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Abstract

In recent years, great attention has been paid to the synthesis of nano-size TiO, due to its wide range of applications,
particularly in the area of degradation of organic pollutants. In this study, different surfactants were used in synthesizing
TiO, and Zr-doped TiO, nanoparticles. The effects of the surfactants’ types and concentrations on the morphology and
size of the TiO, nanoparticles were studied. The synthesized nanoparticles were characterized using Fourier transform
infrared spectroscopy, X-ray diffraction, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy, and
transmission electron microscopy. It was found that the TiO, nanoparticles are a mixture of two anatase and rutile phases,
whereas the surfactant-modified TiO, nanoparticles have a dominant anatase phase. According to the SEM images, the
synthesized nanoparticles'morphologies depended not only on the type, but also on the concentration of the surfactants.
The photocatalytic behavior of the nanoparticles on the degradation of methylene blue (MB) dye was evaluated. The
maximum efficiency was achieved for the TiO, nanoparticles synthesized using 0.08 molar surfactant Sodium bis(2-
ethylhexyl)sulfosuccinate; reached 76% after 300 min of ultraviolet radiation. This indicated superior photocatalytic
activity of this sample compared to all other synthesized nanoparticles, due to its uniform spherical morphology and
particle sizes of 40-50 nm. For this sample, the effects of such parameters as catalyst amount and MB dye solution pH
and temperature were optimized for its photocatalytic activity.
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1 Introduction and brookite. Although the rutile crystalline phase is the

most common crystalline structure of TiO, found in nature,

In the past decades, much efforts have gone into expand-
ing the photocatalytic systems in which transition metal
semiconductors are used [1-3]. In recent years, due to its
chemical stability, nontoxicity, inexpensiveness, and high
efficiency [4, 5], great attention has been paid to the syn-
thesis of nanoparticle TiO, due to its wide range of appli-
cations in sensors, pigments, sunblock creams, fuel cells,
catalysts and photocatalysts [6-8]. Among the different
uses of TiO,, its photocatalytic application for the degra-
dation of organic pollutants has significantly increased
[9, 10]. TiO, has three crystalline phases of anatase, rutile,

the anatase crystalline phase with the band gap energy
of 3.2 eV shows a better photocatalytic activity than the
other two forms [11]. One of the problems of TiO, for pho-
tocatalytic applications is the high rate of electron-hole
recombination on its surface, which reduces the photocat-
alytic efficiency of this photocatalyst [12]. Different factors
such as dopant(s), oxidants, and various surfactants have
been found to improve the photocatalytic behavior of TiO,
nanoparticles [13-15]. Numerous studies have been con-
ducted to show the effects of various surfactants and tran-
sition metals (e.g., iron, vanadium, copper, niobium, and

B< M. Emami Mehr, emamimehr.m@email.kntu.ac.ir | 'Faculty of Chemistry, K. N. Toosi University of Technology, Tehran, Iran. ?Faculty
of Material Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran.

®

Check for
updates

SN Applied Sciences (2019) 1:505 | https://doi.org/10.1007/s42452-019-0522-4

Received: 17 February 2019 / Accepted: 24 April 2019 / Published online: 29 April 2019

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0522-4&domain=pdf
http://orcid.org/0000-0002-8800-2427

Research Article

SN Applied Sciences (2019) 1:505 | https://doi.org/10.1007/s42452-019-0522-4

cobalt) as dopants in improving its photocatalytic activ-
ity [16-21]. Doping TiO, with slight amounts of transition
elements causes trapping of the electrons, which results
in narrowing of the band gap and lowering electron-hole
recombination. This creates intra-band states close to the
valence band edges inducing visible-light absorption at
sub-band-gap energies and thus enhancing its photocata-
lytic activity [22, 23]. In 2016, Fu et al. [24] reported that
B, Zr and Co-doping effectively improved the visible light
absorption of TiO2 and thus enhanced its dye photocata-
lytic degradation.

Among the most widely used methods for preparation
of TiO, nanoparticles are sol-gel, hydrothermal, solvother-
mal, and co-precipitation [25-28]. However, increasing
attention recently has been paid to the use of microemul-
sion for the synthesis of TiO, nanoparticles [29]. If a chemi-
cal substance called surfactant (i.e., the surface-active
agent) is added to the mixture of oil and water, then a
microemulsion system is formed. Surfactants considerably
decrease the water—oil interfacial tension by adsorbing at
the interface of the two phases. Surfactants are amphiphi-
lic molecules, which are comprised of a hydrophilic part
(i.e., a polar head group) and a hydrophobic part (i.e., a
nonpolar tail group), and are usually classified into four
classes of cationic, anionic, nonionic, and zwitterionic
based on their polar heads’ load [30]. Since controlling
the shape and size of TiO, nanoparticles depends on the
type of surfactants [13], by paralleling the hydrophilic/lipo-
philic parts and geometry of surfactants, an appropriate
surfactant can be selected.

In this study, the aim was to use microemulsion method
to synthesize TiO, and Zr-doped TiO, nanoparticles and
investigate the impacts of different surfactants on the
morphology and size of the nanoparticles synthesized.
For investigation of the photocatalytic degradation effi-
ciency of the synthesized nanoparticles and comparison
of their photocatalytic activities, the methylene blue dye
pollutant was used. Furthermore, effects of such factors as
catalyst amount, pH and temperature of the dye solution
were optimized for the best synthesized catalyst.

In this paper the effects of different types of surfactants
including anionic (AOT), cationic (TBAB) and nonionic
(TX-100) on the shape and size of TiO, and Zr-doped TiO,
nanoparticles were studied.

2 Materials

Ti(OMe), (95%, Sigma Aldrich) and Zr(acac), (99%, Merck)
were used as precursors of titanium and zirconium,
respectively. Sodium bis(2-ethylhexyl)sulfosuccinate,
AQT (96%, Acros Organics), tetra-n-butylammonium bro-
mide, TBAB (98% Sigma Aldrich), and polyoxyethylene
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tert-octylphenyl, TX-100 (99%, Chem-Lab) were employed
as anionic, cationic, and nonionic surfactants, respectively.
Furthermore, deionized water, methylene blue dye (99%
Sigma Aldrich), ammonium solution (28% Loba Chemie),
ethanol (99% Merck), butanol (99% Rankem), and acetone
(99% Merck) were utilized.

3 Characterization

FTIR spectra were recorded using the ABB-M330 spec-
trometer, Model FTLA 200-100, in the range of 400-4000
at the transition state. X-ray diffraction (XRD) analysis was
carried out using a Philips device, Model 1730 PW. This
device uses Cu-Ka covered with nickel as its source of irra-
diation. Moreover, the diffracted X-ray in this device was
measured at a wavelength of 1.542 A and with the scan-
ning speed of 2°/min. Surface morphologies of all synthe-
sized samples were characterized using SEM, Model VEGA3
(Czech Republic) at a voltage of 20 kV. Energy dispersive
X-ray (EDS) analysis was obtained using SEM, Model
VEGAS3 (Czech Republic), for identification of Zr content
in all samples doped with TiO,. The size and the morphol-
ogy of all synthesized samples were characterized using
TEM, Model EM 208 S manufactured by Czech Repubilic,
at a voltage of 100 kV. In order to track the degradation
trend of the pollutant and to show how its concentration
decreases, a Camspect UV-Vis spectrometer, Model M330,
was adopted.

4 Synthesis

For synthesizing TiO, and Zr-doped TiO, nanoparticles,
three kinds of surfactants were used; anionic AOT (sodium
bis(2-ethylhexyl) sulfosuccinate), nonionic TX-100 (poly-
oxyethylene tert-octylphenyl or Triton X-100), and cationic
TBAB (tetra-n-butylammonium bromide). Eight samples
were synthesized and their names and specifications are
shown in Table 1.

4.1 Synthesis of TiO, nanoparticles

For the synthesis of TiO, nanoparticles, 0.38 mmol of
Ti(OMe), and 10 mL of ethanol were poured in a volumet-
ric flask and stirred. In order to separate the phases, the
solution was washed with ethanol. Then, the solution was
centrifuged and the resultant precipitate was heated in an
oven at 70 °C for 12 h to remove solvents. After that, the
sample was heated in an electric furnace at 500 °C for 4 h,
and subsequently the nanoparticles were obtained.
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Table 1 Names and Specifications of the synthesized samples

Name Sample/surfactant Doped Surfactant
concentra-
tion

TiO, TiO, - -

T/AOT TiO,/AOT - 0.15

T/AOT-0.08 TiO,/AOT - 0.08

T/TX100 TiO,/TX-100 - 0.15

T/TBAB TiO,/TBAB - 0.15

Z/T/AOT Zr/TiO,/AOT Or 0.15

Z/T/TX100 Zr/TiO,/TX-100 Or 0.15

Z/T/TBAB Zr/TiO,/TBAB Or 0.15

4.2 Synthesis of T/AOT nanoparticles

For the synthesis of T/AOT nanoparticles, two micro-
emulsions, one containing 0.38 mmol of Ti(OMe),, 0.08
molar of AOT, and a few drops of butanol (microemulsion
A) and the other containing 2.88 mmol of NH,OH, 0.08
molar of surfactant, and A few drops of butanol (micro-
emulsion B) were produced. while microemulsion A was
being stirred, microemulsion B was added to it drop by
drop. Then, the solution was stirred for 24 h. For separa-
tion of the phases, the solution was washed with etha-
nol. Subsequently, the solution was centrifuged and the
resulting precipitate was heated in an oven at 70 °C for

phase oil

chemical reaction
was stirred in the

for 24 h

room temperature

12 h. Finally, the sample was placed in an electric furnace
at 500 °C for 4 h to obtain the nanoparticles desired.
Similarly, T/AOT-0.08, T/TX100, and T/TBAB nanoparticles
were synthesized. Figure 1 presents the steps involved in
the synthesis of the T/AOT nanoparticles.

4.3 Synthesis of Z/T/AOT nanoparticles

For the synthesis of Z/T/AOT nanoparticles, three micro-
emulsions with different aqueous phases were prepared;
0.38 mmol of Ti(OMe), (microemulsion A), 0.19 mmol of
Zr(acac), (microemulsion B), and 2.88 mmol of NH,OH
(microemulsion C). Each microemulsion contained 0.15
molar of AOT and about 5 ml of butanol. The two micro-
emulsions A and B were mixed together to form micro-
emulsion AB. After microemulsion AB was stirred for 1 h,
microemulsion C was added to it dropwise, and then the
solution was stirred for 24 h. Subsequently, in order to
separate phases and remove organic compounds, the
solution was washed with ethanol. The washed solution
was then centrifuged and heated in an oven at 70 °C for
12 h. Then, the dried sample was annealed in an elec-
tric furnace at 500 °C for 4 h, and thus the nanoparticles
were produced. Similarly, Z/T/TX100 and Z/T/TBAB nano-
particles were synthesized. Figure 2 presents the steps
involved in the synthesis of the Z/T/AOT nanoparticles.

Surfactant AOT

TiO,nanoparticles
synthesizes by
surfactant AOT

e

OO

|

Annealing at
500° for 4h
Water ‘

Drying at

Fig. 1 Representation of the T/AOT nanoparticles synthesis route via microemulsion
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Fig.2 Representation of the Z/T/AOT nanoparticles synthesis route via microemulsion

5 Results and discussion
5.1 SEM investigation

5.1.1 Effects of surfactants on TiO, nanoparticles
morphology

In order to observe the effects of surfactants on the mor-
phologies of the TiO, nanoparticles synthesized, their SEM
images were compared. Figure 3 shows the SEM image of
the TiO, nanoparticles (without surfactant); the nanopar-
ticles did not show any particular uniformity, and perhaps
were amorphous. In the absence of surfactants, titanium
alkoxides strongly react with water, causing amorphous
precipitates of TiO, nanoparticles [31]. Figure 4 presents
the SEM images of the TiO, nanoparticles modified with
the three different surfactants.

The T/AOT and T/TX100 nanoparticles showed spheri-
cal morphologies, however, the T/TX100 nanoparticles
appeared to be agglomerated. The T/TBAB nanoparticles
manifested a plate-like morphology, while plates were
somewhat stuck together. The alteration in morphology
of the TiO, nanoparticles could be attributed to the sur-
factants’ micelles in the aqueous solution, which inhibit
high aggregation of nanoparticles [32].

SN Applied Sciences

A SPRINGERNATURE journal

Fig.3 SEM image of the TiO, nanoparticles calcined at 500 °C

5.1.2 Effects of AOT concentration on morphology of TiO,
nanoparticles

In addition to the type, the surfactant concentration also
affected the morphology of the synthesized nanoparti-
cles. Figure 5 shows the SEM images of T/AOT and T/AOT-
0.08 nanoparticles. The sample prepared with 0.15 molar
concentration of AOT showed agglomeration of the TiO,
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Fig.4 SEM images of TiO,
nanoparticles synthesized
using different surfactants. a T/
AOT, bT/TX100, and ¢ T/TBAB

Fig.5 SEMimages of TiO,
nanoparticles synthesized at
two different AOT concentra-
tions. a 0.08 molar,and b 0.15
molar

nanoparticles (Fig. 5a), while the sample prepared with
0.08 molar concentration was uniformly spherical in
shape and showed less agglomeration (Fig. 5b). As the
concentration decreased, so did the size of the agglom-
erated surfactants in microemulsion, leading to smaller,
spherical and uniform particle size of the final product
[33]. Therefore, amongst all samples, the one prepared
using 0.08 molar concentration of AOT provided the best
nanoparticles.

5.1.3 Effects of surfactants on Zr-doped TiO, nanoparticles
morphology

The effects of surfactants on the synthesis of Zr-doped
TiO, nanoparticles were also studied. Figure 4 shows the
SEM images of the synthesized Zr-doped TiO, nanopar-
ticles. As can be observed, the Z/T/AOT nanoparticles
shown in Fig. 6a have a layered morphology but the nano-
particles are stuck together. The Z/T/TBAB nanoparticles
shown in Fig. 6b have a rod shape morphology but the
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Fig.6 SEM images of Zr-doped
TiO, nanoparticles synthesized
using different surfactants. a
Z/T/AQT, b Z/T/TBAB, and ¢
Z/T/TX100

nanoparticles are quite agglomerated. However, when sur-
factant TX-100 was used, morphology of the Z/T/TX100
nanoparticles became spherical as shown in Fig. 6c. In
terms of morphologies, the difference between the Z/T/
TX100 nanoparticles and those of the other two samples
could be that the Z/T/TX100 nanoparticles formed on the
side of micelle layers while the other two samples formed
on the side of water pool. Therefore, by comparing the
SEM images of the Zr-doped TiO, nanoparticles, it was
clear that the nanoparticles manifested dissimilar mor-
phologies. Moreover, their morphologies were dissimilar
to those of the TiO, nanoparticles synthesized using cor-
responding surfactants.

5.2 Fourier transformed infrared spectroscopy
(FTIR)

Figure 7 shows FTIR spectra of the synthesized nanopar-
ticles in the frequency range of 400-4000 cm™'. For all
the synthesized nanoparticles, the broad peaks related
to the stretching vibration and flexural vibration of OH
groups were observed in the ranges of 3300-3500 cm™'
and 1620-1640 cm™', respectively [34]. The peaks at
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Fig.7 FTIR spectra of nanoparticles, a TiO,, b T/AOT-0.08, ¢ T/AOT, d
T/TX100, e T/TBAB, f Z/T/TBAB, g Z/T/TX100, h Z/T/AOT
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1000-1300 cm~! for samples b, ¢, and h are due to the
residues of the organic compounds [35]. The lack of peaks
for other samples can be ascribed to total removal of the
organic compounds during calcination. Moreover, the
observed peaks in the region of 400-900 cm™' are related
to the vibrations of mineral lattice of Ti-O-Ti for samples b,
¢, d, and e and those of Zr-0 for samples f, g, and h. These
results are in agreement with previous findings [36].

5.3 XRD analysis

The XRD patterns for TiO, and three modified TiO, samples
are shown in Fig. 8. In curve (a), which is for TiO, sample,
the characteristic peaks of the planes (101), (113), (200)
and (110) (101), (111) appeared at the 26’s of 25.5°,37.14°,
48.24° and 27.64°,36.38° 41.53°, respectively. These results
demonstrated a combination of the anatase and rutile
phases of TiO,, which are in agreement with the stand-
ard patterns of [JCPDS 01-1626] and [JCPDS 04-0345],
respectively. Curve (b) is the XRD pattern for T/AOT nano-
particles. The characteristic peaks of the planes (101),
(112), and (200) appeared at the 20's of 25.44°,38.11° and
48.17°, respectively, which indicated a pure anatase phase
in accord with the standard pattern of [JCPDS 10-0841].
Compared to TiO,, the intensity peaks of T/AOT were
shorter, which indicated a reduction in the degree of crys-
tallinity. Although the XRD patterns of T/TX100 (curve )
and T/TBAB (curve d) nanoparticles showed pure anatase
phase (as was the case with T/AOT) and follow the stand-
ard pattern of [JCPDS 10-0841], their intensity peaks were
taller, compared to the TiO, nanoparticles, which indicated
higher degree of crystallinity for these nanoparticles.
Based on the XRD results, it can be said that compared
to the TiO, nanoparticles, the application of surfactants
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Fig. 8 XRD patterns for TiO, and three modified TiO, nanoparticles,
aTiO,, bT/AOT, ¢ T/TX100, and d T/TBAB

caused and facilitated higher degree of crystallinity in the
anatase phase.

In Fig. 9, the XRD patterns of the T/AOT and T/AOT-0.08
nanoparticles are shown. As it is obvious from the XRD
patterns, the synthesized nanoparticles had crystalline
phase of anatase. However, as the concentration of AOT
reduced from 0.15 to 0.08 molar, the peaks intensity and
degree of crystallinity increased. With the reduction in AOT
concentration, no change occurred in the formation of
crystalline phase of the nanoparticles, since the crystalline
phase formation depends on the calcination temperature;
therefore, variations in the concentration of surfactants
do not affect the crystalline phase formation, but only the
degree of crystallinity. The XRD patterns for T/AOT and T/
AOT-0.08 nanoparticles are congruent with the standard
pattern of [GCPDS 10-0841].

The XRD patterns of Zr-doped TiO, nanoparticles syn-
thesized using different surfactants is given in Fig. 10. For
all three samples, and at varying intensities, the charac-
teristic peaks of planes (101), (200), (105), at 20's of 25.22°,
47.9°, 54.2° were due to the presence of anatase crystal-
line phase of TiO,. However, the characteristic peaks of the
plane (101) at 26 of 31.06° showed the tetragonal crystal-
line phase of TiO,. Their XRD patterns are in accord with
the standard pattern of [GCPDS 80-1783].

The X-ray diffraction peaks of crystal plane (101) for TiO,
and three other Zr containing TiO, samples are shown in
Fig. 11. Compared to the TiO, nanoparticles, the peaks for
all three Zr containing samples shifted to smaller diffrac-
tion angles, indicating larger interplanar spacing due to
the presence of Zr in their structures at the substitutional
sites [37]. This finding is in agreement with a previous
report [38]. Furthermore, the lack of rutile phase peaks
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Fig. 9 XRD patterns of TiO, nanoparticles synthesized at two differ-
ent concentrations of AOT surfactant, a T/AOT, b T/AOT-0.08
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Fig. 10 XRD patterns of Zr-doped TiO, nanoparticles synthesized
using different surfactants, a Z/T/AOT, b Z/T/TX100, ¢ Z/T/TBAB
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Fig. 11 X-ray diffraction peaks of crystal plane (101), a TiO,, b Z/T/
AOT, ¢ Z/T/TX100,d Z/T/TBAB

can be ascribed to the presence of zirconium ions in the
structure of these nanoparticles [39].

5.4 EDS analysis

Figure 12 shows the EDS spectra of Zr-doped TiO, nano-
particles synthesized using different surfactants in the
range of 0.2-4.5 keV [38]. In all three samples, no impurity
was observed. It is evident that the Zr doped is evenly scat-
tered on the TiO, surface.

5.5 TEM investigation

The best nanoparticles prepared were evaluated using
TEM. Figure 13 shows the TEM image of the T/AQT-0.08
nanoparticles as the best sample. The nanoparticles are
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quite uniform and have a spherical morphology with size
range of 40-50 nm. This observation is in agreement with
the results of SEM analysis.

5.6 Evaluation of photocatalytic activity results

Figure 14 shows A reactor was used to investigate the
photocatalytic activity of the synthesized nanoparticles in
degrading MB dye pollutant. In the reactor, 2 ultraviolet
lamps of 15 watts were used as the light source. In order
to conduct the dye degradation, the desired amount of
catalyst was dispersed in the dye solution at ultrasonic
bath for half an hour. Also, in order to keep the adsorp-
tion-desorption balanced, the solution was stirred for half
an hour in the absence of light. Then, the photocatalytic
reaction was carried out under ultraviolet irradiation. Dur-
ing the MB dye degradation process, to facilitate the solu-
tion adsorption speed, the dye solution was stirred for all
the reaction times. Besides, for constant presence of the
oxygen bubbles in the sample solution and for provision
of the oxidation conditions, the pipe connected to the
aquarium pump was placed in the dye solution. During
the reaction procedure, the sampling was carried out for
3 ml using a syringe at a predetermined time. Using the
UV-Vis spectroscopy, the amount of remaining dye was
estimated in the ultraviolet region. Finally, photocatalytic
activities of the synthesized photocatalysts were obtained
based on calculation and comparison of their amounts of
dye degradation in percentage terms. Percentages of the
dye degradation efficiency for these photocatalysts can be
calculated using Formula (1):

Percentage of dye degradation efficiency =C, — C,/C, x 100
(1
where C, is the amount of solution adsorption at zero time
and C, is the amount of solution adsorption at t time.
Figure 15 presents the diagram of MB dye degrada-
tion efficiency for all synthesized samples under similar
test conditions in 300 min. The MB dye degradation of
TiO, sample in 300 min is equal to 35%, which is not a
considerable percentage (curve a). However, in the same
duration of time, an increase was observed in the MB
dye degradation percentage for the surfactant modi-
fied TiO,, and also for the Zr-doped TiO, nanoparticles.
Among the synthesized photocatalysts, the T/AOT-0.08
nanoparticles showed 76% of the MB dye degradation
indicating the best performance (curve h). The superior
activity of the T/AOT-0.08 nanoparticles can be attrib-
uted to their small particle sizes (around 40-50 nm) and
more active sites. In view of the aforementioned, it can
be suggested that the presence of surfactants and Zr
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Fig. 13 TEM image of T/AOT-0.08 nanoparticles. They are spherical
and in the size range of 40-50 nm

UV Light Source
[ 2 /
UV Radiation

MB Dye Solution
Aquarium X
Pomps h
/ -
Magnetic Stirrer

Fig. 14 Schematic illustration of photoreactor designed to perform
photocatalytic activity under ultraviolet radiation

in TiO, nanoparticles results in the increase of the pho-
tocatalytic activities. By trapping the electrons, the Zr
ions inhibit the electron-hole pair recombination and
improve the photocatalytic activity [40].
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Fig. 15 Diagram of the MB dye degradation efficiency in 300 min
for the sample: a TiO,, b T/TX100, ¢ T/AQT, d Z/T/TX100, e T/TBAB, f
Z/T/TBAB, g Z/T/AOT, h T/AOT-0.08. (photocatalyst amount: 10 mg,
initial concentration of the dye solution: 20 ppm, time of ultraviolet
irradiation: 300 min, pH =7, temperature: 25 °C)
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Fig. 16 Effect of T/AOT-0.08 photocatalyst amount on MB dye deg-
radation efficiency: a 10 mg, b 20 mg, ¢ 30 mg, d 40 mg. (initial con-
centration of dye solution: 20 ppm, light irradiation time: 300 min,
pH=7, temperature: 25 °C)

5.6.1 Effects of T/AOT-0.08 amount on MB dye degradation

In Fig. 14, the effect of photocatalyst T/AOT-0.08 amount
on the MB dye degradation is drawn. Various amounts
(10, 20, 30, and 40 mq) of T/AOT-0.08 photocatalyst were
used to investigate its effect on the MB dye degradation.
As Fig. 16 shows, with an increase in the amount of photo-
catalyst from 10 to 30 mg, its photocatalytic efficiency for
the MB dye degradation increased from 76 to 89%.

On the other hand, as the T/AOT-0.08 photocatalyst
amount increased to 40 mg, its photocatalytic efficiency
decreased to 72% (curve d). The increase in the photo-
catalyst amount resulted in the agglomeration and thus
decrease in the surface active sites, and consequently
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decreased the MB dye degradation efficiency of the pho-
tocatalyst. In view of the aforementioned, it can be sug-
gested that the amount of catalyst has two limiting factors.
First, in any amount higher than the optimal amount of
photocatalyst, the photocatalytic particles agglomerated
in the dye solution, which in turn led to the reduction in
the number of surface active sites. Second, beyond the
optimal amount of the photocatalyst, light penetration
into the solution diminished, consequently causing reduc-
tion in the MB dye degradation efficiency of the photo-
catalyst [2, 41].

5.6.2 Effect of MB dye solution pH

Another influential factor in the photocatalytic activity of
nanoparticles is the pH of the dye solution. In all tests, to
study the effect of pH, hydrochloric acid (HCI) or sodium
hydroxide (NaOH) was used. The effect of dye solution pH
on the efficiency of T/AOT-0.08 nanoparticles is presented
in Fig. 17. By reducing in the pH of dye solution from 7 to 4,
the MB dye degradation efficiency of T/AOT-0.08 nanopar-
ticles decreased from 76 to 60%. However, by increasing
the pH to 9, the MB dye degradation efficiency of T/AOT-
0.08 nanoparticles increased to 86%. The surface of the
nanoparticles in acidic conditions (pH=4) had a positive
load, and a negative load under basic conditions (pH =9).
Therefore, by increasing the pH of dye solution, the num-
ber of hydroxyl radicals and subsequently the surface
adsorption of the cationic molecules of MB at the surface
of the T/AOT-0.08 photocatalyst increased, which resulted
in the improvement of photocatalytic activity [42, 43].
However, in the acidic conditions, the surface adsorption
of the cationic molecules of MB at the surface of T/AOT-
0.08 photocatalyst decreased and subsequently the MB
dye degradation efficiency decreased [44].
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Fig. 17 Effect of MB dye solution pH on photocatalytic degradation
efficiency of T/AOT-0.08: a 7, b 4, ¢ 9 (photocatalyst amount: 10 mg,
initial concentration of solution: 20 ppm, temperature: 25 °C)
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Fig. 18 Effect of MB dye solution temperature on photocatalytic
efficiency of T/AOT-0.08 nanoparticles: a 25 °C, b 50 °C (photo-
catalyst amount: 10 mg, initial concentration of the dye solution:
20 ppm, pH=7)

5.6.3 Effect of MB dye solution temperature

Figure 18 shows the effect of MB dye solution temperature
on the photocatalytic efficiency of T/AOT-0.08 nanoparti-
cles. The reaction was first conducted at a temperature of
25 °C, and then at 50 °C while all other parameters were
kept constant. As the results showed, by increasing tem-
perature, the MB dye degradation efficiency of T/AOT-0.08
photocatalyst increased from 76 to 91%. Therefore, it can
be understood that at the higher temperature, formation
of bubbles and production of free radicals in the dye solu-
tion occurred. Besides, the increased temperature less-
ened the possibility of electron-hole pair recombination,
and thus the dye degradation efficiency of the photocata-
lyst increased [45].

6 Conclusion

In this study, 8 samples were synthesized in the presence
of various surfactants using microemulsion method. Based
on the XRD results, it was found that the presence of sur-
factants affected the formation of pure anatase phase of
TiO, nanoparticles. Moreover, it was found that not only
the type but also the concentration of surfactants affected
the morphology of the synthesized nanoparticles. After
preparation and characterization of the nanoparticles, the
pollutant MB dye was used to evaluate their photocatalytic
efficiency. The T/AOT-0.08 sample was found to be the best
photocatalyst due to its uniform spherical morphology
and particle sizes of 40-50 nm, dye degradation efficiency
of 76% at 25 °C, and 91% at 50 °C.
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