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ABSTRACT

In this work, an efficient photocatalyst based on B-cyclodextrin-glycine-modified TiO, nanoparticles
(TiO,-Gly-BCD NPs) was successfully synthesized. The photocatalytic activity of the prepared TiO,-Gly-
BCD was tested on the degradation of methylene blue (MB) and methyl orange (MO) dyes. The enhanced
surface properties of TiO,-Gly-BCD photocatalyst generated excellent photocatalytic performance for the
photocatalytic degradation of dyes in aqueous solution. These were strongly attributed to the presence
of the functional hydroxyl groups and the inner cores of the hydrophobic cavity in 3-CD to form inclusion
complexes with organic molecules. As compared to the pure TiO, and TiO, modified by Gly, the dye
degradation rate under UV irradiation was considerably enhanced by TiO,/Gly/BCD as a photocatalyst.
In addition, the sonocatalytic degradation of dyes was investigated, and it was found that the ultrasonic
waves slightly enhanced the degradation time of dyes. The results indicated that the first-order kinetic
model well describes the degradation of MB and MO dyes by TiO,-Gly-BCD. Furthermore, the chemical
oxygen demand (COD) values were determined for real industrial wastewater and treated wastewater.
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INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides
with a hydrophobic inner cavity and characteristic
truncated-cone shape that forms a well-defined
cylindrical cavity. Due to the cylindrical cavity
structure of CDs, they formed a kind of nonpolar
microenvironment to allow a number of organic
and inorganic pollutants to go in the inner cavity.
Furthermore, CDs are environmentally friendly,
water-soluble, and are commonly used in the food
industry [1-6]. 3-Cyclodextrin (3-CD) is one of the
most common CDs, contains a hydrophobic cavity
capable of forming inclusion complexes with many
organic molecules. In addition, they are widely used
as a dispersing reagent for insoluble chemicals and
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are commonly used for the chemical modification
of nanomaterial surface to improve the adsorption
and photocatalytic degradation activities toward
metal ions and organic contaminants [7-12]. The
coordinate bond between OH group of SCD and
oxygen of TiO, results in adsorption of BCD on
TiO, facilitating the photocatalytic activity of TiO,
[13-16].

On the other hand, TiO, nanoparticles (TiO2
NPs) have been investigated as a photocatalyst for
various applications in wastewater treatment plants
[17-20]. TiO, NPs showed many good features
such as high activity, chemical stability, availability,
non-toxicity, electronic and optical properties,
high surface area, low cost and chemically stable
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and can be easily modified by chemical reactions
to increase their photocatalytic and adsorption
properties [21-25]. There are several ways to
improve the photocatalytic activity of TiO, NPS: (i)
control of particle size, crystallinity, and crystalline
phases, (ii) doping with both organics (N, C, S)
and cations, and (iii) surface modification with
metals or semiconductors [26-31]. Despite these
efforts, synthesis of efficient and commercially
sufficient photocatalysts for important processes
such as water splitting and degradation of various
pollutants is still needed.

On the other hand, the rapid growth in the
uses of organic contaminants in various industries
and discharge without effective treatment in
the processes of production and utilization has
created serious health and safety problems for the
environment and organisms [32-36]. In addition,
mostofthe contaminantssuch asindustrialaromatic
dyes cannot be treated effectively by conventional
methods such as physical adsorption. Industrial
organic dyes are generally present in the colored
wastewaters, which cannot be readily degraded,
resulting in potential environmental problems [37-
38]. In this work, a novel photocatalyst (TiO,-Gly-
BCD) was prepared and employed for the removal
of some commercial organic dyes from aqueous
solutions using the photocatalytic and ultrasonic
degradation processes.

EXPERIMENTAL
Materials and Equipment

All the solvents and reagents were purchased
from Sigma-Aldrich and Merck Chemical
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@OH + HO,C™ “NH,
Q H
AN

Ultrasound
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companies and used without any purification.
Deionized water was purified with a Milli-Q
water ion-exchange system and was used for
the preparation of all solutions. The UV-visible
absorption spectra were recorded by using a
Pharmacia Biotech Spectrophotometer. Fourier
transform infrared (FT-IR) spectra were recorded
on a Shimadzu 8400 FT-IR spectrophotometer.
The morphologies and phases of samples were
investigated using a transmission electron
microscopy (TEM, Zeiss - EM10C - 80 KV), field
emission scanning electron microscope (FESEM,
MIRA 3TESCAN-XMU), powder X-ray diffraction
(XRD, Philips, PW 1800), and energy dispersive
X-Ray (EDX, Hitachi Su 3500). The photocatalytic
degradation of dyes was studied with a Nanoparticle
UV-exciter (high-pressure mercury lamp, 500 W,
220 V). The ultrasonic irradiation was produced
using an Ultrasonic (LABSONIC LBS2-4,5 model).
The nitrogen adsorption-desorption isotherms
were performed at -196 °C using a conventional
volumetric apparatus (Bel Japan, BELSORP. Mini
II). The specific surface area was calculated by
Brunauer-Emmett-Teller (BET) method.

Preparation of TiO,-Gly-BCD Photocatalyst

TiO, nanoparticles (TiO, NPs) were prepared
by the sol-gel method using Titanium (IV)
isopropoxide (TTIP) as a precursor according to
previous reports [39]. In addition, the final product
(TiO,-Gly-BCD) as an efficient photocatalyst was
synthesized according to our recently published
article [40]. Scheme 1 shows the synthetic route of
TiO,-Gly-BCD catalyst.

®/O\([)]/\NH2

Scheme 1. A diagram for the binding of f-cyclodextrin onto TiO, nanoparticles.
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Photo and Sonocatalytic Activity and Adsorption Tests

The photocatalytic activity of TiO,-Gly-BCD
was evaluated using the photodegradation of
aqueous solutions of MB and MO dyes under UV
light source. Fig. S1 (supporting information)
shows the structure of the investigated dyes. A total
of 0.1 g of TiO,-Gly-BCD, as a photocatalyst, was
added to 100 ml of aqueous dye solutions (30 mg/1)
and then the suspension was stirred in the dark for
30 min in order to reach adsorption-desorption
equilibrium. Then, the system was irradiated with
a high-pressure mercury lamp (500 W, 220 V). At
regular irradiation time intervals of 10 min, 10 ml
sample was withdrawn and centrifuged to remove
the catalyst and the concentration of MB and MO
dyes was analyzed by UV-vis spectrophotometer.
A similar test was conducted for sonocatalytic
degradation of test dyes. The ultrasonic irradiation
was produced by utilizing an ultrasonic bath
of frequency 20 kHz (750 W). The maximum
wavelength (A ) used for determination of
the residual concentration of MB and MO dyes
in supernatant solution was 660 nm, 460 nm,
respectively. The concentration of the supernatant
solution was obtained through the standard curve.
The amount of dye adsorbed was determined by
using the following equations:

(CO - Ce) vV
qe = m (1)
Removal (%) = M 2

Co

where q, (mg/g) is the adsorption capacity of

adsorbent, C, and C, (mg L") are a concentration
of the dye at the initial and equilibrium states,
respectively, V (L) is the volume of the solution and
m is the weight of adsorbent (g).

RESULTS AND DISCUSSION
Characterization of TiO,-Gly-BCD Photocatalyst

Fig. 1 shows the FT-IR spectra of the pure TiO,,
TiO,-Gly, and TiO,-Gly-BCD NPs. In pure TiO,,
O-H stretching and bending vibrations in the
FT-IR spectra were confirmed by the absorption
bands at 3415 cm™ and 1629 cm™, respectively.
In addition, a broad absorption peak around 655
cm™ is assigned to the Ti-O-Ti stretching band.
In the case of the TiO, NPs modified by Gly, the
high-intensity absorption peak at 1620 cm™ is
attributed to the carbonyl stretching band of Gly.
The peaks at 3170 and 3423 cm™ correspond to the
NH stretching vibrations. These peaks show that
glycine molecules have been bonded to the TiO,
NPs. The FT-IR spectrum of TiO,-Gly-BCD NPs
showed the broad absorption band around 3388
cm’, which is related to the numerous hydroxyl and
amino groups at the edge of the tubular structure of
B-CD and the cross-linking bonds. The stretching
vibration peak of the carbon-hydrogen bond (CH)
in 3-CD appears at 2924 cm™, and it demonstrates
that the skeleton of 3-CD is not been damaged. In
addition, the absorption peaks at1032 and 1156
cm™ are attributed to the antisymmetric glycosidic
(C-0O-C) vibrations and coupled (C-C/C-O) stretch
vibration [41].

The FESEM pictures of the pure TiO,, TiO,-
Gly, and TiO,-Gly-fCD NPs are shown in Fig.
2(a-c). As can be seen from Fig. 2(a), the spherical
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Fig. 1. FT-IR spectra of pure TiO,, TiO,-Gly, and TiO,-Gly-CD.
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Fig. 2. FESEM images of samples. (a) TiO,, (b) TiO,-Gly, (c)

morphology of TiO, NPs with nano dimensions is
observed clearly. After the combination of the TiO,
with the Gly under ultrasound conditions (Fig.
2(b)), and the surface modification using f-CD,
the morphology of TiO, NPs surface was changed
clearly. In the case of TiO,-Gly-BCD, the spherical
shape of TiO, NPs disappeared and some of the
layers and nanorod-shaped materials were formed
(Fig. 2(c)). In addition, the TEM images of the
TiO,-Gly-BCD with the size around 50 nm showed
in Fig. 2(d). TEM images indicate the TiO,-Gly-
BCD was synthesized in nano-dimensions. These
results showed that a large number of 3-CDs have
been attached to the surface of the nanoparticles,
which can adsorb organic molecules from aqueous
media.

Figs. S2-S4 (supporting information) show the
XRD patterns, EDX and BET analyses for further
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TiO,-Gly-fCD, and TEM image of the TiO,-Gly-fCD (d).

characterization and confirmation of the product
and intermediates. In addition, EDX elemental
microanalysis of TiO,, TiO,-Gly, and TiO,-
Gly-BCD are listed in Table 1. The BET specific
surface area, average pore diameter, and total pore
volume of TiO,-Gly-BCDs are 146.16 m*/g, 10.73
nm, and 0.3923 cm?/g, respectively. According to
the obtained data, the prepared TiO,-Gly-BCD
can be classified as a mesopores material (type-
IV isotherm) with a high BET surface area. The
larger specific surface area of TiO,-Gly-BCD is
due to the presence of 3-CD molecules on the
adsorbent surface which has a large contact
surface. In addition, the BET specific surface
area of synthesized TiO,-Gly-BCD is comparable
to values from previously reported samples
and the corresponding result is summarized
in Table 2. Therefore, the results indicated that
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Table 1. EDX elemental microanalysis (wt. %) of TiO,, TiO,-Gly, and TiO,-Gly-SCD.

Sample Normalized wt.%

Ti (@] C N Cl
TiO: 46 % 49 % 5% - -
TiO,-Gly 35% 40 % 20 % 5% -
TiO»-Gly-SCD 38.5% 44 % 15 % 2.25% 0.25 %

Table 2. Specific surface area of TiO,-Gly-SCD with other samples.

Sample BET specific surface area (m*/g) Reference
TiO,-Gly-fCD 146.16 This Work
TiO; (P25) 46.90 [42]
Titanate nanotubes (TNTs) 272.30 [42]
TiO>-S 30.32 [43]
Ti0,-1.0C 67.22 [43]
Organic bentonite 32.74 [44]
Na-bentonite 74.35 [44]
GO-IPDI-CDs 32.13 [10]
NiFe;04-NC 147.40 [45]
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Fig. 3. Effect of pH on the photocatalytic degradation of dyes (C = 30 ppm,
catalyst dose = 0.01 g/I, T = 298 K).

the synthesized composite has a high specific
surface area which can be used effectively for the
treatment of wastewaters containing organic and
inorganic contaminants.
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Effect of pH on the Photocatalytic Degradation of
Dyes

pH is one of the important factors in the removal
of pollutants from water in the photocatalytic
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Fig. 4. Effect of catalyst dose on the photocatalytic degradation of dyes (C, = 30
ppm, Optimum pH values, T = 298 K).

degradation, adsorption, and other water treatment
processes. The effects of pH on the photocatalytic
degradation of investigated dyes were investigated
over the range of 3.0 to 9.0, and the results are
showed in Fig. 3. In the case of MB, the cationic
dye, the degradation efficiency was increased
with increasing pH value from 3.0 to 8.0 and then
slowly decreased with the more increase of the
pH from 8.0 to 9.0 for the photocatalytic process.
In the case of MO, the anionic dye, the highest
degradation was observed at the pH value of 6.0
and the degradation efficiency was decreased at the
pH range from 7.0 to 9.0 as shown in Fig. 3. This
might be due to the several amino and hydroxyl
groups on the surface of TiO,-Gly-BSCD happened
protonation at lower pH and then nano-particles
can form hydrogen bonds with N atoms of MO
structure. In the alkaline environment, the low
removal efficiency is expected due to the repulsive
forces between the TiO,-Gly-BSCD NPs and anionic
MO dye. Additionally, in basic pH, hydroxyl ions
(OH) in solution would compete with anionic dye

J. Water Environ. Nanotechnol., 3(3): 254-264 Summer 2018
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molecules, which reduce the adsorption of anionic
dye molecules [46]. According to the presence of
hydroxyl and amino groups on the surface of the
TiO,-Gly-BCD, it can be used for various dyes in
different pH condition of solutions. Meanwhile,
these groups can produce electrostatic interactions
with cationic MB dye in basic solution and
electrostatic interactions with anionic MO dye in the
acidic solution. Therefore, the optimum pH values
for photocatalytic degradation of MB and MO dyes
were 8.0 and 6.0, respectively. On the other hand,
the removal of dyes on TiO,-Gly-SCD continuously
increased with time at optimum pH values. The
rapid adsorption of organic dyes in the initial stages
of the adsorption process can be attributed to the
availability of numerous empty holes and a higher
number of adsorption sites. Therefore, 5-CD as a
host-guest molecule entrapped dye molecules in
its cavity and increased the interaction between
TiO, and adsorbate molecules [42]. Furthermore,
MB dye solution was discolored more rapidly by
TiO,-Gly-BCD (~100% discoloration after 30 min
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UV irradiation) as compared with the MO (~100%
discoloration after 80 min UV irradiation) in the
optimum pH values.

Effect of Catalyst Amount on the Photocatalytic
Degradation of Dyes

Catalyst dosage is an important quantitative
variable in the water purification process using
degradation method. The effect of the TiO,-Gly-
BCD dosage on the photodegradation of MB and
MO dyes is shown in Fig. 4. The results showed that
with the increase of catalyst amounts from 0.002
to 0.025 g, the degradation of dyes has increased
continuously for the fixed solute concentration.
It can be attributed to the accessibility of
numerous empty holes and active sites of TiO,-
Gly-BCD catalyst. Most importantly, it is due to
increased production of hydroxyl radicals (‘OH).
Furthermore, the results show that the degradation
time of MB was 2.5 times was less than the
degradation time for MO by TiO,-Gly-BCD.

12
dark

Effect of Initial Dye Concentration on the Photocatalytic
Degradation of Dyes

The influence of initial dye concentration on
the photocatalytic degradation of MB and MO
dyes was studied. As can be seen from Fig. 5, after
adsorption-desorption times, the degradation
efficiency of investigated dyes was decreased with
an increase in the dye concentration at optimum
pH values. In other words, the generation of “OH
radicals by photocatalyst remain almost constant
with an increase in the initial dye concentration
of the solution, if the amount of catalyst was kept
unchanged.

Comparison of the Photo and Sonocatalytic Activity
of TiO,-Gly-fCD

The sonocatalytic degradation of dyes was
performed by TiO,-Gly-fCD catalyst with an
ultrasonic bath, operated with a fixed frequency of
59 kHz. Fig. 6 shows the sonocatalytic degradation
of MB and MO dyes. The maximum degradation

MB
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Fig. 5. Effect of initial dye concentration on the photocatalytic degradation of
dyes (Optimum pH values, catalyst dose = 0.01 g/, T = 298 K).
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of MB and MO dyes (100 %) was observed in
sonocatalytic system after 140 and 180 min of
irradiation, respectively. As can be seen in Fig. 6,
both MB and MO dyes were degraded completely
in sonocatalytic system although it takes long
times. It may be attributed to the enhanced mass
transfer of dyes between the liquid phase and the
TiO,-Gly-BCD surface, as well as to the increased
production of hydroxyl radicals in the solution.
In addition, the degradation of investigated dyes
in UV/TiO,, UV/TiO,-Gly, UV/TiO,-Gly-BCD
and US/TiO,-Gly-BCD systems are compared in
Fig. 7. The maximum decolorization of both MB
and MO dyes was observed in UV/TiO,-Gly-BCD
system at the same irradiation times (80 min).
These findings indicate that the degradation of
dyes in UV/TiO,-Gly-BCD system was much
more effective than that with US/TiO,-Gly-BCD
system. In addition, decolorization efficiency was
observed as 61% and 72% for MB and MO dyes

in UV/TiO,-Gly system, whereas in UV/TiO,-
Gly-BCD system 100% and 91% was observed,
respectively. The increase in decolorization
efficiency in UV/TiO,-Gly-fCD system is
attributed to the strong abilities of the multiple
hydroxyl groups and the inner cores of the
hydrophobic cavity in f-CD to adsorb investigated
dyes. Additionally, the abilities of -CD for
inclusion-trapping of radicals generated by the
TiO, are recognized. Furthermore, in comparison
of MB, the degradation of MO dye in UV/TiO,-
Gly system was enhanced. It is indicated that the
Glycine molecules on the surface of TiO,-Gly can
produce effective electrostatic interactions with
anionic MO dye in the acidic solutions.

Photocatalytic Reaction Kinetic

The first-order kinetic model based on the
Langmuir-Hinshelwood (L-H) model has been
used to evaluate the photocatalytic reactions on the

0.80 -

0.60 -

c/Cy

0.00

—— MB —=—MO

0 20 40 60 80

100 120 140 160 180 200
Time (min)

Fig. 6. Effect of contact time on the sonocatalytic degradation of dyes (C = 30
ppm, Catalyst dose = 0.01 g/1, T = 298 K).
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Fig. 7. Decolorization efficiency of dyes in UV/TiO,, UV/TiO,-Gly, UV/TiO,-
Gly-fCD and US/TiO,-Gly-pCD systems (Contact time = 80 min., Optimum pH
values, catalyst dose = 0.01 g/, T = 298 K).
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TiO,/Gly/BCD NPs. The Langmuir-Hinshelwood
model is expressed by the equation 1 [47-49].

In(C,/C,) = Kqt 3)

Where K, (min"') is the first-order rate
constant for photocatalysis, C  (mg/l) is the initial
concentration of dye in aqueous solution at time t
= 0; and C, (mg/l) is the residual concentration of
dye at time t (min). The linear relationship of In(C/
C) versus t (Fig. 8) has been drawn using the data
in Fig. 3. Based on the first-order kinetic model, the
correlation coefficients (R?) values for the both MB
and MO dyes are greater than 0.99. Therefore, the
experimental kinetic data followed the first-order
model in UV/TiO,-Gly-BCD system. In addition,
the rate constant (k) values using TiO,-Gly-BCD
under UV irradiation were observed to be 0.002
and 0.006 for MB and MO, respectively.

In addition, the possible reaction mechanism for
the degradation of MB and MO dyes by using TiO, -

Gly-BCD as catalyst under UV irradiation has been
expressed in Fig. 9.

Treatment of Textile Wastewater

In this study, we used TiO,-Gly-BCD as an
efficient photocatalyst for treatment of real textile
wastewater (Iran Poplin Company). The chemical
oxygen demand (COD) test was used for indirectly
determination of the organic pollutants amount
for treated wastewater and untreated wastewater.
The investigated textile wastewater (pH = 8) was
dark orange in color, which is due to the presence
of reactive, acid blue 113, disperse dyes and other
suspended materials. The treated wastewater (10
ml) was observed to be colorless and ~100% color
was removed using synthesized photocatalyst (0.01
g, contact time = 15 min) at room temperature. In
addition, the measured COD values for untreated
wastewater and treated wastewater by TiO,-Gly-
BCD were 826 mg/l and 70 mg/L, respectively. This
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Fig. 8. Kinetics of photocatalytic degradation of MB and MO dyes using TiO,-Gly-ACD.
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Fig. 9. Mechanism of photocatalytic degradation of dyes using TiO,-Gly-ACD.
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indicates that the calculated efficiency for treated
wastewater based on COD test is 91% using TiO,-
Gly-BCD photocatalyst. Therefore, the results
demonstrated that the synthesized photocatalyst
has remarkable performance in removal of organic
dyes and other contaminants from real textile
wastewater.

CONCLUSION

TiO,-Gly-BCD as an environmentally friendly
catalyst was successfully synthesized and employed
for the photocatalytic and ultrasonic degradation
of some organic pollutants. The analysis results by
FE-SEM, TEM, and BET show that the TiO,-Gly-
BCD nanocomposite was synthesized with particle
size ranging from 20 to 45 nm. As compared to the
pure TiO, and TiO, modified by Gly, the rate of
degradation of MB and MO under UV irradiation
was considerably enhanced using TiO,-Gly-BCD
as a catalyst. It was also noticed that the rate of
degradation of dyes in UV/TiO,-Gly-BCD system
was much more effective as compared to US/TiO,-
Gly-fCD system. The dye degradation kinetic
was also investigated using the first-order kinetic
model. The results indicated that the first-order
kinetic model well describes the degradation of MB
and MO dyes using TiO,-Gly-BCD as a catalyst.
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