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Abstract: The primary objective of this research is to propose and compile a specific protocol for
photocatalytic measurements of modified TiO, particles under visible-light irradiation. Nitrogen-
modified titanium dioxide (N-TiO,) powder was synthesized by the sol-gel method and characterized
by X-ray Diffraction Analysis (XRD), Field Emission Scanning Electron Microscopy (FESEM), Trans-
mission Electron Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), Raman Spectroscopy
(micro-Raman), and Ultraviolet—visible Spectroscopy (UV-Vis). Photocatalytic tests were performed
on a specially designed photocatalytic batch reactor to test the ability of the powder to degrade
hazardous toxic compounds. Via the Taguchi method, nine experiments (L9) were compiled to
examine the factors that affect the photocatalytic activity of the nano-sized powder. The N-TiO,
particles were characterized by the dominance of the crystalline anatase phase, exhibiting crystals
in the nano-scale. The Taguchi method was designed to control four selected parameters (pollutant
selection among azo dyes, amount of catalyst to pollutant, distance of the photocatalytic cell from
the radiation source, and time protocol) with three levels/options each. Conclusions were drawn
regarding the way each parameter affects the final degradation of the pollutant. The parameter
that proved to affect the degradation of the pollutant to a greater extent was the choice of pollutant,
followed by the amount of catalyst. The other two factors almost slightly affect the process, with
a similar percentage. Taking into account the abovementioned results, a photocatalytic protocol
for testing TiO, nano-powder activity under visible light irradiation is proposed by using a batch,
horizontal, rectangular, vis-LED equipped reactor with reflective walls.

Keywords: TiO, nanoparticles; N-doped; sol-gel method; Taguchi method; photocatalytic test;
visible light irradiation; optimization; photocatalysis protocol

1. Introduction

Titanium dioxide (TiO,) is considered to be a widely used and safe material with
various applications. It is a semiconductor widely and thoroughly studied by the scientific
community regarding its catalytical, self-cleaning, and antibacterial properties [1-3]. It
occurs in three different crystalline phases: rutile (tetragonal), anatase (tetragonal), and
brookite (orthorhombic). The first two exhibit a higher catalytic effectiveness and stability,
whereas brookite is a more unstable polymorph [4]. The crystalline phase, the size, and the
shape of particles are the characteristics leading to TiO, catalysts with different physical
and chemical features [5]. The self-cleaning and antibacterial properties of TiO, are a result
of ultraviolet (UV) irradiation photoactivation, associated with its energy or band gap (Eg).
To enhance these properties under visible light, a metal or non-metal element doping is
applied [6-8].

The doped TiO, nanoparticles have various environmental applications and are widely
studied by the scientific community, using mainly organic pollutants such as Methylene
Blue (MB), Rhodamine B (RhB), Acid Orange (AO?), Brilliant Green (BG), Reactive Red Dye
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(RRed Dye), etc. [9-12]. There has been extensive scientific research on how to degrade dyes
and organic pollutants, proposing the synthesis of various catalysts [13,14]. These catalysts
can be composite materials with metal nanoparticles and polymers. For example, hybrids
with Gold (Au) nanoparticles (NPs) and polymer microgels are used as catalysts for dye
reduction [15]; Cobalt (Co) NPs with organic polymers are used for water purification and
removal of toxic dyes [16]; Silver (Ag) NPs with Poly(acrylic acid) hydrogel are reported
to reduce Methyl Orange (MO) [17]; and S-doped graphite carbon nitride with Nikel (Ni)-
doped Zinc Oxide (ZnO) degrades MB under UV and visible light [18]. However, the use
of expensive metal NPs is not considered cost effective, especially when upscaling [13].
Moreover, metal NPs exhibit high toxicity and are not biocompatible or environmentally
friendly [14]. Therefore, more eco-friendly choices are presented in the recent literature,
such as the extraction of NPs from the plant Pulicaria Undulata combined with TiO,
for the degradation of MB and MO [19]. In some cases, metals are also combined with
graphene to form composite materials for catalytic purposes. Graphene with organic or
inorganic NPs has been broadly studied, showing a high catalytic activity and adsorption
properties [20]. In fact, when doped with Nitrogen (N), it leads to defects in the catalyst and
to the formation of more active sites for photocatalysis [21,22]. An investigation regarding
azo dye photocatalysis by using the above-mentioned catalysts is relatively demanding,
due to their intricacy and complicated physicochemical characteristics. Therefore, the
widely studied, low cost, chemically and biologically inert TiO; is chosen for the present
study, being doped with Nitrogen [7,23].

The photocatalysis process is a complex one, with various features affecting the final
photodegradation [24]. The nature of the pollutant used for the photocatalytic process,
the catalyst’s amount used, the distance from the irradiation source, and the time proto-
col followed are some of these features. The present study focuses on examining those
specific features affecting the catalytic behavior of doped TiO;, as these are commonly
researched [25-27]. The need to investigate the matter more thoroughly arises from the dif-
ferent photocatalytic protocols followed in the literature, which often lead to contradictory
results [23]. A useful tool for studying the above is the Taguchi method. The same method
is found in the literature applied for optimizing the synthesis of TiO, photocatalysts [28,29].

The Taguchi method is a statistical method developed by Genichi Taguchi. Initially,
it was developed to improve the quality of goods produced (manufacturing process de-
velopment), but later its application was extended to many other fields of engineering,
such as biotechnology, etc. Professional statisticians recognized Taguchi’s contribution,
especially to the development of designs for studying variation [30,31]. A complete factor
design identifies all possible combinations for a given set of factors affecting a process,
known as control and noise parameters. The Taguchi method involves identifying the
appropriate control agents to achieve optimal process results. Orthogonal arrays (OAs)
are used to perform a series of experiments, and are used as a procedure to study all the
parameters with a smaller number of experiments. Since most industrial experiments
involve a significant number of factors, a complete factorial design may involve a large
number of experiments. The results of these experiments are used to analyze the data and
predict the quality of the data produced. The whole method is of the philosophy “the
larger the better” when evaluating the results. The investigative results are modified into
signal-to-noise ratio values (S/N) using available statistical software [26,28,32]. In this
study, the S/N ratio is equivalent to the final degradation efficiency.

In this work, presented chemically modified N-TiO, nanoparticles were synthesized
by the sol-gel process. Full characterization, utilizing several techniques such as X-ray
Powder Diffraction (XRD), micro-Raman, X-ray Photoelectron Spectroscopy (XPS), Field
Emission Scanning Electron Microscopy (FESEM), Transmission Electron Microscopy (TEM)
and Ultraviolet-visible (UV-Vis) Spectroscopy, was executed to confirm that the particles
are on the nano-scale, as well as exhibiting the desirable physicochemical properties and
morphology. A Taguchi design experiment of four factors and three levels was composed
to evaluate and optimize the N-doped TiO, powder photocatalysis. All the photocatalytic
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results from the different Taguchi experiments were used to assess the factors mostly
affecting the photocatalytic process, in order to finally propose a protocol for photocatalytic
testing.

2. Materials and Methods
2.1. Preparation of N-Doped TiO, Nanoparticles

The sol-gel method was utilized to synthesize the N-doped TiO, powder. To form the
TiO, particles, 100 x 10~® m? of deionized water was acidified by using nitric acid (HNO;
65%, Penta, Prague, Czech Republic), so that the pH is adjusted acidic and hydrolysis can
evolve. Respectively, 15 x 10~® m? of the precursor titanium butoxide alkoxide (titanium
(IV) butoxide, C16H3604Ti, 97%, Sigma-Aldrich, Darmstadt, Germany) was added under
robust stirring. The produced solution was sub-white. An addition of 30 x 107® m3 2-
propanol (C3HgO 99.8 %, Sigma-Aldrich, Darmstadt, Germany) followed after 5 h, resulting
in a transparent sol-gel of Titania. Then, 30 x 103 kg of Urea (CH4N,O 99 %, Sigma-
Aldrich, Darmstadt, Germany) was added in the sol-gel, under vigorous stirring. We then
heated the solution to completely volatilize the solvents. The produced gel was calcinated
at 450 °C for 4 h. To remove impurities, the produced powder was triturated, rinsed, and
centrifuged. The result was a yellow-colored powder. All the synthesis procedure followed
was in accordance with a previous study from our research group [33].

2.2. Characterization

After synthesis of the powder, the study of its structural properties followed. A number
of techniques including XRD, micro-Raman, XPS, and UV-Vis Spectroscopy were applied.
For the XRD analysis (D8 Advance, Bruker, Germany), the measurements were conducted
at a 2-theta angle with a 20° to 80° range and a 0.01°/0.5sec scanning rate, employing
Cu-K« radiation (A = 1.5418 A) at a voltage of 30 kV and current of 15 mA. The confocal
microscope Raman apparatus (inVia, Renishaw, Wotton-under-Edge, Gloucestershire, UK)
used an excitation source of a high power near infrared (NIR) diode laser (A = 785 nm). All
measurements were conducted at room temperature in a backscattering configuration. The
laser beam was focused onto the samples using a x20 short distance magnification lens,
with low excitation power, in order to secure low laser heating of the powder. An internal
Si reference was used to calibrate the frequency shifts. Three spots were measured for each
sample for repeatability purposes. The exposure time was 30 s, with three accumulations,
0.1% power, and a range of 100-1500 cm~!. An analysis of the chemical states on the
surface of the powder was assessed by X-ray Photoelectron Spectroscopy (Leybold SPECS,
Pittsburgh, PA, USA). The photoemission experiments were executed in an ultra-high
vacuum system (UHV) equipped with an X-ray gun for XPS measurements. Two analyzer
pass energies of 15 eV and 40 eV and an unmonochromatized MgKu line at 1253.6 eV
were used. All XPS core-level spectra were evaluated using a fitting routine, which can
decompose each spectrum into individual mixed Gaussian-Lorentzian peaks after a Shirley
background subtraction. The sample was in powder form and pressed into a pellet, the
analyzed area was a spot of 7.0 mm diameter, and the measurements were recorded at room
temperature. A UV-Vis spectrometer (U-3010, Hitachi, Tokyo, Japan) was used to measure
the band gap of the powder. The apparatus is equipped with a 50 mm integrating sphere, to
allow diffuse reflectance measurements. The surface and morphological characteristics of
the powder were investigated by a Field Emission Scanning Electron Microscope (FESEM,
JSM-7401F, JEOL, Tokyo, Japan) and a Transmission Electron Microscope (TEM, CM20,
Philips, Amsterdam, The Netherlands).

2.3. Experimental Design

In this work, a standard Taguchi experimental procedure of an L9 orthogonal array
of four factors and three levels was chosen to evaluate and optimize the N-doped TiO,
powder photocatalysis, in order to finally propose a protocol for photocatalytic testing on
organic dyes. The factors selected for investigation were the photocatalyst-to-pollutant
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ratio (g/L), the type of the pollutant, the irradiation time (min), and the distance from the
light source (cm). Table 1 presents the parameters tested in this study and their different
levels. This procedure results in conducting only nine different experiments to investigate
the photocatalytic procedure of N-doped TiO, powder. The modified L9 orthogonal array
is depicted in Table 2. Based on the Taguchi method, the optimization of the photocatalytic
process was determined by comparing the mean of the mean values regarding the C/Cy
photocatalytic degradation of the pollutant at the final time spot of irradiation in every
experiment. In order to achieve this, Minitab 17 statistical software was used.

Table 1. Taguchi orthogonal array L9 factors and their levels.

Parameters (Factors)

Levels A-Photocatalyst/Pollutant C-Distance from Light D-Irrac!latlon T1n}e
B-Pollutant (Total min/Measuring
(g/L) Source (cm) .
Gap Time)

1 0.1 Methylene Blue 5 100/10

2 1 Rhodamine B 10 150/30

3 10 Brilliant Green 15 200/20

Table 2. Modified L9 orthogonal array.
Control Factors
Experiment No.

A B C D
1 0.1g/L Methylene Blue 5cm 100 min/10 min
2 0.1g/L Rhodamine B 10 cm 150 min /30 min
3 0.1g/L Brilliant Green 15 cm 200 min/20 min
4 1g/L Methylene Blue 10 cm 200 min/20 min
5 1g/L Rhodamine B 15 cm 100 min/10 min
6 1g/L Brilliant Green 5cm 150 min/30 min
7 10g/L Methylene Blue 15 cm 150 min/30 min
8 10g/L Rhodamine B 5cm 200 min/20 min
9 10g/L Brilliant Green 10 cm 100 min/10 min

2.4. Photocatalytic Test

In order to determine the photocatalytic degradation of each pollutant of the experi-
ments shown in Table 2, photocatalytic tests in cylindrical round-bottomed photocatalytic
cells were performed. These cells have a diameter of 4.5 x 1072 m and a volume of
39.7 x 107® m® and are made of quartz glass. For all the different pollutants used, their
aqueous solutions were prepared. The initial absorbance of the pollutant is computed
by the spectrophotometer UV-Vis (U-2001, Hitachi, Tokyo, Japan) and set to 7 x 107 M
(Ainitial), in pH =6.

The experimental procedure starts with the oxygenation of the pollutant by purging
it with ultrapure O, gas in a dark bubbler container for 1 h. A sufficient amount of N-
doped TiO, powder and pollutant are then placed in the cells so that the photocatalyst
per pollutant load (g/L) of every test is met. Prior to the irradiation test, the powders
dispersed in the pollutant solution are kept in the dark, so that there are no absorption
phenomena altering the photocatalytic results. The cells are then placed in a photoreactor
(0.5m x 0.4 m x 0.3 m dimensions) with reflective walls (lcytoff = 320 nm), equipped with
white light LED tape of 6 W/m, 870 Im/m, and 12 V on top. All photocatalytic tests are
conducted under visible light irradiation and continuous stirring (300 rpm). To measure
the absorption of every pollutant at a specific time, the shift and intensity of the maximum
of the absorption curve is monitored using the spectrophotometer.

In the photocatalytic tests of 100 min total duration, a quantity of the pollutant was se-
lected every 10 minutes to measure its concentration with the aid of the spectrophotometer.
In the 150 min total duration tests, a similar process was followed every 30 min, while in
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the case of the 200 min total duration tests, the process was followed every 20 min. The
ratio of the measured absorption each time (A) to the initial (Ajp;ia1) One corresponds to the
ratio of C/Cy pollutant concentrations. The cuvettes used for measuring the absorption
were made of quartz.

3. Results and Discussion
3.1. Characterization of the N-TiO, Powder
3.1.1. XRD Analysis

An XRD analysis was conducted to investigate the crystallinity of the N-doped TiO,
powder produced. Figure 1 presents the diffraction diagram recorded for the N-TiO,
powder. The TiO; crystal phase of anatase is the dominant one, while the rutile phase
is the second one existing. The highest intensity diffraction peak of anatase (I5) is at
20 = 25.35° corresponding to (1 0 1) crystal plain, with all the other peaks of anatase present
being in accordance with the PDF No 03-065-5714. These results are supported by the
relevant literature [34,35]. Rutile is observed on its highest intensity (Ir) at 20 = 27.30°,
corresponding to (11 0) crystal plain [34,35]. The percentage of the rutile face in the powder
is calculated by the following equation [36]:

%Rutile = [ —— | x 100 1)

T, (101)
1+ 088420/

The percentage of rutile in the N-TiO, powder produced is 37.9%. This percentage is
within accepted limits regarding the values found in the literature [37,38]. In fact, the higher
the percentage of rutile, the higher the photocatalytic performance in N-doped powder [39].
The presence of rutile in N-doped TiO, could be associated with the calcination temperature
(450 °C) followed in the experimental procedure [37,40].
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Figure 1. XRD spectrum of N-doped TiO, powder.

The average crystallite size of the as-produced powder was calculated by using Scher-

rer’s equation.
_0.89A

" BcosH

where d is the average crystalline size, 0.89 is the Scherrer’s constant, A is the X-ray
wavelength, 0 is the diffraction angle, and {3 is the FWHM (full-width-half-maximum). This
is calculated for the main peak of anatase (1 0 1) at 2 = 25.35 [41]. The average crystallite
size of the powder is on the nano-scale, estimated at ~14 nm.

2
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3.1.2. Raman Analysis

Figure 2 illustrates a representative Raman spectrum of the as-prepared powder.
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Figure 2. Raman spectra of N-doped TiO, powder and pure anatase.

The peaks observed corresponding to the Raman fundamental modes of pure anatase
crystal phase are located at 142 (Eg1), 196 (Egp), 396 (Big), 516 (A1), and 638 (Eg3) cm™Y,
while other peaks located at 142 (Byg), 448 (Eg), and 608 (A1) cm !, are characteristic of
the rutile phase. A small blue-shift compared to pure TiO, anatase (142 (Eg1), 196 (Egp), 398
(B1g), 517 (A1g), and 638 (Eg3) cm™~ 1) is observed at some of the recorded peaks [42,43]. This
is due to the presence of the N dopant and the doping effect, which leads to an alteration
of the TiO, lattice. Shifts are generally a result of changes in crystallinity or grain size,
presence of defects, or changes of surface oxygen deficiencies [42,44]. No other crystalline
form of TiO, was detected. These findings are in agreement with the XRD results of this
study, as well as with the relevant literature for Raman analysis of anatase and rutile
TiO, [42,45].

3.1.3. XPS Analysis

An examination of the chemical state of the elements that are present on the surface of
the N-TiO, synthesized powder was conducted via XPS analysis. The results are presented
in Figure 3.

Figure 3a displays the wide spectrum survey of N-TiO;, where all the peaks that
correspond to the chemical synthesis followed, i.e., the Ti2p (Ti** in TiO, chemical state,
Figure 3b in high resolution with binding energy of Ti2p3/2 at 458.8 + 0.1 eV), deconvoluted
O1s (lattice oxygen Ti-O in TiO, state with binding energy 530.0 &= 0.1 eV and hydroxides
and/or adsorbed water on the surface with binding energy 531.7 £ 0.1 eV, Figure 3c), and
C1s (hydrocarbon state) are ascertained, which is in compliance with the corresponding
relative publications [33,46]. The N1s element, assigned to N-Ti bonds, is presented in
high resolution in Figure 3d and pinpointed at ~ 400 & 0.1 eV [47]. The surface atomic
concentration of N1s peak is 0.3 &£ 0.1%, whereas that of the Ti2p peak is 20.8 £ 0.1%.

3.1.4. UV-Vis Spectrophotometry Analysis

The Eg of the nano-powder was estimated via a UV-Vis spectrophotometry analysis.
Firstly, the reflectance of the N-TiO, powder is measured in Kubelka-Munk (K-M) units,
based on the equation:

(1-R)?

FR) =g

®)
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where R is the reflectance. This method is usually applied when the samples measured
exhibit high absorbance or light scattering [48-51]. Figure 4 illustrates the change in the
reflectance of the powder within the visible light spectrum.
i TiLMM
XPS- Survey Scan
1 CKLL OKLL y X_PS
O1s i Ti2p
5 ] 3 |
@ ] ©
2 2|
la T -7’
c c
2 8
= =
" n
a o
X X 7
1000 800 600 400 200 O 470 468 466 464 462 460 458 456 454 452 450
Binding Energy Eg/eV Binding Energy Eg/eV
(a) (b)
| —To XPS XPS
—Ti-OH O1s i N1s
5 3 |
« | @
> 2 |
= =
c c
2 8
£ =
n n
o o
X A X

55’»6 ' 5II’>4 ' 51;»2 ' 51|50 ' 558 ' 556
Binding Energy Eg/eV
()

408 406 404 402 400 398 396
Binding Energy Eg/eV
(d)

Figure 3. XPS spectra of N-TiO, particles: (a) survey scan, (b) high resolution of Ti2p peak, (c) high
resolution of deconvoluted O1s peaks, and (d) high resolution of N1s peak.
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Figure 4. Reflection F(R) to wavelength (nm) graph for N-doped TiO, powder.
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In order to calculate a semiconductor’s Eg, Tauc’s equation is used:
ahv = A(hv — Eg)n 4)

where Eg is the energy band gap, a is the absorption coefficient, A is a constant, and n =
1/2 for direct and n = 2 for indirect transition band gaps [52]. Consequently, the band gap
energy is obtained by applying the K-M method and extrapolating the linear region of the

spectra (F(R)hv)% vs. hv, as presented in Figure 5.

4.5+

4.0 4

3.5

3.0+

hvE(R)* /2

Eg=2.63 eV

T T T T T T y T T 1
2.0 2.5 3.0 3.5 40 45

Energy hv (eV)
Figure 5. Energy band gap graph for N-doped TiO, powder.

The measured band gap of the produced N-TiO, nano-powder revealed that there is a
decrease of Eg compared to pure anatase, due to doping with N. This may be related to a
better photocatalytic activity under visible light irradiation, since the catalyst needs lower
energy in order to be activated. These findings are in close agreement with similar studies,
with the observed red shift of Eg attributed to a combination of both substitutional and
interstitial doping of N [7].

3.1.5. FESEM and TEM Analysis

The morphology of the produced N-TiO; powder was examined by FESEM, with the
images shown in Figure 6.

Sh:80 SEM SEI 50kvV  X150,000 WD 30mm 100nm

(b)

Figure 6. FESEM analysis on N-doped TiO; powder in (a) x100,000 and (b) x 150,000 magnification.
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A micro-structural morphology of the powder is revealed in FESEM images (Figure 6)
with particles exhibiting a spherical shape with a mean size ~14 nm (Figure 6b). To further
examine the morphology of the synthesized particles, as well as the distribution of their
grain size, a TEM analysis was conducted, with the images presented in Figure 7.

(b)

(c)

Figure 7. TEM images of the as prepared N-TiO, nanoparticles in (a) x190,000, (b) x245,000, and
(c) 500,000 magnification.

The grain size of the particles appears to range between 5-15 nm. These particles have
a spherical shape and various orientations. The particles with the darker color are the ones
that, due to their orientation, create this shade effect when electrons hit their surface. The
above results are consistent with the XRD data regarding the average crystallite size and
the FESEM results for the grain size.

3.2. Photocatalytic Results

The photocatalytic behavior of the as-produced N-TiO, powder was assessed by
testing the photocatalytic degradation of solutions of different pollutants, under different
parameters (see Table 1). All the photocatalytic tests were conducted at room temperature
and pH = 6. The results are illustrated based on the pollutant used, with Figures 8-10
corresponding to Rhodamine B, Methylene Blue, and Brilliant Green, respectively. In every
figure, the photolysis of the pollutant is also included.
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Rhodamine B
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Figure 8. Degradation curves of Rhodamine B for different amounts of catalyst and irradiation time,

under visible light irradiation. Photolysis of the pollutant is also included.
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Figure 9. Degradation curves of Methylene Blue for different amounts of catalyst and irradiation

time, under visible light irradiation. Photolysis of the pollutant is also included.
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Figure 10. Degradation curves of Brilliant Green for different amounts of catalyst and irradiation

time, under visible light irradiation. Photolysis of the pollutant is also included.
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It is observed that Rhodamine B is a pollutant with high resistance to the catalyst, as its
final degradation value reaches only 50% for 200 min irradiation. Even at 10 g/L, a catalyst
load that is considered high, the degradation curve is similar to the one for the 1 g/L load.
The stability of Rhodamine B is also evident in photolysis (no use of catalyst), as for 150 min
of irradiation in visible light, the degradation is up to 10%. The other pollutants, Brilliant
Green and Methylene Blue, as shown in Figures 9 and 10, respectively, both approach a
degradation of ~35% for a total time duration of 150 min.

Regarding the Methylene Blue pollutant, which is widely used in photocatalytic tests,
the results in Figure 9 prove that it is an unstable pollutant that degrades very easily,
even in a small load of catalyst. Therefore, this makes it ineligible for photocatalytic tests
and investigation of catalyst activity. The instability of Methylene Blue becomes apparent
by its photolysis (no use of a catalyst), where there is a degradation of 35% for 150 min
irradiation, a percentage almost equal to when a load of 0.1 g catalyst/L pollutant is tested.
Furthermore, it is observed that in both 1 g/L and 10 g/L loads of catalyst, the degradation
reaches ~80% at 200 min and 150 min of irradiation, respectively, followed by an almost
visual complete discoloration of the pollutant.

Brilliant Green is also an unstable pollutant and ineligible for photocatalysis, as it
is observed in Figure 10 due to the phenomenon of photolysis up to 40% at 150 min of
irradiation. In addition, in the presence of a catalyst of 0.1 g/L of pollutant (a relatively
small amount), it decomposes to a greater extent, reaching a 60% degradation at 200 min.
Another noteworthy observation regarding Brilliant Green is that in the case of a catalyst to
a pollutant load of 10 g/L at 10 cm distance of the sample from the radiation source, there
is an immediate 70% degradation of the pollutant in the first 10 min. At 50 min, it is 80%
and then it plateaus, which occurs due to the absorption of the dye from the catalyst.

The preliminary conclusions from these graphs are that, first of all, the chosen pollutant
is one of the main factors influencing photocatalytic degradation. Rhodamine B is much
more resistant to the catalyst, i.e., it degrades to a lower scale than the other two organic
dyes, Brilliant Green and Methylene Blue. This indicates a stability that makes it suitable to
be the main pollutant in photocatalytic tests. As for the load of catalyst to pollutant, it was
observed that as the amount of catalyst increases, the degradation of the pollutant increases.
However, in some cases it is observed that in the case of 1 g/L catalyst per pollutant load,
a degradation is reached that is relatively similar to that of 10 g/L, after a period of time.
Therefore, the choice of 10 g/L is considered economically unprofitable. It is noteworthy
that the value of 0.1 g/L, although actually considered a very small amount compared to
the other two loads, appears to degrade pollutants satisfactorily in the cases of Rhodamine
B and Brilliant Green. For the irradiation time and the time protocols chosen, no clear
conclusions can be drawn except that at 150 min total irradiation with a measuring gap
of 30 min, there is a smoother degradation curve with fewer fluctuations and errors in all
used pollutants. Therefore, the effect of this parameter and that of the cell distance from the
reactor lamps will be individually extracted from the application of the Taguchi method.

To further examine these results, the photocatalysis kinetics were extracted accord-
ing to:

Co

C

Figure 11 presents the photocatalytic kinetics of the experiments for the three different
pollutants. Almost all nine experiments show moderate-to-satisfactory adaptation to
pseudo-first-order kinetics. According to the Langmuir-Hinshelwood model, this is the
type of kinetics that azo dyes usually follow when photodegraded [53].
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Figure 11. Photocatalytic kinetics under visible light irradiation for (a) Rhodamine B, (b) Methylene
Blue, and (c) Brilliant Green.

When a kinetics model is studied, the R? value is used to ensure a good fitting of
the model to the data. R? can vary between 0 and 1, with the data having a better fit the
closer R? is to 1. Models that have an R? > 0.9 are generally considered to be good in
adaptation [54,55]. Thus, the only experiment not presenting a very good fit compared
to the others is that of Brilliant Green, with a load of 10 g/L at a 10 cm distance from the
radiation source, with R? = 0.86439. On the other hand, the best fit is on the experiment
using Rhodamine B, with a load of 1 g/L at a distance of 15 cm from the radiation source,
with k = 0.00593 and R? = 0.97383. In general, it is observed that Rhodamine B shows a
better adaptation to linearity compared to the other two pollutants. In all cases of pollutants,
itis concluded that at 10 g/L, the reaction rate constant, k, is higher than that of 0.1 and 1
g/L. When using Brilliant Green, the reaction rate constant at 10 g/L is 3.5 times higher
compared to the corresponding value at 0.1 g/L, 2.7 times higher in the case of Methylene
Blue, and only 2 times higher for Rhodamine B.

3.3. Taguchi Methods Results

The statistical processing of the results with the Taguchi method can quantify the
effect of each variable on the parameter under consideration. This is achieved by applying
the technique of Analysis of Variance (ANOVA). More precisely, “One-Way Analysis
of Variance” (or One-Factor Analysis of Variance, or ANOVA-One for short) is applied.
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In this study, One-Factor Variance Analysis is chosen, because the experimental data
are distinguished by only one characteristic: the achieved rate of degradation. Table 3
summarizes the (%) effect of each parameter (factor) on the photocatalysis process.

Table 3. Percentage of effect of each factor on the final degradation according to Taguchi method.

Factor Effect %
A-Photocatalyst/pollutant (g/L) 28.78
B-Pollutant 52.21
C-Distance from light source (cm) 10.95
D-Irradiation time (total min/measuring gap time) 8.07

It is observed that the choice of pollutant plays the most important role in the photo-
catalytic tests, since it affects photocatalysis at a rate of 52.21%. Therefore, to investigate
the catalyst’s action in photocatalysis, it is necessary to choose the proper type of pollutant,
which will be stable and not degrade easily. The amount of catalyst used, while expected
to be the main affecting factor, comes in second, by approximately 30%. The other two
factors, cell distance from the radiation source and total radiation time, are almost at the
same effect levels of approximately 10%.

From the Minitab software, graphs which actively illustrate the qualitative effect of the
variables and their levels on the measured parameter are also extracted. Figure 12 shows
the level of each variable and to which photocatalytic degradation (C/Cp) they lead.

Main Effects Plot for Means
Data Means

o

A B
0.60
01g/L  1g/L 10g/L MB RhB BG Scm 10cm  15cm 100/10° 150/30° 200/20

e [ e
wm W
& 3 &

Mean of Means (C/Co}
=)
8

0.35

0.30

Figure 12. Qualitative effect of each factor on the final degradation of C/Co, where A is the amount
of catalyst/pollutant (g/L), B is the pollutant, C is the distance from the light source and, D is the
time protocol.

The Taguchi method is a solidly built experimental design that aims to derive the
best combination set of factors/levels together with the lowest economical solution, in
order to satisfy a product’s quality specifications [56]. It is applied in the catalysis field
for optimizing the synthesis of NPs and TiO,. Most of these studies investigate 3-5
different factors with 3—4 levels each, which is in correspondence with this study. For
example, TiO, NPs synthesis is optimized by researching the factors that lead to a low
crystallite size [28] and the ZnO-TiO, composite catalyst is optimized taking into account
its photocatalytic activity in MB under visible light irradiation for 120 min duration and
30 min time interval [57]. Similar studies are found on other NPs, including optimizing
the synthesis of ZnO doped with various metals (Al, Fe, Cr) regarding the photocatalytic
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degradation on MB under visible light [58]. The present study takes the application of the
Taguchi methods to the next level, investigating the photocatalytic process on N-TiO, NPs.

When evaluating the statistical results of a Taguchi experiment, there is a philosophy of
“the larger the better”, “the smaller the better”, or “the on-target, minimum-variation” [30].
In this study, it is preferable to choose the level that leads to higher C/Cy for all the
factors, ensuring that the choice is simultaneously low cost. It should also be noted that
the inclination of each graph indicates the degree of influence of each variable on the
final degradation. The higher the inclination of the graph, the greater the influence of the
variable. Taking into account the abovementioned, a photocatalytic protocol is proposed for
testing the degradation of azo dyes in the presence of N-TiO; nanoparticles under visible
light irradiation.

For Factor A, the ratio of photocatalyst to pollutant load (g/L), it is revealed that as
the amount of catalyst increases, so does the degradation of the pollutant. The 10 g/L
choice results in the highest degradation of the pollutant, though this is not considered to
be an economical choice. Therefore, the amount of 1 g/L is preferable and proposed for the
protocol, as it exhibits a similar final degradation. It is obvious that the third level of 0.1 g/L
leads to a low degradation of the pollutant, sometimes equivalent to photolysis results.

Regarding Factor B, pollutant, the intrinsic effect of each pollutant should be inves-
tigated in order to choose. As the photocatalysis results showed, BG and MB exhibit a
high percentage of photolysis. Consequently, their final results of C/Cy degradation are
fictitious. It is clear that Rhodamine B is more stable, has a lower photo-sensitivity, and
exhibits a better fitting to the pseudo-first-order kinetics model among the three tested
pollutants. The choice of Rhodamine B will ensure that the results of the photocatalysis are
connected as much as possible with the effect of the catalyst itself.

For Factor C, distance from the irradiation source, while a higher degradation would
be expected at 5 cm distance, the exact opposite is observed. At5 cm, the lowest degradation
is recorded. This is probably due to the lack of light reflecting on the walls of the reactor
and reaching back to the cell, resulting in enhanced radiation. At 10 cm, the degradation is
slightly greater than that achieved at 15 cm distance from the light source, so the level of 10
cm is chosen for the proposed protocol.

Finally, Factor D, irradiation time, affects the process as expected. That is, the more
time the pollutant is irradiated, the more the degradation proceeds. The chosen level for
the protocol is that of 150/30 min, as the choice of 200/20 min is not cost beneficial.

The proposed protocol of photocatalytic tests regarding the degradation of azo dyes
in the presence of N-TiO, nanoparticles under visible light irradiation is summarized in
Table 4. The protocol applies to a batch, horizontal, rectangular, vis-LED equipped reactor
with reflective walls. The main contribution of the Taguchi method lies in the economic
benefit it offers, as proved in this study where 9 experiments provided the optimized
parameters of photocatalysis, whereas all possible combinations of parameters and levels
would require the realization of 3* = 81 experiments in total.

Table 4. Proposed photocatalysis protocol.

Factor Level for Protocol
A-Photocatalyst/pollutant (g/L) 1
B-Pollutant Rhodamine B
C-Distance from light source (cm) 10
D-Irradiation time (total min/measuring gap time) 150/30

Similar studies adopting the Taguchi method can be found in the literature for photo-
catalysis under UV irradiation, with a design of 4-5 factors with 3—4 different levels, as well.
These studies focus mainly on ZnO-composite NPs, for degrading Lidocaine HCI [59] and
reducing Cr(VI) [60]. In the case of Lidocaine HCl, photocatalysis of CuO/ZnO NPs was
studied and the four factors were the irradiation time, pH, catalyst load, and concentration
of drug and dosage of H,O, (for promoting photocatalytic degradation). The findings
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showed a pH of 6-8, 360 min of irradiation, 0.48 g/1 catalyst load, 20-30 mg/L Lidocaine
HCI, and 7 mM H,0O; are the optimum conditions. Regarding the reduction of Cr (VI),
ZnO/Todorokite nanocatalyst was synthesized and the catalysis process was optimized, an-
alyzing the pH, Cr concentration, catalyst load, and irradiation. The optimum results were
100 mg/1 catalyst load, pH 2, 7.63 W/m? irradiation intensity, and 15 ppm Cr concentration.
Studies on visible light irradiation are only found for composite materials with TiO, on
pollutants not commonly used. For instance, CoFe;O4-TiO; (p-n catalyst) was used for
optimizing the Malachite Green degradation process, using a Taguchi experiment of four
factors and five levels. The tested parameters were the catalyst load, the irradiation time,
the pH, and the stirring speed, and the optimum results were 0.1 g/1 catalyst load, 10 min
irradiation time, pH 7, and 300 rpm stirring speed [61]. Fe;O3/TiO, /clinoptilolite catalyst
was tested on optimizing Acid Black 172 dye, on a 4-factor and 3-level Taguchi experiment.
The pH, the catalyst load, the dye concentration, and the irradiation time were investigated,
resulting in the optimum conditions of pH 2, 1 g/1 load, 60 min irradiation time, and
50 mg/1 dye concentration [62]. Our research contributes to the photocatalytic process
investigation because the choice of pollutant is one factor that has not been tested until
now. The same applies to the distance from the irradiation source, as only the irradiation
intensity was previously tested. The irradiation time and the catalyst load parameters are
of great significance in a photocatalytic process, so they were also included in the Taguchi
experiment of N-TiO,. The findings of this study are close to the findings of the abovemen-
tioned literature [59-62]. The pH was not studied, as it has been widely studied before, and
was fixed at 6, which is adjacent to the result from most of the relevant publications.

In this study, the chosen set of variables does not correspond to any of the experiments
performed. Therefore, the degradation of the pollutant when following the proposed
photocatalytic protocol is presented in Figure 13.
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Figure 13. Experimental results when following the proposed photocatalytic protocol in (a) degrada-
tion rate and (b) photocatalytic kinetics.

It is evident that after 150 min of visible light irradiation, Rhodamine B degrades up
to 60%. Therefore, the photocatalytic activity of the N-doped TiO; catalyst is profound and
the protocol is suitable for testing various photocatalysts. The photocatalytic kinetics of the
experiment shows satisfactory adaptation to pseudo-first-order kinetics, with k = 0.00637
and R? = 0.98285.

4. Conclusions

In this study, a photocatalytic protocol testing TiO, nano-powder activity under visible
light irradiation is proposed by using a batch, horizontal, rectangular, vis-LED equipped
reactor with reflective walls. For this, N-doped TiO, powder was synthesized, fully
characterized by XRD, micro-Raman, XPS, FESEM, TEM, and UV-Vis, and its photocatalytic



Appl. Sci. 2023,13,774

16 of 19

References

behavior was studied. The results showed the powder consists mainly of crystalline
anatase phase (62.1%) with the presence of a smaller percentage of rutile (37.9%). The mean
nanocrystalline size is ~14 nm and the powder is morphologically homogeneous, with
a particle size ranging between 5-15 nm. Furthermore, the presence of the N dopant is
verified and there was a significant reduction in the energy gap from 3.2 eV to 2.7 eV, which
allows the catalyst to be active in visible light.

The chosen basic factors affecting photocatalysis were examined in order to create
an optimal protocol of photocatalytic testing. Nine experiments (L9) were conducted by
applying the Taguchi statistical method, for the control of four factors (pollutant, photocat-
alyst/pollutant load (g/L), distance from the irradiation source (cm), irradiation time (total
min/measuring gap time)), with three levels (options) each.

The results revealed that the type of pollutant is the most important factor affecting
photocatalysis. Among the three pollutants studied, Rhodamine B shows the greatest
stability under visible light irradiation, focusing on the intrinsic catalytic performance
excluding the dye-sensitized phenomena. Regarding the amount of catalyst, that is the
second factor mostly affecting the photocatalytic process; 1 g catalyst per L pollutant was
the most preferable for photocatalytic testing, taking into account the cost effect apart from
the highest degradation rate. For the distance of the cell from the radiation source, affecting
the photocatalysis by 11%, a 10 cm distance is preferred. For the irradiation time, 150 min
total time with absorbance testing every 30 min was chosen. Radiation time affects the final
degradation by only 8%.

The proposed photocatalytic protocol led to the nano-sized N-TiO;, catalyst degrading
the RhB pollutant at 60% after 150 min of visible light irradiation.
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