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a b s t r a c t
In this article, a solution of methylene blue (MB) was submitted to a photocatalytic process, was used 
as the basis for studies of more complex compounds such as the effluents from universities’ laborato-
ries. MB is a standard compound for many photocatalytic tests. The use of commercial titanium diox-
ide (TiO2) in degradation of toxic compounds is very suitable as it is a cheap and effective. Therefore, 
its characterization confirmed that its physicochemical properties fit this purpose. TiO2 particles 
were characterized by X-ray fluorescence (XFR), X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM) and particle size analysis. The chemical 
composition of titanium dioxide by XFR was 98.6% pure. Through XRD, it was possible to realize that 
TiO2 presented the anatase and rutile crystalline phases, with predominance of the anatase phase. By 
FTIR, two TiO2 characteristic bands were found at 505 and 612 cm–1. By SEM, it was visualized that 
TiO2 had a structure with uniformly distributed spherical particles. The particle size distribution of 
TiO2 presented a mean diameter of 2.23 μm. The effluent degradation process was evaluated by pho-
tolysis and photocatalysis. In the degradation process of MB by photolysis, a maximum efficiency of 
15% was obtained with the use of three irradiation intensities. In the photocatalysis process, it was 
observed that in pH = 10.0 and initial MB concentration of 2.0 μmol L–1, the photodegradation was 
higher. This is due to the surface of TiO2 particles in alkaline medium and to the presence of photo-
catalysts promoting the formation of hydroxyl radicals, resulting in efficiency greater than 93.0%. 
Therefore, the ultraviolet (UV) treatment process caused a smaller reduction in MB degradation, while 
the UV/TiO2 technique was more efficient, presenting potential for this application.
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Methylene blue



249C.A.P. de Lima et al. / Desalination and Water Treatment 174 (2020) 248–257

1. Introduction

Environmental issues are becoming increasingly critical 
and frequent. Natural waters have been identified as one of 
the hydric resources most degraded by society. In this regard, 
water quality control standards and regulations against haz-
ardous pollutants have become stricter in many countries. 
These effluents when not correctly treated, besides being 
a source of visual pollution, offer various risks of environ-
mental impact, mainly due to the interference in the natural 
photosynthetic processes causing incalculable damage to all 
aquatic biota. The impact of these organic effluents on the 
environment is a big concern because of the potentially car-
cinogenic properties of these chemicals [1]. 

Jardim [2] in 1998 already pointed to a large environ-
mental problem generated in the laboratories of universities 
concerning teaching and research activities. They are more 
complex situations due to the great diversity of the waste 
produced, despite the lower amount generated compared 
with an industrial unit. In recent years, a growing concern 
with the waste generated in the labs of teaching and research 
universities is evidenced by the increasing number of articles 
and books published on the subject.

Many of the effluents generated in laboratories are col-
ored organic liquid wastes, by-products of chemical reactions 
and are difficult to treat. They are discarded directly into the 
laboratory’s sinks causing negative environmental impacts [3].

The effluents containing organic compounds with differ-
ent functionalities are difficult to effectively treat by classical 
methods, such as coagulation, flotation, sedimentation and 
adsorption. Furthermore, all these treatments mentioned 
above have a major flaw of simple transferring the pol-
lutants from one phase to another rather than destroying 
them, which consequently leads to secondary pollution [4]. 
However, the search to improve the efficiency of the adsorp-
tion process is continuously sought through new adsorbents 
with special characters while performing the removal pro-
cess under optimal operating conditions [5].

The numerous discoveries in nanoscience, nanotechnol-
ogy and recent innovations in the field of catalytic treatment 
of gaseous effluents, water, sewage and soil make the hetero-
geneous photocatalysis allied to other treatment techniques 
an always-evolving subject in the environmental area [6].

Another set of techniques which are relatively new, more 
powerful and very promising are called advanced oxidation 
processes which has been developed and employed to treat 
dye-contaminated wastewater effluents, as heterogeneous 
photocatalysis [7].

The heterogeneous photocatalysis is a process where a 
semiconductor absorbs photons energy and acts as catalyst 
producing reactive radicals, mainly hydroxyl radicals. These 
can oxidize and mineralize organic compounds. Therefore 
these organic molecules are decomposed to form carbonic 
gas, water and mineral acids [8]. 

A semi-conductor is characterized by its valence and con-
duction bands, being the area between them called bandgap. 
In the photocatalysis, a semi-conductor is activated by the 
energy of photons absorption, which must be higher than 
the energy of the bandgap. This results in displacement of 
electrons from the valence band (BV) to the conduction band 
(BC), with the concomitant generation of a hole (h+), in the 
valence band [9].

These holes, located in the valence band, show quite 
positive potentials, in the strip between 2.0 and 3.5 V. These 
potentials are sufficiently positive to generate radicals (•OH) 
from molecules of adsorbed water on the surface of the 
semi-conductor which can subsequently oxidize the organic 
pollutant. Electrons can migrate to the surface of the particle, 
where they show potentials that vary between 0.0 and –1.0 V, 
therefore being good reductors [10].

Photocatalytic oxidation reactions are initiated when a 
photon of equal or higher energy level than the band gap is 
absorbed by a TiO2 catalyst, displacement an electron (e‾) 
from the valence band to the conduction band, simultane-
ously generating a positive hole (h+) in the valence band. The 
mechanism of generating the radicals (•OH and •O2

–) (Fig. 1) 
is presented as follows [11]:

Methylene blue (MB) is a heterocyclic aromatic chemical 
compound that has application in different fields, such as 
biology and chemistry. It has a characteristic deep blue color 
in the oxidized state, but the reduced form, leucomethylene 
blue, is colorless [12]. In the process of degradation, the MB 
molecule is oxidized under the action of hydroxyl radicals 
formed according to reaction (b) shown in Fig. 1, with the 
total mineralization of this compound occurring. The objec-
tive of this study is to evaluate the photocatalytic degrada-
tion of colored effluents generated in laboratories, where 
MB was used as a standard compound, at two pH levels 
(4.0 and 10.0). Radiation intensity, photolysis and the effect of 
catalyst loading were examined.

2. Experimental

2.1. Chemicals

The photocatalyst employed as titanium dioxide (TiO2) 
source was (P-25®) in the form of a fine powder (a mix-
ture of two phases, 80% anatase and 20% rutile) supplied 
by Degussa® (Munich, Germany). It was used in this study 
for the effluent treatment, with molecular structure showed 
in Fig. 2a. MB (purity 99.5%) with molecular formula 
C16H18N3SCl∙3H2O, used as model pollutant was obtained 
from Merck Chemicals, (Darmstadt, Germany) without any 
additional purification, with molar mass 319.86 g mol–1, and 
molecular structure shown in Fig. 2b.

 Fig. 1. Mechanism of generating the radicals (•OH and •O2
¯).

 
Fig. 2. Molecular structure of (a) TiO2 and (b) MB.
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2.2. Characterizations of titanium dioxide

The chemical analysis of TiO2 was performed using X-ray 
dispersive energy spectroscopy in the Shimadzu EDX-700HS 
instrument (Duisburg, Germany). X-ray diffraction (XRD) 
analysis for TiO2 was conducted on a Shimadzu XRD-6000 dif-
fractometer instrument (Tokyo, Japan), using copper Kα radi-
ation (λ = 1.541 Å), 40 kV of voltage, current 30 mA, scanning 
from 2 to 75 with a scan rate of 2 min–1. The analysis of Fourier 
transform infrared spectroscopy (FTIR) was performed on a 
PerkinElmer Analytical Instruments (Massachusetts, United 
States) Spectrum 400 spectrometer with scan from 4,000 to 
400 cm–1. Analysis of scanning electron microscopy (SEM) 
was performed on the Tescan Analytics Equipments (Brno, 
Czech republic), model Vega 3, operating at 20 kV. A mor-
phological analysis of the surface of TiO2 was performed. 
The material was gold sputtered on the Shimadzu IC sput-
ter 50 equipment, using a current of 4 mA for a period of 3 
min. The granulometric distribution was performed in a 
Mastersizer 2000 of Malvern, Instruments Ltd. (Malvern, 
United Kingdom). In this method, the proportional relation 
between laser diffraction, concentration and particle size is 
combined. All analyses were performed in the Materials 
Characterization Laboratory of the Academic Unit of Materials  
Engineering at the Federal University of Campina Grande. 

2.3. Characterization of MB

The sweeping spectrophotometry of the MB was done in 
a Fenton Plus 700 spectrophotometer, with concentrations 
ranging between 1.0 and 6.0 mmol L–1. The analysis was per-
formed at the Environmental Science Research Laboratory of 
the Department of Sanitary and Environmental Engineering 
of Paraíba State University.

2.4. Photocatalytic process

The photocatalytic activity of a semiconductor is a result 
of the production of excited electrons under UV irradiation 
in its conduction band along with corresponding positive 
holes in the valence band, which react with adsorbed con-
taminants on the photocatalyst surface. The photocatalytic 
experiments were conducted under identical conditions to 
photolysis, but in the presence of a catalyst. The reactor con-
sists of a cylindrical vase (Fig. 3), made with Pyrex glass with 
a volume of 1,000 mL, located under 3 UV lamps (254 nm 
wavelength; 15 W Royal Philips Electronics, Amsterdam, 
Netherlands). The distance between the surface of the solu-
tions and the lamps was 0.25 m, and the total light intensity 
was 1.679 mW cm–2. The working temperature was ~23°C 
(room temperature). The photocatalyst was maintained 
stirred and in suspension. The degradation of the MB was 
monitored using a Fenton Plus 700 Spectrophotometer, by 
assessing the intensity of the electronic absorption band 
located at 664 nm. The adsorption–desorption equilibrium 
was reached (in dark) before the photocatalytic investigation [13].

The experiments were conducted in two stages: first, 
with UV radiation and absence of catalysts (photolysis), in 
the second, with UV radiation and the presence of the cata-
lyst (photocatalysis). The influence of the pH of the solutions, 
in acidic and alkaline range (4.0 and 10.0), time of radiation 

exposure, radiation intensity and the variation of the catalysts 
concentration in the MB degradation was analyzed. The sam-
ples were removed in 30 min and centrifuged at 3,200 rpm, 
in a Fanem Excelsa II 206BL centrifuge. Photocatalysis 
experiments were performed in the Environmental Sciences 
Research Laboratory of the Department of Sanitary and 
Environmental Engineering of the State University of Paraiba.

3. Results and discussion

3.1. Titanium dioxide characterization

In this topic, the characterization of the commercial TiO2 
was made. With this characterization, it will be confirmed 
that its chemical physical properties adjust for its use as an 
efficient photocatalyst.

3.1.1. X-ray fluorescence

The chemical composition of the TiO2 was determined 
through X-ray fluorescence (XFR) data. Table 1 shows the 
chemical composition in % by weight, normalized to 100% 
oxides.

It could be proved that the TiO2 presents a purity of 98.6%, 
with the presence of secondary mineral oxides, by using a 
semi-quantitative technique [14]. The data obtained corrobo-
rate with the composition of the Degussa (Munich, Germany) 
P25 material as described in the manufacturer’s file (TiO2 
min 98%). The detection of phosphorus pentoxide by XFR 
is predicted by the manufacturer (0–2%) and could indicate 
the presence of some type of additive based on phosphate 
and potassium as a dispersant due to its main application as 
pigment. The presence of secondary oxides can accelerate or 
delay the transformation of anatase-rutile phase, due increase 
or decrease of the concentration of vacancies present in the 
crystalline phases of the sample.

3.1.2. X-ray diffraction

By X-ray diffraction, it was possible to identify the phases 
and crystal planes in the sample, as can be seen in Fig. 4.

According to the diffractogram shown in Fig. 4, it can be 
seen that the crystalline characteristic phases of TiO2 were 
anatase and rutile. The characteristic diffraction peaks of 

 
Fig. 3. Apparatus for carrying out photocatalytic studies of dye 
solution.
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TiO2 anatase phase are 2θ = 25.4°; 37.9°; 38.4°; 38.7°; 48.3°; 
54.0°; 62.2°; 62.9°; 68.8°; 70.5° and of the crystalline planes 
(101), (103), (004), (112), (200), (105), (213), (204), (116) and 
(220), respectively. Also, in the XRD pattern, it was seen the 
characteristic peaks of TiO2`s rutile phase to 2θ = 37.8°; 44.5°; 
55.5°; 64.8° and crystalline planes (101), (210), (211) and (310), 
respectively [15]. Therefore, the samples prevailed in the ana-
tase phase, confirming that the material used as a source of 
TiO2 was Degussa (Munich, Germany) P25, which consists 
of 70% anatase and 30% rutile [16]. The photocatalytic activ-
ity of TiO2 is strongly dependent on its crystallite size, phase 
structure, porous structure and specific surface area. Because 
of a larger band gap (3.2 eV) of anatase than that of rutile 
(3.0 eV), anatase has lower absorbance ability towards solar 
light. The photocatalytic activity of anatase is apparently 
superior than rutile. This is due to that anatase lower charge 
carrier recombination rate and higher surface adsorption 
capacity to hydroxyl groups [17]. The anatase crystalline is 
the greater phase. This characteristic is important because it 
is the most photoactive phase of titanium dioxide, which is 
highly desirable in photocatalytic degradation processes [18].

3.1.3. Fourier transform infrared spectroscopy

The results of the FTIR analysis of the titanium dioxide’s 
characteristic bands can be seen in Fig. 5.

In Fig. 5 the spectrum band observed by the FTIR spec-
trum band, at 505 cm–1, is due to the vibration of the Ti–O 

bond [19] and the band at 612 cm–1 is assigned to the vibra-
tion of the Ti–O–O bond [20]. A broad peak seen in the 
range between 403 and 978 cm–1 was due to the vibrations 
of six coordinated TiO6 octahedron and four coordinated 
Ti–O starching of anatase titania. The band at 1,638 cm–1 is 
attributed to the H–O–H bonding vibration mode of phy-
sisorbed water [21]. The band at 2,378 cm–1 is assigned to 
CO2 present in the atmosphere [22]. For TiO2 sample, the 
spectrum displays strong absorption band at 3,426 cm–1 cor-
responding to isolated –OH, related to stretching frequency 
of –OH attributed to the surface water adsorbed by the TiO2 
sample. The number of O–H groups adsorbed on the cata-
lyst’s surface is responsible for enhancing the photocatalytic 
efficiency [23].

3.1.4. Scanning electron microscopy

The SEM photomicrographs were necessary to study the 
microstructure of TiO2, to identify the size, shape and power 
of agglomeration of the particle, as it is shown in Fig. 6.

From the photomicrographs, it can be observed in 
Figs. 6a and b, increased 5,000x and 10,000x, respectively, 
that the samples had a morphological variation over its 
surface, presence of large agglomerates of particles with 
different sizes without defined formats, with little homoge-
neous distribution of these aggregates. Most commercially 
available nanoparticles are large agglomerates about 1 μm 
in maximum dimension composed of primary particles 
with sizes ranging from 5 to 50 nm. The large agglomer-
ates scatter light and are not directly suitable for optical 
systems [24]. The primary particles can be held together by 
weak Van der Waals interactions in the case of clusters or 
by strong interactions in the case of aggregates. The degree 
of agglomeration of TiO2 particles depends on factors such 
as suspension pH, ionic strength, particle size and particle 
concentration [25].

In Figs. 6c and d, with larger increases of 15,000x and 
20,000x, respectively, it was observed morphological struc-
ture on microscale particles of spherical form, uniformly 
distributed [26]. The microstructure of the TiO2 particles 
founded, favors their application in the photocatalytic 

Table 1
TiO2 purity and amount of impurities semiquantified

Constituent Percentage (%)
TiO2 98.603
Sb2O3 0.468
P2O5 0.409
K2O 0.362
SO3 0.101
NbO 0.034
ZrO2 0.023

 
Fig. 4. Diffractogram XRD of TiO2.

 
Fig. 5. FTIR spectrum of titanium dioxide.
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process, because many factors have a significant influence 
on the performance, including the size, specific surface area, 
pore volume, pore structure, crystal phase and aspects of the 
exposed surface [27].

3.1.5. Granulometric distribution

Fig. 7 shows the granulometric distribution and the parti-
cles mean diameter of TiO2.

The particle size distribution is bimodal with a distri-
bution band of 2.23 μm mean particle diameter. The size 
distribution range extends from 0.04 to about 10 μm, and 
about 57.35% mass of the accumulated particles present size 
smaller than 2 μm. The narrower the distribution presented 
by the particle diameter curve, the greater the homogeneity 
regarding the distribution, size and geometry of the par-
ticles. In addition, d10 = 10% of the particles with diameters 
smaller than 0.15 μm, d50 = 50% of the particles with diame-
ters smaller than 1.57 μm and d90 = 90% of the particles with 
diameters smaller than 5.64 μm [28]. The decrease in parti-
cle size is accompanied by an increase in the surface/volume 
ratio, which causes the surface energy to contribute signifi-
cantly to the total energy of the material. This means that for 
particles of reduced size, the polymorphic form with lower 
surface energy exhibits the highest thermodynamic stability, 
which contributes to a better performance of the photocata-
lytic process [29].

3.2. Methylene blue characterization

The sweeping spectrophotometry of the MB was done in 
a Fenton Plus 700 spectrophotometer (Fig. 8), for concentra-
tions ranging between 1.0 and 6.0 mmol L–1. Maximum absor-
bance occurred at a 660 nm wavelength, independent of the 
concentration [30]. 

 
Fig. 6. Titanium dioxide SEM photomicrographs with increases of: (a) 5,000x, (b) 10,000x, (c) 15,000x and (d) 20,000x.

 
Fig. 7. Granulometric distribution of TiO2.
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3.3. Photocatalytic and photolysis process

The degradation of MB by illumination, under the same 
conditions, can be detected as a standard measure of a sam-
ple’s photocatalytic activity in which MB aqueous solution is 
used to simulate an organic pollutant.

3.3.1. Determination of concentration of dye decomposition

The determination of the concentration of dye can be 
described by the Beer–Lambert Law. When a monochromatic 
light beam passes through the solution, the amount of light 
absorbed by the solution is directly related to its concentra-
tion according to Eq. (1).

A bc= e  (1)

where A is the absorbed light, e is the absorption coefficient, 
b is the solution thickness and c is the dye concentration solu-
tion at sampling time [31]. According to the Beer–Lambert 
Law, the relationship between dye concentration and 
absorbed light is linear. The measurements for determining 
dye concentration were done at an interval where its relation-
ship is still linear. 

3.3.1. Effect of the radiation intensity in the photolysis process

Fig. 9 shows the effect of the radiation intensity on the 
photolysis process of the MB degradation, irradiated for 4 h. 
According to the obtained data, it was possible to observe 
that the photolysis was not efficient for degradation of the 
MB. Three different intensities of irradiation were used, 
reaching degradation of 15%, leading to the need of photoca-
talysis with TiO2 for the total degradation [32].

3.3.2. Effect of the initial pH and initial MB concentration on 
the degradation rates

One of the most important parameters that influence the 
photocatalytic degradation of dye is the pH. This is due to 
the effect of pH on the charge properties of the surface of the 
photocatalyst and to the influences on the ionic species in the 

solution [33]. Therefore, the effects of pH were investigated 
in the photocatalytic activity of MB. Different experiments 
were carried out with pH values of 4.0 and 10.0, as shown 
in Fig. 10. The concentration of MB was variable (2.0, 3.0 
and 4.0 μmol L–1) and dose of catalyst was fixed at 3.0 g L–1. 
Before illumination, the suspensions were shaken in the dark 
for 60 min to achieve an adsorption–desorption equilibrium 
between the photocatalyst and the MB. Then, the suspen-
sions were exposed to irradiation for additional 240 min. The 
experiments were performed at the same time. It is possible 
to observe that the degradation increases with the increase of 
pH. The best degradation was observed in pH = 10 reaching 
95% in 90 min of operation. For pH = 4.0 the maximum deg-
radation was 57%, achieved in 240 min. The influence of pH 
on the degradation rate of organic dyes is variable and con-
troversial, because in some cases degradation occurs better 
in acidic pH [34] and in others in alkaline pH [35]. The pH 
variation changes the charge on the surface of the TiO2 par-
ticles and the potential of the catalyst reactions varies. With 
the variation of the potential, the adsorption of the dye on the 

 
Fig. 8. Molecular absorption spectrum of MB.

 
Fig. 9. Photolysis in the degradation of MB.

 
Fig. 10. Effect of the initial pH and initial MB concentration on 
the degradation rates.
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surface of the catalyst varies and as a result causes variation 
in the speed of the reaction.

Under acidic and alkaline surface conditions, TiO2 can 
be pseudo-proton and/or negatively charged, respectively. 
MB is a cationic dye, and the surface of the TiO2 particles in 
the alkaline media obtain negative charges, so the cationic 
types can be readily absorbed. Thus, photodegradation is 
best done under the alkaline conditions [36].

It is still possible to verify in Fig. 10 the effect of the initial 
concentration of MB according to the exposure time of the 
photocatalytic process (UV/TiO2). The degradation efficiency 
of MB was more effective at low concentrations. This can be 
better observed at pH = 4.0, for the initial concentration of 
2.0 μmol L–1, there was a degradation rate of 58.10%, while 
for 3.0 and 4.0 μmol L–1 was 46.44% and 40.19%, respectively, 
in approximately 240 min. At pH = 10.0 the effect of the ini-
tial concentration of the dye was not significant but followed 
the trend of pH = 4.0, where there was a better degradation 
at lower concentrations, reaching 99.0% in 240 min. In this 
case, the more concentrated solutions will absorb the UV 
radiation, competing with the photocatalyst (TiO2) and, con-
sequently, fewer photons will absorb the photocatalyst to 
generate hydroxyl radicals to promote the reactions [37].

3.3.3. Photolytic and photocatalytic processes efficiency

In photolysis, the water molecule was cleaved, under UV 
light, in hydrogen and hydroxyl radicals [38]. In photocatal-
ysis, as UV light activates the TiO2, holes and electrons are 
generated in the valence band (VB) and the conduction band 
(CB). Since most semiconductors consist of nanocrystalline 
solids, electron/gap charges can migrate to the particle 
surface. Holes in VB oxidize hydroxyl groups and water 
forming hydroxyl and peroxide radicals. The radicals decom-
pose the dehydrated organic molecules until final non-toxic 
products [39].

Fig. 11 shows the data obtained for the photolysis and 
photocatalysis process (pH = 10.0, TiO2 loading of 3.0 g L–1 
and varying concentrations of MB). It is observed that in the 
photocatalysis process, degradation is higher for any initial 
concentration of the dye, because in the presence of the pho-
tocatalysts the formation of hydroxyl radicals occurs, which 
leads to degradation of the MB.

3.4. Calculation of the degradation efficiency, η

The degradation efficiency (η) of MB at a reaction time t 
(min) was calculated as follows:

η =
−

×
C C

C
0

0

100% (2)

where C0 is the initial MB concentration (μmol L–1) and C is 
the MB concentration (μmol L–1) at a reaction time t (min). 
The values are reported in Table 2.

3.5. Kinetic analysis of photocatalytic degradation

The photocatalytic degradation of MB obeys the pseu-
do-first-order of kinetic in terms of modified Langmuir–
Hinshelwood (L–H) model by Eq. (3):

r dC
dt

k k C
k C

r a

a

= − =
⋅ ⋅
+ ⋅1

 (3)

In this equation, r (μmol L−1 min−1), kr (μmol L−1 min−1), ka 
(L μmol−1), C (L μmol−1) and t (min) are the reaction rate, reac-
tion rate constant, adsorption constant, reactant concentra-
tion and time of irradiation, respectively [13,40–42]. At low 
initial dye concentration, the rate expression (Eq. (1)) can be 
written in the form of Eq. (4):

r dC
dt

k k C k Cr a= − = ⋅ ⋅ = ⋅  (4)

where k is the pseudo-first-order rate constant and by inte-
gration of Eq. (3) with the limit of C = C0 at t = 0, it changes 
to Eq. (5): 

ln C
C

k t
0









 = − ⋅  (5)

In Eq. (5), C0 is the initial concentration and C is the 
sum of the dye solution concentrations at each moment. 
According to Eq. (5), the plot of ln(C/C0) vs. t for all concen-
trations should be linear and the values of k can be obtained 
directly via its slope. One of the most useful indications to 
evaluate the reaction rate of first order kinetics is the calcula-
tion of half-life time reaction. The half-life (t1/2) was calculated 
by Eq. (6) as follows:

t
k1 2

2
/

ln
=

( )
 (6)

Figs. 12 and 13 show the ln (C/C0) as a function of time 
and represent a straight line. The slope of the linear regres-
sion is equal to the apparent first order rate constant k. Their 
corresponding values for two pH levels (4.0 and 10.0) and 
different initial concentrations are regrouped in Table 2.

The photocatalytic degradation of organic compounds 
typically follows first-order kinetics. However, the rate of 
reaction varies with the complexity of degradation, the 

Fig. 11. Photolytic and photocatalytic processes efficiency.
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amount of substrate adsorbed onto the surface of the catalyst, 
and the absorption spectra of the substrate. When substrates 
with high UV absorption coefficients are used in excess, they 

cover the surface of the catalyst and prevent the penetration 
of radiation [43].

In the present study, when the pH level was 4.0 with initial 
concentration of (4.0, 3.0 and 2.0 μmol L–1) MB, the degrada-
tion process was slow and incomplete (240 min; Fig. 12). For 
the level of pH = 10.0, for the same concentrations of the sub-
strate, the photocatalysis occurred in two distinct stages, the 
first faster (60 min) and the second much slower (60–240 min; 
Fig. 13). A similar dependence was also observed during the 
photodegradation of Bisphenol A and diclofenac [44].

Table 2 lists the first order apparent rate constants (k) for 
different pH levels, which were calculated from Figs. 12 and 
13. For the pH = 4.0 the values obtained for k are equal to 
0.0023, 0.0028 and 0.0038 min–1 for initial concentrations of 
4.0, 3.0 and 2.0 μmol L–1, respectively. Therefore, the initial 
concentration of MB has a significant effect on the degrada-
tion rates, since the constant rate of degradation is higher 
when the initial concentration is lower.

For pH = 10.0, the degradation reaction occurs in 
two stages, one rapid (1 stage) between 0 and 60 min and 
another slow (2 stages) between 60 and 240 min. For the 
first stage the values obtained for k are equal to 0.03597, 
0.04454 and 0.04824 min–1 for initial concentrations of 4.0, 
3.0 and 2.0 μmol L–1, respectively. In the second stage, the 
values obtained for k are 0.00364, 0.00527 and 0.01456 min–1 
for the initial stage concentrations of 0.4584, 0.2331 and 
0.1274 μmol L–1, respectively. Again showing that the initial 
concentration of MB has a significant effect on degradation 
rates, since the constant rate of degradation is higher when 
the initial concentration is lower.

Linear regressions for pH = 4.0 were R2 = 0.9955, 
R2 = 0.9948, R2 = 0.9967, respectively, for the above concentra-
tions. While for pH = 10.0 the regressions for the first stage 
were R2 = 0.9998, R2 = 0.9994, R2 = 0.9718 and second stage 
were R2 = 0.7564, R2 = 0.9489, R2 = 0.9531, respectively. This 
clearly indicates that the MB photodegradation reaction 
obeys a first order kinetics.

4. Conclusion

The TiO2 analyzes by XFR, XRD, SEM and granulome-
try presented composition, predominant anatase crystalline 
structure and particles size suitable for application in photo-
catalytic processes. It was observed significant differences in 
degradation using the photolysis and photocatalysis process 

Table 2
Kinetic parameters in the degradation of MB following a photocatalytic reaction

pH C0 (μmol L–1) Cf (μmol L–1) η (%) Stage K (min–1) t½ (min) R2

4.0 4.0 2.3924 40.19 1 0.0023 301.36 0.99552
3.0 1.6068 46.44 1 0.0028 247.55 0.99484
2.0 0.8318 58.10 1 0.0038 182.41 0.99677

10.0 4.0 0.4584 88.54 1 0.03597 19.27 0.99988
3.0 0.2331 92.23 1 0.04454 15.56 0.99947
2.0 0.1274 93.63 1 0.04824 14.36 0.97189
0.4584 0.0239 94.78 2 0.00364 190.42 0.75636
0.2331 0.0062 97.33 2 0.00527 131.52 0.94898
0.1274 0.0009 99.30 2 0.01456 47.61 0.95312

 Fig. 12. Linear transformation ln(C/C0) = f (t) of the disappearance 
of MB (pH = 4.0, TiO2 concentration = 0.3 mg L–1).

 Fig. 13. Linear transformation ln(C/C0) = f (t) of the degradation of 
MB (pH = 10.0, TiO2 concentration = 0.3 mg L–1).
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(UV/TiO2). The photolysis did not present satisfying results 
when compared with the photocatalysis, in the studied pH 
levels. In photocatalytic process, the degradation of methy-
lene blue in different concentrations and pH values, showed 
that MB degradation was very efficient, with an average 
value of 94.33% at pH 10, this efficiency drops to 48.24% at 
pH 4.0, for the lowest initial dye concentration. In addition, 
the calculated process kinetics indicated that MB degrada-
tion can be divided into two stages, one faster up to 60 min 
and one slower between 60 and 240 min. Therefore, UV/TiO2 
photocatalysis could be used as a promising process for MB 
photodegradation.
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