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Particle size effects on the thermal behavior of hematite
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Abstract Hematite with different particle sizes was
obtained through isothermal annealing and mechano-
chemical ball-milling methods. The hematite phase is very
stable under air atmosphere. The thermal stabilities of
hematite under argon atmosphere were characterized by
thermal analysis studies up to 800 °C using a simultaneous
DSC-TG technique. The lattice parameters a and c¢ of
hematite with different particle sizes were extracted from
the Rietveld structural refinement of powder X-ray dif-
fraction patterns. Decomposition of hematite into a lower
oxidation state in inert argon atmosphere was studied by
the TG experiments for the first time and the enthalpy
associated with the decomposition reaction was determined
from the DSC studies. Particle size has a strong effect on
the thermal behavior of hematite samples. Ball-milled
hematite samples with smaller particle size showed that the
phase transformation was extended to higher temperature
range with larger enthalpy. Hematite with larger average

particle size showed higher stability under argon
atmosphere.
Keywords Hematite - X-ray diffraction - Simultaneous

DSC-TG - Phase transformation - Ball milling

Introduction

Iron oxides play an important role in industry, such as
semiconductive compounds, inorganic pigments, magnetic
tapes, catalysis, and gas sensing [1-5]. The structure of
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most iron oxides can be described in terms of closed
packed planes of oxygen atoms with iron occupying the
interstitial octahedral and tetrahedral sites. The stacking of
the closed packed oxygen planes can be hexagonal or
cubic. In most cases, both hexagonal and cubic polymorphs
exist [6].

Hematite, a-Fe,0s3, is the most stable and abundant iron
oxide, in which the close packed planes of oxygen atoms
are stacked in a hexagonal (ABAB...) structure, with iron
(IIT) ions occupying octahedral sites. Magnetite, Fe;O,,
with the cubic oxygen arrangement (ABCABC...) belongs
to the spinel group of minerals [7]. Magnetite can be
converted to hematite under progressive oxidation. Fe*" in
magnetite is converted to Fe’" until the composition of
Fe,0;5 is reached [8]. It is also well known that hematite
can be reduced to magnetite under reduction atmosphere
conditions. Wiistite, FeO, is another mineral form of iron
(II) oxides. Wiistite crystallizes in the isometric-hexocta-
hedral crystal system. While the great variety of structures
of iron oxides has been recognized, the difference in
thermal stability of these oxides under high temperature in
argon and dry air atmosphere is not well known. The
thermal stability of higher oxidation states of Fe(VI) has
been studied under oxygen stream in the temperature range
of 200-1000 °C. The formation of pentavalent K;FeO, and
trivalent KFeO, as thermal decomposition products of
K,FeO,4 was observed [9, 10]. There are literature dis-
crepancies in the results regarding the possible formation
of intermediate oxidation state of iron, Fe(V) and Fe(IV) as
well as final oxide phases, which have not been fully
characterized in the thermal decomposition of K,FeO, and
BaFeO, [11]. Recently, surface science characterization
techniques were widely used to study the formation and
transformation of iron oxides. These studies provided
information on structural changes occurring during
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oxidation or reduction of iron oxide surfaces. Partial
reduction of hematite to magnetite forms o-Fe,O3/Fe;04
interface structures which have been observed using high-
resolution transmission electron microscopy and multiple
orientation relationships between magnetite and hematite
have been observed [12-14].

Understanding the thermodynamic properties of the
transformation between hematite, magnetite, and wiistite
finds application in the characterization of numerous cat-
alytic processes [15—17]. Several studies of transformation
among these phases are mainly focused on the oxidation of
wiistite to magnetite or hematite, and from magnetite to
hematite [18, 19], or with special reference to magnetic
properties, but not in terms of the decomposition of
hematite to magnetite or magnetite to wiistite. Recently, it
was also reported that the particle size of hematite has a
strong effect on the thermal behavior of rutile and anatase-
doped hematite ceramic systems, and the additions of rutile
and anatase suppressed the crystallization of hematite [20,
21]. The hematite with smaller particle sizes showed higher
heat capacity due to the presence of water on the surface
[22]. Thus, the aim of this study is to measure the thermal
behavior of hematite with different particle sizes. There-
fore, it is important to understand the thermogravimetric
behaviors of hematite (a-Fe,O;) in different types of
atmospheres, such as air and inert gas atmospheres.

These investigations were aimed at fabricating hematite
samples with different particle sizes through isothermal
annealing and mechanochemical activation by the ball-
milling method. The effect of particle sizes on the thermal
behavior was investigated by means of simultaneous DSC—
TG measurements in argon atmosphere up to 800 °C. The
thermal stability of hematite in dry air atmosphere was
tested by annealing at different temperatures. The phases
were identified by using powder X-ray diffraction mea-
surements. Particle sizes were estimated using Scherrer
equation and lattice parameters were extracted from Riet-
veld structural refinement of XRD patterns.

Experimental

The precursors of hematite were obtained from Alfa Aesar:
hematite («-phase, 99% metals basis). To obtain the
hematite samples with bigger particle size, samples were
isothermally annealed in air for 1 h at 450, 550, 650, and
750 °C, respectively, by using a rapid temperature furnace.
Mechanochemical activation through ball-milling method
was applied to obtain hematite samples with smaller par-
ticle sizes [23].

Simultaneous DSC and TG experiments were performed
using a Netzsch Model STA 449 F3 Jupiter instrument with
a silicon carbide (SiC) furnace. Samples were contained in
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a manufacturer’s alumina crucible with an alumina lid.
Series of experiments were performed using 12 £ 1 mg
sample size. The atmosphere was flowing protective argon
gas at a rate of 50 mL/min. DSC and TG curves were
obtained by heating samples from room temperature to
800 °C with a ramp rate of 10 °C/min. Both DSC and TG
curves were corrected by subtraction of baselines which
was run under identical conditions as the DSC-TG mea-
surements with residue of samples in the crucible. The
Netzsch Proteus Thermal Analysis software was used for
DSC and TG data analysis.

The X-ray powder diffraction patterns of samples were
obtained using an automatic PANalytic X’Pert Pro dif-
fractometer with CuK, radiation (45 kV/40 mA, 1=
1.5406 A) with a nickel filter on the diffracted side. A
silicon-strip detector called X’cellerator was used. The
scanning range was 10-80° (20) with a step size of 0.02°.
The identification of crystalline phases was accomplished
by comparison with JCPDS files for hematite and magne-
tite, respectively, and was reported after Rietveld structural
refinement.

Results and discussion

The DSC curve of the original hematite sample showed an
exothermic peak at 358 °C. Another exothermic peak starts
at 600 °C and is not completed in the studied temperature
range (Fig. 1a). The existence of double peaks in the DSC
curve indicates that hematite is not stable under high
temperature and argon atmosphere. Even if the second peak
is not completed, the DSC curve of hematite indicates a
two-step mechanism of phase change. The first phase
change is completed below 600 °C with a peak value at
358 °C, while the second phase change starts at 600 °C.
These two phase changes are entirely separated, which
indicates that the second phase change occurs after the first
phase change is completed. Integration of the first peak
gives an enthalpy value of 1.16 kJ/g. No exact enthalpy
value can be extracted for the second phase change since
the second phase transition is not completed in the tem-
perature range investigated.

The mass losses of the original hematite samples were
investigated using TG analysis. As can be seen in Fig. 1f,
the thermogravimetry reveals two major mass losses for the
original hematite sample: one is in a relatively low tem-
perature range from 100 to 600 °C, and the other starts
above 600 °C. These two mass losses are due to the
decomposition of hematite. The primary mass loss is pos-
sibly related to the decomposition of hematite to magnetite
(or a less stoichiometric hematite), as shown in Eq. 1. The
secondary mass loss at above 650 °C is mainly possibly
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Fig. 1 DSC curves of hematite samples annealed at a room temper-
ature, b 450 °C, ¢ 550 °C, d 650 °C, e 750 °C, and TG curves of
hematite samples annealed at f room temperature, g 450 °C, h 550 °C,
i 650 °C, j 750 °C

caused by the further decomposition of magnetite to wiis-
tite, as shown in Eq. 2.

3Fe, O3 — 2Fe;04 + 1/202 (1)
Fe;04 — 3FeO + 1/20,. 2)

These two mass losses are in good agreement with the
DSC curves of the original hematite (Fig. 1a), which show
one exothermic peak, with a sign of second peak beginning
to develop above 600 °C. The first phase change in DSC
curve with a broad peak below 600 °C corresponds to the
first mass loss, and the peak temperature of 358 °C is
exactly at the centre of the TG curve where the first mass
loss occurs. It has been reported that hematite completely
decomposes to magnetite in the presence of high boiling
point solvent 1-octadecence under N, atmosphere at
320 °C for 28 h refluxing [24], such that this temperature
is in the temperature range of the first DSC exothermic
peak. The mass loss occurred in a relatively small
temperature range comparing to the broad temperature
range of the DSC curve. This also indicates that the mass
loss occurs simultaneously with the crystallization of fine
hematite particles. The second mass loss starts around
700 °C and the DSC curve shows a rising value of the heat

flow although this peak is not completed in the studied
temperature range.

The first mass loss determined from the TG curve of the
original hematite (Fig. 1f) is 0.95%, which is much less
than the theoretical mass loss value of 3.44% as calculated
from Eq. 1. This means that only a part of the hematite
decomposes to magnetite, while most of the hematite is not
yet decomposed. It was also widely reported that the
reduction of «-Fe,Os3 surfaces leads to the formation of
Fe;04 as determined by low-energy electron diffraction
(LEED) and scanning tunneling microscopy (STM) stud-
ies. Annealing of iron oxides under selected oxygen partial
pressures or high vacuum shifts the hematite-magnetite
equilibrium toward formation of a phase stable under those
conditions [25]. All these point to the relative stability and
difficulty of decomposing hematite in the presence of
argon. The small mass loss up to temperature of ~ 100 °C
for all the investigated samples can be attributed to the
surface physically adsorbed water.

In order to investigate the thermal stability of hematite
in air, the original hematite samples were annealed at 450,
550, 650, and 750 °C, respectively. Simultaneous DSC-TG
experiments were performed on these annealed samples.
The thermal measurements of the annealed hematite sam-
ples are shown in Fig. 1b—e (DSC), g—j (TG).

The DSC curves of annealed hematite samples are
similar to those of original hematite sample, with a broad
peak and an uncompleted one (Fig. 1b—e). However, there
are still some obvious differences. The DSC curves of
annealed samples have a shoulder on the main exothermic
peak, which indicates there is a possible intermediate step
during the decomposition of hematite to nonstoichiometric
magnetite. The decomposition reactions of the annealed
hematite samples start at the same temperature as for ori-
ginal hematite, while these broad peaks culminate at much
higher temperature. When hematite was annealed at
750 °C, this broad peak reached maximum at 377 °C with
a shoulder at 554 °C, and culminates at 740 °C. This
means that the annealing process in air increases the ther-
mal stability of hematite in argon atmosphere. The increase
of enthalpy with the increase in the annealing temperature
of the annealed hematite in air is probably due to the
intermediate step of decomposition.

The increase of thermal stability of hematite in argon
atmosphere by increasing the annealing temperature of
hematite in air can be confirmed by the TG curves of the
annealed samples (Fig. 1g—j). The first mass loss curve of
the annealed samples is not as sharp as that of original
hematite; the overall values of the first mass loss decrease
with the increase of annealing temperature. When hematite
was annealed at 750 °C, this mass loss is only 0.23%,
which is four times smaller than that of original hematite.
No second mass loss was observed for this sample, which
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is different from that of the hematite samples annealed at
450, 550, and 650 °C, respectively, possibly due to the
increase in particle size at higher annealing temperature.

The mass loss from the annealed hematite samples also
suggested that the observed mass loss from original
hematite sample is not from chemically absorbed water or
possible organic residue in the original hematite sample.
The mass loss must be due to the decomposition of
hematite under Ar atmosphere.

In order to investigate the effect of isothermal annealing
process on the phase information of the annealed hematite
samples, XRD experiments were performed. Figure 2
shows the XRD patterns of the original hematite and
annealed hematite samples. It can be seen that the hematite
is very stable when it is annealed in air, with typical pure
hematite diffraction pattern in agreement with the pattern
of JPCDS card No. 33-0664. The observation of mass loss
of the annealed hematite samples under Ar atmosphere
suggested the different thermal stabilities of hematite under
different atmospheres. Figure 3 shows the average particle
size of hematite samples as a function of annealing tem-
peratures; the particle sizes of hematite samples were
estimated by Scherrer equation using the strongest
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Fig. 2 XRD patterns of hematite samples annealed at a room
temperature, b 450 °C, ¢ 550 °C, d 650 °C, and e 750 °C
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diffraction peak (104). The average particle size of the
original hematite sample is ~47 nm, and it increased
slightly when hematite was annealed below 650 °C. After
being annealed at 750 °C, it has an average particle size of
~ 60 nm, this also confirmed our previous assumption that
the abnormal DSC profile for this sample is from the dif-
ferent particle size. The changes in average particle sizes
represent the crystallization of hematite when annealed
under air atmosphere.

Although the hematite phase is stable under the
annealing process in air, the lattice parameters a and ¢ vary
with the annealing temperature. Figure 4 shows the change
of hematite lattice parameters a and ¢ as a function of
annealing temperature. It can be seen that the overall trends
of a and c values are to decrease with the increase in the
annealing temperature. It means that the annealing process
causes the contraction of hematite unit cell. When the
annealing temperature reaches 600 °C, the lattice parame-
ters a and c level off, indicating the completion of the
crystallization process. The DSC and TG curves, which
show trends of increase in enthalpy and decrease in mass
loss as a function of annealing temperature, also confirm
that the annealing process in air affects the thermal stability
of hematite in argon atmosphere.

In order to investigate the effect of smaller particle size
on the thermal stability of hematite, samples of hematite
were exposed to mechanochemical activation by high
energy ball milling for 0-27 h. The particle size was found
to decrease with the increase of the ball-milling time [25],
with average size of 21.2 nm after 2 h of ball milling. After
8 h of ball milling, the average particle size of hematite
was found to be 16.5 nm. No great change in the average
hematite particle size was observed after long ball-milling
time. The DSC and TG experiments were performed on
those milled hematite samples.
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Fig. 3 Average particle size of hematite samples as a function of
annealing temperatures
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Fig. 4 Lattice parameters a and ¢ of hematite samples as a function
of annealing temperatures: a lattice parameter a and b lattice
parameter ¢

The DSC curves of hematite samples after different ball-
milling time, Fig. Sa—e, show a broad exothermic peak
with peak temperature from 400 to 500 °C, which is
completely different from that of the original hematite
sample (Fig. la), indicating the average particle size of
hematite has an important effect on its thermal behavior,
which is in agreement with DSC-TG results of the
annealed hematite samples. The enthalpy associated with
this broad peak increases with the decrease of particle
sizes. This enthalpy value is due to the phase change in this
temperature range and the crystallization of fine hematite
particles during the DSC process, which releases energy as
well. By analyzing the TG curves of these ball-milled
hematite samples (Fig. 5f—j), it was found that the mass
loss of ball-milled hematite starts at a much lower tem-
perature than that of original hematite, but the final
temperatures are almost the same. This indicates that the
ball-milled hematite with smaller particle sizes is more
likely to decompose into magnetite, which further con-
firmed the TG results that the annealed hematite samples
with larger average particle size have smaller mass loss.
However, no second mass loss was observed for all of the

Fig. 5 DSC curves of hematite samples balled milled fora2 h, b 8 h,
¢ 12h,d 20 h, and e 27 h and TG curves of hematite samples ball
milled for f2 h, g 8 h, A 12h,i20 h, and j 27 h

ball-milled hematite samples under 800 °C, which means
that the particle size has a pronounced impact on the
thermal behavior of hematite in argon gas. The broad peak
is due to the thermal decomposition of hematite and the
increase of the average particle size during heat treatment.
It can also be seen that the mass loss increases with the
increase in the ball-milling time, in other words, decreasing
the particle size of starting hematite. This indicates that the
hematite with a large particle size is more stable than that
with small particle sizes. To the best of our knowledge, this
study is the first evidence for the effect of particle size on
the thermal behavior of nanoparticles.

The mass loss corresponding to hematite ball-milled for
27 h is less than that of hematite sample with shorter ball-
milling time. This is due to the fact that the ball-milling
process for 27 h caused part of hematite to convert to
magnetite and the iron phase, as identified by Mossbauer
spectrum measurement [23]. The lesser hematite in the
starting materials for the DSC experiment causes the drop
of mass loss percentage. Betancur et al. [26] studied the
dynamics of transformation from hematite to magnetite by
two ball-milling solid-state methods. One of the procedures
involved a thermal treatment under H, (20%) and N, (80%)
atmosphere at 375 °C, while the second method involved
the ball milling to induce the transformation. The first
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method indicated a well-behaved structural transformation
for which highly stoichiometric Fe;O, as a single phase
was obtained after treatment for more than 12.5 min. A less
stoichiometric magnetite in the case of ball-milled samples
was obtained. Wiltowski et al. [27] and Piotrowski et al.
[28] investigated the kinetics of hematite to wiistite
reduction using thermogravimetric method in the temper-
ature range of 700-900 °C. A reducing atmosphere com-
posed of N, (90%), CO (10 — x)%, and H, (x%) was used
with a flow rate of 30 mL/min. They found that the
reduction of hematite is a surface-controlled process.
However, once a thin layer of iron oxides with lower
oxidation state is formed at the surface, it changes to dif-
fusion control. In our case, the hematite could be reduced
under inert atmosphere (Ar gas) by using the thermo-
gravimetric method, and only part of hematite decomposed
to iron oxides with the lower oxidation state.

Conclusions

Hematite is stable when it is annealed under air atmo-
sphere. The lattice parameters a and ¢ decrease with the
annealing temperatures and level off when annealing
temperature reaches 600 °C. The thermogravimetric
behavior of the original and annealed hematite shows that
the system is not stable when it is heated in inert argon
atmosphere by means of a DSC-TG measurement, as
hematite partially decomposes to lower oxidation state,
such as magnetite or wiistite. The annealing process
changed the decomposition mechanism of hematite, such
that an intermediate step occurs, as shown by the increase
of enthalpy value and the appearance of an extra exother-
mic peak around 550 °C.

Particle size has an important effect on the thermal
stability of hematite, which is evidenced from both the
ball-milled and isothermally annealed hematite samples.
The DSC curves of ball-milled samples showed that the
phase transformation was extended to higher temperature
with larger enthalpy. On the other hand, the mass loss of
ball-milled samples with smaller particle size starts at
lower temperature than that of original hematite, and the
mass loss percentage increases with the milling time.
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