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Proal-Nájera
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Preface

Water contamination has become a major global issue due to fast-paced industrialization, urban

development, and agricultural practices. Conventional treatment techniques frequently struggle

to effectively manage complex pollutants such as pharmaceuticals, pesticides, and microplastics.

This reprint, Advanced Oxidation Catalysts, examines the utilization of advanced oxidation catalysts

(AOCs), which present a promising approach to enhancing pollutant removal through improved

oxidation processes.

The scope of this reprint includes the principles, design, and development of AOCs, along

with their application in various wastewater scenarios. It digs into essential catalytic materials,

reaction mechanisms, and strategies for optimizing processes, while also tackling practical challenges

associated with the scaling up of these technologies. In addition, this text discusses anticipated

research directions and the environmental effects of catalytic oxidation processes, providing a

thorough overview of how these technologies can promote sustainable water management.

The main goal of this reprint is to deliver both theoretical knowledge and practical skills that

can advance the development and deployment of AOCs in wastewater treatment. This initiative

is driven by the rising need for innovative and sustainable solutions that can effectively eliminate

emerging pollutants, a task that traditional treatments are often unable to resolve. This volume acts

as a connection between research and practical applications, providing readers with the necessary

scientific and technical knowledge to implement successful catalytic oxidation processes.

This reprint targets a wide range of readers, including researchers, engineers, environmental

scientists, and professionals working in water management. Graduate students in fields such as

chemical engineering and environmental science will also find the insights valuable. In addition,

industry stakeholders and policymakers may find the content to be beneficial for adopting advanced

treatment solutions to comply with strict environmental regulations.

The successful completion of this reprint is the result of the collaborative efforts of numerous

contributors. We sincerely thank the co-authors for their expertise, commitment, and major research

contributions. Our appreciation also extends to the peer reviewers and editors for their constructive

feedback and support in enhancing the content. Finally, we are grateful to the institutions and funding

organizations that assisted the research that is included in this work.

We hope that this reprint will be a valuable asset for advancing wastewater treatment

technologies and inspire continued innovation in the field. By promoting the utilization of AOCs,

we aim to play a major role in sustainable water management practices, helping to protect the

environment and ensure access to clean water for future generations.

Meng Li

Guest Editor
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Advanced Oxidation Catalysts—Innovative Approaches and
Emerging Trends
Meng Li 1,2,* and Chenxi Li 1

1 School of Environmental Science and Engineering, Guangzhou University, Guangzhou 510006, China;
chenxili3927@163.com

2 Guangdong Provincial Research Center for Environment Pollution Control and Remediation Materials,
College of Life Science and Technology, Jinan University, Guangzhou 510632, China

* Correspondence: mengli@gzhu.edu.cn

Novel oxidation catalysts in water treatment and purification have garnered major
attention due to the growing demand for clean water resources. As the use of advanced
oxidation technologies is recognized as one of the most sustainable methods for breaking
down and removing organic pollutants, this Special Issue on advanced oxidation catalysts
brings together 17 articles that explore the development, analysis, and use of advanced
oxidation catalysts designed for eliminating organic pollutants and disinfecting water to
improve its quality. This article emphasizes the most recent advancements and discoveries
in this field and summarizes the key results and innovative findings presented in the
selected papers.

Lahootifar and his team (Contribution 1) developed a novel photocatalyst composed
of hetaerolite-embellished g-C3N4 dots. This novel material has increased photocatalytic
effectiveness when exposed to visible light, allowing organic pollutants to be easily decom-
posed. The combination of these compounds causes a synergistic effect that increases the
capacity of visible light absorption and extends the time of photo-generated charges, thus
increasing the efficiency of pollutant degradation. This work confirms that creating hetero-
junctions can greatly boost the photocatalytic activity of chemicals, which is promising for
their use in treating water pollutants.

An important study was carried out by Alharthi et al., building upon previous research.
The authors provide a detailed explanation of the creation of a nanocrystalline composite
material that includes metal tungstates, specifically NiWO4 and CoWO4 (Contribution 2).
These components work together to form a heterojunction. This complex structure is
particularly effective in breaking down paracetamol when exposed to ultraviolet (UV)
radiation. When these materials are used in a heterojunction setup, they show an increased
rate constant, demonstrating improved photocatalytic activity. This finding emphasizes
the necessity of developing heterojunctions to accelerate the breakdown of pharmaceutical
pollutants, which pose important environmental and health risks.

Cruz-Carrillo and other researchers focused on decomposing recalcitrant acidic phar-
maceuticals, specifically clofibric acid, diclofenac, and indomethacin, through a combined
biological and photocatalytic technique (Contribution 3). Their combination of biological
processes and photocatalysis achieves almost complete degradation of such pharmaceu-
ticals, where the latter treatment demonstrates excellent efficiency in breaking down any
remaining substances. This method has confirmed potential for treating persistent pollu-
tants that are difficult to eliminate using traditional methods.

Magomedova and colleagues focused on the construction of a magnetically divisible
α/γ-Fe2O3 mixed-phase catalyst for the photo-Fenton-like oxidation process of Rhodamine
B (Contribution 4). The magnetic properties of the catalyst make it very easy to separate
and reuse, giving it great potential in practical applications. Their study also explored

Catalysts 2024, 14, 700. https://doi.org/10.3390/catal14100700 https://www.mdpi.com/journal/catalysts1
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the effect of different factors on degradation efficiency and found that the catalyst per-
formed well under optimal conditions, contributing to the field of sustainable wastewater
treatment technology.

The research from Kamenicka and Weidlich investigates the use of different tech-
nologies to decompose the halogenated negatively charged textile dye Mordant Blue 9
(Contribution 5). Their study evaluates the efficiency of various oxidants and reducing
agents and provides a comparative analysis of their economic feasibility and performance
in dye decomposition. This study emphasizes the importance of exploring cost-effective
methods to treat dye-contaminated water bodies.

Ma and his colleagues conducted research on the oxidation of carbon monoxide using a
copper catalyst supported by alumina (Contribution 6). Their goal was to tackle the issue of
toxic gases in industrial emissions. Their study investigated how various factors influence
catalytic effectiveness, emphasizing that the characteristics of the substrates involved in
mechanochemical activation are important in shaping the properties and reactivity of the
resulting catalysts. This research contributes to the larger effort of using advanced catalytic
technologies to purify air pollution.

Silerio-Vazquez and colleagues conducted a systematic review of sunlight-catalyzed
heterogeneous water disinfection (Contribution 7). This study provides a comprehensive
overview of the progress of photocatalytic water treatment technology, with a particular
focus on solar energy utilization. The authors systematically analyzed 60 reports from
1043 records, extracting data on the reactor type, photocatalysts, microorganisms, and oper-
ational parameters. The results show that titanium dioxide is a widely used photocatalyst,
while bismuth oxide and red phosphorus show promising prospects for visible-light-driven
disinfection. The review clarifies the importance of further studies to optimize photocat-
alytic systems in practical water treatment applications.

Umar et al. conducted a thorough exploration of the capabilities of mycelium-based
energy conversion and waste purification processes, providing a new view of bioremedia-
tion techniques (Contribution 8). Their research clarifies the capability of fungal fuel cells to
simultaneously decompose organic pollutants and generate bioelectricity. The researchers
investigated the degradation process of pollutants and emphasized the advantages of
fungal biomass compared to conventional methods. Their study offers a novel approach
to integrating biological processes with advanced oxidation technologies for sustainable
wastewater treatment.

An in-depth study on the electrochemical coupling of the Elbaite/H2O2 system in the
area of dye wastewater catalytic degradation introduces a new method for breaking down
pollutants (Contribution 9). This study reveals the combined benefits of using pyrolytic
carbon alongside hydrogen peroxide, resulting in the effective degradation of organic dyes.
The results indicate that this innovative technique successfully purifies dye-containing
wastewater while preventing the creation of external pollutants, positioning it as a potential
solution for industrial use.

Falletta et al. carried out an extensive analysis focused on tungsten trioxide (WO3) and
its hybrid composite with titanium dioxide (TiO2) in the photocatalytic degradation of NOx
and the inactivation of Escherichia coli (E. coli). This detailed study sought to tackle both
air and water pollution simultaneously, demonstrating the important potential of these
materials in environmental remediation (Contribution 10). Their research findings suggest
that the combined composites exhibit a greater level of photocatalytic effectiveness when
compared to WO3 in its original form, indicating that adding TiO2 enhances the degradation
efficiency. This study emphasizes the promising applications of these composite materials
in real-world scenarios.

The research conducted by Pavlova and her team investigated the impact of starting
material characteristics on the formation, structural properties, and reactivity of Sr2TiO4
created through mechanical activation (Contribution 11). Their findings indicate that the
mechanochemical activation process plays a critical role in influencing the catalytic activity
of the produced materials. The experimental results demonstrate that the Sr2TiO4 catalyst,
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when activated through mechanical and chemical methods, exhibits enhanced catalytic
performance, making it potentially useful for applications in various areas, including
methane oxidation coupling.

Gote et al. present a new approach for the sonocatalytic breakdown process, using
a NiFe2O4 catalyst created through ultrasonic irradiation (Contribution 12). The optimal
conditions for degrading the azo dye crystal violet R are a hydrogen peroxide loading
rate of 75 milligrams per minute, a pH level of 3, an ultrasonic working cycle of 70%, an
output power of 120 watts, a reaction time of 160 min, and a catalyst loading rate of 5 g
per liter. Under these conditions, the maximum efficiency for sound wave degradation
can be achieved, reaching up to 92%. The process achieves a satisfying 83% success rate,
demonstrating the effectiveness of ultrasound-enhanced catalytic breakdown for cleaning
dye-contaminated water.

The research conducted by Wang and his colleagues examined how the photocat-
alytic activity of CeVO4-V2O3 composites can be improved when exposed to visible light
(Contribution 13). A detailed analysis of the effect of ethylene glycol on photocatalytic
performance shows that the composite material exhibits increased photocatalytic reactivity
under normal light conditions. This finding emphasizes the need to modify the structure
and components of photocatalysts to enhance their ability to capture solar energy for
water purification.

Alharthi and other researchers (Contribution 14) have conducted intensive research on
the synthesis of Zn3V2O8 and Ag-nanoparticle composite materials, and their results have
attracted much attention. A large transition reducing the optical band gap from 2.33 eV to
2.19 eV was achieved by integrating Ag nanoparticles into a ZnV matrix. The widened band
gap improves the light absorption efficiency and thus promotes the photocatalytic hydrogen
generation process. The experimental results show that the Zn3V2O8/Ag nanocompos-
ite has outstanding performance in terms of its hydrogen production rate, reaching a
high efficiency of 37.52 µmol g−1 h−1, showing its great potential as an economical and
environmentally friendly photocatalyst in the field of hydrogen preparation.

The chosen papers often emphasize the significance of developing catalysts with
enhanced properties through synthesis. One study describes the use of the hydrothermal
method to create a nanocomposite that features bimetallic (Zn, Co) concurrent doping
within a tungstate matrix, designed with a Z-scheme architecture (Contribution 15). This
material demonstrates outstanding photocatalytic efficiency in breaking down Xylenol
Orange (XO), greatly exceeding the performance of pure ZnWO4 and CoWO4, suggesting
that co-doping can improve photocatalytic efficiency. The experimental findings confirm
the essential role of superoxide anion radicals (O2

•−) and light-generated electrons (e−)
in the degradation process. This research emphasizes the nanocomposite’s potential as
an eco-friendly and cost-effective material for use in industrial applications, especially for
treating wastewater contaminated with XO pollutants.

A thorough evaluation of the research conducted by Weissenberger and colleagues
has been completed. This study primarily aimed to explore the catalytic effects of active
metals in the ammonia combustion process, with a particular emphasis on their role in
NOx formation (Contribution 16). Additionally, it analyzed the catalytic properties of noble
and transition metals supported by alumina, specifically for the treatment of emissions
from solid oxide fuel cells that arise from ammonia combustion. The tested catalysts can
fully convert the hydrogen and ammonia present in the exhaust gases, and the efficiency
of selectively generating NOx improves as the reaction temperature rises. Under low-
temperature conditions, the production of NOx is effectively regulated, demonstrating the
potential for optimizing catalysts to minimize NOx emissions in burner systems.

Overall, the articles in this Special Issue display the variety and depth of the catalytic
processes applied for environmental remediation (Contributions 1–17). These papers em-
phasize the promise of innovative materials and integrated strategies in tackling water and
air pollution. The guest editors express their sincere gratitude to the contributors for their
valuable insights and to the evaluators for their comprehensive reviews. It is hoped that the
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findings presented in this article will inspire further research and innovations in advanced
oxidation catalysts, eventually contributing to a cleaner and safer ecological environment.
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Abstract: Iron oxides are widely used as catalysts for photo-Fenton-like processes for dye oxida-
tion. In this study, we report on the synthesis of an α/γ-Fe2O3 mixed-phase catalyst with magnetic
properties for efficient separation. The catalyst was synthesized using glycine–nitrate precursors.
The synthesized α/γ-Fe2O3 samples were characterized using scanning electron microscopy, X-ray
diffraction spectroscopy (XRD), Raman shift spectroscopy, X-ray photoelectron spectroscopy (XPS),
and vibrating sample magnetometer (VSM). The diffraction peaks were indexed with two phases,
α-Fe2O3 as the main phase (79.6 wt.%) and γ-Fe2O3 as the secondary phase (20.4 wt.%), determined
using the Rietveld refinement method. The presence of Fe2+ was attributed to oxygen vacancies. The
mixed-phase α/γ-Fe2O3 catalyst exhibited remarkable photo-Fenton-like degradation performance
for Rhodamine B (RhB) in neutral pH. The effects of operating parameters, including H2O2 concentra-
tion, catalyst concentration, and RhB concentration, on the degradation efficiency were investigated.
The removal rates of color were 99.2% after 12 min at optimal conditions of photo-Fenton-like oxida-
tion of RhB. The sample exhibited a high saturation magnetization of 28.6 emu/g. Additionally, the
α/γ-Fe2O3 mixed-phase catalyst showed long-term stability during recycle experiments, with only a
5% decrease in activity.

Keywords: iron oxides; α/γ-Fe2O3 mixed-phase catalyst; magnetically separable; Rhodamine B;
photo-Fenton-like

1. Introduction

Advanced oxidation processes are currently being utilized as an effective method for
treating industrial wastewater that contains non-biodegradable organic compounds [1].
One of the most extensively studied oxidation processes is the Fenton process, which
utilizes hydrogen peroxide and ferrous ions and exhibits an effective ability to destroy
a wide range of contaminants. However, this process can only be effectively used with
acidic or neutral pH wastewater [2]. The Fenton process is a homogeneous catalytic system,
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where the catalyst (Fe2+) is added in the form of a soluble salt and is removed from the
reactor with the outgoing stream of purified water, due to the impossibility of its separation.
This problem is further exacerbated by the fact that upon further neutralization of the
purified solution, Fe3+ precipitates, necessitating the separation of the resulting precipitate,
which collectively leads to a decrease in the efficiency of the process [3]. In this regard, the
use of the heterogeneous Fenton-like process in the presence of iron compounds in the
form of a precipitate on which the hydroxyl radical is generated from hydrogen peroxide
is more promising [4]. Heterogeneous Fenton-like reactions can also efficiently degrade
organic compounds in wastewater [5,6]. Solid catalysts can be reused after separation [7,8].
The use of the heterogeneous Fenton-like process overcomes some of the disadvantages of
the homogeneous Fenton reaction, such as reduced reactivity due to catalyst consumption
and the need to adjust pH [9].

At the same time, it is known that in the dark processes of homogeneous and het-
erogeneous Fenton, Fe3+ ions accumulate in the system and the reaction rate decreases
significantly with time and stops after the complete consumption of Fe2+ ions [10]. The com-
bination of Fenton and Fenton-like processes with simultaneous exposure to UV/visible
radiation (λ < 600 nm) can solve this problem due to the photoreduction reaction of Fe3+

ions to Fe2+ [11].
Iron oxides are among the widely used materials as catalysts for Fenton-like pro-

cesses for the oxidation of organic compounds [12–16]. Among the most studied and
promising iron oxides and hydroxides for use as catalysts in Fenton-like processes, mag-
netite (Fe3O4) [17–24], goethite (α-FeOOH) [25,26], maghemite (γ-Fe2O3) [12,27–31], and
hematite (α-Fe2O3) [32–34] can be noted. Various physicochemical characteristics of these
oxides make them more or less favorable for oxidative reactions. These solid catalysts
have good potential to degrade bio-oxidation-resistant contaminants [35,36]. Among these
crystal structures, hematite is the most stable state of iron oxide under environmental
conditions [37]. The prevailing use of α-Fe2O3 is due to its excellent physical and chemical
properties, which can manifest themselves in samples with different morphology [38–40],
particle size [41], and also in composite structures [42–44], which is especially important
for creation of efficient heterogeneous catalysts in Fenton-like oxidation processes [45,46].
Maghemite also finds use as a catalyst in Fenton-like processes for the oxidation of organic
compounds [47,48]. Unlike α-Fe2O3, γ-Fe2O3 is magnetic and can be easily reduced using
a magnet. At the same time, γ-Fe2O3 retains catalytic activity for many cycles of use [49].

Various methods are used to synthesize iron oxides [50]. Specifically, the solution
combustion method, using glycine as a fuel, was employed to synthesize α-Fe2O3 and
γ-Fe2O3 [51–53]. This method results in the formation of ultra-small α-Fe2O3 nanopar-
ticles (less than 5 nm) that exhibit superparamagnetism in the temperature range of
70–300 K [54]. Additionally, biphasic α/γ-Fe2O3 nanoparticles have been reported, which
demonstrate high sensitivity to detecting volatile organic compounds such as acetone [55]
and ethanol [56]. Biphasic α/γ-Fe2O3 exhibits significantly higher sensitivity than α-Fe2O3
and γ-Fe2O3 alone [57]. The work [58] reports higher photocatalytic activity of heterophase
α/γ-Fe2O3 during methylene blue oxidation due to a decrease in the rate of electron-hole
pair recombination. Therefore, a new approach to enhance metal oxide catalyst perfor-
mance is to integrate different crystalline forms of the same metal oxide into a single
structure. Currently, there is no information available on the use of biphasic α/γ-Fe2O3
in Fenton-like processes for organic compound oxidation. Based on this, this paper in-
vestigates the production of biphasic iron oxide and its use as a magnetically separable
heterogeneous catalyst in the Fenton-like process for RhB oxidation.

2. Results
2.1. Catalyst Characterizations

Iron oxides (Fe2O3) with various ratios of fuel and oxidizer (ϕ) were synthesized using
the conventional solution combustion method. Glycine is widely used in the so-called
glycine–nitrate synthesis of metal oxide nanoparticles by combustion [56,57].
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The ongoing combustion reaction can be written according to Equation (1).

6Fe(NO3)3 + 10C2H5NO2 → 3Fe2O3 + 20CO2 + 14N2 + 25H2O (1)

The coefficients of the expected reaction were placed based on the theory of combus-
tion [59]. The fuel–oxidizer ratio of 0.4 (ϕ < 1) was chosen so that the amount of oxidizer
was in excess and there was no need for atmospheric oxygen. Additionally, it was shown
that in several systems, solution combustion synthesis of reactive solutions with an excess
of fuel (ϕ > 1) leads to the formation of pure metals [60].

The morphology of the synthesized powders was studied using SEM. The images at
various magnifications are shown in Figure 1.
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Figure 1. SEM images of catalyst samples at various magnifications (a,b). EDS elemental mapping of
the selected area (c–e).

In Figure 1a, at low magnifications, it can be seen that the powder has a loose flaky
texture characteristic of the combustion method with a large number of pores. At high
magnifications in Figure 1b, one can see that the powder is in the form of large submicron
agglomerates of a bone-like structure, sintered at high temperatures during synthesis. In
this case, the grain boundaries are quite clearly traced. It can be seen that, along with
large micron-sized pores, there is a large number of nanopores. From the EDS images
(Figure 1c–e), it is clearly seen that the atoms of iron and oxygen are uniformly distributed
over the surface under study. EDX spectra are presented in Supplementary Materials
(Figure S1). Analysis of the atomic percentage of the elements Fe and O showed that the
ratio is close to stoichiometric, Fe (47 wt.%) O (53 wt.%) with a slight oxygen deficiency.

It is known from the literature that varying the fuel-oxidizer ratio affects the phase
of the synthesized iron oxide [61]. Therefore, the crystal structure of the powder was
investigated by XRD and Raman methods. The data are presented in Figure 2a,b.
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Figure 2. (a) Rietveld refinement graphs of Fe2O3. The red circles indicate the experimental data, the
black line is the fitting value, the blue line is the difference, and the orange and green ticks are the
Bragg reflections of the α-phase and γ-phase, respectively. (b) Raman spectra in different areas.

Figure 2a shows the XRD spectrum of the sample with the structure refined by the
Rietveld method. The spectrum is well described by two phases, namely α-Fe2O3 with
Hexagonal structure and space group R-3c (Ref. Code 98-006-6756) and γ-Fe2O3 with Cubic
structure and space group Fd-3m (Ref. Code 98-006-6756). Quantitative phase evaluation
carried out using the Rietveld method showed that α-Fe2O3 exists as the main phase
(79.6 wt.%) and γ-Fe2O3 is present in an amount (20.4 wt.%). The presence of background
noise indicates a high proportion of amorphous Fe2O3 in the sample. The Rietveld reliability
factors displayed in Table 1 show that the quality of the fit is appreciable.

Table 1. Results of phase quantification and Rietveld refinement of Fe2O3.

Sample

Phases α-Fe2O3 γ-Fe2O3
wt.% 79.6 20.4
Space group R-3c (No. 167) F d-3 m (No. 227)
Crystal system Hexagonal Cubic

Lattice parameters a (Å) 5.0339 8.3421
c (Å) 13.742 -

Cell volume V (Å3) 301.57 580.53

Rietveld reliability factors

Rexp 1.5628
Rw 1.7091
Rp 1.3556
GoF 1.1961

Crystallite size LVol−IB (nm) 47.4 45.7

The resulting fitted D-V function was then used for the calculation of volume-weighted
mean crystallite size (LVol−IB) via the Scherrer equation. The average crystallite size of
α-phase was found to be 47.4 nm, while that of the γ-phase was 45.7 nm.

Iron oxide polymorphs of the α- and γ-phases are also distinguishable by Raman
spectroscopy. The Raman spectra from two different parts of the sample are shown in
Figure 2b. The black line shows two classes of Raman active modes of hematite in the range
from 200 to 800 cm–1. The existence of characteristic A 1g bands at 221 and 491 cm–1 and
Eg bands at 239, 287, 401, and 605 cm–1, respectively, is attributed to the main hematite
bands. Low-frequency modes (200–300 cm–1) were attributed to vibrations of the Fe atom,
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and bands from 400 to 650 cm–1 were attributed to vibrations of the O atom [62–65]. The
red line in Figure 2b shows three Raman active phonon modes at 365 cm–1 (T2g), 511 cm–1

(Eg), and 700 cm–1 (A1g), characteristic of maghemite. The spectrum is in good agreement
with the data for maghemite previously published in the literature [66–68].

The surface states play a key role for heterogeneous photo-Fenton-like catalysis; the
surface was investigated by XPS. The obtained results are presented in Figure 3.
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Figure 3. XPS spectra of as-prepared mixed-phase α/γ-Fe2O3 catalyst: full spectra (a); Fe 2p (b); O
1s (c); and Fe 3p (d) core-level spectra.

With a wide panoramic scan in Figure 3a, peaks of C 1s, O 1s, and Fe 2p were detected,
which indicates the absence of impurities. Peak C 1s comes from random carbon [67,69,70].
The high-resolution spectrum of Fe 2p after deconvolution with approximation of Gaussian
peaks is shown in Figure 3b. It can be seen that the spectrum is well described by the
superposition of six peaks. There were two peaks at 726.1 and 712.5 eV, which are typical
characteristic peaks of Fe3+ in 2p 1/2 and 2p 3/2 orbitals [71]. In addition, two deconvoluted
peaks at 723.9 and 710.5 eV correspond to Fe2+, which can be due both to the presence of
magnetite in the structure, which is quite difficult to distinguish from maghemite by XRD
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and Raman methods, and to the formation of oxygen vacancies in Fe2O3. Generation of
oxygen vacancies in the crystal lattice leaves two electrons per missing oxygen atom, which
leads to the reduction of Fe3+ to Fe2+ [72]. The generation of oxygen vacancies is common
for the high-temperature combustion method [73]. The two deconvolution peaks at 732.1
and 718.3 eV are attributed to the presence of their satellite vibrational peaks (labeled
“Sat.”). From a comparison of the integral areas of the Fe3+ peaks in Fe2+, it was found that
their ratio is 60:40%. Data are presented in Supplementary Materials (Figures S2 and S3).

To confirm the presence of oxygen vacancies, the spectrum of the O 1s level was
studied. Figure 3c shows the O 1s spectra after deconvolution with approximation of
Gaussian peaks. The spectrum is well described by the superposition of three components
centered at 529.6, 531.0, and 532.8 eV, respectively. The peak at 529.6 was a typical lattice
oxygen peak, and that at 531.0 eV could be attributed to the low-coordinated oxygen species
adsorbed onto the oxygen vacancies. The peak at 532.8 eV was assigned to the hydroxyl
species of surface-adsorbed H2O molecules [74].

The XPS results indicate the co-presence of Fe2+ and Fe3+ and that the presence of Fe2+

is not associated with the presence of magnetite in the structure, confirming the results of
XRD and Raman. It is important that the Fe2+/Fe3+ redox pair formed on the surface can
accelerate the charge transfer in Fe2O3, since Fe3+ is reduced to Fe2+ during heterogeneous
Fenton-like catalysis [75].

The XPS valence band (VB) region analysis is a powerful tool for understanding the
electronic structure of a material. Figure 3d shows the XPS (VB) spectrum in the binding
energy range 0–10 eV. The VB spectrum is the result of hybridization of Fe3d and O 2p
atomic orbitals [76] and can apparently be described by three bands, which is consistent
with previously published results [77] and corresponds to the states of Fe 3d eg strongly
hybridized with O 2p and non-bonding O 2p, and the C characteristic is dominated by
bond states of the O 2p and Fe t2g orbitals. The inset to Figure 3d shows that the valence
band maximum (VBM) is 1.25 eV below the Fermi level.

2.2. Catalytic Activity in Fenton-like Process

The catalytic activity of two-phase α/γ-Fe2O3 was studied by oxidation of the dye
RhB under various conditions. Figure 4 shows a typical change in the absorption spectra of
RhB during treatment for 12 min.

Changes in the catalytic activity of sample α/γ-Fe2O3 in the form of kinetic curves of
the RhB oxidation are shown in Figure 4a. When using the heterogeneous Fenton-like sys-
tem using α/γ-Fe2O3 catalysts, RhB slowly decomposes and was 4% after 12-min treatment
with α-Fe2O3. The use of UV-visible light irradiation leads to a significant acceleration of
the oxidation of RhB. Irradiation with light has a dual effect on a heterogeneous system:
the oxidation of the dye directly by hydrogen peroxide upon irradiation with light and the
acceleration of the formation of hydroxyl radicals (HO•) as a result of the decomposition of
H2O2 in the presence of a catalyst [78,79].

H2O2 + hv→ 2HO• (2)

≡ FeIII + H2O + hv→≡ FeII + HO• + H+ (3)

≡ FeII + H2O2 →≡ FeIII−OH + HO− (4)

The effect of H2O2 concentration, catalyst dose, and RhB concentration on degradation
is also shown in Figure 4. Increasing the H2O2 concentration improved the decomposition
activity. It has been shown in the literature that only increasing the concentration of H2O2
up to 15 mM led to a decrease in the efficiency of decomposition due to the unfavorable
consumption of excess H2O2 due to the effect of scavenging free radicals [80,81]. The
highest performance was achieved using a catalyst dosage of 0.2 g/L. The decrease in
activity with an excess of catalyst is associated with blocking the penetration of light and
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active sites on the catalyst surface. A study of the effect of dye concentration on degradation
efficiency (Figure 4d) demonstrated that the lower the initial concentration, the higher the
efficiency. At a concentration of 1 mg/L, 99.2% of the dye decomposes in 12 min. The
decrease in activity with increasing dye concentration may be due to the formation of a
larger number of intermediate products that can occupy active sites on the catalyst surface.
As pH is an important parameter for the photo-Fenton process, additional studies were
conducted to investigate its influence. The data is presented in the Supplementary Materials
(Figure S4), which show that the pH of the medium does not affect the reaction progress.
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Figure 5 shows the results of catalyst recycling and magnetic properties. The separation
of the spent catalyst was carried out by magnetic separation. Figure 5a shows that the
sample exhibits long-term stability. After five repeated uses, the activity of the catalyst
decreased by 5%. However, it is also important to investigate the leaching of iron ions into
the solution in the photo-Fenton-like process. After each cycle, we determined the content
of iron ions in the solution using the colorimetric method with nitroso-R-salt. The results
showed that the concentration of Fe2+ after the process was 330 µg/L.
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using the High Score Plus application program, included in the instrument software, and 
the diffraction database ICSD (PDF-2). The surface composition was carried out by an 
AXIS SupraTM X-ray photoelectron spectrometer (XPS) (Kratos Analytical Ltd., 
Manchester, UK). The data were processed by CasaXPS v.2.3.23 software (Casa Software 
Ltd., Wilmslow, UK). Raman spectra were examined by a Laser Raman 3D scanning 
confocal microscope (Ntegra Spectra, Moscow, Russia) using a green laser (532 nm) with 
a spot size of 1 μm and a resolution of 0.5 cm−1. 

3.3. Fenton-like Oxidation of the Rhodamine B 

Figure 5. (a) Long-term catalyst stability results (CRhB = 8 mg/L; C(H2O2) = 0.18 mM; t =12 min);
(b) magnetic hysteresis loop for mixed α/γ-Fe2O3.

The magnetic hysteresis loop (MH) measured at room temperature is shown in
Figure 5b. The sample is ferromagnetic at room temperature.

The loop has an obvious hysteresis loop, and the coercive force (Hc) is 383.2 Oe, the
magnetization vector (Ms) is 28.6 emu/g, and the remanence intensity (Mr) is 9.7 emu/g, as
shown in Figure 5b. The inset to Figure 5b shows a photograph of the magnetic separation
process. For clarity, a sample is presented consisting only of the α-Fe2O3 phase.

3. Materials and Methods
3.1. Synthesis Procedure

Synthesis of mixed α/γ-Fe2O3 was carried out using the combustion of glycine–nitrate
precursors [59,60]. An aqueous solution of iron (III) nitrate was used as the starting material
for the preparation of the two-phase α/γ-Fe2O3 catalyst. The precursor was prepared
by mixing glycine and Fe(NO3)3 in an aqueous solution. The resulting solution was
evaporated to a gel state on an electric heater with an operating temperature up to about
180 ◦C. During further heating, the reaction mixture ignited and iron(III) oxide powder
was formed. Combustion was fast and self-sustaining, with a flame temperature of 1100 to
1450 ◦C. The synthesized samples were annealed at 400 ◦C for 1 h.

3.2. Characterizations

Characterization of the obtained heterostructures was performed using scanning
electron microscopy (SEM) with the Aspex ExPress VP (FEI Company, Hillsboro, OR,
USA). X-ray diffraction (XRD) studies were done using an Empyrean PANalytical X-ray
diffractometer (Almelo, The Netherlands) in the radiation of a copper anode with a nickel
filter, with radiation wavelength λ(CuKα) = 0.154051 nm. Data processing was performed
using the High Score Plus application program, included in the instrument software, and
the diffraction database ICSD (PDF-2). The surface composition was carried out by an AXIS
SupraTM X-ray photoelectron spectrometer (XPS) (Kratos Analytical Ltd., Manchester, UK).
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The data were processed by CasaXPS v.2.3.23 software (Casa Software Ltd., Wilmslow,
UK). Raman spectra were examined by a Laser Raman 3D scanning confocal microscope
(Ntegra Spectra, Moscow, Russia) using a green laser (532 nm) with a spot size of 1 µm and
a resolution of 0.5 cm−1.

3.3. Fenton-like Oxidation of the Rhodamine B

The catalytic activity of the samples in Fenton-like process were evaluated using the
degradation of RhB in an aqueous solution (8 mg/L). The experiments were carried out
in a 50 mL glass beaker. The 250 W high-pressure mercury lamp (Phillips, Amsterdam,
The Netherlands) was used as a source of UV-visible light at photo-Fenton-like process
investigation. The oxidant (H2O2) was added to the Rhodamine B solution with α/γ-Fe2O3
suspension. The light source was placed above the reactor at a distance of 10 cm. The
RhB concentration was measured using an SF-2000 spectrophotometer (Saint-Petersburg,
Russia) from the characteristic absorption peak at a wavelength of 553 nm. After the
measurement, the solution was poured back into the reactor and the process continued.
The concentration of iron in the solution after the process was determined by photometric
method using nitroso-R-salt [82].

4. Conclusions

Heterogeneous photo-Fenton-like degradation of RhB with high efficiency has been
demonstrated over a mixed-phase α/γ-Fe2O3 catalyst. α/γ-Fe2O3 was prepared by a
combustion of glycine–nitrate precursors with fuel–oxidizer ratio of 0.4 (ϕ < 1). At the
same time, a powder with a composition of 80%α/20%γ-Fe2O3 was synthesized, with
crystal sizes of 47.4 and 45.7 nm, respectively. XPS analysis showed that Fe2+ ions, up
to 40%, were present on the surface along with Fe3+ ions, due to the presence of oxygen
vacancies. Optimization of photo-Fenton-like degradation of RhB showed that reducing
the dye concentration from 8 to 1 mg/L, increasing the H2O2 concentration from 0.09 to
0.90 mmol, and reducing the mass loading from 2 to 0.2 g/L leads to an increase in catalytic
activity. At optimal efficiency, 99.2% degradation is achieved in 12 min of the process. It has
been shown that the pH of the medium does not affect the catalytic activity of α/γ-Fe2O3.
The 80% α-Fe2O3 and 20% γ-Fe2O3 mixed-phase catalyst showed no obvious decrease in
degradation performance over five consecutive cycles. The results show that the mixed-
phase α/γ-Fe2O3 catalyst is a very promising catalyst that is magnetically separable and a
suitable candidate for practical applications of dye containing wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13050872/s1, Figure S1: EDX spectra of α/γ-Fe2O3; Figure S2:
Fe 2p level XPS spectra; Figure S3: O 1s level XPS spectra; Figure S4: Dependence of the catalytic
activity of the photo-Fenton-like process on pH (CRhB = 8 mg/L; C(H2O2) = 0.18 mM; t =12 min).
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Abstract: Pure water, i.e., a sign of life, continuously circulates and is contaminated by different
discharges. This emerging environmental problem has been attracting the attention of scientists
searching for methods for the treatment of wastewater contaminated by multiple recalcitrant com-
pounds. Various physical and chemical methods are used to degrade contaminants from water bodies.
Traditional methods have certain limitations and complexities for bioenergy production, which mo-
tivates the search for new ways of sustainable bioenergy production and wastewater treatment.
Biological strategies have opened new avenues to the treatment of wastewater using oxidoreductase
enzymes for the degradation of pollutants. Fungal-based fuel cells (FFCs), with their catalysts, have
gained considerable attention among scientists worldwide. They are a new, ecofriendly, and alterna-
tive approach to nonchemical methods due to easy handling. FFCs are efficiently used in wastewater
treatment and the production of electricity for power generation. This article also highlights the
construction of fungal catalytic cells and the enzymatic performance of different fungal species in
energy production and the treatment of wastewater.

Keywords: fungi; metals; treatment; energy; catalyst

1. Introduction

The rapid industrial and global population growth has polluted water and depleted
the resources of fossil fuels to fulfill the excessive demand for energy production. The
quality of water is deteriorating due to the continuous mixing of undesirable chemicals [1].
The need for water quality improvement and preservation is continuously growing day by
day due to agricultural, civilization, and industrial activities, leading to environmental and
global changes. Wastewater is defined as a combination of liquid, water with wastes from
residential areas, commercial sites, institutions, and industrial establishments together with
ground, surface, and storm water [2].

Nonpoint sources contaminate valuable water resources. Organic pollutants are
hazardous and toxic; hence, chemical processes are most suitable to remediate and eliminate
the inorganic matter, dyes, and recalcitrant matter. Various techniques (biological, physical,
and chemical) are used to treat organic-compounds polluted the wastewater. Traditional
methods have certain limitations for bioenergy production, e.g., large spaces, high capital
cost, and complexities linked with the production process. The demands for sustainable
bioenergy production have been increasing in the world as an alternative to nonchemical
methods for power generation. Biological degradation involves the use of microorganisms
(fungi, algae, bacteria, and enzymes), which utilize the maximum land area, exhibit very
high sensitivity toward toxic agents, and require a long consumption time [3].

The exploration of novel and efficient approaches have attracted the attention of envi-
ronmental scientists to cleanup and remediation of the contaminated water bodies. The
fungal potential to generate bioelectricity from biodegradable wastewater reduces the cost
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of conversion [4]. Biotic sources exploit different species of fungi for bioenergy generation.
However, very little data are available on the use of “fungal-mediated electrochemical
system” for energy production. Minimal resources, higher prices of fossil fuels, and increas-
ing global warming issues have motivated the scientists to design alternative “renewable”
energy sources, e.g., fungal cell factories.

The fungal fuel cell is a device that uses fungi as catalysts to generate electricity by
oxidizing the inorganic compounds of biomass [5]. A few researchers believe that this
technology is not only used for the production of electricity. It also depends on the ability
of the electrode associated with the fungi to degrade the toxics and waste materials [6].
Biomass/organic material is a sustainable alternative approach to address this issue. Fungal
fuel cells (FFCs) provide electricity directly through the “biodegradation” of raw materials
by fungal cells [7].

It is proposed that fungal species are used for energy generation, taking advantage
of their potential as “novel cell factories”. Saccharomyces or Pichia fungi are used in these
cells [8]. Fungal cells have nine times higher potential to generate energy accumulated
in sewage sludge than conventional methods [9]. Fungal species have a strong potential
to generate power using the presence of complex enzymatic systems. These species can
rapidly grow on waste materials and degrade these materials within a shorter time for
the production of “bioenergy”. The use of fungi in “bioremediation” is a promising
technique [10].

This approach is also called an “Oxidative Biocatalyst” approach. The efficiency
of this strategy can be maximized by using different fungal growth and environmental
parameters with redox mediator systems [11]. The fungal approach is the best method
for energy production and wastewater treatment in a cost-effective manner. Integrated
physical, chemical, and biological wastewater treatment are discussed in detail with current
challenges in terms of achieving good treatment efficiencies to meet the discharge standards
during wastewater treatment and bioelectricity generation.

Objectives

• To construct bioelectrochemical devices, where the fungus (catalyst) is used for the
oxidation of inorganic matter for electricity generation.

• To generate power/energy from wastewater (substrate) using fungal electrochemical
technology (FET) in an ecofriendly manner.

• Compared to conventional methods, biodegradation, using cost-effective and eco-
nomical technologies, is greatly preferred with improved outcomes. The goal of this
review provides a design for a much more cost-effective system with a principle of
wastes removal using fungal fuel cells. Studies on wastewater treatment in FFCs
with electricity generation are also presented. Thus, biodegradation using FFCs is
considered to be a highly economical, ecofriendly, and more prominent way to solve
these problems.

1.1. Oleaginous Fungi

Oleaginous microorganisms have potential for biodiesel formulation and production.
These are used as an alternative renewable energy sources. Oleaginous fungi have nu-
merous advantages, e.g., lower land requirements, short cultivation time, and maximum
production of fatty acids (oils) [12]. A few oleaginous species metabolize xylose and assist
in lipid production from “lignocellulosic hydrolysates” [13]. These fungal species become
more oleaginous, when different organic substrates (glucose and sucrose) are added to
their growth medium. Each species has particular abilities to utilize organic substrates and
enhance the lipid yield. It is noticed that in a fungal consortium, less productive species
always follow a more productive species during co-metabolism. This way of combination
is yielding more biomass than single cultures.

The genera Mucor and Aspergillus have been recognized to store up to 80% of oils
(in cells) in specific conditions [14]. Strains that have high lipid contents and metabolize
TAG (triacylglycerides) usually preferred to formulate and generate biofuels efficiently.
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Zygomycetes are a class of excellent oleaginous fungal species, providing palmitic and oleic
acids that are used for biodiesel formation. Additionally, anaerobic fungi are an arsenal
of extracellular multienzyme complexes. These fungi are involved in the breakdown of
various biomasses for biogas generation. Zygomycetes, such as Mortierella isabelline has
reported to have a 60–70% lipid content [15].

Oleaginous yeast (Rhodotorula mucilaginosa SML) has been using for the treatment
of food industry effluents. The overall yeast lipid content for the effluent treatment was
67.95 w/w% of dry cell biomass. The extracted yeast oil was used for transesterification and
showed a 98% conversion of oil to methanol. The fatty acid composition was compatible
with petroleum diesel, making it applicable for alternative biofuel production. Thus, this
strategy proved efficient in the removal of contaminants of industrial wastes suggested as
a new sustainable source for biodiesel production [16].

The biofilm of Wickerhamomyces anomalus (yeast) on the anodic electrode of a single-
chamber fuel cell fed with zinc and copper electrodes and pineapple waste (substrate) is
used for fuel production. Current (4.95667 ± 0.54 mA) and voltage peaks (0.99 ± 0.03 V)
were generated for 16 and 20 days, respectively. The maximum power density of
513.99 ± 6.54 mW/m2 at a current density of 6.123 A/m2 was generated [17].

1.2. Hydrolytic and Lignolytic Fungi

Hydrolytic and ligninolytic fungi are suitable candidates for the production of bio-
fuels or bioethanol. A few basidiomycetes have been reporting to secrete extracellular
enzymes that degrade the waste materials [18]. Fungal peroxidases (manganese-dependent
peroxidase and lignin peroxidase) degrade the lignin, hemicellulose, and polyaromatic
phenols [19].

Fungal cells are known for the generation of bioelectricity, good-quality biofuel pro-
duction, and wastewater treatment. The best-known biofuel-producing fungal species are
Rhodosporidium toruloides, Cryptococcus sp., Yarrowia lipolytica, Penicillium sp., Aspergillus sp.,
and Trichoderma reesei. Species that have the potential to produce biodiesel or electricity
generation transfer the e− via cytochrome C. These include Candida sp., Colletotrichum sp.,
Saccharomyces cerevisiae, Penicillium sp., Alternaria sp., Rhizopus sp., and Aspergillus sp. Cells
constructed from these species are called “Fungal-based FCs” [20].

Energy-generating fungal biocatalysts increase the electron transmission rate through
extensive networking of fungal hyphae and produce stable electricity, which contributes to
“external electrochemical operations”. Due to this unique property, fungi, and yeasts are
preferred over bacterial cells for wastewater treatment and electricity generation [21].

1.3. Effects of Environmental Factors on Fungal Growth and Metabolism

• pH

A few fungal species grow in a broad pH range, while some species grow in a narrower
pH range. The optimum growth of fungal species appears to correspond to a specific pH
value [22]. The fungal ability to grow at a pH >7 is required during industrial production.
The substrate with a pH below 7.00 inhibits the growth of contaminants (bacteria) without
affecting the yield. A slight increase in pH of FFCs, inhibits fungal growth and metabolism.
Fungal catalyst formation (oxidoreductase) and catalytic action are highly stable at an
acidic pH (3–6). A low pH induces mobility and unfolding of the enzyme proteins.

• Temperature

Temperature plays an important role in fungal growth, metabolism, and electricity
generation using fungal fuel cells. The temperature of system facilitates the cells metabolism
and their enzymatic reactions. In wood-rotting fungi, oxidoreductase is produced in an
optimum temperature range (25–30 ◦C), which depends on mesophilic and thermophilic
fungal species [23]. The enzyme system of mesophilic basidiomycetes is thermostable at
elevated temperatures. Optimum temperature is also favorable for the efficient maintenance
of fungal systems in fuel cells during their metabolic mechanisms. A slight decrease or
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increase in temperature leads to denaturation and inactivation of the cell components,
which consequently stops the work of fuel cells with no power generation.

• Ionic strength

Higher ionic conductivity also influences the work of fungal fuel cell. Ionic conductiv-
ity is directly proportional to power generation due to minimum internal resistance. High
ionic conductivity increases the power output of FCs. Protons and electrons can easily
move from one compartment to another for the completion of a circuit.

• Salinity

About 90% fungal species can tolerate at 3 to 6% salt stress. Halotolerant fungal species
are better adapted to the salty environment [24]. Marine fungi with a dark cell wall can
tolerate higher salinity than moniliaceous fungi [25]. The habitats of marine fungal species
have a strong influence on their adaptation to salt and metabolic functioning.

Hyperosmotic stress in fungi is linked with the inhibition of cell wall extension and
cellular expansion, resulting a reduction in their growth [26]. Excess in everything is bad.
Maximum ions can alter protein, membrane integrity, and nucleic metabolism, which may
change the enzymatic activity and catalytic performance during fungal growth and func-
tioning of fuel cells [27]. Organic osmotica (compounds) are called compatible solutes, as
these solutes can store high concentrations of salts without interfering with cell metabolism.
Polyols (mannitol, arabitol, and glycerol) and non-reducing saccharides (trehalose) are
soluble carbohydrates found in basidiomycetes and ascomycetes. These solutes help the
fungi to grow efficiently in a salt-stress environment. A maximum salt range destroys the
fungal product yield as well.

1.4. Enzymatic Treatment by Biocatalytic Fungal Species

Catalysts are needed to accelerate the maximum biodiesel production. Biofuels are
categorized into bioethanol, biohydrogen, and biodiesel (Figure 1). During the enzymatic
treatment of wastewater (substrate), low-chain carbon compounds are produced, which
utilized during microbial oxidation. The basic oxidoreductases, such as laccases, lignin
peroxidases, and manganese peroxidases, are extracellular enzymes. In contrast, glucose
oxidase and cellobiose dehydrogenase are auxiliary enzymes isolated from white-rot fungi.
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Figure 1. Fungal species utilize sunlight and water for the metabolic production of lipids, protein,
and sugar used for the manufacturing of biodiesel, biogas, and biofertilizers.

Biocatalysts are exoelectrogens that oxidize organic material and deliver electrons from
anode to cathode to generate the electricity. Exoelectrogens are now investigated for the
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development of FFCs, which potentially convert the diverse organic substances (activated
sludge of waste water) into electricity, ethanol, and H2 [28]. Sporotrichum pruinosum (white-
rot fungus) efficiently degrades pollutants, organic biomass, and chemical substances with
the use of an extracellular enzyme [29].

Biocatalyst is deposited onto the carbon anode as floating biomass in yeast-based
FFCs [30]. Yeast-based FFCs have the following advantages: (i) degradation of very
complex substrates (starch and cellulose-based substrates) into simple organic molecules;
(ii) survival in an anaerobic environment [31]; and (iii) simple and easy production, rapid
development, and sensitivity of the strains. Except for yeast, other fungal species are also
exploited as biocatalysts for both wastewater treatment and electrochemical approaches.

Scientists are motivated toward the development of such mediator systems as fungal-
based FCs [21]. Pure Saccharomyces cerevisiae (yeast) is a model organisms used as bio-
catalysts in FFCs. Christwardana et al. [30] indicated the significance of yeast cells in
MFCs due to their unique features and sustainability. S. cerevisiae has been extensively
studied and characterized as a biocatalyst in biological fuel cells [32–34]. This species is
nonpathogenic to non-target organisms (humans), has a high growth rate, easy to culture
in anaerobic environments, and grows very well at room temperature [35]; hence, it can
be used for the effective treatment of wastewater [36,37]. In addition to the low cost and
rapid multiplication, the species remains active and survives even in a dried environment
for a longer period [38]. Carbon-neutral fuel, referred to as bioethanol, is produced from
plant waste and bacterial/algal biomass [39]. It is also produced from yeast and fungi in
anaerobic conditions [40], especially S. cerevisiae, which is considered to have great potential
in the production of bioethanol.

Candida melibiosica, Kluyveromyces marxianus, Blastobotrys adeninivorans, Pichia anomala, P.
polymorpha, and Saccharomyces cerevisiae yeasts are used as biocatalysts in FFCs with/without an
external mediator. Kluyveromyces marxianus is a promising yeast species producing maximum
power at higher temperatures, when grown in natural (organic) substrates. Other fungal species,
e.g., Saccharomyces cerevisiae [33], Candida melibiosica [36], Blastobotrys adeninivorans [37], Hansenula
polymorpha [41], and Pichia anomala [42] all are a potential source for catalysts in FFCs.

Exogenous mediators, such as methylene blue (MB) and neutral red (NR), are used to
increase the transport of electrons between anodes and microbes. The yeast cell surface-
displayed dehydrogenases include cellobiose dehydrogenase (CDH) and pyranose dehy-
drogenase (PDH) [43]. Both CDH- and PDH-based biocatalysts are used in the anodic
compartment of FFCs.

1.5. Structure of Fungal-Mediated Fuel Cells

Protons and electrons are generated through the oxidation of organic matter in the
aqueous solution of anode compartment, when fungi used as catalyst. The external circuit
is used to transmit the electrons toward the cathode, while the proton exchange membrane
(PEM) facilitates proton diffusion [44–46]. At the cathode, e− and protons are used for the
reduction reaction and eventually change oxygen to water [47]. Potter [48] was the first
person, who liberated electrical energy from yeast cells in 1911. Fungi can transfer electrons
to the anode electrode in three possible ways: (1) direct contact; (2) pili/conductive wires;
and (3) redox mediators/electron shuttle [49].

The advantages of FFCs include sustainable nonchemical character, minimum sludge
generation, optimum temperature, wide range of substrates, low power consumption,
and good performance [50]. This is a promising alternative technique used to explore the
fungal potential in the conversion of organic substrates into electricity. The performance of
FFCs depends on multiple factors, e.g., configuration of the cell, choice of the substrate,
anodic material, biocatalyst, electro-catalyst (at the cathode), and environmental conditions.
Prasad et al. [42] observed that fungi are more active than bacteria in MFCs.

Fungal fuel cells (FFCs) are operated in a closed-system mode on the principle of
oxidation–reduction reaction through a series of electrochemical and microbial pathways.
The anaerobic environment is maintained in the anodic compartment [51]. The e− and
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protons in the anode chamber are produced through oxidation of the substrate by fungi,
and oxygen reduced by a terminal electron acceptor in the cathodic chamber.

Fungi used at the anode to transport e− via redox-active fungal protein and synthetic
mediators. Anodic fungal cells oxidize the substrates and produce electrons and protons.
The e− is absorbed by the electrode, and protons flow toward the cathode via a PEM. The
protons are transferred through the PEM to the cathode. Subsequently, the electron and
proton combination produce a molecule of water (at the cathode) for the completion of
the bioelectrochemical reaction. At the cathode, the fungal enzyme catalyzes the reaction
and the final electron receiver is O2 and H2O produced during this reaction. Additionally,
airtight compartments, sufficient space within the chamber, an outlet, and inlets are certain
prerequisites in the arrangement of the PEM and electrodes into a system (Figure 2).
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Figure 2. Structure of the fungal fuel cell. The left side of the cell is the fungal catalyst electrode
(anodic chamber), and protons are transferred from the proton exchange membrane to the cathodic
chamber (where catalytic oxidation takes place).

A membrane separator called a proton exchange membrane (PEM), divides the cell into
two distinct cathodic and anodic chambers. An extracellular microorganism with the ability
to transfer electrons is called an exoelectrogen (Biocatalyst) [52]. Membrane separators
(PEM, salt bridge, anion and cation exchange membrane, microfiltration membrane, glass
fiber) have such features as low permeability and high conductivity for optimum FFC
performance [53].

The membrane (Nafion), cathode (Platinum), and anode (carbon cloth and carbon
paper) materials are expensive and fragile. Fungal FCs with a low-cost electrode, high
power output, and membrane materials with good scalability should develop to treat
different effluents (de-sizing, bleaching, dyeing, and printing effluents).

Potent microbes improve the electron transfer and facilitate the degradation of biolog-
ical substrates, e.g., Shewanella oneidensis or the hyphal networks of T. versicolor facilitate
electron transfer onto the anode efficiently. Nearly 30 days are required for the formation
of homogeneous bacterial and fungal biofilms on the electrode [54].
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1.6. Electron Transfer (ET) Mechanism

There are two types of e− transfer mechanisms. Fungal consortia demonstrated a
better ET mechanism than single species.

1. Direct ET: two types via outer cytochrome and nanowire.
2. Indirect ET: (mediated/mediator electron transfer) reactive diffusible redox mediators

(RMs) enhance the reaction rate and increase the range of degraded substrates.

1.7. Types of Electrodes

The electrode material influences the performance of FFC, which has a direct impact
on the kinetics of electrodes [55].

Anode: A carbon-based anode is cost-effective and noncorrosive (modifier carbon
paper, carbon felt, carbon cloth, carbon nanotubes, graphene, stainless steel, titanium, and
gold) [56]. These materials improve the characteristics of anodic surface material and
provide an appropriate platform for fungal biofilm formation with an active catalyst. The
anode quality enhances the high surface area, chemical/electrical stability, and biocompati-
bility [57]. The anodic electrode increases the efficiency of FFCs. This serves as a driving
feature for power generation. Thus, the anodic material seems to be a suitable strategy to
enhance performance.

Reaction in the anodic chamber:

C6H12O6 + 6H2O→ 6CO2 + 24H+ + 24e− (1)

Iron and iron oxide nanoparticles, graphite, carbon cloth, and carbon felt are effective
anode catalysts improving the efficiency of a fungal fuel cell (FFC) for industrial wastewater
treatment. Wastewater is used nowadays as an energy source. This is a promising approach
to meet the increasing energy needs in place of fossil fuels [58]. Biocatalysts provide clean,
sustainable, and renewable energy sources by utilizing exoelectrogenic organisms [59].

There are several advantages of FFCs; however, their utilization is still limited due
to the high cost of their components and their low power output [60]. This limitation
can overcome by using an appropriate anode surface morphology (large surface area,
superhydrophilicity, high electrical conductivity, excellent chemical stability, high porosity,
biocompatibility, and chemistry) with improved electron transfer process [6,61]. The
hydrophobic nature of anode, negatively affects the microbial adhesion and enhances
the interfacial resistance for e− transfer due to insufficient adhesion on anode surface.
This minimize the power and current density [62], which can be overcome with the use
of a carbonaceous anode and modification methods (chemical function group treatment,
physical treatment, acid heat treatment, and transition metal coating techniques) [63].

Cathode and Cathodic compartment: Types of substrate act as a cathode in FFCs
(biodegradable waste such as brewery and sewage wastewater, rich in organics such as
glucose, sucrose, lignocellulose, acetate, biomass materials, etc). The reduction of oxygen
takes place in this compartment. This is a key interaction in energy conversion and
biological respiration [64]. Electrons from the anode are received by cathode through an
external circuit and protons are transported via the PEM. This is essential in the reduction
reaction between electrons and protons resulting in H2O formation. The cathode affects the
total cell voltage output and has a high redox potential.

Reaction in the cathodic chamber

6O2 + 24H+ + 24e− → 12H2O (2)

The biocathode is an alternative low-cost, sustainable, stable, and nonchemical option
used currently in FFCs. Due to certain biological components in the cathode, the term
’biocathode’ is used. The fungus is embedded in an oxygenated cathodic chamber and
establishes a mutual configuration of a dual compartment-based yeast fuel cell.
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1.8. Reactor Configuration

The reactor configuration influences the performance of biological fuel cells. There
are two construction designs: (1) single [65] and (2) dual-chambers [66] to evaluate the
in vitro performance. According to the mode of aeration, FFCs are classified into different
configurations (Figure 3):
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Figure 3. Reactors for the measurement of wastewater parameters; without-air reactor (R1)—the
reactor 15 L and the air is interface in wastewater sewage; with-air reactor (R2)—15 L with constantly
aerated wastewater; and membrane less FFC (R3)—reduces COD to 90%.

(1) Aqueous cathode: in this cell, water is bubbled with air for the supply of dissolved
O2 to the electrode [67]; (2) air cathode: to minimize the cost and maximize the energy
output, the air cathode is designed. Carbon electrodes generate energy in the absence
of a PEM. The power density (494 mW/m2) is much better in this type of cell than in
the aqueous cathode [68]; (3) downflow: this membrane less fuel cell is constructed with
downflow feeding to generate electricity from wastewater. Water is fed directly onto the
cathode, which is horizontally installed in the upper part of the FFC. Oxygen is utilized
readily from the air and concentration of dissolved oxygen in the wastewater has little
effect on the power generation. The maximum power density of 37.4 mW/m2 is generated
by this type of cell and mostly used in brewery wastewater treatment [69]; (4) upflow:
upflow reactors have advantages in retaining the maximum cell density and mass transfer
efficiency. In this type of cell, the recirculation rate can improve the upflow rate. At a
recirculation rate of 4.8 RV/h, a power density of 356 ± 24 mW/m2 is produced from this
cell [70]; (5) miniature: a low-cost mini tubular fuel cell is developed for the treatment of
groundwater contaminated with benzene and for the monitoring of wells. An increase in
the length and density and a decrease in size of char particles at the anode effectively reduce
the internal resistance. This type of cell removes 95% of benzene and generates a power
density of 38 mW/m2 [71]; (6) stacked: this easy-to-operate FFC in septic tanks comprises a
common base and multiple pluggable units, which are connected in series or parallel for
electricity generation during waste treatment. Three parallel-connected units produce a
power density of 142 ± 6.71 mW/m2 [72]; (7) large scale: in this cell, multiple operational
conditions can be tested (different flow rates, application of external resistors, and poised
anodic potentials). This results in the highest COD removal efficiency (94.6 ± 1.0%) at an
applied resistance of 10 Ω across each circuit. Results of eight stages of operation (325 days
total) indicate that this fuel cell can sustain treatment rates over a long-term period and
are robust enough to sustain performance even after system perturbations [73]; (8) tubular:
two ceramic stacks, mullite (m-stack) and terracotta (t-stack) are developed to produce
energy. Each stack contains 12 identical fuel cells, which are arranged in cascades and
tested under different electrical configurations. The m-stack and the t-stack are found to
produce a maximum power of 800 µW and 520 µW, respectively [74]; and (9) salt bridge:
a salt bridge is used instead of membrane system. The low power output (2.2 mW/m2)
is directly attributed to the higher internal resistance of the salt bridge (19920 ± 50 Ω)
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compared to the membrane system (1286 ± 1 Ω). Oxygen diffusion from the cathode to the
anode chamber is a factor in power generation [75].

2. Methods for Degradation
2.1. Physical Methods

Physical methods for wastewater treatment remove substances with the use of nat-
urally occurring forces like gravity, electrical attraction, and van der Waal forces. In the
mechanism of physical treatment, no change is found in chemical structure of the target
substances, while in some cases, the physical state will be changed, as in vaporization, and
isolated or scattered substances often caused to agglomerate.

The following methods are easy to use and cost-effective/inexpensive, but have
numerous disadvantages.

• Adsorption: The method is easy to use and cost-effective, and ensures the regeneration
of adsorbents and disposal of generated sludge. Activated lignin and coal are applied
as surfaces for adsorption used for degradation [76].

• Coagulation, flocculation, and sedimentation: Coagulation, flocculation, and sedi-
mentation techniques are efficient approaches to remove pollutants; however, both
tend to be selective toward specific types of contaminants [77].

• Reverse osmosis and filtration: These are effective but expensive methods for wastew-
ater treatment. They generate secondary waste during their performances (drawback).
Filtration is an integral component of drinking water and wastewater treatment ap-
plications, which include ultrafiltration, microfiltration, nanofiltration, and reverse
osmosis. These techniques remove the color from wastewater. Each membrane process
is best suited for a particular water treatment function [78].

2.2. Chemical Methods

The conversion or removal of contaminants is achieved by the addition of chemicals or
chemical reactions. Chemical treatments include precipitation, adsorption, and disinfection.
These processes are activated by adding aluminum, calcium, and ferric ions, etc.

The following techniques are promising and effective in the degradation of organic
compounds [79].

• Advanced oxidation processes (AOPs): These degrade various organic compounds.
This approach generates reactive OH− radicals for subsequent reactions with organic
pollutants resulting in the degradation of pollutants into smaller intermediates. This is
a costly process and demands a continuous input of expensive, reactive, and corrosive
chemicals with large amounts of energy.

• Electrochemical destruction: Direct electroreduction has lost its popularity as a means
of destruction of dyes in an aqueous solution because it offers very poor decontamina-
tion of wastewater compared to other electrochemical treatments.

• NaOCl: Wastewater is treated with sodium hypochlorite, allowed to stand for 1 d
in the dark, and then neutralized with sodium thiosulfate [80]. The neutralized
sample is used for the determination of hypochlorite treatment effects during the
wastewater cleanliness.

2.3. Biological Methods

A modern society without the utilization of chemicals in pulp, leather, pharmaceutical,
and paper industries is not possible. However, the consumption of chemicals contaminates
the environment and causes harmful effects [81]. Chemical and physical methods include
electrochemical methods applicable for wastewater decolorization [82]. These methods
are quite expensive, have low removal efficiencies, produce toxic intermediates, and ex-
hibit high specificity for dyes [83]. There are environmental friendlier and potentially
less expensive methods for the removal of Ops (organic pollutants) from contaminated
water. Numerous microorganisms, e.g., bacteria, yeasts, and fungi, have the potential to
decolorize different types of organic compounds [84]. The modification of living cells of
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yeast by polypyrrole (PPy) was evaluated. A microbial fuel cell using yeast modified by
a solution containing 0.05 M pyrrole generated maximal power of 47.12 mW/m2, which
is 8.32 mW/m2 higher than the system, which not based on yeast [85]. The yeast-based
FC technology showed great potential to harness energy (bioelectricity and biohydrogen)
from xylose. Herein, the yeast strain (Cystobasidium slooffiae JSUX1) facilitated the reduction
and assembly of graphene oxide (GO) nanosheets reduced to 3D rGO hydrogels on the
carbon felt (CF) anode surface. This fuel cell enhanced, by two times, the bioelectricity and
biohydrogen production from xylose [86].

The performance of a fuel cell is estimated in terms of pollutant removal and electricity
generation. Pollutant removal can measure in terms of organic removal, also called a
change in equivalent COD (chemical oxygen demand) between the effluent and the influ-
ent. Wastewater pollution from numerous sources is removed by using FFCs, in which
organisms decompose organic compounds and convert this chemical energy into electrical
energy [2]. The most important advantages of this method are the low concentrations of
reagents needed for mild conditions and the degradation of a wide range of substrates. A
disadvantage of this method is the high cost of enzymes, which ameliorated by the use of
recombinant DNA technology [87].

The biodegradable organic matter ranges from pure compounds (acetate, cysteine,
glucose, and ethanol) to mixtures comprising organic compounds (liquid municipal waste,
leachate landfills, animal waste, liquid waste of industrial and agricultural origin) [88].
Biological treatment removes these biodegradable organic contaminants. Biological pro-
cesses degrade dyes contained in wastewater through decolorization carried out by fungal
strains [89]. These processes are slow; however, their efficiency is satisfactory. Enzymatic
decolorization is now used for the decolorization of dye effluents. There are several prob-
lems, e.g., the cost, stability, and product inhibition of enzymes [89]. Anaerobic treatments
degrade a wide variety of synthetic dyes [90]. However, successfully aerobic conditions
are applied to decolorize the dyes. A few industries use biological treatment to dispose of
biodegradable materials, e.g., food processing dyes, dairy wastes, paper, plastics, brewery
wastes, and petrochemicals [91,92]. The fungal method is more economical in decoloriza-
tion via adsorption (living or dead), microbial biomass formation, and bioremediation
systems. Fungal organisms degrade and accumulate different pollutants [93].

3. Metabolism of Fungi

Fungi, which are ubiquitous organisms, play a vital role in ecosystems. They can grow
on different substrates and function for an indefinite time period. A pivotal parameter de-
termining the cell potential is a metabolic pathway of the microorganism. The performance
of FFCs is influenced by fungal metabolism and growth. Fungi have a complex cellular
organization and use two pathways for electron transfer. The substrate (glucose) oxidation
results in the production of two molecules of NADH/glucose (glycolysis), while media-
tors interact with the component of ETC (keeps ETC functioning and produces electrons
from TCA) [94]. Both metabolic pathways are essential for the removal of waste from the
substrates by providing electrons. Any disturbance in these pathways disturb the system,
resulting in lower power generation.

The consumption of non-renewable energy creates many problems such as the “avail-
ability of fossil fuel stocks for future releases of a huge quantity of toxic gases or particles”,
which have influence at the global level and stimulate changes in the climate. Fungal biofuel
cells (bioelectrochemical system) utilize the living cell for the production of bioelectricity.
This cell can drive electricity or other energy generation currents by the use of living cell
interaction. Fungal fuel cells and enzymatic biofuel cells can improve sustainable energy
production with an efficient conversion system compared to chemical fuels [95].

The diverse group of yeast, molds, and filamentous fungi can remediate various
industrial wastewaters. Mycodegradation destroys wood, paper, textile, plastic, and
leather materials. The mycelia of several species facilitate degradation. Fungi degrade
pesticides, dyes, polychlorinated biphenyls, hydrocarbons, and phenolic and chlorinated
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compounds with the use of different enzymes (laccases, manganese peroxidase, and lignin
peroxidases) [96]. Irpex lacteus and Pleurotus ostreatus degrade PAH from contaminated
industrial soil [97]. Many fungi (Fusarium oxysporum, Mucor alternans, Tricoderma viride, and
Phanerochaete chrysosporium) can degrade DDT.

Numerous white-rot fungi (Phanerochaete chrysosporium, Pleurotus ostreatus, Trametes
versicolor, Irpex lacteus, and Lentinula edodes) can degrade various toxic compounds through
their numerous reductive and oxidative mechanisms. Endosulfan is oxidized to endosulfan
sulfate through the catalyze-based mechanism of Tricoderma harzianum. Fungi are suitable
for biotreating oil-based sediments and PAH-contaminated cuttings [98]. Phanerochaete
chrysosporium fungi oxidize pyrene, benzo[a]pyrene, anthracene, and fluorine into quinines
using MnP and LiP [99].

Fungal Chitosan: Fungal chitin is an economically attractive pollutant-adsorbing material
next to cellulose [100]. Chitosan or glucosamine is a derivative of chitin found in the cell wall of
a few fungi (Mucorales). Reactive Red 2 contaminated water is decolorized by macro fungi [101].
Chitosan beads are used for the treatment of aqueous solutions containing perfluorooctane sulfonate
(PFOS) [102]. The biosorption efficiency of fungal biomass can be increased by modification processes.
Chitosan poly vermiculite hydrogel adsorbents remove methylene blue from aqueous solutions [103].

4. Role of Fungal Enzymes and Modifications in FFCs

Extracellular ligninolytic oxidative enzymes, e.g., valuable extracellular oxidoreduc-
tases (laccases, lignin peroxide, and manganese peroxide) help the fungi to degrade dyes
and xenobiotic compounds [104]. Intracellular enzymes are recovered from the cell wall
of fungal mycelia [105]. Multiple enzyme systems are successfully used for the efficient
breakdown of diverse types of organic pollutants by oxidation or degradation into smaller
intermediates.

Oxidoreductase is renowned for its ability to degrade numerous types of organic
pollutants [106]. Reactive diffusible redox mediators (RMs) based on oxidoreductase dra-
matically increase the reaction rate and a broad range of substrates are degraded by these
enzymes [107]. The advantages of enzymatic degradation include the low concentration
of reagents in mild conditions, with their ability to break down a wide range of sub-
strates. The disadvantage of high cost of enzymes can be improved by using recombinant
DNA technology.

Lactate dehydrogenase and ferricyanide reductase are redox enzymes [42]. Fungi
exhibit a similar mechanism of electron transfer to that in bacteria. Mediator-less FFCs and
fungal electrogenic efficiency are examined by Sayed and Abdelkareem [21], and studies on
fungal-mediated electron transport have received attention due to the presence of fungal
redox proteins (lactic acid dehydrogenase or ferricyanide reductase).

Wood degraders (white-rot fungi) secrete many extracellular enzymes such as laccase
a multi copper oxidative enzyme. Fungal laccase is a 4Cu-containing oxidoreductase
biocatalyst that can transfer electrons and has a higher capacity for redox reactions (for
organic and aromatic compounds) using an enzyme-mediated system. Laccase catalyzes the
oxidation reactions and increases the chances of smooth biological degradation mechanisms.
Laccase accepts e− from atm. O2 (electron acceptor) catalyzes the 1e− oxidation reaction
of phenolic compounds, which facilitates the catabolism of organic compounds [108].
Consequently, at the same time, laccase act as a cathode catalyst in a fungal fuel cell
(FFC). White-rot fungi metabolize the laccase to accumulate the nutrients in the soil by
lignin degeneration or organic components of the ecosystem. They are suitable and cost-
effective for the sustainable development of power generation from FFCs through the in
situ elimination of laccase.

Fungi play a dual role in FFCs [109], e.g., at the anode, fungi facilitate e− transfer
via their respiratory proteins or chemical mediators. At the cathode, they reduce the
terminal electron acceptors (oxygen). Recent investigations have shown the direct electron
transfer through cytochrome C [110]. The in situ laccase of white-rot fungi shown to
increase the efficiency of FFCs. This involved the oxidization of aromatic amines and
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phenolic mixtures using atmospheric oxygen (terminal electron acceptor) [111]. Laccase is
extensively manipulated to degrade the organic pollutants, phenolic compounds, triclosan,
bisphenol A [112], synthetic and natural hormones such as estrone (E1), 17b-estradiol (E2),
estriol (E3), and aromatic dyes [113]. Lignin is degraded as laccase is generated. In the
treatment of rubber-processing wastewater, sludge is used at the anode (as a substrate),
while laccase is deposited on the cathode under optimal systems to generate electricity.
Ganoderma lucidum (strain BCRC 36123), Pleurotus ostreatus, and T. versicolor are well-known
laccase-producing fungal species with high efficiency in the production of energy because
of an incapacitated layer of fungal enzymes (at the cathode) [114]. Laccase also returns the
nutrients by degradation of plant lignin in soil and produces large amount of power in
dual-chamber rather than single-chamber FFCs [115]. Laccase used on the biocathode to
minimizes the cost of FFC manufacturing.

Laccase-producing Ganoderma lucidum BCRC 36123 was planted on the cathode surface
of a single-chamber FFC to degrade a dye synergistically with a community of anaerobic
microbes in the anode chamber (Figure 4). The laccase activity (1063 ± 26 U/L) of white-rot
fungi (Ceriporiopsis subvermispora, Pycnoporus cinnabarinus, Phanerochaete chrysosporium, and
Trametes pubescens) efficiently removed 71–77% of COD and 87–92% of phenolic compounds
at a pH of 5.0 [116] (Strong 2010). Fungal laccase hydrolyzed winery wastewater and
effectively removed the phenolic compounds, COD, and colors [117].
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Figure 4. Extracellular fungal laccase catalyst in the anodic chamber, which enzymatically oxidizes
wastes during wastewater treatment in the cathodic chamber with reduction of O2 into water. The
movement of e− from the anode to cathode lit the bulb during the completion of circuit.

Peroxidases are other oxidoreductase enzymes found in fungi. They efficiently ox-
idize a wide range of substrates [118]. These are effective and extensively used in dye
degradation [113]. Only a few studies have reported the use of peroxidases for PPCP
degradation [119]. Pollutant-degrading peroxidases are heme peroxidases and non-heme
peroxidases. The heme-based peroxidases are further classified into four superfamilies: per-
oxidase cyclooxygenase, peroxidase–catalase, peroxidase–peroxygenase, and peroxidase–
chlorite dismutase. The peroxidase–catalase superfamily is the most abundant in fungi and
further subdivided into three additional families, e.g., F1 (intracellular bacterial catalase),
F2 (secretory fungal peroxidases such as lignin and manganese), and F3 (secreted plant
peroxidases) [120].
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4.1. Modification in Yeast-Based Cells

The yeast-based fuel cell (YBFC) is a novel technique used to purify different types
of wastewater and convert chemical energy into electrical energy at the cost of active
biocatalysts [121]. The performance of YBFCs is influenced by the performance of the
electrodes. The electrode performance of yeast-based cells are investigated by coating
carbon paper with a thin layer of gold or cobalt (of thickness 5 or 30 nm). The electrode
performance is assessed by measuring the electrode half-cell potential efficiency during
degradation of chemical substances, pollutants, and organic biomass on the budget of
extracellular enzymes [29].

4.2. Factors Affecting FFC Performance

Certain biological (external resistance, substrate type with concentration, and choice
of inoculum) and physical factors (reactor configuration, electrode material, and separator)
efficiently increase the cell functioning [122], e.g.:

• Using a fungal biocatalyst.
• The type of fuel for the FFC.
• The chemical energy of the substrate (converted into electrical energy).
• The use of mediators (ABTS 2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid))

that are effective in e− transfer from the electrode to laccase.
• An airtight anodic chamber in a dual-chamber.
• Cathode chamber is filled with laccase secreted by white-rot fungi and sufficient

nutrient growth medium for the optimum growth of fungal cells.

5. Mechanism of FFCs in Wastewater Treatment

Different types of FCs are operated and reported in wastewater treatment with the
generation of biohydrogen, biogas, and other biofuels/energy. Later on, biogas is converted
into electric power. Recent developments and researches on designing of fungal fuel cell
and its application emphasize the bioenergy generation for future.

Environmental scientists try to devise the methods of degradation or removal of
pollutants from the water supply. Water bodies are rich in organic pollutants. These
pollutants have diverse chemical structures, e.g., dyes present in textile waste streams
are classified into anthraquinone, basic, acidic, and azo dyes [123]. Organic aromatic
compounds are carcinogenic in nature and pose serious health risks for humans and
aquatic organisms [124]. Organic pollutants are suitable substrates for the growth of
bacteria that reduce the oxygen level in water bodies and increase their turbidity with
color to decrease the photosynthetic growth of water biota [125]. Human consumption and
improper disposal of personal care products contribute to their release into ground and
surface water [126]. Efficient degradation depends on the proper binding and orientation
of organic compounds in the active sites of peroxidase enzymes. Hence, the substrate
structure is a very important parameter in the degradation of pollutants.

Biological approaches are environmentally friendlier, less expensive, and widely used
for the handling and removal of harmful substances from wastewater [127,128]. Fungal
enzymes (peroxidases and laccases) metabolize and degrade pollutants into less-toxic
forms [129]. Diverse fungal enzymes (exocellular and endocellular) in fungus-based FCs
are used for waste biodegradation activity. Peroxidases and laccases degrade many types of
organic pollutants. Mostly, studies are focused on the treatment of “pure (neat) pollutants”
or “simulated wastewater”. This presents a major challenge and weakness in the field of
enzyme-based remediation of organic pollutants. Only a few studies use enzyme-based
systems for real wastewater samples (complex and complicated) rather than neat solutions.

In FFCs, the anaerobic anode and aerobic cathode chambers are separated by a pro-
ton exchanger membrane. The anode chamber comprises both respiring and fermenting
microbial communities, which enhances the versatility of FCs in the degradation of pol-
lutants [130]. In the fungal fuel cell, electrochemically active fungal species can oxidize
different organic compounds present in wastewater in the anode chamber and produce
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electrons and protons, which are transported toward the cathodic chamber for reduction of
O2 into water (Figure 5). A membrane separates both the anode and cathode compartments.
An external resistor set between the anode and the cathode harvests the electricity easily.
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Figure 5. Wastewater with effluents and organic pollutants is placed in anodic regions, where fungal
oxidoreductase enzymes are deposited on the electrode. Carbon, electrons, and protons are generated
from the effluents by oxidoreductase action and transferred to the cathode where the reduction of
O2 into water takes place. The external resistor between the anode and the cathode harvests the
electricity easily.

First, wastewater enters the anode chamber, where fermenting microbes convert
the large organic molecules into smaller fermented products (lactate), which are further
oxidized by anaerobic (respiring) bacteria to release CO2, protons, and e−. When e− does
not find a suitable acceptor in the anolyte, electrons pass to the anode interface and transfer
through an external wire to the cathode. Here, they bind O2 and protons and convert
them into water molecules. This is a final step of the circuit [92]. Electrons are released
during organic matter degradation and travel toward anodes, eventually being oxidized
by electron acceptors (cathode) [131]. The electron donating substrates are used in the
anode chamber. A few electron acceptors are characterized by fast kinetics, high redox
potential, low cost, and by their importance in environmental sustainability [132]. Oxygen
is one of the most convenient electron acceptor utilize commonly in FFCs. The oxygen
availability, with its high oxidation potential, produces a clean product, i.e., water [133].
These fuel cells not only generate electricity, also recover and eliminate the compounds
from wastewater [134].

The concentration of cations is higher than that of protons, and these cations accumu-
late in the cathode chamber, resulting an increase in pH of chamber and a decrease in pH
of the anodic chamber. This reduces the efficiency of fungal activity and thermodynamics
of the fuel cell [135]. Hence, modification of the pore size of membranes can ensure the
transfer of only protons and no other cations. Different approaches, e.g., cation and anion
exchange membranes (EM), have been suggested to solve the problem of the pH gradient
on both sides of the cell membrane [136]. Ionic liquid membranes can improve the fuel
cells and ensure the selective transport of only protons and no cations via the membrane.
This improvement enhances the efficiency of fungal activity in the anode chamber (not
affected) due to absence of transport of cations present in textile wastewater across the
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membrane. The energy obtained in this process (wastewater treatment) is five times greater
than energy consumed during the treatment [137].

The conventional biological process is not sufficient in wastewater treatment due to
the inhibition of “biocatalytic activity”. The deposition of catalysts on electrodes has gained
huge interest, as it accelerate the reaction kinetics (at electrodes). Cathode catalysts enhance
the rates of the reduction reaction, while anode catalysts enhance the oxidation rate.

Enzymes secreted by fungi and algae, either individually or in symbiotic association,
catalyze the toxic pollutants into a less harmful form. Valuable products are generated in
wastewater contaminated by fungal mycelia and fungal interventions such as different
enzymes and lipids during the treatment of distillery wastewater to minimize contami-
nants [138].

COD removal takes place at the cathode and anode, which is a major concern in the
treatment of wastewater. A fungal-based study on the treatment of water and sewage
wastewater for energy generation was conducted by Fernandez de Dios et al. [139]. The
biodegradation involved efficient species remediating harmful toxicants for energy pro-
duction. Agro-industries release organic pollutants dissolved in wastewater [115], as do
fermentation, pulp, and paper industries. Many countries have implemented stringent
regulations and norms for the disposal of agro-based industrial wastewater. Such norms
are quite challenging, as they insist on the steady adoption of cost-effective and innovative
technologies.

The catalytic platinum and gold increase the price of electrodes. To reduce electric-
ity production and wastewater treatment costs, catalysts should not comprise valuable
metals [140]. Therefore, fungi play a role as anode catalysts to adjust the appropriate
cathode catalysts.

5.1. Role of the Cathode in Wastewater Treatment

The cathode must be good, robust, mechanically strong, and highly conductive with
the best catalytic properties [55]. Cathode materials require high power generation with
Coulombic efficiency. Therefore, the main challenge to minimize the expenses is the target
aspect of fuel cell technology. Such electrode is successfully applied for the treatment
of wastewater [141]. Cathodes are abiotic and biocathodic. Biotic types can be aerobic
or anaerobic [142]. Mediators/or catalysts are required in abiotic cathodes for oxygen
reduction reactions. Maximum expense and poor stability causes the catalyst poisoning
(Pt-based), which vanquish by engaging the biotic cathodes (where microorganisms assist
in the cathodic reactions) [143]. Biocathodes have an advantage over abiotic cathodes, a few
interesting benefits are cost reduction and the omission of costly mediators or expensive
metal catalysts (platinum) [57].

Role of the Anode in Wastewater Treatment

The selection of an anode is also critical in the performance of FFCs. It plays an
important role in e− transfer from microbes to the electron acceptor. Conventional cells
comprise bioanodes and abiotic cathodes.

5.2. Integrated Treatment Processes

Water for dilution is required in bioelectrochemical processes to reduce the organic
matter in fungal pretreated effluents, which is a major disadvantage of FCs. Effluent
dilution is possible by using two repeated fungal cocultivation processes followed by
treatment in FFCs. Hence, ecofriendly treatment processes with lesser environmental and
economical footprints should focus on the achievement of highest treatment efficiency. Dif-
ferent enzymes and other derivatives of fermentation broth make the fungal fermentation
technology profitable for industrial implementation. Catalytic thermolysis is an effective
process for the destruction of color and organic compounds in complex wastewater [144].

Coupling processes can improve the efficiency of distillery wastewater treatment with
improved COD and color removal. Single-stage anaerobic digestion is insufficient for the
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higher removal of organic matter. Therefore, combined single- or multistage aerobic and
chemical oxidation treatment is required [145]. Sequential anaerobic–aerobic treatment of
fungal fuel cell (FFC) is a better modification [146]. The treatment of malt whiskey distillery
wastewater removed 52% of COD and BOD in a UASB reactor (first stage), 70% COD
and BOD in batch aerobic degradation (second stage), and >99% of COD and BOD, when
combined with thermophilic fungi (third stage) [147].

Trametes pubescens pretreatment followed by anaerobic digestion was helpful in the
removal of COD (53.3%) and polyphenolic compounds (72.5%) from wine distillery wastew-
ater. Similarly, winery effluent treated with fungi supplemented with C and nutrient
media followed by anaerobic digestion for 2 days; this procedure reduced the COD level
(99.5%) [148]. A study consisting of a combination of fungal pretreatment, submerged
MBR, and the secondary digestion of wine distillery wastewater showed 86% decrease in
COD concentration [149]. Fungal biodegradation carried out with exo-enzymes released
by Aspergillus sp. combined with grain-based distillery stillage removed 94% of total COD
(first time), while higher efficiency (99%) was achieved by support of fungal degradation
processes (second time) [105].

5.3. Role of Yeast Cells in Wastewater Treatment

Fungal degraders are widely used in the treatment of wastewater due to their con-
sumption of substrates. The yeast wastewater is a dual-stage (anaerobic) biological wastew-
ater [150]. Yeast cells used in FFCs represent two types: oxidizing and fermenting [151].
Fermenting yeasts utilize 6C sugar and ferment into CO2 and alcohol. Yeast cells metabolize
inorganic compounds and hazardous materials. The yeast cell wall is very thick and cell
membrane can separate from the cell wall, which is difficult to obtain. Therefore, yeasts are
processed in a transplasma membrane ET system also called “plasma membrane (PM) oxi-
doreductase”. The PM–NADH–oxidoreductase system located throughout the membrane
is also involved in transportation of e− using NADH and NADPH to the external electron
acceptor/anode. Yeast fuel cells play an active role in e− transfer during ATP synthesis
along with NAD+ into NADH reduction. The oxidation of glucose is the main source of
energy production by yeast cell factories [33].

Yeasts efficiently treat wastewater. Yeasts and fungi shown decolorization of various
organic compounds efficiently [152]. Yeasts are used to remove dyes and heavy metals from
wastewater [153]. Yeast cells are well-known producers of different lipids, enzymes, and
glycolipids suitable for wastewater treatment, as wastewater contains maximum concentra-
tions of heavy metals, ion, organic matter, and domestic sewages also. The yeast consortium
quickly degrades high concentrations of organic matter [154,155]. Biodegradable organic
wastewater, ferricyanide potassium, acid orange, and acetate are also used as anolytes or
anolyte feed.

Algae, in combination with fungi, are effective in the generation of electricity in MFCs
(microbial fuel cells) using molasses substrate. The transport of protons from yeasts to algae
proceeds with the help of microporous tubes rooted in activated bleaching earth, called
an ion exchange medium, for the production of electricity. A strain of Galactomyces reessii
reported to utilize synthetic wastewater and rubber industry sludge for the generation of
electricity [156]. The unique ability of yeast species to transfer electrons extracellularly helps
to advance the fuel cell technologies and to purify wastewater as a biocatalyst. Natural and
genetically modified yeasts with improved enzyme action are useful for the degradation of
toxic substances and exhibit the capacity for the generation of electricity. Candida melibiosica
has shown the high phytase activity to remediate phytates and a maximum potential for
electricity generation. This opens up novel avenues for nonchemical and more sustainable
ecofriendly approaches in the purification of phosphate-polluted wastewater as well as
many other xenobiotic contaminants [157].

A double-chambered fuel cell has generated electricity due to the ability of Pichia
fermentans to utilize wheat straw hydrolyzate. This hydrolyzate was prepared by de-
grading the wheat straw in the presence of Phlebia brevispora, Phanerochaete chrysospo-
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rium, and Phlebia floridensis (white-rot fungi). The maximum electrochemical response of
20.13 ± 0.052 mWm−2 and 20.42 ± 0.071 mWm−2 was recorded in hydrolysate using P.
floridensis and P. chrysosporium, respectively [158].

The electricity was produced from yeast wastewater in membraneless (ML) fuel cells
with a Cu–Ag cathode and a power of 6.38 mW and a cell voltage of 1.09 V were obtained.
This research proved a feasible way to obtain the maximum bioelectricity from fuel cells
(fed with yeast wastewater) [159].

5.4. Pharmaceutical Wastewater Treatment

Pharmaceutical industries release pharmaceutical products in water on daily ba-
sis [160], the treatment of which is a challenging task. Wastewater treatment plants are
the point sources of pharmaceutically active compounds; however, these are not designed
for the elimination of active compounds [160]. Long-term exposure to compounds in the
environment may result in chronic and acute damage, behavioral changes, reproductive
impairment, inhibition of cell proliferation, and accumulation in tissues [161]. Unchanged
antibiotics from pharmaceutical wastewater reaching the sewage system may result in the
emergence of antibiotic resistance in fungi and aquatic organisms. They may also change
the microbial community structure. Different treatment techniques for pharmaceutical
wastewater require a large area, costly chemicals, treatment methods, and high energy
input. In turn, the low biodegradability [162] and generation of toxic byproducts have stim-
ulated scientists to construct FFCs as an efficient alternative not requiring costly chemicals
and capable of generating energy without toxic byproducts.

5.5. Heavy Metal-Loaded Wastewater

Water, which faces various types of pollution and degradation, is a precious commod-
ity. It only seems inexhaustible, whereas the whole world in the short or long term will face
the problem of its scarcity. This urge makes wastewater one of the most valuable resource
for energy and water. Conventional remediation treatments are neither environmentally
friendly nor economical. A new process is required to overcome these issues, where the
conservation and recovery of energy will become possible. Fungal fuel cells are emerging
as a promising technique for the mitigation of pollution.

FFCs provide a strategy to treat wastewater and remove or recover heavy metals.
These bioelectrochemical systems utilize fungal catalytic activity in the form of biofilms to
oxidize inorganic compounds with the production of electric current. It is a sustainable
bioremediation method for energy production (Figure 6).

5.6. Agro–Industrial Wastewater Management

Agro-industries demand large volume of water during manufacturing processes
and generate wastewater. This agricultural wastewater has a high content of N, P, and
organic compounds can also be treated using FFC technology [163]. The wastewater is
loaded with organic matter, proteins, oils, grease, and sugars, which increase the COD
of ground and surface water. This causes severe environmental pollution, because such
wastewater not biodegradable easily due to the addition of bacterial end products and high
chemical stability. Industrial wastewater is especially useful in FFCs because of its constant
composition.

5.7. Biodegradation of Distillery Wastewater

The bioremediation of distillery wastewater using biological and natural pathways
leads to the degradation of organic pollutants. Via aerobic degradation, the white-rot fungus
Phanerochaete chrysosporium can remove organic matter (COD and BOD) effectively [164].
Fungal biodegradation is an inexpensive technique where wastewater dilution is not
required. A pseudo-second-order rate is used for the kinetic model of fungal biodegradation
of distillery wastewater [165]. Aspergillus awamori removed 39.3% of COD from grain-based
distillation [166]. A mixed consortium of six fungal species, i.e., Penicillium pinophilum,
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Aspergillus flavus, Alternaria gaisen, Fusarium verticillioides, Pleurotus florida, and Aspergillus
niger are used to remove 65.4% of COD in distillery wastewater treatment [167].
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Figure 6. A double-chambered fungal fuel cell for the treatment of heavy metals. Heavy metal-
contaminated water is placed in the anodic cell (aerobic compartment), where fungi enzymatically
release carbon, e− and H+ transfer via PEM and external wire to the cathodic cell (anaerobic compart-
ment), where the reduction of the metal from M+2 to M/M0 takes places.

Batch aerobic treatment with the use of yeast and fungal species is very effective in
the remediation of distillery wastewater. This treatment remove >85% of COD in a single
phase, while a minimum cultivation time of 7–10 days is required for a higher removal of
organics [164].

Distillery fermentation produces a large volume of wastewater called stillage. This
wastewater has a lower pH, unconvertible organic fractions, and a maximum % of dissolved
inorganic matter. Dark brown molasses stillage comprises higher chemical oxygen demand,
biochemical oxygen demand, and inorganic impurities. Grain stillage is characterized by
a lower chemical oxygen demand, acidic pH (3.4–4.1), and exhibits significant potential
for pollution upon discharge. Physical, chemical, and biological integrated treatments
of distillery stillage are discussed in detail with current challenges. Distillery stillage is
used as a substrate in fungal fuel cells, encouraging observations in terms of achieving
high treatment efficiency to meet the discharge standards, bioelectricity generation, and
value-added products recovery.

Xylanase (17.3 U/mL) production from the phyllosphere yeast (Pseudozyma antarc-
tica) removed 63% of DOC (dissolved organic compound) from wastewater by utilizing
bioethanol distillery wastewater (substrate) [168]. This is an expensive source for the
production of biomaterials. Oleaginous yeasts (Rhodosporidium toruloides and Chlorella
pyrenoidosa) successfully degraded distillery wastewater effluent with a 43.65 ± 1.74%
lipid content and a 3.54 ± 0.04 g/L lipid yield associated with an 86.11 ± 0.41% COD
reduction [169]. Maximum mycelial biomass of Calvatia gigantea (2.75 g/100 mL/4.5 days)
was obtained in optimized conditions when the fungus was cultivated on raw distillery
wastewater [170]. Candida utilis biomass utilized shochu wastewater and removed 62.9% of
DOC [171].
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5.8. Degradation of Ethanol Distillery Wastewater

Pollutants from ethanol production vary significantly in wastewater. Winery wastewa-
ter comprises low concentration of organic matters and high amount of polyphenolics and
nutrients [172]. The fermentation of beet molasses and sugarcane releases aldehydes and
ketones, which impart flavor. The wastewater from this process was characterized by a
high level of biodegradable organic matter [173], maximum nutrient contents (sulfate, chlo-
ride, calcium, magnesium, and potassium), and a low pH [174]. This type of wastewater
constitutes severe water and land pollution.

COD and phenol is removed from winery wastewater using yeast-mediated fuel
cells. In this study, electrochemical properties are monitored. The results indicated
the laccase activity of yeast strain ET-KK. A maximal current and power density of
139.17 ± 1.44 mA/m2 and 38.74 ± 0.80 mW/m2 is generated. The COD and phenol
removal from winery wastewater was 79.14 ± 0.92% and 85.04 ± 0.07%, respectively [175].

5.9. Degradation of Dye Wastewater

Trametes versicolor is a well-known white-rot fungus used for the treatment of dye
wastewater [83]. Fungal culture adjusts its metabolism through its modification in envi-
ronmental conditions. Intra- and extracellular enzymes are helpful in fungal metabolic
activities and the degradation of different dyes from textile wastewater. The best examples
are lignin, laccase, peroxidase, and manganese [176] from white-rot fungi (Coriolopsis sp.,
Pleurotus eryngii, and Penicillium simplicissimum) [177].

In bioanode–biocathode FFCs, the dye wastewater acts as anolyte and catholyte. The
maximum COD removal and decolorization are observed in the first 12 h, because a
higher substrate consumption at cathode and anode occurs during the initial hours. The
maximal cell potential are recorded to be 706 mV in a fungal FC, with power densities
of 276.9 mWm−2. The reactor was also tested for the biodegradation of RR 195 dye from
wastewater along with bioelectricity production. The overall COD and color removal
efficiency was 72%, and 95% [178].

Fungal fuel cells are an emerging technique that effectively treats wastewater with
simultaneous electricity production. In a study on the decolorization and degradation of
azo dyes (remazol brilliant blue, mordant blue 9, acid red1, and orange G), wheat straw
hydrolyzate substrate are used in FFC. The hydrolysate was prepared by the degradation
of wheat straw by P. floridensis, P. chrysosporium, and P. brevispora, while Pichia fermentans
(yeast) used as a biocatalyst. Dye decolorization was carried out in a fungus yeast-mediated
single-chambered FC. The maximum power density was recorded (34.99 mW m−2) on
the 21st day. The best response to dye decolorization was observed in MB9 (96%) with P.
floridensis followed by RBB (90–95%), AR1 (38%), and OG (76%) [179].

Mechanism: FCs transform azo dyes into less colorful compounds but fail to degrade
and mineralize them completely. The decolorization of wastewater containing azo dyes
and other types of dye takes place through the movement of anode and cathode electrons
via external circuit. Azo dyes in the catholyte act as e− acceptors and decolorize dyes
via reductive cathode reactions. The dye-reducing reactions progress better in anaerobic
conditions, as O2 competes for e− from the cathode, and reaction rate heavily depends on
the pH of the catholyte [90].

Two-in-one systems: First stage (reductive transformation): Azo dye wastewater
is placed as an anolyte (anode chamber), where dye molecules are reduced by bacteria
(anaerobic) to form aromatic amines. Second Stage: This water is then shifted to an aerobic
bioreactor, where it is further degraded into smaller compounds [180]. This two-in-one
system is very effective; however, it is structurally complex and expensive to operate and
construct. The proton exchanger membrane prevents the movement of pollutants and
keeps transformed products in their respective chambers.

White-rot fungi are the only group of organisms that completely degrade azo dyes.
Laccase produce, when fungi degrade lignin (a highly heterogeneous aromatic polymer)
that is abundant in the natural habitats of white-rot fungi [181]. The laccase catalyst has
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replaced the noble metals in catalyzing the reduction of O2 [182]. Single-chamber FCs have
no cathode chamber and their cathodes are directly exposed to air for maximum oxygen
availability [183]. A feasible test in growing a laccase-producing white-rot fungus on the
cathode surface of a single-chamber FC is the possibility of proton exchanger membrane,
which, when replaced by a layer of polyvinyl alcohol-hydrogel, allows the pollutant to
diffuse from the anode to cathode chamber [184].

5.10. Applications of FFCs

• The management of the environment
• The generation of bioelectricity

6. Future Prospective

In future, fungal fuel cell technique may become the part of energy system at the
expense of waste products for electricity generation from wastewater, where organic
contents are usually in a much smaller range of 260–450 mWm−2 [185]. The absolute goal
in near future is to design a cell that capable of producing the highest amount of energy on
the expenditure of lowest possible energy input.

7. Conclusions

Conventional methods can treat loaded wastewater, while biological methods such
as FFCs represent a sustainable technique in lowering the wastewater impact on the
environment. This remediation system is profitable, ecofriendly, and cheaper than other
conventional methods. FFCs offer an enduring solution for the degradation of wastewater
contaminants into non/less-toxic forms with simultaneous generation of electricity by
using fungal oxidoreductase. The fungal enzymes clean up the contaminated wastewater
with maintaining of their regular metabolism. The “Industrial Revolution” forces the
valorization of chemical wastes. Fungal cells are suitable candidates for the valorization of
wastes in water and the simultaneous production of electrical energy.
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Abstract: CeVO4-V2O3 composites were prepared by simple hydrothermal method, and the effects
of ethylene glycol(EG) on the products were studied by XRD, N2 adsorption–desorption, SEM, EDS,
XPS, PL and UV-vis spectra. The characterization reveals a slight decrease in surface area and a slight
enhancement of visible light absorption in the final sample, while the crystalline phase, morphology
and separation efficiency of the collective carriers are severely affected by the EG. At the same
time, the photocatalytic effect of CeVO4-V2O3 composites was evaluated by the degradation rate of
methylene blue (MB) under simulated visible light. The sample for 10 mL EG obtained the highest
efficiency of 96.9%, while the one for 15 mL EG showed the lowest efficiency of 67.5% within 300 min.
The trapping experiments and ESR experiment showed that the contribution of active species to
the photocatalytic degradation of MB was ·OH > h+ > ·O2− in descending order, and a possible
degradation mechanism was proposed.

Keywords: ethylene glycol; CeVO4-V2O3; methylene blue oxidation; visible light

1. Introduction

Photocatalytic technology is a green and economical solar-driven pollutant removal
technology that can be carried out at normal temperatures and pressure. Using semicon-
ductors and related materials as photocatalysts, we can carry out relatively compound
chemical conversion under relatively simple conditions, which has unparalleled advantages
in pollutant removal technology by directly using reducing agents or oxidizing agents. Pho-
tocatalytic technology provides an environmentally friendly and efficient transformation
path for pollutant removal, leading many researchers to develop in a more cutting-edge
research direction, and provides an efficient solution for carbon neutrality and sustainable
development [1–6]. Nevertheless, TiO2 cannot be excited when the wavelength is higher
than 420 nm, which greatly limits its practical application in the visible light region. There-
fore, research is devoted to developing a series of visible light-responsive photocatalysts to
effectively utilize solar energy [7–11].

Cerium vanadate (CeVO4), as a rare earth vanadate, has good physical and chemi-
cal properties and is widely used in the fields of batteries, semiconductors and catalysis.
After vanadate is combined with rare earth metals such as Ce, La and Pr, its electrochem-
ical performance, thermal stability, specific surface area and magnetism are obviously
enhanced [12]. In view of the excellent physical and chemical properties of CeVO4, many
researchers use the precipitation method, microwave radiation method, sonochemical
method and hydrothermal method to synthesize CeVO4 [13–15]. In the absence of any
catalyst and template, Xie et al. prepared tetragonal CeVO4 with the same precursor by

Catalysts 2023, 13, 659. https://doi.org/10.3390/catal13040659 https://www.mdpi.com/journal/catalysts46



Catalysts 2023, 13, 659

hydrothermal method and ultrasonic methods, such as micro-rods, nanoparticles, nanorods
and nanosheets [16]. Mosleh et al. reported a simple sonochemical method to synthesize
CeVO4 nanoparticles with the aid of ammonium metavanadate, using cerium (III) nitrate
hexahydrate as the initial reagent and water as the solvent [17].

CeVO4 has excellent catalytic performance, relatively stable chemical properties and
a relatively simple preparation method, so it is a photocatalytic material with important
research significance. Therefore, various micro/nanosized CeVO4 samples have been pre-
pared for use in the removal of organic compounds [18–21]. Phuruangrat et al. synthesized
tetragonal zircon CeVO4 photocatalytic particles by sol-gel method with tartaric acid as
a complexing agent, which showed good activity in photocatalytic degradation of MB
under ultraviolet light [22]. Liu et al. prepared egg yolk shell-like CeVO4 microspheres
composed of nanosheets by citric acid-assisted hydrothermal method, which realized the
rare long cycle and high capacity of CeVO4, and was considered as the next promising
candidate negative electrode material for lithium-ion batteries [23]. However, consider-
ing the practical application, the photocatalytic activity of pure CeVO4 still needs to be
improved. The combination of CeVO4 with other materials is considered to be an effective
method to improve the separation efficiency of photo-generated carriers and improve
photocatalytic performance [24]. Ma et al. prepared the flexible integrated composite of
CeVO4 and multi-walled carbon nanotubes (MWCNTs) by a simple hydrothermal tech-
nique. CeVO4/MWCNTs composite can be applied to the detection of sulfadiazine residues
in water samples of actual aquaculture [25]. Song et al. obtained the one-dimensional
structure of AgNW@CeVO4 composite photocatalyst by depositing CeVO4 on the surface
of a silver nanowire, which expanded the light absorption range of CeVO4. In addition,
compared with pure CeVO4, AgNW@CeVO4 composite photocatalyst showed excellent
photocatalytic performance for the degradation of pollutants such as rhodamine B, MB and
4-nitrophenol under sunlight irradiation [26]. However, the above-mentioned combination
methods were performed by adding additional materials, which undoubtedly increases
the cost and complicates the process. Therefore, we try to study a simple and economi-
cal one-step preparation method; that is, cerium vanadate and vanadium anhydride can
be obtained at the same time by controlling the reaction conditions, and they can form
composites, thus improving the photocatalytic performance of CeVO4.

In this paper, CeVO4-V2O3 composites were prepared by a simple ethylene glycol
(EG) assisted hydrothermal method. Because the solubility of ammonium vanadate is 4.8 at
room temperature, and it is slightly soluble in water, adding organic solvent is a favorable
dissolution method. Compared with ethanol, glycerol and other solvents, EG was chosen
as the solvent. Moreover, the effects of EG addition on the crystal structure, morphology,
separation efficiency of the recombination electron holes and photocatalytic activity have
been studied in detail by XRD, N2 adsorption–desorption, SEM, EDS, XPS, PL and UV-vis
spectra. Trapping experiments and ESR are employed to study the active species in the
photodegradation process. Based on the above results, the possible photodegradation
mechanism of MB over CeVO4-V2O3 composites is proposed.

2. Results and Discussion
2.1. Characterization and Analysis

The influence of EG on the crystal phase of the as-prepared samples was analyzed
by X-ray powder diffraction (XRD). Figure 1 shows the XRD patterns of the composite
samples. The four main peaks of these samples located at 2θ = 18.3, 24.2, 32.4 and 46.5 are
assigned to the (101), (200), (112) and (312) planes of CeVO4, respectively. All the diffraction
peaks of the products obtained from different EG addition were assigned to the tetragonal
phase of CeVO4 (JCPDS No. 12-0757). The XRD patterns also showed two main diffraction
peaks at 2θ = 28.6 and 36.9, corresponding to the (102) and (110) planes of the V2O3 phase
(JCPDS No.01-071-0344).
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It can also be seen from Figure 1a that the sample added with 15 mL EG only has the
diffraction peak of tetragonal CeVO4, and no impurity peak is detected, indicating that
the CeVO4-V2O3 composite has not been formed. In other samples, the diffraction peak
corresponding to the V2O3 phase was detected, indicating the formation of the CeVO4-
V2O3 composites. Therefore, the addition of EG promotes the formation of the composites,
but the excessive EG is not conducive to the formation of vanadic anhydride.

The specific surface area and porosity of the as-synthesized samples are determined
by N2 adsorption–desorption isotherms (Figure 1b). Obviously, the isotherms of all the
samples were identified as type IV, with an H1 pattern hysteresis loop [27,28]. It could be
deduced that as-prepared samples are members, and the specific surface area of obtained
catalysts with additional amounts of 0, 5, 10 and 15 mL EG are 51.27, 50.15, 48.24 and
40.12 m2·g−1, respectively. These results show that the addition of EG leads to a slight
decrease in specific surface area.

The morphology of as-prepared samples with different amounts of EG is investigated
by SEM. As shown in Figure 2a, the product with no EG appears as a nanoparticle with an
average diameter of about 230 nm. Adding 5 mL EG (as shown in Figure 2b), the product
appears as a nano-tetrahedral bipyramid with an average diameter of about 550 nm. Upon
increasing EG to 10 mL (as shown in Figure 2c), the product appears as microparticles
with an average diameter of 1.0 µm, which is composed of several tetrahedrons and slices.
Further increasing EG to 15 mL (as shown in Figure 2d), numerous leaf-like nano-slices are
clustered together in groups to form a microsphere, caused by excessive EG probably. In
addition, the average diameter increases to 1.6µm. The SEM results show that an increase
in EG content leads to an increase in the average diameter of nanocomposites, which leads
to a decrease in the specific surface area of nanocomposites. The chemical composition and
element distribution of samples prepared in a solution containing 15 mL EG were studied
by EDS. As shown in Figure 2e, the atomic ratio of O:V:Ce for the as-prepared sample is
66.46:17.82:15.72, which is larger than the theoretical stoichiometric ratio of 4:1:1 for O:V:Ce
in CeVO4.

X-ray photoelectron spectroscopy (XPS), as an important surface analysis technology,
has the characteristics of simple preparation, no damage to the sample and can distinguish
the chemical state information of elements, which has attracted more and more attention
and use by researchers [29–31]. The chemical composition of the obtained catalysts is
analyzed by XPS with 10 and 15 mL of EG addition. The survey scan spectra in Figure 3a
is shown that both samples mainly contain Ce, V, C and O elements peaks (C 1s peak is
assigned to the signal of the background hydrocarbon). As for the HR-XPS spectra of Ce 3d
shown in Figure 3b, the Ce 3d5/2 peaks locate at 881.1 and 884.9 eV and Ce 3d3/2 peaks
locate at 899.8 and 903.2 eV, indicating Ce in both samples mainly exists as Ce3+ [32]. The
HR-XPS spectra of V 2p resolve into two spin-orbit doublets (Figure 3c), characteristic of
V5+ and V3+.The binding energies at 516.8 and 524.4 eV correspond to V 2p3/2 and V 2p1/2
of V5+, and those at 515.4 and 522.6 eV can be attributed to V 2p3/2 and V 2p1/2 of V3+. As
for the HR-XPS spectra shown in Figure 3d, O 1s peaks are divided into the lattice oxygen
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of CeVO4 at 529.4 eV and O2- ions of V2O3 at 531.1 eV [33]. These results show that the
final samples synthesized in solutions containing 10 and 15 mL of EG are CeVO4-V2O3
composites, which are different from the XRD results. The possibility of such a result can
be explained by the fact that V2O3 is distributed in amorphous form over the sample for
15 mL EG, which is not detectable by XRD.
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2.2. Photocatalytic Performance of CeVO4-V2O3 Composites

Photoluminescence spectra (PL) can be used to determine the recombination of elec-
trons and holes induced by light indirectly. Higher fluorescence intensity means higher
electron and hole recombination efficiency [34,35]. Figure 4a shows the PL spectra of the
CeVO4-V2O3 composites. The emission bands centered at 512, 521, 556, 559 and 638 nm
correspond to 5D0→7Fi (i = 0, 1, 2, 3, 4) electronic transitions of Ce3+ ion, respectively [36].
This result indicates that the CeVO4-V2O3 composites are excited by UV light (360 nm),
transfer energy to Ce3+, and then exhibit red emission through the f–f transition of Ce3+ [37].
In addition, the strength of the CeVO4-V2O3 sample without EG is high, which shows that
the photo-generated electrons and holes generated by the sample under the condition of
light excitation are easier to recombine and reduce the photocatalytic efficiency. The PL
emission intensity of the sample synthesized in the EG precursor solution shows a dramatic
weakness compared to that of the sample without EG. The intensity of the emission peak is
the lowest for an added EG of 10 mL, indicating that the photo-generated electron and hole
separation efficiency at the surface of this catalyst is maximally enhanced, and therefore,
many photo-generated electrons and holes are generated.
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The optical properties of the as-synthesized samples were studied by UV-Vis ab-
sorption spectra (Figure 4b). The band gap of a semiconductor photocatalyst has a vital
influence on its catalytic performance and determines the light absorption range in the
process of photocatalysis. The band gap of the CeVO4-V2O3 sample is calculated according
to the following formula (Kubelka–Munk formula) [38,39]:

αhν = A(hν − Eg)2 (1)

where α stands for absorption coefficient, ν corresponds to the optical frequency, h is Planck
constant and Eg stands for the band gap of the sample. Figure 4b shows the curve of (αhν)2

versus hν, which is derived from the corresponding absorption spectra. Without EG, the
four absorption peaks are located at 257, 353, 452 and 590 nm, respectively, and the energy
gap is estimated to be 1.20 eV. When 5, 10 and 15 mL EG were added to the sample, the
three absorption peaks were concentrated at 257, 452 and 568 nm, respectively, and the
energy gap can be estimated as 1.03 eV. The results show that the addition of EG may
enhance the absorption of visible light from the final products, indicating that they have
an excellent UV-Vis response to visible light illumination. Comparatively speaking, the
smaller the band gap of the composite, the less energy is needed for the electron transition
reaction and the easier the photocatalytic reaction.

The catalytic activity of as-prepared CeVO4-V2O3 photocatalysts was evaluated, and
the effect of EG on the photocatalytic performance of the CeVO4-V2O3 sample was also
studied by simulating the photocatalytic conversion efficiency of MB under visible light
(λ > 420 nm). Figure 4c shows the degradation efficiency of MB by photocatalyst in
different irradiation times. Before photodegradation, the photocatalyst was dispersed
in MB solution, and the adsorption–desorption equilibrium was completed in the dark
for 60 min. It can be seen that the photocatalytic conversion efficiency of MB increases
gradually with the increase of the amount of EG from 0 mL to 10 mL, but the photocatalytic
conversion efficiency is the lowest when the amount of EG increases to 15 mL. It shows
that the addition of EG is beneficial to the enhancement of the photocatalytic effect, but
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it is not suitable to add too much. As can be observed, the photodegradation rate of
MB can reach 96.9% within 300 min under the irradiation of visible light. However, the
photocatalytic effect of the as-prepared CeVO4-V2O3 composites is not as good as that of Ag
nanowire@CeVO4 heterostructure photocatalyst. Maybe introducing Ag can strengthen O2
adsorption on the CeVO4 surface, which advances the photocatalytic activity of CeVO4 [26].
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In addition, based on the Langmuir–Hinshelwood (L-H) kinetic model, the photo-
catalysis degradation results conform to pseudo-first-order photocatalysis kinetics, and the
corresponding reaction rate constants (k) of the different photocatalysts are calculated from
the following equation [40,41]:

ln (C0/C) = kt (2)

where C0 corresponds to the initial concentration of MB solution, C is the concentration
of MB solution at t minutes and t stands for irradiation time. As can be clearly seen from
Figure 4d, the CeVO4-V2O3 photocatalyst prepared by adding 10 mL of EG has the highest
k value (0.0107 min−1), which shows that adding 10 mL EG is helpful in optimizing the
photocatalytic activity of CeVO4-V2O3 for MB. The result is similar to the rate constants of
6 wt% CeVO4/g-C3N4 [42].

Cycling runs of photodegradation of MB were performed to determine the stability
of the CeVO4-V2O3 sample with 10 mL EG. As shown in Figure 4e, the removal rates
of MB by CeVO4-V2O3 photocatalyst after four cycles decrease from 96.9% to 87.8%,
indicating excellent photocatalytic stability. The result is consistent with the cycle stability
of T-CeVO4 [34].

As can be seen from the characterization results, EG slightly reduces the surface area
and slightly improves the absorption of visible light in the final sample while severely
affecting the crystalline phase, morphology and electron–hole separation efficiency. When
the additive content of EG is increased from 0 to 10 mL, the final CeVO4-V2O3 composite
is formed, which improves the electron–hole separation efficiency and thus enhances the
photocatalytic activity. Further increasing the amount of EG will form amorphous V2O3,
and the nanosheets will gather together, which will reduce the electron–hole separation
efficiency, thus reducing the photocatalytic activity.

2.3. Photocatalytic Mechanism of CeVO4-V2O3 Composites

In order to explore the reaction mechanism of CeVO4-V2O3 in the photocatalytic
process, the trapping test of active substances was carried out, as shown in Figure 5.
TEOA, BQ and IPA are trapping agents for the hole (h+), superoxide radical (·O2

−) and
hydroxyl radical (·OH), respectively. During the photocatalytic oxidation h+, ·OH and ·O2

−

usually separately or together act as the main radicals for destroying and mineralizing
pollutants [43]. Thence, we added TEOA, BQ and IPA scavengers during the removal
reaction of MB to remove h+, ·O2

− or ·OH species generated in the CeVO4-V2O3 system,
respectively [44]. Figure 5 shows the degradation rate of MB is reduced from 96.9% to
70.4% by the addition of TEOA, illustrating that h+ plays a significant role in photocatalytic
oxidation. Then, after BQ was added, the degradation efficiency of MB decreased from
96.9% to 86.8%, demonstrating that fewer ·O2

− participated in the photocatalytic reaction,
which indicated that ·O2

− did not play a major role in the photocatalytic process. However,
with the addition of IPA, the degradation rate of MB decreased significantly from 96.9%
to 35.4%, indicating that additional ·OH is involved in the photocatalysis process, which
illustrated that ·OH was an important active substance produced in the degradation process
of MB. Thus, the order of influence of active species on the photocatalytic degradation of
MB by CeVO4-V2O3 is ·OH> h+ > ·O2

−. MB is mainly degraded by ·O2
− and ·OH active

species in CeVO4-V2O3 samples under the irradiation of visible light.
Electron paramagnetic resonance (EPR) has been extensively used for the identification

of free radicals that are generated from advanced oxidation processes (AOPs) so as to
establish the reaction mechanism. According to the energy band theory of semiconductors,
when the semiconductor is irradiated by light with energy equal to or greater than the
forbidden band, electrons (e−) in the valence band are excited to transition to the conduction
band, and corresponding holes (h+) are generated in the valence band. Photo-induced
holes have strong electron acquisition ability, which can capture the electrons of water
or hydroxyl adsorbed on the surface of photocatalysis particles and produce hydroxyl
radicals. In ESR, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is usually used as a trapping

52



Catalysts 2023, 13, 659

agent of ·OH, which can interact with photo-generated holes (h+) or ·OH on the surface of
photocatalysis to form a stable DMPO-OH adduct [45].
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To further identify the active species generated in the CeVO4-V2O3 for 10 mL EG, the
DMPO spin-trapping ESR technique was utilized to detect the production of ·OH and ·O2

-.
Figure 6a,b show the detection results of ·OH and ·O2

− generation, respectively. When
it was not excited by visible light, ESR signals of DMPO-O2

− adducts and DMPO-OH
adducts were not detected, indicating that no free radicals were produced in the CeVO4-
V2O3 sample. After being irradiated by visible light for 1 min, the characteristic peak of
the DMPO-OH adduct can be clearly detected. Similarly, the typical signal of DMPO-O2

−

adduct can also be detected, but the intensity is weaker than that of DMPO-OH, which is
also consistent with the results of the active trapping experiment. The ESR signal intensity
of spin adducts of DMPO-O2

− and DMPO-OH after 5 min of visible light irradiation is
higher than that after 1 min of irradiation. Meanwhile, the signal intensity of DMPO-OH
and DMPO-O2

− increase with light irradiation, which further confirms that ·OH and
·O2
− play a major role in promoting the degradation of MB. However, the intensities of

DMPO-OH are obviously higher than that of DMPO-O2
−, which indicates the CeVO4-V2O3

for 10 mL EG produces additional ·OH active species. This result is consistent with the
trapping test, which shows that ·OH was an important active substance produced in the
degradation of MB.
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3. Materials and Methods 
3.1. Materials 

All reagents used in the study, including ammonium metavanadate, ethylene glycol, 
cerium nitrate hexahydrate, ethylene glycol and anhydrous ethanol, are of analytical 
grade. They are purchased from Aladdin’s company and used as received without further 
purification. All the solutions were prepared with deionized water obtained from a PURE 
ROUP 30 water purification system. 

3.2. Synthesis of CeVO4-V2O3 Composite 

Figure 6. ESR spectra of the DMPO-·OH (a) and DMPO-·O2
− (b) for CeVO4-V2O3 sample prepared

with 10 mL EG.

Based on the above analysis, the tentative mechanism for the photocatalytic reaction
of MB in CeVO4-V2O3 samples prepared with 10 mL EG is proposed, as shown in Figure 7.
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In the visible light irradiation, the photo-generated electrons in VB located in V2O3 and
CeVO4 migrate to CB in V2O3 and CeVO4, respectively. After the coupling, the interface
between V2O3 and CeVO4 pushes the photo-generated electrons from the CB of CeVO4 to
the CB of V2O3. At the same time, the photo-generated holes are also transferred from the
VB of V2O3 to the VB of CeVO4. Therefore, faster electron transfer between CeVO4 and
V2O3 may lead to higher quantum efficiency and provide more photo-generated electrons
for photocatalytic reactions. Then, the photo-generated electrons are captured by O2 in
water, resulting in superoxide radical ·O2−, while the photo-generated holes are captured
by the OH− or H2O, resulting in ·OH. The oxidizability of ·OH, ·O2− and h+ is enough to
effectively degrade MB into CO2 and H2O.
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3. Materials and Methods
3.1. Materials

All reagents used in the study, including ammonium metavanadate, ethylene glycol,
cerium nitrate hexahydrate, ethylene glycol and anhydrous ethanol, are of analytical
grade. They are purchased from Aladdin’s company and used as received without further
purification. All the solutions were prepared with deionized water obtained from a PURE
ROUP 30 water purification system.

3.2. Synthesis of CeVO4-V2O3 Composite

Typically, 2.17 g Ce(NO3)3·6H2O and 0.59 g NH4VO3 were dispersed in 60 mL of
deionized water at 90 ◦C under vigorous stirring for 1 h. Subsequently, 0–15 mL EG was
added to the above suspension under stirring for an additional 1 h. Afterward, the obtained
mixture was transferred into a Teflon-lined steel autoclave of 100 mL capacity, which was
kept in an oven at 160 ◦C for 5 h. After naturally cooling in air, the obtained precipitates
were alternately washed with deionized water and absolute ethanol three times and then
dried at 100 ◦C for 12 h and calcined at 300 ◦C for 5 h (in N2 atmosphere). A schematic
representation of the synthesis of the CeVO4-V2O3 composite is shown in Figure 8.

Figure 8. The schematic representation of synthesis of CeVO4-V2O3 composite.

3.3. Characterization of CeVO4-V2O3 Composite

The crystalline phase of the products was characterized by X-ray Diffractometer
(Bruker Advance D-8, Billerica, MA, USA) with PIXel3D detector using CuKa radiation.
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The diffraction patterns were matched with that of the recorded standards in JCPDS. The
materials’ surface morphology was studied with the aid of scanning electron microscopy-
SEM (Hitachi S-4300 Field Emission SEM, Tokyo, Japan). The absorption spectra were
determined by UV-Vis DRS (UV-2550), and the emission spectra were measured by photolu-
minescence spectra (PL, Spex Fluorolog-3, Metuchen, NJ, USA). The surface area was stud-
ied by N2 adsorption–desorption (ASAP 2020). The elemental components and bonding
energies of the synthesized samples were measured on X-ray photoelectron spectroscopy
(XPS, VG Multilab 2000, London, UK).

3.4. Photocatalytic Performance Experiment

By studying the degradation of MB aqueous solution under visible light irradiation,
the photocatalytic activities of CeVO4-V2O3 composites with the addition of 0, 5, 10 and 15
were evaluated. A 500 W Xe discharge lamp with a 420 nm cut-off filter, equipped with
a circulating water source and a 50 mg/L concentration of the dye, was prepared and
used for the study. For each measurement, 50 mg of the catalyst was suspended in MB
aqueous solution and stirred vigorously in the dark for 60 min to ensure the establishment
of adsorption equilibrium between the catalyst surface and the dye. Then, the suspension
was exposed to a 500 W Xe discharge lamp with a 420 nm cut-off filter and equipped
with a circulating water source and was continuously stirred for 300 min. During this
process, 5 mL of the suspension in the reaction system was taken out for testing at 60, 120,
180, 240 and 300 min, respectively. The resulting supernatants were examined using a
UV-1100 spectrophotometer, and the absorbance of the MB solution was measured at its
characteristic absorption wavelength of 664 nm. The degradation curve of the dye was
studied by absorption spectrum. Use the formula in Equation (3) to calculate the degraded
MB concentration.

Degradation (%) =
C0 − Ci

C0
× 100% =

A0 − Ai
A0

× 100 (%) (3)

where Ci is the concentration of MB at specific time; C0 denotes the initial concentration of
MB; Ai is the absorbance of MB at different times and A0 denotes the blank absorbance of
the original MB solution.

3.5. Photocatalytic Mechanism Tests

The trapping tests are similar to the photodegradation experiment. The difference is
that 1 mmol of isopropanol (IPA), triethanolamine (TEOA) or benzoquinone (BQ) is added
into the reaction solution before irradiation, and the degradation rate of MB after irradiation
for 300 min is analyzed. Species (h+, ·O2

− and ·OH) formed in the photodegradation
process were studied with electron spin resonance (ESR, Bruker E500, Billerica, MA, USA)
by adding 5,5-dimethyl-1-pyrroline N-oxide (DMPO, >99.0%) into ultrapure water and
methanol, respectively.

4. Conclusions

The effects of EG on the crystalline phase, surface area, morphology, chemical compo-
sition, electron–hole separation efficiency and optical properties of the final product have
been studied using XRD, N2 adsorption–desorption, SEM, XPS, PL and DRS. The results
show that a proper amount of EG can form CeVO4-V2O3 composites. With the addition of
EG, the specific surface area of the composites decreased slightly, the average particle size
increased, and the visible light absorption increased. At the same time, the photocatalytic
removal effect of CeVO4-V2O3 composites on MB shows that adding moderate EG into
the precursor solution (0–10 mL) can improve the electron–hole separation efficiency of
the final products, thus increasing the photocatalytic activity (83.6% to 96.9%). However,
excessive EG (15 mL) makes the nanosheets gather together to form aggregates, which
reduces the separation efficiency of electron holes, thus reducing the photocatalytic activity
(67.5%). According to the trapping experiments and ESR experiments, h+ and ·OH played
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a more significant part in the photocatalytic degradation of MB than ·O2
−, and the order

of influence of active species on the photodegradation of MB over CeVO4-V2O3 sample
prepared with 10 mL EG is ·OH > h+ > ·O2

−. Finally, the mechanism of photocatalytic
degradation of MB by the CeVO4-V2O3 composites was discussed. The coupling of V2O3
and CeVO4 realizes the effective separation and faster transfer of photo-generated electrons
and holes and leads to higher quantum efficiency. When they are captured by O2 and OH−

in water, active species, ·O2
− and ·OH, are generated. The oxidizability of ·OH, ·O2

− and
h+ is enough to effectively degrade MB into CO2 and H2O.
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Abstract: The novel ultrasound-assisted co-precipitation method was successfully applied for the
synthesis of the NiFe2O4 catalyst, which offered the advantages of lower particle size and better
crystalline structure without affecting the phase planes. Furthermore, the efficacy of synthesized
catalysts was evaluated using ultrasound-assisted catalytic degradation of Chrysoidine R dye. The
study was designed to evaluate the effect of different parameters, such as pH, duty cycle, power
output, and catalyst loading on Chrysoidine R dye degradation using a 5 wt% NiFe2O4 catalyst
synthesized ultrasonically. At the optimized condition of 120 W ultrasonic power, 70% duty cycle,
3 pH, 0.5 g/L catalyst loading, and 160 min of reaction time, the best degradation of 45.01% was
obtained. At similar conditions, the conventionally synthesized catalyst resulted in about 15% less
degradation. Chrysoidine R dye degradation was observed to follow second-order kinetics. To
accelerate the degradation, studies were performed using hydrogen peroxide at various loadings
where it was elucidated that optimum use of 75 ppm loading showed the maximum degradation of
92.83%, signifying the important role of the co-oxidant in ultrasound-assisted catalytic degradation
of Chrysoidine R dye. Overall, the present study clearly demonstrated the potential benefits of
ultrasound in catalyst synthesis as well as in catalytic degradation.

Keywords: Chrysoidine R dye; ultrasound-assisted synthesis; NiFe2O4; sonocatalytic degradation

1. Introduction

Wastewater treatment is an essential element of sustainability as natural water re-
sources are limited and purification of saline water is costly. The hazardous effluents
discharged by various industrial sectors accelerate the pollution levels and result in contam-
ination of freshwater resources, which has been a hot topic of discussion for over a century.
Hazardous-colored wastewater produced by textile enterprises is one of the leading causes
of water pollution as most of the color pigments are resistant to bio-degradation, tempera-
ture, light, and other chemicals [1]. The removal of these dye compounds is the key issue
in effluent treatment for textile-processing companies. Since the traditional wastewater
treatment methods often fail to provide sufficient pollutant degradation efficiency, produce
secondary pollutants, and are time consuming processes that are not cost effective, new
greener and innovative degradation methods have been researched actively lately. One
such method is the sonocatalytic degradation approach, which has been reported to actively
degrade different dye pollutants, such as methyl orange using MnO2/CeO2 [2], anazo-
lene sodium using Dy-doped Cdse [3], methylene blue using CoFe2O4/SiO2/CuMoF [4],
polyenes using Se/Fe2O4 [5], brilliant green using CaFe2O4 [6], and Congo red using Ni-
Co-MnO2 [7] as catalysts. Ultrasound induces the formation, subsequent growth under the
compression—rarefaction cycles, and intense collapse of micro-bubbles in an aqueous mix-
ture leading to much higher temperature and pressure pulses, considered as local hot spots.
During the cavity collapse, water molecules and oxidants undergo thermal dissociation,
mainly generating the hydroxyl radicals and other oxidizing agents, depending on the type

Catalysts 2023, 13, 597. https://doi.org/10.3390/catal13030597 https://www.mdpi.com/journal/catalysts59



Catalysts 2023, 13, 597

of oxidants used or the components present in the liquid mixture. Ultrasound alone, how-
ever, is not an effective approach due to lower degradation efficiency and higher processing
times for the target dye molecule, and coupling with a catalyst and oxidant intensifies the
degradation based on generation of higher quantum of active radicals, resulting in higher
degradation of pollutants present in effluent.

Among the different semiconductor particles that are gathering attention, nickel ferrite
is a promising catalyst in the field of catalytic degradation as it possesses a band gap of
1.53 eV [8], offering broad absorption in visible regions, which is beneficial to catalysis
applications [9]. NiFe2O4 can also provide useful catalytic action during the sono-catalytic
degradation and for the dissociation of hydrogen peroxide. Considering these aspects, the
selection of NiFe2O4 as the catalyst complex in the current work is justified.

The synthesis of various metal-loaded semiconductors has been reported using various
synthesis methods, such as solvo-thermal [10], molten salt synthesis [11], hydrothermal [12],
and glycerol-assisted sol-gel [13]. The major demerits of these methods are large crystalline
zone, high-temperature requirements, and lack of homogeneity. The simple and easy
route of synthesis is chemical co-precipitation [14–16], which offers the benefits of mild
operating conditions, but it is often observed that the particle size and catalytic activity
are poor though it offers good homogeneity and better crystallinity than other methods.
To overcome these demerits, we propose a modified ultrasound-assisted co-precipitation
method for nickel ferrite synthesis. In the current study, the sonocatalytic degradation of
Chrysoidine R dye has also been investigated using the synthesized nickel ferrite catalyst.
The influence of various parameters, such as duty cycle, pH, power, and catalyst loading on
the degradation of Chrysoidine R dye were evaluated. The catalytic activity of synthesized
catalyst samples was examined under the optimized process conditions. The effect of use
of an additional oxidant on sono-catalytic degradation was also investigated. Based on
the literature assessment, it can be clearly stated that the degradation of Chrysoidine R
dye using an ultrasound-assisted catalytic approach based on ultrasonically synthesized
NiFe2O4 catalyst has not been evaluated, establishing the novelty of the current work.

2. Results and Discussions
2.1. Characterization of Nickel Ferrite Oxide Catalyst

To examine the potential advantages offered by the NiFe2O4 catalyst complex obtained
using the ultrasound assisted synthesis method compared to that of the conventional
method, the samples were characterized using particle size and XRD analysis.

2.1.1. Particle Size Analysis

Quantification of the particle size revealed the ultrasonically prepared catalyst complex
resulted in a particle size of 15.58 µm, which was found to be approximately 4.31 times
smaller than the conventionally synthesized catalyst (80.62 µm), as depicted in Figure 1a,b.

The obtained results clearly indicate that the proposed sonication method can signifi-
cantly reduce the particle size, hence lowering post-micronizing costs. Use of the ultrasound
in the catalyst synthesis generally aids in achieving lower particle size due to the turbulence
and shear effects generated during the cavity collapse. Vardikar et al. [17] reported a similar
finding of a reduced particle size of 293 nm for the ultrasonically produced KL-CTS-TiO2
catalyst as opposed to a particle size of 439 nm for the conventional approach. Díez-
García et al. [18] also reported that NiTiO3 nanorods synthesized under sonication resulted
in smaller size (1.8 µm in length and 0.6 µm in dia) nanorods as compared to the con-
ventional approach of synthesis (2.2 µm in length and 0.7 µm in dia). Dalvi et al. [19]
also observed a significant reduction in particle size of Fe-doped TiO2 catalyst from
806.4 µm to 31.22 µm on shifting a conventional approach to the ultrasound-assisted
synthesis approach.
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Figure 1. Particle size distribution graphs for (a) ultrasonically prepared and (b) conventionally
prepared NiFe2O4 catalysts at 5 wt% Ni loading.

2.1.2. X-ray Diffraction Analysis

The phase purity and crystal structure of synthesized NiFe2O4 catalysts were estab-
lished using the XRD diffraction analysis. The obtained XRD plots of conventional and
ultrasound-assisted synthesized catalysts are depicted in Figure 2.

The prominent peaks were observed at 2θ = 18.51◦, 30.98◦, 36.01◦, 37.17◦, 43.68◦,
54.21◦, 57.69◦, 63.35◦, and 75.66◦ with planes as (111), (220), (311), (222), (400), (422), (511),
(440), and (533), signifying the cubic spinel structure of the NiFe2O4 complex [20–22]. XRD
spectrums confirmed that the novel ultrasound-assisted synthesis method does not alter
the structure of the NiFe2O4 complex since both spectra have the same planes. When
compared to the conventional synthesis approach, the peak intensities of the ultrasonically
synthesized catalyst complex were found to be greater, indicating the creation of crystalline
particles with higher crystallinity. Besides this, the absence of any intermediate additional
peak revealed the formation of a highly pure catalyst complex. In general, it was observed
that ultrasound facilitated the formation of an effective catalyst, especially with respect to
crystalline content and lower particle size, which can offer better results in the catalytic
reaction. With an objective to confirm this hypothesis, actual degradation studies for
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Chrysoidine R dye were also performed, providing a detailed understanding into the effect
of operating conditions.
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Figure 2. XRD spectrum of ultrasonically prepared and conventionally prepared NiFe2O4 catalysts
at 5 wt% Ni loading.

2.2. Ultrasound-Assisted Chrysoidine R Dye Degradation Studies
2.2.1. Effect of pH on the Degradation of Chrysoidine R Dye

pH is a crucial factor to be considered while studying dye degradation as it is widely
reported to influence the degradation rates. In the present study, the pH of the 20-ppm
dye solution was varied between 3 to 9. The degradation studies were performed using
0.4 g/L catalyst loading (ultrasonically synthesized) under conditions of 40 ◦C, time du-
ration of 180 min, ultrasound power of 100 W, and duty cycle of 70%. The obtained
results are plotted in Figure 3a in terms of the extent of degradation and 3b in terms of
kinetic studies.

It was observed that degradation increased when the solution was made acidic. At
9 pH, the maximum Chrysoidine R dye degradation observed was only 5.08%, which
increased to 15.06% and 34.03% when the acidity of the dye solution increased to pH of
5 and 4, respectively. Furthermore, the degradation showed an increasing trend as the
acidity of the dye solution further increased from pH of 4 to 3. At 3 pH, maximum dye
degradation of 39.49% was noted, and pH 3 was chosen as the best operating condition
for further experimental studies, keeping in mind the corrosion and life of the ultrasonic
horn (still lower pH were not investigated in the work). The observed trend of higher
degradation under acidic conditions can be attributed to the presence of a pollutant in
the molecular state instead of the ionized state. In the molecular state, hydrophobicity
shifts the molecules towards the liquid–gas interface where the concentration of •OH
radicals is much higher to facilitate direct attack, resulting in higher degradation. In bulk
liquid, the •OH radical concentration is less, and hence, lower extent of degradation is
seen. In addition, the oxidation capacity of the hydroxyl radicals that are mainly involved
in the degradation process is also higher under acidic conditions. It was also seen that
Chrysoidine R dye degradation followed second-order reaction kinetics. The obtained
kinetic data are tabulated in Table 1.
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Figure 3. Effect of pH on the degradation of Chrysoidine R dye: (a) extent of degradation and
(b) kinetic fitting.

Table 1. Extent of degradation and kinetic rate constant data at various pH.

pH Degradation (%) Second-Order Rate Constant
(K × 10−5 mL−1min−1) R2

3 39.49 10.4 0.9824

4 34.03 9.5 0.9667

5 15.06 9.5 0.9667

9 5.08 4.2 0.9606

It was again elucidated from Table 1 that the kinetic rate constant also showed similar
trends to that of the extent of degradation variation with pH. Liu et al. [23] studied the
rhodamine B dye degradation over the pH range of 2–4.5 and found at pH 3, the degradation
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was maximum with a value of 90%. Shiljashree et al. [24] studied Irgalite violet dye
degradation using NiFe2O4 nanoparticles over the range of pH 2.0 to 4.0 and reported
maximum degradation of 99.9% was seen at pH 3.0 with lower degradation as 78% for
pH of 4. The effect of pH on Remazol Red RB and Direct Green B degradation under the
condition of 5 mg/L as nickel ferrite nanoparticle loading, ozone concentration of 55 g/m3,
1 L of dye solution with a concentration of dye as 150 mg/L, and temperature as 25 ◦C
was analyzed by Mahmoodi [25] at pH values of 3, 5, 7, and 9. It was reported that a pH
of 3 results in maximum degradation of 86% for RRRB and 90% for DGB. It was clearly
elucidated that acidic conditions (best pH of 3) favored Chrysoidine R dye degradation
more efficiently and hence was selected for further studies.

2.2.2. Ultrasonic Duty Cycle Effect on Degradation of Chrysoidine R Dye

The ultrasound duty cycle represents the on and off time of ultrasonic irradiation.
Duty cycle effect on chrysoidine R dye degradation was investigated by varying the duty
cycle over the range of 50–80%. The experiments were performed at a constant power
output of 100 W, 0.4 g/L as the catalyst loading, 40 ◦C temperature, 180 min as treatment
time, and pH of 3. Figure 4 represents the graphical plot of the obtained results in terms of
extent of degradation and kinetic rate constants.
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Figure 4. Effect of ultrasound duty cycle on the degradation of Chrysoidine R dye: (a) extent of
degradation and (b) kinetic fitting.

It was seen that the degradation almost doubled from 29.05% to 39.48% when the
duty cycle increased from 50% to 70%, indicating that the elevation of on time of ultrasonic
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irradiation can significantly improve the rate of degradation. This enhancement can be
ascribed to the enhanced activity of cavitation resulting in an increased number of active
hydroxyl radical generation. It was also seen that a subsequent increase of the duty cycle
to 80% gave lower degradation of 35.56%, which can be attributed to the fact that beyond
the optimum duty cycle, the number of cavity formations increases too much, leading to a
possible coalescence of the cavities, yielding cushioned collapse of much lower intensity
giving the lower extent of degradation [26]. The degradation of Chrysoidine R dye was also
found to follow second-order kinetics, and the obtained data is presented in Figure 4b. The
trend for the kinetic rate constant was also similar to the trend in the extent of degradation.
Thakare et al. [27] also reported that COD reduction increased continuously until 60% of
the duty cycle, giving the actual value as 21.59%, and a marginally lower value as 20.26%
was observed at 80% duty cycle, indicating 60% as the optimum.

2.2.3. Effect of Catalyst Dosage

Selecting the optimum quantum of the catalyst is another important requirement in
the sono-catalytic oxidation, and hence, the effect of dosage of 5 wt% Ni-loaded NiFe2O4
catalyst (Ni content was kept fixed during the synthesis) was studied using various values
as 0.4, 0.5, and 0.6 g/L. The results shown in Figure 5a elucidate that using 0.4 g/L as the
catalyst loading led to 39.49% dye degradation, which increased to about 43% when the
catalyst loading was increased to 0.5 g/L.
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and (b) kinetic fitting.
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The trend was attributed to the fact that the added NiFe2O4 catalyst till an optimum
loading provided additional heterogeneous nuclei for the cavitating bubble formation and
hot spots, which subsequently generates more active hydroxyl radicals for dye degradation.
However, a further increase in the loading to 0.6 g/L resulted in a marginal reduction in
the degradation to 41.89%, as per the data shown in Figure 5a. The trend may be associated
with the consideration that an excessive presence of catalyst can scatter the ultrasound,
altering the efficient transmission, which reduces the cavitational intensity and hence the
rate of sonocatalytic degradation [28]. In addition, the possible explanation would be that
the excessive catalyst can interfere with the collapsing bubble, leading to a less powerful
collapse [29]. The second-order kinetics was found to fit well to the dye degradation, as
depicted in Figure 5b. It was observed that the second-order constant increased from
10.9 × 10−5 and 11.3 × 10−5 mL−1min−1 for a change in catalyst dose from 0.4 g/L to
0.5 g/L, but it decreased to 10.4 × 10−5 mL−1min−1 at a catalyst loading of 0.6 g/L.
Bose et al. [30] also elucidated that increasing the MgFe2O4 catalyst dosage from 1 g/L to
1.25 g/L showed insignificant improvements in brilliant green dye degradation.
Sobana et al. [31] reported similar trends for Direct Blue 53 dye degradation in the pres-
ence of an Ag-TiO2 catalyst, whereas Abdellah et al. [32] reported a similar trend for the
methylene blue degradation using the TiO2 catalyst. The literature analysis revealed the
existence of different optimum loading, confirming the importance of the current planned
work for Chrysoidine R dye. Based on the results obtained in the present work, 0.5 g/L
was considered as optimum dosage.

2.2.4. Effect of Power of Sonication

The effect of the power on the degradation of dye was studied over the range of 80 W
to 120 W. The obtained Chrysoidine R dye degradation at different power outputs is shown
in Figure 6.
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It was observed that 80 W power resulted in the lowest degradation (27.03%). In
comparison to 80 W power, higher degradation of Chrysoidine R dye as 42.56% and 45.68%
was observed at 100 W and 120 W, respectively. The increasing trend with increasing power
is due to the fact that the use of higher power dissipation results in a higher generation of
cavities and active radical formation within the reaction mixture, thereby resulting in higher
degradation. A comparable result was reported by Xu et al. [33] where a rise in degradation
of rhodamine B from 91.89% to 97.77% was reported with an increase in power from
150 W to 300 W in 40 min of reaction time for 20 ppm rhodamine dye solution. In another
study, Kodavatiganti et al. [34] studied the applicability of different power outputs for the
degradation of acid violet 7 dye at a loading of 20 ppm. The authors found the optimum
power of 100 W resulted in a maximum of 40.1% decolorization of the dye solution. The
results obtained in the present work and comparison with the literature showed that the
power has a significant effect on the dye degradation efficiency. Considering the operating
limit set by the manufacturer and the maximum degradation efficiency obtained, 120 W
power output was chosen as optimum for further studies.

2.2.5. Comparison of Degradation Using Conventionally and Ultrasonically Prepared
NiFe2O4 Catalyst

Experiments were conducted to compare the efficiencies of the NiFe2O4 catalyst
prepared using the ultrasound-assisted approach and conventional approach. Both ex-
periments of sono-catalytic degradation were performed under previously optimized
conditions of 120 W as the power, 0.5 g/L catalyst loading, 70% duty cycle, and 160 min as
the treatment time. The ultrasonically prepared catalyst resulted in higher degradation of
45.68% compared to 29.45% obtained using the conventionally prepared catalyst, as per the
data depicted in Figure 7.
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Figure 7. Comparison of ultrasonically synthesized and conventionally synthesized catalyst applied
for the degradation of Chrysoidine R dye.

The elevated degradation obtained in the case of ultrasonically synthesized catalyst
can be accredited to better crystallinity (as per XRD results) and lower particle size of
18.58µm that results in increased surface area and availability of active sites for sonocatalytic
degradation of dye molecules. Similar outcomes have been reported in the literature,
highlighting the benefits of sonochemical synthesis. For example, the degradation of CV
dye at an initial dye concentration of 50 ppm with 0.1 g rGO-ZnO-TiO2 nano-composite
loading was studied using the conventional and sono-chemically synthesized catalyst, and
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it was reported that the catalyst obtained sono-chemically resulted in higher degradation
as 87.06%, whereas the conventionally prepared catalyst yielded 72.10% degradation [35].
Sancheti et al. [36] reported similar results for brilliant green dye degradation where
it was observed that the NiO-CeO2 catalyst synthesized sono-chemically gave 82% of
degradation, whereas the same catalyst obtained conventionally gave only 40% degradation.
Satdeve et al. [37] evaluated the performance of an Ag-Zno nano-composite synthesized
using ultrasonication and a conventional approach for photo-catalytic decolorization of
methylene blue dye at 400 mg/L of catalyst loading. It was found that the sono-chemically
synthesized catalyst had a higher decolorization efficiency of 96.2% compared to 89.76%
for the conventional catalyst. Importantly, the degree of intensification is different in all
these literature illustrations, clearly highlighting the importance of the current work for the
chrysoidine R dye degradation.

2.2.6. Effect of Using H2O2 Combined with the SonoCatalytic Degradation

Hydrogen peroxide is an oxidant that is extensively used in advanced oxidation
processes and has been reported to offer excellent oxidation potential when coupled with
ultrasound, especially based on the enhanced hydroxyl radical production. To further
enhance the degradation of chrysoidine R, hydrogen peroxide was also incorporated
as the oxidant in a sonocatalytic study of dye degradation. The influence of different
H2O2 loadings, such as 50, 75, and 100 ppm, has been examined at previously optimized
conditions, and the obtained results are illustrated in Figure 8.

Catalysts 2023, 13, x FOR PEER REVIEW 11 of 18 
 

 

tion of CV dye at an initial dye concentration of 50 ppm with 0.1 g rGO-ZnO-TiO2 nano-
composite loading was studied using the conventional and sono-chemically synthesized 
catalyst, and it was reported that the catalyst obtained sono-chemically resulted in high-
er degradation as 87.06%, whereas the conventionally prepared catalyst yielded 72.10% 
degradation [35]. Sancheti et al. [36] reported similar results for brilliant green dye deg-
radation where it was observed that the NiO-CeO2 catalyst synthesized sono-chemically 
gave 82% of degradation, whereas the same catalyst obtained conventionally gave only 
40% degradation. Satdeve et al. [37] evaluated the performance of an Ag-Zno nano-
composite synthesized using ultrasonication and a conventional approach for photo-
catalytic decolorization of methylene blue dye at 400 mg/L of catalyst loading. It was 
found that the sono-chemically synthesized catalyst had a higher decolorization efficien-
cy of 96.2% compared to 89.76% for the conventional catalyst. Importantly, the degree of 
intensification is different in all these literature illustrations, clearly highlighting the im-
portance of the current work for the chrysoidine R dye degradation. 

2.2.6. Effect of Using H2O2 Combined with the SonoCatalytic Degradation 
Hydrogen peroxide is an oxidant that is extensively used in advanced oxidation 

processes and has been reported to offer excellent oxidation potential when coupled 
with ultrasound, especially based on the enhanced hydroxyl radical production. To fur-
ther enhance the degradation of chrysoidine R, hydrogen peroxide was also incorpo-
rated as the oxidant in a sonocatalytic study of dye degradation. The influence of differ-
ent H2O2 loadings, such as 50, 75, and 100 ppm, has been examined at previously opti-
mized conditions, and the obtained results are illustrated in Figure 8.  

 
Figure 8. Effect of H2O2 addition on the degradation of Chrysoidine R dye. 

Without hydrogen peroxide, the degradation observed was around 45%, which sig-
nificantly rose to about 65.12% with the use of 50 ppm H2O2. A further increase in H2O2 
loading to 75 ppm resulted in a further increase in the degradation to 92.83%. At 100 
ppm loading, however, there was a reduction in the degradation of dye with an actual 
value of 83.41%, which is about 11% lower compared to 75 ppm loading. As 75 ppm 
yielded maximum degradation, it was chosen as the optimum. The declining degrada-
tion at the highest oxidant loading can be due to residual hydrogen peroxide, which 
generally acts as a hydroxyl radical scavenger and favors the generation of per-hydroxyl 

0
10
20
30
40
50
60
70
80
90

100

0 20 40 60 80 100 120 140 160 180

De
gr

ad
at

io
n 

(%
)

Time (min)

50 PPM

75 PPM

100 PPM

Without
H2O2

Figure 8. Effect of H2O2 addition on the degradation of Chrysoidine R dye.

Without hydrogen peroxide, the degradation observed was around 45%, which sig-
nificantly rose to about 65.12% with the use of 50 ppm H2O2. A further increase in H2O2
loading to 75 ppm resulted in a further increase in the degradation to 92.83%. At 100 ppm
loading, however, there was a reduction in the degradation of dye with an actual value
of 83.41%, which is about 11% lower compared to 75 ppm loading. As 75 ppm yielded
maximum degradation, it was chosen as the optimum. The declining degradation at the
highest oxidant loading can be due to residual hydrogen peroxide, which generally acts as
a hydroxyl radical scavenger and favors the generation of per-hydroxyl radical, which is
known to possess less oxidation potential, resulting in a decrease in dye degradation [38,39].

H2O2 + •OH→ H2O + •OOH
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Prakash et al. [40] examined the AB 15 dye removal efficiency at various H2O2 concentra-
tions ranging from 5 mM to 25 mM and reported that at an optimum of 10 mM loading, 99%
dye removal can be achieved, whereas a further increase in H2O2 concentration to 15 mM,
20 mM, and, 25 mM resulted in lower values of degradation as 98%, 79%, and 75%, respectively.
Despite similar trends, the exact optimum concentration value and level of intensification
are different, elucidating the importance of the planned work. The presence of the NiFe2O4
catalyst enhanced the formation of active hydroxyl radials by the following reactions:

Ni3+ + H2O2 → Ni2+ + H+ + •OOH

Fe3+ + H2O2 → Fe2+ + H+ + •OOH

Ni2+ + H2O2 → Ni3+ +•OH + OH−

Fe2+ + H2O2 → Fe3+ +•OH + OH−

A possible degradation pathway of Chrysoidine R dye in the presence of an active
hydroxyl radical has been proposed and illustrated in Figure 9.
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The breakdown of Chrysoidine R dye begins with the formation of two intermediates:
aniline and methylbenzene triamine. Both intermediates follow different paths of degra-
dation. Aniline molecule oxidation results in the formation of benzoquionone, which was
broken down into organic acid followed by transformation into carbon dioxide and water.
Simultaneously, the methylbenzenetriamine is transformed into methyl benzene triol by
liberating water and ammonium cation. Hydroxyl radicals accelerated the conversion of
methylbenzene triol to trihydroxybenoic acid, which is further converted to small organic
acids, and eventually, the mineralization of small organic acids result in the formation of
carbon dioxide and water.

It is important to note that hydroxyl radicals are the main oxidizing species generally
observed in the case of ultrasound-induced degradation of contaminants. The presence
of hydrogen peroxide at optimum loading further enhances the formation of hydroxyl
radicals, which has been confirmed in many of the earlier studies [41,42] based on the use of
radical scavengers, such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or hydroquinone
(HQ), though not explicitly confirmed in the current work.
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3. Materials & Methods
3.1. Materials

Analytical grade nickel acetate (tetrahydrate), ferric chloride, and sodium hydroxide,
which were procured from Molychem Pvt. Ltd., Mumbai, India were used to synthesize the
catalyst complex. Chrysoidine R [Basic orange 1 (BO)] dye was purchased from Huntsman
Corporation, India. An oxidant, hydrogen peroxide (commercial H2O2 solution with
strength as 30% w/v), was procured from Thomas Baker Chemicals Pvt. Ltd. in Mumbai,
India. For the preparation of different solutions, distilled water was used, which was
freshly prepared using the Milipore distillation unit available in our laboratory.

3.2. Experimental Methodology for Catalyst Synthesis
3.2.1. Synthesis of Nickel Ferrite Oxide

The nickel ferrite oxide catalyst complex was synthesized by dissolving the known
amounts of nickel acetate tetrahydrate and ferric chloride in 70 mL of water and then
mixing the solution with stirring for 30 min. After that, 2 M NaOH was gradually added
drop by drop to the homogeneous mixture at a constant stirring rate of 600 rpm until the
desired pH of 12 was attained. The resulting pH-balanced solution was then agitated for 2 h
at a constant temperature of 40 ◦C to result in a dark brown color precipitate. The solution
was then subjected to sonication (fixed frequency 20 kHz, Dakshin, Mumbai, India) at room
temperature. Furthermore, the mixture was washed with distilled water and then filtered
with Whatman filter paper. The wet cake was then dried at 80 ◦C for 6 h and then calcined
at 800 ◦C for 4 h in a muffle furnace. For comparison, the catalyst was also synthesized
using the conventional co-precipitation method (without ultrasound) under the same
conditions specified for ultrasound-assisted catalyst synthesis, as illustrated in Figure 10.
X-ray diffraction was also used as a characterization method to confirm the formation of
crystalline NiFe2O4 catalyst complex as well as the phase purity and crystal structure.
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3.2.2. Experimental Methodology for Degradation Study

A fixed frequency ultrasonic horn was purchased from M/s Dakshin, Mumbai, India
with rated power dissipation as 150 W and a tip diameter of 1 cm. A quartz beaker of
250 mL capacity with a diameter of 68 mm and height of 95 mm was used throughout the
experimental study. Figure 11 shows the setup of the sono-catalytic reactor. A well-mixed
dye solution (200 mL as fixed quantity in all the experiments) having known concentration
kept constant at 20 ppm was used for degradation study. The temperature was maintained
at 40 ◦C using a water bath. The ultrasonic horn tip was dipped at height of 0.5 cm below
the liquid level. The process variables investigated were the pH of the solution, duty cycle,
catalyst dosage, output power of the ultrasonic horn, irradiation time, and oxidant loading.
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3.3. UV-Visible Spectroscopy Analysis for Dye Concentration

A double-beam UV spectrophotometer unit (Model UV 1900, Shimadzu, Tokyo, Japan)
was used to analyze the samples collected at different time intervals. The wavelength of
452.5 nm was found to have the highest absorbance of Chrysoidine R dye in the visible
region. The standard calibration curve was created for dye concentrations ranging from 5 to
25 ppm. The least square method was used for curve fitting, yielding a linear equation of
y = 0.0402x with R2 = 0.9981. The percentage degradation was calculated using Equation (1),
as shown below:

Percentage degardation =




(
Ci − C f

)

Ci


× 100 (1)

where, Ci and Cf are the initial and final Chrysoidine R dye concentrations, respectively.

3.4. Characterization of Nickel Ferrite Oxide Catalyst
3.4.1. Particle Size Analysis

To quantify the influence of the ultrasonic synthesis method as compared to the
conventional catalyst synthesis approach, the particle size was analyzed using Bettersizer
2600 E (wet) analyzer.

3.4.2. X-ray Diffraction Analysis

The diffraction patterns of the different catalyst samples were logged using a powder
X-ray diffractometer (Philips PW 1800, Phillips, Amsterdam, The Netherlands) equipped
with Ni-filtered Cu-Kα radiation (λ = 1.5418 Å) at ambient temperature. The XRD patterns
of the sample were recorded at angles between 10◦ and 80◦ with a scanning rate of 2◦/min.
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4. Conclusions

The conducted research aimed at the development of an advanced nickel ferrite synthe-
sis method that is more efficient than the current conventional process and at establishing
its catalytic performance for the degradation of Chrysoidine R dye. The modification of
the conventional method using ultrasound successfully demonstrated that the ultrasound-
assisted synthesis method has great potential to improve structural properties and catalytic
degradation activity. The study also optimized the ultrasound-assisted catalytic degra-
dation of dye solution using the synthesized catalyst. The results obtained indicated
degradation efficiency can be greatly affected by power output and other process condi-
tions. Maximum sono-degradation of 92.83% was obtained under the optimized conditions
as 75 ppm H2O2 loading, pH 3, 70% US duty cycle, 120 W US power output, 160 min
of reaction time, and 0.5 g/L ultrasonically synthesized catalyst loading. Thus, it can be
concluded that the developed approach of ultrasound-assisted catalytic degradation in
the presence of hydrogen peroxide oxidant and sono-chemically synthesized catalyst is an
effective sustainable approach for chrysoidine R dye degradation.
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Abstract: This article aimed to compare the degradation efficiencies of different reactants applicable
for the oxidative or reductive degradation of a chlorinated anionic azo dye, Mordant Blue 9 (MB9). In
this article, the broadly applied Fenton oxidation process was optimized for the oxidative treatment
of MB9, and the obtained results were compared with other innovative chemical reduction methods.
In the reductive degradation of MB9, we compared the efficiencies of different reductive agents
such as Fe0 (ZVI), Al0, the Raney Al-Ni alloy, NaBH4, NaBH4/Na2S2O5, and other combinations
of these reductants. The reductive methods aimed to reduce the azo bond together with the bound
chlorine in the structure of MB9. The dechlorination of MB9 produces non-chlorinated aminophenols,
which are more easily biodegradable in wastewater treatment plants (WWTPs) compared to their
corresponding chlorinated aromatic compounds. The efficiencies of both the oxidative and reductive
degradation processes were monitored by visible spectroscopy and determined based on the chemical
oxygen demand (COD). The hydrodechlorination of MB9 to non-chlorinated products was expressed
using the measurement of adsorbable organically bound halogens (AOXs) and controlled by LC–MS
analyses. Optimally, 28 mol of H2SO4, 120 mol of H2O2, and 4 mol of FeSO4 should be applied
per one mol of dissolved MB9 dye for a practically complete oxidative degradation after 20 h of
action. On the other hand, the application of the Al-Ni alloy/NaOH (100 mol of Al in the Al-Ni
alloy + 100 mol of NaOH per one mol of MB9) proceeded smoothly and seven-times faster than the
Fenton reaction, consumed similar quantities of reagents, and produced dechlorinated aminophenols.
The cost of the Al-Ni alloy/NaOH-based method could be decreased significantly by applying a
pretreatment with Al0/NaOH and a subsequent hydrodechlorination using smaller Al-Ni alloy doses.
The homogeneous reduction accompanied by HDC using in situ produced Na2S2O4 (by the action
of NaBH4/Na2S2O5) was an effective, rapid, and simple treatment method. This reductive system
consumed quantities of reagents that are almost twice as low (66 mol of NaBH4 + 66 mol of Na2S2O5

+ 18 mol of H2SO4 per one mol of MB9) in comparison with the other oxidative/reductive systems
and allowed the effective and fast degradation of MB9 accompanied by the effective removal of AOX.
A comparison of the oxidative and reductive methods for chlorinated acid azo dye MB9 degradation
showed that an innovative combination of reduction methods offers a smooth, simple, and efficient
degradation and hydrodehalogenation of chlorinated textile MB9 dye.

Keywords: acid azo dye; Mordant Blue 9; chlorophenol; Fenton oxidation; degradation; hydrode-
halogenation; hydrodechlorination; NaBH4; Na2S2O5; Raney Al-Ni alloy

1. Introduction

Azo dyes are the most important synthetic colorants and have been used for a wide
spectrum of textile dyeing [1,2]. Acid dyes soluble in aqueous solutions are usually applied
for dyeing natural fibers [3,4]. Mordant dyes derived from acid dyes have been widely
used for the coloration of textile fibers such as wool, silk, polyester, cotton, and some
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modified cellulose fibers [5–8]. One example of the mentioned mordant azo dyes is the acid
dye Mordant Blue 9 (MB9, Figure 1). However, the effective treatment of dye baths and
wastewater from dye production and utilization before they are released to the environment
has received significant attention because of their potential toxic effects based on the fact
that Mordant dyes are difficult to degrade [9].
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On average, the annual production of dyes exceeds 7 × 105 tons. However, in the
textile industry, typically about 10% of the used dyes are discharged, with the effluent
creating both environmental and economic issues due to the limited biodegradability of
azo dyes, especially halogenated ones [10]. The occurrence of especially halogenated non-
biodegradable azo dyes in wastewater not only deteriorates water aesthetically due to its
coloration but also increases its chemical oxygen demand (COD) and adsorbable organic
halogen content (AOX) [11].

Various removal methods have been developed to remove the dyes produced during
the dyeing of textile fabrics from wastewater. However, the effective destruction of non-
biodegradable azo dyes in effluents does not only comprise decolorization [12–17]. The
practical removal of spent dyes in wastewater streams should be accompanied by the
formation of easily biodegradable products or by the complete mineralization of the original
dye to CO2, H2O, nitrate or N2, sulphate, etc. [16,17].

Fenton-based advanced oxidation processes (AOPs) are among the most effective
processes because of their relative ease of operation, low-cost facilities, and high removal
efficiency [18].

Fenton oxidation degrades organic pollutants by applying hydroxyl radicals (HO·),
which are generated from a hydrogen peroxide (H2O2) + ferrous sulfate reaction in an
acidic medium [19]. However, the common application of Fenton processes is limited by
several limitations, such as acidic pH conditions, iron-based sludge generation, and the
large consumption of hydrogen peroxide [20].

The large consumption of H2O2 in Fenton oxidation is caused by the high reactivity
(low stability) of the produced OH· radicals together with the easier degradability of the
organic oxidation products compared to the starting pollutant [18]. In the case of chemical
oxidation, a complete mineralization is typically necessary for the removal of toxic and
non-biodegradable halogenated organic by-products such as AOX [13].

Some improvements in the utilization of the oxidant used in chemical oxidation
processes provides the substitution of hydrogen peroxide with persulfate (S2O8

2−) [18].
The formation of the sulfate radical ·SO4

− from alkali metal persulfate is commonly
catalyzed by the action of transition metal ions such as Fe2+, Co2+, etc. The sulfate radical
works as a strong oxidant possessing a higher redox potential and an even higher span of
its half-life stability compared with hydroxyl radicals [21–27].

However, the higher price of persulfate (800–1160 USD/t of Na2S2O8 [28]) compared
to hydrogen peroxide (350–450 USD/t of H2O2 [29]) and the secondary contamination of
treated water with inorganic sulphates are the limitations of persulfate-based AOPs.

Compared with chemical oxidation, the chemical reduction method enables more se-
lective reductive cleavage of azo or other simply reducible bonds (NO2, etc.) [30]. Applying
appropriate reductants, it facilitates the effective hydrodehalogenation of carbon-halogen
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bonds that occur in many synthetic dyes (the reductive removal of AOX-producing inor-
ganic halides) [31].

Several papers [32–35] have described the reductive degradation of azo dyes using
zero-valent iron (Fe0 or ZVI) or nano ZVI. However, ZVI is not able to effectively reduce
carbon–halogen bonds in halogenated aromatic compounds [33].

As we recently published, the Raney Al-Ni alloy is an excellent hydrodechlorination
(HDC) agent [30,31]. Hydrodehalogenation using Al-based alloys is based on dissolving
aluminium in the sodium hydroxide solution. Hydrogen is thus produced and adsorbed
on the catalytically acting nickel surface which subsequently converts chlorinated organic
compounds into non-halogenated products, which are easily biodegradable [36].

The other reduction method for effective azo dye degradation mentioned in the
literature is based on sodium borohydride (NaBH4) reduction or on sodium dithionite
(Na2S2O4) produced in situ by the co-action of NaBH4 and Na2S2O5 [37].

With the emphasis on MB9, only a few articles were focused on the removal of this
mentioned dye [13,18,38–41]. The previous article of our research group [13] reported
the separation of MB9 using ionic liquids. As we presented in this article, the isolation
method of MB9 using ionic liquids provides the effective removal of the tested dye [13]. The
separation of MB9 by adsorption was consequently studied in several publications [38–40].
As shown by Singh et al., the microbial degradation of MB9 dye enables the effective
discoloration of aqueous solutions contaminated with this dye. The level of MB9 HDC is
low [41].

Only one article [18] focused on the oxidative degradation of MB9 using the Fenton-
activated persulfate system. Pervez et al. reported the effective degradation of MB9 using
the above-mentioned method expressed with discoloration and TOC removal efficiency.
However, the authors did not control the possible dehalogenation of MB9 [18].

The aim of this article is to compare the effectiveness of chlorinated anionic azo
dye Mordant Blue 9 (Figure 1) degradation in an aqueous solution using oxidation or
reduction techniques. We compare the broadly applied Fenton reaction with innovative
reduction methods.

2. Results and Discussion
2.1. Chemical Oxidation of MB9 Using H2O2

All the experiments were performed using a model aqueous solution of MB9 simulated
industrial (real) wastewater from the production of acid azo dyes [42]. The applied final
concentration of MB9 in reaction mixtures was 0.25 mmol/L (125 mg/L).

The initial experiments were conducted using an excess of hydrogen peroxide with
overnight vigorous stirring (20 h) for the possible mineralization of MB9 dye according to
Equation (1):

C16H9ClN2O8S2Na2 + 35 H2O2 → 16 CO2 + 38 H2O + 1 HCl + N2 + 2 NaHSO4 (1)

In experiments of MB9 oxidation using H2O2, we demonstrated the degradation of
MB9 using absorbance and discoloration efficiency measurements. The CODCr was applied
to determine the removal of organic compounds after oxidation quenching by the addition
of 0.1 g MnO2 which causes the decomposition of residual H2O2 (see the Materials and
Methods section). Due to the study of chlorinated compound MB9 degradation, AOX was
then determined, which expressed the content of chlorinated compounds in samples before
and after degradation.

The fragmentation products of MB9 oxidation were not utilized due to complex
oxidation pathways. As shown in Equation (1), theoretically at least 35 mol of H2O2 is
necessary for the complete mineralization of 1 mol of MB9.

Figure 2 shows that using 20 mol of H2O2 per mol of MB9, the MB9 dye molecule
was destroyed with 92% efficiency after 20 h of action according to the colour removal
(measured as absorbance at absorption maximum in the visible spectrum). According to
the COD determination, however, less than 10% of oxidizable organic compounds were
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mineralized under these reaction conditions (using 1 mmol of H2O2 per 0.05 mmol of MB9).
The gradual increase in hydrogen peroxide dosage only caused a slow increase in COD
removal. Using a 40-fold molar excess of H2O2 above the MB9 dye, only around 10% of
COD (and around 93% of MB9) was removed, even after 20 h of action. This observation
is in apparent contradiction with the theoretical consumption of H2O2 necessary for the
complete mineralization of MB9 to inorganic products (Equation (1)). Even when 200 mol
of H2O2 per mol of MB9 was used, the COD value decreased to only 40% of the initial
quantity (10 mmol of H2O2 used per 0.05 mmol of MB9, as shown in Figure 2).
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Figure 2. Results of the oxidative degradation of MB9 using an excess of H2O2. (Appropriate quantity
of H2O2 was added to 0.05 mmol of MB9 dissolved in 200 mL of H2O, with a reaction time of 20 h).

In the subsequent reaction experiments, the ferrous sulphate was added to the acidified
mixture of MB9 (2 mL of 16% H2SO4 was added to 200 mL of aqueous MB9 solution
containing 0.05 mmol of MB9, and the pH was adjusted in pH interval 2–2.5) and stirred
with an appropriate quantity of H2O2 with the aim of utilizing the oxidation ability of OH·
radical produced from the Fenton reaction (Equation (2)):

Fe2+ + H2O2 → OH· + Fe3+ + OH− (2)

The applied low pH value was used with the aim of minimizing the possibility of iron
(hydr)oxide precipitation during the Fenton oxidation process. As Kremer [43] reported,
the optimum pH can also be lower than 3 for an efficient Fenton reaction. The studied
dependence of discoloration efficiency/COD removal on the pH value is illustrated by
Figure S1 in the Supplementary Materials. It was demonstrated that that there are no sig-
nificant changes in discoloration efficiencies/COD removal in the range of pH values 2–4.
Based on these reasons, the pH value was adjusted to pH = 2–2.5. Our experiments were
therefore focused on the adjustment of the optimum dosage of H2SO4 for ensuring the
acidic environment and efficient oxidation of MB9.

The addition of 2 mL of 16% H2SO4 per 200 mL of aqueous 0.25 mM MB9 solution
(with a pH value of 2–2.5 and an efficient Fenton oxidation, as shown in Figure 3).

As shown in Figure 3, the Fenton oxidation initialized by the addition of FeSO4 to
the acidified MB9 solution significantly increased the COD removal process (compared
with the action of sole H2O2). In the case of a 40-fold molar excess of H2O2 towards
MB9, the ferrous sulphate addition enabled the 60% removal of oxidizable matter. By
using 6 mmol of H2O2 and 0.06 mmol of FeSO4 per 0.05 mmol of MB9 (molar ratio
[Fe2+]/[H2O2]/[MB9] = 1.2:120:1), the removal of MB9 was practically quantitative and
subsequently around 82% of oxidizable matter was removed by Fenton oxidation (accord-
ing to the COD removal efficiency). Similar [Fe2+]/[H2O2] ratios were reported as most
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effective by Gulkaya et al. for spent dye bath oxidative treatment [19]. Without FeSO4, the
COD removal was low (with a COD removal efficiency below 20%).
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Figure 3. A comparison of the effect of adding FeSO4 to the mixture of H2O2 and MB9 on COD and
MB9 removal efficiency. (H2O2 and subsequently FeSO4 were added to 0.05 mmol of MB9 dissolved
in 200 mL of H2O).

For a subsequent biological wastewater treatment plant (WWTP), AOX removal during
the chemical oxidation of recalcitrant chemicals is most important, especially due to the
biocidal effect of many chlorinated compounds such as halogenated phenols [44,45].

The MB9 removal efficiency caused by Fenton oxidation was compared with AOX
removal efficiency using an excess of the Fenton reagent in an optimized molar ratio 1 mol
of FeSO4 per 100 mol of H2O2. As is illustrated in Figure 4, both AOXs and decolorization
efficiencies were quite similar (88% of MB9 removal and 86% of AOX removal) and high
enough using the molar ratio [Fe2+]/[H2O2]/[MB9] = 0.2:20:1, even after 4 h of action.

Catalysts 2023, 13, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 4. A comparison of MB9 oxidation using the Fenton reaction after 4 h of action. (H2O2 and 
subsequently FeSO4 were added to 0.05 mmol of MB9 dissolved in 200 mL of H2O). 

We observed that the prolonged reaction time of Fenton oxidation is an important 
parameter for the maximization of AOX and COD removal (Figure 5 below). Due to this 
reason reaction time, 20 h was applied in the subsequent experiments. 

The effect of different molar ratios [Fe2+]/[H2O2]/[MB9] = 1–4: 10–120: 1 is illustrated 
in Figures 5 and 6. Comparing the relationship between the molar ratios of FeSO4 and 
H2O2, [Fe2+]/[H2O2] = 1:20–30 seems to be more effective. It is evident that for the fairly 
complete removal of MB9 and AOX, at least 120 mol of H2O2, together with 4 mol of FeSO4 
per mol of MB9, should be used (Figures 6 and 7). This means that the actual minimal 
excess of H2O2 is more than 3–3.4 times higher compared to the theoretical consumption 
of H2O2 for the complete mineralization of MB9 (see Equation (1)). 

Despite the high discoloration efficiency of MB9 using Fenton reaction after 4 h (see 
Figure 7), the removal of COD and AOX did not amount to satisfactory results, as shown 
in Figure 6. Therefore, the prolonged reaction time (20 h) in combination with high dos-
ages of H2O2/Fe2+ was proven to be necessary for the effective degradation of MB9 (includ-
ing AOX and COD removal). 

Under described conditions, however, the [Fe2+]/[H2O2] ratio seems to be far from 
optimal [46], likely accompanied by a high consumption of H2O2. The real excess of H2O2 

was more than 3–3.5-times higher compared to the theoretical consumption (see Equation 
(1)). 

Due to the reasons mentioned above, optimization experiments were performed with 
the aim of rationalizing the dosage of components of the Fenton reagent. 

Compared with the persulfate-based method [18], the required excess of H2O2 for the 
practically complete removal of AOX and COD seems to be high. However, the published 
persulfate method only determined residual TOC and MB9 removal, not a concentration 
of hardly biodegradable and toxic AOXs. For 95% discoloration, a similar 10-fold molar 
excess of H2O2 and an equimolar quantity of FeSO4 toward MB9 should be used (Figure 5, 
second column from the left). 

Finally, it is evident that the subsequent neutralization of the reaction mixture after 
Fenton oxidation increases the additional removal of MB9 (almost a 20% increase in the 
COD removal efficiency) caused by the coagulation of iron (hydr)oxides, as shown in the 
Supplementary Materials, Table S1. By neutralizing the acidic reaction mixture, in con-
trast, the produced solid by-product (iron (hydr)oxides containing slurry) is potentially 
contaminated with adsorbed oxidation (chlorinated) products. This slurry is categorized 
as a dangerous waste and must be disposed in a safe manner [47]. 

Figure 4. A comparison of MB9 oxidation using the Fenton reaction after 4 h of action. (H2O2 and
subsequently FeSO4 were added to 0.05 mmol of MB9 dissolved in 200 mL of H2O).

We observed that the prolonged reaction time of Fenton oxidation is an important
parameter for the maximization of AOX and COD removal (Figure 5 below). Due to this
reason reaction time, 20 h was applied in the subsequent experiments.
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Figure 5. Summary of removal efficiencies obtained using different molar ratios between
[Fe2+]/[H2O2]/[MB9]. (* H2O2 and subsequently FeSO4 were added to acidified 0.05 mmol of
MB9 in 200 mL of H2O, with a reaction time of 20 h or 4 h).

The effect of different molar ratios [Fe2+]/[H2O2]/[MB9] = 1–4:10–120:1 is illustrated
in Figures 5 and 6. Comparing the relationship between the molar ratios of FeSO4 and
H2O2, [Fe2+]/[H2O2] = 1:20–30 seems to be more effective. It is evident that for the fairly
complete removal of MB9 and AOX, at least 120 mol of H2O2, together with 4 mol of FeSO4
per mol of MB9, should be used (Figures 6 and 7). This means that the actual minimal
excess of H2O2 is more than 3–3.4 times higher compared to the theoretical consumption of
H2O2 for the complete mineralization of MB9 (see Equation (1)).

Despite the high discoloration efficiency of MB9 using Fenton reaction after 4 h (see
Figure 7), the removal of COD and AOX did not amount to satisfactory results, as shown in
Figure 6. Therefore, the prolonged reaction time (20 h) in combination with high dosages
of H2O2/Fe2+ was proven to be necessary for the effective degradation of MB9 (including
AOX and COD removal).

Under described conditions, however, the [Fe2+]/[H2O2] ratio seems to be far from
optimal [46], likely accompanied by a high consumption of H2O2. The real excess of
H2O2 was more than 3–3.5-times higher compared to the theoretical consumption (see
Equation (1)).

Due to the reasons mentioned above, optimization experiments were performed with
the aim of rationalizing the dosage of components of the Fenton reagent.

Compared with the persulfate-based method [18], the required excess of H2O2 for the
practically complete removal of AOX and COD seems to be high. However, the published
persulfate method only determined residual TOC and MB9 removal, not a concentration
of hardly biodegradable and toxic AOXs. For 95% discoloration, a similar 10-fold molar
excess of H2O2 and an equimolar quantity of FeSO4 toward MB9 should be used (Figure 5,
second column from the left).

Finally, it is evident that the subsequent neutralization of the reaction mixture after
Fenton oxidation increases the additional removal of MB9 (almost a 20% increase in the
COD removal efficiency) caused by the coagulation of iron (hydr)oxides, as shown in
the Supplementary Materials, Table S1. By neutralizing the acidic reaction mixture, in
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contrast, the produced solid by-product (iron (hydr)oxides containing slurry) is potentially
contaminated with adsorbed oxidation (chlorinated) products. This slurry is categorized as
a dangerous waste and must be disposed in a safe manner [47].
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2.2. The Chemical Reduction of MB9

Compared with chemical oxidation, the chemical reduction of pollutants was de-
scribed as more selective [30,31]. A higher selectivity is joined with a lower consumption
of reagents.

In the first set of experiments, iron turnings (ZVI) were used for the reductive degra-
dation of MB9.

The obtained results are illustrated in Figure 8. ZVI is a strong reducing agent, and
moreover ZVI is easily produced and inexpensive [32]. It has already been rendered to be ef-
fective in the reductive degradation of selected chlorinated organic derivatives [48]. In some
studies [33,34], methods of dye reduction using micro or nano iron have been described.
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Figure 8. The reductive degradation of MB9 using ZVI. (ZVI was added to aqueous solution contain-
ing 0.05 mmol of MB9 in 100 mL of H2O acidified with 40 mmol of H2SO4, with a reaction time of
3 h).

Even using a 10-fold molar excess of ZVI, 97% of MB9 was removed. The AOX removal
efficiency, however, was low (25.9%). This corresponds with the known fact that ZVI is not
a very effective dechlorination agent in the case of chlorinated aromatic compounds. In the
case of a 150-fold molar excess of ZVI, only a 35.2% AOX removal efficiency was observed
(together with a 99.5% MB9 removal efficiency).

Apart from ZVI, metallic aluminum (granules, powder, or foil) was tested for the
reductive degradation of MB9 dye. Aluminum was reported to be more effective in
wastewater treatment compared with ZVI [35]. Figure 9 illustrates differences in Al0-based
reduction efficiencies using diluted sulfuric acid. In addition to Al0, the Raney Al-Ni
alloy, known to be very effective reductant, was used [30,31]. The obtained degradation
efficiencies were slightly worse using Al0 compared with Fe0.
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Figure 9. The reductive degradation of MB9 using different types of Al0 in an acidic environment.
(Al0 was added to the solution of 0.05 mmol of MB9 and 40 mmol of H2SO4 in 100 mL of H2O, with a
reaction time of 20 h) (n.d. = not determined).

It is well known that Al0 is a powerful reductant, especially in diluted alkali metal
hydroxide solutions [35]. For this reason, alkaline conditions were used for subsequent
experiments. The obtained results are presented in Figure 10.
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Figure 10. The reductive degradation of MB9 using different types of Al0 and their mixtures with
nickel in an aqueous 50 mM NaOH solution. (Al0 and Ni0 were added to the solution of 0.05 mmol
of MB9 and 5 mmol of NaOH in 100 mL of H2O, with a reaction time of 3 h).

When using Al powder in particular, both MB9 and AOX removals were higher
compared with ZVI/H2SO4 or Al0/H2SO4 actions. In addition, the used Al granules were
similarly active as Al foil, although both above-mentioned forms of Al were less active
compared with Al powder. In the case of the used Al granules, a low specific surface seems
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to be the reason for the low reduction activity. In addition, the kinetic comparison indicates
that the reaction rate of Al0/NaOH was higher (Figure 11).
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Figure 11. A comparison of rates of MB9 reductive degradation under different dosages of Al and
NaOH or H2SO4. (Appropriate quantities of Al and NaOH/H2SO4 were added to 0.05 mmol of MB9
dissolved in 200 mL of H2O).

Due to our excellent experience with the hydrodehalogenation activity of Al-Ni al-
loys [30,31], we tried to use a mixture of Ni powder together with Al0 (Figure 10) and Raney
Al-Ni alloys for MB9 reductive treatment (Figure 12). After the addition of Ni powder,
both the MB9 and AOX removal efficiencies increased in comparison with the action of Al0

alone. Using the Raney Al-Ni alloy, however, the HDC of MB9 reduction products was
much higher compared with the action of a mixture of Al0 and Ni0 powders.
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added to aqueous solutions of 0.05 mmol of MB9 and 5 mmol of NaOH in 100 mL of H2O, with a
reaction time of 3 h).
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In addition, by using the Raney Al-Ni alloy instead of Al0 + Ni0 powders, the removal
of AOX (hydrodechlorination, HDC) was very effective (Figure 12) [30,31]. HDC was
completed after 3 h of Al-Ni alloy/NaOH action. In comparison with the Fenton reaction,
HDC using Al-Ni alloy/NaOH processed almost seven times faster in the degradation of
MB9. The proposed reaction pathway for the reductive treatment of MB9 using Al0 + Ni0

or Al/Ni alloys is depicted in Scheme 1.
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A combination of the rapid azo bond reduction of the MB9 structure using cheaper Al0

powder (pretreatment) and subsequently HDC using the Al-Ni alloy (see Scheme 1) serves
as a simple cost-effective application in the degradation of non-biodegradable chlorinated
dye in aqueous streams. Non-chlorinated products based on the reduction/HDC of this
promising reductive method were proved using the LC-MS method. As indicated by
LC-MS analysis (see Supplementary Material, Figure S2), the HDC of MB9 using Al-Ni
(Figure 12, first column from the left, 3 h of action) proceeded smoothly according to the
HDC reaction depicted in Scheme 1.

The starting Raney Al-Ni alloy and its reaction products were studied by X-ray pow-
der diffraction in our earlier work [30]. The changes in surface morphology were also
documented by SEM [30]. As we published earlier, the starting Raney Al-Ni alloy contained
41% Ni2Al3, 57% NiAl3, and 2% aluminum. Briefly, after the beginning of the reaction
(after 30 min of HDC of chloroaromates (using 0.27 g of Al-Ni/1 mmol Ar-Cl + 50 mmol of
NaOH), the original Raney Al-Ni alloy changed slightly, the pure aluminum disappeared,
and the NiAl3 alloy quantity decreased (34% NiAl3 and 66% Ni2Al3). After 60 min of the
reaction, the NiAl3 diffraction lines disappeared completely, and the isolated solid part
only contained Ni2Al3. At the end of the HDC reaction, apart from the rest of Ni2Al3 (18%),
the isolated solid mainly contained Ni0.92Al0.08 alloy (61%) and pure metallic nickel (10%),
together with a low quantity of bunsenite (2% NiO) [30].

In addition, after the HDC, the produced nickel sludge was simply removable by
sedimentation and/or filtration. The deactivated Ni catalyst can be regenerated and
recycled with several benefits [49].

The dissolved aluminum in the alkaline reaction mixture after HDC can be utilized for
the subsequent sorption of HDC products via the coagulation and flocculation of Al(OH)3
produced by alkaline aqueous phase neutralization after the HDC procedure [30,31,49–51].

The above-mentioned coagulation also increased the COD removal efficiency by up to
15% (see the Supplementary Materials, Table S1).

The HDC of MB9 using Al-Ni therefore effectively removed AOX, and, subsequently,
the neutralization of the reaction mixture, accompanied by coagulation, facilitated addi-
tional COD removal. In contrast with the Fenton reaction, this slurry after coagulation
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contains more biodegradable (non-chlorinated) HDC products and it can be used as an
additive for cement production.

In the above-mentioned Al-based MB9 removal methods, the sorption of MB9 on
the surface of Al-based reductive agents could play an important role. The sorption
experiments were performed to compare the sorption effect on MB9 removal using different
sources of Al0.

A comparison of sorption efficiencies is illustrated in Figure 13 (the contact time was
3 h). The highest removal efficiency of MB9 was obtained with Al0 powder (MB9 65.8%) or
Al0 foil (59.5%). A similar removal efficiency was achieved by the Raney Al-Ni alloy (60%),
as shown in Figure 13. Al0 granules were not very efficient for MB9 sorption, possibly due
to the low specific surface area of Al granules.

In addition, the calculated sorption parameter—adsorption capacity q (mg/kg)—
demonstrated that the sorption capacities of Al powder and Al foil for MB9 dye were
65.8 mg/kg and 59.5 mg/kg, respectively. In contrast, the adsorption capacity of the Raney
Al-Ni alloy was only 30 mg/kg.

Despite this fact, the results indicate that MB9 is selectively adsorbed, especially on
powders of aluminum or Raney Al-Ni alloys or Al foil. From the above-mentioned results,
it can be deduced that the main drawback of the used Al foil in the reduction process is
its very rapid dissolution (consumption) under the used reaction conditions (over a few
minutes, as was observed), which prevents the effective MB9 reductive removal.

A comparison of decolorization rates based on the application of Al0 in alkaline and
acidic reaction conditions is illustrated in Figure 14. It is evident that the removal of MB9
dye is the most rapid when the Al0-based reduction process is used in aqueous NaOH. The
reaction rates of the Fenton oxidation and Al0-based reduction of aqueous H2SO4 were
quite similar.
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Figure 14. A comparison of discoloration of MB9 using of 6 mmol of oxidant/reductant. (An
appropriate quantity of reagents was added to 0.05 mmol of MB9 dissolved in 200 mL of H2O).

Another reduction method for effective azo dye degradation mentioned in the lit-
erature is based on sodium borohydride (NaBH4) or sodium dithionite (Na2S2O4, see
reactions 3 and 4) produced in situ by the reaction of NaBH4 with Na2S2O5 [37] (Scheme 2).
It was verified that sodium borohydride caused efficient MB9 reduction when applied
alone; however, the AOX removal was sluggish (Figure 15).

S2O5
2− + H2O→ 2 HSO3

− (3)

BH4
− + 8 HSO3

− + H+ → 4 S2O4
2− + B(OH)3 + 5 H2O (4)
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Applied 
Degradation 

Method 

Quantity of Used 
Reagents per mol of 

MB9 

Efficiency of 
MB9 

Discoloration 

Other Removal 
Efficiencies 

(%) 
Ref. 

Persulfate-based 
AOP at pH = 

4.88 

16 mol of Na2S2O8 
+ 14 mol of FeSO4 

97% 
(after 30 min) 

60% of TOC 
(after 30 min) 

[18] 

Fenton 
oxidation at 

pH = 4.88 

16 mol of H2O2 
+ 14 mol of FeSO4 

48% of MB9 
(after 30 min) 

38% of TOC 
(after 30 min) 

[18] 

Fenton 
oxidation at 
pH = 2–2.5 

28 mol of H2SO4 
120 mol of H2O2 
+ 4 mol of FeSO4 

86.1% of MB9 
(after 3 h) 

37.6% of COD 
(after 3 h) 

This 
work 

Fenton 
oxidation at 
pH = 2–2.5 

28 mol of H2SO4 
120 mol of H2O2 
+ 4 mol of FeSO4 

>99% of MB9 
(after 20 h) 

98.3% of AOX and 
93.7% of COD 

(after 20 h) 

This 
work 

Chemical 
reduction 

ZVI 

150 mol of Fe0 

800 mol of H2SO4 
99.5% of MB9 

(after 3 h) 
35.2% of AOX 

(after 3 h) 
This 
work 

Chemical 
reduction 

Al0 powder 

370 mol of Al0 

800 mol of H2SO4 
97.5% of MB9 

(after 20 h) 
30.5% of AOX 

(after 20 h) 
This 
work 

Chemical 
reduction 

Al0 powder 

200 mol of Al0 

100 mol of NaOH 
96.5% of MB9 

(after 3 h) 
41.4% of AOX 

(after 3 h) 
This 
work 

Scheme 2. The proposed reaction scheme of MB9 reductive degradation using NaBH4/Na2S2O5.

When applying a combination of cheap Na2S2O5 accompanied by the subsequent
addition of NaBH4, both MB9 and AOX were removed very effectively (Figure 15). The pro-
posed reaction scheme of MB9 reductive degradation using NaBH4/Na2S2O5 is illustrated
in Scheme 2. As indicated by LC-MS analysis (see Supplementary Material, Figure S3), a
smooth reduction of MB9 is depicted in Scheme 2.

Table 1 shows a comparison of the above-described results of the oxidation and re-
duction of MB9 (calculated per one mol of tested dye for the demonstration of practical
application). The reaction rates of the tested reduction processes are compared in Figure 16.
It is evident that the homogeneous reduction using NaBH4/Na2S2O5 is the most rapid pro-
cess weighted by decolorization. A comparison of reagents consumption and degradation
efficiencies in performed optimized experiments is depicted in Figure 17. The pretreat-
ment of MB9 solutions using Al0/NaOH and subsequently HDC with Al-Ni/NaOH also
facilitates the effective and smooth removal of MB9 dye.

In summary, the Fenton reaction is cheaper than other tested reductive systems (see
Supplementary Materials, Table S2) due to the low cost of hydrogen peroxide. The reaction
rate, however, is slow, even when using an excess of H2O2 that is more than 3.5 times
higher than that using the theoretical consumption. On the other hand, for the practical
rapid removal of AOX necessary for scale-up, reductive systems such as NaBH4/Na2S2O5
or a combination of Al0/Al-Ni alloys are more utilizable.

The above-mentioned combination of NaBH4/Na2S2O5 or Al0/Al-Ni alloys provides
an increase in the removal of MB9 from model wastewater. These methods also offer a
decrease in price compared with less efficient/more expensive reductions using NaBH4 or
Al-Ni alloy alone (see the Supplementary Materials, Table S2).

Moreover, HDC using Al-Ni alloys proceeds smoothly in a few hours in contrast with
HDC using the Fenton reaction (reaction time for effective MB9 removal 20 h, as shown
in Table 1). The lower reaction time of the proposed reductive process saves energy and
further decreases economic costs. In addition, the application of the Al-Ni alloy enables the
recycling of produced Ni-slurry [49–51]. This recycling of used Al-Ni alloys also potentially
decreases the price of this effective HDC method.

Table 1. A comparison of MB9 removal efficiencies caused by oxidation or reduction using different
reactants at room temperature (calculated per mol of MB9).

Applied Degradation
Method

Quantity of Used
Reagents per mol of MB9

Efficiency of MB9
Discoloration

Other Removal
Efficiencies

(%)
Ref.

Persulfate-based AOP at
pH = 4.88

16 mol of Na2S2O8
+ 14 mol of FeSO4

97%
(after 30 min)

60% of TOC
(after 30 min) [18]

Fenton oxidation at
pH = 4.88

16 mol of H2O2
+ 14 mol of FeSO4

48% of MB9
(after 30 min)

38% of TOC
(after 30 min) [18]
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Table 1. Cont.

Applied Degradation
Method

Quantity of Used
Reagents per mol of MB9

Efficiency of MB9
Discoloration

Other Removal
Efficiencies

(%)
Ref.

Fenton oxidation at
pH = 2–2.5

28 mol of H2SO4
120 mol of H2O2
+ 4 mol of FeSO4

86.1% of MB9
(after 3 h)

37.6% of COD
(after 3 h) This work

Fenton oxidation at
pH = 2–2.5

28 mol of H2SO4
120 mol of H2O2
+ 4 mol of FeSO4

>99% of MB9
(after 20 h)

98.3% of AOX and 93.7% of
COD

(after 20 h)
This work

Chemical reduction
ZVI

150 mol of Fe0

800 mol of H2SO4

99.5% of MB9
(after 3 h)

35.2% of AOX
(after 3 h) This work

Chemical reduction
Al0 powder

370 mol of Al0

800 mol of H2SO4

97.5% of MB9
(after 20 h)

30.5% of AOX
(after 20 h) This work

Chemical reduction
Al0 powder

200 mol of Al0

100 mol of NaOH
96.5% of MB9

(after 3 h)
41.4% of AOX

(after 3 h) This work

Chemical reduction
Al0 powder

+ Ni0 powder

200 mol of Al0

50 mol of Ni0

100 mol of NaOH
96.7% of MB9 56.4% of AOX

(after 3 h) This work

Chemical reduction
Raney Al-Ni

100 mol of Al0

used in Al-Ni
100 mol of NaOH

96.9% of MB9
(after 3 h)

94.5% of AOX
(after 3 h) This work

Chemical reduction
Al0 powder

+ Raney Al-Ni

120 mol of Al0

480 mol of NaOH
44 mol of Al0 (in Al-Ni)

480 mol of NaOH

99% of MB9
(after 3 + 20 h)

91.7% of AOX
(after 3 + 20 h) This work

Chemical reduction
NaBH4

132 mol of NaBH4
99.4% of MB9

(after 20 h)
68.7% of AOX

(after 20 h) This work

Chemical reduction
NaBH4/Na2S2O5

66 mol of NaBH4
+ 66 mol of Na2S2O5
+ 18 mol of H2SO4

99.5% of MB9
(after 30 min)

95.9% of AOX
(after 20 h) This work
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3. Materials and Methods
3.1. Reagents and Materials

The acidic azo dye Mordant Blue 9 (MB9) was purchased from commercial sources
in a defined purity 50% of MB9 (Sigma Aldrich Co., Prague, Czech Republic). Sigma-
Aldrich does not provide the exact composition of the other ingredients. It can be assumed,
however, that other ingredients are inorganic salts from dye manufacturing [6].

H2O2 (30%) and FeSO4.7H2O (p.a. quality) were obtained from Lach-Ner Co., Nera-
tovice, Czech Republic. The Raney Al-Ni alloy, NaBH4, and Na2S2O5 were supplied from
Sigma Aldrich Co., Prague, Czech Republic. The powdered Al0 (Labo MS Co., Prague,
Czech Republic), granulated Al (Lachema Co., Brno, Czech Republic), Al foil, powdered Ni
(Alfa Aesar, Heysham, Lancashire, UK), and zero-valent Fe0 (ZVI, local supplier Synthesia
Co., Pardubice, Czech Republic) were purchased in purity higher than 95%. Additional
chemicals (H2SO4, NaOH and MnO2) in p.a. quality were obtained from Lach-Ner Co.,
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Neratovice, Czech Republic. Finally, all the aqueous solutions were prepared from dem-
ineralized water.

3.2. Oxidative and Reductive Degradation of MB9 Procedures

The comparative degradation experiments were performed in a 250 mL round-bottomed
flasks equipped with magnetic stirring on Starfish equipment (Radleys Discovery Technolo-
gies, Saffron Walden, UK), installed on a magnetic stirrer Heidolph Heistandard for parallel
reactions. The reaction flasks were closed by a tube filled with granulated charcoal. After
the appropriate time period of stirring, the reaction mixtures were filtered and analyzed.

In the case of the oxidative degradation of MB9 using hydrogen peroxide, all the
samples were mixed before filtration with 0.1 g of MnO2 used as the catalyst for the rapid
decomposition of unreacted H2O2. The final measurement of residual H2O2 in the reaction
mixtures was not required and the interferences of COD determination were negligible
(unreacted H2O2 significantly increased the COD value, as verified). For the Fenton
reaction, the pH values of reaction mixtures were modified using the addition of 10 mL of
16% H2SO4 per liter of 0.5 mM aqueous MB9 solution (2 mL of 16% H2SO4 per 200 mL of
H2O containing 0.05 mmol of MB9). The pH values were measured and/or controlled by a
contact pH meter Orio Star 10 (Thermo Fisher Scientific, Pardubice, Czech Republic).

In the case of the ZVI application, due to the limitation of the magnetic stirring
influence, the reaction mixtures were intensively stirred. Thus, the sufficient contact of ZVI
with the aqueous solutions of MB9 was ensured.

3.3. Chemical Analysis

A Hach DR2800 (Austria) VIS spectrophotometer was employed for the absorbance
measurements using 1 cm glass cuvettes. The concentrations of MB9 were determined by
measuring at a wavelength 516 nm. Analyses of the COD were carried out in accordance
with the ISO EN 9562 standard and aqueous solutions were determined using the Hach
Lange cuvette test using the Hach DR2800 (Austria) VIS spectrometer. The AOXs were
analyzed according to the European ISO 9562 standard using the Multi X 2500 analyzer
(Analytic Jena GmbH., Jena, Germany).

The discoloration of MB9 solutions was calculated according to Equation (5):

DE =

(
1− A

A0

)
× 100 (5)

where DE is the discoloration efficiency of MB9 aqueous solution (%), A is the measured
absorbance after the degradation process, and A0 is the initial absorbance of MB9 solution.

The removal efficiency (%) of COD or AOX from the model aqueous solutions of MB9
was evaluated by Equation (6):

RE =

(
1− c

c0

)
× 100 (6)

where RE is removal efficiency of AOX or COD (%), c is the concentration of AOX or COD
in the solution after the degradation process (mg/L), and c0 is the initial concentration of
AOX or COD in the MB9 solution before the degradation process (mg/L).

The reduction products after the reductive degradation of MB9 were detected using
the LC-MS technique with additional UV detection. The water samples were properly
diluted and 2 µL of the diluted sample was injected in the Hypersil Gold C4 column
(100 × 3 mm). The LC separation of the detected compounds was performed in a LC-MSD
TRAP XCT Plus system (Agilent Technologies, Santa Clara, CA, USA) and was carried
out with a gradient program using (A) 5 mM CH2COONH2, (B) 95% CH3COONH4, and
(C) acetonitrile at a flow rate of 0.5 mL/min and at temperature of 40 ◦C. The detected
compounds were completely separated under the established gradient program in 40 min.
The UV detection was carried out at a wavelength 254 nm. The LC system was connected to
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an Agilent 6490 Triple Q MS with an electrospray interface (ESI) and was operated in both
positive and negative ionization mode, using the above-described gradient program in
both cases. The MS settings were as follows: a drying gas temperature of 350 ◦C; a drying
gas of 10 L/min; ion source gas of 50 psi; and a mass range of 50–1200 Da. Nitrogen was
used as the nebulizer gas, curtain gas, and collision gas.

4. Conclusions

This paper aims to compare the efficiency of common Fenton oxidation together with
innovative chemical reduction of chlorinated anionic azo dye Mordant Blue 9 to simply
biodegradable nonchlorinated products.

The classic Fenton oxidation is broadly used and is a frequently evaluated treatment
method using cheap and low toxic reagents, such as hydrogen peroxide and ferrous
sulphate. These reagents cause the negligible secondary contamination of treated and
subsequently neutralized water free of insoluble impurities such as iron (hydr)oxides.

We demonstrated that an appropriate excess of hydrogen peroxide (120 mol), H2SO4
(28 mol), and FeSO4 (4 mol) is able to destroy chlorinated acid azo dye Mordant Blue 9
to non-chlorinated by-products with the subsequent removal of oxidizable organic com-
pounds after 20 h of action. By neutralizing the acidic reaction mixture, the produced solid
by-product, including iron (hydr)oxides containing slurry, is potentially contaminated with
adsorbed oxidation products. This slurry is categorized as dangerous waste and must be
disposed in a safe manner. In addition, the large consumption of reagents could disfavor
the Fenton oxidation for potential large-scale application.

The tested reductive wastewater treatment methods are less common compared with
chemical oxidation. Using appropriate reduction agents, the chemical reduction serves as a
simple and economically attractive method for the destruction of a hardly biodegradable
compound, such as chlorinated azo dye MB9, to non-chlorinated by-products suitable for
subsequent biodegradation in common wastewater treatment plants.

Both ZVI/H2SO4 and Al0/H2SO4 are effective azo reduction bonds, but poor HDC
agents. The same inconvenience was observed in the case of Al0/NaOH action. In contrast,
the heterogeneous reductant Raney Al-Ni alloy in NaOH and the homogeneous reductant
NaBH4/Na2S2O5 alloy are very effective for both azo bond reduction and subsequent HDC.

There is still uncertainty around (i) the minimal quantity and the price of effective
reductants applicable for both the azo bond reduction and effective HDC of produced chlo-
rinated aminophenol- and aminonaphtol-based sulphonic acids and (ii) the accompanying
treatment of produced by-products descended from used reductants/HDC agents.

From the consumption of the reagents point of view, the homogeneous reduction
accompanied by HDC using Na2S2O4 produced in situ (by the action of NaBH4/Na2S2O5)
is the most effective, rapid, and simple destruction method.

An innovative heterogeneous reduction combining pretreatment with Al0/NaOH
with the subsequent addition of effective HDC agents (Raney Al-Ni alloy/NaOH) is more
exacting. In the case of the used Al-Ni alloy, the recycling of produced Ni-slurry was
demonstrated earlier with the aim of obtaining an effective hydrodehalogenation agent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13030460/s1, Figure S1: The dependence of discoloration
efficiency/COD removal on the pH value for the Fenton reaction using 6 mmol of H2O2 + 0.2 mmol
of FeSO4 per 0.05 mmol of MB9 in 200 mL of H2O (reaction time 20 h). Figure S2: LC chromatogram
of LC-MS analysis of the reaction mixture obtained after the reductive degradation of MB9 using
Al-Ni/NaOH. Figure S3a: LC chromatogram of LC-MS analysis of reaction mixture obtained after
the reductive degradation of MB9 using NaBH4/Na2S2O5. Figure S3b: Qualitative LC-MS analysis
of the reaction mixture obtained after the reductive degradation of MB9 using NaBH4/Na2S2O5.
Figure S3c: Mass spectrums (EI, 70 eV) of analyzed components. Table S1: The effect of subsequently
coagulation on Fenton reaction and reduction/HDC using the Al-Ni alloy. Table S2: A comparison of
economic viability of MB9 removal using different oxidative/reductive agents [52–62].
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Abstract: In this study, we fabricated Zn3V2O8 and a Ag-modified Zn3V2O8 composite (Zn3V2O8/Ag)
by utilizing effective and benign approaches. Further characterization techniques such as powder
X-ray diffraction (XRD) and scanning electron microscopy (SEM) were explored to examine the
phase and structural properties, respectively, of the synthesized Zn3V2O8/Ag and Zn3V2O8/Ag com-
posite materials. The oxidation states and elemental composition of the synthesized Zn3V2O8/Ag
and Zn3V2O8/Ag were characterized by adopting X-ray photoelectron spectroscopy (XPS) and
energy-dispersive X-ray spectroscopy (EDX). The optical band gaps of the synthesized Zn3V2O8/Ag
and Zn3V2O8/Ag were examined by employing ultraviolet–visible (UV-vis) diffuse reflection spec-
troscopy. HRTEM images clearly show that ZnV@Ag NC has a hexagonal plate-like morphology.
Subsequently, Zn3V2O8 and Zn3V2O8/Ag were used as photocatalysts for photocatalytic hydrogen
(H2) production. It was observed that after Ag doping, the energy band gap of ZnV was reduced
from 2.33 eV to 2.19 eV. EDX mapping images also show the presence of Ag, O, Zn, and V elements
and confirm the formation of ZnV@Ag NC with good phase purity. Observations clearly showed the
presence of excellent photocatalytic properties of the synthesized photocatalyst. The Zn3V2O8/Ag
photocatalyst exhibited H2 generation of 37.52 µmolg−1h−1, which is higher compared to pristine
Zn3V2O8. The Zn3V2O8/Ag photocatalyst also demonstrated excellent reusability, including decent
stability. The reusability experiments suggested that ZnV@Ag NC has excellent cyclic stability for up
to six cycles.

Keywords: Zn3V2O8/Ag nanocomposite; photocatalytic H2 production; water splitting; surface
plasmon resonance; sacrificial reagents

1. Introduction

In the present scenario, the energy crisis and environmental pollution are major con-
cerns [1–6]. Energy demand has increased drastically all over the world [4]. Energy also
plays a crucial role in economic growth, progress, and development [2]. Although con-
ventional fuels such as coal, natural gas, and oil are still regarded as the primary sources
of energy, their depletion and unexpected environmental risks have prompted people to
search for alternate energy sources [1]. In this context, various alternative energy tech-
nologies, such as solar cells, energy storage, and hydrogen (H2) production, have been
developed [7,8]. Various approaches and methods (electrolysis, thermolysis, and photo-
catalysis) have been developed for H2 production [9]. The increasing global energy demand
has directed the attention of researchers and scientists toward H2 as a clean and green
energy source for the next generations. Photocatalytic water splitting has become a hot area
of research for converting cheap solar energy into hydrogen energy [10]. Photocatalytic
H2 production is an important and widely used method. In this process, the charge of a
catalytic material under irradiation is transported to a counter electrode and thus initiates a
redox reaction for hydrogen production [9]. PEC water splitting was first carried out by
Fujishima and Honda et al. [11] at 0.8 V under ultraviolet light using a titanium dioxide
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(TiO2) photoanode, opening up a new area of study. TiO2 has a wide band gap of 3.2 eV,
which makes it unsuitable for practical PEC applications [12]. Thus, it is highly necessary to
design and develop low-band-gap materials for photocatalytic H2 production applications.
According to the reported literature, a suitable photocatalyst should have a narrow band
gap for better charge transfer during the photocatalytic process [13,14]. It has also been
noted in the available literature on photocatalytic H2 evolution that surface properties such
as morphological characteristics largely influence the H2 evolution rate and photocatalytic
H2 evolution by providing a better path for electron transport [14]. Thus, it is noted that
the mechanical stability, surface structural properties, and band gap of the photocatalyst
can have a direct influence on the H2 evolution rate [15]. Nanostructured photocatalysts
can easily separate electron–hole pairs during a photocatalytic reaction and may generate
a suitable and easy path for electron transport, which can significantly enhance the pho-
tocatalytic H2 evolution [9]. Recently, various novel photocatalyst materials with unique
and nanostructured surface morphologies have been widely used for photocatalytic H2
evolution reactions [10]. In this context, TiO2, zinc oxide, molybdenum disulfide, cadmium
sulfide, and graphite-like carbon nitride materials have been widely used for H2 produc-
tion [6,9,10]. Although various nanostructured materials have been reported for the H2
evolution process, there is still room for the design and fabrication of novel photocatalysts
for the H2 evolution process.

In the past few years, metal vanadates have received extensive attention because of
their exceptional charge transport/separation and optical properties [13–16]. Addition-
ally, metal vanadates have band gaps of 2.2 to 2.7 eV, which enables them to effectively
absorb solar energy in the visible range [17–19]. Moreover, metal vanadates are relatively
robust against photocorrosion [20]. In addition, the valence band location is close to the
thermodynamic potential of oxygen evolution, making them good catalysts for the visible-
range photo-oxidation of water [21]. Zinc vanadate (Zn3V2O8) has excellent optoelectronic
features and has been extensively used in supercapacitors, batteries, H2 storage, catalysis,
photocatalysis, and magnetic devices [22–25]. However, there are still some challenges that
limit their photocatalytic efficiency, such as the minimum energy band gap needed to break
water into hydrogen and oxygen, as most semiconductors have wider band gaps. Secondly,
the electron–hole recombination rate hinders the light absorption of the semiconductor
material, and hence, low photocatalytic efficiency is achieved [19,23,24]. To overcome these
barriers, several procedures and efforts have been reported, and out of these, merging the
properties of two different materials is of great significance for a variety of applications [26].
Thus, it is worth designing and fabricating hybrid composite materials containing Zn3V2O8.
Silver nanoparticles (Ag NPs) possess excellent catalytic and conducting properties [27].
Ag NPs have been widely used for the preparation of hybrid composite materials [28].

There are very few reports available on metal-vanadate-based photocatalytic H2 pro-
duction. Very low hydrogen production of 11.5 µmolg−1h−1 was reported for a bismuth
vanadate-modified reduced graphene oxide composite (BiVO4/rGO) [18]. Another work
also demonstrated the use of BiVO4/rGO as a photocatalyst for improved H2O2 evolu-
tion [14]. Thus, it is revealed that metal vanadate has excellent properties and can be
explored in the photocatalytic H2 evolution process.

In this study, our group successfully fabricated a Ag-NP-decorated Zn3V2O8 compos-
ite material. Furthermore, photocatalytic H2 production studies were carried out using the
Zn3V2O8/Ag NP composite. The investigations demonstrated reasonable improvements
in the photocatalytic activity of the Zn3V2O8/Ag NP composite compared to pristine
Zn3V2O8. According to our literature survey, we report for the first time the photocatalytic
activity of a Zn3V2O8/Ag NP composite for H2 production applications. In the present
study, we propose a simple synthetic strategy for the preparation of a Zn3V2O8/Ag NP
composite and explored it as a cost-effective, environmentally friendly, highly stable, and
efficient photocatalyst for H2 production applications.
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2. Results and Discussion
2.1. Materials Characterization

The XRD patterns of ZnV and ZnV@Ag NC were obtained in the 2θ range of 10–100◦.
The obtained XRD data of ZnV and ZnV@Ag NC are displayed in Figure 1. The XD pattern
of ZnV shows various diffraction peaks at 2θ values of 10–100◦. The obtained diffraction
peaks can be assigned to the well-defined (001), (010), (002), (110), (012), (111), (020), (021),
(112), (013), (022), (023), (122), (220), and (021) diffraction planes of ZnV. The XRD pattern is
in agreement with the reported JCPDS number of 50-0570. The strong diffraction peaks
indicate that ZnV has decent crystallinity. The XRD pattern of ZnV@Ag NC demonstrates
the presence of (002), (110), (012), (020), (021), (013), (122), and (024) diffraction planes. No
diffraction plane or peak was observed for Ag NPs, which is due to the low amount of Ag
NPs in the synthesized ZnV@Ag NC sample. Further information about the crystallite size
can be obtained by using the Debye–Scherer formula given by Equation (1) [29]:

Dc =
Kλ

β×Cosθ
(1)

where λ is the wavelength of the X-ray source, K is a shape factor and is usually ~0.9,
θ is the corresponding angle, and β is the breadth of the observed diffraction line at its
half-intensity maximum. Using Equation (1), the crystallite sizes of ZnV and ZnV@Ag
were found to be 27.50 nm and 24.60 nm. The overall XRD results confirmed that ZnV and
ZnV@Ag NC are formed with decent phase purity. The crystallite sizes of the synthesized
ZnV and ZnV@Ag NC are presented in Table 1. The observations showed that the insertion
of Ag reduced the crystallite size of ZnV@Ag NC.
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Figure 1. XRD data of ZnV and ZnV-Ag NC.

The FTIR spectra of the prepared ZnV and ZnV@Ag NC were collected to further
authenticate the formation of ZnV and ZnV@Ag NC. Figure 2 shows the FTIR spectra
of ZnV and ZnV-Ag NC. The FTIR spectrum of ZnV shows absorption bands at 417 and
498 cm−1, which are related to the vibration and stretching modes of Zn-O bonds [30].
The presence of vibrational peaks at 838, 648, and 793 cm−1 is attributed to the presence
of tetrahedral VO4 vibrational modes and asymmetric vibration modes of V-O-Zn and
V-O-V in the ZnV sample [30,31]. The FTIR spectrum of ZnV@Ag shows an absorption
band at 415 cm−1, which can be ascribed to the Zn-O bond [30]. Similarly, the presence of
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vibrational peaks at 823, 637, and 782 cm−1 are attributed to the presence of tetrahedral
VO4 vibrational modes and asymmetric vibration modes of V-O-Zn and V-O-V in the ZnV
sample [31]. The observed results indicate that the presence of Ag NPs in the ZnV@Ag
sample slightly shifted the absorption band positions. The obtained results are similar to
those in a previous report [31].

Table 1. XRD parameters such as crystallite size, lattice parameters, unit volume, and band-gap
energy for ZnV and ZnV@Ag NC.

Material Crystallite Size
(nm) Lattice Parameters Unit Volume Energy Band

Gap

ZnV 27.50 a = 6.18 Å, b = 11.76 Å,
c = 8.38 Å 609.03 Å3 2.33 eV

ZnV@Ag 24.60 a = 5.88 Å, b = 11.38 Å,
c = 8.18 Å 547.97 Å3 2.19 eV
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Figure 2. FTIR of ZnV (black line) and ZnV@Ag NC (red line).

The topological and surface structural features of ZnV and ZnV@Ag NC were studied
by obtaining their SEM images. The obtained SEM results for ZnV and ZnV@Ag NC
are provided in Figure 3. From the SEM investigations, it was observed that a plate-like
surface with a uniform particle distribution was formed. Some particles were agglomerated
and interconnected (Figure 3a). The average particle size of ZnV was less than 100 nm
(Figure 3a). In further investigations, SEM pictures of ZnV@Ag NC were also recorded
under the microscope. Figure 3b shows that Ag nanoparticles are embedded in the surface
of the ZnV photocatalyst. The Ag particles have a thin needle-like surface morphology and
are very well connected to the ZnV surface, as shown in Figure 3b.

Further, the presence of Ag on the ZnV surface was confirmed by the EDX study. The
recorded EDX spectrum of ZnV@Ag NC is presented in Figure 3c. The EDX results for
ZnV@Ag NC revealed the presence of Ag, O, Zn, and V elements. This further verified
that Ag NPs had been successfully grown on the ZnV surface. EDX mapping images of
ZnV@Ag NC were also obtained and are displayed in Figure 4a–e. The EDX mapping
images also show the presence of Ag, O, Zn, and V elements and confirm the formation of
ZnV@Ag NC with good phase purity.
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Furthermore, TEM analysis was also conducted to further identify the structural
properties of the prepared ZnV@Ag NC. The obtained TEM results for ZnV@Ag NC are
presented in Figure 5. Figure 5a shows that Ag NPs are present on the ZnV surface with
particle sizes less than 100 nm. The high-resolution TEM image is displayed in Figure 5b.
The HRTEM image clearly shows that ZnV@Ag NC has a hexagonal plate-like morphology.
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We can conclude that Ag NPs were successfully grown on the hexagonal plate-like
surface of ZnV. The UV-vis reflectance spectra of ZnV and ZnV@Ag NC are presented
in Figure 6a. The UV spectra of ZnV exhibited two peaks at 288 nm and 393 nm. The
288 nm peak is attributed to the transfer of charge from oxygen to the central metal V
atom, while 393 nm is due to the transfer of charge from oxygen to the zinc atom [32,33].
The UV spectrum of ZnV@Ag exhibited the same type of pattern with an extra peak at
480 nm associated with Ag coordinated with an oxygen atom [34]. The reflectance curve
for ZnV@Ag NC was found to have higher reflectance in the visible region as compared
to pristine ZnV NPs due to the surface plasmon resonance (SPR) effect of doped Ag NPs.
The SPR effect generally arises in metal nanoparticles due to collective oscillations of free
electronic charge under the influence of electromagnetic radiation [35]. The SPR effect
is generally affected by the particle size, size distribution, and shape of the particle in
a particular medium. The doping of Ag in ZnV results in the origination of the SPR
effect in the material, which partially contributed to the enhancement of photocatalytic
activity by reducing the electron–hole pair recombination rate [36]. The band gaps of ZnV
and ZnV@Ag NC were determined by extrapolating the linear portion of the (F(R)hv)2

curve versus the photon energy (hv) using the Kubelka–Munk equation, which is given by
Equation (2) [37]:

(F(R)h v) = A(h v− Eg)n (2)

where R is diffused reflectance, h is the Planck constant, v is the frequency of radiation, A is
a constant, Eg is the energy band gap, and n is an integer measuring the magnitude of direct
and indirect energy band gaps. The synthesized ZnV and ZnV@Ag NC show band gaps of
2.33 and 2.19 eV, respectively. The observed results show that the presence of Ag reduced the
band gap of ZnV, which makes it a more suitable candidate for photocatalytic applications.

Furthermore, we also used the XPS technique to identify the existence of the valence
state of Ag in the synthesized ZnV@Ag sample. The XPS survey scan of ZnV@Ag NC is
shown in Figure 7a. The survey spectrum of ZnV@Ag shows the presence of Ag3d, V2p,
Zn2p, and O1s, which suggested that ZnV@Ag had been formed. The presence of binding
energies at ~1023 eV and 1046 eV is attributed to Zn2p3/2 and Zn2p1/2 of Zn2+, respectively
(Figure 7b). According to the high-resolution V2p spectrum, the appearance of two peaks
at binding energy values of 522.5 and 515.7 eV can be ascribed to V2p5/2 and V2p3/2 of V5+

in ZnV, respectively (Figure 7c). The presence of two peaks at binding energies of 365.4 and
372.4 eV can be assigned to Ag3d5/2 and Ag3d3/2, respectively (Figure 7d). The obtained
high-resolution XPS spectrum of Ag3d suggested the presence of metallic Ag (0). Figure 7e
shows the O1s spectrum of ZnV@Ag, and the presence of a peak at the binding energy
value of 528.34 eV can be assigned to the presence of lattice oxygen in the ZnV@Ag sample.
The XPS results for ZnV@Ag are well matched with the published literature [31].
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2.2. Photocatalytic H2 Production Activities

The photocatalytic activities of the prepared ZnV and ZnV@Ag NC photocatalysts
were studied in the presence of lactic acid. The obtained results are presented in Figure 8a.
The ZnV photocatalyst exhibits good photocatalytic activity toward H2 generation, and
a reasonably good amount (16.44 µmolg−1h−1) was obtained. Further studies showed
interesting photocatalytic properties of ZnV@Ag NC for H2 generation. The improved
H2 generation amount of 37.52 µmolg−1h−1 was obtained for ZnV@Ag NC. This suggests
that ZnV@Ag NC has excellent photocatalytic properties, which may be ascribed to the
narrow band gap and synergistic interactions between Ag NPs and ZnV. In the above
studies, the pH of the solution was 3. Since pH may significantly alter the performance
of the photocatalyst, we further checked the effect of various pH values on photocatalytic
H2 generation. The optimal photocatalytic performance of ZnV and ZnV@Ag NC was
found at pH 3. The lowest H2 generation was observed at pH 7 (Figure 8b). The optimized
pH of 3 was utilized for further experiments. The type of solvent may play a vital role in
activating the photocatalyst. Thus, the photocatalytic activities of the prepared ZnV and
ZnV@Ag NC photocatalysts were examined in the presence of various solvents: water,
methanol, lactic acid, Na2S/Na2SO3, and triethanolamine. The observations indicate that
ZnV and ZnV@Ag NC have poor photocatalytic activities in water. This activity was
slightly enhanced when water was replaced with triethanolamine. Further enhancements
were observed for methanol- and Na2S/Na2SO30-based systems. However, the highest
photocatalytic activities of ZnV and ZnV@Ag NC were observed in lactic acid compared to
the other solvents (Figure 8c). The amount of photocatalyst affects its performance; thus,
we optimized the amount of the photocatalyst for improved H2 generation.

Various amounts (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mg) of ZnV and ZnV@Ag
NC photocatalysts were used to optimize the photocatalytic performance for effective H2
generation in lactic acid. The obtained data are summarized in Figure 8d. The obtained
results revealed that 60 mg of the photocatalyst has the most effective and efficient pho-
tocatalytic performance (Figure 8d). The amount of lactic acid was also optimized, and
the obtained results are depicted in Figure 8e. The highest amount of H2 was produced
in the presence of 25 mL of lactic acid, as shown in Figure 8e. The above investigations
demonstrated excellent photocatalytic activities of ZnV@Ag NC, which suggests its poten-
tial applications at a large scale. It is believed that a photocatalyst should have excellent
stability or reusability for H2 production. In this context, we examined the reusability of
ZnV@Ag NC in the presence of 25 mL of lactic acid. The obtained results are displayed in
Figure 8f. It can be clearly observed that ZnV@Ag NC has excellent cyclic stability for up
to 6 cycles.

The obtained H2 production activities of ZnV and ZnV@Ag NC are summarized
in Table 2.

2.3. Mechanism of H2 Production

Scheme 1 presents the plausible mechanism for the water-splitting and lactic acid
oxidation/reforming reaction over ZnV@Ag NC under visible-light irradiation. When the
material is placed under the light, the formation of electron–hole pairs occurs (Equation (3)).
The photogenerated electrons can move from the conduction band (CB) of ZnV to Ag metal
via the SPR effect and thereby get trapped, thus hindering electron–hole recombination.
The photogenerated holes in the valence band (VB) interact with water to form H+ and
•OH radicals (Equation (4)). The H+ ions are reduced to H2 gas on the metal surface
(Equation (5)), while the •OH radicals react with lactic acid to further produce H+ ions and
other oxidized products. The oxidized products further degrade to form CO2 and H2O
(Equation (6)), and H+ ions are reduced to produce H2 gas on the catalyst surface. Thus, the
sacrificial reagent lactic acid performs a dual role as a H+ ion producer and a suppressor of
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the electron–hole pair recombination rate by reacting with hydroxyl radicals and stabilizing
the photogenerated holes, hence increasing the hydrogen production efficiency [38,39].

ZnV@Ag hv→ ZnV@Ag∗(h+
VB + e−CB) (3)

ZnV@Ag∗(h+
VB

)
+ H2O→ H+ + •OH (4)

ZnV@Ag∗(e−CB

)
+ H+ → 1/2H2 (5)

•OH + Lactic acid→ H2O + CO2 (6)
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Table 2. H2 production activities of ZnV and ZnV@Ag NC.

Photocatalyst Materials H2 Production Efficiency Light Source

ZnV@Ag NC 37.52 µmolg−1h−1 Xenon lamp (λ = 420 nm)
ZnV 16.44 µmolg−1h−1 Xenon lamp (λ = 420 nm)
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Scheme 1. Illustration of H2 gas production by ZnV@Ag NC using lactic acid as sacrificial reagent.

3. Experimental Section
3.1. Chemicals and Reagents

Zinc nitrate (Zn (NO3)2.4H2O, 99%), vanadium pentoxide (V2O5, 99.99%), and silver
nitrate (AgNO3, >98%) were purchased from Merck, Germany. Hydrogen peroxide (30%,
H2O2), sodium hydroxide (NaOH pellets, 98%), and ethanol (C2H5OH, 99%) were supplied
by Loba Chemie, Mumbai, India. All of the chemicals were used as received without
further purification.

3.2. Synthesis of Zn3V2O8/Ag NPs

We adopted a benign approach for the preparation of Zn3V2O8/Ag NPs and Zn3V2O8 [28].
In a 100 mL capacity beaker, 0.75 g of V2O5 dissolved in 20 mL of DI water was added,
followed by the addition of 30% H2O2 drop by drop. The color of the solution changed
from bright yellow to orange. Amounts of 0.25 g of Zn (NO3)2.6H2O and 0.12g of AgNO3 in
30 mL of DI water were added to the above solution and mixed under magnetic stirring for
60 min. After 60 min, a 0.5 M solution of NaOH (20 mL) was added to the above mixture to
maintain a pH of 8–9. The mixture was transferred to a 100 mL Teflon-lined autoclave and
heated at 185 ◦C for 24 h. After the completion of the reaction, the autoclave was allowed
to naturally cool at room temperature, and the precipitate was collected by centrifugation.
The material was washed several times with DI water and ethanol to remove any unreacted
reactant species, dried at 80 ◦C for 5 h in a hot air oven, and finally calcined at 600 ◦C for
3 h at a heating rate of 5 ◦C/min. Similarly, pristine ZnV was also prepared by the same
method but without using AgNO3. In further studies, Zn3V2O8 and the Zn3V2O8/Ag
nanocomposite are labeled as ZnV and ZnV@Ag NC.

3.3. H2 Production Assembly

Hydrogen production experiments were carried out in a photocatalytic reactor using a
350 W Xenon lamp with a cutoff wavelength of 420 nm and an intensity of 180 mW cm−2

as a visible-light source. The synthesized ZnV and ZnV@Ag NC materials were immersed
in a solution of lactic acid/water as a sacrificial agent and placed in a photocatalytic reactor
equipped with a double-walled quartz reaction vessel connected to a closed gas circuit with
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a water jack flushing cold water to maintain the temperature of the reaction at 10 ◦C. The
produced H2 gas was analyzed using a multichannel analyzer (Emerson) equipped with a
thermal conductivity detector. Scheme 2 presents the schematic diagram of photocatalytic
hydrogen production.
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3.4. Apparatus

In the present study, a Rigaku (Rigaku Ultima IV, Austin, TX, USA) powder X-ray
diffractometer (XRD) was utilized for recording XRD patterns. A Zeiss (Zeiss Gemini SEM,
Carl Zeiss, Jena, Germany) microscope was used to capture the field-emission scanning
electron microscopy (FESEM) images of the prepared materials. A Thermo-Scientific instru-
ment (K-alpha, MA USA) was used to obtain the X-ray photoelectron spectroscopy (XPS)
spectra of the synthesized materials. The ultraviolet–visible (UV-vis) spectra were recorded
on an Agilent Cary Instrument (Cary 60, Santa Clara, CA, USA). Energy-dispersive X-ray
spectroscopic (EDX) studies were performed on an Oxford EDX instrument connected to
SEM. Transmission electron microscopy (TEM) images of the obtained samples were col-
lected on a Tecnai G2, F30 instrument (Netherlands). Photocatalytic H2 production studies
were performed on a Joel gas chromatograph. Fourier transform infrared (FTIR) spectra of
the samples were obtained on a BRUKER spectrometer (Alpha II, Billerica, MA, USA).

4. Conclusions

In the present study, a facile synthesis was employed for the preparation of ZnV and a
ZnV@Ag nanocomposite. The physiochemical and optical properties of the prepared ZnV
and ZnV@Ag NC were evaluated by utilizing various advanced techniques. The optical
band gap of ZnV was reduced from 2.33 eV to 2.19 eV with the introduction of Ag NPs
to the ZnV matrix/surface. This indicates that ZnV@Ag NC, with a narrow band gap of
2.19 eV, will absorb light, and improved photocatalytic H2 production can be observed.
The excellent H2 amount of 37.52 µmolg−1h−1 was obtained using ZnV@Ag NC as a
photocatalyst compared to ZnV. ZnV@Ag NC also showed excellent cyclic stability, which
can be attributed to the presence of electroactive sites and a better ion/electron transport
path in the prepared ZnV@Ag NC with improved conductivity. This study proposes a new
eco-friendly and cost-effective photocatalyst for photocatalytic H2 production applications.
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Hydrothermal Synthesis of Bimetallic (Zn, Co) Co-Doped
Tungstate Nanocomposite with Direct Z-Scheme for
Enhanced Photodegradation of Xylenol Orange
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Abstract: In the present study, pristine ZnWO4, CoWO4, and mixed metal Zn0.5Co0.5WO4 were
synthesized through the hydrothermal process using a Teflon-lined autoclave at 180 °C. The synthe-
sized nanomaterials were characterized by various spectroscopic techniques, such as TEM, FTIR,
UV–vis, XRD, and SEM-EDX-mapping to confirm the formation of nanocomposite material. The
synthesized materials were explored as photocatalysts for the degradation of xylenol orange (XO)
under a visible light source and a comparative study was explored to check the efficiency of the
bimetallic co-doped nanocomposite to the pristine metal tungstate NPs. XRD analysis proved that
reinforcement of Co2+ in ZnWO4 lattice results in a reduction in interplanar distance from 0.203 nm
to 0.185 nm, which is reflected in its crystallite size, which reduced from 32 nm to 24 nm. Contraction
in crystallite size reflects on the optical properties as the energy bandgap of ZnWO4 reduced from
3.49 eV to 3.33 eV in Zn0.5Co0.5WO4, which is due to the formation of a Z-scheme for charge transfer
and enhancement in photocatalytic efficiency. The experimental results suggested that ZnWO4,
CoWO4, and Zn0.5Co0.5WO4 NPs achieved a photocatalytic efficiency of 97.89%, 98.10%, and 98.77%
towards XO in 120 min of visible solar light irradiation. The kinetics of photodegradation was best
explained by pseudo-first-order kinetics and the values of apparent rate const (kapp) also supported
the enhanced photocatalytic efficiency of mixed metal Zn0.5Co0.5WO4 NPs towards XO degradation.

Keywords: nanocomposites; bimetallic Z-scheme; photoreduction; hydrothermal reaction; organic pollutants

1. Introduction

The development of societies and industries has led to the deterioration of freshwater
qualities through the release of untreated effluents containing hazardous chemical contami-
nants, such as dyes and pharmaceutical products, etc. [1,2]. The toxic organic compounds,
especially dyes and pharmaceuticals, contaminated wastewater in the environment, which
can cause a variety of health issues to humans [3,4]. Among various organic pollutants,
xylenol orange (XO; C31H32N2 O13S) belongs to the acidic dye family commonly used in the
textile, paper, and printing industries, but beyond the permissible limit, it causes nervous
system breakdown, liver–kidney damage, blood disorders, and skin irritation [5,6]. So, it
has become a matter of serious concern to develop new technology-based methods and
resolutions which can treat these hazardous chemicals in the water and regulate their limits
in the aquatic environment. Among various chemical, physical, and biological wastewater
treatment methods, photocatalysis enables the adsorbed organic molecules to be degraded
at a low cost into H2O and CO2 using solar irradiation, which is abundant, renewable,
and environmentally friendly [7,8]. Moreover, advanced oxidation processes (AOPs) were
created to promote the removal or degradation of contaminant species through redox
processes, focused on the remediation of contaminants in wastewater; they are a group of
techniques that use reactive oxidant species (ROS) to mineralize a wide range of resistant
organics [9,10].
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Metal tungstate nanoparticles (NPs) have received a lot of interest among the different
types of semiconductor photocatalysts [11]. For this reason, the study and synthesis of
single photocatalysts that successfully use visible light to stimulate photocatalysis have
recently become a promising idea. Until now, various semiconductors with sufficient energy
band gaps to absorb visible light, such as Fe2O3, Ag2O, Bi2WO6, g-C3N4, MnWO4, CdWO4,
CdS, NiMoO4, Cu2O, ln2S3, and Si3N4, have been effectively synthesized and utilized for
photocatalysis, because of its high average refractive index, high chemical stability, excellent
light absorbing property, and high catalytic activity [12–14]. In the tungstate family, zinc
tungstate (ZnWO4) has been a widely known semiconductor photocatalyst owing to its high
physical and chemical stability and difficulty to dissolve [15]. However, due to homogeneity,
it is only UV light active and possesses a high rate of electron–hole pair recombination,
which poses an obstacle in the practical applications of ZnWO4 [16]. Various methods
have been applied previously to increase the photocatalytic efficiency of ZnWO4, such
as semiconductor coupling [17], noble metal loading [18], and metal deposition [19]. The
metal deposition of ZnWO4 with other metals having a narrow band gap could effectively
inhibit the electron–hole pair recombination by expanding the light absorption range, and
thus a robust enhancement in photocatalytic efficiency will appear [20,21]. So, the Co
deposition method was applied in this study to synthesize the Co-doped nanocomposite
Zn0.5Co0.5WO4 with improved energy bandgap, optical properties (UV–vis light active),
and photocatalytic efficiency. Since the ionic radii of both Co2+ and Zn2+ are approximately
the same, it can be easily deposited in the solid matrix of ZnWO4 and result in the reduction
of the energy bandgap from 3.87 eV (ZnWO4) to 1.95 eV (Zn0.5Co0.5WO4). ZnWO4 was
identified as a large band gap semiconductor (band gap = 3.87 eV) with the appropriate
conduction band and valance band locations based on its electronic characteristics, while,
on the other hand, cobalt tungstate (CoWO4) has been recognized as having excellent
phase composition, strong chemical stability, and a low energy bandgap, which makes it
adaptable to degrade the dyestuff in the visible light range [22].

In the present work, a hydrothermal method was used for the synthesis of pristine
metal tungstate nanomaterials (ZnWO4, CoWO4 NPs) and mixed metal tungstate nanocom-
posite (Zn0.5Co0.5WO4 NPs) using a Teflon line autoclave. The synthesized NPs were
explored for the photocatalytic degradation of XO dye and a comparative study was
designed to explore the photocatalytic mechanism and efficiency of the photocatalyst.

2. Results and Discussion
2.1. Material Characterization

Figure 1 represents the FTIR of ZnWO4, CoWO4, and Zn0.5Co0.5WO4, in which the
characteristic peaks of ZnWO4 are 3448 and 1644 cm−1 (stretching and bending vibrations
of –OH group) due to surface adsorbed water, 473 to 881 cm−1 (W2O8 bonds (WO6)
groups shared at edges and WO2 groups), and 473 cm−1 (stretching vibrational of the
Zn–O) [23]. Three peaks at 541, 685, and 716 cm−1 correspond to symmetric and asymmetric
stretching vibrations of the bridging atom of the WO2 groups of distorted octahedral
(WO6) clusters [24]. Broad absorption bands at 816 cm−1 and 881 cm−1 are caused by
symmetrical vibrations of bridge oxygen atoms of Zn–O–W groups [24]. Similar types of
stretching and vibrational bands are also shown by CoWO4 with different peak values and
469 cm−1 belongs to the Co–O bond. As compared to ZnWO4, the FTIR of mixed metal
Zn0.5Co0.5WO4 showed the difference in peak shapes and intensities due to the partial
replacement of Zn2+ ions by Co2+ ions [25].

The formation of ZnWO4, CoWO4, and Zn0.5Co0.5WO4 was confirmed by the XRD
analysis. Figure 2 shows the XRD pattern of the ZnWO4, CoWO4, and Zn0.5Co0.5WO4
prepared by the hydrothermal method at 180°C for 24 h. The XRD spectra of ZnWO4 shows
characteristic peaks at 2θ value of 15.58◦, 19.04◦, 23.94◦, 24.66◦, 30.59◦, 31.38◦, 36.54◦, 38.47◦,
41.41◦, 44.40◦, 46.55◦, 50.39 51.84◦, 53.76◦, 54.11◦, 61.85◦, 64.90◦, and 68.34◦, which belong
to miller indices (010), (100), (011), (110), (111), (020), (021), (200), (121), (112), (211), (220)
(130), (221), (202), (113), (132), and (041), respectively (JCPDs card no. 96-210-1675). Then,
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the XRD spectra of CoWO4 shows characteristic peaks at 2θ value of 19.02◦, 23.88◦, 27.72◦,
31.50◦, 36.44◦, 38.69◦, 48.52◦, 52.17◦, 61.89◦, and 65.14◦, which belong to miller indices
(100), (011), (110), (020), (002), (200), (022), (031), (310), and (040), respectively (JCPDs card
no. 96-591-0317). Finally, the XRD pattern of Zn0.5Co0.5WO4 NPs shows peaks ascribed
to the ZnWO4 at 15.54◦ (010), 36.41◦ (021), 41.35◦ (211), 51.95◦ (220), 53.94◦ (130), and
68.56◦ (041), and peaks ascribed to the CoWO4 at 48.81◦ (022), 61.81◦ (310), and 64.96◦ (040),
respectively, which suggests that Co has been successfully doped in the solid matrix of
ZnWO4. Moreover, the peak intensities of Zn0.5Co0.5WO4 NPs are greater than pristine
ZnWO4 suggesting the increase in crystallinity of the complex upon being mixed with Co2+,
which has been proved by data given in Table 1. There are several extra peaks observed in
the XRD spectra of Zn0.5Co0.5WO4 which do not belong to either ZnWO4 or CoWO4. These
peaks are due to the formation of Na2W2O7 and Na2W4O13 phases with the Zn0.5Co0.5WO4
phase [26,27].
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Figure 1. FTIR spectra of ZnWO4 (black line), CoWO4 (purple line), and Zn0.5Co0.5WO4 (light blue line). 
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Figure 2. X-ray diffraction pattern of ZnWO4, CoWO4, and Zn0.5Co0.5WO4 calcined at 600 ℃. 
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Table 1. XRD parameter of ZnWO4, CoWO4, and Zn0.5Co0.5WO4.

Crystallinity
(%)

Dislocation Density
(δ) Lines (1014 × m2)

Crystallite
Size (nm) at 2θ value

Interlayer
Spacing (nm) at 2θ

FWHM
(βhkl)

2θ Component

45.24 9.78 31.98 0.203 0.45 30.72 ZnWO4
48.46 9.65 32.19 0.195 0.81 30.05 CoWO4

42.18 17.02 24.24 0.198 0.76 30.33 Zn0.5Co0.

5WO4

Further information about crystallite size and dislocation density; Scherrer’s equation
was taken into consideration [28].

D =
0.9λ

β cos θ
(1)

Dislocation Density(δ) =
1

D2 (2)

Interlayer Spacing(d111) =
nλ

2Sinθ
(3)

%Crystallinity =
Area under the crystalline peaks

Total area
× 100 (4)

where D is the crystallite size, λ is the characteristic wavelength of the X-ray, β represents
the angular width in radian at an intensity equal to half of its maximum (HWMI) of the
peak, and θ is the diffraction angle. Using Equation (1), the average particle size of ZnWO4,
CoWO4, and Zn0.5Co0.5WO4 was 31.98, 32.19, and 24.24 nm suggesting a contraction in
particle size upon Co inclusion in the ZnWO4 solid lattice.

The surface morphology of the ZnWO4, CoWO4, and Zn0.5Co0.5WO4 were studied
using SEM analysis given in (Figure 3). ZnWO4 reveals an aggregation of irregularly
shaped crystals with plenty of nanorods (Figure 3a). CoWO4 exhibit uniform nanoparticles
of various size (Figure 3b), while Zn0.5Co0.5WO4 revealed an assembly of fine nanopar-
ticles with a porous surface (Figure 3c). The elemental composition of the synthesized
Zn0.5Co0.5WO4 NPs was observed by EDX analysis and the results showed the presence
of the element (weight%) as O (28.52%), Zn (4.55%), Co (4.22%), and W (62.81%), which
confirms the successful deposition of Co2+ in the ZnWO4 lattice (Figure 3d). The high
atomic percentage of W in the EDX spectra is due to the presence of impurity in the form
of Na2W2O7 and Na2W4O13 phases with the Zn0.5Co0.5WO4, which resulted in an extra
amount of W in the EDX spectra [27].

Furthermore, to figure out the size of the ZnWO4, CoWO4, and Zn0.5Co0.5WO4, TEM
analysis was performed (Figure 4a–c). ZnWO4 (Figure 4a) is composed of particles with a
rod-like shape; CoWO4 (Figure 4b) presented a morphologically spherical shaped particle.
The synthesized material Zn0.5Co0.5WO4 (Figure 4c) exhibited particles mixed of nanorods
with some spherical particles with size in a range from 5 to 60 nm, and the Gaussian
distribution of the average size was found to be 31 nm given in Figure 4d. Figure 4e
represents the TEM image of Zn0.5Co0.5WO4, which suggested the shape of particles to
be distorted monoclinic due to the doping of Co into the ZnWO4 lattice. Selected area
electron diffraction (SAED) analysis (Figure 4f) was further considered to simulate the
TEM data with XRD to assess the purity and shape of the nanoparticles. It contains
patterns originating from diffraction points in the TEM screen belonging to randomly
oriented nanoparticles. The occurrence of diffraction patterns in Figure 4f suggested
that the material is crystalline and pure. The hkl values belonging to yellow fringes
simulate the XRD hkl planes of Zn0.5Co0.5WO4 suggesting the shape of the nanoparticles to
be monoclinic.
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The optical properties of the synthesized NPs and their energy bandgap were es-
timated by using UV–vis spectroscopy in the range of 200–700 nm and the results are
given in Figure 5. The absorption spectra of all the synthesized NPs ZnWO4, CoWO4,
and Zn0.5Co0.5WO4 exhibited two peaks, one around 260–312 nm and another broad peak
around 530–650 nm, suggesting the UV–vis activeness of the NPs. The inset in Figure 5
shows Tauc’s plot, which is used to calculate band gap energy (Eg) of the prepared samples
by using the Equation (5) [29];

(αhν) = A(hν − Eg)
n (5)

where α is the absorption coefficient, A is constant, h is plank constant, ν is the frequency of
radiations, and n is a constant of transition variations, i.e., n = 1/2 for direct transitions and
n = 2 for the indirect transitions. Tauc’s plot indicated that the synthesized ZnWO4, CoWO4,
and Zn0.5Co0.5WO4 were found to have an energy bandgap value of 3.49 eV, 3.42 eV, and
3.33 eV, respectively. Results showed that the deposition of Co2+ in the ZnWO4 solid
lattice results in the increase in absorption edge by decreasing the energy bandgap, which
inhibits the rate of electron–hole pair recombination, and thus improves the photocatalytic
efficiency of the synthesized material [30]. The doping of Co2+ into ZnWO4 leads to the
induction of deformations in the pure monoclinic lattice of ZnWO4, which creates mobile
oxygen vacancies in the cluster and makes an improvement in the catalytic [31,32].
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Figure 6. Photoluminescence (PL) spectra of ZnWO4, CoWO4 and Zn0.5Co0.5WO4 were recorded at a 
594 nm excitation wavelength dispersed in methanol. 

  

Figure 5. UV–vis plot of ZnWO4 NPs, CoWO4, and Zn0.5Co0.5WO4 in the wavelength range of
200–700 nm (inset is the Tauc’s plot for calculating the band gap energy (Eg) of the material).

Figure 6 consists of the photoluminescence emission spectra of ZnWO4, CoWO4, and
Zn0.5Co0.5WO4 recorded at a 594 nm excitation wavelength. It can be seen that the PL
spectra spans in the range of 545 to 575 nm with a prominent emission peak at 558 nm. The
information obtained from the PL spectra suggested that the PL intensity of synthesized
Zn0.5Co0.5WO4 was found to be lower than that of ZnWO4 and CoWO4. The inclusion
of Co in the wolframite monoclinic structure of ZnWO4 results in emissions due to the
radiative transition between W and O in the WO6

6− molecular complex, which effectively
slows down the electron–hole [33–35].
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Figure 6. Photoluminescence (PL) spectra of ZnWO4, CoWO4 and Zn0.5Co0.5WO4 were recorded at a 
594 nm excitation wavelength dispersed in methanol. 
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a 594 nm excitation wavelength dispersed in methanol.

2.2. Photocatalytic Experiments and Optimization of Reaction Parameters
2.2.1. Effect of Variable XO Concentration

The concentration of the dye solution is an important parameter for elucidating the
photocatalytic efficiency of the material. Photocatalytic experiments were conducted by
taking 10 mg of NPs as a catalyst with variable (20–100 ppm) XO concentration for 120 min
of visible light irradiation. The results obtained are given in Figure 7a–d, which suggest
that Zn0.5Co0.5WO4 possesses better photocatalytic efficiency (97.17%) as compared to
CoWO4 (91.81%), followed by ZnWO4 (89.51%) for 60 ppm of XO, but as the concentration
of XO increases beyond 60 ppm, the percentage degradation decreases (Figure 7d). The
causes could include: (1) XO may cover more ZnWO4, CoWO4, and Zn0.5Co0.5WO4 active
sites, which inhibits the production of oxidants (•OH or •O2

− radicals) and lowers the
efficiency of degradation: and (2) higher XO concentration absorbs a greater number of
photons, and as a result, there are not enough photons to activate the surfaces of ZnWO4,
CoWO4, and Zn0.5Co0.5WO4 nanoparticles, which slows down XO’s degradation at higher
concentrations [36]. So, 60 ppm XO concentration was chosen as the optimum concentration
for further photocatalytic experiments.

2.2.2. Effect of Variable Catalyst Dose

The physicochemical characteristics of nanomaterials, such as surface area, phase
structure, particle size, and interface charge, make them able to complete adsorption ac-
tion [27]. To efficiently degrade XO through catalysis using the catalyst, the photocatalytic
experiment was performed by varying catalyst doses, such as 5, 10, 15, and 20 mg with
10 mL of 10 ppm XO. The results given in Figure 8a–d suggested that the photocatalytic effi-
ciency increased from 5 mg catalyst dose to 10 mg and starts declining with further increase.
All the synthesized NPs exhibit maximum photocatalytic efficiency at 10 mg catalyst dose
as 97.89% for ZnWO4, 98.10% for CoWO4, and 98.77% for Zn0.5Co0.5WO4. More active sites
are produced on the catalyst’s surface at lower concentrations, which promotes the creation
of •OH or •O2

− radicals. After that, increasing the catalytic dose causes the particles to
agglomerate and sediment, which increases the turbidity and opacity of the slurry. Hence,
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the generation of •OH or •O2
− radicals automatically decrease [24]. Therefore, the catalyst

dose of 10 mg was chosen to be the optimum dose for the degradation.
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2.2.3. Effect of pH

Experiments were performed to evaluate the impact of pH on the photocatalytic
efficiencies of ZnWO4, CoWO4, and Zn0.5Co0.5WO4. A total of 10 mg of the catalyst was
dispersed in 20 mL of 60 ppm XO solution with a variable pH range from 1–7, and irradiated
for 120 min under the visible light source. The obtained results after the experiments are
given in Figure 9, which suggests that the photocatalytic efficiency of all the catalysts
increased until pH 3, giving a maximum value of 93.35% for ZnWO4, 96.21% for CoWO4,
and 97.97% for Zn0.5Co0.5WO4. Further, an increase in pH value beyond 3 results in a
decrease in photocatalytic efficiency with a continuous fall until pH 7. So, pH 3 was taken
as the optimum pH value for the photocatalytic experiments. The trend can be explained
by the fact that as XO is an anionic dye, it can easily bind with the positive surface of the
catalyst at low pH through electrostatic interactions, and thereby, in the presence of light, it
gets degraded by •OH or •O2

− radicals [7]. As the pH values increase, the surface becomes
negative, which will exert a repulsive force on the anionic XO molecule, and hence, the
photocatalytic efficiency decreases.
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2.3. Kinetics of Photodegradation

A variety of experiments were carried out by taking 10 mL of 20 ppm XO with 10 mg
of catalyst at varying irradiation time from 0 to 120 min under visible solar radiation, and
the data obtained was adjusted to the Langmuir–Hinshelwood (L–H) pseudo-first-order
kinetic model for the quantitative analysis of XO degradation [37,38].

− ln
(

Ce

Co

)
= kapp × t (6)

where Co represents the initial concentration and Ct represents the final concentration of
XO at time t. The results are given in Figure 10a–d, in which it was observed that with
an increase in irradiation time, the photocatalytic efficiency increases. This may be due
to an increase in irradiation time, the surface of the catalyst becomes more activated by
absorbing the solar radiation and generates a greater number of ROS •OH or •O2

− radicals
which interact with dye molecules and degrade them [39]. The slope of the pseudo-first-
order reaction (Figure 10d) can be utilized to determine the value of kapp from the plot of
–ln (Ce/C0) vs. time (min), which shows a linear response. The obtained values of kapp
given in Table 2 as 0.018 min−1 for ZnWO4, 0.021 min−1 for CoWO4, and 0.025 min−1

for Zn0.5Co0.5WO4 proved the high efficiency of Zn0.5Co0.5WO4 as compared to pristine
ZnWO4 and CoWO4. The obtained value of R2 = 0.99 for all the nanoparticles suggested
that the photocatalytic data can be realistically simulated by the L–H model. The outcomes
demonstrate that the deposition of Co2+ in ZnWO4 of both catalysts considerably improves
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the degrading ability compared to each catalyst individually. Finally, Zn0.5Co0.5WO4was
the novel composite having distinctive characteristics when compared to other composites.
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Table 2. The kinetic parameters for the degradation of XO dye (20ppm) using 10 mg ZnWO4, CoWO4,

and Zn0.5Co0.5WO4 with variable irradiation time (5–120 min).

Material k1 (min−1) R2 t1/2 (min)

ZnWO4 0.018 0.99 38.50
CoWO4 0.021 0.99 33.00

Zn0.5Co0.5WO4 0.025 0.99 27.72

2.4. Scavenging Study and Mechanism of Photodegradation

It was suggested that a variety of reactive species, including the hydroxyl radical
(•OH), superoxide (•O2

−), valence band hole (h+), and electron (e−) play important roles
in the photodegradation of organic pollutants, and their effectiveness depends upon the
band structure and chemical nature of the photocatalysts [40]. So, scavenger studies were
performed using a 1.3 mM solution of Benzoic acid (BA), Potassium dichromate (K2Cr2O7),
(AA), ethylenediaminetetraacetic acid (EDTA), and benzoquinone (BQ) by taking 10 mL
of 20ppm XO with 10 mg at pH 3 for an irradiation time of 120 min. We know that BA is a
scavenger for •OH, EDTA for h+, K2Cr2O7 for e−, and BQ for •O2

− [41,42]. Figure 11 displays
the results, which show that without the use of a scavenger, the degrading efficiency of
Zn0.5Co0.5WO4 towards XO achieved 98.27%. After adding BA and EDTA, there appears
no appreciable change in photocatalytic efficiency, suggesting no primary role of •OH
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and h+ on the degradation of XO at the optimized conditions. On the contrary, when
BQ and K2Cr2O7 are added, an appreciable decrease in photocatalytic efficiency happens,
demonstrating that photogenerated electrons (e−) and •O2

− radicals are predominant
species in this photodegradation reaction scheme. The results showed that the degradation
of XO was primarily controlled by e− and •O2

− radicals (majorly).
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The plausible mechanism of degradation of XO by •O2
− radicals is given in Figure 12 [43,44].
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2.5. Comparison with the Literature

The outcomes of this study were compared with the information available in the
literature, and a comparison in Table 3 was made to investigate the upgraded scientific
information added by the present study. It was found that there is no research where
tungstate base nanomaterial is used for the photocatalytic degradation of xylenol orange.

Table 3. Comparison of the literature information with the present study.

Catalysts Irradiation Time
(min) Light Source Dye Used % Degradation References

BiOBr/ZnWO4 170 UV-A light RhB 99.40 [45]
La: ZnWO4 90 UV light MB 97.00 [46]

CoWO4/ZnWO4
p-n heterojunction 40 Xe lamp RhB 93% [47]

ZnWO4/WO3
heterojunction 120 Visible light MB 83.60 [48]

ZnWO4-(ZnO) 120 UV-illumination MO 99.00 [49]
CDs-ZnWO4 150 UV-illumination NGB 93.00 [50]

Zn0.5Co0.5WO4 120 Visible Solar Light XO 98.77 Present Study

2.6. Reusability Test

The reusability test was performed for the synthesized Zn0.5Co0.5WO4 up to five cycles
to assess the stability of the material towards XO degradation, and the results are given in
Figure 13a. It can be seen that there is no appreciable change in photocatalytic efficiency
up to the first two cycles with greater than 98% of XO degradation. Furthermore, from
cycle 3 to cycle 5, there appears some appreciable decrease in photocatalytic efficiency
attaining 85% of XO degradation in cycle 5. The overall results suggest that the synthesized
Zn0.5Co0.5WO4 have good stability toward the XO degradation under optimized reaction
conditions. To support the stability of the material, XRD analysis of the synthesized material
before and after the photocatalytic reaction was taken into consideration, which is given
in Figure 13b. The XRD spectra of Zn0.5Co0.5WO4 after five consecutive cycles of reuse
represented almost similar hkl planes, but with reduced intensity as compared to pristine
Zn0.5Co0.5WO4 before the photocatalytic reaction. Only one change was observed, that
after the photocatalytic reaction the (-111) plane diminished, which may be due to the
absorption of water.
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Figure 13. (a) Reusability test for synthesized Zn0.5Co0.5WO4 NPs for XO degradation (b) XRD spec-
tra of Zn0.5Co0.5WO4 before and after the photocatalytic (PC) reaction. 

  

Figure 13. (a) Reusability test for synthesized Zn0.5Co0.5WO4 NPs for XO degradation (b) XRD
spectra of Zn0.5Co0.5WO4 before and after the photocatalytic (PC) reaction.

3. Materials and Methods
3.1. Chemicals and Reagents

Sodium tungstate dihydrate (Na2WO4·2H2O, ACS grade, 99%) was purchased from
Merck, Rahway, NJ, USA. Cobalt (II) nitrate hexahydrate (Co (NO3)2.6H2O ACS grade
98%), Zinc nitrate hexahydrate (Zn (NO3)2.6H2O, reagent grade 98%), were purchased
from Sigma Aldrich, St. Louis, Missouri USA. Xylenol orange (C31H28N2Na4O13S, GR)
and Ammonia solution (25%) were acquired from Otto Chemie, Mumbai, India. All the
solutions were prepared in deionized (DI) water and used throughout all the photocatalytic
experiments. Figure 14 represents the molecular structure of xylenol orange.
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3.2. Synthesis of ZnWO4, CoWO4, and Zn0.5Co0.5WO4 Nanoparticles

The synthesis of pristine metal tungstate nanomaterials (ZnWO4, CoWO4 NPs) and
mixed metal tungstate nanocomposite (Zn0.5Co0.5WO4) was done according to the hy-
drothermal method reported elsewhere [51]. Three Erlenmeyer flasks of 50 mL capacity
were equipped with 25 mL of 3mmol of sodium tungstate dihydrate (Na2WO4·2H2O),
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O; Flask 1), Cobalt(II)nitrate hexahydrate (Co
(NO3)2·6H2O; Flask 2), and 1:1 ratio, i.e., 1.5 mmol each, of Zn(NO3)2·6H2O and Co
(NO3)2·6H2O (Flask 3). All the flasks were placed on a magnetic stirring plate for 30 min
to completely dissolve the salts and attain homogeneity. Then, the mixtures (F1, F2, and
F3) were transferred into a Teflon-lined steel autoclave and heated in a convection oven at

121



Catalysts 2023, 13, 404

180 °C for 24 h. The resulting precipitates of ZnWO4, CoWO4, and Zn0.5Co0.5WO4 were
centrifuged at 8000 rpm for 5 min and purified several times with DI water and finally
with ethanol (2 times). After that, the materials were dried at 100 ◦C for 5 h and calcined
at 600 ◦C for 4 h, then stored in a desiccator using a polystyrene Petri dish for further
characterization and photocatalytic experiments.

3.3. Characterization Techniques

The ZnWO4, CoWO4, and Zn0.5Co0.5WO4 were characterized using various tech-
niques. The change in crystallite size and interplanar distance on Co deposition in the
crystal lattice of ZnWO4 was analyzed by an X-ray powder diffractometer (XRD, Rigaku Ul-
tima IV, Tokyo, Japan) at Cu Kα wavelength of 1.5418 Å as a source of radiation. The change
of WO6

6− octahedron vibrations, Zn–O, and formation of Co–O bonding was assessed
through Fourier transform infrared (FTIR) spectroscopy using a Perkin Elmer Spectrum
2 ATR spectrometer (Perkin Elmer, Waltham, MA, USA). The optical properties, energy
bandgap of the synthesized NPs, and remaining concentration of XO in the effluent after
the photocatalytic experiment was calculated by using a Shimadzu UV–1900 double-beam
spectrophotometer (Kyoto, Japan). The surface morphology of the synthesized NPs was ob-
served by scanning electron microscopy (SEM; JEOL GSM 6510LV, Tokyo, Japan) associated
with an X-ray energy dispersive detector (EDX) to investigate the elemental composition
and mapping. The morphological change in shape and size of the nanocrystalline solid
upon Co deposition in ZnWO4 was investigated using a transmission electron microscope
(TEM; JEM 2100, Tokyo, Japan).

3.4. Photocatalysis Experiment

The photocatalytic efficiency of ZnWO4, CoWO4, and Zn0.5Co0.5WO4 was analyzed
towards the degradation of xylenol orange under visible light irradiation in a photocatalytic
reactor. An aliquot of 10 mL of 50 ppm XO was taken in a 20 mL 1.8 cm glass tube with
a magnetic bar of 10 mg of synthesized NPs in a photocatalytic reactor using Xe lamp
(420 W cm −1) for 5–120 min of irradiation. The aliquots are taken out of the photoreactor
at a regular time interval, centrifuged to separate the nanocatalyst, and then placed in a
UV–vis spectrophotometer at λmax = 580 nm to check the photocatalytic efficiency of the
synthesized NPs, which is given by Equation (7);

XO Degradation(%) =

(
C0 − Ce

C0

)
× 100 (7)

where C0 and Ce represents the initial concentration of an organic pollutant at time t = 0
and at any time t, respectively. The experiments were repeated by changing the parameters,
for instance, organic pollutant concentration (ppm), irradiation time (min), catalytic load
(mg), and pH of the media to optimize the reaction condition and predict the mechanism
of the degradation.

4. Conclusions

The present study reveals the hydrothermal synthesis of pristine ZnWO4, CoWO4,
and mixed metal Zn0.5Co0.5WO4 nanoparticles (NPs) in a Teflon-lined autoclave at 180 ◦C
for 24 h. The structural, morphological, elemental, and optical analyses supported the
formation of Zn0.5Co0.5WO4. The XRD analysis revealed a contraction in crystallite size
from 32 nm to 24 nm with a decrease in crystallinity from 45% to 42% in ZnWO4 to
Zn0.5Co0.5WO4 suggesting the successful deposition of Co2+ in the ZnWO4 lattice. The
TEM analysis suggested the nanorod-like shape of the Zn0.5Co0.5WO4 NPs with an average
particle size of 31.74 nm. The optical studies revealed the UV–vis light activeness of
materials with the energy band gap of ZnWO4 (3.49 eV), CoWO4 (3.42 eV), and mixed metal
Zn0.5Co0.5WO4 (3.33 eV). The material was explored as a catalyst for the photodegradation
of XO dye under visible solar radiation and the results suggested the order of photocatalytic
efficiency as Zn0.5Co0.5WO4 (98.77%) > CoWO4 (98.10%) > ZnWO4 (97.89%) utilizing 10 mg
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of catalyst for 60 ppm XO for 120 min of solar irradiation. The photocatalytic data were
well explained by L–H pseudo–first–order kinetics with R2 = 0.99, and apparent rate
constant (kapp) as 0.018 min−1 for ZnWO4, 0.021 min−1 for CoWO4, and 0.025 min−1

for Zn0.5Co0.5WO4. The scavenger experiments disclosed that superoxide anion radicals
(•O2

−) and photogenerated electrons (e−) played important roles in the degradation of XO.
The outcomes of this study revealed that the eco-friendly and economical hydrothermal
synthesized material (Zn0.5Co0.5WO4) can be used more efficiently for the treatment of
XO-contaminated water in industries without the generation of any secondary pollution.
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Abstract: In this paper, a facile hydrothermal approach was used to integrate graphitic carbon
nitride dots (CNDs) with hetaerolite (ZnMn2O4) at different weight percentages. The morphology,
microstructure, texture, electronic, phase composition, and electrochemical properties were identified
by field emission scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), high-resolution TEM (HRTEM), energy dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), Fourier transform-infrared (FT-IR), ultraviolet-visible
diffuse reflectance (UV-vis DR), photoluminescence (PL), electrochemical impedance spectroscopy
(EIS), Brunauer–Emmett–Teller (BET), Barrett–Joyner–Halenda (BJH), and photocurrent density.
The results of XRD, FT-IR, EDX, and XPS analyses confirmed the synthesis of CNDs/ZnMn2O4

(20%) nanocomposite. As per PL, EIS, and photocurrent outcomes, the binary CNDs/ZnMn2O4

nanocomposite revealed superior features for interfacial transferring of charge carriers. The developed
p–n heterojunction at the interface of CNDs and ZnMn2O4 nanoparticles partaken a significant role
in the impressive charge segregation and migration. The binary nanocomposites were employed for
the photodegradation of several dye pollutants, including rhodamine B (RhB), fuchsin, malachite
green (MG), and methylene blue (MB) at visible wavelengths. Amongst the fabricated photocatalysts,
the CNDs/ZnMn2O4 (20%) nanocomposite gave rise to about 98% RhB degradation efficiency within
45 min with the rate constant of 747 × 10−4 min−1, which was 66.5-, 3.44-, and 2.72-fold superior to the
activities of CN, CNDs, and ZnMn2O4 photocatalysts, respectively. The impressive photodegradation
performance of this nanocomposite was not only associated with the capacity for impressive visible-
light absorption and boosted separation and transport of charge carriers, but also with its large
surface area.

Keywords: graphitic carbon nitride dots; ZnMn2O4; p-n heterojunction photocatalyst; organic pollutants

1. Introduction

Over the past few decades, the shortage of energy and water pollution issues raised by
organic compounds have become global concerns of the scientific community [1]. Among
the primary water pollutants are organic dyes, which have been a considerable part of
water pollution due to their high consumption rate in various industries and resistance
to biodegradation. To tackle the detrimental effects of these organic molecules on human
health and the environment [2], especially on marine life, numerous advanced materials [3]
and strategies have been developed and implemented over time. In particular, the focus has
been paid to bio-compatible materials and practical strategies, in addition to being effective
and efficient from energy and cost perspectives [2,3]. Advanced oxidation processes (AOPs)
are on top of the wastewater treatment techniques that can fulfill the effective degradation
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of various organic pollutants [4]. The visible-light-driven heterogeneous photocatalysis is
of particular interest among AOPs, since it uses solar energy to drive oxidation reactions for
the degradation of organic molecules and eco-clean energy generation [5]. In this regard,
the utilized photocatalyst undertakes the central role because its optical, structural, and
surface properties chiefly determine the efficiency of a photocatalytic system [6].

On account of the appropriate energy band edges and band gap, tunable electronic
structure, high stability, and biocompatibility, graphitic carbon nitride (CN) quickly became
the subject of research for various photocatalytic reactions, including CO2 reduction, syn-
thesis of organic compounds, hydrogen production, removal of pollutants, and nitrogen
fixation [7–9]. Nonetheless, the solar-light utilization ability of pristine CN is poor and
generates an inefficient amount of charge carriers. Moreover, the rapid recombination of
electron/hole pairs, insufficient surface-active centers, and low conductivity confine its
practical applications [10]. Hence, numerous attempts have been made to improve the
activity of CN through some structural/morphological modifications or heterojunction/s
development by integration with other semiconductor/s [11]. Recently, dots and quan-
tum dots of CN have received much interest due to their high disperse ability, quantum
confinement effect, and improved heterojunction construction, in addition to the intrinsic
properties of the bulk CN [12,13]. For example, Ma et al. realized that anchoring CN
quantum dots on 2D g-C3N4 improved photocatalytic activity [13]. Moreover, the latest
research activities on the improvement of carbon nitride photocatalytic activity have been
reviewed [14,15].

Spinel zinc manganese oxide (ZnMn2O4, Eg = 1.70 eV) is a p-type semiconductor
active in the visible region. Among spinels, ZnMn2O4 has attracted much attention due to
its outstanding technological importance as catalyst, solid electrolyte, etc., [16]. Reduction
in CO2 and destruction of pollutants are photocatalytic applications of this spinel [16].

Among water pollutants, rhodamine B (RhB), with carcinogenic and neurotoxic prop-
erties, has a high potential to cause diseases in humans [17]. Fushin can affect the central
nervous system and cause drowsiness and dizziness in humans [18]. Malachite Green (MG)
is a carcinogenic and mutagenic agent in living organisms [19]. Moreover, methylene blue
(MB) has a severe impact on human health and the environment, because it is carcinogenic
and non-biodegradable in nature. Among the dangers of MB, its effect on the respiratory
system, blindness, digestive and mental disorders, shock, gastritis, jaundice, tissue necrosis,
and an increase in heart rate has been highlighted [20].

The appealing properties of CN dots (CNDs) and complementary characteristics of
ZnMn2O4 brought the idea of designing a binary heterostructure based on these semicon-
ductors. For this purpose, a hydrothermal method was used to deposit various weight
percentages of ZnMn2O4 nanoparticles over CNDs. The photocatalytic activities were
also determined for the degradation of several organic dye contaminants, including RhB,
fuchsin, MG, and MB molecules. Finally, the nanocomposite with the best optical and
photocatalytic activity was introduced, and the corresponding degradation mechanism
was suggested.

2. Results and Discussions

The fabricated CN, CNDs, ZnMn2O4, and CNDs/ZnMn2O4 (20%) materials were
characterized by XRD to expose the corresponding crystalline phases (Figure 1a). In
the pattern of CN, two sharp peaks appeared at 2θ values of 13.1◦ and 27.4◦ (JCPDS
No. 01-087-1526), corresponding to stacking between the surfaces of the CN layers [21]. The
pattern of CNDs shows only one peak at 27.4◦, indicating that CNDs has the same intrinsic
crystal structure as CN. The peak at 13.1◦ disappeared and the intensity of the peak at 27.4◦

diminished compared to CN. This decrease is due to the small size of CNDs particles [22].
On the other hand, the peaks appeared at 2θ = 18.62◦, 29.47◦, 31.42◦, 33.22◦, 36.47◦, 39.27◦,
44.77◦, 52.22◦, 54.42◦, 56.87◦, 58.98◦, 60.92◦, and 65.25◦, respectively, correspond to the
reflections from (101), (112), (200), (103), (211), (004), (220), (105), (312), (303), (321), (224),
and (400) planes of ZnMn2O4 (JCPDS file No. 01-077-0470) [23]. The XRD pattern of
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CNDs/ZnMn2O4 (20%) nanocomposite included all the diffraction peaks relevant to CNDs
and the tetragonal phase of ZnMn2O4, indicating the accuracy of the synthesis procedure.
According to the correct position of the XRD peaks, it is concluded that the synthesis of
the nanocomposite has been correctly performed. The surface functional groups of the
CNDs/ZnMn2O4 (20%) sample were recorded by FT-IR spectroscopy and elucidated with
respect to CN and CNDs spectra (Figure 1b). The CN and CNDs samples gave rise to
similar FT-IR spectra. In both of them, the wide-ranging peaks at 2900–3450 cm−1 assign
to the O–H and N–H stretching modes [24]. The peaks that appeared at wavenumbers of
1200–1650 cm−1 are relevant to the C–N and C=N groups [22,25]. Moreover, the bands
related to the atmospheric CO2 and C–O stretching modes emerged at 2385 cm−1 and
1060 cm−1, respectively [26]. The peak related to the stretching vibration of heptazine units
was also identified at 800 cm−1 [26]. In the case of CNDs/ZnMn2O4 (20%) nanocomposite,
not only the peaks attributing to CNDs appeared in the spectrum, but also the peaks
assigning to the M–O bonds of the corresponding metal oxides (M = Zn and Mn) showed
up at 640 cm−1 and 545 cm−1, respectively [27,28]. Hence, all the functional groups are
visible in the figure, which confirmed the synthesis of the binary photocatalyst.
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The electronic properties of CN, CNDs, ZnMn2O4, and CNDs/ZnMn2O4 composites
were studied through their UV–vis DR spectra (Figure 1c). As per the data, although the
CN and CNDs photocatalysts showed absorptions at visible wavelengths, the visible-light
absorption capability of CNDs/ZnMn2O4 nanocomposites is highly promoted following
the incorporation of the small band gap ZnMn2O4 with medium band gap CNDs. The Eg
values were afterward obtained using Tauc’s plots [29], which were 2.70, 2.83, 1.70, 2.54,
2.10, and 2.02 eV for CN, CNDs, ZnMn2O4, CNDs/ZnMn2O4 (10%), CNDs/ZnMn2O4
(20%), and CNDs/ZnMn2O4 (30%) photocatalysts, respectively (Figure 1d). Moreover, the
flat-band potentials and the type of semiconductors were determined via applying the
Mott-Schottky (M-S) analysis [30] as illustrated in Figure 1e,f. As noticed, the CNDs and
ZnMn2O4 exhibited n-type and p-type characteristics with a positive and negative slopes,
respectively. The calculated ECB and EVB values for CNDs were −1.48 eV and +1.35 eV,
and for ZnMn2O4 were −0.90 eV and +0.80 eV, respectively.

The morphological features of the CNDs/ZnMn2O4 (20%) nanocomposite were stud-
ied through FESEM, TEM, and HRTEM images. The FESEM and TEM images of the sample
present aggregated particles composed of nearly spherical particles (Figure 2a,b). In the
HRTEM image of CNDs/ZnMn2O4 (20%) nanocomposite presented in Figure 2c, the lattice
fringes of CNDs and ZnMn2O4 were identified with inter-planar distances of 0.340 and
0.490 nm, respectively [22,31]. This figure confirms the combination of CNDs and ZnMn2O4
components to construct a binary p-n heterojunction photocatalyst. The elements of the
binary nanocomposite were detected by EDX analyses (Figure 2d). The C, N, O, Mn, and Zn
elements were the only elements identified in the CNDs/ZnMn2O4 (20%) nanocomposite.
The EDX mapping images of the nanocomposite were also collected, which displayed
elements with almost homogeneous dispersion in the nanocomposite structure (Figure 2e).
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Figure 3 shows the oxidation states of the elements in the CNDs/ZnMn2O4 (20%)
nanocomposite as per XPS analysis. The survey spectrum consisted of the peaks related to
C 1s, N 1s, Zn 2p, Mn 2p, and O 1s. The narrow scan of carbon was completed in the
283–292 eV region and produced two dominant peaks, which were deconvoluted into three
peak components at binding energies (B.E) of 284.7, 285.5, and 288.5 eV, which were, respec-
tively, associated with the sp2 graphitic carbon (C–C), sp2 aromatic C attached to –NH2,
and the carbon corresponded to heptazine/triazine C-N-C coordination (Figure 3b) [24].
The N 1s spectrum generated in the corresponding narrow scan was deconvoluted into four
peak components positioned at 398.5, 399.1, and 400.5 eV (Figure 3c), which correspond
to the nitrogen as sp2-hybridized (C=N-C), tertiary form (N–(C)3) and hydrogen-bonded
(C–N–H), respectively [24]. The Zn 2p high-resolution spectrum produced two peaks at
B.E. of 1043.6 eV and 1020.5 eV, respectively, matched with Zn 2p1/2 and Zn 2p3/2 and
indicated the existence of Zn element in +2 oxidation state (Figure 3d) [32]. On the other
hand, the Mn 2p narrow scan generated two strong peaks, one associated with Mn 2p3/2
centered at binding energy of 641.8 eV and the other one ascribed to Mn 2p1/2 at 653.4 eV
(Figure 3e) [32]. The O 1s spectrum deconvolution resulted in three peaks at 530.2, 531.8,
and 533 eV, respectively, related to ZnMn2O4 lattice oxygen, surface hydroxyl content, and
residual adsorbed H2O, respectively (Figure 3f) [31,33].
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The photocatalytic degradation efficiency of the samples was examined for photo-
oxidation of RhB under visible light. Figure 4a depicts the changes in the RhB concen-
tration (Ct/C0) within diverse photocatalytic systems per irradiation period. Prior to
the experiments, the adsorption capacity of the samples was investigated through the
stirring of the dye solution with the photocatalyst under dark conditions for 60 min.
As per results, a negligible amount (8%) of RhB was removed through only light illu-
mination, i.e., the absence of photocatalyst, indicating the inefficacy of visible light in
breaking the chemical bonds of RhB molecules. The system including the pristine CN
resulted in low RhB removal efficiency of about 20%, which can be strongly associated
with the poor harvesting of light in visible region and rapid recombination of charges.
However, the CNDs photocatalyst showed much higher activity with removal of 73%
at the same time. By contrast, almost complete removal of RhB has been achieved over
the CNDs/ZnMn2O4 (20%) nanocomposite within 45 min. The order of photoactivity
was as CNDs/ZnMn2O4 (20%) > CNDs/ZnMn2O4 (30%) > CNDs/ZnMn2O4 (10%) >
CNDs/ZnMn2O4 (40%) > CNDs/ZnMn2O4 (5%) > ZnMn2O4 > CNDs > CN. The plots
of ln (C0/C) vs. time for degradation of RhB over the studied samples revealed that
the photocatalytic reactions obeyed the pseudo-first-order kinetic model (see Figure 4b).
The rate constants for RhB removal using different photocatalysts were calculated to
be 11.2 × 10−4 min−1 (CN), 217 × 10−4 min−1 (CNDs), 275 × 10−4 min−1 (ZnMn2O4),
284 × 10−4 min−1 (CNDs/ZnMn2O4 (5%)), 329 × 10−4 min−1 (CNDs/ZnMn2O4 (40%)),
333 × 10−4 min−1 (CNDs/ZnMn2O4 (10%)), 429 × 10−4 min−1 (CNDs/ZnMn2O4 (30%)),
and 747 × 10−4 min−1 (CNDs/ZnMn2O4 (20%)) (Figure 4c). As per results, the nanocom-
posites showed higher photodegradation rates than pristine CN, wherein the activity of
CNDs/ZnMn2O4 (20%) nanocomposite was, respectively, 66.5, 3.44, and 2.72-fold superior
to the activities of CN, CNDs, and ZnMn2O4 photocatalysts, respectively. The boosted
photocatalytic activities of the binary samples implied that the combination of CNDs
with ZnMn2O4 was the right action, which should be taken place with optimum weight
percentages.

The reactive species produced in a photocatalytic system are the central elements
involved in the photodegradation of organic molecules. To estimate the type of the reactive
species, a group of experiments using scavengers, including AOX, BQ, and 2-PrOH was
performed to, respectively, probe h+, •O2

−, and •OH species. Figure 4d depicts the RhB
photo-oxidation rate constants using the CNDs/ZnMn2O4 (20%) nanocomposite, without
or with the scavengers. The rate constant of 747 × 10−4 min−1, which was obtained
in the absence of the scavengers, was significantly dropped to 154 × 10−4, 53.4 × 10−4,
and 1.03 × 10−4 min−1 upon 2-PrOH, AOX, and BQ supplementation into the system,
respectively. As can be inferred from the result, all three probed species contributed to the
RhB photodegradation process and their role are as •O2

− > h+ > •OH.
The photocatalytic activities of CN, CNDs, and CNDs/ZnMn2O4 (20%) samples were

further examined for degradation of some other dye pollutants, including MG, fuchsin and
MB and the outcomes were presented as compared with the RhB results (Figure 4e). As per
the results, the highest removal efficiencies of all the studied dyes were achieved over the
CNDs/ZnMn2O4 (20%) system. The photoactivity of the binary sample for degradation of
RhB, MG, fuchsin, and MB was 66.5, 15.8, 13.2, and 31.2-fold greater than CN, and 3.44, 1.5,
18.1, and 11.5 times premier than CNDs, respectively. Accordingly, the CNDs/ZnMn2O4
(20%) sample showed an outstanding photocatalytic activity for the treatment of various
recalcitrant dye wastewater. The binary photocatalyst underwent four consecutive runs
under the same operational conditions for RhB removal in order to assess its stability and
potential reusability (Figure 4f). As noticed, the CNDs/ZnMn2O4 (20%) nanocomposite
demonstrated excellent efficiency for RhB photodegradation under visible light in all the
conducted experiments, and the loss of performance was insignificant at the end of the
cycle, confirming its significant stability.
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Figure 4. (a) RhB photodegradation, (b) First-order-kinetic plots for the degradation rates of RhB,
(c) degradation rate constants of RhB, (d) Effect of trapping agents on the degradation of RhB,
(e) Degradation constants of MB, MG, and fuchsin, and (f) the results of recycling experiments of
CNDs/ZnMn2O4 (20%) system for degradation of RhB.

The ability for adequate segregation and transfer of the photoinduced charge carriers
is among the crucial factors connected with immense photocatalytic activities [34]. On this
basis, electrochemical impedance spectroscopy, photoluminescence, and photocurrent spec-
troscopy analyses were conducted to figure out the characteristics of the CNDs/ZnMn2O4
(20%) nanocomposite with respect to the ZnMn2O4, CNDs, and CN materials. Figure 5a
shows the EIS responses of the samples, wherein the least impedance was detected for the
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CNDs/ZnMn2O4 (20%) sample compared to those of ZnMn2O4, CNDs, and CN photo-
catalysts. This indicated the notable reduction in the resistance towards charge transfer
in the CNDs/ZnMn2O4 (20%) nanocomposite. The PL results were also in line with
the EIS response of the binary nanocomposite, wherein the weakest PL belonged to the
CNDs/ZnMn2O4 (20%) nanocomposite (Figure 5b). Since the photoluminescence intensity
shows the amount of photo energy released from returning the photo-excited material to
the ground state, the higher released energy means more recombination of photoinduced
charges. As per the results, the CNDs/ZnMn2O4 (20%) sample had a minimal recombi-
nation rate or the best performance for transferring the charge carriers compared to the
pristine photocatalysts. The best optical performance of the binary sample was further
confirmed via photocurrent analyses, as presented in Figure 5c. The stronger photocurrent
intensity of the CNDs/ZnMn2O4 (20%) photocatalyst in comparison to the CN, CNDs, and
ZnMn2O4 samples indicated its exceptional performance in extending the lifespan of the
photoinduced charges. Therefore, the EIS, PL, and photocurrent results confirmed the high
potential of the CNDs/ZnMn2O4 (20%) nanocomposite for photocatalytic applications.
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The surface properties of a photocatalyst are also influential factors as photocatalytic
reactions take place on the surface [35]. Moreover, the charge transfer is also affected
by surface characteristics. Therefore, the active sites and pore features of the studied
photocatalysts were identified via N2 adsorption–desorption isotherms (Figure 5d,e). From
the BET isotherms, the N2 sorption behavior of CNDs, ZnMn2O4, and CNDs/ZnMn2O4
(20%) photocatalysts followed type II with H3 hysteresis loops. As per the outcomes
(Table 1), the integration of CNDs (12.03 m2 g−1) and ZnMn2O4 (33.8 m2 g−1) contributed
to an expanded active surface of the binary sample (44.6 m2 g−1). The enlarged surface
area could play a remarkable role in its promoted photocatalytic activity.

Table 1. Textural properties of the CNDs, ZnMn2O4, and CNDs/ZnMn2O4 (20%) photocatalysts.

Sample Surface Area
(m2 g−1)

Mean Pore Diameter
(nm)

Total Pore Volume
(cm3 g−1)

CNDs 12.03 27.73 0.08

ZnMn2O4 33.8 9.09 0.08

CNDs/ZnMn2O4 (20%) 44.6 27.5 0.31

Based on the outcomes, a mechanism was suggested to illustrate the route through
which the pollutant molecules undergo a visible-light photodegradation reaction over the
binary CNDs/ZnMn2O4 nanocomposites. As a result of the constructed p–n heterojunction
between n-type CNDs and p-type ZnMn2O4, the electrons more from the Fermi level of
CNDs to that of ZnMn2O4 until the Fermi levels reach an equilibrium state, resulting
in, respectively, positive and negative charges on CNDs and ZnMn2O4 in the junction
regions [36,37]. Upon the excitation of CNDs and ZnMn2O4 semiconductors by visible
light, the electrons on the VBs of both components move to the corresponding CBs, while the
holes remain on the VBs (Figure 6). After that, due to the influence of the inner electric field,
the electrons on the CBZnMn2O4 rapidly transfer to the CBCNQDs, where they can be trapped
by oxygen molecules to produce •O2

− and •OH species. Additionally, the contaminants can
get oxidized directly by the holes remaining at the VB of ZnMn2O4. The rapid migration of
the photo generated charges can be facilitated via the formed p–n heterojunction, leading
to extending the lifetime of the charge carriers and diminishing recombination of them,
which is highly beneficial for impressive photocatalytic performance [38,39].
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3. Experimental Part
3.1. Materials Section

The chemicals utilized in this research are melamine (C3H6N6, 99%, Central Drug
House), ethanol (96%, Merck), Zn(NO3)2·6H2O (96%, Loba Chemie), Mn(CH3COO)2·4H2O
(99%, Merck), NaOH (98%, Merck), H2O2 (35%, Neutron).

3.2. Photocatalyst Synthesis

The CN was synthesized via the previously reported method [40]. For the synthesis
of the CNDs sample, the mixture of CN with 20 mL of ethanol was stirred for half an
hour. Then the solution of 25 mL of water and 25 mL of ethanol was added dropwise to
the previous mixture. After stirring for half an hour, it was heated at 180 ◦C for 4 h in an
autoclave.

The CNDs/ZnMn2O4 systems were fabricated using a hydrothermal procedure
(Scheme 1). For the synthesis of CNDs/ZnMn2O4 (20%) nanocomposite, as the optimal
photocatalyst with the best performance, 0.4 g of CNDs was mixed with 100 mL of H2O un-
der sonication for 10 min. Meanwhile, an aqueous solution of zinc nitrate (Zn(NO3)2.6H2O,
Loba Chemie, 0.124 g in 10 mL H2O) was mixed with the above-obtained suspension, while
stirring for 60 min at 25 ◦C. On the other hand, an aqueous solution of manganese (II)
acetate (Mn (CH3COO)2.4H2O, Merck, 0.205 g in 10 mL H2O) was added to the resultant
suspension and stirred for 60 min. At the next step, 20 mL NaOH (Merck, 0.4 M) and 1 mL
H2O2 (Neutron, 14.9 M) solutions were combined with the suspension under stirring for
more 15 min. In the end, the suspension was heated in a stainless-steel autoclave for 18 h at
160 ◦C. After cooling and washing, the resultant composite was dried in an oven.
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3.3. Characterization Techniques

The EDX analyses and FESEM images were obtained by a Tescan Mira3 instrument.
The XRD analyses were carried out on a Philips Xpert X-ray instrument with a Cu Kα source.
A Scinco 4100 spectrophotometer was employed to record the UV-vis DR spectra. The FT-IR
spectra were collected on a PerkinElmer Spectrum RX I apparatus. A PerkinElmer LS 55
fluorescence spectrophotometer was employed to record the PL spectra. The concentration
of the dye pollutants was determined by UV-vis spectrophotometer (Cecile 9000). The
TEM and HRTEM images were photographed using a HighTech HT7700 (Tokyo, Japan)
instrument. The XPS analyses were conducted by a Specs-Flex XPS (Berlin, Germany). A
BELSORP mini II (York, PA, USA) instrument was applied to fulfill the N2 adsorption-
desorption measurements. A µAutolabIII/FRA2 EIS (Utrecht, The Netherlands) was
employed to accomplish the electrochemical analyses. The results of photocurrent data
were also obtained with µAutolabIII/FRA2.

3.4. Photodegradation Tests

The photodegradation experiments were conducted in a photoreactor including a
glass reactor furnished with a water-circulating device, a magnetic bar, and an air-purging
system. An installed LED lamp (50 W, λ = 450–650 nm) on the top of the reactor sup-
plied the visible light. For the experiments, the photocatalyst powder (0.1 g) was sup-
plemented into 250 mL of the aqueous suspensions of the pollutant (RhB: 1.0 × 10−5 M,
MB: 1.0 × 10−5 M, MG: 1.0 × 10−5 M, or fuchsin: 1.0 × 10−5 M), and vigorously stirred for
60 min in the absence of light to accomplish the adsorption–desorption equilibrium. Next,
the lamp was switched on for a predetermined time and almost 4 mL of the suspension was
sampled at fixed time pauses, and photocatalyst particles were separated using a centrifuge
(at 4000 rpm). The concentrations of RhB, fuchsin, MG, and MB were monitored by a
UV–vis spectrophotometer, respectively, at 553, 540, 610 and 664 nm. To show the stability
of the nanocomposite, we performed the recycling tests for four times consecutively. After
each photocatalysis experiment, the photocatalyst was removed and utilized in the next
test. Furthermore, to identify the reactive species generated during the degradation of
RhB, ammonium oxalate (AOX, h+ quencher, 0.035 g), benzoquinone (BQ, •O2

− quencher,
0.027 g), and 2-propanol (2-PrOH, •OH quencher, 20 µL) were added to the system to
capture, respectively, h+, •O2

−, and •OH species.

4. Conclusions

In brief, CNDs/ZnMn2O4 nanocomposites were synthesized via a facile hydrothermal
route. The successful integration of ZnMn2O4 nanoparticles over the CNDs was confirmed
by various analyses. The photodegradation experiments revealed that the prepared binary
nanocomposites had higher efficiencies for degradations of the selected pollutants under
visible light compared to the efficiencies of ZnMn2O4, CNDs, and bulk CN photocatalysts.
Amongst the binary photocatalysts, the nanocomposite with 20 wt.% of ZnMn2O4 had
admirable activity in the removal of RhB with degradation constant of 747 × 10−4 min−1,
mainly resulting from the enhanced specific surface area, significant absorption of visible
light, and premiere segregation and transfer of the photoinduced charge carriers through
developed p-n heterojunction. Moreover, the activity of the binary sample for degradation
of RhB, MG, fuchsin, and MB was 66.5, 15.8, 13.2, and 31.2-fold greater than CN, and
3.44, 1.5, 18.1, and 11.5 times premier than CNDs, respectively. As per radical trapping
experiments, the •O2

−, h+, and •OH radicals were recognized as the core reactive species
involved in the photocatalytic processes. The outcomes of this work disclosed that the
combination of ZnMn2O4 and CNDs components through p–n heterojunction not only
provoked better absorption efficiencies at visible-light region but also improved the lifespan
of the photoinduced charges and their movement on the surface of the photocatalyst for
promoted degradation of various organic contaminants.
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Abstract: The discharge of pharma products such as paracetamol (PCT) into water has resulted in
great harm to humans and emerged as a potential threat requiring a solution. Therefore, the develop-
ment of smart and efficient materials as photocatalysts has become imperative in order to treat PCT
in wastewater. The present study demonstrates the synthesis of pristine NiWO4 and CoWO4 and a
heterojunction nanostructure, NiWO4/CoWO4, through a hydrothermal process using a Teflon-lined
autoclave at 180 ◦C for 18 h. Various spectroscopic techniques, such as X-ray diffraction (XRD),
Fourier transform infrared (FTIR), ultraviolet–visible (UV–Vis), transmission electron microscopy
(TEM), scanning electron microscopy–energy dispersive X-ray (SEM–EDX), and X-ray photoelectron
spectroscopy (XPS) were utilised to determine the lattice, structural, optical, and morphological
information of the solid nanomaterial upon heterojunction formation. The synthesised nanomaterials
were exploited for the photocatalytic degradation of paracetamol (PCT) under UV light irradiation.
Photocatalytic experiments were performed for the optimization of various reaction parameters,
such as irradiation time, pH, catalyst dose, and PCT concentration at room temperature. The results
obtained suggested that the heterojunction nanocomposite NiWO4/CoWO4 exhibited enhanced pho-
tocatalytic efficiency (97.42%) with PCT as compared to its precursors—96.50% for NiWO4 and 97.12%
for CoWO4. The photocatalytic data were best defined by the Langmuir–Hinshelwood (L–H) model
of pseudo-first-order kinetics, with apparent rates constant at 0.015 min−1 for NiWO4, 0.017 min−1

for CoWO4, and 0.019 min−1 for NiWO4/CoWO4 NC. It was observed that NiWO4/CoWO4 NC
with enhanced optical properties effected a higher rate of PCT degradation due to the improved
bandgap energy upon heterojunction formation. The scavenger test revealed the involvement of •OH
radicals as reactive oxidant species (ROS) in PCT degradation. The material was found to be highly
stable and reusable for the degradation of PCT at optimized reaction conditions.

Keywords: heterojunction; nanocomposites; tungstate; photocatalytic degradation; pharmaceuticals

1. Introduction

In recent years, pharmaceutical products, personal care products (PPCs), and pes-
ticides in water bodies have been categorized as contaminants of emerging concern
(CECs) [1]. Among these emerging pollutants, pharma products have begun to gain
researchers’ attention owing to their toxic influence on human health [2]. One of these
pharma products, paracetamol (PCT), also known as acetaminophen, is widely used in
analgesic and antipyretic drugs for treating headache, fever, etc. [3]. The high consumption
of the drug during COVID-19 has resulted in a harmful impact on ecology and human
health through its presence in wastewater effluents [4]. The main sources of PCT inclusion
into the aquatic system are the pharmaceutical industry and the excretory waste of both
humans and animals who have received medical treatment [4,5]. With each successive
year, PCT concentrations in lakes and rivers have significantly increased, which can cause
diseases such as liver failure, hepatic necrosis, nephrite toxicity, and possibly death [6,7].
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Therefore, to address this issue, there is a need to develop efficient methods and technology
to treat PCT from wastewater streams.

There are numerous methods reported in the literature for removing these pollutants
from the environment, such as electrochemical separation, liquid extraction, chemical oxi-
dation, membrane separation, biodegradation, and adsorption technology [8–10]. However,
sludge formation, slow procedures, and mass transfer properties from one phase to another
make these methods less efficient. Therefore, an advanced oxidation process (AOP) in
association with photocatalytic degradation was taken into consideration for the treatment
of these PPCPs. Due to its lack of toxicity, affordability, lack of mass transfer limitations,
chemical stability, and potential operation at room temperature, photocatalytic oxidation
has emerged as one of the most efficient and innovative technologies to trigger pharma
pollutants without causing secondary waste to enter the environment [11]. The technology
utilizes the irradiation of a catalyst material using solar energy, and depending on its optical
properties, generates reactive oxidant species (ROS), hydroxy (•OH), or superoxide (•O2

−)
radicals, which are responsible for mineralization process [12].

Based on their high aspect ratio, smaller size, and good optical properties, nanomateri-
als have been identified as the most effective and potentially useful materials to address
this sustainability issue, offering some fundamental and practical approaches for wastewa-
ter treatment operations [13]. Among these nanomaterials, semiconductor metal oxides,
such as zirconia (ZrO2), zinc oxide (ZnO), titanium dioxide (TiO2), iron (III) oxide (Fe2O3),
tungsten trioxide (WO3), and vanadium (V) oxide (V2O5), etc., have been proved to be
promising photocatalysts for wastewater treatment processes due to their excellent physic-
ochemical properties [8,14–17]. The nanostructured metal tungstates with the empirical
formula MWO4 (M = Co, Zn, Sn, Ni, Mn etc.) have been recognized as materials with
advanced photocatalytic activity, chemical stability, low cost, and non-toxicity [18]. They
are associated with a wolframite monoclinic structure and appropriate band gap energy,
which classifies them as exemplary materials for scientific and engineering applications
such as conventional catalysis, scintillator materials, photoluminescence, optical fibers,
microwave technology, supercapacitors, and semiconductors [18,19]. NiWO4 is one of
the members of the tungstate family with intriguing structural properties, large surface
area, and photoluminescent characteristics, with an energy bandgap value of 2.97 eV [20].
However, rapid recombination of electron–hole pairs in pure substances restricts their pho-
tocatalytic activities, and to address this issue, the strategy of heterojunction formation was
taken into consideration [21]. The heterojunction formation results in spatial separation of
photogenerated electron–hole pairs, and thus enhances the photocatalytic activities [22]. In
the present study, CoWO4 was used for heterojunction formation with NiWO4 through the
hydrothermal process. CoWO4, with an energy bandgap value of 2.8 eV, exhibits excellent
photocatalytic activities [23]. The resultant nanostructured NiWO4/CoWO4 heterojunction
was used as a catalyst for photocatalytic degradation of paracetamol under mercury lamp
(Ultraviolet radiation) in photocatalytic reactor. Various reaction factors influencing the
degradation process, such as PCT concentration, irradiation time, pH, and amount of
catalyst, were optimized. The novelty of this work lies in the use of mixed metal tungstate
heterojunction (MWO4/M′WO4) nanomaterials in photocatalytic degradation processes to
remove pharmaceuticals from wastewater.

2. Results and Discussion
2.1. Material Characterization
2.1.1. FTIR Analysis

The FTIR spectrum of the prepared metals and mixed metal tungstate catalysts is
shown in Figure 1. In the FTIR spectra of Figure 1a,b, 466 and 456 cm−1 belong to Ni–O
and Co–O bonds, 537 and 523 cm−1 belong to Ni–O–W and Co–O–W bonds, 618 be-
longs to the W–O bonds, 700–880 cm−1 belongs to the W–O stretching mode of the WO4
tetrahedron, W–O–W bond vibrational modes [24–26]. The –OH group stretching and
bending vibrations as a result of moisture adsorption appeared at 3427–3446 cm−1 and
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1635–1640 cm−1 [27]. The FTIR spectra of heterojunction NiWO4/CoWO4 NC Figure 1c
exhibit most of the peaks from NiWO4 and CoWO4, but with some shifted values, which
suggest that in the wolframite monoclinic structure, both Co and Ni took the lattice position
in the solid structure.
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Figure 1. FTIR spectra of (a) NiWO4 (b) CoWO4 and (c) mix metal tungstate NiWO4/CoWO4 NC.

2.1.2. X-ray Diffraction (XRD)

The crystal structures of the prepared metals and mixed metal tungstate catalysts
were identified by X-ray diffraction (XRD) patterns. Figure 2 shows the XRD pattern of
the catalysts synthesized through a typical reaction. The XRD spectra of CoWO4 show
characteristic peaks at 2θ value of 2.37◦, 24.91◦, 24.91◦, 30.75◦, 36.78◦, 37.93◦, 48.66◦, 54.53◦,
61.91◦, and 65.21◦, which belong to miller indices (100), (011), (110), (020), (002), (200),
(022), (031), (310), and (040) respectively. The XRD spectra of NiWO4 show characteristic
peaks at 2θ value of 6.51◦, 19.35◦, 24.03◦, 24.99◦, 31.02◦, 36.65◦, 39.24◦, 41.76◦, 44.84◦, 46.52◦,
49.09◦, 52.42◦, 54.74◦, 62.41◦, 65.82◦, and 69.10◦, which belong to miller indices (010), (100),
(011), (110), (111), (021), (200), (121), (112), (211), (022), (220), (130), (202), (113), (311), and
(041) respectively. All reflection peaks can be indexed as the monoclinic crystal systems of
CoWO4 (JCPDS Card No. (96–317)) and NiWO4 (JCPDS Card No. (96–278)). Finally, the
XRD pattern of NiWO4/CoWO4 NC shows peaks ascribed to the NiWO4 at 16.91◦ (010),
30.63◦ (111), 41.37◦ (121), 44.43◦ (112), 46.02◦ (211), 52.10◦ (202), 65.32◦ (311), and 68.82 (041),
and peaks ascribed to the CoWO4 at 30.81◦ (020), 36.32◦ (002), 54.25◦ (031), and 61.95◦ (310),
respectively. Moreover, some peaks ascribed to both NiWO4 and CoWO4 show at 18.97◦

(100), 24.62◦ (011), 24.62◦ (110), 38.72◦ (200), and 48.78◦ (022), which suggests the successful
formation of NiWO4/CoWO4 heterojunctions. For further information about the crystallite
size and dislocation density, the Scherrer’s equation was taken into consideration. The
crystallite size and interlayer spacing were calculated using the Scherrer′s Equation:

D =
0.9λ

β cos θ
(1)
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Dislocation Density (δ) =
1

D2 (2)

Interlayer Spacing (d111) =
nλ

2Sinθ
(3)

%Crystallinity =
Area Under Crystalline Peaks

Total Area
× 100 (4)

where D is the crystallite size, λ is the characteristic wavelength of the X-ray, β represents
angular width in radian at intensity equal to half of its maximum of the peak, and θ is the
diffraction angle. The average particle size of CoWO4, NiWO4, and NiWO4/CoWO4 NC
were 27.16, 22.16, and 19.07 nm, respectively, calculated using Equation (2). Moreover, from
Table 1, it can be seen that the crystallinity of the heterojunction nanocomposite increased
to 38% after heterojunction formation, suggesting a successful occupation of lattice sites by
Co in the NIWO4 solid structure without producing any impurity. The process reflected a
contraction in particle size and an increase in dislocation density due to deformation in the
solid lattice of CoWO4 and NiWO4.
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Table 1. XRD parameter of CoWO4, NiWO4, and NiWO4/CoWO4 NC.

Component 2θ FWHM
(βhkl)

Interlayer
Spacing

(nm) at 2θ

Crystallite
Size (nm)

at 2θ

Dislocation
Density

(δ)×1015 Lines
(
m−2)

Crystallinity (%)

CoWO4 30.748 0.26203 0.020414 27.16 1.35 23.60
NiWO4 31.015 0.32392 0.020587 22.16 2.03 23.25

NiWO4/CoWO4 NC 30.64 0.36296 0.020344 19.07 2.75 38.14
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2.1.3. Scanning Electron Microscopy (SEM)

The surface morphological changes in the material during the solid-state processes
were observed using scanning electron microscopy (SEM). The SEM images of the sintered
NiWO4 taken at 10,000×magnification is shown in Figure 3a. The sample′s morphology
is porous. The complete coverage of the substrate is evident in the micrographs. These
surfaces evince uneven surface morphology and irregular geometry quite clearly, while
in the SEM image of CoWO4 shown in the Figure 3b, the grain arrangements and sizes
are irregular. Figure 3c presents a SEM image of NiWO4/CoWO4 NC, which shows large,
irregularly sized grains. The EDX spectrum recorded for the sample, which is depicted
in Figure 3d, was used to explore the elements present in the sample. The presence of
the components Co, W, Ni, and O in the mixed metal tungstate NiWO4/CoWO4 NC was
confirmed by the EDX analysis.
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2.1.4. Transmission Electron Microscopy (TEM)

The optimal diameter of the mix metal tungstate was determined using transmis-
sion electron microscopy (TEM), and further investigation was carried out to establish
the crystallinity and morphology of the metal’s tungstate. Figure 4a–c presents the TEM
images of NiWO4, CoWO4, and NiWO4/CoWO4 NC synthesized nanoparticles, respec-
tively, in which NiWO4 shows rod-like morphology and CoWO4 shows a mix of rod-
and irregular-shaped particles, while after heterojunction, a new morphology appears for
NiWO4/CoWO4 NC constituted of irregular-shaped particles with mitigated monoclinic
structure (Figure 4d). The statistical gaussian distribution profile applied for average
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particle size distribution suggested an average of 20 nm particle size for NiWO4/CoWO4
NC shown in the Figure 4e, which has been found to be in close agreement with the
Scherer formula.
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Figure 4. TEM images of the metal tungstates. (a) NiWO4; (b) CoWO4; (c) NiWO4/CoWO4 NC;
(d) particle size distribution of NiWO4/CoWO4 NC; (e) statistical gaussian distribution profile for
average particle size distribution.

2.1.5. UV/Vis Spectrophotometer

The produced catalyst′s optical characteristics can be determined by UV–Vis spectro-
scopic studies, and the spectra are shown in Figure 5. The UV–vis spectrum has a broad
line, which denotes absorption throughout the whole UV–Vis region. The existence of
numerous consecutive energy levels in the photocatalyst was attributable to the broad
absorption spectrum shown by Figure 5, in which the absorption maxima (λmax) of NiWO4,
CoWO4, and NiWO4/CoWO4 NC were observed around 263, 331, and 360 nm, respectively.
The UV spectrum of NiWO4 and CoWO4 suggested the synthesized NPs were UV light-
active only, while a broad spectrum from 200–650 nm in the case of NiWO4/CoWO4 NC
suggested UV as well as visible light activity of the heterojunction. Thus, the formation of
heterojunction results in enhancement of the light-absorption capacity of the material [28].
Tauc′s relationship was used to determine the band gap using the absorption data:

(αhν) = A
(
hν− Eg

)n (5)

where α = absorption coefficient, h = plank constant, ν = frequency of radiations,
A = constant, and n is a constant of transition variations depending on the type of electronic
transition, i.e., n = 1/2 for direct transitions and n = 2 for the indirect transitions. Energy
bandgap values were taken from the slope of a linear plot between (αhν)2 and Eg; the
intercept give rise to the value of energy band gap. Tauc′s plot specified the value of Eg
as 3.04, 2.32, and 1.14 eV for the synthesized NiWO4, CoWO4, and NiWO4/CoWO4 NC,
respectively. Thus, it is also quantitively proved that heterojunction formation results in
contraction of the energy bandgap, and thus restricts the electron–hole pair recombina-
tion rate.
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Figure 5. (a) UV–Vis plot of NiWO4, CoWO4, NiWO4/CoWO4 NC in wavelength range of
200–700 nm; (b) Tauc′s plot for the band gap energy (Eg) of the materials.

To further investigate the chemical oxidation state of the elements in the synthesized
NiWO4/CoWO4 NC material, XPS analysis was taken into consideration. Figure 6a rep-
resents the XPS survey spectra of NiWO4/CoWO4 NC, which confirm the presence of
W4f, O1s, Ni2p, and Co2p in the material. In order to observe the change in the oxidation
states of elements during heterojunction formation, the deconvoluted spectres were stud-
ied. Figure 6b represents the deconvoluted XPS spectra of W4f, which show two peaks
at 46.48 eV and 49.49 eV, corresponding to the W4f7/2 and W4f5/2 states associated with
W6+ chemical state [29]. Figure 6c represents three deconvoluted peaks for O1s, corre-
sponding to 538.44, 539.44, and 541.44 eV, associated with O1 (Co–O), O2 (W–O), and O3
(Ni–O) bonds [30,31]. The XPS spectra in Figure 6d for Co2P show two deconvoluted
peaks at 868.01 and 872.78 eV associated with two states Co2p3/2 and Co2p1/2 states of
Co2+, respectively [32]. Similarly, Figure 6e, corresponding to the XPS spectra of Ni2p,
represents the two states Ni2p3/2 and Ni2p1/2 for the Ni2+ chemical state at 884.94 eV
and 890.87 eV [33]. The outcomes of the XPS studies clearly confirm the formation of
heterojunction NiWO4/CoWO4 NC by the validation of the chemical stability of the Ni2+

and Co2+ ions in the lattice.
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(c) O1s, (d) Co2p, and (e) Ni2P.

2.2. Photocatalysis and Optimization of Reaction Parameters
2.2.1. Photocatalysis with Variable Paracetamol Concentration

The photocatalytic experiments were performed at different PCT concentrations in the
range of 5–60 ppm to observe the effect of PCT concentration on degradation rates using
NiWO4, CoWO4, and NiWO4/CoWO4 NC. The results obtained are shown in Figure 7a–d,
and suggest that over a span of 120 min of irradiation, the degradation efficiencies of the
synthesized nanomaterials decreased with increasing paracetamol concentration. These
findings were in close agreement with a number of studies, where the activation of the
reaction by photon absorption was often the initial step [34]. Another explanation for
the result shown in Figure 7 is that the formation of radicals and holes under irradiation
remained consistent and sufficient for the breakdown of paracetamol at low concentrations,
while at high concentrations, screening hindered their path towards the catalyst surface,
which led to a decrease in the paracetamol degradation rate [35]. Acceptable degrada-
tion rates were obtained up to 50 ppm PCT concentration, which was used in further
photocatalytic experiments.
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of active sites that could absorb additional photons rose as the catalyst dosage was raised. 
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Figure 7. Effect of variable PCT concentration (5–60 ppm) using 5 mg prepared (a) NiWO4,
(b) CoWO4, (c) NiWO4/CoWO4 NC, and (d) Ce/Co vs. PCT conc. Plot.

2.2.2. Photocatalysis with Variable Catalyst Dosage

The photodegradation of paracetamol under irradiation is shown in Figure 8a–d as
a function of catalyst dosage at 5, 10, 15, and 20 mg. Additionally, the other reaction
conditions remained the same. As observed in Figure 8, the results showed that the
degradation rate decreased by 15–20 mg with the addition of more catalyst. The number
of active sites that could absorb additional photons rose as the catalyst dosage was raised.
However, the increase in catalyst dose appeared to result in an excess dosage, which
produced suspension turbidity in the solution. The efficiency of the photocatalytic process
also declined as a result of the lower light penetration [36,37]. After 2 h of irradiation with
the 10 mg catalyst dosage was taken as optimum for further experiments.
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paracetamol has a pKa value of 9.38, making it a weak base. In light of this, the adsorp-
tion–desorption characteristics of the catalyst surface are significantly influenced by the 
pH value [34]. The results presented in Figure 8 show that the degradation rate rose as the 
pH value rose. This can be ascribed to increased hydroxide ion creation, because at high 
pH, more hydroxide ions that are already present on the surface can readily be oxidized 
to create new hydroxyl radicals, which in turn boosts the efficiency of paracetamol degra-
dation [38]. Finally, in this study, we registered that the degradation was maximal at pH 
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(c) NiWO4/CoWO4 NC, and (d) Ce/Co vs. catalyst dose plot.

2.2.3. Photocatalysis with Variable Paracetamol Solution pH

The pH is an important parameter in photochemical reactions. The results, which are
presented in Figure 9, demonstrate how the effects of pH on the paracetamol degradation
were investigated at various pH ranges from 3 to 10 in order to determine the ideal pH
for the degradation process. This study included three catalysts (NiWO4, CoWO4, and
NiWO4/CoWO4 NC), which were studied separately. The particle surface was positively
charged at pH levels below 5, and negatively charged at pH levels above 5. Additionally,
paracetamol has a pKa value of 9.38, making it a weak base. In light of this, the adsorption–
desorption characteristics of the catalyst surface are significantly influenced by the pH
value [34]. The results presented in Figure 8 show that the degradation rate rose as the pH
value rose. This can be ascribed to increased hydroxide ion creation, because at high pH,
more hydroxide ions that are already present on the surface can readily be oxidized to create
new hydroxyl radicals, which in turn boosts the efficiency of paracetamol degradation [38].
Finally, in this study, we registered that the degradation was maximal at pH 9.
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from 10 to 120 min. This trend was caused by the valence electron of a catalyst being ex-
cited from its ground state to its excited state, which produced a photoelectron by the 
absorption of radiation. Since there was a high density of –OH groups on the catalyst sur-
face, when these high energy electrons coupled with them, they produced •OH radicals, 
which were what caused the paracetamol to photodegrade [39]. The findings in Figure 10 
show that as the irradiation period increased, the degradation rate also decreased contin-
ually, and typically followed the Langmuir–Hinshelwood first-order kinetic pattern, 
which assumes the decomposition of the pollutant molecule at the catalyst surface to be 
the determining step in heterogeneous catalysis processes. The kinetic constant linked to 
the decomposition and the adsorbate concentration are therefore considered to equal the 
product of the first-order reaction rate and the adsorbate concentration [40].  r = dCdt = − kKC1 + KC (6)

Figure 9. Effect of variable pH of the media (3–10) using 50 ppm PCT for 10 mg of (a) NiWO4,
(b) CoWO4, (c) NiWO4/CoWO4 NC, and (d) Ce/Co vs. pH of the medium plot.

2.2.4. Photocatalysis with Variable Irradiation Time and Kinetics of the Reaction

Photocatalytic experiments were carried out using 50 ppm paracetamol concentration,
pH 9, and 10 mg of catalyst under variable irradiation time from 10 to 120 min. The results
of the experiments given in Figure 10a–c show that the photocatalytic degradation of the
paracetamol similarly increased with a steady increase in the irradiation time from 10 to
120 min. This trend was caused by the valence electron of a catalyst being excited from
its ground state to its excited state, which produced a photoelectron by the absorption of
radiation. Since there was a high density of –OH groups on the catalyst surface, when
these high energy electrons coupled with them, they produced •OH radicals, which were
what caused the paracetamol to photodegrade [39]. The findings in Figure 10 show that
as the irradiation period increased, the degradation rate also decreased continually, and
typically followed the Langmuir–Hinshelwood first-order kinetic pattern, which assumes
the decomposition of the pollutant molecule at the catalyst surface to be the determining
step in heterogeneous catalysis processes. The kinetic constant linked to the decomposition
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and the adsorbate concentration are therefore considered to equal the product of the
first-order reaction rate and the adsorbate concentration [40].

r =
dC
dt

= − kKC
1 + KC

(6)

where k is the rate constant, which is affected by light intensity, K is the catalyst adsorption
constant, and C is the paracetamol concentration. (KC < 1) applies to modest low adsorption
magnitudes and concentrations. Equation (7) states that Equation (6) simplifies to the first-
order kinetics.

dC
dt

= −kKC (7)
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Figure 10. Effect of variable UV irradiation time (10–120 min) using 50 ppm PCT and 10 mg of
(a) NiWO4, (b) CoWO4, (c) NiWO4/CoWO4 NC, and (d) −Ln (Ce/Co) vs. time (min) pseudo first
order plot.

Integrating and separating variables between the initial conditions t = 0 and C = C0 at
time t and if Kk = k′, where k′ is the apparent rate constant for the photocatalytic degradation.

ln(
C0

C
) = kKt = k′t (8)
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Equation (3) can be plotted, and the slope represents the reaction rate constant, k′,
expressed in units of min−1. Given that C = C0/2 in Equation (8), the half-life (t1/2), which
is an important factor in photocatalytic degradation, is the period of time needed to reduce
the concentration of paracetamol by half, it may be calculated as follows by Equation (9):

t1/2 =
ln 2
k′

(9)

The obtained results are listed in Table 2, in which the value of apparent rate constant
k’ was found to be 0.015 min−1 for NiWO4, 0.017 min−1 for CoWO4, and 0.019 min−1 for
NiWO4/CoWO4 NC. The synthesized heterojunction nanocomposite exhibited a high rate
of paracetamol degradation as compared to its precursors. The corresponding half-life time
values were 46.20, 40.76, and 36.47 min for NiWO4, CoWO4, and NiWO4/CoWO4 NC. The
outcomes of the kinetic studies suggested that the heterojunction formation resulted in an
enhanced rate of PCT degradation as compared to pristine NiWO4 and CoWO4.

Table 2. Pseudo-first-order kinetic parameters for the photocatalytic degradation of paracetamol by
synthesized NiWO4, CoWO4, and NiWO4/CoWO4 NC.

Material k1 (min−1) R2 t1/2 (min) Error

NiWO4 0.015 0.95 46.20 2.31 × 10−3

CoWO4 0.017 0.98 40.76 1.46 × 10−3

NiWO4/CoWO4 0.019 0.99 36.47 5.11 × 10−4

2.3. Scavenging Study

The main reactive species involved in the photocatalytic process for paracetamol
using NiWO4/CoWO4 NC were discovered using a variety of scavengers. Among the
reactive species, the superoxide (•O2

−), hydroxyl radical (•OH), valence band hole (h+), and
photogenerated electron (e−) are key species on which the photodegradation of organic
pollutants relies [41]. Benzoic acid (BA), acrylamide (AA), ethylenediaminetetraacetic
acid (EDTA), and triphenylphosphine (TPP) were the scavengers for •OH, h+, e−, and
•O2

−, respectively. Figure 11 represent the results of the scavengers, which show that
photogenerated (e−) and superoxide (•O2

−) radicals did not have any significant effect on
the photocatalytic performance of the system; therefore, we can conclude that electrons
do not play an important role in degradation. The degradation rate was dramatically
hindered in (•OH scavenger); as a result, it was concluded that hydroxyl radicals are the
main reactive species involved in the removal of paracetamol.
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2.4. Effect of Various Radiation and Reaction Process

Experiments were performed to observe the effects of various reaction process and
radiations on the PCT degradation by NiWO4/CoWO4 NC, such as photolysis (PCT
solution without catalyst under radiations), adsorption (PCT with catalyst agitated in
dark), and photocatalytic reactions under UV and visible radiations. The results obtained
are given in Figure 12a,b, and suggested that there is a negligible contribution from the
photolysis process. PCT removal by adsorption was found to be 81%, while under visible
light it was 69.27%. The maximum removal was obtained under UV light, i.e., 93.95%.
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2.5. Comparison with Literature

Table 3 shows the photocatalytic data regarding the degradation of PCT reported
in the literature as compared with the present study. It was found that no single study
reported on the synthesized material in regard to PCT degradation, which confirms the
novelty of this study.

Table 3. Comparison of present study with literature regarding PCT degradation.

Photocatalyst Light Source
PCT

Concentration
(ppm)

Irradiation
Time (min) % Degradation References

ZnO–Ag Visible light 5 240 92 [42]

CuO@C LED light 5 60 95 [43]

g-C3N4/(101)-(001)-TiO2 300 W xenon lamp 10 300 69.49 [44]

Cu2O/WO3/TiO2 Solar light 1 60 92.50 [45]

Bi2WO6-CNP-TiO2
LCS-100 W

solar simulator 5 180 84 [46]

NiWO4/CoWO4 NC UV light 50 120 97.42 Present study

3. Methods and Materials
3.1. Chemicals and Reagents

Acetaminophen (CH3CONHC6H4OH, Analytical grade, 99%), sodium tungstate dihy-
drate (Na2WO4·2H2O, 96%, laboratory reagent) were purchased from Merck, Darmstadt,
Germany), Nickel nitrate hexahydrate (Ni (NO3)2·6H2O 98%), cobalt nitrate hexahydrate
(Co (NO3)2·6H2O, 98%) were supplied by Thermo Fisher Scientific, Dreieich, Germany.
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General purpose reagent such as ammonia solution (NH4OH, 25%, extra pure), and ethanol
(C2H5OH, 96%, ACS grade) were supplied by Alfa Aesar, Kandel, Germany. The obtained
chemicals were employed directly without any further processing, and the solutions were
made using distilled water.

3.2. Synthesis of Nickel Tungstate (NiWO4) Nanomaterials

The hydrothermal process was taken into consideration for synthesis of the nanomate-
rials reported elsewhere [20,23]. Ni (NO3)2·6H2O (3 mmol) and Na2WO4·2H2O (5 mmol)
were taken individually in 25 mL of distilled water while being stirred magnetically for
15 min for complete dissolution. The two aqueous solutions above were then combined
using magnetic stirring for 30 min at room temperature. The mixture was then transferred
into 80 mL Teflon-lined steel autoclave and heated for 18 h at 180 ◦C in a convection oven.
After the completion of the reaction, the autoclave was left to cool normally at room temper-
ature and the precipitate was collected through centrifugation. The material was washed
with distilled water and ethanol and then dehydrated in a vacuum oven at 80 ◦C for 5 h.
The material was finally calcined at 600 ◦C for 4 h and stored in desiccator for further
characterization and applications. In a similar fashion, CoWO4 (3 mmol) was prepared,
and the heterojunction nanocomposite was prepared by adding 3 mmol of Ni (NO3)2·6H2O
and 1.5 mmol of Co (NO3)2·6H2O with 5 mmol of Na2WO4·2H2O.

3.3. Characterization of the Synthesized Nanomaterials

Fourier Transform Infrared Spectroscopy (FTIR) system spectrum BX (Perkin Elmer,
Akron, OH, USA) which operates in the 4400–400 cm−1 range, was used to explore the
various types of bonding and functional group contained in the material. The XRD diffrac-
tometer, (A Rigaku Ultima) (Rigaku, Austin, TX, USA) was employed to identify the
crystalline structure, crystalline size and lattice phase of synthesized nanoparticles. SEM
integrated with EDX (SEM; JEOL GSM 6510LV, Tokyo, Japan) was used to examine the
surface morphology of the material in order to learn more about its elemental composition
as well as the chemical composition and homogeneity of its manufactured NiWO4/CoWO4
NC. Through the use of a transmission electron microscope, the particle size and distribu-
tion were evaluated (TEM, TEM: JEM 2100, Tokyo, Japan). UV-1800 spectrophotometer
(SHIMADZU, Kyoto, Japan), was used for the analysis of synthesized nanoparticles before
and after the photocatalytic reaction in the range of 200–700 nm. The chemical state of the
elements in the synthesized material was analyzed by X-ray photoelectron spectroscopy
(XPS, PHI 5000 Versa Probe III, Physical Electronics, Chanhassen, MN, USA).

3.4. Photocatalysis Experiment

The photocatalytic technique was utilized to observe the degradation of paracetamol
under ultraviolet radiation. Accordingly, 20 mL aliquots of variable concentration of
paracetamol (5–60 ppm), solution pH (3–10), and (5–20 mg) of catalyst were subjected to
magnetic stirring time (10–120 min) under mercury lamp irradiation using a photocatalytic
reactor. The percentage of paracetamol (%) that was degraded in an aqueous solution
was varied to determine the photocatalyst′s effectiveness. The UV–Vis spectrophotometer
was used to examine the paracetamol effluents following the photocatalytic reaction at
the highest absorption wavelength (λmax = 243 nm). Equation (10) was used to assess the
percentage of paracetamol degradation.

% Degradation =
Co −Ct

Co
× 100 (10)

where Co is the initial paracetamol concentration and Ct is the concentrations of paracetamol
after the photocatalysis reaction.
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4. Conclusions

The present study considers the use of a hydrothermal reaction to synthesize NiWO4,
CoWO4, and their heterojunction NiWO4/CoWO4 nanocomposite materials. The synthe-
sized materials were subjected to various structural, morphological, and optical tests to
confirm their correct formation and to test the hypothesis of the research. The FTIR analysis
confirmed the formation of the heterojunction through electrostatic interactions between
CoO6 and NiO6 octahedra in the corners with a WO6

6− frame in a wolframite monoclinic
lattice. The outcomes of the FTIR studies were further supported by the XRD studies, with
an increase in dislocation density to 2.75 in NiWO4/CoWO4 from 1.35 in CoWO4 and
2.03 NiWO4. The heterojunction formation also resulted in a contraction in Scherer particle
size to 19.07 nm for NiWO4/CoWO4, which was also found to be in close agreement
with the TEM analysis. The SEM–TEM analysis resulted in the formation of a mitigated
wolframite monoclinic structure for the synthesized heterojunction nanocomposite, with
an average particle size of around 20 nm. The EDX analysis confirmed the presence of
Ni, Co, W, and O in the synthesized nanocomposite material. The UV–Vis spectroscopy
revealed the values of the energy band gap for NiWO4 (3.04 eV), CoWO4 (2.32 eV), and
NiWO4/CoWO4 (1.14 eV), which supported the conclusion that the formation of hetero-
junction results in a contraction in the energy bandgap. The synthesized materials were
explored as photocatalysts for the degradation of the paracetamol drug under UV light
radiation. The optimized operational parameters were found be to 120 min irradiation time,
pH 9, and 10 mg of catalyst dose with 50 ppm of paracetamol. At optimized conditions,
the photocatalytic efficiencies of the synthesized nanocatalysts were calculated as 96.50%
for NiWO4, 97.12% for CoWO4, and 97.42% for NiWO4/CoWO4 NC. The values of the
apparent rate constant obtained from the Langmuir–Hinshelwood model were found to
be 0.015 min−1 for NiWO4, 0.017 min−1 for CoWO4, and 0.019 min−1 for NiWO4/CoWO4
NC. The high values of the rate constant suggested the high photocatalytic efficiency of
the heterojunction NC NiWO4/CoWO4. The outcomes of this study suggest that the
heterojunction NiWO4/CoWO4 NC can be used for photocatalytic degradation of other
pharmaceutical pollutants with high efficiency.
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Abstract: The removal of three acid pharmaceuticals—clofibric acid (CLA), diclofenac (DCL), and
indomethacin (IND)—by a biological-photocatalytic sequential system was studied. These phar-
maceutical active compounds (PhACs) are considered to persist in the environment and have been
found in water and sewage, producing adverse effects on the aquatic environment. For the biological
process, in batch experiments, a fixed bed bioreactor and activated sludge (hybrid bioreactor), under
aerobic conditions, was used as pretreatment. The pretreated effluent was exposed to a photocat-
alytic process employing TiO2 nanotubular films (NTF-TiO2) with the following characteristics: an
internal diameter of 112 nm, a wall thickness of 26 nm, nanotube length of 15 µm, a roughness factor
of 1840 points, and an anatase-rutile crystalline structure. In the hybrid bioreactor, 39% IND and
50% ACL and DCL were removed. The biological-photocatalysis sequential system achieved the
degradation of up to 90% of the initial concentrations of the three acid pharmaceuticals studied. This
approach appears to be a viable alternative for the treatment of these non-biodegradable effluents.

Keywords: persistent acid pharmaceuticals; sequential system; biological-photocatalytic processes;
NTF-TiO2; fixed bed bioreactor

1. Introduction

Pharmaceutical active compounds (PhACs), many of which are pervasive, recalcitrant,
and biologically active substances, have incited growing concern, mainly because no legisla-
tion has been established for their discharge into surface water bodies [1,2]. Vast quantities
of PhACs are used all over the world and are able to reach the aquatic environment via
urinary excretion and the unsuitable disposal of medication. Hence, these compounds
have been found in wastewaters and in surface waters, as they are currently not completely
eliminated in wastewater treatment plants (WWTPs) [3,4]. Numerous studies have shown
that levels of PhACs are high in aquatic environments and that there is a risk of adverse
effects on aquatic organisms. Pharmaceuticals have been found in freshwater environments
at concentrations above the threshold for pharmacological effects on fish [5,6].

Among PhACs, a group that has recently received a lot of attention due to its per-
sistent occurrence in different water sources is that of analgesic and non-steroidal anti-
inflammatory drugs (NSAIDs). This group currently comprises more than one hundred
compounds that are widely used around the world. Another important and regularly ob-
served group of PhACs is lipid regulators. Lipid regulators are widely used and are one of
the most common PhAC groups, according to consumption and prescriptions [7,8]. Among
PhACs, clofibric acid (CLA), diclofenac (DCL), and indomethacin (IND) are commonly
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detected in aquatic environments due to their incomplete removal during wastewater treat-
ment processes. As such, these compounds are receiving increasing attention as recalcitrant
environmental contaminants [9–12]. For some PhACs, considerably higher removal rates
have been achieved through the use of biofilm carriers compared to activated sludge [13,14],
suggesting that the further optimization of the biological micropollutant removal processes
is within the realm of possibility. Hybrid suspended/attached growth processes combine
biofilm carriers and activated sludge into a single treatment procedure. The probability of
achieving effective removal using an attached growth biomass is high, as it comprises a
diverse bacterial community with aerobic, anoxic, and anaerobic actions [15].

In addition, advanced oxidation processes (AOPs) have been proposed as tertiary treat-
ments for WWTP effluents due to their versatility and ability to increase the biodegradabil-
ity and detoxification of effluent streams containing polar and hydrophilic chemicals [16].
The principle of AOPs is based on the in situ generation of highly reactive transitory species
(i.e., H2O2, OH•, O2

•−, and O3) for the mineralization of refractory organic compounds [17].
Within the most extensively used AOPs, heterogeneous photocatalysis (HP) occurs. The
principle of HP is based on the excitation of a semiconductor (i.e., TiO2) by light (UV or
visible) [18]. Titanium dioxide is a wide-band gap semiconductor that is frequently used in
photocatalysis, as it is easily available, stable to photochemical corrosion, cheap, non-toxic,
and has excellent photocatalytic activity [19–22].

TiO2 powders have been used for many years in the area of photocatalysis and their
benefits have accelerated progress in the field. Nevertheless, this material has several
shortcomings: it is difficult to disperse and to reuse, it is easily agglomerative, it has low
light response properties, and, finally, it causes environmental contamination when used
inadequately. The introduction of TiO2 nanotube arrays (NT-TiO2), a novel form of TiO2,
has resolved these problems. The structural parameters of NT-TiO2, such as its specific
surface area, wall thickness, tube length, and crystalline phase, have important effects on the
photocatalytic activity of nanotube arrays [23,24]. NT-TiO2 have been extensively applied
for the degradation of various organic microcontaminants, such as azo dyes, phenols, and
PhACs, among others [25–29].

The coupling of a biological process to an AOP is applied to treat wastewater contain-
ing refractory compounds and to limit the high treatment costs associated with chemical
oxidation. In these coupled processes, chemical oxidation can be used as a pre-treatment to
decrease toxicity or as a post-treatment for the final cleansing of the wastewater [30]. The
measurements of the efficiency of the combined process depend on the purpose of the treat-
ment; however, it is usually necessary to independently optimize each of the two stages,
i.e., biological and chemical [31]. To augment the elimination of pharmaceutical products,
conventional and alternative wastewater treatment processes and their combinations have
been researched [32–34]. Nonetheless, the literature on the elimination of CLA, DCL, and
IND using coupled biological–AOP systems is scarce.

Some research has been carried out to study the removal of various pharmaceutical
products using biological methods combined with POA. Wilt et al. (2020) [35] used a
combined process, i.e., photocatalysis UV/TiO2–biological, to efficiently remove eight out
of nine studied compounds (atenolol, atorvastatin, caffeine, carbamazepine, diclofenac,
gemfibrozil, fluoxetine, ibuprofen, and naproxen). They determined that the degree of
biodegradation following photocatalysis was improved for some drugs (caffeine, diclofenac,
gemfibrozil, and ibuprofen) while for others, such as carbamazepine, the approach was
ineffective. In 2019, Wang et al. [36] investigated the mineralization of amoxicillin via an
intimately coupled photocatalysis (Ag-doped TiO2) and biodegradation (biofilm) process.
The results they obtained using the combined process showed removal rates 40% greater
than when using photocatalysis alone, and 65% higher than when using biodegradation
alone. The degree of mineralization was around 35% with the combined process, while in
the separate processes, it was minimal. Zupanc et al. (2013) [37] studied the removal effi-
ciencies for clofibric acid, ibuprofen, naproxen, ketoprofen, carbamazepine, and diclofenac
by two treatment processes: a suspended, activated sludge and moving bed biofilm process
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(MBBR) and hydrodynamic cavitation (HC) with the addition of H2O2 and UV irradi-
ation. The highest average removals of all the investigated compounds were achieved
when the biological treatment (MBBR), HC/H2O2 process, and UV treatment were applied
consecutively.

The main objective of this study was to assess the feasibility of a hybrid biological
process (i.e., a fixed bed bioreactor and activated sludge) sequenced to a photocatalysis
process employing TiO2 nanotubular films (NTF-TiO2) for the removal of three acidic
PhACs (clofibric acid, diclofenac, and indomethacin).

2. Results and Discussion
2.1. Biological Process

The hybrid bioreactor (HBR) was operated as a hybrid reactor using two processes:
activated sludge and adhered biomass supported in biomedia. The HBR bioreactor operated
for 86 days (28 cycles). During this period, the dissolved oxygen (DO) level varied in the
range of <1 and 5 mg L−1, with a pH of 7.5 ± 0.2 and a temperature inside the reactor of
22 ◦C ± 2 ◦C.

2.1.1. Biomass Acclimatization

The duration of the HBR acclimatization phase was 46 days (cycle 1 to 7). The
acclimation began with a concentration of 2 mg L−1 of the PhACs dissolved in methanol
(MeOH). During this phase, the removal efficiencies fluctuated between 3% and 17% for
the CLA, 8% and 18% for the DCL, and 5 and 15% for the IND. The reaction time was
192 h to 72 h; this could have been the consequence of a non-acclimated biomass and an
immature biofilm since biofilms need a long maturation time [38]. Regarding the total
organic carbon (TOC) concentration, the removal of TOC was observed to be unstable, as
it fluctuated between 20% and 50%. The low removal of TOC during the first days is a
normal process in the start-up phase, because the biomass is not acclimated to the removal
of PhACs. To consider an acclimatized biomass, 80% PhAC removal was set; however,
due to drug recalcitrance, which involves complex structures that bacteria find difficult to
degrade, fixed removal efficiencies were not achieved, so it was considered to take as an
adaptation criterion the removal of 80% of the TOC. This adaptation was reached in cycle 7.
According to the stoichiometric reaction, it was observed that the greatest contribution of
carbon was due to MeOH, which acted as a co-substrate, providing an easily degradable
carbon source for the bacteria. Table 1 summarizes the HBR’s operating parameters during
the acclimatization phase.

Table 1. Operating parameters of the HBR bioreactor during the acclimatization phase: cycle, reaction
time, TOC concentration, and removal % of TOC, ACL, DCL, and IND.

Cycle Reaction
Time (h)

mg L−1 TOC
Influent

% Removal
TOC

% Removal

ACL DCL IND

1 192 155.57 21.50 18.0 18.8 31.8
2 192 143.43 29.74 4.5 8.4 10.2
3 192 148.52 51.12 6.8 17.3 7.3
4 148 174.24 55.18 11.8 7.4 12.9
5 148 188.15 74.35 17.6 11.9 5.0
6 148 144.44 52.33 2.9 8.1 14.6
7 72 166.15 80.19 3.0 18.2 11.9

2.1.2. Behavior of Biomass and Total Suspended Solids

The biomass was determined as volatile suspended solids in the mixed liquor (MLVSS).
Figure 1 shows the evolution of the biomass that oscillated between 1800 and 1300 mg L−1.
During the first 40 days of the reactor’s operation, a decrease in biomass was observed,
causing a loss in bacterial activity, which was a product of the process of the biomass’
adaptation to the degradation of the PhACs. To strengthen the biomass, for 12 days (cycle
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8 to 11), only MeOH (0.02%) was added as an easily degradable substrate. At 58 days, the
amount of biomass gradually increased until reaching 1800 mg L−1. The results showed
that there was a sufficient degree of biomass recovery in order to synthesize new cells.

The total suspended solids (TSS) in the HBR effluent decreased from 216 mg L−1 to
25 ± 3 mg L−1 (Figure 1) as a result of the reactor’s stabilization. Some authors [39–42]
have reported poor sludge settleability and high solids in the effluent when operating at
low DO concentrations. In this work, no negative impacts on the sludge’s settleability
were observed when the reactor operated at DO concentrations < 1 mg/L. The operating
conditions of the reactor favored the growth of bacteria capable of forming favorable flocs
for a good settleability and development of biomass.
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Figure 1. Behavior of biomass ( ) and TSS (∆).

2.1.3. Total Organic Carbon

After the acclimatization phase, a decrease in TOC removal was observed due to
biomass inhibition. As a strategy to strengthen the biomass, the addition of the PhACs
was suspended (cycle 8 to 11), adding only MeOH (0.02%) to the HBR. At this phase, the
average TOC removal was 79% with reaction times of 72 h. After this recovery phase,
the PhACs were again added to the HBR. From this phase (cycle 12 to 28), the removal
efficiencies gradually increased up to 90% ± 5%. The reaction time was optimized from
192 h to 24 h. Figure 2 presents the total organic carbon (TOC) concentration in the influent
and effluent and the removal efficiency during all the operation periods of the HBR.
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2.1.4. PhACs Biodegradation

After the biomass recovery phase, removal efficiencies of 39% were obtained for the
IND and 50% for the ACL and DCL. The evolution of the removal efficiencies and reaction
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times during the operation of the reactor are presented in Figure 3a–c. The removal of the
PhACs investigated in the present study fell into the range reported in [43–45].

Catalysts 2022, 12, 1488  5  of  16 
 

 

2.1.4. PhACs Biodegradation 

After the biomass recovery phase, removal efficiencies of 39% were obtained for the 

IND and 50% for the ACL and DCL. The evolution of the removal efficiencies and reaction 

times during the operation of the reactor are presented in Figure 3a–c. The removal of the 

PhACs investigated in the present study fell into the range reported in [43–45]. 

Some  authors  attribute high PhAC  removal  to  the  substrate  and  redox gradients 

within the biofilm, which may induce vastly stratified microbial communities, with mi‐

croorganisms adapted to easily degradable organic substrates in the outer part of the bio‐

film and microorganisms adapted to the remaining and hardly degradable organic sub‐

strates in the inner part of the biofilm [14,38]. 

On the other hand, the addition of MeOH as a source of external carbon can lead to the 

development of a diverse microbial community that favors the growth of nitrifying bacteria 

associated with the biodegradation and biotransformation of PhACs [15,38,46–48]. 

 

 

 

Figure 3. Evolution of the removal efficiencies and reaction times. (a) CLA; (b) DCL; (c) IND.

Some authors attribute high PhAC removal to the substrate and redox gradients within
the biofilm, which may induce vastly stratified microbial communities, with microorgan-
isms adapted to easily degradable organic substrates in the outer part of the biofilm and
microorganisms adapted to the remaining and hardly degradable organic substrates in the
inner part of the biofilm [14,38].

On the other hand, the addition of MeOH as a source of external carbon can lead to
the development of a diverse microbial community that favors the growth of nitrifying
bacteria associated with the biodegradation and biotransformation of PhACs [15,38,46–48].
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2.2. Biological-Photocatalytic Sequential System

Since the fixed efficiencies criterion (80% PhACs removal) was not achieved and,
consequently, there were still remnants of the PhACs not removed in the HBR bioreactor,
coupling to photocatalysis was performed. To determine the operating conditions of the
photocatalysis process, the effluent of the HBR bioreactor was used. The parameters
evaluated to determine the optimal operating conditions in the photocatalytic process
were the area of the NTF-TiO2 catalyst, the wavelength of UV radiation (UV-A and UV-C),
and pH.

2.2.1. NTF-TiO2 Catalyst

Some factors that influence the efficiency of photocatalysis using NTF-TiO2 are the
morphology and structure (including the thickness of the tube wall), diameter, and length
of the nanotubes [27]. In our study, NTF-TiO2 with a wall thickness of 26 nm, a length of
65 µm, and a diameter of 112 nm were used. In comparison with other reported works,
they are four times larger with respect to length and up to 12 times larger with respect to
diameter [49]. Smith et al. 2009 [50] observed that as the diameter, length, and thickness of
the NTF-TiO2 increase, higher photocatalytic activity is observed. Figure 4 shows some
Field Emission Scanning Electron Microscopy (FE-SEM) images of the morphological
characteristics. Figure 4a shows the open top view, whereas Figure 4b,c show the cross
section of the nanofilm.
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With respect to the crystalline structure, Figure 5 presents the X-ray Diffraction (XRD)
spectrum of the NTF-TiO2. The XRD spectrum shows the main presence of anatase (JCPDS
Card # 21-1272) in coexistence with rutile phases (JCPDS card # 21-1276), observing a very
intensive peak of anatase together with two other medium intensive anatase peaks. From
the XRD spectrum, it can be observed that the major peak corresponds to the anatase
phase. As reported, the crystalline structure plays an important role in the photoactivity
of the NTF-TiO2; for instance, with the crystalline structure anatase as the major phase in
combination with rutile, the best photocatalytic performance was determined, followed by
the rutile phase and amorphous structures [51]. In this study, the presence of the anatase
phase in a greater proportion was a factor that favored the degradation of the PhACs,
which has been reported in studies on the influence of crystal structure on the removal of
diverse molecules such as PhACs [52,53], phenols [27], and dyes [25].
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2.2.2. pH Effect

In the photocatalytic process, the generation of hydroxyl radicals is a function of pH.
Thus, pH is an important parameter in photocatalytic reactions [54]. In this study, we
investigated the effect of pH on photocatalytic performance. The experiments were carried
out employing a 4 cm2 area of NTF-TiO2 and UV-A radiation. The studied pH levels were
3.5 ± 0.2 and 7.3 ± 0.2. After 48 h of reaction, the best performance was evidenced at pH
3.5 with removal efficiencies of 97% for the CLA and 100% for the IND and DCL. In the
case of pH 7.3, after 72 h of reaction, the removals were 38%, 61%, and 82% for the CLA,
DCL, and IND respectively. This influence of pH on the photodegradation of PhACs, using
TiO2 catalyst, is consistent with that reported by Molinari et al. in 2006 [55]. The previous
results may be due to the fact that when working at pH 3.5 and 7.2, on the one hand, the
ionization of PhACs is favored, since their pKa are 3.18, 4.10, and 4.50 for CLA, DCL, and
IND, respectively, while on the other hand, the isoelectric point (PZC) reported for TiO2 [17]
is in the pH range of 4.5 and 7.0; thus, at pH lower than PZC, the catalyst acquires a positive
charge and gradually exerts a electrostatic attraction force towards the ionized species of
the PhACs favoring adsorption on the TiO2 surface for subsequent photocatalytic reactions.

Several authors [50,56,57] have already reported the influence of pH on TiO2 through
the photocatalytic degradation of PhACs and found minimal influence in the near neutral
pH range. In our study, as shown in Table 2, the best removal efficiencies were achieved at
pH 3.5; however, the average pH of the biological treatment effluents was 7.3 ± 0.2, so the
high removal efficiencies achieved at pH 7.3 are an important finding, since the biological
treatment effluent can be treated directly without treatment prior to photocatalysis. On
the other hand, there is an advantage of showing that the removal efficiency through a
sequenced biological process to photocatalysis in acidic and near neutral pH conditions
can be an alternative treatment for wastewaters with different pH conditions. Nevertheless,
it is better to evaluate the effect of pH on photodegradation in a way that considers the
contaminant properties, the type of photocatalyst, and the effluent to treat.

2.2.3. Effect of the NTF-TiO2 Area and UV Radiation

Experiments were carried out using a film of NTF-TiO2 (area 2 cm2) and with two
films of NTF-TiO2 (area 4 cm2), UV-A radiation, and pH 7.5. The results of the biological-
photocatalytic sequential system under different operating conditions are presented in
Table 2. In the experiments using an area of 2 cm2, the degree of photodegradation was
26% for the ACL, 62% for the DCL, and 84% for the IND after 72 h of reaction (Table 2).
Whereas when the catalyst area was increased to 4 cm2, no changes in photodegradation
were observed. The removals were 38%, 61%, and 82% for CLA, DCL, and IND, respectively.
Subsequently, experiments with 4 and 8 cm2 of NTF-TiO2 area, applying UV-C radiation,
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and at pH 7.4 were carried out. When UV-C radiation and the 4 cm2 area of NT-TiO2 were
used, an increase in the removal was observed for the three PhACs. The removals were
100%, 77%, and 64% for the CLA, DCL, and IND, respectively. The reaction time was 5 h.
When increasing the area of the NTF-TiO2 to 8 cm2 under the same conditions of pH and
UV radiation, a further removal was favored, reaching 100% degradation for the DCL
and IND. The photodegradation times were 5 h for IND and 2 h for DCL. The CLA was
photodegraded up to 90% over a reaction time of 3 h (Table 2).

Table 2. Results of the biological–photocatalytic sequential system under different operating condi-
tions.

Experiments

UV-365 nm (UV-A) UV-254 nm (UV-C)

2 cm2 NTF-TiO2 4 cm2 NTF-TiO2 4 cm2 NTF-TiO2 8 cm2 NTF-TiO2

pH 7.5 pH 3.5 pH 7.3 pH 7.4

RT = 72 h RT = 48 h RT = 72 h RT = 5 h RT

PhACs Removal Efficiencies (%)

CLA 26 97 38 100 90 (3 h)

DCL 62 100 61 77 100 (2 h)

IND 84 100 82 64 100 (5 h)

RT = reaction time.

The experiments carried out without the nanotubes (control photolytic experiments)
were performed only at a pH of 7.3, since it is the average pH of the biological treatment
effluent. The removal efficiencies were 3%, 5%, and 25% for CLA, DCL, and IND, respec-
tively, after 4 h of reaction and UV-C radiation (254 nm), so the effect of photolysis alone is
not sufficient to achieve the total removal of the PhACs.

2.3. Kinetic Study

The reaction kinetics of the photocatalytic process were determined. The concentration
was determined by UV–Vis spectroscopy and HPLC. The reaction kinetics of the PhAC
mixture were determined by applying UV-A and UV-C radiation, pH 7.4, and areas of
4 cm2 and 8 cm2. The NTF-TiO2 films were first immersed in the PhACs mixture (effluent
of HBR bioreactor) in the dark for 30 min to reach the adsorption equilibrium. Then, the
light was turned on (t = 0 min) and photocatalytic degradation occurred. Figure 6a shows
the absorption spectrum of the CLA, DCL, and IND mixtures obtained from the monitoring
of the reaction kinetics using UV–Vis, an area of 8 cm2 of NTF-TiO2, UV-C radiation, and
pH 7.4. Figure 6b shows the absorption spectra of CLA, DCL, and IND.
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Figure 7 shows the results of the photocatalytic degradation of the CLA, DCL, and
IND mixtures, which follow a first order reaction model. Figure 7a shows the degradation
kinetics using UV-A radiation and a 4 cm2 area of the NTF-TiO2, Figure 7b shows the
degradation kinetics using UV-C radiation and a 4 cm2 area of the NTF-TiO2, and Figure 7c
shows the degradation kinetics using UV-C radiation and an area of 8 cm2 of NTF-TiO2.
The results in Figure 7 confirm the data presented in Table 2.
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The concentrations of the PhACs mixture, the results of the kinetic constants, the
correlation coefficient, and the percentage removal (%) of the kinetic study of the biological-
photocatalysis sequential system are summarized in Table 3. Based on the results, it can
be observed that the photoactivity was the lowest—with rate constants of 0.0042, 0.0091,
and 0.0121 for the CLA, DCL, and IND, respectively, and with removals of 33.27, 76.07, and
83.97% after 72 h—when UV-A radiation was used. By increasing the area of NTF-TiO2 and
applying UV-C radiation, the photoactivity increased significantly, showing better results
when using an area of 8 cm2 with the rate constants of 0.1304, 0.4855, and 0.1871 for CLA,
DCL, and IND, respectively, and removals of 89.95% for CLA and 100% for the DCL and
IND after 5 h, 2 h, and 4 h, respectively. Figure 8 shows the comparison of the achieved
rate constants (Figure 8a) and removals (Figure 8b).

Table 3. Kinetic constants, correlation coefficients, and PhACs removal percentage (%) from kinetic
study of the biological-photocatalysis sequential system.

PhACs mg L−1 UV-A/4 cm2

K (h−1)
Removal

(%) mg L−1 UV-C/4 cm2

K (h−1)
Removal

(%) mg L−1 UV-C/8 cm2

K (h−1)
Removal

(%)

CLA 1.93 0.0042
(R2 = 0.9358) 33.27 1.75 0.3255

(R2 = 0.8299) 99.88 2.40 0.1304
(R2 = 0.5651) 89.95

DCL 1.88 0.0091
(R2 = 0.8444) 76.07 1.27 0.1240

(R2 = 8698) 76.80 2.57 0.4855
(R2 = 0.8588) 100

IND 2.63 0.0121
(R2 = 0.9156) 83.97 2.69 0.1167

(R2 = 0.5311) 64.10 1.24 0.1871
(R2 = 0.8413) 100
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The results presented in Figure 8 correspond to the performance of NTF-TiO2 as a
catalyst when irradiated with UV radiation (being initially in their basal state), wherein they
absorb the energy of the light and thereby form an excited state that can lead to photochem-
ical reactions, such as the breaking of bonds [58]. The energy at a wavelength of 254 nm
(UV-C) is greater that at a UV-A wavelength, which favors photodegradation. In addition,
the absorption spectrum of the PhACs (Figure 6b) shows maximum absorption in the UV-C
region. These results are consistent with previous studies, where the photodegradation
of organic molecules (PhACs and azo-type dyes) was investigated using UV irradiation
at various wavelengths [58–62]. With respect to the area of NTF-TiO2, the results showed
that increasing the area of the nanofilms increased removal due to a larger quantity of
nanotubes; therefore, the ability to adsorb light and generate photo-induced electron-hole
pairs inactive sites was greater, which led to an increase in photodegradation efficiency.
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3. Materials and Methods
3.1. Reagents

PhACs of standard grade ≥ 98% purity, namely, clofibric acid (CLA), diclofenac (DCL),
and indomethacin (IND); substances of nutrient mineral medium [63]; ethylene glycol; and
NH4F were acquired from Sigma Aldrich. Figure 9 shows the chemical structures of the
utilized pharmaceuticals.
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3.2. Hybrid Biological Process

For the inoculation of the HBR, the activated sludge was obtained from the wastewater
treatment plant ECCACIV, located in Jiutepec-Morelos, México.

3.2.1. Biomass Acclimatization and Operation Strategy

The biomass was acclimatized to the pharmaceuticals by feeding nutrient mineral
medium (Table 4) and CLA, DCL, and IND dissolved in MeOH. Inlet concentrations of
PhACs were about 2 mg L−1. The adaptation of microorganisms for treating wastewater
was carried out with variable reaction cycles to reach the acclimatization of biomass for
degradation of PhACs using the criteria-fixed efficiencies [64], which consisted of allowing
biomass to adapt to degradation of 80% of PhACs. The experiments were performed in
batches. These batch experiments were carried out in 4 stages: filling, reaction, sedimenta-
tion, and emptying.

Table 4. Composition of nutrient mineral medium.

Substances mg L−1

K2HPO4 65.25

Na2HPO4·2H2O 100.2

KH2PO4 25.5

NH4Cl 7.5

MgSO4·7H2O 22.5

CaCl2·2H2O 27.5

FeCl3·6H2O 0.25

H3BO3 0.06

MnSO4·H2O 0.04

ZnSO4·7H2O 0.04

(NH4)6·Mo7O24 0.03

EDTA 0.1

3.2.2. Experimental System (HBR Bioreactor)

The experimental set up consisted of an acrylic reactor with a total volume of 6.5 L
and a useful volume of 4 L. For the control of loading, recirculating, and discharge, two
peristaltic pumps were used (Master Flex, Cole Palmer, Vernon Hills, Chicago, IL, USA).
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The air inside the reactor was distributed from the bottom of the reactor through a porous
diffuser with an air pump. For HBR configurations, 50% of the useful volume of reactor
was filled with high-density polypropylene plastic carriers (biomedia AMB, DYNAMIC
AQUA SCIENCE, Kirkland, AZ, USA).

The control parameters of the HBR were the concentrations of biomass measured as
MLVSS, TSS, TOC and PhACs, DO, pH, and temperature.

3.3. Photocatalytic System

The effect of pH, area of NTF-TiO2, and UV radiation, on the photocatalytic perfor-
mance of NTF-TiO2 were investigated.

3.3.1. TiO2 Nanostructures Films

NTF-TiO2 were synthesized by the electrochemical anodization technique. Electro-
chemical anodization experiments were performed in a nonaqueous electrolytic solution
of ethylene glycol (3 vol% H2O) + 0.25 wt% NH4F. The anodization process lasted 11.5 h,
maintaining a constant voltage of 60 V at room temperature. After anodization, the samples
were rinsed with deionized water and dried in a N2 stream. The total area anodized was
2 cm2. The morphological and structural characterization of NTF-TiO2 was carried out by
means of FE-SEM and an XRD.

3.3.2. Biological-Photocatalytic Sequential System

Photocatalysis experiments were performed in a glass cell with a water recirculation
jacket to control the temperature, using 60 mL of the effluent from the HBR, which contained
CLA, DCL, and IND not removed by the biological system. The sample for photocatalysis
was taken immediately after finishing the cycle of the biological process.

The glass cell was irradiated with UV-A (365 nm) or UV-C (254 nm) lamps and in
dark conditions. For the optimization of the process, experiments were carried out with
two different pH values: 7.3 ± 0.2 and 3.5 ± 0.2, employing 2, 4, and 8 cm2 areas of
NTF-TiO2. Once the optimal conditions of operation were determined, reaction kinetics
were performed. The scheme of biological-photocatalytic sequential system is shown in
Figure 10.
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3.3.3. Analytical Methods

PhACs concentrations were determined by high performance liquid chromatograph
HPLC 1100 (Agilent, Mexico City, Mexico), which was equipped with Zorbax Eclipse XDB
C-18 (250 mm × 4.6 mm × 5 µm) column (LEACSA SA de CV, Mexico City, Mexico) at
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35 ◦C and a UV detector with a wavelength of 230 nm. The mobile phase, with a flow rate of
0.8 mL/min, was composed of acetonitrile:1% acetic acid water mixture with a volumetric
ratio of 65:35. The volume of the injected sample was 10 µL. The samples to determine the
concentration of the PhACs were previously centrifuged at 3000 rpm for 15 min and then
filtered through a membrane of 45 µm. PhACs absorption spectra were determined by a
spectrophotometer UV–VIS Lambda 25, Perkin Elmer (Perkin Elmer de México, Mexico
City, Mexico). TOC of samples was analyzed using a TOC analyzer (Torch TELEDYNE
Tekmar, MAC Analítica SA de CV, Estado de México, Mexico). Samples were centrifuged
at 3000 rpm for 15 min, and then they were filtered through fiberglass paper. The control
parameters—DO, temperature, and pH—were determined by APHA Methods 2005 [65].

3.4. Kinetic Study

Kinetic analysis was performed considering a first order reaction (Equation (1)) [66].
The rate constant (k) of the photocatalytic reaction for the PhACs degradation process was
determined through Equation (1).

ln(C/C0) = −k × t (1)

where C corresponds to PhACs concentration at time t, C0 represents the PhACs initial
concentration of the sample, and t is the time at which the sample was taken.

The kinetic curves for PhACs degradation were obtained by a non-linear relationship
(C/C0 vs. t) for each treatment [67].

4. Conclusions

In this study, a biological process utilizing a bioreactor (HBR) sequenced to perform
photocatalysis using NTF-TiO2 for the degradation of CLA, DCL, and IND was optimized.

In the hybrid bioreactor (HBR), the overall removal for IND was 39%, whereas for
CLA and DCL the overall removals were 50% over a reaction time of 24 h. The degradation
of organic carbon measured as TOC was 92%.

In the biological-photocatalysis sequential system, the overall removal efficiency for
the CLA was 90%, whereas for DCL and the IND it was 100% (below the LOD) after 29 h of
treatment (24 h of biological process and 5 h of photocatalysis).

It was shown that the photocatalytic degradation reaction of PhACs follows a first-
order kinetics pattern, which was dependent on the UV radiation and the area of NTF-TiO2.
The optimal operating parameters were applying UV-C radiation and using 8 cm2 of
NTF-TiO2.

The results indicated that the biological-photocatalysis sequential system is a promis-
ing method for treating water contaminated with CLA, DCL, and IND.

Author Contributions: Conceptualization, R.M.M.-A.; methodology, M.J.C.-C., R.M.M.-A., C.C.-A.
and J.B.P.-N.; formal analysis, M.J.C.-C.; investigation, M.J.C.-C.; resources, M.J.C.-C. and C.C.-A.;
data curation, M.J.C.-C., R.M.M.-A., C.C.-A. and J.B.P.-N., writing—original draft preparation,
M.J.C.-C.; writing—review and editing, M.J.C.-C., R.M.M.-A., C.C.-A. and J.B.P.-N.; visualization,
R.M.M.-A.; supervision, R.M.M.-A.; project administration, R.M.M.-A., C.C.-A. and J.B.P.-N.; funding
acquisition, M.J.C.-C., R.M.M.-A., C.C.-A. and J.B.P.-N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank the Facultad de Ciencias Químicas e Ingeniería of Universidad
Autónoma del Estado de Morelos (UAEMorelos) and Centro de Investigación en Ingenierías (UAE-
Morelos) for their help with accomplishing the experiments. We also thank the National Science and
Technology Council of Mexico (CONACYT) for the scholarship granted to the first author.

Conflicts of Interest: The authors declare no conflict of interest.

169



Catalysts 2022, 12, 1488

References
1. Verlicchi, P.; Al Aukidy, M.; Zambello, E. Occurrence of Pharmaceutical Compounds in Urban Wastewater: Removal, Mass Load

and Environmental Risk after a Secondary Treatment—A Review. Sci. Total Environ. 2012, 429, 123–155. [CrossRef] [PubMed]
2. Mendoza, A.; Aceña, J.; Pérez, S.; López de Alda, M.; Barceló, D.; Gil, A.; Valcárcel, Y. Pharmaceuticals and Iodinated Contrast

Media in a Hospital Wastewater: A Case Study to Analyse Their Presence and Characterise Their Environmental Risk and Hazard.
Environ. Res. 2015, 140, 225–241. [CrossRef] [PubMed]

3. Boix, C.; Ibáñez, M.; Sancho, J.v.; Parsons, J.R.; Voogt, P.d.; Hernández, F. Biotransformation of Pharmaceuticals in Surface Water
and during Waste Water Treatment: Identification and Occurrence of Transformation Products. J. Hazard. Mater. 2016, 302,
175–187. [CrossRef]

4. Chonova, T.; Keck, F.; Labanowski, J.; Montuelle, B. Science of the Total Environment Separate Treatment of Hospital and Urban
Wastewaters: A Real Scale Comparison of Ef Fl Uents and Their Effect on Microbial Communities. Sci. Total Environ. 2016, 542,
965–975. [CrossRef]

5. Grabicova, K.; Lindberg, R.H.; Östman, M.; Grabic, R.; Randak, T.; Joakim Larsson, D.G.; Fick, J. Tissue-Specific Bioconcentration
of Antidepressants in Fish Exposed to Effluent from a Municipal Sewage Treatment Plant. Sci. Total Environ. 2014, 488–489, 46–50.
[CrossRef] [PubMed]

6. Ejhed, H.; Fång, J.; Hansen, K.; Graae, L.; Rahmberg, M.; Magnér, J.; Dorgeloh, E.; Plaza, G. The Effect of Hydraulic Retention
Time in Onsite Wastewater Treatment and Removal of Pharmaceuticals, Hormones and Phenolic Utility Substances. Sci. Total
Environ. 2018, 618, 250–261. [CrossRef] [PubMed]

7. Nikolaou, A.; Meric, S.; Fatta, D. Occurrence Patterns of Pharmaceuticals in Water and Wastewater Environments. Anal. Bioanal.
Chem. 2007, 387, 1225–1234. [CrossRef]

8. Feng, L.; van Hullebusch, E.D.; Rodrigo, M.A.; Esposito, G.; Oturan, M.A. Removal of Residual Anti-Inflammatory and Analgesic
Pharmaceuticals from Aqueous Systems by Electrochemical Advanced Oxidation Processes. A Review. Chem. Eng. J. 2013, 228,
944–964. [CrossRef]

9. Dordio, A.v.; Duarte, C.; Barreiros, M.; Carvalho, A.J.P.; Pinto, A.P.; Teixeira, C. Bioresource Technology Toxicity and Removal
Efficiency of Pharmaceutical Metabolite Clofibric Acid by Typha spp.—Potential Use for Phytoremediation? Bioresour. Technol.
2009, 100, 1156–1161. [CrossRef]

10. Basha, S.; Keane, D.; Morrissey, A.; Nolan, K.; Oelgemöller, M.; Tobin, J. Studies on the Adsorption and Kinetics of Photodegrada-
tion of Pharmaceutical Compound, Indomethacin Using Novel Photocatalytic Adsorbents (IPCAs). Ind. Eng. Chem. Res. 2010, 49,
11302–11309. [CrossRef]

11. Kim, I.; Yamashita, N.; Tanaka, H. Chemosphere Photodegradation of Pharmaceuticals and Personal Care Products during UV
and UV/H2O2 Treatments. Chemosphere 2009, 77, 518–525. [CrossRef]

12. Zhao, Y.; Kuang, J.; Zhang, S.; Li, X.; Wang, B.; Huang, J.; Deng, S.; Wang, Y.; Yu, G. Ozonation of Indomethacin: Kinetics,
Mechanisms and Toxicity. J. Hazard. Mater. 2017, 323, 460–470. [CrossRef]

13. Yu, T.H.; Lin, A.Y.C.; Lateef, S.K.; Lin, C.F.; Yang, P.Y. Removal of Antibiotics and Non-Steroidal Anti-Inflammatory Drugs by
Extended Sludge Age Biological Process. Chemosphere 2009, 77, 175–181. [CrossRef] [PubMed]

14. Falås, P.; Baillon-Dhumez, A.; Andersen, H.R.; Ledin, A.; La Cour Jansen, J. Suspended Biofilm Carrier and Activated Sludge
Removal of Acidic Pharmaceuticals. Water Res. 2012, 46, 1167–1175. [CrossRef] [PubMed]

15. Arya, V.; Philip, L.; Murty Bhallamudi, S. Performance of Suspended and Attached Growth Bioreactors for the Removal of
Cationic and Anionic Pharmaceuticals. Chem. Eng. J. 2016, 284, 1295–1307. [CrossRef]

16. Prieto-Rodríguez, L.; Oller, I.; Klamerth, N.; Agüera, A.; Rodríguez, E.M.; Malato, S. Application of Solar AOPs and Ozonation
for Elimination of Micropollutants in Municipal Wastewater Treatment Plant Effluents. Water Res. 2013, 47, 1521–1528. [CrossRef]

17. Chong, M.N.; Jin, B.; Chow, C.W.; Saint, C. Recent Developments in Photocatalytic Water Treatment Technology: A Review. Water
Res. 2010, 44, 2997–3027. [CrossRef]

18. Andronic, L.; Enesca, A.; Cazan, C.; Visa, M. TiO2-Active Carbon Composites for Wastewater Photocatalysis. J. Solgel. Sci. Technol.
2014, 71, 396–405. [CrossRef]

19. Sakkas, V.A.; Calza, P.; Medana, C.; Villioti, A.E.; Baiocchi, C.; Pelizzetti, E.; Albanis, T. Heterogeneous Photocatalytic Degradation
of the Pharmaceutical Agent Salbutamol in Aqueous Titanium Dioxide Suspensions. Appl. Catal. B 2007, 77, 135–144. [CrossRef]

20. Hu, L.; Flanders, P.M.; Miller, P.L.; Strathmann, T.J. Oxidation of Sulfamethoxazole and Related Antimicrobial Agents by TiO2
Photocatalysis. Water Res. 2007, 41, 2612–2626. [CrossRef] [PubMed]

21. Wang, J.; Yang, C.; Wang, C.; Han, W.; Zhu, W. Photolytic and Photocatalytic Degradation of Micro Pollutants in a Tubular Reactor
and the Reaction Kinetic Models. Sep. Purif. Technol. 2014, 122, 105–111. [CrossRef]

22. Dai, J.; Yang, J.; Wang, X.; Zhang, L.; Li, Y. Enhanced Visible-Light Photocatalytic Activity for Selective Oxidation of Amines into
Imines over TiO2(B)/Anatase Mixed-Phase Nanowires. Appl. Surf. Sci. 2015, 349, 343–352. [CrossRef]

23. Nakata, K.; Ochiai, T.; Murakami, T.; Fujishima, A. Photoenergy Conversion with TiO2 photocatalysis: New Materials and Recent
Applications. Electrochim. Acta 2012, 84, 103–111. [CrossRef]

24. Zhou, Q.; Fang, Z.; Li, J.; Wang, M. Applications of TiO2 Nanotube Arrays in Environmental and Energy Fields: A Review.
Microporous Mesoporous Mater. 2015, 202, 22–35. [CrossRef]

25. Lai, Y.; Sun, L.; Chen, Y.; Zhuang, H.; Lin, C.; Chin, J.W. Effects of the Structure of TiO2 Nanotube Array on Ti Substrate on Its
Photocatalytic Activity. J. Electrochem. Soc. 2006, 153, D123. [CrossRef]

170



Catalysts 2022, 12, 1488

26. Zhuang, H.; Lin, C. Some Critical Structure Factors of Titanium Oxide Nanotube Array in Its Photocatalytic Activity. Environ. Sci.
Technol. 2007, 41, 4735–4740. [CrossRef]

27. Liang, H.; Li, X. Effects of Structure of Anodic TiO2 Nanotube Arrays on Photocatalytic Activity for the Degradation of 2,3-
Dichlorophenol in Aqueous Solution. J. Hazard. Mater. 2009, 162, 1415–1422. [CrossRef] [PubMed]

28. Camposeco, R.; Castillo, S.; Navarrete, J.; Gomez, R. Synthesis, Characterization and Photocatalytic Activity of TiO2 nanostruc-
tures: Nanotubes, Nanofibers, Nanowires and Nanoparticles. Catal. Today 2016, 266, 90–101. [CrossRef]

29. Marien, C.B.D.; Cottineau, T.; Robert, D.; Drogui, P. Applied Catalysis B: Environmental TiO2 Nanotube Arrays: Influence of
Tube Length on the Photocatalytic Degradation of Paraquat. Appl. Catal. B 2016, 194, 1–6. [CrossRef]

30. Laera, G.; Chong, M.N.; Jin, B.; Lopez, A. An Integrated MBR-TiO2 Photocatalysis Process for the Removal of Carbamazepine
from Simulated Pharmaceutical Industrial Effluent. Bioresour. Technol. 2011, 102, 7012–7015. [CrossRef]

31. Oller, I.; Malato, S.; Sánchez-Pérez, J.A. Combination of Advanced Oxidation Processes and Biological Treatments for Wastewater
Decontamination—A Review. Sci. Total Environ. 2011, 409, 4141–4166. [CrossRef] [PubMed]

32. Leyva-Díaz, J.C.; López-López, C.; Martín-Pascual, J.; Muñío, M.M.; Poyatos, J.M. Kinetic Study of the Combined Processes of a
Membrane Bioreactor and a Hybrid Moving Bed Biofilm Reactor-Membrane Bioreactor with Advanced Oxidation Processes as a
Post-Treatment Stage for Wastewater Treatment. Chem. Eng. Process. Process Intensif. 2015, 91, 57–66. [CrossRef]

33. Lester, Y.; Aga, D.S.; Love, N.G.; Singh, R.R.; Morrissey, I.; Linden, K.G. Integrative Advanced Oxidation and Biofiltration for
Treating Pharmaceuticals in Wastewater. Water Environ. Res. 2016, 88, 1985–1993. [CrossRef]

34. Ganzenko, O.; Trellu, C.; Papirio, S.; Oturan, N.; Huguenot, D.; van Hullebusch, E.D.; Esposito, G.; Oturan, M.A. Bioelectro-Fenton:
Evaluation of a Combined Biological—Advanced Oxidation Treatment for Pharmaceutical Wastewater. Environ. Sci. Pollut. Res.
2018, 25, 20283–20292. [CrossRef] [PubMed]

35. De Wilt, A.; Arlos, M.J.; Servos, M.R.; Rijnaarts, H.H.M.; Langenhoff, A.A.M.; Parker, W.J. Improved Biodegradation of
Pharmaceuticals after Mild Photocatalytic Pretreatment. Water Environ. J. 2020, 34, 704–714. [CrossRef]

36. Wang, Y.; Chen, C.; Zhou, D.; Xiong, H.; Zhou, Y.; Dong, S.; Rittmann, B.E. Eliminating Partial-Transformation Products and
Mitigating Residual Toxicity of Amoxicillin through Intimately Coupled Photocatalysis and Biodegradation. Chemosphere 2019,
237, 124491. [CrossRef] [PubMed]

37. Zupanc, M.; Kosjek, T.; Petkovšek, M.; Dular, M.; Kompare, B.; Širok, B.; Blažeka, Ž.; Heath, E. Removal of Pharmaceuticals
from Wastewater by Biological Processes, Hydrodynamic Cavitation and UV Treatment. Ultrason. Sonochem. 2013, 20, 1104–1112.
[CrossRef] [PubMed]

38. De la Torre, T.; Alonso, E.; Santos, J.L.; Rodríguez, C.; Gómez, M.A.; Malfeito, J.J. Trace Organics Removal Using Three Membrane
Bioreactor Configurations: MBR, IFAS-MBR and MBMBR. Water Sci. Technol. 2015, 71, 761–768. [CrossRef]

39. Zeng, A.P.; Deckwer, W.D. Bioreaction Techniques under Microaerobic Conditions: From Molecular Level to Pilot Plant Reactors.
Chem. Eng. Sci. 1996, 51, 2305–2314. [CrossRef]

40. Chu, L.; Zhang, X.; Yang, F.; Li, X. Treatment of Domestic Wastewater by Using a Microaerobic Membrane Bioreactor. Desalination
2006, 189, 181–192. [CrossRef]

41. Martins, A.M.P.; Heijnen, J.J.; Van Loosdrecht, M.C.M. Effect of Dissolved Oxygen Concentration on Sludge Settleability. Appl.
Microbiol. Biotechnol. 2003, 62, 586–593. [CrossRef]

42. Stadler, L.B.; Su, L.; Moline, C.J.; Ernstoff, A.S.; Aga, D.S.; Love, N.G. Effect of Redox Conditions on Pharmaceutical Loss during
Biological Wastewater Treatment Using Sequencing Batch Reactors. J. Hazard. Mater. 2015, 282, 106–115. [CrossRef] [PubMed]

43. Bo, L.; Urase, T.; Wang, X. Biodegradation of Trace Pharmaceutical Substances in Wastewater by a Membrane Bioreactor. Front.
Environ. Sci. Eng. China 2009, 3, 236–240. [CrossRef]

44. Xue, W.; Wu, C.; Xiao, K.; Huang, X.; Zhou, H. Elimination and Fate of Selected Micro-Organic Pollutants in a Full-Scale
Anaerobic/Anoxic/Aerobic Process Combined with Membrane Bioreactor for Municipal Wastewater Reclamation. Water Res.
2010, 44, 5999–6010. [CrossRef] [PubMed]

45. Casas, M.E.; Chhetri, R.K.; Ooi, G.; Hansen, K.M.S.; Litty, K.; Christensson, M.; Kragelund, C.; Andersen, H.R.; Bester, K.
Biodegradation of Pharmaceuticals in Hospital Wastewater by Staged Moving Bed Biofilm Reactors (MBBR). Water Res. 2015, 83,
293–302. [CrossRef] [PubMed]

46. Krkosek, W.H.; Payne, S.J.; Gagnon, G.A. Removal of Acidic Pharmaceuticals within a Nitrifying Recirculating Biofilter. J. Hazard.
Mater. 2014, 273, 85–93. [CrossRef] [PubMed]

47. Stadler, L.B.; Love, N.G. Impact of Microbial Physiology and Microbial Community Structure on Pharmaceutical Fate Driven by
Dissolved Oxygen Concentration in Nitrifying Bioreactors. Water Res. 2016, 104, 189–199. [CrossRef]

48. Torresi, E.; Casas, M.E.; Polesel, F.; Plósz, B.G.; Christensson, M.; Bester, K. Impact of External Carbon Dose on the Removal of
Micropollutants Using Methanol and Ethanol in post-denitrifying Moving Bed Biofilm Reactors. Water Res. 2017, 108, 95–105.
[CrossRef]

49. Zhang, A.; Zhou, M.; Han, L.; Zhou, Q. The Combination of Rotating Disk Photocatalytic Reactor and TiO2 Nanotube Arrays for
Environmental Pollutants Removal. J. Hazard. Mater. 2011, 186, 1374–1383. [CrossRef]

50. Smith, Y.R.; Kar, A.; Subramanian, V.R. Kinetics, Catalysis, and Reaction Engineering Investigation of Physicochemical Parameters
That Influence Photocatalytic Degradation of Methyl Orange over TiO2 Nanotubes. Ind. Eng. Chem. Res. 2009, 48, 10268–10276.
[CrossRef]

171



Catalysts 2022, 12, 1488

51. Macak, J.M.; Zlamal, M.; Krysa, J.; Schmuki, P. Self-Organized TiO2 Nanotube Layers as Highly Efficient Photocatalysts. Small
2007, 3, 300–304. [CrossRef]

52. Nie, X.; Chen, J.; Li, G.; Shi, H.; Zhao, H.; Wong, P.K.; An, T. Synthesis and Characterization of TiO2 Nanotube Photoanode and Its
Application in Photoelectrocatalytic Degradation of Model Environmental Pharmaceuticals. J. Chem. Technol. Biotechnol. 2013, 88,
1488–1497. [CrossRef]

53. Ye, Y.; Feng, Y.; Bruning, H.; Yntema, D.; Rijnaarts, H.H.M. Applied Catalysis B: Environmental Photocatalytic Degradation of
Metoprolol by TiO2 Nanotube Arrays and UV- LED: EFfects of Catalyst Properties, Operational Parameters, Commonly Present
Water Constituents, and Photo-Induced Reactive Species. Appl. Catal. B Environ. 2018, 220, 171–181. [CrossRef]

54. Rezaei, M.; Royaee, S.J.; Jafarikojour, M. Performance Evaluation of a Continuous Flow Photocatalytic Reactor for Wastewater
Treatment. Environ. Sci. Pollut. Res. 2014, 21, 12505–12517. [CrossRef]

55. Molinari, R.; Pirillo, F.; Loddo, V.; Palmisano, L. Heterogeneous Photocatalytic Degradation of Pharmaceuticals in Water by Using
Polycrystalline TiO2 and a Nanofiltration Membrane Reactor. Catal. Today 2006, 118, 205–213. [CrossRef]

56. Gar, M.; Taw, A.; Ookawara, S. Enhancement of Photocatalytic Activity Journal of Environmental Chemical Engineering
Enhancement of Photocatalytic Activity of TiO2 by Immobilization on Activated Carbon for Degradation of Pharmaceuticals. J.
Environ. Chem. Eng. 2016, 4, 1929–1937. [CrossRef]

57. Burak Ozkal Can, M.S. A Comparative Heterogeneous Photocatalytic Removal Study on Amoxicillin and Clarithyromicin
Antibiotics in Aqueous Solutions Can. J. Water Technol. Treat. Methods 2018, 1, 4–8.

58. Kawabata, K.; Sugihara, K.; Sanoh, S.; Kitamura, S.; Ohta, S. Photodegradation of Pharmaceuticals in the Aquatic Environment by
Sunlight and UV-A, -B and -C Irradiation. J. Toxicol. Sci. 2013, 38, 215–223. [CrossRef]

59. Chang, M.T.; Wu, N.; Faqing, Z. A Kinetic Model for Photocatalytic Degradation of Organic Contaminants in a thin-film TiO2
catalyst. Water Res. 2000, 34, 407–416. [CrossRef]

60. Cortés, J.A.; Alarcón-Herrera, M.T.; Villicaña-Méndez, M.; González-Hernández, J.; Pérez-Robles, J.F. Impact of the Kind of
Ultraviolet Light on the Photocatalytic Degradation Kinetics of the TiO2/UV Process. Environ. Prog. Sustain. Energy 2011, 30,
318–325. [CrossRef]

61. Choi, J.; Lee, H.; Choi, Y.; Kim, S.; Lee, S.; Lee, S.; Choi, W.; Lee, J. Heterogeneous Photocatalytic Treatment of Pharmaceutical
Micropollutants: Effects of Wastewater Effluent Matrix and Catalyst Modifications. Appl. Catal. B 2014, 147, 8–16. [CrossRef]
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Abstract: Access to drinking water is a human right recognized by the United Nations. It is estimated
that more than 2.1 billion people lack access to drinking water with an adequate microbiological qual-
ity, which is associated to 80% of all diseases, as well as with millions of deaths caused by infections,
especially in children. Water disinfection technologies need a continuous improvement approach
to meet the growing demand caused by population growth and climate change. Heterogeneous
photocatalysis with semiconductors, which is an advanced oxidation process, has been proposed
as a sustainable technology for water disinfection, as it does not need addition of any chemical
substance and it can make use of solar light. Nevertheless, the technology has not been deployed
industrially and commercially yet, mainly because of the lack of efficient reactor designs to treat
large volumes of water, as most research focus on lab-scale experimentation. Additionally, very few
applications are often tested employing actual sunlight. The present work provide a perspective on
the operation trends and advances of solar heterogeneous photocatalytic reactors for water disinfec-
tion by systematically analyzing pertaining literature that made actual use of sunlight, with only
60 reports found out of the initially 1044 papers detected. These reports were discussed in terms
of reactor employed, photocatalyst used, microorganism type, overall disinfection efficiency, and
location. General prospects for the progression of the technology are provided as well.

Keywords: sunlight; reactor design; advanced oxidation processes; water treatment; water
potabilization

1. Introduction

As of 2010, the access to water has been recognized as a human right by the United
Nations. Water purposed for personal and domestic use should comply with sufficiency,
physical availability, safeness, and affordability [1]. Nevertheless, the World Health Organi-
zation (WHO) estimates that 30% of the global population, which accounts for 2.1 billion
people, lack access to water sources which meet guidelines for safe drinking water [2].
Water which does not observe those set guidelines cannot be considered as drinking water
and its consumption can be hazardous; it is estimated than the intake of unsafe water is
at fault for 80% of all of the world diseases [3]. Among these illnesses, infectious diseases
which are caused by pathogens, mainly bacteria and virus, are recurrent [4]. Some of them
are typhoid, cholera, dysentery, parasitic infections [3] or viral infections [4]. Water-borne
diseases can become lethal, especially if patients do not receive medical attention; these
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diseases cause 1.8 million deaths each year, children being the most vulnerable group.
Water quality improvement reduces this morbidity [3].

The WHO has also projected, that by year 2025, half of the world population will live
in water-stressed areas. To provide safe drinking water has become one of the biggest
challenges for mankind in the present century [5].

Among the WHO guidelines for drinking water, it is stated that no microorganism
known to be pathogenic should be contained within water, hence, drinking water should
be disinfected to ensure this guideline [6]. Water supply systems may use one or several
disinfection technologies in order to ensure no pathogenic microorganisms are present,
the selected technology depends on a plethora of factors, such as availability, water initial
microbial quality, and final quality intended or needed, cost effectiveness, volume required
or even level of automation and local level costs [7]. Table 1 lists some of the most used
water disinfection processes, along with some of their advantages and disadvantages.

Table 1. Advantages and disadvantages of some of the most used water disinfection technologies.

Water Disinfection Process Advantages Disadvantages

Chlorination Low cost; effective at low concentrations;
residual effect, widely available [8]

Formation of toxic byproducts; modified taste
and odor; ineffective against biofouling; cannot

kill parasite eggs [9,10]

Ozonation
High biocidal efficacy over a wide
antimicrobial spectrum; color, odor,

and taste control [11]

Lack of residual effect as ozone is unstable in
water; byproducts formation from bromide

and natural organic matter [12]

Disinfection with
colloidal silver

Well-known biocidal and disinfection
properties; able to remove organic compounds;

lacks the adverse effects of chlorination
and ozonation [13]

Relatively high cost and time inversion; loss of
effectivity over time [14]

Peracetic acid treatment
Low dependence on pH; high sterilization

ability; reduced toxic byproducts’ formation;
easy implementation [15]

Costly activation (UV light or metal catalysis);
not proven technical feasibility to inactivate
fungi, algae of microorganisms on biofilms;
scarce pilot plant applications which limit

economic feasibility evaluation [16]

Ultraviolet radiation
No chemical addition, reduce disinfection

byproduct (DBP) formation, high efficiency in
inactivating chlorine-resistant organisms [17]

Energy intensive; unsuitable for places
without stable energy supply, lack of a

residual effect [18,19]

Solar disinfection (SODIS)
Non-energy intensive as it harvests solar

energy; effective for several microorganisms;
point of use technology [20]

Low efficiency in solar energy conversion; long
exposure time; microorganism regrowth might
happen if UV exposure is not high enough [21]

Considering the increasing water stress context and the drawbacks of the known
disinfection water technologies, the need to re-design or improve these processes to obtain
technologies which are robust, simple to use, chemical-free, and inexpensive arises [22].
Some emerging water disinfection technologies include electrodisinfection [23], water
cavitation [24] or heterogeneous photocatalysis (HP) with semiconductors, also known as
photocatalysts (PC).

HP is an advanced oxidation process (AOP) which was first reported in 1972 when
water splitting was observed on the surface of a titanium electrode, namely, over titanium
dioxide (TiO2) due to the effect of light irradiation [25]. When a PC is exposed to radiation
(hν) with energy higher than its band-gap (space between the molecule conduction band
and valence band) level energy, an electron from the valence band migrates to the con-
duction band, creating a hole with a positive charge in the valence band (h+) and an extra
electron with a negative charge in the conduction band (e−) [26,27]. The photo-generated
charges move up to the PC’s surface, which then give place to redox reactions when oxygen
and water are present, generating reactive oxidizing species (ROS), mainly hydroxyl radical
(HO•) and superoxide radical (O2

•−), but also hydrogen peroxide (H2O2) [28].
HP is a potentially sustainable technology for water disinfection, as PC can be acti-

vated employing solar light, and moreover, no additional chemical substance is needed in

174



Catalysts 2022, 12, 1314

the process, which minimizes the potential formation of DBP and environmental harmful
effects [29,30]. HP has also been researched for inorganic pollutants’ removal from water,
such as hexavalent chromium [31] or trivalent arsenic [32], and also for recalcitrant organic
compound degradation, such as dyes, phenolic compounds, pesticides and pharmaceuti-
cal active compounds [33], posing HP as potential technology for comprehensive water
treatment.

TiO2 has remained as the most studied PC, despite the fact it is only active under
UV irradiation (which accounts for nearly 5% of the total Sun spectral irradiation), whose
wavelengths are in the range of 200–400 nm (TiO2 peak absorbance is around 387 nm).
It also has a relative high recombination rate of the photo-generated charges. Several
approaches have been researched to address these issues, such as doping TiO2 with other
elements, coupling it with other PC to form heterojunctions, or even with itself to form
homojunctions; these strategies generally improved TiO2 photocatalytic activity to some
extent, although most studies have only been carried out at lab-scale [25,34–37].

Other materials have also been researched, such as the bismuth oxyhalides, which
are a group of layered materials with narrow band-gaps [38,39]. It is still unclear if a
narrow band-gap is the answer to use solar light more efficiently. Black TiO2, a variation
of TiO2 exhibiting dark coloration instead of white, and sometimes also referred to as
reduced, hydrogenated or oxygen-vacant TiO2, was first reported in 2011 and its ability
to show photocatalytic activity even under infrared light was noticed; although activity
under visible light has been reported and some studies show it outperforms pristine TiO2,
it is believed that this happens due to an improved use of UV irradiation rather than an
effective use of visible or infrared light [40,41].

Water disinfection via HP has been broadly researched for at least the last twenty years,
although disinfection via UV or heat might happen simultaneously [42]; in disinfection
via HP, the generated ROS cause oxidative stress to a wide variety of microorganisms,
including Gram-positive and Gram-negative bacteria, DNA viruses, and RNA viruses
amongst others [43]. The microorganism cell integrity is compromised as the ROS cause
damage to the cell membrane, resulting in cytoplasm leakage; ROS can also obstruct
cell vital functions like protein synthesis or break biomolecules covalent bonds [44–46].
A schematic representation of ROS generation at molecular level (depicting TiO2) and
microorganism disinfection via HP is shown in Figure 1.
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Water disinfection via solar HP depends on several factors, to name a few: nature and
initial concentration of microorganisms, process duration, irradiation intensity, composition
of the water matrix, turbidity, water layer depth, sunlight angle of incidence, water pH,
and PC properties [45,47,48].

Despite its potential advantages, solar HP has not been deployed as a full-scale process
yet; several limitations have been addressed such as low photoconversion efficiency, scarce
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information on energy consumption, and yields on catalyst preparation processes amongst
others, but the lack of knowledge on the field of solar HP reactor design, as well as
the absence of a consensus on proper design methodologies, are recognized as the main
ones [49]. Several reactor designs have been proposed based on devices designed for solar
thermal applications, such as the parabolic trough reactor (PTR) based on the parabolic
trough solar collector, the compound parabolic reactor (CPC) based on the compound
parabolic solar collector or the flat plate reactor (FPR), based on flat devices for solar energy
collection [50,51].

The number of papers published on the topic of disinfection via HP has been increas-
ing year by year during the last two decades, which reflects the interest of the scientific
community in these technologies [52]. However, the amount of research focusing on reac-
tors is generally scarce [53], and even though one of the most promoted characteristics of
HP is its ability to make use of solar energy, plenty of research is performed using solar
simulators instead of actual sunlight, as the controlled conditions allowed by these devices
provide accurate and reproducible results [54]. PC efficiency differs between simulated
sunlight and actual sunlight [55], hence, carrying out research employing actual sunlight is
also relevant and needed.

The objective of the present work is to analyze scientific works focusing on the use
of solar HP reactors for water disinfection. A systematic literature search was conducted
following the preferred reporting items for systematic reviews and meta-analyses (PRISMA)
protocol to discriminate non-pertaining works. The operations have been discussed in
function of reactor type used, PC properties, type of the microorganism treated, disinfection
performance, and location.

2. Methods for Literature Search, Inclusion Criteria, and Review

The literature review method was performed following the PRISMA four-step
procedure [56,57]. The four steps are:

1. Identification of relevant papers indexed by databases.
2. Screen the papers for the determined criteria.
3. Verify papers’ eligibility.
4. Incorporate the eligible papers in the systematic review.

An electronic search of articles was performed on Scopus and Web of Knowledge
using the terms “photocataly*”, “disinfection”, and “solar”, searching on title, abstract,
and keywords in Scopus, and on all fields in Web of Knowledge. As it has been reported
that research focused on reactors is scarce, comprising less than 2% of all papers related to
HP [58], it was decided to include any work involving water disinfection regardless of the
objective or publication year.

Books, book chapters, review articles, conference proceedings, and articles not pub-
lished in English were excluded. Following the first exclusion, papers were screened for
the inclusion criteria. Papers not focused on water disinfection (i.e., energy generation or
pollutants’ degradation), papers that did not make use of actual sunlight (i.e., solar simulators
or UV-lamps), and papers that did not use a photocatalytic reactor (i.e., test tubes of bakers)
were not included. Figure 2 illustrates the PRISMA steps taken for papers’ eligibility.

Eligible papers were then analyzed for data extraction including the type of reactor
employed, the PC used, type of microorganisms, microorganism concentration, disinfec-
tion efficiency, operation duration, volume of water treated, operation timeframe, and
experimentation location.
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3. Results and Discussion
3.1. Data Synthesis

A total of 60 reports were deemed as appropriate for screening in this systematic
review out of the 1043 records originally found. Table 2 shows the extracted data.
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3.2. Type of Reactor

CPC commonly is composed of tubes made of borosilicate glass placed above parabolic
reflectors made of polished aluminum, installed on an inclinable stand tilted at local latitude;
water reservoirs and water pumps are also needed, and the most sophisticated ones count
with radiometers, flow meters, and sensors for temperature, pH and dissolved oxygen
measuring [118]. Due to its optical efficiency and its ability to use both direct and diffuse
solar UV light, it has been considered as the most ideal solar reactor design available at the
moment, especially for environmental applications [119], hence, its use on the majority of
papers reviewed was within expectations. Figure 3 depicts a scheme of a CPC and its main
components, as well as one of a FPR and one of a PTR.
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Figure 3. Schematic drawing of: (a) slurry CPC (Compound Parabolic Concentrator) system; (b) FPR
(Flat plate reactor) system; (c) PTR (Parabolic Trough reactor) system (Reprinted from Ref. [120]).

FPR consists of a flat or corrugated surface over which a thin film of water flows
(in most cases, in the laminar flow regime); it can be a proper approach for small-scale
applications, as it offers a large surface area where the PC can be immobilized and its
design is simple [121]. Although the reports reviewed in this paper employing this design
were a lot less in number than those using a CPC design, it is worth mentioning that two of
the papers reviewed reported steady-state operation rather than batch operation, which is
one of the sought-after characteristics for reactors. An example on the operation of an FPR
reactor can be seen in Figure 3 above.

Offset tubular reactors were employed in four studies. This reactor is similar to the
CPC, with the only difference that it does not count with a reflector, which makes it less
expensive than the CPC. As it does not need a reflector, more tubular sections could be
positioned within the same space a CPC occupies, allowing the treatment of a higher
volume of water, as a work which compared both reactor designs suggested [122]. A
potential disadvantage in comparison to the CPC is the lower temperature the water
might reach. Temperature in the range of 20–80 ◦C does not affect TiO2 photo-excitation,
and although dissolved oxygen concentration in water decreases as water temperature
increases, ionic products of water (OH− and H3O+) do increase in the temperature range of
20–80 ◦C, which promotes HO• generation [92]. In addition to damage caused by ROS to
the microorganism, inactivation also happens due to UV light effect alone and temperature
increase [123].

Three more papers reported the use of a PTR, in which main components include
a parabolic reflector mounted over a rotating platform to concentrate sunlight; its use
has dropped as it has numerous insuperable disadvantages: its components are relatively
expensive, the high sunlight concentration leads to an excessive heating which hinders
photocatalytic activity, and it is only able to use direct sunlight [115]. Likewise, a scheme
showing an example of the operation of a PTR can be seen above in Figure 3. Table 3
shows the summarized advantages and disadvantages of the most used photocatalytic
reactor types.
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Table 3. Summarized advantages and disadvantages of the most used photocatalytic reactor types.

Type of Reactor Brief Description Advantages Disadvantages

Compound
parabolic

concentrator (CPC)

Transparent cylindrical
receptors are placed onto two

joined half-parabola shape
reflectors [120]

Uniform light irradiation for
cylindrical receptors; able to
use both direct and diffuse

solar irradiation; able to work
at low solar concentration

rates [50,120,124]

Aluminum reflector is imperative, which
implies a higher cost; limited optical
efficiency due to light being reflected

multiple times [50,125]

Flat plate reactor
(FPR)

Water flows over a tilted plate
whence the PC has been

immobilized [48]

Relatively lower price as no
reflectors are needed [50]

Atmosphere can prevent the system to
work in an appropriate way; high

pressure is needed to pump water onto
large surfaces [124]

Parabolic trough
reactor (PTR)

A parabolic light-reflecting
surface concentrates solar

irradiation in a transparent
receptor; usually operated in

the turbulent flow regime;
equipped with a sun tracking

system [120]

Easily adaptable and
developed technology;

able to use both direct and
diffuse solar irradiation

[50,124]

Sun tracking systems implies a higher
cost; aluminum reflector is imperative,

which implies a higher cost; solar
concentration factor above one sun

inhibits photocatalytic activity; increase
in temperature reduces dissolved O2

concentration, which slows down
photocatalytic activity; unable to use
diffuse solar irradiation, rendering it

impractical on overcast or cloudy days; a
relatively large area needed for

installation [50,120]

The remaining eight reactors can be considered as empirical approaches (as no design
parameters are included), that due to relative youngness of the field, results in research
teams frequently employing their own singular design, as pointed out more than a decade
ago [48].

It has already been stated that the biggest challenge to translate HP to commercial
applications remains as the lack of an efficient reactor design suitable for treating large
volumes of water [126]. CPC remains as the most studied reactor, with no update, which
again points out the need of more research focused on reactors. Additionally, reactor
innovation can be made in diverse ways; some process intensification attempts have
been reported which involve combining solar HP with other processes, such as solar
pasteurization [42] or ozonation [127]. Additionally, more research is needed to understand
the interesting synergy between the different microorganism inactivation mechanisms
which take place within a solar HP reactor (UV light inactivation and thermal inactivation).

3.3. Photocatalyst Used

TiO2 was the most used PC in the papers analyzed, with a total of 51 studies. Around
1600 papers examining its usage in disinfection have been published over the last 20 years,
with an increase from 5 papers in 2000 to 165 papers in 2019, which is an indicator of the
growing research interest in heterogeneous photocatalytic disinfection, leading to scaled-up
applications [30], just as the ones analyzed in the present work. TiO2 is known for its note-
worthy photocatalytic activity, due in part to its specific surface area of around 46.06 m2 g−1

and a surface energy of 80 mJ·m−2, but also for its optical and electronic properties, high
chemical stability, low cost, non-toxicity, and environmental friendliness [128–130].

On the other hand, TiO2 has limitations, including fast electron-hole recombination
even though adding H2O2 results in an almost inhibited recombination by scavenging
e− [131], and other drawbacks include slow charge carrier transfer, elevated recycling cost,
and photocatalytic activity under UV irradiation only, due to its wide band-gap of 3.2 V,
limiting its efficiency for solar applications, as UV irradiation account for less than 5% of
the received solar energy [132]. ZnO, a PC used in one of the papers reviewed, also has a
band-gap value of 3.2 V, and its drawbacks are almost identical to those of TiO2 [47].
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To overcome these issues, TiO2 modification by doping and coupling has been re-
searched, i.e., Ag-TiO2, Fe-TiO2, N-TiO2, and rGO-TiO2, as used in some of the papers
reviewed. Research towards PC with narrower band-gap and photocatalytic activity under
visible light irradiation, such as the ones used in the papers reviewed, Ag/BiVO4 and red
phosphorus, is the other relevant research trend [133].

When TiO2 surface is modified by metal doping, a Schottky’s barrier arises when
irradiated with UV light, causing the metal Fermi levels to be lower than those of TiO2 CB,
increasing the metal ability to accept electrons, inhibiting charge recombination. When
doping with a noble metal, surface plasmon resonance happens, which allows for electrons
to be transferred directly to TiO2 CB [134].

Fe-TiO2 has shown a better performance than TiO2, which is attributed to Fe atoms
acting as electron-hole traps, slowing down charge recombination and enhancing photocat-
alytic activity as a result; it also enhances specific surface area [135,136].

Ag-TiO2 has been researched since 1984 and it has several advantages over con-
ventional TiO2, such as a narrower band-gap of 2.77 eV, a higher specific surface area
(239 m2 g−1) and the plasmonic effect which increase visible light response. Ag-TiO2 has
been gaining attention from the scientific community, which is also aimed at overcoming
its share of drawbacks, such as photocatalytic activity gradual loss and Ag leaching [132].

Nitrogen is the most common non-metal used as a doping agent for TiO2, predom-
inantly because of its small ionization energy and its atomic size comparable with that
of oxygen. Doping with oxygen confers TiO2 photocatalytic activity under visible light,
although the exact mechanism for this enhancement is still elusive and not totally under-
stood; N-TiO2 has been used for several applications [137,138], including solar disinfection
in a photocatalytic reactor.

Graphene-based and TiO2 composites have also been researched, which has resulted in
an increased photocatalytic performance [139]. Composited of TiO2 and reduced graphene
oxide (rGO) higher photocatalytic activity is attributed to a synergism involving a higher
number of photocatalytic active sites, a superior light collection (due to the hierarchical
structural interface between unidimensional TiO2 and bidimensional rGo) and an enhanced
charge separation rate [140].

PC based on bismuth have been widely researched for water disinfection applications,
as they are non-toxic, chemically stable, visible light active, synthesized with ease, reusable,
and relatively economic. Bismuth-based PC disadvantages include low light absorption,
high charge recombination, and a slow charge migration [141]. One of the most promising
PC is bismuth vanadate (BiVO4), whose properties can be improved when doped with
metals (such as in one of the works reviewed in this paper) [142]. Although 15% Ag doped
BiVO4 was effective for water disinfection, it was not able to outperform conventional
TiO2 [99].

Red phosphorous belongs to a different kind of PC, which are elemental PC; it is an
allotrope inert to chemical reactions and of elevated thermodynamic stability; its band-gap
in the range of 1.4–2.0 allows it to be active under visible light, its production is non-
expensive as the raw material is of low cost, and it is non-toxic; it is a promising material
for photocatalytic disinfection, although there is still non-consensus about its resistance to
oxidation [143,144].

3.4. Microorganism Type

The vast majority of works reviewed in this paper (a total of 38) analyzed water
disinfection employing E. coli, which is within expectations due to the interest of the
scientific community in it, being a research subject in evolutionary, biological genetic,
and molecular studies [145]. E. coli is regarded as an indicator microorganism for the
presence of bacteria by the WHO, as it has been characterized extensively and its presence,
which indicates fecal contamination, is common in untreated water sources; however,
it is inactivated with more ease than other microorganisms, hence, its absence does not
guarantee that any other fecal coliform or microorganism are absent as well [146].
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Among the reviewed works, five and six papers analyzed disinfection of total coliforms
and fecal coliforms, respectively, which is completely appropriate within the interest of
performing experiments in conditions as close to reality as possible, as it is well-known
that disinfection rate is different between microorganisms of different species, and might
even vary between strains of the same species [147]. Methods to quantify coliforms in the
works reviewed included test paper and plate count [88,109].

One of the reviewed papers analyzed total heterotrophic bacteria disinfection, and
four more analyzed disinfection employing a determined species. Several bacteria genres
are included within the heterotrophic bacteria, such as Aeromonas, Citrobacter, Enterobacter,
Helicobacter, Klebsiella, and Serratia among others. Some of these bacteria can cause health
issues to humans with suppressed immunologic response, and are also associated with a
low organoleptic water quality [148,149].

The last paper analyzing bacteria disinfection focused on Microcystis aeruginosa, which
is a cyanobacteria that causes immense harm to ecosystems due to the release of cyanobac-
terial toxins and algal organic matter; its rapid growth greatly affects the efficiency of
drinking water treatments [149]. Previous work has reported that Microcystis aeruginosa
regrowth after photocatalytic is inhibited, as cell density is less than 85% compared to con-
trol experiments [150]. Since HP is also able to degrade organic compounds, it can offer a
comprehensive alternative for cyanobacteria disinfection, as the detrimental cyanobacterial
toxins can be degraded as well [126,151].

In the case of fungi disinfection, three papers focused on the genre Fusarium, which is
a fungus that can cause a condition called fusariosis. Fusariosis symptoms depend on the
affected area and the host’s immunological response, but they can include nail, skin, and
eye infection [152]. According to estimations, the species Fusarium solani is associated with
50% of all the fusariosis reported cases [153].

One of the papers examined Curvularia spp. disinfection; although it is infrequent, this
genre can cause several types of human mycoses, including: fungal keratitis, onychomyco-
sis, peritonitis, invasive sinusitis, subcutaneous disease, and systemic infections among
others [154].

Viral disinfection was also reported. A paper analyzed disinfection of the ΦX174
virus, which is a phage that commonly infects E. coli, hence, its presence in water is also
considered an indicator of fecal pollution [155].

Summarizing, solar HP reactors have been studied for water disinfection involving
several types of microorganisms, and although the exact mechanism does surely differ
from one microorganism to another, the oxidation caused by the ROS surely plays an
important role.

3.5. Disinfection Performance

Most of the papers reviewed reported a high disinfection rate of several orders of
magnitude. However, this data alone is not enough to properly assess process efficiency.
It is well known that there are no established and unanimous figures of merit to evaluate
the efficiency of HP processes, as the amount of diverse studies is vast, which include
emerging technologies and processes combinations, giving as a result a massive challenge
to critically assess HP efficiency, which is also multidimensional, as operational costs,
sustainability, feasibility and yields, among other parameters, such as microorganism
nature, initial concentration, water matrix and pH, to name a few, should, preferably, be
considered [47,156].

Proposed benchmarks to evaluate HP efficiency include disinfection rate constant,
photocatalytic space-time yield, photonic yield, quantum yield, and population log reduc-
tion among others; however, the methodologies to determine these figures of merit can
differ from one study to another, hence, the IUPAC recommends to treat these figures of
merit as only apparent, as a consensus on how to properly determine a benchmark for
comparison among different reports is still lacking [30,53,157]. This issue has been known
for decades and in 2001, the IUPAC published a technical report which suggested the use
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of several figures of merit to evaluate AOPs (including solar HP) [158]. Although the use
of some of these benchmarks (i.e., collector area per order) is still reported on in recent
scientific literature, none of the reports reviewed in the present work made use of any
of them.

Thirty-two papers reported the use of QUV, which is the cumulative UV energy during
an irradiation time per unit of volume of water; as this figure of merit considers solar
irradiation intermittencies throughout the day, it can be considered accurate for efficiency
assessments for the time being [159], considering the complex and variable composition of
the water microbial consortium.

Ten out of the 69 analyzed papers reported an order of magnitude reduction smaller
than 3, which indicates that in the vast majority of the reviewed works, a disinfection rate
of at less 99.9% was achieved, which complies with the minimal health risk standard set by
the WHO [160].

3.6. Volume Treated

In 2011, the WHO estimated that a person needs between 50 and 100 L of water per
day to meet their basic needs which include, but are not limited to, drinking water, food
preparation, and sanitation. However, in water scarcity scenarios, the WHO recommends
a minimum of 7.5 L of drinking water per capita per day [161–164]. The lack of reactor
designs able to treat large volumes of water is one of the main reasons which restrains HP
commercial and industrial application [165]; nevertheless, some of the papers reviewed in
this present work report on treating water volumes in the range of 100–300 L, which could
very well meet drinking water requirements of households or small public facilities [166],
although actual application depends on more factors, such as level of automation or cost
effectiveness, to mention some [7].

Future research should also focus on exploring solar HP reactors or systems able to
disinfect water in a steady-state operation rather than batch operation; the volume output
still needs to be increased, and even though scaling-up might pose a challenge due to light
distribution, scaling-out or numbering-up might offer a feasible alternative, providing land
for installation is available; finally, any system should be tested in conditions as close to
reality as possible [167,168].

3.7. Experimentation Location

The reviewed works were performed around the globe in latitudes as northernmost
as 53◦ N and southernmost as 38◦ S, as well as in longitudes as westernmost as 104◦

W and easternmost as 142◦ E, which indicates water disinfection via HP could be used
in varied locations. However, UV radiation reaching Earth’s surface varies around the
world and through time, and is dependent on many factors, such as presence of clouds,
atmosphere ozone concentration, sunlight reaching the surface oblique angle, aerosol
particles concentration, sun elevation, and surface reflectivity, among others [169].

Disinfection via solar HP is related to SODIS, which is being globally promoted. Guid-
ance has been made public to facilitate the worldwide implementation of a standardized
procedure [170,171], although, at the moment, there are no available predictive approaches
for SODIS expected efficiency worldwide [172], hence, the scenario is analogous for disin-
fection via solar HP.

3.8. Discussion, Considerations, and Prospects

Based on the present literature review and considering the relatively small number of
works that make use of real solar irradiation, there has not been any considerable advance in
reactor design in more than two decades, with batch-operated CPC reactor being the most
common operation. One of the papers reported coupling solar HP with an electrochemical
process [114], which can be considered a process intensification approach [173], rather than
an improvement in reactor design by itself.
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HP reactor design is challenging, as it involves complex interactions between the PC
and microorganisms with the light [174], which can explain the minimal innovation in solar
HP reactor designs. It is worth mentioning that recent research on reactor modeling has
generated important information regarding reactor design in function of the radiant energy
absorbed, shedding light on the relevance of PC chemical properties, PC loading and the
high relevance of the Damköhler number (the ratio of the rate of a chemical reaction to
diffusive mass transfer rate) [175,176].

HP has also shown efficiency in antibiotic resistant microorganism disinfection, which
is not always achieved by conventional technologies such as chlorination [177–179].

Another important reason for HP research on water treatment is that the presence of
emerging pollutants (such as: active pharmaceutical ingredients or personal care products)
has been reported in groundwater, surface water, and tap water; even if they are commonly
found in trace concentrations, its occurrence poses a threat to human health and HP-based
technologies can degrade the pollutants or their organic compounds’ precursors, mitigating
their formation [180–182]. In addition to the intrinsic effect these substances can cause on
their own account, when water undergoes disinfection by chlorination, organic compounds
can react with chlorine and give rise to the formation of DBP; drinking water with trace
concentrations of disinfection byproducts can have a chronic adverse effect on human
health [183]. As HP is theoretically able to mineralize organic compounds [184], its imple-
mentation within a water potabilization process could potentially mitigate disinfection
byproducts’ formation [185].

It has been reported than there is a disproportion on the amount of studies focusing
on fundamental science regarding HP compared to that regarding applied science; more
than 129,000 papers have been published on the HP topic, although usually these studies
focus on the application of photocatalytic reactions employing a benchmark PC to a specific
process, or in the performance of a new PC applied to a benchmark process [186]. More
multidisciplinary endeavors are needed to keep improving HP efficiency.

4. Conclusions

The present work provides a systematic review making use of the PRISMA methodol-
ogy, which served the purpose of discriminating non-relevant works, including only papers
focused on water disinfection employing HP making use of actual sunlight, with a total
of 60 papers found. This information sheds light on the need of performing research em-
ploying real sunlight as well, as photocatalysis efficiency differs when simulated sunlight
is used.

The found papers were analyzed in terms of several operational parameters, identify-
ing the following trends:

1. CPC reactor is the most used type of reactor and its design has not received any major
modification in decades.

2. TiO2 remains the most researched PC despite being unable to use visible light. The
use of modified TiO2 for allowing its visible light activity was more reported than the
use of other PCs.

3. The reports indicated good disinfection efficiency, but the use of proper benchmarks
is not a standardized practice.

4. Most of the works reported the working volume, with some of them treating enough
water for households or small public buildings.

5. Water disinfection via solar HP has been performed in many places around the
globe, but proper models to predict disinfection efficiency in different locations are
still lacking.

More research is needed in several disciplines to keep improving HP efficiency, aiming
to its large-scale application in the future.
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37. Barrocas, B.T.; Ambrožová, N.; Kočí, K. Photocatalytic Reduction of Carbon Dioxide on TiO2 Heterojunction Photocatalysts—A
Review. Materials 2022, 15, 967. [CrossRef]

38. Wang, L.; Wang, L.; Du, Y.; Xu, X.; Dou, S.X. Progress and Perspectives of Bismuth Oxyhalides in Catalytic Applications. Mater.
Today Phys. 2021, 16, 100294. [CrossRef]

39. Arumugam, M.; Natarajan, T.S.; Saelee, T.; Praserthdam, S.; Ashokkumar, M.; Praserthdam, P. Recent Developments on Bismuth
Oxyhalides (BiOX.; X = Cl, Br, I) Based Ternary Nanocomposite Photocatalysts for Environmental Applications. Chemosphere 2021,
282, 131054. [CrossRef]

40. Ullattil, S.G.; Narendranath, S.B.; Pillai, S.C.; Periyat, P. Black TiO2 Nanomaterials: A Review of Recent Advances. Chem. Eng. J.
2018, 343, 708–736. [CrossRef]

41. Rajaraman, T.S.; Parikh, S.P.; Gandhi, V.G. Black TiO2: A Review of Its Properties and Conflicting Trends. Chem. Eng. J. 2020,
389, 123918. [CrossRef]

188



Catalysts 2022, 12, 1314

42. Monteagudo, J.M.; Durán, A.; Martín, I.S.; Acevedo, A.M. A Novel Combined Solar Pasteurizer/TiO2 Continuous-Flow Reactor
for Decontamination and Disinfection of Drinking Water. Chemosphere 2017, 168, 1447–1456. [CrossRef] [PubMed]

43. Hosseini, F.; Assadi, A.A.; Nguyen-Tri, P.; Ali, I.; Rtimi, S. Titanium-Based Photocatalytic Coatings for Bacterial Disinfection: The
Shift from Suspended Powders to Catalytic Interfaces. Surf. Interfaces 2022, 32, 102078. [CrossRef]

44. John, D.; Jose, J.; Bhat, S.G.; Achari, V.S. Integration of Heterogeneous Photocatalysis and Persulfate Based Oxidation Using
TiO2-Reduced Graphene Oxide for Water Decontamination and Disinfection. Heliyon 2021, 7, e07451. [CrossRef]

45. Byrne, J.; Dunlop, P.; Hamilton, J.; Fernández-Ibáñez, P.; Polo-López, I.; Sharma, P.; Vennard, A. A Review of Heterogeneous
Photocatalysis for Water and Surface Disinfection. Molecules 2015, 20, 5574–5615. [CrossRef]

46. Xu, Y.; Liu, Q.; Liu, C.; Zhai, Y.; Xie, M.; Huang, L.; Xu, H.; Li, H.; Jing, J. Visible-Light-Driven Ag/AgBr/ZnFe2O4 Composites
with Excellent Photocatalytic Activity for E. coli Disinfection and Organic Pollutant Degradation. J. Colloid Interface Sci. 2018, 512,
555–566. [CrossRef]

47. Jabbar, Z.H.; Esmail Ebrahim, S. Recent Advances in Nano-Semiconductors Photocatalysis for Degrading Organic Contaminants
and Microbial Disinfection in Wastewater: A Comprehensive Review. Environ. Nanotechnol. Monit. Manag. 2022, 17, 100666.
[CrossRef]

48. Braham, R.J.; Harris, A.T. Review of Major Design and Scale-up Considerations for Solar Photocatalytic Reactors. Ind. Eng. Chem.
Res. 2009, 48, 8890–8905. [CrossRef]

49. Iervolino, G.; Zammit, I.; Vaiano, V.; Rizzo, L. Limitations and Prospects for Wastewater Treatment by UV and Visible-Light-Active
Heterogeneous Photocatalysis: A Critical Review. Top. Curr. Chem. 2020, 378, 7. [CrossRef]

50. Malato, S.; Maldonado, M.I.; Fernández-Ibáñez, P.; Oller, I.; Polo, I.; Sánchez-Moreno, R. Decontamination and Disinfection of
Water by Solar Photocatalysis: The Pilot Plants of the Plataforma Solar de Almeria. Mater. Sci. Semicond. Process. 2016, 42, 15–23.
[CrossRef]

51. Malato, S.; Blanco, J.; Alarcón, D.C.; Maldonado, M.I.; Fernández-Ibáñez, P.; Gernjak, W. Photocatalytic Decontamination and
Disinfection of Water with Solar Collectors. Catal. Today 2007, 122, 137–149. [CrossRef]

52. Wang, H.; Li, X.; Zhao, X.; Li, C.; Song, X.; Zhang, P.; Huo, P.; Li, X. A Review on Heterogeneous Photocatalysis for Environmental
Remediation: From Semiconductors to Modification Strategies. Chin. J. Catal. 2022, 43, 178–214. [CrossRef]

53. Silerio-Vázquez, F.; Nájera, J.B.P.; Bundschuh, J.; Alarcon-Herrera, M.T. Photocatalysis for Arsenic Removal from Water: Consid-
erations for Solar Photocatalytic Reactors. Environ. Sci. Pollut. Res. 2021, 29, 61594–61607. [CrossRef] [PubMed]

54. Galushchinskiy, A.; González-Gómez, R.; McCarthy, K.; Farràs, P.; Savateev, A. Progress in Development of Photocatalytic
Processes for Synthesis of Fuels and Organic Compounds under Outdoor Solar Light. Energy Fuels 2022, 36, 4625–4639. [CrossRef]

55. Liu, M.; Xing, Z.; Li, Z.; Zhou, W. Recent Advances in Core–Shell Metal Organic Frame-Based Photocatalysts for Solar Energy
Conversion. Coord. Chem. Rev. 2021, 446, 214123. [CrossRef]

56. Ansari, M.; Sharifian, M.; Ehrampoush, M.H.; Mahvi, A.H.; Salmani, M.H.; Fallahzadeh, H. Dielectric Barrier Discharge
Plasma with Photocatalysts as a Hybrid Emerging Technology for Degradation of Synthetic Organic Compounds in Aqueous
Environments: A Critical Review. Chemosphere 2021, 263, 128065. [CrossRef]

57. Moher, D. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. Ann. Intern. Med. 2009,
151, 264–269. [CrossRef]

58. Veréb, G.; Hernádi, K.; Baia, L.; Rákhely, G.; Pap, Z. Pilot-Plant Scaled Water Treatment Technologies, Standards for the Removal
of Contaminants of Emerging Concern Based on Photocatalytic Materials; Elsevier: Amsterdam, The Netherlands, 2020; ISBN
9780128158821.

59. Vidal, A.; Díaz, A.I.; El Hraiki, A.; Romero, M.; Muguruza, I.; Senhaji, F.; González, J. Solar Photocatalysis for Detoxification and
Disinfection of Contaminated Water: Pilot Plant Studies. Catal. Today 1999, 54, 283–290. [CrossRef]

60. Cho, I.-H.; Moon, I.-Y.; Chung, M.-H.; Lee, H.-K.; Zoh, K.-D. Disinfection Effects on E. coli Using TiO2/UV and Solar Light System.
Water Supply 2002, 2, 181–190. [CrossRef]

61. McLoughlin, O.A.; Ibáñez, P.F.; Gernjak, W.; Rodríguez, S.M.; Gill, L.W. Photocatalytic Disinfection of Water Using Low Cost
Compound Parabolic Collectors. Sol. Energy 2004, 77, 625–633. [CrossRef]

62. McLoughlin, O.A.; Kehoe, S.C.; McGuigan, K.G.; Duffy, E.F.; Al Touati, F.; Gernjak, W.; Alberola, I.O.; Rodríguez, S.M.; Gill, L.W.
Solar Disinfection of Contaminated Water: A Comparison of Three Small-Scale Reactors. Sol. Energy 2004, 77, 657–664. [CrossRef]

63. Rincón, A.-G.; Pulgarin, C. Field Solar E. coli Inactivation in the Absence and Presence of TiO2: Is UV Solar Dose an Appropriate
Parameter for Standardization of Water Solar Disinfection? Sol. Energy 2004, 77, 635–648. [CrossRef]

64. Fernández, P.; Blanco, J.; Sichel, C.; Malato, S. Water Disinfection by Solar Photocatalysis Using Compound Parabolic Collectors.
Catal. Today 2005, 101, 345–352. [CrossRef]

65. Gill, L.W.; McLoughlin, O.A. Solar Disinfection Kinetic Design Parameters for Continuous Flow Reactors. J. Sol. Energy Eng. 2007,
129, 111–118. [CrossRef]

66. Navntoft, C.; Araujo, P.; Litter, M.I.; Apella, M.C.; Fernández, D.; Puchulu, M.E.; del V. Hidalgo, M.; Blesa, M.A. Field Tests of
the Solar Water Detoxification SOLWATER Reactor in Los Pereyra, Tucumán, Argentina. J. Sol. Energy Eng. 2007, 129, 127–134.
[CrossRef]

67. Rincón, A.-G.; Pulgarin, C. Absence of E. coli Regrowth after Fe3+ and TiO2 Solar Photoassisted Disinfection of Water in CPC
Solar Photoreactor. Catal. Today 2007, 124, 204–214. [CrossRef]

189



Catalysts 2022, 12, 1314

68. Rincón, A.-G.; Pulgarin, C. Fe3+ and TiO2 Solar-Light-Assisted Inactivation of E. coli at Field Scale. Catal. Today 2007, 122, 128–136.
[CrossRef]

69. Rincón, A.-G.; Pulgarin, C. Solar Photolytic and Photocatalytic Disinfection of Water at Laboratory and Field Scale. Effect of the
Chemical Composition of Water and Study of the Postirradiation Events. J. Sol. Energy Eng. 2007, 129, 100–110. [CrossRef]

70. Rodrigues, C.P.; Ziolli, R.L.; Guimarães, J.R. Inactivation of Escherichia Coli in Water by TiO2-Assisted Disinfection Using Solar
Light. J. Braz. Chem. Soc. 2007, 18, 126–134. [CrossRef]

71. Sichel, C.; Blanco, J.; Malato, S.; Fernández-Ibáñez, P. Effects of Experimental Conditions on E. coli Survival during Solar
Photocatalytic Water Disinfection. J. Photochem. Photobiol. A Chem. 2007, 189, 239–246. [CrossRef]

72. Sichel, C.; Tello, J.; de Cara, M.; Fernández-Ibáñez, P. Effect of UV Solar Intensity and Dose on the Photocatalytic Disinfection of
Bacteria and Fungi. Catal. Today 2007, 129, 152–160. [CrossRef]

73. Hernández-García, H.; López-Arjona, H.; Rodríguez, J.F.; Enríquez, R. Preliminary Study of the Disinfection of Secondary
Wastewater Using a Solar Photolytic-Photocatalytic Reactor. J. Sol. Energy Eng. 2008, 130, 0410041–0410045. [CrossRef]

74. Fernández-Ibáñez, P.; Sichel, C.; Polo-López, M.I.; de Cara-García, M.; Tello, J.C. Photocatalytic Disinfection of Natural Well Water
Contaminated by Fusarium solani Using TiO2 Slurry in Solar CPC Photo-Reactors. Catal. Today 2009, 144, 62–68. [CrossRef]

75. Gomes, A.I.; Santos, J.C.; Vilar, V.J.P.; Boaventura, R.A.R. Inactivation of Bacteria E. coli and Photodegradation of Humic Acids
Using Natural Sunlight. Appl. Catal. B Environ. 2009, 88, 283–291. [CrossRef]

76. Polo-López, M.I.; Fernández-Ibáñez, P.; García-Fernández, I.; Oller, I.; Salgado-Tránsito, I.; Sichel, C. Resistance of Fusarium sp.
Spores to Solar TiO2 Photocatalysis: Influence of Spore Type and Water (Scaling-up Results). J. Chem. Technol. Biotechnol. 2010, 85,
1038–1048. [CrossRef]

77. Rodríguez, J.; Jorge, C.; Zúñiga, P.; Palomino, J.; Zanabria, P.; Ponce, S.; Solís, J.L.; Estrada, W. Solar Water Disinfection Studies
with Supported TiO2 and Polymer-Supported Ru(II) Sensitizer in a Compound Parabolic Collector. J. Sol. Energy Eng. 2010, 132,
0110011–0110015. [CrossRef]

78. Sordo, C.; Van Grieken, R.; Marugán, J.; Fernández-Ibáñez, P. Solar Photocatalytic Disinfection with Immobilised TiO2 at
Pilot-Plant Scale. Water Sci. Technol. 2010, 61, 507–512. [CrossRef]

79. Mehrabadi, A.R.; Kardani, N.; Fazeli, M.; Hamidian, L.; Mousavi, A.; Salmani, N. Investigation of Water Disinfection Efficiency
Using Titanium Dioxide (TiO2) in Permeable to Sunlight Tubes. Desalin. Water Treat. 2011, 28, 17–22. [CrossRef]

80. Alrousan, D.M.A.; Polo-López, M.I.; Dunlop, P.S.M.; Fernández-Ibáñez, P.; Byrne, J.A. Solar Photocatalytic Disinfection of Water
with Immobilised Titanium Dioxide in Re-Circulating Flow CPC Reactors. Appl. Catal. B Environ. 2012, 128, 126–134. [CrossRef]

81. Khan, S.J.; Reed, R.H.; Rasul, M.G. Thin-Film Fixed-Bed Reactor for Solar Photocatalytic Inactivation of Aeromonas hydrophila:
Influence of Water Quality. BMC Microbiol. 2012, 12, 285. [CrossRef]

82. Khan, S.J.; Reed, R.H.; Rasul, M.G. Thin-Film Fixed-Bed Reactor (TFFBR) for Solar Photocatalytic Inactivation of Aquaculture
Pathogen Aeromonas hydrophila. BMC Microbiol. 2012, 12, 5. [CrossRef] [PubMed]

83. Misstear, D.B.; Gill, L.W. The Inactivation of Phages MS2, ΦX174 and PR772 Using UV and Solar Photocatalysis. J. Photochem.
Photobiol. B Biol. 2012, 107, 1–8. [CrossRef] [PubMed]

84. Pinho, L.X.; Azevedo, J.; Vasconcelos, V.M.; Vilar, V.J.P.; Boaventura, R.A.R. Decomposition of Microcystis aeruginosa and
Microcystin-LR by TiO2 Oxidation Using Artificial UV Light or Natural Sunlight. J. Adv. Oxid. Technol. 2012, 15, 98–106.
[CrossRef]

85. Agulló-Barceló, M.; Polo-López, M.I.; Lucena, F.; Jofre, J.; Fernández-Ibáñez, P. Solar Advanced Oxidation Processes as Disinfection
Tertiary Treatments for Real Wastewater: Implications for Water Reclamation. Appl. Catal. B Environ. 2013, 136, 341–350. [CrossRef]

86. Singh, C.; Chaudhary, R.; Gandhi, K. Solar Photocatalytic Oxidation and Disinfection of Municipal Wastewater Using Advanced
Oxidation Processes Based on PH, Catalyst Dose, and Oxidant. J. Renew. Sustain. Energy 2013, 5, 023124. [CrossRef]

87. Arya, V.; Philip, L. Visible and Solar Light Photocatalytic Disinfection of Bacteria by N-Doped TiO2. Water Supply 2014, 14,
924–930. [CrossRef]

88. GilPavas, E.; Acevedo, J.; López, L.F.; Dobrosz-Gómez, I.; Gómez-García, M.Á. Solar and Artificial UV Inactivation of Bacterial
Microbes by Ca-Alginate Immobilized TiO2 Assisted by H2O2 Using Fluidized Bed Photoreactors. J. Adv. Oxid. Technol. 2014, 17,
343–351. [CrossRef]

89. Polo-López, M.I.; Castro-Alférez, M.; Oller, I.; Fernández-Ibáñez, P. Assessment of Solar Photo-Fenton, Photocatalysis, and H2O2
for Removal of Phytopathogen Fungi Spores in Synthetic and Real Effluents of Urban Wastewater. Chem. Eng. J. 2014, 257,
122–130. [CrossRef]

90. Ahmad, N.; Gondal, M.A.; Sheikh, A.K. Comparative Study of Different Solar-Based Photo Catalytic Reactors for Disinfection of
Contaminated Water. Desalin. Water Treat. 2015, 57, 1–8. [CrossRef]

91. Ferro, G.; Fiorentino, A.; Alferez, M.C.; Polo-López, M.I.; Rizzo, L.; Fernández-Ibáñez, P. Urban Wastewater Disinfection for
Agricultural Reuse: Effect of Solar Driven AOPs in the Inactivation of a Multidrug Resistant E. coli Strain. Appl. Catal. B Environ.
2015, 178, 65–73. [CrossRef]

92. García-Fernández, I.; Fernández-Calderero, I.; Inmaculada Polo-López, M.; Fernández-Ibáñez, P.; Polo-López, M.I.; Fernández-
Ibáñez, P. Disinfection of Urban Effluents Using Solar TiO2 Photocatalysis: A Study of Significance of Dissolved Oxygen,
Temperature, Type of Microorganism and Water Matrix. Catal. Today 2015, 240, 30–38. [CrossRef]

93. Kacem, M.; Goetz, V.; Plantard, G.; Wery, N. Modeling Heterogeneous Photocatalytic Inactivation of E. coli Using Suspended and
Immobilized TiO2 Reactors. AIChE J. 2015, 61, 2532–2542. [CrossRef]

190



Catalysts 2022, 12, 1314

94. Nararom, M.; Thepa, S.; Kongkiattikajorn, J.; Songprakorp, R. Disinfection of Water Containing Escherichia Coli by Use of a
Compound Parabolic Concentrator: Effect of Global Solar Radiation and Reactor Surface Treatment. Res. Chem. Intermed. 2015, 41,
6543–6558. [CrossRef]

95. Barwal, A.; Chaudhary, R. Feasibility Study for the Treatment of Municipal Wastewater by Using a Hybrid Bio-Solar Process.
J. Environ. Manag. 2016, 177, 271–277. [CrossRef]

96. Gutiérrez-Alfaro, S.; Acevedo, A.; Rodríguez, J.; Carpio, E.A.; Manzano, M.A. Solar Photocatalytic Water Disinfection of Escherichia
Coli, Enterococcus Spp. and Clostridium Perfringens Using Different Low-Cost Devices. J. Chem. Technol. Biotechnol. 2016, 91,
2026–2037. [CrossRef]

97. Yoriya, S.; Chumphu, A.; Pookmanee, P.; Laithong, W.; Thepa, S.; Songprakorp, R. Multi-Layered TiO2 Films towards Enhance-
ment of Escherichia Coli Inactivation. Mater. 2016, 9, 808. [CrossRef] [PubMed]

98. Aguas, Y.; Hincapie, M.; Fernández-Ibáñez, P.; Polo-López, M.I. Solar Photocatalytic Disinfection of Agricultural Pathogenic
Fungi (Curvularia Sp.) in Real Urban Wastewater. Sci. Total Environ. 2017, 607, 1213–1224. [CrossRef]

99. Booshehri, A.Y.; Polo-Lopez, M.I.I.; Castro-Alférez, M.; He, P.; Xu, R.; Rong, W.; Malato, S.; Fernández-Ibáñez, P.; Yoosefi, A.;
Polo-Lopez, M.I.I.; et al. Assessment of Solar Photocatalysis Using Ag/BiVO4 at Pilot Solar Compound Parabolic Collector for
Inactivation of Pathogens in Well Water and Secondary Effluents. Catal. Today 2017, 281, 124–134. [CrossRef]

100. Mac Mahon, J.; Pillai, S.C.; Kelly, J.M.; Gill, L.W. Solar Photocatalytic Disinfection of E. coli and Bacteriophages MS2, ΦX174 and
PR772 Using TiO2, ZnO and Ruthenium Based Complexes in a Continuous Flow System. J. Photochem. Photobiol. B Biol. 2017, 170,
79–90. [CrossRef]

101. Afsharnia, M.; Kianmehr, M.; Biglari, H.; Dargahi, A.; Karimi, A. Disinfection of Dairy Wastewater Effluent through Solar
Photocatalysis Processes. Water Sci. Eng. 2018, 11, 214–219. [CrossRef]

102. Aguas, Y.; Hincapié, M.; Sánchez, C.; Botero, L.; Fernández-Ibañez, P. Photocatalytic Inactivation of Enterobacter cloacae and
Escherichia Coli Using Titanium Dioxide Supported on Two Substrates. Processes 2018, 6, 137. [CrossRef]

103. Moreira, N.F.F.; Narciso-da-Rocha, C.; Polo-López, M.I.; Pastrana-Martínez, L.M.; Faria, J.L.; Manaia, C.M.; Fernández-Ibáñez, P.;
Nunes, O.C.; Silva, A.M.T. Solar Treatment (H2O2, TiO2-P25 and GO-TiO2 Photocatalysis, Photo-Fenton) of Organic Micropollu-
tants, Human Pathogen Indicators, Antibiotic Resistant Bacteria and Related Genes in Urban Wastewater. Water Res. 2018, 135,
195–206. [CrossRef] [PubMed]

104. Nwoke, O.O.; Ezema, F.I.; Chigor, N.V.; Anoliefo, C.E.; Mbajiorgu, C.C. Disinfection of a Farmstead Roof Harvested Rainwater for
Potable Purposes Using an Automated Solar Photocatalytic Reactor. Agric. Eng. Int. CIGR J. 2018, 20, 52–60.

105. Sacco, O.; Vaiano, V.; Rizzo, L.; Sannino, D. Photocatalytic Activity of a Visible Light Active Structured Photocatalyst Developed
for Municipal Wastewater Treatment. J. Clean. Prod. 2018, 175, 38–49. [CrossRef]

106. Saran, S.; Arunkumar, P.; Devipriya, S.P. Disinfection of Roof Harvested Rainwater for Potable Purpose Using Pilot-Scale Solar
Photocatalytic Fixed Bed Tubular Reactor. Water Supply 2018, 18, 49–59. [CrossRef]

107. Achouri, F.; BenSaid, M.; Bousselmi, L.; Corbel, S.; Schneider, R.; Ghrabi, A. Comparative Study of Gram-Negative Bacteria
Response to Solar Photocatalytic Inactivation. Environ. Sci. Pollut. Res. 2019, 26, 18961–18970. [CrossRef]

108. Mecha, A.C.; Onyango, M.S.; Ochieng, A.; Momba, M.N.B. UV and Solar Photocatalytic Disinfection of Municipal Wastewater:
Inactivation, Reactivation and Regrowth of Bacterial Pathogens. Int. J. Environ. Sci. Technol. 2019, 16, 3687–3696. [CrossRef]

109. Negishi, N.; Chawengkijwanich, C.; Pimpha, N.; Larpkiattaworn, S.; Charinpanitkul, T. Performance Verification of the Photo-
catalytic Solar Water Purification System for Sterilization Using Actual Drinking Water in Thailand. J. Water Process Eng. 2019,
31, 100835. [CrossRef]

110. Yazdanbakhsh, A.; Rahmani, K.; Rahmani, H.; Sarafraz, M.; Tahmasebizadeh, M.; Rahmani, A. Inactivation of Fecal Coliforms
during Solar and Photocatalytic Disinfection by Zinc Oxide (ZnO) Nanoparticles in Compound Parabolic Concentrators (CPCs).
Iran. J. Catal. 2019, 9, 339–346. [CrossRef]

111. Núñez-Núñez, C.M.; Osorio-Revilla, G.I.; Villanueva-Fierro, I.; Antileo, C.; Proal-Nájera, J.B. Solar Fecal Coliform Disinfection in
a Wastewater Treatment Plant by Oxidation Processes: Kinetic Analysis as a Function of Solar Radiation. Water 2020, 12, 639.
[CrossRef]

112. Rueda-Márquez, J.J.; Palacios-Villarreal, C.; Manzano, M.; Blanco, E.; Ramírez del Solar, M.; Levchuk, I. Photocatalytic Degradation
of Pharmaceutically Active Compounds (PhACs) in Urban Wastewater Treatment Plants Effluents under Controlled and Natural
Solar Irradiation Using Immobilized TiO2. Sol. Energy 2020, 208, 480–492. [CrossRef]

113. Waso, M.; Khan, S.; Singh, A.; McMichael, S.; Ahmed, W.; Fernández-Ibáñez, P.; Byrne, J.A.; Khan, W. Predatory Bacteria in
Combination with Solar Disinfection and Solar Photocatalysis for the Treatment of Rainwater. Water Res. 2020, 169, 115281.
[CrossRef] [PubMed]

114. McMichael, S.; Waso, M.; Reyneke, B.; Khan, W.; Byrne, J.A.; Fernandez-Ibanez, P. Electrochemically Assisted Photocatalysis for
the Disinfection of Rainwater under Solar Irradiation. Appl. Catal. B Environ. 2021, 281, 119485. [CrossRef]

115. Zhang, C.; Liu, N.; Ming, J.; Sharma, A.; Ma, Q.; Liu, Z.; Chen, G.; Yang, Y. Development of a Novel Solar Energy Controllable
Linear Fresnel Photoreactor (LFP) for High-Efficiency Photocatalytic Wastewater Treatment under Actual Weather. Water Res.
2022, 208, 117880. [CrossRef]

116. Thakur, I.; Verma, A.; Örmeci, B. Visibly Active Fe-TiO2 Composite: A Stable and Efficient Catalyst for the Catalytic Disinfection
of Water Using a Once-through Reactor. J. Environ. Chem. Eng. 2021, 9, 106322. [CrossRef]

191



Catalysts 2022, 12, 1314

117. Murcia Mesa, J.J.; Hernández Niño, J.S.; González, W.; Rojas, H.; Hidalgo, M.C.; Navío, J.A. Photocatalytic Treatment of Stained
Wastewater Coming from Handicraft Factories. A Case Study at the Pilot Plant Level. Water 2021, 13, 2705. [CrossRef]

118. Durán, A.; Monteagudo, J.M.; San Martín, I. Operation Costs of the Solar Photo-Catalytic Degradation of Pharmaceuticals in
Water: A Mini-Review. Chemosphere 2018, 211, 482–488. [CrossRef]

119. Colina-Márquez, J.; Machuca-Martínez, F.; Puma, G.L. Radiation Absorption and Optimization of Solar Photocatalytic Reactors
for Environmental Applications. Environ. Sci. Technol. 2010, 44, 5112–5120. [CrossRef]

120. Abdel-Maksoud, Y.; Imam, E.; Ramadan, A. TiO2 Solar Photocatalytic Reactor Systems: Selection of Reactor Design for Scale-up
and Commercialization—Analytical Review. Catalysts 2016, 6, 138. [CrossRef]

121. Fendrich, M.; Quaranta, A.; Orlandi, M.; Bettonte, M.; Miotello, A. Solar Concentration for Wastewaters Remediation: A Review
of Materials and Technologies. Appl. Sci. 2018, 9, 118. [CrossRef]

122. Ochoa-Gutiérrez, K.S.; Tabares-Aguilar, E.; Mueses, M.Á.; Machuca-Martínez, F.; Li Puma, G. A Novel Prototype Offset Multi
Tubular Photoreactor (OMTP) for Solar Photocatalytic Degradation of Water Contaminants. Chem. Eng. J. 2018, 341, 628–638.
[CrossRef]

123. García-Gil, Á.; Feng, L.; Moreno-SanSegundo, J.; Giannakis, S.; Pulgarín, C.; Marugán, J. Mechanistic Modelling of Solar
Disinfection (SODIS) Kinetics of Escherichia Coli, Enhanced with H2O2—Part 1: The Dark Side of Peroxide. Chem. Eng. J. 2022,
439, 135709. [CrossRef]

124. Ghosh, S. Visible-Light-Active Photocatalysis: Nanostructured Catalyst Design, Mechanisms, and Applications; Wiley & Sons: New York,
NY, USA, 2018; ISBN 9783527342938.

125. Tanveer, M.; Tezcanli Guyer, G. Solar Assisted Photo Degradation of Wastewater by Compound Parabolic Collectors: Review of
Design and Operational Parameters. Renew. Sustain. Energy Rev. 2013, 24, 534–543. [CrossRef]

126. Serrà, A.; Philippe, L.; Perreault, F.; Garcia-Segura, S. Photocatalytic Treatment of Natural Waters. Reality or Hype? The Case of
Cyanotoxins Remediation. Water Res. 2021, 188, 116543. [CrossRef] [PubMed]

127. Mecha, A.C.; Onyango, M.S.; Ochieng, A.; Momba, M.N.B. Evaluation of Synergy and Bacterial Regrowth in Photocatalytic
Ozonation Disinfection of Municipal Wastewater. Sci. Total Environ. 2017, 601, 626–635. [CrossRef] [PubMed]

128. Intisar, A.; Ramzan, A.; Sawaira, T.; Kareem, A.T.; Hussain, N.; Din, M.I.; Bilal, M.; Iqbal, H.M.N. Occurrence, Toxic Effects, and
Mitigation of Pesticides as Emerging Environmental Pollutants Using Robust Nanomaterials—A Review. Chemosphere 2022,
293, 133538. [CrossRef]
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Abstract: Catalytic combustion of hydrogen and ammonia containing off-gas surrogate from an
ammonia solid oxide fuel cell (SOFC) was studied with a focus on nitrogen oxides (NOx) mitigation.
Noble and transition metals (Pt, Pd, Ir, Ru, Rh, Cu, Fe, Ni) supported on Al2O3 were tested in the
range of 100 to 800 ◦C. The tested catalysts were able to completely convert hydrogen and ammonia
present in the off-gas. The selectivity to NOx increased with reaction temperature and stagnated at
temperatures of 600 ◦C and higher. At low temperatures, the formation of N2O was evident, which
declined with increasing temperature until no N2O was observed at temperatures exceeding 400 ◦C.
Over nickel and iridium-based catalysts, the NOx formation was reduced drastically, especially at 300
to 400 ◦C. To the best knowledge of the authors, the current paper is the first study about catalytic
combustion of hydrogen-ammonia mixtures as a surrogate of an ammonia-fed SOFC off-gas.

Keywords: ammonia; selective catalytic oxidation; SCO; SOFC; solid oxide fuel cell; catalytic
combustion; nitrogen oxides; microreactor

1. Introduction

The maritime transport of goods emits less CO2 per ton of cargo and km compared to
other modes of transport. However, since a large part of international trade is transported
by ship, the CO2 emissions caused by international maritime shipping are immense [1,2].

Thus, global shipping is responsible for about 3% of the global greenhouse gas emis-
sions (GHG) [3]. To reduce the negative impact of the shipping industry, the International
Maritime Organization has set the goal to reduce the global CO2 emission of the maritime
shipping sector by at least 50%, compared to the emissions in the year 2008 [4].

To achieve this massive reduction in GHG emissions associated with shipping, envi-
ronmentally friendly fuels and power systems must be introduced.

Fuel cells convert chemical energy directly into electrical energy, which results in a
much higher efficiency compared to internal combustion engines [5]. The most common
energy carrier used in fuels cells is hydrogen, which allows the operation of the fuel cell
without emissions of CO2 or other pollutants. Therefore, fuel cells are a very promising
technology for the green energy generation, especially in transport applications such as
maritime shipping.

However, when used as transportation fuel, the low energy density and high flamma-
bility of hydrogen represents major challenges. To increase the energy density, hydrogen
must be stored at very high pressures, often exceeding 300 bar, or in liquid state at cryo-
genic temperatures [6]. High pressure and cryogenic hydrogen storage come with much
higher energy demand for compression and cooling, respectively. Further, the necessary
high-pressure tanks and compressors as well as the cooling system increase the investment
costs drastically.

An attractive alternative for the direct hydrogen storage is the use of hydrogen carriers,
which can be handled and stored under atmospheric or near atmospheric pressures and
ambient temperatures [7].
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One promising hydrogen carrier is ammonia due to advantages in terms of energy
density, flammability and its possible direct use in solid oxide fuel cells (SOFC) [8]. Am-
monia can be liquefied at 20 ◦C at a moderate pressure of 8.6 bar [9,10]. The lower storage
pressure makes the tanks for liquefied ammonia much cheaper than the high-pressure
tanks necessary for storage of compressed hydrogen or the cryogenic equipment necessary
for storage of liquefied hydrogen. Therefore, the cost of ammonia storage per kWh would
be much cheaper compared to storage of pure hydrogen [11].

Another advantage of ammonia as hydrogen carrier is the possibility of its direct
conversion in SOFCs without the requirement for cracking reactor. The ammonia is de-
composed into hydrogen and nitrogen directly in the SOFC due to its high operation
temperature and the nickel catalyst present. Therefore, ammonia-fed SOFCs have attracted
much interest for energy generation [12–14].

Recently, the European Union awarded funding for the ShipFC project to convert
the world’s first offshore vessel to run on ammonia-powered fuel cells under its Fuel
Cells and Hydrogen Joint Undertaking (FCH JU) of the Research and Innovation program
Horizon 2020. The ShipFC project consists of a consortium of 14 European companies and
institutions and aims to install a 2 MW ammonia solid oxide fuel cell system on a shipping
vessel to demonstrate that zero emission large-scale shipping is feasible. Thus, current
SOFC systems will be scaled up to 2 MW and installed on the vessel Viking Energy in
2023 and operated for 3000 h during a one-year period. In addition to shipping, ammonia-
powered SOFCs are an emerging technology for other mobile and stationary applications
and can help to store and distribute energy form renewable sources such as wind and solar
energy [15].

SOFCs and all other fuel cells cannot convert the fuel completely. Therefore, the
fuel cell anode off-gas contains small quantities of unreacted hydrogen, even when a
recycle of the off-gas back into the fuel cell is installed. The remaining hydrogen in
the off-gas must be removed before releasing it to the atmosphere, which is commonly
performed by combustion in a catalytic afterburner which also generates heat [14]. The
heat generated in the afterburner can be used to preheat the ammonia and air feed before
the fuel cell and excess heat can be used for heating on the vessel itself, increasing the
overall efficiency of the SOFC system. In addition to hydrogen, the off-gas also contains
traces of unconverted ammonia which must be removed in the catalytic afterburner too.
Combustion of the ammonia traces would lead to relatively low NOx emissions, due to
the low NH3 concentration in the feed. Nevertheless, selective catalytic oxidation of the
ammonia to water and nitrogen is much preferred. Hence, the catalytic afterburner must
be able to completely remove hydrogen and ammonia via combustion, while minimizing
the formation of NOx species.

In the literature, different studies about the catalytic ammonia combustion can be
found. The studies could demonstrate that different catalysts are effective for the selective
catalytic oxidation (SCO) of ammonia into nitrogen and water rather than NOx, with
nitrogen selectivities of up to 99% [16]. The tested catalysts include supported noble
metals such as platinum [17], palladium [18], iridium [19], ruthenium [20], rhodium [21],
silver [22] and gold [23]. Platinum-based catalysts showed relative low nitrogen selectivities
while rhodium, palladium and silver reached selectivities of up to 97%. Another class
of highly active NH3 SCO catalysts are transition metals, e.g., iron [24], copper [25,26],
cobalt [27], nickel [28], manganese [29], molybdenum [30] and vanadium [31]. Copper-
based catalysts showed by far the highest nitrogen selectivities of the transition metal-based
catalysts, converting up to 99% of the ammonia into nitrogen [32]. Bimetallic catalysts based
on Pt/Rh and Pt/Pd have also been studied and have proven to be effective NH3 SCO
catalysts [33,34]. Further, catalysts based on mixed oxides such as Cu-Ce-Zn, Fe-Mg-Al or
Cu-Mg-Al have also been studied for NH3 SCO [35–37]. Common support materials for
NH3 SCO catalysts are Al2O3 [38], SiO2 [25], TiO2 [39], Nb2O5 [40], and zeolites such as
CHA and ZSM-5 [41–43].
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However, all of the NH3 SCO studies found in the literature are dedicated to catalytic
combustion of ammonia. No reports can be found about the catalytic combustion of
hydrogen ammonia mixtures or anything reassembling an ammonia SOFC off-gas. Thus,
the results might not apply to the SOFC off-gas combustion.

Here, we report investigations about the combustion of ammonia SOFC off-gas sur-
rogate over different catalysts with focus on mitigating NOx formation. Microstructured
reactors coated with different supported noble and transition metal catalysts were used for
the off-gas combustion and their performance in terms of NOx formation was evaluated
and compared at different temperatures.

2. Results
2.1. Catalyst Characterisation

The metal-loadings of the calcined catalysts are close to the values targeted during
preparation, as it gets evident from the XRF data summarized in Table 1. Only the rhodium
and ruthenium-based catalysts contain higher amounts of the noble metals than the desired
loading of 5 wt.-% active metal, with 5.79 and 6.50 wt.-%, respectively.

Table 1. Characterization results (XRD and TEM) for the prepared catalysts.

Catalyst Metal Loading (XRF)/wt.-% Particle Size (TEM)/nm

Pt/Al2O3 5.28 2.35
Pd/Al2O3 4.90 4.30
Rh/Al2O3 5.79 1.02
Ru/Al2O3 6.50 50.3
Ir/Al2O3 4.80 3.72
Ni/Al2O3 5.01 >30 nm
Fe/Al2O3 4.87 >25 nm
Cu/Al2O3 10.35 not measured

The XRD pattern (see Figures S1 and S2 in the supporting information) reveals no
differences in the lines observed for alumina, thus it is evident that the aluminium support
was not altered by the impregnation with the corresponding metals. The metal phases
display distinctive diffraction lines in the XRD patterns. The identification of the metal
phases according to the XRD pattern reveal that other that platinum, which is in elemental
state, all other metals are present as oxides (palladium oxide PdO, rhodium oxide Rh2O3,
ruthenium oxide RuO2, iridium oxide IrO2, nickel oxide (bunsenite) NiO, iron oxide
(hematite) Fe2O3 and copper oxide (tenorite) CuO.

The nitrogen sorption isotherms of the different catalysts and the pure support Al2O3,
shown in Figure S5 in the supporting information, are of IUPAC type II typical for meso-
porous materials. The metal deposition did not alter the isotherms and thus did not change
the textural properties significantly. This is also evident in the BET surface areas (see
Supporting Information Table S1) of 147 to 154 m2 g−1, which are slightly lower than the
surface area of the pure Al2O3 support of 156 m2·g−1. The small reduction in surface area
is likely caused by the lower specific surface area of the added metals. The surface area of
the copper sample is further reduced to 140 m2·g−1 due to higher metal content.

The transmission electron microscopy (TEM) micrographs are shown in Figure 1
(higher magnification micrographs can be found in Figure S3 in the supporting information).
The TEM images of all samples display amorphous Al2O3 particles as well as rod shaped
Al2O3 crystallites. The metal phases as well as support material were identified using
selected area electron diffraction (SAED). The SAED pattern and TEM images with the
interplanar distances are shown in Figure S4 in the supporting information. Pt and Rh
particles were determined to be in metallic state while all other metals are present as oxides
(PdO, RuO2, IrO2, NiO, Fe2O3 and CuO). These results are in good accordance to the XRD
data. Only exemption is rhodium which was identified as Rh2O3 by XRD and metallic
rhodium by TEM.
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Figure 1. TEM micrographs of the different catalysts.

In case of Pt, Pd, Rh, Ru and Ir-based catalysts, the particles of the active metal phase
are well dispersed over the support and can be seen easily due to their high molecular
mass and thus high contrast. The average crystallite diameters can be found in Table 1. The
CuO particles are hard to see and distinguish from the Al2O3 support, which made the
measurement of a particle size distribution impractical. For the Ni and Fe-based catalysts,
only a small numbers of large particles of the active phase could be seen on the TEM images.

2.2. Catalytic Tests

The evaluation of the catalytic activity was carried out under identical conditions
applying a surrogate of ammonia SOFC off-gas with a composition as shown in Table 2.
For the presented studies, the off-gas surrogate composition was chosen according to
simulation results. For the simulation, the presumption was made that the off-gas will
not be recycled in the SOFC, thus still contains a relative high concentration of hydrogen.
Since the off-gas is not recycled, no separation of the water in the off-gas by condensation is
necessary. Hence, the water content in the off-gas surrogate is very high. The model off-gas
was mixed with air using an air-to-fuel ratio λ = 4 and then fed into the reactor.

Table 2. Composition of the model off-gas surrogate and feed gas used for the catalytic tests.

Component SOFC Off-Gas Surrogate Reactor Feed

N2 25% 56.8%
H2 15% 5.9%

NH3 100 ppm 35.8 ppm
H2O 60% 23.9%
O2 - 13.2%

2.2.1. Noble Metal Catalysts

The noble metals platinum, palladium, rhodium, ruthenium and iridium supported
on Al2O3 were tested as catalysts for the ammonia SOFC off-gas combustion. The hydrogen
and ammonia concentrations as observed for different reaction temperatures are shown in
Figure 2. Differences in low temperature activity of the catalysts tested are obvious.

For all tested noble metal-based catalysts, the hydrogen and ammonia conversions
increase with increasing reaction temperature and reach complete conversion at about
400 ◦C latest. The lowest light off temperatures for hydrogen and ammonia are evident for
the platinum catalyst, with full conversion of hydrogen at 150 ◦C and ammonia at 200 ◦C,
respectively. The palladium-based catalyst shows a slightly reduced low temperature
activity, reaching full conversion of hydrogen at 200 ◦C and ammonia 400 ◦C. The rhodium
and iridium-based catalysts display comparable low temperature activity and reach full
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conversion of hydrogen and ammonia at 400 ◦C. For the ruthenium-based catalyst, the
lowest activity can be observed, with complete ammonia conversion at 400 ◦C and complete
hydrogen conversion at 500 ◦C, respectively. Thus, the observed light off temperatures for
hydrogen and ammonia increase in the order Pt < Pd < Rh < Ir < Ru.
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Figure 2. (a) Hydrogen and (b) ammonia conversion vs. reaction temperature for different noble
metal catalysts, WHSV = 600 L/g h.

The concentrations of the nitrogen oxides (nitric oxide NO and nitrogen dioxide NO2),
shown in Figure 3a, reveal that ammonia is oxidized and forms nitrogen oxides (NOx).
Generally, once the reaction temperature is high enough for catalytic ammonia combustion,
NOx can be detected at the reactor outlet. Therefore, at low temperatures the tested
catalysts show first NOx formation according to their activity for ammonia combustion.
With increasing reaction temperature, the observed NOx concentrations increase and then
stagnate at reaction temperatures exceeding 500 ◦C for all tested noble metal catalysts. At
high temperatures in the range of 700 ◦C–800 ◦C, the NOx concentrations increase in the
order Ru < Rh < Ir < Pd < Pt.
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Figure 3. (a) NOX concentration and (b) NOX selectivities vs. reaction temperature for different noble
metal catalysts, WHSV = 600 L/g h.

The different noble metal catalysts display differences in NOX selectivity as summa-
rized in Figure 3b. Interestingly, the measured NOx concentrations at high temperatures
exceed the ammonia concentration present in the off-gas feed of the reactor resulting in NOx
selectivities exceeding 100% if referred only to the NH3 present in the feed. This indicates
that the ammonia is completely converted into NOx and a small fraction of the nitrogen is
oxidized to NOx as well, resulting in formation of additional NOx. Especially the platinum
catalyst displays a high additional NOx formation, giving rise to a NOx selectivity of about
170%. For the other noble metal catalysts high temperature NOx selectivities between 115%
and 140% were observed.

At lower temperatures, the observed NOX molar flows are often lower than the
converted ammonia resulting in NOX selectivities lower than 100%. Therefore, it can
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be assumed that at lower reaction temperatures a certain fraction of the ammonia is not
converted into NOx, but very likely into nitrogen. The selectivities to NOx at 300 and
400 ◦C increase in order Ir<Ru<Rh<Pd<Pt. The lowest NOx selectivity at full ammonia
conversion of the tested noble metal catalysts was observed for the iridium catalyst with a
NOx selectivity of 63% at 400 ◦C.

The formation of nitrous oxide (N2O) shows a different behaviour compared to the
NOx formation (see Figure 4). The N2O concentrations have a maxima at 150 or 200 ◦C and
with further increase in reaction temperature the N2O concentration decreases. At 500 ◦C
almost no N2O is detectable at the reactor outlet for all tested noble metal catalysts.
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Figure 4. (a) N2O concentration and (b) N2O selectivities over reaction temperature for different
noble metal catalysts, WHSV = 600 L/g h.

The highest N2O concentrations are evident for the platinum catalyst, followed by
palladium and rhodium. For the ruthenium and iridium catalysts almost no N2O formation
is observable, which can be traced back to the low activity of these catalysts at temperatures
below 300 ◦C.

The selectivity to N2O (see Figure 4b) follows the same trend as the N2O concentrations,
with exception of the palladium catalyst which shows an increased N2O selectivity at
150 ◦C. The highest observed N2O selectivity is 17% for the platinum catalyst. For all other
noble metal catalyst N2O selectivities below 10% can be observed.

Among the tested noble metals, iridium displays the most promising catalytic proper-
ties for the off-gas combustion. At a temperature of 400 ◦C, the iridium catalyst obtains
complete hydrogen and ammonia conversion, low N2O formation and comparatively low
selectivity to NOx.

2.2.2. Transition Metal Catalysts

In addition to noble metals, the transition metals iron, nickel and copper supported
on alumina were tested as catalysts for the SOFC off-gas combustion and compared to
the platinum catalyst. Both hydrogen and ammonia conversion follow the same trend as
observed for the noble metal-based catalysts (see Figure 5). The differences in light off
temperatures, however, are more pronounced for the transition metal catalysts. Again,
with increasing reaction temperature both hydrogen and ammonia conversion increase for
all tested transition metal-based catalysts. The nickel-based catalyst displays the highest
activity of the tested transition metal catalyst, with complete hydrogen and ammonia
conversion at 400 ◦C. The iron-based catalyst is slightly less active with full hydrogen and
ammonia conversion at 400 ◦C and 600 ◦C, respectively. The copper-based catalyst shows a
very low activity and thus high light off temperatures for both hydrogen and ammonia,
despite its higher active metal loading of 10% compared to 5% for all other tested metals.
To reach complete hydrogen and ammonia conversion over the copper-based catalyst a
reaction temperature of about 600 ◦C is necessary.
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Figure 5. (a) Hydrogen and (b) ammonia conversion vs. reaction temperature for different transition
metal catalysts, the platinum-based catalyst is shown for comparison, WHSV = 600 L/g h.

The NOx concentrations observed for the tested transition metal catalysts are much
lower compared to the platinum catalyst (see Figure 6a). The trend however is the same as
for the noble metal catalysts. Once the reaction temperature is sufficiently high for catalytic
ammonia combustion, NOx can be detected at the reactor outlet. The NOx concentrations
and selectivities observed for the transition metal-based catalysts increase with reaction
temperature and then stagnate at temperatures of 500 ◦C and above.
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Figure 6. (a) NOX concentration and (b) NOX selectivity vs. reaction temperature for different
transition metal catalysts, platinum-based catalyst shown for comparison, WHSV = 600 L/g h.

The nickel and iron-based catalysts display similar NOx concentrations. However,
since nickel is more active at low temperatures compared to iron, the nickel catalyst has
a lower selectivity to NOx below 500 ◦C as summarised in Figure 6b. The copper-based
catalyst shows fairly low NOx concentrations too, but the NOx selectivity of the copper
catalyst is higher than observed for iron and nickel. Again, at higher temperatures the NOx
concentrations surpass the ammonia concentration present in the feed gas and thus the
NOx selectivities are larger than 100%. This is a clear indication that at high temperatures
NOx is formed by ammonia combustion as well as by oxidation of nitrogen present in
the off-gas.

Different studies have reported that copper oxides are good catalysts for ammonia
combustion in terms of low NOx selectivity. In our study the copper catalyst showed a
much higher selectivity to NOx compared to literature. However, the literature results were
obtained for combustion in the absence of hydrogen. The presence of hydrogen could for
example alter the oxidation state of copper in the catalyst which was proven to play an
important role [26].

The formation of N2O follows the same trend as observed for the noble metal catalysts
(see Figure 7). At low temperatures the concentrations and selectivities increase with
increasing ammonia conversions and reach a maximum at 200 ◦C to 300 ◦C. With further
temperature increase the N2O formation decreases and no N2O can be overserved at
temperatures exceeding 500 ◦C for all tested transition metal-based catalysts.
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The nickel-based catalyst shows lower N2O concentrations and selectivities compared
to the platinum-based catalyst despite its relative high activity at 200 and 300 ◦C. At 400 ◦C
no N2O was observed for the nickel catalyst. The iron catalyst displays even lower N2O
concentrations but also lower activity at low temperatures resulting in slightly higher N2O
selectivity at 300 and 400 ◦C. No N2O can be observed for the copper catalyst, likely because
it is almost inactive at temperatures below 400◦C, thus preventing N2O formation as well.

Under the tested transitions of metal-based catalysts, the nickel-based catalyst displays
the best performance. At a temperature of 300 ◦C, the nickel catalyst shows complete
hydrogen and ammonia conversion with a rather low NOx selectivity of 51%.

2.2.3. Catalyst Stability

Since the catalyst will be operated for prolonged times, catalytic stability was tested.
A platinum catalyst was chosen for the experiments. The reaction was carried out at 800 ◦C
with frequent cold starts from 100 to 800 ◦C.

The hydrogen conversion over time on stream in Figure 8a reveals that the catalyst
fully converts the hydrogen even after prolonged reaction time at 800 ◦C. However, the
hydrogen conversion during the cold start experiments (see Figure 8b) reveals catalyst
deactivation. Initially during the first 24 h of reaction the catalyst loses activity as evident
in the reduced hydrogen conversion at lower temperatures compared to the fresh catalyst.

With prolonged time on stream, no further reduction in hydrogen conversions can be
observed. This indicated that the catalyst deactivation has stopped after the initial deacti-
vation. Due to the observed catalyst deactivation the light-off temperature for hydrogen
increases from below 100 ◦C to about 270 ◦C. Hence the preheating temperature necessary
to start up the afterburner would be around 300 ◦C, which is still feasible.
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Figure 8. (a) Hydrogen conversion over time on stream with frequent cold start experiments and (b)
hydrogen conversion over temperature for the corresponding cold start experiments after different
times, catalyst 5% Pt/Al2O3, TReactor = 800 ◦C (cold starts from 100 to 800 ◦C), WHSV = 600 L/g h.
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3. Discussion

The light off temperatures for all tested catalysts, calculated at a 50% conversion level,
for hydrogen and ammonia are summarized in Table 3. Despite the different homogenous
light off temperatures for ammonia and hydrogen, the differences observed between
hydrogen and ammonia light off are relatively small over all tested catalysts.

Table 3. Comparison of the catalytic performance of different metal-based catalysts tested in
this study.

Catalyst H2 Light-Off
TX=50%

NH3 Light-Off
TX=50%

Lowest SNOx at
XNH3> 98% S NOx at 600 ◦C

Pt/Al2O3 <100 125 81.1 (200 ◦C) 160.3
Pd/Al2O3 178 214 117.2 (400 ◦C) 135.9
Rh/Al2O3 243 244 113.6 (400 ◦C) 102.9
Ru/Al2O3 303 266 90.2 (400 ◦C) 116.4
Ir/Al2O3 267 275 63.1 (400 ◦C) 120.3
Ni/Al2O3 183 177 51.4 (300 ◦C) 110.7
Fe/Al2O3 257 254 115.0 (600 ◦C) 115.0
Cu/Al2O3 412 419 109.6 (600 ◦C) 109.6

Overall, platinum, nickel and palladium show low light-off temperatures, below
200 ◦C. For iridium, rhodium, iron and ruthenium the light–off temperatures are around
200 to 300 ◦C. For the copper-based catalyst the highest light-off temperature exceeding
400 ◦C can be observed, despite its higher loading of active metal on the catalyst support.

The selectivity to NOx at 600 ◦C is close to the maximum, since the NOx formation
usually reaches a plateau at 600 ◦C. Here, the selectivity increases in the order Rh < Cu
< Ni < Fe < Ru < Ir < Pd < Pt. The lowest selectivity to NOx at full ammonia conversion
(XNH3 > 98%) also corresponds to the lowest temperature necessary for full ammonia
conversion since the NOx selectivities increased with reaction temperature. The lowest value
can be found for nickel and increases in the order Ni < Ir < Pt < Ru < Cu < Rh < Fe < Pd.

Comparison to Internal Combustion Engines

Compared to conventional internal combustion engines used for shipping, the pre-
sented NOx emissions of the SOFC system are much lower.

NOx emissions of maritime diesel engines are limited by regulation 13 of the MARPOL
Annex VI of the International Maritime Organization (IMO). The current Tier II regulations
set the NOx limit at 14.4 gNOx/kWh for slow running engines with rotational speeds of
under 130 rpm and 7.7 gNOx/kWh for engines running at over 2000 rpm.

The 2016 Tier III regulations by the IMO set more stringent NOx limits in defined
Emission Control Areas. In this areas, which include the Baltic and northern sea, the
NOx emission limits are 3.4 and 1.96 gNOx/kWh, for engines operating at <130 and >2000
revolutions per minute, respectively. NOx emission according to Tier II can be archived by
modern diesel engines, Tier III however makes a deNOx process such as ammonia-SCR
necessary.

The presented system of NH3 SOFC and afterburner emits 0.18 g NOx per kWh
(electric) in the worst case of complete NH3 conversion to NO2 at full load. Thus, the
SOFC system only emits 9% of the NOx emitted by Tier III conventional diesel engines. For
the iridium and nickel-based catalysts developed in this work, values of about 5% of the
specific NOx emission of Tier III diesel engines can be obtained. The NOx emission of the
SOFC system were calculated at full load. Emissions are measured according to ISO 8178
at different loads which would lower the emissions even further.

Direct use of ammonia in internal combustion engines is possible too. Ammonia is
partially split to hydrogen, since pure ammonia is not suitable for use in internal combus-
tion engines. The ammonia/hydrogen mixture can be combusted at lower temperatures
compared to diesel engines (CO2 formation) and thus NOx formation can be reduced.
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Studies have shown that engines fuelled by hydrogen ammonia mixtures can achieve NOx
concentrations as low as 1−2 g NOx per kWh depending of the ammonia concentration
in the feed gas, which is still at least 10 times higher than the NOx emissions of the NH3
SOFC system.

Additionally, the tested catalysts were able to obtain complete conversion of ammonia
at feasible operation temperatures for the afterburner, thus preventing ammonia slip from
the SOFC system which can be a problem for ammonia-fuelled internal combustion engines.

4. Materials and Methods
4.1. Catalyst Preparation and Reactor Assembly

The investigations were carried out using microreactors containing microchannels
coated with catalyst.

The reactors consisted of two plates with 14 channels each. The channels are 500 µm in
width, 250 µm deep and 25 mm long. Once the two plates were welded together, channels
with a depth of 500 µm were obtained.

The preparation and assembly consisted of three main steps: preparation of the
catalyst powder, wash coating of the catalyst in the microchannels and finally assembly of
the reactor via laser welding.

Catalyst powder preparation: The catalyst powders were prepared by impregnation
of the Al2O3 support (Puralox, Sasol) with the calculated amount of an aqueous solution
containing the corresponding metal precursor to archive the desired catalyst composition.
After impregnation the samples were calcined at 450 ◦C for 6 h and the powders were milled
and used for the wash coating. The metal precursors used were: Pt(NH3)4(NO3)2 (Alfa
Aesar), Ni(NO3)2·6H2O (Sigma-Aldrich), Rh(NO3)3 solution (chemPUR), IrCl3·xH2O (Alfa
Aesar), Fe(NO3)3·9H2O (Sigma-Aldrich), Cu(NO3)2·3H2O (Honeywell / Fluka), Pd(NO3)2
solution (Sigma-Aldrich), Ru(NO)(NO3)3 (Alfa Aesar).

Wash coating: The microchannels were coated by using a suspension containing the
catalyst powder, polyvinyl alcohol as binder, acetic acid and deionised water. The polyvinyl
alcohol was dissolved in water at 65 ◦C for 3 h before 1 wt.-% acetic acid and the catalyst
powder were added. The suspension was then stirred at 65 ◦C for additional 3 h followed
by stirring at room temperature for 2–3 days to obtain a homogeneous suspension.

The microchannels were filled with the suspension and excess suspension was re-
moved using a blade. Then the plates were dried at room temperature and calcined at
450 ◦C. The wash coating process was described in greater detail in previous publica-
tions [44].

Reactor assembly: The coated plates as well as the inlet and outlet capillaries were
assembled via laser welding to form the microreactor. More details can be found in a
previous publication [45,46].

4.2. Catalytic Testing

The catalyst coated microstructured reactors were placed in a steal heating block
equipped with two heating cartridges and thermocouples and connected to the test rig.

The gas mixture consisting of nitrogen, hydrogen and 250 ppm ammonia was mixed
with air and steam before it was fed into the reactor. The gases were dosed via Bronkhorst
mass flow controllers. Steam was delivered by dosing liquid water using a Bronkhorst
Cori-flow into an evaporator. All lines were heated to 180 ◦C to avoid condensation.

Ammonia concentrations were measured using a MKS FTIR spectrometer. The hydro-
gen concentration was measured using an Agilent µGC.

To obtain a weight hourly space velocity (WHSV) of 600 L/g h a catalyst mass of 20 to
25 mg was used and the flow rate adjusted accordingly. For example, for a catalyst mass of
20 mg the flow rates were set to 120.1 mL/min air, 31.98 mL/min off-gas surrogate and
2.31 g/h water, resulting in a total flow rate of 200 mL/min.
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4.3. Catalyst Characterization

X-ray diffraction (XRD): X-ray diffraction measurements were carried out using a
D8-Advance diffractometer (Bruker) equipped with Cu-Kα radiation source and LYNXEYE
XT-E detector in Bragg-Brentano geometry from 5–90◦ 2Theta with a step size of 0.02◦.

X-ray fluorescence (XRF): The elemental composition of the samples was measured by
XRF spectroscopy on an ED-XRF spectrometer model 1510 (Canberra Packard, USA). As
radiation source Cd-109 (22 keV) and Am-241 (60 keV) were used.

Transmission electron microscopy (TEM): the transmission electron microscopy images
were taken on a Zeiss Libra 120 instrument operating at an accelerating voltage of 120 kV.
Before the measurements, the catalyst samples were suspended in ethanol, dropped onto
the TEM grids and dried.

Nitrogen physisorption: nitrogen sorption experiments were carried out at −273 ◦C
using an Anton Parr Autosorb iQ. The samples were degassed for 12 h at 250 ◦C under
vacuum before measurement.

5. Conclusions

The present study shows that it is possible to use an afterburner catalyst to completely
combust both hydrogen and ammonia present in an ammonia SOFC off-gas stream. How-
ever, all tested catalysts oxidized at least parts of the ammonia to nitrogen oxides. The
selectivity to NOx increases with reaction temperature and reaches a plateau at about
600 ◦C. The formation of N2O increases initially with increasing reaction temperature and
reaches a maximum at about 200 to 300 ◦C. With further temperature increases, the N2O
formation decreases and no N2O is detectable at temperatures between 400 and 500 ◦C,
depending on the catalyst.

Compared to other studies reported in the literature, much higher NOx selectivities
were observed for the catalysts tested in this study. However, the studies in literature were
dedicated to ammonia combustion without any other fuel present in the feed gas. The
relative high concentration of hydrogen in the SOFC off-gas clearly alters the nitrogen
selectivities of the catalysts.

Another difference is the WHSV used for the catalytic tests. The afterburner for the
Ship-FC project needs to be cost effective and relatively small and light for use onboard
a shipping vessel. Thus, the used WHSV of 600 L/gcat h is high compared to the WHSV
reported in literature.

Nevertheless, by selecting a suitable catalyst it is feasible to reduce the NOX formation
drastically, especially at low temperatures. Nevertheless, a complete mitigation of NOX
formation was not found possible using the presented catalyst systems.

Very promising candidates are nickel and iridium-based catalysts. The nickel-based
catalyst shows the lowest NOx selectivity in the low temperature range, as well as good
cold start performance. However, operating the afterburner at low temperatures results
in the formation of small quantities of N2O. The observed N2O concentration at 300 ◦C is
below 2 ppm, and could be reduced by further catalyst optimization. For complete N2O
mitigation, iridium is the most promising active metal tested in this study.

The iridium-based catalyst has the smallest NOx selectivities at 400 and 500 ◦C of all
catalysts tested in this work. The selectivity to NOx at 400 ◦C is higher compared to the
nickel-based catalyst at 300 ◦C, but due to higher reaction temperature, the N2O formation
is suppressed completely. One drawback is the reduced cold start performance of iridium,
with higher light off temperatures for both hydrogen and ammonia, compared to nickel,
palladium and platinum-based catalysts.

In future, further reduction in NOx emissions could be achieved by reducing the
ammonia concentration in the off-gas, by further advancements in catalyst development
or by removal of the formed NOx. Studies to determine the effect of different catalyst
supports, other active metals and bi-metallic catalysts could be beneficial to further reduce
the NOx formation in the afterburner. For the off-gas cleaning, well-established processes
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such as catalytic selective reduction (SCR) of NOx to N2 with ammonia are available and
could be implemented to lower NOx emissions further.
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//www.mdpi.com/article/10.3390/catal12101186/s1, Figure S1: Powder XRD pattern of noble metal-
based catalysts; Figure S2: Powder XRD pattern of transition metal-based catalysts; Figure S3: TEM
micrographs of the used catalysts with two different magnifications; Figure S4: TEM micrographs
with interplanar distances and selected area electron beam diffraction images used for identification,
Figure S5: Nitrogen sorption isotherm of Al2O3 support; Figure S6: Nitrogen sorption isotherms
of the used catalysts, Figure S7: Particle size distribution of different catalysts determined by TEM,
Table S1: Specific surface area (BET method) of the used catalysts.
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18. Jabłońska, M.; Król, A.; Kukulska-Zajac, E.; Tarach, K.; Chmielarz, L.; Góra-Marek, K. Zeolite Y modified with palladium as

effective catalyst for selective catalytic oxidation of ammonia to nitrogen. J. Catal. 2014, 316, 36–46. [CrossRef]

206



Catalysts 2022, 12, 1186

19. Chen, W.; Qu, Z.; Huang, W.; Hu, X.; Yan, N. Novel effect of SO2 on selective catalytic oxidation of slip ammonia from coal-fired
flue gas over IrO2 modified Ce–Zr solid solution and the mechanism investigation. Fuel 2016, 166, 179–187. [CrossRef]

20. Shin, J.H.; Kim, G.J.; Hong, S.C. Reaction properties of ruthenium over Ru/TiO2 for selective catalytic oxidation of ammonia to
nitrogen. Appl. Surf. Sci. 2020, 506, 144906. [CrossRef]

21. Long, R.Q.; Yang, R.T. Noble metal (Pt, Rh, Pd) promoted Fe-ZSM-5 for selective catalytic oxidation of ammonia to N2 at low
temperatures. Catal. Lett. 2002, 78, 353–357. [CrossRef]

22. Zhang, L.; He, H. Mechanism of selective catalytic oxidation of ammonia to nitrogen over Ag/Al2O3. J. Catal. 2009, 268, 18–25.
[CrossRef]

23. Lin, M.; An, B.; Niimi, N.; Jikihara, Y.; Nakayama, T.; Honma, T.; Takei, T.; Shishido, T.; Ishida, T.; Haruta, M. Role of the acid site
for selective catalytic oxidation of NH3 over Au/Nb2O5. ACS Catal. 2019, 9, 1753–1756. [CrossRef]

24. Long, R.Q.; Yang, R.T. Selective catalytic oxidation of ammonia to nitrogen over Fe2O3–TiO2 prepared with a sol–gel method. J.
Catal. 2002, 207, 158–165. [CrossRef]

25. Hinokuma, S.; Kiritoshi, S.; Kawabata, Y.; Araki, K.; Matsuki, S.; Sato, T.; Machida, M. Catalytic ammonia combustion properties
and operando characterization of copper oxides supported on aluminum silicates and silicon oxides. J. Catal. 2018, 361, 267–277.
[CrossRef]

26. Hirabayashi, S.; Ichihashi, M. Gas-phase reactions of copper oxide cluster cations with ammonia: Selective catalytic oxidation to
nitrogen and water molecules. J. Phys. Chem. A 2018, 122, 4801–4807. [CrossRef] [PubMed]

27. Hinokuma, S.; Araki, K.; Iwasa, T.; Kiritoshi, S.; Kawabata, Y.; Taketsugu, T.; Machida, M. Ammonia-rich combustion and
ammonia combustive decomposition properties of various supported catalysts. Catal. Commun. 2019, 123, 64–68. [CrossRef]

28. Amblard, M.; Burch, R.; Southward, B.W.L. A study of the mechanism of selective conversion of ammonia to nitrogen on
Ni/γ-Al2O3 under strongly oxidising conditions. Catal. Today 2000, 59, 365–371. [CrossRef]

29. Lee, J.Y.; Kim, S.B.; Hong, S.C. Characterization and reactivity of natural manganese ore catalysts in the selective catalytic
oxidation of ammonia to nitrogen. Chemosphere 2003, 50, 1115–1122. [CrossRef]

30. De Boer, M.; Huisman, H.M.; Mos, R.J.M.; Leliveld, R.G.; van Dillen, A.J.; Geus, J.W. Selective oxidation of ammonia to nitrogen
over SiO2-supported MoO3 catalysts. Catal. Today 1993, 17, 189–200. [CrossRef]

31. Lee, S.M.; Hong, S.C. Promotional effect of vanadium on the selective catalytic oxidation of NH3 to N2 over Ce/V/TiO2 catalyst.
Appl. Catal. B Environ. 2015, 163, 30–39. [CrossRef]

32. Song, S.; Jiang, S. Selective catalytic oxidation of ammonia to nitrogen over CuO/CNTs: The promoting effect of the defects of
CNTs on the catalytic activity and selectivity. Appl. Catal. B Environ. 2012, 117, 346–350. [CrossRef]

33. Hung, C.-M.; Lai, W.-L.; Lin, J.-L. Removal of gaseous ammonia in Pt-Rh binary catalytic oxidation. Aerosol Air Qual. Res. 2012,
12, 583–591. [CrossRef]

34. Zhou, M.; Wang, Z.; Sun, Q.; Wang, J.; Zhang, C.; Chen, D.; Li, X. High-performance Ag–Cu nanoalloy catalyst for the selective
catalytic oxidation of ammonia. ACS Appl. Mater. Interfaces 2019, 11, 46875–46885. [CrossRef] [PubMed]
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36. Chmielarz, L.; Kuśtrowski, P.; Rafalska-Łasocha, A.; Dziembaj, R. Selective oxidation of ammonia to nitrogen on transition metal
containing mixed metal oxides. Appl. Catal. B Environ. 2005, 58, 235–244. [CrossRef]

37. Qu, Z.; Wang, Z.; Zhang, X.; Wang, H. Role of different coordinated Cu and reactive oxygen species on the highly active Cu–Ce–Zr
mixed oxides in NH3-SCO: A combined in situ EPR and O2-TPD approach. Catal. Sci. Technol. 2016, 6, 4491–4502. [CrossRef]

38. Sun, M.; Liu, J.; Song, C.; Ogata, Y.; Rao, H.; Zhao, X.; Xu, H.; Chen, Y. Different reaction mechanisms of ammonia oxidation
reaction on Pt/Al2O3 and Pt/CeZrO2 with various Pt states. ACS Appl. Mater. Interfaces 2019, 11, 23102–23111. [CrossRef]

39. Jabłońska, M. TPR study and catalytic performance of noble metals modified Al2O3, TiO2 and ZrO2 for low-temperature
NH3-SCO. Catal. Commun. 2015, 70, 66–71. [CrossRef]

40. Lin, M.; An, B.; Takei, T.; Shishido, T.; Ishida, T.; Haruta, M.; Murayama, T. Features of Nb2O5 as a metal oxide support of Pt and
Pd catalysts for selective catalytic oxidation of NH3 with high N2 selectivity. J. Catal. 2020, 389, 366–374. [CrossRef]

41. Akah, A.; Cundy, C.; Garforth, A. The selective catalytic oxidation of NH3 over Fe-ZSM-5. Appl. Catal. B Environ. 2005, 59,
221–226. [CrossRef]

42. Guo, J.; Yang, W.; Zhang, Y.; Gan, L.; Fan, C.; Chen, J.; Peng, Y.; Li, J. A multiple-active-site Cu/SSZ-13 for NH3-SCO: Influence of
Si/Al ratio on the catalytic performance. Catal. Commun. 2020, 135, 105751. [CrossRef]

43. Yue, Y.; Liu, B.; Qin, P.; Lv, N.; Wang, T.; Bi, X.; Zhu, H.; Yuan, P.; Bai, Z.; Cui, Q. One-pot synthesis of FeCu-SSZ-13 zeolite with
superior performance in selective catalytic reduction of NO by NH3 from natural aluminosilicates. Chem. Eng. J. 2020, 398, 125515.
[CrossRef]

44. Zapf, R.; Thiele, R.; Wichert, M.; O′Connell, M.; Ziogas, A.; Kolb, G. Application of rhodium nanoparticles for steam reforming of
propane in microchannels. Catal. Commun. 2013, 41, 140–145. [CrossRef]

207



Catalysts 2022, 12, 1186

45. Kolb, G.; Zapf, R.; Hessel, V.; Löwe, H. Propane steam reforming in micro-channels—results from catalyst screening and
optimisation. Appl. Catal. A Gen. 2004, 277, 155–166. [CrossRef]

46. Zapf, R.; Becker-Willinger, C.; Berresheim, K.; Bolz, H.; Gnaser, H.; Hessel, V.; Kolb, G.; Löb, P.; Pannwitt, A.-K.; Ziogas, A.
Detailed characterization of various porous alumina-based catalyst coatings within microchannels and their testing for methanol
steam reforming. Chem. Eng. Res. Des. 2003, 81, 721–729. [CrossRef]

208



Citation: Habiba, U.; Mutahir, S.;

Khan, M.A.; Humayun, M.; Refat,

M.S.; Munawar, K.S. Effective

Removal of Refractory Pollutants

through Cinnamic Acid-Modified

Wheat Husk Biochar: Experimental

and DFT-Based Analysis. Catalysts

2022, 12, 1063. https://doi.org/

10.3390/catal12091063

Academic Editor: Meng Li

Received: 21 August 2022

Accepted: 14 September 2022

Published: 17 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Effective Removal of Refractory Pollutants through Cinnamic
Acid-Modified Wheat Husk Biochar: Experimental and
DFT-Based Analysis
Umme Habiba 1, Sadaf Mutahir 1,2,*, Muhammad Asim Khan 1,2,* , Muhammad Humayun 3 ,
Moamen S. Refat 4 and Khurram Shahzad Munawar 5

1 Department of Chemistry, University of Sialkot, Sialkot 51300, Pakistan
2 School of Chemistry and Chemical Engineering, Linyi University, Linyi 276000, China
3 Wuhan National Laboratory for Optoelectronics, School of Optical and Electronics Information,

Huazhong University of Science and Technology, Wuhan 430074, China
4 Department of Chemistry, College of Science, Taif University, Taif 21944, Saudi Arabia
5 Department of Chemistry, University of Mianwali, Mianwali 42200, Pakistan
* Correspondence: sadafmutahir@hotmail.com (S.M.); khanabdali@hotmail.com (M.A.K.)

Abstract: The removal of refractory pollutants, i.e., methylene blue (MB) and ciprofloxacin (CIP),
relies heavily on sorption technologies to address global demands for ongoing access to clean water.
Because of the poor adsorbent–pollutant contact, traditional sorption procedures are inefficient. To
accomplish this, a wheat husk biochar (WHB), loaded with cinnamic acid, was created using a simple
intercalation approach to collect dangerous organic pollutants from an aqueous solution. Batch
experiments, detecting technologies, and density functional theory (DFT) calculations were used to
investigate the interactions at the wheat husk biochar modified with cinnamic acid (WHB/CA) and
water interface to learn more about the removal mechanisms. With MB (96.52%) and CIP (94.03%),
the functionalized WHB exhibited outstanding adsorption capabilities, with model fitting results
revealing that the adsorption process was chemisorption and monolayer contact. Furthermore,
DFT studies were performed to evaluate the interfacial interaction between MB and CIP with the
WHB/CA surface. The orbital interaction diagram provided a visual representation of the interaction
mechanism. These findings open up a new avenue for researchers to better understand adsorption
behavior for the utilization of WHB on an industrial scale.

Keywords: wheat husk biochar; cinnamic acid; wastewater treatment; adsorption; DFT

1. Introduction

Rapid industrialization and massive growth in the human population have resulted
in major environmental contamination in the last few decades. Increased concentrations
of a wide variety of contaminants or pollutants, such as toxic heavy metal ions, inorganic
anions, micropollutants, and organic compounds such as dyes, phenols, pesticides, humic
substances, detergents, and other persistent organic pollutants, have been widely reported
in recent decades in various parts of the world. The release of these harmful chemicals
into natural water bodies has devastated flora and fauna and has disrupted the ecological
balance. Many of these pollutants are not only chemically or biologically resistant, but they
also have a high level of environmental mobility and a high potential for bioaccumulation
in the food chain [1]. Water contaminants include inorganic dangerous elements, organic
compounds, and microorganisms. Inorganic hazardous elements include mercury, cad-
mium, lead, chromium, copper, and other inorganic metallic elements. Common organic
contaminants in water include pharmaceuticals, personal care products, endocrine disrup-
tors, pesticides, organic dyes, detergents, and common industrial organic wastes, such as
phenolics, halogens, and aromatics [2–4].
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Dyes are an important class of aromatic hydrocarbons that pollute the environment. These
are colored substances used in various industries [5]. Each year, 5–10% of the 7 × 105 metric
tons of dyes produced are discharged as waste into water [6]. Although these are used in a
variety of industries for a variety of purposes, their presence in water is extremely hazardous
due to their poor degradability, unpleasant odor, high toxicity level, and retardation of light
penetration into the water, causing the photosynthesis process to halt, thereby disrupting the
entire ecosystem [7].

There are various classes of dyes; among these, methylene blue is an important dye. It
is a heterocyclic compound with the chemical formula C16H18N3SCl.3H2O. Methylene blue
(MB), a biological staining agent, is the most commonly used cationic dye in the wool, silk,
leather, calico, cotton, and tannin industries. MB, which can inflict eye burns on humans
and aquatic critters and permanently harm their eyes. Furthermore, depending on the
length of time that people are exposed to MB, it can be hazardous to their health. Long-term
MB exposure can result in a burning sensation, mental disorientation, nausea, vomiting,
methemoglobinemia, cyanosis, convulsions, dyspnea, anemia, and hypertension, whereas
short-term exposure might result in quick or difficult breathing [8–10].

Ciprofloxacin is a second-generation fluoroquinolone antibiotic that targets Gram-
negative and Gram-positive bacteria and has a fluorine atom at position 6 in the quinoline
group. Its superior properties, such as excellent tissue penetration, good bioavailability,
and fewer side effects, led doctors and veterinarians all over the world to prescribe it
to treat a variety of bacterial infections, including infections of the respiratory system,
skin, bone, joints, urinary tract, and gastrointestinal tract [11]. According to many studies
from around the world, ciprofloxacin has been identified in alarming proportions in a
range of environmental systems, including agricultural soils, groundwater, surface water,
and effluents from various wastewater treatment plants (i.e., domestic, hospital, and
industrial) [12,13]. Even though ciprofloxacin concentrations in aquatic environments
range from ngL−1 to gL−1, these levels are adequate to cause and accelerate antimicrobial
resistance gene (AMR) proliferation in water. These genes can infect the body (human
or animal) with fatal diseases, while tolerating or competing with any antibiotic, posing
a severe threat to the world’s limited water supply. If reasonable measures to lower
ciprofloxacin content and related resistant genes in water are not performed, AMRs could
become a future pandemic similar to COVID-19 [14].

As a result, contaminated water and wastewater must be cleaned before being dis-
charged into the natural environment. To remove organic contaminants from wastewater,
many approaches have been tried, including electrochemical treatment [15], biological
treatment [16], photodegradation [17], ozonation [18], electrochemical treatment [19], mem-
brane filtration, oxidation [20], adsorption [21], reverse osmosis [22], physical nanofiltra-
tion [23,24], chemical oxidation [25,26], ion exchange, and electrocoagulation [27]. Among
these methods, adsorption is considered one of the best methods, because it is low-cost,
the nontoxic adsorbent can be regenerated, it is easy to operate, and has no chance of
high toxicity [28]. However, the surface area, porosity, and pore diameter of the adsorbent
and adsorbate that are utilized determine the efficacy of the adsorption process. This ap-
proach has used a variety of adsorbents, including carbon-based adsorbents [29], polymers
and resins [30,31], metal-organic frameworks, clays and minerals [32,33], nanomateri-
als [34] [35,36] such as PTA/Zr-MCM-41, and metals and their oxides [37], which have
been used for the adsorption of antibiotics/dyes. Activated carbon is the most important
and frequently used cost-effective adsorbent; it can be regenerated with some mass loss.
The production of activated carbon from different sources results in a difference in porosity,
adsorption, and other properties. Moreover, the method of preparation of activated carbon
and parameters used during this method affect the acidic and basic nature of activated
carbon [38].

One of the serious problems is that the direct usage of these adsorbents creates many
problems, such as poor adsorption capacity, emission of secondary pollutants, high COD,
BOD, and TOC [39], while wheat husk biochar modified with cinnamic acid has no such
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problems. It does not create sludge formation, nor does it emit secondary pollutants, and it
has no effects on BOD, COD, or TOC.

Biochar derived from wheat husk can be used as an adsorbent because it has a high
surface area, insolubility in water, high mechanical strength, and various functional groups.
Moreover, it has some alkali metal content that also enhances its adsorption capacity. The
chemical composition of wheat husk includes cellulose, 33.7–40%; hemicellulose, 21–26%;
lignin, 11–22.9%; and extractives that include alkali metal contents and silica, which account
for 15.3% [40].

Tons of wheat husk are produced every year, with very little usage in feedstock, energy
production, and the adsorption process. A large amount of wheat husk is thrown out as
waste material. The use of wheat husk as an adsorbent for the removal of organic pollutants
not only provides a solution for the usage of this waste material in a useful form, but also
plays an effective role in wastewater treatment. It is the cheapest and most renewable
source, but the problem is that natural wheat husk exhibits very poor adsorption capacity.
Although wheat straw biochar has been reported in the literature for the removal of MB,
it has a very low adsorption capacity of 46.6 mg/g in the absence of a magnetic field,
and 62.5 mg/g in the presence of a magnetic field. This poor adsorption capacity is not
sufficient for today’s threatening levels of pollutants [41]. Other modification techniques
can be used to improve the properties of the wheat husk [42]. The modification increases
surface area and adsorption properties [43].

This paper reports the modification of wheat husk-derived biochar with cinnamon acid,
as it is not a harsh acid, is less toxic, and is environmentally friendly, while the previously
reported modifying agents are harsh and have some toxic effects. There is currently no
literature available on the adsorption of organic pollutants using cinnamic acid-modified
wheat husk biochar. A study has been carried out on wheat husk biochar that has very little
affinity toward the removal of MB only, but no study has been carried out on wheat husk
biochar loaded with cinnamic acid for the removal of antibiotics. As a result, the goal of this
study was to fill a research gap by analyzing organic pollutant removal utilizing cinnamic
acid-modified wheat husk biochar and batch adsorption. Methylene blue, a well-known
thiazine dye, was chosen to represent cationic dyes, while ciprofloxacin, a fluoroquinolone
antibiotic with a fluorine atom at position 6 in the quinoline group, was chosen to represent
non-cationic colors. As part of the research, the adsorbent was characterized based on its
surface appearance and pore characteristics. In batch mode, the impacts of key adsorption
factors, such as adsorbent dosage, beginning pH, contact time, and initial concentration,
were also investigated. Finally, the adsorption mechanisms on both MB and ciprofloxacin,
with cinnamic acid-modified wheat husk biochar as the adsorbent, were investigated
using the fitting of experimental data with adsorption equilibrium isotherm, kinetic, and
mechanism models, as well as theoretical studies (Scheme 1).
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Hence, this study signifies that by preparing WHB/CA, we can remove refractory
pollutants from wastewater in heavy amounts. So, we can not only overcome water
pollution, but also land pollution.

2. Results and Discussion
2.1. SEM Analysis

The adsorbent’s surface micromorphology has a significant impact on its adsorption
performance. The micromorphology of biochar may be seen easily and intuitively using
scanning electron microscopy. The morphological changes of materials before and after
alteration can be better examined using electron microscopy. Figure 1 shows the SEM-EDS
pictures of the biochar before and after modification. The micromorphology of both WHB
and 7.5%WHB/CA is an inhomogeneous porous structure with a roughened surface, as
seen by SEM images (Figure 1). It can be seen from Figure 1a that the surface of WHB has
many prominent cracks that are lessened in the surface of 7.5%WHB/CA (Figure 1b), and
macropores are converted into microspores. Hence, the modifier aggregated on the surface
of WHB, which is very effective for the adsorption of organic pollutants on its surface, while
it is shown in Figure 1c that the surface of WHB has a small amount of debris on its surface,
with some smoother contents, while the surface of the 7.5%WHB/CA (Figure 1d) is rough
and was fully covered with the modifier. This aggregation on the surface of 7.5%WHB/CA
was an indication of successful modification [44].
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2.2. XRD Analysis

XRD analysis was performed to investigate the crystallinity of the material. As shown
in Figure 2, a characteristic peak at around 22◦ appeared, which corresponded to cellulose
for WHB, while the same diffraction for 7.5%WHB/CA was very sharp, which is an
indication of preferred orientation. It shows the removal of amorphous constituents, such
as lignin and hemicellulose, and the insertion of cinnamic acid into the layers of WHB [45].
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2.3. FTIR Analysis

FTIR spectra of WHB, WHB/CA, and MB-WHB/CA samples were analyzed
(Figure 3). The peak at 2350 cm−1 gives evidence of CH stretch, and a peak at 1640 cm−1

corresponded to the C=C of the aromatic ring [46]. The vibrations of the carboxylate (COO-)
group were represented by a peak at 1450 cm−1, whereas the OCC stretch of the acetate
group was represented by a peak at 1160 cm−1, indicating that WHB was esterified. The
intensity of both peaks (C=O and COO-) increased after modification, which indicates that
modification was performed, and some sort of rearrangement may have been performed in
the biochar [47]. A band at 1070 cm−1 was due to COC stretch [46], which was suppressed
in the treated WH sample. Furthermore, the broadening of the peak at 1160 cm−1 and the
broadband of hydrogen-bonded OH at 3400 cm−1 also indicates the adsorption of dye onto
the modified sample. Hence, it is inferred that WHB/CA can adsorb MB effectively.
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2.4. Adsorption Experiments

Adsorption experiments were carried out by selecting the optimum impregnation ra-
tio of WHB and CA. Mixing 0.1 g of adsorbent with 100 mL of dye solution and 100 mL
(100 mg/L) of ciprofloxacin solution at room temperature for 160 minutes at 25 ◦C on an
orbital shaker at 100 RPM yielded the best impregnation ratio. It was seen from the results
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that the modified sample of 7.5% WHB/CA (wheat husk biochar/cinnamic acid) showed
maximum adsorption capacity against both adsorbates. Figure 4a shows the plot of impreg-
nation ratios of the samples vs. adsorption capacity of MB, while Figure 4b shows the plot
of impregnation ratios of the samples vs. adsorption capacity of Ciprofloxacin. It is inferred
from the results that a sample of 7.5% WHB/CA showed the highest adsorption capacity for
both adsorbates. So, the whole of the work was performed on a 7.5% WHB/CA sample.
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2.4.1. Effect of Adsorbent Dosage

The effect of the adsorbent dosage was evaluated by changing the adsorbent dosage
from 50 mg to 200 mg in 100 mL of dye solution. The adsorption percentage was enhanced
by increasing the dosage of the adsorbent from 83.155 to 99%, after which it became constant,
which indicates that 100 mg of adsorbent dosage is sufficient for the maximum removal
of pollutants; so, in this work, 100 mg of adsorbent dosage was used in all experiments.
This increase in adsorption percentage might be due to an increase in adsorption sites.
The adsorbent dose surface area increased, and thus, the adsorption rate also increased.
However, further enhancement or poor increment in the adsorption rate was due to the
unavailability of MB binding sites (Figure 5a) [48].
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2.4.2. Effect of pH

The pH of wastewater is a very important parameter that may affect the removal rate
of the pollutant, so the effect of pH on the adsorption rate was monitored by changing the
pH from 3 to 11. The MB removal rate was lowest at pH 3, and the adsorption percentage
increased from 95.658% to 99.6% as the pH increased from 3 to 5. So, the maximum removal
ratio was obtained at pH 5, which decreased, and then became almost constant. This
indicates that sorption is mainly due to hydrogen bonding functional groups (-NH-, SO−3)
in MB and hydroxyl groups present in the adsorbent. For this reason, all experiments were
performed at pH 5. Such results were reported by Jasmin S et al. (Figure 5b) [49].

2.4.3. Effect of Initial Concentration of Dye

The effect of the initial dye concentration was studied by adjusting the dye concentra-
tion from 100 to 500 mg/L, while keeping the other parameters constant. It was discovered
from the data that the sorption rate was initially high, which could be related to the pres-
ence of a significant number of active sites on the adsorbent. The sorption rate gradually
decreased after fast MB diffusion from the aqueous solution to the adsorbent surface.
This could be attributed to the saturation of all active sites on the adsorbent’s surface, as
well as dye molecules penetrating the adsorbent’s pores, lowering the rate of sorption
(Figure 5c) [50].

2.4.4. Effect of Contact Time

An adsorption process is mainly affected by contact time. To elucidate the effect of
time on the adsorption process, the contact time was varied in the range of 10–60 min
at 100 rpm on an orbital shaker, while other parameters were kept constant. The results
showed that a maximum adsorption of up to 96.52% was achieved in the early 20 min.
Initially, the adsorption rate was very high, which might be due to the presence of enough
active sites on the surface of the adsorbent, but as time increased, these sites were gradually
filled, clogging the sorption sites, and hence, the adsorption rate slowly increased, and after
forty minutes, it became constant. Therefore, the contact time was optimized as 120 min
(Figure 5d) [51].

2.4.5. Adsorption Isotherms

Adsorption isotherms are important to the understanding of the mechanism of inter-
action. The adsorption mechanism of MB on the adsorbent was determined by using the
Langmuir and Freundlich models, and their respective parameters are shown in Table 1.
It was shown that the R2 value was 0.97627 and 0.94287 for the Langmuir and Freundlich
isotherms, respectively. This showed that adsorption isotherm properties are consistent with
the Langmuir isotherm. The Langmuir isotherm is based on a monolayer adsorption mech-
anism on a homogenous surface. Figure 6a shows the isothermal plot for the Langmuir
isotherm, while Figure 6b shows the isotherm plot for the Freundlich isotherm. These two
Figures demonstrate that the adsorption mechanism was based on the Langmuir isotherm.

Table 1. Parameters of Langmuir and Freundlich isotherm.

Adsorption Model Isotherm Parameters R2

Freundlich Model Kf = 111.9026 mg/g
1/n = 3.34314 0.94287

Langmuir Model
Qmax = 427.35 mg/g

KL = 27721.8 m−1.g−1

RL = 0.003314
0.97627
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2.4.6. Adsorption Kinetics

Adsorption kinetics is very important for the investigation of adsorption efficiency and the
adsorption mechanism. So, kinetic parameters were evaluated by using two models, i.e., pseudo-
first-order kinetics and pseudo-second-order kinetics. Their parameters are shown in Table 2,
and their plots are shown in Figure 7a,b. The correlation coefficients (R2) for pseudo-second-
order and pseudo-first-order were (R2) 0.9999 and 0.83843, respectively, and the adsorption
capacity from pseudo-second-order was consistent with the experimental value.

Table 2. Parameters of pseudo-first- and pseudo-second-order.

Pseudo-First-
Order
Model

Co
(mg/L)

Qe (mg/g)
(exp)

Qe (mg/g)
(cal) K1 (min−1) R2

300 299.495 2162.46 −0.0005745 0.8383

Pseudo-
Second-Order

Model

Co
(mg/L)

Qe (mg/g)
(exp)

Qe (mg/g)
(cal)

K2 (g.mg−1

min−1) R2

200 299.495 300.300 321.54 0.9999
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2.5. Investigation of Adsorption Mechanism Based on DFT Analysis

To explore molecular communications among adapted biochar and MB, batch adsorp-
tion experiments were combined with density functional theory (DFT). Modified wheat
husk biochar has a much-enhanced ability to adsorb MB and CIP. To investigate the ad-
sorption mechanism and possible sites of adsorption, a DFT study was performed by using
the 6–31G Hartree–Fock method. The structures of the adsorbates and adsorbents were
optimized, and their molecular electrostatic potentials (MEP) were calculated. The MEP
analysis showed the region of upper and lower potential, as designated by blue and red
colors, respectively.
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Figure 8a shows the MEP diagram of cellulose cinnamate, representing possible sites
of attack. The hydrogen of the hydroxyl group is shown in blue color, having maximum
potential. Hence, it was a possible site of attack by the nucleophile. While the red color
indicates that the oxygen of the carbonyl group had the least potential, it was a possible site
of attack for an electrophile. While the MEP of MB is shown in Figure 8b, the phenothiazine
nitrogen atom was at a lower potential, represented by red, and could be a target for
an electrophilic attack, whereas the atoms of dimethylamine benzene were at a higher
potential, represented by blue, and could be a target for a nucleophilic assault. As a
result of the MEP analysis, electrophilic interaction in the nitrogen of methylene blue and
nucleophilic interaction in the dimethylamine group were discovered. The MEP diagram
of CIP in neutral form is shown in Figure 8c. It shows that oxygen attached to the benzene
ring and oxygen of the carbonyl group showed the least potential. Hence, these were
the possible sites for the attack of the electrophile, while hydrogen of the carbonyl group
showed maximum potential, so it was a possible site for the attack of the nucleophile. MEP
of CIP in zwitterion form is shown in Figure 8d; here, the oxygen of the carbonyl group and
oxygen-bearing negative charge showed the least potential, so these were the possible sites
for the attack of the electrophile, while the nitrogen of the amino group showed maximum
potential, and hence, it was a possible site for the attack of the nucleophile. In this way, MB
and CIP were adsorbed on the surface of WHB/CA and effectively improved the quality of
wastewater. [52].
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2.5.1. Possible Interactions of CIP with Modified Biochar

pH plays an important role during the adsorption of ciprofloxacin, as CIP exists
in protonated, deprotonated, neutral, and zwitterion forms at different pH. Hence, the
mechanism of adsorption of ciprofloxacin is highly dependent on the pH. So, pH is a crucial
parameter for the adsorption of ciprofloxacin on modified biochar. CIP exists in protonated
form at pH < 6.09 and deprotonated at pH > 8.64, while it exists in neutral and zwitterion
form at 6.09 > pH < 8.64, but here, the zwitterion form is more dominated than the neutral
form. At pH < 6.09, the amine group of ciprofloxacin gets protonated; hence, the protonated
form exists at this pH, while at pH > 8.64, the amine group of CIP gets deprotonated, so at
this pH, the deprotonated form exists. During the 6.09 < pH < 8.64, the amine group of CIP
gets protonated, and the carboxyl group is deprotonated. So, at this pH, both positive and
negative charges exist in CIP. Hence, at this pH, CIP exists in form zwitterion. All forms
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of CIP have a great attraction to modified biochar. This attraction is based on H-bonding,
pi–pi interaction, pore diffusion, and EDA (electron donor–acceptor) interaction. CIP has
electronegative and electropositive functional groups that form a hydrogen bond with
modified biochar. In zwitterion form, CIP has positively charged NH2+ and negatively
charged C-O-; both of these make a hydrogen bond with modified biochar. Moreover, the
presence of a highly electronegative fluorine atom also provides an extra site for electron
acceptance from modified biochar. Hence, EDA interaction also plays a part during the
adsorption of CIP on WHB/CA. Figure 9 shows various forms of CIP at different pH, while
Figures 2 and 3 show the interaction of modified biochar with the neutral form of CIP and
with the zwitterion form of CIP [53].
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2.5.2. Interaction Mechanism Based upon HOMO and LUMO

The interaction mechanism was explored by calculating the HOMO and LUMO of
ciprofloxacin in neutral form and zwitterion form (Figure 10). The calculated energy gap
between HOMO and LUMO of CIP in neutral form was 0.12974, while for zwitterion form, it
was 0.04452, which showed that more energy is required for the transition from LUMO to
HOMO for CIP in neutral form, while less energy is required for the transition in the case
of CIP in zwitterion form, suggesting that it is more reactive than neutral form. A possible
reaction mechanism for both neutral and zwitterion forms is given in Figures 11 and 12,
respectively, and their parameters are shown in Table 3 [54]. The WHB/CA for the adsorption
of MB and CIP was compared with other adsorbents in terms of the maximum uptake of
different adsorbents, as reported in Table 4.
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Table 3. HOMO and LUMO energy values and other parameters.

Parameters (eV) CIP (Neutral) CIP (Zwitterion)

ELUMO −0.21903 −0.10424
EHOMO −0.08929 −0.05972

Energy gap (EHOMO-ELUMO) 0.12974 0.04452
Ionization potential (I = –EHOMO) 0.08929 0.05972

Electron affinity (A = –ELUMO) 0.21903 0.10424
Chemical hardness (η = (I–A)/2) −0.06487 −0.02226

Chemical softness (ζ = 1/2η) −7.7077 −1.34141
Electronegativity (χ = (I + A)/2) 0.15416 0.08198

Chemical potential (µ = −(I + A)/2) −0.15416 −0.08198
Electrophilicity index (ω = µ2/2η) −0.183135 −0.15094
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Table 4. Comparison of maximum adsorption capacities of biochar prepared from different sources.

S. N. Adsorbent Adsorption Capacity (mg/g) Reference

1 Wheat bran sawdust/Fe3O4
composite 51.28 [55]

2 Biochar from mixed municipal
discarded material (MMDM) 7.2 [56]

3 Wodyetia bifurcate biochar 149.3 [57]

4 Mangolia Gradiflora Linn Leaf
biochar (MGB) 101.27 [58]

5 Sour lemon saw dust 52.4 [59]
6 Date palm sawdust 54 [59]
7 Eucalyptus sawdust 53.5 [59]
8 Reed 53.23 [60]

9 Ficus Carica Bast Activated
carbon 47.62 [61]

10 Biowaste sawdust 58.14 [62]
11 Peanut shell biochar 208 [49]
13 WHB/CA 427.35 This study

3. Materials and Methods

The wheat husk used in this work was collected from the Alnoor flour mill in Pasrur,
Punjab, Pakistan. All reagents, including sodium hydroxide, nitric acid, cinnamic acid,
hydrochloric acid, and methylene blue, were acquired from Sigma Aldrich and used as
received. Throughout the experiment, distilled water was used. The stock solutions of
methylene blue (500 mg/L) and ciprofloxacin (500 mg/L) were prepared in distilled water,
while other required solutions were prepared by making dilutions from stock solutions. In
this experiment, pH and temperature were measured using a digital meter. Concentrations
of MB and ciprofloxacin were determined at 698 nm and 276 nm, respectively, via a UV-
Visible spectrophotometer.

3.1. Preparation of Biochar

Firstly, the washing of wheat husk (WH) was performed with tap water and then with
distilled water several times to remove surface impurities. The washed WH was dried
for 24 h at 353 K and then chilled to room temperature before being crushed [63]. WH
was transformed into biochar by slow pyrolysis in an electrical furnace at a heating rate
of 10 ◦C/min and held for 2 h at 800 ◦C. Biochar was obtained under a limited supply of
oxygen [64,65]. It was then crushed with a pestle and mortar to generate a fine powder,
which was sieved to produce particles with a particle size of 40–60 mesh and stored in a
glass bottle with the words “Wheat Husk Biochar” on it (WHB).

3.2. Modification of WHB

The modification of WHB was performed by the method reported by Gong et al.,
with slight modifications [66]. WHB was modified with cinnamic acid (C.A) at different
impregnation ratios of 2.5%, 5%, 7.5%, and 10% (WHB/CA, W/W), followed by magnetic
stirring for 2 h at room temperature. Esterification was achieved by adding 2–3 drops of
nitric acid. It was then dried in a drying oven at 100 ◦C for 24 h, before being stored in a
glass bottle. The optimum impregnation ratio was determined by dissolving 100 mg of
adsorbent in 100 mL of dye solution at room temperature and shaking it for 160 min at
25 ◦C on an orbital shaker at 100 RPM. It was seen from the results that a modified sample
of 7.5% WHB/CA (wheat husk biochar/cinnamic acid) showed maximum adsorption. So,
the whole of the work was performed on this sample and named 7.5% WHB/CA.

3.3. Characterization

To investigate the surface topology and elemental content of the sample, scanning
electron microscopy (SEM), equipped with energy dispersive spectroscopy (EDS) (FEI
Nova 450 Nano SEM), was performed. Functional groups present in the samples were
analyzed by using Fourier transform infrared spectroscopy (IRSpirit-T, Shimadzu). For
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this, FTIR spectra of all impregnation ratios, WHB, and samples after adsorbing MB (TWH)
were recorded and analyzed. The concentration of pollutants was determined via a UV-
Vis spectrophotometer (Cecil 7400S). The crystallinity and phase of the adsorbent were
evaluated by X-ray diffraction (XRD) measurements in the range of 10–80◦ (2θ).

3.4. Batch Adsorption Study

The experiments were performed in batch mode in a 100 mL Erlenmeyer flask, shaken
in an orbital shaker (orbital shaker incubator ES 20) at 120 rpm for 120 min. NaOH and HCl
were used to adjust the initial pH. The effect of various parameters was investigated by
performing adsorption of MB at various initial concentrations (100–500 mg/L), adsorbent
dosages (0.5 g–0.2 g), times (10–60 min), and pH from 3–11. For reproducibility and accuracy,
each experiment was repeated thrice. The concentrations of dye and ciprofloxacin were
determined using a Cecil 7400S UV-Vis spectrophotometer at the wavelength of maximum
absorbance, λmax = 664 nm and 278 nm, respectively. Adsorption ability qe (mg/g) and
removal efficiency (%) were computed using Equations (1) and (2), respectively.

qe =
(C0 − Ct)V

W
(1)

% =
C0 − Ce

C0
(2)

Here, Ce and C0 represent the initial and equilibrium concentrations (mg/g) of the
adsorbate, while V represents the volume of the solution (L), and W represents the weight
of the adsorbent (g) used.

3.5. Adsorption Isotherm

Adsorption isotherms depict the relationship between adsorbents and adsorbates. They
depict the relationship between the amount of adsorbate adsorbed on the adsorbent and
amount present in the solution at equilibrium. The adsorption mechanism can also be inferred
from these models. In this work, two adsorption isothermal models were employed to analyze
adsorption equilibrium data, i.e., the Freundlich and Langmuir models. The Langmuir
model is based on the monolayer adsorption mechanism on the homogenous surface of the
adsorbent [52]. The Langmuir isotherm can be given by the following equation.

Ce
Qe

=
1

KLqm
+

1
qm

Ce (3)

Here, Ce represents the equilibrium concentration (mg/L), and Qe represents the
equilibrium adsorption capacity (mg/g), while qm is the maximum adsorption capacity
calculated by the Langmuir isotherm, and KL is the Langmuir constant. Table 1 shows that
the data obtained by the Langmuir isotherm, qe, KL, and qm are computed by the slope and
intercept of the fitted line of the Langmuir isotherm.

The Freundlich isotherm relies on the assumption that adsorption occurs on the
heterogeneous surface through a multi-layer adsorption mechanism [49]. The Freundlich
isotherm is given by the following equation.

lnqe =
1
n

lnCe + lnKF (4)

KF is the Freundlich constant (L/mg), n is a constant number that is related to ad-
sorption strength, and 1/n shows adsorption favorability, which is related to the degree of
heterogeneity of the surface [67].

3.6. Adsorption Kinetics

To explain adsorption characteristics and the adsorption mechanism, kinetic models
were studied. For the adsorption process, two commonly used models were employed:
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pseudo-first-order and pseudo-second-order. At various time intervals, the concentration
of the solution was determined, and the adsorption capacity at that time is defined as qt,
calculated by the following equation.

Pseudo-first-order is given by Equation (5).

ln
(

qe
qe−qt

)
=

K1t
2.303

(5)

K1 (1/min) shows the adsorption rate constant for pseudo-first-order, while qt and qe
show adsorption capacities at time t and equilibrium, respectively.

A pseudo-second-order kinetic model is given by Equation (6).

t
qt

=
t

qe
+

1
K2q2

e
(6)

qt (mg/g) and qe (mg/g) are the adsorption capacities at time t and equilibrium,
respectively, and K2 is a pseudo-second-order constant.

4. Conclusions

The WH-based adsorbent was prepared through acid modification. Optimal conditions
were pH 5, a dosage of 0.1 g, an initial dye concentration of 300 mg/L, and a contact time
of 2 h. Results showed that the maximum adsorption capacity was 299.493 mg/g for MB
and 94.03% for CIP. The best fit for the adsorption process was pseudo-second-order kinetics
combined with the Langmuir isotherm. Hence, their values also proved that WHB/CA is
the most acceptable adsorbent material for the removal of MB from wastewater. This study
also showed that WHB/CA is an efficient, novel, and cost-effective adsorbent for wastewater
treatment. Its synthesis also provides a new way for the utilization of wheat husk.
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Abstract: CO oxidation, one of the most important chemical reactions, has been commonly studied
in both academia and the industry. It is one good probe reaction in the fields of surface science and
heterogeneous catalysis, by which we can gain a better understanding and knowledge of the reaction
mechanism. Herein, we studied the oxidation state of the Cu species to seek insight into the role of
the copper species in the reaction activity. The catalysts were characterized by XRD, N2 adsorption-
desorption, X-ray absorption spectroscopy, and temperature-programmed reduction. The obtained
results suggested that adding of Fe into the Cu/Al2O3 catalyst can greatly shift the light-off curve of
the CO conversion to a much lower temperature, which means the activity was significantly improved
by the Fe promoter. From the transient and temperature-programmed reduction experiments, we
conclude that oxygen vacancy plays an important role in influencing CO oxidation activity. Adding
Fe into the Cu/Al2O3 catalyst can remove part of the oxygen from the Cu species and form more
oxygen vacancy. These oxygen vacancy sites are the main active sites for CO oxidation reaction and
follow a Mars-van Krevelen-type reaction mechanism.

Keywords: carbon monoxide; oxidation; copper; kinetic; reaction mechanism

1. Introduction

The catalytic oxidation of carbon monoxide (CO), a simple and typical heterogeneous
catalytic reaction, is a key step in C1 chemistry and has been widely investigated for
decades [1]. It has been considered the most studied probe reaction in heterogeneous
catalysis, especially in the field of surface science, owing to its simple molecules [2–5].
With an in-depth understanding of this simple reaction, one can gain more and deeper
fundamental new insights or knowledge of the reaction chemistry and mechanism [1,6].
Further, this knowledge is supposed to allow us to make progress in catalyst design and
optimization. Therefore, CO oxidation, although seemingly a simple chemical reaction,
is still widely under exploration [2,7]. It is not only useful as a model reaction system
for fundamental studies for a better understanding of the reaction mechanism and the
surface properties of the catalysts, but also imperative for some practical applications such
as air cleaning, automotive emission control, and removal of CO impurities from H2 for
polymer electrolyte membrane fuel cells [8]. In addition, CO is a poisonous molecule
for some catalytic chemical reactions [9–11], in which it can strongly be adsorbed on the
surface of the working catalysts; it will block or inhibit the other reactants’ adsorption and
significantly hamper the catalytic performance. Those noble metals have long been used as
the most efficient catalysts for CO oxidation with high activity and stability.

Many types of catalysts have been developed and proposed including noble metals,
like Pt, Rh, Au, and Pd, either supported or non-supported catalysts [7,12]. However,
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owing to the high cost and limited availability of noble metals, the focus has been on
transition metals and/or their oxides as the substitute for noble metal catalysts. Transition
metals like Cu, Ru, and so on have been reported [13–20]. Among them, copper-based
catalysts have been explored widely, and have been recognized as a possible substitute for
noble metals for their high activity toward CO oxidation [13,21,22].

Much effort has been devoted to reaction mechanism studies in CO oxidation. The
traditional Langmuir-Hinshelwood mechanism has been commonly reported [23–26], and
the O2 adsorption has been reported as the rate-determining step. Besides, Mars–van
Krevelen reaction mechanisms were also reported [6,15,27,28], especially for the catalysts
with O-vacancy, in which the catalyst participates in the reaction with the reactants. Al-
though, CO oxidation has been studied for decades in both academia and industry and
uses multiple techniques. It still has significant meaning to continuously place some more
focus on this “simple and classical” chemical reaction.

In the present work, to gain better insights into the relationship between the oxidation
state of Cu species and CO oxidation activity, we report the effect of adding Fe as the
promoter to the Cu/γ-Al2O3 catalyst to boost the activity of CO oxidation. We found
that the Cu/γ-Al2O3 catalyst shows a weak or poor CO oxidation activity in the tested
temperature range. Meanwhile, the activity is greatly enhanced by adding Fe into the
Cu/γ-Al2O3 catalyst. A full conversion can be obtained at 250 ◦C. The promoter of Fe can
greatly increase the reduction of CuO. The discoveries in this work provide a systematic
understanding of the redox dynamics of Cu species under reaction conditions, which has
implications for a broad range of catalytic reactions beyond CO oxidation.

2. Results and Discussion
2.1. Catalyst Properties

The compositions of the prepared catalysts were analyzed by X-ray fluorescence
spectroscopy (XRF). The final metal loadings can be obtained as nominal with preparation.
The physical properties of the catalysts, such as specific surface area, pore volume, and
pore size, are summarized in Table 1. From the table, we know that, when depositing the
metals on the γ-Al2O3, the surface area, pore volume, and pore size decreased slightly
compared with the support. The nitrogen adsorption/desorption isotherms of the fresh
samples shown in Figure 1a can be categorized as type IV isotherms, the typical character
of mesoporous materials [29,30]. The pore size distribution shown in Figure 1b also
demonstrates the mesoporous properties of the prepared catalysts.

Figure 2 shows the XRD patterns of the fresh calcinated catalysts. The displayed
diffraction peaks can be assigned to the phase of γ-Al2O3 [31,32], and no diffraction peaks of
Fe and Cu species are observed. This indicates that both Fe and Cu are highly dispersed on
the surface of γ-Al2O3. Besides, no mixed metal oxides can be detected on the XRD pattern.
It was commonly reported that transition metal salts and oxides can be spontaneously
highly dispersed on the surface of the oxide support (like γ-Al2O3 and TiO2) and form a
monolayer or even sub-monolayer [31–37]. This was proven to be a thermodynamic process
during the impregnation process. This type of monolayer catalyst has been reported and
applied in multiple catalytic systems, forming one imported supported catalyst. Owing
to the high dispersion of the Cu species on the support, the influence of other dopants on
the Cu species is supposed to be imperative in affecting either the chemical state of the Cu
species or the catalytic performance of the total reaction.

Table 1. BET surface area, pore volume, and average pore size for the samples. Pore volume and
diameter calculations were determined using the BJH model on desorption data.

Catalyst Surface Area
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(nm)

Metal Loading
(wt%)

Cu/γ-Al2O3 181 0.55 9.07 5

FeCu/γ-Al2O3 144 0.43 9.10 1/5 (Fe/Cu)

227



Catalysts 2022, 12, 1030

Catalysts 2022, 12, x FOR PEER REVIEW 2 of 9 
 

 

Many types of catalysts have been developed and proposed including noble metals, 
like Pt, Rh, Au, and Pd, either supported or non-supported catalysts [7,12]. However, ow-
ing to the high cost and limited availability of noble metals, the focus has been on transi-
tion metals and/or their oxides as the substitute for noble metal catalysts. Transition met-
als like Cu, Ru, and so on have been reported [13–20]. Among them, copper-based cata-
lysts have been explored widely, and have been recognized as a possible substitute for 
noble metals for their high activity toward CO oxidation [13,21,22]. 

Much effort has been devoted to reaction mechanism studies in CO oxidation. The 
traditional Langmuir-Hinshelwood mechanism has been commonly reported [23–26], and 
the O2 adsorption has been reported as the rate-determining step. Besides, Mars–van 
Krevelen reaction mechanisms were also reported [6,15,27,28], especially for the catalysts 
with O-vacancy, in which the catalyst participates in the reaction with the reactants. Alt-
hough, CO oxidation has been studied for decades in both academia and industry and 
uses multiple techniques. It still has significant meaning to continuously place some more 
focus on this “simple and classical” chemical reaction. 

In the present work, to gain better insights into the relationship between the oxida-
tion state of Cu species and CO oxidation activity, we report the effect of adding Fe as the 
promoter to the Cu/γ-Al2O3 catalyst to boost the activity of CO oxidation. We found that 
the Cu/γ-Al2O3 catalyst shows a weak or poor CO oxidation activity in the tested temper-
ature range. Meanwhile, the activity is greatly enhanced by adding Fe into the Cu/γ-Al2O3 
catalyst. A full conversion can be obtained at 250 °C. The promoter of Fe can greatly in-
crease the reduction of CuO. The discoveries in this work provide a systematic under-
standing of the redox dynamics of Cu species under reaction conditions, which has impli-
cations for a broad range of catalytic reactions beyond CO oxidation. 

2. Results and Discussion 
2.1. Catalyst Properties 

The compositions of the prepared catalysts were analyzed by X-ray fluorescence 
spectroscopy (XRF). The final metal loadings can be obtained as nominal with prepara-
tion. The physical properties of the catalysts, such as specific surface area, pore volume, 
and pore size, are summarized in Table 1. From the table, we know that, when depositing 
the metals on the γ-Al2O3, the surface area, pore volume, and pore size decreased slightly 
compared with the support. The nitrogen adsorption/desorption isotherms of the fresh 
samples shown in Figure 1a can be categorized as type IV isotherms, the typical character 
of mesoporous materials [29,30]. The pore size distribution shown in Figure 1b also 
demonstrates the mesoporous properties of the prepared catalysts. 

 

 

(a) (b) 

Figure 1. (a) N2 adsorption/desorption isotherms and (b) pore size distribution of all of the catalysts
(calculated by the BJH method).

Catalysts 2022, 12, x FOR PEER REVIEW 3 of 9 
 

 

Figure 1. (a) N2 adsorption/desorption isotherms and (b) pore size distribution of all of the catalysts 
(calculated by the BJH method). 

Table 1. BET surface area, pore volume, and average pore size for the samples. Pore volume and 
diameter calculations were determined using the BJH model on desorption data. 

Catalyst Surface Area 
(m2/g) 

Pore Volume 
(cm3/g) 

Pore Size 
(nm) 

Metal Loading 
(wt%) 

Cu/γ-Al2O3 181 0.55 9.07 5 
FeCu/γ-Al2O3 144 0.43 9.10 1/5 (Fe/Cu) 

 
Figure 2 shows the XRD patterns of the fresh calcinated catalysts. The displayed dif-

fraction peaks can be assigned to the phase of γ-Al2O3 [31,32], and no diffraction peaks of 
Fe and Cu species are observed. This indicates that both Fe and Cu are highly dispersed 
on the surface of γ-Al2O3. Besides, no mixed metal oxides can be detected on the XRD 
pattern. It was commonly reported that transition metal salts and oxides can be spontane-
ously highly dispersed on the surface of the oxide support (like γ-Al2O3 and TiO2) and 
form a monolayer or even sub-monolayer [31–37]. This was proven to be a thermody-
namic process during the impregnation process. This type of monolayer catalyst has been 
reported and applied in multiple catalytic systems, forming one imported supported cat-
alyst. Owing to the high dispersion of the Cu species on the support, the influence of other 
dopants on the Cu species is supposed to be imperative in affecting either the chemical 
state of the Cu species or the catalytic performance of the total reaction. 

 
Figure 2. XRD patterns of the γ-Al2O3-supported catalysts. 

2.2. Catalytic Evaluation of the CO Oxidation 
In the following section, the CO oxidation is evaluated over the Cu- and FeCu-sup-

ported γ-Al2O3 catalysts. The light-off curve is the conversion–temperature plot of a cata-
lytic reaction; it can directly be used for the criteria for the catalyst comparison and cata-
lyst development. The light-off curve of the FeCu/Al2O3 and Cu/Al2O3 catalysts is shown 
in Figure 3. The conversion of CO oxidation over the two catalysts increases when the 
temperature increases. The activity of CO oxidation over the two catalysts is quite differ-
ent. Cu/Al2O3 shows a rather low CO conversion, in the temperature range from 100 °C to 
250 °C, and the conversion can be reached at about 60% at 250 °C. However, when the 
catalyst is promoted with Fe, the scenarios are different. The light-off curve is shifted to 
the lower temperature range. The activity of CO oxidation is significantly enhanced over 
the tested temperature range. A full conversion can be obtained at a temperature of 250 
°C. 

Figure 2. XRD patterns of the γ-Al2O3-supported catalysts.

2.2. Catalytic Evaluation of the CO Oxidation

In the following section, the CO oxidation is evaluated over the Cu- and FeCu-
supported γ-Al2O3 catalysts. The light-off curve is the conversion–temperature plot of a
catalytic reaction; it can directly be used for the criteria for the catalyst comparison and
catalyst development. The light-off curve of the FeCu/Al2O3 and Cu/Al2O3 catalysts is
shown in Figure 3. The conversion of CO oxidation over the two catalysts increases when
the temperature increases. The activity of CO oxidation over the two catalysts is quite
different. Cu/Al2O3 shows a rather low CO conversion, in the temperature range from
100 ◦C to 250 ◦C, and the conversion can be reached at about 60% at 250 ◦C. However, when
the catalyst is promoted with Fe, the scenarios are different. The light-off curve is shifted to
the lower temperature range. The activity of CO oxidation is significantly enhanced over
the tested temperature range. A full conversion can be obtained at a temperature of 250 ◦C.

The stability of the FeCu/Al2O3 catalyst is also evaluated at a temperature of 250 ◦C,
and the result is shown in Figure 4. The initial increasing phase was reported as an
induction period of the catalyst. After the induction period, the conversion of CO is very
stable over the 450 min test. No decreasing tendency is observed in the time-on-stream
tests, and a longer reaction time can even be expected. This indicates that FeCu/Al2O3 is a
good catalyst for CO oxidation.
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It has been commonly reported that CO oxidation follows the Mars-van Krevelen
reaction mechanism over the Cu-based catalyst [13], in which Cu undergoes oxidation and
reduction reactions via the oxygen vacancy. To gain a better understanding of the reaction,
we also performed the transient experiment. The catalysts were first treated by the O2
atmosphere so that the catalyst is in the highest oxidation state. Then, by introducing CO
into the catalyst, the catalyst will be reduced with the production of CO2, which can be
traced by the online mass spectra. The normalized CO2 formation signal over the catalysts
is shown in Figure 5 for qualitative comparison. To make the comparison more reasonable
and to eliminate the influence caused by the baseline of the mass spectra, the signal was
normalized in the same time range. The relative difference between the two curves will be
discussed. We can see that the production rate over the FeCu/Al2O3 catalyst is much faster
than that over Cu/Al2O3, as the slope of the curve is much higher for the FeCu/Al2O3
catalyst, which is also confirmed by the activity test in Figure 3. The most likely reason
is that adding Fe into the catalyst can enhance the reduction of CuO with CO to a lower
Cu oxidation state and CO2; therefore, the activity of CO oxidation is much higher on the
FeCu/Al2O3 catalyst. Another parameter we should mention is the peak areas, which
are related to the produced amount of CO2 on the two pre-oxidized catalysts. We can
know that more oxygen can be removed from the Cu/Al2O3 catalyst because more CO2 is
produced. As reported, the oxygen vacancy participates in the MvK type reaction cycle.
Herein, we can know greater oxygen vacancy is produced on the FeCu/Al2O3 catalyst.
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To further verify the discovery in the transient CO experiments, the CO temperature-
programmed reduction (CO-TPR) was also performed to have an overview of the oxidation
state and the reduction ability of the catalysts. The fresh catalyst was pre-treated in Ar at
100 ◦C to remove the adsorbed H2O caused by the storage in the atmosphere. Then, the
catalyst was reduced by introducing CO, and the temperature was increased to 350 ◦C and
maintained for a certain period until a stable baseline was observed on the mass spectra, as
shown in Figure 6. CO2 is produced during the heating process; it indicates that oxygen is
removed from the catalyst surface, and the catalyst is undergoing a reduction reaction with
CO. This means the Cu or part of the Cu on the catalyst was in the oxidized state. While
comparing the two catalysts, we can see that more CO2 is produced on the Cu/Al2O3
catalyst than that on the FeCu/Al2O3 catalyst. This shows that more Cu is in the oxidized
state on the Cu/Al2O3 catalyst, and more oxygen species are accessible. Adding Fe as the
promoter to the Cu/Al2O3 catalyst can enhance the reduction of CuO during the synthesis
process. Greater oxygen vacancy is formed on the FeCu/Al2O3 catalyst. Furthermore,
this oxygen vacancy is supposed to influence the activity of CO oxidation. This can also
be concluded from the X-ray adsorption near-edge spectroscopy (XANES), as shown in
Figure 7. The white line intensity of the FeCu/Al2O3 catalyst is much lower than that of
Cu/Al2O3, indicating that the oxidation state of Cu in Cu/Al2O3 is much higher than the
FeCu/Al2O3 catalyst. This is consistent with the transient and CO-TPR experiments stating
that more oxygen vacancy is formed on the FeCu/Al2O3 catalyst.
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As mentioned above, CO oxidation follows a Mars van-Krevelen reaction mechanism.
The catalyst undergoes reduction and oxidation via the oxygen vacancy, as summarized in
the following equations.

CO + OL → CO2 +�S (1)

0.5O2 +�S → OL (2)

where OL is surface lattice oxygen and �S is the surface oxygen vacancy.
In this reaction mechanism, re-oxidation of the catalytic surface is usually faster than

the step of withdrawal of oxygen from the copper oxide, so Equation 1 can be recognized as
the rate-determining step [13,38]. From the CO-TPR, we know that, by adding Fe into the
Cu/Al2O3 catalyst, the ability to withdraw oxygen from the catalyst surface becomes easier.
It was reported that variations in copper valence during CO oxidation over CuO and Cu2O
cycled between 2 and 0 for CuO, but between 1 and 2 for Cu2O [39]. The activity of CO
oxidation over copper oxide species can be explained in terms of species transformation and
changes in the amount of surface lattice oxygen. It seems the intermediate Cu oxidation state
or non-stoichiometric metastable copper oxide species shows a good ability to transport
surface lattice oxygen. Herein, it can be derived from the TPR that, in transient experiments,
adding Fe into the Cu/Al2O3 catalyst increased the oxygen vacancy on the catalyst. Thus,
the conversion of the FeCu/Al2O3 catalyst is much higher than that on Cu/Al2O3.

3. Materials and Methods
3.1. Catalyst Preparation

All of the catalysts were prepared by wetness impregnation methods. The precursor
was CuCl2·2H2O (Sigma-Aldrich, St. Louis, MO, USA, ≥99%) and Fe(NO3)3·9H2O (Sigma-
Aldrich, St. Louis, MO, USA, ≥99%), which were impregnated on the γ-Al2O3 (Sasol
Germany GmbH, Hamburg, Germany) and mixed well by stirring. The metal loadings for
Cu and Fe are 5 wt% and 1 wt%, respectively. Then, the resultant mixture was placed into
the oven and dried at 100 ◦C for 10 h, followed by calcination at a temperature of 500 ◦C for
2 h with a ramping rate of 5 ◦C/min. The obtained samples were represented as Cu/Al2O3
and FeCu/Al2O3 in the following context, and the fresh samples were directly used for
characterizations and catalytic evaluation.

3.2. Catalyst Characterization

The specific surface areas of the two γ-Al2O3 were measured on a TriStar 3000 instru-
ment at liquid nitrogen temperature using N2 adsorption isotherms. BET and BJH analysis
methods were used for the specific surface area and pore volume calculations. Samples
were degassed under a vacuum condition at 200 ◦C overnight before measurements. XRD
profiles were recorded with a Bruker D8 Davinci X-ray diffractometer (Bruker Nano GmbH,
Berlin, Germany), using a Cu Ka1 (0.154 nm) wavelength.
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The sample compositions were analyzed by X-ray fluorescence spectroscopy (XRF,
Rigaku Supermini 200, Tokyo, Japan). The samples were dried and prepared in the form of
pressed powder pellets.

3.3. X-Ray Absorption Spectroscopy Measurement

The X-ray absorption spectroscopy of the Cu K-edge was collected at BM 31 beamline
station in ESRF (Swiss-Norwegian Beamline, European Synchrotron Radiation Facility,
Grenoble, France) using the transmission mode with the use of a water-cooled flat Si [1 1 1]
double-crystal monochromator. The Cu foil was used as the reference to conduct the energy
calibrations. The spectra were normalized to the unity edge jump using Athena software
(Demeter version 0.9.26, Bruce Ravel, BNL, NY, USA).

3.4. Catalytic Evaluation of CO Oxidation

The CO oxidation reaction was performed in a fixed bed reactor at 1 bar combined
with an online mass spectrum (Omnistar GSD 3010, Asslar, Germany). The reactant gases
were introduced into the reactor with specific mass flow controllers. Before the reaction,
the catalysts were heated to the target temperature in Ar with a ramping rate of 5 ◦C/min.
In one typical experiment, 0.3 g of catalyst was used at a total flow rate of 100 mL/min.
The MS was used to perform the conversion calculation, in which Helium gas was used as
the reference.

3.5. Carbon Monoxide Temperature-Programmed Reduction (CO-TPR)

CO-TPR was performed on the same setup with a fixed bed reactor, combined with an
online MS recording the effluence gas. Before the TPR tests, the catalyst (0.3 g) was treated
in Ar at 100 ◦C for 1 h to purge out the adsorbed water. Then, the samples were cooled
down to room temperature in Ar. When a stable MS baseline was obtained, the samples
were heated to 350 ◦C in 100 mL/min CO/Ar with a ramping rate of 10 ◦C/min. The final
temperature was maintained until a stable MS baseline was obtained.

4. Conclusions

In summary, the γ-Al2O3 supported Cu with and without adding Fe as the promoter,
and catalysts were prepared, characterized, and evaluated for CO oxidation reaction. Both
Cu and Fe are highly dispersed on the surface of γ-Al2O3. The catalyst with Fe as the
promoter shows much better activity than the neat Cu/Al2O3 catalyst over CO oxidation.
Both the XAS results and transition experiments demonstrate that, by adding Fe inside
the Cu/Al2O3 catalyst, the reduction of CuOx is greatly enhanced, which benefits the
CO oxidation reaction. Adding Fe into the base Cu/Al2O3 catalyst, part of the oxygen
can be removed, leaving greater oxygen vacancy on the catalyst. We demonstrate the
role of oxygen vacancy in influencing the activity of CO oxidation, which follows a Mars-
van Krevelen-type reaction mechanism. From the transient experiment and temperature-
programmed reduction, we know this oxygen vacancy will further contribute to the activity
of CO oxidation, which makes the FeCu/Al2O3 catalyst highly active for CO oxidation. This
work also demonstrates the relationship between the activity and the Cu oxidation state.
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Abstract: Methane oxidative coupling (OCM) is considered a potential direct route to produce C2

hydrocarbons. Layered perovskite-like Sr2TiO4 is a promising OCM catalyst. Mechanochemical
activation (MA) is known to be an environmentally friendly method for perovskite synthesis. Sr2TiO4

were synthesized using MA of the mixtures containing SrCO3 or SrO and TiO2 or TiO(OH)2 and
annealing at 900 and 1100 ◦C. XRD and FT-IRS showed that MA leads to the starting component
disordering and formation of SrTiO3 only for SrO being pronounced when using TiO(OH)2. After
annealing at 900 ◦C, Sr2TiO4 was mainly produced from the mixtures of SrCO3 or SrO and TiO(OH)2.
The single-phase Sr2TiO4 was only obtained from MA products containing SrCO3 after calcination at
1100 ◦C. The surface enrichment with Sr was observed by XPS for all samples annealed at 1100 ◦C
depending on the MA product composition. The OCM activity of the samples correlated with the
surface Sr concentration and the ratio of the surface oxygen amount in SrO and perovskite (Oo/Op).
The maximal CH4 conversion and C2 yield (25.6 and 15.5% at 900 ◦C, respectively), and the high
long-term stability were observed for the sample obtained from (SrCO3 + TiO2), showing the specific
surface morphology and optimal values of the surface Sr concentration and Oo/Op ratio.

Keywords: layered strontium titanates; mechnochemical activation; methane oxidative coupling

1. Introduction

With large fossil resources of natural and shale gas, gas hydrates promote the devel-
opment of processes for methane conversion into valuable chemicals. Among them, the
direct catalytic conversion of methane to C2 hydrocarbons by oxidative coupling (OCM) is
considered a potential route for processing methane into useful products [1–3]. Researchers
generally agree that a simplified heterogeneous–homogeneous mechanism of OCM occurs
via the activation of methane to methyl radicals on the catalyst surface, the subsequent
homogeneous coupling of two methyl radicals to ethane in the gas phase and oxidative
dehydrogenation of ethane to ethylene. In parallel, nonselective (homogeneous and/or
heterogeneous) oxidation can proceed to give COx. The reaction complexity hinders the
development of efficient OCM catalysts [1–3]. On the whole, OCM activity of the catalysts
is ensured by oxygen activation creating the active sites for generation of methyl radicals
and high basicity for fast desorption of methyl radicals that could be tuned by catalyst com-
position [1–4]. Although many studies devoted to OCM have been performed and various
catalytic materials have been investigated for this reaction, commercial implementation of
OCM has not yet been reached, since the C2 yield is relatively low [1,5–7]. Thus, design of
the stable OCM catalysts with a high methane conversion rate and C2 selectivity remains a
relevant problem.

A number of previous studies revealed that some perovskite-type oxides containing
alkaline, alkaline-earth and rare-earth elements exhibit certain activity and C2 selectivity
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for the OCM reaction [1,8–19]. Perovskites have high thermal and chemical stability, while
concentration of surface defects, active oxygen species and basic sites can be tailored
by adjusting their chemical composition. Along with chemical composition, the surface
and bulk properties could be affected by the perovskite crystalline structure. All these
properties make perovskites promising catalysts for OCM. Among them, much attention
has been paid to titanate and stannate perovskite catalysts based on regular ABO3 [9–16]
and layered Ruddlesden–Popper An+1BnO3n+1 [17–19] structures (A = Ca, Ba, Sr, B = Ti, Sn).
The perovskite-like Ruddlesden–Popper-type oxides are comprised of alternating layers of
ABO3 perovskite and AO rock salt and exibit high oxygen mobility due to the peculiarities
of its fine structure [10,20,21]. It was found in an earlier report by Yang et al. [17] that
the layered Sr2TiO4 and Sr2SnO4 perovskites demonstrated better performance in OCM
at 800 ◦C than the corresponding SrTiO3 and SnTiO3. Recently, it was shown that the
fine crystal structure of different strontium stannates influences their OCM performance,
which follows in the order of Sr2SnO4 > Sr3Sn2O7 > SrSnO3 [10]. The results of multiple
methods reveal that the coordination environment of Sr cations is altered depending on
perovskite type, making the formation of surface oxygen vacancies easier for Sr2SnO4 than
for Sr3Sn2O7 and SrSnO3. This explains why Sr2SnO4 has the largest quantities of active
surface oxygen and basic sites, as well as the best OCM performance.

The high OCM activity and selectivity of doped Sr2TiO4 (C2 yield up to 25% and C2
selectivity around 66% at 850–900 °C) were found in [18] and related to the segregation
of SrO on the catalyst surface under the reaction conditions. SrO increases the basicity
of the surface and lowers the amount of weakly adsorbed molecular oxygen species that
can shift the reaction to the deep oxidation. The effect of Sr surface enrichment resulting
from the surface reconstruction of the model SrTiO3 on OCM activity was studied in [14].
CH4 conversion, C2 selectivity and the ratio of C2H4/C2H6 was found to increase at the Sr
enrichment of the surface up to Sr/(Sr + Ti) of 0.66 and then levels off. Thus, the results
evidence that the optimal surface concentration of Sr could promote the high OCM activity
of the catalysts based on strontium titanates.

It is known that the presence of certain active oxygen species and basic sites deter-
mining the high catalytic performance of perovskite-type oxides in methane oxidative
reactions are strongly influenced by preparation method and synthesis parameters, such
as the nature of the raw chemicals, pH and temperature, etc. [1–3]. Along with the op-
timal surface properties, the effective OCM catalysts could have a low specific surface
area (SSA) to prevent unselective homogeneous reactions [1–3]. Different methods can
be used for synthesis of titanates, including: solid state reaction [11–13,15,17], spray and
glycine-nitrate combustion [10,11], hydrothermal synthesis [15], coprecipitation [15,19],
the polymer precursor method [16,22], the sol-gel method [19,23] and mechanochemical
activation [18,19,24–26]. Fu et al. [11] investigated Ca, Sr, Ba titanates prepared by solid-
state and spray combustion methods for the OCM reaction. They found that the samples
prepared by the solid-state method, being of lower crystallinity, showed the better OCM
performance due to the high surface concentration of alkaline earth metal cations, which
is beneficial for C2 formation. The study of SrTiO3 samples synthesized using a solid-
state reaction, molten salt and sol-precipitation hydrothermal treatment also shows that
the surface atomic structure of perovskite determined by the morphology of crystalline
nanoparticles depends on the synthesis method used [15]. The dependence of the texture
and morphology of Sr2TiO4 prepared via the ultrasonic modified sol-gel method on the
alkaline agent adjusting the pH was shown in [21]. It was shown in [19] that the phase
composition of the OCM catalysts based on Sr2TiO4, their texture features (specific surface
area, pore size and volume) and the distribution of active surface oxygen species depends
on the synthesis method: co-precipitation, sol precipitation, citrate or mechanochemical
activation (MA) methods with further calcinations at 1100 ◦C. The catalysts prepared by
sol precipitation and MA were the most effective for OCM, giving a C2 yield of about
12% at 800–900 ◦C. Doped Sr2TiO4 possessing high OCM activity and selectivity were also
prepared using MA of the mixtures containing TiO2, oxides and carbonates in [18].
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Usually, the sintered complex oxides with a low SSA are prepared by a solid-state
method which requires prolonged heating at high temperatures with the intermediate
homogenization of the powder precursors yielding phases with nonuniform particle size
distribution and variations in the stoichiometry [11–13,15,17]. So called “wet” methods,
such as coprecipitation, the sol-gel method, spray combustion, etc., involve several steps
which take many hours to achieve the formation of the target mixed oxide phase and
require the use of various chemicals or special complex equipment. Mechanochemical
activation (MA) of starting compounds through high energy milling is the alternative route
to avoid these problems and it is an environmentally friendly method due to the absence
of any wastes [25–30]. During the milling processes, the homogeneity of the mixture
increases, the particle size decreases and the new contacts arise. A high-energy input into
the reaction zone leads to localized heating and high pressure, resulting in disordering of
the crystal structure and the generation of various types of defects in solids that increase
their reactivity [29].

In the course of milling, the raw compounds can be transformed into precursors
or directly into the target products, depending on their nature and synthesis conditions.
The MA effect on the formation of strontium titanates was studied in the early report of
Berbenni et al. [25]. The physical mixtures containing SrCO3 and TiO2 (rutile) (at a ratio of
SrCO3:TiO2 = 1:1, 1:2, 3:2) were dry milled for 110–240 h, depending on their composition.
SrTiO3 and Sr2TiO4 were not formed during milling and were obtained only after the
annealing of the activated mixtures at 800–850 ◦C for 12 h. MA was applied to obtain
Ruddlesden–Popper titanates Sr2[Srn-1TinO3n+1] (n = 1–4) in [26]. Stoichiometric mixtures
of SrO and TiO2 (anatase) were activated in a planetary mill for 35–300 h. During MA,
SrTiO3 was formed after 35–150 h for all mixtures, except the two SrO:TiO2 compositions.
The kinetic study revealed that traces of Sr2TiO4 are observed at 70 h; increasing milling
time up to 125 h results in the formation of the very low crystallinity Sr2TiO4 phase that
is transformed into SrTiO3 during further milling. After annealing of the corresponding
MA products at 800–1200 ◦C, the single crystalline phases were only obtained for SrTiO3,
Sr2TiO4 and Sr3Ti2O7. However, the study showed that MA of the initial mixtures leads
to the substantial temperature decrease in the synthesis of all members of the layered
Sr2[Srn-1TinO3n+1] series. It is noted in the paper that this is a result of the grains fracture
and defects generated during grinding, which leads to a higher internal energy and reduces
the thermal barrier for any subsequent reaction [26].

Thus, the analysis of the previous data shows that perovskite-type layered Sr2TiO4
are perspective catalysts for the OCM reaction due to peculiarities of its structure that
provide for the large quantities of active surface oxygen and basic sites formed as a result of
SrO segregation on the surface. Synthesis of Sr2TiO4 with mechnochemical activation is a
prospective environmentally friendly method. However, systematic studies on the influence
of the raw chemicals’ nature on Sr2TiO4 synthesis using MA are absent in the literature. In
this work, the interaction of raw compounds during MA in the high-energy planetary ball
mill, the impact of MA product peculiarities on phase and surface composition, morphology
and microstructure of Sr2TiO4 layered perovskite obtained after annealing and its catalytic
activity in the OCM reaction are studied.

2. Results and Discussion
2.1. Study of MA Products by XRD and FT-IRS

The influence of the starting compounds nature on their interaction and phase compo-
sition of the samples after MA has been studied by XRD and FT-IR spectroscopy.

XRD data for the samples after mechanical activation are presented in Figure 1. The
patterns of both MA-1 (SrCO3 + TiO2) and MA-2 (SrCO3 + TiO(OH)2) show the reflections
of the starting SrCO3 [PDF 05–418], in addition to the reflections of TiO2 (rutile) [PDF
21-276] for MA-1. TiO(OH)2 is an amorphous compound. The reflections of starting SrO
[PDF 06-0520] and TiO2 are presented in the pattern of MA-3 (SrO + TiO2). For MA-4 (SrO
+ TiO(OH)2), along with the reflections of SrO, a number of the wide peaks in the regions of

237



Catalysts 2022, 12, 929

2θ~25–29◦ and 36–40◦ are observed that could evidence the presence of a minor admixture
of strontium carbonate and hydroxide. In addition, the reflections of SrTiO3 [PDF 35-0734]
appear for MA-3 and MA-4. In the case of MA-4, their intensity is slightly higher, which
could be due to some stronger interaction of SrO with TiO(OH)2 compared to TiO2.

Figure 1. XRD patterns of the physical mixture (SrCO3 + TiO2) (1) and MA products. MA-1 (2),
MA-2 (3), MA-3 (4), MA-4 (5).

The FT-IR spectroscopy data give additional information about the influence of the
starting compounds’ nature on their interaction during MA and the phase composition of
MA products. The FT-IR spectra of the initial TiO2, TiO(OH)2, SrCO3, SrO, and products of
MA are presented in Figures 2–4. The wide absorption band (a.b.) at ~3470 cm−1 and a.b. at
1640 cm−1 in the spectrum of TiO2 (Figure 2) could be accordingly assigned to the stretching
and bending vibrations of physically absorbed H2O or its hydroxyl groups [31,32]. The
bands in the range of 1250–1050 cm−1 are related to the bending vibrations of Ti-OH, while
the a.b. in the range of 950–350 cm−1 are the characteristic peaks of skeletal stretching
and bending vibrations of Ti-O bonds in TiO2 [32]. The spectrum of TiO(OH)2 shows
practically the same absorption bands as TiO2 but the peaks related to H2O and OH groups
are noticeably higher in intensity [33,34]. Furthermore, two low-intensity a.b. at 1120 and
1050 cm−1 related to SO4

2− [35] are observed (Figure 5), which stems from the synthesis
method of TiO(OH)2 using TiOSO4 hydrolysis.

Figure 2. FT-IR spectra of the initial compounds and MA products after mechanical activation for
10 min. 1—MA-1, 2—MA-2, 3—MA-3, 4—MA-4.
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10 min.

Figure 5. FT-IR spectra (fragment) of MA-2 and MA-4.

The spectrum of the initial SrCO3 shows absorption peaks at 1770, 1434, 1071, 855, 704
and 702 cm−1 (Figures 2 and 3). The absorption band at 1770 cm−1 is assigned to the bond
stretching vibration of C=O in CO3

2− [36]. The intensive a.b. at 1434 cm−1 and the weak
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a.b. at 1071 cm−1 are related to asymmetric and symmetric stretching vibration of C-O band
in carbonate anion, while the a.b. at 855, 704 and 699 cm−1 can be attributed to the bending
out-of-plane and in-plane vibrations [36–38]. After activation in the spectra of the MA-1
(SrCO3 + TiO2) and MA-2 (SrCO3+ TiO(OH)2) samples (Figure 2), the bands of SrCO3 and
the wide a.b. at 850–350 cm−1 assigned to the characteristic vibrations of Ti-O are observed.
For the MA-2 sample, the wide a.b. of the low intensity at 3400 cm−1 and 1200–1100 cm−1

attributed to vibrations of H2O and OH groups in TiO(OH)2 (Figure 2) are presented as well.
Thus, in accordance with the XRD data, FT-IR spectra confirm the presence of the initial
compounds in the MA products. However, the bands of SrCO3, TiO2 and TiO(OH) become
wider and they are shifted compared with the starting compounds, which evidences the
disordering of their crystal structure during MA. All alterations are more pronounced in
the spectrum of MA-2, especially for the absorption bands corresponding to the vibrations
of the H2O and OH groups in TiO(OH)2 at 3470 cm−1, 1640 cm−1 and 1250–1050 cm−1

(Figure 2).
In the spectrum of the initial SrO a.b. at 3616 and 3472 cm−1 related to the stretching

vibrations of OH groups, a.b. at 785 cm−1 and 725 cm−1 attributed to the bending vibrations
of the Sr-OH bond and the bands at 1445 cm−1, 850 cm−1 and 705 cm−1 assigned to
SrCO3 are observed (Figures 2 and 4). The high frequency of the bands corresponding
to the OH group’s stretching vibrations and their small width evidence the presence of
strontium hydroxide [39,40]. Thus, the low intensity of the corresponding absorption
bands implies that a small impurity of strontium carbonate and hydroxide presents in SrO,
although the starting SrO was obtained shortly before the synthesis. This is explained by
its high ability to hydration and carboxylation when exposed to atmospheric CO2 and
H2O at room temperature and standard pressure [26]. The band at 600 cm−1 and the
bands at 550–350 cm−1 correspond to the skeletal stretching and bending vibrations of
Sr-O [39,40]. The spectra of the activated MA-3 (SrO + TiO2) and MA-4 (SrO + TiO(OH)2)
samples are mainly similar (Figures 2 and 4). They show the bands at 3616 and 3472 cm−1

corresponding to the vibrations of OH groups, the bands at 1460 cm−1 and 900–705 cm−1

assigned to SrCO3 and a pronounced a.b. at ~560–586 cm−1, along with the bands in the
range of 500–350 cm−1 that characterize the stretching and bending vibrations of Me (Sr,
Ti)-O bonds. Furthermore, the bands shift and the substantial decrease in the intensity
of a.b. characterizing the starting TiO2 and TiO(OH)2 (Figure 2) are observed, which
could be a result of their disordering and interaction with SrO. Thus, the pronounced
band at ~560–586 cm−1 assigned to the vibrations of TiO6 octahedron [41,42] evidences
the formation of SrTiO3 in accordance with XRD data (Figure 1). The bands of SrCO3 at
900–705 cm−1 are presented in the spectrum of MA-3, while they are absent in the case of
MA-4 (Figure 4). This indicates a less effective interaction of SrO with TiO2 compared to
TiO(OH)2 during MA, as the XRD data show (Figure 1).

Therefore, the XRD and FT-IRS data for MA products demonstrate that, during me-
chanical treatment, SrCO3 possesses a lower reactivity compared with SrO, and only the
disordering of the starting components is observed in the mixtures containing SrCO3 (MA-1
and MA-2). Low SrCO3 reactivity was also found in [25] when strontium titanates were
not formed during prolonged milling of SrCO3 + TiO2 (rutile) mixture using a high-energy
planetary mill at 400 rpm rotation. In the case of SrO-containing mixtures (MA-3 and
MA-4), along with disordering of the starting components, formation of SrTiO3 is observed
in MA products. The formation of traces and the very low crystallinity Sr2TiO4 after milling
of the 2SrO + TiO2 mixture in the planetary mill at 200 rpm rotation speed for 70 and
125 h, correspondingly, were demonstrated by Hungrıa et al. [26]. In so doing, they did not
observe the formation of intermediate SrTiO3, in contrast with our results (Figures 1 and 4).
Such a difference could be because a very-high power planetary ball mill at a 800 rpm
rotation rate and acceleration of 40 g was used in our work. The high-energy input in the
reaction zone results in the more effective dispersing and mixing of the components [43],
as well as their disordering, which increases the number of contact sites and components
reactivity, thus facilitating the appearance of SrTiO3 in 10 min of milling.
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XRD and FT-IRS data for MA products have also shown that the changes of the
components structure and their interaction under milling are more pronounced in the
mixtures containing TiO(OH)2 (MA-2 and MA-4) compared to the ones with TiO2. This
difference could be attributed to such factors as the amorphous phase of TiO(OH)2 and
a large quantity of OH groups contained in it. It is well known that amorphization of
the solid chemicals that can often occur in the course of mechanical treatment increases
their reactivity [27–30]. In addition, the interaction during MA is more effective in the
mixtures containing hydrated compounds due to the high reactivity of the OH group and
the liberation of water increasing the efficiency of energy consumption in comparison with
dry milling [29,44,45]. FT-IR spectra for MA-2 and MA-4 (Figure 2) showed a substantial
decrease in the intensity of OH–Ti absorbance bands, which could be due to liberation
of water from TiO(OH)2 facilitating an acid–base reaction at the interface between acidic
TiO(OH)2 and basic SrCO3 or, especially, SrO, which easily formed hydroxide.

2.2. Calcined Samples
2.2.1. Structural Properties

The data on qualitative and quantitative phase composition of MA products annealed
at 900 and 1100 ◦C obtained by the analysis of XRD patterns are presented in Table 1 and
Figures 6 and 7. The XRD patterns of MA-1 (SrCO3 + TiO2) and MA-2 (SrCO3 + TiO(OH)2)
calcined at 900 ◦C (Figure 6) show that they comprise different strontium titanates and the
initial SrCO3, but the quantity of each phase in the samples varies significantly. Thus, MA-1
contains comparable amounts of Sr2TiO4 [39-1471], SrTiO3 [35-0734] and SrCO3, while for
MA-2, the main phase is Sr2TiO4 (Table 1 and Figure 6). After annealing at 1100 ◦C, MA-1
and MA-2 are the single-phase Sr2TiO4 (Table 1 and Figure 7). There are no reflections of
other phases (SrO or SrSO4) in their XRD pattern but their presence as highly dispersed or
surface compounds cannot be excluded. The phase composition of the MA-3 and MA-4
annealed at 900 ◦C differs considerably. The comparable quantity of SrTiO3 and Sr2TiO4
is observed in the case of MA-3 (SrO + TiO2), while MA-4 (SrO + TiO(OH)2) comprises
mainly Sr2TiO4. Their phase composition varies little after annealing at 1100 ◦C (Table 1
and Figure 7).

Table 1. Some characteristics of the samples after annealing of MA products at 900–1200 ◦C.

Sample/
T ◦C

Initial
Compounds

Phase Composition/
Content,%

Lattice Parameters *, Å Crystallite
size, nm

Specific Surface
Area, m2/ga b c

MA-1 900
1100 SrCO3 + TiO2

Sr2TiO4 (27.1)
SrTiO3 (26.4)
Sr4Ti3O10 (11)
SrCO3 (35.5)
Sr2TiO4 (100)

3.8786 3.8786 12.593 120
3

1.2

MA-2 900 ◦C
1100 ◦C

SrCO3 +
TiO(OH)2

Sr2TiO4 (92.5)
Sr4Ti3O10

SrTiO3
SrCO3 Sr2TiO4 (100)

3.8850
3.8756

3.8850
3.8756

12.580
12.561

120
120

1.7
1

MA-3 900 ◦C
1100 ◦C SrO + TiO2

Sr2TiO4 (40)
SrTiO3 (57)
Sr4Ti3O10

Sr2TiO4 (40)
SrTiO3 (56)
Sr4Ti3O10

3.8735
3.9049
3.8856

3.8735
3.8856

12.653
12.647 50

1.9
1.4

MA-4 900 ◦C
1100 ◦C

SrO +
TiO(OH)2

Sr2TiO4 (70)
SrTiO3 (14)

Sr4Ti3O10 (16)
Sr2TiO4 (68)
SrTiO3 (14)

Sr4Ti3O10 (18)

3.8861
3.8862

3.8861
3.8862

12.549
12.564

50
120

1.6
1.3

* Sr2TiO4 [39-1471]: a = b = 3.8861, c = 12.5924.
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Figure 6. XRD patterns of the samples annealed at 900 ◦C.

Figure 7. XRD patterns of the samples annealed at 1100 ◦C.

As an example, the results of Rietveld refinement for MA-2 (1100 ◦C) and MA-3
(1100 ◦C) are presented in Figures 7 and 8. The experimental pattern of MA-2 (1100 ◦C)
and the theoretical one obtained using the known structural data for Sr2TiO4 [39-1471]
(Figure 7) are qualitatively fit (the reliability factor Rwp = 20.12%), confirming the presence
of layered Sr2TiO4 of tetragonal structure. The comparison of the experimental pattern for
the multiphase MA-3 sample (1100 ◦C) and the theoretical pattern being superposition of
the calculated curves for Sr2TiO4, SrTiO3 and Sr4Ti3O10 is illustrated in Figure 9.

The lattice parameters and the average size of Sr2TiO4 crystallites calculated for
the samples contained mainly layered perovskite (Table 1). On the whole, the values
of the Sr2TiO4 lattice parameters are similar and are closer to the ones known in the
literature [21,25]. The narrow peaks in the XRD patterns of MA-1, MA-2 and MA-4 calcined
at 1100 ◦C (Figure 7 and Table 1) evidence the presence of the large, well-crystallized
particles with a mean size of about 120 nm. In the case of MA-3 (1100 ◦C), the broader
diffraction peaks of perovskite stem from the smaller crystallites of a size of ~50 nm, which
could be due to its multiphase composition.
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Therefore, Sr2TiO4, along with other titanates, is formed in all samples after annealing
at 900 ◦C because the interaction of the components in the activated mixtures mainly occurs
at the temperatures up to 850–900 ◦C, was shown for mixtures containing SrO or SrCO3
and TiO2 [25,26]. However, the phase composition of the samples differs considerably in
line with the results for mechanical activation of the corresponding mixtures. Thus, a more
pronounced interaction of SrCO3 or SrO with TiO(OH)2 compared to TiO2 during milling
(MA-2, MA-4) leads to the formation mostly of Sr2TiO4 after annealing at 900 ◦C (Table 1
and Figure 6). The MA-1 sample obtained from the mixture of SrCO3 and TiO2 contains
the initial SrCO3, while only titanates are observed in the MA-3 (SrO + TiO2) sample. Such
a difference is due to the lower activity of SrCO3 compared with SrO during activation.
Indeed, SrTiO3, being the intermediate in the formation of layered titanates [25,26], is
already formed during activation of the mixtures with SrO (Figures 1 and 4).

2.2.2. Surface Composition

The surface composition of the samples calcined at 1100 ◦C was studied by XPS.
The survey spectra of all samples and spectra of Ti 2p3/2, Sr 3d, O 1s are presented in
Figures 10 and 11. For all samples, a symmetric Ti 2p3/2 peak at 457.4–458.1 eV correspond-
ing to the Ti4+ in perovskite is observed [46]. All spectra of Sr 3d show two doublets of
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peaks corresponding to Sr2+ 3d5/2 and 3d3/2 in oxide and perovskite (Figure 10). The peaks
related to Sr2+ 3d5/2 are located at 132.2–132.5 eV and 132.7–133.0 eV for the Sr2+ in the
oxide and perovskite phase, respectively [47–49]. The position of both peaks Sr2+ 3d5/2 (at
132.4 and 132.9 eV) is the same for the single-phase MA-1 and MA-2 annealed at 1100 ◦C.
Some variation in the position of the peaks in the spectra of other samples could be due to
their multiphase composition (Table 1), which determines the surface structure features
and, as a result, a different charging effect in the position of XPS peaks. O 1s spectra show
three peaks (Figure 10) corresponding to the oxygen species contained in perovskite (Op)
at 529.1–529.4 eV, in oxide or carbonate (Oo) at 531.4–531.6 eV and in hydroxyl groups at
533.8–534 eV [46,47,50]. The low-intensity peak of S 2p is also observed for the MA-2 and
MA-4 samples prepared using TiO(OH)2 (Figures 10 and 11). The S 2p line is barely seen in
the spectra of MA-2 and MA-4, which creates difficulties for quantitative analysis by XPS
(Figure 10, S 2p line ). The S/O atomic ratio is ~0.02, so oxygen from sulfate ions is about 8%
of the total O 1s line intensity, which is close to the XPS error. The binding energy of oxygen
from strontium sulfate is 531.8 eV [51], which overlaps with the 531.4 eV peak (Figure 11).
Experimental spectra of O 1s regions do not allow the addition of extra components in
deconvolution that are in agreement with sulfur quantity. At the same time, experimental
O 1s spectra of MA-2 and MA-4 do not contradict the presence of strontium sulfate.
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The surface composition and concentration of elements calculated using the XPS
spectra of the samples are presented in Table 2. XPS analysis shows the presence of sulfur
traces in MA-2 (SrCO3 + TiO(OH)2) and MA-4 (SrO + TiO(OH)2) annealed at 1100 ◦C,
which is due to its segregation from the initial TiO(OH)2. The Sr/Ti ratio varies depending
on the genesis of the samples. The enrichment of the surface layers with Sr compared with
the bulk is observed for all samples, being more marked in the case of MA-1 (SrCO3 +
TiO2) and MA-3 (SrO + TiO2); the Sr/Ti ratio is equal to 2.5 and 2.9, correspondingly, at the
stoichiometric value Sr/Ti = 2. The difference in the Sr/Ti value for MA-1 and MA-3 could
result from the phase composition of the samples. Thus, MA-1 consists of the single-phase
Sr2TiO4, while MA-3 is the multiphase system.
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Figure 11. XPS spectra O 1s and Sr 3d of the samples calcined at 1100 ◦C: 1—MA-1, 2—MA-2,
3—MA-3 and 4—MA-4.

Table 2. Atomic ratio of elements in the surface layers and binding energy of oxygen in the different
states for the samples calcined at 900–1100 ◦C obtained from XPS data.

Sample Sr/Ti Op/Ti Oo/Ti Oh Oo/Op EOp EOo EOOH

MA-1(1100) 2.5 3.2 4.6 0.086 1.4 529.8 531.1 533.5
MA-2 1,2(1100) 2.1 3.1 3.3 0.1 1.1 529.2 531.4 533.8

MA-3(1100) 2.9 3.6 6.1 0.2 1.9 528.7 531.0 533.4
MA-4 1,3(1100) 1.9 3.2 3.2 0.1 1.0 529.1 531.4 533.8

1—traces of sulfur; 2,3—Sr/Ti~1.9 and 1.83 (Sr bulk content); Oo, Op, Oh,—oxygen in Sr oxide, perovskite and
hydroxyl groups, correspondingly.

(Table 1) that can lead to an easier enrichment of the surface with Sr. For MA-2 and
MA-4, the smaller value of the Sr/Ti ratio (2.1 and 1.9, respectively) results from some
lower Sr content in the samples, as shown by the chemical analysis (Table 2). The values of
Op/Ti equal to 3.1–3.6 show that all samples comprise SrTiO3 as the layers in Sr2TiO4 or
as the single phase. The high values of the Oo/Op ratio (1.4 and 1.9) for MA-1 and MA-3
correlate with the Sr enrichment of the surface, evidencing the segregation of SrO. In the
case of MA-2 and MA-4, the strontium sulfate formation could be a reason for the smaller
Oo/Op values of 1–1.1 (Table 2).

2.2.3. Textural and Morphological Properties

The specific surface area (SSA) of the calcined samples obtained using the BET method
is in the range of 1–3 m2/g (Table 1). The SSA of the samples annealed at 900 ◦C is higher
for multiphase MA-1 and MA-3 samples, at which the highest SSA was shown by MA-1
(3 m2/g), including a large amount of SrCO3. By increasing the annealing temperature
from 900 to 1100 ◦C, the value of SSA decreases for all samples. The most marked decline
of SSA is observed for MA-1 and MA-2 prepared from the MA products containing SrCO3,
which could be a result of its decomposition.

The morphology and the elemental mapping of the samples calcined at 1100 ◦C
were characterized by FE-SEM with EDX. The SEM images show that the form and the
size of the particles in the samples depend on their genesis (Figure 12). The typical
micrographs of the single-phase MA-1 sample synthesized from the SrCO3 + TiO2 mixture
demonstrate the presence of large, well-crystallized particles with a size of ~500 nm and
plates with a thickness of ~50 nm (Figure 12a,b). The micrographs of all other samples
show well-crystallized, three-dimensional particles with a size in the range of 200–1000 nm
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(Figure 12b–h). For the MA-1 sample, the ordered rows of the light spots of ~10 nm in size
are clearly visible on the surface of the plates (Figure 12b), which could be related to the SrO
nanospecies in accordance with previous HRTEM data for Sr2Ti0.9Mg0.1O4 [18]. In the case
of MA-2 and MA-4 prepared from the mixtures containing TiO(OH)2, slightly cambered,
clear formations are observed. They could be attributed to strontium sulfate, which can
be formed on the surface due to decomposition of the sulfate impurity from TiO(OH)2, as
XPS data show (Table 2). The elemental maps of Sr and Ti indicate their homogeneous
distribution in MA-1 and MA-2 calcined at 1100 ◦C (Figure 13).

Figure 12. FE-SEM images at different magnifications for the samples calcined at 1100 ◦C: MA-1 (a,b),
MA-2 (c,d), MA-3 (e,f), MA-4 (g,h).
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Figure 13. The elemental mapping images of Sr and Ti from the selected area of MA-1 (1–4) and
MA-2 (5-8) annealed at 1100 ◦C.

2.2.4. Catalytic Activity

The activity characteristics of the samples annealed at 1100 ◦C in methane oxidative
coupling at 800–900 ◦C are presented in Figure 14. For all samples, methane and oxygen
conversion increases, with the temperature rise being maximal at 900 ◦C, but their values
are significantly higher in the case of MA-1 and MA-3, reaching up to 24–25.6% and 82–92%,
correspondingly. The activity of the MA-2 and MA-4 catalysts is considerably lower (CH4
and O2 conversion of 16–17% and 54–63% at 900 ◦C, respectively). For the yield of sum
C2 (ethane + ethylene) YC2, the same trend is observed. Thus, its value of ~15–15.5% is
observed for MA-1 and MA-3, while YC2 is only ~9% in the case of MA-2 and MA-4. For
all the catalysts, excluding MA-2, the selectivity of C2 hydrocarbons (SC2) varies with the
temperature within 50–63%, being maximal at 850 ◦C (Figure 14). In the case of MA-2,
SC2 increases with the temperature rise, reaching ~55% at 900 ◦C. The selectivity of C2H4
grows with the temperature for all catalysts but it is highest In the case of MA-1 and MA-3,
reaching up 40 and 37%, respectively. Compared to MA-1 and MA-3, the C2H4 selectivity
for MA-2 and MA-4 is noticeably lower at 800–850 ◦C and is close at 900 ◦C. The ratio of
CO/CO2 selectivities for MA-1 and MA-3 changes with the temperature rise conversely
to C2H4 selectivity, while it tends to the increase in line with SC2H4 for MA-2 and MA-4.
Thus, on the whole, the MA-1 and MA-3 samples obtained from MA products of SrCO3 +
TiO2 and SrO + TiO2 mixtures, correspondingly, are substantially active compared with
MA-2 and MA-4 prepared from the mixtures containing TiO(OH)2. This difference could
be attributed to the presence of sulfate traces in the surface layers of two latter catalysts
(Table 2), blocking methane activation centers and thus reducing their activity. On the
whole, the performance of the most active catalysts, MA-1 and MA-3, is comparable with
the literature results (Table 3). Note that the analysis and comparison of the catalytic testing
data is problematic due to different reaction conditions used. Thus, the most data were
obtained at a GHSV of 10,000–18,000 h−1, while our experiments were conducted at a
higher GHSV of 75,000 h−1.
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Figure 14. Methane and oxygen conversion, C2 and COx selectivity, C2 yield in OCM for the
samples annealed at 1100 ◦C. The reaction mixture—CH4:O2:N2 = 46:11.5:42.5% vol., CH4:O2 = 4,
GHSV = 75,000 h−1, 800–900 ◦C.

Table 3. Some recent studies on the OCM performance of different titanates with a perovskite
structure.

Catalyst Reaction Conditions Methane
Conversion, %

C2 selectivity(S)/
Yield(Y),% Ref.

CaTiO3
SrTiO3
BaTiO3

700 ◦C, CH4/O2 = 3,
GHSV = 10,000 h−1

13
24
19

2/
12/
36/

[16]

SrTiO3
SrTi0.8Sn0.2 O3
SrTi0.8Nd0.2 O3

800 ◦C, CH4/O2 = 3,
GHSV = 10,000 h−1

32.5
30.8
30.5

48.9/
52.1/
54.4/

[52]

SrZrO3
775 ◦C, CH4/O2 = 3,
GHSV = 10,000 h−1 30.7 45.4/ [8]

Sr2TiO4 850 ◦C, CH4/O2 = 4,
GHSV = 75,000 h−1 19.8 59.6/11.8 [19]

SrTiO3
Sr2 TiO4

Sr2 Ti0.9 Mg0.1O4

850 ◦C, CH4/O2 = 4,
GHSV = 75,000 h−1 -

65.9/12.8
68.5/17.3
71.2/18.2

[18]

Sr2TiO4 (MA-1)
Sr2TiO4 (MA-3)

850 ◦C, CH4/O2 = 4,
GHSV = 75,000 h−1 24.1 62.7/15.1 This work

OCM is mainly considered to be a heterogeneous–homogeneous process including
activation of methane to methyl radicals on the catalyst surface; their subsequent coupling
to ethane in the gas phase is then converted into ethylene or COx, depending on the
peculiarities of the catalyst [1–4]. It is generally implied that formation of methyl radicals
by abstraction of hydrogen and oxidative dehydrogenation of ethane to ethylene occur over
the active sites if the oxygen species is available on the oxide catalyst surface. Meanwhile,
the reagent conversion and product selectivity are affected by the type and concentration
of the oxygen species present on the surface. XPS results for all catalysts studied revealed
two main types of surface oxygen, corresponding to oxygen in SrO and perovskite SrTiO3
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(Table 2). The MA-1 and MA-3 samples demonstrating the most effective performance in
OCM show the high ratio of these oxygen forms (Oo/Op = 1.44 and 1.87) and surface Sr
enrichment (Sr/Ti = 2.47 and 2.86, correspondingly). In so doing, the MA-1 sample exhibits
some higher oxygen conversion, C2 selectivity and yield (Figure 14). The presence of Sr
cations in the surface layers of the Sr-Ti perovskites are considered to enhance methane
conversion and promote C2 selectivity, especially C2H4 [11,14,18]. Bai et al. investigated the
effect of the different surface compositions caused by the surface reconstruction of SrTiO3
on its OCM activity [14]. They revealed that in CH4 conversion, SC2 and SC2H4 depend on
the Sr surface concentration, and they reach maximal values at a certain Sr concentration. It
may be assumed that the higher activity of MA-1 compared with MA-3 could be due to an
optimal surface concentration of SrO (Sr/Ti = 2.47) and an Oo/Op ratio equal to 1.44. This
difference can result from the different structural and morphological peculiarities of the
samples. MA-1 is the single-phase catalyst, while MA-3 is the multiphase one comprising a
comparable quantity of SrTiO3 and Sr2TiO4. Furthermore, the presence of the plate-like
particles with ordered SrO nanospecies on the surface (Figure 12a,b) could contribute to the
optimal activity of the surface oxygen and thus to the effective performance of the MA-1
catalyst in OCM. The activity of the multiphase MA-3 catalyst can be attributed to both the
surface oxygen of SrO and, possibly, to more weakly bound active oxygen species arising
out of the interface boundaries. The latter could be involved in CH4 partial oxidation that
leads to some higher CO selectivity and lower C2 selectivity for MA-3 compared with the
MA-4 catalyst (Figure 14).

The low activity of MA-2 and MA-4 synthesized from mixtures containing TiO(OH)2
is correlated with the low values of the surface Sr concentration (Sr/Ti ~ 2) and Oo/Op ~ 1
ratio (Table 2). This could be caused by blocking the active oxygen sites with strontium
sulfate, which is observed on the surface of the catalysts, as SEM and XPS data shows
(Figure 12d,k and Table 2). The methane conversion and sum C2 yield for both MA-2 and
MA-4 are close, while oxygen conversion and C2 selectivity clearly differs, especially at
temperatures below 900 ◦C: the lower oxygen conversion and the higher C2 selectivity are
observed for MA-4 compared with MA-2 (Figure 14). Such a difference at the close Oo/Op
ratio could be due to the lower surface Sr concentration in the case of MA-4, along with
blocking the oxygen active sites to some larger extent compared to MA-2. Thus, the lower
CO/CO2 ratio for MA-2 could suggest the presence of a larger amount of surface oxygen
species being active in the deep oxidation of CH4 to CO2.

The most active catalysts (MA-1 and MA-3) were tested for 10 h in OCM at 850 ◦C.
The time dependence of the methane conversion and C2 yield (Figure 15) shows the high
long-term stability of the catalyst performance under the highly concentrated reaction
mixture and short contact time.

Figure 15. Time dependence of methane conversion (a) and C2 yield (b) in OCM for the MA-1 (1) and
MA-3 (2) annealed at 1100 ◦C. The reaction mixture—CH4:O2:N2 = 46:11.5:42.5% vol., CH4:O2 = 4,
GHSV = 75,000 h−1, 800–900 ◦C.
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3. Experimental
3.1. Sr2TiO4 Preparation

SrCO3, SrO, TiO2 (rutile) and TiO(OH)2 prepared by hydrolysis of TiOSO4 were used
to prepare the Sr2TiO4 samples. SrO was obtained by calcination of Sr(NO3)2 at 900 ◦C just
before the synthesis. To provide a target stoichiometry of samples, corresponding amounts
of starting compounds were taken on the basis of their thermal analysis.

The stoichiometric mixtures of the starting chemicals were mixed and then activated in
a high-power planetary APF-5 ball mill with two steel drums (25 cm3 volume) at a 800 rpm
rotation rate and an acceleration of 40 g. Mechanochemical activation (MA) of powders
was conducted for 10 min under the following conditions: air atmosphere, zirconium
balls of 5 mm diameter and a powder-to-ball mass ratio of 1:10. Before each synthesis, a
preliminary treatment of drums and balls with the corresponding mixture was performed
to cover the surface of the drums and balls by a layer of the initial mixture to minimize
contamination of the samples with Fe and Zr due to their rubbing during MA.

Activated mixtures were pressed in tablets and annealed at 900 and 1100 ◦C.
The composition of the starting mixtures, some characteristics of the samples and their

abbreviations are presented in Table 1.

3.2. Catalysts Characterization

Thermal analysis of the starting compounds was carried out with a Q-1500D thermo-
analyzer. The phase composition of the samples after MA and annealing were examined by
using powder X-ray diffraction (XRD) and IR spectroscopy. XRD patterns were recorded
in an X’TRA (Thermo ARL) diffractometer with Cu Ka (λ = 1.5418 Å) radiation in the 2θ
angle range 10−70◦ with a step of 0.05◦ and an exposure time of 5 s at each step, and
graphically processed with the Fityk program. Qualitative phase analysis was carried out
by using PDF-2–ICDD files and the ICSD/retrieve database. The quantitative phase anal-
ysis was performed through the full pattern simulation method using PCW 2.4 software
(http://powdercell-forwindows.software.informer.com/2.4, access date 16 February 2022).
The callculated XRD patterns were obtained using the crystal structure database ICSD. To
identify the phase structure of the samples, the lattice parameters of the prepared catalysts
were obtained by the XRD Rietveld refinement method. FT-IR spectra were recorded in the
range of 200–4000 cm−1 using a BOMEM MB-102 FT-IR spectrometer.

The specific surface area (SBET, m2/g) was determined by a routine BET procedure
using the Ar thermal desorption data. The morphology and elemental mapping of the
samples annealed at 1100 ◦C were studied using a Field Emission Scanning Electron
Microscope (FE-SEM) Hitachi Regulus SU8230 equipped with an X-ray microanalysis.

The XPS experiments were performed with a SPECS (Germany) spectrometer equipped
with a hemispherical PHOIBOS-150-MCD-9 analyzer. Non-monochromatic MgKα radia-
tion (hν = 1253.6 eV) at 200W was used as the primary excitation. The spectrometer was
calibrated using the Au4f7/2 (84.0 eV), Ag3d5/2 (368.3 eV) and Cu2p3/2 (932.7 eV) peaks
from metallic gold and copper foils [20]. The binding energies of detected peaks were
calibrated by the position of the C1s peak (BE = 284.5 eV). The binding energy values
and the areas of XPS peaks were determined after Shirley background subtraction and
analysis of the line shapes. The ratios of the surface atomic concentrations of elements were
calculated from the integral photoelectron peak intensities corrected by the corresponding
relative atomic sensitivity factors based on the Scofield’s photo-ionization cross sections
and transmission function of the analyzer.

3.3. Activity Tests

The catalytic activity in the OCM reaction was studied in a fixed-bed quartz tube
reactor (5 mm inner diameter) at 750–900 ◦C and ambient pressure. The catalyst (0.2 mL)
of 25–50 mesh was diluted with the quartz (1:3) to prevent a temperature gradient in
the catalyst bed. The temperature of the catalyst was measured by a chromel–alumel
thermocouple placed in the quartz well which was located at the middle of the catalyst bed.
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Methane was mixed with air so that the reaction mixture was CH4:O2:N2 = 46:11.5:42.5%
vol., CH4:O2 = 4. The total feed was 15 L/h corresponding to a gas hourly space velocity
(GHSV) of 75,000 h−1. Reactant and product concentrations were analyzed by on-line
gas chromatography with Porapack Q (i.d. = 3 mm, l = 3 m) and CaX (i.d. = 3 mm,
l = 2 m) columns using a thermal conductivity detector. The reaction products were ethane,
ethylene, water, CO, hydrogen and CO2. Water was removed from the probe with an SiO2
trap. A blank run with the inert SiO2 particles (0.25–0.5 mesh) showed no conversion in the
reaction conditions.

The methane conversion (XCH4), C2 selectivity (SC2) and C2 yield (YC2) in this study were
calculated using the standard normalization method [18], defined as the following equations:

Xi =

(
1 − Ci

C0
i

∆V

)
, i = CH4, O2,

Sj =
2Cj

2C2H6 + 2CC2H4 + 2CCO + 2CCO2
, j = C2H6, C2H4,

YCj = XCH4 × SCj × 100%,

Sk =
2Ck

2C2H6 + 2CC2H4 + 2CCO + 2CCO2

, k = CO, CO2,

C − balance =
2CC2H6 + 2CC2H4 + 2CCO + 2CCO2

C0
CH4

, ∆V =
C0

N2

CN2

,

where ∆V is the molar flow rate change, C0
N2

, CN2 is the inlet and outlet concentration of
N2, Ci is a component mole fraction. The average carbon balance was not less than 98% in
all the tests.

4. Conclusions

The samples of Sr2TiO4 were synthesized using mechanochemical activation (MA) of the
four mixtures: (SrCO3 + TiO2), (SrCO3 + TiO(OH)2), (SrO + TiO2) and (SrO + TiO(OH)2) in
a high-energy planetary ball mill, with subsequent annealing at 900 and 1100 ◦C. XRD and
FT-IRS data show that MA for 10 min led to the disordering of the starting component structure
in all mixtures and the formation of SrTiO3 only in the case of SrO. These effects were more
pronounced in the mixtures with amorphous TiO(OH)2 containing a lot of OH groups.

The XRD Rietveld refinement method showed that, after annealing of the MA products
at 900 ◦C, Sr2TiO4 was contained in all samples but its amount was considerably different in
line with the peculiarities of MA products. Sr2TiO4 was mainly formed in the case of SrCO3
or SrO and TiO(OH)2, in contrast to the mixtures with TiO2. The single-phase Sr2TiO4 is
obtained after annealing at 1100 ◦C only from MA products containing SrCO3.

FE-SEM data demonstrated that the single-phase sample synthesized from the SrCO3+TiO2
comprised of plates with a thickness of ~50 nm and large, well-crystallized particles with a size
of ~500 nm, while all other samples contained only three-dimensional particles of 200–1000 nm.
In addition, the presence of the SrO nanospecies of ~10 nm on the plate surface was assumed,
while strontium sulfate was probably formed on the surface of the samples prepared using
TiO(OH)2 comprised of sulfate impurities.

The surface enrichment with Sr was observed by XPS data in all samples, being more
marked in the case of the ones obtained from (SrCO3 + TiO2) and (SrO + TiO2): the Sr/Ti
ratio was equal to 2.47 and 2.86, correspondingly, at the stoichiometric value Sr/Ti = 2. The
testing of the samples in OCM revealed that the CH4 conversion and C2 yield correlated
with the surface Sr concentration and the ratio of oxygen amount in SrO and perovskite
(Oo/Op). The low activity of the catalysts obtained using TiO(OH)2 could be related to
the sulfate formation on the surface after annealing at 1100 ◦C due to blocking the active
sites. The maximal CH4 conversion and C2 yield (25.6 and 15.5% at 900 ◦C, respectively)
were observed for the sample obtained from (SrCO3 + TiO2), showing the specific surface
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morphology and optimal values of the surface Sr concentration (Sr/Ti = 2, 47) and a ratio of
Oo/Op = 1.44. The most active catalysts (MA-1 and MA-3) showed a high long-term stability
performance under the highly concentrated reaction mixture and short contact time.
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Abstract: The increased air pollution and its impact on the environment and human health in several
countries have caused global concerns. Nitrogen oxides (NO2 and NO) are principally emitted from
industrial activities that strongly contribute to poor air quality. Among bacteria emanated from the
fecal droppings of livestock, wildlife, and humans, Escherichia coli is the most abundant, and is often
associated with the health risk of water. TiO2/WO3 heterostructures represent emerging systems
for photocatalytic environmental remediation. However, the results reported in the literature are
conflicting, depending on several parameters. In this work, WO3 and a series of TiO2/WO3 com-
posites were properly synthesized by an easy and fast method, abundantly characterized by several
techniques, and used for NOx degradation and E. coli inactivation under visible light irradiation.
We demonstrated that the photoactivity of TiO2/WO3 composites towards NO2 degradation under
visible light is strongly related to the WO3 content. The best performance was obtained by a WO3

load of 20% that guarantees limited e−/h+ recombination. On the contrary, we showed that E. coli
could not be degraded under visible irradiation of the TiO2/WO3 composites.

Keywords: photocatalysts; visible light; tungsten trioxide; composites

1. Introduction

Due to growing industrialization, urban environments have faced chronic air pollution
issues in the last decades. Exhaust gases and burning fuels from factories represent the
primary sources of air pollutants on a global scale, causing a significant impact on human
health, animal and plant life, and climate [1]. Although natural sources responsible for air
pollutants production, such as broad forest fires, volcanic eruptions, and soil erosion, can
play a role in air pollution, the emissions resulting from human activities, such as motor
vehicle exhaust, combustion of fossil fuels, and industrial processes, are the most active
and concerning cause of air quality decline [2].

Nitrogen monoxide (NO) and nitrogen dioxide (NO2), known as nitrogen oxides
(NOx), are relevant pollutants whose emissions are directly related to human health prob-
lems [3], as they affect respiratory and immune systems [4], to the production of tropo-
spheric ozone, acid rains, and in general to global air pollution.

Over the years, different techniques have been developed for NOx abatement. Among
the traditional techniques, selective catalytic reduction (SCR) with ammonia in the presence
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of oxygen is the most used, mainly applied to reduce NOx emission from combustion pro-
cesses [5], as well as absorption, adsorption, or electrical discharge processes [6]. However,
all these methods are characterized by several limitations and disadvantages that make ac-
tual application hard. Moreover, the growing environmental constraints invoke restrictions
regarding NOx emission, requiring more efficient techniques for NOx abatement.

In addition, awareness about the importance of supplying adequate drinking water
has recently increased. In 2012, the United Nations estimated that nearly 11% of the
world’s population did not have access to improved drinking water sources. African
water resources indeed contain high levels of microbial pathogens, including bacteria,
viruses, and protozoa, as well as chemical contaminants. Escherichia coli and related bacteria
constitute approximately 0.1% of gut flora, and fecal–oral transmission is the primary
route through which pathogenic strains of the species cause disease. For that reason, new
disinfection technologies are currently in development to fulfill the WHO Guidelines for
drinking-water quality (World Health Organization, 2008). The traditional disinfection
methods lead to chloro-organic disinfection by-products (DBPs) with carcinogenic and
mutagenic effects.

In both study cases, using a TiO2 semiconductor as a catalyst under UV or visible
irradiation seems the most promising method.

Titania (TiO2) has been considered the most efficient photocatalyst for a wide variety
of applications, such as pollution abatement [7,8], water and air purification [9], antimi-
crobial applications [10], and energy conversion [11]. However, TiO2 in its photoactive
anatase phase has a wide band gap of 3.2 eV, limiting the photoactivity of the semicon-
ductor only under UV irradiation [12]. Moreover, because of its suspected carcinogenic
nature [13], researchers are willing to replace TiO2 with new low-cost and visible-light-active
smart materials.

Though many studies have focused on using TiO2 [14–18], WO3 and its composites
have been poorly investigated to date [19–22].

WO3 is a cheap, physiochemically stable, and mechanically robust semiconductor
with a narrow band gap energy (2.4–2.8 eV), making it a visible-light-responsive photo-
catalyst for different applications [23–30]. Therefore, WO3 represents a suitable choice for
photocatalytic degradation under visible light irradiation.

As described in Figure 1, because the VB (valence band) edge potential of WO3 is
lower than that of TiO2, upon photon absorption, electrons can be transferred from the
conduction band of TiO2 to WO3, whereas photogenerated holes move in the opposite
direction from electrons.
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The transfer of photogenerated carriers is accompanied by consecutive W6+ reduction
into W5+ by capturing photogenerated electrons at trapping sites in WO3. In addition, W5+

ions on the surface of WO3 are reoxidized into W6+. However, the reduction potential
value for the photogenerated electrons in the conduction band is not high enough for the
single electron reduction in O2 (Figure 1) [30]. The holes accumulated in the TiO2 VB
take part in the oxidation process to make OH− or OH· hydroxyl radical reactive species.
These processes in WO3/TiO2 heterostructures restrain the recombination of electron–hole
pairs significantly.

Different approaches have been developed to produce highly active TiO2/WO3 com-
posites aiming to optimize the WO3 content [31]. It has been demonstrated that the influence
of WO3 on TiO2 photoactivity depends on several factors, such as crystal phase, electrons
accumulation ability of WO3, type of pollutants, and degradation pathways involved [31].

Yang et al. investigated the role of amorphous WOx species, demonstrating that they
are more active than the crystalline ones toward methylene blue degradation [32].

Other experiments by Žerjav et al. explained the correlation between the photocatalytic
performance of TiO2/WO3 and their shallow and deep electron trapping states [33].

However, concerning WO3 and its mixed oxides, the obtained results are conflicting
because in the same cases, the presence of WO3 seems to positively affect the photoactivity
and the performances of TiO2. In other cases, the results worsen [19,31,32,34].

Regarding NOx degradation, Luévano-Hipólito et al. demonstrated that WO3 with
a polyhedral shape leads to 50% NO oxidation to NO2 [19]. On the other hand, Yu and
coworkers noticed for the first time the photo-transformation of NO2 into NO in the pres-
ence of N2 on the surface of a WO3 photocatalyst under UV/visible light irradiation [20].

Recently, Mendoza et al. proposed TiO2/WO3 composites as efficient materials for
NOx abatement under visible light, leading to 90% of photodegradation in 1 h [22], whereas
Paula and coworkers observed the decay of the photocatalytic activity of TiO2/WO3
heterostructures as a function of the W(VI) content [31].

Jawwad A. Darr et al. reported the easy disinfection of water by TiO2/WO3 mixed
composites, which induce bacterial inactivation after 30 min of photo-irradiation [35].

In order to clarify the behavior of WO3 and TiO2/WO3 heterostructures in the photo-
catalytic degradation of NOx under visible light irradiation, in this work, WO3 and a series
of TiO2/WO3 composites were synthesized by a fast and cost-effective chemical procedure
and tested for the photodegradation of NOx and the inactivation of E. coli under visible
light irradiation.

The role of the calcination temperature in the TiO2/WO3 preparation has been in-
vestigated and critically discussed, as well as the effect of the WO3 loading in the final
composites. Differently from the recent literature, the results proved that high calcination
temperatures could cause complete or partial WO3 sublimation with adverse effects on the
activity of the TiO2/WO3 heterostructures.

Finally, while the synthesized catalysts were active in NO2 photodegradation, they
were inert to the antibacterial activity under visible light irradiation, in line with the
scientific literature [36].

2. Results
2.1. Materials Characterization

Figure 2 shows the XRD patterns of all the synthesized materials.
TiO2 exhibits the characteristics of diffraction peaks of anatase, as confirmed by the

peaks at 25.3◦, 37.7◦, 48.0◦, 53.8◦, and 55.0◦, with (101), (004), (200), (105), and (211) diffrac-
tion planes, respectively. The XRD pattern of WO3 shows a crystalline phase characterized
by diffraction peaks at 23.1◦, 23.6◦, 24.4◦, and 34.2◦, corresponding to the (002), (020), (200),
and (202) crystal planes of monoclinic phase.
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Table 1. Energy of band gap (eV), specific surface area, CBET, Vm, and mean pore diameter of the
WO3/TiO2 composites series calcined at 400 ◦C. * Surface area by BET equation (2-parameters),
** mean pore diameter by BJH model from isotherm desorption branch (0.3 < p/p0 < 0.95).

Sample Band Gap
(eV)

* Specific Surface
Area (m2/g) CBET Vm

(cm3/g)
** Mean Pore

Diameter (nm)

WO3 2.39 4.00 75.75 0.94 21.17

WO3@TiO2_80 2.63 42.78 123.22 9.92 8.6

WO3@TiO2_50 3.05 110.65 98.11 25.87 6.4

WO3@TiO2_20 3.14 179.78 75.50 43.26 6.0

WO3@TiO2_10 3.26 139.47 94.7 33.15 6.8

WO3@TiO2_5 3.20 111.08 112.87 31.29 9.1

TiO2 3.29 318.00 84.48 75.50 4.70

As expected, in the WO3@TiO2 composites, the intensity of the diffraction peaks of
WO3 declines by decreasing the percentage of WO3; on the contrary, anatase peaks intensity
increases or appears with the higher concentration of TiO2 in each composite.

Based on its XRD pattern, WO3@TiO2_20* exhibits higher crystallinity degree if com-
pared to the others and the appearance of new diffraction peaks can be observed.

As reported in the literature [37], it is directly correlated to the high temperature
(600 ◦C) used for the calcination of this material. The degree of crystallinity increases with
the temperature, and in the case of TiO2-based compounds, at 600 ◦C the phase conversion
from anatase to rutile starts.

According to the literature [22,34], when the WO3 content in the composite materials
is 20% or lower, the diffraction peaks of this semiconductor are undetected. Some authors
justify this result with the presence of highly dispersed WO3 small particles in TiO2/WO3
composites, which makes it hard to detect them by this technique [22,34]. In addition,
Yang et al. demonstrated that when the loading amount of WO3 was below 3 mol%, it exists
in highly dispersed amorphous species that do not respond to XRPD. However, accurate
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quantification of WO3 loading on TiO2 after calcination is necessary to verify unequivo-
cally the WO3/TiO2 composite formation rather than a superficial W doping on the TiO2
surface. In the present work, this was easily carried out by the reaction yield calculation
(Equation (2)) and by EDS analysis (Table S1) for two composites with a nominal WO3 load
of 20% (WO3@TiO2_20 and WO3@TiO2_20*) calcined at two different temperatures (400 ◦C
and 600 ◦C). From the results of the reaction yield, the WO3@TiO2_20* composite calcined
at 600 ◦C exhibits a mass loss of approximately 40%, unlike the same sample calcined at
400 ◦C, obtained with a yield of 94.8%. Since WO3 is a low-temperature sublimation mate-
rial [38], it cannot be excluded that by increasing the calcination temperature, a complete or
partial WO3 sublimation can occur, as also confirmed by the EDS results (Table S1), where
the measured percentage of WO3 in the final composite is lower than 3%, whereas the
material calcined at 400 ◦C shows a 27% of WO3.

Figure 3 displays the FT-IR for all the synthesized composites calcined at 400 ◦C.
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Figure 3. FT−IR spectra of the samples calcined at 400 ◦C.

The FT-IR spectrum of WO3 exhibits characteristic vibration bands, such as those at
approximately 3433 cm−1 and 1635 cm−1, that can be associated with the symmetric stretch-
ing vibrations of WO3 and intercalated water molecules and the deformation vibrations of
H–O–H bonds of the adsorbed water molecules, respectively, and the signal at 805 cm−1,
attributed to O–W–O stretching modes of WO3 [39].

On the other hand, the FT-IR spectrum of TiO2 nanoparticles is characterized by
several peaks. The OH stretching mode of the hydroxyl groups is responsible for the broad
band observed in the range of 3600–3000 cm−1, indicating the presence of moisture in the
sample. The band at approximately 1605 cm−1 is due to the OH bending vibrations of
the absorbed water molecules. Finally, the broadband between 1000 and 500 cm−1 can be
related to the Ti–O stretching and Ti–O–Ti bridging stretching modes [40].

As expected, in the FT-IR spectra of the composites, the WO3 characteristic bands are
covered by the more intense ones of TiO2.

The optical properties of the synthesized WO3/TiO2 series calcined at 400 ◦C, as well as
of single-phase semiconductors, were investigated by UV–Vis scanning spectrophotometry
(Figure 4).

The main absorption edges of the samples are all around 400 nm, attributing to the
excitation of electrons from the valence band to the conduction band. As reported in the
literature [41], the empty orbitals of W6+ (W 5d) are closed to the Ti 3d orbitals of the
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conduction band. Therefore, the O2−→W6+ charge transfer transitions are overlapped with
the O2→Ti4+ charge transfer transitions. Increasing the WO3 loading, the absorption edge
of photocatalysts red-shifts. If this is only slightly noticeable up to 10%, increasing the WO3
percentage to 50% and above, the effect is much more evident, and the absorption edges of
these materials are shifted at higher wavelengths.
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Figure 4. UV–Vis absorption spectra of the WO3/TiO2 composites series calcined at 400 ◦C.

The band gaps of the materials, estimated by the Kubelka–Munk function, are summa-
rized in Table 1, and the Tauc plots are reported in Figure S2.

Samples Eg decreases, increasing the tungsten content, due to the formation of defec-
tive energy levels within the forbidden band gap of WO3. On the other hand, by increasing
the TiO2 content, the total band gap of the photocatalyst decreases [42].

According to the shape of nitrogen adsorption–desorption isotherms reported in
Figure 5 and the IUPAC classification [43], all the photocatalysts calcined at 400 ◦C can be
classified as mesoporous materials of type IV, as confirmed by the values of CBET in Table 1,
containing other quantitative data.
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Figure 6 displays the SEM images and the elemental mapping of Ti and W for the
synthesized composites, whereas the EDX spectra are reported in the (Supplementary
Information Table S1).
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Figure 6. SEM images and elemental mapping of the synthesized materials. (left) sample analyzed,
((middle), red-colored) titanium map, ((right), green-colored) tungsten map.

The elemental maps of W and Ti by X-ray energy dispersion (EDX) in the composites
demonstrate that TiO2 and WO3 are well dispersed in each material. All the WO3@TiO2
show a globular-like morphology with particle sizes ranging from 60 to 5 nm. The particles
are aggregated by sharing corners or edges that probably involve the formation of Ti–O–W
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bonds [44]. The same information was obtained by TEM investigations (Figure 7) showing
nanoparticles of 12–35 nm that gradually aggregate with the WO3 load, reaching up to
60 nm in size.
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2.2. Photocatalytic and Biological Activities of Catalysts
2.2.1. NOx Photocatalytic Degradation

The photocatalytic activity of the TiO2/WO3 composites, as well as single-phase
photocatalysts, referred to both NOx (NO + NO2) and NO2 conversion under visible light
irradiation (Figure 8).
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Figure 8. Dependence of NOx and NO2 photodegradation on WO3 content and specific surface area
(SSA) of the materials.

According to the literature [22,31,45], for this type of material the photocatalytic
degradation of NOx consists of a photo-oxidation process, where both NO and NO2
species are first adsorbed on the surface of the heterostructures and then converted into the
corresponding oxidation product (NO3

−) under light irradiation. Although the formation
of the oxidation products was well documented in the literature [46,47], an analytical
confirmation was not performed in the present work due to the low NOx concentrations
used during the test.

For all the experiments, the initial concentration of NOx was approximately 500 ppb.
The NOx photodegradation results are summarized in Figure 8.

As expected, despite its extraordinarily high surface area, TiO2 shows poor activity
towards NOx conversion under visible light irradiation, leading to NOx and NO2 degra-
dation in 25% and 20%, respectively. On the other hand, according to the band gap value,
regardless of its low surface area, pristine WO3 exhibits a good photoactivity towards
NO2 photodegradation (72%) in 3 h, whereas the NOx abatement is only 46%. In fact, as
reported in the scientific literature [19–22], WO3 can remarkably reduce NO2 into NO in
the presence of N2. This is confirmed by the results reported in Figure S3, showing for
the WO3 sample an increase in the NO concentration during the reaction. This makes
pristine WO3 not efficient in the NOx abatement, because, as it is known, in air NO is
immediately reoxidized to NO2. In this regard, from the pioneering investigations of Yu
et al., carried out under nitrogen atmosphere and UV irradiation, a 20% conversion of
NO2 into NO can be inferred [20]. The present results demonstrate that even under visible
light irradiation, the percentage of NO formation from NO2 is of the same order (24%),
calculated by Equation (1):

NO produced (%) =
[NOt]− [NOi]

[NOt]
(1)

where [NOt] is the NO concentration at the end of the reaction (after 3 h of light irradiation),
[NOi] is the NO concentration before light irradiation.

If compared to the single-phase photocatalysts (TiO2 and WO3), the photoactivity
of WO3/TiO2 heterostructures strongly depends on their composition. More in detail,
the activity of the catalysts gradually increases with the WO3 load, reaching the highest
photodegradation efficiency by WO3@TiO2_20 (54.4% NOx conversion and 56.4% NO2
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abatement), whereas it decreases for a percentage of WO3 > 20. These results are in line
with the pioneering investigations of Balayeva et al., who tested the photocatalytic activity
of TiO2/WO3 composites towards NO degradation under UV irradiation, obtaining a ca.
35% of conversion for heterostructures characterized by a 1% and 2.5% of WO3 load [48].

For a very high amount of WO3 (WO3@TiO2_80), these latter composites maintain the
photoactive capability of pristine WO3, converting NO2 to NO. The different photoactivity
of the materials may be due to a combination of factors.

First of all, it can be assumed that for a WO3 load < 20%, TiO2 and WO3 only play
their own photocatalytic role, and coupled photocatalysts are not formed. In this case, the
low activity of TiO2 prevails because it is the major component. In contrast, for a large
amount of WO3, the fast e−/h+ recombination of the WO3 component predominates.

On the contrary, the absence of WO3 peaks in the XRD spectra of the WO3@TiO2_20
sample suggests that its increased photoactivity is not related to the formation of crystalline
tungsten oxide but is probably due to the presence of WO3 centers on the surface of TiO2 act-
ing as electrons/holes separators [49]. When the test was carried out using WO3@TiO2_20*,
in order to observe the effect of calcination temperature on the photoactivity of the material,
the percentage of NOx and NO2 degradation dropped to ca. 20%, confirming that the
thermal treatment acts by reducing the WO3 content in the WO3@TiO2 heterostructure and
as a consequence of its activity.

It is known that the quantum efficiency of photocatalytic reactions carried out by
heterogeneous photocatalysts depends on the competition between the recombination
of photogenerated electrons and holes and the transfer of both electrons and holes at
the interface of the material. Extending the electrons and holes recombination time and
increasing the transfer rate of electrons at the interface enhance the quantum efficiency
positively. As reported in the literature [31], the formation of TiO2/WO3 heterostructures
leads to enhanced charge carrier lifetimes, due to the transfer of photogenerated electrons
in the TiO2 to WO3 CB, and at the same time to the entrapment of the photogenerated holes
within the TiO2 particle. Both these phenomena make charge separation more efficient.

Finally, the effect related to the different surface area values cannot be ignored. As
for the photocatalytic activity, the surface area values also seem to be correlated to the
WO3 load and the most active catalyst (WO3@TiO2_20) is also the one with the highest
surface area (Figure 8, Table 1). At first glance, the results obtained by the WO3@TiO2_20
photocatalyst seem to contrast with those of Mendoza et al. [22], who report very high NO
conversion values under visible light irradiation in similar conditions. The different photo-
catalytic activity of the WO3@TiO2_20 sample compared to those reported by Mendoza
and coworkers can be reasonably attributed to the real WO3 content in the synthesized
composites that it is not specified in the work of the author [22].

2.2.2. E. coli Photoinactivation

The antibacterial activity of WO3@TiO2 composites, as well as single-phase photo-
catalysts, was assessed by determining the percentage of E. coli cell survival following
exposure to visible light. According to standard methods (ASTM E2149, 2001), values of
survival ≤ 90% indicate the antibacterial activity of a given photocatalytic film.

As shown in Figure 9, none of the tested samples displays antibacterial activity under
visible light irradiation, in agreement with what was reported in the literature for the
WO3/TiO2 catalyst [36].
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Figure 9. Percentage of E. coli cell survival after exposure to visible light in the presence of the
synthesized heterostructures.

Different catalysts (e.g., sulfur-doped carbon quantum dots loaded hollow tubular
g-C3N4) give degradation of E. coli cells instead, under visible light [50].

Based on the morphology of nanoparticles (Figure 7), we speculate that the nanoparti-
cle aggregation of TiO2/WO3 hinders a suitable surficial interaction with the bacteria and
the catalyst cytotoxicity.

3. Materials and Methods
3.1. Chemicals

Tungstic acid (H2WO4, 99% Merck), AMT 100 TiO2 (Tayca Corporation, WP0097,
Osaka, Japan), ammonium hydroxide solution (ACS reagent, 28.0–30.0% Merck & Co., St.
Louis, MO, USA), hydrochloric acid (HCl 36%, Suprapur®, Supelco, Belfont, PA, USA)
were used as received.

3.2. Synthesis of TiO2/WO3 Series

To synthesize 1 g of TiO2/WO3 composite, a proper amount of TiO2 was dispersed
in 25 mL of 2 M ammonium hydroxide solution under constant stirring (solution A). The
WO3 precursor solution was prepared by dissolving a proper amount of tungstic acid
H2WO4 in 25 mL of 2 M ammonium hydroxide solution under constant stirring (solution
B). The quantity of TiO2 and H2WO4 used is reported in Table 2. The two solutions
were stirred for 30 min at room temperature, then solution B was added to solution A
and the stirring was continued for another 2 h at room temperature. Then, the solvent
was evaporated, heating the mixture at 110 ◦C. The white-yellow powder was treated
with 0.5 M hydrochloric acid solution and dried again. The final powder was washed
with deionized water abundantly, dried at 100 ◦C overnight, and calcinated in the air at
400 ◦C for 2 h (heating rate 8 ◦C·min−1). The synthesized samples containing different
TiO2/WO3 w/w ratios (95:5, 90:10, 80:20, 20:80) were properly characterized and tested for
NOx photodegradation under visible light irradiation.
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Table 2. Labels of the WO3/TiO2 composites, WO3/TiO2 w/w ratio, calcination temperature, and
reaction yield.

Label TiO2 (g) H2WO4 (g) WO3/TiO2
(w/w Ratio)

Calcination
Temperature (◦C) Yield (%)

WO3 0.00 1.08 100:0 400 95.2

WO3@TiO2_80 0.20 0.86 80:20 400 95.7

WO3@TiO2_50 0.50 0.55 50:50 400 95.1

WO3@TiO2_20 0.80 0.22 20:80 400 94.8

WO3@TiO2_10 0.90 0.11 10:90 400 96.2

WO3@TiO2_5 0.95 0.05 5:95 400 95.7

WO3@TiO2_20* 0.80 0.22 20:80 600 60.9

TiO2 1.00 0.00 0:100 400 98.5

WO3 was synthesized by the same procedure using a TiO2-free solution A.
An aliquot of the TiO2/WO3 composite with an 80:20 w/w ratio was calcined at 600 ◦C.
Table 2 reports a list of synthesized composites with the corresponding label, WO3/TiO2

w/w ratio, calcination temperature, and reaction yield, calculated by Equation (2):

Yield (%) =

g (H2WO4) × molar mass(WO3)
molar mass (H2WO4)

+ g TiO2

g f inal product
(2)

3.3. Characterization Methods

X-Ray Diffraction (XRD) measurements investigated the crystalline structure on a
PW3830/3020 X’Pert diffractometer (PANalytical, Almelo, The Netherlands) working
Bragg–Brentano, using the Cu Kα1 radiation (k = 1.5406 Å).

FT-IR spectra were recorded in the range of 400–4000 cm−1 with a resolution of
0.5 cm−1 by anPerkin-Elmer spectrometer (Perkin Elmer, Waltham, MA, USA) dispersing
a few milligrams of each material in anhydrous KBr. The morphology of the catalysts was
inspected employing high-resolution electron transmission microscopy (HR-TEM), using
a JEOL 3010-UHR instrument (Musashino Akishima, Japan; acceleration potential: 300
kV; LaB6 filament), and by scanning electron microscopy (SEM), using a Zeiss LEO 1525
field emission microscope (Jena, Germany). The samples were “dry” dispersed on lacey
carbon Cu grids for TEM analyses, whereas SEM analyses were carried out without any
pre-treatment of the samples.

For the band gap determinations, diffuse reflectance spectra of the powders were
collected on a UV–Vis diffuse reflectance spectra using a scanning spectrophotometer
PerkinElmer, Lambda 35 (Perkin Elmer, Waltham, MA, USA), which was equipped with a
diffuse reflectance accessory. A thin film of each sample was placed in the sample holder on
an integrated sphere for the reflectance measurements. A KBr pill was used as the reference
material. Data were elaborated using the Kubelka–Munk function (Equation (3)), which
expresses the adsorbance as a function of reflectance (F(R)) [51]:

F(R) = (1 − R)2/2R (3)

where R = reflectance of the powder.
The band gap values were determined by performing the first derivative of the

Kubelka–Munk function (Equation (4)):

dF(R)/dλ (4)

where λ = wavelength of the incident radiation. The energy of the radiation at which the
first derivative dF(R)/d λ shows the maximum was taken to estimate the band gap values.
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Specific surface area and porosity distribution were determined by processing N2
adsorption–desorption isotherms at 77 K (Coulter SA3100 instrument, Beckman Life Sci-
ences, Los Angeles, CA, USA) with Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
Halenda analyses. Before the analysis, samples were heat-treated (T = 150 ◦C, 4 h, N2) to
remove adsorbed foreign species.

3.4. NOx Photodegradation Tests

A photocatalytic film of each sample was deposited by drop-casting on glass supports
as follows: a suspension of 0.050 ± 0.001 g of photocatalyst in 5 mL of isopropanol was
deposited on a glass plate (230 × 19 mm). Once the solvent was evaporated, the photocata-
lyst was placed inside a 20 L Pyrex glass cylindrical batch reactor for the photocatalytic
tests. The photocatalytic tests were performed by a mixture of NO and NO2 in air. The
starting inlet gas contains only NO2, but the chemical equilibrium between NO and NO2
is established as it is exposed to air. An LED lamp (350 mA, 9–48 V DC, 16.8 W) with
emissions in the 400–700 nm range was used as the light source. The luminous intensity
(lux) was measured using an illumination meter (Delta Ohm photo/radiometer HD 2102.2)
and was 2900 lx to estimate the light intensity. It was then converted to the irradiance unit
(in mW/cm2) [19], obtaining a light intensity of 3.24 mW/cm2.

The NOx initial concentration was 500 ± 50 ppb. A chemiluminescence analyzer
measured the NOx concentration after 30, 60, and 180 min of exposure to light irradiation
(ENVEA AC32e).

3.5. Antibacterial Assay

Cultures of E. coli MG1655 [52] were grown at 37 ◦C in Luria–Bertani (LB) medium
(10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) or LB-agar medium (LB medium
with 10 g/L agar). Bacteria (200 mL) were collected by 10 min centrifugation at 5000 rpm,
washed in PBS 1X (Merck & Co., St. Louis, MO, USA), and resuspended in the same volume
of PBS 1X. Stationary phase cultures of E. coli were diluted up to optical density at 600 nm
(OD600) of 0.05 and then grown aerated up to 0.6.

Films of the synthesized heterostructures were prepared as follows. A total of 100 mg
of each material was dispersed in 8 mL of isopropanol and deposited on a Petri dish (90 mm
in diameter) by drop-casting and air-dried.

10 mL of bacterial cells were added to Petri dishes. The plates were irradiated with
visible light (2900 lux obtained with an LED lamp) and removed from light at different time
points (60, 120, and 240 min). As controls, bacterial cells were deposited onto empty Petri
dishes and irradiated (CTR under LED) or incubated at 37 ◦C under dark (CTR). Viable
bacteria expressed as CFU/mL (colony-forming unit /mL) were enumerated at t = 0, 60,
120, and 240 min by plating suitable dilutions onto LB-agar plates following incubation at
37 ◦C for 18 h.

The percentage of bacterial survival is expressed as follows:
(average of viable bacteria at a given time/average of viable bacteria CTR 37◦ at

t = 0 min) × 100.
The average of viable bacteria is calculated from at least three independent exper-

iments. Values of survival ≤90% indicate the antibacterial activity of a given photocat-
alytic film.

4. Conclusions

In this study, we investigated the photoactivity of WO3 and TiO2/WO3 composites to-
wards NO2 degradation under visible light, in order to clarify the numerous conflicting data
reported in the literature so far. It was demonstrated that the photoactivity of TiO2/WO3
heterostructures are strongly related to their composition. For WO3@TiO2 materials char-
acterized by low tungsten trioxide content (<20%), TiO2 and WO3 are present as separate
phases, each playing their own photocatalytic role, whereas coupled photocatalysts are
not formed.
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The composite with a WO3 load of 20% was the most efficient photocatalyst, extending
the electrons and holes recombination time and promoting the transfer rate of electrons at
the interface. The high activity of the material can be explained with its high surface area
value and with the presence of WO3 centers on the surface of TiO2 acting as electrons/holes
separators. However, if the WO3 load is higher than 20%, a fast e−/h+ recombination
can occur and the ability of tungsten trioxide to reduce NO2 to NO prevails over the
composites’ capability to photo-oxidize NO2 to NO3

−. Moreover, the photodegradation
activity of the heterostructures can be attributed to the oxidizing effect of holes. Moreover,
it was demonstrated that high-temperature calcination leads to a partial sublimation of the
WO3 component that causes a decrease in heterostructure activity. As for the lack of the
bacteria degradation, we tentatively suggest that the aggregation of nanoparticles hinders
an efficient surface contact between bacteria and catalyst.
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www.mdpi.com/article/10.3390/catal12080822/s1: Table S1: EDS analysis, Figure S1: EDX spectrum
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Dependence of WO3 content (%) in the composites versus and NO production.
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21. Kowalkińska, M.; Borzyszkowska, A.F.; Grzegórska, A.; Karczewski, J.; Głuchowski, P.; Łapiński, M.; Sawczak, M.; Zielińska-
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Abstract: Elbaite is a natural silicate mineral with a spontaneous electric field. In the current study,
it was selected as a pyroelectric catalyst to promote hydrogen peroxide (H2O2) for dye decomposition
due to its pyro-electro-chemical coupling. The behaviors and efficiency of the elbaite/H2O2 system
in rhodamine B (RhB) degradation were systematically investigated. The results indicate that the
optimal effective degradability of RhB reaches 100.0% at 4.0 g/L elbaite, 7.0 mL/L H2O2, and pH = 2.0
in the elbaite/H2O2 system. The elbaite/H2O2 system exhibits high recyclability and stability after
recycling three times, reaching 94.5% of the degradation rate. The mechanisms of RhB degradation
clarified that the hydroxyl radical (·OH) is the main active specie involved in catalytic degradation in
the elbaite/H2O2 system. Moreover, not only does elbaite act as a pyroelectric catalyst to activate
H2O2 in order to generate the primary ·OH for subsequent advanced oxidation reactions, but it also
has the role of a dye sorbent. The elbaite/H2O2 system shows excellent application potential for the
degradation of RhB.

Keywords: tourmaline; elbaite/H2O2 system; pyroelectric catalyst; dye wastewater; RhB degradation

1. Introduction

The development of synthetic dyes has displayed notable progression since the late
19th century [1]. Dyes without proper treatment are the main source of water pollution,
which contains large amounts of polyphenylene ring substituents, showing biotoxicity
and chromaticity [2–4]. Moreover, polluted water is gradually developing a resistance to
photolysis, antioxidants, and biology [5,6]. Hence, it is an urgent problem for scientists
to improve the removal technology of these harmful dyes from wastewater [4]. In order
to solve this problem, traditional and modern techniques are raised as common methods
to treat dye wastewater. These technologies mainly include coagulation [7], air strip-
ping [8], incineration [9,10], filtration through a membrane [11], adsorption on stimulated
carbon [12], electrochemical oxidation [13], wet oxidation [14], biological oxidation [15],
and chemical oxidation techniques [16,17]. Among these technologies, chemical oxidation
techniques are the most widely used due to the degradation of dye molecules. As one
kind of chemical oxidation technique, advanced oxidation process (AOPs) has drawn
an increasing amount of attention in the degradation of dyes, specifically, photocatalytic
degradation [18–23], Fenton oxidation [24], Fenton-like oxidation [25], and activation of
persulfate/peroxymonosulfate (PS/PMS) [26,27]. The reactive species in AOPs are usually
the hydroxyl radical (·OH) [28] and hydrated electron (eaq−) [29]. However, there might
still be some problems with the application of these technologies. For instance, the possibil-
ity of releasing residual-free radical oxidants such as ·OH and producing toxic degradation
products [28]. Therefore, it is necessary to develop an efficient and environmentally friendly
catalytic treatment technology for dye wastewater. It is well accepted that pyroelectric
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materials can generate polarized charges under external thermal excitation. Furthermore,
the polarized charge can promote the emergence of powerful oxidant active substances
such as ·OH. As a result, heat energy and electrical energy can be used for the degrada-
tion of dye wastewater due to the pyro-electric-chemical coupling effect [30,31]. To date,
pyroelectric material, Ba0.7Sr0.3TiO3@Ag nanoparticles [32], NaNbO3 nanoparticles [33],
BaTiO3 nanofibers [34], ZnO nanorods [35], and Pb (Zr0.52Ti0.48)O3 polarized ceramic [36]
were found to be effective for the degradation of dyes. Tourmaline is one of the typical
natural pyroelectric materials [37]. There are currently several studies on the degradation of
dyes by tourmaline [38–42]. Schorl, as an iron-rich tourmaline, can be used as an effective
catalyst to enhance the efficiency of reactive free radicals and has been shown to assist in the
removal of many organic pollutants, such as fosfomycin and tetracycline in schorl/H2O2
systems [39,40]. The heterogeneous Fenton reaction formed by the schorl/H2O2 system
mainly uses the presence of iron in schorl, but the iron content in schorl is generally not
higher than 10%, which has certain limitations in practical application [41,42]. Furthermore,
it is reported that tourmaline can be regarded as an excellent adsorbent candidate [38].
The adsorption of tourmaline results from the diffusion of dye molecules into the pores of
tourmaline. Although drawbacks remain, it is considered that not only can tourmaline be
regarded as a candidate for physical adsorption, but it also has the potential as a catalyst
for advanced oxidation technologies.

Elbaite is a typical representative of the tourmaline family. Meanwhile, it is also one
of the most promising pyroelectric materials, and its high pyroelectric coefficient can be up
to 0.46 nC/cm2/K [43]. In this study, a new method was proposed in which elbaite was
selected to catalyze H2O2 for the decomposition of rhodamine B (RhB). The pyro-electro-
chemical coupling effect is found in the elbaite/H2O2 system, and the decomposition
mechanism is well understood. The elbaite/H2O2 system has proved to be a potential
candidate to deal with dyes.

2. Results and Discussion
2.1. Characterization of Elbaite

The XRD patterns of elbaite are shown in Figure 1a. In these patterns, all reflection
peaks can be indexed to previous studies (JCPDS card number PDF#71–716, space group:
R3m). No characteristic peaks of other impurities are detected in the pattern. Figure 1b
demonstrates the morphology of elbaite with micron-sized particles, generally less than
10 µm. In addition, the EDX spectrums in Figure 1c,d demonstrate the existence of O, Si,
Al, Na, F, Ca, and C elements in the sample. Here, C comes from the sample carrier during
the SEM sample preparation process. Furthermore, based on the analysis of chemical
composition in Table 1, the elbaite applied to this study mainly contains the elements O,
Si, Al, S, Mn, Ca, K, Lu, Li, Pb, and Fe, which are virtually consistent with the chemical
composition of Figure 1c,d. Since the content of Fe in elbaite is very rare, the effect of the
Fenton reaction between elbaite and H2O2 can be excluded.

Table 1. Chemical composition analyses of elbaite.

Component SiO2 Al2O3 SO3 MnO CaO K2O Lu2O3 Li PbO Fe Total

wt% 51.80 40.50 3.16 1.83 1.68 0.31 0.25 0.23 0.10 0.07 99.93

Note: Li and Fe elements are detected by ICP-MS. Other elements are detected by XRF and expressed in oxide.
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2.2. Degradation Factors for Contaminant RhB

The elbaite’s pyroelectrically driven activity is determined based on the decomposi-
tion of RhB dye. Figure 2a shows the change in concentration of RhB solution without any
catalyst under acidic conditions of pH = 2.0. The results indicate that no change in RhB dye
solution occurs during the temperature change. The RhB degradation performances of the
elbaite-alone, H2O2-alone and elbaite/H2O2 systems were compared. Figure 2b indicates
that 16.9% RhB is removed in the elbaite-alone system after 10 min of heating. As a conse-
quence, it can be concluded that elbaite alone also affected the RhB dye solution. When the
temperature increased, a polarized electric field was generated on the surface of the elbaite.
The dye molecules in the solution are adsorbed by tourmaline elbaite, and this reduces the
concentration of the dye solution. Figure 2c shows the N2 adsorption–desorption isotherm
of elbaite powder. According to the adsorption isotherm, the calculated values of specific
surface area, pore volume, and pore width are 2.48 m2/g, 2.2 × 10−2 cm3/g, and 3.847 nm,
respectively. The N2 adsorption–desorption isotherms indicate that elbaite has a good
adsorption capacity compared to other adsorbents [38]. Moreover, there is an obvious red
adsorbate on the surface of elbaite after the reaction shown in the inset of Figure 2c. It is
reported that the major surface functional group ·OH in tourmaline is responsible for the
adsorption of the dye molecule [38]. The increase in the concentration of the RhB solution
at 20 and 30 min of heating may come from the slightly evaporated water as the reaction
is carried out. Compared with the elbaite alone system, the degradation rate of RhB is
24.8% in the H2O2 only system, indicating that RhB can directly react with H2O2 without
the catalyst. However, the degradation rate of RhB in the elbaite/H2O2 system is much
higher than in the other two systems. The RhB degradation percentage is 100% at 30 min
of heating, with a clear and transparent solution. To investigate the best conditions of the
reaction, the impact of different elbaite and H2O2 doses on the reaction was investigated.
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Figure 2. (a) Pyrocatalytic UV absorption spectrum of RhB without catalyst. (b) RhB removal rates in
three different systems. (c) N2 adsorption–desorption isotherm of elbaite powder and the picture
of elbaite powder after adsorption reaction. (d) Effect of elbaite dose on RhB degradation in the
elbaite/H2O2 system, and the degradation rate of different elbaite doses. (e) Effect of H2O2 dose
on RhB degradation in the elbaite/H2O2 system, and the degradation rate of different H2O2 doses.
(f) Effect of initial pH on the degradation of RhB in the elbaite/H2O2 system, and the degradation
rate at different pH. Experimental conditions: RhB = 100 mg/L, elbaite dose = 1.0–10.0 g/L, H2O2

dose = 1.0–10.0 mL/L, initial pH = 2.0, initial pH = 2.0, 3.0, 5.0, 7.0, 9.0, T = 30 ◦C–80 ◦C, time = 30 min.

As shown in Figure 2d, the dose of H2O2 is 7.0 mL/L, and the degradation efficiency
of RhB increases significantly when the elbaite dose changes from 1.0 g/L to 4.0 g/L,
reaching 99.4% at 4.0 g/L. With a further increase in the dose of elbaite, the degradation
efficiency sinks slightly and then increases gradually to 100% at 7.0 g/L. This is due to the
excessive addition of elbaite. On the one hand, the collision frequency between the elbaite
particles may enhance the contact between positive and negative charges on the surface
of the elbaite. On the other hand, the excessive addition of elbaite leads to a decrease
in the dose of charge that can produce the active species. That is, excess elbaite does
not lead to higher degradation efficiency. However, as the dose of elbaite continues to
increase, the amount of charge generated increases, eliminating these effects. Therefore,
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the optimum dose of elbaite was found to be 4.0 g/L. Based on the above results, the dose
of elbaite was designated at 4.0 g/L for further study.

The effect of H2O2 dose was examined in the elbaite/H2O2 system (given in Figure 2e).
Firstly, the dose of elbaite was designated as 4.0 g/L. Then, with the increase in H2O2 dose
from 1.0 mL/L to 7.0 mL/L, the degradation rate increased from 79.1% to 99.1%. After that,
when the H2O2 dose was increased to 10.0 mL/L, the degradation rate decreased slightly,
reaching 92.9%. The results also proved that the degradation rate changed significantly
with the dose of H2O2. Hence, ·OH is the predicted active substance in the solution, and the
direction of change can be explained as follows. With the increase in H2O2 dose, H2O2 will
constantly generate ·OH to attack the RhB structure. However, H2O2 is also a scavenger of
·OH. Excess H2O2 consumes ·OH before these can react with organic pollutants, which can
be explained by reaction Equations (1) and (2) [44,45]. As a result, the optimal efficiency
for H2O2 is 7.0 mL/L. Thus, 7.0 mL/L H2O2 was chosen for further study.

H2O2 +·OH→ H2O +·HO2 (1)

HO2 +·OH→ H2O + O2 (2)

In order to study the influence of pH on RhB degradation performance, the influence of
the initial pH of the RhB solution on the degradation rate under acidic, neutral, and alkaline
conditions was studied in the elbaite/H2O2 system, and the results are illustrated in
Figure 2f. It can be seen that the highest degradation rate is up to 99.4% at pH = 2.0,
while the degradation rate is detected to be only 3.5% at pH = 5.0, 5.0% at pH = 7.0,
and 11.4% at pH = 9.0. Clearly, the elbaite/H2O2 system shows an excellent degradation
rate under a strong acid environment (pH = 2.0) compared to the neutral and alkaline
conditions. It is speculated that the pyroelectricity of elbaite in acidic conditions is stronger
than that in neutral and alkaline conditions, which leads to higher efficiency. Furthermore,
it was found that the amount of hydroxyl decreased first and then increased with the
increase in pH. The result is shown in Figure S1. Therefore, the elbaite/H2O2 system is pH
dependent for the degradation of RhB solution and shows high removal efficiency in low
pH conditions.

2.3. Detection of Hydroxyl Radicals

To further determine into the mechanism of the elbaite/H2O2 system, the surface
radical-trapping experiments proceeded. As shown in Figure 3a, the addition of TBA
(a quencher of ·OH) [46] significantly inhibited the decomposition of RhB in the elbaite/H2O2
system, and the inhibition degree increased with an increase in TBA content. Without the
addition of the scavenger, the degradation rate of RhB dye was 89.1% after 10 min of reaction,
where the temperature was 46.7 ◦C. However, the degradation rate was only 13% after the
addition of 50 mM TBA. Therefore, it is presumed that ·OH is the dominant radical in the
elbaite/H2O2 system, because the scavenger TBA can greatly inhibit the degradation of
RhB dye.

To monitor the intermediate products of the pyrocatalysis process, we further demon-
strated the generation of ·OH radicals in the elbaite/H2O2 system by using TA as a probe
molecule. TA reacts with the ·OH to produce 2-hydroxyterephthalic acid (·OH capture),
a substance with strong fluorescent properties. It emits a unique fluorescence signal under
a PL excitation wavelength of 315 nm with a peak around 425 nm [47]. In turn, the intensity
of the fluorescence signal of 2-hydroxyterephthalic acid is proportional to the number of
·OH produced in water [48]. As shown in Figure 3b, with the increase in pyrocatalysis time,
the fluorescence intensity of 2-Hydroxyterephthalic acid at 425 nm increased, indicating
the presence of ·OH.
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H2O2 system. (b) The ·OH capture spectra of suspension containing elbaite and TA were studied at a
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2.4. Degradation Factors for Contaminant RhB

Reusability and stability are significant and necessary for the practical application of
the elbaite/H2O2 system. Thus, the recycling utilization of elbaite catalysts was investi-
gated. As shown in Figure 4a, the degradation rate reduced from 100% to 94.5% as the
number of cycles increased to three. After three repeated experiments, the degradation
rate decreased slightly due to the small loss of elbaite powder during centrifugal filtration.
The degradation rate of the third cycle was more than 90% of that of the first cycle, indicat-
ing that elbaite has good recycling performance. The FTIR spectra of bare elbaite particles
and the elbaite particles after reaction with RhB are shown in Figure 4b. The structure of
elbaite in the elbaite/H2O2 system is essentially the same before and after the reaction.
The bands at 781 cm−1 and 1100 cm−1 are caused by the stretching vibration of the Si-O-Si
bond. The O-Si-O bond and the B-O bond cause stretching vibration at 969 cm−1 and
1290 cm−1, respectively. Furthermore, the bonds at 3590 cm−1 and 1356 cm−1 are the
results of the stretching vibration of the O-H bond [49]. It is shown that the reaction process
of the elbaite/H2O2 system does not cause any change to elbaite, further demonstrat-
ing its structural stability. Thus, the excellent recycling performance of elbaite is proved
once again.
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2.5. Degradation Factors for Contaminant RhB

The pyroelectricity of elbaite played a major role in the elbaite/H2O2 system. The in-
tensity of polarization formed in pyroelectric materials changes as the temperature (T)
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changes and, therefore, is defined as the pyroelectric coefficient [50], and the reaction
equation is expressed as Equation (3) as follows:

P =
∂Ps

∂T
(3)

where ∂PS is the vector of polarization intensity change in the crystal, and ∂T is the
small temperature change that occurs uniformly throughout the crystal. The P value
represents the strength of the pyro-driven catalytic performance, and the higher the P value,
the better the pyro-driven catalytic performance. The polarization intensity (Ps) and
pyroelectric coefficient (P) of the selected elbaite at different temperatures were measured
by a ferroelectric analyzer. As shown in Figure 5a, the polarization intensity of elbaite
changed from 1.30 nC/cm2 at 30 ◦C to 7.79 nC/cm2 at 80 ◦C. Furthermore, the pyroelectric
coefficient of elbaite can reach around 0.20 nC/cm2/K at 80 ◦C, according to Figure 5b.
The results indicate that the selected elbaite has a relatively high pyroelectric coefficient.
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Figure 6 shows the schematic diagram of pyrocatalysis in the elbaite/H2O2 system.
Elbaite contain a high pyroelectric coefficient P of 0.2 nC/cm2/K. In the case of a thermody-
namic equilibrium state (∆T = 0 ◦C), the surface of elbaite does not have a polarized charge.
When the elbaite particles are heated, the temperature of elbaite particles changes, the total
electric dipole moment vector sum decreases, and the polarization density decreases, caus-
ing a large amount of polarized charge to accumulate on the surface of elbaite particles,
which can be expressed as Equation (4). At the same time, the negative charges react with
H2O2 to produce ·OH- and ·OH, as shown in Equation (5). Not only that, but the positive
charge (h+) accumulated on the positive charge side of elbaite also reacts with ·OH− to
produce ·OH, as shown in Equation (6). Furthermore, ·OH in the solution causes the dye to
decompose through redox reaction so as to achieve the purpose of degradation, as shown
in Equation (7) [51,52]. As a result, the pyro-electro-chemical coupling of the elbaite/H2O2
system contributes to the decomposition of RhB.

Elbaite ∆T→ Elbaite + h+ + q− (4)

H2O2 + q− → OH− + ∆OH (5)

h+ + OH− → ∆OH (6)

OH + Dye→ Dye decomposition (7)
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3. Materials and Methods

RhB, TA, and tert-butyl alcohol (TBA) were purchased from Aladdin. Deionized water
was used for the preparation of RhB solution. The sodium hydroxide (NaOH) and sulfuric
acid (H2SO4) that were used in the experiment were purchased from Sinopharm Chemical
Reagent Co. H2O2 (30%, v/v) was obtained from Nanjing Chemical Reagent Co., Ltd.
Elbaite was purchased from Brazil with high purity, and it was ground into micron-sized
particles using an intelligent high-throughput tissue grinder. Then, it was washed five
times with deionized water, dried at about 80 ◦C, and stored in a dry container before use.
The reagents used in this study are all analytical grade reagents and can be used directly
without further purification.

The phases of elbaite were characterized by PANalytical X’pert PRO powder X-ray
diffractometer (Cu Kα radiation, λ = 1.5406 Å) with 2θ ranging from 10◦ to 80◦ at step
width of 0.01◦. The morphology of the elbaite powder sample was characterized by using
a scanning electron microscope (SEM, The Netherlands). The chemical composition of
the elbaite samples was analyzed by energy-dispersive X-ray spectroscopy (EDS, Japan),
iCAP Q inductively coupled plasma mass spectrometry (ICP-MS, USA), and EDX-7000
X-ray fluorescence spectrometry (XRF, Japan). The N2 adsorption isotherm was measured
at 77.3 K to determine the specific surface area (SBET) via the Brunauer–Emmett–Teller
(BET, autosorb iQ, USA) method, while the total pore volumes (Vtotal) and pore width
were directly obtained from the isotherm at P/P0 = 0.99. The pyroelectricity of the sam-
ple was measured using a Ferro-electric Analyzer (TF-3000E, aix-ACCT, Germany) at
different temperature ranges, where the elbaite sample was cut into small slices (perpen-
dicular to c-axis) and polished. Furthermore, the size of each slice was approximately
6 mm × 6 mm × 1.0 mm. The upper and lower surfaces of each piece were coated with
silver glue. A Fourier transform infrared spectroscopy (FTIR, spectrometer Nicolet Avatar
370DTGS, Thermo, USA) covering a wave number between 500 cm−1 and 4000 cm−1 was
used to identify the functional groups on the bare elbaite particles and the elbaite particles
after reaction with RhB.

The pyrocatalytic activities of the elbaite/H2O2 system were diagnosed through the
degradation situation of RhB aqueous solution (100 mg/L). The degradation experiments
were implemented in a thermostatic water bath. In the degradation experiments, el-
baite was immersed in 100 mL of RhB aqueous solution and stirred for ∼1 h to establish
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an adsorption–desorption equilibrium between the elbaite and the RhB solution. Then,
the H2O2 aqueous solution was added into the mixture solution, where the pH was ad-
justed to 2 by using H2SO4 and NaOH. The solution was heated from 30 ◦C to 80 ◦C at
a constant rate in a water bath within 30 min to make full use of pyroelectric properties.
Then, 5 mL of RhB aqueous solution was taken out and centrifuged at 11,000 rpm for 2 min
in a TG20-WS table top high-speed centrifuge (China) to remove impurities. Accordingly,
the concentration of RhB aqueous solution was measured using a UV–Vis spectrophotome-
ter (T6, Beijing Puxi General Instrument Co. Ltd.). For comparison, adsorption capacity of
elbaite was determined by an adsorption experiment. Elbaite was added to RhB aqueous
solution and stirred for ∼1 h without H2O2, and the experiment conditions were the same
as for the elbaite/H2O2 system. In addition, H2O2 was added to RhB aqueous solution
without elbaite to determine its effect on the solution, and the experiment conditions were
the same as those used for the elbaite/H2O2 system. RhB concentration was detected dur-
ing the reaction, and the change in RhB concentration can reflect the adsorption capacity of
elbaite. Here, the degradation rate (DR) was calculated using the following equation:

DR (%) = 1 − Ct/C0 × 100% (8)

where C0 and Ct denote the premier and residual RhB concentration at t min, respectively,
and DR is the final degradation rate. Subsequently, the influence of various factors on RhB
degradation efficiency was investigated. Firstly, the optimum dose of elbaite (1.0–10.0 g/L)
was researched during the reaction progress. Secondly, we explored the optimum dose
of H2O2 (1.0–10.0 mL/L). Afterwards, the initial pH of RhB solution was designed to 2.0,
3.0, 5.0, 7.0, and 9.0 with 0.5 mol/L H2SO4 or NaOH aqueous solution to reveal the pH
dependence of the elbaite/H2O2 system. Finally, the recyclability of the elbaite/H2O2
system was tested. During the recycling experiment, the elbaite particles were collected
by centrifugation and washed by deionized water and ethanol five times. Afterwards,
the collected elbaite was dried to a constant weight in an oven at 80 ◦C. The experiment
was repeated for the second and third cycles.

In order to verify the active substances produced in the pyrocatalysis process, the TBA
trapping experiment was performed [46]. During the pyrocatalysis process, TBA was
added into the optimal elbaite/H2O2 system with the content ranging from 10–50 mM.
RhB aqueous solution concentration changes with time, thus confirming the role of ·OH in
the pyrocatalysis process. In order to further determine the presence of ·OH, the photolu-
minescence (PL) technique of terephthalic acid (TA) as probe molecule was used to achieve
more accurate detection of ·OH radical induced pyroelectrically [48]. TA reacts with ·OH
to produce 2-hydroxyl terephthalic acid, which presents a highly fluorescent state with
a peak center at 425 nm, and its PL intensity is positively correlated with the amount of
·OH produced in water [47,53]. Definitively, 2 mM NaOH and 0.5 mM TA were mixed into
the 100mL aqueous solution, and then the solution was transferred to the RhB aqueous
solution. Thereafter, elbaite was added to RhB aqueous solution and stirred for 1 h to
establish the adsorption–desorption equilibrium between elbaite and solution. The result
is shown in Figure S2. Finally, 0.7 mL H2O2 was added, and the solution was transferred to
the same experimental procedure. At the excitation wavelength of 315 nm, the PL intensity
of the solution was measured at different reaction times.

4. Conclusions

An elbaite/H2O2 pyro-electro-chemical coupling catalytic system was developed and
successfully applied to the degradation of RhB aqueous solution. Extensive degradation
experiments showed that the optimized degradation efficiency of RhB reached 100.0%
at 4.0 g/L elbaite, 7.0 mL/L H2O2, and pH = 2.0 in the elbaite/H2O2 system. Recycling
utilization showed that the third removal rate was 94.5%, which demonstrates the economic
usefulness of the silicate mineral elbaite. Furthermore, it is shown that ·OH was the main
active specie involved in catalytic degradation in the elbaite/H2O2 pyro-electro-chemical
coupling catalytic system. Elbaite plays the role of a dye sorbent and a pyroelectric catalyst
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to activate H2O2 in order to generate the primary ·OH for subsequent advanced redox
reactions. Therefore, the effective application of the elbaite/H2O2 pyroelectric catalytic
system has a high potential for the purification of dye wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111370/s1, Figure S1. The ·OH capture (TA) spectra of suspension at different pH.
Figure S2. Pyrocatalytic UV absorption spectrum of RhB after adsorption-desorption.
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