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ABSTRACT

In the present study, novel zinc titanate-based nanocomposites were synthesized via an one-step
sol-gel process. The crystalline structural, morphological and optical properties of the samples were
characterized. Effect of Ti:Zn molar ratio on the structures and crystalline phase of the composites
was investigated. ZnO/ZnTiO,/Zn,Ti,O, ternary heterojunction catalyst obtained by Ti:Zn molar
ratio of 1:1. The photocatalytic activity of the prepared nanocomposites with various Ti:Zn molar
ratio was investigated for Direct Red 80 (DR80) degradation in aqueous solution. Excellent photo-
catalytic activity of ZnO/ZnTiO3/anTi308 nanocomposite exhibited 93.6% degradation of DR80
after 90 min irradiation which is 1.24 times of DR80 degradation using ZnO nanoparticles. The
enhanced photocatalytic performance could be attributed to the formation of ZnTiO, as dominant
phase and the heterojunction of electrons among ZnTiO,, Zn,Ti,O, and ZnO, which enabled elec-
tron transfer in the nanocomposite, suppressed electron-hole pair recombination, and encouraged
a wider light absorption by photocatalyst. The effect of main operating conditions on the photocat-
alytic degradation of dye was investigated using ZnO/ZnTiO,/Zn,Ti,O, nanocomposite and opti-
mum conditions were determined for degradation. The stability and cyclic efficiency of ZnO/ZnTiO,/
Zn,Ti,O, photocatalyst were investigated. Finally, the kinetic studies revealed the photocatalytic
degradation kinetics of DR80 would follow a pseudo-second-order reaction.

Keywords: Zinc titanate; ZnO/ZnTiO,/Zn,Ti,O, nanocomposite; Photocatalytic degradation; Direct

Red 80 (DR80); Kinetic study

1. Introduction

Different industries, such as textiles, paper, leather, and
food extensively use synthetic dyes. Their effluents cause
serious threat to aquatic organisms and human beings when
discharged into water bodies without appropriate treatment
[1]. Therefore, decomposition of released dyes, especially
azo dyes, in wastewater is necessary to avoid the dangers
arising from their presence. Physical adsorption techniques,
biological treatment methods and chemical methods are
the mainly applied technologies for wastewater treatment.
These traditional techniques are always not effective in dyes
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removing [2,3]. Accordingly, development of an economic,
effective and eco-friendly wastewater treatment method
has become a hot spot.

Recently, photocatalysis of organic pollutants as green
chemistry process without secondary pollution has received
great attention owing to its strong oxidation ability, simple
and efficient operation and non-toxicity [4,5]. Among vari-
ous semiconductors, TiO, and ZnO are greatly investigated
as photocatalyst owing to their distinct advantages such
as efficiency, high abundance, low-cost, non-toxicity and
harmlessness [6-8]. However, some disadvantages such as
excitation of electrons under UV light, wide band gap, high
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recombination rate of photo-excited electron-hole pairs
and low stability of ZnO due to photo-corrosion restrict the
application of pristine TiO, and ZnO [9,10]. Photocatalytic
activity of ZnO and TiO, could be enhanced by improving
photogenerated charges separation causes a high produc-
tion of active species such as hydroxyl and superoxide radi-
cals [11]. Various methods have been reported to efficiently
separate the photogenerated electron-hole pairs, such as
doping, metal loading, and introducing heterojunctions
[12,13]. Among them, heterojunctions in photocatalysts
has become a primary focus for researchers because of its
possibility and efficiency in the separation of electron-hole
pairs [14,15]. In heterojunction structures, recombination
of photogenerated charges can be retarded by effective
separation of electron-holes pairs, as well as the response
range of light absorption can be broadened which results
in increase the light-harvesting properties of photocatalyst
[16,17]. Composite photocatalysts based on binary het-
erojunction of Ti and Zn compounds, such as TiO,/ZnO,
ZnTiO,/TiO,, ZnO/ZnTiO, etc., exhibit improved photo-
catalytic performance [18-21]. Das et al. [22] reported that
TiO,-ZnO nano-heterojunction with a suitable ratio of Ti:Zn
can remarkably improve the photocatalytic performance
than the pristine one owing to the effective charge carriers
transfer across the interface. In spite of the improvement
in photocatalytic efficiency of binary heterojunctions, some
restrictions including undesirable separation of photogene-
rated charges and limited light response range can still be
considered. Photocatalytic performance of composites can
be further improved by constructing ternary heterojunc-
tion [23,24]. Zinc titanate consists three crystal phases: zinc
metatitanate (ZnTiO,), zinc polytitanate (Zn,Ti,O,) and zinc
orthotitanate (Zn,TiO,). The mentioned crystal phases can
be converted to each other under some conditions [25].
ZnTiO, is an environmentally friendly compound for pho-
tocatalysis application [26]. The photocatalytic activity of
perovskite ZnTiO, in the degradation of organic pollutants
has been reported by several researchers [27,28]. Zn,Ti,O,
as a metastable form of zinc titanate, can be considered
as high potential material in photocatalytic reactions. So
far, it is reported scarce researches concerning the synthe-
sis, characterization and photocatalytic investigation of
Zn,Ti,0,. Pantoja-Espinoza et al. [29] reported the synthe-
sis of Zn,Ti,O, and evaluated its photocatalytic activity in
hydrogen production. Design of ternary zinc titanate-based
composites can be an effective and feasible approach to
achieve high-performance photocatalysts. There are few
reports on ternary zinc titanate-based nanocomposites
[30-32]. Yang et al. [30] reported the preparation of ana-
tase-TiO,/rutile-TiO,/ZnTiO, heterojunction photocatalysts
for hydrogen production. The separation of electron-hole
pairs in this triphase photocatalyst might efficiently boost
the photocatalytic activity. Yu et al. [31,32] synthesized
Z-scheme ZnTiO,/Zn,Ti,O,/ZnO ternary heterojunction
photocatalyst through a solvothermal-calcination route
with suitable photocatalytic activity. The photocatalytic
performance was ascribed to high separation efficiency of
photogenerated charge carries via single Z-scheme.
Various multi-step synthesis processes have been uti-
lized for preparation of ternary composites [33-35]. One-
step synthesis process compared with multi-step synthesis

has more important guiding significance for the formation
of multi-component heterojunction [36]. Sol-gel synthesis
method is noticed because of its advantages such as good
uniformity of the structure, high purity, controllable and
mild reaction conditions. In addition, sol-gel method is sim-
ple and has reproducible results [37]. In this study, novel
zinc titanate-based nanocomposites, especially ZnO/ZnTiO,/
Zn,Ti,0, nanocomposites were synthesized via one-step
sol-gel process. The effect of Ti:Zn molar ratio on the struc-
ture of synthesized composites was investigated. The crys-
talline structural, morphological and optical properties of
the samples were characterized by means of X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), EDX and
UV-Vis DRS measurements. Photocatalytic activity of the
synthesized zinc titanate-based nanocomposites was investi-
gated for degradation of Direct Red 80 (DR80) as an azo dye
(Fig. 1). The effects of catalyst loading, pH and recycling of
the photocatalyst on photodegradation performance were
investigated. Furthermore, Kinetic studies were conducted.
In order to compare the individual effect of pure ZnO and
TiO, on the photocatalytic degradation of DR80 with the
composites, pure ZnO and TiO, were synthesized by sol-gel
method.

2. Experimental setup
2.1. Materials

Zinc acetate (Zn(CH,COO),2H,0O) from Merck and
titanium tetraisopropoxide (TTIP) from Sigma-Aldrich
were used as zinc and titanium precursors, respectively.
Isopropyl alcohol (IPA) and monoethanolamine (MEA)
from Merck were used as solvent and stabilizer, respectively.
All the chemicals were used without further purification.

2.2. Preparation of photocatalysts

The zinc titanate-based nanocomposites were prepared
by sol-gel method. TTIP sol was prepared by adding TTIP
to isopropyl alcohol with Ti:IPA molar ratio of 1:20 under
magnet stirring. Then zinc acetate was gradually added to
the solution with different molar ratios of Ti:Zn (2:1, 1:1, 1:2).
The sol was stabilized by adding MEA and clear obtained
solution was stirred for 1 h at 60°C. Deionized water was
added to the solution. The molar ratio of MEA:(Ti+Zn) was
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Fig. 1. Structure of Direct Red 80 (DR80).
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optimized to be 2:1 in the preparation of all samples. All
the sols were stable. The sols were aged at room tempera-
ture for 24 h. They were dried at 100°C for 1 h and then
were calcined at 600°C for 1 h. The obtained nanocompos-
ites were denoted as ZTN12, ZTN11 and ZTN21 for Ti:Zn
molar ratios of 2:1, 1:1 and 1:2, respectively. Pure ZnO and
TiO, nanoparticles were similarly synthesized. In order to
synthesis ZnO nanoparticles, zinc acetate and MEA with
Zn:MEA molar ratio of 2:1 was dissolved in appropriate
amount of IPA. In order to synthesis TiO, nanoparticles,
TTIP was dissolved in IPA under magnet stirring. Then
MEA with Ti:MEA molar ratio of 1:1 was added. For both
solutions, deionized water was added and the sols were
continuously stirred at 60°C for 1 h to form clear solutions.
The sols were separately aged at room temperature for 24 h.
The products were dried and then calcined at 600°C for 1 h.

2.3. Characterization

The crystalline phases of prepared nanocomposites
were investigated by XRD technique with a Bruker D8
advance X-Ray diffractometer. The morphological study of
the samples was carried out using SEM technique with a
Philips XL-30 scanning electron microscope. The chemical
composition analysis was done by energy-dispersive X-ray
spectroscopy (EDX) on a Vega electron microscope (Tescan
Co.) equipped with a Rontec analyzer. The UV-vis diffuse
reflectance spectroscopy (UV-Vis DRS) was conducted using
a Cary-50 Scan UV-vis spectrophotometer (Varian, USA)
for the optical characterization of photocatalysts.

2.4. Photocatalytic activity

The photocatalytic performance of the synthesized nano-
composites in DR80 degradation was investigated under
ultraviolet (UV) light irradiation. Photocatalytic degra-
dation of DR80 was conducted in a 100 mL pyrex reactor.
The system was cooled using ventilation provided by fan
inputting and removing air from the surface of the lamp
and inside the reactor. A 65 W lamp was placed above the
reactor as the UV light source. DR80 solution with a con-
centration of 15 mg/L was prepared as an initial solution.
The experimental photocatalytic degradation of DR80 was
carried out as follows. 25 mL of solution was placed in the
reactor and the photocatalyst with appropriate loading con-
centration was added to the solution. The suspension was
stirred in the dark for 1 h with magnetic stirrer to achieve
adsorption-desorption equilibrium. Then the suspension
was illuminated under constant stirring. During the light
illumination, the samples were collected at selected time
intervals and centrifuged to remove the photocatalysts.
The concentration of DR80 was measured by monitoring
absorption peaks with a UV-Vis spectrophotometer.

3. Results and discussion
3.1. Characterization

The XRD analysis is used to analyze the crystal struc-
ture, purity and crystallinity of the samples. Fig. 2a exhibits
the XRD pattern of pure ZnO nanoparticles. The observed
diffraction peaks may be ascribed to (100), (002), (101),

(102), (110), (103), (200) and (112) crystal planes of wurtzite
hexagonal crystal structure of the pure ZnO (JCPDS card
No. 36-1451). The XRD pattern confirms the wurtzite struc-
ture of ZnO sample [38]. Determination of the exact source
of some peaks (such as 20 = 30.1°, 42.8° and etc.) in the
obtained patterns is important. Zn,Ti,O, or Zn,TiO, phases
are likely to cause multiple peaks overlap at the mentioned
20 [39]. On the other hand, structural similarity of Zn,Ti,O,
to ZnTiO,, as its metastable form, complicates phase deter-
mination due to nearness of the peaks 20 positions [40]. It is
reported that the cubic Zn,Ti,O, is a low temperature form
of cubic ZnTiO, [41]. According to the reported studies on
TiO,-ZnO composites, formation of the cubic Zn,TiO, spinel
phase occurs at temperatures above 800°C [42]. Therefore,
the mentioned peaks can be attributed to the Zn,Ti,O,
phase (JCPDS NO.87-1781). Fig. 2b exhibits the XRD pat-
tern of ZTN21 nanocomposite. The diffraction peaks at 20
of 30°, 35.3°, 42.8° and 73.3° can be ascribed to the crystal
planes of (220), (311), (400) and (533) of cubic Zn,Ti,O, spi-
nel phase (JCPDS NO.87-1781), respectively. The observed
peaks of 53°and 62° may be attributed to (205) and (214)
crystal planes of hexagonal ZnTiO, phase (JCPDS NO.85-
0547), respectively [43]. In addition, peaks corresponding to
wurtzite ZnO are identified at 20 of 31.8°, 34.5°, 36.3°, 47.6°,
56.6°, 63°, 66.4°, 68° and 69.2°. It can be attributed to the
high ratio of Zn precursor to Ti precursor in the preparation
stage. Absence of rutile and anatase phases demonstrates
that all TiO, can be successfully converted into ZnTiO, and
Zn,Ti,O, owing to the high amount of Zn. It can be seen
that when the Ti:Zn molar ratio is 1:2, the ZnO/ZnTiO,/
Zn,Ti,O, heterojunction structures is formed and dominant
phases are Zn,Ti,O, and ZnO. Fig. 2c shows the XRD pat-
tern of ZTN11 nanocomposite. The diffraction peaks at 20
of 30.1°, 42.8°, 53.5°, 55.9°, 57.2°, 62.5° and 73.5° belong to
the crystal planes of (220), (400), (422), (510), (511), (440)
and (533) of cubic Zn,Ti,O, phase, respectively (JCPDS
NO.87-1781). The observed peaks of 35.4°, 53.1°, 56.9°,
62°, 63.4° and 74.4° may be attributed to (110), (205), (108),
(214), (300) and (220) crystal planes of hexagonal ZnTiO,
phase, respectively (JCPDS NO.85-0547) [26]. This figure
also exhibits the existence of wurtzite ZnO at 20 of 56.6°
and 63°. According to the pattern, when the Ti:Zn ratio is
1:1, the ZnO/ZnTiO,/Zn,Ti30, heterojunction structure is
prepared with dominant phases of ZnTiO, and Zn,Ti O,.
Therefore, this sample has relatively high purity of zinc
titanate phases. Fig. 2d exhibits the XRD pattern of ZTN12
nanocomposite. When the Ti:Zn ratio increases to 2:1, the
diffraction peaks become weak. ZTN12 sample has broader
peaks than samples with lower Ti content, indicating the
presence of smaller crystallites. The diffraction peaks at 20
of 30.3° and 62.6° belong to the crystal planes of (220) and
(440) of cubic Zn,Ti,O, spinel phase (JCPDS NO.87-1781),
respectively. The peaks of 35.3°, 43.4° and 56.7° may be
attributed to (110), (202) and (108) crystal planes of hexago-
nal ZnTiO, phase (JCPDS NO.85-0547) [39]. The diffraction
peaks at 20 of 27.5° and 41.4° may be attributed to (110) and
(111) crystal planes of rutile TiO, (JCPDS NO.21-1276). The
peaks of 38.7° and 53.9°may be indexed to (112) and (211)
crystal planes of anatase TiO,. (JCPDS NO.21-1272) [44].
The formation of rutile phase in TiO,-ZnO composite with
Ti:Zn molar ratio of 2:1 is reported at higher temperature
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Fig. 2. XRD spectra of samples (a) ZnO, (b) ZTN21, (c) ZTN11, (d) ZTN12 and (e) TiO,. (Peak identifications: (0) anatase, (o) rutile,

(®) ZnO, (m) ZnTiO,, and (¢) Zn,Ti,O,).

(>700°) [43]. In this study rutile phase formed at 600°C. No
peaks corresponding to ZnO was obtained in this sample.
Immense amount of TiO, in the preparation stage leads to
the presence of both anatase and rutile phases in addition
to ZnTiO, and Zn,Ti,O, phases in the ZTN12 composite.
Fig. 2e depicts XRD pattern of the pure TiO, nanoparticles.
Both anatase and rutile phases exist in the sample while
anatase is the major phase in this sample (JCPDS card
No. 21-1272 and JCPDS card No. 21-1276) [45].

It can be concluded that the Ti:Zn molar ratio has great
influence on the structure of the prepared samples. ZnTiO,
formation occurs at 600°C which is much lower temperature
than that suggested by earlier workers [46,47]. Formation
of ZnTiO, and Zn,Ti,O, is observed in the ZTN21, ZTN11
and ZTN12 samples calcined at 600°C. TiO, reacts with ZnO
along grain boundaries and forms ZnTiO, and Zn,Ti,O,
phases [48]. Therefore, formation of heterojunction nano-
composites was confirmed by XRD results. When the XRD
patterns of the synthesized composites are compared, it can
be found out that the higher conversion of the precursor

materials to the zinc titanate phases occurs in the equal molar
ratio of Ti:Zn. The increase in the Ti:Zn molar ratio facili-
tates the formation of cubic Zn,Ti,O, in comparison with
hexagonal ZnTiO, [49]. With increasing Zn content, the dif-
fraction peaks become progressively intense. Formation of
ZnO phase is boosted and wurtzite peaks become relatively
more intense. High intensity peaks in the diffractograms
of ZTN21 and ZTN11 reveal the presence of high crystal-
line phases. It is observed that the ZnO formation increases
with a decrease in the molar ratio of Ti:Zn (ZTN12, ZTN11,
ZTN21).

Fig. 3 exhibits the SEM images of the synthesized com-
posites. Particles of the composites are granular and no varia-
tion in morphology is observed with increase the Ti:Zn ratio.
The particle size of the synthesized composites with differ-
ent Ti:Zn ratio ranges between 30-70 nm which confirms
the formation of nanocomposites. SEM images also display
the agglomeration of the nanoparticles. It seems that among
of all the prepared nanocomposites, ZTN11 has the lowest
agglomeration and ZTN12 has the highest agglomeration.
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Fig. 3. SEM images of the samples: (a) ZTN21, (b) ZTN11 and (c) ZTN12.

Agglomeration in the nanoparticles affects on the specific
surface area. Specific surface area is one of the parameters
affecting on the heterogeneous photocatalysts activity by
exposing photocatalytic active sites [50]. Lower agglomer-
ation of the ZTN11 nanocomposite, compared to the other
samples with different Ti:Zn ratio, can lead to a suitable
catalytic activity of this sample.

In order to analyze the components of the nanocom-
posites, EDX analysis was performed. Fig. 4 illustrates the
EDX spectra of the ZTN11 nanocomposite. Based on the
EDX analysis, the nanocomposite is made of Ti, Zn and O
elements and contains no impurities.

The optical properties of the ZTN11 sample were
recorded as shown in Fig. 5. The UV-visible diffuse reflec-
tance spectra of the nanocomposite are shown in Fig. 5a,
which demonstrates the improved light absorption in the
region of UV and visible light. The maximum absorption
wavelengths of ZnO/ZnTiO,/Zn,Ti,O, nanocomposite
was about 420 nm and exhibited strong absorbance in the
wavelength range of about 200-420 nm. The observed red-
shift in absorption edge of nanocomposite as compared
to pure TiO, (365) and ZnO (391) [51] may be due to the
differences in the surface state of the nanocomposite. The
band gap energy of the ZTN11 nanocomposite can be cal-
culated using the Kubelka-Munk function by plotting
(F(R)hv)"* vs. photon energy (hv) [52]. As shown in Fig. 5b,
the extrapolation of the linear part of the spectrum to the
photon energy axis determines the band gap energy of
the sample. The band gap energy was calculated as 3 eV.

TiKa

TiKh Znkh

[i] 15 2% 35 45 55 65 75 85 95 w05 115
Energy/Kev

Fig. 4. EDX spectrum for the ZTN11 nanocomposite.

It is reported that the band gap value of ZnTiO, is in the
range of 3-3.2 eV [53,54]. The band gap value of the ZTN11
nanocomposite is close to the band gap value of ZnTiO,
which can be corresponding to the presence of ZnTiO, as
the major phase of nanocomposite. It can be noted that
the presence of ZnO, ZnTiO, and Zn,Ti,O, in the ZTN11
nanocomposite can improve light absorption. The ZTN11
sample can be excited by lower energy, which improves
the using efficiency of irradiation energy. Therefore, ZnO/
ZnTiO,/Zn,Ti,O, nanocomposite can more efficiently
utilize light for the photocatalytic purpose due to light
absorption ability in the higher wavelengths.
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Fig. 5. (a) UV-Vis diffuse reflectance spectra of ZTN11 nano-
composite and (b) plot of the Kubelka-Munk function against
the photon energy.

3.2. Photocatalytic activity

Photocatalytic degradation of DR80 was conducted
under UV-light illumination to evaluate the photocatalytic
activity of the synthesized nanocomposites, pure TiO, and
ZnO nanoparticles. No DR80 was practically degraded in
90 min without using nanophotocatalysts or UV-light illu-
mination, suggesting that DR80 is stable in the presence of
nanophotocatalysts without light irradiation and no direct
photolysis of the dye occurs under UV irradiation. It can
be concluded that both nanophotocatalyst and light illumi-
nation are required for a significant degradation of DR80.
Fig. 6 exhibits photocatalytic degradation of DR80 in the
presence of different photocatalysts with catalyst loading of
3 g/L and pH-11 under UV irradiation. DR80 degradation
is in the order of 93.6% (ZTN11) > 88.9% (ZTN21) > 82.7%
(ZTN12) > 78.6% (TiO,) > 75.5% (Zn0O). It can be seen that
DR80 degradation using nanocomposites is higher than
that of the pure TiO, and ZnO nanoparticles. ZTN11 sample
with ZnO/ZnTiO,/Zn,Ti,O, ternary heterojunction structure
exhibited the highest performance for DR80 degradation.

Type of the photocatalyst, crystallinity, size of the crys-
tallites, surface area and agglomerations of particles are the
factors affecting photocatalytic activity. The enhancement
of photocatalytic activity of the nanocomposites in com-
parison with pure TiO, and ZnO may be attributed to the
presence of the intimately bonded TiO,/ZnO/zinc titanate

0.8 -+

0.6 +

cc,

0.4 —+

0.2 +

0 T T )
0 30 60 90
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Fig. 6. Photocatalytic degradation of DR80 using different
photocatalysts (photocatalyst loading: 3 g/L, pH-11).

surface heterostructure, which can enable a high charge
carrier separation of the photogenerated electron-hole pair
heterojunction and accordingly suppresses the recombina-
tion of electron-hole pairs. In addition, the XRD analysis
results reveal the formation of Ti-O-Zn bonding for ZnTiO,
and Zn,Ti,O, crystallites in the nanocomposites which could
induce defects to the crystal lattice of TiO,. These defects
can lead to an increase in the absorption edge in comparison
with the pure TiO, and ZnO. Based on the DRS analysis, the
band gap energy of ZTN11 sample is obtained as 3 eV which
is lower than that of pure TiO, and ZnO. Photogeneration
of electron-hole pairs is boosted by increasing the light
absorption which can improve the photocatalytic activity
of the nanocomposites.

The higher photocatalytic activity of ZTN21 and ZTN11
nanocomposites in comparison with ZTN12 sample may
be due to the higher crystallinity and higher specific sur-
face area of these samples. On the other hand, the presence
of zinc oxide in ZTN21 and ZTN11 samples and titanium
dioxide in ZTN12 sample can affect on their performance.
As described previously, ZTN21 and ZTN11 nanocompos-
ites comprise ZnO, ZnTiO, and Zn,Ti,O, and ZTN12 sam-
ple comprises TiO,, ZnTiO, and Zn,Ti,O,. The nature of
the dominant phase can account for increase in photocat-
alytic activity. According to the XRD results, ZnTiO, phase
is abundant in ZTN11 sample which is highly photoactive
phase as reported by several researchers [27,55]. The band
potentials of ZnO, ZnTiO, and Zn,Ti,O, in ZTN11 nano-
composite can form a ternary heterojunction facilitating
the charge transfer and hinder the electron-hole recombi-
nation. Under UV light irradiation, electrons in the valence
band (VB) are excited to conduction band (CB) resulting in
generation of the same amount of holes in the VB. The pho-
togenerated electrons and holes can be transferred among
Zn0O, ZnTiO, and Zn,Ti,O,. The VB potentials of ZnO and
ZnTiO, are more positive than that of Zn,Ti,O,, resulting
in the transfer of holes from the VB of ZnO and ZnTiO, to
VB of Zn,Ti,O, across the interface of the heterostructures.
Electrons can be transferred from ZnTiO, and Zn,Ti,O, to
the surface of ZnO. This leads to the improved lifetime of
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charge carriers by hindering the electron-hole recombina-
tion. In this way the number of holes and electrons increases
in the VB of Zn,Ti,O, and CB band of ZnO, respectively. The
more numbers of electrons appear in the CB of ZnO can
react with the surface oxygen molecules to produce highly
reactive superoxide anion radicals (*O-,). On the other hand,
the holes in the VB of Zn,Ti,O, can react with water mol-
ecules to produce hydroxyl radicals (*OH). The generated
superoxide anion radicals and hydroxyl radicals can effi-
ciently degrade the dye molecules [56,57]. Therefore, the
efficient separation of electron-hole pairs and generation
of active radicals can boost the photocatalytic activity of
synthesized ZTN11 nanocomposite.

3.3. Effect of catalyst loading

Photocatalyst loading is one of the operating factors
which has direct effect on the photodegradation rate in
the photocatalytic processes [58]. The effect of photocata-
lyst loading was examined using ZTN11 nanocomposite
(ZnO/ZnTiO,/Zn,Ti30,) with various catalyst loading rang-
ing from 1-5 g/L. Maximum availability of the photocata-
lyst surface area and total absorption of incident light can
be achieved by an optimum photocatalyst loading. Fig. 7
illustrates the photocatalytic degradation of DR80 in the
presence of ZTN11 nanocomposite after 90 min under UV
irradiation at pH-11. As shown in Fig. 7, degradation of
DR80 increases as the nanocomposite loading is increased
from 0 to 3 g/L. This may be attributed to the increased
access of reactants and incident light to the catalyst surface
area, which promotes the photocatalytic efficiency. At low
photocatalyst loading, access of dye molecules to the pho-
tocatalyst active sites is limited due to the fewer number of
existing active sites. Thus generation of active radicals is
restricted by low photocatalyst loading. On the other hand,
the light absorption by the photocatalyst reduces and pho-
togeneration of electron-hole pairs are suppressed hence
photocatalytic efficiency reduces. Therefore, photocatalytic
degradation of DR80 enhances by increasing the photo-
catalyst loading. However, the dye degradation gradually
decreases when the nanocomposite loading is increased
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Fig. 7. Effect of ZTN11 photocatalyst loading on photocatalytic
degradation of DR80.

from 3 to 5 g/L. High photocatalyst loading increases the
turbidity of the reaction system, which leads to the light
scattering and a diminution in the incident light penetra-
tion into the reaction system. Therefore, the light absorp-
tion on the photocatalyst surface is reduced leading to a
decrease in photodegradation efficiency. On the other hand,
presence of excess nanocomposites in the reaction system
may lead to aggregation of its particles which causing
the reduction of available surface area and consequently
deactivation of photocatalyst [59]. Therefore, photocat-
alytic degradation of DR80 decreases slightly by further
increasing the photocatalyst loading. The optimum ZTN11
nanocomposite loading is identified as 3 g/L.

3.4. Effect of pH

The pH of the reaction medium has an important role
in the photocatalytic degradation of various pollutants in
wastewater. The effect of the initial solution pH on the pho-
tocatalytic degradation of DR80 was investigated using the
ZTN11 nanocomposite loading of 3 g/L in various pH val-
ues ranging from 7 to 11 under UV irradiation for 60 min.
As shown in Fig. 8, degradation of DR80 boosts sharply
as the pH value is increased from 7 to 11. The pH of the
reaction medium could influence either the surface charge
properties of the photocatalyst or the chemical forms of
the intermediates, reactants or products. According to
multiple roles of the pH parameter on the photocatalytic
degradation of organic pollutants, explanation of its effect
is difficult. On one hand, the pH could affect the ioniza-
tion state of the photocatalyst surface and the ionic form
of the organic compound. The electrostatic repulsion or
attraction between the dye and photocatalyst surface could
influence the adsorption of dye molecules onto the pho-
tocatalyst surface, as an important step for the photocat-
alytic degradation [60,61]. On the other hand, hydroxyl
radicals have been observed to be formed by the reac-
tion between hydroxide ions and positive holes. Positive
holes are recognized as the major oxidizing species in the
lower pH, while the hydroxyl radicals recognized as the

80 -
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40 |

Degradation (%)

20 -

O T T T T T 1
6 7 8 9 10 11 12
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Fig. 8. Effect of reaction medium pH on photocatalytic deg-
radation of DR80 using ZTN11 nanocomposite after 60 min
irradiation (photocatalyst loading: 3 g/L).
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dominant species in neutral or basic pH [62]. Generation of
hydroxyl radicals is facilitated by oxidizing more hydrox-
ide ions available on the surface of ZTN11 nanocomposite
in basic solution leading to improve the photocatalytic pro-
cess efficiency. However, in basic solution, the repulsion
between the photocatalyst particles with negative charges
and the hydroxide anions could suppress the generation
of hydroxyl radicals and consequently decrease the photo-
catalytic process efficiency [63]. In this study, the increase

100

Degradation (%)
5 3 8B

[S)
o

Recycling times

Fig. 9. Recycling activity of ZTN11 nanocomposite for DR80
degradation.
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of the degradation efficiency at the higher pH solution
can be ascribed to the high hydroxylation of the ZTN11
nanocomposite surface owing to more available hydrox-
ide ions. It can be noted that hydroxyl radicals seems to
have a major role in DR80 dye degradation in compari-
son with photogenerated holes. Increasing the photodeg-
radation efficiency in basic solution as shown in Fig. 8 is
in agreement with previous works which elucidate that
the highly basic pH facilitates photocatalysis [64,65].

3.5. Effect of recycling of the photocatalyst

The reusability and stability of the ZTN11 nano-
composite was investigated by photocatalyst recycling.
Photocatalytic degradation of DR80 repeated four times
in similar operating condition using 3 g/L catalyst and
90 min irradiation. As shown in Fig. 9, a slight decrease in
the DR80 degradation is observed. It can be deduced that
the synthesized nanocomposite can maintain its photocat-
alytic efficiency for several reuses as an important factor
in practical applications.

3.6. Kinetic model

Among many suggested kinetic models, pseudo-first-
order and pseudo-second-order models have been exten-
sively utilized in organic pollutants degradation studies
[66-68]. The kinetic study for the photocatalytic degradation

1 3.5 1
a b
3 | y=0.0263x+0.5952
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2.5 A
=
r?0.6 SEP
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Fig. 10. (a) Photocatalytic degradation plot of DR80, (b) plot of pseudo-first-order kinetics for photocatalytic degradation of DR80,
and (c) plot of pseudo-second-order kinetics for photocatalytic degradation of DR80.
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of DR80 was investigated using pseudo-first-order and
pseudo-second-order kinetic models. Fig. 10a presents the
photocatalytic degradation plot of DR80 using ZnO/ZnTiO,/
Zn,Ti,O, nanocomposite, in which the operating condition
of 3 g/L photocatalyst loading and pH-11(optimized oper-
ating conditions) were applied. Pseudo-first-order kinetics
based on Langmuir-Hinshelwood kinetics when small ini-
tial concentration of the reactant is used can be described

by Eq. (1)

“nE k.t 1)

CO
where C; (mg/L) and C (mg/L) are DR80 concentrations at
initial and reaction times, respectively, f is the irradiation
time and k, is the apparent first-order rate constant of dye
degradation. Fig. 10b depicts the plot of -InC/C; vs. time for
Zn0O/ZnTiO,/Zn,Ti, O, nanocomposite within 90 min irra-
diation. The slope of the linear fitted plot depicts k, which
was calculated as 0.026 min™ and the coefficient of deter-
mination (R?) was obtained as 0.89. Therefore, pseudo-first-
order kinetic model showed an unsatisfactory quality of
liner fitting.

Pseudo-second-order kinetic model can be described
by Eq. (2):

— = =kt @)

where k, (L/mg min) is the second-order kinetics rate con-
stant and was determined from a linear fit to the data.
Fig. 10c shows the plot of (1/C-1/C,) vs. t within 90 min irra-
diation. From the slope of the linear fitted plot the k, can
be calculated as 0.01 L/mg min and the R* was obtained as
0.99. A much higher fitting quality is obtained by pseudo-
second-order kinetics model equation. Based on these
results, it can be concluded that the photodegradation of
DR80 dye using ZnO/ZnTiO,/Zn,Ti,O, nanocomposite fol-
lows pseudo-second-order reaction.

4. Conclusion

Zinc titanate-based nanocomposites were successfully
prepared by one-step sol-gel method. Ti:Zn molar ratio
controls the phase compositions and morphology of the
heterojunction photocatalysts. Among the prepared nano-
composites, ZTN11 with ZnO/ZnTiO,/Zn,Ti O, ternary het-
erojunction structure (Ti:Zn molar ratio of 1:1) exhibited the
highest performance for DR80 degradation. The enhance-
ment of photocatalytic activity could be ascribed to the
effective migration and separation of photo-generated elec-
tron-hole pairs, high crystallinity and morphology of ZnO/
ZnTiO,/Zn,Ti,O, nanocomposite. The optimum reaction con-
ditions were determined as photocatalyst loading of 3 g/L
and pH of 11. ZnO/ZnTiO,/Zn,Ti,O, photocatalyst could be
recycled and utilized several times with a slight decrease
in the photocatalytic degradation efficiency. The photocata-
lytic degradation kinetics of DR80 by ZnO/ZnTiO,/Zn,Ti,O,
confirmed a pseudo-second-order reaction.
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