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ABSTRACT

In the present study, a nano TiO, was used as a catalyst for the photocatalytic decolorization of
Methylene Blue (MB) and Reactive Red 198 (RR198) dyes in the aqueous phase. Photocatalysis was
optimized using a parametric study to improve the influence of different parameters such as catalyst
dosage, pH effect, initial dye concentration, irradiation intensity for the degradation efficiency. The
optimum conditions were determined as catalyst dosage= 0.25 g/L, pH = 6.5 and 9 and irradiation
intensity = 50 W/m? for RR198 and MB. The color removals were 95% and 66% for RR198 and MB
respectively. The efficient photocatalytic removal of selected dyes decreased with increasing initial
dye concentration and increased with catalyst dosage, and also irradiation intensity. The pH effect
varies the kind of dyes such as anionic and cationic. Kinetic data revealed that the decolorization was
fitted by Langmuir-Hinshelwood model. The thermodynamic parameters showed that the process
was feasible and exothermic. Using photocatalytic methods was a feasible choice for the removal of

aniline and azo dyes.
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1. Introduction

Textile industries are substantial sources of environmental
pollution, as they consume large amounts of water and
produce enormous volume of wastewater in the dyeing and
finishing operations [1]. Dyes are used as coloring substances
in plethora of industries, such as various textile industry
applications, food, paper, carpets, rubbers, plastics and
cosmetics [2,3]. Recently it was shown that dyes and prod-
ucts of their degradation which could lead to the production
of a great number of toxic products and in some cases even
carcinogenic to humans and animals [4-6]. Therefore, it is
necessary to remove these dye contaminants from wastewater
before it is discharged into the environment [7]. In order to
reduce the environmental impact of dyes, many technol-
ogies have been developed for the removal of dyestuffs
from water and wastewater. These methods are physical,
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chemical, biological, acoustic and electrical processes [8].
Several treatment approaches have been reported in liter-
ature regarding decontamination and handling of colored
effluents such as membrane filtration [9], chemical treatment
[10], oxidation (chlorine, hydrogen peroxide, Fenton agent)
[11,12], advanced oxidation processes (AOP) [13].

Recent advances in oxidation processes draw attention to
the removal of pollutants from wastewaters. These processes
are economical, environmental friendly and remove dye and
organic matter found in wastewater. AOPs maintain their
influence in the presence of ultrasound and ultraviolet radia-
tion [14,15]. Application of semiconductive catalysts such as
iron oxide (Fe,0,, 2.2 eV), cadmium sulphide (CdS, 2.5 eV),
ilmenite (FeTiO,, 2.8 eV), vanadium oxide (V,0,, 2.8 eV), bis-
muth oxide (Bi,0,, 2.8 eV), zinc oxide (ZnO, 3.2 eV), stron-
tium titanate (SrTiO,, 3.4 eV), zinc sulphide (ZnS, 3.6 eV), tin
oxide (SnO,, 3.5 eV), titanium dioxide (TiO,, 3.2 eV) [16,17].
In addition to this, novel strategy for; green synthesis of

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



E. Basturk et al. / Desalination and Water Treatment 143 (2019) 306-313 307

magnetic dummy molecularly imprinted nanoparticles,
hydrophilic multi-template molecularly imprinted biopoly-
mers, lower toxic water-compatible molecularly imprinted
nanoparticles, hollow porous molecularly imprinted poly-
mer, water-compatible (superparamagnetic) molecularly
imprinted biopolymer, dummy molecularly imprinted based
on functionalized silica nanoparticles were studied to bring
new approach to trapping analytes [18-24].

Photocatalytic process is one of the promising approaches
to enhance performance of the degradation of pollut-
ants [1,25]. In addition to this, catalyst can be modified in
order to enhance the catalytic degradation efficiency [26].
Photocatalytic process is widely used with different modi-
fied catalyst successfully for removal of different organic
and azo dyes [27-32]. Among these catalysts, TiO, has been
widely used in the catalytic processes for removing dye
pollutant because of its exceptional physical, chemical and
optical properties, low cost, non-toxicity, excellent catalytic
activity and complete mineralization [1,33].

Herein, as explained in this work, we accumulated and
combined all the advantages of materials that were men-
tioned above to enhance the photocatalytic efficiency of TiO,.
Here we report the usage of TiO, photocatalyst homoge-
neously without any functionalizing the surface or using a
surfactant. On the other hand, this situation brings economic
advantage. From the literature, the functionalizing of the sur-
face or using a surfactant, coating and modifying procedures
are expensive.

In this study, TiO, nanoparticles are used for photocat-
alytic degradation of an azo (Reactive Red 198-RR198) and
basic aniline (Methylene Blue [MB]) dye. The study has also
highlighted the role of pH , value and the different dye types
(cationic and anionic) and the usage of non-modified nano
TiO, for removal of dyes within a short time and low dosage.
The influencing factors on the performance of degradation
process, such as nano TiO, dose, initial dye concentration, pH
of solution and irradiation intensity have been studied. The
kinetic and thermodynamic study has been also investigated.

2. Materials and methods
2.1. Materials

TiO, anatase (anatase > 99%, crystalline size 10 nm) was
purchased from Ege Nanotek Kimya Sanayi (Ege Nanotek
Chemical Industry), Turkey. Methylene Blue (C,;H,,CIN,S),
NaOH, HSO, and H,O, were purchased from Merck
(Germany). Reactive Red 198 (C,,H ,CIN Na,O, S,) was pro-
cured from Eksoy Kimya Sanayi ve Tic. A.S. (Eksoy Chemical
Industry), Turkey. All the chemicals were used as received
without any further purification. All solutions were prepared
using ultrapure water from Milli-Q synthesis Unit (Millipore).

2.2. Catalyst characterization

X-ray diffraction (XRD) measurements of samples
were carried out with X-ray diffractometer (D8 Advance
X-ray Diffractometer, Bruker, USA) operating with Cu Ka
radiation of wavelength of 1.54059 A at room temperature.
Data were collected over 2 h values from 200 to 880 at a
speed of 20/min to assess the crystallinity and confirm the

structure and phase. The pH at the point of zero charge
(pH,,) for catalyst was determined by the batch equilibra-
tion technique.

2.3. Analyses and experimental procedure

A stock solution of dye solution was prepared using
1 g of dye dissolved in 1 L distilled water. Dye solution of
known concentration were prepared in distilled water,
mixed appropriate amount of TiO, and dispersed in the
photoreactor. The pH of the dye solution was adjusted either
using H,SO, or NaOH. The experimental procedure has
been given in details in our previous papers [34,35]. UV-Vis
spectrophotometer (UV 1280, Shimadzu, Japan) was used to
monitor the dye degradation or removal process. Typically,
during the course of reaction, 1 mL of dye samples was
withdrawn using a micro pipette, centrifuged and filtered
to ensure catalyst color removal from the dye solution.
Maximum dye absorbance wavelength (A ) was used for
absorbance measurement. The calibration equation of RR198
and MB are y = 0.0194x — 0.0032 and y = 0.0248 + 0.0046,
respectively (y = absorbance and x = dye concentration). The
characteristics of selected dyes are shown in Table 1.

3. Results and discussion
3.1. Characterization and catalytic effect of catalyst

The crystal structure of the catalyst was identified by
X-ray diffractometer. The pH at the point of zero charge
(pPH,,) for catalyst was determined by the batch equilibra-
tion technique. The XRD and pHpZC results are shown in
Figs. 1 and 2.

According to the XRD results, the maximum peak value
20 = 25.3. In addition, the high peak values show that the
material used TiO, is anatase type as same in literature
(Fig. 1) [36]. The pHPZC was found to be 7.41 (Fig. 2).

Table 1
Characteristics of selected dyes
Methylene Blue  Reactive Red 198
CAS No 122965-43-9 145017-98-7
Dye type Basic aniline Azo
Molecular weight ~ 319.86 984.183
Molecular formula  C, H,CIN,S C,,H,CIN.Na,O,S,
A 664 520
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Fig. 1. XRD graph of nano TiO, (¥: anatase type).
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3.2. Effect of catalyst dosage

Fig. 3 shows the effect of catalyst dosage on the
photocatalytic decolorization of RR198 and MB. As shown,
at catalyst dosages of 0.05, 0.1 and 0.25 g/L, the catalytic
decolorization of RR198 and MB were found to be 95% and
56%. The optimum catalyst dosage was chosen as 0.25 g/L
(Fig. 3). The increasing the catalyst dosage provides more
active areas which leads to dye removal [37]. Furthermore,
with the increase of the number of photons which occurred
by UV radiation and absorbed by the TiO, particles,
more electrons are generated from the value band to the
transmission band. The result of increasing the amount of
catalyst, the number of active areas (hydroxyl and superoxide
ion) in the surface is increasing [38-40]. Above the optimum
dosage, the UV penetration is reduced [41].

Another factor that may be responsible for the
lower degradation is agglomeration of particles at high
concentrations (despite the effect of ultrasound to disaggre-
gate) that leads to increase in the specific surface area [41-44].
Furthermore, the attraction of the particles towards each
other can deactivate the active particles which reduce the
removal efficiency of the target dyes [45]. Using high amount
of nano-TiO, particles, there is not any molecules react for
adsorption. There are two reasons for this: (i) excess catalyst
will diminish the hydroxyl radical and reduce the removal
efficiency by blocking the UV radiation [46] and (ii) light
scattering increases and UV penetration decreases [44]. The
equation for the overloading of TiO, is shown below:
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Fig. 2. pH ,_graph of nano TiO, (catalyst dosage = 0.25 g/L).
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Fig. 3. Effect of catalyst dosage for selected dyes

([RR198] = 100 mg/L, pH = 6.55 (MB), pH = 6.55 (RR198), UV light
intensity = 50 W/m?, time = 15 min).

TiO,* + TiO, «> TiO,’ + TiO, (1)

where TiO,* is the active species which is adsorbed onto
the surface and TiO,’ is the deactivated form of TiO,. Result
of overloading of catalyst is the precipitation of TiO, [47].
Therefore, the use of TiO, at high doses is not very useful due
to these effects.

3.3. pH effect

pH is an important operating parameter in the heteroge-
neous photocatalysis, since it determines the surface charge
properties of the photocatalyst and therefore the adsorption
behavior of the pollutant and also the size of aggregate it
forms [39]. The surface charge of TiO, is the function of pH
value of aqueous solution. When a nanoparticle is dispersed
in an aqueous solution, the surface ionization results in
production of the surface charge. The ionization on catalyst
surface which is the protonation and deprotonation under
the acidic and alkaline conditions is shown in Egs. (2) and
(3) as follows:

TiV-OH + H* —» TiW'OHZJr (pH < pszC) (2)

Ti"-OH + OH" - Ti"-O-+ H,0 (pH>pH ) 3)

The catalyst surface charge is dependent on the pH of
aqueous solution. As noted in literature, the pH_ _ value is
used at pH studies [48,49]. When pH < pH_, the catalyst
surface is charged positive and the electrostatic attraction
may occur between the negatively charged pollutants
and catalyst. These attractions increase the adsorption of
photons which occur as a result of photocatalytic reactions
[39]. Conversely, due to the coulombic repulsion, anionic
pollutants [50] cannot be adsorbed but cationic pollutants
can be easily adsorbed on catalyst surface [51]. Because of
this, the RR198 dye removal is high at acidic conditions and
vice versa for MB (Figs. 4 and 5).

3.4. Effect of irradiation intensity

Experiments were performed to study the variations
in the rate of degradation at different irradiation intensity.
The degradation increases with increase in UV intensity as
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Fig. 4. pH effect of RR198 removal ([RR198]=100 mg/L, catalyst
dosage=0.25 g/L, UV light intensity= 50 W/m?).
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more radiations occur on the nano-TiO,. As a result, more
OH radicals are produced which proceed to high removal of
selected dyes [52]. As can be seen in Fig. 6, there is a similar
relationship between light intensity and dye removal.

3.5. Effect of initial concentration of dye

Fig. 7 displays the effect of various initial dye concentra-
tions on removal efficiency. Increase in the dye concentration
from 25 to 100 mg/L decreases the percentage removal of
RR198 from 53% to 37% and also MB from 71% to 50% in
5 min of irradiation time (Fig. 7). The clogging of active sites
on the nanocomposite surface makes the sorption become less
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Fig. 5. pH effect of MB removal ([MB]=100 mg/L, catalyst
dosage = 0.25 g/L, UV light intensity = 50 W/m?).
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Fig. 6. Irradiation intensity effect ([MB-RR198] = 100 mg/L,
catalyst dosage = 0.25 g/L, pH = 9 [MB], pH = 6.5 [RR198]).
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Fig. 7. Initial dye concentration effect (catalyst dosage = 0.25 g/L,
pH =9 (MB), pH =6 (RR198), UV light intensity = 50 W/m?).

efficient; furthermore, decolorization efficiency is inversely
affected by dye concentration [53]. This is due to decrease in
the path length of photon entering into the dye solution and
a more impermeable solution to incident light, which leads to
a lower efficiency of light utilization at high dye concentra-
tion [54,55]. In addition to this, the hydroxyl radicals formed
on the surface of TiO, decreases, the relative number of radi-
cals attacking the dye decreases and thus removal efficiency
decreases [52]. Our observations are in agreement with that
reported by previous studies [53,54,56]. It was also concluded
from Table 2 that dye removal by UV/TiO, photocatalytic oxi-
dation was an efficient method by the comparison of similar
studies in the literature.

3.6. Kinetic study

Heterogeneous photocatalytic dye degradation reactions
at solid-liquid interface are generally well fitted with
Langmuir-Hinshelwood rate expression [64]. The kinetic
studies on photocatalytic decolorization of selected dyes in
the presence of TiO, catalyst were investigated according
to the Langmuir-Hinshelwood kinetic model which is
indicated in previous works in the literature [56,64-70]. The
rate of degradation can be described by a pseudo-first-order
Langmuir-Hinshelwood kinetic model (Eq. (4)) [71]:

_dC _ CKkr
dt 1+KC 4)

where r stands for the rate of degradation, K represents the
equilibrium constant for the adsorption of selected dyes on
the catalyst surface, and kr corresponds to the reaction con-
stant. This equation can also be written in the following form:

InCo _ krkt =kt
C

©)

The kinetic model was applied by plotting In(C /C) vs. t,
where C is the initial concentration of dye, and C is the con-
centration of dye at time f. It was clearly shown in Fig. 8, a
linear relationship follows the In(C/C)) vs. time. The slope
corresponds to the apparent first-order rate constant (k, min™).
The pseudo-first-order rate constant, k, was evaluated from
the slope of the In(C/C) vs. time plots. All regression coef-
ficients R? greater than 0.88, indicated that the experimental
results followed first-order kinetic model. The obtained con-
stant rates of removal at photocatalysis are shown in Table 3

3.7. Thermodynamic study

Three thermodynamic parameters, free energy change
(AG®), enthalpy change (AH") and entropy change (AS°) were
prescribed by the resulting equations [35,53,72]:

AG =—-RT Ink (6)

E{l
lnk:InA(RTj )
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Photocatalytic dye removal efficiencies with various nanocatalysts (%)

Dye Catalyst Catalyst amount/ pH Removal Time  Sources
concentration efficiency (%) (min)
Methyl Orange (3 x 10°M) TiO, nanobelt 200 mg 4 ~90 60 [57]
Methylene Blue (5 x 10°M) ZnO/NiFe,0O, nanoparticles 1.5 g/L - =92 70 [58]
Rhodamine B, Methylene Blue Graphene-BiLa, O,,-zeolite 1 g/L 7 85, 87, 83 5 [59]
and Texbrite (20 mg/L) nanocomposite
Methylene Blue, Methyl Orange TiO,-GO nanocomposite 0.4 g/L Neutral 100, 84 25,240 [60]
Malachite Green (100 mg/L) Au/NaNbO, nanoparticles 3.6 g/L - 94 60 [61]
Congo Red, Bismarck Brown Ag/rGO nanocomposite 1g/L 3,11 ~94, =99 120 [62]
(0.2 mM)
Remazol Brilliant Red X-3BS, SbZSS/rGO 0.2 g/L - =93, =90 150 [27]
Rhodamine-B (10 mg/L)
Congo Red (75 mg/L) Zn0O/ZnSe 0.4 g/L - 91 40 [28]
Rhodamine B, Methylene Blue, ~ ZnFe,O,/G and 0.5g/L 56,5 =100 120 [63]
Methyl Orange ZnFe,0,/G-H,0,
Rhodamine B, Mixed dye Sn-doped BiOCl 0.5g/L 6 ~99 480 [29]
wastewater (Methyl Orange,
Orange IV and Malachite
Green) (25,10 mg/L)
Rhodamine B CeO,/Y,0, 0.4 g/L 7 =96 180 [31]
Methyl Red (1 x 10° M) NiO/PdO 3g/L 4 =99 90 [30]
Methyl orange, Rhodamine B BiFeO,/CuWO, 0.1g/L =87, =85 120,75 [32]
(50 mg/L)
Reactive Red 198, Methylene Nano TiO,-10 nm 0.25 g/L 2,9 =95, = 66 15 This
Blue (100 mg/L) study
35 Table 3
N ® Value of kinetic constants for photocatalytic  system
s e ([MB-RR198] = 100 mg/L, catalyst dosage =0.25 g/L, pH=9 (MB),
g 2/ 0 e pH =6, 5 (RR198), time = 15 min
S T e
Z s e o Catalyst dosage RR198 MB
e [ RS RL EL o) k R? k R2
05 El;;;;;;u""'“""""" 8 4 0.05
.05 g/L 0.0127 0.8848 0.0317 0.9644
0 i 3 2 2 B 05 0.1g/L 0.0449 0.9814 0.0412 0.9670
0.25 g/L 0.2167 0.9764 0.0546 0.9172

t, min
A0.05g/LLRR198M0.1 g/ RR198 @0.25 g/I. RR198

A005g/LMB 00.1gLMB  0025gLMB

Fig. 8. Plot of InC/C vs. time t on decolorization of selected
dyes ([MB-RR198] = 100 mg/L, pH =9 (MB), pH = 6.5 (RR198),
time = 15 min).

w3t

where R is the universal gas constant, 8.314 ] mol™ K™; T is
the absolute temperature (K), and k is the Langmuir constant
(mol L?). AS®and AH? could be obtained from the slope and
intercept In k vs. 1/T according to Eq. (8). Values of AS°, AH°
and AG° are presented in Table 4. Results show that AH°
values (Tables 4) are negative. So the process was exothermic.

8)

The negative values of AS° relate to a lessening in degree of
freedom of the adsorbed species. The positive value for the
Gibbs free energy showed that the process was not sponta-
neous in nature. According to the results, we cannot say cer-
tain expressions, also, the reaction pathway involved in the
dye degradation is complex, with many unknown reactions
occurring.

4. Conclusions

The removal of aniline and azo dyes on nano TiO, is an
effective method of enhancing the photocatalytic activity of
the semiconductor as demonstrated in this study. Materials
with more surface area provide better performance as
they will create more area for photocatalytic reactions. The
enhancement was related to the size of the particles and the
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Table 4
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Thermodynamic parameters for the decolorization of RR198 and MB by photo oxidation ([MB-RR198] = 100 mg/L, catalyst

dosage = 0.25 g/L, pH =9 (MB), pH = 6.5 (RR198), time = 15 min)

T (K) MB RR198
AS° (kJ/mol K) AH - Ea (k]/mol) AG° (kJ/mol) AS° (kJ/mol K)  AH’-Ea (kJ/mol)  AG°(kJ/mol)
273 -0.0132 -0.357 4.249 -0.0010 -6.578 6.302
293 4.383 6.211
303 4514 6.285

surface properties that allowed more efficient adsorption and
oxygenated species. We report the usage of TiO, photocata-
lyst homogeneously that brings economic advantage, without
any functionalizing of the surface or using a surfactant. From
the literature, functionalizing the surface or using a surfac-
tant, coating and modifying procedures are expensive and
at the same time the higher removal efficiency was obtained
without any modifications. Different performance of the cat-
alysts under UV irradiation was attributed to different opera-
tional conditions. The optimum conditions were determined
as catalyst dosage = 0.25 g/L, pH = 6.5 and 9 and irridiation
intensity = 50 W/m? for RR198 and MB. The color removals
were 95% and 66% for RR198 and MB, respectively. The study
has also highlighted the role of pH _value and the different
dye types (cationic and anionic). As compared with other
studies, however, usage of nano TiO, has some disadvan-
tages such as recovery. In our next study, as a solution to this
problem, we will work to fix the TiO, material to the films,
the porous support materials or the membranes. The present
work has clearly demonstrated the efficacy of these treatment
approaches for removal of basic aniline and azo dyes.
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