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This volume is focused on materials and processes for the electro- and photoelectro-
chemical removal of biorefractory pollutants and emerging contaminants from waters to
show the importance of electrochemistry and photoelectrochemistry in offering solutions
to current environmental problems. In addition, we highlight their interdisciplinarity and
emphasize the fundamental and applied aspects of these methods.

The research for innovative methods for removing pollutants from water has grown
along with the detection of new contaminants in water bodies, the so-called emerging
pollutants (EP), that can affect both flora and fauna and human health [1]: they include
products used daily in households, industry, pharmaceuticals and personal care products,
gasoline additives, plasticizers and microplastics [2]. Two main issues of EP are their
dynamic character, which is also connected to the improvement of detection techniques,
and the difficulty of removal by conventional wastewater treatment technologies. Moreover,
emerging pollutants constitute a threat—even at a trace level—because their real impact on
human health is unknown.

Although there are no discharge limits for most EP up to now, the European Commis-
sion has drawn up and implemented a watch list containing several chemical contaminants
that must be monitored with the aim to generate high-quality data on their concentra-
tions in the aquatic environment and to support the risk assessments that underpin the
identification of priority substances [3].

During recent years, electro- and photoelectrochemical processes have demonstrated
their capacity to efficiently oxidize many of these compounds. Starting from the early 1980s,
research on the electrochemical methods for treated wastewater has grown significantly,
and thousands of papers now appear in the literature. Although several tests demonstrate
the effectiveness of pollutant removal from synthetic and real matrices, this technology
is still far from full-scale applications. Its TRL (technology readiness level) is between 4
(technology validated in the lab) and 5 (technology validated in a relevant environment) [4].

More recently, photoelectrochemical processes in which electrochemical and photo-
chemical processes are combined has attracted increasing interest, thanks to the synergy of
the two processes: the application of a bias potential improves the photochemical process
and the electrochemical process is more efficient since the photo-potential generated on the
semiconductor allows for the depolarizing of the cell. This is why, in the last two decades,
the number of articles on photochemical wastewater treatment has quickly increased, and
the publication of these articles in specific journals indicates that the technology is moving
from the fundamentals to real applications [5]. Nevertheless, the TRL of the photoelec-
trochemical treatment of wastewater is still at the lab scale, and much more efforts are
required to push this technology toward applications in the field.

Thus, this special issue contributes to this context, addressing the synthesis, character-
ization, and application of new materials, as well as the study of catalytic processes and
reaction kinetics.

Catalysts 2021, 11, 666. https://doi.org/10.3390/catal11060666 https://www.mdpi.com/journal/catalysts
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Abstract: In the last decades, photocatalysis has arisen as a solution to degrade emerging pollutants
such as antibiotics. However, the reduced photoactivation of TiO2 under visible radiation constitutes
a major drawback because 95% of sunlight radiation is not being used in this process. Thus, it is
critical to modify TiO2 nanoparticles to improve the ability to absorb visible radiation from sunlight.
This work reports on the synthesis of TiO2 nanoparticles decorated with gold (Au) nanoparticles by
deposition-precipitation method for enhanced photocatalytic activity. The produced nanocomposites
absorb 40% to 55% more radiation in the visible range than pristine TiO2, the best results being
obtained for the synthesis performed at 25 ◦C and with Au loading of 0.05 to 0.1 wt. %. Experimental
tests yielded a higher photocatalytic degradation of 91% and 49% of ciprofloxacin (5 mg/L) under
UV and visible radiation, correspondingly. Computational modeling supports the experimental
results, showing the ability of Au to bind TiO2 anatase surfaces, the relevant role of Au transferring
electrons, and the high affinity of ciprofloxacin to both Au and TiO2 surfaces. Hence, the present
work represents a reliable approach to produce efficient photocatalytic materials and an overall
contribution in the development of high-performance Au/TiO2 photocatalytic nanostructures through
the optimization of the synthesis parameters, photocatalytic conditions, and computational modeling.

Keywords: Au-TiO2; antibiotics; emergent contaminants; nanocatalyst; photocatalysis; GFN-xTB
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1. Introduction

The resilience of specific emerging pollutants such as pharmaceuticals to the traditional wastewater
treatments makes them spread in variable concentrations in surface and groundwater [1]. Dissemination
of antibiotics in nature is one of the most significant environmental concerns as they affect biological
metabolism and induce the presence of bacterial resistance among drinking water sources [2].
Photocatalysis has received considerable attention from the scientific community as a possible solution
to degrade these compounds [3,4].

Typically, the photocatalytic process takes place when a catalyst is UV irradiated and electron-hole
pairs are created that will react with H2O, OH−, and O2 to generate oxidizing species such as the
hydroxyl radical (OH•), superoxide radical anions (O2•−), and hydrogen peroxide (H2O2). These
species will initiate a series of reactions that will degrade pollutants into harmless compounds (e.g.,
CO2 and H2O).

Photocatalysis presents several advantages when compared with other methods, such as the low
cost, and the eco-friendly and straightforward processing conditions [5,6]. Many photocatalysts have
been reported in the last decades [7,8]. Among them, titanium dioxide (TiO2) is the most studied
and applied in photocatalysis, mainly because of its remarkable optical and oxidizing properties,
superhydrophilicity, chemical stability, and durability [9,10]. Despite the compelling advantages of
TiO2, there are also some drawbacks. One of the main hurdles is the low spectral activation of TiO2,
caused by its wide bandgap (3.0–3.2 eV) excitation that only occurs under radiation in the UV or near
the UV region (410–387 nm) [11].

For this reason, solar radiation cannot be efficiently used because only less than 5% of this radiation
corresponds to UV [3]. Additionally, the process becomes less cost effective as the UV lamps are
required to provide the radiation. Another limitation is the electron-hole pair recombination that
decreases the photocatalytic efficiency [12,13].

The research developed in the last decades has been mainly devoted to surpassing those limitations
by producing new and more efficient photocatalytic materials. Strategies for metallic and nonmetallic
doping, co-doping [14,15], dye sensitization, semiconductor combination, co-catalyst loading, and
nanocomposite materials [16,17] have been used and tested. These approaches allow us to reduce the
electron-hole recombination rate and enhance the absorption of visible radiation of TiO2 by introducing
intermediate energy levels inside the bandgap [18]. In this scope, several works have reported the
functionalization of TiO2 nanoparticles surfaces with metals such as Au [19], Cu [20], Co [21], and
Ag [22]. When irradiated, noble metals nanoparticles at the TiO2 surface can receive electrons and
prevent the recombination of the photo-generated electron-hole pairs [23,24].

Metals such as Au and Ag can increase visible light absorption due to the surface plasmon
resonance effect [25,26]. Gold (Au) nanoparticles have attracted considerable attention, mainly because
they possess exceptional stability, nontoxicity, and biocompatibility [3]. Their properties are highly
dependent on the size and shape of the nanoparticles, allowing a broad range of applications [27,28].
For instance, the literature shows that gold nanoparticles in the range of 5 to 10 nm present an enhanced
catalytic activity [29,30]. In this sense, some works focused on the photocatalytic activity of Au/TiO2

nanocomposite have been published, including interesting review articles [3,29,31].
Different physical-chemical techniques have been exploited to produce Au/TiO2 nanocomposites

with enhanced catalytic properties. For instance, chemical vapor deposition [32], sol-gel [33], spray
pyrolysis [34], electrophoretic approach [35], deposition-precipitation (DP) [36], deposition-precipitation
using urea [37], impregnation [38], hybridization [39], and surface functionalization [40], among
others [41,42]. However, many of these techniques are time-consuming, and few of them have focused
on the optimization of the nanocomposite and the computational modeling of its nanostructure. Thus,
this work focused on the optimization of a DP, converting the Au/TiO2 nanocomposite production
into a cost-effective and straightforward technique, with enhanced photocatalytic activity, under UV
and visible radiation. The method optimization aims for cost reduction, using the lowest Au loading
that endows visible spectra photocatalytic activity to the nanocomposite. The computational studies
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provide further information about the electronic mechanism behind the enhanced photocatalytic
activity of the Au/TiO2 nanocomposite, as well as the interaction with the target compound.

The target compound is the fluoroquinolone ciprofloxacin (CIP) (chemical formula in
Supplementary Material, Figure S1), belonging to a class of synthetic broad-spectrum antibiotics [43],
which is mostly used in medicine (e.g., tuberculosis, pneumonia, or digestive disorders). It is also one
of the most prescribed fluoroquinolones in the world and studies has shown its presence in potable
water and wastewater, as well as in sewage sludge at variable concentrations from milligrams to
nanograms per liter [2,44].

In this work, photocatalytic efficiency during the degradation of CIP under UV and visible
illumination was assessed. To the best of our knowledge, this is the first work that combines an
optimization process of Au/TiO2 nanocomposite with photocatalytic experiments for CIP degradation
and computational modeling that addresses the interaction between Au and TiO2 nanoparticles, as well
as the interaction of CIP with the produced nanocomposites.

2. Results and Discussion

2.1. Nanocomposite Characterization

The Au/TiO2 nanocomposites were produced by nanoprecipitation method, and the temperature
(25, 60, and 80 ◦C) and the Au loading (ranging from 0.025 to 0.5 wt. %) were changed to understand
how these parameters affect the morphology of the nanocomposites and relate it to the photocatalytic
efficiency. In this sense, scanning transmission electron microscopy-high-angle annular dark-field
imaging (STEM-HAADF) analysis was performed, and the micrographs of the different nanocomposites
are displayed in Figure 1.

 
Figure 1. Scanning transmission electron microscopy-high-angle annular dark-field imaging
micrographs of Au/TiO2 nanocomposites synthesized with different Au loadings at 60 ◦C (a–c),
and Au/TiO2 nanocomposites obtained at different temperatures with an Au loading of 0.05 wt. % (d–f).

The Au loading study (Figure 1a–c) was assessed producing different nanocomposites using the
same experimental conditions (temperature = 60 ◦C) and changing the loading of gold exclusively,
from 0.025 to 0.5 wt. %. The STEM-HAADF micrographs show that for the sample with 0.025 wt. %
of Au (Figure 1a), the presence of Au nanoparticles over the surface of the TiO2 nanoparticles was
almost inexistent (Figure 1a). With the increase of Au loading to 0.05 wt. % (Figure 1b), it was possible
to observe a homogeneous distribution of predominantly small Au nanoparticles (bright contrast
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nanoparticles below 5 nm in diameter) over the TiO2 nanoparticles. Similar results were obtained for
0.1 wt. % (data not shown). For the concentrations of 0.25 and 0.5 wt. % (Figure 1a–c), agglomerates of
Au over theTiO2 nanoparticles (brightest areas of the micrograph) were identified as well as large Au
nanoparticles. Analogously, the effect of temperature on the synthesis product was also performed
maintaining all the synthesis parameters (Au loading = 0.05 wt. % yielded a homogeneous distribution
and size of Au nanoparticles) and changing the temperature of the different samples. STEM-HAADF
images (Figure 1d–f) indicate that although the used Au loading was the same in the three temperatures
tested when the nanocomposite was synthesized at 80 ◦C, larger Au nanoparticles appeared more
frequently on the nanocomposite (Figure 1f). Conversely, at lower temperatures (25 and 60 ◦C), the Au
nanoparticles size was smaller (Figure 1d,e).

The study of the effect of Au loading and temperature in the nanocomposites morphology
indicates that the samples produced at 60 ◦C and with an Au loading of 0.05 wt. % possessed the more
homogeneous distribution and size of Au nanoparticles. In this way, a more detailed STEM-HAADF
analysis (Figure 2) was performed on this sample. Figure 2a,b reveal a homogeneous dispersion
of Au nanoparticles (white arrows) over TiO2 nanoparticles’ surface. The representation of the
sphere-like shape of Au nanoparticles in Figure 2c, where an high-resolution scanning transmission
electron microscopy – high-angle annular dark field shows that single-crystal nanoparticles with high
crystallinity were produced by the proposed method. Size distribution, ranging from 1 to 7 nm, and
the average size of 3.2 ± 1.13 nm (Figure 2d), were quantified using Image J software applied to
400 nanoparticles. The size distribution of Au nanoparticles for synthesis at 25 ◦C and 80 ◦C is provided
in Supplementary Material (Figure S2). All the images show Au nanoparticles with similar sizes, which
is in good agreement with the size distribution histogram that presents a sharp size distribution.

 
Figure 2. STEM-HAADF micrographs of Au/TiO2 nanocomposites (produced at 60 ◦C and Au loading
of 0.05 wt. %) at different scales (a) 50 and (b) 200 nm; detail of Au nanoparticle over TiO2 nanoparticles’
surface and single Au nanoparticle amplification (inset) (c); size distribution of 400 Au nanoparticles
with the respective average size (d).
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The STEM-HAADF- energy-dispersive X-ray spectroscopy (EDX) measurements allowed us to
identify the elements present in the Au/TiO2 sample in two different points, 1 and 2 (signaled in
Figure 3a). STEM-HAADF-EDX spectra in Figure 3b in point 1 indicate the presence of Au and Cu
(copper), which can be respectively addressed to Au nanoparticles and copper grid. In point 2, the
signatures of Ti (titanium) and O (oxygen) were identified, corresponding to TiO2 nanoparticles. Thus,
EDX measurements confirmed the presence of all the elements of the Au/TiO2 nanocomposite.

Figure 3. The STEM-HAADF- energy-dispersive X-ray spectroscopy (EDX) image of Au/TiO2

nanocomposites with the identification of the measured points: Au (1) and TiO2 (2) (a), EDX spectra
with elemental identification (Au, Ti, O, and C) for points 1 and 2 (b). The Au/TiO2 nanocomposite
synthesized at 60 ◦C and with an Au loading of 0.05 wt. % was used.

X-ray diffraction was performed to assess the crystal structure of the pure TiO2 nanoparticles and
Au/TiO2 nanocomposite, Figure 4a. Both samples show the typical reflexes from anatase (25.3◦, 37.8◦,
and 48.0◦) and rutile (27.49◦). There was no significant difference between the intensities or positions of
the reflexes from both samples. Moreover, no reflexes of Au were detected, which can be explained by
the low amount of Au present in the nanocomposite (below detection limit). Figure 4b shows the study
of hydrodynamic size for TiO2 and Au/TiO2 nanocomposites obtained by dynamic light scattering
(DLS). The results indicated nanoparticles diameters of 1023 nm and 342 nm, for the pristine TiO2 and
the Au/TiO2 nanocomposites, respectively. The results suggest that the presence of Au nanoparticles
over TiO2 nanoparticles surface may prevent the formation of nanoparticles’ aggregates. On the other
hand, the size distribution was broader for the nanocomposites regarding the pristine TiO2. Previous
work equally showed that the presence of erbium (Er) on TiO2 nanoparticles contributed to reducing
the hydrodynamic size when compared with bare TiO2 [15].

The zeta potential was studied at different pH values (3, 5, 7, 9, and 11) for TiO2 and Au/TiO2

samples and the results are displayed in Figure 4c. The pristine and the Au/TiO2 presented very
similar profiles, with higher zeta potential values ≈ |20|mV for pH below 3 and 9. These data were in
good agreement with the literature [45], with positive zeta potential values for acidic conditions and
negative values for basic pH. The more significant difference between the two samples occurred at
pH = 7, with the nanocomposite presenting higher zeta potential values than the pure TiO2. Higher
zeta potential values mean that nanoparticles possess higher periphery surface charge, which promotes
nanoparticles’ repulsions, avoiding aggregates’ formation and enhanced stability [46]. In this context,
and relating it with DLS-obtained results, the smaller hydrodynamic size was probably obtained for the
Au/TiO2 because repulsions endowed by Au on TiO2 nanoparticles surface prevented the formation of
the aggregates.
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Figure 4. X-ray diffraction reflexes of pristine TiO2 and Au/TiO2 nanocomposite and identification of
the representative peaks for anatase (A) and rutile (R) phases (a); dynamic light scattering, intensity
size distribution of the pristine TiO2 and the Au/TiO2 nanocomposite and respective Z-average
hydrodynamic size (b); zeta potential measurements, performed at different pHs (3, 5, 7, 9, and 11)
for pristine TiO2 nanoparticles and Au/TiO2 nanocomposite (c); UV–vis reflectance spectra of pristine
TiO2 and Au/TiO2 and (inset) the estimation of the bandgap for both samples at (F(R))1/2 = 0 (d).
The Au/TiO2 nanocomposite synthesized at 60 ◦C and with an Au loading of 0.05 wt. % was used.

To understand the differences in the photocatalytic performance of TiO2 and Au/TiO2

nanocomposite, the optical properties of these materials were studied by UV-visible diffuse reflectance
spectra (DRS), depicted in Figure 4d. In the visible range (400–800 nm), the pure TiO2 nanoparticles
reflect the radiation almost entirely (≈ 95%). However, the nanocomposite displays reflectance below
64% for the same range. Additionally, a minimum reflectance (≈ 44%) was obtained at 545 nm,
indicating a maximum of absorbance band that can be associated with the surface plasmon of Au
nanoparticles, typically in the wavelength range between 520 and 560 nm [47,48]. These results
show that the nanocomposite presented a broad absorbance spectrum when compared to the pristine
TiO2 nanoparticles, which is also consistent with the purple/pink color exhibited by the produced
nanocomposite. In the ultraviolet range (200–400 nm), both samples showed similar behavior.

From DRS spectra it was possible to estimate the band gap, shown in the inset graph of Figure 4d,
for pure TiO2 and Au/TiO2 nanocomposite was converting the reflectance to Kubelka–Munk units
through Equation (1) and Equation (2). The obtained values show that the nanocomposites possessed a
lower bandgap (2.84 eV) than the pristine TiO2 nanoparticles (2.96 eV). The decrease of the bandgap in
Au/TiO2 was related to the shift absorption to longer wavelengths. Similar results have been reported
in the literature [49,50].
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2.2. Nanocomposites’ Optimization and Photocatalytic Experiments

The photocatalytic activity of all the produced Au/TiO2 nanocomposites was assessed by
monitoring the degradation of CIP under artificial UV and visible irradiations. Process conditions
were varied depending on the studying purposes.

Nanocomposite Optimization

As gold is a noble metal, cost-effectiveness should be considered, and the amount of gold used in
the nanocomposite is one of the most paramount parameters. In this study, Au loading was varied by
using different concentrations of the gold precursor. The tested Au loadings were 0.025, 0.05, 0.1, 0.25,
and 0.5 wt. %. These nanocomposites were employed for the photocatalytic degradation of CIP under
both UV and simulated visible radiation.

Figure 5a shows the data of photocatalytic experiments under UV light. Accordingly, all produced
samples and the pristine TiO2 used as a control showed photocatalytic activity, proven by the decrease of
CIP concentration along with the irradiation time. As confirmed by the diffuse reflectance spectroscopy
(Section 2.1), the bandgap of the nanocomposites was 2.84 eV, corresponding to the wavelength of
437 nm. Here, the used UV lamp had the mode wavelength of 365 nm, which was shorter than the
bandgap. It means that the photon energy was adequate to excite the photocatalytic materials, and
photocatalytic reaction occurred in all experiments. Pristine TiO2 was compared with the synthesized
photocatalysts. After 30 min, 77% of CIP was degraded in the presence of pristine TiO2, whereas
higher degradation of 80–90% was achieved in the same time of irradiation, using the synthesized
photocatalysts, 0.05 wt. %. This efficiency can be assigned to the presence of gold particles on the
surface of the photocatalysts, confirmed by the TEM and EDX characterization (Section 2.1). The further
quantitative inspection was obtained using the Langmuir–Hinshelwood kinetics (Equation (3)), and
data are shown in Table 1. The apparent reaction rate constant k of the experiment with the bare TiO2

was found to be 0.047 min−1, while the decoration with gold particles improved the photocatalytic
activity by 2–3 times. As predicted, in the presence of gold, the excited electrons may be conducted to
the gold particles, and the electron-hole recombination may be reduced, which prolongs the lifetime of
generated holes [51,52].

Consequently, the photocatalytic activity of the composites increased. Additionally, the increase
of the used chloroauric acid concentration might induce a more significant number of gold particles
distributed on the TiO2 surface. In other words, the number of electron absorption centers was
increased, which explains the increase of k from 0.078 to 0.131 min−1 when increasing the Au loading
from 0.025 to 0.5 wt. %. However, the further increase in the Au loading caused a decrease in k. These
results can be addressed to the loss of photocatalytic active sites on the surface of TiO2 nanoparticles.
Based on the TEM images shown in Figure 1, when the Au loading was very high both the amount
and the size of Au nanoparticles over the surface of TiO2 nanoparticles were larger, which contributed
to a reduction of the adsorption and probably to mitigate the radiation absorbance by the catalytic
nanoparticles. Together, these limitations contributed to reducing the photocatalytic efficiency of the
nanocomposite towards the samples with lower amounts of Au and demonstrated the relevance of
optimizing the Au loading.
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Figure 5. Photocatalytic degradation of ciprofloxacin (5 mg/L) with bare TiO2 and Au/TiO2

nanocomposite with different Au concentrations under 30 and 180 minutes of UV (a) and visible (b)
radiation. The degradation with bare TiO2 and Au/TiO2 nanocomposites synthesized at different
temperatures and Au loading of 0.05 wt. % under 30 and 180 minutes of UV (c) and simulated visible
light radiation (d), respectively.

Table 1. Apparent reaction rates (k) for photocatalytic degradation of ciprofloxacin (CIP) (5 mg/L) with
bare TiO2 and Au/TiO2 nanocomposite with different Au loadings, over 30 and 180 minutes of UV and
simulated visible radiation, respectively.

Au loading
(wt. %)

UV Simulated Visible
k (min−1) k (h−1)

0 0.047 0.073
0.025 0.078 0.211
0.05 0.099 0.242
0.1 0.131 0.211
0.25 0.089 0.195
0.5 0.076 0.202

The photocatalytic assays performed under visible illumination are shown in Figure 6b. Regarding
these assays, it is essential first to mention the controls (Supplementary Material, Figures S3 and S4),
which have shown that the CIP solution was stable under simulated visible radiation, demonstrating
its photostability. Moreover, another control was performed by adding the Au/TiO2 nanocomposites to
CIP solution in the dark for 180 minutes. In this case, approximately 11% of CIP was removed from the
solution by adsorption to the Au/TiO2 nanocomposites.

10



Catalysts 2020, 10, 234

 
Figure 6. Degradation efficiency (%) (a) and ln (C/C0) vs. time (b) for different initial ciprofloxacin
concentrations (5, 10, and 25 mg/L), using Au/TiO2 nanocomposites produced at 60 ◦C and with an
Au loading of 0.05 wt. %, under 3 hours of simulated visible radiation. Photocatalytic degradation of
ciprofloxacin (5 mg/L) in 45 mL of aqueous solution with different Au/TiO2 concentrations (0.1, 0.3, 1.0,
and 1.3 g/L). The Au/TiO2 nanocomposite synthesized at 60 ◦C and with an Au loading of 0.05 wt. %
was used. The tests were performed over 30 minutes under UV irradiation (c).

With the information from controls, it is possible to understand the photocatalytic efficiency of the
tested materials better. Similarly, to the UV light experiments, the degradation rates of all produced
nanocomposites were faster than that with the bare TiO2. TiO2 could remove ≈ 33% of CIP after
180 min of simulated visible irradiation. This CIP removal may be assigned to adsorption, confirmed
by controls performed in the dark (as above mentioned). Additionally, the sun simulator device had a
small percentage (≈ 3%) of UV radiation (to mimic sunlight radiation). This radiation can induce a low
photocatalytic activity on bare TiO2, which, together with the adsorption of CIP, is responsible for its
removal from the solution.

More importantly, the decoration of gold particles on the TiO2 surface resulted in the faster
degradation rate of CIP under visible radiation. The bandgap of the composites was lowered, from
2.96 eV to 2.84 eV (Section 2.1). Similar results were obtained for methylene blue degradation using
Au/TiO2 nanoparticles. The authors obtained higher degradation efficiencies and ability to use visible
radiation [37]. Thus, the materials could absorb the longer wavelength in the visible range (up to
437 nm). The reaction rates’ constant increased from 0.073 h−1, without Au, to 0.195−0.224 h−1, with
different Au loadings (Table 1).

The obtained results, for UV and visible radiation, confirmed that the photocatalytic efficiency
of the TiO2 nanoparticles was enhanced with the Au loading, until a specific plateau. When the
Au loading was higher than 0.1 and 0.05 wt. %, respectively, for UV and visible radiation, the gold
nanoparticles can block the surface-active sites of TiO2 nanoparticles [53,54]. Furthermore, an excessive
amount of Au nanoparticles can play as recombination centers for photo-induced electrons and holes.
Both situations can contribute to a significant reduction of pollutant adsorption and, consequently,
the photocatalytic efficiency [55]. The remaining assays of this study will be performed with an Au
loading of 0.05 wt. %.

Another critical parameter that is worth to stress and study is temperature, which can affect the
surface charge phenomenon and the dispersity of the TiO2 particles in the solution during the synthesis.
It can also influence the nucleation and the gold particles’ crystal growth on the TiO2 nanoparticle
surface. In this study, the synthesis was operated at 25, 60, and 80 ◦C, and the photocatalytic degradation
of CIP, with the nanocomposites produced at different temperatures, was performed under UV and
visible radiation (Figure 5c,d and Table 2). Regardless of the synthesis temperature, the photocatalytic
activity of the nanocomposites (Au loading = 0.05 wt. %) was equal or higher than that of the bare TiO2.
Here, the synthesis at the room and medium temperatures (25 and 60 ◦C) yielded the more efficient
photocatalytic materials, for UV and visible radiation, towards higher temperature synthesis (80 ◦C).
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Table 2. Apparent reaction rates (k) for photocatalytic degradation of CIP (5 mg/L) with bare TiO2 and
Au/TiO2 nanocomposite synthesized at different temperatures, over 30 and 180 minutes of UV and
simulated visible radiation, respectively. The Au loading of 0.05 wt. % was used for the tested materials.

Temperature (◦C)
UV Simulated Visible

k (min−1) Degradation (%) k (h−1) Degradation (%)

TiO2 0.66 80 0.073 20
25 0.131 88 0.221 48
60 0.117 91 0.226 49
80 0.047 80 0.176 41

For both types of radiation, the sample obtained at 60 ◦C presented higher degradation efficiencies
(Table 2), 91% and 49% of CIP degradation under UV (30 min) and visible radiation (180 min),
respectively. On the other hand, the synthesis performed at 80 ◦C revealed lower degradations rates
of 80% and 40% for UV and visible radiation, respectively. Other works have reported that higher
temperatures accelerate the reduction process and yield broader Au nanoparticles size distributions [56].

In this context, when the synthesis occurred at 80 ◦C, the size of Au nanoparticles produced
was larger than the sizes obtained with 25 ◦C and 60 ◦C (in good agreement with STEM-HAADF
micrographs, Figure 1). Similarly to what happened with the Au loading, when the amount of Au on
the surface of TiO2 was too high, the active sites were blocked and the pollutant adsorption can be
limited. Compared with bare TiO2, these results corresponded to a degradation efficiency increase of
approximately 13% and 145% for UV and visible radiation, respectively.

Both under UV and visible radiation, another control was performed (Figure 5c,d) by testing
single Au nanoparticles at the very same amount of Au (corresponding to 0.05 wt. % obtained at 60 ◦C)
and TiO2 nanoparticles on CIP degradation. The results confirmed that the photocatalytic efficiency
obtained by the nanocomposites should be assigned to the interface between Au and the TiO2 surface.

2.3. Photocatalytic Degradation

The rate of photocatalytic degradation depends on the availability of the catalyst surface for the
photo-generation of electron-hole pairs that produce hydroxyl radicals. Thus, in these experiments,
the amount of catalyst was kept constant, and the number of hydroxyl radicals generated remained
the same, while CIP concentration increased. The influence of CIP initial concentration of 5, 10, and
25 mg/L was studied under visible irradiation. It was observed that the CIP concentration impacted
by the degradation rate and efficiency (Figure 6). With the lowest CIP concentration, 40% of CIP
degradation was obtained after 30 min. With the increase of concentrations by 2 and 5 times, the
efficiencies achieved were 22% and 8%, respectively. In these tests, while using the photocatalyst
concentration of 0.3 g/L, the adsorption of the CIP on the Au/TiO2 nanoparticles surface might be halted
due to surface saturation. Additionally, the presence of organic compounds such as CIP can generate
an increased number of intermediates and products, which will compete with CIP for adsorption on
the photocatalyst surface [57]. This competition caused a lower reaction rate for high CIP concentration.
The following assays, focused on the photocatalytic activity of the produced nanocomposites, were
performed using the lowest CIP concentration, 5 mg/L.

In short, the ratio between hydroxyl radical/CIP molecules decreased with higher concentrations,
causing lower photocatalytic activity. Moreover, higher CIP concentrations may also reduce radiation
harvesting by TiO2 nanoparticles surface, which will also contribute to decreasing the number of
hydroxyl radicals formed. Figure 6b displays the plot of ln (C/C0) vs. time at different initial CIP
concentrations. Linear plots were observed, and the R2 values were higher than 0.9, confirming that
the photocatalytic degradation of CIP obeyed pseudo first-order kinetics.

The optimal photocatalyst concentration was assessed through degradation of CIP with the
different amounts of Au/TiO2 nanocomposites, from 5 to 60 mg, which corresponded to a photocatalyst
concentration of 0.1 and 1.3 g/L, respectively. Experimental results are shown in Figure 6c.
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In general, with the photocatalytic concentrations of 0.1–1.0 g/L, ≈ 90% of the CIP in solution
was degraded, while with the higher concentration of 1.3 g/L, only 50% CIP was degraded after
exposure to the same UV irradiation time. At the lowest photocatalytic concentrations of 0.1–0.3 g/L,
the photocatalytic degradation increased significantly with the amount of nanocomposite. Indeed, the
increased amount of photocatalyst resulted in higher surface coverage, owing to the highest number of
active sites [58]. However, when increasing the concentration to 1.0 g/L, the degradation rate remained
unchanged. With the highest concentration of Au/TiO2, 1.3 g/L, the degradation was slowest likely
because of excessive turbidity that induced light extinguishment after penetrating a short distance from
the illuminated surface [59]. Most of the light might be extinguished after penetrating a short distance
from the illuminated surface of the suspension. Thus, photocatalytic particles in an inner region
could not be activated. The result agrees with other reports [58,60]. For this reason, the concentration
of 0.3 g/L (15 mg in 45 mL), which yielded the highest photocatalytic efficiency, was chosen for the
following photocatalytic activity assays.

The reproducibility of the nanocomposites efficiency was also tested using three independent
syntheses, performed under the same conditions. The produced samples were then used in the
photocatalytic degradation of CIP under visible radiation (results in the Supplementary Material,
Figure S5). The apparent reaction rate constant of the three experiments fluctuated around the value
of 0.219 ± 0.022 min−1. The standard deviation of 10% proved the reproducibility of the method to
enhance the photocatalytic activity of pure TiO2 nanoparticles and endow them with visible light
activity. It is also important to clarify that the Au concentrations used in this study were nominal, as no
inductively coupled plasma atomic emission spectroscopy (ICP-AES), or similar characterization, was
performed. However, given the considerable reproducibility of the method, the putative loss of gold
would by similar for all the Au concentrations tested, making them comparable.

3. Computational Modeling: Gold on Titanium Dioxide and Charge Transfer

A computational study was performed to rationalize the effect of gold nanoparticles on TiO2.
The GFN-xTB (Geometry, Frequency, Noncovalent, eXtended Tight-Binding) was used. GFN-xTB
is a new semiempirical method developed by Grimme et al. [61] that allows computing efficiently
systems with thousands of atoms. The GFN-xTB software used (version 5.4.6) did not allow us
to compute systems with periodic boundary conditions, so a finite system composed of a gold
nanoparticle adsorbed on a larger TiO2 nanoparticle was used. We chose a cuboctahedral (TiO2)97

anatase nanoparticle, which was found to produce bulk-like electronic properties [62] and had two
large, equal, flat surfaces of ~ 1.2 × 1.5 nm2 on which a cuboctahedral (Au55)−3, 10 nm diameter, gold
nanoparticle was adsorbed [63]. Several adsorption modes were possible, yet an exhaustive search
of these was beyond the scope of this study. We positioned the gold nanoparticle on four, arbitrary,
different orientations so that, in all cases, one of the faces of (Au55)−3 was parallel to the anatase flat
surface and minimized. In this minimization, the TiO2 coordinates were held fixed while the Au
first neighbors’ distances were constrained harmonically to an equilibrium value to force the gold
nanoparticle to keep its initial shape while retaining some flexibility. Two different pH conditions
were considered: (1) A neutral/basic pH represented by the bare (TiO2)97 anatase nanoparticles (i.e.,
without protonation), and (2) an acidic pH, where the eight under-coordinated oxygen atoms in the
anatase nanoparticle were protonated, (TiO2)97H8

+8, which should represent better the experimental
conditions (Figure 7).
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Figure 7. The (Au55(TiO2)97H8)+5 with standard atom coloring (left) with color-rendered atomic
charges (right), so that red represents negatively charged atoms, blue positively charged atoms, and
white neutral atoms.

To study the charge transfer between (Au55)−3 and (TiO2)97 and ((TiO2)97H8)+8, we computed
atomic charges specifically suited for condensed phases [64]. The analysis of the charges in
(Au55(TiO2)97)−3 and (Au55(TiO2)97H8)+5 (Figure 7) show that the Au nanoparticle transferred electrons
to the anatase, namely 4.7 electrons for neutral TiO2 and 4.3 electrons for the protonated TiO2. Most of
this charge was transferred directly to Ti atoms, namely 3 and 3.3 electrons for the neutral and
protonated case, respectively. So, the Au acted as an electron donor populating the Ti(d) states that
were responsible for the photocatalytic activity of the material. Consequently, Au may increase the
catalytic activity of the composite material through interfacial electron transfer. Interestingly, the
anatase surface also polarized the gold nanoparticle so that all atoms in direct contact with TiO2 were
more oxidized, i.e., had larger positive charges, see Figures 7 and 8.

This effect was observed in all cases, for neutral and acidic pH and when the harmonic constraint
on Au atoms was released, which indicates that the observed charge transfer is a fundamental process
of the Au-TiO2 interface. This corroborated the experimental controls shown in Figure 5c,d, showing
that separation of Au and TiO2 nanoparticles yielded lower efficiencies. Moreover, this finding also fit
previous DFT (density functional theory) calculations which found that an Au nanorod on a rutile TiO2

(110) surface might act as an activator for molecular oxygen through charge transfer to nearby Ti+4

atoms [65]. Mechanistically, the presence of Au activated superficial Ti+4 atoms nearby for catalysis via
direct charge transfer, which rationalized our experimental observation that lower Au loading and
small gold nanoparticles had larger catalytic activity than larger loadings and nanoparticles on TiO2.
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Figure 8. The (Au55(TiO2)97H8)+5 with only the titanium subnetwork and gold atoms with their
corresponding point charges.

Adsorption of Ciprofloxacin on Au55(TiO2)97H8
+58

We also explored the different energetics of a CIP molecule interacting with (Au55(TiO2)97H8)+58

on four different adsorption sites (Figure 9). All the adsorption modes were found to be binding,
i.e., exothermic, with energies ranging between 0.7 and 2.4 eV. The strongest binding was observed
for the structure with a large contact between the oxygen atom of the carboxylic group and the gold
nanoparticle, 2.4 eV. This binding was similar in energy to the adsorption on the anatase clean surface
(2.1 eV), which indicates that both processes might be competitive and that CIP molecules might also
adsorb near the gold/anatase interface where the Ti atoms were activated through electron transfer.

       2.1 eV             2.4 eV              0.7 eV                   1.5 eV 
Figure 9. Four possible adsorption geometries of CIP on (Au55(TiO2)97H8)+58 with corresponding
binding energies. The positive binding energies indicate that the process is exothermic.
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4. Materials and Methods

4.1. Materials

P25 TiO2 nanoparticles were kindly provided by Evonik (Essen, Alemanha). Gold(III) chloride
trihydrate, 99.9% CAS: 16961-25-4 (liquid solution) was purchased from Sigma-Aldrich (St. Louis,
Missouri, EUA). Sodium hydroxide (NaOH) was obtained from VWR (Radnor, Pensilvânia, EUA)
Millipore Milli-Q-system ultra-pure (UP) water was used in all the experiments.

4.2. Nanocomposite Synthesis

The Au/TiO2 nanocomposites were synthesized, as illustrated in Figure 10, dispersing 200 mg of
TiO2-P25 nanoparticles in 40 mL of ultra-pure (UP) water in a sonication bath for 30 min. Afterwards,
this solution was placed under agitation in a water bath at different temperatures (25, 60, and 80 ◦C),
using a thermostat to precisely control and stabilize the temperature, avoiding thermal gradients.
When the dispersion solution reached the desired temperature, different volumes from the chloroauric
solution (10 μL of Gold(III) chloride trihydrate in 100 mL of UP water) were added to achieve the
Au loadings of 0.025, 0.05. 0.1, 0.25, and 0.5 wt. %. The solution was then stirred for 10 minutes to
achieve a homogeneous distribution of gold precursor solution. Later, several volumes of a 0.1 M
sodium hydroxide solution (NaOH) were added dropwise and mixed for 10 minutes to obtain a pH = 9.
The solution was then centrifuged at 23,000 rpm, the supernatant discarded, and the nanocomposite
pellet redispersed in UP water with the ultrasonication for 1 minute, and this washing procedure was
repeated one more time. The last step was to dry the nanocomposite at 80 ◦C in an oven overnight and
grind it with a pestle and mortar to obtain a fine powder.

Figure 10. Schematic representation of the main steps to synthesize Au/TiO2 nanocomposites
trough nanoprecipitation.

4.3. Characterization

The morphology of the nanocomposites was assessed by transmission electron microscopy (TEM),
a Tecnai T20 from FEI (Hillsboro, Oregon, EUA). For the analysis, the nanocomposite samples were
sonicated for 5 minutes to achieve good dispersion and afterwards a drop of the suspension was
placed on a copper grid and dried at room temperature for the analysis. Particle size histograms were
obtained after measuring at least 200 nanoparticles using Image J 1.50i software. Aberration-corrected
scanning transmission electron microscopy (Cs-corrected STEM) images were acquired using a
high-angle annular dark field detector in an FEI XFEG TITAN (Hillsboro, Oregon, EUA) electron
microscope operated at 300 kV equipped with a Spherical Aberration Corrector for Transmission
Electron Microscopes (CETCOR) Cs-probe corrector from CEOS Company (Heidelberg, Germany),
allowing the formation of an electron probe of 0.08 nm. Elemental analysis was carried out with an
EDX (energy-dispersive X-ray spectroscopy) detector, which allows performing EDX experiments in
the scanning mode.

The crystallographic phases of the pure TiO2 and the Au/TiO2 nanocomposite were evaluated by
X-ray diffraction using a D8 Discover diffractometer with incident Cu Kα (40 kV and 30 mA), from
Bruker (Billerica, Massachusetts, EUA).
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The average hydrodynamic diameter was assessed by dynamic light scattering (DLS) in a Zetasizer
NANO ZS-ZEN3600, Malvern (Malvern Instruments Limited, United Kingdom), equipped with a
He–Ne laser (wavelength 633 nm) and backscatter detection (173◦). The samples were dispersed
(0.1 mg/L) in ultrasonication bath at 22 ◦C for 30 minutes to avoid aggregates, and each sample was
measured 10 times. The zeta (ζ) potential was measured in the same device, and TiO2 nanoparticles
were equally suspended in ultra-pure water and solutions at different pHs (2, 4, 7, 9, and 12) were
prepared with HCl (1M) and NaOH (1M) solutions. The results were obtained using the Smoluchowski
theory approximation, and each sample was measured 10 times at 22 ◦C. The manufacturer software
(Zetasizer 7.12) was used to assess particles diameter (intensity distribution), the polydispersity index
(PDI), and z-potential values.

The optical properties of the pristine TiO2 and the Au/TiO2 nanocomposite were assessed by
UV–vis reflectance, using a Shimadzu UV-2501-PC (Kyoto, Japan) equipped with an integrating sphere.
The spectra were acquired in reflectance, and the bandgap was estimated via the Kubelka–Munk
Equation (1) [52] and the Tauc plot represented by Equation (2).

F(R) = (1−R∞)2/(2R∞) (1)

where R∞ (RSample/RBaSO4) corresponds to the reflectance of the sample and F(R) is the absorbance.

[F(R)hυ]1/n versus hυ (2)

where h is the Planck constant (6.626 × 10−19 J), n is the frequency, and n is the sample transition
(indirect transition, n = 2) [66].

4.4. Photocatalytic Degradation

The photocatalytic activity of all the produced samples and pristine TiO2 was assessed by
performing (CIP) degradation tests, under artificial ultraviolet (UV) or visible illumination. First,
a solution of 5 mg/L of CIP was prepared. The CIP solution was adjusted to pH = 3, to ensure the
solubility, by using 0.1 mL hydrochloric acid (HCl) 1 M.

Before the degradation assays (UV or visible radiation), the Au/TiO2 or P25 nanoparticles were
stirred in the dark for 30 min to achieve an adsorption-desorption equilibrium.

The UV degradation of CIP was performed in a chamber with six Philips 8 W mercury fluorescent
lamps with the mode wavelength of 365 nm. The suspensions of photocatalysts and CIP were kept
stirred in a container under the illumination from the top. The distance between the beaker and
the lamp was 13.5 cm, and the intensity coming to the system was 15−17 W/m2. The samples were
irradiated for 30 min.

The visible light tests were performed in a visible chamber fabricated by Ingenieurbüro Mencke &
Tegtmeyer GmbH©, Hameln, Alemanha. According to the manufacturer, the visible light spectrum was
equivalent to that of the natural solar light. The light source had an intensity of 98 W/m2. The visible
light test was performed similarly to the UV test. Here, the container was placed at 21 cm from the
light source, and the samples were irradiated continuously for 180 minutes.

The first photocatalytic activity tests were performed to determine the optimal ratio of CIP/catalyst.
For this purpose, 5, 15, 45, and 60 mg of Au/TiO2 nanocomposite were dispersed in a borosilicate
beaker of 80 mL with 45 mL of CIP solution (5 mg/L). The effect of Au loading on the photocatalytic
efficiency was also assessed, under UV and simulated visible radiation. The impact of the synthesis
temperature (25, 60, and 80 ◦C) on CIP photocatalytic degradation was equally evaluated using both
types of illumination. The photocatalytic reproducibility tests were performed using nanocomposites
produced in different batches but under the same synthesis conditions.

The bare TiO2 nanoparticles were used as controls in all the assays. Additionally, to prove the
relevance of the Au/TiO2 nanocomposites’ structure and interface, the photocatalytic degradation of
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CIP was assessed using the same amounts of Au and TiO2 nanoparticles, not as a nanocomposite, but
separately added to the solution.

The photocatalytic efficiencies were tested by degrading CIP in aqueous solution under UV and
visible radiation and monitoring the maximum absorption peak (277 nm) using a Shimadzu UV-2501PC
UV/Vis spectrophotometer. The degradation fit the Langmuir-Hinshelwood model, expressed by
Equation (3):

C/C0 = exp−kt (3)

where C0 and C represent the concentration of the pollutant at time 0 min and at time t, respectively,
and k is the first-order rate constant of the reaction.

5. Conclusions

An Au/TiO2 nanocomposite was produced, characterized, and applied in the photocatalytic
degradation of ciprofloxacin (CIP). The characterization results changing the synthesis conditions
(temperature and Au loading) indicated that the synthesis performed at 60 ◦C with the Au loading
of 0.05 wt. % yielded the most homogeneous distribution of Au nanoparticles (≈3 nm) over TiO2

nanoparticles surface, after TEM inspection. Additionally, these samples absorbed more radiation in
the visible range (≈66% at 545 nm) and presented a lower bandgap (2.84 eV vs. 2.96 eV from bare
TiO2). The photocatalytic results confirmed that all the manufactured nanocomposites possessed
higher photocatalytic efficiency in the UV and simulated visible radiation towards the pristine TiO2.
It was also possible to understand the impact of the synthesis parameters envisaging the optimal
photocatalytic efficiency conditions. In this way, with the Au/TiO2 nanocomposite, it was possible to
enhance the photocatalytic degradation efficiency in 13% and 145% under UV and simulated visible
light radiation, respectively. The gold nanoislands played a paramount role transferring electrons from
Au to the anatase from TiO2 nanoparticles. Additionally, Au endowed the nanocomposite with the
ability to absorb the visible radiation.

Computational modeling supported the experimental data, showing the ability of Au to bind TiO2

anatase surfaces as well as the relevant role of Au transferring electrons. The fundamental importance
of the interface between TiO2 and Au nanoparticles regarding the enhanced photocatalytic activity
was also rationalized. Moreover, models indicated a high affinity of CIP to both Au and TiO2 surfaces,
which favors the adsorption process and consequently may also be cause for enhanced photocatalytic
efficiency in the presence of Au nanoparticles.

According to the results obtained through systematic experimental data and modeling
results, the simple method herein presented constitutes a reliable approach to produce efficient
photocatalytic materials.
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Abstract: Commercial non-steroidal anti-inflammatory drugs (NSAIDs) are considered as toxic to the
environment since they induce side effects when consumed by humans or aquatic life. Ibuprofen
is a member of the NSAID family and is widely used as an anti-inflammatory and painkiller agent.
Photolysis is a potentially important method of degradation for several emerging contaminants, and
individual compounds can undergo photolysis to various degrees, depending on their chemical
structure. The efficiency oftitanium dioxide (TiO2) and photocatalysis was investigated for the
removal of ibuprofen from the aquatic environment, and the performance of these different processes
was evaluated. In heterogeneous photocatalysis, two experiments were carried out using TiO2 as
(i) dispersed powder, and (ii) TiO2 immobilized on the active surface of commercial coated glass.
The kinetics of each photoreaction was determined, and the identification of the photoproducts was
carried out by liquid chromatography coupled with Fourier-transform ion cyclotron resonance mass
spectrometry (LC-FTICR MS). The overall results suggest that the TiO2 active thin layer immobilized
on the glass substrate can avoid recovery problems related to the use of TiO2 powder in heterogeneous
photocatalysis and may be a promising tool toward protecting the environment from emerging
contaminants such as ibuprofen and its derivatives.

Keywords: ibuprofen; advanced oxidation process; TiO2; photocatalysis; active glass

1. Introduction

Emerging contaminants resulting from the presence and circulation of pharmaceuticals (PhCs)
were the focus of many environmental chemists over the last few decades. In the aquatic environment,
PhCs are introduced anthropogenically through pharmaceutical or conventional plants [1]. PhCsare
found in tiny concentrations in surface waters, indicating insufficient treatment of such entities
during the standard sewage treatment processes (STPs). The occurrence of these toxic drugsin
wastewater effluent, along with their metabolites which may be much more harmful than their parent
compounds [2,3], has the potential to be a great health problem since they are endocrine-disrupting
agents, thus posing a significant barrier to the use of water recycling [4].

Ibuprofen (IBP), (RS)-2-(4-(2-methylpropyl) phenyl) propanoic acid, shown in Figure 1, is a
non-steroidal anti-inflammatory drug(NSAID) belonging to the class of propanoic acid derivatives
used as pain relief for several inflammation conditions, including rheumatoid arthritis, asan analgesic
for pain relief in general, and as an antipyretic to help in fever conditions [5]. IBP enters the aquatic
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environment through effluents exiting secondary wastewater treatment plants, which are inefficient
in removing a variety of small organic molecules, particularly pharmaceuticals [6]. Reported studies
showed that the concentrations of IBP found in rivers and other environmental waters range between
10 ng·L−1 and 169 μg·L−1 [7].

Figure 1. Chemical structure and ultraviolet (UV) absorbance of ibuprofen (IBP).

The fact that the current conventional wastewater treatment technologies such as those based
on biological, thermal, and physical treatment processes are not efficient in removing or degrading
small-molecular-weight pharmaceuticals with low biodegradability and high chemical stability such
as ibuprofen [8] encouraged us to devote considerable effort toward developing a novel purification
method that can efficiently remove this recalcitrant organic contaminant from the water environment.

Recently, we found that the integration of separation technologies, consisting of sequential
elements of ultra-filtration (UF), activated carbon filtration (AC), and reverse osmosis (RO), as well
as adsorption technology based on a surface modified clay minerals, was efficient in removing IBP
and other pharmaceuticals to a safe level [9–13]. Nevertheless, the operating principles of these tools
are only based on phase-transfer technologies, whereby the contaminant is retained on the filter or
adsorbent without being degraded or destroyed to non-toxic compounds. Furthermore, some of the
technologies used, such as UF and RO, are too expensive to be adopted in most real environmental
situations. For the abovementioned reasons, we successfully attempted to find a good alternative
method (degradation via photocatalysis) to these technologies for removing such pollutants from the
aquatic environment.

The growing awareness of the risk arising from the occurrence of toxic organic contaminants in
the aquatic environment promoted the development of technologies, such as photodegradation, and
other advanced oxidation processes (AOPs), for efficient destruction of organic toxic compounds that
exist in water and wastewater, including PhCs [14–16].

AOPs, i.e., processes based on highly reactive species such as hydroxyl radical (•OH), can oxidize
and mineralize practically every organic entity [3], yielding CO2 and inorganic ions, thus resulting
in total destruction of the target pollutant [3,8,16]. Advanced oxidation processes (AOPs) involve
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several homogeneous and heterogeneous processes such as photolysis, photocatalysis, ozonation,
electrochemical oxidation, photo-Fenton, wet air oxidation, and sonolysis [8,15,16]. The most popular
and effective type of AOP employed in water and wastewater treatment is heterogeneous photocatalysis
with semiconductors [17–19].

Heterogeneous photocatalysis is a process via which a photoreaction is accelerated by the presence
of a catalyst (usually semiconductor). In order for this to occur, the dispersed solid particles of the
semiconductor in the treated solutionshould absorb significant portions of the UV light, and, under
radiation, they may be photo-excited and produce oxidizing agents from water and oxygen [19].
Generally, TiO2 is considered the most efficient semiconductor to be employed in photocatalysis
because of several factors including its low cost, low toxicity, chemical stability, large band gap, and
high photosensitivity [8,16–19].

Under ultraviolet irradiation, TiO2 as a semiconductor causes the jump of an electron (e−) from
the valence band (VB) to the conduction band (CB), resulting in the formation of a positive hole (h+)
at the site of the electron. In the presence of aqueous suspended TiO2, the hole and electron can
produce radicals of hydroxyl and superoxide that are very potent in the oxidation of many kinds of
organic entities found in water sources, thereby leading to total degradation of these toxic organic
agents. [20,21]. Equations (1)–(3) depict the formation reactions of the superoxide and hydroxyl radicals
upon catalysis with TiO2

TiO2 + hv→eCB- + hVB+. (1)

H2O + hVB+→OH•+ Haq+. (2)

O2(ads) + eCB- →O2
•-(ads) + H2O + OH•. (3)

In some processes, a complete degradation of organic pollutants requires the presence of a radiation
source, oxidizing agent, and a semiconductor. Oxidation and reduction processes are promoted by
photo-generated charge carriers resulting from the excitation of TiO2 via photons with higher energy.
Currently, this kind of photocatalysis is utilized to purify water [8,16–19].

Although photocatalytic degradation using suspensions of TiO2 particles was extensively
employed to catalyze different contaminants, such as drugs, and although it achieved good results in
recent years, this technique fails to be widely used because of the high cost and difficulty in isolating
the semiconductor from the mixture after degradation [8,16–19]. To find a way around the need
for catalyst recovery via filtration, a different approach, consisting of catalyst immobilization on a
stationary support, should be assessed. For fulfilling this aim, TiO2 immobilized on different materials
instead of the traditional powder was advocated and tested for obtaining a promising clean treatment
method with a low cost [22–24].

In this study, the efficiency of two different systems, direct photolysis and heterogeneous
photocatalysis (TiO2 powder and TiO2 immobilized on active glass), was investigated using simulated
solar irradiation for the removal of IBP and its major photoproducts from the aqueous phase.
The comparative performance of the adopted process was analyzed under the same experimental
conditions, and the kinetics for each photodegradation reaction was evaluated. Moreover, major
photoproducts were detected and identified via liquid chromatography coupled with Fourier-transform
ion cyclotron resonance mass spectrometry (LC-FTICR MS).

It should be emphasized that the study on the photodegradation of IBP using an immobilized
TiO2 system can be regarded as representative of a process for the degradation of a variety of pollutants
which impose a risk to the environment.

2. Results and Discussion

2.1. Characterization of Active TiO2-Coated Glass

Figure 2A,B depict the SEM image of the active glass and the TiO2 coating comb geometry on the
glass surface, respectively. The TiO2 film thickness was 397.2 nm, as shown in Figure 2A.
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(B) (A) 

Figure 2. (A) SEM image of the blue glass cross-section illustrating the position of the TiO2 layer
immobilized on the glass surface; (B) SEM image of the blue glasssurface illustrating the fine-tooth
comb nature of the TiO2 coating.

Table 1 lists the elements in the glass surface and core class. As shown in the table, TiO2is present
only in the glass surface along with other elements, whereas it is absent in the core glass.

Table 1. Scanning electron microscopy EDX analysis of the glass surface coated with TiO2 as compared
to the glass core composition.

Elemental Composition of the Core Glass
Energy: 6.686 KeV, Counts: 250

Elemental Composition of the Grafted Surface
Energy: 6.686 KeV, Counts: 250

Wt.% ± SD Elements Wt.% ± SD Elements

47.2 ± 0.4 O 44.4 ± 0.4 O
36.2 ± 0.2 Si 38.6 ± 0.2 Si
4.3 ± 0.1 Na 6.0 ± 0.2 Na
6.0 ± 0.1 Ca 5.5 ± 0.2 Ca
2.4 ± 0.1 Mg 2.4 ± 0.1 Mg
2.1 ± 0.1 Sn 1.5 ± 0.1 Ti
0.3 ± 0.05 K 0.3 ± 0.05 K
1.0 ± 0.05 Al 0.3 ± 0.05 Al
0.4 ± 0.1 Fe 0.3 ± 0.05 Fe
0.1 ± 0.05 Cl - -

Sheel et al. (1998) reported the presence of cobalt oxide in a concentration of less than 75 μg/g [24],
whereas we did not succeed in detecting any amount of cobalt oxide using our technique. It is believed
that the blue color of the glass is due to the presence of cobalt oxide. For this reason, we report here the
TiO2-coated active glass using the abbreviation “blue glass”.

The glass coating is based on photocatalytic anatase TiO2, which is the most effective known
photocatalyst [22,23]. For the preparation of the glass coating, TiO2 nanocrystallinefilm is deposed
onto float glass using an atmospheric pressure chemical vapor deposition technique (APCVD) as
described in Reference [24]. Anatase is considered a more efficient photocatalyst than rutile because
of its slower rate of recombination [23,24]. In the coated surface of the active glass, the catalyzing
efficiency is improved by the presence of Fe3O4, which favors the formation of multiple band gaps,
enlarging the wavelength range that can be absorbed by the glass surface [22,23].
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2.2. Photodegradation Experiments

2.2.1. Preliminary Study

Prior to photodegradation of IBP, which involves photolysis and photocatalysis experiments,
thermal (45 ◦C) or hydrolytic reactions in pure IBP solution and the adsorption of the pharmaceutical
on the catalyst surface in TiO2 powder suspension were assessed. No significant loss of IBP occurred
in dark conditions due to thermal reactions or hydrolysis. The adsorption equilibrium on TiO2 powder
was reached within 60 min, and a slight decrease (not more than 4.3%) of free IBP concentration in the
0.2–0.3 g·L−1 TiO2 suspensions was achieved. Adsorption increased to 6.9% and more (7.8%) when the
amount of TiO2 powder was augmented to 0.4–0.5 g·L−1. The mentioned values are the average of
three replicates.

2.2.2. Photolysis Experiment

The uranyl oxalate method [25,26] was used to assess the light emission effectiveness of the
irradiation system prior to the experimental work. The disappearance of oxalate was 7.2 × 10−4 mol·s–1.

Despite the high efficiency of the irradiation system (irradiance to exposed surface of the reactor,
500 W/m2), IBP concentration during this experiment was decreased only by 8.4% after more than 20 h.
This result indicates that IBP is stable during photolysis because it has great chemical stability and a
reduced molar adsorption coefficient above 280 nm [19] (Figure 1).

2.2.3. Photocatalysis Experiments

TiO2 commercial powder and TiO2-coated active glass were employed separately. The degradation
efficiency via the two different methods was compared.

Photocatalytic Degradation Using TiO2Powder

The concentration of IBP during the photocatalysis reaction was monitored using High Performance
Liquid Chromatography-Ultra Violet HPLC-UV. The standard solution used showed a peak of IBP at
4.1 min retention time. After 5 min of sample irradiation, a marked decrease in the IBP concentration
was observed (21.8% of the initial concentration) along with the appearance of a new photoproduct
(Figure 3A,B).

After 30 min, a new peak due to the formation of another derivative was observed, and
an approximately 60% reduction in IBP initial concentration was obtained (Figure 3C). Complete
disappearance of IBP was achieved after 270 min (Figure 3D), while complete depletion including
derivatives was observed after approximately 23hours (Figure 3E).

The combined results demonstrate that IBP was completely degraded by photocatalytic oxidation
using TiO2 powder under simulated solar irradiation, and the efficiency of its removal was more
than 87% within 80 min. The degradation of IBP occurred as a result of a photo-irradiation of the
semiconductor, causing an electron transfer to the conduction band which subsequently formed a
hole in the valence band, which led to photo-induced charge separation on the semiconductor surface
and an exchange of electrons on the water semiconductor interface. This led to the formation of •O2

−
via interactions of adsorbed oxygen molecules with the photo-generated conduction band electrons,
whereas the •OH generated from the oxidation of the adsorbed water or hydroxyl anions by the valence
band hole oxidized the adsorbed IBP molecules [17,19].
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Figure 3. HPLC-UV separation of photodegraded solution using TiO2 powder, IBP (1), and IBP
photoproducts (2 and 3) (A) at time zero (initial standard solution), (B) after 5 min, (C) after 30 min,
(D) after 270 min with complete disappearance of IBP, and (E) after 23 h with complete disappearance
of IBP photoproducts.

Photocatalytic Degradation Using TiO2-Coated Active Glass

During the first 2 h, a slight decrease in IBP concentration (2.7%) was achieved, while the
appearance of a unique photoproduct was accomplished after 3 h (Figure 4A,B). Following a further
9hof irradiation, the concentration of IBP was decreased to 50%, and, after 24 h, IBP and its photoproduct
disappeared (Figure 4C).
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Figure 4. HPLC-UV separation of photo-degraded solution using TiO2-coated blue glass, IBP (1), and
IBP photoproducts (2) (A) after 180 min, (B) after 10 h, and (C) after 24 h with complete disappearance
of IBP and IBP photoproducts.

2.3. Kinetics Studies

2.3.1. Experimental Observations

No degradation of IBP was observed in the dark in all aqueous environments adopted for the
experiments. Direct photolysis under simulated sunlight did not achieve the desired goal. Accordingly,
we can conclude that the direct interaction of IBP with sunlight (both via thermal hydrolytic reactions
and photolysis) cannot lead to IBP’s quick degradation. However, in the presence of TiO2, complete
removal of this NSAID was obtained although a xenon lamp with low UV energy was used for
irradiation aiming at the simulation of sunlight effect.

Different amounts (0.1–0.5g·L−1) of TiO2 micro-particles were added to a solution of 25 mg·L−1

IBP to determine the efficiency of the catalytic process. The half-life (experimentally observed) of the
mother molecule was reduced upon increasing the concentration of the catalyst from 0.1 to 0.2 g·L−1,
and it remained constant upon adding an amount of 0.3 g·L−1, while it increased when concentrations
of 0.4 or 0.5 g·L−1 were tested. The rationale behind such behavior is that the number of IBP molecules
and photons absorbed on the TiO2 particles increased with a moderate increase in the catalyst loading;
however, with further addition of the semiconductor (powder), the phenomenon of light scattering
took place and the number of useful photons per mass unit of TiO2 was reduced. The disappearance of
IBP at the highest concentrations of TiO2 powder was mostly due to its mere physical adsorption onto
the surface of semiconductor particles.

Figure 5A,B illustrates the depletion trend of IBP measured as Ct/C0 versus irradiation time (A)
and evolution of photoproducts (B) using different photodegradation methods. In both photocatalysis
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processes, IBP underwent complete disappearance via the formation of one or two intermediates that
were subsequently removed within 24 h.

 

 

Figure 5. Evaluation of IBP degradation measured as Ct/C0 versus irradiation time (A); evolution of
photoproducts using different photodegradation methods (B).
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In the photocatalysis experiment with TiO2-coated active glass, the reaction was apparently slower
than degradation obtained using TiO2 powder, but a satisfactory depletion of IBP and its derivatives
was reached in approximately the same time.

2.3.2. Kinetic Parameters

To find the kinetics model, kinetic parameters were calculated using integrated equations
describing zero-, first-, and second-order (Langmuir-Hinshelwood) order equations [27]. According to
Snedecor and Cochran (1989) [28], the least square method should be utilized to find the best fit.

Table 2 summarizes the kinetic parameters of IBP degradation under the photocatalysis experiment
with TiO2 powder.

Table 2. Kinetic parameters of IBP degradation under photocatalysis experiments.

Catalyzer
Reaction

Order
Linearized Rate

Equation
(ΣLSq)/n k t1/2

TiO2
powder

Zeroorder Ct = C0−kt 12.47 0.2378 mg·L−1·min−1 37.6 min
Firstorder Ln Ct = Ln C0 − k t 6.24 0.0251 min−1 27.6 min

Secondorder C0/Ct = 1 + (1/t1/2)t 0.18 0.0034 L·mg−1·min−1 11.8 min

TiO2-coated
active glass

Zeroorder Ct = C0−kt 1.82 0.0124 mg·L−1·min−1 785 min
Firstorder Ln Ct = Ln C0−kt 0.05 0.0012 min−1 575 min

Secondorder C0/Ct = 1 + (1/t1/2)t 8.62 0.0001 L·mg−1·min−1 320 min

ΣLSq, sum of least squares = Σn (Cexp–Ccalc)2; Cexp, experimental values of concentrations; Ccalc, value
of concentrations calculated from rate equations; n, number of experimental observations; k, kinetic constant;
t1/2, half-life.

It must be taken into account that, owing to the dissimilar units associated with them, the values
of kinetic constants calculated by equations describing reactions of different order cannot be compared.
For this reason, it is useful to consider the values of half-life, which are always expressed in time units.
Table 2 shows dissimilar values of the half-life when calculated using different equations applied to the
same system. The least square method of estimation is a powerful method to assess the equation that
can best fit the experimental data.

Apparently, the measured reaction rate of IBP under irradiation conditions using TiO2 powder as
a catalyst was best fit by a Langmuir–Hinshelwood-type equation [29].

Ct = C0 t1/2/(t + t1/2), (4)

where C0 is the initial amount (mg) of IBP per liter of solution, Ct is the remaining concentration at
time t, and t1/2 is the half-life of the reactant.

Equation (4) shows the minimum value of the sum of least squares, based on the number of
observations (ΣLSq)/n, and describes a second-order reaction governed by the kinetic law.

ν = −dCt/dt = kCt
2, (5)

where ν is the reaction rate, and k is the rate (or kinetic) constant [27,29], which in our case can be
calculated as

k = 1/(C0t1/2). (6)

Equation (5) represents a double dependence of the reaction velocity on the concentration.
The rationale behind such a finding may be due to the total reaction rate during the photocatalytic

process being affected by two sorption states, both depending on the dissolved concentration of the
pharmaceutical. The amount of reactant disappearing at each time t is affected by its free concentration
in the powder suspension, as well as by the amount adsorbed on the catalyst particles, which depends
on the remaining free concentration of IBP.
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The half-life value for a second-order reaction, calculated by means of the linearized form of
Equation (4) (Table 2), was just 11.8 min, while, after 80 min, 87% of IBP was converted.

The second-order kinetics shown in Figure 6A was confirmed by the linear behavior of (C0/Ct) as
a function of irradiation time (Figure 6B).

 

 

Figure 6. (A) Photodegradation of ibuprofen catalyzed by TiO2 powder; Ct calc, values calculated
using Equation (4); Ct exp, experimental values; error bars represent the standard deviations of three
replicate experiments. (B) Trend of second-order linearized equation used for the calculation of kinetic
parameters reported in Table 2.

From the results, it can be remarked that the initial degradation rate was high; however, it decreased
rapidly as the reaction proceeded. The degradation was fast during the first 20 min, and then it
gradually decreased; this trend is typical of second-order reactions. Several observations can be related
to such a behavior: (1) the high concentration of IBP at the beginning of the reaction facilitates the useful
attack by the hydroxyl radicals, resulting in high degradation rate; however, when IBP concentration
gradually decreases, the degradation rate subsequently decelerates due to the dilution effect that
reduces the possibility of useful collisions with the hydroxyl radicals; (2) the competitive reactions of
the hydroxyl radicals with IBP degradation products that are produced during the reaction; (3) the
recombination reactions of radical–radical.
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The photodegradation reaction of IBP catalyzed by TiO2 immobilized on active glass surface
achieved 85% compound disappearance after 24 h of simulated solar light irradiation. By attempting
to fit the concentration values vs. time using various-order integrated kinetic equations, it was found
that the data best fit the first-order kinetic equation

Ct = C0 e−kt. (7)

In Figure 7A, the best fit of experimental data calculated using Equation (7) is represented clearly
as confirmed by the high value of the determination coefficient (R2) obtained for the linearized form of
Equation (7) (Table 2, Figure 7B).

 

 

Figure 7. (A) Photodegradation of ibuprofen catalyzed by TiO2-coated blue glass; Ctcalc, values
calculated using Equation (6); Ct exp, experimental values; error bars represent the standard deviations
of three replicate experiments. (B) Trend of first-order linearized equation used for the calculation of
kinetic parameters reported in Table 2.

In this case, the half-life can be calculated as

t1/2 = Ln2/k. (8)
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The value obtained was 575 min (Table 2), which is far from the half-life resulting from the
experiment with TiO2 powder; nevertheless, it is satisfactory if we consider the high stability shown by
IBP molecules not only in the darkness (for testing thermal and hydrolysis degradation), but also under
light irradiation (photolysis degradation). Moreover, from Equation (8), it is possible to notice that,
unlike the case of the second-order reaction, the half-life for the first-order reaction does not depend on
the initial concentration of the reactant. This means that the reaction catalyzed by TiO2 immobilized
on the active glass surface does not suffer from the same limitations encountered in the case of the
second-order kinetics shown by IBP under the photoreaction catalyzed by TiO2 powder dispersion
(light scattering, radical–radical recombination reactions, and dilution effect). Furthermore, it should
be emphasized that (i) the number and persistence of derivatives was reduced in the case of coated
active glass, and (ii) the time needed for an efficient degradation of the mother drug and its derivatives
was approximately the same.

We have to mention that the degradation of IBP is also influenced by the pH value of the
medium [30]. The production of hydroxyl radicals is generally increased in an alkaline medium, since
high concentrations of OH− result in the formation of hydroxyl radicals, which are produced from the
reaction of OH− with TiO2 on its surface’s holes [31]. The pH value can also affect the charge on the
catalyst particles; consequently, the electrostatic interactions between the charged surface of TiO2 and
the pollutant molecules can be largely influenced, thus leading to a change in the adsorption level of
these molecules on the catalyst surface and interfacial electron transfer [32].The most dominant factor
affecting the adsorption of pollutant on catalyst surface is the catalyst zero-point charge (zpc), which is
defined as the pH at which the surface of the catalyst has neutral charge [33].

For TiO2 P25 Evonik-Degussa, the zero-point charge value is 6.9. Therefore, the surface of TiO2 is
positively charged in acidic media and negatively charged in basic media [33]. Accordingly, the effect
of pH depends mainly on the type of the pollutant and the zero = point charge of the semiconductor.
As IBP is weakly acidic in nature, it is expected to be negatively charged at pH higher than 3 [30],
while the TiO2surface is positively charged at pH less than 6.9 [34]. Therefore, at pH = 4.5 where
the photocatalytic experiment took place, the adsorption of IBP and, consequently, its photocatalytic
oxidation were favored [30].

2.4. Identification of Intermediate Photoproducts

For the identification of IBP degradation byproducts, samples were collected at various time
intervals and analyzed and identified by LC-FTICR MS system in the m/z range of 50–1000 in negative
ionization mode. The results indicate the formation of two major photoproducts (Table 3). In addition,
they reveal that the hydroxyl radicals attacked both the propionic acid and isobutyl substituent in IBP,
resulting in the formation of two products, 2-[4-(1-hydroxyisobutyl) phenyl] propionic acid (2) and
4-(1-hydroxy isobutyl) acetophenone (3). Figure 8 depicts the proposed reaction pathways. The peak
that appears at a nominal m/z value of 221, showing the formation of a mono-hydroxylated product of
IBP, corresponds to 1-hydroxy IBP (2). Furthermore, product 2 was converted into another derivative
with a nominal m/z value of 191, which corresponds to 4-(1-hydroxy isobutyl) acetophenone (3).
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Table 3. Identification of ibuprofen and its photoproducts during photocatalytic degradation as
deprotonated molecules, [M–H]−, by high-resolution LC-ESI-FTICR MS.

No. a Name
Accurate m/z d

[M–H]−
Molecular Formula c

[M−H]−
Rt b

(min)

Error e

(ppm)

1 ibuprofen 205.12343 C13H17O2
− 4.1 0.14

2 1-hydroxy IBP 221.11835 C13H17O3
− 6.2 0.13

3 4-(1-hydroxy
isobutyl)acetophenone 191.10765 C12H15O2

− 4.6 −0.50

a Number used to identify each compound in the chromatograms of Figures 4 and 5. b Chromatographic retention
time of compounds eluted under the experimental conditions described in Section 3. c Molecular formula of
deprotonated compound. d Accurate m/z value of deprotonated molecules. e Mass error in parts per million = 106 ×
(accurate mass − exact mass)/exact mass.

 

Figure 8. By-products generated by TiO2 photocatalytic processes identified by LC-FTICR MS system
in negative ion mode and proposed photodegradation pathway.

It is worth noting that, in the photodegradation method using TiO2 immobilized on the active
glass surface, only one by-product, compound 2, was detected.
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3. Materials and Methods

3.1. Chemicals and Analytical Methods

Ibuprofen (MW, 206.3 g·mol−1; pKa, 5.0) pure standard (purity, 99%) was purchased from Sigma
Aldrich (Munich, Germany); acetonitrile, formic acid, and water for analysis were HPLC grade and
purchased from Sigma Aldrich; TiO2 Degussa P-25 was a kind compliment from Evonik Industries
(Steinheim, Germany); TiO2-coated active glass (Figure 9) was obtained as a gift from Pilkington (UK)
(Sheel et al. 1998). PTFE (polytetrafluoroethylene) filters, 0.2 μm pore size, filter-Ø: 25mm, were
purchased from Macherey-Nagel GmbH & Co. KG (Duren, Germany). Daily fresh working solutions
were prepared using ultra-pure water from a bi-distilled purification system.

 

Figure 9. TiO2-coated blue glass.

To avoid microbial contamination, all glass apparatus was heat-sterilized by autoclaving for
60 min at 121 ◦C before use. Aseptic handling materials and laboratory facilities were used throughout
the study to maintain sterility.

IBP concentrations were monitored using high-performance liquid chromatography (HPLC) (1200
series, Agilent Technologies, Santa Clara, USA) equipped with an Eclipse XDB-C18 (3 μm particle
size, 4.6 × 150 mm) column (Phenomenex, Torrance, USA) using a diode array detector (DAD) at a
wavelength of 230 nm. The mobile phase consisted of 40% of 1% formic acid solution/60% acetonitrile.
The flow rate was 1.0 mL·min−1. Several aqueous solutions (from 0.5 to 25.0 mg·L−1) of IBP were
filtered, and 20 μL of the filtrate was injected and analyzed. Peak areas vs. concentration of IBP were
plotted, and the calibration curve was obtained with a determination coefficient (R2) of 0.9986. The limit
of detection (LOD) of IBP for this method (using DAD) was 0.2 mg·L−1, and the limit of quantitation
(LOQ) was 0.6 mg·L−1. The identification of IBP photoproducts was performed using the LC-FTICR
MS system (Thermo Fisher Scientific, Bremen, Germany), in the same separation conditions. Negative
ion ESI-MS mode was used for the detection of the compounds of interest. Full-scan experiments were
performed in the ICR trapping cell in the range m/z 50–1000. Mass-to-charge ratio signals (m/z) were
acquired as profile data at a resolution of 100,000 full width at half maximum (FWHM) at m/z 400.
The limit of detection for mass spectrometric method was a few pmols.

The photodegradation experiments were performed using a solar simulator device Heraeus
Sun-test CPS+ (Atlas, Chicago, USA), equipped with a 1500-W xenon arc lamp protected with a quartz
filter (total passing wavelength: 280 nm < λ < 800 nm). The irradiation chamber was maintained at
20 ◦C by circulating water from a thermostatic bath and through a conditioned airflow.

3.2. Characterization of the TiO2-Coated Active Glass

The active glass was obtained via a coating process using a nanocrystalline film of TiO2 on a
4-mm-thin glass sheet. Some cross-sections obtained from theTiO2-coated active glass were analyzed.
The scanning electron analysis for the TiO2-coated active glass was accomplished using a scanning
electron microscope (SEM) of LEO model EVO50XVP, Carl Zeiss AG-EVO® 50 Series (Germany).
The thin sections were grafted with 30-nm-thick carbon films. Semi-quantitative analyses of the

36



Catalysts 2020, 10, 560

elemental composition of the different layers were obtained using a Ge ED Oxford-Link detector
equipped with a super atmosphere thin window. Operating conditions of the SEM were as follows:
15 kV accelerating potential, 500 pA probe current, and about 10 mm working distance (WD). Thin
sections of glass were prepared by the Department of Health and Environmental Science, Bari University.
Samples were embedded in resin epoxy plugs and then polished.

3.3. Photolysis Experiment

Aqueous IBP solution of initial concentration 25 mg·L−1 was prepared by dissolving a determined
quantity of standard IBP in ultrapure water. The measured pH of the solution was 4.5. The photolysis
treatment was carried out in a glass Pyrex®batch reactor closed at the top with a quartz cover. IBP
solution (250 mL) was placed into the reactor; then, thereactor was placed into the irradiation oven
inside the solar simulator, which reproduced the spectral distribution of natural solar irradiation. The
IBP solution was continuously remixed during the experiment by magnetic stirring, and samples
were taken (1 mL for each sample) at determined intervals and then analyzed using the HPLC system
according to the analysis method in Section 3.1. Three experiments of direct photolysis were performed
in triplicate.

3.4. Photocatalysis Experiment with TiO2Powder

A solution of ibuprofen was prepared as described in Section 3.3, but 50 mg of TiO2 powder
(0.2 g·L−1) was added as the optimized amount in the reactor vessel. The aqueous suspension was
mixed continuously in the dark for 2 h to ensure that the adsorption equilibrium of IBP on the catalyst
surface was reached; then, the reactor was transferred into the solar simulator and exposed to solar
irradiation, and samples were taken (1 mL for each sample) at determined intervals, then filtered and
analyzed by HPLC. Three experiments were performed in triplicate.

3.5. Photocatalysis Experiment with TiO2Immobilized on Active Glass

Seven active glass sheets were placed vertically to cover the full surface of the inner wall of the
reactor; then, the solution of IBP, prepared as in the previous two experiments, was added, and the
reactor was transferred into the solar simulator and exposed to xenon lamp irradiation with continuous
mixing; samples were taken (1 mL for each sample) at determined intervals, and then filtered and
analyzed. Three experiments were performed in triplicate.

4. Conclusions

IBP is very stable under direct photolysis conditions due to its high chemical stability and low
molar adsorption coefficient in the range of wavelengths provided by solar irradiation. On the other
hand, our experiments showed that effective destruction of IBP and its photoproducts is possible by
photocatalysis in the presence of TiO2 powder suspension or using TiO2immobilizedon the surface of
active glass. Two intermediate photo-products were detected and identified by LC-FTICR MS. As there
is substantial equivalence in the long-term efficacy of photocatalys is in the presence of TiO2 both as
powder suspension and as glass coating, the use of active glass instead of TiO2 suspension could be a
promising technique for the removal of pharmaceutical residues such as IBP and its photoproducts from
aquatic environments not requiring the recovery of the catalyst after photodegradation. To increase
the effectiveness of the technique described herein, a modification of TiO2immobilization on the glass
surface using supports with a more complex geometry is essential.
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Abstract: Tungsten trioxide (WO3) is a photocatalyst that has gained interest amongst researchers
because of its non-toxicity, narrow band gap and superior charge transport. Due to its fast charge
recombination, modification is vital to counteract this limitation. In this paper, we report on
the fabrication of Mn-doped WO3/SnS2 nanoparticles, which were synthesised with the aim
of minimising the recombination rates of the photogenerated species. The nanomaterials were
characterised using spectroscopic techniques (UV-Vis-diffuse reflectance spectroscopy (DRS), Raman,
XRD, photoluminescence (PL) and electrochemical impedance spectroscopy (EIS)) together with
microscopic techniques (FESEM-EDS and high resolution transmission electron microscopy selected
area electron diffraction (HRTEM-SAED)) to confirm the successful formation of Mn-WO3/SnS2

nanoparticles. The Mn-doped WO3/SnS2 composite was a mixture of monoclinic and hexagonal
phases, confirmed by XRD and Raman analysis. The Mn-WO3/SnS2 heterojunction showed enhanced
optical properties compared to those of the un-doped WO3/SnS2 nanoparticles, which confirms
the successful charge separation. The Brunauer–Emmett–Teller (BET) analysis indicated that the
nanoparticles were mesoporous as they exhibited a Type IV isotherm. These nanomaterials appeared
as a mixture of rectangular rods and sheet-like shapes with an increased surface area (77.14 m2/g)
and pore volume (0.0641 cm3/g). The electrochemical measurements indicated a high current density
(0.030 mA/cm2) and low charge transfer resistance (157.16 Ω) of the Mn-WO3/SnS2 heterojunction,
which infers a high charge separation, also complemented by photoluminescence with low emission
peak intensity. The Mott–Schottky (M-S) plot indicated a positive slope characteristic of an n–n
heterojunction semiconductor, indicating that electrons are the major charge carriers. Thus, the
efficiency of Mn-WO3/SnS2 heterojunction photocatalyst was monitored for the degradation of
chlorpyrifos. The effects of pH (3–9), catalyst loading (0.1–2 g) and initial chlorpyrifos concentration
(100 ppb–20 ppm) were studied. It was observed that the degradation was purely due to photocatalysis,
as no loss of chlorpyrifos was observed within 30 min in the dark. Chlorpyrifos removal using
Mn-WO3/SnS2 was performed at the optimum conditions of pH = 7, catalyst loading = 1 g and
chlorpyrifos concentration = 1000 ppb in 90 min. The complete degradation of chlorpyrifos and
its major degradation by-product 3,5,6-trichloropyridin-2-ol (TCP) was achieved. Kinetic studies
deduced a second order reaction at 209 × 10−3 M−1s−1.

Keywords: heterojunction; charge separation; photocatalysis; chlorpyrifos

1. Introduction

The fabrication and modification of photocatalysts has sparked interest amongst researchers
due to their wide applications. Photocatalysts are used in applications ranging from water splitting,
the degradation of pollutants in water, gas sensing and optoelectronic devices [1]. These can
be n-type (electrons are the major charge carriers) or p-type (holes are the major charge carriers)
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photocatalysts [2]. The most widely studied photocatalysts are TiO2, WO3 (n-type) and ZnO, CdS
(p-type) [3,4]. The photocatalytic efficiency of these materials is limited to a certain extent, primarily
due to two major limitations. Firstly, they are prone to fast electron–hole recombination, which reduces
the photocatalytic reactivity of the semiconductor. Secondly, they have wide band gaps that absorb
only in the ultraviolet (UV) region, which accounts for 4% of the solar spectrum [5].

Modifications of photocatalysts to suit specific applications have been proposed. These include
the use of metal dopants to form Schottky barriers and fusion with other semiconductor photocatalysts,
resulting in heterojunctions [2]. The metal dopants that have been employed include magnesium (Mg),
manganese (Mn), copper (Cu) and yttrium (Y) [6–9]. The metal doping of photocatalysts results in
shifting the absorption band edge of the material to absorb the readily available visible region of the
solar spectrum. They also separate photogenerated charges by forming electron traps, although a high
concentration of the metal dopant may result in the creation of recombination centres, which leads to
an increased recombination rate.

Heterojunctions that have shown enhanced optical and photocatalytic properties include
BiVO4/WO3, CdS/ZnO and TiO2/SnO2 [10–13]. The formation of Type II heterojunctions using
two different photocatalysts is sufficient to reduce the recombination rate of photogenerated
charges. This occurs by the accumulation of photoexcited electrons in the conduction band (CB)
of one semiconductor while photogenerated holes accumulate in the valence band (VB) of another
semiconductor in the heterojunction system, which effectively leads to charge separation. Therefore,
photo-oxidation and photo-reduction occur in different semiconductor surfaces of the heterojunction
system due to the different migration points of the charges [14].

Tungsten trioxide (WO3) is a visible light photocatalyst with a band gap energy of 2.5–2.8 eV [15].
It is classified as an n-type semiconductor, wherein electrons are the major carriers. Due to its
narrow band gap, WO3 absorbs light radiation in the visible range, and it has been used in a
wide range of applications such as fuel production and combating water pollution [16,17]. This
semiconductor exists in different polymorphs, which include monoclinic, triclinic, tetragonal and
orthorhombic. The monoclinic phase of WO3 is the most stable and most photocatalytic compared to
all the other phases.

Like most photocatalysts, WO3 suffers from limitations such as high electron–hole charge
recombination. To overcome the intrinsic limitation of pristine WO3, different methods have
been used, including metal doping and loading another semiconductor photocatalyst to form a
heterojunction [10,18,19].

We, however, report the synthesis and characterisation of a material that fuses metal doping and a
heterojunction (Mn-WO3/SnS2) that exhibits improved optical properties and minimises electron–hole
recombination compared to current photocatalysts. Owing to the charge mobility in SnS2 to efficiently
facilitate electron transfer to the WO3 CB, there results a high number of electrons for the oxidation
reaction and separated holes that accumulate on the VB of SnS2. The Mn2+ ions also separate
charges by trapping electrons in the WO3, thereby increasing their lifetime, and act as reaction
centres. This photocatalyst can be applied in water remediation, energy production and sensing. Thus,
this study assessed the photo-efficiency of the heterostructure in the photodegradation of chlorpyrifos,
an organophosphate pesticide.

Organophosphate pesticides have been used extensively in South Africa and the world at large
due to their ability to combat a vast spectrum of pests [20,21]. Chlorpyrifos (O,O-diethyl O-[3,5,6,
-trichloro-2-pyridyl] phosphorothionate) (CPF) is an organophosphorus pesticide extensively used in
agricultural and domestic applications [22]. Chlorpyrifos agricultural application occurs throughout
the year for a variety of fruits and vegetables [23]. It, however, does not readily dissolve in water,
yet adsorbs strongly to soil particles.

Chlorpyrifos is an enzyme acetylcholinesterase inhibitor and persistent pesticide pollutant. It is a
class II (moderately hazardous pesticide) pollutant, with a half-life of 60 days [24]. The pesticide is
toxic to humans and other animals when ingested or inhaled; this is attributed to its lipophilic nature.
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It causes delayed peripheral neuropathy in humans and badly affect neuro-development in children at
high doses [25,26].

Due to the numerous human and environmental effects caused by chlorpyrifos, different ways to
remove this pesticide from the environment have been studied. These include advanced oxidation
processes and biological treatment (with fungal and bacterial strains).

Bacterial strains have displayed high chlorpyrifos removal from water of up to 98% [27]. Though
it is efficient, the method is strenuous, as bacteria require controlled specific conditions such as pH and
temperature and a host for optimal function. On the other hand, Ismail et al. [24] in 2013 reported the
use of advanced oxidation processes (AOPs) that yield 100% removal of chlorpyrifos by using 60Co
γ-rays of 30–575 Gy [24].

However, γ-rays are harmful to human health; therefore, this led to the implementation of a
better and safer method requiring the use of a photocatalyst to degrade chlorpyrifos under light
irradiation. To date, zinc and titanium oxides have been used to degrade chlorpyrifos. The results
were satisfactory, with up to 95% chlorpyrifos removal for TiO2 and 85% for ZnO under UV light [28].
However, the photocatalysts suffer from charge recombination and the use of UV light is not viable
due to the insufficient amount of UV available (4%). Therefore, visible light-absorbing photocatalysts
were discovered such as BiVO2, SnS2 and WO3.

To the best of our knowledge, no work has been reported to date on the fabrication of a metal-doped
heterojunction (Mn-WO3/SnS2) photocatalyst.

2. Results and Discussion

2.1. X-ray Diffraction and Raman Analyses

The phase and crystallographic properties of the nanomaterials were elucidated using XRD and
Raman spectroscopy. Figure 1a shows the XRD pattern of WO3, which confirms the monoclinic nature
of the WO3 (m-WO3). The m-WO3 was indexed and matched to the miller indices (002), (020), (200),
(120), (112), (022), (202), (122), (222), (004), (040), (400), (042) and (420) (JCPDS Card No. 00-043-1035).
Doping the m-WO3 with Mn2+ did not distort the phase of the WO3, which implies that it had been
intrinsically inserted into the WO3 crystal lattice as depicted in Figure 1b. The XRD pattern of the
WO3/SnS2 heterojunction showed the presence of both monoclinic (m-WO3) and hexagonal (h-WO3)
phases, and the hexagonal phase of SnS2 could be indexed (JCPDS Card No. 00-023-0677), as shown in
Figure 1c. Again, the structural integrity of the manganese-doped WO3/SnS2 heterojunction (Figure 1d)
was not distorted by the incorporation of Mn2+ in the system. The average crystallite sizes of the
nanomaterials were determined using the Debye–Scherrer equation and are tabulated in Table S1,
all with an average size of 40 nm, with SnS2 having a crystallite size of less than 20 nm.

The nature of the phases was further confirmed with Raman analysis. Figure 2a illustrates Raman
bands at 717 and 818 cm−1 and less intense bands at 212 and 313 cm−1 corresponding to O-W-O
stretching and bending in the molecule, respectively, which confirms a monoclinic WO3; this finding
was also reported by Simelane et al. 2017 and Xie et al. 2012 [3,15]. As in XRD analyses, the doping of
Mn2+ had no effect on the phase of WO3, as depicted in Figure 2b. No secondary bands resulting from
Mn-oxides were observed. The heterojunction (WO3/SnS2) was successfully formed and confirmed by
the Raman band at 317 cm−1 corresponding to the A1g mode of hexagonal phase SnS2 as observed by
Ma et al. 2015 (Figure 2c) [29]. Figure 2d displays the Raman band of Mn-WO3/SnS2 with no distortion
due to Mn2+ and SnS2. Therefore, the Raman band in Figure 2e corresponds to the pristine hexagonal
phase of SnS2 due to the A1g band at 317 cm−1.
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Figure 1. XRD patterns of (a) WO3, (b) Mn-WO3, (c) WO3/SnS2, (d) Mn-WO3/SnS2 and (e) SnS2.

 

Figure 2. Raman spectra of (a) WO3, (b) Mn-WO3, (c) WO3/SnS2, (d) Mn-WO3/SnS2 and (e) SnS2.
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2.2. Morphological Studies

The morphological studies were conducted using microscopic techniques such as FESEM and
HRTEM. Figure 3a is the FESEM image of pristine m-WO3 with rectangular sheets, rods and cubes, and
the composition was confirmed by EDX (inset). The shapes of the nanomaterials did not change upon
the insertion of Mn2+ or the formation of the heterojunction as illustrated in Figure 3b,c and Figures
S2 and S3. The EDX spectra displayed the elemental composition of the respective heterojunctions
(WO3/SnS2) and Mn-WO3/SnS2 (inset).

 

Figure 3. FESEM images (inset is the corresponding energy-dispersive X-ray (EDX) spectrum) of
(a) pristine WO3, (b) WO3/SnS2 and (c) Mn-WO3/SnS2, and TEM images (inset is the corresponding
selected area electron diffraction (SAED) image) of (d) WO3, (e) WO3/SnS2 and (f) Mn-WO3/SnS2.

The HRTEM image of m-WO3 also showed rectangular sheets and rods (Figure 3d) and was further
elucidated using SAED (inset) obtained through a 1–10 zone axis. The spots were indexed to (002),
(220) and (112) corresponding to monoclinic WO3 as confirmed by XRD analysis. The HRTEM images
(Figure 3e,f) displayed rectangular rods and sheet-like shapes as observed in Figure 3d, which implies
that no shape distortion had occurred through metal doping and the formation of the heterojunction.
The SAED image (inset) displays spots and rings characteristic of monoclinic WO3 and the SnS2

hexagonal phase, respectively. Furthermore, the SAED image (inset) illustrates spot (202, 200) and ring
(101, −103) indices corresponding to the WO3 monoclinic phase and SnS2 hexagonal phase, respectively,
captured through a 0–10 zone axis using the CrysTBox software [30] (Figure 3f). All the SAED indices
correspond to the reported XRD patterns, which further confirms the successful formation of our
nanomaterial. In the Mn-WO3/SnS2, the estimated percentage of Mn was 2.5%, with 47.5% of WO3 and
50% of SnS2.

2.3. Optical Properties

Ultraviolet-visible spectroscopy in diffuse reflectance mode was used to determine the optical
properties of the synthesised nanoparticles. All the synthesised nanomaterials showed a shift of
absorption to be in the visible region, which is in abundance. Pristine m-WO3 displayed a band gap of
2.71 eV, with a corresponding absorption wavelength of 466 nm, as shown in Figure 4a and Figure
S4, respectively. The value obtained agrees with the value reported by Simelane et al. in 2017 [15].
The insertion of Mn2+ in the m-WO3 lattice introduced impurities and thus a shift in the Fermi level
below the conduction band, promoting the red-shifting of WO3 on the absorption spectrum (Figure 4b);
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this was observed by Harshulkhan et al. in 2017 using magnesium as a dopant [6]. The band gap
of the WO3 was reduced upon the insertion of Mn and decreased further after the formation of a
heterojunction with SnS2 (Figure 4a,b,d,e). The Mn-doped heterojunction had the lowest band gaps
(2.08 eV and 2.34 eV) amongst the nanomaterials (the others were WO3, SnS2, Mn-WO3 and WO3/SnS2),
which correspond to a high light absorption wavelength (red-shift) (Figure S4); this was due to visible
light absorption enhancement by both the Mn ion and SnS2.

Figure 4. Tauc plots indicating the band gaps of (a) WO3, (b) Mn-WO3, (c) SnS2, (d) WO3/SnS2 and
(e) Mn-WO3/SnS2.

The diagram in Figure 5 illustrates the change in the band edge potential of the synthesised
semiconductor photocatalysts. The valence band edge potential (EVB) and the conduction band edge
potential (ECB) were calculated using Equations (5) and (6). A slight decrease in both ECB and EVB was
observed during the introduction of Mn and fusion with SnS2 (Mn-WO3/SnS2). The conduction band
edge potential shifted to be more positive (by 0.2 eV), and the valence band edge potential moved to a
less positive potential (by 0.2 eV); this was due to the insertion of an ion with a high ionic radius, which
reduces the band gap by pulling the band edges closer, resulting in band edge shifts. The change in the
position of the band edges enhances the absorption wavelength of the material. The heterojunction
(Mn-WO3/SnS2) enhances charge separation by the movement of electrons from the SnS2 CB to the
WO3 CB through the interface, thereby leaving holes in the VB of the SnS2. This effectively separates
the electrons and holes as they accumulate in the CB of WO3 and the VB of SnS2, respectively.

Figure 5. Diagram of the band gap, valence band and conduction band edge positions vs. the NHE of the
(a) WO3, (b) SnS2, (c) Mn-WO3, (d) WO3/SnS2 and (e) Mn-WO3/SnS2 photocatalysts.
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2.4. Electrochemical and Photoluminescence Measurements

The electrochemical impedance spectroscopy (EIS) measurements were carried out to study the
interfacial reactions occurring between the photoelectrode and the electrolyte. Figure 6a illustrates the
EIS spectrum (Nyquist plot) with a suppressed semicircle with a large diameter. At low frequency,
the current density is in phase with the potential deviation of the system, resulting in a straight line
at an angle of 45◦ to the X-axis. The large diameter of the semicircle at high frequency corresponds
to the high charge transfer impedance of WO3. This relates to the high charge recombination rate as
observed in Figure 6a. The charge transfer impedance was reduced after WO3 was doped with the
Mn2+ ion (Figure 6b), due to the reduced charge recombination rate and increased charge mobility.
This was due to the Mn2+ ions acting as charge collection sites, thereby serving as an electrical
conduction pathway, allowing ion/electron mobility on the electrode [7]. The small diameter of the
semicircle of the Mn-WO3/SnS2 spectrum indicates decreased electrode–electrolyte charge-transfer
resistance/impedance compared to that in the WO3/SnS2, Mn-WO3, SnS2 and WO3 in the 0.1 M Na2SO4

electrolyte. The sloping straight line in the low-frequency region corresponds to oxygen diffusion
within the electrode (Figure 6a). The low charge transfer resistance of Mn-WO3/SnS2 arises from
the enhanced charge carrier separation induced by the Mn2+ ion dopant and SnS2 semiconductor
heterojunction with WO3. The charge transfer resistance and recombination rate decreased for WO3,
Mn-WO3, SnS2 and WO3/SnS2, with the lowest rate observed in the Mn-WO3/SnS2 (Figure 6a,b).

Figure 6. (a) Electrochemical impedance spectra (Nyquist plot), (b) photoluminescence spectra, (c) linear
sweep voltammetry, and (d) Mott–Schottky plot of (a) WO3, (b) Mn-WO3, (c) SnS2, (d) WO3/SnS2 and
(e) Mn-WO3/SnS2.

Photoluminescence (PL) measurements (Figure 6b) support the EIS findings that the WO3 has
a strong PL intensity, which indicates high charge carrier recombination, and it was reduced by the
introduction of Mn and fusion with SnS2. A decrease in PL intensity was observed in the Mn-WO3/SnS2,
indicating low charge carrier recombination, which implied that it would be a good photocatalyst in
photocatalytic applications. This is attributed to the longer charge carrier lifetimes and enhanced charge
carrier mobility provided by the Sn-S bond, thereby minimising the electron–hole recombination.
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Upon the introduction of Mn2+ and SnS2, the photocurrent density of WO3 was observed to be
improved by up to 0.030 mA/cm2 for Mn-WO3/SnS2 NPs (Figure 6c). This implied that there was high
electron flow between the photocatalyst and the electrolyte produced from the photocatalyst upon
light irradiation. The Mn2+ acts as an electron sink and reaction side, which in turn supplies electrons
for interfacial reactions, and upon illumination, SnS2 helps in the production of electrons and their
separation from holes, which increases the current density.

Mott–Schottky plots were used to study the interfacial capacitance of the nanomaterials.
The positive slopes obtained from Figure 6d confirmed that the synthesised nanomaterials are
all n-type semiconductors, which use electrons as major charge carriers. The positive slope for
the heterojunction WO3/SnS2 and Mn-WO3/SnS2 NPs further inferred the formation of an n–n type
heterojunction system. Upon the introduction of the Mn2+ and formation of the heterojunction, there
was no significant change in the slope of the curves.

The flat-band potential (Vfb) was obtained by extrapolating a line on the slope of the graph to the
x-intercept (1/C2=0). The flat-band potentials were found to be 0.214 V, 0.159 V, −0.209 V, −0.103 V
and −0.039 V, corresponding to WO3, Mn-WO3, SnS2, WO3/SnS2 and Mn-WO3/SnS2, respectively.
The flat-band potential in n-type semiconductors corresponds to the bottom of the conduction band of
the semiconductor photocatalyst, which was observed to decrease upon doping and the formation of
the heterojunction (Figure 6d). The obtained flat-band potential (Vfb) values were found to correspond
to the calculated conduction band edge potentials (ECB) from UV-Vis DRS.

The Randles equivalent circuit model was used to fit the obtained EIS data. The Randles
equivalent circuit models (Figure 7a,b) corresponding to the graphs show that the impedance was
a contribution of three forms of resistance, namely the solution resistance, the electrode resistance
due to the film composition of the nanomaterials, and charge-transfer resistance occurring at the
electrolyte–electrode interface.

Figure 7. Randles equivalent circuit models corresponding to (a) WO3 and Mn-WO3, and (b) SnS2,
WO3/SnS2 and Mn-WO3/SnS2.

The Warburg impedance is due to solid-state ion diffusion during the electrochemical reaction.
The Warburg element manifests itself in EIS spectra as a straight line with a slope of 45◦ in the
low-frequency region. Different slopes of the straight-line part in the low-frequency region indicate
that the electrodes have different Warburg impedances and solid-state ion diffusion behaviors.

The equivalent circuit model was obtained after fitting the data to the Randles model: R1 is
the solution resistance, R2 is the thin layer resistance, R3 is the charge transfer resistance, W2 is the
Warburg resistance and Q1, Q2 and Q3 are the constant phase elements. The Warburg impedance
relates to solid-state ion diffusion during the electrochemical reaction in the solution. This favours
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photocatalytic activity by utilising the separated charges during the reaction and, consequently, reduces
charge recombination. The slope of the Warburg transition line also indicates the reactivity of the
nanoparticles. Furthermore, the charge transfer impedance was found to be 631.80, 498.50, 310.55,
173.65 and 157.16 Ω for WO3, Mn-WO3, SnS2, WO3/SnS2 and Mn-WO3/SnS2, respectively.

2.5. BET Analysis

The BET analysis revealed that the nitrogen adsorption isotherms obtained for the nanoparticles
were Type IV isotherms, according to the IUPAC (International Union of Pure and Applied Chemistry)
classification (indicated in Figure S6). A Type IV isotherm is typical of mesoporous materials
(IUPAC definition: pore size 2–50 nm), suggesting that the nanomaterials consist of agglomerates.
The Mn-WO3/SnS2 nanoparticles were found to have the highest BET surface area (77.14 m2/g) and pore
volume, of 0.0641 cm3/g, compared to pristine materials (Table 1). This suggests that Mn-WO3/SnS2

would have improved photocatalytic activity due to the adsorption capacity provided by its large
specific surface area during photocatalysis. The large pore volume would allow the efficient trapping
of pollutants during adsorption for degradation to take place.

Table 1. The specific surface area and pore volume of NPs.

Material SBET (m2/g) Pore Volume (cm3/g)

WO3 6.01 0.0276
Mn-WO3 4.41 0.0294
WO3/SnS2 44.36 0.0514
Mn-WO3/SnS2 77.14 0.0641
Pristine SnS2 99.72 0.0748

2.6. Surface Charge of Nanoparticles

The stability of the nanomaterials in suspensions was studied using the electrophoretic light
scattering technique. The zeta potentials of the nanomaterials are illustrated in Figure 8. showing a
steady but gradual change in zeta potential from positive to negative as the pH increased from 2 to 11
for all the photocatalysts (Figure 8).

Figure 8. Surface charge of the nanoparticles.
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The point of zero charge (pzc) for pristine WO3 was observed at pHpzc 2.5, which corresponds to
what is reported in the literature.

A slight shift of the pzc to higher pH was observed for Mn-WO3 (pHpzc = 3.2). The shift is due to
the substitution of W6+ by Mn2+ metal ions, consequently changing the overall charge of the material.
Therefore, species adsorbed onto the surface of the photocatalyst change the surface charge and shift
the point of zero charge of the suspended nanoparticles.

The point of zero charge for pristine SnS2 was found to be at pH 5.5, as reported in literature.
Furthermore, the heterojunction (WO3/SnS2) displayed a point of zero charge (2.7) at a lower pH than
SnS2 but higher than WO3; this was attributed to synergistic effects from both counterparts (WO3 and
SnS2) in the heterojunction.

Furthermore, introduction of Mn in the heterojunction (Mn-WO3/SnS2) shifted the point of zero
charge to 2.1, much lower than for all the other photocatalysts.

2.7. Degradation of Chlorpyrifos

The photodegradation of chlorpyrifos using the synthesized nanoparticles is showed in Figure 9.
The degradation profile for chlorpyrifos indicated an increase in removal by the nanoparticles from
the WO3 to Mn-WO3/SnS2 photocatalysts. The Mn-WO3/SnS2 nanoparticles showed high removal of
chlorpyrifos due to high charge separation and lower charge impedance. Therefore, Mn-WO3/SnS2

represented the best performing photocatalyst with up to 95.90% chlorpyrifos removal, calculated
using Equation (10).

Figure 9. Degradation of chlorpyrifos (1000 ppb) using different photocatalysts at pH = 5 and 0.1 g
of photocatalyst.

Figure 10 displays the percentage removal of chlorpyrifos in water within a period of 60 min.
The removal efficiency for chlorpyrifos by using the nanoparticles resulted in 56.80%, 60.20%, 75.00%,
84.88% and 95.90% removal for WO3, Mn-WO3, SnS2, WO3/SnS2 and Mn-WO3/SnS2, respectively.
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Figure 10. Percentage removal for chlorpyrifos (1000 ppb) using 0.1 g of (A) WO3, (B) Mn-WO3,
(C) SnS2, (D) WO3/SnS2 and (E) Mn-WO3/SnS2.

The reaction kinetics correspond to the percentage chlorpyrifos removal. The rate constants
(K) of the reactions using the respective photocatalysts are presented (Figure 11), which were
9.3 × 10−3 M−1min−1 and 209 × 10−3 M−1min−1 for WO3 and Mn-WO3/SnS2, respectively.

Figure 11. Rate constants of (A) WO3, (B) Mn-WO3, (C) WO3/SnS2, (D) Mn-WO3/SnS2 and (E) SnS2.

The photodegradation reaction was fitted to Equation (10) from which the rate constant
k(M−1min−1) was calculated from the gradient of the plot of 1/[C] against time (t). The reaction
kinetics leading to the determination of the rate constant followed a second order reaction pathway.
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The rate constants were 9.3 × 10−3 M−1min−1, 14.3 × 10−3 M−1min−1, 25.0 × 10−3 M−1min−1,
47.4 × 10−3 M−1min−1 and 209.5 × 10−3 M−1min−1, corresponding to WO3, Mn-WO3, SnS2, WO3/SnS2

and Mn-WO3/SnS2, respectively (Figure 11).
The linear plot for the Mn-WO3/SnS2 nanoparticles kinetic studies is illustrated in Figure 12.

The rate constant is 209.5 × 10−3 M−1min−1, and the R2 is 0.9656.

Figure 12. Photodegradation kinetics for chlorpyrifos using Mn-WO3/SnS2.

2.8. Effect of pH on the Photocatalytic Activity

The surface charge of the nanoparticles in a suspension is influenced by the pH of the solution.
The photodegradation of chlorpyrifos using Mn-WO3/SnS2 nanoparticles increased with an increase in
the pH of the initial solution, as illustrated in Figure 13. The point of zero charge for Mn-WO3/SnS2 is
at pHpzc = 2.13 and above that is increasingly negative, as displayed by Equations (1) and (2).

M-OH + H+ =M-OH2
+ (pH < pzc) (1)

M-OH =M-O− + H+ (pH > pzc) (2)

The increase in the removal was also caused by the increase in the level of deprotonation of the
nanoparticles at high pH, which influences the negative charge on the surface of the photocatalyst,
consequently leading to high chlorpyrifos adsorption. That was also favoured by the positive charge of
chlorpyrifos in alkaline solutions from pH 5, as reported in literature. There is a transfer of holes from
the inner part of the nanoparticles to the surface, whereby OH− ions scavenge photogenerated holes
and therefore yield very oxidative species such as •OH radicals. The percentage removal of chlorpyrifos
achieved in 60 min was 85.6%, 94.3%, 99.8% and 99.0% at pH 3, pH 5.8, pH 7 and pH 9, respectively
(Figure 13). Therefore, pH 7 was the optimum pH for chlorpyrifos removal using Mn-WO3/SnS2

nanoparticles and was used in the next sections. Hou et al. [31] in 2018 also reported pH 7 for optimum
chlorpyrifos removal [20].

The increase in the removal was due to the increased electrostatic attraction between the
photocatalyst and the chlorpyrifos that occurs when the pH is increased [28]. This causes an easy
surface attachment, which implies that holes can oxidize chlorpyrifos directly and creates hydroxyl
and superoxide radicals for further oxidation. As pH increased, the surface charge of the nanoparticles
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also became more negative, which caused increased electrostatic attraction between the nanoparticles
and chlorpyrifos.

Figure 13. Degradation of 1000 ppb chlorpyrifos using 0.1 g of Mn-WO3/SnS2 at different pH values.

2.9. Effect of Initial Concentration

The effect of initial chlorpyrifos concentration on the photocatalytic removal was studied, and the
results are shown in Figure 14. The highest removal of 99.99% was achieved at a 100 ppb chlorpyrifos
concentration, followed by 99.95% at 1000 ppb, compared to 94.40%, 87.51% and 84.38% at 5 ppm,
10 ppm and 20 ppm, respectively. The concentration of 1000 ppb was chosen as the best, because it is
the highest concentration for which a high percentage removal was achieved.

Figure 14. Effect of the initial concentration on the removal of chlorpyrifos (1000 ppb) at pH 7 using
0.1 g of Mn-WO3/SnS2.
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The decrease in the removal of chlorpyrifos was alluded to the opacity caused by the high
chlorpyrifos concentration, which prevented the photocatalyst from utilising the irradiated light to
produce reactive species for degradation. Again, the high concentration scatters the light, thereby
inducing screening effects [28].

2.10. Effect of Initial Photocatalyst Loading

The initial photocatalyst loading’s effect on the photoactivity was studied, and the results are
presented in Figure 15. The photoactivity of Mn-WO3/SnS2 increased when 0.5 g of photocatalyst
was used, then further increased when the photocatalyst loading was 1 g. The increase is a result of
increased reactive surfaces, which further increase the rate and amount of chlorpyrifos removal [28].

Figure 15. Effect of the initial photocatalyst loading on the photodegradation of chlorpyrifos.

A high concentration of nanoparticles results in agglomeration, which further causes light
scattering and screening effects, which reduce the specific activity of the photocatalyst. This further
causes opacity, which prevents the further illumination of the photocatalyst.

Therefore, a decrease in chlorpyrifos removal was observed when 2 g of Mn-WO3/SnS2 was used,
reaching up to 85%. This is compared to 0.1 g, 0.5 g and 1 g removing up to 99.95%, 99.98% and
99.99%, respectively. Thus, 1 g was the best performing, as it reached 98% removal within 30 min of
reaction time.

2.11. Mechanistic Pathway

The mechanistic and proposed degradation pathway was evaluated, and the results are shown
in Figure 16. The products obtained were 3,5,6-trichloropyridin-2-ol (TCP) and O,O-dihydrogen
phosphorothioite. Only the O,O-dihydrogen phosphorothioite compound and no other by-product
was observed, which implies that there was a complete degradation of chlorpyrifos and TCP in the
synthetic water (Figure S7).
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Figure 16. Proposed degradation pathway for chlorpyrifos.

3. Materials and Methods

3.1. Materials

Tungsten boride (WB) (≥97.0%), Tin(IV) chloride pentahydrate (SnCl4.5H2O, (98%)), manganese(II)
chloride tetrahydrate (MnCl2•4H2O, (≥98%)), nitric acid (≥65%, Puriss), poly (vinylidene fluoride)
(PVDF), N-methyl-2-pyrrolidone (NMP), silver paste, sodium sulphate (Na2SO4), silver/silver chloride
(Ag/AgCl) electrode, sodium sulphide (Na2S), chlorpyrifos (PESTNATAL, 99.9%), methanol and formic
acid were all supplied by Sigma-Aldrich (Pty) Ltd., Johannesburg, South Africa. The chemicals were
used as received.

Synthesis of Nanomaterial

Pristine WO3 NPs were synthesised following the method developed by Xie et al. (2012) with slight
modification [3]. Tungsten boride (4.12 mmol) was dissolved in 1 M HNO3 (56.0 mL) under constant
stirring and then transferred into a 100.0 mL Teflon-lined stainless steel autoclave. The autoclave
was then sealed and placed in an oven at 190 ◦C for 12 h with a heating rate of 16 ◦C per hour;
thereafter, a yellow solution was obtained. The yellow solution was further centrifuged and washed
with deionised water and dried at 100 ◦C for 12 h in an oven, resulting in a yellow solid product of
WO3. The same procedure was followed to obtain Mn-WO3 via the one-pot synthesis of MnCl2•4H2O
(10.00 mmol) with WB (4.12 mmol) in 56.0 mL of HNO3.

Pristine SnS2 NPs were synthesised by dissolving 2.73 mmol of SnCl4.5H2O in 40.0 mL of deionised
water under continuous stirring at 60 ◦C for 10 min. Thereafter, Na2S (2.73 mmol) was added to the
solution, and the mixture was then stirred for 10 min. The final mixture was then transferred into a
100.0 mL Teflon-lined stainless steel autoclave and heated at 180 ◦C for 12 h with a heating rate of
15 ◦C/h. The resultant solution was then centrifuged and washed with deionised water and dried at
100 ◦C for 12 h to obtain SnS2 nanoparticles.
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The heterojunction WO3/SnS2 was synthesised stepwise using a hydrothermal method. The first
step was adapted from the method for synthesising pristine WO3 and followed by the synthesis of
SnS2 NPs on the surface of the dispersed WO3 NPs in 40.0 mL of deionised water. The SnS2 synthesis
was adopted from the synthesis of pristine SnS2 NPs to obtain the heterojunction (WO3/SnS2).

Furthermore, the synthesis of the Mn-doped heterojunction WO3/SnS2 was carried out using
hydrothermal treatment in a multistep method. Firstly, MnCl2•4H2O (10.0 mmol) and tungsten boride
(4.12 mmol) were dissolved in 1 M HNO3 (56.0 mL) under constant stirring, and thereafter, the same
procedure as in the synthesis of WO3 was followed to obtain a yellow solid product of Mn-WO3.
Furthermore, Mn-WO3 (1.74 mmol) was dispersed in 40.0 mL of deionised water under continuous
stirring and heating at 60 ◦C using a magnetic stirring hotplate. This was followed by the synthesis of
SnS2 NPs on the surface of Mn-WO3 NPs adopted from the synthesis of pristine SnS2 nanomaterials to
form Mn-doped WO3/SnS2 heterojunction composite nanoparticles.

3.2. Characterization Techniques

The synthesised nanoparticle phases were characterized using X-ray powder diffraction (XRD)
(PANalytical X’Pert Pro-MPD Powder Diffractometer, Almelo, Netherlands) with CuKα radiation
(0.1540 nm) and a monochromator beam in a 2θ scan range from 20◦–80◦. The instrument power
settings used were 40 kV and 40 mA with a step size of 2θ (0.0080) and a scan step time of 87.63 s.
The average crystallite size was calculated using the Debye–Scherrer equation, Equation (3):

L =
Kλ
βcosθ

(3)

where β is the full width at half maximum, λ is the X-ray wavelength (0.1541 nm) for CuKα, K = 0.89,
and θ is the diffraction angle.

Raman spectroscopy (RamanMicro™ 200 PerkinElmer Inc., Waltham, MA, USA) with a single
monochromator, a holographic notch filter and a cooled TCD, was used to detect and characterise the
polymorphic forms of the NPs. The Raman spectra of the NPs were measured in a back-scattering
geometry using an Ar-ion laser line (514.5 nm). Dark-field imaging was used with a power output
of below 0.5 mW and an exposure time of 4.0 s. The morphological properties of the NPs were
examined using high resolution transmission electron microscopy (HRTEM) (JOEL-TEM 2010) at an
acceleration voltage of 200 kV. The ethanol-dispersed nanoparticles were deposited on a carbon-coated
copper grid. Furthermore, selected area electron diffraction (SAED) images of the nanoparticles
were captured and indexed using the CrysTBox software [29]. A field emission scanning electron
microscope (FESEM) (TESCAN Vega TC instrument with VEGA 3 TESCAN software; TESCAN, Brno,
Czech Republic) coupled with energy-dispersive X-ray (EDX) operated at 5.0 kV under a nitrogen
gas atmosphere was used to further study the morphology and the elemental composition of the
NPs. The optical properties were investigated using a UV-Vis spectrophotometer (Shimadzu UV-2450,
Shimadzu Corporation, Kyoto, Japan) using diffuse reflectance spectroscopy (DRS) and BaSO4 as the
reference material. The band gap (Eg) of the nanomaterials and a graph of (αhν) against photon energy
(hν) was extrapolated following Equation (4):

αhν = A(hν − Eg)n/2 (4)

where α is the absorption coefficient, hν is the energy of the incident photon, A is a constant, and Eg is
the band gap energy.

The value of n depends on the semiconductor transition type, which is a direct transition when n
equals 0.5 and an indirect transition when n equals 2. The valence band edge potential (EVB) and the
conduction band edge potential (ECB) were calculated using Equations (5) and (6):

ECB = χ − Ee − 0.5Eg (5)
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EVB = ECB + Eg (6)

where ECB and EVB are the conduction and valance band edge potentials, respectively; χ is the
electronegativity of the semiconductor (the geometric mean of the electronegativities of all the
constituent atoms); Ee is the energy of free electrons on the hydrogen scale (4.5 eV); and Eg is the band
gap energy of the semiconductor.

The photoluminescence spectra of the nanomaterials were obtained using a PerkinElmer
fluorescence spectrometer (Model LS 45, PerkinElmer Inc., Waltham, MA, USA). A 300 W xenon
lamp was used as a light source. The spectra were obtained at an excitation wavelength of 319 nm.
The excitation and emission wavelengths were set at 319 nm and 605 nm, respectively. Specific surface
area and pore volumes were determined using the Brunauer–Emmett–Teller (BET) method. Nitrogen
was used as the adsorbate, and the nitrogen adsorption isotherms of the samples were obtained at
77K using a Micromeritics ASAP 2020 adsorption analyser (Micromeritics Instrument Corporation,
Norcross, Georgia, USA). The samples were degassed before the analysis at 100 ◦C for 10 h. The pore
volume was calculated from the amount of nitrogen adsorbed at the relative pressure (P/Po) of 0.980.

3.3. Electrochemical Measurements

The electrochemical measurements were conducted using a potentiostat (Gamry Interface 1000
potentiostat, Gamry Instruments, Philadelphia, PA, USA) in a standard three-electrode system
employing Ag/AgCl (3.0 M KCl) as the reference electrode and Pt wire as the counter electrode.
The working electrodes were the prepared nanomaterial mixed with polyvinylidene fluoride (PVDF)
as a binder in a 10:1 ratio respectively, dispersed in 1 mL of N-methylpyridinium (NMP) solution and
ultrasonicated for 30 min to obtain a homogeneous mixture. The obtained homogeneous mixture
was drop casted onto the fluorine-doped titanium oxide (FTO-glass) substrate forming a thin film.
The prepared electrodes were heated at 80 ◦C for 12 h in air. A copper wire was thereafter attached
using a silver paste for charge transfer to the potentiostat from the paste and dried in air for 24 h.

The prepared electrodes were then applied in a three-electrode system for electrochemical
impedance spectroscopy (EIS) at a frequency range of 10 kHz to 0.1 Hz at an AC voltage of 10 mV rms
and DC voltage of 0.45 V vs. Ag/AgCl. The current density of the working electrode was determined
by running a linear sweep voltammetry scan at a scan rate of 50 mV/s. The flat-band potential (Vfb)
values of the nanomaterials were obtained from Mott–Schottky plots (Equation (7)) at a frequency of
1000 Hz under the applied voltages of −2 to 2 V and a step voltage of 0.1 V.

1
C2 =

2
(εεoA2eND)

[
V −V f b −

(
kbT

e

) ]
(7)

where C is the interfacial capacitance, A is the surface area of the electrode, ND is the donor density, V
is the applied potential, and Vfb represents the flat-band potential. The temperature with dielectric
constant and permittivity of free space are represented as T, ε and ε0, respectively. The charge of
the electron (e) is 1.602 × 10−19 C, and the Boltzmann constant (kB) is 8.617 × 10−5 eV·K−1. All the
electrochemical measurements were conducted in 0.1 M sodium sulphate (Na2SO4) solution as the
electrolyte, and the values for the electrode potentials were recorded with reference to Ag/AgCl.
A 300 W xenon lamp was used as the light source.

3.4. Surface Charge

Surface charge measurements were obtained using electrophoretic light scattering (ELS) with
a Zetasizer NanoZS (Malvern) instrument. Zeta potential measurements were obtained using
electrophoretic light scattering (ELS) to understand the surface charge of the nanomaterials as a
function of the pH of the solution. The nanomaterials were suspended at 30 mg/L in deionized (DI)
water. The pH of the suspensions was adjusted to a pH range of 2–10 using 1M NaOH and 1M HCl.
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3.5. Degradation of Chlorpyrifos

3.5.1. Chlorpyrifos Standard Preparations

A stock solution of Chlorpyrifos (0.01 g) was prepared in 1 L of deionized water, followed by a
serial dilution to make 75, 50, 25, 12.5, 6.25, and 3.125 ppb solutions. The prepared solutions were
thereafter transferred into 2 mL LC-MS vials, and 1 mL of deionized water was added. The working
solution was maintained at pH 5.

3.5.2. Photocatalytic Degradation of Chlorpyrifos

The photocatalytic activity of the nanomaterials was tested through the photodegradation of
chlorpyrifos in synthetic water samples under visible light irradiation (Photoreactor, Lelesil Innovative
Systems). The volume of the working solution was kept at 500 mL of chlorpyrifos solution. Initially,
the concentration of the chlorpyrifos solution was 1 ppm and a photocatalyst loading of 0.1 g was used
at pH 5. The photodegradation reaction occurred under continued magnetic stirring for 90 min under
regulated temperatures of 20–25 ◦C, subjected to a cooling jacket using ice cubes.

The photocatalyst suspension containing chlorpyrifos was kept in the dark for 30 min before
irradiation to allow equilibration. The samples were collected from the batch reaction before and after
irradiation at set time intervals (10 min, 10 mL aliquots), filtered through a 0.45 μm PTFE membrane
filter and transferred into a 2 mL LC-MS sample vial for analysis.

Furthermore, the optimization of reaction conditions such as the pH, initial chlorpyrifos
concentration and initial photocatalyst loading were carried out. Therefore, the pH of the chlorpyrifos
solution was adjusted to 3, 5, 7 and 9; the initial concentration of the pesticide (chlorpyrifos), to 100 ppb,
1 ppm, 5 ppm, 10 ppm and 20 ppm; and the photocatalyst loading, to 0.1, 0.5, 1 and 2 g.

3.6. LC-MS Measurement

Samples were analyzed using a triple quad UHPLC-MS/MS 8030 (Shimadzu Corporation) to
monitor the removal of chlorpyrifos. The LC-MS/MS was fitted with a Nexera UHPLC upgrade
with the capability to obtain 500 multiple reaction monitoring readings per second. The oven was
equipped with a RaptorTM ARC-18 column (Restek Corporation) with a 2.7 μm pore diameter and
length of 100 mm × 2.1 mm, maintained at 40 ◦C. The mobile phase consisted of 0.1% formic acid
in water/methanol (9:1%, v/v) at a flow rate of 0.200 mL/min with a 10 μL injection volume. The ion
source was electrospray ionisation (ESI) and was operated in positive mode. Meanwhile, LC-MS/MS
data for the degradation intermediates were obtained after the full scan mode was run for 12 min at
flow rate of 0.3 mL/min.

The percentage removal of chlorpyrifos from the synthetic water samples was calculated using
Equation (8) below:

% chlorpyri f os removal =
(
1 +

C
C0

)
× 100 (8)

where C0 is the initial concentration and C is the final concentration of chlorpyrifos. The degradation
products were determined by analysing the samples for a period of 60 min. The degradation pathway
was then deduced from the mass/ion ratio obtained from the MS spectrum. The reaction kinetics of
chlorpyrifos degradation were studied, the results were fitted to a second order model fitted, and a
plot based on the calculated (1/[C]) versus reaction time was obtained following Equation (7).

1
[C]t

= kt +
1

[C]0
(9)
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where k is the rate constant, t is time taken for the reaction, [C]t is the concentration of chlorpyrifos
when time is equal to t, and [C]0 is the initial concentration of chlorpyrifos. The reaction rate is thus
given by Equation (10):

rate = k[C]2 (10)

4. Conclusions

The Mn-doped WO3/SnS2 photocatalyst was successfully synthesized, resulting in a highly
crystalline structure. Rectangular rods and sheet-like shapes were observed in the composite, confirming
that no shape distortion had occurred in the heterojunction photocatalyst. The composite comprises
both hexagonal and monoclinic phases that correspond to SnS2 and WO3, respectively, as confirmed
by XRD patterns and Raman spectra. As shown in the UV-Vis spectra of the composite, a shift in
the band edge (absorption band edge) from the UV to the visible region (red shift) was observed in the
Mn-doped WO3/SnS2 photocatalyst relative to that for the pristine photocatalysts. The surface area of
the WO3 was improved by more than 10 times by intrinsic doping with the Mn2+ ion and the formation
of the heterojunction with SnS2 to form the Mn-doped WO3/SnS2 photocatalyst. The Mn-doped
composite was fully characterised using microscopic and spectroscopic techniques, which confirmed the
synthesised composite to be Mn-WO3/SnS2. The Mn-doped WO3/SnS2 showed good electrochemical
performance, ascribed to its high current density and lower interfacial charge transfer resistance,
observed using electrochemical measurements (EIS), which correspond to high charge separation
and a low photogenerated charge carrier recombination rate, observed using photoluminescence (PL)
measurements. Chlorpyrifos has been applied extensively in agriculture, both in South Africa and other
parts of the world, to fight against pests, therefore finding its way into water systems. Chlorpyrifos
removal from synthetic water was investigated using Mn-WO3/SnS2 nanoparticles. The removal was
due to the enhanced charge separation, high charge transfers and high electrostatic attraction between
the nanoparticles and chlorpyrifos.

After the optimization of the reaction conditions, the chlorpyrifos removal achieved was 99.99%
at pH 7 with 1 g of Mn-WO3/SnS2 and a 1000 ppb concentration.

The degradation pathway was also investigated, for which 3,5,6-trichloropyridin-2-ol and
O,O-dihydrogen phosphorothioite were observed. Furthermore, after 60 min of the reaction, only
O,O-dihydrogen phosphorothioite was detected. This implies that both chlorpyrifos and TCP were
completely degraded. The results suggest that our material, Mn-WO3/SnS2, can completely degrade
chlorpyrifos and its major degradation product.
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image of Mn-WO3, (c–e) elemental mapping, and (f) EDX spectrum of Mn-WO3 nanoparticles; Figure S3: (a) FESEM
image of pristine SnS2, (b) TEM image of SnS2 (inset is the corresponding SAED image), (c,d) elemental mapping,
and (e) EDX spectrum of SnS2 nanoparticles; Figure S4: Absorption spectra of WO3, SnS2, Mn-WO3, WO3/SnS2,
and Mn-WO3/SnS2; Figure S5: EIS spectra showing the fitted spectra when obtaining the Randles circuit for (a)
WO3 and Mn-WO3, and (b) SnS2, WO3/SnS2 and Mn-WO3/SnS2; Figure S6: (a–e) N2 adsorption-desorption
isotherm of (a) WO3, (b) Mn-WO3, (c) Mn-WO3/SnS2, (d) WO3/SnS2, and (e) SnS2 (insets are pore volume graphs);
Figure S7: Calibration curve of chlorpyrifos standards from 3.125 to 75 ppb; Figure S8: Mass spectra showing m/z
ratios from 0 to 60 min; Figure S9: Fitted second order reaction kinetics graphs of the nanoparticles.
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Abstract: A convenient and fast microwave synthesis of gold-doped titanium dioxide materials was
developed with the aid of commercially available and common cyclodextrin derivatives, acting both
as reducing and stabilizing agents. Anatase titanium oxide was synthesized from titanium chloride
by microwave heating without calcination. Then, the resulting titanium oxide was decorated by
gold nanoparticles thanks to a microwave-assisted reduction of HAuCl4 by cyclodextrin in alkaline
conditions. The materials were fully characterized by UV-Vis spectroscopy, X-Ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), and N2 adsorption-desorption measurements, while the
metal content was determined by Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). The efficiency of the TiO2@Au materials was evaluated with respect to two different
photocatalytic reactions, such as dye degradation and hydrogen evolution from water.

Keywords: photocatalysis; photodegradation; nanoparticles; gold; TiO2; cyclodextrins

1. Introduction

During the past decades, photocatalysis received extensive research interest for both limiting
toxic wastes and developing clean and renewable sources of energy. Indeed, the association of a
semiconductor with the sunlight in order to remove pollutants [1,2] or to produce hydrogen fuel
by water splitting [3] could provide a sustainable solution to the crucial problems of environmental
pollution and energy shortages [4].

Among a large number of photocatalysts, TiO2 has been extensively investigated due to its
good properties such as low cost, non-toxicity, and good stability [5,6]. Anatase phase is particularly
recognized for its high photocatalytic efficiency. However, its large band gap (3.2 eV) combined with a
high recombination rate of the photogenerated electron/hole pairs (e−/h+) reduce the photon-to-charge
carriers conversion efficiency, but also limit the use in photochemical applications under visible or
solar light.

In order to overcome these drawbacks and improve the photocatalytic performance of
semiconductors, one of the promising strategies consists in introducing noble metals at the surface
of TiO2, such as gold nanoparticles [7]. Indeed, the combination with gold nanoparticles aims at
inhibiting the electron-hole pair recombination by trapping electrons and facilitating the transfer of
holes on the TiO2 surface [8]. Gold nanoparticles (Au NPs) are also known to enhance the activity
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of TiO2 under visible-light irradiation due to the localized surface plasmon resonance of Au NPs in
the visible light spectrum [9]. However, it is well accepted that the photocatalytic activity of such
TiO2@Au composites can strongly depend on the particle size of Au NPs [10] and optimal synthetic
conditions must be found, especially to prevent the aggregation of gold nanoparticles [11,12].

Over the last decade, cyclodextrins and derivatives have received great interest in the field of
synthesis and stabilization of metallic nanoparticles in aqueous medium [13]. These macrocyclic
oligosaccharides, which are well-known to form inclusion complexes with numerous guest molecules
via supramolecular interactions [14], can also be used as capping agents to stabilize zerovalent metal
nanoparticles, such as Au NPs. Owing to the numerous hydroxyl groups attached to the CD rims, they
can also act as efficient reducing agents for the synthesis of Au NPs [15–19]. However, to the best of
our knowledge, the use of cyclodextrins to prepare TiO2@Au composites through simple methods
of synthesis has been scarcely investigated. Most synthetic routes involve the use of chemically
modified cyclodextrins bearing thiol pendant groups as metal binding sites. Their preparations
require multistep and complex synthetic procedure as well as the use of time-consuming purification
methods. For instance, Zhu et al. developed a method to synthesize TiO2 decorated by the assembly of
per-6-thio-β-cyclodextrin and gold nanoparticles. The resulting composite showed very good efficiency
for the degradation of methyl orange (MO) under UV light [20]. More recently, TiO2 nanosheets
consisting of the combination of Au nanoparticles and mono-6-thio-β-cyclodextrin were prepared for
the electrochemical detection of trace of methyl parathion pesticide [21].

Recently, we have reported a sol-gel method using cyclodextrins as both structure-directing agents
and metal-complexing agents to self-assemble titania and gold colloids in composite materials with
controlled porosity and uniform metal dispersion [22]. Among the various cyclodextrins examined,
the TiO2@Au material prepared using the commonly used randomly methylated β-CD (RAME-β-CD)
have shown, after calcination, the best catalytic performance for the photodegradation of organic
pollutants in water under visible light, due to a good compromise between its textural properties,
crystallinity, and Au particle size. However, the preparation of such plasmonic photocatalysts involved
a multistep process that occurred over several days (including acid hydrolysis, peptization, maturation,
drying, and finally calcination at a high temperature of 500 ◦C to form Au NPs).

In recent years, microwave (MW) irradiation techniques have received considerable attention in
the field of nanomaterial synthesis by inducing or enhancing chemical reactions [23–25]. The use of
microwave heating may offer several advantages over conventional heating, such as shorter reaction
times, higher heating rates as well as higher uniformities of the products. In the literature, a few
articles were already devoted to microwave-assisted synthesis of gold nanoparticles protected by
cyclodextrin derivatives [16,26,27]. As a matter of fact, Aswathy et al. synthesized β-cyclodextrin
capped Au NPs with a mean diameter of 20 nm within a few minutes [16]. More recently, Stiufiuc et al.
used native cyclodextrins as reducing and capping agents during the microwave reduction of the
gold precursor and obtained stable monodispersed gold nanospheres covered with either α-, β- or γ-
CD [26]. However, to the best of our knowledge, the stabilization and anchorage of Au NPs on titania
support thanks to CDs under microwave irradiation have never been explored.

In this context, we reported hereby a novel method for elaborating TiO2@Au materials from a
two-step microwave-assisted synthetic route without the need for high temperature calcination. Herein,
the TiO2 support is synthesized using a microwave-method by hydrolysis of titanium tetrachloride
while the cyclodextrins are employed afterwards to produce size-controlled gold metallic nanoparticles
anchored on the support, once again under microwave irradiation. We have focused our efforts
on randomly methylated-β-CD (RAME-β-CD) and 2-hydroxypropyl-β-CD (HP-β-CD), which are
both highly water-soluble and readily available commercially at relatively low cost. The impact
of the nature of the carbohydrate precursor is investigated and discussed on the basis of different
physicochemical characterizations, including X-ray diffraction (XRD), N2 adsorption-desorption
analysis, transmission electron microscopy (TEM), thermogravimetry analyses (TGA), and diffuse
reflectance UV-Vis spectroscopy (DRUV-Vis). Finally, the efficiency of these photocatalysts is examined
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with respect to two photocatalytic reactions carried out under near-UV-light irradiation (λ > 365 nm),
i.e., the oxidative photodegradation of methyl orange and the hydrogen evolution reaction (HER).

2. Results and Discussion

As described in the Experimental Section, gold-doped TiO2 materials have been synthesized at
150 ◦C with a fast microwave heating using cyclodextrins as reducing agent of the metal precursor and
stabilizer of Au NPs. The synthetic procedure is schematically depicted in the Figure 1.

1) TiO2

2) NaOH
(pH 9)

1) MW 150°C
10 min

First step

Second step

RT 10 
min

2) Centrifugation 
(3000 rpm 5 min)

1) MW 150°C
10 min

2) Centrifugation 
(3000 rpm 5 min)

Figure 1. Schematic illustration of the two-step microwave (MW) procedure used for the TiO2@Au
materials synthesis.

Note that a bare TiO2 control was also prepared in the same conditions as those described for the
first step. These conditions were selected based on preliminary experiments, by varying the duration
and power of the microwave irradiation, in order to optimize the crystallinity of our titania support.
Indeed, the crystallinity is known to be a key factor in the photoactivity of TiO2 particles. The XRD
patterns of titania materials prepared from different heating programs (10, 30, and 45 min) and powers
(320 and 600 W) are given for comparison in the Figure 2. With increasing the duration of heating at
320 W, we observe that the intensity of the XRD lines progressively increases and narrows, suggesting
a growth in crystallite size. The planes (101), (004), (200), (105), and (211) associated to 2θ = 25.3◦,
37.7◦, 48◦, and 55.2–55.9◦ respectively correspond to the anatase phase (Ti-A, JCPDS 21-1272). No XRD
signals related to the presence of other crystalline phases such as rutile and brookite are detected.
However, the most interesting effects are produced with the power of 600 W, which offers a very good
compromise between crystallinity state and rate of anatase formation since this crystalline phase was
obtained after only 10 min, this duration being considerably shorter than that applied for conventional
sol-gel synthesis [28]. In line with this first optimization, the heating power of microwave irradiation
was set to maximum (600 W) for all the further investigations, with a duration of temperature rise of
2 min from room temperature to 150 ◦C (isothermal step-time of 10 min).

The impact of the addition of gold by microwave-assisted reduction of the TiO2 support was
further investigated using mixtures of HAuCl4 and modified cyclodextrins in alkaline conditions
(see Figure 1, second step). We decided to use the randomly methylated β-cyclodextrin (RAME-β-CD)
and the hydroxypropylated β-cyclodextrin (HP-β-CD) to stabilize Au NPs. Indeed, we particularly
focused on these two CDs because of their high solubility in water and their beneficial effect on
previously described gold-doped TiO2 [22]. RAME-β-CD and HP-β-CD have also the advantages to
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offer a number of available hydroxyl groups (8.4 per RAME-β-CD and 21 per HP-β-CD), which are
known to play an important role in the reduction processes of metal cations [16,29].

The XRD patterns of these microwave-prepared titania@Au materials are reported in the Figure 3.
For comparison, the XRD pattern of a control gold-doped TiO2 prepared in ethanol (selected as model
reducing agent), but without cyclodextrin, was also included (TiO2@Au).

It can be noticed, that in addition to the reflections of anatase (Ti-A, JCPDS 21-1272), TiO2@Au,
TiO2@Au-RB, and TiO2@Au-HP present broad and low intense peaks at 2θ = 38.2◦, 44.2◦, 64.3◦, and
78.1◦, which could be respectively indexed to the (111), (200), (220), and (311) planes of gold with
face-centered cubic crystalline structure phase (JCPDS 04-0784). The Au crystallite sizes could have
been estimated from the line broadening of the (200) diffraction peak at 2θ = 44.2◦ by the Debye-Sherrer
equation. Interestingly, for the control-doped TiO2 material prepared using ethanol, the size of gold
crystallites is ca. 15 nm, while it significantly decreases to ca. 8–10 nm for the materials prepared with
HP-β-CD and RAME-β-CD.

The textural characteristics of the titania-based materials were then evaluated by N2

adsorption-desorption analysis. All the samples exhibit type IV adsorption isotherms with distinct
hysteresis loops appearing at P/P◦ ≈ 0.5–0.8, thus supporting the mesoporous character of the samples
with a monomodal pore size of 4 nm (Figure S1 ESI and Table 1). The specific surface areas of the
bare TiO2 (TiO2-control) is close to those prepared by gold-doped TiO2 (240–260 m2.g−1). In the same
way, the pore volumes and pore size values are substantially the same whether there is gold or not.
The detailed surface properties and the gold loading determined by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) measurements are summarized in the Table 1. ICP-OES
analysis was used to quantitatively determine the gold content in our composites. Interestingly,
the gold loading (≈2 wt %) corresponds to a gold incorporation efficiency around 80–90% of the initial
amount of metal used during the synthesis.

Figure 2. X-Ray Diffraction (XRD) patterns of titania-based materials prepared by microwave heating
with different programs of heating (a) 320 W 3 min ramp then 10 min at 150 ◦C, (b) 320 W 3 min ramp
then 30 min at 150 ◦C, (c) 320 W 3 min ramp then 45 min at 150 ◦C, and (d) 600 W 2 min ramp then
10 min at 150 ◦C.
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Figure 3. XRD patterns of titania materials prepared by microwave heating: (a) bare TiO2, (b) TiO2@Au
prepared with ethanol, (c) TiO2@Au-RB, and (d) TiO2@Au-HP.

Table 1. Surface properties and gold loading of the different TiO2 materials.

Sample SBET (m2.g−1) a Pore Volume (cm3. g−1) b Pore Size (nm) c Au Content (wt %) d

TiO2-control 240 0.26 4.2 -
TiO2@Au 230 0.30 4.8 2.3

TiO2@Au-RB 230 0.22 4.0 2.0
TiO2@Au-HP 260 0.30 4.8 2.2

a Specific surface area determined by the BET (Brunauer, Emmett et Teller) method in the relative pressure range
of 0.1−0.25. b Pore volume computed by BJH. c Pore size determined by BJH. d Gold loading determined by
ICP-OES analysis.

The morphology and structure of the TiO2@Au materials were further characterized by TEM
analyses (Figure 4). Whatever the materials, the presence of Au NPs deposited onto the surface of
TiO2 is observed. When the synthesis is performed under cyclodextrin-free conditions, with ethanol
as reducing agent, TEM images (Figure 4a,b) show the presence of gold nanoparticles with a mean
diameter of 13.5 nm but with a relatively broad size distribution ranging from 5 to 30 nm and a standard
deviation of 5.3 nm (see histogram in Figure 4c). Note that larger gold nanoparticles with diameter
ranging from 44 to 78 nm can be also observed (See Figure S2 in ESI).

Although a modest decrease in the mean particle size is noticed when modified β-cyclodextrins
(12.5 nm for HP-β-CD and 12.9 nm for RAME-β-CD) are introduced during the microwave-assisted
synthesis, it can be seen that, for these two catalysts, gold nanoparticles are more uniformly dispersed
over the TiO2 support. Narrower size distributions with standard deviations as low as 2.5–2.8 nm (see
histograms in Figure 4f,j) can be clearly found, evidencing the stabilization of small and well-dispersed
spherical Au NPs, as can be seen at high magnification (See Figure S3 in ESI). It provides an intimate
contact between Au NPs and the TiO2 mesoporous support. Conversely to what was observed with the
ethanol procedure, no aggregation or formation of larger particles were observed over TiO2@Au-HP
and TiO2@Au-RB.

67



Catalysts 2020, 10, 801

 
Figure 4. Transmission electron microscopy (TEM) images at magnification of ×25,000
(Scale bar = 100 nm) and ×62,000 (Scale bar = 50 nm) and size distribution of (a–c) TiO2@Au,
(d–f) TiO2@Au-RB, (h–j) TiO2@Au-HP.

As previously observed by several teams, cyclodextrins can stabilize metallic nanoparticles
in aqueous solution [13]. Because of different types of interactions between the metal and the
CDs (hydrophobic-hydrophobic interactions [30], non-covalent interactions between metal ions and
hydroxyl groups of the CD [15]) the aggregation of gold nanoparticles can be avoided and it will result
in a smaller particle size. As already observed with native CDs, RAME-β-CD and HP-β-CD are able to
reduce Au3+ thanks to their hydroxyl groups and then interact with the gold nanoparticles in order
to prevent their agglomeration [31]. To the best of our knowledge, it is the first time that modified
cyclodextrins are employed as both reducing agent of gold precursor and also stabilizing agent of
gold nanoparticles.

Our materials were then characterized by UV-visible diffuse reflectance spectroscopy experiment.
Figure 5 shows UV–Visible absorbance spectra and Tauc plots of TiO2-control, TiO2@Au, TiO2@Au-RB
and TiO2@Au-HP materials. All the titania samples exhibit a broad absorption band around 330 nm
corresponding to the charge transfer from O 2p valence band to Ti 3d conduction band [32]. Thus,
the large band gap energy (Eg) of 3.20 eV estimated for the unmodified TiO2 is in agreement with
typical values reported in the literature for anatase structures. However, it is worth noting that, for the
gold-doped TiO2 samples prepared from cyclodextrins, a slight red-shift of the absorption edge of the
TiO2 semiconductor toward higher wavelengths was observed compared to pure TiO2. The following
sequence can be established in terms of Eg: TiO2@Au-RB (2.70 eV) < TiO2@Au-HP (2.95 eV) < TiO2@Au
(3.20 eV) = TiO2 (3.20 eV).

As previously reported, the electrons can be transferred from the excited TiO2 to the metallic
nanoparticles and the electron accumulation increases the Fermi level of the nanoparticle to more
negative potentials. Therefore, the involved edge energy in the electron transfer from TiO2 to the
metallic nanoparticles is lower than bare TiO2 [33]. The lowest band gap values for the TiO2@Au-RB
and the TiO2@Au-HP materials suggest that the contact between the two inorganic phases (gold and
TiO2) is enhanced when cyclodextrin is used during the Au NPs synthesis and this result is in good
agreement with the TEM observations. However, the smallest value was found for the TiO2@Au-RB so
that we can suppose that the use of the RAME-β-CD promotes the most intimate contact between the
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semiconductor and the metal. Further, another band is revealed at approximately 550 nm, confirming
the presence of gold particles embedded in the TiO2 matrix [34]. When neither cyclodextrin nor ethanol
is added to the gold salt in the second step, no reduction of Au3+ was noticed, the resulting powder
remained white and its UV-Vis spectra was similar to that obtained for the bare TiO2 (see Figure S4
in ESI).

Figure 5. Diffuse Reflectance UV-Vis (DRUV-Vis) spectra of titania-based materials prepared by
microwave heating: (a) bare TiO2, (b) TiO2@Au, (c) TiO2@Au-HP, (c) and (d) TiO2@Au-RB. In the inset,
Tauc plots for the determination of the band gap values Tauc (indirect bad gap energy).

UV-Vis experiment and TEM images proved that modified CDs can act as both reducing agent of
the metal precursor and capping agent of well-dispersed homogeneously dispersed Au NPs even in
the presence of titanium dioxide. But to further characterize our materials and specially to know if
cyclodextrins still remained in the TiO2@Au-RB and the TiO2@Au-HP samples, thermogravimetric
analyses (TGA) were performed. The thermal profiles of TiO2@Au, TiO2@Au-RB, and TiO2@Au-HP
are shown in Figure 6.

The thermal patterns of the bare TiO2 and the TiO2@Au exhibit a one-step decomposition process
with a weight loss in the 50–400 ◦C temperature range corresponding to the desorption of physically
adsorbed water. The total weight loss for these samples are estimated to be 6.0 and 6.7 wt.%, respectively.
The thermal profile of TiO2@Au-RB exhibits a two-step decomposition process with a total weight loss
of ca. 10.4 % at 1000 ◦C. The first weight loss (≈4%) in the 50–250 ◦C temperature range corresponds to
the removal of physically adsorbed water, whereas the second weight loss (≈6%) in the 250–450 ◦C
temperature range with a major weight loss at ca. 380 ◦C attributed to the thermal decomposition of the
modified β-CD (Figure S5 in ESI). A similar profile was obtained with the TiO2@Au-HP (Figure 6c) since
this sample exhibited also a two-step decomposition process attributed to the removal of physically
adsorbed water (≈6%) and to the thermal decomposition of residual HP-β-CD or its residues (≈11%)
(see Figure S5 in ESI for the thermal profile of HP-β-CD alone). These thermal analyses proved
that a small amount of saccharidic compounds (≈6 wt.% for the TiO2@Au-RB and 11 wt.% for the
TiO2@Au-HP) remains adsorbed on our composite materials prepared with modified CDs even after the
washing cycles. This result could be explained by the ability of CD derivatives to interact both with the
gold nanoparticles and with the titania support. As previously described, we can suppose that after the
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microwave reduction, cyclodextrin derivatives could be linked to the gold nanoparticles through weak
interactions and covered the outer surface of the Au NPs [16,26]. In addition, cyclodextrins are known
to be able to interact with the titanium dioxide through hydrogen bounds [35,36]. In fact, the hydroxyl
groups located at the exterior of the torus favored the interactions of the cyclic oligosaccharides
with the surface OH groups of titania. This latter hypothesis could also explain why the amount of
organic compounds is higher in the TiO2@Au-HP than in the TiO2@Au-RB composite: the quantity
of saccharidic compounds adsorbed on titania increases with the number of hydroxyl groups of the
CD [37]. Because of a higher number of hydroxyl groups (21 vs. 8.4), the HP-β-CD is more adsorbed
on the titania support than the RAME-β-CD. This hypothesis could also explain the larger Eg observed
for the TiO2@Au-HP compared to the TiO2@Au-RB composite: the residual organic compounds may
reduce the contact between the Au NPs and the titanium dioxide [38].

Figure 6. Thermogravimetric profiles for (a) bare TiO2, (b) TiO2@Au, (c) TiO2@Au-RB,
and (d) TiO2@Au-HP.

According to the textural and structural studies, our titania-based materials exhibited interesting
characteristics for photocatalytic applications. Indeed, the catalytic efficiency is known to be linked to
two major physical properties: crystallinity and surface area of the photocatalysts [39].

With this microwave synthesis, only the anatase crystalline phase was obtained at low temperature
(150 ◦C) without any additional calcination (or another thermal treatment) and this phase is known for
its good activity in photocatalysis. On the other hand, good textural properties in terms of specific
surface area, pore size, and pore volume could facilitate adsorption and diffusion of the target molecules
onto the surface of the catalyst [40].

To confirm these hypotheses, the photocatalytic performances of the microwave gold-doped TiO2

materials have been investigated through two different experiments. The redox properties of these
materials have been firstly evaluated in the photodegradation of methyl orange (MO) in water. Briefly,
an aqueous solution of MO (50 ppm) in the presence of the semi-conductors was irradiated at 365 nm
and the concentration of the residual dye was regularly quantified by HPLC measurements. Prior to
the photocatalytic study, the photostability of the organic dye was checked in a preliminary test without
photocatalyst (Figure S6), and it was found that the concentration of MO remained unchanged during
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the 1h test period. The performances of TiO2@Au-RB and TiO2@Au-HP are reported in the Figure 7.
For comparison, TiO2@Au prepared with ethanol was also tested (Figure 7a).

 
(a) (b) 

Figure 7. Photocatalytic performances of the gold-doped titania materials prepared by microwave
heating for the degradation of methyl orange in near UV (λ = 365 nm): (a) Conversion of methyl
orange after 60 min of irradiation (b) Evolution of the methyl orange concentration during one hour of
irradiation for TiO2@Au-RB (yellow) and TiO2@Au-HP (green).

After 60 min under near UV irradiation, the dye was hardly degraded in the presence of the
TiO2@Au prepared without CD by microwave heating and this result is similar to thus obtained with
bare TiO2 (Figure S6). In contrast, after one hour of irradiation, the MO concentration was close to zero
for the tests realized with the gold-doped TiO2 prepared with modified cyclodextrins (TiO2@Au-RB
and TiO2@Au-HP). The addition of modified CD during the synthesis of Au NPs in the presence of
TiO2 improved drastically the performances of the photocatalyst and this result is probably linked
to the good dispersion of nanosized gold nanoparticles obtained from CDs over the support. In fact,
small and well-dispersed metal islands deposited on the TiO2 core are known to provide a favorable
geometry for facilitating the interfacial charge transfer under UV irradiation [41]: the electrons of the
titanium oxide are excited from the valence band to the conduction band and then migrate to Au
clusters, which prevent the direct recombination of electrons and holes. For the TiO2@Au-RB and
TiO2@Au-HP samples, we can suppose that the small and spherical Au NPs observed on the surface of
the semi-conductor by TEM experiments act as electron sink to favor the oxidation and the reduction
reactions. Conversely, large particles of metal are often harmful to the photocatalytic activity so that the
TiO2@Au prepared with ethanol as reducing agent was less efficient in our conditions [42]. Logically,
large nanoparticles mobilize more gold atoms than small ones. With an equal metal loading, materials
doped with large Au NPs offer fewer electronic reservoirs than those with small particles.

Additionally, the Figure 7b showed that the decrease of the MO amount was significantly faster in
the presence of the microwave-assisted gold-doped TiO2 prepared with RAME-β-CD compared to
that prepared with HP-β-CD (Figure 7b). The lowest efficiency of the TiO2@Au-HP compared to the
TiO2@Au-RB might be correlated to the highest band gap (as evidenced by DRUV-Vis experiment)
and also to the amount of CDs residues in the final material (as evidenced by thermogravimetric
analysis). In fact, we can suppose that the residual organic compounds decrease the contact between
the semi-conductor and the gold and so reduce the electron transfer. Furthermore, the CDs residues
could maybe mask some of the active sites of the semi-conductor or reduce the potential adsorption of
the MO [43].

The recyclability and reuse of the most efficient photocatalyst (TiO2@Au-RB) was also evaluated in
the degradation of the MO. From Figure S7, it can be seen that the photocatalytic activity is stable during
at least 3 runs. This study clearly showed the robustness of the catalyst and the strong embedment of
the Au NPs onto the TiO2 support.

Finally, we studied the behavior of the gold-doped TiO2 in the production of hydrogen by
photoreduction of water. Aqueous suspensions of the TiO2@Au, TiO2@Au-HP, and TiO2@Au-RB were
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irradiated at 365 nm in the presence of ethanol as the sacrificial agent. The result of the amount of
hydrogen produced by photoreduction of water is reported in the Figure 8a.

When the TiO2@Au-HP and the TiO2@Au-RB were irradiated in water, hydrogen was quickly
detected and the amount of H2 was quantified as about 160 and 300 μmol.h−1.g−1 of catalyst,
respectively. Compared to other TiO2 catalysts in the literature [2,44], these amounts of produced
hydrogen are promising since the power of our lamp is very low in comparison to Xe lamp usually
used in such photocatalytic experiments. Moreover, the yield of hydrogen produced with our
gold-doped catalyst was very high in comparison with that obtained with commercial anatase TiO2

(<2 μmol.h−1.g−1) or with TiO2@Au prepared with ethanol as reducing agent in the same conditions
(about 3 μmol.h−1.g−1). As observed with the first photocatalytic test, the TiO2@Au-RB was also more
efficient than theTiO2@Au-HP to produce hydrogen from water, probably due to the same reasons
discussed above (i.e., twice as many organic compounds on the surface of the photocatalyst for the
TiO2@Au-HP than for the TiO2@Au-RB). Finally, the amount of hydrogen produced is reproducible
after several cycles of illumination (see for example Figure 8b with TiO2@Au-RB) and stable during
more than 10 h (ESI, Figure S8). This catalytic result proved that the introduction of small and uniform
gold nanoparticles thanks to CDs reduction leads to a real boost of the photocatalytic performances of
titanium dioxide even under UV irradiation and clearly confirmed the need of intimate contact with
TiO2 and Au to enhance the electron transfer between them.

 

(a) (b) 

Lamp on Lamp off

Figure 8. (a) Amount of hydrogen produced by photoreduction of water in the presence of gold-doped
TiO2 prepared by microwave heating process (100 mg of photocatalyst, 80 mL water, 20 mL ethanol,
λ = 365 nm) (b) Evolution of the hydrogen production by photoreduction of water in the presence of
TiO2@Au-RB during 3 cycles of illumination.

3. Materials and Methods

3.1. Chemicals

Randomly methylated β-cyclodextrin (RAME-β-CD) with an average degree of substitution
of 1.8 methyl groups per glucopyranose unit (MW 1310 g.mol−1) was a gift from Wacker Chemie
GmbH (Lyon, France). Hydroxypropyl-β-cyclodextrin (HP-β-CD) with an average substitution of
0.6 CH2CH(OH)-CH3 groups per glucopyranose unit (MW 1380 g.mol−1) was purchased from Roquette
(Lestrem, France). Ethanol, methyl orange (MO) and TiCl4 were purchased from Sigma-Aldrich
(Quentin-Fallavier, France) while HAuCl4 (49 wt.%) was provided by Strem Chemicals (Bischheim,
France). All these reagents were used without purification.

3.2. Preparation of the Au/TiO2 Materials with Cyclodextrins

In a typical preparation, TiO2 was prepared from TiCl4 by microwave heating (CEM Mars
instrument, Power 600 W) inspired by a method previously described by Wang et al. [45]. TiCl4 (0.9 mL,
8.21 mmol) was quickly added to ethanol (25 mL) and stirred at room temperature during 10 min. Then,
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the yellow solution was introduced in a Teflon microwave reactor equipped with temperature and
pressure probes and heated to 150 ◦C during 10 min. The white suspension was centrifuged at 3000 rpm
during 5 min. The supernatant was evacuated and the resulting white powder of TiO2 was added
to 20 mL of an aqueous solution of HAuCl4 (3.73 × 10−5 mmol) and cyclodextrin (4.04 × 10−4 mmol).
Note that this CD/Au molar ratio of about 10 has been chosen to promote the synthesis of spherical
gold nanoparticles, in line with a previous work reported in the literature [46]. NaOH (0.5 M) was
slowly added to the solid suspension in order to adjust the pH value at about 9. Then the mixture
was transferred in a Teflon microwave reactor and was finally heated under microwave irradiation
with the same program used to prepare TiO2 from TiCl4 (600 W, 150 ◦C, 10 min). To promote the
synthesis of gold nanoparticles. At the end of the heating microwave program, the suspension was
centrifuged and the purple powder was thoroughly washed with water before overnight drying at
100 ◦C. The gold-doped TiO2 materials synthesized by microwave heating from RAME-β-CD and
HP-β-CD were named as TiO2@Au-RB and TiO2@Au-HP, respectively. Additionally, note that a
control gold-doped TiO2 (denoted as TiO2@Au) was also prepared in a very similar manner as the
above described procedure, by substituting cyclodextrin for ethanol during the reduction process.
The syntheses and characterizations have been reproduced several times.

3.3. Characterization Methods

3.3.1. Powder X-ray Diffraction

Powder X-ray diffraction data were collected on a Siemens D5000 X-ray diffractometer (Bruker,
Palaiseau, France) in a Bragg-Brentano configuration with a Cu Kα radiation source. Scans were
run over the angular domains 10◦ < 2θ < 80◦ with a step size of 0.02◦ and a counting time of
2 s/step. Crystalline phases were identified by comparing the experimental diffraction patterns to
Joint Committee on Powder Diffraction Standards (JCPDS) files for anatase. The treatment of the
diffractograms was performed using the FullProf software [47] and its graphical interface WinPlotr [48].
The average crystallite size D was calculated from the Scherrer formula, D = Kλ/(β cos θ), where K is
the shape factor (a value of 0.9 was used in this study, considering that the particles are spherical), λ is
the X-ray radiation wavelength (1.54056 Å for Cu K), β is the full width at half-maximum (fwhm), and
θ is the Bragg angle.

3.3.2. Nitrogen Adsorption-Desorption Isotherms

Nitrogen adsorption-desorption isotherms were collected at −196 ◦C using an adsorption analyzer
Micromeritics Tristar 3020 (Merignac, France). Prior to analysis, 200–400 mg samples were outgassed
at 100 ◦C overnight to remove the species adsorbed on the surface. From N2 sorption isotherms,
specific surface areas were calculated by the BET method while pore size distributions were determined
using the BJH model assuming a cylindrical pore structure. The relative errors were estimated to be
the following: SBET, 5%; pore volume (pv) (BJH), 5%; pore size (ps) (BJH), 20%.

3.3.3. Diffuse Reflectance UV-Visible

Diffuse reflectance UV-visible spectra were collected using a Shimadzu UV-Vis NIR spectrometer
(Marne-la-Vallée, France). BaSO4 was used as the reference. Tauc plot analysis was performed for the
calculation of the band gap energy (Eg). In fact, the Eg can be estimated by plotting (F(R) hν)n vs.
hν and extrapolated from linear part of the curve to the hν x-axis intercept. To determine values of
these forbidden energies, the absorption data were fitted to the Tauc relation for indirect band-gap
transitions (n = 1

2 ) [49].

3.3.4. Thermogravimetric Analysis (TGA) Coupled with Differential Scanning Calorimetry (DSC)

Thermogravimetric Analysis (TGA) coupled with Differential Scanning Calorimetry (DSC)
analyses were performed using a Mettler Toledo TGA/DSC3+ STARe system unit (Viroflay, France).
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The samples were placed in aluminum oxide crucibles of 70 μL and heated from 40 to 1000 ◦C at
10 ◦C.min−1 under a 50 mL.min−1 air flow.

3.3.5. ICP Optical Emission Spectrometry

ICP optical emission spectrometry was performed on an iCAP 7000 Thermo Scientific spectrometer
(Les Ulis, France). For the quantification of gold loading, 10 mg of the Au/TiO2 materials were introduced
in 20 mL of aqua regia and then heated to 130 ◦C during one hour. Then the remaining TiO2 was
removed using a 0.2 μm pore filter. The resulting solution is finally diluted with pure water up to a
final volume of 100 mL. The amount of gold incorporated in the material was determined using an
external calibration with a gold ICP standard solution.

3.3.6. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) bright field observations were performed on a Tecnai G2
microscope (FEI, Hillsboro, Oregon, USA) operating at an accelerating voltage of 200 kV. The Au/TiO2

powder was deposited directly on a carbon coated copper grid. Metal particle size distributions
have been determined from the measurement of about 200 Au NPs. The nanoparticles were found in
arbitrarily chosen area of the images using the program ImageJ software.

3.4. Photocatalytic Experiments

3.4.1. Photodegradation of Methyl Orange

The photocatalytic efficiency of the titania-based materials was first evaluated in the
photodegradation of methyl orange (MO) carried out using quartz reactors of 5 mL. In a typical
experiment, 10 mg of photocatalyst was added to 4 mL of a solution of methyl orange (50 ppm).
After 30 min in the dark, UV irradiation was performed using a led UV light lamp (Opsytec λ = 365 nm,
beam size = 0.785 cm2, power of 0.2 W.cm−2). Aliquots were centrifuged at regular intervals and
the MO concentration in the supernatant was determined by high-performance chromatography
(HPLC, PerkinElmer, Villebon-sur-Yvette, France) analyses using a PerkinElmer Pecosphere C18
(83 mm length × 4.6 mm diameter) column. An aqueous mixture of acetonitrile (20% (v/v)) was used
as the mobile phase at a flow rate of 1 mL.min−1. Aliquots of 50 μL of the sample was injected and
analyzed using a photodiode array detector. The MO conversion given in percentage refers to the
difference in the MO concentration before irradiation (C0) and after 1 h of irradiation (C) divided by
the MO concentration before irradiation (i.e., 100 × (C0 − C)/C0).

3.4.2. Production of Hydrogen by Photoreduction of Water

Photocatalytic measurements for H2 generation were carried out in a cylindrical pyrex reactor
equipped with a quartz window by irradiating the titania-based materials in a 20 vol% ethanol-water
solution (ethanol was used as hole-scavenger). As light source, we used the same LED UV light as
that employed for the photocatalytic degradation of MO experiments described above in Section 3.4.1.
The reactor operated at room temperature and atmospheric pressure and was kept under stirring
at a constant speed of 1250 rpm. In a typical experiment, 100 mg of photocatalyst was added to a
100 mL of ethanol-water solution in the reactor. The catalytic solid suspension was then flushed with
argon gas (420 mL.h−1) for 60 min prior to photocatalysis. The amount of H2 produced was measured
on-line using a micro gas chromatograph (Micro-GC Agilent 490, Les Ulis, France) equipped with a
thermal conductivity detector and two separating columns (Microsieve 10 m (5 Å) and 8 m-Paraplot U)
operating with backflush injection (Ar as carrier gas).

4. Conclusions

In this work, an easy and fast preparation of Au loaded TiO2 without calcination step is described.
The addition of common modified cyclodextrin (methylated or hydroxypropylated) during the
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microwave reduction of a gold precursor in the presence of TiO2 led to an efficient photocatalyst both
for pollutant photodegradation and photoreduction of water under near UV irradiation. The saccharidic
macrocycle was responsible for a good stabilization of gold nanoparticles in aqueous solution so that
these latter could not aggregate during the microwave synthesis and were deposited uniformly on
the TiO2 surface. Because of its lowest number of hydroxyl groups, the RAME-β-CD seems to be
less adsorbed onto the surface of the final composite after the gold reduction and represents the most
promising photocatalyst. It could be now interesting to study the photocatalytic performances of our
materials under solar simulated lamp. However, this new and fast synthetic approach offers promising
perspectives for photocatalytic depollution process and green energy production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/801/s1,
Figure S1. N2 adsorption desorption isotherms of TiO2-control (a) gold decorated titania materials prepared
without CD (TiO2@Au) (b) gold decorated titania materials prepared with HP-β-CD (TiO2@Au-HP) (c) gold
decorated titania materials prepared with RAME-β-CD (TiO2@Au-RB) (d), Figure S2. TEM images of TiO2@Au
catalyst at magnification of ×62,000, Figure S3. TEM images of (a) TiO2@Au-RBand (b) TiO2@Au-HB at
magnification of ×490,000, Figure S4. UV-vis spectra of titania materials prepared by a two-step microwave
heating procedure with HAuCl4 in a second step but without CD and without ethanol, Figure S5. TGA profiles
for the RAME-β-CD and the HP-β-CD, Figure S6. Evolution of methyl orange concentration under irradiation
(λ = 365 nm) as a function of time in the absence (open circle) or presence of the bare TiO2 prepared by microwave
process (filled circle). Reaction conditions: TiO2, m = 10 mg; methyl orange solution, V = 4 mL (50 ppm) Figure S7.
Performance of TiO2@Au-RB in three consecutive tests with reuse of the catalyst. Reaction conditions: 4 mL of a
solution of methylorange (50 ppm), 10 mg of TiO2@Au-RB (λ = 365 nm, t = 10 min), Figure S8. Production of
hydrogen by photoreduction of water (80 mL) in the presence of TiO2@Au-RB (100 mg) and ethanol (20 mL) as
sacrificial agent (λ = 365 nm).

Author Contributions: Synthesis, catalytic tests, ICP, and UV experiments, C.M.; N2 adsorption-desorption
measurements and IR spectroscopy, N.K.; TEM analysis, B.L. and A.A.; XRD, A.P. and F.W.; catalysis, S.N.;
supervision and reviewing results, reviewing the manuscript, English writing, C.M., E.M., and A.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The TEM facility in Lille (France) is supported by the Conseil Régional du Nord Pas de Calais
and the European Regional Development Fund (ERF). Chevreul Institute (FR 2638), Ministère de l’Enseignement
Supérieur, de la Recherche et de l’Innovation, Région Hauts-de-France and FEDER are acknowledged for
supporting and funding partially this work. The authors are grateful to the University of Artois for supporting
this research through the Quality Research Bonus (Micro-GC Agilent 490 in 2018).

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

References

1. Youa, J.; Guoa, Y.; Guob, R.; Liub, X. A review of visible light-active photocatalysts for water disinfection:
Features and prospects. Chem. Eng. J. 2019, 373, 624–641. [CrossRef]

2. Boyjoo, Y.; Sun, H.; Liu, J.; Pareek, V.K.; Wang, S. A review on photocatalysis for air treatment: From catalyst
development to reactor design. Chem. Eng. J. 2017, 310, 537–559. [CrossRef]

3. Jafari, T.; Moharreri, E.; Amin, A.S.; Miao, R.; Song, W.; Suib, S.L. Photocatalytic Water Splitting—The Untamed
Dream: A Review of Recent Advances. Molecules 2016, 21, 900–929. [CrossRef]

4. Daghrir, R.; Drogui, P.; Robert, D. Modified TiO2 for Environmental Photocatalytic Applications: A Review.
Ind. Eng. Chem. Res. 2013, 52, 3581–3599. [CrossRef]

5. Chen, X.; Mao, S.S. Titanium Dioxide Nanomaterials: Synthesis, Properties, Modifications and Applications.
Chem. Rev. 2007, 107, 2891–2959. [CrossRef]

6. Haider, A.J.; Jameel, Z.N.; Al-Hussaini, I.H. Review on: Titanium Dioxide Applications. Energy Procedia
2019, 157, 17–29. [CrossRef]

7. Khaki, M.R.D.; Shafeeyan, M.S.; Raman, A.A.A.; Daud, W.M.A.W. Application of doped photocatalysts for
organic pollutant degradation—A review. J. Environ. Manag. 2017, 198, 78–94. [CrossRef] [PubMed]

8. Truppi, A.; Petronella, F.; Placido, T.; Margiotta, V.; Lasorella, G.; Giotta, L.; Giannini, C.; Sibillano, T.;
Murgolo, S.; Mascolo, G.; et al. Gram-scale synthesis of UV–vis light active plasmonic photocatalytic
nanocomposite based on TiO2/Au nanorods for degradation of pollutants in water. Appl. Catal. B Environ.
2019, 243, 604–613. [CrossRef]

75



Catalysts 2020, 10, 801

9. Cheng, L.; Zhang, D.; Liao, Y.; Li, F.; Zhang, H.; Xiang, Q. Constructing functionalized plasmonic gold/titanium
dioxide nanosheets with small gold nanoparticles for efficient photocatalytic hydrogen evolution. J. Colloid
Interface Sci. 2019, 555, 94–103. [CrossRef] [PubMed]

10. Iliev, V.; Tomova, D.; Bilyarska, L.; Tyuliev, G. Influence of the size of gold nanoparticles deposited on TiO2

upon the photocatalytic destruction of oxalic acid. J. Mol. Catal. A Chem. 2007, 263, 32–38. [CrossRef]
11. Zhou, H.; Zheng, L.; Jia, H. Facile control of the self-assembly of gold nanoparticles by changing the capping

agent structures. Colloids Surf. A Physicochem. Eng. Asp. 2014, 450, 9–14. [CrossRef]
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Abstract: Removal of persistent pollutants from water by photoelectrocatalysis has emerged as a
promising powerful process. Applied potential plays a key role in the photocatalytic activity of
the semi-conductor as well as the possible presence of chloride ions in the solution. This work
aims to investigate these effects on the photoelectrocatalytic oxidation of diethyl phthalate (DEP) by
using TiO2 nanotubular anodes under solar light irradiation. PEC tests were performed at constant
potentials under different concentration of NaCl. The process is able to remove DEP following a
pseudo-first order kinetics: values of kapp of 1.25 × 10−3 min−1 and 1.56 × 10−4 min−1 have been
obtained at applied potentials of 1.8 and 0.2 V, respectively. Results showed that, depending on the
applied potential, the presence of chloride ions in the solution affects the degradation rate resulting
in a negative effect: the presence of 500 mM of Cl− reduces the value of kapp by 50 and 80% at 0.2
and 1.8 V respectively.

Keywords: diethyl phthalate; photoelectrochemical degradation; persistent organic pollutants; chlo-
ride ions; TiO2 nanotubes

1. Introduction

The application of photoelectrochemical process for polluted waters and wastewaters
has been gaining more and more attention thanks to the possibility to obtain electrical
energy from renewable energy sources, rather than from fossil fuels [1]. The technique
exploits the synergy between photochemistry and electrochemistry: from one side, the
photochemical process increases its efficiency as the bias potential lowers recombination
of the photogenerated charges, from the other side the photo-potential generated on the
semiconductor depolarizes the cell improving the yield of the electrochemical process [2].

Considering the application to real matrices, the effect of the composition of the water
to be treated plays a crucial role, with particular regard to the presence of chlorides, which
are ubiquitous ions in water and wastewater. Several studies on the photochemical process
using TiO2 highlighted a negative effect of the presence of chloride: the inhibiting effect
has been ascribed both to the competitive adsorption between the pollutant molecules and
Cl− towards the surface-active sites of TiO2, or to the scavenging function of chloride ions
towards holes and hydroxyl radicals [3,4]. Piscopo et al. [5] showed different effects on the
degradation rate of two pollutants depending on the chloride concentration, the nature of
the organics and the pH: in the case of poorly adsorbed molecules, if the pH favored the
adsorption of Cl−, even low concentration of chloride strongly affected the degradation.

Several papers evidenced the key role of pH in the photocatalytic degradation using
TiO2: point of zero charge (pHpzc) plays a crucial role in determining the surface charge of
photocatalyst and, in turn, its interaction with charged molecules or ions. When the pH is
higher than the pHpzc, the polarity of TiO2 surface is negative and the electrostatic repulsion
toward anionic compounds dominates [6–8]. Moreover, since hydroxyl radicals can be
formed by the reaction between hydroxide ions and positive holes, the hydroxyl radicals are
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considered as the predominant species at neutral or high pH, while at low pH the holes are
considered the major oxidizing species [9]. Regarding the scavenging effect, chloride can
react with HO• radicals and holes, allowing the formation of less reactive chloride radical
(Cl•) and dichloride radicals (Cl2•−) [10–12]: the oxidized chloride may also recombine
with photogenerated electrons quenching the photogenerated charge carriers [13].

Different considerations may be made when photoelectrocatalysis is considered: in
this case, heterogenous photocatalysis can be improved by the application of a bias poten-
tial to obtain a more effective separation of photogenerated charges, thereby increasing the
lifetime of electron–hole pairs. In the photoelectrocatalytic process, the increases of the
applied potential can accelerate the photogenerated electrons toward the external circuit,
generating the bending of the conduction and valence bands, with the consequent forma-
tion of a space charge layer. Thus, the recombination of the e−/h+ pairs may be decreased
or totally prevented, improving the photocatalytic performance [14,15]. Moreover, increase
in the potential can empty the defects where the photogenerated charges are trapped,
enhancing the photoactivity [16].

The presence of chloride in a photoelectrochemical process exerts a different effect
with respect to the photochemical one: in fact, unlike the inhibitory effects found in
photocatalysis, in photoelectrochemical removal of pollutants, enhancing effect in the
degradation process has been often highlighted. Zanoni et al. [17] reported the highest
discoloration rate and TOC removal for solution containing Remazol Brilliant Orange 3R
at pH 6.0 in presence of 0.5 M of NaCl applying +1.0 V (SCE) to the TiO2 photoanode.
Also, in the case of other dyes or organics, the presence of Cl− has been found beneficial
to accelerate the degradation rate [18,19]. The improvement in the degradation has been
explained by the synergistic action of the strong oxidizing species HO•, chlorine-based
radicals Cl• and Cl2•−, and active chlorine species like HClO and Cl2 that can give a bulk
contribution [20,21]. Moreover, at the anode the adsorption of negative charged ions, such
as chloride, can be enhanced both by the polarization and the promotion of reactions that
can generate local acidic pH variation near the anodic surface.

In this framework, our work is devoted to study the photoelectrochemical degra-
dation of a persistent organic pollutant at two levels of applied potentials and in the
presence of different concentrations of chloride under simulated solar light conditions,
using TiO2 nanotubular electrodes. The pollutant selected for the study is the diethyl-
phthalate (DEP). Phthalate esters (PAEs) are a group of widely used plasticizers that can
lead to endocrine system disorders, affecting reproductive function, and inducing some
tumors [22–24]. Due to their wide utilization and the difficulty to completely remove them
with conventional treatment processes, PAEs are ubiquitous persistent organic pollutants
in the environment, being the short chain phthalate as DEP, the most detected in surface
marine waters, freshwaters, and sediments [25–27]. To the best of our knowledge, only few
papers reported on the photoelectrochemical degradation of the diethyl phthalate [28,29].
Moreover, the influence of the presence of chloride during their treatment and the effect of
the applied potential are not yet presented by the literature.

2. Materials and Methods

2.1. Preparation of TiO2 Nanotubes

TiO2 nanotube electrode (TiO2-NT) used for the photoelectrochemical degradation of
DEP was prepared by electrochemical anodization as reported in our previous work [30].
Briefly, Ti foils (0.25 mm thickness, 99.7% metal basis, Aldrich, St. Louis, MO, USA) were
cut in circular disks of 5 cm diameter. After ultrasonic treatments in acetone, isopropanol
and methanol (10 min each), Ti was rinsed with deionized water, and dried with a nitrogen
stream. The anodization was performed in a two-electrode cylindrical cell made by Teflon
(inner dimension: diameter = 4.4 cm and height = 5 cm). The working electrode was located
at the bottom of the cell where the electrical contact was an aluminum disc. The exposed
geometrical area of the Ti electrodes was 15 cm2. A platinum titanium grid placed in front
of the anode at 1 cm distance constituted the counter electrode.
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The anodization was performed in (10%) deionized water/(90%) glycerol solution
with 0.14 M of NH4F at room temperature. A potential ramp was imposed from open
circuit voltage (OCV) to 20 V with a scan rate of 100 mVs−1; then the applied potential
was maintained at this fixed value for 4 h. TiO2-NT was annealed in air atmosphere
at 400 ◦C for 1 h to transform the amorphous structure into crystalline one. The phase
transformation depends on both the structure morphology and annealing temperature: it
has been shown that the anatase-to-rutile transformation starts near 430 ◦C for the 500 nm
long nanotubes [31], while the same transformation has been reported to occur at 550 ◦C
for nanotubes up to 200 nm [32]. In our case, after 1 h at 400 ◦C, a unique anatase phase
was present [33]. The morphological characterization of TiO2-NT was presented in [30]:
the average diameter of tubes ranged between 40–50 nm, while the tube length of around
700 nm was measured.

2.2. Photoelectrochemical Tests

Photoelectrochemical tests were performed in a three-electrode beaker cell using
TiO2 nanotubes as photoanode, a platinized titanium grid as cathode, and a saturated
calomel electrode (SCE) as reference. The cell was filled with 100 mL of solution and
connected with a potentiostat-galvanostat (Metrhom Autolab 302N, Metrohm, Herisau,
Switzerland) controlled by Nova software. The photoanode was irradiated by UV-vis light
using a 300 W xenon lamp equipped with air mass (AM) 0 and 1.5 D filters to simulate the
solar irradiation.

Photocurrent measurements were carried out by linear sweep voltammetric (LSV)
runs, starting from the OCV to 2.5 V at a scan rate of 10 mVs−1, with hand-chopped
light. The photocurrent-time measurements were recorded applying a constant potential
in the dark for 10 min; afterward, the electrode was exposed to light for 200 s, followed by
dark condition.

Photoelectrochemical oxidation of diethyl phthalate was performed under potentio-
static conditions at 0.2 and 1.8 V vs. SCE. The initial concentration of the organic compound
was 40 mg dm−3 and 0.1 M NaClO4 was used as supporting electrolyte. Moreover, different
amount of NaCl (1, 100, 500 mM) were added to the solution, to investigate on the effect
of chloride concentration during the photoelectrochemical oxidation of DEP. The pH of
the solution was neutral. During degradation experiments, samples of electrolyte were
withdrawn for qualitative and quantitative analyses of the model organic compound.

2.3. Analytical Methods

Analyses of the model organic compound were carried out by HPLC (Waters), equipped
with a column Varian C18 and a dual band UV detector set to 283 and 229 nm. The mobile
phase was Acetonitrile and aqueous solution 0.1% H3PO4 = 40:60 with a flow rate of
1 mL min−1.

The oxidant concentration, expressed as μM of active chlorine, was measured using
the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method. DPD oxidizes to form a
red-violet product, the concentration of which is determined measuring the absorbance at
515 nm.

The trend of mineralization was monitored by measuring the total organic carbon
(TOC) by a Shimatzu TOC 500L instrument.

For each sample a repeatability within ±5% has been evaluated.

3. Results and Discussion

Figure 1 shows the trend of polarization curve performed at the TiO2-NT electrode
during LSV in aqueous solution of DEP under irradiation and in the dark.
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Figure 1. LSV of TiO2-NT performed at 10 mV s−1 of scan rate, under dark and irradiation condition.
Blue symbols indicate the potentials selected for the degradation runs.

A typical trend is observed, with an onset potential of −0.25 V, followed by an ohmic
behavior of the system, in which the positive influence of the potential is strictly connected
to the increase in the space charge depletion region of the semiconductor; in the central
range of potential (0.7–1.8 V) the saturation of the current is reached, in which increase
of the potential is no more effective in terms of a corresponding increasing of the current.
In the final range, at potentials higher than the value of band gap of the semiconductor,
the barrier breakdown effect could be responsible for the sharp rising in the photocurrent
along with the dark current contribution [30].

The degradation tests have been performed selecting two applied potentials: the
first one in the ohmic region and the second one in the saturation region. The two blue
diamonds in Figure 1 indicate the values of potential selected.

Figure 2a shows the trend with time of the DEP concentration, normalized with
respect to the initial concentration, during electrolysis at the two different potentials. For
comparison, the trend with time of the DEP concentration at the open circuit potential in
the dark was also reported in the same figure: no significant adsorption of DEP on the
electrode surface was detected that can be explained considering the neutral pH of the
solution, the iso-electrical point of TiO2 located around pH = 6, and the non-ionic nature
of the molecule of DEP. When the runs were performed in potentiostatic conditions and
under illumination, the concentration of DEP decreased, being the highest reaction rate
achieved at 1.8 V.

Figure 2. (a) Trends with time of the concentration of DEP, normalized to the initial concentration C0, during runs performed
with solutions containing 40 mg dm−3 DEP in 0.1 M NaClO4 as supporting electrolyte at different applied potentials.
(b) Fraction of reactant removed as a function of the specific charge supplied during the related runs.
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However, since the mean current intensity measured during the potentiostatic runs
was 0.1 mA at 0.2 V and 1.2 mA at 1.8 V, it could be useful to compare the trend of fraction
of the removed reactant as a function of the specific supplied charge (Figure 2b): in this case,
the highest yield of the removal process is measured at the lowest potential, indicating that
most of the charge passed at 1.8 V has been used for the side reaction of water oxidation.

An analogous behavior was observed in our previous work, where the photo-electrocatalytic
degradation of 2,4-dichlorophenoxyacetic acid was investigated: higher efficiency and
slower kinetics of degradation were detected in the ohmic region of the polarization curve
with respect to those in the saturation region [30].

Degradation curves of DEP at various chloride concentration at the two applied
potentials are shown in Figure 3a,b as semilogarithmic plots. A linear trend of ln(C/C0) vs.
time is observed under all the experimental conditions, indicating that a pseudo-first order
kinetics could be used to interpret the data, as follows:

dC/dt = −kapp C (1)

Figure 3. Trends with time of lnC/C0 during photoelectrochemical degradations using solutions containing 40 mg dm−3

DEP, 0.1 M NaClO4, and different chloride concentration. (a) Applied potential: 0.2 V; (b) applied potential: 1.8 V.

The values of the apparent kinetic constant kapp, evaluated from the slope of each
straight line at the relevant operative conditions are reported in Figure 4, as a function of
the chloride concentration. As already observed in absence of chloride, the fastest kinetics
of the reactant removal are obtained at 1.8 V for each level of chloride concentration.
Moreover, at 0.2 V, the increase of chloride concentration scarcely affects the reaction rate,
except for 500 mM of Cl−, which halves the kapp. At 1.8 V, the effect of chloride is more
evident: at 1 mM of Cl− the kapp is reduced by 40% while at 500 mM of Cl− by 80%, in
respect to the kapp evaluated without chloride.

Figure 5 shows the trend of the ratio between kapp evaluated at 1.8 V and that at 0.2 V
measured at different chloride concentrations. In absence of chloride, an increment of one
order of magnitude is obtained, while in presence of the highest concentration of chloride
kapp increases of two-fold when the potential values change from 0.2 to 1.8 V. This behavior
indicates that the higher the potential, the higher is the negative effect of the concentration
of chloride.
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Figure 4. Pseudo-first order kinetic constants of the reactant removal process performed in solutions of 40 mg dm−3 of DEP,
0.1 M NaClO4, and different chloride concentration. (a) Applied potential: 0.2 V; (b) applied potential: 1.8 V.

Figure 5. Ratio between the apparent kinetic constant evaluated at 1.8 and 0.2 V for different
chloride concentrations.

The inhibiting effect observed in presence of Cl− agrees with observations reported for
photocatalytic processes at TiO2-based materials. Several mechanisms have been proposed
to explain the inhibiting effect on the photocatalytic degradation [13]:

(1) scavenging of holes or HO• radicals by chloride ions [34–36].
(2) blocking of active surface sites by chloride ions [3,20,37].
(3) chloride acting as surface-charge-recombination center for photogenerated charge

carriers [38].

Moreover, due to the complexity of the processes, a combination of mechanisms is
often claimed to explain the inhibiting effect [5,13,39–41].

In the case of a photo-electrochemical process, also the effect of the applied potential
should be considered, as well as the pH modification due to the side reactions that occur to
a greater or lesser extent depending on the applied potential.
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In order to verify the effect of the concentration of chloride and the applied poten-
tial on the behavior of the semiconductor, photocurrent transients have been recorded
applying different potential and varying the chloride concentration during chopped light
chronoamperometries.

Figure 6 shows the results obtained without chloride. For TiO2 nanotubes, the thick-
ness of the wall can be determinant for the extension of the space charge depletion layer;
this in turn, can be relevant for the recombination phenomena, which are strictly connected
to the applied potential. As can be seen, at the lowest potential, a typical spike of the anodic
current is observed, followed by an exponential decrease of the photocurrent with time
until a stationary value is reached. The positive spike is no more visible at the highest
potential. According to the literature [42], the positive current transient when the light
is turned on represents the accumulation of holes at the electrode/electrolyte interface
without injection to the electrolyte. Since any fast faradic reaction is occurring, the charge
recombination is responsible for the subsequent decrease of the measured current.

Figure 6. Potentiostatic tests performed with solution containing 0.1 M NaClO4 at 0.2 (pink) and
1.8 V (black).

At low potentials, when we operate in the ohmic region of the polarization curve,
where the charge depletion layer thickness is not fully developed inside the nanotubes
wall, the photogenerated holes may rapidly recombine in the regions of the material that
do not experience beneficial space charge effects, i.e., that are non-depleted of the majority
carriers (electrons). When the experiment is performed at the highest potential (in the
saturation region of the polarization curve) the depletion layer extends in the whole wall
of nanotubes and the recombination is suppressed.

Photocurrent transients in presence of chloride are reported in Figure 7.
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Figure 7. Potentiostatic tests performed with solution containing 0.1 M NaClO4 and different
concentration of chloride ions at 0.2 and 1.8 V.

At low applied potential, the rate of the photocurrent decreasing (i.e., the rate of the
charge recombination process) is scarcely influenced by the presence of chloride, when
they are present at low concentration levels: overlapped curves are obtained related to the
runs performed at 0, 1, and 100 mM of Cl− ions. Only at 500 mM of Cl−, slower decay of
the photocurrent can be observed, indicating an inhibition of the recombination processes.
Moreover, when the light was turned off, negative current transients were observed for
high chloride concentration. Negative spikes were often detected during photocurrent
transient of semiconductors and can be related to slower electron/hole pairs recombination
due to the presence of holes trapped in the surface [43].

These transients in photocurrent can be explained as follows: at lower chloride con-
centration, the charge recombination prevails since chloride is poorly adsorbed onto the
semiconductor electrode, so it is not able to react with the photogenerated holes faster
than the electrons. However, at the highest concentration of chloride, it is likely that the
adsorption effect would predominate, so that chloride can act as hole scavenger, according
to the following adsorption phenomena:

TiO2-h+ + Cl− = TiO2-Clads (2)

This process promotes the separation of electron-hole pair limiting the charge recom-
bination as suggested by other authors [20,44,45].

At the highest potential, the recombination is suppressed, and positive transient and
negative spikes disappear also in presence of high chloride ions. Moreover, very small
increment in the steady state photocurrent was observed, increasing the concentration
of chloride. So, at 0.2 V, the highest variation in the value of kapp obtained at 500 mM
of chloride, can be connected to the blocking effect of adsorbed Cl− and the competitive
adsorption, with respect to water molecules, which reduces the formation of HO• radicals.

Similar considerations should be done also to explain the result at 1.8 V, but, as we
noticed, the inhibiting effect at this potential is evident also at low concentration of chloride.
This can be explained by considering two aspects connected to the applied potential: the
electrode works in a region of potential where the oxygen evolution reaction occurs to
a large extent, so that a local acidic pH near the surface can generate a positive charge
(pH < isoelectric point). Moreover, the application of high anodic potentials can generate
a build-up of a positive surface charge. In this condition, the competitive adsorption or
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blocking of active surface sites by chloride anions will be favored due to the electrostatic
attraction of Cl−, also at low concentration of chloride.

The adsorbed chloride can react to form chlorine by the following reaction [17,44]:

TiO2-Clads + Cl− → Cl2 + TiO2 + e− (3)

Dissolved chlorine reacts with water to give hypochlorous acid and hypochlorite
ions (Equations (3) and (4)), being the distribution of the three forms of active chlorine
dependent on pH:

Cl2 + H2O → Cl− + HClO + H+ (4)

HClO ↔ = H+ + ClO− (5)

Chlorine-based oxidants (active chlorine) have been detected during the photo-
electrochemical degradation of DEP in different operating conditions.

At 0.2 V after 130 C dm−3 of supplied charge, 2.0 and 4.2 μM of active chlorine
concentrations were detected at 100 and 500 mM of Cl−, respectively. These small amounts
agree with the poor adsorption of chloride at this value of applied potential. At 1.8 V,
higher concentration of active chlorine was detected. As an example, the trend with time
of the concentration of active chlorine obtained during DEP degradation in presence of
100 mM of Cl− is reported in Figure 8. The higher amount of active chlorine confirms a
better reactivity of chloride with the positively charged surface of TiO2 at 1.8 V.

Figure 8. Trends with time of the concentration of active chlorine produced during a degradation
run at 1.8 V with solution containing 40 mg dm−3 of DEP, 0.1 M NaClO4, and 100 mM of Cl−.

The formation of chlorine-based oxidants during photoelectrochemical treatment of
water containing chloride has been studied by several authors: some of them found that
the presence of Cl− suppressed the degradation rate of organic pollutants, while others
found opposed result [44].

The positive effect was generally observed when the active chlorine was able to give
a bulk contribution to the reaction, i.e., in the cases where the organic pollutants can be
oxidized also by active chlorine. For example, during photo-electrochemical discoloration
of solutions containing Methylene Blue, low pH, and high concentration of Cl− were bene-
ficial [18]. Also, Zanoni et al. [17] found the highest TOC removal for solution containing
Remazol Brilliant Orange 3R, working at pH 6.0, 1.0 M NaCl, when the photoelectrode was
biased at +1 V (versus SCE).

In our case, the formation of active chlorine seems not sufficient to contribute to the
overall reaction rate at such an extent to make up for the negative effect.

Some specific tests were performed to evaluate the effectiveness of the photo-electrogenerated
active chlorine on the DEP degradation. To this aim, during photoelectrocatalytic degrada-
tion runs, the light was turned off and the application of bias potential was stopped. In
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this condition, in the solution, 25 μM of active chlorine accumulated, and residual 26 mg
dm−3 of DEP were present: the solution was monitored by following the concentration of
the residual DEP with time. Negligible variation in the concentration of DEP was found
after two hours indicating that the HO• radicals may be considered as the main factor
responsible for the degradation, while active chlorine seems to give a not significant contri-
bution to the overall oxidation rate. Similar behavior was found during the electrochemical
degradation of the dimethyl phthalate ester on a fluoride-doped Ti/β-PbO2 anode: the
lower removal of the pollutant in the presence of chloride ions was explained considering
the lower reactivity of dimethyl phthalate with chlorine radical species in respect to hy-
droxyl radicals. Also, the active chlorine can react with HO• radicals thus reducing their
availability for organic oxidation [46].

The low reactivity of active chlorine towards DEP obtained in our experimental
conditions may indicate that the formation of harmful chlorinated intermediates is unlikely,
even if the possible reaction of DEP intermediates with active chlorine during the runs
cannot be excluded. Table 1 reports the ratio (ϕ) between the removal percentages of TOC
and DEP evaluated at the end of each run, which indicates the level of total mineralization
as defined by the following equation [47]:

ϕ =
%[TOC]removal
%[DEP]removal

(6)

Table 1. TOC removal and ϕ evaluated at the end of each run.

Applied Potential (V) [Cl−] mM TOC Removal ϕ

0.2 V

0 31% 0.87
1 28% 0.87

100 26% 0.96
500 11% 0.98

1.8 V

0 53% 0.96
1 46% 0.99

100 49% 1.00
500 39% 1.00

At 1.8 V, a higher degree of mineralization was evaluated at the end of the runs, in
which ϕ approached the unity. However, at 0.2 V, the high values of ϕ also indicate that
the possible intermediates are almost completely removed.

4. Conclusions

In this work, the photoelectrochemical degradation of diethyl phthalate has been
studied at two levels of applied potentials and in the presence of different concentrations
of chloride under simulated solar light conditions, using TiO2 nanotubular electrodes.
The process is able to remove DEP following a pseudo-first order kinetics: values of kapp
of 1.25 × 10−3 min−1 and 1.56 × 10−4 min−1 were obtained at applied potentials of 1.8
and 0.2 V, respectively. Higher current efficiency and slower kinetics of degradation were
detected in the ohmic region of the polarization curve at 0.2 V. The presence of chloride ions
in the solution affects the degradation rate to different extents depending of the applied
potential: the higher the potential, the higher the negative effect of the increase of chloride
concentration. The presence of 500 mM of Cl− halves the kapp at 0.2 V, while at 1.8 V its
value decreases to 1.56 × 10−4 min−1. This behavior can be connected to the blocking effect
of adsorbed Cl− and the competitive adsorption, with respect to water molecules, which
reduces the formation of HO• radicals: at 0.2 V, the adsorption of chloride predominates
only at the highest concentration of chloride, while at 1.8 V, the positive surface charge
due to the applied potential and the possible acidification of the anodic layer allow the
adsorption also at low chloride concentrations.
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Abstract: Response surface methodology (RSM) involving a Box–Benkhen design (BBD) was em-
ployed to analyze the photocatalytic degradation of phenol using exfoliated graphitic carbon nitride
(g-C3N4) and light-emitting diodes (wavelength = 430 nm). The interaction between three param-
eters, namely, catalyst concentration (0.25–0.75 g/L), pollutant concentration (20–100 ppm), and
pH of the solution (3–10), was examined and modeled. An empirical regression quadratic model
was developed to relate the phenol degradation efficiency with these three parameters. Analysis
of variance (ANOVA) was then applied to examine the significance of the model; this showed that
the model is significant with an insignificant lack of fit and an R2 of 0.96. The statistical analysis
demonstrated that, in the studied range, phenol concentration considerably affected phenol degrada-
tion. The RSM model shows a significant correlation between predicted and experimental values
of photocatalytic degradation of phenol. The model’s accuracy was tested for 50 ppm of phenol
under optimal conditions involving a catalyst concentration of 0.4 g/L catalysts and a solution pH of
6.5. The model predicted a degradation efficiency of 88.62%, whereas the experimentally achieved
efficiency was 83.75%.

Keywords: g-C3N4; photocatalysis; response surface methodology; wastewater treatment; phenol

1. Introduction

For all living beings, water is considered to be the most important resource. Easy
access to clean water is one of the biggest challenges for mankind. In the last few decades,
advancements in science, technology, and industrialization have led to considerable benefits
to mankind but at the cost of a more polluted environment, particularly water [1]. There
are multiple categories of pollutants in water, such as heavy metals, dyes, pesticides,
pharmaceuticals, and other organic pollutants. Amongst organic pollutants, phenolic
compounds, with ~3 million tons of global production, are an emerging contaminant
detected in water [1–4].

Phenols or phenolics are essential because of their wide range of applications in
the processing and manufacturing industry. However, the ecosystem’s contamination by
phenolics is concerning because of the adverse implications on human health such as their
endocrine-disrupting abilities and carcinogenic behavior [1,5,6]. Moreover, these chemicals
cause environmental issues such as water hardness, pH change, and a decrease in dissolved
oxygen level. Furthermore, the Environmental Protection Agency (EPA) and the European
Union (EU) have included a few phenols in their priority pollutants list. It is necessary to
make this polluted water containing phenols and other pollutants suitable for human use
and aquatic life using certain techniques to minimize the usage of these chemicals [5].

The removal of phenolic compounds from wastewater has attracted considerable
attention from researchers [5]. Many biological, chemical, and physical techniques such
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as membrane filtration, coagulation–flocculation, adsorption [7,8], ion exchange, bacterial
and fungal biosorption [9], aerobic and anaerobic processes [10] are used for phenol
removal. In these processes, there are many constraints such as high cost, and low efficiency;
furthermore, these methods do not completely remove phenol from wastewater [11,12].
Moreover, using these techniques, phenol is transferred from wastewater to a solid phase
that requires treatment for safe disposal, which leads to additional cost for the whole
process. Thus, it is necessary to develop an alternative effective and cost-efficient method
for phenol removal from wastewater.

Advanced oxidative processes (AOP) are successful for achieving the complete re-
moval of pollutants [13]. The degradation process using AOP can be performed in several
ways, such as using only oxidizing agents, light irradiance in addition with oxidizing
agents, and photocatalysis [14]. For all these processes, the degradation process is con-
ducted using OH− radicals that are generated during the oxidation reaction. Among
these processes, photocatalysis has attracted considerable interest because it can harvest
solar light with the help of semiconductor materials (catalysts). The catalysts can help
solve environmental issues related to water contaminations; these semiconductor materials
are nontoxic and efficient. Note that different semiconductor materials such as ZnO [15],
TiO2 [16], SiO2, Al2O3 [8], and g-C3N4 [17,18], are used for environmental applications
in photocatalysis; these have considerable advantages because of the large surface areas,
adsorption capacities, and better absorption of light. Among these materials, g-C3N4 offers
improved visible light absorption [17,19–21].

g-C3N4, a polymeric semiconductor, composed of C, N, and H, has gained con-
siderable interest from researchers for novel generation of photocatalysts because of its
widespread catalytic uses in oxidation and reduction processes, such as pollutant degrada-
tion, water splitting, and CO2 reduction. These materials have been extensively used for
environmental remediation because they are easy to synthesize, metal-free, inexpensive,
and easily available [22–24]. Furthermore, g-C3N4 possesses higher thermal and chemical
stability because of π-conjugated frameworks connecting the 2D layered structure of tri-s-
triazine building blocks. g-C3N4 can be activated by visible light of 420–460 nm because of
its low bandgap energy (2.7 eV) [25,26]. There are, however, certain challenges associated
with the application of g-C3N4 in phenol removal such as low surface area, fast recombi-
nation rate, and low conductivity, thus resulting in lower efficiency. To overcome these
limitations, multiple strategies have been used to improve the surface electronic structures
and activity of the bulk g-C3N4 in visible light. To improve the activity of pristine g-C3N4,
strategies such as metal and non-metal doping, exfoliation, hard and soft templating, and
metal oxide heterojunctions have been used [27–31].

Factors affecting the removal efficiency can be tuned by the morphology and/or
chemistry of the catalyst and by optimizing the operating parameters. Multiple operating
parameters play an important role in the photocatalytic degradation process, thus making
their optimization important for achieving good photocatalytic degradation of the target
pollutant. Response surface methodology (RSM) is one of the most commonly applied
optimization techniques; it is a powerful optimization tool for an experimental design
that efficiently helps in systemic analysis [5,11,14]. RSM uses mathematics and statistics
to analyze the relative significance of influencing factors on the response of the studied
system. RSM is suitable for predicting the effect of individual experimental operating
parameters, in addition to locating interactions between parameters and their impact on a
response variable. RSM uses a systematic technique to simultaneously vary all parameters
and evaluate the influence of these parameters on photocatalytic degradation [32,33]. The
greatest advantage of RSM lies in the systematic approach for the experimental design,
which mostly requires fewer experiments, thus reducing the time required and thereby
being more economical. For designing these experiments, a central composite design
(CCD) [3] and Box–Benkhen design (BBD) [11,12] are most commonly used. For the same
number of parameters, BBD requires fewer experiments than CCD [3]; therefore, in this
study, BBD is selected as a preferred design approach.
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The objective of this study was to analyze the photocatalytic degradation of phenol
with metal-free g-C3N4 and visible LED light and to model the process using RSM. In this
study, the operating parameters considered were catalyst concentration, phenol concen-
tration, and pH of the solution. BBD was used for the experimental design and RSM was
applied to determine the mathematical relationship between operating parameters and phe-
nol degradation. Finally, the correlation determined by RSM was experimentally validated.

2. Materials and Methods

2.1. Chemicals and Materials

Melamine (C3H6N6, 99%) was purchased from Alfa Aesar. Phenol (C6H5OH, 99%)
was purchased from Merck. Acetonitrile (C2H3N, 99.99%) and ultra-pure water for high-
performance liquid chromatography (HPLC) were purchased from Sigma Aldrich. NaOH
and HCl were purchased from VWR chemicals. All chemicals used were of analytical grade
and used as-received without any further purification.

2.2. Photocatalyst Synthesis

Photocatalyst was prepared as per the procedure used in our previous study [18];
the synthesis process is briefly reported here. Melamine was placed in a muffle furnace
(Carbolite Gero, GPC 1200, Derbyshire, UK) in a closed crucible to prepare bulk g-C3N4
using thermal decomposition. The synthesis process comprised two steps: A heating ramp
rate of 2 ◦C min−1 was programmed up to 450 ◦C; this temperature was maintained for 2 h.
Then, the temperature was increased to 550 ◦C using a heating ramp rate of 2 ◦C min−1

and then maintained for 4 h. The material synthesized was crushed in mortar after cooling,
then rinsed with ultrapure water, and dried overnight at 80 ◦C. The exfoliation process was
conducted in an open crucible at 500 ◦C for 2 h at a heating ramp rate of 2 ◦C min−1 in a
muffle furnace.

2.3. Characterization of the Photocatalyst

Fourier transform infrared (FTIR) measurements (4000–400 cm−1) were performed
on a Spectrum Two FT-IR Spectrometer (PerkinElmer, Switzerland) with a universal ATR
(UATR Two) cell equipped with a ZnSe single crystal. The acquisition performed using
60 scans and the resolution was set to 4 cm−1. Zetasizer Nano ZEN5600 (Malvern, UK)
was used to measure the zeta potential of the synthesized material. SU8030 (Hitachi, Japan)
SEM-type microscope operated at an acceleration voltage of 10 kV and a probe current
of 15 pA was used to examine the morphology of the material with scanning electron
microscopy (SEM).

2.4. RSM with Box–Behnken Experimental Design

The influence of three independent operating parameters, i.e., catalyst concentration
(A), phenol initial concentration (B), and pH of the solution (C), was considered in RSM.
The remaining reaction conditions, namely, the airflow rate (50 mL/min) and reaction time
(3 h), was kept constant in the experiment based on previous study [18]. The degradation
efficiency of phenol (Equation (1)) was set as a response variable. Note that a previous
study [18] was conducted to obtain the upper and lower limits of the parameters. Table 1
shows the ranges and levels of independent parameters A, B, and C. BBD was used to
examine the combined effect of these three variables. Section 3.3 lists the set of experiments
in table; it includes a replication of experiments at the central point. Regression analysis
was the performed using OriginPro 2021 9.8.0.200 (OriginLab Corporation, Northampton,
MA, USA) software. The suggested model’s data were analyzed for significance and
suitability using analysis for variance (ANOVA).
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Table 1. Independent parameters and their ranges and levels.

Independent Parameters Symbol
Range and Level

Low (−1) Middle (0) High (+1)

Catalyst concentration (g/L) A 0.25 0.5 0.75

Phenol initial concentration (ppm) B 20 60 100

pH C 3 6.5 10

2.5. Photocatalytic Experiments

Figure 1 shows the photocatalytic experiments that were conducted in a jacketed glass
reactor (working volume 225 mL) (Peschl Ultraviolet GmbH, Mainz, Germany) with a
safety cabinet. The reactor was irradiated from inside using a custom-made LED immersion
lamp; the LED has maximum emission at 430 nm. Glass reactor was then sonicated with a
reaction mixture for uniform dispersion, followed by stirring with continuous airflow to
maintain adsorption–desorption equilibrium for 30 min. Subsequently, lights were turned
on, which is considered as zero time (to). Nine to ten samples (1 mL) were periodically
collected from the reaction mixture. After centrifugation and filtration, the samples were
analyzed using HPLC. For acidic and basic reaction conditions, the pH of the mixture was
adjusted using 0.1 M HCl and NaOH. The phenol degradation efficiency was determined
using the following Equation:

Degradation e f f iciency (%) =
Co − C

Co
× 100 (1)

where Co is the initial phenol concentration and C is the residual phenol concentration in
the solution at an irradiation time t.

 

Figure 1. Photocatalytic reactor setup.

The reduction of the reaction mixture volume due to the sampling was less than 5%
at the end of the experiments and was therefore not considered in the calculation of the
phenol degradation efficiency.

2.6. Analytical Techniques

A prominence HPLC system from Shimadzu (Kyoto, Japan) was used for analyzing
the samples obtained from the reactor. The system is equipped with a binary pump (Model
LC-20AB), an autosampler (Model SIL-20A), a degasser (Model DGU-20A3,) and a diode-
array detector (Model SPD-M20A). Phenomenex (C18, 150 × 4.6 mm, 3 μm) column was
used with a fixed flow rate of 0.8 mL/min, with the mobile phase gradient of water (A) and
acetonitrile (B): starts with 15% B, followed by 60% B in 7 min and back to 15% B in 8 min;
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injection of 5 μL; UV light of 254 nm. Phenol was analyzed at a maximum absorption
wavelength (λmax) of 270 nm.

3. Results and Discussion

3.1. Photocatalyst Characterization

The metal-free g-C3N4 used in this study was synthesized and characterized in our pre-
vious study [18] using transmission electron microscopy (TEM), Brunauer–Emmett–Teller
isotherms (BET), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), photo-
luminescence (PL), and UV-Vis spectroscopy. In this study, scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR), and zeta potential analyses were
performed. Table 2 lists the physical properties of metal-free g-C3N4 before and after
its exfoliation.

Table 2. Summary of characterization results [18].

Characterization Bulk g-C3N4 Exfoliated g-C3N4

BET
Surface area Pore size Surface area Pore size

11 m2/g 1.91 Å 170 m2/g 1.96 Å

XRD
Weak peaks (2θ) Strong peaks (2θ) Weak peaks (2θ) Strong peaks (2θ)

13.0◦ 27.2◦ 13.1◦ 27.4◦

PL/UV-Vis
Max. absorption Bandgap Max. absorption Bandgap

458 nm 2.58 eV 436 nm 2.68 eV

XPS
C1s peaks N1s peaks C1s peaks N1s peaks

288.2, 284.6, 286.2
and 292.9 eV

398.5, 399.8, 400.8,
404.1 eV

287.8, 284.7, 286.2
and 293.5 eV

397.8, 399.1, 400.1,
403.5 eV

The exfoliated material has a significantly higher surface area than the bulk material,
while the average pore size of both materials is almost the same (Table 2 and Figure S1).
Using XRD, the material shows two characteristic peaks of g-C3N4 (Figure S4) [34,35].
The strong and weak peaks of N1s and C1s observed in XPS confirm the chemical state
of g-C3N4 (Figure S3) [17,36–41]. Table 2 lists the maximum absorption wavelength and
bandgap of the material, which are presented in Figure S2 [42,43].

In Figure 2, the selected SEM images of bulk and exfoliated g-C3N4 are presented.
The thermal exfoliation transformed the stacked and aggregated structure of bulk g-C3N4
in a porous nanosheet structure. The reduction in layer thickness (Figure 2b) leads to an
increase in the specific surface area of g-C3N4 [17,44–46].

 

Figure 2. SEM images of the bulk (a) and exfoliated (b) g-C3N4.

Figure 3 shows the catalysts’ FTIR spectra. A broad peak is observed between 3200
and 3000 cm−1, which can be attributed to the stretching vibrations of N–H bonds from
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residual amino groups and adsorbed H2O. The sharp peak that appears at 806 cm−1 can be
attributed to the breathing mode of triazine units [47,48], whereas the strong bands between
1636 and 1242 cm−1 belong to the C=N and C–N bonds of heterocyclic rings. Because the
spectra of both materials show the same absorption bands, the chemical structure remained
unaltered after treatment.
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Figure 3. Fourier transform infrared spectra of bulk and exfoliated g-C3N4.

Figure 4 shows the effect of pH on the zeta potential of the exfoliated g-C3N4. The
catalyst surface is positively charged at acidic pH (3) and negatively charged at natural (6)
and basic pH (10).
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Figure 4. Zeta potential at different pH of the synthesized exfoliated g-C3N4. Reproduced with
permission from [18].

The optical properties (PL/UV-Vis) and surface area (BET) of the material have
changed with exfoliation; however, the chemical state (XPS), phase (XRD), and the chemical
structure (FTIR) remained the same after exfoliation.

3.2. Photodegradation Studies

The photodegradation efficiency of exfoliated g-C3N4 photocatalyst was evaluated
under visible light irradiation using 430 nm wavelength LEDs. The influence of individual
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operation parameters, catalyst concentration, phenol concentration, and pH of the solution,
in their preselected ranges (Table 1), was examined. For all experiments, an adsorption
time of 30 min was used before the light irradiation was started. Moreover, the photolysis
experiment was performed to verify the removal of phenol in the absence of the catalyst.
Phenol removal with adsorption in the dark and photolysis is insignificant compared
to the removal of phenol obtained in the presence of light (Figure 5a). Figure 5a shows
the effect of g-C3N4 photocatalyst concentration in the range of 0.1–0.75 g/L on phenol
degradation, which increased with the increase in catalyst concentration up to 0.75 g/L
because of an increased number of active sites available for the reaction to occur. However,
there is no significant increase at >0.5 g/L because an additional increase of the catalyst
concentration might cause light scattering and hindrance in light absorption. The effect
of phenol concentration on the performance of the catalyst on phenol degradation was
examined for three concentrations between 20 and 100 ppm and is shown in Figure 5b.
The phenol degradation efficiency decreased as the concentration increased because of the
higher number of molecules for adsorption on the available active sites, which hinders
the absorption of light. Figure 5c shows the effect of different pH on phenol degradation.
Increasing the pH decreases the degradation efficiency of exfoliated g-C3N4. Note that
acidic pH is most favorable for phenol degradation because as per the zeta potential
(Figure 3) and the surface charge of the catalyst is positive at an acidic pH, which helps
attract OH– ions produced in the solution due to dissociation of H2O2 to the surface and
improves the degradation efficiency.
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Figure 5. Phenol degradation at preselected (a) catalyst concentration (at 20 ppm and natural pH) (b) pollutant concentration
(at 0.5 g/L and natural pH), and (c) pH of the solution (at 0.5 g/L and 20 ppm); airflow = 50 mL/min. Reproduced with
permission from [18].
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3.3. Response Surface Methodology
3.3.1. Model Equation

To analyze the combined effect of three variables: catalyst concentration (A), phenol
concentration (B), and pH of the solution (C) on the degradation efficiency of phenol
(Equation (1)), a three-variable BBD was used in the experimental design for RSM. Table 3
lists the set of performed experiments and the obtained phenol degradation (in 3 h and
under an airflow of 50 mL/min).

Table 3. Box–Behnken design with experimental and predicted phenol degradation efficiency values
with Equation (2).

Run

Experimental Conditions Phenol Degradation Efficiency (%)

Catalyst
Concentration

(g/L)

Phenol Initial
Concentration

(ppm)
pH Experimental Predicted

1 0.25 100 6.5 43.49 44.23
2 0.50 60 6.5 82.25 85.72
3 0.25 20 6.5 100 93.95
4 0.75 60 3.0 94.09 86.18
5 0.75 20 6.5 100.00 100.00
6 0.50 20 10.0 79.18 74.07
7 0.50 20 3.0 100.00 100.00
8 0.50 60 6.5 84.93 85.72
9 0.25 60 10.0 40.77 43.02

10 0.50 60 6.5 85.94 85.72
11 0.50 100 10.0 24.09 24.35
12 0.50 100 3.0 54.43 54.79
13 0.75 60 10.0 53.15 55.74
14 0.25 60 3.0 70.39 73.46
15 0.50 60 6.5 88.37 85.72
16 0.75 100 6.5 58.31 56.95
17 0.50 60 6.5 87.12 85.72

Experimental data were fitted with four different models: two-factor interaction (2FI),
linear, quadratic, and cubic model to obtain regression equations. Three different tests,
namely, the sequential model sum of squares, lack of fit, and model summary statistics,
were conducted to determine the adequacy of various models; the results are presented
in Table 4. The response surface model is then used to select the best model based on the
following criterion: the highest-order polynomial with additional significant terms and the
model is not aliased (Table 4). The cubic model has the highest polynomial model because
there are no sufficient unique design points to independently estimate all terms for that
model. The aliased model results in unstable and inaccurate coefficients and graphs. Thus,
the aliased model cannot be selected [49,50]. The criteria used in the lack of fit test is the
non-significant lack of fit (p-value > 0.05) based on which a quadratic model is selected.
Moreover, multiple summary statistics are calculated to compare models or to confirm the
adequacy of the model. These statistics include adjusted R2, predicted R2, and prediction
error sum of squares (PRESS). A good model will have a largely predicted r2, and a low
PRESS. According to the aforementioned criteria, adjusted R2 (0.967) and predicted R2

(0.805) are in reasonable agreement with each other and have a low PRESS. Thus, the
quadratic model is finally selected to build the response surface.
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Table 4. Adequacy of the models tested.

Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F Value p-Value Remark

Sequential model sum of squares
Linear 7118.98 3 2372.99 18.77 <0.0001 -

2FI 109.60 3 36.53 0.238 0.8678 -
Quadratic 1407.83 3 469.27 26.07 0.0004 Suggested

Cubic 104.30 3 34.76 6.41 0.0523 Aliased

Lack of fit tests
Linear 1621.73 9 180.19 33.22 <0.0021 -

2FI 1512.13 6 252.02 46.46 <0.0012 -
Quadratic 104.29 3 34.76 6.41 0.0523 Suggested

Cubic 0 0 - - - Aliased

Source Standard
deviation R2 Adjusted R2 Predicted R2 PRESS -

Model summary statistic
Linear 11.24 0.8124 0.769 0.694 2678.06 -

2FI 12.38 0.8250 0.720 0.462 4712.53 -
Quadratic 4.24 0.9856 0.967 0.805 1702.70 Suggested

Cubic 2.33 0.9975 0.999 - - Aliased

Based on regression coefficients from Table 5, the following empirical second-order
polynomial equation was obtained:

Degradation Efficiency (%)
= 85.72 + 6.36 A − 24.86 B − 15.22 C + 3.71 AB − 2.83 AC − 2.38 BC − 5.05 A2 − 5.22 B2

−16.07 C2
(2)

where, A, B, and C are the catalyst concentration, phenol concentration, and pH of the
solution, respectively.

Table 5. Coefficients of the second-order polynomial (quadratic) equation.

Factor
Coefficient
Estimate

Degree of
Freedom

Standard
Error

95%
Confidence

Interval Low

95%
Confidence

Interval Low
F Value p-Value

Intercept 85.72 1 1.90 81.24 90.21 - -
A 6.36 1 1.50 2.82 9.91 17.99 0.0038
B −24.86 1 1.50 −28.40 −21.31 274.63 <0.0001
C −15.22 1 1.50 −18.76 −11.67 102.89 <0.0001

AB 3.71 1 2.12 −1.31 8.72 3.05 0.1242
AC −2.83 1 2.12 −7.85 2.19 1.78 0.2239
BC −2.38 1 2.12 −7.40 2.64 1.26 0.2989
A2 −5.05 1 2.07 −9.94 −0.16 5.96 0.0446
B2 −5.22 1 2.07 −10.11 −0.33 6.38 0.0394
C2 −16.07 1 2.07 −20.96 −11.18 60.44 0.0001

The influence of model terms on the degradation of phenol as per p-values (Table 5) is
in the following order B < C < C2 < A < B2 < A2 < AB < AC < BC. The mixed interaction
terms AB, AC, and BC are not significant because their p–value is > 0.05 and may be
removed from Equation (2).

An ANOVA of the second-order polynomial (Equation (2)) for phenol degradation
was conducted; the results are shown in Table 6. In statistics, the significance of the model
can be confirmed by a large F-value (53.31) and a small p-value (<0.0001). Furthermore, the
significance of the model can be confirmed by the lack of fit test. In this study, the lack of fit
is not significant because its p-value is >0.05. The accuracy of the model is confirmed by the
low coefficient of variation (CV) value of 5.79%. The results showed that the signal-to-noise
ratio of 24.89 is adequate.
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Table 6. Analysis of variance ANOVA of the second-order polynomial (Equation (2)).

Source Sum of Squares
Degree of
Freedom

Mean Square F Value p-Value Remark

Model 8636.42 9 959.60 53.31 <0.0001 Significant
Residual 126.00 7 18.00 - - -

Lack of fit 104.30 3 34.77 6.41 0.0523 Not
Significant

Pure error 21.70 4 5.42 - - -

- Adjusted
R2 = 0.967

Predicted
R2 = 0.810 Model precision = 24.89 - -

- Std. dev. = 4.24 Mean = 73.32 C.V. % = 5.79 - - -

Furthermore, the coefficient of determination R2 confirmed the fit of the model. For
the used model, the value of the predicted R2 = 0.810 (Table 6) is in agreement with adjusted
R2 = 0.967, which indicates that the obtained model is significant.

Equation (2) provides a suitable relationship (R2 = 0.810) between the response (degra-
dation efficiency) and the parameters, which can be seen in Figure 6. In this figure, the
experimental values of phenol degradation are plotted against the predicted values ob-
tained from the RSM model; these values of the percentage phenol degradation fit well.
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Figure 6. The experimental phenol degradation efficiency (%) plotted against the predicted values
from the RSM model.

3.3.2. Interaction Effects of Independent Operating Parameters

Three dimensional (3D) response surface and contour plots were generated using the
regression model (Equation (2)) to visualize the influence of the independent operating
parameters on phenol degradation; they are presented in Figures 7–9. In surface and
contour plots, one parameter is maintained constant at its zero levels, whereas the other
two are varied in the studied range reported in Table 1.
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Figure 7. Effect of catalyst concentration and pH on the degradation of phenol: pollutant concentration was kept constant
at 60 ppm.

Figure 8. Effect of pollutant concentration and pH on the degradation of phenol: catalyst concentration was kept constant
at 0.5 g/L.

Figure 9. Effect of catalyst concentration and pollutant concentration on the degradation of phenol: pH was kept constant
at 6.5.
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Figure 7 shows the influence of pH and catalyst concentration on the degradation
efficiency of phenol at a constant phenol concentration of 60 ppm. The contour lines show
a decrease in the degradation efficiency with an increase in pH; there is no considerable
increase in efficiency, even at higher catalyst concentrations. However, an increase in
degradation efficiency with a decrease in pH is observed. These results demonstrate that pH
has a significant effect on phenol degradation and a low pH favors the degradation process.
This phenomenon is linked with the zeta potential of the catalyst surface [18]. There is a
positive charge at the surface of the catalyst at an acidic pH (Figure 2), which attracts the
OH− ions produced in the solution due to dissociation of H2O2 and significantly increases
the degradation process. However, at a basic pH, the surface charge is negative and there
could be electrostatic repulsion that reduces the efficiency of the degradation process.

Figure 8 shows the influence of pH and pollutant concentration on phenol degradation
at a constant catalyst concentration of 0.5 g/L. For selecting the catalyst concentration, the
effect of initial pollutant concentration is important. The contour lines demonstrate that
simultaneously increasing both parameters (pH and phenol concentration) considerably
decreases the degradation efficiency of phenol (33%), which is 62% at a low pH. As shown
in Figure 5b, at low pH and low pollutant concentration, 100% degradation is achieved in a
considered reaction time of 3 h. An increase in degradation efficiency from high to low pH
can then be associated with catalyst surface charge. However, a decrease in efficiency at
low pH from low to high phenol concentration is attributed to the increased number of
pollutant molecules compared with the available active sites.

Figure 9 shows the effect of catalyst concentration and pollutant concentration at a
constant pH of 6.5. The contour lines demonstrate that both parameters independently af-
fect the degradation efficiency. By increasing the catalyst concentration at a lower pollutant
concentration, phenol degradation increases; however, at a higher pollutant concentration,
the degradation efficiency decreases. This can be attributed to the availability of active sites
on the catalyst surface for OH− radicals, as well as phenol molecules. The electron–hole
pair generated from the catalyst surface improves the degradation rate.

3.3.3. Experimental Validation of RSM Model

To demonstrate the applicability of the model, a hypothetical case study for water with
a phenol concentration of 50 ppm was considered. The model equation was used to identify
the optimum catalyst concentration and pH, leading to maximal phenol degradation in
3 h under an airflow rate of 50 mL/min. According to the model prediction, maximal
phenol degradation of 88.62% is achievable using 0.4 g/L of catalyst concentration and
operating at a pH of 6.5. To examine the accuracy of the model prediction, an experiment
was conducted under these conditions. The experimentally obtained phenol degradation
was 83.75%, which is less than a 5% deviation from the predicted value. Thus, the optimum
operating point obtained by RSM was successfully confirmed; this suggests that RSM can
be a useful tool for optimizing photocatalytic processes. Similarly, the model developed can
be used for minimizing the catalyst amount or for maximizing the degradation efficiency
of phenols for any set of parameters in range.

4. Conclusions

Metal-free g-C3N4 was used for the photocatalytic degradation of phenol from an
aqueous solution. The morphology of the catalyst was confirmed by SEM, and the surface
charge was confirmed using zeta potential. Based on zeta potential, the catalyst surface was
confirmed to have a positive surface charge under acidic conditions and a negative surface
charge under basic conditions; therefore, acidic pH favors the degradation process. A RSM
based on the BBD was used to analyze the degradation efficiency of phenol. The influence
of experimental parameters, namely, catalyst concentration, pollutant concentration, and
pH of the solution, and their interaction at a different level was examined for phenol
degradation. An empirical regression quadratic model was developed for the response
variable. Analysis of variance (ANOVA) demonstrated that the model is significant with
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an insignificant lack of fit and a high coefficient of determination (R2) of 0.96, which can be
helpful to navigate the design space. Furthermore, an optimized degradation efficiency of
83.75% was achieved for phenol concentration of 50 ppm, catalyst concentration of 0.4 g/L,
and a solution pH of 6.5 pH (in 3 h and under an airflow of 50 mL/min). Thus, the results
suggest that the RSM can be used for the optimization of parameters for maximizing the
photocatalytic degradation of phenol using g-C3N4 and LEDs.
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.3390/catal11080898/s1, Figure S1 N2 adsorption-desorption isotherms of bulk and exfoliated g-C3N4.
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UV-Vis absorption spectra and (b) PL spectra of bulk and exfoliated g-C3N4; insets of (a) showing the
Tauc plots, Figure S3 XPS spectra of bulk and exfoliated g-C3N4 C1s, N1s, Figure S4 X-ray diffraction
patterns of bulk and exfoliated g-C3N4.
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Abstract: Perfluorooctanoic acid (PFOA), C7F15COOH, has been widely employed over the past
fifty years, causing an environmental problem because of its dispersion and low biodegradability.
Furthermore, the high stability of this molecule, conferred by the high strength of the C-F bond makes
it very difficult to remove. In this work, electrochemical techniques are applied for PFOA degradation
in order to study the influence of the cathode on defluorination. For this purpose, boron-doped
diamond (BDD), Pt, Zr, and stainless steel have been tested as cathodes working with BDD anode
at low electrolyte concentration (3.5 mM) to degrade PFOA at 100 mg/L. Among these cathodic
materials, Pt improves the defluorination reaction. The electro-degradation of a PFOA molecule starts
by a direct exchange of one electron at the anode and then follows a complex mechanism involving
reaction with hydroxyl radicals and adsorbed hydrogen on the cathode. It is assumed that Pt acts
as an electrocatalyst, enhancing PFOA defluorination by the reduction reaction of perfluorinated
carbonyl intermediates on the cathode. The defluorinated intermediates are then more easily oxidized
by HO• radicals. Hence, high mineralization (xTOC: 76.1%) and defluorination degrees (xF

−: 58.6%)
were reached with Pt working at current density j = 7.9 mA/cm2. This BDD-Pt system reaches a
higher efficiency in terms of defluorination for a given electrical charge than previous works reported
in literature. Influence of the electrolyte composition and initial pH are also explored.

Keywords: perfluorooctanoic acid; emerging contaminant; defluorination; platinum;
electro-oxidation

1. Introduction

Perfluoroalkyl substances (PFAS), such as perfluorooctanoic acid (PFOA, C7F15COOH) are widely
used in the chemical industry because of their amphiphilicity, stability, and surfactant property. They are
employed in the synthesis of fluoropolymers and fluoroelastomers, as surfactants in fire-fighting foams,
and in textile and paper industries to produce water and oil repellent surfaces [1]. Nevertheless, despite
their practical interest, these substances present a high toxicity due to their potential bioaccumulation,
and common occurrence in water resources. PFOA has been recognized as an emerging environmental
pollutant and has been included in the European Candidate List of Substances of Very High Concern
(“SVHC”) [2]. Hence, the current challenge is to develop highly efficient and cost-effective processes
for the elimination of perfluoroalkyl substances at source.

The main issue in PFOA degradation is to break the C-F bond, one of the strongest bonds known
(≈460 kJ/mol) [3]. This confers a high stability and resistance to PFAS which cannot be degraded by
direct hydrolysis, photolysis, or through conventional biological treatments [4]. As a result, PFAS
have been detected in natural water streams [5], sediments [6], and even in tap and bottled water in
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concentrations up to 640 ng/L [7]. So far, adsorption onto carbonaceous materials [8], alumina [9], or
other sorbents [10] have been successfully applied for PFAS removal. Nonetheless, this technology
implies the transfer of the pollutant to another phase, the sorbent, which becomes a new residue after
use. To overcome this drawback, advanced oxidation processes (AOP) are being explored for PFAS
removal. AOP are based on the use of strong oxidizing radicals to degrade, most commonly, organic
pollutants in aqueous phase [11]. The most extended AOP are those based on the use of hydroxyl
radicals (HO•) to attack organic pollutants by hydrogen abstraction [12]. Consequently, the substitution
of all organic hydrogen for fluorine in PFOA makes these compounds inert to this kind of AOP. The
non-reactivity of PFOA to HO• attack has been confirmed by various studies [13–15]. As a matter of
fact, Maruthamuthu et al. have shown that the reactivity of hydroxyl radicals on acetate decreases
considerably with increasing halogen substitution [13]. Using the Fenton process, known to generate
hydroxyl radicals by the action of Fe (II) on hydrogen peroxide, no degradation was observed when
the Fenton reagent (0.2 mM, Fe2+: H2O2, molar ratio = 1:1) was mixed with PFOA (0.02 mM) at room
temperature [14]. Similar results were obtained by Santos et al. with only 10% PFOA removal and
without any C-F bond cleavage [16].

More recently, photocatalytic treatments have been applied for PFOA degradation. This technology
achieved high PFOA removal (xPFOA > 90%) when using modified TiO2 photocatalysts such as
Cu-TiO2 [17], Pb-TiO2 [18], and rGO-TiO2 [19].

Besides PFOA removal, defluorination (xF2212−) is a very important parameter to evaluate the
process efficiency. xF

− defined as the ratio of the fluoride concentration (CF
−, measured) released by

PFOA degradation with respect to the initial content of fluoride in the initial amount of PFOA molecule
(CF,PFOA 0) is expressed in percentage as shown in Equation (1).

xF− =
CF−, measured

CF, PFOA 0

·100 (1)

In photochemical oxidation of PFOA, defluorination is usually low (xF
− < 25%), with the average

xF
−/xPFOA ratio around 0.26 [20].

Another technique for PFAS remediation is electrochemical degradation. PFOA electrooxidation
has been successfully carried out in different systems using boron-doped diamond (BDD) as anode
(Table 1). Under the studied conditions, PFOA removal ranged from 60% to 100%. It should be
noted that defluorination values were very different, suggesting that either the operating conditions
(electrolyte, pH, etc.,) or the cathode reduction reactions may play a key role in the PFOA degradation
mechanism. The cleavage of the C-F bonds to form F− ions is interesting because F− ions readily
combine with Ca2+ to form environmentally harmless CaF2, as reported by Hori et al. [3].

xF
− and xPFOA ratios obtained by electrochemical treatment (up to 80–85%, Table 1) are higher

than those reported in photo-oxidation (<25%). Nonetheless, all previous electrooxidation studies were
conducted employing a high supporting electrolyte concentration, which makes difficult to dispose
the treated wastewater after reaction. Therefore, this work aims to gain knowledge on the role of the
cathode as electrocatalyst in PFOA electrooxidation working at low electrolyte concentration (3.5 mM).
For this purpose, BDD was chosen as the anode and BDD, Pt, Zr, and stainless steel were tested as
cathodes in the degradation of 100 mg/L PFOA.
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Table 1. Perfluorooctanoic acid (PFOA) electrooxidation with boron-doped diamond (BDD) anode.

Electro-Oxidation System Operating Conditions Results Remarks Ref

Anode: BDD Cathode: W Area:
38 cm2 Spacing: 4 mm

[PFOA]0: 15 mg/L
8Electrolyte: 1500 mg/L Na2SO4 or
1500 mg/L Na2SO4 + 167 mg/L NaCl
T: 20 ◦C, j: 3, 15, 50 mA/cm2

V: 250 mL, t: 480 min

xPFOA: 60–100%
xF
−: 30–80%

No apparent influence
of Cl− in the process [21]

Anode: BDD Cathode: W Area:
42 cm2 Spacing: 8 mm

[PFOA]0: 100 mg/L
Electrolyte: 1.4–8.4 g/L NaClO4, 5 g/L
NaSO4
T: 20 ◦C, j: 50, 100, 200 mA/cm2

V: not specified, t: 360 min

xPFOA: 93%
xTOC: 95%
xF
−: 38%

In the tested conditions,
SO4

2− did not produce
additional oxidants.
higher j, higher
degradation

[22]

Anode: BDD Cathode: BDD
Area: 85 cm2 Spacing: 30 mm

[PFOA]0: 50 mg/L
Electrolyte: 1.4 g/L NaClO4
pH: 3, 9, 12, T: 32 ◦C, j: 23.24 mA/cm2

V: 40 mL, t: 120 min

xPFOA: 100%
xF
−: 58%

Slightly better results
obtained at pH0 3 than
pH0 9

[23]

Anode: BDD Cathode: Pt Area:
77.4 cm2 Spacing: 10 mm

[PFOA]0: 50 mg/L
Electrolyte: 1.2 g/L NaClO4
T: not specified, j: 0.04–1.2 mA/cm2

V: 300 mL, t: 480 min

xPFOA: 85% F− deposition on the
BDD surface. [24]

Anode: BDD Cathode: Pt Area:
5.5 cm2 Spacing: 20 mm

[PFOA]0: 200 mg/L
Electrolyte: 7.1 g/L Na2SO4
P: 0.3 MPa, T: 80–120 ◦C, j: 20 mA/cm2

V: 400 mL, t: 360 min

xPFOA: 95%
xTOC: 90%
xF
−: 90%

High temperature
process greatly enhances
the PFOA degradation
in relation to the room
temperature system.

[25]

2. Results and Discussion

In order to test the influence of the cathode material on the degradation process, a BDD anode
was successively coupled with cathodes made of BDD, Pt, Zr, and stainless steel. Results of electrolysis
runs conducted at 7.9 mA/cm2, at 25 ◦C, for the treatment of 100 mg/L PFOA solutions (namely,
0.242 mol/m3), are presented in Figure 1a. For each couple of electrodes, the curves show that PFOA
concentration followed, from CPFOA,0 = 100 mg/L to CPFOA,t ≈ 25 mg/L, a similar decrease, characteristic
of a pseudo-first order kinetics. For experiments presented in Figure 1a the applied current density
was higher than the limiting current density. Considering a pure mass transport controlled reaction for
the first exchange of charge between a molecule of PFOA and the anode surface, the limiting current
density calculated using the equation established from the Nernst diffusion model: jlim = n·F·km·CPFOA,0

equals to 0.63 A/m2 for n = 1, F = 96,485 C/mol, km = 2.7·10−5 m/s (determined experimentally using
the ferri/ferro system, as described elsewhere [26]) for a flow rate of 0.360 m3/h [27], CPFOA,0 = 0.242
mol/m3. This value of the limiting current density is more than 100 times lower than that applied
during electrolysis (j = 79 A/m2). Under these conditions, the decay of concentration from CPFOA,0 to
CPFOA,t depends upon the mass transfer coefficient km, the surface area (A) of the electrode, and the
volume (V) of electrolyte [28], as follows:

CPFOA,t = CPFOA,0·e( −t
τ ) (2)

where the constant of time, τ, is defined by: τ =V/(km A). For its calculation we considered the following
values V = 10−3 m3, A = 63·10−4 m2, and km = 2.7·10−5 m/s, obtaining a time constant (τ) equal to 5800
s. According to Equation (2), the PFOA theoretical concentration at t = 2 h is around 29 mg/L, which is
in agreement with the experimental results (≈25 mg/L), as shown in Figure 1a.
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Figure 1. Influence of the cathode material in (a) PFOA removal (symbols: experimental data, lines:
kinetic fitting), (b) TOC depletion, (c) released fluorine (symbols: experimental data, lines: kinetic
fitting). Operating conditions: [PFOA]0: 100 mg/L, j: 7.9 mA/cm2, electrolyte: 3.5 mM Na2SO4, T: 25 ◦C,
pH0: 4.

The excess of charge on the first oxidation step of PFOA is used for other electron transfers and by
the action of HO• radicals during the degradation of the numerous intermediates. PFOA removal
after 6 h was 100%, 98.1%, 97.9%, and 97.6% for Pt, steel, Zr, and BDD, respectively. Values of the rate
constants and regression coefficients are collected in Table 2. It should be noted that the Pt cathode has
the best results with a PFOA degradation rate 39% faster than the other tested materials, which exhibit
a similar behavior between them. This enhancement is also reflected in the mineralization degree
(Figure 1b), with a 76.1% Total Organic Carbon (TOC) removal with the BDD-Pt system.

Table 2. PFOA degradation and fluoride release kinetics.

kPFOA·103 (min−1) r2 kF
−·103 (min−1) r2

BDD 8.92 ± 0.68 0.988 8.97 ± 0.28 0.999

Pt 11.86 ± 0.32 0.994 10.36 ± 0.44 0.997

Zr 8.16 ± 0.58 0.979 6.23 ± 0.86 0.982

Steel 7.98 ± 0.42 0.981 4.70 ± 0.78 0.982

As previously explained, one of the main challenges in PFOA oxidation is the effective breakdown of
the C-F bond. PFOA defluorination was followed along the reaction by means of ionic chromatography,
as depicted in Figure 1c. The trend for defluorination was Pt > BDD > Zr > steel. In this case,
the cathode also played an important role, reaching a 58.6% in the case of Pt, against 42–49% for BDD,
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Zr, and steel. Moreover, fluoride release follows a first order, as reflected in Figure 1 and Table 2, where
the function of Pt as electrocatalyst is confirmed.

Pt is a common catalyst in hydrodehalogenation reaction of organic molecules, because
of its capacity to adsorb hydrogen, providing a catalytic site were the dehalogenation takes
place [29]. H2 generation by water electrolysis on the cathode’s surface may be responsible for
PFOA hydrodefluorination, following the reaction mechanism shown in Figure 2.

Figure 2. PFOA electrooxidation mechanism.

Because PFOA is inert to hydroxyl radicals, its degradation is initiated on the anode by a direct
electron transfer reaction to form a perfluoro radical C7F15COO• (Equation (3)). This radical loses
its carboxylic group (Equation (4)) and reacts with HO• leading to the generation of C7F13

−CF2OH
(Equation (5)), as previously described by Zhang et al. [30].

BDD + C7F15COO− → BDD + C7F15COO• + e− (3)

C7F15COO• → C7F15
• + CO2 (4)

C7F15
• + HO• → C7F15OH (5)

This alcohol then reacts according to three pathways, (for clarity reasons, only the first one (i) is
illustrated in Figure 2):
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(i) With adsorbed hydrogen generated by water electro-reduction at the cathode, releasing 2 F−
(Equation (6)).

C6F13CF2OH + 4Hads → C6F13CH2OH + 2HF (6)

As the first carbon in the alkyl chain is now defluorinated, HO• can attack it once again leading to
the formation of C6F13COOH. This mechanism is similar to that presented for PFOA photocatalytic
degradation by Wang et al. [20] and theoretic quantum calculations and experimental data collected
by Trojanowicz et al. [31]. Hence, this step depends strongly on the cathode material.

(ii) With hydroxyl radicals leading to the formation of COF2, as related by Niu et al. [31] and
Zhang et al. [28], following Equations (7)–(9):

C7F15OH + HO• → C7F15O• + H2O (7)

C7F15O• → C6F13
• + COF2 (8)

COF2 + H2O → CO2 + 2HF (9)

According to George et al. [30] hydrolysis of carbonyl fluoride COF2 in the aqueous phase is
extremely fast since its half-life is 0.7 s at T = 273 K.

(iii) Giving the perfluorocarbonyl fluoride (Equation (10)) for which hydrolysis leads the formation of
perfluorocarboxylic acid and HF (Equation (11)) [30,32].

C7F15OH → C6F13COF + HF (10)

C6F13COF + H2O → C6F13COO− + HF + H+ (11)

Considering this complex reaction mechanism, it should be noted that TOC decay was faster
within the first hour of reaction, then it slowed down (Figure 1b). This is related to the generation of
short-chain fluorinated acids (decarboxylation step), which are less active to electro-oxidation processes.
In fact, pH value in the Pt system decreased from 4 to 3.2 in 120 min, maintaining this pH until the end
of the reaction, which evidences the generation of these acidic species.

Data displayed in Figure 1 allow to determine the fluoride concentrations produced with respect
to the degraded carbon in the form of CO2 (F−/CO2) or with respect to the PFOA eliminated over
time (F−/PFOA). Figure 3 shows that the PFOA defluorination leads to the formation of 1 to 1.5
fluorine ions per removed atom of carbon in the first three hours of electrolysis. According to the
proposed mechanism, this value close to the one at the beginning of the electrolysis is related to
decarboxylation which leads to the formation of Rf-COF. The kinetics of this step are probably faster
than that of the defluorination stages according to Equations (6)–(9). Besides, part of the process can
be attributable to the electrocatalytic hydrogenation of the perfluorocarbonyl fluoride C6F13COF that
forms simultaneously the hydrofluoric acid and the 1,1-dihydroperfluoroalkyl alcohol C6F13CH2OH.
This alcohol is stable but easily oxidizable on the BDD anode [33] (cf. Figure 2). This process is
slowed down by the diffusion of the species to the cathode. Not all molecules undergo the loss of two
fluoride atoms, which would explain the value of 1.5 instead of the usual ratio 1.9 present in the initial
PFOA molecule.

In addition, Figure 3 shows the variation of the ratio between the concentration of fluoride ions
released and the concentration of the removed PFOA. This ratio varies from 7.7 to 9 for 360 min of
electrolysis. These values highlight the high, yet incomplete PFOA defluorination. Finally, the ratio
between the carbon loss (in the form of CO2) and the removed PFOA (CO2/PFOA) is in the order of
6–7, slightly less than 8, i.e., the theoretical value for C7F15COOH, confirming the formation of reaction
intermediates. This ratio decreases during electrolysis: the degradation being faster at the beginning
of the reaction, until t:150 min.

112



Catalysts 2020, 10, 902

At this time more than 85% of PFOA has been eliminated. PFOA depletion slows down both
the defluorination and carbon skeleton breaking. In addition, shorter molecular chains could display
slower kinetics.

Figure 3. Variation of fluorine ions (full symbols) and carbon removal (empty symbols) during
electrolysis with respect to carbon removal and degraded PFOA. Operating conditions: [PFOA]0:
100 mg/L, j: 7.9 mA/cm2, electrolyte: 3.5 mM Na2SO4, T: 25 ◦C, pH0: 4.

Figure 4 shows the ratio of fluorine and carbon atoms contained in the chemical intermediates.
The molar concentration of F and C atoms contained in the intermediates are defined, respectively,
as follows:

CF,intermediates = 15· (CPFOA,0 −C PFOA,t) −CF−t (12)

CC,intermediates = TOCt − TOCPFOA,t (13)

where CPFOA,0 and CPFOA,t refer to the molar concentration of PFOA at initial time and at time t,
respectively; CF−,t is the molar concentration of fluorine ions at t; TOCt and TOCPFOA,t are the total
carbon molar concentration and the carbon molar concentration in the PFOA, respectively.

From Figure 1, after 360 min of electrolysis, the defluorination rate is 59% whereas more than
98% of PFOA and 76% of TOC have been eliminated. Figure 4 highlights that in this moment,
the intermediates still contain 24% of carbon and 41% of fluorine. Xiao et al. reached a 90%
defluorination and mineralization working at high temperature (T: 80–120 ◦C), meaning they managed
to degrade the short-chain acids [25]. This is in agreement with the results for degradation of phenol
in heterogeneous Fenton at high temperature, where maleic, malonic, oxalic, and formic acids can
be completely degraded [11], in contrast with room temperature processes [34]. Aiming to verify
Xiao et al.’s results, an electrooxidation run at 80 ◦C was performed using Pt cathode. After 30 min
reaction there was an overvoltage on the cell due to the damage on the cathode, probably because of
the HF attack (Figure S1 of the Supplementary Material). Hence, high temperature electrooxidation
could not be performed in our system and further runs were conducted at 25 ◦C.

113



Catalysts 2020, 10, 902

Figure 4. Ratio of fluorine and carbon atoms in the chemical intermediates. Operating conditions:
[PFOA]0: 100 mg/L, j: 7.9 mA/cm2, electrolyte: 3.5 mM Na2SO4, T: 25 ◦C, pH0: 4.

After selecting Pt as the best cathode, within the tested materials, different salts were used as
electrolyte, NaClO4, KNO3, Na2SO4, Na2S2O8, at 3.5 mM. Results for these experiments can be found
in Figure 5. As previously reported by Schaefer et al. [21], the influence of the electrolyte type on PFOA
degradation is very low. Still, significant differences were found for TOC removal, where the removal
efficiency followed this trend Na2SO4 (76.1%) > Na2S2O8 (72.6%) > KNO3 (70.5%) > NaClO4 (67.1%).
Sulfate achieved both a slightly higher mineralization degree and defluorination. This can be explained
by the fact that sulfate anions behave as an active electrolyte via the electrochemical generation of the
strong oxidizing sulfate radicals (SO4

•−) on a BDD anode [35,36]. Indeed, the oxidation of water at the
anode greatly decreases locally the pH at the surface leading to the formation of HSO4

− from SO4
2−.

Then HSO4
− reacts with HO• radicals to form sulfate radicals [33,37].

HSO−4 + HO• → SO•−4 + H2O k = 6.9·105M−1s−1 (14)

SO4
•− radical participates in electron transfer reactions and promotes the decarboxylation of

carboxylic acids, contrary to HO• which rather acts in hydrogen abstraction or addition [38]. In
addition, sulfate radicals are more stable than hydroxyl radicals (their half-life is 30–40 μs and 10−3 μs,
respectively).

Considering PFOA degradation with sulfate radicals, the literature review by Yang et al.
highlights that the decomposition and defluorination efficiencies increase with a decrease in PFOA
chain-length [39]. Besides the major role of hydroxyl radicals on PFOA oxidation, the presence of sulfate
radicals helps to improve the degradation of the generated intermediates. Qian et al. [40] estimated
the constant rate of PFOA degradation with sulfate radicals at 2.59·105 M−1s−1. This is consistent with
the higher TOC removal observed in our experiments in presence of sulfate. Furthermore, sulfate is
a more environmentally friendly electrolyte, in comparison to perchlorate and nitrate, which can be
considered pollutants by themselves. Thus, the rest of experiments were carried out using Na2SO4

3.5 mM.
Influence of initial pH (pH0) on PFOA degradation was also evaluated working at the natural pH

of PFOA solution (pH: 4) and at pH values of 7 and 9. Results for these experiments are shown in
Figure 6. As it may be seen in Figure 6d, reaction media is quickly acidified. This is related to both
the generation of short chain acids and the reaction between sulfate radicals and water to produce
hydroxyl radicals, which also generates protons, as depicted in Equation (15). PFOA decay (Figure 6a)
was similar for all the runs. However, pH0 had a great influence on the initial rate for TOC abatement,
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related to the higher oxidation potential of sulfate radicals in alkaline media [41]. Despite achieving
a higher mineralization degree at pH0: 9, the highest defluorination was reached when starting in
acidic media.

SO4
•− + H2O→ H+ + HO• + SO4

2− (15)

Figure 5. Influence of the electrolyte in PFOA (a) degradation, (b) mineralization, and (c) defluorination
in electrooxidation using BDD/Pt electrodes. Operating conditions: [PFOA]0: 100 mg/L, j: 7.9 mA/cm2,
electrolyte: 3.5 mM, T: 25 ◦C, pH0: 4.

So far, the role of the cathode as electrocatalyst in the degradation and defluorination of PFOA
has been proved. Also, the influence of several operating conditions has been tested, demonstrating
an overall great decontamination working at low electrolyte concentration at mild temperature.
Nonetheless, in order to compare the obtained results with those reported in literature, we have
compared the defluorination degree against the energetic requirements, measured as the applied
charge, as shown in Figure 7. As may be seen, both Shaefer et al. [21] and Urtiaga et al. [22] boosted
the defluorination degree when increasing the applied charge. However, the results presented in this
work using Pt cathode at 7.9 mA/cm2, 3.5 mM Na2SO4 at pH0:4 and T:25 ◦C are the most competitive
in terms of PFOA defluorination against electric charge. In this sense, cathode selection becomes a key
point for both increasing the activity and reducing the energy requirements in PFOA electrooxidation.

115



Catalysts 2020, 10, 902

Figure 6. Influence of the pH0 in PFOA (a) degradation, (b) mineralization, and (c) defluorination
and (d) pH evolution in electrooxidation using BDD/Pt electrodes. Operating conditions: [PFOA]0:
100 mg/L, j: 7.9 mA/cm2, Na2SO4: 3.5 mM, T: 25 ◦C.

 
Figure 7. Process comparison in terms of defluorination against electric charge for PFOA electrooxidation
with BDD anodes. Cathodes: Schaefer et al.—W [21], Urtiaga et al.—W [22], Zhuo et al.—BDD [23],
Ochiai et al.—Pt [24], this work—Pt.
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3. Materials and Methods

3.1. Reactants

Perfluoroctanoic acid (95 wt.%), Na2SO4, KNO3, NaClO4, Na2S2O8, acetonitrile (ACN), H2SO4,
and NaOH were supplied by Sigma-Aldrich (Darmstadt, Germany). All reagents are of analytical
grade and they were used as received without further purification. Working standard solutions of
PFOA and fluoride (NaF from Sigma-Aldrich, Darmstadt, Germany) were prepared for calibration.

3.2. Experimental Set-Up

The electrochemical oxidation system consists in a 1-L thermoregulated glass reservoir connected
to the cell through a centrifugal pump. PFOA solution was recycled in the system at 360 L/h flow
rate and the temperature was set at 25 ± 1 ◦C. The electrochemical cell is a one-compartment flow
filter-press reactor which was operated under galvanostatic conditions using an ELCAL 924 power
supply (Italy). Electrodes present a 63 cm2 active surface and the gap between them was set at
10 mm. A detailed scheme of the experimental set-up can be found elsewhere [42]. All experiences
were performed with a BDD anode from Adamant Technologies (La Chaux-de-Fonds, Switzerland),
which was elaborated by chemical vapor deposition on a conductive substrate of Si. BDD (Adamant
Technologies, La Chaux-de-Fonds, Switzerland), Zirconium, Stainless steel, and Pt (5 μm) on titanium
substrate (provided by MAGNETO special anodes B.V., Schiedam, Netherlands) were employed as
cathodes. Before each electrolysis, the working electrodes were anodically pretreated (40 mA/cm2 for
30 min in 0.1 M H2SO4) to clean their surfaces of any possible adsorbed impurities. Then, the system
was rinsed by ultrapure water.

In a typical reaction 1 L PFOA solution (100 mg/L) with 3.5 mM Na2SO4 as electrolyte at the
natural pH of the solution (pH:4) was loaded to the reservoir, preheated to 25 ◦C and recycled through
the system. Once the selected temperature was reached, the power supply was turned on and current
intensity was set at 0.5 A, representing this as the reaction starting time. Samples were taken at regular
intervals in the tank. The global volume of samples was less than 10% of the total volume. All runs
were performed by triplicate with a deviation lower than 5% in all cases.

3.3. Analytical Methods

Samples were periodically withdrawn from the reactors, filtered through 0.2 μm nylon syringe
plug-in filters and immediately analyzed, without any further manipulation. PFOA concentration
was measured by high performance liquid chromatography connected with an ultraviolet-visible
spectrometry detector (HPLC-UV Agilent 1200 Series HPLC, Santa Clara, USA). An ion-exclusion
column (ZORBAX Eclipse Plus C18, 100 mm, 1.8 μm, Agilent, USA) was used as the stationary phase.
As mobile phase mixture of ACN/4 mM H2SO4 aqueous solution with a ratio: 3/2 was employed and
the column temperature was set to 50 ◦C. A 60% CAN—40% mixture was employed at 0.5 mL/min.
The detection UV wavelength was set to 206 nm. Total organic carbon was quantified using a TOC
analyzer (Shimadzu TOC-VSCH, Kyoto, Japan). Fluoride was analyzed in an ion chromatograph
with chemical suppression (Metrohm 790 IC, Herisau, Switzerland) using a conductivity detector.
A Metrosep A supp 5–250 column (25 cm long, 4 mm diameter, Herisau, Switzerland) was used as
the stationary phase and 0.7 mL/min of a 3.2 mM/1 mM aqueous solution of Na2CO3 and NaHCO3,
respectively, as the mobile phase.

4. Conclusions

PFOA electro-degradation follows a complex mechanism which involves both oxidation reactions
on the anode surface and reduction reactions, responsible for the molecule’s defluorination, which
take place over the cathode. Electrocatalytic hydrogenation of the unsaturated acyl fluoride RfCOF can
be a route for the degradation process. Atomic hydrogen produced in situ at the catalyst surface can
form simultaneously the alcohol RFCH2OH and hydrofluoric acid.
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In this work, different cathodes have been used, finding that its selection plays a key role in PFOA
degradation. In this sense, Pt acts as an electrocatalyst because of its higher capacity to produce in
situ atomic hydrogen, which seems efficient in hydrodefluorination. It has been also demonstrated
that working at low electrolyte concentration (3.5 mM Na2SO4), complete PFOA removal can be
reached with up to 76.1% TOC abatement and 58.6% defluorination working at the natural pH of the
solution (pH0: 4). The kind of electrolyte employed did not have a significant impact on the overall
reaction. Still, slightly better results were achieved using sulfate because of the generation of sulfate
radicals. Regarding the influence of the starting pH, higher TOC removal was obtained working at
pH0: 9, while at higher pH values PFOA mineralization was hindered. When comparing the results
obtained in this work with those reported in literature, it must be remarked that the employed BDD-Pt
system allows a higher defluorination degree with a lower energy consumption. In view to render the
process economically viable to treat dilute solutions, further experiments are planned to combine the
electrochemical process with a preconcentration step (such as filtration or adsorption).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/8/902/s1,
Figure S1. Damaged Pt cathode after high temperature PFOA electrooxidation (T: 80 ◦C).
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Abstract: Crude oil can undergo biotic and abiotic transformation processes in the environment. This
article deals with the fate of an Italian crude oil under simulated solar irradiation to understand (i) the
modification induced on its composition by artificial ageing and (ii) the transformations arising from
different advanced oxidation processes (AOPs) applied as oil-polluted water remediation methods.
The AOPs adopted were photocatalysis, sonolysis and, simultaneously, photocatalysis and sonolysis
(sonophotocatalysis). Crude oil and its water-soluble fractions underwent analysis using GC-MS,
liquid-state 1H-NMR, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS),
and fluorescence. The crude oil after light irradiation showed (i) significant modifications induced
by the artificial ageing on its composition and (ii) the formation of potentially toxic substances. The
treatment produced oil oxidation with a particular effect of double bonds oxygenation. Non-polar
compounds present in the water-soluble oil fraction showed a strong presence of branched alkanes
and a good amount of linear and aromatic alkanes. All remediation methods utilised generated an
increase of C5 class and a decrease of C6-C9 types of compounds. The analysis of polar molecules
elucidated that oxygenated compounds underwent a slight reduction after photocatalysis and a sharp
decline after sonophotocatalytic degradation. Significant modifications did not occur by sonolysis.

Keywords: crude oil; photocatalysis; sonolysis; sonophotocatalysis; FT-ICR/MS; Kendrick plot; van
Krevelen diagram; water; pollution; remediation

1. Introduction

The composition of petroleum crude oil varies widely depending on the source and
processing. Oil is a complex organic mixture counting for a high number of chemically
distinct components, including unsaturated and saturated hydrocarbons, hetero-atoms
(such as N, S, and O) and a minor percentage of metals predominantly vanadium, nickel,
iron, and copper. Many oil constituents can be carcinogens, neurotoxins, respiratory
irritants, hepatotoxins, nephrotoxins, and mutagens. Their toxic effects can be acute
and chronic, causing many direct symptoms and major long-term injuries, including
reproductive problems and cancer [1].

The hydrocarbon fraction can be as high as 90% by weight in light oils, compared to
about 70% in heavy crude oil. A majority of the heteroatomic free constituents are side-by-
side paraffinic chains, naphthalene rings, and aromatic rings. Heteroatomic compounds
constitute a relatively small portion of crude oils, less than 15%. However, they have
significant implications since their presence, composition, and solubility, which depend on
the origin of the crude oil, can cause either positive or negative effects in the transformation
processes and are of environmental concern [2,3].

A significant consideration of the several processes affecting the crude oil spilt into the
environment is needed to clarify the effects of increasingly widespread harmful events and
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predict the future fate of the oil. For this reason, the awareness of such phenomena will
prove to be a valuable resource in the effort to develop innovative remediation technologies.
The ecological impact of oil contamination in different environmental sections (marine,
terrestrial and atmospheric) is a source of severe concern. Extraction techniques, trans-
portation and refinery treatments of crude oil can originate pollution phenomena due to
the dispersion of these compounds everywhere. These problems have attracted significant
attention to understanding the fate of oil in the environment and the natural mechanisms
of oil degradation and transformation to suggest a method to reduce the damages caused
by original and derivative products [4–6].

As all xenobiotic substances, crude oil undergoes biotic (biotransformation by aquatic
organisms such as algae, bacteria) and abiotic (hydrolysis, oxidation, photodegradation)
processes, giving rise to many derivatives. In the same way as their parent molecules, these
transformation products can lead to the contamination of terrestrial and aquatic environ-
ments due to oil deposition on soil and into the surface- and ground-water. Nevertheless,
they can be more persistent and toxic than the parent compounds [1–3].

Extensive literature is already available on the microbiological degradation of crude
oil, which received considerable attention from researchers. For example, since 1975, the
biodegradability of crude oils has been studied and found to be highly dependent on
their composition and incubation temperature [5]. Researchers also examined the ability
of microorganisms to degrade a high number of hydrocarbons of a different structure in
petroleum [6]. Furthermore, many authors have elucidated that the lighter fractions can
undergo degradation more rapidly than the heavier ones, e.g., n-alkanes degraded more
quickly than branched alkanes, and aromatics with two to three rings readily biodegraded
through several pathways [4–8].

Photochemical processes are also essential contributors to pollutants’ degradation and
the removal of exogenous substances from the environment [9,10], especially in tropical
and sub-tropical climates. In those areas, solar irradiation intensity is high, and the lack of
nutrients hinders biological processes. Moreover, photochemical reactions are the primary
cause of the compositional change of crude oil spilt in a marine environment [11–13].
Photolysis plays an essential role in the mousse formation that begins a few moments
after an oil spill [12]. Due to sunlight, the interfacial tension of a crude oil film rapidly
decreases, and chocolate mousse starts to form, which leads to the stabilisation of the water-
in-oil emulsions [13,14]. The formation of emulsions seems to depend on the amount of
asphaltene present in the oil film, and researchers reported that this amount increases upon
irradiation [13]. Moreover, an increase in emulsion viscosity occurs due to the structural
organisation of the asphaltenes [14].

The oxidised products resulting from the photochemical transformation significantly
affect the viscosity, mousse formation, and weathered petroleum’s physical properties.
Moreover, photo-oxidation can lead to the destruction of existing toxic components, the
generation of new toxic constituents and the formation of water-soluble products [10–14].

Since crude oil settles on the surface of water and soil, it undergoes solar irradia-
tion. Solar degradation is a natural way for petroleum decontamination, also suggesting
that techniques based on light irradiation could be helpful to the petroleum degradation
processes. Light irradiation-based technologies have been improved using catalysts, the
most effective and cheapest water purification tool being titanium dioxide (TiO2) [15,16].
Researchers have exploited combinations of different advanced oxidation processes (AOPs)
for environmental detoxification in the last years, especially for wastewater treatment. The
so-called sonophotocatalysis (SPC), the simultaneous use of ultrasound (US) and photo-
catalysis (PC) by semiconductors to degrade organic pollutants in water (e.g., the effluent
of dye works) has been investigated, but combined AOPs methods were not applied to
oil-polluted water remediation to our knowledge [17–22].

Among the analytical techniques available for structurally determining crude oil
components or metabolites, gas chromatography combined with mass spectrometry (GC-
MS) has been the best choice so far and most widely used [23,24]. The fractionation of crude
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oil and subsequent GC-MS analysis has characterised nearly 300 components comprising
aliphatic, aromatic, and biomarker compounds [25–28]. However, most crude oil fractions
remain unidentified since many components cannot be resolved and appear as “hump” or
“unresolved complex mixture (UCM)” in GC chromatograms [29,30].

Compositions of the saturated hydrocarbons have been better characterised by two-
dimensional gas chromatography coupled to mass spectrometry [29] and liquid chromatography-
mass spectrometry [31]. However, polar species appear poorly resolved due to their com-
positional complexity far exceeding the peak capacity of typical analytical techniques.
High mass resolving power is necessary for the resolution of many compounds present in
crude oil.

The development of Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) had provided the needed ultra-high resolving power (m/Δm50% > 100,000,
in which Δm50% is peak width at half peak height), and the use of electrospray ionization
(ESI) mass spectrometry had made possible to detect most polar species. Thus, the cou-
pling of these two techniques, ESI and FT-ICR mass spectrometry, produces a powerful
analytical tool for analysing these polar species without a preliminary chromatographic
separation [32,33].

This work investigates the modifications that the artificial ageing induced on the
composition of the polar fraction of an Italian crude oil (Basilicata region—Southern Italy,
Val D’Agri countryside) under solar irradiation. Moreover, it explores the possibility of
oil-polluted water remediation using AOPs, such as photocatalysis (UV + TiO2), sonolysis
(US, ultrasound irradiation) and the simultaneous use of photocatalysis and sonolysis, i.e.,
sonophotocatalysis (UV + TiO2 + US).

2. Results and Discussion

The crude oil sample, collected from the Oil Centre sited in Val D’Agri (Basilicata),
underwent simulated solar treatment. Information on the composition of the oil water-
soluble fraction obtained through GC-MS, liquid state 1H NMR and FT-ICR-MS was the
basis for this investigation. Liquid state 1H NMR spectroscopy accomplished helpful
information on the oil composition. This technique recognised amounts of 59%, 19%, and
20% of total hydrocarbons as linear, cyclic (or branched), and aromatic compounds. NMR
spectroscopy cannot discriminate branched from cyclic alkanes because both compounds
have the same intramolecular environment. Figure S1 compares data obtained by NMR
and GC-MS.

The use of real standards introduced by an electrospray ion source allowed the cali-
bration of mass spectra. Recalibration was necessary for the identified homologous series
in each sample [34]. A troubling complication in structural studies of crude oil has been its
enormous complexity on a molecular scale. The ultrahigh-resolution of FT-ICR spectra can
be highly complex: these spectra typically comprise many peaks at each “Nominal mass”
and thousands of peaks in a whole spectrum. Each peak could represent a chemically
diverse compound. This complexity poses an investigative challenge to the study of spectra
for structural interpretation.

The univocal assignment of elementary composition, merely based on the high res-
olution and accuracy of the instrument, is not possible for all mass values. For values
higher than 400–500 Da, it is necessary to validate the result differently. The Kendrick plot
(Kendrick mass defect vs Kendrick Nominal mass or KMD vs KNM) offers an outstanding
vehicle to visualise and categorise all of the peaks in a mass spectrum. Kendrick mass
defect (KMD) breakdown has been effectively applied to ultra-high resolution mass spectra,
consenting to categorise peaks into complex spectra based on their homologous similarities
across a selected type of masses [35]. Bi-dimensional plots can discern compounds differing
by masses associated with a structural unit (e.g., CH2, COOH, CH2O, etc.). In this draw-
ing, the signals of structurally related moieties all lie on horizontal or diagonal straight
lines. Such a method permits the extraction of peaks that are homogeneously associated.
The method can effectively recognise groups of associated compounds in FT-ICR-MS of
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petroleum samples [36]. The compounds of the same homologous series (having a different
number of groups CH2) will fall in a single horizontal line of the diagram (KNM), with
peaks separated from 14 Da and no difference of KMD.

Similarly, the signals relating to compounds of the same class but of different types
will occupy points on a vertical line of the diagram, separated by a difference of 0.013 in the
Kendrick mass defect. The conversion of mass spectra from the IUPAC mass scale (based
on the 12C atomic mass as exactly 12 Da) to the Kendrick mass scale is the first step. The
Kendrick mass scale poses CH2 = 14.0000 Da rather than 14.01565 Da. The Kendrick mass
comes from the IUPAC mass, as shown in Equation (1) [35,36]:

Kendrick mass = IUPAC mass × (14.00000/14.01565) (1)

Members of a homologous series (specifically, compounds that comprehend the same
heteroatom and number of rings plus double bonds, but a different number of CH2 groups)
have the same KMDs. They are thus quickly organised and selected from a list of all
detected ion masses, as shown in Equation (2):

KMD = KNM − KEM (2)

where KEM is the Kendrick exact mass.
By rounding the Kendrick mass up to the nearest whole number, the nominal Kendrick

mass conveniently arises. Next, homologous series are parted based on even and odd
Kendrick Nominal mass and KMD, as described elsewhere [36,37]. Finally, the Kendrick
masses are sorted based on Kendrick mass defect and nominal-Z value and exported into
an Excel spreadsheet in the second step. Then, a molecular formula calculator programme,
limited to molecular formulas consisting of up to 12C 0–80 and 16O 0–10, assigns elemental
compositions. Since members of a homologous series diverge only by integer multiples
of CH2, the assignment of a single unit of such a series typically suffices to identify all
higher-mass members of that series [36].

We also used the van Krevelen diagram for examining ultra-high resolution mass
spectra. This kind of layout is used broadly in the geochemistry literature to study the
evolution of coals or oil samples [38–40]. The molar hydrogen-to-carbon ratios (H/C)
constitute the ordinate, and the molar oxygen-to-carbon ratio (O/C), the abscissa. As a
result, each class of compounds plots in a specific location on the diagram. Researchers
well recognised that they can identify the type of compounds from the position of their
representative points in the van Krevelen plot [41–43].

In general, the chemical formula CcH2c(Z)NnOoSs can identify the crude oil composi-
tion. That is because the hydrogen deficiency index <Z> of the molecule is the same for all
members of a homologous “type” series (i.e., the fixed number of rings plus double bonds).
Every two-units decrease in <Z> value represents the addition of one ring or a double
bond. Therefore, number-average molecular weight, Mn, and weight-average molecular
weight Mw have a synthetic definition as:

Mn = ΣiMi/ΣNi (3)

and
Mw = ΣNiMi2/ΣNiMi (4)

where Ni is the relative abundance of ions of mass Mi [34].
The <Z> number plays an essential role for the general molecular formula CcH2c(Z)X

of the corresponding neutral species, in which X denotes the constituent heteroatom (Nn,
Oo, and Ss).

2.1. Ageing Study of Crude Oil by FT-ICR-MS

A solar simulator (Suntest®), equipped with a xenon lamp as the light source used for
the ageing treatment, provided information about the crude oil’s photochemical behaviour.
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GC-MS spectra showed that the fraction present in the highest percentage shifted from
the C8–C11 fractions to the C13 (Figure S2) in the irradiated sample. We observe an increased
amount of the C13–C23 and a decreased amount of the C7–C12 fractions. In the natural
(not irradiated) oil, the C8–C11 fractions represented 54.8% of all the compounds detected.
Figure S2B depicts the distribution of the compounds as a function of their chemical type.
The GC-MS analysis of the mixture deriving from solar simulator irradiation showed an
increase in the relative amounts of both linear alkanes and aromatic compounds. At the
same time, we observed a sharp decrease in the relative amounts of branched chains. After
irradiation, we did not find cyclic alkanes and alkenes.

After the irradiation, the compositional analysis of the linear alkanes highlighted
several changes (Figure S2C) compared to the not irradiated sample. Undecane was the
hydrocarbon found in the highest percentage in the crude oil, while pentadecane was in
the irradiated oil. A decrease in the C7–C12 and an increase in C13–C25 fractions is evident.
All our analytical determinations agree with reducing the numberof branched alkanes in
crude oil after irradiation. Figure S2D illustrates the modifications of the composition of
this fraction. After the irradiation, branched alkanes underwent a sharp reduction and only
C8, C9, C11, C12, and C13 fractions were present. Cyclic alkanes were not present after the
solar simulator experiment (Figure S2E).

The percentage area of the aromatic compounds did not vary with solar irradiation
(Figure S2B). However, a sharp decrease in benzene-like structures and an increase in
naphthalenic ones have been observed (Figure S2F).

Figure 1a,b show the FT ICR-MS spectra of untreated and treated crude oil, respectively.
The spectra show the distribution of multiple ions with a single charge comprised between
m/z 150 and m/z 1400. Figure 1(c1–c3) show the scale-expanded segment of the mass
spectrum in Figure 1a, revealing an average period of nominal 14 mass units. The signal
intensities increased after light irradiation. The shift of maximum apex was not negligible
in the treated crude oil sample, which was also more viscous. Thanks to the high accuracy
of mass and the excellent resolution power of FT-ICR-MS, it was possible to carry out the
non-ambiguous determination of the elementary composition of multiple isobaric picks.

The chemical formula CcH2c(Z)X generally expresses the composition of a hydrocar-
bon molecule; where, <c> is the number of carbon atoms, <Z> is the hydrogen deficiency
(a measure of aromatic character), and X represents the constituent heteroatom (N, S, O)
in the molecule. The heteroatom of interest is oxygen in this study. For simplification,
Kendrick and van Krevelen diagrams of natural and irradiated crude oil shown in the
figures report only the O3 class, which contains the most numerous groups of detected
ions. Table 1 illustrates an example of homologous series extracted by the mass spectrum
of the untreated sample, with a degree of unsaturation Z = −20 and class of oxygen O3,
containing the most numerous groups of detected ions.

The compounds of the same homologous series, having a different number of CH2
groups, fall in a single horizontal line of the Kendrick plot with peaks separated from 14 Da
and no difference in the Kendrick mass defect (Table 1, Figure 2). The compounds of the
same class but different typology settle down on a vertical line of the diagram separated
from a difference of 0.0134 in the value of KMD. Figure 2 compares Kendrick plots for
positive-ion ESI FT-ICR mass spectra of natural (�) and irradiated (X) crude oil samples.
Due to the high number of signals, the figure reports only the O3 class, containing the most
numerous group of detected ions. Kendrick plot of crude oil sample for O3 class shows
many compounds with a high degree of unsaturation (high value of KMD). In the low
values of KMD, the highest percentage of compounds has a small alkylation series (limited
number of -CH2- moieties).
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a) 

b) 

c3) 

c1) 

c2) 

Figure 1. (a) FT ICR-MS spectrum of the untreated oil sample; (b) FT ICR-MS spectrum of the same sample irradiated by
xenon-lamp. The spectrum shows the distribution of multiple ions with a single charge comprised between m/z 150 and
1400; c1, c2, c3 insets = mass scale-expanded segments of the full range crude oil mass spectrum in Figure 1a, revealing
periodicities of 14.016 Da from compound series differing in the number of CH2 groups and 2.016 Da from compound series
differing in the number of rings plus double bonds.

natural 

X irradiated 

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Figure 2. Kendrick mass plot of the O3 species found in natural (�) and irradiated oil (X). This plot
illustrates the increase in the number of rings plus double bonds as the KMD increases (y-axis) and
the alkylation series along the x-axis.
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Table 1. Homologous series of O3 class with <Z> = −20.

m/z Intensity Composition KNM KMD

337.1818 3941.7 C22 H25 O3 4721 0.45494
351.1972 5150.2 C23 H27 O3 4917 0.23920
365.2128 3112.4 C24 H29 O3 5113 0.02038
379.2270 4609.2 C25 H31 O3 5310 0.82256
393.2424 4252.4 C26 H33 O3 5506 0.60640
407.2582 3311.8 C27 H35 O3 5702 0.38464
421.2737 3427.8 C28 H37 O3 5898 0.16848
435.2893 4966.3 C29 H39 O3 6095 0.94924
449.3052 3587.2 C30 H41 O3 6291 0.72748
463.3202 4252.1 C31 H43 O3 6487 0.51692
477.3362 4772.3 C32 H45 O3 6683 0.29390
505.3668 7455.6 C34 H49 O3 7076 0.86536
533.3981 5506.9 C36 H53 O3 7468 0.42618
547.4131 6265.8 C37 H55 O3 7664 0.21674
561.4292 6183.2 C38 H57 O3 7861 0.99120
575.4446 5847.4 C39 H59 O3 8057 0.77504
589.4606 5685.7 C40 H61 O3 8253 0.55118
603.4760 6234.8 C41 H63 O3 8449 0.33586
617.4921 5529.1 C42 H65 O3 8645 0.11018
631.5075 3522.3 C43 H67 O3 8842 0.89486
645.5230 4399.5 C44 H69 O3 9038 0.67870
659.5385 5131.9 C45 H71 O3 9234 0.46086
673.5545 4308.2 C46 H73 O3 9430 0.23700
687.5703 4191.7 C47 H75 O3 9626 0.01566
701.5854 2133.1 C48 H77 O3 9823 0.80454
715.6014 3178.9 C49 H79 O3 10,019 0.58068
729.6165 3507.6 C50 H81 O3 10,215 0.36872
743.6323 3063.6 C51 H83 O3 10,411 0.14836

This plot can visually sort up to thousands of compounds horizontally according to
the number of CH2 groups and vertically according to class (heteroatom composition) and
type (rings plus double bonds). Since these two classes have the same number of oxygen
atoms, they have identical O/C ratios but distinguish themselves by different H/C ratios.

The attained results elucidate the transformation of oil components following irra-
diation. After irradiation with the xenon lamp (Suntest®), a slight shift of the peak to
the higher masses appears in the recorded mass spectra, according to Griffiths et al. find-
ings [31]. Therefore, it seems that a phenomenon of molecular polymerisation prevails
on the destruction of the tri-, tetra- and penta-aromatic groups. Furthermore, since the
increase in unsaturation correlates with the higher toxicity [44], our results could indicate
higher toxicity for the oil after irradiation.

The plot of Figure 2 highlights the increase in the number of double bonds’ rings as
the KMD increases (y-axis) and the alkylation series along the x-axis. The solar irradiation
causes a diminution of rings or double bonds (picks rarefaction in samples irradiated), a
consequent Kendrick Nominal mass raising of 2 Da, and the Kendrick mass defect diminu-
tion. The irradiated crude oil sample shows an expansion of alkylation in compounds with
a high degree of unsaturation and a reduced unsaturation number for molecules with a
low alkylation degree.

Figure 3 shows the van Krevelen plot for the class of O3 compounds found in the
natural crude oil. The compounds in homologous series, corresponding to varying degrees
of alkylation, appear along lines that intersect the value of 2 on the H/C axis. Similarly, a
vertical line connects homologous series differing in degree of unsaturation. In agreement
with the results in the Kendrick plot, most compounds have a low number of oxygen atoms
and a high degree of unsaturation.
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Figure 3. van Krevelen plot of the O3 species found in natural (�) and irradiated oil (X). The
compounds in homologous series, corresponding to varying degrees of alkylation, appear along lines
that intersect the value of 2 on the H/C axis. Similarly, a vertical line connects homologous series
differing in degree of unsaturation.

As the H/C ratio increases, the number of rings plus double bonds decreases. Thus,
a slight shift to a lower H/C ratio (i.e., a higher number of rings plus double bonds)
occurred. Figure 3 shows a minor shift of the data to the right due to increased oxidation
and slight dehydration (the picks shift to the lower left) of hydrocarbons. Kendrick mass
defect analysis has dramatically facilitated the interpretation of mass spectra, but it is still
challenging to derive details for molecules that contribute to complex ultrahigh-resolution
mass spectra.

Figure 4 shows the distribution of compounds associated with their number of oxygen
atoms in natural and irradiated samples. In both samples, the number of total oxygenated
compounds increases. The augmentation of oxygenated compounds should mainly refer
to the O3 and O4 types present in the investigated model. The irradiation of crude oil in the
solar simulator produces oil oxidation with a particular effect of double bonds oxygenation.

Figure 4. FT-ICR compositional analysis of natural and irradiated crude oil samples as a function of
the number of oxygen atoms.
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Figure 5 shows oxygen class Z-distributions for natural and irradiated samples, con-
firming a diminution of hydrogen deficiency index (~15–30% less) and augmentation of
oxygen number after the light irradiation. Therefore, the light irradiation induces a mani-
fest photo-oxidation of the crude oil composition. These results highlight toxicity as most
of the new oxidised compounds are water-soluble, available in higher concentrations to
the living organisms and probably more reactive and biologically active than their parent
compounds [43,44].

Figure 5. Oxygen class <Z>-distributions for natural and irradiated samples.

2.2. Remediation of Oil-Polluted Water

Since crude oil lies over the surface of water and soil, it suffers solar irradiation. Solar
degradation is one of the natural ways for petroleum decontamination, and, as a conse-
quence, techniques based on light irradiation could be advantageous in the petroleum
degradation processes. Enhanced light irradiation-based technologies are available, adopt-
ing different approaches for the scope [10–12,45].

The accidental dispersion of crude oil in water bodies forms a characteristic thin layer
of not water-miscible compounds and a deeper layer of solubilised substances, which
cannot easily separate from the aqueous solvent. In this direction, our approach was to
prepare a water/oil suspension and investigate the efficiency of different cleaning methods.
The water-soluble fraction of crude oil was undergone degradation by photocatalysis,
sonolysis, and sonophotocatalysis, i.e., the simultaneous use of UV, titanium dioxide,
and ultrasound emitter (UV + TiO2 + US). GC-MS, liquid-state NMR, fluorescence, and
high-resolution mass spectrometry (FT-ICR) analyses elucidated the chemical nature of
water-soluble organic compounds after degradation processes and liquid-liquid extractions
(LLEs). The results obtained in this study are concisely readable in Table 2.
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Table 2. Synthetic results obtained from the different photodegradation processes of crude oil and oil water-soluble fraction
(WSF) under investigation.

Degradation
Method/System

GC-MS 1H-NMR FT-ICR MS Fluorescence

Photolysis (UV)/
Ageing of crude oil

- increase of C13–C23 classes
and a decrease of C7–C12
types of compounds

- signal
intensities increase-
augmentation
of compounds
with a low
molecular weight

- a light increase of
the number of
oxygen atoms in the
oxygenated species,
in particular, O3 and
O4 types

- oxidation of crude
oil with a particular
effect on double
bonds’ oxygenation

Photocatalysis
(UV + TiO2)/
Oil Water-Soluble
Fraction (WSF)

- increase of C5 compounds
from 67% to 89%

- decrease of C6, C7, C8 and
C9 compounds

- increase of branched
alkanes from 50% to 65%

- increase of cyclic alkanes
from 4% to 5%

- decrease of aromatic
compounds from 23%
to 13%

- decrease of linear alkanes
from 22% to 14%

- slight increase of
linear and cyclic
alkanes and a
sharp decrease in
aromatics

- no other
significant
differences
emerged in the
composition of
WSF before and
after the processes

- a slight decrease in
the total number of
oxygenated
compounds

- the O1 and O2
classes prevailed
over the other types

- aromatic
compounds’
decrease (about
46% after 1 h
of treatment)

Sonolysis (US)/
Oil Water-Soluble
Fraction (WSF)

- increase of C5 compounds
from 67% to 91%

- disappeared C9 class
- increase of branched

alkanes from 50% to 54%
- increase of cyclic alkanes

from 4% to 5%
- increase of aromatic

compounds from 23%
to 24%

- decrease of linear alkanes
from 22% to 17%

- no significant
differences
emerged in the
composition of
treated and not
treated WSF

- a low increase
of oxygenated
compounds: O1, O2
and O7 classes and
decrease of
the other
oxygenated types

- a sharp increase in
the number
of compounds
with a low
molecular weight

- no significant
differences
emerged in the
composition
of aromatic
compounds
before and after
the processes

Sonophotocatalysis
(UV + TiO2 + US)/
Oil Water-Soluble
Fraction (WSF)

- increase of C5 compounds
from 67% to 91%

- decrease C6, C7 and C8
compounds;

- disappeared C9 class
- increase of branched

alkanes from 50% to 64%
- increase of cyclic alkanes

from 4% to 9%
- significant decrease of

aromatic compounds from
23% to 7%

- decrease of linear alkanes
from 22% to 19%

- significant
decrease of
aromatic
compounds from
23% to 7%

- the total number of
oxygenated
compounds
decreased from 1203
to 993

- increase of
compounds with
low molecular
weight and
compounds with a
low unsaturation
degree

- aromatic
compounds’
decrease (about
48% after 1 h
of treatment)

2.2.1. Photocatalytic Degradation

In the photocatalytic process, the water/oil suspension was treated for 1 h with
UV irradiation in the presence of titanium dioxide. GC-MS analysis of WSF (Figure S3)
evidenced increased C5 compounds from 67% in not-treated WSF to 89% in the irradiated
sample. Moreover, the amount of C6, C7, C8, and C9 compounds decreased. The analysis
of chemical classes occurring in the irradiated WSF showed increased branched and cyclic
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alkanes, from 50% to 65% (branched) and from 4% to 7% (cyclic), respectively. On the other
hand, the number of linear alkanes underwent a slight decrease (from 22% to 14%), and
the aromatic compounds had a sharp decline (from 23% to 13%).

1H-NMR spectra (Figures S4 and S5) confirmed a slight increase of linear and cyclic
alkanes, and a sharp decrease in aromatics, as evidenced in the chromatographic analysis.

FT-ICR MS analysis showed a minor decrease in the total number of oxygenated
compounds. The O1 and O2 classes prevailed over the other types (Figure 6).

 
Figure 6. FT-ICR MS analysis of natural and 1-h photocatalysed WSF of crude oil as a function of the
number of oxygen atoms.

Comparison of Kendrick plots constructed for the untreated sample (Figure 7a) and
the photodegraded model (Figure 7b) shows an increase in the number of compounds
with low molecular weight and low degree of unsaturation. The formation of several
homologous series, with KDM values of 0.124, 0.137, 0.150, and so on, is underlined in
the Kendrick diagram plotted for the treated sample. The unsaturation degree of these
homologous series falls in the range Z = −16 to Z = −20.

b a 

Figure 7. Kendrick mass plots of the O1-O10 species found in the untreated crude oil WSF (a) and the 1-h photocatalysed
sample (b).
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The van Krevelen diagram (Figure 8) shows an increase in O1 class, reduced O/C ratio,
and decreased unsaturated compounds in the treated sample compared to the untreated
one. After photocatalysis, the number of compounds with a low number of oxygen atoms
increased. As shown in Figure 6, the O1 and O2 classes prevailed over the other types,
resulting in a decrease in the O/C ratio.

b a 

Figure 8. The van Krevelen plots of the O1–O10 species found in the untreated crude oil WSF (a) and the 1-h photocatalysed
sample (b).

From fluorescence spectra (Figure S6), it was possible to argue aromatic compounds’
decrease after 1-h photocatalytic treatment. Essentially, the absolute intensity of the peak
at 347 nm decreases from 92.07 mAU for the natural sample to 49.50 mAU for the treated
sample, with a reduction of 46%.

2.2.2. Ultrasonic Irradiation

In the sonolytic process, the water/oil suspension received 1-h ultrasound irradiation.
GC-MS analysis (Figure S7) indicated that C5 compounds increased from 67% to 91% at the
end of sonolysis, evidencing a behaviour analogous to photocatalysis. Furthermore, the C6,
C7 and C8 compounds decreased, similarly to the photocatalytic process; otherwise, the
C9 class disappeared. The analysis of functional groups evidenced that branched alkanes
increased from 50% to 54% in the sonolysed WSF (from 50% to 65% in photocatalysis).
Cyclic alkanes underwent a minor increase from 4% to 5% (like photocatalysis), but aro-
matic compounds slightly increased from 23% to 24% (decreased dramatically to 13% in
photocatalysis). The number of linear alkanes decreased from 22% to 17% (22% to 14%
in photocatalysis).

Liquid-state 1H-NMR spectra (Figures S8 and S9) evidenced a relatively equal amount
of the three classes of compounds in the not-treated and sonolysed samples. In conclusion,
no significant differences emerged in the composition of WSF before and after the processes
of sonication and photocatalysis, with a unique exception for aromatic compounds, as
mentioned above in the case of photocatalysis.

From FTICR MS analysis, the total number of oxygenated compounds registered a low
increase in the sonicated sample. O1, O2 and O7 classes increased, but the other oxygenated
types decreased (Figure 9).
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Figure 9. FT-ICR analysis of natural and 1-h sonicated WSF of crude oil samples asa function of the
number of oxygen atoms.

Analysis of the Kendrick plot (Figure 10) after the degradation treatment shows a
sharp increase in the number of compounds with low molecular weight. Seventy percent
of compounds stay in the range m/z 159–597, and many homologous series with a high
degree of unsaturation are visible.

b 
a 

Figure 10. Kendrick mass plot of the O1–O10 species found in the not-treated WSF of crude oil (a) and after 1-h of US
treatment (b).

The van Krevelen diagram (Figure 11) substantiates any differences between the
natural and treated WSF samples.

The fluorescence study (Figure S10) confirms that the decrease of aromatic compounds
is not so evident with US treatment. After 1-h of the sonolytic process, the absolute intensity
of the maximum peak displays an insignificant drop from 99.96 mAU for the natural sample
to 93.37 mAU for the treated one.
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Figure 11. The van Krevelen plots of the O1-O10 species found in the not-treated WSF of crude oil (a) and after 1-h US
treatment (b).

2.2.3. Sonophotocatalytic Degradation

The contemporary use of UV irradiation, titanium dioxide and ultrasound irradiation
to treat the oil aqueous suspension shows results mainly similar to those obtained with
sonolysis or photocatalysis.

GC-MS analysis (Figure S11) demonstrated that after 1-h of treatment, C5 compounds
increased from 67% in not-treated WSF to 91% in the treated sample, while C6, C7 and C8
compounds decreased; C9 compounds were not detected (like the simple US). The analysis
of functional groups in the sonophotocatalytic degradation evidenced an increase from 50%
to 64% of branched alkanes (similar to photocatalysis) and from 4% to 9% of cyclic alkanes
(higher than the other technologies). The number of linear alkanes underwent a slight
decrease (from 22% to 19%, similar to the other technologies). In comparison, aromatic
compounds showed the sharpest decline (from 23% to 7%), also proved by integrating
NMR spectra (Figures S12 and S13). In the natural WSF, the aromatics alkanes occupied
19% of the whole spectral area, whilst in the treated sample, this amount decreases up to
3.3%. On the other hand, the amount of linear and cyclic alkanes increases by about 7–8%.

Figure 12 shows the trend of oxygenated compounds after sonophotocatalytic treat-
ment. In this case, the total number of oxygenated compounds decreased from 1203 (not
treated WSF) to 993 (treated WSF).

 

Figure 12. FT-ICR MS analysis of natural and 1-h sonophotocatalysed WSF sample of crude oil as a
function of the number of oxygen atoms.
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Comparison of Kendrick plots (Figure 13) obtained for the not-treated and treated
samples showed an increased number of compounds with low molecular weight, especially
in the range m/z 169–369, and compounds with a low unsaturation degree.

b a 

Figure 13. Kendrick mass plots of the O1-O10 species found in the not-treated WSF of crude oil (a) and after 1-h of
sonophotocatalytic treatment (b).

The van Krevelen diagram (Figure 14) let us see an intensification of signals relative to
oxygenated compounds with an O/C ratio in the range 0.10–0.25.

b a 

Figure 14. The van Krevelen plots of the O1-O10 species found in the not-treated WSF of crude oil (a) and after 1-h of
sonophotocatalytic treatment (b).

Fluorescence spectra (Figure S14) substantiated the decreasing of aromatic compounds
after 1-h sonophotocatalytic treatment. The absolute intensity of the peak at 347 nm
decreased from 89.92 mAU for the natural sample to 47.95 mAU for the treated sample,
reducing by 48%.

3. Materials and Methods

3.1. Crude Oil and Chemicals

The director of the Eni-Cova Oil Plant in Val d’Agri (Basilicata Region, Southern Italy)
kindly provided the oil sample taken from the first step of oil purification after extraction,
including dehydration and degasification. Table 3 accounts for the elemental composition
reported in the label accompanying the sample delivered for this research.
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Table 3. Elemental composition (%) of the oil sample taken from the first step of oil purification after
extraction, including dehydration and degasification a.

C H N O b S

85.4 ± 2.8 11.8 ± 1.4 0.3 ± 0.1 0.6 ± 0.4 1.9 ± 0.9
a Metals (Ni and V) < 1000 ppm. b Obtained as the complement to 100.

All chemicals used were of analytical grade. TiO2 Degussa P-25, obtained as a gift
from Evonik (Hanau, Germany), was the catalyst adopted. Table 4 reports a summary
scheme of the investigation executed.

Table 4. Experiments performed and analytical methods used in this study.

Experiments
Performed

Treated
System

Analytical Methods Applied

GC-MS 1H-NMR FT-ICR MS Fluorescence

Artificial ageing
process by

photolysis (UV)
Crude oil X X

Remediation process
by photocatalysis

(UV + TiO2)
Oil WSF X X X X

Remediation process
by sonolysis (US) Oil WSF X X X X

Remediation
process by

sonophotocatalysis
(UV + TiO2 + US)

Oil WSF X X X X

3.2. Photodegradation Apparatus

The Suntest CPS+ (Heraeus Industrietechnik GmbH, Hanau, Germany), equipped
with a xenon lamp of 1.1 kW, protected employing a quartz plate (total passing wavelength:
300 nm < λ < 800 nm), was the solar simulator adopted for photochemical reactions. The
temperature of the irradiation chamber was 25 ◦C, maintained through both a thermostatic
bath and a conditioned airflow. During the experiments, the crude oil samples were kept
up in the horizontal position, creating a homogeneous film of 0.5 cm thickness.

3.3. Photodegradation Process and Sample Preparation for ESI FT-ICR MS

The protocol used for oil ageing experiments was: (i) the irradiation of the natural
crude oil (10 mL) for a week in the borosilicate planar reactor; (ii) crude oil samples
preparation by dissolving ~30 mg of material in 30 mL of toluene; (iii) withdrawal of
1 mL solution and its dilution with 0.5 mL methanol; addition of either 10 μL acetic acid
(for positive ion ESI) or 10 μL ammonium hydroxide (for negative ion ESI) to facilitate
protonation or deprotonation in the electrospray ionisation process, respectively.

3.4. Ultrasonic Irradiation of WSF Samples

A crude oil/water suspension was arranged in a borosilicate decanter (5 L) equipped
with a Teflon tap at the bottom. The decanter was filled with 3.5 L of ultrapure water; the
crude oil was added at the ratio of 1/20 (oil/water), and the suspension was magnetically
stirred and then kept in the dark for 30 days at constant temperature (25 ◦C) to reach
equilibrium and the separation of oil phase on the surface of the aqueous phase. Aqueous
samples were drawn off through the Teflon tap without disturbing the oil/water separation
surface. The collected aqueous sample (500 mL) underwent cotton filtration, to avoid
the formation of an emulsion in the solution. The ultrasonic degradation tool was the
immersible ultrasonic emitter Sinaptec Nexus P198-R (Sinaptec, Lezennes, France), an
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ultrasonic module furnished with a titanium sonotrode (S23-10-1/2, Sinaptec), an electrical
signal of frequency close to 20 kHz, and a voltage of about 1 kV. In this configuration, the
electric power provided by the generator (Nexus P198-R, same manufacturer) is adjustable
between 7 W and 100 W, as indicated on a digital display panel. However, this electrical
measurement does not determine with high precision the acoustic power dissipated in the
liquid. The experimental temperature was fixed to 25 ◦C.

3.5. Photocatalytic and Sonophotocatalytic Degradation of WSF Samples

The photocatalytic method to degrade the water-soluble fraction of crude oil utilises a
125 W high-pressure mercury lamp (Philips-HPK, Philips, Turnhout, Belgium) that pro-
vides its maximum energy at 365 nm, with a range of emission from 195 to 580 nm. The
catalyst was TiO2 (80% anatase–20% rutile). The simultaneous use of the mercury lamp,
titanium dioxide and the ultrasound emitter (UV + TiO2 + US) permitted the sonophoto-
catalytic degradation. The experimental temperature was 25 ◦C for photocatalysis and
sonophotocatalysis trials.

3.6. Liquid–Liquid Extraction (LLE)

The experimental protocol was (i) to collect samples of the oil WSF after 15, 30, 45, and
60 min of treatment; (ii) to extract in triplicate 30 mL of each sample in a separatory funnel
(50 mL) with 3 mL dichloromethane for GC-MS analysis and (iii) another 30 mL with the
same solvent for 1H-NMR spectroscopy; (iv) to perform fluorescence analysis using 5 mL
of the aqueous solution without extraction.

The internal standard used for assessing the reproducibility of WSF extraction was
1 mL of 1,3-dibromopropane (26.7 mg L−1) added to the volume of dichloromethane
needed for each liquid–liquid extraction. In addition, it was necessary to add 1.0 mL of
1-bromododecane (29.0 mg L−1) to evaluate the GC-MS analysis reproducibility at the end
of each extraction. Thus, the injection volume was 1 μL extract for each GC-MS run.

3.7. Analysis of Fluorescence

A research-grade spectrofluorometer FP-6500 Jasco (Jasco Corporation, Cremella,
Italy) was available for fluorescence analysis. This analysis was necessary to appreciate the
aromatic compounds remaining in the water-soluble fraction of crude oil. The spectroflu-
orometer FP-6500 Jasco, adopting as emitting source a DC-powered 150 W xenon lamp
(in a sealed housing), employs a photometric rationing system, which utilises a second
photomultiplier tube to monitor and compensate for any variations in the intensity of
the xenon source, thus ensuring maximum analytical stability. Furthermore, a concave
holographic grating monochromator with optimised blaze angles provides maximum
sensitivity over the entire wavelength range; (220–750 nm; 1 nm resolution).

The fluorescence optical path adopted was 1 cm in quartz cells (volume ca 5 cm3) at
237 and 320 nm excitation and 347 and 360 nm emission.

3.8. 1H-NMR Analysis

A Varian Oxford AS400 spectrometer (Palo Alto, CA, USA), operating at 400 MHz,
was enough for the 1H-NMR spectra recording. The set temperature for the used 5 mm
non-gradient broadband inverse (BBI) probe was 25 ◦C.

All the 1H-NMR spectra have tetramethylsilane (TMS) as reference under the acquisi-
tion parameters shown in Table 5.

In degradation experiments, liquid–liquid extraction with chloroform permitted to
isolate the water-soluble fraction of crude oil. After the complete evaporation of the solvent
in a rotary evaporator, the addition of 500 μL deuterated chloroform (CDCl3) permitted to
recuperate the residual organic mixture.

137



Catalysts 2021, 11, 954

Table 5. 1H-NMR acquisition parameters.

Instrument Solvent
Acquisition

Time
Spectral
Width

Line
Broadening

Number of
Scans

Varian Oxford
AS400 CDCl3 2.049 s 6410.3 Hz 0.20 Hz 512

3.9. Mass Spectrometry of Polar Components

The instrument available to determine polar components was the micro ESI/FT-
ICR/MS 7 T Thermo Electron (Waltham, MA, USA).

The method used for the routine analyses permitted a mass accuracy better than 2 ppm
by external calibration, using the mixture of caffeine, MRFA, and Ultramark. The technique
separated more than 6000 ion signals belonging to chemically different elemental composi-
tions with a 200,000 resolving power (m/Δm50% at m/z 400) in positive electrospray mode.
The robustness of this equipment, combined with unprecedented ease of use, ultra-high
mass accuracy, high sensitivity, and excellent resolving power, make it an ideal instrument
for analysis. The infusion of the samples at a flow rate of 5 μL/min permitted the best
result in terms of spectrum resolution. ESI conditions were: needle voltage, +4.5 kV; heated
capillary current 4 A; tube lens voltage 135.12; temperature 300 ◦C; N2 speed 2.33 u.a.; aux
gas flow rate 0.73; scansions per second 1000.

4. Conclusions

In this study, we tried to characterise the ageing process of crude oil simulating
solar irradiation on a thin layer of an oil sample. As a result, FT-ICR MS evidenced an
augmentation of compounds with low molecular weight and a slight increase of the number
of oxygen atoms in the oxygenated species, as depicted in Kendrick and van Krevelen
diagrams. Furthermore, the simulated ageing produced the oxidation of crude oil with
a particular effect on double bonds’ oxygenation, as confirmed by the disappearance of
alkenes in gas chromatographic analysis. The observed results seem to be recognisable
because the energy irradiated with the xenon lamp could be enough for catalysing the
reaction of olefins with the atmospheric oxygen following a bridge mechanism.

We experimented with different solutions for the cleaning treatment of oil-polluted
water (photocatalysis, sonolysis, and sonophotocatalysis). GC-MS analyses of the water-
soluble fraction of crude oil for both natural and treated samples discovered that only a few
compounds are detectable in the aqueous solution, principally C5-organic chains (~50%).
Low amounts of C6, C7, C8 and C9 chains were also present. Both GC-MS and liquid state
1H-NMR signals showed that the branched alkanes were the principal chemical class in the
soluble fraction of oil, followed by a small amount of linear and aromatic alkanes.

With all the degradation methods utilised, an increase of the C5-class and a decrease
of C6–C9 types of compounds was evident. Furthermore, the FT-ICR comparative analyses
of oxygenated species elucidated that the total number of O-compounds in the treated WSF
samples is different for all of the degradation methods experimented. The number of the
oxygenated compounds slightly decreased with photocatalysis compared to the non-treated
sample. An opposite trend appeared with the sonolysis treatment. The sonophotocatalytic
method showed a sharp reduction in the number of oxygenated compounds, probably
due to the volatilisation of small molecules formed during the oxidation process. It is
conceivable that ultrasound can promote this volatilisation. The degradation of the water-
soluble fraction of crude oil performed with photocatalysis and sonophotocatalysis led to
an apparent decrease of aromatic compounds of 46% and 48%, respectively, for the two
techniques, as also confirmed by the fluorescence analysis. With the use of sonolysis, there
was no effect on the number of aromatic compounds. Nevertheless, all the degradation
methods applied were capable of increasing the number of cyclic alkanes. Therefore, we
could speculate that ultrasound in sonophotocatalytic technology can affect the rate of the
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photocatalytic degradation of the organic pollutants due to a synergistic effect typically
observed with an increase of the degradation process efficiency.

In conclusion, our results confirm the photo-oxidation effect caused by light irradiation
either on crude oil (simulated ageing) or on the soluble oil fraction. Naturally, the behaviour
of each oil type could be different, and then it is not possible to generalise our findings to
all cases of oil spilling and environmental remediation. Therefore, it is necessary to check
case by case before reaching specific solutions for more efficient remediation processes to
avoid making the situation worse.
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Abstract: A single crystalline phase of strontium carbonate (SrCO3) was successfully obtained
from solvothermal treatments of hydrated strontium hydroxide in ethanol (EtOH) at 100 ◦C for
2 h, using specific Sr:EtOH mole ratios of 1:18 or 1:23. Other solvothermal treatment times (0.5,
1.0 and 3 h), temperatures (80 and 150 ◦C) and different Sr:EtOH mole ratios (1:13 and 1:27) led
to formation of mixed phases of Sr-containing products, SrCO3 and Sr(OH)2 xH2O. The obtained
products (denoted as 1:18 SrCO3 and 1:23 SrCO3), containing a single phase of SrCO3, were further
characterized in comparison with commercial SrCO3, and each SrCO3 material was employed as
a photocatalyst for the degradation of methylene blue (MB) in water under visible light irradiation.
Only the 1:23 SrCO3 sample is visible light responsive (Eg = 2.62 eV), possibly due to the presence of
ethanol in the structure, as detected by thermogravimetric analysis. On the other hand, the band
gap of 1:18 SrCO3 and commercial SrCO3 are 4.63 and 3.25 eV, respectively, and both samples are
UV responsive. The highest decolourisation efficiency of MB solutions was achieved using the
1:23 SrCO3 catalyst, likely due to its narrow bandgap. The variation in colour removal results in
the dark and under visible light irradiation, with radical scavenging tests, suggests that the high
decolourisation efficiency was mainly due to a generated hydroxyl-radical-related reaction pathway.
Possible degradation products from MB oxidation under visible light illumination in the presence
of SrCO3 are aromatic sulfonic acids, dimethylamine and phenol, as implied by MS direct injection
measurements. Key findings from this work could give more insight into alternative synthesis
routes to tailor the bandgap of SrCO3 materials and possible further development of cocatalysts and
composites for environmental applications.

Keywords: strontium carbonate (SrCO3); solvothermal method; photocatalysis; visible light

1. Introduction

Textile industries employ over 10,000 dyes and pigments in the manufacturing of cotton, leather,
clothes, wool, silk and nylon products [1–3]. An estimated 700,000 tons or more of synthetic dyes are
thought to be annually discharged into the environment [4], causing serious water pollution as many of
these dyes are toxic, highly water soluble and highly stable against degradation by sunlight or increased
temperature [5]. Therefore, effective treatments of dye-contaminated water have continuingly received
great attention by academic and industrial sectors. Various wastewater treatment methods have been
applied to remove toxic dyes from wastewater, such as coagulation–flocculation, adsorption, membrane
separation, biodegradation and oxidation processes [6]. Among these methods, photocatalytic oxidation
processes have been proven to be simple and effective at organic dye decomposition, forming relatively
low toxic by-products with potential mineralization to generate CO2 and H2O [7–9]. In this process,
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under light irradiation a semiconducting catalyst absorbs photon energy promoting electron transfer
from the valence band (VB) to the conduction band (CB), resulting in electron-hole pair generation.
The generated holes (h+) further react with water molecules while the electrons (CB) react with oxygen,
resulting in formation of active hydroxyl (•OH) and superoxide (•O2

−) radicals, respectively. The •OH
radicals subsequently attack organic pollutants in water leading to oxidative degradation of pollutants.

Wide bandgap TiO2 [10] and ZnO [11] semiconducting materials have proven to be efficient
catalysts for the photo-oxidation of organic pollutants in water. However, these require high-energy
ultraviolet irradiation, which requires special and costly safety protocols to be in place for the use
of these materials in wastewater treatment. An attractive alternative is to use harmless visible
light sources in the photoreactor, employing a visible light responsive photocatalyst for pollutant
degradation. Such visible light responsive photocatalysts need to promote the photo-oxidative
degradation of pollutants using sunlight (7% UV and 44% visible light emission, and other low-energy
radiations [12]) to ensure wastewater treatment is a sustainable process. Strontium carbonate (SrCO3)
is a common starting material for the manufacture of colourants in fireworks, glass cathode-ray
tubes and computer monitors [13,14]. While commercially available SrCO3 material is commonly
derived from celestine (SrSO4) mineral via calcination followed by Na2CO3 treatment (the black
ash method) [15], synthetic SrCO3 can be obtained using calcination and wet chemical methods
under ambient [16,17] or high-pressure [18] atmospheres. Table 1 summarizes the key features
(synthesis conditions, characteristics and the bandgap energy) of synthetic SrCO3 in the literature.
Methylene blue, a cationic organic dye and a common colouring agent used in cotton, wood, silk [19]
cosmetics, and textile [20] dying is a frequently utilized representative dye pollutant mimicking
those present in industrial effluents. Song and coworkers reported effective methylene blue (MB)
degradation under visible light irradiation (λ > 400 nm) after 3 h treatment with SrCO3 obtained from
the calcination of synthetic Sr(OH)2 [21], while Molduvan and coworkers reported the removal of MB
from aqueous solutions using a commercial natural activated plant-based carbon [22]. Other works
have utilized SrCO3 as a cocatalyst incorporated in photocatalyst composites, e.g., Ag2CO3/SrCO3 [23],
TiO2/SrCO3 [24] and SrTiO3/SrCO3 [25], to expand the photoresponsive range of the material and to
improve its catalytic activity and reaction selectivity.

Table 1. Synthesis, key characteristics and bandgap energy of synthetic SrCO3.

Conditions Reaction Time Morphology Band Gap References

Celetine ore (SrSO4)
(industrial scale)

Reductive calcination followed by
Na2CO3(aq) assisted precipitation

(the black ash method)
- - [26]

Celetine ore (SrSO4)
(industrial scale)

Double decomposition in
Na2CO3(aq) - - [27]

Sr(OH)2 + CO2 + EDTA 50 ◦C, 10 min spherical shape - [28]

Sr(NO3)2 + TEA + NaOH 100 ◦C, 12 h branchlet-like SrCO3 nanorods - [17]

SrCl2 +H2O +DMF + glycerol 120 ◦C, 8 h flower shape - [29]

Sr(NO3)2 + urea 120 ◦C, 24 h urchin-like SrCO3 - [30]

Sr(NO3)2 + (NH4)2CO3 +
HMT Room temp, 7 days branch-like, flower-like,

capsicum-like - [31]

CH3COO2Sr + Na2SO4 +
hexamethylene triamine 160 ◦C, 24 h spherical shape 3.17 [32]

Sr(NO3)2 + Na2CO3 120 ◦C, 8 h

various shapes such as
rod shape

ellipsoid shape
sphere shape

- [33]

1. SrCl2 + Na2CO3
2. SrCl2 + CO(NH2)2

3. SrCl2 + CO(NH2)2 + SDS

1. 110 ◦C, 12 h
2. 110 ◦C, 12 h
3. 110 ◦C, 12 h

rod shape
rod shape

flower shape
- [34]

Sr(OH)2 + flowing CO2 gas
1. 50 ◦C, 12 h
2. 60 ◦C, 12 h
3. 70 ◦C, 12 h

nanowhisker
rod shape

pherical shape
- [35]
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This work investigated the effects of precursor concentrations (Sr:ethanol mole ratios), solvothermal
temperatures and treatment times on the properties of SrCO3 materials and their photocatalytic
degradation of MB in water under visible light irradiation, as a function of pH and temperature.
Kinetic and mechanistic studies of the MB degradation process were carried out through reaction rate
determination and identification of the end-products. The photocatalytic performance of synthesized
SrCO3 was compared with that of commercially available material, in order to derive insights into the
relationships between properties and catalytic activity.

2. Results and Discussions

2.1. Effects of Synthesis Conditions

Solvothermal treatments of strontium nitrate in ethanol (EtOH) were carried out at various
temperatures (80, 100 and 150 ◦C), treatment times (0.5, 1, 2 and 3 h) and Sr:EtOH mole ratios (1:13,
1:18, 1:23 and 1:27). From powder X-ray diffraction (PXRD) results in Figure 1, a single phase of
SrCO3 was obtained from two conditions: 2 h solvothermal treatment at 100 ◦C using a Sr:EtOH
mole ratio of 1:18 or 1:23. These samples are denoted as 1:18 SrCO3 and 1:23 SrCO3 in further
discussions. Notably, mixed phases of SrCO3 and hydrated strontium hydroxides (Sr(OH)2·xH2O,
where x is the number of molar coefficient of water in strontium hydroxide solid) were obtained from
all other synthesis conditions (results shown in Supplementary Materials: Figures S1 and S2). Typical
diffraction peaks correspond well with (110), (111), (021), (002), (012), (130), (220), (221), (132) and
(113) orthorhombic SrCO3 lattice planes [34,36], whereas other diffraction peaks match with those
of previously reported Sr(OH)2·H2O [37] and Sr(OH)2·8H2O phases [38]. The formation of Sr(OH)2

xH2O is possibly due to adsorbed alcohol, promoting the addition of OH functional groups on the
solid surface [39], upon solvothermal crystallization of Sr-containing products.

Figure 1. PXRD patterns of Sr-containing samples derived from 2 h solvothermal treatments of hydrated
strontium hydroxide in ethanol at various Sr:EtOH mole ratios (1:13, 1:18, 1:23 or 1:27) at 100 ◦C.
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FTIR spectra of the prepared Sr-containing samples are shown in Figure 2. The absorption bands
located within 1700–400 cm−1 regions were attributed to the vibrations in CO3

2− groups. The strong
broad absorption at 1470 cm−1 was considered to be due to an asymmetric stretching vibration, and the
sharp absorption bands at 800 cm−1 and 705 cm−1 can be specified to the bending out-of-plane vibration
and in-plane vibration, respectively. The weak peak at 1770 cm−1 indicated a combination of vibration
modes of the CO3

2− groups and Sr2+. The sharp peak at 3500 cm−1 was assigned to the stretching
mode of –OH- in Sr(OH)2, and the broad absorption peak around 2800 cm−1 was assigned to the
stretching mode of H2O in Sr(OH)2·H2O and Sr(OH)2·8H2O. These results are consistent with the
commercial SrCO3 and the 1:18 SrCO3 and 1:23 SrCO3 samples being of similar chemical composition.

Figure 2. FTIR spectra of Sr-containing samples derived from 2 h solvothermal treatment of hydrated
strontium hydroxide in ethanol at various Sr:EtOH mole ratios (1:13, 1:18, 1:23 or 1:27) at 100 ◦C.

SEM images of the obtained SrCO3 materials (derived from Sr:EtOH mole ratios of 1:18 or 1:23) are
compared with those of commercial SrCO3 in Figure 3. Whisker-like SrCO3 and spherical particles were
obtained under these respective synthesis conditions. Figure 3c highlights the relatively large rod-like
particles of commercial SrCO3. Variation in particle sizes was observed in solvothermally obtained
SrCO3, with particle sizes being smaller for the 1:18 SrCO3 samples. Notably, commercial SrCO3 contains
much larger particles than those of the synthesized material. From literature [26,27], SrCO3 production
plants utilize two common methods, the black ash method and the soda method, in conversion
of celestine ore (SrSO4) to SrCO3 (Table 1). The black ash method involves high-temperature
calcination of the ore to obtain SrS, with crystalline SrCO3 solid being formed after dissolving the
SrS in aqueous Na2CO3, followed by precipitation. The soda method produces SrCO3 through the
two-step decomposition reaction between celestine and aqueous Na2CO3, to obtain precipitated SrCO3.
From this information, as the formation of commercial SrCO3 does not require high temperatures
(>150 ◦C) for solvent evaporation and precipitation of SrCO3, the larger grain size of the commercial
SrCO3 sample is probably due to the fast solvent evaporation during the precipitation processes.
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Figure 3. SEM images of SrCO3 derived from 2 h solvothermal treatment at 100 ◦C, using Sr:EtOH
mole ratios of (a) 1:18 and (b) 1:23 compared with (c) commercial SrCO3.

Thermogravimetric analysis (TGA) plots (Figure 4) suggest thermal stability of all SrCO3 samples
up to 600 ◦C. Slight weight loss (<1%) was likely due to moisture or solvent residue [40]. The 1:23
SrCO3 sample gives a relatively high weight loss of 0.21%, which corresponds to the removal of surface
adsorbed moisture and ethanol (weight loss upon heating up to 400 ◦C) and the loss of ethanol from
the SrCO3 lattice at ca. 450 ◦C. Decomposition of SrCO3 takes place at temperatures above 800 ◦C as
a result of conversion to SrO.

Figure 4. Thermogravimetric analysis (TGA) plots of SrCO3 samples prepared using Sr:EtOH mole
ratios of 1:18 and 1:23, compared with that of commercial SrCO3.

Based on the PXRD and TGA results, chemical transformation of hydrated strontium hydroxide
in the presence of ethanol under solvothermal treatments leads to the formation of SrCO3 and
ethanol incorporated SrCO3 materials, as proposed by the reactions below. In general, CO2 in
air can react with strontium hydroxide to form SrCO3, which precipitates after the sonication
step and solvothermal treatments. Ethoxide could be formed under basic conditions, resulting
in an CH3CH2O···Sr2+···OCH2CH3 intermediate, which is subsequently transformed to ethanol
incorporated in SrCO3. Note that the amount of ethanol incorporated within the SrCO3 is sufficiently
low, such that a single phase of SrCO3 was observed in PXRD pattern of the 1:23 SrCO3 sample.

Sr(OH)2 + CO2 → SrCO3 + H2O

Sr(OH)2 + CO2 � Sr2+ + HCO3
− + OH−
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HCO3
− + OH− → CO3

2− + H2O

CH3CH2OH + OH−� CH3CH2O− + H2O

Sr(OH)2 + H2O� Sr2+ (aq) + OH− (aq)

Sr2+ + 2CH3CH2O− → Sr2+···2OCH2CH3

Sr2+···OCH2CH3 + HCO3
− → SrCO3···HOCH2CH3

2.2. Optical Properties

UV–VIS diffuse reflectance spectra of the 1:18 SrCO3, 1:23 SrCO3 and commercial SrCO3 in
Figure 5a showed that the characteristic absorption edge of the 1:23 SrCO3 sample is located in the
visible light region (473 nm), whereas the spectral response of other SrCO3 samples was observed in the
UV region, with absorption band edges of 268 and 381 nm for the 1:18 SrCO3 sample and commercial
SrCO3, respectively. The band gap energy values suggested by Kubelka–Munk plots (Figure 5b)
are 4.63 and 3.25 eV for 1:18 SrCO3 and commercial SrCO3, respectively. By contrast, the bandgap
energy of the 1:23 SrCO3 sample is 2.62 eV, and its visible response is possibly due to the presence of
incorporated ethanol in the solid sample, as suggested by TGA results.

Figure 5. (a) UV-visible diffuse reflectance spectra and (b) Kubelka–Munk plots of the SrCO3 synthesized
at Sr:EtOH mole ratios of 1:18 and 1:23, compared with those of commercial SrCO3.

2.3. Decolourisation of Methylene Blue (MB)

Figure 6a illustrates the colour removal efficiencies of 10 ppm MB aqueous solutions in the
dark and under visible light irradiation after 1 h treatment with SrCO3. Similar colour removal
efficiencies from treatment of MB(aq) with 1:18 SrCO3 in the dark and under light illumination
suggested major adsorption processes occurred due to the wide bandgap of the 1:18 SrCO3 sample.
On the other hand, the visible responsive 1:23 SrCO3 and commercial SrCO3 gave higher colour
removal efficiencies under irradiation conditions than those from dark experiments, implying both
adsorption and photodegradation of MB are of importance. Therefore, from these catalyst screening
tests, the colour removal efficiencies of aqueous MB solutions strongly depend on the bandgap energy
of SrCO3 materials and that the 1:23 SrCO3 is the most active catalyst. Figure 6b demonstrates that
only low colour removal efficiencies occur due to adsorption (in the dark) and photolysis (irradiation
and no SrCO3). Treatments of dye solutions with 1:23 SrCO3 is much less effective (low colour removal
efficiency) under dark conditions in comparison to decolourisation under visible light irradiation.
These results suggest that the main process of MB colour removal is caused by photocatalytic treatment
by using the SrCO3 photocatalyst rather than adsorption.
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Figure 6. (a) Colour removal efficiencies of 10 ppm methylene blue (MB) aqueous solution in the
dark, and under visible light irradiation in the presence of SrCO3. (b) Absorption spectra of MB in the
dark or under visible light irradiation by SrCO3 (1:23 and 1:18). All decolourisation experiments were
performed at 30 ◦C using SrCO3 with catalyst loadings of 4.0 g·L−1 with 1 h treatment.

The percentage of MB colour removal after treatment with SrCO3 photocatalyst (sample 1:23) is
shown in Figure 7a. When a suspension of SrCO3 in 10 ppm fresh MB solution was kept in the dark
for 3 h, the concentration of dye slightly decreased, while the colour of the dye solution remained
unchanged. It was observed that the absorption capacity of MB on the SrCO3 surface is negligible
because the specific area of the prepared SrCO3 photocatalyst is low (9.23 m2·g−1). Upon visible
irradiation, the prepared SrCO3 gave a high percentage of MB colour removal (>99% after 3 h
visible irradiation).

 

        

Figure 7. (a) Colour removal efficiencies of 10 ppm MB aqueous solution (pH 5.5) as a function of time
in the dark or under visible light irradiation; adsorption of MB into SrCO3 (loading 4 g·L−1) in the dark,
MB photolysis and photocatalysis of MB under visible light illumination catalyzed by SrCO3 (loading
4 g·L−1). (b) Effects of a scavenger (tert-BuOH) on the colour removal efficiency of 10 ppm MB after 3 h
treatment with the 1:23 SrCO3 (4 g·L−1).

In order to prove that hydroxyl radicals (•OH) are the active species in the photocatalytic
degradation process, experiments were conducted in the presence of a radical scavenging reagent.
One such reagent, tert-butyl alcohol (tert-BuOH), if present, should significantly inhibit the oxidation
of MB [41]. The result in Figure 7b indicates that after treatment for 3 h, adding tert-BuOH resulted
in poor colour removal efficiencies (6.90%), whereas in the absence of the reagent very high colour
removal efficiencies (>99%) were achieved. The formation of a product arising from the reaction
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between tert-BuOH and •OH as ascribed through a radical pathway [41] thus resulted in the poor
activity, confirming that hydroxyl radicals are the important active species assisting MB degradation.

The effect of pH on the MB decolourisation under visible light irradiation was examined over
a range of pH 3–9. The colour removal efficiency reached 73% after 1 h treatment at pH 3, while lower
colour removal efficiencies were obtained at pH 5.5 (51%), pH 7 (42%) and pH 9 (29%) over the same
time period, as shown in Figure 8a. In addition, the natural logarithm of the MB concentrations was
plotted as a function of irradiation time, affording a linear relationship, as presented in Figure 8b.
Using the first-order model, the highest rate constant of MB colour removal was obtained at pH 3,
with the degradation being slowest at pH 9. The decreasing rate constants of MB decolourisation
with increasing pH may be the result of the presence of carbonate (CO3

2−) and hydroxide (OH−) ions,
which are radical scavengers [42,43]. At pH 5.5–10, the low colour removal efficiencies may be due to
the following reactions.

CO3
2− + •OH→ CO3

•− + OH−

OH− + •OH→ H2O + O−

Figure 8. (a) Colour removal efficiencies of 10 ppm MB aqueous solution with time, using SrCO3

as photocatalyst. (b) Kinetics of MB decolourisation catalyzed by SrCO3 as a function of pH.
All decolourisation experiments were performed using SrCO3 with catalyst loading of 4.0 g·L−1

at 30 ◦C from pH 3–9.

The effect of temperature on the degradation of MB as a function of time is discussed in Figure 9.
From Figure 9a, it can be observed that higher temperatures result in higher MB colour removal
efficiencies. Under visible light irradiation, the MB colour removal efficiency reached 100% after 1 h
treatment at 70 ◦C. In all cases MB concentrations decrease with irradiation time. The linear plots
between the natural logarithm of the MB concentration versus irradiation time are shown in Figure 9b,
which indicate that the decolourisation process follows first-order kinetics. The rate constants of MB
decolourisation increased with temperature, indicating that MB removal by 1:23 SrCO3 is overall
endothermic. The 1:23 SrCO3 sample is rather stable during the photocatalytic MB degradation
reaction, as only negligible concentrations of Sr (<10 ppm) were detected in the treated MB solution.
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Figure 9. (a) Colour removal efficiencies of 10 ppm MB aqueous solution (pH 5.5) over time using SrCO3

as photocatalyst. (b) Kinetics of MB decolourisation catalyzed by SrCO3 as a function of temperature.
All decolourisation experiments were performed using 1:23 SrCO3 with catalyst loading of 4.0 g·L−1 at
temperatures 20–70 ◦C.

2.4. Degradation Products

Figure 10 highlights mass spectra generated from the MB degradation products with the
mass-to-charge ratios (m/z) of 77, 122, 234, 284 and 303, reported with the possible fragmented
ions shown accordingly.

(a) 

(b) 

 
(c) 

Figure 10. Mass spectra of intermediates from the MB degradation after treatment for (a) 10 min,
(b) 25 min and (c) 60 min. All experiments were performed by suspending 1:23 SrCO3 in 10 ppm MB
(4 g·L−1 of MB solution) followed by visible light illumination.
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The proposed reaction pathway of MB photooxidation over SrCO3 photocatalyst is outlined
in Figure 11. The detected degradation products, as identified from fragments based on m/z ratio,
are illustrated in blue, while undetectable but expected intermediates [44,45] are presented in black.
These results are in general agreement with previous works that report the generated intermediates
during the MB photodegradation process [44,45].

Figure 11. Proposed photocatalytic degradation pathway of MB. Detected degradation products are
illustrated in blue, while expected but undetectable [44] species are presented in black.

3. Materials and Methods

3.1. Chemicals

All reagents were used without further purification. Chemicals of HPLC grade were acetic acid
(C2H3O2, Merck, Darmstadt, Germany) and acetonitrile (C2H2N, J.T. Baker, CA, USA). Chemicals
of AR grade were ethanol (C2H5OH, Merck, Germany), potassium bromide (KBr, Merck, Germany),
tert-butanol (C4H10O, Merck, Germany), ammonium acetate (C2H2ONH4, Rankem, Gurugram, India),
sodium hydroxide (NaOH, Rankem, India), methylene blue (C16H18N3Cl, Fluka, Saint Louis, MO, USA),
strontium carbonate (SrCO3, Fluka, USA), concentrated hydrochloric acid (HCl, Lab Scan, Ireland),
mercury(II) sulphate (HgSO4, QRëc, Newzaland), nitric acid (HNO3, Mallinckrodt Chemicals,
Phillipsburg, NJ, USA), potassium dichromate (K2Cr2O7, Unilab, Mandaluyong, Philippines),
potassium hydrogen phthalate (C8H5KO4, Univar, Redmond to Downers Grove, IL, USA), silver
sulphate (AgSO4, Carlo Erba, Barcelona, Spain), strontium hydroxide octahydrate (Sr(OH)2·8H2O,
Sigma Aldrich, Saint Louis, MO, USA) and concentrated sulfuric acid (H2SO4, Lab supplies, Spain).

3.2. Synthesis of Strontium Carbonate (SrCO3)

Strontium carbonate (SrCO3) was synthesized by a solvothermal method modified from the
procedure of Zhang et al. [34]. A suspension of 20 g Sr(OH)2·8H2O in ethanol (100 mL) was sonicated
in an ultrasonic bath for 20 min, followed by solvothermal treatment in an autoclave at 80, 100, 120 or
150 ◦C for 2 h. The reaction mixtures were left at room temperature to cool down to room temperature.
Then, the precipitates were washed with deionized water to remove Sr(OH)2·xH2O, dried and kept in
a dry condition at room temperature. After obtaining the optimal treatment temperature, the reaction
time was investigated through the above procedure by fixing the treatment temperature at 100 ◦C and
varying reaction time between 0.5, 1, 2 or 3 h. The strontium-based samples were prepared by varying
the Sr(OH)2·8H2O: ethanol mole ratio as either 1:13, 1:18, 1:23 or 1:27, and then the above procedures
were followed using a treatment temperature of 100 ◦C for 2 h.
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3.3. Materials Characterisation

The crystallinity and the phase structure of the samples were investigated using X-ray
diffractometry (PXRD, Bruker AXS model D8 advance). The measurements were examined with CuKα

radiation between 2θ values of 10–80 degrees, at a scan rate of 0.075 degree·min−1 using accelerating
voltage and currents of 40 kV and 40 mA, respectively. Chemical composition and bonding information
were probed using Fourier transform infrared spectrophotometry (FT-IR, Elmer model lamda 800).
Diffusion reflectance spectra were measured on a UV–VIS spectrophotometer (Agilent Cary 5000)
using a scanning rate of 200–1100 nm. Sample morphologies were investigated using scanning electron
microscopy (SEM). The thermal decomposition of SrCO3 was monitored using a thermogravimetric
analyzer (TGA, TA instruments SDT 2960 Simultaneous DSC-TGA).

3.4. Catalyst Performance Examinations

SrCO3 samples were dispersed in 10 mL of 10 ppm MB aqueous solution in order to observe
the change in colour under dark and visible light irradiation conditions. Before illumination,
the suspensions were stirred in the dark for 5 min. Then, suspensions were irradiated using an LED
(16 × 12 V EnduraLED 10 W MR16 dimmable 4000 K with λ > 400 nm) [46]. The colour removal
efficiency of MB was monitored as a function of degradation time by measuring the absorbance of the
dye solution after treatment. In order to terminate the reaction, the photocatalyst was filtered off using
a syringe filter (0.45 μm). The absorbance of the dye was then measured, and the concentration of
remaining MB was quantified using the absorbance at maximum wavelength (around 664.5 nm) using
the Beer Lambert law.

The colour removal efficiency of MB was calculated via Equation (1):

Colour removal efficiency =

(
C0 −Ct

C0

)
× 10 (1)

where C0 is the concentration of fresh MB solution, and Ct is the concentration of dye residue after
treatment at t minutes.

Leaching of strontium ions may be a major cause of photocatalyst deactivation. Therefore, the amount
of strontium ions in the filtered MB solution was quantified by flame atomic absorption spectrometry
(FAAS, Perkin Elmer, Waltham, MA, USA).

A mass spectrometer (micro TOF MS, Bruker, Billerica, MA, USA) equipped with electrospray
ionization (ESI) source was employed to detect MB degradation products. For this, direct injection of
the treated MB solution (with 1:23 SrCO3) under visible light irradiation was carried out, with fragments
examined over the range m/z 50–700.

4. Conclusions

In this work, a solvothermal method without any calcination step was employed to prepare
a single crystalline phase of strontium carbonate (SrCO3). Ethanol incorporated SrCO3, a visible light
responsive SrCO3 material having a bandgap energy of 2.62 eV, was obtained from the solvothermal
treatment of hydrated strontium hydroxide in ethanol at Sr:EtOH of 1:23. Nevertheless, the synthesis
conditions strongly influence the bandgap energy of SrCO3, as UV responsive SrCO3 material can
also be obtained by varying the precursor concentration. The narrow bandgap SrCO3 material can be
utilized as a photocatalyst for decolourisation of methylene blue in water under visible light irradiation.
Effective decolourisation of 10 ppm methylene blue aqueous solutions was achieved with >99% colour
removal efficiencies after 3 h treatment, under visible light irradiation over the 1:23 photocatalyst,
using a catalyst loading of 4 g·L−1. The decolourisation is mainly due to photocatalytic processes.
The rate constant values showed a direct correlation with temperature, but decolourisation was most
rapid at low pH. In addition to the conventional uses of SrCO3 in pyrotechnics and frit manufacturing,
synthesized SrCO3 materials have their place as semiconductors and cocatalysts employed in energy
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and environmental applications. The key findings of this work highlight that incorporated ethanol in
the SrCO3 structure results in a narrowing of the energy bandgap in SrCO3, with the material being
a visible light responsive semiconductor and active photocatalyst in dye degradation. Results from this
work may suggest alternative synthesis routes to obtain visible responsive SrCO3 materials, for further
development of new composites and cocatalysts in broader applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/9/1069/s1.
Figure S1: PXRD patterns of Sr-containing samples derived from solvothermal treatments of hydrated strontium
hydroxide in ethanol (a) at various solvothermal temperatures, 2 h, Sr:EtOH mole ratios of 1:23 and (b) at various
solvothermal treatment times, 100 ◦C, Sr:EtOH mole ratios of 1:23; Figure S2: FTIR spectra of Sr-containing samples
derived from solvothermal treatment of hydrated strontium hydroxide in ethanol (a) at various solvothermal
temperatures, 2 h, Sr:EtOH mole ratios of 1:23 and (b) at various solvothermal treatment times, 100 ◦C, Sr:EtOH
mole ratios of 1:23.
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