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Tourmaline superfine powders with different particle sizes were prepared by grinding, superfine
ball milling, and high-speed centrifugation. The powders were characterized by scanning electron
microscopy, X-ray diffraction, dynamic contact angle meter and tensiometry, and Fourier transform
infrared spectrometry. The results show that tourmaline powders exhibit improved far infrared emis-
sion properties as the particle size decreases. The increased surface free energy and proportion of
the polar component are considered to play an important role for their properties. The spontaneous
polarization is increased, and the dipole moment of tourmaline is stimulated to a high energy level
more easily for the chemical bond vibration, so that the energy is apt to emit by transition. In the
range of 2000–500 cm−1, the emissivity values of the samples with D50 size of 2.67 �m and 0.2 �m
are 0.973 and 0.991, respectively.
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1. INTRODUCTION

Tourmaline, a crystal mineral of ring-shaped silicate,
which includes Al, Na, Ca, Mg, B, H, O, and F, is the gen-
eral name of the tourmaline group. Its general chemical
formula can be written as XY3Z6Si6O18(BO3�3W4, where
X is Na+, Ca2+, K+, or vacancies; Y is Mg2+, Fe2+, Mn2+,
AI3+, Fe3+, Mn3+, Cr3+, Ti4+, or Li+; Z is Al3+, V3+, Cr3+,
or Mg2+; and W is OH−, F−, or O2−.1–3 Mineral tourmaline
crystallizes in the trigonal system. Its symmetry type is
L33P, and its space group is R3m–C3. The threefold axis of
symmetry is c, and thus, there is no axis plane of symme-
try perpendicular to c and no center of symmetry.4 Its most
important feature is the possession of spontaneous and per-
manent poles, which can produce an electric dipole. More-
over, tourmaline has many other functions such as emitting
far infrared rays and releasing negative ions. It has been
widely used in absorbing heavy metal ions, health tex-
tiles, air cleaning, environmentally friendly coatings, acti-
vating drinking water, sterilization, descaling, and prolong-
ing the service life of water treatment equipment. Hence,
it is expected to be a new environmental protection and
health material with wide development prospects in the
21st century.5�6

Tourmaline is generally added to batching of traditional
materials with powder form.7–12 The smaller the particle
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size and the more homogeneous the particle distribution,
the better the properties of tourmaline powders. A com-
plex containing tourmaline with a certain particle size and
polypropylene resin had good far infrared emission and
negative ion-releasing properties, and it could be used in
sterilization, air cleaning, and health textiles.13 Liu et al.
prepared a tourmaline film on a glass substrate with aver-
age size of 1 �m by the ion-beam deposition technique,
and obtained far infrared glass.14

There have been several reports about the far infrared
emission properties of tourmaline with the decrease of
particle size. Yang et al. found that the average size of
4.85 �m had the highest vertical infrared radiation ratio
value of 0.93 in 8–25 �m wavelength, higher than that
in size of 2.41–2823 �m and thought that crystal lacuna
was the main reason that tourmaline had strong infrared
radiation.15 Han et al. prepared tourmaline powders with
average size of 0.208–22.21 �m and found that the far
infrared emission properties had little variance for different
particle sizes.16

Based on the study mentioned above, in our present
work, the far infrared emission properties of superfine
tourmaline powders were studied systematically. This
provided an experimental and theoretical basis for the
development of high performance tourmaline composite
functional materials.
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2. EXPERIMENTAL DETAILS

2.1. Preparation

The tourmaline used here was from western China, and
its main components were given in the mass ratio as fol-
lows (wt%): SiO2 41.03%; Al2O3 30.65%; Fe2O3 5.85%;
B2O3 7.23%; FeO 7.62%; MgO 2.32%; TiO2 0.25%; CaO
0.12%; Na2O 1.23%; K2O 1.89%; total amount, 98.19%.
The tourmaline superfine powders with different particle
sizes were prepared by grinding, superfine ball milling,
and high-speed centrifugation. The resulting particle sizes
were T1, 2.67; T2, 1.42; T3, 0.98; and T4, 0.2 �m.

2.2. Characterization

The microstructures of the samples were observed by scan-
ning electron microscopy (SEM, Philips-XL30). The X-ray
diffraction (XRD) analysis was performed on a Philips-
DMAX-2500 with Cu K� radiation. The surface tension
of the samples was tested using a DCTA21 dynamic con-
tact angle meter and tensiometer (Dataphysics Company,
Germany), which could be used to calculate the surface
free energy and components (dispersion, polar) by Wu’s
equation. The Fourier transform infrared (FTIR) spectra
and far infrared emissivity of the samples were obtained
on a BRUKER-80V made in Germany.

3. RESULTS AND DISCUSSION

3.1. Microstructures (SEM)

It can be seen from Figure 1 that the granules with smooth
breaking sections show irregular prismatic shapes, and
link with each other due to the spontaneous polarity of
tourmaline.17–19 The particles become more homogeneous
with decreasing size.

3.2. Crystal Structure (XRD)

From Figure 2, it is found that the diffraction peaks are
not displaced, which indicates that the crystal structures of
tourmaline powders were not changed. Through calcula-
tion, the crystal volume had no change either.

3.3. Far-Infrared Spectra (FTIR)

The FTIR spectra of tourmaline powders with different
particle size are shown in Figure 3. The far infrared
adsorption spectra mainly arise from bond vibrations. The
adsorption apices at 3563 cm−1, 2922 cm−1, 1275 cm−1,
500–1000 cm−1, and 400 cm−1 are attributed to the
stretching vibrations of OH, water, B–O, Si–O, and M–O
(M means the metal ions in octahedron), respectively.

2 µm

(c)

(b)

2 µm

(d)

1 µm

(a)

5 µm

Fig. 1. SEM photographs of tourmaline powders with different particle
size: (a) T1, (b) T2, (c) T3, and (d) T4.

These far infrared adsorption peaks are broadened
with the decrease of particle size. The adsorption peaks
of T4 are about 8 cm−1 wider than those of T1 at
983 cm−1 and 1275 cm−1. This may be attributed to the
far infrared diffraction enhanced with the decrease of par-
ticle size. Consequently, the opportunities of far infrared
rays contacting with tourmaline powders were increased.
According to Kirchhoff’s Law, at the same temperature,
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Fig. 2. XRD pattern of tourmaline powders with different particle size.

every substance has the same ratio of monochromatic
radiant excitation and monochromatic adsorption with
corresponding waves. Therefore, the far infrared emission
properties of T4 are surely better than those of T1 at these
two adsorption apices.

3.4. Surface Free Energy and Components

Surface free energy is the total interaction of gravitation
and repulsion between phase interfaces, including Van der
waals interaction and chemical bonding interaction. It is
divided into a dispersive component and a polar compo-
nent. Table I lists the results of probe liquids and tourma-
line powders with different particle sizes.
Table II presents their surface free energies and compo-

nents of the tourmaline powders. It is concluded that the
surface free energies and the polar components increase
with the decrease of particle size.
Figure 4 compares the polar components in the surface

free energies of tourmaline powders with different particle
size. It is concluded that the polar component is domi-
nant in surface free energies. With the decrease particle
size, its polar components increase, as does the possession
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Fig. 3. FTIR spectra of tourmaline powders with different particle size.

Table I. Contact angles between probe liquids and tourmaline powders
with different particle size.

Contact angle (�)

Test liquid T1 T2 T3 T4

Water 88.4 80.7 80.4 76.882
Ethanol 60.9 64.9 65.4 75.412
Ethylene glycol (30%) 65.4 63.4 62.5 62.268

Table II. Surface free energies and components of tourmaline powders
with different particle size.

Sample SE (J/m2) Disp. (J/m2) Polar (J/m2�

T1 28�66 7.82 20�83
T2 32�26 6.68 25�58
T3 32�64 6.60 26�04
T4 36�7 3.85 32�22

of spontaneous and permanent poles. This is thanks to
the mineral activity and structural aberration stimulated by
mechanical stress during the grinding process.

3.5. Far Infrared Emission Properties

The far infrared emission properties of the samples are
expressed by far-infrared emissivity ��, which is the
ratio of radiation quantity of the samples to that of the
blackbody.
Figure 5 represents the radiant energy patterns of black-

body and tourmaline powders with different particle size
at 120 and 80 �C. It can be seen from Figure 5 that
the far infrared emission properties of tourmaline are
strong in the range of 1200–700 cm−1, and weak in the
range of 2000–1200 cm−1. The radiant energy significantly
increases with the decrease of particle size in the range of
1200–700 cm−1; therefore, the radiant energy of T4 is the
highest.
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Fig. 4. Proportion of polar components in surface free energies of tour-
maline powders with different particle size.
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Fig. 5. Radiant energy patterns of blackbody and tourmaline powders with different particle size: (a) 120 �C and (b) 80 �C.

Figure 6 shows the emissivity patterns of tourmaline
powders with different particle size, obtained by calculat-
ing the patterns of Figure 5. From Figure 6, we can see that
the emissivity of most samples increases with the decrease
of particle size in the range of 2000–500 cm−1. However,
the emissivity of the 0.98 �m sample is lower than others
in the range of 1500–500 cm−1.

Table III lists the emissivity of tourmaline powders with
different particle size in the range of 2000–500 cm−1. The
results indicate that the emissivity of tourmaline powders
increases with the decrease of particle size.
The radiation results from the transition of atoms,

molecules, and ion systems in different energy levels.
Generally, short wave radiation relates to electronic tran-
sition, whereas long wave radiation relates to lattice vibra-
tion. The radiation principle of most infrared radiation
materials is the change of dipole moment with molecular
rotation and vibration. A homonuclear diatomic molecule

is a non-dipole molecule because its atoms are sym-
metrical; while a heteronuclear diatomic molecule is a
dipole molecule. It will emit far infrared rays when inter-
acts with infrared radiation fields. Therefore, the dipole
moment is absolutely necessary for these molecules to
emit far infrared rays. In contrast, whether the poly-
atomic molecules emit infrared rays depends on the
change of the dipole moment, not the presence itself.21

The inherent dipole, which is so typical of tourma-
line, is changed due to the chemical-bond-vibration when
given certain energies. There arises the far infrared emis-
sion. The increases of surface free energy and pro-
portion of polar component resulted from the decrease
of particle size, leading to the increase of spontaneous
polarization. The dipole moment of tourmaline is stim-
ulated to high energy levels more easily for the chemi-
cal bonds vibration, so that the energy is apt to emit by
transition.
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Fig. 6. Emissivity patterns of tourmaline powders with different particle size.

Table III. Emissivity of tourmaline powders with different particle size
in the range of 2000–500 cm−1.

Sample T1 T2 T3 T4

�� 0.937 0.954 0.964 0.991

4. CONCLUSIONS

The far infrared emission properties of tourmaline
superfine powders increase with the decrease of tourmaline
particle size. The increased surface free energy and pro-
portion of the polar component are considered to play an
important role for the properties. The spontaneous polar-
ization is increased, and the dipole moment of tourmaline
is stimulated to a high energy level more easily for the
chemical bond vibration, so that the energy is apt to emit
by transition. In the range of 2000–500 cm−1, the emis-
sivity values of the samples with D50 size of 2.67 �m and
0.2 �m are 0.973 and 0.991, respectively.

Acknowledgments: The authors sincerely acknowl-
edge the financial support from Project Supported by
the National Science and Technology Support Planning
Project (2008BAE60B09) and the Key technologies R&D
programme of Tianjin, China (06FYGZGX02400).

References and Notes

1. F. Yavuz, Comput. Geosci. 23, 947 (1997).
2. F. Yavuz, A. H. Gultek, and M. C. Karakaya, Comput. Geosci.

28, 1017 (2002).

3. J. B. Selway, M. Novak, and F. C. Hawtorne, Amer. Miner. 83, 896
(1998).

4. T. Nakamura and T. Kubo, Ferroelectrics 137, 13 (1992).
5. S. Yamaguchi, Appl. Phys. A Solids Surf. A 31, 183

(1983).
6. T. Nakamura, K. Fujishiro, T. Kubo, and M. Iida, Ferroelectrics 155,

207 (1994).
7. D. Dagan and M. Tomkiewicz, J. Phy. Chem. 97, 12651

(1993).
8. M. S. Kaliszewski and A. H. Heuer, J. Amer. Ceram. Soci. 73, 1504

(1990).
9. M. Puckhaber and S. Rothele, Powder Hand. Proce. 11, 91 (1999).

10. D. B. Zhu, J. S. Liang, Y. Ding, G. Xue, and L. H. Liu, J. Amer.
Ceram. Soci. 91, 2588 (2008).

11. K. Kobayakawa, C. Sato, Y. Sato, and A. Fujishima, J. Photochem.
Photobiol., A Chem. 118, 65 (1998).

12. A. Piscpo, D. Robert, and J. V. Weber, J. Mater. Sci. Lett. 19, 683
(2000).

13. J. T. Yeh, W. Wei, H. H. Hsiung, and T. Jiang, J. Poly. Engin. 26, 117
(2006).

14. S. M. Liu, D. C. Li, W. T. Hu, G. Q. Qin, and L. F. Li, J. Non-Cry.
Soli. 354, 1444 (2008).

15. R. Z. Yang, L. X. Xu, and Z. T. Liao, J. Tong. Univ. 30, 1458
(2002).

16. W. Han, J. Z. Chen, and C. F. Wu, Mult. Util. Miner. Resour. 4, 22
(2005).

17. Z. J. Ji, Z. Z. Jin, J. S. Liang, J. Wang, and X. W. Yan, China
Environ. Sci. 22, 515 (2002).

18. Z. Z. Jin, Z. J. Ji, J. S. Liang, J. Wang, and T. B. Sui, Chin. Phy.
12, 222 (2003).

19. Y. Ding, J. S. Liang, Y. W. Feng, J. P. Meng, J. Wang, and Z. J. Ji,
J. Syn. Cry. 33, 428 (2004).

20. S. X. Wang, M. Wang, R. C. Ewing, and R. H. Doremus, J. Non-Cry.
Soli. 238, 198 (1998).

21. T. T. Paperno, Physico-Chemical Laboratory Techniques in Organic
and Biological Chemistry[M], Mirpublishers, Moscow (1996).

Received: 2 November 2008. Accepted: 5 April 2009.

J. Nanosci. Nanotechnol. 10, 2083–2087, 2010 2087


