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In the last decades, wastewater from the textile industry has become a major
problem which leads to increase the concentration of pollution, which in turn
represents environmental risks. The presence of dyes at even very low levels in
effluent is highly visible and decomposition materials of these textile dyes are often
carcinogenic. Due to the complex nature of synthetic dyes, conventional biological
treatment processes are ineffective. Therefore there is a need of developing
treatment methods that can lead to the complete degradation of the dye molecules
from waste stream. Over the last few years, advanced oxidation processes (AOPS),
especially sonocatalysis and photocatalysis, have proven to be effective processes
for the wastewater treatment. The current study focused to develop a catalytic
reactor via immobilized TiO, to degrade dyes in an effective method. In this
research, TiO, nanoparticles prepared via sol-gel low-temperature method was
successfully immobilized within chitosan and used as heterogeneous catalyst for
the degradation of Acid Orange 7 (AO7) as an anionic dye. Transmission electron
microscopy, scanning electron microscopy, and X-ray diffraction analysis were
employed to characterize TiO/chitosan catalyst. Photodegradation and
sonodegradation of AO7 by TiO-/chitosan catalyst has been studied. XRD analysis
indicated that prepared samples were 100% anatase phase and that chitosan
interacted with TiO, nanoparticles and possessed good compatibility.
TiO2/chitosan nanocomposite showed high sonocatalytic and photocatalytic
activities for the degradation of AO7. The rate constant of sonocatalysis was higher
than that of photocatalysis. Sonocatalytic degradation of organic dye using
prepared nanocomposite could be described by the mechanisms of hot spots and
sonoluminescence. Furthermore, the photocatalytic degradation of AO7 via
TiO,/chitosan nanocomposite needs more time. Negative AG® and AH? values
yielded from thermodynamic investigation proposed that the removal of AO7 via
TiO/chitosan nanocomposite was simultaneous and exothermic in nature,
respectively.
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1. Introduction produce a sufficient number of highly reactive radicals

for effective water decontamination. Among numerous

The presence of organic pollutants in industrial
wastewaters results in significant environmental
contamination [1]. These wastewaters contain highly
hazardous, carcinogenic and non-biodegradable that can
cause harm to humans [2]. So, the removal of colored
organic dyes from wastes is imperative. Up until now,
different treatment methods have been developed for the
degradation of pollutants, such as adsorption, chemical
coagulation, filtration, sedimentation, and advance
oxidation process (AOPs) [3-5]. Recently, AOPs are
gaining significant attention because of their ability to

AOPs, photocatalysis and sonocatalysis with metal oxide
nanoparticles have attracted increasing attention as
efficient methods for the removal of pollutants [4]. In the
case of photocatalytic degradation, illumination with
photon energy greater than the band gap of nanoparticles
leads to the generation of electron and hole pairs, which
can help in the formation of highly reactive oxygen
species (ROS) that eventually participate in the
decomposition of pollutants [6]. It is well known that the
limiting parameter for catalytic decomposition depends
upon the ability to generate
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greater numbers of ROS [7]. Sonocatalytic
decomposition of pollutants is caused via a chemical
influence of ultrasonic (US) waves which arises from
acoustic cavitation, i.e., generation, growth, and collapse
of bubbles in a liquid [8]. The transient bubble collapse
produces a localized hot spot with a very high
temperature. Under such extreme conditions, thermal
degradation of water takes place, resulting in the
generation of highly reactive radical species, which can
oxidize and decompose organic pollutants in water [9].

Semiconductor based photocatalysis technigue is one of
the most investigated procedures for the removal of
pollutants [10]. Among various semiconductors, TiO:
shows the most suitable properties: it is chemically and
biologically inert, stable, non-toxic, cheap and easy to
generate [9]. TiO2 under UV light irradiation can generate
oxidative ('OH) and reductive (O3)) species, which are
able to remove various organic and inorganic compounds
[5]. However, the obligation to separate the
nanomaterials from the suspension after treatment
restricts the process development. The above problems
may be prevented via immobilization of the
nanomaterials over appropriate supports [11]. The
application of immobilized materials includes various
benefits such as easy separation of the adsorbent, high
adsorbent density and enhancing the retention of
adsorbent in the reactor [12]. Chitosan is a natural
polymer generated from brown algae, which has been
widely employed in immobilization studies because of
simple preparation, hydrophilicity and high adsorption
potential to eliminate the pollutants [13]. Furthermore,
adsorption capacity of the chitosan for sequestering
anionic dyes because of the electrostatic attraction
between the protonated amine groups on the chitosan and
the sulfonic groups of the anionic dyes would be
beneficial to increase the adsorption of anionic dyes
together with the immobilized adsorbent [14].

The  chemical applications  of  ultrasound,
“sonochemistry” has shorter reaction times, is more
likely to undergo a complete chemical reaction and more
ordered crystallization. Sonochemistry is a procedure of
cavitation that refers to the rapid growth and implosive
collapse of bubbles in a liquid in an unusual reaction
environment [15]. Sonocatalytic procedure, which is a
combination of catalyst with ultrasonic has widely
considered overcoming obstacles. Besides, the
sonocatalytic performance to degrade organic pollutants
can be enhanced because of a synergistic effect of
ultrasonic illumination with a solid catalyst [16].

In recent decades, photocatalysis and sonocatalysis
processes are considered as efficient methods for the
elimination of pollutants. However, the comparative
investigations of these processes are scarce in the
literature. In order to detect if TiO,/chitosan
nanocomposite can act as a sonocatalyst for removal of
AO7, the present work focuses on the investigation and
comparison of AO7 degrading in the sonocatalytic and
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photocatalytic procedures.

The aim of the present study was to prepare
TiO2/chitosan nanocomposite and evaluate its catalytic
activity for the removal of an anionic dye (Acid Orange
7) from aqueous solutions. To find out which energy
source is better in terms of the synergistic effect with
TiO2/chitosan nanocomposite for the removal of dye,
UV-C light and US waves were used as sources of
energy. In addition, the photodegradation and
sonodegradation mechanisms of AO7 on TiO2/chitosan
nanocomposite  were presented. The suggested
mechanism of AO7 sonocatalytic degradation involves
the sonochemical oxidation of AO7 molecules by
OH/HO; radicals in solution and AO7 oxidation at the
surface of TiO/chitosan nanocomposite in the presence
of O, activated by the cavitation event. These results are
being compared herein with those of the photocatalytic
AQ7 degradation results.

2. Experimental
2.1. Materials

Titanium tetraisopropoxide (TTIP), glacial acetic acid
(AcOH) and calcium chloride were purchased from
Merck, Germany. AO7 were purchased from Alvan sabet
company, Iran. Chitosan, which was of analytical grade,
was purchased from Sigma-Aldrich.

2.2. Synthesis of TiO, nanopowders by sol-gel
lowtemperature method in the presence of acetic acid
under 0°C.

According to our previous work, in a flask kept in an
ice/water bath, 3.78 g of acetic acid (AcOH) was mixed
with 18.38 g of TTIP. Then, 220 mL of distilled water
was added dropwise in about 30 min while stirring
vigorously. The TTIP: AcOH: H,O molar ratios were
1:1:200. The obtained sol—solution was kept in darkness
for 12 h for nucleation procedure. Yielded solution was
placed in an air oven at 70°C for gelation process. The gel
was then dried at 100°C for overnight. The dry gel
powder was calcined at 450°C for 3 h. [17].

2.3. Preparation of TiO2/chitosan nanocomposite

To prepare TiOy/chitosan nanocomposite, first
chitosan (8 g) was dissolved in 1000 mL of 1 M acetic
acid and then mixed via magnetic stirrer at 100 rpm for 2
h. TiO, nanoparticles (4 g) was added to the concentrated
solution and mixed using magnetic stirrer for 1 h to reach
homogeneity. The resulted mixture was kept for 8 h in a
stable place. The weight ratio of chitosan to TiO, was 2:1.
The mixture was added dropwise via a syringe to a
mixture solution of NaOH (1.3 ml) and ethanol (20 ml).
Then, they were stored in the solution for 24 h to allow
the nanocomposite to be formed. The resulted sample was
withdrawn from the solution and washed with deionized
water several times to remove impurities. The obtained
nanocomposite was dried in room temperature [18].
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2.4 Characterization of prepared samples

The crystal phase composition and the size of
synthesized materials were recorded via X-ray diffraction
(XRD) (Siemens/D5000) with Cu Ka radiation (0.15478
nm) in the 26 scan range of 10°-70°. The mean particle
size (D in nm) was estimated by Scherrer’s formula [19]:

kA 1
~ PBcosb )
where k is a constant equal to 0.89, A, the wavelength of
the X-ray equal to 0.154056 nm, f, the full width at half
maximum intensity (FWHM) and 0, the half diffraction
angle of the peak.

Size of the synthesized nanocomposite was measured
via TEM instrument (Philips CM-10 HT-100 kV). The
morphology of the synthesized nanocomposite was
obtained by scanning electron microscope (SEM)
(Philips XL-30ESM).

2.5 Studies and analysis

Removal of AO7 under UV irradiation was applied as
a model reaction to investigate the photocatalytic and
sonocatalytic activity of prepared samples. Photocatalytic
removal investigations were carried out at atmospheric
pressure in a batch quartz reactor. Artificial irradiation
was supplied via 15W (UV-C) mercury lamp (Philips,
Holland) emitted around 254 nm positioned above the
batch photoreactor. In each test, 40 mg of catalyst and 20
mg Lt of AO7 were fed into the reactor and allowed to
establish an adsorption—desorption equilibrium for 25
min in the darkness. The zero time reading was yielded
from blank solution stored in the dark. While vigorous
stirring, the reaction mixture was illuminated via UV
light. The residual of AO7 was determined via UV-vis
Perkin-Elmer 550 SE spectrophotometer at wavelength
of 483 nm. Experimental set-up for the sonodegradation
of AO7 via TiOz/chitosan hanocomposite was similar to
that of the photocatalytic removal of AO7. However, for
the batch AO7 of AQO7 via TiO2/chitosan hanocomposite
without light illimination, the set-up was exposed to
sonication at ultrasonic power of 300 W. Pseudofirst
order kinetics can be applied to describe the kinetic of the
degradation rate of most organic dyes [20].

—— = kopsC (2)

In this equation, Ko is the apparent rate constant which
influenced via dye concentration. The following equation
will be obtained via the integrating of this equation (with
the same restriction of C = Cp at t = 0):

Co
In— = kopst (3)
Ce

Kobs can be estimated from the plot of In(Co/C) versus t.
The slope of this plot is equal to Kops.

3. Results and discussion
3.1. Characterization of prepared samples

The XRD patterns of TiO, and TiOz/chitosan samples
are illustrated in Fig. 1 (a) and (b) respectively. The 20
peaks at 25.3° confirm the TiO- anatase structure without
traces of the rutile and brookite phases (JCPDS card no
21-1272) [21]. From Fig. 1 (b), no chitosan crystal phase
was detected in the XRD spectrum of TiO2/chitosan
nanocomposite. Therefore, the procedure of dispersion in
chitosan has no effect on the crystal form of titanium
dioxide nanopowders. However, the peak intensity was
altered due to the H-bonding between chitosan and TiO;
[22]. In general, the intensity of the diffraction peaks of
TiOz/chitosan is higher than that of TiO, indicating an
increasing of crystallinity due to lattice distortion. The
average size of crystallites for TiO, and TiO2/chitosan
detected from the XRD pattern based on the Scherrer’s
formula were about 10 and 8.3 nm, respectively. Smaller
crystal size obtained for TiO2/chitosan shows that
chitosan is able to hinder the crystal growth of TiOx.
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Figure 1. XRD patterns of (a) TiO, and (b) TiO2/chitosan
samples.

The morphology of TiO/chitosan sample was
investigated by SEM (Fig. 2). The fine spherical
nanostructures on surface for prepared sample can be
seen from this figure. It can be concluded that chitosan is
compatible with titanium dioxide nanoparticles. It is
because of hydrogen bond formation between hydroxyl
groups on the surface of titanium dioxide and chitosan
[23]. Based on results, physical interaction, mainly
hydrogen bonding, plays important role in binding the
materials into the chitosan matrix. Also, highly porous
structure of TiO/chitosan proposes the appropriate of the
sample as an effective adsorbent for removal of AO7.
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Figure 2. SEM image of TiO/chitosan nanocomposite.

TEM image of TiO2/chitosan nanocomposite is shown in
Fig. 3. The average size of the primary particles estimated
from the TEM image is about 7-10 nm, which is in good
agreement with that estimated from the XRD pattern via
Scherrer equation. Chitosan layers on the titanium
dioxide surface attached together and formed the porous
structure. The porous structure can play a vital role in the
specific interactions of nanocomposite with AO7
molecules.

Figure 3. TEM image of TiO/chitosan nanocomposite.

3.2 Photodegradation of AO7 via synthesized samples
The results of photocatalytic removal of dye via
prepared samples under UV illumination are presented in
Fig. 4. It could be observed that the TiO,/chitosan
nanocomposite has more photocatalytic activity than
TiO,. The following mechanism would be proffered for
the photocatalytic reactions [24].
a) When titanium dioxide is illuminated with UV
light, electrons in the valence band are promoted to
the conduction band. So, some holes and additional
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electrons are generated in the valance bond and
conduction bond respectively.
TiO, + h9 - h})y +eg, 3)

The positive charged hole may react with H2O to
generate OH".

h}, + H,0 > H* + OH  (4)
The reaction between conduction-band electrons
(e”) and proper electron acceptors (such as O,)
can generate Superoxide radicals.

(%)

ep +0,— 05
Superoxide radicals can produce other species
such as hydrogen peroxide (H,0,), hydroperoxy
(HO5 ) and hydroxyl (OH") radicals.

b)

c)

d)

05 + H* - HO;,
HO; + 05 + HY - H,0, + 0,
H,0, +e; - OH™ +0H  (8)
OH™ +h}, > 0OH  (9)

From Fig. 4, TiO2/chitosan shows higher activity than
titanium dioxide. Ti-OH groups in TiO, can incorporate
with positively charged amino groups in the chitosan. It
is well known that grafting of these functional groups is
desirable for the adsorption of AO7 containing negatively
charged sulfonated groups.

(6)
(7)

0.6

k,,(@in)
S

0.2

(a) (b)

Figure 4. Photocatalytic degradation of AO7 in the presence of
(a) TiOz and (b) TiO4/ chitosan samples.

3.3 Sonodegradation of AO7 via prepared samples

The degradation rate of AO7 was studied by exposing the
pollutant solution to ultrasonication in the absence and in
the presence of synthesized TiOy/chitosan. AQO7
undergoes negligible degradation under direct ultrasonic
illumination in the absence of TiO./chitosan. This can be
related to the low rate of OH- generation by sonolysis
alone. Therefore, the presence of TiO./chitosan exhibited
brilliant results as a sonocatalyst in the degradation of
AO7 (Figure 5). This fact can be attributed to the
increased number of cavitation bubble which occurs on
the surface of TiOJ/chitosan and yielded in water
cleavage and formation of excess OH- Also, the fast
degradation of AO7 by sonocatalytic procedure in the
presence of TiOj/chitosan is related to the
sonoluminescence  mechanism.  Sonoluminescence
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involves an intense UV-light, which promotes
TiO2/chitosan nanocomposite to act as an efficient
photocatalyst during ultrasonic irradiation [25]. The
sonodegradation mechanism of AO7 on TiOz/chitosan
can be explained as follows:

The chemical influences of ultrasound are because of
the phenomenon of cavitation which is the nucleation,
growth, and collapse of bubbles in a liquid [26]. The
collapse of the bubbles induces high-energy phenomena,
i.e., high temperature and pressure (~5000 K and 500
bars), electrical discharges, and plasma influences. The
consequences of these extreme conditions are the direct
thermal dissociation (sonolysis) of dissolved O, and H,O

molecules into highly reactive radical species:
US/Sonolysis
H,0 —— > H + 0H  (10)
US/Sonolysis
,— 20 (11)

These oxygen radicals can react with H,O to generate
hydroxyl radicals:
H,0+0 - 20H (12

Based on researches, sonochemistry also involves the
emission of light energy for a short period of time. The
radiation can lead to the photoexcitation of electrons from
the valence band to the conduction band, thus leading to
the generation of electron-hole pairs in a similar manner
as explained above for the photocatalysis [27]. OH- with
high oxidizing activity can more react with AO7 and
decompose it into small species. The organic pollutant
decomposition mechanism included: (1) Adsorption, the
electrostatic attraction between —NHs* group of chitosan
and -SO; of AO7 molecules; (2) sonocatalysis, the
sonocatalytic degradation of pollutant via ultrasonic
illumination began with excitation of TiO, and generation
of electron-hole pairs. High oxidation valence-band holes
(h*) can oxidize pollutant. Water decomposition or
reaction of h* with OH"can generate OH'. Meanwhile, the
reaction between conduction-band electrons (e7) and
proper electron acceptors (such as O,) yielded oxidative
radicals. The generated OH' can easily degraded pollutant
molecules [28].

0.75

@ ® ©

Figure 5. Sonocatalytic degradation of AO7 in the presence of
() US only, (b) TiOg, (c) TiO2/chitosan samples.

3.4 Comparison of Efficiency of Photocatalysis and
Sonocatalysis of TiOz/chitosan hanocomposite

The degradation rate of AO7 by photolysis and

sonolysis processes in the presence of TiO2/chitosan
nanocomposite is presented in Fig. 6. It can be seen that
sonodegradation process is faster than photodegradation
process. Therefore, US illumination is a better source
than UV-visible illumination for the degradation of AO7
in the presence of TiO2/chitosan nanocomposite.
TiO2 nanoparticles have a lower band gap (3.2 eV). So,
electron-hole recombination is faster and easier [29].
Therefore, the generation of hydroxyl radicals is difficult,
which results in lower degradation of AO7 in the case of
photocatalysis. In the presence of TiO2/chitosan
nanocomposite, the sonodegradation rate of dye was
increased. This is because of synergistic effects of
ultrasound and solid catalyst, namely [30], (i) added
materials could provide additional nuclei for cavitation
bubble generation, (ii) US illumination increases the
mass transfer of AO7 between the liquid phase and
TiOz/chitosan surface, (iii) US illumination enhances the
active surface area because of ultrasound disaggregating,
and (iv) the catalyst can be promoted via ultrasound-
induced luminescence which has a wide wavelength. This
phenomenon can enhance the production of hydroxyl
radicals in the reaction mixture [31]. Therefore,
sonocatalysis can increase the degradation rate of dyes.

0.75

(a) (b)

Figure 6. Degradation rates of AO7 under (a) UV-visible
illumination and (b) US illumination.

3.5 Thermodynamic study

Temperature can influence physical and chemical
reactions. In order to investigate the influence of
temperature on catalytic degradation, standard enthalpy,
standard entropy, and standard free energy, which may be
obtained by Gibbs free energy equation, can be used to
verify the characteristics of the catalytic process, such as
whether it is endothermic/exothermic,
spontaneous/nonspontaneous, and etc [32].

The thermodynamic investigation was performed by
changing the solution temperature between 298 and 313
K. The free energy change or Gibbs free energy (AG?) (kJ
mol-!), enthalpy change (AH®) (kJ mol-!) and entropy
change (AS°) (kJ mol-! K-) for the sonodegradation of
AO7 by TiOy/chitosan were estimated via Egs. (10) and
(12):
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AG® = —RTInkK, (10)
mky = (%57) = () 1)

where R, T (K) and Kp (ge/Ce) are the universal gas
constant, temperature and the distribution coefficient,
respectively [23]. To study the thermodynamic of AO7
sonodegradation by TiOy/chitosan nanocomposite,
thermodynamic constants such as AG%, AH? and AS° were
estimated by Egs. (10) and (11). From the slope (- AHYR)
and intercept (ASY/R) of the plot of In Kp versus 1/T, the
AH® and AS® were calculated, respectively (Fig. 7). The
values of these factors are listed in Table 1. Table 1
demonstrates the negative AG°® values, implying
spontaneous nature of AO7 sonodegradation. A negative
AHC implies an exothermic degradation procedure for
AOT7 pollutant. The negative value of AS? indicates the
decline of degree of freedom of adsorbed AO7 on the
binding sites of the catalyst at the solid—solution
interface, indicating a strong binding of dye ions onto the
active sites [33]. In agreement to the current study,
Yakout et al. reported an exothermic, feasible and
spontaneous process for Sono-sorption of crystal violet
dye from aqueous solution by activated charcoal [33].
Jabeen et al. investigated degradation of Rhodamine-B
dye via Pd/ZrO; catalyst, and found that the degradation
process was spontaneous and exothermic [34].

A study focused on the sonodegradation of Acid Red 1
by zinc sulfide-titanium dioxide nanotubes (ZnS-TNTSs)
exhibited a behavior different from this trend. In order to
investigate the effect of temperature on sonodegradation
of Acid Red 1, experiments were conducted at 298-318
K. Interestingly, the value of enthalpy change was
negative. This indicated that, the sonocatalysis process
was endothermic [35].

0.67
L]
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o
0.63
a
]
A
0.61
0.59
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055
0.00318 0.00322 0.00326 0.0033 0.00334 0.00338
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Figure 7. Thermodynamic profile for AO7 degradation by
TiO2/chitosan nanocomposite.

Table 1. Obtained parameters from thermodynamic study of
AOQ7 degradation by TiO,/chitosan nanocomposite.

Temperature (K) (AGP) (kI mol-?)  (AS®) (kImol-* K-Y)  (AH?) (kJ mol-Y)
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298 -1.6 -0.0088 -4.19
303 -1.57

308 -1.54

313 -1.5

4. Conclusion

The present study was carried out to prepare and
evaluate the efficiency of TiO/chitosan nanocomposite
to photodegrade and sonodegrade an anionic dye (AQ7)
from aqueous solution. SEM analysis showed a highly
porous structure for TiO2/chitosan nanocomposite, which
is suitable for sequestering dye molecules in agueous
solutions. The average size of the primary particles
estimated from the TEM image was about 7-10 nm. The
synergistic effect of TiO/chitosan nanocomposite and
sonocatalysis has been demonstrated to be more effective
in degrading AO7 as compared to TiO>/chitosan
nanocomposite and photocatalysis.  Sonocatalytic
degradation of AO7 in the presence of TiO/chitosan
nanocomposite could be described via the mechanisms of
hot spots and sonoluminescence. Furthermore, the
photocatalytic degradation of AO7 via TiO; /chitosan
nanocomposite needs more time. Overall, the application
of TiOz/chitosan nanocomposite can be a promising and
efficient approach for the sonocatalysis of dyes. The
results of thermodynamic investigation showed that the
removal of AO7 by TiO; /chitosan nanocomposite is
spontaneous and exothermic.
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