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Abstract: Among key issues in municipal wastewater treatment plants (MWTP) is the existence of
pathogenic bacteria in the discarded effluents. Conventional disinfectants (ozone, UV irradiation,
chlorine) have been insufficient in providing safe water due to the development of undesirable and
noxious by-products. TiO2 comprises an attractive alternative to conventional methods because of its
versatility and recently explored biocidal efficiency. As a result, within the framework of this study,
chemically modified, visible active nanocrystalline TiO2 powders (N-TiO2, N,S-TiO2, and Ag@N-TiO2)
were prepared via a low-cost, feasible sol-gel method for the treatment of real municipal wastewater
effluents. Wastewater samples were acquired from the outlet of the treatment of Antiparos (Cyclades,
Greece) MWTP during the summer period in which a great number of seasonal habitants and tourists
usually visit the island, resulting in at least a doubling of the population. All synthesized powders
were thoroughly characterized using various morphological and spectroscopic techniques, such as
FE-SEM, XRD, micro-Raman, FTIR, DLS, UV-DRS, and XPS. Photocatalytic evaluation experiments
were initially conducted towards Rhodamine B degradation under visible light irradiation. Among all
studied powders, Ag@N-TiO2 indicated the highest efficiency, reaching total degradation (100%) of
RhB within 240 min due to its smaller crystallite size (1.80 nm), enhanced surface area (81 m2g−1), and
reduced energy band gap (Eg = 2.79 eV). The effect of the produced powders on the disinfection as
assessed in terms of fecal indicator microorganisms (E. coli and total coliforms) inactivation was also
examined in a semi-pilot scale-up photocatalytic reactor. Ag@N-TiO2 nanopowder was also found
substantially more active for both groups of bacteria, leading to complete inactivation in less than
35 min, probably due to the higher production of H2O2/•OH, as emerged from the photocatalytic
mechanism study. In addition, Ag@N-TiO2 nanoparticles demonstrated excellent photocatalytic and
disinfection stability even after five subsequent recycling trials (8.34% activity loss and complete
inactivation, respectively). The results of the present study demonstrate the feasibility for Ag@N-TiO2

to be utilized as a viable, eco-friendly approach for the photocatalytic pathogenic bacteria inactivation
as an alternative disinfection approach for municipal wastewater treatment plant effluents with
intense seasonal fluctuations in volume.

Keywords: Ag@N-doped TiO2; bacterial disinfection; chemically modified TiO2; effluents; N-doped
TiO2; N,S-codoped TiO2; titanium dioxide; visible light irradiation; WWTP
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1. Introduction

Municipal wastewater treatment plants (MWTP) are key facilities in cities around the
world where about 350 billion m3 of wastewater is globally treated every year [1]. Besides
mitigating environmental pollution, wastewater treatment plants can produce water for
use in agricultural irrigation [2–4]. The produced water should, however, be free of (a)
waterborne pathogens (i.e., helminths, protozoa, fungi, bacteria, and viruses), which are
typically present in untreated wastewaters and should be eliminated during the treatment
process, and (b) toxic byproducts that might be produced during the wastewaters’ treatment
itself. For more than two decades, photocatalysis has been identified as an advanced
oxidation process/technology (AOP/AOT) that can be used for wastewater treatment, and
hundreds of research studies have described new photocatalysts [5–7], but, in practice,
the photocatalytic systems have only found very limited practical applications [8], due to
the necessity for treatment of heavily polluted water effluents (without being treated with
any method), the limited testing of photocatalytic systems in realistic conditions (e.g., real
effluents of MWTP), and the absence of carefully designed reactors that can facilitate inline,
continuous treatment of large volumes of effluents of MWTPs. Previous research studies,
for example, have tested the performance of various photocatalysts for bacterial inactivation
in small standard solutions [7], rather than large volumes of effluents from a MWTP that
could provide more meaningful conclusions. In fact, useful conclusions for the practical
applications of photocatalysis could be extracted only when real effluents of a MWTP are
treated in large tanks using a continuous process because in real settings (a) the composition
of wastewaters is significantly more complex than standard bacterial solutions (typically
prepared in buffer) and may contain scavengers that can inactivate the radicals produced
during the photocatalytic process [8]; (b) large volumes of wastewaters must be disinfected
inside a robust reactor (made of concrete, metal, etc.), where irradiation and aeration of the
whole body could be challenging; (c) the disinfection process should be as short as possible,
continuous, efficient and compatible with the other steps of the wastewater pretreatment. In
this framework, the performance evaluation of the photocatalysts for bacteria inactivation
of real wastewater effluents of a municipality treatment plan is of high priority. In addition,
it is necessary to determine the efficiency of the treatment process in realistic conditions by
performing the investigation in a carefully designed photocatalytic tank, which is a scale
model of a larger system that could be connected in line to a MWTP.

Municipal wastewater treatment plants are designed to serve a more or less stable
population and large fluctuations in the volume of wastewater may cause problems in the
performance of wastewater treatment plants. Islands that attract vacationers host a large
influx of tourists during specific periods of the year so the increase of their population
during specific periods stresses the wastewater treatment plants that typically work above
their capacity.

The operative process in a typical municipal WWTP incorporates three basic stages:
(a) a primary treatment where physical processes are utilized; solids, oils, fats, and organic
matter are eliminated and wastewater is assembled for the next stage. Then, follows the
next stage, that of (b) secondary treatment. Biological, as well as chemical, processes are
integrated, leading to the further elimination of organic matter and suspended solids.
During this stage, the majority of pollutants is removed. Various mechanisms, such as
biological decomposition, sorption to suspended solids or incorporation into microbial
communities, have been suggested for this stage. One of the most prevalent systems
employed as secondary treatment is activated sludge, relying on the microbial oxidation
of organic compounds. Further treatments can be alternatively conducted, (c) tertiary or
advanced processes. These commonly constitute a combination of processes provoking the
removal of suspended residual solids through filtration with sand, gravel, or anthracite
coal, as well as the disinfection of the wastewater effluents via chlorination, ozonation,
UV-radiation, etc. prior to discharge [9]. Figure S1 outlines the usual treatment process
applied in a typical WWTP.
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Chlorination, ultraviolet (UV) irradiation, and ozonation are the most commonly
employed conventional techniques during the disinfection phase due to their extent of
use, relative efficiency, and popularity [10–12]. On the whole, these three methods pos-
sess the adequacy to inactivate an extensive range of pathogenic microorganisms to a
sufficient rate [13], whilst this is not the only factor that should be assessed. Until today,
researchers [14] have already ascertained a series of attributes that an optimal disinfectant
should retain, involving toxicity to organisms, solubility, stability, consistency, interaction
with various substances, corrosion, deodorizing ability, wide availability, and cost. Thus
far, none of the disinfection agents or techniques for the aforementioned objectives has
thoroughly fulfilled these parameters, rendering it obligatory to delve into other materials
and methods.

Chlorination is by far the most popular technique [15], as it comprises an eminent
technology. The major reasons are low cost (in comparison to others), proven effectiveness,
and application with no distinguished equipment needed [16]. Furthermore, this method is
characterized by a vast utility for being used to domestic, as well as industrial, applications.
On the other hand, utilization of UV irradiation has been confined due to increased operat-
ing costs and the requirement of specialized infrastructure [17]. As for ozonation [11,18,19],
existing studies [20] declare that ozone possesses enhanced efficiency, proportionated to the
other disinfection methods, in the matter of disinfection towards viruses, bacteria and pro-
tozoa, with distinctly high efficacy [21]. Nevertheless, prime investment requirements, the
usage intricacy, infrastructure requirements, as well as operating costs, compose significant
limitations for the utilization of ozone disinfection as an endorsed technology [13].

A consequential drawback frequently ascribed to these conventional methods is the
formation of byproducts throughout their application, consisting of acetonitriles, bromo-
hydrines, chlorophenols, haloacetic acids, halurofuranones, and n-chloramines, that are
considered as potential human carcinogens, given their high reactivity [13,21]. Even though
there is no indisputable evidence on the association between the exposure to these com-
pounds and the mutagenic effects on humans, a great number of trials in animals have been
conducted, intimating the adequate evidence of carcinogenic and/or teratogenic effect on
both germinal and neurological cells [22–25]. Hence, the provocation to be faced is the
inspection of alternative methods to fulfil the characteristics of an ideal disinfectant.

Advanced oxidation processes (AOPs) have been identified as a technology that
could be used in the disinfection phase of wastewater treatment plants [3,26–28]. Several
materials have been explored as photocatalysts for such applications, like hexaferrites and
MOFs, presenting highly satisfactory results [29–31]. However, TiO2 has received great
attention in recent years [3,32–34], as it is well established that when photons from a light
source interact with the surface of a TiO2 particle, electrons can be excited from the valance
to conduction band, leaving behind positively charged holes. The electrons react with
molecular oxygen and the positive holes with water molecules so various types of reactive
oxygen species (ROS) are formed and kill bacteria [35,36]. Some previous research efforts
have evaluated the photocatalytic performance of TiO2 photocatalysts (pure or chemically
doped) by testing the bacteria disinfection rates when a photocatalyst reacts with standard
solutions of bacteria contained in small containers (e.g., tubes, vials) under visible light
irradiation [37,38].

To address the above issues, in this study, we evaluated the performance of several
photocatalysts for the decontamination of real wastewater effluents in the municipality
treatment plant of Antiparos, Greece. In addition, we have designed and fabricated a
semi-pilot scale-up photocatalytic reactor (volume capacity = 5 L), which could be an
in-scale model of a larger reactor, and synthesized three different TiO2-based photocatalytic
materials (i.e., TiO2 doped with nitrogen (N-doped TiO2), TiO2 co-doped with nitrogen
and sulfur (N,S doped-TiO2), and silver modified TiO2 doped with nitrogen (Ag@N-doped
TiO2)) and tested the performance of the materials for the disinfection of fecal coliforms
bacteria present in effluents after the stabilization pond of the municipality wastewater
treatment plant of Antiparos, Greece.
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The novelty of this study hence lies in the evaluation of the aforementioned powders
regarding their photocatalytic disinfection efficiency towards pathogenic bacteria (E. coli
and total coliforms) present in real wastewater effluents originating from Antiparos MWTP
(Cyclades, Greece), utilizing a semi-pilot scale-up photocatalytic reactor.

2. Materials and Methods
2.1. Preparation of the Chemically Modified TiO2 Powders

Synthesis of N-doped TiO2: An amount of 20 mL of titanium (IV) butoxide (C16H36O4Ti,
97%, Sigma-Aldrich, Darmstadt, Germany) was poured in 100 mL aqueous solution acidi-
fied with nitric acid (HNO3, 65%, Penta, Prague, Czech Republic) (pH < 2) under vigorous
stirring and then 30 mL of 1-butanol (CH3(CH2)3OH, 99.8%, Sigma-Aldrich, Darmstadt,
Germany) was added to produce a translucent TiO2 colloidal solution. An addition of 25 g
of urea (CH4N2O, 99%, Sigma-Aldrich, Darmstadt, Germany) was made under vigorous
stirring that lasted until the complete evaporation of the solvent and the final production
of a gel. The gel was thermally treated at 450 ◦C for 4 h, triturated and purified through
rinsing and centrifugation for removing impurities, and then a yellowish powder was
acquired (Figure 1a).

Synthesis of N,S-doped TiO2: An amount of 20 mL of titanium (IV) butoxide (C16H36O4Ti,
97%, Sigma-Aldrich, Darmstadt, Germany) was added in 100 mL aqueous solution acidified
with nitric acid (HNO3, 65%, Penta, Prague, Czech Republic) (pH < 2) under vigorous
stirring and then 30 mL of 1-butanol (CH3(CH2)3OH, 99.8%, Sigma-Aldrich, Darmstadt,
Germany) was added to produce a translucent TiO2 colloidal solution. An amount of 15 g
of thiourea (CH4N2S, 99%, Sigma-Aldrich, Darmstadt, Germany) was then added under
vigorous stirring until the solvent was completely evaporated, leading to the production of a
gel. The gel was heated at 450 ◦C for 4 h, triturated, and through rinsing and centrifugation
for removing impurities, a yellow-colored powder was finally retrieved (Figure 1b).

Synthesis of Ag@N-doped TiO2: The particles of N-doped TiO2, that were produced
following the aforementioned protocol were then mixed with 50 mL 0.75% w/v silver nitrate
solution (AgNO3, 99.5%, Sigma-Aldrich, Darmstadt, Germany). After stirring at ambient
temperature for 30 min, the suspension was conveyed into a Teflon-lined stainless-steel
autoclave and was hydrothermally processed at 130 ◦C for 3 h. Afterwards, the precipitate
was dried at 120 ◦C, rinsed with distilled water, and then heated at 70 ◦C overnight. The
silver-loaded nitrogen-doped TiO2 powder had a greyish color (Figure 1c).

2.2. Case Study

A representative example of an island that faces an influx of tourists during summer
months is Antiparos Island in Greece. The MWTP of Antiparos Island is located at Sifneikos
Gyalos (500 m from the Antiparos settlement) and occupies an area of 28,400 m2. The mean
daily design capacity of the WWTP is 240 m3/d during winter (1500 p.e.) and 480 m3/d
during summer (3000 p.e.). The MWTP involves five stages, Steps A–E, performed in line
(Figure 2). Step A (preliminary treatment) removes coarse solids and other large materials
by grits and course. Step B (primary treatment) removes organic as well as inorganic solids
by sedimentation, in addition to removing floating materials by skimming [39]. Step C
(secondary treatment) uses aerobic microorganisms to further treat an effluent to remove the
residual organics and the remaining suspended solids. Step D (tertiary treatment) removes
specific wastewater constituents, such as nitrogen, phosphorus, additional suspended
solids, refractory organics, heavy metals, and dissolved solids, that could not be removed
by secondary treatment [40]. Step E (disinfection phase) inactivates waterborne pathogens
in treated wastewater that last ~40 min.
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Figure 2. Schematic representation of the five-step treatment process followed in the municipal
wastewater treatment plant of Antiparos, Greece.

During the summer, the MWTP works over capacity and the complete disinfection
of effluents is challenging. For instance, during October—March, the real capacity is
70–100 m3/day (400–600 habitants), while in the peak holiday season (July–August), it
rises to ~250–450 m3/day (2500–5500 habitants and visitors). This means that the biological
treatment plant is not able to overcome this intense fluctuation in population given that, due
to a large flow of sewage, the contact time of the chlorine with the sewage is dramatically
limited, resulting in ineffective disinfection.

2.3. Municipal Wastewater Treatment Plant (MWTP) Samples

Real samples were gathered from the municipal wastewater treatment plant of An-
tiparos Municipality (Greece). The facility treats the wastewater from a population of
1211 residents and generates 131.400 m3 of secondary effluents on average per year.
Table 1 includes information regarding the chemical composition and bacterial load of the
secondary effluents of this wastewater treatment plant after tertiary treatment (STEP D).

Table 1. Chemical parameters and bacterial load of tertiary effluents originating from Antiparos
MWTP, collected during the summer period.

Parameter Average Value *

Chemical Oxygen Demand (COD) 34 ± 3 mg/L
Biochemical Oxygen Demand (BOD) 14 ± 2 mg/L

Total Suspended Solids (TSS) 11.0 ± 0.6 mg/L
Nitrate (NO3

−) 1.5 ± 0.2 mg/L
Nitrite (NO2

−) 1.100 ± 0.003 mg/L
Phosphate (PO4

3−) 2.100 ± 0.005 mg/L
E. coli 1400 CFU/mL

Note: * All experiments for the calculation of each studied parameter have been conducted thrice.

2.4. Characterization of the Chemically Modified TiO2 Powders

The morphology of the TiO2-based powders was analyzed using field emission SEM
(FESEM, JSM-7401F, JEOL, Tokyo, Japan).

The X-ray diffractometer that was utilized to study the crystallinity of the prepared
chemically modified powders was a Brucker D8 Advance (Brucker, Germany) with a CuKα

radiation (λ = 1.5406 Å) at a voltage of 40 kV and a current of 40 mA. The measurement was
conducted at a 2 theta (2θ) angle ranging between 20 and 90◦ with a counting diffraction
intensity step 0.01◦ per 1.0 s.

The FTIR spectra were collected in the 400–4000 cm−1 range, with a resolution equal
to 4 cm−1 at room temperature by utilizing a FTIR JASCO4200 (Oklahoma City, Oklahoma,
United States) instrument equipped by a Ge crystal.

In order to complement the FTIR data, Raman spectroscopy was conducted in the
present study using a micro-Raman apparatus (inVia, Renishaw, Wotton-under-Edge,
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Gloucester, UK) provided with a green laser line (λ = 532 nm) as the excitation source
with an average output power of 50 mW, approximately. Raman spectra were collected at
room temperature, while an internal Si reference was used as the calibration of frequency
shift value. A number of 3 to 10 spots were acquired for each measured powder. For
recording Raman spectra, the following conditions were set for each sample: exposure time
30 s, accumulations equal to 3, power 1%, spectral range 100–1000 cm−1, and the spectral
resolution for all measurements was 2 cm−1.

N2 adsorption of synthesized powders was conducted in a ChemBET 3000 Instrument
(Yumpu, Diepoldsau, Switzerland) to determine the specific surface area BET. Initially, each
sample endured a degassing procedure at 80 ◦C for 24 h.

X-ray photoelectron spectroscopy (XPS) (Leybold SPECS LHS/EA10, Leybold GmbH,
Cologne, Germany) was applied to estimate the surface chemical states of the samples.
An ultra-high vacuum system (UHV) equipped with an X-ray gun was used for XPS
measurements. An unmonochromatized MgKα line at 1253.6 eV and two analyzer pass
energies of 15 eV (giving a full width at half maximum (FWHM) of 0.85 eV for the Ag 3d5/2
peak) and 40 eV were used. A fitting routine was used for analyzing the XPS core level
spectra, resulting in the decomposition of each spectrum into individual mixed Gaussian–
Lorentzian peaks after a Shirley background subtraction. Errors concerning peak areas are
found in the range of ≈10%, while the accuracy for binding energies’ (BEs) assignments is
≈0.1 eV. The measured samples were initially in powder form and pressed into a pellet and
the analyzed area was a 7.0 mm diameter spot. In total, XPS spectra were recorded at 25 ◦C.

Dynamic light scattering (DLS) was conducted to measure the hydrodynamic di-
ameter and its distribution for all powders’ particles that were immersed in distilled
water solutions. The incident light was a 633 nm laser and the scattering angle of 173◦

was set for recording scattering intensity (Malvern Zetasizer Nano ZS, Malvern Pana-
lytical Ltd., Malvern, UK). Energy band gap (Eg) values were estimated by using an
ultraviolet-visible (UV-Vis) spectrometer (Jasco UV/Vis/NIR Model name V-770, Interlab,
Athens, Greece) equipped with an integrating sphere, permitting the recording of diffuse
reflectance measurements.

The determination of silver ions’ concentration during the silver leaching experiments
was conducted using ICP-MS technique (7700, Perkin Elmer, Waltham, MA, USA).

The mineralization of RhB was ascertained through total organic carbon (TOC) analysis
(TOC-LCSH/CSN, Shimadzu Scientific Instruments, Columbia, MD, USA) for the same
time points as selected for the photocatalytic study experiments.

2.5. Photocatalytic Activity of the Chemically Modified TiO2 Powders

The efficiency of the photocatalytic activity of the synthesized chemically modified
TiO2 powders under visible light irradiation was evaluated using 0.005 g of each powder (N-
doped TiO2, N,S-codoped TiO2, and Ag-loaded N-doped TiO2) in 10 mg/L Rhodamine B
(RhB) aqueous solution (250 mL) at 25 ◦C and pH = 6.65± 0.01. Prior to each photocatalytic
experiment (cycle), extra pure O2 (99.999%) was vented through the RhB solution for 1h, in
order to saturate it.

The utilized photoreactor was equipped with four parallel lamps at 10 cm distance
over the powders’ surface [41]. The lamps employed during the experimental procedure
were 15 W visible lamps of 900 lumens (OSRAM GmbH, Munich, Germany). The resulting
absorbance of the produced TiO2 powders was measured using a Thermo Fisher Scientific
Evolution 200 Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The evaluation
of the ratio of the measured A (absorption at each time) to the initial (Ainitial) facilitated the
determination of the ratio C/C0, where C is the concentration of RhB after a certain time of
photocatalysis and C0 is the initial concentration of RhB determined at a wavelength equal
to 554 nm [41].
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2.6. Photocatalytic Reactor System

A custom-designed photocatalytic reactor system (Figure 3), which consisted of a
properly designed rectangular concrete photocatalysis tank (100 × 50 × 10 cm) and a
cylindrical concrete precipitation tank (d = 25 cm) with a conical bottom for optimal catalyst
collection, were constructed, waterproofed, and used as a semi-pilot scale-up photocatalytic
disinfection process of wastewater effluents. The photocatalytic tank had a volume capacity
equal to 5 L. It was equipped with four air blowers to provide continuous aeration of the
wastewater body (Figure 3A). Nine high-power Luxeon light-emitting diodes (LEDs) that
emit light in the region of 440–460 nm (P = 4.5 mW cm−2) were placed 20 cm over the tank
to irradiate the wastewater samples.
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Figure 3. Schematic representation of the photocatalytic reactor consisted of (A) photocatalytic tank
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The precipitation tank (Figure 3B) was designed to collect the photocatalyst after the
disinfection step. It had a capacity of 5 L. An opening at the side of the tank allowed the
insertion of a tube to transfer the wastewater effluents from the photocatalysis tank to the
precipitation tank. Openings close to the top of the tank allowed the collection of clean
water. A suitably shaped valve was placed at the bottom of the cone of the tank to allow
the collection of the photocatalyst (Figure 3B).

2.7. Photocatalytic Disinfection Experiments

Real samples were collected from the MWTP of Antiparos and more specifically,
after performing the tertiary treatment step (Step D) (see Figure 2). A sufficient amount
of wastewater was collected during the summer period (June), in order for all recorded
experiments to be conducted thrice. An amount of 5 L of wastewater were added in
the photocatalytic tank together with 5 g of the chemically modified TiO2 powders and
the photocatalytic disinfection of bacteria (E. coli and fecal coliforms were studied within
the framework of this study) was performed [42]. After the end of the photocatalytic
disinfection process, which lasted 40 min, the treated wastewater (that contained the
suspended photocatalyst) was pumped to the precipitation tank, where it was allowed to
rest for 60 min.

The photocatalysts were collected through the tank’s bottom valve, so it could be
reused without any further treatment for at least five times. The cleaned water was
collected through a tube connected close to the top of the precipitation tank (Figure 2).

2.8. Determination of the Concentration of Bacteria in Wastewaters

A Compact DryTM EC (Nissui Pharma Solutions, Paris, France) coliform bacteria
test kit (EC test) and a Compact DryTM (Nissui Pharma Solutions, Paris, France) coliform
bacteria test kit (CF test) were used to determine the concentration of bacteria (E. coli or
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fecal coliforms) present in samples collected from the top of the precipitation tank after
their photocatalytic disinfection. The test kits contained test dishes prefilled with culture
medium and other reagents. An amount of 1 mL of the tested sample was placed onto the
center of the test dish and was incubated at 35 ◦C for 24 h to allow the formation of bacteria
colonies. The bacteria colonies were counted manually, and the bacteria concentration was
calculated in colony forming units (CFU) per 1 mL of each examined sample.

3. Results
3.1. Characterization of the Chemically Modified TiO2 Powders
3.1.1. XRD Analysis

XRD was utilized for studying the crystallinity of the developed chemically modified
TiO2 powders. Figure 4 presents the diffraction diagrams that emerged for the produced
powders along with that of commercial TiO2 (P25) acting as a reference sample. The
salient TiO2 crystal phase was anatase in all studied powder samples. The highest intensity
diffraction peak of anatase (IA) in all samples was located at 2θ = 25.26◦, acquiescing to
(101) crystal plain, while the rest of anatase TiO2 peaks detected accorded with the PDF
No 03-065-5714 [43]. In the case of the N-doped TiO2 sample, rutile (IR) was observed at
2θ = 27.36◦, correlated with (110) crystal plain (PDF No 03-065-5714) [44]. The percentage of
the rutile phase for the commercially available TiO2 (P25) and N-doped TiO2 is presented
in Table 2 and was calculated according to Equation (1) [45]:

%Rutile =

 1

1 + 0.884
IA(101)
IR(110)

× 100 (1)Water 2023, 15, 2052 10 of 32 
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Figure 4. XRD pattern for the prepared chemically modified TiO2 powders. The crystal planes
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correspond to the TiO2 rutile phase. An asterisk is used to indicate the presence of Ag in the case
of the Ag@N-TiO2 powder sample. The XRD pattern of commercial TiO2 (P25) is presented as
a reference.
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Table 2. Crystallographic properties of the as-synthesized TiO2 powders, as well as for commercial
TiO2 (P25) powder.

Sample Crystalline Phase Phases Percentage

TiO2 (P25)
Tetragonal (anatase) 74.16%

Tetragonal (rutile) 25.84%

N-doped TiO2
Tetragonal (anatase) 81.52%

Tetragonal (rutile) 18.48%

N,S-doped TiO2 Tetragonal (anatase) 100%

Ag@N-doped TiO2 Tetragonal (anatase) 100%

As for N,S-codoped TiO2 powder, only the crystalline structure of anatase TiO2 phase
was observed. More specifically, the (101), (004), (200), (105), (204), (116), (215), and (224)
planes were verified [46]. In terms of Ag@N-doped TiO2 powder, the peaks being present at
2θ values of 44.22◦ and 56.56◦, are indexed to (200) and (220) planes of Ag [47]. In addition,
the crystal lattice indices, the crystallinity, and the average crystallite of the synthesized
powders were calculated as demonstrated in Table 3. Moreover, the interplanar d-spacing
calculations for commercial, N-doped, N,S-codoped, and Ag@N-doped TiO2 powder are
presented in detail in Tables S1–S4, respectively.

Table 3. Crystal lattice indices, average crystallite size, FWHM, and crystallinity of the synthesized
chemically modified TiO2 powders.

Sample
Crystal Lattice Index

(a = b 6= c)
Average

Crystallite
Size (nm)

FWHM
Crystallinity

(%)
a b c

TiO2 (P25) 3.7892 3.7892 9.5244 3.24 0.4238 68.19

N-TiO2 3.7825 3.7825 9.5147 2.13 0.6467 68.56

N,S-TiO2 3.7855 3.7855 9.5342 2.01 0.6846 70.03

Ag@N-TiO2 3.7833 3.7833 9.5050 1.80 0.7649 70.69

The mean crystallite size of the as-developed chemically modified TiO2 powders was
determined using the Debye–Scherrer equation (Equation (2)):

D =
0.89λ

β cos θ
(2)

where λ = X-ray wavelength (λ = 1.5406 Å), 0.89 accounts for Scherrer’s constant, β stands
for full width at half maximum (FWHM) of the anatase (101) plane’s peak, and θ represents
Bragg’s angle [48].

Additionally, interplanar d-spacing was predicted via Bragg’s Law Equation
(Equation (3)):

2d sin θ = nλ, n = 1 (3)

Crystallinity index (CI%) was determined as indicated by Equation (4):

CI% =
Area o f all the crystalline peaks

Area o f all the crystalline and amorphous peaks
(4)

Crystal lattice index was verified through Equation (5) [49]:

1
d2

hkl
=

h2

a2 +
k2

b2 +
l2

c2 (5)
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No denoting alterations in the peak positions are spotted, as is evident from the
corresponding XRD diffractograms. Nevertheless, variety among the intensity of the
different samples can be detected, which affects the FWHM, leading to a crystallite size
fluctuation. According to the aforementioned results, among the prepared samples, Ag@N-
doped TiO2 possesses the smallest mean crystallite size (~1.80 nm) (see Table 3). The
crystallinity of the produced powders ranged between 68–71%.

3.1.2. FTIR Analysis

FTIR analysis of the chemically modified TiO2 samples indicates the characteristics of
the formation of relatively high purity TiO2. According to the FTIR spectra, several peaks
at ≈490, 1390, 1623, 1710, 2852, 2919, and 3410 cm−1 are depicted (Figure 5).

Water 2023, 15, 2052 11 of 32 
 

 

TiO2 (P25) 3.7892 3.7892 9.5244 3.24 0.4238 68.19 
N-TiO2 3.7825 3.7825 9.5147 2.13 0.6467 68.56 

N,S-TiO2 3.7855 3.7855 9.5342 2.01 0.6846 70.03 
Ag@N-TiO2 3.7833 3.7833 9.5050 1.80 0.7649 70.69 

The mean crystallite size of the as-developed chemically modified TiO2 powders was 
determined using the Debye–Scherrer equation (Equation (2)): 𝐷 = 0.89𝜆𝛽 cos 𝜃 (2)

where λ = X-ray wavelength (λ = 1.5406 Å), 0.89 accounts for Scherrer’s constant, β stands 
for full width at half maximum (FWHM) of the anatase (101) plane’s peak, and θ repre-
sents Bragg’s angle [48]. 

Additionally, interplanar d-spacing was predicted via Bragg’s Law Equation (Equa-
tion (3)): 2𝑑 sin 𝜃 = 𝑛𝜆, 𝑛 = 1 (3)

Crystallinity index (CI%) was determined as indicated by Equation (4): 𝐶𝐼% = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝𝑒𝑎𝑘𝑠 (4)

Crystal lattice index was verified through Equation (5) [49]: 1𝑑௛௞௟ଶ = ℎଶ𝑎ଶ + 𝑘ଶ𝑏ଶ + 𝑙ଶ𝑐ଶ (5)

No denoting alterations in the peak positions are spotted, as is evident from the cor-
responding XRD diffractograms. Nevertheless, variety among the intensity of the differ-
ent samples can be detected, which affects the FWHM, leading to a crystallite size fluctu-
ation. According to the aforementioned results, among the prepared samples, Ag@N-
doped TiO2 possesses the smallest mean crystallite size (~1.80 nm) (see Table 3). The crys-
tallinity of the produced powders ranged between 68–71%. 

3.1.2. FTIR Analysis 
FTIR analysis of the chemically modified TiO2 samples indicates the characteristics 

of the formation of relatively high purity TiO2. According to the FTIR spectra, several 
peaks at ≈490, 1390, 1623, 1710, 2852, 2919, and 3410 cm−1 are depicted (Figure 5). 

 
Figure 5. FTIR spectra of the chemically modified TiO2 powders (at 25 °C). Figure 5. FTIR spectra of the chemically modified TiO2 powders (at 25 ◦C).

The broad absorption band observed in the 400–1000 cm−1 region is imputed to the
Ti-O stretching of the oxygen bonds with two titanium atoms in nano-TiO2 [50]. The peaks
at ≈1390 and 1710 cm−1, in the case of N,S-codoped TiO2 and Ag@N-doped TiO2 powder
samples, can be assigned to the asymmetric stretching mode of titanium carboxylate [51].
Moreover, in all examined TiO2 samples, the peak at 1623 cm−1, along with the wide
band between 3200 and 3600 cm−1, indicate the bending of oxygen-hydrogen bonds and
stretching modes of hydroxyl groups, respectively, confirming the existence of moisture in
the examined samples [52].

The two frail bands located at 2852 and 2919 cm−1 are related to the characteristic
frequencies of residual organic species, derived from the precursors used during the
synthetic process, that were incompletely removed after washing the as-synthesized TiO2
powders with distilled water. As a result, these bands can be imputed to C-H stretching
vibrations of alkane groups [51].

3.1.3. Micro-Raman Analysis

The Raman spectra acquired from the chemically modified TiO2 powders are presented
in Figure 6.
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In the spectra of all the studied TiO2 powders, the prevalent Raman active modes can
be attributed to anatase TiO2 phase. In particular, a peak characterized by strong intensity
is spotted at approximately 145 cm−1 (Eg(1)), followed by peaks of lower intensity at
196 (Eg(2)), 398 (B1g(1)), 515 (coupling of A1g and B1g(2) that overlap at room temperature),
and 639 cm−1 (Eg(3)) (see Figure 6). The position of Eg(1) Raman mode for the three studied
chemically modified TiO2 powders varies from 143 to 146 cm−1, as seen in Figure 5. Various
factors, such as phonon confinement, strain, crystallite size and crystallite size distribution,
defects, non-stoichiometry, and anharmonic effects, can lead to the position’s shift of the
Eg(1) Raman mode of anatase TiO2 [53]. Within the framework of this study, the main
factors that influence the Eg(1) peak in the studied titanium dioxide powders, prepared via
sol-gel method, could be attributed to crystallite size, as well as the presence of an adequate
amount of rutile TiO2 phase combined with anatase, such as for N-TiO2 powder. These are
confirmed by the plot presented in Figure S2, as the Eg(1) peak of the Ag@N-doped TiO2

powder appears at 146 cm−1, approximately, contrary to N,S-codoped TiO2 and N-doped
TiO2 powders, where the peak’s position appears to be 144.46 and 143.21 cm−1, respectively,
given the fact that Ag@N-doped TiO2 possesses the smallest crystallite size (1.80 nm), as
well as no rutile phase. It could be also assumed that as the rutile phase vanishes (see
Table 3 of XRD analysis), Eg(1) mode indicates a blue shift as it is extremely sensitive to
anatase content, even in the case of low percentages of anatase (<50%) being present.

Due to the strong intensity of the Eg(1) peak of the Ag@N-doped TiO2 sample, a
magnification of the 350–700 cm−1 spectral range is provided (Figure S3). Regarding the
N-doped TiO2 sample, except for the Raman active modes ascribed to the anatase TiO2
phase, Eg® mode of rutile TiO2 phase is observed at ≈448 cm−1, verifying the XRD data
presented in Figure 4 and Table 3.
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3.1.4. BET Analysis

It is well known that the photocatalytic efficiency of a powder can be influenced by the
textural as well as by structural parameters. The obtained plots from the BET method are
presented in Figure 7. All the recorded N2-sorption plots present a crossover of the sorption
(black line) and desorption (red line), indicative of the materials’ influence on the measuring
procedure [54]. Resultant BET surface area values for such materials are reliable due to their
estimation by the early part of the adsorption. It is apparent that all types of chemically
modified TiO2 powders were characterized by type IV isotherms, a typical feature of
mesoporous nanomaterials [55]. Both the position and shape shift of the hysteresis loops
constitute signs of divergence in the pores’ size and volume. Insets of Figure 7a–c display
the corresponding pore size distribution of the N-doped, N,S-codoped, and Ag-loaded
N-doped TiO2 powder, as determined from the desorption curve according to the BJH
method, respectively. The hysteresis loops displayed by the recorded isotherms are of type
H2, implying that the chemically modified TiO2 powders possess a more convoluted pore
structure, developing a continual network. Thus, the BJH porous size distribution plots
for N-doped and Ag@N-doped TiO2 powder are narrow, compared to the N,S-codoped
one, revealing that in the latest case, it is possible for a pore blocking with a wider neck
size distribution to take place [56].
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Figure 7. N2-sorption diagram of: (a) N-TiO2, (b) N,S-TiO2, and (c) Ag@N-TiO2 powder, as indicated
(sorption: black line and desorption: red line). The insets show the pore size distribution by the BJH
method for each chemically modified powder.
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The obtained physical parameters such as BET surface area, micropore surface area,
cumulative volume, and average pore diameter are summarized in Table 4. Among all
synthesized chemically modified TiO2 powders, the Ag@N-TiO2 catalyst exhibits the more
increased BET surface area and the smallest average pore size, in accordance with the
smallest crystalline size as deduced from XRD data (see Table 3).

Table 4. Results deduced from BET method. (a) Specific surface area calculated by using Brunauer–
Emmett–Teller theory. (b) Micropore surface area via t-plot analysis, according to the Harkins and
Jura model. (c) Cumulative volume of pores between 1.7 and 300 nm from N2-sorption data and the
BJH desorption method. (d) Average pore diameter, calculated by the 4 V/σ method; V was set equal
to the maximum volume of N2 adsorbed along the isotherm as P/Po→ 1.0.

Sample
BET Surface

Area (m2g–1) (a)

Micropore
Surface Area

(m2g–1)
(b)

Cumulative
Volume

(1.7–300 nm)
(cm3g–1) (c)

Average Pore
Diameter

(nm)
(d)

TiO2 (P25) ~53 [57] - 0.48 [58] 86 [57]

N-doped TiO2 58 3 0.3 13

N,S-codoped
TiO2

72 4 0.3 15

Ag@N-doped
TiO2

81 6 0.3 7.7

3.1.5. XPS Analysis

For investigating the surface, as well as the chemical state of the elements existing in
the synthesized chemically modified TiO2 powder samples, XPS analysis was conducted.
Figure 8 depicts the wide survey spectrum of N-doped TiO2, N,S-codoped TiO2, and
Ag-loaded N-doped TiO2 samples. All the peaks were anticipated because the applied
synthetic procedure was spotted. More specifically, the Ti2p doublet characterized by a
spin orbit splitting equal to 5.75 eV, as well as the binding energy of Ti2p3/2, is located at
458.8 ± 0.1 eV and corresponds to Ti4+ in the TiO2 chemical state (Figure 9a). The O1s peak
can be ascribed to lattice oxygen Ti-O in the TiO2 state, possessing binding energy equiva-
lent to 530.0 ± 0.1 eV and hydroxides and/or adsorbed water on the surface characterized
by a binding energy of 531.7 ± 0.1 eV (Figure 9b) [59]. Figure 10 shows the N1s peak cen-
tered at 400.1–400.5 eV, approximately, which can be assigned to N-Ti bonds [60]; and given
that the observed line is located above 400 eV, an interstitially doped nitrogen mechanism
could be proposed [61,62]. Figure 11a,b shows the Ag3d and AgMNN X-ray–induced Auger
spectrum from the Ag@N-TiO2 sample. The modified Auger parameter (α) compromises
the sum of the Ag 3d5/2 photoelectron peak’s binding energy, and the Ag M4N45N45 Auger
peak’s kinetic energy is widely utilized to estimate the chemical state of silver atoms, which
is found at 722.6 eV (α = 367.1 eV + 355.5 eV) attributed to Ag+ ions [63]. Lastly, Figure 12
shows the S2p peak of the N,S-TiO2 sample. The peak consists of two doublets (with spin or-
bit splitting 1.2 eV) where the binding energy of S2p3/2 components is centered at 167.7 eV
assigned to sulphones (O=S=O) [64], and at 166.9 eV, is assigned to sulphites (SO3

2−) [65].
Generally, for S-doped TiO2 powders, a peak around 168 eV in the S2p spectra is usually
ascribed to sulphur on the higher oxidation state (S4+, S6+), substituting Ti atoms in the
TiO2 lattice [61].
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Band gap energy (Eg) constitutes a crucial parameter that has to be considered during
photocatalytic studies. The DRS of the as-prepared N-TiO2, N,S-TiO2, and Ag@N-TiO2
samples along with the spectrum of the commercially available TiO2 (P25) for comparison
are shown in Figure 13a.
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Kubelka–Munk (K–M) method was implemented in order to rate the reflectance
(Figure 13a) of the TiO2 powders via Equation (6) [41]:

F(R) =
(1− R)2

2R
(6)

where R is the reflectance.
As presented in Figure 13a, it can be observed that the absorption edges of Ag@N-TiO2,

N,S-TiO2, and N-TiO2 are located at 415, 405, and 396 nm, respectively. All the chemically
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modified TiO2 powders showed a broader range of absorption of visible light than TiO2
P25 (391 nm). However, the Ag@N-TiO2 sample presented the broadest one.

Figure 13b presents the direct Eg of the synthesized TiO2 powders, employing the
K–M model vs. energy by extrapolating the linear region of the spectra (F(R)hv)1/2 vs. hv.
Energy band gap (Eg), which was estimated through Tauc’s equation (Equation (7)):

ahv = A
(
hv− Eg

)n (7)

where Eg stands for the energy band gap, h corresponds to Planck’s constant, v is the
frequency, α represents the absorption coefficient, and n = 1

2 [41].
The band gaps of commercially available TiO2 (P25), N-TiO2, N,S-TiO2, and Ag@N-

TiO2 were found equal to 3.18 eV, 3.01 eV, 2.87 eV, and 2.79 eV, respectively. According to
the results, Ag-loaded N-doped TiO2 powder indicated the protracted absorption edge
coupled with the lowest band gap energy that constitutes desirable characteristics for the
enhancement of its photocatalytic efficiency [66].

3.1.7. Dynamic Light Scattering (DLS) Analysis

The DLS measurements were conducted at pH values equal to 6.65 ± 0.01. The hydro-
dynamic radius distribution vs. scattering light intensity is depicted in Figure S4 for all
studied TiO2 powder samples. In accordance with the obtained results, Ag@N-TiO2 sample
presented an optimal particle size distribution, characterized almost by monodispersity
(PdI ≈ 0.1) (see Table 5). The size distribution of all the as-synthesized powders is located
between 10 and 100 nm with a maximum value ≈ 30 nm. N-doped TiO2 and N,S-codoped
TiO2 are also characterized by a small fragment of few micro-sized (µm) particles, owing
likely to the presence of large agglomerates (Figure S4b,c) that correspond to a reduced por-
tion of the scattered light intensity. The results of the DLS measurements are summarized
in Table 5 for all chemically modified TiO2 samples. According to existing literature [67],
the average mean size of the commercially available TiO2 (P25) is ≈240 nm.

Table 5. Size distribution results obtained from DLS measurements from dispersion aqueous solutions
of chemically modified TiO2 powders.

Sample Hydrodynamic Diameter
(Dh) (nm) PdI *

N-TiO2 29.54 ± 1.57 0.203 ± 0.007

N,S-TiO2 28.43 ± 1.23 0.146 ± 0.011

Ag@N-TiO2 28.13 ± 1.36 0.117 ± 0.013
Note: * PdI = Polydispersity Index.

3.1.8. FESEM Analysis

The primary morphological aspects of the prepared chemically modified TiO2 powders
observed using a field emission scanning electron microscope (FESEM) are presented in
Figure 14.

Figure 14a–c indicates that the chemically modified TiO2 particles are spherical-shaped
and evenly distributed, whereas Figure 14d–f reveals that the mean diameter of nanoparti-
cles seem to be less than ≈50 nm, in accordance with the aforementioned XRD and DLS
results. In addition, in Figure 14f, it can be observed that Ag@N-doped TiO2 powder
consists of larger and distinct spherical aggregates of nanoparticles compared to N-doped
and N,S-doped TiO2 (see Figure 14d,e, respectively).
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3.2. Photocatalytic Study of the Chemically Modified TiO2 Powders
3.2.1. Study of the Photocatalytic Efficiency towards the Degradation of Rhodamine B

The photocatalytic efficiency of the developed chemically modified TiO2 powder sam-
ples was gauged through the degradation of Rhodamine B (RhB) dye aqueous solution
upon visible light irradiation. All the photocatalytic tests were carried out at 25 ◦C and
pH values equal to 6.65 ± 0.01. Figure 15 depicts the photocatalytic effectiveness of all the
examined TiO2 powders. The commercially available TiO2 (Evonik P25) was also included
in the plot as a reference, in order to verify the enhancement of TiO2′s photocatalytic ef-
ficiency under visible light irradiation through the as-described chemical modifications.
Photolysis (RhB photolysis), as well as adsorption-desorption equilibrium (RhB dark),
for the same duration as the photocatalytic process, without irradiation (dark condition)
and under constant stirring, were additionally conducted. The amount of Rhodamine
B degraded under visible light irradiation was calculated less than 1% when imposing
irradiation, confirming that the RhB’s degradation rate unaccompanied by each stud-
ied powder is overly modest. Coherent results emerged from the procedure that took
place under a dark state, verifying the dye’s stability [68]. Moreover, the real-time UV-
visible spectra, recorded every 15 min during the photocatalytic tests, are presented in
Figure S5a–c. The date acquired from the recorded real time UV-visible spectra were used,
in order to monitor the degradation rate of RhB over time during the study of the powders’
photocatalytic efficiency, as well as to verify the mechanism of its degradation. In general,
two pathways in which RhB can be degraded exist: (a) N-deethylation and (b) disorder of
its conjugated structure. When the first degradation mechanism takes place, a blue shift in
the maximum absorption is observed, while during the second mechanism, no blue shift
in the absorption maxima is observed, and instead it progressively reduces over time [69].
More specifically, during the former degradation pathway, the maximum shifts from 554
(characteristic peak of RhB) to 498 nm (blue shift); however, the majority of the existing lit-
erature asserts the simultaneous contribution of both pathways in RhB degradation [70,71].
The real-time UV-visible spectra acquired for all studied chemically modified TiO2 powders
during the photocatalytic tests under visible light irradiation (Figure S5a–c) clearly indicate
that both pathways are observed, playing a major role towards RhB degradation.
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During the tests, the Ag@N-TiO2 powder presented the highest efficiency among all
studied chemically modified TiO2 powders, achieving total degradation (100%) of RhB dye
at 240 min under visible light irradiation. According to the acquired data (see Figure 15),
the chemical modifications of TiO2 result in an increased photocatalytic degradation of
RhB dye, in comparison to the commercially available (un-doped) TiO2 powder, which
indicated a degradation percentage equal to 48.28 ± 1.04% within 240 min. This is due to
the dopant restraining the recombination of the photo-generated electrons and holes [72,73].
In addition, it was observed that the codoped N,S-TiO2 powder degraded the dye at a
percentage equal to 92.83 ± 1.29% after 240 min, while the nitrogen-doped TiO2 sample
achieved a degradation equal to 74.76 ± 1.58% at the same time (240 min).

In order to ascertain the results obtained from RhB degradation studies, TOC anal-
ysis was also conducted for evaluating RhB’s mineralization percentage during the pho-
tocatalytic experiments. The percentage of RhB mineralization was estimated using
Equation (8):

Mineralization = 1−
TOC f inal

TOCinitial
× 100% (8)

where TOCinitial is the total organic carbon concentration in the medium before the photocat-
alytic study and TOCfinal is the total organic carbon concentration in the medium after the
conduction of photocatalysis [74]. The resulted data are represented in Figure S6. Accord-
ing to the results acquired by the TOC analysis, Ag-loaded N-doped TiO2 powder indicates
the highest rate of RhB mineralization under visible light irradiation, thus verifying the
observations that aroused from the RhB degradation studies.

The high photocatalytic performance of the Ag@N-TiO2 powder in comparison to
the other two examined powders can be ascribed to the rather smaller average crystallite
size (1.80 nm), lower mean hydrodynamic diameter (≈28 nm), enhanced BET surface area
(81 m2g−1), as well as the smallest average pore diameter, compared to the other two types
of tested TiO2 powders. The enhancement of the specific surface area leads to a significant
increase in the light-harvesting capacity, as well as faster interfacial charge transfer rates,
while a sufficiently enhanced contact area among the examined powders and the dye’s
molecules could be established, leading to a maximum adsorbent effect. This could favor
the availability of an increased number of active sites for the efficient interaction among the
Ag@N-TiO2 and RhB molecules [75].
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3.2.2. Photocatalytic Mechanism

The increased photocatalytic efficiency of the Ag loaded N-doped TiO2 powder under
visible light (VL) irradiation can be assigned to the reciprocal effect of nano-scaled nitro-
gen and silver particles. Nitrogen’s interchange into the TiO2′s lattice comprises a more
efficient strategy for extending the edge of absorption to the visible light region, because
of the induced N2p state. At the same time, interstitial defects, such as interchanged
N and/or O vacancies, also enhance the visible response of TiO2. Furthermore, the Ag
nanoparticles present in the Ag@N-TiO2 powder sample can compromise effective electron
traps, suppressing the electron-hole recombination [76]. Upon irradiation within the visible
area of the spectrum, electrons (e−) are agitated from the nitrogen impurity energy level
to the TiO2′s conduction band (CB). As a result, they are engaged by the deposited Ag.
Subsequently, they are rapidly moved to the adsorbed O2 on the surface of TiO2, leading to
the development of superoxide anion radicals (SAR) (•O2

−) that can further promote the
photocatalytic decomposition of RhB. At the same time, the photogenerated holes (h+) of
the valence band (VB) react with OH−, producing extremely active oxygen species •OH.
The generated •OH and ·O2

− are responsible for the degradation of RhB [66].
In the case of N,S-codoped TiO2 powder, the insert of nitrogen and sulfur into the

lattice of TiO2 promotes the development of mid-gap energy levels, such as N2p and S2p
between the O2p VB and the Ti3d CB [77]. This fact results in the reduction of the TiO2′s
Eg and, subsequently, the e− are more likely to migrate from the VB of the TiO2 to its CB
under light absorption, leading to the enhanced photocatalytic activity of the N,S-codoped
TiO2. Additionally, the aforementioned photo-excited e− accumulate on the as-synthesized
catalyst’s surface and are restrained by dissolved and/or atmospheric oxygen, developing
extremely oxidative species, such as SAR and •OH. The aforementioned radicals are in
control of the degradation of RhB. However, the h+ generated within the VB of the catalyst
are restrained by OH− ions, producing •OH that are also in charge of RhB degradation [78].
In summation, the degradation mechanism of RhB dye through the utilization of N,S-
codoped TiO2 can be described by the following Equations (9)–(16):

N, S− codoped TiO2
visible light→ N, S− codoped (h+ + e−) (9)

e− + O2 → O2
•− (10)

e− + O2
•− + 2H+ → H2O2 (11)

O2
•− + H2O2 → •OH + OH− + O2 (12)

e− + H2O2 → •OH + OH− (13)

h+ + OH− → •OH (14)

h+ + H2O→ H+ + •OH (15)

2h+ + 2H2O→ 2H+ + H2O2 (16)

As for the N-doped TiO2, under VL irradiation, e− can be transferred from the N2p
energy level to the CB, promoting the generation of e− and h+ in the CB and N2p state,
respectively. The photo-induced h+ in the N2p state can lead to the oxidation of the ad-
sorbed RhB dye on the surface of the catalyst. Simultaneously, the h+ can serve as oxidizers
for the hydroxyl groups that are present on the catalyst’s surface, resulting in the devel-
opment of •OH radicals. Given the fact that •OH constitute the primary oxidant during
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photo-oxidation reactions, they possess a crucial effectiveness in the oxidation of RhB. As
a result, the existence of more •OH achieves enhanced photocatalytic performance [79].
The photo-excited electrons can be trapped by oxygen surficially adsorbed on the catalyst,
producing superoxide anion radicals (•O2

−) that play a vital role in the photocatalytic
oxidation of RhB (see Equation (17)). However, these radicals can react with adsorbed
water and promote the generation of H2O2 (see Equation (18)) and then the production
of •OH (see Equation (19)) [80]. It is generally accepted that SAR are less active than
•OH for the oxidation of dyes under VL irradiation [79]. Therefore, the photocatalytic
efficiency of N-doped TiO2 towards the oxidation of Rhodamine B depends on the rate
of •OH production. The presence of oxygen apart from promoting the development of
•OH and SAR also leads to the prevention of photo-generated charges recombination; thus,
causing a significant increase in the photocatalytic activity of the N-doped TiO2 catalyst.

O2 + e− → •O2
− (17)

2•O2
− + 2H2O→ H2O2 + 2OH− + O2 (18)

H2O2 + e− → OH− + •OH (19)

Hydroxyl Radical-Scavenging Photocatalytic Study

Based on current literature, among the ROS that account for the bactericidal activity
of TiO2 photocatalysts towards E. coli bacteria, •OH radicals constitute the prevailing
oxidative species [81,82].

According to the previously mentioned photocatalytic mechanism of the synthesized
chemically modified TiO2 powders, H2O2 may be formed during the photocatalytic process
(see Equation (11)) through its reaction with conduction band electrons (e− acceptor) and
afterwards be degraded to radicals, including •OH (see Equations (13) and (19)).

Direct photolysis of the produced H2O2 could also take place, provoking the yield
of •OH [83]. Despite this, the generation rate of •OH radicals from such pathway is
rather modest in the visible light region, in which the photocatalytic bacteria inactivation is
examined within the present study, due to its low molar extinction coefficient [83].

Previous reports have indicated that H2O2 and light irradiation may operate syner-
gistically in bacteria cell membranes’ hampering, thus rendering bacteria more prone to
oxidative inactivation [84,85]. It is generally accepted that cell membranes constitute the
decisive part of the bacteria to be assaulted for their effective inactivation [83]. It has been
suggested that the cell membrane is initially harmed, ensued by a gradual damage of the
cytoplasmic membrane and intracellular components [86,87]. The produced •OH radicals
attack the polyunsaturated phospholipid components of the lipid membrane, thus causing
significant disorder in the cell membrane. The oxidation of the lipid membrane leads to
a loss of key cell functions, which depend on the coherence of the cell membrane, like
respiration, eventually inducing cell death (Figure S7) [83].

For confirming the •OH radicals’ generation and, as a result, the production of
H2O2 during the photocatalytic procedure, as well as the bactericidal efficiency of the
as-synthesized TiO2 powders, an alcohol, and especially n-butanol, was utilized as scav-
enging factor. The selection of n-butanol was based on existing research findings, proving
that the proposed alcohol presents enhanced reactivity with •OH radicals and negligible
influence on H2O2 evolution, assuring that the produced •OH radicals, and subsequently
H2O2, can be attributed to the previously mentioned photocatalytic mechanism [88].

Figure S8 presents the effect of the •OH radical scavenger on RhB photocatalytic
degradation of the studied TiO2 nanopowders in relation to degradation in absence of a
scavenger, after 60 min visible light irradiation. Normalized RhB degradation percentages
are demonstrated in Figure 16. A normalized RhB degradation occurs with the presence
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of each studied catalyst and in the absence of the scavenger, and thus is always equal to
100% [89].
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For all studied chemically modified TiO2 powders, a photocatalytic activity reduction
is observed after adding n-butanol. The observed results reveal that the •OH radicals are
produced during the photocatalytic study trials. Among all examined powders, Ag@N-
TiO2 indicated the greatest reduction in its photocatalytic activity (Figure 16), implying
the most increased production of •OH radical and simultaneously the generation of H2O2
during the photocatalytic experiments.

3.2.3. Photocatalytic Kinetic Model Study

Figure S9 presents the results of the kinetic model studies under VL irradiation, as a
variation of −ln(C/C0) vs. time for the examined chemically modified TiO2 powders. The
rate of the photocatalytic absorption of RhB onto the studied powders’ surface is relatively
faster for the Ag@N-TiO2, based on the pseudo-first order kinetics (0.166 min−1), compared
to the other two samples that are described by the following equation (Equation (20)) [68]:

−ln
(

C
C0

)
= kt (20)

where C0 and C are the initial and reaction time concentrations of RhB dye, respectively, k
represents the apparent rate constant of the photocatalytic oxidation, and t corresponds
to the irradiation time. The slope of the linear fitted plot corresponds to the apparent rate
constants of the examined chemically modified TiO2 powders (see Table 6).
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Table 6. Kinetic parameters of the studied TiO2 powders under visible light photocatalysis.

Sample Name

Pseudo-First-Order Kinetic
Model

Pseudo-Second-Order Kinetic
Model

k1 (min−1) R2 k2
(g·mg−1·min−1) R2

N-doped TiO2 0.009 0.838 0.474 0.740

N,S-codoped TiO2 0.036 0.935 0.537 0.888

Ag@N-doped TiO2 0.166 0.981 0.567 0.681

The kinetics of photocatalytic experiments may be ascribed also by the pseudo-second-
order equation that is described below (Equation (21)) [68]:

t
qt

=
1

k2q2
e
+

1
qe

t (21)

where qt and qe correspond to the pollutant amount adsorbed at time t and equilibrium,
respectively (mg/g), while k2 is the rate constant (g·mg−1·min−1). Compared to pseudo-
first-order kinetics (see Figure S9), the R2 values of the pseudo-second-order kinetic study
(Figure S10) are found to be quite poor. Table 6 presents the kinetic parameters of the
chemically modified TiO2 powders.

Considering, therefore, the R2 values of the kinetic studies, the photocatalytic oxidation
of RhB dye under VL irradiation for all chemically modified titania particles follows pseudo-
first-order reaction kinetics (Figure S9).

3.3. Reusability Studies

Photostability, as well as catalyst lifetime, compromise crucial economic parameters
in the photocatalytic procedure [90]. The reusability experiments were also conducted
under VL irradiation, with the loading of the catalyst equal to 5 mg, pH = 6.65 ± 0.01
and 10 mgL−1 RhB initial concentration. After each experimental run (VL irradiation for
240 min), the catalyst (each examined chemically modified TiO2 powder) RhB dye solution
was centrifuged at 9000 rpm for 10 min. Each studied powder was rinsed thrice with
distilled water, heated at 70 ◦C for 24 h, and recovered and reused without any further treat-
ment [91]. The procedure took place five times (five cycles) and the results are demonstrated
in Figures S11a–c and 17.
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As presented in Figure 17, the degradation efficiency of the N-TiO2 sample de-
creased from 74.76 ± 1.58% at the first cycle to 54.08 ± 2.12% after five cycles. In the
case of N,S-TiO2, the efficiency of the RhB degradation declined from 92.83 ± 1.29% to
73.77 ± 1.14% after five cycles. The observed reduction in the degradation efficiency’s rate
of the N-doped TiO2 catalyst after the five degradation cycles may be attributed to the
adsorption of incompletely photo-degraded products on its surface [92]. On the other hand,
the Ag-loaded N-doped TiO2 sample did not indicate a significant loss of efficiency (8.34%
± 0.55%) after five cycles of the photocatalytic degradation procedure. Furthermore, the
stability of the chemically modified TiO2 powders was verified after the five experimental
cycles using XRD (see Figure S12). It was observed that all the studied TiO2 powders
presented negligible crystalline phase alterations, only an infinitesimal amplification on
the peaks’ intensity. Such behavior implies that there was no change in the photocata-
lysts’ structure after RhB degradation experiments or exposure to air, thus indicating their
good photochemical stability, while a slight intensity increase could be possibly related
to an enhancement of the crystallites’ dimensions, due to the photoirradiation activation
process [93].

3.4. Silver Dissolution Study of the Ag@N-TiO2 Powder

Water salinity has been reported to lead to significant silver leaching [94]. In the
present study, in order to estimate the potential silver leaching of the Ag-loaded N-doped
TiO2 powder, a certain amount of Ag@N-TiO2 powder was added in 0.09 M aqueous
solution of NaCl (99.8%, Lach-Ner, Czech Republic). All the experiments were conducted
under dark and continuous stirring, at room temperature. At certain time points (every
15 min), the amount of the Ag@N-TiO2 powder was separated from the NaCl solution
via centrifugation at 9000 rpm for 10 min and the silver concentration in the solution
was measured by ICP-MS (see Figure S13). The extracted powder was rinsed with water,
dried and, then transferred into a new solution. In distilled water, the concentration of Ag
deriving from Ag@N-TiO2 powder was <0.02 µmol/L, while a rate less than 0.17% of Ag
leached out during the experimental procedure (240 min), verifying the poor dissolution
efficiency of silver in distilled water [95].

The concentration of silver ion dissolved from Ag-loaded N-doped TiO2 powder
declined nearly linearly in the first 180 min, as shown in Figure S13. Then, the silver
concentration in the solution exhibited a constant value of ≈0.09 µmol/L.

3.5. Photocatalytic Disinfection Results on Real MWTP Samples

Given the fact that the main goal of this study was to examine the ability of the pro-
posed photocatalytic system towards the substitution of the chlorination/dechlorination
step and overcoming its undesirable and harmful byproducts, the effluents were treated
after the Step D. The effluents were added inside the photocatalytic tank in the presence
of N-doped TiO2, N,S-doped TiO2, Ag@N-doped TiO2, or TiO2 (P25) powder and the
irradiation of the samples was performed for 5, 10, 15, 20, 25, 30, 35, and 40 min, respec-
tively. The EC and CF experiments were performed in triplicate and the concentration
of bacteria in the treated water, as collected from the precipitation tank, was determined
using the EC and CF tests. The initial concentration in the EC and CF experiments was
14.1 × 106 CFU/mL and 40 × 106 CFU/mL, respectively. The effluent samples were also
irradiated with light without the presence of the studied chemically modified powders. No
significant alteration in the effluents’ concentration of bacteria was observed. The results of
the photocatalytic experiments are shown in Figures 18 and 19.
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step (CF test).

The photocatalytic tests demonstrated that N,S-doped TiO2 and Ag-loaded N-doped
TiO2 led to complete inactivation of the bacterial population in less than 35 min. This
reduction is perhaps associated with the antimicrobial properties of Ag that are present in
the Ag-loaded N-doped TiO2 particles.

Additionally, the reusability of the chemically modified TiO2 powders was assessed
and the results are shown in Table 7. Through the evaluation of the aforementioned
experimental results, it can be inferred that the proposed chemically modified TiO2 powders
do not present a notable loss of their activity after five consecutive reusability cycles, thus
confirming their adequacy to be utilized for the proposed application. Among the tested
powders, Ag-loaded N-doped TiO2 powder presented the most satisfying results.
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Table 7. Stability tests.

Cycle CFU after 35 min of Photocatalysis

CFU for EC Method CFU for FC Method

N-TiO2 N,S-TiO2 Ag@N-TiO2 N-TiO2 N,S-TiO2 Ag@N-TiO2

1st 70 10 0 150 10 0
2nd 85 8 0 155 20 0
3rd 90 15 0 165 17 1
4th 80 10 2 170 18 2
5th 85 7 0 170 15 0

4. Discussion and Concluding Remarks

Disinfection comprises a rather challenging aspect of wastewater treatment, because of
the fast increment of health standards and the constantly raising concerns for pollutant-free
water resources. The most ordinarily utilized disinfection methods include the usage of
cheap chemicals like chlorine and its products; however, those methods are described by a
significant number of grievous drawbacks, such as the generation of chlorinated organic
products, which are perilous both for humans and the environment in general, since they are
noxious, carcinogenic, and even mutagenic. Furthermore, they are not always able to utterly
inactivate all the pathogenic microorganisms potentially present in wastewater effluents
on account of their lessened oxidative activity. Given the aforementioned disadvantages,
alternative methods for wastewater disinfection are assiduously investigated. Among these
alternative disinfection techniques lies photocatalysis utilizing TiO2 as a catalyst.

TiO2-based photocatalysis appears to be an effective water disinfection method with
the type of the catalyst’s dopant playing a vital role in terms of photocatalytic efficiency
and bacterial disinfection. In the framework of this study, different dopants were used
to chemically modify TiO2, as well as broaden its photocatalytic activation within the
visible light region, via a facile sol-gel method, thus resulting in the synthesis of N-doped,
N,S-codoped, and Ag@N-doped TiO2 powders. The successful chemical modification of
TiO2 using N, S, and Ag elements was confirmed by the XPS analysis of the powders’
surface. The dominant crystal phase of the chemically modified TiO2 powders was anatase,
with decreased Eg values compared to commercially available TiO2 (Evonik P25). The
average crystallite size of the as-prepared powders was ranging from 1.80 to 2.13 nm.

The produced powders were initially examined regarding their photocatalytic effi-
ciency towards degradation of RhB dye aqueous solution under visible light irradiation.
Ag@N-TiO2 powder indicated the highest efficiency among all studied chemically modi-
fied TiO2 powders, reaching total degradation (100%) of RhB at 240 min, which was also
verified through the results obtained from the TOC analysis. In order to evaluate the
durability of the synthesized powders, five recycling trials were conducted, indicating that
the photocatalytic efficiency’s loss was equal to 20.68%, 19.06%, and 8.34% for N-doped
TiO2, N,S-codoped TiO2, and Ag loaded N-doped TiO2 powder, respectively.

It is known that reactive oxygen species (ROS) produced during TiO2 photocatalysis
are responsible for the potentially observed bactericidal activity. Among them, H2O2 has
been found to lead to the attenuation of cell membranes and subsequent damage of both
their cytoplasmic membrane and intracellular components, thus rendering bacteria more
prone to oxidative inactivation.

According to the authors’ best knowledge, there is no direct method for controlling
the production of H2O2 during the photocatalytic procedure, and considering that H2O2
constitutes a •OH precursor, a hydroxyl radical-scavenging photocatalytic process was
also conducted for all synthesized powders, using an alcohol, and especially n-butanol,
as a scavenger. Based on existing literature, alcohols alone are very unlikely to favor the
production of H2O2, thus ensuring that the observed •OH production was attributed to
the proposed TiO2 photocatalytic mechanism. The obtained results indicated that during
the photocatalytic study, by using n-butanol as a scavenger, Ag@N-TiO2 presented the



Water 2023, 15, 2052 28 of 33

highest •OH production among all examined powders. Those results are in line with
those that derived from the photocatalytic disinfection trials on the WWTP effluents under
visible light irradiation using EC and CF tests. N,S-TiO2 and Ag@N-TiO2 powders led to
complete bacteria inactivation in less than 35 min, while subsequent stability tests indicated
that they did not present a noteworthy reduction in their disinfection efficiency after five
reusability cycles.

The ultimate goal was to propose the powder presenting the optimum properties for
replacing the chlorination/dechlorination step (Step E) in an existing WWTP on Antiparos
Island, which is characterized by an increased volume of incoming wastewater, especially
during the summer period, due to a large number of tourists visiting the island.

As a result, taking into consideration all the obtained experimental data, Ag-loaded
N-doped TiO2 (Ag@N-TiO2) powder constitutes a promising candidate for being utilized
as a viable, eco-friendly approach for the photocatalytic pathogenic bacteria inactivation
application for an alternative disinfection approach for municipal wastewater treatment
plant effluents with intense seasonal fluctuations. Therefore, the addition of photocatalytic
systems to the existing MWTP infrastructure could anticipate the increase in capacity
during the summer period to overcome the necessity to build a new MWTP settlement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15112052/s1, Figure S1: Example of a conventional treat-
ment process in a typical municipal WWTP. Specific unit processes may vary in different MWTPs;
Figure S2: Magnification of Eg(1) Raman active mode of anatase TiO2 phase of the examined chem-
ically modified powders; Figure S3: Magnification of 350–700 cm−1 Raman spectral region of the
studied powders. Anatase TiO2 modes are marked with black, while rutile TiO2 modes are marked
with orange; Figure S4: Size distribution diagram of the aqueous dispersion solutions of: (a) Ag@N-
TiO2, (b) N-TiO2 and (c) N,S-TiO2 particles; Figure S5: Real time UV-visible spectra obtained every
15 min under visible light photocatalytic degradation of Rhodamine B in presence of: (a) N-doped
TiO2, (b) N,S-codoped TiO2 and (c) Ag loaded N-doped TiO2 powder; Figure S6: Mineralization
(%) of each studied chemically modified TiO2 sample, obtained through TOC analysis, after the
photocatalytic procedure under visible light irradiation; Figure S7: Schematic representation of
the photocatalytic disinfection of MWTP effluents containing bacteria using the studied chemically
modified TiO2 powders; Figure S8: Study of the photocatalytic efficiency of TiO2 (P25), N-doped
TiO2, N,S-codoped TiO2 and Ag loaded N-doped TiO2 powders towards the degradation of RhB
dye under visible light irradiation in the presence (dashed line) and in the absence (solid line)
of n-butanol •OH scavenger; Figure S9: Photocatalytic kinetic model studies for the examined
TiO2 powders following a pseudo-first order model upon visible light irradiation photocatalysis;
Figure S10: Photocatalytic kinetic model studies for the examined TiO2 powders following a pseudo-
second order model upon visible light irradiation photocatalysis; Figure S11: Study of the photocat-
alytic stability of (a) N-doped TiO2, (b) N,S-codoped TiO2 and (c) Ag loaded N-doped TiO2 powders
towards the degradation of RhB dye after 5 cycles under visible light irradiation; Figure S12: XRD
patterns of the studied TiO2 powders after five photocatalytic cycles of RhB degradation under visible
light irradiation; Figure S13: Silver dissolution study for the Ag loaded N-doped TiO2 powder; Table
S1: d-spacing calculations for commercial TiO2 (P25) powder; Table S2: d-spacing calculations for
N-doped TiO2 powder; Table S3: d-spacing calculations for N,S-codoped TiO2 powder; Table S4:
d-spacing calculations for Ag@N-doped TiO2 powder.
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