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ab s t r ac t
In this research, preparation and photocatalytic performance of cobalt phthalocyanine tetrasulfonate 
sensitized TiO2 nanoparticles (CoPcTs/TiO2) for the degradation of thionine (TH) under visible light was 
reported. The prepared samples were characterized by X-ray diffraction, Fourier-transform infrared 
spectra, diffuse reflectance spectroscopy, nitrogen physisorption and transmission electron microscopy 
techniques. The obtained data revealed that the sensitized TiO2 nanoparticles have pure anatase phase 
with crystal size of approximately 9.5 nm and surface area of 141 m2 g–1. The experimental parameters 
such as catalyst dose, initial TH concentration and initial pH were studied. Maximum photodegrada-
tion of TH (more than 90%) was achieved within 120 min with the catalyst loading of 0.5 g L−1 and initial 
TH concentration of 10 mg L–1, in the condition of neutral pH under visible light. Only 40% degradation 
of the TH was obtained in the presence of pure TiO2. The photocatalytic degradation reactions followed 
first-order kinetics and the experiential rate constants changed with TH concentrations.
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1. Introduction

TiO2, as an inorganic semiconductor, is widely used for
photocatalytic purification and photoelectric conversion of 
organic and inorganic pollutants from water and air. TiO2 
has several advantages such as its photostablility, reusabil-
ity, nontoxicity and inexpensiveness. In addition, it has a 
reasonable photocatalytic activity under UV light irradiation 
for environmental applications [1]. Despite their features, 
the low quantum yield of TiO2 in the aqueous solution, fast 
recombination rate of photoexcited hole/electron pairs and 
its high band gap energy, limit its practical applications. 
Many efforts have been made to enhance the utilization 
of visible light or solar energy and inhibit the recombina-
tion of photogenerated electron–hole pairs such as metal 
or nonmetal doping, semiconductors coupling, dye sensi-
tization, noble metal deposition and surface modification 
[2–5]. Among them, dye sensitization is considered one of 
the most efficient methods to develop practical applications 
[6]. Some reports confirm that the visible photocatalytic 
activity of TiO2 can be effectively improved by choosing an 

appropriate sensitizer, such as coumarin [7], porphyrin [8] or 
phthalocyanines [9]. Phthalocyanines and porphyrins com-
plexes have attracted more attention due to their low cost so 
that, these sensitizers and their derivatives are particularly 
attractive owing to their strong absorption in the region of 
400–450 nm (Soret band) and in the region of 500–700 nm 
(Q-bands). Furthermore, they have high thermal, chemical 
stability and high efficiency for visible light conversion into 
chemical energy [10]. The conduction band (CB) of TiO2 is 
very close to the LUMO orbital energy of the phthalocya-
nine complex. After visible light absorption by phthalocy-
anine, the molecules are excited and transformed to higher 
energy state and injected electrons to CB of TiO2. The surface 
adsorbed oxygen scavenged the electrons and yielded some 
active species such as O2

•–, HO• [11]. The literature survey 
showed that there were several reports on the preparation 
of TiO2 catalysts containing phthalocyanine by impregnation 
[12–16], causing heterogeneous molecular distribution of the 
phthalocyanine molecules in the TiO2 network. Some authors 
reported the incorporation of phthalocyanine complexes 
into TiO2 gel [17–19]. In previous studies, the performance 
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of TiO2 nanoparticles has been sensitized by cobalt phtha-
locyanine tetrasulfonate (CoPcTs) for heterogeneous photo-
catalytic degradation of 2,4-dichlorophenol, 4-chlorophenol 
and methylene blue has been investigated [9,20,21]. The het-
erogeneous photocatalytic degradation of thionine (TH) by 
this sample has not been reported so far. The TH dye, as an 
organic pollutant, is commonly used as a sensitizer in pho-
tographic processes, laser components, photographic filter 
layers and chemotherapy [22]. Hence, searching for an effi-
cient photocatalyst for degrading this harmful and widely 
used dye remains a considerable challenge. In this work, 
CoPcTs sensitized TiO2 nanoparticles were prepared by 
sol-gel method. The synthesized sample was characterized 
by several analyses including: X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), nitrogen physisorption 
and diffuse reflectance spectroscopy (DRS). The photocata-
lytic activity of the samples was investigated in degrading 
TH dye under visible light.

2. Experimental

2.1. Materials and reagents

CoPcTs was synthesized, purified and characterized 
according to the method proposed by Weber and Bush [23]. 
Tetraisopropyl orthotitanat (No. 8.21895, Merck, Germany), 
ethanol, acetylacetone and deionized water were used for 
TiO2 synthesis. High-purity TH (No. 149346, Merck) was 
used as a probe molecule for photocatalytic tests.

2.2. Preparation of CoPcTs/TiO2 nanoparticles

CoPcTs/TiO2 and pure TiO2 were prepared by the method 
described in [9]. Solution A: 20 mL Ti(OC3H7)4, 20 mL ethanol 
and 1.62 mL acetylacetone were stirred for 30 min at room 
temperature. Solution B: 50 mg CoPcTs, 80 mL ethanol and 
2 mL H2O were stirred for 30 min. Solution B was added into 
solution A and colored solution C was obtained. Solution 
C was transferred into an autoclave, and then heated to 
240°C at a heating rate of approximately 2°C min–1 and the 
temperature was maintained for 6 h. After this time, the 
obtained solid was washed with ethanol and water and 
dried at 150°C for 2 h in air. This photocatalyst is labelled as 
CoPcTs/TiO2. Solution C without CoPcTs was also prepared 
to obtain pure TiO2.

2.3. Characterization

XRD patterns were recorded using Philips PW 1840 
diffractometer with Cu-Kα radiation (40 kV, 40 mA), 
scan rate of 0.02° 2θ/s within the range of 2θ of 20°–80°. 
Diffuse reflectance spectra were recorded by a UV-2100 
Shimadzu Spectrophotometer, equipped with an integrat-
ing sphere assembly. TEM studies were conducted with 
a Hitachi-H-8100 instrument (accelerating voltage up to 
200 kV, LaB6 filament). The samples were prepared by being 
dispersed in an ultrasonic bath for 20 min in ethanol. The 
nitrogen physisorption measurements were performed with 
a Quantachrome Autosorb-1-MP. Fourier-transform infrared 
(FT-IR) spectra were recorded with a Shimadzu FT-IR spec-
trometer (Model 8400).

2.4. Photocatalytic degradation monitoring

UV-visible light photocatalytic activities of the prepared 
samples were evaluated by degrading model organic pol-
lutant of TH acetate dye. The photocatalytic reactions were 
studied under a 500 W Halogen lamp (Osram, Germany). A 
visible (Halogen, ECO OSRAM, 500 W) lamp was used as an 
irradiation source (its emitting wavelength ranges from 350 to 
800 nm with the predominant peak at 575 nm). The UV-visible 
light focused on a 100 mL aqueous solution of TH (10 mg L–1) 
and photocatalyst. The suspension was magnetically stirred 
first in the darkness for 10 min before photocatalysis reaction, 
ensuring that the adsorption/desorption of TH reaches a sta-
ble equilibrium. Every interval time of 20 min, small aliquots 
(2 mL) were withdrawn and filtered to remove the photo-
catalyst particles and analyzed by Rayleigh UV-2601 UV/Vis 
spectrophotometer (λmax= 598 nm). Calibration curves were 
constructed for TH degradation, and all experiments were 
performed three times to verify the repeatability of the results.

3. Result and discussion

3.1. Characterization of synthesized samples

3.1.1. Powder X-ray analysis

Fig. 1 shows the XRD patterns of the prepared samples. The 
diffraction at 2θ = 24.88°, 37.42°, 47.66°, 53.49°, 54.51°, 62.29°, 
68.55°, 69.97° and 74.69° confirms that the TiO2 particles are 
polycrystalline with an anatase structure. TiO2-based photo-
catalysts used in rutile and anatase structures, and anatase 
structure showed much higher photocatalytic activity than 
the rutile one [24]. The XRD pattern of CoPcTs/TiO2 sample 
(Fig. 1(b)) did not exhibit any diffraction for CoPcTs complex 
and it may be confirmed by complete dispersion of CoPcTs 
molecules into TiO2 nanoparticles during the hydrolysis of 
tetraisopropyl orthotitanat or low loading quantity. The crys-
tal size of TiO2 was calculated according to Scherrer equation 
from the width of the anatase (1 0 1) diffraction.

Fig. 1. Powder XRD patterns of (a) TiO2, (b) CoPcTs/TiO2.
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D = Kƛ/β cosθ (1)

In this equation, D(h k l) is the crystal thickness, λ is the 
wavelength of the X-ray, β is the peak width at half-maximum 
and θ is the Bragg angle. The crystal size for the pure TiO2 
and CoPcTs/TiO2 samples are found to be 9 and 9.5 nm, 
respectively.

3.1.2. Diffuse reflectance spectroscopy

Fig. 2 shows the diffuse reflectance spectra (A) and 
Kubelka-Munk function (B) of the prepared samples. The 
diffuse reflectance spectrum of TiO2 (Fig. 2(A)) showed that 
there was no more absorption in the visible region. Fig. 2(B) 
shows the diffuse reflectance spectrum of CoPcTs/TiO2 sam-
ple, and there was great absorption in the visible wavelength 
range (600–700 nm). The two absorption peaks in the visible 
region were attributed to the Q absorption bands originating 
from π→π* transitions of CoPcTs complex and extended the 
CoPcTs/TiO2 spectrum to the visible region. The monomeric 
and aggregated CoPcTs species showed absorption peaks at 
680 and 620 nm, respectively [25]. The band gap energy from 
the DR spectra calculated according to Eq. (2) for the synthe-
sized samples:

[F(R) hυ]0.5 = A (hυ-Eg) (2)

where A is constant, F(R) is the function of Kubelka-Munk 
and Eg is the band gap. The band gap energy was obtained 
to be 3.01 and 2.5 eV for pure TiO2 and CoPcTs/TiO2 samples, 
respectively.

3.1.3. TEM analysis

TEM analysis was used for the size and morphology 
analysis of the prepared samples. The TEM micrographs 
(Fig. 3) show excellent dispersibility for irregular spheral 
TiO2 nanoparticles with the size in the range from 9 to 10 nm. 
The dispersibility of the nanoparticles enhanced the photo-
catalytic efficiency of the photocatalyst.

3.1.4. FT-IR analysis

Fig. 4 shows the FT-IR spectra of the CoPcTs, pure TiO2 and 
CoPcTs/TiO2. The vibrations in the range of 1,700–1,000 cm–1 
(Fig. 4(c)) are attributed to the characteristic vibrations of 
CoPcTs complex [26]. The FT-IR spectrum of CoPcTs/TiO2 
(Fig. 4(b)) which shows the vibration at ~1,400 cm–1 confirms 
the presence of CoPcTs and due to low amount of CoPcTs, the 
intensity of this vibration is weak [27]. The sulfonic groups of 
CoPcTs showed vibration at approximately 670 cm–1 (Fig. 4(c)) 
[28] and disappeared in the FT-IR spectrum of CoPcTs/TiO2 
sample due to the covalent bonding formation between sul-
fonic groups of CoPcTs and hydroxyl group of TiO2. Vargas 
et al. [29] reported this covalent bonding and FT-IR analysis 
showed the characteristic vibrations at 1,150 and 1,210 cm−1 
for stretching vibration of S–O–Ti bond. Ti–OH bond showed 
vibrations at ∼3,400, 2,930 and 2,850 cm–1 [30]. The bending 
vibration of OH at ∼1,630 cm–1 for chemisorbed and/or phy-
sisorbed water molecules detected for the samples. There 
is the stretching vibrations of Ti–O–Ti bond in the range of 
700–500 cm–1 [31].

3.1.5. Nitrogen physisorption

Fig. 5 shows the N2 adsorption/desorption isotherms of 
the prepared samples. The prepared samples exhibit the type 
IV sorption isotherm according to the IUPAC classification 
[32]. Table 1 summarized the obtained data from nitrogen 
physisorption. We calculated the specific surface areas and 
pore volumes from the Brunauer–Emmett–Teller (BET) 
method, pore volumes and radii were obtained from Barrett–
Joyner–Halenda model. Decrease in the specific surface area 
of the CoPcTs/TiO2 sample may be explained by CoPcTs 

Fig. 2. (A) Diffuse reflectance spectra and (B) Kubelka-Munk 
plots for the band gap energy calculation of (a) TiO2 and 
(b) CoPcTs/TiO2. Fig. 3. TEM micrograph of (a) TiO2 and CoPcTs/TiO2.
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molecules incorporated into TiO2 nanoparticles and reduce 
the surface area of TiO2. The average pore diameter for 
CoPcTs/TiO2 sample was obtained to be 76 Å and the size of 
the phthalocyanine ligand is (20 × 20 Å). Moreover, the pore 
volume of CoPcTs/TiO2 sample is greater than that of pure 
TiO2. These observations can confirm that tetrasulfophthalo-
cyanine acts as a bridging ligand and controls the hydrolysis 
process of the TIP, resulting in CoPcTs/TiO2 sample with mes-
oporous structure and high surface area.

3.2. Study of different parameters on photocatalytic 
degradation of TH

3.2.1. Catalyst dose

An important factor which can significantly influence 
the photocatalytic degradation rate is catalyst dose [33]. To 
determine the optimum catalyst dose, some experiments 
were conducted in the presence of different amounts of 
CoPcTs/TiO2 sample from 0.1 to 1.5 g L−1 of the TH solution 
(TH concentration = 10 mg L−1, pH = 7) (Fig. 6). Fig. 6 
demonstrates that the rate of photocatalytic degradation of 
TH increases linearly with catalyst loading up to 0.5 g L−1 
reaching a maximum of degradation at a catalyst dose of 
1.0 g L−1 and, then, decreases as the catalyst dose increases. 
The photocatalytic degradation of other organic pollut-
ants also showed similar dependency on catalyst loading 
[34]. According to the work by Wu et al. [35], the higher 
photocatalytic degradation needs more dosage of the catalyst. 
This can be attributed to the increase in the total active sur-
face area, increase of light absorption and hence availability of 
more active sites on the catalyst surface. However, at higher 
dosage, beyond the optimal limit, the dispersed particles of 
the catalyst block the visible light passage and increase the 
light scattering [36]. Therefore, further increase in the loading 
of catalyst will have no effect on the photocatalytic degrada-
tion rate. The obtained results showed that, the optimum cat-
alyst dose was chosen as 0.5 g L−1 for subsequent experiments.

3.2.2. Effect of pH

One of the highly important operation parameters for 
photocatalytic degradation reaction is pH. Hoffmann et al. 
[37] reported that the pH lower than the pH of the zero 
point charge (pHzpc) of TiO2 would favor the interaction of 
TiO2 with anionic electron donors and electron acceptors 
and the pH higher than the pH of the pHzpc of TiO2 would 
favor the interaction of TiO2 with cationic electron donors 
and electron acceptors. Therefore, an appropriate value of 
solution pH was needed for photocatalytic degradation 
reactions. In this work, pHzpc was determined for TiO2 
and CoPcTs/TiO2 according to the procedure described 
in [38]. The pHzpc was obtained to be 5.5 and 5.9 for TiO2 
and CoPcTs/TiO2, respectively. Fig. 7 shows the effect of 
pH value on the photocatalytic degradation of TH in the 
presence of CoPcTs/TiO2. The obtained results showed 
that the difference of pH value had a strong influence on 
the photocatalytic degradation of TH changing the sur-
face properties of the catalyst. TH is a cationic dye and its 
adsorption is favored in alkaline solution (higher pH val-
ues). At higher pH value, the surface of the CoPcTs/TiO2 has 
negative charge and more TH molecules can be adsorbed 

Fig. 4. FT-IR spectra of (a) TiO2, (b) CoPcTs/TiO2 and (c) CoPcTs.

Fig. 5. N2 adsorption–desorption isotherms for TiO2, and 
CoPcTs/TiO2.
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on the surface through the electrostatic interactions and 
decolorization of TH molecules occurring under visible 
light irradiation [39]. The optimum pH value was chosen 
to be 7 for subsequent experiments (Fig. 7).

3.2.3. Effect of initial concentration of dye

Fig. 8 shows the effect of TH initial concentration on 
photocatalytic degradation efficiency. At higher initial con-
centration of TH, the photocatalytic degradation efficiency 
decreases. The key species in the photocatalytic degradation 
process are hydroxyl radicals (•OH) and the adsorption of 
TH molecules on the photocatalyst surface sites increases 
with the TH concentration increase, decreasing the com-
petitive adsorption of OH− on the same sites [31]. It will 

finally lead to a lower formation rate of •OH radical [40]. By 
increasing the adsorbed molecules on the catalyst surface, 
the dye molecules absorbed the light much more than the 
catalyst did, having an inhibitive effect and decreasing the 
rate of photocatalytic degradation of the TH [41]. The ini-
tial TH concentration was selected as 10 mg L−1 for further 
experiments.

3.2.4. Recyclability of CoPcTs/TiO2

The recyclability of the CoPcTs/TiO2 sample was stud-
ied during a four-cycle experiment for the TH degradation. 
Recycling experiments (Fig. 9) showed reduction in activ-
ity from 97% to 63% after four cycles. The reduction of the 
photocatalytic performance could be explained by probable 
attack of OH radicals to the phthalocyanine molecules in 
CoPcTs/TiO2 sample or by permanent adsorption of inter-
mediate species formed during photocatalytic degradation 
of the TH that would compete with the TH for the reactive 
species generated (hydroxyl radical or peroxy free radical) 
from the irradiated photocatalyst [9].

3.2.5. Kinetic study

Table 2 shows the kinetic parameters for the TH photocat-
alytic degradation. The obtained results showed that the pho-
tocatalytic degradation of the TH is first-order reaction and 
its kinetics is expressed as ln(C0/C) = kobst. In this equation kobs 
(min−1) is the apparent rate constant, C0 and C are the initial 
concentration and concentration of the TH at reaction time t. 
The initial reaction rate of photocatalytic degradation of the 
TH is faster at higher initial concentrations and the rate con-
stants decrease by increasing the TH initial concentrations. 

Table 1
Textural and structural parameters of the prepared samples

Pore diameter (Å)Pore volumeBJH (cm3 g–1)Pore volumeBET (cm3 g–1)SBET (m2 g–1)Sample

380.240.23280TiO2

760.290.27141CoPcTs/TiO2

Fig. 6. Effect of the CoPcTs/TiO2 dose on photocatalytic 
degradation of TH ([TH]: 10 mg L−1; pH = 7).

Fig. 7. Effect of initial pH on photocatalytic degradation of TH 
(catalyst dose: 0.5 g L−1; [TH]: 10 mg L−1).

Fig. 8. Effect of initial concentration on photocatalytic degradation 
of TH (catalyst dose: 0.5 g L−1; pH = 7).
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These results may be explained due to limited lifetime of 
active species formed during the photocatalytic degradation 
reaction. The active oxygen species such as: OH▪ and O2

–▪ are 
formed on the surface of the immobilized photosensitizer 
(CoPcTs) and would not go far away [42] and would react 

preferably with the TH dye molecules near the photocatalyst 
surface. Thus, the initial degradation rate is faster at high ini-
tial concentrations of the TH.

3.2.6. Proposed mechanism for TH degradation

TiO2 is well known for its electronic structure, acting as 
a good photocatalyst under UV irradiation. It has a filled 
valance band (VB) and an empty CB [43]. After absorption 
photons with energy 3.2 eV or higher, electrons in the VB 
are excited to CB, leaving holes in the VB, and forming 
electron–hole pairs. The excited-state electron–holes pairs 
can react with a stable electron acceptor and donor to pro-
duce radicals such as O2

•– and HO•. These radicals are 
extremely active and can oxidize or reduce pollutants to 
the mineral end-products [1,37]. In the present work, both 
components, TiO2 and CoPcTs complex can absorb the pho-
tons at their interface, since the CB of TiO2 and the lowest 
unoccupied molecular orbital (LUMO) level of CoPcTs com-
plex are matched well for the charge transfer. Therefore, the 
electrons can be injected into the CB of TiO2 nanoparticles 
[18] react with oxygen to form some reactive oxygen species 
being capable of attacking organic pollutants and degrading 
them [44,45]. Therefore, the TH could be degraded through 
more than one pathway [46]. Fig. 10 shows the proposed 
mechanism for photocatalytic degradation of the TH in the 
presence of CoPcTs/TiO2.

Table 2
First-order reaction rate constants and correlation coefficients for different concentrations of TH

R2t1/2 (min)Initial reaction rate (mg L–1 min–1)kobs (min–1)TH initial concentration (mg L–1)

0.998628.750.12050.02415
0.991641.250.16800.016810
0.997449.850.20850.013915
0.999153.720.25800.012920
0.997460.260.28750.011525

Fig. 9. Recyclability of the catalyst for photocatalytic degradation 
of TH after four successive cycles (catalyst dose: 0.5 g L−1; [TH]: 
10 mg L−1; pH = 7; irradiation time: 120 min).

Fig. 10. Proposed mechanism for photocatalytic degradation of TH in the presence of CoPcTs/TiO2 photocatalyst.
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4. Conclusion

TiO2 nanoparticles containing CoPcTs complex were pre-
pared by hydrothermal method and characterized by differ-
ent techniques including XRD, FT-IR, TEM, DRS and nitrogen 
physisorption. The FT-IR and nitrogen physisorption results 
confirmed that CoPcTs molecules were attached on the surface 
of TiO2 nanoparticles through covalent SO2–O–TiO2 bonds. 
The photocatalytic performance of the prepared photocata-
lyst was tested for the photocatalytic degradation of the TH 
under visible light. Different parameters such as pH, catalyst 
dose and initial concentrations of the TH were investigated on 
the photocatalytic degradation rate. The photocatalytic deg-
radation rate of TH follows first-order reaction kinetics and 
the reaction is completed within 120 min (concentration of 
TH: 10 mg L–1 and catalyst dose: 0.5 g L–1) under visible light.
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