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Preface

Welcome to this reprint on Advanced Oxidation Processes (AOPs) and their diverse

environmental applications. We are delighted to present a compilation of published research papers

and reviews that delve into the promising world of AOPs and their significant contributions to

solving various environmental challenges. Comprehensive reviews are presented on specific AOP

technologies, focusing on their applications in specific sectors. For example, researchers have

examined the potential of electrospinning, a technique that produces nanofibers, in enhancing AOPs

for pollutant degradation. Furthermore, the articles explore the utilization of AOPs in sectors like

petroleum refineries and wastewater treatment plants, discussing their efficiency, cost-effectiveness,

and environmental benefits. Also, a dedicated chapter is focused on the application of AOPs

for toxicity reduction. Researchers have explored using AOPs to transform and degrade toxic

compounds into less harmful substances, mitigating the adverse effects on aquatic organisms and

ecosystems. These reviews provide valuable insights into the diverse applications of AOPs and offer

guidance for future research and industrial implementations.

The application of AOPs for the removal of organic pollutants such as Contaminants of Emerging

Concern, pesticides, or dyes from water matrices of diverse origin is featured in the present reprint as

specific chapters. The diverse studies, in this regard, demonstrate the versatility of AOPs in treating

water matrices from various sources, including industrial, agricultural, and municipal wastewater.

Two chapters are dedicated to the innovative application of AOPs in the field of greenhouse gas

reduction. The featured articles delve into the catalytic capabilities of AOPs for converting carbon

dioxide (CO2) into methane (CH4), a process that offers a potential solution for carbon capture and

utilization. Additionally, researchers have explored the catalytic combustion of low-concentration

methane to remove it in coalbed gas before emission, which presents a significant challenge in

environmental and industrial settings.

We would like to express our sincere appreciation to the authors of the published articles for

their outstanding contributions to this compilation. We also extend our gratitude to the reviewers

who dedicated their expertise and time to ensure the quality and accuracy of the published works.

We hope this collection of published articles provides readers with a comprehensive

understanding of the potential and practical implications of AOPs in environmental remediation. It is

our sincere desire that the knowledge shared within this special issue inspires further advancements

in the field, leading to sustainable and efficient solutions for our environmental challenges.

We would like to acknowledge the financial support through the project TED2021–130994B-C31

and Grant IJC2020–042741-I funded by MCIN/AEI/10.13039/501100011033 and by the European

Union NextGenerationEU/PRTR. In addition, to the project PID2021-123155OB-I00 funded by

MCIN/AEI/10.13039/ 501100011033 and by “ERDF A way of making Europe”.

Juan José Rueda-Márquez, Javier Moreno-Andrés, and Irina Levchuk

Editors
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Abstract: The application of Fenton-based advanced oxidation processes (AOPs), such as photo-Fenton
or electro-Fenton for wastewater treatment have been extensively studied in recent decades due to its
high efficiency for the decomposition of persistent organic pollutants. Usually Fenton-based AOPs
are used for the degradation of targeted pollutant or group of pollutants, which often leads to the
formation of toxic by-products possessing a potential environmental risk. In this work, we have
collected and reviewed recent findings regarding the feasibility of Fenton-based AOPs (photo-Fenton,
UVC/H2O2, electro-Fenton and galvanic Fenton) for the detoxification of real municipal and industrial
wastewaters. More specifically, operational conditions, relevance and suitability of different bioassays
for the toxicity assessment of various wastewater types, cost estimation, all of which compose current
challenges for the application of these AOPs for real wastewater detoxification are discussed.

Keywords: wastewater; advanced oxidation processes (AOPs); photo-Fenton; toxicity; bioassays; costs

1. Introduction

Industrial and urban wastewater effluents are considered to be among the most important sources
of aquatic pollutants [1]. Due to advances in analytical chemistry, increasingly more pollutants can be
identified and quantified at very low concentrations [2]. Negative impacts, such as neuroendocrine,
mutagenic and health effects on the aquatic environment, have been reported recently for contaminants
even at low concentrations [3–5].

Wastewater treatment plants (WWTP) play the role of a barrier preventing the release of
contaminants into the aquatic environment. Most wastewater treatment plants carry out conventional
treatment which includes, in the best case, a tertiary step. In practice, the main objectives of tertiary step
are removal of nutrients, turbidity and pathogens. As a result, such processes as coagulation, sand and
membrane filtration, chlorination and UVC disinfection are applied. However, these processes are
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not effective enough for resistant and recalcitrant pollutant elimination. In accordance with recent
studies, traditional urban and industrial WWTPs are not always efficient for the removal of various
organic pollutants such as contaminants of emerging concern (CECs) [6], which cause its release into
the aquatic environment and damage the stability of ecosystems. In addition, the current directive
concerning urban wastewater treatment [7] does not include methodology and control for modern
contaminants discharge. Therefore, tertiary treatment of wastewater effluents should aim not only
at nutrients, particulate matter removal and disinfection, but also emerging pollutants elimination is
needed in order to avoid the discharge of these specific pollutants into the aquatic environment [8].

Among the available technologies for organic pollutants removal suitable for the post-treatment
of wastewater effluents are advanced oxidation processes (AOPs) which have received significant
attention in recent decades. Generally, AOPs are recommended when the level of chemical oxygen
demand (COD) is low which makes AOPs suitable for tertiary treatment for the majority of wastewater
effluents [9].

The efficiency of AOPs is usually evaluated based on the chemical analysis of treated water,
including the concentration of pollutants (such as emerging compounds), total organic carbon (TOC),
COD, etc. However, decomposition of pollutants occurring during AOPs leads to the formation
of by-products. These by-products are not always known and not easy to identify due to required
sophisticated analytical equipment, for instance, liquid chromatography coupled with time of flight
mass spectrometry (LC-TOF MS) [10]. Thus, the chemical analysis might not be the best and not the
only way to assess the effectiveness of AOPs. It should also be noted that by-products generated
during the AOPs can be more toxic than parental compounds [11–15]. Therefore, chemical analysis
alone for the evaluation of the efficiency of AOPs may produce inconclusive results and should be
accompanied by toxicity assessment when possible.

In the majority of the studies devoted to wastewater treatment by AOPs, the toxicity assessment is
conducted when the optimal conditions of the applied process are already selected (based on maximum
COD removal, for example). This is done in order to confirm that no toxic effect is generated for
a particular species at chosen optimal conditions. However, some studies do not include toxicity
assessment after COD reduction which does not mean that the water could be safe for discharge
(as some toxic by-products can possibly be generated). Therefore, toxicity bioassays could also be used
for the selection of the optimal condition of the process, especially when the objective is to produce
non-toxic wastewater effluent for species indigenous in the receiving aquatic environment.

Among various AOPs used for the detoxification and purification of wastewater, Fenton-based
processes such as photo-Fenton is emerging as most studied and one of significant promise. Thus,
photo-Fenton is listed among the best available techniques for wastewater treatment in the textile
industry [16]. Moreover, the Technology Readiness Level (TRL) of photo-Fenton process for water
treatment was reported to be 8 (system complete and qualified) [17], which is only one level below the
maximum (TRL 9 “System proven in operational environment”). Judging from the results obtained
from Scopus database (Figure 1), the interest in the evaluation of the toxicity of water treated by
Fenton-based AOPs is increasing and continues to grow nowadays. However, only about 7% of studies
concerned with the toxicity assessment of real (based on real wastewater matrix) wastewater treated
by Fenton-based AOPs (Figure 1). Early findings in this area of research were reported in excellent
review [18].
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Figure 1. Number of scientific publications per year containing keywords (Scopus): “Fenton”,
“wastewater” and “toxicity” in the title and/or keywords of article (blue). Number of articles in which
real wastewater matrix was used (green).

The main goal of this work is to summarize and critically discuss the recent findings regarding the
feasibility of photo-Fenton, UVC/H2O2 (in presence of iron), electro-Fenton and galvanic Fenton AOPs
for the detoxification of real industrial or urban wastewater (or wastewater matrix). It is important
to emphasize that in this review, studies, in which the toxicity assessment was applied for model
wastewater were not discussed. Relevant scientific articles for this review were selected using Science
Direct, Scopus, Google Scholar and NCBI databases. Obtained literature list was checked manually
with the purpose to leave studies, in which (i) only real or synthetic wastewater (municipal and/or
industrial wastewater matrix) was used; (ii) toxicity assessment was performed before and after (or
during) Fenton-based AOPs. It should be noticed that list of articles used for this review was limited
to those published in peer-reviewed journals in English language.

2. Photo-Fenton Process for Wastewater Detoxification

2.1. Main Principles of Photo-Fenton

The Fenton process was called after Henry J.H. Fenton [19], who discovered it during the
degradation of tartaric acid in the presence of H2O2 and Fe2+ as a catalyst. Nowadays there are two
generally accepted mechanisms of Fenton reactions [20]. The first mechanism, known as “free radical”
or “classical” mechanism was suggested in 1934 by Haber and Weiss [21] and further investigated by
Barb et al. [22–24]. In this mechanism, formation of hydroxyl radicals (HO·) is considered as a crucial
step leading to series of reactions [25], main of which are presented below (reactions 1–4). Generation
of hydroxyl radicals occurs during reaction of iron(2+) with hydrogen peroxide (reaction 1).

Fe2+ + H2O2→ Fe3+ + HO· + OH− (1)

Reduction of iron(3+) to iron(2+) takes place in accordance with reaction 2. This reaction can be
rate-limiting as it is significantly slower than reaction 1 [25].

Fe3+ + H2O2→ Fe2+ + HO2
· + H+ (2)

3
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Scavenging of hydroxyl radicals by iron(2+) and H2O2 (reactions 3 and 4) takes place as
shown below.

H2O2 + HO·→ HO2
· + H2O (3)

Fe2+ + HO·→ Fe3+ + OH− (4)

According to the “non-classical” Fenton mechanism, ferryl moiety (Fe = O) is generated during
reaction between iron(2+) and hydrogen peroxide. Ferryl moiety can be formed when some chelated
forms of iron (polycarboxylate and/or macrocyclic ligand) reacts with H2O2 [25]. It should be mentioned
that some organic pollutants possess capability of chelating iron [25], which possibly may lead to
formation of ferryl moietes. The ferryl ions were first suggested as an active oxidant by Bray and
Gorin [26]. Reactions representing non-classical Fenton pathway are shown below (reactions 5 and 6).

Fe2+ + H2O2→ FeO2+ + H2O (5)

FeO2+ + H2O2→ Fe2+ + H2O + O2 (6)

Fenton processes applied in water treatment usually require hydrogen peroxide/iron molar ration
between 100 and 1000 [25]. Commonly reported optimum pH of Fenton reaction is around 3, which can
be explained by speciation of iron [25]. When the pH of the water decreases (2.5–3), the performance
of the Fenton process increases due to the higher solubility of iron(3+) in water. At a pH lower
than 2.5, the formation of iron complexes such as [Fe(H2O)6]2+ may occur, as a result, the reaction
with H2O2 becomes slower and consequently less oxidizing species are generated. At basic pH,
iron reacts with hydroxide ions (HO−) leading to precipitation in the form of iron hydroxide Fe(OH)2

or Fe(OH)3. Precipitated iron does not react with H2O2 [27]. More detailed consideration of Fenton
process mechanism can be found in distinguished papers [25,27,28].

The Fenton process is significantly enhanced when UV radiation is introduced (photo-Fenton) [29].
Under these conditions, additional reactions take place, namely the photo-reduction of iron(3+) to
iron(2+) as shown in reaction 7 (λ < 600 nm) and the photolysis of hydrogen peroxide, (UV/H2O2) in
reaction 8 (λ < 310 nm) [30].

Fe3+ + H2O + hν→ Fe2+ + HO· (7)

H2O2 + hν→ 2 HO· (8)

The conventional photo-Fenton process usually occurs at a pH of approx. 3.0, molar ratio of
H2O2/iron between 2 and 150 and molar ratio of H2O2/COD between 1 and 3.5 [31–33]. One of the main
drawbacks of the conventional photo-Fenton process is the low pH of the water. The pH adjustment
(around pH 3) is a relatively easy operation on the laboratory scale, but it is generally regarded as not
economically feasible for application on the industrial scale (especially taking into account subsequent
neutralization of water and separation of generated sludge). A photo-Fenton reaction can also occur
under circumneutral pH (6.5–7.5) in water containing naturally present or added chelating agents,
forming dissolved organic complexes of iron [34,35]. It is noteworthy that the concentration of iron in
the water can be considerably lower when photo-Fenton is applied compared to the Fenton process
(in absence of adequate light) due to the importance of fast iron recycling (reaction 7). Moreover,
iron removal may not be required if it is below the established discharge limit.

It should be mentioned that UV/H2O2 treatment applied for real wastewater (UV/H2O2/RWW)
can also include photo-Fenton mechanism. This can be explained by the fact that presence of naturally
dissolved iron in urban and industrial wastewaters might favor the mechanism of photo-Fenton
process as it was previously reported [36]. According to the literature, photo-Fenton may occur even at
very low concentrations (µg L−1) of dissolved iron in water [37]. For instance, it was demonstrated that
0.05–0.09 mg L−1 (50–90 µg L−1) of natural iron content was sufficient to drive an efficient photo-Fenton
process [37]. In all articles on UV/H2O2 included in this review, the concentration of total dissolved iron
was in the same rage or above that reported in [36,37]. For instance, total dissolved iron concentration in
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urban wastewater at one of the largest wastewater treatment plant in Finland (2015–2018) varied from
8.30–9.31 mg L−1 (influent) and 0.32–0.47 mg L−1 (effluent) [38–41]. Concentration of iron in industrial
wastewaters varies significantly depending on the type of industry and other factors. It should be
noticed that when UVC lamps are used, the dominant mechanism for radical generation might not
be photo-Fenton, while it can be assumed that in presence of naturally available iron (in case of real
wastewaters) photo-Fenton reactions may also take place. In order to distinguish these processes,
UV/H2O2 in presence of iron was called as UV/H2O2/RWW in this review.

2.2. Types of Wastewater

The types of wastewater used for detoxification by photo-Fenton and/or UV/H2O2/RWW treatment
in the last ten years are shown in Figure 2.
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Figure 2. Schematic presentation of types of wastewater used for detoxification by photo-Fenton and/or
UV/H2O2/real waste water (RWW) in the last ten years.

Approx. 35% of the reviewed articles on photo-Fenton were conducted with industrial wastewater
(IWW) from such sectors as refinery, textile, pesticide and pharmaceutical. Influents and effluents
of industrial wastewater treatment plants were used. Therefore, the concentration of organic
pollutants in IWW varied greatly. The reported results suggest that photo-Fenton treatment can
be successfully applied as IWW pre-treatment (before the biological process) causing the increase of
its biodegradability [42] as well as post-treatment (after biological process) of IWW effluents leading
to the degradation of organic pollutants and the decrease of toxicity [43]. Interestingly, among the
reviewed articles, there are studies reporting that the quality of IWW effluent after photo-Fenton
was in agreement with the legal requirements (physical, chemical and microbiological parameters)
for IWW reuse [43,44]. Moreover, solar photo-Fenton was reported to be efficient not only for the
detoxification of textile wastewater but also for its successful reuse in the dyeing and washing stages
of the process [15].

As can be seen from Figure 2, the majority of articles (65%) were performed with municipal
wastewater treatment plant effluents (MWW) and its concentrates. In general, DOC and COD
values for the studied MWW effluents varied in a range of 7–23 mg L−1 and 26–83 mg L−1,
respectively. These values were higher for the concentrates obtained from MWW effluents, being
37–53 mg L−1 for DOC and 105–200 mg L−1 for COD. The highest COD values were observed for
raw hospital wastewater (COD, 1350 mg L−1). It was demonstrated that photo-Fenton is efficient
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as a pre-treatment step (before biological process) of raw hospital wastewater for increasing its
biodegradability and detoxification [45] and a post-treatment step (after biological process) of MWW
effluents and concentrates for the elimination of pollutants and the detoxification of water [12,46].
The application of the additional post-treatment of MWW effluents, such as the photo-Fenton process
in general leads to the decomposition of organic pollutants and detoxification of water. Therefore,
such effluents are becoming more attractive for water reuse, especially in areas with water scarcity.
Among the reviewed literature there are studies for MWW effluent reuse using UV/H2O2/RWW
treatment [47–49].

It should be mentioned that in 35% of the reviewed articles devoted to the detoxification of
wastewater by photo-Fenton adjustment of pH and/or decreasing concentration of carbonates was
performed (for example by the addition of H2SO4). Carbonates or hydrogencarbonate present in
wastewater can play the role of hydroxyl radical scavengers, as shown in reactions 9 and 10 [9].

HO· + HCO3
−→ CO3

·− + H2O (9)

HO· + CO3
2−→ CO3

·− + HO− (10)

Therefore, the elimination of carbonates and/or hydrogencarbonates can significantly enhance the
performance of photo-Fenton treatment. Taking into consideration that the pH of wastewater treated
by photo-Fenton is close to neutral, the acidification of wastewater in order to increase the solubility of
iron(3+) and/or eliminate hydrogencarbonates might be associated with relatively high cost on the
industrial scale as well as sludge generation. It can be expected that more studies will be conducted in
the future on the detoxification of wastewater by the photo-Fenton process at near neutral pH.

2.3. Operational Conditions

2.3.1. Concentration of Iron in Wastewater

Iron concentration in wastewater is of high importance for the performance of Fenton or the
photo-Fenton process. As mentioned above, the amount of iron required for photo-Fenton process
is significantly lower than that for classical Fenton. In reviewed articles, two main approaches were
used: (i) addition of iron to the wastewater and (ii) without iron addition (UV/H2O2/RWW process
with iron naturally present in the wastewater). Taking into account that iron is often present in many
types of wastewaters, in some cases, its concentration might be sufficient for successful photo-Fenton
treatment aiming at removal of low concentrations of organic contaminants and disinfection (as it was
mentioned above, 50 µg L−1 was reported to be sufficient for photo-Fenton process [36]).

The concentration of added iron in industrial and municipal wastewater treated by photo-Fenton
varied from 5 to 168 mg L−1, whereas when iron was not added to the wastewater its concentrations
were generally at µg L−1 level (~60–220 µg L−1). An optimal concentration of iron reported for
the photo-Fenton detoxification of municipal wastewater treatment plant effluents, reverse osmosis
and nanofiltration concentrates was in the range of 5–60 mg L−1, while the most commonly used
concentrations were 5 or 20 mg L−1. For raw hospital wastewater (IWW), a higher iron concentration
was applied (135 mg L−1). In general, the iron concentration applied for the detoxification of industrial
wastewater by photo-Fenton was higher than that for municipal wastewater, varying in a range of
20–168 mg L−1. When a relatively high concentration of iron is required for the process, iron removal
should be conducted after the application of the Fenton or photo-Fenton process in order to achieve
discharge limits of iron in wastewater effluents. Maximum permissible concentrations of iron in surface
waters (receiving wastewater effluents) are established based on toxicity data and other relevant
parameters. To the best of our knowledge, there are only a few studies concerned with the toxicity
assessment of iron for aquatic organisms [50–54]. In a recent study, the final chronic value of 251 µg L−1

was estimated for iron(3+) at a circumneutral pH based on a toxicity assessment on a taxonomically
diverse group of organisms and a mesocosm study [54]. The maximum permissible discharge of
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iron in wastewater treatment plant effluents is calculated for each case, so the concentration of iron
should not exceed the maximum permissible concentration at the control point. In the United States,
the recommended iron concentration of 1 mg L−1 should be achieved at the end of the initial dilution
zone (general and designated use of water) for the protection of aquatic life [55]. According to the
general industrial wastewater discharge standards suggested by the Water Environment Partnership
in Asia (WEPA), the discharge limit for iron for industrial wastewater is 2 mg L−1 [56]. Taking into
account the concentrations of added iron in reviewed studies, it is questionable as to whether the
residual iron concentration in treated wastewater (after wastewater neutralization when needed) can
be in agreement with what is suggested by the WEPA limits.

2.3.2. Concentration of H2O2 in Wastewater

Another important parameter for photo-Fenton wastewater treatment is H2O2 concentration.
The weight ratio of H2O2/Fe varied from 2.5 to 25 (80% of reviewed articles) and from 40 to 105 (20%
of articles) when iron was added prior to treatment. Generally, there are two different ways of adding
H2O2 to the reaction: (i) adding the optimal concentration fully before the beginning of treatment [57],
and (ii) adding a part of the required amount of H2O2 before and during the process (usually when
added H2O2 is consumed, the next part is added) [12]. An optimal concentration of H2O2 reported
for the photo-Fenton detoxification of municipal wastewater effluents and its reverse osmosis and
nanofiltration concentrates varied from 50 to 102 mg L−1. For the photo-Fenton detoxification of the raw
hospital wastewater concentration of H2O2 was four times higher (5400 mg L−1) than the initial COD
value (1350 mg L−1). In the reviewed studies, the concentration of H2O2 added to industrial wastewater
for the photo-Fenton process varied from 136 to 6273 mg L−1. Such a huge variation can be possibly
explained by the significant difference in the initial TOC and COD levels of industrial wastewaters.

In the majority of reviewed articles devoted to the detoxification of wastewater using the
photo-Fenton process (>70%) concentration of residual H2O2 (not consumed during photo-Fenton
treatment) after treatment was monitored. In some cases, residual H2O2 can be as high as
1000 mg L−1 [42]. It is noteworthy that the presence of residual H2O2 in wastewater effluent can be
a problem for water reuse or safe discharge due to the high toxicity of this compound even at low
concentrations [58]. Therefore, residual H2O2 should be eliminated from treated wastewater before
discharge or reuse. In the reviewed works, two main approaches were implemented in order to avoid
the presence of residual H2O2 in treated water, namely the addition of relatively small concentrations
of H2O2 (which can be fully consumed during the process) and filtration through activated carbon.
It was reported that the decomposition of H2O2 is catalyzed by activated carbon [59–62]. Therefore,
this process can be defined as catalytic wet peroxide oxidation (CWPO), which is one of AOPs.
The CWPO can be considered to be beneficial post-treatment step after the photo-Fenton process
leading to the removal of residual H2O2 as well as residual hydrophobic organic contaminants.

2.3.3. Irradiation Sources

Irradiation sources are introduced to the Fenton reaction in order to increase the reaction rate,
which occurs mainly due to photo-reduction of iron(3+) to iron(2+) (reaction 7; λ < 600 nm) and the
photolysis of hydrogen peroxide (λ = 254 nm).

The most common UV sources applied for photo-Fenton and/or UV/H2O2/RWW water purification
in industrial or semi industrial scale are UVC mercury based lamps. Depending on the pressure of
mercury vapor, low pressure (LP, 0.01 mbar or 1 Pa) and medium pressure (MP, 1 bar or 100 kPa)
lamps can be differentiated. Two main types of LP lamps can be distinguished: pure mercury lamps
(standard) and mercury amalgam (usually mercury/indium) [63]. The introduction of LP amalgam
lamps to the market was extremely beneficial due to higher specific UVC flux per unit arc length
(up to 1000 mW cm−1) in comparison with standard LP lamps (<200 mW cm−1) [63,64]. The main
characteristics of MP and LP amalgam lamps are presented in Table 1.
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Table 1. Main parameters of low pressure (LP) (amalgam) and medium pressure (MP) lamps [63].

Parameters LP Amalgam Lamp MP

UV spectrum monochromatic (254 nm) polychromatic (200–600 nm)
Operating temperature (◦C) 90–120 500–950

Electrical power (W) 40–500 400–60000
Operation costs relatively low high

Amount of liquid mercury (mg): 0 up to 300
Specific UVC flux (W/cm) <1 <35

UVC efficiency (%) 35–40 5–15
Life-time (h) <16000 <5000

As can be seen in Table 1, LP lamps emit a wavelength of 254 nm which is suitable for H2O2

breaking into oxidizing species. In case of an MP lamp, the emission is polychromatic but most of the
spectrum (>280 nm) is not relevant for H2O2 decomposition. The main advantage of an MP lamp is
the specific UVC flux per unit arc length, which can reach 35 W cm−1. However, the UVC efficiency of
an MP lamp is about three times lower than that of an LP amalgam lamp. Moreover, the lifetime of LP
amalgam lamps is about three times higher than an MP lamp, which obviously affect the cost. However,
if the space is limited, an MP lamp can be used due to high UVC output and a compact reactor design.
In our earlier work, we observed that the electricity consumption of MP lamp was about six times higher
than that of an LP lamp, while the degradation performance of organic pollutants was similar [43].
Moreover, in case of refinery wastewater treatment by UV/H2O2/RWW, the formation of toxic phenolic
by-product was detected when an MP lamp was applied which was not the case with an LP lamp [43],
suggesting that pathways of organic contaminant degradation varies when different types of lamps are
utilized. Similar results were reported earlier for drinking water [65]. In summary, the achieved results
indicate that LP lamps are more beneficial than MP lamps. It is noteworthy that the intensity of the
lamp is not provided in some articles; moreover, the elimination of organic pollutants is represented as
a function of time. The contact time is a useful parameter for the selection of the optimal conditions of
the process in case an experimental set-up and wastewater matrix are the same. However, the authors
of the present paper believe that the contact time might not be an appropriate parameter when the
performance of photo-Fenton and/or UV/H2O2/RWW treatment, applied to different wastewaters using
various experimental set ups, should be compared. The UVC dose, encompassing the contact time
and intensity of irradiation, would be more suitable parameter allowing to compare various studies.
Among the reviewed studies devoted to the detoxification of wastewater using photo-Fenton and/or
UV/H2O2/RWW treatment, LP and MP lamps were used as the radiation source in approx. 39% and
28% of the articles, respectively. In one study [42] high pressure mercury vapor lamp was used as
a source of UVA. However, it should be noticed that use of these conventional UV lamps leads to
generation of highly toxic wastes at the end of their useful life time. Hence, alternative and more
environmentally friendly irradiation sources, such as light emitting diodes (LEDs) and natural solar
irradiation may be used in the future. Considering that 128 countries signed the Minamata Convention
on Mercury [66], the use of light emitting diodes (LEDs) is becoming more attractive. Taking into
account rapid development of LED technology and advances achieved in this field in recent years it
may be expected that more studies will be conducted in the future using LEDs as irradiation source.

Approx. 33% among the reviewed studies on photo-Fenton wastewater detoxification were
conducted using natural solar light as the radiation source. It should be mentioned that the solar
photo-Fenton process can be activated by low global irradiance values (200 W m−2) when relatively
low concentration of iron and H2O2 are present (0.5 mg L−1 Fe2+/5 mg L−1 H2O2) in water [67].

2.4. Toxicity

Both acute and chronic bioassays were applied for the toxicity assessment of wastewater
treated by the photo-Fenton process. Bacteria [15,45,68,69], seawater invertebrates [42], freshwater
invertebrates [70], microalgae [46], freshwater vertebrates [49], seawater vertebrates [46] and plants

8



Catalysts 2020, 10, 612

(phytotoxicity assay) were used in the last ten years for the toxicity assessment of wastewater treated
by photo-Fenton and/or UV/H2O2/RWW. In 60% of the reviewed studies, the toxicity of wastewater
decreased after the application of the photo-Fenton and/or UV/H2O2/RWW process, especially when
added H2O2 was fully consumed and/or post-treatment step such as CWPO, leading to the elimination
of residual H2O2 and some trace pollutants, was applied. It is noteworthy that residual H2O2 may
significantly elevate the toxicity of the water after treatment [43]. Therefore, caution should be applied
in the interpretation and comparison of results of various studies on wastewater detoxification by
photo-Fenton because in some studies residual H2O2 is eliminated before the toxicity assessment [42]
while in others it is not [43]. The question regarding H2O2 removal prior conducting toxicity bioassays
before, during and after the photo-Fenton process may arise. The authors of the present paper tend
to believe that in case when the goal is to determine possible toxic effect of treated wastewater to
the receiving environment, the water sample should not be modified before toxicity assessment, i.e.,
the residual H2O2 (if any) should not be removed. However, if the goal of the study is to determine
the toxic effect of generated during the process by-products the elimination of H2O2 before toxicity
assessment might be relevant. A toxicity assessment during the photo-Fenton treatment of wastewater
was performed in approx. 30% of the reviewed works. In all of these studies, residual H2O2 was
eliminated prior to the toxicity evaluation. However, a significant increase of toxicity during the
photo-Fenton process was observed in MWW effluents with Vibrio fischeri [12] and Lactuca sativa [13],
and in IWW with Vibrio fischeri [14] and Alivibrio fischeri [15]. These results generally may be ascribed to
the formation of more toxic by-products during the photo-Fenton process than parental contaminants
and their possible synergetic effect. Another interesting aspect when analyzing the results of toxicity
tests is that chelating agents might be added in order to perform photo-Fenton at a near neutral pH [34].
However, as reported in a recent study [70], the addition of certain concentrations of chelating agents
such as (S,S)-Ethylenediamine-N,N′-disuccinic acid trisodium salt (EDDS) can be the toxic.

The types of IWW treated by the photo-Fenton process for its detoxification are shown in Figure 2.
Bioassays with Vibrio fischeri, Alivibrio fischeri, Photobacterium phosphoreum, Artemia salina, Daphnia magna,
Paracentrotus lividus and Sparus aurata larvae were used for the assessment of wastewater toxicity before,
after and during photo-Fenton treatment. All the above-mentioned toxicity assays were sensitive
for IWW. Interestingly, Daphnia magna was too sensitive to pharmaceutical wastewater. Thus, after
24 h of exposure all of the organisms were dead not only in the untreated pharmaceutical wastewater,
but also in the water samples taken during and after photo-Fenton treatment (hydrogen peroxide was
removed from water samples prior toxicity test) [14].

The toxicity tests used for the assessment of hospital and MWW detoxification efficiency by the
photo-Fenton process were Vibrio fischeri, Daphnia magna, Tetrahymena thermophila, Carassius auratus L.,
Sorghum saccharatum, Lepidium sativum, Sinapis alba, Lactuca sativa, Spirodela polyrhiza, Sparus aurata
larvae, Paracentrotus lividus and Isochrysis galbana. Among the reviewed articles, the most commonly
applied toxicity bioassay for MWW effluents was a standardized Vibrio fischeri bioluminescence test
with 5, 15 and 30 min incubation time (ISO 11348). Such parameters as short duration required for
analysis, well-defined protocols, reproducibility and sensibility, as well as cost efficiency were reported
among the main advantages of this test [71–74]. However, it was demonstrated that the standard
Vibrio fischeri bioluminescence test underestimates or even fails to detect the toxicity of chemical
compounds interfering in the biosynthetic process due to insufficient incubation time (acute toxicity
assessment) [75,76]. Interestingly, a long-term (chronic toxicity assessment) Vibrio fischeri bioassay
(7 h and 24 h) was reported to overcome this limitation [76]. This might probably be explained
by insignificant acute toxic effect and measurable chronic toxicity of pollutants in MWW on Vibrio
fischeri. Moreover, the standard Vibrio fischeri bioassay cannot always provide relevant biological or
ecological information [77]. Thus, Vibrio fischeri is marine bacteria, so the results of this test might be
irrelevant for the toxicity assessment of wastewater discharged to the freshwater body (not an adequate
environment for this species). The Vibrio fischeri bioassay was reported to be not sensitive for spiked
and naturally present pollutants in MWW effluents before and after photo-Fenton treatment [13,49,69].
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These findings are in agreement with another study which demonstrated that effluents from nine
different WWTPs were not toxic to Vibrio fischeri [78]. It should be noted that some authors reported
growth stimulation (hormesis) of Vibrio fischeri in MWW effluents [46,68]. However, in some cases,
a Vibrio fischeri bioassay was reported to be sensitive for MWW effluents, its concentrates and hospital
wastewater treated by the photo-Fenton process [45,70,79]. This might be explained by the presence
of residual H2O2 in water during the toxicity assessment [79] or additional toxicity due to the added
chelating agent [70] or significantly higher concentrations of pollutants in WW [45].

Another commonly used toxicity bioassay is the Daphnia magna (freshwater invertebrate)
immobilization test. High sensitivity, relatively low cost and ease of use were reported among
the main advantages of this bioassay [80]. It was only in one study that a Daphnia magna bioassay
was reported to be not sensitive to MWW effluent before and after photo-Fenton treatment (residual
concentration of H2O2 was in the range of 15–20 mg L−1) [68], while in other studies this test was
sensitive enough [13,70,81]. However, it was suggested by Koivisto in 1995 that this excellent bioassay
might not be ecologically relevant since Daphnia magna is not a representative zooplankton species [80].
Interestingly, a bioassay with Tetrahymena thermophyla was reported to be more sensitive than that with
Daphnia magna (48 h) for MWW effluents [13].

Toxicity tests with different types of fish are well known and widely used because of high
sensitivity. However, fish bioassays are usually time consuming, requiring special equipment and a
skilled operator [82]. Shu and co-authors studied the endocrine disruption effect on goldfish (Carassius
auratus L.) exposed to MWW effluent (untreated, after UV/H2O2/RWW and after GAC) [49]. The results
of this study revealed acute and sub-chronic endocrine disruptors in the kidney, liver and spleen of
goldfish exposed to untreated effluent. Interestingly, the UV/H2O2/RWW treatment was not efficient
due to the negative acute (7 days) toxicological impact on goldfish (spring, summer and autumn).
The efficiency of the UV/H2O2/RWW process for the elimination of a sub-chronic (60 days) impact was
changing depending on the season. Thus, in spring, no significant difference was observed for the
sub-chronic toxic effect between reuse water and water after the UV/H2O2/RWW process. However,
during the summer season, the potential of UV/H2O2/RWW treatment for the remediation of the
estrogenic impact in the spleen and kidney of goldfish was observed. These results were attributed to
the seasonal variations of estrogenic substances composition in water [49]. Another study by Singh
and co-authors reported that 7 days of exposure (acute toxicity) of goldfish to the xenobiotics present in
MWW effluent led to the down-regulation of innate immune responses [48]. It was also demonstrated
that goldfish have habituated to MWW effluent after 60 days of exposure (sub-chronic). It was
suggested that the UV/H2O2/RWW treatment applied for filtered MWW effluent may be insufficient
for the complete elimination of pollutants (xenobiotics), which may alter the physiology of aquatic
organisms in the receiving water body [48]. Moreover, cytokine and cytokine gene expression were
suggested to be promising parameters for the safety assessment of MWW effluents subjected to further
reuse or safe discharge [48]. Another useful tool for the evaluation of MWW effluent water quality is
the goldfish olfaction test reported by Blunt and co-authors [47]. They found that goldfish may “smell”
MWW effluents and the exposure of fish to effluents affects the olfactory responses. Interestingly,
sub-chronic exposure of goldfish to UV/H2O2/RWW treated MWW effluent does not impair olfactory
responses, whereas the opposite was true for untreated effluent [47].

Bioassays with plants can be considered as a useful tool for WW effluents quality control, especially
in case MWW effluent is used for agricultural irrigation. Among the main advantages of a bioassay with
plants, availability of various evaluation endpoints (root growth, shoot growth, germination rate, etc.)
and cost-efficiency can be mentioned. However, generally, a long time is needed (4–6 days) to obtain
results [82]. Michael and co-authors evaluated the phytotoxic potential of MWW effluent spiked with
antibiotics (µg L−1) during solar photo-Fenton treatment using Sorghum saccharatum (monocotyl Sorgho),
Lepidium sativum (dicotyl garden cress) and Sinapis alba (dicotyl mustard) as indicator species [81].
Root growth was a more sensitive parameter than seed germination. The phytotoxicity of MWW
effluent was decreased after the applied photo-Fenton process (residual H2O2 was eliminated from
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water samples before toxicity assessment and pH was neutralized), suggesting the possible reuse of
wastewater for agricultural irrigation. The phytotoxicity assessment of MWW effluent before and
after solar photo-Fenton treatment using aquatic (Spirodela polyrhiza) and terrestrial (Lactuca sativa)
plants was reported [13]. Interestingly, Lactuca sativa was more sensitive than Spirodela polyrhiza.
The untreated MWW effluent resulted in the stimulation of root elongation attributed to the presence
of nutrients in MWW, whereas in case of treated effluent the inhibition of root elongation was observed.
The slight inhibition after treatment was ascribed to decrease the organic load and the generation of
more toxic by-products [13]. It is noteworthy that growth stimulation often caused by MWW effluent
should not be interpreted as an advantageous effect [13].

A battery of bioassays using different species at various trophic levels is known as an efficient tool
for the evaluation of WW effluents quality and prediction of the possible effect on the species in the
receiving aquatic environment [82]. It is also noteworthy that an adequate toxicity assessment can
be achieved when the tested species are widespread, ecologically representative and indigenous to
the receiving environment [46]. A battery of bioassays consisting of Vibrio fischeri, Isochrysis galbana,
Paracentrotus lividus and Sparus aurata was developed for the toxicity assessment of MWW effluent
discharged into the marine environment [46]. The Paracentrotus lividus was found to be the most
sensitive species among those tested. While studying the detoxification of various MWW effluents by
the application of UV/H2O2/RWW followed by CWPO, Díaz-Garduño and co-authors suggested the
decrease of acute toxicity after applied treatment, but not harmless treated effluents for the receiving
environment [46]. The efficiency of UV/H2O2/RWW followed by CWPO was reported to be higher
than that of photobiotreatment (using microalgae) for the detoxification of MWW effluents using a
battery of bioassays [8]. García and co-authors investigated the efficiency of raceway pond reactors for
MWW effluent disinfection and detoxification by the solar photo-Fenton process and found that there
was hardly any decrease of toxicity after treatment for the tested bioassays (Vibrio fischeri, Daphnia
magna, Tetrahymena thermophila) [68]. The results of MWW effluent detoxification by photo-Fenton
indicate the significance of a toxicity evaluation using a battery of bioassays for understanding the
efficiency of the applied post-treatment methods.

Based on the reviewed studies, it can be suggested that standard bioassays and most widely used
for municipal wastewater (Vibrio fischeri, Daphnia magna) are not always sensitive (Figure 3) for the
pollutants present in municipal wastewater (not spiked with pollutants or EDDS).
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2.5. Cost Estimation of Wastewater Treatment by the Photo-Fenton Process

One of the most promising AOPs for real applications nowadays is photo-Fenton and/or
UV/H2O2/RWW treatment. The cost of this process was estimated in the majority (approx. 60%) of
revised articles devoted to wastewater detoxification. There is much more literature available on
cost estimation of photo-Fenton process [83–85], but in this review we have only considered studies,
in which WW was used and toxicity assessment was conducted. The electrical consumption of the
lamp is among the main contributors to the operational and maintenance (O&M) cost of the treatment.
In reviewed articles, the electrical cost (generated by lamp) varied from €1.2 to €1.73 m−3 when medium
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pressure (MP) lamp was used, whereas these values were lower (€0.28 to €1.25 m−3) for treatment
with low pressure (LP) lamps. The electrical cost is proportional to the performance of the lamp.
Industrial scale MP lamps in general have a relatively low performance of approx. 15% [57], whereas
the performance of laboratory scale MP lamps is even lower (approx. 4%). Commonly used LP
lamps are more efficient reaching values of performance of approx. 25% and 50% in the laboratory
and industrial scale, respectively [44,86]. It was demonstrated that coagulation as a pre-treatment
can decrease the electrical cost of the photo-Fenton process (from 350 kWh m−3 to 60–100 kWh m−3).
Moreover, the combination of coagulation before photo-Fenton and filtration through activated carbon
applied after was reported to decrease the energy cost further (45–50 kWh m−3) [79]. In case of solar
photo-Fenton, the electrical cost (energy consumption) drastically decreases.

Various reagents are used in the photo-Fenton process, such as H2O2, iron salts (FeSO4) and
reagents for acidification and neutralization (HCl, H2SO4, NaOH, etc.) The cost of H2O2 was reported to
be €0.7 kg−1 [87]. Generally, in reviewed articles, the cost of H2O2 required for the photo-Fenton process
varied from €0.07 to €0.125 m−3 with the exception of €0.93 m−3 reported for hospital wastewater
treatment. As mentioned before, two different approaches for conducting the photo-Fenton process
are used: (i) with the addition of iron (Fe2+ or Fe3+) or (ii) without iron addition (with naturally
present iron in wastewater at µg L−1 level). The most common reagent used as an iron source is
FeSO4·7H2O and its cost varies from €0.074 to €0.27 kg−1 in reviewed works. Depending on the
required iron concentration for the photo-Fenton process, the cost of iron addition in reviewed works
varied from €0.01 to €0.1 m−3. The acidification of wastewater is required for carrying out conventional
photo-Fenton treatment. For this purpose, sulfuric acid is usually used. The price of this reagent
is approx. €0.25 kg−1 [85]. The cost of H2SO4 addition in reviewed studies was estimated to be
€0.01–€0.025 m−3. Generally, the cost of water neutralization (conducted by NaOH, €0.55 kg−1) and
management of the generated sludge after photo-Fenton is not considered, which is of high importance
for real applications. When chelating agents are used for the photo-Fenton process at neutral pH,
the reagent cost increases significantly [70].

As shown in Table 2, the total O&M cost of photo-Fenton and/or UV/H2O2/RWW treatment (with
UV lamps) varies from €0.44 to €2.18 m−3. The results of a recent study revealed that the O&M cost
of UV/H2O2/RWW treatment of WW was five times higher when an MP lamp was used (€2.18 m−3)
compared to LP lamp (€0.44 m−3), whereas the required UV dose and TOC elimination performance
were similar [43]. Therefore, it can be suggested that the use of LP lamps, when possible, increases the
economic feasibility of the process. Recently, operational costs (OPEX) for a full-scale implementation
of UV/H2O2/RWW process for municipal wastewater effluent treatment in Sweden was calculated to
be 0.064€m−3 (UV-dose 5000 J m−2; H2O2 dose 20 mg L−1; dissolved iron 0.12 mg L−1, LP replacement
every 1.5 years), from which about 35% was attributed to energy consumption [87]. This estimation
is significantly lower than cost estimations performed in revised literature, which can be explained
as follows: (i) estimation of operational costs is not very precise when it is based on laboratory scale
experiments; (ii) the UV-dose required for removal of residual pharmaceuticals is lower than that
needed for decrease of toxicity (safe discharge/water reuse).
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Table 2. Operation and maintenance cost for photo-Fenton process and UV/H2O2/RWW.

AOP Process and
References Type of Radiation

Type of
Wastewater/Initial

TOC or COD
Main Objective Total Cost

UV lamps as radiation source

UV/H2O2/RWW +
CWPO [57] MP lamp

Synthetic industrial
wastewater; TOC =
40 mg/L; COD =
150 mg/L

Safe discharge or
water reuse

The cost of H2O2/UV + GAC
was estimated to be €1.57 m−3

(based on reagent and electrical
consumption)

UV/H2O2/RWW +
CWPO [43] MP and LP lamps

Refinery effluent;
TOC = 35 mg/L;
COD = 128 mg/L

Safe discharge or
water reuse

The operation and maintenance
costs for H2O2/UVC + GAC
using MP and LP lamps was
estimated to be €2.18 m−3 and
€0.44 m−3, respectively.

UV/H2O2/RWW +
CWPO [44] LP lamp

Synthetic industrial
wastewater; TOC =
40 mg/L; COD =
146 mg/L

Safe discharge or
water reuse

The operation and maintenance
cost of H2O2/UVC + GAC was
estimated to be €0.59 m−3

UV/H2O2/RWW +
CWPO [8] LP lamp

Three types of
urban wastewater
effluents; TOC =
10–13.2 mg/L; COD
= 75–85 mg/L

Safe discharge or
water reuse

The operation and maintenance
cost of H2O2/UVC + GAC was
estimated to be €0.59 m−3

UV/H2O2/RWW
[69] LP lamp

Reverse osmosis
concentrate; COD
= 65 mg/L

Increase of
biodegradability

The electrical energy per order
(EE/O) was estimated to be
around 50 kWh m−3 (in optimal
condition, 30 min) followed by
biological treatment
(consumption considered
negligible).

UV/H2O2/RWW +
BAC [79] LP lamp

Reverse osmosis
concentrate; COD
= 105 mg/L

Safe discharge

The electrical energy dose (EED)
required for each treatment was
calculate. It included the EDD of
H2O2 production (10 kWh m−3).
H2O2/UV: ~350 kWh m−3

H2O2/UV+ BAC: ~60 kWh m−3

Coagulation Al + H2O2/UV:
~100 kWh m−3

Coagulation Fe + H2O2/UV: ~60
kWh m−3

Coagulation Al + H2O2/UV +
BAC: ~50 kWh m−3

Coagulation Fe + H2O2/UV +
BAC: ~45 kWh m−3

Photo-Fenton [45] LP lamp

Hospital
wastewater; TOC =
1050 mg/L; COD =
1350 mg/L

Increase of
biodegradability

The operating cost concerning
only electrical cost is $0.52 m−3.
The reagent cost was estimate to
be $0.01 m−3 and $0.93 m−3 for
FeSO4·7H2O and H2O2,
respectively. Total cost
$1.46 m−3

Solar light as radiation source

Solar Photo-Fenton
[68] Natural solar light

Secondary urban
wastewater
effluent; COD =
65.1 ± 1.4 mg/L

Wastewater
disinfection

Economical cost calculation was
conducted based on simulation
of chosen treatment using a
secondary effluent flow of
400 m3 d−1. The total cost was
estimated to be €0.15 m−3

(including operating and
maintenance and reagent cost)
for disinfection.
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Table 2. Cont.

AOP Process and
References Type of Radiation

Type of
Wastewater/Initial

TOC or COD
Main Objective Total Cost

Solar light as radiation source

Solar Photo-Fenton
[81] Natural solar light

Municipal
wastewater
effluent; COD =
26 mg/L

Water reuse

Economical cost calculation was
conducted based on simulation
of full-scale unit of 150 m3 d−1.
The total cost evaluated was
€0.85 m−3 (including majority of
electrical consumption, reagents,
maintenance and
investment costs).

Solar-Photo Fenton
[70] Natural solar light

(1) municipal WW
effluent (direct
treatment (DOC =
23 mg/L);
(2) nanofiltration
concentrate (DOC
= 53 mg/L)

Safe discharge

The total cost (including
amortization cost of solar
collectors and membrane,
operating and maintenance cost
and reagents) of four different
processes were:
pH 3, direct MWW effluent:
€0.53 m−3 circumneutral pH,
direct MWW effluent: €1.17 m−3

pH 3, ROC MWW effluent:
€0.48 −3 circumneutral pH, ROC
MWW effluent: €0.76 m−3

For solar photo-Fenton, the total cost varied for conventional photo-Fenton at pH 3 (€0.48 to
€0.53 m−3) and circumneutral photo-Fenton (€0.76 to €1.17 m−3). It is noteworthy that solar-photo
Fenton was reported to be approx. €0.5 m−3 (CPC solar field in case of 14,000 m2).

3. Electrochemical Technologies Based on Fenton

3.1. Electro-Fenton

During the electro-Fenton process, the continuous in situ electrochemical generation of H2O2

occurs in an acidic medium via oxygen reduction at cathode as shown in the reaction below [88].

O2 + 2H+ + 2e−→ H2O2 (11)

The generated H2O2 decomposition is catalyzed by iron ions according to a classical Fenton
reaction. Simultaneously, the regeneration of iron(2+) at cathode occurs (reaction 12) [89].

Fe3+ + e−→ Fe2+ (12)

Decomposition of organic pollutants occurs via classical Fenton’s reaction and anodic oxidation
at the anode surface [89]. Parameters such as the type of anode, current intensity, oxygen solubility,
generation rate of hydrogen peroxide and pH are critical for the electro-Fenton process.

To the best of our knowledge, only four studies on electro-Fenton process for wastewater treatment
published in the last ten years have reported results of toxicity assessment [89–92]. Interestingly,
studies on wastewater detoxification applying heterogeneous and homogeneous electro-Fenton
were conducted. The latter was performed with the addition of iron as a catalyst. In general,
a relatively high concentration of iron was added, such as 0.55 mM [89] and 2 mM (ferrous sulfate) [91].
For the heterogeneous electro-Fenton process, Fe-zeolite Y [92] and waste rice straw-coal fly ash [91]
were used as catalysts. Different types of electrodes, such as Ti/RuO2, graphite and boron-doped
diamond, were used as an anode in reviewed works devoted to wastewater detoxification by the
electro-Fenton process.
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It should be noted that all of the reviewed studies on electro-Fenton were conducted with
industrial wastewaters. Generally, the initial COD values of IWW effluents treated by electro-Fenton
varied from 160 to 270 mg L−1 except textile effluent with COD 1156 mg L−1. Acute and/or chronic
bioassays with freshwater bacteria [92], freshwater invertebrate [91] and freshwater fish [89], as well
as brackish and freshwater fish [90] were used for the toxicity assessment of wastewater before and
after the electro-Fenton process. The acute toxicity of IWW effluents decreased after the application of
electro-Fenton when Aploclzeilus panchax, Vibrio qinghaiensis and Daphnia magna bioassays were used.
Interestingly, acute and chronic toxicity were reported to be significantly higher after Fenton and
electro-Fenton treatment of coking wastewater effluent when an Oryzias latipes bioassay was used.
These results suggest significant variations in sensitivity of the used species.

Despite the fact that only a few studies have addressed the detoxification of wastewater by the
electro-Fenton process, the cost estimation was conducted at half of these. Thus, the total operational
cost of the homogeneous electro-Fenton process was estimated to be $9.75 per kg of removed COD [89].
It is important to mention that the average values reported for electrical energy consumption during
electrochemical processes was 1.2 to 200 kWh m−3 [93–96]. In terms of the cost per treated water for
heterogeneous electro Fenton is around 0.78 CNY per ton of treated water (around €0.1 m−3) [91].

3.2. Galvanic Fenton

Galvanic Fenton was also applied for the detoxification of industrial wastewater [97]. Galvanic
Fenton (GF) as Fenton technology can be suitable for wastewater with high turbidity, color, salinity and
low biodegradability index [97]. The main principle of the system is based on corrosion of the metal
(M) in an acidic environment, which leads to dissolution of the metal and production of hydrogen gas
(reaction 13 and 14) [97].

M→Mn+ + ne− (13)

2H+ + 2e−→ H2(g) (14)

To the best of our knowledge, only one study in last ten years was published with GF for
wastewater treatment and toxicity assessment [97]. In published study iron—copper (Fe/Cu) electrodes
were used as an anode and cathode. The ratio H2O2/Fe was 19:1 (7840 mg L−1 of H2O2 and 408 mg L−1

of Fe). Toxicity tests with plant (Lactuca sativa) [97] were implemented. The treated wastewater was as
toxic to Lactuca sativa as the untreated one [97]. Interestingly in this case, the concentration of residual
H2O2 in treated water was relatively high (40 mg L−1). A significant toxic effect (EC50 29.57%) for
Lactuca sativa was reported to take place with an H2O2 concentration of 1570 mg L−1 [97].

The results reported in the last ten years on the topic are summarized in Table 3.
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4. Conclusions

In this article, the feasibility of real municipal and industrial wastewater detoxification by
Fenton-based advanced oxidation processes was reviewed. Based on the analyzed literature, it can
be concluded that in general the application of Fenton-based AOPs for wastewater detoxification
is feasible. However, it is of high importance to assess the toxicity of water on the course of AOP
treatment because in the majority of cases the generation of more toxic than parental compounds
occurs. It is important to mention that maximum process efficiency (in terms of COD and/or TOC
removal) does not coincide with maximum detoxification.

Toxicity bioassays were demonstrated to be an efficient tool for the assessment of wastewater
detoxification. Based on the reviewed studies, it can be suggested that standard bioassays and most
widely used for municipal wastewater (Vibrio fischeri, Daphnia magna) are not always sensitive for
the pollutants present in municipal wastewater (not spiked with pollutants or EDDS). Moreover,
the use of single toxicity bioassay might not be sufficient for the evaluation of wastewater toxicity
after the application of Fenton-based AOPs due to the large variation of sensitivity of different
species. Hence, a battery of bioassays is more suitable for the estimation of treated wastewater
toxicity. The use of biologically representative, widespread and indigenous species is among the main
requirements for an adequate battery of bioassays leading to a realistic evaluation of the possible
environmental risks of treated wastewater effluents. In recent years, the batteries of bioassays for
the assessment of urban wastewater effluents discharged to the marine aquatic environment after
pot-treatment by Fenton-based AOPs were developed. It is expected that future studies devoted to the
detoxification of wastewater by Fenton-based AOPs will implement batteries of bioassays (including
biosensors) for a more comprehensive evaluation of water toxicity. Additionally, from the reviewed
literature on wastewater detoxification by photo-Fenton, it can be expected that future research will
be conducted using a more realistic approach regarding wastewater pre-treatment avoiding when
possible, the acidification of wastewater prior treatment, addition of excessive amount of reagents,
removing residual H2O2, etc. This might enable not only a decrease of the operation and maintenance
(O&M) costs but also the possible risks for organisms in the aquatic environment.

From the O&M cost point of view, the lowest O&M cost estimation reported for the detoxification
of wastewater effluent in the scope of this review was €0.44 m−3 (personnel cost was not included),
whereas the average O&M cost of conventional treatment of municipal wastewater in WWTP with a
flow of approx. 10,000 m3 day−1 is approx. €0.5—0.6 m−3 (including personnel cost; southern Spain).
Interestingly, it was reported that the O&M cost of wastewater detoxification by photo-Fenton can be
significantly decreased when preliminary microfiltration, coagulation aiming at more economically
feasible removal of organic matter (suspended and/or colloidal) and increasing of water transmittance
is applied. Moreover, application of additional polishing step such as catalytic wet peroxide oxidation
(CWPO) after photo-Fenton can remove residual hydrogen peroxide, reduce the toxicity and the cost
of the treatment. The total cost (investment and maintenance costs for the period of 5 years) estimation
of a full scale unit (150 m3 day−1, equivalent to 1000 pe) for treatment of secondary urban wastewater
effluent by solar photo-Fenton (removal of antibiotics and toxicity reduction) was reported to be
€0.85 m−3.
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Abstract: The petroleum industry is one of the most rapidly developing industries and is projected
to grow faster in the coming years. The recent environmental activities and global requirements
for cleaner methods are pushing the petroleum refining industries for the use of green techniques
and industrial wastewater treatment. Petroleum industry wastewater contains a broad diversity
of contaminants such as petroleum hydrocarbons, oil and grease, phenol, ammonia, sulfides, and
other organic composites, etc. All of these compounds within discharged water from the petroleum
industry exist in an extremely complicated form, which is unsafe for the environment. Conventional
treatment systems treating refinery wastewater have shown major drawbacks including low efficiency,
high capital and operating cost, and sensitivity to low biodegradability and toxicity. The advanced
oxidation process (AOP) method is one of the methods applied for petroleum refinery wastewater
treatment. The objective of this work is to review the current application of AOP technologies in
the treatment of petroleum industry wastewater. The petroleum wastewater treatment using AOP
methods includes Fenton and photo-Fenton, H2O2/UV, photocatalysis, ozonation, and biological
processes. This review reports that the treatment efficiencies strongly depend on the chosen AOP
type, the physical and chemical properties of target contaminants, and the operating conditions. It is
reported that other mechanisms, as well as hydroxyl radical oxidation, might occur throughout the
AOP treatment and donate to the decrease in target contaminants. Mainly, the recent advances in the
AOP treatment of petroleum wastewater are discussed. Moreover, the review identifies scientific
literature on knowledge gaps, and future research ways are provided to assess the effects of these
technologies in the treatment of petroleum wastewater.

Keywords: petroleum wastewater refinery; advanced oxidation process; fenton; photo-Fenton; ozonation

1. Introduction

Water is crucial for life since it is a fundamental necessity of all organisms. Fast indus-
trial and economic growth have guided a rapid increase in population and development [1].
The world is observing growth and development in the industry, owing to the several
industrial methods that are applied [2]. The industrial regions incessantly produce signifi-
cant quantities of wastewater at highs rates and generally dispose of the wastewater with
no appropriate management and treatment [3,4]. Petroleum refineries and industries are
crucial from an economic development perspective [5]. Petroleum refineries are meeting
the difficulty of how to dispose this wastewater.

Wastewater produced by petroleum industries includes various kinds of organic and
inorganic contaminants, for example sulfides, phenol, BTEX, hydrocarbons, heavy metals,
etc. [6]. Huge amounts of harmful materials are produced through petroleum industry
activities, for example through the oil production process, oil refinery, transportation,
storage, etc., which are all unsafe for the environment and human health [6]. The treatment
of wastewater produced from the petroleum industry includes different processes that
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comprise physical, chemical, and biological methods [7]; however, the majority of these
techniques are ideal to match certain treatment requirements for every application and
generally do not recommend the treatment to separate the various groups of compounds [8].

The chemical oxidation method is one of the techniques used for wastewater treatment,
and it can be classified into two types: conventional chemical treatments and advanced
oxidation processes [9]. Advanced oxidation methods are highly efficient techniques
needed for the treatment of several wastewater types, including the oil and gas industry,
pharmaceutical industries wastewaters, etc. In previous years, several works have been
carried out to examine the efficiency of advanced oxidation processes in the treatment
of different wastewater types that contain recalcitrant and toxic pollutants [10]. AOPs
are defined as the methods that depend on the production of hydroxyl free radicals,
which have great electrochemical oxidant power and strong oxidizing potential [11,12].
The great oxidizing potential allows them to easily offense and degrade nearly all organic
compounds to H2O, carbon dioxide (CO2), and inorganic ions, through dehydrogenation
or hydroxylation. In general, AOPs are extensively employed in petroleum wastewater
treatment for decreasing organic materials, the removal of certain contaminants, and sludge
treatment [13]. The possibility of AOPs being used for wastewater treatment is improved
by their capability to generate hydroxyl radical (OH•) via various methods.

The very common AOP method types studied for wastewater treatment involve
heterogeneous photocatalytic oxidation [14], ozonation processes (O3) [15], Fenton and
photo-Fenton reaction [16,17], and electrochemical oxidation [18]. These methods are favor-
able in the treatment of wastewater containing different organic and inorganic pollutants.
According to previous reviews, several combinations of various AOPs are more effective in
comparison to a single oxidation process, owing to the production of additional radicals
and excessive energy efficiency. Moreover, the utilization of heterogeneous and homoge-
nous catalysts and energy-dispersing elements considerably improves the degradation of
the wastewater. Wang et al. [19] summarized hydrogen peroxide (H2O2), O3, ultraviolet
(UV)/H2O2 or O3, O3/H2O2, and photo-Fenton processes and their use in wastewater
treatment. Furthermore, Chen et al. [20] and Ani et al. [21] reported a review on the basics
of the heterogeneous photocatalytic degradation of organic pollutants and stated the bene-
fits of utilizing titanium as an effective material for the removal of organic contaminants by
applying advanced oxidation processes. Azizah and Widiasa [22] reviewed the application
of H2O2/UV and H2O2/UV/O3 advanced oxidation process methods in synthetic residual
fluid catalytic cracking (RFCC) wastewater to verify the suitable condition of AOPs to greet
the phenol separation ranges. It is found that a high phenol degradation of 93.75% was
achieved by using the H2O2/UV/O3 AOP process with a H2O2 amount of 1000 ppm; this
clarified that the H2O2/UV method requires extended time and greater H2O2 amounts for
the removal of phenols from these wastewater types to levels below the target. Lofrano
et al. [23] propose a generally updated review of AOPs in antibiotics removal considering
physio-chemical and toxicity implications. They discussed the technical and economic
problems, and the environmental compatibility of effluents.

An environmentally friendly preparation of TiO2 nanoparticles supported by mi-
crowaves from titanium tetrachloride and water was carried out by de Oliveira et al. for
the treatment of petroleum refinery effluent [24]. The highest rates of TOC separation were
achieved below pH conditions of 10 and a catalyst dosage of 100 mg/Lin 90 min of reaction
time. The catalyst demonstrated steadiness for four cycles. The attained data revealed that
the produced catalyst is a favorable material for the separation of remaining recalcitrant
organic material from petroleum refinery effluent.

As far as the authors are aware, there are different studies on the treatment of
petroleum refinery wastewater using the different types of an advanced oxidation process
method as a tertiary treatment to disinfect and degrade the wastewater compounds and
reuse the treated wastewater for different purposes. Therefore, the objective of the review is
to present the different methods of the advanced oxidation process and its use in petroleum
refinery wastewater treatment. The review reports that the treatment efficiencies depended
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strongly on the selected AOP method type, whether the properties of target contaminants
were physical or chemical, and the operating conditions. Moreover, the knowledge gaps
and future research methods are also provided to assess the effects of these technologies in
the treatment of petroleum wastewater.

2. Methodology

The review provides an overview of the findings from recent studies from 2017 to
2021 which have been applied to different types of AOPs to degrade and remove different
compounds from petroleum refinery wastewater. Few articles published from 2012–2015
were also considered as they presented crucial data. The major source of these articles was
google-scholar and Scopus databases; the keywords applied for the search were “advanced
oxidation”, “petroleum”, “refinery”, “wastewater pollutants”, “Fenton”, “catalyst”, and
“review”. The assembled data were introduced in Tables 1–5 and studied in four sections.
Information on the characteristics of petroleum refinery wastewater and the environmental
impact of petroleum refinery wastewater was presented in Tables 1 and 2, and discussed
in Sections 3 and 4, respectively. The fundamentals of AOPs were discussed in Section 5,
an overview of the process in petroleum refinery wastewater treatment was represented
by Figure 1, and the classification of the AOPs was presented in Table 3. In this section
(Section 5) four types of AOPs including H2O2/UV, Fenton, photo-Fenton, and ozonation
AOPs and their applications in petroleum refinery wastewater treatment were discussed.
The data relating to each process was presented in Tables 4 and 5, and Figures 2–6 were
included to present crucial concepts related to each process (the reaction mechanism, the
drawbacks of Fenton, and photo-Fenton processes, solar photoreactor setup, experimental
setup of photoreactor, and detailed steps of the mechanism of organic degradation of
wastewater contaminants through O3/UV) [25,26]. In Section 6, the integrated AOPs were
reviewed, and a diagram of the integrated system was presented in Figure 7. Finally, from
the analysis of the assembled data, conclusions are presented and recommendations for
additional research are provided.

3. Characteristics of Petroleum Refinery Wastewater

Petroleum refinery effluent has numerous amounts of complex substances present in
it. They were present in the form of oil, gas, wax, grease, metals, minerals, hydrocarbons,
etc. Few components present in very low amounts; such components are N, S, O, and a
few other metals which have minor importance. Aromatic organic compounds containing
solely carbon and hydrogen atoms are colorless, white, or pale-yellow solids. It has been
proven that, when it enters the human body, our potential immune system will suppress it.
This can cause carcinogenic and mutagenic damage [27].

The constituents present in the produced include oil and gases and different organic
and inorganic matters that are complex in nature. The particles implicated are hydro-
carbons, dissolved oil, dissolved salts [28], naturally formed radioactive elements, and
heavy metals [29]. Furthermore, with gases such as hydrogen sulfides, carbon dioxide
composition will be encompassed as dissolved gases. The generation of produced water
is strictly controlled by different countries because the components present in it will in-
crease the pollution rate [30]. The concentration of salt present in seawater is lower than
compared to the concentration of salt present in the produced water. The percentage of
salinity is enhanced due to the concentration of the additional component present in it.
Those components are Ca, K, Mg, and dissolved Cl, etc. [31].

The previous survey [31] reveals that the electrical conductivity of the produced
water lies in a range from 200 µs/cm to 300 µs/cm, while the TDS concentration range of
produced water lies in a range from 120 g/L to 140 g/L. Some of the major compositions are
sodium with a range of (42,720± 2093 mg/L), calcium ions (4247± 752 mg/L), magnesium
ions (727 ± 54 mg/L), potassium ion (805 ± 230 mg/L), strontium ions (257 ± 20 mg/L),
chlorine ions (65,800 ±1600 mg/L), sulphate (1010 ± 9 mg/L), bromide ion (591 ± 16
mg/L) and silicon dioxide (32 ± 2 mg/L) [27]. The concentration of ammonia present
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in the PW has a range of (655 ± 77 mg/L) [31]. The value of pH, as well as alkalinity,
are 7.30 ± 0.21 and 2345 ± 329 mg/L, respectively, such as CaCO3 [32]. Table 1 shows
the composition present in the petroleum refinery wastewater [33]. The composition of
nitrogen in the produced water coming from the oil platform is 50 v/v%. The summation
of all nitrogen compounds in the water is termed total nitrogen; it contains ammonia
nitrogen (NH3-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), and organically
bonded nitrogen [34].

Table 1. The compositions present in the petroleum refinery wastewater.

Composition
of Each
Element

Composition in
Petroleum

Wastewater
Limitations Metal

Compositions

Components
in Petroleum
Wastewater

Limitations

pH 4.3–10 6.5–8.5 Ca 18–132,687 100
Density 1014–1140 - Na 316–134,652 -

TOC 3.4–5960 - K 8.6–14,649 -
COD 1200 ≤50 Mg 4–18,145 100
BOD - ≤30 Fe <0.1–100 0.3
TSS 1.2–21,820 30 Al 310–410 ≤0.2
TDS 1 × 103–4 × 105 1200 B 5.00–95 1
DO 8.2 <4.0 Ba 0–22400 1
TPH 2–565 - Cd <0.005–0.2 0.005
BTEX 0.39–35 - Cr 0.02–1.1 ≤0.1

base and
neutrals <140 - Cu <0.002–1.5 1.3

Cl 80–310,561 1400–
190,000 Li 3–50.00 -

Br 0–12,000 150–1149 Mn <0.004–175 0.05
I 0–500 - Ni - 0.3

HCO3 1.9–7355 - Pb 0.002–8.8 0.015
CO3 0–800 - Sr 0.02–1000 -
SO4 0.5–7851 <0.1–47 Ti <0.01–0.7 -
PO4 0–0.10 - Zn 0.01–35 7.4
SO3 ~10 - As <0.005–0.3 0.02
NO3 0–3.5 - Hg <0.001–0.002 0.005
NO2 0.05 - Ag <0.001–0.15 0.1

NH3-N 10–300 - Be <0.001–0.004 -

Total Polar 9.7–600 - NORM
(pCi/L) - -

Higher
acids <1–63 - Total Ra 0.054–32,400 5

Phenols till 23 - U 0.008–2.7 -
VFA 2–4900 - Th 0.008–0.027 15
Oil &

Grease 6.9–210 2.3–60 Pb 1.35–5130 -

m-xylene 0.01–54 - Po 0.005–0.17 -
MBAS 0.01–54 - - - -
HEM 0.6–2000 0.02 - - -

Alkalinity 6.1–200 - - - -

The configuration of these substances and their tenacious character affects the rate of
chemical oxygen demand and the level of toxicity. The wastewater encompasses a high
level of COD. The presence of these toxic oils considerably disperses the chemical oxidation
demand [32]. If the produced water contains a high content of BOD value, it is due to
the large content of organic materials present in the drilling fluids. Before discharging
a high value of BOD content water into the water bodies, oxidation of the water must
be maintained so that only it can resist the wastewater with a larger BOD content [29].
The PW containing the range of the TOC is (0–1500 mg/L). The naturally formed water has
a TOC concentration that lies in the range of <0.01–11,000 mg/L [35]. The World Health
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Organization proposes that a fringe of the permittable volume of benzene and toluene in
drinking water are 10 and 700 mg/L, respectively, while the permissible proportion of
ethylbenzene and xylene is 300 mg/L and 500 mg/L, respectively [27].

The characteristic of the petroleum refinery wastewater fluctuates according to their
base. The constitution of the wastewater depends on the final product induced, the
undertaking process, and the type of crude oil that is utilized. The produced water is
assorted with aromatic and aliphatic hydrocarbons, MTBE, PAHs, phenols, naphthenic
acid, sulfides, metal products as well as benzene, toluene, ethylbenzene and xylene (BTEX)
that usually possess a high toxicity. In addition, xylene has three more topical isomers
named o-xylene, m-xylene, and p-xylene [36].

4. Environmental Impact of Petroleum Refinery Wastewater

Enormous amounts of contaminants were released by petroleum products in the
environment [37]. As known, petroleum wastewater is the main of three waste types
(wastewater, waste gas, and industrial residue) whose harmful impacts cannot be mis-
judged [38]. Wastewater discharged by petroleum industries include significant amounts
of heavy metals, petroleum hydrocarbons [39], polyaromatic hydrocarbons [40], benzene,
toluene, ethylbenzene, xylene (BTEX), phenolic compounds, and other contaminated mate-
rials [41]. Some of the major petroleum wastewater contaminants and their environmental
impacts are presented in Table 2. Owing to the incompetence of treatment methods,
petroleum refinery wastewater is dangerous to the environment and other life systems
which could become mutagenic and toxic to human beings [42]. This wastewater can
influence various elements of the environment, for example clean water, human health,
the different sources of groundwater, air, marine life, crop manufacturing, etc. [43]. An
increase in contaminants in the water bodies raises significant concerns, either long-term
or short-term, for the ecology and living organisms, which can be severe and chronic [44].
Different studies revealed that petroleum refinery wastewater composites have the ability
to biologically build up, which is the main reason to create a method for the separation of
pollutants from water before the release [39]. The following problems were created when a
huge quantity of petroleum oily wastewater was arbitrarily released into water bodies [7].

Regarding aquatic life where the wastewater was released into the river and oceans,
oil and other contaminants create a film on the water surface that lead to a block in the air
and sunlight, thus causing a shortage of oxygen for the aquatic organisms and affecting
the plants and animals’ growth [45]. Furthermore, owing to the existence of heavy oil on
the surface of seawater, serious problems were observed, including slow growth of the
head of aquatic organisms, unusual neural growth in the embryo of the aquatic organisms,
and other issues [46]. Benzene, toluene, ethylbenzene, and xylene (BTEX) are some of
the main pollutants that harm aquatic organisms, the nervous system, genotoxicity, and
the respiratory system [46], due to their highly carcinogenic nature as distinguished by
The U.S. Environmental Protection Agency (USEPA) [42]. Moreover, petroleum refinery
wastewater includes a solvable aromatic hydrocarbon, many radioactive substances, and
heavy metals which can generate negative impacts on some organisms accountable for
water purification and biological treatment [36]. In the case of direct release, pollutants in
the wastewater are transported by the food chain through the infected foods, and, hence,
human health will be critically affected [47]. Aquatic contamination will also occur, owing
to the spread of toxic components between the food chain via the marine ecosystem from
the influenced marine environment [48]. Some studies reported that the consumption of
the contaminated oil with marine food could produce many toxic consequences on human
health, such as skin tumors due to the existence of the contaminated hydrocarbons in the
polluted wastewater [49]. Another study presented the effect of wastewater pollutants
during the separation processes of oil throughout the marine water [40]. It was found that
the co-workers that engaged in certain processes developed a urinary infection due to the
presence of a high concentration of volatile organic composites and polycyclic aromatic
hydrocarbons which can be absorbed by their body. Furthermore, it was found that
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contaminated oil in the wastewater represents a toxic material to certain microorganisms
that is accountable for the biological treatment of wastewater [50].

Table 2. Some of the main wastewater contaminants mentioned in the work and their environmen-
tal impacts.

Contaminant Environmental Impact Ref

Phenol

Have harmful effects on the
muscles, causing moving

problems, pain to the
gastrointestinal system, and

even death.

Yang et al. (2020)

Methyl-butyl ether

In an aquatic environment, it
quickly causes the reduction

in dissolved oxygen.
Regarding human health, it

causes kidney and blood
cancers and affects the nerve.

Gallo et al. (2020)

Benzene

The existence in the aquatic
environment affects the

stability and health of the
organisms, leading to a law

regenerative rate, and
affecting the behavior of the

organisms. It also reduces the
growth of plants and animals,
and, with long time exposure,

it can lead to their death.

Rabani et al. (2020)

Toluene

Have harmful impacts on the
different types of

microorganism (aquatic, soil,
etc).

Poyraz et al. (2020)

Ethylbenzene
Exposure for long periods

affects the kidney which can
lead to pain in the inner ear.

Wollin et al. (2020)

Xylene

Affects the kidney, nervous
system, and the dysfunctions

of the liver. In addition,
various negative impacts on
the neurological system have

been stated.

Egendorf et al. (2020)

Phenols are other toxic compounds that generally appear in the wastewater produced
from petroleum refinery and can impact the enzymatic processes of marine microorgan-
isms even at small phenol concentrations. As the degradation of the phenolic composite
takes a long time, they will gather in the aquatic organisms’ tissues and consequently
produce biomagnification. The phenolic compounds have been identified to be genetically,
physiologically, and haematologically toxic [51]. Thus, the phenolic compounds have been
classified by USEPA as a significant contaminant [52]. The phytotoxicity of phenols was
experimentally verified on EU cyclops agilis by Kottuparambil et al. [53]. The results
showed the high toxicity of phenol compounds even in the presence of a small dose of
phenols and how this negatively impacts human life [54].

Polycyclic aromatic hydrocarbon (PAHs) compounds are other toxic contaminants that
existed in the petroleum industry wastewater and have toxic effects on aquatic organisms.
The study reported by Badibostan et al. [55] showed that the presence of specific polycyclic
aromatic hydrocarbons, for example chrysene (CHR) compounds and benzo[b]fluoranthene
(BbF) with high concentrations, causes serious problems including drinking, inhalation,
etc. When its overall concentration exceeded the concentrations of the standards defined
by USEPA for toxic chemicals, it negatively impacted human life and health.
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Another concern is that, when petroleum oily wastewater used for irrigation, these
compounds cab have harmful impacts on the soil and make it stronger [56]. This change
on soil texture inhibits the breathing of plants and organisms as the soil microorganisms
have a high sensitivity to MTBE compared to the microorganisms present in the water. In
addition, oily wastewater could have a harmful effect on environmental processes such as
nutrient cycles and biodegradation [56]. Consequently, the microorganism’s declination
rate will decrease, and then the plants and animal growth will be influenced [57].

5. Advanced Oxidation Process (AOPs) for Petroleum Refinery Wastewater
5.1. Fundamentals/Chemistry of the Advanced Oxidation Process

Advanced oxidation processes (AOPs) are the methods defined through the creation
of hydroxyl radicals; the core purpose of the advanced oxidation process is to produce
highly reactive free radicals which are extremely sensitive, and to apply non-selective
materials to reduce contaminated organic composites that exist in a medium for example
wastewater, soil, marine mediums, etc. [58].

Hydroxyl radicals are efficient in eliminating organic chemicals since they are reactive
electrophiles [59]. They are powerful oxidizing agents to demolish compounds that cannot
be oxidized by the standard oxidant. Hydroxyl radicals have a more rapid oxidation rate
compared to KMnO4 or H2O2 [60]. The produced hydroxyl radicals can remove the organic
chemicals through different ways such as radical addition, hydrogen extraction, or electron
transmission [61]. The creation of hydroxyl radicals is generally enhanced by merging O3,
H2O2, TiO2, UV radiation, ultrasound, and electron-beam irradiation [62].

The hydroxyl radical has great oxidation potential (E0 = 2.8 V) [63] and is competent
to react with almost all types of organic composites, leading to full mineralization of these
composites which form from carbon dioxide (CO2), inorganic salts, and water, or their
transformation into fewer destructive substances [64]. The removal of contaminants and the
inhibition of the production of toxic compounds are some of the major advantages of AOPs
since traditional techniques of water treatment. For example filtration, adsorption, and
flotation are not effective in completely separating the organic pollutants (non-destructive
physical separation procedures), which only eliminate the pollutants, transporting them
to other stages, and thus producing intense residues [65]. An overview of the AOP in
petroleum wastewater treatment is presented in Figure 1.
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The main reaction produce hydroxyl radicals (HO•) that attack organic composites
in electrophilic position leading to degradation. In addition HO• reaction with organic
composites (aromatic or unsaturated) that include a π bond result in the formation of the
organic radicals (Equation (1)) [66]. This includes hydrogen removal through the reaction
of the HO• radicals with a saturated aliphatic compound (Equation (2)) and electron
transmission by decreasing the HO• radical into a hydroxyl anion through an organic
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substrate (Equation (3)) [67]. The attack of the HO• radical on organic substrates could
be affected by the existence of different chemical types in water (which are created in the
mineralization method), for example, bicarbonate and carbonate ions [68]. These ions can
react with the HO• radicals (Equations (4) and (5)), and, by consequently vying with the
organic substrates via the HO• radicals. HO•, radicals can be created from numerous
AOPs, allowing the use of a superior method for every treatment condition.

(1)

HO• + R−H→ R• + H2O (2)

HO• + R− X → [R− X]+• + HO− (3)

HO• + HCO3
− → CO3

•− + H2O (4)

HO• + CO3
2− → CO3

•− HO− (5)

Following Flouret and his colleagues (2018), the AOP can be classed as homogeneous and
heterogeneous [69]. They introduced this categorization in terms of the light type that is utilized
in the method. Table 3 shows the categorization of AOPs consistent with these studies. The AOP
are costly methods due to the high cost of chemicals applied (e.g., H2O2 and O3), also due of
electric energy for UV radiation. Hence, they are studied in other treatments of wastewater that
cannot be organically handled. An additional substantial part is the weight of contaminants
that appear in the wastewater, commonly identified according to the existing amounts of
COD. The application of these methods is revealed solely for wastewater that contains COD
under 5 g/L, since a greater index of COD inhibiting the treatment would need an extremely
higher utilization of chemicals [70]. For high organic wastewaters, pretreatment processes, such
as dilution, coagulation, and flocculation, are needed to lessen the initial concentrations [71].
Additionally, AOPs can be utilized for treating the polluted waters containing very small organic
contents (in ppb) which include dispersed organic composites that are hard to eliminate. One
method of decreasing the AOPs’ costs is to utilize them as initial treatment processes to decrease
harmfulness, supported by biological treatment. This alternative has demonstrated to be very
exciting from an economic perspective and has been examined by numerous studies [72,73].

Table 3. Types and categorization of advanced oxidation methods (AOPs).

Non-photochemical-
Homogeneous

Methods

Photochemical-
Homogeneous

Methods

Non-Photochemical-
Heterogeneous

Processes

Photochemical-
Heterogeneous

Processes

• Ozonation in alkaline
media (O3/HO−)

• Ozonation with
hydrogen peroxide
(O3/H2O2)

• Fenton (Fe2+ or
Fe3+/H2O2)

• Electro-oxidation
• Electrohydraulic

discharge-ultrasound
• Wet air oxidation (WAO)
• Supercritical water

oxidation (SCWO)

• Photolysis of water in
vacuum ultraviolet
(VUV)

• UV/H2O2tyg,v =
• UV/O3
• UV/O3/H2O2
• Photo-Fenton Fe2+ or

Fe3+/H2O2/UV

• Catalytic wet air
oxidation (CWAO)

• Heterogeneous
photocatalysis: /UV,
SnO2/UV, TiO2/UV,
TiO2/H2O2/UV
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5.2. H2O2/UV Advanced Oxidation Process and Their Application in Petroleum
Refinery Wastewater

Hydrogen peroxide (H2O2) is a powerful oxidant among other oxidant types with
a standard reduction potential = 1.77 V that is used to decrease the small levels of con-
taminants that exist in wastewaters [74]. However, the specific utilization of H2O2 is not
effective in treating more compounds and mutinous substances with a low reaction rate.
The application of H2O2 is more successful when it performs in combination with other
components or sources of energy that are competent of separating it to produce HO•
radicals, which can behave as oxidizing factors [75]. Through UV radiation in wavelengths
>300 nm, hydrogen peroxide (H2O2) can decompose and create HO•, as demonstrated in
Equation (6).

H2O2
hv→ 2HO• (6)

H2O2 can also react with HO• and created transitional products in line with the
reaction, the method is explained easily by Equations (7)–(11) [76].

H2O2 + HO• → HO2
• + H2O (7)

H2O2 + HO2
• → HO• + H2O + O2 (8)

2HO• → H2O2 (9)

2HO2
• → H2O2 + O2 (10)

HO• + HO2
• → H2O2 + O2 (11)

The damage on organic composites occurs when HO• and hydroperoxyl (HO2•)
radicals are created. Nevertheless, the hydroperoxyl radicals have a smaller reduction
potential with a value of 1.7 V compared to hydroxyl radicals with a value of 2.8 V; as
a result, their production is not attractive to the method. Numerous researchers have
indicated that the increase in the first amount of H2O2 enhances the pollutants degradation
rate up to the highest value, after which, when they achieve very high H2O2 levels, they
start to decrease. Khan and coworkers (2020) ascribe this reduction in the H2O2/UV
process outputs to hydroxyl radicals reacting with additional H2O2 (Equation (7)), rather
than reacting by the organic substrates, resulting in the creation of the HO2•. The H2O2
photolysis is generally achieved using different mercury vapor lights (low or medium
pressure) with great intensity, which decreases the required quantity of H2O2. Almost 50%
of the energy expended is wasted in heat form or in emissions of wavelengths >185 nm,
which are noticed by the jacket made of quartz [77].

A cheaper and widely used alternative is the germicide lamp; though, the efficiency
is smaller as it radiates in a range from 210 to 240 nm, and H2O2 absorption achieves a
peak of 220 nm [78]. The application of the H2O2/UV process has different advantages
that can be ascribed to different facts, for example: the H2O2 reagent is completely solvable
in water, there is no restriction of mass transfer, it is an active supply of HO•, and there is
no necessity for a removal method after the treatment [79]. The operating pH should be
small (pH < 4) to void the impact of separating radical types, mainly ionic types such as
bicarbonate and carbonate ions, which results in improving the degradation rate.

The applications of H2O2 was evaluated in the existence and the nonappearance of
UV radiation, and in the degradation of petroleum refinery wastewater which is pretreated
using different separation processes such as coagulation and flotation, studying total
petroleum hydrocarbons (TPH), 1,2-dichloroethane (DCE), dichloromethane (DCM), and
MTBE [80]. It was remarked that UV emission did not substantially impact the compound
degradation, except for DCM which was highly stable compared to others. Overall, 83%
was eliminated with 11.76 nM of H2O2 in the existence of UV radiation. The studies
showed sluggish degradation of the TPH, which separated by 69% in the first 8 days of
testing. They found that the degradation of MTBE was identical to that of DCM, and
that total degradation occurred after 24 h. The application of the H2O2/UV process for
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the purification of oily wastewater from a lubricant production unit was analyzed by
Gilpavas et al. (2019). Chromatographic characterizations that were carried out in the study
indicated that most of the composites detected in the wastewater were separated with the
ending of the treatment, utilizing great amounts of H2O2. However, a decrease in just 40%
of preliminary wastewater COD was achieved, which is equivalent to around 9000 mg/L.
This was assigned to the creation of organic acids, generated because of the decomposition
of the organic compounds that exist in the wastewater, which are more renitent to photo-
degradation with H2O2. The influence of pH on the process was also evaluated and it was
found that, in an acidic condition of pH 3.5, there was a greater decrease in the wastewater
COD, in comparison to basic and neutral pH conditions [81]. The degradation of MTBE
was investigated by Neisi and coworkers (2018), and the gasoline was evaluated as one
of the highly popular pollutants in polluted underground waters. The H2O2/UV process
was evaluated at certain conditions, and the removal percentage of MTBE was found to
be more than 98%. A rise in the removal percentage was obtained with an increase in the
concentration of H2O2, after which the percentage began to drop [82]. This result was
assigned to the competitive reactions of H2O2 and HO•, presented in Equations (7)–(11).
A comparison between some studies applying H2O2 advanced oxidation-based process in
the treatment of different types of wastewater was illustrated in Table 4.

Table 4. Comparison between recent studies using H2O2 advanced oxidation-based process in wastewater treatment.

Process Type of
Wastewater (WW) Conditions Efficiency Comments and

Details Ref

TiO2/UV

Model: TPH
Benzene (Toluene

Phenol)
Naphthalene

[TiO2] 100 mg/L
pH 6.5 for 1 h

COD reduction
from 970 mg/L to

65 mg/L
= 93% removal at
90 min, 30 ◦C and

pH 3 using 100
mg/L

Higher
degradations rates
for with TiO2/UV

= 92%, 98.8%,
91.5%, and 93% for

B, T, P and N,
respectively.

Ihtisham et al. 2020

H2O2/UV Model [Phenol]
100 mg/L

(H2O2) 3060 mg/L
pH 9

99% phenol
removal in 60 min

H2O2/UV<O3/UV
0.081 min−1 <
0.0881 min−1

Alrousan et al.
2020

H2O2/UV Oil COD 9000 ±
500 mg/L

(H2O2) 3330 mg/L
pH 12

40% COD removal
in 150 min

Negative impact
on COD removal

at basic pH
GilPavas et al. 2019

H2O2/UV
Model:

[nonylphenol] 4.41
mg/L

(H2O2) 1.7–17
mg/L pH 11

To achieve 90% of
degradation

[H2O2] 1.7 mg/L
in 20 min

(H2O2) 3.4 mg/L
in 16 min

(H2O2) 8.5 mg/L
in 12 min

At pH 7 the time
needed was 3

times higher in all
concentrations

studied

Kaur et al. 2020

H2O2
H2O2/UV

Linear Alkyl
Benzene COD
300–350 mg/L

(H2O2) 340 mg/L
pH 9

H2O2: 27% COD
removal in 180 min

H2O2/UV: 36%
COD removal in

180 min

H2O2 (27%) <
O3/UV, H2O2/UV
(36%) < O3, (37%)

< H2O2/O3 (39%)<
H2O2/O3/UV

(42%)

Fernandes et al.
2019

H2O2/UV Model: MTBE 25
mg/L

(H2O2) 34 mg/L
pH 12

98% MTBE
removal in 60 min

H2O2/UV
(0.126 min−1) Neisi et al. 2018

Table 4 shows a comparison between recent studies for wastewater treatment using
H2O2 advanced oxidation-based processes at different conditions. The studies showed
the high efficiency of the H2O2-based advanced oxidation process in the degradation and
removal of different wastewater compounds, such as COD, TOC, MTBE, phenol, etc.,
from different wastewater types. The efficiency was found to be more than 90% for each
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wastewater that either utilized the hydrogen peroxide H2O2 alone or added in the existence
of ultraviolet (UV) light.

5.3. Fenton and Photo-Fenton Advanced Oxidation Processes and Their Application in Petroleum
Refinery Wastewater

Fenton’s chemical is a mixture of H2O2 and ferric ions found by Henry John Horstman
Fenton (1854–1929). In 1894, he stated that this mixture had great oxidizing potency in
an acid medium [83]. However, the use of Fenton’s chemical in oxidation procedures to
remove contaminated organic composites was reported by different researchers [84,85].
There is significant disagreement about the mechanism of reaction, including Fenton’s
reaction. The standard reaction of the Fenton process is taken by Haber and Weiss et al.
(1934), as mentioned by Zouanti et al. [86], which contains an aqueous integration of
hydrogen peroxide (H2O2) and ferrous ions (Fe2+) in an acidic medium, leading to H2O2
breaking into a hydroxyl ion and a hydroxyl radical, and the oxidation from Fe2+ to Fe3+,
as characterized by Equation (12) [87].

Fe2+ + H2O2 → Fe3+ + HO• + HO− (12)

The Fe2+ and Fe3+ types exhibited in an easy manner coincide with the [Fe(OH)(H2O)5]+

aqueous compounds, which, combined with H2O2, create the [Fe(OH)(H2O2)(H2O)4]+ and
[Fe(OH)(H2O)5]2+ composites, respectively, as stated by [88]. The Fe3+ created in Equa-
tion (12) are able to react with the H2O2 that exists in the medium, and can be decreased to
Fe2+ once more by producing the hydroperoxyl radical, according to Equation (13). This
reaction happens more sluggishly than reaction 12, as described by Kim et al. [89]. The Fe3+

ions also react with the HO2
• and are decreased to Fe+2, as indicated with Equation (14).

Fe3+ + H2O2 ↔ [Fe..OOH]2+ + H+ → Fe2+ + HO2
• (13)

Fe3+ + HO2
• → Fe2+ + O2 + H+ (14)

The preliminary rate of degradation employing Fe+3 is significantly smaller than that
utilizing Fe+2, as presented by Yuan et al. [90]. The standard pH in Fenton’s reaction
observed in several reports is 3 [91,92] and, consequently, can be considered the suitable
operational pH. At an extremely low pH (<2.5), the creation of compounds, for example
[Fe (H2O)6]2+, occurs. These react more sluggishly with H2O2 than [Fe (OH) (H2O)5]+,
generating a smaller volume of hydroxyl radicals and consequently reducing the efficiency
of the system [93]. In the case of basic pH conditions, the reaction between the iron and
hydroxide ions (HO−) produced the iron hydroxide (Fe (OH)2 or Fe (OH)3 which does not
react with H2O2, thus prohibiting the Fenton reaction. Hence, a change in pH is necessary
for wastewater treatment before the addition of Fenton reagents. Previously, it is crucial
to determine the ideal correlation between H2O2 ions and ferrous ions. Once the ferrous
ions were applied with higher concentrations more than hydrogen peroxide ions, the HO•
created by Equation (12) can react with additional ferrous ions following Equation (15),
and then reduce the raid of HO• on organic reacted material [94].

Fe2+ + HO• → Fe3+ + HO− (15)

Wang et al. (2019) noticed that, while the ratio of [Fe2+]/[H2O2] is 1:2 and has a greater
degradation rate, it is generally suggested to utilize a ratio of 1:5, which generates identical
findings and needs fewer reagents. In general, only the reaction of the Fenton process is
not able to depredate organic composites and mineralize them effectively. The reaction
of the Fenton method is efficient up to the instant where each Fe2+ that exists in the
reaction is reacted to Fe3+, hence disrupting the production of hydroxyl radicals and
subsequently degrading the organic compound [95]. Wang et al. [89] mentioned that one
of the parameters that have a great effect in disturbing the Fenton’s reaction under normal
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conditions with the degradation products Fe3+ ions can produce steady organic composites,
specifically the organic acids existing in the reaction [91], as revealed by Equation (16).

Fe3+ + RCO2
2+ → Fe3+ (RCO2)

2+ (16)

While Fenton’s reaction has been extensively reviewed and has presented great results
in the wastewater treatment process, the reaction of Fenton was identified as a strong
means to reduce organic composites when UV radiation is applied to the system. This was
accomplished in the initial 1990s when used for treating wastewaters that include polluted
carbon-based contaminants. It has acted as an initial step for different researchers associated
with the use of the photo-Fenton method [96,97]. It has observed that UV irradiation greatly
increases the organic contaminants degradation rate from Fenton’s chemical, which has the
feature of being susceptible to UV-Vis emission for wavelengths over 300 nm. Below these
situations, the Fe3+ compounds photolysis allows the existence of Fenton’s reaction and
the Fe2+ to be reused many times if H2O2 is presented. Clarizia et al. [98] stated that, in a
pH range from 2.5 to 5, the ferric compound Fe(OH)2+ is the main type in the photo-Fenton
method, a shortened form of demonstrating the aqueous composite Fe(OH) (H2O5)2+.
The photolysis of this compound at wavelengths less than 410 nm is found to be the major
HO• radical source (Equation (17)) [98]. Additional photoreactive classes also exist in the
medium of the reaction, for example Fe2(OH2)4+ and Fe (OH)2

+, which could lead to the
creation of hydroxyl radicals [99].

Fe (OH)2+ hv→ Fe2+ + HO• (17)

The regeneration of Fe2+ can also happen with the produced compounds photolysis
(Equation (16)) from Fe3+ and the organic compounds created in the degradation method,
as demonstrated by Equation (18) [89].

Fe3+ + RCO2
2+ hv→ Fe2+ + CO2 + R• (18)

Hence, the ferrous ions reformed by Equations (17) and (18) can react once again
with the H2O2 in solution (Equation (12)) to produce more hydroxyl radicals, forming a
photocatalytic cycle in the Fe2+/Fe3+ system. The utilization of radiation considerably
lowers the essential number of ferrous ions, in comparison to the dim Fenton reaction
(lack of light). The number of ferrous ions applied in the Fenton’s reaction must be reduced
to attain good efficiency, because adding high concentrations of ferrous ions rises the opacity
of the solution, prohibiting the radiation diffusion and the Fe2+ production when oxidized
to Fe3+. As a result, the rate of degradation is reduced [100]. It is also found that the
elevated intensity of light dispersion and the strong connection between the contaminant
and the oxidizing factor act as benefits of the photo-Fenton method because it is a consistent
method [101,102]. Figure 2 shows the reaction mechanism for the photo-Fenton process.
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The drawbacks of the Fenton and photo-Fenton processes are related to need for
pH values which are too small (usually less than 2) and the need to eliminate the iron
after reaction [103]. The solution pH in Fenton and photo-Fenton processes should be
shifted to protect the catalyst stability, as at pH 6 iron hydroxide is normally generated.
For various materials, the proper pH for the Fenton reaction is between 2.8 and 3, and the
ideal ratio between catalyst and peroxide is generally 1: 5 wt/wt. At an operational pH
of >3 (acidic pH), the decomposition rate declines as a result of the reduction in free iron
types in the solution, possibly owing to the creation of Fe(II) complexes with the barrier
hindering the production of free radicals. At pH greater than 3, Fe3+ begins precipitating
as ferric oxyhydroxides and breaks down the H2O2 into O2 and H2O [104], consequently
decreasing the production of ferrous ions. Moreover, the •OH radical oxidation potential
is known to reduce with a rise in pH [105]. Nevertheless, at low pH (pH = 2.5), the
creation of Fe(II) (H2O)2+ happens, which reacts more slowly with hydrogen peroxide,
generating a reduced volume of reactive hydroxyl radicals and consequently decreasing the
degradation efficiency [75]. The main drawbacks for Fenton and photo-Fenton processes
are summarized in Figure 3.
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As stated by Rajala et al., [106] iron separation could not be required if it is applied
with amounts under the removal range determined by regulation. It is crucial to have the
previous familiarity of the original wastewater’s physical and chemical features (untreated
wastewater). Using this method, since some materials or inorganic ions for example Cl−,
(SO4)2−, [(H2PO4)−/(HPO4)2−] exist in the wastewater or are added as reagents such as
(FeSO4, FeCl3, HCl, H2SO4), may negatively affect the Fenton and photo-Fenton system
reaction mechanism, thus hindering the degradation method [107]. The main reason for
this is the scavenging effect of these ion (Fe2+ or Fe3+ or any other inorganic ions) to OH•

radicals. It was highlighted that these reactions with OH• could create new radicals such
as (Cl•−, Cl2•− and SO4

•−), which are of lo oxidation potential [108].
Owing to the existence of Cl• − ions in the reaction, the production of Cl2• − radical

anions can be evaded by monitoring the pH throughout the reaction time at a value of 3,
which indicates that the degradation process of organic substrate thru the photo-Fenton
method aid in the formation of the acid consequently reduces the pH. This happens due
to pH reduction (smaller than 2.5) in the existence of Cl• − ions, resulting in more severe
production of ferric chloride compounds (FeCl2+ and FeCl2+). These components also
endure photolysis, thus reducing the volume of Fe (OH)+2, which is the major supply of
OH• in the photo-Fenton method. Furthermore the creation of the Cl2• − radical anion can
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react with Fe2+ (reacting to Fe3+ with no production of OH•) and the organic substrate.
One of the major benefits of utilizing the photo-Fenton method in comparison to the
other oxidation methods is the application of solar radiation in its reaction process [109].
The existence of oxalate ions (C2O4)2− and the Fe3+ present in the reaction medium can
produce the [Fe(C2O4)]+ compound (Equation (19)) with light absorption at wavelengths
lower than 570 nm [110,111]. The solar photoreactor setup is shown in Figure 4 by Pourehie
and Saien [111].
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(8) and dynamic Jack. (b). The surface of the solar reactor; (1) quartz tubes, (2) parabolic polished
aluminum reflector sheets, (3) Wind crossing paths, and (4) light sensor (Reprinted with permission
from ref. [111]. Copyright 2020 Elsevier).

2[Fe(C2O4)]
+ hv→ 2Fe2+ + C2O4

2− + 2CO2 (19)

The ability to utilize solar radiation represents massive conservation from the energetic
perspective, given that there is no necessity to utilize lamps. The progress of pilot plants
for treating the wastewater that utilizes solar reactors used to the AOPs has been one of the
major aims of study in the field [13,103].

The application of Fenton and photo-Fenton processes in the wastewater treatment
process was studied by Giwa et al. [102] who use ferrioxalate as an iron source to analyze
and reduce various wastewaters components, including BTEX and pentachlorophenol.
Applying the photo-Fenton method has contrasted with additional photodegradation
methods. Depending on the utilization of energy, the outcomes revealed that the method
was above 30 times more effective than the UV/H2O2 and UV/Fe2+/H2O2 methods.
Therefore, the authors determined that the method utilizing ferrioxalate needs less electric
energy compared to the UV/H2O2 process, leading to a decrease in the treatment costs.

The photo-Fenton method was applied to reduce the existing hydrocarbons in the
produced wastewater synthesized using gasoline oil to mimic the water generated from oil
industries in oil production fields that include dissolved salts with great amounts. It was
noticed that the existence of NaCl (salts) prohibit the total degradation of contaminants.
This was attained in the assessments without adding any amount of salt to the prepared
wastewater [112]. The researchers assigned this impact to Fe3+ ions that reacted with Cl−

ions producing FeCl2+ composites, which, in the existence of UV radiation, can provide an
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increase to Cl2• − radicals with smaller oxidation potential compared to HO• radicals, thus
decreasing the productivity of the method. Fenton and photo-Fenton methods oxidation
potential were examined to reduce different contaminants in the solution, including BTX
and water polluted with gasoline including ethanol with a percentage of 25%. The degrada-
tion of prompt BTX composites was noted, along with the creation of transitional phenolic
complexes in the primary reaction times that were degraded with 30 min of reaction.
About 75% of total hydrocarbons introduced in gasoline-polluted water were removed
and degraded, and the BTX composites were eliminated in the initial reaction mins (when
phenolic composites were produced), after which they degraded sluggishly [113].

The impact of the photo-Fenton process in degrading phenol composites was exam-
ined by Brillas et al. 2020, which is an extremely popular contaminant in petrochemical
production utilizing black light fluorescent lights as a source of UV-A emission. These
are not expensive and are more efficient from the energy use perspective in comparison
to medium-pressure mercury vapor lights. The effectiveness of black light fluorescent
lamps was verified when compared to the degradation of phenol applying dark Fenton
and photo-Fenton methods. The rate of degradation was twice as high when applying
the photo-Fenton method. The degradation rate of phenol improved when the intensity
of the radiation emission source increased, due to the increase in Fe2+ ion production
(Equation (17)) [114]. Thus, this then increased the number of HO• radicals that were
produced. These studies showed that the analysis of this factor is crucial as it facilitates
the construction of the reactor that utilizes lamps as a source of UV radiation, which is
essential for continuous wastewater treatment. This cannot be achieved by solar reactors
only, which indicates that they are just used in cases of sunlight availability.

The application of the photo-Fenton method for the treatment of wastewater including
diesel oil was examined by Hassan and his colleagues (2020). They performed research
to enhance the number of chemicals utilized and to attain high degradation rates using a
lesser number of chemicals. It was found that, by utilizing a small concentration of 0.1 mM
Fe2+ ion, the rate of degradation of the organic composites existing in the wastewater was
90% classified as total organic carbon (TOC) [115]. The photo-Fenton method needs to be
efficient from the commercial approach below these operating conditions, as it does not
need successive treatment to eliminate the remaining iron. Besides, the degraded acid that
exists in the wastewater from oil processing plants includes emulsified oil and a sequence
of small-biodegradability micro contaminants, for example sulfides, phenols, ammonia,
and mercaptans using different advanced oxidation process (AOP) methods.

Among the methods studied, Fenton and photo-Fenton achieved the most significant
findings. The reaction of the dark Fenton process was applied until reaction stagnation with
a separation efficiency for initial dissolved organic carbon (DOC) of only 27%, supported
with the photo-Fenton method using UV radiation. The use of both methods together
utilized constantly decreased the preliminary amount of DOC with a high percentage (more
than 90%). The BTEX contaminants existing in the initial wastewater were eliminated to
non-measurable amounts. The studies confirmed that the two methods were effective in
eliminating contaminants from wastewater, but by utilizing high amounts of chemicals.
They confirm that there is a need for optimizing the processes to decrease the number of
chemicals used and thus increasing the efficiency of the process [116].

The productivity of Fenton chemicals in mineralizing organic complexes existing in
water polluted with crude oil was also examined. The process was evaluated by observing
the H2O2 using spectrophotometric analysis and via the CO2 titrimetric quantification
which allowed researchers to determine the level of mineralized TOC. These assessments
indicated a 75% decrease in the initial TOC volume of water polluted by petroleum oil [117].
The efficiencies of the Fenton and photo-Fenton methods in the treatment of petroleum
wastewater are summarized in Table 5.
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Table 5 shows the efficiencies of the Fenton and photo-Fenton process in the treatment
of petroleum refinery wastewater and the separation of different contaminates including
TOC and COD compounds. The studies showed that, at different conditions including the
pH, reaction time, and H2O2 concentration, Fe+2 concentrations under both processes were
effective in eliminating contaminants from the wastewater but utilizing high amounts of
reagents.

5.4. Ozone Based AOPs and Their Application in Petroleum Wastewater Treatment

The use of ozone (O3) has been extensively applied to eliminate undesirable organic
pollutants in both purification of drinking water and wastewater treatment [118]. Ozone
(O3) is a selective oxidant that reacts with electron-rich organic compounds at a high reac-
tion rate constant (kO3, pH7 > 105 M−1 s−1) [119,120]. Hydroxyl radical (OH•) produced
from the consumption of O3 is a nonselective oxidant, which quickly reacts with several
organic composites at closely controlled rates of diffusion [121].

The creation of radicals, for example the superoxide radical (O2−•) and hydroxyl
radical (HO•), happens when ozone is combined with water, via a complicated series
of reactions. The ozone degeneration rate in water is improved at a greater pH [122].
The reaction integration with HO• and molecular ozone produces the oxidation of the
organic compound.

3O3 + OH− + H+ → 2HO• + 4O2 (20)

The ozone decomposition cycle can be improved by adding hydrogen peroxide (H2O2)
to cause the creation of HO• [123]. H2O2, to some extent, separates in water to generate
the hydroperoxide ion. These HO2- ions react with the O3, promptly generating the HO•.
In brief, the reactions integration results in the next equation:

2O3 + H2O2 → 2HO• + 3O2 (21)

Different parameters determine the performance of the process including the contact
time, water alkalinity, and ozone concentrations. By presenting hydrogen peroxide (H2O2)
when the highly reactive materials oxidized with O3, it improves the degradation rate.
The ozonation method using H2O2/O3 systems was found to be the greatest proper
AOP method in the purification of water in comparison to other technologies of AOPs.
Therefore, there is a discipline-verified operation history in the application of H2O2/O3
techniques. Another approach to accelerate ozonation is by utilizing catalysts (homogenous
or heterogeneous). Research has been conducted with several metal ions, and metal oxides
have demonstrated considerable variations in decomposition, but just in certain situations.
The amount of ozone in the inlet gas and the ozone process time have been deemed as
major parameters to develop the degradation rate. The research of oxidation has been
conducted on numerous organic pollutants utilizing TiO2, Fe2O3, Mn2+, MnO2, Fe2+, and
Fe3+. The system of ozone/catalyst was found to be more efficient for the COD and
TOC reduction, and ozone oxidation only at a high pH [124]. In the tests conducted
with [125,126], it was noticed that the chemical decomposition is successfully enhanced
with the synergistic impact of photocatalytic reactions happening on TiO2-photocatalyst.
The experimental setup of the photoreactor is shown in Figure 5 [126].
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The ozone process can also be improved through the decomposition of ozone with
direct absorption via UV radiation (λ = 254 nm) which produces H2O2 as a transitional
and then decomposes to HO• radicals. The reactions shown in Equations (22) and (23)
demonstrate the photolysis of ozone to produce H2O2, which leads to the creation of a
very reactive HO• radical [127]. Though numerous oxidation methods can damage and
eliminate organic pollutants, HO• is the main separation method.

O3 + H2O + hυ→ O2 + H2O2 at (hυ : λ < 300 nm) (22)

2O3 + H2O2 → 2HO• + 3O2 (23)

This technique includes all the mechanisms of organic degradation via O3/UV,
H2O2/O3 and H2O2/UV, O3/Fenton, catalytic ozonation (O3/Metal oxide), and photocat-
alytic ozonation, etc. [125]. The detailed steps of the mechanism of organic degradation of
wastewater contaminants through O3/UV are described in Figure 6. It is more efficient
to separate organic materials than applying UV or O3 separately, and it is an additional
effective means of producing HO• in comparison to the UV/H2O2 technique at the same
oxidant dosages [128,129]. However, this procedure is costly and energy-intensive [130].
Moreover, ozone techniques have the possibility to create bromate [131,132]. Inhibiting
composites can influence the absorption of UV radiation, therefore decreasing the effec-
tiveness of the method. Nevertheless, this difficulty will be lessened by increasing the
ratio between the H2O2 and O3, decreasing the pH, or increasing the hydroxyl radical
amount [133,134]. In addition, it is found that the absorption of UV radiation by O3 was
affected by the turbidity. The ozone production energy costs are the major operating
expenses for this procedure. The existence of carbonate or bicarbonate may behave as
hunters of the hydroxyl radical in normal structures which is an additional problem of
these methods [135]. The usage of AOPs with ozone has more industrial uses in water
treatment in comparison to all other AOPs. The method of ozone has been utilized to
handle the petroleum refineries wastewater pollution.

A study conducted by [136] on the biochemical wastewater sewage treatment plant
uses a combination of O3/UV advanced oxidation process. The authors showed that
the major parameters affecting the efficiency of the UV/O3 process were the efficient
O3 distribution means, monitoring of the comparative pressure in the reactor, the ratio
of ozone added, and UV radiation intensity. Cruz and his workers named the ozone
concentration that consumes reactions with the initiator’s composites as the ozone dose
line, beyond which the addition of H2O2 rises the rate of HO• production. The authors
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noticed that, in the case of H2O2 addition, ozonation does not have much effect on the
exposure of HO• until the concentrations become more than the threshold ozone dosages
used [137,138]. It was noted that the usage of a homogeneous reactor allows the quick and
high formation of the radical species directly in the bulk liquid without any movement and
mass transfer limits in comparison to a classical gas–liquid reactor, whereby the oxidation
of the contaminants through hydroxyl radicals could be restricted via their transportation
from the liquid phase to the interface as these radicals are extensively reactive and do
not disperse in the solution [139]. The study carried out by Meshref et al. [140] on the
identification and monitoring of the volatile organic compounds (VOCs) presents that
the effluent’s wastewater showed 43% and 34% of COD and BOD reduction, respectively,
resulting in an effective AOP process for VOCs degradation [141]. It also showed that, at
certain ozone concentrations between 0.5–1.5 mg O3/mg dissolved organic carbon, the
efficiencies of removing the contaminants increased up to ~14–18% in groundwater, above
6–10% in surface water, and insignificantly in secondary effluent through the O3/H2O2
treatment in comparison to the conventional ozonation method.
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6. Integrated AOP Processes

In recent years, AOP methods have been extensively used for the treatment of
petroleum wastewater applying different types of AOP methods. A combination of AOPs
methods and additional conventional methods for wastewater treatment have been con-
firmed to be more efficient for the treatment of contaminated industrial wastewater sources
efficiently. The selection means of these methods rely on the waste stream properties,
environmental policies, and the cost.

AOPs were integrated with biological methods and other different processes to in-
crease the efficiency of the AOP process in the degradation and separation of contaminants.
Biological treatment methods include the decomposition of every residual oil, the degra-
dation of organic composites, the breaking of organic contaminants, the removal of trace
metals and nutrients, etc. [4,142]. Various methods of biological treatment have been
effective in treating petroleum refinery wastewater. Between them, the activated sludge
process (ASP) is the most biological of treatment methods used [143]. Ebrahimi et al. and
Jain et al. [31,144] noticed a COD separation effectiveness ranging from 70–80% through
the treatment of petroleum refinery wastewater utilizing ASP integrated with the AOP
methods. A comparatively greater COD separation efficiency of 96% was achieved by
Mirbagheri et al. [145], which was reported for the great synthetic aeration generated in
the method. The integration of binary or extra-biological methods or the combination of
the biological method with membrane-based AOP techniques were also found to be an
efficient method for wastewater treatment. The study carried out by [146] combined an ex-
panded granular sludge bed bioreactor (EGSB-BR) with an ASP-based AOP for petroleum
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wastewater treatment, with a COD of 4600–5300 mg/L, which achieved a decrease in COD
of 85% after a 62.8 h retention time. An application of biological-AOP was carried out by
Razavi et al. [147], utilizing hollow fiber membrane bioreactors (HF-MBR) for the treatment
of refinery effluent and attaining a COD separation of 82% after a 36 h retention time.
The research reported by El-Naas et al. [148] utilized the anaerobic baffled reactor (ABR)
for the treatment of produced water including heavy oil by applying a biological-based
advanced oxidation process. The removal efficiency of 65% and 88% were then attained
for heavy oil and oil and grease, respectively. The study reported by [149] examined the
feasibility of combined electrocoagulation and membrane process. The combination of
electrocoagulation and membrane filtration methods was used with integrated intelligent
automation and process optimization in the structure of a mobile treatment platform
(Figure 7). Up to 95% of oil, TOC, COD, TSS, and turbidity in produced water could be
removed. The system could also effectively remove about 90% of ions, including chloride,
sulfate, sodium, calcium, manganese, etc.
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(2) reaction/sedimentation equipment; (3) UF membrane unit; (4) controller; (5) RO unit; (6) trailer
platform; (7) pressure filter (Reprinted with permission from ref. [147]. Copyright 2017 Elsevier).

However, most of these procedures generate a huge quantity of sludge, trained staff,
and frequent maintenance. Certain methods also require extremely high hydraulic retention
time (HRT), which is an essential drawback to the Bio-AOP techniques.

Another integrated advanced oxidation process was reported by [150]. They joined
photo-bioreactors (PBR) with conventional oxic/anoxic methods for the treatment of petro-
chemical wastewater with an insignificant COD concentration of 312.8 mg/L and attained
a separation rate of 71% using an electrocoagulation-based AOP method. A high concentra-
tion of petrochemical water with COD values in the range 3600–5300 mg/L was reduced
and a separation rate of 97% was achieved in a spouted bed bioreactor (SBBR) with a
packed activated carbon treatment (PACT) and an electrocoagulation cell (EC). There are
several studies in integrating other AOPs, for example integration of photocatalysis and
ultrasound [151], ozonation and ultrasound integration [152], the integration of Fenton,
and photo-Fenton processes with ultrasound [153]. Fernandes et al. [151] showed that the
integration of photocatalytic and electrochemical processes achieved a high degradation
rate compared to the photocatalytic AOP process alone. The major factor in the integration
methods to assess the efficiency of the system is the synergetic impact. The synergetic
impact is a factor that indicates the development in the degradation of organic compounds
below the integrated process. In general, the studies found that the integration of ad-
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vanced oxidation technology with other methods is simple, effective, and economic for
the treatment of wastewater, except when employing biological methods. The biological
process is uncommon due to the creation of hydroxyl radicals throughout the AOPs which
can negatively affect the biomass. Furthermore, the existence of H2O2 is also toxic to
microorganisms. Consequently, it is better to utilize the integrated procedure in the AOP
part to improve biodegradability and oxidation in a short time.

AOP-bioremediation is a new type of integrated method applied for industrial wastew-
ater to separate micropollutants. The AOP-bioremediation integrated process concentrates
on the treatment of petroleum industrial wastewater including bio-resistant pollutants.
The combined two-step process has been studied, partially owing to the capability of AOPs
for the degradation of these toxic pollutants to biodegradable compounds [103]. However,
the recent literature from the last two years has indicated that the feasible application of the
integrated process might be difficult, owing to the variety of potential effluent properties,
operating conditions, and design structures. Consequently, the integrated process of AOPs
with bioremediation has been recently studied for wastewater treatment [154].

AOP methods were also combined with the membrane (membrane-based AOP) as an
innovative technique for the degradation of pollutants in the wastewater. This method is
strongly related to the photocatalytic process which utilizes semiconductor catalysts [155,156].
A membrane gives an extra advantage of filtration. [157] This explains the mechanism of the
process where the nanoparticle catalysts are inserted and dispersed in the reactor suspension in
the form of soluble particles, and where the membrane performs as a barrier for the photocat-
alyst particles, i.e., the particles are settled inside or on membrane surface. The combination
of photocatalyst nanoparticles is predictable to develop the quality of the permeate via the
reduction oxidation process which generated active radicals to degrade the pollutants.

7. Knowledge Gaps and Future Perspectives

Hydrocarbon existing in petroleum are categorized as important contaminants. The con-
taminants which are introduced in wastewater of the petroleum industry can be efficiently
removed by utilizing various techniques. Studies on the review of new techniques with the
least environmental and economic impact showed that it is a research focus field. This re-
view concentrates on reviewing AOP methods applied for petroleum wastewater treatment
produced with the activities of the petroleum industry. The wastewater produced by the
petroleum industry includes several harmful materials, for example xylene, toluene, ethyl-
benzene, benzene, phenols, polycyclic aromatic hydrocarbons (PAHs), etc. It is extremely
challenging to immediately separate the contaminants through applying a single technique,
especially biological treatment, which is deemed as a green method. Therefore, advanced
oxidation process treatments in integration with other treatment techniques are needed.
It has been described that the combination of different methods could provide greater
outcomes more than a single process utilized for oily wastewater treatment. However, un-
derstanding the concept of technology combination is still at its initial stages which require
to be investigated by scientists. The latest improvements in the process are mainly more
costly, and need maintenance and long time. Future techniques require simple operation
techniques which are appropriate for the petroleum industry and other different industries.
A massive volume of solid and liquid waste is generated, owing to the activities of the
petroleum industry. Controlling and treating the produced waste is currently a significant
problem in any country. Owing to the increase in wastewater production, appropriate
removal, treatment, and recycling are presenting extra problems, as treatment and disposal
are extremely expensive. In addition, waste recovery is developing as a focus research field
since it presents sustainability of the environment and social possibilities. Several studies
are concentrating on the recovery of several supplies produced by human activities, for
example energy, bio-products, metals, and oil from wastewater. Significant pollutants are
introduced in petroleum industrial wastewaters, which can be considered as resources
after recovery. Effective resource recovery and recycle can generate green life, while, on
the other hand, it can help in developing economy through decreasing waste and enhance

49



Catalysts 2021, 11, 782

environmental health and recovery cost. Consequently, there is a necessity to recover and
recycle the produced waste from petroleum industry activities in an effective way. Viable
treatment methods to generate less contaminated products generate a new approach for
the sustainability of the environment and economy. To enhance the development of the
petroleum wastewater industry, there is a necessity to create sustainable techniques such
as AOP processes. The development of AOP methods can open up new chances for the
market and attain effective application of resources.

Moreover, these technologies are favorable and valuable methods where toxic com-
pounds are efficiently degraded and separated from the wastewater. Therefore, these
methods were assessed at a pilot scale. Different combination with other types of studied
AOP were studied at highly recyclable catalysts to evaluate the treatment efficiency of the
wastewater before discharged with no hazardous impacts to the environment. In addition
to the future studies on this method at pilot scale treatment unit, the studies must also
contain the application of accessible AOPs based on modified catalysts, for example tita-
nium dioxide, with an improvement in the process efficiency in visible light, following that
a remarkable decrease in the process costs related to the energy consumption. However,
the difference between the catalyst costs (modified catalysts) and energy costs for other
types of AOP methods stays a wide-open case. AOP methods give a green, economic, and
efficient methodology for the deep degradation of contaminants from petroleum refinery
wastewater. Other future research viewpoints would be targeted near the use of some
combined methods with AOP methods, such as fluidized-bed Fenton, fixed bed Fenton pro-
cesses, etc., which study the competence of electro-Fenton processes for treating petroleum
wastewater and identify the reaction kinetics and mechanisms that utilize newly developed
catalysts as an effort to enhance the total oxidation productivity.

8. Conclusions

Petroleum wastewaters can be handled via the oxidation of chemical and biological
treatment methods. There are various harmful components introduced in wastewater
produced through the petroleum industry activities. An effective treatment approach
should be designed to consider the environment and human health. AOP is one of the
techniques which is getting a lot of worldwide concern for cleaning petroleum contaminants
such as hydrocarbons. Nevertheless, the combination of different methods provide greater
findings more than a single procedure utilized for the treatment of wastewater. The present
wastewater treatment methods were concentrated to eliminate the contaminants from
wastewaters to match the wastewater release criteria. To settle the risks related to the
components of petroleum, an appropriate technique that handles the waste and removes
those contaminants from wastewater would be a favorable choice. Recent studies related to
the application of advanced oxidation processes (AOPs) in petroleum wastewater treatment
that use the latest advanced oxidation types either separately or by combination with
revere to wastewater characteristics for generating non-toxic by-products were presented.
A highly comprehensive literature review was presented for comparing the different
AOP technologies described in this review, and a discussion about their advantages and
disadvantages was also highlighted.
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Abbreviation

AOP Advanced oxidation process
BTEX Benzene, Toluene, Ethylbenzene Xylene
RFCC Residual Fluid Catalytic Cracking
UV Ultraviolet
BOD Biological oxygen demand
COD Chemical oxygen demand
PAHs Polycyclic aromatic hydrocarbons
SBBR Spouted bed bioreactor
PACT Packed activated carbon
EC Electrocoagulation cell
ABR Anaerobic baffled reactor
ASP Activated Sludge Process
HF-MBR Hollow fiber membrane bioreactors
PBR Photo-bioreactors
EGSB-BR Expanded granular sludge bed bioreactor
VOCs Volatile Organic Compounds
TOC Total organic carbon
O3 Ozone
OH• Hydroxyl radical
O2−• Superoxide radical
H2O2 Hydrogen peroxide
MnO2 Manganese dioxide
Fe2O3 Iron III oxide
TiO2 Titanium dioxide
Fe2+ Ferrous iron
Fe3+ Ferric iron
Mn2+ Manganese
Min Minute
ppm Part per million
Ref Reference
DOC Dissolved Organic Compounds
C2O4

2− Oxalate ions
MTBE Methyl tert-butyl ether
mg/L milligram/litter
g/l gram/litter
TPH Total petroleum hydrocarbon
Ppb Parts per billion
E0 Oxidation potential
CHR Chrysene
BbF Benzo[b]fluoranthene
USEPA United States Environmental Protection Agency
VFA Volatile fatty acids
TDS Total dissolved solids
TSS Total suspended solids
DO Dissolved oxygen
HEM Hexane Extractable Material
MBAS Methylene Blue Active Substance
API American Petroleum Institute
O & G oil and grease
hr hour
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Abstract: Dyes, antibiotics, heavy metal ions, and bacteria are important sources of water pollution.
How to solve these issues has become a problem in the fields of science and technology. People
have developed a variety of technologies to treat pollutants in water. Photocatalytic technology
came into being. As a simple and environmentally friendly treatment technology, it has been widely
studied by the scientific community. Traditional powder photocatalysts cause secondary pollution
to the environment and are not conducive to recycling. Therefore, large specific surface area and
reusable membrane photocatalysts built by electrospinning technology have become a favorite of
today’s scientific community. Nanofiber membranes prepared by electrospinning technology have a
variety of structures, which can meet the needs of different occasions. This review summarizes and
discusses research progress in electrospinning technology, the relationship between the structure and
treatment of electrospun fiber membranes, and their impacts on the photocatalytic performance of
nanofiber membranes. The performance, challenges, and future development directions of nanofiber
membranes with different structures, prepared by different kinds of electrospinning techniques using
photocatalysis to treat different pollutants, are reviewed.

Keywords: electrospinning technology; photocatalytic technology; polluted water; nanofibers;
nanostructures; composites

1. Introduction

With the development of global industrialization and the rapid growth in population,
the problem of environmental pollution has become increasingly prominent. The environ-
ment is heavily threatened by poisonous and dangerous contaminants, which pose a severe
threat to human existence and growth [1]. Water contamination has become a significant
contributor to declining public health. Wastewater from a variety of sources, including
landfill leachate, domestic sewage, hospital sewage, industrial, and agricultural sewage
discharge, among others, may infiltrate surface water and groundwater environments
directly or indirectly [2,3]. How to solve these problems has become a primary considera-
tion for socially sustainable development. Conventional treatment technologies include
physical, chemical, and biological technologies [4–6]. However, some pollutants in water
have stable chemical properties and strong toxicity, and these treatment technologies can
not completely treat them, instead converting them into another form of pollutant [7]. Thus,
it is problematic to use these technologies for treatment.

Therefore, photocatalytic technology came into being. Photocatalytic technology [8,9]
is the preferred option in water treatment due to its benefits of low energy consumption,
gentle reaction conditions, and non–toxicity products. Under certain conditions, pollutants
that are difficult to treat by ordinary methods and have strong toxicity can be oxidized
by high reactivity hydroxyl radicals (•OH), superoxide radicals (•O2

−), and holes (h+),

58



Catalysts 2023, 13, 758

with oxidation to CO2, H2O, and other inorganic substances or small molecular substances
with low toxicity and easy degradation [10]. There are two conditions for generating a
photocatalytic reaction: (1) illumination and excitation from various energy sources; (2) the
material contains semiconductor photocatalysts. When a semiconductor photocatalyst is
excited by an energy source, electrons on the valence band of the semiconductor are excited
to the conduction band, leaving holes on the valence band. The formed electrons and
holes react with water molecules and oxygen to generate active radicals, which can react
with pollutants in water, ultimately forming non–toxic products, such as water and carbon
dioxide [11]. Although photocatalysis has developed rapidly in recent years, few photo-
catalysts stand out in real–world applications due to their weak photocatalytic efficiency
and recycling durability. The majority of photocatalysts are available as powders [12,13].
Powder photocatalysts not only lump readily, losing the activity centers, but are also diffi-
cult to separate and recycle from water. Most significantly, if the photocatalyst has not yet
fully reacted, the toxicity of the photocatalyst and other pollutants will also be greater. In
addition, powdered photocatalysts are prone to aggregation, and may quickly and readily
cause health hazards by entering the body through the respiratory system.

In order to overcome the shortcomings of powder photocatalysts, many carriers have
been developed to immobilize powder photocatalysts, including photocatalytic mem-
branes [14]. The photocatalytic membranes can improve the recycle photocatalytic rate and
reduce the toxicity of powder photocatalysts. Most importantly, loading photocatalysts
onto electrospun NF membranes provides new solutions for photocatalytic technology to
degrade pollutants in wastewater. Due to the load, large specific surface area, and high
porosity of electrospun NFs, they can stabilize the material structure, provide more reactive
sites, and improve the separation efficiency of photogenerated carriers. Photocatalytic mem-
branes, such as polyacrylonitrile (PAN) [15], cellulose acetate (CA) [16], and poly(vinylidene
fluoride) (PVDF) [17] membranes have been prepared to degrade pollutants. However,
traditional photocatalytic membranes are obtained by coating or mixing photocatalysts in
the membrane and then pouring [18] or spin coating [19]. Compared to powder photocata-
lysts, these technologies can severely limit the efficiency of photocatalytic membranes; the
photocatalysts coated on the surface of the membranes can exhibit aggregation, which can
significantly reduce the photocatalytic efficiency [20]. After several cycles, the photocatalyst
on the surface is prone to fall off due to poor adhesion. The photocatalyst doped in the
photocatalyst membrane is trapped inside the membrane, resulting in a decrease in the
degradation efficiency of the photocatalyst. Membrane carrier materials may age under the
action of light and degrade, which can decrease the mechanical stability of the material.
Powdered photocatalysts in the membrane are also prone to agglomerate, resulting in pore
clogging of the membrane, which not only reduces the separation efficiency of electrons and
holes but also reduces the active sites of the photocatalytic reaction. Therefore, it is crucial
to develop a new type of photocatalyst. Photocatalytic membranes [21,22] are regarded
as a vital avenue for innovation and sustainable development since they are effective and
simple to recover. In addition, compared with powder materials, membranes are easier to
recover and have a stable structure, suggesting great potential in the treatment of pollutants
in water using photocatalytic technology.

Electrospinning technology [23–25] is a simple and convenient technology to prepare
membrane materials. Membrane materials prepared by electrospinning technology [26–28]
retain the stability of the material structure after treatment. These materials are widely
used in various fields, such as environmental remediation, food preservation, drug release,
multifunctional materials, hydrogen evolution reaction performance, electronic devices,
etc., [1,29–36]. Due to their high surface area and ease of retrieval, which are favorable
to the photocatalytic activities required to remove pollutants from water, nanofibrous
structures have significant potential for this task. Electrospinning is a potent technique
for different morphologies and structure fibers [16,20,31] that are appropriate for use in
tissue engineering, biological materials, and air and water filters. The nonwoven nature
of the nanofibers (NFs), in particular, makes it easier to remove contaminants from water
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effectively. This research area is very active, with an increasing number of scientific articles
published each year (Figure 1). In 1997, Martin et al. initially proposed electrospun NFs for
the photocatalytic degradation of pollutants [37]. Then, the first research on electrospun
NFs for photocatalytic degradation of pollutants appeared in 2003 [38], and research on
electrospun NFs has increased year by year (Figure 1). Uniaxial nanofiber (NF) membranes,
porous NF membranes, coaxial NF membranes, Janus NF membranes, and multi–fluid
electrospun fiber membranes gradually appeared [20]. Uniaxial NFs have the advantage of
simple preparation and are widely used for the photocatalytic degradation of pollutants
in water. However, due to the difficulties associated with the electrospinning of poly-
mers, solvents, and photocatalysts, the mechanical properties and structure, and the easy
combination of e− and h+ of uniaxial NFs, multi–fluid electrospinning came into being.
Nanofiber membranes with special structures prepared by multi–fluid electrospinning
can solve the above problems. Importantly, electrospun nanofiber membranes with dif-
ferent morphology and structure prepared by electrospinning technology have a good
photocatalytic effect. The mechanical properties are also improved compared with uniaxial
electrospun fiber membranes. Multi–fluid electrospinning technology [1,16,20,39] can be
compatible with polymers with different properties, it can be used to prepare the NF
membranes with stronger photocatalytic performance, better mechanical properties, higher
secondary recovery. The aim of this review is to introduce progress in research relating to
electrospinning technology and the use of different methods to treat electrospun nanofiber
membranes, focusing on the influence of the structure and morphology of electrospun
nanofiber membranes after treatment on their photocatalytic performance. In addition, this
review also considers the impact of electrospun nanofiber membranes on the photocatalytic
degradation performance of different pollutants, and discusses the impact, challenges,
and future development directions of nanofiber membranes with different structures pre-
pared by different electrospun technologies on photocatalytic performance, and provides
guidance for research in this field.
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2. The Most Recent Developments in Electrospinning
2.1. The Electrospinning Process

Electrospinning technology, abbreviated as “electrospinning”, is a technology that uses
polymer fluids to obtain nano- or micro-fibers by pulling under a strong electric field. The
electrospinning process refers to a syringe being filled with the solution, and the formation
of a droplet at the tip of the needle under the action of surface pressure. When the voltage is
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turned on, the droplets form the shape of a cone as a result of the action of the high–voltage
electric field. At the same time, the small droplets are mutually rejected by the surface
tension and the surface charge [40]. The direction of these two forces is opposite. When
the electric field power and the surface tension are equal, the small liquid droplets reach
balance and the half–cone angle is 49.3◦, which is the Taylor cone. When the strength
of the electric field exceeds the surface tension, the top of the Taylor cone forms a fine
flow spray (liquid fiber bundle). In the process of leaving the spraying head, the material
passes through a series of unstable stretching, splitting, and refinement phases during the
migration of the collecting board. The solvent on the surface of the fiber beam continues
to volatilize (or undergoes melt cooling and solidification). Finally, the fiber falls onto the
collecting board [40]. The process of electrospinning is shown in Figure 2.
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2.2. The Devices and Processing Parameters of Electrospinning

The devices used in the electrospinning process are divided into the following types:
electrostatic generators, syringes, pushing pumps, and receivers [41]. Traditional elec-
trospinning generators are positive poles [23]. Negative high–voltage electrospinning
generators have been developed in recent years, which are often used in conjugated electro-
spinning [42], as shown in Figure 3a. The electrospinning fluid in the two spinnerets can
overcome surface tension and viscous forces to spray out, generating numerous NFs with
positive and negative charges under the influence of positive and negative high–voltage
direct–current (DC) power supplies. At the two nozzles, a significant quantity of positive
and negative charges assemble to create an electric field. In Figure 2, the red dot dotted
region indicates the direction of the electric field lines. Using conjugated electrospinning,
Janus NFs can be easily prepared, but the components of the NFs do not interact with each
other at the same time. However, due to the interference of electric charges and other factors
in the air, the yield of Janus NFs is relatively low. In addition, alternating current (AC)
electrospinning generators [43] (Figure 3b) and low–voltage electrostatic generators [44]
(Figure 3c) have gradually appeared. The fibers prepared by AC electrospinning technology
are positively charged and react negatively to polarity changes; unlike DC rotation, they do
not need opposing electrodes. Under the electric field, the formed fibers are pulled in the
opposite direction, the NFs are transferred from the electrode, and are dragged toward the
existing fibers by charge effects. Low–voltage electrospinning is relatively safe. However,
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its application range is relatively narrow, and it can only prepare some polymers to form
fibers easily. Due to the relatively low voltage, the molecular stretching in the fibers is not
sufficient and the morphology of fibers varies. The most widely used method involves a
high–voltage positive electrostatic generator [45] due to its safety, stability, and yield. A
more stable surface charge (+) distribution of the polymer jet can be generated by positive
high–voltage electricity, with the charges (−) carried by the receiver. NFs prepared by
positive high–voltage electrospinning have a uniform diameter distribution, more diverse
morphology, and are produced in greater yield.
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The syringe is generally made from plastic. The needles are of two types: stainless–
steel needles and plastic needles [43]. The types of receivers are wire mesh and tin foil,
which are developed for the roller [42], turntable [46], and liquid–phase receiving de-
vices [47]. Different kinds of receivers greatly enrich the types and performance of NF
membranes. The wire mesh, tin foil, and liquid–phase receivers are used to receive the
uniform NFs membrane. The orderly aligned nanofiber membrane can be prepared us-
ing a roller and turntable. Typically, some NFs that cannot be fully dried are collected
using liquid phase technology during the electrospinning process; the obtained nanofiber
membranes have better performance.

Factors affecting electrospinning include systemic factors and the electrospinning
process parameters.

Systemic factors include the polymer type, solution concentration [48], and solvent
type [49]. Polymers selected for the preparation of electrospun NFs were initially mainly
polyvinylpyrrolidone (PVP) [50], PAN [51], PVDF [33], methyl polyacrylate (PMMA) [31],
polyvinyl alcohol (PVA) [52], polystyrene (PS) [53] or other organic polymers [54] that were
easy to spin. Organic polymers have been developed into biocompatible polymers, such
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as collagen [55], polylactic acid [56], gelatin [57], chitin [58], chitosan [58], and sodium
alginate [59]. Some inorganic materials and non–spinnable materials [39] are also added.
Adding polymers which are easy to electrospin into some non–spinnable polymers can
enhance the spinnability of NFs [17]. At the same time, different kinds of polymers will
undergo phase separation [60]. Compared with NFs prepared by a single kind of polymer,
NFs prepared using a variety of polymers will have different morphologies, and their
performances will also be improved [17]. In addition, NFs membranes with different mor-
phologies can also be prepared using different solvents, water–soluble polymers, and salts.
The principles for selecting polymers are related to the polymer types, the solvent volatility,
the compatibility between the solvent and the polymer, and the interaction between the
solvent and the polymer molecular chain. Highly volatile solvents and solvents with less
interaction with molecular chains can enable preparation of NFs with a smaller diameter. In
addition, all electrospinning solutions have spinnable concentrations; the electrospinning
solution is sprayed out in the form of droplets or beads below the appropriate concentra-
tion. Above this concentration, the concentration is too high, and achieving flow of the
electrospinning fluid is difficult, which will hinder the electrospinning process. The types
of solvents initially used in electrospinning were mostly single organic solvents. Today,
most solvents used are multiple organic solvents, which enable preparation of a variety of
NF membranes with different appearances and properties [61,62]. The solvents used for
electrospinning are mainly divided into two categories: one category is volatile solvents,
such as chloroform and acetone [63,64]; the other category is non–volatile solvents, such
as water, ethanol [63,64], and so on. By combining different volatile organic solvents, NF
membranes with different morphologies can be prepared. For example, porous NFs can be
prepared by mixing acetone and DMF [65]. Because acetone is volatile, holes will appear on
the fiber surface; the relatively weak volatility of DMF plays a role in maintaining the fiber
morphology. Solvents can also be divided into good solvents and poor solvents according
to their solubility. The molecular chain structure of polymers can be stretched in good
solvents, while poor solvents are not easy to stretch. The structural differences caused by
mixing these two kinds of solvents can easily cause local defects in the polymer, resulting
in different morphologies and pore structures on the NFs [66].

The electrospinning process parameters include the electric field strength and receiving
distance, which are important parameters affecting the performance of NF membranes [67].
The applied electric field strength generally increases with increase in the electric field
strength. At the same time, a high electric field strength enables greater acceleration of
the jet. These two factors can cause the electrostatic stress of the jet to increase, increasing
the tensile rate, which is conducive to the preparation of finer fibers. If some conductive
solutions are added appropriately to the spinning solution to improve the conductivity,
finer fibers can be prepared. The relationship between the distance between the needle and
the receiver is important: if the spinning distance is too close, the solvent will be too slow
to volatilize, and the fibers will tend to bond with each other; if the spinning distance is
too large, the filaments will not be easy to collect on the receiver due to weakening of the
electric field strength. With increase in the receiving distance, the fiber diameter decreases.

In addition, environmental factors, such as the humidity and temperature, can also affect
the morphology of fibers. For example, Liu et al. [68] found that adjusting the relief temper-
ature can affect the polymer’s annual and solvent evaporation rate during electrospinning,
thereby affecting the diameter and morphology of the fiber. Liu et al. [69] have shown that
suitable humidity can enable preparation of NFs with better morphology. As indicated above,
many factors can affect the electrospinning process, enabling preparation of NFs with different
morphologies and functions. The effects of varying factors, provides a theoretical basis for the
preparation of NF membranes with excellent photocatalytic properties.

2.3. Types of Nanofibers Prepared by Electrospinning Technology

Prototype of electrospinning technology include uniaxial NF [70], coaxial NF [71,72],
and Janus NF [73], as shown in Figure 4. In the 16th century, William Gilbert identified the
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electrostatic force in liquids, which underpinned the development of electrospinning [74].
The simplest approach is the uniaxial electrospinning technique, as shown in Figure 2. In
uniaxial electrospinning technology, only a single fluid is involved; the compositions of
solvents, polymers, and functional particles are relatively simple, without considering the
impact of other factors. Uniaxial electrospinning technology is simple, easy to operate, and
the prepared membranes have stable structure and high yield, which is beneficial for further
surface functionalization, heat treatment, and hydrothermal growth of functional particles.
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In 2003, coaxial electrospinning technology was established to manufacture core–shell
nanofibers with varied material properties [75]. Two different kinds of polymers can be com-
bined using coaxial electrospinning technology to create core–shell micro– or nanofibers.
The ability of coaxial electrospinning to prepare core–shell structured fibers has attracted
increasing attention because it can enhance the properties of the materials for a variety
of applications, particularly for environmental purification. The coaxial electrospinning
technique is anticipated to be able to prevent the mixing of the polymers that make up
the core and the shell. Additionally, this technology offers superior mechanical character-
istics, porosity, and hydrophilicity, and minimizes membrane swelling. The synergistic
effect created by the two distinct polymers can compensate for the weakness of one of
the polymers.

Uniaxial NFs [70] and coaxial NFs have the advantages of simple operation and easy
preparation. However, the demands of people have increased with the development of
society, so there is a need to introduce particles and polymers with different functions to
enhance the performance of NF membranes. However, the addition of some non–spinning
polymers and functional particles increases the difficulty of electrospinning. In addition,
in order to achieve required multifunctional and mechanical properties, improvements in
multi–fluid electrospinning [16,54] were developed. Improved multi–fluid electrospinning
includes: (1) Triaxial NF membranes, which can enhance the multifunctional ability of the
membrane and divide different functional particles into different areas. The division of
functional areas can avoid the adverse effects of different types of particles. It contributes to
enhancing the functions of a single function area [75]; (2) Three–level coaxial NF membranes.
This structure is developed based on coaxial NFs. After adding the working solution fluid,
the electrospinning performance of the polymer and particles can be greatly improved [76].
(3) Modified side–by–side electrospinning NF membranes. These can mainly be divided
into two types: one type involves changing the side of the Janus NF into a coaxial NF, with
the aim of it dividing the working area [77]; the other type involves adding the working
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fluid to the outside of the Janus NF membrane, which can increase the spinnability of the
Janus NF.

3. Treatment of Membrane
3.1. Modification of Electrospinning Membrane
3.1.1. Surface Modification

In order to improve photocatalytic degradation activity, moderately inert polymer
NFs are treated with compounds that have reactive functional groups, such as amines,
carboxyls, hydroxyls, or nitriles. Typically, NF materials are submerged in an alkaline liquid
to produce hydroxyl or carboxyl groups on their surface so the surface of the NF membrane
can be altered to improve the interaction or deposition of photocatalyst particles.

Mohamed et al. [78] studied the photocatalytic degradation performance of a surface–
modified PAN NFs/biosilica composite membrane, as depicted in Figure 5a. The PAN
NF membrane was prepared by electrospinning technology. As shown in Figure 5b–d, the
NF membrane contained porous diatomite and rice husk which were cross–linked. The
photocatalytic performances of these membranes for the degradation of malachite green
(MG) were compared. The results showed that the photocatalytic degradation efficiency of
diatomite and rice straw silica membranes for MG could reach 99% after 15 and 25 min,
respectively. The degradation efficiency was highest at pH = 7. Under optimal conditions,
the material was able to degrade 98% of MG within 10 min. The prepared NF membrane
can be used in a continuous operating mode.

A PAN NF membrane [79] was placed in solution with hydroxylamine hydrochlo-
ride and sodium hydroxide to aminate the membrane (AO–PANNM). After that, AO–
PANNM was thoroughly washed and dried. The obtained AO–PANNM was put in the
solution with copper sulfate and iron chloride to prepare a copper–iron bimetal modified
PAN NF membrane (BM–PANNM), as shown in Figure 5e; the NFs became thinner, but
their morphologies were intact (Figure 5f,g). BM–PANNM has a superfine fiber diameter
(600 nm) and a large surface area (5.34 m2 g−1). It exhibits significant photocatalytic activity
(>99.99%) against Active Blue 19, Active Red 195, and Acid Orange 7 within 60 min, and
it has good cycle performance. This kind of modified PAN NF membrane can provide a
broader platform for the degradation of dyes by NF materials in the future.

Through surface modification with hydrazine hydrate (HH) and hydroxylamine
(HA) (HA–n–PAN, HH–n–PAN), and subsequent coordination with Fe3+, a series of Fe–
complexed PAN NF membranes (Fe–M–n–PANs) were prepared [80]. They were able to
significantly improve the adsorption and photocatalytic degradation properties of azo dyes
under visible light in water, as exhibited in Figure 5i–k. The higher removal efficiency was
mainly due to the synergistic effect of adsorption and photocatalytic degradation in the
presence of H2O2. In addition, the removal efficiency was determined by the ratio of HA
to HH. The membrane modified with HA and HH simultaneously had higher removal
efficiency than the membrane modified with a single solvent, because more active sites
can be produced using HA and HH at the same time, accelerating the removal of dyes.
Fe–M–n–PANs were found to enable rapid degradation of dye molecules and to free up
adsorption sites for the surface to adsorb dye molecules (Figure 5h); the Fe–M–n–PANs had
good cycle stability and were able to maintain excellent photocatalytic performance after
five cycles. This study provides a new direction for the treatment of industrial wastewater
in the future.
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scale: 1 µm) (o) [81], Copyright 2019, Elsevier. Diagram of the photocatalytic degradation mechanism
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immobilization (r) [82].
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UHeida et al. [81] added modified titanium dioxide (TiO2) nanoparticles (NPs) to
PAN/multi–walled carbon nanotube composite NFs (PAN–MWCNT/TiO2–NH2) and
evaluated the photocatalytic degradation performance of PAN–MWCNT/TiO2–NH2 for
ibuprofen, cetirizine, and naproxen. Comparing Figure 5m with Figure 5i, it can be observed
that amino–functionalized TiO2 NPs were distributed on the surface of PAN–CNT NFs
(PAN–MWCNT/TiO2–NH2), and the NFs were cross–linked. Examining the TEM image
(Figure 5n), it can be seen that amino–functionalized TiO2 NPs were successfully attached
to the surface of PAN–CNT NFs. Because the PAN–MWCNT/TiO2–NH2 composite NF
membrane has a large specific surface area, multiple catalytic sites, and good flexibility,
it exhibited excellent photodegradation efficiency for ibuprofen, naproxen, and cetirizine.
In addition, the effect of the pH value on the photocatalytic degradation efficiency was
also studied; it was found that the photocatalytic degradation efficiency was highest at
pH = 2–4. The NF membrane has very wide application potential in the highly efficient
photocatalytic degradation of pollutants.

A high–efficiency, environment–compatible, and porous silver surface–modified photo-
catalytic zinc oxide/cellulose acetate/polypyrrole (ZnO/CA/Ppy) hybrid NF membrane [82]
was prepared. The effects of the flow rate, applied voltage, and other electrospinning parame-
ters were also studied. Adjusting various electrospinning parameters enabled preparation of a
ZnO/CA/Ppy composite NFs with uniform morphology; the distance between the needle tip
and collector was 18 cm, the CA polymer concentration was 16%, the electrospinning flow rate
was 0.2 mL/h, and the applied voltage was 18 kV. Depositing Ag NPs on the ZnO/CA/Ppy
composite NFs enabled production of NFs with a narrower band gap, so the photocatalytic
efficiency of composite NFs could be improved (Figure 5p). The results showed that ZnO
NPs were uniformly distributed on the NF membrane (Figure 5q), and ZnO/CA/Ppy/Ag
composite NFs were formed after Ag NPs were deposited (Figure 5r). The photocatalytic
degradation efficiency of the ZnO/CA/Ppy/Ag composite NFs was 30% higher than that of
the ZnO/CA/Ppy composite NFs.

3.1.2. Pore–Making Treatment

The pore–forming treatment of NF membranes is also an important means to im-
prove photocatalytic performance. Based on NF membranes, many improvements have
been achieved using different pore–making technologies, such as post–treatment technol-
ogy [83],direct technology [84], solvent technology [85], thermal treatment technology [86],
etc. The porous structure of MIL–88A/PAN nanoporous membranes is enhanced by porous
MIL–88A material [84]. Ag3PO4/P25 composite bi–polymer NF membrane were synthe-
sized by two different polymers PMMA and PVP through post–treatment [87]. Lv et al. [83]
used post–treatment technology to prepare dimethylglyoxime (DMG)/TiO2/PAN NF mats
(WS6), as shown in Figure 6. PVP was able to be removed in hot water because of the water
solubility of PVP; the surface of the remaining PAN membrane appeared to have vacancies
occupied by PVP (Figure 6a). An innovative porous WS6 prepared by electrospinning
technology was used to deal with Ni2+ and methylene blue (MB) mixture pollutant treat-
ment. Due to the capacity of DMG for detecting Ni2+, the red and virgulate Ni(DMG)2
that formed on the surface of NFs showed that the complex had observable adsorption
capacity. The MB degradation efficiency of WS6 was 97% within 60 min, which is the most
crucial factor. Most importantly, the e− and hole (h+) transmission paths were shortened
through the porous structures. These functional NF mats may have potential application
in sensing, Ni2+ adsorption, and the photocatalytic degradation of organic pollutants via
the intermediate Ni(DMG)2 as a photocatalyst. The enhanced degradation mechanism of
WS6 is depicted in Figure 6b. When the heterojunction is built, an electric field is created
at the interface between Ni(DMG)2 and TiO2 to encourage the accelerated flow of e− and
h+. Inside the mat, Ni(DMG)2 and TiO2 is able to absorb ultraviolet light to produce e−

and h+. The excited e− in the CB of Ni(DMG)2 leaps onto the CB of TiO2. Under the action
of the electric field, some of the h+ in TiO2 migrates to the VB in Ni(DMG)2 at the same
time. As a result, e− and h+ are separated. •O2

− radicals can be created when the e− on CB

67



Catalysts 2023, 13, 758

reacts with oxygen. Water and the h+ on VB may combine to create •OH radicals. These
two varieties of radicals can oxidize MB. Small molecules, such as water and CO2, can
be produced after the degradation of MB molecules. This work successfully integrates
the photocatalytic degradation of organic contaminants and metal ion adsorption. Porous
NF membranes prepared by post–treatment technology can not only shorten the path of
electrons and holes, but also provide more sites for photocatalytic reactions. However, this
membrane has the disadvantage of easy recombination of e− and h+ and poor mechanical
properties. How to solve this problem should be a future direction of research.
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3.2. Thermal Treatment

Heat treatment [88] of inorganic materials can change their morphology, physical
structure and enhance their strength and crystallinity [89,90]. Researchers have paid a lot
of attention to the preparation of inorganic NF membranes [91] because of their excellent
mechanical and thermal stability [92]. Organic membranes are easily broken down under
light in photocatalytic degradation [93]. Heat treatment is carried out to enhance their
properties, such as wettability, mechanical capabilities, thermal characteristics, and pore
size distribution. Generally, NF membranes are heated through calcination, carbonization,
and hydrothermal treatment.

3.2.1. Calcination

The process of heating materials to a high temperature in a controlled atmosphere
is referred to as calcination. In order to increase the mechanical and thermal stability of
inorganic or ceramic materials, calcination is typically utilized.

Singh et al. [94] used N, N–dimethylformamide (DMF), zinc acetate, PAN, and ZnO to
prepare porous ZnO NF by uniaxial electrospinning. Figure 7a,b show the morphologies
of porous ZnO NFs under different calcination temperatures. Comparing Figure 7a with
Figure 7b, the diameter of the fibers is reduced by 80% after calcination at 650 ◦C, and
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the crystallinity and crystal size of the porous ZnO NFs are significantly increased after
calcination at high temperatures. The band gap decreases as the crystal size increases,
as depicted in Figure 7c. Singh et al. also found that porous ZnO NFs showed good
photocatalytic degradation performance for naphthalene and anthracene.
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Ag/TiO2 photocatalytic NFs were prepared [95], and the effects of silver content (0.5–
15%) and calcination temperature (300–900 °C) on the degradation of phenol were stud-
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Figure 7. SEM images of ZnO NFs treated at 450 ◦C (a), 650 ◦C (b); the band gap of ZnO NFs treated
at different calcination temperatures (c) [94], Copyright 2013, Elsevier. SEM images of 5% Ag/TiO2

photocatalytic NFs treated at 450 (d), 600 (e), and 750 ◦C (f); the photocatalytic degradation of 5%
Ag/TiO2 treated at different calcination temperatures (g) [95], Copyright 2022, Elsevier. TEM images
of ZrO2 500 (h) and ZrO2 600 (i) nanostructure; the photocatalytic degradation of ZrO2 at 500 and
600 ◦C (j) [96], Copyright 2023, Elsevier.

Ag/TiO2 photocatalytic NFs were prepared [95], and the effects of silver content
(0.5–15%) and calcination temperature (300–900 ◦C) on the degradation of phenol were
studied. It can be seen from Figure 7d,f that some cracks appeared on the surface of NFs after
being treated under high temperatures. With increase in calcination temperature, the fiber
diameter decreased from 5 µm to 500 nm, the boundaries of the grains on the surface of the
NFs became clearer, and the grains became rougher. The grains shrunk and the boundaries
of the grain appeared to crack with increasing calcination temperatures. This may have been
due to the continuous decrease in PVP, or the growth and change in the crystal structure of
TiO2 during the calcination process. This study also found that the highest degradation rate
of phenol was 82.65% when the calcination temperature was 450 ◦C.

Zaborowska et al. [96] prepared PVP/EtOH/ZrOCl2/DMF one–dimensional zirconia
NFs using a uniaxial electrospinning technique. The PVP/ZrOCl2 composite fiber exhibited
a smooth and uniform surface, the average diameter being 324 nm. The average diameters
of ZrO2 (500 ◦C) and ZrO2 (600 ◦C) were 162 and 95 nm, respectively. XRD analysis
confirmed the existence of monoclinic and tetragonal phases in ZrO2 (500 ◦C) and ZrO2
(600 ◦C). The specific surface area of PVP/ZrOCl2 composite fiber mats calcinated at 500 ◦C
was 53.8 m2/g, which was 15 m2/g higher than the mats calcinated at 600 ◦C. The bandgap
widths of PVP/ZrOCl2 composite fiber obtained at 500 ◦C and 600 ◦C were 4.9 and 5.6 eV,
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respectively. The larger specific surface area and lower band gap of ZrO2 NFs treated at
lower temperatures contributed to enhancing the photocatalytic degradation performance.
Compared with the mats calcinated at 600 ◦C, the efficiency of MB degradation was only
increased by 3%. The photocatalytic degradation performance of fiber mats was not
improved significantly by increasing the calcination temperature, so selecting a suitable
temperature is very important for improving photocatalytic performance and making
rational use of energy.

3.2.2. Carbonization

Carbonization is defined as the heating of materials at high temperatures in nitrogen
or other inert gases. By combining electrospinning and carbonization techniques, Song
et al. prepared C/TiO2 NFs [97]. The impact of the carbonization temperature on the
electrochemical performance and photocatalytic degradation of MB was investigated.
C/TiO2 NFs prepared at carbonization temperatures at 400, 600, and 900 ◦C are shown
in Figure 8a–c. The diameters of NFs carbonized at various temperatures were uniformly
distributed between 280 and 480 nm. The NFs formed network structures and they were
continuous and random. The morphologies of the NFs were not appreciably altered by
heat treatment. These findings indicated that C/TiO2 NFs carbonized at 900 ◦C exhibited
the highest capacitance, while C/TiO2 NFs carbonized at 400 ◦C had the best photocatalytic
activity. The transfer of photogenerated electrons from the conduction band of TiO2 to
carbon was able to improve the separation efficiency of electrons and holes during the
photocatalytic process, so the photocatalytic degradation efficiency of C/TiO2 NFs was
increased. This research serves as a guide to the potential for using C/TiO2 NFs in energy
storage technologies and photocatalytic materials in the future.
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Zhai et al. [98] loaded TiO2 and g–C3N4 into lignin–based carbon NFs (LCNFs)
and then prepared TiO2/g–C3N4@LCNFs (TCL) through carbonization treatment. The
spinnability of lignin solutions, the chemical structure and morphology of LCNFs, TiO2/g–
C3N4@LCNFs, and the catalytic degradation performance of RhB were studied. Lignin–
based precursor NFs were able to be completely carbonized, and melamine was converted
into g–C3N4 at 600 ◦C (Figure 8e); the SEM image of it is shown in Figure 8f. Under visi-
ble light irradiation, the degradation rate of RhB over TiO2/g–C3N4@LCNFs was 92.76%
(Figure 8g). The high photodegradation performance of TiO2/g–C3N4@LCNFs can be
attributed to the synergistic effect of TiO2 and g–C3N4; the synergistic effect can improve
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the separation efficiency of electrons and holes. This work opens a new direction for the
development of high–efficiency photocatalysts based on biomass–derived fiber materials.

3.2.3. Hydrothermal and Solvothermal Technology

Hydrothermal technology refers to the chemical reactions carried out in water at a
certain temperature and pressure. Using hydrothermal technology to prepare materials
can enrich the structure and functional groups, increase the specific surface area, and
improve the performance of materials. Mesoporous TiO2/In2O3 NF was synthesized by
electrospinning and hydrothermal technology [99]. In2O3 tightly adheres to the surface
of TiO2 NFs, and TiO2/In2O3 hybrid NFs are mesoporous, as shown in Figure 9(a1–a3).
This study also found that the additional amount of In2O3 plays an important role in the
formation of mesoporous NFs. When the raw material weight of In2O3 was 53.25 mg (TI–A,
Figure 9(a1)), 95.5 mg (TI–B, Figure 9(a2)), and 190.1 mg (TI–D, Figure 9(a3)), the NFs were
mesoporous. Compared with TiO2 and In2O3, the mesoporous TiO2/In2O3 NFs exhibited
better photocatalytic degradation ability for RhB degradation, as shown in Figure 9b.
The improvement in photocatalytic ability can be mainly attributed to more active sites
provided by the mesoporous structures, and the expansion of the light response range
provided by type II heterostructures. This work provides a new strategy for efficiently
constructing mesoporous heterostructure photocatalysts.
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Figure 9. SEM images of TI–A (a1), TI–B (a2), and TI–D (a3), photocatalytic RhB degradation profiles
(b) [99], Copyright 2021, Elsevier. SEM images of ZnO–RGO seed layers with different amounts of
RGO: 0 mL (c1), 0.5 mL (c2), 1.0 mL (c3), and 1.5 mL (c4) in the spinning solutions; the photocatalytic
degradation of methyl orange (MO) over ZnO–RGO NRs (d) [100], Copyright 2019, Elsevier. SEM
images of electrospun PAN NFs (e1,e4), TSPAN NFs (e2,e5), and UIO–66–NH2@TSPAN NFs (e3,e6);
the photocatalytic degradation of Cr(VI) over different NFs (f) [101], Copyright 2022, Elsevier.
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ZnO and reduced graphene oxide (ZnO–RGO) nanorods were grown on tin fluoride
oxide (FTO) glass substrates by electrospinning and hydrothermal techniques [100]. Elec-
trospun NFs containing PVP, zinc acetate, and different amounts of RGO were calcinated
at 400 ◦C for 1 h to prepare a ZnO–RGO precursor layer. Then the precursor layer was
used for hydrothermal growth of (ZnO–RGO) nanorods. Figure 9(c1–c4) shows that ZnO
grew on the surface of the RGO sheets (the areas surrounded by discontinuous white lines).
This may have been due to the fact that there was a strong interaction between ZnO NPs
and RGO sheets and that the functional groups on the surface of the modified graphene
provided sites for aggregation and nucleation of the host material. The average diameter of
ZnO NPs which formed ZnO–RGO nanorods decreased as the amount of RGO increased.
This was related to the increment in electrical conductivity of the electrospinning solution
by the addition of RGO. ZnO–RGO nanostructures containing 1.0 mL of RGO exhibited the
highest photocatalytic activity for the degradation of MO, as depicted in Figure 9d.

Solvothermal technology is a synthesis technology based on hydrothermal technol-
ogy, which refers to mixtures reacted in a closed system using organic or non–aqueous
solvents. It differs from hydrothermal reactions in terms of the solvent. Hydrothermal
technology is often only applicable to the preparation and treatment of oxide materials
or water–insensitive materials. Compounds such as carbides, fluorides, and novel phos-
phate materials are not applicable for preparation by hydrothermal technologies, so the
development of solvothermal technology has been promoted.

A metal–organic framework (MOF) [1] as a precursor for the synthesis of NF mem-
branes has gained prominence. MOF–based NF membranes have the advantages of a
distinctive crossing network connection, an extraordinarily wide surface area, and a porous
structure. In the synthesis process of MOFs, solvothermal technologies are generally
used because the metal ions in MOF are more sensitive to water. Zhou et al. [101] have
successfully grown UIO–66–NH2 on thermally stabilized electrospun PAN NFs (TSPAN)
using solvothermal technologies (UIO–66–NH2@TSPAN NFs) to reduce Cr(VI). TSPAN
has high stability and abundant nucleation sites, providing active sites for the growth
of an MOF. Figure 9(e1,e4) shows SEM images of electrospun PAN NFs before and after
thermal oxidation stabilization treatment. It can be observed that the prepared PAN NFs
were randomly distributed, with uniform fiber diameter distribution and a smooth surface.
The thermally stabilized TSPAN NFs were cross–linked and had a smoother surface, as
shown in Figure 9(e2,e5). The SEM images after the growth of UIO–66–NH2 are shown in
Figure 9(e3,e6). It can be seen that the particles were uniformly distributed on the surface
of the NF. The spherical UIO–66–NH2 particles directly nucleated and grew on the TSPAN
NFs, illustrating that UIO–66–NH2 and TSPAN bound tightly. This is because there are
acridone rings, naphthyridine rings, and hydrogen–naphthyridine rings in TSPAN NFs,
which can act as reaction sites to promote the heterogeneous nucleation of UIO–66–NH2.
Compared to powdered UIO–66–NH2, the photocatalytic reduction efficiency of Cr(VI) on
UIO–66NH2@TSPAN was improved by 23% (Figure 9f).

4. The Application of Photocatalytic Degradation of Pollutants in Wastewater
4.1. Photocatalytic Degradation of Dyes

For many industries, including textile, dyeing, papermaking, pulp, tanning and paint,
synthetic dyes are essential. Dyes have high water solubility, which makes them challenging
to remove and treat. Typically, only 80% of the dye is absorbed by the fabric; the other 20%
is desorbed and discharged into the water. Dyes block light from penetrating the water,
so that photosynthesis is slowed down and dissolved oxygen levels are reduced, which
has an impact on the entire aquatic ecosystem [102]. Furthermore, dyes are poisonous
and carcinogenic compounds can enter the entire food chain [103]. It is necessary to
remove dyes from wastewater using modern technology. Photocatalysis technology is
regarded as an excellent “green strategy” because of its low energy consumption and
other environmental advantages. Photocatalysts can produce oxidation species such as
•O2

− and •OH to degrade pollutants such as dyes in wastewater [104]. The widespread
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use of photocatalysts is due to their beneficial traits, such as their quick and thorough
decomposition of a variety of organic compounds prevalent in water and wastewater,
without generation of persistent by–products, and their ease of scaling up.

The earliest electrospinning NFs photocatalysts to degrade dyes were prepared by
uniaxial electrospinning technology [23]. The uniaxial NFs prepared by uniaxial electro-
spinning technology were the origin of complex structural NFs. As the simplest NF with the
simplest structure, uniaxial NFs have the advantages of easy preparation, simple operation,
and capacity to load a variety of functional materials. The membrane materials prepared
by this technology are widely used for the photocatalytic degradation of pollutants in wa-
ter [1,38]. In order to improve the photocatalytic performance, Zhou et al. [105] consistently
integrated g–C3N4 onto bacterial cellulose (BC) with a 3D NF network. In contrast to the
modification of polypyrrole (PPy) in most research, developing carrier materials and reac-
tors can significantly increase the catalytic performance. The prepared PPy@(BC/g–C3N4)
flexible membrane was used under a xenon lamp (λ > 420 nm) in the designed reactor. It
exhibited strong catalytic performance (64.28%, 2 h), which was 5.27 times higher than
BC/g–C3N4. After 10 cycles, more than 80% of the original catalytic performance was
sustained. This research can be also applied to design flexible membrane materials with
excellent photocatalytic performance [20]. A positive feature of this study was the loading
of the functional materials layer–by–layer onto the BC. In this study, the BC mainly acted as
a load carrier. The g–C3N4 was responsible for visible light absorption and photocatalytic
degradation for the entire material. The primary function of PPy is conductivity because
the essence of photocatalysis degradation is the transfer of e− and h+. PPy can guide e− in
time to achieve the purpose of e− and h+ separation. However, the e− and h+ can still be
readily combined. How to solve the combination of e− and h+ in the same type of particle
is a problem that future research should address.

With the development of electrospinning technology, coaxial electrospinning tech-
nology has also emerged, in which the photocatalytic degradation performance of NF
membranes prepared using coaxial electrospinning is improved. Coaxial electrospinning
technology has two independent parts. By controlling the flow rate of the injection pump,
the thickness of the shell layer of the NF can be adjusted, and even NF membranes with
hollow structures can be prepared. The mechanical and photocatalytic performance of the
NF membrane can be controlled by varying the thickness of the shell layer [106]. Compared
with uniaxial NF membranes, NF membranes prepared using coaxial electrospinning tech-
nology have greatly improved mechanical properties [38]. Limiting the functional particles
in the shell area can save a portion of the functional particles. In addition, using appro-
priate solvents can expose functional particles to the surface of NF, which can improve
photocatalytic performance.

Coaxial electrospinning was used to prepare a new structure with TiO2 micro–/nano–
spheres embedded in NFs [106], as illustrated in Figure 10a. The construction technology
of the structure and the impacts of the core flow rates on photocatalytic capabilities were
explored. Moreover, their photocatalytic performances were compared to those of compar-
ison samples. The TiO2 micro–/nano–spheres were embedded in the NFs with various
core and shell–spinning solutions and physical characteristics. The degradation efficiency
for MB was 91.56% when the specific surface area of the NFs was 23.852 m2/g. There
were substantial NF gaps in the innovative construction. The micro–/nano–spheres had a
large specific surface area and loose structure and were amenable to UV injection to boost
the photocatalytic efficiency. In this study, the TiO2 micro–/nano–spheres were firmly
fixed in the NF membrane by the coaxial electrospinning technology, which was able to
reduce the loss of functional particles in the repeated cycle experiment and contribute to
the maintenance of photocatalytic performance. However, the mechanical properties of
the membrane may have been greatly weakened after calcination, and there were many
functional particles embedded in the membrane. Suitable experimental design is important
to improve the photocatalytic performance in the second cycle process, and the mechanical
properties of membranes.
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Large surface areas, prevention of nanoparticle aggregation, and easy separation from
wastewater are all provided by NF membrane photocatalysts. In one study, flexible PAN
was coated with ZnO photocatalysts in a single–step using sol–gel coaxial electrospin-
ning [107], as shown in Figure 10b. In order to remove the PVP and crystallize the ZnO,
a core/sheath structure made of a PAN polymer embedded in a ZnO–PVP mixture was
prepared. To identify the ideal parameters for preparing NFs, the PAN and PVP concen-
trations and viscosities were changed. Thermogravimetric analysis and Fourier transform
infrared spectroscopy were used to evaluate the thermal behavior and ideal calcination
temperature. The flexibility and photocatalytic activity for the degradation of the MB of
the NFs were maintained after several cycles. In this study, ZnO was mainly responsible
for photocatalytic degradation. However, ZnO can only absorb ultraviolet light, which
seriously limits its practical application. The mechanical properties of NF membranes are
improved with the use of coaxial electrospinning technology. However, NF membranes
calcinated in air are fragile, which is not conducive to later recovery and treatment.

A simple coaxial electrospinning approach was used to design two kinds of hollow
TiO2 NFs [108]. Titanium sol and a titanium precursor were used for the shell of two kinds
of hollow TiO2 NFs. The two types of hollow TiO2 NFs shared a similar tubular structure
on the nanoscale, although they differed in size and shell thickness. An SEM image of
hollow TiO2 NFs is depicted in Figure 10c. Hollow NFs made from titanium sol showed
that the diffusion of the core and shell solutions may have been effectively prevented by a
modest amount of water in the core. In order to develop the titanium precursor into the
nanostructured TiO2 wall of the hollow NFs, it was coated on the PVP core NFs as a shell
template by coaxial electrospinning. The hollow TiO2 NFs showed greater photocatalytic
activity for the degradation of MB than uniaxial TiO2 NFs. In this study, TiO2 hollow
NFs were obtained by coaxial electrospinning and high–temperature calcination. The
hollow NFs had a large specific surface area and more active sites for photodegradation.
Compared with uniaxial NFs, the photocatalytic performance was improved. However, the
high–temperature calcination treatment seriously limits its mechanical properties, which
makes it difficult to apply in practical environments in the future.
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Peng et al. [109] prepared highly uniform SnO2/TiO2 coaxial NFs with an adjustable in-
terior morphology by one–pot step coaxial electrospinning. The core of these NFs was able to
be varied from filled solid to peapod–like, and even to hollow tubes, by changing the concen-
tration of the precursor solution. The degradation rate of RhB was 4.6 × 10−3 cm−1 (Tubular
SnO2/TiO2 coaxial NFs). It was discovered that the photocatalytic activity of commercial
TiO2 photocatalysts was lower than that of tubular SnO2/TiO2 coaxial NFs. This finding
was explained by the formation of a heterojunction between SnO2 and TiO2; the coaxial
structure also an important role. The overall findings suggest that coaxial electrospinning
can be used as a unique, simple technology for designing one–dimensional inorganic
coaxial nanoscale heterostructures on a large scale. It can also be used for a variety of
other purposes. This study ingeniously used oil to prepare coaxial NFs, which provides a
direction for the preparation of such NF membranes in the future. However, the oil used in
this study has certain limitations. The materials mixed with oil can easily come out of the
membrane during catalytic treatment, which can cause secondary pollution to the water.
The compatibility of the oil and the outer material in the electrospinning process should
also be solved. In addition, looking for other materials to prepare coaxial nanostructures to
enhance photocatalytic performance is important.

Janus NF membranes have been prepared by side–by–side electrospinning technol-
ogy [57]. This technology is similar to coaxial electrospinning technology. Both have
two independent parts. The difference between them is that the form of side–by–side
electrospinning technology is similar to the p–orbit electronic cloud, with the two parts
only having a small amount of contact. The contact point can form a heterojunction. The
combination rate efficiency of e− and h+ is greatly depressed and the efficiency of photo-
catalytic degradation is improved. Side–by–side electrospinning technology can reduce
the inappropriate agglomeration between different kinds of particles. The structure of the
design material can achieve an ideal photocatalytic effect, which provides a good example
for the future photocatalytic treatment of pollutants in water.

(ZnO/PAN/DMF)//(Mn3O4CeO2/PAN/DMF) Janus NFs were electrospun in [110].
The Janus NFs consisted of ZnO NF on one side and Mn3O4/CeO2 NF on the other.
Using the MB solution, the photocatalytic performance was verified. The as–prepared
Janus NFs outperformed conventional NFs (CFs) in terms of photocatalytic performance
under UV and visible light. The results also showed that it was feasible to alter their
photocatalytic activity under the appropriate light wavelength by varying the ratio of
photocatalyst weights on each side of the Janus NF. Water purification, photocatalysis,
and other applications can greatly benefit from membranes made of functional Janus NFs
prepared using a specifically designed nozzle. ZnO, Mn3O4, and CeO2 were used to realize
the absorption of materials in different light bands. The Janus heterojunction was formed
using an ingenious electrospinning design. Uniaxial and coaxial NFs membrane have
the problem of e− and h+ combination, this kind of Janus NFs can solve this problem
because different kinds of particles are separated in different parts. However, compared
with coaxial NF membranes, the material also has certain defects in mechanical properties.

Through conjugate electrospinning and the subsequent calcination procedure, a
[TiO2/C]/[Bi2WO6/C] Janus NF heterojunction photocatalyst (JNHP) was conceived and
built [20]. The JNHP with a distinctive Janus structure has two aspects: TiO2/C NF
responds to ultraviolet light, and Bi2WO6/C NF responds to visible light, as shown in
Figure 11a. JNHP exhibited excellent MB degradation. Under visible light and sunlight
irradiation, the MB degradation efficiencies of JNHP were 93.3% (160 min) and 97.9%
(140 min), respectively. Compared to TiO2/C and Bi2WO6/C photocatalysts, the photo-
catalytic activity of JNHP was improved, which primarily resulted from the cooperative
effect of novel heterojunctions between TiO2 and Bi2WO6, and conductive carbon NF.
Additionally, JNHP showed great recyclable stability. The Bi2WO6 nanoparticle (NP) can
absorb light to create e−–h+ pairs and excite the e− from the Bi2WO6 (VB) to the conductive
band (CB) when the surface of the JNHP is exposed to visible light. The e− on CB can easily
move to the CNF because of the excellent conductivity of CNF. Additionally, it is simple
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to transfer the h+ on the VB of Bi2WO6 to the VB of TiO2. The e− and h+ are successfully
separated and involved in the oxidation reaction because TiO2 and Bi2WO6 can form a
heterojunction. The h+ on the VB of JNHP quickly moves to the surface of JNHP, and
h+ is oxidized with the MB molecule during the photodegradation process of MB. At the
same time, O2 can absorb e− by dissolving in water to produce •O2

−, which combines
with H2O to form •OH. The active oxidation properties of chemicals •OH and •O2

− can
destroy MB molecules, as shown in Figure 11b,c. The Janus NF membrane preparation
technology in this study is novel, and the proposed Janus NF heterojunction is innovative.
In addition, the treatment of NF membranes in N2 solves the problem of material fragility,
which provides an example for the preparation of self–supporting Janus NF heterojunction
materials in the future. However, due to the defects of PAN and conjugated electrospinning
technology, the material has the disadvantage of a low parallel rate in the preparation
process, which leads to the preparation of too few Janus NFs. How to solve this problem is
particularly important.
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The photocatalytic degradation performance of NF membranes prepared by differ-
ent electrospinning techniques are shown in Table 1. These membranes show extensive
application abilities in the degradation of MB. By comparison, it can be seen that Janus NF
membranes have the highest degradation efficiency and the lowest energy consumption,
which is related to the special structure of NFs prepared by improved electrospinning
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technology. The formed special structure of NFs can improve the separation efficiency of
electrons and holes, so the photocatalytic performance can be improved. However, the
low mechanical properties, permeability, and high energy consumption of electrospun NF
membranes need to be further resolved.

Table 1. Photocatalytic degradation performance of NF membranes prepared by different electro-
spinning techniques.

Photocatalytic
Electrospinning

Membrane
Technology Pollutants Source Light Photocatalytic

Degradation (%)
Degradation
Time (min) References

TiO2/g–C3N4 fibers Uniaxial
electrospinning MB Xenon lamp

(200 nm cutoff) 90% 20 min [9]

TiO2
micro–/nano–spheres

coaxial NFs

Coaxial
electrospinning MB UV light 365 nm 91.56% 40 min [106]

ZnO/PAN/PVP NF Coaxial
electrospinning MB UV lamp 15 W 80% 6 h [107]

TiO2 hollow NFs Coaxial
electrospinning MB mercury lamp (200 W,

λmax = 365 nm 99% 50 min [108]

(ZnO/PAN/DMF)//
(Mn3O4CeO2/PAN/

DMF) Janus NF

Parallel
electrospinning MB MR16 lamp (50 W) 100% 2 h [110]

[TiO2/C]/[Bi2WO6/C]
Janus NF

Conjugate
electrospinning MB Xenon lamp

(400 nm cutoff) 100% 140 min [20]

4.2. Photocatalytic Degradation of Antibiotics

Antibiotics are employed as growth boosters in animal husbandry or to prevent and
treat infectious infections in humans, animals, and plants [111]. The majority of antibiotics,
along with urine and feces, are expelled into the environment as compounds, and they
cannot be completely absorbed by the body [112]. Moreover, the majority of antibiotics are
soluble in water, so it is easy to mix them with water in the environment. Antimicrobial
pollutants have a considerable impact on antibiotic–resistant bacteria and genes, which
can readily encourage the formation of “super bacteria” and constitute a serious threat
to human health and environmental stability [113], so the antibiotics must be treated
immediately. The photocatalytic degradation technique is outstanding because it can break
down antibiotics into non–toxic compounds, water, and carbon dioxide; it is safer and more
efficient than other methods.

Electrospinning was used to prepare SiW12/CA composite NF membranes. SiW12 has
successfully coupled with CA [114]. According to FT–IR, EDS, and XPS measurements, the
Keggin structure of the composite membrane was unchanged. Due to the high porosity
and specific surface area of the NF membrane, electrospun CA NFs offer additional contact
regions and reaction sites between SiW12 and tetracycline (TC) during the photodegrada-
tion. As a result, the SiW12/CA composite NF membrane has higher photocatalytic activity
than SiW12 NPs. In addition, CA additionally supplies electrons to SiW12 leading to higher
degradation efficiency. It can be concluded that CA membranes play various roles in the
photodegradation of MO and TC, which involve various photocatalytic pathways and
various degradation rates, as shown in Figure 12a. Most importantly, the composite mem-
brane is ideally suited to practical applications and has exceptional reusability. As a result,
SiW12/CA NF membranes can be extensively employed to remove organic contaminants.
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Electrospinning was used to prepare a PAN/Bi2MoO6/Ti3C2 (PAN/BT) NF mem-
brane [115]. It demonstrated high photocatalytic activity and was able to break down
90.3% of TC under visible light. In Figure 10b, the routes for treating TC are depicted. TC
in water is adsorbed by using functional groups on the surface of the membrane. The
Bi2MoO6/Ti3C2 heterojunction in the membrane may efficiently degrade TC in the pho-
tocatalytic degradation stage. At the same time, the PAN/BT NF membrane showed a
consistent recovery performance, and the degradation efficiency was maintained at 80%
after three recoveries. According to this research, the built Bi2MoO6/Ti3C2 heterojunction
can significantly enhance photocatalytic performance. The regeneration capabilities of the
electrospun fiber membranes provide a new avenue for investigating the affordable and
effective degradation of antibiotics in water.

Membranes are employed as carriers and bulk photocatalysts can be deposited
in them. The restriction of low powder recovery can be reduced and recovery perfor-
mance can be enhanced. The reuse rate and recovery efficiency of photocatalysis powder
can also be increased. Wang et al. [116] used electrospinning and coating techniques
to create a three–dimensional layered photocatalytic fiber membrane. Figure 12d illus-
trates the PAN, polydopamine (PDA), and Tb–doped graphitized carbon nitride/ZnIn2S4
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(Tb–g–C3N4/ZnIn2S4) (PPTZ) membrane. Under simulated sunlight, the photocatalytic
performance of the prepared composite membrane was investigated. Compared with
PAN@Tb–g–C3N4 (PT) and PAN@PDA/Tb–g–C3N4 (PPT), the photocatalytic efficiency
of PAN@PDA/Tb–g–C3N4/ZnIn2S4 (PPTZ) was highest. Tylosin (TYL) and TC were de-
graded by PPTZ, the degradation rates being 2.1 and 2.5 times higher than those of the
other samples, respectively. As illustrated in Figure 12c, electrons can be transferred using
PDA as the medium from Tb–g–C3N4 to ZnIn2S4. The construction of heterostructures be-
tween Tb–g–C3N4, ZnIn2S4, and PDA can boost the separation efficiency of photogenerated
carriers, so the photocatalytic activity of PPTZ is outstanding. In addition, the toxicity of
the membrane has been studied, and the membrane would not cause secondary pollution
in practical applications.

Zhang et al. [117] prepared photoresponsive–optical CuBi2O4@WO3 fibers by com-
bining electrospinning technology with post–calcination technology. It has an S–type
heterojunction structure, as shown in Figure 12f. The degradation efficiency of TC on
CuBi2O4@WO3 was 70.42% within 2 h, much higher than for pure CuBi2O4 (30.42%) or
pure WO3 (15.89%). There are three reasons for the increment in photocatalytic activity: 1.
An interface of charge transfer and separation is formed between WO3 NFs and CuBi2O4
NPs; 2. NFs and NPs provide a large number of reactive sites for photocatalytic reactions;
3. The S–heterojunction in CuBi2O4@WO3 provides sufficient holes and electrons for WO3
and CuBi2O4 and provides the prerequisite for the separation of carriers in photocatalytic
reactions. This work provides a new way to construct new types of heterostructures to treat
antibiotics under visible light irradiation by electrospinning technology.

The NFs prepared from uniaxial and coaxial NFs have functional limitations, such as:
1. Mixing of different kinds of particles may accelerate the recombination of photogenerated
carriers; 2. The photocatalytic degradation efficiency cannot meet the demand by adding a
single kind of material; 3. If too many functional particles are added, it will be difficult to
electrospin during the electrospinning process. Therefore, multi–level electrospinning has
emerged. Using heating, calcination, and improved triaxial electrospinning technologies
(Figure 12e), Zhao et al. [16] prepared a variety of NPs and NF membranes; doxycycline
(DC) was chosen as a pollutant. Under sunlight, the functional NF membrane loaded with
β–FeOOH/TiO2 (1/1, w/w) exhibited the best DC degradation. The ideal concentration
of H2O2 was 9 mmol/L, while the ideal pH for degradation was 6. The maximal natural
photodegradation efficiency for DC was 90.14% in 5 h. Two semiconductor materials
(β–FeOOH and TiO2) were responsible for the enhancement of photocatalytic degradation,
and their suitable band potentials played key roles in the higher photo–induced carrier
separation efficiency. Moreover, electrospun NF membranes can be used as carriers to
create multifunctional electrospun membranes, which have enormous potential for use in
real–world pollutant photodegradation.

4.3. Photocatalytic Degradation of Heavy Metal Ions

With the expansion of sectors such as electronic manufacturing, electroplating, chem-
ical processing, mechanical manufacturing, and oil refining, heavy metals have become
more and more necessary [118]. Through sewage discharge, rainfall corrosion, air de-
position, and other pathways, various kinds of heavy metals enter the water. Exposure
to significant quantities of heavy metals, which are highly hazardous and carcinogenic
compounds, can kill organisms [119]. Heavy metal ions in water cannot be entirely treated
using conventional membrane separation, electrolysis, and adsorption technologies. Heavy
metal ions can be converted to non–toxic materials by photocatalytic technology, which
increases the efficiency and safety when treating heavy metal ions [120].

UiO–66–NH2 was doped into 4,4,4,4–(porphyrin–5,10,15,20 tetrayl) tetrakis (benzoic acid)
(TCPP) ligand (Zr–TCPP) by one–pot electrospinning technology, and was then coordinated
with different amounts of Ag+ using –NH2 [121]. Ag NPs were then in situ encapsulated
in Zr–TCPP under ultraviolet light (Ag NPs@Zr–TCPP (ZATx)). The effects of pH, Cr(VI)
concentration, and the presence of inorganic salts on the photocatalytic degradation efficiency
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for Cr(VI) were also studied. The results showed that ZATx exhibited excellent photocatalytic
reduction performance for Cr(VI) under acidic conditions with a Cr(VI) concentration of
100 mg/L in the presence of inorganic salts, because of the light absorption ability of TCPP
and the electron transfer ability of Ag NPs in the photocatalytic process. In addition, NF
membrane filters were also prepared using electrospinning technology. ZATx/PAN still
exhibited an excellent photocatalytic degradation effect for Cr(VI). This research not only
expands the application of traditional powder photocatalysts in photocatalysis, but also
provides insights into the reconstruction strategy of photocatalysts. It also paves the way for
the development of efficient photocatalysts with environmental benefits.

A cellulose–based FeOOH@MIL–100 (Fe)/CeP electrospun NF membrane with core–
sheath structure and high photocatalytic activity for simultaneous dye degradation and
Cr(VI) reduction was prepared [122]. The β–FeOOH@MIL–100 (Fe)/CeP electrospun
NF membrane has ultra–high MIL–100 (Fe) (78 wt%) loading rate and super wettability
(WCA = 0◦ in air). Due to the deacetylation of CA and partial solvent leaching of PVP, the
immobilization of hydrophilic MIL–100 (Fe) crystals is promoted, which is conducive to
the treatment of complex wastewater systems containing oil–water lotion, organic dyes,
and heavy metal ions. B–FeOOH@MIL–100 (Fe)/CeP electrospun NF membranes have the
following advantages: (1) The electronegativity of the β–FeOOH surface is conducive to the
adsorption of Cr(VI); (2) β –FeOOH@MIL–100 (Fe) heterojunctions improve the absorption
and utilization of visible light, and promote the separation of electrons and holes; (3) The
combination of iron ions (Fe) in β–FeOOH@MIL–100 and visible light forms a photo–Fenton
synergistic effect, which promotes the rapid degradation of pollutants. The heterojunction
in the core–sheath structure of FeOOH@MIL–100 (Fe)/CeP electrospun NF membrane
can not only be used as an adsorbent for dye, but also acts as a photo–Fenton catalyst. It
produces a membrane with high pollutant degradation and self–cleaning capabilities, as
well as good cycle stability. The degradation efficiency of Cr(VI) by β –FeOOH@MIL–100
(Fe)/CeP electrospun NF membrane was 99.7%.

4.4. Photocatalytic Degradation of Bacteria

The complex existence of various bacteria and viruses in water poses a significant
threat to humans and they have become a global problem [123]. Therefore, developing an-
tibacterial strategies is necessary to prevent infection caused by pathogens. Photocatalysis
is a technology for treating different bacteria in water [124]. Active free radicals can oxidize
and kill most bacteria and pathogens.

PAN and TiO2 were electrospun into NFs [125], and antibacterial tests were conducted
using E. coli and Bacillus. The results showed that the PAN/TiO2 NF membrane hindered
the growth of these bacteria under visible light; the membrane had a greater impact on the
Gram–positive bacterium Bacillus. It can be seen from Figure 13(a1,a2) that the PAN/TiO2
NF membrane has a certain inhibitory effect on the growth of both Gram–positive and
negative organisms. There are two reasons for this: 1. Active oxygen generated during the
photocatalytic process can kill bacteria; 2. Bacteria that accumulate on the surface of the
fiber are eliminated by photocatalysts, especially Gram–positive bacteria. Compared to
the control sample (bacteria only), the bacterial density of the PAN–TiO2 NF membrane
decreased slightly under dark conditions. Because the catalytic ions on the PAN/TiO2 can
adsorb bacteria inhibiting bacterial growth.

A Ag3PO4/P25 NFs membrane was prepared by electrospinning [87], and then a
portion of PVP was removed because PVP is water soluble. P25 NFs had no antibacterial
activity in the dark (Figure 13(b2)). Ag3PO4/P25 NFs showed significant antibacterial
effects because there were no bacterial cells, as shown in Figure 13(b3). Under the light, the
Ag3PO4/P25 NF membrane can produce more reactive oxygen species (ROS), and the •OH
produced by electron–hole pairs can react with cell proteins, membranes, and DNA; finally,
the cells will die. In the dark, the oxidized Ag and Ag+ have bactericidal properties, leading
to bacterial inactivation. This work solves the problem of nanoparticle loss in solution and
opens a new direction for future research on antibacterial materials.
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Ag–TiO2 nanocomposite membranes [126] with different contents of TiO2 and Ag NPs
were successfully prepared by the combination of sol–gel and electrospinning technologies.
The E. coli cells on the membranes after 24 h of incubation are shown in Figure 13(c1–c3).
The doping of Ag NPs significantly improved the inhibition rate against E. coli. Compared
to other membranes, the TiO2 nanocomposite membranes doped with 2.5% Ag NPs had
higher antibacterial efficiency (99.999%) (Figure 13(c3)). The high bactericidal effect of Ag
NP–doped membranes may have been due to the induction of reactive oxygen species
(ROS), which were formed by the interaction between silver ions and bacterial cell walls.
Ag NPs trigger the formation of free radicals, which can damage bacterial cell membranes.
On the other hand, more oxidative stress forms in the cells when the level of ROS increases,
leading to cell membrane damage.

Ag/TiO2/PAN composite NFs [127] were prepared by needleless electrospinning.
The addition of AgNO3 significantly increased the electrical conductivity of the spinning
solution. In addition, DMF was used as a reducing agent to form Ag NPs in the electro-
spinning solution. The antibacterial properties of Ag/TiO2/PAN composite NFs against E.
coli and S. aureus were tested using agar plate technology (Figure 13(d1,d2)). For the pure
PAN NF membrane, there were no inhibitory regions against these two bacteria, which is
consistent with the non–bactericidal properties of PAN. It is worth noting that inhibition
regions were observed for the membranes containing Ag and Ag/TiO2, and the inhibition
regions of Ag/TiO2 samples were larger than those of the Ag–containing membranes. The
results showed that 95% of E. coli and 99% of S. aureus were killed within 2 h, as shown in
Figure 13(d5). The high antibacterial activity was attributed to Ag NPs with large surface
areas, which were able to increase the chances of connection between NPs and bacteria to
promote antibacterial effects. Moreover, the antibacterial activity of Ag NPs may have been
caused by the formation of free radicals and subsequent free radical–induced membrane
damage. The irregular shape of pits at the outer membrane of cells was caused by metal
depletion. This changed the permeability of the membrane and allowed the release of
lipopolysaccharide molecules and membrane proteins. Most importantly, the results sug-
gest that the combination of silver and TiO2 can achieve excellent antibacterial properties
and have synergistic antibacterial effects against S. aureus and E. coli.
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Potential secondary contamination may result from the partial or incomplete degrada-
tion of pollutants. Pollutants must undergo complete photodegradation before finishing
treatment and entering the water body, so photocatalytic membranes are essential. The
photocatalysts carried by the electrospun fiber membrane allow pollutants to adsorb onto
its surface before photodegradation and to complete the destruction of organic pollutants.
However, if too many photocatalysts are employed, some of them will detach from the
reaction. Moreover, using too many photocatalysts can result in photogenerated carriers
recombining too quickly. This can decrease the performance of the photocatalytic system,
resulting in secondary pollution. Hence, developing photocatalytic NF membranes for
the degradation of diverse pollutants in the future will require enhancing the supporting
photocatalyst and electrospinning technology.

5. Conclusions and Perspective

NF membranes prepared by electrospinning technology show excellent performance
and have important potential applications in the photocatalytic degradation of pollutants in
water [101,128–130]. However, the existing electrospinning technology, materials, and indus-
trialization issues limit the photocatalytic efficiency and practical applications [122,131–133].
Multi–fluid electrospinning technology can solve the problem of the low efficiency of
electrospinning technology preparation, and further improve the efficiency of the prepa-
ration of materials. For example, improvement in tri–axial and parallel electrospinning
technology can solve the problem of lower loading function particles and the difficulty
of spinning [134–137]. In addition, multi–fluid electrospinning technology can also pre-
pare idealized materials according to actual needs, which is conducive to further practical
applications [138–140]. A novel platform can be built to create an increasing number of func-
tional nanostructures for environmental remediation based on the combination of modified
coaxial electrospinning and several active substances to address environmental pollutants.
The development of novel nanomaterials and associated applications by modified coaxial
electrospinning with a non–electrospinnable liquid as the working fluid for the sheath is
still in its infancy. Future predictions indicate that there will be an increase in the number
of options. With one or more electrospinning fluids, such as tri–axial and parallel electro-
spinning, non–electrospinning fluids can be processed in a variety of ways. Photocatalysts
can be evenly distributed on the surface of polymer NFs using a non–electrospun solution
as the sheath working fluid, enhancing photocatalytic performance. Combined with other
techniques, modified coaxial electrospinning might further increase its performance.

Finding new photocatalytic particles and improving the photocatalytic efficiency is also
a problem that we should face in the future. For example, identifying materials with a lower
separation rate of e− and h+, oxygen vacancy materials [141,142], carbon materials [143,144],
doping composite materials [145,146], triboelectric materials [147,148], piezoelectric mate-
rials [149,150], etc., will further improve photocatalytic efficiency. Improving the crystal
structure and optimizing the material structure can help to solve the problem of the separa-
tion efficiency of e− and h+. In addition, the material can make full use of energy existing
in nature, such as water energy, wind energy [149,150], friction energy [147,148], etc., to
improve treatment efficiency and reduce the emission of greenhouse gases. A hollow
structure, confined structure, porous NFs, and porous photocatalysts should be prepared
to reduce e−–h+ recombination and increase the active sites for the photocatalytic reaction
of materials [151,152]. Moreover, the preparation steps of materials should be further
simplified to reduce excessive energy consumption. New suggestions and supports can
be proposed for developing novel materials to combine electrospinning and advanced
oxidation technologies [153–155], such as synthetic strategies, and taking advantage of
polymeric special properties as well as filament–forming properties [156,157].

The issue of industrialization needs to be further investigated and developed. For
example, how to achieve large–scale production, how to design experiments in actual
water bodies to examine the effects of the influence of light–aging and actual conditions on
photocatalytic degradation efficiency, and how to improve the mechanical properties of
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materials to reduce the problems of practical application, etc. Determining biological toxic-
ity is also an important step in industrial production. Developing environmentally friendly
polymers and photocatalytic particles is an important issue for future research. Given the
above problems, combining photocatalytic technology with the structural optimization
of electrospinning NFs to treat sewage in the future may not only have the advantages of
simple and stable structure and easy recycling, but also greatly improve photocatalytic
efficiency. Establishing reasonable structural relationships and using materials for high
efficiency, fast, and stronger photocatalytic efficiency, is of great significance for the future
economy, humanity, and national construction.
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Abstract: Wastewater treatment plant effluents can be an important source of contamination in
agricultural reuse practices, as pharmaceuticals are poorly degraded by conventional treatments
and can enter crops, thereby becoming a toxicological risk. Therefore, advanced tertiary treatments
are required. Ozone (O3) is a promising alternative due to its capacity to degrade pharmaceutical
compounds, together with its disinfecting power. However, mass transfer from the gas to the liquid
phase can be a limiting step. A novel alternative for increased ozone efficiency is the combination
of micro-nano bubbles (MNBs). However, this is still a fairly unknown method, and there are
also many uncertainties regarding their implementation in large-scale systems. In this work, a
combined O3/MNBs full-scale system was installed in a WWTP to evaluate the removal efficiency
of 12 pharmaceuticals, including COVID-19-related compounds. The results clearly showed that
the use of MNBs had a significantly positive contribution to the effects of ozone, reducing energy
costs with respect to conventional O3 processes. Workflow and ozone production were key factors for
optimizing the system, with the highest efficiencies achieved at 2000 L/h and 15.9 gO3/h, resulting in
high agronomic water quality effluents. A first estimation of the transformation products generated
was described, jointly with the energy costs required.

Keywords: alternative tertiary treatment; COVID-19; micro-nano bubbles; ozonation; pharmaceuticals

1. Introduction

High levels of pharmaceutical manufacturing, and therefore their widespread use,
can contribute to their discharge in concentrations high enough to cause adverse effects
in aquatic environments, posing a new global challenge [1]. Specifically, from 2010 to
2022, an increase of more than 35% was detected in the consumption and manufacture
of pharmaceuticals, and this is expected to increase by 3–6% in 2025 [2]. This increase is
attributed to continuously changing demand, which has been impacted in recent years by
critical events, including COVID-19 [3]. The main environmental problem is that most of
the pharmaceuticals used both at home and in hospitals are excreted from the body either
unchanged or as active metabolites at high concentrations, resulting in their continuous
release into wastewater collection systems (mainly through wastewater treatment plants,
WWTP) [4,5]. However, conventional WWTPs are not effective in the complete removal of
these types of compounds (highly variable removal rates, from 0 to 100%). This has given
rise to detection of compounds from different therapeutic groups (antibiotics, analgesics,
anti-inflammatories, antiretrovirals, etc.) in aquatic environments in recent years, in both
developed and developing countries, with values greater than 100 µg/L observed in some
cases [6,7]. These concentrations are usually associated with consumption patterns. As
an example, the model developed by Kuroda et al. (2021) showed an increase in the
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concentration of chloroquine in domestic wastewater due to its consumption during the
COVID-19 pandemic, with predicted values of 857 ng/L [8], while various commonly used
pharmaceuticals (diclofenac, naproxen, or ketoprofen) were the most detected in WWTP
effluents [9]. Although the information on the effects of many of these compounds on
the environment and public health remains scarce, and no strict legal regulations on the
release of pharmaceuticals into water bodies have been implemented on a global scale,
most of them are considered priority substances, and included in European watch lists
((EU) 2022/1307, (EU) 2020/1161, etc.) [10,11].

Furthermore, the problem becomes aggravated when, in order to deal with water
stress, the intention is to valorize WWTP effluents through agricultural reuse practices to
promote the use of alternative water resources according to the circular economy action
plans [12,13]. However, the reality is that the pharmaceutical compounds contained in
these effluents could enter the food chain, which may result in health problems due to
their potential accumulation risk (chronic effects) [14,15]. In light of this, the application of
recently developed tertiary treatments to produce better water quality is currently attracting
the attention of researchers and water managers as an opportunity for its reuse for suitable
purposes. The challenge is to remove pharmaceutical compounds and pathogens that could
have negative effects on human health, animal health, or the environment. In addition, the
emergence of new, increasingly restrictive reuse policies (such as the new (EU) 2020/741
on minimum requirements for water reuse, to be implemented at the European level from
June 2023) makes investing money in appropriate treatments a short-term necessity, as well
as the development of efficient treatments to meet these legal requirements with assumable
energy, costs, or other resources [16].

Ozone-based processes are an attractive option that could be implemented as a tertiary
treatment in WWTP as ozone, as a result of its strong oxidizing power (2.07 V), is reported
to be an effective disinfectant, and an agent capable of degrading pharmaceuticals using
two mechanisms: (a) direct electrophilic attack by molecular ozone; and (b) indirect attack
by hydroxyl radicals (•OH), produced through the ozone decomposition process. It is this
path that makes ozonation to be considered part of the classification of advanced oxidation
processes (AOPs) [17]. The main advantage of ozone over other AOPs, such as Fenton or
photo-Fenton processes, is the fact that the addition of complex chemical reagents (i.e., iron
salts or chelating agents) are not needed to carry out the reaction [18].

However, the ozone mass transfer process from the gas to the liquid phase can be a
limiting step, resulting in a low-efficiency process. Therefore, ozone coupling with other
technologies (O3/H2O2, O3/UV, O3/ultrasound, O3/electrolysis-ozonation, or catalytic
ozonation) has been studied in recent years [19–22]. In fact, this process seems to be the
bottleneck that is hampering the definitive implementation of this technique, given the
large investments needed in ozone generation systems.

One innovative technique for enhancing mass transfer and increasing ozone solubility
in water is the combination of O3 with micro-nano bubbles (MNBs) [23]. Their tiny size
(with diameters ranging from tens of nanometers to several tens of micrometers) and
specific properties have captured the attention of researchers recently. Specifically, MNBs
have been shown to have a significantly lower rising velocity than larger bubbles, and their
negatively charged surface prevents coalescence, so they may persist in water for longer
periods [24]. MNBs also have an internal pressure and a specific surface that favors mass
transfer, increasing ozone dissolution. In addition, the effective generation of •OH radicals
by the collapse of O3/MNBs under a broad pH band can contribute to the oxidation
of organic molecules [25–27], increasing the effectiveness with respect to conventional
O3 processes. As an example, Azuma et al., 2019, reported an increase in the rates of
pharmaceutical compound removal between 8% and 34% when a combined O3/MNBs
treatment was used, as compared with O3 alone. Thus, the degradation rates of compounds
such as acetaminophen glucuronide, bortezomib acid, or loxoprofen, increased from 19%
to 32%, 48% to 88%, and 48% to 82%, respectively, while less persistent compounds such as
carbamazepine or acetaminophen were completely removed [28].

91



Catalysts 2023, 13, 188

However, despite all these promising advantages, most studies have been conducted
at the laboratory scale and under controlled conditions, or even using distilled or simulated
water as a model. Therefore, studies on the benefits of using O3/MNBs systems using
real wastewater are limited, and even more so, the application of this technology on a
large scale. Consequently, factors such as design parameters for large-scale reactors, their
operation, process control, or associated costs are not yet sufficiently studied. In addition,
there is limited evidence on the benefits for disinfection purposes. Another uncertainty
comes from the lack of knowledge about the transformation products (TPs) related to the
process of degradation of pharmaceuticals that could be generated in this type of system
and their impact on the environment.

This work aims to evaluate the combined use of MNBs/O3 in a large-scale regeneration
system to obtain water of high agronomic quality. Pharmaceutical removal efficiency, includ-
ing COVID-19-related compounds, along with disinfection, as well as transformation products
generated and cost evaluation, will be key aspects in system optimization and evaluation.

2. Results and Discussion
2.1. Pharmaceuticals Removal Efficiency

The results provided evidence of the influence of the workflow on pharmaceutical
removal percentages, showing higher efficiencies working at 2000 L/h and 500 L/h as
compared to the intermediate flow rate (1200 L/h) (see Figure 1). This phenomenon can be
due to two different issues: the dilution carried out and, therefore, the final concentration
of ozone, and the reaction with molecular ozone. At a high workflow, more turbulence is
generated in the wastewater, so the MNBs collide with each other and with O3 molecules,
increasing the concentration of reactive species (mainly •OH radicals) capable of reacting
and breaking down pharmaceuticals [29]. Since •OH has a higher oxidation potential
than O3, the pharmaceuticals oxidation process will increase with respect to a lower
workflow [30]. On the other hand, at low working flows, the O3-MNBs/pharmaceuticals
ratio is higher, meaning a higher ozone concentration which increases the oxidizing species,
favoring the removal of pharmaceuticals [31].
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A clear relationship was also observed between the pharmaceutical removal percent-
ages and ozone production, according to Dawood et al., 2021 [29]. In particular, an increase
in the ozone dose applied was related to an increase in pharmaceuticals removal, reaching
maximum values of 72.5 ± 7.8% working with 15.9 gO3/h, 50.3 ± 10.2% working with
11.4 gO3/h and 82.7 ± 6.2% working with 11.4 gO3/h, when 2000 L/h, 1200 L/h, and
500 L/h workflow were tested, respectively. However, a decrease in removal efficiency was
observed in all cases when working at maximum ozone production values (22.8 gO3/h).
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These effects may be related to ozone solubility. In general, the increase in ozone concen-
tration promotes the transfer of ozone from the gas phase to the liquid phase up to the
solubility limit. At this point, there is no transfer of a greater supply of ozone to the liquid
phase, so the efficiency of pharmaceutical removal remains constant or even decreases,
according to Joseph et al. (2021) [32]. This was tested experimentally by measuring dis-
solved oxygen (indigo method). In all cases, the dissolved ozone percentage increased
as the inlet ozone concentration increased, reaching a maximum value of 82.0% working
with 15.9 gO3/h, a dissolved ozone percentage similar to those reported by Kokkoli et al.
(2021) [33]. From that point on, this percentage remained constant and even decreased,
thus corroborating our hypothesis.

On the other hand, it should be noted that, in the absence of ozone, an average removal
of 10% of pharmaceuticals was observed, regardless of the workflow used, suggesting
the ability of MNBs to enhance the efficiency of the process. These results are consistent
with the experiments by Bui et al. (2020) [34]. These authors reported that the electrostatic
attraction between MNBs and organic matter (due to the opposite surface charge between
molecules), along with reactive species that can be generated by the collapse of the MNBs,
lead to a decrease in organic matter in wastewater.

The percentages obtained from Figure 1 were also related to the ozone consumed in
the process. The results (Figure 2) showed that the highest ozone consumption occurred at
500 L/h, followed by 1200 L/h and 2000 L/h, respectively. This allowed us to corroborate
the hypotheses and justify the results presented above. In this sense, at high flows, indirect
O3 reactions would predominate, due to the presence of a greater number of radical species
(•OH), due to the reactivity of the MNBs (molecular collision). However, at low flows,
direct O3 reactions may predominate. In both cases, the reactivity would be greater than at
intermediate flows, where the contact time between molecules is lower, and there is not
enough flow to make collisions between molecules too effective, so there would be a balance
between direct and indirect reactions, limiting them both. On the other hand, a decrease in
ozone consumption was observed at the highest ozone generation rate, verifying that this
concentration reaches the O3 solubility limit.
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On the other hand, the specific ozone dose applied, normalized to the dissolved
organic carbon (DOC) of effluents, showed values between 0 to 0.38 gO3/gDOC, 0 to
0.63 gO3/gDOC, and 0 to 1.51 gO3/gDOC when flowrates of 2000 L/h, 1200 L/h, and
500 L/h were used, respectively. In all cases, the values of gO3 applied/g DOC working
at 2000 L/h were much lower than those reported in the literature for conventional O3
reactions in large-scale systems. Specifically, Hollender et al. (2009) studied the removal of
24 pharmaceuticals in wastewater with O3 at full scale. The results showed that a dose of
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0.47 gO3/gDOC was needed to remove compounds of greater reactivity (including CBZ
or SMX), while higher doses were needed for slow-reacting compounds [35]. The same
removal of compounds under conventional O3 reactions was studied by Antoniou et al.
(2013) [36], demonstrating that a dose between 0.55 gO3/gDOC to 0.77 gO3/gDOC was
necessary to reach a 90% removal of highly reactive compounds while for slow-reacting
compounds (such as NPX) a specific ozone dose > 1 g O3/gDOC was necessary. Therefore,
the positive impact of the use of MNBs in O3 reactions is demonstrated, decreasing the
gO3/gDOC to be applied as compared to conventional ozonation reactions, which could
also have an impact on cost reduction.

According to these results, and considering that the treated water is intended to be
reused for agriculture irrigation, with disinfection crucial for optimization, an evaluation
of disinfection based on E. coli removal during the process under the selected operational
conditions was performed. The results (Figure 3) showed that the reduction in E. coli bacteria
was significantly affected by ozone dosage and workflow, as was the case for pharmaceutical
removal, with the mechanisms being the same. A combination of direct (involving O3
molecules) and indirect (involving free •OH) reactions are involved in pharmaceuticals
removal and E. coli inactivation processes under selected wastewaters due to their pH value
(~pH 7), and this reactivity is further enhanced by the presence and behavior of MNBs
under particular conditions [37–39]. Therefore, the study of the operating conditions for
each specific system is essential for achieving the highest removal efficiency.
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Figure 3. Influence of inlet ozone concentration and flow rate on E. coli removal.

Considering that the initial abundance of E. coli in the inlet wastewater was 2.3 × 104

± 1.1 × 104 CFU/100 mL (see Table S1), 15.9 gO3/h of ozone production was the only
condition able to inactivate E. Coli values below LOD, showing reduction values of up to
4-log, while lower removal efficiencies were obtained for the other conditions tested. In
all cases, the best removal efficiencies were observed using the 2000 L/h workflow, due
to increased reactivity as a result of the collisions between molecules, while the use of air
MNBs managed to remove an average of 0.5 log, demonstrating that the hydroxyl radicals
alone, generated by the collapse of the MNBs, have a disinfectant activity, according to
Sumikura et al., 2007 [40]. In this work, the authors reported a 24.5% removal of E. coli in
wastewater using micro-air bubbles, while this percentage increased progressively when
increasing amounts of ozone were added.

Therefore, considering the combination of the efficient disposal of pharmaceuticals and
disinfection requirements for agricultural reuse, 2000 L/h and 15.9 gO3/h were considered
optimal conditions for continued work in the large-scale system.
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2.2. Prediction of the Pharmaceutical Removal from Physico-Chemical Properties

Despite the high efficiencies in pharmaceutical removal obtained under the differ-
ent operational conditions studied, not all compounds behaved in the same way in the
O3/MNBs system. Specifically, of the 12 pharmaceuticals analyzed, 6 of them showed
high removal percentages, reaching, in all cases, values higher than% (TRZ, TCL, AMX,
CBZ, ACT, and SMX), 4 of them (KTP, NPX, DCF, and ERY) showed moderate efficiencies
(between 57.62% and 77.34%), while the remaining 2 (HLP and CHL) had low removal
efficiencies (approximately 22.50%, see Figure 4). This may be related to the structure and
functional groups of the pharmaceuticals to be degraded and, therefore, to the reactivity
of these groups with O3 and •OH radicals in an aqueous solution, and may result in oxi-
dation processes, cycloadditions, or mainly electrophilic substitution reactions according
to Beltran et al., 2003 [41]. Specifically, the presence of electron-rich functional groups
has been reported to react with O3 molecules by electrophilic substitution via electron
transfer, increasing removal percentages [42]. These groups include C=C bonds (mainly
found in CBZ), nitrogen-containing compounds (mainly found in TRZ, TCL, or SMX), or
organosulfur compounds such AMX. However, electron-withdrawing functional groups,
such as fluoro, chloro, or carboxyl groups (found in DCF, CHL, or HLP) reduce electronic
density from pharmaceuticals inhibiting electrophilic substitution reactions, resulting in
a shielding effect [36]. In this perspective, and in order to simplify and predict the phar-
maceutical removal efficiency in O3/MNBs systems, the removal percentages obtained
were directly associated with the ionic capacity of the pharmaceuticals, following the trend:
cationic compounds > dipolar ions > neutral compounds > anionic compounds. Thus,
cationic, dipolar ions, and neutral compounds would be considered as high removal rate
compounds, while the anionic compounds would be considered as compounds with mod-
erate removal percentages. However, CHL and HPL, despite being cationic compounds,
showed the lowest removal rates (22.5± 2.6% and 22.5± 3.1%, respectively). This behavior
could be associated with the presence of electron-withdrawing functional groups (mainly
fluoro and choro in their structure, limiting their removal [43]. On the other hand, another
exception to this behavior was the case of ERY. Despite being a neutral compound, its
low reactivity was due to the scarcity of its C=C bond and other electron-rich functional
groups in their structure, which limited its reactivity. In this sense, knowing the polarity
and chemical structure of the pharmaceuticals to be degraded by O3/MNBs reactions could
be crucial for predicting the removal efficiency of selected compounds in real systems.

Catalysts 2023, 13, x FOR PEER REVIEW 7 of 18 
 

 

CHL

HLP

ERY

DCF

NPX

KTP

SMX

ACT

CBZ

AMX

TCL

TRZ

0 20 40 60 80 100

% Removal

Cations

Anions

Neutral

Dipolar Ion

 
Figure 4. Influence of ionic capacity in pharmaceuticals removal. 

2.3. Transformation Products Generated in the Process 
One aspect to consider for the implementation of O3/MNBs-based systems on a large 

scale is related to the TPs that can be generated due to the degradation of pharmaceutical 
compounds during the process due to •OH radical reactivity [44]. Although the genera-
tion of TPs in ozonation-based processes (O3, O3/H2O2, etc.) and their potential effect on 
the environment have been studied for many years [45], to our knowledge, there are no 
studies yet that have considered the TPs generated in O3/MNBs processes. In this light, a 
study was conducted to evaluate whether the TPs generated in O3/MNBs processes are 
consistent with those reported in the literature for other O3-based processes [46–55].  

Of the 104 TPs considered in the suspect list, only 9 chromatographic peaks were 
detected as positive, following the settings described in Section 2.3. After grouping reten-
tion time signals, only five remained, which originated from CBZ (three TPs (TPC10, 
TPC4, and TPC13) at retention times of 6.54, 8.67, and 9.45 min, respectively), DCF (1 by-
product at a retention time of 9.08 min, TPD6), and NPX (1 by-product at a retention time 
of 10.83 min, TPN1), with the proposed structure previously reported in the literature (see 
Table S2). For all selected chromatographic peaks, score values were 100% and the mass 
error was <5 ppm. For more information, see Table S3.  

Significant differences were observed according to the different workflows. In par-
ticular, TPC4 (carbamazepine by-product) was the largest by-product area and was de-
tected only at the 2000 L/h (see Figure 5). It formed from 4.5 gO3/h and the peak area 
increased following the ozone production, while a small decrease was detected at 22.8 
gO3/h, following a pattern similar to the pharmaceutical’s behaviour. Although several 
authors have found this by-product of carbamazepine in ozonation reactions, and some 
of them have reported it as one of the most persistent TPs [56,57], it was Kråkström et al. 
(2020) [51] who first associated this mass to a specific structure (2,2′-azanediyldibenzalde-
hyde) using NMR. The authors reported that this by-product was formed via radical re-
actions from the intermediate product N, N-bis(2-formylphenyl) urea, continuing to react 
with •OH radicals forming other intermediates, confirming their quick reactivity under 
higher flow rates.  

Figure 4. Influence of ionic capacity in pharmaceuticals removal.

95



Catalysts 2023, 13, 188

2.3. Transformation Products Generated in the Process

One aspect to consider for the implementation of O3/MNBs-based systems on a large
scale is related to the TPs that can be generated due to the degradation of pharmaceutical
compounds during the process due to •OH radical reactivity [44]. Although the generation
of TPs in ozonation-based processes (O3, O3/H2O2, etc.) and their potential effect on the
environment have been studied for many years [45], to our knowledge, there are no studies
yet that have considered the TPs generated in O3/MNBs processes. In this light, a study
was conducted to evaluate whether the TPs generated in O3/MNBs processes are consistent
with those reported in the literature for other O3-based processes [46–55].

Of the 104 TPs considered in the suspect list, only 9 chromatographic peaks were
detected as positive, following the settings described in Section 2.3. After grouping re-
tention time signals, only five remained, which originated from CBZ (three TPs (TPC10,
TPC4, and TPC13) at retention times of 6.54, 8.67, and 9.45 min, respectively), DCF (1 by-
product at a retention time of 9.08 min, TPD6), and NPX (1 by-product at a retention time of
10.83 min, TPN1), with the proposed structure previously reported in the literature
(see Table S2). For all selected chromatographic peaks, score values were 100% and the
mass error was <5 ppm. For more information, see Table S3.

Significant differences were observed according to the different workflows. In particu-
lar, TPC4 (carbamazepine by-product) was the largest by-product area and was detected
only at the 2000 L/h (see Figure 5). It formed from 4.5 gO3/h and the peak area increased
following the ozone production, while a small decrease was detected at 22.8 gO3/h, follow-
ing a pattern similar to the pharmaceutical’s behaviour. Although several authors have
found this by-product of carbamazepine in ozonation reactions, and some of them have
reported it as one of the most persistent TPs [56,57], it was Kråkström et al. (2020) [51]
who first associated this mass to a specific structure (2,2′-azanediyldibenzaldehyde) using
NMR. The authors reported that this by-product was formed via radical reactions from the
intermediate product N, N-bis(2-formylphenyl) urea, continuing to react with •OH radicals
forming other intermediates, confirming their quick reactivity under higher flow rates.
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On the other hand, TPC10 was detected in the 1200 L/h workflow under 4.5 and
11.4 gO3/h ozone productions, while at higher production values, it was not detected,
probably due to its reactivity under the O3/MNBs system. Although it is difficult to predict
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their origin, these TPs could be hydroxylated derivatives formed from other carbamazepine
TPs, according to Kråkström et al. (2020) [51]. Other TPs, such as TPN1, TPC13, or TPD6
were found on a spot basis in the samples, which shows that, although they can be formed
in O3-MNBs, their persistence is lower than the other TPs found.

However, despite the preliminary results obtained, the appearance of other TPs cannot
be ruled out if the concentrations of the starting pharmaceuticals were higher, as many
studies reported in the literature were carried out with concentrations close to 1000 µg/L,
five times higher than the concentration tested in this study.

2.4. Agronomic Quality of System Effluents under Optimal Operation Conditions

In order to determine whether the effluents from the proposed and optimized full-scale
O3/MNBs system would be suitable for agricultural use, the most recent EU directive
(EU, 2020/741) on minimum requirements for water reuse was chosen as a reference [15].
Particularly, this directive stipulates four different “classes of reclaimed water quality” (A,
B, C, and D) based on permitted agricultural use and irrigation method, with class A being
the most restrictive. With this aim, the system with real effluents (non-spiked wastewater)
under optimal operating conditions (2000 L/h and 15.9 gO3/h) was monitored working in
continuous mode for 6 months (2 monthly samples).

A significant reduction in the different physico-chemical parameters was detected in
all O3/MNBs effluents analyzed. Specifically, turbidity, BOD5, and TSS values decreased
by 45.0 ± 10.5%, 33.3 ± 15.2%, and 15.1 ± 2.0%, respectively, showing in all cases values
below the most restrictive limits included the EU regulation (class A) (BOD5 ≤ 10 mg/L;
TSS ≤ 10 mg/L and turbidity ≤ 5 NTU). On the other hand, an increase of approximately 9%
in transmittance values was detected in the system effluents, from 53.7 ± 4.6% to 62.4 ± 3.3%,
while the pH and ion content remained practically constant, with pH values of 7.4 ± 2.1 and
sodium adsorption ratio values of less than 6 meq/L, with the limit regulated for agricultural
practices being 6 meq/L according to Spanish Royal Decree 1620/2007 [58].

Regarding the pharmaceuticals, all the samples entering the system showed low
concentrations of all analyzed compounds, with average values between 0.03 µg/L and
0.08 µg/L, mainly because the WWTP used for the study was located in a rural area with an
agricultural perspective, so the concentration of pharmaceuticals that reached this WWTP
was relatively low throughout the year. In spite of this, all the samples treated using the
O3/MNBs system showed a total removal of pharmaceuticals, with values, in all cases
below the analytical detection limits.

As for the disinfection purposes, the effluents showed a significant reduction in E. coli
(between 3-log to 4-log), with concentrations in all cases below the European regulation
on minimum quality requirements established for this bacterium (<10 CFU/100 mL), the
value marked for “the point of compliance” in “class A” reuse. Recently, several authors
have demonstrated the potential of O3/MNBs combination for wastewater disinfection.
Specifically, Furuichi et al. (2013) reported the inactivation of Gram-positive and Gram-
negative bacteria, including E. coli, when a combination 1.5 mg/L of dissolved ozone and
MNBs were used as the water treatment obtained removal percentages higher than 99.99%
(from 1.6 × 109 CFU/mL to <10 CFU/mL) [59], while Cruz et al., 2017 [60], analyzed the
inactivation of fecal and total coliforms in domestic wastewaters from Peru, demonstrating
the reduction of more than 99% for both indicators.

However, despite the promising results, studies evaluating the efficiency of O3/MNBs
systems in the inactivation of highly persistent microorganisms are limited. Under this
perspective, an additional study based on the removal efficiency of Clostridium perfringens
spores as protozoa indicator was carried out. This indicator was selected due to their re-
cent introduction in EU 2020/741 and their resistance to complete removal in conventional
tertiary treatments (including chlorine, UV-C light, or even conventional ozonation) as com-
pared with other parasites [61–63]. The results showed an average removal percentage of
75 ± 10% during continuous work under optimal conditions (from 800 ± 141 CFU/100 mL in
the O3/MNBs inlet wastewater). However, water quality changes in Clostridium perfringens
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spores removal were detected during storage of treated water, reaching 90% to 99% removal
efficiencies after 24–72 h. This may be related to the persistence of MNBs in water, lengthening
the activity of ozone and radical species in the solution, thus prolonging the antimicrobial
activity [64]. These changes in water quality during storage have been reported by other
authors. Chuajedton et al., 2016 [65] studied the use of a lab-scale O3/MNBs system for the
inactivation of E. coli in fresh-cut pineapple. The authors obtained the highest E. coli removal
values (between 4–5 log reduction) after 2 days of storage. On the other hand, Seki et al., 2017,
studied the microbicidal effects of O3/MNBs after long-term storage. The results confirmed
the ozone retention capacity in the MNBs, and their antimicrobial activity, removing resistant
microorganisms even after long storage seasons under suitable conditions [66].

2.5. Cost Assessment Approach

Since the removal of pharmaceutical compounds under advanced tertiary treatments
(including O3/MNBs) are reported as energy-intensive processes, the energy requirement
is one of the most important factors to consider from an economic point of view [67,68].
Under this perspective, an estimation of the economic cost of the process based on electrical
energy consumption is presented. The analysis was performed according to figures of
merit related to •OH-involved processes described by the International Union of Pure and
Applied Chemistry (IUPAC) [69]. Following the marked recommendations, the electrical
energy per order factor (EEo) was calculated. This factor describes the electric energy (kWh)
per unit of volume (m3 of wastewater) required to degrade a pharmaceutical compound by
one order of magnitude. EEo can be calculated with the following equation:

EEO =
P

F × log(Ci/Cf)
(1)

where P is the rated power (kWh) of the oxidation system, F is the flow rate (m3) and Ci
and Cf are the initial and final concentrations of the pharmaceutical compounds [70]. The
energy consumption of pumping, ozone generation, and MNBs formation was found to
be about 6.1 kWh. Considering that EEo values are directly related to the pharmaceutical
removal efficiency (log Ci/Cf), two different groups were considered: group 1 (99% average
removal efficiencies, such as some cations) and group 2 (90% average removal efficien-
cies, mainly dipolar ions or some neutral compounds). The calculated EEo values were
1.80 kWh/m3/order for group 1 and 3.05 kWh/m3/order for group 2, for the O3/MNBs
process. To our knowledge, this is the first time that the costs associated with a large-scale
O3/MNBs process have been calculated, and these results confirm that the energy costs are
directly associated with the physico-chemical properties of the compounds to be degraded.
Therefore, in WWTP where group 1 compounds predominate, costs would be lower as com-
pared to other WWTP having compounds of higher persistence. The calculated EEo values
were analogous to those predicted by Miklos et al. (2018) and Joseph et al. (2021) [32,71]
for the implementation of large-scale ozonation systems. However, it would be necessary
to specifically know the energy requirements that were considered for these predictions
(such as pumping), as well as redesign the location of the tertiary step in the treatment
line under the criteria of energy optimization. At any rate, EEo values were in line with
those predicted by the same authors for other advanced oxidation processes. Specifically,
the authors suggested an average energy consumption for conventional large-scale ozona-
tion processes of 1 kWh/m3/order, while higher values (between 2.6 (photo-Fenton) to
38.1 kWh/m3/order (eAOP)) were suggested for the degradation of specific pollutants with
AOPs technologies. On the other hand, studies reported higher EEo values for UV-based
photocatalysis (335 kWh/m3/order), ultrasound (2616 kWh/m3/order), or microwave-
based AOPs (543 kWh/m3/order), so the use of large-scale O3/MNBs could have great
energy benefits over other technologies. However, despite these approaches, there is a
great lack of knowledge about the energy costs required in O3/MNBs large-scale systems,
as EEo values are mostly dependent on experimental conditions (pH, physico-chemical
properties of the water to be treated, etc.), mainly due to the competition between direct and
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indirect ozonation reactions. In spite of this, the advantages of using O3/MNBs systems
are promising. Azuma et al. reported that the combination of O3/MNBs could reduce
energy costs as compared to conventional O3 treatments due to the higher consumption of
O3 during the reaction and its rapid diffusion into the liquid phase [28].

On the other hand, it is important to note that the estimated EEo values reported
generally do not reflect the additional energy demand required for the production of
chemicals or catalysts used in processes, so these factors should be included in the EEo
calculation [72]. As such, when evaluating the overall costs, e.g., when calculating capital
expenditures (CapEx) and operational expenditures (OpEx), other costs such as chemicals
and material cost, control, and maintenance expenses should be included and determined.
Nevertheless, EEo is a good starting point for comparing the energy requirement of ozone
for pharmaceutical removal.

3. Materials and Methods
3.1. System Design

The combined O3/MNBs full-scale system (Figure 6a) was a non-commercial system
specifically designed by SISTEMA AZUD, S. A. for these tests. It was installed in a
conventional WWTP located in Murcia Region (Spain) (latitude 37◦47′48” N, longitude
0◦57′36” W). Specifically, this WWTP receives domestic and industrial effluents from three
municipalities (Roldán, Lo Ferro, and Balsicas) and has a maximum treatment capacity of
2,007,500 m3/year of wastewater. The water line consists of a primary treatment, followed
by an activated sludge secondary treatment with extended aeration and sedimentation, and
a final tertiary treatment based on coagulation–flocculation, sand filter, and disinfection
using UV radiation. WWTP effluents are commonly used for agricultural irrigation.
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The designed system was connected to the WWTP secondary clarifier, bypassing the
WWTP’s conventional tertiary treatment. The physico-chemical characterization of inlet
wastewater is reported in Table S1. The system consists of a modular and compact system
with combinable steps, automation for monitoring operational parameters, and remote
control. The workflow range during operation is 500 L/h to 2000 L/h.

The experimental treatment line is based on two different stages arranged in series
(Figure 6b). Both stages treat the entire treatment flow, so there is no shunt in which the
treated flow can be diluted.

Step A: The first stage is an air-assisted disc filtering equipment AZUD HELIX
AUTOMATIC®. Specifically, the experimental module is based on a mono stage equipment,
AZUD HELIX AUTOMATIC FT201/2VX AA DLP (Sistema AZUD, S.A., Murcia, Spain),
provided by a filtration grade limit of 50 µm. The disc filter technology was selected because
it allows deep filtration that removes all particles larger than the filtration grade and a
high percentage of smaller ones, regardless of geometry or nature, protecting the next step,
according to Ponce-Robles et al., 2020 [73]. In addition, this experimental module includes
an automatic washing system that combines water and compressed air, which allows work-
ing at low pressure (even during the counter-washing process), reducing the hydraulic
interaction of the system during cleaning, optimizing water and energy consumption, and
achieving total disk recovery [73].

Step B. The second stage is based on ozone micro-nano bubbles (MNBs) injection. This
step consists of two combined systems: (i) ozone generation system; (ii) ozone mass transfer
system based on MNB technology. The ozone generator system is fed by on-site-treated
atmospheric air. The air treatment line is composed of an air dryer, a particle filter, and
an oxygen concentrator. The percentage of oxygen in the air after this treatment can be
increased up to 90%. The ozone generation system, which uses corona discharge technology,
is fed at 5 lpm of this oxygen-concentrated air to produce a maximum of 22,800 mgO3/h.
Likewise, the generation can be regulated between 0–100%. The ozone mass transfer system
consists of a non-commercial prototype composed of an MNBs bubble injector which is
simultaneously fed by the ozone generator and filtered water. This system is based on a
gas–liquid mixing pump that absorbs the gas phase by negative pressure on the suction
inlet and has a high-speed rotary impeller to stir liquid and gas phases.

An optional ozonization tank is located at the outlet of the O3/MNBs system to study
the behavior in water after an established period. The volume of this tank is 5.000 L.

3.2. Pharmaceutical Compounds Included in the Study

A total of 12 pharmaceutical compounds were selected as a case study considering
different aspects: (i) Cover pharmaceuticals from different therapeutic groups (analgesics,
antibacterial, anticonvulsants, antimalarials, anti-inflammatories, antipsychotics, antide-
pressants); (ii) Study of persistent or bio-recalcitrant compounds commonly found in world-
wide WWTP effluents, such as acetaminophen (ACT), amoxicillin (AMX), carbamazepine
(CBZ), diclofenac (DCF), erythromycin (ERY), ketoprofen (KTP), naproxen (NPX), sul-
famethoxazole (SMX), or tetracycline (TCL) [4]; (iii) Study of pharmaceuticals included in
the list of trial drugs for the diagnosis and treatment of COVID-19, and so, considered essen-
tial for the management of sanitary emergence, such as chloroquine (CHL) [74], trazodone
(TRZ), [75] or haloperidol (HLP), (included in the Resolution from 19 June 2020, of the
Spanish Agency for Medicines and Medical Devices, on urgent prevention, containment,
and coordination measures to address the health crisis caused by COVID-19) [76].

Pure standards (>98%) of selected compounds were purchased from Sigma–Aldrich®

(Steinheim, Germany). Individual stock standard solutions and work solutions used in both
analytical and experimental viewpoints were prepared in methanol or MilliQ water and
stored at −20 ◦C. The physico-chemical properties of all selected compounds are reported
in Table 1 [77,78].
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Table 1. Physico-chemical properties of selected pharmaceuticals.

Drug Type Formula Molecular Weight
(g/mol) Log Kow pKa

Acetaminophen
(ACT) Analgesic C37H67NO13 151.16 3.06 8.9

Amoxicillin
(AMX) Antibacterial C16H19N3O5S 365.4 0.87 2.6

Carbamazepine
(CBZ) Anticonvulsant C15H12N2O 236.3 2.45 15.9, −3.8

Chloroquine
(CHL) Antimalarial C18H26ClN3 319.9 4.63 10.1

Diclofenac
(DCF) Anti-inflammatory C14H11Cl2NO2 296.1 4.51 3.9

Erythromycin
(ERY) Antibacterial C37H67NO13 733.9 3.06 8.8

Haloperidol
(HLP) Antipsychotic C21H23ClFNO2 375.9 4.30 8.65

Ketoprofen
(KTP) Anti-inflammatory C16H14O3 254.3 - 3.98

Naproxen
(NPX) Anti-inflammatory C14H14O3 230.26 3.18 4.18

Sulfamethoxazole
(SMX) Anticonvulsant C10H11N3O3S 253.28 0.89 pKa1 = 1.6 pKa2 = 5.7

Tetracycline
(TCL) Antibacterial C22H24N2O8 444.4 −1.37 7.68, 3.3

Trazodone
(TRZ) Antidepressant C19H22ClN5O 371.9 3.21 6.79

Data from PubChem (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 1 December 2022)) and network of
reference laboratories, research centers, and related organizations for monitoring of emerging environmental
substances (https://www.norman-network.net/ (accessed on 1 December 2022)).

3.3. Analytical Determinations

Total suspended solids (TSS), electrical conductivity (EC), pH, turbidity, dissolved organic
carbon (COD), 5-day biological demand (BOD5), total nitrogen (TN), and chemical oxygen
demand (COD) analyses were carried out following Standard Methods (APHA, 2012) [79].

The dissolved ozone in the system was determined using the indigo method according
to the standard methods (APHA-AWWA-WEF, 1992) procedure. The analysis was per-
formed using potassium indigo tri-sulfonate (Sigma–Aldrich®, Steinheim, Germany) and
an ultraviolet-visible (UV-vis) spectrophotometer set at 600 nm [80].

Escherichia coli measurements were determined by the standard membrane filtration
method, according to ISO 9308-1:2014 [81]. The detection limit was set at 1 CFU/ 100 mL
(Colony Forming Unit per 100 mL), according to the Class A maximum value (10 CFU of
E. coli/100 mL) set by the new European Regulation on minimum requirements for water
reuse ((EU) 2020/741). Clostridium perfringens spores were analyzed through an external
ENAC-certified reference laboratory (IPROMA S.L) located in Castellón, Spain, following
the standard membrane filtration method established in the UNE-EN ISO 14189:2007 [82],
based on selective cultivation on TSCF agar at 44 ± 1 ◦C for 21 ± 3 h and subsequent colony
identification by acid phosphatase reaction. The limit of detection was set at 1 CFU/100 mL.

A liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-QqTOF-
MS) system was used for targeted and non-targeted analysis (pharmaceuticals and TPs).
The LC separation was achieved using an ACQUITY I-Class UPLC system (Waters Cor-
poration, Milford, MA, USA) coupled with an ACQUITY BEH C18 (100 mm × 2.1 mm,
1.7 µm) column, according to Martínez-Alcalá et al., 2017 [83]. The LC system was connected
to a Bruker Daltonics, maXis q-TOF mass spectrometer equipped with an electrospray ion
source (Bruker Daltonics, Bremen, Germany). The system worked via a TOF-MS survey
scan (resolving power ≥ 55,000 FWHM). The targeted and non-targeted substances were
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identified and reported from accurate-mass scan data using the software Target Analysis
(1.3) and Data Analysis (4.2) from Bruker. For more information, see general information
S1. Before injection into the chromatographic system, samples were filtered using a 0.22 µm
PTFE filter (Millipore). The detection limit (DL) for the selected compounds was adjusted
to 5 µg/L with an associated error for each concentration level < 10%, using matrix calibra-
tion curves. An additional sample pre-concentration step was performed in real samples
containing pharmaceutical compounds below limits set using solid phase extraction (SPE),
allowing for a decrease in the detection limit by two orders of magnitude (detailed SPE
procedure is described in general information S2).

For TP analysis, the literature research focused on previously reported TPs under O3
wastewater treatments. The suspect list developed contained 104 TPs (see Table S2), and
included transformation products of TRZ, TCL, AMX, CBZ, SMX, KTP, NPX, DCF, and
ERY, while TPs of other compounds such as ACT, HPL, CHL, or TRZ were excluded since
relevant O3 TPs were not found in the literature [46–55].

Only chromatographic peaks with an absolute intensity threshold of 1000 counts per
second (cps) and an exact mass matching the values reported in the literature were considered
tentative candidates. Finally, only candidates with an intensity response 10 times higher
than the analyzed blanks [84] and showing score values close to 100% (intrinsic statistical
parameter of the chromatographic peak quality indicator system) were considered positive.

3.4. Experimental Procedure and Sampling

All experiments were performed in the full-scale system in continuous mode at ambi-
ent temperature (18.0 ± 5.0 ◦C) and natural wastewater pH (7.4 ± 0.2).

Different percentages of ozone generation, together with flow rate effects on pharmaceu-
tical removal efficiency, were studied to analyze different operating conditions and optimize
the proposed system. With this aim, three working flows (i) 2000 L/h; (ii) 1200 L/h and
(iii) 500 L/h of inlet treated wastewater, and 5 different percentages of ozone production,
adjustable in the ozone generator (i) 0%, corresponding only to the injection of purified
atmospheric air; (ii) 25%; (iii) 50%; (iv) 75%; (v) 100% were studied. These production
percentages are related to (i) 0.0; (ii) 4.5; (iii) 11.4; (iv) 15.9; (v) 22.8 gO3/h of ozone pro-
duced, respectively. To ensure a constant ozone production rate throughout the experiment,
all samples were collected 15 min after ozone generator activation and MNBs injection.
All optimization experiments were performed using real secondary effluents spiked with
200 µg/L of selected pharmaceuticals. For this, required volumes of a stock solution con-
taining pharmaceutical compounds were added to real wastewater into an external reaction
tank connected directly to the system, as pharmaceuticals are commonly found in real
wastewater in the ng/g range [4]. This initial concentration was chosen as it is sufficiently
high to obtain degradation values with available analytical techniques and low enough to
simulate real environmental conditions. The experiments were conducted in triplicate to
ensure repeatability, and the averaged data are presented below. All samples were collected
in 1-L amber glass bottles and taken directly to the laboratory for further analysis (stored at
4 ◦C in the dark and analyzed within 24 h).

Once the optimization phase was completed, the efficiency of the system was moni-
tored under real-world conditions (real unfortified water) following the same sampling
and analysis protocols. Finally, an evaluation of the TPs likely to be generated in the system
was carried out, as well as a detailed study of the associated costs.

4. Conclusions and Future Perspectives

This work clearly demonstrates the feasibility of implementing O3/MNBs systems as
a tertiary treatment in conventional WWTPs for agronomical purposes. After optimization,
the workflow of 2000 L/h and ozone production of 15.9 gO3/h showed the best results,
with pharmaceutical removal percentages of 72.46± 7.8% and a significant E. Coli reduction
between 3-log and 4-log.
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The presence of MNBs favored the efficiency of the system, improving the direct (in-
volving O3 molecules) and indirect (involving free •OH) oxidation mechanisms. However,
in low workflows, the direct reaction predominates, while in high workflows, the indirect
reaction predominates, due to the reactivity of the MNBs (molecular collision).

As for pharmaceutical removal percentages, three ranges can be considered: removal
efficiencies higher than 85.68% (cationic, dipolar ions, and neutral compounds), moderate
removal efficiencies, between 57.62% and 77.34% (anionic compounds), and low removal
efficiencies of 22.50% (pharmaceuticals that contain mainly choro and fluor groups in their
structure). In this sense, knowing the polarity and chemical structure of the pharmaceuticals
to be degraded by O3/MNBs reactions could be crucial for predicting the removal efficiency
of the selected compounds in real systems.

The energy consumption required was also associated with the structure of the phar-
maceutical compounds. Therefore, in WWTPs where cationic groups predominate, the
costs would be lower as compared to other WWTPs that are more persistent.

The effluents generated in the system showed high agronomic quality, complying with
the standards set in the European regulation for wastewater reuse. In addition, quality changes
were detected during storage, increasing disinfection after 24–72 h, due to the persistence of
the MNBs. This is promising, as proper storage could help not only to improve water quality,
but also to reduce costs, as less ozone and therefore less energy may be needed.

Although this work has made a first estimation of the TPs generated in the O3/MNBs
processes, more knowledge is needed to better assess the risks associated with the imple-
mentation of these large-scale systems, as the TPs generated in hydroxy-radical reactions
in some cases may be even more toxic than the starting compounds. Finally, despite the
promising results found on the implementation of O3/MNBs systems on a large scale, the
impacts of their use at the agronomic level are still largely unknown, from the point of view
of plant growth, effects on fertilizers, etc., so these aspects need to be examined further.
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Abstract: Pesticide residues, when present in agricultural wastewater, constitute a potential risk for
the environment and human health. Hence, focused actions for their abatement are of high priority
for both the industrial sectors and national authorities. This work evaluates the effectiveness of the
photocatalytic process to decompose two frequently detected pesticides in the water effluents of the
fruit industry: thiamethoxam-a neonicotinoid compound and flonicamid-a pyridine derivative. Their
photocatalytic degradation and mineralization were evaluated in a lab-scale photocatalytic batch
reactor under UV-A illumination with the commercial photocatalyst Evonik P25 TiO2 by employing
different experimental conditions. The complete degradation of thiamethoxam was achieved after
90 min, when the medium was adjusted to natural or alkaline pH. Flonicamid was proven to be a
more recalcitrant substance and the removal efficiency reached ~50% at the same conditions, although
the degradation overpassed 75% in the acidic pH medium. Overall, the pesticides’ degradation
follows the photocatalytic reduction pathways, where positive charged holes and hydroxyl radicals
dominate as reactive species, with complete mineralization taking place after 4 h, regardless of
the pH medium. Moreover, it was deduced that the pesticides’ degradation kinetics followed the
Langmuir-Hinshelwood (L-H) model, and the apparent rate constant, the initial degradation rate, as
well as the L-H model parameters, were determined for both pesticides.

Keywords: thiamethoxam; flonicamid; insecticides; photocatalytic degradation; titanium dioxide;
scavengers; solution pH

1. Introduction

At present, agricultural industry activities encompass the utilization of a plethora
of pesticides, such as fungicides, herbicides and insecticides. Even if the pesticide usage
improves the quality, and augments the productivity of, cereals, top fruits and vegetables, it
also induces potentially harmful effects for the aquatic environment and human health [1].
Certain pesticides are recalcitrant organic molecules, non-biodegradable and resistant in
removal by means of conventional wastewater treatment methods, eventually accumulating
in soil and groundwater. Regarding the European legislations and watchlists [2,3], the
impact and the hazards of the pesticides on environment and human health are constantly
monitored and the database of the permitted pesticides is frequently updated.

As an example of a commonly detected substance in groundwater, thiamethoxam
(TMX) an insecticide based on the natural toxin of neonicotinoid and was considered to be
an environmentally benign compound when it was first introduced in crop protection [4].
This insecticide helps to deactivate the nervous system of several pests, such as whiteflies,
aphids and micro-lepidoptera, thus protecting a wide range of crops, such as top fruits,
vegetables, legumes, potatoes, barley, cotton and sunflowers [5,6]. However, TMX, as a
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highly soluble and recalcitrant molecule, may gradually accumulate in aquatic environ-
ments and soil [7]. More recently, many countries have begun to face problems with bee
populations due to TMX usage, implying its direct negative impact on the environment
and food chain [4,8]. Toxicity examination revealed that TMX and its intermediates pro-
duced during disinfestation processes could harm algae and bacteria [9]. At present, TMX
is non-approved in the European Union (EU) [2], while the Environmental Protection
Agency (EPA) of the United States of America (USA) frequently reconsiders the ecological
risk assessments and regulations for crops in consecutive publishable guidance, entitled
“Thiamethoxam; Pesticide Tolerance”.

On the other hand, many alternative and efficient pesticides with lower toxicity to-
wards mammals, birds and fishes have been developed for agricultural use. For example,
flonicamid (FND), a biodegradable pyridine carboxamide compound, is used in wheat,
potatoes and citrus, acting against aphids, whiteflies and sucking insects through the inhibi-
tion of pests’ feeding activity, without raising serious ecological and health concerns [10,11].
However, even if there is no unacceptable risk for humans, FND can be present in surface
and groundwater, tea leaves and their extractions, or be poisonous for beneficial insects via
contaminated honeydew [12–14]. The continuous discharge of FND in the environment
could create potential risks for the agro-products consumption in the future; therefore, ap-
propriate methods for detecting FND in human serum and urine in low quantities (~ng/L)
have been already established [15,16].

Depending on the stability of pesticide residues, chemical substances remaining in
the soil may reach the surface or groundwater. Although the EU has a strict regulatory
framework for the authorization and waste management of pesticide residues, the devel-
opment of novel removal techniques is essential as implementation tools. Conventional
wastewater treatment methods, involving adsorption [17], chemical coagulation [18], mem-
brane filtration [19], ion exchange resins [20] or other chemical systems [21], are costly and
inefficient for their abatement [22]. Among the proposed solutions, advanced oxidation
technologies (AOPs) based on heterogeneous photocatalysis with titania (TiO2) are very
promising treatment methods [23]. Titania is a non-toxic, low-cost and earth-abundant
semiconductor, endowed with the capacity to treat water contaminated with pollutants by
forming highly reactive and non-selective radical species under UV-A illumination [24,25].
Titania is a well-studied photocatalyst, which has been established as an appropriate can-
didate to be incorporated into pilot wastewater treatment plants of municipal, industrial
or agro-industrial influents, aiming to eliminate a variety of organic pollutants, including
pesticides, antibiotics, etc. [26–28].

In this work, the photocatalytic degradation of TMX and FND insecticides was investi-
gated in order to evaluate the ability of titania, under a variety of experimental conditions,
to decline these highly water-soluble pesticides and to avoid their leaching to the environ-
ment. To the best of our knowledge, this is the first time that such an extensive analysis
on the photocatalytic performance of TiO2 against TMX and FND has been implemented
alongside an elaboration of the effects of pesticide dosage, solution pH and quenchers
present during the photocatalytic process. The obtained results on these water contami-
nants are currently employed in the development and optimization of an innovative hybrid
photocatalytic nanofiltration reactor prototype unit (PNFR), with the capability to recycle
15 m3/day of real agro-wastewater [29].

2. Results
2.1. Photocatalytic Degradation and Reaction Kinetics of Pesticides

To begin, the kinetics of pesticides adsorption and photolysis were determined. In
the absence of UV-A light (dark conditions), both the TMX and FND presented negligible
adsorption onto the catalyst, even after 90 min. Considering these preliminary results, it
was concluded that even 30 min of stirring under dark conditions was sufficient to reach
an adsorption/desorption equilibrium. Subsequently, the molecules’ photostability was
also corroborated under UV-A illumination for a period of 90 min and it was found that
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the pesticides’ concentrations did not alter significantly in the absence of photocatalyst
P25 (UV photolysis). In summary, the adsorption and photolysis effects should be con-
sidered as negligible during the photocatalytic processes; thus, no interferences with the
interpretations of the photocatalysis results were expected.

The effect of the initial concentration on the photocatalytic performance of the com-
mercial P25 for both pesticides was studied and the order of the photocatalytic degradation
reaction was determined from experimental tests at concentrations of 1, 5, 10 and 20 ppm.
Hence, the photocatalytic degradation kinetics of the polar and water soluble TMX and
FND were examined, and the relevant results are presented in Figure 1. It has often
been noticed that the rate of the heterogeneous photocatalytic degradation of dyes and
pesticides follows the Langmuir-Hinshelwood (L-H) model [30], as described in detail
in the supplementary information (SI). In brief, the calculated parameters derived from
the L-H model are: the apparent rate constant (kapp, min−1), the initial degradation rate
(rr,0, mg·L−1·min−1), the reaction rate constant (kr, mg·L−1·min−1) and the adsorption
constant of the reactant (KLH, L·mg−1).
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Figure 1. Degradation kinetics of photocatalytic degradation of (a) thiamethoxam (TMX) and
(b) flonicamid (FND) using titania P25 at the studied concentrations (UV-A irradiation, 0.1 g/L TiO2,
natural pH, 25 ◦C).

A plot of the ln(C0/C) versus time for the examined initial concentrations is displayed
in Figure S1a,b and the linear regression slope is equal to the kapp rate constant. The kapp
and rr,0 values corresponding to these initial concentrations are summarized in Table 1 for
both pesticides. As observed in Figure S1c, for both pesticides, the initial degradation rate
increases with the increasing initial concentration, even at highly concentrated solutions,
proving the excellent photocatalytic efficiency of the photocatalyst without having any sign
of a saturated and finite performance.

Table 1. Apparent pseudo first-order rate constants and initial reaction rates calculated for the
different initial concentrations of TMX and FND. The presented half-life reaction times for both
pesticides have been calculated at the examined initial concentrations.

Thiamethoxam Flonicamid

C0
(mg·L−1)

Kapp
(min−1)

rr,0
(mg·L−1·min−1)

t1/2
(min)

t1/2
′

(min)
Kapp

(min−1)
rr,0

(mg L−1 min−1) t1/2 (min) t1/2
′ (min)

1.0 0.0998 0.091 6.81 6.95 0.0035 0.004 217.46 198.61
5.0 0.0848 0.397 8.56 8.17 0.0089 0.046 252.21 77.53
10.0 0.0479 0.368 11.10 14.48 0.0052 0.054 295.64 132.03
20.0 0.0399 0.849 16.47 17.38 0.0061 0.120 379.89 114.00

The kr and KLH values for TMX, calculated from the slope and intercept of the linear
regression, were 1.0504 mg·L−1·min−1 and 0.1042 L·mg−1, respectively, with a coefficient of
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determination of R2 = 0.992. As the initial adsorption rates of TMX in the dark could not be
calculated from the experimental data due to the negligible adsorption, it can be concluded
that the initial TMX photodegradation rates are much faster than the adsorption rates
under dark conditions. In this context, the experimental results with TMX could only be
reconciled with the Langmuir-Hinshelwood model by assuming light-induced changes of
the photocatalyst surface, which may have a significant effect on the adsorption of the probe
molecule. Similarly, the kr and KLH of FND were calculated to be 0.0576 mg·L−1·min−1

and 0.0577 L·mg−1, respectively, with a coefficient of determination of R2 = 0.99, using the
parameters in Table 1, which are in accordance with first-order kinetics. In the case of the
TMX, the rate constant was presented to be 18 times higher than that of the FND, verifying
the more recalcitrant nature of the FND pesticide. Moreover, the titania photocatalyst
showed a higher tendency of adsorbing the TMX more strongly compared to the FND, as
the KLH was almost double (0.1042 and 0.0577 L·mg−1, respectively). Finally, the similar
trend for the KLH of the FND with the respective to the TMX concludes that the assumption
of light-induced changes on the surface properties of the photocatalyst is valid and that this
asset has a significant effect on the adsorption of the pesticide molecule during irradiation.

As observed in Figure 1a,b, the data points of all the experimental runs for both
pesticides were well fitted, employing an exponential decay model for the TMX, although
for the FND, a more linear decay was observed. In addition, the neonicotinoid TMX
presented high photodegradation rates, reaching complete removal after 60 min for the
diluted solutions (1 and 5 ppm) and 90 min for the more concentrated ones, with no
toxic by-product residuals in the solution. As expected, the FND was more resistant to
photocatalysis, reaching removal efficiencies ~48% after the photocatalytic experiments,
with the exception of the concentration of 5 ppm [31].

Furthermore, the half-life time of the reaction was calculated for the reaction rate of a
pseudo-first order kinetics approximation, as it a valuable parameter in order to estimate
the reaction rate [32]. In particular, at the half-life time t1/2 of the reaction, where the con-
centration is half of the initial (C = 0.5·C0), this time is calculated by the following equation:

t1/2 = 0.5·C0/kr + In2/kr·KLH (1)

In addition, for reactions exhibiting pseudo first-order kinetics, the half-life time based on
the kapp can be derived from the following equation:

t1/2
′ = In2/kapp (2)

When Equation (1) is true, the estimated values of the half-life time for different initial con-
centrations would be the same as those obtained from the observation (Equation (2)) [33].
The values of t1/2 and t1/2

′ are summarized in Table 1, including the results obtained
for both of the studied pesticides. As observed in this table, the half time of the TMX is
much shorter compared to the corresponding values of the FND, implying that the TMX
degradation has a faster rate. In addition, the evaluation of these values presented a dif-
ference between t1/2 and t1/2

′, which became significant with a rise in the initial pollutant
concentration. This trend, which was smoother in the case of the TMX solution, could
be elucidated by the intermediates’ formation [32,33], which could be adsorbed compet-
itively on the photocatalyst, leading to the retardation of the kinetics. Hence, this effect
becomes more prominent as the initial concentration of the pesticides increases, causing
the generation of more intermediates, which in turn leads to the decline in the pesticides’
degradation. Overall, the L-H model satisfactorily approves the TMX degradation, while
the model cannot respond accurately to the degradation of the recalcitrant FND pesticide,
especially in higher concentrations.

Figure 2 shows the photocatalytic degradation percentage and total organic carbon
concentration (TOC) removal for the TMX (10 ppm) and FND (10 ppm) pollutants, fol-
lowing the UV-A irradiation of aqueous solutions for 90 min, in the presence of titania
P25. Thus, the degree of their mineralization was determined, and the effectiveness of
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the photocatalytic process was comparatively evaluated. It can be seen that after 90 min
under UV-A irradiation, the carbon content percentage drops to 76% and 53.5% for the
TMX and FND, respectively. This means that 24% of the TMX was mineralized after
90 min irradiation time, although the degradation for TMX was almost complete, prob-
ably due to the presence of intermediate organic products. Thus, the observed delay in
the mineralization process with respect to the corresponding photocatalytic degradation
degree is expected, as the recalcitrant parent compounds should be first converted to
intermediate fragments, which undergo a progressive transformation leading to CO2 and
inorganic species as final products, until the complete removal of the organic load after
~4.5 h (Figure S2). Moreover, the degradation of the FND parent closely follows its direct
mineralization in contrast to the TMX parent, while for both pesticides, mineralization
presents a linear dependence with time (Figure S2). However, despite the presence of
organic matter in the photocatalytically treated pesticide solutions indicated by the TOC
analysis, no toxic by-products were detected, with the exception of traces (<0.0004 ppm) of
clothianidin and 4-(Trifluoromethyl)nicotinoyl glycine degradation products of the TMX
and FND, respectively [10,34]. Even if the analytical examination by HPLC-MS was limited
only to expected toxic by-products of FND and TMX, these results clearly demonstrate the
ability of the TiO2 photocatalyst to degrade hazardous contaminants and its potential use
in wastewater purification technologies.
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Figure 2. Photocatalytic degradation and TOC removal of TMX (a) and FND (b) using titania P25
(UV-A irradiation for 90 min, 10 ppm pesticides concentration, 0.1 g/L TiO2, natural pH, 25 ◦C).

2.2. Effect of Solution pH

As the pH of real water varies relatively to the climate conditions and the type of
effluents, the affinity between the organic molecules and the surface of the photocatalyst is
highly correlated with the pH of the water matrix. In this work, we have considered that it
is extremely important to conduct a thorough investigation of the effect of the pH on the
photodegradation kinetics of TMX and FND. Regarding the catalyst, TiO2 is a chemically
stable semiconductor exhibiting a point of zero charge close to 6.2, meaning that it can be
positively charged below pH = 6.2, or negatively above this value [35]. On the contrary, the
pesticides could only be charged negatively if polarization occurs, while there are some
studies reporting that the half-life of TMX is reduced in a strong alkaline environment [7,36].
The experiments were performed at a concentration of 10 ppm for both pesticides, whereas
the pH was selectively adjusted by the addition of HCl (0.1 M) and NaOH (0.1 M). It
should be noted that the choice of 10 ppm allows for the tracking and examination of the
degradation alterations with time, regardless of the kinetics enhancement or hindering
with pH adjustment. Moreover, the pH values of the starting TMX and FND solutions
were 5 and 7, respectively. Therefore, the respective experiments were performed with no
addition of HCl or NaOH.

Starting with TMX, the adsorption experiments in the dark showed that there are
not any substantial alterations of the TiO2 adsorption capacity with the pH (Figure 3a).
Despite the changes in the TiO2 surface charge, this behavior was expected, as TMX has
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no dissociation constant (pKa) [6]. Indeed, the TMX concentration was the same after the
adsorption-desorption equilibrium, independently of the pH value (not shown), denoting
that the changes in the photocatalytic degradation rate (with pH) should only be attributed
to the variation in the active species concentration in the solution. As shown in Figure 3a,
the photodegradation of TMX was similar for the experiments performed at pH = 7 and
pH = 5 (the initial pH value of the 10 ppm solution), reaching almost 100% removal after
90 min under UV-A illumination. The reaction kinetics were decreased at pH = 9, although
the TMX concentration was eventually zeroed. The increase in the OH− concentration
in the alkaline solution shifts the reaction equilibria to the products, thus favoring the
generation of hydroxyl radicals onto the photocatalyst and promoting a higher photo-
quantum yield and protonation level of the excited pesticide molecules, as proposed by
Liang et al. [37]. On the other hand, the acidic environment (pH = 3) hampered the removal
efficiency significantly, which did not surpass the value of 40%. Yang et al. proposed, as a
possible explanation, the protonation of TMX (the contained sulfur and nitrogen atoms can
be protonated under these conditions); therefore, coulombic repulsion forces occur among
the molecule and the positively charged titania (catalyst’s surface), and the photocatalytic
activity is reduced [7].

Catalysts 2023, 13, x FOR PEER REVIEW 6 of 13 
 

environment [7,36]. The experiments were performed at a concentration of 10 ppm for 

both pesticides, whereas the pH was selectively adjusted by the addition of HCl (0.1 M) 

and NaOH (0.1 M). It should be noted that the choice of 10 ppm allows for the tracking 

and examination of the degradation alterations with time, regardless of the kinetics en-

hancement or hindering with pH adjustment. Moreover, the pH values of the starting 

TMX and FND solutions were 5 and 7, respectively. Therefore, the respective experiments 

were performed with no addition of HCl or NaOH. 

Starting with TMX, the adsorption experiments in the dark showed that there are not 

any substantial alterations of the TiO2 adsorption capacity with the pH (Figure 3a). De-

spite the changes in the TiO2 surface charge, this behavior was expected, as TMX has no 

dissociation constant (pKa) [6]. Indeed, the TMX concentration was the same after the ad-

sorption-desorption equilibrium, independently of the pH value (not shown), denoting 

that the changes in the photocatalytic degradation rate (with pH) should only be at-

tributed to the variation in the active species concentration in the solution. As shown in 

Figure 3a, the photodegradation of TMX was similar for the experiments performed at pH 

= 7 and pH = 5 (the initial pH value of the 10 ppm solution), reaching almost 100% removal 

after 90 min under UV-A illumination. The reaction kinetics were decreased at pH = 9, 

although the TMX concentration was eventually zeroed. The increase in the OH− concen-

tration in the alkaline solution shifts the reaction equilibria to the products, thus favoring 

the generation of hydroxyl radicals onto the photocatalyst and promoting a higher photo-

quantum yield and protonation level of the excited pesticide molecules, as proposed by 

Liang et al. [37]. On the other hand, the acidic environment (pH = 3) hampered the removal 

efficiency significantly, which did not surpass the value of 40%. Yang et al. proposed, as 

a possible explanation, the protonation of TMX (the contained sulfur and nitrogen atoms 

can be protonated under these conditions); therefore, coulombic repulsion forces occur 

among the molecule and the positively charged titania (catalyst’s surface), and the photo-

catalytic activity is reduced [7] 

  

  
Figure 3. Effect of solution pH on the photocatalytic removal of (a) thiamethoxam (TMX) and
(b) flonicamid (FND); (c) Comparative representation of medium pH effect on photocatalytic effi-
ciency; and (d) total mineralization for both pesticides after 90 min UV-A irradiation.

Concerning the removal of FND from the solutions of varied pH (Figure 3b), the
pesticide pKa value is close to 11 [38], so its polarization above that limit could affect the
photocatalytic reaction. Nevertheless, when the pH was fixed to 12, the photocatalytic
efficiency was not altered significantly compared to the performance of the initial solution
(pH = 7). In general, both the FND and titania surface are negatively charged in such a
medium, so the electrostatic repulsion forces generated among them are expected to restrict
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the photocatalytic process. It is possible that the excess of OH− anions in the solution
generated a high number of •OH reactive radicals, which compensated the negative effect
of electrostatic repulsion and, thus, the photocatalytic effect remained intact. Surprisingly,
the acidification of the solution improved the FND degradation, reaching ~80% removal,
although the FND molecule was not polarized and the sorption abilities of the positively
charged TiO2 remained insignificant (not shown). In this context, a possible reason for the
achieved enhancement of the photocatalytic activity could be related to the easiest and faster
dissociation of water molecules into hydroxyl radicals and the higher oxidation potential
of the generated hydroxyl radicals at a lower pH in comparison to that at a higher pH [39].

As a result, the pH control can be considered to be a very important parameter for
the pesticides’ removal and its effect was clarified in each case (Figure 3c). The natural pH
(pH = 5) fits the neonicotinoid pesticide better, whereas the solution acidification decreases
the degradation rate. Instead, the FND degradation rate was noticeably improved in the
acidic environment (Figure 3c), surpassing the photocatalytic efficiencies in the natural
and alkaline media. Nevertheless, it should be also considered that the pH does not
only affect the degradation of the target molecules during photocatalysis, but also the
photodecomposition of their by-products (Figure 3d). The determination of the TMX and
FND mineralization efficiencies in the acidic medium demonstrated that the mineralization
was not altered compared to the initial pH at the same time intervals. Regardless of the
observed photodegradation rates of the parent pesticides and the competitive phenomena
among the initial compound and their by-products, the photogenerated reactive species can
still attack and reduce the organic load. In contrast, the solution’s pH adjustment to alkaline
totally hindered the mineralization of the pesticides; even if the P25 photocatalyst broke up
the target molecules to intermediate fragments, these fragments were not degraded further.
It is possible that repulsion occurs between the organic substances and titania surface under
the applied conditions; therefore, the species’ activity might be impeded.

2.3. Effect of Additives as Quenchers

In addition to the pH variations, the photocatalytic processes could be either intensified
or deteriorated by the presence of other additives in the contaminants’ solutions. The
addition of inorganic anions increases the removal efficiency of the catalysts if the anions
act as oxidation agents, leading to an improved separation of the photogenerated charged
carriers and prolonged holes lifetime, or if they are able to generate extra reactive oxidative
species in the solution [7]. On the other hand, if the inorganic anions are accumulated on the
photocatalysts’ surface or if they quench the reactive species, then the TiO2 is deactivated,
and the efficiency attenuates [7]. When metal ions are added, photocatalysis could be more
effective as metals act as an electron sink and/or additional catalyst, although hindering
effects cannot be excluded [6]. The insertion of organic additives is more complex for the
ROS photoactivity because competitive phenomena occur among the target pollutants and
the additives [40].

To better understand the photocatalytic degradation mechanism, radical trap experi-
ments were performed, employing the appropriate additives as quenchers [41], with high
affinity in relation to the photocatalytic reactive species, such as isopropanol (IPA), potas-
sium iodide (KI), benzoquinone (BZQ) and potassium bromate (KBrO3). The obtained
results (Figure 4a,c) reveal that both photocatalytic oxidation and reduction pathways can
be equally considered as the reaction mechanism of TMX degradation. In particular, the
addition of IPA, which is the scavenger consuming hydroxyl radicals, has the most negative
effect during the photocatalytic degradation of TMX. On the other hand, KI (potassium
iodide) mostly interacts with photogenerated holes, which are the charge carriers responsi-
ble for the photo-oxidation of the adsorbed water and the concomitant production of the
hydroxyl radicals. It is thus reasonable that KI also has a significant negative impact on the
pesticide photodegradation efficiency. Similarly, the photocatalytic degradation of TMX
was adversely affected when BZQ was used as a superoxide radical quencher, implying
that the superoxide radicals were also participating in the process. In contrast, the use of
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KBrO3 as an electron scavenger led to slightly improved photocatalytic degradation. This
tendency has also been observed in the literature by Mir and co-workers [6], who proposed
that KBrO3 enhances the e−/h+ charge carriers’ separation by acting as an electron acceptor.
In fact, the excess of positive charged holes could now either degrade the TMX directly or
generate the necessary hydroxyl radicals, leading to the enhanced photocatalytic oxidation
efficiency of TMX under these conditions.
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Figure 4. Radical trap experiments of (a) thiamethoxam (TMX); and (b) flonicamid (FND) in the
presence of appropriate scavengers: IPA for •OH quenching, KI for h+, BZQ for O2•− and KBrO3 for e−;
(c) Scavengers’ effect on the photocatalytic degradation performance for both pesticides.

Thereafter, the main degradation mechanism for the FND was also elucidated through
trap experiments (Figure 4b,c). The results showed a clear dependence of the pesticide
removal under the photocatalytic oxidation pathways, while the trapping of the reductive
species increased the photocatalytic efficiency. Specifically, the addition of IPA and KI
entirely hindered the photocatalytic processes against the pesticide, clearly demonstrating
that the FND degradation could not occur in the absence of hydroxyl radicals and holes,
respectively. On the other hand, the removal rate of the FND in the presence KBrO3 (electron
acceptor) was enhanced with time. This observation indicates that the photogenerated
electrons, which negatively affected the photocatalytic degradation pathways, were now
quenched by the respective scavenger and could not participate in the recombination
processes. Thus, the observed FND behavior arises from rather limited electron-hole
recombination and the main reactive species are holes and/or hydroxyl radicals, which are
both able to oxidize the FND pollutant.

3. Discussion

Photocatalytic experiments were also performed in the presence of both pesticides to
access the potential of the titania photocatalyst in more realistic conditions. The results
of the photocatalytic degradation and carbon removal (TOC) for the mixture (5 ppm of
TMX and 5 ppm of FND) after 90 min are shown in Figure 5, and their comparison with
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those of Figure 1a,b indicates that the photocatalytic kinetics and removal percentage in the
mixture is almost identical to the performance achieved in the single pollutant experiments.
Indeed, the excellent photocatalytic efficiency of the titania catalyst toward TMX was
preserved. Regarding the FND, the photocatalytic degradation reaction remains relatively
slow and proceeds with a significantly low rate, until the acceleration after 60 min, as
observed in the aforementioned isolated experiments. Furthermore, the TOC analysis
enabled the calculation of the mineralization degree of the pesticide mixture. As such, the
mineralization efficiency in the mixture is compared to the average of the mineralization
efficiencies achieved in the single solute experiments. In this context, a first observation
reveals that the mixture mineralization proceeds at a slower rate compared to the respective
degradation rates. In particular, the carbon removal efficiency of the mixture reached up to
approximately 31%, which adequately coincides with the theoretical efficiency of 35%, as
produced by averaging the efficiencies achieved in the single solute experiments (dashed
line in Figure 5).
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Figure 5. Kinetics of photocatalytic degradation and TOC removal of TMX and FND mixture
(comparison with theoretical TOC removal of each pesticide individually) using titania P25 (UV-A
irradiation, 5 ppm TMX and 5 ppm FND concentrations, 0.1 g/L TiO2, natural pH, 25 ◦C).

The overall results confirm that the photocatalytic degradation of TMX and FND
pesticides with P25 titania is feasible and can be effectively applied, regardless of the
experimental conditions. The degradation and mineralization results of the TMX are in
accordance with the literature data, where larger amounts of TiO2 photocatalyst were
used and where the photocatalysis was also combined with other advanced oxidation
techniques [4,5,42]. The performance of Degussa P25 TiO2 was compared with various pho-
tocatalysts in the form of slurry or immobilized on substrate from the literature reports and
is presented in Table 2. Notably, for almost similar reaction conditions, the photocatalytic
efficiency of Degussa P25 (with low light intensity) is approximately of the same level than
that reported in the literature. Apparently, the photocatalytic conditions (catalyst loading,
pH, light intensity) have a significant impact on the efficiency of a photocatalyst. Among
them, light intensity constitutes a decisive factor as it plays a significant role in photocat-
alytic degradation, determining the number of generated electron-hole pairs. However,
the absence of a common roadmap during the investigation of the photocatalytic process
makes the comparison between the literature works rather difficult.
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Table 2. Photocatalytic performance of Degussa P25 TiO2 photocatalyst against TMX and FND
compared to other photocatalysts reported in literature.

Photocatalyst Catalyst Amount (g/L) Pesticide/Concentration
(ppm)

Light Intensity
(mW/cm2) Removal Efficiency (%) Reference

CuO 1 FND/75 ppm (pH = 2) High-pressure mercury
UVA lamp (125 W), n/a 52.73% (COD), 2 h [11]

ZnO 0.75 FND/75 ppm (pH = 2) High-pressure mercury
UVA lamp (125 W), n/a 60.58% (COD), 2 h [11]

ZnO 2 TMX/~110 ppm (natural pH) 1.75 77%, 2 h [22]
TiO2 onto glass slides 0.24 (~10 mg on each slide) TMX/100 ppm (pH n/a) 42 90.1%, 2 h [4]

ZnO 0.2 TMX/0.1 ppm (pH = 7.1) 8.5 97%, 2 h [43]

g-C3N4-TiO2@LMPET 4.3 (130 mg PET fiber mat) TMX/5.8 ppm (pH = 1) Q-sun Xe-1 test chamber
(solar irradiation), n/a >97%, 3 h [44]

TiO2 0.1 TMX/10 ppm (natural pH) 0.5 ~99%, 1.5 h This work
TiO2 0.1 FND/10 ppm (natural pH) 0.5 ~48%, 1.5 h This work

In the case of FND, this is the first instance of a full examination, whereas the
available studies to date mainly confirm the molecule’s recalcitrant nature with COD
techniques [11,27,45]. In summary, the reported photocatalytic results of the pesticides
removal (both isolated and mixture) are very promising, rendering TiO2 materials as excel-
lent candidates for scale-up applications, targeting their integration in existing wastewater
treatment units. In this context, dynamic experiments under continuous flow in lab-scale
are in progress in order to prove their applicability in an upscaled hybrid photocatalytic
nanofiltration membrane reactor (PNFR) and their feasibility for agricultural wastewater
purification processes in the fruit industrial sector [46,47].

4. Materials and Methods

The commercial titania Evonik Aeroxide P25 was selected as the model photocatalyst
for the photocatalytic removal of pesticides from the water matrix. The experiments were
carried out in open vessel glass vials in batch-mode, using 10 mL of aqueous solutions
of thiamethoxam (TMX, analytical standard, Sigma-Aldrich, St. Louis, MO, USA) or
flonicamid (FND, analytical standard, Sigma-Aldrich, St. Louis, MO, USA). Depending on
the experiment, the pesticide concentration varied between 1 and 20 ppm, while 1 mg of P25
(0.1 g/L) was suspended in the aforementioned solutions. In brief, the photodegradation
process of the pesticides with P25 was accomplished under UV-A irradiation, inside a lab-
made photoreactor. The pesticide concentration and total organic carbon (TOC, BioTector
B3500, Hach, Loveland, CO, USA) were calculated using analytical methods (LC-MS/MS,
Varian model 1200 L, Agilent Technologies, Foster City, CA, USA) and a TOC analyzer,
respectively, and then the respective photocatalytic and mineralization efficiencies were
estimated. The effect of the solution’s pH was evaluated, and trap experiments through
the addition of the appropriate additives were also conducted to expose the photocatalytic
degradation mechanism. The photocatalytic experimental procedures concerning the
effect of the additives [25,41] and solution’s pH, as well as the analytical procedure and
evaluation [48,49], are described in detail in the supplementary information (SI).

5. Conclusions

In this study, the photodegradation of the thiamethoxam and flonicamid pesticides
accumulated and frequently detected in the wastewater of the fruit industry, was achieved.
In particular, TMX was totally removed from the solution after 90 min of UV-A illumination
and an approximately 86% removal was achieved for the more recalcitrant FND pesticide
(depending on the solution concentration) in the presence of the commercial titania photo-
catalyst Aeroxide P25. The observed degradation was accompanied by sufficient pollutant
mineralization, while no toxic by-products were detected during the photocatalysis. In
this extensive examination, the effect of the solution acidity and pollutant concentration
on the photocatalytic efficiency were evaluated. Furthermore, the photocatalytic oxidation
pathways were recognized as the main degradation mechanism for both the TMX and
FND, where the photogenerated hydroxyl radicals were the most reactive species. These
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results verify the highly photocatalytic performance of TiO2 materials against pesticide pol-
lutants with different physicochemical properties under various experimental conditions
and promote their potential use in scale-up applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13030516/s1, Table S1: Chromatography parameters with time
for the pesticides’ detection. Table S2: Chromatography parameters with time for the detection of
FND metabolites. Table S3: Overview of the LCMS-MS parameters for the analytes investigated.
Figure S1: Degradation kinetics of photocatalytic degradation of (a) Linear transform ln(C0/C) = f(t) of
thiamethoxam (TMX) and (b) flonicamid (FND) using titania P25 at the studied concentrations (UV-A
irradiation, 0.1 g/L TiO2, natural pH, 25 ◦C); Effect of the concentration on the initial degradation
rate of both pesticides (c). Figure S2: Total mineralization efficiency of thiamethoxam (TMX) and
flonicamid (FND) during the photocatalytic process (UV-A irradiation, 0.1 g/L P25 TiO2, natural pH,
25 ◦C). Refs. [25,41,48,49] are cited in the Supplementary Material file.
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Abstract: Photo-induced Advanced Oxidation Processes (AOPs) using H2O2 or S2O8
2− as radical

precursors were assessed for the abatement of six different contaminants of emerging concern (CECs).
In order to increase the efficiency of these AOPs at a wider pH range, the catechol organic functional
compound was studied as a potential assistant in photo-driven iron-based processes. Different
salinity regimes were also studied (in terms of Cl− concentration), namely low salt water (1 g·L−1) or
a salt–water (30 g·L−1) matrix. Results obtained revealed that the presence of catechol could efficiently
assist the photo-Fenton system and partly promote the photo-induced S2O8

2− system, which was
highly dependent on salinity. Regarding the behavior of individual CECs, the photo-Fenton reaction
was able to enhance the degradation of all six CECs, meanwhile the S2O8

2−-based process showed a
moderate enhancement for acetaminophen, amoxicillin or clofibric acid. Finally, a response-surface
methodology was employed to determine the effect of pH and catechol concentration on the different
photo-driven processes. Catechol was removed during the degradation process. According to the
results obtained, the presence of catechol in organic macromolecules can bring some advantages in
water treatment for either freshwater (wastewater) or seawater (maritime or aquaculture industry).

Keywords: phenolic moieties; photo-Fenton; persulfate; emerging contaminants; Fe-binding ligands;
iron chelates

1. Introduction

Fenton-based processes are among the most promising Advanced Oxidation Pro-
cesses (AOPs) for water detoxification and, specifically, for the abatement of Contaminants
of Emerging Concern (CECs), for which conventional treatment methods are poorly ef-
fective [1]. These processes are based on the Haber–Weiss reaction, where iron salts
catalyze the decomposition of H2O2 into highly oxidizing hydroxyl radicals and/or other
reactive oxygen species [2–5], briefly described by Equations (1) and (2) (Equation (1):
k = 63 M−1·s−1; Equation (2): k = 0.01–0.001 M−1·s−1). It may occur naturally in aquatic
ecosystems [6–8] but they can also be applied in engineered water systems [1,9]. Iron
ions can also activate persulfate salts (Equation (3); k = 12–27 M−1·s−1) to produce sulfate
radicals, which are also powerful oxidants but with higher selectivity and longer life-time
(half-life: 30–40 µs) in comparison with •OH (half-life: 10−3 µs) [10].

Iron speciation plays a significant role in Fenton chemistry, but iron deactivation
also occurs at pH above 3, which limits the applicability of these iron-based processes
in mildly acidic or basic medium [4]. Accordingly, research on strategies to enhance the
regeneration of ferrous iron in both Fenton and persulfate-based systems are now receiving
increasing attention. For instance, the use of organic ligands able to form photoactive
compounds with Fe(III) has been examined, using different substances for this purpose
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such as oxalate, citrate, EDTA or EDDS [9,11,12]. Since they have to be added to the
solution, their biodegradability and/or potential toxicity are key factors for their use in
water treatment systems. Hence, searching for naturally occurring substances to be used as
chemical auxiliaries for photo-Fenton processes has received scientific interest.

Fe2+ + H2O2 → Fe3+ + OH− + •OH (1)

Fe3+ + H2O2 → Fe2+ + HO2
• + H+ (2)

Fe2+ + S2O8
2− → Fe3+ + 2 SO4

•− (3)

The use of iron for living organisms is essential for growth but its low solubility at
physiological pH also limits its availability [13]. In this sense, most of the Fe available in
aquatic ecosystems is found complexed by organic Fe-binding ligands [8,14]. These organic
chelates, which are known as the Fe ligand pool, can be released by microorganisms, or
generated as transformation products of natural organic matter. For instance, an interesting
source of iron ligands is siderophore production by microorganisms [14]. They are defined
as iron chelates produced mainly by bacterial cells, which facilitate uptake of iron into the
microorganisms. Siderophores are typically classified in the basis of their chemical nature
and functional groups; among them can be found catecholates (also so-called phenolates),
which are present in several bacterial and cyanobacterial species [13,15,16]. These functional
groups are considered a major contributor to the stability of metal-siderophore complexes.

Another interesting source of iron ligands are humic-like substances, which have been
shown to be efficient for the enhancement of photo-Fenton processes (Table 1) [17–19].
Interestingly, a recent study suggests that iron chelated by humic substances is the ma-
jor reservoir of Fe-complexed in oceans [20]. Humic substances are complex organic
macromolecules with some specific functional groups, such as carboxylic, carbonyl or
catechol moieties [21,22]. These functional groups have been employed as simplified model
compounds to simulate the effect of humic-like substances in different processes such as
sorption [22] or photo-oxidation of As(III) [21].

The catechol organic functional compound presents moderate binding capacity with
Fe (III) (Log K1 = 20.01) [15,23] and high photo-reactivity as a free ligand [24]. This UV
photo-reactivity of the Fe (III) complex is important since leads to oxidation of the ligand
and reduction of Fe (III) to Fe (II) generally through Equation (4), thus could introduce
Fe (II) again into the Fenton cycle. It has been proposed that once catechol is bound to
Fe (III), the metal is reduced to Fe (II) [25–27], while the ligand is oxidized to a quinone
(via semiquinone). Quinone-intermediates can regenerate themselves (mainly by reaction
with HO2

• species, which are abundant in Fenton-based processes) and might result in a
catalytic redox cycle [25,26,28]. However, most of studies have been focused on catechol
as target pollutant, as it is an intermediate of phenol degradation [10,29–31], but very
few have investigated on the enhancement of Fenton-based process by the catechol Fe-
complexes [25,26,28,32].

FeIII-L + hυ→ Fe2+ + L•+ (4)

In this scenario, the main goal of this study is to investigate catechol as a possible
assistant in photo-driven iron-based processes for water treatment, namely the photo-
Fenton process, i.e., H2O2-based, or persulfate (PDS; S2O8

2−-based) process. This is
interesting in two ways: (i) the possibility of using catechol as auxiliary for iron-based
AOPs and (ii) to be employed as a surrogate to better understand the behavior of complex
macromolecules such as humic-like substances (HLS) where catechol moieties can act as
active sites for iron complexation and to drive photo-Fenton-like reactions.

Six different contaminants of emerging concern (CECs) were used as target contami-
nants, namely acetamiprid (insecticide), amoxicillin (antibiotic), acetaminophen (analgesic),
caffeine (stimulating agent), clofibric acid (metabolite of clofibrate, also employed as her-
bicide) and carbamazepine (psychiatric drug). They were selected according to: (i) their
presence in different effluents from diverse origin, such as aquaculture, urban wastewater,
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shipping, membrane rejection [33–38], (ii) their detection in natural waters [38–40] but
also (iii) their inclusion on the European monitoring list, i.e., the Watch List of Substances
(Decision 2018/840/EU), in which amoxicillin and acetamiprid are included.

Table 1. Previous studies that make use of Humic-like Substances for the enhancement of Photo-Fenton processes. OMW-
HLS: Olive Mill Waste humic like substances. SBO: Soluble Bio-Organic substances.

Humic Like
Substances

Concentration
of HLS Tested

Operational
Variables pH/H2O2

Target Compounds Improvement References

OMW-HLS
10 mg L−1

30 mg L−1

60 mg L−1

pH 5
[H2O2] = 60 mg L−1 Caffeine

Removal of 95% of
initial amount at

10 min with
10 mg L−1 of HLS vs.
45% removal without

these substances.

García-Ballesteros et al.,
2018 [18]

SBO from
urban wastes

30 mg L−1 pH 5
[H2O2] = 60 mg L−1 Caffeine

Removal of 100% of
initial amount at
90 min. vs. 60%

removal without
these substances.

García-Negueroles et al.,
2019 [17]

10 mg L−1 pH 5.2
[H2O2] = 75 mg L−1

Acetaminophen,
amoxicillin, caffeine,

acetamiprid,
carbamazepine and

clofibric acid.

Removal of 100% of
initial amount of

4 pollutants at
t30w = 30 min vs.

80 min (t30w) needed
in absence of

these substances.

Gomis et al., 2014 [41]

In order to address the water matrix, different salinity regimes were studied, namely
low salt water (LSW) or a salt–water (SW) matrix, so as to represent fresh and saline water
effluents. To gain further insight into the action mode of both H2O2 and PDS systems,
scavenging tests were performed with the tested CECs splitting into two groups, in accor-
dance with their different reactivity with sulfate or hydroxyl radicals. Finally, a response
surface methodology based on Doehlert design was employed to determine the effect of
pH and catechol concentration on the different photo-driven processes. Accordingly, the
main hypothesis is that catechol can accelerate photo-driven iron-based processes in a
wide pH and salinity range. Their potential use can entail biomimetics and some advan-
tages in water treatment for either fresh water (wastewater) or saline water (maritime or
aquaculture industry).

2. Results and Discussion
2.1. Effect of Catechol in Photo-Fenton and Persulfate-Based Systems

A first series of experiments was devoted to assessing the role of catechol in both
photo-induced processes, i.e., a H2O2-based (Fenton) and a persulfate-based system at
pH = 5. Time resolved data of the cumulative concentration of the Σ CECs were obtained
(Figure 1A). Figure 1A compares photo-Fenton processes without and with catechol, in
both low and high salinity matrices but also including a control experiment in the absence
of chlorides, i.e., distilled water (DW). A very strong enhancement of the process can be
observed as the concentration of CECs was negligible after 15 min of irradiation when
catechol (CAT) was present, while significant amounts remained even after 60 min (ca.
20% in SW and 10% in LSW) in the absence of CAT. This fact might be attributed to the
formation of a complex between iron and CAT that prevents inactivation of the catalytic
role of iron at mild pH.
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Figure 1. Degradation profiles of sum of the total concentration of contaminants of emerging concern (CECs) in Distilled
Water (DW), low salt water (LSW), and salt–water (SW) matrix matrices under (A) a photo-Fenton system (Fe(III)/H2O2) in
the presence and absence of catechol (CAT). (B) Fe(III)/persulfate (PDS) system in the presence and absence of catechol
(CAT). Experimental conditions: ([Fe(III)] = 5 mg·L−1, [H2O2] or [S2O8

2−] = 146 mg·L−1, [CAT] = 13 mg·L−1; pH0 = 5).

By comparison with previous studies, similar trends have been observed when Humic-
like Substances (HLS) are used as auxiliaries of the photo-Fenton reaction (Table 1). For
instance, García-Ballesteros et al. 2018 [18] and García-Negueroles et al. 2019 [17] concluded
that the degradation of caffeine (in a photo-Fenton system at pH = 5) was increased by the
addition of different HLS in the range of 10–60 mg·L−1. Moreover, Gomis et al. 2014 [41],
tested soluble bio-based substances (with the presence of phenolic carbon, phenoxy and
carboxylic functional groups), obtaining an enhancement of the photo-Fenton reaction at
pH 5.2. Thus, if catechol (and in general phenolic moieties) can be assumed to be among
the active sites of these HLS it might be proposed as a simplified model compound to
simulate the effect of HLS on oxidation processes [21,22].

Following the same approach as with the photo-Fenton reaction, the ability of iron
to activate PDS was assessed under irradiation (Figure 1B). As has been mentioned in
the Introduction, PDS can be activated by Fe2+ (Equation (3)) but also by irradiation
(S2O8

2− + hυ→ SO4
•−), so these two activation factors are expected sources of radical

production [42]. Additionally, irradiation can also photo-reduce the ferric iron-complexes
into ferrous iron (Equation (4)). Thus, the presence of CAT in PDS system is expected to
assist the formation of Fe2+ through photoreduction of Fe(III)–CAT complexes. The degra-
dation profiles of the ΣCECs according to the irradiation time are depicted in Figure 1B,
where a series of experiments were performed with the presence of CAT at pH = 5 and
compared with the results obtained in the absence of catechol. In both DW and LSW, a
slight improvement can be perceived when catechol is present in the solution. For instance,
in LSW, the Σ CECs reaches degradation of 53.4% and 65.3% with and without catechol
in solution, respectively. In contrast, the PDS-based process was scarcely efficient in SW,
either with or without CAT in solution.

High salinity (in terms of Cl− concentration) generally seems to decrease the effi-
ciency of both processes, which is especially remarkable in the PDS-based system. In
the presence of chlorides, Fe (III) can yield to Fe(Cl)2+ and FeCl2+ complexes, which are
highly photo-active and can promote the iron reduction into Fe (II) and chloride radicals
(Equations (5) and (6)) [43,44]. This fact might explain the slight improvement of the photo-
Fenton process in LSW. On the other hand, chlorides also present an scavenging effect with
•OH radicals (Equations (7)–(10)) [44,45]. The generation of these chloride radicals (less
reactive and with higher selectivity) might be the reason for which a slowing down of the
photo-Fenton process is observed as salinity increases, as observed in SW. However, the
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presence of catechol in solution, could successfully assist the photo-Fenton process, since
similar results were obtained in DW, LSW and SW matrices (Figure 1A).

Fe(Cl)2+ + hυ→ Fe2+ + Cl• (5)

FeCl2+ + hυ→ FeCl+ + Cl• (6)
•OH + Cl−� ClOH•−� •OH+ Cl− (7)

ClOH•− + H+ → Cl• + H2O (8)
•OH+ Cl− + O2 → ClOH + O2

•− (9)

ClOH•− + Cl− → Cl2•− + OH− (10)

Similarly, sulfate radicals can also interact with chlorides in solution, giving as a result
less reactive radicals such as Cl•, Cl2•− (Equations (11) and (12)). In fact, it is worth noticing
that Cl− oxidation is more favored by SO4

•− than •OH [46,47]. This might explain the
poor performance of the system in high salinity matrix for the PDS system (Figure 1B).
Additionally, it is known that both sulfate and chloride radicals can selectively react with
specific compounds [46,48–50]. In this regard, some insights by assessing individual CECs
will be addressing in the next sub-section.

SO4
•− + Cl−� Cl•+ SO4

2− (11)

Cl• + Cl−→ Cl2•− + H2O (12)

2.2. Some Insights by Assessing Individual Behavior of the Different CECs

To gain further insight into the action mode of both H2O2 and S2O8
2− radical pre-

cursors, the tested CECs were classified into two groups in accordance to their different
reactivity with sulfate or hydroxyl radicals [48,50–52]. Thus, group I includes those com-
pounds that exhibit higher reactivity with •OH, rather than SO4

•− (i.e., carbamazepine,
caffeine and acetamiprid), with k•OH ≈ 6 × 109 M−1·s−1; kSO4•− ≈ 1–3 × 109 M−1·s−1.
Group II includes the compounds that could have more affinity for reaction with SO4•−

(i.e., clofibric acid, amoxicillin and acetaminophen), with kSO4•− ≈ 2–7 × 109 M−1·s−1.
Degradation curves can be divided into both groups: Figure 2-upper (group I) and

Figure 2-lower (group II). Although similar results and trends are observed among groups
I and II in the photo-Fenton process, some differences can be found in the PDS system.
Here, lower degradation rates can be observed for those compounds belonging to group
I, with similar trends in DW, LSW and SW matrices (Figure 2-upper). Interestingly, these
results match with recent studies that make use of similar target pollutants [53]. On the
contrary, degradation rates of group II compounds notably increase in the three aqueous
solutions (Figure 2-down).

In general, •OH has a high oxidation potential (ca. 2.8 V), and that of sulfate radical is
2.43 V [54]. This makes SO4

•− show higher selectivity towards some substances, giving in
general fast reactions towards aromatic rings that are activated for electrophilic attack. It
is the case of acetaminophen, clofibric acid and amoxicillin, with electro-donating groups
directly attached to the ring. On the other hand, the pyridinic group of acetamiprid or the
imidazole moiety of caffeine are reluctant to attack electrophilically, this explaining the bad
performance of the sulfate radical towards these compounds.

Accordingly, in the case of group II compounds, the addition of CAT can promote
the efficiency of the PDS-based system in both LSW and SW, which means that the time
to reach 50% of degradation is reduced by approximately half in the presence of CAT in
solution. On the other hand, the selectivity of primary sulfate radicals can limit the process
to specific contaminants, since no effect has been observed in compounds of group I. In
consequence, the limited efficiency of PDS system has been obtained (Section 2.1) when the
sum of whole contaminants is studied.
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Figure 2. Degradation profiles of the sum of CECs in a photo-Fenton system (Fe/H2O2) and irradiated Fe/PDS system
with the presence/absence of catechol (CAT) in DW (A,D) LSW (B,E) and SW (C,F). CECs have been split into Group I
(Upper): Carbamazepine, Caffeine and Acetamiprid; and Group II (Down): Clofibric acid, Amoxicillin and Acetaminophen.
Standard Deviation of each experimental point is always S.D. < 0.05. Experimental conditions: [Fe(III)] = 5 mg·L−1, [H2O2]
or [PDS] = 146.16 mg·L−1, [CAT] = 13 mg·L−1, pH0 = 5.

Scavenging experiments were also performed to consider the involvement of different radi-
cal species. 2-Propanol (k•OH-2−Prop = 1.9× 109 M−1·s−1; kSO4•− -2−Prop = 6.9× 107 M−1·s−1),
and tert-butanol (t-BuOH) (k•OH-t−BuOH = 6× 108 M−1·s−1; kSO4•− -t−BuOH = 8.4× 105 M−1·s−1)
were used as radical probes, considering that 2-propanol can effectively quench both •OH
and SO4

•−, while t-BuOH selectively reacts with •OH [55,56]. The same approach has
been performed successfully in previous studies [42]. Accordingly, the results obtained
are depicted in Figure 3, where the presence of scavengers was assessed in SW matrix at
operational conditions of [Fe(III)] = 5 mg·L−1, [CAT] = 13 mg·L−1, pH0 = 5.

For compounds of group I, a similar degradation rate was obtained for the PDS system
in the presence of both scavengers (Figure 3A). However, in the photo-Fenton system, a
clear inhibition in the presence of 2-propanol is observed (Figure 3B), which suggests a
major role in degradation for hydroxyl radicals. On the other hand, for compounds of
group II, slight inhibition is observed in the PDS system, majorly attributed to SO4

•−,
but also to •OH derived from the photolysis of iron–aqua complexes (Figure 3C). In the
photo-Fenton system, the degradation of CECs is notably inhibited (28%), although at a
minor rate than group I compounds (56%).

Those results support that •OH radicals play a major role in CECs degradation of both
group I and group II compounds. Furthermore, they also suggest that the role of SO4

•−

in CECs degradation is slightly higher for group II, and almost negligible in compounds
of group I, supporting the selectivity of these SO4

•− towards specific compounds. It
is also noteworthy that, despite the presence of scavengers, the CECs degradation is
remarkable, especially for those pollutants of group II. Thus, the involvement of other
reactive species is expected. Taking into account the high Cl− concentration, probably
Cl• and Cl2•− radicals are also taking part in the degradation process, due to the rapidly
oxidation of Cl− in the presence of SO4

•− (kSO4•− -Cl− = 3–6.6 × 108 M−1·s−1) and •OH
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(k•OH-Cl− = 3–4.3 × 109 M−1·s−1), especially suitable for the production of Cl2•− [56,57].
Additionally, the high reactivity of Cl2•− radicals with compounds of group II, such as
acetaminophen (kCl2•− = 4.32 × 108 M−1·s−1) in front of compounds of group I, such as
carbamazepine (kCl2•− = 0.43 × 108 M−1·s−1) supports the results obtained [49].

Figure 3. Degradation profiles of the sum of CECs in an irradiated Fe/PDS/CAT system (A,C) and
photo-Fenton system (Fe/H2O2/CAT) (B,D) with the presence of scavengers in SW. CECs have been
split into Group I (A,B): Carbamazepine, Caffeine and Acetamiprid; and Group II (C,D): Clofibric
acid, Amoxicillin and Acetaminophen. Experimental conditions: [Fe(III)] = 5 mg·L−1, [H2O2]/[PDS]
= 146.16 mg·L−1, [CAT] = 13 mg·L−1, pH0 = 5.

2.3. Effect of Operational Factors and Reagents Consumption

In order to study how pH and [CAT] influences in the different photo-induced systems
(Fenton-based and PDS-based), a two-variable Doehlert matrix design was employed (see
Table 2 for experimental points). The time required for the removal of 50% of the CECs
(t50%) was estimated from the plot of Σ CECs vs. irradiation time. A detailed discussion
on this parameter can be found elsewhere [19].

2.3.1. Photo-Fenton System

Based on the results obtained in the different experimental runs, a bidimensional
quadratic response-surface model was obtained. Good agreement between experimental
and calculated data was supported by R2 values (R2

LSW = 0.92, R2
SW = 0.97). Model

equations can be found in Supplementary Material, Equation (S1). In order to visualize
the effect of the studied operational variables, bi-dimensional contour plots, together with
the interaction effect plot are represented in Figure 4. 3D contour plots are represented in
Figure S1.
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Table 2. Experimental points used in the Doehlert matrix and associated response, which is based on the time required to
degrade the sum of CECs to 50% of its initial concentration (t50%).

Number of Experiments

Coded Values Operational Variables t50% (Σ CECs), (min)

X1
(5 Levels)

X2
(3 Levels)

[CAT]
(mg·L−1)

pH
Fe(III)/H2O2 Fe(III)/S2O82−

LSW SW LSW

1 0 0 13 5 0.67 0.82 18.99
2 1.0 0 25 5 2.48 0.85 83.31
3 0.5 0.817 19 7 40.31 40.49 90.16
4 −1.0 0.000 1 5 9.66 22.22 34.95
5 −0.5 −0.817 7 3 0.41 8.01 18.90
6 0.5 −0.817 19 3 0.39 4.16 88.96
7 −0.5 0.817 7 7 82.39 76.61 43.69
8 0.0 0.000 13 5 0.80 0.87 19.86
9 0.0 0.000 13 5 0.76 0.82 19.08

Figure 4. Surface response obtained for the Σ CECs in LSW (Left: A,C) and SW (Right: B,D) in a photo-Fenton system
with the presence of catechol (CAT) as an assistant (Fe(III)/H2O2/CAT). Contour plots of t50% (A,B) and the interaction
effect plot (C,D) are plotted by means of CAT concentration and pH. Experimental conditions: [Fe(III)] = 5 mg·L−1,
[H2O2] = 146.16 mg·L−1.

For LSW, there is a trend mainly controlled by the pH, in which the t50% increases as
the pH does, in particular at pH > 5. However, some interaction among pH and [CAT] can
be found. For instance, a t50% of 35 min can be obtained at [CAT] of 1 mg L−1 and pH ≈ 5.5;
the same t50% of 35 min is reached at pH 7 when the [CAT] = 25 mg·L−1 (Figure 4A).
So, it suggests an enhancement of the photo-Fenton process by the addition of catechol.
Interestingly, at low pH, a slight detrimental effect of [CAT] is denoted. This can be more
easily seen in the interaction effect plot (Figure 4C), where contrary effect is observed at
pH = 3 and at pH = 7. In other words, the presence of catechol clearly assists the photo-
Fenton reaction in the range of near-neutral pH, however it might be a hindrance at low
pH, where the photo-Fenton system is known to be highly efficient by itself, hence CAT
can compete with the CECs for the reactive species. Thus, it is in agreement with the
associated ANOVA table (Table S1) and Pareto charts obtained within the analysis, which
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gives significance (p < 0.05) for pH and its quadratic variable, not for [CAT]. It suggests
that the effect of pH is so pronounced and could mask the effects of the [CAT] for some
pH conditions.

On the other hand, for the SW matrix, significance (p < 0.05) was obtained for pH,
pH2, [CAT] and the interaction of them both (Equation (S2)), which means that these
two operational factors significantly influence the t50% values at 95% of the confidence
level. The effect of salinity (in terms of Cl− concentration) generally seems to decrease the
efficiency of the photo-Fenton process at low pH. In fact, the fixed 5 min. line for the t50%
is stretched in comparison with LSW (Figure 4B). However, similar trends were observed
as with LSW (Figure 2). In addition, the similar trends observed in both water matrices
at pH > 5 can be explained according to Equations (5)–(8), where the scavenging effect of
•OH radicals by chlorides can be overwhelmed at neutral–basic conditions, since HOCl•−

can revert back to Cl− and •OH [44,45]. Thus, the presence of catechol in SW matrix could
help to avoid the negative effect provoked mainly by pH rather than salinity.

The [CAT] and H2O2 concentrations were also monitored during the experiments.
Catechol achieved >90% degradation within the first minutes of reaction in all cases. It
implies a fast degradation of this compound within the process, which is in agreement with
other studies [26,28], and evidence of the fast photo-oxidation of this ligand [24]. However,
this is not a drawback, as the efficiency of the process is kept until the complete removal of
the CECs, as observed in Figure 1A. This might imply that byproducts formed from CAT
are also good auxiliaries to drive the photo-Fenton reaction at mild pH.

Regarding H2O2 consumption (Figure S2), some differences between LSW and SW
can be found at pH 3 and 7, but similar consumption rates were obtained in both matrices
at pH 5. These differences can be associated to the efficiency of H2O2 utilization by the
photo-Fenton system and supports the t50% values obtained for the Σ CECs degradation.
It has been reported that CAT–Fe(III) complexes become more stable as the pH increases,
so it implies a slow H2O2 consumption due to the slow photo-reduction of Fe(III) and
slow pH decrease during oxidation [26,32,58]. On the other hand, in SW matrices, a worst
performance can be also ascertained, especially at pH = 3 that could be due to competitive
degradation of catechol with CECs. In addition, it might imply low mineralization yields in
SW despite the faster removal of the different CECs [59]. Further studies are recommended
in this regard.

2.3.2. Photo-Induced Iron Activation of Persulfate

In order to gain further insight into the effect of the pH and [CAT] as operational
variables, a quadratic response-surface model was obtained for LSW. Thus, the influence of
pH and [CAT] variables was investigated using t50% as variable response. A bi-dimensional
contour plot, together with the interaction effect plot, are represented in Figure 5. The
obtained R2

LSW was 0.91, the model equation was defined on Supplementary Material,
Equation (S3). 3D contour plots are represented in Figure S3.

Plots were different when compared with H2O2, as only the [CAT] variable gains
significance (p < 0.05). A minimum for t50% was observed at pH between 4 and 5;
[CAT] = 5–10 mg L−1 which means that those were the optimal conditions within the
studied region. This indicates that the mechanism of PDS is clearly different to the Fenton-
like process, which also support the results obtained in previous sections. Furthermore,
t50% values are systematically higher for Fe/PDS than for Fe/H2O2, indicating the lower
efficiency of PDS. However, too high concentrations of CAT are detrimental (Figure 5), as
this organic can compete with the pollutants for the reactive species. Even so, an improve-
ment has been obtained in LSW with the presence of CAT (pH = 5; [CAT]0 = 13 mg·L−1),
able to short t50% values at 68%.

Finally, regarding the degradation of CAT itself, it was very fast in most cases, reach-
ing degradation >90% within the first minutes of reaction, with some exceptions when
[CAT]0 = 19 mg·L−1 (degradation rates of 80% and 95% in 15 min at pH 7 and pH 3, re-
spectively). PDS was also monitored during the reactions, and a higher consumption in the
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presence of CAT was observed (Figure S4A–C); this might indicate that CAT activates iron
to catalyze PDS decomposition. On the contrary, experiments conducted in SW resulted in
a lower consumption of PDS when compared with LSW, resulting in similar PDS consump-
tion rates with the presence or absence of CAT (Figure S4D, SW). This suggests that high
salinity supposes a major hinderance for the Fe/PDS process, even in the presence of CAT,
in sharp contrast with the Fe/H2O2 system.

Figure 5. Surface response obtained for the Σ CECs in LSW in an irradiated Fe/PDS system with the presence of catechol
(CAT) as assistant. Contour plots of t50% are plotted by means of CAT concentration and pH (A) as the interaction effect plot
(B). Experimental conditions: [Fe(III)] = 5 mg·L−1, [S2O8

2−] = 146.16 mg·L−1.

3. Materials and Methods
3.1. Reagents

High purity (>98%) Acetamiprid, Acetaminophen, Caffeine, Amoxicillin, Clofibric
Acid and Carbamazepine were supplied by Sigma-Aldrich (Madrid, Spain). Catechol, was
used as high purity grade reagent (≥95.0%, Sigma-Aldrich).

Fenton-based reactions were performed with iron (III) chloride (FeCl3·6H2O), and
hydrogen peroxide (30% w/w) purchased from PanReac (Barcelona, Spain). Persulfate-
based process were performed with potassium peroxodisulphate, PDS (K2S2O8), 99.0%-
PanReac. When necessary, pH adjustments were performed with sodium hydroxide and
sulfuric acid (PanReac). Water employed in all solutions was of Milli-Q grade. Salinity
was modified by adding NaCl, 99% (Panreac) to Milli-Q water. Scavenging tests, were
performed with analytical grade 2-propanol and tert-butanol (Sigma-Aldrich). Methanol,
formic acid and acetonitrile were HPLC grade and purchased from PanReac.

3.2. Target Solution and Water Matrices

The target solution consisted in a mixture of six different CECs, namely acetamiprid,
amoxicillin, acetaminophen, caffeine, clofibric acid and carbamazepine. The initial concen-
tration of each was fixed at 5 mg·L−1, which is slightly above the concentration commonly
found in ecosystems, but it was chosen to ensure good kinetic data to compare the different
processes and reactions.

Two different water matrices were used as aqueous solutions: low salt–water, LSW and
salt–water, SW, which was prepared by adding 1 g·L−1 or 30 g·L−1 of NaCl respectively, to
distilled water (Milli-Q grade) so as to represent fresh and saline water effluents. Additional
tests were also performed in distilled water as control experiments. Initial pH of the
solutions was 5.35 (S.D. ± 0.12) and 4.93 (S.D. ± 0.34), conductivity was determined as
1.68 (S.D. ± 0.07) and 30.7 (S.D. ± 0.96) mS·cm−1 for LSW and SW, respectively. The
temperature was kept at ca. 30 ◦C during the whole experimentation.
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3.3. Experimental Set-up

All the experiments were performed in 250-mL cylindrical open glass reactors. A
solar simulator (Oriel Instruments, Model 81160 equipped with a 300-W xenon lamp, Oriel
Corp. Stratford, CT, USA) was employed as the irradiation source. Specific glass filters
for cutting off the transmission of wavelengths λ < 300 nm was used. The UVA irradiance
(315–400 nm) was 32 W·m−2 [60]. Control experiments showed that direct photolysis of
the pollutants was negligible under the employed conditions.

All systems were tested with 5 mg·L−1 of iron, according to previous studies [19,32].
Hydrogen peroxide was added at 146.16 mg·L−1, which is the stoichiometric amount to
mineralize the mixture of CECs. It is considered as a useful procedure commonly employed
(i) to normalize the amount of H2O2 added to the reaction medium, and (ii) to ensure that
the process is not stopped because of the exhaustion of H2O2 [19]. The same mass amount
of S2O8

2− was selected for comparative purposes. Main operational factors, such as pH and
the initial concentration of catechol ([CAT]0) were varied to assess photo-driven processes.

The same experimental procedure was followed for all tested systems: CECs were
prepared in the different aqueous matrices (LSW and SW). Then, reagents were added when
required by the experimentation in the following order: (i) catechol, (ii) iron, (iii) H2O2 or
S2O8

2−. It is important to note that when required, the pH was adjusted to the desired
value by dropwise addition of either 0.1 mmol L−1 NaOH or 0.1 mmol L−1 H2SO4 before
H2O2/S2O8

2− addition. Irradiance was then started, and the experiment was carried out
for up to two hours. Samples were periodically taken from the solution to determine
the concentration of CECs, catechol, consumption of oxidant, dissolved iron and pH.
Those submitted to HPLC analysis were diluted 1:0.4 with methanol to quench the excess
of oxidant.

3.4. Analytical Measurements

The concentration of each CEC was determined by HPLC (Hitachi Chromaster chro-
matograph; VWR) with a Chromaster System Manager (v1.1). A Prevail Hichrom column
(C18-Select; 250 × 4.6 mm; 5 µm) was employed as the stationary phase. The mobile
phase consisted of a binary mixture of acetonitrile (A) and a 10 mM aqueous solution
of formic acid (B). The linear gradient was operated from 10% A to 90% A in 25 min.
Re-equilibration time was 7 min. A flow rate of 1 mL·min−1 was used. The wavelength
used for the quantification of the CECs was 225 nm. The same procedure was used for
monitoring catechol.

H2O2 measurements were performed through peroxide tests (colorimetric test strips
method, 0.5–25 and 1–100 mg/L H2O2 Merckoquant–Merck, Madrid, Spian). In parallel,
the PDS and H2O2 concentrations were measured in all of the experiments spectropho-
tometrically (UH5300—Hitachi Spectrophotometer) with a iodometric titration and the
metavanadate method, respectively [59,61]. pH and conductivity were determined by the
VWR pHenomenal MU61002.

3.5. Data Treatment

Time resolved data of the cumulative concentration of the Σ CECs were obtained
and degradation curves were represented according to the irradiation exposure time.
Through these curves, the time required to degrade the CECs mixture to 50% of its initial
concentration (t50%) can be obtained as variable response through linear interpolation.

A response surface methodology based on Doehlert design was employed as a chemo-
metric tool. This is a convenient methodology to investigate the effect of operational
variables [62]. In this study, the efficiency of photo-driven processes was explored in two
salinities, i.e., low saltwater ([Cl−] = 1 g·L−1, LSW) and saltwater ([Cl−] = 30 g·L−1, SW),
and two oxidants (H2O2, S2O8

2−). An experimental domain was defined by considering
two different operational factors i.e., pH which was studied at three levels between 3 and 7
and catechol, concentration of which was varied between 1 and 25 mg·L−1 at 5 levels.
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According to the experimental design, the number of experiments required is given
by N = k2 + k + C0, where k is the number of analyzed variables (2 in this study) plus two
replicates of the central level, C0 Experimental conditions of all experiments can be found
in Table 2. The irradiation time required to degrade the sum of the pollutant’s concentration
to 50% of its initial value (t50%) was used as the response.

Statistical analysis and response surface model fitting by means of the least squares
method was obtained with Statgraphics® Centurion 18 (Version 18.1.12-Statpoints Tech-
nologies, Inc., The Plains, VA, USA).

4. Conclusions

According to the results obtained, catechol was shown to be a worthy assistant
for the photo-Fenton process, in both LSW and SW, since promising times for degrad-
ing different CECs were obtained, i.e., t50% values are reached in less than 60 min with
[CAT] > 7 mg·L−1 in all pH ranges tested. Best operational ranges are estimated around
pH 5 and [CAT] = 10–15 mg·L−1. The enhancement of the process is clearly stronger in
the case of highly saline waters, which is the matrix where the performance is worse. On
the other hand, in the PDS system, the [CAT] have a significant influence on the Σ CECs
degradation, rather than the pH, highlighting that [CAT] > 15 mg·L−1 implies adverse
effects on CECs degradation. The PDS-based system was strongly dependent on salinity
conditions and nature of CECs. It is important to highlight that catechol compound is
efficiently eliminated in both systems within the degradation process.

The good performance of the CAT-based photo-Fenton reaction in SW is of great
interest, as it opens the door to a niche application of these processes, namely the treatment
of seawater effluents, such as fish-farms or ballast waters. Moreover, the use of persulfate-
based processes might be of interest for the group of pollutants that show scarce selectivity
between hydroxyl radical and other less reactive species.

It is noteworthy indicating that phenolic moieties can be found in humic substances,
that have been demonstrated to enhance the photo-Fenton reaction at mild pH, although its
structure is too complex to perform an accurate mechanistic study. If catechol (and in general
phenolic moieties) can be assumed to be among the active sites of these macromolecules, they
can be proposed as models to gain further insight into the role of humic substances in the
photo-oxidation of xenobiotics. Hence, further research to study the role of other aromatics
moieties (e.g., phenolic acids) might be of interest in the future, but also research on the
involvement of transient reactive species by means of photophysical measurements.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/3/372/s1, Equations (S1)–(S3): Response surface models obtained; Figure S1: 3D estimated
response surface obtained for the Σ CECs in LSW and SW in the photo-Fenton system with the
presence of catechol (CAT) as assistant (Fe(III)/H2O2/CAT); Figure S2: H2O2 consumption for
the photo-Fenton system at different operational conditions in the different studied water matrices;
Figure S3: 3D estimated response surface obtained for the ΣCECs in LSW with the presence of
catechol (CAT) as assistant (Fe(III)/PDS/CAT); Figure S4: PDS consumption for the irradiated
Fe(III)/PDS/CAT system at different operational conditions in LSW and SW; Table S1-S3: Analysis
of variance (ANOVA).
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Abstract: In this study, three CuFe-MOFs were successfully synthesized by a solvothermal process
by changing the ratio of solvents, salts, or temperature. These MOFs named CuFe(BDC-NH2)R,
CuFe(BDC-NH2)S, and CuFe(BDC-NH2)D showed rod-shaped, spindle-like, and diamond-like struc-
tures, respectively. The CuFe(BDC-NH2)D and CuFe(BDC-NH2)S were found to exhibit an improved
PMS activation for Rhodamine B removal attaining levels around 92%. Their effective removal
capability was investigated as a function of the pH, catalyst dosage, and the effect of the application
of UV radiation. The best degradation system was photo-assisted activation of PMS when CuFe(BDC-
NH2)D and CuFe(BDC-NH2)S were used. Under these conditions, the degradation of a mixture of
antibiotic and anti-inflammatory drugs (sulfamethoxazole and antipyrine) was evaluated with the
results revealing the total degradation of both drugs after 1 h. A higher antibacterial activity was
attained with the system CuFe(BDC-NH2)R/PMS due to the high copper content with respect to
the others.

Keywords: CuFe-MOFs; PMS activation; dye removal; drug degradation; antibacterial activity

1. Introduction

In recent years, sulfate radicals-based advanced oxidation processes (SR-AOPs) or per-
oxymonosulfate (PMS) activation using catalysts have drawn notable attention in wastewa-
ter treatment due to their high efficiency and cost-effectiveness. Such a process does not
require external energy and offers several operational advantages, including its application
at a wide range of pHs [1,2]. There are several pathways by which the O–O bond of PMS
may be disrupted, including heating, ultrasound, light, and transition metals. Among them,
transition metal-based material activation using Co, Cu, Fe, or Mn seems to be the most
usual method [3–6].

Several studies have demonstrated the high degradation capability of sulfate radicals
generated in SR-AOPs when used to remove organic contaminants such as dyes, phenolic
and pharmaceuticals compounds, pesticides, and pathogens [7,8]. However, to improve
its application several drawbacks must be overcome. Among these factors is the difficulty
of recovering and recycling the catalyst in a homogeneous process, which is one reason
why heterogeneous catalysts are preferred for PMS activation. The main advantages of
these heterogeneous catalysts are as follows: (i) reusability and easiness for the separation
from the reaction system; (ii) minimum release of metal catalyst that could be considered
as a secondary pollutant; (iii) ability to operate in extreme conditions; (iv) higher effective-
ness at a low economical cost [9–11]. Among the heterogeneous catalysts, metal–organic
frameworks (MOFs) have drawn great interest because of their high surface area, enormous
framework flexibility, and huge structural variety, which facilitate the development of
tailored properties materials, as well as tunable pore sizes and catalytic activities [12,13]. By
combining metallic ions with organic linkers, MOFs are synthesized producing crystalline
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porous structures with periodic structures coordinated with inorganic metal nodes and
organic bridge ligands. They are capable of serving as heterogeneous catalysts as they
possess exposed metal sites in functional pores. Thus, their application in this field has
received considerable attention in recent years [14,15].

According to the literature, many MOFs exhibit excellent catalytic properties for
PMS activation due to the abundance of oxygen vacancies (as active sites), synergistic
mechanisms, and high efficiency [16]. Considering that MOFs are composed of both
organic and inorganic components, there is a greater degree of freedom when selecting the
starting materials. The versatility of MOFs is attributed to their ability to interact with metal
ions and organic ligands in a variety of ways. Furthermore, a variety of conditions can be
used to achieve the desired reaction. The presence of two or more metals in a matter can
improve their catalytic activity. Mixed metals usually have high stability and low leaching
compared to single metals [17].

In this context, recent research has been conducted on the design and synthesis of
bimetallic–organic frameworks that take advantage of the synergistic effects of metals. As
compared to single-metal MOFs, these MOFs are likely to provide higher activity, stability,
and surface area [18]. Bimetallic CuCo-MOFs were synthesized, and it was determined that
the introduction of another metal ion into MOFs could significantly enhance the catalytic
performance [19,20]. A bimetallic MOF containing Fe and Co showed improved catalytic
activity as compared to a monometallic MOF containing a single metal. However, it was
also reported that the process could be strongly affected by the shape of the FeCo MOF
nanocrystals [21]. Thus, MOFs such as MIL-88B-Fe and MIL-101-Fe, with identical chemical
compositions but different exposed facets or shapes, exhibited different activity, MIL-88B-
Fe being around five times higher than that of MIL-101-Fe [22]. Similarly, Liao et al. [23]
determined that the morphology of MIL-88A-Fe greatly affects its catalytic performance.
By a solvent-mediated method, they synthesized several shape-controlled MIL-88A-Fe
nanocrystals with different oriented facets and confirmed that the nucleation rate of the
MOF defines the morphology or particle size. They synthesized three MIL-88A-Fe with
different morphologies such as rod-shaped (100–300 nm length), spindle-like, and diamond-
like structures showing different catalytic behaviors.

The catalytic performance is significantly influenced by the composition, structure,
and properties of MOFs. For this reason, in this study, different methods were evaluated
to synthesize bimetallic CuFe-MOFs and to determine their influence on the synthesis
conditions (temperature and solvent compositions) on the catalytic performance for the
activation of PMS. Thus, three CuFe-MOFs were prepared the by solvothermal process:
two of them using water-free solvents and different salts at 150 ◦C, CuFe(BDC-NH2)S
and CuFe(BDC-NH2)D, respectively, and the other one in an aqueous solvent at 90 ◦C,
CuFe(BDC-NH2)R. The catalytic performance of these bimetallic MOFs was assessed for
the removal of dyes, drugs, and pathogens.

2. Results
2.1. Preliminary Catalytic Performance

Based on the literature, Cu-MOF is becoming a promising alternative transition metal-
based heterogeneous PMS activator [24]. However, the use of bimetallic MOFs could
provide synergistic effects to increase their catalytic activity. Thus, a comparative study
among the Cu(BDC-NH2)R and CuFe(BDC-NH2)R catalysts, synthesized in the presence of
water as described in Section 3, was performed to determine the possible synergistic effects
between metals.

The catalytic activity of these two MOFs towards PMS was evaluated by determining
the removal rates of Rhodamine B. These tests were conducted operating at natural pH
with 0.25 g/L of catalysts and 1 mM of PMS and compared with PMS alone. Around 16%
of Rhodamine B was removed in 60 min by direct oxidation of PMS. However, this level
was improved in the presence of Cu(BDC-NH2)R and CuFe(BDC-NH2)R, attaining removal
levels of Rhodamine B around 20% and 45%, respectively. These results demonstrated the
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superiority of bimetallic CuFe(BDC-NH2)R over Cu(BDC-NH2)R, which is in accordance
with other studies that had reported the synergistic effect in bimetallic catalysts for PMS
activation [25]. Based on these results, other synthesis procedures of bimetallic CuFe(BDC-
NH2) were undertaken to determine their effect on the degradation of Rhodamine B.

The adsorption capabilities of the three different CuFe-MOFs, (CuFe(BDC-NH2)R,
CuFe(BDC-NH2)S, and CuFe(BDC-NH2)D) for dye removal were evaluated before catalytic
oxidation. As shown in Figure 1, in the presence of catalysts alone, Rhodamine B was
rapidly removed within the first five minutes with an adsorption/desorption equilibrium
being reached after 60 min. It was observed that CuFe(BDC-NH2)D exhibited the greatest
efficiency in the adsorption of Rhodamine B. There was rapid adsorption of Rhodamine
B, with nearly 50% of Rhodamine B being adsorbed within 60 min. Then, to determine
the ability of these bimetallic-MOFs to activate PMS, Rhodamine B was degraded in the
presence of PMS. The performance of all Rhodamine B degradation assays was significantly
improved when catalysts and PMS were present simultaneously. Thus, CuFe(BDC-NH2)S
and CuFe(BDC-NH2)D achieved the highest removal efficiency with removal percentages of
Rhodamine B higher than 90%. For an in-depth understanding of the degradation process,
Rhodamine B degradation data were assessed by using three kinetic models (zero-order,
pseudo-first-order, and pseudo-second-order). According to the results, Rhodamine B
degradation follows a pseudo-first-order kinetic. It is also clear that CuFe(BDC-NH2)S
and CuFe(BDC-NH2)D have elevated k values (0.0650 and 0.0637 min−1, respectively),
seven times higher than that of CuFe(BDC-NH2)R (0.0091 min−1). Consequently, the MOF
synthesized in an aqueous media at 90 ◦C showed different catalytic activities (Table 1).
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Figure 1. Profiles of Rhodamine B by PMS activation and adsorption using the different synthesized
CuFe-MOFs. Adsorption and PMS assays were performed at natural pH, with a catalyst concentration
of 0.25 g/L and a PMS concentration of 1 mM.
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Table 1. Pseudo-first-order kinetic parameters and Rhodamine B removal after 60 min.

Catalyst Dosage
(g/L)

k
(min−1) R2

Rhodamine B
Removal

at 60 min (%)

CuFe(BDC-NH2)S

0.125 0.0316 0.9936 82.52
0.25 0.0650 0.997 93.22
0.50 0.0717 0.9735 90.66

CuFe(BDC-NH2)D

0.125 0.0112 0.9877 52.47
0.25 0.0637 0.9709 91.80
0.50 0.0841 0.9567 94.36

CuFe(BDC-NH2)R

0.125 0.0067 0.9896 38.02
0.25 0.0091 0.9869 45.24
0.50 0.0215 0.9634 49.89

In these heterogeneous catalytic systems, the reaction between the metal ions Cu and
Fe and oxidant PMS occurs in both solutions and catalyst surface. The CuFe-MOF can
easily adsorb the pollutants and PMS molecules, and subsequently, with reactions taking
place at the catalyst surface generate sulfate and hydroxyl radicals (Equations (1)–(7)).

≡Fe2+ + HSO5
− →≡Fe3+ + SO4

•− + OH− (1)

≡Fe3+ + HSO5
− →≡Fe2+ + SO5

•− + H+ (2)

≡Cu2+ + HSO5
− →≡Cu+ + SO5

•− + H+ (3)

≡Cu+ + HSO5
− →≡Cu2+ + SO4

•− + OH− (4)

≡Cu+ + ≡Fe3+ →≡Cu2+ + ≡Fe2+ (5)

SO4
•− + H2O→ H+ + SO4

2− + •OH (6)

SO4
•− or •OH + Pollutant→ Degradation products (7)

These reactions explain the synergistic effect observed between Cu2+ and Fe3+, as
the generated Cu+ could undergo disproportionation readily, then the electron transfer
from Cu+ to Fe3+ produces Fe2+ which is thermodynamically more stable, increasing the
generation of sulfate radical from PMS.

In order to determine the contribution of sulfate and hydroxyl radicals, preliminary
experiments were performed with excessive masking agents. As is known, methanol has a
distinct masking effect on both radicals, but tertbutyl-alcohol only acts on hydroxyl radi-
cal [26]. The results indicated the inhibition of dye removal after their addition. However,
the inhibiting effect of methanol was stronger than tertbutyl-alcohol. This fact demonstrated
that the sulfate radical plays a major role compared to the hydroxyl radical.

2.2. Characterization

The SEM images (Figure 2) depicted the surface structure of the prepared bimetal-
lic CuFe-MOFs, pointing to different types of morphology. CuFe(BDC-NH2)D showed a
diamond-like structure (Figure 2c) that is similar to that observed in other MOFs, which
suggested that the amine-functionalized organic ligand would be conducive to forming a
regular structure [27]. However, for CuFe(BDC-NH2)S, two types of morphology, octahe-
dron and spindle-shaped structures, were detected (Figure 2b). If water was used in the
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synthesis procedure, a rod-like morphology was observed (Figure 2a) [28]. In addition, the
presence of Cu and Fe elements was corroborated by EDS analysis. It was detected that
the amount of Cu in the CuFe(BDC-NH2)S and CuFe(BDC-NH2)D samples was lower than
the amount used in their preparation. As was concluded by Khosravi et al. [29], this fact
could be due to the observed tendency of carboxylate groups to form strong bonds with
iron. However, in the presence of water, the elemental mapping proved the existence of a
similar percentage of Fe and Cu elements. In addition, the temperature in the synthesis of
CuFe(BDC-NH2)S and CuFe(BDC-NH2)D was 150 ◦C which increased the crystal growth
rate and size of the MOF [30].
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Figure 2. SEM images of different CuFe-MOFs: (a) CuFe(BDC-NH2)R; (b) CuFe(BDC-NH2)S;
and (c) CuFe(BDC-NH2)D. (d) Percentage of Fe and Cu from the EDS analysis.

After analyzing the morphology of the three synthesized MOFs, FTIR and XRD
techniques were used to determine the crystalline structure and detect the functional
groups of the CuFe-MOFs which could be responsible for the different behavior in the
reaction patterns.

First, XRD analysis was carried out to determine whether the MOFs had different
crystal lattices. First, it was possible to confirm the differences between CuFe-MOFs
due to the Fe/Cu ratio. These differences between the three CuFe-MOFs were investi-
gated by analyzing Fe-MOF-NH2 and Cu-MOF-NH2 in the literature. In Figure 3a, the
peaks of the three synthesized CuFe-MOFs are shown. Since CuFe(BDC-NH2)R has a
Fe/Cu = 1 ratio, it makes the identification of the copper and iron peaks easier. As shown
in Figure 3a, the peaks found in CuFe(BDC-NH2)R are intense reflections in 2θ = 9.2◦, 10.3◦,
11.8◦, and 16.6◦ and weak reflections in 2θ = 13.2◦, 18.1◦, 18.5◦, 20.8◦, 24.7◦, and 33.7◦.
From the work of Zhong et al. [31], who synthesized a Cu-MOF, and Abdel-Azim et al. [32]
a Cu-MOF-NH2, it has been possible to associate the peaks with the 2θ values of 11.8◦,
18.1◦, and 24.7◦. In addition, a small peak at 2θ = 33.7◦ was noted. Considering the Fe/Cu
ratios of each CuFe-MOFs, it is logical that the intensity and appearance of these peaks
are higher in CuFe(BDC-NH2)R than in CuFe(BDC-NH2)D. In fact, in CuFe(BDC-NH2)D,
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the 33.7◦ peak was not detected and the 24.7◦ peak had a low intensity. This fact may be
due to the low copper content (1.46% Cu) compared to CuFe(BDC-NH2)S (1.95% Cu) and
CuFe(BDC-NH2)R (2.74% Cu). However, although CuFe(BDC-NH2)S has a slight increase
in copper content, compared to CuFe(BDC-NH2)D, all the aforementioned copper peaks
were detected except the 2θ = 11.8◦.
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of different CuFe-MOFs.

As for the peaks corresponding to iron, they were associated, by difference, with the
peaks of 2θ = 9.2◦, 10.3◦, 13.2◦, 16.6◦, 18.6◦, and 20.8◦. These peaks have also been found
in other works such as that of Zango et al. [33], who synthetized MIL-88(Fe), NH2-MIL-
88(Fe), and mixed-MIL-88(Fe). It should be noted that a peak with a value of 2θ = 9.8◦

has only been detected in CuFe(BDC-NH2)D and CuFe(BDC-NH2)S. This can be related to
crystal formation as both have been synthesized at the same temperature, but with different
metal salts.

Figure 3b shows the FTIR analysis of these CuFe-MOFs in the range of 4000 to
400 cm−1. From these FTIR spectra, the bonds that ensure MOF formation and that it
is bimetallic are highlighted. Based on the results, it has been possible to confirm in the
three CuFe-MOFs the 516 cm−1 bond, which is associated with the tension in the Fe–O
bond [34], and the 1066 cm−1 bond, which corresponds to the stretching in the C–O–Cu
bond. Additionally, an intense band at 1570 cm−1 can be seen in all three CuFe-MOFs and
this corresponds to the asymmetric tension of COO−, a group of the NH2-BDC ligand.
However, as a doublet appears at 1425 cm−1 and another at 1377 cm−1, it seems that the
symmetric tension mode of this group has unfolded. This may be due to the ligand acting
as a bridge, allowing binding to two metals. In addition, it was observed that at 3500 cm−1

and 3200 cm−1, N–H peaks are visible due to amine group stretching [33]. In summary, all
the peaks discussed above indicate that the CuFe-MOFs were synthesized successfully.

The differences observed in the chemical and morphological characterization could
explain the different behavior of the synthesized CuFe-MOF in the previous assays of
Section 2.1. Based on the obtained results, the following experiments were performed using
the CuFe-MOFs by the three synthesis methods. The main objective was to determine
the best PMS activator for their application in the degradation of pollutants such as dyes,
drugs, or pathogens.

2.3. Rhodamine B Removal
2.3.1. Effect of pH

In PMS activation by CuFe-MOFs, different reaction conditions may lead to different
activation pathways and result in the formation of different reactive oxidants. Consequently,
acidic pH levels support the dominance of sulfate radicals, whereas alkaline pH levels shift
the reactions towards more production of hydroxyl radicals. This is due to the substantial
presence of hydroxide ions under alkaline conditions [35,36]. For this reason, in this study,
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the behavior of the degradation process was evaluated at pH 3, 9, and natural. As shown in
Figure 4, for each CuFe-MOF similar profiles were obtained operating at the selected pHs.
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Figure 4. Profiles of Rhodamine B removal by PMS activation using the three synthesized CuFe-MOFs
operating at different pHs.

These results describing the dominant role of sulfate radicals are in accordance with
previous studies [37,38] where it was observed that the value of fenuron pesticide or dye
removal decreased when the initial pH was increased. The slight differences in Rhodamine
B removal could be due to the evolution of the system of CuFe-MOF/PMS in this pH range
in which the final pH of the system achieved a similar value of around pH 3. This fact could
be explained due to the oxidation of sulfate radicals and their transformation to hydroxyl
radicals (Equation (6)), contributing to the production of hydrogen ions and reducing the
pH to acid values in which the production of sulfate radicals is boosted [27,39]. As was
determined by Li et al. [38], by the CuFe-MOF/PMS system, acidic conditions are preferred
for the removal of methyl blue as under strongly alkaline conditions it was detected that
the ferrous iron ions form iron sludge with lost catalytic performance.

Based on the attained results and that reported in the literature, it was confirmed
that at acid and natural pH ranges, the generated sulfate radicals are similar. Thus, the
operation at natural pH was selected as it is then not required to alter the pH of the water,
reducing the cost of the process.

2.3.2. Effect of Catalyst Dosage

In this study, different catalyst dosages (0.125–0.5 g/L) were studied to determine
their influence on Rhodamine B removal (Table 1). According to the results, Rhodamine B
removal rates increased substantially when the catalyst dosages of the three synthesized
CuFe-MOFs were increased. The best results were attained using 0.5 g/L of CuFe(BDC-
NH2)D and with dye removal ranging from 52% for 0.125 g/L to 94% for 0.5 g/L after
60 min. The kinetic parameters of the degradation were calculated, and the pseudo-first-
order model fitted well to the Rhodamine B removal with all R2 values exceeding 0.95
(Table 1). It can be also observed from the table that as catalyst dosage increased from 0.125
to 0.5 g/L, the rate constant for Rhodamine B removal also increased.
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Based on these results, the removal of Rhodamine B in this system showed a strong
dependency on catalyst dosage as this increases the number of active sites for oxidizing
PMS and also accelerates the generation of reactive oxygen species. However, it is important
to highlight that a significant effect was detected when the catalyst (CuFe(BDC-NH2)D or
CuFe(BDC-NH2)R) concentration increased from 0.125 to 0.25 g/L, with a slight increase
when the dosage reached 0.5 g/L or decrease in the case of CuFe(BDC-NH2)S. Accordingly,
in terms of economics and removal effects, it was decided to operate the next experiments
at 0.25 g/L because the low concentration dosage enabled a reduction of process costs.
These results are in accordance with previous studies reported in the literature [40]. When
MOFs with small catalyst particles are used as catalysts, it may be advantageous to increase
their surface area. It is expected that the effectiveness of the whole system will be greatly
increased if more surface-active sites are provided for PMS activation, which is a typical
heterogeneous reaction process. Nevertheless, if the quantity of active sites exceeds the
required amount, the opposite effect could be detected [40].

2.3.3. Effect of PMS Concentration

The oxidant concentration is another factor that influences the behavior of the system
and that needs to be assessed. In Figure 5, the Rhodamine B degradation profiles show
that the removal efficiency of the dye improved with the increase of PMS concentration
until a value of 1 mM was attained. Even though the PMS alone can reach a maximum dye
degradation value of 24.52% at 1 mM after 90 min, the removal rate is lower than the ones
obtained in the presence of CuFe-MOFs (Figure 5a). This degradation level was increased
when CuFe(BDC-NH2)R was added, doubling their removal levels (Figure 5b). Near total
Rhodamine B removal was achieved when CuFe(BDC-NH2)S/PMS (1 mM) and CuFe(BDC-
NH2)D/PMS (1 mM) systems were evaluated (Figure 5c,d). However, in the presence of
CuFe(BDC-NH2)S and CuFe(BDC-NH2)D, Rhodamine B removal at 0.5 mM and 1 mM dif-
fered only by 11–13%. For this reason, the use of higher concentrations is not recommended
as excessive PMS concentration could produce free radical self-quenching instead of pro-
moting Rhodamine B degradation [41]. Similarly, Li et al. [42,43] in the perfluorooctane
sulfonate degradation determined that a continued increase in PMS concentration brought
low removal efficiency and low rate kinetic constants, which was mainly ascribed to the
scavenging reaction between PMS and the generated radicals (Equations (8) and (9)) [44].
Despite the fact that increasing the PMS concentration enhances Rhodamine B degrada-
tion efficiency, 1 mM was thought to be a suitable concentration and was used in the
following assays.

SO4
•− + HSO5

− → SO5
•− + HSO4

2− (8)

•OH + HSO5
− → SO5

•− + H2O (9)

2.3.4. Rhodamine B Removal by Photo-Assisted Activation of PMS over CuFe-MOFs

As aforementioned, PMS can be activated and decomposed to sulfate radicals by using
different methods such as UV light according to Equation (10). According to the literature,
processes with two or more activators for the decomposition of PMS molecules and the
generation of sulfate radicals are more effective than ones with one activator [1,45,46].

HSO5
− + hυ→ SO4

•− + •OH (10)
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Figure 5. Effect of PMS concentration on profiles of Rhodamine B by different CuFe-MOFs/PMS
systems: (a) without CuFe-MOF, only PMS; (b) CuFe(BDC-NH2)R; (c) CuFe(BDC-NH2)S, and
(d) CuFe(BDC-NH2)D with PMS concentrations.

Thus, Hassani et al. [47] determined the synergistic role of photocatalytic activation of
PMS by UV-LED irradiation over CoFe2O4-rGO nanocomposite towards effective Bisphenol
A degradation. The coupling catalyst and UV-LED increased the Bisphenol A degradation
rate via a sum of mechanisms for the generation of oxidative agents, mainly, SO4

•− and
•OH radicals.

Inspired by these previous studies, we evaluated the PMS activation under low-
intensity light irradiation in the presence of the synthesized CuFe-MOFs [48,49]. In Figure 6
the effect of UV irradiation on Rhodamine B degradation was examined using PMS acti-
vated by the different evaluated CuFe-MOFs. UV irradiation alone and in combination
with PMS did not appear to be effective in dye removal during the testing period. The
main bottleneck in relation to UV activation of PMS is low utilization efficiency due to
the poor UV penetration and rapid disruption by pollutants and impurities contained in
the water matrix since the UV irradiation is in accordance with the transmittance of the
treated effluent. Therefore, the UV light activation of PMS systems might not be suitable
for effluents with low transmittance [17]. Similarly, the systems UV/CuFe-MOFs showed
similar behavior to the adsorption process (Figure 1).
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Figure 6. Comparison among several processes such as UV/PMS, PMS, UV alone separately and in
combination with the three synthesized CuFe-MOFs in the Rhodamine B removal. As a reference,
the working conditions for the experiment were natural pH, 0.25 g/L catalyst dose, and 1 mM
PMS concentration.

Nevertheless, when the UV was added to the PMS/CuFe-MOFs system, Rhodamine
B degradation kinetics were significantly faster than without UV irradiation. A complete
degradation of the dye was achieved in the presence of CuFe(BDC-NH2)S or CuFe(BDC-
NH2)D after 45 min. The corresponding rate constants for the systems with CuFe(BDC-
NH2)S or CuFe(BDC-NH2)D were 0.0941 and 0.191 min−1, respectively. These values were
much higher than the rate constant of the test with CuFe(BDC-NH2)R (0.03 min−1). The
increase in the kinetics of the reaction is the result of UV radiation facilitating the generation
of sulfate radicals and other species and by the effect of the UV irradiation exciting the
electron/holes pairs of the CuFe-MOF [50,51].

Similar results were reported by Karim et al. [52] who reported that the introduction
of UV irradiation for catalyst-based PMS/PS activation accelerated the transfer of e− and
enhanced the production of radicals in the system. The reactive species generated un-
der photocatalytic irradiations and enhanced charge transfer assisted in the activation of
PMS to generate SO4

•− in the solution. Thus, the HSO5
− and dissolved oxygen would

obtain an e− to generate several radicals and hydrogen peroxide, such as described in
Equations (11)–(13), with the following generation of reactive oxidation species that in-
crease the dye degradation rate. In addition, the UV light could accelerate the degradation
rate via the indirect formation of free radicals by the regeneration of the metal ions Cu
and Fe [51,53,54].

O2 + e− → •O2
− (11)

HSO5
− + e− → SO4

•− + OH− (12)

2•O2
− + 2H+ → H2O2 + 1O2 (13)
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In order to evaluate the cost/commercial value of a product, its recovery and reuse
is an important factor to consider. Based on the previously obtained results, the reusabil-
ity of both CuFe-MOFs (CuFe(BDC-NH2)S or CuFe(BDC-NH2)D) for PMS activation is
crucial for their application for long-term continuous degradation processes. Thus, the
UV/[CuFe(BDC-NH2)S or CuFe(BDC-NH2)D]/PMS systems were evaluated in seven suc-
cessive cycles. It was determined that only a slight decrease in the removal efficiency
was observed after six cycles, similar to other studies using MOFs as activators for sulfate
radical generation [55]. Both CuFe-MOFs showed higher catalytic activity after each run,
suggesting high stability. Thus, the proposed system presented good behavior and usability
for the removal of the pollutants with low iron and cooper leaching (lower than 5%). This
behavior was comparable to that reported in the literature in which the mixed metals
usually have high stability and low leaching compared to single metals [17].

According to previous studies, the enhancement in catalytic activity of both CuFe-
MOFs across successive runs could be explained by the action of the oxidant on the
heterogeneous catalyst, generating more defects that increase the contact surface [55]. In
addition, the literature reported that bi-metallic, and multi-metallic catalysts have higher
stability in comparison with mono-metallic catalysts due to the strong interactions between
the metallic species [56]. Thus, the obtained results confirm the applicability of these CuFe-
MOFs and open the door of opportunity to use these systems in the continuous treatment
of polluted effluents in the future.

2.4. Drug Removal

As expected, the synthesized CuFe-MOFs showed remarkable catalytic activity to
induce the oxidation process with sulfate radical generated from PMS to efficiently remove
Rhodamine B. This study might open an avenue to study the multiple applications of these
MOFs in the degradation of other pollutants such as drugs and pathogens. Nowadays,
drugs such as antibiotics have been extensively used in human healthcare and livestock
production. However, they are poorly metabolized in animals and human bodies. A great
number of consumed drugs are eliminated through excretion and eventually released into
our water environment [57]. Their residues left in the water can constitute a potential risk
for the ecological environment through inducing antibiotic-resistant bacteria, antibiotic
resistance, and toxicity effects on living organisms [58,59]. Due to the large amounts of
drugs that have been detected in aquatic ecosystems, their degradation is an urgent task
that must be performed by an effective technique [60].

Antibiotic and analgesic drugs such as sulfamethoxazole (SMX) or antipyrine (ANT)
are widely used currently in human medicine and detected worldwide in effluents near
discharge points of plants for wastewater treatment. It has been revealed that these organic
compounds cannot be eliminated by conventional treatments [61]. For this reason, in this
study, a mixture of SMX and ANT were selected as target pollutants in the developed
treatment systems. The application of these CuFe-MOFs in different degradation systems
operating in all cases at natural pH, MOF concentration of 0.25 g/L, and PMS concentra-
tion of 1 mM was assessed (Figure 7). Although the typical drug concentrations in the
wastewater range from 0.1 to 200 µg/L, in these tests, an initial concentration of 10 mg/L
of each drug was used to perform the kinetic studies by conventional analytical techniques
with adequate reliability.

As can be observed from Figure 7, similar results were obtained showing the same
tendency that was found for Rhodamine B as target pollutant. UV/PMS system can
degrade SMX and ANT, reaching 20% of pollutant removal after 30 min. It seems that a low
number of radicals are generated from PMS under light irradiation at the beginning of the
reaction. In the case of UV/CuFe-MOF, it was highlighted that CuFe(BDC-NH2)D exhibited
a very fast initial degradation of SMX and ANT. This fact could be due to adsorption,
the predominant mechanism that, regrettably, stops after the first minutes of treatment.
The high SMX and ANT degradation levels of the systems UV/[CuFe(BDC-NH2)S or
CuFe(BDC-NH2)D]/PMS could be attributed to the redox cycles of both metallic species
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that are made available for the activation of PMS to generate the radicals mentioned above
to oxidize SMX and ANT under UV [62].
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Near complete degradation was obtained for SMX and ANT after 90 min by the photo-
assisted system followed by CuFe-MOF/PMS with lower levels for the control systems.
In these experiments, the carboxylic acids were detected at 30, 60, and 90 min to prove
the generation of degradation products. It was highlighted by the formation of several
compounds such as oxalic, succinic, formic, malonic, and acetic acid. The obtained results
of short-chain carboxylic acids and the generation of intermediates that correspond to
peaks detected by measurement on high-performance liquid chromatography (HPLC),
not identified or quantified, are indicative of the generation of reaction products [63]. In
Figure 8, the intermediates detected with the systems UV/[CuFe(BDC-NH2)R, CuFe(BDC-
NH2)S, CuFe(BDC-NH2)D]/PMS are presented as HPLC area.
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legends of all detected intermediates are shown.

As shown in Figure 8c, the amount of compounds measured during the treatment of
SMX and ANT in the system UV/CuFe(BDC-NH2)D/PMS is lower than the other catalysts.
This fact is indicative of the higher degradation action of this system that aligns with the
results shown in Figure 7. Furthermore, formic acid, the shortest carboxylic acid, constitutes
a high percentage of the carboxylic acids. However, the other systems showed a lower
degradation rate, and they are rather resistant to degradation with higher intermediates
that are accumulated in the solution (Figure 8a,b).
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2.5. Antibacterial Capability

Copper-containing compounds display high efficiency and extensive spectrum activ-
ity against pathogens through mechanisms such as reactive oxygen species production
and penetration of bacterial cell walls [64]. The antibacterial capability of the system of
synthesized CuFe-MOFs and PMS was determined by the colony-forming unit assay as
described in Section 3. In this study, Escherichia coli (E. coli) was selected as the model
bacteria based on previous studies of our group [8,65]. Due to PMS alone at a concen-
tration of 1 mM removing colonies, its concentration was reduced to 0.1 mM. Figure 9
depicted a comparative antibacterial activity of PMS without activator and in the presence
of the different PMS activator CuFe-MOFs by the number of colonies at 5, 15, 30, and
60 min. In this case, the best results were obtained when CuFe(BDC-NH2)R was used and
the increased incubation time significantly reduced the number of colony-forming units
(CFU) reaching total disinfection after 1 h. These results suggested that CuFe(BDC-NH2)R
showed potential as antibacterial material with respect to the others. In the presence of
CuFe(BDC-NH2)S and CuFe(BDC-NH2)D the CFU reduction was lower than 50% after
1 h. This fact could be explained by the composition of each CuFe-MOF (Table 1) where
CuFe(BDC-NH2)R presented the highest percentage of Cu. Other studies have proved that
Cu is a proficient disruptor of the bacterial cell envelope and the killing effect increased
when the Cu concentration was increased [66,67]. Thus, a double benefit of the use of
CuFe(BDC-NH2)R was detected, with the capacity to generate sulfate radicals and with a
structure that contributes to bacterial disinfection strategy.
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Figure 9. Comparative antibacterial activity of different CuFe-MOFs/PMS systems: CuFe(BDC-
NH2)R; CuFe(BDC-NH2)S; CuFe(BDC-NH2)D. Experimental conditions: concentration of PMS
(0.1 mM), catalyst dosage (0.25 g/L), dark and room temperature.

3. Materials and Methods
3.1. Chemicals and Microorganisms

The reagents used for the synthesis of the three bimetallics were dimethylformamide (DMF),
2-aminoterephthalic acid (NH2BDC), ethanol, iron (II) sulfate heptahydrate (FeSO4·7H2O),
copper (II) acetate (Cu(CH3COO)2·H2O), copper (II) chloride hexahydrate (CuCl2·6H2O), and
iron (III) chloride hexahydrate (FeCl3·6H2O). All the chemicals mentioned were purchased
from Sigma-Aldrich (Madrid, Spain).
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As for the reagents utilized for the antibacterial test with E. coli culture, meat peptone
broth (MPB) culture medium was prepared, including 10 g/L of peptone, 5 g/L of meat
extract, and 5 g/L of sodium chloride. MPB culture medium was used as liquid and solid
medium. For the microorganism, the strain E. coli CECT 102 was used, provided by the
Spanish Type Culture Collection.

Several model pollutants were used to determine degradation ability. The dye Rho-
damine B, ANT, and SMX, all reagents, and the PMS (2KHSO5·KHSO4·K2SO4) were sup-
plied also by Sigma-Aldrich.

All experimental solutions were prepared using ultrapure deionized water.

3.2. Synthesis of the Bimetallic CuFe(BDC-NH2)x

The catalysts were prepared through a solvothermal method and subsequent thermal
treatment. Considering the slight differences among these catalysts, the following synthesis
procedure is provided here:

- CuFe(BDC-NH2)R: The procedure of this synthesis was adapted, with slight modifica-
tions, from the study of Fu et al. [68]. In this case, 0.724 g of NH2BDC was added to
32 mL of DMF. When NH2BDC was completely dissolved, 0.4 g of Cu(CH3COO)2·H2O
and 0.556 g of FeSO4·7H2O, were added simultaneously with 4 mL of ethanol and
4 mL of ultrapure water. The mixture was dissolved completely after 30 min and
transferred to a 100-mL Teflon-lined autoclaved reactor, which was kept in an oven
at 90 ◦C for 24 h. The obtained solid was washed with ethanol and dried overnight
at 80 ◦C. The monometallic Cu(BDC-NH2)R was synthesized analogously using only
0.4 g of Cu(CH3COO)2·H2O as precursor.

- CuFe(BDC-NH2)D: For this catalyst, the synthesis was carried out as described in the
work of Khosravi et al. [29]. Briefly, 0.362 g of NH2BDC was mixed in 14 mL of DMF
for 15 min. Meanwhile, 0.341 g CuCl2·6H2O and 0.541 g FeCl3·6H2O were stirred in
14 mL of DMF. Subsequently, both dilutions were mixed, and 2 mL of ethanol added
and shaken vigorously for 30 min, followed by 20 min in ultrasound. Once finished,
it was transferred to a 100-mL Teflon-lined autoclaved reactor, which was kept in an
oven at 150 ◦C for 24 h. Subsequently, the obtained solid was washed and filtered
with DMF and ethanol and dried overnight at 80 ◦C.

- CuFe(BDC-NH2)S: The previous procedure was followed, the only difference being
the salts used which were 0.4 g of Cu(CH3COO)2·H2O and 0.556 g of FeSO4·7H2O.

3.3. Culture Conditions

According to Fdez-Sanromán et al. [8], similar steps were taken to activate and disinfect
E. coli CECT 102. In summary, the E. coli CECT 102 inoculum was transferred into a 250 mL
Erlenmeyer flask, with 50 mL of MPB medium. Then, it was grown for 20 h at 180 rpm
and 37 ◦C under darkness. For all disinfection experiments, this culture was used as an
inoculum (1% v/v inoculum). The culture was incubated until the stationary phase (approx.
20 h) and then centrifuged at 8000 rpm for 15 min (Sigma Laboratory Centrifuges, 3K18,
Osterode am Harz, Germany). As a result of this procedure, a minimum concentration of
1010 CFU per mL was assured. Subsequently, it was resuspended in 5 mL of sterile saline
solution at 0.9% w/w. For the E. coli experiments, all materials and solutions mentioned
were sterilized in an autoclave Presoclave II (J.P. Selecta®, Barcelona, Spain). Each cycle
lasted 20 min at 121 ◦C and 1 bar pressure.

3.4. Experimental Set-Up
3.4.1. Pollutant Degradation

The catalytic performance was evaluated by the decrease of Rhodamine B concentra-
tion and further confirmed using a mixture of two pharmaceuticals, ANT and SMX. In
both cases, the catalytic activity was evaluated using several AOPs such as Fenton-like,
photocatalysis and photo-PMS. In all of them, the heterogeneous degradation experiments
were performed in a 0.1 L individual cylindrical cell with an operating volume of 0.05 L
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and containing Rhodamine B solution (10 mg/L) or the pharmaceutical mixture solution
(10 mg/L of each drug).

Concerning the Rhodamine B assays, the experiment was developed under magnetic
stirring at 300 rpm at a determined initial pH (natural, 3, and 9). This pH was adjusted by
adding 1 M sodium hydroxide or sulfuric acid (H2SO4). The PMS concentration values were
from 1 to 0.1 mM and the catalyst dosage was from 0.125 to 0.5 g/L. The assays involving
light irradiation, such as photolysis, photocatalysis ,and photo-PMS, were developed
using as a light source a UV-A LED lamp (30 W) operating at 365 nm. Sample aliquots
of 1 mL were withdrawn at predetermined time intervals and the residual Rhodamine B
concentration was measured with a UV-Vis spectrophotometer (Thermo Fisher Genesys
M-150, Waltham, MA, USA) at 554 nm. The removal of ANT and SMX was performed by
using different AOPs at the best conditions of initial pH, PMS concentration, and catalyst
dosage, which were obtained from Rhodamine B experiments. To analyze the sample by
HPLC, aliquots of 1 mL were withdrawn at predetermined times and filtered through
0.22 µm PTFE filters. All the results are the average of duplicated assays, and the standard
deviations were below 5%.

3.4.2. Disinfection Experiment

As mentioned previously, the disinfection process was followed by Fdez-Sanromán
et al. [8]. As a first step, 0.5 mL of E. coli CECT 102 inoculum was transferred to a 250 mL
Erlenmeyer flask, containing 50 mL of MPB medium This was incubated for 20 h at 180 rpm,
at 37 ◦C, in the dark. In order to obtain a concentrated culture of E. coli, that was incubated
until the stationary phase (approx. 20 h), it was centrifuged at 8000 rpm for 15 min (Sigma
Laboratory Centrifuges, 3K18, Osterode am Harz, Germany).

After that, E. coli CECT 102 inactivation experiments were carried out to determine
the concentration of the three catalysts (0.25 g/L), CuFe(BDC-NH2)R, CuFe(BDC-NH2)S,
and CuFe(BDC-NH2)D for a concentration of PMS (0.1 mM). The disinfection experiment
was accomplished by adding 1 mL of concentrated E. coli culture to 99 mL of synthetic
water [8] and a mixture of catalyst and PMS. During the experiment, the mixture was kept
in an incubator at 80 rpm, 25 ◦C, and in the dark and samples were taken at 5, 15, 30, and
60 min to follow the disinfection process. At those times, the bacteria concentration was
assessed by the standard plate counting method through a serial 10-fold dilution.

3.5. Analytical Methods
3.5.1. Determination of ANT and SMX

The concentrations of ANT and SMX were monitored by HPLC using an Agilent
instrument equipped (Agilent 1260, Santa Clara, CA, USA) with a diode array detector at
two wavelengths: 242 nm for ANT and 263 nm for SMX. ZORBAX Eclipse XDB-C8 column
(Agilent, Santa Clara, CA, USA) (dimensions of 4.6 × 150 mm; 5 µm) was used to carry out
the chromatographic separation. The eluent was a mixture consisting of acetonitrile and
1.5% acetic acid aqueous solution (10/90%). The mobile phase flow rate was at 1 mL/min
and the injection volume was 10 µL.

For carboxylic acids measurement, the same analytical equipment was employed. The
chromatographic separation was carried out at room temperature on a Rezex ROA-Organic
Acid H+ column, supplied by Phenomenex (Torrance, CA, USA). The mobile phase used
was H2SO4 (0.05 M) at a flow rate of 0.5 mL/min. The carboxylic acids were detected at
210 nm with an injection volume of 20 µL.

3.5.2. Disinfection Efficiency

The disinfection process efficiency was measured by the logarithmic of the CFU/mL.
Through a serial 10-fold dilution, the bacteria’s concentrations were assessed using the
standard plate counting method. After dilutions were performed in buffered peptone water
(15 g/L), aliquots for each dilution were spread onto MPB plates and incubated at 37 ◦C for
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24 h. Afterwards, colonies were counted. For the mean counts (of triplicate samples) in
CFU/mL, the coefficient of variation was always less than 15%.

3.5.3. Characterization of CuFe-MOFs

Characterization of the catalyst’s surface was accomplished by scanning electron mi-
croscopy and energy dispersive spectrometry (SEM/EDS) using a JEOL JSM6010LA with
EDS Oxford AZtecOne SEM (C.A.C.T.I., University of Vigo, Vigo, Spain). For the crystallo-
graphic analysis of CuFe-MOFs, the X-ray diffraction (XRD) was made on a Siemens D5000
diffractometer (C.A.C.T.I., University of Vigo, Vigo, Spain). Fourier transform infrared spec-
troscopy (FTIR) analyses, Nicolet 6700, Thermo Fisher Scientific Inc. (C.A.C.T.I., University
of Vigo, Vigo, Spain) were used to analyze the CuFe-MOF bonds and functional groups.

4. Conclusions

In this study, three different bimetallic CuFe-MOFs were assessed and applied for
PMS activation. Initially, these heterogeneous bimetallic MOFs were investigated for the
removal of Rhodamine B and it was confirmed that the bimetallic catalyst improved the
performance of the Cu-MOF. The effects of variables such as pH, catalyst, and PMS dosage
were ascertained, and the best conditions were determined for each CuFe-MOF. Their
behavior was affected by the Fe/Cu ratio which was found through characterization. It was
detected that the MOF with the higher Fe/Cu ratio had better results in the degradation of
Rhodamine B and drugs (SMX and ANT). However, for disinfection, the best results were
obtained when the Cu content of MOF was increased. In addition, it was proved that the
combination system PMS/CuFeMOF/UV is the best system as the radiation improved the
generation of radicals. As a result, Rhodamine B and two drugs, namely SMX and ANT,
were degraded more efficiently.

The high stability over several cycles and the wide range of applications of these CuFe-
MOFs proved the feasibility of the proposed system for application in the environmental
field. Thus, these results confirm the applicability of CuFe-MOFs and open the door of
opportunity to use these systems for the continuous treatment of polluted effluents in
the future.
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Abstract: Green magnetite/carbonized spent coffee (MG/CFC) composite was synthesized from
natural pyrite and characterized as an adsorbent and catalyst in photo-Fenton’s oxidation system
of Congo red dye (C.R). The absorption behavior was illustrated based on the steric and energetic
parameters of the advanced Monolayer equilibrium model of one energetic site (R2 > 0.99). The
structure exhibits 855 mg/g as effective site density which induces its C.R saturation adsorption
capacity to 436.1 mg/g. The change in the number of absorbed C.R per site with temperature (n = 1.53
(293) to 0.51 (313 K)) suggests changes in the mechanism from multimolecular (up to 2 molecules
per site) to multianchorage (one molecule per more than one site) processes. The energetic studies
(∆E = 6.2–8.2 kJ/mol) validate the physical uptake of C.R by MG/CFC which might be included van
der Waals forces, electrostatic attractions, and hydrogen bonding. As a catalyst, MG/CFC exhibits
significant activity during the photo-Fenton’s oxidation of C.R under visible light. The complete
oxidation of C.R was detected after 105 min (5 mg/L), 120 min (10 mg/L), 135 min (15 mg/L), 180 min
(20 mg/L), and 240 min (25 mg/L) using MG/CFC at 0.2 g/L dosage and 0.1 mL of H2O2. Increasing
the dosage up to 0.5 g/L reduce the complete oxidation interval of C.R (5 mg/L) down to 30 min
while the complete mineralization was detected after 120 min. The acute and chronic toxicities of
the treated samples demonstrate significant safe products of no toxic effects on aquatic organisms as
compared to the parent C.R solution.

Keywords: pyrite; coffee; magnetite; composite; adsorption; photo-Fenton’s oxidation

1. Introduction

The high-income industries in developing countries and the related discharges are the
essential reason for the water pollution threats and their toxic impacts on various forms of
life. The textile, printing, plastic, and paper industries involve the consumption of huge
quantities of pigments and dyes [1,2]. Dyes that are vital aromatic compounds have been
widely used. Its annual production has been reported 7 × 105 tons [3,4]. 10% to 15% of
the annually produced synthetic dyes are disposed of into water bodies as untreated, non-
degradable industrial wastewater causing adverse effects on all life forms [5–7]. Among the
synthetic dyes, Congo red (CR) is an anionic toxic dye that is of a sodium salt of amine-4-
sulfonic acid benzidindiazo-bis-1-navatella and is widely used in the textile industry [8–10].
The leakage of Congo red into the water resources is of several environmental drawbacks.
This includes the depletion of dissolved oxygen and the destruction of the photosynthesis
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system. Additionally, such hazardous chemical compounds cause suffocation of the aquatic
organisms such as fauna and flora [2,11–13]. From a health point of view, CR dye is of
carcinogenic, allergenic, mutagenic, and cytotoxic effects [2,10,14].

Therefore, the interested researcher as well as the responsible authorities suggested
several physical and chemical techniques to decline the concentrations of the synthetic
dyes. This includes advanced oxidation, adsorption, membrane separation, biological
degradation, and nano-filtration. The adsorption technique is a simple, cheap, available,
and very effective method in the decontamination of both organic and inorganic contam-
inants [10,15,16]. The reported advanced oxidation techniques involved photocatalytic,
Sonocatalytic, Fenton’s, and photo Fenton’s oxidation were addressed as very promising
methods during the remediation of the dyes [17,18]. The photo Fenton oxidation reactions
can be divided into homogenous reactions and heterogeneous reactions [6,19]. The ho-
mogenous reactions that involve the interaction between hydrogen peroxide and dissolved
ferrous iron ions are simple and inexpensive processes [6,20]. However, there are practical
difficulties to scale up the reactions for commercial remediation of dyes and other organic
compounds [20,21]. This is related to the consumption of huge amounts of iron, the forma-
tion of ferric hydroxide sludge as a byproduct, and the tight range of PH [20]. Therefore,
the heterogeneous reactions were recommended as they can be applied within a wide pH
range, of low iron consumption, excellent efficiency, and significant recyclability [19].

The Zerovalent iron, as well as the other iron-based green synthesized nanomateri-
als, is an environmentally friendly structure that was applied widely as adsorbents and
heterogeneous catalysts [22]. The previous studies demonstrate the effective applications
of such materials to remove the organic contaminants either by adsorption or by photo-
Fenton’s oxidation processes. This was assigned essentially to their significant surface
area, reactivity, adsorption capacity, and band gap energy in addition to the existence of
bisphenol caps which enhance their affinities for the common organic pollutants [23–26].
Green synthesized magnetite nanoparticles (Fe3O4) were assessed as potential adsorbents
and heterogeneous catalysts of promising Physio-chemical properties and can be separated
effectively from the treated solutions using an external magnet [27,28]. The synthesis of
magnetite/carbon composites was introduced as stable and effective hybrid structures
of enhanced electrostatic attractive forces and significant quantities of active functional
groups (carboxyl groups) [27,28].

One of the main technical problems that face the synthesis of green iron oxide nanopar-
ticles is the starting precursors. Unfortunately, most of the introduced studies about the
synthesis of green iron oxide involved iron-bearing chemical salts as raw materials which
raise the cost of fabrication cost [22]. Utilizing natural raw materials in the synthesis of
green iron oxide will reduce the production cost and can result in significant changes in
the morphological and surficial properties. Pyrite is one of the most famous natural iron
sulfide minerals (FeS2) that is of low economic value either as mining raw products or as
by-products during the separation and beneficiation of precious metals [29,30]. Moreover,
it is classified as an acid-generating mineral and its weathering results in toxic and haz-
ardous acids that affected negatively the ecosystems and biodiversity in the mining sites
including the highly toxic acid drainage wastewater in the mining sites [31]. Framboidal
pyrite is a known form of pyrite that was classified in several literatures as a sedimentary
mineral of biogenic origin and of considerable geological reserve [30,32–34]. Considering
the chemical composition, reactivity, and textual properties of framboidal pyrite, it can
be applied effectively in the synthesis of novel and advanced forms of green iron oxide
nanoparticles of enhanced physiochemical properties.

Therefore, the current study aims to synthesize and characterization of low-cost
magnetite/carbon green nanocomposite (MG/CFC) utilizing framboidal pyrite mining
solid wastes as the iron-bearing precursor and commercial coffee as a precursor of carbon
and the greed oxidizing reagent. The obtained structure was assessed as a potential
adsorbent and heterogeneous catalyst for effective photo Fenton’s oxidation of Congo red
dye. The adsorption behavior was illustrated based on the advanced equilibrium properties
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including the steric and energetic properties. The oxidation studies were assessed based on
the main experimental parameters, kinetic properties, oxidizing radicals, synergetic effect,
and suggested mechanism. This represents advanced recycling processes of pyrite solid
waste and spent coffee powder in an innovative eco-friendly, simple, and low-cost hybrid
structure of enhanced adsorption and catalytic properties during the decontamination
applications of Congo red dye from the aqueous environment by photo-Fenton’s oxidation
system in the presence of commercial visible light source.

2. Results and Discussion
2.1. Characterization of the MG/CFC Catalyst

The XRD pattern of the synthetic Mg/CFC structure was compared to the used raw
pyrite to confirm the transformation processes (Figure 1). The studied raw precursor
exhibits the typical pattern of pyrite mineral with its characteristic peaks (Ref. No. 01-
076-0963) (Figure 1A). The transformation of pyrite into Mg/CFC was confirmed by the
remarkable changes in the obtained patterns and the identified phases. The patterns show
the characteristic peaks of iron oxide (magnetite) (Ref. No. 01-076-0956; JCPDS. card No.
089-096) in addition to the broad peak of the amorphous carbon that is related to the coffee-
based carbon substrate (Figure 1B). Such results confirm the formation of the composite
between the precipitated green magnetite and the carbon-based coffee. Moreover, the
detection of the iron phase as iron oxide reflects the extensive oxidation of the early-formed
zero-valent iron into iron oxide [22,35].
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Figure 1. XRD pattern of the used raw pyrite (A) and the synthetic MG/CFC green nanocomposite (B).

This was supported significantly by the obtained SEM images of the synthetic structure
(Figure 2). The surface of carbonized coffee particles exhibits irregular and wormy-like
morphologies with numerous pores which give them significant surface area as carrier
or substrate for the loaded green magnetite nanoparticles (Figure 2A). The synthesized
green iron oxide appeared as bunches or clusters of numerous spherical nanoparticles
related the precipitated Fe3O4 nanoparticles that exhibit random distribution over the
surface of carbonized coffee grains (Figure 2B–E). This significant alteration and formation
of green magnetite/carbon composite (MG/CFC) was confirmed also based on the EDX
findings of both pyrite precursors and the synthetic product (Figure 2F). The elemental
EDX composition of the raw pyrite reflected its common composition of two essential
elements which are Fe (66.72%) and S (33.25%) (Figure 2F). After the synthesis of the green
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magnetite/carbon composite (MG/CFC), the EDX spectrum demonstrates the complete
removal of S from the composition and the existence of Fe and O as the components of
magnetite and C as the representative element of the carbonized coffee particles (Figure 2F).
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Figure 2. SEM images of the carbonized coffee grains (A), the synthetic green magnetite nano particles
over the surface of carbonized coffee (B–E), and the EDX spectra of pyrite and the prepared MG/CFC
composite (F).

Regarding the FT-IR spectra of pyrite, synthetic MG/CFC, and spent MG/CFC after
the adsorption of C.R molecules, the observed spectra are in agreement with the chemical
analysis (Figure 3). The spectrum of pyrite validates the existence of its main chemical
groups such as Fe-O-OH (1087 cm−1), Fe-S (666.63 cm−1) and S-S (608.43 cm−1) in addition
to other bands related to the –OH stretching (3300 cm−1) and vibration (556 cm−1) of ad-
sorbed water molecules or the weathering effects on the pyrite structure (Figure 3A) [36–38].
Regarding the spectrum of green magnetite/carbonized coffee structure, the identification
bands of iron oxide were recognized at 456.4 cm−1 and 611 cm−1 which validates the Fe-O
bonding (Figure 3B) [39,40]. The chemical groups of the carbonized coffee substrates were
signified around 3184 cm−1 (O-H groups related to phenols, alcohols, or carboxylic acid),
2921.4 cm−1 (C-H of methylene (-CH2-) and methyl groups (-CH3)), 2859 cm−1 (C-H of
cellulose backbone), 1638.9 cm−1 (carbonyl groups that are related to the polyphenolic
compounds of coffee), 1409.5 cm−1 (-CH2 and –CH3 bending), 1112.9 cm−1 (C-O and C-C of
cellulose), and 801–888.4 cm−1 (N-CH3) (Figure 3B) [40–42]. The identified chemical groups
demonstrate the expected valuable role for the carbonized coffee either as a substrate for
magnetite as catalysts during the photo Fenton’s oxidation of C.R dye or as an integrated
component in the hybrid adsorbent. Regarding the spectrum of the spent MG/CFC after
the adsorption of C.R dye, it shows an observable reduction in the intensities of the ab-
sorption bands of the essential chemical groups in addition to slight shifting (Figure 3C).
This validates a significant effect for most of the chemical groups of both magnetite and
carbonized coffee during the uptake of the C.R dye.
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Figure 3. FT–IR spectra of the raw pyrite (A), the synthetic green magnetite nano particles over
the surface of carbonized coffee (MG/CFC) (B), and spent MG/CFC after the adsorption of C.R
molecules (C).

2.2. Adsorption Studies
2.2.1. Effect of pH

The pH value of the aqueous solutions during the uptakes processes of C.R. by
MG/CFC is an essential factor that controls the dominance of the surficial charges as well
as the dye molecules in the system. The pH (2–8) as an experimental variable was studied
and the other effective variables were preserved at constant values [solid dosage: 0.2 g/L;
volume: 100 mL; contact interval: 24 h; concentration: 50 mg/L; temperature: 293 K] during
the performed experiments (Figure 4A). The experimentally detected C.R adsorption
results signify the noticeable decline in the determined capacity of MG/CFC from pH 2
(143.3 mg/g) until pH 7 (94.6 mg/g) (Figure 4A). The high pH environments induce the
generation of the negatively charged hydroxyl ions on the surface of MG/CFC as a result
of the de-protonation of its chemical groups in the basic conditions [43]. The negatively
charges C.R molecules are remarkably electrostatically repulsed by such deprotonated
groups. The recognized behavior in terms of the studied pH validates is in agreement with
the determined pH(ZPC). The determined pH(ZPC) of MG/CFC is 4.6 and reveals the high
occupation of the MG/CFC surface with numerous negative charges during the uptake of
C.R. at pH > 4.6 and positive charges at pH < 4.6.

2.2.2. Equilibrium Studies
Effect of C.R Concentrations

The investigation of the MG/CFC adsorption capacity in the existence of different
C.R concentrations (50–350 mg/L) allows the experimental detection of the equilibrium
behavior and actual saturation or maximum capacity of the MG/CFC structure. The
other effective variables were preserved at constant values [solid dosage: 0.2 g/L; volume:
100 mL; contact interval: 24 h; pH: 2]. The temperature influence was followed from 293 K
to 313 K (Figure 5B). The adsorption of C.R by MG/CFC structure is markedly enhanced
when the tested C.R starting concentrations are high (Figure 4B). This enhancement effect
is ascribed to an expected increase in the mobility or diffusion speed as well as the driving
forces of the dissolved C.R molecules, which can prompt their interactions and collision
rates with the essential and effective uptake sites on the MG/CFC surface [44]. The
increment in the experimental C.R uptake efficiency is distinguished up to 250 mg/L during
the three evaluated equilibriums tests which were performed at 293 K, 303 K, and 313 K
(Figure 4B). Therefore, this concentration (250 mg/L) can be categorized as the experimental
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C.R equilibrium concentration in the presence of MG/CFC as an adsorbent. The available
active receptors that are present on the MG/CFC particles attain their saturation states
and fully occupied with the C.R molecules. Therefore, the MG/CFC attains its maximum
capacity as an adsorbent for C.R (331 mg/g (293 K), 351.3 mg/g (303 K), and 360.4 mg/g
(313 K)) (Figure 4B).
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Figure 4. Effect of pH on the adsorption of C.R by Mg/CFC [dosage: 0.2 g/L; contact interval: 24 h;
concentration: 50 mg/L; temperature: 293 K] (A), adsorption properties of Mg/CFC at different
concentrations of C.R [dosage: 0.2 g/L; contact interval: 24 h; pH: 2] (B), fitting of the C.R adsorption
data with Langmuir isotherm (C), fitting of the C.R adsorption data with Freundlich isotherm (D),
fitting of the C.R adsorption data with D-R isotherm (E), and fitting of the C.R adsorption data with
advanced monolayer model with one energy (F).
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Figure 5. The change in (A) the number of adsorbed C.R molecules per each active site of MG/CFC,
(B) the occupied active sites density by C.R molecules, (C) the entropy properties of the C.R adsorption
reactions by MG/CFC, (D) internal energy of the C.R adsorption reactions by MG/CFC (E), and
enthalpy of the C.R adsorption reactions by MG/CFC (F).
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Classic Isotherm Models

The equilibrium properties of the occurred C.R adsorption reactions by MG/CFC
carriers were illustrated considering the common assumptions of Langmuir (Figure 4C),
Freundlich (Figure 4D), and Dubinin–Radushkevich (D-R) (Figure 4E) models. This was
accomplished based on the non-linear fitting degrees with the illustrative equations of
these models considering the values of correlation coefficient (R2) as well as Chi-squared
(χ2) (Table 1; Figure 4C,E). Based on the recognized values of the fitting parameters, the C.R
uptake process by MG/CFC exhibits the equilibrium properties of the Langmuir isotherm
rather than the Freundlich model. This involved a homogenous C.R uptake process by the
distributed active receptors throughout the surface of MG/CFC [45,46]. Furthermore, the
obtaining of the RL parameter at values less than 1 demonstrates the favorable adsorption
of C.R by MG/CFC as an adsorbent. Moreover, the Langmuir fitting parameters suggested
theoretically the suitability of MG/CFC to adsorb up to 362.7 mg/g (293 K), 364.8 mg/g
(303 K), and 388 mg/g (313 K) as maximum C.R adsorption capacities.

Regarding the investigated D-R model, its isotherm properties can signify strongly
the energetic heterogeneity of MG/CFC as an adsorbent of C.R. regarding its homogenous
or heterogeneous surface [47]. Moreover, the determination of the Gaussian energy (E) as
obtained theoretical parameter of the D-R model illustrate significantly the nature of the
dominant adsorption processes either of chemical or physical properties. The physically
controlled uptake systems exhibit Gaussian energy < 8 KJ/mol while the chemically con-
trolled system display values > 16 KJ/mol. The systems that show Gaussian energy values
of 8 to 16 KJ/mol validate the dominant impact of weak chemical mechanisms or complex
processes [46,47]. The Gaussian energies of C.R uptake by MG/CFC are 1.73 kJ/mol (293
K), 3.61 kJ/mol (303 K), and 5.43 kJ/mol (313 K) (Table 1). These values reflect the operation
of physical mechanisms during the C.R uptake process by MG/CFC.

Table 1. The estimated mathematical parameters of the studied classic and advanced equilibrium
models.

Parameters of the Classic Isotherm Models

293 K 303 K 313 K

MG/CFC

Langmuir model

Qmax (mg/g) 362.7 364.8 388.07
b(L/mg) 0.14 0.079 0.029

R2 0.95 0.97 0.98
X2 0.53 0.49 0.58

Freundlich model

1/n 0.16 0.19 0.29
kF (mg/g) 153.5 122 68.9

R2 0.95 0.95 0.88
X2 0.67 0.81 3.6

D-R model

β (mol2/KJ2) 0.0166 0.0384 0.0169
Qm (mg/g) 321 330.1 340.2

R2 0.92 0.85 0.85
X2 1.96 2.8 2.3

E (KJ/mol) 1.73 3.61 5.43

Steric and energetic parameters of the advanced isotherm model

MG/CFC

R2

X2

n
Nm (mg/g)
QSat (mg/g)
C1/2 (mg/L)
∆E (kJ/mol)

0.99
0.29
1.53
260.6
351.8
28.8
8.2

0.99
0.17
0.63
657.7
414.3
17.3
7.3

0.99
0.12
0.51
855.1
436.1
10.79

6.2
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Advanced Isotherm Models

The advanced isotherm studies [monolayer model of one energy site] were performed
to present more mechanistic significances based on the equilibrium assumptions of the
statistical physics theory. This model was assessed considering the best values of RMSE
and R2 which were obtained during the fitting processes (Figure 5F; Table 1). All the steric
mathematical parameters of this model [n (number of adsorbed C.R molecules per site), Nm
(density of the active sites), and Qsat (the saturation capacity of MG/CFC as an adsorbent
of C.R)], and energetic parameters [∆E (uptake energy of C.R), Sa (entropy), G (enthalpy),
and Eint (internal energy)] (Table 1).

Steric Parameters

The obtained number of the adsorbed C.R molecules per each active site (n parameter)
of MG/CFC reveals the type of the operating adsorption mechanisms as well as the
orientation (horizontal or vertical) of the uptake molecules (Figure 5A; Table 1). The
adsorption systems that exhibit n value lower than 1 validate horizontal uptake of the
dissolved ions via multi-docking and multianchorage mechanisms (one C.R. molecule
might be adsorbed by more than one receptor or a fraction of molecule can be adsorbed
per single site). Conversely, the systems which display n value of more than 1 (n > 1)
validate vertical uptake of the C.R molecules by multiple molecular mechanisms (several
C.R might be adsorbed by one receptor) [46,48]. The determined values of nC.R during
the uptake of C.R by MG/CFC are 1.35 (293 K), 0.63 (303 K), and 0.51 (313 K) (Figure 5A;
Table 1). Therefore, the C.R uptake process by MG/CFC at low-temperature conditions (293
K) involves the uptake up to two molecules by multimolecular mechanisms in a vertical
orientation. At the high-temperature conditions (303 K and 313 K), each active site on the
surface of MG/CFC can adsorb a fraction of the C.R molecule or each C.R molecule can
be adsorbed by more than one site in horizontal orientation involving multianchorage
mechanism [49]. The considerable declination in the nC.R in terms of the temperature value
reflects a significant reduction in the aggregation behavior of the C.R molecules during
their uptake in addition to the predicted increment in the active uptake sites (Figure 5A;
Table 1). The increase in the uptake sites might be related to the impact of temperature in
inducing the diffusion rates of the C.R molecules to be in contact with additional sites in
the internal structure of MG/CFC.

The recognized NmC.R values demonstrate strong enhancement in the quantities of
the present active sites of MG/CFC or the occupied active sites density with temperature
(260.6 mg/g (293 K), 657.7 mg/g (303 K), and 855.1 mg/g (313 K)) (Figure 5B; Table 1).
These values are in agreement with the signified behavior of the nC.R parameter and the
impact of the temperature on the dominance of the active sites. The high-temperature
conditions are of positive activation influence on the active sites of MG/CFC either by the
exposure of additional active sites or more energetic site groups [49,50]. The increase in
the uptake temperature is associated with a decrease in the viscosity of the C.R. solution.
Therefore, the dissolved C.R molecules exhibit a significant increase in their mobility and
their diffusion rates to be in contact with additional active sites. Such increment in the
NmC.R values induce the adsorption capacity of MG/CFC especially at its saturation state
(Qsat) that increased by 351.8 mg/g (293 K), 414.3 mg/g (303 K), and 436.1 mg/g (313 K)
(Figure 6C; Table 1).
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C
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The theoretically determined ΔE values of the C.R uptake process by MG/CFC are 
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Thermodynamic functions 

Figure 6. Shows (A) effect of pH on the oxidation of C.R by MG/CFC [solid dosage: 0.2 g/L; interval:
60 min; concentration: 5 mg/L; temperature: 313 K; 0.1 mL H2O2], (B) oxidation behaviors of different
concentrations of C.R by MG/CFC [solid dosage: 0.2 g/L; temperature: 313 K; Fenton reagent: 0.1 mL
H2O2], (C) effect of the MG/CFC dosages on the oxidation percentages of C.R [C.R concentration:
5 mg/L; temperature: 313 K; Fenton reagent: 0.1 mL H2O2], (D) the reduction in the TOC content
during the oxidation of C.R [C.R concentration: 5 mg/L; dosage: 0.5 g/L; temperature: 313 K; Fenton
reagent: 0.1 mL H2O2], (E) the synergetic effect of the integration processes between the components
of the catalysts and hydrogen peroxide on the removal of C.R in the dark by adsorption and Fenton
reactions [dosage: 0.5 g/L; test interval: 60 min; temperature: 313 K; and C.R concentration: 5 mg/L],
and (F) the synergetic effect of the integration processes, visible light, and hydrogen peroxide on
the removal of C.R by photocatalytic and photo-Fenton’s oxidation processes [dosage: 0.5 g/L; test
interval: 60 min; temperature: 313 K; and C.R concentration: 5 mg/L].

Energetic Properties

Adsorption energy

The adsorption energy of C.R by MG/CFC (∆E) can signify the nature of the operated
uptake mechanism (physical (∆E ≤ 40 kJ/mol) or chemical (∆E > 80 kJ/mol)). The physical
processes might b involve coordination exchange (∆E = 40 kJ/mol), hydrogen bonding
(∆E < 30 kJ/mol), van der Waals forces (∆E = 4 to 10 kJ/mol), dipole forces (∆E = 2 to
29 kJ/mol), and hydrophobic bonds (∆E = 5 kJ/mol) [50,51]. The ∆E of the MG/CFC
adsorption system was calculated according to Equation (1) considering the solubility of
C.R dye and its concentration at the half saturation state of MG/CFC [49].

∆E = RT ln
(

S
C

)
(1)

The theoretically determined ∆E values of the C.R uptake process by MG/CFC are
8.2 kJ/mol (293 K), 7.3 kJ/mol (303 K), and 6.2 kJ/mol (313 K) (Table 1). These values
validate the uptake of C.R by MG/CFC according to physical mechanisms which might
be involved dipole bond forces, van der Waals forces, and hydrogen bonding in addition
to the electrostatic attraction. Furthermore, the positive signs of these values validate the
endothermic properties of the C.R adsorption reactions by MG/CFC.
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Thermodynamic functions

The illustration of the entropy (Sa) properties significantly validate the order and disor-
der properties of the surface of MG/CFC as an adsorbent of C.R dye at its different studied
concentrations and uptake temperature values. The values were obtained theoretically
from Equation (2) considering the steric parameters of the assessed advanced model [52].

Sa

KB
= Nm





ln
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)n)
− n
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C1/2

)n ln
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)
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(

C
C1/2

)n





(2)

The obtained Sa values show remarkable declination at significant rates in the existence
of high C.R concentrations validating a decrease in the disorder properties of MG/CFC and
considerable docking of the C.R molecules on the free effective sites in the existence of low
dye concentrations (Figure 5D) [49,53]. The equilibrium C.R concentrations which are the
corresponding values of the highest Sa values (21.3 mg/L (293 K), 12.3 mg/L (303 K), and
8.6 mg/L (313 K)) are close to the previously estimated concentrations at half saturation
states of MG/CFC (Figure 5D). Consequently, no more C.R molecules can be docked again
by the active sites of MG/CFC beyond these concentrations. Moreover, this reflects a
significant declination in the diffusion behavior and freedom degrees of C.R molecules as
well as the free active sites of MG/CFC [54].

The other thermodynamic functions including the internal energy (Eint) and free
enthalpy (G) were obtained theoretically according to Equations (3) and (4), respectively,
depending on the estimated steric parameters and the translation partition (Zv) value [52].
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G
KBT

= n Nm

ln
(

C
Zv

)

1 +
(

C1/2
C
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The adsorption of C.R by MG/CFC exhibits negatively signed Eint values with consid-
erable increment with evaluated temperature form 293 to 313 K (Figure 6E). This suggests
spontaneous and exothermic uptake of C.R by MG/CFC structure which is supported by
the negatively signed values of enthalpy (G) which also increase in terms of the uptake
temperature (Figure 5F).

2.3. Photo-Fenton Oxidation of C.R
2.3.1. Effect of Oxidation Parameters
Effect of pH

The oxidation efficiency of C.R dye by MG/CFC as an applied heterogeneous cat-
alyst in terms of the adjusted pH was followed up to pH 8 after attending the adsorp-
tion/desorption equilibrium state. The essential effective variables were preserved at
constant values [solid dosage: 0.2 g/L; volume: 100 mL; contact interval: 60 min; concen-
tration: 5 mg/L; temperature: 313 K; Fenton reagent: 0.1 mL H2O2] during the performed
experiments (Figure 6A). The recognized oxidation results demonstrate reversible behavior
considering the obtained results during the C.R adsorption tests. The oxidation percentages
of C.R by MG/CFC exhibit considerable enhancement at the high pH conditions as the
percentages increased from 8.8% (pH 2) to 45% (pH 8) (Figure 6A). This difference in the
behavior might be assigned to the significant inducing effect of the alkaline environments
on the generated hydroxyl groups that are the essential initiators of the main oxidizing
species during their oxidation into hydroxyl radicals [31]. The generation of such hydroxyl
groups is assigned to the notable de-protonation of the functional groups of MG/CFC [6].
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Additionally, the expected uptake of C.R at very high quantities on the surface of MG/CFC
at the acidic condition reduces the interaction chances between the light photons and the
catalytic sites of MG/CFC as well as the Fenton’s reagent which reduces the catalytic
performance of MG/CFC.

Effect of C.R Concentrations at Different Oxidation Intervals

The catalytic properties of MG/CFC in terms of the tested oxidation interval
(15–240 min) and the C.R concentrations (5–25 mg/L) were followed considering the
main variables at constant values [solid dosage: 0.2 g/L; volume: 100 mL; temperature:
313 K; Fenton reagent: 0.1 mL H2O2] during the performed experiments. The MG/CFC
structure as heterogeneous catalysts in photo Fenton, oxidation systems of C.R displayed
noteworthy oxidation properties within considerable treatment intervals (Figure 6B). The
MG/CFC structure achieved complete oxidation for 5 mg/L, 10 mg/L, 15 mg/L, 20 mg/L,
and 25 mg/L of C.R after 105 min, 120 min, 135 min, 180 min, and 240 min, respectively
(Figure 6B). The marked declines in the oxidation activity of MG/CFC with the increase
in the C.R concentration might be assigned to the high accumulation of the adsorbed C.R
molecules as a layer on the surface of the catalyst. Such a thick adsorbed layer in addition
to the weak penetration properties of light at the high C.R concentrations in the solutions
weakens the interaction efficiency between the surface of MG/CFC and the incorporated
Fenton reagent as well as the light photons [55]. This negatively affects the generation
efficiency of the effective oxidizing species and in turn, the actual rate of the occurred
Fenton oxidation reactions. Such weakening in the oxidation rates is notable in terms of
the expansion in the oxidation interval until the establishment of the equilibration state at
which the system shows a neglected or nearly fixed oxidation rate. This oxidation behavior
is assigned to the continuous diminution of the generated oxidizing species during the per-
formed C.R degradation processes over time until occurring the complete the consumption
after a certain interval [56].

Effect of Catalyst Dosage at Different Oxidation Intervals

The oxidation rates in terms of the MG/CFC dosages were followed from 0.2 g/L
until 0.5 g/L as an essential parameter to induce the photo Fenton’s oxidation efficiencies
of certain concentrations as well as the required oxidation interval which was followed
from 5 min until 120 min (Figure 6C). The main variables were selected at constant values
[C.R concentration: 5 mg/L; volume: 100 mL; temperature: 313 K; Fenton reagent: 0.1 mL
H2O2] during the performed experiments. The high dosages of MG/CFC validate notable
enhancement in the C.R oxidation rate causing remarkable declination in the required
interval to achieve the complete oxidation of the test C.R concentrations. The incorporation
of MG/CFC as catalysts at systematic dosages of 0.2 g/L, 0.3 g/L, 0.4 g/L, and 0.5 g/L
resulted in complete oxidation of 5 mg/L of C.R after 105 min, 75 min, 60 min, and 45 min,
respectively (Figure 6C). This behavior was reported widely in literature and signifies the
extensive increase in the quantities of the active catalytic sites as well as the exposure surface.
This provides a significant increase in the interaction interface between C.R molecules and
the surface of MG/CFC as well as the quantities of generated oxidizing species in the
system [57,58].

2.3.2. Mineralization Efficiency

The mineralization properties of the oxidized C.R molecules in the existence of
MG/CFC as heterogeneous catalysts in photo Fenton’s oxidation system were followed
to confirm the complete conversion of the dye into safe end products. The mineralization
degree was evaluated by detecting the concentrations of the TOC content in the treated
C.R solutions at the best experimentally studied oxidation conditions [C.R concentration:
5 mg/L; volume: 100 mL; MG/CFC dosage: 0.5 g/L; temperature: 313 K; Fenton reagent:
0.1 mL H2O2] within oxidation interval from 5 min until 120 min. However, the complete
oxidation or de-colorization of C.R was detected after 45 min, and the complete mineraliza-
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tion was detected after 120 min achieving a 100% removal percentage of TOC (Figure 6D).
Therefore, the papered MG/CFC structure is a highly effective environmental catalyst
that can be applied for complete photo Fenton’s oxidation of C.R molecules into safe and
end products. The notable differences between the required intervals for the complete
de-colorization of C.R molecules and their complete mineralization reflects the formation
of intermediate compounds during the progressive oxidation of the dye.

2.3.3. Synergetic Properties of Oxidation System

The influence of the integrated components either the carbonized spent coffee (CFC)
or the pyrite-based green magnetite (MG) on the performance of the studied MG/CFC
composite either as an adsorbent or as a heterogeneous catalyst was inspected considering
the following conditions:

• H2O2 (0.1 mL) without catalyst and a light source (Figure 6E)
• CFC, MG, and MG/CFC without H2O2 or a light source as a separated test (adsorption)

(Figure 6E)
• H2O2 + catalyst (CFC, MG, and MG/CFC) without the light source (Fenton’s oxidation)

(Figure 6E)
• visible light source without catalyst or H2O2 (Figure 6F)
• visible light source+ H2O2 (0.1 mL) (Figure 6F)
• visible light source+ catalyst (CFC, MG, and MG/CFC) (photocatalytic oxidation)

(Figure 6F)
• visible light source+ catalyst (CFC, MG, and MG/CFC) +H2O2 (photo-Fenton’s oxida-

tion) (Figure 6F)

The experiments were accomplished based on certain values for the following vari-
ables: MG/CFC dosage: 0.5 g/L; volume: 100 mL; test interval: 60 min; temperature: 313 K;
and C.R concentration: 5 mg/L. The direct effect of the visible light source exhibited a
neglected oxidation impact on the C.R molecules (1.6%) while the tests which were per-
formed using only H2O2 (0.1 mL) had a slightly greater oxidation effect than the detected
effect of the light source (2.8%) under the same experimental conditions. The combination
between the light source and H2O2 (0.1 mL) enhances the oxidation efficiency of C.R to
6.4%. The incorporation of carbonized spent coffee (CFC), green magnetite (MG), and
their composite (MG/CFC) without H2O2 and light source resulted in adsorption removal
percentages of 17.6%, 14.3%, and 33.2%, respectively. This demonstrates the value impact of
the integration processes between them on the C.R uptake properties either by introducing
additional active chemical groups adsorption sites) or by enhancing the surface area.

The incorporation of CFC, MG, and MG/CFC in the presence of H2O2 (0.1 mL) without
the light source (Fenton’s oxidation system) demonstrates notable Fenton’s oxidation
activities of MG and MG/CFC and no oxidation activity for CFC considering the oxidation
percentage of the incorporated H2O2. The determined C.R removal percentages are 20.4%,
23.6%, and 74.4% in the existence of CFC, MG, and MG/CFC, respectively. Similar behavior
was detected during the incorporation of them in the presence of the light source without
H2O2 (photocatalytic oxidation system). The removal percentages of C.R increased to
35.7% and 63.8% using MG and MG/CFC, respectively, as compared to the achieved
results by adsorption. The fixed removal percentage of C.R (17.6%) either by adsorption
or photocatalytic processes using CFC demonstrates the photocatalytic activities of MG
and MG/CFC as compared to CFC. The combination between developed catalysts (MG
and MG/CFC), H2O2 (0.1 mL), and the light source (photo Fenton’s oxidation system)
appear to be of enhanced oxidation effects on the dissolved C.R molecules as the removal
percentages upgraded to 50.8% (MG), and 100% (MG/CFC). Therefore, the incorporation
of MG/CFC as a green and low-cost catalyst in a photo-Fenton oxidation system toward
the dissolved C.R dye is recommended strongly instead of separated photocatalytic or
Fenton-oxidation systems.
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2.3.4. Kinetic and Quantum Yield Studies

The kinetic properties of the occurred photo Fenton’s oxidation of C.R dye by MG/CFC
were illustrated considering the common assumptions of first-order (Equation (5)) (Fig-
ure 7A,B) and second-order (Equation (6)) (Figure 7C,D) kinetics. The values of R2, as well
as χ2, were considered to estimate the linear regression fitting degrees between the results
and the studied models [57].

Ct = C0e−k1t (5)

1
Ct

=
1

C0
+ k2t (6)
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and Second order (C,D) kinetic models.

The recognized fitting degrees validate the occurrence of the C.R oxidation processes
by MG/CFC according to the kinetic behaviors of the First-order model either in terms of the
C.R concentration or the applied dosages of MG/CFC. This kinetic behavior demonstrates
the controlling effect of one of the assessed experimental variables (MG/CFC dosage, C.R
concentration, and oxidation duration) on the efficiency of the MG/CFC-based photo-
Fenton’s oxidation system of C.R dye. The reported cases that show agreement with the
two kinetic assumptions at the same time reveal the possible cooperation of more than one
oxidation mechanism or more than one of the generated oxidizing radicals. The obtained
kinetic rate constants of the evaluated models exhibit marked increment and declination in
terms of the increase in the MG/CFC dosages and C.R concentrations, respectively, which
are in significant agreement with the reported experimental behaviors (Table 2).
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Table 2. The estimated correlation coefficient, kinetic rate constants, and quantum yield values.

First Order Second Order Quantum Yield (φ)

R2 K1 R2 K2

Dosage
0.2 g/L 0.83 0.052 0.75 0.0092 5.34 × 10−8

0.3 g/L 0.87 0.0652 0.66 0.0428 6.73 × 10−8

0.4 g/L 0.81 0.0739 0.70 0.0569 7.63 × 10−8

Concentration

5 mg/L 0.83 0.052 0.75 0.0092 5.34 × 10−8

10 mg/L 0.80 0.034 0.63 0.0065 3.51 × 10−8

15 mg/L 0.81 0.029 0.63 0.0040 2.99 × 10−8

20 mg/L 0.84 0.024 0.66 0.0032 2.47 × 10−8

25 mg/L 0.93 0.018 0.72 0.0025 1.859 × 10−8

The apparent values of the quantum yield (φ) of the performed oxidation experiments
were obtained based on the rate constant of the fitting processes with the first-order kinetic
model (k1), molar absorptivity (ελ (cm−1 M−1)), the intensity of the light source (Io,λ
(Einstein I−1 S−1)), and the cell length (` (cm)) (Equation (7)). The φ values validate
the quantities of the charge carriers that can provide the best oxidation effects on the
C.R molecule per the absorbed light photon [6,59]. Therefore, their estimated values can
reflect the performances of the studied photo-Fenton’s oxidation system in terms of the
experimental variables. These values reflect notable agreement with the experimental
studies and demonstrate the enhancement effect of the MG/CFC dosages on the photo-
Fenton’s oxidation of C.R dye (Table 2).

φ =
K1

2.303× Io, λ × ελ × `
(7)

2.3.5. Suggested Oxidation Mechanism
Effective Oxidizing Species

The essential and effective oxidizing species were detected to follow the occurred
oxidation mechanism as well as the pathway. This was accomplished based on the common
trapping tests in the presence of isopropanol, 1-4 benzoquinone, and EDTA-2Na as effective
scavenging or trapping chemical reagents of the hydroxyl (OH•), superoxide (O•−2 ), and
electron–hole pairs (h+) oxidizing species, respectively. The test was completed at the
best experimentally studied oxidation conditions [C.R concentration: 5 mg/L; volume:
100 mL; MG/CFC dosage: 0.5 g/L; oxidation interval: 60 min; temperature: 313 K; Fenton
reagent: 0.1 mL H2O2] in the existence of 1 mmol of the scavenging reagents. The de-
colorization percentages of C.R declined notable from 100% to 10.2% (isopropanol), 81.7%
(1-4 benzoquinone), and 92.3% (EDTA-2Na) (Figure 8A). Therefore, the dominant oxidizing
species during the Photo-Fenton’s oxidation of C.R by MG/CFC are the hydroxyl radicals
followed by considerable impact for the generated superoxide radicals

(
O•−2

)
.

The probe molecule tests using terephthalic acid (5 × 10−4 M) were applied to follow
the produced hydroxyl radicals. The terephthalic acid (5 × 10−4 M) probe and NaOH
(2 × 10−3 M) were mixed with the C.R solution in the MG/CFC-based photo-Fenton’s
oxidation system. The quantities of hydroxyterephthalic acid which were produced during
the oxidation of terephthalic acid were used as indicators of the generated quantities of
oxidizing OH• species. This was followed based on the changes in the intensities of the
measured photoluminescence spectroscopy (PL) spectra using a fluorescence spectropho-
tometer (Figure 8B). The notable intensification in the measured PL spectrum in terms of
the gradual increase in the oxidation duration supports the previous experimental finding
about the controlling impact of the OH• species during the performed photo-Fenton’s
oxidation processes of C.R by MG/CFC (Figure 8B).
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Figure 8. The results of the oxidizing species scavenging tests during the oxidation of C.R by
MG/CFC (A) and the changes in the intensities of the PL spectra at different oxidation intervals (B).

General Oxidation Mechanism

The Photo-Fenton’s oxidation of C.R molecules by MG/CFC involved complex effects
of photocatalytic and Fenton’s oxidation processes (Figure 9). Both of the operating pro-
cesses started with effective adsorption of the C.R molecules on the surface of MG/CFC
and parallel generation of the main oxidizing species. The photocatalytic process in-
volved the excitation of the outer electrons of MG/CFC by the photons of the used visible
light source, which typically causes the significant generation of electron–hole pairs (h+)
(Figure 9) [60,61]. The migrated electrons during this process interact with the present
oxygen ions forming new oxidizing species (superoxide radicals

(
O•−2

)
[60]. The direct

interaction between the formed electron–hole pairs (h+) and the water molecules cause
significant water splitting processes producing OH• oxidizing species [62]. The formed
oxidizing species are of oxidation and degradation effect on the organic structure of C.R
molecules as presented in Equations (8)–(14) [63].

MG/CFC + hv→ MG/CFC
(
e−CB , h+

VB
)

(8)

MG/CFC
(
e−
)
+ O2 → MG/CFC + O•−2 (9)

(MG/CFC)e− + C.R→ (MG/CFC)e− + C.R+• (10)

C.R+• + O•−2 → Oxidized product (11)

MG/CFC
(
h+)+ H2O → MG/CFC + H+ ↑ + OH• (12)

MG/CFC
(
h+)+ C.R→ Oxidized product (13)

C.R + OH• → Oxidized product → CO2 + H2O (14)
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Figure 9. Schematic diagram for the suggested photocatalytic and photo-Fenton’s oxidation of C.R
by MG/CFC.

For the Fenton oxidation processes, the migrated electrons interact with the incor-
porated hydrogen peroxide molecules which are associated with the photolysis effect.
The photolysis of the hydrogen peroxide results in the formation of free hydroxyl groups
OH− in the solutions which in turn oxidize immediately into OH• species during their
interaction with the electron–hole pairs (h+) [6]. As a cooperative process, the interaction
effect of the migrated electrons on the supported green magnetite causes a significant
chemical reduction of its ferric ions (Fe (III)) into ferrous ions (Fe (II)) that oxidize again
by the hydrogen peroxide (Figure 9) [6]. The oxidation reaction results in the formation of
ferric ions Fe (III) and more OH• species as oxidizing radicals (Figure 9). The OH• species
induce the re-formation of the ferrous ions (Fe (II)) by a series of Fenton-like reactions
which occurred in a regenerative and continuous process. The formed OH• species during
all the mentioned processes exhibit direct oxidizing effects on the organic structure of C.R
(Equations (15)–(20)) (Figure 9).

MG/CFC
(
e−
)
+ H2O2 → OH• + OH− (15)

MG/CFC
(
h+)+ OH− → OH• (16)

(MG/CFC)e− + Fe3+ → Fe2+ (17)

Fe2+ + H2O2 → OH• + Fe3+ + OH− (18)

Fe3+ + H2O2 → HO•2 + Fe2+ + H+ (19)

C.R + OH• → Oxidized product → CO2 + H2O (20)

2.4. Recyclability

The stability and reusability of MG/CFC as the used catalyst or as an adsorbent were
studied to assess the suitability of the product to be escalated for realistic and commercial ap-
plications. After the performed oxidation test of C.R., the incorporated MG/CFC fractions
were re-extracted by filtration using Whitman filter paper. The extracted spent MG/CFC
fractions were washed for 5 runs and each run consumed 10 min and then were rinsed by
NaOH (0.01 M) for about 5 min. The rinsed MG/CFC fractions were washed again with
distilled water and dried at 343 K for 12 h to be applied in an additional oxidation test. The
reusability studies were performed for the MG/CFC fractions which were incorporated at
the best experimentally conditions [oxidation interval: 60 min; C.R concentration: 5 mg/L;

171



Catalysts 2023, 13, 264

volume: 100 mL; MG/CFC dosage: 0.5 g/L; temperature: 293 K; Fenton reagent: 0.1 mL
H2O2]. The same regeneration steps were performed for the incorporated MG/CFC during
the adsorption tests and the reusability experiments were conducted at the same conditions
but without H2O2 or light source. The determined C.R oxidation percentages demonstrate
the significant stability and reusability values of MG/CFC as a heterogeneous catalyst.
The determined C.R oxidation percentages during the reusability runs are 100% (Run1),
98.7% (Run2), 96.4% (Run3), 93.2% (Run4), and 87.4% (Run5) (Figure S1). The measured
C.R adsorption removal percentages during the reusability runs are 33.2% (Run1), 31.6%
(Run2), 27.4% (Run3), 22.8% (Run4), and 16.3% (Run5) (Figure S1). The previously detected
results either by adsorption or photo-Fenton’s oxidation can be enhanced strongly either
by using higher dosages of MG/CFC or by expanding the oxidation intervals.

2.5. Ecotoxicity Properties

The acute and chronic toxicities of the C.R polluted solution at different oxidation
intervals towards both Fish and green algae were assessed according to the criteria of
Chinese hazard evaluation (HJ/T1542004) and European Union classification. The incre-
ment in the values of acute and chronic toxicity (mg/L) demonstrated declination in the
ecological risk and vice versa. This was assessed considering the treated C.R samples at
the best experimentally conditions [oxidation interval: 60 min; C.R concentration: 5 mg/L;
volume: 100 mL; MG/CFC dosage: 0.5 g/L; temperature: 293 K; Fenton reagent: 0.1 mL
H2O2]. The recognized results validate notable increases in the measured acute and chronic
toxicity values with increasing the photo-Fenton’s oxidation intervals in the existence of
MG/CFC catalysts as compared to the untreated C.R solution as control sample (Table 3).
This displays the environmental value to apply the synthetic structure (MG/CFC) in low
cost, effective, and ecological safe oxidation of synthetic dyes.

Table 3. Acute toxicity and chronic toxicity of C.R and the tread samples at different oxidation
intervals using MG/CFC.

Compound Fish (LC50) Green Algae (EC50) Fish (ChV) Green Algae (ChV)

C.R control 0.534 0.311 0.077 0.812
30 min 87.8 71.4 3.86 6.4
60 min 486.9 213.6 211.3 153.7
90 min 4754.4 566.2 1341.6 387.4
120 min 10320.2 924.3 1672.8 934.5

For acute toxicity; LC50 or EC50 <1 (highly toxic), 10< LC50 or EC50 <100 (harmful), and LC50 or EC50 >100 (Not
harmful); For chronic toxicity; ChV < 0.1 (highly toxic), 1< ChV <10 (harmful), and ChV >10 (Not harmful).

2.6. Comparison Study

The value of the synthetic MG/CFC as promising low-cost and effective adsorbents
and heterogeneous catalysts during the removal of C.R dye was compared with synthetic
structures in the literature (Table 4). The obtained results validate higher adsorption
properties of MG/CFC than several studied adsorbents as well as the raw pyrite sample.
Moreover, the recognized catalytic activity of MG/CFC towards the effective oxidation
of C.R dye validates its higher efficiency than several studied materials as well as the
raw pyrite considering the essential factors [oxidation percentage, tested volume, C.R
concentration, light source, and oxidation duration]. Considering such enhanced technical
advantages as well as the commercial value of MG/CFC, which is realized through the
facile synthesis, low cost, and use of extensively available precursors, MG/CFC can be
used more effectively in the practical and realistic applications, compared to several types
of the reported expensive catalysts.
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Table 4. Comparison between the adsorption and catalytic activities of MG/CFC and other studied
materials in literature.

Catalysts Dosage Conc., Light Source Oxidation (%) References

Ni–TiO2 0.02 g/L 10 mg/L 450 W Xe lamp 180 min, ca.92.3% [17]
CuO NPs 0.01 g/L 5 × 10− 5 M 100 W electric bulb 120 min, ca. 91% [64]
BE/CH@Co3O4 0.02 g/L 25 mg/L visible light source 240 min, ca. 98.8% [65]
ZBiSe-NPs 0.225 g/L 40 mg/L UV-1602 double beam 120 min, ca. 99.6% [66]

CoMoO4/PDS 0.8 g/L 100 mg/L 500 W xenon lamp, PDS
(0.5 mmol/L) 35 min, ca. 96.9% [67]

SnO2–Fe3O4 0.03 g/L 18 mg/L 14 W UV lamp 90 min, ca. 50.76% [68]
TiO2-CoFe2O4 0.08 g/L 100 mg/L 150 W metal Halide lamp 250 min, ca. 97% [69]
MG/CFC 0.5 g/L 5 mg/L metal Halide lamp, 0.1 mL H2O2 45 min, ca. 100% This study
MG/CFC 0.2 g/L 5 mg/L metal Halide lamp, 0.1 mL H2O2 105 min, ca. 100% This study
MG/CFC 0.2 g/L 10 mg/L metal Halide lamp, 0.1 mL H2O2 120 min, ca. 100% This study
MG/CFC 0.2 g/L 20 mg/L metal Halide lamp, 0.1 mL H2O2 180 min, ca. 100% This study

Adsorption

Adsorbents Adsorption capacity (mg/g) References

MNPs@NiFe LDH 79.6 [70]
Zn-MOF 355.16 [71]
Fe3O4-OPBC-2 NCs 299.82 [72]
Fe3O4- OPBC-1 NCs 317.33 [73]
polyacrolein (PA-1) 140.8 [72]
Pyrite 123.4 This study
MG/CFC 436.1 This study

3. Methodology
3.1. Materials

Natural framboidal pyrite was delivered from Central Metallurgical and Development
Institute as raw material to be used as a precursor during the synthesis process. Nitric
acid solution (69% AR/ACS) was obtained from Loba Chemie Pvt Ltd.; India was used to
dissolve the pyrite samples. Synthetic Congo red dye (benzidinediazo-bis-1-naphthylamine-
4-sulfonic acid (C32H22N6Na2O6S2) was used as a source of the dye pollutants (Sigma
Aldrich; Egypt). Hydrogen peroxide (30%; PIOCHEM, Egypt) was used during the Fenton’s
and photo-Fenton’s oxidation. Nitric acid solution and sodium hydroxide pellets were
used as pH modifiers.

3.2. Synthesis of MG/CFC Green Nanocomposite

The raw pyrite sample was ground extensively to be within the size range from 25 µm
up to 100 µm. 50 g of the ground pyrite was dissolved within 100 mL of nitric acid at 313 K
for 48 h. The spent coffee extract was prepared by boiling 10 g of the coffee powder within
100 mL of distilled water for 10 min. After that, 100 mL of the coffee extract containing the
coffee residuals was mixed with 200 mL of the pyrite aqueous solution (pyrite/nitric acid).
After a certain mixing period, the pH was adjusted to about pH 10 and left for 24 h at room
conditions to confirm the successful precipitation of the iron nanoparticles. After that, the
obtained products were washed with distilled water for several runs and dried at 333 K for
48 h. Finally, the product was carbonized at 573 K at digital electric muffle furnace for 24 h
to produce a hybrid product of coffee-based MG/CFC green composite (Figure 10).
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Figure 10. Schematic diagram for the synthesis of MG/CFC green composite from pyrite and coffee.

3.3. Characterization

The crystal structures of the prepared products were investigated using an X-ray
diffractometer (PANalytical-Empyrean type). The used X-ray is Cu-Kα X-ray and the
producing source is Cu anode which is provided with 40 mA as operation current and
40 kV as determination voltage. The SEM morphological images of the prepared structures
were performed utilizing the Scanning-Electron Microscope (Gemini, Zeiss-Ultra 55) after
coating the particles with thin film of gold. Meanwhile, the TEM images of the internal
structure were addressed using Transmission Electron Microscope (JEOL-JEM, 2100). The
chemical composition of the structure and the essential chemical functional groups were
inspected using a dispersive X-ray system (EDX) and FT-IR spectrometer ((FTIR−8400S) in
the transmission mode, respectively. During the FT-IR investigation, the modified samples
were milled with KBr powder and then the mixtures were compressed utilizing a hydraulic
press into pellets which were fixed in the sample holder of the FT-IR spectrometer. The
microstructural features as the surface area and porosity were determined considering BET
and BJH methods, respectively, using a Beckman Coulter surface area analyzer (SA3100
type) after degassing step for 15 h at 105 ◦C and the measuring temperature were adjusted
at 77 K.

3.4. Batch Adsorption Studies of C.R Dye

The adsorption of C.R dye by MG/CFC was completed in batch forms considering
the common adsorption parameters of pH (2–8) and concentration (50 mg/L- 350 mg/L)
considering the temperature at different values (303–323 K). This was performed consider-
ing the other factors at certain values (100 mL for the dye volume, 24 h for the adsorption
duration, and 0.2 g/L for the MG/CFC dosage). The tests were conducted in triplicate
forms considering the average results during the determination of C.R uptake capacity with
a standard deviation of less than 5.6%. The adsorption capacities were estimated based on
Equation (21) by measuring the residual C.R concentrations in the treated samples using a
UV-vis spectrophotometer at a wavelength number of 520 nm.

Qe (mg/g) =
(Co −Ce)V

m
(21)

The Qe (mg/g), Ce (mg/L), Co (mg/L), m (mg), and V (mL) symbols are the actual
C.R adsorption capacity, rest concentration, started dye concentration, MG/CFC quantity,
and dye volume, respectively. The equilibrium properties of the C.R uptake processes were
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followed based on the common isotherm models considering the correlation coefficient (R2)
(Equation (22)) and chi-square (χ2) (Equation (23)) for the classic isotherm models. For the
classic models based on the statistical physics theory (Table 5), the fitting degrees were con-
sidered according to the values of R2 and root mean square error (RMSE) (Equation (24)).
This occurred based on the values utilizing the values of Qe,exp (experimental uptake capac-
ity) and Qe,cal (theoretical uptake capacity), m′ (the recognized results), and p (experimental
variables).

R2 = 1− ∑ (Qe, exp −Qe, cal)
2

∑ (Qe, exp −Qe, mean)
2 (22)

χ2 = ∑
(Qe, exp −Qe, cal)

2

Qe, cal
(23)

RMSE =

√
∑m

i=1 (Qe, cal −Qe, exp)
2

m′ − p
(24)

Table 5. Nonlinear equations of kinetic, classic isotherm, and advanced isotherm models.

Classic Isotherm Models

Model Equation Parameters

Langmuir Qe = Qmax bCe
(1+bCe)

Ce is the rest ions concentrations (mg/L), Qmax is the maximum
adsorption capacity (mg/g), and b is Langmuir constant (L/mg)

Freundlich Qe = KfC1/n
e

KF (mg/g) is the constant of Freundlich model related to the
adsorption capacity and n is the constant of Freundlich model
related to the adsorption intensities

Dubinin–Radushkevich Qe = Qme−βε2 β (mol2/KJ2) is the D-R constant, ε (KJ2/mol2) is the polanyil
potential, and Qm is the adsorption capacity (mg/g)

Advanced isotherm models

Model Equation Parameters

Monolayer model with one
energy site (Model 1)

Q = nNo = nNM

1+( C1/2
C )

n Q is the adsorbed quantities in mg/g
n is the number of adsorbed ion per site
Nm is the density of the effective receptor sites (mg/g)
Qo is the adsorption capacity at the saturation state in mg/g
C1/2 is the concentration of the ions at half saturation stage in mg/L
C1 and C2 are the concentrations of the ions at the half saturation
stage for the first active sites and the second active sites, respectively
n1 and n2 are the adsorbed ions per site for the first active sites and
the second active sites, respectively

Monolayer model with two
energy sites (Model 2)

Q = n1N1M

1+
(

C1
C

)n1 + n2N2M

1+
(

C2
C

)n2

Double layer model with one
energy site (Model 3)

Q = Qo
( C

C1/2 )
n
+2( C

C1/2 )
2n

1+( C
C1/2 )

n
+( C

C1/2 )
2n

Double layer model with two
energy sites (Model 3)

Q = Qo
( C

C1 )
n
+2( C

C2 )
2n

1+( C
C1 )

n
+( C

C2 )
2n

3.5. Photo-Fenton’s Oxidation of C.R Dye

The catalytic properties of MG/CFC as a heterogeneous catalyst during the photo-
Fenton oxidation of the C.R molecules were evaluated in the existence of hydrogen peroxide
(0.5 mL) as Fenton’s reagent and visible light source. All these tests were considered after
attending the adsorption/desorption equilibrium state and then the catalyst was mixed
with the C.R solutions (50 mL) at pH 7 considering the C.R concentration (5–25 mg/L),
MG/CFC dosages (0.2–0.5 g), and oxidation interval (30 min- 360 min). This was conducted
at a fixed volume of 50 mL, at pH 7, and a fixed volume of H2O2 (0.5 mL) as a Fenton
reagent. The used light source is a Metal halide lamp of 400 W power, 490 nm average
wavelength, and 18.7 mW/cm2 incident light intensity. All the performed C.R oxidation
tests were repeated for three runs and the average result of the tests were considered during
all the explanation with a standard deviation of less than 4.3%. The oxidation percentages of
C.R utilizing MG/CF were determined according to Equation (5) while the mineralization
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degree was followed based on the reduction in the TOC content in the solutions using
TOC-VCPH (Shimadzu, Japan).

R., % =
(Co −Ce)× 100

Co
(25)

3.6. Ecotoxicity Studies

The ecotoxicity properties of C.R polluted water before and after the treatment steps
toward the aquatic organisms (green algae and fish) was followed using with Ecological
Structure Activity Relationship (ECOSAR) predictive program either the chronic toxicity or
the cute toxicity. Both the chronic and acute toxicities were determined in terms of EC50,
LC50, and ChV (mg/L). The LC50 value reflects the concentrations of the pollutant that
can cause inhabitation for 50% of fish after 96 h as exposure time while EC50 reflects the
required concentration to inhibit the growth of green algae by 50% and ChV reflects the
chronic toxicities effects of the C.R pollutants.

4. Conclusions

Magnetite/carbonized coffee (MG/CFC) composite was synthesized successfully
from pyrite and applied in effective decontamination of C.R dye by adsorption and photo-
Fenton’s oxidation process. MG/CFC achieved 436.1 mg/g adsorption capacity of C.R
and the adsorption process was controlled by physical processes based on the energetic
studies (∆E = 6.2–8.2 kJ/mol). The steric studies reflect the saturation of MG/CFC with
855 mg/g active site density and each C.R molecule can be adsorbed by more than one site
by multianchorage process at the best temperature (313 K). As a catalyst, it shows notable
activity during the visible light-based photo-Fenton’s oxidation of C.R (5 mg/L) achieving
complete degradation after 30 min and complete mineralization after 120 min using 0.5 g/L
of MG/CFC and 0.1 mL of H2O2. The acute and chronic toxicities of the treated samples
reflect their safe effects on aquatic organisms (fish and green algae) as compared to the
parent C.R solution.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13020264/s1, Figure S1: the recyclability properties of MG/CFC ass
an adsorbent and catalyst during the photo-Fenton’s oxidation of C.R.
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Abstract: An efficient and reliable electrochemical sensing platform based on COOH-f MWCNTs
modified GCE (COOH-f MWCNTs/GCE) was designed for the detection of nanomolar concentration
of Nile Blue Sulphate (NBS). In comparison to the bare GCE, the electrochemical sensing scaffold
considerably enhanced the peak current response of NBS dye as confirmed from the results of
voltammetric investigations. The electrochemical approach of detecting NBS in the droplet of its
solution dried over the surface of modified electrode validated, the role of modifier in enhancing the
sensing response. Under optimized conditions, the designed electrochemical platform demonstrated a
wide linearity range (0.03–10 µM) for NBS, with LOD of 1.21 nM. Moreover, COOH-f MWCNTs/GCE
was found reproducible and stable as confirmed by repeatability and inter-day durability tests. The
selectivity of the designed sensing matrix was ensured by anti-interference tests. The photocatalytic
degradation of NBS dye was carried out by using TiO2 nanoparticles as photocatalyst in the presence
of H2O2. UV-visible spectroscopic studies revealed 95% photocatalytic degradation of NBS following
a pseudo-first-order kinetics with a rate constant of 0.028 min−1. These findings were supported
electrochemically by monitoring the photocatalytically degraded dye at the designed sensing platform.
The color variation and final decolorization of the selected dye in water served as a visual indicator
of the degradation process. To conclude, the designed sensing platform immobilized with COOH-
f MWCNTs imparted improved selectivity and sensitivity to detect and to, monitor the photocatalytic
degradation of NBS.

Keywords: acid functionalized MWCNTs; limit of detection; electrochemical sensor; TiO2 nanoparticles;
photocatalysis

1. Introduction

The population of the world is continuously soaring. As a result of this increase, the
world is confronting environmental problems along with concomitant health, security, and
food issues [1–6]. Environmental pollution is one of the major threats to the world. Devel-
oping countries are affected the most; they use 80% of the polluted water for cultivation
and fertilization purposes. Although industrial development has created innovation and
convenience in human life, it has also resulted in harmful health effects and environmental
pollution. Since the industrial revolution, pollution has reached an alarming level affecting
both developed and developing countries and hence has become a universal challenge that
has gripped the world’s attention [7–9].

Almost 80 million tonnes of dyes are produced annually worldwide by industries
that dump a significant amount of it into waterbodies as wastewater that disturbs the
stability of the ecosystems. Approximately 10–15% of the total dye produced in any
industry is lost to water during its manufacturing and dyeing stages, and owing to their
high solubility and persistent nature, it is challenging to remove them from water. Even
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though these dyes are released in water in trace amounts, they are still very harmful to
humans (even less than 1 ppm) and other aquatic life [10,11]. When released in water,
dyes adversely affect the photosynthetic process of aquatic life. Additionally, dyes also
have mutagenic and teratogenic effects on fish species. Their hazardous effects include
cancers, allergies, and renal complexities. Hence, there is globally a dire need to develop
inexpensive and green methods to remove such pollutants from water and make water
reusable [12]. Numerous methods have been proposed for treating dye-contaminated
wastewater, including adsorption, incineration, foam flotation, physicochemical methods,
and biochemical techniques [13,14]. However, since most of the organic dyes are non-
biodegradable and thermally stable, they render these conventional methods ineffective.
Thus in the present research work, NBS is sought to be removed from wastewater through
the photocatalytic degradation process because it is effective, inexpensive, simple, and
rapid compared to other methods [8].

Several semiconductors, including titania, vanadium pentoxide, zinc oxide, ferric
oxide, cadmium oxide, cadmium sulfide, and alumina, have been used as photocatalysts
for the degradation of different colored organic pollutants such as dyes. Among these, TiO2
is the most commonly employed photocatalyst. The current research work focuses on light-
assisted catalytic degradation of Nile Blue Sulphate (NBS) dye using TiO2 nanoparticles as
it possesses very high mechanical strength, nontoxicity, chemical, and thermal stability [15].
However, owing to its band gap of 3.2 eV, the recombination of the electron-hole pair and
absorption in the UV region limits its utility. To hinder the recombination of generated
electron-hole pair, H2O2 was used for enhancing the practical utility of TiO2 nanoparticles
by abstracting the photogenerated electron and avoiding its recombination with the hole.
Different free radicals like •OH, •O2−/•OOH (reactive oxygen species) are generated from
H2O2 at the surface of the catalyst that enhance the TiO2 capability of degrading the organic
dye molecule in wastewater [16].

But before even its removal, its detection is important. Various techniques, including
chromatography, mass spectroscopy, capillary electrophoresis, spectrophotometry, and
voltammetry, have been utilized to detect NBS dye. The pre-existing methods, such as chro-
matography and surface-enhanced Raman spectroscopy are expensive, time-consuming,
require calibration, and extensive sample preparation. Industrial effluents are rich in dif-
ferent components which hinder the detection of lower concentrations of NBS using the
above mentioned techniques. Electrochemical techniques are preferred owing to their
simplicity, reliability and fast responsiveness, yet the structure of NBS is complex offering
steric hindrances which impart it with orientational restrictions, making it difficult to be
detected using electrochemical techniques [17]. Interestingly the orientational restrictions
can be avoided by using a smart approach of skipping the diffusion step by drop casting the
analyte on the surface of the modified electrode and detecting it electrochemically. Hence,
in this work, a voltammetric method for the detection of NBS was employed owing to
its sensitivity, reliability, potential selectivity, and ease of operation compared to all other
methods. The electrochemical detection method is based on the principle of sensitivity
of the electrode’s surface towards the targeted analyte. Thus, an electrochemical sensor
was designed by immobilizing the COOH-f MWCNTs at the surface of the glassy carbon
electrode (GCE) to impart sensitivity for detecting trace-level concentrations of the selected
analyte. CNTs are used as electrode modifiers because of their high surface-to-volume
ratio, chemical stability, electrical, and thermal properties which make them the best choice
for modifying the electrode surface [18,19]. The surface of CNTs is susceptible to analytes’
adsorption, which leads to the formation of the most efficient sensors [20,21].

In this study, a COOH-f MWCNTs modified glassy carbon electrode is developed
for ultra-sensitive and selective detection of NBS using square wave voltammetry (SWV),
electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV). The designed
electrochemical sensor is also utilized for voltammetric monitoring of the photocatalytic
degradation of NBS along with spectroscopic study. The COOH-f MWCNTs-based recog-
nition layer has been employed for the first time in the current study for the detection
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of NBS. A smart unconventional approach was adopted to improve the sensing ability
of the designed sensing platform, wherein a drop of dye was cast on the surface of the
modified electrode, which enhanced the ease of orientation of analyte molecules towards
the surface of the electrode as witnessed by better resolution of peak and enhancement in
peak current value as compared to the conventional approach of dye detection in solution.
The approach also offers a very small amount of target analyte to be used which makes
the diffusion of bulky dye molecules toward the electrode surface expedient. Thus the
approach is promising for dye detection in water for abatement of dyes in wastewater and
allows the water to be purified.

2. Results and Discussion
2.1. Electrochemical Characterization

EIS is a non-destructive and effective technique that was employed to reveal the
interfacial properties and extent to which the electrode’s surface was modified by using
Nyquist plot. EIS was performed in an electrochemical cell consisting of 5 mM potassium
ferricyanide (K3[Fe(CN)6]) and 0.1 M potassium chloride (KCl) solution as a supporting
electrolyte. Nyquist plots of bare and modified GCEs are depicted in Figure 1a. The Nyquist
plot consists of two parts, a semicircle part at higher frequencies that reveals the charge
transfer resistance (Rct). At the same time, the diffusional limited process is characterized
in the second linear part of the Nyquist plots at lower frequencies [22]. Rct can be calculated
via the diameter of a semicircle in Nyquist plots at higher frequencies [23,24]. The decrease
in Rct causes enhanced electrical properties which are lower for COOH-f MWCNTs/GCE in
comparison to MWCNT/GCE and bare GCE. This is attributed to increased surface area
that affords more binding sites for the analyte at the modified electrode and hence improved
conductivity. Furthermore, the heterogeneous rate constant k was calculated (Table S1)
by using equation (k = RT/(nF)2C0ARct) for bare, MWCNTs, and COOH-f MWCNTs
modified GCE [25–27].
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Figure 1. (a) Nyquist plots using data obtained at bare and modified GCE in a solution of 5 mM
K3[Fe(CN)6] as a redox probe and 0.1 M KCl as a supporting electrolyte. (b) Cyclic voltammograms
at the bare and modified GCE in 5 mM K3[Fe(CN6)] as redox probe and 0.1 M KCl as supporting
electrolyte at a scan rate of 100 mV s−1.

As shown in Table S1, low charge transfer resistance values and higher values of hetero-
geneous rate constant indicate excellent conductivity and superior electrochemical kinetics
for COOH-f MWCNTs modified GCE compared to others in solution of K3[Fe(CN)6] and
KCl [28,29]. The EIS parameters in Table S1 were obtained from Randles equivalent circuit.

CV was used to investigate the working proficiency of the designed sensing plat-
form by comparing the peak current responses of bare and modified GCE in 5 mM
K3[Fe(CN)6 and 0.1 M KCl. The electroactive surface area of the electrode strongly affects
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the peak current response [30]. This was determined using the Randles-Sevcik equation
(Ip = 2.69 × 105n3/2 AD1/2ν1/2C) where D represents diffusion coefficient, C the concen-
tration of analyte and the rest of the symbols stand for their usual notation [31]. Figure 1b
illustrates the current responses of bare, MWCNTs, and COOH-f MWCNTs modified GCEs.

Considering D = 7.6 × 10−6 cm2s−1, n = 1, and C = 5 mM for K3[Fe(CN)6], the
calculated electroactive surface area of the bare, MWCNTs modified and COOH-f MWCNTs
modified GCE is enlisted in Table S2 and demonstrate that the sensing platform based on
COOH-f MWCNTs has the greatest electroactive surface area (0.08 cm2) compared to the
bare GCE and MWCNTs/GCE. Owing to its greater surface area, the COOH-f MWCNTs-
based sensing platform exhibits enhanced peak current response as seen in Figure 1b. The
COOH-f MWCNTs sensing platform owing to its increased surface area has several active
sites available for binding with the analyte, thus facilitating the electron transfer process
and corroborating the results of EIS in Figure 1a. These results show good agreement with
EIS results, which indicate the successful modification of GCE for obtaining a selective and
sensitive electrochemical platform for detecting NBS in water.

Additionally the “double layer capacitor” on real cells often behaves like a CPE (ref to
Figure 1a inset), and not as an ideal capacitor due to surface inhomogenities of the interface
between the modified electrode and electrolyte. These inhomogenities may include surface
roughness, “leaky” capacitor, non-uniform current distribution, etc. that account for the
non-ideal behaviour of the double layer. The impedance of the CPE is given as

1
ZCPE

= Q(iω)n (1)

where Q is a prefactor for CPE with units of capacitance, i is an imaginary number and
n represents the exponent of CPE ranging in value from 0–1 and is used to indicate the
surface roughness of the electrolyte-electrode interface [32]. When n = 0 the CPE represents
resistance and when n = 1 the behaviour is that of an ideal capacitor.

Furthermore, if the value of n is 1 or close to 1, it means the interface surface is
homogenous and smooth [33]. As the value of n decreases, the surface inhomogeneity
increases that pertains to increased roughness of the surface. As seen in Table S1, the value
of n is decreasing as the surface of GCE is modified with MWCNT and COOH-f MWCNTs
due to increase in surface roughness. Thus, creation of more active sites leads to increased
preconcentration of the analyte. This corroborates well with results of NBS (see Figure 2a)
showing enhanced signals on GCE modified with COOH-f MWCNTs due to more active
sites and consequent increase in electroactive surface area as presented in Table S2.
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2.2. Square Wave Voltammetric Analysis of NBS

Compared to CV, SWV is much more sensitive and can remarkably differentiate be-
tween the faradaic and non-Faradaic current [34]. It is a reliable electroanalytical technique
that produces results with enhanced resolution. Therefore, in the present work, SWV was
employed for the electrochemical sensing of NBS. The intensity of peak current response
of NBS at bare and modified GCE was investigated in PBS of pH 6.0 at a scan rate of
100 mV s−1 keeping frequency and pulse amplitude 20 Hz and 20 mV, respectively. The
oxidation peak of NBS was obtained at 0.86 and 0.84 V at bare and MWCNTs modified
GCE respectively. After modification with COOH-f MWCNTs, it was shifted to a lower
potential of 0.82 V. This negative shift in the potential shows the electrocatalytic behavior of
the sensing platform. The peak current of NBS was also enhanced to 8.63 µA and 11.7 µA
at MWCNTs and COOH-f MWCNTs respectively, as presented in Figure 2a [35,36]. The cur-
rent value for COOH-f MWCNTs/GCE is almost twice that of the bare which supports our
proposition of availability of more active sites for interaction of analyte. The surface features
of the electrodes were distinguished from contact angle analysis as shown in Figure 2b.
The contact angle (angle measured in liquid) of the water droplet on bare GCE with a
value of 80◦ shows a slight hydrophilic character of the GCE surface. The hydrophilicity
of GCE was increased when modified with MWCNTs as demonstrated by the 60◦ contact
angle of the water droplet. Modification of the GCE surface with COOH-f MWCNTs led
to additional enhancement in hydrophilicity as witnessed by further reduction in contact
angle (45◦) of water droplet. Hence, analyte in the droplet of aqueous solution placed at
the GCE surface modified with COOH-f MWCNTs should have closer accessibility to the
electrode due to more hydrophilic nature of the surface. This behaviour is consistent with
the most intense oxidation signal of the NBS at COOH-f MWCNTs/GCE as obvious from
observation of Figure 2a which is a direct consequence of maximum surface coverage.

This enhancement in peak current in SWV response is in good agreement with EIS
and CV findings, and this is because of the increase in the electrode’s electroactive surface
area by using COOH-f MWCNTs, as a modifier. Here, the modifier acts as a bridge between
the analyte and the transducer (GCE) to facilitate electron transfer. Thus, the NBS transfers
electrons through COOH-f MWCNTs to GCE for boosting the oxidation current via the
electron hopping mechanism. Moreover, the boosted surface area results in enhanced
interaction between the dye molecules and modifier that leads to increased preconcentration
of dye molecules near the electrode surface. The preconcentration of the dye molecule at the
modified electrode surface may also be the reason for peak current enhancement [35,37].

2.3. Effect of Various Scan Rates

The nature of the reaction, whether diffusion-controlled or surface-controlled, was
investigated by obtaining cyclic voltammograms of NBS at different scan rates ranging
from 25 mV s−1 to 150 mV s−1 on the modified electrode. Figure S1 illustrates that with
the increase in scan rate, anodic peak potential shifted towards a higher potential [38].
According to reported work [39], if the slope of the plot between the log Ip vs. log v
is equal to 0.5, then the electrochemical process is suggested to be diffusion controlled.
In contrast, if the slope is equal to 1, then the process should be adsorption controlled.
In the plot depicted in Figure S2, the slope was found to be 0.764, which suggested the
involvement of both diffusion as well as adsorption control processes [40]. The R2 value of
the plot of Ip vs. v is higher (Figure S3) than the R2 value of the plot between Ip vs. v1/2

(Figure S4), depicting that the adsorption process is more dominant as compared to the
diffusion-controlled process [38].

2.4. Optimization of Experimental Parameters

To achieve further enhanced signals of NBS at the COOH-f MWCNTs/GCE, several
parameters such as supporting electrolyte, pH, deposition potential, and deposition time
were optimized by employing the SWV technique.
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The choice of supporting electrolyte is one of the crucial steps in electrochemical
analysis because it controls the decrease in the Ohmic drop or IR drop effect [30]. The
supporting electrolyte strongly affects the peak shape, current, and its position. Hence,
to obtain enhanced anodic peak current response, the SWV of the targeted analyte using
COOH-f MWCNTs modified GCE was performed in a variety of electrolytes such as PBS,
acetate buffer, Britton Robinson Buffer, NaOH, KOH, HCl, H2SO4, and CH3COOH. A
well-defined peak shape with a maximum peak current was observed in PBS compared to
other supporting electrolytes depicted in Figures 3 and S5. Therefore, PBS was selected as
an appropriate electrolyte and was used for further electrochemical investigations [41].
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Figure 3. Anodic peak current response of 10 µM NBS in various supporting electrolytes using
COOH-f MWCNTs modified GCE.

The pH of the electrolytic solution also affects the peak current, peak shape, and
peak potential as the response of many functional moieties is pH-dependent. Several
voltammograms were recorded at different pH ranges from 3 to 10 to obtain a well-defined
peak with the maximum anodic peak current response of the targeted analyte. It was
found as depicted in Figure 4a that PBS of pH 6.0 showed maximum peak current response.
Therefore, 0.1 M PBS of pH 6.0 was utilized for further studies.
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As the pH of 0.1 M PBS supporting electrolyte varied from 3 to 10, peak potential
shifted toward less potential. This shift in the peak potential by varying pH showed
the involvement of protons during the electron transfer reaction of the targeted analyte
which can be calculated by the using equation (∆Ep/∆pH = 2.303 mRT/nF). Considering
the calibration plot depicted in Figure 4b, the value of the slope for the NBS was calcu-
lated to be 55 mV/pH, which is in close agreement with the Nernstian theoretical value
(58 mV/pH), indicating the involvement of an equal number of protons and electrons in
the redox process.

To investigate the impact of accumulation potential on peak current, it was varied
ranging from −0.4 V to 0.2 V. Figure S6 illustrated that the anodic peak current intensity
increased with the increment in the deposition potential up to −0.2 V. As the deposition
potential increases, the number of active sites on the modified GCE increases, which results
in maximum interactions between modifier and analyte moieties. Figure S7 revealed that at
−0.2 V deposition potential, maximum peak current was recorded, while the peak current
decreased with a further increase in deposition potential because of active site saturation
at the GCE. Thus, −0.2 V deposition potential was opted as the optimized potential for
further electrochemical investigations.

Various voltammetric responses of the designed sensing platform were recorded at
different accumulation times ranging from 5 s to 35 s at a deposition potential of −0.2 V in
PBS of pH 6.0 as the supporting electrolyte to investigate the influence of accumulation
time on anodic peak current intensity. The maximum oxidative peak current response
was observed in 20 s, as illustrated in Figures S8 and S9. Dye molecules are bulky in size,
and they need some time to orient properly to get oxidized at the surface of modified
GCE, yet orientation at the surface COOH-f MWCNTs/GCE is optimum at 20 s by having
close accessibility to the electrode when drop casted instead of being in solution. This
is evidenced by a maximum peak current response. The saturation of dye molecules
and hence interference to properly orient NBS at the surface of the electrode result in
plummeting of peak current at higher deposition times.

2.5. Analytical Characterization

SWV was used to calculate the detection and quantification limit for NBS dye using
COOH-f MWCNTs modified GCE under optimized conditions, i.e., 0.1 M PBS supporting
electrolyte of pH 6.0, 20 s deposition time, and −0.2 V deposition potential. In light of
IUPAC guidelines, the LOD was investigated by incorporating the value of the standard
deviation of the blank solution [42]. The results shown in Figure 5a, depict that peak
current decreases linearly with a decrease in the analyte concentration. Figure 5b shows the
corresponding linear calibration curves obtained as a result of variation in the analyte’s peak
current vs. concentration of the analyte ranging from 0.03 µM to 10 µM. The plot is divided
into two linear segments which suggest that two types of LODs can be determined. The
first linear segment ranges from 10 µM to 1 µM which is towards the higher concentration
end and the LOD for this concentration range was found to be 16.9 nM. The comparatively
higher LOD is suggestive of the slow mobility of NBS towards the modified GCE and
hence the corresponding peak current is lower with increased resistance to charge transfer.
This may also indicate the presence of dimers and trimers at higher concentrations. The
second linear segment ranges from the lowest concentration of 0.9 uM to 0.03 µM and
the LOD was found to be 1.21 nM; this region marks very minute dye concentrations,
wherein the dye completely solubilizes and is present in the form of its simplest unit
i.e., monomers. Both LODs from two regions show detection in the nanomolar range,
however, the lowest concentration range is the most preferred one for measuring LOD
for its analytical performance. LOQ was also determined using the equation (LOQ = 10σ

m )
and was found to be 4.06 nM. Here σ represents the standard deviation of the electrodes
without any modifier at the GCE and m represents the slope of the graph.
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A comparison of previously reported sensors for detecting NBS is given in Table 1.
The lowest detection limit of COOH-f MWCNTs modified GCE revealed that this is a better
sensing platform than previously reported analytical detection tools for NBS detection.

Table 1. Assessment of the performance of the designed and reported sensors.

Sr.No Modifying Material Method LOD (nM) Reference

1 Nanocages of Ni SERS 5 [43]

2 Gold nanostars SERS 5 [44]

3 Ag and silica LC/SERS 157 [45]

4 COOH-f MWCNTs SWV 1.21 This work

2.6. Validity of the Designed Sensor

SWV analysis was carried out to evaluate the reproducibility and repeatability of
the designed sensor to investigate its validity for detection of NBS. To examine the repro-
ducibility of the designed sensing platform, five different COOH-f MWCNTs modified GCE
electrodes were prepared, and their voltammograms were recorded under pre-optimized
conditions. The observations suggest that the designed electrochemical sensor had good
reproducibility. No noticeable changes were observed in the anodic peak response with
%age RSD less than 2% for the developed sensor for NBS, as illustrated in Figure 6a which
show the robustness of the as obtained results.

To examine the designed electrochemical sensor’s repeatability, different peak current
responses from the same modified electrode were recorded for up to 24 h at different time
intervals. Figure 6b shows no considerable deviation in peak current at different time
intervals as compared to the freshly prepared electrode. These results suggest that the
designed sensor had intra-day stability. Due to the poor solubility of modifiers in water,
the designed sensing platform not only showed stability but also prevented the leaching of
modifiers from the electrode surface as indicated by the response of anodic peak currents.
The intensity of the peak current remains almost the same which affirms the applicability
of the proposed sensing matrix.
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Figure 6. (a) SWVs of NBS showing the reproducibility of the designed sensor. (b) SWVs of NBS
showing repeatability of the designed sensor.

2.7. Study of Effects of Interferents for Validation of Designed Sensor

The influence of interferents on the voltammetric response of the designed electro-
chemical sensor was investigated to demonstrate the selectivity and sensitivity of the
designed sensing platform. It is very likely that wastewater contains several other metal
ions and toxic dyes along with NBS dye in real situations. A 0.1 mM solution of different
dyes and metal ions was introduced separately as interferents in the solution of NBS to
determine their influence on the analyte’s peak current response. These interferents include:
Erichrome black T (EBT), Orange II dyes, and Ba3+, Co3+, Ni3+, Cu3+, Zn2+, Na1+, and K1+

metals ions. The results suggested that interferents had no considerable impact or had an
insignificant effect on the anodic peak current response of the sensor. This is because of
the strong binding affinity of the analyte with the modifier. The anodic peak response of
the designed sensor in the presence of interfering agents is depicted in Figure 7a. Some
other signals, along with the NBS signal, can also be seen, which indicate that this sensor
can also be used to detect other dyes and this potential-based selectivity is the beauty of
electrochemical sensors. The redox potentials of metallic ions investigated are different
from the targeted analyte. However, interfering effects depend not only on the redox po-
tential but also on the interaction of metallic ions with the recognition layer. The analyte’s
signal was not disturbed by the metallic ions added as interfering agents. This indicates
that the designed sensing platform possesses an anti-interfering ability for the tested ions.
The bar graph in Figure 7b shows that the %age RSD value for the designed sensor was
1.77% which confirms the validity of the sensor. An RSD value of less than 3% is desirable
for confirming the robustness of the proposed sensor.

2.8. Photocatalytic Degradation Studies by Designed Electrochemical Sensor

The designed sensing platform was employed to investigate the photocatalytic degra-
dation of the NBS dye. A stock solution of 10 µM NBS was prepared and stirred for
30 min. 50 mL of 10 µM NBS solution was taken in a 100 mL beaker to which 0.1 mg
of TiO2 as a photocatalyst, and 1 mL of H2O2 as an oxidizing agent were added. The
solution was stirred for 5 min in the presence of sunlight and the aliquot was withdrawn
after regular intervals which was investigated for degradation of NBS by sunlight in the
presence of H2O2 by using two methods: electrochemical analysis by the as-prepared
COOH-f MWCNTs/GCE sensor and UV-visible spectrophotometry. Thus, after withdraw-
ing from the reaction mixture, the drop of 10 µM of NBS was cast on COOH-f MWCNTs
modified GCE, and its voltammogram was recorded in PBS of pH = 6. This was repeated
after an interval of 5 min followed every time by an electrochemical investigation of the
remaining dye in the droplet. These recorded voltammograms, which were subjected to
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photocatalysis before, are depicted in Figure 8a. A decrease in peak current response in
the voltammograms indicated that the concentration of dye molecules is decreasing over
time suggesting its photocatalytic degradation. The peak current reaches the lowest value
indicating that the maximum dye content has deteriorated. The effect of irradiation time
on NBS dye photocatalytic degradation was investigated, and percentage degradation was
found to be 95% after 100 min of keeping the dye solution under direct sunlight which is
evident from Figure S10. The photocatalytic degradation kinetics of NBS was investigated
by SWV and the obtained data was fitted in the first-order rate equation. The degradation
rate constant with a value of 0.028 min−1 was obtained from the slope of the plot depicted
in Figure 8b.
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Figure 8. (a) The SWV of NBS at different time intervals recorded by using COOH-f MWCNTs/GCE
under optimized conditions. (b) Effect of irradiation time on NBS photocatalytic degradation under
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2.9. Spectroscopic Studies of NBS Photocatalytic Degradation

A UV-visible spectrophotometer was also used for studying the photocatalytic degra-
dation of NBS. The TiO2 nanoparticles and H2O2 were used as photocatalysts and oxidizing
agents respectively, as discussed previously in Section 2.8. The corresponding absorption
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spectra at different time intervals are depicted in Figure 9a. The dye molecule’s color is
because of the conjugation system in the structure. Electron-hole pair generation occurred
as the photocatalyst was exposed to sunlight. The generation of electron-hole pair and
hydroxyl radical leads to dye degradation by breaking up the conjugation system in the
dye molecule. It is evident from UV-visible spectra that over the time, the photocatalytic
degradation process increased as the dye molecule was degraded in the presence of sun-
light. The presence of H2O2 facilitates the production of hydroxyl radicals which leads to
the mineralization of the organic molecule.

Catalysts 2023, 13, x  14 of 20 
 

 

Using spectroscopic results, the percent degradation of NBS was calculated using 
the following equation. 

%ge degradation =  
maximum absorbance (t =  0)  −  absorbance at time

maximum absorbance (t = 0)
 × 100 (2) 

 
Figure 9. (a) UV-Vis spectra of the photocatalytic degradation of NBS at different time intervals. (b) 
The photocatalytic degradation kinetics of NBS using UV-visible spectroscopic data. 

The spectroscopic data were also used to explore the kinetics of the photocatalytic 
degradation process [50-52]. The reaction order and rate were confirmed from the plot 
between ln [Ct/C0] as a function of time, as shown in Figure 9b. The rate of reaction (k) 
was calculated from the equation i.e., ln 𝐶𝐶𝐶𝐶

𝐶𝐶0
=  −𝑘𝑘𝑘𝑘. Where Ct is the absorption at time t, C0 

is the absorption at zero time, and k is the rate constant. The straight line of the plot be-
tween ln [Ct/C0] as a function of time exhibited that the reaction follows first-order ki-
netics. The rate of reaction calculated from spectroscopic data is 0.029 min. The order of 
reaction and rate of reaction calculated from electrochemical and spectroscopic data are 
in good agreement revealing that the designed sensor is also efficient for monitoring 
photocatalytic degradation of NBS. 

 
Figure 10. Naked eye evidence of the decolorization of NBS dye. 

Figure 9. (a) UV-Vis spectra of the photocatalytic degradation of NBS at different time intervals.
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It is evident from Figure S11 that the dye content is photocatalytically degraded to 95%.
Furthermore, recovery of TiO2 and its multiple usage performance were explored with the
same concentration of dye i.e., 10 µM NBS solution. During the process the catalyst was
removed by filtering it out from the dye solution and then replacing the supernatant with
fresh solution of dye. This solution was then subjected to UV-Vis spectroscopy to investigate
the effectiveness of the catalyst. Figures S11–S13 show recovery and reusability of TiO2 for
the degradation of NBS for three cycles where a decrease in photocatalytic degradation
efficiency from 95% (cycle-1: Figure S11) to 93% (cycle 2: Figure S12b) to 92% (cycle-3:
Figure S13b) is evident. The slight change in %age degradation shows an insignificant
change in the catalytic activity which shows good stability of the catalyst against the
photocatalytic degradation of the dye. The slight decrease in the photocatalytic degradation
efficiency can however be attributed to the decrease in pore size and pore volume due to
adsorption and clogging of the pores by dye and its degraded products. The pore size is an
important factor that contributes towards performance of the catalyst [46,47]. Thus, a small
decrease in its catalytic activity points to reusability of the catalyst in applications where
this factor becomes important.

The proposed degradation mechanism as depicted in Scheme 1 of NBS shows attack
of hydroxyl free radicals generated by TiO2 and H2O2 at a double bond present in the
ring, hence, with the breakdown of conjugation of the ring, the color variation from being
intense to dull, was observed (Figure 10). Scheme 1 is the proposed mechanism, based
upon the obtained electrochemical and UV-Vis spectroscopic data and also in the light of
reported literature, of the degradation of NBS and other dyes using methods other than our
developed method [36,48,49]. The final product is the mineralization of the NBS to CO2
and H2O.
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Using spectroscopic results, the percent degradation of NBS was calculated using the
following equation.

%ge degradation =
maximum absorbance (t = 0)− absorbance at time

maximum absorbance (t = 0)
× 100 (2)

The spectroscopic data were also used to explore the kinetics of the photocatalytic
degradation process [50–52]. The reaction order and rate were confirmed from the plot
between ln [Ct/C0] as a function of time, as shown inFigure 9b. The rate of reaction (k) was
calculated from the equation i.e., ln Ct

C0
= −kt. Where Ct is the absorption at time t, C0 is

the absorption at zero time, and k is the rate constant. The straight line of the plot between
ln [Ct/C0] as a function of time exhibited that the reaction follows first-order kinetics. The
rate of reaction calculated from spectroscopic data is 0.029 min−1. The order of reaction
and rate of reaction calculated from electrochemical and spectroscopic data are in good
agreement revealing that the designed sensor is also efficient for monitoring photocatalytic
degradation of NBS.

3. Experimental
3.1. Reagents and Materials

All chemicals of analytical grade purity were used as received from Sigma Aldrich
(St. Louis, MO, USA). NBS dye was used as an analyte while COOH-functionalized
MWCNTs as an electrode modifier. TiO2 was utilized for the photocatalytic degradation
of NBS. Dimethylformamide (DMF) was used as a solvent to prepare COOH-f MWCNTs
suspension. Analytical grade reagents NaH2PO4·H2O and Na2HPO4·2H20 were used to
prepare phosphate buffer saline (PBS) as a supporting electrolyte. Additionally, PBS, acetate
buffer, Britton Robinson Buffer, NaOH, KOH, HCl, H2SO4, and CH3COOH were used as
supporting electrolytes for the optimization of the modified electrode. Thus, all solutions
of various electrolytes were prepared by using doubly distilled water with analytical
grade reagents.

3.2. Instrumentation

The fabricated sensing platform was electrochemically characterized by executing CV,
SWV, and EIS on a Metrohm Autolab (Utrecht, The Netherlands) equipped with NOVA 1.11
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software. It comprises a three-cell assembly with GCE as the working electrode, Ag/AgCl
(3 M KCl) as the reference electrode, and Pt as the counter electrode. Spectroscopic studies
of NBS were carried out at Shimadzu UV-1700 spectrophotometer, Japan working in
200–800 nm range.

3.3. Working Electrode Modification

Before subjecting GCE to modification, it was physiochemically treated to achieve
a high O/C ratio at its surface. A physically cleaned GCE surface was obtained by rub-
bing it in a fashion of digit 8 on a nylon buffing pad containing alumina slurry (1 µM).
Then, the electrode was ultrasonicated in a 1:1 mixture of HNO3 and ethanol for five
minutes, followed by rinsing with a jet of distilled water to remove the undesired moieties
from the electrode’s surface [53]. The physically cleaned working electrode was then sub-
jected to electrochemical cleaning by taking several CV scans of bare GCE in a supporting
electrolyte [41,54,55]. GCE was modified by immobilizing a 5 µL drop of a modifier concen-
tration at the pre-cleaned surface. After casting the modifier on the surface of the working
electrode, it was left for drying followed by washing away any loosely bound molecules
and then allowing it to dry. Finally, a 10 µL drop of the analyte (NBS) was applied to the
modified electrode. This as-prepared electrode designated as COOH-f MWCNTs/GCE was
further applied for electroanalytical measurements.

3.4. Experimental Procedure

0.1 mM stock solution of NBS dye was prepared using distilled water which was
further diluted to prepare a solution of 10 µM concentration using the same solvent.
The inks of electrode modifiers MWCNTs and COOH-f MWCNTs with a concentration
of 1 mg/mL were prepared individually in DMF and subjected to ultrasonication for
1 h. Once the surface of GCE was dried after modification, a 10 µL drop of analyte
was cast on the surface of the pre-modified working electrode. The modified electrode
was then placed in the electrochemical cell containing the supporting electrolyte, and
the sensing ability of the designed sensing platform was analyzed by recording square
wave voltammograms. Different experimental parameters were optimized using the same
procedure. The surface behavior of the working electrode was investigated using EIS.
Electrochemical techniques, such as SWV and CV facilitated different analysis of the
sensing platform. The limit of detection (LOD) and limit of quantification (LOQ) were
calculated using data obtained by SWV responses. SWV and UV-visible spectroscopy was
employed for photocatalytic degradation studies of NBS dye. The solution of 10 µM of NBS
was kept in direct sunlight for 100 min. After subjecting the solution of NBS to sunlight,
5 µL of the sample of the dye was withdrawn at regular intervals which was drop casted
at the modified electrode for its electroanalysis in PBS under set optimized conditions.
Here recorded voltammograms provided information about the degree of degradation
indicated by a decrease in peak current value after the aliquot was taken after every
5 min. The same procedure of withdrawing the photocatalyzed sample was conducted for
recording its UV-visible spectra. The voltammetric and spectroscopic responses facilitated
the determination of the percentage degradation, reaction order, and reaction rate for NBS
photocatalytic degradation. All experimental work was done at an ambient temperature of
298 K (25 ◦C ± 1).

4. Conclusions

The toxicity of dyes is a threat to life in water and on land. Thus, in order to address
abatement of the dyes and overcome issues pertaining to environmental degradation,
the current work presents the development of a sensor for the nanomolar detection of
Nile Blue Sulphate (NBS) dye. Moreover, it presents employing photocatalyst for the
photocatalytic degradation of NBS followed by analytical methods for monitoring the
extent and degradation kinetics. Acid-functionalized MWCNTs were immobilized on
the surface of the GCE to fabricate an efficient electrochemical sensing platform. Various
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experimental parameters such as accumulation potential, accumulation time, supporting
electrolyte, and pH of solution were optimized to obtain intense signal of the target analyte
at the designed probe. Peak current versus concentration plot was found to have a wide
linear range with LOD value of 1.21 nM under optimized experimental conditions for
NBS. After detection, photocatalytic degradation experiments for NBS were conducted
using TiO2 nanoparticles in the presence of hydrogen peroxide. The designed sensing
platform was then employed for monitoring the photocatalytic degradation of the dye
supported with spectroscopic studies. The results obtained from both electrochemical and
spectroscopic techniques revealed that the photocatalytic degradation follows pseudo-first-
order kinetics. The obtained results suggest that the developed method is promising for
the purification of dye contaminated wastewater.
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Abstract: Herein, we report a comparative study of photocatalytic (Xe-lamp) and sonocatalytic
(345 kHz power ultrasound) degradation of Ethylenediaminetetraacetic acid (EDTA) and Rhodamine
B (RhB) in the presence of Ti0 and Ti@TiO2 core-shell nanoparticles (NPs). Ti@TiO2 NPs have been
obtained by sonohydrothermal treatment (20 kHz, 200 ◦C) of commercially available Ti0 NPs in
pure water. The obtained material is composed of quasi-spherical Ti0 particles (30–150 nm) coated
by 5–15 nm crystals of anatase. In contrast to pristine TiO2, the Ti@TiO2 NPs exhibit the extend
photo response from UV to NIR light region due to the light absorption by nonplasmonic Ti core.
EDTA can be oxidized effectively by photocatalysis in the presence of Ti@TiO2 NPs. By contrast,
air passivated Ti0 nanoparticles was found to be inactive in the photocatalytic process for both
EDTA and RhB. Photocatalytic degradation of EDTA over Ti@TiO2 NPs exhibits strong photothermal
effect, which has been attributed to the higher yield of oxidizing radicals produced by light at
higher bulk temperature. The efficiency of RhB photocatalytic degradation depends strongly on RhB
concentration. At [RhB] ≥ 1 × 10−3 M, its photocatalytic degradation is not feasible due to a strong
self-absorption. At lower concentrations, RhB photocatalytic degradation is observed, but at lower
efficiency compared to EDTA. We found that the efficient sonochemical degradation of RhB does
not require the presence of any catalysts. For both processes, EDTA and RhB, sonochemical and
photocatalytic processes are more effective in the presence of Ar/O2 gas mixture compared to pure
Ar. The obtained results suggest that the choice of the optimal technology for organic pollutants
degradation can be determined by their optical and complexing properties.

Keywords: organic pollutants; rhodamine B; EDTA; photocatalysis; photothermal; sonocatalysis;
environmental remediation; titanium; nanoparticles

1. Introduction

Within the progressive increase in the level of wastewater contamination, more efforts
are directed towards finding promising methods for the removal of organic substances,
such as dyes, chlorinated organics, antibiotics, complexing agents and other pollutants
from wastewater [1,2]. Among the most common water contaminants are organic dyes.
For instance, Rhodamine B (RhB) poses a major threat to human health, aquatic life and
environmental safety. It is widely used in industry and its uncontrolled disposal into the
environment can cause serious health problems, including major irritation to skin eyes
and respiratory tract. Conventional wastewater treatment methods like ion exchange,
ozonation, membrane separation, biological treatments and adsorption suffered from
certain limitation concerning the high cost compared to their slow kinetics and low perfor-
mance [3]. In addition, strong complexing reagents, like EDTA, are also of environmental
concern since their release increases the mobility of heavy metals and radionuclides in
groundwater [4]. EDTA removal throughout conventional aerobic biodegradation is hardly
accessed [5] and hydrothermal thermolysis is energy consumable [6]. For such reasons,
advanced oxidation processes (AOPs) have attracted a lot of attention, among which
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ultrasound-based degradation and photocatalysis seem quite promising [7,8]. Ultrasound
technology has proven to be an efficient treatment method for toxic waste removal, either
when used alone or in combination with other oxidation methods [9]. In some cases, or-
ganic waste decomposition under the action of ultrasound (US) is almost 10,000 times faster
than the conventional natural aerobic oxidation [10]. Once liquids are subjected to US in the
frequency range of ca. 20 kHz–1 MHz, microbubbles are formed in solution, they grow and
eventually collapse releasing a large amount of energy inside, and around, the cavitation
bubble [11]. The energy released from so-called the cavitation process is sufficient to split
water vapor molecules, allowing the in situ production of hydroxyl radicals (OH·) [12].
The combination of US with catalysts, referred as sonocatalysis, often allows to enhance
the efficiency of US treatment, but the mechanism of sonocatalysis is not fully understood
and may differ depending on the catalyst [13].

Photocatalysis also emerged as a powerful AOPs towards the degradation of organic
pollutants. This process originates from charge separation induced in catalytic materials by
photon absorption. The electrons (e−) and holes (h+) generated on the surface of catalysts
upon photoexcitation can react with water and oxygen to form radicals, such as OH· and
O2
−. These radical species have a strong oxidative/reductive potential providing breaking

down organic pollutants [14]. Several studies have reported the kinetics and mechanisms
of EDTA photocatalytic degradation on a typical semiconducting photocatalyst P25 TiO2
loaded by metallic nanoparticles (NPs) or doped by cations or anions for better catalytic
performance [15]. Despite significant efforts, preparation of TiO2-based photocatalysts
highly efficient under visible light is still a challenge. Other works reported the enhanced
photocatalytic degradation of RhB using CdS NPs as a catalyst [3]. However, high toxicity
does not allow its application in environmental remediation [16].

In general, photocatalysis and sonocatalysis are often considered as competing tech-
nologies. However, the comparative studies of these techniques are scarce in the literature.
The aim of this work is to probe sonocatalysis driven by 345 kHz power US and photocataly-
sis under Xe lamp white light irradiation, as a simulator of the sunlight, for the degradation
of RhB and EDTA molecules in aqueous solutions. Herein, air passivated titanium (Ti0) and
Ti@TiO2 core-shell NPs were investigated as catalysts in selected systems. Very recently,
sonocatalytic degradation of EDTA over these catalysts has been reported [17]. It was found
that the combination of 345 kHz US with the metallic Ti0 NPs enhances the degradation of
EDTA (C0 = 5 × 10−3 M) under Ar/20% O2 atmosphere, and the presence of TiO2 anatase
NPs on the surface of the Ti0 reduces slightly its efficiency towards EDTA degradation.
The suggested mechanism of EDTA sonocatalytic degradation involves the sonochemical
oxidation of EDTA molecules by OH./HO2 radicals in solution and EDTA oxidation at
the surface of Ti0 NPs in the presence of O2 activated by the cavitation event [17]. These
results are being compared herein with those of the photocatalytic EDTA degradation
results. Moreover, a detailed comparison between the photocatalytic and sonocatalytic
RhB degradation mechanism is presented.

2. Results and Discussion

2.1. Structural, Chemical and Optical Properties of Ti0 and Ti@TiO2 NPs

TEM images show a quasi-spherical morphology of air-passivated Ti0 particles with
an average size of around 30–150 nm without any crystals at the surface (Figure 1a). SHT
treatment leads to the formation of nanocrystalline shell composed of 10–20 nm TiO2
particles (Figure 1d). The oxide layer, detected by EDX/STEM on the surface of initial Ti0

NPs, contributes to the presence of metastable Ti3O suboxide (Figure 1b), which has been
proven upon Rietveld refinement of powder XRD data (Figure 1c, Table 1). On the other
hand, the oxide layer on the surface of SHT treated Ti0 NPs corresponds mainly to TiO2
anatase (Figure 1d,e). Based on the phase composition shown in Table 1, we related the
formation of TiO2 to the oxidation of both Ti3O (Equation (1)), and Ti0 (Equation (2)):

Ti3O + 5H2O→ 3TiO2 + 5H2 (1)
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Ti + 2H2O→ TiO2 + 2H2 (2)

1 
 

 

Figure 1. TEM images, STEM/EDX mapping and XRD diffraction patterns of air passivated Ti0 NPs
(a–c) and Ti@TiO2 NPs (d–f). Green dots—Ti, red dots—O.

Table 1. Variation in the composition of air passivated Ti0 NPs and Ti@TiO2 obtained from the
Rietveld refinement of their XRD patterns [18].

Samples
mol.%

Ti Ti3O TiO2

Air passivated Ti0 86 14 -
Ti@TiO2 62 3 35

Recently, it has been reported [18] that the XPS spectrum of air passivated Ti NPs
exhibits the presence of Ti0 and lower oxidation states of titanium (TiO, TixOy and Ti2O3) at
the particle surface in agreement with the XRD analysis revealed the presence of titanium
suboxide in Ti0 NPs. SHT treatment causes disappearance of Ti0, TiO, TixOy and Ti2O3
peaks, and the experimental XPS spectrum of Ti@TiO2 NPs can be fitted by defect-free TiO2
spectrum, indicating effective coating of metallic titanium core.

As also reported in our previous work [18], diffuse reflectance spectra for both Ti0

and Ti@TiO2 NPs exhibit a broad band in the UV-NIR spectral range corresponding to the
interband transitions of metallic Ti0. The presence of TiO2 on the surface of the metallic NPs
promotes the formation of a characteristic absorption peak around 298 nm. In addition,
recent EIS study indicated a faster charge transfer at the interface of the particle and
electrolyte for Ti@TiO2 compared to Ti0 NPs. In general, the presence of TiO2 enhances
the charge transfer in such materials, which explains the higher photocatalytic activity of
Ti@TiO2 NPs compared to that of Ti0 NPs [18].

2.2. EDTA Study
2.2.1. Kinetics of Photocatalytic EDTA Degradation

Degradation of EDTA under the white light of Xe lamp was studied in the presence
of both air passivated Ti0 and Ti@TiO2 NPs under two different gas atmospheres Ar and
Ar/20% O2. The kinetics of EDTA photocatalytic degradation tends to vary based on the
choice of the catalyst, gas atmosphere and bulk temperature. Regardless of the chosen
experimental conditions, all kinetic curves related to the photocatalytic degradation of
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5 mM EDTA solution are fitted with the zero-order kinetic model. We have chosen this
model in agreement to the previous study of EDTA photocatalytic degradation in the
presence of TiO2 upon which the profiles for the time course of EDTA degradation at
different concentrations were linear in the range of 3 to 5 mM [15].

The significant degradation of EDTA in the presence of Ti@TiO2 NPs was proven
possible only when operating under Ar/20% O2 atmosphere (Figure 2a). Using Ar leads to
a very low change in EDTA concentration throughout the 4 h of light treatment (Figure S1).
Therefore, oxygen is a crucial factor for the efficient photocatalytic EDTA degradation pro-
cess. The rate of photocatalytic EDTA degradation tends to increase within the increase of
the reaction temperature: 3.6 ± 0.9 µmol L−1·min−1 at 40 ◦C, 5.8 ± 0.3 µmol·L−1·min−1 at
60 ◦C and 12± 0.1 µmol·L−1.min−1 at 80 ◦C. On the other hand, the rate of EDTA oxidation
recorded with Ti0 NPs (Figure S2a) at 60 ◦C in Ar/20% O2 (1.62 ± 0.3 µmol·L−1.min−1) is
approximately 4 times smaller than that recorded with Ti@TiO2 in the presence of Ar/20%
O2. It is noteworthy that the photothermal effect in the process of EDTA degradation
is somewhat similar to what was observed for the photocatalytic H2 production with
Ti@TiO2 photocatalyst [18]. In contrast to EDTA degradation, the kinetics of TOC removal
(Figure 2b) shows only a small decrease of ≤ 5%, indicating accumulation of intermediate
products during EDTA photocatalytic degradation.
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Figure 2. Kinetic curves of EDTA evolution and (a) TOC abatement curves (b) during photolysis
of 5 mM initial EDTA solutions under Ar/20% O2 atmosphere at 3 different temperatures in the
presence of Ti@TiO2 NPs (catalyst concentration 0.12 g·L−1, V = 65 mL, Plight = 9.5 W).

The stability of Ti@TiO2 catalyst was evaluated by measurements of Ti ionic species in
solution after the photocatalytic experiment using ICP-OES analysis. Table 2 shows the
high stability of Ti@TiO2 catalyst in the entire temperature range studied.

Table 2. Concentration and percentage of Ti species leached into treated EDTA solution after 4 h of
Xe light irradiation with Ti@TiO2 catalyst in Ar/O2 atmosphere.

Temperature (◦C) [Ti] (mg·L−1) %Ti (± 5%)

40 0.26 0.27
60 0.32 0.33
80 0.4 0.41

2.2.2. Gaseous Products Formation upon Photocatalytic EDTA Degradation

The photocatalytic degradation of EDTA in the presence of Ti@TiO2 NPs and Ar/O2
gas mixture is accompanied only by CO2 release (Figure S3) and hydrogen formation is
not observed in this case. In pure Ar, some CO2 and H2 are formed in almost equal
amounts (Figure S4). No significant release of CO2 gas is observed when using Ti0

NPs as the photocatalyst in Ar/O2, which agrees with the low EDTA degradation rate
(Figure S2b). As shown in Figure 3, the calculated CO2 yields increases ca. 2 times when
the bulk temperature increases from 40 to 80 ◦C confirming photothermal effect in studied
system. The percentage of CO2 released within the temperature range 40 to 80 ◦C are
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estimated from TOC curves (Figure 2b) to be between 2 to 5.8% of the initial EDTA content
while that calculated from the CO2 emission curves (Figure S3) is between 3.2 to 6%. It
is worth noting that the pH increases from 4.6 to 5.8, 5.9 and 6.2 at 40, 60, and 80 ◦C,
respectively during 4 h of photocatalytic process. As for sonochemical and sonocatalytic
EDTA degradation, the increase of pH can be related to the reaction of reducing superoxide
anion O2

· (Equation (9)) with EDTA yielding tertiary iminium Schiff bases, which rapidly
hydrolyses into aldehydes and strongly basic secondary amines [19]. Formation of H2 in
pure Ar most likely can be attributed to the photocatalytic water splitting with EDTA as an
electron hole scavenger. In the presence of O2, hydrogen atom produces oxidative HO2

·

radical as it will be discussed below.
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Figure 3. Yields of CO2 for Ar/20% O2 atmosphere (grey) and H2 for Ar atmosphere (blue) yields ob-
tained upon photocatalytic degradation of 5 mM EDTA solution over Ti@TiO2 catalyst under Ar/20%
O2 and Ar at different temperatures (catalyst concentration 0.12 g·L−1, V = 65 mL, PXe = 9.5 W).

2.2.3. Effect of Temperature

Arrhenius plot for EDTA photocatalytic degradation is shown in Figure 4. The ap-
parent activation energy Eact equal to 28 ± 8 kJ.mol−1 is quite similar to that of other
photocatalytic processes studied with Ti@TiO2 NPs, and assigned to the diffusion of chemi-
cal species at the catalyst surface, rather than to the activation of the chemical bonds [20].
On the other hand, sonocatalytic EDTA degradation with the same catalyst shows very
low temperature effect (Eact = 5.0 ± 1.2 kJ·mol−1) [18], indicating essential difference in the
reaction mechanisms of photocatalytic and sonocatalytic processes.
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EDTA + 2h+ → Degradation products + 2H+ (5) 

Figure 4. Arrhenius plot for the photocatalytic EDTA degradation in the presence of Ti@TiO2 NPs
under Ar/O2 atmosphere, W is an EDTA degradation rate assuming zero-order kinetics.

2.2.4. Comparison of Sonocatalytic and Photocatalytic EDTA Degradation

In this section, we compare the photocatalytic EDTA degradation studied in this
work in the presence of Ar/O2 gas mixture and the sonocatalytic EDTA degradation
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reported recently at similar conditions [17]. The overall efficiency of photocatalysis and
sonocatalysis can be evaluated upon comparing the yield of EDTA degradation, Y, using
the following equation: Y = M·P−1·m−1, where M is the amount of degraded EDTA (µmol),
P is the energy consumption (kJ), and m is the mass of catalyst (g). From the calculations
summarized in Table 3, one can conclude that photocatalyisis over Ti@TiO2 NPs is much
more efficient towards EDTA degradation than sonocatalysis with Ti@TiO2 and Ti0 NPs.
On the other hand, Ti0 NPs show better sonocatalytic performance compared to that
of photocatalysis.

Table 3. Calculated yields of EDTA degradation using Ti@TiO2 and Ti0 NPs at 40 ◦C under Ar/20%
O2 atmosphere in two different processes. Time of treatment was 4 h for each system.

Process Catalyst M (µmol) P (kJ) m (g) Y (µmol·kJ−1·g−1)

Photocatalysis Ti@TiO2 60 118 7.8 × 10−3 65
Ti0 <1 118 7.8 × 10−3 <1

Sonocatalysis [17] Ti@TiO2 354 720 0.4 1.5
Ti0 780 720 0.4 2.7

The mechanism of EDTA sonocatalytic degradation with Ti0 and Ti@TiO2 NPs re-
ported previously involves the degradation of EDTA by hydroxyl (OH), hydroperoxyl
(HO2

·) and superoxide (O2
−) radicals in solution and bubble/solution interface or by the

catalytic degradation of EDTA at the surface of the catalyst (Ti or Ti@TiO2) by oxygen
activated initially by the power US at the surface of titanium [17]. It was reported that
sonocatalytic EDTA degradation yields several intermediate products shown in Figure
S5a [21]. On the other hand, photocatalytic EDTA degradation process is initiated upon
photon absorption by Ti@TiO2 NPs in a similar manner reported previously for the pho-
tothermal production of H2 using the same catalyst [18]. The photocatalytic mechanism
can be expressed by Equations (3)–(10):

Ti@TiO2 + EDTA � Ti@TiO2·EDTA (3)

Ti@TiO2·EDTA + hν→ [e−Ti@TiO2
h+]·EDTA (4)

EDTA + 2h+ → Degradation products + 2H+ (5)

H2O + h+ → OH + H+ (6)

OH· + EDTA→ Degradation products (7)

e−+ O2 → O2
− (8)

O2
− + H+� HO2

·, pKa = 4.8 (9)

HO2
· + EDTA→ Degradation products (10)

After the electron-hole separation step (Equation (4)), the photogenerated hole (h+)
can oxidize EDTA molecules directly into the degradation products (Equation (5)) or it
can initially convert H2O molecules into hydroxyl radicals (OH·), which in return, ox-
idize EDTA molecules [22]. In the presence of O2 adsorbed at the surface of catalyst,
the photo-generated electons would yield superoxide anion-radicals (O2

− Equation (8)),
which in return, can react with EDTA [23]. On the other hand, scavenging of e- would
increase the yield of electron holes leading to the enhancement of EDTA photocatalytic
degradation. It is worth noting that superoxide anion-radical can be converted to HO2

·

radical (Equation 9), which can oxidize EDTA (Equation (10)). Furthermore, the reaction
of O2

− with EDTA gives tertiary iminium Shiff-bases which rapidly hydrolyses into alde-
hydes and strongly basic secondary amines [19]. This process can explain the increase
of pH during EDTA photocatalytic degradation similar to that reported for sonocatalytic
process [17]. Some similarity should be mentioned in the composition of intermediates for
both processes, those are iminodiacetic acid, formic acid, oxalic acid, glycolic acid and acetic
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acid [15,21]. The principal schemes of intermediate products formation are shown in
Figure S5. Recent studies highlighted a crucial role of photogenerated h+, OH· and O2

−

species [24,25] for efficient photocatalytic degradation of organic pollutants in agreement
with the proposed mechanism.

The photothermal effect of EDTA degradation is a major finding of this work. In a
previous research, the photothermal effect in the process of H2 production over Ti@TiO2
photocatalyst has been attributed to the diffusion of intermediates formed after hole scav-
enger degradation [18,20]. Alternatively, the improved photocatalytic degradation of EDTA
at higher temperatures in Ar/O2 atmosphere can also be related to the higher concentration
of OH· and HO2

· radicals produced. To verify this assumption, we studied the formation
of H2O2 during photocatalytic treatment of aqueous solutions saturated with Ar or Ar/O2
over Ti@TiO2 NPs at different temperatures. H2O2 is a stable product of OH· and HO2

· rad-
icals recombination and can be quantified in situ as TiO(O2) complex [26]. To assess TiO(O2)
measurements, photocatalytic experiments were performed using 0.02 M TiOSO4/0.25 M
H2SO4 solutions and Ti@TiO2 photocatalyst in the absence of EDTA. After irradiation
with Xe lamp, the samples have been withdrawn and analysed spectrophotometrically
after removal of catalytic particles with PTFE filter. As shown in Figure 5, the amount of
H2O2 produced in the presence of Ar atmosphere is much lower than that produced in
the presence of Ar/O2 at 40 ◦C in agreement with kinetics of EDTA photodegradation.
Moreover, the initial rate of H2O2 formation in Ar/O2 at 60 ◦C is ca. 2 times higher than
that produced at 40 ◦C. This observation clearly indicates that the observed photothermal
effect is related to the improvement of photogenerated radical production with the increase
of bulk temperature. In addition, Figure 5 reveals a plateau of H2O2 concentration reaching
upon photolysis. Perhaps this is because of Ti@TiO2 NPs photocorrosion in acid medium.
Figure S6 demonstrates the increase of titanium in 0.25 M H2SO4 solution upon irradiation
with Xe lamp, and the rate of metallic titanium core dissolution increases with temperature.
Dissolution of titanium metal in H2SO4 leads to the formation of Ti(III), which is rapidly
oxidized by H2O2. Superposition of H2O2 formation and consumption yields, finally, its
steady-state concentration. It is worth noting that in the absence of light Ti@TiO2 NPs are
quite stable in 0.25 M H2SO4 solution.
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Figure 5. H2O2 concentration produced during photocatalytic experiments with 0.02 M TiOSO4/
0.25 M H2SO4 solutions over Ti@TiO2 NPs at different temperatures (catalyst concentration 2 g L−1,
V = 65 mL). Concentration of TiO(O2) complex equal to that of formed H2O2 was monitored at
410 nm (ε = 626 cm−1·M−1) [26].

2.2.5. Rhodamine B Degradation
RhB Sonochemical Degradation

To evaluate the effect of 345 kHz power US on the kinetics of RhB degradation, a set
of experiments have been carried out taking into account the initial concentration of RhB,
the nature of the saturating gas, and the nature of catalyst.
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At (RhB)0 ≤ 0.2 mM, only 15–20 min of ultrasonic treatment was sufficient for the total
removal of RhB as it can be seen from the Figure S7a–d. On the other hand, at (RhB) = 1 mM
(500 ppm), RhB degradation is observed over a longer time scale and follows zero-order
kinetics (Figure 6). In fact, the kinetics of RhB removal is not influenced by Ti0 or Ti@TiO2
NPs (Figure 6 and Figure S8), indicating the absence of sonocatalytic effect in this system
in contrast to EDTA sonochemical degradation [17].
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Figure 6. Kinetic curves of RhB evolution upon sonolysis of homogeneous RhB solution and sono-
chemical oxidation of RhB in the presence of Ti0 and Ti@TiO2 NPs in Ar/20% O2 at (catalyst
concentration 2 g L−1, T= 40 ◦C).

Figure 7 shows better performance of the sonochemical process in the presence of
Ar/O2 atmosphere compared to pure Ar or air. In addition, sonochemical degradation of
RhB is more rapid than that of EDTA even in Ar and air (Table 4). In general, kinetic data
point out significant difference in sonochemical mechanisms for RhB and EDTA, which
can be assigned to the difference in physico-chemical properties of these molecules. It is
well known that RhB readily forms dimers in aqueous solutions [27]. These relatively large
and hydrophobic dimers enable to accumulate at cavitation bubble/solution interface thus
providing RhB degradation not only by oxidizing radicals but also by interfacial pyrolytic
decomposition [28].

Catalysts 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

point out significant difference in sonochemical mechanisms for RhB and EDTA, which 
can be assigned to the difference in physico-chemical properties of these molecules. It is 
well known that RhB readily forms dimers in aqueous solutions [27]. These relatively large 
and hydrophobic dimers enable to accumulate at cavitation bubble/solution interface thus 
providing RhB degradation not only by oxidizing radicals but also by interfacial pyrolytic 
decomposition [28]. 

 
Figure 7. Kinetics of RhB evolution upon sonolysis of RhB with 345 kHz US in the absence of any 
solid particles under different gas atmospheres (VRhB = 200 mL, T=40 °C). 

Table 4. Comparison of RhB and EDTA degradation rate (R) obtained upon sonolysis by 345 kHz 
power US at 40 °C obtained under Ar, Ar/20% O2 and Air. 

 Ar 20%O2 Ar Air 
RRhB (μmol−1 L−1 min−1) 16 ± 1.3 10 ± 0.3 12 ± 0.6 

REDTA (μmol−1 L−1 min−1) 6.42 ± 0.43 4 ± 0.03 Not calculated 

2.2.6. RhB Photocatalytic Degradation 
In contrast to sonochemistry, at (RhB) = 1 mM photocatalytic degradation is not ob-

served regardless of the chosen experimental conditions, such as temperature, nature of 
the catalyst and gas mixture (Figure S9). This can be related to the strong light self-absorp-
tion by RhB molecules (Figure S7a). It was previously reported that the initial concentra-
tion, in this case of RhB, is an important parameter determining the efficiency of photo-
degradation of the organic pollutant. The high concentration of RhB in photocatalytic pro-
cesses can result in the decrease of light penetration into the suspension, thus, decreasing 
the overall efficiency of RhB degradation [29]. At (RhB) = 0.1 mM, some degradation is 
observed in the presence of Ar/O2 gas mixture with the rate ≤0.6 ± 0.1 µmol.L−1.min−1 (Fig-
ure S10). However, in pure Ar photocatalytic removal of RhB is not feasible at this con-
centration. 

As the concentration of initial RhB solution is decreased to 0.01 mM, the photocata-
lytic process over Ti@TiO2 NPs and under Ar/O2 atmosphere becomes clearly observable. 
The initial degradation rate only weakly varies with temperature (Figure 8a) and is equal 
to 0.5 µmol.L−1.min−1. On the other hand, photothermal effect is observed for TOC removal 
(Figure 8b) and CO2 emission (Figure 9). Such a difference can be explained by the fact 
that CO2 emission (TOC removal) originates from intermediate product degradation, ra-
ther than from primary RhB molecule defunctionalisation. 

The reaction intermediates of RhB photocatalytic degradation includes 4-(methox-
ycarbonyl) benzoic acid, 2-(methoxycarbonyl) benzoic acid, phthalic acid, isophthalic acid 
terephthalic acid, phthalic anhydride, 2-hydroxypentanedioic acid and maleic acid, etc 

Figure 7. Kinetics of RhB evolution upon sonolysis of RhB with 345 kHz US in the absence of any
solid particles under different gas atmospheres (VRhB = 200 mL, T=40 ◦C).

206



Catalysts 2021, 11, 928

Table 4. Comparison of RhB and EDTA degradation rate (R) obtained upon sonolysis by 345 kHz
power US at 40 ◦C obtained under Ar, Ar/20% O2 and Air.

Ar 20%O2 Ar Air

RRhB (µmol−1 L−1 min−1) 16 ± 1.3 10 ± 0.3 12 ± 0.6
REDTA (µmol−1 L−1 min−1) 6.42 ± 0.43 4 ± 0.03 Not calculated

2.2.6. RhB Photocatalytic Degradation

In contrast to sonochemistry, at (RhB) = 1 mM photocatalytic degradation is not
observed regardless of the chosen experimental conditions, such as temperature, nature
of the catalyst and gas mixture (Figure S9). This can be related to the strong light self-
absorption by RhB molecules (Figure S7a). It was previously reported that the initial
concentration, in this case of RhB, is an important parameter determining the efficiency of
photodegradation of the organic pollutant. The high concentration of RhB in photocatalytic
processes can result in the decrease of light penetration into the suspension, thus, decreasing
the overall efficiency of RhB degradation [29]. At (RhB) = 0.1 mM, some degradation is
observed in the presence of Ar/O2 gas mixture with the rate ≤0.6 ± 0.1 µmol·L−1.min−1

(Figure S10). However, in pure Ar photocatalytic removal of RhB is not feasible at this
concentration.

As the concentration of initial RhB solution is decreased to 0.01 mM, the photocatalytic
process over Ti@TiO2 NPs and under Ar/O2 atmosphere becomes clearly observable. The
initial degradation rate only weakly varies with temperature (Figure 8a) and is equal to
0.5 µmol.L−1.min−1. On the other hand, photothermal effect is observed for TOC removal
(Figure 8b) and CO2 emission (Figure 9). Such a difference can be explained by the fact that
CO2 emission (TOC removal) originates from intermediate product degradation, rather
than from primary RhB molecule defunctionalisation.
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The reaction intermediates of RhB photocatalytic degradation includes 4-(methoxycarbonyl)
benzoic acid, 2-(methoxycarbonyl) benzoic acid, phthalic acid, isophthalic acid terephthalic
acid, phthalic anhydride, 2-hydroxypentanedioic acid and maleic acid, etc [30]. Then, the
products were further transformed to smaller organic products, CO2 and H2O following
the similar mechanism as for photocatalytic EDTA degradation (Equations (3)–(10)). It
is noteworthy to mention that the photothermal effect is less pronounced with RhB than
with EDTA. Replacing Ar/O2 by Ar or Ti@TiO2 by Ti0 leads to a significant drop in RhB
degradation rate (Figure S10). In general, the efficiency of RhB photocatalytic degradation
is lower than of EDTA, which can be attributed to weaker complexing ability of RhB (or
RhB dimer) compared to EDTA. According to the proposed mechanism of photocatalytic
process (Equations (3)–(10)), the formation of surface complexes is important for efficient
charge transfer after catalyst photoexcitation step.
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Figure 9. Calculated CO2 yield from the photothermal treatment of 0.01 mM RhB solutions in
the presence of Ti@TiO2 photocatalyst under Ar/20% O2 atmosphere at 40, 60 and 80 ◦C (catalyst
concentration 0.12 g−1·L−1 V = 60 mL, PXe light = 9.5 W). Emission profiles of CO2 emission are
shown in Figure S14.

3. Materials and Methods
3.1. Chemical Reagents

Na2H2EDTA·2H2O (98%, Fluka AG, Hamburg, Germany), Rhodamine B (C28H31ClN2O3,
for fluorescence, Sigma Aldrich, India), titanium nanopowder (Ti, 99%, Nanostructured
& Amorphous Materials, Inc., Los Angeles, CA, USA), TiO2 anatase (99%, 95% anatase,
5% rutile, US Research Nanomaterials, Inc., Houston, TX, USA) were used as received
without further purification. All solutions were prepared with deionized water (Milli-Q,
18.2 MΩ.cm at 25 ◦C, Darmstadt, Germany). Air, Ar and Ar/O2 gas mixture with 20 vol.%
of O2 and Ar of 99.999% purity were supplied by Air Liquide (Paris, France).

3.2. Catalyst Preparation

Ti@TiO2 core-shell nanoparticles (NPs) have been obtained by sonohydrothermal
treatment (20 kHz, 200 ◦C) of commercially available Ti0 NPs in pure water [18,20]. It is
worth noting that Ti0 NPs are potentially pyrophoric and cannot be used in catalysis as such.
In this work, Ti0 NPs were passivated by storage in contact with air at room temperature
for ca. 48 h. In a typical synthesis procedure, 2 g of air passivated Ti0 NPs are dispersed in
50 mL deionized H2O for 5 min using an ultrasonic bath. The dispersion is then transferred
into the sonohyrothermal reactor (Figure S13) and heated at 200 ◦C (autogenic pressure
P = 19 bar) under simultaneous ultrasonic treatment (f = 20 kHz, Pac = 17 W) for 3 h. After
cooling, the treated particles are recovered by centrifugation (12 min, 9000 rpm), washed
with deionized water and dried at room temperature under reduced pressure.

3.3. Catalyst Characterization

The crystal phase identification of the as-synthesized particles and air passivated Ti0

NPs was performed by X-ray diffraction (XRD) analysis. The XRD measurement was done
using Bruker D8 Advance X-ray diffractometer equipped with a linear Lynx eye detector
(Cu Kα1,2 radiation, λ = 1.54184 Å). The patterns were collected at room temperature
in the range of 10–90 2θ degrees with a step size of 0.02 2θ degree and a counting time
of 1.8 s·step−1. Rietveld refinement was performed on the XRD patterns to determine
the different phase composition of our particles. The structure and morphology were
examined by high-resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM) coupled with EDX mapping (SDD Oxford detec-
tor, High Wycombe, UK). The analysis was performed using Jeol 2200FS (200 kV, Tokyo,
Japan) microscope.
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3.4. Experimental Setups
3.4.1. Photocatalytic Experiments

Photocatalytic degradation of EDTA and RhB has been performed using commercial
anatase TiO2, air passivated Ti0 NPs and the as-synthesized Ti@TiO2 core-shell NPs. The
experiments were carried out in a thermostated glass-made gas-flow cell (Figure S14a)
adapted to mass spectroscopic analysis of the outlet gases [18]. For a typical experiment,
7.8 mg of the catalyst was dispersed in an ultrasonic bath (Pel = 100 W, f = 40 kHz) in
65 mL of 5 Mm EDTA solution or in 65 mL of 2.10−3 to 1 mM (1 to 500 ppm) RhB solutions
and then placed into the photoreactor. Photolysis was performed using the white light
of ASB-XE-175 W xenon lamp equipped with ozone blocking coatings. The lamp was
placed at 8 cm away from the reactor and the light power at this distance was measured
by X1-1 Optometer (Gigahertz-Optik GmbH, Türkenfeld, Germany) using UV-3710-4
(300–420 nm) and RW-3705-4 (400–1100 nm) calibrated detectors. The obtained values of
light power were equal to 8.9 (1.07 W·cm−2) and 0.6 W (0.07 W·cm−2) for vis/NIR and UV
spectral ranges respectively, which provides the close spectral match to solar spectrum.
The solutions inside the reactor were stirred continuously and the temperature was kept
constant at 40, 60 or 80 ◦C during photolysis. The gas flow (Ar or Ar/20% O2) through the
reactor was kept constant at 58 mL·min−1 and controlled by a volumetric flowmeter. The
gaseous products in the outlet gas were analysed using a Thermo Scientific PRIMA BT mass
spectrometer. The H2 and CO2 formation rate was quantified using external calibration
curves prepared with standard gas mixtures in argon (Messer). During photolysis, sample
aliquots are taken at specified time intervals filtered using 0.2 µM PTFE filters and used for
TOC and UV-vis spectroscopic analysis. The kinetics of RhB photocatalytic degradation
are studied following the change in RhB absorption peak at 532 nm. On the other hand,
EDTA kinetics are followed following the change in the absorption peak of (Fe-TPTZ)2+

complex where TPTZ stands for Bis (2,4,6-tripyridyl-s-triazine). Fe-TPTZ has an intense
violet blue color. EDTA in the presence of Fe-TPTZ reacts with iron to form a complex,
which decreases the color intensity of the mixture. The absorbance is directly proportional
to the concentration of EDTA, as shown recently [31].

3.4.2. Sonocatalytic Experiments

For RhB degradation experiments under ultrasonic irradiation, a homemade ther-
mostated glass reactor (Figure S14b) similar to the one reported in our previous work
regarding the sonocatalytic degradation of EDTA was used [17]. High frequency ultrasonic
treatment is supplied by 345 kHz transducer (25 cm2

, ELAC Nautik, Kiel, Germany) fixed at
the bottom of the glass reactor and connected to a generator with a maximal electric power
of 125 W (T&C Power Conversion Inc., Rochester, NY, USA). For a typical degradation
process, we use 200 mL of RhB solution with initial concentration of 5–500 mg·L−1. An
additional amount of 2 g·L−1 of Ti0 NPs or Ti@TiO2 NPs is added to the RhB solution
and the mixture obtained is dispersed for at least 5 min in an ultrasonic bath (Pel = 100 W,
f = 40 kHz) and then transferred into the glass reactor. Prior sonochemical treatment, the
mixture was saturated with the desired gas (Ar, Ar/20% O2 or air) for at least 20 min by
bubbling through thin plastic tube at 200 mL.min−1 and kept constant throughout the
entire experiment time. External control of the reaction temperature was provided by a
Huber Unistat Tango thermo-cryostat (Offenburg, Germany). The internal temperature
of the reaction mixture was kept constant at 40 ◦C through the entire ultrasonic treatment
and monitored with a Pt 100 probe. Continuous mechanical stirring at a rate of 300 rpm
was applied to maintain homogeneous suspension of the catalyst particles in solution. At a
defined time interval, sample aliquots were taken and filtered with a 0.2 µm PTFE filter
to remove solid particles. The filtered solution is then used to follow total organic carbon
using a Shimadzu TOC-VCSH analyser calibrated with standard potassium phthalate
solution and RhB concentration by absorption peak at 520 nm using a Thermo Scientific
Evolution 220 UV-vis spectrophotometer.
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4. Conclusions

In summary, this study pointed out that the choice of a suitable treatment process,
sonochemistry, sonocatalysis or photocatalysis, for the degradation of organic pollutants
in wastewater is highly dependent on the nature of chosen pollutant and the catalyst. For
strongly complexing but weakly light absorbing species, like EDTA, photocatalysis is more
efficient than sonocatalysis, and the use of catalyst influences greatly the kinetics of both
processes. Faster sonocatalytic degradation is obtained in the presence of air passivated Ti0

NPs under Ar/20% O2 [17], while photocatalytic degradation of EDTA molecules is more
efficient when using a core-shell photocatalyst, Ti@TiO2, also in the presence of Ar/20% O2.
On the other hand, for strongly light absorbing, but weakly complexing, pollutants, like
RhB, sonochemistry is much more efficient than photocatalysis. However, the presence of
oxygen is required for both systems. The interesting finding of this work is a photothermal
effect observed for EDTA, and, in less extent, for RhB degradation. Complementary studies
have revealed that the observed photothermal effect of EDTA degradation can be attributed
to the enhanced production of oxidizing radicals at higher temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080928/s1, Figure S1: Kinetic curves of EDTA evolution during photolysis of 5 mM
initial EDTA solutions under Ar atmosphere at 40 and 60 ◦C in the presence of Ti@TiO2 NPs; Figure S2:
Kinetic curves of EDTA evolution (a) and CO2 emission profile (b) during photolysis of 5 mM initial
EDTA solutions under Ar20%O2 atmosphere at 60 ◦C in the presence of Ti0 NPs; Figure S3: Typical
carbon dioxide emission profiles obtained upon irradiating 5 mM EDTA solution under the white
light of the Xe lamp and in the presence of Ti@TiO2 catalyst under Ar20%O2; Figure S4: Typical
carbon dioxide (a) and hydrogen(b) emission profiles obtained upon irradiating 5 mM EDTA solution
under the white light of the Xe lamp and in the presence of Ti@TiO2 catalyst under Ar; Figure S5: By-
products of sonocatalytic [21] (a) and photocatalytic [15] (b) EDTA degradation; Figure S6: Evolution
of titanium concentration in solution during photocatalytic experiments with 0.25 M H2SO4 solutions
over Ti@TiO2 NPs at different temperatures in the presence of Ar/20%O2; Figure S7: Absorption
spectrum of 10-2 mM (a), 10-1 mM (b) and 2 10-1 mM (c) RhB solution during sonolysis at 40 ◦C with
345 kHz in Ar20%O2. Major absorption peak of RhB is at 553 nm. [RhB] degradation profiles as a
function of time 10-1 and 2 10-1 mM are shown in graph (d); Figure S8: Kinetics of RhB evolution
upon ultrasonic treatment under Ar (a) and under Air (b) flux in the presence of solid particles;
Figure S9: Variation of RhB concentraion upon photothermal treatment of 1 mM RhB solution with
and without catalyst under Ar flux at 40 ◦C (a) and with Ti@TiO2 at 40 ◦C and 60 ◦C with Ar and
Ar/20%O2; Figure S10: Variation of RhB concentraion upon photothermal treatment of 0.1 mM
RhB solution with Ti@TiO2 catalyst under Ar (a) and under Ar/20%O2 (b); Figure S11: Variation of
0.01 mM initial RhB concentration upon photocatalytic treatment with Ti@TiO2 under Ar atmosphere
(a) and with Ti0 under Ar/20%O2 atmosphere (b); Figure S12: Carbon dioxide emission profiles from
photothermal treatment of 0.01 mM RhB solutions in the presence of Ti@TiO2 photocatalyst under
Ar/20%O2 atmosphere at 40, 60 and 80 ◦C; Figure S13: Graphical sketch of sonohydrothermal reactor;
Figure S14: Images of the thermostated photocatalytic cell (a) and the high frequency sonochemical
reactor (b).
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Abstract: Coalbed methane is a significant source of methane in the atmosphere, which is a potent
greenhouse gas with a considerable contribution to global warming, thus it is of great importance
to remove methane in coalbed gas before the emission. Exploring the economical non-noble metal
catalysts for catalytic methane combustion (CMC) has been a wide concern to mitigate the greenhouse
effect caused by the emitted low-concentration methane. Herein, a series of Mn-doped Co3O4 catalysts
have been synthesized by the environmentally friendly solid-state method. As a result, the Mn0.05Co1

catalyst performed the best CMC activity (T90 = 370 ◦C) and good moisture tolerance (3 vol% steam).
The introduction of an appropriate amount of manganese conduced Co3O4 lattice distortion and
transformed Co3+ to Co2+, thus producing more active oxygen vacancies. Mn0.05Co1 exhibited better
reducibility and oxygen mobility. In situ studies revealed that methane was adsorbed and oxidized
much easier on Mn0.05Co1, which is the crucial reason for its superior catalytic performance.

Keywords: active oxygen; catalytic combustion; low-concentration; methane; Mn-Co3O4; solid-state

1. Introduction

Methane (CH4) is one of the most significant greenhouse gases (GHG), whose global
warming potential is about 25 times over a 100-year time horizon and about 72 times over a
20-year time horizon than that of CO2, thus the direct emission of methane can cause a series of
severe environmental issues [1,2]. There are many sources of CH4 in the atmosphere including
biogenic, geogenic, and anthropogenic sources. As the main ingredient of natural gas, one of
the largest anthropogenic emissions of CH4 comes from the coal mining process [3,4]. This
part of CH4 is further diluted to 0.1–1.0% after mixing with air during underground mining,
resulting in low-concentration coalbed methane. According to the requirements of relevant
environmental protection policies, CH4 emissions need to be strictly controlled. Catalytic
methane combustion (CMC) helps to reduce the emission of CH4 to meet the increasingly
strict regulations on emissions reduction [5,6]. Therefore, it is of great significance to develop
efficient CMC catalysts. Furthermore, the activation of the methane C–H bond in the gas
phase usually requires a very high temperature due to the high stability of the molecular
structure [7]. As a result, it is necessary to further optimize the low-temperature activity
and thermal stability of CMC catalysts, which is in favor of industrial development and
environmental protection.

Noble metal catalysts of Pd, Pt, and Rh are enriched with high activity for the catalytic
combustion of low-concentration methane, but their industrial applications are restricted
due to their low thermal stability, the shortage of resources, and high expense of the
raw materials [8–10]. Considering cost control and the easy availability of raw materials,
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transition metal (Mn, Fe, Co, Ni, Cu, etc.) oxides are thought to be a feasible substitution
for noble metal catalysts as they are prone to realize redox cycles among different oxidation
states [9]. The commonly used transition metal oxide catalysts include MnOx [11–13],
Co3O4 [5,6,14], CeO2 [15], NiO [16], and their mixed components [17–22]. A lot of research
has proven that Co3O4 is one of the most promising transition metal oxides among different
CMC catalysts [23,24]. Adding dopants of Ce, Zr, and Mn with higher redox advantages
can further enhance catalytic activity by introducing lattice defects and increasing active
oxygen species. Specifically, the enhancing effect of Mn is the most remarkable [25–27]. As
for Mn–Co composite oxides, different procedures of hydrothermal, co-precipitation, and
sol–gel methods are commonly applied to introduce dopants into the support structure.
Chang et al. [28] elucidated that the introduction of Mn can promote the formation and
mobility of active oxygen as well as the redox cycle between Mn4+/Mn3+ and Co2+/Co3+,
accelerating the deeper transformation from intermediates to CO2 and H2O.

The synthesis method plays a significant impact on the catalytic performance of
transition metal oxide catalysts. Compared with the methods above-mentioned, the solid-
state method with simple procedures and easily accessible precursors is quite promising in
industrial applications. Moreover, no organic solvent is needed in the preparation process
with no harmful wastewater emission [29–31]. Akbari et al. [32] ground the nitrates of
Mn and Ba into a paste, resulting in a BaO-doped solid-state mixing catalyst. The decent
elemental doping under the solid-state method promoted a favorable regulation of the
redox property and bi-component synergistic effect of the catalyst, providing more active
oxygen for the reaction [33]. However, the emission of nitrogen oxides (NOx) is still a
problem when nitrates are used as precursors. Synthesizing composite oxides by the
solid-state method using carbonates as precursors is a green route without wastewater and
exhaust gas. However, the application of this method in CMC catalyst preparation has not
been reported.

In this work, a solid-state method with carbonates as precursors was applied to
investigate the CMC activities of a series of Mn-doped Co3O4 catalysts (Mn-Co3O4). This
method is environmentally friendly with no wastewater or harmful gas emissions. Various
characterization measures were applied to investigate the effect of Mn doping on the
chemical state of active components, redox properties, and catalytic performance. Adjusting
the Mn doping amount to 5.0% not only resulted in the formation of a Co–Mn solid solution
and lattice defects, but also modified the surface properties and increased the active oxygen
species of Co3O4, which was found to be beneficial for improving the catalytic performance.
The cost of a prepared Mn0.05Co1 catalyst was lower than that of noble metals, and it has the
advantages of high catalytic activity and good water resistance, so it has a good prospect of
industrial application.

2. Results and Discussion
2.1. Structural and Textural Properties

The morphologies and microstructures of Co3O4, MnOx, and the synthesized MnxCo1
(x = 0.025, 0.05, and 0.1) catalysts were characterized by SEM and HRTEM. Pure Co3O4
(Figure 1a–c) mainly exhibited spherical and polygonal nanostructures with a diameter
of 30–50 nm. On doping a low amount of Mn into Co3O4, the morphologies and crystal
sizes of the obtained Mn0.025Co1 (Figure 1d–f), Mn0.05Co1 (Figure 1g–i), and Mn0.1Co1
(Figure 1j–l) catalysts became irregular with a wider size distribution (10–50 nm). Moreover,
the catalyst edges became rougher and more blurred after Mn doping, implicating that the
growth of the crystallite had been restrained and the amount of crystal defects increased.
Generally, the formation of crystal defects facilitates the formation of more reactive sites
and oxygen vacancies for CMC, thus enhancing the combustion activity of the Mn–Co
catalyst [34]. Pure MnOx (Figure 1m–o) showed a random accumulation of worm-like
nanograins (20–50 nm). Clear lattice stripes of all catalysts can be seen in the HRTEM
photos, indicating a high crystallinity.
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alyst, which were well-matched with the characteristic diffraction peaks of the Mn2O3 
(JCPDS No. 41-1442) and Mn3O4 (JCPDS No. 04-0732) phases, respectively. This indicates 
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Figure 1. SEM and HRTEM images of Co3O4 (a–c), Mn0.025Co1 (d–f), Mn0.05Co1 (g–i), Mn0.1Co1 (j–l),
and MnOx (m–o) catalysts.

The crystalline phase structures of Co3O4 and MnxCo1 were characterized by XRD
(Figure 2a). The MnxCo1 catalysts mainly exhibited the characteristic diffraction peaks
of Co3O4 (JCPDS No. 42-1467), and almost no obvious characteristic diffraction peaks of
MnOx were observed in the XRD patterns, except for the Mn0.1Co1 catalyst, which may
be the result of the incorporation of Mn into the Co3O4 lattice to form a solid solution or
the high dispersion of Mn on the surface of Co3O4 [28]. The main diffraction peaks of
the Mn-Co3O4 catalysts were exposed at 2θ = 19.0◦, 31.3◦, 36.8◦, 38.7◦, 44.8◦, 55.8◦, 59.4◦,
and 65.2◦, which can be attributed to the (111), (220), (311), (222), (400), (422), (511), and
(440) facets of the Co3O4 phase [35–37]. With the increase in the Mn doping amount to
10.0 mol%, weak diffraction peaks at around 2θ = 33.0◦ and 55.0◦ were observed on the
Mn0.1Co1 catalyst, which were well-matched with the characteristic diffraction peaks of
the Mn2O3 (JCPDS No. 41-1442) and Mn3O4 (JCPDS No. 04-0732) phases, respectively.
This indicates that increasing the Mn doping amount to a certain extent will lead to the
formation of some Mn2O3 and Mn3O4 oxides instead of producing a Mn–Co solid solution.
When the doping amount of Mn increased, the intensity of the diffraction peak slightly
decreased, while the half-peak width slightly rose, resulting in a gradual reduction in the
crystal size. The crystal sizes of the prepared catalysts were calculated by the Scherrer
equation (Table 1) in which the mean crystal sizes decreased from 34 nm to 25 nm with an
increasing Mn doping amount, which is consistent with the microscope images. Smaller
crystals may also boost the formation of low-coordinated defect sites that can promote
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catalyst activities including surface oxygen vacancies [34]. Based on Mars−van-Krevelen
(MvK) mechanisms, the surface-active oxygen species play a decisive role in CH4 oxidation,
providing more assistance for acceleration of the chemical reactions [38]. In addition, the
diffraction peak of the Co3O4 (311) facet at 36.8◦ (Figure 2b) gradually shifted toward
lower angles, and the corresponding lattice constant (Figure 2c) increased from 8.0608 Å
(Co3O4) to 8.0809 Å (Mn0.05Co1), with a maximum increase of 0.25%. Considering the
crystal radius of Co3+ (0.685 Å), which is lower than that of Mn3+ (high spin, 0.785 Å;
low spin, 0.72 Å), substituting Mn3+ for Co3+ can result in the expansion of interplanar
spacing [39]. Therefore, the shift in the diffraction position and the increase in the lattice
constant can be ascribed to the incorporation of Mn ions. Furthermore, incorporating Mn
ions also led to the accompanying transformation from Co3+ into Co2+ [25,40,41]. All of
the mentioned changes directly prove that the doped Mn had been incorporated into the
Co3O4 lattice and a Mn–Co solid solution formed. However, further increasing the doping
amount to 10.0% (Mn0.1Co1) resulted in a slight decrease in the lattice constant, indicating
no further incorporation of Mn into the Co3O4 lattice and no further formation of the
Mn–Co solid solution.
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Table 1. Textual properties of the as-obtained catalysts.

Catalyst Crystallite Size 1 (nm) Specific Surface Area 2

(m2·g−1) Pore Volume 3 (cm3·g−1)
Average Pore

Diameter 4 (nm)

Co3O4 34 14 0.09 39.7
Mn0.025Co1 30 26 0.20 28.8
Mn0.05Co1 27 33 0.21 15.6
Mn0.1Co1 25 39 0.21 11.0

MnOx 28 28 0.22 20.5
1 Calculated from the line broadening of diffraction peaks by the Scherrer equation from XRD patterns. 2 Deter-
mined by the BET method. 3 Total pore volume adsorbed at P/P0 = 0.99. 4 Determined by the BJH method.

The textual properties of the prepared Co3O4, MnxCo1, and MnOx samples were
characterized by N2 adsorption–desorption isotherms. Figures S1 and S2 illustrate the
isotherms and the pore size distributions of the catalysts, respectively. Detailed data about
the specific surface areas, pore volumes, and mean pore sizes of the catalysts are listed
in Table 1. Compared with pure Co3O4, the Mn-Co3O4 catalysts possess a larger specific
surface area and total pore volume as well as a smaller mean pore size. It has been proven
that larger specific surface area increases will be beneficial for the transfer of CH4 molecules
inside the catalyst pores and can promote contact between CH4 molecules and active sites,
enhancing the efficiency of CH4 oxidation [42]. When the doping amount of Mn increased,
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the specific surface area increased from 14 m2·g−1 (Co3O4) to 26 m2·g−1 (Mn0.025Co1),
33 m2·g−1 (Mn0.05Co1), and 39 m2·g−1 (Mn0.1Co1).

2.2. Surface Chemical States

The impacts of properties including the surface elemental valance states and oxygen
species on the catalytic activities were characterized by XPS. The XPS spectra of Co 2p3/2
(Figure 3a) can be divided into two peaks, with which the peak with a binding energy (BE)
of 779.4–780.1 eV can be attributed to octahedral Co3+, while the other with a higher BE of
780.4–781.1 eV can be assigned to tetrahedral Co2+ [43,44]. When the doping amount of Mn
increased, the Co2+ ratio (Co2+/(Co2+ + Co3+)) value increased at first and then decreased:
Mn0.05Co1 (34.89%) > Mn0.025Co1 (32.16%) > Mn0.1Co1 (28.50%) > Co3O4 (27.41%), indi-
cating a highest surface Co2+ content of Mn0.05Co1. The introduction of a decent amount
of Mn into the Co3O4 lattice will facilitate the formation of crystal defects such as oxygen
vacancy, leading to the reduction of neighbored Co3+ ions into Co2+. Excessive Co2+ can
bring about a surface charge imbalance, causing other metal components to shift from a
lower valence state to a higher valence state [45]. This further stimulates the redox balance
between Co ions and Mn ions, in which the doping of a decent amount of Mn can effectively
facilitate the breakage of Co–O bonds and create more oxygen vacancies [46].
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Moreover, the deconvolution of O 1s XPS spectra with two subpeaks is represented in
Figure 3b, in which the peaks at 530.8 eV and 529.6 eV can be assigned to the surface-active
oxygen species (Osurf, e.g., O2

−, O−, and O2
2−) associated with the oxygen vacancies and

the lattice oxygen (Olatt, e.g., O2−), respectively [47]. Osurf is the active oxygen species in
catalytic oxidation [48]. The formation of active Osurf is related to the generation of oxygen
vacancies, which is conducive to the adsorption and activation of oxygen molecules [49–51].
As a result, when the doping amount of Mn increases, the Osurf ratio (Osurf/(Osurf + Olatt))
value increases at first—from 54.17% (Co3O4) to 65.33% (Mn0.05Co1)—and then decreases,
suggesting a superior catalytic activity of the Mn0.05Co1 catalyst when compared to other
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Mn-Co3O4 catalysts. After being consumed by the oxidation of methane and intermediates,
the dissipative surface-active oxygen species can be replenished by the migration of the
bulk lattice oxygen species and the supplement of the gaseous O2, following the MvK
mechanism [21,38]. The active oxygen species released from Co3O4 due to the reduction of
Co3+ will transfer to the Mn species, benefiting the redox reaction cycle (Co3+ + Mn3+ ↔
Co2+ + Mn4+), which is responsible for the improved catalytic performance [28,46].

2.3. Redox Capabilities

The redox capacities of different catalysts are characterized by H2-TPR (Figure 4).
The spectrum of pure Co3O4 mainly consists of two reducing peaks, in which the peak at
250–400 ◦C is attributed to the reduction of Co3O4 to CoO, while the peak at 370–500 ◦C to
the reduction of CoO to Co0 [52–54]. The spectrum of pure MnOx mainly consists of two
reducing peaks (300–350 ◦C and 400–450 ◦C) as well, which are attributed to the reduction of
highly-dispersed MnO2 and Mn3+ to Mn2+, respectively [40,54,55]. The internal reduction
temperatures of Co and Mn oxides are rather close, and thus it is difficult to thoroughly
split their respective reducing peaks apart [40,54]. The first peak of Mn0.05Co1 at 328 ◦C
can be assigned to the combined reduction of Co3+ and Mn4+ to Co2+ and Mn3+, the second
peak at 401 ◦C is attributed to the continuous combined reduction of Co2+ and Mn3+, while
the third peak at 503 ◦C is attributed to the reduction of Co2+ to Co0. When Mn is doped
into Co3O4, both the first and second reducing peaks of MnxCo1 (x = 0.025, 0.05, and 0.1)
are shifted to lower temperatures, indicating the improvement in the redox capacity, which
is beneficial for the CMC process. Combined with the previous results, we suggest that Mn
doping can increase the number of oxygen vacancies and active oxygen species, and the
oxygen mobility can be correspondingly enhanced, thus causing the reduction profiles to
shift to lower temperatures. However, when the Mn doping amount is further increased
from 5.0% to 10.0%, the areas of the reduction peaks decrease significantly, indicating
the decreased content of oxygen vacancies and surface active oxygen species, which is
consistent with the XPS results. The above results show that the redox capacity of Mn0.05Co1
can be improved by Mn doping, which can promote the redox cycles among the reducible
Mn–Co species.
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To further study the oxygen properties and verify the mobility of oxygen, O2-TPD
experiments of Co3O4 and MnxCo1 catalysts were performed, and the results are shown in
Figure 5. For all the samples, oxygen desorption peaks appeared at about 600 ◦C, which can
be attributed to lattice oxygen species released from the Co3O4 bulk [56,57]. Pure Co3O4 has
a small oxygen desorption peak with a center temperature of 667 ◦C. After doping a decent
amount of manganese into Co3O4, the desorption temperatures of the composite oxides
significantly decreased, indicating the improved oxygen mobility of MnxCo1. Moreover,
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Mn0.05Co1 exhibited the lowest O2 desorption temperature at 570 ◦C, then the desorption
temperature rose to 580 ◦C when the doping amount of manganese was further increased
to 0.1, demonstrating that active oxygen vacancies most easily formed on Mn0.05Co1, which
agrees with the XPS results. Based on the above investigations, it can be estimated that
the doping of Mn into the Co3O4 lattice facilitates the release of lattice oxygen at high
temperatures, and significantly enhances the redox capacities and oxygen mobility, which
is beneficial to promoting CMC activities.
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2.4. Catalytic Performance for Low-Concentration CH4 Combustion

The CMC catalytic activities of different catalysts were evaluated (Figure 6) including
Mn-doped Co3O4 with different doping amounts, pure Co3O4, and MnOx. The Mn doping
amounts in the Mn-Co3O4 samples were 2.5%, 5.0%, 10.0%, and 20.0%, respectively. As
shown in Figure 6a, among all of the tested catalysts, pure MnOx showed a low activity
for CMC, in which the temperature needed for 50% conversion of CH4 (T50) was over
408 ◦C. On the other hand, pure Co3O4 had good activity, in which T50 was about 333 ◦C,
indicating that in the whole system, Co3O4 plays a major role in CH4 catalytic oxidation.
When small amounts of Mn were doped into Co3O4, the low-concentration CMC catalytic
performances of the obtained Mn-Co3O4 samples were improved to a certain extent. When
the doping amount of Mn was increased from 2.5% to 20.0%, the catalytic activity first
increased and then decreased. When the doping amount of Mn increased to 20.0%, the
activity of Mn0.2Co1 was much lower than that of Co3O4, indicating that manganese is no
longer easily incorporated into the Co3O4 lattice to form a Mn–Co solid solution at this time,
but mainly exists in the form of aggregated Mn2O3 oxide, as shown in the XRD pattern
of Figure S3. From the experimental results, the Mn0.05Co1 catalyst with the Mn doping
amount of 5.0% had the best activity, in which T50 and T90 (the temperature needed for 90%
CH4 conversion) were 310 ◦C and 370 ◦C, respectively. It can be concluded that doping the
proper amount of Mn is beneficial to improving the catalytic performance of Co3O4.

To compare the catalytic activity differences of the samples more clearly, the temperatures
needed for 10%, 50%, and 90% CH4 conversion (T10, T50, and T90) of all the catalysts as
well as their reaction rates per unit area per second at 250 ◦C are summarized in Table 2.
The reaction rates per unit area per second of the relevant catalysts were calculated on
the activity data of a CH4 conversion lower than 20%. The Arrhenius equations for CMC
reactions of Co3O4, Mn0.025Co1, Mn0.05Co1, and Mn0.1Co1 catalysts were calculated according
to their reaction rates (Figure 6b). The apparent activation energy of CH4 oxidation was
determined by the slope of the Arrhenius equation, and for the above catalysts, the activation
energies were Mn0.1Co1 (109.2 ± 0.4 kJ·mol−1) > Co3O4 (102.1 ± 0.2 kJ·mol−1) > Mn0.025Co1
(97.2 ± 0.5 kJ·mol−1) > Mn0.05Co1 (88.4 ± 0.2 kJ·mol−1), which was consistent with the CMC
reaction results. This further proves that the Mn0.05Co1 catalyst with a small Mn doping
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amount had the highest catalytic activity. It can be concluded that the formation of the Mn–
Co solid solution and the increase in the redox pairs of the Co/Mn multi-valence ions can
effectively improve the oxygen mobility and increase oxygen vacancies. Although the specific
surface area of the Mn0.05Co1 catalyst increases due to manganese incorporation, the more
essential reasons for its performance enhancements were the higher oxygen mobility and
more oxygen vacancies.
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plots of the CH4 oxidation rates over the Co3O4 and MnxCo1 (x = 0.025, 0.05, 0.1) catalysts. (c) Stability
test and effect of 3 vol% steam on CH4 conversion over the Mn0.05Co1 catalyst at 370 ◦C. Reaction
conditions: 0.5 vol% CH4, 20 vol% O2, N2 as the balance gas. GHSV = 12,000 mL g−1 h−1.
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Table 2. Catalytic activities over the Co3O4, MnxCo1 (x = 0.025, 0.05, and 0.1), and MnOx catalysts.

Catalysts T10 (◦C) T50 (◦C) T90 (◦C) r 1 × 109 (mol·m−2·s−1)

Co3O4 269 333 395 1.57
Mn0.025Co1 262 321 379 1.63
Mn0.05Co1 250 310 370 2.14
Mn0.1Co1 269 328 385 0.66

MnOx 323 408 468 0.06
1 The feed gas was 0.5 vol% CH4 and 20 vol% O2/N2 at T = 250 ◦C.

On the other hand, the CMC stability test for the Mn0.05Co1 catalyst with the best
performance was carried out at 370 ◦C (Figure 6c). After continuous reaction for 100 h,
the CH4 conversion was maintained at above 85%, expressing good durability, which
provides the potential possibility for its application in the CH4 treatment industry. To
further investigate the water resistance, water vapor (3 vol%) was further introduced
after 50 h. The CH4 conversion of Mn0.05Co1 first decreased from 86.6% to 79% and then
fluctuated in the range of 76–78% for 25 h. When the vapor was evacuated, the activity
of the Mn0.05Co1 catalyst could be thoroughly recovered to the initial level, giving a CH4
conversion of 87.4% again, which could be maintained above 85% in the next 25 h of
operation. It was found that the methane conversion could quickly increase to the previous
level after stopping the water addition and still showed good stability. Based on the above
results, we can conclude that the introduction of steam had a certain effect on the CMC
reactivity of the Mn0.05Co1 sample, but this effect is reversible because its activity can be
recovered after the water is removed, illustrating that the Mn0.05Co1 catalyst has a certain
degree of water resistance.

2.5. In Situ DRIFTS Study

The CH4 adsorption processes at room temperature on the Mn0.05Co1 and Co3O4
catalysts over time were observed by in situ DRIFTS spectra (Figure 7a,b). The peaks at
3016 cm−1 and 1304 cm−1 were attributed to the C–H vibration of CH4, while the peak near
1613 cm−1 was attributed to the antisymmetric stretching vibrations of formates (HCO or
HCOO) [58–60]. For Mn0.05Co1, the formate species can be instantly well-observed after
introducing the CH4 stream for 1 min, while the intensities of the same peaks on Co3O4
are very weak, indicating that the CH4 molecules are more easily oxidized by the surface-
active lattice oxygen on the Mn0.05Co1 surface under O2-free circumstances, which obey
the fundamental properties of the MvK mechanism. Furthermore, the surface-active lattice
oxygen on Mn0.05Co1 is more reactive than that on Co3O4. For a more visual comparison of
the CH4 relative adsorption capacity, the peak signals of Mn0.05Co1 and Co3O4 after 15-min
of CH4 adsorption were compared under the same testing conditions after weighing the
same amount of samples accurately (Figure S4). Mn0.05Co1 had a higher maximum peak
intensity than Co3O4, suggesting that more CH4 was absorbed on Mn0.05Co1, which had a
higher surface CH4 adsorption capacity.

Moreover, the in situ DRIFTS spectra of the Mn0.05Co1 and Co3O4 catalysts with
a temperature rise in an atmosphere of 1% CH4 + O2 were characterized (Figure 7c,d)
to identify the intermediate species and their contents changed during CH4 oxidation.
For Mn0.05Co1, the peak at 1530 cm−1 was attributed to formates, while the peaks at
1373 cm−1, 1341 cm−1, and 1260 cm−1 were attributed to carbonates. For Co3O4, the
peak at 1530 cm−1 was attributed to formates, while the peaks at 1371 cm−1, 1341 cm−1,
and 1250 cm−1 were attributed to carbonates [59–61]. At low temperatures (100–350 ◦C),
a certain amount of formate and carbonate intermediates were detected for Mn0.05Co1,
while almost no intermediates were detected at the same temperature for Co3O4. Merely
a small number of formates and carbonates were detected on the Co3O4 surface with an
increase in temperature to 250 ◦C. On the other hand, at high temperatures (350–450 ◦C), the
intensity of the formate peak signals on the Mn0.05Co1 surface weakened as the temperature
increased, and due to the fast reaction depletion at 400 ◦C, the formate peaks almost
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disappeared. At the same time, the peaks at 2300–2400 cm−1 could be observed at 450 ◦C,
which were attributed to the C=O stretch of the vibration of gaseous CO2. This means
that the intermediates undergo rapid conversion and are more likely to further oxidize
into carbonates and the product CO2 on the Mn0.05Co1 surface [62]. The above results
indicate that Mn0.05Co1 has a stronger capacity for CH4 and O2 activation, assisting in the
production of intermediates and CO2. This is one of the significant reasons for the CMC
performance difference between the two catalysts.
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3. Materials and Methods
3.1. Catalyst Preparation

Basic cobalt carbonate ((CoCO3)2·[Co(OH)2]3·xH2O, 99%) was purchased from Sinopharm
(Shanghai, China). Manganese carbonate (MnCO3, 99%) was purchased from Aladdin (Shang-
hai, China). A series of improved catalysts of Mn-doped Co3O4 with different doping
amounts was synthesized by the solid-state reactions of basic cobalt carbonate and man-
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ganese carbonate. In the synthesis procedure, the scaled carbonate precursors were placed
in the grinding jar, in which the grinding media of zirconium oxide balls occupied a 1/3 of
the whole volume. The precursors were then ground and mixed at room temperature for 8 h
using a planetary ball mill at a speed of 200 rpm. The doping amount of Mn was adjusted
at the range of 2.5–20.0 mol% than that of Co. The obtained powder was dried overnight at
110 ◦C and then calcined at 550 ◦C for 4 h. The obtained mixture after calcination is denoted
as MnxCo1, in which x stands for the molar ratio of Mn/Co. The reference catalysts of pure
MnOx and Co3O4 samples were synthesized according to the same procedure using basic
cobalt carbonate and manganese carbonate, respectively.

3.2. Catalyst Characterizations

X-ray powder diffraction (XRD) was carried out on a Bruker AXS D8 diffractometer
(AXS D8, Bruker, Madison, WI, USA). The XRD spectra were obtained in the 2θ of 10–80◦

to identify the crystal structures of the calcinated samples. The micromorphology of the
catalysts was observed by field-emission scanning electron microscopy (FESEM) and high-
resolution transmission electron microscopy (HRTEM). FESEM images were obtained on a
Gemini 500 microscope (Gemini 500, Zeiss, Oberkochen, Ostalbkreis, Baden-Württemberg,
Germany) at a working voltage of 3 kV. HRTEM images were obtained on a Tecnai G2
F20 S-Twin microscope (Tecnai G2 F20 S-Twin, FEI, Waltham, MA, USA) at a working
voltage of 200 kV. The specific surface areas (SSA), pore volumes, and pore distributions
were characterized by nitrogen adsorption–desorption isotherms on a Quadrasorb evo
analyzer (Quadrasorb evo, Quantachrome, Boynton Beach, FL, USA). The pore structure
data were then calculated according to the Brunauer–Emmett–Teller (BET) equation and
the Barrett–Joyner–Halenda (BJH) model (Quadrasorb evo, Quantachrome, Boynton Beach,
FL, USA). X-ray photoelectronic spectroscopy (XPS) was carried out on a PHI 5000C
spectrometer (PHI 5000C, ULVCA-PHI, Chanhassen, MN, USA) to identify the surface
element composition, valence states, and content of the catalysts. The reductivity and
oxygen mobility of the catalysts were characterized by hydrogen temperature-programmed
reduction (H2-TPR) and oxygen temperature-programmed desorption (O2-TPD) on a
ChemiSorb 2720 automatic multi-purpose adsorption instrument (Auto Chem II 2720,
Micromeritics, Norcross, GA, USA). Before the H2-TPR experiments, the 40–60-mesh
sample of 100 mg was filled in a quartz tube and pretreated under helium (flow rate
30 mL·min−1) at 200 ◦C for 2 h (heating rate 10 ◦C·min−1). The sample was then cooled to
room temperature under a helium atmosphere. After that, the sample was heated under
10% H2/Ar to 800 ◦C (heating rate 10 ◦C·min−1), during which the curve was recorded.
In the O2-TPD experiments, the 40–60-mesh sample of 100 mg was pretreated under 5%
O2/He (flow rate 30 mL·min−1) at 300 ◦C for 1 h (heating rate 10 ◦C·min−1). After that,
the sample was purged using helium for 0.5 h at 300 ◦C and then heated to 800 ◦C with
a heating rate of 10 ◦C·min−1, during which the curve was recorded. In situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) was carried out on
a Nicolet 6700 spectrometer (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA).
Before the experiments, the catalyst was pretreated at 300 ◦C for 1 h and cooled to 30 ◦C
under helium to obtain the background spectrum. The pre-obtained background spectrum
at the respective temperature was deducted in the following adsorption/desorption and
transient reaction experiments.

3.3. Evaluation of the Catalytic Performance

To evaluate the catalytic activity for the CMC reaction at atmospheric pressure, CMC
catalytic experiments toward low-concentration CH4 were carried out on a fixed-bed
reactor. The as-made powder was tablet pressed and sieved (40–60 mesh), and 200 mg of
the obtained particles were packed in a quartz tube (inner diameter 4.5 mm). The total flow
rate of the feeding gas (0.5 vol% CH4, and 20 vol% O2 with N2 balanced) was 40 mL·min−1,
and the gas hourly space velocity (GHSV) was 12,000 mL g−1 h−1. The reaction products
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were detected and analyzed online by the FTD detector of a Thermo trace GC Ultra gas
chromatography. The CH4 conversion (XCH4 ) was calculated by the following formula:

XCH4(%) =
[CH4]in − [CH4]out

[CH4]in
× 100% (1)

where [CH4]in and [CH4]out are the inlet and outlet CH4 concentrations at the steady
state, respectively.

The CMC reaction rates per unit area per second of the catalysts can be calculated by
the following formulas:

r
(

mol ·m−2 · s−1
)
=

XCH4 · q · [CH4]in
Vm ·W · S

(2)

ln r =
−Ea

RT
+ C (3)

where q, Vm, W, S, Ea, R, and T are the volume flow rate (40 mL·min−1), the standard molar
volume of gases (22.4 mL·mmol−1), catalyst mass (0.2 g), SSA of the catalyst (m2·g−1), acti-
vation energy (kJ·mol−1), universal gas constant (8.314 J·mol−1·K−1), and thermodynamic
temperature (K), respectively.

4. Conclusions

In summary, a series of Mn-Co3O4 catalysts with different Mn doping amounts syn-
thesized by a solid-state method was applied for catalytic methane combustion. The XRD
and XPS results revealed that the formation of a Co–Mn solid solution could introduce
more crystal defects and oxygen vacancies, inducing higher surface concentrations of
Co2+ and active oxygen species. The study of H2-TPR and O2-TPD analysis indicated the
enhancement in redox capacity and oxygen mobility due to more active oxygen vacancies.
Compared with the pure Co3O4, the Mn0.05Co1 sample exhibited superior catalytic per-
formance in low-concentration methane combustion. The T50 and T90 of Mn0.05Co1 were
310 and 370 ◦C, respectively, which is outstanding as a transition metal catalyst compared
with other components. Furthermore, the Mn0.05Co1 catalyst also possessed good stability
and water resistance (3 vol% steam). In situ DRIFTS results confirmed that Mn0.05Co1
held stronger capabilities for CH4 adsorption and provided more abundant active oxygen
species for the reaction, which helped to improve the reaction rates and catalytic perfor-
mance. It can be concluded that the Mn0.05Co1 catalyst not only had a lower cost than noble
metal materials, but also had a good performance in the catalytic combustion reaction of
low-concentration methane, making it of great research value and industrial application
potential. Based on these results, we propose an effective strategy to develop promising
high-performance non-noble metal catalysts for low-concentration methane combustion.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13030529/s1, Figure S1: N2 adsorption–desorption isotherms
of Co3O4, MnxCo1 (x = 0.025, 0.05, and 0.1) and the MnOx catalysts; Figure S2: Pore size distribution
profiles of (A) Co3O4, (B) Mn0.025Co1, (C) Mn0.05Co1, (D) Mn0.1Co1, and (E) MnOx catalysts (Method:
BJH desorption); Figure S3: The XRD spectra of the Mn0.2Co1 catalyst; Figure S4: In situ DRIFTS
spectra of the M0.05Co1 and Co3O4 catalysts after CH4 adsorption for 15 min.
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Abstract: The use of visible-light-driven photocatalysts in wastewater treatment, photoreduction of
CO2, green solar fuels, and solar cells has elicited substantial research attention. Bismuth oxyhalide
and its derivatives are a group of visible-light photocatalysts that can diminish electron–hole recombi-
nation in layered structures and boost photocatalytic activity. The energy bandgap of these photocata-
lysts lies in the range of visible light. A simple hydrothermal method was applied to fabricate a series
of bismuth oxychloride/bismuth oxyiodide/grafted graphitic carbon nitride (BiOmCln/BiOpIq/g-
C3N4) sheets with different contents of g-C3N4. The fabricated sheets were characterized through
XRD, TEM, SEM-EDS, XPS, UV-vis DRS, PL, and BET. The conversion efficiency of CO2 reduction to
CH4 of BiOmCln/BiOpIq of 4.09 µmol g−1 can be increased to 39.43 µmol g−1 by compositing with
g-C3N4. It had an approximately 9.64 times improvement. The photodegradation rate constant for
crystal violet (CV) dye of BiOmCln/BiOpIq of k = 0.0684 can be increased to 0.2456 by compositing
with g-C3N4. It had an approximately 3.6 times improvement. The electron paramagnetic resonance
results and the quenching effects indicated that 1O2, •OH, h+, and •O2

− were active species in the
aforementioned photocatalytic degradation. Because of their heterojunction, the prepared ternary
nanocomposites possessed the characteristics of a heterojunction of type II band alignment.

Keywords: composites; photocatalysis; BiOmCln; BiOpBrq; g-C3N4; CO2 reduction

1. Introduction

Semiconductor photocatalysis is an effective green technology because it can com-
pletely decompose environmental pollutants under mild conditions. The applications
of semiconductor photocatalysts have elicited much scholarly attention for use in the
treatment of organic pollutants because these photocatalysts can transform solar energy
into chemical energy [1]. In addition, photocatalysts can also be used in the reduction of
CO2 and/or the construction of solar cells [2–6]. Since Fujishima and Honda reported the
photocatalytic decomposition of water on the surface of TiO2, TiO2 has been widely studied
to degrade pollutants or decompose water. However, the wide band gap (3.0–3.2 eV) of
TiO2 limits its application range [7]. Because the band gap in this range can only be applied
to UV light with a small energy proportion in solar energy for photocatalysis, if the band
gap can be reduced to below 2.5 eV, visible light can also be applied for photocatalysis,
which accounts for a larger proportion of solar energy, and can be used more effectively.

Many semiconductor photocatalysts have been developed, including TiO2, Fe2O3,
CuO, and BiOX (X = I, Br, Cl). In particular, BiOX photocatalysts have drawn much research

227



Catalysts 2023, 13, 522

interest due to their unique electronic structure [8–11]. Bismuth oxychloride (BiOCl) was
first discovered in the early 19th century, and other bismuth oxyhalides (e.g., BiOF, BiOBr,
and BiOI) have been discovered since then. BiOX crystals contain a layered structure of
[Bi2O2]2+, which results in them having highly asymmetric electrical, magnetic, and optical
properties; thus, BiOX is frequently used in industrial chemicals, such as pharmaceuticals,
pigments, and organic catalysts [12,13]. In BiOX crystals, four X and four O atoms surround
each Bi atom to form a uniform asymmetric decahedral geometric structure [12]. [Bi2O2]2+

has a strong covalent bond, which connects to the [X]− layer through the van der Waals
force along the c-axis direction. Weak van der Waals forces and strong covalent bonds lead
to the formation of layered structures. Xnp (n = 3, 4, and 5 corresponding to X = Cl, Br, and
I, respectively) and O2p occupy the top of the valence band of BiOX, and Bi6P occupies the
conduction band of BiOX [14]. Due to the unique atomic structure of BiOX, it has inherently
superior photocatalytic properties. However, many bottlenecks must still be overcome to
improve its performance in practical applications.

BiOX with the aforementioned compositions is a heterogeneous compound. There are
heterojunctions between BiOmCln/BiOpIq and g-C3N4. The first study to use g-C3N4 as
a nonmetallic visible-light photocatalyst was published in 2008 [15]. However, because
of the high electron–hole recombination rate of g-C3N4, its degradation efficiency is low;
therefore, many studies have been conducted on composite photocatalysts containing
g-C3N4 [16,17]. Studies have reported that heterojunctions associated with perovskite ma-
terials, including Bi2SiO5-g-C3N4 [18], SrFeO3-g-C3N4 [19], BiOI-g-C3N4 [20], PbBiO2Br/g-
C3N4 [21], PbBiO2I/Bi5O7I/g-C3N4 [22], and PbBiO2Br/PbO/g-C3N4 [23], exhibit high
photocatalytic activity.

When two or more different band gap photocatalysts are combined together, the
heterojunction between their interfaces often has a synergistic effect on their photocatalysis.
Many scholars have conducted a lot of research on this phenomenon in the past ten
years. For example, Li et al. proposed the concept of a heterostructure of type II band
alignment [22,24–26]. In addition, there are also newer descriptions of Z-scheme and
S-scheme effects in the literature by Wang et al. [27], Xu et al. [28], and Wang et al. [29].

This study synthesized a BiOpClg/BiOxIy compound and composited BiOpClg/BiOxIy
with g-C3N4 to separate photogenerated electron holes for achieving enhanced photocat-
alytic activity. The synthesized and composited photocatalyst materials were studied for
the reduction of CO2 to CH4 and the degradation of CV dyes. At the same time, some dis-
cussions were made on the photocatalytic mechanism of prepared ternary nanocomposites.

2. Results and Discussion
2.1. Characterization of the Produced BiOmCln/BiOpIq/g-C3N4 Composites

The crystal phases of the 40 samples produced in this study were controlled by varying
the sample synthesis ratio, solution pH, and reaction temperature. The hydrothermal time
was 12 h; the molar ratio of Cl: I was 1:2 or 2:1; the solution pH was 1, 4, 7, 10, or 13;
the reaction temperature was 100, 150, 200, or 250 ◦C. Table 1 presents the codes of the
prepared samples.

2.1.1. XRD Analysis

XRD analysis was conducted to identify the compounds present in the synthesized
samples. Each compound has a unique diffraction spectrum, and an analysis of the
diffraction spectrum of a sample can indicate its composition.

Figure 1 shows that materials with different weight percentages of g-C3N4 (0, 2, 5, 10,
12, 15, 18, 20, and 55 wt%) were composited with the compound at a reaction temperature of
150 ◦C in 4 h. The synthesized samples were used to degrade CV dye to identify the catalyst
with the highest degradation efficiency after electron–hole recombination. The XRD results
of the BC1I2-250-4 sample agreed with those of Bi3O4Cl (diffraction peaks at 2θ values of
approximately 9.5◦, 24.0◦, 29.1◦, 29.7◦, 31.4◦, 41.6◦, and 45.2◦), BiOCl (diffraction peaks at 2θ
values of approximately 12.0◦, 24.1◦, 25.9◦, 32.5◦, 33.5◦, 40.9◦, 46.7◦, 49.7◦, 54.1◦, 55.1◦, and
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58.6◦), BiOI (diffraction peaks at 2θ values of approximately 9.7◦, 29.7◦, 31.7◦, 45.5◦, 51.3◦,
and 55.3◦), Bi4O5I2 (diffraction peaks at 2θ values of approximately 29.6◦, 31.6◦, 37.0◦, 37.3◦,
39.3◦, 45.4◦, 51.3◦, and 55.1◦), and Bi4O5I2 (diffraction peaks at 2θ values of approximately
7.2◦, 24.0◦, 31.3◦, 32.03◦, 33.88◦, 35.5◦, 40.5◦, and 41.1◦). Thus, the aforementioned sample
contains a crystalline phase comprising Bi3O4Cl, BiOI, BiOCl, Bi4O5Cl2, and Bi4O5I2. Pure
g-C3N4 has a relatively strong diffraction peak at 27◦. Small quantities of g-C3N4 were
added into the samples, and the strength of the samples decreased with decreases in the
weight percentage of the added g-C3N4. The aforementioned result verified the successful
synthesis of heterogenous composite catalysts containing g-C3N4 in this study.

Table 1. Codes of the BiOmCln/BiOpIq samples produced under various reaction temperatures,
different pH values, two KCl:KI molar ratios, and a reaction time of 12 h.

Molar Ratio (Cl:I = 1:2)

pH
Temperature (◦C)

100 150 200 250

1 B1C1I2-1-100-12 B1C1I2-1-150-12 B1C1I2-1-200-12 B1C1I2-1-250-12
4 B1C1I2-4-100-12 B1C1I2-4-150-12 B1C1I2-4-200-12 B1C1I2-4-250-12
7 B1C1I2-7-100-12 B1C1I2-7-150-12 B1C1I2-7-200-12 B1C1I2-7-250-12
10 B1C1I2-10-100-12 B1C1I2-10-150-12 B1C1I2-10-200-12 B1C1I2-10-250-12
13 B1C1I2-13-100-12 B1C1I2-13-150-12 B1C1I2-13-200-12 B1C1I2-13-250-12

Molar Ratio (Cl:I = 2:1)

pH
Temperature (◦C)

100 150 200 250

1 B1C2I1-1-100-12 B1C2I1-1-150-12 B1C2I1-1-200-12 B1C2I1-1-250-12
4 B1C2I1-4-100-12 B1C2I1-4-150-12 B1C2I1-4-200-12 B1C2I1-4-250-12
7 B1C2I1-7-100-12 B1C2I1-7-150-12 B1C2I1-7-200-12 B1C2I1-7-250-12
10 B1C2I1-10-100-12 B1C2I1-10-150-12 B1C2I1-10-200-12 B1C2I1-10-250-12
13 B1C2I1-13-100-12 B1C2I1-13-150-12 B1C2I1-13-200-12 B1C2I1-13-250-12

Catalysts 2023, 13, x  4 of 25 
 

 

 
Figure 1. X-ray diffraction (XRD) patterns of the BiOmCln/BiOpIq/g-C3N4 samples with g-C3N4 con-
tents of 2%, 5%, 10%, 12%, 15%, 18%, 20%, and 55% that were prepared under a KCl:KI molar ratio 
of 1:2, a hydrothermal temperature of 250 °C, a pH of 4, and a reaction time of 12 h. 

2.1.2. SEM and TEM 
SEM and TEM mainly detect the morphology of samples. With the aid of their acces-

sory equipment, functions such as detecting EDS, HR-TEM, and SAED can be added to 
determine the element composition and crystallinity of the sample. There are a lot of stud-
ies in the literature using SEM and TEM to detect the material properties of the bismuth 
oxyhalide photocatalyst [30–35]. With the different operating conditions for the synthesis 
of bismuth oxyhalide, the crystalline and morphology of the synthesized samples will also 
be different. 

Figure 2a displays the bright-field TEM image of the BC1I2-4-250-g-C3N4-20% sam-
ple. The light part of this image represents g-C3N4 and the dark part of this image repre-
sents BiOCl and BiOI. The image analysis of the aforementioned composite indicated that 
BiOmCln/BiOpIq was embedded in the sheet structure of g-C3N4. This phenomenon has sim-
ilar results to BiOBr/g-C3N4 [34]. It showed that g-C3N4 coats other substances to become 
a wrinkled two-dimensional structure. When C3N4 belongs to an amorphous structure, it 
becomes difficult to see the state of encapsulation [33]. Figure 2b depicts the HR-TEM 
image of the aforementioned sample. TEM and XRD analyses indicate that BC1I2-250-4-
g-C3N4-20% was mainly composed of BiOCl (d = 0.368 nm) and BiOI (d = 0.281 nm). The 
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Figure 1. X-ray diffraction (XRD) patterns of the BiOmCln/BiOpIq/g-C3N4 samples with g-C3N4
contents of 2%, 5%, 10%, 12%, 15%, 18%, 20%, and 55% that were prepared under a KCl:KI molar
ratio of 1:2, a hydrothermal temperature of 250 ◦C, a pH of 4, and a reaction time of 12 h.
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2.1.2. SEM and TEM

SEM and TEM mainly detect the morphology of samples. With the aid of their
accessory equipment, functions such as detecting EDS, HR-TEM, and SAED can be added
to determine the element composition and crystallinity of the sample. There are a lot of
studies in the literature using SEM and TEM to detect the material properties of the bismuth
oxyhalide photocatalyst [30–35]. With the different operating conditions for the synthesis
of bismuth oxyhalide, the crystalline and morphology of the synthesized samples will also
be different.

Figure 2a displays the bright-field TEM image of the BC1I2-4-250-g-C3N4-20% sample.
The light part of this image represents g-C3N4 and the dark part of this image repre-
sents BiOCl and BiOI. The image analysis of the aforementioned composite indicated that
BiOmCln/BiOpIq was embedded in the sheet structure of g-C3N4. This phenomenon has
similar results to BiOBr/g-C3N4 [34]. It showed that g-C3N4 coats other substances to
become a wrinkled two-dimensional structure. When C3N4 belongs to an amorphous
structure, it becomes difficult to see the state of encapsulation [33]. Figure 2b depicts the
HR-TEM image of the aforementioned sample. TEM and XRD analyses indicate that BC1I2-
250-4-g-C3N4-20% was mainly composed of BiOCl (d = 0.368 nm) and BiOI (d = 0.281 nm).
The aforementioned result is the result of comparing the HR-TEM image and the JCPDS
crystallization parameters of XRD. This is good evidence for the crystallization condition
of the sample. Figure 2c presents the SAED pattern of this sample. The light spots were
arranged in an aperture; therefore, the aforementioned sample was speculated to have
a polycrystalline nature, and from the comparison of the pattern with XRD results, it
can be proved that the samples in the figure correspond to BiOCl (110) and BiOI (002),
respectively. Compared with the result of [34], the crystallinity of our sample is slightly
inferior to [34]. Figure 2d illustrates the EDS results of BC1I2-4-250-g-C3N4-20%, with
the ratio of each element being presented in the inset. The EDS results indicated that the
aforementioned sample contained Bi, Cl, I, O, C, and N, which evinced the successful
synthesis of BC1I2-4-250-g-C3N4-20%.
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2.1.3. Analysis of XPS Spectra

In XPS, X-rays are used to excite electrons in the inner shells of atoms for quantitatively
analyzing the electronic and chemical states of the elements in a material. Therefore, this
method is also called electron spectroscopy for chemical analysis (ESCA). The electronic
transition state in the principal quantum orbital can be quantitatively analyzed using XPS,
and the electronic transition state in the angular quantum orbital can be examined through
the deconvolution of the XPS spectrum. XPS also indicates whether the bonding energy
of a substance has changed. An X-ray photoelectron spectrometer can be used to analyze
the valence state and configuration of a sample. Moreover, the elemental composition of
a sample can be determined from its XPS spectrum. Figure 3a displays the complete XPS
spectra of BC1I2-250-4 and BC1I2-250-4-g-C3N4-20%. As depicted in the aforementioned
figure, the photoelectrons used in XPS excited the I 3p, Bi 4p, I 3d, O 1s, Bi 4f, Bi 4d, N 1s,
C 1s, Cl 2p, Bi 4f, I 4d, O 2s, and Bi 5d energy levels of the aforementioned samples. Our
lab has performed XPS analysis on BiOxCly/BiOmBrn/g-C3N4 and determined its XPS
pattern [31].

Figure 3b displays the Bi 4f diagram of BC1I2-250-4 and BC1I2-250-4-g-C3N4-20%. In
this figure, peaks representing Bi3+ were located at 158.3 and 163.6 eV and the character-
istic peak positions representing Bi+3−x were located at 155.9 and 161.3 eV. By contrast,
Bi+3−x peaks were not observed in [31]. Subtle differences existed in the bonding elec-
tronic configurations of Bi in BiOmCln/BiOpIq and BiOxCly/BiOmBrn. However, the same
trend was observed in the right displacement caused by the addition of g-C3N4 for both
aforementioned composites. The aforementioned result was obtained because when Bi
was partially synthesized with the iodine element using a high-pressure hydrothermal
method, it would be reduced to a low valence state that corresponds to the signals of the
4d3/2, 4d5/2, 4f5/2, 4f7/2, and 5d states. Figure 3c shows the O1s peaks of BC1I2-250-4
and BC1I2-250-4-g-C3N4-20%. The full-width at half-maximum (FWHM) of Bi+3-O was
0.9863–1.1920 eV, and the FWHM of Bi+3−x-O was 1.7639–2.6427 eV. The BiOxCly/BiOmBrn
spectrum obtained in [31] contained only a single peak, whereas the BiOmCln/BiOpIq spec-
trum obtained in this study contained two peaks. This observation was probably because
the splitting of Bi into two valence states, namely Bi+3 and Bi+3−x, results in the splitting of
O into two valence states. Figure 3d presents the N1s diagram of g-C3N4 and BC1I2-250-4-
g-C3N4-20%. The FWHM of C=NC was 1.1464–1.1773 eV, and the FWHM of N-(C)3 and
HN-(C)2 was 1.9754–2.133 eV. These results are consistent with those obtained in [31]. Thus,
both BiOmCln/BiOpIq and BiOxCly/BiOmBrn can be composited with g-C3N4. Figure 3e
displays the Cl 2p narrow spectrum of BC1I2-250-4 and BC1I2-250-4-g-C3N4-20%, whose
Cl 2p peaks were located at 196.8 and 198.7 eV, respectively, which corresponded to 2p3/2
and 2p1/2. The aforementioned peaks are the characteristic peaks of Cl, which agrees with
the results of [31]. Figure 3f illustrates the C 1s narrow spectra of BC1I2-250-4-g-C3N4-20%
and g-C3N4. The C1s spectrum of BC1I2-250-4-g-C3N4-20% exhibited two peaks that corre-
sponded to binding energies of approximately 284.4 and 287.8 eV. This result agrees with
that in [31]. As displayed in Figure 3g, the binding energy of the characteristic positions
of I was 617.8–629.7 eV, with the binding energies of 617.8 and 629.7 eV corresponding
to I3d5/2 and I3d3/2. This result is in line with those obtained in previous studies for the
BiOxIy [36] and BiOxCly/BiOmBrn/BiOpIq [32] composites. A system containing I in the
form of PbBiO2I/Bi5O7I/g-C3N4 has a complex but consistent peak distribution in [22].

2.1.4. UV–Vis DRS Analysis

The energy bandgaps (Eg) of the samples were calculated from the data obtained
using UV–vis DRS and the Tauc plot method [14,37]. Some of the results and discussion
of this work are shown in the Supplementary Materials. All Eg were in the visible light
range (400 nm < λ < 700 nm, or 1.77 eV < Eg < 3.1 eV). Therefore, it can be expected that
the photocatalysts of this work are promising to utilize most of the energy of sunlight
for photocatalysis.
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Figure 3. High-resolution X-ray photoelectron spectroscopy spectra of the BiOmCln/BiOpIq/g-C3N4-
20% photocatalyst prepared under a KCl:KI molar ratio of 1:2, a hydrothermal temperature of 250 
°C, a pH of 4: (a) complete survey, (b) Bi-4f, (c) O-1s, (d) N-1s, (e) Cl-2p, (f) C-1s, and (g) I-3d spectra. 
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Figure 3. High-resolution X-ray photoelectron spectroscopy spectra of the BiOmCln/BiOpIq/g-C3N4-
20% photocatalyst prepared under a KCl:KI molar ratio of 1:2, a hydrothermal temperature of 250 ◦C,
a pH of 4: (a) complete survey, (b) Bi-4f, (c) O-1s, (d) N-1s, (e) Cl-2p, (f) C-1s, and (g) I-3d spectra.

Figure 4 displays the UV–vis spectra of BiOmCln/BiOpIq/g-C3N4 samples with 2%,
5%, 10%, 12%, 15%, 18%, 20%, and 100% g-C3N4 under a pH of 4 and a hydrothermal
temperature of 250 ◦C. The aforementioned figure indicates that the sample color changed
from orange to yellow as the g-C3N4 content in the samples increased; specifically, with
such an increase from 0% to 10%, the absorption peak of the sample moved to the left and
deviated from the visible light region. However, when the content of g-C3N4 increased to
20%, the absorption peak moved to the right. Thus, the addition of g-C3N4 considerably
affected the absorption peaks in the DRS spectra. Similar results were observed in [6] for
BC1B1I1 when graphene oxide was added to it. The formation of a heterojunction by using
two photocatalysts in different ratios considerably affects the energy bandgap of a material.
The Eg values of B1C1I2-250-4-g-C3N4-15%, B1C1I2-250-4-g-C3N4-18%, and B1C1I2-250-4-
g-C3N4-20% (2.03, 1.89, and 2.01 eV, respectively) were less than that of g-C3N4 (2.71 eV).
This result indicates that the prepared photocatalysts containing g-C3N4 can absorb more
visible light than can pure g-C3N4.
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Figure 4. UV–vis absorption spectra of BiOmCln/BiOpIq/g-C3N4 photocatalysts with different g-
C3N4 contents that were prepared under a KCl:KI molar ratio of 1:2, a hydrothermal temperature 
of 250 °C, and a pH of 4: (a) photocatalysts with g-C3N4 contents of 2%, 5%, 10%, and 12%; (b) 
photocatalysts with g-C3N4 contents of 15%, 18%, and 20%. 
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the results of PL spectroscopy. As displayed in Figure 5, the electron–hole recombination 
rates of the uncomposited samples were lower than those of the composited samples. The 
scanning range of the spectrum was 350–600 nm, and the excitation wavelength of 300 nm 
was used. The electron–hole recombination rate of pure g-C3N4 was higher than those of 
all the uncomposited samples, and BC1I2-250-4-g-C3N4-20% had a lower electron–hole re-
combination rate than pure g-C3N4 did. 

Figure 4. UV–vis absorption spectra of BiOmCln/BiOpIq/g-C3N4 photocatalysts with different
g-C3N4 contents that were prepared under a KCl:KI molar ratio of 1:2, a hydrothermal temperature
of 250 ◦C, and a pH of 4: (a) photocatalysts with g-C3N4 contents of 2%, 5%, 10%, and 12%;
(b) photocatalysts with g-C3N4 contents of 15%, 18%, and 20%.

2.1.5. PL Analysis

We used a photo-excited fluorescence spectrometer (PL) to determine the electron–
hole recombination rate of the samples because the hydroxyl radicals and oxygen radicals
required for photocatalysis originated from the reduction and oxidation of electrons and
holes in the photocatalysts. When the electron–hole recombination rate is excessively high,
the generation rates of hydroxyl radicals and superoxide radicals affect the photocatalytic
efficiency [38]. Therefore, the photocatalytic efficiency can be determined from the results
of PL spectroscopy. As displayed in Figure 5, the electron–hole recombination rates of the
uncomposited samples were lower than those of the composited samples. The scanning
range of the spectrum was 350–600 nm, and the excitation wavelength of 300 nm was
used. The electron–hole recombination rate of pure g-C3N4 was higher than those of
all the uncomposited samples, and BC1I2-250-4-g-C3N4-20% had a lower electron–hole
recombination rate than pure g-C3N4 did.
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Pure g-C3N4 exhibited the highest electron–hole recombination rate in this study.
Therefore, when electrons and holes were generated in pure g-C3N4 through photocatalysis,
they recombined quickly. Consequently, free radicals that react with CV could not form.
However, low electron–hole recombination rates were observed in samples with 0 wt%
g-C3N4 (i.e., C1I2-250-1, C1I2-250-4, C1I2-250-7, and C1I2-250-13). The aforementioned
result can be attributed to two possibilities: (1) the generated electrons and holes formed
free radicals to react with CV, so the recombination of electron holes was very weak; (2) the
generated electrons and holes were few in number; therefore, there was no recombination
of electrons and holes.

The CV photodegradation efficiency of the samples with 20 wt% g-C3N4 was greater
than that of the sample with pure g-C3N4 and those of the B1C1I2-250-1, B1C1I2-250-4,
B1C1I2-250-7, and B1C1I2-250-13 samples because the numbers of electrons and holes
generated through photocatalysis and the electron–hole recombination rate were higher in
the samples with 20 wt% g-C3N4, which reached the better and more appropriate state.

2.1.6. BET Analysis

The nitrogen gas content in and nitrogen adsorption–desorption isotherm of the
BiOmCln/BiOpIq/g-C3N4-20% sample were used to calculate its pore volume and BET-
specific surface area, respectively. As the BET-specific surface area increased, the reaction
area on the sample surface increased, which affected the reaction rate. As displayed in
Figure 6, the nitrogen adsorption–desorption isotherm of the aforementioned sample was
a type IV isotherm with an H3 hysteresis loop [39–42] (as defined by the International Union
of Pure and Applied Chemistry). The hysteresis loop of this isotherm (P/P0 > 0.8) indicates
that the aforementioned sample contained mesopores (size = 2–50 nm) and macropores
(size ≥ 50 nm). Using the Barrett–Joyner–Halenda method, we computed the BET-specific
surface area to be 17.4356 m2/g and the average pore size to be 27.76 nm. [43]
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Figure 6. (a) Nitrogen adsorption–desorption isotherms and (b) the corresponding pore-size distribu-
tion curve (inset) for BiOmCln/BiOpIq/g-C3N4−20% photocatalyst prepared under a KCl:KI molar
ratio of 1:2, a hydrothermal temperature of 250 ◦C, and a pH of 4.

Samples with appropriate pore sizes and a large specific surface area contain numerous
surface activation sites, which promote product and reactant transfer. An appropriate pore
size and large specific surface area can result in high electron–hole separation and a high
photoenergy yield, which result in improved photocatalysis.

2.2. Photocatalytic Activity
2.2.1. Photocatalytic Reduction of CO2

The application of semiconductor photocatalysts in carbon dioxide reduction, water
splitting, and nitrogen fixation is an important topic at present. The mechanism for the
above applications is that semiconductor photocatalysts have a tunable solar absorption
range to support photo-excited electrons to reach feasible reduction potentials for the above
applications [44–46]. Despite various strategies including the semiconductor heterojunction,
heteroatom doping, defect engineering, new semiconductor synthesis, and morphology
control that have been used to improve the segregation performance of photogenerated
charges, the photocatalytic design to achieve efficient reduction, splitting, and fixation of
extremely stable CO2, H2O, and N2 is still very challenging [47–49]. Generally, it is very
difficult for a single catalyst to generate a sufficient number of photogenerated electrons
or active species for CO2 conversion, so the photocatalytic CO2 reduction efficiency of the
single catalyst is generally poor. Furthermore, it is also a challenge to utilize visible light or
solar radiation and achieve efficient charge separation and robust redox capabilities [50,51].

Figure 7 shows the results of CO2 reduction by B1C1I2, B1C1I2/g-C3N4, and g-C3N4. This
result shows that the CO2–CH4 conversion efficiency of the composite B1C1I2/g-C3N4 was
much better than those of the individual B1C1I2 and g-C3N4. The conversion efficiency of CO2
reduction to CH4 of BiOmCln/BiOpIq of 4.09 µmol g−1h−1 can be increased to 39.43 µmol g−1

by compositing with g-C3N4. It had an approximately 9.64 times improvement.

236



Catalysts 2023, 13, 522Catalysts 2023, 13, x  12 of 25 
 

 

 
Figure 7. Photocatalytic reduction of CO2 as a function of irradiation time over B1C1I2, B1C1I2/g-
C3N4, and g-C3N4. 

2.2.2. Photocatalytic Degradation of CV 
The photocatalytic effects of photocatalysts are key to the degradation of organic pol-

lutants. In this study, CV dye was degraded using the prepared samples under different 
conditions to investigate their photocatalytic degradation effects. Moreover, the sample 
with the best photocatalytic degradation effect was identified. As displayed in Figure 8, 
the signal intensity of CV at 591 nm gradually weakened when it was degraded by using 
the prepared samples; thus, CV was successfully degraded by these samples. The original 
maximum absorption peak of CV dye was at 591 nm; however, the spectrum of this dye 
exhibited a hypsochromic shift as the irradiation time increased. CV may have undergone 
a structural change, which also indicates that this dye was successfully degraded by the 
prepared photocatalyst samples [52,53]. Jiang et al. [54] and Liao et al. [55] detailed the 
mechanism underlying the photocatalytic degradation of CV under visible-light irradia-
tion. The aforementioned authors have indicated that photocatalysis enables CV dyes to 
form N-demethylated intermediates. Moreover, the conjugated chromophores of CV dyes 
can be cleaved through BiOmCln/BiOpIq/g-C3N4 photocatalysis [53]. 

 
Figure 8. Temporal variations in the UV–vis adsorption of the aqueous BiOmCln/BiOpIq/g-C3N4-
20% photocatalyst prepared under a KCl:KI molar ratio of 1:2, a hydrothermal temperature of 250 
°C, and a pH of 4 during the photocatalytic degradation of CV on the photocatalyst under visible-
light irradiation. 

Figure 7. Photocatalytic reduction of CO2 as a function of irradiation time over B1C1I2, B1C1I2/g-
C3N4, and g-C3N4.

2.2.2. Photocatalytic Degradation of CV

The photocatalytic effects of photocatalysts are key to the degradation of organic
pollutants. In this study, CV dye was degraded using the prepared samples under different
conditions to investigate their photocatalytic degradation effects. Moreover, the sample
with the best photocatalytic degradation effect was identified. As displayed in Figure 8,
the signal intensity of CV at 591 nm gradually weakened when it was degraded by using
the prepared samples; thus, CV was successfully degraded by these samples. The original
maximum absorption peak of CV dye was at 591 nm; however, the spectrum of this dye
exhibited a hypsochromic shift as the irradiation time increased. CV may have undergone
a structural change, which also indicates that this dye was successfully degraded by the
prepared photocatalyst samples [52,53]. Jiang et al. [54] and Liao et al. [55] detailed the
mechanism underlying the photocatalytic degradation of CV under visible-light irradiation.
The aforementioned authors have indicated that photocatalysis enables CV dyes to form
N-demethylated intermediates. Moreover, the conjugated chromophores of CV dyes can be
cleaved through BiOmCln/BiOpIq/g-C3N4 photocatalysis [53].
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Figure 8. Temporal variations in the UV–vis adsorption of the aqueous BiOmCln/BiOpIq/g-C3N4-20%
photocatalyst prepared under a KCl:KI molar ratio of 1:2, a hydrothermal temperature of 250 ◦C, and a pH
of 4 during the photocatalytic degradation of CV on the photocatalyst under visible-light irradiation.
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Figure 9 presents the CV degradation efficiency diagram of BiOmCln/BiOpIq for a Cl:I
ratio of 1:2, a hydrothermal temperature of 250 ◦C, and different pH values. The degraded
pollutant in this study was 100 mL of 10 ppm of CV dye. By using relevant first-order
kinetic equations ((dCt/dt) = kCt and ln(C0/Ct) = kt, where Ct is concentration of the CV dye
at time t and k is the reaction rate constant), we determined the k and R2 values for different
pH values. Specifically, for the pH values of 1, 4, 7, 10, and 13, the k values were 0.017,
0.068, 0.035, 0.033, and 0.015 h−1, respectively, and the R2 values were above 0.90 (Table 2),
BiOmCln/BiOpIq had a superior photocatalytic degradation effect at a pH of 4. It was also
found from the literature that under similar synthesis conditions, a Cl: I (or Br) ratio of 1:2,
a hydrothermal temperature of 250 ◦C, and pH = 4, BiOpIq (BC1I2-250-4, k = 0.068 h−1)
gave slightly better results than for BiOxCly/BiOmBrn (BC1B2-250-4, k = 0.043 h−1) [31].

Catalysts 2023, 13, x  13 of 25 
 

 

Figure 9 presents the CV degradation efficiency diagram of BiOmCln/BiOpIq for a Cl:I 
ratio of 1:2, a hydrothermal temperature of 250 °C, and different pH values. The degraded 
pollutant in this study was 100 mL of 10 ppm of CV dye. By using relevant first-order 
kinetic equations ((dCt/dt) = kCt and ln(C0/Ct) = kt, where Ct is concentration of the CV dye 
at time t and k is the reaction rate constant), we determined the k and R2 values for different 
pH values. Specifically, for the pH values of 1, 4, 7, 10, and 13, the k values were 0.017, 
0.068, 0.035, 0.033, and 0.015 h−1, respectively, and the R2 values were above 0.90 (Table 2), 
BiOmCln/BiOpIq had a superior photocatalytic degradation effect at a pH of 4. It was also 
found from the literature that under similar synthesis conditions, a Cl: I (or Br) ratio of 
1:2, a hydrothermal temperature of 250 °C, and pH = 4, BiOpIq (BC1I2-250-4, k = 0.068 h−1) 
gave slightly better results than for BiOxCly/BiOmBrn (BC1B2-250-4, k = 0.043 h−1) [31]. 

 
Figure 9. Photodegradation of CV with the irradiation time on various BiOmCln/BiOpIq photocata-
lysts prepared under a KCl:KI molar ratio of 1:2, a pH of 1–13, and a hydrothermal temperature of 
250 °C. 

Table 2. Rate constants for the pseudo-first-order degradation of CV on the prepared BiOmCln/BiOpIq 
photocatalysts under visible–light irradiation. 

Cl I = 1 2 

Temperature 
(°C) 

pH 
1 4 7 10 13 

k(h
−1

) R2 k(h
−1

) R2 k(h
−1

) R2 k(h
−1

) R2 k(h
−1

) R2 

100 0.01 0.974 0.034 0.982 0.027 0.986 0.043 0.977 0.008 0.903 

150 0.021 0.939 0.036 0.977 0.026 0.986 0.025 0.974 0.008 0.903 

200 0.005 0.812 0.033 0.984 0.031 0.979 0.035 0.986 0.013 0.994 

250 0.017 0.973 0.068 0.983 0.035 0.945 0.033 0.961 0.015 0.997 

Figure 10 displays the degradation efficiency graph of the BiOmCln/BiOpIq/g-C3N4 
samples with g-C3N4 contents of 20%, 40%, 60%, and 80% for a Cl: I ratio of 1: 2, a pH of 
4, and a reaction temperature of 250 °C. To ensure that the CV dye was completely ad-
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Figure 9. Photodegradation of CV with the irradiation time on various BiOmCln/BiOpIq photocatalysts
prepared under a KCl:KI molar ratio of 1:2, a pH of 1–13, and a hydrothermal temperature of 250 ◦C.

Table 2. Rate constants for the pseudo-first-order degradation of CV on the prepared BiOmCln/BiOpIq

photocatalysts under visible–light irradiation.

Cl I = 1 2

Temperature (◦C)

pH

1 4 7 10 13

k (h−1) R2 k (h−1) R2 k (h−1) R2 k (h−1) R2 k (h−1) R2

100 0.01 0.974 0.034 0.982 0.027 0.986 0.043 0.977 0.008 0.903
150 0.021 0.939 0.036 0.977 0.026 0.986 0.025 0.974 0.008 0.903
200 0.005 0.812 0.033 0.984 0.031 0.979 0.035 0.986 0.013 0.994
250 0.017 0.973 0.068 0.983 0.035 0.945 0.033 0.961 0.015 0.997

Figure 10 displays the degradation efficiency graph of the BiOmCln/BiOpIq/g-C3N4
samples with g-C3N4 contents of 20%, 40%, 60%, and 80% for a Cl:I ratio of 1:2, a pH
of 4, and a reaction temperature of 250 ◦C. To ensure that the CV dye was completely
adsorbed by the prepared catalysts, the first 30 min of the degradation reaction was
conducted in a dark room. Figure 10 indicates that C1I2-250-4-g-C3N4-20% had a superior
photocatalytic effect on the other adopted samples. By using relevant first-order kinetic
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equations (dCt/dt) = −kCt and ln(C0/Ct) = kt, we determined the k and R2 values for
different g-C3N4 contents. For g-C3N4 contents of 20%, 40%, 60%, and 80%, the k values
were determined to be 0.2456, 0.1943, 0.1041, and 0.0584 h−1, respectively, and the R2 values
were determined to be above 0.9. Compared with the results of BiOxCly/BiOmBrn/g-C3N4
(k = 0.0282~0.0710 h−1) [4], the results of BiOmCln/BiOpIq/g-C3N4 were much better.
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with g-C3N4 contents of 20–80% that were prepared under a KCl:KI molar ratio of 1:2, a pH of 4, and
a hydrothermal temperature of 250 ◦C.

The aforementioned results were in line with the PL results. When the proportion of g-
C3N4 was 20%, optimal numbers of electrons and holes were generated through photocatalysis
and an optimal electron–hole recombination rate was achieved. The photocatalytic efficiency
at a g-C3N4 content of 80% was considerably lower than that at a g-C3N4 content of 20%
(Figure 10). The reason can be inferred from the mechanism that when the content of g-C3N4
increased from 0.5% to 20%, the generation of •OH increased. However, when the content of
g-C3N4 was further increased to 80%, the formation of •OH decreased. Equations (1) and (2)
describe photocatalytic CV degradation by active substances over multiple cycles.

CV + •O2
− → decomposed compounds (1)

CV + •OH→ decomposed compounds (2)

Table 3 presents a summary of the results of all the irradiation experiments. Among
the samples without g-C3N4, the BC2I1-100-4, BC1I2-250-4, and BC2I1-150-4 samples had
the top three degradation efficiencies. Among all the samples, the C1I2-250-4-g-C3N4-20%
sample had the highest degradation efficiency. The degradation efficiency of this sample
exceeded that of the uncomposited C2I1-100-4 sample by more than three times.
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Table 3. Rate constants for the pseudo-first-order degradation of CV on the prepared
BiOmCln/BiOpIq/g-C3N4 samples under visible-light irradiation.

Photocatalyst k (h−1) R2

BC2I1-100-4-g-C3N420% 0.0208 0.8935
BC2I1-100-4-g-C3N440% 0.0349 0.92
BC2I1-100-4-g-C3N460% 0.0244 0.9958
BC2I1-100-4-g-C3N480% 0.0331 0.9843

g-C3N4 0.0162 0.9027
BC1I2-250-4-g-C3N420% 0.2456 0.9732
BC1I2-250-4-g-C3N440% 0.1041 0.9767
BC1I2-250-4-g-C3N460% 0.1943 0.9938
BC1I2-250-4-g-C3N480% 0.0584 0.9887
BC2I1-150-4-g-C3N420% 0.0125 0.9027
BC2I1-150-4-g-C3N440% 0.0349 0.8125
BC2I1-150-4-g-C3N460% 0.0244 0.9841
BC2I1-150-4-g-C3N480% 0.0347 0.9786
BC1I2-250-4-g-C3N40.5% 0.0868 0.9859
BC1I2-250-4-g-C3N41% 0.1962 0.9421
BC1I2-250-4-g-C3N42% 0.1656 0.9896
BC1I2-250-4-g-C3N45% 0.0514 0.9849

BC1I2-250-4-g-C3N410% 0.0373 0.9339
BC1I2-250-4-g-C3N412% 0.0462 0.9811
BC1I2-250-4-g-C3N415% 0.0474 0.9565
BC1I2-250-4-g-C3N418% 0.0399 0.944
BC1I2-250-4-g-C3N425% 0.0492 0.9346
BC1I2-250-4-g-C3N430% 0.0462 0.9811

We used fluorescent lamps with very weak light intensity to conduct experiments, which
can prove that the new composite material produced by bismuth oxyhalide photocatalyst
composite g-C3N4 can still exert the photodegradation effect under weak visible-light sources.
(More “Photocatalytic degradation of CV” can be found in the Supplementary Materials).

2.2.3. Reuse of BiOCl/BiOI/g-C3N4

Reuse rate tests were conducted to determine the reuse rate and stability of the
prepared catalysts. Each of the prepared photocatalysts was used to photodegrade 10 ppm
of CV dye five times. Subsequently, we recovered the remaining catalyst, filtered it with
distilled water, and dried it for 24 h in an oven. Figure 11a displays the reuse efficiency of the
BiOmCln/BiOpIq/g-C3N4 catalyst with 20% g-C3N4 for the degradation of CV dye under
a Cl:I ratio of 1:2, a pH of 4, and a hydrothermal temperature of 250 ◦C. The degradation
efficiency of the aforementioned catalyst remained above 90.5% even after it was used
three times for photodegradation; thus, this catalyst can be reused. The aforementioned
result is similar to a result obtained in [52]. Figure 11b presents the XRD patterns of BC1I2-
4-250-g-C3N4-20% before use and after five times of use. The aforementioned catalyst
exhibited a similar crystal phase after five times of use, which indicates that this catalyst
had satisfactory stability.

In terms of practicality, a re-usability of only three times represents that the stability
of the material needs to be strengthened. However, from the perspective of innovative
research, this does not deny the fact that the experiment is reproducible. There are some
studies in the literature that used various surface modification or doping trace element
methods to improve the stability of photocatalysts. The primary goal of this experiment was
to confirm the reproducibility of this innovative photocatalyst. Its stability may be related
to the bonding strength between the crystalline elements of its material, or it may also be
related to its own crystalline stability. How to strengthen the stability of this innovative
photocatalyst and improve its feasibility in practical application can be listed as a project
for future work.
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2.2.4. Verification of Active Species and EPR Analysis

Scavengers can be used to confirm the presence of main free radicals produced by
catalysts during photocatalytic reactions. Different photocatalytic effects may occur when
different radical scavengers are added during the photodegradation reaction. Studies
have demonstrated that the main free radicals generated by the synthesized catalysts are
trapped free radicals [56,57]. In this study, an experiment was conducted in which IPA,
BQ, SA, and AO were used as the scavengers of hydroxyl radicals (•OH), superoxide
radicals (•O2

−), singlet oxygen (1O2), and holes (h+), respectively. Figure 12a displays the
variations in the dye concentration changes for the BC1I2-250-4-g-C3N4-20% photocata-
lyst when different capture agents were used. In this figure, the Y-axis (1–η) represents
(∆C0 − ∆Cs)/∆C0 × 100%, where ∆C0 is the CV concentration change without scavenger
illumination for 96 h, and ∆Cs is the CV concentration change with scavenger illumination
for 96 h. The higher the (1 − η), the more obvious the change in the CV degradation rate.
This meant that the specified active species was captured obviously by the corresponding
scavenger. This implied that the specified active species plays an increasingly important
role in the photodegradation of CV solution. The proportions of BQ and AO in the afore-
mentioned photocatalysts were 23.5% and 13.2%, respectively. Thus, the main active species
produced by the photodegradation reaction of BC1I2-250-4-g-C3N4-20% was the •O2

−

superoxide radical; however, the h+, •OH, and 1O2 species also exerted an influence.
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EPR spectroscopy can be used to detect the •OH and •O2
− radicals produced through

the reactions of photogenerated holes and electrons with H2O and O2 during the photocat-
alytic degradation process [57,58]. We used 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
a free radical scavenger to produce photocatalytic degradation. DMPO when dissolved
in an aqueous solution can be used to detect whether a catalyst produces •OH during
a photocatalytic reaction. Moreover, DMPO dissolved in methanol solution can be used to
identify the production of •O2

− by a catalyst in a photocatalytic reaction.
Figure 12b displays the EPR spectrum of the BC1I2-4-250-g-C3N4-20% sample in

a solution of DMPO in methanol. The results in the aforementioned figure indicate the
absence of any detected EPR signal when the aforementioned sample was in the dark
room, and the characteristic •O2

− peak appeared after 5 min of illumination. Thus, the
aforementioned catalyst contained the •O2

− active species. Figure 12c depicts the EPR
spectrum of the aforementioned sample in an aqueous solution containing DMPO. No
EPR signal was observed in the dark room, and a characteristic 1:2:2:1 peak appeared after
5 min of illumination. These results indicate that the aforementioned catalyst contained the
•OH active species.

A comparison of the results displayed in Figure 12a–c with the results presented in the
literature [2,38] indicated that the EPR signal of •OH was relatively stable and had a more
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consistent trend with that of the scavenger method for measuring active species. The EPR
signal of •O2

− was relatively unstable. Although the EPR signal of •O2
− appeared to be

weak, •O2
− was a dominant active species in the aforementioned photocatalyst [38].

2.3. Schematic of Bandgap Structures of BiOCl/BiOI/g-C3N4

Figure 13 depicts a schematic of a hypothetical mechanism of the photocatalytic ef-
fect of BiOmCln/BiOpIq/g-C3N4 in the reduction of CO2 (Figure 13a) and photocatalytic
degradation of a CV aqueous solution dye (Figure 13b). Figure 13a clarifies the mechanism
approach, which can optimize the overall CO2 conversion rate. Through thermodynamic
or kinetic control, the selectivity of the whole product can be improved [59]. Figure 13b
illustrates the photosensitization and photocatalytic processes of the aforementioned photo-
catalyst. When irradiating BiOmCln/BiOpIq/g-C3N4 with light, the electrons in the valence
band of g-C3N4 are excited and move to the conduction band of g-C3N4. These electrons
are transported first to the conduction band of BiOCl and then to the conduction band of
BiOI. The aforementioned electrons generate •O2

− when they react with O2 during trans-
portation. If these electrons are transferred back to g-C3N4, the electron–hole recombination
rate can be effectively reduced.

The BiOCl/BiOI/g-C3N4 photocatalyst is a three-phase composite material. The
experimental results showed that the photocatalytic activity of the derived composite
BiOCl/BiOI/g-C3N4 exceeded the activity of the individual components of BiOCl/BiOI
by about 9.64 times for CO2 reduction and 3.6 times for photocatalysis degradation of
CV. Therefore, there may be a synergistic effect between BiOCl/BiOI and g-C3N4. In fact,
many researchers have indicated that there is a synergistic effect in a composite material
comprising two contacting semiconductors [49,60]. The above effect is ascribed to the
effective charge transfer achieved at the interface of the two semiconductors. The described
phenomenon may produce the effectiveness of photo-excited electron–hole separation,
thereby increasing photocatalytic activity. The charge transfer process is driven by the
corresponding relationship of the band potentials. Therefore, a suitable band potential
constitutes a prerequisite related to the synergistic effect of the composite photocatalyst.
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(b) photocatalytic degradation of dye.

The prerequisite for decomposing CV dyes is that the electrons in the conduction band
of BiOX (X = Cl, I) are transferred to the bulk solution, and react with the aqueous solution
to form reactive oxygen species, so the photocatalysis and photosensitization processes can
be carried out simultaneously. These photogenerated and photosensitive electrons leaving
the material interface, after reaching the bulk solution, interact with the photocatalyst-
surface-dwelling oxygen; then, •O2

− radicals are generated. The •O2
− radicals are very

unstable. It quickly reacts with H+ ions to form hydroxyl radicals. The h+ holes will
also enter the bulk solution after leaving the valence band interface, react with OH− ions
(or H2O), and generate hydroxyl radicals [61]. The mechanism of 1O2 generation is also
related to •O2

−. Through the action of cationic substances (including h+) and superoxide
•O2

−, one electron in •O2
− is transferred to the cationic substance to generate 1O2 active

species [62]. Although 1O2 does not play any important role in CO2 reduction and CV
degradation, we can still see its presence in active species detection experiments.

In the literature about the mechanism of degradation of CV dyes in the presence of
photocatalysts by ultraviolet irradiation, it is believed that nitrogen-centered and carbon-
centered free radicals are formed first. Then, there is the opportunity for N-dealkylation
and disruption of the dye chromophore structure [35,54,60]. In this study, photocatalytic
degradation was carried out with more practical visible light as the light source instead
of UV irradiation to degrade the hydroxylated compounds of CV. It was confirmed by
this study that the intermediates produced by the semiconductor photocatalyst we used
under the catalysis of visible-light irradiation were the same as the intermediates produced
by irradiation with ultraviolet light in the literature. In this study, it is believed that
photosensitization and photocatalysis will proceed simultaneously during the reaction. The
generation of •O2

− radicals is caused by the reaction of photosensitive and photogenerated
electrons e− on the surface of the photocatalyst. The generation of •OH radicals is caused
by the reaction of h+-OH− (or H2O) and •O2

−-H+. From the experiments of active species,
we can see that the two main free radical oxidants (•OH and •O2

−) in this work are
dominated by •O2

−.
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In the electron transportation process, h+ oxidizes OH− and H2O to produce •OH.
These free radicals further degrade and react with CV dyes, which results in the formation
of mineralized products and the CV dyes absorbing light energy for photosensitization
reactions to improve the photocatalytic effect. Because of their heterostructures, the pre-
pared ternary nanocomposites possess the characteristics of heterostructures of type II
band alignment [22,24]. Therefore, the Z-scheme effect [63] of improving photocatalytic
degradation is achieved.

3. Experimental
3.1. Materials

Potassium chloride (KCl), potassium iodide (KI; Katayama, Osaka, Japan), Bi(NO3)3·5H2O
(Sigma-Aldrich, St. Louis, MO, USA), 2-hydroxybenzoic acid (2-HBA, Katayama, Osaka, Japan),
CV dye (TCI;), p-benzoquinone (BQ; Alfa Aesar, Ward Hill, MA, USA), ammonium oxalate (AO;
Osaka, Japan), sodium azide (SA; Sigma-Aldrich, St. Louis, MO, USA), and isopropanol (IPA;
Merck, Rahway, NJ, USA) were used in the absence of further purification. Moreover, sodium
hydroxide, reagent-grade nitric acid, and high-performance liquid-chromatography-grade
methanol were from Merck.

3.2. Instruments and Analytical Methods

An MAC Science MXP18 instrument (MAC Science Co., Ltd., Tokyo, Japan), was used
with Cu-Kα radiation at a current of 80 mA and a working voltage of 40 kV to obtain X-
ray diffraction (XRD) spectra. A Scinco SA-13.1 spectrophotometer (Scinco Co., Ltd., Seoul,
Republic of Korea) was adopted to measure ultraviolet UV-DRS (k = 300–800 nm) spectra at
room temperature. A JEOL-2010 microscope (JEOL Ltd., Tokyo, Japan) with an accelerating
voltage of 200 kV was used to perform high-resolution transmission electron microscopy
(HR-TEM), field emission transmission electron microscopy (TEM), selected-area electron
diffraction (SAED), and electron-dispersive X-ray spectroscopy (EDS). A JEOL JSM-7401F
(JEOL Ltd., Tokyo, Japan) microscope with an accelerating voltage of 15 kV was adopted
to conduct field emission scanning electron microscopy (FE-SEM)–EDS. Photoluminescence
(PL) measurements were performed on a Hitachi F-7000 (Hitachi, Ltd., Tokyo, Japan) device.
A Micromeritics Gemini (Gemini-V, Micromeritics, USA) automated system was used with
the adsorbate being nitrogen gas at liquid nitrogen temperature for measuring the samples’
Brunauer–Emmett–Teller (BET) specific surface areas (SBET). An instrument manufactured by
ULVAC-PHI (ULVAC PHI INC. Kanagawa, Japan) was adopted to conduct high-resolution
X-ray photoelectron spectroscopy (HR-XPS). Finally, an Agilent 5310A frequency counter
operating in the X band and a Brüker ER200D spectrometer (Bruker, Karlsruhe, Germany)
were used to record the electron paramagnetic resonance (EPR) spectra.

3.3. Synthesis of Different BiOmCln/BiOpIq/g-C3N4 Composites

The method described as follows was used to produce BiOmCln/BiOpIq composites.
In a 50 mL flask, we mixed 5 mmol Bi (NO3)3·5H2O with 5 mL of 4 M HNO3. Then, we
added 2 M NaOH dropwise to the aforementioned mixture to adjust its pH value to 1,
4, 7, 10, and 13. Subsequently, 3 M KI and 3 M KCl were added into the aforementioned
mixture in a ratio of 2:1 or 1:2. We vigorously stirred the resulting solution for 30 min
before transferring it into a 30 mL Teflon-lined autoclave, which we heated to 200, 150, or
100 ◦C over 30 min; then, we maintained the respective temperature for 24 h and finally left
it to naturally cool to room temperature. The formulation of the aforementioned reaction
parameters is based on the most appropriate operating conditions and intervals summed up
by our laboratory for many years of research on hydrothermal methods [1–6]. After it was
cooled to room temperature, we filtered the solution to collect the solid precipitate. During
filtration, the precipitate was washed with deionized water for other ionic substances
to be removed from it. The precipitate was subsequently dried at 60 ◦C until the next
day. Different BiOmCln/BiOpBrq composites could be produced according to the reaction
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temperature and pH. Table 1 presents our coding of the samples prepared under various
reaction temperatures, pH values, and molar ratios.

Melamine was calcined in a muffle furnace under atmospheric conditions to synthesize
g-C3N4 powder directly. A total of 5 g of melamine was placed into an alumina crucible
with a lid, which was subsequently heated to 520 ◦C in 4 h at a heating rate of 10 ◦C/min.
After the crucible was cooled to room temperature, the powdered g-C3N4 was obtained.

The method described as follows was used to produce BiOmCln/BiOpIq/g-C3N4
composites. Binary Bi oxyhalide was composited with materials having different weight
percentages of g-C3N4 (10, 20, 30, 40, 50, 60, 70, 80, and 90 wt%). First, BiOmCln/BiOpIq
was dissolved in 10 mL of ethylene glycol to produce solution A. Second, g-C3N4 was
dissolved in 10 mL of ethylene glycol to produce solution B. Third, solutions A and B were
mixed, stirred for 30 min, autoclaved, and then heated in an oven to 150 ◦C over 4 h. The
total amount of BiOmCln/BiOpIq and g-C3N4 in each batch was 0.2 g. Subsequently, we
filtered the mixture before drying and ground it to obtain BiOmCln/BiOpBrq/g-C3N4.

3.4. Photocatalytic Experiments
3.4.1. Reduction of CO2

A three-necked flask was charged with 300 mL of an aqueous solution of 1 N NaOH
and 0.1 g of photocatalyst. Then, we used a compressed steel cylinder containing CO2
(99.99%) with a mass flow controller at a delivery rate of 500 mL/min for 1 h to adjust the
CO2 content of the aqueous solution to saturation. Photocatalyst reduction of CO2 was
carried out under a light source. In the process of CO2 reduction, 1 mL of the gas above the
solution was drawn out with a syringe needle every 24 h, and then injected into the GC.
The concentration of CH4 reduced from CO2 was obtained from GC analysis.

3.4.2. Degradation of Dye

In the conducted photocatalytic experiments, 100 mL of 10 ppm of CV dye was
used as the degradation product and 0.05 g of BiOmCln/BiOpIq/g-C3N4 was used as
the photocatalyst. The solution was irradiated under a 15 W visible fluorescent light to
produce a photocatalytic reaction. Prior to the beginning of the photocatalytic reaction,
the solution was stirred in a dark room with a magnet for 30 min. After we confirmed the
absorption–desorption equilibrium of the dye and catalyst at room temperature, stirring
was continued and degradation occurred under irradiation with visible light. A 5 mL
sample of the solution was obtained at different intervals (4, 8, 12, 24, 48, 72, and 96 h) and
centrifuged at 4000 rpm for 30 min after which it became clear. The concentration of the CV
aqueous solution was measured using a Scinco S-3000 spectrophotometer (Photo Diode
Array UV–visible, UV–vis PDA). Absorption bands of the CV dye were located at 591.

4. Conclusions

In this study, the BiOmCln/BiOpIq/g-C3N4 photocatalyst was successfully produced
using a high-pressure hydrothermal method, as verified by XRD results. The DRS re-
sults indicated that the addition of g-C3N4 effectively reduced the bandgap value of the
aforementioned photocatalyst and made it easier for the photocatalyst to absorb visi-
ble light. The TEM analysis indicated that g-C3N4 was successfully composited with
BiOmCln/BiOpIq. The BET analysis indicated that the adsorption–desorption isotherm
of BiOmCln/BiOpIq/g-C3N4 was in agreement with those of mesoporous catalysts. In
an analysis of the degradation rate of the prepared catalyst with and without g-C3N4, the
addition of g-C3N4 increased the degradation rate of the photocatalyst by up to three times.
In reuse tests, BiOmCln/BiOpIq/g-C3N4 had a degradation efficiency of 90.5% after its third
use, which indicated that this catalyst was recyclable. Moreover, XRD results indicated
that the aforementioned catalyst had the same crystal phase even after being used multiple
times, which indicated that this catalyst had high stability. The conversion efficiency of CO2
reduction to CH4 of BiOmCln/BiOpIq of 4.09 µmol g−1 can be increased to 39.43 µmol g−1

by compositing with g-C3N4. It had an approximately 9.64 times improvement. The
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photodegradation rate constant for CV of BiOmCln/BiOpIq can be increased to 0.2456 by
complexation with g-C3N4. It had an approximately 3.6 times improvement.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13030522/s1, Figure S1: XRD patterns of the BiOmCln/BiOpIq samples
prepared under a KCl:KI molar ratio of 1:2, a pH of 1–13, a reaction time of 12 h, and a hydrothermal
temperature of 100 ◦C; Figure S2: XRD patterns of the BiOmCln/BiOpIq samples prepared under a KCl:KI
molar ratio of 1:2, a pH of 1–13, a reaction time of 12 h, and a hydrothermal temperature of 150 ◦C; Figure
S3: XRD patterns of the BiOmCln/BiOpIq samples prepared under a KCl:KI molar ratio of 1:2, a pH of
1–13, a reaction time of 12 h, and a hydrothermal temperature of 200 ◦C; Figure S4: XRD patterns of the
BiOmCln/BiOpIq samples prepared under a KCl:KI molar ratio of 1:2, a pH of 1–13, a reaction time of 12 h,
and a hydrothermal temperature of 250 ◦C; Figure S5: XRD patterns of the BiOmCln/BiOpIq samples
prepared under a KCl:KI molar ratio of 2:1, a pH of 1–13, a reaction time of 12 h, and a hydrothermal
temperature of 100 ◦C; Figure S6: XRD patterns of the BiOmCln/BiOpIq samples prepared under a KCl:KI
molar ratio of 2:1, a pH of 1–13, a reaction time of 12 h, and a hydrothermal temperature of 150 ◦C; Figure
S7: XRD patterns of the BiOmCln/BiOpIq samples prepared under a KCl:KI molar ratio of 2:1, a pH of
1–13, a reaction time of 12 h, and a hydrothermal temperature of 200 ◦C; Figure S8: XRD patterns of
the BiOmCln/BiOpIq samples prepared under a KCl:KI molar ratio of 2:1, a pH of 1–13, a reaction time
of 12 h, and a hydrothermal temperature of 250 ◦C; Figure S9: Scanning electron microscopy images of
the BiOmCln/BiOpIq/g-C3N4-20% samples prepared using the hydrothermal autoclave method under
a KCl:KI molar ratio of 1:2, different pH values, a reaction time of 12 h, and a hydrothermal temperature
of 250 ◦C; Figure S10: UV–vis absorption spectra of the BiOmCln/BiOpIq photocatalysts prepared under
a KCl:KI molar ratio of 1:2, a hydrothermal temperature of 250 ◦C, and various pH values; Figure S11:
UV–vis absorption spectra of the BiOmCln/BiOpIq photocatalysts prepared under a KCl:KI molar ratio of
1:2, a pH of 1–13, and a hydrothermal temperature of 250 ◦C; Table S1: Chemical and physical properties
of the BC1I2-4-250-g-C3N4-20% sample.
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