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Preface to "Industrial Applications of Advanced
Oxidation Technologies: Past and Future"

In recent years, climate change has become more evident due to the high values of the carbon
footprints and the hydraulic footprints registered by industries. Additionally, the availability of
drinking water is scarce in many countries around the world. Technological advances have permitted
the establishment of large industries in the last century. Most of these industries are characterized by
a high consumption of drinking water that is transformed into wastewater as it enters and leaves
these industrial processes. Unfortunately, a large part of this wastewater is not recovered because it
is difficult to treat due to the presence of a high organic load with persistent, toxic, and inhibitory
compounds. The capabilities of conventional urban wastewater treatment plants (CUWTPs) make
them unable to meet the standards set by local, national, or international legislation. On the other
hand, society is unwilling to give up many of the comforts offered by technological developments,
highlighting the need for effective solutions to minimize or reduce climate change, which has clearly
made its presence felt. In response to this challenge, a green and sustainable pre-treatment, or the
treatment of industrial wastewater prior to its discharge from CWWTPs, is mandatory for industries.

The use of Advanced Oxidation Technologies (AOTs) for wastewater treatment is an important
area of research which has not yet been fully exploited at an industrial level and has significant
potential in the disposal of many industrial effluents. In particular, this includes effluents that
are difficult to treat by conventional biological treatment processes. Given the positive response
from researchers to our first Special Issue entitled “Photocatalysis in the Wastewater Treatment”,
this new Special Issue represents a continuation and an extension of the work carried out in the
previous Special Issue and aims to explain the importance of advanced oxidation technologies and
how their incorporation into the industrial sector as green and clean technologies can improve the
current situation of the Earth’s ecosystems and environment. In this sense, it is worth mentioning
treatments based on photolysis, TiO,/solar light, ozone/ultraviolet irradiation, oxidant/ultraviolet
irradiation, oxidant/catalyst/ultraviolet irradiation, high-energy electron beam irradiation (E-beam),
sonication/photocatalysis, etc. This Special Issue includes works with new perspectives on catalytic
ozonation for organic removal, photo-based advanced oxidation processes for pharmaceutical
degradation, etc.

This reprint is addressed to all readers interested in the manufacture of catalysts and chemical
oxidation-based treatment processes, whether they are academics or professionals. Finally, the
Editors would like to thank the authors who have participated in the writing of this interesting book,

which will be of great interest at the industrial, academic, and research level.

Gassan Hodaifa, Rafael Borja, and Mha Albqmi
Editors
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Abstract: Memantine is a pharmaceutical used to treat memory loss, one of the main symptoms of
dementia and Alzheimer’s disease. The use of memantine is expected to continue to grow due to the
increasing proportion of the elderly population worldwide. The aim of this work was to conduct
a comprehensive study on the behaviour of memantine in the environment and the possibilities of
its removal from wastewater. Abiotic elimination processes (hydrolysis, photolysis and sorption) of
memantine in the environment were investigated. Results showed that memantine is stable in the
environment and easily leached from river sediment. Therefore, further investigation was focused
on memantine removal by advanced oxidation processes that would prevent its release into the
environment. For photolytic and photocatalytic degradation of memantine, ultraviolet (UV) lamps
with the predominant radiation wavelengths of 365 nm (UV-A) and 254/185 nm (UV-C) were used as
a source of light. TiO; in the form of a nanostructured film deposited on the borosilicate glass wall
of the reactor was used for photocatalytic experiments. Photodegradation of memantine followed
pseudo-first-order kinetics. The half-life of photocatalytic degradation by UV-A light was much
higher (46.3 min) than the half-life obtained by UV-C light (3.9 min). Processes degradation efficiencies
and evaluation of kinetic constants were based on the results of HPLC-MS/MS analyses, which
also enable the identification of memantine oxidation products. The acute toxicity of the reaction
mixture during the oxidation was evaluated by monitoring the inhibition of the luminescence of Vibrio
fischeri bacteria. The results showed that memantine and its oxidation products were not harmful to
Vibrio fischeri.

Keywords: memantine; hydrolysis; photolysis; sorption; photocatalysis; sol-gel TiO, film; degradation
products; toxicity

1. Introduction

With the increase in the aging population worldwide, Alzheimer’s disease and other
dementias have become a rapidly increasing public health concern, with an estimated
50 million people currently living with dementia [1]. The prevalence of Alzheimer’s disease
is approximately 0.6% at the age of 60 but it doubles every five years, so the prevalence is
about 40% at the age of 90 [2]. Currently, no cure exists for Alzheimer’s disease but there
are treatments that temporarily slow down the development of symptoms and improve
cognitive functions. In Europe and the USA two symptomatic treatments are approved, the
use of acetylcholinesterase (AChE) inhibitors and N-methyl-D-aspartate receptor antagonist
memantine (3,5-dimethyladamantan-1-amine) [1]. Once in the organism, memantine is
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poorly metabolized and most (57-82%) of the administered dose is excreted unchanged in
urine [3]. Memantine is a compound highly soluble in water (29.4 mg/L, [4]).

In view of this, it is reasonable to expect that memantine will end up in wastewater
and, without proper treatment, in environmental waters. Memantine was detected in rivers
and sewage treatment plant (STP) influents and effluents in Japan at high frequency (>70%),
with a maximal measured environmental concentration in seven rivers of 47.4 ng/L. The
measured concentration of memantine in STP was lower than 1 ug/L with an average
removal rate in three STPs lower than 20% [5]. Memantine was detected in effluent
wastewater from a wastewater treatment plant (WWTP) located near Barcelona (Spain)
at a concentration ranging from 0.028 to 0.134 ug/L for samples taken on 10 different
days [6]. Memantine was also detected in sewage effluents in three Sweden STPs in
concentrations ranging from 10 to 14 ng/L. It is also detected in the plasma of fishes exposed
to sewage effluents (from <LOQ (0.5 ng/mL) to 2.3 ng/mL) [7]. Karelid et al. [8] studied
the adsorption of pharmaceuticals on granular activated carbon (GAC) and powdered
activated carbon (PAC) at three Swedish wastewater treatment plants and observed that,
among 22 investigated pharmaceuticals, only memantine showed removal lower than 95%.
Despite the evidence that memantine is present in the environment, data on the fate and
behaviour of memantine in the environmental are scarce.

The incomplete removal of pharmaceuticals in conventional wastewater treatment
plants clearly indicates the need for the development of innovative technologies such as
advanced oxidation processes (AOPs). AOPs have been proposed as a tertiary treatment
for wastewater [9,10]. Among different AOPs, heterogeneous photocatalysis is a promising
method for removing organic micropollutants (OMPs), including pharmaceuticals [11-13].
The most commonly used semiconductor photocatalyst is TiO, with the potential for the
total mineralization of OMPs, resulting in the formation of non-toxic compounds (CO,,
H,O and the corresponding mineral acids). TiO; can be used in the form of TiO, powder
suspension (slurry) or it can be immobilized by different techniques on different substrates
such as borosilicate glass [14,15], alumina foam [16], alumina ring and borosilicate ring.
Immobilization of TiO; on the adequate reactor walls eliminates the need to separate the
photocatalyst from the treated water. Among different deposition techniques (sol-gel,
thermal treatment, pulsed laser deposition, reactive evaporation, physical vapour deposi-
tion (PVD), chemical vapour deposition (CVD), electrodeposition, sol-spray, hydrothermal
deposition, etc.), the sol-gel technique offers many advantages: relatively low cost, low pro-
cessing temperature, simple deposition, relatively simple control of composition, possibility
of various forming processes, and ability to prepare nano-sized thin films and to produce
fine structures [14,17]. Sol-gel films can be generally deposited by two methods—the dip
coating and the spin coating technique [18].

The aim of this study was to investigate the environmental behaviour of memantine
and possibility of its degradation by advanced oxidation processes. Environmental be-
haviour was investigated by studying abiotic elimination processes: hydrolysis, photolysis
and sorption. For investigation of photolytic/photocatalytic oxidation of memantine, a
photoreactor with UV-A and UV-C lamps, and TiO; in a form of a nanostructured film de-
posited on borosilicate glass wall of the reactor was used. Process degradation efficiencies
and evaluation of kinetic constants were based on the results of HPLC-MS/MS analyses,
which also enable identification and monitoring of memantine degradation products. In
addition, the acute toxicity of the reaction mixture during the degradation experiment was
evaluated by monitoring the inhibition of the luminescence of Vibrio fischeri bacteria.

2. Results and Discussion
2.1. Environmental Behaviour
2.1.1. Hydrolytic and Photolytic Degradation

Hydrolytic degradation of memantine was investigated according to the procedure
described in OECD 111 [19]. The results of hydrolytic degradation experiments showed
that memantine is persistent to hydrolytic degradation with the degree of hydrolytic
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degradation between 1.5% and 2.8% under the applied conditions (Figure 1A). Given that
hydrolytic degradation of 10% at 50 °C corresponds to a half-life of approximately 30 days,
which is equivalent to the half-life of 1 year at 25 °C [1], memantine was considered stable
and no further investigation is required.
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Figure 1. The degree of (A) hydrolytic degradation of memantine at 50 °C and (B) direct and indirect
photolytic degradation (24 h exposure to artificial solar radiation, 10 mg/L memantine solution).
Error bars refer to standard deviation.

Photolytic degradation was investigated with memantine solution in MilliQ water
(direct photolysis) and in the presence of substances commonly present in environmental
waters: humic acids (HA), chloride and nitrate (indirect photolysis). The concentrations
of inorganic ions and humic acids were typical for the environment. The presence of
HA and nitrates resulted in a lower concentration of memantine, while chlorides did not
affect photolytic degradation of memantine. The photolysis due to the presence of HA
and nitrate can be attributed to the formation of highly reactive hydroxyl radicals [20,21].
However, the observed decrease in the concentration of memantine was not significant
(less than 15% after 24-h exposure to simulated solar radiation, Figure 1B), which points to
the conclusion of its persistence during exposure to artificial solar radiation. Blum et al. [22]
reported similar results of memantine photolytic persistence with a degree of degradation
of less than 10%.

According to the available literature, similar environmental behaviour was not ob-
served for other pharmaceuticals detected in environmental waters. They are usually
susceptible to photolytic [20,21,23-25] or hydrolytic [26,27] degradation or to both elimina-
tion processes [28,29].

2.1.2. Sorption
Kinetics of Sorption and Desorption

Based on previously published papers [30,31], there is already some information about
the tendency of memantine to sorption on soil and sediment particles, namely that sorption
is definitely not a dominant process in its case. In this context, our goal was to compare
from a kinetic point of view how much memantine is sorbed to the sediment particles and
how much memantine is desorbed from the same sediment studied.

From Figure 2A, it can be seen that the “faster” sorption of memantine to the sediment
sample occurs in the first 6 h, after which further sorption of memantine occurs slowly
over the observed 24-h period. At the same time, desorption of the previously sorbed me-
mantine takes place during the same time intervals (Figure 2B). It should be noted that, as
the concentration of memantine increases, the amount of memantine sorbed and desorbed
decreases, so that the largest difference between the amount sorbed and desorbed was
obtained at the lowest initial concentration of memantine tested (0.1 mg/L). To investigate
the control mechanisms of the sorption [32] and desorption processes, experiments were
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performed at different time periods, i.e., a kinetic study was performed at three concentra-
tion levels (0.1, 0.5 and 2.0 mg/L), in contrast to the other six concentrations at which the
sorption experiments will be carried out.

100 35
< . B
80 ¢ ¢ * A 30 o <& *
52 L. - . 2 25 1¢* : 8 . .
= 60 ) = o
g 3 g 20
x E 15
7]
= ¢ 0.1mg/L < 10 ¢ 0.1mg/L
20 0.5 L )
w = 0.5mg/ 5 = 0.5mg/L
0 2.0mg/L ) 2.0mg/L
T T T T T T 0 . T T . 1
¢ =2 W0 b 24 & A 0 5 10 15 20 25 30
time, I time, I

Figure 2. Kinetics of (A) sorption and (B) desorption for memantine on the sediment Studena, T = 25 °C.

The sorption and desorption data were analysed using three different kinetic models;
Lagergren pseudo-first-order, pseudo-second-order and the intraparticle diffusion (IPD)
model. All kinetic models are presented in Table 1 where ge and g; are the amounts of
memantine (nug/g) adsorbed/desorbed on investigated sediment samples at equilibrium
and at time £; k (1/min) is the rate constant of the pseudo-first-order adsorption; k
(g/1g min) is the rate constant of the pseudo-second-order sorption and kp; (1g/g min'/2)
is the intraparticle diffusion rate parameter of stage i. C;, the intercept of stage 7, gives an
indication of the thickness of the boundary layer, i.e., the larger the intercept, the larger the
boundary layer effect.

Table 1. Kinetic models.

Kinetic Model Linear Form

Lagergren pseudo-first-order In(ge — g¢) = Inge — kyt
Ho’s pseudo-second-order % = kzlq% + %
IPD model gr = kpi\/f +C;

The sorption and desorption rate constants ki, ko and g, ¢, as well as the correlation
coefficients (R?) for the pseudo-first and pseudo-second models are shown in Table 2.

Table 2. Sorption and desorption kinetic parameters of memantine on the sediment Studena.

Initial Concentration, ] uglg Pseudo-First-Order Pseudo-Second-Order
eexprs . .
mg/L Ge,calcr 18IS k1, 1/min R? Ge,calcr M8/g k2, g/ug min R?

2.0 10.11 13.33 2.303-10~% 0.7666 10.24 0.0035 0.9990

Sorption process 0.5 3.67 2.29 4.606-10~% 0.5838 3.70 0.0162 0.9999
0.1 0.91 0.25 9.212-10~4 0.7508 0.91 0.0966 0.9998

2.0 4.40 3.74 —2.303-10~4 0.8514 4.46 0.0107 1.000

Desorption process 0.5 1.29 1.64 —2.303-107%  0.3369 1.30 0.0545 0.9999
0.1 0.29 0.51 —1.612-10~* 0.5115 0.29 0.3025 0.9999
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From the results, it can be concluded that the pseudo-second-order kinetic model
perfectly describes both the kinetics of memantine sorption and the kinetics of desorption
of previously sorbed memantine, since very high correlation coefficients (R? > 0.999) were
obtained in both cases. These results suggest that the sorption/desorption capacity is
regulated by the number of available active sites on the sediment. According to this model,
the maximum concentration absorbed at equilibrium (g.) on the Studena sediment was
approximately 10.11 pg/g, which corresponds to the maximum sorption capacity of this
sediment for memantine in the experiments performed. However, if we consider the results
of desorption according to the same model, it follows that the maximum concentration
desorbed at equilibrium on the Studena sediment was about 4.40 ug/g, which practically
corresponds to almost half of the amount of memantine previously sorbed. This ratio
of sorbed /desorbed memantine from the sediment studied depends, of course, on the
memantine concentration in contact with the sediment, so that Table 2 shows that, at con-
centrations of 0.1 mg/L and 0.5 mg/L, almost one-third is desorbed, which is less than the
previously mentioned concentration of 2.0 mg/L, at which almost half was desorbed. The
higher the concentration of memantine in contact with the sediment, the more memantine
is washed out of the sediment, which is consistent with what was said before, i.e., that
the sorption/desorption capacity is regulated by the number of available active sites on
the sediment. The desorption rate constants according to the pseudo-second-order kinetic
model are much higher than the sorption constants under the same conditions. Such a
result is even more discouraging because, no matter how little memantine is sorbed on a
sediment, it is still quite a lot and is rapidly desorbed, posing a risk of water contamination
by memantine.

The kinetics of sorption and desorption can also be described from a mechanical point
of view. The whole process of sorption and desorption can be controlled by one or more
steps, such as surface diffusion, pore diffusion, external diffusion and sorption/desorption
at the pore surface. When the sorbent is porous, as in the case of sediments, intraparticle
diffusion often plays a major role. During rapid stirring, the diffusion mass transport
can be related to the diffusion coefficient, which describes well the experimental sorp-
tion/desorption data. Results of the IPD model are shown in Table 3.

Table 3. Intraparticle diffusion model constants and correlation coefficients for memantine on the
sediment Studena at different initial concentrations.

Intraparticle Diffusion

Initial Concentration, First Phase Second Phase Third Phase
mg/L kp1, kp2, kp3s
Pl- 172 G R? Pz- 12 C2 R? p3~ 1/2 G R?
ug/g min pg/g min ug/g min

Sorption 2.0 0.5123 3.4451 09716 0.1853 54711 0.9819 0.0176 9.4375  1.000
. OPC oss 0.5 0.2895 0.8587  0.9934 0.0269 2.9168  0.9924 0.0062 3.4343  1.000
P 0.1 0.0425 0.4792  0.9853 0.0046 0.7624  1.000 0.0014 0.8556  1.000
Desorption 2.0 0.4058 0.3216  0.9915 0.0505 3.2505 0.9731 0.0009 43602  1.000
roczss 0.5 0.0631 0.5692  0.9681 0.0142 0.9752  0.9975 0.0030 1.1806  1.000
P 0.1 0.0156 0.1348  0.9673 0.0015 0.2490  0.9986 0.0003 0.2799  1.000

From these results, it is evident that the process of sorption and desorption of me-
mantine on the studied sediment is multilinear, indicating that the sorption and desorp-
tion process occurs in three phases [33]: (i) initial boundary layer diffusion or adsorp-
tion/desorption at the outer surface, (ii) gradual intraparticle diffusion or diffusion in the
pores, where the degree of intraparticle diffusion is rate-controlled, and (iii) equilibrium
stage showing saturation of the sorbent surface.

This multilinearity of the sorption and desorption processes suggests that IPD was not
the only rate-controlling step [34] but that multiple steps occur at this microlevel. All the ki-
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netic results obtained are of great importance, especially the desorption information, which
plays an important role in evaluating the behaviour of memantine in the environment.

Sorption Isotherms

The sorption of memantine was tested on three sediment samples (Pakra, Petrinj¢ica
and Studena) and described by two sorption isotherms: the Linear and Freundlich sorption
isotherms, and results are presented in Table 4. All presented values are expressed by the
average value of three determinations. Achieved relative standard deviations are lower
than 10%.

Table 4. Sorption coefficients (Ky), Freundlich and Dubinin-Radushkevich sorption isotherm parame-
ters in 0.01 M CaCl, at initial pH values.

Linear Freundlich Dubinin-Radushkevich
Sediment K K 8 £
Samples ds 2 F/ 2 , qm, y 2
P mL/g R " (ug/g)(mL/ug)l/m R mol?k/J? uglg kJ/mol R
Pakra 1.4267 0.9917 1.8776 1.6372 0.9189 0.0435 1.6394 3.39 0.7082
Petrinjcica 2.9658 0.9906 2.0467 3.1362 0.8894 0.0286 2.7194 4.18 0.6642
Studena 0.9771 0.9933 1.5868 1.0290 0.8932 0.0477 1.0377 3.24 0.6451

From the obtained regression coefficients R?, it can be seen that only the linear isotherm
describes the sorption process with R? > 0.99 in all cases, while the range of regression
coefficients for the Freundlich isotherm is 0.89-0.92. The values of the Freundlich exponent,
n, range from 1 to 10, indicating favourable sorption [35]. The Dubinin—-Radushkevich
model shows the worst agreement with the experimental data since R? ranges from
0.6451 to 0.7082. Since the values of sorption energy, E (obtained from the D-R isotherm
model), are from 3.24 to 4.18 kJ /mol for the investigated sediments, it could be said that
the sorption of memantine on the investigated sediments is of a physical nature.

In addition to these three sorption models, many other sorption isotherm models were
tried in the preliminary experiment to obtain more information about sorption of meman-
tine, but without success. For example, when trying to applied the Langmuir isotherm
we either obtained negative values for the Langmuir isotherm constants or the R were
extremely low (R? < 0.25). This indicates that the Langmuir sorption isotherm is not suitable
to explain the sorption process of memantine on the sediment samples studied, since these
Langmuir constants indicate the binding surface energy and monolayer coverage.

The values of the distribution coefficient K4 from the linear isotherm and the ad-
sorption capacity Kr from the Freundlich isotherm indicate a slightly weaker binding of
memantine to the sediments of Studena and Pakra compared to the sediment of Petrinj¢ica.
However, it should be noted that high values of sorption coefficients were not expected at
all, since, according to previous studies, a low tendency of memantine to sorption on soil
and sediment particles was observed [30,31]. In any case, the results obtained in this study
support the fact that memantine poses a major threat to natural waters because it is easily
leached from sediment samples and thus has high mobility in these sediments.

Numerous previous studies clearly show that pH is one of the most important factors
affecting the sorption mechanism and rate [36,37]. This is supported by the fact that
whether the observed molecule behaves as a cation, anion or neutral molecule depends
on the pH of the medium, but also that the activity /presence of metal ions present in the
sediment changes depending on it. Since memantine as a molecule is characterized by a
pKa constant (10.27), it can be concluded that it also occurs in ionic form. However, based
on the natural pH value of the sediments studied, it could be concluded that memantine
occurs exclusively as a neutral molecule in all sediments studied [30].

In addition to the effect of pH on the distribution of the ionic/molecular species of
the memantine under environmental conditions, the effect of pH on their sorption at three
different pH values (pH 5, 7 and 9) was also investigated (Figure 3A).
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Figure 3. The influence of (A) pH and (B) ionic strength on the sorption capacity of memantine in
studied sediments (T = 25 °C).

In these experiments, an inverse relationship between sorption and pH was observed
for memantine [38,39], i.e., with higher acidity, the sorption coefficient decreases. In all
three sediments studied, differences in Ky values are observed with the change in pH.
While the changes in distribution coefficient from neutral to the alkaline pH range are easily
visible, the change in distribution coefficient from the neutral to the acidic pH range is
much less pronounced. From these results, it can be clearly concluded that the influence of
pH on the sorption of memantine dominates.

In addition to the influence of pH, the influence of ionic strength on the sorption of
memantine was also investigated. It was found that the sorption coefficients decreased
with increasing ionic strength (Figure 3B). The obtained results indicate a possible surface
complexity between the memantine and the studied sediments. For all sediments studied,
the highest K coefficient values were obtained at the lowest concentration of CaCl, solution
tested. The influence of ionic strength on sorption could be related to the fact that the
thickness of the charged surface of the “electric double layer” is reduced, resulting in
decrease in surface charge and fewer interactions between the ionic form of the drug and the
sediment surface [40]. Of course, this theory is also supported by the fact that memantine
is in the form of a neutral molecule [30] in all experiments performed, which makes a
possible interaction even less likely. A similar trend was observed in a previous study of the
sorption of memantine and in other studies of the sorption of pharmaceuticals [30,41-43].

2.2. Photolytic and Photocatalytic Oxidation of Memantine in Aqueous Solution

The photocatalytic activity of sol-gel TiO, film was evaluated through the degrada-
tion of memantine aqueous solution (10 mg/L) under ultraviolet (UV) lamps with the
predominant radiation wavelengths of 365 nm (UV-A) and 254 /185 nm (UV-C).

In order to investigate the kinetics of the photocatalytic degradation of memantine
by photolytic and photocatalytic processes, the pseudo-first-order kinetic model was used.
The linear form of the pseudo-first-order kinetic model is [44]:

Co
== et 1
e 1 M
The half-life time t; /, was calculated using the following expression [16]:
In (2
tyo = ]S ) @)

where C; (mg/L) is the concentration of memantine at time ¢ (min), Cy (mg/L) is the initial
memantine concentration and kj (1/min) is the degradation rate constant.

The first-order degradation rate constant (k1, 1/min) from equation 1 can be calculated
by the slope of the straight line obtained from plotting linear regression of —In (C;/Cy)
versus irradiation time (t) (Figure 4A). Table 5 shows the pseudo-first-order kinetic constant
(k1, 1/min), coefficient of determination (R?), half-life time (f; /2, min) and efficiency (17, %)
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for memantine removal by photolysis and photocatalysis. It is noticed that the pseudo-
first-order model has an R? > 0.96, which confirms that the memantine removal follows a
pseudo-first-order model.
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Figure 4. (A) Photolytic and photocatalytic degradation of memantine under UV-A (365 nm) and
UV-C (254/185 nm) radiation by sol-gel nanostructured TiO, film as a function of irradiation time,
Cp (memantine) = 10 mg/L. Inset: linear transform of —In (C;/Cy) versus t. (B) Photolytic and
photocatalytic degradation efficiency. All experiments were triplicated with the standard deviation
from the average value & 4%.
Table 5. Photolytic and photocatalytic degradation rate constants and half-lives of memantine.
Experiment R? Regression Equation k1, 1/min t1/2, min 7, %
UV-A - - - - 0 (after 120 min)
UV-C (254/185 nm) 0.9686 y =0.0908x — 0.2293 0.0908 7.6 100 (after 45 min)
TiO; film + UV-C (254/185 nm) 0.9693 y =0.1779x — 0.4418 0.1779 3.9 100 (after 45 min)
TiO, film + UV-A (365 nm) 0.9984 y = 0.0159x + 0.0277 0.0159 46.3 85 (after 120 min)

From the photocatalytic experiments, it is observed that, under UV-A light (Figure 4A,B) af-
ter 45 min of irradiation, complete degradation of memantine is achieved (100% efficiency).
Conversely, the photocatalytic experiments under UV-C light (Figure 4A,B) show that, after
120 min of irradiation, 85% of memantine removal is obtained. The photocatalytic degrada-
tion rate of memantine in the “UV-C + TiO, film” experiment is much faster (0.1779 min~!)
than that in the “UV-A + TiO, film” experiment (0.0159 min~!). Similar behaviour was also
observed in a recently published study of memantine oxidation [45]. In addition, photolytic
oxidation of memantine by UV-A and UV-C light radiation was investigated. Memantine
showed no degradation after 120 min of exposure to UV-A light alone, which is attributed
to the low energy level of this type of UV light. Memantine degradation efficiency under
exposure to UV-C light is the same as photocatalytic degradation by TiO, film irradiated
with UV-C light (100% efficiency after 45 min, Table 5) but a rate constant of memantine
degradation is two times lower for UV-C photolysis than for photocatalysis in the “TiO,
film + UV-C” experiment (Table 5). The half-life of photolytic memantine degradation
by UV-C light was almost two times higher (7.6 min) than the half-life obtained in the
“TiO, film + UV-C” photocatalytic degradation experiment (3.9 min). It was found that the
half-life of photocatalytic degradation by UV-A light was much higher (46.3 min) than the
half-life obtained by UV-C light (3.9 min).
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Svagelj et al. [16] published their findings on the photocatalytic degradation of me-
mantine using a sol-gel TiO; film deposited on alumina foam substrate irradiated by UV-A
light. The application of sol-gel TiO; film deposited on alumina foam substrate resulted in
a larger specific surface area and therewith fast degradation of memantine can be obtained.

The diffuse reflectance spectroscopy (DRS) result and the Tauc plot are shown in
Figure 5A,B. It was found that prepared TiO, only absorbs photons at wavelengths shorter
than 400 nm. Based on the DRS, the Tauc plots can be obtained to determine the energy
bandgap of TiO, (Figure 5B). It is observed that prepared TiO, presents a lower energy
bandgap (2.99 eV) in comparison to commercial TiO, P25 (3.20 eV) [46].
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Figure 5. (A) DRS spectra and (B) Tauc plot for energy bandgap determination of TiO,.

2.3. Oxidation Products of Memantine

Compared to the chromatogram of the memantine before oxidation, five new peaks
were observed corresponding to the possible oxidation products of memantine. All five
degradation products have lower retention times than memantine (Table 6), indicating that
they are more polar. Tentative structures of memantine oxidation products (Table 6) were
proposed based on the retention times, m/z-values and fragmentation patterns obtained
through HPLC-MS/MS analysis. Mass spectra of memantine and its oxidation products
are shown in Supplementary Materials, Figure S1.

Despite the different kinetics, all five degradation products were detected in all ox-
idation experiments, except photolysis UV-A light when degradation was not achieved.
The same oxidation products after UV-C/H;O, and UV-A/TiO; treatment were recently
reported in [40].

2.4. Toxicity of the Mixture of Memantine and Its Degradation Products

Generally, some compounds do not show toxicity to a specific species, but this does
not necessarily mean that they are not toxic or harmful to the environment or humans or
another organism tested for toxicity [47,48]. Papac et. al. [45] determine that memantine
was toxic to Daphnia magna (ECsyp = 7.19 mg/L). Blaschke et al. [49] demonstrate that
chronic toxicity is not always more sensitive than acute toxicity. Keeping that in mind,
assessment of the acute toxicity of memantine and its oxidation products during TiO,
photocatalysis by UV-C light was carried out using Vibrio fischeri bacteria. Luminescence
inhibition (%) was measured in triplicate for each tested sample and mean values and
standard deviations (s) were calculated. The results presented in Table 7 indicate that
memantine (10 mg/L) and its oxidation products were not harmful to Vibrio fischeri under
the applied experimental conditions.
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Table 6. Proposed chemical structures of memantine oxidation products.

Compound tr, min Chemical Formula Chemical Structure
memantine 14.7 NH,
[M+H]+ C12H22N @\
m/z 163 C12H19
m/z 107 HsC Ctts
DP-1 2.87 NHz o
[M+H]* C1pH2pNO
m/z 179 C12H190
m/z 135 C10H15 Hﬁ%cm
DP-2 4.77 NH, o
[M+H]* C1pHpyoNO
m/z 177 C1pHy170
m/z 149 C10H130 HsC CHs
DP-3 2.29 NH,
[M+H]* C1oHpoNO, COOH
m/z 193 C12H1702
m/z 164 C11HigN HaC
m/z 135 C10H15
DP-4 411 NH,
[M+H]* C1oHpoNO, OH OH
m/z 195 C12H1902
m/z 179 C1pH190 HaC CHs
m/z 135 C10H15
DP-5 1.53 NH,
[M+H]* C12HzNO3 OH COOH
m/z 209 C12H1703
m/z 193 C12H1702 HaC
m/z 135 C10H15

Table 7. Luminescence inhibition during the TiO, photocatalysis by UV-C light.

Exposure Time, min 0 10 20 30 45 60 180
Luminescence inhibition +s,% 0.86 +0.02 1.04+0.03 140+0.05 0.76+0.03 0.67£0.04 073+0.04 1.98+0.07

3. Environmental Relevance

The fate and behaviour of pharmaceuticals in the environment is controlled by their
physicochemical properties and the characteristics of the environment. Once in the envi-
ronment, the pharmaceutical can be distributed between different compartments of the
environment (such as water, soil, air and biota) and be exposed to different biotic and
abiotic elimination processes that can potentially lead to lowering of their environmental
concentration. On the other hand, the results of elimination processes can lead to the
formation of new compounds—degradation products—with different physicochemical
and toxic properties.

Memantine is highly soluble in water (Table S1). From the results of in silico prediction
of memantine biodegradability using different QSAR models provided by EPISuit [50],
memantine can be considered a persistent compound because it does not biodegrade fast
(biowin 2 < 0.5 or biowin 6 < 0.5) and its ultimate biodegradation timeframe prediction is
longer than months (biowin 3 < 2.25) [51] (Table S1).

10
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The results of our research showed that memantine is persistent to hydrolytic degra-
dation. Although some photolytic degradation was observed in the presence of humic
acids and nitrates, the degree of photodegradation was insignificant. Due to the absence
of chromophores in the molecule of memantine, such results are expected. For persistent
compounds, such as memantine, it is important to investigate their potential mobility in
the environment determined by the compound’s water solubility and sorption properties.
Results of sorption/desorption experiments showed that memantine has a low tendency
to sorption and is easily leached from river sediments. Considering this and its high solu-
bility in water, it is possible to conclude that memantine will not be eliminated by natural
processes and has the potential to be transported from the release site.

Such compounds, persistent and mobile in the environment, are of great concern for
water quality since they are highly polar and are not removed from water by sorption.
They can therefore end up in drinking water, posing a potential risk to human health [52].
Conventional wastewater treatment, based on microbial degradation and sorption, is
expected to be ineffective for the removal of persistent and mobile compounds, since
they are neither biodegradable nor sorbed substantially [52]. Therefore, it is of great
importance to prevent their release into the environment by developing advanced and
effective wastewater treatment processes.

Today, water treatment technology is trying to introduce processes that will be efficient
and cheap, but also in accordance with ecological principles. One of the methods for
degradation of such persistent and mobile compounds in water that is close to meeting
these requirements is photocatalytic oxidation, with the use of titanium(IV) oxide (TiO;) as
a photocatalyst [53]. In addition to TiO,, the presence of a suitable source of UV radiation
that starts the process and oxygen dissolved in water are also necessary. It is a process that
is included in the so-called advanced oxidation processes (AOPs). For the photocatalytic
oxidation process, it is not necessary to add any additional chemicals except a solid photo-
catalyst (in the form of particles or nanostructured films on the reactor walls) and oxygen,
while ensuring irradiance in UV spectra [54]. The use of solar radiation as a process activa-
tor (i.e., a source of UV radiation) and oxygen from the air around the reactor contribute
to approaching the ecological principles of this technology. Photocatalytic oxidation of
memantine resulted with the occurrence of five degradation products. According to the
shorter chromatographic retention times compared to memantine, it is assumed that the
oxidation products are more polar than memantine. This may indicate better solubility in
water and a weaker tendency for sorption. Although oxidation products of memantine do
not show inhibition of bioluminescence of Vibrio Fischeri, future studies on the current topic
are suggested to assess the cytotoxicity and genotoxicity of memantine and its oxidation
products in surface waters and wastewaters, as well as toxicological risks to ecosystems
and human health. Furthermore, experimental data on the biodegradation of memantine
and its oxidation products should be gathered.

4. Experimental Section
4.1. Materials and Chemicals

Analytical standard of memantine hydrochloride (CAS number: 41100-52-1) (Sigma
Aldrich, St. Louis, MO, USA) of high purity (>98%) was used in this study. Memantine
stock solution concentration of 1000 mg/L was prepared by weighing the accurate mass of
memantine standard and dissolving it in methanol.

Acetonitrile, formic acid, citric acid, ascorbic acid and inorganic salts were of analytical
grade and supplied by Kemika (Zagreb, Croatia). For buffer preparation, analytical grade
reagents were used. Ultra-pure water was prepared using a Millipore Simplicity UV system
(Millipore Corporation, Billerica, MA, USA).

For toxicity evaluation, freeze-dried and liquid luminescent bacteria Vibrio fischeri
NRRL-B-11177 (LCK484, LUMINStox LUMISmini, Hach Lange, Varazdin, Croatia) were
used. The bacterial reagents as well as reconstitution reagents were purchased from Kemika
(Zagreb, Croatia).

11
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For the preparation of TiO; sol (colloidal solution), the following components were used:
titanium (IV) isopropoxide (Ti(C3HsO12)4, TTIP, 97%, Sigma-Aldrich, St. Louis, MO, USA),
i-propanol (C3H;OH, Grammol, Croatia), acetylacetone (CH3(CO)CH,(CO)CH3 > 99%,
Honeywell, Charlotte, NC, USA), nitric acid (HNOj3, Carlo Erba Reagents, Barcelona, Spain)
and polyethylene glycol (H(OCH,CH;)nOH, Mr = 5000-7000, Sigma-Aldrich, St. Louis,
MO, USA). All these chemicals were analytical grade reagents.

4.2. Sediment Samples

Samples of river or fluvial sediments were collected on the territory of the Republic of
Croatia and in the following areas: in Sisak-Moslavina County on the Petrinj¢ica River in
the town of Petrinja, in PoZega-Slavonia County on the Pakra River in the town of Pakrac
and in Primorsko-Goranska County on the Studena River in the surroundings of the city
Rijeka. In all locations, the samples were collected outside of human activities, which
provides some assurance that the samples are not contaminated, especially in the case of
pharmaceuticals, and in the summertime when it is easier to reach the area and collect
samples due to dryness. All samples were air-dried, crushed, sieved through a 2-mm
sieve and characterized according to the proposed procedure [55]. The physicochemical
properties of used samples can be seen in the previously published work [31].

4.3. Hydrolytic Degradation Experiments

Hydrolytic degradation was conducted at (50 &= 0,1) °C (Incubator shakers KS 3000 i
control, IKA, Staufen, Germany) for 5 days and at three pH values (4, 7 and 9) in capped
glass vials under dark conditions. A buffer solution with a pH value of 4 was prepared by
mixing 38.55 mL of 0.2 M KoHPOy and 61.45 mL of 0.1 M citric acid. A pH value buffer
solution of 7 was prepared by mixing 29.63 mL of 0.1 M NaOH, 50 mL of 0.1 M KH,POy4
and 20.37 mL of MilliQ water, and the pH 9 buffer solution was prepared by mixing
21.30 mL of 0.1 M NaOH, 50 mL of 0.1 M H3BO; in 0.1 M KCl and 28.70 mL of MilliQ
water. The pH of each buffer solution was checked with pH meter 520 SevenEasy (Mettler
Toledo, Greifensee, Switzerland). Memantine solutions were prepared in appropriate
buffer solutions at a concentration of 10 mg/L. Concentration of memantine solutions after
hydrolytic degradation experiment were determined by HPLC-MS/MS. All experiments
were performed in three replicates.

4.4. Photolytic Degradation Experiments at Environmentally Relevant Conditions

Direct photolysis experiment was performed with memantine solution in MilliQ) water
(10 mg/L). To test the possibility of indirect photolysis, solutions of memantine (10 mg/L)
were prepared in solutions of C1~ ions (10 mg/L), NO3;~ ions (3 mg/L) and humic acids
(3 mg/L). Forty millilitres of test solution were irradiated in quartz vessels (diameter
4.6 cm) placed in Suntest CPS+ simulator (Atlas, Linsengericht, Germany). Suntest CPS+ is
equipped with a temperature sensor and a xenon lamp as a source of artificial sunlight in
the wavelength range of 300-800 nm. The distance between the liquid surface and the lamp
was 14 cm. During the experiments, the radiation intensity was maintained at 500 W m 2
and the reaction temperature was kept at (25 &+ 2) °C. In all photolysis experiments, dark
control experiments were performed under the same conditions but protected from the
radiation. Control samples with the same composition as test solutions were used to
establish that memantine degradation was a consequence of the irradiation. Aliquots of
irradiated memantine solution were analysed by HPLC-MS/MS. All experiments were
performed in three replicates.

4.5. Sorption Experiments

Batch sorption experiments were performed according to the OECD 106 procedure [56].
The procedure is performed in triplicate by shaking on a laboratory shaker (Innova 4080
Incubator Shaker, NewBrunswick Scientific, Edison, NJ, USA), which allows continuous
contact of the sediment samples with the memantine solution. To avoid photolytic degra-
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dation, all experiments were performed in the dark and, to avoid microbiological activities,
all sediment samples were sterilized beforehand.

It is very important to choose a good ratio between sediment (sorbent) and memantine
solution. Since previous studies [30,31] show that memantine does not have excessive
sorption potential to sediment or soil samples, all experiments were performed with a 1:10
(w/v) sediment/memantine solution ratio. In a previously published paper [30], it was
determined that 24 h was sufficient for memantine to reach sorption equilibrium, so all
experiments were conducted with 24 h of shaking. The procedure consisted of adding
10 mL known concentration (0.1-2.0 mg/L) of memantine solution in 50 mL of laboratory
glass to 1 g of air-dried sediment. The prepared suspension was shaken in a shaker (at
200 rpm) for 24 h at room temperature (25 °C), filtered through a 0.45 um syringe filter and
transferred to HPLC vials. Blank samples containing the same amount of sediment and
soil in contact with 10.0 mL of 0.01 M CaCl, solution were also included in the analysis.
They served as controls to detect interfering compounds or contaminated sediment.

In order to investigate the influence of pH and ionic strength on the sorption of
memantine on the sediments studied, a series of experiments were performed in which
one of the factors was changed while the others remained constant. The effect of pH
was monitored using three series of experiments with different pH values of the studied
memantine solutions (pH values 5, 7 and 9). All these experiments were performed in a
0.01 M CaCl;, solution. To determine the effect of ionic strength, the pH of the memantine
solution must be adjusted to the initial value (pH 7.0). These experiments were performed
with three different concentrations of CaCl, solution (0.001, 0.01 and 0.1 mol/L).

Since the experiments to determine the required contact time (24 h) were the basis for
the determination of sorption kinetics, we were able to start immediately with the determi-
nation of the kinetics of memantine desorption from the sediments studied. Desorption
kinetics were studied for three memantine solutions in 0.01 mol/L CaCl, (0.1, 0.5 and
2.0 mg/L) using a decanting and refilling technique. After 24 h of shaking, the memantine
solutions in contact with the sediment samples were replaced with fresh 0.01 mol/L CaCl,.
Memantine solution was removed using a disposable glass pipette. The residual solution
that could not be removed before the desorption experiment was determined gravimetri-
cally, and the same amount of 0.01 mol/L CaCl, as the removed memantine solution was
weighed and added to the residual solution. Samples were then shaken at 25 °C for various
periods (10, 20, 30, 40 and 50 min, and 1, 2, 4, 6, 12, 18 and 24 h).

4.6. Photolytic and Photocatalytic Oxidation Experiments

All experiments were carried out with 10 mg/L memantine solution in two borosilicate
glass tubes (200 mm in height, 30 mm in diameter, 0.11 L) with continuous purging with air
(Oy), at (25 £ 0.2) °C: (i) with the TiO; film, for photocatalytic experiments and (ii) without
the TiO; film, for photolytic experiments. UV lamps (UV-A and UV-C) were placed in the
middle of each reactor. Detailed experimental set-up is published elsewhere [17]. UV lamps
used in experiments were 15 W mercury UV lamps: (i) model Pen-Ray CPQ-7427, UV-A
with Apax = 365 nm and (ii) model Pen-Ray 90-0004-07, UV-C with Apax = 254/185 nm,
manufactured by UVP (Upland, CA, USA). Both lamps were used with the same electrical
source PS-4, I = 0.54 A, from UVDP, too. The experimental set-up was described in detail
in [17]. The reaction temperature was controlled by the circulation of cooling water. Total
irradiation time for each oxidation test was 120 min. Aliquots of 1 mL were collected in
defined time intervals and stored in the dark at 4 °C until HPLC-MS/MS analysis.

Nanostructured TiO; film was deposited on a borosilicate glass substrate by the sol-
gel process using the dip-coating method. TiO; colloidal solution (sol) was prepared by
mixing titanium(IV) isopropoxide (Ti-iPrOH) as a precursor, i-propyl alcohol (iPrOH) as
a solvent, acetylacetone (AcAc) as a chelating agent, nitric acid (NA, 0.5 M) as a catalyst
and polyethylene glycol as an organic/polymer additive in the amount of 2 g. The molar
ratio of these reactants was Ti-iPrOH:iPrOH:AcAc:NA=1:35:0.63:0.015. The film was dried
at 100 °C for 1 h prior to the deposition of the next layer. After the deposition of the three
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layers, the deposited film was heat-treated at 550 °C for 4 h [14]. The procedure for the film
preparation as well as its characterization was described in detail elsewhere [14,17].

Energy bandgap (Eg) of prepared TiO, was calculated from diffuse reflectance spec-
troscopy (DRS) measurements, which were performed on a QE Pro High-Performance
Spectrometer (Ocean Insight, Orlando, FL, USA) equipped with an integrating sphere and
a DH 2000 deuterium-halogen source in the analysis range 200-1000 nm with a resolu-tion
of 1 nm and integration time of 10 s.

4.7. HPLC-MS/MS Analysis

Samples from photolytic and hydrolytic degradation experiments as well as sam-
ples from AOP experiments were analysed using an Agilent Series 1200 HPLC system
(Santa Clara, CA, USA) coupled with an Agilent 6410 triple-quadrupole mass spectrometer
equipped with an ESI interface (Santa Clara, CA, USA). Chromatographic separation was
performed on an Kinetex C18 column (100 mm x 2.1 mm, 2.6 um) (Phenomenex, Torrance,
CA, USA) using mobile phase comprising MilliQ water with 0.1% formic acid as eluent A
and acetonitrile with 0.1% formic acid as eluent B. The composition of 50% organic phase (B)
was maintained at flow rate of 0.2 mL/min throughout the analysis. An injection volume
of 5 uL. was used in all analyses. The analyses were done in positive ion mode under the
following conditions: drying gas temperature 350 °C; capillary voltage 4.0 kV; drying gas
flow 11 L/min and nebulizer pressure 35 psi. Instrument control, data acquisition and
evaluation were done with Agilent MassHunter 2003-2007 Data Acquisition for Triple
Quad B.01.04 (B84) software (Santa Clara, CA, USA).

The residual concentration of memantine in the remaining liquid phase after sorption
was analysed using UHPLC-MS (Agilent 6490 coupled with Agilent Infinity UHPLC System
Triple Quadrupole Mass Spectrometer, Santa Clara, CA, USA) with electrospray ionization.
The chromatographic column Shim pack XR ODSII (50 mm x 2 mm i.d., 1.6um) (Shimadzu,
Duisburg, Germany) was used at 30 °C with an injection volume of 1 pL. The mobile phase
consisted of two eluents: eluent A (0.1% formic acid in MilliQ water) and B (0.1% formic
acid in acetonitrile) and was performed in gradient elution mode. The gradient started
with a 0.1-min linear gradient from 100% A to 10% B, followed by a 1.0-min linear gradient
to 98% B, followed by a 0.5-min linear gradient back to 100% A held for 0.4 min. The
flow rate was 0.2 mL/min. All analyses were performed in positive ion mode under the
following parameters: drying gas temperature 200 °C, capillary voltage 3.0 kV, drying gas
flow rate 15 L/min and nebulizer pressure 20 psi. Memantine was analysed by MRM, using
the two highest characteristic precursor ion/product ion transitions (1m/z 291.25—230.2;
m/z291.25—123.0).

4.8. Assessment of Acute Toxicity by Vibrio Fischeri

Acute toxicity assessment toward Vibrio fischeri culture was performed on standard
solutions of memantine (10 mg/L), a mixture of memantine with its degradation products
and finally the degradation products themselves without the detectable presence of me-
mantine. Acute toxicity assessment was performed according to the method described
in detail in [29]. In brief, sample solutions for toxicity measurements were prepared by
serial dilutions in linear progression with addition of 2% NaCl. The experiments were
conducted in a test tube by combining each volume of initial or diluted sample (1.5 mL) and
0.5 mL of bacterium Vibrio Fischeri suspension. The inhibition of luminescence was mea-
sured before and after 30 min of exposure of the sample to Vibrio fischeri on a luminometer
(LUMIStox 300 Hach Lange, Diisseldorf, Germany) at 15 °C. In order to control bacte-
ria performance, the reference substances ZnSO4 x (OH3)7 (109.9 ug/mL) and K,Cr,Oy
(22.6 pg/mL) were used.
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5. Conclusions

This research provides a comprehensive picture of memantine behaviour in the aquatic
environment. The results showed that memantine is resistant to hydrolytic and photolytic
(i.e., irradiated by solar light) degradation, has a low tendency to sorption and is easily
desorbed from river sediments. For such compounds, which are persistent and mobile in
the environment, it is of great importance to prevent their release into the environment by
effective wastewater treatment.

Investigation of memantine oxidation by photolytic/photocatalytic oxidation by UV-A
and UV-C light showed that memantine could be completely oxidized within 30 min during
photocatalytic and within 50 min during photolytic oxidation processes by UV-C light.
Photolytic degradation by UV-A light did not occur, while photocatalytic degradation by
UV-A light did occur although the degradation rate was lower and memantine degradation
was not completed even after 120 min. A kinetic study showed that the oxidation in all
experiments, in which oxidation occurred, followed pseudo-first-order reaction kinetics.

As a result of the oxidation, five oxidation products were formed, which were identi-
fied using high performance liquid chromatography coupled with a triple quadrupole mass
spectrometer. The same oxidation products were identified in all investigated processes in
which oxidation occurred. The results of the acute toxicity assessment of memantine and
its mixture with oxidation products indicate that the resulting products are not harmful.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ catal13030612/s1, Figure S1: Mass spectra of memantine and its oxidation
products; Table S1: Results of EPISuite biodegradability prediction for memantine.
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Abstract: Copper, the essential element required for the human body is well-known for its profound
antibacterial properties, yet salts and oxides of copper metals in the copper mine tailings are reported
to be a big burden in the modern era. Among other copper oxides, CuO, in particular, is known to
have beneficial effects on humans, while its slight nanoengineering viz., surface functionalization of
the nanometer-sized oxide is shown to make some paradigm shift using its inherent redox property.
Here, we have synthesized nanometer-sized CuO nanoparticles and functionalized it with a citrate
ligand for an enhanced redox property and better solubility in water. For structural analysis of the
nanohybrid, standard analytical tools, such as electron microscopy, dynamic light scattering, and
X-ray diffraction studies were conducted. Moreover, FTIR and UV-VIS spectroscopy studies were
performed to confirm its functionalization. The antibacterial study results, against a model bacteria
(S. hominis), show that CuO nanohybrids provide favorable outcomes on antibiotic-resistant organ-
isms. The suitability of the nanohybrid for use in photodynamic therapy was also confirmed, as
under light its activity increased substantially. The use of CuO nanoparticles as antibiotics was further
supported by the use of computational biology, which reconfirmed the outcome of our experimental
studies. We have also extracted CuO nanogranules (top-down technique) from copper mine tailings
of two places, each with different geographical locations, and functionalized them with citrate ligands
in order to characterize similar structural and functional properties obtained from synthesized CuO
nanoparticles, using the bottom-up technique. We have observed that the extracted functionalized
CuO from copper tailings offers similar properties compared to those of the synthesized CuO, which
provides an avenue for the circular economy for the utilization of copper waste into nanomedicine,
which is known to be best for mankind.

Keywords: copper nanohybrid; citrate functionalized CuO; nano-medicine; S. hominis infection
control; photodynamic therapy

1. Introduction

Copper was the first metal discovered in the history of human civilization during the
chalcolithic or copper age, around 6000 years ago. This marvel metal was well known in
ancient times, not only for its ability to enhance the strength of the tools, but also for its
impressive healing capacity. The ancient Indians, Greeks, and Egyptians all used copper
containers for water purification, treatment of wounds, and lung ailments. Copper cooking
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utensils were employed throughout the Roman empire to stop the spread of disease [1]. In
recent times, the US Environmental Protection Agency (EPA) has classified copper and its
derivatives as antibacterial materials [2]. On the other hand, the presence of copper in the
human body is essential for healthy development, cardiovascular and lung functionality,
neovascularization, neuroendocrine function, and iron metabolism [3].

Metallic copper, cupric oxide (CuO), and cuprous oxide (CupO) nanoparticles are
attracting considerable research interest nowadays due to their widespread applications in
catalysts and therapeutic domains [4-10] compared to their bulk counterparts, by virtue
of their nano dimensional higher surface area to volume ratio. Specifically, copper ox-
ide nanoparticles (CuO NPs) display broad-spectrum antibacterial and photocatalytic
properties [11] and have the potential to be used as an alternative to antibiotics. The de-
sign and development of new compounds as antibiotics possess an emergent need, as
the overuse and misuse of existing antibiotics are responsible for the growing episodes of
antibiotic-resistant infections and deaths globally [12].

The antibacterial activity of CuO NPs against Gram-positive bacteria, such as S. aureus
and B. subtilis as well as Gram-negative bacteria, such as E. coli and P. aeruginosa are
reported in various studies [13-17]. Metallic Cu and CuO NPs are also found to exhibit
multi-toxicity on multi-drug resistant bacterial species, such as the methicillin-resistant
S. aureus (MRSA) [18]. In the case of CuO NPs, it is suggested that its antibacterial effect
might be associated with cell membrane dissociation and reactive oxygen species (ROS)
production [19]. Various simultaneous mechanisms of action of CuO nanoparticles against
bacteria make it almost impossible for the microbes to develop resistance, as the bacterial
cell would be required to generate multiple simultaneous gene mutations to develop
this resistance [20]. Copper oxide nanoparticles are obtaining growing attention for their
cheaper price and abundance in comparison with other noble and expensive metals, such
as silver and gold, and their competent potential application as microbial agents [15,21,22].

The size, morphology, and solubility play a significant role in the antibacterial activities
of Cu, CuO, and Cu,0O [23-25]. However, the major limitation of metallic CuO NPs in the
nano-size range is the lack of significant stability in dispersions, due to their strong tenden-
cies to aggregate and the formation of larger clusters that reduce the energy associated with
their high surface area [26-28]. The formation of clusters results in sedimentation leading to
loss of reactivity and antimicrobial performance, in which a nanometric size is essential [28].
Further surface modifications of CuO NPs using a post functionalization approach, not
only enhances their colloidal stability, yet can also introduce unique physical and chemical
properties, including the possible enhancement of their antimicrobial activities. Functional-
ization, or capping of an inorganic nanoparticle with an organic ligand-like citrate or folate,
is evidenced to produce nanohybrids that have unique therapeutic potentials [29].

In the current study, we have explored the effect of citrate-capped CuO NPs on a Gram-
positive Staphylococcus hominis (SH) bacterial strain. Indeed, S. hominis is a commensal
bacteria that resides on human skin [30]. Although it is apparently harmless, it has been
reported that one of its subspecies, novobiosepticus, is multidrug-resistant and causes
nosocomial infections, such as sepsis, alongside bloodstream infections in neonates and
immunocompromised patients [31], and various opportunistic infections of humans [32].
S. hominis is also well known for its ability to generate pungent body odor in humans [33].
In the present study, we have reported the synthesis or extraction, characterization, and
antimicrobial activity of citrate functionalized CuO NPs on the Staphylococcus hominis
bacterial strain. CuO NPs were synthesized and capped using a precipitation technique [34]
and grafting method [35], respectively, in a bottom-up approach. Similarly in a top-
down method, CuO NPs were extracted, and citrate functionalized from two types of
copper-containing stones from copper mines. The structural properties of both synthesized
and extracted CuO NPs were examined by X-ray diffraction (XRD), and field emission
scanning electron microscopy (FESEM), which were equipped with an energy dispersive
X-ray spectroscopy (EDS) and found to be similar. Dynamic light scattering (DLS) and
zeta potential studies were also employed for estimating the hydrodynamic diameter
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and solubility assessment of the synthesized nanohybrid. The surface functionalization
of CuO NPs by citrate ligands was confirmed by FTIR and UV-vis spectroscopy. The
antimicrobial activity of citrate-CuO NPs was examined in the S. hominis bacteria strain.
The citrate functionalized NPs were found to generate reactive oxygen species (ROS) upon
photoexcitation, which is responsible for their antimicrobial action because ROS has the
ability to destroy the active substances in the bacterial inner and outer membranes [36-38].
This phenomenon establishes the credentials of citrate CuO NPs for applications including
antibacterial photodynamic therapy (PDT) with enhanced efficacy. We have also used
computational biology strategy in order to rationalize the antibiotic-resistant bacterial
remediation found in our experimental studies.

Immediately after the establishment of the CuO nanohybrid as a potential antibacterial
agent, we also explored the use of copper mine tailings as a source of raw materials used
for the nanohybrid synthesis, in order to simultaneously cater to low-cost antibiotics to a
wider population across the globe and to remediate the burden from the copper mines. We
have also developed a prototype FMCG product (talcum powder) for the remediation of
bacteria S. hominis which are responsible for the generation of several human disorders.

2. Materials and Methods
2.1. Materials

Copper acetate, citric acid, sodium hydroxide, and sodium citrate were purchased
from Sigma Aldrich (St. Louis, MO, USA), California. All solvents and all other used
chemicals were procured from Merck (New Jersey, USA), unless otherwise stated. 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) was bought from Calbiochem to estimate
the reactive oxygen species (ROS) production. Similarly, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) was obtained from Sigma (St. Louis, MO, USA) to monitor the antioxidant activity
in the samples. All reagents were analytical grade and used without any further purification.
Nanopore water, with a resistivity value > 18 MQ) cm, from the Milli-Q system (Millipore
GmbH, Germany) was used in all experiments. For bacterial studies, LB top agar and
Luria broth (LB) medium were purchased from HIMEDIA. The Gram-positive bacteria,
Staphylococcus hominis (S. hominis) strain, was procured from ATCC.

2.2. Synthesis of Functionalized CuO Nanoparticles

In this study, the CuO NPs were synthesized following the reported precipitation
method by Zhu et al. [34]. The citrate ligands generated in the process provided satisfactory
passivation against aggregation and sufficient stability to the NPs in colloidal suspension.
Briefly, 150 mL of deionized water was used to dissolve 0.54 g of copper acetate. Next,
0.52 g of citric acid was added, and the mixture was vigorously stirred while being heated
to boiling at 100 °C. Once the mixture’s pH attained a value of 6-7, 0.7 gm or 0.015 mol of
sodium hydroxide (NaOH) was added quickly, causing a significant amount of dark brown
precipitate to form at the same time. The blue color solution was immediately converted to
brown, indicating the production of CuO NPs. The liquid was cooled to room temperature
while being stirred after 5 additional minutes of reflux. The CuO-NPs were subsequently
separated by centrifugation (4000 rpm, 10 min), and washed twice with water and another
two times with ethanol. The supernatant, which contains citrate-capped CuO NPs, was
then separated.

Using the citric acid grafting procedure, the CuO NPs were further functionalized. In
a water-to-ethanol ratio of 8:2, suspensions of 200 mM acetic acid and 65 mM CuO were
performed. The produced citric acid solution was combined with the CuO suspension,
and the pH of the resulting combination was raised to 12 by adding 6 M NaOH. Next,
the mixture was refluxed for three hours. The product was then centrifuged and properly
cleaned three times to remove the extra citric acid. To obtain citrate-capped CuO (C-CuO)
from the two copper tailings in the mines of Peru and Bhopal (India), a similar procedure
was followed. Only 160 mg of each stone dust was mixed initially with 150 mL of deionized
water before the addition of citric acid and boiling occurred.
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2.3. Characterization Tools and Techniques

Optical absorbance spectra of samples were measured in a double-beam UV-vis spec-
trophotometer (model UV-2600, Shimadzu, Japan) in the 200—800 nm wavelength range.
The room temperature steady-state emission spectra were recorded using a Fluorolog
Model LFI-3751 (Horiba-Jobin Yvon, Edison, NJ, USA) spectrofluorometer equipped with
a microchannel plate—photomultiplier tube (MCP—PMT, Hamamatsu, Japan). All flu-
orescence spectra were corrected for variations with a wavelength in source intensity,
photomultiplier response, and monochromator throughput. The X-ray diffraction (XRD)
pattern of synthesized CuO nanoparticles was measured in a PANalytical X'PertPRO
(Malvern Panalytical Ltd., Malvern, UK) diffractometer, with Cu Ko radiation (at 40 mA
and 40 kV) generating at a rate of 0.02 ° s~! in the 20 range from 20 ° to 80 °. The lig-
uid CuO nanoparticles were subjected to lyophilization for the XRD analysis. We have
performed Fourier transform infrared spectroscopy (FTIR) on the liquid samples and the
spectra were obtained using a JASCO FTIR-6300 spectrometer instrument (Oklahoma city,
OK, USA). A NanoS Malvern (Zeta-seizer) instrument equipped with a 4 mW He:Ne laser
(A = 632.8 nm) and a thermostat coupled sample chamber was employed for dynamic light
scattering (DLS) and ( potential measurements. Quartz cuvettes of 10 mm path length were
used to execute all spectroscopic experiments. The structural morphologies and chemical
compositions of the synthesized citrate CuO nanohybrids from different sources were
analyzed using scanning electron microscopy (SEM) and EDAX methods. Before scanning
in a field emission scanning electron microscope (Quanta FEG 250: source of electrons,
FEG source; operational accelerating voltage, 200 V to 30 kV; resolution, 30 kV under low
vacuum conditions: 3.0 nm; detectors, large field secondary electron detector for the low
vacuum operation), the coverslips containing samples were coated with gold.

2.4. Antioxidant Activity

The free radical scavenging capability of the samples of interest was determined using
the DPPH assay method. A 0.15 mM DPPH solution was prepared in methanol and 0.5 mL
citrate CuO nanoparticles of various concentrations were added to 2.5 mL of the freshly
prepared DPPH solution. The characteristic absorption maxima of DPPH at 535 nm were
selected to monitor the degradation process with DPPH in the presence and absence of
light at room temperature. The absorption spectra of DPPH were recorded in the interval
of 2 s for an hour using SPECTRA SUITE software provided by Ocean Optics.

2.5. Quantification and Characterization of ROS

For the purpose of quantifying the generated ROS, we used 2’,7'-dichlorofluorescein
(DCFH), which is a well-known reagent. The DCFH was prepared via a de-esterification
reaction from DCFH-DA at room temperature, following a standardized protocol described
in previous studies [39,40]. The oxidation of DCFH, in the presence of light, leads to the
production of DCF emitting fluorescence [41,42]. In this study, the ROS generated in the
aqueous citrate functionalized CuO NPs convert DCFH into DCF, which has a characteristic
emission maximum of 522 nm upon excitation at 488 nm. The DCF emissions were recorded
in the Fluorolog Model LFI-3751 (Horiba-Jobin Yvon, Edison, NJ) spectrofluorometer. The
ROS experiments were performed in the dark and in the light for 30 min.

2.6. Bacterial Strain and Culture Conditions

The antibacterial activity of the synthesized and extracted samples have been investi-
gated against a strain of Staphylococcus hominis bacteria. The Gram-positive S. hominis
strain was procured from ATCC. For the antibacterial assay, fresh S. hominis bacteria have
been cultured using sterilized Luria—Bertani (LB) medium in a shaker incubator at a tem-
perature of 37 °C for 24 h. All used glassware, suction nozzle, and culture medium were
sterilized in an autoclave at a high pressure of 0.1 MPa and a temperature of 120 °C for
30 min prior to the experiments beginning. The treatment of bacteria was performed on
LB agar plates using the colony forming unit (CFU) assay method under dark and light
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illumination conditions. The freshly grown original S. hominis bacterial suspension was
firstly washed twice with phosphate-buffered saline (PBS; pH 7.4) solution and further
diluted 10° times before the test samples were added. Then, they were incubated with the
respective nanoparticles for 1 h. The resulting bacterial PBS suspensions (200 pL) were
uniformly spread over gelatinous LB agar plates and cultured at 37 °C for 24 h to obtain the
CFUs. To quantify the antibacterial activity, the number of survival colonies was manually
counted and presented as a bar diagram.

Detection of microbial growth was also performed in the cuvette system for different
citrate CuO NPs under various conditions. For this bacterial mortality study, a bacterial
solution of 108 CFU/mL was considered and incubated with test solutions of 1 mM
concentrations, initially for 3 h with photoactivation.

For the cuvette-based detection of microbial growth, the cells were cultured in an LB
medium under an incubator shaker at 37 °C for 24 h. The optical density of the freshly
grown overnight culture was fixed to 0.1 in LB medium initially. The culture was then put
into a cuvette, mixed with the test samples, and incubated at 37 °C for 9 h with shaking
under dark and illumination conditions. The absorbance was taken at 1 h intervals and
plotted against time, with baseline correction for studying the growth curves.

For the microscopic studies, the bacteria cells after proper incubations with the
nanoparticles were stained with DAPI and PI. DAPI stains all cells, while PI only stains
the membrane-disrupted cells. The (1-red /blue) ratio was obtained to assess the viability
of the S. hominis. The tests were repeated three times. The samples (15 pL) were observed
under a fluorescence microscope (Leica digital inverted microscopes DMIS).

2.7. Statistical Analysis

All the data in this current work are represented as mean =+ standard deviation (SD),
unless otherwise stated. An unpaired 2-tailed ¢-test was used for comparison between the
groups. A value of p < 0.05 was considered significant. GraphPad Prism (v8.0) software
was used for all statistical tests.

2.8. Method of Computational Biology

The web resource STITCH (http:/ /stitch.embl.de/; accessed on 24 December, 2022)
was utilized to predict the chemical-protein (CP) interaction networks of CuO NP in
S. hominis. The STITCH database can forecast around 960,000 proteins and 430,000 com-
pounds from the 2031 eukaryotic and prokaryotic genomes [43,44]. The confidence score
of a chemical-protein interaction can be used to predict the relationship, with a higher
value indicating a stronger interaction. For the purposes of this investigation, a medium
confidence score of 0.4 was taken into account.

3. Results and Discussion

X-ray diffraction (XRD) characterization of the synthesized and extracted CuO NPs
was carried out to estimate the precise elemental composition, particle size, and superficial
morphology, as depicted in Figure 1la. It was determined that all CuO NPs were in a
monoclinic geometry with a space group of C2/C. No characteristic peaks of any other
impurities were detected, suggesting the preparation of high-quality CuO NPs. Moreover,
the obtained x? value of 1.82 for the Le Bail fitting indicates excellent agreement with the
previously reported literature [45,46]. The crystallite size is estimated from the XRD pattern
using Debye Scherrer’s Equation (1) [47]:

D=KA/f cos© @)

where K = 0.94 is the shape factor, A is the X-ray wavelength of Cu K« radiation (1.541 A),
0 is the Bragg diffraction angle, and {3 is the full width at half maxima (FWHM) of the
respective diffraction peak. The crystallite size corresponding to the highest peak observed
in XRD was found to be 34.4 nm. The presence of sharp structural peaks in XRD pat-
terns and a crystallite size less than 100 nm corresponds to the nanocrystalline nature of
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synthesized CuO NPs. The peaks at 32.5, 35.4, 35.5, 38.7, 38.9, 46.2, 48.8, 51.3, 53.4, and
56.7 in 20 correspond to the different CuO planes [48]. Similarly, as shown in Figure 1a,
the CuO obtained from Peru and Bhopal mine samples exhibited peaks corresponding
to the synthesized CuO NPs. The peaks at the same 20 positions for the extracted CuO
nanoparticles from both Peru and Bhopal mine samples are referred to here and confirm
the extraction of CuO from the mine samples. The additional peaks appear due to the
attribution of elements such as Au, Cr, etc., which are present in the mine samples, as

revealed from the SEM EDAX analysis (Figure 2).
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Figure 1. (a) XRD of the synthesized and extracted (from Peru and Bhopal samples) CuO nanoparti-
cles. (b) FTIR spectra of different citrate-capped CuO samples and citric acid in the range between
0 and 4000 cm ™!, () DLS of the citrate-capped CuO from supernatants of C-CuO samples, (d) zeta
potential distribution of the synthesized citrate functionalized CuO NP. The insets (i), (ii), and (iii) of
Figure 1d are the synthesized C-CuO, the Peru mine tailing, and the Bhopal mine sludge, respectively.

To ensure the surface functionalization of the synthesized and extracted CuO NPs by
citrate, FTIR analysis was performed on citric acid and the nanoparticles (Figure 1b). The
absorption band, around 620.9 cm ! in synthesized citrate CuO (C-CuO), C-CuO from mine
sample 1 (Peru), and C-CuO from mine sample 2 (Bhopal) can be attributed to the vibrations
of the Cu—O group [49,50]. Furthermore, the absence of other molecular vibrations, due to
the calcination of the synthesized C-CuO, confirms the formation of a pristine surface. The
citric acid was found to exhibit an absorption band occurring at around 1718 cm !, which
is attributed to the C=0 stretching, while the band occurring at 1394 cm ! is attributed
to the C—O stretching [51]. Moreover, the signature of the O—H stretching from the
tertiary alcohol of citric acid can be witnessed at around 1099 cm !, and the bending of
the O—H group from the carboxylic acid portion can be observed at 1383 cm ™. Finally, the
absorption band at 3299 cm~! is due to the presence of the O—H bond from the citric acid.
In the CuO FTIR spectrum, the C—O and C=0 stretching can be seen at 1370 cm~! and
around 1600 cm~1, while the tertiary alcohol band is at 1080 cm~ L. The shift in C=0 and
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C—O indicates that the CA is bonded to the CuO via the chemisorption of the carboxylate
group. Therefore, the weakening of C=O causes a shift in frequency from 1700 to 1600 cm .
This characterization confirmed the success of the surface modification of CuO with citric
acid. All the FTIR spectra shown in Figure 1b are baseline corrected; however, the apparent
baseline shift may be due to the excess concentration of the synthesized citrate CuO
nanoparticles in comparison with the extracted CuO NPs from the copper mine tailings.

o

| .
——  SP SCTE | W T

Figure 2. FESEM images of (a) synthesized citrate-capped CuO NPs. The inset shows the EDAX
parameters of the nanoparticles. (b) Extracted and citrate-capped CuO from Peru mine stone sample.
The inset shows the EDAX parameters of the nanoparticles. (c) Extracted and citrate-capped CuO
from the Bhopal mine stone sample. The inset shows the EDAX parameters of the nanoparticles.
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The hydrodynamic diameter of the synthesized CuO nanohybrid, C-CuO mine sample
1 (Peru) and 2 (Bhopal) were estimated to be 78.8 nm,106 nm and190 nm, respectively, from
the dynamic light scattering (DLS) studies (Figure 1c), which are close enough to each other.
The results of the DLS corroborate with the size obtained from the XRD (34.4 nm) and
FESEM analyses (38.1 nm). Dynamic light scattering (DLS) accounts for the hydrodynamic
diameter of the functionalized nanomaterial, which comprises core CuO and citrate ligands
at the surface, along with associated water molecules and some possible aggregation of
the functionalized nanoparticles in the aqueous solution. The electron micrograph of
the nanoparticles shows the inorganic nanomaterial, as a whole, contains crystalline and
amorphous inorganic core substrate. On the other hand, the size from the XRD accounts
for only the crystalline materials in the core inorganic particles. Thus, it is obvious that
DLS overestimates the size, while XRD reveals the crystalline nanoparticles in the core [52].
Additionally, the citrate CuO NPs exhibited a -potential of magnitude —10.38 mV, assuring
moderate solubility of the NPs (Figure 1d). The C-potential for the Peru and Bhopal samples
were obtained to be —11.2 mV and —8 mV, respectively. These results lower the possibility
of instability and particle agglomeration or precipitate tendencies of the CuO NPs out of
the solutions. The full curve for a sample is only provided by the instrument software,
while the titration experiment was performed because we obtained a synthesized pure
citrate-capped CuO nanohybrid. However, for the extracted citrate CuO nanoparticles
from Peru and Bhopal mine samples, only zeta potential measurements were carried out,
for which only values in the mV unit are provided because, as mentioned previously, no
full curves were available from the instrument. The insets in i, ii, and iii of Figure 1d are
the synthesized C-CuO, the Peru mine tailing, and the Bhopal mine sludge, respectively.

Figure 2a—c shows the FESEM images of the C-CuO NPs. The inset of Figure 2a depicts
the EDAX spectrum of the synthesized CuO NPs. The EDAX analysis of the extracted
citrate CuO from the Peru and Bhopal mine tailings are shown in the insets of Figure 2b,c.
The EDAX result shows that there are no other elemental impurities present in the prepared
CuO NPs. However, trace amounts of Au and Cr, etc., were found in the extracted CuO NPs
from the EDAX method. The peak of silicon appearing in the EDAX graphs of Figure 2 is
attributed to the substrate. For EDAX analysis, the test sample was a drop cast on a Si wafer
substrate and the thickness of the drop casted layer may not be uniform throughout the
substrate. In the FESEM images of C-CuO, the synthesized nanohybrids are seen to consist
of clustered spherical particulates with approximate diameters between 38 and 46 nm.
The average diameter of the CuO NPs was calculated by measuring over 100 particles in
a random field of FESEM view. The SEM-EDAX analysis demonstrated that the atomic
compositions of the Cu and O elements were 38.41% and 61.59%, respectively. The mean
ratio of Cu and O was, therefore, 38.41:61.5, and an accurate compound formula based on
this atomic ratio of Cu and O can, thus, be given as Cul.20 or CuO0.8. Therefore, it can be
ensured that most of the synthesized nanoparticulate sample was indeed CuO.

The UV-vis spectra of the citrate-capped CuO samples (Figure 3a) exhibited a broad
absorbance peak at 285 nm, which is characteristic of a surface plasmon resonance of the
CuO nanoparticles [53]. A weaker peak at around 350 nm, signifies the d—d transition of
CuO nanoparticles due to citrate functionalization and the quantum confinement effect of
the CuO NPs on the citrate functionalization [54]. Similarly, the peaks observed at 285 nm
and 350 nm, after the capping of Peru and the Bhopal samples, signified the presence of
citrate-capped CuO NPs within the system.

The dark and photoinduced ROS generation capability of the citrate CuO NPs is
illustrated using a well-known nonfluorescent probe: DCFH (Figure 3b). DCFH is oxidized
to fluorescent dichlorofluorescein (DCF) by ROS, exhibiting an emission near 522 nm upon
excitation at 488 nm. Thus, the enhancement of the ROS generation level is indicated by
the increase in the emission intensity at 522 nm [37]. The oxidation of only DCFH control
and CuO NPs are monitored for 35 min in the dark and then under irradiation of UV light
(365 nm). In the dark, there is a considerable enhancement of emission intensity at 522 nm,
indicating the presence of dark ROS generation. However, with light exposure, a greater
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increase in emission intensity is observed for the citrate CuO nanohybrid compared to
the control (Figure 3b). This confirms the ROS generation capability of the synthesized
nanohybrid under light exposure making it suitable to apply for photodynamic therapy.
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Figure 3. (a) Absorbance spectra of synthesized and extracted citrate-CuO nanohybrids. (b) DCFH
oxidation (monitored at 522 nm) with time in the presence and absence of citrate CuO NPs under
dark and illumination conditions. (¢) The DPPH catalytic activity of the synthesized CuO NPs in
dark conditions upon the addition of DPPH in periodic intervals of time (i) (ii) (iii) and (iv). (d) The
DPPH assay of the synthesized CuO NPs under UV light illumination conditions. Inset shows the
decay of absorbance of DPPH radical at 535 nm with multiple light exposures of 10 min intervals.

The antioxidant activity of the citrate functionalized CuO NPs was evaluated using
the DPPH assay method (Figure 3c,d). The absorbance of DPPH at 535 nm was observed
to decrease with time, establishing the presence of antioxidant properties of the CuO
NPs under dark conditions and with a visual transition of the solution from purple to
yellow. Now, upon further addition of 50 uM DPPH, after a periodic interval of time, it is
observed that the free radical scavenging activity remains almost intact in the same 100 uM
C-CuO sample. The study of antioxidant activity in the presence of UV light (365 nm) is
a prerequisite to a full understanding of its potential antioxidant properties. As shown
in Figure 3d, the rate of absorbance at 535 nm decreases (from 1541.51sec to 1117.01sec to
1016.05sec) with UV exposure of 10 mins for each case, keeping the concentrations of DPPH
and C-CuO NPs to be constant. The results corroborate the enhancement of antioxidant
activities with light exposure. The same sample of C-CuO NPs is capable of providing
catalytic activities after getting recharged by light exposure.

The antibacterial activities of the C-CuO NPs, synthesized and extracted from nine
samples were investigated against Gram-positive S. hominis bacteria by analyzing their
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growth curves. Figure 4a reveals the growth pattern of the bacteria in terms of absorbance
at 600 nm with one-hour intervals. The synthesized C-CuO, under illumination as well as
dark conditions, is observed to almost nullify the growth, with respect to the controls where
only the bacteria are present in LB media. The C-CuO extracted from the Peru and Bhopal
mine samples are observed to exhibit better antimicrobial activity in presence of light. The
copper chloride salt used for the synthesis of CuO NPs, and sodium citrate used for the
capping purpose were found to have almost no effect on bacterial growth, establishing the
fact that the entire antimicrobial activities are solely generated by the C-CuO NPs.
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Figure 4. (a) Effect of C-CuO NPs on the growth curves of S. hominis bacteria under dark and
illumination conditions. (b) Bacterial viability after treatment with different citrate CuO NPs in
the presence and absence of light irradiation. (c) Agar plate colony count assay. “****” indicates p-
value < 0.0001. (d) Bright-field microscopic images and fluorescence micrographs of bacteria stained
with DAPI, and fluorescence micrographs of bacteria stained with PI. (e) The ratio of live and dead
cells obtained from microscopy.

The antimicrobial activity of the synthesized and extracted CuO NPs after citrate
functionalization was investigated against S. hominis growth to explore the antibiotic poten-
tial against bacterial infections in the agar plate assay method. To probe the antibacterial
action of the nanoparticles, they were used for incubating the culture for 3 h. As shown
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in Figure 4b,c, minimal colonies were observed (the bacterial growth was found to have
decreased by 96.9% in the CFU from the control plate) for the nanohybrid under UV light
illumination conditions. The bacterial growth is found to be decreased by 85% only in the
CFU under dark conditions. The effect of two different mine-extracted copper nanohybrids
under dark and light irradiation conditions was then studied further upon the growth of
S. hominis bacteria (Figure 4b). In the case of the Peru and Bhopal samples, the bacterial
growth is found to be decreased by 79% CFU and 80% CFU, respectively, in dark conditions.
On the other hand, a huge decrement in bacterial growth is observed for both the Peru
and Bhopal samples after citrate-capping on UV illumination. The bacterial growth was
reduced by 90% and 91% for the citrate-capped Peru and Bhopal samples, respectively, on
the UV illumination. To nullify the effect of the salt and the capping agent (sodium citrate),
their antibacterial effects were studied. No significant change in the number of colonies in
the negative control group was found, indicating a low antibacterial effect of these salts on
S. hominis. Thus, the antibacterial effect found is solely due to the citrate-capped CuO NP.
From these results, it is evident that the nanohybrid is itself an antibacterial agent and its
efficiency enhances many folds upon white light exposure, which triggers an overall huge
antibacterial effect.

To study the effect of the citrate CuO nanohybrid, bacterial cultures were performed
five times for each group (control in dark and light, citrate CuO in dark and light, different
concentrations of the nanohybrid, etc.) and their differences were calculated to identify
their significance levels. The sample size for each of the groups was five. The p-value was
calculated using an unpaired 2-tailed t-test and a value of p < 0.05 was considered to be
significant. The statistical difference between the control and treatment is designated by “*".
The ' represents a p-value < 0.1 and “****’ represents a p-value < 0.0001 [55].

The antimicrobial activity of the NPs was further investigated using optical microscopy.
We used S. hominis, the Gram-positive bacteria, as the model biological system. S. hominis
were incubated with both synthesized and extracted CuO samples for two hours in LB
broth and then stained with DAPI and PI. While DAPI stains all the cells in the medium,
Pl is specific to dead cells as it cannot cross intact cell membranes. Therefore, the ratio of
DAPI-stained cells to Pl-stained cells reveals the viability of the cells. Figure 4d,e shows
the results of the microscopic microbial studies. The first row of Figure 4d contains the
microscopic images of the control cells after staining with DAPI and PI. As expected, the
number of viable cells was more than the dead cells (ratio ~6.6). The microscopic images
of the synthesized C-CuO NPs (Figure 4d, second row) incubated with bacteria showed a
reduced ratio—i.e., the dead cells outnumbered the live cells (ratio ~2.1) compared to the
control. Interestingly, the group of bacteria treated with C-CuO NPs extracted from the
Bhopal and Peru mine samples (Figure 4d, rows 3 and 4) also showed higher viability
compared to the control. The ratio for these C-CuO NP-treated groups was similar to that
of the synthesized C-CuO-treated group, as shown in Figure 4e. Therefore, the micro-
scopic studies revealed that the C-CuO NPs exerted toxic effects and effectively killed the
S. hominis. The therapeutic action of the CuO NPs against S. hominis bacteria occurs pri-
marily via the generation of reactive oxygen species, which mainly includes the formation
of hydroxyl radicals (HO.") and superoxide radicals (O, ). Initially, electron-hole (e”/h*)
pairs are formed when the electromagnetic radiation of energy (hv) is either greater than or
equal to the bandgap energy (Eg) of the CuO NPs. This phenomenon excites the electron
from the valence band (VB) to the conduction band (CB), leaving holes behind in the VB.
These photoexcited electrons reduce the surface adsorbed O, to O, ™., while the holes
oxidize H,O or HO- to OH" [56-58], as described in the graphical abstract. This in situ
production of the reactive radicals starts off by attacking the bacterial population and
eliminates them through the production of toxic by-products, resulting from ROS-mediated
damage to the cellular system.

CuO +hv =CuO (e~ +h")

O, +e = Oz_*.
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In the absence of electromagnetic radiation, the antimicrobial activity may be attributed
to the ligand-to-metal charge transfer (LMCT) of the C-CuO NPs. The LMCT bands
originate due to the interaction of the Cu!*/2* centers in the NP with the surface-bound
citrate ligands. In the dark condition, the origin of the antibacterial activity might be due to
the conversion of the Cu'* to Cu?* states at the center, accompanied by the direct injection
of the electrons into the CB of the C-CuO NPs and followed by the reduction of the surface
adsorbed O, to O, .

Cul* —0=Cu™ - O*+e”

O, +e =0,

The enhanced efficacy of the citrate functionalized CuO NPs, in the presence of light
for more bacterial remediation, establishes its credentials for the application of APDT
(antibacterial photodynamic therapy).

The extraordinary effect of the synthesized copper nanohybrid may be hypothesized
using predictive biological interactions. To compare our findings with the existing research
and related predictive models, the previously mentioned STITCH database was used. It
generated an interaction network (Figure 5) between the ligand CuO and its effect on
various proteins of S. hominis. To understand how CuO affects the survival of the bacteria,
a comprehensive table (Table 1) was populated with the protein names and their respective
activities. The table suggests the negative impact of CuO on key proteins of S. hominis,
which helps the organism deal with environmental stress, energy metabolism, GTP binding,
and translation regulation, etc.

HMPREF0798_01752

6 6HMPREFD?98_017?9

HMPREF0798_01742
\ L £ -
St

/. HMPREF0798_01720

£

- / HMPREF0798_01771
> &9 =

# |

eHMPREFO?QS_OOQQQ

HMPREF0798_00629

Figure 5. Compound protein interactions network of citrate CuO nanohybrid on S. hominis
bacterial strain.
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Table 1. Effect of citrate functionalized CuO NPs on S. hominis bacterial strain.

Identifier

Corresponding Protein Name Activity

HMPREF(0798_01720

Catalase, an antioxidant enzyme found in all aerobic organisms,
Catalase facilitates the transformation of H,O, into water and oxygen
under environmental stress. [59]

HMPREF(0798_01742

Pyridine nucleotide-disulfide

oxidoreductase family protein . . .
Controls mitochondrial function. [60]

HMPREF(0798_00999

Pyridine nucleotide-disulfide
oxidoreductase

HMPREF(0798_01779

Dihydrolipoyl dehydrogenase

HMPREF(0798_01752

Dihydrolipoyl dehydrogenase This oxidoreductase is a key factor in bacterial pathogenesis

HMPREF(0798_00272

Dihydrolipoyl dehydrogenase and is responsible for energy metabolism [61]

HMPREF(0798_00629

Dihydrolipoyl dehydrogenase

HMPREF(0798_00484, infB

IF2 is a crucial protein that binds GTP and increases

Translation initiation factor, IF-2 the rate of translation. [62]

HMPREF(0798_01681

Sufl is a protein responsible for cell division and is also

Cell division protein Suff considered a bacterial twin-arginine translocation protein [63]

HMPREF(0798_01771

This protein helps the organism to withstand the toxic Hg

Mercury(II) reductase concentrations [64]

4. Conclusions

In this study, pure-grade citrate-capped CuO NP was synthesized using simple pre-
cipitation and grafting methods. From two types of copper mine tailings, CuO NPs were
also extracted and functionalized with citrate. The XRD spectrum confirmed the formation
of monoclinic crystals of CuO NPs with space group C2/C. FESEM and EDAX revealed
the morphology of CuO NPs. The average SEM diameter of CuO NPs was around 38.1
nm, which agreed fairly well with the XRD and DLS data. FTIR and UV-vis spectroscopy
confirmed the surface functionalization of the CuO NPs with the citrate ligand. The syn-
thesized nanohybrid was found to generate ROS under UV light exposure in the DCFH
assay and showed excellent antimicrobial activity against S. hominis bacterial strains in
a triparted study consisting of growth curve analysis, agar plate assay method, and mi-
croscopic studies after staining using DAPI and PI. The C-CuO NPs were also found to
possess antioxidant properties in the DPPH assay. Consequently, citrate-functionalized
CuO NPs can, therefore, be used as an antibacterial agent in surface coatings, on a variety
of substrates to stop microbes from adhering to them, colonizing and growing on them,
and producing biofilms, such as in habitational medical equipment. This study suggests
that the mechanisms of the antimicrobial response of a citrate-CuO nanohybrid in different
species of bacteria should be further explored. The use of copper mine tailings as a source
of raw materials for nanohybrid synthesis as a means of, simultaneously, catering low-cost
antibiotics to a wider population across the globe and remediating the burden from the
copper mines was also explored.
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Abstract: In this study, both wood flour (WF) and wood flour-derived biochar (WFB) were used as
supports for Fe3Oy to activate peroxydisulfate (PDS). The role of different carriers was investigated
emphatically from the aspects of catalyst properties, the degradation kinetics of bisphenol A (BPA),
the effects of important parameters, and the generation of reactive oxygen species (ROS). Results
showed that both WF and WFB could serve as good support for Fe3O,, which could control the release
of iron into solution and increase the specific surface areas (SSAs). The WFB/Fe304 had stronger
PDS activation capability than WF/Fe3O4 mainly due to the larger SSA of WFB/Fe;0, and the PDS
activation ability of WFB. Both radical species (¢OH and SO4°~) and non-radical pathways, including
10, and high-valent iron-oxo species, contributed to the degradation of BPA in the WFB/Fe304-PDS
process. Moreover, the WFB/Fe3Oy catalyst also showed stronger ability to control the iron release,
better reusability, and higher BPA mineralization efficiency than WF/Fe30y.

Keywords: wood flour; biochar; peroxydisulfate; bisphenol A; Fe3Oy; activation

1. Introduction

The pollution of endocrine disrupting chemicals (EDCs) has attracted extensive at-
tention due to the serious danger to the exposed environments. EDCs, also known as
environmental hormones, are contaminants that may cause endocrine disorders [1]. The
ingestion of EDCs affects the normal function of endogenous hormones, which can further
cause adverse health effects on the human body [2]. EDCs accumulate in sewage treatment
plant effluents and surface water at levels as high as ug/L, which can pose potential hazard
to the safety of drinking water [3].

To decrease the concentration of EDCs in wastewater, sulfate radical (504°~)-based
advanced oxidation technologies (Sr-AOTs) have been applied as effective methods [4,5].
The high oxidation potential (E® = 2.5~3.1 V vs. NHE), wide adaptable pH range (2~8), and
relatively long half-life (30—40 ps) make SO4°~ radicals own a strong oxidizing ability to
decompose recalcitrant contaminants [6,7]. SO4°~ can be produced by the activation of
persulfate, including peroxymonosulfate (PMS) and peroxydisulfate (PDS), during which
processes the unstable peroxide (-O-O-) bonds are apt to be attacked by electrons or energy
for cleavage [8]. PDS was selected as the radical precursor in this study instead of PMS
because of its cost effectiveness, high solubility, and chemical stability [9].

Among various PDS activation methods, transition metal possesses the advantages
of low energy demand, high efficiency, and mild reaction conditions [10]. Since Fe was
regarded as the most efficient, economical, and environmentally friendly metal for PDS
activation [11,12], varieties of Fe-based catalysts were developed (e.g., Fe304/SBA-15 [13],
Fe;C/porous carbon [14]). Fe-based heterogeneous catalysts can well improve some draw-
backs of the homogeneous Fe?* /PDS process. The application of Fe3O4 can not only
avoid Fe precipitation at neutral and alkaline conditions, but it can also decrease the self-
quenching of precious radicals, and good separation is able to be achieved [15,16]. However,

35



Catalysts 2023, 13, 323

Fe;04 particles easily aggregate during the reaction due to the high surface energy and the
interaction induced by magnetic force, which can influence the catalytic capability. There-
fore, Fe304 particles are often immobilized onto various carriers to prevent agglomeration.
Several studies have proven that Fe3O4 loaded on carriers could improve the catalytic
activity and stability. Fe3O4 particles could anchor on sepiolite with good dispersion, which
was efficient for PDS activation even at alkaline conditions [17]. Fe3O4@carbon nanotube
composites also exhibited high PDS catalytic activity and a stronger charge transfer ability
and oxidation ability [18]. Moreover, carbon material, such as reduced graphene oxide
(rGO), has also been found to be a promising support. The rGO-Fe3O4 nanoparticle was
prepared as a PDS activator for the efficient degradation of trichloroethylene, which could
well prevent Fe3O,4 agglomeration [19]. Although most of these carriers could demonstrate
strong stability, they are normally costly and have complex synthetic methods. Therefore, it
is necessary to develop cheap and easily prepared carriers to support Fe;O; as an efficient
PDS activator.

Biochar has been verified as a promising catalyst carrier due to its low price, high
specific surface area, and excellent chemical and biological stability. In addition, biochar
alone also has the ability to activate PDS due to the abundant functional groups on the
surface [20-22]. Moreover, both radical pathways (e.g., hydroxyl radicals (¢OH), surface-
bound radicals) and nonradical pathways (e.g., singlet oxygen ('O,) and direct electron
transfer) were identified as the dominant mechanisms [23,24]. The annual yield of waste
wood materials from both agriculture and forestry is very high, which is in urgent need
for recycling. The wood materials have strong mechanical strength and stability [14], and
the wood-derived biochar with rich oxygen-containing functional groups and 7-electron
density demonstrated excellent performance in PDS activation [25,26]. Although both
the wood-based biomass (WBS) and wood-based biochar (WBC) can be potentially good
carriers for the Fe3Oj4 catalyst, so far, hardly any studies have been conducted comparing
the influence and the role of WBS and WBC on the catalytic performance of Fe;O, for
PDS activation.

In this study, both wood flour (WF) and wood flour-derived biochar (WFB) were
used as the carriers to support Fe3Oy for the activation of PDS. Bisphenol A (BPA) was
selected as a typical EDC due to the toxicity and its recalcitrant structure [27,28]. The role
of different carriers was investigated emphatically from the aspects of catalyst properties,
BPA degradation kinetics, and the generation of reactive oxygen species (ROS). The effects
of important parameters were also evaluated. Finally, the BPA degradation mechanisms
were proposed.

2. Results and Discussion
2.1. Characterization of the Catalysts
2.1.1. SEM and FESEM

The surface morphologies of WF, /Fe;04 and WFBy /Fe30,4 were characterized by
SEM and FESEM. As shown in Figure S1, the WF had a sheet-like appearance, while after
the pyrolysis treatment, the WFB generally retained the sheet-like structure interspersed
with some fibers, which is the typical structure of biochar (Figure 1a). Moreover, the size of
WEB became smaller than WEF, and the surface of WFB became rougher and more irregular.
This was probably because high pyrolysis temperature removed lots of the functional
groups and destroyed the polymer framework of the pristine WF [29]. Figure 1b shows that
the shape of Fe304 was almost spherical, and the average sizes of Fe304 nps were found to
be ~30 nm. The FESEM images of WF;y/Fe3;04 and WFBy(/Fe304 shown in Figure 1c—f
further demonstrate the successful synthesis of the composites, in which large numbers of
Fe;04 nps appeared on the surface of WF,y/Fe304 and WFBy(/Fe304, and the sheet-like
structures could not be observed clearly.
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Figure 1. SEM images of (a) WFB, and FESEM images of (b) Fe30y, (c,d) WFyy/Fe304, and
(e,f) WFByo/Fe304 ((d,f) are the enlarged view of the dotted boxes shown in (c,e), respectively).

2.1.2. XRD

The XRD patterns of Fe3O4, WF/Fe304, and WFB/Fe30, are shown in Figure 2a,b.
The peaks located at 30.2° (220), 35.6° (311), 43.2° (400), 53.8° (422), 57.1° (511), and 62.8°
(440) were consistent with the characteristic peaks of Fe3O4 (JCPDS No.19-0629) [30]. It
was observed that the characteristic peaks were not very sharp, which may be ascribed
to the moderate crystallinity of the prepared Fe;O4 [31]. After the incorporation of WF
or WEB, the obtained WF/Fe;04 and WFB/Fe;04 with different WF or WFB amounts
retained the characteristic peaks of Fe30O4, which indicated that the prepared WF/Fe;O0y4
and WFB/Fe30,4 composites kept the crystal phase of Fe3O4. Additionally, the broad
diffraction peaks were observed near 24.5° for all WF/Fe304 and WFB/Fe3O,4 composites,
which could be assigned to the (002) crystal planes of the graphite structure (JCPDS
No.75-1621) [32]. It could be obviously seen that the broad diffraction peaks of WFB/Fe304
were stronger than those of WF/Fe3;04, which indicated that the addition of WFB brought
a more graphitized structure than that of WE.
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Figure 2. XRD patterns of (a) Fe304, WF/Fe304, and (b) WFB/Fe30y; (c) the N, adsorption-
desorption isotherms and (d) pore size distributions of Fe30,4, WFy(,Fe30,4, and WFBy/Fe304.

The average crystallite size of the Fe3O,4 nps was calculated with the Debye-Scherrer
formula (Equation (1)) [33]. The results are shown in Table S1, and the average crystallite
sizes were in the range of 13~16 nm:

D = KA/ (Bcosb) 1)

where D is the crystallite size, K is the constant (0.89), A is the X-ray wavelength
(0.1541841 nm), 6 is the Bragg diffraction angle, and B is the full width at half maximum.

Differences in the average grain size of Fe3O4 nps were obtained based on FESEM and
XRD results, which was probably because the particles observed from FESEM normally
consist of several crystal cells and the average crystallite size that could be obtained from
XRD should be smaller than that obtained from FESEM [34].

2.1.3. Np Adsorption-Desorption

The N; adsorption-desorption isotherms and pore size distributions of catalysts are
shown in Figure 2c,d. According to the isotherm classification from the International
Union of Pure and Applied Chemistry (IUPAC), the isotherms of Fe304, WF;/Fe30y,
and WFBy(/Fe;04 belong to type IV with an Hl-type hysteresis loop, indicating the
existence of typical mesoporous structures of the catalysts [35]. This is consistent with the
pore size distribution results. Moreover, compared to Fe3Oy (41.32 m?/g), WFyy/Fe304
(76.25 m?/ g) and WEB,(/Fe;04 (78.65 m?/ g) had larger specific surface areas (55As) and
more micropores, which might provide abundant active sites for catalytic reactions and
facilitate the adsorption of the pollutant.

2.1.4. VSM

The magnetic properties of Fe304, WF,/Fe304, and WFByy/Fe304 were assessed by
VSM at room temperature (Figure 3). As illustrated, the saturation magnetization (Ms)
of Fe30,4 was calculated to be 71.58 emu g_l. Although the Mg values of WFyy/Fe304
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(67.54 emu g~ 1) and WFBy/Fe30y (62.37 emu g~ !) were both lower than that of Fe;O,
due to the existence of non-magnetic WF or WFB, the two composites still exhibited
strong magnetic responses, which ensured their easy recycle via magnetic force without
introducing secondary pollution in practical use.
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Figure 3. The magnetization curves of Fe3O,4, WFyq/Fe304, and WFBy( /Fe304.
2.1.5. FTIR

FTIR spectra were used to further validate the successful composition of Fe304 nps
with WF or WFB (Figure S2). All the catalysts had characteristic peaks at 3426.87 cm ™!
and 1628.81 cm !, corresponding to the -OH stretching and bending vibration of water, re-
spectively [36]. Meanwhile, the peak intensities of C-H (~2920 cm 1), C=0 (1736.27 cm™1),
and C-O-C (1052.56 cm 1) vibrations in WEB and WFB,/Fe304 were weaker than those
of WF and WF;(/Fe3O4 samples, indicating that the oxygen-containing groups in the
lignocellulose structures were decomposed and removed during the pyrolysis
process [29,37]. In the spectra of Fe3O4, WFyy/Fe304, and WEBy(/Fe30y4, the vibrations
of Fe?*-0%~ (585.33 cm ') and Fe®*-0%~ (445.16 cm ') appeared, implying the forma-
tion of Fe304, which was also consistent with the results of XRD patterns [38]. After the
addition of WF or WFB, the band intensities at 2924.59 cm ! (asymmetric stretching for
aliphatic functional groups) and 2856.07 cm ™! (symmetric stretching for aliphatic functional
groups) slightly increased [39]. These changes of FTIR peaks proved that the composites of
WEF/Fe304 and WFB/Fe304 were successfully synthesized.

2.2. Evaluation of Catalytic Performance

The degradation of BPA in different processes was evaluated (Figure 4). Before adding
PDS, 30 min pre-adsorption was performed to enable the equilibrium of BPA adsorption.
As shown in Figure 4a, WF and WFB showed moderate adsorption capacity for BPA, with
removal rates of 19.9% and 15.2% within 30 min, while Fe3O4 could only adsorb 4.7% of
BPA. After compositing with WF or WFB, the adsorption capacities of WF/Fe3O4 and
WEB/Fe304 were slightly improved compared to that of FezOy, which was consistent with
the results of SSA. Control experiments were conducted to preclude the direct oxidation of
BPA by PDS (Figure 4a). In the WF-PDS process, hardly any BPA could be degraded, which
demonstrated that pure WF could not activate PDS to generate effective ROS. In contrast,
WEB showed the effective activation of PDS leading to the complete degradation of BPA
within 90 min, which might be due to the formation of active sites such as graphitized
carbon, oxygen-containing groups, and so on after high-temperature carbonization.

As seen in Figure 4b, 75.5% of BPA was degraded in the Fe304-PDS system. For
catalysts with different amounts of WE, WF,( /Fe304 exhibited excellent catalytic efficiency
with a removal rate of 89.7% in 90 min. With more than 20 mg of WF loading, the BPA
removal rate decreased, and the BPA removal rate in the WFyqo/Fe3O4-PDS process was
even lower than that in the Fe304-PDS process. These results showed that excessive
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WF loading could decrease the catalytic efficiency of WF/Fe3;O4. However, the catalytic
performance of all the WFB/Fe30y catalysts was better than that of FezO4. Although the
catalytic efficiency of WFB/Fe3O; slightly decreased as the amount of WFB increased,
almost 100% of BPA in these systems was degraded within 50 min. Table 1 compared the
degradation efficiencies of BPA in different Sr-AOPs. It can be seen that the WFBy( /Fe304-
PDS process of the present study could have comparable efficiency toward BPA degradation
with other Sr-AOPs. It should also be noted that the same dose of WF and WFB showed
different influences on the catalytic performance of Fe30y4. To further reveal the roles of
WEF and WEFB in the composites for the activation of PDS, WF,(/Fe304 and WFBy(/Fe3O4
were selected for the following study.

T —
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. WEgyFe;0,PDS
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Figure 4. (a) The BPA removal performance in control processes; (b) the BPA removal performance in
different Fe3O4-containing processes (conditions: [BPA]y = 0.02 mM, catalyst 1.0 g/L, [PDS]y = 5.0 mM,
pHy = 3.00 + 0.1).

Table 1. Comparison of the BPA degradation efficiency in different Sr-AOPs.

Sr-AOPs Conditions Removal Rate Main Reactive Species Ref.
pHy = 6, [BPA]y = 0.1 mM,

- o : + o—
ZnFe,04-PDS catalyst 0.5 g/L, [PDS]y = 5.0 mM 96.5%, 120 min h*, «OH and SO, [40]
e pHy =7, [BPA]y = 30 mg/L, . . . . .
ZnO@AC@FeO-PMS-UV catulyat 04 g/L, [PMS]o = 4 mM 98.3%, 120 min 0,,0,°~, eOH and SO, [41]
UVA-LED/CFO-rGO-PMS pHo =7, [BPAlo = 20 mg/L, 99.5%, 30 min eOH and SO, [42]

catalyst 0.4 g/L, [PMS]y = 150 mg/L
pHp =3.5 £ 0.1, [BPA]y = 0.01 mM,
Fe?*/g-C3N, /LED-PMS g-C3Ny dosage 0.5 g/L, 100%, 90 min 0,°~,10,, Fe(1V), «OH [43]
[FeZ*]o = 0.01 mM, [PMS]y = 0.1 mM,
_ _ 1 :
pHp = 3.1, [BPA]p = 0.1 mM, 100%, <30 min O;, transferring electrons,

FesC/C1000-PMS catalyst 0.1 g/L, [PMS]y =2 mM *OH and SO4°"

[14]

2.3. Effects of Reaction Parameters on BPA Degradation
2.3.1. Effect of Initial Solution pH

It is well known that solution pH has significant influence on the performance of
various AOTs. Herein, the effects of the initial solution pH (pHp) on BPA degrada-
tion in Fe304-PDS, WFy(/Fe304-PDS, and WFB,j/Fe304-PDS processes were explored
(Figures S3 and 5a,b). The BPA removal rate in Fe3O4-PDS and WF,( /Fe;04-PDS processes
decreased from 75.5% to 3.8% and from 88.7% to 5.1%, respectively, as the pHy increased
from 3.0 to 7.0. By contrast, the WFBy /Fe304-PDS process showed stronger pH tolerance,
and the BPA removal rate decreased from 100% to 11.5% as the pHy increased from 3.0 to
7.0. These results indicated that these catalytic processes preferred more acidic conditions
for BPA degradation. Under acidic conditions, ferrous ions could more easily enter into the
solution from the catalyst surface, and the dissolved Fe?* could activate PDS to accelerate
BPA decomposition [44].
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Figure 5. Effects of (a,b) the initial solution pH, (c,d) catalyst dosage, and (e,f) PDS concentration on
the degradation of BPA in WF,(/Fe3O4-PDS and WEBy /Fe304-PDS processes (conditions: catalyst
1.0 g/L, [PDS]y = 5.0 mM, [BPA]y = 0.02 mM, pHy = 3.00 £ 0.1).

2.3.2. Effect of Catalyst Dosage

The effects of WFyy/Fe3O4 and WFByy/Fe;0, dosages on BPA degradation were
investigated (Figure 5c,d). It was found that the increase of WFyq/Fe304 and WFBy(/Fe3zOy4
dosages from 0.1 g/L to 1.0 g/L resulted in the significant and continuous promotion of
BPA degradation, with the removal rate increasing from 20.9% to 88.7% and from 44.1%
to 100%, respectively. This could be explained by the increase of active sites with higher
dosages of catalysts to promote the production of ROS. However, when the dosages of
WEFyy/Fe304 or WEByg/FesO4 were further increased to 2.5 g/L, the removal rate of BPA
decreased slightly. This probably resulted from the self-quenching effects of explosive ROS
and the quenching reactions between ROS and PDS when the catalysts were excessive
(Equations (2) and (3)) [45]. Moreover, the Fe(II) on the surface of Fe3O,4 nps also had a
strong scavenging effect towards ROS (Equation (4)) [46]. Additionally, excess dosage
of catalyst may also increase the mutual magnetic attraction and agglomeration of the
catalysts, interfering with their uniform dispersion in solution, which could reduce the
surface area of the catalysts and the corresponding catalytic efficiency [47].

SO3™ +805” — 8,087, k=5 x 10°M~'s7! @
SO 48,02 — SO2 48,05, k=55 x 10°M 157! ©)
SO3™ +Fe(Il) — Fe(IIl) 4SO~ )

41



Catalysts 2023, 13, 323

2.3.3. Effect of PDS Concentration

Generally, the amount of generated ROS directly relates to the PDS concentration.
Herein, the effects of PDS concentration on BPA degradation in WFyy/Fe304-PDS and
WEBy /Fe304-PDS processes were examined (Figure 5e,f). It was found that, with the PDS
concentration increasing from 1.0 to 5.0 mM, the BPA removal rate increased from 31.2% to
88.7% in the WFpy/Fe304-PDS process and from 61.1% to 100.0% in the WFByo/Fe304-PDS
process, respectively. However, when the PDS concentration further increased to 10.0 mM,
the BPA degradation was only improved slightly. The results demonstrated that the
excess amount of PDS did not benefit the degradation of target pollutants, mainly because
PDS could also act as the ROS quencher competing for the ROS with target pollutants
(Equations (2) and (3)).

2.4. Identification of ROS
2.4.1. Quenching Experiments

In order to further understand the different roles of WF and WFB in the evolution of
ROS during PDS activation, quenching experiments were conducted in different systems
using various quenchers. It is widely accepted that EtOH can rapidly quench both ¢OH
and SO4*~ (keops = 1.6~7.7 x 107 M1 571, kgoe_ = 1.2~2.8 x 108 M1 s71), while TBA is
usually used as an effective quencher for ¢OH (ksoy = 3.8~7.6 x 108 M~! s~ 1) but is inert
towards SO4*~ (ksoge— = 4.0~9.1 x 10° M~1 s71) [48,49]. As shown in Figures 54 and 6a,b,
the inhibiting effect of EtOH on BPA degradation in both systems was significantly stronger
than that of TBA. Therefore, both «OH and SO4*~ should be involved and contribute to BPA
degradation, and SO4°~ may play a more important role than ¢OH. In addition, 1O is often
the essential ROS in Sr-AOTs, especially for the processes involving biochar as the catalyst.
Therefore, FFA was used as the scavenger for 10, (k102 = 1.2 x 108 M~ 1 s71) to examine
the possible contribution of 10, [50]. It can be seen that FFA showed strong inhibition on
BPA degradation in both systems, which implied that 'O, possibly contributed to BPA
degradation. However, since FFA also reacts with €OH (keop = 1.5 % 1010 M~1s71) [51],
the generation of 'O, needs to be further verified by ESR.
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Figure 6. Effects of different radical scavengers on BPA degradation in (a) WF,p/Fe304-PDS and
(b) WFByo/Fe304-PDS systems; (¢) DMPO-OH and DMPO-SOy spectra in different processes;
(d) TMP-10, spectra in different processes (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM,
[BPA]y = 0.02 mM, pHy = 3.00 = 0.1).
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2.4.2. ESR Analysis

ESR was performed to confirm the presence of possible ROS in different processes.
DMPO was used as the spin trapping agent to identify «OH and SO4°*~. As shown in
Figure 6c, hardly any signals could be detected in the sole-PDS process, indicating that
PDS could hardly self-decompose to generate ROS. This phenomenon was consistent
with the results of the catalytic degradation experiment (Figure 4a). When WFB and
PDS were added together, DMPO-OH (xn = oy = 14.9 G) and DMPO-504 (an = 13.2 G,
o =9.6 G, apy = 1.48 G and ay = 0.78 G) signals could be detected, which proved the
formation of «OH and SO4°*~. The above phenomenon might be due to the activation of
PDS by the active sites on WFB (Equations (5) and (6)) [52,53]. It was observed that much
stronger signals were detected in the Fe304-PDS, WF,(/Fe304-PDS, and WFBy( /Fe304-
PDS systems, which was consistent with the quenching results (Figures S4 and 6a,b). This
might be because Fe(Il), with high catalytic activity on FesO4 nps, could have reacted with
PDS to generate SO4°, and then the generated SO4°*~ further reacted with H,O to form eOH
(Equations (6) and (7)). Furthermore, TMP was used as the spin trapping agent to trap 'O,
(Figure 6d). The TMP-10, (ouy = 16.9 G) signal could be detected in the WFBy/Fe304-PDS
process, but hardly any signal could be detected in the Fe304-PDS process, which was
probably due to the formation of 'O, between WFB and PDS. Therefore, 1O, should also
be the contributor to BPA degradation in the WFBy(/Fe304-PDS process.

SzOé_ “+active siteswpg — SOZ_JrSOi_ +active sitesjypp 5)
SO; +H0 — H'+503 +eOH, k=2 x 10 M ™! (©)
S,03~ +Fe(Il) — Fe(Il) 4 SO}~ 4503~ @)

2.4.3. Identification of High-Valent Iron-Oxo Species

Some previous studies have shown that, during the activation of PDS by Fe(II) or
Fe(IlI), corresponding high-valent iron-oxo species (Fe(IV)=0 and Fe(V)=0) can form via
double-electron transfer, which can further promote the degradation of pollutants [54,55].
Since Fe3O4 involves both Fe(Il) and Fe(Ill), both Fe(IV)=0 and Fe(V)=O are likely to be
generated during the activation of PDS. Moreover, according to some previous results of
density functional theory calculation, the oxidation capacity of high-valent iron-oxo species
under acidic conditions is stronger than that under alkaline conditions [56], which agrees
well with the degradation performance of BPA in WF,g/Fe304-PDS and WEBy /Fe304-PDS
processes, as discussed in Section 2.3.1. Therefore, it is necessary to study the existence of
high-valent iron-oxo species in this study.

It is known that both Fe(IV)=0 and Fe(V)=0 can oxidize PMSO to PMSO, through
the oxygen atom transfer pathway (Equations (8) and (9)), differing markedly from radical-
mediated routes [57]. The degradation of PMSO and the formation of PMSQO; in different
processes are depicted in Figure 7. It can be seen in Figure 7a that PMSO (0.5 mM) could
not be oxidized by PDS alone. It was found in Figure 7b-d that 0.057 mM, 0.218 mM, and
0.219 mM of PMSO was degraded within 90 min in Fe3O4-PDS, WF,(/Fe304-PDS, and
WEFBy( /Fe304-PDS processes, respectively. Correspondingly, about 0.047 mM, 0.140 mM,
and 0.145 mM of PMSO, was generated within 90 min in respective processes, which could
well indicate the formation of high-valent iron-oxo species in these three processes. It was
also observed that the WFB;y/Fe304-PDS process showed a stronger capability to form
high-valent iron-oxo species than the WF;(/Fe304-PDS process. Then, the yield of PMSO,
(n = A[PMSO,]/A[PMSOQ]) was quantified to evaluate the contribution of high-valent iron-
oxo species to PMSO degradation. Figure S5 shows that 1 values gradually decreased
as the reaction proceeded in the Fe;O4-PDS process, and it was about 80% at 90 min.
Comparatively, the 1 values kept stable at approximately 65% during the reaction in both
WEFyq/Fez04-PDS and WEFBy /Fe304-PDS processes. Since the PMSO can also be oxidized
by eOH and SO4°*~ via different pathways rather than form PMSO; [54], the i value below
100% indicated the presence of ¢OH and/or SO4°~, which was consistent with the results
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of ESR. Moreover, the majority of PMSO was oxidized to PMSO,, which also indicated that
the high-valent iron-oxo species was the dominant contributor to PMSO degradation.
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Figure 7. PMSO degradation and PMSO, production in the (a) PDS, (b) Fe304-PDS, (c) WFy/Fe304-
PDS, and (d) WFBy;/Fe304-PDS systems (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM,
[PMSO], = 0.5 mM, pHy = 3.00 + 0.1).

Further investigations were conducted to elucidate the formation mechanisms of
high-valent iron-oxo species in Fe304-PDS, WF;(/Fe304-PDS, and WFByy/Fe304-PDS
processes. As shown in Figure 8a, the dissolved Fe?* and dissolved total irons in Fe30,4-PDS,
WFy/Fe304-PDS, and WFBy /Fe304-PDS processes could be detected, which indicated
the presence of homogeneous Fe?* and Fe** during the catalytic reaction. In addition, with
the addition of WF or WFB, the total iron dissolution decreased significantly, and the use of
WEB as the support could make more significant control of iron dissolution than that of
WE. Previous studies showed that Fe?* could react with PDS to generate Fe(IV)=0 under
acidic conditions (Equation (10)) [54], but Fe** could not [58]. Additionally, the surface
=Fe(Il) and =Fe(III) may also play important roles in the generation of high-valent iron-oxo
species [55]. Some studies assumed that €OH, SO;*~ and =Fe(IV)=0 could come from the
reaction between surface =Fe(Il) and PDS (Equations (6), (7) and (11)), while =Fe(V)=0
could come from the reaction between =Fe(Ill) and PDS (Equation (12)) [59]. To further
prove the formation mechanisms of high-valent iron-oxo species, chelating agents (sodium
citrate and 1,10-phenanthroline) were added to examine the important roles of surface
=Fe(Il) and =Fe(Ill) of Fe304 nps. Some studies have reported that ligand exchange could
happen between ligands and specific sites of Fe (such as =Fe-OH) [55], which could then
suppress the capability of catalysts for PDS activation. In other words, 1,10-phenanthroline
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and sodium citrate could coordinate with Fe(II) and Fe(III) [60], respectively, leading to
the inactivation of surface =Fe(II) and =Fe(Ill). From Figure 7b—d, it was clearly seen that
PMSO degradation and PMSO, production were obviously suppressed by the addition
of 1,10-phenanthroline and sodium citrate. The results manifested that chelating agents
indeed suppressed the capability of surface =Fe(II) and =Fe(IIl), leading to a decrease of
=Fe(IV)=0 and =Fe(V)=0.

Feid +5,05 +Hy0 — FelyO*" 42505 +2H " (10)
= Fe(Il) +S,03~ — =Fe(IV) = 0 +250;" (11)
= Fe(Ill) + 5,02~ — = Fe(V) = 0 +250;" (12)
0.25 : : T
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Figure 8. (a) Concentration of dissolved Fe?* and total irons in Fe304-PDS, WFyq/Fe304-PDS, and
WEBjy( /Fe304-PDS processes; the XPS of (b) full survey spectra and (c-h) the Fe 2p spectra of different
catalysts (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM, [BPA]j = 0.02 mM, pHy =3.00 £ 0.1).
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To sum up, the high-valent iron-oxo species should be mainly produced by two
sources: (i) the reaction of dissolved Fe?* with PDS to form Fe(IV)=0; (ii) the reaction of
surface =Fe(II) and =Fe(IlI) with PDS to form =Fe(IV)=0 and =Fe(V)=0, respectively.

2.4.4. Active Sites Analysis

The valence state of the Fe element in catalysts was investigated by XPS to further
examine the contribution of surface =Fe(Il) and =Fe(Ill) during the catalytic process.
Figure 8b—h showed the XPS full survey spectra and the spectra of Fe 2p of different
catalysts. As presented in Figure 8b, C (285.6 eV), O (530.2 eV), and Fe (711.8 eV, 724.3 eV)
could be detected in these catalysts [61,62]. The Fe 2p spectrum could be deconvolved
into six peaks, with 709.86 eV and 723.46 eV corresponding to Fe 2p%/2, 711.62 eV and
725.22 eV corresponding to Fe 2p; /, [63], and the peaks at 718.16 eV and 732.14 eV being
the satellite peaks of Fe 2p3, to Fe 2py/; [64], respectively. According to peak intensity, the
content of Fe(Il) and Fe(III) could be calculated (Table S2). Fe(II) and Fe(III) accounted for
41.56% and 58.44% of total Fe species in Fe30y4, 40.00% and 60.00% in WFy/Fe304, and
37.21% and 62.79% in WFByo/Fe30y, respectively. After the catalytic reaction, the content
of Fe(Il) decreased to 36.41%, 32.32%, and 32.12%, respectively, and the content ratio of
Fe(IlI) increased in the three catalysts, which indicated that the electrons transferred from
Fe(Il) to PDS, and thus, the fraction of Fe(IlI) increased accordingly.

To further study the catalytic mechanism of WFB in WFBy( /Fe3Oy4, FT-IR spectra of
fresh WEB and the used WFB were compared (Figure S6). After the catalytic reaction, the
C=0 groups (1736.27 cm~!) almost disappeared, indicating that the C=O groups on WFB
were consumed during the catalytic reaction [65]. Thus, it was assumed that the C=0
groups were mainly the functional groups contributing to the catalytic activity of WFB,
which was consistent with the findings of previous studies that carbon-based materials
containing C=0 groups, such as quinone or ketone, could activate PDS to produce 'O,
(Equations (13)—(15)) [66,67].

WFB=0 + S,0;” +OH~ — WFB-OH/S03-0-O~ +S0;~ (13)

WFB-OH/S0;-0-O” +OH~ — WFB-O~ /S05-0-O~ +H,0 (14)
WFB-O~ /S03-0-O~ +$,03" +20H~ — WFB=0 + 350%™ +10,+H,0 (15

2.5. Stability and Reusability of Catalysts

In order to test the stability and reusability of different catalysts, the used catalysts
were separated from the reaction solution by a magnet to conduct consecutive catalytic
reactions under the same conditions. The separated catalysts were washed with ultrapure
water five times, dried in the oven, and directly used for the next cycles. As shown in
Figure 9a, the BPA removal rate in the Fe304-PDS process decreased from 74% in the
first cycle to 51% in the 4th cycle. The decrease of the BPA degradation efficiency was
probably due to the agglomeration of Fe3O4 nps and the reduced content of Fe(Il) in
it. Compared to Fe;O,, both WFyy/Fe;04 and WEByy/Fe30, showed better reusabil-
ity (Figure 9b,c). Specifically, WFB,j/Fe30O4 showed the best reusability with almost all
BPA being degraded within 90 min after four cycles. These results were closely related
to the following synergistic effects between supports (WF or WFB) and the Fe;O4 nps:
(i) the prevention of agglomeration of Fe3Oy4 nps; (ii) the prevention of leakage of Fe(Il). In
addition to acting as a carrier, WFB could also react with PDS to form O,, thus promoting
the degradation of BPA.
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Figure 9. The removal performance of BPA in four consecutive runs in (a) Fe3O4-PDS,
(b) WEFyq/Fe304/-PDS, and (c) WF,( /Fe304-PDS processes; (d) the TOC removal performance of BPA
in WFp/Fe304-PDS and WF;g/Fe30,4-PDS processes (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM,
[BPA]y = 0.02 mM, pHy = 3.00 £ 0.1).

2.6. Mineralization Performance

The degree of BPA mineralization is also a critical factor to evaluate the catalytic perfor-
mance of different catalysts. The changes of TOC in WFq/Fe304-PDS and WFBy( /FezO4-
PDS processes are shown in Figure 9d. The TOC removal rate reached 4.6% and 7.2% within
30 min in WFyq/Fe304-PDS and WEBy /Fe304-PDS processes, respectively, indicating that
BPA was more efficiently mineralized in the WFB,( /Fe3O4-PDS process.

3. Materials and Methods
3.1. Chemicals

BPA (>99.0%), PDS (K;5,0s, >99.0%), FeCl3-6H0 (>99.0%), FeSO4-7H,0 (>99.0%),
p-benzoquinone (p-BQ, >98.0%), furfuryl alcohol (FFA, 98%), and tert-butyl alcohol (TBA,
>99.0%) were purchased from Sigma-Aldrich, St. Louis, MI, USA. Methanol (MeOH,
>99.5%), ethanol (EtOH, >99.7%), L-histidine, L-ascorbic acid (>99.7%), CH3;COOH
(>99.5%), CH3COONa (>99.0%), sodium citrate (98%), NH3;-H,O (75%), and
1,10-phenanthroline (>99.0%) were all purchased from Sinopharm Chemical, Shanghai,
China. The methyl phenyl sulfoxide (PMSO, 98.0%), methyl phenyl sulfone (PMSO,,
98.0%) and 5-dimethyl-1-pyrroline N-oxide (DMPO, 97.0%) were obtained from Macklin,
Shanghai, China. The 2, 2, 6, 6-tetramethylpiperidine (TMP, >98.0%) was purchased from
Shanghai Aladdin Biochemical, Shanghai, China. The dimethyl sulfoxide (DMSO, 99.7%)
was obtained from J&K, China. Ultrapure water was used for all experiments and prepared
by the HHitech water purification machine.

3.2. Synthesis of the Catalysts
3.2.1. Preparation of WFB

The WFB was prepared by the pyrolysis method. Poplar wood flour with 280-300 mesh
size was used as the precursor of WFB, which was obtained from Yixing Wood Flour Factory
(Linyi, Shandong Province, China). The wood flour was put into a tubular furnace and
heated at 600 °C for 3 h in the N, atmosphere with a raping rate of 5 °C/min. After cooling
down to room temperature, the black product was obtained as the WFB, which was ground
into powders for further use.
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3.2.2. Preparation of Fe304

The coprecipitation method was used to prepare Fe;O4 nanoparticles (nps) [68,69].
Briefly, 2.2992 g FeCls-6H,0O and 1.1831 g FeSO4-7H,O (2:1) were dissolved in 50 mL
ultrapure water with N, purging in advance, which was heated to 80 °C and maintained
for 30 min under mild mechanical agitation. Then, 25 mL of 25% (w/w) NH3-H,O was
added into the above mixture dropwise until the pH increased to around 10. The mixture
was maintained at 80 °C with continuous stirring for 1 h, and N, was purged throughout
to coprecipitate. The solid phase was separated by the external magnetic field, which was
then washed repeatedly with ultrapure water until the liquid supernatant was neutral.
Finally, the solid mixture was freeze-dried overnight to obtain the Fe;O4 powder.

3.2.3. Preparation of WF/Fe30O4 and WFB/Fe304

WE/Fe304 and WFB/Fe304 composites were also prepared by the coprecipitation
method. Different amounts (20, 50, 100, and 200 mg) of WF or WFB were dispersed in
50 mL of ultrapure water with the aid of sonication. After full dispersion, N, was purged
into the mixture to blow out the dissolved oxygen (DO). Then, 2.2992 g FeCl3-6H,0 and
1.1831 g FeSO4-7H,0 (2:1) were dissolved in the solution, which was heated to 80 °C and
maintained for 30 min under mechanical agitation. The remaining steps were the same
as the preparation of Fe3O4. The obtained samples with different amounts of WF or WFB
were denoted as WF, /Fe304 and WFBy/Fe304 (x = 20, 50, 100 and 200), respectively.

3.3. Characterization

The morphology of the obtained catalysts was examined by scanning electron mi-
croscopy (SEM, FEI Quanta 200, Portland, OR, USA) and field emission scanning electron
microscopy (FESEM, Hitachi SU8220, Tokyo, Japan). X-ray diffraction (XRD) patterns of
the samples were collected by a Rigaku Ultima IV X-ray diffractometer (Tokyo, Japan) with
a Cu-Ka radiation source (1.541841 A). Scanning rate and 26 collection range were set at
10° /min and 20~70°, respectively. The functional groups on the surface were identified
using a Fourier transforms infrared spectrophotometer (FT-IR, Bruker VERTEX 80 V, Bil-
lerica, MA, USA) with the wavelength range of 400~4000 cm . Brunauer-Emmett-Teller
(BET) specific surface area and pore size distribution were investigated by the nitrogen (N;)
adsorption-desorption method on a Micromeritics ASAP 2020 HD88 instrument (Norcross,
GA, USA). The magnetic properties of catalysts were assessed by a vibrating sample mag-
netometer (VSM, Quantum Design PPMS-9T, San Diego, CA, USA). X-ray photoelectron
spectroscopy (XPS, Kratos Axis Ultra DLD, Manchester, UK) was used to analyze the
surface chemical composition and element valence states.

3.4. Experimental Conditions

Unless otherwise illustrated, all experiments were carried out in a 50 mL beaker at
room temperature under mechanical agitation. In a typical experiment, the catalyst with a
final concentration of 1.0 g/L was added and dispersed well in 50 mL of BPA solution, and
the reaction was initiated by adding PDS to obtain the final concentration of 5.0 mM. At
certain time intervals, 1.0 mL of reaction solution was withdrawn, which was immediately
mixed with 0.1 mL of MeOH to terminate the reaction and then filtered through a 0.22 um
membrane for further measurement.

For the experiments of PMSO oxidation, the catalyst was dispersed well into the beaker
containing a certain amount of PMSO solution, and the reaction was initiated by adding
PDS stock solutions. Samples (1.0 mL) were collected at predetermined time intervals and
quickly quenched by DMSO (0.1 mL) and filtered through the 0.22 pm membranes into
vials for further measurement.

The initial pH was adjusted with 1.0 M H,SO4 or 1.0 M NaOH solution. The batch
experiments were conducted in duplicates at least until the errors were below 5%, and the
average values obtained were used for plotting.
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3.5. Analytical Methods

The BPA concentration was analyzed by High Performance Liquid Chromatography
(HPLC; Dionex Ultimate 3000, Sunnyvale, CA, USA) equipped with a reverse-phase C18
column (250 mm x 4.6 mm X 5.0 um) and an ultraviolet and visible (UV-Vis) spectropho-
tometry detector, with the detection wavelength set at 225 nm. The mobile phase was a
mixture of 70/30% (v/v) methanol and 0.1% phosphoric acid water solution at a flow rate of
1.0 mL/min. The concentrations of PMSO and PMSO, were detected by an HPLC equipped
with a C18-A column (250 mm x 3.0 mm X 3.0 pm) and a UV-Vis detector at wavelengths
of 215 nm. The mobile phase was a mixture of 20/80% (v/v) methanol and 0.1% phosphoric
acid water solution at a flow rate of 0.5 mL/min. All of the column temperatures were set
at 35 °C. The electron spin resonance (ESR) spectra were obtained by a Bruker EMX-10/12
device with X-band field scanning. The applied instrumental conditions were set as a
central magnetic field of 3480 G, resonance frequency of 9.74 GHz, microwave power of
20.00 mW, and sweep time of 30.00 s. The total organic carbon (TOC) concentration was
quantified by Analytic Jena multi N/C 3100 TOC. The concentration of total dissolved iron
and dissolved Fe?" in the solution was determined by a spectrophotometric method at
510 nm via forming the complex with 1, 10-phenanthroline [43].

4. Conclusions

In this work, WF and WFB were compared as the supports of Fe3O, to enhance the
PDS activation performance for the degradation of BPA. Results showed that WFB had
more significant control of iron dissolution from Fe30O4 than WF. Moreover, WFB/Fe;04
had a stronger PDS activation capability than WF/Fe304, which was likely due to the larger
SSA of WFB/Fe304 and the PDS activation ability of WFB. Both radicals (¢OH and SO4°™)
and the non-radical pathways, including 'O, and high-valent iron-oxo species, contributed
to the degradation of BPA in the WFB/Fe304-PDS process. In addition, the WFB/Fe30,
also demonstrated better reusability and stronger BPA mineralization performance during
the activation of PDS than WE/Fe304. The use of WEB as the support for Fe304 may offer
a simple and cost-effective option to enhance the PDS activation performance of Fe3Oy,
which can be applied in organic wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/catal13020323/s1, Figure S1: The SEM image of WEF;
Figure S2: FTIR spectra of different catalysts; Figure S3: Effects of initial solution pH on the degrada-
tion of BPA in Fe304-PDS process (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM, [BPA]y = 0.02 mM,
pHo = 3.00 = 0.1); Figure S4: Effects of different radical scavengers on BPA degradation in Fe;O4-
PDS system (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM, [BPA]y = 0.02 mM, pHy = 3.00 £ 0.1);
Figure S5: The calculated # values (17 = A[PMSO,]/A[PMSQ)]) in Fe304-PDS, WFyq/Fe304-PDS and
WEB,( /Fe304-PDS processes (conditions: catalyst 1.0 g/L, [PDS]y = 5.0 mM, [PMSO], = 0.5 mM,
pHo = 3.00 & 0.1); Figure S6: FTIR spectra of WFB and used WFB; Table S1: XRD spectral data
of Fe3Oy4, WFyy/Fe304 and WFByy/Fe304 catalysts; Table S2: The content of Fe(II) and Fe(III) in
different catalysts.
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Abstract: In this paper, electrochemical degradation of Reactive Black 5 (RB5) textile azo dye was
examined in regard to different synthesis procedures for making PbO,—graphitic carbon nitride
(g-C3Ny) electrode. The reaction of Pb(OH); with CIO™ in the presence of different surfactants,
i.e., cetyltrimethylammonium bromide (CTAB) and tetrabutylammonium phosphate (TBAP), under
conventional conditions, resulted in the formation of PbO, with varying morphology. The obtained
materials were combined with g-C3Nj for the preparation of the final composite materials, which
were then characterized morphologically and electrochemically. After optimizing the degradation
method, it was shown that an anode comprising a steel electrode coated with the composite of
PbO; synthesized using CTAB as template and g-C3Ny, and using 0.15 M NaySOy as the supporting
electrolyte, gave the best performance for RB5 dye removal from a 35 mg/L solution. The treatment
duration was 60 min, applying a current of 0.17 A (electrode surface 4 cm?, current density of
42.5 mA/cm?), while the initial pH of the testing solution was 2. The reusability and longevity of the
electrode surface (which showed no significant change in activity throughout the study) may suggest
that this approach is a promising candidate for wastewater treatment and pollutant removal.

Keywords: reactive azo dye; surfactant-assisted synthesis; electrode morphology; advanced oxidation
processes; lead dioxide; energy efficiency

1. Introduction

Reactive Black 5 (RB5) dye, or Remazol Black B (Scheme 1), belongs to the vinyl sul-
phone type of azo dyes. Azo dyes, aromatic compounds with one or more -N=N- groups,
constitute the largest class of synthetic dyes in commercial application [1,2]. RB5 is most
commonly used to dye cotton and other cellulosic fibers, wool, and nylon [3,4]. This type

of dye is highly soluble in water and has reactive groups which can form covalent bonds
with fibers [4].
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Scheme 1. Chemical structure of Reactive Black 5 azo dye.

Industries such as textile, leather, paper, pulp, printing, and dyeing are major con-
sumers of synthetic dyes. Such industries produce large quantities of colored wastewater
which cause significant adverse effects on the environment. The release of colored wastew-
aters is not only aesthetically unpleasant, but also obstructs penetration of light, which
affects biological processes. It can also potentially generate toxicity for aquatic organisms
and finally, via food chain or exposure, in humans [5-9].

Different methods for degradation and removal of RB5 can be found in scientific
literature, such as biodegradation and biocatalysis [1,10,11], photocatalysis [12-15], elec-
trocoagulation [2], Fenton or Fenton-like reaction [6,16], adsorption [9], or by activation of
peroxymonosulfate (PMS) [17,18].

Each of these methods has its positive and negative sides. For instance, electrocoagula-
tion, membrane separation processes, adsorption, and precipitation only change the phase
of pollutants. Photo- and chemical oxidation require additional chemicals and oxidation
agents that are considered highly toxic and can produce additional hazardous waste. Pho-
tochemical oxidation is one of the most commonly used methods for the degradation of
waterborne pollutants [19]. TiO,-based materials are most widely used because of their
unprecedented photocatalytic activity, but other metallic and nonmetallic catalysts are
giving promising results [20-22]. Biodegradation can yield very good results but it can also
be less effective than other methods, because dyes can be toxic for bacteria and can thus
inhibit their activity.

Electrochemical oxidation processes present an effective and logical choice for the
development of green, time-effective, and, at the same time, potent methods for the removal
of various pollutants, including reactive textile dyes [23-25]. Electrocatalytic processes
can be considered green primarily due to mild and environmentally acceptable working
conditions (ambient pressure and temperature, work in aqueous media, no additional toxic
chemicals). These methods may also be coupled with renewable energy sources [26], they
do not require systems for temperature or pressure control nor expensive gases and give
the possibility of avoiding expensive catalysts based on precious metals, so their potential
for large-scale application is enormous.

Therefore, electrochemical methods, through the rational design of the electrocatalytic
setup, enable simple and practical systems for water purification and pollutant removal.
Our research group proposed several approaches for the efficient removal of organic pollu-
tants using electrooxidation methods, such as for the removal of Reactive Blue 52 [27,28],
triketone herbicides [29], or ibuprofen [30].

For electrochemical oxidative processes, anodes with high oxygen evolution potentials
(non-active anodes) achieve complete mineralization of organics and are thus favored
for wastewater remediation. The most commonly used non-active anode is the boron-
doped diamond electrode, but cheaper alternatives include various metal oxides such
as TiO, SnO;, and PbO, [31]. Metal oxides exhibit exceptional properties valuable to
electrochemical processes, while featuring reduced costs, availability and environmental
compatibility, and have thus found diverse applications. The properties of metal oxides
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can be fine-tuned by controlling their morphology, particle size, and crystallinity, which
can be achieved using template synthesis.

Lead dioxide is an inexpensive and widely available material, readily incorporated
in composite materials with outstanding properties [32]. Lead oxide-based anodes gave
promising performances for electrochemical degradation of organic pollutants [33], as they
can possess unique catalytically active surfaces [34], good stability, and a long electrode
life [35].

Graphitic carbon nitride (g-C3Ny4) has found numerous applications owing to its prop-
erties, such as high surface area, low cost, and biocompatibility. The use of g-C3Ny in
composites proved to enhance its photo- and electrocatalytic properties. Good results for
the photocatalytic degradation of organic pollutants were achieved when using nanocom-
posites made from metal oxides and g-C3Ny4 [36-39]. On the other hand, reports of g-C3Ny
being used for water remediation in a purely electrochemical setting are scarce.

The main objective of this paper was to investigate the effects of different surfactant
templates in the synthesis of PbO,, to prepare of composite PbO,/g-C3Ny, and to optimize
working conditions for electrocatalytic degradation of RB5 using a coated stainless-steel
anode. The conditions in question include the solution pH value, current density (applied
voltage) during the reaction, and concentrations of both the supporting electrolyte and RB5.
The electrocatalytic properties of PbO, synthesized with cetyltrimethylammonium bromide
(CTAB) as template (hereafter abbreviated to PbO,-CTAB) vs. PbO, synthesized with
tetrabutylammonium phosphate (TBAP) as template (hereafter abbreviated to PbO,-TBAP),
as well as their composites with graphitic carbon nitride (hereafter abbreviated to PbO,-
CTAB/g-C3Ny4 and PbO,-TBAP/g-C3Ny) were investigated. Moreover, the morphological
and electrocatalytic properties of these materials were studied. Finally, the best combination
of conditions was used for the real-world water sample treatment, artificially polluted
with RB5.

2. Results and Discussions

The present research was designed to determine whether the stainless steel (SS) elec-
trodes coated with composites made from PbO, and g-C3sNy4 could be applied for RB5
electrochemical decoloration.

The electrode materials were based on PbO, nanoparticles, synthesized with CTAB
and TBAP surfactants as templates, later combined with g-C3Nj to obtain composites tested
in the removal of the selected textile dye. To optimize the electrochemical procedure, the
initial pH value, the supporting electrolyte concentration, the current density, and the RB5
concentration were varied. Finally, the composites were compared in terms of efficiency of
RB5 removal, under previously optimized conditions. Additionally, the stability, longevity,
and energy consumption were also reported and set side by side with the literature data.

2.1. Morphological and Electrochemical Properties of Materials

Microstructure characterization and phase analysis were performed by powder X-ray
diffraction (PXRD) (Figure 1A). The PbO,-CTAB/g-C3Ny crystallizes in group P42 /mnm,
which can be ascribed to the 3-PbO, (JCPDS #89-2805) crystal phase. The main diffraction
peaks appeared at 20 = 25.4°, 32.0°, 36.1°, and 49.1° which can be associated with the
(110), (101), (200), and (211) standard diffraction peaks of tetragonal -PbO, [40]. The
remaining small intensity reflections can be assigned to a-PbO,, as a small part of the
sample crystallizes in the Pbcn space group [41]. On the other hand, PbO,-TBAP/g-C3Ny
(red line) crystallizes both in alpha and beta lead oxides. From the PXRD patterns, it is also
clear that the intensity of diffraction peaks is weaker than for PbO,-CTAB, indicating lower
crystallinity of PbO,-TBAP.
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Figure 1. Morphological and microstructural analysis. (A) PXRD profiles of PbO,-CTAB/g-C3Ny and
PbO,-TBAP/g-C3Ny, (B) TEM micrographs of PbO,-CTAB (upper left), PbO,-CTAB/g-C3Ny (upper
right), PbO,-TBAP (lower left), PbO,-TBAP/g-C3Ny (lower right) and (C) FE-SEM micrographs of
PbO,-CTAB/g-C3Ny (up) and PbO,-TBAP/g-C3Ny4 (down).

The morphology and size analysis of the prepared catalysts was performed using
electron microscopy. The transmission electron microscopy (TEM) images of the composite
materials are displayed in Figure 1B. As can be seen, particles of both PbO,-CTAB and
PbO,-TBAP are of elongated spherical to irregular shape, partially agglomerated, with
not-so-distinctive boundaries between particles. The average particle size of PbO,-CTAB
is about 10 nm, while the PbO,-TBAP particles are twice as large (~20 nm). The micro-
graphs of composites with g-C3Ny reveal that smaller particles are interconnected with
large sheets of graphitic carbon nitride that enable a larger specific surface. For further
analysis of composite materials, field emission scanning electron microscopy (FE-SEM)
measurements of PbO,-CTAB/g-C3N4 and PbO,-TBAP/g-C3Ny are shown in Figure 1C.
In these micrographs, it can be seen that the small PbO, nanoparticles are scattered all
over the sheet of g-C3Ny. The oxide particles in the PbO,-TBAP/g-C3Ny4 sample are better
dispersed on the carbon nitride surface, while the PbO,-CTAB/g-C3Ny sample particles
are more agglomerated on top of the g-C3Ny sheet.

To confirm potential applicability of the materials for the removal of organic pollutants
from wastewaters using electrochemical advanced oxidation processes, electrocatalytic
characterization of the materials was conducted. Electrochemical properties of the materials
were scrutinized by employing cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) in Fe?*/3* solution in 0.1 M KCl. Results are depicted in Figure 2.
As can be seen, PbO,-CTAB provides well defined and oval shaped redox peaks of the
Fe?*/3* couple. Using the composite material PbO,-CTAB/g-C3Ny resulted in a significant
increase in the redox couple current, with negligible or no changes in peak potentials.
This behavior indicates that the prepared composite significantly improves electrocatalytic
properties of the electrode regarding diffusion and mass transfer. In the case of PbO,-TBAP,
it is noticeable that additional peaks are present, which can be attributed to the metal
oxide modifier. In the case of the PbO,-TBAP/g-C3N4 composite, its successful formation
can be confirmed by the absence of additional peaks. However, a significant difference
in peak potentials can be assigned to the lower mass transfer ability. Similar to these
results, by employing impedance spectroscopy, we can conclude that the involvement
of graphitic carbon nitride in the composite structure of PbO,-CTAB/g-C3Ny results in
increased diffusion capabilities at the electrode/solution interface, based on the linear part
of the spectra, while the decrease in the R.; value in the semicircle region is negligible.
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Figure 2. (A) CV voltammograms of modified electrodes in Fe>*/3* redox couple at the scan rate of
50 mV /s; (B) EIS spectra of modified electrodes in Fe>*/3* redox couple. Working potential 0.1 V.

2.2. Application of Composites for the Electrochemical Removal of RB5

The initial phase of this study was selecting the optimal operating parameters to
validate the applicability of the PbO,/g-C3N, composite on SS electrode in a new elec-
trochemical degradation method for real water treatment, to ultimately exploit all its
advantages and possibilities. In this regard, we optimized several important parameters:
initial pH, supporting electrolyte (Nay;SO4) concentration, current density-applied voltage,
and the initial concentration of the selected pollutant.

2.2.1. pH Optimization

Starting pH of the supporting solution represents one of the most important factors for
the performance of electrochemical processes. In order to determine the optimal initial pH
for electrochemical degradation, RB5 was dissolved in 0.1 M NaySOj4 to make a 70 mg/L
solution with native pH 5.63 (measured using pH meter). The A,y of this solution obtained
by the spectrometer was 598 nm. Three initial pH values were tested—2, 4, and 6. The
native pH of the stock solution was adjusted to these values using 0.1 M NaOH and 0.1 M
H,SO4. The electrochemical reaction was allowed to continue almost to the point when the
absorbance on the UV /Vis spectrum reached a plateau. For the reaction, one stainless steel
(SS) electrode (4 cm? of surface area) modified with PbO,-CTAB/ g-C3Ny was used as the
anode while an unmodified SS electrode was used as the cathode. The experiments were
performed under constant a voltage of 5 V and the results are shown in Figure 3.
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Figure 3. (A) RB5 removal under pH 2, 4, and 6; (B) UV-Vis spectra of RB5 solution in the range from
200 to 800 nm during 60 min of treatment (pH 2, 0.1 M NaySOy, 5V) at different time intervals.

As can be seen in Figure 3A, the best degradation rate was observed at initial pH 2.
After 60 min of treatment using this starting pH, 98% of the color was removed. This can be
attributed to the cleavage of the -N=N-bonds and aromatic rings, resulting in the decrease
of optical density of the dye solution (Figure 3B).

Moreover, in the acidic medium, OH® radicals are produced by the anodic discharge
in water in the indirect electrochemical oxidation of organic dyes at the anode. These OH*
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radicals adsorb onto the anode surface and oxidize the organic material. At higher pH, it
could be expected that a larger amount of hydroxyl radicals would be generated, which
would result in greater efficiency of the system. However, it was determined that the degree
of ionization of the cationic dye is highly dependent on the initial pH value of the solution,
which most often leads to the formation of a precipitated photochromic compound and
a decrease in resistance on mass transfer at higher pH. Therefore, an acidic environment
leads to better dissolution and degree of ionization. In a basic environment, an elevated
consumption of electrolytes occurs dominantly, which directly affects the conductivity
of the solution. Lower pH values were not tested as recent studies showed that low pH
values lead to a higher dissolution rate of lead dioxide [42] and that these values are not
appropriate for work with lead dioxide films, as they can cause the formation of lead
sulfate [43].

The occurrence of new peaks In the spectrum confirms the formation of smaller
molecules. The increase in absorbance for these peaks was followed by the decrease of
the main RB5 peak, suggesting a relationship between these processes and successful
decomposition of RB5. Thus, based on the conducted study, all further experiments were
done using starting pH 2 for the dye solutions.

2.2.1. Optimization of Supporting Electrolyte Concentration

As mentioned earlier, Na,SO,; was used as the supporting electrolyte. This choice
was made based on the fact that this salt is of low cost, is often found in textile indus-
try wastewater in high concentrations, has excellent conductive properties, and, most
importantly, is inert under oxidative conditions, so that the degradation efficiency can
entirely be attributed to the developed method. The function of the supporting electrolyte
is to improve the electrical conductivity and current transfer and presents one of the most
important factors in electrochemical processes. In this study, we investigated the effect of
different concentrations of supporting electrolytes, testing the following concentrations:
0.01 M, 0.06 M, 0.1 M, 0.15M, and 0.2 M (Figure 4). Other applied conditions were pH 2,
constant voltage (5 V), and RB5 concentration of 35 mg/L.

354
" —— 0.01M Na,SO,
] —— 0.05M Na,SO,
5 ”e —— 0.15M Na,SO,
< —— 0.2M Na,SO,
S
E 20
-
3
c 154
[e]
O
10 4
54
0 T T E T i T z T T T E T
0 10 20 30 40 50 60

Time (min)

Figure 4. Degradation of RB5 dye under pH 2 and different concentrations of NaySOy.

As expected, the increase in electrolyte concentration was followed by a more rapid
removal rate. Up to 0.15 M of sodium sulfate, these changes were more noticeable, while
when the concentration was increased to 0.2 M, the removal rate slightly diminished. Belal
and coworkers studied the effect of supporting electrolytes and their concentrations on
dye removal efficiency and found a similar trend [44]. The decrease in removal rate can
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be connected with the generation of fewer oxidants at higher electrolyte concentrations,
due to increased production of S,0g%~ from sulfate ions. It should be noted that in all the
probes using the selected concentrations, the decolorization of RB5 was carried out up to
nearly 100%. Therefore, to further extend the optimization of the experimental conditions

we selected the supporting electrolyte concentration of 0.15 M, at the previously optimized
initial pH of 2.

2.2.2. Optimization of Current Density-Applied Voltage

In previous optimization experiments, the voltage was held constant (at 5 V) and the
current was constantly changing, depending on the duration of the experiment. In this
study, probes were made under the opposite conditions—the current was held constant
while the voltage was allowed to vary, but it was still monitored. The currents used for
the probes were 0.08 A, 0.10 A, 0.13 A, 0.17 A, and 0.20 A (Figure 5). These currents were
applied on an electrode with a working area of 4 cm?, therefore the calculated current
densities were as follows: 20 mA/cm?, 25 mA/cm?, 32.5 mA/cm?2, 42.5 mA/cm?, and
50 mA /cm?. The rest of the conditions were pH 2, 0.15 M NaySOy4, and 35 mg/L of RB5.
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Figure 5. Degradation of RB5 dye under pH 2, 0.15 M of Na;SOy, and different applied currents.
During the experiments, the voltage was monitored because this information can be
important for the possible construction of pilot reactors and further improvement of the

method. Results pertaining to the relationship between current densities and the observed
voltages are summarized in Table 1.

Table 1. Corresponding values of voltage when current was held constant.

1(A) U (V)
0.08 ~3.63
0.10 ~3.65
0.13 ~4.2
0.17 ~4.8-4.9
0.20 ~5.1-5.3

An applied voltage ranging from 3.6 V to 5.3 V, with an output current that is less than
or equal to 200 mA, meets the conditions required for possible future technology transfer.
Additionally, the low values of applied voltage and current density do not cause significant
temperature changes of the test solution. Namely, after the treatment, the increase in
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solution temperature was lower than 3 °C for all optimization experiments. The results
were as expected, since increasing the current density accelerated the decolorization of
RB5. This occurs up to the current density of 42.5 mA/cm? (applied current 0.17 A —
potential 4.8-4.9 V). Increasing the current to 0.2 A does not cause a significant improvement
in efficiency. This can be explained by side reactions, where sulfate ions migrate to the
electrode surface, occupy active sites and reduce the effective surface area. This ultimately
results in surface inactivation and reduced contaminant removal capacity.

2.2.3. Optimization of RB5 Dye Concentration

It is known that industrial wastewater usually contains different concentrations of
textile dyes, depending on its nature and reactivity. Moreover, it is known that RB5 is distin-
guishable in water at 1 mg/L concentration with the naked eye while its concentrations in
the effluents of industries are usually in the range of 10-100 mg/L [45]. From this, it can be
concluded that evaluating the initial concentration of RB5 in the removal process is a very
important aspect. Based on that, we investigated the performance of our method in the
removal of different amounts of RB5 in the working solution. Concentrations of RB5 that
were examined were 20 mg/L, 35 mg/L, 70 mg/L, and 100 mg/L. The rest of the conditions
were as previously optimized: pH 2, 0.15 M Nay;SOy, and applied current 0.17 A. The
results of these measurements are presented in Figure 6. It is noticeable that increasing the
concentration of RB5 causes a decrease in efficiency for this method. When comparing the
performance in lower concentrations, it can be concluded that for an increase in the amount
of dye from 20 to 35 mg/L, treatment time only had to be slightly prolonged (in order to
achieve the same degradation efficiency), while further increasing the dye concentration
required extended treatment times. Based on the performed study, the dye concentration
of 35 mg/L could be considered as optimal for further experiments.
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Figure 6. Degradation of RB5 dye under pH 2, 0.15 M Nay;SOy, I = 0.17 A, and different initial
concentrations of RB5 ranging from 20 mg/L to 100 mg/L.

2.3. Performance Comparison of the Synthesized Materials and Composites

In order to determine the electrocatalytic properties of the prepared materials and
anodes, we tested their performances in a 35 mg/L solution of RB5 under fully optimized
conditions: initial pH 2, current density 42.5 mA /cm?, and supporting electrolyte concen-
tration of 0.15 M. The results are summarized in Figure 7. As can be seen, the introduction
of graphitic carbon nitride in the materials and formation of composites strongly influenced
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the results of the developed method. This can be assigned to the previously reported
medium bandgap value for g-C3Ny and its characteristic catalytic performances [46-52].
However, it is obvious that the morphology of lead oxide is strongly correlated with the
catalytic properties of g-C3Ny [53-55]. In the studied group of materials, the nanocomposite
prepared from lead dioxide synthesized with assistance of linear surfactant cetyltrimethy-
lammonium bromide as template and graphitic carbon nitride showed superior properties

for electrocatalytic application, since using this electrode material led to almost 90% removal
of RB5 in an hour.
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Figure 7. Degradation of RB5 dye under pH 2, Na;SO4 concentration of 0.15 M, I = 0.17 A,
RB5 concentration of 35 mg/L, using different anodes.

Table 2 provides an overview of different electrochemical systems employed to remove
RB5, with focus on results with Nay;SO4 as supporting electrolyte. All selected studies
reported faster RB5 removal when using NaCl or KBr [4,56-58], but the use of these
non-inert salts is discouraged in electrochemistry, because they lead to the formation of
chlorinated and brominated degradation products, which are often more toxic compared to
the parent compound [57,59,60].

Table 2. The RB5 degradation efficiency comparison with the literature data.

% of RB5 Removal

Material Supporting Electrolyte and Time Energy Consumption Ref
RuO,/IrO, /TiO,@DSA® 0.008 M NaCl ~100% in 15 min Not reported [4]
Ti/CoOx—RuO,-5n0,-Sb,O5 0.07 M NaySOq4 ~40%in 2 h 34.5 kWh/kg? [56]
Ti/SnO,-Sby Os5-1rO, 0.1 M Na,SOy4 ~60% in2h Not reported [58]
Graphite 0.1 M Na,SOy4 ~100% in 3 h Not reported [57]
PbO,-CTAB/g-C3Ny4 on SS 0.15 M Na,SOy4 ~90%in1h 0.4374 kWh/g This study

2 calculated as general current efficiency, based on COD removal [61].

When excluding the results with NaCl, our study gave the fastest (under 1 h) and
the highest RB5 removal (nearly 90%). The system with Ti/CoOx—RuO,-SnO,-Sb,05
removed only 40% of the selected dye, during 2 h of treatment in the presence of Nay;SOy,
but increased to over 95% when NaCl was used [56]. The next study with Ti/SnO;-Sb,Os-
IrO, was slightly improved in the same time interval without the addition of NaCl [58].
Graphite electrode led to complete RB5 degradation and quite efficient COD removal, but
this experimental setup lasted for three hours [57].
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2.4. Specific Energy Consumption

The specific energy consumption of an advanced oxidation process is an important
indicator of economic efficiency, taking into account that a major part of operating costs
for the proposed procedure derives from electric energy consumption. For this reason, the
average energy consumption for a 60 min treatment was calculated when using each of the
four prepared electrodes. This study was performed under all the previously optimized
parameters. The results are listed in Table 3. As can be seen, PbO,-CTAB in synergy
with graphitic carbon nitride showed the lowest energy consumption during treatment of
RB5 and can potentially be used for designing electrochemical systems for the removal of
organic pollutants.

Table 3. Specific energy consumption (SEC) during RB5 treatment, a comparison of different electrode

combinations.
T (min) 0 10 20 30 40 50 60
electrode RB5 degradation rate (%) (k\?VEgC/g)
I 0.00 16.45 37.43 57.69 70.19 81.01 88.53 0.4374
II 0.00 15.81 31.31 45.49 58.15 67.64 74.89 0.5173
111 0.00 19.94 37.52 50.93 62.79 72.14 80.24 0.4895
v 0.00 14.83 36.57 53.38 67.21 78.09 85.01 0.4698

I—PbO,-CTAB/g-C3Ny on SS; II—PbO,-CTAB on SS; III—PbO,-TBAP/g-C3Ny4 on SS; IV—PbO,-TBAP on SS.

2.5. Stability and Longevity of the Method

To scrutinize stability and longevity of the method we monitored electrode efficiency
during 7 days of testing. During that period, we performed 5 to 7 experiments per day.
Each experiment lasted for 60 min (Figure 8). The relative standard deviation between
absorbances was lower than 7% indicating that the proposed electrode possesses excellent
stability and durability during this time period.
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Figure 8. Changes in the final absorbance during seven days of work with the same electrode.

3. Materials and Methods
3.1. Chemicals

Reactive Black 5 dye (M-991.82, CAS number 17095-24-8, chemical purity grade, dye
content ~50%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Cetyltrimethy-
lammonium bromide (CTAB), tetrabutylammonium phosphate (TBAP), sodium hydroxide,
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hydrochloric acid, sulfuric acid, ethanol (96%), acetone, urea, sodium hypochlorite, lead
nitrate, dimethylformamide, and sodium sulfate were p.a. grade and purchased from
Sigma-Aldrich. All chemicals were used as supplied without any purification. All the
solutions were prepared in double distilled water. Working solutions were prepared before
every experiment and used accordingly. Calibration solution for UV /Vis spectrometry was
prepared using the supporting electrolyte.

3.2. Material Synthesis

Graphitic carbon nitride (g-C3N4) was synthesized from urea. Briefly, 25 g of urea was
heated in air in a ceramic crucible with a lid, starting from room temperature up to 550 °C,
and this temperature was maintained for 4 h. PbO, was synthesized using the procedure
proposed by Cao et al. [62]. In summary, CTAB or TBAP were added to a 0.015 M solution
of Pb(OH); . After the resulting solution was stirred for 30 min at 50 °C, which ensured
the complete dissolution of the surfactants, 1 mL of 1.5 M (10%) aqueous NaClO solution
was added under constant stirring. This gave a homogeneous solution. After heating the
solution at 85 °C for 3 h, the resulting black-brown precipitate was collected, washed several
times with absolute ethanol and distilled water, centrifuged, and dried under vacuum at
room temperature for 5 h [62]. The materials thus obtained were labeled PbO,-CTAB and
PbO,-TBAP. The composite materials were prepared using the above-mentioned metal
oxide materials and graphitic carbon nitride by ultrasonification—5 mg of PbO,-CTAB or
PbO,-TBAP and 50 mg of g-C3N4 were suspended in 1 mL of dimethylformamide and
ultrasonicated for 90 min. The prepared materials were labeled PbO,-CTAB/g-C3N4 and
PbOz-TBAP/g-C3N4.

3.3. Electrode Preparation

To clean up and roughen the surface of the (2 cm x 5 cm) raw stainless-steel mesh, it
was first washed ultrasonically in 1 M H,SO4 for 60 min and then in acetone for 40 min,
fully rinsed with distilled water, and dried at 80 °C in air. A measurement of 20 pL of
prepared nanomaterial suspensions (5 mg of PbO,/CTAB or PbO,/TBAP and 50 mg of
g-C3Ny in 1 mL of dimethylformamide) was added to the electrode surface to cover its
entire surface area. An electrode prepared in such a manner was allowed to dry overnight
and the same procedure was applied on the opposite side of the electrode. The coated
electrodes were used as anodes while the uncoated electrodes served as cathodes.

3.4. Electrochemical and Morphological Characterization

Microstructural and morphological characterization was performed using transition
electron microscopy (TEM), scanning electron microscopy (SEM), and powder X-ray diffrac-
tion (PXRD). PXRD measurements were performed on Rigaku'’s high-resolution SmartLab®
diffractometer equipped with a CuK« radiation source, an accelerating voltage of 40 kV,
and a current of 30 mA. The diffraction patterns were recorded in the 10-70° 20 range
with a measurement speed of 1°/min and a step of 0.05°. The morphology of prepared
PbO,-CTAB/g-C3Ny and PbO,-TBAP/g-C3Ny4 were examined by high-resolution trans-
mission electron microscopy (HR-TEM, FEI Technai G2, Hillsboro, Thermo Fisher Scientific,
Waltham, MA, USA) applying an accelerating voltage of 200 kV. The samples were prepared
by doping diluted aqueous suspensions into copper grids (300 mesh carbon, Ted Pella
Inc., Redding, CA, USA) and left to dry at RT. The composite materials were also analyzed
with scanning electron microscopy (Hitachi S-4700) operating at 10 kV acceleration voltage,
equipped with the X-ray spectroscopy (EDX) accessory (Rontec QX2 spectrometer). A few
nm of gold was condensed on the sample surface to prevent them from becoming charged.

Electrochemical properties of the materials were examined using cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) measurements (done on CHInstru-
ments model CHIZ60b, Austin, TX, USA) in the solution of 5 mM Fe?*/3* redox couple in
0.1 M KCL. Measurements were done in a three-electrode system, where material properties
were tested using carbon paste electrodes (CPE) modified with 10% of the synthesized
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nanomaterials and composites. As a reference electrode, a Ag/AgCl (3M KCl) electrode
was used while a platinum wire was employed as an auxiliary electrode. EIS measurements
were done using the same assembly in the range from 0.01 to 10° Hz at the potential of
0.1V.

3.5. Experimental Setup

Solutions of RB5 with Nay;SO4 were made in concentrations ranging from 20 mg/L
up to 100 mg/L. The blank probe for UV-Vis was made with 0.1 M NaySO,. For pH
adjustments, 0.1 M NaOH and 0.1 M H,504 were used.

The optimization of RB5 degradation experiments was held in a vessel mounted on
a magnetic stirrer, with a constant starting volume of the treated solutions (60 cm? of RB5
dissolved in Na,SOy solution). The electrodes were immersed in the solution and connected
to the voltage source PeakTech 1525. For RB5 concentration monitoring, samples were
withdrawn in 10-min intervals, up to 90 min of electrochemical oxidation, and analyzed by
Evolution™ One/One Plus UV-Vis Spectrophotometer, Waltham, MA, USA.

The first parameter to be optimized was starting pH value (adjusted using H,SO4 and
NaOH), followed by the optimization concentration of the supporting electrolyte, with
a fixed pH value. When these two parameters were set right, in terms of the fastest RB5
degradation, the current density was varied to improve the degradation rate. The last
criterion was the RB5 concentration and with the optimized previously stated values, the
synthesized electrode materials were compared to distinguish the most excellent conditions
for RB5 degradation. Data were processed using MS Excel 2016 and OriginPro 8.

3.6. Specific Energy Consumption

To deduce the most efficient conditions for degradation of RB5, the specific energy
consumption (SEC; kWh/g) was calculated:

KWh I1(A) x Eqq(V) x T (h)
SECRas ( )= 3
g \ (dm ) x ACRB5(ﬁ> % 1000

where I (A) was the applied electrical current; Eojj (V) the cell voltage, T (h) the treatment
time, V (dm?) the treated solution volume, ACggs (g/ dm?) the difference between the
starting and final RB5 concentration, while a conversion factor of 1000 was needed to
convert from Wh/g to kWh/g. This equation was adopted from elsewhere [61].

4. Conclusions

In this paper, an electrochemical degradation/removal method for Reactive Black 5 azo
dye was created, based on PbO,-CTAB/g-C3N4 anode material as an electrocatalyst. The
parameters that were optimized include initial pH, concentration of Na;SOy as supporting
electrolyte, electric current, and concentration of RB5 dye. PbO, probes synthesized using
different surfactants as templates were used separately in pristine form and as composite
materials with graphitic carbon nitride. Morphological and electrochemical properties
of the materials were evaluated using PXRD, TEM, SEM, CV, and EIS techniques. The
efficiency of the electrolytic reaction vastly depended on procedure parameters. The results
showed that PbO,-CTAB/g-C3N, exhibits the best electrocatalytic properties and the
highest removal rate for RB5, with 90% of the dye removed after 60 min of treatment. The
specific energy consumption for this process was 0.4374 kWh/g. Finally, the prepared
material showed good stability and enabled the treatment of highly polluted wastewaters
with excellent results, but also, due to its electrocatalytic properties, could be applied in
various fields of electrochemistry, such as sensing and biosensing probes. With regard to
efficiency and longevity, the obtained results suggest that the proposed method can offer
a low-cost, effective, and green approach in the field of environmental control, and due to
its simplicity, this method has high potential for technology transfer.

64



Catalysts 2023, 13, 328

Author Contributions: Conceptualization, A.M.,M.O., AK,, S.S. and D.M.S.; methodology, investiga-
tion, AM.,, S.S., AK., M.O. and D.M,; resources, M.O. and D.M.S.; writing—original draft preparation,
AM.,, S.S., M.O. and D.M.S.; writing—review and editing, A.M., S.S., M.O. and D.M.S.; supervision,
D.M.S,; project administration, Z.K., D.M. and D.M.S,; funding acquisition, D.M.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by Ministry of Education, Science and Technological Develop-
ment of Republic of Serbia Contract number: 451-03-68/2022-14/200168, EUREKA project E!13303
and Ministry of Science and Higher Education of the Russian Federation (agreement No. 075-15-2022-
1135) and South Ural State University.

Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

El Bouraie, M.; El Din, W.S. Biodegradation of Reactive Black 5 by Aeromonas Hydrophila Strain Isolated from Dye-Contaminated
Textile Wastewater. Sustain. Environ. Res. 2016, 26, 209-216. [CrossRef]

Kothari, M.S.; Vegad, K.G.; Shah, K.A.; Aly Hassan, A. An Artificial Neural Network Combined with Response Surface
Methodology Approach for Modelling and Optimization of the Electro-Coagulation for Cationic Dye. Heliyon 2022, 8, e08749.
[CrossRef] [PubMed]

Droguett, T.; Mora-Gémez, J.; Garcia-Gabaldén, M.; Ortega, E.; Mestre, S.; Cifuentes, G.; Pérez-Herranz, V. Electrochemical
Degradation of Reactive Black 5 Using Two-Different Reactor Configuration. Sci. Rep. 2020, 10, 4482. [CrossRef] [PubMed]
Jager, D.; Kupka, D.; Vaclavikova, M.; Ivanicova, L.; Gallios, G. Degradation of Reactive Black 5 by Electrochemical Oxidation.
Chemosphere 2018, 190, 405-416. [CrossRef]

Brillas, E.; Martinez-Huitle, C.A. Decontamination of Wastewaters Containing Synthetic Organic Dyes by Electrochemical
Methods. An Updated Review. Appl. Catal. B Environ. 2015, 166167, 603-643. [CrossRef]

Yu, J.; Shu, S.; Wang, Q.; Gao, N.; Zhu, Y. Evaluation of Fe2* /Peracetic Acid to Degrade Three Typical Refractory Pollutants of
Textile Wastewater. Catalysts 2022, 12, 684. [CrossRef]

Emadi, Z.; Sadeghi, R.; Forouzandeh, S.; Mohammadi-Moghadam, F.; Sadeghi, R.; Sadeghi, M. Simultaneous Anaerobic
Decolorization/Degradation of Reactive Black-5 Azo Dye and Chromium(VI) Removal by Bacillus Cereus Strain MSO038EH
Followed by UV-C/H202 Post-Treatment for Detoxification of Biotransformed Products. Arch. Microbiol. 2021, 203, 4993-5009.
[CrossRef]

Saroyan, H.; Ntagiou, D.; Rekos, K.; Deliyanni, E. Reactive Black 5 Degradation on Manganese Oxides Supported on Sodium
Hydroxide Modified Graphene Oxide. Appl. Sci. 2019, 9, 2167. [CrossRef]

De Luca, P; Nagy, B.]. Treatment of Water Contaminated with Reactive Black-5 Dye by Carbon Nanotubes. Materials 2020, 13, 5508.
[CrossRef]

Al-Tohamy, R.; Sun, J.; Fareed, M.E; Kenawy, E.-R.; Ali, S.S. Ecofriendly Biodegradation of Reactive Black 5 by Newly Isolated
Sterigmatomyces Halophilus SSA1575, Valued for Textile Azo Dye Wastewater Processing and Detoxification. Sci. Rep. 2020, 10, 12370.
[CrossRef]

Mandic, M.; Djokic, L.; Nikolaivits, E.; Prodanovic, R.; O’Connor, K.; Jeremic, S.; Topakas, E.; Nikodinovic-Runic, J. Identification
and Characterization of New Laccase Biocatalysts from Pseudomonas Species Suitable for Degradation of Synthetic Textile Dyes.
Catalysts 2019, 9, 629. [CrossRef]

Khalik, W.E,; Ho, L.-N.; Ong, S.-A.; Voon, C.-H.; Wong, Y.-S.; Yusoff, N.; Lee, S.-L.; Yusuf, S.Y. Optimization of Degradation
of Reactive Black 5 (RB5) and Electricity Generation in Solar Photocatalytic Fuel Cell System. Chemosphere 2017, 184, 112-119.
[CrossRef] [PubMed]

Liu, F; Wang, X; Liu, Z.; Miao, F; Xu, Y,; Zhang, H. Peroxymonosulfate Enhanced Photocatalytic Degradation of Reactive Black 5
by ZnO-GAC: Key Influencing Factors, Stability and Response Surface Approach. Sep. Purif. Technol. 2021, 279, 119754. [CrossRef]
Rosli, N.ILM.; Lam, S.-M.; Sin, J.-C.; Putri, LK.; Mohamed, A.R. Comparative Study of G-C3N4/Ag-Based Metals (V, Mo, and Fe)
Composites for Degradation of Reactive Black 5 (RB5) under Simulated Solar Light Irradiation. J. Environ. Chem. Eng. 2022, 10, 107308.
[CrossRef]

Rao, M.P,; Ponnusamy, V.K.; Wu, J.J.; Asiri, AM.; Anandan, S. Hierarchical CuO Microstructures Synthesis for Visible Light
Driven Photocatalytic Degradation of Reactive Black-5 Dye. |. Environ. Chem. Eng. 2018, 6, 6059-6068. [CrossRef]

Liu, X.; Qiu, M.; Huang, C. Degradation of the Reactive Black 5 by Fenton and Fenton-like System. Procedia Eng. 2011, 15,
4835-4840. [CrossRef]

Mengelizadeh, N.; Mohseni, E.; Dehghani, M.H. Heterogeneous Activation of Peroxymonosulfate by GO-CoFe,Oy for Degrada-
tion of Reactive Black 5 from Aqueous Solutions: Optimization, Mechanism, Degradation Intermediates and Toxicity. J. Mol. Lig.
2021, 327, 114838. [CrossRef]

65



Catalysts 2023, 13, 328

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Fadaei, S.; Noorisepehr, M.; Pourzamani, H.; Salari, M.; Moradnia, M.; Darvishmotevalli, M.; Mengelizadeh, N. Heterogeneous
Activation of Peroxymonosulfate with Fe30, Magnetic Nanoparticles for Degradation of Reactive Black 5: Batch and Column
Study. J. Environ. Chem. Eng. 2021, 9, 105414. [CrossRef]

Lopez-Ramoén, M.V,; Rivera-Ultrilla, J.; Sdnchez-Polo, M. Photocatalytic Degradation of Organic Wastes in Water. Catalysts 2022,
12, 114. [CrossRef]

Ramirez, ] I.D.L.; Villegas, V.A.R.; Sicairos, S.P.; Guevara, E.H.; Brito Perea, M.D.C.; Sdnchez, B.L. Synthesis and Characterization of
Zinc Peroxide Nanoparticles for the Photodegradation of Nitrobenzene Assisted by UV-Light. Catalysts 2020, 10, 1041. [CrossRef]
Fernandez-Perales, M.; Rozalen, M.; Sanchez-Polo, M.; Rivera-Ultrilla, J.; Lopez-Ramén, M.V,; Alvarez, M.A. Solar Degradation of
Sulfamethazine Using RGO/Bi Composite Photocatalysts. Catalysts 2020, 10, 573. [CrossRef]

Amin Marsooli, M.; Rahimi Nasrabadi, M.; Fasihi-Ramandi, M.; Adib, K.; Pourmasoud, S.; Ahmadi, F.; Eghbali, M.; Sobhani
Nasab, A.; Tomczykowa, M.; Plonska-Brzezinska, M.E. Synthesis of Magnetic Fe30,/ZnWO, and Fe3O4/ZnWO,/CeVOy,
Nanoparticles: The Photocatalytic Effects on Organic Pollutants upon Irradiation with UV-Vis Light. Catalysts 2020, 10, 494.
[CrossRef]

Jovié, M; Stankovi¢, D.; Manojlovi¢, D.; Andelkovi¢, I; Mili¢, A.; Doj¢inovié, B.; Rogli¢, G. Study of the Electrochemical Oxidation
of Reactive Textile Dyes Using Platinum Electrode. Int. J. Electrochem. Sci. 2013, 8, 16.

Savi¢, B.G.; Stankovi¢, D.M.; Zivkovié, S.M.; Ognjanovi¢, M.R;; Tasi¢, G.S.; Mihajlovi¢, 1.].; Brdari¢, T.P. Electrochemical Oxidation
of a Complex Mixture of Phenolic Compounds in the Base Media Using PbO2-GNRs Anodes. Appl. Surf. Sci. 2020, 529, 147120.
[CrossRef]

Zunié, M.].; Milutinovié¢-Nikoli¢, A.D.; Stankovi¢, D.M.; Manojlovi¢, D.D.; Jovié¢-Jovi¢i¢, N.P.; Bankovi¢, P.T.; Mojovi¢, Z.D.;
Jovanovi¢, D.M. Electrooxidation of P-Nitrophenol Using a Composite Organo-Smectite Clay Glassy Carbon Electrode. Appl.
Surf. Sci. 2014, 313, 440-448. [CrossRef]

Ganiyu, S.O.; Martinez-Huitle, C.A.; Rodrigo, M.A. Renewable Energies Driven Electrochemical Wastewater/Soil Decontami-
nation Technologies: A Critical Review of Fundamental Concepts and Applications. Appl. Catal. B Environ. 2020, 270, 118857.
[CrossRef]

Manojlovi¢, D.; Lelek, K.; Rogli¢, G.; Zherebtsov, D.; Avdin, V.; Buskina, K.; Sakthidharan, C.; Sapozhnikov, S.; Samodurova, M.;
Zakirov, R.; et al. Efficiency of Homely Synthesized Magnetite: Carbon Composite Anode toward Decolorization of Reactive
Textile Dyes. Int. J. Environ. Sci. Technol. 2020, 17, 2455-2462. [CrossRef]

Stankovi¢, D.M.; Ognjanovi¢, M.; Espinosa, A.; del Puerto Morales, M.; Bessais, L.; Zehani, K.; Anti¢, B.; Dojcinovi¢, B. Iron
Oxide Nanoflower—Based Screen Print Electrode for Enhancement Removal of Organic Dye Using Electrochemical Approach.
Electrocatalysis 2019, 10, 663—-671. [CrossRef]

Jovi¢, M.; Manojlovi¢, D.; Stankovi¢, D.; Doj¢inovi¢, B.; Obradovi¢, B.; Gasi¢, U.; Rogli¢, G. Degradation of Triketone Herbicides,
Mesotrione and Sulcotrione, Using Advanced Oxidation Processes. J. Hazard. Mater. 2013, 260, 1092-1099. [CrossRef]
Markovi¢, M.; Jovi¢, M,; Stankovi¢, D.; Kovacevié, V.; Rogli¢, G.; Gojgi¢-Cvijovié, G.; Manojlovi¢, D. Application of Non-Thermal
Plasma Reactor and Fenton Reaction for Degradation of Ibuprofen. Sci. Total Environ. 2015, 505, 1148-1155. [CrossRef]

Jiang, Y.; Zhao, H.; Liang, J.; Yue, L,; Li, T,; Luo, Y.; Liu, Q.; Lu, S.; Asiri, AM.; Gong, Z.; et al. Anodic Oxidation for the
Degradation of Organic Pollutants: Anode Materials, Operating Conditions and Mechanisms. A Mini Review. Electrochem.
Commun. 2021, 123, 106912. [CrossRef]

Duan, P; Qian, C.; Wang, X,; Jia, X,; Jiao, L.; Chen, Y. Fabrication and Characterization of Ti/Polyaniline-Co/PbO2-Co for Efficient
Electrochemical Degradation of Cephalexin in Secondary Effluents. Environ. Res. 2022, 214, 113842. [CrossRef] [PubMed]

Xia, Y.; Wang, G.; Guo, L.; Dai, Q.; Ma, X. Electrochemical Oxidation of Acid Orange 7 Azo Dye Using a PbO2 Electrode:
Parameter Optimization, Reaction Mechanism and Toxicity Evaluation. Chemosphere 2020, 241, 125010. [CrossRef] [PubMed]
Shmychkova, O.; Luk’yanenko, T.; Dmitrikova, L.; Velichenko, A. Modified Lead Dioxide for Organic Wastewater Treatment:
Physicochemical Properties and Electrocatalytic Activity. J. Serb. Chem. Soc. 2019, 84, 187-198. [CrossRef]

Zhou, M.; Dai, Q.; Lei, L.; Ma, C.; Wang, D. Long Life Modified Lead Dioxide Anode for Organic Wastewater Treatment:
Electrochemical Characteristics and Degradation Mechanism. Environ. Sci. Technol. 2005, 39, 363-370. [CrossRef]

Kumar, A.; Kumari, A.; Sharma, G.; Du, B.; Naushad, M.; Stadler, EJ. Carbon Quantum Dots and Reduced Graphene Oxide Modi-
fied Self-Assembled S@C3N4/B@C3N4 Metal-Free Nano-Photocatalyst for High Performance Degradation of Chloramphenicol.
J. Mol. Lig. 2020, 300, 112356. [CrossRef]

Hu, J.; Zhang, P.; An, W.; Liu, L.; Liang, Y.; Cui, W. In-Situ Fe-Doped g-C3N4 Heterogeneous Catalyst via Photocatalysis-Fenton
Reaction with Enriched Photocatalytic Performance for Removal of Complex Wastewater. Appl. Catal. B Environ. 2019, 245,
130-142. [CrossRef]

Mohammad, A.; Ahmad, K.; Qureshi, A.; Taugeer, M.; Mobin, S.M. Zinc Oxide-Graphitic Carbon Nitride Nanohybrid as an
Efficient Electrochemical Sensor and Photocatalyst. Sens. Actuators B Chem. 2018, 277, 467-476. [CrossRef]

Ma, S,; Xue, J.; Zhou, Y.; Zhang, Z.; Cai, Z.; Zhu, D.; Liang, S. Facile Fabrication of a Mpg-C3N4/TiO, Heterojunction Photocatalyst
with Enhanced Visible Light Photoactivity toward Organic Pollutant Degradation. RSC Adv. 2015, 5, 64976-64982. [CrossRef]
Duan, X,; Sui, X.; Wang, Q.; Wang, W.; Li, N.; Chang, L. Electrocatalytic Oxidation of PCP-Na by a Novel Nano-PbO, Anode:
Degradation Mechanism and Toxicity Assessment. Environ. Sci. Pollut. Res. 2020, 27, 43656—43669. [CrossRef]

Velichenko, A.; Luk’yanenko, T.; Nikolenko, N.; Shmychkova, O.; Demchenko, P.; Gladyshevskii, R. Composite Electrodes
PbO2-Nafion®. J. Electrochem. Soc. 2020, 167, 063501. [CrossRef]

66



Catalysts 2023, 13, 328

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Xie, Y.; Wang, Y.; Singhal, V.; Giammar, D.E. Effects of PH and Carbonate Concentration on Dissolution Rates of the Lead
Corrosion Product PbO2. Environ. Sci. Technol. 2010, 44, 1093-1099. [CrossRef] [PubMed]

Broda, B.; Inzelt, G. Investigation of the Electrochemical Behaviour of Lead Dioxide in Aqueous Sulfuric Acid Solutions by Using
the in Situ EQCM Technique. J. Solid State Electrochem. 2020, 24, 1-10. [CrossRef]

Belal, RM.; Zayed, M.A.; El-Sherif, RM.; Abdel Ghany, N.A. Advanced Electrochemical Degradation of Basic Yellow 28 Textile
Dye Using IrO, /Ti Meshed Electrode in Different Supporting Electrolytes. . Electroanal. Chem. 2021, 882, 114979. [CrossRef]
Jalali Sarvestani, M.R.; Doroudi, Z. Removal of Reactive Black 5 from Waste Waters by Adsorption: A Comprehensive Review. J.
Water Environ. Nanotechnol. 2020, 5, 180-190. [CrossRef]

Ejeta, S.Y.; Imae, T. Cobalt Incorporated Graphitic Carbon Nitride as a Bifunctional Catalyst for Electrochemical Water-Splitting
Reactions in Acidic Media. Molecules 2022, 27, 6445. [CrossRef]

Iravani, S.; Varma, R.S. MXene-Based Photocatalysts in Degradation of Organic and Pharmaceutical Pollutants. Molecules 2022,
27,6939. [CrossRef]

Isahak, WN.R.W,; Kamaruddin, M.N.; Ramli, Z.A.C.; Ahmad, K.N.; Al-Azzawi, WK.; Al-Amiery, A. Decomposition of Formic
Acid and Acetic Acid into Hydrogen Using Graphitic Carbon Nitride Supported Single Metal Catalyst. Sustainability 2022, 14, 3156.
[CrossRef]

Liu, J.; Guo, H.; Yin, H.; Nie, Q.; Zou, S. Accelerated Photodegradation of Organic Pollutants over BiOBr/Protonated g-C3N4.
Catalysts 2022, 12, 1109. [CrossRef]

Khan, H.; Kang, S.; Lee, C.S. Evaluation of Efficient and Noble-Metal-Free NiTiO3 Nanofibers Sensitized with Porous GC3N4
Sheets for Photocatalytic Applications. Catalysts 2021, 11, 385. [CrossRef]

Li, C.; Wu, X; Shan, J.; Liu, J.; Huang, X. Preparation, Characterization of Graphitic Carbon Nitride Photo-Catalytic Nanocompos-
ites and Their Application in Wastewater Remediation: A Review. Crystals 2021, 11, 723. [CrossRef]

Shen, Y.; Dos santos-Garcia, A.J.; Martin de Vidales, M.]. Graphitic Carbon Nitride-Based Composite in Advanced Oxidation
Processes for Aqueous Organic Pollutants Removal: A Review. Processes 2021, 9, 66. [CrossRef]

Tang, J.; Cheng, Z.; Li, H.; Xiang, L. Electro-Chemical Degradation of Norfloxacin Using a PbO2-NF Anode Prepared by the
Electrodeposition of PbO, onto the Substrate of Nickel Foam. Catalysts 2022, 12, 1297. [CrossRef]

Zheng, T.; Wei, C.; Chen, H.; Xu, J.; Wu, Y.; Xing, X. Fabrication of PbO, Electrodes with Different Doses of Er Doping for
Sulfonamides Degradation. Int. ]. Environ. Res. Public. Health 2022, 19, 3503. [CrossRef] [PubMed]

Zhang, Y.; Ni, Z.; Yao, J. Enhancement of the Activity of Electrochemical Oxidation of BPS by Nd-Doped PbO, Electrodes:
Performance and Mechanism. Water 2020, 12, 1317. [CrossRef]

Saxena, P; Ruparelia, J. Influence of Supporting Electrolytes on Electrochemical Treatability of Reactive Black 5 Using Dimension-
ally Stable Anode. J. Inst. Eng. India Ser. A 2019, 100, 299-310. [CrossRef]

Rivera, M.; Pazos, M.; Sanromén, M.A. Development of an Electrochemical Cell for the Removal of Reactive Black 5. Desalination
2011, 274, 39-43. [CrossRef]

Eguiluz, K1.B.; Hernandez-Sanchez, N.K; Déria, A.R.; Santos, G.O.S.; Salazar-Banda, G.R.; Ponce de Leon, C. Template-Made Tailored
Mesoporous Ti/SnO,-SbyO5-IrO, Anodes with Enhanced Activity towards Dye Removal. J. Electroanal. Chem. 2022, 910, 116153.
[CrossRef]

Zambrano, J.; Min, B. Comparison on Efficiency of Electrochemical Phenol Oxidation in Two Different Supporting Electrolytes
(NaCl and Na2504) Using Pt/Ti Electrode. Environ. Technol. Innov. 2019, 15, 100382. [CrossRef]

Carneiro, ].E; Aquino, ] M,; Silva, A.].; Barreiro, ].C.; Cass, Q.B.; Rocha-Filho, R.C. The Effect of the Supporting Electrolyte on the
Electrooxidation of Enrofloxacin Using a Flow Cell with a BDD Anode: Kinetics and Follow-up of Oxidation Intermediates and
Antimicrobial Activity. Chemosphere 2018, 206, 674-681. [CrossRef]

Xu, L.; Guo, Z.; Du, L.; He, ]J. Decolourization and Degradation of C.I. Acid Red 73 by Anodic Oxidation and the Synergy
Technology of Anodic Oxidation Coupling Nanofiltration. Electrochim. Acta 2013, 97, 150-159. [CrossRef]

Cao, M.; Hu, C; Peng, G.; Qi, Y.; Wang, E. Selected-Control Synthesis of PbO2 and Pb304 Single-Crystalline Nanorods. J. Am.
Chem. Soc. 2003, 125, 4982-4983. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

67






PR catalysts

Review

State of Art and Perspectives in Catalytic Ozonation for
Removal of Organic Pollutants in Water: Influence of Process
and Operational Parameters

Naghmeh Fallah 1-*©, Ermelinda Bloise 1, Domenico Santoro 2 and Giuseppe Mele !

check for
updates

Citation: Fallah, N.; Bloise, E.;
Santoro, D.; Mele, G. State of Art and
Perspectives in Catalytic Ozonation
for Removal of Organic Pollutants in
Water: Influence of Process and
Operational Parameters. Catalysts
2023, 13, 324. https://doi.org/10.3390/
catal13020324

Academic Editors: Gassan Hodaifa,
Rafael Borja and Mha Albgmi

Received: 23 December 2022
Revised: 24 January 2023
Accepted: 28 January 2023
Published: 1 February 2023

Copyright: © 2023 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/).

Department of Engineering for Innovation, University of Salento, Via Monteroni, 73100 Lecce, Italy
Department of Chemical and Biochemical Engineering, University of Western Ontario,

London, ON N6A 5B9, Canada

Correspondence: naghmeh.fallah@unisalento.it

Abstract: The number of organic pollutants detected in water and wastewater is continuously in-
creasing thus causing additional concerns about their impact on public and environmental health.
Therefore, catalytic processes have gained interest as they can produce radicals able to degrade re-
calcitrant micropollutants. Specifically, catalytic ozonation has received considerable attention due
toits ability to achieve advanced treatment performances at reduced ozone doses. This study surveys
and summarizes the application of catalytic ozonation in water and wastewater treatment, paying
attention to both homogeneous and heterogeneous catalysts. This review integrates bibliometric
analysis using VOS viewer with systematic paper reviews, to obtain detailed summary tables where
process and operational parameters relevant to catalytic ozonation are reported. New insights emerg-
ing from heterogeneous and homogenous catalytic ozonation applied to water and wastewater treat-
ment for the removal of organic pollutants in water have emerged and are discussed in this paper.
Finally, the activities of a variety of heterogeneous catalysts have been assessed using their chemical—-
physical parameters such as point of zero charge (PZC), pKa, and pH, which can determine the effect
of the catalysts (positive or negative) on catalytic ozonation processes.

Keywords: catalytic ozonation; homogenous catalysts; heterogeneous catalysts; water treatment;

VOSviewer; reaction mechanism

1. Introduction

Industrial wastewater has been under extensive research due to its hazardous effect
on the aquatic, air, and soil environment, as well as human and animal health. Developing
wastewater treatment technologies that are simple, safe, and efficient for the environment
is becoming the twenty-first century’s primary goal.

Advanced oxidation processes (AOPs) have shown great potential for the degradation
and mineralization of recalcitrant and toxic organic pollutants compared to conventional
treatment processes. This process is classified into two main general categories. The first
category utilizes light energy such as ultraviolet (UV) light in conjunction with other chem-
ical additives. There are processes under this category that associate other agents with UV,
such as hydrogen peroxide (UV/H,0O,), ozone (UV/O3), titanium oxide (UV/TiO;), and
Fenton reagents (UV/Fenton). When no light source is used, the technology can be termed
a dark oxidative process. Processes in this category include ozonation, Fenton’s reagent,
ultrasound, and microwaves. These processes are simultaneously based on the in situ gen-
erations of highly reactive transitory species (H,O,, HO®, 0%, O3) for the mineralization
of refractory organic compounds and the inactivation of waterborne pathogens. Due to
rapid oxidation reactions, AOPs are characterized by high reaction rates and short treat-
ment times, which make them promising in wastewater treatment [1].
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Ozone is a powerful oxidant with several advantages that make it an excellent ma-
terial in the AOPs. There are many noticeable benefits of using O3 in the wastewater
treatment process. Benefits such as it rapidly reacting with bacteria, viruses, and proto-
zoa, being efficient for organics degradation and inorganics removal, and removing color,
taste, and odor. Although the ozonation process is a practical system, O3 has low solu-
bility and stability in water and a high production cost. To solve the mentioned disad-
vantages, some solutions have been explored, such as using fixed beds of porous glass or
metals, solid catalysts, stirring, line mixers, contact towers, and an increase in retention
time by large bubble columns or diffusers [1]. The combination of ozonation with other
techniques is suggested as an intelligent solution. In this regard, various Os-based AOPs,
such as OH~ /O3, O3/H,05, O3/UV, O3/H,0,/UV, 03/5,05%~, Os/biological treatment, and
catalytic and photocatalytic ozonation, were introduced to the industry [2-7]. Each of these
processes has its specific features and conditions.

In the OH~ /O3 process, the pH value of the water matrices has a significant influence
on both the direct ozonation efficiency and the generation of HO® (indirect ozonation). At
significantly high pH (pH > 8), the abundance of OH™ can improve HO® generation, which
will enhance the ozonation of pollutants. However, high pH might cause the precipitation
of calcium carbonate or other problems, which should be considered. In addition, the pH
adjustment will increase the operational cost. In the so-called peroxone technique, O3 and
H,0O, would be combined [8]. The critical effect of combining O3 and H,O5 is increasing
oxidation efficiency. This occurs by converting O3 to HO® and improving O3 transfer from
the gas to the liquid phase [8]. The chemistry of the main reactions described above is
shown in Equations (1)—(3).

Hy,O, + O3 — HO® + HOE + O 1
HO®* + O3 — O, + HO3 2)
03 + HO; — 20, + HO® 3)

Another ozonation technique is the usage of ultraviolet light in combination with O3
in an aqueous medium. This combination causes the increase in the HO® formation and
its concentration, consequently increasing the degradation efficiency. Equations (4) and
(5) show that the formation of H,O, as a by-product is possible, which will be degraded
by the exact mechanism of HyO,/UV [8], also increasing the treatment efficiency.

O3 + H,O + hv — O, + 2HO® 4)

2HO® — H,0, ®)

The introduction of UV with HyO,/O3 makes the previously mentioned techniques
more efficient. This combination enhances HO® generation and more efficiently allows the
transformation of HyO, to HO® (Equation (6)) [9], consequently increasing the
degradation rate.

O3 + Hy,O, + hv — 2HO® + 30, 6)

Persulfate S,052~ as a practicable material for water treatment would be combined
with Os. It is assumed that O3 decomposes with the formation of HO®, which can then
activate persulfate to generate SO4°*~ (Equation (7)) [10]. In turn, SO4°*~ can increase the
formation of HO®, which leads to a multiradical system (Equations (8) and (9))

HO® + $,05~ — SO}~ + HSO; +1/20, 7)
SO}~ + H,O — SO?™ +HO® + H* (8)
SO}~ +OH ™ — SO2™ +HO® ©)
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A popular ozonation process is an ozonation/biological treatment technology. This
process can be divided into two types: (1) ozonation is used as pre-treatment, such as
an O3-biological activated carbon process, ozonation/batch aerobic biological system, and
ozonation/aerated biological filter; (2) ozonation is used as post-treatment, such as mem-
brane bioreactor/ozonation, activated-sludge biological treatment/ozonation, and sequenc-
ing batch biofilm reactor/ozonation. Since the intermediate products formed by ozonation
and O3-based processes are generally more biodegradable than their precursors, these in-
termediates can be much more easily removed by biological treatment processes. There-
fore, if the water containing many inhibiting compounds is toxic to the biological cultures,
in such cases, a biological treatment followed by pre-treatment ozonation is suitable for
the application. On the other hand, if there are many biodegradable compounds, the pre-
oxidation step obviously will only lead to the unnecessary consumption of chemicals. In
this case, a biological pre-treatment followed by ozonation (removing non-biodegradable
and toxic components with less oxidant consumption) may be more suitable [11].

In the ozonation process, the addition of some catalysts can promote the decompo-
sition of the oxidant (Os) to generate active free radicals, such as HO®. Compared with
other O3-based treatment methods, catalytic ozonation can reduce operational costs since
it does not need additional energy costs such as for UV or for pH adjustment due to its ef-
fectiveness in a wide range of pH values. Moreover, the catalytic ozonation systems have
shown exemplary performance in water treatment, with several advantages compared to
ozonation alone. Several pieces of evidence based on published articles show that the cat-
alytic ozonation process achieved higher mineralization of various organic compounds
than the sole ozonation system [12]. All of these reasons make catalytic ozonation an in-
teresting water treatment process and one of the main AOPs processes that received sig-
nificant attention from scientists. Figure 1 shows the gradual increase in scientific publica-
tion since 2000 based on approximately 600 published articles found in the Web of Science
collection database.
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Figure 1. Published articles related to catalytic ozonation since 2000.

During these years, several catalysts have been proven to be effective in the enhance-
ment of ozonation efficiency. Generally, the catalytic ozonation process can be divided
into two types:

(1) Homogeneous catalytic ozonation, in which transition metal ions used as catalysts
influence the rate of reaction, the selectivity of O3 oxidation, and the efficiency of
O3 utilization. Two major mechanisms of homogeneous catalytic ozonation can be
found: the O3 decomposition by metal ions which generates free radicals; and the
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complex formation between the metal ions and organic molecule following oxidation
of the complex.

(2) Heterogeneous catalytic ozonation, which is based on the activation of O3 to improve
the ozonation of pollutants in the presence of a solid catalyst. Obviously, the key
point in this process is to find the most appropriate catalyst, which is a solid material
that in combination with O3 shows a greater removal of a pollutant at a given pH
value, compared to the separate processes of adsorption or ozonation alone. Among
the most widely used catalysts in heterogeneous catalytic ozonation are metal/
bimetal/polymetal oxides, metal/metal oxides on supports, carbon-based materials,
and the emerging category of multifunctional porous materials as metal-organic frame-
works. The role of the catalyst in this process is to provide reaction sites for adsorption
and catalysis. So, based on the interaction of catalysts with O3 and micropollutants,
three general major mechanisms can be found. (a) Adsorption of O3 on the catalyst
surface following O3 decomposition to generate free radicals; (b) adsorption of mi-
cropollutants on the catalyst surface, then attacking by O3 molecule; (c) adsorption
of both O3 and micropollutants on the catalyst and their reaction together.

Many factors may have an impact on the performance of the catalysts. The PZC value
of the material, the acid/basic sites of the surface, the oxidative potential of the metals
contained in the solid structure, the cation exchange capacity, the oxygen vacancies, etc.,
are examples of these factors [13-15]. An important research aspect is the specific role
played by the point of zero charge (PZC) in the overall efficiency of the catalytic ozonation
process. Several researchers measured the PZC value of their synthesized catalyst and
explained their surface characteristics based on this factor [16-21]. On the other hand,
there are studies that examined the role of oxygen vacancies in catalytic ozonation [14,22],
and the effect of the lewis acid/basic sites of the surface [23-27]. Although there are some
studies that prove that these two factors can also influence O3 decomposition, there are a
variety of papers in which authors do not report, nor discuss, the impact of these factors.

In the terms of process efficiency of catalytic ozonation, operational parameters and
reaction mechanism in the process have a big impact. According to operational parame-
ters, initial solution pH, O3 dose, initial pollutant concentration, pressure, catalyst dosage,
and temperature have major effects on efficiency. Our attention has been placed on the
governing mechanisms of the process based on the chemical properties of catalysts, phys-
ical properties of catalysts, natural properties of target pollutants (pKa), and pH of the
solution as described in this article.

2. A Bibliometric Analysis Using VOSviewer

The scientific articles about catalytic ozonation published between 2000 and 2021 were
scanned in the Web of Science (WOS) collection database. The words “Catalytic Ozonation”
were used as the keywords to achieve the relevant publications. VOS viewer was applied
to perform the bibliometric analysis of these articles. In this respect, 600 publications on
the topic of catalytic ozonation were identified in the WOS core database.

Bibliometric analysis of the keywords in publications was studied. In this respect, all
provided keywords in the articles related to catalytic ozonation that occurred more than
20 times in the WOS core database were enrolled in the final analysis. Based on the cat-
alytic ozonation articles in the English language, of the 1441 keywords accrued, 26 of these
keywords had appeared 20 times more frequently than the others. The keyword “catalytic
ozonation” was the most frequently occurring one, with an occurrence of 197 and total
link strength of 177. Following the previously mentioned keyword, “ozone”, “degrada-
tion”, and “oxidation” occurred 169, 154, and 129 times, respectively. Figure 2 illustrated
the bibliometric analysis and VOSviewer visualization of the keywords in articles related
to catalytic ozonation.
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Figure 2. Co-occurrence of the keywords in articles related to catalytic ozonation visualized by
VOSviewer software.

Based on the WOS collection database results in the case of ‘catalytic ozonation’, a bib-
liometric analysis of the co-authorship between countries was studied. All countries that
published more than five articles in the WOS core database related to catalytic ozonation
were enrolled in the final analysis.

In this respect, the top ten most active countries in the field of catalytic ozonation
based on the number of citations, publications, and total link strength, are listed in Table 1.
Of the 47 countries that worked on catalytic ozonation topics, 14 countries had more than
5 published articles. Based on the information gathered, the country most active in the
field of catalytic ozonation is “China”, with 185 publications, 422 citations, and a total link
strength of 20. Following that, Iran and Canada take second and third places, respectively.

All these bibliometric analyses show the importance of catalytic ozonation among
scientists all around the world. In the absence of a comprehensive and precise survey
about the developments in catalytic ozonation processes, it would not be easy to propose
novel investigations to optimize water treatment performance in terms of mineralization,
industrial application, and economic capability. In light of these considerations, this study
aims to recognize the popular and leading articles in catalytic ozonation, summarizing
new visions on the evaluation of both heterogeneous and homogenous processes for the
degradation and mineralization of various toxic organic pollutants in water.
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Table 1. The top 10 active countries in the field of catalytic ozonation.

Rank Country qul:zer of Number of Total Link
Citations Documents Strength
1 China 422 185 20
2 Iran 82 37 4
3 Canada 38 14 5
4 USA 41 13 8
5 Pakistan 28 12 8
6 Brazil 22 8 1
7 Turkey 25 8 1
8 France 23 8 0
9 Australia 10 7 5
10 Greece 14 7 1

3. Homogeneous Catalytic Ozonation

Transition metals such as Fe(Il), Fe(Ill), Mn(II), Ni(II), Co(Il), Pb(II), and Zn(II) used
as homogenous catalysts in the aqueous solution are commonly involved in two mechanis-
tic steps of the ozonation processes: initiation of the O3 decomposition reaction followed
by the generation of the hydroxyl radicals, and oxidation reaction between catalyst and
organic pollutants. Some homogeneous catalytic systems selected among the most influ-
encing articles reported in the current literature are listed in Table 2. Details regarding
the kind of used catalysts, target pollutants, operating conditions, and removal results are

included in this table.

Table 2. Literature reports on different homogenous catalysts in the ozonation process.

Target Pollutants Catalysts Operating Conditions Removal Results Ref.
Aniline Fe(Il) ) mn%l g‘;ﬁ?; gfhgég; %at;gysctioiz i 132 TOC removal 28]
4-chlorophenol Fe(IT) . mn%l /‘31‘1’;?; gii:gég;; %a;ak_)lysé‘iojg i 144 TOC removal 28]
Oxz‘gx‘dd Fe(IIl) Os dose: S;ngf% ggtaéystt ‘;‘]’fe: 1 mg/L; 7% OA removal [29]
1’3'6'“aphtha(1§¥*st;isulf°“ic acid Fe(II) > c(li:ssei: 11.554 xX 11(?:44;11;)11//:11;“:33;;;:1%121? * 79% NTS degradation [30]
T: 25 °C; t: 30 min
Lipid Fe(Il) Os d";‘“’}}?’é@gg; LT;:CZ?SICY;SL C;‘(’)Sg;mg/ L 96.7% lipid degradation 131]
Chlorobenzenes Fe(II) Os 6d isi:olg—? 1%1 S%T}?IS ’ 7C/ e:azl(})lsr;;ir?se: 55% COD removal [32]
Chlorobenzenes Fe(III) 0Os ()d isi:olf ng1 S;I{T}?Ig, 7C, i?e;lgséj;)se: 12% COD removal [32]
Aniline aerofloat (AAF) Fe(ll) Oﬁg‘:rfg/ffl’f}lrf‘g/ ?12.5 E&?ﬁt?gﬁn‘ﬁse: 80% COD removal [33]
AAF Fe(ITD) 031 g‘;j;}i‘f};‘g ‘;‘:1‘2"5 ';?C;Cff?zfifiﬁse: 76% COD removal 133]
C.IL Reactive Red 2 (RR2) Fe(IIl) O; gzs; &?(;ELéfn;fhgf\:agyiiose 1.278 of de(clxﬁiirri\z)ation rates 34]
RRD Fe(ll) O3 g%s; D%[?(;rﬁLéfnTlr&g’éi:azyzliose 1.299 of de(cl(;g)lir;z)ation rates (34]
p-Chlorobenzoic acid (p-CBA) Fe(Il) Os d"sep;f[:“;l_g/Tszgitg}ytftlg‘;fﬁ;\1 mg/L; 92.5% p-CBA degradation 35]
RR2 Zn(IT) O3 dose: 200 mL/min; Catalyst dose: 1.015 of decolorization rates 34]

0.6 mM; pH: 2; T:NR; t: 6 min

(1/min)
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Table 2. Cont.

Target Pollutants Catalysts Operating Conditions Removal Results Ref.
p-CBA Co(1l) O d°sep;ézn7‘§/TLf2§igytftlgOIfE;I1 mg/L 95.5% p-CBA degradation (35]
RR2 Co(IT) O3 g%s; I\%[(?(;;Létn;;\,] g;a::aléyrs;i(;llose: 0.843 of de(cl(;lgirri'lz)ation rates 34]
OA Co(Il) Os dose: ;%mféLTcsﬁl{Stggﬁ’fnos mg/L; 70% OA removal [36]
OA Co(ID) Os 4d;;e/:L? pXHl: 027; 1;1021{,} Cc;att:a;{f;‘?r‘l’se 99.3% TOC removal 137]
Formic acid Co(II) Os 4dr(r)1fge[:L;5 pXHl();;’I?OzI/SLg 8 att:a:llj)és;cilr(:se: 60.2% TOC removal [37]
Carboxylic acids Cu(II) Os dose: ;Iilﬂgaﬁ,rgl?t;ll}\}sl;,(i(;\sﬁ? 20 pg/L; 75% TOC reduction [38]
AAF Cu(iry Of‘lg‘r’sg/fgf}lrf‘g/ T o e dose 75% COD removal [33]
Nty sermons Oy By LSt 7y ore o o
RRD Ni(IT) 03 g%s; hZ/I(?(;ELéfnTlf;\rIg’a:aL}’iiose 0.822 of deici(;ﬁirjsation rates (34]
RR2 Mn(IT) O; g%s; ﬁ?(;ELé?l;lklgf\:aléyiiose 3.295 of de(cljiﬁirri\z)ation rates 34]
Pyruvic acid Mn(IV) O d°S‘;§;53§/;f;2%itél;ytft6%°x;2°o e [40]
A(t;}zzi?e Mn(II) O3 dose: ZSI%IH;fgé_L,Z(‘fa:)t(a:%};stAld;iel 0.3 mg/L; 96% ATZ removal [41]
ATZ Mn(II) Os dose: iﬁf ;“gT/LZSCaCtalg’S; dose: 1 mgfL; 70% ATZ removal [42]
ATZ Mn(1v) Os dose: s P ey dose: Lme/l 37% ATZ removal [42]

O3 dose: 5.6 mg/L; Catalyst dose: 0.2 mg/L
2,4-dinitrotoluene (DNT) Mn(1I) Mn? and 4 mg/L OA; pH: 5.5; T: 25 °C; 65% DNT removal [43]

t: 15 min

2,4-dichlorophenol Mn(II) Os dose: 8.4 mg/L; Catalyst dose: 0.5 mg/L; 80% TOC removal [44]

pH: 5.5; T: 25 °C; t: 30 min

O; dose: 1.04 x 10~* mol/dm~3; Catalyst

NTS Mn(1I) dose: 1.25 x 104 mol/dm3; pH: 2; 72% NTS degradation rate [30]
T: 25 °C; t: 30 min
O3 dose: 5 x 1072 mol/L; Catalyst dose: o
OA Mn(II) 4mg/L; pH: 25; T: 25 °C; t: 30 min 82% TOC removal [37]
. . O; dose: 5 x 1073 mol/L; Catalyst dose: o
Formic acid Mn(II) 4mg/L; pH: 25; T: 25 °C; t: 35 min 61% TOC removal [37]
O3 dose: 1.5 g O3/TOC; Catalyst dose:
Chlorobenzenes Mn(I) Puvhye: m01§L; ;/H: 7 T:NR; 2’ 20 i 66% COD removal [32]
. O3 dose: 0.6 g/L; Catalyst dose: 3 mg/L; . .
Lipid Mn(II) 3 pH: 6.7g5; T. 25 Ocy; t 60 min 8 93% lipid degradation [31]
Simazine Mn(Il) O3 dose: 9.5 mg/L; Catalyst dose: 02mg/L;  gq0; imazine conversion [45]

pH:7; T: 25 °C; t: 30 min

NR-value not reported, TOC total organic carbon, COD chemical oxygen demand.

Different kinds of transitional metals are used as homogeneous catalysts however,
Fe(Il) and Mn(Il) have been reported to be the most efficient catalysts for water purifi-
cation purposes. This trend in the research has underlying scientific logic. By focusing
on the general features of these transition metals’ chemistry, their wide range of oxida-
tion states, and complex ion formation, this popularity for using them as a catalyst makes
sense. Mn with an atomic number of 25 has the highest number of unpaired electrons in
the d-subshell, and it shows variable oxidation states in its compounds such as (II) in Mn?*,
(IIT) in Mn,, O3, (IV) in MnO», (VI) in MnO42~, and (VII) in MnO*~. Fe has two standard
oxidation states, Fe?* and Fe®*, and a less common (VI) oxidation state in FeO,?~. Existing
unpaired electrons and vacant orbitals in these transition metal structures enable them to
accept electrons from other ions of molecules to form complex compounds. So this ability
causes the adsorption of other substances onto their surface and activates them in the pro-
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cess, which is the objective function of a catalyst. The application of these two important
transitional metals is explained in the following publications as examples.

Ramos et al. [31] evaluated the efficiency of the Fe(Il) catalyst in the ozonation pro-
cess for lipid degradation. Milk was chosen as the lipid source. It is observed that under
neutral conditions, low catalyst dosages are enough to cause the almost complete degra-
dation of lipids (96.7%). Fu et al. [33] investigated the homogeneous catalytic ozonation
of AAF collector by coexisting transition metallic ions (Fe(Il), Fe(Il), Cu(II), Pb(II), and
Zn(Il)) in flotation wastewaters. Based on this research, the following order of the degra-
dation rate was achieved: O3/Fe(Il) > O3/Fe(Ill) > O3/Cu(Il) > O3/Pb(Il) > O3/Zn(ll) ~ O3-
alone. The best catalytic activity gained by Fe(Il) had a 31.15% growth of degradation
rate and achieved an increase of 42.26% for the AAF mineralization compared to Oz-alone.
Xiao et al. [44] studied the mineralization of DCP in the ozonation process with Mn(II) as
a catalyst. This study suggested that in the optimal condition of 0.5 (mg/L) catalyst dose
and pH: 5.5, Mn(Il) catalytic ozonation had a strong ability to degrade DCP and had 80%
TOC removal in water solution.

In terms of the popularity of using this process, it is worth noting that most of the
studies related to homogenous catalytic ozonation belong to the first decade of the 20th
century. As can be observed in the table, the most significant disadvantage is that this
catalytic process is mainly carried out in acidic pH values and not near the natural pH.
At the same time, micropollutants, mostly emergent organic pollutants, usually exist in
wastewater at the pH range of 6-8. Noting that although homogeneous catalytic ozonation
processes can effectively improve the removal of organic contaminants in water in some
cases, the addition of metal ions might result in secondary pollution, which causes limiting
of their application.

However, in previous years, some scientists showed interest in using transitional met-
als for the catalytic ozonation process, working at the natural pH and real wastewater. Fur-
thermore, some scientists solved the drawback of introducing these harmful metal ions in
the aqueous environment by presenting the idea that some of these transition metallic ions
usually coexisted in real wastewater. Several studies confirmed that Fe?*, Cu?*, Zn?*, Pb?*,
and Co?*, usually coexist with flotation reagents in the flotation pulp because of the disso-
lution of minerals or in the bastnaesite flotation pulp, some transition metal ions such as
Fe?*, Cu?*, Zn?*, and Pb?* were determined [46,47]. Finally, Fu and colleagues [33] showed
that these coexisting transition metallic ions can be used as in situ catalysts. So, it can be
deduced that this process can have pleasing prospects by considering some improvements
in the future.

4. Heterogeneous Catalytic Ozonation

Catalysts in solid form with high stability and efficiency were widely studied in cat-
alytic ozonation systems. In this section, the activity and efficiency of heterogeneous cata-
lysts in the ozonation process have been evaluated by focusing our attention on essential
parameters such as:

o  Chemical properties of catalysts: crystallographic and morphological, chemical stability.

e  Physical properties of catalysts: point of zero charge (PZC), mechanical strength, sur-
face area, pore volume, and porosity.

e  Natural properties of target pollutants (pKa) and pH of the solution.

In each category of catalysts, these parameters are different to achieve the optimum
efficiency in the water treatment process. Previous review articles [1,15,48] mentioned that
the mechanism of catalytic ozonation is too complicated due to the contradictory catalytic
mechanisms proposed by different research groups. In this article, by scrutinizing the
governed mechanism of the process based on their conditions, this lack of understanding
would have new interpretations.

Generally, the interaction between catalyst, pollutant, and O3 determines the gov-
erning mechanism of this process. Moreover, each of these active components’ behaviors
depends on other factors and some of these have more influence than others. In the follow-
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ing, possible conditions based on the most influencing factors for each active component
are expressed, and the governing mechanism in each specific condition is discussed.
Considering that the PZC is generally described as the pH value at which the net
charge of the catalyst’s surface is equal to zero.
The positively charged surface catalyst could be found under three different condi-
tions which are proposed in Figure 3.
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Figure 3. Proposed three influencing mechanisms using positively charged catalysts.

pK, < pH < PZC : Catalyst is positively charged, pollutant is negatively charged.

In this condition, the negatively charged micropollutants can be adsorbed on the pos-
itively charged catalyst surface. Thus, the contaminants would be close to the area where
the generation of HO® radicals happens, which means HO® can quickly oxidize them in
the environment. On the other hand, by adsorbing the micropollutants on the catalyst sur-
face, the active area for adsorption of O3 will be limited, which has a negative effect on the
HO?® generation in the environment.

pH < PZC, pH = pK, : Catalyst is positively charged, pollutant is uncharged.

There is no effective interaction between the catalyst and micropollutant in this con-
dition, so the generation of HO® by O3 decomposition is the only effective parameter here.

pH < PZC, pH < pK, : Catalyst and pollutant are positively charged.

In these conditions, the HO® radicals, which are highly useful in the oxidation of mi-
cropollutants, would be generated in a short time with the adsorption of O3 on the cat-
alyst surface. Adsorption of O3 molecules by hydroxyl radical on the surface causes a

77



Catalysts 2023, 13, 324

Q o“& O—,

b, @

H\ H H\ H
0 9 9 v

O
pK, < pH =PZC
—_ S

generation of intermediate species (OH3) and another radical on the catalyst surface. The
produced intermediate (OH3) turns into reactive HO® radicals and O in an in situ reac-
tion. In parallel, the radical species on the catalyst surface would adsorb water molecules
and produce reactive HO® radicals. Due to the non-selectively behavior of HO®, it can
oxidize almost all organic contaminants, which causes the high removal efficiency of mi-
cropollutants. Furthermore, based on the charge of micropollutants (pKj), pulling of mi-
cropollutants or expelling of micropollutants on the catalyst surface might happen, and
each of these conditions can affect removal efficiency. In this condition, the desorption of
micropollutants from the catalyst would happen due to the repulsive electrostatic forces,
which means the contaminants do not occupy the active surface sites, and pore blocking
and associated fouling on the surface would be limited.

There are conditions that the catalyst is uncharged. Uncharged catalysts usually have
hydroxyl radicals on the surface. Although these radicals are uncharged, they can be the
starter part for O3 decomposition. In the O3 decomposition reaction chain, after the ad-
sorption of O3 on the surface, chemical bond stretching and breaking can happen in sev-
eral ways. In one case, after bond breaking, HO® and O, would be generated directly. In
another case, some intermediate species such as OH3 and O; would be produced. The
produced intermediate (OH3) turns into reactive HO® radicals and O, in an in situ reac-
tion. In parallel, O; causes other chain reactions, which finally produce HO®. Figure 4
proposed influencing mechanisms when the catalyst is uncharged.
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Figure 4. Proposed three influencing mechanisms using uncharged catalysts.

pK, < pH, PZC = pH : Catalyst is uncharged, Pollutant is negatively charged.
pH < pK, , PZC = pH : Catalyst is uncharged, Pollutant is positively charged.
PZC = pH = pK, : Catalyst is uncharged, Pollutant is uncharged.

Due to the uncharged catalyst surface, there is no considerable difference between the
three conditions in this subcategory.

Figure 5 summarizes three conditions related to the negatively charged surface of the
catalyst. This situation seems to be the most favored for the adsorption and subsequent
decomposition of Os.
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Figure 5. Proposed three influencing mechanisms using negatively charged catalysts.

In fact, the adsorption of O3 on a surface would generate intermediate species such
as O; and OH3, considered as precursors of the high oxidant species HO®.

PZC < pH < pK, : Catalyst is negatively charged, pollutant is positively charged.

Although in this condition, adsorption of Oj is favored, adsorption of the pollutant
on the catalyst surface can occur too. Thus, the pore blocking and associated fouling on the
surface and reducing the active surface sites might have a negative effect on the HO® gener-
ation in the environment. On the other side, closing to the area of HO® radicals generation
might cause quickly oxidize of micropollutants.

PZC < pH, pH = pK, : Catalyst is negatively charged, pollutant is uncharged.

There is no effective interaction between the catalyst and micropollutants in this con-
dition, so the generation of HO® by O3 decomposition is the only effective parameter here.

PZC < pH, pK, < pH: Catalyst and pollutant negatively charged.

In this condition, the negatively charged micropollutants would be repulsed from the
negatively charged catalyst surface due to the electrostatic forces. Thus, the micropollu-
tants do not occupy the active surface sites.

The values of pKa for different pollutants reported in Table 3 have been examined in
order to compare and better evaluate the fundamental mechanisms proposed in
this section.
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Table 3. Values of pKa for different pollutants.

Target Pollutants pKa Ref. Target Pollutants pKa Ref.
Isoniazid 1.82 [49] Ciprofloxacin (CPF) 6.38 [50]
Oxalic acid (OA) pKal =1.14; pKa2 = 3.64 [51] 4-nitrophenol 7.15 [52]
Phenacetin 2.2 [53] Fluoxetine 8.7 [50]
Amoxicillin 24 [50] Atenolol 9.16 [50]
Humic acids 25 [54] Acetaminophen 9.38 [55]
Sulfamethazine 2.65 [50] 4-Chloro phenol 941 [52]
Salicylic acid 35 [50] Paracetamol (PCT) 9.39-9.5 [50,56]
Methylene blue 3.8 [57] 4-Chloro-2-methyl 9.71 [52]
Reactive black-5 3.8 [58] Phenol (PH) 9.98 [59]
Furosemide 3.9 [50] m-cresol 10.1 [60]
Diclofenac 4.15 [50] Bisphenol-A (BPA) 10.29 [61]
Naproxen 4.2 [50] 2,4-dimethylphenol 10.4 [52]
Ibuprofen 451 [50] Orange (II) 11.4 [62]
Acetic acid 4.76 [63] RR189 11.7 [64]
(SMX) 5.6-5.8 [65,66] Carbamazepine 13.9 [50]
Naphthenic acid 5-6 [67]

The PZC values for selected catalysts referring to the reviewed articles are shown in
Table 4. Based on the type of catalysts, the pathway of the catalytic ozonation can also
be varied. Although some catalysts exhibit PZC values in narrow ranges due to various
impurity contents, synthesis routes, or thermal histories, this difference appears to be of
little relevance to their catalytic properties.

Table 4. Range of PZC for selected catalysts.

Catalysts PZC Ref. Catalysts PZC Ref.
SiO, 2.6 [68,69] CoFep0y 7.31 [70]
MnO, 3-5 [1,71] Fe304 nanoparticles 74 [72]
MWCNTs 4.2 [68] CeOy 8.1 [73]
x-Al,O3 4.2 [74] v-AlL,O3 8.3-8.9 [75,76]
AC 4.9 [68] NiO 8.45 [77]
NiCoy04 5 [78] ZnO 9 [1]
FeOOH 5.9 [79] o-Al, O3 9.4 [75]
Ce304 5-8 [69,80] MgFe;O4 9.8 [81]
CuFe;O4 67 [53] CuO 10 [82]
TiO, 6.2-6.6 [1] MgO 12-13 [83]
Fe;O3 69 [84]

The main catalyst types applied in heterogeneous catalytic ozonation are metal/
bimetal/polymetal oxides, metals or metal oxides on supports, and carbon-based mate-
rials. In each of these categories, the most popular catalysts and published works in recent
years are summarized in this review.

4.1. Metal/Bimetal/Polymetal Oxides

Several metal oxides have been introduced to promote the heterogeneous catalytic
ozonation processes. Some of these metal oxides are more popular than others in the cat-
alytic ozonation process, such as Al,O3, MgO, CeO,, MnO;,, NiO, ZnO, etc. Furthermore,
some bimetal/polymetal oxides were widely applied due to their high stability as well as
high catalytic activity, such as CuFe;O4, Mn-Ce-O, ZnAl;Oy, etc. Table 5 compiles the liter-
ature results employing metal/bimetal/polymetal oxides for the degradation of pollutants
in the catalytic ozonation process. As can be seen, operating conditions (pH, O3 dosage,
catalyst dose, etc.), the kind of used catalysts, target pollutants, and removal results are
reported. The articles for summarizing in this part were chosen according to their high
citations, and newness.

80



Catalysts 2023, 13, 324

Table 5. Literature reports on different metal/bimetal/polymetal oxides as catalysts in the ozonation

process (see Figures 3-5, respectively).

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH<PZC pH > pK,, pH =~ pK,, pH < pK,
v-ALO3 Ibuprofen . . .
PZC =89 pKa =451 035d§s;£'§ rzr‘gT/ e Cc,e‘tfa;%s:n‘iir‘l’se' 83% ibuprofen removal 2015 76]
+ _ ; pH: 7.2, T: t:
COFezO4
- OA O3 dose: 14 + 1 mg/L; Catalyst dose: o
pzc=73l pKal =1.14; pKa2 = 3.64 1g/L; pH: 2.3; T:NR; t: 120 min 68.3% TOC removal 2017 (701
Y-Ale3 . CI .
PZC=89 Cumene O%"‘g"?;;g IZ“gT/ o g*‘;%sﬁﬁs‘*' 58% cumene removal 2015 [76]
MgO Methylene blue . . .
PZC-12-13 pKa=38 Os dos;g, I;gT/FN(I:;t:IZ(S)trg?se' NR; 50% COD removal 2016 [85]
N _ :9; T:NR; t
I}/Z_éli(gz 1.2-dichlorobenzen O3 dose: 0.5 mg/min; Catalyst dose: 45% 1,2 dichlorobenzene 2015 76]
o ~Scichiorobenzene 5g; pH: 7.2; T: 20°C; t: 30 min removal
v-AL O3 Acetic acid . L .
PZC=89 pKa=476 035d;55£'? ;“gT/ ot gatfaéﬁsfn‘?r‘l’se' 19% acetic acid removal 2015 [76]
+ _ ; pH: 7.2; T: t:
Ce-O O3 dose: 50 g/Nm?; Catalyst dose:
PZC=8.5 CI Reactive Blue 5 (RB5) 550 mé_ P}% 5.6; T’ 25 °Cy' t3h ’ 85% TOC removal 2009 [86]
‘Y—A1203 3 .
- Petroleum refinery O3 dose: 5 mg/min; Catalyst dose: o,
PZC; 8.3 wastewater 0.5 g; pH: 8.15; T: 30 °C; t: 40 min 45.9% COD removal 2017 (87]
MgO Acetaminophen . . .
PZC =12-13 pKa=9.38 %3g‘}ﬁ?;§95'2%'§§ﬂ3’155 fn"i;e' 100% ACT degradation 2017 [16]
+ + ; PH: 5.4; T: NR; t:
MgO RR198 i ] i )
PZC =12-13 pKa=11.7 Os dos;ﬁq% 54@'2%?_1{?2‘12?: 58/l 100% RR198 removal 2009 [88]
+ + B s
MgO 4-Chloro phenol . . .
PZC=12-13 pKa=9.41 Os ?%Sg/fi)ggéf;l{; ?\Iaéélt).lslélciose‘ 99.5% removal efficiency 2015 [17]
N . 0g/L; pH: 6.2; T: NR; t:
3-FeOOH 4- Chloro phenol . . .
PZC=59 pKa=9.41 031dg(;sL§. })2121234 ;“%/ %\'Hgatt,a%s;nfgse‘ 99% removal efficiency 2015 89]
+ + ; pH: 3.5, T: NR; t:
’Y—A1203 PCT . 0,
_ _ O3 dose: 3 mg/min; Catalyst dose: 98% PCT removal
PZC —+8‘3—8.9 pKa= 33979.5 5 /L phL. 7, TANR £: 9 min 2018 [90]
MgO PH
=« - O3 dose: 0.25 g/h; Catalyst dose: 4 g/L; 96% PH removal,
Pz 112‘13 pKa; 998 pH: 7; T: 25 °C; t: 80 min 70% COD removal 2010 (1]
v-AlL,O3 Fluoxetine . . .
PZC-83-89 pKa=-87 C{}j‘f?‘;ﬁp;“j%/ Eé Cétilyls; rdnoi;e' 86% Fluoxtenine removal 2019 [92]
+ + 7 Ly L s L
MgFe;O4 Acid Orange IT . . .
PZC=98 pKa =114 s g:n i‘l’/sf :}‘f_‘i/ E_gcgt%lyzsé fg?’i;NR 90% degradation efficiency 2016 [81]
A . ; pH: 4.6-9.6; T: it
NiO Carbamazepine
_ _ O3 dose: 5.5 g/m3; Catalyst dose: o
ch+ 8.45 pKa+ 13.9 500 /s pH: 3.4 T: 25 2 t 5 min 79.2% TOC removal 2020 [93]
CeO, SMX . . i
PZC=8.1 pKa=5.6-5.8 Oﬁ%‘éi‘igﬁ%ﬂ%_ 'T(_jf\;?g?’f_‘gd}‘l’se' 61% TOC removal 2013 [94]
+ + ; pH: 4.8, T: NR; t:
v-ALO3 2,4 dimethylphenol . 3. :
PZC=83 pKa =10.4 ;)g /ff’;;,igéﬂrf‘zéEéfagyggg‘rﬁ; 57% TOC removal 2015 [95]
+ + ; pH: 4.5; T: t:
v-ALO; . - .
PZC =8.3-8.9 Landfill leachate Oé(;i;/sfj ;;T‘;géﬂf‘lf\]%flggtgi‘:e' 70% COD removal 2018 [96]
ALO; i . i
PZC=72-92 Textile wastewater Os d‘;%% g;igﬂ?le,LN%tslyst{dose' 25.83% COD removal 2015 [97]
+ ; pr 4 T NK; t
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Table 5. Cont.

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH =~ PZC pH> pK,, pH = pK,, pH < pK,

T)zci% Katass | Gpossdsmelmimcaados 10, 10C rmoval 2021 7s)
e TR Qeelnglouadne g9 g o
pH>PZC pH>pK,, pH =~ pK,, pH < pK,

Iixz-é:l: 232 H;Iin;}e;iSds 030202711;0];(;65 5112_)3,/_}[" gsagacl?]zt 1d ﬁse: 100% Humic acid removal 2020 [74]
PZE’S_??ESB PK‘S ;238 O dogg;;ix; }g)ﬁr;usr,\,théallnyli dose: 93% removal efficiency 2019 [99]
%ZCF?% Quinoline Os d};’}s{‘fil}f;;“ﬁ/ ;“5 Cétilyféggf; 18 92% COD removal 2022 [100]
%ez%gl\{g% ﬁﬁé?;gnz? O3ldg°/sLe; Plé“l‘%/ ‘;‘f%lgatf%sfn?gse: 88.14% Ammonium removal 2022 [101]
0% VRIS odeamcumasergt iy
o o7 a1 Qo 036 melL Catlystdose: sy, o gegaaaton 2015 e
Pogév??—zs pKan ?0.29 O dose: 4.47 mmol/min; Catalyst 93.5% removal efficiency 2015 [103]

+ 0.1 mg/L; pH: 6.25; T: 20 °C; t: NR

NR—value not reported, TOC —total organic carbon, COD —chemical oxygen demand.

In Table 5, the PZC values of the metal oxide catalysts with the pKa of the pollutants
in different operating conditions are correlated in order to identify the most favorable com-
binations for their removal.

From this comparison, it can be seen that the best removal efficiency trend is provided
for experimental pH values in which the catalyst surface is charged. The electrostatic repul-
sion between pollutant and catalyst allows rapid O3 decomposition, as well as the forma-
tion of radical species that occurs in the proximity of the pollutant adsorbed on the surface
of the catalyst, seem to be the most effective mechanisms.

Al Oj3 is one of the most popular materials in the catalytic ozonation process, among
which several studies performed at pH close to neutral confirm it as a catalyst with excel-
lent removal yields. The PZC value of Al;O3 can be different due to the catalyst’s various
impurities content, synthesis route, or thermal history, but the approximate range of PZC
value is 7.2-9.4 [75,90,97]. Scrutinizing the study of Ziylan-Yavas et al. [90] that had more
than 95% removal of PCT (pKa ~ 9.5 (Table 3)) by using y-Al,O3 (PZC = 8.3-8.9 (Table 4))
as a catalyst verified that the optimal condition was when pH of the solution was lower
than pKa and PZC. In these conditions, both catalyst and pollutant are positively charged.
So, the governing mechanism was the repulsive electrostatic forces resulting in the des-
orption of the micropollutant from the catalyst which does not occupy the active surface
sites, favoring the O3 adsorption and its decomposition. Nemati Sani et al. [99] studied
the catalytic efficiency of Al,Os3 for CPF degradation in the catalytic ozonation process.
Based on their work, the highest removal efficiency was at pH = 9.5. In this condition
PZC < pH, pK, < pH, which means both catalyst and pollutant are negatively charged.
So, as previously mentioned, in this condition there is not any effective adsorption of pol-
lutants on the surface of the catalyst, and the primary mechanism is related to O3 decom-
position. In explaining their work, they clearly mentioned that ozonation is responsible for
88% of the CPF removal efficiency, which is another proof of the accurate understanding
of govern mechanism categories in this review.
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MgO is another efficient metal oxide that had excellent results in micropollutants
degradation. The PZC value of MgO is in the range of 12-13 approximately [83]. With
this PZC in a wide range of solution pH, MgO is positively charged. So oxidation of mi-
cropollutants due to the generation of HO® radicals in the solution is the governing mech-
anism for catalytic ozonation by using this metal oxide. Based on using MgO as a cata-
lyst, several works with considerable target pollutants removal are reported. Mashayekh-
Salehi et al. [16] achieved complete degradation of acetaminophen in only 10 min of reac-
tion time in the catalytic ozonation process. Based on our categorization, this work is in
pH < PZC, pH < pK, condition. So, as previously mentioned, there is no effective ad-
sorption of pollutants on the catalyst’s surface due to the similar charges (positive charges).
The primary mechanism is related to the oxidation of micropollutants due to the genera-
tion of HO® radicals in the solution. It is worth mentioning, the authors confirmed that
the reaction with HO® radical was the leading cause of ACT oxidation using the MgO/O3
process. The same condition (pH < PZC, pH < pK,) was applied by Moussavi et al. [88],
Kong et al. [17], and Mousavi et al. [91]. The exciting results of comparing these works was
that they all achieved more than 95% degradation of their target pollutant, which is almost
the top result for the catalytic ozonation process. This observation may prove that MgO is
one of the best catalysts for the ozonation process, and this condition (pH < PZC, pH < pK,)
may be one of the best catalytic ozonation conditions, especially for the removal of very
weak acid pollutants.

Furthermore, some scientists indicated that the catalytic mechanism and removal effi-
ciency highly depend on the catalyst’s characteristics. In this regard, introducing bimetal/
polymetal oxides and using different synthesis routes with better chemical and physical
properties was another way of improving this field. The proposed catalytic ozonation
mechanisms are also rationalized for these kinds of catalysts. Oputu et al. [89] studied
catalytic ozonation activity using 3-FeOOH as a catalyst and 4-chloro phenol as the target
pollutant. The pH of the solution was 3.5, so based on reported PZC (Table 4) and pKa
(Table 3), both the pollutant and catalyst surface was a positive charge. According to the
governing mechanism, the O3 adsorption then its decomposition are favored, and there is
no adsorption of pollutants on the surface due to the same positive charges. The interest-
ing results based on this work were that in the presence of O3 and catalyst, the removal
efficiency was 99% (almost complete removal); however, in the absence of O3, using only
catalyst, the removal efficiency was 3%. This thought-provoking achievement shows that
O3 decomposition is the main effecting parameter in this condition; furthermore, the effect
of pollutant adsorption on the catalyst surface is negligible.

Other metal oxide catalysts need to be mentioned, such as magnetic Fe3O4 nanopar-
ticles [104] and 5-MnO; [105]. These metal oxides have shown good removal efficiencies
but have not been reported in Table 5 as their pH values are not reported in the articles so
their unclear process conditions do not allow to frame them in the proposed mechanism.

After perusing a lot of published articles from previous years, it is important to high-
light that due to a large number of studies on these materials and the development of
our understanding and knowledge about them, these materials can now be used for real
wastewater plants. By scrutinizing the trend of published articles, changes in applications
from laboratory scale to real wastewater plant can be observed.

4.2. Metal/Metal Oxides on Supports

This kind of catalyst was prepared by loading metal or metal oxides on supporters
with unique surface properties due to increasing the catalytic activity of metal/metal ox-
ides in the ozonation process. By applying this kind of material, both the surface area and
the active sites of the materials would be increased. By the combination of metals/metal
oxides and supporters, the PZC value of the prepared catalyst shifts to more acidic/basic,
resulting in a new PZC value. This PZC change is attributed to the complexation of loaded
metal/metal oxides onto the support surface. So, the kind of loading materials is important
in this case. The following will clarify the governing mechanisms by scrutinizing several

83



Catalysts 2023, 13, 324

related articles in this field. Table 6 systemizes the literature that employed metal/metal
oxides as supports for the degradation of pollutants in the catalytic ozonation process. Op-
erating conditions (pH, O3 dosage, catalyst dose, etc.), the catalysts used, target pollutants,
and removal results are reported.

Table 6. Literature reports on different metals/metal oxides on support as catalysts in the ozonation

process (see Figures 3-5, respectively).

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH<PZC pH>pK,, pH = pK,, pH < pK,
Cey9 Fepo OOH Sulphamethazine
- - O3 dose: 15 mg/L; Catalyst dose: o o -
PZC+— 7.8 pKa: 2.65 02 g/L; pH 7.3, T- NR; £ 15 min 41.2% mineralization efficiency 2016 [106]
LaTi0,15Cu0,35O3 SMX
_ ~ O3 dose: 25 mg/L; Catalyst dose: o
PZC+— 9.8 pKa —;5.6—58 NR; pH: 7; T: 20 °C; &: 2 h 85% TOC removal 2009 [107]
Ce deposited magnetic .
SN Reactive black-5 .
pyrite cinder _ O3 dose 5.6 mg/min; Catalyst dose: o -
PZC =763 pKaﬁ 3.8 25 g/L; pH: 55, T: NR; : 2 h 83.32% TOC removal efficiency 2016 [69]
¥
Ca—C/A1203 . .
oea High-salt organic O3 dose: 12 mg/L; Catalyst dose: o .-
PZC+— 9.53 wastewater 20 g; pH: 8.36, T: NR; t: 40 min 64.4% COD removal efficiency 2022 [108]
Mn-CeOx@vy-Al,O3 CPF O3 dose: 13.969 + 0.434 mg/L;
PZC=9.37 pKa=6.38 Catalyst dose: 80 g/L; pH: 8.5; 100% CPF removal 2022 [109]
+ — T: NR; t: 60 min
Mg-doped ZnO Isoniazid
o - O3 dose: 10-25 mg/L; Catalyst dose: o ..
PZC —+11—11.2 pKa: 1.82 0.1 g/L; pH: 7.2; T: NR; t: 9 min 76.3% removal efficiency 2020 [49]
MnOx/SBA-15 Clofibric acid
” _ O; dose: 1 mg/L; Catalyst dose: o
PZC= 4&27—6.35 pKa: 32 0.2 g/L; pH: 3.85; T: 293 K; t: 15 min 43.8% TOC removal 2015 [20]
Fe-SBA-15 OA
- _ i _ O3 dose: 100 mg/h; Catalyst dose: o ..
PZC+— 4.0 pKal = 1.1111],/5Ka2 =3.64 024 g; pH: 3; T: NR; t: 60 min 86.6% removal efficiency 2016 [21]
Fe-MCM-41 OA .
- _ i _ O3 dose: 21.8 mg/L; Catalyst dose: 94% degradation
PZC-495 pKal = 1.213,/ pKa2=381 0.4 g; pH: 3.6; T: NR; t: 30 min 6% TOC/TOC, reduction 2017 (110]
SnOx-MnOx@Al, O3 PH O3 dose: 6 mg/L.min; Catalyst dose:
PZC=8.7 pKa=9.98 40 g/L; pH: 7; T: 20 £5°C; 93.8% COD removal efficiency 2022 [111]
+ + t: 240 min
pH ~ PZC pH > pK,, pH = pK,, pH < pK,
) -
4 A)[I)\géh:/ ?71%03 KEF:I9 08 O3 dose: 8 mg/min; Catalyst dose: 82.67% 2016 (18]
N P e 0.20 g; pH: 6.5; T:15 °C; t: NR degradation efficiency
MnOx-0.013/KCC-1 OA
= _ 1 _ O3 dose: 20 mg/L; Catalyst dose: o
PZCN— 4.0 pKal = 1.14,_pKa2 =3.64 0.25 g/L; pH: 3.8; T: 25 °C; t: NR 86% TOC removal 2016 [112]
Y-Ti-Alz O3 SMX 3
_ ey O3 dose: 30 mg/Nm”’; Catalyst dose: o
PZCN 7.3 pKa E.6 5.8 15g pH: 7 T:NR; t: 1 h 92% TOC removal 2017 [113]
pH>PZC pH>pK,, pH = pK,, pH < pK,
Cu_o_(l\c/[f\ld/x)- Al O3 Polyvinyl alcohol O3 dose: 5.52 mg/L.min; Catalyst
PZC=79 pKa=5-6.5 dose: 150 mg/L; pH: 10, T:25 °C; 99.3% PVA removal 2020 [19]
- - t: 10 min
Fe-MCM-41 Diclofenac . -
_ _ O3 dose: 100 mg/h; Catalyst dose: 76.3% mineralization
PZC=485 pKa=415 1g/L; pH: 7; T: NR; t: 30 min 70% TOC reduction 2016 (114]
O3 dose: 12.2 mg/L.min; Catalyst
Cu/Al,O3 Herbicide Alachlor dose: 0.27 g/L; pH: 4.4; T: 20 °C; 75% TOC removal 2013 [115]
tNR
O3 dose: 35 mg/L; Catalyst dose:
FeMn-MCM-41 methyl orange 3 02 g; pH: 7%T: 25 °C;yt:NR 78% TOC removal 2021 [116]
O3 dose: 100 mg/h; Catalyst dose:
MnOx/SBA-15 Norfloxacin 0.1 g/L, Catalyst loading 2%; pH: 5; 54% mineralization efficiency 2017 [117]

PZC =5.33-6.06

T: 298 K; t: 60 min
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Table 6. Cont.

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
O3 dose: 135 mg/L; Catalyst dose: 95% quinoline removal
. . 0, 3 . . . °
MnO,/Al, 03 Quinoline 70 g/L, 8 {oTI\I/{Ir}{Oilg(a)ilquf, pH: NR; 65% TOC removal 2021 [118]
Fe silicate-loaded Diclofenac O3 dose: 5 g/L; Catalyst dose: 8 g/L; 73.3% mineralization 2017 [119]
pumice pKa=4.15 pH 5; t: 30 min 21.17% TOC removal
MOF-derived Co304-C . O3 dose: 15 mg/L; Catalyst dose: o
composite Norfloxacin 0.05 g/L; pH: 6.7: T: NK; t: NR 48% TOC removal 2021 [25]
Fe si}:ig?)tgdHoped p-Chloronitro benzene %303 (;i ggn;g{l[“’ l\?ﬁﬁ?ylﬁ; ;jn(;;e: 61.3% TOC removal 2017 [120]
. linear alkylbenzene O3 dose: NR; Catalyst dose: 0.3 g; o
Ni/NHPC sulfonate pH: 10; T: NR; : 30 min 98.1% LAS removal 2021 [121]
O3 dose: 4 mg/L; Catalyst dose:
CuO/SiO, Oxalate 0.5 g, 4.5% metal loading; pH: 7; 95% oxalate removal 2019 [122]
T:NR; t: NR
: PCT O3 dose: 6 mg/L; Catalyst dose: o
Pt-Al,O3 pKa=9.4-9.5 5 mg/L; pH: 7; T NR; t: 5 min 100% PCT removal 2018 [90]
MnO,/CeO; Sulfosalicylic acid O%ﬂ";%ﬁf%?éf’%f&%ifg’gi:;se: 97% TOC removal 2016 [123]
SMX O3 dose: 6 mg/L; Catalyst dose: o,
Fes04/Co304 pKa=56-58 0.1 g/L; pH: 5.1; T: 25 °C; : NR 60% TOC 2019 (124]
SMX O3 dose: 120 mg/h; Catalyst dose: o
Mn-Ce-O pKa=5.6-58 1g/L; pH: 6.9; T: NR; :120 min 69% COD removal 2015 [125]
SMX O3 dose: 4.75 uM; Catalyst dose: 87% SMX removal
CuO/ALOs-EPC pKa=5.6-5.8 0.5 g/L; pH: 6.2; T: 20 °C; t: 15 min 21.2% TOC removal 2019 [126]
a1 SMX O3 dose: 5 mg/min; Catalyst dose:
24 3 g ; Yy 0,
Fe*"-Montmorillonite pKa=5.6-58 1g/L; pH: 2.88; T: NR; t: 20 min 97% COD removal 2015 [127]

NR—value not reported, TOC —total organic carbon, COD —chemical oxygen demand.

Wang et al. [18] studied the enhancement of PH removal in the catalytic ozonation
process by introducing an Mn-doped Al,O3 nanocatalyst. Based on the Mn weight ratios
(2 wt.% Mn/y-Al,O3, 4 wt.% Mn/y-Al,O3, 8 wt.% Mn/y-Al;O3), the PZC values were mea-
sured. The study showed that by increasing the amount of loaded Mn, the PZC values
of the catalyst decreased from 7.31 to 6.75 to 5.54, respectively. Studying the effect of Mn
loaded, they observed that at the natural pH (pH = 6.5), 4 wt.% Mn/y-Al,O3; showed the
best efficiency on PH (pKa ~ 9.98 (Table 3)) removal. It means O3 decomposition is hap-
pening in the environment according to our suggested mechanism. Yan et al. [19] used
v-Al,O3 support but with another modification of the surface. In this study, Cu-O-Mn/y-
Al,O3 was used as a catalyst in the ozonation system for the degradation of polyvinyl
alcohol. Based on their investigation related to PZC measurement, the PZC of y-Al,O3
decreased from 8.4 to 7.9 after loading Cu and Mn. They mentioned that the optimal con-
dition is when the PZC of the catalyst and pH of the solution are the same or the pH is
more than PZC. In these conditions, the governing mechanism is related to the existing hy-
droxyl groups on the surface of the catalyst, the decomposition of O3, and the generation
of reactive oxidation species. In another work, Bing et al. [113] studied the mineralization
of pharmaceuticals over y-Ti-Al,O3 catalyst. The exciting part related to this article was
scanning the surface reaction mechanism. Using in situ Raman spectroscopy, they charac-
terized intermediate species formed on the y-Ti-Al,O3 surface with an aqueous O3 solution.
They observed the appearance of two new peaks at 880 and 930 cm ™! in y-Ti-Al,O3 sus-
pension with O3, which were related to surface peroxide (O;°) and surface atomic oxygen
species (O®), respectively. As mentioned before in the governing mechanism explanation,
these species would generate when the PZC of the catalyst is the same as the pH of the so-
lution. They reported that the PZC value for this synthesized catalyst was 7.3 and the pH
of the solution was 7. This work is an excellent observation for reliability even the details
on intermediate species of our proposed govern mechanism.

One of the prominent supporting materials for catalysts is silica-based materials (such
as SiO,, SBA-15, MCM-41, etc.) due to their large surface area, good flexibility, stability,
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adjustable structure, and biocompatibility. The following examples comprehensively illus-
trate the diversity of using these materials in catalytic ozonation.

Jeirani et al. [110] worked on a modified mesoporous Fe-MCM-41 catalyst to remove
OA as a target pollutant. Their evaluation of the adsorption and ozonation process and
the determination of PZC and pKa was thought-provoking. They specifically describe
the dissociation of OA in water. OA (target pollutant) was ionized to hydrogen-oxalate
anion (C,O4H™), having a negative charge on the surface. On the other hand, the PZC
value for Fe-MCM-41 and Mn, Ce/Fe-MCM-41 were measured (4.95 and 6, respectively);
accordingly, the catalyst’s surface was positively charged (pH < PZC). Then by comparing
the adsorption and ozonation efficiency of the catalyst, they observed that adsorption was
the governing mechanism for this treatment system, which is in line with our previous
explanation of the mechanism.

Yan et al. [21] applied another silica-based material for OA removal. They found Fe-
doped SBA-15 (PZC = 4) as a potential catalyst for the catalytic ozonation process. They
studied the influence of initial pH in the range of 1 to 9 on the removal process. Based
on their results and the known information about the pKa value of OA and PZC value of
Fe-SBA-15, the best pH was 3 with 97.4% OA removal efficiency. This achievement affirms
that the negatively charged micropollutants adsorbed on the positively charged catalyst
surface. Thus, the contaminants were near where the generation of *OH radicals happens,
which means *OH can quickly oxidize them in the environment. This mechanism is similar
to the previous example of OA removal from wastewater.

Shen et al. [49] studied a new Mg-doped ZnO catalyst. By modifying the catalyst
surface, the value of PZC was changed from 8 for ZnO support to 11.2 for the Mg-ZnO cat-
alyst. Furthermore, by increasing the doping amount of Mg, the PZC value was increased.
Interestingly, by changing the pH value from 3 to 9, the efficiency of the catalyst did not
noticeably change because all of those pH values were less than the PZC of the catalyst
(pH < PZC), so the reaction mechanism for all of those conditions were the same. Further-
more, their explanations related to the catalytic mechanism, surface charge, and kind of
active radicals were another validation of our suggested governing mechanism.

For many of these supported catalysts, the lack of studies on the new PZC values
makes it difficult to predict their mechanism of action, although they show high removal
efficiency as reported in Table 6.

4.3. Carbon-Based Materials

Applying carbon-based materials has received significant popularity in the catalytic
ozonation process during past decades. The variety of these materials, their good catalytic
performance, and their environmentally friendly properties make them very attractive for
these studies. Bulky carbons (such as activated carbon (AC)), nano carbons (such as carbon
nanotubes (CNTs) and graphene), and carbon-based nanocomposites are the three most
popular materials in catalytic ozonation. Table 7 compiles the literature results employing
carbon-based materials for the degradation of organics. As can be seen, the systems have
been investigated over a wide range of operating conditions (pH, O3 dosage, the mass ratio
between solid and organic matter load, etc.), the kind of used catalysts, target pollutants,
and removal results. The articles for summarizing this part were chosen according to their
high citations.

86



Catalysts 2023, 13, 324

Table 7. Literature reports on different carbon-based materials as catalysts in the ozonation process

(see Figures 3-5, respectively).

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH<PZC pH > pK,, pH =~ pK,, pH < pK,
Fe/AC Crystal violet dye . . . .
PZC=7.95 pKal=1.15pKa2=1.8 Os dose: 4'44;125/7?}?'}\???51’\5]}3058' 258/L; >96% decolorization 2015 [128]
+ _ 17, T:NR; t:
AC SMX ‘ . . .
PZC-85 pKa=5.6-58 Os dose: 5%%{%2_’5%3}’?5}‘:5& 100 mg; 45% TOC removal 2011 [129]
N N :4.8, T:NR; t:
AC SMX
PZC=85 pKa=56-58 05 dose: 48 g/l Catalyst dose: 2 /L pH: 5 78% TOC removal 2011 [130]
+ + : v
Treated Commercial SMX
MWCNT-HNO3-N2-900 o O3 dose: 50 g/Nm3; Catalyst dose: 100 mg; o
PZC=73 pKa —f.6 5.8 pIH: 4.8, T: NR; t: 3 h 45% TOC removal 2013 [131]
+
Treated Commercial SMIX
MWCNT-O, ey O; dose: 50 g/Nm?; Catalyst dose: 100 mg; o
P7C 52 pKa=5653 ol 4.8 T NR. £ 3 h 41% TOC removal 2013 [131]
+
MWCNT SMX ‘ N . .
PZC=7 pKa=5.6-58 Os dose: 5(;%{1,\{4’2_'Tc_aNt§?’ts_t§ﬁse' 100 mg; 35% TOC removal 2011 [130]
N N :4.8; T:NR; t:
ACo O; dose: 50 g/Nm?; Catalyst dose: 350 mg;
PZC=85 RB5 3 : pl-%' PR g oan & 70% TOC removal 2009 [86]
4 :5.6; T: St
ACy-Ce-O composite . 3. . .
PZC=85 RB5 Os dose: 5}?&_/ N Catalyst dose: 350 mg; 100% TOC removal 2009 (86]
+ :5.6; T: ;b
pH ~ PZC pH>pK,, pH = pK,, pH < pK,
MnOx/sewage OA
sludge-derived AC _ . _ O3 dose: 5 mg/L; Catalyst dose: 100 mg/L, 92.2% removal
PZC=35 pKal = 1'113]’/5Ka2 =3.64 Catalyst loading 30%; pH: 3.5; T: NR; t: 60 min efficiency 2017 (132]
N
Fe-MnOx/AC PH . . . T
PZC=6.1 pKa=9.9 Os dose: 60 g/l Catalyst dose: Tg/LpH: 6 90 759 TOC removal 2022 [133]
N + . T
pH>PZC pH>pK,, pH =~ pK,, pH < pK,
AC Darco 12-20 SMX _ , N,
PZC =64 pKa =5.6-5.8 Os dose: 25 mg/L Catalys dose: NR; pH: 7; 92% TOC removal 2012 [107]
AC/nano-Fe;04 PH .
- _ O3 dose: 33 mg/L.min; Catalyst dose: 2 g/L; 98.5% PH removal
PZC _E'08_7'7 pKa+— 9.9 pH: 8; T: NR; t: 60 min 69.8% COD removal 2014 [134]
. 3. . .
CeO,/MWCNT SMX Os dose: 5%%%’2_’5%%?5??’3' 100 mg; 56% TOC removal 2013 [94]
Fe,03/CeO; loaded AC O3 dose: 48 mg/L; Catalyst dose: 2 g/L; pH: 5; o
(MOPAC) SMX T: 26 °C; t: 20 min 86% TOC removal 2011 [130]
p-Hydroxylbenzoic O3 dose: 20 mg/L; Catalyst dose: 0.1 g/L mg; o
rGO Acid (PHBA) pH: 3.5; T: 25 °C; t: 30 min 100% PHBA removal 2016 [135]
O3 dose: 4.47 mmol/min; Catalyst dose: o
-MnO, /RGO BPA 0.1 mg/L; pH: 6.25; T: 20 °C; t: 60 min 90.5% BPA removal 2015 [103]
p-chlorobenzoic acid O3 dose: 4 mg/L; Catalyst dose: 20 mg/L; pH: 7; o
GO/Fe304 (pCBA) T:NR; t: 5 min 51% TOC removal 2018 [136]
Heteroatom doped SMIX O; dose: 2 g/h; Catalyst dose: 1 g/L; pH: 9; 99% SMX removal 2017 [137]

graphene oxide PGO T:25°C; t: 5 min

NR—value not reported, TOC —total organic carbon, COD —chemical oxygen demand.

Asitis apparent in Table 7, AC or carbon black is one of the most used catalysts for the
ozonation process. High porosity, surface functionalities, its low cost are the reasons for
its extensive utilization. The PZC value of AC can be different due to the catalyst’s various
impurities content, synthesis route, or thermal history, and the method for investigation
of PZC, while the reported range of PZC value for AC is between 4.9-11.9 [68,138]. On the
other hand, commercially available AC can be modified by minerals such as alkali metals
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(Ca, Na, K, Li, Mg) or multivalent metals (Al, Fe, Ti, Si) and metal oxides. The presence of
impurities on the surface of AC would significantly affect the PZC values. In most articles,
the authors reported this value for the AC used in their work.

Shahamat et al. [134] studied a new carbon-based catalyst called AC/nano-Fe;O; to
remove PH. During this study, they calculated the PZC of the catalyst and illustrated that
when the pH of the solution is between PZC and pKa, the negative catalytic charge and pos-
itive charge of the pollutant can attract each other on the surface of the catalyst. O3 decom-
position is the primary reaction mechanism when the catalyst has a negative charge. These
conditions were responsible for achieving the optimal efficiency for PH removal. In an-
other work, Huang et al. [132] synthesized MnOx/sewage sludge-derived AC (MnOx/SAC)
to improve the catalytic efficiency of OA degradation in ozonation. Based on the report,
the best organic contaminant removal was at the pH equal to the PZC of the catalyst
(PZC=3.5), and the governing mechanism was related to existing hydroxyl radicals on the
catalyst’s surface which is the starter part for O3 decomposition. Synthesized Fe-loaded
AC for dibutyl phthalate removal was another work by Huang et al. [139], which had the
same result that an uncharged surface with hydroxyl radicals on the surface was more
active than the charged surface.

CNTs and MWCNTs are used frequently in the catalytic ozonation process as the
mixed mesoporous structured nanocarbons. Acceleration of reaction kinetics, rapid mass
diffusion, large surface area, and facile modification of surface are the main advantages of
this kind of catalyst. Several techniques were used to promote the catalytic activity of this
material, such as substituting carbon atoms with metal-free heteroatoms (e.g., N, S, and F).

Gongalves et al. [131] studied the effect of MWCNTs on the catalytic ozonation of
SMX (pKa ~ 5.6-5.8 (Table 3)). A set of modified MWCNTs with different levels of acid-
ity/basicity was prepared and tested. The PZC value of the original MWCNT was 7; how-
ever, by modification of the original catalyst, the amount of PZC was changed to more
acidic and basic. Based on the results, all those catalysts illustrated excellent efficiency
for SMX removal, but one of the modified MWCNTs, called MWCNT-HNO3;_N,_900 with
PZC 7.3, illustrated better catalytic efficiency than the others. Based on our categorization
and the observation in this work, at pH < PZC, pH < pKa condition, there is no effective ad-
sorption of pollutants on the catalyst’s surface due to the similar charges (positive charges).
So the primary mechanism is related to the oxidation of micropollutants due to the gener-
ation of HO® radicals in the solution.

Graphene oxide (GO) and reduced graphene oxide (rGO) are other prominent cata-
lysts that have been extensively employed to accelerate the degradation of various contam-
inants by Os. Scrutinizing the study of Wang et al. [135] that had complete PHBA removal
(pKa = 4.85) by using rGO (PZC =4.7) as a catalyst verified that the optimal condition was at
the pH of 3.5. As mentioned before, in the condition that pH < PZC, pH < pKa, both catalyst
and pollutant are positively charged, which leads to no adsorption on the system so that the
primary mechanism would be related to the generation of HO® by O3 decomposition.

4.4. Metal-Organic Frameworks (MOFs)

As a rapidly emerging category of porous materials, metal-organic frameworks
(MOFs) are widely used in different research fields due to their unique topology, adjustable
features, large surface area, ultrahigh porosity, and ease of access to numerous functional
groups [27,140-143]. The presence of hydroxyl groups on the surface of MOFs and the
open metal sites of MOFs are two powerful catalytic active sites for the ozonation process.
Their presence plays an important role in the adsorption and decomposition of O3. The
catalytic efficiency of MOF highly depends on the type of metal incorporated in the MOF.
Therefore, there are several studies on designing and synthesizing MOFs to produce an
appropriate catalyst to be used in the catalytic ozonation process [26,121,143-149]. In re-
cent years, several studies have been reported on the applicability of MOFs in the catalytic
ozonation process, including Co/Ni-MOF [150], Ce-doped MIL-88A(Fe) [26], and Fe-based
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MOFs [151], and this emerging category of materials could be one of high-potential mate-
rials by considering some improvements in the future.

5. Conclusions

This review focused on a bibliometric study of catalytic ozonation as one of the pop-
ular AOPs methods, conducted from 2000-2021. Nearly 600 articles published during this
period, identified by the Web of Science (WOS) database and a bibliometric analysis us-
ing VOS viewer software, have been carefully examined and evaluated in terms of future
development and practicability. The most impacting articles have been scrutinized and
discussed in terms of the interpretation of mechanism and a new vision outlined on the
evaluation of both heterogeneously and homogenously catalyzed ozonation processes for
the degradation and mineralization of various toxic organic pollutants in water.

Particular attention has been devoted to describing the activities and efficiency of het-
erogeneous catalysts in the ozonation process related to the chemical properties of catalysts
such as crystallographic and morphological, chemical stability as well as the opportune
combination of their PZC values with pKa of the target pollutant and pH of the solution.

Examining the results related to the catalytic activity of the metal oxide catalysts, it can
be emphasized that the best performance can be obtained when the PZC and pKa values
produce positively charged catalyst surfaces and target pollutants, respectively. Despite
the small number of citing works, the negatively charged pollutant and the catalyst surface
seem a favorable combination for obtaining a good removal efficiency. Atleast for this type
of heterogeneous catalyst, it can be assumed that the repulsion between the pollutants and
catalysts promotes the formation of HO® as the species responsible for the enhancement
of the removal processes of the target pollutant. Carbon-based catalysts do not seem to
follow this trend; for this reason, deeper investigations could be expected for this class of
materials in the future.

Finally, we believe that this study may be of help to authors aiming to improve knowl-
edge in this field.
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Abstract: ZnAlFe;_,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) spinel ferrites were successfully obtained for
the first time via a sol-gel autocombustion technique using citric acid as the combustion/chelating
agent. These materials were then employed as photocatalysts for the degradation of Evans Blue, con-
sidered herein as a model organic pollutant. The XRD and FTIR analysis confirmed the achievement
of pure spinel ferrite structures for all the materials. TEM analysis showed that the average particle
sizes decline from about 27 for the undoped material to 17 nm for samarium-doped materials, and the
magnetic characterization at room temperature indicated the paramagnetic conduct for the studied
samples. All the photocatalysts were active in Evans Blue photodegradation. The best photocatalytic
performances were observed for the ZnAlFe( 94Smy 4O4 formulation and explained by the smallest
values calculated for lattice parameter, interplanar distance, and particle-size values. By adding H,O,
and applying the modelling and optimization of the photocatalytic process for the best material, the
half-life of the pollutant decreased significantly from 115 min to about 7 min (about 16-times), and
the colour-removal efficiency was almost 100%.

Keywords: aluminium-substituted zinc ferrite; samarium-doped spinel ferrite; HyO,/UV-Vis;
wastewater treatment; modelling and optimization of photocatalytic process

1. Introduction

Spinel ferrites (MFe;Os4—where M is a divalent cation) are a special category of
mixed iron oxides of great interest to the research community because of their unique
properties, from magnetic, electrical, electronic, dielectric, mechanical, optical, as well as
(photo)catalytic points of view [1,2]. Their properties are making spinel ferrites strong
candidates for a wide range of applications from microwave and electronic devices [2]
to hyperthermia, contrast agents for MRI applications, and drug delivery systems [3] or
catalytic [4], adsorption [5], and photocatalytic applications for wastewater treatment [6].

The characteristics of spinel ferrites strongly depend on their chemical composition,
phase purity, grain and/or crystallite size, or specific surface area. In order to fine-tune the
spinel ferrite properties for a specific application, several strategies have been implemented
to date: judicious selection of the synthesis method considering the targeted application [1],
variation in the sintering temperature and/or time [7], the substitution of divalent or iron
ions [8,9], doping [10], etc.

Spinel ferrites with zinc as a divalent cation are known as zinc spinel ferrites. ZnFe;O4
is one of the most representative compounds of the spinel ferrite class of materials, along
with CoFe;O4 and NiFe,O4 [11]. Because of its relatively narrow band gap (around
1.9 eV) [12,13], zinc ferrite was often proposed as a highly active photocatalyst for wastew-
ater purification by advanced oxidation of organic pollutants [13]. Thus, in their exhaustive
review, Sonu et al. [13] observed that the number of publications on ZnFe,O4 was con-
stantly growing from 2010 to 2020, and more than half of the studies proposed this material
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as an efficient photocatalyst for oxidative water-purification applications compared to only
24% for inductors, 14% for adsorption processes, and 9% for electronic devices, respectively.
Despite the encouraging photocatalytic behaviour of the pristine zinc ferrite, different
strategies were developed to enhance the performances of these materials, such as [9,14,15]
substitution, composite formation, and doping. In a previous work, we demonstrated
that the substitution of Fe cations with Al cations into Zinc ferrite clearly improved the
photodegradation efficiency of Orange I azo dye [9]. On the other hand, we previously
proved that the properties of Cobalt and Nickel ferrites can be significantly changed by
doping with rare-earth cations [4,16]. Thus, in this work, we propose, for the first time,
to simultaneously study the influence of substituting Fe cations with Al and of doping
the as-obtained ZnAlFeO, with a representative rare-earth element: samarium. Therefore,
in the present work, for the first time, ternary spinel ferrites with the general formula
ZnAlFe;_Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08), as highly efficient photocatalysts for Evans
Blue dye removal from synthetic wastewaters under UV-Vis light, are studied.

2. Results
2.1. Characterization of Photocatalysts
2.1.1. X-Ray Diffraction Analysis

XRD analysis was performed in order to disclose the structural features of the obtained
catalysts. The recorded XRD patterns for the powders are depicted in Figure 1, and the
chemical formulas, sample codes, and calculated data are given in Table 1. Close inspection
of the patterns shown in Figure 1 suggests that each of the observed peaks for each of the
studied materials closely resembles the typical patterns for zinc ferrite samples according
to JCPDS card No. 22-1012 [17,18]. As a result, the exclusive presence of the planes (220),
(311), (222), (400), (422), (511), (440), (620), and (533) in the diffraction patterns reveals that
all of the samples formed a pure cubic spinel structure free of any observable impurities.
This fact demonstrates that the selected preparation technique was successfully achieved
for, on one hand, the insertion of the aluminium cations in the zinc ferrite spinel matrix
and, on the other hand, the incorporation of Sm cations into the spinel structure of the
aluminium-substituted zinc ferrite.

ZFASmO0.08
S _LA__/_M—__
=
S |ZFASm0.06
‘g JLA —— AN
§ ZFASm0.04
ZFASm0.0Zl
ZFA JCPDS: 22-1012
| |'.' (IR N A R I

20 30 40 50 60 70 80
20 (degrees)

Figure 1. XRD patterns of ZnAlFe;_,Sm,O4 (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts compared to
the standard XRD pattern of ZnFe,O4 (JCPDS card No. 22-1012).
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Table 1. Calculated data for ZnAlFe;_,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.

_ 3
Chl;}rlnoitc;clalz?)lr}:xs\tula Code D (nm)* a(d)! dsn (A)? d (nm) 2 (Snkglrg) Viot ® (cc/g) Dypore * (nm)
ZnAlFeQy ZFA 13.00 8.2403 1.8423 26.6 15.076 6.82 x 1072 31.7
ZnAlFeq9gSmg 2Oy ZFASm0.02 11.17 8.2501 1.8446 229 19.625 9.49 x 1072 21.5
ZnAlFeq96Smg 4Oy ZFASmO0.04 10.34 8.2457 1.8434 20.9 26.556 9.49 x 1072 15.3
ZnAlFe 0;5mp 0604 ZFASm0.06 10.26 8.2359 1.8410 173 28.239 9.20 x 102 147
ZnAlFeq 9,Smg 0gO4 ZFASmO0.08 10.04 8.2525 1.8453 194 34.617 9.59 x 1072 11.8

1 Data from XRD; 2 Data from TEM; 3 Data from N, sorption.

Despite the greater ionic radius of samarium cations (0.958 A) compared to Fe3*
(0.645 A), the similarity between the diffraction patterns of Sm-doped materials and those
corresponding to the zinc-aluminium ferrite one suggested that Sm>" may have replaced
Fe?* ions in the host spinel structure [19]. However, as a consequence of the inclusion of
the larger samarium cations in the spinel structure, the diffraction peaks in doped samples
are widened with increasing amounts of lanthanide. These findings are in close agreement
with our previous work on the rare-earth doping of spinel ferrites [4,16,20].

Deeper exploitation of the registered XRD patterns was achieved by determining
the crystallite sizes (D) using the Debye-Scherrer formula, the lattice parameter (a), and
the interplanar distance (d), according to Laue and Bragg’s equations for cubic lattices
using the relations presented in previous works [4,20]. These data are given in Table 1.
One may observe that the crystallite sizes decrease regularly with the samarium content
increasing; doping the ZFA sample with samarium led to a decrease. This fact indicates that
the replacement of Fe3* with larger Sm3* cations obstructs the growth of crystallites. Such
behaviour is often reported on doping spinels with rare-earth cations [4,16,20,21]. Both
lattice parameters and interplanar distances are higher for Sm-containing materials, except
for the ZFASm(0.06 sample, but no direct correlation between rare-earth concentration and
these values can be observed. This fact suggests that increasing samarium concentration
leads to the redistribution of the Zn, Fe, and Al cations between the tetrahedral and
octahedral sites [21,22].

2.1.2. Fourier-Transform Infrared Spectroscopy Analysis

FTIR spectroscopy was employed to identify the metal-oxygen bonds once the ferrite
structure was obtained in order to confirm the XRD findings. Further, this technique was
used to estimate the presence of combustion by-products in the samples. In this respect, the
spectra were registered in a wavenumber range of 400-4000 cm !, as shown in Figure 2.
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Figure 2. FTIR spectra of ZnAlFe;_,SmyOy4 (x = 0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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First, the fingerprint bands for metal oxides are clearly observed in a range of
700-400 cm~!. Thus, the band observed in the 621-626 cm ™! range is usually attributed
to the stretching vibration of the metal-oxygen bond in the tetrahedral positions of the
spinel structure, whereas the band observed at 468-486 cm ! is assigned to the stretching
vibration of the metal-oxygen bond in the octahedral sites of the spinel matrix [23,24]. It is
important to note that all the samples containing samarium cations show a slight increase
in the wavenumber value for both tetrahedral and octahedral vibrations compared to the
ZFA sample. These observations are consistent with previous works on rare-earth-doped
ferrites [25,26] and indicate perturbations occurring in the Fe-O, Zn-O and Al-O bonds,
respectively, as well as cation migration between the two types of sites, due to the replace-
ment of small amounts of iron cations by bulkier samarium cations [27]. It is worth noting
that these observations are in very close agreement with the XRD discussion.

Second, the weak bands in the 2931-1374 cm ! range are due to the presence of very
small amounts of combustion by-products and can be assigned as follows [28,29]: the bands
in the 2931-2862 cm ! range are ascribed to antisymmetric and symmetric -CH,~ group
vibrations resulting from the citric acid combustion, the bands in the 2394-1497 cm~! range
are most probably due to the water and CO, absorbed by the samples from the atmosphere,
and the bands around 1380 cm~! indicate the presence of nitrate ions from the metallic
salts used during synthesis.

2.1.3. Transmission Electron Microscopy

Representative TEM micrographs and grain-size distributions for the materials un-
der study are shown in Figure 3. Table 1 lists the average particle sizes, as measured by
analysing more than 100 grains from at least five different TEM images, for each photocata-
lyst. For the five materials under study, the TEM micrographs demonstrate the nanometric
nature of grains, a narrow grain-size distribution, and a low degree of agglomeration. The
average particle sizes fall from about 27, for the undoped material, to 17 nm with an increase
in samarium content. Nevertheless, it is important to note that the average grain sizes are
not directly correlated with the rare-earth concentration, the ZFASm0.06 presenting the
smallest particles. It should also be noted that the distributions of the particle sizes are
narrowed when Sm ions replace Fe ions, except for the material most loaded in samarium.

2.1.4. Magnetic Properties

The magnetic properties of the studied materials were evaluated at room temperature
by registering the hysteresis cycles (Figure 4).

The shapes of the loops from Figure 4 are in close agreement with previous findings
on zinc ferrite materials studied at room temperature and indicate the paramagnetic
comportment with zero remanent magnetization and zero intrinsic coercivity (see insert in
Figure 4) for all the photocatalysts [30,31]. According to the literature, the paramagnetic
nature of zinc ferrite materials is usually explained by the arrangement of the cations within
the tetrahedral and octahedral sites close to the ideal normal spinel structure [31]. One
may observe that the replacement of half of the iron cations with non-magnetic aluminium
cations and paramagnetic samarium cations does not interfere with the paramagnetic
behaviour of the original zinc ferrite. Nevertheless, a slight decrease in magnetization is
observed with increasing samarium content.
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Figure 3. Representative TEM micrographs (left) and particle-size distributions (right) of
ZnAlFe;_SmyOy (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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Figure 4. Hysteresis loops recorded at room temperature for ZnAlFe;_,Sm, Oy (x =0, 0.02, 0.04, 0.06,
0.08) photocatalysts.
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2.1.5. Textural Properties

The nitrogen adsorption—desorption isotherms and the corresponding pore-size distri-
bution are depicted in Figure 5, and the calculated data are provided in Table 1.
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Figure 5. Nj-sorption isotherms (a) and corresponding pore-size distributions (b) for

ZnAlFe;_SmyO4 (x =0, 0.02, 0.04, 0.06, 0.08) photocatalysts.
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According to IUPAC classification [32], the registered nitrogen adsorption—desorption
isotherms are of type IVa, characterizing mesoporous adsorbent materials. All isotherms
are accompanied by a H1-type hysteresis loop, meaning that the adsorption occurs in
pores larger than 4 nm and the characterized material exhibits a narrow range of uniform
ink-bottle-like mesopores [33]. As can be observed, the condensation in mesopores occurs
at high relative pressures (P/Py = 0.8-1), indicating that the mesopores are large in size.

It should be mentioned that the capillary condensation shifts to lower relative pressures
as the Sm quantity increases. Thus, by applying the BJH (Barret-Joyner—Halenda) theory,
pore-size distributions were found and drawn, allowing for estimation of the mean pore
diameter for each characterized sample. As expected, the ZFA pore diameters decrease as
the Sm quantity increases in doped ferrite samples, from 31.7 nm to 11.8 nm, respectively.
Additionally, an inverse trend for the BET (Brunauer—-Emmett-Teller) specific surface area
was observed starting from 15.076 m? /g for the ZFA sample, increasing up to 34.617 m?/g
for ZFASmO0.08, respectively. This finding could be explained by the larger Sm ion diameter
compared to the other containing elements of ZFA. The Sm doping led to an increase in
ZFA pore volume, but no trend was observed with the increasing Sm dosage.

2.1.6. Optical Properties

By drawing the Tauc plots resulting from the UV-Vis DR spectra, the optical band gap
values were obtained using the Kubelka-Munk function (see Section 3.2. Photocatalyst char-
acterization). As observed from Figure 6a,b the direct band gap energies were found to be
about 2.1-2.2 eV, while the indirect band gap energies of 1.8-1.85 eV. As observed, the band
gap energies for the Sm-doped samples did not change in comparison with the ZFA sample
(undoped), meaning that all samples will be photoactivated at the same wavelength.
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Figure 6. Direct band gap transition (a) and indirect band gap transition (b) in ZnAlFe;_,SmyOy4
(x=0,0.02,0.04, 0.06, 0.08) photocatalysts.
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2.2. Photocatalytic Properties
2.2.1. Photocatalytic Activity under UV-Vis Light

The photocatalytic activity of ZnAlFe;_Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08) materials
was evaluated in photodegradation processes of Evans Blue (EB) dye under UV-Vis light
at room temperature. Evans blue (C34H4NgNasO1454) was selected as the model organic
pollutant, on one hand, due to its wide range of applications from the diagnostic tools in
biomedicine to colouring agent for cotton and silk fibres in the textile industry and, on the
other hand, owing to its high toxicity for lung, liver, intestine, and kidney function [34,35].

Figure 7a—e show the modifications of the UV-Vis spectra of EB in the presence of the
studied photocatalysts at a regular time interval from 0 to 240 min. Several observations can
be seen by close inspection of Figure 7a—e. First, one may observe that, in the 300-800 nm
range, EB registered UV-Vis spectra are characterized by two adsorption peaks: one broad
peak located at 606 nm and another peak around 320 nm, in close agreement with the
literature [36]. Second, with reaction time, both EB peaks became weaker, which shows
that all of the investigated photocatalysts are attacking the pollutant molecule. Third, after
4 h of the photocatalytic process, the colour removal was (almost) complete for some of the
samarium-containing samples, as compared to the ZFA sample. For comparison purposes,
Figure 7f shows the colour-removal efficiency registered after 1 h of the photocatalytic pro-
cess for all samples. One may note all materials doped with samarium ions are significantly
more active as photocatalysts than the undoped zinc aluminium ferrite sample. Among the
materials with Sm, the ZFASmO0.06 is the most active by far. The photocatalytic behaviours
of the samples can be easily correlated with lattice parameters, interplanar distance, and
particle-size values (see Table 1). Furthermore, XRD and FTIR analysis indicated that
the insertion of samarium into the spinel structure led to the redistribution of the cations
between tetrahedral and octahedral sites. The most suitable cation arrangement from a
photocatalytic performance standpoint was, most probably, for x = 0.06.

2.2.2. Kinetics of the Photodegradation Process under UV-Vis Light

Based on the registered UV-Vis spectra, kinetics studies of EB photodegradation under
UV-Vis light were performed. Thus, Figure 8 illustrates the kinetics data related to the
photodegradation of EB dye in aqueous solutions under UV-Vis light, in the absence of a
catalyst (photolysis) and in the presence of catalysts (ZnAlFe;_SmxO4 (x =0, 0.02, 0.04,
0.06, 0.08)). For the experiments with photocatalytic materials, one should mention that
before irradiation, the suspension was magnetically stirred for 30 min to ensure adsorption—
desorption equilibrium. Thus, it is important to observe the adsorption effect of EB onto
the surface of the catalyst for all studied materials. The adsorption capacity of the materials
seems very sensitive to the samarium presence in the samples and strongly influences the
dye-removal performances. Throughout the reaction time, the photocatalytic activity of the
zinc-aluminium ferrite was enhanced by doping with samarium. Nevertheless, the best
photocatalyst was proven to be ZFASm0.06. From Figure 8, it is also important to note that
without a catalyst, the photodegradation of the EB dye is practically negligible.

By means of nonlinear regression techniques, the experimental data were fitted to
the pseudo-first-order (PFO) kinetic model. The goodness of fit was ascertained by the
chi-square test (x?-value). The PFO equation can be expressed as:

C=Coe ™ (1)

where Cj designates the initial EB dye concentration (~10 mg/L), k —pseudo-first-order
reaction rate constant (min~—1!), and ¢ —irradiation time (min). The fitted parameters of the
PFO model are listed in Table 2.
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Figure 7. Spectral response of EB during photodegradation in the presence of samples (a) ZnAlFeOy4 (ZFA),
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tocatalytic reaction, in the presence of ZnAlFe;_,Sm, Oy (x = 0, 0.02, 0.04, 0.06, 0.08) photocatalysts.

105



Catalysts 2023, 13, 266

Adsorption
effect :
_*_Photolysis v _ZFASmO0.04
12 } { _0O ZFA _© ZFASm0.06
_O ZFASm0.02 _v/_ZFASm0.08
104 e
A ¥ S — —
R —d — e — e e %
8t Wi
g i
S BT T
i 8? == o)
© 4+ % ? — ‘g\:?é =P o
o -3
"6\\@ 2
) .
2 JQ\\& 90
0 1 1 1 1 1 ]
0 50 100 150 200 250
t (min)

Figure 8. Kinetics of EB dye concentration decay versus irradiation time recorded during photolysis
and photocatalysis processes under UV-Vis light; ZnAlFe;_,Sm,Oy4 (x = 0, 0.02, 0.04, 0.06, 0.08) were
used as photocatalysts; solid and dashed lines provide predictions according to PFO kinetic model;
experimental conditions: catalyst dosage =0.75 g/L; T=25+1°C.

Table 2. Kinetic parameters for EB dye photodegradation under UV-Vis light in the presence of
catalytic materials ZnAlFe;_,Sm,Oy4 (x =0, 0.02, 0.04, 0.06, 0.08).

Photocatalyst Pseudo-First-Order 2_Test Val
Code Reaction Rate Constant, k (min—1) X-lest Value
na (photolysis) 4.886 x 1074 0.005
ZFA 8.983 x 1074 0.041
ZFASm0.02 2.275 x 1073 0.234
ZFASmMO.04 3.842 x 1073 0.058
ZFASmO.06 6.014 x 1073 0.154
ZFASmO0.08 2.945 x 1073 0.039

Consequently, analysing the pseudo-first-order reaction rate constants reported in
Table 2, one can see that for the experiments with photocatalytic material, the k values
were at least two-times higher as compared to the experiment without catalyst (photolysis).
More importantly, the k values for the samarium-doped photocatalysts were clearly higher
than for the undoped ZFA sample, demonstrating the positive impact of the Sm3* presence
in the spinel structure on the photocatalysts. On the other hand, among the samarium-
doped materials, as previously observed for the colour-removal efficiency after 1 h of
photocatalytic reaction, the most performant catalyst was the ZFASm0.06. This fact indicates
that, for our series of photocatalysts, lattice parameters, interplanar distances, and particle
sizes are playing a key role in the photocatalytic behaviour of the obtained materials, as
compared to the crystallite size.

2.2.3. Effect of Hydrogen Peroxide Addition and Catalyst Dose: Process Optimization

The intensification of the photocatalytic process (under UV-Vis light irradiation) was
carried out by adding hydrogen peroxide (H>O,) to the system and by varying the photo-
catalyst dose. In this regard, the best photocatalyst sample, ZFASmO0.06 (with formulation
ZnAlFeq 945m 0604), was used in these experiments for EB photodegradation. Thus, herein,
we investigated the synergistic effect of two operating parameters (factors), i.e., the initial
concentration of the hydrogen peroxide ((HO;), M) in the system and the catalyst dose
(CatDose, g/L). For this purpose, we applied the design of experiments (DoE) and response
surface methodology (RSM) as the modelling-optimization tools. More details regarding
these methodologies (DoE and RSM) can be found in the following references [37,38].
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Hence, the simultaneous influence of both factors ((H,O,) and CatDose) was inves-
tigated in a systematic fashion by using DoE and RSM. The purpose of this study was to
intensify the photocatalytic process by maximization of the colour-removal efficiency, Y
(the process response). In all experiments, the aqueous solutions of 10 mg/L EB dye (initial
concentration) were subjected to photodegradation at a temperature level of 25 £ 1 °C.

For each experimental trial, the process response Y (colour-removal efficiency) was
determined for an irradiation time equal to 60 min. The aim of the optimization was to
maximize the value of the colour-removal efficiency Y(%), which may be expressed as:

C
Y(l—CO) x 100 )
where Cj is the initial concentration of EB dye (10 mg/L) and C is the remaining concentra-
tion of EB dye determined after t = 60 min irradiation time.

For modelling purposes, both operating parameters ((CatDose) and (H,O,)) were scaled
into the coded variables x; and x; in order to compare their influence in the same dimensionless
scale. The mathematical relations used for coding factors are given elsewhere [37,38].

In this section, a central composite experimental design of the face-centred type was
adopted to conduct experiments (Table 3). According to Table 3, the operating parameters
(factors) are reported in actual values ((CatDose) and (H,05)) as well as in coded values (x;
and x,). The experimental design matrix (Table 3) included 11 experimental trials, where
both factors were changed simultaneously. As a result, the process response (Y, %) was
determined for each run (set of conditions). Note that the central assays (runs no.9 to 11)
were performed to estimate the reproducibility of the experiment.

Table 3. Central composite design of face-centred type employed for experimentation.

Catalyst Dose (g/L)

Colour-Removal Efficiency

Concentration of Hydrogen Peroxide, (Response), Determined after

Run (M = mol/L) 60 min Irradiation Time
Coded Actual Coded Actual Y (%)
X1 CatDose, g/L X2 [H,O,], M

1 -1 0.50 -1 0.00 29.55
2 +1 1.00 -1 0.00 50.79
3 -1 0.50 +1 0.10 91.44
4 +1 1.00 +1 0.10 92.41
5 -1 0.50 0 0.05 90.98
6 +1 1.00 0 0.05 88.99
7 0 0.75 -1 0.00 49.69
8 0 0.75 +1 0.10 95.44
9 0 0.75 0 0.05 92.81
10 0 0.75 0 0.05 93.75
11 0 0.75 0 0.05 93.01

Based on the data shown in Table 3, a mathematical model was built using multiple
regression techniques [37,38]. Finally, the multiple-regression model for estimated response
(Y) can be written in terms of coded variables (x; and x,) as follows:

¥ = 93.89 4 3.37x; + 24.88x; — 5.07x1x; — 4.94x] — 22.37x3subjected to: —1 < x; <+1; (j=1,2) (3)

The obtained multiple-regression model (Equation (3)) was validated from a statistical
point of view by using analysis of variance (ANOVA) [37]. The statistical estimators
calculated by the ANOVA method are given in Table 4.

107



Catalysts 2023, 13, 266

Table 4. Analysis of variance (ANOVA) for the multiple-regression model Y(xl, x2).

Source DF1 Ss 2 MS 3 F-value 4 P-value ® R2° Raq;?”
Model 5476.64 5 1095.33 71.50 0.0001 0.986 0.972
Residual 76.59 5 15.32
Total 5553.23 10

Predicted response, Y (%)

1 degree of freedom; 2 sum of squares; > mean square; * ratio between mean squares; ® probability of randomness;

6 coefficient of determination; 7 adjusted coefficient of determination.

According to ANOVA outcomes (Table 4), the F-value of 71.50 and a very small P-
value (0.0001) indicated a significant model from a statistical standpoint. In other words,
the model is adequate to estimate the process response in the valid region (region of
experimentation). Moreover, the value of the determination coefficient R? points out that the
model can explain more than 98% of data variation. Further, the adjusted coefficient Rzadj is
close to R?, suggesting that the multiple-regression model implying main, interaction, and
quadratic effects offers good predictions. Figure 9 illustrates the goodness of fit between
the experimental data and model predictions. The data scattered around the bisector (45°
straight line) indicate a good accordance between the model and observations (Figure 9a). In
addition, Figure 9b highlights the normal plot of residuals. In fact, the residual designates
the difference between the experimental response and the model prediction (Y; — Y)).
Hence, this type of graph illustrates the departure of the residual errors from the normal
distribution. From Figure 9b, one can see that the residuals are located in the vicinity of the
straight line underlining a normal distribution.
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Figure 9. Agreement between experimental data and model predictions: (a) parity plot and
(b) normal plot of residuals.

By using the substitution technique, the final empirical model in terms of actual factors
was developed, which can be expressed as:

Y = —23.17 4 152.4 x CatDose + 1696.5 x [HyO,]—405.5 x CatDose x
[Hy02]—79.1 x CatDose® —8948.5 x [HZOZ}Zsubjected to: 4)
0.5 < CatDose < 1.0 (g/L); 0 < [H2O0;] < 0.10M

This empirical model (Equation (4)) was applied for simulation to detail the 3D
response surface diagram and 2D contour-lines map in order to reveal the mutual effect of
factors on the process response (Figure 10).
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Figure 10. Response surface 3D plot (a) and contour-lines 2D map (b) showing the mutual effect of
CatDose and (H,O,) factors on the estimated process response (Y, %).

As one can see from Figure 10, the main effects of CatDose and (H,O,) operating
parameters are positive with respect to the estimated process response (Y, %). In other
words, the greater the factors (CatDose and (H;O,)), the greater the estimated colour-
removal efficiency (Y, %). However, it should be noted that the main effect of (H,O5) is
stronger than the main effect of the CatDose factor. The quadratic effects of both factors
induce curvature features on the response surface, pointing out an optimal zone (maximum)
on the plateau. In addition, there is a discernible interaction effect between both operating
parameters CatDose and (H,O;). In accordance with this interaction effect, the influence
of the CatDose factor on the estimated response is more evident at low concentrations of
hydrogen peroxide.

The graphical analysis of the response surface (Figure 10) indicated an extreme point
(a local maximum) inside the valid region. To determine exactly the coordinates of the
optimal point, we used the classical approach [39]. According to this, we located, firstly, the
stationary point (xs = [x; x»]7) by vanishing the first derivatives of the objective function (Y)
in relation to the decision variables (x; and x,—coded values). Consequently, a system of
two algebraic equations resulted, which was solved analytically to establish the stationary
point, that is,

oY
{ oL =337 -5.07x; —9.88x =0 )

gTYz = 24.88 —5.07x; —44.74x, = 0

Hence, the established stationary point is equal to x5 = [0.059 0.549]" (in terms of
coded variables). In order to confirm that the stationary point (xs) is a point of maximum,
we performed the second partial derivative test based on the Hessian matrix (H) [39].
Generally, if det(H) > 0 and (92Y /9x12) < 0, then the stationary point is a point of maximum.
If det(H) > 0 and (92Y /9x12) > 0, then the stationary point is a point of minimum. Instead, if
det(H) < 0, then the stationary point is a saddle point (i.e., a point of inflection or minimax).
Otherwise, for det(H) = 0, the second derivative test is inconclusive [39]. In our particular
case, the Hessian matrix (H) can be written as:

%Y —-9.88 —5.07
H)ij = Svom; — ‘—5.07 —44.74‘ ©)
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where det(H) = 416.3; hence, the optimal point (x5 = [0.059 0.549]") is a point of maximum
since det(H) > 0 and (92Y /9x;2) < 0. By converting the coded variables into the actual
factors, the optimal point (xs = [0.059 0.549]T) can be written as CatDose = 0.765 g/L
and (H,O,) = 0.077 M. Subsequently, the experimental validation (confirmation run)
was carried out under these established optimal conditions (CatDose = 0.765 g/L and
(Hy0O,) = 0.077 M). Under these optimal conditions, the colour-removal efficiency (deter-
mined at 60 min irradiation time) was equal to Y =100.82 (estimated value by model) and
Y = 98.83% (experimental value). The difference (Y-Y) of 1.99% was assigned to the residual
error (between the model and experiment).

In addition, under the determined optimal conditions, we recorded the full kinetics of
photo-degradation of EB dye (Figure 11). Results revealed a significant PFO rate constant
(k=1.020 x 107! min~!) for these optimal conditions if compared with a similar system
(k=6.014 x 1073 min~!) that did not contain hydrogen peroxide as a booster.
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Figure 11. Kinetics of photocatalytic degradation (UV-Vis light) of EB dye recorded under optimal
conditions in the presence of ZnAlFe(94Sm0sO4 (sample ZFASmO0.06); experimental conditions:
CatDose = 0.765 g/L, (HyO;) =0.077 M, and T=25+ 1 °C.

By using the term, the half-life of reaction (v = In2/), the process was evidently
intensified after optimization. Thus, the half-life of the reaction decreased significantly
from 115 min to about 7 min, which corresponds to a process intensification of about 16-fold.
It should be mentioned here that after an irradiation time of 240 min (UV-Vis light), the
final colour-removal efficiency was equal to 99.9% (Figure 11).

For modelling and optimization purposes, the scientific computations were carried
out by using the Design-Expert and Matlab software packages.

3. Materials and Methods
3.1. Photocatalyst Synthesis

Zinc ferrite nanoparticles substituted with aluminium and doped with samarium
cations with the formula ZnAlFe;_,Sm,Oy4 (x = 0.02, 0.04, 0.06, 0.08) were obtained via
the sol-gel autocombustion technique using citric acid as fuel. Likewise, the undoped
ZnAlFeOy (x = 0) sample was prepared for comparison. Analytical reagent-graded zinc ni-
trate (Zn(NO3),-6H,0), aluminium nitrate (AI(NO3)3-9H,0), iron nitrate (Fe(NOj3)3-9H,0),
and samarium nitrate (Sm(NO3)3-6H,0) and citric acid (C¢HgOy-HyO) were used, as pur-
chased from Sigma-Aldrich, to obtain the ferrite samples. First, stoichiometric mixtures of
the metal nitrate solutions were prepared. Second, each sample of the metal nitrate com-
bination was mixed with a solution of citric acid in a 1:1 molar ratio of combustion agent
to metallic cations. The mixtures were heated at 80 °C in a water bath to produce viscous
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gels. In order to provoke self-ignition, the gels were progressively heated up to 350 °C in a
sand bath. The resulting powders underwent two stages of thermal treatment, including
pre-sinterization at 500 °C for five hours and sinterization at 700 °C for five hours.

The obtained samples were denoted as ZFA, ZFASmO0.02, ZFASm0.04, ZFASmO0.06, and
ZFASmO0.08, respectively, after the cation initials present in the system and the samarium
content. For a better understanding, a synthesis flowchart is provided in Scheme 1.

"o% \

Stirring and heating B Heat up to 350°C D
at 80°C
Os ©
1 ¥ -

o
% 4B powder

stlf-comhustmn Presintering 500°C
Sintering 700°C

* ZFA: ZnAlFeO,
* ZFASmO0.02: ZnAlFe; osSm o (),
" * ZFASmO0.04: ZnAlFe, 4, Sm,
solution * ZFASmO0.06: ZnAlFe \m ()
+  ZFASmO.08: /.n,\lh-,, .,:Sm(, n,((),

Scheme 1. A synthesis flowchart of ZnAlFe;_,Sm,Oy4 (x = 0, 0.02, 0.04, 0.06, 0.08) photocatalysts.

Sm(No,),

3.2. Photocatalyst Characterization

Structural characterization of the ferrites heated at 7000 C was performed by recording
the powder X-ray diffraction (XRD) patterns on a Rigaku Miniflex 600 diffractometer
(Rigaku Corporation, Tokio, Japan) using CuK« emission in a 20 range 20-80°, with a
scanning step of 0.01° and a recording rate of 1°/min.

The formation of spinel structure at 7000 C was observed by infrared spectroscopy
using a Bruker Vertex 70 FTIR spectrometer (Ettlingen, Germany) using the KBr pellets
technique, at room temperature, with a resolution of 2 cm~!. The spectra were recorded in
a range of 4000400 cm !

The morphology and microstructure of photocatalysts were investigated using a Trans-
mission Electron Microscope (TEM) Hitachi High-Tech HT7700 (Hitachi High Technologies
Corporation, Tokyo, Japan), operated in high-contrast mode at 100 kV accelerating voltage.
Samples were prepared by dispersion in acetone, ultrasonication for 30 min, drop casting
on 300 mesh, Ted Pella carbon-coated copper grids, and drying in a vacuum at 60 °C.

Magnetic measurements were performed on a (vibrating sample magnetometer) VSM
LakeShore 8607 system (Lake Shore Cryotronics, Westerville, OH, USA) at room tempera-
ture. The samples were demagnetized in the alternating field before the experiment.

Textural characteristics of the synthesized materials were determined by registering
nitrogen adsorption—desorption isotherms on an NOVA 2200e Quantachrome instrument
(Quantachrome instruments, Boynton Beach, FL, USA), working at Ny liquefaction temper-
ature of —196 °C. Before measurements, each sample was outgassed at room temperature
for two hours, for the purpose of emptying the pores from physically adsorbed molecules.
The obtained data allowed us to calculate the specific surface area by applying BET theory
(Brunauer-Emmet-Teller) for the isotherm region of P/P = 0.05-0.35. Moreover, the BJH
(Barrett-Joyner-Halenda) equation was used to draw the pore-size distributions, and the
total pore volume was calculated by considering the volume of nitrogen adsorbed on the
material’s surface at a relative pressure of 0.95 P/P,.

The optical behaviour of ZFA and Sm-doped ZFA samples was investigated through
DRS technique (Diffuse Reflectance Spectroscopy) by recording UV-Vis spectra on a Schi-
madzu UV-2450 spectrophotometer (Kyoto, Japan) equipped with an integrating sphere
to measure the reflectance of the solid sample. All samples were compacted into pellets
using MgO as white standard. The remission function of Kubelka-Munk was applied
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to registered optical absorption spectra, and direct and indirect band gap energies were
determined using Equation (7):

_(1-R?* k _ Ac
F(R) = 2R S S @
where k is the Kubelka-Munk absorption coefficient, S is the scattering coefficient, R is the

reflectance, c is the concentration of the absorbing species, and A is the absorbance.

3.3. Photocatalytic Activity Evaluation

The photodegradation under UV-Vis light of Evans Blue (T-1824) dye, as provided by
Sigma-Aldrich, was studied in this work.

A medium-pressure Hg lamp was placed in the centre of a cylindrical photoreactor
and used for the photodegradation of Evans Blue. In order to maintain the temperature
at 25 °C during the reaction, the lamp was placed inside a recirculating water jacket. For
a typical photocatalytic run, 600 mL of 10 mg L~! Evans Blue solution was placed in the
cylindrical photoreactor and then 0.45 g of spinel ferrite photocatalyst, in powder form,
was added under continuous stirring. After 30 min of magnetic stirring in the dark, to
achieve adsorption—-desorption equilibrium at a constant temperature, the suspension was
exposed to irradiation. This moment was considered as zero time for all photodegradation
experiments. Stirring was continued throughout the irradiation process to keep the mixture
suspended. At time intervals of 5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 210, and 240 min,
analytical samples were extracted from the photoreactor in order to evaluate the change in
the concentration of each irradiated solution by measuring the absorbance in a range of
300-800 nm for Evans blue, using a Hitachi U-2910 Spectrophotometer (Hitachi High Tech-
nologies Corporation, Tokyo, Japan). The estimated absorbance of Evans Blue solutions at
606 nm was used to calculate the organic pollutant concentration. For comparison purposes,
an experiment without a photocatalyst was performed respecting the previous protocol.

4. Conclusions

In this study, the efficiency of zinc aluminium ferrite and samarium-doped zinc
aluminium ferrite, with the chemical formula ZnAlFe;_,Sm,O4 (x =0, 0.02, 0.04, 0.06, 0.08),
as photocatalysts for the degradation of a dangerous organic pollutant such as Evans Blue
was examined. The sol-gel autocombustion preparation technique successfully allowed
for the insertion of aluminium cations into the zinc ferrite spinel structure, as well as the
incorporation of Sm cations into the spinel unit cell of the aluminium-substituted zinc ferrite,
as proven by XRD and FTIR analysis. TEM analysis showed a decrease in particle sizes with
samarium doping, but no strict correlation between samarium content and grain sizes was
found. Magnetic characterization of the materials indicated the paramagnetic behaviour,
for all studied samples, with zero intrinsic coercivity and zero remanent magnetization.

The photodegradation of Evans Blue was successfully achieved by using the studied
photocatalysts. The samarium-doped photocatalysts were clearly more active than the un-
doped material, demonstrating the positive impact of Sm3* presence in the spinel structure
on the photocatalysts. The photocatalytic performances followed the same trend as the
lattice parameter, interplanar distance, and particle-size values. Thus, the sample with the
chemical formula ZnAlFe( 94Smg 0404 was the most active by far. The intensification of the
photocatalytic process was realized by adding hydrogen (H,O;) peroxide to the system
and by varying the best catalyst dose in the frame of the optimization procedure based
on a central composite experimental design of the face-centred type. The obtained results
revealed an increase in pseudo-first-order reaction rate constant of about 16-times using
hydrogen peroxide as a photodegradation reaction booster.
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Abstract: Advanced oxidation processes (AOPs) have been postulated as viable, innovative, and
efficient technologies for the removal of pollutants from water bodies. Among AOPs, photo-Fenton
processes have been shown to be effective for the degradation of various types of organic compounds
in industrial wastewater. Monometallic iron catalysts are limited in practical applications due to
their low catalytic activity, poor stability, and recyclability. On the other hand, the development of
catalysts based on copper oxides has become a current research topic due to their advantages such
as strong light absorption, high mobility of charge carriers, low environmental toxicity, long-term
stability, and low production cost. For these reasons, great efforts have been made to improve the
practical applications of heterogeneous catalysts, and the bimetallic iron—copper materials have
become a focus of research. In this context, this review focuses on the compilation of the most relevant
studies on the recent progress in the application of bimetallic iron-copper materials in heterogeneous
photo-Fenton-like reactions for the degradation of pollutants in wastewater. Special attention is
paid to the removal efficiencies obtained and the reaction mechanisms involved in the photo-Fenton
treatments with the different catalysts.

Keywords: bimetallic catalysts; copper; heterogeneous catalysis; iron; photo-Fenton

1. Introduction

In recent years, the rapid development of the industrial sector has resulted in numerous
effluents that contain toxic substances and affect the environment in a dangerous way [1].
Some of these pollutants, due to their chemical nature, are resistant to the conventional
physical and biological processes commonly used in wastewater treatment plants [2].
For this reason, advanced oxidation processes (AOPs) have been postulated as viable,
innovative, and efficient technologies for the removal of these compounds from water
bodies [3]. Among the AOPs, the heterogeneous Fenton and photo—Fenton processes have
been shown to be effective for the degradation of various types of organic compounds in
industrial wastewater [4,5].

Equations (1)—(5) are the main pathways involved in the Fenton processes. Reaction 1
is a key step because it generates the strongly oxidizing radical HO®, while regeneration of
Fe?* is the rate-determining step under dark conditions and in the absence of alternative
Fe**—reducing species (Equation (2)) [6,7].

Fe?™ 4+ HyO, — F*T + HO™ + HO® (k = 40-80 M~ 1s71) 1)

Fe’t + Hy,Op — Fe*t + HO; + H' (k=9.1x 107 Mflsil) @)
Fé* + HO® — F&* + HO™ (k=255x10°M1s71) ©)
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FT+HO; — Fet+ H  + 0, (k=03321x10°M"1s71) 4)
Fé' + HO3 — Fe™* + HO;  (k=072-1.5x10°M's ™) ®)

Equations (1)—(5) are the most important steps in the dark Fenton chemistry because
H,0, is consumed and Fe?* is regenerated from Fe3* by these reactions. The HO®* and HO,*
radicals are the main species involved in the oxidation of pollutants. In addition to Fe(II),
other transition metal ions can also promote similar processes, which are then referred to
as Fenton-like or Fenton-type. For example, both oxidation states of copper can react with
H>0O; to form HO,* and HO® radicals (Equations (6) and (7)) [8].

Cu?t 4+ HyO, — Cu™ + HOS + HT (k=115x10""M"'s7) ©)

Cut + HyOp — Cu*™ + HO™ + HO®* (k=10x10*M1s71) @)

Under suitable conditions, copper can act as a better catalyst compared to iron, as it
is able to form temporary complexes with oxidation products and rapidly convert Cu* to
Cu?* and vice versa [9-11]. Since the oxidation products do not form stable complexes with
copper, reactive coordination sites remain available for continuous catalytic cycling. There-
fore, copper not only provides a better redox cycle but is also active in the mineralization
of organic matter. However, a major disadvantage of copper-based catalysts is the high
excess of HyO; required to maintain catalytic activity, which increases treatment costs [12].
This disadvantage has often been mitigated by the use of bimetallic composites of copper
and iron [9,13-15].

Since Reaction 1 proceeds much faster than Reaction 2, the Fe?* ions are consumed
faster than generated, so that a large amount of ferric hydroxide is formed as sludge during
the process, which causes additional problems in separation and disposal [6,16,17]. Fenton
(H,0,/Fe**) and Fenton-like (H,0, /Fe3*) processes can be significantly enhanced under
ultraviolet (UV)/visible irradiation (A < 600 nm). The UV region of the electromagnetic
spectrum extends from about 100 nm to 400 nm, while the visible region extends from
about 400 nm to 760 nm [18]. Photoirradiation prevents the accumulation of Fe3* ions in
the system since Fe?* ions are regenerated from Fe>* by photoreduction [17,19-21]. The
improvement in pollutant removal rates achieved with the photo-Fenton process compared
to the Fenton process can be explained by the following contributions [6,22-24]: (i) the
generation of HO® and Fe?* via the photolysis of iron (IIT) hydroxo complexes (A < 580 nm)
(Equations (8) and (9)) [25,26], followed by the participation of Fe** in Equation (1) to
generate further HO® radicals [27], (ii) the photolysis of H;O, when A < 310 nm is used,
and (iii) the photolysis of Fe(Ill) chelates (Fe3L) formed between Fe®* and the organic
substrate, its degradation intermediates or other ligands present in the reaction medium
(Equation (10)) [6]. However, the photo-Fenton process still has some disadvantages, such
as the narrow pH range (2.8-3.5), poor switching between Fe?* and Fe**, and sludge
formation. Therefore, many efforts have been made to develop catalysts that can operate
efficiently at circumneutral pH conditions [28-31].

[Fe(OH)*" + hv — Fe** + HO® 8)
[Fe(H20))*" 4+ hv — Fe?* + HO® + H* ©9)
[Fe**L] + hv — [Fe*TL]" + L° (10)

In the heterogeneous Fenton process, solid iron catalysts (such as the iron minerals
magnetite (Fe304) or hematite («#—FepO3)) are used instead of aqueous Fe**, to catalyze the
generation of hydroxyl radicals in acidic or near-neutral media [32,33]. The mechanism of
this process starts with the adsorption of H,O, on the surface of Fe-based catalysts [34,35].
Then, the formation of a surface complex (=Fe**-H,0, and/or =Fe**-H,0,) precursor
occurs (Equations (11) and (12)). Subsequently, the Fe**~H,O, complex generates =Fe>*
and the surface-bound HO® radical by intramolecular electron transfer (Reaction 13) [36].
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The =Fe**~H,0, complex can be converted to =Fe?* and *OOH (Equation (14)) [36], and
the HOO?® can further regenerate =Fe** (Equation (15)) [37]. The HO® can either attack the
adsorbed organic compounds in the vicinity or oxidize the non-adsorbed organic compounds.

= Fe*t + Hy,Op, — = Fe*t — HyO, (11)

= Fe’T + H,0, — = Fe* — H,0, (12)

= Fe®T — H,0p, — = Fe** + HO® + HO™ (13)
= Fe*t — H,0, — = Fe** + HOO® + H (14)
= Fe*t + HOO® — = Fe* 4+ O, + HY (15)

Monometallic iron catalysts (ZVI, Fe; O3, Fe304, and Fe(OOH)) are limited in practical
applications due to their low catalytic activity, poor stability, and recyclability [38]. On
the other hand, copper—based oxides have become the priorities of research into novel
photocatalysts, due to their advantages such as strong light absorption, high carrier mobility,
non-toxicity, environmental friendliness, long—term stability, and low production cost. In
particular, copper has the property of a Lewis acid, which can create a localized acidic
microenvironment by interacting with iron species. The effect of expanding the pH range
of the system is achieved by the localized acidic microenvironment when bimetallic Fe-Cu
photocatalysts are used [39]. In this context, great efforts have been made to improve the
practical applications of heterogeneous catalysts, and bimetallic oxides (composite oxides of
iron and another metallic element) are an active research area. Similarly, bimetallic catalysts
composed of iron and copper are advantageous for the reduction of Fe** in Fenton-like
reactions. Previous reports have suggested that the cooperation between the redox pairs
of iron (Fe** /Fe?*) and copper (Cu?* /Cu*) [40,41] can accelerate electron transfer at the
interface to promote the rapid reduction of Fe>*. Han et al. [42] explained the synergistic
effect due to the reduced AE for the Fe>* /Fe?* redox cycle obtained for the bimetallic Fe~Cu
catalyst compared to the monometallic Fe catalyst. Sun et al. [43] suggested that the Fe?*
species of the Fe-Cu bimetallic catalyst is mainly regenerated by the reaction between Fe**
and Cu* (Equation (16)) rather than by the reduction of Fe3+ by H,O, (Equation (2)). Thus,
the coexistence of Fe and Cu on the surface of a catalyst can accelerate the process of electron
transfer in the reaction environment and create a suitable condition for the generation of
reactive radical species.

Cut +Fe*t — Cu?t + F®t AE =06V (16)

In summary, for the above reasons, bimetallic iron—copper materials are likely to per-
form better as heterogeneous Fenton and photo-Fenton catalysts compared to monometallic
iron or copper materials. In this context, this review focuses on the compilation of the most
relevant studies on the recent advances in the application of bimetallic iron— copper materi-
als as Fe and Cu sources in heterogeneous photo-Fenton-like reactions for the degradation
of pollutants in wastewater. Although the differences in the model pollutants and the
experimental conditions make an evaluation difficult, we used as central parameters for the
comparisons between the different materials, on the one hand, the combinations “achieved
efficiency/treatment time” (which can be found in the tables) and, on the other hand,
the dominant mechanisms in each study. For clarity, the results in the next sections are
classified into the following groups according to the chemical composition of the catalysts
(Figure 1): (i) CuFepOy, (ii) mixed ferrites containing Fe and Cu, (iii) CuFeO, and CuFeS,
materials, (iv) Fe-Cu oxide composites, (v) Metal-Organic Frameworks (MOF) based on Fe
and Cu.
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Fe-Cu
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materials for
photo-Fenton

treatment

" Fe-Cu MOF

Figure 1. Classification of the different Fe—-Cu based materials applied as catalysts in photo-
Fenton processes.

2. CuFe; 04

Ferrites are a broad class of iron-bearing oxides that include spinel ferrites, perovskites,
ilmenite (FeTiO3), and hexagonal ferrites (or hexaferrites). In general, spinel ferrites can be
described as ferrites with the formula MFe, Oy, where M is a divalent metal cation (such as
Fe, Co, Zn, Ni, Cu, or others) [44]. Due to their thermal stability [45], unique structural [46],
optical [47], magnetic [48], electrical, and dielectric properties [49], spinel ferrites have
broad potential technological applications in photoluminescence [50], photocatalysis [51],
biosensor development [52], magnetic drug delivery [53], corrosion protection [54], an-
timicrobial agents [55], and biomedicine (hyperthermia) [56]. In particular, CuFe,O4 has
an inverse spinel structure with 8 Cu?* ions in octahedral sites and 16 Fe3* ions evenly
distributed between the tetrahedral (A) and octahedral (B) sites [57].

The Tauc’s equation was used to determine the optical band gap (Eg) of copper
ferrite [58]:

ahv = B(hv — Eg)"

where « is the energy—dependent absorption coefficient, hv is the photon energy, B is an
energy independent constant, and the factor m depends on the nature of the electron transi-
tion and is equal to 2 or 1/2 for the direct and indirect transition band gaps, respectively.
Assuming a direct semiconductor, Eg can be obtained from the extrapolation of the linear
section of Tauc’s plot of (xhv)*> vs. hv to the energy axis. In comparison with other spinel
ferrites such as CoFe;Oy4 (Eg = 2.7 eV) and NiFe;O4 NPs (Eg = 2.2 eV) [59], CuFe,O4 NPs
have a relatively small band gap of (1.7-1.9 eV) which allows them to use freely available
energy in the form of sunlight to degrade pollutants in water [59]. Since CuFe,Oy is a
narrow band gap material, it can be successfully used in type II or Z-scheme heterojunction
photocatalysts [60].

Wei et al. [39] prepared magnetic Fe—~Cu materials by the sol-gel method. Solutions
containing 0-40% Cu?* were prepared separately to obtain catalysts with different iron
and copper ratios. The molar ratio of iron and copper had significant effects on the surface
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and structural properties of the materials. These materials were used for the removal of
pyridine under UV irradiation in a Fenton-like system. The effects of various parameters,
such as the molar ratio of Fe and Cu, catalyst and H,O, dosage, initial pH, and initial
pyridine concentration were studied. The best degradation performance was obtained
for the M—40% material prepared from the 40% Cu?* solution, which consisted of Fe;O3
and CuFepOy. This co-doped Fe—Cu catalyst showed high activity, good stability, and easy
recovery for the degradation of pyridine when the catalyst loading was 0.90 g L~!, the H,0,
dosage was 832.50 mg L~1, the initial pH was 7, and the initial pyridine concentration was
100.00 mg L~!. The degradation efficiency of pyridine was more than 99% within 30 min
and the TOC removal efficiency was 97.4% within 50 min. Therefore, the M—40% catalyst
could be a potential material for wastewater treatment, which could extend the active pH
range to facilitate recycling and reuse. The proposed reaction mechanism involves the
reduction of Cu®* to Cu* at the surface of the photocatalyst (Equation (6)), and the reaction
of Cu* with H,O, to form hydroxyl radicals and Cu?* (Equation (7)). In addition, HO®
is obtained from Cu?* and water under UV irradiation (Equation (17)). Part of Cu®* is
reduced to Cu* by O,°~ according to Equation (18). Furthermore, the monovalent copper
ions can also be oxidized by H,0, to produce Cu>*, which reacts with water molecules
under UV light to form hydroxyl radicals (Equations (19) and (20)). Direct evidence for the
occurrence of Equation (19) was obtained by EPR spectroscopy using the spin—trapping
approach [61]. It is very likely that this reaction occurs at the surface of the photocatalyst.
The complete mechanism is shown in Figure 2.

= Cu®t + HbO + hv == Cut + HO® + H* (17)

Cu*™+05" = Cut + Oy (18)

Cu™ + H,Op — Cu®t + 2 HO™ (19)

=Cut + H,O + hv — = Cu®>T + HO®* + H* (20)
Cu®* Cu*

Intermediates
Direct oxidation Q F 7~ Pyridine
H,0,| O, H,0, P\

% CO,+H,0

on
Hz

(0]
=Cu?* hy) Cu?*

hv
=Fe3t
H,0, HO,* =Fe _og  *OH

Fe**

Figure 2. Reaction mechanism proposed for the degradation of pyridine by the UV/M—40%/H,0,
system. Reprinted with permission from Ref. [39]. Copyright 2020, Elsevier.
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Silva et al. [62] prepared mixed iron and copper oxides by the modified Pechini s
method. The samples were calcined at different temperatures and used for the removal of
Methylene Blue dye (MB) by solar photo-Fenton catalysis. The results of X-ray diffraction
analysis showed that hematite and copper ferrite phases were mainly responsible for the
high efficiency of the photochemical reaction. MB removal from the aqueous solution was
carried out in the presence of HyO; (300 mg L’l), withal0g Lt catalyst, at a neutral pH,
and under solar irradiation. One of the catalysts was more efficient than pure iron (Fe;O3)
and copper oxides (Cu0O), indicating the synergistic effect produced by combining the two
metals on the same material. The authors proposed a mechanism for the regeneration of
the active sites that satisfactorily explained the experimental results.

Cao et al. [63] prepared CuFe,O4 composites via combustion solution synthesis. The
authors studied the effect of Cu content on the synthesized composites. The composite
with 18 wt.% Cu had the best photo-Fenton activity. This nanocomposite, which was
composed of CuFe;O4 and CuO, could degrade 40 mg L~ MB, 20 mg L~! Rhodamine B
(RhB), and 20 mg L~! methyl orange (MO) in 40, 30, and 50 min, respectively. In addition,
the composite showed superparamagnetic behavior and could be recycled.

Guo et al. [40] synthesized self-assembled hollow nanospheres of CuFe;O4 using
the solvothermal method. The catalytic activity of the nanospheres was evaluated by the
degradation of MB. In addition, these authors compared the properties of CuFe; O, particles
prepared by different methods. It was found that the good performance of the solid catalyst
depends on both the large specific surface area and the degree of the optical response. The
increase in photoelectric response and conductivity are beneficial for the improvement
of catalytic performance. Transient photo—current experiments showed that the samples
obtained by the solvothermal method exhibited a better optical response in the on—off cycle
under light conditions.

Leichtweis et al. [64] prepared a novel composite catalyst by doping CuFe,O4 nanopar-
ticles in the malt bagasse biochar. Malt bagasse (the malted barley residue) is the main
residue obtained in the manufacture of beer. Composites with different ratios of malt
biochar and CuFe;O4 were produced. The composites had lower band gap energy than
CuFe;O4, which increased the photocatalytic activity. At 60 min of heterogeneous
photo-Fenton treatment (pH 3), visible light tests showed that pure CuFe,O4 removed only
39% of the RhB color, while the composites removed up to 88% of the dye. A total of 100%
color removal (pH 3) was achieved at 10- and 20-min reaction times for 10 and 50 mg L1 of
dye under solar irradiation. Tests performed in the presence of specific radical scavengers
showed that HO®, O,°*~, and h* were the predominant reactive species involved in the
degradation of the dye.

Jiang et al. [65] prepared a magnetic Bi;WO;/CuFe,Oy4 catalyst to be used in the
removal of the antibiotic tetracycline hydrochloride (TCH). The obtained catalyst achieved
92.1% TCH (20 mg L~!) degradation efficiency in a photo-Fenton-like system and a
mineralization performance of 50.7% and 35.1% for TCH and a raw secondary effluent from
a wastewater treatment plant, respectively. The excellent performance was attributed to the
fact that photogenerated electrons accelerated the conversion Fe(Ill) /Fe(II) and Cu(II)/Cu(l),
which increased the reaction rates of Fe(II)/Cu(I) with H,O, and generated abundant HO®
radicals for pollutant oxidation. EPR assays confirmed that O,°*~ and HO® were mainly
responsible for THC degradation in dark and photo-Fenton-like systems, respectively.

The low efficiency of photo—Fenton processes at a neutral pH is mainly due to the
precipitation of iron and can therefore be prevented by the proper addition of iron com-
plexing agents, such as tartaric acid [66]. Guo et al. [67] prepared CuFe;Oy4 particles by
the sol-gel method and investigated the effects of tartaric acid (TA) on the degradation
of MB in the presence of CuFe;O4 and H,O; under light irradiation. The results showed
that the introduction of TA increased the decolorization rate of MB decolorization from
52.0% to 92.1% within 80 min. The contribution of O,*~ was only 10%, whereas that of
HO® was about 88%. The enhancement of MB degradation in the presence of TA was
explained by the complexation of Fe3* and Cu?* with TA (Equation (21)), followed by a
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photo—induced ligand to metal charge transfer process (Equation (22)). In the literature,
similar equations with iron species and other organic radicals have been proposed to ex-
plain the photo—Fenton mechanism [66]. The photo-induced intramolecular charge transfer
of the copper (II) complex of tartaric acid has already been described in the mechanism of
the catalytic reduction of Cr(VI) by tartaric acid under the irradiation of simulated sun-
light [68]. The excited species Fe?* /Cut—(TA)*® further produced Fe** /Cu* and TA® radicals
according to Equation (23). Moreover, the presence of molecular oxygen also accelerated
the transformation of the chemical state of the metal ions (see Equation (24)).

Fe3t /Cu*™ + TA — Fe’*(TA)/Cu*T (TA) (21)
Fe3*(TA)/Cu?* (TA) + hv — Fe*"(TA)*/Cu™(TA)* (22)
Fe**(TA)*/Cu™(TA)® — Fe**/Cu™ + (TA)® (23)
Fe*™(TA)*/Cu™(TA)* + Oy — FeT(TA)*/Cu™(TA)® + O3~ (24)

Rocha et al. [69] prepared CuFe,O4 from copper recycled from spent lithium-ion
batteries. The photocatalytic properties were analyzed by monitoring the decolorization
of MB in a heterogeneous photo—-Fenton process in the presence of solar radiation. The
decolorization efficiency was 96.1% in 45 min of reaction Formic and acetic acids were
detected as degradation products of MB by ion chromatography.

Lin and Lu [70] developed CuFe,O4 nanoparticles decorated on partially reduced
graphene oxides (CuFe, O4@rGO), to selectively and efficiently cleave lignin model com-
pounds into value-added aromatic chemicals via a sunlight-assisted heterogeneous Fenton
process. Controlled oxidative cleavage of the lignin model compound enabled the produc-
tion of high—value aromatic chemicals, guaiacol and 2-methoxy—4-propylphenol, in high
yields, instead of complete mineralization of the lignin model compound. The partially
reduced graphene oxides serve as the large size support to accommodate and immobilize
the CuFe,O4 nanoparticles for easy recycling of the catalyst, to attract the lignin model
compounds through 7— stacking and hydrogen bonding for efficient cleavage reaction,
and to accelerate the transport of photo—induced electrons for better charge separation and
thus higher photocatalytic activities.

Membrane separation offers many advantages in wastewater treatment, including
high efficiency, low energy consumption, and ease of operation [71]. However, membrane
fouling always lowers the separation efficiency and shortens the membrane life, which
greatly hinders the application of membrane technology. For this reason, Wang et al. [72]
combined photo-Fenton and membrane processes for water treatment (Figure 3). These
authors synthesized CuFe,O, particles and doped them into the PVDF@CuFe,O4 mem-
branes. The photo-Fenton process can degrade various foulants through the generation of
hydroxyl radicals, which improves the filtration performance of the membranes.

The PVDF@CuFe;O4 membrane (1.0% CuFe;O4) showed significant improvement
in both permeability and separation, with a tripling of flux and doubling of rejection
compared to the values obtained by the membrane filtration process itself. In addition, the
PVDF@CuFe;O4 nanofiltration membrane showed excellent stability and reusability after
repeated tests over fifteen cycles.

Recently reported studies on the use of CuFe;O4 as photo-Fenton photocatalysts are
summarized in Tables below.
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Figure 3. Schematic diagram illustrating the integration system of membrane filtration and the

photo-Fenton process. BSA: bovine serum albumin; HA: humic acid. Reprinted with permission
from Ref. [72]. Copyright 2019, Elsevier.

3. Mixed Ferrites Containing Fe and Cu

As already mentioned, among the iron-based materials used as heterogeneous photo—
Fenton catalysts, ferrites have attracted much attention because they are chemically and
thermally stable magnetic materials [73,74]. Most importantly, ferrites have a narrow
band gap, which enables them to efficiently utilize the visible region of solar energy in
photocatalysis [75]. MnFe,O4 has a large specific surface area, good biocompatibility,
and excellent magnetic properties [76,77]. However, mixed ferrites have better catalytic
behavior compared to single ferrites [78]. In particular, doping with Cu?* could improve
the optical properties of MnFe,;Oy4, which is due to the lattice defects in the spinel structure
generated as a consequence of the smaller ionic radius of Cu?*. In addition, doping with
other metals can also introduce oxygen vacancies, leading to a significant improvement
in catalytic performance due to structural distortions [79]. Meena et al. [80] prepared
Ce—doped MnFe,O4 by a low—-temperature solution combustion synthesis using Oxalyl
Dihydrazine (ODH) as fuel and reported that the band gap decreased after Ce—doping
compared to that of pure MnFe,O4. Moreover, copper, manganese, and iron have been
shown to have synergistic effects [81]. Thus, Cu2+—doped MnFeyOy could further improve
the catalytic activity because the different radii of metal ions in the spinel structure may
lead to some defects and distortions, which result in the production of oxygen vacancies
that are beneficial for the formation of reactive oxygen species (ROS) [82].

Yang et al. [83] synthesized porous CugsMng 5Fe; O4 nanoparticles by a co-precipitation
process and a subsequent high—temperature annealing treatment method. CuysMngsFesO4
nanoparticles exhibited much higher catalytic activity towards the degradation of bisphenol
A (BPA) by the activation of HyO, under UV light irradiation compared with CuFe;O4 and
MnFe;O4 nanoparticles. The authors proved, through radical scavenger and EPR/DMPO
experiments, that the hydroxyl radical is involved and plays a critical role in the presence
of H,O;. They also proposed a possible BPA degradation pathway.

Sun et al. [82] employed CuggMngrFe;Oy in the presence of HO, and achieved
a great improvement in the degradation efficiency of TCH, which was due to the fact
that H,O, was activated by the Fe, Mn, and Cu ions on the CuggMngoFe, Oy surface to
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generate HO® radicals. Two possible mechanisms for H,O; activation by CuggMmngoFe, Oy
at pH = 3 and pH = 11 were proposed. Firstly, CuygMng2Fe;O4 could be excited by
visible light to generate electrons (¢~) and holes (h*), then H,O, could react with the
generated ¢~ to produce HO® (Equation (25)). Photoelectrons migrating to the surface of
the catalyst immediately react with the metal ions of the catalyst, which not only promotes
the circulation of Fe, Mn, and Cu components but also strengthens the synergistic effect
between them (Equations (16), (26) and (27)). When H,O, came into contact with Fe, Mn,
and Cu ions, the Fenton reaction was triggered immediately and TCH was mineralized by
these reactive species into small molecule compounds.

HyOp+ ¢~ — HO® +HO™ (25)
Mn®t + Fe?t — Mn?t 4+ Febt (26)
Mr®t +Cut — Mn?t + Cu*t 27)

Wang et al. [84] used a p—n heterostructured nano—photocatalyst based on the
p-type CupZnSnS, (CZTS) nanosheets, which were successfully assembled on the sur-
face of ZnFeyO4 (ZFO) nanospheres, forming CZTS/ZFO p—n heterostructures. These
p—n heterostructures could not only efficiently expand the spectral response and promote
photo-induced charge separation, but also increase the specific surface areas for photocat-
alytic and photo-Fenton reactions. All these factors resulted in the p—n hetero-structured
CZTS/ZFO nano-photocatalyst with significantly enhanced photocatalytic activity for the
degradation of MO in the presence of H,O, with visible light irradiation, compared to pure
ZFO. This behavior was due to the synergistic enhancement effects of the CZTS/ZFO p—n
heterostructure combined with the photo-Fenton mechanism. (Figure 4).

(@) (b)

V (vsNHE) . i

a2 Fe(Ill)

& L
[/

Fe(Il)+ *OH

H,0,
Fe(Ill)+ OH- ++0H

Cu,ZnSnS, =N
ZnFe,0, «OH

Figure 4. Schematic diagram for the photocatalytic degradation of MO by CZTS/ZFO p-n het-
erostructure plus H,O;: (a) the energy band structure, and the photo—induced carrier separation and
transfer and (b) possible mechanism of photo-Fenton reaction in CZTS/ZFO + H,O, photocatalytic
system. Reprinted with permission from Ref. [84]. Copyright 2020, Elsevier.

Shi et al. [85] fabricated a multi-functional honeycomb ceramic plate by coating a
layer of CuFeMnQOy on the surface of a cordierite (magnesium iron aluminum cyclosilicate)
material. The honeycomb structure was beneficial for light trapping and energy recycling
and thus improved the solar-to-water evaporation efficiency. The CuFeMnO, coating
layer acted as both the photothermal material for the solar—driven water evaporation
process and the catalyst for the removal of volatile organic compounds (VOCs) via the
heterogeneous photo-Fenton reaction. With the integration of the photo-Fenton reaction
into the solar distillation process, clean distilled water was produced with efficient removal
of the potential VOCs from the contaminated water sources.

All the results described in this section are summarized in Table 1.
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Table 1. Summary of recently used Fe—Cu ferrites and mixed ferrites as photo-Fenton photocatalysts
in wastewater treatment.

Material @ Conditions Contaminant Degradation Efficiency Reference
UV light, pH 7 >99% within 30 min; TQC
Fe,03/CuFe; Oy ® ’ Lo Pyridine (100 mg L1 removal of 97% within 39
e,03/CuFe;Oy [H,0,] = 832.50 mg L1 yridine (100 mg ) o [39]
Natural solar light, pH 7, 1 100% removal of the dye
a—Fey03/CuFe; Oy © [H05] = 300 mg L1 MB (MB, 100 mg L™ ") in 180 min Y [62]
Halogen lamp, pH not MB (40 mg L~!), Rhodamine B o .
CuFe;O4/CuO @ indicated, [H,0,] not (20 mg L), Methyl Orange 100% ?l-‘{f d;graqatm [63]
indicated | within 50 min
Imy (20mgL~")
300-W UV curing lamp
Hollow CuFe; O, (A > 400 nm), pH not MB (30 mg L) 96.4% in 60 min [40]
nanospheres indicated, [H,O,] = 0.02 M
- ) (395580 100% color removal was
. uorescent lamp - obtained at 10 and 20 min
CuFe;O4/ b1(.)chaé) nm)/Sunlight, pH 3-7, Rhodamine B of reaction for 10 and [64]
nanocomposites [H,0;] from 2.5 to 10 uM 50mg L of dye with
solar radiation
After 30 min, 92.1% TCH
(20 mg L) degradation
) Visible light, pH 2.6-6.3, . : (pH 2.6) efficiency and
Bi;WO4/CuFey Oy © [Hy0,] = 10 mM Tetracycline hydrochloride (TCH) 50.7% and 35.1% [65]
mineralization
performance.
. Introducing TA enhanced
S UV—curing lamp 5 A€
CuFe,O4/ tar]garlc acid (TA) (365-450 nm), pH 5.0, MB (50 mg L) MB decolorlza})tlon rate [67]
(b) H.O0] = 0.02 M from 52.0% to
[H20,] =0. 92.1% within 80 min.
" Sunlight, pH 7.0 . Decolorization efficiency
CuFe,O 5 " MB (10 mg L™1) was 96.1% in 45 min [69]
e [H>0,]=03M & of reaction.
Yields of 72.6% and 52.5%
. . . . hieved for guaiacol
Simulated sunlight, pH not  Guaiacylglycerol-f—guaiacyl ether were ac &
(®) gnt, p yigly' g y - 4
CuFey04@rGO '8 indicated (lignin model compound) and 2-methoxy—4 (701
propylpheno, respectively,
in 60 min.
MB was thoroughly
CuFe,O4 nanoparticles Xe arc lamp, pH 3.0-11.0. degraded in
doped in polyvinylidene The H,O, (30 wt.%) dosage 1 30 min when the pH is 3.0,
fluoride (PVDF) was in the range 50-1200 L MB (100 mg L") while there is still 15.6% of (721
membranes in 50 mL MB solution the MB left at solution pH
of 11.0.
. CugsMngsFe;04 0.08 g L-! 100% degradation and
Cuig5MngsFe; Oy ® pH: 4.2 BPA (10 mg L™1) 47.6% mineralization [83]
[HzOz] =10 mM 5 min
Catalyst 0.100 g L™
Cug M 2Fes0, © pH 3 and 11 oo mL 9% 2]
0.870.27 24 300 W Xe lamp with a 80 mg L1 30 min
420 nm UV—cut off filter
Catalyst 0.5 g L1
pH3to9 91%
g thZTSt/ ZF? © [H>0,] = 10 mM. 10 IIX[OLA 120 min (84]
p—n heterostructures 500 W Xe high intensity & At optimum pH: 6
discharge lamp > 450 nm
CuFeMnQOy on the surface 0'05gHO£ %a%lyst Phenol as a VOC model 10, 20,50 ~99.18% COD and MB
of a honeycomb ceramic pti=06./4. and 100 mg L1 was removed [85]
6) [H20,] from 0 to 0.1 M 1 20 mi
substrate Y Solar light MB 10 mg L min

@ The synthesis method is shown in the footnotes. ® Sol-gel method. ) Modified Pechini method. @ Solution
combustion synthesis method. ) Solvothermal method. ® Co-precipitation. ® Solvent-assisted interfacial
reaction process. ™ Non-solvent induced phase separation method. @ Chemical co-precipitation method
followed by high-temperature annealing treatment. § See original papers for detail.
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4. CuFeO; and CuFeS, Materials

Bimetallic Cu(II) and Fe(II) oxides and sulfides capable of activating H,O, for the
degradation of organic pollutants have become a focus of research. Among these catalysts,
CuFeO, has gained wide concern due to its simple synthesis, low cost, interesting catalytic
activity, and high chemical stability. In addition, due to its narrow band gap and cooper-
ative impact of Fe**/Fe** and Cu?*/Cu* redox cycles, CuFeO, materials usually exhibit
significant visible-light absorption and a good performance for H,O, activation.

Schmachtenberg et al. [86] obtained delafossite-type powders by conventional hydrother-
mal (CuFeO;) and microwave-assisted hydrothermal (CuFeO,—-MW) routes. Both materials
were tested as potential catalysts in the photo-Fenton reaction under visible light. An ex-
perimental design was used for optimizing the degradation efficiency of the dye Reactive
Red 141 and assessing the effects of the operating variables pH, catalyst loading, and ox-
idant concentration. Both a substantial reduction in the treatment times and a significant
efficiency improvement were observed for the catalyst prepared by microwave irradiation
(i.e., about 98% of dye degradation at 30 min) in comparison with the material obtained by
the conventional method (i.e., 84% at 150 min). The latter difference was ascribed to the fact
that CuFeOp—MW samples presented higher values of surface area and pore volume, as well
as smaller band—gap energy in comparison with conventional CuFeO;. In addition, under
optimal conditions (i.e., pH = 3.0, [CuFeO,—-MW] =025 g L~1, and [H,0,] = 8 mmol L)
80% of TOC removal was achieved at 180 min. Finally, reusability tests conducted with the
CuFeO;—MW catalyst showed only a marginal loss of decolorization efficiency after four cycles
(from 98% to 93%) and total concentrations of leached Fe and Cu ions of less than 1.0 wt.% of
the catalyst content.

Liu et al. [87] prepared stoichiometric CuFeO, microcrystals with high crystallinity
and single crystal phase via the optimized hydrothermal process. The authors presented
a detailed characterization including the analysis of crystal structure, optical properties,
and photoelectrochemical behavior. TCH was used as a model compound to evaluate the
activity of CuFeO, under different conditions. Since the microcrystals showed a nonnegligible
photocatalytic activity in the absence of H,Oj, the authors proposed that the photo—generated
electrons in the CB of CuFeO, could interact with dissolved oxygen and the photo—-generated
holes in the valence band react with H,O, thus forming active radicals such as O,°*~ and HO®,
respectively. On the other hand, in the presence of H»O,, the material showed some catalytic
activity for the Fenton reaction under dark conditions, which was enhanced more than four
times upon illumination. The heterogeneous photo-Fenton-like treatment of TCH, carried out
at pH 8 and using a Xe-Lamp in a quartz cell, showed conversion degrees of about 80 and 90%
within the first 60 and 120 min, respectively. Photo-Fenton assays performed in the presence of
different radical scavengers indicated that HO® is not directly responsible for the degradation,
but that the photogenerated holes and O,°~ are the predominant reactive species.

Da Silveira Salla et al. [88] evaluated the catalytic properties of CuFeS,~MW through
BPA degradation tests conducted at a near-neutral pH and using simulated visible light.
Results showed a remarkable enhancement of the catalytic efficiency (i.e., about 90% in
the first 15 min) for the catalyst obtained in the presence of citrate, with a rate about
10 times faster than that of CuFeS; prepared without citrate. This behavior suggested
that the presence of citric acid accelerates the photo—conversion of Fe>* to Fe?*, thus
increasing the generation of HO® and the efficiency of the overall process. Reusability
assays showed that, after the fourth cycle, the degradation rate remained higher than 95%
and the TOC decrease was 76.6% after 60 min of reaction. In addition, concentrations of Fe
and Cu leached into the solution were lower than 0.5% of the total amounts of Fe and Cu
present in the catalyst at the beginning of the reaction. To assess the main reactive species,
tests were conducted in the presence of different ROS scavengers (i.e., t-butanol for HO*®
and p-benzoquinone for O,° ™). Results showed that BPA degradation may be ascribed
to the generation of HO®. As expected, due to the low selectivity of the HO® radicals,
the degradation efficiency was affected by the presence of other chemical species in the
real effluent such as carbonates/bicarbonates, nitrates/nitrites, sulfates, phosphates, and
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chlorides. Using LC-MS analysis, the authors identified several hydroxylated derivates
resulting from the initial reaction stages. These primary intermediates are likely to undergo
ring-opening reactions to form typical aliphatic acids as degradation by—products, which
may further undergo a series of oxidation steps that finally lead to complete mineralization.

More recently, Da Silveira Salla et al. [89] prepared a chalcopyrite powder by a
microwave-assisted method (CuFeS,—MW), which exhibited higher catalytic activity than
that obtained with the material prepared by the conventional method (CuFeS;). Both
materials were synthesized in the presence of citric acid, which is capable of enhancing the
photoreduction of Fe(IIl). Tartrazine dye was used as a model compound for the degrada-
tion by the photo—Fenton reaction under visible irradiation at pH 3.0. CuFeS;—-MW reached
99.1% of tartrazine decolorization at 40 min and 87.3% of mineralization at 150 min, the
decolorization rate being twice as fast as that obtained with CuFeS,. The latter difference
was attributed to the synergy between higher crystallinity and increased amount of Fe?*
on the CuFeS,—MW surface when compared to CuFeS;. Reusability tests performed on
both CuFeS,—MW and CuFeS, showed that, after five cycles, the decolorization efficiencies
remained at 93.6 and 69.6%, respectively. Moreover, the highest concentrations of leached
iron were less than 1% of the total amount of iron present in the catalysts. The addition
of t-butanol decreased 20—fold the tartrazine decolorization rate, while p—benzoquinone
did not inhibit tartrazine decolorization. These results show that HO® radicals are the key
species for tartrazine removal and that O,*~ radicals do not play a significant role in the
degradation mechanism.

Cai et al. [90] anchored CuFeO, on a Manganese residue (MR) through mechanical ac-
tivation (MA) for obtaining Fe—Cu@SiO; /starch—derived carbon composites. The material
was tested as a heterogeneous catalyst for the photo—Fenton treatment of TC using H,O;
and visible light. Under optimal conditions (i.e., 15 mM of H,O, and pH 7.0) 100% of TC
conversion (50 mg L~') was achieved within 40 min. Moreover, the observed decay con-
stants were 4.00, 2.77, and 2.14 times higher than those of Cu/SC, MAMR-Fe304@5i0,/SC,
and MR-Fe-Cu@5i0, /SC, respectively. Reutilization tests showed good material stability
since the photocatalytic performance of MAMR-Fe-Cu@SiO, /SC changed from 99.2% to
96.3% after five cycles and metal leaching was below 0.1 mg L~ for Cu, Fe, and Mn. Based
on XPS analyses before and after material usage, the authors proposed that the efficiency
of the prepared catalyst is closely related to the interaction of Cu?*/Cu*, Fe3* /Fe**, and
Mn3* /Mn?* couples. The study of reactive species through the use of scavengers and
ESR showed that both HO® and O,°~ contribute to TC degradation in the MAMR-Fe—
Cu@SiO,/SC + Hp O, + visible light system, while surface photogeneration of electrons and
holes seems to play a negligible role.

Xin et al. [38] synthesized CuFeO,/biochar composites for heterogeneous photo—
Fenton-like processes (HPF-like) via the hydrothermal method. Biochar prevented agglom-
eration and avoided the usage of added reductants. Moreover, the introduction of biochar
had several advantages, such as enhancing visible-light absorption, narrowing the bandgap
of CuFeO;, and partially suppressing the recombination between photoelectron and hole
pairs. By applying the design of experiments and the surface response methodology the
authors studied the effects of the operating conditions on TC degradation efficiency. The
results showed that the optimum parameters were 220 mg L~! of catalysts, 22 mM of H,O,,
and pH 6.4, with a pH dependence relatively gentle in the range of 4.0 to 8.0. Under optimal
conditions, the efficiency of TC degradation in HPF-like systems was 96.7% after 120 min
of treatment. Furthermore, the catalyst exhibited excellent stability since the activity only
decreased by 3.9% after five utilization cycles and the total dissolved concentrations of
both iron and copper ions at 120 min were below 0.02 mg L~!. Active species scavenging
experiments were carried out by using p-benzoquinone, silver nitrate, methyl alcohol, and
ammonium oxalate as the scavengers of O,°~, photoelectrons, HO®, and photogenerated
holes, respectively. Interestingly, ammonium oxalate did not decrease the catalytic per-
formance but accelerated the TC degradation rate. The latter effect was attributed to a
lower photoelectron quenching rate, which could promote Fe3* /Fe?* and Cu?*/Cu™ cycles,
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thus significantly improving H,O; activation. In addition, ESR experiments allowed the
identification of HO® as the predominant active species, whereas photoelectrons and O,°~,
were auxiliary species for TC degradation. The mechanistic findings are schematically
summarized in Figure 5.

Figure 5. Possible mechanism of tetracycline degradation by CuFeO; /biochar in the heterogeneous
photo—Fenton system. Reprinted with permission from Ref. [38]. Copyright 2020, Elsevier.

It is worth mentioning that the authors also explored the TC degradation intermediate
products by HPLC-MS and proposed plausible transformation pathways. On the other
hand, Xin et al. [91] also studied the heterogeneous visible-light Photo—electro—Fenton
(H-VL-PEF) treatment of TC using an undivided photoelectrochemical cell in the pres-
ence of CuFeO, /biochar particles. A nitrogen/oxygen self-doped biomass porous carbon
cathode was used as a gas diffusion electrode (GDE) to efficiently produce H,O,, while a
Xe-Lamp (filter > 420 nm) was used as a visible irradiation source for CuFeO, /biochar parti-
cles. The performances of different treatments (including electro-catalysis, photo—catalysis,
photo—electro—catalysis, electro-Fenton, and H-VL-PEF) were evaluated for comparable
experimental setups. The H-VL-PEF showed excellent performance, achieving the high-
est TC degradation rate and the best TOC removal with the lowest energy consumption.
The authors analyzed the effect of several operational parameters and found that the full
decomposition of TC (20 to 200 mg L~') was attained within 60-70 min under optimal
conditions (i.e.,, 100 mg L~ CuFeO,/biochar, 80 mA cm 2 of current density, and pH
5.0). Reutilization tests showed negligible metal leaching and small efficiency losses after
10 cycles. Experiments performed in the presence of selective scavengers of active species
as well as ESR measurements indicated that HO® radicals are the main species responsible
for TC degradation, whereas O,°~ radicals play a subsidiary role. The schematic repre-
sentation of the involved processes is presented in Figure 6. In addition, based on the
intermediates detected by HPLC-MS analyses, the authors proposed general pathways for
TC transformation and used a software tool for predicting, through QSAR techniques, the
evolution of sample toxicity with the treatment time.
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Figure 6. Possible mechanism of tetracycline degradation in the H-VL-PEF system. Reprinted with
permission from Ref. [91]. Copyright 2020, Elsevier.

More recently, Xin et al. [92] achieved a further enhancement in the performance of
photo—electro-Fenton (PEF) degradation of TC by introducing modifications to the latter
treatment strategy. Three GDE composites were fabricated by mixing different weight ratios
of a nitrogen/oxygen self-doped porous biochar (NO/PBC) cathode for H,O, electrogener-
ation with a NO/PBC-supported CuFeO, (CuFeO,—NO/PBC) catalyst for H,O, activation.
The NO/PBC was prepared by the pyrolysis method, whereas CuFeO,—-NO/PBC was
prepared by the hydrothermal method without additional chemical reductants. The PEF
treatment of TC was carried out in an undivided quartz reactor with a Pt anode and using
visible light (Xe-Lamp, cutoff > 420 nm). The authors analyzed the effects of the NO/PBC
to CuFeO,-NO/PBC ratio, the current density, and initial pH on system performance,
which depends on the compromise between H,O, formation, parallel reactions such as
4—electron oxygen reduction reaction (ORR) and H; evolution, and H,O, decomposition.
Using a NO/PBC to CuFeO,-NO/PBC ratio of 1:1, a current density of 80 mA cm 2, and
pH 5, an efficiency of 96.1% was achieved for TC (20 mg L~!) degradation at 180 min in the
PEF treatment. The latter value is twice the rate observed in EF and an order of magnitude
higher than that recorded under anodic oxidation. The degradation efficiency at 180 min
of PEF treatment steadily declined from 96.1% at pH 5.0 to 46.8% at pH 11.0. After five
cycles of material use, the PEF treatment efficiency was higher than 80%, the amounts
of leached Fe and Cu were negligible, and surface hydrophobicity remained practically
constant. Assays in the presence of radical scavengers showed that HO® and O,°~ played
the primary and auxiliary roles for tetracycline degradation, respectively. The authors
proposed that despite the photoinduced hole could not effectively participate in TC degra-
dation, the photogenerated electrons reacted with H,O,, O;, and Fe3* /Cu?* to form HO®,
0,°~, and Fe** /Cu*, respectively, thus promoting an efficient TC transformation. Finally,
from the reaction intermediates detected by HPLC-MS, QSAR tools, and experiments of E.
coli growth inhibition, a general picture of TC oxidation pathways and toxicity evolution
was outlined.

All the results described in this section are summarized in Table 2.
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Table 2. Summary of recently used CuFeO, and CuFeS, as photo—Fenton photocatalysts in wastewa-
ter treatment.

Material @ Conditions Contaminant Degradation Efficiency Reference
visible light, pH from 2.4 to
Delafossite-type CuFeO, ®:9) 3'6'5;[:?;1);5??1.?“? 6(.)1%3:[:;1 M, Reactive Red 141 dye, 50 mg L~} about 98% at 30 min [86]
0.33 gL~!
. 200 mL reactor, 20 mM of . .
3R—d<.elaf0551tte 1CLtal)-")eOZ HyOp, 1g L catalyst, Tetracycélge hy]cﬂifchlonde 96.1% in 180 min (87]
microcrystals initial pH 8 mg
visible light, 20 mM of
CuFeS,© H,0,,0.2 g L1 catalyst, bisphenol A (BPA) 20 mg L~! 97% in 60 min [88]

pH6

CuFeS, chalcogenide powders ®)

99.1% of tartrazine
decolorization after 40 min 89]
and 87.3% of mineralization
after 150 min

visible light, pH 3.0, 8.33
mM of H,0,,02gL"!
of catalyst

tartrazine, 100 mg Lt

MAMR-Fe-Cu@SiO,/SC, a
core-shell structure of

Xe-lamp with UV cut-off,
pH from 2.5 t0 9.5, 15 mM

CuFeO,@5i0; /starch—derived - Tet line 50 me L1 100% in 40 min 90
carbon anchored on a Manganese of H,0,,0.7 g L1 stracycime 5t mg %01
Residue @ of catalyst
Xe Lamp with UV cutoff,
CuFeO, /biochar ® pH 4 to 8,20 mM of H,O,, Tetracycline 20 mg L~ 97.6% in 120 min [38]
0.2 g L1 of catalyst
photo-electro-Fenton,
Xe-Lamp with UV cutoff,
CuFeO; /biochar ®) pH fgr;rlgrittgdlég,gz ©: Tetracycline (20 to 200 mg L~1) 100% in 60-70 min [91]
NO-doped/porous
carbon cathode
Nitrogen/oxygen self-doped undivided quartz reactor,
porous biochar (NO/PBC) and visible light, pH from 3 to Tetracycline 20 mg L1 98% at 30 min [92]

NO/PBC-supported CuFeO,
(CuFeO,-NO/PBC) ®

11, H,O, by a gas
diffusion electrode

@ The synthesis method is shown in the footnotes. ®) Hydrothermal method. © Microwave-assisted hydrother-
mal method. (¥ Reductive roasting and mechanical activation.

5. Fe—Cu Oxide Composites

In this section, we present the results obtained with other types of heterogeneous
catalysts consisting of mixtures of iron and copper oxides and mixed oxides of defined
composition. Heterojunctions formed by different copper and iron oxides and/or sulfides
decrease the recombination rate of photogenerated e~ and h* [93,94].

Mansoori et al. [95] prepared an iron—copper oxide impregnated NaOH-activated
biochar (Fe—Cu/ABC) through the pyrolysis of activated biochar, followed by the impregna-
tion method. The catalytic activity of the bimetallic catalyst was tested for ciprofloxacin
(CIP) degradation through a heterogeneous photo—electro—Fenton process) at a natural
pH. The heterogeneous catalyst exhibited remarkable catalytic activity and showed great
stability and structural integrity for five cycles. Furthermore, from a practical point of view,
the catalyst exhibited an acceptable performance by oxidizing CIP dissolved in various
water matrices such as tap water, river water, and a real sample of wastewater. The inter-
mediates by—products of CIP were determined, and a plausible degradation mechanism
was proposed. The adsorption of as—generated H,O; onto the well-developed surface of
the mesoporous bimetallic catalyst facilitated the reduction of Fe>* to Fe** and Cu?* to Cu*.
The co—existence of Fe and Cu on the surface of activated biochar accelerates the process of
electron transfer in the reaction and enhances the production of reactive species.
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Iron oxide NPs supported on the surface of hydroxylated diamond exhibited photocat-
alytic activity and stability for the visible light-assisted Fenton reaction even working at pH
values around 6 and demonstrated superiority as supports compared to other alternative
solids such as activated carbon, graphite, carbon nanotubes, and even the benchmark semi-
conductor TiO; [96]. In particular, Manickam-Periyaraman, et al. [97] prepared bimetallic
FeyoCugy NPs supported on various surface hydroxylated diamond NPs (D) and compared
them to analogous catalysts based on graphite. The assays were conducted at pH 6 for
the heterogeneous Fenton degradation of phenol (Ph) assisted by natural or simulated
sunlight irradiation, achieving a mineralization degree of 90% at an H,O; to Ph molar
ratio of 6. The authors explained this result based on the high activity of reduced copper
to form hydroxyl radicals and the favorable redox process of Fe?* maintaining a pool of
reduced Cu* species. Thus, a heterogeneous catalyst based on abundant iron or copper
metals allowed the promotion of H,O; activation to yield hydroxyl radicals under visible
light irradiation according to Equations (28)—(36).

FeyoCugg/D3 + hv — e~ + h' (28)

HO, + e~ — HO®* + HO™ (29)

Ft 467 — Fet (30)

Cut +e — Cut (31)

Cut +e” — Cu° (32)

ht+ HyO, — HOS+HT (33)

Wt 4+ Fe®t — Fedt (34)

W+ cut — Cu*t (35)

Wt + organic compunds — oxidized products (36)

Khan et al. [98] compared the photocatalytic activity of novel peculiar-shaped CuO,
FepO3, and FeO nanoparticles (NPs) to that of the iron(Il)-doped copper ferrite,
Cully yFelly ¢Fe'll, Oy, through the degradation of MB and RhB. The catalysts were syn-
thesized via the simple co—precipitation and calcination technique. The highest degra-
dation efficiency was achieved by CuO for RhB and by Cu'ly 4Fe 1 sFe'l, O, for MB. The
CuO/FeO/Fe;O3 composite proved to be the second-best catalyst in both cases, with
excellent reusability.

Asenath-Smith et al. [99] used iron oxide (x—Fe;O3, hematite) colloids synthesized
under hydrothermal conditions as catalysts for the photodegradation of MO. To enhance
the photocatalytic performance, Fe,O3 was combined with other transition-metal oxide
(TMO) colloids (e.g., CuO and ZnO), which are sensitive to different regions of the solar
spectrum (visible and UV, respectively), using a ternary blending approach for composi-
tional mixtures. For a variety of ZnO/Fe;O3/CuO mole ratios, the pseudo—first-order rate
constant for MO degradation was at least twice the sum of the individual Fe,O3 and CuO
rate constants, indicating that an underlying synergy governs the photocatalytic reactions
for these combinations of TMOs. The increased photo—catalytic performance of Fe;O3 in the
presence of CuO was associated with the hydroxyl radical, consistent with heterogeneous
photo—Fenton mechanisms, which are not accessible by ZnO. Then, the authors proposed a
mechanism where CuO plays a supportive role in Fe;O3 photocatalysis by decomposing
H»0O; to generate HO® radicals. With additional ROS available, the reaction kinetics are
accelerated. The bandgap energies of the TMOs used in this study further corroborated the
obtained results. Smaller bandgap materials, such as Fe;O3 and CuO, have valence-band
edges above the oxidation potential of H,O. As a result, it is energetically favorable for
a photogenerated /1" on Fe;O3 or CuO to participate in the generation of HO® radicals by
H,0 oxidation. Larger band gap materials, such as ZnO, have valence-band edges that are
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below the H,O oxidation potential for HO® formation, but their conduction band edges are
below the reduction potential of O,.

Lu et al. [100] used a magnesium aluminum silicate known as attapulgite (ATP)
supported Fe—-Mn—Cu polymetallic oxide as a catalyst with UV irradiation in the photo-
catalytic oxidation (photo—Fenton) treatment of a synthetic pharmaceutical wastewater.
Fe-Mn—-Cu@ATP had good catalytic potential and a significant synergistic effect since it
removed almost all heterocyclic compounds, as well as humus-like and fulvic acid. The
degradation efficiency of the nanocomposite only decreased by 5.8% after repeated use for
six cycles (COD removal reached 64.9%, and the BOD 5/COD increased from 0.179 to 0.387
after 180 min of reaction time). The proposed mechanism involves: (i) the direct reaction
between the catalyst and hydrogen peroxide, which generates HO® radicals and oxidized
ions of the three metals, (ii) the UV photoreductions of these metal ions, and (iii) indirect
reactions between photogenerated free radicals and the catalyst. In this mechanism, the
consumed metal ions are effectively regenerated under UV light, and HO® finally reacts
with the organic matter.

Davarnejad et al. [101] synthesized alginate-based hydrogel-coated bimetallic
iron—copper nanocomposite beads through a green method and used them as hetero-
geneous catalysts for metronidazole elimination from wastewater. These authors employed
the response surface methodology (RSM) based on the Box-Behnken design (BBD) to assess
both the individual and interaction effects of five main variables involving catalyst loading,
initial pH, reaction time, metronidazole, and H,O; concentrations. The data obtained from
the model were in good agreement with the experimental ones. The optimum conditions
(for 95.3%, based on model, and for 95.0%, based on experiments) were found at a catalyst
(Fe;03—CuO@Ca-Alg) loading of 44.7 mg L1, an initial pH of 3.5, a metronidazole con-
centration of 10 mg L~1, a H,O, concentration of 33.17 mmol L™}, and a reaction time of
85 min.

Zhang et al. [102] used Fe304@CuyO/carbon quantum dots (CQDs)/nitrogen—doped
carbon quantum dots (N-CQDs) (FCCN) for the degradation of azo compounds, such as
MO, acid orange II, and mordant yellow 10, even at a neutral and alkaline pH (pH: 7-12)
with a shortest time for complete degradation of 15 min. There is a cooperative interaction
between each component, so the synergism from all the components of FCCN enhances the
photocatalytic properties. The authors proposed a mechanism where in the first place, the
up—conversion characteristics of CQDs and N-CQDs improve the light utilization of FCCN.
Secondly, the load of CQDs and N-CQDs can separate and transfer photo-generated charges
between Fe304 and CupO more efficiently, accelerating the circulation of Fe3* /Fe?* for the
decomposition of H,O, to yield the active species: HO® radical. Thirdly, the light-induced
protons of CQDs change the partial pH, so that the FCCN system is able to work in alkaline
solutions. Finally, the insoluble layers of CQDs and N-CQDs are beneficial to enhance the
stability of the composite (see in Figure 7 the schematic diagram of the catalytic mechanism
proposed by the authors). The magnetism of Fe30O4 made this catalyst easily separable and
the insoluble layers of CQDs and N-CQDs allowed it to be repeatedly used without activity
change even after 10 cycles. The degradation rate constant of MO in the FCCN/H,0O; /light
system was 5.4 times higher than that of the Fe304,@Cu;O/H,0,/light system, indicating
that the loaded quantum dots greatly enhanced the photocatalytic activity. The degradation
rate constant in the FCCN/H, 0, /light system was 2.5 times higher than that of the simple
mixture (Fe304@Cu,0 + CQDs + N-CQDs)/H, O, /light system, which suggests that these
excellent catalytic performances should come from the synergism effect of all components
in FCCN.

All the results described in this section are summarized in Table 3.
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Figure 7. (A) Schematic illustration of the synthesis of FCCN. (B) Schematic diagram of the catalytic
mechanism of FCCN (see text). Reprinted with permission from Ref. [91]. Copyright 2020, Elsevier.

Table 3. Summary of recently used Fe—Cu oxides composites as photo-Fenton photocatalysts in
wastewater treatment.

Material @ Conditions Contaminant Degradation Efficiency Reference
- Heterogeneous PEF process,
Iron—-copper oxide impregnated H=58 o
- . P . it 100% removal
NaOH-activated blOCl’(}Ja)I' catalyst dosage of 1 g L1 CIP (45mgL~") [95]
(FeCu/ABC catalyst) electrical current of 200 mA
catalyst ~200 mg L1,
1. Phenol 90% removal
FexCuigo(0.2 wt.%) /D3 © [H>02] (200 mg Ié 7588 mM), (100 mg L) (10]
simulated sunhght pH=4
NP-3=400mg L},
[Hy02]1=1.76 x 10" mol L1, 03 101\/%B 1L L0
_ 11 11 1 (4 pH=75 .5 x 107> mol L™ % 98
NP-3 (Cull0.4Fe"10.6F",04) Optonica SP1275 LED lamp RhB 140 min %]
(GU10, 7 W, 400 Lm, 6000 K, (1.75 x 107 mol L™7)
Optonica LED, Sofia, Bulgaria)
Iron oxide («x~Fe, O3, hematite) 1
colloids combined with other 750 mg L catalyst,l MO 7 to 78%
transition-metal oxide (TMO) [H20,]=0.025mol L™". (25 uM) 60 min [99]
colloids (e.g., CuO and ZnO) @ Tungsten halogen lamps
500 mL of Fe—Mn—Cu?ATP
dosage (1-12g L), )
Fe-Mn—-Cu@ATP © pH=3 pharmaceutical wastewater CoD rleg(l)or\;gll{ 64.9% [100]
[H,0,] (0.1-0.6 mol L~ 1)
UV 40 W UV lamp
4.7 mg L1 of catalyst, [ |
3 _ (@ pH=35 MNZ], Removal = 95%
Fe;O3—CuO@Ca-Alg hydrogel & [H>0,] = 33.17 mmol L1 10 mg -1 85 min [101]
UV light
Catalyst 1 g L~
- MO, acid orange II and 100%
(b) = .
FCCN [Ig%(?v%/] Xellsaﬁgl mordant yellow 10-20 mg L1 15 min (102]

564 nm cut-off filter

@ The synthesis method is shown in the footnotes. ® Pyrolysis of activated biochar followed by impregnation.
© Deposition of the NPs (Fe, Cu, or Fe—-Cu) onto the surface of commercial carbonaceous supports @ Co-
precipitation. () Hydrothermal method. ® Aeration-coprecipitation method. 8 Green method using walnut
green shells. ™ See Figure 7A.
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6. Metal-Organic Frameworks Based on Fe and Cu

Metal-organic frameworks (MOFs) are inorganic—organic porous polymers composed
of metal ions or metal clusters linked to each other by bridging organic ligands to form three—
dimensional structures with a high specific surface area. In particular, Fe-based MOFs,
made by polydentate organic ligands as linkers and inorganic Fe ions or Fe-oxo clusters as
nodes, have recently attracted great attention in various applications such as gas adsorption,
catalysis, and sensor development [104]. Within the applications, Fe-based MOFs have been
considered promising catalysts in photo—Fenton processes due to their interfacial electron
transfer properties and the cycling of the Fe(IlI)/ Fe(II) redox pair. Additionally, the band
gaps of Fe-based MOFs are suitable for visible light photoactivation and thus, Fe—O clusters
could be directly excited to generate electron hole pairs (e~ — h"), which subsequently
degrade organic pollutants or lead to the generation of reactive oxygen species [105].
Likewise, it has been shown that the separation efficiency of photogenerated carriers in
the Fe-O cluster remains low due to fast electron-hole recombination [105,106]. Taking this
into account, different modifications in the structure of MOFs have been proposed to delay
the recombination rate and improve pollutant degradation efficiencies [106,107]. In this
sense, the combination of MOFs with metals or metal oxide nanoparticles may form a new
interface or heterojunction that efficiently couples the catalytic process of photo-induced
electrons and radicals’ generation [108,109]. Moreover, the addition of a second metal
ion into the nodes of frameworks could significantly improve the catalytic properties of
MOFs [41]. Recently, different reports have incorporated Cu into Fe-based MOFs structure
yielding Fe-Cu bimetallic MOFs in order to improve the performance of these materials in
photo-Fenton processes.

Do et al. [110] reported the preparation of Fe-doped Cu 1,4-benzenedicarboxylate
MOFs (Fe-CuBDC) and its application as a heterogeneous photo—Fenton catalyst for the
degradation of MB in aqueous solution under visible light irradiation. In this work, the
authors compared the efficiency of the bimetallic Fe-CuBDC with each single metal MOF.
The degradation efficiency of MB with Fe-CuBDC was much higher than those obtained
with the others, which indicates that the partial substitution of Cu by Fe significantly
improves the photocatalytic activity of the material. Complete removal of MB was achieved
after 70 min under light irradiation with 1.0 g L~ of Fe-CuBDC (Table 4). The degradation
performance of the Fe—CuBDC catalyst was relatively constant with a slight reduction in
removal efficiency from 99.9% to 97.2% after five reuse cycles.

Shi et al. [111] prepared a binary bimetallic heterojunction, which consisted of a
core—shell magnetic CuFe, O4@MIL-100(Fe, Cu) metal-organic framework, via an in-situ
derivation strategy. The synthesis methods, which involved the in situ surface pyrolysis
of CuFe,O4 nanoparticles and complexation with trimesic acid to derive MIL-100(Fe, Cu),
allowed the formation of a bimetallic core—shell CuuFe; O4@MIL-100(Fe, Cu) heterojunction
(MCuFe MOF). A schematic diagram of the synthesis process of MCuFe MOF is shown in
Figure 8. These materials showed notable catalytic performance in a photo-Fenton process
towards the degradation of various organic pollutants by increasing H,O, activation
efficiency and decreasing the required dosage of MCuFe MOF (0.05 g L~!) over a wide
pH range (4-9) (Table 4). Furthermore, the MCuFe MOF showed a high stability for the
degradation of organic contaminants, with almost no decrease in activity and negligible
metal leaching after five successive cycles. According to the proposed mechanism, the
combination of the photothermal conversion effect with the formed heterojunction cannot
only accelerate the generation and separation of photogenerated e~ and /1* but also improve
the continuous and efficient transformation of =Fe(IIl)/Fe(Il) and =Cu(II)/Cu(I) redox
couples, leading to enhanced photo-Fenton efficiency (see Figure 9).
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Figure 8. Schematic diagram of the synthesis process of MCuFe MOF. Reprinted with permission
from Ref. [111]. Copyright 2020, Elsevier.
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Figure 9. Photo—Fenton reaction mechanism of the charge transfer for hydroxyl radical generation
over the MCuFe MOF under visible light irradiation. Reprinted with permission from Ref. [111].
Copyright 2020, Elsevier.
Table 4. Summary of recently used Fe-Cu bimetallic MOFs as photo-Fenton photocatalysts in
wastewater treatment.
Material @ Conditions Contaminant Degfa'd ation Reference
Efficiency
Simulated sunlight, pH 6
¢ ’ Methyl Blue 100% removal of the
— (b) = y
Fe-CuBDC [H,0,] =50 mI\/&1 (50 mg L-1) dye in 70 min [110]
[Catalyst] =1 gL
300 W xenon lamp equipped
with a UV cut—off filter o
MCuFe MOF (.0 (A > 400 nm), pH 4-9, ?ggtr}r‘lyl ff‘i; 100 é" ze;‘%a;‘i’;the [111]
[H207] =5 mM, 8 Y
[Catalyst] =0.05 g L~!
500 W xenon lamp, pH 7.47, Thiacloprid 100% removal of TCL
CupO/MIL(Fe/Cu) ®) [H,0,] = 49 mM, 80m E—l) in 20 min; 82% TOC [112]
[Catalyst] =0.5g L~} & removal in 80 min
300 W xenon lamp equipped
with a UV cut—off filter
Ciprofloxacin 60% removal of CIP in
—MIL- (b) p
L-MIL-53 (Fe, Cu) (A>420nm), pH?7, 0mgL-1) 30 min [113]

[H,0,] =5mM,
[Catalyst] =0.1 gL~}

@ The synthesis method is shown in the footnotes. ® solvothermal method. () Hydrothermal method.
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*OH/*O2¢ \\’& Cu2+/ \% Fe?t / \ H202

Zhong et al. [112] performed Cu,;O growth on the surface of Cu—doped MIL-100
(Fe) to obtain a CuyO/MIL(Fe/Cu) composite, which showed an enhanced interfacial
synergistic effect and was successfully used as photo—Fenton catalysts for thiacloprid (TCL)
degradation. The authors reported that Cu doping into MIL(Fe) led to the reduction in
the band gap, and a boost of the redox cycle Fe?* /Fe3*. Likewise, the growth of Cuy,O
extended the light absorption range of MIL(Fe/Cu) from UV to the visible region. A
proposed TCL degradation mechanism is shown in Figure 10. CupO/MIL(Fe/Cu) composite
exhibited a TCL degradation rate nearly 10 times faster than those of Cu; O and MIL-100(Fe),
separately, achieving a complete TCL degradation within 20 min of reaction. Moreover,
TOC removal reached 82.3% within 80 min under neutral conditions, which highlights the
good performance of the CuyO/MIL(Fe/Cu) composite. Catalyst reuse tests showed no
significant efficiency loss in reaction rates even after the tenth cycle, reaching complete TCL
degradation within 20 min in each cycle.

Low—crystalline MOFs, with long-range disorder but local crystallinity, allow the
availability of more active sites and defects than highly crystalline materials. These materi-
als could improve the activation capacity of Fe-based MOFs towards H,O; by increasing
the number of metallic coordinately unsaturated active sites (CUS) within the frameworks.
Wu et al. [113] prepared low—crystalline bimetallic MOFs of MIL-53(Fe, M) (M: Mn or
Cu), via a one—pot solvothermal method, as photo—Fenton catalysts for the degradation
of CIP. The results showed a significant improvement in photo—Fenton performance for
the low—crystallinity catalyst compared to the crystalline counterparts, which was mainly
attributed to the enhancement of the synergism between the hetero-metal nodes. In particu-
lar, low crystallinity MIL-53(Fe, Cu) exhibited a much higher removal efficiency and a faster
reaction rate than that of crystalline MIL-53(Fe, Cu) within 30 min (Table 4). Besides the
increased metal CUSs in the low—crystalline state, both Cu and Mn could increase the spe-
cific surface area and promote the visible-light absorption and separation/transportation
of carriers in the low—-crystalline state, thus leading to the acceleration of Fe(II)/Fe(III) and
M(red)/ M(ox) cycles.

e s TCL CO2+H20 A

o <>><h»( _______ TCL
H202 \ /

N \f’o“""”\’

Cu20

CO2 + H20

/(111\ ............. \0 .....................

CO2 + H20

TCL

Figure 10. Proposed reaction mechanism for the photo-Fenton degradation of TCL over
CupO/MIL(Fe/Cu). Reprinted with permission from Ref. [112]. Copyright 2020, Elsevier.

All the results described in this section are summarized in Table 4.

7. Conclusions and Future Perspective

This review has shown the present trends in the development of bimetallic iron—copper
materials and their application as catalysts in heterogeneous photo-Fenton-like reactions
for the degradation of wastewater pollutants. Bimetallic Fe-Cu catalysts have shown better
performance than monometallic Fe catalysts.
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We have compared many materials with very different chemical compositions and
physicochemical properties. In general, bimetallic Fe—Cu catalysts have shown better
performance than monometallic Fe catalysts. In the works summarized here, it is difficult
to find a common explanation of the synergistic effect of iron and copper on the catalytic
activity of the materials. Some works attribute the improvement to changes in the band-
gap, others to the decrease in the electron-hole recombination rates, and even to the
reduction of HyO, by electrons, or the beneficial effect of the binary redox couples of
Fe(II)/Fe(1lI) and Cu(I)/Cu(lI) on the decomposition efficiency of H,O,. However, the
common factor in all the materials seems to be that the coexistence of both metals evidently
favors the redox cycles of Fe and Cu, resulting in higher catalytic activity. The co-existence
of Fe and Cu on the surface of a catalyst accelerates the process of electron—transfer in the
reaction environment, providing an appropriate condition for the activation of hydrogen
peroxide and the generation of reactive radical species. This hypothesis is supported by
the excellent degradation and mineralization results obtained when aqueous solutions
of the contaminant are treated with these catalysts. In particular, lower degradation
times and catalyst dosages are required to achieve complete pollutant degradation. Most
of the bimetallic Fe—Cu catalysts have shown very good results at a circumneutral pH,
which represents one of the major advantages of these materials since the development
of an efficient and sustainable photo-Fenton treatment at neutral pH values remains a
challenge for the scientific community working in the field. In addition, many of the works
summarized here report the stability of the bimetallic catalysts even after having been used
in four or five cycles.

From the analysis of the collected research, we can conclude that further efforts should
focus on the preparation of new catalysts by green synthesis routes, that is, using bioactive
agents such as plant materials, microorganisms, or biological waste. This approach would
help to reduce the overall production cost and to limit environmental impact. Only a few
of the compilated articles employed renewable energies such as natural solar light as the
photoirradiation source. Most of them used either Xe lamps with or without cut-off filters
for simulating sunlight or other light sources, such as UV lamps or visible light from lamps
or LEDs. In this context, further studies devoted to addressing the effect of using solar light
as the photoirradiation source on the performance of the catalysts are certainly encouraged.

Although excellent degradation and mineralization results have been obtained by
applying this technique at the laboratory scale, its effectiveness needs to be evaluated
in continuous flow systems for real industrial effluents. Most of the published research
focused on the degradation of single pollutants (mainly dyes and antibiotics), disregarding
the effects of the presence of humic-like dissolved organic matter and other contaminants.
Moreover, to increase the efficiency and decrease the cost of the treatment of recalcitrant
contaminants in real systems, the integration of photo—Fenton methods with biological
technologies should be explored.
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Abstract: Metallic glasses (MGs) with a unique atomic structure have been widely used in the catalytic
degradation of organic pollutants in the recent years. FeygSigB;3 MGs exhibited excellent catalytic
performance for the degradation of oily wastewater in a Fenton-like system for the first time. The oil
removal and chemical oxygen demand (COD) removal from the oily wastewater were 72.67% and
70.18% within 60 min, respectively. Quenching experiments were performed to verify the production
of active hydroxyl radicals (-OH) by activating hydrogen peroxide (H,O;). The formation of -OH
species can significantly contribute to the degradation reaction of oily wastewater. Fe;gSigBi3 MG
ribbons were highly efficient materials that exhibited superior reactivity towards H,O, activation in
oily wastewater treatment. The study revealed the catalytic capability of metallic glasses, presenting
extensive prospects of their applications in oily wastewater treatment.

Keywords: metallic glasses; oily wastewater; activation; catalytic degradation

1. Introduction

Waste sludge containing large amounts of mineral oil is produced in the metal manu-
facturing process, which is classified as a high concentration hazardous waste [1-3]. About
10~20 tons of oily wastewater will be produced from cleaning 1 ton of waste sludge. This
leads to a huge discharge of oily wastewater. The organic pollutants in oily wastewater
have certain characteristics, such as high concentration, complex composition, biological
toxicity and refractory [4-7]. At present, a large number of advanced treatment technologies
for oily wastewater are systematically implemented [8-11]. Compared to conventional tech-
niques, advanced oxidation processes (AOPs) have been extensively studied as a promising
technique due to their superior degradation and mineralization efficiency of pollutants in
wastewater [12,13]. Very recently, owing to the advantage of abundant natural resources,
low cost and environmental friendliness, Fe-based catalytic materials have been extensively
used for the degradation of organic contaminants in AOPs system. However, the catalysts
like magnetite (Fe3O4) [14] and zero valent iron (ZVI) [15] still have certain disadvantages,
such as low efficiency, poor reusability, fast decay and secondary pollution [16]. To over-
come the aforementioned limitations, Fe-based MGs are utilized, which could effectively
enhance the catalytic activity by improving the internal atomic arrangement [17] and tuning
the chemical composition [18,19].

Metallic glasses with short range ordered and long range disordered atomic structure
were usually employed as structural materials for different industrial applications due
to improved mechanical properties, soft ferromagnetism and corrosion resistance [20-22].
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Additionally, a great number of studies have been showed that the metallic glasses with
various alloy systems exhibited superior catalytic degradation behaviors of organic pollu-
tants owing to high reactivity [23-25]. For instance, the CugsZr4pAl; Y5 MG ribbons showed
excellent catalytic performance for acid orange II degradation with a degradation efficiency
of 96.05% and a COD removal of 51.73% [26]. A maximum degradation efficiency of 98%
for congo red is achieved using MggpZns;Cas MG powders [27]. Moreover, the direct
blue 2B solutions can be completely degraded by Al-based MG ribbons under wide pH
conditions [19]. Similarly, the unexpected organic pollutant degradation performance of
Fe-based MGs was revealed. Amorphous FegsB1¢ exhibited degradation of direct blue
6 dye 1.8 and 89 times faster compared to the Fe-B crystalline alloy and commercial iron
powder, respectively [28]. Furthermore, FeygSigB13 MGs exhibited excellent production rate
of active radical species among various Fe-based catalysts [29]. As a result, Fe;gSigB13 MGs
have been widely used for wastewater treatment [30-32], providing an environmentally
functional material for the catalytic degradation of organic contaminants.

In this work, oily wastewater degradation and mineralization were investigated using
Fe75SigB13 MGs. These catalytic materials serve as an alternative Fe?* releasing source that
can produce -OH radicals by activating H,O, (Fenton-like system). Fe;gSigB13 MGs were
found to be highly efficient catalysts that showed improved degradation performance of
oily wastewater in terms of oil removal and COD removal. Moreover, the stability and
durability of FeygSigB13 MGs were discussed based on recycling experiments. The catalytic
mechanism was proposed based on the structural and morphological variations of catalysts
combined with free radical quenching experiments.

2. Materials and Methods
2.1. Materials

The alloy ingots with nominal composition of Fe;3SigB13 were prepared by arc melting
of a mixture of Fe, Si and B with greater purity than 99.9 wt% under a Ti-gettered Ar
atmosphere. The master alloy ingot was melted by induction heating in a quartz crucible.
The molten master alloy ingot was ejected onto a chilled copper roll surface to prepare
the as-melt MG ribbons of FeygSigB13. The waste oily sludge was supplied by Shenyang
General Magnetic Co., Ltd., Shenyang, China. The oily wastewater was prepared by stirring
for 30 min and centrifuging sludge mixtures with an oil-water ratio of 1:20, 1:40, 1:60 and
1:80 (Wt%).

2.2. Characterization

The structural features of the as-melt and reacted Fe7gSigB13 ribbons were characterized
by X-ray diffraction (XRD, Rigaku D/max-2500PC, Tokyo, Japan) with Co-Ko radiation.
The surface morphologies of the ribbons before and after the catalytic organic pollutant
degradation were characterized using a scanning electron microscope (SEM, Zeiss SUPPA
55, Oberkochen, Germany). The crystallization behavior of the melt and reacted ribbons was
characterized by differential scanning calorimetry (Netzsch DSC 404C, Selbu, Germany).

2.3. Analytical Methods

All oily wastewater removal experiments were conducted in a 250 mL glass beaker
with a stirring speed of 300 rpm by a mechanical stirrer (Changzhou Jaboson Instrument
JJ-1, Changzhou, China). The oily wastewater of 200 mL in a glass beaker was placed in a
thermostat water bath at the desired temperature. The solution pH values were adjusted by
diluted HCl solution (1 mol-L~1) and diluted NaOH (0.1 mol-L~1). At every 10 min interval,
about 10 mL aliquot of the reaction mixture was collected and centrifuged. The supernatant
liquid was tested by infrared spectrophotometer (Tianjin Tianguang TJ270-30A, Tianjin,
China) and chemical oxygen demand detector (COD, Beijing Lianhua 5B-3(B), Beijing,
China). The ion concentration of the oily wastewater samples before and after the reactions
was measured by inductively coupled plasma-optical emission spectrometer (ICP-OES 720,
Agilent Technologies Inc., Palo Alto, America). The active radical species were analyzed
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using an electron paramagnetic resonance spectrometer (EPR, Bruker A300, Karlsruhe,
Germany) with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin-trapping agent.

3. Results and Discussion
3.1. Catalytic Capability
3.1.1. Effect of pH Value

Figure 1a shows the effect of pH value (from 2 to 7) on oil removal. It is observed that
the oil removal sharply reduces with increasing of pH value. Oil removal of 72.67% can be
achieved within 60 min at pH = 3. In contrast, only 52.14% oil removal was observed at
pH =7. The enhanced degradation performance at lower pH value may be due to the influ-
ence of pH on stability of HyO, [33,34]. As shown in Figure 1b, the COD removal of 70.18%
was achieved within 60 min at pH = 3, indicating the favorable mineralization efficiency of
oily wastewater. Under a high pH system, some side effects lead to reducing the degra-
dation capability due to formation of sediment, following Equations (1) and (2) [35,36].

Fe?* + 20H~ — Fe(OH), (1)
4Fe(OH)2 +2H,O+ O, — 4Fe(OH)3 (2)
100
(b)
80
§ 2 40
- a
3 :
20 4
04
0 10 20 30 40 50 Gll) 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 1. Effect of pH value on (a) oil removal and (b) COD removal. (H,O, concentration:
0.12 mol-L 71, catalyst dosage: 1.5 g~L*1, oil-water mass ratio: 1:60, temperature: 40 °C).

3.1.2. Effect of H,O, Concentration

As shown in Figure 2a, the oil removal is 55.10% when the H,O, concentration is
0.08 mol-L~!. Apparently, the oil removal increased to 63.34% and 70.97% within 60 min
at H,O, concentrations of 0.10 and 0.14 mol-L 1, respectively. As the H,O, concentration
increased further to 0.16 mol-L ™!, the oil removal decreased. COD removal displayed
the similar results as shown in Figure 2b. The degradation capability of COD removal
increases and then decreases with H,O, concentration. The reason may be that the quantity
of -OH radicals play a significant role in the oily wastewater degradation [37,38]. Moreover,
the excessive HyO; concentration results in -OH radicals self-quenching to form the weak
oxidizing hydroperoxy radicals (-O,H radicals) via Equations (3) and (4).

H,0, + -OH — -O,H + H,0 3)

HO,- + HO,- — H,O, + Oy (4)
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Figure 2. Effect of HyO, concentration on (a) oil removal and (b) COD removal. (pH = 3, catalyst
dosage: 1.5 g-L. ™!, oil-water mass ratio: 1:60, temperature: 40 °C).

3.1.3. Effect of Catalyst Dosage

As seen from Figure 3a, the oil removal significantly enhanced from 53.35% to 72.23%
within 60 min when the catalyst dosage increased from 0.5 g-L ! to 1.5 g-L . The oil
removal slightly increased with a further increase in catalyst loading to 2.0 g-L.~!. COD
removal increased with an increase in the catalyst loading as shown in Figure 3b. When
the MG ribbon dosage is 2.0 g-1. 7!, the COD removal stabilized at around 72%. Normally,
the organic molecule decomposition takes place via direct surface reaction on active iron
species [39]. Increasing the amount of catalyst provides more active sites, thereby achieving
faster production rate of -OH radical species. However, excessive addition of catalyst
would provide more Fe**, which would work against catalytic efficiency [40,41].
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Figure 3. Effect of catalyst dosage on (a) oil removal and (b) COD removal. (H,O, concentration:
0.12 mol-L 71, pH = 3, oil-water mass ratio: 1:60, temperature: 40 °C).

3.1.4. Effect of Oil-Water Mass Ratio

As the oil-water mass ratio increases, the initial oil concentration increases. As seen
in Figure 4a, the faster oil removal is observed for the lower the oil-water mass ratio in
the first 10 min of reaction. Figure 4b shows the effect of the oil-water mass ratio on COD
removal with an oil to water in the ratio (by mass) 1:80 to 1:20. With the increase of the
oil-water mass ratio, the COD removal is obviously reduced. This is because more organic
molecules exist in the system of larger oil-water mass ratio as the reaction progresses,
thereby leading to the weak degradation behaviors in the presence of the same amount of
-OH radicals.
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Figure 4. Effect of oil-water mass ratio on (a) oil removal and (b) COD removal (H,O, concentration:
0.12 mol-L ™!, pH = 3, catalyst dosage: 1.5 g-1.~!, temperature: 40 °C).

3.1.5. Effect of Reaction Temperature

Regarding chemical reactions, the reaction temperature can be always considered as
an important experimental parameter. According to the principle of reaction kinetics, the
molecules colliding with each other in solution will be accelerated and energized with
the increase of reaction temperature, thus speeding up the reaction. The evaluation of the
degradation behaviors in temperature ranging from 25 to 45 °C as shown in Figure 5a,b.
The oil removal and COD removal remarkably increase along with the increase of reaction
temperature. When the temperature increases to 45 °C, the degradation behavior is not
significantly improved.
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40°C
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COD removal (%)
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Figure 5. Effect of reaction temperature on (a) oil removal and (b) COD removal. (H,O, concentration:
0.12 mol-L ™!, pH = 3, catalyst dosage: 1.5 g-L ™!, oil-water mass ratio: 1:60).

3.1.6. Stability and Reusability

The stability and reusability of metallic glassy catalysts are the extremely important
capabilities for degradation of organic pollutants [42]. Figure 6 shows the catalytic reusabil-
ity using FeygSigB13 MGs from the 1st to 3rd run for degrading oily wastewater. Clearly,
the COD removal still maintains as high as 68% after 60 min for three cycles, suggesting the
excellent reuse life. Notably, the COD removal for the 2nd run is little better than that for
the 1st run due to surface activation. The slight decay is observed on the ribbon surface after
the 2nd run, forming SiO; layers during the degradation of oily wastewater [8]. Abundant
Fe?* irons can be supplied by falling the oxide layers for activating HyO,, thereby further
improving the catalytic reusability [43,44]. For the 3rd run, the COD removal slightly
decreases due to the side effect of oxide deposition.

147



Catalysts 2022, 12,1038

100

- [=a) -]
- =] =)
I f 1

COD removal (%)

[
-
L

1 run 2run Jrun

Reaction runs

Figure 6. Reaction runs for oily wastewater removal by FeygSigB13/H,O, system (H,O, concentration:
0.12 mol-L =1, pH = 3, catalyst dosage: 1.5 g-1.~!, oil-water mass ratio: 1:60, temperature: 40 °C).

3.2. Structures and Surface Morphology

In order to further investigate stability, the structures and surface morphology of the
ribbons were characterized, respectively. Figure 7a displays the XRD patterns of the as-
received and reused 3rd FeygSigBy3 metallic glass ribbons. The XRD patterns of as-received
and reused ribbons present a broad diffraction peak at 26 = 40~50°, indicating that all the
ribbons are mainly in the amorphous state [45]. However, the 3rd run recycled Fe7gSigB13
metallic glass ribbons have a crystallization peak, indicating crystalline precipitated phase
of a-Fe on the surface of the ribbons [46,47]. As shown in Figure 7b, each of DSC curves
clearly displays the exothermic peak, further obtaining thermodynamic parameters of Tp
and Tpy. The amorphous nature was also verified by DSC measurements. According to the
existence of two exothermic peaks in DSC curves and the intensity of T, and T is raised,
the crystallization process can be roughly divided into two steps: one is the precipitation
process of primary «-Fe phase and the other is the precipitation process of boride [48].
According to the Dubois model [49], Fe-Si-B series alloys are composed of Fe-B and Fe-Si
regions. The precipitation of «-Fe may accelerate the decomposition of Fe-B region due to
heteronucleation [50].
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Figure 7. (a) XRD patterns and (b) DSC curves of the melt-spun and 3rd reused FeygSigB13 metallic
glass ribbons.

Figure 8 shows the SEM images of the melt-spun, 1st and 3rd reused FezgSigB3
ribbons. It can be observed that the surface morphology of melt-spun ribbons is very
smooth without obvious surface defects as shown in Figure 8a. Although the surface of
the ribbons presents a slight decay with several corrosion areas in Figure 8b, most of the
surface remains relative smooth. As seen from Figure 8c, some corrosion products are
precipitated and accumulated on the surface of the ribbons for area B, except for the small

148



Catalysts 2022, 12,1038

regions of smooth surface for area A. These products are covered with active substances,
further leading to the reduction of catalytic degradation reaction.

Figure 8. SEM images of the (a) as-received, (b) 1st and (c) 3rd reused FeygSigB13 metallic glass rib-
bons.

3.3. Reaction Mechanism

It has been recognized that the mechanism for degradation of organic contaminants is
attributed to the catalytic oxidation of activated -OH radicals in the Fenton process. The
o-Phenylenediamine (OPDA) as typical catcher of -OH radicals was used to verify the
catalytic contribution of -OH radicals. The OPDA will react with -OH radicals to form
2,3-diaminophenazine (DAPN) stabilizing in solution for a long time. Figure 9a shows the
effect of OPDA concentration on COD removal from 0 to 20 mmol-L 1. It is observed that
the COD removal sharply decreases with increasing of OPDA concentration. Meanwhile,
the reaction rate rapidly decreases in Figure 9b. The reason may be that the active -OH
radicals preferentially combine with OPDA to produce DAPN rather than degrading
organic pollutants.
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Figure 9. Effect of OPDA concentration on (a) the normalized as a function of reaction time, (b) COD
removal and reaction rate. (H,O, concentration: 0.12 mol-L~!, pH = 3, catalyst dosage: 1.5 g-L~1,
oil-water mass ratio: 1:60, temperature: 40 °C).

The active radical species were observed by EPR technique with DMPO as spin-
trapping agent. As shown in Figure 10, variation for aliquots of samples collected at
10 min and 20 min of reaction interval in intensity of -OH radicals is obvious between
3480 and 3540 of magnetic field. The relative intensity of -OH radicals increased with the
prolongation of reaction time. To combine with the above results, -OH radicals play an
important role in the whole Fenton-like degradation process of oily wastewater.
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Figure 10. Intensity of -OH radicals in oily wastewater during the Fenton-like process.

Various ion concentrations of solution system before and after the reactions are ana-
lyzed in Table 1. The variation on majority of ions concentration is slight, whereas iron
ions in solution have a great increased. A mass of Fe?* and Fe®* flow into the solution
because of corrosion action and Fe plays an important role is confirmed at the same time.
Furthermore, Figure 11 shows the forming process of -OH radicals in the Fenton reaction.
It is well known that Fe?* acts as the main active source to activate H,O, producing active
species for -OH radicals (Equation (5)) [16]. However, the formation of Fe?* is more likely
by direct reaction between zero-valent iron in the Fe7gSigB3 ribbons and a small amount
of HyO, molecules (Equation (6)) [23]. In addition, the electrons of amorphous Fe atom
on 4s? orbital are extraordinarily unstable and active, thereby leading to forming Fe?* by
losing electrons (Equation (7)) [11] Besides this, there are reciprocal transitions between
the iron ions for the Fe?* and Fe®* under certain conditions as the reaction continues
(Equations (8)—(10)). According to the continuous reaction process, the Fe2* will react with
H,0O, to produce moderate activated -OH radicals, contributing to enhancing the catalytic
degradation reaction [9]. Therefore, the major reaction equations are as the following
Equations (5)—(10):

Fe’* + H,O, — Fe’* + OH™ + -OH (5)
Fe' + HyO, — Fe? + 20H~ (6)
Fe' — Fe?* +2e~ (7)

Fe** + H,0, — Fe?* + O,H + HY (8)
Fe3* + -0,H — Fe?* + O, + H* 9)
Fe® + 2Fe3* — 3Fe?* (10)

Table 1. Comparative variations of ion concentration before and after the reaction.

Ion Concentration (mg-L~1)

Ion

Before Reaction After Reaction
Li* <0.2 <0.2
K* 6.4 8.1
Mg* 54 7.1
Fe?* /Fe?* 2.5 251.3
Ca?* 29.9 40.3
Si4+ 4.0 10.7
B3+ 5.8 11.7
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Figure 11. Schematic illustration for the Fenton-like degradation of oily wastewater using Fe7gSigB13
metallic glassy ribbons.

4. Conclusions

In this work, the Fe;3SigB13 MGs as efficient catalysts demonstrate excellent catalytic
degradation behavior towards oily wastewater treatment in H,O, activation system. The
conclusions are as follows:

(1) The oil removal and COD removal of oily wastewater are achieved as high as
72.67% and 70.18% within 60 min using FeygSigB13 MG ribbons under the optimum condi-
tions, respectively.

(2) The FeygSigB13 MGs present the superior stability and reusability for 3 times with
high COD removal during oily wastewater degradation.

(3) The enhanced degradation performance may be mainly attributed to activate H,O,
molecules to generate -OH radicals in the EPR analysis and quenching experiments. The
Fe7gSigB13 MGs provide a potential strategy for activating abundant -OH radicals during
oily wastewater degradation.
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Abstract: Indoor formaldehyde pollution causes a serious threat to human health since it is uninter-
ruptedly released from wooden furniture. Herein, we prepared a g-C3Ny-modified TiO, composite
photocatalyst and coated it on the surface of a commercial artificial particle board with the assis-
tance of melamine formaldehyde adhesive. The g-C3Ny4/ TiO, coating was then used to degrade
formaldehyde which was released in real-time from the particle board under the irradiation of visible
light. The results showed that compared with pure TiO,, the g-C3N,/ TiO, composite with a hetero-
junction structure had a lower band gap energy (~2.6 eV), which could effectively capture luminous
energy from the visible light region. Under continuous irradiation, the g-C3N4/ TiO, photocatalytic
coating was capable of degrading more than 50% of formaldehyde constantly released from the
particle board. In the meantime, the photocatalytic coating also exhibited promising catalytic stability
towards various formaldehyde release speeds, air flow velocities and environmental humidities. The
hydroxyl radical and superoxide radical were found to be the predominant active species which
triggered formaldehyde degradation. This study provides a feasible and practical approach for the
improvement in indoor air quality through photocatalyst surface engineering.

Keywords: photocatalyst; TiO,; g-C3Ny; heterostructure; formaldehyde degradation

1. Introduction

Indoor volatile organic compounds (VOCs) released from wooden furniture have
received tremendous attention, and of these formaldehyde (HCHO) is regarded as one of
the most frequently released VOCs [1,2]. If HCHO cannot be completely removed, it may
cause severe threats to human health, such as nasal tumors and skin cancer [3]. Although
many techniques such as ventilation, adsorption, plasma and thermal catalytic oxidation
have been conducted to remove HCHO, it is still relatively difficult to find an all-weather
approach which can detect the released HCHO in real-time and promptly remove it, since
HCHO is continuously volatilized from indoor wooden building materials during daily
life [4].

More recently, photocatalytic technology has emerged as a promising means to quickly
remove HCHO from indoor air [5]. Under the irradiation of light, HCHO molecules can be
effectively oxidized to inorganic HyO and CO, by semiconductor-based photocatalysts [6].
Amongst all applicable photocatalysts, titanium oxide (TiO,) is the most frequently selected
due to high stability, low toxicity and low cost [7]. However, the wide application of TiO,
still encounters many limitations since it is a UV light-responsive photocatalyst which
cannot effectively utilize the energy from the visible light region [8]. The hybridization
of other semiconductors, such as ZnO, CdS, SnO2, etc., with TiO; can readily improve
the photocatalytic activity of TiO, through constructing a heterojunction structure, which
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can lead to higher charge collection and separation efficiency [9]. Graphitic carbon nitride
(g-C3Ny) is a two-dimensional metal-free n-type semiconductor which has been intensively
studied recently as a visible light-responsive photocatalyst. Compared with other metal
compound-based photocatalysts, g-C3Ny4 has the merits of a proper band gap energy
(~2.7 eV), low toxicity and ease of accessibility [10]. Many studies have shown that g-C3Ny
can be introduced as a second phase to hybridize with other semiconductors and build
heterostructure photocatalysts with highly elevated catalytic capabilities [11]. Therefore, it
is possible to prepare a heterostructure composite photocatalyst with high HCHO removal
efficiency through integrating g-C3Ny with TiO;.

Another concern when utilizing photocatalysts for indoor HCHO degradation in
real living spaces is that most photocatalysts have a powdery form, which cannot be
easily attached to wooden materials. Furthermore, most previous studies focusing on the
photocatalytic degradation of HCHO mainly investigated HCHO degradation with a fixed
concentration of HCHO in air [12]. However, in actual conditions, HCHO is continuously
released from wooden furniture and the concentration of HCHO in the air fluctuates [13].
Thus, in this study, g-C3N4/TiO, composite photocatalysts were prepared and used for
real-time degradation of the HCHO released from commercial artificial particle board.
The prepared photocatalyst was adhered onto the surface of the board as a photocatalytic
coating with the assistance of melamine formaldehyde adhesive. The stability for long-term
use of the g-C3N4/TiO, composite towards continuous HCHO release from the artificial
board was studied in detail.

2. Results and Discussion

The morphology of the prepared photocatalysts were observed first in terms of SEM,
with the results shown in Figure 1. It was seen from Figure la that pure TiO, had a
nanoparticle appearance. Based on the Scherrer formula, the particle size of TiO, was
calculated to be ~10 nm. Meanwhile, g-C3Ny exhibited a layered structure (Figure 1b).
When two components were hybridized, it could be observed that TiO, nanoparticles were
uniformly anchored on the surface of g-C3Ny (Figure 1c). With the increase in g-C3Ny
content in the composite, a lower amount of TiO, nanoparticle aggregations could be seen
(Figure 1d) since g-C3Ny could provide more surface area.

o g
¥

Figure 1. SEM images of (a) TiO,, (b) 10-g-C3N /TiO5, (c) 20-g-C3Ny /TiO,, (d) 30-g-C5N /TiO5.

The structure of g-C3N4/TiO, composites was further investigated. Figure 2a shows
the XRD patterns of the prepared samples. As illustrated, the prepared TiO, exhibited a
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typical anatase structure (JCPDS 04-0477) which had characteristic peaks located at 25°
(101), 38° (004), 48° (200), 54 (105) and 55° (211) [14]. Based on the Bragg formula, the
d-spacing for the (101) lattice plane was calculated to be ~0.35 nm. It was also seen that
g-C3Ny had two distinct peaks at 13° and 27°, which were indexed to the (100) and (002)
lattice planes of its hexagonal graphitic structure (JCPDS 87-1526) [15]. According to the
Bragg equation, the d spacing for the (002) lattice plane was calculated to be 0.33 nm, which
was close to the interlayer spacing of the graphite crystal. The g-C3N4/TiO; composites
showed integrated patterns in which both characteristic peaks from TiO; and g-C3Ny could
be observed. With the increase in g-C3Ny4 content, the (100) peak of g-C3N4 became more
apparent, and increased incorporation of g-C3Ny did not break the crystalline structure

of TiOz.
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Figure 2. (a) XRD patterns, (b) DRS spectra and (c) corresponding band gap energy of TiO, and
g-C3Ny4/TiO, composites.

The absorbance properties of the prepared photocatalysts were investigated through
DRS spectra, with the results shown in Figure 2b. For pristine TiO,, the absorption edge
occurred at a wavelength of lower than 400 nm, indicating that the anatase phase TiO,
was only responsive to UV light [16]. When g-C3N, was incorporated, the absorption
edges of the resulting composites all shifted to the visible light region, indicating that het-
erostructured g-C3Ny4/TiO, could capture visible light to initiate electron/hole separation.
The band gap energy (Eg) of the prepared photocatalysts could be further calculated via
Tauc plots, with the results shown in Figure 2c. As expected, pristine TiO, had an Eg of
3.18 eV, which was in accordance with many previous studies [17]. In the meantime, all the
composite photocatalysts had smaller Eg values, in which a higher g-C3Ny incorporation
amount could lead to narrower Eg. It was noted that the Eg values for 20-g-C3Ny/TiO,
(2.65 eV) and 30-g-C3Ny/TiO; (2.59 eV) were both lower than that of pristine g-C3Ny
(~2.7 eV) [18], indicating that g-C3N4 and TiO; formed a heterojunction structure which
could effectively enhance the light absorption ability of the composite photocatalysts.

The photocatalytic performance of the prepared g-C3N4/TiO; towards indoor HCHO
removal (continuously released from artificial particle board) was then investigated.
Figure 3 shows the HCHO degradation capability of the prepared samples. As illus-
trated in Figure 3a, HCHO was quickly released from the particle board and the adsorp-
tion/desorption equilibrium of ~0.64 g/m> was reached within 30 min. When the light was
off, all the tested boards, coated with different photocatalysts, exhibited a similar HCHO
release curve, indicating that each photocatalyst coating barely adsorbed the HCHO in the
air. When the UV lamp was on (Figure 3b), the equilibrium concentration of HCHO quickly
rose to ~0.78 g/m?, since UV light could introduce more thermal energy into the reaction
chamber which facilitated HCHO release. It was observed that under the irradiation of UV
light, HCHO concentration in the air was significantly reduced to a different extent, which
was caused by the photocatalytic degradation of HCHO on the coating surface. It was
seen that all the g-C3Ny/TiO, composites showed better HCHO degradation performance
than pure TiOy, e.g., the real-time HCHO concentration could be reduced to lower than
02g/ m> by both 20-g-C3N,4/TiO; and 30-g-C3N4/TiO,. In the meantime, the catalyst
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had very promising long-term use stability, as it could unceasingly degrade perpetually
released HCHO from the particle boards for more than 24 h. This signified that the high-
performance photocatalyst coating on the wooden furniture was a potential and applicable
way to lower the concentration of HCHO in the air when the release of HCHO from the
wooden furniture theoretically could not be inhibited.
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Figure 3. (a) Adsorptive removal of HCHO and photocatalytic degradation of HCHO under (b) UV
light and (c) visible light by TiO; and g-C5N4/TiO, composites (M photocatalyst) = 1 8)-

When the light source was changed to a Xe lamp (Figure 3c), the HCHO equilibrium
concentration in the reaction box was increased to even higher than 0.80 g/m? due to the
thermal radiation source nature of the Xe lamp. As anticipated, TiO, showed negligible
HCHO removal capability since the UV responsible photocatalyst could not effectively
generate energy from visible light irradiation [19]. On the contrary, all the composite
photocatalysts still exhibited excellent HCHO degradation performance under visible
light, with 20-g-C3N4/TiO;, and 30-g-C3N4/TiO; also presented the optimal efficiency.
Specifically, more than 60% of the HCHO could be degraded by these two photocatalyst-
based coatings at any time of release. The results demonstrated that compared with TiO,,
g-C3Ny/TiO; was more suitable to be coated on wooden furniture to reduce indoor HCHO
concentration since visible light is more than 50% of natural light, whereas UV light is
only 5% [20].

The influence of the coating parameters, including the catalyst dosage, of the coating
and HCHO concentration on the performance of the composite catalyst was then investi-
gated, with the results shown in Figure 4. In these cases, 20-g-C3Ny4/TiO, was selected as
the test catalyst due to its high performance. A Xe lamp was used as the light source. As
demonstrated in Figure 4a, the performance of 20-g-C3N4/TiO; did not fluctuate much
with changes in its initial dosage in the coating solution, which might because a magnified
amount of the catalyst particles could not increase the exposed active sites on the coating
surface, and the contact between HCHO and the active sites of 20-g-C3Ny/TiO; was not
enhanced as a result, since only surface photocatalyst particles could be irradiated by the
incident light and generate active species for HCHO degradation. When the particle board
was changed to those with different HCHO releasing rates, it was shown from Figure 4b

that the photocatalyst still exhibited high HCHO real-time degradation performance to-
wards all selected panels. Notably, the 20-g-C3N4/TiO, coating gave the highest HCHO
removal efficiency to the board with the highest HCHO releasing rate, which might be-
cause more HCHO molecules were in contact with the g-C3N4/TiO, particles in the fixed

volume chamber.
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Figure 4. Impact of (a) photocatalyst coating amount and (b) HCHO release velocity on the photocat-
alytic performance of 20-g-C3Ny/TiO, composites.

Figure 5 shows the impact of the environmental parameters on the performance
of the photocatalyst. The results shown in Figure 5a indicated that by reducing the air
flow velocity, the HCHO degradation efficiency was effectively enhanced due to higher
contact between the HCHO and 20-g-C3Ny/TiO, at lower air flow velocities. Furthermore,
the alteration of environmental air humidity also influenced the HCHO removal rate. It
was inferred from Figure 5b that increased humidity could impede the photocatalytic
degradation of HCHO. This was because when the water vapor content in the air increased,
more water molecules adhered to the 20-g-C3Ny4/TiO, coating surface, which hindered
the contact rate between the catalyst molecules and pollutant molecules [21]. It was also
observed from Figure 5b that a lower humidity also suppressed the performance of the
photocatalyst. This indicated that the existence of HyO in the system was the key for
photocatalytic degradation of HCHO. It is generally known that in many cases, when
incident light triggers the electron/hole separation in the photocatalyst, the hole in the
valence band (VB) needs to react with an ambient hydroxyl ion (OH™) to form OH to
degrade the organic pollutant [22]. Thus, sufficient H,O molecules existing in the reaction
system is necessary to guarantee the conversion from hole to OH [23], which was why a
relatively low environmental humidity led to a negative impact to the performance of the
composite photocatalyst. However, excessive H,O molecules could also occupy the active
sites on photocatalyst surface when further increasing the humidity to 80%, which also led
to a significant decline in the HCHO degradation efficiency.
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Figure 5. Impact of (a) air flow velocity and (b) environmental humidity on the photocatalytic

performance of 20-g-C3Ny/TiO, composites.
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The predominant active species which initiated HCHO degradation was then investi-
gated, with the results shown in Figure 6a. It was clearly seen that both MeOH and t-BQ
could inhibit the HCHO removal rate, whereas EDTA could not hinder HCHO degradation.
This meant the radicals, including OH and O, ™, were the main species responsible for the
degradation of HCHO [24], where OH and O, were produced from the reaction of holes
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in the VB with OH™ and electrons in the conduction band (CB) with ambient oxygen (O,),
respectively. This result could also explain why the performance of 20-g-C3Ny/TiO, was
slowed down at low humidity. Figure 6b shows the XRD pattern of used 20-g-C3N4/TiO,
after 24 h of service. It was seen that the used photocatalyst had the same XRD pattern as
the freshly made one, indicating a promising long-term use stability.
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Figure 6. (a) HCHO degradation in water with the existence of different scavengers, (b) XRD pattern
of used 20-g-C3Ny4/TiO,.

Based on the above overall results, the real-time HCHO degradation process by
20-g-C3N4/TiO, coating was proposed in Figure 7. In practical conditions, HCHO is
incessantly released from indoor wooden furniture, such as the particle board used in this
work. If no valid inhibitory approach is conducted, HCHO will quickly occupy indoor
spaces. When the photocatalyst coating, which is g-C3N4/TiO; in this study, is adhered
on the furniture surface, the coating can unceasingly degrade HCHO released in real-
time under the irradiation of light. Specifically, when a very small amount of g-C3N4 was
hybridized with TiO,, a heterojunction-structured composite photocatalyst could be formed.
Under such conditions, g-C3N4/TiO; had a narrower band gap energy with an expanded
light adsorption region compared with TiO,. Therefore, the composite photocatalyst can
adsorb visible light for HCHO degradation, where g-C3Ny accelerates the separation and
suppresses the recombination of the electron/hole pairs. After the electron/hole pairs were
produced by visible light irradiation and stabilized by the g-C3N4/TiO, heterojunction, the
excited electrons in the CB quickly reacted with the O, in the reaction system to produce
O, 7, and the remaining holes in the VB also reacted with the nearby OH™ to generate
OH, both of which caused HCHO degradation in the reaction chamber. As long as the
visible light source was on, the constantly released HCHO from the particle board could
be removed in real-time with high efficiency by the photocatalyst coating prepared in
this study.
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Figure 7. Schematic illustration of real-time HCHO degradation by g-C3N4/TiO; (Red dot: Oxygen,
gray dot: carbon, white dot: hydrogen).
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3. Materials and Methods
3.1. Chemical Reagents

Titanium butoxide (TBT, C14H3604Ti, >99%), melamine (C3HgNg, 99%), hexadecyl
trimethyl ammonium bromide (CTAB, C19Hi,BrN, 99%) and tert-benzoquinone (CsH4O»,
99%) were purchased from Aladdin Co., Ltd. (Shanghai, China). Edetate disodium
(C10H14N2NayOg-2H,0, 99-101%) was purchased from Sigma-Aldrich (St. Louis, MI,
USA). The artificial particle boards that released different HCHO amounts were provided
by Linyi wood factory (Linyi, China). Other chemicals and reagents were of analytical
grade and used without further purification.

3.2. Preparation of g-C3Ny4/TiO;

g-C3Ny was prepared by pyrolyzing melamine at 550 °C for 3 h in a mulffle furnace.
The preparation of g-C3N4/TiO, composites with different g-C3Ny4 contents was conducted
as follows. Firstly, a certain amount of g-C3N4 and CTAB (20 mg) were added into 100 mL
of ethanol, and the mixture was sonicated for 1 h to obtain a g-C3Ny dispersion. Then, TBT
(0.5 g) was added and dissolved in the above dispersion, and the mixture transferred into a
Teflon-lined stainless-steel autoclave. The autoclave was afterwards heated to 120 °C for 24
h. After the temperature was cooled to room temperature, the photocatalysts named as x-g-
C3Ny4/TiO, were obtained after the light brown precipitate was separated via centrifuging,
washing with H,O and ethanol twice and drying at 60 °C for 24 h. In the formula, x
represents for the mass dosage of g-C3Ny in the composites. For comparison, pure TiO,
was also prepared following a similar procedure without the introduction of g-C3Nj.

3.3. Characterization and Analytical Methods

The morphology of the prepared samples was determined by scanning electron mi-
croscopy (SEM, JEOL SEM 6490, Tokyo, Japan). The X-ray diffraction spectra (XRD) were
recorded by a Rigaku Smartlab XRD instrument. The diffuse reflectance spectra (DRS) were
conducted by a PerkinElmer Lambda 950 UV /Vis/NIR spectrophotometer.

3.4. Real-Time HCHO Degradation Process

The photocatalytic system for HCHO degradation used in this study is shown schemat-
ically in Figure 8. A 50 x 50 x 30 m> glass box, equipped with an air inlet pump and a
HCHO sensor, was used as the reaction chamber. The glass (with an area of 20 x 20 cm?)
on the top of the chamber was changed to quartz glass for the passage of light. UV light
and visible light were both introduced as the light source, in which a 250 W UV lamp was
used as the UV light source and a 300 W Xe lamp equipped with a 420 nm cut-off filter was
used as the visible light source. All particle boards, with a thickness of 1.5 cm, were cut
into 10 x 10 cm? rectangular shapes. The particle board was first brushed with a layer of
melamine formaldehyde adhesive. Afterwards, 10 mL, 20 mL or 30 mL of the photocatalyst
suspension with a concentration of 100 g/L was coated onto the surface of the particle board
using a spin-coater at 2000 rpm. After being air-dried for 24 h, the photocatalyst-coated
particle board was placed on a lifting table in the glass box, with the distance between
the particle board and light source fixed at 18 cm. At the same time, the lamp was turned
on to initiate the photocatalytic process, and the HCHO sensor (Dart 2-FE5, Exeter EX4
3AZ, UK) recorded the real-time HCHO concentration in the chamber. The humidity of
the reaction chamber was tuned by a commercial mini humidifier. The humidity of the
reaction chamber for photocatalytic tests was set at ~60% if not otherwise stated.

The predominant active species generated by g-C3Ny/TiO, for HCHO degradation
was identified in aqueous solution by the introduction of different scavengers, in which
a Xe lamp was introduced as the light source. Typically, 50 mg of the photocatalyst was
added into a 50 mL HCHO solution (10 mg/L) containing 10 mM of methanol (MeOH),
tert-benzoquinone (t-BQ) or edetate disodium (EDTA), which were used to trap hydroxyl
radicals (OH), superoxide radicals (O, ™) and holes (h), respectively. After the Xe lamp was
turned on, approximately 2 mL of solution was withdrawn from the reaction solution at
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predetermined intervals and centrifuged to separate the solid. The concentration of HCHO
was quantified using gas chromatography (Agilent 7890A, Agilent, Santa Clara, CA, USA).

light source
_ quartz glass
20¢em : flowmeter
20em |
C g-C3NJ/ TiO, coating ;
,,,,,,,,,,, Lge” | T
1 particlé board & air pump
-5

.~ HCHO sensor humidifier

Figure 8. Photocatalytic system for real-time degradation of HCHO released from artificial
particle board.

4. Conclusions

To conclude, g-C3N4 was modified with TiO; to construct composite photocatalysts
with a heterojunction structure. The prepared g-C3N,/TiO, was coated onto the surface
of artificial particle board and used for HCHO degradation as it was released in real-time
from the particle board under the irradiation of visible light. The prepared g-C3Ny4/TiO,
exhibited high visible light energy adsorption efficiency since the two components formed
an effective heterojunction structure. The g-C3N4/TiO, coating could unceasingly degrade
HCHO which was continuously released from the particle board. The photocatalyst coating
also exhibited promising stability and adaptability. The heterostructured g-C3;N4/TiO,
prepared in this study can be used for practical indoor air purification.
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Abstract: Currently, the production and consumption of pharmaceuticals is growing exponentially,
making them emerging contaminants that cause hazards to the ecological environment and human
health. These drugs have been detected in surface water and drinking water around the world. This
indicates that the conventional treatments used are ineffective for the removal of these compounds
from the water, since they are very complex, with high stability and have high persistence in aquatic
environments. Considering this problem, several types of alternative treatments, such as advanced
oxidative processes, have been studied. Of these, AOPs using irradiation have received increasing
interest due to their fast reaction rate and the ability to generate oxidizing species, which leads to an
efficient degradation and mineralization of organic compounds, thus improving the quality of water
and allowing its reuse. Therefore, in this review, we focus on the advances made in the last five years
of irradiated AOPs in the degradation of different classes of pharmaceutical compounds. The articles
address different study parameters, such as the method of the synthesis of materials, oxidants used,
treatment time, type of light used and toxicity of effluents. This review highlights the success of
irradiated AOPs in the removal of pharmaceuticals and hopes to help the readers to better understand
these processes and their limitations for removing drugs from the environment. It also sheds light on
some paths that future research must follow so that the technology can be fully applied.

Keywords: degradation; photoelectrochemical; toxicity; environment

1. Introduction

Water pollution occurs when dangerous substances enter the oceans, rivers and lakes,
among others, and can be found suspended or dissolved in these water bodies [1]. It is
reported that areas of higher population density have a greater amount of water bodies
polluted with different types of contaminants [2]. So, with the increase in human life
expectancy, millions of medicines have been developed to maintain good health and quality
of life [3]. In the last decades, pharmaceutical residues have been discovered in almost
all different aquatic matrices on all continents [4]. Due to the high solubility and low
biodegradability of the drugs, these compounds are extremely difficult to eliminate from
water using conventional methods of treatment [5].

Existing wastewater treatment plants around the world are equipped with conven-
tional treatment methods for the removal of simple organic substances, such as filtration,
sedimentation, flocculation, adsorption and/or biological treatment [6]. However, these
methods do not completely destroy organic pharmaceutical pollutants. Therefore, many
researchers are in a relentless search for unconventional methods for pharmaceutical re-
mediation in wastewater. Advanced oxidation processes (AOPs) are becoming attractive
alternative techniques due to the promising chance of complete removal of drugs with
production of non-toxic by-products [7].

AOQPs are based on the generation of strong oxidants capable of oxidizing a wide
range of organic compounds with one or several double bonds [8], such as process thermal,
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electrochemical, sonochemical, transition metal-based and irradiated. Of these, irradiated
AOPs have been highlighted (Figure 1). Irradiated AOPs are green processes that do not
involve secondary pollution, have mild reaction conditions, are easy to operate and have
high pollutant degradation efficiency [9,10].

Photo-based

Process based on irradiation with
I different light sources

Advanced Oxidation

Hydrogen Peroxide Process Metal Transition
Process based on the use Process based on the use
of hydrogen peroxide of metal transition ions
Electrochemical Sonochemical
Process based on Process based on
electron transfer ultrasonic irradiation

Figure 1. Different advanced oxidative process for the removal of pharmaceuticals.

This review aims to provide a discussion of recent literature that uses irradiated AOPs
to potentiate radicals formation to completely remove drugs and/or transform by-products
into less toxic by-products. Research works that produce new materials, study different
techniques for removing drugs and/or evaluate the toxicity of effluents after treatment
are discussed. Additionally, the treatment of water contaminated with various drugs is
examined, which is classified according to the functional group. Thus, six different classes
are approached, namely the nitrogenated, chlorinated, fluorinated, sulfured, phosphorated
and oxygenated. Finally, a critical discussion of these approaches is also presented for a
better understanding of the gaps opened in this topic in the literature.

2. Status of Pharmaceutical Pollution

Water is one of the most important compounds on the planet, as it is directly re-
lated to the existence of living beings. With the growth of the world population and the
development of technology, water pollution has become a very important issue. Water
contamination can be the result of several factors; one of the most polluting is the rapid
development of industries and, consequently, the disposal of industrial waste [11]. Among
the existing hazardous effluents, we can see that pharmaceutical products often play a vital
role in the emission of toxic substances into the environment [12]. Drugs, which are organic
and/or inorganic chemical compounds, can be classified according to their therapeutic
actions as antibiotics, analgesics, beta-blockers, anesthetics, radiographic contrast agents
and antidepressants [13].

Drugs have received enormous attention regarding detection and degradation due to
their potential adverse effects on humans and the ecosystem [14]. Thus, the non-treatment
of waste with antibiotics can give rise to antibiotic-resistant bacteria. Another class of drugs
can cause various other problems, such as the development of reproductive disorders, birth
defects, severe bleeding, cancer, organ damage, endocrine disorders and toxic effects on
aquatic organisms, which could have immeasurable consequences for humanity [15]. In
Table 1, it is possible to observe widely used drugs, which have been covered in the literature.
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Table 1. Drugs reported in the literature as objects of study for removal in wastewater.

Class Pharmaceuticals Abbreviation Chemical Formula Use
Acetaminophen ACT CsHyoNO, Analgesic and antipyretic for mild pain and fever
Tramadol TRA C16HpsNO;, Analgesic for rigorous pain
. . Antibiotic used to treat respiratory, ear, skin or
Azithromycin AZT CasH72N201 sexually transmitted infections
Doxorubicin DOX CorHooNO Antibiotic used for the therapy of lymphoma,
275729784 leukemia and sarcoma
NITROGENATED Metronidazole MTZ CgH9N3O3 Antiparasitics and antiprotozoa
. . Antibioti d fi ild-to-moderate bacterial
Trimethoprim TRIM C14H1sN,O5 ntibiotic use Oli r?fléctio?l smo erate bacteria
. Used for mild pain and is mostly consumed in the
Caffeine CAF C8H10N402 form of coffee
Used for hypertension, cardiac arrhythmias, angina
Propranolol PROP C16H21NO, and hyperthyroidism
Lamotrigine LAM CoH;CIL,N Used to fight seizures
Chloramphenicol CAP C11H1»ClLN,O Antibiotics used for severe or life-threatening
p 112258205 infections
. for the th f mild-to-
Diclofenac DIC C14Hy; CLNO, Used for the therapy (})) aﬁl\l d-to-moderate acute
Indomethacin IDM C19H14CINO Used for inflammatory arthritis
CHLORINATED .1 Used topical antiseptic and dental practice for the
Chlorhexidine CLH Ca2H30Cl2Nio treatment of dental inflammation
Anticonvulsant for therapy in epilepsy and as an
Clorazepate CLZ C16H11CIN,O3 anxiolytic
Hydroxyzine HDZ Cy1HyyCIN,O, Used largely for symg;(;rirg yof allergy, nausea and
Indapamide IDP C16H16CINO;3 Antihypertensive and a diuretic
Bezafibrate BZF C19HpCINOy Used for hyperlipidemia
Ciprofloxacin CIP C1oHi1xENAO Used in the therapy of mild-to-moderate urinary or
P 177187 INSS respiratory infections
Ofloxacin OFLO Ci1sHooFN30;4 Used for treatment rarien}{l;;ances of hepatocellular
. Antibiotic used to treat infections of the urinary
FLUORATED Enrofloxacin ENR C19H2,FN3 03 system
. Antibiotic used to treat infections, such as
Levofloxacin LEV CigHyoFN3O4 pheumonia and sinusitis
Etofinamate ETO C18H18F3NOy4 Used in the treatment of muscles and joints
. Used to treat major depressive, moderate-to-severe
Fluoxetine FLU Ci7HigFsNO bulimia and obsessive-compulsive disorder
Eprosartan EPS Co3Hp4N>O4S Used for the treatment of high blood pressure
Captopril CPT CoH15NO3S Used in the therapy of hypertension
SULFURATED Sulpiride SUL Ci5H23N3045 Used therapy as an antidepressant
Sulfamonomethoxine SEX C11H12N4OsS Long acting antibacterial agent
A il AMX CieH1oN2O=S Used in the treatment of mild-to-moderate bacterial
moxicrin 1611191835 infections
Ifosfamide IFD CoHa=CioN, O P Chemotherapy used to treat certain types of cancer,
752N such as cancer of the ovary and cervix
PHOSPORATED Cyclophosphamide is used to treat cancer of the
Cyclophosphamide CFD CrHCaNo 0P ovaries, breast, blood and lymph systems
Aspirin AAS CoHAO Used as a medicine to treat pain, fever and
P 91184 inflammation
Ketoprofen KET Cr HuO Anti-inflammatory, with analgesic,
OXIGENATED ctoprote 16571473 anti-inflammatory and antirheumatic effects
Naproxen NAP C14H1405 Analgesic for pain
Ibuprofen IBU Ci3Hi30; Anti-inflammatory used to treat pain and fever

These compounds are recalcitrant towards conventional treatment methods commonly
used (sedimentation, flocculation, adsorption and ultrafiltration, for example), which are
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efficient for the removal of simple substances and materials on a macro/micro scale, while
the advanced oxidation processes utilize the high reactivity of oxidants to degrade organic
compounds to harmless products in water progressively have shown better efficiency in
degrading these drugs. The combination of two or more AOPs is increasingly promising
since, in some cases, only one AOPs is not enough to mineralize the effluent. Thus,
combining technologies is a promising alternative for complete drug removal.

3. Photocatalysis as a Tool for the Degradation of Different Pharmaceuticals
3.1. Nitrogenous-Based Compounds

Pharmaceuticals that have heterocyclic compounds with nitrogen, such as pyridine,
are widely used in living beings. Some examples of commonly used nitrogenous drugs are
acetaminophen, metronidazole, tramadol and azithromycin, among others [16]. Hetero-
cyclic nitrogenous compounds have high toxicity and recalcitrance and there are reports of
frequent detection occurring in the aquatic environment, and thus the existing treatment
methods are not efficient [17]. Thus, it is necessary to seek efficient systems for the complete
mineralization of these compounds during water treatment processes.

In this sense, Li et al. [18] studied the photodegradation of acetaminophen (ACT)
by combining UV light with different oxidants, such as chloramine, hydrogen peroxide
and persulfate. The researchers showed that the drug can be effectively degraded by the
combined processes when compared to the exclusive use of UV irradiation and oxidants.
When comparing the efficiency of the three hybrid methods, they found that the efficiency
was given in the following order: UV-LED/Persulfate > UV-LED/Hydrogen peroxide >
UV-LED/Chloramines. Furthermore, it was observed that the kinetics of acetominophen
removal increased when the oxidant dosage was increased in all cases. Finally, acute toxicity
tests carried out using Vibrio fisheri and UV-LED /Persulfate were more efficient. In this view,
persulfate was found as the most promising oxidant for the combination with UV-LED in
the degradation of acetaminophen. On the other hand, Cai and co-workers carried out work
investigating the efficiency of ACT removal with thermal treatment/peroxymonosulfate
(T/PMS). They achieved efficient removal of the compound. Comparing the works that
use T/PMS [19-21] with photo-assisted works [18,22], it was observed that the light-based
processes more efficiently remove the toxicity of the studied effluents.

More recently, Qiangwei Li and co-workers [22] investigated the use of the CozO,4/TiO;
heterojunction to degrade ACT through the photocatalytic activation of the sulfite. They
discovered through X-ray photoelectron spectroscopy analysis and theoretical calculations
that electron transfer from Co304 to TiO; directly contributes to the catalytic activation of
the sulfite. Therefore, due to the unique configuration, 96% of ACMPH was removed in
just 10 min. Showing that sulfite radicals activation is extremely promising.

Another widely used nitrogenated compound, azithromycin, is a common antibiotic,
and during the COVID-19 pandemic, its use increased even more. Therefore, it is extremely
important to search for new technologies to remove this antibiotic. Thus, Sayadi et al. [23]
investigated the synthesis of a new material with iron, zinc and tin oxide to apply it to the
photocatalytic removal of azithromycin. The effect of pH, contact time, catalyst content
and the initial concentration of azithromycin was analyzed, and under optimal conditions
(pH = 3, 120 min with 1 g/L of catalyst), obtained 90.06% of azithromycin degraded under
UVC irradiation.

More recently, Tenzi and co-workers [24] studied a new material for photodegradation
with UV-LED from AZT, SrTiOs. In its optimal condition, with 40 mg of the material and 4 h
of treatment, 99% of drug removal occurred. The authors justified its excellent performance
through two important factors: (i) the nanostructured and irregular morphology and
(ii) the hole action and hydroxyl formation.

Another drug in this important class is metronidazole. In this sense, Martins et al. [25]
studied the synthesis of ginite with different alkaline hydroxides (Na, Li and K) and
subsequently applied it to remove metronidazole using photo-Fenton technology. The
authors reported that cations directly influence the morphology of the material, resulting
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in different surface areas. Na@giniita showed the largest surface area, 10.9 m? g~!, when
compared to the others. When applying them in the degradation, Na@giniita obtained 91%
degradation, so the authors concluded that the greater the surface area, the more efficient
the removal of MTZ.

Still, Neghi and collegues [26] carried out the removal of the MTZ, but unlike the
previous works cited, they carried out the degradation on a laboratory scale (Figure 2a)
and on a pilot scale (Figure 2b). They used different methodologies, such as Persulfate (PS),
TiO; activated by UV-C (UV/TiOy), PS activated by UV-C (UV/PS) and UV /PS with TiO,
(UV/PS/TiO,). The great difficulty was optimizing the parameters, since the scales of the
systems were very different. In the optimized condition, which was the combination of
the three technologies, regardless of the system used, 90% of the MTZ was removed. In
addition, toxicity studies using Vibrio Fisheri were performed and, in addition to antibiotic
removal, effluent toxicity was removed.
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Figure 2. Comparison of photodegradation systems used with UV, PS or TiO,, single or coupled.

(a) laboratory scale and (b) pilot scale. Reprinted with permission from [26]. Copyright © 2020
Elsevier Ltd.

3.2. Chlorinated-Based Compounds

Chloramphenicol (CAP), Diclofenac (DC), Hydroxyzine (HDZ) and Indomethacin
(IMT), among others, are drugs widely used worldwide. In this context, Leeladevi et al. [27]
proposed the SmVOy /g-C3Ny4 synthesis using a simple hydrothermal method. Due to the
excellent photocatalytic activity, when the material was applied for CAP removal it achieved
94.35% efficiency. The excellent performance was justified by its unique composition
and an excellent metal-free decorated photocatalyst alternative. Additionally, Hu and
co-workers [28] studied a new strategy, photocatalysis coupled with microbial fuel cell
(photo-MFC) on a Ni/Ti;O3 photocathode to increase the degradation efficiency of CAP. It
was observed that the best degradation efficiency of CAP can reach 82.62% removal. Finally,
the evaluation of the ecotoxicity of the degradation products showed that the degradation
of CAP in the photo-MFC system modified with Ni/TipO3 presented a remarkable trend
towards low toxicity levels. Therefore, it represents a very promising system for industrial
waste degradation.

Kumar et al. [29] reported the synthesis of a Fe30,@SrTiO3/BisOsl, heterojunction
through a hydrothermal process. The heterojunction was used for DC removal under
simulated sunlight irradiation. Current results reveal that the optimized heterojunction
exhibited a 98.4% removal of diclofenac within 90 min. EPR analyzes show that -OH and
-O, radicals are present in DC degradation. The improved performance was justified by
the proposal of a Z scheme (Figure 3), since the charge separation was obviously improved
and facilitated by Fe3O4 and Ti** /Ti%*, the involved redox couples. Thus, the authors
demonstrate a promising material for rational design and fabrication of semiconductor
heterojunctions for environmental applications.
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Z-scheme

Conventional
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Figure 3. (a,b) Photocatalytic mechanism Z proposed by Kumar et al. Reprinted with permission
from [29]. Copyright © 2020 Elsevier Ltd.

E°(*OH /H,0, ) =2.27 eV

Examining Table 2, it is possible to conclude that the degradation of nitrogenous and
chlorinated base compounds was successfully degraded via photo-assisted and photo-
catalytic AOPs systems. New materials and technologies were proposed to improve the
removal rate and mineralization of the systems. Still, few works carry out their tests on a
pilot scale.

Table 2. Selected recent studies of AOPs photo-irradiated processes for nitrogenated and chlorated

base compound removal.

Pharmaceutical Process Experimental Conditions Results Ref.
pH = 3; t = 150 min;
DC Photocatalysis [Catalyst] =0.1g L™} 99.4% DC and 87.8% TOC removal [30]
[DC] =60 mg L1
CAP Electrochemical and pH=6.38;t=8h; 100% CAP removal and complete removal of (31]
photo-assisted [CAP] =50 mg L1 antibiotic activity
pH =6.8; t =45 min;
IMT Photocatalysis [Catalyst] =0.03 g mL~1; 97.3% IMT removal [32]
[IMT] =20 mg L~!
pH =7; t =45 min;
IMT UV-vis/peroxydisulfate [PDS] =20 uM ~80% IMT and 30% TOC removal [33]
[IMT] = 20 uM
pH=2;t=15min;
MET Photocatalysis [Catalyst] =1.2 g L~! 94.3% MET removal [34]
[MET] =10 mg L?!
pH =3; t =90 min;
[Fe?*] =020 mg L~; o o
DC US/photo-Fenton [H,0,] = 1 mg L, 94.4% DC and 17% TOC removal [35]
[DC]=1mgL™!
t=8h 9 I and compl f
AZT Photocatalysis [Catalyst] = 2 mg mL-1 90% AZT remova tgr;ic ictomp ete removal o [36]
[AZT] =20 mg L~! y
pH =9; t =120 min;
AZT UV/H,0O, [HyO] =482 mg Lt 53% AZT and 100% TOC removal [37]
[DC]=1mgL™!
~ pH =5.8; t =120 min;
CAF Ups?gnéphog’[?;r}t;’% [H,05] = 05 mL L 99% CAF removal [38]
2z an € [CAF] =20 mg L
LEV Photo-electrocatalyst pH=59;t=4h; 99% LEV and 100% TOC removal [39]

[LEV]=20mg L~!
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3.3. Fluorinated-Based Compounds

Fluoroquinolones (FQ) are a family of fluorinated-based antibiotics used for both
human and animal extensively. Most common FQs used include CIP, ENR, NOR and oth-
ers [40—42]. They all present a bicyclic core structure related to the substance 4-quinolone
with a fluorine substituted on the C6 position. FQs are incompletely metabolized in bodies
and excreted into wastewaters. Because of the incomplete removal in conventional wastew-
ater treatment facilities, since these treatment plants were never designed to deal with
antibiotics, FQs are released to the environment via wastewater discharge on a continuous
basis [42]. In recent years, these substances were detected in other aqueous environments
around the world, such as lakes, rivers, seas, ground water and even in tap water [41-45].

Thus, it is crucial to develop efficient and economical treatment technologies to elim-
inate FQs from natural waters and wastewaters due to the potential threats of FQs to
aquatic ecosystems and human beings. Photodegradation was found to be an important
mechanism responsible for their removal in surface waters. The quinolone chromophore
group enables the molecules to absorb UV-A light efficiently [46].

In this sense, Geng and co-workers [40] investigated the photo-degradation of three
FQs (NOR, CIP, LEV) by VUV/UV and UV irradiation. They evaluated several effects
such as flow rate (30, 60 and 90 L h—1), FQs initial concentration (15, 30 and 60 pmol L™1),
temperature (5, 15, 25, 35 and 45 °C), initial pH (ranging 3 to 11) and typical anions in
degradation. FQs was degraded more efficiently with high temperatures and low initial
concentration (Figure 4a). The effect of the flow rate was small and exhibited a maximum
value at around 60 L h~! (Figure 4a). In the pH range of 3-9, the photo-degradation rate
constants of NOR and CIP increased with the pH but decreased at pH 11, which was related
to different dissociation forms in the water at different pH. However, the photo-degradation
kinetic constant of LEV was slightly affected by pH in the VUV /UYV system (Figure 4c).
In the VUV /UV system, carbonate and phosphate species enhanced the removal rate of
FQs. However, sulfate, chloride and nitrate restrained the degradation process of FQs
(Figure 4b,d).

The photo-degradation mechanisms of FQs in the VUV /UV system involved the direct
photolysis, O, and -OH oxidation. The degradation pathways of FQs were defluorination,
decarboxylation and piperazine ring oxidation, and demethylation was a particular degra-
dation pathway for LEV. In addition, antibacterial activities significantly decreased in the
VUV/UV process due to defluorination and decarboxylation induced by VUV and -OH.
Particularly, the comparison of the energy cost showed that the VUV /UV process was more
energy efficient than UV process, indicating that the VUV /UV system was a promising
treatment technology for removing FQs from water or wastewater [40].

In another work, Mondal, Saha, and Sinha [47] studied the degradation of ciprofloxacin
by using various AOPs, such as UV, H,O,, UV/H,0,, modified Fenton (nanoscale zero-
valent iron-nZVI/H,0;) and modified photo-Fenton at near neutral pH. The degradation of
CIP by photolysis was performed at the initial pH of 7 and with the initial concentration of
10 mg L-L Approximately 60% of the antibiotic was removed within 120 min, confirming
ciprofloxacin as a photosensitive compound. However, only 4% of the total organic carbon
(TOC) removal was achieved, indicating that the degradation of CIP by UV irradiation
may not prove to be feasible in 120 min. Later, hydrogen peroxide (H,O,) with several
concentrations was added to ciprofloxacin solution (10 mg L) in presence of UV light
at initial pH 7. The TOC % removal increased from 10.47% for only H,O, to 35.41% for
UV/H,0; combination due to a higher amount of hydroxyl radicals (-OH) generation due
to photolysis.
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Figure 4. Comparison of the first-order rate constants of three FQs by the VUV /UYV irradiation
processes in pure water with various factors. (a) Flow rate; initial concentration of FQs and tempera-
ture; (b) effect of anion on the photodegradation of FQs; (c) initial pH and chemical specifications
of the FQs; (d) degradation of the three antibiotics by UV and VUV /UV. Conditions: temperature
=25 °C, pH = 7.0 & 0.05; [FQs] = 30 umol L™'; flow rate = 60 L h™!; [Anion] = 300 umol L~1;
[TBA] = 100 mmol L. Reprinted with permission from [40]. Copyright © 2020 Elsevier Ltd.

The UV/H,0; combination was highly effective in achieving 100% removal efficiency
of CIP in 40 min for higher doses of HyO, (100 mmol L~1), while the modified photo-Fenton
oxidation process using 100 mmol L~ of H,O, and nZVI dose of 5 mmol L~! was capable
of completely removing ciprofloxacin in 30 min. Additionally, this combination reached the
highest percentage of mineralization, removing 60% of the initial TOC. According to the
authors, the degradation of ciprofloxacin may occur through: (i) the reaction at the piper-
azinyl ring; (ii) the oxidation of quinolone moiety, thereby leading to defluorination and
hydroxyl substitution reaction; and (iii) the oxidation of the cyclopropyl group, resulting in
ring cleavage.

In summary, the use of photolysis was not sufficient to completely remove CIP as it
requires a high reaction time and has a very low mineralization rate. On the other hand,
the UV/H,0, method could be suited for complete removal of ciprofloxacin in comparison
to the modified Fenton and modified photo-Fenton oxidation process as there is no sludge
formation; however, it may require a high dose of HyO, [47].
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In an interesting work, Liu et al. [48] studied the degradation behavior of OFLO and Lev-
ofloxacin LEV using UV /H,0, and UV/PS. The effects of oxidant dose (50 to 300 pmol-L~1),
solution pH (3 to 11) and coexisting substances (such as C1~, NO;~, S042~, Ca?, Mg2+ and
NOMs (nature organic matters)) were investigated. The addition of HyO, or PS significantly
improves the degradation efficiency of OFLO and LEV (5 mg L™!), while UV /PS achieves a
better degradation effect than UV /H,O, under the same oxidant concentration. The removal
efficiencies of OFLO and LEV were 96.40% and 99.23% with PS concentration of 150 pmol-L~1,
where the removal efficiencies were 22.52 and 13.11 times as high as that of UV process,
respectively (pH = 3 and t = 30 min). The degradation of both OFLO and LEV revealed
pronounced pH dependence in UV/H;0O, and UV /PS processes, where the impact on LEV
was greater than that on OFLO, indicating that LEV might be more easily degraded due
to its shorter half-life. The TOC removal efficiencies of OFLO and LEV were 36.24% and
38.36%, respectively, for the UV /H,0O, system. By contrast, the UV/PS system exhibited the
highest activity for the mineralization of OFL and LEV, with TOC removal efficiency of about
46.43% and 49.74%, respectively, indicating that SO~ generated in the UV /PS process yields
a greater mineralization of antibiotics than -OH in the UV /H,0O, process.

The coexisting substances (C1~, NO3~ and NOM) exhibited more inhibition regarding
the degradation of OFLO and LEV in the UV /H;0O; than the UV /PS system. SO42~ has
negligible influence on the UV /H,O; processes, while it showed positive effect on UV/PS
degradation. The results of acute toxicity assay demonstrated that OFLO exhibited higher
acute toxicity than LEV, while the triphenyl tetrazolium chloride (TTC) dehydrogenase
activity of the intermediate products of OFLO was lower than LEV [48].

Recently, Wang and co-workers [49] reported the fast removal, after 4 min, and
high mineralization (63.3% at 8 min) of 45 umol L~! norfloxacin at neutral pH by the
VUV /Fe?* /H,0, system (90 umol L~! Fe?* and 3 mmol L~! H,0,). Compared with
other UV-based and VUV-based systems (UV, UV/H,O,, UV/ Fe?* /H,0,, VUV, UV /Fe?*,
VUV/H,0,, VUV/Fe?* /H,0,), the VUV /Fe?* /H,0, system increased the pseudo-first-
order reaction rate constant of NOR removal by 2.3-14.9 times; increased the mineralization
by 20.4-59.4%; and reduced the residual ratio of HyO, by 19.9—-70.1%. Moreover, HO.,
O'~2 and singlet oxygen (O,) were the main ROS during NOR removal at neutral pH. The
degradation pathways of NOR included defluorination, attack by HO-, decarboxylation
and piperazine ring conversion by O, ~. Moreover, adding Fe?* to the VUV /H,0, system
reduced cost by 36.8%, 36.2% and 36.2% in ultrapure water, tap water and secondary
wastewater, respectively. As a result, the VUV /Fe?* /H,0, process also achieved the
rapid removal of NOR in real waters at neutral pH, while saving considerable cost and
manifesting the feasibility of VUV /Fe?* /H,0, system in real waters.

Some researchers have studied the feasibility of O3 and UV treatment (independent
or together) to remove antibiotic wastewaters [50-53]. Liu et al. [50] investigated the
degradation and mineralization of CIP in high-salinity wastewater through ozonation
coupled with UV. Compared with independent O3 (37.5%), the dissolved organic carbon
(DOC) reduction was significantly increased by the introduction of UV irradiation (91.4%),
which was attributed to the process of UV catalyzing O3 to produce a reactive oxygen
species (ROS), including -OH, O and 'O,. The existence of salinity (3.5%, w/v) accelerated
O3 mass transfer at the gas-liquid interface, so CIP degradation was boosted by 17.7%
and 2.0% in O3/SO42~ and O3/Cl~ system, respectively, within 15 min. The pH had
little impact on the salt-free and O3/containing NaySO4 system. On the contrary, for an
O3 /containing NaCl system, CIP and DOC removal was promoted with the increase of pH
from 3 to 11 due to O3 mass-transfer rate enhancement. The results of LC-MS demonstrated
that the dominant reaction site of CIP in the UV /Oj3 process was the piperazine ring. The
toxicity of products decreased significantly as compared with the parent pollutant, which
proved that the UV /O3 process was promising in the hyper-salinity industry.

Paucar et al. [52] examined the effectiveness of the UV /O3 process on the removal
of personal care products (PPCPs) in the secondary effluent of a municipal wastewa-
ter treatment plant (WWTP). Experiments were conducted using a pilot-scale treatment
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process with two flow-through reactors, equipped with three 65 W lamps (UVgsw), con-
nected in series. Ozone dosage (1-4 and 6 mg L~!) and hydraulic retention time (HRT;
5 and 10 min). Of the 38 PPCPs detected, 11 were antibiotics, with ciprofloxacin and lev-
ofloxacin highlighted. In this system, ciprofloxacin was degraded below it limit of detection
(LOD) at the ozone dose of 1 mg L~! in 5 min. However, levofloxacin required an ozone
dose of 6 mg L~ to be degraded below LOD. The authors attributed the difference in the
efficiency of treatment to the chemical properties of contaminants and highlighted further
comprehensive studies in the areas of the reaction kinetics, the formation of byproducts,
possible pathways and toxicity of wastewater treated by the UV /Oj3 system.

Heterogeneous photocatalysis is a promising technique capable of directly attack-
ing pollutant molecules and generating -OH radicals and superoxides (-O, ™), powerful
oxidants capable of destroying pollutants and transforming them into water and carbon
dioxide [54]. Many studies developed photocatalysts with higher yields and easier opera-
tion [54-57].

Costa and co-workers [55] reported the ciprofloxacin photodegradation TiO; /SnO,
nanocomposites as heterogenous photocatalysts. The photocatalytic experiments were
studied at different variables, such as catalyst dosage, drug concentration and pH solution.
Titanate nanotubes (Na-TiNT) were synthesized using the hydrothermal method and then
modified with Sn?* using the coprecipitation method. Therefore, photolysis showed the
small removal of CIP (4.63%) over 120 min of exposure time under UV-light radiation
while the removal of CIP for Na-TiNT, SnO; and TiO, /SnO, nanocomposites were 41.55%,
45.83% and 92.8%, respectively (Figure 5a). Increasing the catalyst dosage of TiO, /SnO,
nanocomposite from 25 to 50 mg (Figure 5b) in the CIP photodegradation increased the
degradation rate of 27.8% to 92.8%, respectively. The authors attributed this behavior to
high surface for interaction with CIP molecules and effective photon absorption. In contrast,
increasing the catalyst amount to 75 mg, decreased the degradation rate for CIP, which was
related to the increase of the opacity of the solution. The best photocatalytic performance
was achieved at pH 7, where 97.7% of CIP molecules were oxidized (Figure 5c). In addition,
the initial concentration of CIP had little influence on the removal of the compound. The
study of radical scavengers indicated that the oxygen singlets, holes and superoxide radicals
are the main species associated with the CIP photodegradation (Figure 5d).

The results presented in the photodegradation of ciprofloxacin from TiO, /SnO; nanocom-
posite [55] were promising in comparison with other works in the literature [56-59].
Nguyen et al. [59] reported the optimal CIP degradation rates of 78.7% using co-doped
TiO, nanomaterials (N, S-TiO,) at pH 5.5, a catalyst dosage of 50 mg and CIP initial concentra-
tion of 30 mg L~1. Similar results were obtained by Zhang et al. [57] using Vo-WO3/Bis WO
composites under visible light. They achieved 79.5% of CIP removal within 120 min under
visible light irradiation (a 300 W Xe lamp) when 40 mg of the photocatalyst was added into
CIP solution (10 mg L~1). According to the active species-capturing results and ESR test, h*
and -O,~ played crucial roles in photodegradation CIP, while -OH played a weak role [57].

Moreover, Wu and co-workers [58], proposed an intercalated heterostructural
g-C3Ny/TiO; supported on Halloysite nanotubes (HNTs) and obtained 87% of CIP re-
moval (15 mg L), employing a 300W Xe lamp after 60 min of irradiation. In addition, the
main active species of g-C3Ny-TiO, /HNTs heterojunction composites were -:O,~ and the
h* in the process of photocatalytic degradation, in agreement with the results presented by
Zhang et al. [57]. Despite the promising results, the authors did not evaluate the toxicity of
the by-products formed nor the rates of mineralization achieved, fundamental parameters
to determining the efficiency of degradation.
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Figure 5. (a) Kinects study by the photocatalytic degradation curve and —In(C/Cy) curve against
exposure time (t) for ciprofloxacin using Na-TiNTs, SnO, and TiO, /SnO; samples as photocatalyst.
(b) Degradation rate, for different amounts of TiO, /SnO, nanocomposite (25 x 103 g, 50 x 103 g
and 75 x 1073 g) against 120 min of exposure time. (c) Photocatalytic performance for TiO, /SnO,
nanocomposite at different initial pH values of ciprofloxacin solution. (d) Degradation rate at the end
of 120 min, using different radicals scavengers. Reprinted with permission from [55]. Copyright ©
2021 Elsevier Ltd.

In another research, Prabavathi et al. [59] demonstrated a novel SmgWOQO7, decorated
g-C3Ny heterojunction for the degradation of levofloxacin (10 mg L) in the aqueous phase.
TEM images confirmed the formation of heterostructure between the C3Ny nanosheets and
SmgWOj, nanorods. The SmgWO12/g-C3Ny nanocomposite heterojunction catalyst shows
higher photocatalytic efficiency towards LEV degradation (90.8%, after 70 min), which was
20.52 and 2.93 times higher than individual SmgWO7, and g-C3Ny, respectively. Based on
the radical trapping experiments analysis, -O,~ and -OH were the main reactive species
for the degradation of LEV. Through CG-MS, the authors identified that the intermediate
steps of levofloxacin included the decarboxylation reaction of the methyl- morpholine
group followed by the degradation of the N-methyl piperazine ring, de-alkylation defluori-
nation and hydroxylation. The degradation might be continued with the breakdown of
intermediates to small molecule organic acids as well as pollutant mineralization.

Several other compounds were used for the removal of levofloxacin under solar irradia-
tion, reaching different percentages of degradation under different conditions [60-63]. For

175



Catalysts 2023, 13, 221

example, Zhang et al. [62] reported the removal of 89.2% of the LEV in water within 75 min
under simulated sunlight using the Bi,O3;/P-C3Ny composite. Further, through radicals
capture, electron spin resonance (ESR) and the density functional theory (DFT) experiments
verified the mechanism of the heterojunction degradation of LEV and revealed that holes
and superoxide free radicals are the main active substances in the degradation of LEV. Fi-
nally, eleven intermediate products were identified and four possible degradation pathways
were proposed. According to the authors, the entire degradation process mainly occurs in
the quinolone and piperazinyl groups. The first pathway is the dehydrogenation of LEV
followed by the piperazine oxidation and ring opening and then the oxidation for continuous
CO removal. The third degradation pathway included the hydroxylation of LEV, oxidative
decarboxylation and, furthermore, the demethylation of the methyl group on the piperazine
ring. The fourth degradation path is the decarboxylation of LEV which is further oxidatively
demethylated. The further degradation mechanism may be mainly manifested as the further
opening of the quinolone group and oxazine ring (the degradation produces small molecules
of amine compounds and carboxylic acid compounds). Finally, HO, CO; and other small
molecules are generated.

Al Balushi et al. [60] achieved a 70% degradation rate of LEV (5 mg L™!) after 240 min
of treatment using visible light from LEDs (455 nm). The generation of hydroxy radicals
was attributed as the main driver of pharmaceutical photodegradation. Upon illumination
with visible light, electrons are excited from the valence band to the conduction band of
the CdS microspheres. The holes created on the valence band migrate to the surface and
scavenge water molecules to generate OH- radicals. The highly oxidizing radicals can
degrade the pharmaceuticals. The electrons on the other hand may scavenge adsorbed
molecular oxygen to form superoxide radicals (O,-) that oxides water to form OH. radicals
that can perform the pharmaceutical photodegradation.

While Lu et al. [61] employing CeVO4-BiVO4 nanocomposites, removed 95.7% of
LEV after 300 min using 50 mg L~! of the pollutant. According to the authors, the higher
photodegradation activity for LEV degradation for the CeVO,-BiVOy heterojunction, in
comparison to bare photocatalyst material, is a result of the enhancement of separation and
transfer efficiency of photogenerated electron-hole pairs. The trapping experiments and
ESR tests identified that the contribution of active species was in the descending order of
‘OH >h* > -0, 7. In all cases, the possible degradation of intermediate products and paths
of LEV was similar to the one reported by Prabavathi et al. [59].

Fluoxetine (FLU) is another fluorinated-based antidepressant (trade name Prozac
that gained considerable attention since it was detected in surface waters and has the
potential to be bioaccumulated [63]. In regards to this, several researchers investigated
the removal of FLU by UV and other photo-assisted AOPs with different degradation
rates [64-68]. For example, Pan and co-workers [64] investigated the toxicity of FLU and
the products formed during UV photolysis by using zebrafish embryos (Danio rerio) as
a model. The degradation rates of FLU for five days were approximately 63.6 & 2.14%,
84.6 £ 0.99% and 97.5 £+ 0.25% after 15, 30 and 60 min of UV irradiation, respectively.
Using LC-MS measurements and density flooding theory (DFT) theoretical calculations,
two possible degradation pathways for FLU were proposed: In pathway I, the 40-12C
in the structure of FLU was broken in the presence of UV irradiation. In pathway II,
the fluorine atom passing through the parent molecule of FLU was defluorinated under
UV irradiation and hydroxylated via hydroxyl substitution process. According to the
results of the toxicity evaluation of the possible degradation intermediates, the byproducts
retained certain biological toxicity. The authors highlighted the need to consider the toxicity
of mixtures and the formation and persistence of toxicologically relevant degradation
products when assessing environmental risk.

Hollman, Dominic and Achari [65] presented an evaluation of the UV/PAA (peracetic
acid) process for the degradation of four pharmaceuticals venlafaxine (VEN), sulfamethox-
azole (SFX), fluoxetine (FLU) and carbamazepine (CBZ) with comparison to UV /H,0O,
process. All pharmaceuticals tested in this study were degraded below detection limits by
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UV/PAA (A = 254 nm), following pseudo-first-order kinetics. Increasing PAA and H,O,
dosage (between 5 and 100 mg L1 or UVC intensity (between 650 and 3500 W m~3)
resulted in a linear increase in pseudo-first-order rate coefficients. UV /H,O, was found to
be more efficient than UV /PAA for the degradation of FLU, VEN and CBZ. While UV/PAA
was more effective in SFX degradation. Mass spectrum analysis revealed that the FLU
mineralization pathway included hydroxylated FLU formed as a result of primary attack
by -OH, which was also reported in previous studies on the degradation of FLU using
UV/H;0; and UV/TiO; [66]. The primary attack of the -OH on FLU could possibly target
any of the open sites on both the benzene rings to form numerous monohydrated isomers,
and the possibility of substitution of trifluoromethyl group also exists [66].

The use of semiconductor photocatalysis is another strategy proposed to improve
the fluoxetine degradation. In this context, Sharma et al. [67] reported the construction
of the hybrid heterojunction of Fe304-BiVO,/Cry V4013 (FBC) for visible and solar photo-
degradation of FLU. Within 60 min of visible exposure, 99.2% of FLU was removed at
pH 7. The high total organic carbon removal of 80.3% and 61.4% by FBC under visible
and solar light confirmed the mineralization after 180 min of treatment. Scavenging
experiments and the electron spin resonance (ESR) probe suggest -OH and -O, ™ radicals as
the dominant species.

More recently, Norouzi and co-workers [68] studied FLU removal via anodic oxidation,
employing different anodes Ti/RuO,, Ti/RuO;-IrO; and Ti/RuO,-IrO,-5nO, and graphite
and carbon nanotubes (CNTs) as cathodes. The effect of current intensity (from 100 to
50 mA), initial pH (2, 4, 6, 8 and 10), initial FLU concentration (from 50 to 25 mg L~ 1) and
process time (40, 80, 120, 160 and 200 min) on FLU removal efficiency was investigated.
Previous, all electrode combinations used (anode + cathode) were tested under the same
conditions (current intensity = 300 mA, [FLU]y = 20 mg L~!, time = 160 min and pH 6)
to determine the optimal electrode. The Ti/RuO,-IrO,-SnO; was chosen as the optimal
anode, and the CNTs were selected as the optimal cathode in the AO process for FLU
removal. The results showed that at current intensity, pH, initial FLU concentration and
process time of 500 mA, 6, 25 mg L1 and 160 min, respectively, maximum FLU removal
efficiency was observed, which was 96.25%. The TOC results demonstrated that about
81.51% of the mineralization of the FLU was achieved after 6 h under optimal experimental
conditions. GC-MS results also showed that no toxic intermediates formed.

From Table 3, it is possible to state that the degradation of fluorinated-based com-
pounds was successfully degraded via photo-combined AOPs systems. Different ap-
proaches were utilized, such as UV/H,0,, UV /O3 and semiconductor materials. Despite
the low rate of the removal and mineralization of the compounds using only UV radiation,
the photocoupled systems showed high rates of removal and mineralization.

Table 3. Selected recent studies of photo-assisted AOPs processes for fluorinated and sulfurized base
compounds removal.

Pharmaceutical Experimental
Compound Process Conditions Results Ref.
The compounds were degraded more
pH=7 efficiently with high temperature and low
Flow rate: 60 Lh—! initial concentration. The degradation
NOR, CIP and LEV VU}Z gi\i/a?irgi uv [NOR] = [CIP] = [LEV] = pathways of FQs were defluorination, [40]
15 pmol L1 decarboxylation and piperazine ring
T=45°C oxidation, and demethylation was a
particular degradation pathway for LEV.
UV, H,O,, pH=7 Only 4% of TOC removal for UV radiation
UV/H,0,, modified [CIP] = 10 mg L~ TOC removal % increased from 10.47% for
CIP Fenton and H . & L1 only HyO; to 35.41 % for UV/H;0;. [47]
modified [H>0,] =100 mmo ) nZVI/H;0, removed 100% of CIP in 30 min
photo-Fenton [nZVI] =5 mmol L and 60% of the initial TOC.
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Table 3. Cont.

Pharmaceutical Experimental
Compound Process Conditions Results Ref.
The removal efficiencies of OFLO and LEV
pH=3 were 96.40% and 99.23% with UV /PS. The
[LEV] = [OFLO] = TOC removal efficiencies of OFLO an%l LEV
UV/H,0, and 5me L1 were 36.24% and 38.36%, respectively, for the
OFLO and LEV UVZ/ st t= 3% min UV/H,0, system. By contrast, the UV/PS [48]
[HO,] =[PS] = system exhibited mineralization of OFL and
150 umol-L~! LEV, with TOC removal efficiency about
46.43% and 49.74%, respectively.
V,UV/H
I}]V;I?e“//l-%%, pH=7 VUV /Fe?* /H,0, process removed 100% of
Vel [NOR] = 45umol L™* NOR after 4 min, and high mineralization
NOR vuUy, UV/Fe 24 -1 . . . [49]
VUV /H,O ’ [Fe=*] =90 umol L (63.3% at 8 min) and achieved rapid removal
VUV /Fe2* §H22/02 [H,0,] = 3 mmol L1 of NOR in real waters at neutral pH.
pH=56 Compared with single O3 (37.5%), the DOC
Gas flow: 0.5 L min—1 reduction was prompted significantly by the
CIP] = 100.0 L1 introduction of UV irradiation (91.4%) within
cIp UV/0s [CIP] ] 40 min. The toxicity of products d d [51]
03] =30.0 £ 20 mg L1 min. The toxicity of products decrease
[0s o significantly as compared with parent
min pollutant.
o d 1—4 and CIP was degraded below the limit of
38 PPCPs, zone cosage (1—4 anc detection (LOD) at the ozone dose of
highlighting CIP UV/0O3 6 m% Lt' ) atr}d hy5dra1;1hc 1 mg L' in 5 min. However, LEV required [52]
and LEV reten 1c1>8 I;III:S (5an an O3 dose of 6 mg L ™! to be degraded below
LOD.
Photolysis showed a small removal of CIP
pH=7 (4.63%) over 120 min of exposure time under
. UV-light radiation while the removal of CIP
talyst d =50 g
cIp Photolysis @ aé’ISP i) sSage L-1 T8 for Na-TiNT, SnO; and TiO, /SnO, [55]
[CIP] =5 mg nanocomposite were 41.55%, 45.83% and
92.8%, respectively.
The SmgWO;;/g-C3Ny nanocomposite
. [LEV] =10 mg L~! heterojunction catalyst shows higher
LEV Photocatalysis catalyst dosage = 50 mg photocatalytic efficiency towards LEV [59]
degradation (90.8%, after 70 min).
H=7 The degradation rates of FLU for five days were
. =20°C approximately 63.6% =+ 2.14%, 84.6% =+ 0.99%,
FLU UV photolysis [FLU]=1mgL"! and 97.5% = 0.25% after 15, 30 and 60 min of [64]
Irradiation source = 300 W UV irradiation, respectively.
H=7
UVCintensity =
3.50 kW m~—3 UV/H,0, was found to be more efficient
VEN, SFX, FLU and UV/PAA and [P AA] = [HyO,] = than UV/PAA for the degradation of FLU, [65]
CBZ UV/H,0, 50 me L1 VEN and CBZ. While UV /PAA was more
[comp c%un d] = effective in SFX degradation.
10 mg L1
pH=7 Within 60 min of visible exposure, 99.2% of
[FLU] =10 mg L' FLU was removed at pH 7. The high total
: Light source organic carbon removal of 80.3% and 61.4%
FLU Photocatalysis =280 mW cm ™! by FBC under visible and solar light 1671
catalyst dosage = confirmed the mineralization after 180 min of
0.3 mg mL~1 treatment.
At optimized conditions, maximum FLU
Ti/RuO pH=6 removal efficiency was observed, which was
FLU Ti/RuO —IrOZI and i =500 mA 96.25%. The TOC results showed that about [68]
T/ Rqu%IrO;SnOZ [FLU] :1 628 mg L1 81.51% of the mineralization of the FLU was
t= min

achieved after 6 h under optimal
experimental conditions.
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Table 3. Cont.

Pharmaceutical Experimental
Compound Process Conditions Results Ref.
pH=7 UVC proved inadequate in removing these
[SMZ]=[SDZ]=[SML] compounds. A concentration of 4.4 x 104
SMZ, SDZ and SML UV, UV/H,0; and 15 mg L1 mol Lfllof H,0, or K,5,0g increases SMZ [69]
UV/K;5,0s [H,0,] = [Ky$,05] = degradation up to 100%. UVC/PDS requires
44 % 10-4 M less energy than UVC and UVC/H;0,
’ system.
pH=7 Total SMX rem(%val was reached at a fluence
- 1 of 54.9 mJ cm~#, while the TOC removal of
SMX uve/vov [SMX] =100 mg L ’y 98.5% was attained at fluence of [70]
Fluence = 54.9 m] cm 109.8 mJ cm 2.
pH=4 The mineralization of SMT were significantly
[SMT] = 1.8 x 1072 enhanced in the VUV /UV photo-Fenton
SMT photo-Fenton mmol L~ process as compared to the UV and UV [71]
[H,O,] = 0.74 mmol L1 photo-Fenton processes after 60 min of
[Fe3*] = 0.25 mmol L~! treatment, achieving ~60% of TOC removal.
[H,O,] = 100 mmol Lt
[pharmaceuticals] = In ultrapure water, all the four
20mg L, pharmaceuticals were degraded by more than
DEF, SP, SMX and Fe2+ dosage = 1/200 mol 95% within 4 min, the same removal rate
SIM photo-Fenton L-1 of Fe§O4 7H,0 and expended about 30-60 min. Except for DF, the [72]
cytotoxicity increase during the degradation
H,O; y y g g
UV intensity = process for SP, SMX and SIM.
75 mW cm 2
The removal efficiency of SMZ by
_ 1 photoelectrochemical process was 81.3%,
SMZ Ph . [SMZ] = 1_0 mg L which was approximately twice the sum of
otoelectrochemical H=35 both el hemical and photochemical [73]
Potential = 2 V oth electrochemical and photochemica
processes, and over 40% of TOC was
eliminated after 180 min.
Nearly 70% of SD was degraded by the
Ag3zPO,4/MoS; /TiO; NTAs in 240 min, which
was higher than that of MoS, /TiO, (35%) and
. [SD] = 10 mg L1 AgzPO,/TiO; NTAs (44%). In addition, the
SD Photocatalysis pH=8 percentage of SD removal over direct [74]
photolysis, electrochemical and
photochemical was only 16, 20 and 31%,
respectively.
The time-dependent removal efficiency of SP
over different carbon nitride samples was
pH=75 90.55%, 50.77% and 26.19% of SP by US-CN,
[SP] = 0.03 m£nol L-1 S-CN and CN after 100 min of photocatalytic
sp USCN  calrdoupooamg  Sacton: Theremowljoes ofSPat min g
UV intensity = g1ay, ph
100 mW cm—2 water (Guangzhou), domestic wastewater
mwem (Guangzhou) and tap water (laboratory)
reached up to 84.74, 75.66, 82.06 and 85.26%,
respectively.
The direct UV photolysis system alone
showed an insignificant AMX degradation.
However, the addition of H,O, or PS
B increases the degradation efficiency of AMX
[AMX] =20 pmol L~! L . .
AMX UV/H,0, and [H202] = [PS] = significantly. Despite the high percentage of [76]

UV/persulfate

500 pmol L1

AMX removal through UV /AOQOPs, the
mineralization of AMX was insignificant.
After 30 min of treatment, only 15.2% and
28.7% of TOC were removed in the UV/H,0O,
and UV /persulfate systems, respectively.

179



Catalysts 2023, 13, 221

Table 3. Cont.

Pharmaceutical Process Experimental Results Ref.
Compound Conditions
pH=3 Under the optimized conditions, Fenton’s
Fenton process [AMX] = 10 mg L1 process was able to remove 100% of AMX
hoto—FenI?con solar B & _1 within 12 min of reaction time. Coupling the
P ’ [FeSO4] =3.0mg L Fenton process with UV-light illumination,
AMX Soiléo;cé;ii?lto;; d [H20,]=375mg L~ solar light illumination and UV (771
- 4 Ultrasound = 40 kHz, licht—ult d treatment allowed let
->hoto-Fent ) = ight-ultrasound treatment allowed complete
sono-photo-tenton Light SOl;I'CSE = UV tubes antibiotic removal in 3.5, 9 and 6 min,
65 nm respectively.
A total of 94 and 66% of AMX was removed
after 60 and 210 min of treatment in
[Fe**]=3mgL~! simulated and real wastewater, respectively.
AMX solar photo-Fenton [H,0,] =2.75 mg L1 In addition, the percentage of TOC removal [47]
[AMX] = Img L1 for AMX was 19.5% in simulated wastewater.
In the study carried out with real effluent, the
removal rate was 6.5%.
Photolysis under the simulated sunlight was
ineffective in the decomposition of AMX,
AMX] = 2 L1 while pure V,05 and C3Ny reached 33.2%
[ ]pH Br7ng and 52.7% of AMX removal under 120 min
AMX Photolysis catalyst dosage = illumination. The V,05/C3Ny (1 wt% V,05) [48]
1 nanocomposite increased AMX removal to
05gL 91.3%. Moreover, 1-V,0s/C3Ny
nanocomposite attained 76.2% of TOC
removal under the same conditions.
At the best conditions, the degradation of CP
[CP] = 0.230 mmol L1 by SPEF reached 100% removal in only 15
cP solar pH=3 min, while using EF, a complete removal was [51]
photoelectro-Fenton j=50mA cm~?2 achieved in about 20 min. The AO-H,O,

[Fe?*] =050 mmol L-!  process was capable of removing only 36% in
30 min of treatment.

Abbreviations: CP: captopril; AMX: amoxilin; SMZ: sulfamethazine; SDZ: sulfadiazine; SML: sulfamethizole;
DF: diclofenac; SP: sulpiride; SMX: sulfamethoxazole; SIM: sulfisomidine; SD: sulfadiazine; VEN: venlafaxine;
SEX: sulfamethoxazole; FLU: fluoxetine; CBZ: carbamazepine.

However, most of these systems still do not use real samples or large-scale flow reactors.

3.4. Sulfurized-Based Compounds

Sulfonamides (SA) are widely used as antibiotics in human and veterinary medicine
due to their high antimicrobial activity, stable chemical properties and low costs [69,78].
SA has been found in surface waters at concentrations of 148-2978 ng L1 [69]. Therefore,
Moradi and Moussavi [70] investigated the degradation, mineralization and mechanism of
sulfamethoxazole (SMX) oxidation ina UVC/VUYV reactor. Total SMX (100 mg L~1) removal
was reached in pH 7 and at a fluence of 54.9 m]J cm~2, while the TOC removal of 98.5% was
obtained at fluence of 109.8 mJ cm 2. In addition, mineralization was also evaluated by
measuring the concentrations of nitrate, ammonium and sulfate ions. The nitrogen and
sulfur releases of 83.44% and 96.58%, respectively, during the SMX degradation confirmed
high mineralization. Scavenging tests using alcoholic radicals scavengers and salicylic acid
proved that -OH was the dominant radicals specie involved in the degradation of SMX.

Acosta-Rangel et al. [69] conducted an interesting study on the degradation of three
SAs, sulfamethazine (SMZ), sulfadiazine (SDZ) and sulfamethizole (SML), by UV, UV/H,0,
and UV /K;5,0g. Based on the quantification of the UVC radiation, the low values of quan-
tum yield at 60 min of treatment were observed. According to the authors, the UVC dose
commonly applied for water disinfection (400 ] m~2) in treatment plants proved inadequate
to remove these compounds, requiring higher UV radiation doses or longer exposure times.
Directing the UVC photolysis of SAs is influenced by their initial concentration (5, 10 and
15 mg L), the degradation rates were higher at pH 12 due to the SAs are in their anionic
form for SMZ and SML (Figure 6a). A concentration of 4.4 x 10~% mol L~! of H,O, or
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K;,S,03 increases SMZ degradation by up to 100%. UVC/PDS costs less energy than UVC
and UVC/H,0,.
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Figure 6. (a) Degradation kinetics of the three SAs by UVC photolysis. [SAs]y = 15mg L™, pH =7
and T = 298 K. The lines represent the prediction of the first-order kinetic model. (b) Mechanism of
degradation by direct SMZ photolysis in the presence of UVC radiation. Reprinted with permission
from [69]. Copyright © 2018 Elsevier Ltd.

According to Figure 6b, SO, removal is first produced by direct SMZ photolysis
through UVC radiation, obtaining by-product P1. Next, given the oxidation of OH- radical
during the process, hydroxylation is expected to be a common reaction responsible for SMZ
degradation, generating by-products P3-1, P3-2, P5-1 or P5-2. A break in the —SO,— and
—NH-— bond allows the identification of the by-product P2. By attacking nucleophilic and
incision in the group —SO,—, the byproduct P4 may be formed. While the adduction of
seven N atoms, forming the nitroso- and nitro-substitutional SMZ through the electrophilic
reaction was the dominant pathway by PDS (P6 and P7). Moreover, cytotoxicity tests
revealed that the by-products formed were less toxic than the original products.

Similar behavior was observed by Lin and Wu [79] and Wen et al. [71] when investi-
gating the degradation of sulfamethazine (SMT) in an aqueous solution by the UV /H,0O,
and VUV /UYV photo-Fenton processes, respectively. Li and Wu [79] reported that SMT (10
mg L) was 100% degraded in half the time (15 min) after adding 10 mmol L~ of H,O,,
while the UV process degraded 79% of the SMT after 30 min. Wen et al. [71] evaluated the
mineralization of SMT ([SMT]y = 1.8 x 102 mmol L~1, [H,O,]o = 0.74 mmol L1, [Fe3*],
=0.25 mmol L1, pHy = 4.0) and found that it was significantly enhanced in the VUV /UV
photo-Fenton process as compared to the UV and UV photo-Fenton processes after 60 min
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of treatment, achieving ~60% of TOC removal. The authors also reported the effect of the
initial concentration of SMN on the reaction mechanism. At low concentrations of SMN
(1.8 umol L™1), indirect oxidation is primarily responsible for the degradation of SMN;
while at higher concentrations (90 umol L™1), both photolysis and indirect oxidation con-
tributed to the degradation of the compound.

More recently, Hong, Wang and Lu [72] reported the degradation of a complex matrix of
four common refractory pharmaceuticals, diclofenac (DF), sulpiride (SP), sulfamethoxazole
(SMX) and sulfisomidine (SIM) present in a disc tubular reverse osmosis (DTRO) concentrator
from the local landfill by UV-Fenton system. In the ultrapure water, all four pharmaceuticals
were degraded by more than 95% within 4 min, while in the DTRO concentrates, the same
removal rate expended by about 30—60 min under the same dosage of H,O, (100 times of the
[pharmaceuticals]y = 20 mg LY, catalyst (1/200 mol L~ of FeSO,-7H,0 and H,O5) and UV
intensity (A = 253.7, 75 mW cm—2). A total of 49 transformation products (TP) were identified
by HPLC-MS, and 22 new TPs were first found and presented. Toxicity evolutions on HepG2
cells during UV-Fenton treatment revealed that, except for DF, the cytotoxicity increased
during the degradation process for SP, SMX and SIM.

The degradation of sulfonamides was also performed by employing photoelectrochem-
ical semiconductors. Jia and co-workers [73] obtained visible light-driven semiconductor-
metal organic frameworks (MOFs), which were constructed by electro-anodization and
the deposition growth method. ZIF-8 (zeolitic imidazolate framework) nanoparticles were
deposited on the hollow TiO, nanotubes and N and F were added as co-doping and the elec-
trode as nominated ZIF-8/NF-TiO,. The removal efficiency of SMZ (10 mg L1 through
the photoelectrochemical process was 81.3%, which was approximately twice the sum of
both electrochemical and photochemical processes, and over 40% of TOC was eliminated
after 180 min, suggesting that SMZ could be partially mineralized by ZIF-8/NF-TiO, under
visible light irradiation. The degradation pathway of SMZ was divided into three steps:
cleaving, aromatic ring opening and mineralizing.

In another study, Teng et al. [74] reported the decomposition of sulfadiazine (SD) by
Ags3PO4/MoS, /TiO, nanotube array (NTAs) electrode, under visible light excitation. TiO;
NTAs were modified with MoS; nanosheets and Ag;PO, nanoparticles through photo-
assisted electrochemical deposition and chemical immersion methods. Nearly 70% of SD
was degraded by the AgzPO4/MoS;/TiO; NTAs in 240 min, which was higher than that
of MoS;/TiO; (35%) and AgsPO4/TiO; NTAs (44%). In addition, the percentage of SD
removal over direct photolysis, electrochemical and photochemical was only 16, 20 and
31%, respectively. The results demonstrating that the AgsPO4 nanoparticles increased the
visible light absorption and MoS; nanosheet promoted the separation of photogenerated
charges effectively.

Ultrathin S-doped graphitic carbon nitride nanosheets (US-CN) were synthesized
and its SP removal efficiency was evaluated under various conditions via the visible-light-
assisted peroxydisulfate (PDS-VL) activation method by She et al. [75]. The time-dependent
removal efficiency of SP over different carbon nitride samples was 90.55%, 50.77% and
26.19% of SP by US-CN, S-CN and CN, respectively, after 100 min of photocatalytic reaction.
The 10, generated from US-CN/PDS-VL system was the major reactive oxidation species
(ROS) for SP degradation. Three possible degradation pathways were proposed, combining
theoretical studies and LC-MS. Pathway I included the attack on 9N atom with the C-N
bond cleavage, followed by consecutives C-C bond cleavage. In pathway II, the C-N bond
cleavage occurred through the attack on 12N atom, followed by SO, extrusion. While the
attack on nine N atoms and SO, extrusion was ascribed as pathway III.

Later, the US-CN/PDS-VL system in SP degradation was applied in actual wastewater.
The removal rates of SP at 100 min in river water, pharmaceutical water, domestic wastew-
ater and tap water reached up to 84.74, 75.66, 82,06 and 85.26%, respectively, indicating a
slight decrease compared with that in ultrapure water matrix, demonstrating the potential
application of this system [75].
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Amoxicillin (AMX) belongs to the 3-lactams family and is often used for the treatment
of bacterial infections, such as pneumonia and urinary tract infections [43]. It has been
shown that over 80% of AMX is excreted through urine from the human body after 2 h of
ingestion. This relatively fast egestion coupled with its extensive use has been attributed
to AMX being one of the most widely reported antibiotics in wastewater, generating
antibiotic-resistant bacteria and requires effective treatment methods [80-82].

Taking this into account, Zhang et al. [76] compared the reaction kinetics, degradation
pathways and antibacterial activity of AMX in the UV/H,0O, and UV /persulfate systems.
Direct UV (A = 254 nm) photolysis system alone showed an insignificant AMX degradation
(20 umol L~1), which was attributed to its low quantum yield of 9.74 x 103 mol E~L.
However, the addition of H,O, or PS (500 pmol L~!) increases the degradation efficiency
of AMX significantly due to the generation of HO- and SO4™ -. Despite the high percentage
of AMX removal through UV /AQPs, the mineralization of AMX was insignificant. After
30 min of treatment, only 15.2% and 28.7% of TOC were removed in the UV/H;O, and
UV /persulfate systems, respectively.

The by-products identified via LC/MSMS indicate three possible degradation path-
ways (Figure 7a), including hydroxylation, hydrolysis and decarboxylation. The inter-
mediate with m/z of 382 indicates the mono-hydroxylation of AMX. HO- and SO, are
expected to attack the sulfur atom on the thioether groups to yield sulfur centered radical
cation by electron transfer. The radicals can be further deprotonated to generate x-thioether
radicals, followed by oxidation to yield sulfoxide TP1, while HO- can attack the aromatic
ring of the side chain to produce a hydroxyl radical, which can be further oxidized to form
monohydroxy AMX TP2. Moreover, TP1 and TP2 can be hydroxylated to form the monohy-
droxy AMX sulfoxide TP3. The penicilloic acid, obtained by the hydrolysis by-product TP4,
is formed by opening the strained four-membered beta-lactam ring of AMX. The decarboxy-
lation product TP5 relates to the penicilloic acid derivative, generated by the subsequent
release of the carboxyl group from the penicilloic acid. TP4 can also be hydroxylated at the
sulfur atom and aromatic ring to generate TP6 and TP7, respectively. The products of AMX
after UV/AOPs treatment possess significantly lower antibacterial activity. In addition,
UV/H,0, was more cost-effective than UV /PS process in the degrading AMX, according
to the economic evaluation results [76].

The degradation of AMX has also been investigated using Fenton and coupled-Fenton
processes. Verma and Haritash [83] studied the removal of amoxicillin using the Fenton
process and hybrid Fenton-like processes, such as photo-Fenton, solar photo-Fenton, sono-
Fenton and sono-photo-Fenton. Effects such as ferrous ions (Fe?*), H,O, and pH were
evaluated. Under the optimized conditions of [Fe2*] =30 mg L1, [HyO,] =375 mg Lt
and pH = 3, the Fenton process was able to remove 100% of AMX (10 mg L~!) within
12 min of reaction time. Coupling the Fenton process with UV-light illumination, solar light
illumination and UV light-ultrasound treatment allowed the complete antibiotic removal
in 3.5, 9 and 6 min, respectively (Figure 7b). The authors concluded that the Fenton process
coupled with other UV/solar light was more efficient than the stand-alone Fenton process
for the degradation of AMX.

In another study, Guerra et al. [85] presented the results of the solar photo-Fenton
oxidation of paracetamol (PCT) and amoxicillin in two aqueous matrices, a synthetic
wastewater and real wastewater from El Ejido wastewater treatment plant effluent (Alme-
ria). Fep(SO4)3 was used as the source of iron and ethylenediamine disuccinic acid (EDDS)
as the iron complexing agent, employing different doses of H,O;. In all cases, the process
was operated under conditions of natural sunlight. Amounts of 94 and 66% of AMX were
removed after 60 and 210 min of treatment in simulated and real wastewater, respectively,
using the optimized parameters: 3 mg L~! Fe3* and 2.75 mg L~! H,O,. In addition, the
percentage of TOC removal for AMX was 19.5% in simulated wastewater. In the study
carried out with real effluent at concentrations of 2.75 mg L~! H,O,, the removal rate was
6.5%, while at an H,O, concentration of 5.0 mg L1, the removal rate increased to 20%. The
intermediates identified suggest the hydroxylation of the aromatic ring and the opening
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of the four-membered (-lactam ring and subsequent formation of amoxilloic acid and
amoxicilloic acid as the main transformation pathways.
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Figure 7. (a) Proposed pathway of AMX degradation. Reprinted with permission from [73]. Copy-
right © 2019 Elsevier Ltd. (b) Degradation of AMX at Comparison of Fenton, photo-Fenton, so-
lar photo-Fenton, sono-Fenton and sono-photo-Fenton for complete degradation of AMX (AMX:
10 mg L™1; FeSO4: 3.0 mg L™1; HyO,: 375 mg L1, pH: 3, Ultrasound: 40 kHz and light source: UV
tubes (365 nm)). Reprinted with permission from [83]. Copyright © 2019 Elsevier Ltd. (c) TOC of
AMX solution degraded under different irradiation time by as-prepared VO, CNNS and 1-VO/CNNS.

Reprinted with permission from [84]. Copyright © 2022 Elsevier Ltd.

Recently, Le and co-workers [85] reported an innovative heterostructure V,Os5/C3Ny
nanosheets (NS) photocatalyst to degrade AMX under solar light. Photolysis under the
simulated sunlight was ineffective in the decomposition of AMX, while pure V,0s5 and
C3Ny reached 33.2% and 52.7% of AMX removal under 120 min of illumination. The
1-V,05/C3N4-NS (1 wt% V;,05) nanocomposite increased AMX removal to 91.3%. This
improvement was attributed to the enlarged specific surface area, increased active sites
and promoted the separation of photoinduced electron-hole pairs by the S-scheme hetero-
junctions. Moreover, 1-V,05/C3N4-NS nanocomposite attained 76.2% of TOC removal
under the same conditions (Figure 7c), showing the highest oxidation capacity. Further-
more, the authors confirmed that O, ™ and h* radicals are the foremost reactive species
in photodegradation. Mmelesi et al. [86] also presented a high AMX removal percentage
(89%) under visible light irradiation using Zn,Co;_xFe,O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and
0.5) nanoparticles. The catalysts were synthesized by a simple co-precipitation method.
The Zn-doped NPs (x = 0.4) showed the highest degradation efficiency of 89% and TOC

removal of 66.59% after 100 min.

Captopril is used as an antihypertensive in the treatment of heart failure, in cases of
myocardial infarction, in diabetic nephropathy and as an angiotensin converting enzyme
(ACE) inhibitor [87]. It is estimated that about 40 to 50% of the active ingredient is excreted
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from the human body and remains unchanged, while the rest is excreted as metabolites,
which can be extremely dangerous for human health and must be evaluated against the
contamination of surface waters due to the contamination of surface water due to incorrect
disposal [88].

Dos Santos et al. [88] evaluated the electrochemical destruction of captopril in different
aqueous matrices through the solar photo-electro-Fenton (SPEF) method using a solar
pre-pilot flow plant with a Pt/air-diffusion cells and a planar photoreactor. The effect
of j and drug content on the SPEF performance was studied, and comparative anodic
oxidation (AO)-HyO; and electro-Fenton (EF) assays were performed in order to confirm
the superiority of SPEF process. At the best conditions (0.230 mmol L~! of captopril, pH 3,
j =50 mA cm~2 and 0.50 mmol L~! Fe?*), the degradation of captopril by SPEF reached
100% of removal in only 15 min, while EF achieved complete drug removal in about 20 min.
The AO-H,;0O; process was capable of removing only 36% in 30 min of treatment. TOC
was only reduced by 25% in SPEF after 300 min, suggesting that the resulting by-products
were mainly oxidized by homogeneous -OH, but contained very small amounts of Fe3*
complexes. The mineralization in urban wastewater (28%) was slightly accelerated as
compared to those in sulfate medium because of the parallel oxidation with active chlorine.
The drug removal was also feasible in urine, showing a larger mineralization of 70% [88].

Table 2 shows the main experimental conditions and results of the degradation and
mineralization efficiency of the sulfurized-based drugs. In all studies presented, high
degradation rates were achieved. In addition, UV alone proved ineffective in the removal
of these compounds. However, it is worth noting that the authors used lamps to simulate
radiation rather than sunlight to simulate light.

3.5. Phosphorus-Based Compounds

Ifosfamide (IF) and cyclophosphamide (CP) are two of the most used alkylating agents
for the treatment of different cancers and autoimmune diseases that act directly on DNA,
inhibiting cell division and, consequently, cell death [86-88]. Pharmacokinetic studies
showed that 61% and 10—20% of the administered doses of IF and CP, respectively, are
excreted unchanged via urine and feces, causing the emission of these drugs into the
wastewater stream [89]. The metabolites and transformation products (TPs) residues of IF
and CP have been found in the aquatic environment in amounts ranging from a few ng
L~ to tens of mg L™, indicating that these drugs are not readily biodegradable, making
these compounds difficult to remove from wastewater by traditional methods [90].

Thus, Russo et al. [90] reported the IF and CP degradation by UV irradiation
(A = 254 nm) and investigated their acute and chronic ecotoxicity of and their commercially
available human metabolites/TPs on different organisms of the aquatic trophic chain.
After 48 h of treatment, IF and CP (200 mg L~!) were degraded only 36.5% and 28.3%,
respectively. According to the authors, this poor removal was attributed to the chemical
structures of IF and CP that do not contain double bonds that could absorb photons under
UV irradiation [89]. Moreover, DOC was monitored in UV irradiated samples containing
IF and CP at 10 mg L~! and revealed no significant decrease in DOC after 48 h of treatment,
suggesting that UV degradation was not able to mineralize both compounds. Regarding
the toxicological tests, the UV-irradiated compounds showed an increase in toxicity. This
effect was related to a mixture of different TPs formed during treatment.

In another study, Janssens et al. [91] coupled nanofiltration and UV, UV /TiO, and
UV /H;0; processes for the removal of anti-cancer drugs, which include CP and IF, from
two different matrices: secondary wastewater effluent and nanofiltration concentrate.
Direct photolysis was not able to remove IF and CP (500 pg L) in secondary effluent
after 180 min of treatment (Figure 8a), and the same behavior was reported in the work
of Russo et al. [53]. The inefficiency of direct photolysis explains why IF and CP showed
negligible removal through UV /TiO; (100 mg L) and UV/H,0, (40 mg L~1!): <25%. The
same trend was observed during the degradation from nanofiltration retentate. CP and IF
showed no degradation either through UV /TiO; or through UV /H;,0x.
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In an effort to increase the efficiency of the UVC/H;0, system for the degradation
of cyclophosphamide, Graumans et al. [92] coupled thermal plasma activation with UV-
C/Hy0O, treatment. Plasma-activated water (PAW) contains highly reactive oxygen and
nitrogen species because of electric gas discharges in the air over water. The oxidative
degradation of CP solutions (4 ng mL~!) in tap water by PAW resulted in a complete
degradation within 80 min at 150 W (Figure 8a). CP was also completely degraded within
60 min of applying the UVC/H,0, (10 mg L~!) system. In addition, LC-MS/MS detected
the reaction products 4-keto-CP, 4-hydroperoxy-CP and carboxyphosphamide. Further-
more, the authors analyzed the implications of the toxicity of the products formed and
highlighted the concern regarding the 4-Hydroperoxy-CP formation, a very potent toxic
compound capable of alkylating DNA strands.
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Figure 8. (a) Removal of cyclophosphamide (CP) and ifosfamide (IF) from a NF concentrate by UV,
UV/TiO, (100 mg L) and UV/H,0, (40 mg L7h). Reprinted with permission from [88]. Copy-
right © 2019 Elsevier Ltd. (b) Degradation rate of 4 ng mL~! CP applied on TSI in water at dif-
ferent hydrogen peroxide concentrations in combination with an UV-C source. With UV-C/H,0,
(970 mM) treatment, no complete CP removal was obtained within 120 min (left), in contrast with HO,
concentrations 0.11 (center) or 0.22 mM (right), which showed complete and rapid CP removal rates.
Reprinted with permission from [93]. Copyright © 2020 Elsevier Ltd. (c) Proposed photodegradation
pathways for IF and CP. Reprinted with permission from [86]. Copyright © 2019 Elsevier Ltd.

Osawa et al. [89] investigated the photodegradation of CP and IF (10 mg L~!) using
ruthenium-doped titanate nanowires (Ru-TNW) in distilled water (DW) and wastewater
(WW) from secondary wastewater treatment, under UV-Vis radiation. An improvement
in the degradation of CP and If was observed using Ru-TNWas catalyst (20 mg), mainly
when WW was used for solutions preparation. In addition, the results were better when the
pollutants were used as single solutions. Using Ru-TNW as photocatalyst, the degradation
of both compounds presented a higher removal rate independently on the matrix used and
DW and WW from secondary treatment. CP and IF degradation experiments followed
pseudo-first-order kinetics, and the degradation rate constant for IF was higher than the
CP for both matrices.

Four CP transformation products (TPs) and six IF TPs from the photodegradation process
were elucidated using high-resolution mass spectrometry (Figure 8c). The CP-277 was generated
using the hydroxylation of CP while CP-275 was formed from the dehydrogenation of the
hydroxy group connected with the heterocyclic ring from CP-277. According to the authors,
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CP-243 was formed by replacing the chlorine atom with the hydroxy group from the CP
molecule. Moreover, it was considered that CP-199 was formed by the loss of the chloroethane
group from CP and along with IF-199a and IF-199b are isomers. Additionally, IF-277 degraded
to IF-275 through the dehydrogenation of the hydroxy group. In the WW samples, we believe
that IF227a and IF-227b were generated from IF-275. For both pollutants, in the WW, there was
a higher production of TPs and two of them were detected only in this matrix, indicating that
environmental matrices may produce different TPs. Finally, the ecotoxicity prediction showed
that TPs had low toxic potential on aquatic organisms. However, most of the TPs resulted in
positive mutagenicity [89].

According to Table 4, it was possible to state that direct photolysis was not able to
remove IF and CP. However, photo-combined AOPs systems showed elevated removal
rates of the compounds. In addition, further studies may focus on mineralization or the
formation of less toxic compounds, the importance of degradation intermediates should
not be underestimated since the by-products generated using the systems presented in this
work showed a toxicity that was the same or sometimes greater than the drug of origin.

Table 4. Selected recent studies of photo-assisted AOPs processes for phosphorus-based and oxy-
genated compound removal.

Pharmaceutical Process Eégilélilt‘ieol;gl Results Ref.
The degradation of both compounds
presented a higher removal rate
IF] = [CP1 = 10 me L mdepepdently to the matrix used; DW and
IF and CP Ru-TNW c[at]alysFt d(])sage : égO mg \QTW in se_condary treatment. CP and IF 89]
H=7 egradation experiments followed the
P pseudo-first-order kinetics and the
degradation rate constant for IF was higher
than the CP for both matrices.
After 48 h of treatment, IF and CP were
degraded only by 36.5% and 28.3%,
A =254 nm respectively, containing IF and CP at 10 mg
IF and CP UV irradiation [IF] = [CP] =10 mg L~! L~! and revealed no significant decrease in [90]
pH=7 DOC after 48 h of treatment, suggesting that
UV degradation was not able to mineralize
both compounds.
[TF] = [CP] = 500 pug L} Direct photolysis was not able to remove IF
UV irradiation, [TiO,] = 100 mg L-! and CP in secondary effluent after 180 min of
IF and CP UV/TiO; and [H,0,] = 40 mg L-1 treatment. CP and IF did not degrade [91]
UV/H,0, X = 254 nm negligibly either through UV/TiO; or
pH=7 through UV/H,0,.
A = 254 nm The oxidative degradation of CP solutions in
[CP] = 4 ng mL~" tap water by PAW resulted in a complete
cp UVC/H;0,/PAW H,Oo1 = 10 -1 degradation within 80 min at 150 W. CP was [92]
[H20] H= ;n & also completely degraded within 60 min
pH= applying UVC/H,0, system.
MIL-53(A1)@TiO; exhibited high
photodegradation efficiency (80.3%) for NPX
over 4 h and was recyclable for up to three
- _ 1 cycles with only a 13.6% decrease in
IBP, NPX and MO MIL_53(A611)@T102 [comp ogrllfl]:%% mg L pl'}llotodegradabi}l,ity. However, for IBP [93]

an
MIL-53(Al)/ZnO

catalyst dosage = 2 mg

degradation, MIL-53(Al)@ZnO was observed
to be more efficient than MIL-53(Al)@TiO,
and it was found that only 1 h of treatment
was sufficient to obtain a considerable COD
reduction of 58%.
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Table 4. Cont.

Pharmaceutical Process Eégfllgriltlieor:sal Results Ref.
[NPX] = 5 = NPX was degraded by 27.3% at a UV dosage
=9 umo. ) .
UV irradiation, [chlorine] = [HyO,] = ofEZthA]érIr)l f .ﬂfhe cllegradgtlop of NSX by
NPX UV /chorine and 50 umol L1 ) o‘t s followed pseudo- irst-order [94]
UV/H,0, A = 254 nm kinetics, and the first-order rate constant was
- H=7 4.9 times higher in UV /chlorine than that in
P UV/H,0,.
PAN- [compound] = 5 mg L~! The complete degradation of IBP required
i pH=2 120 min of treatment, while the same
IBP, NPX and CTZ MWCII\\IIEI/ TiO, UV intensity =40 W degradation rate for NPX was achieved in [95]
2 catalyst dosage = 15 mg 40 min.
},;\601 1’1’[5\;1 Sltyj The maximum removal rate of KET reached
KET UV irradiation wwem - 99.59% within 40 min, which agrees with the [96]
[KET];Hl(iI;‘g L pseudo-first-order kinetic equations.
At the best conditions, the impregnation of
_ 1% CuO/TiO; into GCN presented an
- 1
[IEET] {;%%g L d efficiency of 94.7% in the photodegradation of
KET CuO/TiO,@GCN pH =62 (GW)an KET in deionized water under simulated [97]
1 7d4 (DW)_ 75 light. A lower removal efficiency (~50%) was
catalyst dosage =/7omg  ,chieved in ground (GW) and drinking water
(DW).
Ve naht= The obtained TOC ion followed th
. ) 239 W m—2 e obtaine conversion followed the
( CA§. ]gs [/J "glaonzd A > 100 nmr?atalys ¢ decreasing order: Ag-Ce/TiO, (Co-DPU) >
IBP Ag-Ce,/TiO d —01el-1 Ag-Ce/TiO; (C-IMP) >TiO,. After 4 h, up to [98]
g(C—IMP) 2 osage="0.18 1 98% mineralization of IBP was obtained for
[1BP] = 1503mSg6L pH= Ag-Ce/TiO; (Co-DPU).
- -1
[IBP] =10 pmol L . IBPwas degraded by 8 and 3% under UV and
IBP UV/H,0, [H>0,] = 0.5 mmol L H,0, only, while the combined UV/H,0, [99]
= 2_5 4_nm process removed 78% of IBP within 4 min.
[ASA]=10pgL~!
[Fe**] = 1.5 mmol L.”! Using optimized conditions, 90% of
. B g optimized conditions, 90% o
ASA Photo-Fenton [%2\9_2]: 45’tmng)]\d/\/1 mineralization was reached in 10 min. [100]
intensity =
pH=7
_ -1 The UV /O3 process was able to remove 99%
[[A()S‘?] ZZOI?:ggLL*l of ASA after 7 min of treatment. Moreover,
3T AxMs L the combined process exhibited higher
ASA UV/0s uv 1ntens1ty7; mineralization rate, 47% of TOC reduction, (101]
2600 uW cm compared with the individual ozonation
pH=43 process (25% of TOC) after 30 min.
UV Intensity = 6 W At the optimized condi?ions, the ASA .
catalvst dosage = removal of 83.11% was achieved. The kinetic
¥ % studies showed that the pseudo-first-order
ASA UVv/ZnO 375.16 mg L1 p 102
n -0 mg . model had the highest correlation with [102]
[IBP] = 33.84 mg L aspirin removal using the UV/ZnO
pH =5.05 photocatalytic process.
[ASA] =75 mgL~!
catalyst dose = Almost complete degradation was achieved
ASA 1-Ni-MnON/NG 10mgL? for the nanocomposites of 1-Ni-MnON/NG [103]

pH=3
UV Intensity = 4.2 W

after 90 min of treatment.

Abbreviation: ifosfamide (IF); naproxen (NPX), methyl orange (MO); naproxen (NPX); cetirizine (CTZ); ketoprofen

(KET); aspirin (ASA).

3.6. Oxygenated-Based Compounds

Ibuprofen (IBP), naproxen (NPX) and ketoprofen (KET) are non-steroidal anti-inflammatory
drugs (NSAIDs), one of the pharmaceuticals groups widely detected in the environment. IBP
and NPX are most used for the treatment of musculoskeletal injuries, rheumatoid arthritis
and fever [93,104]. Several studies have detected these compounds in surface water and
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groundwater and even in drinking water sources at several concentrations due to the limited
removal efficiency during the municipal sewage treatment processes [93].

In this sense, Pan et al. [104] compared the kinetics and pathways of the degradation
of NPX by the UV/chorine and UV /H;0O; processes. NPX (5 umol L~ 1) was degraded
by 27.3% at a UV dosage of 922 m] cm~2 due to the high molar absorptivity at 254 nm of
4024 M~! cm~!. However, the degradation of chlorine or HyO; alone was negligible. The
degradation of NPX by both AOPs followed pseudo-first-order kinetics, and, at pH 7, the
first-order rate constant (k) was 4.9 times higher in UV /chlorine than that in UV/H,0,
([chlorine]y = [H,05]g = 50 umol L™1). Evaluating the relative radicals contribution, radicals
chlorine species, such as Cl-, Cl1O- and Cl, ~, are dominant in the NPX degradation through
UV/chlorine while HO- played a dominant role during the NPX removal by UV /H;0O,.
The degradation by both AOPs was associated with hydroxylation and demethylation;
in particular, decarboxylation was observed in UV /H,O,, and chlorine substitution was
observed in the UV /chlorine process. The acute toxicity of Vibrio fischeri in UV /chlorine
was lower than that of the system using only UV radiation, besides following an increase
and then decrease trend with increasing reaction times, which was related to the production
of different compounds during the reaction.

In another study, Mohamed and co-workers [95] reported the photodegradation of
ibuprofen, naproxen, and cetirizine in aqueous media under UV irradiation. The photocata-
lyst consisted of TiO,-NH; nanoparticles grafted into polyacrylonitrile (PAN)/multi-walled
carbon nanotube composite nanofibers (PAN—CNT). The authors investigated the effect
of pharmaceutical initial concentration (5—50 mg L), solution pH (2—9) and irradiation
time on degradation efficiency. It was shown that the complete degradation was achieved
at low drug concentration (5 mg L~!), pH = 2, at a low power intensity of the UV lamp
(40 W) and employing a dosage of 15 mg of PAN-MWCNT/TiO,-NH, photocatalyst. In
addition, the complete degradation of IBP required 120 min of treatment, while the same
degradation rate for NPX was achieved in 40 min.

Zhen, Liu and Zhang [96] studied the removal effect of KET in UV-light and explored
the influence of light turbidity, light intensity and other factors on the degradation efficiency
of ketoprofen. The results show that deep ultraviolet treatment has a good degradation
effect on ketoprofen. After irradiation with 1700 hW cm~2 UV lamps, the maximum
removal rate of KET (16 mg L~1) reached 99.59% within 40 min, which agrees with the
pseudo-first-order kinetic equations. In addition, the irradiation strength of UV lamps
showed little influence on KET degradation. Moreover, low turbidity (1-5NTU) solutions
reduced the degradation rate of ketoprofen, while high turbidity (5-9NTU) solutions
enhanced the removal rate of ketoprofen.

Murtaza et al. [93] reported the photodegradation studies of single and binary mix-
tures of naproxen, ibuprofen and methyl orange, employing photocatalysts prepared by
incorporating TiO; and ZnO into the framework of the aluminum-based MOF (metal
organic frameworks), MIL-53(Al) (MIL = Materials from the Lavoisier Institute), MIL-
53(Al)@TiO; and MIL-53(Al)/ZnO. MIL-53(Al)@TiO, exhibited high photodegradation
efficiency (80.3%) for NPX over 4 h and was recyclable for up to three cycles with only
a 13.6% decrease in photodegradability. A ratio of 3:1 concentration of NPX to mass of
photocatalyst was found to be optimum for degradation. However, for IBP degradation,
MIL-53(Al)@ZnO was observed to be more efficient than MIL-53(Al)@TiO;. Experiments
conducted with scavengers showed that hydroxyl radicals played a major role in the pho-
tocatalytic process photodegradation, and it was found that only 1 h of treatment was
sufficient to obtain a considerable COD reduction of 58%.

Mofokeng et al. [97] studied the formation of CuO/TiO,@GCN (graphitic carbon
nitride) and its applicability to the decomposition of KET in an aqueous environment,
drinking water, and groundwater under simulated visible light. At the best conditions,
the impregnation of 1% CuO/TiO; into GCN presented an efficiency of 94.7% in the
photodegradation of KET (10 mg L~') in deionized water under simulated light. A lower
removal efficiency (~50%) was achieved in ground and drinking water due to electrical
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current and high conductivities of the water samples. In addition, the photocatalytic
degradation of KET followed the pseudo-first-order kinetics and the rate constants in
ground and drinking water were slower compared to deionized water (Figure 9a). The
authors justified that the ground and drinking water contains substances that could have
interfered with the catalysts active sites and inhibit its catalytic activities. The electrical
energy consumption (Egc) utilized for KET photodegradation in ground and drinking
water was 5.9 and 7.0 times higher than the Egc used in deionized water. LC/MS coupled
with a Q-TOF analyzer indicated that the KET degradation entailed the deprotonation
of the carboxyl group, followed by decarboxylation forming KET intermediates, which
included benzylic and ketyl radical structures.
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Figure 9. (a) Photocatalytic degradation of KP in deionized drinking and ground water using 75 mg
of 1% CuO/TiO,@GCN (9:1). Reprinted with permission from [97]. Copyright © 2022 John Wiley and
Sons. (b) Proposed degradation pathways for IBP. Reprinted with permission from [99]. Copyright ©
2021 Elsevier Ltd. (c) Reaction pathway of ASA during UV /O3 process. Reprinted with permission
from [101]. Copyright © 2021 Elsevier Ltd.
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The degradation of IBP under visible light irradiation was also investigated by Chaker,
Fourmentin, and Chérif-Aouali [98] using TiO, mesoporous co-doped with Ag and Ce. The
co-doped photocatalysis was obtained using two different methods: co-impregnation (Co-
IMP) and co-deposition precipitation with urea (Co-DPU). The obtained TOC conversion
followed a decreasing order: Ag-Ce/TiO, (Co-DPU) > Ag-Ce/TiO, (C-IMP) > TiO,. After
4 h, up to 98% mineralization of IBP was obtained for Ag-Ce/TiO, (Co-DPU). Additionally,
the stability of Ag-Ce/TiO, (Co-DPU) was evaluated during three cycles of use and reuse.
TOC removal remained unchanged, ranging from 97 to 98% after three cycles. Later,
the authors identified the products for IBP mineralization and found that through the
hydroxylation process by the attack of -OH radicals, IBP may be transformed into hydroxy
ibuprofen. The reaction follows until the ring opening for the total mineralization, leading
to the formation of CO, and H,O.

Wang et al. [99] investigated the degradation kinetic and transformation mechanism of
IBP in UV /H,0, process. Impacts of H,O, dosage, pH, quenching agent and concentration of
nitrite (NO, ™) on IBP degradation were evaluated. IBP (10 pumol L) was degraded by 8 and
3% under UV and HyO, only, while the combined UV /H,O; ([H2O;] = 0.5 mmol L) process
removed 78% of IBP within 4 min. At higher concentrations of HyO,, the IBP degradation
became slower, which was attributed to the production of the radicals of low oxidation ability
(-HO, or -O;7). Regarding the impact of pH, the degradation of IBP decreased with the pH
increases from 5.2 to 9.6. The phenomenon was explained by the formation of scavenger species
and the photolyzation of H,O, into water and oxygen under alkaline conditions (Figure 9b).

Moreover, the addition of different concentrations of NO, ™ had a significant inhibitory
effect on the degradation of IBP. According to the authors, nitrites reacted with -HO to
produce -NO,, which exhibited lower reactivity to compounds with electron-withdrawing
moieties [105]. Combining ultra-high-resolution mass and density functional theory calcu-
lations, the authors identified hydroxylation as the first step in IBP degradation (Figure 9b)
in indirect photolysis, as observed in another papers [98], and the formation of decarboxy-
lation products (1-(4-isobutylphenyl) ethanol and 4-isobutylacetophenone), and some of
the products of subsequent degradation of 4-IBP [99].

Aspirin (acetylsalicylic acid: ASA) also belongs to the NSAIDs group and is widely
used for pain, infection or inflammation. ASA as a pollutant is found with a different
concentration, from 0.03 to 10 ug L™, in aqueous environment and found to be very toxic
for human health and the aquatic system due to a short half-life of 2-3h, and therefore,
its removal from the environment is important [100,106]. Thus, Cunha-Filho et al. [100]
optimized the kinetic conditions to mineralize ASA using a photo-Fenton process with UVA
radiation in a tubular photochemical reactor. Employing a statical tool-termed factorial
design, a large interval of concentrations of ASA, Fe?* and H,O, were studied. Using
the optimized conditions of H,O, and FeZ* (45 and 1.5 mmol L1, respectively), 90% of
mineralization was reached in 10 min. Such performance was attributed to the optimized
4.5-folds excess of [H,O»], i.e., the ratio of the stoichiometric [H,O5] to the theoretic TOC
for total mineralization.

In another study, Zhe and co-workers [101] investigated the removal of ASA through
the UV /O3 process. The initial reaction positions and the byproducts were also identi-
fied. The UV /O3 process was able to remove 99% of ASA (10 mg L) after 7 min of
treatment. Moreover, the combined process exhibited higher mineralization rate, 47%
of TOC reduction, compared with the individual ozonation process (25% of TOC) after
30 min. It was demonstrated, through the inhibition function of t-butanol addition, that
-HO made a significant contribution to the UV/O3 process. The optimal values of pH were
4.3 and 10.0 for ASA removal and mineralization, respectively. Higher pH values lead to
the decomposition of the ozone to produce -HO species. These species have a stronger
effect on the mineralization of organic compounds than O3 molecules.

Frontier electron density (FED) analysis confirmed that the initial oxidation sites of
HO- were located on the benzene ring of ASA, which generated salicylic acid (SA) more
directly and enhanced SA transformation efficiency during the UV /O3 process. An ASA
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degradation pathway was proposed and involved hydrolysis and hydroxylation reactions
(Figure 9c), the opening of the benzene ring, the further oxidation of the alkyl chain
byproducts and finally mineralization [101]. Pathway 1 included the hydrolysis of the
ester group in ASA. In parallel, the C2 position could be attacked by HO-, resulting in the
hydroxyl substitution reaction, leading to the formation of SA (pathway 2). The ortho/para
positions are more electron-rich due to the presence of hydroxyl groups (a strong electron
donor). This makes the ortho and para positions of the benzene ring more susceptible to
oxidant attacks with the generation of two hydroxylation byproducts, 2,3-dihydroxybenzoic
acid and 2,5-dihydroxybenzoic acid (Figure 9c) Phenol was another aromatic byproduct,
and its formation involved the decarboxylation of SA during HO- upon UV irradiation. The
further hydroxylation of phenol was able to generate catechol, and the resulting aromatic
byproducts were oxidized again. With the opening of the benzene ring, alkyl carboxylic
acids containing two to four carbons were formed and were further degraded until the
formation of oxalic acid, and after that, the mineralization occurred [101].

To optimize ASA removal from aqueous solution by the UV/ZnO photocatalytic process,
Karimi, Baneshi and Malakootian [69] used response surface methodology (RSM) to study
the influence of different parameters, such as ASA initial concentration (10—100 mg L~1), ph
(3—11), contact time (10—120 min) and ZnO catalyst dosage (100—600 mg L~1). The optimized
conditions included a pH solution of 5.05, after 90.5 min of treatment, employing a ZnO catalyst
dosage of 375.16 mg L~! and ASA initial concentration of 33.84 mg L~! achieved the ASA
removal of 83.11%. The effect of chloride and phosphate (20 mg L~!) on the ASA degradation
resulted in the increased removal efficiency (83.11% to 94.7%) and reduced the removal efficiency
(from 83.11% to 56%), respectively. This behavior was attributed to the competition of the anion
phosphate with the nanoparticles in ASA degradation for adsorption on the catalyst surface.

Mohan et al. [103] prepared Ni-decorated manganese oxynitride on graphene nanosheets
for the degradation of ASA. Besides the effect of catalyst’s composition, the authors examined
the influence of other experimental parameters, such as initial concentration, catalyst dose,
initial pH and additives. The best performance was achieved with the ASA initial concentration
of 75 mg L1, with the catalyst dose of 10 mg L~! and the initial pH 3. Almost complete
degradation was achieved for the nanocomposites of 1-Ni-MnON /NG after 90 min of treatment.
The detection of intermediates during photocatalysis showed that ASA undergoes hydroxy-
lation, demethylation, aromatization, ring opening and finally complete mineralization into
CO, and H,O by reactive species. The catalyst remained stable even after five cycles of usage,
proving its reusability. Cytotoxicity, plant toxicity and microbial toxicity studies corroborate the
environmentally friendly properties of the synthesized material.

In this sense, photo-combined systems have shown promise in the removal and
mineralization of oxygen-based compounds (Table 4).

4. Conclusions and Outlook

This review has showed the prospective application of photo- and photo-combined AOPs
for the removal of pharmaceuticals compounds. Current research demonstrates that pharma-
ceuticals have been found in distinct kinds of surface waters, wastewaters and WWTP and
hospital effluents. Furthermore, the presence of these compounds in water may have harmful
effects on human beings as well as promote the spread of resistant bacterial strains.

Several studies have applied photo- and photo-combined AOPs to removing pharma-
ceuticals in water or wastewater. Overall, the works presented here discussed (I) degra-
dation kinetics by investigating the effect of operational parameters; (II) mineralization
measurements using indicators, such as TOC, DOC or COD; (III) toxicity studies; and (IV)
the detection of intermediates and the proposition of degradation pathways. Although it is
evident from most of the reviewed studies that several photo-combined AOP processes are
efficient for the degradation of several classes of pharmaceutical compounds, the identifica-
tion of intermediate products and toxicity levels are equally crucial, although they have
been less explored in the literature, as these products can be more biologically active or
toxic than their parent compounds, thus creating even greater hazards for the environment.
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In addition, most of the literature discussed here is devoted to laboratory-scale or
pilot-scale studies. The implementation of AOPs at a full scale is still quite limited. The
major impediment to the application on an industrial scale is the elevated operational cost
of combined AOP processes, mainly compared to conventional methods that are currently
applied. Thus, if the overall cost per unit mass of pollutant removed from the unit volume
of the treated wastewater is reduced, the industrial implementation of these technologies
will become more appealing for companies and public administrations.

In summary, the literature of pharmaceutical compound degradation through ad-
vanced oxidation processes coupled with UV radiation has made some progress, and future
research should focus on the following aspects to achieve these goals:

e  More studies need to be carried out using real wastewater samples to evaluate the
effectiveness of the combined advanced oxidative processes, since the matrix of real
wastewater samples is complex due to the presence of organic and inorganic substances
besides the variations of wastewater characteristics.

e Advanced oxidation processes need to be optimized to improve their adaptability and
practicability, such as enhancing the efficiency and dosage of the photocatalysts and
the utilization efficiency of O3 or H,O;.

e  Energy costs must also be reduced. In this context, the search for novel, affordable
photocatalysts that can use a broader part of the light spectrum instead of only UV is a
priority. Furthermore, the application of renewable energy sources in the treatment
plants should also be investigated.

e  The generation mechanism of free radicals and the degradation pathways of pollu-
tants are not yet clear. More attention should be given to the study of mechanisms,
combining experimental measurements with theoretical calculations.

e  The generation of waste (e.g., sludge in the photo-Fenton process and/or exhausted
or poisoned catalysts in photocatalyzed AOPs) should be minimized and possible
alternatives for the valorization of such wastes should be explored.

e  Itis recommended that future studies should focus on the evaluation of treated water
toxicity, employing ecotoxicity tests to monitor the toxicity of the by-products formed
during the degradation.
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Abstract: Stormwater runoff management and treatment are significant topics for designing a sus-
tainable city. Therefore, photocatalytic, permeable, and removable concrete is a promising solution
to reduce pollution through leaching with permeable and scalable road. The objective of this work
was to develop cost-effective and greener photocatalytic concretes that can be easily scaled-up, and
to demonstrate their photocatalytic activities. To achieve this, seedless hydrothermal ZnO nanos-
tructures (NSs) in 2 h were employed to functionalize a concrete surface by a soft functionalization
process, avoiding overconsumption of energy and chemical products. In this work, two different con-
cretes were studied and used for the degradation of organic dye in water. The results demonstrated
the universality of the proposed functionalization process by showing similar gap values, ZnO NSs
morphologies, and XRD pattern, compared to the concrete functionalized by the traditional two-step
hydrothermal synthesis. The XRD results certified the presence of the ZnO Wiirtzite phase on the
concrete surface. The synthesis feasibility was attributed to the basic pH and O~ groups’ presence
in concrete. Then, their photocatalytic efficiency was proved for organic dye removal in water. An
almost total degradation was recorded after 5 h under artificial solar light, even after several uses,
demonstrating a similar efficiency to the photocatalytic concrete functionalized by the traditional
two-step synthesis.

Keywords: photocatalytic concrete; ZnO nanostructures; seedless method; water purification; photocatalysis

1. Introduction

Sustainable city development is facing many problems such as the development of
greener urban road [1]. Indeed, most of the road infrastructures in the city are impermeable,
leading to more overflow and pollutants loading of rainwater, and less groundwater
recharge [2]. Porous concrete material appears as one of the most promising ways to reduce
stormwater volume and pollutant concentrations [1,3]. Therefore, effort has been made to
develop photocatalytic concrete able to degrade and mineralize pollutants in the presence
of sunlight [1-5].

Zinc oxide (ZnO) semiconductor nanomaterials have already shown great potential
as an eco-friendly photocatalyst for environmental pollution remediation due to their
ability to degrade and mineralize organic toxic pollutants into CO,, H,O, and other light
by-products by photocatalysis under UV light or solar light [4-8]. Nevertheless, these
ZnO nanomaterials are often synthesized by complex and expensive routes; therefore,
their integration in road infrastructures could be difficult. Thus, the development of
functionalized building materials using a low-cost process with minimal chemicals and a
shorter manufacturing time is an emerging field of study [9].

Recently, in our previous work [4,5,10], ZnO nanostructures’ (NSs) hydrothermal
direct synthesis on paving block appeared as an interesting route to produce daily life
photocatalytic materials for the urban pollution remediation. In addition, it is important
to highlight that the ZnO surface functionalization may not affect the hydration reactions
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of concrete and, consequently, its mechanical properties, contrarily to ZnO direct incorpo-
ration in concrete chemical formulation. Moreover, the hydrothermal method needs low
processing temperature and short duration and could be easily scaled-up and adapted to
different substrates [10-13]. Usually, ZnO NSs grow onto a substrate by two simple oper-
ating steps: (1) a seed layer deposition for creating ZnO nucleation sites on the substrate;
(2) hydrothermal growth in the presence of zinc salt and hexamethylenetetramine (HMTA)
to obtain ZnO NSs such as nanowires (NWs) or nanorods (NRs).

Nevertheless, this surface functionalization process for the permeable and removable
concrete production needs to be improved. Indeed, depending on the ZnO seed layer
deposition process employed, an annealing temperature from 300 °C to 500 °C is necessary,
which could damage concrete. Moreover, even the ZnO seed layer deposition is known
for allowing a better morphology and density control on ZnO NS growth; it also causes
consumption of time and chemicals, leading to an additional cost [11].

The objective of this work was to determine and understand if permeable and remov-
able concrete could be exempted from the seed layer deposition step and functionalized
only by the second step to develop the cost-effective and greener photocatalytic concretes.
Knowing that the ZnO NSs growth, in terms of morphology and gap value, could be
influenced by the substrate textural properties (porosity, roughness, etc.) and surface chem-
istry (pH, surface functional groups, etc.), which, in turn, affect the photocatalytic activity
(reactivity and availability of surface, light absorption, etc.) [5,8], in this work, two kinds of
concrete with different porosity and chemical formulation were employed as substrates for
ZnO NS growth. Indeed, for example, ZnO NSs’” morphology could influence the ZnO total
surface available for photocatalytic reaction. Moreover, the ZnO NSs’ quality will define
the gap value and, therefore, the light that could be absorbed and used in the photocatalytic
process, and the surface reactivity. Their photocatalytic efficiency and durability for the
degradation of two different organic dyes (Methyl Orange (MO) and Acid Red 14 (AR14)),
whose degradation mechanisms have already been studied [14], under artificial solar light,
were compared to their reference corresponding to concrete functionalized by two-step
hydrothermal synthesis. The samples were thoroughly characterized by a scanning elec-
tron microscope (SEM) for nanostructure morphology investigation, ultraviolet—visible
spectrophotometry for both ZnO bandgap measurements and the following organic dye
photodegradation, and X-ray diffraction (XRD) for microstructures investigation.

2. Results and Discussion
2.1. Concrete Surface Characterization
2.1.1. Concrete Surface Observations and SEM Analysis

Figure 1 shows optical photography of both types of concrete samples before and
after the ZnO NS growth by one-step seedless hydrothermal synthesis. We can note
that the samples appeared more whitish after the synthesis. The same phenomenon was
observed on the samples functionalized by two-step hydrothermal synthesis and was
already attributed to the presence of very dense ZnO NSs on the samples surface, leading
to diffuse light on the sample surface [4].

To further confirm the synthesis of the ZnO NSs and study the influence of the seedless
effect, SEM analysis was used to examine concrete surfaces (Figure 2a). By comparing
concrete surfaces with and without treatment, ZnO NSs were clearly observed on all
sample surfaces with no significant modification whatever the concrete substrate and the
hydrothermal route used. Only a very modest decline in density of ZnO NSs seemed to be
observed on samples functionalized by simplified synthesis but could not be quantified.
Due to the NSs’ variety, no size information was precisely measured. The ZnO NS length
was a size of the order of the micrometer, and the thickness was a size of the order of
the nanometer.
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Figure 1. Schematic routes of concrete functionalization by classical hydrothermal growth in two
steps (2) and seedless hydrothermal growth (1), and optical photographs of the grey concrete (GC)
and red concrete (RC) blocks before and after the ZnO NS growth.
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Figure 2. (a) SEM top-view pictures of bare concrete surfaces after 2 h of hydrothermal growth by
the two-step hydrothermal method or the one-step seedless hydrothermal method; (b) UV-visible
spectral plot with Tauc-Lorentz model of concrete surfaces after 2 h of hydrothermal growth by the
two-step hydrothermal method or the one-step seedless hydrothermal method; (c,d) XRD pattern
of concrete surfaces after 2 h of hydrothermal growth by the two-step hydrothermal method or the
one-step seedless hydrothermal method.

However, in accordance with our previous results [5], a strong influence of the concrete
complex substrate on the ZnO nanostructure growth was observed on all samples leading
to complex ZnO nanostructures, such as nanosheets (NSHs), nanosheets self-assembled
spheres (NSHSs), and hierarchical aggregates (HAs), instead of ZnO NWs commonly
grown by this synthesis method. Indeed, on the tiling surface functionalized by route (2),
ZnO NWs with an average diameter of 72 & 10 nm and a density of 50 = 5 NWs/ pm?
were obtained [5]. No information on ZnO NWs’ length was measured on tiling, due to the
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impossibility of employing the classical cleavage method for SEM cross-section observation.
The ZnO NWs on concrete were only observed punctually and were larger than those
obtained from tiling. This radical morphological modification was attributed to:

e  The turbulence and obstruction caused by the concrete surface complex microstructure,
leading to the formation of aggregates and fusion of the ZnO NSs;

e  The concrete basic pH property and the chemical composition with different adju-
vants used, which could act as structure-modifying agents during the hydrothermal
growth [5]. Hydroxyl ions (OH™) excess and structure-modifying agent, such as
trisodium citrate (Na3CgH50y7), were indeed assigned to the NSHs, NSHSs, and HAs
formation by being selectively adsorbed on the positively charged zinc (001) plane,
leading to a total or partial suppression of growth along the (002) direction, thus
favoring the growth in other directions [5,15-17].

It should be noted that no trisodium citrate was used in the formulation of GC sam-
ples [18], which, although presenting a larger diversity of ZnO morphologies, presented
relatively similar ZnO NSs to RC samples (Figure 2a). Therefore, it is possible to make
the following assumption: the basic pH of concrete is the main drivers in the formation of
dense ZnO NSs grown as NSHs, NSHSs, and HAs instead ZnO NWs. Nevertheless, the
chemical composition, the turbulence, and the obstruction effect does not have to be set
aside to explain the diversity of the ZnO NS morphology.

The basic pH of concrete was also considered as the main factor allowing the ZnO
NS growth on the concrete surface without needing seed layer deposition and/or metal
thin film deposition, such as Au, Ag, Cu, and Sn, to assist the ZnO NSs growth [12,19-21].
The presence of excess OH™ due to the basic pH property of concrete may ensure the
formation of a nucleus on the concrete surface rather than in the growth solution. It is
effectively well known that OH™ plays a key role, not only in the ZnO growth mechanism
by affecting the intermediate chemical reaction and facet growth direction, but also in the
initial growth stage by determining the initial growth stage pathway [9,22]. At high pH, the
initial growth stage pathway follows Equations (1)—(6) and is described by a quick crystal
growth and a slow nucleation rate leading to several growth sites on a ZnO single nucleus,
thus explaining the self-assembled structures observed on SEM images [22].

C¢H1oNy + 6 HyO — 4 NH3 + 6 HCHO 1)
NH; + H,O +» NH +OH™ )
[Zn(NH3),]*" +20H — ZnO +4 NH; + H,O (3)
[Zn(NH3),** +4 OH™ — [Zn0y)*” +4 NH3 + H,0 (4)
ZnO+2OH™ — [ZnO,)*~ + HyO (5)
[Zn0y)*” + HyO — ZnO +2 OH™~ (6)

The second factor, which is assumed to be a minor factor, allowing the concrete func-
tionalization by the seedless hydrothermal growth, is the composition of the hydrothermal
growth solution. Indeed, the presence of a local OH™ excess could also be favored by the
presence of NO3; ™~ from the zinc salt used and the presence of NHy from HMTA thermal
decomposition. The presence of NO3;~ could accelerate the Portlandite (Ca(OH),) dis-
solution thanks to its affinity with Ca?*, with which it will react first to form Ca(NO3),
before being resolved in solution due to its high solubility. In the literature, concentrated
ammonium nitrate in DI water (~6 mol/L) is indeed used to study the accelerated concrete
leaching processes over several weeks instead of several years in reality [23]. Nevertheless,
regarding the low concentration (0.025 M) and the short duration (2 h), this pathway may
not be the main parameter allowing the seedless hydrothermal synthesis and may not
significantly damage the concrete.
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In addition to the local OH™ excess in the concrete surface caused by its basic property
and its reaction with hydrothermal solution, the last factor, which can allow the ZnO
NSs’ direct growth without seed layer deposition, is the use of additives in the concrete
formulation. The presence of O~ groups from additives in the concrete formulation could
contribute to the formation of the nucleus on the concrete surface rather than in the growth
solution by acting as the place of nucleation for the ZnO seedless hydrothermal growth
thanks to a strong adsorption of the {0001} ZnO plane on these carboxylate groups [24].

2.1.2. Gap Measurement

Optical properties were measured at room temperature using UV-visible spectropho-
tometry. Then, spectra were plotted with the Tauc-Lorentz model (Figure 2b). As it can
be observed, all the post-annealed samples revealed an intense absorption under 400 nm
corresponding to the bandgap of ZnO. Therefore, the presence of ZnO on all the post-
annealed samples was confirmed and the bandgap energy of ZnO NSs was estimated. The
intercept of a straight line on this linear part with the hv abscissa is the bandgap. For all
functionalized concrete samples, lower ZnO NS bandgap values (~3.13 £ 0.4 eV) than
traditional ones of ZnO NWs grown on a silicon substrate [25], on tiling, and on rock
samples [10] (usually from 3.20 to 3.23 eV) were recorded in line with previous results on
other concrete blocks studied [5]. This variation caused by the morphology modification of
ZnO NSs could be associated with their crystal quality, dislocations density, impurities, size,
and thickness, for instance [5,7,22]. Indeed, NSHs are supposed to contain more oxygen
defects, which could reduce the bandgap by acting as an indirect donor energy level below
the conduction band [21,26,27].

Relatively reproducible ZnO bandgap values were obtained on annealed concrete
samples with and without seed layer deposition (Figure 2b). This last observation suggests
that the removal of seed layer deposition before the hydrothermal synthesis seemed to
prevent neither ZnO NSs” growth nor ZnO NSs’ good-quality synthesis onto concrete
surfaces. No evident gap values were obtained from the Tauc-Lorentz method on sample
RC(1)AG and GC(1)AG, due to the lack of an evident gap transition on the UV-visible
absorption spectrum.

2.1.3. XRD Characterization

The concrete surface composition and crystalline phase were determined by XRD
(Figure 2¢,d). For RC(2), RC(1), GC(2), and GC(1), the resulting peaks at 37.2°, 40.3°, 42.5°,
55.6, 66.5°, and 74.2° are assigned to ZnO Wiirtzite phase (100), (002), (101), (102), (110), and
(103), respectively (retaliated values from ICDD NO. 98-002-9272) [28,29]. These peaks were
not initially recorded on RC and GC corresponding to the non-functionalized substrates,
therefore testifying the ZnO NSs synthesis by the hydrothermal method.

As expected in light of the results achieved, XRD peak intensities indicate that the
preferential orientation of ZnO NSs grown on the concrete surface was not along the (002)
plane as traditionally required by the hydrothermal route without modifying agents. Once
again, it demonstrates the participation of the concrete substrate in the ZnO NS growth
mechanism, avoiding a growth along (002) benefiting (100) and (101) planes, which are
characteristic of NSs observed by SEM.

By comparing the ZnO Wiirtzite peaks intensity between the sample functionalized
by routes (1) or (2), it is possible to observe that the intensity decreases with the seed layer
suppression step (route 1). This last result could explain the impression of a very modest
decline in the density of ZnO NSs, which is not quantifiable, for samples grown by route (1).

It is important to note that there is little to no ZnO Wiirtzite phase on the XRD pattern
of RC(1)AG and GC(1)AG. As known in the literature, it confirmed the importance of the
last annealing in order to obtain a good crystallinity of ZnO after the growth thanks to the
possible Zn(OH)x phase and ZnO amorphous phase conversion into the ZnO Wiirtzite
phase. This hypothesis and the participation of concrete properties in the growth mecha-
nism seem to be proved by the apparition of new peaks in both samples related to possible
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hydrozincite (Zn5(COz3),(OH)g), ashoverithe (Zn(OH);), and zinc carbonate hydroxide
hydrate (Zn5(CO3),(OH)¢H,O) peaks. In view of these elements, the growth mechanism in
the hydrothermal solution seems to involve OH™ local excess and organic carbon groups.
Then, the post-annealing process serves to convert ZnO amorphous and intermediate to
ZnO Wiirtzite. Indeed, it is well known that species such as zinc hydroxide carbonate could
be converted to ZnO thanks to annealing up to 300 °C [30].

In the light of this characterization information, the seedless one-step hydrothermal
synthesis allows a functionalization of concrete with ZnO NSs without significant modifi-
cation compared to those grown by two-step hydrothermal synthesis. The basic pH nature
and the presence of O~ groups from concrete may be the main drivers in the formation
of ZnO nuclei on the concrete surface followed by a ZnO NS growth. The suppression
of the last phase of annealing seems to have an effect on the amount of quality of ZnO
nanostructures.

2.2. Photocatalytic Activity Evaluation
2.2.1. Methyl Orange Removal

In order to validate the photocatalytic efficiency of the ZnO NSs functionalized con-
crete by the one-step seedless hydrothermal synthesis, MO degradation (60 mL at 10 uM)
under artificial solar light was carried out in the presence of the samples functionalized by
route (1) for subsequent experimental cycles and compared to the results with the samples
functionalized by route (2) considered as a reference. Indeed, as described in our previous
work [4,5], ZnO NSs grown on concrete by the two-step hydrothermal synthesis (route (2))
already showed an excellent efficiency by decomposing MO under UV light and natural
solar light. The irradiance of the light received by the sample was adjusted to be comparable
to a sunny summer day in France (~3700 pyW/ cm?). MO degradation was monitored by
UV-visible spectrophotometry every 30 min for 5 h and the degradation efficiency X(%)
was estimated thanks to Equation (7). The same experiments were carried out with no
concrete or no light to evaluate the photolysis and the adsorption effects, respectively.

X(%) = (AO _ A) x 100 %)

where Ag and A, respectively, stand for the initial and actual absorption peak values at the
wavelength of the maximum absorption for the studied dye (Amax = 464 nm for MO and
515 nm for AR14).

As shown in Figure 3, no strong photolysis under artificial solar light (<20%) and no
strong adsorption (<35%) for RC(2) were recorded after the 5 h process. After a second
cycle process, the MO adsorption rate decreased to ~8%. Therefore, the MO degradation
of 94.6% observed in cycle 1 in the presence of RC(2) under solar light could be mainly
attributed to the photocatalytic activity of ZnO NSs. The strong adsorption decreases in
RC(2) between cycle 1 and cycle 2 could explain the photocatalytic kinetic difference. After
5 h in the presence of RC(2) under solar light, the MO degradation reached 94.6%, 95.6%,
94%, 95%, 87.4%, and 90% for cycles 1 to 6, respectively. The MO degradation kinetics
could be affected by the placement of the concrete under solar light. Indeed, even a slight
variation in placement could induce different illuminated surface quantities, impacting
the photocatalytic degradation rate. In this regard, the kinetic difference is not discussed
in depth in this article. Therefore, it is possible to consider that the RC(2) photocatalytic
efficiency remains relatively stable after 6 cycles with only a slight decrease of 5% compared
to cycle 1.
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Figure 3. Photolysis degradation rate, adsorption rate in the dark (Ads), and photocatalysis degrada-
tion rate as a function of time for MO under artificial solar light in the presence of RC(2) or RC(1) for
subsequent experiment cycles.

These results are promising as the stability is another important aspect in view of their
application as an efficient urban depolluting surface over time. This good photocatalytic
activity can be attributed to [6]:

e  The fine texture of NSs and the presence of numerous boundaries increasing dye
adsorption and light harvesting;

e  The hierarchical structure, the various gains and interfaces facilitating the electron/hole
(e~ /h*) photogeneration, and the diffusion of e/h;

e  The rich mesoporous structure helping dye adsorption and light-generated charge transfer.

By comparing the results of RC(2) with RC(1), the same trend was observed with only
a small kinetic difference. After 5 h in the presence of RC(1) under solar light, the MO
degradation reached 93.9%, 92.8%, 95.4%, 93%, 92%, and 92.6% for cycles 1 to 6, respectively.
After several cycles, RC(1) seems slightly more stable and efficient than RC(2). Thus, it
implies that the one-step seedless hydrothermal synthesis could be used to functionalize
concrete surfaces with ZnO NSs as a more environmentally friendly approach to produce
photocatalytic concrete for environmental pollution remediation.

To certify these observations and the universality of the synthesis process, the same
experiments were carried out with the GC samples, which has a different composition
and porosity than RC, as it can be seen in Figures 1 and 2¢,d. In Figure 4, it is possible
to note that the MO adsorption rate on GC(2) after 5 h is about 54% for the first use and
about 6% for the second one, certifying that the degradation rate obtained under solar light
is mainly due to the photocatalytic activity of ZnO NSs and justifying the difference in
kinetics recorded between photocatalytic cycle 1 and 2. After 5 h in the presence of GC(2)
under solar light, the MO degradation reached 95.7%, 94.1%, 93.7%, 91.1%, 82%, and 87.2%
for cycles 1 to 6, respectively. Therefore, over 6 cycles, the GC(2) sample still provided a
good photocatalytic activity comparable to RC(2) results and was relatively stable with
only a slight decrease of ~9% between cycles 1 and 6.
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Figure 4. Photolysis degradation rate, adsorption rate in the dark (Ads), and photocatalysis degrada-
tion rate as a function of time for MO under artificial solar light in the presence of GC(2) or GC(1) for
subsequent experiment cycles.

The small difference in the photocatalytic activity between GC(2) and RC(2) is likely
due to the affinity and reactivity difference between MO, ZnO NSs, and the concrete.
In fact, it is effectively well known that strong pollutant adsorption could be harmful
for the photocatalysis depollution process by preventing water adsorption and, thus,
hydroxyl radicals” creation. This variation could also be due to the porosity affecting
the photocatalyst surface area, the pollutant, and light diffusion, which itself affects the
photocatalytic efficiency. Indeed, photocatalytic activity could be impacted by the pollutants
mass transfer from the environment to the ZnO NSs surface depending on the coupling of
ZnO NSs/substrate [31].

A similar photocatalytic activity was recorded for GC(2) and GC(1) samples. After
5 h in the presence of GC(1) under solar light, the MO degradation reached 90.9%, 92.6%,
91.4%, 87.8%, 87%, and 85% for cycles 1 to 6, respectively. Therefore, the one-step seedless
hydrothermal synthesis demonstrated once again its efficiency to produce more environ-
mentally friendly ZnO-based photocatalytic concrete with similar activity and durability to
those grown by two-step hydrothermal synthesis.

2.2.2. Acid Red 14 Removal

Regarding MO results, only RC(1) and GC(1) (samples obtained with seedless method),
which are greener photocatalysts, were selected to conduct this study. The photocatalytic ef-
ficiency of RC(1) and GC(1) was, thus, evaluated for the degradation of another organic dye,
AR14, in the same previous conditions in order to certify and compare their photocatalytic
activity (Figure 5).

Their activity was proved by increasing the degradation rate ~30% after 5 h under
artificial solar light compared to the photolysis degradation rate during cycle 1: 100%
for RC(1), 96.3% for GC(1), and 69.2% for the photolysis. In this first cycle, it is possible
to observe a sizeable difference between RC(1) and GC(1) photocatalytic kinetics, which
disappeared after cycle 2. As discussed in the MO section, this initial difference could
be due to the different affinity and reactivity of the pollutant with the samples and the
different porosity of concrete substrates. The AR14 degradation rate after 5 h under artificial
solar light for the second cycle was 100% for RC(1) and 95% for GC(1). Then, a similar
slight decrease in kinetic activity both of RC(1) and GC(1) was recorded until cycle 3,
leading to a degradation rate of 96.2% for RC(1) and 98.8% for GC(1) after 5 h under solar
light. Beyond this cycle 3, the photocatalytic activity remained stable over time and the
difference observed was mainly attributed to the error average between each cycle. The
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AR14 degradation rates after 5 h under artificial solar light for cycles 3 to 5, respectively,
were 99.4%, 100%, and 100% for RC(1), and 100%, 99.4%, and 97.6% for GC(1).
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Figure 5. Photolysis degradation rate and photocatalysis degradation rate as a function of time for
AR14 under artificial solar light in the presence of RC(1) or GC(1) for subsequent experiment cycles.

Despite the impossibility to make a direct comparison with previous results due to
the non-identical experimental conditions, it is important to give an order of idea to the
photocatalytic activity of other photocatalysts in the literature. An efficiency close to 70.4%
of AR14 degradation was reached in 3.5 h with ZnO nanoparticles (60 ppm) in 50 mL of
AR14-agitated solution at 20 ppm under UV-C light (30 W) [32]. A total degradation of 7 L
of AR14 at 0.01 M was obtained thanks to an immobilized TiO; nanoparticle photocatalytic
reactor, in which 7.5 mM of HyO; was diffused, under a 15 W UV-C lamp in 1 h [33]. An
amount of 48 mg of ZnCoyO4/Co304 eliminated 84.8% of AR14 in 65 min (1.2 mg of AR14
under 125 W of visible light) [34]. Considering photocatalytic concrete samples as fixed
photocatalysts with weak weight, the results recorded are promising.

Therefore, the results from those functionalized concretes demonstrated an excellent
photocatalytic activity and a relatively stable activity of samples obtained by the one-step
seedless hydrothermal growth of ZnO NSs, thus illustrating that this faster and proper
seedless hydrothermal growth could replace the two-step hydrothermal route for the ZnO-
based photocatalytic concrete development at large scale. Nevertheless, even if this process
is greener, at this stage, it still needs post-annealing at 350 °C, which may damage the
substrate. For this reason and still with the objective to produce the most environmentally
friendly photocatalytic concrete as possible, the post-grown annealing step of synthesis
route (1) was deleted. As-grown obtained samples, RC(1)AG and GC(1)AG, were used for
AR14 degradation for 3 subsequent cycles without annealing between experiments.

After 5 h under artificial solar light, the AR14 degradation rate reached 97.2%, 97%,
and 96.3% for RC(1)AG from cycles 1 to 3 and 99.2%, 97.3%, and 96.2% for GC(1)AG
from cycles 1 to 3 (Figure 6), respectively. The results showed that post-annealed samples
and as-grown samples have similar trends and efficiency even if the amount of ZnO on
the surface and its crystallinity are lower, as shown in Figure 2¢,d. Only a slight drop in
GC(1)AG activity could be observed and may be due to pollutants accumulation in the
porous structure. It is important to note that as-grown samples were not annealed between
each experiment, unlike other samples. Moreover, no other reactivation treatment, such as
UV exposition, was used to replace the annealing reactivation. This last point underlines
the promising application of this concrete in real life where the thermic regeneration is
not possible.
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Figure 6. Photocatalysis degradation rate as a function of time for AR14 under artificial solar light in
the presence of RC(1), GC(1), and RC(1)AG or GC(1)AG for 3 subsequent experimental cycles.

The results, particularly on RC samples, are very promising and put in light that it is
possible to produce efficient photocatalytic concrete by only a short growth in hydrothermal
solution with neither the seed layer deposition nor post-grown annealing. This method
allows, therefore, a quick and low-chemical- and energy-consuming growth of ZnO NSs
on concrete, which made this synthesis a very promising route for photocatalytic concrete
daily life production with excellent photocatalytic activity.

3. Materials and Methods
3.1. Concrete Surface Functionalization

Red concrete blocks (purchased from DIY retailer Leroy Merlin, Lezennes, France)
and grey porous concrete blocks developed by Gustave Eiffel University for a permeable
and removable urban road within the I-Street/CUD-SF project (Ademe, programmes
d’investissement d’avenir (PIA), France) [12] cut into pieces of ~2.5cm x 2.5cm x 4 cm
were used as substrates for the surface functionalization (Figure 1). Prior to any synthesis,
a brief washing process was first carried out on all substrates by a rinse with DI water and
a drying step at 100 °C during 30 min in order to remove all dust due to the cutting step.
Then, the samples were functionalized by the two different routes described below before
being carefully characterized by UV-visible spectroscopy (Maya2000 Pro from Ocean Optics,
Duiven, Netherlands) and by field-emission scanning electron microscopy (Zeiss FE-SEM
NEON 40, Oberkochen, Germany) to determine their bandgap value and to investigate the
morphology of the obtained ZnO nanostructures. The samples were also characterized by
X-ray diffraction (XRD, D8 Advance, Bruker France SAS, Champs sur Marne, France) using
a cobalt anticathode (A = 1.78897 A, 35 kV, 40 mA).

3.1.1. Two-Step Hydrothermal Synthesis Method

The two-step hydrothermal synthesis known to be efficient for functionalizing con-
crete surfaces was used to produce reference samples (route (2) on the Figure 1) [4,6].
First, a ZnO seed layer was deposited on a substrate by an “horizontal impregnation”
method with a solution of zinc acetate dihydrate (Zn(Ac);-2 HyO, 98%, Sigma-Aldrich,
St. Louis, MO, USA, CAS-No 5970-45-6) at 0.01 M in absolute ethanol (99.9%, Carlo Erba,
Val-de-Reuil, France, CAS-No 64-17-5) followed by an annealing at 350 °C during 30 min.
Then, a classical hydrothermal growth using 300 mL of equimolar aqueous solutions of
hexamethylenetetramine (HMTA, >99%, VWR International, Radnor, PA, USA, CAS-No
100-97-0) and zinc nitrate hexahydrate (Zn(NO3),-6 HyO, 98%, Sigma-Aldrich, St. Louis,
MO, USA, CAS-No 10196-18-6) at 0.025 M was carried out in an autoclave at 90 °C for 2 h.
Finally, the as-synthesized samples were annealed for 30 min at 350 °C in order to remove
all potential residues from the synthesis process and to improve the ZnO NS crystallinity.
The samples were named RC(2) for the red concrete functionalized with ZnO NSs or GC(2)
for the grey concrete, developed for a permeable removable urban road, functionalized
with ZnO NSs (see the optical photographs on Figure 1).
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3.1.2. One-Step Hydrothermal Synthesis Method

This method consists of a one-step seedless hydrothermal route directly functionalizing
the concrete blocks substrates. Therefore, the same hydrothermal and annealing processes
as described in Section 3.1.1 were applied to the concrete substrates directly after its washing
process (route (1) in Figure 1). Then, the samples were named RC(1) for the red concrete
functionalized with ZnO NSs or GC(1) for the grey concrete, developed for a permeable
and removable urban road, functionalized with ZnO NSs. As-grown ZnO NSs without
the final annealing step were also produced for comparison and named RC(1)AG and
GC(1)AG.

3.2. Photocatalytic Activity Evaluation: Water Purification

The photocatalytic activity was evaluated by the degradation of MO (85%, Sigma-
Aldrich, CAS-No 547-58-0) and AR14 (50%, Sigma-Aldrich, CAS-No 3567-69-9) with an
initial concentration of 10 uM under artificial solar light irradiation (Sirius 300PU, Beijing,
China; 2002500 nm; P = 5-15 sun at 50 mm from the output). The sample was immerged
in 60 mL of aqueous solution polluted by MO or AR14 dye and placed under the solar
source with a fixed distance of 90 cm between the lamp and the sample surface. The
UV light intensity received by the sample was around ~3700 uW/cm? corresponding to
a sunny summer day in France. In order to estimate the photocatalytic efficiency, the
photolysis (without sample) and adsorption experiments in the dark were also carried out.
Experiments were monitored by UV-visible spectrophotometry every 30 min for 5 h and
the degradation efficiency X(%) was estimated thanks to Equation (7).

4. Conclusions

In this work, the functionalization of two different concretes (different chemical for-
mulation and porosity) by a seedless hydrothermal growth in 2 h was studied. Their
photocatalytic activity for organic dye degradation in water was investigated and com-
pared to the concretes functionalized by traditional two-step hydrothermal growth. The
results of this study showed that the seedless hydrothermal growth in 2 h could be used as
a novel, faster, less expensive, and more environmentally friendly process to produce ZnO
NSs-based photocatalytic concrete. Similar gap values and nanostructures morphologies
were recorded for all samples functionalized whatever the concrete substrate and the hy-
drothermal route used. The XRD pattern demonstrated the presence of a ZnO Wiirtzite
phase on all functionalized post-annealed samples. It is important to note that there was
little to no ZnO Wiirtzite phase in the XRD pattern of non-post-annealed samples. No
strong ZnO NSs properties modifications were recorded. It was, therefore, assumed that
the basic pH and the presence of O~ groups from concrete may be the main drivers in the
formation of ZnO NSs at the concrete surface without the need of seed layer deposition
and/or metal thin-film deposition. The universality of this route was proved for the two
different kinds of concrete.

Photocatalytic concrete from this new approach demonstrated a similar activity with
the same lifetime to photocatalytic concrete functionalized by the traditional two-step
synthesis in our previous work. Amounts of 85-95% of MO degradation rate and 96-100%
of AR14 degradation rate were reached after 5 h under artificial solar light in the presence
of functionalized concrete even after 6 cycles of use. The obtained results also showed that
the post-annealed samples and the as-grown samples have a similar trend and photocat-
alytic efficiency.

Therefore, short seedless hydrothermal growth in 2 h can function as a very beneficial
and appropriate way to develop a photocatalytic concrete surface for environmental reme-
diation. In terms of industrial upscaling for daily life production, this short and one-step
synthesis route offers a real advantage for the fabrication of photocatalytic concrete.

Nevertheless, it is important to keep in mind that this study is still a primary investiga-
tion at the initial stage. Therefore, more research should be conducted prior to use of these
functionalized blocks. The ZnO NSs should be tested for resistance in traffic abrasion, dust
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deposition, and other climate factors. The photocatalytic activity of aged samples should
be evaluated. More in-depth research on the photocatalytic activity should be conducted to
evaluate the photocatalytic activity in real conditions. The effect of the functionalization of
concrete on its properties must be studied.
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Abstract: Bismuth vanadate (BiVOy, BV) is a widely explored photocatalyst for photo(electro)chemical
applications, but its full photocatalytic potential is hindered by the fast recombination and low mobil-
ity of photogenerated charge carriers. Herein, we propose the photodeposition of different amounts
of Prussian blue (PB) cocatalysts on the surface of monoclinic BV to obtain BV-PB composite photo-
catalysts with increased photoactivity. The as-prepared BV and BV-PB composites were characterized
by an array of analytic techniques such scanning eletron microscopy (SEM), transmission eletron mi-
croscopy (TEM), X-day diffraction (XRD), and spectroscopic techniques including Fourier-transform
infrared spectroscopy (FTIR), diffuse reflectance spectroscopy (DRS), electrochemical impedance
spectroscopy (EIS), photoluminescence (PL), and Raman spectroscopy. The addition of PB not only
increases the absorption of visible light, as indicated by DRS, but also improves the charge carri-
ers’ transfer across the photocatalysts/solution interface and hence reduces electron-hole (e~ -h*)
recombination, as confirmed by EIS and PL measurements. Resultantly, the BV-PB composite photo-
catalysts with optimum PB loading exhibited enhanced Cr(VI) photoreduction efficiency as compared
to pristine BV under visible light illumination from low-power blue light-emitting diodes (LEDs),
thanks to the cocatalyst role of PB which mediates the transfer of photoexcited conduction band
(CB) electrons from BV to Cr(VI) species in solution. Moreover, as compared to pristine BV and
BV + HyO,, a drastic increase in the methylene blue (MB) photo-oxidation efficiency was observed
for BV-PB in the presence of a minute quantity of HyO, due to a synergic effect between the photo-
catalytic and Fenton-like processes. While pure BV photodegraded around 70% of MB dye within
120 min, the BV-PB/H,0, and BV /H,0, system could degrade almost 100% of the dye within 20 min
(kobs. = 0.375 min 1) and 40 min (kyps, = 0.055 min~!), respectively. The practical approach employed
in this work may pioneer new prospects for synthesizing new BV-based photocatalytic systems with
low production costs and high photoredox efficiencies.

Keywords: photocatalysis; photo-fenton; BiVOy; Prussian blue; cocatalyst; water purification

1. Introduction

With increasing industrialization and anthropogenic activities across the globe, fresh-
water bodies have been adversely affected by the uncontrolled contamination with many
toxic substances, including both organic (dyes, pharmaceuticals, pesticides, etc.,) and in-
organic contaminants (heavy metal ions). The presence of these toxic dyes and especially
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heavy metal toxins in aqueous environments has become a major global concern that needs
to be addressed sooner [1-3]. For example, Cr(VI), which exists in different forms (Cr, 072,
HCrO4~, HyCrOy) in aqueous media [4], is highly toxic/carcinogenic, and even poses
a threat of genetic modification in aquatic organisms and human beings [5] and is thus
considered highly obnoxious and lethal by World Health Organization with a maximum
permissible concentration of 0.05 mg/L in aqueous environments [6]. Hence, it is important
to find out cost-effective methods to remove hexavalent chromium from water bodies.
Consequently, various treatment methods have been introduced for Cr(VI) removal in-
cluding adsorption [7,8], flocculation [9], chemical precipitation, reverse-osmosis [10,11],
electro-coagulation [12], biological treatment [13], membrane separation [11,14], electro-
chemical treatment [15,16], ion exchange [17] and photocatalytic reduction processes [18,19].
Similarly, the organic molecules present in aqueous media can be effectively oxidized using
advanced oxidation processes (AOPs) which generate highly reactive oxidant species (such
as superoxide O,°*~ and super hydroxyl *OH radicals) for (photo)oxidation of organics [20].

Since Cr(III) is considered to be less toxic and since it can be easily removed as
chromium hydroxide via precipitation using conventional techniques of water treatment,
photocatalytic reduction of Cr(VI) to Cr(III) is considered a viable strategy to combat Cr(VI)
pollution [1,18,19]. This process relies on the transfer of photogenerated electrons from the
conduction band of photocatalysts to the Cr(VI) species solution, thereby reducing them to
the less toxic Cr(III) form [18]. Unfortunately, the most studied wide-bandgap (Eg > 3 eV)
semiconductor photocatalysts (such as ZnO and TiO;) require UV light (which is less than
4% of the solar spectrum) for their photoexcitation and consequent photo(electro)chemical
applications, and this practical limitation has attracted researcher’s interest to develop
visible light active photocatalysts able to use the 45% visible light, so visible light driven
photocatalysts are essential to be studied for photocatalytic applications [21-25].

Among the visible light photocatalysts, bismuth vanadate (BV) has gained greater
attention due to its narrow band gap (2.4-2.6 eV) and photo(chemical) stability [26]. BV
has been widely studied for environmental pollutant degradation, water oxidation, water
splitting, and biosensors, among other applications [27-30]. However, BV suffers from fast
electron-hole (e”-h*) recombination and high resistance to charge transfer to the target
species in the solution. To overcome these limitations and bring efficacy in the photoelectro-
chemical applications of BV, several strategies have been employed, including the loading
of metal nanoparticles or metal complexes on BV, hetero-junctions formation [23,26,31-35],
metal-ions doping [36-38], and control of BV morphology [39-42].

Prussian blue (PB) is an ancient dye having chemical formulae of Fe4[Fe(CN)g]s with
three Fe(Il) in hexa-coordination with CN and the Fe(CN)¢ octahedral is then combined with
four Fe(IlI) in three-dimensional extended Fe(Ill)-N=C—Fe(II) -C=N—-Fe(Ill) linkages,
leading to a unit cell with cubic lattice structure [43]. PB is a mixed-valence complex with
different ligand-field-strength as a result of the ligand donor environment, where nitrogen-
coordinated high-spin d° (S = 5/2) ferric sites and carbon-coordinated low-spin d® (S =0)
ferrous sites favor eminent catalytic and electro-magnetic properties [44]. PB-based nano-
materials have been previously explored for (photo)electrochemical applications in con-
junction with semiconductor photocatalysts such as TiO, and g-C3Ny [18,44-49]. The often-
enhanced photoactivity of such systems highlights the transfer of photo-generated electrons
from the CB of semiconductor nanomaterials towards the deposited PB cocatalyst layer,
thereby reducing PB to Prussian white (PW). The in-situ produced PW species may catalyti-
cally transfer electrons to the target species (metal-ions, organic molecules/pollutants) in the
solution causing their photoreduction [18]. Similarly, Prussian blue analogues (PBA) have
been found to improve the water oxidation efficiency of semiconductor photocatalysts [50-52].

Nevertheless, PB/semiconductor systems other than UV-active TiO;-based systems
and with high activity in the visible light range remain understudied for photocatalytic
applications such as the photoreduction of Cr(VI) and oxidation of organic molecules.
Therefore, we present, for the first time, a facile in-situ photodeposition methodology to
obtain PB-decorated BV (BV-PB) photocatalysts employing low-cost blue-emitting LEDs
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(output 460 = 10 nm (see Figure S1), total electric power = 1.26 W, light intensity output
at 460 nm = 2.5 mW/cm?) as illumination source [25]. LEDs have emerged as low-cost,
durable, and safer alternatives to conventional lamps for use in photocatalytic applica-
tions [53-55], with inherent advantages such as high efficiency in terms of current-to-light
emission at relatively lower operational temperature, longer life, small size, and tailorable
shapes and, above all, their operation using direct current power supply [56]. The BV-PB
system presented herein extended absorption in the visible region, reduced e™-h* recombi-
nation, and improved photoactivity towards the mitigation of both organic (photooxidation
of MB dye) and inorganic (photoreduction of Cr(VI)) pollutants. Finally, the mechanisms of
charge transfer were discussed in detail.

2. Results and Discussion
2.1. Modification of BV with PB

The BV photocatalyst powders were surface modified with PB employing the photo-
deposition methodology reported by Tada and co-workers [57]. This method utilizes
[Fe(CN)g]>~ and Fe(IIl) salts as the molecular precursors and is based on the photo-
reduction of [Fe(CN)g]*~ to [Fe(CN)g]*~ by the photo-excited electrons in the conduction
band (CB) of photocatalyst (BV). The presence of Fe?* cations facilitates the resulting re-
duced specie to initiate the selective nucleation/growth of PB (Fes[Fe(CN)g]3) over the
surface BV particles, as depicted in the mechanism shown in Figure 1.

BiVO, + hv — s e + M
H,0 + 2 'y, — %0, + 2H"
[Fe(CN)l* + e"cpy ~———— [Fe(CN)gJ+-

3 [Fe(CN)(]*- + 4 Fe?* ————— TFe, [Fe(CN),],

7 PB

BV

Figure 1. Infographic of the photoexcitation of BV with blue LEDs and the reactions involved in the
photo-deposition of PB on the surface of BV.

The formation of PB over the surface of BV was confirmed by FTIR, EDX, XRD, and
SEM-EDX analysis, as discussed below.

2.2. Morphological Analysis of BV and BV-PB

The comparison of the representative SEM images of BV and BV-PB3 in Figure 2
clearly shows that the bare BV consists of irregular-shaped hyper-branched BV particles
with smooth surfaces (Figure 2a) and their surface roughness drastically increases after
modification with PB (Figure 2b), confirming the successful photo-deposition of additional
particles (PB) on the surface of BV particles. An analysis of the SEM images of the BV and
BV-PB3 samples at different magnifications (Figure S2) confirms that the sample obtained
after centrifugation does not contain isolated PB particles. One explanation is that the photo-
deposition of PB requires the reduction of Fe?* to Fe?* by the conduction band electrons of
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BV, and the photo-deposition most occurs on the surface of BV via heterogeneous nucleation.
Furthermore, the SEM images of the different BV-PB samples at the same magnification
show a gradual change in morphology, characterized by an increase in the amount of small
photo-deposited PB particles as a function of the increasing PB loading (Figure S3).

Figure 2. Representative FEG-SEM images of BV (a) and BV-PB3 (b) samples.

TEM analysis was performed to further study the structural features of BV-PB samples.
A comparison of the TEM images of BV (Figure 3a) and BV-PB samples (Figure 3b) clearly
confirms the formation of smaller than 10 nm PB crystals (average size 8 £+ 1 nm) on the
surface of BV in the later sample. The high-resolution TEM (HRTEM) image of the BV-PV
sample (Figure 3c) shows that these small-surface deposited crystals exhibit interplanar
distances of 0.22 nm, ~0.3 nm, and 0.38 nm which closely correspond to the (420), (311),
and (220) crystal planes of PB, respectively (PDF n. 73-687).

Figure 3. Representative TEM images of BV (a) and BV-PB2 (b) and the HRTEM image of the latter (c).
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Qualitative nano-EDX analysis of the selected area of the BV-PB sample shown in the
TEM image (Figure S4a) exhibits the X-ray emission lines of Bi, V, O, and Fe (Figure 54b),
confirming the elemental identity of BV and the deposition of Fe. The elemental mapping
(Figure S4c) performed by monitoring the X-ray lines from Bi (Lal), V (Kal), O (Kx1),
and Fe (K1) clearly shows an overlap between the spatial distribution of these elements
indicating that the BV-PB sample shown in Figure S4a consists of PB-loaded BV and that Fe
(or PB) is present only on the surface of the BV particles.

The bulk elemental composition and PB loading (%Fe content) of the samples were
then studied using SEM-EDX microanalysis (Figure 4). The EDX spectrum of pure BV
exhibits the X-ray lines of Bi, V, and O with an atomic percentage of 17.7 & 2.7, 17.6 & 2.9,
and 61.7 £ 7.5 %, respectively, giving a chemical composition BiVO3¢ of the prepared
BV sample. The EXD spectrum of the BV-PB sample (Figure 4a) shows additional X-ray
emission lines at ~0.71 and 6.40 keV corresponding to L1l and K«1 lines of Fe, respectively.
The average Fe content (wt.%) and/or the Fe/Bi ratios obtained from triplicate measure-
ments show a quasi-linear trend with the total nominal concentration of Fe precursors
(K3[Fe(CN)g] + Fe(NO3)3 or (x + y mmol)) added during the reaction (Figure 4b), indicating
efficient and controlled loading of PB over BV.

4 25
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c —
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19 g -o- % Fe - 0.0
>
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Figure 4. Representative EDX spectrum of BV-PB sample deposited as a thin layer on a silicon
wafer (a) and the experimental Fe content (%Fe and Fe/Bi ratio) of different BV-BB samples mea-
sured by EDX analysis as a function of the total Fe precursor mmols (x + y) of K3[Fe(CN)¢] and
Fe(NO3)3, added to in the reaction mixture during the photo-deposition process (b). The Si signal in
the (a) comes from the Si wafer used as support.

2.3. Structural and Phase Analysis by XRD

The as-prepared BV and BV-PB samples were analyzed by XRD to further investigate
their phase, crystallinity, and crystalline structure (Figure 5). The XRD pattern of the
pristine BV sample matches perfectly with the standard diffraction patterns of monoclinic-
scheelite BV (PDF no. 75-2480 and 14-0688). The XRD pattern of BV-PB is similar to that
of the BV sample but a careful analysis shows the presence of small diffraction features
around 26 = 17.5° (Figures 5 and S5), indicated by (*) and shown magnified in the inset of
Figure 5, which corresponds to the most intense diffraction peak originated from the (200)
planes of the cubic structure of PB (PDF n. 73-687) [18,58,59], confirming the formation of
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PB, in agreement with HRTEM analysis (Figure 3c). The other weak diffraction features of
PB expected around 35.4° (400) and 39.8 (420) could not be observed due to an overlap with
the diffraction peak of BV (Figure S5) and/or the low PB content (Fe < 2%) (Figure 4b) [18],
lower than the detection limit of XRD (2 > %) for mixed materials.
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Figure 5. XRD patterns of BV (middle) and BV-PB3 (top) along with standard diffraction pattern of
monoclinic BV (PDF 75-2480) (bottom). The inset shows a magnified view of the characteristic most
intense diffraction feature of PB (indicated by an * in the diffractogram of BV-PB) at around 26 = 17.5°
corresponding to (200) planes of the cubic structure of PB.

2.4. Vibrational Spectroscopic (Raman and FTIR) Analysis

The formation of PB in BV-PB samples was further studied and confirmed by Raman
spectroscopy (Figure 6a) and FTIR spectroscopy (Figure 6b) analysis. Raman spectroscopy
is an appropriate methodology for the analysis of the local structure of materials. As shown
in Figure 6a, the Raman analysis of unmodified BV shows Raman vibrational bands at
124 Cm_l, 209 Cm_l, 324 Cm_l, 367 cm~1, 706 cm ™1, and 825 cm ! (most predominant Ra-
man band), all characteristic of the monoclinic phase of BV [23,60]. The vibrational modes
ataround 124 cm ! and 209 cm ! are related to the external modes, namely, translational
(Ex), and rotational (Ex;) twisting modes, respectively. Indeed, the band at 324 cm~! and
367 cm~! are produced from the asymmetric (8,5) and symmetric (8s) bending vibration
modes of the V-O bond in the VO,>~ tetrahedra, sequentially. The low-intensity Raman
shoulder at 706 cm~! and high-intensity band at 825 cm ™! are respectively associated
with asymmetric (vas) and symmetric (v) stretching vibration modes of the V-O bonds,
which are particularly sensitive to local-structural variations [50]. The Raman bands of
BV-PB samples show the same vibration modes of BV but with a slight shift in band posi-
tions (to lower wavenumbers, cm 1) and a decrease in band intensities and widths after
PB deposition. For instance, the original stretching vibration modes of the V-O bonds
825 cm~! (BV) shift to 810 cm~! in BV-BP samples. Similarly, the low-intensity Raman
shoulder at 706 cm~! disappears and bands at 327 cm ™! and 367 cm ™! merge in BV-PB sam-
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Normalized Intensity

ples. Such spectral changes indicate significant interaction of BV with the photodeposited
PB on its surface.
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Figure 6. Raman spectra (a) and FTIR spectra (b) of BV and BV-PB samples. The shaded areas in
Raman spectra correspond to external modes (yellow) and bending vibrations (gray), respectively.
The shaded area in FTIR spectra corresponds to the signature C=N stretching vibrations (2081 cm 1)
of PB.

The functional group’s analysis of BV and BV-PB samples was performed using FTIR
data (Figure 6b). The most important main bands in the 545-910 cm~! region of the
spectra arise from the symmetric stretching (v1) and antisymmetric (v3) vibration modes of
metal-oxygen bond in BV (Figures 6b and 56). More clearly, the pure BV sample exhibits a
characteristic strong vibrational band at 736 cm ™!, with a shoulder at around 822 cm~!,
ascribed to the asymmetric stretching vibration of metal oxide (V-O) groups in BV (see
Figure S6) [61]. The bands at 3445 em~! and 1643 cm™! are ascribed to the symmetric
stretching and bending vibrations, respectively, of H-O-H molecules (atmospheric moisture)
adsorbed on the surface of the photocatalyst. The small band at 413 cm ! is ascribed to the
presence of direct Bi-O linkages [62]. Importantly, the FTIR spectra of all BV-PB samples
in Figure 6b exhibit a prominent FTIR band at 2081 cm ™!, characteristic of the stretching
vibration of C=N bonds (vibrational mode) in the cyanometallate network of PB [18]. The
cyanide’s vibrational modes at high wavenumbers (2089-2070 cm 1) are in good agreement
with the reported values for pure PB (2070 cm~!) [63], thus confirming the formation of an
extended network of PB synthesized via Fe(II) -CN-Fe(Ill) bridging linkages [18].

2.5. Optical Properties

The effect of PB deposition over BV and the optical characteristics of BV and BV-PB
samples were studied using diffuse reflectance UV-visible spectroscopy (DRS) measure-
ments (Figure 7). As shown in the digital images inserted in Figure 7a, the bright yellow
BV sample visually turns greenish upon deposition of PB and BV starts to absorb light
in the visible region at about 500-600 nm. Maximum absorbance is seen at wavelengths
around 470 nm, a value that is comparable with the reported optical band-gap energy
(Eg = 2.5-2.6 eV) of monoclinic BV [23,25,64]. Based on DRS data, the band gap energy (Eg)
of BV was calculated by extrapolating the linear portion of the plot between [F(R)hv)]?
against hv to 0 and was found to be 2.6 eV (Figure 7b), in agreement with literature data
for monoclinic BV [23,64].
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Figure 7. Absorbance spectra of BV and BV-PB samples (a) and the corresponding Kubelka-Munk
plot for estimation of the band gap energy (Eg) of BV and BV-PB samples (b). The digital images of
BV and BV-PB have been inserted in Figure 7a for visual comparison.

After the deposition of PB onto the BV surface, the visible light absorption of BV-PB
samples strongly increases in comparison with BV, which is assigned to the metal-to-
metal (Fe2* to Fe?*) intervalence charge transfer in PB. As discussed later, the improved
visible-light absorbance of BV-PB is expected to enhance the photoactivity of the composite.
Though PB loading increases visible light absorption by the nanocomposite, the absorption
edge of BV and BV-PB samples were approximately the same (Figure 7b), with no consid-
erable change in Eg (~2.6 eV), indicating only surface deposition of PB without structural
modifications of BV.

2.6. Photocatalytic Properties

The photocatalytic properties of BV and BV-PB materials and the role of PB as cocata-
lyst were evaluated through the photodegradation of MB (Figure 8) and photoreduction of
Cr(VI) (Figure 9) in aqueous media under blue LEDs irradiation. The difference in photoac-
tivity of the samples, in terms of interfacial charge transfer at the photocatalysts/solution
interface and electron-hole recombination, was then studied and verified using EIS and
PL measurements (Figure 10), respectively, in addition to the DRS data presented above.
Finally, a comprehensive photoactivity enhancement mechanism was proposed (Figure 11),
as discussed at the end of this section.

2.6.1. Photooxidation of MB dye

We first studied the photodegradation of MB using BV and BV-PB samples as pho-
tocatalysts in the absence and presence of a minute quantity (0.2 mmol) of HyO; in the
reaction mixture under visible light illumination (Figure 8). The absorbance of MB dye
decreases upon illumination with blue light from LEDs in the presence of photocatalysts
(Figure S7), indicating photodegradation of the dye. While the pure BV could degrade
around 70% of MB dye within 120 min (Figure 8b). However, the time for complete pho-
todegradation of MB is reduced to 40 min in the presence of 0.2 mmol H,O; in the reaction
mixture (BV+H,05, kgps = 0.055 min—1). Compared to pristine BV, the photocatalytic
activity increases upon deposition of PB, and BV-PB could degrade around 85% of MB
dye within 120 min. Importantly, a very prominent increase in photoactivity of BV-PB is
observed in the presence of HO, and almost 100% degradation of MB is achieved within
20 min (kgps, = 0.375 min~') by the BV-PB/H,0, system under conditions identical to
those of BV + H,O,. Recyclability tests showed that the BV-PB/H;0O; system retains its
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photoactivity after repeated use and negligible loss in photoactivity was observed after five
cycles of use (Figure 8b).
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Figure 8. Kinetic profiles showing the photodegradation of MB as a function of visible light illumi-
nation time by the pristine BV or BV-PB samples in the presence and absence of a minute amount
(0.2 mmol) HyO, in the reaction mixture (a) and the MB photodegradation efficiency of the recycled
BV-PB photocatalyst in the presence of HyO, showing good recyclability for up to five cycles of use
(b). Results of control experiments employing only LED illumination (direct photolysis), only HyO,
and H,O; + LED illumination (emission centered at 460 & 10 nm) are also reported in (a).
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Figure 9. (a) Temporal changes in the concentration of Cr(VI) as a function of LEDs illumination time
showing a comparison of the photo-catalytic activities of BV and BV-PB samples (b) A comparison
of the Cr(VI) reduction efficiency of BV and different BV-PB samples. The PB layer acts as a cocata-
lyst, mediating the transfer of photoexcited conduction band electrons from BV to Cr(VI) (see also
Figures 10 and 11). The experiments were performed without any pH adjustment (natural pH = 4.6)
of the suspension and without adding any hole scavenger organic molecules. The experiments under
light irradiation were performed using the LED reactor described above.
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Figure 10. Nyquist plot obtained from EIS measurements under dark condition (a) and PL emission
spectra arising from electron-hole recombination (b) of representative BV and BV-PB3 samples.

cr(in)

Figure 11. Schematics of the photoexcitation, charge transfer, and resulting photocatalytic processes
in the BV /PB system. The photoexcited electrons from CB of BV transfer to PB and dissolved O,
reducing them to PW and O,°~, respectively. The PW, in turn, transfers electrons to Cr(VI) in a
solution, itself becoming oxidized back to PB. Hydrogen peroxide is converted to *OH radicals which,
together with holes (h*) in the valence band, can oxidize organic materials.
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2.6.2. Photoreduction of Cr(VI)

Next, the photoreduction of toxic Cr(VI) to less toxic Cr(Ill) in aqueous media was
studied under LED illumination apparatus and without any pH adjustment or addition of
sacrificial organic molecules. Figure S8 shows the decrease in absorbance of the chromium
(Cr)-DPC complex as a function of time under visible light illumination in the presence of
BV-PB3 as representative photocatalysts, indicating photoreduction of Cr(VI) to Cr(Ill). All
BV-PB samples exhibit better photoactivity than pristine BV (Figure 9) demonstrating that
the PB assists in the photoreduction of Cr(VI), as explained below. The photoreduction
efficiency of the samples follows the order BV-PB3 > BV-PB2 > BV-PB4 > BV-PB1 > BV.

2.7. Why BV-PB Shows Enhanced Photoactivity?

The above-noted superior photo-redox efficiency of the BV-PB samples, as compared
to BV, could arise from:

1.  Enhanced absorption of visible light (Figure 7),

2. The ability of Fe centers in PB to produce reactive oxygen species (ROS) in a Fenton-
like derived process,

3. Therole of PB as cocatalysts, lowering resistance to charge transfer and improving
charge transfer ability at the photocatalysts/solution interface, thus promoting elec-
tron transfer from the conduction band (CB) of BV to the Cr(VI) and/or O, species in
solution, and/or

4. Decreased electron-hole recombination due to lower charge transfer resistance.

While the enhanced visible light absorption (factor 1) is evident from Figure 7, an
equally important PB-based Fenton-like process (factor 2) could occur at the Fe centers in
PB in the presence of HyO,. This process generates additional ROS (*OH and HOO®) via
oxidation of Fe?* to Fe3* (Equation (1)), and/or reduction of Fe** (Equation (2)).

Fe?* + H,0, — Fe®* + OH™ + *OH (1)
Fet + H,0, — Fe** + H* + HOO® ()
Fe3* + € (CB) — FeZ* 3)

We have already observed that the photogenerated holes and ROS species (*OH and
0,°7) play a role in the photocatalytic degradation of dyes over BiVO, photocatalyst [23].
Since additional *OH species are expected to form in BV-PB material, the formation of *OH
in the reaction mixture was confirmed by using terephthalic acid (TPA) as a fluorescent
probe which reacts with *OH radicals to form 2-hydroxy terephthalic acid of relatively
higher fluorescence intensity. The fluorescence intensity of TPA increases a little in the
presence of only HyO, but drastically in the presence of both BV-PB and H,O; in the
reaction mixture (Figure S9), confirming our hypothesis of the Fenton-like process in the
BV-PB/H;0; system. Thus, the excellent photoactivity of the BV-PB/H,0O, system can
be assigned to a synergic effect between the BV-based photocatalytic (h* and *OH/O,*~
generation) and PB-based Fenton-like processes (Figure 11, RHS), in addition to the other
factors, such as lower electron-hole recombination and lower charge transfer resistance at
photocatalysts/solution interface (vide infra). Furthermore, the improved interfacial charge
transfer between BV and photo-deposited PB, as discussed below, may further increase the
overall photo-Fenton process as it leads to the regeneration of Fe(II) sites (Equation (3)),
which are known to be much more catalytic, active for hydroxyl radical formation in the
presence of HyO, [65].

The other two hypotheses (or factors 3 and 4) highlighting the role of PB as a cocatalyst)
were evaluated using EIS measurements (Figure 10a) and PL measurements (Figure 10b),
respectively. Factor 3 was evaluated by measuring the charge transferability of BV and BV-
PB samples from the Nyquist plot using EIS measurements (Figure 10a). As compared to
pure BV, the BV-PB samples show lower resistance to charge transfer and the charge transfer
ability seems to improve the photoreduction of the target specie (Cr(VI) and/or O,) in the
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solution [18]. Such improved charge transfer kinetics are expected to allow better charge
separation and hence lower recombination (factor 4). The PL measurement of BV and BV-PB
showed that the latter has lower PL intensity (that arises from electron-hole recombination)
as compared to BV (Figure 10b), indicating reduced electron-hole recombination in BV-PB.
The decrease in photoactivity at higher PB loading (BV-PB4 in Figure 9) may be related
to the lower accessibility of photogenerated CB electron for Cr(VI) reduction in aqueous
media due to a less effective transfer across relatively thicker BV /PB interface.

Considering the discussion above, it can be asserted that the blue LEDs illumination
(A output = 460 + 10 nm which overlaps the absorption of BV (Eg = 2.6 eV)) can photoexcite
electrons from the valance band (VB) of BV to its CB (Figure 11). The photoexcited electrons
in the CB are subsequently transferred to molecular O, forming O,°~ and to PB, partially
reducing it (Fe3* + e~ (CB) — Fe?*) to Prussian white (PW). The resulting PW, in turn,
transfers the extra electrons to Cr(VI) (and/or Oy) species in solution, reducing Cr(VI) to
Cr(IIl) (and/or O; to O,°~) and itself reverts back to PB for the next redox cycle (Figure 11,
LHS). The mechanism proposed for charge transfers is represented in Figure 11. PB thus
acts as a cocatalyst, mediating the transfer of electrons from BV to Cr(VI) (Figure 10a) and
decreasing the electron-hole recombination (Figure 10b).

The practical approach employed in this work may guide new studies and pioneer
new prospects for synthesizing new BV-based photocatalytic systems with low production
costs and high photoredox efficiencies.

3. Materials and Methods
3.1. Reagents

Potassium hexacyanoferrate(Ill) (Ks[Fe(CN)g], 99%,), iron(IlI) nitrate (Fe(NO3)3-9H,0),
and 1,5-diphenylcarbazide (DPC) were supplied by Sigma-Aldrich (Sdo Paulo, Brazil). Am-
monium metavanadate (NH4 VO3, 99%, Merck, Darmstadt, Germany), Bi(NO3)3-5H,O
(>98%, Neon, Sao Paulo, Brazil), HNOj3; (Qhemis, Sdo Paulo, Brazil), NH,OH (28%,
Synth, Sdo Paulo, Brazil), acetone (Synth), H,O, (50%, Synth), and potassium dichromate
(K,Cr, Oy, Mallinckrodt, France) were used as received.

3.2. Preparation of BV and BV-PB Photocatalysts

Monoclinic BV nanoparticles were synthesized via the precipitation-hydrothermal
route reported in our previous work [25]. Briefly, an aqueous solution of NH4VOs3
(1 mmol) was drop-wise added to an equimolar aqueous solution of Bi(NOj3)3-5H,O under
continuous stirring to give an orange-yellow solution, followed by pH adjustment (pH~ 6),
and then microwave-assisted hydrothermal treatment (180 °C, 125 W, 275 psi, 10 min). The
resulting bright yellow BV suspension (was centrifuged (6000 rpm), washed with deionized
water twice, and dried at 80 °C for 24 h.

The BV-PB samples were prepared by a photo-assisted deposition method employing an
array of home-made LEDs (output = 460 £ 10 nm (Figure S1), total electric power =1.26 W,
light intensity output at 460 nm = 2.5 mW/cm?) as described elsewhere [25], using
Ks5[Fe(CN)g] and (Fe(NO3)3-9H,O as the PB precursors. For this purpose, 150 mg of
BV powder was dispersed in 100 mL water by sonication for 30 min, followed by the
addition of different amounts (x mmol) of potassium K3[Fe(CN)4] and stirring the mixture
for 1h in dark (suspension A). Then, different amounts of Fe(NOs3)3-9H;0 solution (30 mL
solution in 0.03M HNOj3 containing ¥ mmol of the precursor) were drop-wise added to
suspension A under LED illumination and, after 1h illumination at 460 nm, the resulting
suspension of BV-PB composite was separated via centrifugation, washed twice with deion-
ized water and then dried in an oven at 80 °C. The molar concentrations of K3z[Fe(CN)g]
(x mmol) and Fe(NO3)3-9H,0 (y mmol) were kept equal (1:1) for each set of samples and
varied in a certain range (x = y = 0.01, 0.019, 0.026, 0.05 mmol) to prepare different samples
(BV-PB1, BV-PB2, BV-PB3, BV-PB4, respectively) with different PB loadings.
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3.3. Characterization Technigues

Scanning electron microscopy (SEM) images were obtained using a FEG-SEM mi-
croscope (JSM-7200, JEOL, USA). The samples, deposited on silicon wafer pieces, were
sputter-coated with 6 nm gold layer using BAL-TEC MED 020 (BAL-TEC, Balzers Liechten-
stein) coating System (conditions: chamber pressure = 2.00 x 10~2 mbar; current = 60 mA;
deposition rate 0.60 nm/s). Energy Dispersive X-ray Spectroscopy (EDX) microanalysis
was performed using an XFlash® 6/60 detector (Bruker, Germany), employing ESPRIT
2.3 software, using a 15 kV electron beam, and using Cu standard for analytical calibra-
tion. For EDX analysis, the samples were pressed into a thick pellet and attached to the
surface of conducting carbon tape. Three different regions (50 pm x 50 um) of the same
sample were analyzed to obtain an average elemental composition [23]. TEM analysis of
the sample deposited from a dilute aqueous suspension onto carbon-coated copper grids
was performed on a JEOL TEM (JEM-2100, USA) equipped with a LaBg electron source and
operated at 200 kV electron accelerating voltage. X-ray diffraction (XRD) patterns of BV and
BV-PB samples were measured using a D8 Advance X-ray diffractometer (Bruker, Germany)
operating at 40 mA and 40 kV and employing Ni-filtered Cu K« X-ray radiation (1.540 A).
The diffuse reflectance spectra (DRS) of the powder samples against a background of MgO
powder (white standard) were obtained using a Cary 5000 UV-Vis-NIR spectrophotometer
(Varian, Australia). Raman spectra (100-1200 cm~ ! acquisition time of 40 s, 2 cycles)
were measured with a LabRAM HR 800 Raman spectrophotometer (Horiba Jobin Yvon)
equipped with a He—-Ne laser (632.81 nm). The photoluminescence (PL) emission spectra
(Aexcitation)= 375 nm) of the samples were acquired with a Horiba Jobin Yvon spectrofluorom-
eter (Fluorolog-3 model FL3-122, USA) equipped with a Hamamatsu R-928 photomultiplier
tube and a Xe lamp. Electrochemical impedance spectroscopy (EIS) measurements of the
sample films on FTO glass were performed in a CorrTest potentiostat/galvanostat (model
CS310, Wuhan China) using a three-electrode cell [23]. Fourier transform infrared spec-
troscopy (FTIR) spectra (400-4000 cm ') of the samples diluted with KBr and pressed into
a pellet were collected with a NICOLET IS5 FTIR spectrophotometer (Thermo Scientific,
Waltham, MA, USA) with a resolution of 2 cm~! and averaged over 64 scans.

3.4. Evaluation of Photocatalytic Activity

The photocatalytic activity of BV and BV-PB samples was evaluated by photoreduction
of Cr(IV) ions and photooxidation of MB dye as a model photocatalytic reaction.

3.4.1. Photocatalytic Reduction of Cr(VI)

The photoreduction of Cr(VI) was performed in order to evaluate the photoreduction
efficiency of the BV and BV-PB and hence the role of PB in the composite photocatalysts.
For this purpose, typically, 35 mg of the photocatalysts powder was dispersed in 35 mL
of HyO by sonication followed by the addition of 35 mL K,CryO7 containing 20 rngL*1
of Cr(VI). The resultant mixture (natural pH 4.6) was kept in the dark for 30 min and
then illuminated with blue LEDs described above for different time intervals. The sample
aliquots taken at various irradiation intervals were centrifuged to remove the suspended
particle and 200 pL of the supernatant was then reacted with DPC (5 g~L_1 in acetone) as a
selective colorimetric reagent [66] in the presence of H,SO; in the reaction media (1 mL
H,O + 200 uL DPC + 100 uL HSOy4) to form Cr(VI)-DPC complex that shows maximum
absorbance at 545 nm. During the reaction, Cr(VI) is reduced to Cr(IlI) and DPC is oxidized
to 1,5-diphenylcabazone (DCPA). The decrease in the concentration of Cr(VI) was measured
by observing the decrease in the absorbance (Amax = 545 nm) of the Cr-DPC complex [18].

3.4.2. Photocatalytic Degradation of Methylene Blue (MB)

The photocatalytic activity of BV-PB and pure BV was also evaluated by the pho-
todegradation of MB dye in the absence and presence of a minute amount of HyO, in the
reaction mixture. Typically, 25 mg of the photocatalyst was dispersed in 20 mL water by
sonicated for 15 min, followed by the addition of 20 mL MB dye (15 mg-L~!) and allowing
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the dye-photocatalyst mixture to stir in dark for 30 min. The mixture was then irradiated
with the blue LEDs photoreactor described above and sample aliquots were taken out,
centrifuged, and electronic absorption spectra of the supernatant measured to follow the
degradation of MB as a function of time. In the degradation studies performed in the
presence of H,O,, 200 pL of 1 mol-L~! H,O, solution was added to the reaction mixture
just before illumination. A control experiment in the absence of photocatalysts in the reac-
tion mixture was also performed under identical conditions to better evaluate the role of
photocatalysts (BV, BV-PB), HO, and direct photolysis in the total MB removal efficiency
of the photocatalytic systems studied. To compare the photoactivity of the samples towards
MB degradation, the observed rate-constant (k.ps) values were calculated from the kinetic
profiles (C% vs. time) using a first order exponential-function, (% = e kasty,

The recyclability of the photocatalysts was tested by the same procedure just men-
tioned above, except that the used photocatalysts were recovered from the reaction mixture
by centrifugation at 4500 rpm for 10 min, re-dispersed in 20 mL water by sonication, mixed
with 20 mL MB (15 mg-L~!) and then employed in the next photocatalytic degradation
cycles in the presence of HyO;, under LED illumination for 25 min.

To study the formation of *OH radicals by the BV-PB photocatalysts in the presence
of H,O;, terephthalic acid (TPA, 4 x 10~# mol-L~! solution in 2 x 1073 mol-L~! NaOH)
was used a fluorescence probe molecule [67]. The fluorescence spectra (340-600 nm,
Amax(emission) = 425 nm) of TPA were recorded under 315 nm excitation [67] in the absence
and presence of BV-PB and H,O,.

4. Conclusions

Addressing the inherent problems of BiVOy (BV) photocatalysts, including fast electron-
hole recombination and slow charge transfer kinetics, we successfully prepared PB-loaded
BV particles with enhanced photo-redox ability as investigated by photoreduction of Cr(VI)
and photooxidation of MB. The PB was photo-deposited on the surface of hydrothermally
synthesized monoclinic BV using low-cost commercial LEDs as the illumination source
and the formation of BV-PB was confirmed by microscopic and spectroscopic analyses.
The photo-deposited PB not only increases the absorption of visible light by the BV-PB
composite photocatalyst, as indicated by DRS but also acts as cocatalysts, improving the
charge carriers’ transfer across the photocatalysts/solution interface and hence reducing
their recombination, as confirmed by EIS and PL measurements, respectively. Consequently,
the BV-PB composite photocatalysts with optimum PB loading exhibited enhanced Cr(VI)
photoreduction efficiency as compared to pristine BV under visible light illumination
from low-power LEDs, thanks to the cocatalyst role of PB which mediates the transfer
of photoexcited conduction band electrons from BV to Cr(VI) species in solution. As
compared to pristine BV (70% of MB degradation in 120 min), higher photoactivity was
observed in the presence of a minute amount (0.2 mmol) of H,O, in the reaction media
for both BV (~97% photodegradation in 40 min, kps = 0.055 min~!) and BV-PB (100%
dye degradation within 20 min, kgps = 0.375 min~!) materials. Such high photo-oxidation
efficiency of the BV-PB/H,O, system is due to a synergic effect between the BV-based
photocatalytic and PB-based Fenton-like processes, in addition to other factors including
the role of PB as cocatalysts discussed above. The practical approach reported in this study
may be extended to other photocatalytic systems with high photoredox efficiencies for
photo(electro)chemical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal12121612/s1, Figure S1: The emission spectrum of LEDs;
Figures S2 and S3: SEM images of BV and BV-PB; Figure S4: TEM images and elemental mapping of
BV-PB, Figure S5: XRD patterns of BV and BV-PB; Figure S6: FTIR Spectrum of pure BV; Figure S7:
Electronic absorption spectra of MB dye as a function of LED illumination, Figure S8: Absorption
spectra of Cr(VI)-DPC complex; Figure S9: Fluorescence spectra of pure terephthalic acid in the
presence and absence of BV-PB2 and HyO;.
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Abstract: Ti3C,Tx (T = OH) was first prepared from TizAlC, by HF etching and applied into a
photocatalytic CO, reduction. Then, the Ti3C,Tx nanosheets present interbedded a self-supporting
structure and extended interlayer spacing. Meanwhile, the Ti3C,Tx nanosheets are decorated with
abundant oxygen-containing functional groups in the process of etching, which not only serve as
active sites but also show efficient charge migration and separation. Among Ti3C,Tx materials pre-
pared by etching for different times, TizCpTx-36 (Etching time: 36 h) showed the best performance for
photoreduction of CO, into alcohols (methanol and ethanol), giving total yield of 61 umol g catal. 7!,
which is 2.8 times than that of Ti3AlC,. Moreover, excellent cycling stability for CO, reduction is
beneficial from the stable morphology and crystalline structure. This work provided novel sights into
constructing surface active sites controllably.

Keywords: photocatalytic CO, reduction; active sites; controllable exfoliation; TizC,Tx

1. Introduction

The continuous CO; emissions due to the depletion of fossil fuels have caused emerg-
ing problems in the environment and energy sectors [1]. Solar-driven CO, reduction that
can produce various carbon fuels is considered a desirable strategy to resolve these prob-
lems [2]. Nevertheless, the perfect photocatalytic reduction of CO, process needs to meet
the enhanced and broaden light absorption, abundant active sites and efficient charges
separation [3]. At present, the researchers devote themselves improving the efficiency for
photocatalytic CO; reduction towards the abovementioned objectives.

Two-dimensional semiconductors are valuable materials for photocatalytic applica-
tions because of their larger surface area and excellent electron mobility [4-7]. As a surface
catalytic reaction, the performance of photocatalytic CO; reduction is also seriously deter-
mined by the reactive sites on the surface of photocatalysts [8]. Therefore, it is still urgent for
constructing active sites on the surface of two-dimensional semiconductor photocatalysts
to further enhance photocatalytic performance [9]. MXenes is formulated as M1 XnTx,
in which M is a transition metal such as Ti, X is C or N, and T is a surface termination
group such as -O or -OH [10]. They can be obtained by removing element A (mostly Al)
from a ternary parent MAX phase through liquid exfoliation [11,12]. It was known that
MXenes acted as a cocatalyst in photocatalytic CO, reduction due to its huge surface and
excellent electronic conductivity [13]. Its huge surface provides the anchored sites for
CO,, and its excellent electronic conductivity is beneficial for migration of photogenerated
electrons. However, there are still no reports about MXenes as separate photocatalyst
in CO; reduction. As reported, the terminal oxygen-containing functional group on the
MXenes surface could be redox-active [14]. Therefore, it is necessary to prepare MXenes
nanosheets with a large surface area and explore the role of terminal functional groups on
the performance of photocatalytic CO, reduction.
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In this work, Ti3C,Tx nanosheets were prepared by controllable etching, and firstly ap-
plicated into a photocatalytic CO; reduction. The Ti3C,Tx nanosheets were decorated with
different types of the oxygen-containing functional group. The interbedded self-supporting
structure of layered TizC,Tx not only exposed more active sites and preserved the stability
of morphology and crystalline structure, but also benefitted for charge migration and
separation. Eventually, Ti3CyTx nanosheets delivered excellent performance and stability
for photocatalytic CO, reduction.

2. Results and Discussion

The XRD pattern was shown to investigate the stacking property and layered structure
(Figure 1a). Diffraction peaks of TizCyTx correspond to JCPDS No. 52-0875. Stacking
peak {002} shifts to a lower angle compared with Ti3 AlC,, indicating extended interlayer
spacing in Figure 1b [15]. Ti3C,Tx-36 shows the largest specific surface area among all
the photocatalysts samples, which means that the Ti3C;Tx-36 holds the largest interlayer
spacing, showing the lowest {002} peak intensity. Raman spectra of different samples was
shown in Figure S1. The enhanced peak intensity at 203 cm~! suggests powerful Ti-C
vibration in TizCy T [16]. The peak at 273 cm ! belonging to Ti-Al vibration in TizAlC,
disappeared after etching. The enhanced Ti-C vibration and disappeared Ti-Al vibration
suggest the removal of the Al layer. “Eg vibration” corresponds to out-of-plane vibration of
Raman scattering for two-dimensional nanosheets. Eg vibration presents enhanced Raman
scattering at 628 cm™! for decoration of -OH groups on the terminated C atom of Ti3C, [17].
All indicate successful formation of Ti3C, Tx and decoration of oxygen-containing functional
groups on it.
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: Ti3CyTy-42 A
= Ti3CaTy36 | 3 Ti3CTy-48
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Figure 1. (a) XRD pattern and (b) (002) peak of TizAlCy, Ti3Cy Tx-y nanosheets (y = 24, 30, 36, 42 and 48).

Figure 2 showed SEM images for Ti3C, Ty samples with different etching time (24 h,
30 h, 36 h, 42 h and 48 h). TizC, Ty samples show the obvious morphological features of
layered structure with broadened interlayer spacing. It can be observed that TizCyTx-36
shows uniform layers and a smooth surface. However, the Ti3CpTx-42 and TizC,Tx-48
tended to aggregate and stack again with the increasing etching time. It is well accepted that
the catalysis generally occurs on the active sites, while the active sites mostly exist in the
edges, unsaturated steps, terraces, kinks, and/or corner atoms for layered structures [3,18].

The catalysts” surface holds a spot of active sites. The stacking, layered structure
may cause the less active sites” exposure. Ti3C,Tx-36 shows a uniform layered structure
(Figure S2a). Elemental mapping spectra presented Ti, C and O elements in Figure S2b,d.
Oxygen-containing functional groups are decorated on the surface. The atomic structure of
Ti3C,Tx nanosheets is shown in Figure S2e. The side view for TizCyTx nanosheets shows
a broadening layered structure (Figure S2f). TG analysis was conducted to inspect ther-
mostability in Figure S3. Ti3C,Tx nanosheets decorated with oxygen-containing functional
groups shows the interbedded self-supporting structure, which also preserves morphologi-
cal stability. Specifically, Ti3C,Tx-36 showed the best thermostability among all TizC,Tx
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samples. The specific area of Ti3AlC,, TizC,yTx-24, TisCyTx-30, TisCpTx-36, Ti3CrTx-42 and
TizC, Tx-48 nanosheets are 0.56, 2.49, 3.27, 3.52, 2.97 and 1.41 m?/ g, respectively. Ti3CpTx
shows a larger specific surface area compared with Ti3AlC; form Nitrogen adsorption—
desorption isotherms (Figure S4). Ti3CyTx-36 holds the highest specific surface area and
pore volume. The extended interlayer spacing means more surface is exposed and the
stacking structure becomes open architecture. It is reported that the open architecture
is beneficial for migration and diffusion of photogenerated carriers [19]. Ti3C,Tx-42 and
Ti3C,Tx-48, with prolonged etching times, present the smaller specific surface area due to
the stacking layers, which is in accord with the morphological features from Figure 1.

AN
mikd

Figure 2. SEM images of (a) Ti3A1C2, (b) Ti3C2Tx-24, (C) Ti3C2Tx-30, (d) Ti3C2Tx—36, (e) Ti3C2Tx-42
and (f) Ti3C2Tx-48.

It is necessary to investigate the photoelectric property and identify performance of
carrier separation. Ti3CyTy shows excellent UV-vis absorption ability (Figure S5a). The
bandgap structure is not changed even though Ti3C, Ty nanosheets are decorated with
different oxygen-containing functional groups. The bandgap of TizC,Tx-24, TizC,Tx-30,
TizCyTx-36, TizCyTx-42 and TizCpTx-48 samples is 2.21, 2.14, 2.22, 2.38, 2.26 V, respectively,
from the Kubelka-Munk function (Ahv)? vs. light energy (ho) in Figure S5b. The flat band
potential (FB) of Ti3CyTx is —0.53 V vs. SCE by Mott-Schottky spectra in Figure S5c. The
conduction band (CB) can be calculated as —0.39 V vs. NHE by the following equation:

Eys. NHE = Epp + E° + 0.059pH. )

The valence band (VB) of Ti3C, Ty is 1.82, 1.75,1.83, 1.99, and 1.87 V vs. NHE (pH =7)
by the following equation:

(Evs = Ecp + Eg) ()

It is reported that the oxidation potential is 0.82 V (vs. NHE, pH = 7) [20-22]. TizC,Tx
holds the ability to oxidize H,O to provide H protons for a CO, reduction rection.

Ti3CyTx-36 shows highest photocurrent, indicating efficient separation and transporta-
tion of photoinduced charge carriers (Figure 3a). In addition, TizC;Tx-36 shows a much
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smaller radius from electrochemical impedance spectroscopy (EIS) spectra (Figure 3b),
demonstrating fast interfacial charge transfer. The efficient separation of photogenerated
carriers and longer fluorescence (PL) lifetime imply that Ti3C,Tx-36 showed the best carrier
generation and separation capability (Figure 3c,d). The enhanced photoelectric property is
due to extended interlayer spacing and more introduced active sites.
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Figure 3. (a) Transient photocurrent responses, (b) EIS Nyquist plots, (c) PL spectra and (d) TRPL
decay spectra of prepared photocatalysts.

The TizC, Ty showed the better photoelectric property, therefore, it is needed to inspect
the surface property of Ti3C,Tx. FTIR spectra was conducted to analyze the functional
groups in Figure 4a. A length of 775-1237 cm~! corresponds to various Ti-O vibrational
modes [23]. A length of 1607 and 1631 cm~! absorbs O vibration. A length of 2345
and 2372 cm~! belongs to -OH groups vibration. A length of 3396 cm ™! corresponds to
absorbed H,O. The TizC,Tyx nanosheets were prepared by HF etching, therefore, there
are few -F function groups linked with the C atom after Al removal (Figure S6a,b). The
abundant oxygen-containing functional groups (i.e., -O, -OH) are decorated on the terminus
of TizC; after etching exfoliation from XPS measurement (Figure S6c). The binding energy
at 527.15, 528.45 and 530.35 eV absorb O, -OH/Ox and H,O, respectively [24]. The high-
resolution XPS spectra of O 1s for the samples are analyzed to figure out the crucial
oxygen-containing functional group in Figure 4b. The analysis results are listed in Figure 4c.
The atomic O contents for Ti3CyTx-24, TizCyTx-30, TizCyTx-36, Ti3CyTx-42 and TizCy Tx-48
samples are 15.96%, 16.27%, 16.98%, 15.46% and 15.92%, respectively. Ti3C,Tx-36 shows
the highest atomic O content because more oxygen-containing groups are decorated on a
larger surface area. The stacking layers for Ti3CyTx-42 and Ti3CyTx-48 lead to the smaller
O content. In TizCyTx-36, the -OH/Ox and H,O showed the highest content compared
with other photocatalyst samples from the integral area of the corresponding peak, which
means these two oxygen-containing groups play a crucial role for better photoelectric
properties. As result, Ti3CyTx-36 shows better dispersion from the morphological features
of the layered structure in Figure S2g, which is due to the wider interlayer spacing for the
decoration of -OH and -F functional groups. The selected area electron diffraction (SAED)
pattern of TizCyTx-36 suggests preservation of hexagonal basal structure derived from
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Ti3AlC, (Figure S2h) [25]. It was reported that this oxygen-containing functional group on
the TizC, Ty terminal could be redox-active, serving as adsorption active sites for CO; [26].
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Ti,C,T,-24 15.86 526.84 2386 528.02 8958 529.70 1,4042
Ti;C,T,-30 16.26 526.86 2719 528.15 1,0721 529.78 1,4770
Ti;C,T,-36 16.89 526.93 2264 528.11 1,1731 529.81 1,6733
Ti;C,T,-42 13.33 526.59 3260 528.07 7431 529.50 1,2313
Ti;C,T,-48 15.66 526.96 2336 528.18 9512 529.85 1,3571

Figure 4. (a) FTIR spectra, (b) High-resolution XPS spectra of O 1s, (c) Table of different O group
comparison of TingTx-24, Ti3C2T)(-30, Ti3C2T)(-36, Ti3C2Tx-42 and Ti3C2T)(-48.

The photocatalytic CO, reduction was proceeded to evaluate photocatalytic perfor-
mance for photocatalysts. The products of photocatalytic CO, reduction are methanol
and ethanol, and Ti3C,Tx samples show enhanced photocatalytic performance with in-
creasing irradiation time (Figure 5a,b). The produced rate for methanol and ethanol over
Ti3AlC; is 12.9 umol g catal.~! and 8.7 umol g catal.7!. Among all samples, Ti3CoTx-36
gives best methanol and ethanol yields, 38.1 pmol g catal. ! and 22.9 pmol g catal. !
after 4 h irradiation, respectively. The total yield for Ti3C,T-36 is 2.8 times than that of
Ti3 AlC,. The methanol and ethanol yields after 4 h irradiation of TizC,Tx-24, TizC;Tx-30,
TizCyTx-42 and TizC,Tx-48 are 19.34 and 17.7, 30.99 and 17.05, 28.85 and 18.11 and 19.1 and
14.34 ymol g catal. "1, respectively. It is noted that Ti3CpTx-42 and TizC,Tx-48 with less O
contents show poorer photocatalytic performance of CO, reduction due to the restacking
layers. The oxygen-containing content shows a positive correlation with production yields
(Figures 4c and 5a,b). Table S1 showed the comparison of photocatalytic activity for CO,
reduction (products: methanol and ethanol) by some photocatalyst systems. The enhanced
performance for CO; reduction is due to more active sites constructed on TizC,Tx surface
and efficient carrier separation. 1*CO, was employed to replace 12CO, to confirm carbon
source of the produced methanol and ethanol with the corresponding MS spectra shown in
Figure 5c,d. The intense signals of m/z = 33 and m/z = 48 are assigned to '>*CH3;0H and
13C,H50H, respectively. The nearby peaks belong to the fragment peaks. It verifies that
CO; acts as the only carbon source of value-added alcohols over the Ti3C, Ty photocatalyst.
To further prove the water oxidation, O, amounts were detected during photocatalytic
CO; reduction over TizC,yTx-36. The calibration curves of the relationships between peak
area and O; volume was shown in Figure S7. The O, yield with 2, 5, 8, 13 umol g catal.~1
is increased during CO, reduction over TisC,;Tx-36 in 4 h in Figure S8. It is true that
self-supporting Ti3C, Tx nanosheets with constructed active sites could act as an efficient
photocatalyst for CO, reduction and H,O oxidation. The cycling stability of CO, reduction
over TizC,Tx-36 was inspected in Figure 5e. The methanol and ethanol performance over
Ti3CyTx-36 in five cycles are 38.06 and 22.85, 32.1 and 28.64, 32.61 and 27.96, 31.5 and 27.52
and 30.49 and 27.42 umol g catal.~!, respectively. The performance over Ti3C,Tx-36 repre-
sents little decrease after five cycling runs, but crystal structure does not change (Figure 5f).
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Interbedded self-supporting structures are responsible for excellent photocatalytic activity
and stable morphology structure.
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Figure 5. Yields of (a) methanol and (b) ethanol from photocatalytic CO, reduction under vis-
ible light. GC-MS spectra of (c) 1BCH;0H and (d) 3C,Hs0H using 13CO, and 2CO; as the
source of CO,. (e) Cycling runs for CO; reduction over TizCyTx-36. (f) XRD patterns of fresh and
repeated Ti3CyTx-36.

3. Materials and Methods
3.1. Preparation Methods

TizAlC, powder (1 g) was dispersed in HF solution (10 mL) and vigorously stirred for
different times at room temperature. The obtained powder was washed with deionized
water until pH = 6, collected by centrifugation at 8000 rpm for 5 min and dried in the
vacuum oven at 60 °C for 12 h. A series of TizC,Tx were labeled as Ti3CyTx-y (y =24 h,
30 h, 36 h, 42 h and 48 h).

3.2. Materials Characterization

Crystal structure was analyzed by X-ray diffractometer with Cu K« radiation (Bruker
AXS-D8, Karlsruhe, Germany). Raman spectra of the samples were measured by Raman
spectrophotometer (Horiba JY LabRAM HR800, Paris, France). Scanning electron mi-
croscope (SEM) images were obtained by Nova NanoSEM 450, Hillsboro, IL, USA, and
transmission electron microscope (TEM) analyses were conducted with JEOL, JEM—2100F
(HR, Tokyo, Japan). Specific surface area and pore property were collected by TriStar II
3020, Atlanta, GA, USA. Thermogravimetric (TG) analysis was obtained from SDT Q600
(TA Instruments, New Castle, DE, USA). Fourier transform infrared spectroscopy (FTIR)
were conducted by Bruker VERTEX 70 (Bruker, Karlsruhe, Germany). X-ray photoelectron
spectroscopy (XPS) was performed VG Escalab 250, Waltham, MA, USA spectrometer
equipped with an Al anode. UV-vis diffuse reflectance spectra (DRS) were proceeded
by Shimadzu UV-2450 (Tokyo, Japan) spectrophotometer. The photoluminescence (PL)
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spectra were measured to inspect charge recombination (F7000, Hitachi, Tokyo, Japan). A
time-resolved fluorescence spectrofluorometer was used from Edinburgh, FS5.

3.3. Photoelectrochemical Measurements

Transient photocurrent response, electrochemical impedance spectroscopy and Mott—
Schottky curves were carried out on the electrochemical workstation (CHI760E, Shanghai,
China) in a standard three-electrode system with the Pt mesh as the counter electrode, the
Saturated Calomel Electrode as the reference electrode, and the sample loaded electrodes
as the working electrode in 0.1 M Na;SO4 aqueous solution (electrolyte solution) at room
temperature. The distance between the counter electrode and the working electrode is
2 cm. Indium tin oxide (ITO) with a 1.0 cm x 1.0 cm area photocatalyst was used as
the working electrode. The photocurrent measurement of the photocatalyst is measured
by several switching cycles of light irradiated by a 300 W xenon lamp (using a 420 nm
cut off filter).

3.4. Photocatalytic Reaction

The assessment for photocatalytic performance of CO, reduction as follows: 30 mg
photocatalyst was dispersed in 30 mL deionized water and put into the reactor. The re-
actor was vacuumized. The saturated solution was obtained after admission with CO,
(50 mL/min, 0.5 h). The reaction temperature was controlled at 4 °C. With the increasing
irradiation time (light source: 300 W xenon lamp with a 420 nm cut offfilter, Perfect-
Light, Beijing, China), the liquid reduction products were analyzed by gas chromatograph
(GC7920-TF2A) equipped with a flame ionized detector (FID) and SE-54 capillary column.
The isotope-labeled photocatalytic CO, reduction tests were performed by replacing 12CO,
with 13CO, gas, while keeping the other reaction conditions unaltered. The obtained mixed
gas was analyzed by gas chromatography-mass spectrometry (GC Model 6890 N/MS
Model 5973, Agilent Technologies, Palo Alto, CA, USA).

4. Conclusions

In this work, TizC,Tx with abundant oxygen-containing functional groups was suc-
cessfully prepared and applicated into photocatalytic CO, reduction under visible light.
The controllable content of oxygen-containing functional groups was achieved by tuning
etching times as shown by the TG and XPS analysis. The exfoliation by extending the
interlayer spacing exposed more active sites for generating more photo-induced carriers.
The decorated oxygen-containing functional groups was beneficial for the charge migra-
tion and separation. The result was that the TizCoTx-36 showed the best performance for
photocatalytic CO, reduction (alcohols over production rate: 61 umol g catal.~!), which is
2.8 time than that of Ti3AlC,. The interbedded self-supporting structure of layered Ti3C,Tx
after successful exfoliation showed excellent stability of morphological structure, resulting
in cycling stability for CO, reduction.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12121594 /51, Figure S1. Raman spectra of Tiz AlC;, Ti3Cy Tx-
y nanosheets (y= 24, 30, 36, 42 and 48); Figure S2. SEM image of (a) Ti3CyTx-36, (b-d) elemen-
tal mappings of (a). (e) Atomic structure of Ti3CyTx, (f) STEM image, (g) TEM image and (h)
selected area electron diffraction (SAED) pattern of TizC,Tx-36; Figure S3. TG analysis of (a)
Ti3AlC2, (b) Ti3C2Tx-24, (C) Ti3C2Tx-30, (d) Ti3C2Tx-36, (e) Ti3C2Tx-42 and (f) Ti3C2Tx-48; Figure S4.
(a) Nitrogen adsorption—desorption isotherms, (b) corresponding pore size distribution curves, and
(c) information contrast of BET surface area, pore size and pore volume of Ti3C,Tx with different
etching times; Figure S5. (a) UV-vis absorption spectra, (b) Plots of transformed Kubelka—-Munk func-
tion (Ahv)? vs light energy (hv) and (c) Mott-Schottky spectra of Ti3CyTx-24, Ti3C,Tx-30, Ti3Co Tx-36,
Ti3CpTx-42, TizC,Tx-48; Figure S6. High-resolution XPS spectra of (a) Ti 2p, (b) C 1s and (c) O
1s over TizC,Tx-36; Figure S7. Calibration curves of the relationships between peak area and O,
volume; Figure S8. O, evolution during photocatalytic CO, reduction over Ti3C,Tx-36; Table S1. The
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comparison of photocatalytic activity for CO, reduction (products: methanol and ethanol) by some
photocatalyst systems [27-36].
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Abstract: Photocatalytic degradation, as a very significant advanced oxidation technology in the field
of environmental purification, has attracted extensive attention in recent years. The design and synthe-
sis of catalysts with high-intensity photocatalytic properties have been the focus of many researchers
in recent years. In this contribution, two new supramolecular materials {[(L1)-(Ag4l7)JCH3CN]} (1),
{[(L2)-(Agsl7)]CH3CN} (2) were synthesized by solution volatilization reaction of two cationic tem-
plates 1,3,5-Tris(4-aminopyridinylmethyl)-2,4,6-Trimethylphenyl bromide (L1) and 1,3,5-Tris(4-methyl
pyridinyl methyl)-2,4,6-trimethylphenyl bromide (L2) with metal salt Agl at room temperature, re-
spectively. The degradation effect of 1 and 2 as catalyst on tetracycline (TC) under visible light
irradiation was studied. The results showed that the degradation of TC by 1 was better than that by 2
and both of them had good stability and cyclability. The effects of pH value, catalyst dosage, and
anion in water on the photocatalytic performance were also investigated. The adsorption kinetics fit
the quasi-first-order model best. After 180 min of irradiation with 1, the degradation rate of TC can
reach 97.91%. In addition, the trapping experiments showed that -OH was the main active substance
in the photocatalytic degradation of TC compared with -O, ™ and h*. Because of its simple synthesis
and high removal efficiency, catalyst 1 has potential value for the treatment of wastewater containing
organic matter.

Keywords: Agl; supramolecular material; photocatalytic degradation (PDT); tetracycline (TC); catalyst

1. Introduction

In recent years, with the continuous development of the economy and urbanization,
chemicals have increasingly been synthesized to meet the growing needs of production and
daily life. Unfortunately, various organic pollutants produced in the process of chemical
production will cause great harm to water sources [1-3]. Tetracycline (TC) is one of the most
widely used antibiotics in poultry and aquaculture [4]. Since most TC antibiotics cannot
be metabolized and degraded in organisms, but are excreted as active drugs in feces and
urine, they are often detected in the environment [5-8]. In addition, TC is a water-soluble
antibiotic, which results in its mobility and long-term persistence in the environment.
Therefore, the treatment of tetracycline in wastewater constitutes an important subject of
research in environmental protection [9].

A variety of technologies have been proposed by researchers to remove organic pollu-
tants from wastewater [10-16]. Among all technologies, physical adsorption and advanced
oxidation processes (AOPs) are considered to be the most promising methods for TC re-
moval because they are more eco-friendly [17-23]. However, adsorption technology can
only remove pollutants from water, but not “destroy” pollutants completely. Therefore,
the most commonly used method to remove pollutants is AOPs, including photocatalytic
oxidation, ultrasonic oxidation, ozonation, wet oxidation, and various combination tech-
nologies (Figure 1), which can degrade pollutants by generating highly active, non-selective
chemical oxidants (such as HyO,, -OH, -O,~, O3) in situ [24-30]. Among them, photocat-
alytic oxidation, a method to convert solar energy into chemical energy, is the most sensible
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(a) 3¢

(c)

method and has a broad prospect in solving the problem of water pollution [31-33]. An
important condition for achieving a good photocatalytic effect is that the photocatalyst has
stronger activity; for photocatalytic degradation (PDT), the most important thing is to find
an effective, stable, readily available, and excellent catalytic material [34,35].
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Figure 1. Four commonly used AOPs techniques: (a) photocatalytic oxidation technology; (b) ultra-
sonic oxidation technology; (c) ozonation technology; (d) wet oxidation technology.

Supramolecular chemistry, a complex and ordered combination of molecules with
specific functions bonded by non-covalent weak interaction forces, is a sublimation of non-
covalent molecular chemistry, known as “chemistry beyond molecular concept”. It was
first proposed by Jean-Marie Lehn, a French scientist, and was a fringe science composed
of multiple disciplines [36,37]. Supramolecules are connected by two or more non-covalent
bonding forces between chemical molecules, including hydrogen bonds, Van der Waals
forces, electrostatic interactions, host-guest interactions, and n-7 stacking [38—42]. Mul-
tivalent interactions that rely on noncovalent bonds are an important part of mediating
biological processes as well as building complex (super) structures for material appli-
cations [43]; only by understanding and controlling non-covalent interactions one can
assemble functional nanosystems [44] with a precision similar to nature, and develop
highly complex chemical systems and advanced functional materials. Since the advent of
supramolecular chemistry, the construction of multi-component supramolecular assem-
blies, known as supramolecular synthesis [45], has been a hot topic. It not only contains a
fundamental understanding of self-assembly and molecular recognition processes related
to the origin of life and evolution [46] but also provides support for the design of new
materials in the future. Supramolecular compounds have also attracted the attention of
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researchers due to their advantages of structurally adjustable and functional diversity.
Because the structure of nitrogen-containing heterocyclic ligands is easy to modify, various
functional groups can be introduced, and then supramolecular compounds with diverse
structures and rich functions can be induced and formed with them as templates, which
can be further developed and applied in many fields, such as biomedicine [47,48], optoelec-
tronics [49,50], functional materials [51,52], sensors [53], and so on. Especially in the field of
photocatalysis, there have been some reports in recent years about whether supramolecular
compounds can be used as photocatalysts. As shown in Table 1, compared with other
supramolecular materials, catalysts synthesized by the organic cationic template and Agl
have a higher degradation rate for organic pollutants, which offers a promising framework
on which to build environmentally friendly materials with high reliability and excellent
photocatalytic performance.

Table 1. Research results on the degradation of persistent organic pollutants by supramolecular materials.

Supramolecular Materials and Technologies

Various Research Results on the Degradation of Persistent
Organic Pollutants

The supercapacitor and photocatalytic supermolecule
materials constructed by 4’4-pyridine and {PMo1,O40}

Zhang et al. reported that the photocatalytic supramolecular material
had a good photocatalytic degradation effect on methylene blue
(95.8%) and rhodamine B (93.54%) [54].

Photocatalytically Active Supramolecular
Organic-Inorganic Magnetic Composites

Sabina et al. prepared composites containing Zn-modified MgAl
LDHs and Cu-phthalocyanine as a photosensitizer, which could
remove up to 93% of B-lacamide antibiotics from water [55].

Agl/BiPO4 n—n heterojunction photocatalyst

Zhou et al. prepared Agl/BiPO4 n-n heterojunction hybrid by
precipitation technology. As a catalyst, the degradation efficiency of
this substance for tetracycline hydrochloride (TC) was 95% and
methylene blue (MB) was 91%, respectively [56].

Supramolecular photocatalyst of perylene bisimide
decorated with a-Fe,O3

Lu et al. prepared a-Fe;O3/PTCDI composite based on
supramolecular photocatalyst (PTCDI) modified
dinaphthalenediamine (PTCDI) by calcination of ferric nitrate. The
degradation rates of phenol pollutants and coking wastewater
reached 73% and 66.7%, respectively, by photofenton reaction [57].

Supramolecular Nanopumps with Chiral

Bao et al. prepared ph-responsive supramolecular nanopumps from
porous tubules in the left hand to solid fibers in the right hand by
self-assembly of aromatic amphiphiles with curved shapes. This
superhydrophobic switching aromatic pore is ideal for effective
removal and controlled release of organic pollutants from water
through pulsating motion. It was found that the removal efficiency of
the supramolecular compound was 78% for estradiol and 82% for
bisphenol [58].

Two new supramolecular materials {[(L1)-(Agsl7)JCH3CN}

(1), {[(L2)-(Agal;)ICH3CN} (2) were synthesized by
templatedself-assembly of tetracations L1 and L2 with Agl
at room temperature

In this paper the degradation rate of TC by 1 can reach 97.91%.

2. Results and Discussion
2.1. Description of Crystal Structures of {[(L1)-(Ag4l7)]-CH3CN} (1) and
{[(L2)-(Ag4l7)]-CH3CN/ (2)

The crystal structures of compounds 1 and 2 are similar; both are supramolecular
octa-nuclear Ag-I cluster structures belonging to the P2;,, space group in a monoclinic
crystal system. The structural unit diagram of compound 1 is shown in Figure 2a. Metal
Ag(I) in compound 1 has a distorted tetrahedral configuration. As shown in Figure 2b,
two organic cations are sandwiched around an inorganic anion cluster [Aggly4]¢ ~, which
interacts electrically to form a stable 2D supramolecular stacking structure by hydrogen
bonding, electrostatic action, and intermolecular force action. The structural unit and
packing diagram of catalyst 2 are shown in Figure 2¢,d.
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Figure 2. (a) The smallest structural unit of catalyst 1; (b) the stacking diagram of catalyst 1; (c) the
structural unit of catalyst 2; (d) the stacking diagram of catalyst 2 (with the H atom omitted).

2.2. TG-DTA Analysis

The thermal stability of compounds 1 and 2 was obtained by TG-TDA analysis. As
shown in Figure 3a,b, the thermogravimetric degradation trends of compound 1 and
compound 2 were similar. They were almost thermally stable between 50 °C and 250 °C;
The mass loss between 250 °C and 400 °C may be attributed to the volatile decomposition
of solvent molecules and organic cations in the molecule; the mass loss between 400 °C and
800 °C may be caused by the collapse of the inorganic anion skeleton.
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Figure 3. (a) TG-DTA curve of compound 1; and (b) TG-DTA curve of compound 2.

2.3. Semiconductor Properties of Compounds 1 and 2

The absorption region of light is evaluated by the optical properties of the compounds.
To evaluate the semiconductor performance of catalyst 1 and catalyst 2, the Kubelka-Munk
function F = (1 — R)?/2R [59] was used to calculate their band gap values, as shown
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in Figure 4a,b. The band gap values of catalyst 1 and catalyst 2 are 1.62 eV and 2.04 eV,
respectively. These results indicate that catalysts 1 and 2 can be used as good semiconductor
materials with excellent semiconductor properties and good photocatalytic activity under
visible light.

(a) (b)
= =
» e
2.04 eV
1.62 eV '\
1 2 3 4 5 6 1 1 2 3 4 5 6 7
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Figure 4. (a) Calculation diagram of band gap energy of catalyst 1 (The black line is the absorption
curve of catalyst 1, the red line is the tangent at the approximate linear in the absorption curve, and
the intersection of the tangent line and the X-axis is the band gap value); and (b) calculation diagram
of band gap energy of catalyst 2 (The pink line is the absorption curve of catalyst 2, the red line is the
tangent at the approximate linear in the absorption curve, and the intersection of the tangent line and
the X-axis is the band gap value).

2.4. Catalytic Performance of the Degradation of TC with Compounds 1 and 2

Tetracycline (TC) is an antibiotic widely used in poultry and aquaculture. Because TC
cannot be metabolized and degraded in organisms, it is often excreted as raw drugs, which
is very harmful to water production. To detect the photocatalytic properties of catalysts 1
and 2, the organic contaminant TC is selected as the target for photocatalytic degradation.
First, 10 mg of catalysts 1 and 2 were added to 20 mL TC solution (20 mg-L~!, pH = 7),
and the photocatalytic reaction was carried out in a photoreactor. To eliminate the effect
of adsorption on the photocatalytic reaction, additional stirring for 30 min under dark
conditions was performed. A 300 W xenon lamp was selected as the visible light source.
Under the irradiation of visible light, 3 mL solution was sampled in intervals, separated by
centrifugation, and the supernatant was taken. The absorbance of the solution was tested
by UV-VIS spectrometer, and then the photocatalytic activity of catalysts 1 and 2 on TC was
monitored. As shown in Figure 5a,b, the degradation of TC under visible light is negligible
without adding the catalyst. After 180 min of irradiation with catalyst 1, the degradation
rate of TC can reach 97.91%. Furthermore, at 240 min of irradiation, the degradation
rate of TC by catalyst 2 was 51.23%, indicating that the degradation efficiency of TC by
catalyst 1 was much higher than that by catalyst 2, which further confirmed the excellent
photocatalytic activity of catalyst 1. Table 2 describes the highest catalytic degradation
efficiency of TC in a short time and with different types of catalysts through different
treatment systems [60-66]. By comparing the above degradation with the catalyst prepared
by us, it can be seen that catalyst 1 has a higher TC removal rate, and its preparation
process is safer, easy to operate, and recyclable, and the catalyst is efficiently recovered.
Catalyst 1 also had a higher removal rate of TC compared with the above MOFs and
hybrid materials. With the increase in reaction time, the removal efficiency of catalysts 1
and 2 reaches equilibrium. In addition, the first-order and second-order kinetics models
were used to fit the photocatalytic results, which are shown in Figure 5c,d. It can be seen
from the figure that, compared with the second-order kinetics R?, the first-order kinetics
R? > 0.99, which indicates that first-order kinetics has the best fitting effect. Therefore, the
photocatalytic degradation of TC by catalysts 1 and 2 is in line with the photocatalytic
process controlled by the first-order kinetics.
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Figure 5. (a) The catalytic efficiency of catalysts 1 and 2 on TCs. (b) The average removal rate of
TC. (c) The first-order kinetics of tetracycline degradation by catalysts 1 and 2. (d) The second-order
kinetics of tetracycline degradation by catalysts 1 and 2.

Table 2. Degradation effect of different catalysts on TC.

Treatment System

Catalytic Efficacy of the Catalysts on the TC

Floatable cellulose acetate beads embedded with
flower-like zwitterionic binary MOF/PDA

Cao et al. combined SnS; nanoparticles (SnSPs), a semiconductor material used for the
photodegradation of antibiotics, onto the surface of a zirconia-based organic framework
(UiO-66) to obtain a novel photocatalytic material with a degradation rate of 90% for TC
[60].

TiO; / Ag3PO4 nanojunctions on carbon fiber cloth

Eman et al. prepared the zwitterionic UiO-66/ZIF-8 binary MOF/polydopamine@cellulose
acetate composite (UiO-66/ZIF-8 /PDA@CA), the maximum removal rate of TC was 67%
[61].

MXene-Based Photocatalysts

Zhang et al. constructed TiO, / AgzPO, nanojunction on carbon fiber cloth, and the
removal rate of TC from mobile wastewater reached 94.2% [62].

Ag3P04 / GO

Wau et al. prepared AgzPO,/GO catalyst by ultrasonic reaction, and after 30 min
irradiation, the degradation rate of AgzPO,/5wt%GO to TC was 77.7% [63].

Enhanced sonochemical degradation of tetracycline
by sulfate radicals.

Eslami et al. investigated the degradation of antibiotic TC in aqueous solution by
silver-activated persulfate (NayS,Og) in the presence of ultrasonic radiation. Under
optimal conditions, a TC removal rate of more than 83% was achieved in 120 min [64].

Facet-controlled activation of persulfate by magnetite
nanoparticles

Hu et al. synthesized three magnetite nanoparticles (MNPs) with different bare crystal
faces by hydrothermal method, and under heterogeneous activation of persulfate (PS), the
degradation efficiency of the PS/MNPs {1 1 1} system for TC reached 74.38% within 4 h,
which was much higher than that of the PS/MNPs {1 1 0} (19.29%) or PS/MNPs {1 0 0}
(33.79%) systems [65].

A yolk-shell Bi@void@SnO, photocatalyst

Wau et al. synthesized the yolk-shell Bi@void@SnO, photocatalyst by a step-by-step
method, and its catalytic degradation efficiency of TC reached 81.81% [66].

Two new supramolecular materials synthesized by
templatedself-assembly of tetracations L1 and L2
with Agl

In this paper the degradation rate of TC by 1 can reach 97.91%.

2.5. Effect of pH Solution on TC Degradation

The pH value in the reaction system also plays an important role in the photocatalytic
degradation of TC. In this paper, the following experiments were set up: put 20 mL TC
solution (20 mg-L~!), and 10 mg catalyst into the photocatalytic reactor, with hydrochloric
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acid and sodium hydroxide to adjust the pH value of the solution system to 3, 5, 7, 9,
11 respectively. As shown in Figure 6a,b, the TC degradation efficiencies of catalyst 1 at
pH =3-11 were 53.32%, 89.91%, 97.91%, 63.82%, and 52.65%, respectively. This indicated
that the catalytic efficiency increased first and then decreased with the increase in pH value,
and the removal efficiency of tetracycline was the highest when the pH value was 7. As
shown in Figure 6¢,d, the TC degradation efficiencies of catalyst 2 at pH = 3-11 were 37.76%,
41.72%, 67.32%, 70.28%, and 33.65%, respectively. With the increase of pH in the solution,
the removal rate of tetracycline also increases at first. When pH =9, the catalytic effect is the
best, and when pH = 11, the degradation rate of photocatalytic tetracycline becomes smaller.
The results show that the degradation efficiency at different pH values is related to the
difference between the TC charge and the active site of the catalyst. As shown in Figure 6e,
most TCs are positively charged (TCH;3™") at pH < 3; zero charged (TCH,) at neutral, and
negatively charged (TCH™ or TC?~) at pH > 7.5. Under acidic conditions, the degradation
efficiency of TC by catalysts 1 and 2 at pH =5 is better than that at pH = 3, mainly because
the positively charged TCH;3™" in the solution will compete with H* in the solution for the
active site on the catalyst surface. For catalyst 1, the degradation efficiency at pH =9 is
better than that at pH = 11 under alkaline conditions, mainly because the amino group in
catalyst 1 may compete with TCH™ or TC?~ for the active site on the surface of the catalyst.
When pH is 7, electrostatic force exists, so the removal efficiency of TC reaches the highest.
For catalyst 2, when the pH value changes from 7 to 9, the degradation efficiency of TC
continues to improve, because TC becomes negatively charged at this stage and generates
electrostatic attraction to catalyst 2, resulting in an upward trend of degradation efficiency.
When pH > 9, the degradation efficiency gradually decreases, possibly because the main
form of TC is TC?~ exists; it is in contact with the catalyst without electrostatic interaction.
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Figure 6. (a) Effect of catalyst 1 on TC degradation at different pH conditions. (b) Average re-
moval rate of catalyst 1 to TC. (c) Effect of catalyst 2 on TC degradation at different pH conditions.
(d) Average removal rate of catalyst 2 to TC. (e) The existence of tetracycline at different pH.

2.6. Effect of the Amount of Catalyst on TC Degradation

In the process of photocatalysis, the dosage of the photocatalyst also plays a vital role.
To explore this effect of catalysts 1 and 2 on photocatalytic degradation of TC, 20 mL TC
solution with an initial concentration of 20 mg-L~! was taken, and the pH value of the
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solution was adjusted to 7 (catalyst 1) or 9 (catalyst 2); the catalyst dosage was 5 mg, 10 mg,
and 20 mg for photocatalytic reaction. The results are shown in Figure 7a,b. When the
amount of catalyst 1 was changed from 5 mg to 20 mg, the degradation rates of TC by
it were 74.87%, 97.91%, and 61.27%; the degradation efficiency first increased and then
decreased, possibly because with the increase of catalyst acting as adsorbent, the active site
provided for photocatalytic reaction increased, and the collision probability between the
active site and tetracycline also increased, so the concentration of adsorbent in solution
increased. However, the accumulation of excessive catalyst particles will hinder and
inhibit the light scattering and transport in the solution, and the organic matter adsorbed
on the photocatalyst will reduce the light utilization rate. As shown in Figure 7c,d, the
degradation efficiency of TC by catalyst 2 increased from 32.19% to 72.14%, which was due
to the increase in the number of active centers with the increase in catalytic dose.
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Figure 7. (a) Effect of different catalyst 1 dosages on TC degradation. (b) Average removal rate of
TC degraded by catalyst 1. (c) Effect of different catalyst 2 dosages on TC degradation. (d) Average
removal rate of TC degraded by catalyst 2.

2.7. Effects of Anions on Photocatalysis and Catalytic Mechanism

By optimizing the pH value of the TC solution and the number of catalysts, catalyst 1
with higher catalytic efficiency was selected to evaluate the influence of anions and catalytic
mechanisms in the photocatalysis process. In this experiment, inorganic anions such as
Cl~, HCO3~,NO;3~, and SO4%~, which are abundant in antibiotic wastewater in daily life,
were selected as experimental subjects. The dosage of the photocatalyst was maintained at
10 mg, the pH of the solution was 7, and the initial concentration of tetracycline solution
was 20 mg-L~!. The experimental results are shown in Figure 8a, which clearly shows that
the addition of these anions will inhibit the photocatalytic degradation of TC by the catalyst.
This is because C1~, HCO;~, NO; ™~ and SO,4%~ will combine with -OH, H* or O, to form
other free radicals with lower activity, such as NO3-, SO, -, Cl-, PO,4%~ - and HCO;3-/CO;5~-.
To have a deeper understanding of the active free radicals that play a major role in the
photocatalytic degradation of TC, three different free radical trapping agents, including
isopropanol (IPA, 1 mmol-L~!, -OH scavenger), ethylenediamine tetraacetic acid disodium
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(EDTA-2Na, 1 mmol-L~!, h* scavenger), and 1,4—-p-benzoquinone (PBQ, 1 mmol-L71,
-0y~ scavenger) were used to explore the photocatalytic mechanism of the catalyst 1. The
experimental results are shown in Figure 8b. After adding h* and -O, ™~ capture agent,
the photocatalytic degradation efficiency of TC had little change, which indicates that h*
and -O;~ hardly contribute to the photocatalytic process, but after adding -OH capture
agent, the photocatalytic efficiency decreased significantly. It is proved that -OH plays an
important role in the photocatalytic degradation of TC. Based on the above experimental
results, the following possible photodegradation mechanisms can be proposed. Under the
action of visible light, the catalyst composed of two staggered types of semiconductor, L1,
and Agl, can induce the excitation of a small negative electron e~ and a small positive hole
h*, respectively. After the generation of electron hole pairs, the electrons can transfer from
L1 to Agl, and the photogenerated holes transfer in the opposite direction, thus achieving
the spatial transfer of photogenerated electron holes, resulting in the photogenerated
electrons at the conduction of L1 and the holes at the valence of Agl. The electron holes of
L1 and Agl are retained to participate in the REDOX reaction, respectively. The oxygen in
the air will produce hydrogen peroxide under the action of the photogenerated electron
e~ in the semiconductor L1 and then split into -OH free radicals. H,O also produces -OH
free radicals under the action of hole h* in semiconductor Agl. TC molecules can undergo
deprotonation, dehydroxylation, demethylation, addition, carboxylation, and benzene ring
cleavage under the action of -OH radical. However, all intermediates eventually mineralize
into smaller inorganic molecules, such as NHy ", NO; ~, H,O, CO,, etc. [67]. The system can
not only realize the spatial separation of REDOX sites but also ensure that the photocatalyst
can maintain the appropriate valence band position, to maintain a strong REDOX reaction
capacity. It was further shown that the added anions interact with the -OH radical with the
highest oxidation potential to form a less active free radical, resulting in reduced pollutant
removal efficiency (Figure 8c).
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Figure 8. (a) Effect of different anions on TC degradation by catalyst 1. (b) Effect of different free
radical scavengers on TC degradation by catalyst 1. (c) Photocatalytic degradation mechanism of
catalyst 1 under the influence of anions.
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2.8. Photocatalyst Recyclability

The reuse and stability of photocatalysts are important criteria for judging the ap-
plicable value of the catalyst. The higher the reuse rate, the higher the possibility to put
into production and life in the future, which requires the catalyst to maintain excellent
catalytic performance in the cycle process. To explore the reusability of catalysts 1 and 2,
cycle experiments were designed to test the photocatalytic efficiency during each cycle. As
shown in Figure 9, catalysts 1 and 2 still reached 90.23% and 63.79% in the third round
(97.91% and 71.28% in the first round, respectively), indicating that the photocatalytic
degradation efficiency of these two catalysts did not decrease significantly. It is proven that

catalysts 1 and 2 have easy recovery and good stability.
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Figure 9. The effect diagram of the TC/catalysts 1 and 2 system for three cycles.

3. Materials and Methods
3.1. Materials

All the reagents of AR grade were used without any further purification. The cationic
templates 1,3,5-Tris(4—aminopyridinylmethyl)-2,4,6-trimethylphenyl bromide (L1) [68]
and 1,3,5-Tris(4-methylpyridinylmethyl)-2,4,6-trimethylphenyl bromide (L2) [69] were
synthesized according to the methods described in the literature (Figure 10).
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X N |
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Figure 10. (a) The cationic template L1; and (b) the cationic template L2.
3.2. Synthesis of Compounds
3.2.1. The Synthesis of {[(L1)-(Agsl;)]-CH5CN} 1
L1 (0.0068 g, 0.01 mmol) in MeCN (3 mL) was added to Agl (0.0024 g, 0.01 mmol) in

MeCN (2 mL) in the presence of an appropriate amount of KI, and then the mixed solution
was stirred for 10 min and filtrated. The filtrate was volatilized at room temperature for

3 days, and colorless transparent columnar crystals were harvested. The yield was 15%. IR
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(KBr, em~1): 3295.49 (s), 3179.36 (s), 2974.37 (s), 2926.54 (s), 1660.81 (s), 1558.41 (m), 1508.76
(s), 1456.24 (m), 1376.24 (s), 1291.79 (m), 1170.65 (s), 049.76 (s), 880.89 (w), 833.86 (s), 521.54
(w), 499.19 (w). Elemental Anal. Calc. For CoH36N7Ag,l; (1802.45): C, 19.32; H, 2.01; N,
5.44%. Found: C, 19.42; H, 2.48; N, 5.56%.

3.2.2. The Synthesis of {[(L2)-(Agsl;)]-CH3CN} 2

L2 (0.0068 g, 0.01 mmol) in MeCN (3 mL) was added to Agl (0.0024 g, 0.01 mmol) in
DMEF (3 mL) in the presence of an appropriate amount of KI, and then the mixed solution
was stirred for 10 min and filtrated. Finally, the filtrate was volatilized at room temperature
for 2 weeks, and colorless transparent crystals were harvested. The yield was 10%. IR (KB,
cm™1): 3440 (s), 2923 (m), 2853 (s), 1635(s), 1463 (w), 1403(w), 1262(w), 936 (s), 801 (s), 516
(w). Elemental Anal. Calc. for C3pH39NgAgsly (1799): C, 21.35; H, 2.18; N, 3.11. Found: C,
21.38 H,2.23; N, 3.15.

3.3. Methods for Characterizing Compounds

The KBr tablet pressing method and the Bruker TENSOR 27 infrared spectrometer were
used to test the infrared spectrum (IR) in the range of 400 to 4000 cm ™! (Bruker, Shanghai,
China). The NETZSCHTG209 thermogravimetric analyzer (Netzsch, Shanghai, China) was
used to record changes in sample mass during a temperature rise from room temperature
to 800 °C in a nitrogen atmosphere at a temperature rate of 5 °C-min~!. Elemental analyses
(C, H, and N) were performed on a Perkin-Elmer 240 elemental analyzer (PerkinElmer,
Shanghai, China). UV-visible spectra were studied with a UV-5500 PC spectrophotometer
in the scanning range of 200-800 nm. Using a graphite monochrome Cu-Ka light source
(A = 0.15418 nm) (XRD-6100, Shimadzu, Kyoto, Japan), setting the scan step to 26, the
angular velocity of 4°-min~!, and scanning range 5-50°, Powder X-ray diffraction (PXRD)
data were tested with Philips X-pert X-ray diffraction (PXRD) with an X'Celerator detector.
Simulation of the PXRD spectra was carried out by the single-crystal data and diffraction-
crystal module of the Mercury (Hg) program. For compounds 1 and 2, the synthesized
PXRD plot is very close to the simulated single crystal diffraction pattern, indicating that
the product is pure; their PXRD patterns were shown in Figure 11a,b. The compounds
used Mo-Ka rays (A = 0.71073 A) for X-ray detection and crystallography data collection at
the Bruker SMART CCD X-single crystal diffractometer. The structure was refined with
full-matrix least-squares techniques on F? using the OLEX2 program package.
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Figure 11. (a) PXRD pattern of catalyst 1; and (b) PXRD pattern of catalyst 2.

4. Conclusions

In this chapter, two supramolecular materials 1 and 2 were synthesized by solution
volatilization at room temperature. Through a series of characterizations, it was proved that
they had good catalytic potential, and the optimal conditions of photocatalytic degradation
of TC were explored. The experimental results showed that for TC solution with the initial
concentration of 20 mg-L~!, the degradation rate of TC reached 97.91% after 180 min
at pH = 7 with catalyst 1 of 10 mg. When the catalytic dose of catalyst 2 was 20 mg at
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pH =9. The degradation rate of tetracycline reached 71.28% after 240 min of reaction. The
photocatalytic degradation effect of catalyst 1 on TC was better than that of catalyst 2.
The inorganic anions in the system (Cl~, NO3~, 5042, and HCO; ™, etc.) can inhibit the
photocatalytic degradation of the TC, because the ionic radicals (such as Cl-, NO3-, SO4~ -,
and HCOj3-/CO5~ ) with lower activity than -:OH or -O, ™ are generated. By adding free
radical trapping agents it is shown that the -OH active free radicals play a major role in the
photocatalytic reaction process. Through the photocatalytic cycle experiment, it was found
that catalysts 1 and 2 still had high photocatalytic efficiency after three cycles, which fully
proved the stability and repeatability of catalysts 1 and 2. This study is helpful to solve the
problem of water contamination by antibiotics. In subsequent studies, the detailed HRETM
and XPS, together with the PL/RAMAN spectroscopy analysis can be conducted to further
to provide information such as the lattice fridge, chemical state and electronic state of
the elements, or charge carrier trapping, immigration, and transfer within the systems of
catalysts 1 and 2.
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Abstract: During the last decades, heterogenous photocatalysis has shown as the most promising
advanced oxidation process for the removal of micropollutants due to degradation rate, sustain-
ability, non-toxicity, and low-cost. Synergistic interaction of light irradiation, photocatalysts, and
highly reactive species are used to break down pollutants toward inert products. Even though
titanium dioxide (TiO,) is the most researched photocatalyst, to overcome shortcomings, various
modifications have been made to intensify photocatalytic activity in visible spectra range among
which is modification with multiwalled carbon nanotubes (MWCNTs). Therefore, photocatalytic
oxidation and its intensification by photocatalyst’s modification was studied on the example of
four micropollutants (diclofenac, DF; imidacloprid, IMI; 1-H benzotriazole, BT; methylene blue,
MB) degradation. Compound parabolic collector (CPC) reactor was used as, nowadays, it has been
considered the state-of-the-art system due to its usage of both direct and diffuse solar radiation and
quantum efficiency. A commercially available TiO, P25 and nanocomposite of TiO, and MWCNT
were immobilized on a glass fiber mesh by sol-gel method. Full-spectra solar lamps with appropriate
UVB and UVA irradiation levels were used in all experiments. Photocatalytic degradation of DF,
IMI, BT, and MB by immobilized TiO, and TiO, /CNT photocatalysts was achieved. Mathematical
modelling which included mass transfer and photon absorption was applied and intrinsic reaction
rate constants were estimated: kpp = 3.56 x 10710 TW=05m15 ki =890 x 10~ s~ Iw—05m15,
kpr=1.20 x 107257 TW95m15 kyp = 1.62 x 107105~ TW=05m15 Intensification of photocatalysis
by TiO, /CNT was observed for DF, IMI, and MB, while that was not the case for BT. The developed
model can be effectively applied for different irradiation conditions which makes it extremely versa-
tile and adaptable when predicting the degradation extents throughout the year using sunlight as the
energy source at any location.

Keywords: micropollutants; TiO; films; TiO, /CNT nanocomposites; photocatalysis kinetics

1. Introduction

Advancement of technology has contributed to humankind progresses, but at the
same time, there is the consequence of dealing with the environmental pollution and energy
crisis [1]. Furthermore, advances in analytical methods have enabled detection of previously
unknown compounds as well as their occurrence in the environment. Consequently,
conventional wastewater treatment plants (WWTPs) were recognized as a key source of
micropollutants since they are not designed for elimination of trace concentrations [2—4].
Pharmaceuticals, pesticides, personal care products, steroid hormones and other organic
compounds were detected in effluents after WWTPs as well as in the environment at
concentration levels ranging between ng-L~! and pg-L~! [5]. Even though removal of
micropollutants is not mandatory in the European Union, up to now, three watch lists
were established in order to monitor, collect data, and assess the potential risk for the
environment and humans [4].
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In this work, four micropollutants were chosen, each representing a field of appli-
cation. Diclofenac (DF) is a substance commonly used as a pharmaceutical due to its
anti-inflammatory properties. Therefore, it is one of the 12 most consumed drugs in the
world. It has been detected in wastewaters, surface, and underground waters [6-8] since
65% of its initial oral dosage is eliminated as unmodified or metabolites through urine
or feces [9], with removal rate of DF in the range of 21-40% after WWTPs [7,8]. At low
concentrations, effects like cytotoxicity to kidney, liver and gill cells along with renal lesions
were reported in literature [2]. Imidacloprid (IMI) is a widely used pesticide and belongs
to neonicotinoid group of pesticides. It is used as an insecticide and has seed protection
properties [10]. It is harmful for the pollinators [10], while its degradation products poses a
risk to vertebrates, mammals, and humans [11]. Due to its wide application, IMI has been
detected in surface waters and soil sediments, behaving as a hormone disruptor causing
obesity and reproductive imbalance in organisms [12]. The importance of DF and IMI occur-
rence in surface waters was recognized as they were listed in first (both) and second (IMI)
watch lists [4]. Another compound that is widely used in industrial activities and everyday
life is 1H-benzotriazole (BT) [13]. Its application varies from corrosive inhibition in deicing
fluids to application in bleaching, antifogging, and antifungal agents [14-17]. Moreover, it
is formed during the synthesis of dyes, drugs, and fungicides as intermediates [13]. About
9000 tons of BT are produced annually [18,19] with airports being the hot spots of the BT
releasement in the environment [13,20]. It has been estimated that approximately 30% of
the total BT input into wastewaters are due to discharge from dishwashing machines [20].
Considering their wide application and yet low removal rate in WWTPs [21], and at same
time chemical stability and high-water solubility, BT’s residuals were detected mainly in
aquatic environments in concentrations from nano to micro gram per liter [22-24]. Even
though reported acute toxicity is generally low, considerable residuals levels were found
in various organisms revealing a potential risk. In a lettuce leaf and strawberry, 153 and
44 ng-g~! BT were found [25,26]. In the Yangtze and Pearl rivers in China, the maximum
concentration of BT in wild fish was 2950 r1g~L’l [27-29]. In human urine, a maximum
24.5 ug-L~! of BT and its derivates were determined [30]. Endocrine disrupting effects, hep-
atoxicity, and neurotoxicity are some of the effects related with the sublethal dosages and
bioaccumulation effects [13,14]. Even though, research about impacts on human health are
scarce [20], LCsy concentration of BT causing 50% mortality in the Ceriodaphnia dubia (48 h)
and Pimephales promelas (96 h) were 86-120 and 38-75 mg-L~!, respectively [31]. Methylene
blue (MB) is often used as a reference measurement to test photocatalytic activity of the
prepared photocatalyst [32—40]. It’s a very soluble synthetic dye with wide application in
industry, such as paper, textile, chemical industry, as well in medical procedures [41]. It was
reported that around 15% to 20% of the overall world production of dyes are lost during
the dyeing process [42,43], which is significant since usually less than 1 ppm is sufficient to
produce coloration of water and consequently reduce photosynthetic activity in the aquatic
flora [43]. Since biodegradation process is slow, its removal is of interest [44].

Low-rate removal of contaminants from effluents and their occurrence in surface
and underground waters have been directing efforts towards research of environmentally
friendly techniques. Therefore, advanced oxidation processes (AOPs) are of considerable
interest due to theirs feasible application in WWTPs [3,4,45]. Out of AOPs, heterogenic
photocatalysis is one of the most promising. The basic principle can be described with
the band gap model, according to which electrons from valence band are transferred into
conduction band when photons (hv) induce the photocatalyst’s surface with energy that is
equal or higher than the photocatalyst’s band gap energy (Eg), forming an electron-hole
pair (h*/e™) [46] crucial for the initiation of redox processes. Prior to photocatalytic redox
processes that occur on the photocatalyst surface, diffusion of pollutants and reactants
takes place, followed by their adsorption on active sites. Simultaneously, desorption of
the oxidized /reduced byproducts occurs and diffuses in the solution participating in new
redox processes [6]. In those processes, powerful oxidizing species, hydroxyl radicals, are
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formed, which non-selectively mineralize pollutants to thermodynamically stable oxidation
products such as CO,, H,O, and inorganic ions [3,47].

Semiconductors, especially, ZnO and TiO, have been recognized as the most effective
photocatalysts [1]. The most researched one has been TiO, due to its cost, non-toxicity, and
photochemical stability, with high photoactivity and mineralization efficiency. However,
the drawback is its photocatalytic activity only in UV range (A < 390 nm), and relatively
high rate of electron—hole pairs recombination which reduces available charges for the redox
reactions [3,48]. To overcome the shortcomings, various modifications have been made in
order to intensify photocatalytic activity in the visible spectra range [1] which has huge
potential from an environmental and economic point of view [49]. The aim of modifications
is to form a localized state just above the conduction band or below the valence band;
use semiconductor with low bandgap; color center formation in band gap or alter the
surface. Frequently, it is done by doping with metal and/or nonmetal; codoping with
diverse combination of donor and acceptor materials; forming composites; sensitization or
substitution [49].

Modification of TiO, such as forming nanocomposites with carbon nanotubes (CNTs),
contributes to boosting of photocatalytic activity. CNTs are chemically inert, stable, with
high specific surface and charge mobility [50]. A nanocomposite system of TiO, /CNT
enables absorption of wider wavelengths due to formed C-O-Ti bonds [51]. It was noticed
that increasing of CNT is proportional with the photocatalytic degradability of pollu-
tants [52,53].

Even though suspended photocatalysts tend to be more reactive then immobilized,
with appropriate design, mass and photon transfer limitations can be mastered [54]. The
most suitable method used for synthesis of nanocomposites and its immobilization on
inert carrier is the sol-gel method [51]. The method is considered as easy to use, does not
require expensive equipment, and is non-destructive [55-57]. In current work, the mesh-
like support was used to achieve a large and irregular photocatalytic layer by optimized
sol-gel to overcome the mass and photon transfer limitations.

As a surface phenomenon, solar photocatalysis is highly dependent on the irradiation
intensity. Hence, intensification of photocatalysis can be achieved not only by different
photocatalyst’s formulations, but also with an appropriate choice of reactor design and its
usability of incident irradiation in reaction space. An optimal reactor, compound parabolic
collector (CPC) reactor, is recommended [49,52] as state-of-the-art in design. Its application
on a larger scale has been recognized as technically and economically feasible [58,59]. The
usage varies from pilot scales to demonstration plants with collectors” surface areas from 3
to 150 m? [49].

Therefore, the aim of this work was to study the impact of solar photocatalysis in-
tensification by using modified TiO,/CNT photocatalyst in comparison to TiO, usage.
Immobilized photocatalysts were placed in an optimal CPC reactor configuration under an
artificial source of solar containing UVA and UVB light. Four widely used compounds (DF,
IMI, BT, MB) were used as study micropollutants. The developed mathematical model [52]
was applied in order to calculate intrinsic reaction rate constants (k;) for studied micropollu-
tants. In the model, the effect of the photocatalyst optical properties and incident irradiation
under UVA and UVB light were defined, enabling the intrinsic reaction rate constant to
be independent of the irradiation conditions and applied catalyst and applicable to other
usage. Given settings enable the developed model to be effectively applied for different
irradiation conditions.

2. Results and Discussion
2.1. Intensification by Photocatalyst Formulation

According to previous reporting in the paper [52], based on Micro-Raman spectroscopy
results, indices of achieving the chemical bonds between composite TiO, /CNT on a glass

fiber mesh were observed. Pure samples of MWCNT showed characteristic peaks and
bands at 1340, 1580, and 2680 cm !, while for TiO,, characteristic bands at 148, 286, 399, and
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CPS/au

633 cm~!. In the composite sample of TiO,/CNT, dominant bands were from TiO; along
with the affected MWCNT bands which in composite appeared at 1290 and 1620 cm 1.
The indices about establishing chemical bonding between TiO, and MWCNT on glass
fibers were additionally confirmed by SEM results. At higher magnifications (200,000x g),
bonding of TiO, and MWCNT was clearly noticeable, despite the uneven immobilization
along the fiber that can be noticed as aggregates at 1000 x ¢ magnifications (Figure 1).
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Figure 1. (a) Raman spectra of the photocatalytic constituents and composite film on glass fiber mesh;
(b) SEM image of TiO, /CNT at 1000 magnification and 200,000 x (given as embedded figure) [52].

According to the DRS spectra (Figure 2), all photocatalytic film samples exhibit photo-
absorption in the range between 250 and 400 nm. To relatively enhance the absorption bands
of different samples, the Kubelka-Munk function was applied, while the Tauc equation
was applied to evaluate the type and extent of transition, along with the bandgap’s extent.
Therefore, while TiO, is without a doubt a semiconducting material with indirect allowed
transitions and bandgap value near the 3.2 eV, the conventional calcium silicate glass, even
though it is not a semiconducting material, may hinder or contribute to the semiconducting
behavior of the composite with indirect allowed transitions and a bandgap value near
the 3.85 eV. On the other hand, MWCNT as a conducting material shows direct allowed
transitions with bandgap value between 2.9 to 3.6 eV depending on the treatment. For
pure TiO; and TiO, immobilized on glass fibers, determined bandgap values were 3.22
and 3.48 eV, respectively. When it comes to the composite TiO, /CNT, an average bandgap
value of 3.12 eV can be expected while none of the transition types fully dominate. For
example, if the TiO, is governing the composite behavior, the calculated bandgap value is
2.97 eV, while if the MWCNT is governing the composite behavior, the calculated bandgap
value is 3.27 eV. Observed values suggest that a considerable synergetic photocatalytic
effect was achieved.

In a research study [60], aging of photocatalysts were tested. Results have showed that
depending on the preparation of the TiO, /CNT photocatalyst during the immobilization
process, uneven dispersion can impact on the lower photocatalytic activity compared to
TiO,. Regarding the durability of TiO, /CNT and TiO; itself, it is observed that in a period
of 90 days in water, photocatalyst’s mass loss was 6% and 11% for TiO, and TiO,/CNT,
respectively. Reduced photocatalytic activity is observed as well, however with the aging
of photocatalysts on the air, improvements of photocatalytic activity are achieved.
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Figure 2. (a) DRS UV-vis spectra; (b) Tauc plot for the photocatalytic film constituents and photocat-
alytic composites on glass mesh [52].

2.2. Photolytic and Photocatalytic Degradation of Selected Pollutants

In order to discuss intensified degradation of selected pollutants, photolytic experi-
ments were conducted under the same conditions as the photocatalytic one. Namely, once
pollutants are in the environment, they are subjected to the photolysis. It is a process of
chemical bond breakage due to photons absorption in an aqueous media initiated under
the UV or visible irradiation spectra [5,61,62]. Its efficiency is impacted by the complexity of
pollutant chemical structure and conditions in which experiments are conducted (models
vs. real water samples). Therefore, photolysis alone, is usually not sufficient to achieve
substantial effectiveness of pollutants” degradation [5].

However, the photolytic and photocatalytic degradation results were compared based
on the assumption that degradation of selected pollutants follows the pseudo first-order
kinetic model. According to the first-order kinetic model, basic kinetic Equation (1) with
degradation rate k > 0 and initial pollutant’s concentration C(0) = Cy for time t = 0 can
be written as the following Equations (2) and (3) [63]:

r = k[X]" ey
C(t) = Cpe ™ ()
In(C (t)) = In(C,) — kt ©)

where C(t) is concentration at time t (min), C is initial concentration and k is degradation
rate constant (min—1).

Following the given Equations (2) and (3), degradation rate constants for photolysis,
photocatalysis with TiO, and photocatalysis with TiO, /CNT were obtained. Results are
graphically presented on Figure 3, and further discussed.
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Figure 3. Photolytic and photocatalytic (TiO;, TiO,/CNT) degradation rate constants k (min~1)
according to pseudo-first-order kinetic model for studied model pollutants (DF, IMI, BT, and MB).

Even though degradation of DF by hydroxyl radicals follows second-order kinetics,
with approximation of steady-state concentration of hydroxyl radicals, reaction is usually
treated as a pseudo-first-order kinetic model [7]. Furthermore, for highly diluted systems
(Cp < 1073 M), the reaction can be considered pseudo-first order [64]. In this paper, as it
can be seen on Figure 3, degradation rates of both photolysis (kpr = 1.47 x 1073 min !,
R%Z = 0.99) and photocatalysis (kpprio, = 1.19 x 10 3min~!, R?= 0x kpE,Ti0,/CNT =
2.88 x 1073 min~!, R? = 0.99) fit into pseudo-first order kinetic.

Furthermore, depending on experimental setup, photolytic degradation of DF can
be described as negligible [45] or significantly better [2,7,65] in comparison with photo-
catalysis. In our study (Figure 3), photolytic degradation of DF is slightly better than
photocatalytic degradation with TiO,. Similar observations were made previously [2,65].
However, authors in their studies had worked with suspended TiO, in different reactor
setup and irradiation values; CPC under sunlight [65] and batch reactor with UV /Vis spec-
tra lamp [2], respectively. Nevertheless, as it was stated in [65], since DF absorbs UV light
(Amax = 277 nm), photolysis is a relevant process and it can be better than photocatalysis,
thus, much less photons are available to generate electron-hole pairs due to interference
with DF absorption of photons [2].

Regarding the photolysis studies in aqueous media, IMI has showed as readily degrad-
able with a first-order rate kinetics [11,63]. As it can be seen on Figure 3, in this paper
degradation rates of both photolysis (kpyp = 6.1 X 10~* min~!, R? = 0.74) and photocatal-
ysis (knvir,tio, = 3.6x10~* min~!, R? = 0.87; kv 1io,/oNT = 2.77 X 1073 min ™!, R? = 0.99)
fit into the first order kinetic. It can be noticed that photolytic degradation of IMI is slightly
faster than the photocatalytic degradation by TiO;, even though the other way around
would be expected. The same phenomenon was observed with DF photolytic and pho-
tocatalytic (by TiO,) degradation rates. Therefore, since most pesticides absorb UV light
(Amv = 277 nm) [66], as well as formed intermediates [67], reduction of photons available
to react with photocatalysts surface in reaction system occurs. As it was stated in the litera-
ture [11,63], different irradiation conditions in photolytic studies impact on the degradation
rates of IMI. For instance, during the 2-h experiment under natural sunlight, 38% of IMI
degradation was achieved [63]. On the other hand, 40-h were needed under UV lamps to
achieve 95% of IMI degradation [11].

Although, BT is subjected to direct photolysis with first-order kinetic reaction mech-
anism under UV light [68], that was not the fact in our study. The most efficient degra-
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dation of BT is in UVC spectra since maximum absorption is detected at Agr = 254 nm,
while in our study, experiments were done under lamps with UVA and UVB spectra. In
their paper [68], authors have reported slow photolysis degradation under lamps with
UVA and UVB light. However, DF and IMI absorb the UV light as well, but BT’s rela-
tively long persistence in the environment is due to the insensitivity to visible light [14].
Nevertheless, sunlight photolysis is a relevant process for BT degradation in surface wa-
ters [16] due to reaction with reactive transient species, though more toxic compounds
can be formed if there is no mineralization [13]. In our study, BT photolysis was a neg-
ligible process as in [13], while photocatalysis were noticeable processes of degradation
(kgt, Tio, = 2.71 x 1073 min~!, R* = 0.97; kpr10,/cNT= 4.63%107% min~!, R?= 0.98.98).

The lack of photolysis and slower photocatalytic degradation than expected by TiO,
can be explained due to the higher initial concentration (Coyp = 25 ppm) used in ex-
periments compared with literature (Conp = 10 ppm, [69]), as well as usage of TiO; in
suspension, while in our case immobilized TiO, was used. However, in the study [70],
photolysis of MB was as well reported as neglected, while photocatalysis with TiO, P25
achieved 46% during three hours of experiment. In their work [69], degradation rate of
3.4 x 107 °min~! was achieved with TiO, P25 in suspension, while we have observed
10 times slower degradation rate kyg Tio, = 4.7%107* min~! (RZ: 0.86). However, sim-
ilar degradation rate was observed when a composite of 1%-MWCNT/TiO, was used;
4.7 x 1073 min~! versus kns,tio, /onT= 1.51% 10~3 min~! (Rzz 0.98). The slight difference
value is attributed to the form of photocatalyst’s usage.

2.2.1. Intensification of Photocatalytic Degradation

For all studied pollutants model solutions, equilibrium was established in 30 min
(Figure 4). Additionally, adsorption on the surface of both photocatalysts was observed,
but it was negligible. In consistence with literature findings, [2] adsorption of DF on
both photocatalysts was not significant; 1% and 6% on TiO, and TiO, /CNT, respectively.
Equilibrium was achieved during the 30 min in dark, and slightly higher adsorption
(+5%) was observed with TiO, /CNT photocatalyst. In the literature [66,71] during the
30 min of dark experiment, adsorption of IMI was negligible. However, in our study,
13% and 20% of adsorption on TiO; and TiO,/CNT was observed, respectively. It was
reported [67] that concentrations of IMI higher than 20 ppm inhibit the photocatalysis due
to high adsorption rate of IMI on the photocatalyst’s surface. Since in our study initial
concentration was lower than stated (Cy = 10 ppm), equilibrium was achieved. However,
occupied sites on the photocatalysts surface by adsorbed IMI molecules could slow down
the photocatalysis by TiO,. In their work [69], when adsorption tests of MB on pure
MWCNTs was conducted, strong adsorption capacity was noticed, 100% of MB adsorption
was noticed during the 120 min. Nonetheless, despite adsorption, TiO, composites with
CNT exhibit increased photocatalytic activity under visible light, and degrade MB more
efficiently due to a simultaneous increase of active specific surface. In this study, 4% and
11% of MB adsorption on TiO, and TiO, /CNT was observed, respectively. When it comes to
BT adsorption, it was negligible, where 2% and 4% for TiO, and TiO, /CNT were observed,
respectively. Though, it was reported [72] that MWCNT can be used as a sorbent in solid
phase extraction, and successfully used as a pretreatment to pre-concentrate BTs from real
water samples.
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Figure 4. Experimental results of photolytic and photocatalytic degradation on TiO; and TiO, /CNT
of: (a) diclofenac (DF), (b) imidacloprid (IMI), (c) 1H-benzotriazole (BT), (d) methylene blue (MB).
Presented results are obtained during the dark and irradiated experiments.

During the degradation process, to avoid formation of toxic derivates, an optimal
treatment time is crucial to define. For instance, in the study [45], after 120 min of DF
photocatalytic degradation, toxicity was not observed despite the formation of derivates as
chloro and hydroxyl phenols radicals. Photolytic DF degradation rate of 28% was achieved
in 4 h when demineralized water was used, while in the same time, 36% was achieved
when fresh water was used [65], confirming that the presence of other compounds which
can react as radicals contribute to the photolysis of DF [3]. In our study, during the 120 min,
17% of DF degradation was achieved. At the same time, by TiO, photocatalysis 10% and
TiO, /CNT 29% of DF degradation was achieved, respectively.

Even though in literature [9] 53.6% of DF degradation rate was achieved, the study was
with TiO; in suspension. This confirms that the presence of DF molecules in the solution
scavenge photons on their way to the immobilized photocatalysts surface. In systems with
suspended photocatalysts, given phenomena is reduced due to the suspension form. It was
reported that a vital role in DF degradation plays the concentration of dissolved oxygen [2],
even though hydroxyl radicals have an important effect on the DF degradation as well [9].

The intensification of DF degradation by TiO, /CNT photocatalysts in comparison
with TiO, was observed in our study. For example, in their paper [2], the authors did not
obtain significant photocatalytic degradation when composites of 10:100 (w/w) MWCNT
and TiO, (anatase) were used. In their previous work [73], authors had given possible ex-
planations, one of which is inhibition of electron-hole generation by interaction of TiO, and
CNT. The stated does not apply to our study, since our experiments were conducted with
immobilized photocatalysts, preventing interaction between nanoparticles, yet intensifying
radicals’ generation necessary for DF degradation.
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Previous results [66] have demonstrated effective (68%) photocatalytic degradation
of IMI by immobilized TiO, on a glass plate under the UVC irradiation in 180 min. It was
observed that photocatalytic degradation by TiO, in batch reactors under UVA light is a
relatively slow process as was the case with findings in our study. Photocatalytic degra-
dation of IMI under UVA and UVB light by TiO; was 4%, however, by TiO, modification
with CNT, IMI degradation increases to 29%.

The Intensification of IMI degradation by composites of TiO, and CNT was reported
by [71]. During the 30-min dark experiments, a small increase in adsorption was observed,
which had stabilized in given time. Under UV light, 32% and 53% IMI removal was
achieved by TiO, and TiO,/CNT photocatalysis in 3 h, respectively. Addition of CNT
contributes to Ti-O-C bond formation, thus allowing the induction of e~ by photons to
migrate into CNT and diminishing charge recombination, while e~ can attack H,O to form
hydroxyl radicals.

Consequently, usage of irradiated semiconductors has gained on the importance in
the BT removal research. In their research [13], authors used TiO; in suspension form
and demonstrated rapid removal of BT without formation of toxic byproducts. They
proposed that any other AOP that use hydroxyl radicals as the main oxidants might be
useful for BT removal. In our study, 32% of BT was degraded within 120 min by TiO,.
However, intensification of BT photocatalytic degradation by modification with CNT was
not observed, only 26% BT removal was achieved. A similar trend was observed in the
studies [73,74] where carbamazepine and DF photocatalytic degradation by TiO, and
TiO, /CNT were studied. Two hypotheses were offered; (1) high electrical conductivity of
CNTs supplies TiO, with electrons and reduces separation of electron-hole pairs; (2) CNTs
are excited to produce electron-hole pairs which are annihilating production of TiO,
electron-hole pairs generation when conduction band of CNTs is higher than that of TiO,.

Regarding the MB degradation, it has been reported [33] that about 80% of MB could
be degraded under UVB light irradiation in 120 min, while in 60 min 90% of MB could be
degraded under sunlight irradiation when immobilized TiO, was used. A higher removal
rate of MB with suspended TiO, (47% in 180 min) was observed by [69]. However, only
6% of MB in 120 min by TiO, was degraded in our case. The lower removal efficiency of
MB with TiO, was observed as well by [55], 13% in 100 min. Nonetheless, intensification
of MB degradation when CNT were employed has been noticed. During the 180 min,
61.9% removal rate of MB was obtained with 1%-MWCNT/TiO, [14], while 76% of MB
was degraded in 100 min by MWCNT:TiO; = 1:3 (w/w) [55]. In our study, immobilized
TiO, /CNT (10:1, w/w) was employed and 16% removal rate was observed.

2.2.2. Modeling of Photocatalytic Degradation

Concerning more detailed analysis of photocatalytic degradation, especially by TiO,
modification with CNT, mathematical modeling with defined intrinsic parameters was
applied. Description of model developing is given later in the text. Intrinsic degradation
rate constants k;, as well as intensification factors Y for the studied pollutants were
obtained and given in Table 1.

Table 1. Intrinsic degradation rate constants for DF, M1, BT and MB along with the intensification
factors due to TiO, modification with CNT.

Ki (sflw—0.5m1.5) Yeat -)
DF 3.56 x 10710 2.35
IMI 8.90 x 10~ 1 8.84
BT 1.20 x 10799 0.64
MB 1.62 x 10710 2.52

Photocatalytic degradation of studied pollutants modeled based on parameters given
in Table 1, fit well with the experimental data as it can be seen in Figure 5. As it was already
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discussed, intensification of DF, IMI, and MB photocatalytic degradation was observed
which can be noticed by the value of Y¢;+ > 1. The highest intensification contribution to a
pollutant’s degradation in comparison with TiO, can be given in the following order IMI
(8.84) < MB (2.52) < DF (2.35). On the other hand, intensification of BT degradation by
photocatalyst’s modification was not observed and therefore value of Y¢; < 1.

1 i-.-.,._. s 1 i"":: ----------------------------------------
& :.:.:_:_- ______ m ¥___:__ i - [ S L
Stk LTRSS Y T
08 | TSRy 08 | B
e _ o B §
g 06 z 06 \1/;'{[\ .
57 g i
W04 F a 04 + o bl:/\\NF
m TiO, cl r\/ e m TiO;
02 | 4 TiO/CNT 02 | A TiOJ/CNT
------ Model TiO, =-+-=- Model TiO;
- - - -Madel TiO,/CNT - - --Model TiO/CNT
0 ' ‘ . 0 . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Treatment time (min) Treatment time (min)
(a) (b)
1 ﬁ»..t&_ & I i"""‘%‘-"—':I::‘;'; ------- B L l
[l TR el s k
W, e ... E aEEmems 'y
08 | T 08 |
"‘.-._ i T / . ‘
- W o T
T | 000
5 N = R
g 04 \N 3 04 | | ) |
N// B TiO; m TiO,
02 | 4 TiQ/CNT 02 L A TiO,CNT
~——ModelTiO: | | e Model Ti0,
----Model TiO/CNT - ---Model TiO»/CNT
0 . . . . 0 . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Treatment time (min) Treatment time (min)
(c) (d)
Figure 5. Photocatalytic degradation on TiO, and TiO, /CNT of: (a) diclofenac (DF), (b) imidacloprid
(IMI), (c) 1H-benzotriazole (BT), (d) methylene blue (MB). Fitting of mathematical modelling results
along with the obtained experimental data.

Furthermore, by using a modeling approach, it is possible to predict time necessary
for the pollutant’s degradation. For instance, 90% of DF and BT degradation is possible to
achieve within one day (Figure 6a,c), while degradation of IMI and MB depends on the
used photocatalysts (Figure 6b,d). More elaborate data about the time degradation can be
found in Table 2.

Table 2. Overview of time necessary to achieve 50% and 90% of efficient photocatalytic degradation
for studied pollutants. Results are obtained based on developed model prediction.
TiO, TiO,/CNT
DF IMI BT MB DF IMI BT MB
50% 9h 37h 3h 21h 4h 4h 4h 8h
90% 31h >84 h 9h 67h 13h 14 h 15h 27h
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Figure 6. Modeled photocatalytic degradation on TiO; and TiO, /CNT over period of time to achieve
90% efficiency of: (a) diclofenac (DF), (b) imidacloprid (IMI), (c) 1H-benzotriazole (BT), (d) methylene
blue (MB).

3. Materials and Methods
3.1. Model Pollutants

In this work, photocatalytic degradation of 1H-benzotriazole (BT; 99%, Acros Organics,
NJ, USA), imidacloprid (IML p.a., Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
and diclofenac (DF; p.a., Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were studied.
As a reference measurement, photocatalytic degradation of methylene blue (MB; VWR
International, Leuven, Belgium) was studied as well. Model solutions were prepared with
initial concentrations as follows: Cy(BT) = 5 ppm, Co(IMI) = 5 ppm, Cy(DF) = 10 ppm and
Cp(MB) = 25 ppm in accordance with the literature findings [7,67,75].

Concentrations of IMI and DF were determined by high-performance liquid chro-
matography (HPLC-UV, Agilent Technologies 1200 Series, Santa Clara, CA, USA). A mix-
ture of 0.1% of formic acid and methanol was used as a mobile phase along with the flow
rate 0.5 mL/min and 0.3 mL/min for IMI and DF, respectively. Detection was at 254 [76]
and 258 nm, respectively [77].

Decrease of concentrations of BT and MB were determined by UV-Vis spectropho-
tometry (Avantes AvaLight-DH-S-Bal Spectrometer, Lafayette, USA) at 256 nm [78] and
660 nm [39,43,44,79-81], respectively. Regarding the MB, visible photodecolorization was
observed as a result of degradation.

3.2. Photocatalysts Preparation

In the experiments, two photocatalysts were used: commercial TiO, (Evonik Oper-
ations GmbH, Aeroxid® TiO, P25, Hanau-Wolfgang, Germany, 30 nm, 56 m2/ g, 75:25
anatas to rutil mass ratio) and TiO, /CNT, a mixture of TiO, and CNT (MWCNT, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany, 50-90 nm, >95% carbon) in a ratio of 10:1
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(w:w) (Figure 7). Both photocatalysts were immobilized on a glass fiber mesh (Kelteks,
Karlovac, Croatia, density 480 g/m?) of defined dimensions (480 x 250 mm) by modified
sol-gel procedure [52]. According to the procedure, photocatalyst (TiO; or TiO,/CNT) is
added in a solution of distilled water and ethanol (p.a. 96%) with volume ratio 1:1 and
stirred for 15 min during which the pH is adjusted to 1.5 with the addition of acetic acid
(Kemika, Zagreb, Croatia). Homogenization of solution is then performed by ultrasonic
probe for 2 min (30 W, 20 kHz). After sonication, tetraetoxysilane (TEOS) was added and
immobilization solution was stirred for 1 h at 50 °C. Meanwhile, glass fiber mesh was cut to
prepare supports for the immobilization. Supports were cleaned with ethanol, treated for
5 min with 10 M NaOH and rinsed with deionized water. Pretreated supports were 4 times
in a row dipped in immobilization solution and then dried at 70 °C for 30 min. The immo-
bilization procedure was finished after an additional week of immobilized photocatalysts
drying at room temperature.

(a) (b)

Figure 7. The image of photocatalysts: (a) TiO, photocatalytic film on glass fiber mesh, (b) TiO, /CNT
photocatalytic film on glass fiber mesh.

Characterization was performed by using Raman spectroscopy (HORIBA Jobin Yvone
T64000 spectrometer, Bensheim, Germany) with a 532.5 nm, solid-state laser excitation); the
scanning electron microscopy (FEG SEM Quanta250 FEI microscope, Hillsboro, Oregon,
USA) and diffuse reflectance spectroscopy (DRS, Perkin-Elmer Lambda 35, Waltham, MA,
USA). Additional information were described in more details in our previous paper [52].

3.3. Reaction Set Up

The experiments were performed in a compound parabolic collector (CPC) reactor
(Figure 8) which represents state-of-the-art in reactor design. The CPC reactor set up
consists of two parallel quartz tubes (L = 50 cm, Douter = 3 cm, Djpper = 2.7 cm) connected
with a PTFE U-tube of the same inner dimension to avoid changes in flows rates. Quartz
tubes are placed in a compound parabolic mirror made of highly reflective alumina (JBL,
Neuhofen, Germany, Solar Reflect 50).

As an irradiation source, a custom-made panel with three full spectra lamps (JBL,
Neuhofen, Germany, Solar Ultra linear fluorescent lamps: Color, Tropic and Nature, T5,
145 cm, nominal power 80 W) and corresponding reflective mirrors (JBL, Neuhofen, Ger-
many, Solar Reflect 146) was used. The UVB and UVA intensities were determined at the
lamp wall (Iy) by UVX radiometer (UVP Products, Analytik Jena US LLC, Upland, CA)
fitted with corresponding longwave UV-A UVX-36 (range 335-385 nm) and midrange UV-B
UVX-31 (range 280-340 nm) sensors of £ 5% accuracy (Figure 9). The CPC reactor was
inclined at 12° in correspondence with the inclination of a custom-made panel which was
set up at 10 cm above the reactor.

268



Catalysts 2022, 12, 1463

Figure 8. The set up for the CPC reactor. (1) Solution mixing and sampling; (2) Peristaltic pump;
(3) Irradiation source; (4) CPC reactor.

Average lamp emission (/,))
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} ! '
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photocatalytic layer in CPC

75, 80 W

Figure 9. Average incident irradiation intensities on photocatalyst surface in CPC regarding lamps’
positioning.

The CPC reactor was attached to a beaker of work volume 1.5 L with silicone tubes and
peristaltic pump (Masterflex®) of workflow 26.5 cm®/s. The volume of CPC reactor with
the tubes was 0.5 L. The beaker was placed on the magnetic stirrer in order to maintain the
equilibrium in the solution. The CPC reactor was connected to the beaker in recirculation
with the silicone tubes.

For the purposes of research, photolysis and photocatalysis experiments were con-
ducted following the same methodology for all the model solutions. To achieve sorption
equilibrium, the model solution was first recirculated for 30 min without irradiation. In the
next 120 min, photolysis and photocatalysis were measured. To estimate the adsorption of
model pollutants on the photocatalytic films, control experiments were conducted in ‘dark’
in the full length of 120 min. All experiments were conducted three times and average
values were reported.

3.4. Mathematical Modeling of Intensification Factors

Determination of differences in the degradation rates of model pollutants due to
different photocatalytic films requires proper modeling of kinetics parameters.

The basic kinetic Equation (1) was modified into Equation (4) to incorporate intrin-
sic parameters related with the photocatalytic degradation of selected pollutants over
irradiated TiO; film.

ri = —ki((ulo(L, W) yvp + (lo(L, W) yya) " [X]" )

The p(m™~!) stands for the absorption coefficient averaged over the spectrum of in-
cident irradiation (in UVB and UVA region), while the Io(L,W) (W m~2) stands for the
incident photon flux at the film surface along its length, and m is the order of reaction with
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respect to irradiation absorption. By introducing the (uly(L,W))" into the kinetic model,
resulting reaction rate constants became independent of irradiation condition and applied
catalysts [82]. Therefore, k; stands for the intrinsic degradation rate constant of selected
pollutant (7).

By introducing the intensification index, Y, Equation (4) was modified into Equation (5):

ri = —kiYeat (1Io(L, W) yyp + (#Io (L, W) gya) " [X]" )

The Y, assumes the enhancement in light absorption by photocatalysts, both in the UVA
and UVB region but also in the visible part of applied irradiation. It can be used for facile
determination of total intensification for new and improved photocatalyst formulations.

The reaction kinetic model was further combined with the material balance for plug
flow reactor in recirculation. The Reynolds number was estimated using the hydraulic
diameter equal to the wetted perimeter and for maintained flow in CPC was 134.8. Despite
the laminar flow, average velocity was used neglecting the radial and axial differences in
the velocity profile. The averaged fluid velocity was estimated at v = 4.99 x 1072 m/s in
CPC, which was used in all related models. In CPC, outlet flow mixed with the reaction
mixture in the recirculation tank led to different inlet concentrations in different reaction
times. Material balance is given for the perfectly mixed reservoir tank:

dIx; out .
Vtzmk% = Q([Xi];:;nk - [Xi}?aui;k) (6)

where

L 4Xi]
dL

The numerical simulation was performed dividing the reaction space along the length

and width—i.e., L and W directions—in sufficiently small intervals. A small-time increment

(At) equal to the reactor space time (Tt = VR /Q) was introduced. The material balance in

the reactor was solved at time t. The time step counter was increased, and the procedure

repeated. All simulations were performed in VBA module (Excel). Reaction rate constants

(k;, sTTW~05m!?) were determined by the trial-and-error method fitting the experimental
values into the model by minimizing the variance.

e %

4. Conclusions

Photocatalytic degradation of DF, IMI, BT, and MB by immobilized TiO, and TiO, /CNT
photocatalysts were achieved. Mathematical modelling which included mass transfer
and photon absorption was applied and intrinsic reaction rate constants were estimated:
kpp = 3.56 x 107105~ W=05m15 v =890 x 107 s TW05m15 kpp = 1.20 x 1079571
W9 mld kg = 1.62 x 10719571 W=05m15, In comparison with TiO, photocatalysis,
intensification of photocatalysis by TiO,/CNT was observed for DF (10% to 29%), IMI (4%
to 29%) and MB (6% to 16%), while that was not the case for BT (32% vs. 26%.). Applied
mathematical kinetic models can be effectively applied for different irradiation conditions
which makes it extremely versatile and adaptable when predicting the degradation extents
throughout the year using sunlight as the energy source at any location.
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Abstract: Pristine tungsten disulfide (WS;) nanosheets are extremely prone to agglomeration, leading
to blocked active sites and the decrease of catalytic activity. In this work, highly dispersed WS,
nanosheets were fabricated via a one-step in situ solvothermal method, using sepiolite nanofibers
as a functional carrier. The ammonium tetrathiotungstate was adopted as W and S precursors, and
N,N-dimethylformamide could provide a neutral reaction environment. The electron microscope
analysis revealed that the WS, nanosheets were stacked compactly in the shape of irregular plates,
while they were uniformly grown on the surface of sepiolite nanofibers. Meanwhile, the BET
measurement confirmed that the as-prepared composite has a larger specific surface area and is more
mesoporous than the pure WS;. Due to the improved dispersion of WS, and the synergistic effect
between WS, and the mesoporous sepiolite mineral which significantly facilitated the mass transport,
the WS, /sepiolite composite exhibited ca. 2.6 times the photocatalytic efficiency of the pure WS, for
rhodamine B degradation. This work provides a potential method for low-cost batch preparation of
high-quality 2D materials via assembling on natural materials.

Keywords: photocatalysis; rhodamine B degradation; sepiolite nanofibers; catalyst support; WS, nanosheets

1. Introduction

Since the last century, the environmental pollution caused by excessive discharge of
organic pollutants in wastewater has led to the inadequacy of freshwater resources and
threatened human health [1,2]. To solve these issues, photocatalysis could be regarded as
a green and economical method. In fact, the rapid recombination rate of photogenerated
electron-hole pairs and low solar light energy utilization efficiency significantly reduced
the photocatalytic efficiency [3]. Compared with the prior photocatalysts containing ZnO
and CdS, transition metal dichalcogenides (TMDCs) have received substantial interest due
to their sandwich-like layered structure, strong photocatalytic activities, and favorable
optical and electronic properties. WS; as a typical TMDC has been studied deeply due to
its suitable bandgap, excellent stability, and nontoxic features [4,5]. However, pristine WS,
has high specific surface energy and poor dispersion, and the spontaneous agglomeration
of WS, with high specific surface energy always leads to a decrease in exposed active sites,
which causes an unsatisfactory photocatalytic degradation effect. Thus, there has been
little study on photocatalytic degradation of organic wastewater by pure WS,, which has
seriously hindered its practical application.

Fortunately, the development of supported WS, photocatalysts has become a feasible
and promising approach. The active components dispersed on the surface of the support
could increase the specific surface area and improve the catalytic efficiency of the active
components per unit mass. A series of materials were combined with pure WS, to improve
the photocatalytic performance. In previous reports, many carriers have been adopted to
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support WS,, such as graphene [6], reduced graphene oxide [7], TiO; [8], CdS [9], ZnO [10],
BiyMoOg [11], etc. However, the high fabrication cost and complex process made these
carriers unsuitable for broad applications. Natural minerals have the advantages of low
cost, environmental friendliness, special morphology, and unique properties, which make
them a very promising candidate for carriers. To date, different mineral-based composites
with highly dispersed active compounds have been successfully synthesized.

Mineral materials are widely available and have been reported as catalyst carriers.
Sepiolite (Sep) is a kind of natural magnesium silicate clay mineral, which is abundant in
nature. Ascribed to the 1D fibrous structure, it has a strong adsorption capacity and high
specific surface area [12-15]. As a carrier, sepiolite can improve the dispersion of materials.
In addition, the interface effect between sepiolite and the loaded material can also enhance
the photocatalytic performance. Sep has attracted much attention in the field of adsorbent
and functional carrier for wastewater treatment [16-19].

In our previous studies, we have successfully synthesized ultrathin MoS; nanosheets
with the assistance of sepiolite and tourmaline [20,21]. Herein, a novel WS, /Sep composite
with few layered WS, nanosheets was fabricated via an environmentally friendly and
simple solvothermal route. The ultrathin WS, nanosheets that uniformly grow on the
surface of the Sep led to the exposure of more surface-active sites and the solution to
agglomeration. Furthermore, the WS; /Sep composite exhibited much higher photocatalytic
efficiency toward rhodamine B (RhB) degradation than the pristine WS,, and the synergistic
effect between WS, and Sep was also noted. This work offers a new insight for low-cost
preparation of dispersed 2D material using natural minerals.

2. Results and Discussion
2.1. Crystal Phase and Groups Analysis

XRD patterns were recorded to examine the phase of the prepared pure WS, and
WS, /Sep composite (Figure 1a). All of the diffraction peaks of both the pure WS; nanosheets
and WS,/Sep composite matched well with the 2H hexagonal phase (JCPDS Card
No.87-2417) [22]. The XRD patterns showed that the main peaks of WS, of the WS, /Sep
were located at 26 = 13.775°, 28.6989°, 34.248°, and 47.105°, corresponding to the (002),
(004), (101), and (103) facets of WS,, and the diffraction peaks at 7.423°, 11.982°, 20.785°, and
26.667° corresponded well to the (011), (031), (131), and (080) facets of the Sep, respectively.
The d-spacing value of the composite corresponding to the peak at 13.775° was calculated to
be 6.4 A, which was close to that of the pure WS,. The few broad bread-like peaks could be
attributed to the partial crystallization of the WS, nanosheets. After the solvothermal treat-
ment, WS, was evenly dispersed on the support, and the diffraction peaks corresponding
to WS, were sharp and symmetric, further confirming the great crystallization of composite.
Furthermore, the FT-IR was used to identify the functional groups of the WS, /Sep sample
(Figure 1b). The broad absorption peaks at around 3567 cm ! and 1652 cm~! were ascribed
to the stretching vibration of the hydroxyl group of crystal water. The peaks at 1003, 975,
424, and 788 cm ! were ascribed to the stretching of the Si-O band in the Si-O-Si groups of
sepiolite. The peaks at 669, 688, and 645 cm ™! corresponded to the bending vibration of
Mg3OH. The peaks at 464 were attributed to Si-O-Al (octahedral) and Si-O-5i [23-25]. The
two intensive peaks at around 2358 and 2119 cm ! originated from the characteristic peaks
of hexagonal WS;. The results of XRD and FT-IR revealed the WS, /Sep maintained the
original crystal structure and surface functional groups of WS, and sepiolite.

2.2. Morphology and EDS Analysis

SEM, TEM, and HRTEM were used to observe the microstructure of the pure WS,
and WS, /Sep (Figure 2). The pure WS, with the shape of irregular plates consisted of
WS, nanosheets stacked compactly (Figure 2a). In Figure 2b, one can observe the WS,
nanosheets were uniformly anchored on the surface of Sep nanofibers, and a bark-like
structure was formed intimately; the WS, nanosheets in the WS, /Sep composite owned
better dispersion. Compared with the pure WS, nanosheets, the mineral material (i.e., Sep)
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as a support of the composite could significantly reduce the agglomeration of the WS,
nanosheets. Thus, more surface active sites of WS, could be exposed outside. The above
results provided direct evidence that the WS, phase had been uniformly loaded on the

Sep nanofibers.
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Figure 1. (a) XRD patterns of the pure WS; and WS, /Sep nanocomposites obtained via solvothermal
at 220 °C (b) and FT-IR spectra of the pure WS,, sepiolite, and WS, /Sep nanocomposites.

d__=0.62 nm

(002)

Figure 2. Morphology and structure of the pure WS, and WS, /sepiolite nanocomposite. (a,b) SEM
images of the pure WS, and WS, /sepiolite nanocomposite obtained via solvothermal; (c,d) TEM and

HRTEM images of WS, /Sep.

TEM and HRTEM observations were adopted to deeply investigate the microstructure
of the WS, /Sep composite (Figure 2¢,d), which further illustrated that the WS, phase had
been loaded successfully on the surface of the Sep nanofibers. Moreover, the HRTEM
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images (Figure 2d) indicated a lattice space distance of 0.62 nm, which corresponded to
the (002) facet of 2H-WS; [26,27]. Lattice spacing consistent with the d-spacing of Sep (031)
was also detected. In addition, the elemental mapping images (Figure 3) also confirmed
that WS, nanosheets were successfully assembled on the surface of Sep mineral.

50 nm

Figure 3. EDS mapping analysis of element distribution (b—f) in marked area (red rectangle in (a)) for
the WS, /Sep nanocomposite: S (b), W (c), Mg (d), Si (e), and O (f).

2.3. Nitrogen Adsorption-Desorption Analysis

Nitrogen adsorption-desorption isotherms and pore size distribution curves were
adopted to further compare the surface area and pore structure between the WS, /Sep com-
posite and pure WS, (Figure 4). Both the samples presented Langmuir type IV isotherms
with H3 hysteresis type loops, suggesting the existence of slit-like mesoporous structures
because of the stacking of sheets. This was consistent with the electron microscopy images.
The WS, /Sep composite possessed a specific surface area of 45.9 m?/g, which was much
larger than that of the pure WS, (25.3 m?/g). Meanwhile, the pore volume of the WS, /Sep
(0.107 cm?®/g) was also much larger than that of the WS, (0.048 cm3/g). Consequently, the
composite could expose more surface active sites and increase the number of mesopores,
which tended toward improving catalytic activity [28].

2.4. Photocatalytic Performance of RhB Degradation

Comparative experiments were performed to evaluate the performance of the WS, /Sep
nanocomposite for RhB degradation, which is shown in Figure 5. It can be clearly seen
that the WS, /Sep composite exhibited much higher photocatalytic efficiency than the pure
WS,. After 150 min catalysis, the RhB degradation rate for the pure WS, only reached
~18%, while it achieved ca. 76% for the WS, /Sep nanocomposites. The 4.2-fold improved
activity could be mainly attributed to the better dispersion of the WS, nanosheets [20]. In
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addition, the excellent synergies between the WS, nanosheets and Sep nanofibers could
also accelerate the photocatalysis, which will be further discussed in the following section.
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Figure 5. Photocatalytic activity of the WS, /Sep composite and pure WS;.

2.5. The Possible RhB Degradation Mechanism for the WS,/Sep Composite

Figure 6 shows the possible process of the photocatalytic RhB degradation in which the
synergic effect between the Sep and the grown WS; in the WS, /sepiolite nanocomposite is
illustrated. Under irradiation, the holes (h*) and electrons (e~) were produced. Then, the
dissolved O, would react with e~ and OH— would react with h* to generate superoxide
anion radical (-O;7) and hydroxyl radical (-OH), respectively [29,30]. Finally, the RhB
molecules adsorbed on the surface-active sites of the WS, were degraded to CO, and
H,O [31,32]. During this process, the excellent adsorption of Sep was conductive to
transferring the dissolved O, and RhB molecules to the active sites of the WS;, and the
abundant hydroxyl (-OH) groups on the Sep surface also benefited the production of
-OH [33-35]. Thus, in addition to the improved dispersion of WS;, the synergic effects
provided by the Sep during photocatalysis also enabled the WS, /Sep composite to exhibit
much higher photocatalytic activity than the pure WS; [36]. Furthermore, the presence of
mesopores favored multilight scattering, resulting in enhanced harvesting of the exciting
light, and accordingly, improved photocatalytic activity [37,38]. These mesopores also
facilitated fast mass transport and thus enhanced the performance [39,40].

279



Catalysts 2022, 12, 1400

Sepiolite . v

Figure 6. Possible RhB degradation mechanism of the WS, /Sep composite.

3. Experiment
3.1. Chemicals and Reagents

The Sep was provided by LB Nanomaterials Technology Co., Ltd. (Henan, China), and
the chemical analysis of the Sep was determined as S5iO; of 53.56 wt%, MgO of 36.79 wt%,
CaO of 5.53 wt%, Fe;O3 of 1.17 wt%, and other impurities of 2.95 wt%. The ammonium
tetrathiotungstate (HgN,S4W) and dimethylformamide (DMF) were supplied by Sigma-
Aldrich Co., Ltd (Shanghai, China). The (RhB) was purchased from Kewei Chemical Group
Co., Ltd. (Tianjin, China). All chemicals used in the experiments were of analytical grade.
These materials were used without further purification. Deionized (DI) water was used in
all experiments.

3.2. Synthesis of WS,/Sep Nanocomposite

The WS, /Sep nanocomposite was fabricated by a solvothermal method (Figure 7).
A total of 30 mg of HgN2S4W was dissolved in 15 mL of N,N-dimethylformamide (DMF)
and stirred for 0.5 h. Then, 10 mg of Sep powder was added into the solution and stirred
continuously for 0.5 h. Next, the above mixture was sonicated for 10 min. Later, the above
suspension was transferred into a 25 mL Teflon-sealed autoclave and heated to 220 °C for
24 h. After cooling down to room temperature, the final product was obtained by filtration,
washed several times with DI water, and dried in a vacuum oven at 80 °C for 12 h. The
preparation process of the pure WS, was similar to that of the WS, /Sep nanocomposite
but without the addition of Sep.

Figure 7. Schematic illustration for the synthesis process of WS, /Sep composite.

3.3. Physicochemical Characterizations of the Synthesized WS;,/Sep Composite

X-ray powder diffraction (XRD) analysis was performed with the working conditions
of Cu K radiation (A = 1.54 A), 40 mA, and 40 kV on a Smart Lab 9 KW X-ray diffractometer
from Rigaku (Tokyo, Japan). Fourier-transform infrared spectroscopy (FTIR) spectra of
the samples were recorded in a transmission mode from 400 to 4000 cm ! on a Tensor II
Fourier transform infrared spectrometer manufactured by Bruker (Saarbrucken, Germany).
The morphologies of the as-synthesized samples were observed by using a 5-4800 scanning
electron microscope working at 5 kV, from JEOL (Tokyo, Japan). Transmission electron
microscope (TEM) images, high-resolution TEM (HRTEM) images, and energy-dispersive
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X-ray spectroscopy (EDS) were carried out on a JEM 2100F transmission electron micro-
scope, from JEOL (Tokyo, Japan), with an accelerating voltage of 200 kV. The N, adsorption-
desorption tests were conducted on Autosorb-iQ2, from Quantachrome (Boynton Beach, FL,
USA). All samples were outgassed in nitrogen flow at 200 °C for 4 h before measurements. The
specific surface area (SSA) was evaluated using the Brunauer-Emmett-Teller (BET) method,
and the total pore volume was calculated at the relative pressure of approximately 0.99. The
pore size distribution was computed using the Barrett-Joyner-Halenda (BJH) method.

3.4. Photocatalytic Performance Tests

Photocatalytic activity of the as-prepared samples was assessed by the reduction of
RhB in aqueous solutions, using a 500 W Xe lamp equipped with a cut-off filter (A > 420 nm).
In a typical evaluation procedure, 20 mg of sample was added into 100 mL of RhB solution
with a concentration of 20 mg/L at room temperature [41]. The suspension solution stirred
vigorously in the dark for 0.5 h to reach the equilibrium of adsorption/desorption before
visible light irradiation. At an interval of 0.5 h, 5.6 mL of the suspension was collected
and centrifuged for absorbance analysis. The concentration of dye solution was analyzed
by recording the UV-vis spectra at wavelength of 553 nm using a Shimadzu UV-1800
spectrophotometer from Shimadzu (Shimane, Japan).

4. Conclusions

In summary, a novel WS, /Sep composite as a photocatalyst was successfully prepared
via a facile solvothermal method. The physicochemical characterization results confirmed
that the bark-like WS; nanosheets uniformly grew on the Sep nanofibers, which led to a
larger surface area and more exposed active sites. In a typical photocatalytic application,
the as-synthesized WS, /Sep exhibited considerably improved photocatalytic performance
for RhB degradation over the pure WS,, which could be mainly attributed to the better
dispersion of WS, nanosheets and the synergistic effect between the WS; nanosheets
and the Sep nanofibers’ support during the photocatalysis. This work is believed to
provide new ideas for the low-cost batch preparation of high-quality two-dimensional
materials based on natural minerals. However, further investigation of the as-developed
composite photocatalyst with respect to reusability and the versatility for the degradation
of other organic pollutants are still needed to see if there are any limitations to its practical
applications.
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