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Abstract Thermogravimetry-differential thermal analy-

sis, emanation thermal analysis, mass spectrometry detec-

tion, Fourier transform infrared and XRD were used to

characterize thermal behaviour of titanium dioxide photo-

catalyst precursors prepared by precipitation at various

conditions from peroxotitanic acid sols. The transmission

electron microscopy HRTEM technique was used to

characterize the surface microstructure. The sols contained

TiO2 anatase particles of approximately 10 nm in diameter.

During heating of the air dried samples, their chemical

degradation took place giving rise to anatase. On further

heating, the crystallization of anatase and formation of

rutile phase was observed. To test the photocatalytic

activity of the samples, the decomposition of 4-chloro-

phenol (4-CP) under ultraviolet and visible irradiation was

monitored. It was shown that photocatalytic activities of

the samples are comparable to the Degussa P25 photocat-

alyst reference material.
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Introduction

The photocatalysis is one of the most favourable methods

to decompose organic contaminants in water or air.

Nanoparticulate titanium dioxide (anatase) photocatalyst is

considered as the most effective material with respect to its

nontoxicity, high photoactivity and low price. To clean

contaminated waters, photocatalysis requires sufficient

light to initiate chemical reactions leading to the mineral-

ization of organic contaminants. For practical applications

of the photocatalysts, it is important to be accessible at

acceptable price together with high photoactivity. Another

important condition is the environmental acceptability of

the process of photocatalyst production.

Moreover, titanium dioxide (TiO2) is widely applied as a

white pigment for paints or cosmetics, a support in catal-

ysis, or is used in gas sensors, in decomposition of dyes in

wastewater [1–5]. The uses and performance are strongly

influenced by the crystalline structure, the morphology and

the particle size. Nanocrystalline TiO2 particles are of

particular interest because of their specifically size-related

properties, and therefore many works have focused on the

synthesis of nanocrystalline titanium dioxide. As for ana-

tase TiO2 nanocrystallites, much attention has been paid to

hydrothermal methods using amorphous TiO2 [6], TiCl4
[7–9] or TiOCl2 aqueous solution [10], and sol–gel meth-

ods using titanium alkoxides [11–13]. TiO2 can also be

obtained by hydrolysis of titanium compounds, such as

titanium tetrachloride (TiCl4) [14, 15] or titanium alkox-

ides (Ti(OR)4) [16, 17], in solution. However, the use of

starting materials containing chlorine or organic ligand

usually resulted in the residue of chlorine or carbon in

the as-prepared powder, which should increase the envi-

ronmental impact. Therefore, chlorine- or organic-free

route for preparation of high-purity TiO2 nanoparticle is
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preferable for practical application [1, 4, 6]. Preparation of

nanosized TiO2 is mainly by using a sol–gel method,

whose main disadvantage is that costly organic solvents are

required. In this study, we developed simple method to

synthesize TiO2�nH2O nanoparticles using precipitation

from aqueous solutions containing TiOSO4 by ammonia as

a precipitation agent succeeded by addition of hydrogen

peroxide. The physical properties of prepared nanosized

TiO2 particles were investigated. We examined the activity

of TiO2 particles as a photocatalyst on the decomposition

of 4-chlorophenol (4-CP).

Experimental

Preparation of samples

For preparation of the anatase TiO2 sol, the following

materials were used: titanyl sulphate (TiOSO4�nH2O,

containing 29 wt% Ti like TiO2); hydrogen peroxide

(H2O2, 30%); ammonia solution (NH3.H2O, 26%) and

distilled water.

The TiO2�nH2O suspensions were prepared in the two

ways.

(a) The titanyl sulphate solution in the distilled water at

35 �C was precipitated by adding the ammonia at

approx. 0 �C at three various pH values (pH values

were 3, 6 and 8). The white precipitate was filtered

and sufficiently washed with distilled water, then

treated by hydrogen peroxide to reduce pH value of

the precipitate and subsequently treated by isopropa-

nol. Finally, the sample was dried at 35 �C.

(b) Titanyl sulphate was dissolved in the distilled water at

35 �C, then precipitated by adding ammonia solution

to reach the pH & 8 and white precipitate [Ti(OH)4]

resulted. The white precipitate was filtered and

sufficiently washed with distilled water to remove

the NH4
? and SO4

2- formed in the reaction, and then

added 400 mL distilled water to disperse the precip-

itate homogeneously. The pH value of the precipitate

was reduced by hydrogen peroxide; continual mag-

netic stirring was required to avoid the immediate

dense gel formation during dissolution and to keep

the reactant mixed uniformly. The obtained yellow

transparent sol was kept in closed bottle and part of it

was dried in air at room temperature.

Methods of samples characterization

The thermogravimetry (TG) and differential thermal

analysis (DTA) and mass spectrometry (MS) measure-

ments were carried out heating in air and argon,

respectively, by using the equipments SETARAM

SETSYS Evolution-16-MS and NETZSCH STA 409 MS.

The dried fine powders of synthesized samples TiO2 were

used for measurements. The mass of each sample mea-

sured was 50.41 mg, and heating rate was 10 �C min-1

(from 20 to 1,200 �C).

The emanation thermal analysis (ETA) has been used to

characterize the thermal behaviour, transport properties and

annealing of microstructure irregularities of the prepared

samples on heating in argon. ETA measurements were

carried out by using the updated NETZSCH DTA-ETA

Type 404 equipment. Details of the less common ETA

measurements have been described elsewhere [18, 19]. The

ETA involves measurements of radon release rate from

samples. The samples were labelled by traces of 228Th as

nitrate from the acetone solution. Atoms of radon, 220Rn,

were formed by a spontaneous a-decay of 228Th and 224Ra

and were incorporated into the sample using the recoil

energy of 85 keV atom-1. The maximum depth of 220Rn

penetration was 80 nm as calculated with Monte Carlo

method using TRIM code [20].

The Fourier transform infrared (FTIR) spectra of the

samples were measured by Nicolet Nexus 670 FTIR spec-

trometer in form of KBr pellet in the region 4,000–500 cm-1.
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Fig. 1 Results of ETA, MS detection of evolved gases and TG-DTA

during heating in air—sample type a (pH & 3)
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In situ high-temperature powder diffraction were collected

with a PANalytical X’Pert PRO diffractometer equipped with

a conventional X-ray tube (CoKa radiation, 40 kV, 30 mA,

line focus) and a multichannel detector X’Celerator with an

anti-scatter shield and with the high-temperature chamber

HTK 16 (Anton Paar, Graz, Austria). X-ray patterns were

measured in the range of 19� to 93� 2H with step of 0.0167�
and 30 s per step, which resulted a total scan-time of approx.

17 min. Subsequent heating steps were programmed for

25 �C, 100–500 �C for every 100 �C and from 550 to

1,100 �C for every 25 �C with the ramp of 60 �C/min.

Qualitative analysis was performed with the HighScore soft-

ware package (PANalytical, The Netherlands, version 1.0d),

Diffrac-Plus software package (Bruker AXS, Germany, ver-

sion 8.0) and JCPDS PDF-2 database, release 2004. To

characterize the particle size and external morphology of the

prepared samples, a high-resolution transmission electron

microscopy (HRTEM, Type JEOL) at 300 kV accelerating

voltage, equipped with EDS was used.

The photocatalytic activities of the prepared samples

were characterized from the results of the photodegradation

of 4-chlorophenol (4-CP) in an aqueous solution under

UV illumination. The source of UV illumination was

high pressure mercury lamp with the power of 125 W.

The concentration of 4-CP was 0.1 mM and concentra-

tion of the photocatalyst was 1 g L-1. The changes in

concentrations of 4-CP were estimated by liquid chromato-

graphy.

Results and discussion

Figures 1, 2, 3 depict the results of TG-DTA, ETA and MS

detection of the gases evolved during air heating of the

samples prepared at three pH values (samples of the type

a). The DTA curves of the each sample show on heating in

air endothermic peaks in range from 110 to 300 �C due to

the release of chemical and physical absorbed water. In

case of sample prepared at pH & 8, the endothermic peak

around 300 �C may be due to the decomposition of NH4
?

that remained in the sols. The broad exothermic peak can

be seen in the range of 800–1,000 �C due to the slow phase

conversion from anatase to rutile phase in each sample.
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Fig. 2 Results of ETA, MS detection of evolved gases and TG-DTA

during heating in air—sample type a (pH & 6)
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Fig. 3 Results of ETA, MS detection of evolved gases and TG-DTA

during heating in air—sample type a (pH & 8)

Thermal behaviour of titanium dioxide nanoparticles prepared by precipitation from aqueous solutions 609

123



The weight loss in the TG curves is from approx. 31.7% for

pH & 3 to 20.3% for pH & 8, which is caused by the

release of absorbed water and decomposition of NH4
? and

SO4
2-. From these results, we decided to start use pH & 8

at precipitation step.

Results of emanation thermal analysis, presented as

temperature dependencies of emanating power E, charac-

terize of the microstructure changes due to the release of

gaseous products as the result of thermal degradation and

formation of titania. For example in the precursor prepared

at pH & 3, the release of SO2
? was indicated by the effect

on the ETA curve in the range 600 to 800 �C, whereas the

effect in the range 900 to 1,050 �C can be ascribed to the

crystallization of rutile phase. In the precursor sample

prepared at pH & 8, the crystallization of rutile phase was

indicated by the effect on the ETA curve in the range 950

to 1,080 �C.

Moreover, another type of the samples was prepared

from the TiO2�nH2O suspensions, which were filtered and

then few times washed by distilled to remove the NH4
? and

SO4
2- formed in the reaction. The pH value was reduced

from 3 to 4 by adding the H2O2 (yellow transparent sol).

The sample kept in closed bottle changed over period

of 6 months (transformation from yellow to white

colour), no coagulation and precipitate appeared. It was

the result of decomposition of peroxotitanic acid (PTA)

molecules and increasing content of anatase crystals.

When the sample was stored at open air, the yellow

transparent sol transforms to yellow gel and then next

stage was yellow and orange glassy product, which con-

tains reactants of PTA.

Figures 4 and 5 depict the results of TG-DTA and MS

detection of the gases evolved during heating in argon of

the samples type b.

The results of MS detection are in a good agreement

with results of TG-DTA of the sample stored in closed

bottle (white colour, Fig. 4) and sample dried in open air

(yellow and orange glassy product, Fig. 5). The DTA

curves of the each sample measured on heating in argon

show endothermic peaks in range from 100 to 400 �C due

to the release of chemical and physical absorbed water. The

amorphous phase is resulting and the crystallization of

anatase phase takes place on further heating. The endo-

thermic peak around 300 �C (Fig. 5) may probably be due

to the decomposition of NH4
? that remained in the sols.

The broad exothermic peak (Fig. 4) can be seen in the

range of 550–750 �C due to the slow phase conversion

from anatase to rutile phase.
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The FTIR spectra of the sample prepared by the syn-

thesis method type b are shown in Fig. 6. The as-dried gels

exhibited peaks at 500, 1,404 and 1,630 cm-1, as well as a

broad band at 3,200–3,600 cm-1. The absorption from

3,200 to 3,600 cm-1 with maximum at 3,400 cm-1 can be

assigned to the stretching vibration of the hydrogen-bonded

OH groups of the adsorbed water and the titanium

hydroxide. The adsorption around 1,630 cm-1 is due to the

bending vibration of adsorbed H2O molecules. The

adsorption at 500 cm-1 can be, respectively, assigned to

the stretching vibrations of the Ti–O bonds and Ti–O–O

bonds. The peaks around 1,404 cm-1 are due to the

stretching vibration of the N–H bonds in the NH4
? and

CO3
2-, respectively, that remained.

Results of the in situ high-temperature XRD analysis of

the sample type b are presented in Fig. 7. The XRD pat-

terns of the sample heated from the room temperature to

1,100 �C give four distinctive TiO2 diffraction lines cor-

responding to anatase and seven lines corresponding to

rutile for temperatures above 700 �C. Broad diffraction

lines at lower temperatures indicated nano-crystalline

character of the starting anatase phase contrarily to rutile

formed at higher temperatures with better crystallinity.
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The HRTEM micrographs of the samples type a pre-

pared at various pH values are shown in Fig. 8a, b, c. From

the micrographs, we can see that the morphology of the

particles is changing with increasing pH value. The borders

between particles occur with increasing pH and the amount

of SO2
? is reduced (see TG-DTA curves, Figs. 1, 2, 3).

Owing to these processes, the particle volume is reduced

and particles are approx. 10 nm in diameter.

Figure 9 depicts the scheme of the water-jacketed

magnetically stirred laboratory photoreactor. Figures 10

and 11 show the results of the decreasing concentration of

4-CP during the photodegradation test by using the pre-

pared sample type b.

It is obvious from Figs. 10 and 11 that the sol samples

prepared in this study exhibited the photocatalytic activity

comparable to the reference titania sample Degussa P25.

To exclude the possibility of decomposition of 4-CP by

oxidation of hydrogen peroxide the ‘‘BLANK’’ experiment

performed without presence of light source. Lower photo-

degradation of the 4-CP was affected by lower volume of

the sample because of previous ‘‘BLANK’’ experiment

(Fig. 10).

Conclusions

The TG-DTA, ETA, MS detection, FTIR and XRD were

used for characterization of thermal behaviour of titania

photocatalyst prepared at various conditions from titania

sols. The yellow transparent samples were synthesized by

precipitation from PTA sol in various conditions (in

various pH and storage conditions). During heating the

chemical composition of the samples in air, the amor-

phous anatase was formed. On further heating of the

samples, the crystallization of anatase and formation of

rutile phase took place. The photocatalytic activity of the

initial samples were tested by the photodegradation of

4-CP. It was shown that the photocatalytic activities of

the prepared samples are comparable to the Degussa P25

photocatalyst reference material. By this way, a new

inexpensive method for the preparation of titania photo-

catlayst was suggested.
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