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INVESTIGATION OF THE EFFECT OF HEAT TREATMENT
PROCESS ON CHARACTERISTICS AND PHOTOCATALYTIC
ACTIVITY OF TiO2-UV100 NANOPARTICLES

The effect of heat treatment process on crystallite size, phase content, surface area, band gap energy and photocatalytic activity of TiO2-UV100 nanoparticles were investigated. Heat treated TiO2
nanoparticles were characterized by X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) isotherm and diffuse reflectance spectroscopy (DRS) techniques, and its photocatalytic activity was investigated in the removal of C.I. Acid Red 88 (AR88), an anionic monoazo dye of acid class, as
a model contaminant. Heat treatment process at 600 °C causes an increase in crystallite size and band
gap energy of TiO2-UV100 nanoparticles. The results indicate that the nanoparticles treated for 1 h at
600 °C show the highest photocatalytic activity which can effectively degrade AR88 under UVirradiation. Increasing heat treatment temperature above 600 °C led to reduction in TiO2 photoactivity
which may be related to the anatase-rutile phase transformation, increasing particle size and decreasing specific surface area. Removal efficiency of AR88 with heat treated TiO2-UV100 nanoparticles
was sensitive to the operational parameters such as catalyst dosage, pollutant concentration and light
intensity.

1. INTRODUCTION
In recent years, it has been shown that heterogeneous photocatalysis is very promising as an alternative economical and harmless technology for the purification of
wastewaters [1, 2]. Photocatalytic oxidation of organic compounds in aqueous solutions containing suspension of titanium dioxide remains a thoroughly studied method
for the removal of organic and inorganic contaminants [3]. TiO2 is an ideal photocatalyst since it is stable, inexpensive, nontoxic and highly photoactive [4, 5]. TiO2 can be
excited with UV light which promotes electrons into the conduction band and leaves
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holes in the valence band [6]. The high rate of electron–hole recombination on TiO2
nanoparticles results in a low efficiency of photoactivity [7]. Various attempts have
been made to reduce electron–hole recombination in photocatalytic process and to
extend the absorption range of TiO2 nanoparticles into the visible region. These include dye sensitization, coupling of another metal oxides with TiO2, deposition of
noble metal on TiO2 crystallites and surface chelation [8, 9]. Crystal structure, particle size and surface area are considered as important factors that determine the
photoactivity. For example, many studies confirmed that the anatase phase of titania
is a superior photocatalytic material for air purification, water disinfection, hazardous waste remediation and water purification [8, 10, 11]. It is well known that the
photocatalytic activity of TiO2 strongly depends on the preparing methods and posttreatment conditions, since they have a decisive influence on the chemical and
physical properties of TiO2 [12, 13]. Relationship between the crystal phase, size
and surface area and photocatalytic activity is very complicated. Usually heat treatment can be used to control physicochemical properties of TiO2. How to control the
heat treatment temperature and extent of phase transformation for obtaining high
photocatalytic activity is still an important project [12–15]. TiO2-UV100 nanoparticles with 8 nm crystallite size have low photocatalytic activity in comparison with
other TiO2 samples such as TiO2-P25 nanoparticles from Degussa Co. with 21 nm
crystallite size [16]. Lower photocatalytic activity in TiO2-UV100 nanoparticles can
be related to a high rate of electron-hole recombination resulting from very small
crystallite size.
Presently, the effect of heat treatment on particle size, crystalline size and structure, band gap, surface area and photocatalytic activity of TiO2-UV100 nanoparticles
in the removal of C.I. Acid Red 88 (AR88) as a model contaminant from monoazo
anionic dyes have been investigated. TiO2-UV100 nanoparticles before and after
heat treatment were characterized using X-ray diffraction (XRD), Brunauer
–Emmett–Teller (BET) adsorption model and diffuse reflectance spectroscopy
(DRS) techniques.
2. EXPERIMENTAL
Materials. AR88 monoazo anionic dye was purchased from ACROS organics
(USA). The characteristics of the AR88 are summarized in Table 1. TiO2-UV100
(Hombikat) was obtained from Sachtleben Chemie (Germany).
Characterization of heat treated TiO2 nanoparticles. The crystallite size and phase
content of TiO2 nanoparticles were analyzed by means of the XRD measurements
which were carried out at room temperature by using Siemens X-ray diffraction
D5000 with CuKα radiation (λ = 0.154056 nm). The average crystallite size (D in nm)
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of TiO2 nanoparticles was determined from XRD patterns according to the Scherrer’s
equation [17];
D=

kλ
β cos θ

(1)

where k is a constant equal to 0.89, λ – the X-ray wavelength equal to 0.154056 nm,
β – the full width at half maximum intensity (FWHM) and θ – the half diffraction
angle. The phase content can be calculated from the integrated intensities of anatase
(IA) and rutile (IR) peaks using the following equation [18];

Rutile phase =

100
⎛I ⎞
1 + 0 .8 ⎜ A ⎟
⎝ IR ⎠

[%]

(2)

Table 1
Structure and characteristics of C.I. Acid Red 88 (AR88)
Structure

C.I. number

15620

λmax
Mw
[nm] [g·mol–1]

506

400.39

DRS was used for determination of the optical band gap (Eg) of TiO2-UV100 before and after heat treatment process. The following equation was used:

α ( hν ) = B ( hν − Eg )

1/ 2

(3)

where B is a constant dependent on the transition probability, h is Planck’s constant,
and ν is the frequency of the radiation. The optical absorption coefficient α was calculated from the absorbance A using the equation:

α = 2.303

A
d

(4)

where d is the thickness of the sample (cm) and A is the absorbance of the sample.
The values of the Eg were calculated by plotting (αhν)2 vs. hν, followed by extrapolation of the linear part of the spectra to the energy axis [19]. DRS was taken using an
AvaSpec-2048 TEC spectrometer.
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The BET gas adsorption method has become the most widely used standard procedure for determination of the surface area of porous materials. Nitrogen (N2) is generally the most suitable adsorptive for determination of the surface area. The standard
BET procedure requires the measurement of at least three, five or more points in the
appropriate pressure range on the N2 adsorption. The BET surface area can be obtained from linear portion of BET plot. Adsorption branch was used to determine the
pore size distribution using the Barret–Joyner–Halender (BJH) method [20]. BET and
BJH measurements were performed using a Belsorp mini II instrument based on N2
adsorption-desorption cycle.
Photoreactor. Photocatalytic degradation was performed in a 100 cm3 batch quartz
photoreactor with a UV lamp (15 W, UV-C, λmax = 254 nm, manufactured by Philips,
Holland) in a vertical array, which was placed in front of the quartz tube reactor. So,
when the light intensity was measured with a Lux-UV-IR meter (Leybold Co.), the
maximum intensity was observed and when the distance between the lamp and the
quartz tube was increased, the light intensity decreased from 35 to 8.5 W·m–2 [21].
Procedure. A series of TiO2-UV100 samples were treated in a muffle furnace at
various temperatures (300–1000 °C) for 1 h. Another series of TiO2-UV100 nanoparticles were heated at 600 °C at various times. All the heat-treated samples were cooled
to room temperature naturally, characterized and then photocatalytic activities were
tested in the removal of AR88.
In the photocatalytic degradation of AR88 a solution containing AR88 (5–35
mg·dm–3) and heat treated TiO2 nanoparticles (300–1100 mg·dm–3) was prepared and
agitated for 30 min in the darkness, then 100 cm3 of the above suspension was transferred into the photoreactor and pure O2 was bubbled through the reactor with the
flowrate of 0.4 cm3·min–1. The reaction was initiated when the lamp was switched on
and during irradiation, O2 flow was maintained in the photoreactor to keep the suspension homogeneous, then at certain reaction intervals, a 5 cm3 sample was withdrawn,
centrifuged and the concentration of AR88 was determined by means of a UV-vis
spectrophotometer (Ultrospec 2000, England) at 506 nm.
3. RESULTS AND DISCUSSION
3.1. THE CHARACTERIZATION OF TIO2-UV100 NANOPARTICLES

TiO2 materials exist in three different crystalline forms: anatase, rutile and
brookite. The XRD patterns of TiO2-UV100 and heat treated TiO2-UV100 at two temperatures (600 and 900 °C) and various heat treatment times are shown in Fig. 1, for
2θ diffraction angles between 4° and 70°.
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Fig. 1. XRD patterns of heat treated TiO2-UV100 powders
at various temperatures (a) and after various times (b)

These results indicate that TiO2-UV100 is 100% anatase, and no rutile phase was
detected in heat treated TiO2 at 600 °C. The XRD patterns of heat treated TiO2-UV100
at various temperatures in Fig. 1a show that phase transformation takes place at
900 °C. Wang et al. [13] reported for 100 nm TiO2, phase transformation from anatase
to rutile which takes place at 400 °C. Also results reported by Yu et al. [10] indicated
that the molar ratios of EtOH/H2O greatly influenced the crystallinity, crystallite size
and temperature of phase transformation from anatase to rutile which was reported to
occur at 700 °C. It seems that the crystallite size and granularity of TiO2 are the most
important factors determining the temperature of phase transformation [12, 13, 22].
The average crystallite size for TiO2-UV100, and heat-treated TiO2-UV100 at 600
and 900 °C were obtained from maximum intensity of anatase phase at 25.2° as 8, 19
and 28 nm, respectively. All samples were 100% anatase but heat treated sample at
900 °C was 48% anatase and 52% rutile. The XRD patterns of heat treated TiO2-UV100 at 600 °C after 1, 2 and 4 h heat treatment showed that all samples were
100% anatase but increasing heat treatment time causes an increase in crystallite size
as 19, 35 and 42 nm, respectively (Fig. 1b).
Absorption spectra of TiO2-UV100 nanoparticles and heat treated sample at
600 °C are shown in Fig. 2. Eg values can be calculated from Fig. 3 by extrapolation of
the linear part of the spectra to the energy axis. Results indicate that heat treatment of
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TiO2-UV100 at 600 °C increased the optical band gap energy from 3.13 to 3.25 eV.
The different band gap energies might be attributed to the difference in the surface
microstructure, composition and phase structure in the TiO2 nanoparticles [12].
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Fig. 2. Diffuse reflectance spectra of untreated and heat treated for 1 h TiO2-UV100
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Fig. 3. Plot of (αhν) vs. hν for untreated and heat treated for 1 h TiO2-UV100

Heat treatment of TiO2-UV100 nanoparticles leads to changes in BET surface
area, pore volume and pore size distribution. Figures 4 and 5 show the nitrogen adsorption-desorption isotherms and pore size distribution curves calculated by the Barrett–Joyner–Helenda (BJH) method for heat treated TiO2-UV100 at 600 and 900 °C,
respectively. The BET surface area obtained from the linear portion of BET plot and
pore size information of the samples determined by the BJH method have been sum-
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marized in Table 2 [20]. According to the results in Table 2, the heat treated sample at
600 °C has 19.15 m2·g–1 surface area.
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Fig. 4. Nitrogen adsorption and desorption isotherms of heat treated for 1 h TiO2-UV100
at 600 °C (a) and 900 °C (b). Va is the volume adsorbed and p/p0 is the relative pressure
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Fig. 5. Pore size distribution curves calculated from the adsorption branch of heat treated
for 1 h TiO2-UV100 at 600 °C (a) and 900 °C (b). Vp is the pore volume and rp is pore size

This value is much lower than that for untreated TiO2-UV100 (350 m2·g–1). This is
due to the increase in average crystallite size and pore collapse of the heat treated TiO2
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powders [3, 23]. In the result of sintering and phase transformation of anatase to rutile,
the BET surface area decreased drastically to 2.58 m2·g–1 for TiO2-UV100 heat treated
at 900 °C. Pore size distribution measurement indicates upon increasing heat treatment
temperature, the pore structure of TiO2-UV100 nanoparticles changes from micropores to mesopores. The mesopore structure of heat treated TiO2-UV100 nanoparticles
is attributed to pores formed between TiO2 particles [10]. In addition, the larger pores
may be due to the formation of inter-agglomeration particles [23, 24]. The results
show that pore volume decreases significantly with increasing heat treatment temperature. This decrease is attributed mainly to partial pore collapse or shrinkage after heat
treatment at higher temperatures [23].
Table 2
The BET surface area and pore parameters of untreated and heat treated for 1 h TiO2-UV100
Photocatalyst
TiO2-UV100
TiO2-UV100 (600 °C, 1 h)
TiO2-UV100 (900 °C, 1 h)

BET
surface area
[m2·g–1]
350.81
19.15
2.58

Most distribution
pore size
[nm]
1.21
12.24
12.24

Mean pore
diameter
[nm]
5.99
33.52
46.097

Total pore
volume
[cm3·g–1]
0.5255
0.1605
0.0298

3.2. PHOTOCATALYTIC ACTIVITY

The catalyst activity was evaluated using the photodegradation of AR88 as
a model pollutant under UV irradiation. The degradation efficiency of organic pollutant is a function of photocatalyst parameters, such as the crystalline phase, particle
size, band gap and surface area. All TiO2-UV100 samples have photocatalytic activity
in the removal of AR88.
Figure 6 shows semi-logarithmic plots of the concentration of AR88 in the presence of various heat treated TiO2-UV100 nanoparticles vs. irradiation time. The highest level of degradation was obtained with TiO2 treated for 1 h at 600 °C. Figure 7
shows that the apparent first-order reaction rate constant (kap) (obtained from the
slopes of the lines in Fig. 6) increased with increasing heat treatment temperature until
600 °C and then decreased. XRD results indicate that with increasing heat treatment
temperature to 600 °C, only pure anatase TiO2 phase exists, therefore the enhanced
activity of heat treated TiO2 cannot be attributed to phase transformation. But according to XRD results, average crystallite size for heat treated TiO2-UV100 at 600 °C
increases to 19 nm. There is an optimum particle size in the nanocrystalline TiO2 system for maximum photocatalytic activity. At optimum particle size in nanocrystalline
TiO2 recombination of e– and h+ is less effective than interfacial charge-carrier transfer
processes [16, 25]. A large surface area may be an important factor, influencing the
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rate of photocatalytic degradation process, as a large amount of adsorbed organic
molecules promote the photocatalytic reaction [26].
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Fig. 6. Semi-logarithmic plots of the concentration of AR88
at various heat treatment temperatures of TiO2-UV100 vs. irradiation time.
[TiO2-UV100] = 300 mg·dm–3, [AR88]0 = 20 mg·dm–3, I0 = 37 W·m–2
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Fig. 7. Apparent first-order reaction rate constant vs. heat treatment temperature
of TiO2-UV100. [TiO2-UV100] = 300 mg·dm–3, [AR88]0 = 20 mg·dm–3, I0 = 37 W·m–2

Results of this work indicate that in comparison with other parameters, the surface
area is not a significant parameter in photocatalytic activity; heat treated TiO2-UV100
at 600 °C with highest photocatalytic activity has very low surface area in comparison
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with untreated TiO2-UV100 (350 m2·g–1). Also, TiO2-UV100 with a large surface area
may be is associated with large amounts of crystalline defects which favour recombination of photogenerated electrons and holes, leading to a poor photocatalytic activity
in comparison with heat treated TiO2-UV100 at 600 °C [3, 27]. On the other hand, due
to the higher band gap energy of heat treated TiO2-UV100 at 600 °C compared to that
of untreated one, the heat treated samples are expected to have a higher photoactivity
in photooxidation and photoreduction than untreated TiO2-UV100. Lower photocatalytic activity of heat treated TiO2-UV100 at 900 °C can be attributed to phase transformation from anatase to rutile phase. TiO2 in rutile form is less effective than in the
anatase form as a photocatalyst for the oxidation of most organic compounds [14].
Therefore, it is expected that heat treated TiO2 at 1000 °C has lower photoactivity than
heat treated TiO2 at other temperatures.
3.3. EFFECT OF OPERATIONAL PARAMETERS
ON PHOTOCATALYTIC ACTIVITY OF HEAT TREATED TiO2-UV100 AT 600 °C

Figure 8 shows the effect of various dosages of heat treated TiO2-UV100 at
600 °C on the photocatalytic removal of AR88.
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Fig. 8. Apparent first-order reaction rate constant vs. various dosages of heat treated
TiO2-UV100 (600 °C, 1 h). I0 = 35 W·m–2, [AR88]0 = 20 mg·dm–3

The kap was found to increase with increasing the amount of TiO2 until 1000
mg·dm–3 so that removal reaches to 96% under 15 min of irradiation time. The observed enhancement in this range is probably due to an increased number of available
adsorption and catalytic sites on TiO2. Improvement on the removal rate is not obvious
above 1000 mg·dm–3, because at high catalyst loading, turbidity of solution and scattering effect increase which cause a decrease in UV light penetration to the solution
[1, 16, 28, 29]. Figure 9 shows the effect of heat treatment time on the kap in presence
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of 1000 mg·dm–3 heat treated TiO2 at 600 °C. Results show that the highest level of
photoactivity was obtained with 1 h heat-treated TiO2. Decreasing photocatalytic activity with increasing heat treatment time above 1 h can be related to the increase of
crystallite size according to the XRD results.
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Fig. 9. Apparent first-order reaction rate constant vs. heat treatment time of TiO2-UV100.
[Heat treated TiO2-UV100 (600 °C, 1 h)] = 1000 mg·dm–3, [AR88]0 = 20 mg·dm–3, I0 = 35 W·m–2
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Fig. 10. Apparent first-order reaction rate constant vs. initial concentration of AR88.
I0 = 35 W·m–2, [Heat treated TiO2-UV100 (600 °C, 1 h)] = 1000 mg·dm–3

The influence of the initial concentration of AR88 on the removal of AR88 has
been investigated using various initial concentrations of AR88 varying from 5 to
35 mg·dm–3. The results illustrated in Fig. 10 indicate that the kap decreases with increasing AR88 initial concentration and removal percent decreases from 99 to 60% un-
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der 5 min of irradiation time. This result is reasonable because with increasing initial
concentration of AR88 decreases the light intensity that falls onto the surface of TiO2.
On the other hand, with increasing AR88 initial concentration more and more organic
substances are adsorbed on the surface of TiO2 and consequently the generation of hydroxyl radicals on the surface of TiO2 and also degradation efficiency decreases [13, 16].
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Fig. 11. Apparent first-order reaction rate constant vs. light intensity.
[AR88]0 = 20 mg·dm–3, [Heat treated TiO2-UV100 (600 °C, 1 h)] = 1000 mg·dm–3

The dependences of kap on UV light intensity in the removal of AR88 with heat
treated TiO2-UV100 under optimum conditions are shown in Fig. 11. It is evident that
kap increases with the increasing light intensity from 8.5 to 35 W·m–2, so that the removal increases from 62% to 96% under 15 min of irradiation time. The UV irradiation generates photons required for the electron transfer from the valence band to the
conduction band of a semiconductor photocatalyst. The rate of degradation increases
when more radiation falls on the catalyst surface and hence more hydroxyl radicals are
produced [16, 30].
4. CONCLUSIONS
The results of this work indicate that the heat treatment temperature strongly influences the structure and photocatalytic activity of TiO2. An optimum particle size
was found in nanocrystalline TiO2 system for maximum photocatalytic activity. Heattreated TiO2-UV100 at 600 °C within 1 h with 19 nm crystallite size has the highest
photocatalytic activity in comparison with other heat-treated samples. Increasing the
band gap of heat-treated TiO2-UV100 at 600 °C is another reason for higher photocatalytic activity. Phase transformation for TiO2-UV100 nanoparticles takes place at
900 °C which causes a decrease in the photocatalytic activity. Photoactivity of heat-
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treated TiO2-UV100 under optimum conditions increases with increasing TiO2 slurry
dosage, UV-light intensity and decreasing the initial AR88 concentration.
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