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a b s t r a c t 
In this study, photo-catalytic degradation of methylene blue (MB) in aqueous solution by using syn-
thesized nano TiO2 prepared by sol-gel method was investigated under various operational con-
ditions (catalyst dose, pH of the solution, initial concentration of dye and illumination time). Full 
characterization of the synthesized nano titanium was carried out. SEM and FTIR before and after 
degradation demonstrated the interaction between MB dye and TiO2. The synthesized TiO2 band gap 
falls in the visible light region which demonstrates the activation of TiO2 in visible light and enhances 
its removal efficiency. Photo-degradation efficiency of MB was strongly influenced by the operational 
parameters. The photo-degradation efficiency decreased with increasing the initial concentration of 
MB. Alkaline media is favorable for photo-catalytic degradation due to high adsorption of MB mol-
ecules into the catalyst. The photo-catalytic reactions followed pseudo-first order kinetics and the 
reaction rate was inversely related to the feed concentrations.
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1. Introduction

Dyes are abundant class of colored organic compounds 
which are widely used as colorants in many industries 
such as leather tanning, textile,paper, plastic, pharmaceu-
tical [1]. Dyes are one of the most serious contaminates 
for wastewater because of their toxicity and carcinogenic 
properties [2]. Many techniques have been applied for dyes 
removal from industrial wastewater such as flocculation, 
adsorption, air stripping, precipitation, reverse osmosis, 
ion exchange, ultrafiltration and advanced oxidation pro-
cesses [1,3]. Most of those techniques are not cost effective 
since they only transfer the non-biodegradable matter into 
sludge, which require further treatment [4,5]. Advanced 
oxidation processes (AOPs) and adsorption are the most 
effective technologies for dyes removal and other complex 
organic from industrial wastewater [6,7]. Semiconductor 
photo-catalysis is an important destructive technology that 

achieves complete mineralization of most resistant organic 
pollutants [8]. There are many different types of semicon-
ductors that can be used as photo-catalysts such as (TiO2, 
ZnO, WO3, CdS, GaAS, PbS). Among those semiconductors 
photo-catalysts, titanium dioxide (TiO2) has been proven 
to be the most convenient for widespread environmental 
applications due to its biological and chemical inertness, 
strong oxidizing power, ease of preparation, commercially 
available, nontoxicity, water insolubility and long-term 
stability against photo-corrosion [9–11]. In photo-cataly-
sis process, TiO2 is excited by photons having an energy 
level that exceeds its band gap. Consequently, electrons 
are excited from the valence band to the conduction band 
forming an electron/hole pair (e−/h+). The valence band 
(h+) reacts with water or hydroxide ion (OH–) adsorbed on 
the catalyst surface to form hydroxyl radicals (OH.) which 
are strong oxidant and the conduction band (e−) reacts with 
oxygen to form super-oxide oxygen. Organic pollutants on 
or near the surface of TiO2 will be attacked and oxidized 
by hydroxyl radical. It causes decomposition of toxic and 
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bio-resistant compounds into harmless species such as 
CO2, H2O [12–15]. Many researchers prepared nano sized 
TiO2 by sol-gel method [10,11,16]. Most band gap of syn-
thesized nano sized TiO2 photo-catalyst falls in the UV light 
region [10]. Baker et al. prepared nano titanium by sol gel 
method which has a band gap of 3.19 that approached to 
the visible light region (388 nm) [11]. Gnanasekaran et al. 
achieved visible light degradation of methyl orange and 
methylene blue dyes using nanostructured TiO2/polyani-
line nanocomposite [17]. The photo-catalytic performance 
of TiO2 has two major problems which are the wide energy 
gap (3–3.2 eV) that minimize its application to UV region 
and the fast recombination of charge carriers [18]. TiO2 is 
only active in the ultraviolet region (<400 nm), which rep-
resents <10% of the overall solar intensity because of its 
band gap range. Therefore, the light harvesting ability of 
TiO2 is very limited [19]. The main challenge in this field 
is to develop an efficient photo-catalyst TiO2, which is 
workable under the visible light region [20]. The present 
work aims to study photo-catalytic degradation of MB in 
the presence of nano titanium prepared by sol-gel method 
with energy band gap that can utilize visible light in the 
degradation process. The effect of operational conditions 
such as illumination time, catalyst dose, initial MB concen-
tration and pH on the degradation efficiency of MB was 
investigated. Characterization of the prepared catalyst was 
carried out using High resolution transmission electron 
microscopy (HRTEM), X-ray diffraction (XRD), Bet surface 
area, UV-visible reflectance and Fourier transform infrared 
spectroscopy (FTIR). Reaction kinetics was studied using 
pseudo-first order pattern.

2. Material and methodology 

2.1. Materials

Titanium isopropoxide (95%) and palmitic acid were 
purchased from (Alfa Easer) and (Lobachemie), respectively. 
Ammonium hydroxide and isopropanol were obtained 
from (Adwic) and Methylene blue (99%) from (Chemajet). 
Distilled water had been used through the study. pH was 
adjusted by HCL and NaOH with concentration of 1 M. 

2.2. Synthesis of nano TiO2

The sol-gel method described by Baker et al. was used 
to prepare TiO2 nanoparticles [11]. Palmitic acid (82.7 mmol) 
and 200 ml of distilled water were stirred in a beaker. 
Ammonium hydroxide had been added to the solution to 
achieve homogeneity. Then, a mixture of isopropanol (50 ml) 
and titanium isopropoxide (16.7 mmol) was prepared and 
added drop wise to the palmitic acid solution for 2 h and 
stirred for 12 h. The color of the final mixture became milky 
white and white colloidal gel was formed. Then, the white 
colloidal gel was dried at 115°C for 48 h to yield the white 
powder. Finally, the powder was calcined at 500°C for 3 h.

2.3. Experimental apparatus and procedure 

Experimental work was carried out on a photo-re-
actor apparatus. The schematic of the used reactor is 

shown in Fig. 1. Various concentrations of MB were pre-
pared using 500 ppm stock solution. The stock solution 
was prepared by adding 0.5 g of MB in 1 L. The pho-
to-reactor composed of a 250 ml beaker, magnetic stirrer 
and a 400 W metal halide lamp. The height of the lamp 
above the beaker was fixed to be 10 cm. A 100 ml of the 
MB desired concentration was prepared and placed in 
the reactor and the required catalyst dose was added. 
Firstly, the solution was stirred in dark for 30 min to 
achieve adsorption, and then the lamp was switched 
on to start the photo-catalytic reaction. A sample was 
taken every 30 min and centrifuged at 4000 rpm for 15 
min. The degradation of the dye was monitored by mea-
suring the absorbance on a shimadzu UV-visible spec-
trophotometer (1601PC, Japan). The absorbance of the 
dye was measured at wavelength of 660 nm. The con-
centration of the dye was calculated by using a stan-
dard calibration curve for the dye absorbance and its 
concentrations. Dye removal efficiency X was calculated 
as shown in Eq. (1) at various time intervals.

X
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C
o

o
(%) *=

−
100  (1)

where Co is the initial concentration of dye and C is the 
 concentration of dye at time t.

2.4. Characterization of nano titanium 

The morphologies of the synthesized TiO2 were char-
acterized using transmission electron microscopy (TEM, 
Joel JEM 2100, Japan) and scanning electron microscope. 
The X-ray diffraction (XRD) measurements were per-
formed using X-ray diffractometer (Bruker D8 Advanced, 
German) in the range of 4–80 (2Θ), using a mono-chro-
matized Cu Kα radiation (λ = 0.154 nm). The functional 
group of the synthesized TiO2 was characterized using 
FTIR Spectroscopy before and after MB degradation 
(Nicolet is 10, USA). The textural characterization such 
as surface area, pore volume and pore size distribution 
of the synthesized photo-catalyst were obtained by N2 
sorption isotherm measurement using (Quanta Chrome 
Nova 2000, USA). The band gap of synthesized TiO2 
was determined using a UV-Vis-NIR spectrometer (Jas-
co-V-570, Japan). Scanning electron microscopy (SEM) 
was employed to examine the surface characteristics of 
TiO2 before and after MB degradation.

Fig. 1. Schematic of photoreaction experiment setup.
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3. Results and discussion 

3.1. Characterization 

3.1.1. Morphological analysis

The micrograph of the catalyst is shown in Fig. 2 . The 
TEM image shows that most of the nanoparticles crystallize 
are in a cubic morphology. Shadow regions in the picture 
indicate that the particles may have been agglomerated. 
Fig. 2 shows that the particle size was found to be in the 
range of 6.85–14.85 nm, which suggests high surface area of 
the prepared particles. The SEM images (Figs. 3a, b) demon-
strated significant changes in surface topography between 
TiO2 before and after MB dye degradation. This change indi-
cated the adsorption of MB dye onto TiO2 surface, which is of 
a great importance for the degradation of MB dye.

3.1.2. X-ray diffraction 

The phase composition and the crystallite size of the 
prepared TiO2 samples were evaluated by the X-ray pow-
der diffraction analysis. Fig. 4 presents the XRD pattern 
of the calcined TiO2 powder. It shows sharp and well-de-
fined peaks, indicating good crystallinity of the synthesized 
material. The peak positions and their relative intensities 
are consistent with the standard powder diffraction pat-
terns of anatase TiO2. Since the main peaks appear at 25.37°, 
37.4° and 48.1° [21]. This agrees with the JCPDS card (NO: 
84-1286) corresponding to anatase TiO2 which indicates that 
TiO2 is tetragonal. The average crystallite size for the TiO2 
nano powder was estimated according to the Scherrer’s 
equation [16]

D
K

=
*

*Cos
λ

β θ
 (2)

where K is the Scherrer constant, λ is the X-ray wavelength, 
β is the peak width at half maximum and θ is the Bragg’s 
diffraction angle.

Fig. 2. TEM image of TiO2 nanoparticles.

(a)

(b)

Fig. 3. SEM images of TiO2 nanoparticles (a) before degradation 
and (b) after degradation of MB dye.

Fig. 4. XRD pattern of prepared TiO2 nanoparticles.
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The average particle size has been determined from the 
most predominant highest intensity peak and calculated 
to be 15 nm which is accordance with the results obtained 
from TEM.

3.1.3. UV-visible reflectance 

The band gap energies of the prepared catalysts were 
calculated via UV-Visible spectroscopy using the Kubelka–
Munk function by plotting the graph between (F(R) hν)1/2 
on y-axis and hν on x-axis as shown in Fig. 5 .

F R
R
R

( )
( )

=
−1
2

2
 (3)

where R is the reflectance and hν = 1240/λ .The band gap 
value is the intersection of the extrapolating linear portion 
of (F(R) hν)1/2 versus hν with the x-axis [22]. The band gap 
energy (Eg) of synthesized TiO2 nanoparticles was 2.97 eV. 
Band gap of the semiconductors depends on the particle 
size [10]. Band gap of the synthesized TiO2 nanoparticles 
falls in the visible light region of the electromagnetic spec-
trum (417.5 nm). This indicates that the photo-catalyst TiO2 
is active under visible light irradiation. Gnanasekaran et 
al. used nanostructured TiO2/polyaniline nanocomposite 
to achieved visible light degradation of methyl orange and 
methylene blue dyes [17].

3.1.4. FTIR spectroscopy

Fig. 6 shows the FTIR spectra of TiO2 nanoparticles to 
identify the functional group. The broad bands observed at 
3424 and 3450 cm−1 are assigned to the asymmetrical and 
symmetrical stretching vibrations of hydroxyl group (–OH) 
and the band appears at 1625 cm–1 corresponds to deforma-
tion vibration of Ti-OH stretching modes. These bands are 
evidence of the adsorbed water on the TiO2 surface [23,24]. 
The bands observed at 2927 cm−1, 2965 cm−1 and 1382 cm−1 

correspond to the stretching and bending modes of C-H 
bonds, which come from the residual organic materials 
in the prepared TiO2. The band appears at 449 cm−1 corre-
sponds to the Ti-O bending mode of TiO2 [25].The broad 
bands at 580 cm–1 and 650 cm–1 after degradation were due 

to Ti–O bending modes. The band at 804 cm−1 appeared 
after degradation was a result of the Ti-O bond stretching 
mode of the anatase of the TiO2 [26,27]. The broad bands at 
1026 cm–1, 1099 cm–1 and 1261 cm–1 after degradation were 
attributed to C–O stretching vibration. Also the presence of 
methylene group was confirmed by the appearance of two 
strong bands at 2962–2856 cm–1 after degradation [28]. The 
results after degradation suggested the new interactions 
between TiO2 nanoparticles and methylene blue.

3.1.5. BET surface area 

The pore structure and the surface area of the synthe-
sized TiO2 were investigated by performing N2 physical 
adsorption–desorption studies at 77.35 K. N2 adsorption/
desorption isotherm and pore width distributions were 
obtained as shown in Figs. 7a and b. Synthesized TiO2 
nanoparticles have an average pore radius of 5.267 nm. 
The multipoint BET specific surface area obtained from the 
adsorption data at relative pressure (P/P0) of 0.962677 was 
found to be 79.63 m2/g. Pore volume for pores with radius 
less than 26.75 nm at (P/Po) = 0.962677 was .02097 cm3/g. 
These results confirmed that the synthesized nanoparticles 
have high surface area and meso-porosity.

3.2. Comparison between dark and irradiation

Fig. 8 shows the change in dye concentration with oper-
ational time for three cases using TiO2 (1 g/L) in light, using 
TiO2 (1g/L) in dark and finally in light without the addition 
of TiO2. It is evident that the optimum degradation of MB 
dye was achieved using TiO2 in the presence of light. Light 
activates TiO2 which leads to the formation of electron and 
holepairs and produce hydroxyl radical which oxidize the 
organic matter. TiO2 in the presence of light achieved dye 
removal efficiency of 94.9% after 210 min of operational time, 
compared to 27% degradation of MB dye using TiO2 in dark. 
This may be attributed to the fact that TiO2 adsorption is lim-
ited in dark and TiO2 is not activated due to the absence of 
light and cannot promote the oxidation of MB dye. In case of 
operation under light without TiO2, no significant degrada-
tion was attained after 210 min of irradiation time.

Fig. 5. Band gap calculated by extrapolating the linear portion of 
(F(R) hν) 1/2 versus hν.

Fig. 6 . FTIR spectrum of TiO2 nanoparticles before and after MB 
dye degradation.
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3.3. Effect of catalyst dose on the dye removal efficiency

Fig. 9 shows the change of MB concentration with irra-
diation time using various concentrations of TiO2 catalyst 
dose. As the concentration of the catalyst increases from .1 
to 1 g/L, the degradation efficiency of MB increases from 
72.3% to 94. 9%. It is clear that increasing the catalyst dose 
increases the number of adsorbed organic molecules and 
the available active sites for photon absorbance [10]. There-
fore, the photo-degradation efficiency of MB increases. MB 
degradation efficiency increased from 94.9% to 96.9% by 
increasing the catalyst dose from 1 g/L to 3 g/L, respectively. 
The results indicated that using a catalyst dose higher than 
1 g/L did not improve for the photo-degradation efficiency 
significantly. The higher catalyst dosage used, the higher 
solution turbidity occurred, that leads to the reduction of 
light penetration by the scattering effect [29]. Another rea-
son may be related to the aggregation of particles at high 
catalyst dose [30], which results in the reduction of active 
surface available for adsorbing of MB and light radiation. 

3.4. Effect of initial MB concentration on the removal efficiency 

Fig. 10 shows the effect of initial MB concentration var-
ies from 2.5 to 25 mg/L on the removal efficiency using a 
catalyst dosage of 1 g/L at pH value of 7±0.5. At low dye 
concentration the light goes easily through the solution to 
irradiate the TiO2, so that the photonic efficiency increases 

Fig. 7. (a) Nitrogen adsorption–desorption isotherms and (b) 
pore size distribution of TiO2 nanoparticles.

Fig. 8. Effect of light and TiO2 nanoparticles on MB degradation 
efficiency, MB dye concentration = 10 mg/L, catalyst dose = 1 
g/L, pH = 7±0.5.

Fig. 9. Effect of catalyst dose on the photo-degradation efficien-
cy, MB dye concentration = 10 mg/L, pH = 7±0.5.

Fig. 10. Effect of dye concentration on photo-degradation effi-
ciency, catalyst dose = 1 g/L, pH = 7±0.5.
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resulting in higher photo-degradation efficiency. Increasing 
the dye initial concentration from 2.5 mg /L to 25 mg/L 
decreased the photo-degradation efficiency from 98% to 
60%, respectively. This may be related to the number of 
adsorbed molecules of MB increased on the surface of TiO2, 
which reduced the active sites available for hydroxyl ions 
adsorption and reduced the generation of hydroxyl radicals 
[31,32]. Furthermore, as the dye concentration increased, 
the photon get intercepted before they can reach the catalyst 
surface, hence the adsorption of the photons by the catalyst 
decreased, and consequently the catalyst surface will not be 
activated and MB degradation efficiency will be reduced 
[33,27]. This study achieved 96.97% removal of MB in 210 
min compared to 91% removal of MB in 420 min achieved 
by Bin Mukhlish et al. [34] under the same operational con-
ditions which indicates the improvement of nano titanium 
degradation efficiency.

3.5. Effect of pH on the removal efficiency 

The solution pH affects the photo-degradation effi-
ciency of various pollutants [35,36]. The effect of pH on the 
photo-degradation efficiency of MB was studied by chang-
ing solution pH from 3 to 11. The pH of the solution was not 
controlled during the course of the reaction and adjusted 
before irradiation using HCL and NaOH with concentra-
tion of 1 M. Fig. 11 shows that the degradation efficiency 
increases with increasing the pH from 3 to 11. The pho-
to-degradation efficiency increased from 18% to 96% by 
raising the pH from 3 to 11, respectively. Alqadami et al. 
[1] has similar results using MOF nanocomposite for MB 
adsorption. The pH affects not only the dye dissociation 
but also the surface properties of the photo-catalyst and OH 
radical formation [6]. The effect of pH on surface charge can 
be described according to the following equations

pH pHp TiOH H TiOHzc : + →+ +
2  (4)

pH pHp TiOH oH TiO H Ozc : + → +− −
2  (5)

The pH of the point of zero charge (pHpzc) of TiO2 is 
reported to be equal to 6.25 [37,38]. TiO2 surface has a pos-
itive charge at solution pH below the pHpzc and has a net 

negative charge at solution pH above the pHpzc [18]. For 
pH equal to 3, the Cl− anions have been adsorbed on the 
surface of TiO2 which leads to a competition between the 
adsorption of the Cl− anions and the dye on the TiO2 surface 
[39]. This phenomenon reduces the photo-catalytic activity. 
However, at the pH value of 5, the quantity of Cl− anions 
is lower than the previous case, so that the degradation 
efficiency increases [18]. At higher pH, TiO2 becomes nega-
tively charged. Since MB is a cationic dye [40], this increases 
the adsorption of MB into TiO2 and consequently increases 
the degradation rate of MB. 

3.6 .Kinetics of photocatalytic degradation of MB

The degradation rate for MB was calculated using Lang-
muir–Hinshelwood model expressed as follow [41,42]:

r
K K c

K c
r ad

ad
=

+1  (6)

where r is the degradation rate, c is the reactant concen-
tration at time (t), kr is the rate constant and Kad is the 
adsorption equilibrium constant. In photo-catalysis where 
the adsorption is relatively weak like and/or the reac-
tant concentration is low, Eq. (6) can be simplified to the 
pseudo- first order kinetics with an apparent first-order 
rate constant kapp [41]:

Ln
C
C

K K t k to
r ad app( )= =  (7)

where Co is the initial concentration of MB and C is the 
concentration of MB remaining after time t. To study the 
kinetics of photo-degradation of MB, experiments were 
conducted using TiO2 dose of 1 g/L, irradiation time of 210 
min and pH = 7±0.5. The concentration of MB dye after 30 
min in the dark was considered to be the initial concentra-
tion for kinetics analysis. Fig. 12 shows the model equation 
and experimental data at various solution concentrations. 
Table 1 shows the fitting parameter and the correlation coef-
ficient R2 for the pseudo-first order kinetics. It was demon-

Fig. 11. Effect of pH on photo-degradation efficiency, catalyst 
dose = 1 g/L, initial dye concentration = 10 mg/L.

Fig. 12. Kinetics analysis of MB degradation, catalyst dose = 1 
g/L, pH = 7±0.5.



M. Samy et al. / Desalination and Water Treatment 165 (2019) 374–381380

strated that the results were validated by pseudo-first order. 
It was found that as the initial dye concentrations increased, 
the reaction rate decreased. The possible explanation for this 
behavior can be as the initial dye concentration increases, 
the path length of photons entering the solution decreases 
[43-45] but for low dye concentrations the reverse effect was 
observed. In addition, at higher dye concentrations, the dye 
molecules may absorb a significant amount of light rather 
than the catalyst and this also may reduce the catalytic effi-
ciency [46]. Neppolian et al. obtained similar results using 
TiO2 photo-catalyst and solar light for the degradation of 
the commercial textile dyes [47]. 

4. Conclusions

In this study, photo-catalytic experiments were car-
ried out under various operation conditions using synthe-
sized nano TiO2 for MB degradation. MB was successfully 
degraded by using the synthesized nano TiO2 in visible light 
depending on the band gap energy calculations. Morpho-
logical analysis suggests high surface area of the prepared 
particles. The average particle size of TiO2 was 15 nm. Band 
gap of the synthesized TiO2 falls in the visible light region, 
which indicates the activation of TiO2 under visible light 
irradiation. SEM and FTIR before and after degradation 
demonstrated the interaction between MB dye and TiO2.
The photo-catalytic degradation efficiency of MB increased 
with increasing the illumination time. It was also noted 
that the MB removal efficiency was inversely related to the 
feed MB initial concentration. The highest MB photo-cata-
lytic degradation was achieved at alkaline media. The data 
was successfully validated by the Langmuir–Hinshelwood 
pseudo-first order kinetic model. 

Symbols

C0 — Initial concentration of dye (mg/l).
C — Dye concentration at time t (mg/l).
X% — Dye removal efficiency (%).
D —  The average crystallite size for the TiO2 nano powder.
K — The Scherrer constant.
λ — The X-ray wavelength.
β — The peak width at half maximum.
θ — The Bragg’s diffraction angle.
r — The degradation rate.
kr — Reaction rate constant.

kad — Equilibrium adsorption coefficient.
kapp — Apparent pseudo-first-order rate constant.
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