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Preface

The first edition of “Titanium Dioxide” was published in 2003. In the meantime, 
it has been sold out and the decision was made to bring out a second edition. This 
was taken as an incentive to revise all of the chapters in view of new information 
that has appeared since that time or, otherwise, has only yet come to the attention 
of the author.

For the practitioner, this book is conceived as a source of information on the prop-
erties and use of titanium dioxide pigments. Aspects concerning pigmentary 
titanium dioxide are primarily dealt with in the Chapters 2 to 6 of this booklet. 
For the sake of scrutiny, Chapter 4 was complemented by some information on 
the possibilities and limits of replacing titanium dioxide pigments in formu-
lations. 

In the remaining chapters, the current state of the development and use of titanias 
as UV absorbers and effect pigments as well as catalytic materials is outlined. 
Whereas this can only be a momentary picture, the same is especially true for 
the utilization of TiO2 in photovoltaic cells and as stationary phases in chroma-
tography. Nevertheless, for the sake of completeness, these fields of potential use 
are at least briefly mentioned in the last two chapters of this revised edition of the 
book and some references are given.  

My gratitude goes to Mr. Dirk Marschke for revising the information on the 
legislative requirements for titanium dioxide pigments and for discussions on 
the impact of the REACH legislation on the titanium dioxide industry as well as 
industry as a whole. Furthermore, I would like to especially thank Dr. Bernd Proft 
for calculating the scattering efficiencies of air bubbles in composite materials 
in comparison to titanium dioxide pigments. The helpful input I received from 
many of my colleagues at crenox GmbH, now Sachtleben Pigment GmbH, is also 
gratefully acknowledged. 

Jochen Winkler

Krefeld/Germany, September 2012
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Introduction 15

1 Introduction

Titanium dioxide (TiO2) pigments make up about 60 % of the global pigment 
production. In the year 2011, approximately 5.5 Million tons of titanium dioxide 
pigments were manufactured. The annual increase of titanium dioxide pigment 
production averaged at about 2 to 5 % in the past. Future growth rates of about 
2 % per year are predicted for the US and Europe, whereas the demand for tita-
nium dioxide pigments will probably grow at a rate of 6.5 % per annum in China 
and India. By the year 2015 the global demand is predicted to be at about seven 
million tons. 

Whereas in former times sulfuric acid was considered to be the indicator for 
economic growth, this position is today held by titanium dioxide pigments. The 
per capita consumption of TiO2 can be taken as an indicator for the standard of 
living in a country. In 2011, the industrialized countries used an amount of about 
4 kg of titania per person versus approximately 0.5 kg in India or Mainland China. 

Nevertheless, titanium dioxide is a fairly new industrial product that gained 
importance only after the Second World War. Because of its superior light scat-
tering properties, it replaced lithopone, a co-precipitated product consisting of 
zinc sulfide and barium sulfate, as the standard white pigment.

This development was, however, not predetermined. Apart from having a high 
refractive index, which is desirable for a white pigment, it also has an undesirable 
property: titanium dioxide is a photo semiconductor. That is to say, it absorbs 
ultraviolet light and transfers the energy of the absorbed photons into electro-
chemical reactions that lead to the disintegration of the organic media in which 
it is normally embedded. The quest to overcome this problem led to the develop-
ment of new technologies of pigment lattice doping and inorganic treatments of 
titanium dioxide surfaces. These techniques are today gradually utilized and 
refined in the context of problems concerning the production of other pigments, 
but also in heterogeneous catalyst development.

“Transparent” titanium dioxides make use of the particle size dependency of light 
scattering of titania. Nano-scaled TiO2 particles scatter visible light far less than 

Jochen Winkler: Titanium Dioxide
© Copyright 2013 by Vincentz Network, Hanover, Germany
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TiO2 pigments, yet still have the intrinsic property of UV light absorption. Today 
already, there is hardly a sun screen lotion with a high light protection factor that 
does not rely upon nano-scaled titania. Contrarily, the use of titania nanoparticles 
as photo catalysts to avoid the contamination of surfaces by dirt or bacteria is still 
at an early stage and may not gain economical importance at all.
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2 Physical, chemical  
 and toxicological properties

2.1 Physical properties of titanium dioxide
Titanium dioxide with the chemical formula TiO2 exists in three modifications 
with different crystal lattice structures and therefore alternating physical proper-
ties. These are rutile, anatase and brookite.

Stability

Rutile is thermodynamically the most stabile form. For that reason, anatase and 
brookite  rearrange monotropically to rutile at elevated temperatures of 750 °C 
(brookite) or 915 °C (anatase), respectively. This modification is stabile all the 
way up to its melting point at approximately 1830 °C to 1850 °C. The rearrange-
ment from anatase to rutile is exothermic and generates 12.6 kJ of heat per mole.

In all three crystal modifications, the titanium atoms are surrounded octahedrally 
by six oxygen atoms in a distorted fashion. However, the octahedra in rutile, 
anatase and brookite vary with respect to their spacing relative to each other. Of 
technical importance are only rutile and anatase, which differ from each other in 
their physical properties.

Crystal structure

The crystal structures of rutile and anatase may be described on the basis of the 
spacing of the oxygen atoms [1] 

Rutile:  Hexagonal close packing of the oxygen atoms, in which half of the 
octahedral spaces are filled with titanium atoms.

Anatase:  Cubic close packing of the oxygen atoms, in which half of the tetrahe-
dral spaces are filled with titanium atoms.

Jochen Winkler: Titanium Dioxide
© Copyright 2013 by Vincentz Network, Hanover, Germany
ISBN: 978-3-86630-812-1
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Figures 2.1 to 2.3 com-
pare the elementary 
lattice cells of rutile, 
anatase and brookite. 
The crystal structure is 
developed by extend-
ing one elementary cell 
by others in the front, 
back, left, right and 
above as well as below. 
When doing this, one 
will recognize that, in 
the case of rutile, the 
octahedra which belong 
to the titanium atoms in 
the centers of the cells 
form chains connected 
via two of their edges. 
These chains develop 
in the c-direction of the 
elementary cell.

Figure 2.4 shows a sec-
tion of the crystal lattice 
of rutile as an arrange-
ment of octahedra, 
viewed in the c-direc-
tion. On the outsides, 
the rows of octahedra 
connected by two edges 
(two octahedra in this 
case) can be seen. The 
chain of octahedra in 
the middle connects the 
outer octahedra chains 
via mutually shared 
corners. The chain of 
octahedra in the mid-
dle is displaced by the 
length c/2 relative to the 
outer chains.

Figure 2.3: Elementary cell of brookite; black spheres: 
titanium atoms; white spheres: oxygen atoms

Figure 2.2: Elementary cell of anatase; black spheres: 
titanium atoms; white spheres: oxygen atoms

Figure 2.1: Elementary cell of rutile; black spheres: 
titanium atoms; white spheres: oxygen atoms

Winkler_Titanium_engl.indb   18 12.12.12   11:05
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For anatase, the same 
procedure leads to a 
crystal lattice segment 
as shown in Figure 2.5. 
In this case, the viewing 
direction runs along the 
b-axis of the elementary 
cell. It is seen that the 
octahedra of one layer 
are connected to each 
other by four corners. 
To the bottom and the 
top, every octahedron 
shares two edges with 
its neighbors. Finally, 
Figure 2.6 demonstrates 
the circumstances in 
the case of brookite.

Table 2.1 compares the 
crystallographic data 
of rutile, anatase and 
brookite as well as their 
Mohs’ hardness and 
densities.

Hardness 

Compared to rutile, an-
atase has a lower Mohs’ 
hardness of 5.5 to 6 
instead of 6.5 to 7. For 
that reason, anatase is 
predominantly used 
where its lower hard-
ness has a technical 
advantage. This is es pe-
cially the case in the 
textile industry, where 
anatase pigments are 
used for the matting of 
synthetic fibers. But 
also in plastics, where Figure 2.5: Structure of anatase

Figure 2.4: Structure of rutile

Winkler_Titanium_engl.indb   19 12.12.12   11:05
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Figure 2.6: Structure of brookite

Rutile Anatase Brookite

Chemical formula TiO2 TiO2 TiO2

Crystal system tetragonal tetragonal orthorhombic

Point group according  
to Schönflies

D4h D4h D2h

Point group according  
to Hermann-Mauguin

4 mmm 4 mmm mmm

a  [nm] 0.4594 0.3785 0.9184

b  [nm] 0.4594 0.3785 0.5447

c  [nm] 0.2958 0.9514 0.5245

Volume of the  
elementary cell [nm³]

62.07 136.25 257.38

Molar volume [cm³/mol] 18.693 20.156 19.377

Mohs’ hardness 6.5 – 7 5.5 – 6 5.5 – 6

Density [g/cm³] 4.2 – 4.3 3.8 – 3.9 3.9 – 4.1

Melting point [°C] 1830 – 1850 transformation  
to rutile

transformation  
to rutile

Table 2.1: Crystallographic and physical properties of rutile, anatase and brookite
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weather sta  bility may not be so important in all cases, anatase is used because of 
its lower level of wear on machinery. In paper and in rubber industry, the softer 
anatase is widely used as a white pigment because of its lower abrasiveness, mak-
ing it easier on cutting tools. A further reason for using anatase lies in its UV 
absorption which occurs at lower wavelengths than in the case of rutile (see 
below). This enables the use of optical fluorescence brighteners that change UV 
light into visible blue radiation. Rutile absorbs the UV light necessary for that to 
occur.

Refractive indices

The high refractive index of titanium dioxide, in combination with the absence 
of absorption in the visible range of the spectrum between 380 nm and 700 nm 
wavelength, is the reason for its usefulness as a white pigment.

Both rutile and anatase form birefringent crystals, in which the refractive indices 
of the ordinary (no) and extraordinary (ne) rays are wavelength dependent. As 
shown in Figure 2.7 (values from [2]) the refractive indices rise towards the absorp-
tion edges. This behavior, termed “optical dispersion”, is completely normal for 
a dielectric substance1 like titania. Whereas in rutile the extraordinary ray pos-
sesses higher refractive index values, the opposite is true for anatase. Rutile is

Figure 2.7: Wavelength dependency of the refractive indices for the ordinary and 
extraordinary rays of rutile and anatase

1 Dielectric substances are materials that are polarisable, yet not electrically conductive.
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called a “positive crystal” (no < ne) and anatase a “negative crystal” (no > ne). In the 
case of anatase, the refractive indices of both rays differ less than those of rutile.

Since titania pigments consist of submicroscopic particles of mean particle sizes 
between 0.2 µm and 0.3 µm, it does not make much sense to distinguish between 
the refractive indices of the ordinary and extraordinary rays. Normally, a mean 
value of both refractive indices is therefore assigned to every wavelength. Accord-
ing to the “average index approximation” the mean refractive index n– of a uni-
axial, birefringent crystal which crystallizes tetragonally is given by [3]. 

  2n0 + neEquation 2.1 n– = 
       3

The average is weighted because the ordinary refractive index is found for light 
polarized parallel to both the a- and the b-axis of the elementary cell whereas the 
extraordinary refractive index only comes into effect for light polarized parallel 
to the c-axis.  

In practice, it has become customary to use one mean value as a characteristic 
estimate for the whole visible range of the spectrum, namely 2.75 as the refractive 
index of rutile and 2.55 as that of anatase, respectively. This corresponds roughly 
with the mean refractive index calculated from Equation 2.1 at a wavelength of 
550 nm, at which the human eye is the most sensitive to light. 

Figure 2.8: UV-Vis spectra of pressed powder tablets of rutile and anatase
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Polarisibility

The high refractive index is a consequence of the easy polarisibility of the bind-
ing electrons in the crystal lattice. These are mainly assorted around the oxygen 
atoms in the crystal. 

Absorption spectra

There are characteristic differences in the UV-Vis spectra of rutile and anatase 
(see Figure 2.8). To begin with, Figure 2.8 shows the appreciable difference in 
the absorption of the two modifications in the near UV part of the spectrum. By 
differentiation of the reflectance curves, their inflection points are found, that 
depict the exact location of the absorption bands. They lay at wavelengths of  
λ = 397 nm (rutile) or 377 nm (anatase), respectively.

With the equation 

  c
Equation 2.2 E = h · 
  λ

h = Planck constant (6.626 · 10-34 Js)

c = speed of light (2.99793 · 108 ms-1)

the energies E of these absorption processes can be calculated: they are 50 · 10-20 

Joule for rutile and 52.7 · 10-20 Joule for anatase.

As customary in solid state physics, these energies are often reported in the physi-
cal dimension electron Volt (1 eV = 1.602 · 10-19 J). A conversion from Joules to eV 
yields a “bandgap” of 3.127 eV for rutile and 3.289 eV for anatase2. The expression 
“bandgap” comes from the “energy band model” of chemical bonds [4].

Photo activity

Due to the light absorption in the near UV, electrons are hoisted from the energy 
level of the valence band of TiO2 into that of the conduction band, thus leaving 
a positively charged hole in the valence band. The separated electron/hole pair 
is called “exciton”. The generation of excitons is the cause for the light induced 
semiconductor properties of TiO2. The photo activity of titania is generally dis-
liked, since the excitons can have an oxidizing influence (see Chapter 5) and, for 

2 Often, a bandgap of 3.03  eV for rutile and 3.15 eV for anatase is reported. The corresponding 
absorption wavelengths are 415 nm and 385 nm, respectively. These wavelengths can be found by 
extrapolating the two “linear” parts of the remission curves to the left and right of the inflection point of 
the spectrum, where absorption takes place. Their crossing points yield these wavelengths.
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Figure 2.9: UV-Vis/NIR spectra of pressed powder tablets of rutile and anatase

Figure 2.10: IR-spectra of pressed powder tablets of rutile and anatase
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Physical properties of titanium dioxide 25

example, destroy the surrounding polymer matrix in which it is imbedded. There-
fore, the titanium dioxide pigment industry goes through some efforts to reduce 
the photo activity of titanium dioxide pigments. On the other hand, this property 
is purposefully utilized in titania photo catalysts (see Chapter 8.3).

Blue tint

The additional remission of anatase taking place in the barely visible part of the 
spectrum (above 385 nm) leads to a slightly bluer appearance in comparison to a 
rutile pigment of comparable purity. 

For enhancing the blue tint, trace metals that obtain higher oxidation states (e.g. 
Sb5+, Mo6+, W6+ or Ta5+) can be added as dopants to the calcination step. They 
supposedly act in the way that they reduce some of the Ti4+ to Ti3+, which is blue 
in color.

Reflectivity

Figure 2.8 also shows that anatase has a slightly lower remission in the red part of 
the visible spectrum, say above 650 nm, than rutile. Figure 2.9 shows the reflec-
tance of anatase and rutile in the near infrared (NIR) from 700 nm to 2500 nm in 
addition to the UV-Vis range. In the NIR range, the slightly enhanced absorption 

Figures 2.11: X-ray diffraction spectrum of rutile
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of anatase in comparison to rutile remains manifest. Rutile itself starts to absorb 
at wavelengths exceeding 1300 nm. Neither anatase, nor rutile possess character-
istic absorption bands in the NIR region of the spectrum.

The further course of the reflectance spectra of anatase and rutile at wavelengths 
between 2.5 µm and 25 µm (infrared, IR) is presented in Figure 2.10. At 5 µm (cor-
responding to a wave number of 2000 cm-1), approximately 27 per cent of the light 
is reflected. The next light absorption of nearly 100 per cent (equivalent to about 
0 % reflection) is found at 10.75 µm (930 cm-1) or 11.1 µm (900 cm-1) for anatase 
and rutile, respectively. Following the reflectance curves to higher wavelengths 
from there on, both anatase and rutile once again have higher reflectivities up to 
wavelengths of approximately 20 µm.

Other properties

Rutile and anatase are clearly distinguished from each other by their X-ray dif-
fraction spectra. This is seen in Figures 2.11 (rutile) and 2.12 (anatase). Both 
show the diffraction signals up to 2-theta values of 70°. Table 2.2 offers detailed 
information on the location and the relative intensities of the X-ray diffraction 
signals based on the main peak (equivalent to 100 % intensity).

Figures 2.12: X-ray diffraction spectrum of anatase
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Titanium dioxide is basically an electrical isolator. The relative dielectric con-
stants er of titanias are comparatively high with values near 100. That is why they 
are used for producing electrically insulating ceramics. Titanium dioxide of high 
purity is also used to make barium titanate for capacitors. Dielectric properties 
found by measurements on titania powders are, however, probably not relevant 
for practical purposes because of the difficulties involved in preparing suitable 
powder compacts. 

The heat capacity of TiO2 is 0.69 J/g K. Titanium dioxide is weakly paramagnetic. 
This allows its magnetic separation from ferromagnetic ores in beneficiation 
processes. 

Titanium dioxide is thermally relatively stabile although it easily releases small 
amounts of oxygen. At 100 °C, for example, this causes a slight gray color – due to 
the generation of Ti3+ – which is however reversible. At 400 °C, titanium dioxide 
appears yellow, caused by the expansion of the crystal lattice. This is reversible 
as well. As stated earlier, the melting point of rutile lies between 1830 °C and 

1850 °C.

Table 2.2: Location and relative intensities of the 2-theta peaks of the X-ray diffraction 
spectra of rutile and anatase

Anatase Rutile

2-theta [degrees] Rel. intensity [%] 2-theta [degrees] Rel. intensity [%]

25.289 100 27.436 100

36.949 10 36.087 50

37.791 20 39.183 8

38.566 10 41.226 25

48.052 35 44.048 10

53.902 20 54.313 60

55.065 20 56.651 20

62.109 4 62.739 10

62.688 14 64.030 10

68.770 6 65.485 2

70.317 6 69.005 20

74.024 2 69.791 12

72.413 2

74.403 1
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