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Abstract

Emanation thermal analysis (ETA) was used for the characterization of surface and porosity annealing of acicular porous

hematite samples in the temperature range from 20 to 600 �C under in situ conditions of heating in air flow. Two hematite samples
with different surface areas (85 and 44 m2 g�1, respectively) were prepared by thermal decomposition of goethite using constant rate
thermal analysis (CRTA) equipment. ETA results characterizing the thermal evolution of the porous hematite samples were com-

pared with surface area determined by B.E.T. method, transmission electron micrographs and crystallite size determined by XRD.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In order to characterize thermal stability of porous
materials by nitrogen adsorption measurements or elec-
tron microscopy, samples heated to different tempera-
tures have to be subsequently cooled before their
characterization. One disadvantage of this approach is
that reversible processes which could eventually take
place during heating or cooling of the solids can not be
observed. In contrary, emanation thermal analysis
(ETA)1 makes it possible to study the evolution of the
porosity and surface area of the samples under in situ
conditions of the heating. This method has been already
advantageously used for the characterization of various
materials, such as nanosized powders, gels, thin films, as
well as bulk solids on heating in selected gas
environments.2�6

ETA1 is based on the measurement of radon release
rate from the samples previously labelled by trace
amounts of 228Th and 224Ra radionuclides. Atoms of
radon, 220Rn are formed by the spontaneous a-decay of

228Th and 224Ra. The 224Ra and 220Rn atoms can be
incorporated into the sample due to the recoil energy
(85 keV atom�1) which the atoms gained by the
a-spontaneous decay. By this way the parent nuclides of
228Th and 224Ra serve as ‘‘recoil ion implantators’’ of
the radon atoms.7

The mechanisms of radon release from labelled sam-
ples are (i) release due to the recoil energy of the radon
atoms, (ii) diffusion in open pores and in intergranular
space, and (iii) radon diffusion in the matrix of the
solids.1 The radon release rate, E (also called emanating
rate), can be written

E ¼ Erecoil þ Epores þ Ematrix ð1Þ

The emanting rate E due to recoil can be expressed as

Erecoil ¼ K1S1 ð2Þ

where K1 is a temperature-independent constant, that
depends on the path of the recoiled radon atoms in
the solid, and S1 is the external surface area of the
sample.
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The emanating rate due to radon diffusion in the
intergranular space and open pores, Epores, can be
expressed as

Epores ¼ K2S2 ð3Þ

where K2 is a constant which depends on temperature,
and S2 is the internal surface area of the sample includ-
ing open pores.
The emanating rate due to the radon diffusion in the

solid matrix of the sample, Ematrix, can be expressed as

Ematrix ¼ K3S3 exp -�H=2RTð Þ ð4Þ

where K3 is a temperature-independent constant, �H is
the activation enthalpy of radon diffusion in the solid
matrix, R is the molar gas constant, T is the absolute
temperature and S3 is the surface area representing the
sum of the cross sections of all diffusion paths, such as
dislocations, grain boundaries, etc.
Consequently, processes that could be investigated by

means of ETA are those accompanied by changes of
surface area and/or microstructure of the solid samples,
affecting the radon release from the solids.
In this study, two samples of porous hematite pre-

pared by thermal decomposition of goethite under con-
stant rate thermal conditions were characterized by
means of ETA. Results of ETA were compared with the
surface area measurements, electron micrographs as
well as crystallite size determined by X-ray diffraction.

2. Experimental

2.1. Preparation of porous hematite

The hematite samples with surface area 85 and 44 m2

g�1, respectively were prepared by thermal decomposi-
tion of goethite.8 using constant rate thermal analysis
(CRTA) equipment. This equipment consisted of a tub-
ular furnace connected to a vacuum system.9,10 The
pressure gauge was interfaced to the temperature con-
troller; thus, the temperature evolution was controlled
by the pressure signal in order to maintain the pressure
constant along the process. For hematite of surface area
85 m2 g�1 the constant pressure was maintained at the
value of 5.5�10�5 Torr whereas for the preparation of
hematite of surface area 44 m2 g�1 the pressure was
maintained at 8 Torr. A more detailed description of the
preparation method could be found in Refs.8,11

2.2. Characterization methods

The ETA measurements were carried out using a
modified DTA-ETA equipment Model NETZSCH 404

(the heating rate was 5 �C min�1, the air flow was 50 ml
min�1). During the ETA measurements, the labelled
sample of 0.05 g was situated in a corundum crucible
immersed in a constant air flow, which carried the radon
released from the sample into the measuring chamber of
radon radioactivity.
Samples for ETA measurements, were labelled using

the adsorption of traces of 228Th and 224Ra on the
sample surface from acetone solution. The specific
activity of the samples was 105 Bq per ml. Samples were
stored for three weeks prior to ETA measurements to
allow radioactive equilibrium to be reached.1 The
recoiled radon atoms penetrated into the samples due to
the recoil energy (85 keV per atom) of 224Ra and 220Rn.
The concentration profiles of 224Ra and 220Rn were

calculated by Monte Carlo method and using TRIM
code.12 The calculated values of the recoil ranges in
a-Fe2O3 (hematite) are: for 224Ra: 26.1 nm (straggling
6.8 nm) and for 220Rn 25.9 nm (straggling 7.3 nm),
respectively. Therefore, we consider the penetration
depth of 220Rn atoms in the hematite to be up to 66 nm.
The high amount of 220Rn was situated next to the sur-
face having the descendent character of the concentra-
tion profile from the surface.7,13

The ETA results are presented in this study as tem-
perature dependencies of the radon release rate, E, nor-
malized to the total radioactivity of the parent nuclides
used for the sample labelling.
Transmission electron microscopy (TEM) examina-

tions were performed with a Philips CM10 microscope.
The X-ray diffraction (XRD) patterns were obtained by
means of a Siemens equipment model D 5000 using Ni-
filtered CuKa radiation. The dimensions of the coher-
ently diffracting domains (crystallite size) of hematite
were determined from the full-width of the half max-
imum of the (104) and (110) XRD lines using the
Scherrer’s equation.14 Surface area measurements were
performed by Micromeritics 2000 apparatus and eval-
uated by using the B.E.T. single point method with N2
as an absorbate at liquid N2 temperature.

3. Results and discussion

The ETA results of the porous hematite sample with
85 m2 g�1 are presented in Fig. 1, curve 1. The emanat-
ing rate, E, increased on sample heating from 110 to
420 �C. We assumed that the increase was controlled by
the radon diffusion along structure irregularities, cracks
and pores serving as radon diffusion paths. The decrease
of E in the range from 420 to 510 �C was ascribed to the
annealing and the structure irregularities of the hematite
sample. Taking into account that the thickness of the
acicular hematite particles was not larger than 30 nm,
we supposed that the sample was labelled by radon
atoms in all the volume and the information obtained

2278 L.A. Perez-Maqueda et al. / Journal of the European Ceramic Society 22 (2002) 2277–2281



from the ETA curve is related to the behaviour of all the
sample volume.
In order to compare the ETA results of porous

hematite with the direct measurements of surface area,
TEM characterization of morphology and XRD char-
acterization of crystallite size, several fractions of the
porous hematite were heated up to different tempera-
tures from 350 to 600 �C under otherwise identical
experimental conditions to those used for ETA (i.e.
heating at dry air flow and at the heating rate 5 �C
min�1) and quenched to room temperature. Surface
area values (S) of the hematite samples heated to var-
ious temperatures are presented in Fig. 1, curve 2. It is
obvious from curve 2, Fig. 1 that on heating up to
440 �C, the S values of this hematite sample remained
unchanged at �80 m2 g�1, while when the sample was
heated to 525 �C the S decrease to 40 m2 g�1 was
observed. The surface area of the sample heated to
600 �C was 38 m2 g�1, therefore, it is shown that no
further substantial annealing of the porosity took place
above 520 �C.
From the TEM micrograph it follows that the ‘‘as

prepared’’ porous hematite sample (Fig. 2a), consists of
slit shaped pores open along the longest dimension of
the particles. It was previously observed that the elon-
gated direction of the crystal is perpendicular to the c
axis.15

Fig. 1. Temperature dependence of the radon release rate obtained by

ETA measurements of hematite surface area 83 m2 g�1 (curve 1) and

of the surface area of the samples preheated to the selected tempera-

tures in the range 380–600 �C (curve 2).

Table 1

Crystallite sizes of hematite heated to different temperatures estimated

from the broadening of the XRD (104) and (110) lines

Temperature/�C Crystallite size

d104/(nm) d110/(nm)

350 10 34

380 10 34

460 10 34

500 13 34

600 14 34

Fig. 2. Transmission electron micrographs of porous hematite sample

with surface area 83 m2 g�1 (a) as prepared, (b) heated to 440 �C and

(c) heated to 600 �C.
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The TEM micrographs of the porous hematite heated
to 440 and 600 �C are shown in Fig. 2b and c, respec-
tively. The sample heated at 440 �C, has a similar
microstructure to the ‘‘as prepared’’ hematite (see
Fig. 2a). In the sample treated at 600 �C, the pores that
open along the longest direction disappeared, and iso-
lated cylindrical pores were observed (see Fig. 2c). Par-
ticle growth or sintering was not observed by TEM in
the samples heated to 440 and 600 �C, respectively. A
similar behaviour of porous hematite after heat treat-
ment was already reported by other authors. 16,17

Moreover, the ETA results were compared with the
evolution of the crystallite size of hematite, estimated
from the broadening of the XRD (104) and (110) dif-
fraction lines. Table 1 includes the crystallite size values
of hematite samples heated to various temperatures
from 350 to 600 �C. Taking into consideration that the
slit shaped micropores are perpendicular to the c axis,
the (110) and (104) lines can give some indication of the
dimensions of the crystallite in the directions of the
pores and perpendicular to the pores, respectively. It
was found that in the (110) direction no changes in the
crystallite sizes were observed for the samples heated to
the mentioned temperatures. However, in the (104)
direction the crystallite size increases for the samples
heated to 500 and 600 �C, respectively. These results are

consistent with the TEM micrographs demonstrating
that the as prepared porous hematite was divided into
several parts after the annealing of the pores grow
together. Consequently, we can suppose that the order-
ing of the hematite structure resulted during the
annealing of the elongated pores. This is in support of
the ETA results indicating the decrease of the defects
amount serving as radon diffusion paths just in the
temperature preceding 500 �C. For the samples heated
at temperatures lower than 460 �C, the crystallite size in
the (104) direction remained unchanged. Thus, the ETA
results indicating the decrease of E in the range from
420 to 510 �C, reflected the annealing of open porosity
which is in agreement with the surface area measure-
ments and crystallite size calculations from XRD data.
The ETA results of porous hematite with a surface

area of 44 m2 g�1 are presented in Fig. 3, curve 1. We
assume that the increase of emanating rate, E, in the
range from 110 to 600 �C is controlled by the radon
diffusion along near surface irregularities, cracks and
pores serving as radon diffusion paths. This mechanism
was already assumed for the radon release in the above
temperature range observed with the hematite sample of
the surface area 85 m2 g�1 (see Fig. 1, curve 1), although

Fig. 3. Temperature dependence of the radon release rate obtained by

ETA measurements of hematite surface area 44 m2 g1 (curve 1) and of

the surface area of the samples preheated to temperatures in the range

380–600 �C (curve 2).

Fig. 4. Transmission electron micrographs of hematite sample with

the surface area of 44 m2 g�1 (a) as prepared, (b) heated to 600 �C.
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a more intense increase of E was observed with the
sample of higher surface area and porosity, serving as a
diffusion channel for radon. In contrast, to the thermal
behaviour of the sample characterized by the ETA
(curve 1, Fig. 1) no decrease of emanating rate was
observed in curve 1, Fig. 3. Consequently, no annealing
of the porosity and surface area was supposed to take
place in the sample with the surface area 44 m2 g�1 in
the respective temperature range. This assumption was
confirmed by the values of surface area of the hematite
samples prepared from the initial hematite of 44 m2 g�1

by heating to various temperatures in the range 380–
600 �C (curve 2, in Fig. 3). The TEM micrographs
(Fig. 4) also confirmed our assumption.

4. Conclusions

The ETA results obtained for porous hematite sam-
ples under in situ conditions of heating in air are in
agreement with the direct measurements of surface area
by nitrogen adsorption, morphology changes observed
by TEM as well as with the decrease of the structure
defects and crystallite size growth indicated by XRD
patterns. We observed that the decrease of the amount
of the radon diffusion paths due to the annealing of the
hematite porosity and increase of crystallite size took
place in the narrow temperature range from 420 to
510 �C. The ETA results are in agreement with the
direct surface area measurements, TEM micrographs
and XRD patterns of the porous hematite heated to
different temperatures. The ETA could be recom-
mended for the determination of the early stages of the
annealing of the porous samples giving the information
about the onset of the annealing process under in situ
conditions of the heating.

Acknowledgements

The results were obtained in the frame of the project
No LN00A028 supported by the Ministry of Education
of the Czech Republic and the bilateral co-operation
between the Academy of Sciences of the Czech Republic
and C.S.I.C., Spain.

References

1. Balek, V. and Brown, M. E., Less-common techniques. In Hand-

book of Thermal Analisis and Calorimetry, Vol.1. Principles and

practise, ed. M. E. Brown. Elservier, Amsterdam, 1998, pp. 445.

2. Real, C., Criado, J. M. and Balek, V., Use of emanation thermal

analysis in characterization of the influence of grinding on tex-

tural and structural properties of nanosized titania powders. J.

Mater. Sci., 1998, 33, 5247–5254.

3. Balek, V., Malek, Z. and Pentinghaus, H. J., Diffusion structural

analysis for characterization of ceramics and glasses from gels: I.

Principle of the method and its use in the study of silica gels pre-

paration. J. Sol-Gel Sci. Technol., 1994, 2, 301–304.

4. Balek, V., Fusek, J., Kriz, O., Leskela, M., Niinisto, L., Nyka-

nen, E., Rautanen, J. and Soininen, P., Emanation thermal ana-

lysis in the characterization of zinc sulfide thin films prepared

from different precursors.. J. Mater Res., 1994, 9, 119–124.

5. Balek, V., Klosova, E., Murat, M. and Camargo, N. A., Eta of

Nanocomposite Xerogel Powders. Am. Ceram. Soc. Bull., 1996,

75, 73–76.

6. Balek, V., Mitsuhashi, T., Subrt, J., Bezdicka, P. and Fusek, J.,

Emanation thermal-analysis of precursors for ruthenia-based

materials. J. Therm Anal Calorim, 2000, 60, 691–698.

7. Balek, V., Subrt, J., Mitsuhashi, T., Beckman, I. N. and Gyoryová,
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