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a b s t r a c t

Titanium dioxide photocatalyst was synthesized through a low temperature co-precipitation process
using TiCl4 as a precursor for degradation of Rhodamine B (RB) Acid Red 57 (AR57) and under UV
irradiation. The activities of the photocatalyst prepared at calcination temperature 400, 500 and 600 �C
were investigated. The resultant TiO2 photocatalyst was characterized by different techniques, such as
XRD, SEM, EDX, N2 adsorption and titration for the determination of the zero point charge (pHZPC). It has
been found that 400 �C annealed sample of TiO2 exhibits the highest photocatalytic dye degradation
efficiency of 93.8 and 90.7% for RB and AR57, respectively within 190min. The effect of operation pa-
rameters such as pH, catalyst dosage, initial dye concentration, as well as the influence of calcination
temperatures was evaluated. Results showed that the degradation rate of dyes increased with the
increased dosage of TiO2 catalyst and decreased initial concentration of the dye. Furthermore, the ki-
netics and scavengers of the reactive species during the degradation were also studied. It was found that
the degradation of RB and AR57 fitted the first-order kinetics and OH� radicals were the main species.
Formation of OH� free radicals during irradiation is determined by photoluminescence studies using
terephthalic acid as probe molecule.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In textile industries there are large amounts of organic mixed
loaded in wastewater, which causes harmful effects to the sur-
rounding environment and human life. These wastewaters must
have treated quality before reusing as possible [1,2]. Purification
must be available by several different advanced techniques. Many
works treated on photocatalytic degradation by using TiO2 [3,4].
TiO2 morphological influence in photocatalytic degradation has
been studied [5,6]. The degradationmethods are effective, fast, eco-
friendly and easy to apply in treatment of wastewater [7e10].
Because of advanced oxidation process, the organic dyes have
become an important part of industrial wastewater due to their
extensive application and large-scale production. There are two
families of dyes, azo dyes and thiazine dyes, which can cause rise
factors of health and it is known that some azo dyes are carcino-
genic. Azo dyes constituting 60e70% of all dyes formed are the
largest group of dyes in textile industry and widely used due to
ary).
their chemical stability and usefulness. They contain one or more
azo groups (-N]N-) having aromatic rings mostly substituted by
sulfonate groups. Azo dyes are resistant to biodegradation under
aerobic conditions [11]. So many effective methods for decontam-
ination of dyes in wastewater have been developed over the past
decade [12,13].

Organic dyes characterize an important source of environmental
contamination, since they are toxic and mostly non-biodegradable
[14]. There are many different conventional treatment methods for
removal these organic compounds from the industrial wastewaters,
such as biodegradation, adsorption, flocculationecoagulation,
electro-coagulation and conventional chemical oxidation, but
they are not effective enough in achieving total removal of these
organic compounds [15]. The most popular method is adsorption to
remove dyes from wastewater. Various adsorbents such as acti-
vated carbons in different forms [16], clays [17,18] and carbon
nanotubes [19,20] were successfully used to remove dyes from
aqueous solution. On the other hand, the use of adsorption method
is limited due to the high cost of adsorbents. Therefore, researches
have been continuous for cheap alternative methods [17]. Except
adsorption, there are many different conservative treatment
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methods for removal these organic compounds from the industrial
wastewaters, such as biodegradation, flocculation-coagulation,
electro-coagulation and conventional chemical oxidation.

As known as, solar energy is a renewable resource of energy, and
its efficient utilization in controlling environmental pollution by
using photocatalytic materials, which reflect a one of the main
targets of modern science and engineering [21]. Therefore, it is a
documented metal oxide semiconductor, which could be exten-
sively applied to diverse applications. Due to the values of its en-
ergy gap (anatase 3.2 and rutile 3.4 eV), TiO2 can only be excited by
ultraviolet light (wavelength lower than 387 nm), which occupies
only 3e5% of the entire solar spectrum. Hence, the utilization of
sustainable luminous energy like visible light or sunlight is limited
and has no remarkable effect [22e24]. Moreover, it is also known
that high recombination of activated electron-hole pair of TiO2 is
still its major drawback that causes the restriction of practical ap-
plications, in particular, solar harvesting aspect [25,26].

In the present study, we have reported the synthesis of TiO2
photocatalyst by co-precipitation technique and then we have
established the tuning of surface defects by simple thermal
annealing at calcination temperatures 400, 500 and 600 �C. The
sample which annealed at 400 �C showing the highest degradation
efficiency of RB and AR57. SEM and XRD techniques have been used
to achieve the microstructure and phase of the samples. The opti-
mized degradation efficiency for the dye concentration has been
estimated and is found to be 6 and 30mg/L for RB and AR57,
respectively. The relationship between the optical band gap (Eg)
and microstructure of anatase TiO2 has been determined and dis-
cussed. A generalized mechanism of chemical reaction of RB and
AR57 dyes on photocatalysis has also been reported.

2. Materials and methods

2.1. Materials

Titanium chloride hexahydrate (TiCl4.6H2O) and oxalic acid
dihydrate (C2H2O4.2H2O) were supplied by SigmaeAldrich and
used as received. Commercial textile dyes Rhodamine B (RB) and
Acid Red 57 (AR57) were obtained from SigmaeAldrich and was
used as received. All chemical reagents were of analytical grade and
used without any further purification. Samples were then
conserved in the desiccator over anhydrous CaCl2 for further use.

2.2. Synthesis of TiO2 photocatalyst

TiO2 was synthesized through a low temperature co-
precipitation process using deionized water as a solvent. An
aqueous ammonia (10%,100mL)was added dropwisely to titanium
chloride hexahydrate (0.5mol, 54.9mL) dissolved in deionized
water until reached pH¼ 9.5. The resulting material was separated
by filtration, washed for several times with 2% NH4Cl solution and
thenwith hot distilled water till free from chloride ion and dried at
110 �C for 24 h. Thewhite precipitate of Ti(OH)4 was formed. Finally,
TiO2 was obtained by thermal treatment at different calcination
temperatures of 400, 500 and 600 �C for 5 h. Moreover, the dried
TiO2 samples were sieved with a 200 mm mesh in order to obtain
small uniform particles.

2.3. Catalyst characterization

FTIR analysis was carried out using a JASCO-FT/IR-4100 spec-
trometer (Jasco, Easton, MD, USA): the finely grinded sample of
TiO2 was included into KBr discs prior to analysis in the wave-
number range 400e4000 cm�1. The surface morphology of TiO2
photocatalyst was examined using scanning electron microscope
(SEM) investigation at accelerating voltages of 20 kV (JEOL-JSM-
6510 LV) using gold coating examination. The elemental distribu-
tion of TiO2 was analyzed using the energy-dispersive X-ray spec-
troscopy (EDX) and taken on a Leo1430VP microscope with
operating voltage 5 kV. Structural deviations of the as-prepared
samples was investigated by X-ray diffraction (XRD) system using
a Shimadzu XRD-6000 diffract meter (Shimadzu Corporation,
Tokyo, Japan) equipped with Cu Ka radiation (l¼ 1.54 Å). The 2�e
rangewas varied between 5 and 80� at a scanning rate of 0.02�. The
crystal system, space group and lattice parameters values were
measured and optimized using CRYSFIRE and CHEKCELL computer
databases [27]. UVevisible spectrophotometer (PerkinElmer
AA800 spectrophotometerModel AAS) was working for absorbance
measurements of samples using 1.0 cm quartz cell. Fluorescence
Spectrometer (LUMINA, Thermo Scientific) was used for fluores-
cence measurements of samples using 1.0 cm quartz cell. The
adsorption/desorption isotherm of N2 on TiO2 at P/Po¼ 6.58� 10�5

torr and 77 K was performed with a Quantachrome Touch Win
Instruments version 1.11. HANNA instrument pHmeter (model 211)
was used for pH modification. HANNA instrument wastewater
behavior photometer (model HI 83214) was used for the mea-
surement of chemical oxygen demand (COD).
2.4. Determination of point of zero charge

The point of zero charge (pHPZC) was resolute by solid addition
method [28]. A series of 50mL (0.1M) KNO3 solutions were pre-
pared and their pH values (pH0) were adjusted in the range of
1.0e10.0 by adding of 0.1M HCl and 0.1M NaOH. To every solution,
0.1 g of TiO2 was added and the suspensions were concerned in an
orbital shaker at 200 rpm. The final pH values of the supernatant
were determined (pHf) after 48 h. The difference between initial
(pH0) and final (pHf) values (DpH¼ pH0 epHf) (Y-axis) was plotted
against the initial pH0 (X-axis). The intersection of resulting curve
yielded the pHPZC where DpH¼ zero.
2.5. Photocatalytic dye degradation experiments

The photocatalytic activity of prepared TiO2 photocatalyst was
evaluated bymonitoring the photodegradation of Rhodamine B and
Acid Red 57 in aqueous solution using UV lamp under atmospheric
condition. The specifications of the UV lamp used in the experiment
are Ephoton (eV) 4.43e12.4 with lmax (nm) 280-100 [29]. A 150mL
beaker (5 cm inside diameter) was utilized as a reactor for per-
forming dye degradation experiments. The distance from the lamp
to the top solution surface was fixed to 10 cm. The working volume
of the reactor was 100mL, having dye solution and photocatalyst
suspension. The photocatalyst samples of TiO2 (2.5 g/L) were added
into a 100mL of RB (6mg/L) and AR57 (30mg/L) dye solution
maintained at the pH of 7. Effective stirring of dye solution and
photocatalyst is essential in order to keep the uniform dispersion of
the photocatalyst with reduced agglomeration. Before illumination,
the solution was stirred continuously at 600 rpm by magnetic
stirrer in dark for 30min for the powder photocatalyst to adsorb
the dye in the solution and reach adsorption desorption equilib-
rium. Thus, the effect of surface adsorption in the removal of RB and
AR57 is eliminated.

The influence of the pH of the initial solution was evaluated at
pHs from 2 to 10 (adjusted using HCl (0.1M) and NaOH (0.1M)).
Catalyst dosage was varied from 0.1 to 0.5 g/L, keeping RB and AR57
dye concentration at 6 and 30mg/L, respectively. The influence of
dye concentration using 2.5 g/L of TiO2 photocatalyst was also
evaluated by changing its concentration from 4 to 9 and from 10 to
50mg/L for RB and AR57 dye, respectively. Each sample was taken



Fig. 1. N2 adsorption/desorption isotherm curve of TiO2 at 400 �C and at 77 K.
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Fig. 2. X-ray diffraction patterns of TiO2 nanostructures at different annealing tem-
peratures 400, 500 and 600 �C.
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out at a given time interval and immediately centrifuged at
20,000 rpm for 5min to remove any suspended solid catalyst par-
ticles for analysis. In order to maintain the temperature inside the
enclosure, an exhaust fan is required. Finally, the absorbance of RB
and AR57 in the sup ernatant liquid was recorded by a UVevisible
spectrophotometer, at the maximal absorption wavelength of RB
(lmax¼ 545 nm) and AR57 (lmax¼ 512 nm).

The degradation rate (D) of the dye was calculated using Eq. (1):

D % ¼ ðA0�At
�
=A0 x 100 (1)

where A0 denotes the initial absorbance of RB and AR57 solution
(blank), and At its absorbance after t minutes of irradiation/reac-
tion. According to the BeereLambert’s law A0 and At are propor-
tional to C0 and Ct, where C0 and Ct are the concentration of blank
and sample at (t) time.

To confirm the photodegradation results, chemical oxygen de-
mand (COD) of samples before and after photodegradation exper-
iments was measured at regular time intervals [29]. The
photodegradation of pollutants follows the pseudo first-order ki-
netics according to the LangmuireHinshelwood model [30], so the
photodecolorization rate of each dye was studied using Eq. (2):

ln ðC0=Ct
� ¼ ln ðA0=At

� ¼ kt (2)

The photo degradation rate constant (k, min�1) was calculated
from the slope of the straight-line segment of the plot of ln (C0/Ct)
vs. t as a function of the used experimental parameters.

The optical properties of the photo catalysts were studied by
UVevisible absorption spectroscopy at room temperature. The
powder samples were dispersed in paraffin oil by sonication and
their optical properties were studied in the wavelength range
200e800 nm, with paraffin oil as the reference medium [31].

The photocatalytic stability of TiO2 (at 400 �C) was also
Table 1
Specific surface area, pore volume and average pore size of TiO2 nanostructure calcined

Temperature oC Specific surface area (m2/g) Pore v

400 156.036 0.1890
500 87.121 0.4582
600 33.800 0.7054
evaluated for three cycle times under same conditions. In addition,
the active species such as hydroxyl radical (OH�), electron (e�), hole
(hþ) and super oxide (O2

��) were also performed with different free
radical scavengers (iso-propanol, silver nitrate, potassium iodide
and p-benzoquinone) under UV light irradiation at the similar
conditions.
3. Results and discussion

3.1. Brunauer-Emmett-Teller (BET) specific surface area

The Brunauer-Emmett-Teller (BET) [32] specific surface area and
Barrett-Joyner-Halenda (BJH) pore size of TiO2 have been investi-
gated using N2 adsorption/desorption measurements at 77 K
(Fig. 1). The N2 adsorption-desorption isotherm of TiO2 nano-
particles is classified as type II that referred to non-porous solid at
P/Po¼ 0.9868. The isotherm is completely reversible without
showing any hysteresis loop illuminating the absence of any pore
type that permit capillary condensation process. The specific sur-
face area of TiO2 at different calcination temperature (Table 1) was
calculated by BET equation in its normal range of applicability and
adopting a value of 16.2 Å for the cross-section area of N2 molecule.
Also, the total pore volume taken at a saturation pressure and the
pore radius calculated by BJH pore size distribution curve were
calculated (Table 1) [33,34]. In our case, the photocatalytic effi-
ciency is higher for sample at calcination temperature 400 �C,
having smaller crystallite size than the others, higher specific sur-
face area (156.036m2/g). Hence this catalyst was used in the next
experiments.
3.2. X-ray diffraction

The XRD patterns of the as arranged TiO2 nanostructures at
at different temperatures.

olume (cm3/g) Average pore size (nm) R2

3.485 0.9981
5.058 0.9287
9.681 0.9881



Fig. 3. a. SEM image of TiO2 nanostructures at calcination temperature 400 �C. b. Energy Dispersive X-ray (EDX) spectrum of TiO2 at 400 �C.
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different thermal treatment temperatures 400, 500 and 600 �C are
shown in Fig. 2. The observed diffraction peaks communicate to
well crystallized TiO2 indicates the formation of titania anatase
structure (JCPDS No. 21e1272) with lattice constant a¼ b¼ 3.786 Å
and c¼ 9.507 Å [35]. It can be seen that the XRD patterns of TiO2
samples are similar at different annealing temperatures (Fig. 2). No
additional peaks due to impurities were detected indicating the
high purity of the as-prepared TiO2, and the peaks at 2q¼ 25.34,
37.82, 38.10, 48.08, 53.94, 55.10, 62.78, 68.80, 70.59 and 75.2� can
be attributed to (101), (103), (004), (200), (105), (211), (204), (116),
(220) and (215) planes of TiO2, respectively [36]. The crystallite size
(D, Å) of the TiO2 nanoparticles was calculated by using the
Scherrer’s formula (Eq. (3)) [37],

D¼Klb cosqB (3)

where, l is the X-ray wavelength (1.54Å), b is the angular width of
the peak at half of its maximum intensity (full-width at half-
maximum) corrected for the instrumental broadening, qB is the
maximum of the Bragg diffraction peak and K is Scherrer’s constant
(0.9 Å).

The average crystallite size of TiO2 was calculated from the main
peak (2q¼ 25.34�) of XRD patterns, which corresponds to the plane
(101). The estimated crystallite size was 12.5, 17.12 and 18.6 nm at
annealing temperatures 400, 500 and 600 �C, respectively. These
results can be explained on the basis of increased extent of
agglomeration of the TiO2 particles with increasing annealing
temperature which also result in the decrease of the surface area
[38,39].

3.3. SEM and EDX analysis

The surface morphology and surface area are very effective pa-
rameters in photocatalytic activity of TiO2 nanoparticles. TiO2
nanoparticles due to the high surface energy tend to be aggregated.
This agglomeration deteriorates the photocatalytic activity through
the reduction of effective surface area of TiO2 nanoparticles. TiO2
nanoparticles at calcination temperature 400 �C were investigated
through SEM analysis (Fig. 3a). This SEM image showclosely packed
nearly spherical and randomly oriented nanoparticles [40].

Energy dispersive X-ray investigation is established on the
principle of unique atomic structure provides unique set of peaks
on its X-ray spectrum for each element. The elemental composition
of TiO2 nanostructure was determined by EDX analysis coupled
with SEM. Peaks assigned to Ti and O were set up, but no impurity
peaks were detected, which further long-established that the
synthesized TiO2 is pure and consists of only Ti and O (Fig. 3b). Ti
signal at 5.00, 4.50 and 0.40 keV, and oxygen peak at 0.58 keV and
was detected.

3.4. Optical band gap energy (Eg)

The quantity of the energy band gap of TiO2 nanostructures has
been determined by studying of the optical properties of these
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particles using UVevisible spectroscopy. The band gap energy of
semiconductors was determined using Tauc’s formula [41] which
shows the relationship among absorption coefficient as follows (Eq.
(4)):

ðahyÞ1=n ¼ A
�
hy�Eg

�
(4)

where a is the absorption coefficient, h is Planck’s constant and ʋ is
the frequency of vibration (ʋ¼ c/l, where l is the wavelength and c
is the light speed) [42]. Exponent n depends on the type of tran-
sition and it may have values 1/2, 2, 3/2 and 3 corresponding to the
allowed direct, allowed indirect, forbidden direct and forbidden
indirect transitions, respectively [43]. A is a constant depending on
the transition probability and generally called band tailing
parameter. In the case of amorphous, homogeneous semi-
conductors n is 2 independently of the type of transition [44]. In
case of TiO2, n¼ 2 is usually considered. Thus, the band gap energy
was obtained graphically from (ahʋ)½ vs. hʋ (Fig. 4), extrapolating
the linear part on the abscissa according to Eq. (4). The band gap
energy was found to be 3.00, 3.05 and 3.15 eV for TiO2 at annealing
temperature 400, 500 and 600 �C, respectively. It was observed that
energy band gap increases with increase in annealing temperature.
In general, the band gab value depends on crystallite size and
structural parameter [34,45].
3.5. FTIR analysis

Infrared studies were carried out in order to establish the purity
and nature of the metal nanoparticles. Metal oxides generally give
absorption bands in fingerprint region i.e. below 1000 cm�1 arising
from inter-atomic vibrations. The peaks at 464 and 836 cm�1

ascribed to the TieO stretching vibration mode [46]. Also, the
catalyst surfaces were adsorptive to atmospheric CO2 as ascribed
from the less intense peaks at 1408 and 2922 cm�1 [47]. The peaks
around 3440 cm�1 are the stretching vibration of OeH in adsorbed
water and those at 1633 cm�1 are the bending vibration of TieOH
[48].
3.6. Determination of point of zero charge (pHPZC)

pH was one of the most important parameters for the
degradation of RB and AR57, as it resolute which ionic species were
nearby in the adsorbate solution and the surface charge of the
sorbent. Surface charge of the TiO2 was determined by the PZC,
which is defined as the pH (pHPZC) at which the positive charges on
the surface equal the negative charges [49]. The pHPZC of TiO2 was
found to be 7.18. This shows that below this pH, the TiO2 acquires a
positive charge owing to protonation of functional groups and
above this pH, negative charge exists on the surface of TiO2.
3.7. Effect of operating parameters on the photocatalytic
degradation of RB and AR57

3.7.1. Effect of calcination temperature
The activities of the prepared photocatalyst (TiO2) at different

calcination temperatures 400, 500 and 600 �C were investigated.
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The degradation rate of RB and AR57 over TiO2 improved with
decrease of the calcination temperature. At the calcination tem-
perature of 400 �C, the degradation rate reached 93.8 and 90.7% for
RB and AR57, respectively (Fig. 5). The degradation efficiency of the
TiO2 samples followed the order 400> 500 > 600 �C after UV
irradiation for 190min, whichmay be associated to the particle size
of the photocatalyst (Table 1). When the calcination temperature of
TiO2 increased from 400 �C to 600 �C the photocatalytic reaction
rate tends to decrease at higher calcination temperature (rutile
structure). The photocatalytic activity of TiO2 generally increased
with increasing crystallization and decreased with decreasing
specific surface area (Table 1). Higher calcination temperature
could promote the crystallization of TiO2 and efficiently remove the
bulk defects sites for the recombination of the photo-induced
electronehole pairs [31].

3.7.2. Effect of initial dye concentration
The effect of initial dye concentration on its degradation has

been studied with varying concentration of dye from 4 to 9mg/L for
RB and from 10 to 50mg/L for AR57, keeping the TiO2 catalyst
concentration set at 2.5 g/L (Fig. 6). It is found that the degradation
efficiency of TiO2 sample has been increased initially for dye con-
centration up to 6mg/L for RB and up to 30mg/L for AR57 and then
decreased [50]. Therefore, the removal efficiency of dye could be
improved by the lower initial concentration of the dye [51]. This
may be explained that more and more dye molecules were adsor-
bed on the photocatalyst surface, when initial dye concentration
was increased. Since many active sites were full by the dye mole-
cules, the adsorption of O2 and OH� on the photocatalyst was
decreased, which leads to reduced regeneration of radicals [52].
Moreover, the photons were blocked before realization the photo-
catalyst surface; hence, the adsorption of photonswas decreased by
the photocatalyst.

3.7.3. Effect of TiO2 dosage
Sufficient dosage of the catalyst increases the generation rate of

electron/hole pairs and thus the formation of OH� radicals for
attractive photodegradation efficiency. Hence the catalyst dosage
effect on the degradation efficiency of the process was studied in
the range of 0.1e0.5 g/L keeping RB and AR57 dye concentration at
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6 and 30mg/L, respectively (Fig. 7). As shown, the photocatalyst
amount of 2.5 g/L showed the best efficiency toward the decolor-
ization of RB and AR57 and then a sharp decrease was happened in
the decolorization efficiency. By increasing the photocatalyst
amount, more and more active sites were found on the photo-
catalyst surface, which leads to enhance of formation of hydroxyl
radicals [53]. Negative effect was observed by additional increase of
the photocatalyst amount; because aggregation of catalyst particles
shows screening affect which can avoid getting to photons to inner
catalyst surface [54]. However, an excess dosage of the catalyst
decreases the light penetration via protecting effect of the sus-
pended particles and hence reduces photodegradation rate.

3.7.4. Effect of pH
pH is a significant operational parameter determining the effi-

ciency of the photocatalytic removal of different pollutants in
wastewaters [55]. The effect of varying pH from 2 to 10 in the initial
dye solution is shown in Fig. 8, for an initial concentration of RB
(6mg/L) and AR57 (30mg/L), over TiO2 (2.5 g/L), and under UV
irradiation [56]. Adsorption and thus dye degradation appear to be
chosen at pH around the zero-point charge pH (pHzpc), i.e., 7.18 for
the TiO2. At a pH higher than 7.18 the surface of TiO2 photocatalyst
is negatively charged, whereas at pH lower than 7.18 it converts
posatively charged. Since RB and AR57 is anionic type dye, a pH
lower than that corresponding to the zero-point charge favors the
adsorption of RB and AR57 molecule on the catalyst surface which
results in improved degradation of RB and AR57 under neutral and
acidic conditions.

Furthermore, in acidic condition, the molecular structure of the
dye might change into the quinoid structure, which is unstable and
might be easily destroyed. Though, a further increase in pH prin-
cipals to an increase coulombic repulsion between the negative
charged TiO2 surface and the OH� species involved in the photo-
catalytic oxidation mechanism [57], leading to decreased degra-
dation efficiency.

3.8. Estimation of chemical oxygen demand (COD)

Organic strength of wastewater can be estimated in terms of the
total quantity of oxygen required for the oxidation of organic
matter to CO2 and H2O [58]. The COD value of the dye solution
before and after the treatment was estimated. Chemical oxygen
demand was measured after exposure the sample to UV irradia-
tions at times 0, 30, 60min to check the photodecolorization of RB
and AR57 dyes and found to be 227, 135, 80 and 145, 110, 63 ppm,
respectively. The observed decrease in the COD values of the pre-
served dye solution with increasing time indicating the complete
mineralization of dye into non-toxic species.

3.9. Degradation kinetics

Rhodamine B (RB) and Acid Red 57 (AR57) were utilized as
model dyes to evaluate the photocatalytic activity of the prepared
TiO2 sample under simulated UV radiation. The absorbance curve of
RB and AR57 solutions after 190min of irradiation is shown in Fig. 9
using as prepared and calcined TiO2 at 400 �C as photocatalyst. The
kinetics of RB and AR57 photodegradation on the photocatalyst
surface can be described by the first-order reaction as shown in Eq.
(2). Fig. 9 designates the linear relationship of ln (C0/Ct) vs. irradi-
ation time (t) for the solution of RB and AR57. Rate constants were
determined for analyzed photocatalyst from the slope of linear
fitting line as shown in Fig. 9. As it can be seen, a good correlation to
the first order reaction kinetics (R2¼ 0.989) was found. In our case,
RB degraded faster as compared to AR57 due to the lower bond
dissociation energy of RB. Bond dissociation energy theory states
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Fig. 9. Photocatalytic degradation efficiency of RB and AR57 using TiO2 under simu-
lated UV irradiation.
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that chemical bonds with lower bond dissociation energy are easier
to break and suitably, form new bonds [59,60]. The rate constant of
RB and AR57 was found to be 0.120 and 0.107min�1, respectively.

3.10. Stability of photocatalyst TiO2

Recycling experiments of TiO2 for the photocatalytic
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degradation of RB and AR57 under UV irradiation were carried out
to investigate its stability. The photocatalyst was collected after
each cycle by centrifugation, then washed with distilled water and
ethanol and dehydrated in an oven at 100 �C. The sample was then
reused for subsequent degradation. As can be seen, the efficiency of
the degradation of RB and AR57 reduced from 93.8 to 87 and 90.7 to
85 after three cycles, respectively. The photocatalytic activity of
TiO2 only minimally decreases, due to the unavoidable loss of
photocatalysts during the cycle processes. Consequently, the TiO2
photocatalyst remains high photocatalytic activity and stability
under UV irradiation for a long time (Fig. 10).
3.11. Mechanism of photodegradation

The photocatalytic reaction generally contains photoexcitation,
charge separation, migration and surface oxidationereduction re-
actions [61]. Through the photodegradation of dyes over TiO2, the
e�, hþ, OH� and O2

�� are reduced by adding AgNO3 (e� scavenger),
potassium iodide (hþ scavenger), iso-propanol (OH� scavenger) and
p-benzoquinone (O2

�� scavenger) into the reaction solution,
respectively [62]. Fig. 11 shows the degradation rate in the presence
and absence of the scavengers at the same conditions [63]. Hence,
the active species responsible for photocatalytic degradation of RB
and AR57 is the holes in valence band (hþ) electron conduction
band (e�) and hydroxyl radicals (OH�). The efficiency of photo-
catalysts for degradation of the two dyes is mainly influenced by
the concentration of the generated OH� radicals.

Once TiO2 is exposed to the photons (hʋ) with the energy
equivalent or higher than the band gap energy (Eg), electrons are
excited from the valence band (VB) to conduction band (CB) leaving
holes behind in VB and thus form electronehole pairs. Firstly, the
diffusion of organic pollutants takes place from the polluted solu-
tion to the photocatalyst surface. Then, the effective adsorption of
the redox reaction and desorption of the product to the outer
surface of the photocatalyst. Then, the removal or separation of the
lessor non-toxic product to the treated solution is executed. The
fundamental mechanism of photocatalytic degradation of RB and
AR57 can be illustrated:

TiO2 þ hy/TiO2 ðhþ
ðVBÞ

�
þ TiO2 ðe�ðCBÞ

�
(5)

The electrons generated through irradiation could be readily
surrounded by O2 absorbed on the photocatalyst surface or the
dissolved O2 [64] to give superoxide radicals (O2

��):

e�ðCBÞ þ O2/O��
2 (6)

Consequently, O2
�� could react with H2O to yield hydroperoxy

radical (HO2
�) and hydroxyl radical (OH�), which are strong

oxidizing agents to decompose the organic molecule:

O��
2 þ H2O/HO�

2 þ OH� (7)

Simultaneously, the photoinduced holes could be surrounded by
surface hydroxyl groups (or H2O) on the photocatalyst surface to
give hydroxyl radicals (OH�):

OH� þ hþ
ðVBÞ/OH�

ad

H2O4 ðHþ þ OH�
�

þ hþ
ðVBÞ/OH� þ Hþ (8)

Finally, the organic molecules (RB or AR57) will be oxidized to
yield carbon dioxide and water as follows:

OH� þ RB or AR57 þ O2/products
�
CO2 and H2O

�
(9)

Meanwhile, recombination of positive hole and electron could
happen which could reduce the photocatalytic activity of prepared
nanocatalyst (TiO2):
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TiO2ðhþ
ðVBÞ

�
þ TiO2 ðe�ðCBÞ

�
/TiO2 (10)

Photoluminescence studies using terephtalic acid (TPA) as a
probe molecule were used to determine the formation of OH� free
radicals. TPA is recognized to react with ͘OH� free radicals to yield
2-hydroxyterphthalic acid displays a characteristic luminescence
peak at 420 nm [65]. The intense luminescence peak at 420 nm for
sample containing TiO2þTPA after irradiation for 30, 60, 90,120 and
180 min showed clearly the presence of OH� free radicals during
irradiation.
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Fig. 13. Correlation curve between specific surface area of TiO2 at 400, 500 and 600 �C
and photodegradation efficiency of RB and AR57.
3.12. Adsorption isotherms

Adsorption on a uniform surface with equivalent adsorption
capacity is well described by the Langmuir isotherm, which sug-
gests monolayer adsorption [66]. Furthermore suggests no addi-
tional adsorption of dye molecules shield the active sites on the
adsorbent. The Langmuir adsorption isotherm was used (Eq. (11)):

Ce=qe ¼ 1=ðqmaxKL
� þ Ce=qmax (11)

where Ce is the equilibrium dye concentration in solution (mol/L),
qe is the equilibrium dye concentration in the adsorbent (mol/g),
qmax is the monolayer capacity of the adsorbent (mol/g) and KL is
the Langmuir adsorption constant (L/mol). Then, a plot of Ce/qe vs.
Ce gives a straight line of slope 1/qmax and the intercept 1/(qmaxKL)
(Fig. 12). The Langmuir equation is appropriate to homogeneous
sorption, where the sorption of each sorbate molecule onto the
surface is equal to sorption activation energy [17]. The maximum
monolayer adsorption capacity (qmax) was found to be 6.75� 10�4

and 4.38� 10�4mol/g for RB and AR57, respectively. Langmuir
adsorption constant (KL) were found to be and 1.66� 105 and
5.21� 105 L/mol for RB and AR57, respectively. High correlation
coefficient (R2) values (0.9992 and 0.9976 for RB and AR57,
respectively) of the straight lines obtained confirm the validity of
Langmuir adsorption isotherm [67].
3.13. Correlation analysis

It is important to study the relationship between the physical
and chemical properties of the photocatalyst and its degradation
properties. The degradation efficiency of TiO2 photocatalyst at 400,
500 and 600 �C was found to be 93.8, 67.3 and 36.9% and 90.7,
62.9.67 and 40.3% for the RB and AR57, respectively after 190min.
UV irradiation. Fig. 13 shows that the relation between the specific



H.A. Kiwaan et al. / Journal of Molecular Structure 1200 (2020) 12711510
surface area of the photocatalyst at (400, 500 and 600 �C) and its
degradation efficiency for the dyes. The specific surface area of TiO2
which calculated from BET measurements at 400, 500 and 600 �C
was found to be 156.036, 87.21 and 33.800m2/g, respectively. As
the calcination temperature increases, the specific surface area
decreases, the average pore size increases, and the photocatalyst
will result in a low degradation rate of dyes. Therefore, the best
photocatalytic degradation of RB and AR57 was observed over TiO2
at 400 �C.

4. Conclusions

In this work the photocatalytic activity of TiO2 photocatalyst was
studied for the treatment of aqueous solutions containing RB and
AR57 under UV light irradiation. TiO2 sample was synthesized by
co-precipitation method and calcined at different temperatures
and they were characterized by different spectroscopic techniques.
Based on the XRD and SEMmeasurements, the TiO2 was present as
hexagonal wurtzite phase and the size of TiO2 was 12.5, 17.12 and
18.6 nm at annealing temperatures 400, 500 and 600 �C, respec-
tively. In fact, the highest photocatalytic removal of RB and AR57
from aqueous solutionwas achieved by using TiO2 as photocatalyst,
confirmed also by the evaluation of the kinetic constant for RB and
AR57 degradation. The effect of operation parameters such as pH,
catalyst dosage and initial dye concentration was estimated. It was
found that the degradation of RB and AR57 fitted the first-order
kinetics and OH� radicals were the main species. Optical adsorp-
tion investigation shows that nanostructures TiO2 has an indirect
band gap structure with an optical band gap of 3.00, 3.05 and
3.15 eV for calcination temperature at 400, 500 and 600 �C,
respectively. As the calcination temperature decreases, the specific
surface area increases and the photocatalyst will result in a high
degradation rate of dyes. Formation of OH� free radicals during
irradiation is determined by photoluminescence studies using
terephtalic acid as probe molecule. The degradation extent was
checked by UVeVis. spectroscopy and confirmed by chemical ox-
ygen demand.
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