. The west entrance of the north branch and the Yangtze
River are supported by each other, and the water flow becomes slow, and the sediment is
deposited accordingly, resulting in the continuous shrinkage of the north branch, and the
sandbar is parallel to the north, and finally, the north branch evolves into the Jiajiang River.
The contraction of the north branch makes the east gate become the main channel of the
Huaihe River and gradually evolved into the present channel of the Yangtze River, where
the Yangtze River and the Huaihe River meet, making the sediment silt before entering the
entrance of the narrow section, and the tail of the large sediment extends southward.

The expansion of the Huaihe River channel and the increase of water quantity have a
great influence on the change of hydrodynamic conditions in the Zhenyang reach of the
Yangtze River. In 1851, the Huaihe River flood destroyed the Xinli Dam, and now, the
Huaihe River flows into the Yangtze River perennially. Zhengkezhou and Shiyezhou, two
sandbars from Yizheng to Guazhou in the west reach of the Zhenjiang-Yangzhou reach,
moved down rapidly. The upper end of Shiyezhou was concealed by Zhengkezhou and
was not scoured. The sedimentation caused by backwater made the upper end rise. The
lower end was controlled by Guazhou and Jinshan nodes and stopped the extension, which
caused the upper and lower reaches to merge [39]. After crossing Guazhou, the mainstream
of the Yangtze River turned to the right bank and then turned to the left bank through
the mainstream of Beigu Mountain and Jiao Mountain. On the river surface, Xinzhou,
Enyuzhou, and other sandbars were formed, and the formed Jiajiang River continued to
bank northward. The river and sandbar information of the Zhenjiang-Yangzhou reach from
1868 to 2019 are digitized (Figure 15).

It can be seen from the figure that since the sandbank outside the estuary of Shiyezhou
and Huaihe River merges with the left bank, the river channel changes from straight to
curved. The Guazhou area becomes the concave bank, and the Zhenjiang area becomes
the convex bank. Under the action of centrifugal force, the lateral circulation of the curved
channel develops, and the lateral erosion occurs continuously, and at the same time,
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it moves downstream. Guazhou was originally the vertex of concave bank. With the
downdraft of meandering stream, the east of Guazhou began to be eroded. Zhenrenzhou
(the used name of Zhengrunzhou) was originally located in the west of Zhenjiang. Due
to the influence of the downdraft of convex bank, Zhenjiang port is gradually covered.
After 1868, the evolution of the Zhenjiang-Yangzhou reach was mainly characterized by a
gradual change into an “S”-type shape.

Figure 15. Changes of water areas and rivers in the upper reaches of the Yangtze River in Zhenjiang
from 1868 to 2019.

3.3.3. Water and Sediment Changes after the Construction of the Three Gorges Dam

Water and sediment processes in the fluvial environment have a significant influence
on the Zhenjiang-Yangzhou reach of the Yangtze River [40,41]. According to the results of
the Changjiang Water Resources Commission and many other studies [42,43], water and
sediment processes were drastically changed in the Zhenjiang-Yangzhou reach after the
cutoff of Gezhouba Dam in 1981 and the impoundment of the Three Gorges Reservoir in
2003. A severe decrease in sediment load notably occurred in the Zhenjiang-Yangzhou
reach. In general, the reduction of sediment would aggravate the lateral erosion and cause
the channel centerline to move towards the eroded side.

Datong Hydrological Station in Chizhou City, Anhui Province, is the control station
in the lower reaches of the Yangtze River. According to statistics, there are mainly small
tributaries such as the Huaihe River, Chuhe River, Qingyi River, Shuiyang River, and
Qinhuai River below Datong Station. The flow into the river in the mainstream section
accounts for about 2–3% of the flow of Datong Station. Therefore, the flow and sediment
characteristics of Datong Hydrological Station basically represent the characteristics of
water and sediment in Zhenyang Reach. As shown in Table 1, since the impoundment of the
Three Gorges Reservoir, the distribution and composition of water and sediment in Datong
Station have been adjusted and changed to some extent during the year. The average
annual runoff in 2003~2020 (after impoundment) is 2.95% less than that in 1950~2002
(before impoundment), and the average annual sediment discharge is 68.6% less than
that in 1950~2002 [44]. As shown in Table 1. From the perspective of annual distribution,
the inflow and sediment of Datong Station are mainly concentrated in the flood season
(May–October). Among them, the inflow and sediment of the Three Gorges Reservoir
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in the flood season after impoundment account for 67.4% and 78.8% of the whole year,
respectively, which are slightly reduced compared with those before impoundment by 3.5%
and 8.7%, respectively.

Table 1. Annual average value statistics of flow and sediment at Dotong Station.

Times Flow Sediment Load

Before water storage 28700 m3/s 427 million tons
After water storage (2003–2020) 27800 m3/s 134 million tons

The change of incoming water and sediment caused by the construction of Three
Gorges Dam has an important influence on the scouring and silting of the Zhenjiang-
Yangzhou reach. Chen Jingru et al. collected underwater topographic maps of Zhenyang
reach over the years and used SURFER8 software to calculate scouring and silting. The
distribution of scouring and silting changes in this reach is shown in Table 2 [45].

Table 2. Annual average value statistics of flow and sediment at Dotong Station.

Year 1991–1998 1998–2001 2001–2006 2006–2011 2011–2016

Yizheng Curve 1111.9 −1253.0 −776.7 −339.7 −578.2
North Branch of Shiyezhou 1037.2 −1158.1 −1053.3 −2735.4 −1376.1
South Branch of Shiyezhou 1936.0 210.3 −556.8 −212.6 −445.4

Confluence reach −209.5 666.5 411.9 −803.5 −371.6
Liuwei Curve −1084.3 103.1 701.8 −1471.2 −2104.7
Before shunt −1240.5 325.6 266.5 −710.7 −34.2

North Branch of Hechangzhou −2420.2 −1704.0 809.0 −1161.7 −1700.6
South Branch of Hechangzhou 2068.1 437.6 677.6 121.8 −1399.4

Dagang Curve 618.3 −687.7 −166.5 −482.9 −571.3
Total 1817.1 −3059.6 646.7 −7795.8 −8581.5

In addition to the siltation of the river channel from 1991 to 1998, the river channel
was scoured each year. Over the years, the cumulative scour was 183.57 million m3, with
an average brush depth of 1.8 m. The scour area was mainly located in the nearshore
area below Siyuangou. Before the completion of the Three Gorges Dam, some rivers in
Zhenyang reach were silted. After the completion of the Three Gorges Dam, the erosion
became more and more intense. By 2011–2016, all parts of the Zhenjiang-Yangzhou reach
had become scoured. In order to avoid severe erosion of the concave bank, two river
and shoreline remediation projects have been carried out in the past two decades in the
Zhenjiang-yangzhou reach, focusing on the construction or reinforcement of the South
Branch of Shiyezhou and Six Curve embankments, repairing the damaged bank sections
affected by a large number of bank collapse events, which greatly improves the anti-erosion
ability of the concave bank of the river section. The trend of the river in the erosion of the
key bank sections in this century has been slowed to a certain extent, and the effect of the
revetment project is remarkable.

4. Conclusions and Foresight

In this study, we use multi-source data at different scales, including old maps and
satellite images, to study the spatiotemporal changes of the Net Shift Distance, Cumulative
Moving Distance, Migration Rate of Channel Centerline, and Linear Regression Change
Rate of the channel centerline from 1865 to 2019. The results show that:

(1) From 1868 to 2019, the channel centerline of the Zhenjiang-Yangzhou reach kept
shifting. The average net displacement distance of the section is 1103.47 m on the right
bank, and the average cumulative displacement distance of the section is 2790.51 m.
The river section with the largest net displacement distance of the channel centerline
is the Liuwei Curve, and the smallest is the North Branch of Hechangzhou. The
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maximum Cumulative Moving Distance of the river center line is North Branch of
Hechangzhou, and the minimum is Yizheng Curve.

(2) According to the NSD and CMD data of each part, it can be found that the long-term
movement direction of the channel centerline is basically the same, and a small part
of the channel centerline has periodic reverse swing.

(3) The upstream runoff and sediment conditions of the Zhenjiang-Yangzhou reach of the
Yangtze River are unstable and vary greatly. The probability of the channel centerline
moving right is about twice that of moving left. At the same time, some rivers have
high erosion risk.

(4) Environmental changes and changes in river boundary conditions caused by human
activities, the expansion of the Huaihe River into the Yangtze River, as well as changes
in hydrodynamic forces caused by a large number of sandbanks, and changes in river
scouring and silting after the completion of the construction of the Three Gorges Dam
will affect the movement of the channel centerline in the Zhenyang reach.

This study proposes a calculation procedure to extract the channel centerline from a
braided reach and study its changes. This calculation procedure selected Arcgis 10.5 as the
implementation environment. The advantages of this calculation procedure are simple,
efficient, and versatile. Computers will not have too much memory load, computational
efficiency is relatively high, and accuracy and accuracy can be guaranteed. This method
can also be understood as a standardized process for obtaining multi-source river channel
change data, and the goal of this method can also be achieved by using other software.
The method of this study can also be applied to other similar rivers with a long history
of human activities and high density. In addition, based on the theoretical knowledge
or research methods of natural geography, geology, geographic information science, and
historical geography, this study reveals the changing trend of the river course change of the
Yangtze River-Yangzhou reach of the Yangtze River and the complexity and difference of
the river course change in space from the macro and micro perspectives and discusses the
potential impact of human activities on river course change. The results enrich people’s
understanding of the long-term changes of a braided reach in the lower reaches of the
Yangtze River and have certain guiding significance for river regulation, navigation safety,
and revetment construction.

Of course, this study also has many deficiencies to be improved. First of all, for the
Landsat medium-resolution remote sensing image used in this study, the satellite source is
relatively single, and the resolution is slightly low, resulting in some errors in the extraction
of Bankline; finally, the channel centerline generated there contains some errors. Secondly,
the tidal Yangzhou reach of the Yangtze River is a channel weakly affected by the tide. Due
to the difficulty in obtaining tidal information, the tidal level correction was not carried
out in this study. Future research can combine higher resolution remote sensing images to
obtain clearer shoreline contour, eliminate the influence of tides, and improve the output
accuracy of the bankline and channel centerline. In addition, more on-site observation and
investigation interviews should be carried out on the bank of the Yangzhou reach of the
Yangtze River to confirm the specific influence of the production activities of many docks
and industrial and mining enterprises on the bank, the ship traveling wave of the passing
ships and the river, and shoreline renovation project on the change of river boundary
conditions, which are also the main research objectives of the next stage.

Author Contributions: Conceptualization, methodology, and writing—original draft preparation,
C.L. (Cunli Liu); data curation, B.L.; software, C.L. (Changfeng Li); visualization, B.L., S.J. and G.W.;
supervision and funding acquisition, B.L. and Z.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (No. 41371024)
and Nanjing University Doctoral Promotion Program (No. 202101B035) and Jiangsu Water Conser-
vancy Science and Technology Project (No. 2015081).

Institutional Review Board Statement: Not applicable.

437



Water 2022, 14, 2478

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
author. The data are not publicly available due to privacy. Images employed for the study will be
available online for readers.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lake, P.S. Ecological effects of perturbation by drought in flowing waters. Freshw. Biol. 2003, 48, 1161–1172. [CrossRef]
2. Alderman, K.; Turner, L.R.; Tong, S.L. Floods and human health: A systematic review. Remote Sens. Environ. 2012, 140, 23–35.

[CrossRef] [PubMed]
3. Song, G.F. Evaluation on water resources and water ecological security with 2-tuple linguistic information. Int. J. Knowl. Based

Intell. Eng. Syst. 2019, 23, 1–8. [CrossRef]
4. Liu, X.; Shi, C.; Zhou, Y.; Gu, Z.; Li, H. Response of Erosion and Deposition of Channel Bed, Banks and Floodplains to Water and

Sediment Changes in the Lower Yellow River, China. Water 2019, 11, 357. [CrossRef]
5. Xia, J.; Wang, Y.; Zhou, M.; Deng, S.; Li, Z.; Wang, Z. Variations in Channel Centerline Migration Rate and Intensity of a Braided

Reach in the Lower Yellow River. Remote Sens. 2021, 13, 1680. [CrossRef]
6. Eixoto, J.M.A.; Nelson, B.W.; Wittmann, F. Spatial and temporal dynamics of river channel migration and vegetation in central

Amazonian white-water floodplains by remote-sensing techniques. Remote Sens. Environ. 2009, 113, 2258–2266.
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Abstract: Background: The fish-based diet is known for its potential health benefits, but it is less
known for its association with mercury (Hg) exposure, which, in turn, can lead to neurological and
cardiovascular diseases through the exacerbation of oxidative stress. The aim of this study was to
evaluate the correlations between Hg blood concentration and specific biomarkers for oxidative
stress. Methods: We present a cross-sectional, analytical, observational study, including primary
quantitative data obtained from 67 patients who presented with unspecific complaints and had high
levels of blood Hg. Oxidative stress markers, such as superoxide dismutase (SOD), glutathione
peroxidase (GPX), malondialdehyde (MLD), lymphocyte glutathione (GSH-Ly), selenium (Se), and
vitamin D were determined. Results: We found positive, strong correlations between Hg levels and
SOD (r = 0.88, p < 0.0001), GPx (r = 0.92, p < 0.0001), and MLD (r = 0.94, p < 0.0001). We also found
inverted correlations between GSH-Ly and vitamin D and Hg blood levels (r = −0.86, r = −0.91,
respectively, both with p < 0.0001). Se had a weak correlation with Hg plasma levels, but this did not
reach statistical significance (r = −0.2, p > 0.05). Conclusions: Thus, we can conclude that low-level
Hg exposure can be an inductor of oxidative stress.

Keywords: mercury; low-level exposure; oxidative stress

1. Introduction

Mercury (Hg) is included in the top ten chemicals of major public health concern by the
World Health Organization (WHO), mainly because of its deleterious effects on the nervous,
digestive, and immune systems, as well as on lungs, kidneys, skin, and eyes [1]. There are
three forms of Hg in the environment: elemental (metallic), inorganic, and organic, each
with its own chemical properties. One can be exposed to all three of these forms. Elemental
mercury is the only liquid metal at normal pressure and ambient temperature, and it is
mainly used in industrial processes, lightbulbs, and mining [2]. Not so long ago, it was
used for various dental amalgams and thermometers, but nowadays, given its high risk,
its everyday use is limited. Exposure to elemental mercury occurs through exposure to
air containing mercury vapors. Inorganic mercury is a combination of mercury and other
elements, and it is also mainly used in industrial processes. Therefore, exposure to inorganic
mercury is usually related to the working environment. Exposure to organic mercury is the
most frequent type of exposure, and it is caused by dietary intake, usually of fish and other
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types of seafood [3]. At a cellular level, consequences of Hg exposure include changes
in membranes’ permeability and macromolecular structure, mitochondrial metabolism,
energy production, and DNA alterations [4,5]. Remodeling the oxidative stress balance
through alterations in the structural integrity of the mitochondrial membrane, impairment
of oxidative phosphorylation, adenosine 5′-triphosphate (ATP) depletion, porphyrinogen
oxidation, depletion of reduced glutathione, and alterations in mitochondrial calcium (Ca2+)
homeostasis represent some of the most important cellular alterations caused by Hg [6].
Superoxide dismutase (SOD), glutathione peroxidase (GPx), malondialdehyde (MLD),
selenium (Se), and lymphocyte glutathione (GSH-ly) are some of the biomarkers used to
assess oxidative stress [7–11]. Few studies have been published in our country regarding
the consequences of low-level exposure to mercury, and even fewer have described the
possible associations between heavy metals and oxidative stress biomarkers.

This study aimed to evaluate the impact of mercury blood levels (HgBL) through low-
level exposure on the oxidative stress balance, including GSH-ly, SOD, MLD, GPx, vitamin
D, and Se. Obtaining an overview of the relationship between Hg and oxidative stress
balance is one of the first steps in establishing directions regarding preventive measures
that can be included in the day-to-day lifestyle, but also in hospitals/toxicology units,
aiming to reduce the short- and long-term negative effects associated with Hg exposure.

2. Materials and Methods

Study design and subjects. This was a cross-sectional, observational study, performed
in an outpatient clinic. It was conducted between the 1st of June 2021 and the 31st of De-
cember 2021. The study population was recruited from the pool of patients who addressed
the outpatient clinic with non-specific signs and symptoms such as headache, muscle
pain, insomnia, and peripheral neuropathy. After the exclusion of organic pathology, high
mercury blood levels were revealed. Subjects having high blood levels of other heavy
metals were excluded from the study. None of the included subjects had any known profes-
sional long-term exposure to Hg or other types of high-level exposure to Hg. Additionally,
information regarding risk factors was included in a face-to-face survey on admission,
providing data about age, lifestyle, smoking, and alcohol consumption. We analyzed age,
sex, educational levels, cigarette smoking status, and alcohol consumption status as factors
that could affect lifestyle profiles. Age categories were defined as follows: 19–39 years,
40–59 years, 60–69 years, and ≥70 years old. We used three educational levels, namely
less than high school graduate, high school diploma, and college graduate. We assessed
smoking status into three categories: past smoker, never smoked, and current smoker.
Alcohol intake was addressed by yes or no questions.

Toxicology studies. Blood samples were provided from all patients through venous
puncture, using royal blue cap containers with an anticoagulant (ethylenediaminete-
traacetic acid, BD Vacutainer, ref 368381), filled up to 10 mL. HgBL was analyzed sub-
sequently or after storage at 20 ◦C. The plasma coupled with the mass spectrometry
wavelength used was of 254.65 nm, with a conversion factor of μg/L × 0.005 = μmol/L
and μmol/L × 200= μg/L.

Oxidative stress biomarkers. We created a database that included GSH-ly, SOD, GPx,
MLD, vitamin D, and Se blood levels. Using flow cytometry, glutathione levels in T lym-
phocytes were determined with the help of a non-fluorescent compound which, in reaction
with intracellular thiol, becomes highly fluorescent (reference values: >355 median fluores-
cence intensity). Superoxide dismutase was determined through enzymatic photometry
(reference levels: 1200–1800 U/ghb) in refrigerated whole blood. GPx’s enzymatic activity
in the erythrocytes was assessed from a 1 mL venous blood sample using photometry
(reference values: 4171–10,881 U/L). Using high performance liquid chromatography and
fluorescence detection, MLD levels in plasma were determined (reference values for the
lab <1 μmol/L). Through electrochemiluminescence, we determined whole vitamin D
levels in venous blood after centrifugation. Using atomic absorption spectroscopy, we
determined selenium levels in venous blood (reference values: 50−120 mcg/L).
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Statistics. Statistical analysis was performed using Graph Pad Prism 9.3.0 (Dotmatics,
Boston, MA, USA), MedCalc 14 (MedCalc Software Ltd., Ostend, Belgium), and Microsoft
Excel. We performed tests such as the D’Agostino-Pearson analysis, Spearman correlations,
one-way ANOVA, and Dunn analysis.

3. Results

Subjects and Baseline Characteristics

We have included 67 patients in our study, with a median age of 46 years (SD = 7.55).
Sex distribution showed 43.38% (n = 29) females. Most of the patients came from an urban
area (88.05% (n = 59)). Median Hg blood concentration was 12 μg/L (SD = 7.71), with a
minimum of 1 μg/L and a maximum of 25 μg/L. Regarding the Hg blood concentration
distribution, when we take into consideration the presentation of the included patients,
there is no further bias. The variable distribution is most likely caused by the small number
of patients included. Other population characteristics which were studied are shown in
Table 1.

Table 1. Baseline characteristics.

Variables Total (n, %) Males (n, %) Females (n, %) p

Total (n, %) 67 38 (56.71) 29 (43.38) NS

Area

Urban 59 (88.05) 34 (89.47) 25 (82.20) NS
Rural 8 (11.94) 4 (10.52) 4 (13.79) NS

Age (years)

19–39 11 (16.41) 5 (13.15) 6 (20.68) NS
39–59 23 (34.32) 12 (31.57) 11 (37.93) NS
60–69 16 (23.88) 9 (23.68) 7 (24.13) NS
≥70 17 (25.37) 12 (17.91) 5 (17.24) <0.005

Education

less than high school 19 (28.35) 9 (23.68) 10 (34.48) NS
high school diploma 21 (31.34) 16 (42.13) 5 (17.24) NS
college graduate 27 (40.29) 13 (34.21) 14 (48.27) NS

Smoking

past smoker 22 (32.83) 15 (39.47) 7 (24.13) NS
never smoker 11 (16.41) 2 (5.26) 9 (31.03) NS
current smoker 34 (50.74) 21 (55.26) 13 (44.82) NS

Alcohol

Yes 38 (56.71) 32 (84.21) 6 (20.68) <0.005
No 29 (43.28) 6 (15.78) 23 (79.31) <0.005

NS—not significant.

Further, we analyzed the distribution of the variables using the D’Agostino–Pearson
test. None of the studied variables had a normal distribution: age (K2 = 6.307, p = 0.04),
HgBL (K2 = 24.5, p < 0.0001), SOD (K2 = 21.46, p < 0.001), GPx (K2 = 40.39, p < 0.0001),
MLD (K2 = 15.3, p = 0.0005), GSH-Ly (K2 = 13.95, p = 0.0009), Se (K2 = 12.84, p = 0.0016),
or Vitamin D (K2 = 7.168, p = 0.02). Further description regarding the distribution of the
studied variables is provided in Table 2.
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Table 2. Distribution characteristics of the included variables.

Age
(years)

HgBL
(mcg)

SOD
(U/gHg)

GPx
(U/I)

MLD
(Micromol/L)

GSH-ly
(mfi)

Se
(mcg/L)

Vitamin D
(ng/mL)

Median 46 12 2331 12,649 1.3 320 125 28

Minimum 37 1 1820 6347 0.3 202 43 19

Maximum 66 25 2590 16,899 2.2 389 146 35

95% CI of median lower limit 44 11 2267 11,270 1.2 300 122 27

95% CI of median upper limit 48 13 2360 13,502 1.4 334 132 29

Coefficient of variation 15.7% 40.17% 10.5% 30.55% 46.57% 20.79% 31.83% 16.35%

In order to assess the correlations between the HgBL and the oxidative stress biomark-
ers, we have used Spearman correlations and coefficients that were included in a compre-
hensive correlation matrix, which is graphically represented by the heat map shown in
Figure 1.

Figure 1. Heat map of the Spearman correlations between HgBL and oxidative stress biomarkers
(vit. D—Vitamin D).

As can be seen in the provided picture, there are positive, statistically significant
correlations between HgBL and SOD (r = 0.88, p < 0.0001), GPx (r = 0.92, p < 0.0001), and
MLD (r = 0.94, p < 0.0001). We have found inverted correlations between HgBL and GSH-Ly
(r = −0.86, p < 0.000), as well as Vitamin D (r = −0.91, p < 0.0001). There were no statistically
significant correlations between HgBL and Se (r = −0.2, p = 0.1).

For further statistical studies, the study population was split into 3 groups, taking
HgBL into consideration, as follows: group A (HgBL between 0 and 10 μg/L), group B
(HgBL 11–20 μg/L) and group C (HgBL 21–30 μg/L). Group A included 23 patients, group
B 28 patients, and Group C 16 patients.

We performed one-way ANOVA analysis for variables with an abnormal distribution
(SOD, MLD, GPx, GSH-Ly, Se, and Vitamin D), and, using Dunn analysis, we compared the
three groups. Mean SOD concentration in group A was 1942 μ/gHg (SD = 96.22); in group
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B it was 2333 μ/gHg (SD = 48.7); and in group C it was 2499 μ/gHg (SD = 35.76), as it can
be seen in Figure 2.

Figure 2. SOD statistical analysis.

Mean Gpx concentration was different between the three groups, as evidenced in
Figure 3, was 7424 U/L (SD = 799.1) in group A, 12,934 U/L (SD = 1018) in group B, and
16,478 U/L (SD = 391.8) in group C.

Figure 3. GPx statistical analysis.

Regarding MLD concentrations, there were statistically significant differences between
the three groups, evidentiated in Figure 4: group A—mean concentration 0.5783 μmol/L
(SD = 0.1476), group B—mean concentration 1.343 μmol/L (SD = 0.1260), and group C—
mean concentration 2.073 μmol/L (SD = 0.1075).
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Figure 4. MLD statistical analysis.

Figure 5 ilustrates the differences between mean GSH-Ly concentration in group A, B,
and C, which was 374.9 mfi (SD = 9.758), 311.8 mfi (SD = 17.27), and 208.6 mfi (SD = 4.761),
respectively.

Figure 5. GSH-Ly statistical analysis.

Mean concentration of Se in group A was 123.6 μg/L (SD = 2.017), 137.1 μg/L
(SD = 4.541) in group B, and 49.88 μg/L (SD = 3.704) in group C with statistically sig-
nificant differences between the three groups as seen in Figure 6.
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Figure 6. Se statistical analysis.

Regarding vitamin D concentrations, we have found statistically significant differences
as it is shown in Figure 7. In group A, the mean Vitamin D concentration was 33.35 ng/mL
(SD = 1.91), while in group B and C it was 27.64 ng/mL (SD = 0.9512) and 21.63 ng/mL
(SD = 1.50), respectively.

Figure 7. Vitamin D statistical analysis.

The mean for all analyzed oxidative stress biomarkers between the three groups was
variable depending on the HgBL.

4. Discussion

Median Hg blood concentration in our study was higher than that in other such
studies. For example, in an Austrian study which included 152 patients, the median Hg
blood concentration was 2.38 μg/L [12]. The difference can be explained by the study
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population. In our study, we have assessed patients with previous exposures, while in
the Austrian study, this was not the case. In a Brazilian study published in 2021, Hg
blood concentration in the control group (non-exposed, non-fishermen) varied between
0.29–17.3 μg/L, which is, approximately, in the same range as our study. Evidently, in
the exposed group, fishermen from the Mundau lagoon in Maceio had higher Hg blood
concentrations (0.73–48.38 μg/L) [13]. In a Canadian study, which included 221 female
immigrants of childbearing age, total Hg blood levels were between 0.4 and 26.05 μg/L,
which is somewhat similar to our study [14]. These significant differences can be caused by
the geographical area of residence, by the different types of diets, and by the Hg content
in the water. In a study from the Czech Republic, which included 1069 patients aged over
61 years from 26 social care institutions, a negative correlation between age and blood Hg
was found [15].

The impact on the antioxidant system varies among available studies. In the afore-
mentioned study on Brazilian fishermen, SOD activity was decreased in the exposed group
in comparison with the control group [16]. This somewhat contradicts our findings; the
positive correlation between Hg blood level and SOD, is supported by another study,
published in 2005, in which SOD activity was increased in the mercury exposed group [17].

A cross sectional study that included 211 patients from the Brazilian Amazon included
a positive correlation between blood Se and Hg [18]. The main role of Se in Hg exposure
appears to be related to neutralizing Hg toxicity, especially neurotoxicity. Its binding to
Hg leads to a decrease in Se blood concentration [16]. Furthermore, an increase in urinary
Se excretion can be attributed to mercury exposure [19]. Although there seems to be an
important relationship between HgBL and Se, we did not find any statistically significant
relationship between the two of them.

In a study with 889 subjects that aimed to evaluate the association between blood mer-
cury, cadmium, and lead levels, as well as MLD and paraoxonase 1 activity, the conclusion
reached regarding MLD stated that mercury levels were inversely correlated with MLD
concentration [20], which contradicts the findings in our study. This contradiction can be
partially explained by the difference in Hg blood concentrations between the studies, the
cited study reaching a much higher mean Hg concentration.

As opposed to our study, glutathione peroxidase activity has been shown to be de-
creased in the setting of mercury exposure in several studies in humans, but also in animal
models [13,21,22]. The conflicting results can be explained by the variability of Hg blood
concentration, by the different methods used in assessing the GPx, and by the significant
differences in the studied groups. In an experimental study, in which T lymphocytes were
exposed to methylmercury, GSH was markedly decreased after said exposure, resulting in
decreased activity of glutathione S-transferase [12].

Given the small patient sample and the type of the study, we cannot formulate special
recommendations regarding the management of Hg-exposed patients. As was previously
stated, available studies revolving around this subject have conflicting results, great limita-
tions, and are not standardized. All of these are sufficient reasons to prevent the creation of
strict guidelines. Nonetheless, mercury exposure is a potent inductor of oxidative stress,
which, in turn, can be detrimental to the well-being of an individual. Neurological, car-
diovascular, hematological, immunological, gastrointestinal, and renal systems depend on
the balance between pro- and antioxidants. Inclining this balance in any direction leads to
immense negative consequences. In the meantime, studies have shown some interest in
modifications of the gut microbiota during low level exposure, generating clinical issues
similar to functional abdominal disorders [23]. Thus, the potential role of modulating the
intestinal population should be researched secondarily [24,25]. As we have described in the
presented paper, mercury exposure can be secondary to fish consumption. Children’s diets
are also important due to high fructose corn syrup consumption, given that products con-
taining the mercury cell chlor-alkali are largely used as food ingredients in the industry [26],
raising additional metabolic issues in children suffering from intolerances [27]. There
are known benefits associated with fish consumption, due to their nutritional value and
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richness in omega-3 fatty acids and vitamins. Fish intake has a pivotal role in influencing
cardiovascular risk factors, and it appears to be associated with a lower risk of sudden
cardiovascular-associated death. Neurocognitive development in children is related to
the maternal fish intake; docosahexaenoic acid (DHA) from fish is beneficial for early
neurodevelopment. Nonetheless, one must not forget that alongside omega-3 fatty acids,
DHA, and vitamins, a fish diet means an increase in organic mercury exposure [28].

5. Conclusions

In conclusion, this study demonstrates that low-level Hg exposure may have an
influence on the oxidative stress state, brought to light by its impact on a series of oxidative
stress biomarkers. Long-term cardiovascular and neurological effects, secondary to a
prolonged increased oxidative stress state, may outweigh the benefits of a fish diet.
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