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Abstract: Titanium catalysts (TiO2) were synthesized by three different methods. Their photocatalytic activity was validated through 
photodegradation of Reactive Red 45 (RR45) azo dye and Acid Blue 25 (AB25) anthraquinone dye in an aqueous solution under UV irradiation. 
TiO2 photocatalysts were characterized by FTIR, XRD and SEM. Photosensitivity and TiO2 activity range were characterized by UV/Vis 
spectroscopy. Photocatalytic validation has been made by way of determining the degree of RR45 and AB25 removal. TOC was determined as 
a measure of the mineralization of RR45 and AB25 by photocatalysis. The stability of TiO2 catalysts and a possibility of using them in consecutive 
photocatalysis cycles have also been studied. The results show that the photocatalytic efficiency depends on the crystal structure of TiO2. The 
size of crystallites depends on synthesis conditions. From the results of photocatalytic efficiency it is concluded that the chemical interaction 
between a catalyst and a dye strongly depends on the dye chemical structure. 
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INTRODUCTION 
HE application of advanced oxidation processes (AOPs) 
to wastewater treatment is particularly useful because 

AOPs are environmentally friendly, cost-effective and lead 
to a complete degradation (mineralization) of organic pol-
lutants. In other words, there is no need for further purifi-
cation or disposal of pollutants as in other water treatment 
processes (mechanical and physical/mechanical). Primary 
intention is to reduce the concentration of organic carbon 
in wastewater at the lowest possible treatment costs.[1–3] 

Heterogeneous photocatalysis is one of AOPs that removes 
organic pollutants from an aqueous medium using metal 
oxides, i.e., semiconductor catalysts (TiO2, ZnO, Fe2O3) in 
combination with UV or visible light irradiation.[4,5] Photo-
catalytic reactions have been studied by various research 
groups: by Matsuoka, Anpo, Horiuchi[6−9] and by Mori, Yam-
ashita et al. [10−12] as well as some other researchers. [13−17] 

Knowledge about the bulk properties of TiO2 with different 

crystal structures has been comprehensively reviewed by 
Diebold.[18] Among TiO2 crystalline forms rutile is the most 
stable phase in  bulk form, whereas two other phases, ana-
tase and brookite are metastable. Upon heating both ana-
tase and brookite can transform irreversibly into rutile. The 
phase transition of TiO2 anatase nanoparticles to TiO2 rutile 
nanoparticles starts from the interfaces between the 
agglomerated anatase crystallites, leading to a bulk phase 
transition.[19–21] The process of anatase and brookite transi-
tion to the rutile phase strongly depends on the TiO2 parti-
cle size. The most stable phase of TiO2 in the temperature 
range between 325 °C and 750 °C is rutile with particle size 
above 35 nm, while anatase is the most stable phase with 
particle size under 11 nm, and brookite phase between 11 
and 35 nm.[1] A larger band gap causes anatase to exhibit 
photocatalytic activity different from that of rutile. Anatase 
TiO2 is the most studied photocatalyst and its surface area 
is usually larger than that of rutile, resulting in an enhanced 
adsorption capability and more active sites. Anatase can 
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generate more efficient charge separation due to the 
existence of more oxygen vacancies. Owing to such ad-
vantages it usually shows a much higher photocatalytic 
activity than rutile under UVA irradiation.[22] Rutile has the 
band gap value smaller than that of anatase. Both pure 
phases absorb light in the UV region. Due to the presence 
of some defects or dopants, TiO2 samples start absorbing 
light under solar irradiation. Thus the photocatalytic activ-
ity is controlled by the microstructure (crystalline phase, 
crystallinity and crystallite size) and by the surface area 
(particle size).[23,24] The former affects surface properties 
and the recombination rate of the photogenerated elec-
trons and holes, while the latter contributes to an efficient 
adsorption of the pollutant. The photocatalytic reaction can 
be divided into the reduction reaction and the oxidation 
reaction. The reduction reaction can be initiated by photo-
excited electrons in the conductive band (CB) with electron 
acceptors. The reduction capability depends on the posi-
tion of a CB minimum (CBM). The oxidation reaction is 
driven by holes in the valence band (VB). The position of a 
VB maximum (VBM) sets the oxidation capability, Figure 
1.(a). The semiconductor position of a photocatalyst CBM 
needs to be located at a more negative potential than the 
redox potential of H+/H2 (pH 7) to obtain hydrogen from the 
reaction of water splitting. The VBM must be situated at a 
more positive potential than the redox potential of O2/H2O 
(pH 7). The energy for generation of electron–hole pairs in 
the catalyst needs to be greater than the energy gap (Eg). 
The creation of electron (e–)–hole (h+) pairs can be induced 
by photon absorption and involves several different pro-
cesses. Three of them are the most important: (a) electron–
hole pairs are separated and successfully migrate to the 
TiO2 surface, then to some adsorbed species or to the sol-
vent; (b) separated charge carriers are captured by the 
defect sites in bulk and/or on the surface region of TiO2; (c) 
separated charge carriers recombine and then release 
energy in bulk or on the TiO2 surface, Figure 1.[24] The pro-
cesses described in Figure 1.(b) and (c) are known as de-
excitation processes because the formed charges do not 
perform a photocatalytic reaction since only the charges 
that are transferred to the reactants via the TiO2 surface 
could contribute to photocatalytic reactions. It should be 
pointed out that the defect sites in bulk or on the surface 
of TiO2 may serve as recombination centers and thus de-
crease the photocatalytic reaction efficiency.[25] To achieve 
a specific morphology and high surface it is important to 
control the crystallinity, porosity and composition of the 
TiO2 catalyst.[26,27] Therefore the physical/chemical proper-
ties of a catalyst may be quite different, depending on their 
phase structure and particle size. 
 The goal of this research was to establish how the 
photocatalytic activity of a TiO2 catalyst had been affected 
by synthesis conditions including the starting chemicals, 

reaction duration and temperature as well as the duration 
of calcination. The objective was also to establish TiO2 
photodegradation efficiency in the removal of Reactive Red 
45 (RR45) or Acid Blue 25 (AB25) dyes from wastewater. 
 

EXPERIMENTAL 

Materials 
Hydrochloric acid (HCl, 37 %), acetic acid (C2H4O2, 99.8 %) 
and anhydrous ethanol (C2H5OH, 99.7 %) were all purchased 
from Kemika Zagreb. All the chemicals were used without 
any further purification. Tetra-n-butyl titanate (TBT) 
(Ti(OC4H9)4, 99 %) was purchased from Acros Organics. 
Didecyl dimethyl ammonium chloride (DDAC) (C22H48ClN) 
was supplied from Lonza Ltd. Commercial organic dyes C.I. 
Reactive Red 45 (RR45) and C.I. Acid Blue 25 (AB25) from 
CibaGeigy, Basel, were used without any purification. All 
aqueous solutions were prepared with deionized water 
that had been passed through a Merck Millipore Direct-Q3 
UV water purification system. 
 
 

 

Figure 1. The most important processes in the surface 
photocatalysis: a) electron–hole pairs are separated and 
successfully migrate to the surface of TiO2 and then to 
adsorbed organic or inorganic species or to the solvent; (b) 
separated charge carriers are captured by the defect sites 
in bulk and/or on the surface region of TiO2; (c) separated 
charge carriers recombine and release the energy in the 
form of heat or photon in bulk and/or on the surface region 
of TiO2. 
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Synthesis of TiO2 Photocatalysts 
TiV photocatalyst was prepared by the sol–gel method 
using tetra-n-butyl titanate as a precursor.  

Solution A was prepared by dissolving 17 mL of TBT 
in 30 mL anhydrous ethanol with stirring (300 rpm) for  
30 min. Another solution that contained 28.35 mL of 
anhydrous ethanol, 7.25 mL of deionized water and 20 mL 
of 3 M acetic acid was slowly added to the above solution, 
with magnetic stirring at room temperature. The prepared 
mixture was further hydrolyzed for 60 min with stirring 
until a transparent sol was obtained, which was aged for  
20 h at room temperature. 
 Thus prepared TiO2 was dried at 80 °C in an oven for 
12 h and calcined for 3 h at three different temperatures: 
400 °C, 500 °C, 600 °C. 
 Synthesis of TiCh photocatalyst was made from 
12.8 mL of TBT introduced dropwise into 50 mL of 3 M 
acetic acid and stirred with a magnetic stirrer for 60 min. 
The resultant solution was then transferred to an 
Erlenmeyer flask and heat-treated at 105 °C for 24 h. 
Sample was washed with absolute ethanol for three times 
and dried in a vacuum oven at 100 °C for 12 h. The 
obtained material was ground into powder and calcined 
for 3 h at the following temperatures: 400 °C, 500 °C,  
600 °C. 
 Synthesis of TiB photocatalyst was made by the 
sol–gel method. Solution A consisted of 20 mL of TBT 
dissolved in 20 mL of anhydrous ethanol. 20 ml of 3 M 
acetic acid was then added dropwise to the solution that 
was stirred for 15 min. Solution B consisted of 2.1 mL of 
DDAC mixed with 60 mL of anhydrous ethanol and 20 mL 
of distilled water was stirred for 15 min at room 
temperature. Then solution B was added dropwise to 
solution A. The resultant mixture was stirred for 45 min 
with a high speed disperser (7500 rpm),  then transferred 
to an Erlenmeyer flask and heated at 85 °C in an oven for 
24 h until a transparent sol was obtained. The obtained 
sample was then washed several times with distilled 
water and dried at 100 °C for 12 h. Finally the samples 
were calcined for 3 h at the following temperatures: 400 
°C, 500 °C, 600 °C.  

Characterization  
FTIR analysis was performed made with Perkin-Elmer 
Spectrum One FT-IR spectrometer in the range of 4000– 
450 cm–1. Samples for characterization were prepared as 
pellets with KBr.  
 UV/Vis spectroscopy measurements of synthesized 
TiO2 photocatalysts were made over the range from 200 to 
800 nm at a spectral resolution of ~ 0.3–10 nm using Ocean 
Optics USB 2000+ Spectrometer. Measured reflectance was 
converted according to the Kubelka-Munk equation 1, 
where R is reflectance (%),  

 
2(1 )

2
−

=
R

K
R

 (1) 

 
 (K × hν)1/2 plotted against hν is known as a Tauc plot. 
The value associated with the point of intersection of the 
line tangent to the plotted curve inflection point with 
horizontal axis (hν axis) is the band gap (Eg) value. 
 

 1/2( ) (h )× =K hν f ν  (2) 

 
 The microstructure and morphology of synthesized 
photocatalysts were studied by scanning electron 
microscope (SEM) Tescan Vega 3. 
 Samples were also characterized by X-ray powder 
diffractometer ItalStructures APD 2000  
 (λ(CuKα) = 1.5405 Å) in the scan range 20°–90°. The 
Rietveld refinement method was used for crystal structure 
analysis. 

Photocatalytic Activity Test 
The experiments were performed with waste water con-
taining 30 mg L–1 of dyes (Reactive Red 45 and Acid Blue 25) 
and 1 g L–1 of synthesized photocatalyst (TiV, TiCh, TiB) in a 
glass waterjacketed batch reactor with an UVP Pen-Ray 
lamp (irradiation in the UVA region: 315 to 400 nm) placed 
in the middle of the reactor. The characteristics of the UV 
lamp (Pen-Ray Lamp, 90-001901) used in photo experi-
ments were: 365 nm longwave, 2.25-inches lighted length, 
lamp operating voltage 260, lamp body temperature (°C) 
145. 
 In all the experiments the reaction system was 
stirred in the dark for 90 min to achieve the adsorp-
tion/desorption equilibrium before irradiation. At given ir-
radiation time intervals an aliquot of about 3 mL was 
sampled and filtered through a 0.45 μm membrane filter to 
remove the remaining particles. The filtrates were analyzed 
by recording variations of absorption in the UV– Vis spectra 
of RR45 and AB25 dyes at a wavelength of 542 nm and 622 
nm, respectively, using a Perkin Elmer Lambda EZ 201 spec-
trophotometer. Photodegradation efficiency was esti-
mated by determining the concentration (C) of dyes after a 
certain irradiation time where C0 was used as the initial 
value before irradiation. The extent of RR45 and AB25 min-
eralization was determined on the basis of the total organic 
carbon (TOC) content; measurements were taken using a 
TOC analyzer, TOC-VCPN 5000 A, Shimadzu. 

Consecutive Cycles of Photocatalysis 
Multiple experiments involving photocatalysis were carried 
out under identical photocatalytic conditions to monitor 
the efficiency of the “recycled” photocatalyst. After each 
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cycle of photocatalysis samples were allocated by 
decantation, then dried at room temperature for 12 h and 
reused in the next cycle. The efficiency of the photocatalyst 
over four cycles of photodegradation is given as a 
percentage of degraded RR45 and AB25 calculated 
according to the equation. Degradation is given as (%) =  
(A0 – A) / A0 × 100 %, where A0 and A were the initial and 
the reacting absorbance, respectively. 
 

RESULTS AND DISCUSSION 

FTIR Spectroscopy 
FTIR spectra of the variously synthesized TiO2 nanocrystals 
calcined at 400 °C, 500 °C and 600 °C are shown in Figure 2. 
The broad adsorption band at 3428 cm−1 and the band at 
1624 cm−1 are assigned to the stretching and bending 
modes characteristic of physisorbed water on oxide 
supports.[28] This is observed for all samples regardless of 
the phase composition, morphology and aggregation, 
which can play a critical role in the specific application. 
 Very small bands at 2923 cm–1, 2846 cm–1 and  
1382 cm–1 corresponding to the C–H vibrations of the –CH3 
groups in the hydrocarbon moiety are assumed to originate 
from the acetic acid used in synthesis (higher absorbance is 
seen for TiCh and TiV samples). The band at 2350 cm–1 
originates from CO2 in the air.[29] Broad absorption bands 
that appear in the low frequency region of the infrared 
spectrum located in the range 450-850 cm−1 are 
characteristic of a Ti-O-Ti symmetric stretching vibration 
mode[4] with the observed maximum at around 500 cm–1 
corresponding to the Ti-O stretching vibration formed 
during the condensation reaction of sol-gel synthesis. The 
change in absorbance intensity at higher calcination 
temperatures indicates the change in crystallinity, less well-
defined anatase crystals.[5] TiV 500 and TiV 600 are the only 
studied TiO2 samples containing rutile, which is confirmed 
by XRD. This was also confirmed by FTIR results where a 
peak at 490–510 cm–1 is present indicating the rutile phase. 
At the temperature increased from 500 to 600 °C there was 
a slight shift of this peak and an increase in its intensity.[30]  
 From the FTIR spectra change in vibration bands it 
can be concluded that the synthesis conditions 
(temperature, duration), various starting chemicals and 
calcination temperature affect the TiO2 chemical 
composition and structure. The presence of some groups 
even in very low concentrations can affect interactions 
between the catalyst and pollutant due to the variously 
charged surface of the TiO2 catalyst. 

X-ray Diffraction 
The X-ray powder diffraction patterns of synthesized TiO2 
samples (Figure 3) revealed the presence of the anatase 

TiO2 phase as a single phase in all samples except in 
samples TiV 500 and TiV 600 where rutile TiO2 was also 
present. The Rietveld refinement was used for crystal 
structure analysis. The majority of synthesized TiO2 
samples were pure anatase, only two samples contained 
rutile: TiV 500 (91.5 % anatase and 8.5 % rutile) and TiV 600 
(56 % anatase and 44 % rutile). The size of anatase TiO2 
crystallites (Table 1) was estimated from the line width of 
the strongest anatase XRD line (101) using the Scherrer 
equation.[31] From these results it can be concluded that the 
synthesis method has a significant impact on the size of 
crystallites. Furthermore, a higher calcination temperature 
induced an increase in the anatase TiO2 crystallite size. The 
Rietveld refinement method showed that P25 consisted of 
87.6 % anatase and 12.4 % rutile. The size of TiO2 crystallites 
was determined by the Scherrer equation to the value of  
24 nm. 

 

Figure 2. FTIR spectra of synthesized TiO2; a) TiB, b) TiCh,  
c) TiV calcined at 400 °C (red), 500 °C (blue) and 600 °C 
(black). 
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UV/Vis Spectroscopy 
The reflectance/absorbance capacity of the synthesized 
TiO2 photocatalyst was recorded by UV/Vis spectroscopy, 
Figure 4. a), b), c). For all studied TiO2 photocatalysts the 

spectrum consisted of single reflectance below ca. 400 nm, 
which is attributed to the charge-transfer from the valence 
band (mainly formed by 2p orbitals of the oxide cations) to 
the conduction band (mainly formed by 3d t2g orbitals of 
the Ti4+ cations).[22] In this region there is some deviation in 
reflectance since it was shifted to higher visible 
wavelengths for TiB600, TiCh400 and TiV600 samples. 
These results indicate that the valence band electrons of 
TiO2 were excited at a wavelength longer than 390 nm 
(beyond UVA irradiation), suggesting that the phase 
composition (anatase and rutile) was changed. Since XRD 
analysis indicated the rutile phase only for TiV500 and 
TiV600 samples, the difference in reflectance is also 
attributed to variations in crystals and crystallite size. 
According to a previously published report,[17] higher 
calcination temperature contributes to the formation of a 
rutile phase that results in the formation of larger size 
crystals. The difference in reflectance in the region from 
420 nm to 800 nm wavelength (linear part of the curves) of 
the synthesized TiO2 photocatalyst suggests that the 
crystals formed in samples were not of equal size due to 
aggregation after calcination. Some TiO2 samples were 
slightly coloured (slightly grey or yellowish), which indicates 
the presence of by-products (as a result of chemicals used 
in synthesis). Such coloured samples absorb in the visible 
region. From the XRD results in Table 1 it is observed that 
synthesis conditions as well as calcination temperatures 
affected the size of crystallites. Figure 4 d) shows the 
reflectance (%) = f (wavelength) relationship prepared TiO2 
samples. The value associated with the point of 
intersection of the line tangent to the plotted curve 
inflection point with the horizontal axis (hν axis) is the band 
gap (Eg) value. Values of the band gap for studied samples 
are listed in Table 2. Differences among the band gaps are 
attributed to variations in synthesis conditions, the 
crystalline size and the content of the impurities. 

Table 1. The size of anatase TiO2 crystallites estimated from 
the line width of the strongest anatase XRD line (101) by 
using the Scherrer equation.[18] 

TiO2 samples 
TiB / nm TiCh / nm TiV / nm 

Calcined temperature 

400 °C 11 14 18 

500 °C 28 18 43 

600 °C 41 34 51 

 

 

Figure 3. XRD difractogram of synthesized TiO2; a) TiCh  
b) TiB, c) TiV calcined at 400 °C, 500 °C, 600 °C. 
 

 
Table 2. Indirect band gap (Eg) transitions for synthesized 
TiO2 samples. 

Samples Eg / eV 

TiB400 3.22 

TiB500 3.19 

TiB600 3.14 

TiCh400 3.26 

TiCh500 3.15 

TiCh600 3.15 

TiV400 3.19 

TiV500 3.24 

TiV600 2.98 
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SEM Analysis 
SEM micrographs and the morphology of the synthesized 
TiO2 photocatalyst are presented in Figure 5. It is evident 
that the morphology differs depending on the method of 
synthesis and  calcination temperature. The finest 
morphology is observed in TiCh400 and TiV400 photo-
catalysts that changed significantly with an increase in 
calcination temperature. The average particle size in-
creased from cca 0.2 μm for calcination at 400 °C to 10–
15 μm for calcination at 500 °C. For TiV sample the particle 
size increase was even more significant, from 0.3 μm after 
calcination at 400°C to 15–40 μm at 500°C and 600°C due 
to the rutile phase formed. The morphology of TiB sample 
appeared to be different, and mostly presents large and 
medium-sized particles with a small fraction of very small 

particles. The size of large and medium-sized particles is 
in the range of 5–20 μm, whereas very small particles 
measure less than one micron (cca 0.2 μm). To enhance 
the photocatalytic activity of the catalyst the micro-
structure needs to be controlled as well as the 
enlargement of its surface area.[32,19] 

 The former affects the surface property and 
influences the recombination rate of the photogenerated 
electrons and holes, while the latter contributes to 
reactant-efficient adsorption. The anatase TiO2, which 
possesses the highest photocatalytic activity among 
anatase, rutile and brookite, may change phase to rutile in 
a calcination process,[33,34] accompanied by a significant 
surface area reduction (Fig. 5i)), resulting in a diminished 
photocatalytic activity in the UVA region. 

 

Figure 4. UV/Vis reflectance spectra of synthesized TiO2; a) TiB, b) TiCh, c) TiV calcined at various temperatures: 400 °C, 500 °C, 
600 °C, d) absorbance spectra for the indirect electronic transition (KE)1/2 vs E / eV of synthesized TiO2 samples. 
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Photocatalytic Activity 
The photocatalytic activity of the synthesized TiO2 photo-
catalyst was evaluated through the degradation of 30 mg L–1 
of RR45 and AB25 dyes in an aqueous solution with 1.0 mg 
L–1 of catalyst and upon UV-A irradiation. The efficiency of 
the catalyst systems was investigated at pH that resulted 
from the presence of a dye and a photocatalyst: 6.2 in the 
case of RR45 and 5.5 in the case of AB25. The pH was not 
further adjusted. The decomposition ratio of dyes (C / C0) 
was correlated to the reaction time (t) and the results are 
shown in Figures 6 and 9. In Figure 6 only small differences 

in the adsorption process for studied photocatalyst sam-
ples are seen and the maximum adsorption was reached at 
5 %. On the other hand, the photocatalytic process effi-
ciency differs significantly among various TiO2 samples and 
the effect of calcination temperatures on the photocata-
lytic activity is obvious. Clearly, the photocatalytic activity 
is greater for TiO2 calcined at a lower temperature, reaching 
the maximum at 400 °C and then diminishing. After 90 
minutes of photocatalysis TiB600 and TiV600 samples thus 
display the RR45 dye decomposition rate of only 16 %  
and 3 %, respectively. The exception is TiCh600 sample 

 

Figure 5. SEM micrographs of synthesized TiO2 calcined at 400, 500, 600 °C, a) TiB400, b) TiB500, c) TiB600, d) TiCh400, e) 
TiCh500, f) TiCh600, g) TiV400, h) TiV500, i) TiV600. 
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indicating a very high rate of dye decomposition, which is 
attributed to the crystallite size formed during synthesis 
and calcination. This is confirmed by XRD results where the 
crystallite size was 34 nm for TiCh600 and significantly 
smaller than those determined for samples TiB600 and 
TiV600 (41 and 51 nm, respectively). These results as well 
as SEM micrographs suggest that the structure and mor-
phology are of crucial importance for the photocatalytic 
efficiency of catalysts.[20, 21] Demonstrating that it is neces-
sary to control the conditions of TiO2 synthesis during 
which its crystallites are formed. As observed from the SEM 
micrographs (Figure 5), the finest morphology is achieved 
at 400 °C and particularly well seen for TiCh400 sample. 
This is explained by the fact that both crystallinity and the 
surface area affect the photocatalytic activity of a photo-
catalyst since an increase in size reduces the surface area, 
which is a less active site (for oxidation/reduction). Calcina-
tion temperature can enhance the crystallinity of a photo-
catalyst and provide more sites for the recombination of 
the photogenerated electron–hole pairs, which is not pref-
erable. The photocatalytic activity is simultaneously 
affected by crystallinity and by the surface area. It is neces-
sary to obtain an optimum since due to the calcination 
process crystallinity can come in conflict with the enlarge-
ment of the surface area.[17] Based on the above results it 
can be concluded that the photocatalytic activity was 
affected by crystallite and crystal sizes as a result of various 
synthesis methods and post-synthesis treatments. This is 
supported by a very high decomposition rate of RR45 
achieved by TiCh400 and TiV400 photocatalysts, up to 98 % 
after 60 minutes. It is assumed that modified synthesis con-
ditions (duration of hydrolysis and temperature) have af-
fected the crystallite growth rate due to  calcination 
temperature. Furthermore, a variation in thus obtained 
structure of the photocatalysts obviously modifies the 
kinetics of the decomposition reactions during the photo-
catalysis since the kinetics depends on the concentration of 
H• and OH• radicals  formed upon UV irradiation.  Moreo-
ver, as known from literature,[35] the TiO2 structure also has 
an effect on electron−hole charge carriers (h+VB + e−CB) 
that can undergo recombination and dissipate excess 
energy through nonradiative mechanisms, thus reducing 
the overall efficiency of the photoinduced process. 
 Figure 7 displays the results of RR45 dye removal 
during the adsorption and photocatalytic processes involv-
ing TiB400, TiCh400 or TiV400 compared with commercial 
TiO2 (P25). It is evident that synthesized TiO2 photocatalyst 
samples present lower adsorption and slightly lower 
decomposition kinetics during photocatalysis in the first 60 
minutes. After 90 minutes of photocatalysis all of the pho-
tocatalysts decomposed 98 % of the dye. 
 TOC values (Figure 8) describe the extent of mineral-
ization of an organic compound, i.e., indicate the 

concentration of remaining compounds or its degradation 
products, and all of this is expressed via the carbon atoms 
content, except CO2. Here TOC was used as a measure of 
the decomposition of RR45 molecules in water. Clearly, 
commercial TiO2 (P25) showed a significantly higher 
mineralization rate of RR45 as it decomposed almost 60 % 
of the dye and its decomposition products in water, 
whereas synthesized TiV400 samples with higher TOC val-
ues decomposed about half of that (30 %). Furthermore, 
the TOC values also show that the catalysts TiCh400 and 
TiV400 which equally efficiently decomposed the 
chromophore group of RR45 dye as the commercial TiO2 
(Figure 7) were less efficient in the case of mineralization of 
RR45 dye. 
 The efficiency of the photocatalytic activity of syn-
thesized TiO2 photocatalysts calcined at 400 °C, most effi-
cient in the photocatalysis of RR45 dye, was also tested for 
photocatalysts of Acid Blue (AB25) dye; the results are pre-
sented in Figure 9. It can be seen that the processes of 
adsorption and photocatalysis differ from those involving 
RR45 dye degradation. During the 90 minutes of 
establishing the adsorption/desorption equilibrium 
process, sample TiB400 adsorbed about 27 %, commercial 
TiO2 15 % and the catalysts TiCh400 and TiV400 9 % and 1 % 
of AB25 dye, respectively. It is presumed that the high level 
of AB25 dye adsorption is due to its negatively charged 
sulphonate groups and positively charged TiO2 particles. In 
some of our earlier experiments the pHPZC of TiO2 was 
established at 6.6. Such a pHPZC value of TiO2 is in accord-
ance with literature findings.[36] The pH value in  
wastewater with RR45 in the photocatalytic experiment 
was around 6.2 whereas in wastewater with AB25 it was 
around 5.5. It is known from literature that when pH is 
below the TiO2 nanoparticle pHPZC, nanoparticles exhibit a 
positively charged surface.[37] 
 Electrostatic interactions here favour dye adsorption 
onto the catalyst surface, thus enabling efficient photocata-
lytic degradation of the dye.[38] The best photocatalytic 
efficiency and the highest rate of AB25 dye decomposition 
was obtained with a TiB400 catalyst, which decomposed 64 
% of the dye in 30 minutes - slightly better than the com-
mercial TiO2. After 90 min. TiB400 decomposed 92 % of the 
dye. On the other hand, samples TiV400 and TiCh400 
exhibit a significantly lower rate and efficiency of AB25 dye 
degradation than for RR45 dye (just the opposite behaviour 
is observed). The photocatalysts TiV400 and TiCh400 
decomposed only 28 % and 47 % of AB25 dye in 30 min, and 
after 90 min about 83 % and 85 %, respectively. A particu-
larly high rate of AB25 decomposition by the TiB photocata-
lyst is explained by its smaller obtained crystallites (as 
estimated using the Scherrer equation)[18] and supported 
by the adsorption process of AB 25 onto the TiB400 surface, 
Figure 9. 
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 Figure 10 shows the results of AB25 dye mineraliza-
tion during photocatalysis displayed as a percentage of TOC 
values. It can be seen that the rate of AB25 dye molecule 
decomposition is significantly higher than for RR45 dye 
since the TOC removal values are higher. This can be 
explained by an increased interaction between the synthe-
sized TiO2 catalysts and AB25 dye as it is obvious from the 
adsorption process. The adsorption of the dye on the sur-
face may enhance the photocatalytic degradation of the 
pollutants. In that way the kinetic rate of degradation can 
be accelerated resulting in higher decomposition and min-
eralization. As already seen from the obtained results, the 

degradation rate of dyes can be affected by crystals and 
crystallite size, interactions between dye and catalyst due 
to charge, and parameters such as pH, catalyst concentra-
tion, pollutant concentration and the presence of electron 
acceptors such as molecular oxygen.[39] Furthermore, it can 
be concluded that the TiB400 catalyst is more successful in 
the decomposition of AB25 dye, which is an anthraquinone 
type of dye with the C=O group, unlike RR45 that is an azo 
dye with the N=N chromophore group. Vice versa, TiV400 
and TiCh400 catalysts are more efficient in the degradation 
of RR45 azo dye. When we consider the decomposition of 
complete dye molecules and their formed end-products 
regarding the TOC values, it is evident that synthesized TiO2 

 

Figure 6. Concentration of removed RR45 dye during the 
adsorption and photocatalysis processes under UVA 
irradiation with synthesized TiO2; TiB, TiCh, TiV calcined at 
400 °C, 500 °C, 600 °C (concentration of dye RR45 γ =  
30 mg L–1 and photocatalyst γ = 1 g L–1, pH 7). Negative time 
denotes the part of the experiment of adsorption / 
desorption equilibrium before irradiation. 
 

 

Figure 7. Concentration of removed RR45 dye during the 
adsorption and photocatalysis processes under UVA 
irradiation with synthesized TiO2; TiB, TiCh, TiV calcined at 
400 °C and with commercial TiO2 (P25) (concentration of 
dye RR45 γ = 30 mg L–1 and photocatalyst γ = 1 g L–1, pH 7). 
Negative time denotes the  part of the experiment of 
adsorption/desorption equilibrium before irradiation. 
 

 

Figure 8. Percentage of TOC removal of RR45 dye during the 
photocatalytic degradation with synthesized TiO2; TiB, TiCh, 
TiV calcined at 400°C and commercial TiO2 (P25). 
 

 

Figure 9. Concentration of removed AB25 dye during the 
adsorption and photocatalysis processes under UVA 
irradioatin with synthesized TiO2; TiB, TiCh, TiV calcined at 
400 °C and with commercial TiO2 (P25) (concentration of 
dye RR45 γ = 30 mg L–1 and photocatalyst γ = 1 g L–1, pH 7) 
Negative time denotes the  part of the experiment of 
adsorption/desorption equilibrium before irradiation. 
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catalysts are more effective in AB25 dye decomposition 
whereas the commercial TiO2 catalyst is more effective in 
RR45 dye decomposition. This further suggests that, in 
addition to photocatalytic process conditions (pH, concen-
tration of catalyst, concentration of pollution),[40,41] the 
structure of TiO2 catalyst is very important as well as the 
structure and chemical composition of the pollutant. 
 Here it should be pointed out that, in addition to the 
structure (crystallinity) of a photocatalyst, its chemical 
composition is also important. It is supposed that TiO2 
samples (Figure 2), which were synthesized by various 
methods, slightly differ in their chemical composition. It is 
assumed that there are remaining starting precursors in 
their structure. For further clarification elemental analysis 
should be carried out by some additional experiments. 
Namely, such remaining groups in TiO2, although present in 
very low concentrations, affect the interactions between 
the catalyst and the pollutant. The interactions are very 
important as they enable the adsorption of the pollutant on 
the catalyst surface and the photocatalysis is thus initiated. 

Consecutive Cycles of Photocatalysis 
The photocatalytic efficiency of synthesized TiO2 photo-
catalysts during several consecutive cycles of photocataly-
sis was determined under exactly the same conditions as in 
the first cycle. After each cycle photocatalysts were not 
additionally treated or recovered, suggesting that in each 
new cycle the catalysts were partly polluted with dye from 
the former cycle. The obtained results give the information 
about photocatalyst stability and its capacity of multiple 
use without any further costs. The percentage of degraded 
RR45 dye in wastewater after 90 minutes of photocatalysis 
during  four consecutive cycles is given in Figure 11. From 
the results it is observed that the most stable photocatalyst 
during all four cycles was TiCh400, as its efficiency 

decreased for only 19 %. The same sample has shown the 
highest decomposition rate of RR45 (Figure 7), indicating a 
high stability and photocatalytic efficiency on reuse. TiB400 
photocatalyst sample demonstrated the lowest photocata-
lytic activity after each cycle and the percentage of 
degraded RR45 dye was 67 % after the fourth cycle. The 
TOC values were determined after each consecutive cycle 
of photocatalysis and the results are given in Figure 12. It is 
obvious that TOC values decrease more and more with 
each cycle for all synthesized TiO2 photocatalysts. Photo-
catalytic activity and degradation efficiency were signifi-
cantly lower for TiB400 catalyst sample, amounting to just 
2.6 % in the fourth cycle. It can be concluded that TiB400 is 
not a satisfying photocatalyst for the removal of RR45 dye 
from water as its mineralization rate in the first cycle was 

 

 

Figure 10. Percentage of TOC removal of AB25 dye during 
the photocatalytic degradation with synthesized TiO2; TiB, 
TiCh, TiV calcined at 400 °C and commercial TiO2 (P25). 

 

 

Figure 11. Degradation rate of RR45 dye after 90 minutes of 
photocatalysis during four cycles using TiB400, TiCh400, 
TiV400 photocatalysts. 

 

 

Figure 12. Percentage of TOC removal of RR45 dye after 90 
minutes of photocatalysis during four cycles using TiB400, 
TiCh400, TiV400 photocatalysts. 
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low (17.2 %). TiV400 catalyst showed a significantly higher 
efficiency with the highest rate of mineralization and with 
a TOC removal of about 30 %. 
 

CONCLUSIONS 
From the results of photocatalytic activity obtained with 
synthesized TiO2 catalysts it is well seen that the conditions 
of synthesis significantly contribute to the TiO2 photocata-
lytic efficiency. TiO2 synthesis results in the formation of 
various crystal structures and different sizes of crystallites. 
The photocatalytic process always depends on the type of 
the pollutant and the type of the catalyst. Due to this it is 
concluded that the photocatalytic degradation of RR45 azo 
dye is most efficient with TiCh400 due to the lower size of 
TiO2 crystallites. In this way the surface of the catalyst is en-
larged and reveals more active sites resulting in an 
increased photocatalytic efficiency. Due to the different 
crystal structure in comparison with other samples, TiV500 
(presence of anatase and rutile) also exhibits good photo-
catalytic activity. 
 Another parameter like the chemical composition of 
the catalyst was revealed as dominant in the photocatalytic 
degradation of AB25 anthraquinone dye with the TiB400 
catalyst. As observed in the FTIR spectra, there are small 
differences in the chemical composition of the synthesized 
TiO2 catalysts due to the use of various starting chemicals 
in synthesis that were incorporated into the TiO2 structure 
in a very low concentration. The remaining groups of DDAC 
in TiB sample increased the interaction between AB25 dye 
and the catalyst, confirmed by the highest adsorption of 
dye on the catalyst surface and the highest rate of degra-
dation. A significant contribution to the increased chemical 
interaction between the catalyst and dye in this particular 
process is due to the chemical structure of dye itself. This 
statement is also confirmed by comparing the results of 
photocatalysis performed by the commercial TiO2 (P25) 
catalyst for RR45 and AB25. From the results it is concluded 
that, for the successful and economically feasible process 
of wastewater treatment, a universal TiO2 catalyst is not 
sufficiently effective. 
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