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Sulfur and nitrogen doped-titanium dioxide coated on glass microspheres as
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environments using photo oxidation in the presence of visible and sunlight
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ABSTRACT

Naphthalene is a toxic aromatic compound whose presence in aqueous environments is very haz-
ardous. In this research, naphthalene removal from wastewater using titanium dioxide—nitrogen—
sulfur (TiO,-N-S) photocatalyst immobilized on glass microspheres was investigated. Additionally,
the effect of visible and sunlight, radiation time, pH, and initial concentration of naphthalene on
photocatalytic removal of naphthalene were studied. Scanning electron microscope images revealed
nanoparticles with an average size between 10 and 15 nm, and X-ray diffraction pattern revealed
nano-photocatalyst with an average size of 11 nm. Energy-dispersive X-ray showed the presence
of two elements, that is, sulfur and nitrogen in the crystalline structure of TiO, powder, and diffuse
reflectance spectroscopy showed the energy bandgap narrowing and transfer of photocatalytic activ-
ity of TiO,-N-S to the visible region. Chemical kinetic equation of naphthalene removal was sec-
ond-order kinetic. The maximum level of naphthalene removal in the presence of visible and sunlight
was obtained at a concentration of 25 mg/L (94.29%) and 40 mg/L (93.24%), respectively. Therefore,
the immobilized TiO,-N-S on glass microspheres can be used as a new, effective, and functional
method in treating water and industrial wastewater containing naphthalene in the presence of visible
and sunlight.

Keywords: TiO,~-N-S photocatalyst; Photooxidation; Sunlight; Visible light; Naphthalene removal;
Chemical kinetic

1. Introduction

Naphthalene is one of the polycyclic aromatic hydro-
carbons (PAHs) and hazardous pollutants [1,2] with a rela-
tively high degree of toxicity. It is one of the causes of kidney
failure, congenital disorders, and biodegradation resistance.
Moreover, it has been considered as a carcinogenic, muta-
genic, and teratogenic pollutant by the US Environmental

* Corresponding authors.

Protection Agency [3-5]. In polluted soils, it is very likely
that these compounds make strong bonds with solid parti-
cles. At the same time, some of them can pass through the
soil porous media and contaminate groundwaters. PAHs
can enter the aquatic and soil environments from a number
of sources, including industrial, and domestic wastewater,
extraction of petroleum products, pharmacy, paint, plastic,
insecticides, and petrochemical plants, heavy oil production

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.
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facilitates, coke furnace, and scrap tires, and can enter the
human body directly [2,6-10]. Due to high-risk effects of
PAHs on human health, it is essential to assess the potential of
water contamination with these compounds [11]. According
to the World Health Organization guideline, the allow-
able limit for naphthalene in drinking water is 0.05 mg/L.
Therefore, naphthalene removal in aqueous environments is
of paramount importance [12], and purification of aqueous
solutions containing naphthalene is necessary to keep the
environment safe and healthy. Among methods for removal
of PAHs are adsorption on activated carbon [9,13], sand bed
[14], and biomass gasifiers [15]; simultaneous application of
ultrasound pretreatment and mesophilic and thermophilic
anaerobic digestion [16]; anaerobic biodegradation [17];
and the use of metal catalysts [18]. In the above mentioned
methods, naphthalene is only transferred from one phase
to another, but it is not converted into harmless compounds
[19]. Among all these methods for removing organic pol-
lutants from water and wastewater, biological degradation
of effluent using microorganisms has received more atten-
tion, but the biological removal efficiency of PAHs such as
naphthalene has reduced significantly due to the presence of
benzene rings in the molecule, and microorganisms cannot
decompose it.

Therefore, in recent years, new advanced oxidation pro-
cesses have been considered [20]. Photocatalyst removal is
done by shining ultraviolet on the surface of a conductive
semiconductor, such as ZnO or TiO,, and oxidation is usu-
ally based on the activity of highly reactive species such as
hydroxyl radicals [21-23]. Due to their eco-friendly nature
and high optical activity, low price, low toxicity, and high
chemical and thermal stability, heterogeneous photocata-
lysts such as anatase TiO, crystals are regarded as the most
popular photocatalysts [24-26]. Though Titanium dioxide
(TiO,) powder nanoparticles have been widely used over
the past 30 y, efforts to immobilize photocatalysts on sur-
faces such as glass spheres, glass fibers [27-29], silica [30,31],
activated carbon, zeolites, and nanotubes are on the rise due
to problems such as the need for continuous mixing during
work, the high cost of filtration and centrifugation of solu-
tions to recover powders, nanoparticles dispersion in solu-
tion and light blockage, etc. [25,26,32-35]. Two important
advantages ensue from optical degradation of pollutants in
the form of a thin film. The first one is avoiding high costs
of catalyst separation, and the second is a lack of formation
of dangerous compounds caused by advanced oxidation,
which are often formed using other oxidants, such as hal-
ogens [36]. On the other hand, the wide bandgap of TiO,
has converted it to an efficient photocatalyst in the ultravi-
olet region, but naturally, only 4% of sunlight is ultraviolet
and photocatalytic removal of naphthalene using ultraviolet
light in aqueous solutions with practical limitations, such
as the short life of ultraviolet lamps and electrical energy
consumption cause an increase in treatment costs, and
finally, the ultraviolet lamp is considered as a serious threat
to the environment [24-27]. Therefore, in order to modify
this intrinsic property of TiO, and produce a new photocat-
alyst which is capable of keeping its photocatalytic activity
in the presence of sunlight, methods such as doping with
noble metals, metal ions, and anions (C, N, F, S) are being
developed [37-40]. The use of earth elements such as La,

Ce, Gd to create electron-hole [41-43] and co-doping with
metallic and earth elements have received lots of attention.
Yu et al. [44] doped N and La elements on TiO, network in
order to reduce the energy band gap and increase the optical
activity of TiO, in a visible light region of N and La [45,46].
Doping sulfur anions and nitrogen with TiO, makes the
gap between two strips of capacity and conductivity nar-
rower, leading to absorption in the visible region [32,47-49].
Therefore, solar photocatalytic processes are regarded as
an appropriate technology that complements the physical
and even biological methods of treatment [50]. Over the
past years, glass microspheres application for catalyst depo-
sition has received lots of attention [51,52]. The aim of the
present research is to investigate the photocatalytic effect
of immobilized titanium dioxide-nitrogen—sulfur (TiO,-
N-S) on naphthalene removal from aqueous solutions. The
immobilized TiO,-N-S nanoparticles were assayed using a
scanning electron microscope (SEM) [53], X-ray diffraction
(XRD), and energy-dispersive X-ray (EDX). Additionally, the
optimal conditions of naphthalene removal will be studied
using pH, radiation time, and concentration of naphthalene
in the presence of visible and sunlight. Finally, the kinetics
of the removal reactions of naphthalene will be studied.

2. Materials and methods
2.1. Photocatalyst synthesis

All chemical materials were purchased from Germany’s
Merck Company. In addition, deionized water was prepared
in laboratory using water distillation unit of GFL Company,
Germany. First, TiO, and TiO,-N-S nanoparticles were syn-
thesized using sol-gel method [54]. TiO, sol was prepared
through hydrolysis of tetrabutyl orthotitanate (TBOT) in acid
solution as follows: first, 2.5 mL of TBOT compound, 10 mL
ethanol, and 2.5 mL acetylacetone were mixed together. After
30 min of stirring, a clear yellow solution was obtained. In
fact, acetylacetone prevents from early hydrolysis of TBOT by
forming chelate. In the next step, 2 mL deionized water was
added to the solution and the solution was stirred by stirrer.
To adjust the pH of the solution to 1.8, concentrated hydro-
chloric acid and sodium hydroxide were used. After that,
0.25 mg thiourea as the source of nitrogen and sulfur was
added to the synthesized sol, and this solution was put in the
stirrer for another 2 h to produce a stable yellow sol. In order
to immobilize the prepared sol on a substrate, 500 micron
in diameter glass microspheres made in Glass Beads (Pana
Company, Iran) were used. First, glass microspheres were
rinsed with detergent solution and put in dilute hydrochloric
acid for 8 h, and dried in oven at 105°C after being rinsed with
deionized water. Then microspheres were immersed in sol
solution and put in the stirrer for 10 min. In the next stage, the
glass microspheres were put in the oven for 4 h at 60°C and in
order to remove probable contaminants, glass microspheres
were rinsed in the ultrasonic bath for 30 min. Fig. 1 shows
the preparation and synthesis steps of TiO,-N-S catalyst.

2.2. Naphthalene extraction and gas chromatography—mass
spectrometry analysis

In order to extract naphthalene from aqueous environ-
ment and prepare solution to be injected to GC-MS device,
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10 mL Ethanol

10 mL Acetylacetone

2.5 mL TBOT

stirring solution for 30 min

2 mL DI water

stirring solution for 10 min

The addition of 0.25 gr
thiourea (simultaneously
dopted N and S)

stirring solution for 120 min

The addition of HC1
solution until pH=1.8
is achieved

Formation of colloidal TiOz

TiO: Solution deposition on glass microspheres by immersion

Drying layers by puttiin substrates in an electric oven at 60 °C for 4

Calcination in the electric furnace at 500 ° C for 1 hour

Synthesis of TiO2 thin films doped with N and S

Fig. 1. Schematic diagram of TiO,-N-S catalyst preparation and synthesis steps.

the following steps were done. First, 200 mL of naphthalene
solution with certain initial concentration was prepared and
its pH reached 2 using phosphoric acid, then 50 mL pure
dichloromethane was added to the sample and it was poured
into a separation funnel and stirred for 5 min, then separa-
tion funnel was put in settlement conditions for 30 min so
that the solution could be fully separated into two phases.
The bottom layer in the separation funnel was drained and
again 25 mL dichloromethane was added and after 30 min
spent in settlement conditions, the bottom layer was drained
out, and the top layer of two stages were mixed together and
kept in a locked container until it was injected to gas chro-
matography-mass spectrometry (GC-MS) device. The vol-
ume of the obtained extraction was reduced to 2 mL using a
rotary evaporator, and 2 mL methanol was added to it. The
sample was rotated again and 5 mL methanol was added
to it once more, and samples were dried using slow flow of
nitrogen gas. To ensure the removal of water from organic
phase, a small amount of water-free sodium sulfate powder
was added and passed through Whatman PTFE membrane
filter with a diameter of 0.45 micron [55], and the sample
was injected into the GC-MS. In order to identify the inter-
mediate compounds produced by photo-oxidation reactions
of naphthalene with TiO,-N-S catalyst, gas chromatogra-
phy (Agilent Technologies 7890A model GC) Manufactured
by Agilent, USA device connected to mass spectrometer
(Agilent Technologies-5975C Model) Manufactured by
Agilent, USA with a 30 m in length HP5-MS column with
outer diameter of 0.25 m, and inner diameter of 0.25 um
was used. The ion capacity of the device and initial oven
temperature was 70 eV and 50°C, respectively. The sample
was kept at this temperature for 2 min. The temperature
was increased up to 280°C with a rate of 4°C/min. Helium
gas was used as a carrier gas at a flow rate of 2 mL/min.
The prepared sample was injected into the GC-MS at a
volume of 0.1 pl [56,57].

2.3. Study of photocatalyst properties

The bandgap of TiO,-N-S photocatalyst was obtained
using ultraviolet-visible (UV-Vis) reflection spectroscopy
through AVASPEC 2048 Tech (AVANTES Company) spectro-
photometer and Eq. (1) [58].

11,2389
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E )

where A is the wavelength of absorption layers in the
spectrum in nanometer, and E_ is the bandgap in terms of
eV. XRD analysis was performed to determine polymorphs
and size of TiO, film crystals on glass spheres using X'Pert
Pro MPD (PANalytical, The Netherlands) device in the range
of 20 = 10°-80°. The average size of crystalline particles of
the anatase phase was estimated by Sherer’s Eq. (2) [59].
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where S is the mean size of crystalline dimensions, k is the
shape factor of crystal particles (0.89), 0 is the diffraction
angle at the maximum peak, A is the X-ray wavelength,
and f3 is the peak broadening at half of its height in radians
[60]. The surface morphology of TiO, and TiO-N-S film
was investigated using (SEM) Tescan MIRA3 (Tescan, Czech
Republic) equipped with XRD spectrometer for element
analysis.

2.4. Study of photocatalyst optical activity

Using sol-gel synthesized TiO, solution doped with sul-
fur and nitrogen on glass microspheres, the photocatalytic
thin film was prepared and its effect on naphthalene removal
from artificial aqueous environments was investigated. The
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thickness of the thin layer coated on glass microspheres was
obtained to be 865.98 nm in TiO, thin film and 698.98 nm in
TiO,~N-S thin film based on the results of EDX and SEM
analysis, respectively. The glass microspheres were dis-
tributed in four phototubes made of quartz with an inner
diameter of 0.8 cm and a height of 20 cm. Using 4.5 g glass
microspheres, a specific surface area of about 0.5 m?*/g was
assigned to each phototube. The glass tubes were immobi-
lized on a mirror. Fig. 2 shows the reactor used for a photo-
catalytic experiment

Five hundred milliliters of naphthalene solution was
rotated in a closed reactor with a flow rate of 20 mL/min
using a peristaltic pump. The glass tubes filled with glass
microspheres were exposed to visible light using a 400 W
lamp source in a dark chamber (70 cm x 70 cm x 100 cm) and
sunlight. The distance between lamp and glass tubes in the
dark chamber was 20 cm. In order to keep the temperature
constant at 30°C inside the reactor, a cooler pump and a cold
water tank connected to faucet were used. The maximum
temperature in the dark chamber was reported to be 40. The
initial concentrations of naphthalene solution were chosen to
be 5, 10, 15, 20, 25, 40, 45, and 50 mg/L, and each concentra-
tion was tested for 4 h.

The solubility of naphthalene in water is a function of
the solution temperature and its solubility is 31.6 mg/L at
25°C. As the temperature of the reservoir containing naph-
thalene solution is 30°C, as well as the interior temperature
of the dark chamber, is 40°C due to the lamp heat, naphtha-
lene solution was made without naphthalene solvent at a
concentration up to 25 mg/L. in order to make naphthalene
solution at concentrations of 40, 45, and 50 mg/L, methanol
solvent was used. A total volume of 150 mg/L naphthalene
was solved in 45 mL methanol. It was then dissolved in dis-
tilled water and diluted to 4,500 mL and used to prepare dif-
ferent concentrations of this solution [61-63]. The solutions
were made for at least three repetitions for each concentra-
tion and only one catalyst substrate was used for all three
repetitions. After each use, the catalyst was washed several
times with distilled water, ultrasonicated, and oven-dried at
100°C for 90 min and reused.

In order to adjust pH, NaOH, and hydrochloric acid were
used. The residual concentration of naphthalene solution was
measured at a maximum wavelength of 276 nm using the
Uv-Vis Spectrophotometer made in America (Perkin Elmer)
[64] and naphthalene degradation efficiency was calculated
using Eq. (3).

n= COC_ €. 100 (3)

0
where C; is the initial concentration and C, is the residual
concentration of naphthalene after time ¢, and n is the naph-

thalene removal percentage. All experiments were done trip-
licate and the mean value was reported.

2.5. Statistical analysis

In order to determine the experiments accuracy, one-way
analysis of variance was used. Additionally, Tukey test was
used to determine p-value and the standard deviation.

3. Results and discussion
3.1. Photocatalyst properties

The XRD patterns of TiO, and TiO,-N-S powder and
TiO,~N-S as thin film coated on glass microspheres are shown
in Figs. 3a—c, respectively. Figs. 3a—c show diffraction pattern
of titanium elements in synthetic photocatalyst as anatase
phase. The XRD pattern of pure glass microspheres shows
the amorphous solid (as a blank) (Fig. 3d). The average size
of crystal nanoparticles in the TiO,-N-S thin film doped on
glass microspheres at peak 101 (according XRD pattern) was
calculated to be 11 nm using Sherer’s equation, and 14 nm for
TiO, thin film coated on microspheres, respectively. From the
result, characteristic peak at 20 = 25.348 was obtained that
represent anatase phase (JCPDS file number = 01-089-4921).
There is no trace of rutile and brookite phases. XRD results of
this research are in close agreement with those obtained by
Sathish et al. [65] and Brindha et al. [66]. They reported the

1

10

X 15

Fig. 2. Schematic diagram of the pilot. (1) Sunlight, (2) wooden support plate, (3) mirror, (4) Photoreactor containing glass micro-
spheres, (5) peristaltic pump, (6) sampling valve, (7) basin containing naphthalene solution, (8) magnetic stirrer, (9) alcoholic ther-
mometer, (10) condenser, (11) water basin, (12) pump, (13) clean water, (14) effluent, and (15) cut-off valve.
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Fig. 3. XRD pattern of thin film. (a) Image of phase structure and crystal size of TiO, powder, (b) image of phase structure and size
of TiO,-N-S powder, (c) image of TiO,-N-S thin film doped on glass microspheres, and (d) non-coated (pure) glass microspheres.

diameter of TiO,-N-S nanoparticles to be 15 nm at the tem-
perature of 500°C, which is close to the size of nanoparticles
(14 nm) in this research.

The SEM images of pure glass microspheres and TiO,
thin film coated on glass microspheres are shown in Figs. 4a
and b, respectively. Figs. 4c and d respectively display the
TiO, thin film coated on the glass microspheres and the
thickness of this TiO, thin film, which is equal to 809.93 nm.
Figs. 4e and f, respectively, display the uniform TiO, thin
film coated on the glass microspheres and the thickness of
the TiO,-N-S thin film, which is equal to 639.68 nm. Figs. 4g
and h illustrate the nano size of TiO,-N-S particles in thin
film, which is estimated to be 10-15 nm, and the accumula-
tion of nanoparticles, respectively. The results are also con-
firmed by the XRD technique. Generally, the nanoparticles of
phtocatalyst coated on glass microspheres tend to accumu-
late beside each other due to the van der Waals interaction
between the surfaces of the particles [20]. This is displayed
in Figs. 5a and d.

According to Fig. 5, elemental analysis of thin-film TiO,
coated on glass microspheres indicates 45.1 wt.% oxygen,
35.3 wt.% silicon, 8.6 wt.% sodium, 2.4 wt.% magnesium,
7.4 wt.% calcium (which is related to glass microspheres),
and 1.2 wt.% titanium, and lacks sulfur and nitrogen. The
thin-film TiO,-N-S coated on glass microspheres indicates
422 wt.% oxygen, 7.78 wt.% silicon, 2.53 wt.% sodium,

0.84 wt.% magnesium, 2.34 wt.% calcium, 34.71 wt.% tita-
nium, 10.92 wt.% nitrogen, and 0.68 wt.% sulfur, indicating
that the new photocatalytic layer contains doped nitrogen
and oxygen atoms.

In order to investigate elemental analysis, and to calcu-
late the weight percent and atomic percent of the elements
existing on the surface of the sample, EDX analysis was
used. Fig. 5 illustrates EDX analysis of TiO, and TiO,-N-S
thin film on glass microspheres and its corresponding SEM
images. Fig. 5b shows the peaks of thin layer TiO, coated on
glass microspheres which confirm the presence of Ti and Si
without the presence of N and S in the structure of the thin
film of TiO,. It should be noted that the elements of Mg,
Na, and Ca in the EDX analysis spectrum are related to the
glass microspheres structure. Fig. 5d shows EDX analysis
related to TiO,-N-S thin film (corresponding to its SEM
image (Fig. 4c)). The peaks related to the presence of sulfur
and nitrogen are at 0.5 and 3.2 K eV, respectively. Ti peak
is observed at about 1.5-8.5 K eV. The more intense peak is
related to the internal TiO,, which can be clearly observed
in Fig. 5d.

3.2. Photocatalyst optical properties

FT-IR spectrum of TiO-N-S powder samples at
60°C and TiO,-N-5 at 500°C are shown in Figs. 6a and b,
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b

Fig. 4. SEM images of TiO, and TiO, doped with nitrogen and sulfur on glass microspheres. (a) Image of non-coated glass micro-
spheres, (b) image of glass microspheres coated with TiO, thin film, (c) image of TiO, nanoparticle coated on the surface of glass
microspheres, (d) thickness of TiO, thin film coated on the glass microspheres surface, (e) uniform TiO,-N-S thin film coated on
the glass microspheres surface, (f) nanometer sized thickness of TiO,-N-S thin film, (g) high resolution image of nanometer sized
TiO,-N-S particles on the glass microspheres surface, AND (h) high-resolution image of nanometer sized TiO,-N-S particles on the

surface of glass microspheres from another angle.

respectively. Fig. 6a that shows the absorption spectrum at
3,300-3,180 cm™ is related to NH, group stretching vibra-
tion of thiourea structural unit added to tetramethyl orthoti-
tanate sol solution. Two absorption bands in the region
of 1,528 and 1,587 cm™ are related to the stretching vibra-
tion C=S functional group of thiourea structural unit. The
absorption band of bending vibration of C-O hydroxy group
and C-N bond in titanium dioxide is shown at 1,280 and
1,359 cm™. The absorption band at 1,050 cm™ is related to the
Ti-O-Ti band stretching vibration, showing condensation
reaction between hydroxy titanium groups of tetramethyl

or thotitanate reagent during hydrolysis reaction of TiO,
nanoparticles, and finally, its presence on TiO, nanoparti-
cles modified by S and N. Fig. 6b displays FT-IR spectrum
of TiO,~5-N nanoparticles spectrum formed at 500°C for
1 h. The absorption band of TiO, hydroxy group stretching
vibration has been much broadened at 3,000-3,423 cm™ due
to the existence of different hydroxyl groups in different
sites, as well as the number of different interactions in terms
of the number of hydrogen bonds between hydroxy groups.
The vibration band at 540-643 cm™ is allocated to Ti-O-Ti
band stretching vibration of fuzzy network anatase and
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Fig. 5. EDX spectrum and SEM images related to TiO,and TiO,-N-S coated on glass microspheres, respectively, (a) SEM image of TiO,
thin film on glass microspheres, (b) EDX analysis related to TiO, coated on glass microspheres, (c) SEM image of TiO,-N-S thin film
on glass microspheres, and (d) EDX analysis related to TiO,-N-S thin film together with glass microspheres.

increases better oxidation of photocatalyst by producing
OH free radicals [67-69]. Fig. 6c¢ illustrates FT-IR spectrum
of pure TiO, at 500°C for 1 h.

Diffuse reflectance spectroscopy (DRS) spectrum of TiO,
and TiO,-N-S thin film on glass microspheres is shown in
Fig. 7. UV-Vis DRS spectrum analysis of pure TiO, and TiO,
doped with sulfur and nitrogen is displayed in Fig. 7. As
shown, the value of diffusion coefficient of TiO,-N-S spec-
trum in visible region is stronger than TiO,. In order to esti-
mate the optical band-gap energy of nanostructures, Tauc
plot method (Tauc) was used. In this method, the relation
known as Kubelka—-Munk model is used [70]. The amount
of absorption obtained for TiO, thin film and TiO,-N-S
thin film was 378 and 416 nm, respectively. These values
were calculated respectively to be equal to an energy gap
of 3.2 eV for TiO, thin film and 2.98 eV for TiO,-N-S thin
film. This was in agreement with that obtained by Appavu
et al. [66,71]. As it can be observed, the effect of the addi-
tion of two nonmetal elements of sulfur and nitrogen in the
crystalline structure of TiO, powder made the gap energy
narrower and transferred photocatalytic activity of TiO,
to visible region [53]. This energy gap is narrower than

mixing of p and nonmetal and 2p orbitals of oxygen in
TiO, [46,72,73].

3.3. Determining purity percentage of naphthalene

In order to determine purity percentage of naphthalene
crystal, Agilent 7890A model GC-MS was used. The GC
grade N-hexane solvent was used to extract and solve naph-
thalene solid crystal. After removing the n-hexane solvent
peak in GC-MS, only one peak was observed whose spec-
trum was related to naphthalene (m/z = 128) at retention time
(RT) 13.269 min (Fig. 19a) and the MS pattern of naphthalene
was shown in Fig. 19b.

3.4. Naphthalene removal using synthesized photocatalyst

At first, solutions with a constant concentration of
5 mg/L naphthalene were prepared at a temperature of
30°C and pHs of 3, 5, 7, 9, and 10. At each pH, 500 mL of
naphthalene solution was tested in pilot of Fig. 1. After
investigating and making a comparison between absorption
spectrum of samples using spectrophotometer, the greatest
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Fig. 6. (a) FT-IR spectrum of TiO,-N-S at 60°C for 4 h, (b) FT-IR spectrum of TiO,-N-S at 50°C for 1 h, AND (c) FT-IR spectrum
of pure TiO,.

efficiency of naphthalene removal was obtained at optimal  of naphthalene removal at the presence of visible light
pH of 5. Results are shown in Fig. 16. Then at constant pH  was obtained at a concentration of 25 mg/L (pv < 0.05).
of 5, naphthalene solutions were made with concentrations  Additionally, by investigating the adsorption peaks spec-
of 5, 10, 15, 20, 25, 40, 45, and 50 mg/L. In Fig. 8, consid-  trum of naphthalene solution, it was observed that from
ering the rate constant K and R? of oxidation reaction and 90 min onward, another adsorption peak is emerged whose
removal of naphthalene at pH = 5, the greatest concentration  adsorption peak and spectrum is completely different from
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Fig. 7. DRS spectrum of TiO, and TiO,-N-S thin film on the glass
microspheres; DRS spectrum of (a) TiO, (blue line) and (b) TiO,~
N-S (red line) thin film on the glass microspheres.

naphthalene adsorption peak. Therefore, naphthalene
solution samples were injected into GC-MS system from
90 min onward. It turned out that naphthalene molecule has
been converted into another intermediate compound from
90 min onward. Therefore, the optimal time for naphtha-
lene removal using this photocatalyst was assessed within
90 min, which was consistent with the result of statistical
analysis (pv < 0.05). As shown in Figs. 9 and 11, the kinetics
of the naphthalene oxidation and removal was assessed up
to optimal time of 90 min. Considering Fig. 10, the greatest
efficiency of naphthalene in the presence of sunlight was
also obtained at a concentration of 40 mg/L.
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Fig. 9. Kinetic curve of the second-order equation for naphtha-
lene degradation at different concentrations in the presence of
TiO,-N-S photocatalyst under visible light.

3.5. Effect of pH on efficiency of naphthalene removal

In order to investigate the effect of pH on the efficiency
of naphthalene removal in the presence of visible light, sam-
ples with an initial concentration of 5 mg/L naphthalene solu-
tion were prepared at pHs of 3, 5, 7, 9, and 10, and samples
were taken and tested at time intervals of 0, 30, 60, 90, 120,
180, 210, and 240 min. Then based on the standard method,
the adsorption rate of the samples was read at wavelength
of 276 nm using spectrophotometer and the percentage of
naphthalene removal was calculated by Eq. (3). According
to Fig. 12, the highest efficiency of naphthalene removal was
obtained to be 79.04 at pH = 5 and within 90 min, which
had a significant difference with other pHs within this time
period (pv < 0.05), indicating that naphthalene degrada-
tion rate has increased by decreasing the solution pH. It is
worth mentioning that the solution pH indicates the sur-
face charge characteristic of photocatalyst such that in the

120
Concentration(mg/L) & C=5mgLo C=10 mg/L 8C=15 mg/LiC=20 mglL 8C= 25 mg’LoC= 40 mg/LOC= 45 mg/L -C=50 mg/L MBlank - Dark
100
I ; I i 18 T T
80 I L
& ill: 1L h
z. .
Y 60 '
"]
7]
g
| 40
I B A f
2 I A |
I |
0- - r | I | | =z i j_ i I i l i _i
0 5 10 15 20 25 30 60 90 120 150 180 210 240
Time{min)

Fig. 8. Efficiency of optical degradation of naphthalene at different initial concentrations in the presence of photocatalyst under visible

light within 240 min.
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Fig. 10. Efficiency of optical degradation of naphthalene with different initial concentrations in the presence of photocatalyst under
sunlight.
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Fig. 11. Kinetic curve of the second-order equation for naphthalene degradation at different concentrations in the presence of
TiO,-N-S photocatalyst under sunlight.
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Fig. 12. Effect of pH on efficiency of naphthalene removal (pH =5, pv < 0.05).
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Fig. 13. UV-Vis spectrum of naphthalene solution samples under photocatalyst degradation reaction at certain times: pH = 5,

naphthalene concentration = 5 mg/L under sunlight.
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Fig. 14. The point of zero charge (pzc) of TiO, molecule was reported to be at pH 6.25. Therefore, TiO, surface will be positively charged
in acidic state (a), and under weak alkaline conditions, that is, pH > 6.25, the surface charge of TiO, particles will be negative (b) [81].

acidic and basic pH values, the given photocatalyst particles
carry positive and negative surface charge, respectively. The
surface of TiO, catalyst in the aqueous solution is neutral at
pH = 6 and its surface carries positive and negative charge
at pHs below and above 6, respectively [74,75]. Zhao et al.
[76] reported that the positive surface charge of TiO, has

caused the produced optical electrons to better migrate at
pH less than 6 and prevents recombination of electron and
cavity, this way, increases the efficiency of photocatalytic
process.

Fig. 13 displays overlay UV-Vis spectrum of naphtha-
lene concentration reduction within 240 min (0-240). It is
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Fig. 15. UV-Vis spectrum of solution obtained from glass
microspheres coated by TiO,-N-S catalyst after irradiation.

worth mentioning that naphthalene has two maximum
wavelengths of 219 and 276 nm (Fig. 13). All of the results in
kinetic calculations between absorption and concentration
have been carried out at the wavelength of 276 nm because
the linear relationship of Beer-Lambert law holds a link
between the absorption and concentration of naphthalene at
the wavelength of 276 nm, and there is no linear relationship
between concentration and adsorption at the wavelength
of 219 nm. In many reports, the kinetic reaction of photo-
oxidation degradation of naphthalene has been reported at
a maximum wavelength of 276 nm [77].

Accordingly, since 90 min onward, the shape of spectrum
changes in general, indicating the production of other prod-
ucts except for naphthalene. In order to identify these com-
pounds, samples were injected to GC-MS.

According to Figs. 12, 13, and 16, as the solution pH
decreases, acidic condition (pH = 5) becomes dominant,
and the efficiency of naphthalene increases in the presence
of TiO,-N-S nanocatalyst. In alkaline pH, the efficiency of
naphthalene removal is significantly reduced. This indi-
cates that naphthalene is not stuck in oxidation trap on the
surface of nanocatalyst. Due to the multiple effects of pH
on the surface of semiconductor TiO,-N-S, molecules sol-
ubility, and radical ion formation, it is difficult to interpret
the effect of pH on photocatalytic process, but in ionization
mode, the photocatalyst surface can gain or lose proton
under acidic and alkaline conditions based on the following
relations.

According to Fig. 14, as naphthalene is negative charge
due to having two benzene rings containing three double
independent bonds, it can easily be absorbed on titanium
oxide, which has a positive surface charge and is easily
exposed to the photo-oxidation process, but as under the
base conditions, TiO, surface is negatively charged, naphtha-
lene and TiO, repel each other.

Therefore, the efficiency of naphthalene removal in
acidic environment is higher due to the increased rate of
hydroxyl radicals formation and adsorption on surface of

1.2
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Fig. 16. Kinetic curve of second-order equation for naphthalene
degradation at initial concentration of 5 mg/L at different pHs
under visible light.

TiO,-N-S particles. Under alkaline pH, the possibility of
surface adsorption increases due to the difference in surface
charge of naphthalene molecule and TiO,-N-S particles, and
part of naphthalene removal in acidic pH can occur as a result
of it. Over time, hydroxyl radicals, which are better formed
in acidic environment, increase the removal efficiency due to
oxidation effect of creating electron cavity [78-80].

According to Fig. 15, after 120 min of irradiation, the
absorption of ultrasonicated solution was measured, and
no absorption peak appeared in the UV-Vis spectrum of
the solution. Therefore, naphthalene has not been adsorbed
onto the thin layer of TiO,-N-S5, and naphthalene removal
mechanism has been based on oxidation. The study con-
ducted by Avisar et al. [78] on sulfamethoxazole (SMX)
treatment using pH induced UV showed that an increase in
pH from 5 to 7 can reduce SMX degradation [82].

3.6. Kinetic of photocatalytic degradation of naphthalene

The kinetic of naphthalene degradation by TiO,-N-S
photocatalyst was found to obey the quadratic Eq. (4).

— =Kt )

where t, reaction time in minutes; K, reaction rate constant in
terms of 1/min; and C, and C,, initial and secondary concen-
tration of naphthalene after the reaction in mg/L at t = 0 and
t = t, respectively.

Fig. 16 shows kinetic of photocatalytic removal of naph-
thalene reactions and reactions rate constant and correla-
tion coefficients from 0 to 90 min. The K value of naphtha-
lene degradation at optimal pH of 5 within 90 min is equal
to 0.0085 and at a pH of 10 is equal to 0.0002. Therefore,
the reaction rate of naphthalene degradation is higher in
acidic pHs.

In this study, two first and second-order kinetic models
were investigated for naphthalene removal. The kinetics
experiments were performed by changing the contact time
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Fig. 17. Kinetic curve of the first order equation for naphthalene
degradation at initial concentration of 5 mg/L at different pHs
under visible light.

up to 90 min with an initial concentration of 5 mg/L naph-
thalene in the presence of TiO,-N-S catalyst. Correlation
coefficient was used to show how well the regression
equation of samples fits the data. The kinetic model of
naphthalene removal was analyzed by making a compar-
ison between R? coefficients of all samples using Excel
software. The second-order kinetic model of naphthalene
photocatalytic removal and reaction rate constant, k, and
correlation coefficients, R? up to 90 min at pH values of
3,5,7,9, and 10 are shown in Fig. 16. The values of K and
R? obtained from naphthalene degradation at optimum
pH of 5 within 90 min were obtained to be 0.9928 and
0.0085, respectively, and at pH 10 these values were equal
to 0.8872 and 0.0002, respectively. Therefore, the reaction
rate of naphthalene degradation is higher at acidic pHs.
The first-order kinetic model of naphthalene photocat-
alytic removal at a concentration of 5 mg/L naphthalene
and pH values of 3, 5, 7, 9, and 10 within 90 min is shown
in Fig. 17. The values of K and R? at an optimum pH of 5
are equal to 0.9152 and 0.0167, respectively. Therefore, as
the obtained results well fitted and R? gets closer to 1, the
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kinetic model of naphthalene removal using this photocat-
alyst follows second-order kinetics. The kinetics graphs of
naphthalene removal in 1/C vs. irradiation time are shown
in Figs. 9, 11, and 16. The rate constants were found from
the slope of the line 1/C vs. time. The regression coefficient
of R* was greater than 0.9 for the second-order kinetic plot.
It should be noted that in this study, the total time of naph-
thalene compound removal is 90 min. It is clear because
the pattern of naphthalene adsorption is completely lost
within 90 min and after this time the absorption spectrum
is characteristic of the quinoline compound as intermedi-
ate resulting from photodegradation of naphthalene. So,
the kinetic reaction of naphthalene was analyzed from
0 to 90 min, which was estimated according to the sec-
ond-order kinetics. A lot of researchers have recorded the
kinetics of the photo-oxidation degradation of naphtha-
lene during degradation time of naphthalene, and they
report that they follow the first-order kinetics [61,83,84].

3.7. Reusability of the catalyst

The reusability of TiO,-N-S was tested for the degra-
dation of naphthalene at an initial concentration of 15 mg/L
in the presence of visible and sunlight. After complete
degradation, the catalyst was alienated and rinsed with a
bulky amount of deionized water. Using a hot air oven, the
improved catalyst was dried at 100°C for 90 min and used for
a second run. Fig. 18 shows the results of naphthalene deg-
radation for six runs. TiO,-N-S exhibits amazing photosta-
bility as naphthalene degradation percentages under visible
light are 87.04%, 86.17%, 84.38%, 84.28%, 84.17%, and 84.16%
and naphthalene degradation percentages under sunlight
are 87.74%, 86.64%, 86.18%, 86.09%, 85.12%, and 85.12% for
90 min in the 1st, 2nd, 3rd, 4th, 5th, and 6th runs, respec-
tively. No significant change was observed in reused TiO,~
N-S photocatalyst and it did not change during the reaction,
representing the stability of photocatalyst. After the comple-
tion of the degradation reaction, the solution was tested for
Ti** leaching with sodium sulfide. There is no precipitation
of titanium sulfide (black color) [85], indicating that the cata-
lyst is non-hazardous for aqueous environments.

M C=15mg/L, under sun light

85 09 85 12 85 12
84.17 ,, 84.16
' _._______———-——__P_ & th cycle

1to 6 ™ cycles time(min)

Fig. 18. Reusability the catalyst TiO,~-N-S of the solution naphthalene at a concentration of 15 mg/L in the presence of visible and

sunlight at 90 min.
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Fig. 19. (a) GC spectrum of pure naphthalene, (b) GC spectrum of solution after 90 min radiation, and (c) GC spectrum of solution

after 120 min radiation.

3.8. Intermediate compounds produced by naphthalene
degradation

In order to assess the intermediate compounds obtained
from the process of photooxidation degradation of naph-
thalene by TiO,-N-S photocatalyst, Agilent 5975C model
GC-MS was used. As the assessment at UV-Vis spectrum
indicates that the absorption spectrum of naphthalene is
completely removed and another absorption peak emerges
at time of 90 min, in order to detect the intermediate com-
pounds produced by degradation at the time of 90 min of
radiation in the presence of catalyst, the sample was injected
to GC-MS after being extracted by dichloromethane solvent.

Fig. 19 show GC spectrum of the intermediate com-
pounds produced from naphthalene photooxidation by
TiO,-N-S catalyst during irradiation. According to retention
time and library assessment of device from mass spectrum

interpretation, the intermediate compounds include com-
pound 9 (Phthalic acid), compound 15 (2-formyl cinnamal-
dehyde), compound 16 (2-carboxy-cinamaldehyde), and
compound 10 (ethanoic acid), and the proposed mechanism
for naphthalene removal is oxidation in the presence of
OH radicals and HO, radicals (Fig. 20). It should be noted
that in the previous research, the intermediate compounds
produced by naphthalene’s photo-oxidation degradation
and degradation mechanisms were presented which are in
agreement with the results of this study [86,87].

Results from GC-MS assessment of solution after 120 min
radiation indicate the removal of intermediates, and finally,
mineralization phenomenon of intermediate organic com-
pounds and their conversion into CO, and H,0O gases, con-
firming that no absorption spectrum of organic intermediates
produced from photo-oxidation is observed after 120 min
(Fig. 20c).
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4. Conclusion

In the current research, TiO, and TiO,-N-S thin film syn-
thesis and deposition on glass microspheres were success-
fully realized using sol-gel method. The results of XRD anal-
ysis of doped samples by two non-metal elements of sulfur
and nitrogen and the spectrum of TiO,-N-S nanoparticles
formed at 500°C for 1 h showed only the presence of ana-
tase phase and indicated the reduction in nanoparticles size.
SEM results showed that the nano size of TiO,-N-S thin film
particles is about 10-15 nm. Additionally, results of DRS and
FT-IR analyses of samples showed that the energy gap has
reduced from 3.2 to 2.98 eV. They showed that the energy gap
band has become narrower and the optical activity of TiO,-
N-S thin film on glass microspheres has directed toward vis-
ible light. The analysis results of naphthalene samples at dif-
ferent concentrations in the presence of visible and sunlight
showed that the kinetic equation of naphthalene removal
obeys second-order model, and the optimal conditions of
naphthalene removal occur at pH = 5 and within 90 min,
and an increase in the initial concentration of the solution
causes an increase in naphthalene removal efficiency on the
same conditions. By increasing the initial concentration of
naphthalene from 5 to 25 mg/L at a contact time of 90 min, in
the presence of visible light, the removal efficiency increased
from 79.04% to 94.28%. The maximum removal efficiency
of naphthalene in the presence of visible and sunlight was
obtained at a concentration of 25 and 40 mg/L, respectively.
GC/MS analysis results showed that at the optimal time of
removal (90 min), some intermediate compounds are pro-
duced and theses intermediates are converted into water
and carbon after another 30 min contact time and the aquatic
environment becomes devoid of any organic compound. As
a result of using this method in a full scale, it is required to
keep contact time up to 120 min. Considering the desirable
results of the photocatalytic removal of naphthalene process
using nanoparticles synthesized by N and S-doped TiO,
through sol-gel method, it is suggested that the efficiency of
this method for removal of the total PAHs is investigated to
determine the scope of this process performance with regard
to its capability to be used for water treatment and treatment
of wastewater containing oil pollutants.
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