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Abstract In this work, the photocatalytic degradation of wastewater containing an organic dye

(Methylene Blue) was investigated in a slurry-type reactor enhanced by air sparging. Commercial

TiO2 was used as the photocatalyst which was activated using ultraviolet irradiation. The effects

of initial dye concentration, photocatalyst loading, solution pH and air’s superficial velocity on

the degradation efficiency were evaluated. The degradation efficiency of the dye increased with

increasing the pH of the solution and decreasing the initial dye concentration. Moreover, increasing

the catalyst loading up to 1 g/l showed an improvement in the degradation efficiency. However, the

efficiency deteriorated with a further increase in the catalyst loading. Introducing air into the reac-

tion medium in the form of micro-bubbles significantly improved the degradation efficiency by pro-

viding oxygen molecules required for the oxidation reaction. Furthermore, these air bubbles created

turbulence in the reaction medium, which resulted in the enhancement of the mass transfer rate of

dye molecules from the solution bulk to the catalyst surface with a subsequent increase in the degra-

dation efficiency. A complete decolorization of 10 ppm dye solution was achieved in the neutral

solution (pH = 7) with a catalyst loading of 1 g/l and an air superficial velocity around 2 cm/s.

The effect of the air superficial velocity on the degradation reaction kinetics was investigated and

the reaction was found to follow the pseudo second order rate law.
� 2018 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wastewater effluents from industries, such as textile, printing,
paints and leather tanning, contain a large variety of organic
compounds, which cause serious problems to the environment
[1,2]. Dyes are one of these harmful organic pollutants and are

released mainly from the textile and painting industries to the
environment [3,4]. When these dyes hydrolyse and react with
other pollutants present in the wastewater effluents, they pro-

duce lethal carcinogenic byproducts, which not only threaten
the aquatic environment but also the health and wellbeing of
human beings [4]. Methylene blue (MB) is a basic dye, which

is typically used for dyeing wool and silk. It is also used for
medical purposes to inspect some diseases. Discharging of
wastewater effluents, which are contaminated with MB, to feed
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Nomenclature

kmax maximum wavelength (nm)

Co initial dye concentration (mg/l)
Ct dye concentration at time t (mg/l)
qt adsorption capacity at time t (mg/g)
qe equilibrium adsorption capacity (mg/g)

K1 pseudo first order rate constant (min�1)
K2 pseudo second order rate constant (g/min.mg)
Vair air superficial velocity (cm/s)

DEgab band gap energy (eV)

M.wt molecular weight

UV ultraviolet
MB methylene blue
R2 coefficient of determination
h+ positive hole

e� free electron

VB valence band

CB conduction band
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water resources, such as rivers, lakes, and seas without efficient

degradation results in harmful effects, such as burns of eye,
nausea, vomiting, and diarrhea [5]. Therefore, finding an effec-
tive treatment method for wastewater containing dyes has

become an important research goal.
Several treatment technologies have been developed for the

decolorization and degradation of dyes in wastewater effluents.
These technologies are classified according to the principle of

remediation into (1) physical methods, such as adsorption
[6], reverse osmosis [7], ultrafiltration [8] and ion exchange
[9], (2) chemical methods, such as chlorination and ozonation

[10], and (3) biological methods, such as aerobic and anaerobic
treatments [4,5,11]. Most of these traditional techniques
remove pollutants by transferring them from one phase to

another without converting them into environmentally-
friendly end products. Therefore, they create another contam-
inated material, which requires further treatment and hence,
adds an extra cost to the overall degradation process [12].

Advanced oxidation processes (AOPs) such as Fenton,
photo-Fenton catalytic reactions, UV/H2O2 and UV/O3 have
proved to be sufficiently effective alternatives for the treatment

of wastewaters containing dyes [12,13]. Among them, the
heterogeneous photocatalytic oxidation has received a growing
attention over the last two decades.

In this process, a semiconductor, which is either a metal
oxide, such as WO3, ZnO, CeO2, Nb2O3, Fe2O3, SnO2 and
TiO2 or a chalcogenide, such as ZnS, CdTe, ZnSe, and CdSe,

is used as a photocatalyst [14]. Compared with the conven-
tional processes used for the removal of organic contaminants,
the photocatalytic oxidation has shown the highest efficiency,
as it leads to a complete mineralization of a wide range of

organic pollutants. Another advantage of the process is that
it produces harmless compounds, such as CO2, H2O and min-
eral acids [3,13,15].

Semiconductors are characterized by a specific electronic
structure of a filled valence band and an empty conduction
band. The difference between the energy of valence and con-

duction bands is known as the band gap energy. This band
gap energy ranges from 3 to 3.5 eV depending on the type of
the semiconductor [11,16]. When the semiconductor is exposed

to irradiation having an amount of energy equal to the band
gap energy, the semiconductor atoms are excited, due to
which, one electron jumps from the filled valence band to the
empty conduction band. As a result, a free electron exists in

the conduction band, while a positive hole is formed in the
valence band [16]. This electron/hole pair can take various pos-
sible reaction routes [14]. After moving to the surface of the
photocatalyst, the free electron may react with a reducing

agent (electron acceptor), while the positive hole reacts with
an oxidizing agent (electron donor) adsorbed on the surface.
The free electron and the positive hole may recombine, which

is undesirable and should be minimized for the sake of photo-
catalytic activity [17]. The overall photocatalytic activity of a
particular semiconductor is measured based upon several fac-
tors, including chemical and physical stability of the semicon-

ductor under irradiation, wavelength range required to
activate the catalyst, selectivity of the reaction products and
efficiency of the photocatalytic process [18]. Among various

semiconductors, titanium dioxide represents a promising pho-
tocatalyst due to its unique chemical and biological stability,
hydrophobicity, low price and availability [19,20]. However,

the irradiation energy within the ultraviolet spectrum
(<10% of the total solar irradiation) is required to activate
the photocatalyst [21].

In the past, several studies have focused on investigating the

photocatalytic activity of TiO2 for the degradation of organic
pollutants. Behpour et al. [22] studied the photocatalytic
degradation of Yellow 24 using TiO2 thin films under visible

light and found that the degradation efficiency decreased with
the increase in feed solution’s flow rate. In another study,
which focused on the degradation of different dyes (toluidine

blue, safranin orange and crystal violet) using V2O5/TiO2

hybrid photocatalyst subjected to UV light, Rauf et al. [23]
observed an improvement in the decolorization efficiency with

the increase in the amount of catalyst to a certain limit before
it decreased with the further increase in the catalyst loading.
Similar results were also reported by others [2,24]. Zhang
et al. [25] reported a new method for the preparation of

TiO2 hollow nanospheres and evaluated their photocatalytic
activity by the degradation of some organic dyes under UV
irradiation. Compared with the commercial Degussa P25, the

authors found that these TiO2 hollow spheres showed a higher
photocatalytic activity. Houas et al. [3] investigated the photo-
catalytic degradation of methylene blue using a TiO2/UV sys-

tem in an aqueous suspension under different experimental
conditions and observed a complete demineralization (100%;
1000 min) of the dye molecules to environmentally-friendly

by-products. As an attempt to improve the photocatalytic
activity of titania under visible light, Haque et al. [26] synthe-
sized La- and Mo-doped TiO2 hybrid carbon nanospheres and
found that 2% La and 1.5% Mo-doped TiO2 showed the high-

est photocatalytic activity for the degradation of different
chromophoric dyes. In a recent work, Kuyumcu et al. [27] eval-
uated the performance of TiO2 doped with different metals
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(Cu, Co, Ni, Mn, and Fe) for the photocatalytic decomposi-
tion of methyl orange and methylene blue under visible light
irradiation. After 5 hr of continuous illumination, the degrada-

tion efficiencies for methyl orange and methylene blue were
found to be 26% and 16%, respectively. Jaimy et al. [28]
reported 74% decomposition of methylene blue (160 min)

using Fe and Ce doped TiO2 under visible light irradiation.
In the present study, a TiO2/UV system was used for the

degradation of MB in a photocatalytic reactor enhanced by

air sparging. The effects of dye concentration, pH of the solu-
tion, photocatalyst dosage and superficial velocity of air on the
degradation efficiency were investigated. The kinetics of the
photocatalytic reaction was studied to determine the corre-

sponding rate law of the reaction. Finally, the effect of air
superficial velocity on the reaction kinetics was investigated.

2. Experimental part

2.1. Materials

All chemicals used in this work were of analytical grade and
used without further purification. Commercial titanium diox-

ide (TiO2; fine white powder) was purchased from Shanghai
Yuejiang Titanium Chemical Manufacturer Co., Ltd., China,
and was used as the photocatalyst. Methylene blue (M.wt of

319.86; molecular formula of C18H18N3SCl3H2O; kmax of
663–667 nm; cationic) was obtained from Chemjet (India)
and was used for the preparation of the modeled wastewater.

The pH of the wastewater was adjusted prior to each experi-
ment using solutions of NaOH (Gateway; 97%) and H2SO4

(SDFCL; 98%). Distilled water was used in all the
experiments.
Fig. 1 Experiment setup. (1) Air compressor. (2) Flow control valve

port. (6) UV lamp 254 nm. (7) Reflective foil. (8) Power source.
2.2. Experimental setup

Fig. 1 shows the schematic of the setup used to study the pho-
tocatalytic degradation of the wastewater containing MB. The
setup consisted of a cylindrical plexiglass photocatalytic reac-

tor with the height and inner diameter of 50 cm and 5 cm,
respectively. At the bottom, the cylinder was fitted with a
0.5-cm thick sintered glass disk of 40–100 mm pore size (G-2)
to create micro air bubbles. The reactor was irradiated by plac-

ing a UV lamp (GERNICIDAL; Hg; 15 W), which was con-
centric with the plexiglass cylinder to ensure a uniform
distribution of the UV light on the reaction medium. In order

to prevent the interference of UV irradiation with the visible
light from the surrounding and to maximize the use of UV
irradiation, the outer surface of the cylinder was covered with

a reflective aluminium foil. Atmospheric air at ambient tem-
perature (25�2) �C was fed from the bottom of the reactor
through the sintered glass disk. A reciprocating compressor

(Italtecnica; 1.5 HP) was used to feed the air. The flow rate
was controlled using a needle valve and was measured using
a calibrated rotameter (TEFLON).

2.3. Methods and analysis

The modeled wastewater was prepared by diluting a 1000 ppm
stock dye solution. 250 ml of the prepared wastewater was

placed inside the reactor after adjusting the pH to a required
value using a portable pH meter (NEEWAR). After that, the
TiO2 powder was added to the dye solution inside the reactor

and air was bubbled through the reaction media for 10 min to
ensure a good dispersion of the catalyst and to reach the
adsorption equilibrium conditions. The UV light was irradi-
. (3) Air rotameter. (4) Sintered glass disk (diffuser). (5) Sampling
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ated for a certain period of time to activate the catalyst, thus
resulting in the degradation of the dye. A 3-ml sample was col-
lected every 5 min for further analysis. Prior to measuring the

dye concentration, the residual TiO2 in the sample was sepa-
rated using a tabletop centrifuge (DAIGGER, USA). The
dye concentration was determined from a standard curve using

the absorbance values measured by the UV–visible spec-
trophotometer ((UNICO, USA), which was adjusted at
664 nm (wavelength corresponding to the maximum absorp-

tion of MB). The effects of initial dye concentration, solution
pH, catalyst loading and air superficial velocity on the process
performance were investigated. The process efficiency was
evaluated in terms of the percentage color removal of the

dye, which was calculated using Eq. (1).

% color removal ¼ Co � Ct

Co

� 100 ð1Þ

where Co and Ct are the initial and the dye concentration at
time t (measured as mg/l (ppm)).

3. Results and discussion

3.1. Characterization of the TiO2 photocatalyst

Characteristics of the photocatalyst, which constitute the main

factors affecting the degradation efficiency, were considered
for analysis. Titanium dioxide has three different crystal struc-
tures, known as brookite, rutile, and anatase, which has the

highest photocatalytic activity. The crystal structure of TiO2

used in the current study was determined using X-ray diffrac-
tometer (SCHIMADZU model, Japan) using Cu-Ka X-rays of
wavelength (k) = 1.5406 Å. The pattern was collected in the

range of 4–140� 2h with a scanning step of 0.02� in a continu-
ous scanning mode. The X-ray diffraction pattern of the sam-
ple is presented in Fig. 2. The Strong diffraction peaks at

25.27� and 48.01�, which are in agreement with the JCPDS
card no. 21-1272, confirm the anatase crystal structure of
TiO2 [29].

The particle size was estimated from the particle size distri-
bution analysis conducted using an N5 Submicron particle size
analyzer, BeckMan Coulter, which used water as the diluent at
a scattering angle of 90� (Fig. 3). The mean particle diameter
Fig. 2 XRD pattern for the TiO2 pho
was found to be around 180 nm. The surface morphology of
TiO2 was visualized using a scanning electron microscope
(SEM; JOEL Japan, Model JSM-636OLA) and is presented

in Fig. 4. It can be seen that the particles have a spherical shape
with an average diameter ranging from 120 to 180 nm, which
agrees well with the particle size analysis. Additionally, it can

be seen that the particles agglomerate to form a rough porous
texture.

3.2. Factors affecting the photocatalytic reaction

3.2.1. Effect of the solution pH

According to the nature of dyes (either cationic, anionic or
neutral), the pH of dying process varies to enhance the process
and ensure a strong adhesion of dye molecules to the object to
be colored. The pH of the wastewater is considered one of the

main factors that determines the appropriate remediation pro-
cess. For heterogeneous solid/liquid reactions, such as the pho-
tocatalytic reaction, the reaction proceeds through several

steps. The reactants, which are the dye molecules in the present
study, diffuse from the bulk of the solution to the surface of
the catalyst, which acts as an adsorbent to hold the reactants.

When the system is irradiated with a suitable light having suf-
ficient energy to activate the catalyst, the degradation reaction
begins. After the completion of the reaction, the reaction prod-
ucts are desorbed from the catalyst surface and diffuse back

into the solution’s bulk. The pH is considered the main param-
eter affecting the adsorption process due to its impact on the
surface charge of the catalyst. The effect of the solution pH

within the range of 3–7 on the degradation efficiency was
investigated. Fig. 5 shows the percentage color removal with
respect to the reaction time for the degradation of MB at var-

ious solution pH values. The net effect of the solution pH
under different experimental conditions is exhibited in Fig. 6.
An increase in the degradation efficiency, expressed as the per-

centage color removal, was observed with increasing the pH
from 3 to 7. This may be attributed to the basic nature of
MB combined with the amphoteric properties of the TiO2. In
acidic solutions with pH values less than 5.8, the surface of

TiO2 particles gains a positive charge, while at pH 6.8, it gains
a negative charge. The pH range (5.8–6.8) is known as the zero
point of charge where the surface of TiO2 particles has no
tocatalyst used in the current study.



Fig. 3 Mean particle size of TiO2 used in the current study.

Fig. 4 SEM image of the TiO2 used in the current study.

Fig. 5 Percentage color removal- time profile for different

solution pH values.

Fig. 6 Effect of solution pH on the percentage color removal at

different experimental conditions.
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charge [3,5,30,31]. Accordingly, the MB molecules, which gain
a positive charge after dissolution in water, will be adsorbed
more and faster at the pH higher than 6.8 with a subsequent
increase in the percentage color removal.

3.2.2. Effect of initial dye concentration

Wastewater effluents disposed after the completion of the
dying process have different dye concentrations depending

on the required color intensity of the final product. Variation
in the color intensity (dye concentration) affects the intensity
of light passing through the reaction medium to reach the sur-

face of the photocatalyst. Accordingly, investigating the effect
of dye concentration on the photocatalytic process is of a great
significance. The influence of the initial dye concentration on

the decolorization of MB was investigated within a broad
range of concentration (10–40 ppm). The effect of initial dye
concentration on the degradation efficiency is presented in

Figs. 7 and 8. A significant decrease in the percentage color
removal was observed with the increase in the initial dye con-
centration. This may be attributed to the coverage of catalyst’s
active sites due to the increased adsorption of dye molecules.

Consequently, the generation of active OH� radicals responsi-
ble for the degradation reaction was suppressed. Another pos-
sible reason is the screening effect of the UV light, which

increases with the increase in the intensity of the color (higher



Fig. 7 Percentage color removal - time profile for different initial

dye concentrations.

Fig. 8 Effect of initial dye concentration on the percentage color

removal under different experimental conditions.

Fig. 9 Percentage color removal- time profile for different TiO2

loadings.
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dye concentration). The screening of UV light results from the
absorption of a fraction of UV light by the chromophores of

the dye molecules. Therefore, less photon’s energy reaches
the active sites on the catalyst, which results in lower number
of OH� produced. Moreover, the intermediate compounds

formed during the degradation process increase with the
increase in the initial dye concentration and might consume
some active radicals that are supposed to react with the dye

molecules. As a result, the overall decolorization efficiency
decreases [5,13,30].

3.2.3. Effect of TiO2 dosage

Determination of the optimum amount of catalyst loading is a
substantial stage in scaling up the photocatalytic process as it
affects the economics of the process as well as the downstream

processing to separate the photocatalyst from the reaction
medium. The effect of TiO2 loading on the degradation of
MB was studied within the range of 0.5–2 g/l under different
experimental conditions. The effect of catalyst’s loading on

the decolorization efficiency is depicted in Figs. 9 and 10. It
can be seen that the amount of TiO2 added to the reaction
medium had a significant effect on the process efficiency.

The percentage color removal increased with the increase in
TiO2 loading, and was maximum for 1 g TiO2 /l. Beyond that,
the removal percentage decreased with a further increase in the
TiO2 dosage. The observed increase in the decolorization effi-
ciency is explained by the increase in the (number) density of

the catalyst’s active sites, which in turn results in the formation
of more active radicals (hydroxyl and superoxide) that initiate
the degradation reaction. At higher catalyst loading, the TiO2

particles act as a barrier for the incident UV irradiation and
deter its arrival to some particles. Another possible reason is
the agglomeration of the catalyst nanoparticles, which is
favored by their high surface energy and surface area. There-

fore, the effective surface area of the catalyst decreases and a
reduction in the decolorization efficiency is expected.

3.2.4. Effect of air superficial velocity

During the photocatalytic reaction, air acts as a promoter by
introducing molecular oxygen to the system. These oxygen
molecules react with the free electrons, which are formed at

the active sites on the catalyst surface upon UV irradiation.
As a result, more hydroxyl radicals (the oxidant of the dye
molecules) are formed according to the proposed degradation

mechanism (Eqs. (2)–(9))[4].

TiO2 + DEgab (UV) ! TiO2 (e�CB + hþ
VB) ð2Þ

TiO2 (hþ
VB) + H2O ! TiO2 + Hþ + OH� ð3Þ

TiO2 (hþ
VB) + OH� ! TiO2 + OH� ð4Þ

TiO2 (e�CB) + O2 ! TiO2 + O2
�� ð5Þ

O2
�� + Hþ ! HO2

� ð6Þ

2HO2
� ! H2O2 + O2 ð7Þ

H2O2 + e� ! OH� + OH� ð8Þ

Dye (MB) + OH� ! degradation products ð9Þ
The effect of the superficial velocity of the sparging air on

the degradation of MB was investigated within the range of
0.42–1.94 cm/s and the results are presented in Figs. 11 and 12

A significant increase in the percentage color removal was
observed with the increase in the air superficial velocity within



Fig. 10 Effect of TiO2 loading on the percentage color removal

under different experimental conditions.

Fig. 11 Percentage color removal- time profile for different

catalyst loadings.

Fig. 12 Effect of air superficial velocity on the percentage color

removal under different experimental conditions.

Fig. 13 Pseudo first order fitting of the photocatalytic degrada-

tion of MB under different air superficial velocities.
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the experimental conditions used in the current study. Other

than promoting the formation of active OH� radicals, increas-
ing the air superficial velocity results in an improvement in the
mobility and diffusivity of dye molecules towards the catalyst
active sites. Furthermore, the micro air bubbles flowing
through the reaction medium at high velocity eliminate the
potential coalescence and agglomeration of the TiO2 nanopar-
ticles, thus providing a bigger active surface area of the cata-

lyst, which increases the process efficiency.

3.3. Kinetics of the photocatalytic degradation of MB

Facilitation of the large-scale implementation of photocat-
alytic processes requires understanding the kinetics of the reac-
tions and finding their rate laws. The concentration-time data

obtained in this work was used to find the appropriate kinetics
for the photocatalytic degradation of MB enhanced by air
sparging. Since the photocatalytic process is considered as a

heterogeneous reaction, which encompasses solid, liquid and
gas phases, the concentration-time data were fitted according
to the integral forms of the pseudo first order (Lagergren’s rate
law; Eq. (10)) and the pseudo second order rate laws (Eq. (11))

[32].

Ln
ðqe � qtÞ

qe

¼ �K1t ð10Þ

t

qt

¼ 1

K2q2
e

þ t

qe

ð11Þ

where qt and qe are the adsorption capacities (mg/g) at time t

and at equilibrium, respectively, K1 represents the pseudo first
order rate constant (min�1) and K2 represents the pseudo sec-
ond order rate constant (g/mg. min). Fig. 13 shows the pseudo

first order fitting, while the results of the curve fitting for
pseudo second order are presented in Fig. 14 for different air
superficial velocities. For each of the fittings, the reaction rate
constants and the coefficients of determination, which is a

measure of the quality of the fitting, are compared in Table 1.
Although there is a slight difference between the coefficients of
determination of both presumed rate laws, it can be concluded

that the degradation of MB in a slurry-type reactor enhanced
by air sparging can be described by the second order reaction
kinetics.

The correlation between the air superficial velocity and the
reaction rate constant was obtained by plotting log (K2)
against log (Vair) (see Fig. 15). The increase in the air superfi-

cial velocity increases the reaction rate according to Eq. (12).
As mentioned earlier, with increasing air superficial velocity



Fig. 14 Pseudo second order fitting of the photocatalytic

degradation of MB under different air superficial velocities.

Table 1 Reaction rate constants for the photocatalytic

degradation of MB estimated from pseudo first and second

order rate laws with the corresponding coefficients of

determination.

Rate law Vair

(cm/s)

Rate constant

(K)

R2

Pseudo first order

(Lagergren’s rate law), Eq.10

0.42 0.1192 (min�1) 0.944

0.89 0.148 0.960

1.36 0.128 0.946

1.94 0.149 0.975

Pseudo second order, Eq. 11 0.42 8.88 � 10�4

(g min�1 mg�1)

0.953

0.89 1.53 � 10�3 0.979

1.36 3.32 � 10�3 0.999

1.94 3.46 � 10�3 0.999

Fig. 15 Graphical determination of the correlation between the

reaction rate constant and the air superficial velocity.
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the amount of oxygen supplied to the reaction media increases,
which subsequently increases the number of active radicals

responsible for the degradation reaction.

K2

g

min :mg

� �
¼ 1:984�3V0:9669

air

cm

s

� �
ð12Þ
The rate law of the of the photocatalytic degradation of
MB in the system studied in the current work can be expressed
in terms of the air superficial velocity and the adsorption

capacity according to Eq. (13).

t

qt

¼ 1

1:984�3V0:9669
air

cm
s

� �
q2
e

þ t

qe

ð13Þ
4. Conclusions

In a modeled wastewater, methylene blue was effectively decol-
orized using a photocatalytic technique, which used TiO2/UV
system enhanced by air sparging. The optimum catalyst load-

ing was found to be 1 g/l. The results showed that the percent-
age color removal increased with increasing the solution pH.
Moreover, the percentage color removal increased with the

decrease in dye concentration under all experimental condi-
tions used in the current study. The photocatalytic technique
is favorable at low MB concentrations as the percentage

removal decreased with increasing the initial dye concentra-
tion. Air contributed efficiently to enhancing the degradation
reaction, whereas complete decolorization was achieved by
increasing the air superficial velocity from 0.42 cm/s to

1.96 cm/s under optimum reaction conditions (pH = 7; cata-
lyst loading = 1 g/l; initial dye concentration = 10 ppm).
The kinetics of the reaction was studied and found to follow

the pseudo second order rate law. Furthermore, increasing
air’s superficial velocity resulted in an increase in the reaction
rate.
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