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S-N codoping TiO,/SiO, and TiO,/SiO, /Fe O, core-shell nanocomposites as a
novel purple LED light driven photocatalyst for degradation of paracetamol:
optimization and different scavenger agents study
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ABSTRACT

S-N codoping TiO,/SiO, as a novel purple LED light active photo catalyst have been prepared by
simple sol-gel method. The Fe,O, magnetic particles were also used as the core to create recover-
able photo catalysts. The results indicated that the photo catalytic activity of TiO,increases with the
addition of thiourea as a source of nitrogen and sulfur in the visible light range. Moreover, the SiO,
coupling increased the titanium dioxide active surface, reinforcing its photo catalytic properties. The
prepared samples were characterized by XRD, BET, BJH, DRS-UV/Vis, PL, FESEM, EDX, TEM, VSM
and XPS analysis. The XRD results revealed that the undoped and codoped TiO, nanoparticles only
had the anatase phase. The photo catalytic effect of the synthesized nanoparticles on paracetamol
degradation was also studied. The central composite design was employed to optimize the opera-
tional parameters including irradiation time, pH, photo catalyst mass and paracetamol concentra-
tion. The optimum values obtained were 164.53 min, 4.53, 00.11 g, and 15.24 mg L for irradiation
time, pH, photo catalyst mass and paracetamol concentration, respectively. Under the optimum con-
ditions, the photo catalytic degradation percentages of paracetamol at desirability function value of
1.0 were found to be 99.98%. GC /MS was used to determine the photo catalytic degradation prod-
ucts of paracetamol. The photo catalytic activity of the nanoparticles was also studied under sun-
light. Consequently, the UV/Vis spectrophotometry and TOC results showed that the synthesized
nanoparticles have an extraordinary photo catalytic activity for the destruction of paracetamol under
both purple LED and solar lights. Furthermore, different scavenger agents were investigated.
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1. Introduction

Recently, besides the protection of water resources and
proper use of water, some of the most important issues have
been water and wastewater treatment. Regarding wastewa-
ter treatment, the presence of carcinogenic organic com-
pounds is a major issue [1,2]. Pharmaceutical compounds
comprise an important group of organic pollutants by vir-

*Corresponding author.

tue of their toxicity. These compounds have been recently
spotted in liquid effluents, surface and groundwater
resources, and even drinking water resources [3-6]. Some
of the destructive effects of pharmaceutical pollutants on
health are aquatic toxicity, resistance to pathogenic bacte-
ria, genetic toxicity, and endocrine disorders [7-9]. The low
concentration of pharmaceutical compounds and other exo-
centric compounds in drinking water has heightened pub-
lic concerns. This is because there is little information on
the possible chronic health-related effects of the long-term
digestion of these compounds in drinking water [10].
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These compounds find their way into water resources
through various means such as the direct disposal of
unwanted drugs at homes, human and animal excretions,
and ineffective processing of industrial sewage [5,11]. Acet-
aminophen (acetamide N-4-hydroxyphenylpyru) is a com-
mon analgesic and antipyretic drug commonly known as
paracetamol (PA). This drug is one of the three most pre-
scribed drugs with an annual global intake of 100 tons [12].
Accordingly, there is a need for an effective system capable
of removing organic pollutants from aquatic environments.

The conventional water and wastewater treatment pro-
cesses fail to decompose and remove these compounds. In
addition, various methods such as activated carbon adsorp-
tion, reverse osmosis and biological techniques have been
used to remove these organic pollutants. However, these
methods do not eliminate the pollutants as they only fuel
its transition from one phase to another [13-15]. Among the
other methods, advanced oxidation processes (AOP) are
more commonly used to treat waste waters. This is because
these methods do not solely transfer pollution from one
phase to another. Instead, they convert the pollutants into
safer compounds such as H,0 and CO, unlike the other
methods [16,17].

Semiconductor photo catalysts are also among the most
reliable advanced oxidation processes designed to eliminate
water soluble pollutants. As one of the existing semicon-
ductor photo catalysts, TiO, is the most reliable solution for
removing organic pollutants owing to its efficiency, nontox-
icity, durability, low cost, high oxidation potential, and ease
of storage [18-21]. However, the wide band gap of TiO, (3.2
eV for the anatase phase) and the high rate of electron-hole
recombination are the pitfalls of the extensive usage of this
valuable substance in the visible spectrum [18,22].

Various methods of overcoming these weaknesses and
limitations of TiO, have been analyzed [18]. One of these
effective methods involves the doping and codoping of met-
als and nonmetals, which can reduce the band gap energy in
TiO, by creating defects in the TiO, crystalline structure [23].
The previous research results also suggested that the dop-
ing of nonmetals such as F, S, C, B and N with TiO, dimin-
ishes the recombination properties and improves the photo
catalytic activity of these nanoparticles under the visible
lights with a wavelength of more than 400 nm [24,25]. The
codoping of TiO, with nonmetals such as B and N [26,27],
Ni and Pt [28,29], N and F [30], S and N [31-34], has also
garnered considerable attention because of the improved
photo catalytic properties of TiO,. Khalilian et al. synthe-
sized a sulfur and nitrogen codoped TiO, for photo catalytic
destruction of methyl orange under visible irradiation [31].
Yao et al. prepared S-N codoped TiO, at low temperature
condition activated under visible irradiation [32].

Moreover, another effective method of reinforcing the
photo catalytic effect increases the active site on the TiO,
surface by combining it with other semiconductors [35].
SiO, is one of the most effective agents that increases the
specific surface area, reduces the band gap, and prevents
the photo catalyst transition from the anatase to rutile phase
when combined with TiO, [36]. Anderson et al. examined
mixing of SiO, into TiO, lattice and reported enhanced
activity in degradation of rhodamine-6G than undoped
TiO, [37]. Islam et al. utilized a crack-free sol-gel based
TiO,/Si0, hybrid nanoparticle films that resulted to homo-

geneous and less aggregated surface [38]. Wang et al. pre-
pared mesoporous TiO,/SiO, nanocomposites for photo
catalytic degradation of arsenic [39].

One of the substantial problems following photo deg-
radation is the removal of the photo catalyst, because it is
in the nano-powder form. The separation and removal of
the photo catalyst are time-consuming and expensive. The
catalyst also deposits very slowly or it has to be centrifuged
to be removed from the solution. An effective solution for
overcoming these limitations is the use of magnetic par-
ticles that form the core of the magnetically recoverable
photo catalyst. Very few studies have been conducted in
the synthesis of core-shell TiO,/SiO,/Fe,O, nanoparticles
and their photo catalytic activity. Alvarez et al. reported
magnetically separable TiO,/SiO,/Fe,O, photo catalyst for
photo catalytic degradation of emerging pollutant in water
[40]. Gad-Allah et al. synthesized TiO,/SiO,/Fe,O, nano-
composites in the form of patches and examined their photo
catalytic activity [41].

In the present study, novel sulfur and nitrogen codoped
TiO,/Si0O, (SNTS) and TiO,/SiO,/Fe,O, (SNTSF) photo
catalysts were synthesized by sol-gel method and then
characterized. These nanophoto catalysts were used for
degradation of PA under purple LED light and sunlight,
which had not been carried out previously to our knowl-
edge. The central composite design (CCD) method was
used to optimize the operational parameters. The analysis
results revealed the extraordinary capacity of the synthe-
sized nanoparticles for removing PA from aquatic solutions
under purple LED and solar light. Different scavenger
agents and their effects on the degradation process were
also studied.

2. Experimental

2.1. Preparation of S/N codoping TiO,/SiO, and TiO,/SiO,/
Fe,O, nanocomposites

All the chemicals were purchased from Merck and used
with no extra purification. The nanoparticles were syn-
thesized by the sol-gel method. Tetrabutyl orthotitanate
(TBOT) was used as the precursor for titania. Besides, 5 mL
of TBOT, 20 mL of absolute ethanol, and 5 mL of acetyl ace-
tone were mixed and blended for 30 min using a magnetic
mixer to prepare the sol solution. Afterward, 4 mL deion-
ized water was added to the mix and agitated continuously
for a further 10 min. Then, the pH was adjusted at about 1.8
with concentrated HCL. Thiourea (CH,N,S) was utilized as
the source of Nitrogen and Sulfur to improve the photo cat-
alytic activity of TiO, under visible lights with a wavelength
over 400 nm. To obtain the optimal and effective concentra-
tion of thiourea, all of the previous studies were reviewed
and the optimal mole ratio of TU/TiO, was set to 0.4 based
on the previous research [42]. After adding thiourea, the
solution was mixed for 2 h. Next, the solution received 2
g of highly pure silica gel 60 (70-230 mesh) and mixed for
an additional 2 h. The resulting sol solution was exposed to
air for 24 h in a dark place in order to obtain the gel. After-
wards, the resulting gel was dehydrated in an oven for 4 h
at 80°C. Calcination of the dehydrated sample was carried
out in a furnace for 2 h at 500°C. The powdered nanoparti-
cles (SNTS) all formed in the anatase phase.
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The magnetic Fe,O, nanoparticles were purchased from
Sigma-Aldrich Company to produce the recoverable photo
catalyst (using a magnetic field). The same steps were taken
to synthesize the SNTSF except that after adding SiO,, a
certain amount of Fe,O, was added to the solution, which
was mixed for two hours. The weight ratio of Fe,O, to TiO,
was maintained as 2:1. The rest of the procedure was sim-
ilar to the synthesis of SNTS nanoparticles. Subsequently,
undoped TiO, nanocomposites were obtained as the men-
tioned procedure.

2.2. Characterization of samples

The X-ray diffraction (XRD) pattern of the prepared
catalyst was obtained by a Seifert 3003 PTS X-ray dif-
fractometer using Cu Ko radiation as the X-ray source in
20 range of 20-80°. The average crystallite size of ana-
tase phase was obtained according to Scherrer equation.
The morphology of the photo catalysts was observed by
MIRA3 TESCAN-XMU field emission scanning electron
microscope (FESEM) equipped with an energy disper-
sive X-ray (EDX). The Transmission electron microscopy
(TEM) images were conducted using a Philips CM30 at
150 KV. The diffuse reflectance UV /Vis (DRS-UV /Vis)
spectra of the prepared photo catalysts were determined
by Avantes Avaspec-2048-TEC spectrophotometer. The
photoluminescence (PL) spectra of the samples were pre-
pared by Cary Eclipse spectrometer. The N, adsorption
and desorption isotherms were measured using Belsorp
mini II. The specific surface area and pore size distribu-
tion was measured from the adsorption isotherms using
Brunauer-Emmett-Teller (BET) and Barret-Joyner-Hal-
ender (BJH) methods, respectively. X-ray photo electron
spectroscopy (XPS) measurements were conducted using
a PHI 5000C ESCA System with Mg K_ source operat-
ing at 14.0 kV and 25 mA. GC/MS analyses were pre-
pared by Agilent 7890B/5977A GC/MS equipped with
HP-5MS capillary column (30 m x 0.25 mm i.d., 0.25 pm
film thickness). Vibrating sample magnetometry (VSM)
was prepared at room temperature to evaluate the mag-
netic properties of the samples (MDKFT). The concen-
trations of the solutions were analyzed by Varian Cary
300 UV/Vis spectrophotometer. Finally, total organic
carbon (TOC) of the samples, before and after the deg-
radation process was determined by Hach DR5000 spec-
trophotometer.

2.3. Evaluation of photo catalytic activity of the prepared
samples

The reactor used in this research for the photo cataly-
sis process consists of a purple LED projector lamp with
dimensions of 40x40 cm (including 96, 1W purple LED
lamps were purchased from Senyang Light company),
which is located in a completely mirrored ambient so that
its radiation property is maximized. The spectral power dis-
tribution of purple LED is presented in Fig. 1. As shown,
this LED had irradiation wavelength in the range of 410-
420 nm. The prepared sample which includes photo catalyst
is placed inside a Vicor glass cell that is provided among the
mirrors. The visible light source is located directly above
the Vicor glass cell and at a distance equal to 40 cm from
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Fig. 1. Spectral power distribution of purple LED.

it. Also, it should be noted that the whole system is placed
inside a protective part (metallic cabinet) so that no beam
can access the external ambient.

In order to investigate the photo catalytic activity of
the synthesized nanoparticles, 100 ml of paracetamol solu-
tion has been put in contact according to the experimental
design with a specific concentration in the provided Vicor
glass cell. During the radiation of the visible photons, the
solution was stirred continuously by a magnetic mixer.
When the test begins, the photo catalysts are put in darkness
for 30 min after the photo catalysts are placed in the solu-
tion (prior to turning on the LED) so as to ensure that the
balance between the absorption/desorption is established
on the photo catalysts surface. The values of absorption
on the SNTS and SNTSF surface for PA in dark conditions
were determined as 6 and 8, respectively. The produced
heat from the LED is so negligible because of its low energy
consumption. This property prevents heating of the envi-
ronment. Therefore, fan or cooler is not required, and no
fan was used.

According to the experimental design, sampling is per-
formed at a specific time and the sample was analyzed by
UV/Vis spectrometer after the separation of the nanoparti-
cles by a centrifuge (time of 15 min and speed of 4000 rpm).
In order to investigate the photo catalytic property of the
nanoparticles, S and N codoped TiO,/SiO,/Fe,O,, these
nanoparticles do not require a centrifuge for separation due
to their magnetic property and can be separated by a mag-
net. The photo catalytic experiments under solar irradiation
were performed in clear sky during August to September
at the Science and Research Branch, Islamic Azad Univer-
sity in Tehran (latitude and longitude: 35.79084, 51.31581).
Finally, the photo degradation percentage for PA was iden-
tified by spectrophotometric method in 243 nm wavelength
of maximum absorbance.

2.4. Experimental design

Response surface methodology (RSM) is a set of statisti-
cal techniques used to optimize the processes in which the
intended response is affected by some variables. The num-
ber of experiments has decreased and all coefficients of the
quadratic regression model and interaction of the factors
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can be estimated with the help of the statistical design [43].
In the present study, the response surface methodology
(RSM) based on a central composite design (CCD) has been
employed to optimize the operational parameters using
Design Expert Software (version 7.0.0). The effects of the
independent parameters including X, (pH), X, (irradiation
time), X, (photo catalyst mass) and X, (PA concentration)
were measured at 5 levels. Independent variables and their
levels are listed in Table 1. Furthermore, the 30 experimen-
tal runs for four parameters and responses are presented
in Table 2. The general equation of the response surface is
defined as follows:

k k k k
Y=B+ Y BX+ X Y B XX+ Y BX] +e; 1)
i=1 i=1 j=1 i=1
where Y is the predicted response (degradation percent-
age); f, is the model constant parameters; §, f,, B, are the
linear coefficient, quadratic coefficient and interaction
effect coefficient, respectively; Xs and X}.’s are the inde-
pendent parameters including pH, photo catalyst mass,
PA concentration and irradiation time; ¢, is the model error

and K is the number of factors (independent variables)
[44,45].

3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

The X-ray diffraction patterns of the prepared samples
are shown in Fig. 2. Between the three polymorphs of TiO,,
anatase is the most activated one in photo catalytic activ-
ity, which was proved by (10 1), (004), (200), (1 05) and
(2 1 1) diffraction peaks (JCPDS File no. 21-1272) [46,47].
As shown in Fig. 2, all the synthesized samples include
anatase phase of TiO, without its two other phases which
are rutile and brookite. XRD pattern of SNTSF (Fig. 2f) is
consistent with a reference pattern of magnetite (JCPDS
File no. 19-0629) and TiO, anatase phase. The crystalline
sizes of the prepared photo catalysts were calculated using
Debye-Scherrer equation at the main peak of anatase TiO,
(26 = 25.2°) [Eq. (2)]

~ 0.894180

= )
3 Cos6
Table 1
Levels of factors in CCD
Factors Levels
Low Central High -o +a
- O (+1)
X;: pH 4.25 6.50 8.75 2.00 11.00
X,:irradiation time 97.5 185.0 2725 10.0 360.0
(min)
X,: photo catalyst ~ 0.057  0.105 0152 0.010 0.200
mass (g)
X,: concentration of  8.75 12.50 16.25 5.00 20.00

PA (mg L)

Table 2

CCD matrix and responses
Run X, X, X, X, Degradation %
1 2.00 185.00 011 1250 93.78
2 8.75 272.50 006 1625 18.87
3 4.25 97.50 0.06 875 9212
4 8.75 97.50 006 1625 10.8
5 8.75 97.50 006 875 3697
6 6.50 185.00 011 1250 89.99
7 6.50 10.00 011 1250 43.28
8 6.50 185.00 011 1250 8996
9 8.75 272.50 0.06 875 51.94
10 6.50 185.00 011 1250 89.99
11 8.75 272.50 015 875 5714
12 6.50 185.00 011 20.00 51.87
13 6.50 360.00 011 1250 64.32
14 6.50 185.00 011 1250 89.90
15 6.50 185.00 011 1250 89.99
16 6.50 185.00 011 500 7498
17 8.75 97.50 015 1625 4087
18 6.50 185.00 001 1250 71.56
19 6.50 185.00 020 1250 84.78
20 4.25 272.50 0.06 1625 78.89
21 4.25 97.50 006 1625 82.23
22 4.25 97.50 015 875 56.32
23 4.25 97.50 015 1625 93.56
24 4.25 272.50 015 1625 9998
25 4.25 272.50 015 875 7012
26 11.00 185.00 011 1250 0.00
27 4.25 272.50 006 875  99.65
28 8.75 97.50 015 875 3978
29 8.75 272.50 015 1625 49.34
30 6.50 185.00 011 1250 8997

where D is the crystal size of the synthesized samples, A is
the X-ray wavelength, and f is the full width at half max-
imum (FWHM) of the diffraction peak in radian. Average
crystal sizes of SNTS, SNTSF and pure TiO, were calculated
to be 19, 18 and 25 nm, respectively. In addition, regarding
the sensitivity of the studied XRD method, sulfur and nitro-
gen phases were not found in XRD pattern and it can be
concluded that S and N ions were uniformly distributed in
anatase crystallite.

3.2. UV-Vis diffuse reflectance spectra (DRS) analysis

Diffuse reflectance spectra analysis (Fig. 3) was used to
calculate the energy band gap of samples. The energy band
gap of each sample was obtained based on the following
equation:
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Fig. 2. XRD pattern of (a) TiO, anatase phase standard peaks (b)
Fe,O, standard peaks (c) Fe,O, (d) TiO, (e) SNTS (f) SNTSF.

ahv* = B(hv-Eg) (3)

where « is the absorption coefficient, B is a proportionality
constant and v is the frequency of photons and Eg is the
absorption band gap [48]. The (ahv)* vs. hv is plotted in
(insert in Fig. 3) and the direct band gap of the prepared
samples was obtained from the intercept of the straight
line at o = 0, which is found to be 3.17, 2.86 and 2.83 eV for
TiO,/Si0,, SNTS and SNTSF, respectively. As shown from
the results, doping can improve the photo catalytic activ-
ity of TiO, in the visible light range. Since the energy band
gap was obtained as 2.86 and 2.83 eV for SNTS and SNTSE,
respectively, it is indicated that this sample can be active in
purple light.

3.3. Photoluminescence (PL) analysis

Photoluminescence includes light emission caused by
the made electron-hole pair recombination by light radiation
[49]. For an analysis of the band-band PL process, the photo-
luminescence behavior of the synthesized nanocomposites
was examined at an excitation wavelength of 300 nm. As
shown in Fig. 4, PL intensity of prepared SNTS and SNTSF
nanoparticles is lower than undoped TiO, /SiO,, which sug-
gests a longer lifetime of photo generated electrons.

3.4. Field emission scanning electron microscopy (FESEM) and
EDX analysis

FESEM images of TiO,, SNTS and SNTSF are given in
Fig. 5. As shown in Fig. 5b and 5c, the prepared SNTS and
SNTSF catalysts are uniform and globular with less agglom-
eration compared to undoped TiO,. In addition, SNTS and

SNTSF nanoparticles have a lower size than undoped TiO,.
EDX analysis of prepared samples in Fig. 6 proves the pres-
ence of Ti, O, Si, S, N and Fe clearly. Furthermore, EDX
Mapping of SNTSF to obtain the element distribution are
given in Fig. 7.

3.5. Transmission electron microscopy (TEM)

Fig. 8 illustrates TEM images of SNTS and SNTSF
nanoparticles. A core-shell structure with a core of Fe,O,
(black) and TiO,/SiO, shell (bright) can be seen. The results
are in good agreement with FESEM results and showed
high globularity and the absence of any agglomeration of
the prepared nanoparticles.

3.6. N, Adsorption/desorption analysis

Nitrogen physical adsorption method was used to inves-
tigate the surface area and porosity distribution of as-syn-
thesized nanocomposites. BJH pore size distribution curve
of SNTS and SNTSF from the adsorption branch is shown in
the inset of Fig. 9 and clearly shows the mesoporous struc-
ture. The average pore size and BET results of the prepared
nanocomposites with and without the presence of SiO, are
tabulated in Table 3. The findings revealed that SiO, had a
significant impact on enhancing the interaction between the
prepared substrate and contaminants.

3.7. Vibrating sample magnetometry (VSM)

Fig. 10 shows the VSM analysis of Fe,O, and SNTSE
Considering this figure, the amounts saturation magnetiza-
tion (Ms) for Fe,O, and SNTSF are 45.50 and 30.23 emu/g
respectively. Also, the coercive force for both nanoparti-
cles equals 0 Oe. Thus, both samples have super magnetic
properties. The reduction of Ms in SNTSF is due to the
non-magnetic TiO,/SiO, layer and heating process during
the calcination process.

3.8. X-ray photo electron spectroscopy (XPS) analysis

The surface chemical state of as-synthesized samples
was additionally examined by XPS measurements. Fig. 11
depicts the XPS survey spectrum of sample SNTSE. The N
1s XPS spectra of SNTSF samples are shown in Fig. 12 (a).
The N 1s peak matches three peaks placed at 398.0, 400.0,
and 401.5 eV, respectively. The above peaks arise from nitro-
gen atom diffusion in the course of the thermal treatment,
indicating a variety of N states. The present research pro-
poses that co-doped TiO, exists both in the substitutional
nitrogen and interstitial nitrogen fitting to the XPS data
achieved in this examine. The N 1s peak is present at a bind-
ing energy of 398.0 eV lies into Ti-N bond in anatase TiO,
lattice, suggesting the occurrence of oxygen atom substitu-
tion by nitrogen [50]. The 400.0 eV peak is attributable to
the anionic N in Ti-O-N, which is the interstitial N, showing
that N atoms resided into the lattice for the formation of
interstitial Ti-O-N bonds [51]. The 401.5 eV peak is related
to the chemisorbed N species [52].

Fig. 12 (b) depicts the high-resolution S 2p XPS spec-
tra of SNTSF samples. There are two peaks at around
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Fig. 3. DRS of SNTS (a), SNTSF(b) and TiO,/SiO, (C) (the plot of (a/v)* vs. hv for calculating the band gap of samples insert in their
figure)
1200 168.5 and 170.0 eV, which are attributable to S in the
lattice substitute for Ti**, implying that the S specie was
1000 doped in the TiO, lattice [32]. It is noteworthy that there
— were not any peaks about 160-163 eV, corresponding to
= 800 (a) the Ti-S bond in the case of oxygen atom replacement
;_,:. by sulfur in the TiO, lattice. In chemical point of view,
z 600 therefore, the replacement of Ti** by 5% is more advanta-
ﬁ geous than substituting O* with 5%, followed by forming
400 Ti-O-S bonds. Earlier studies demonstrated the substitu-
200 (b) tion of Ti** in TiO, by S¢*as well [32,51].
0 /&-\
340 390 440 490 3.9. Analysis of variance (ANOVA)

Wavelength(nm)
Fig. 4. PL spectra of undoped TiO,/SiO, (a), SNTS (b), SNTSF (c).

Table 4 shows the analysis of variance (ANOVA) of
regression factors of the response surface quadratic model
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Fig. 8. TEM images of SNTSF (a, b) SNTS (c).
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Fig. 9. N, adsorption/desorption isotherm of SNTS (a), SNTSF (b) (Inset: BJH pore size distribution curve).

Table 3
Physical properties of prepared samples

Samples BET surface area Average pore
(SBET) (m* g™) diameter (nm)

TiO, 1991 7.37

S-N-TiO, 56.78 9.98

SNTS 227.50 8.13

SNTSF 195.71 8.86

for the degradation of paracetamol by SNTS. The analysis
of statistical parameters and the acceptable value of the cor-
relation coefficient (R*>= 0.9893) demonstrates the validity
of the model employed for the elimination of paracetamol.
Adj-R? is 0.9793, which implies the high significance of the
model. The P-value of less than 0.05 for a parameter shows
that the parameter has a significant effect on the response
[53]. As can be seen in Table 4, the P-value is less than 0.05
in the present study, which shows the validity of the model.
Adequate precision implies a response to residual and the
greater it becomes, the more it is preferred. The adequate
precision should have a value greater than four in order for
a model to show the appropriate distinction. The value of

the adequate precision is 36.673 in this research. According
to the analysis of variance (ANOVA), the quadratic equa-
tion based on the significant parameters for the paracetamol
degradation is as follows:

Degradation of paracetamol = +89.97 —-23.11 A + 4.81 B +
259C-3.16D + 1.53AB + 6.34 AC - 6.40 AD + 1.18 BC -
2.13 BD +9.39 CD - 10.67 A>-8.94 B> - 2.85 C*- 6.54 D* (4)

where A is pH, B is irradiation time, C is catalyst mass and D
is PA concentration. Fig. 13 illustrates the perturbation dia-
gram for paracetamol. The sharp curve of the pH (parame-
ter A) indicates the highest efficacy of this parameter on the
destruction efficiency of paracetamol. Based on the obtained
results, it can be concluded that the pH and the catalyst mass
are the most and least effective factors, respectively. Fig. 14
shows the normal probability plot. It is evident that the data
are almost normal and the results indicate how the residuals
follow a normal distribution.

3.10. Stability and re-usability of the catalysts

The stability and re-usability of the prepared catalysts
were tested and great re-usability as no loss of efficiency
was demonstrated inside four repetitive examinations by
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Fig. 11. XPS spectra of SNTSF.

reusing the catalysts for the degradation of PA under the
optimum conditions (Fig. 15).

3.11. 3D response surface graphs

Three-dimensional surface plots are the best way to
examine and visualize the effects of independent param-
eters on the pollutant’s rate of degradation. Fig. 16a illus-
trates the effects of photo catalyst mass and pH on the rate
of degradation of PA by SNTS in three dimensions. In this
figure, the irradiation time and PA concentration are fixed
and equal to 185 min and 12.5 mg L7, respectively. As evi-
dent in the figure, increasing the photo-catalyst mass and
decreasing the pH lead to an increase in the destruction effi-

B — A 40150 6V 319V
L “em B 400.00 &V 3196V (a)
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Fig. 12. High-resolution XPS spectra of the N 1s (a) S 2p (b).

ciency. The reason why the rate of destruction increases with
the increase of the photo catalyst mass might be an increase
in active surface sites. However, when all paracetamol mol-
ecules on the photo catalyst surface are already absorbed,
a further increase in the photo catalyst (over 0.2 g) does
not have much effect on the destruction efficiency. Also,
high amounts of nanophotocatalyst (over 0.2 g) increase
the suspension opacity; which leads to the reduction of the
destruction efficiency. The pH at the point of zero charge
(pH,,) for SNTS and SNTSF is 6.3 and 6.1, respectively. Due
to the point of zero charge for TiO, at the pH about 6, the
surface can act an amphoteric behavior at different pH con-
ditions. According to Egs. (5) and (6), Ti-OH, representing
primary hydrated substrate, become negatively charged at
above the pH of TiO, point of zero charge.

T,-OH + H" = Ti-OH; 5)
T,-OH + HO™ = Ti-O"+H,0 (6)

It means that at greater pH values than 6, the anionic
surface of the catalyst would prevent the contaminant to
adsorb on the surface to cooperate the degradation process.
This fact would imply the decrease in the degradation effi-
ciencies of the paracetamol at alkaline pH. On the contrary,
at acidic pH values, the positively charged surface would
electro statically attract the target anions to participate
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Table 4

Analysis of variance (ANOVA)
Source Sum of squares df Mean square F value P-value Prob > F
Model 21756.75 14 1554.05 98.97 <0.0001 significant
A-pH 12821.43 1 12821.43 816.56 < 0.0001
B-time 554.50 1 554.50 35.31 < 0.0001
C-mass of catalyst ~ 160.58 1 160.58 10.23 0.0060
D-concentration 238.90 1 238.90 15.21 0.0014
AB 37.39 1 37.39 2.38 0.1436
AC 643.38 1 643.38 40.98 < 0.0001
AD 655.36 1 655.36 41.74 < 0.0001
BC 22.14 1 22.14 141 0.2535
BD 72.42 1 7242 4.61 0.0485
CD 1411.50 1 1411.50 89.89 < 0.0001
A2 3123.20 1 3123.20 19891 < 0.0001
B? 2193.83 1 2193.83 139.72 < 0.0001
C? 22292 1 222.92 14.20 0.0019
D? 1172.12 1 1172.12 74.65 < 0.0001
Residual 235.53 15 15.70
Lack of fit 235.52 10 23.55 19199.97 < 0.0001
Pure error 6.133E-003 5 1.227E-003
Cor total 21992.28 29
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Fig. 13. Perturbation plot for degradation of PA by SNTS.

the degradation process that would result the increase of
removal efficiencies.

Fig. 16b illustrates the effects of pH and PA concentra-
tion in three dimensions when the photo catalyst mass and
irradiation time are fixed and equal to 0.11 g and 185 min,
respectively. As evident, pH and PA concentration have a
negative influence on degradation percentage of PA. Reduc-
ing the pH and PA concentration both lead to an increase in
the destruction efficiency.

Fig. 16c plots the effects of irradiation time and pH in
the photo catalyst destruction process while the PA concen-
tration and photo catalyst mass are fixed and equal to 12.5

Internally studentized residuals

Fig. 14. Normal probability plot of the studentized residual for
degradation of PA.

mg L and 0.11 g, respectively. Increasing the irradiation
time results in an increase in the rate of destruction. Based
on the obtained results, the pH is the most effective factor in
the destruction efficiency; followed by irradiation time, PA
concentration, and photo catalyst mass.

The software reports the best point to reach the highest
rate of destruction of paracetamol with a pH of 4.53, catalyst
mass of 0.11 g, PA concentration of 15.24 mg L™, irradiation
time of 164.53 min. As these optimum conditions, the photo
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catalytic degradation percentages of PA at desirability func-
tion value of 1.0 were found to be 99.98.

3.12. Contribution of different reactive species

General descriptions about the basis and mechanism of
heterogeneous photo catalysis under various light sources
have been discussed previously [54,55]. The mechanism of
photo catalytic degradation of PA is illustrated schemati-
cally in Fig. 17. By doping nitrogen and sulfur into the TiO,
lattice, mid-gap energy levels such as N 2p and S 2p are
formed between the O 2p valence band and the Ti 3d con-
duction band [56,57]. This ultimately reduces the band gap
of TiO, and the catalyst becomes visible active. The elec-
trons in the N 2p valence band (e”) undergo either direct
rise to the conduction band or to the S 2p and subsequently
to the conduction band. H,O molecules and/or OH" ions
are oxidized by the positive holes (h+) at the external sur-
face of co-doped TiO,, while O, is reduced by the excited
electrons (e7) to generate ROS (HO*and O,*), with possible
involvement in the photo catalytic degradation of PA.

Generally, photo catalytic reactions are conducted with
the active participation of reactive oxidative species (ROS)
viz; hydroxyl radical (HO*), super oxide radical anion O,",
hole (h*) and electrons (¢7). The amount of participation
of these ROS in the photo catalytic reaction is examined
through various scavenger agents. Fig. 18 illustrates the

03 PA
Undoped TiO:

Doped TiO:;

Eg=3.2¢V Egx 3.2¢V
- COz4H0
2p h o
02 | VB
L ht wht

- & HO

Fig. 17. Simplified photo catalytic degradation mechanism of

PA using codoped TiO,.
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Fig. 18. Degradation efficiency of paracetamol by SNTS in the
presence and absence of different scavengers.
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photo catalytic activity of SNTS in paracetamol destruc-
tion in the presence and absence of various scavenger
agents under the optimum conditions. In order to study
the role of /i* in the photo catalytic reaction, ammonium
oxalate (AO), which is a proper h* scavenger [58] is added
to the solution during the photo catalytic destruction
process; which results in a small reduction in the rate of
destruction. Furthermore, we also studied the influence of
benzoic acid (BA) (HO® scavenger) [59], p-benzoquinone
(BQ) (O, scavenger) [60] and K,Cr,0, (e scavenger) [61].
The rate of degradation dramatically decreases by adding
BA, BQ and K. Cr,0, scavengers. According to the results,
it can be concluded that the photo catalytic destruction
of paracetamol is mainly accomplished through the par-
ticipation of HO it can be concluded that the photo cata-
lytic destruction of paracetamol is mainly accomplished
through the participation of HO*, e and O,", respectively.
Subsequently, h* would have less contribution to parac-
etamol destruction by SNTS.

3.13. Photo catalytic activity of the synthesized samples under
the solar light

After achieving the optimum conditions required for
the degradation of PA by SNTS, the SNTSF nanoparticles
were used for degradation of the PA. SNTSF could be
separated easily from the solution due to their magnetic
properties. The photo catalytic effect of the SNTSF on
paracetamol degradation was also studied under the same
optimum conditions under sunlight and purple LED light.
As previously mentioned, the photo catalytic experiments
under solar irradiation were performed in clear sky during
August to September at the Science and Research Branch,
Islamic Azad University in Tehran. To realize the average
solar insolation of Tehran during the outdoor experiments,
the monthly solar insolation intensity diagram was shown
in Fig. 19 [62]. The results in Table 5 revealed that SNTSF
nanoparticles are able to remove paracetamol from aque-
ous solution as effective as SNTS nanoparticles under both
purple LED and solar lights. The photo catalytic degrada-
tion products of PA on as-synthesized photo catalyst were
distinguished by GC/MS technique. The results showed
that 4-acetamidocatechol, 4-acetamidoresorcinol, hydro-
quinone, acetamide and aliphatic acids (maleic and oxalic
acids) were the main products formed during the destruc-

Awverage solar insolation (kWh/m?/day)

\d"f‘y‘f"’f f%’@"wf‘jlfx&y‘j&f

Maonth

Fig. 19. Monthly average solar insolation in Tehran.

Table 5
Removal percentages acquired through various irradiation
Photo Purple Solar Without
catalyst LED  irradiation  irradiaton irradiation
% Re % Re % Re

SNTS 99.98 91.85 6
SNTSF 94.82 90.23 8
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Fig. 20. GC-MS chromatograms of paracetamol degradation.

tion of paracetamol. GC-MS chromatograms of photo cata-
lytic degradation products of paracetamol, is shown in Fig.
20. Furthermore, to make certain the removal of organic
pollutants of the wastewater, TOC analysis was performed
on the samples, before and after the photo catalytic method.
The results showed the percentage removal of organic con-
tent of the sample under purple LED and solar lights at
75.56 and 69.87%, respectively.

4. Conclusion

A new TiO,/SiO, and magnetic TiO,/SiO,/FeO,
nanocomposites codoped with sulfur and nitrogen was
successfully prepared using a sol-gel method. The photo
catalytic effect of the prepared samples was investigated
by removing paracetamol from the aqueous solution. The
central composite design was employed to optimize the
operational parameters and achievement of maximum effi-
ciency. The optimum values for maximum efficiency using
SNTS were determined at pH of 4.53, catalyst mass of 0.11
g, PA concentration of 15.24 mg L7, and irradiation time
of 164.53 min. At these optimum conditions, the maximum
photo catalytic degradation percentages of PA obtained
was 99.98%.

Based on the results, the pH is the most effective factor
in the degradation efficiency; followed by irradiation time,
PA concentration, and photo catalyst mass. In addition, pH
and PA concentration have a negative influence and irradia-
tion time and photo catalyst mass have a positive influence
on degradation percentage of PA. The SNTSF photo catalyst
was almost as effective as SNTS. The amount of participation
of reactive oxidative species in the photo catalytic reaction is
investigated through various scavenger agents. Based on the
results, it can be concluded that the photo catalytic degrada-
tion of PA is accomplished through the participation of , e,
and h*, respectively. Furthermore, great re-usability as no loss
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of efficiency was proved inside four repetitive examinations
by reusing the photo catalyst. Given the promising result of
this research, a new study is done on the use of SNTS and
magnetite SNTSF for the degradation of PA in aqueous solu-
tion by purple LED and solar irradiation.
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