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a b s t r a c t
In this research, titanium dioxide-phosphorus (TiO2-P) immobilized on silica phosphoric acid (SPA) 
was prepared by a simple modified sol–gel method with SPA as a precursor instead of phosphoric 
acid. TiO2-P thin film photocatalyst immobilized on SPA as a novel high-efficiency photocatalyst was 
investigated to remove naphthalene as a toxic compound from wastewater. The novel resulting pho-
tocatalyst were characterized by energy-dispersive X-ray (EDX) and X-ray diffraction pattern revealed 
nano-photocatalyst TiO2-P with the average size of 15–20 nm. EDX analysis showed the presence of 
phosphorus elements in the crystalline structure of TiO2 and diffuse reflectance spectroscopy showed 
the energy bandgap narrowing and transfer of photocatalytic activity of TiO2-P to the visible region. 
The excellent photocatalytic activity of TiO2-P/SPA compared with TiO2-N,S as thin films coated on 
glass microspheres. The results showed that the optimal pH, time, concentration, and efficiency 
removal of naphthalene for TiO2-P were 5, 50 min, 25 mg/L, and 92.12% and TiO2-N,S catalyst were 
5, 60 min, 25 mg/L, and 88.47%, respectively (P < 0.05). The removal of chemical oxygen demand in 
pH 5 for TiO2-N,S was obtained 79.26% and for TiO2-P was obtained 81.64%. In this research, the 
ability to use immobilized TiO2-P in SPA can be used as a new, effective and practical method in the 
treatment of water and industrial wastewater containing naphthalene in the presence of visible light.
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1. Introduction

Hydrocarbons such as polycyclic aromatic hydrocar-
bons (PAHs) consist of two or more aromatic rings which 
fused together are the main constituents of the petroleum, 
dyes, plastics, and pesticides that are not biodegradable 
would remain in the environment for a long time, which 

have side effects on human health and aquatic environment 
[1–3]. PAHs cause various cancers in the respiratory organs, 
including lung and laryngeal cancers, as well as cancers of 
the reproductive organs, including the scrotum, bladder, 
and prostate. These compounds are produced mainly from 
the incomplete combustion or pyrolysis of organic mate-
rial including gas, oil, coal, petroleum, and wood [4,5]. 
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PAHs have recently drawn substantial attention in studies 
on water, soil, and air pollution because they are extremely 
mutagenic, carcinogenic, and teratogenic [6,7]. Naphthalene 
(C10H8) is the smallest PAH, consisting of two fused benzene 
rings and the main compound that has the most solubility 
in aqueous media [8,9].

Physical processes are not efficient for PAHs pollution 
because they are unable to degrade these contaminants 
[10,11]. Accordingly, chemical processes are the most effec-
tive methods to convert these substances. Out of the chemical 
processes, direct photolysis is one of the main transforma-
tion processes that are effective on the fate of PAHs in the 
aquatic environment [11]. These challenges have culminated 
in designing specific methods based on advanced oxidation 
processes (AOPs), that is, a modern technology for water 
and wastewater treatment [12]. AOPs act based on the pro-
duction of unstable species with high reactivity tendency 
(e.g., H2O2, O2

•, and OH•) to convert the resistant organic 
compounds to the inert components [12].

TiO2 one of the most semiconductors using for photo-
catalytic reactions. Therefore, TiO2 photocatalysts doped 
with nonmetals increased photocatalytic performance in 
the visible light region [13].

In the anatase crystalline form, solid TiO2 serves as 
a semiconductor that is able to promote an electron (e–) 
from the valence band (VB) to the conduction band (CB) 
under ultraviolet irradiation, leaving a positive hole (h+) at 
the site in which the electron has been originally captured. 
When TiO2 suspends in water, both the electron and the 
hole can vary actively generate radicals (hydroxide and 
superoxide) in the oxidative degradation of organic pol-
lution in water Eqs. (1)–(5), [8,14]. Mechanism of forma-
tion of superoxide and hydroxyl radicals in TiO2-catalyzed 
water by (EG = gap energy) is depicted in Fig. 1:

TiO2 + hν → e– (CB) + h+ (VB) (1)

H2O + h+ (VB) → •OH + H+
aq (2)

OH– + h+  (VB) → •OHad (3)

h+ (VB) + Rads → R+ (4)

O e CB Oads  h   ads2 2( ) ( )
−

≥
−•+  →( ) ν EG  (5)

The literature about naphthalene oxidation by photo-
catalysis shows that degradation yields various compounds 
such as naphthols, naphthoquinones, and cinnamalde-
hydes and that naphthalene is finally completely miner-
alized into CO2 and H2O. Due to their eco-friendly nature 
and high optical activity, low price, low toxicity, high 
chemical and thermal stability, heterogeneous photocat-
alysts such as anatase TiO2 crystals are regarded as the 
most popular photocatalysts [15–17]. Therefore, to modify 
this intrinsic property of TiO2 and produce a new photo-
catalyst that is capable of keeping its photocatalytic activ-
ity in exposure to sunlight, methods such as doping with 
noble metals, metal ions, and anions (C, N, F, and S) are 
being developed [18–21]. Jafari et al. [22] doped N and S 
elements on the TiO2 network to reduce the energy band 
gap and increase the optical activity of TiO2 in a visible 
light region to remove naphthalene in an aqueous solution.

Doping phosphorus with TiO2 makes the gap between 
two strips of capacity and conductivity narrower, and 
therefore leads to absorption in the visible region [23–25].

The efficiency of the oxidation techniques is dependent 
on different parameters, such as UV/visible-light intensity, 
the oxidant dose, free radical generation rate, reaction time, 
pH, initial concentration, and physico-chemical properties 
of the target pollutant, and the constituents of the water 
matrix (such as the presence of anions, suspended materi-
als) [26–28]. In this study, in addition to the previous work, 
the new catalyst phosphorus doped-titanium dioxide [26] 
(TiO2-P) coated on silica phosphoric acid (SPA) was pre-
pared and will be compared with the TiO2-N,S catalyst 
coated in glass microspheres to remove naphthalene from 
aqueous environments. SPA was synthesized according 
to previous literature [26], it was prepared by reaction of 
dry phosphoric acid with silica chloride. Using visible 
light that effect different parameters, such as the initial 
concentration of naphthalene, pH, radiation time, and 
COD. The TiO2-P/SPA were assayed by scanning electron 
microscopy (SEM) and energy-dispersive X-ray (EDX).

2. Materials and methods

2.1. Photocatalyst synthesis

All chemical materials were purchased from Germany’s 
Merck Company. In order to immobilize the prepared sol 
of tetrabutyl titanate on a substrate, 500 microns in diam-
eter glass microspheres made in Glass Beads were used. 
First, the glass microspheres were washed with a deter-
gent solution and placed in dilute hydrochloric acid for 8 h 
and placed in an oven at 60°C for 4 h to eliminate possi-
ble contamination and the glass microspheres for 30 min 
rinsed in the ultrasonic tub for minutes. TiO2-N,S nano-
catalyst coated in glass bead was synthesized using sol–
gel method according to previous literature [22]. TiO2-P 
coated on SPA glass microspheres was prepared through 
hydrolysis of tetrabutyl titanate in presence of SPA as the 
precursor of phosphor (P) instead of hypophosphorous 
acid. First, SPA was synthesized according to previous 
literature [26], it was prepared by reaction of dry phos-
phoric acid with silica chloride. For the preparation of silica 
chloride, thionyl chloride was reacted with dry silica gel.  

Fig. 1. Mechanism of formation of hydroxyl and superoxide 
radicals in water catalyzed by TiO2.
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The acidic capacity of SPA was determined via titration of 
0.2 g of SPA with a standard solution of NaOH and calcu-
lated 10.62 mmol g–1. P-doped TiO2 Coated on SPA glass 
microspheres was prepared by a simple sol–gel method 
referring to that of P-doped TiO2 reported by Lin et al. [28]. 
The atomic ratio of P to Ti in the precursors was 0.01. The 
typical synthesis procedure for P-doped TiO2 is as follows: 
at first, 32.4 mg of SPA was dispersed in 100 mL of ethanol. 
The solution was stirred magnetically for 30 min, followed 
by the addition of 3.4 mL of tetrabutyl titanate. The mix-
ture was stirred under anaerobic conditions (purged with 
N2) for 2 h at room temperature, deionized water was then 
added dropwise to the vigorously stirring solution. The 
solution was aged at room temperature for 24 h and then 
stirred again at 90°C in a water bath to gelation, and dried 
at 100°C for about 8 h in air, to vaporize water and alco-
hol in the gels. The resulting product is ground into a fine 
powder and becomes a xerogel sample. The synthesized 
xerogel samples were calcinated at 600°C (as optimum 
temperature) for 3 h, to obtain TiO2-P Coated on SPA glass  
microspheres (Fig. 2).

2.2. Study of photocatalyst properties

The crystallinity and particle size of the prepared 
TiO2-P/SPA film on glass spheres were investigated by 
the X-ray diffraction (XRD) patterns collected in the range 
20–80 (2θ) using a using Philips CM120 (Netherland) 
X’pert pro MPD device. The mean crystalline particle size 
of the anatase phase was estimated by Scherer equation 
[29]. The TiO2-P photocatalytic band gap was obtained 

using ultraviolet reflection spectroscopy (UV-vis) via the 
Shimadzu UV-1800 spectrophotometer [22].

2.3. Study of photocatalyst optical activity

Photocatalytic activities of TiO2-P/SPA have been eval-
uated by measuring the photodegradation naphthalene 
solution under visible light irradiation. Fig. 3 shows the 
reactor used for the photocatalytic experiment according to 
previous work [22]. The degradation of naphthalene has been 
estimated by measuring the concentration of naphthalene at 
a defined time interval by using the UV-vis spectrophotom-
eter at 276 nm [30]. Interestingly, naphthalene has a sharp 
absorption peak at 219 nm which this wavelength has no lin-
ear relationship between the amount of adsorption and con-
centration, so the wavelength of 276 for kinetic evaluation 
is used. The initial concentrations of naphthalene solution 
were chosen to be 5, 15, 25, 40, and 50 mg/L. The naphtha-
lene solubility in water is a function of the solution tem-
perature and its solubility is 31.6 mg/L at 25°C. The tem-
perature of the reservoir containing naphthalene solution is 
30°C. The interior temperature of the chamber about is 40°C 
due to the lamp heat. Different concentrations of naphtha-
lene solution include 5, 15, and 25 mg/L were prepared in 
distilled water without organic solvent. In order to make 
naphthalene solution at concentrations of 40 and 50 mg/L, 
methanol solvent was used and prepared according to 
previous work [22]. Solutions were made for at least three 
replicates for each concentration and only one catalyst bed 
was used for each of the three replicates. After each use, the 
catalyst was washed more than a few times with distilled 

Fig. 2. Schematic diagram of TiO2-P/SPA catalyst preparation.



B. Banaei et al. / Desalination and Water Treatment 224 (2021) 187–196190

water, sonicated and dried at 100°C for 90 min and recy-
cled. Initially, 500 mL of naphthalene solution with a con-
stant concentration of 5 mg/L naphthalene was prepared at 
a temperature of 30°C and pHs of 3, 5, 7, and 9 were tested 
in the pilot of Fig. 3 according to previous work [22]. At 
each pH, the excitation has been carried out with a table 
lamp (visible light, output; 450 W) with 100 mL of 0.1 M 
aqueous solution of naphthalene and 18 g of the catalyst. 
The degradation of naphthalene is estimated by measuring 
the concentration of naphthalene over a specified period of 
time using a US-made UV-vis spectrophotometer (Perkin 
Elmer, Germany) at a maximum wavelength of 276 nm 
[22,30]. We first allowed the solutions of naphthalene were 
rotated at 20 min of darkness period before the visible light 
to get the adsorption–desorption equilibrium after which 
the initial concentration of naphthalene has been indicated 
as C0. To keep the temperature constant at 25°C inside the 
reactor, a cooler pump and a cold water tank connected 
to the valve was used. The degradation efficiency of 
naphthalene was calculated using the equivalent Eq. (6):

η =
−

×
C C
C

t0

0

100  (6)

where C0 is the initial concentration and Ct is the residual 
concentration of naphthalene after time t, and η is the naph-
thalene elimination percentage. All experiments were done 
in triplicate and the mean value was reported.

2.4. Chemical oxygen demand analysis

Samples were taken at different time intervals, the 
volume of any sample for COD measurement is 10 mL. 
The methodology is based on the oxidation of the organic 
carbon by potassium dichromate (K2Cr2O7, 4N) in an 
acidic medium, thus conversion into carbon dioxide and 
water was done according to the standard method in the 
wastewater test [31].

2.5. Statistical analysis

One-way analysis of variance (ANOVA) was used to 
determine the accuracy of the test. In addition, Tukey’s test 
was used to define p-value and the standard deviation.

3. Results and discussion

3.1. Morphological and structural properties of photocatalyst

In order to investigate elemental analysis and to cal-
culate the weight percent and atomic percent of the ele-
ments existing on TiO2-P nanocatalyst coated on SPA, EDX 
analysis was used. Figs. 4a and b illustrate EDX analysis 
of TiO2-P thin film on SPA and Figs. 4c–e illustrate its cor-
responding SEM images. Fig. 4b shows the peaks of thin 
layer TiO2-P coated on glass microspheres which con-
firm the presence of Ti and Si with the presence of P in 
the structure of the thin film of TiO2. It should be noted 
that the elements of Mg, Na, and Ca in the EDX analy-
sis spectrum are associated with the glass microspheres 
structure. Also, EDX analysis (Fig. 4b) shows the peaks 
related to the presence of P are at 0.5 keV and Ti at about 
1.5–8.5 keV. According to Fig. 4b, elemental analysis of 
thin-film TiO2-P coated on glass microspheres indicates 
54.32 wt.% oxygen, 20.65 wt.% silicon, 6.10 wt.% sodium, 
1.89 wt.% magnesium, 3.28 wt.% calcium (which is related 
to glass microspheres), 13.56 wt.% titanium, and phosphorus 
0.21 wt.% representing that the new photocatalytic layer 
contains doped P atom. The SEM images of TiO2-P thin 
film coated on SPA glass microspheres are shown in Figs. 
4c. The thickness of TiO2-P thin film which is equal to 1.73 
µm compared (Figs. 4d) the thickness of this TiO2-N,S thin 
film is equal to 693.68 nm according to previous literature 
[22]. Fig. 4e demonstrates the nano size of TiO2-P particles 
in the thin film, which is evaluated to be 10–20 nm. TiO2-P 
thin film coated on SPA glass microspheres has more thick-
ness film than TiO2-N,S which is equal to 693.68 nm [22], 

Fig. 3. Schematic diagram of the pilot: (1) visible light, (2) mirror, (3) photoreactor, (4) TiO2-P/SPA catalyst coated on glass 
microspheres, (5) reactor containing naphthalene solution, (6) condenser, (7) magnetic stirrer, (8) thermometer, and (9) cooler pump 
and cold water tank.
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because the phosphorus atoms were the covalent band with 
a hydroxyl group in the surface of glass microspheres. 
The hydroxyl group of phosphoric acid on the surface 
of the glass microspheres is good interaction with the 
prepared sol of tetrabutyl titanate via hydrogen bonding.

The crystal structure of the catalyst was investigated 
by XRD, phase composition, and particle size of TiO2-P 
as a thin film coated on SPA glass microspheres and the 
effect of phosphorus doping on particle size and crystal 
phase. Fig. 5 shows the XRD patterns of TiO2-P thin film 
coated on SPA glass microspheres. It is clear from Fig. 5 

that the TiO2-P sample is present in an anatase phase, 
which is shown with the appearance of a diffraction peak 
of about 25.5° (JCPDS file number = 01-089-4921). Recently, 
Yingying et al. [32] have observed the absorption blue 
shift for their phosphorus-doped TiO2 sample whereas 
Lin et al. [25] have observed absorption redshift for their 
phosphorus-doped samples. Yang et al. [35] reported the 
reduction of the anatase TiO2 bandgap in the calculations 
of the electronic structure of TiO2 because of the pres-
ence of doped phosphorus due to the replacement of pen-
tavalent phosphorus (P5+) to Ti4+ sites.

Fig. 4. EDX spectrum and SEM images related to TiO2-P coated on SPA, respectively: (a) SEM image of SPA glass microspheres 
which coated with TiO2-P thin film, (b) EDX analysis related to TiO2-P coated on SPA glass microspheres, (c) SEM image of uniform 
TiO2-P thin film coated on the SPA surface, (d) thickness of TiO2-P thin film which is equal to 1.73 µm, and (e) high-resolution 
image of nanometer-sized TiO2-P particles on the SPA glass microspheres surface.

Fig. 5. XRD pattern of TiO2-P thin film doped on SPA glass microspheres.
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UV-vis diffuse reflection spectroscopy (DRS) analy-
sis of pure TiO2 spectra coated on glass microspheres and 
TiO2-P/SPA is shown in Fig. 6. To estimate 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 [33]. These values were calculated 
to be equal to an energy gap of 3.2 eV for TiO2 thin film 
and 2.91 eV for TiO2-P, respectively. This was in agreement 
with that obtained by Lin et al. [25]. It can be observed, 
the effect of the addition of P nonmetal element in the 
crystalline structure of TiO2 powder made the gap energy 
narrower and transferred photocatalytic activity TiO2-P 
to the visible region [23,34,35]. It should be noted that the 
energy gap of TiO2-P coated on SPA is less than TiO2-N,S 
thin film on glass microspheres (2.96 eV) was reported in 
previous literature [22]. Therefore, we compared the pho-
tooxidation property of naphthalene degradation in the 
presence of TiO2-P coated on SPA glass microspheres with 
TiO2-N,S thin film on glass microspheres in the presence 
of visible light (to complete the previous study). So TiO2-P 
has better photooxidation properties in the degradation of 
naphthalene than TiO2-N,S in the presence of visible light. 

3.2. Effect of the initial naphthalene concentration on 
the efficiency of naphthalene removal

Initial naphthalene concentration as the first parame-
ter was studied. These tests were conducted for 150 min 

and at five initial concentrations of naphthalene 5, 15, 25, 
40, and 50 mg/L at pH 5. Fig. 7 illustrates that naphtha-
lene concentration decreases over time. The highest opti-
cal degradation in the presence of visible light for TiO2-N,S 
at 60 min (after 40 min of visible light irradiation) and for 
TiO2-P at 50 min (after 30 min of visible light irradiation) 
was obtained at a concentration of 25 mg/L. The genera-
tion rate of oxidizing components such as free hydroxyl 

Fig. 7. Efficiency of optical degradation of naphthalene at different initial concentrations in the presence of photocatalyst by: 
(a) TiO2-N,S thin film coated on glass microspheres under the dark and visible light conditions from 0 to 150 min and (b) TiO2-P/SPA 
under the dark and visible light condition from 0 to 150 min.

Fig. 6. DRS spectrum of pure TiO2 coated on glass microspheres 
(blue line) and TiO2-P/SPA (red line).
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radicals was increased under visible light radiation which 
similar results have been described in previous studies [36].

3.3. Effect of visible light on the efficiency of naphthalene removal

Visible light plays an important role in the process of 
photocatalytic degradation. This test was done in two 
stages, that is, darkness and under visible light. The first 
stage was done in the darkness (at 20 min) and the second 
stage was done after the first stage (at 130 min) under visi-
ble light. Table 1 illustrates the effect of visible light on the 
degradation rate of naphthalene molecules. Accordingly, 
when visible light is introduced, the removal of naphtha-
lene was increased because, with the increase of photon 
count, the formation of electrons and holes has increased, 
therefore, the share of recombination of holes and elec-
trons is negligible. However, in the dark, the combination 
of electrons and holes competes with their recombina-
tion, reducing the formation of free radicals to accelerate 
the process of photooxidation in the dark [37]. Removal 
of naphthalene under the darkness was low. After the first 
step (for 20 min under dark conditions), the percentage of 
naphthalene reduction by the TiO2-N,S catalyst is 88.47% 
after 40 min under visible light radiation, and for the TiO2-P 
catalyst is 92.12% after 30 min under visible light radia-
tion. The results imply that TiO2-P has better degradation 
photocatalyst than TiO2-N,S for removal of naphthalene. 
The photooxidation of naphthalene has been reported in a 
study with consistent results with our study [17]. According 
to the titanium sulfide precipitation test (black color) [22], if 
the Ti3+ ion is leached out of catalyst into the solution then it 
is reacted with the sulfide reagent to the formation of black 
color precipitated in the vessel. These observations indi-
cated that no leaching of catalyst in aqueous environments.

3.4. Effect of pH on efficiency of naphthalene removal

The effect of pH on the efficiency of naphthalene removal 
was investigated in the presence of visible light and TiO2-
N,S, TiO2-P catalysts at pH 3, 5, 7, and 9 at an initial con-
centration of naphthalene of 5 mg/L. Then, samples were 
taken at different time intervals (0, 5, 15, 20, 25, 35, 40, 
50, 60, 90, 120, and 150 min). Eq. (6) was used to measure 
naphthalene removal percentage by measuring the optical 
absorbance of samples at 276 nm.

The pH of the solution has a substantial impact on the 
process. As a result, the photooxidation degradation rate 
varies depending on the pH of the aqueous medium which 
corresponds to the literate reports [22,38,39].

According to Table 2, the maximum removal yield of 
naphthalene by TiO2-N,S was obtained at pH 5 within 60 min 
(77.32%), and maximum removal efficiency of naphthalene 
by TiO2-P was obtained at pH 5 within 50 min (79.96%), 
which was significantly different from other pHs within 
50 and 60 min (p < 0.05).

Over time, hydroxyl radicals, which are better formed in 
an acidic environment, increase the removal efficiency due 
to the oxidation effect of the creating electron cavity [40–42].

3.5. Chemical oxygen demand

Chemical oxygen demand (COD) test was done accord-
ing to the Standard Methods for the Examination of 
Wastewater [31]. The efficiency removal of COD at differ-
ent time intervals is illustrated in Fig. 8. This observation 
regarding COD is in line with the above result regarding 
photodecomposition of naphthalene, that is, the TiO2-P 
and TiO2-N-S catalysts showed the highest removal effi-
ciency under visible light. The removal of COD in concen-
tration equal 5 mg/L for TiO2-N-S was obtained at 79.26% 

Table 1
Removal rate of naphthalene by using different catalyst samples: (a) in the darkness for 20 min and (b) under visible light for 130 min 
(C = 25 mg/L and pH = 5)

Time (min) 
catalyst

Dark condition Visible light condition
0 5 15 20 25 35 40 50 60 90 120 150

TiO2-N,S 0 6.06 19.75 28.49 50.54 74.51 81.48 85.89 88.47 85.67 85.25 84.14
TiO2-P 0 12.73 28.49 39.18 76.42 86.29 89.42 92.12 89.29 91.61 90.17 89.09

Table 2
Effect of pH on efficiency of naphthalene removal by TiO2-N,S, and TiO2-P (C = 5 mg/L and p < 0.05)

150120906050403525201550Time (min)
pH

54.225555.2056.4251.5947.1244.2720.3519.4510.684.9203TiO2-N,S
53.0855.0557.3154.2659.5957.4650.1042.8325.6614.847.110TiO2-P
76.1576.7875.9877.3271.6766.0459.7828.6019.8212.865.6305TiO2-N,S
70.6573.6878.1675.6379.9674.6769.4060.1935.0123.509.650TiO2-P
51.1452.6151.9853.4050.5745.5734.3219.3417.718.696.9507TiO2-N,S
50.3252.0154.1751.2556.5453.5046.7140.3923.8415.345.640TiO2-P
24.2726.4425.7932.7231.9330.0121.866.596.242.402.1009TiO2-N,S
33.0934.2636.1633.5937.2134.5429.2223.5914.408.511.840TiO2-P
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and for TiO2-P 81.64%. Therefore, the concentration and 
pH were the two main factors for COD removal under 
visible light, so that comparably greater removal rates of 
COD were observed under alkaline condition (pH = 9).

3.6. Intermediate compounds produced 
by the degradation of naphthalene

To study the intermediate compounds from the proce-
dure of photooxidation degradation of naphthalene by TiO2-P 
photocatalyst, gas chromatography (Agilent Technologies 
7890A model GC) manufactured by Agilent, USA device con-
nected to mass spectrometer (Agilent Technologies-5975C 
Model) was used, and the samples were injected into GC-MS 
after being extracted by dichloromethane solvent. Fig. 9 
shows the GC spectrum of the intermediate compounds pro-
duced from naphthalene photooxidation by TiO2-P catalyst 
during irradiation at 0, 35, 55, and 120 min. According to 
the retention time and evaluation of the device library based 
on the interpretation of the mass spectrum, the intermedi-
ate compounds were determined. It should be noted that in 
the previous study, the intermediate compounds produced 
due to naphthalene photooxidation degradation and deg-
radation proposed mechanism for naphthalene removal in 
the presence of OH radicals were presented [22]. The results 
are in agreement with the results of previous work. The 

intermediate compounds include phthalic acid, 1,2-naph-
thalene dione, 1,4-naphthalene dione, and 2-carboxy-cin-
namaldehyde. The GC-MS results regarding the solution 
after 120 min confirmed the removal of intermediates.

4. Conclusion

The efficiency of photocatalytic processes for PAH 
degradation depends not only on the operating conditions 

Fig. 9. Intermediate compounds produced from naphthalene photooxidation by TiO2-P catalyst during irradiation at T0, T30, T55, 
and T120 min.

Fig. 8. Efficiency removal of chemical oxygen demand (COD) at 
different time intervals.
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(e.g., pH, type of energy source, initial pollutant concen-
tration, and reaction time) but also the type of photocata-
lyst efficiency which determines the quantity of radicals 
available to oxidize PAHs. The use of photocatalyst will 
also reduce the likelihood of the occurrence of highly toxic 
by-products because it can degrade the naphthalene com-
pletely into CO2 and H2O. In the current study, the novel 
high-efficiency photocatalyst TiO2-P immobilized on SPA 
was prepared by a simple modified sol–gel method. This 
catalyst was investigated to remove naphthalene from 
wastewater. DRS analysis showed the energy bandgap nar-
rowing of TiO2-P convert to the visible region. The excellent 
photocatalytic activity of TiO2-P/SPA compared with TiO2-
N,S coated on glass microspheres were studied for removal 
of naphthalene. By increasing the initial concentration of 
naphthalene from 5 to 25 mg/L at an exposure time of 60 min, 
in the presence of visible light, the removal efficiency by 
TiO2-N-S catalyst increased from 77.32% to 88.47%, and for 
TiO2-P catalyst at 50 min, in the presence of visible light, the 
removal efficiency increased from 79.96% to 92.12% at pH 
equal 5. The maximum removal efficiency of naphthalene 
in the presence of visible light was obtained at a concentra-
tion of 25 mg/L. Under acidic conditions and in presence of 
visible light, TiO2-N-S and TiO2-P catalysts were more effi-
cient. The pH and concentration are the two main factors 
that influence the efficiency of the photocatalysis process. 
The decomposition of naphthalene was monitored by COD. 
The removal of COD in pH 5 for TiO2-N-S was obtained 
at 79.26% and for TiO2-P was obtained at 81.64%. GC/MS 
study results showed that some intermediate compounds 
are produced and these intermediates are mineralized 
after another 120 min contact time. It is suggested that the 
efficiency of TiO2-P/SPA photocatalysis for removal of the  
total PAHs.
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