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Abstract

Olivine is one of the well-suited materials for fluidized bed reactor technology. After calcination at high temperature, olivine

undergoes phase transformations resulting in dehydration and oxidation of fayalite to hematite and magnetite. The transformation

mechanisms of olivine subjected to a calcination process at 1400 1C for 4 h are studied. Calcined olivine is characterized by X-Ray

Diffraction (XRD), in situ XRD at varying temperatures and Raman spectroscopy. This paper explains the contribution of Raman

spectroscopy to the study of iron oxide with regard to XRD. The heterogeneous distribution of hematite, magnetite and forsterite in the

calcined material is exhibited by Raman mapping.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Biomass gasification is a complex thermochemical process
that consists the reaction of the fuel with the gasifying agent, in
750–900 1C temperature range, to form energetic gases such as
hydrogen, carbon monoxide, carbon dioxide and methane. All
these gases are produced together with vapors which condense
under ambient conditions and are collectively known as tar,
and a solid residue consisting of char and ash [1].

Among the biomass gasification technologies, the bub-
bling fluidized bed (BFB) is considered as the best adapted
reactor operating in 1–12 MWe power range. The bed is
maintained in a fluidized state by the gasifying medium
and allows achieving an homogeneous temperature dis-
tribution (750–900 1C) and an adequate mixing of material
in the BFB reactor [2]. The resulting homogeneous tem-
perature distribution is one of the important advantages of
the fluidized bed over other reactor concepts [3], as well as
their flexibility for a variety of fuels [3,4].

Olivine (Mg,Fe)2SiO4 is usually used as a bed material in
the gasification process, due to its catalytic effect and
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efficiency of tar decomposition [2]. It is one of the abundant
minerals in the earth crust, consisting of a natural solid-
solution of magnesium silicate (forsterite Mg2SiO4) and iron
silicate (fayalite Fe2SiO4).
However, fluidized beds have a tendency for agglomera-

tion when they react with biomass ashes, forming new
compounds with low melting points (500–1000 1C). This
behavior seems to result in molten ash which acts like
‘‘glue’’ between the bed particles [2,5]. Therefore, agglom-
eration is mainly dependent on the process temperature,
where the high temperature greatly affects the agglomera-
tion processes [6–8].
Olivine is not an inert silicate and the resulting phase

transformations are not well understood. Only few studies
are reported in the literature, with most information
reported in the field of earth and environmental science.
For instance, Heaton and Engstrom [8] have observed the
formation of veins of magnetite and serpentine in fayalite
olivine, using in situ atomic force microscopy. Mayhew
et al. [9] have followed dynamic changes of the oxidation
state of iron in environmental systems during progressive
fluid–mineral interactions. Swierczynski et al. [10,11]
have shown the behavior of olivine in oxidizing–reducing
conditions. They have also shown improvement of the
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mechanical and catalytic properties of olivine by exposing
the material to a temperature of 1400 1C in air for 4 h [11].

The present study aims to provide a comprehensive
understanding of the phase transformations of olivine
calcined to high temperature (1400 1C) for use in a
fluidized bed reactor as a catalyst. Thermodynamic analy-
sis, XRD, and Raman spectroscopy were used to investi-
gate the olivine behavior. This work is also focused on the
interest and the applicability of Raman spectroscopy,
particularly in its mapping mode.
2. Experimental section

2.1. Olivine as a mineral phase

Olivine M2SiO4 (M¼Mg, Fe) is an orthosilicate of
orthorhombic Pbnm structure (forsterite (M¼Mg): a¼

0.475, b¼1.020, and c¼0.598 nm; fayalite (M¼Fe):
a¼0.482, b¼1.048, and c¼0.609 nm) [12].

The structure of olivine consists of isolated SiO4
4�

tetrahedra, where each of the tetrahedra oxygen atoms is
shared by three octahedral cations. M atoms occupy half
of the available octahedral voids, with Si atoms occupying
one-eighth of the available voids. The half M atoms (M1
site) are located at symmetry centers ( �ı ) and the remaining
ones (M2 site) on reflexion planes (m). Each oxygen atom
is bonded to one silicon and three octahedra coordinated
atoms [12]. For instance, Fig. 1 displays a view of the
crystallographic structure of forsterite Mg2SiO4 where the
Fig. 1. View of the crystallographic structure of forsterite Mg2SiO4. Mg1

and Mg2 are Mg atoms in M1 and M2 sites respectively.
M1 site is labeled Mg1. The Fe2þ atom is larger than
Mg2þ and has a preference for the M1 site.
Because Fe2þ has a high spin state, it has a larger ionic

radius than Mg2þ . Consequently, the M1 and M2 octahe-
dra of fayalite are closer in structure than those of
forsterite; while the volume difference between the two
octahedra in fayalite is only half that of forsterite.
Among silicate minerals, olivines are susceptible to

mechanical and chemical breakdown, with the common
products of these reactions being serpentine phases [13].
Serpentinization is the most common form of olivine
alteration, and can be considered in simple terms as the
hydration of olivine. It is present in three forms: lizardite,
antigorite and chrysotile (approximate composition:
Mg3Si2O5(OH)4).

2.2. Material preparation

The olivine used in this study was mined at the Åheim
Plant in Norway. It was sieved to obtain particle size
ranging from 400 to 500 mm, and is referred to as natural
olivine in this paper. When used as a catalyst, olivine was
calcined at 1400 1C in air for 4 h which improve the
mechanical properties for fluidized bed use [11].

2.3. Characterization

The chemical composition of olivine was obtained by
Laser Ablation Inductively Coupled Plasma Mass Spectro-
metry (LA-ICP-MS) (CNRS—Institut de Recherches sur
les Archéomatériaux, France).
Crystalline phases were determined by powder X-Ray

Diffraction (XRD) on a Bruker D8 Advance diffracto-
meter using a rotating copper anode (Cu-Ka) (l¼1.5406 Å)
operating at 40 kV and 40 mA in step scan mode with a step
size of 0.0161.
Crystalline phases present at high temperature were

determined by in situ High Temperature X-Ray Diffrac-
tion (HT-XRD) in air using a HTK16 Anton Paar
chamber with ground sample deposited on a platinum
ribbon heating stage.
The chemical and phase characterization were per-

formed by Raman spectroscopy (InVia Reflex Renishaw)
using a 633 nm laser wavelength at 13 mW (laser output).
Individual spectra were collected under a microscope
(100� objective), with Raman-scattered light dispersed
by a holographic grating of 1800 grooves/mm, and were
detected by a charge coupled device (CCD) camera.
Raman mappings were performed using two different
objectives (� 20 and � 100) and a holographic grating of
600 grooves/mm.

3. Results and discussion

Table 1 lists the composition of the natural olivine and
leads to a mean global formula of (Mg0.92Fe0.08)2SiO4. It is
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predominantly forsterite phase. Characterization of olivine
phases was as follows:

3.1. Room temperature XRD crystalline phase

determination

Fig. 2 illustrates the XRD data of both natural and
calcined olivine at 1400 1C in the 2y¼10–501 range. As far
Table 1

Elemental analysis of natural olivine.

Si Mg Fe Al

mol% 15.43 23.04 1.98 0.23

aThe value was obtained by subtraction.

Fig. 2. X-ray diffractogram of the

Fig. 3. Phase diagram of SiO2–Mg2Si
as the natural olivine is concerned, the XRD data indi-
cated the main diffraction lines were characteristic of
the forsterite phase [Mg2SiO4]. Additional peaks were
also present which corresponded to secondary crystal-
line phases such as enstatite [MgSiO3], observed at
2y¼28.11 and 31.11; serpentine [Mg3Si2O5(OH)4] observed
at 2y¼12.51, 18.41 and 24.91; and a-quartz [SiO2] at
2y¼26.51.
Ca Cr Mn Ni Oa

0.04 0.10 0.03 0.11 59.04

natural and calcined olivines.

O4, pO2¼0.2 atm, FactSage v6.2.



Fig. 4. In situ HT-XRD: (a) 2y range 10—261, X: Forsterite, S:

Serpentine, Q: Quartz and (b) 2y range 29–341, E: Enstatite, F1, F2 and

F3: unidentified phases.

Fig. 5. Phase diagram of Fe2
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After calcination at 1400 1C, the hydrated serpentine
phase [Mg3Si2O5(OH)4] and a-quartz SiO2 completely
disappeared and a new phase appears at 2y¼30.21 and
43.21, which was attributed to a spinel phase. Based on the
olivine material itself, numerous phases of iron oxide can
appear after olivine calcination, including g-Fe2O3, a-
Fe2O3, Fe3O4 or MgFe2O4. However it is difficult to
distinguish between these phases by X-ray diffraction [11].
It is noteworthy that for the sample calcined at 1400 1C,

clino-enstatite changed into proto-enstatite, as confirmed
by the thermodynamic calculation with FactSage software
(Fig. 3). Chemical equilibrium model calculations used
FactSage v6.2 with the FToxid database [14].

3.2. High temperature XRD crystalline phase determination

Fig. 4 illustrates the in situ HT-XRD data of olivine in
the 2y¼10–261 and 29–341 ranges. The hydrated serpen-
tine phase disappears at about 600 1C. Both forsterite and
enstatite phases seem to be formed after the heat treatment
of olivine in air according to the following chemical
equation:

2Mg3Si2O5ðOHÞ4-2Mg2SiO4þ2MgSiO3þ4H2O ð1Þ

The resulting forsterite phase can then react with a-quartz
[SiO2], which is no longer present at about 1030 1C,
following the reaction (Eq. (2)) forming a pyroxene phase
such as enstatite [MgSiO3] according to the thermody-
namic diagram shown in Fig. 3.

Mg2SiO4þSiO2-2MgSiO3 ð2Þ

In situ HT-XRD of olivine in air (Fig. 4b) indicated new
phases formed at F1: (2y¼29.71) between 1185 and
SiO4–O2, FactSage v6.2.
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1368 1C, F2: (2y¼31.51) between 590 and 780 1C and F3:
(2y¼32.71) between 960 and 1200 1C. According to the
literature, these phases could be either hematite [a-Fe2O3],
magnetite [Fe3O4], or magnesioferrite [MgFe2O4] but also
formed a solid solution such as MgFe2O4-Fe3O4 and/or
MgFe2O4–a-Fe2O3 [11]. XRD was not able to determine
the kind of iron oxide phases due to its peak resolution and
peak overlapping of phases in olivine.

The phase transformation of clino-enstatite into ortho-
enstatite was observed at 610 1C on in situ HT-XRD data,
mainly at 2y¼311. Indeed, a phase change occurred at
1100 1C that could be attributed to a proto-enstatite
Fig. 6. Phase diagram of (Mg0.92F

Fig. 7. Raman spectra of (a) natural olivine and (b) calcined olivine (H: Hema

range of natural olivine.
phase. The phase diagram in Fig. 3 confirms the experimental
transformations of enstatite observed at high temperature.
During the calcination process in air, olivine is known to

oxidize at high temperatures. Magnetite/hematite phases
are then produced from the oxidation of the fayalite phase
according to the following reactions [15]:

3Fe2SiO4þO2-2Fe3O4þ3SiO2 ð3Þ

2Fe2SiO4þO2-2Fe2O3þ2SiO2 ð4Þ
e0.08)2SiO4–O2, FactSage v6.2.

tite and M: Magnetite). The inset (c) shows details of the low-wavenumber
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Fig. 5 displays the phase diagram of Fe2SiO4–O2. The phase
diagram indicates that both magnetite and hematite phases are
present at 1400 1C in air condition (log p(O2)¼�0.70 atm).
The silica phase, that was observed, can also react with
forsterite to form pyroxene phases (Eq. (2)).

Fig. 6 describes the phase diagram of (Mg0.92Fe0.08)2SiO4–
O2. The result confirms the formation of forsterite [Mg2SiO4]
and Proto-enstatite [MgSiO3] above 1000 1C at an O2 partial
pressure of 0.2 atm [log p(O2)¼�0.70 atm]. Moreover, at
equilibrium above 1165 1C, a spinel phase is formed with
magnetite [Fe3O4] and magnesioferrite [MgFe2O4].

3.3. Raman spectroscopy phase analysis

The solid–solution crystal phases formed in olivine were
investigated using Raman spectroscopy. According to
group theory, 81 zone-centre optical phonon modes are
Fig. 8. Analyzed zone of calcined olivine at 1400 1C and Raman mapping: scor

Raman components (d–f).
predicted for the structural group of Mg2SiO4 but only 36
modes are Raman active. In the olivine used in this study,
due to the random substitution of Mg/Fe in the cation site,
group theory cannot rigorously be applied, and the
number of resulting Raman allowed modes is necessarily
higher. Fig. 7a displays the Raman spectrum of the natural
olivine studied in the 200–1600 cm�1 wavenumber range.
The observation of fewer bands than theoretically possible
is due to the weak intensities of some bands and to the
close positions of others. Basically, the Raman spectrum
of olivine can be divided into two spectral regions:
400–700 cm�1 and 700–1100 cm�1. The bands of the first
spectral region result from internal bending vibrational
modes of the SiO4 ionic groups [16]. The second region is
dominated by the internal stretching vibrational modes
of the same group [16]. The most prominent features
are the doublet bands appearing at 822 cm�1 and 855 cm�1,
e maps of forsterite (a), magnetite (b) and hematite (c) with corresponding



Fig. 9. Analyzed zone of calcined olivine at 1400 1C in Raman mapping in high special resolution: score maps of forsterite (a), magnetite (b) and

hematite (c).
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a doublet often considered as the signature of olivine. Other
Raman features below 400 cm�1 are shown in the inset of
Fig. 6c which are assigned to lattice modes: rotational and
translational motions of SiO4 as a unit, and translational
motions of octahedral cations (Mg2þ , Fe2þ) in the crystal
lattice [16–19].

On the other hand, Fig. 7b displays Raman spectrum of
the calcined olivine at 1400 1C for 4 h in the 200–1600 cm�1

wavenumber range. The spectrum indicates significant
changes in the 200–700 cm�1 wavenumber range. These
changes are due to the iron alteration into oxide forms such
as hematite (corresponding bands are located at 226, 245,
292, 412, 499, 610 and 1318 cm�1) and magnetite (corre-
sponding bands are located at 299, 532 and 677 cm�1)
[20,21]. In these spectra, care was taken to avoid heating
induced by the Raman laser, as underlined by El Mendili
et al. [21]. But in the present case, the iron oxides were less
sensitive to heating than maghemite [g-Fe2O3].

Fig. 8 presents the reflected light micrograph obtained
by both dark and bright field modes on the calcined olivine
at 1400 1C. A simple visual inspection of these images
shows a heterogeneous structure, composed of dark and
bright areas. The dark areas appear in the form of veins on
the polished grain surface. Consequently Raman mapping
appears to be a well-suited technique to investigate the
distribution of the resulting phases and components.
Spectra are sequentially collected, point by point, over a
defined region (dashed square in the micrograph), with a
� 20 objective, and a separation between neighbor points
of 1.6 mm. Due to the considerable number of spectra
obtained (25,670 spectra), a first data processing by
Principal Component Analysis (Renishaw Wire 3.3 soft-
ware) was performed, giving an indication of three inde-
pendent components in the map, with characteristic
features of forsterite, magnetite and hematite. Then, a
Direct Classical Least squares (DCLS) method was used. It
consisted of reconstructing the map by a linear combina-
tion of spectra from the three pure components contained
in the sample.
Fig. 8(a–c) displays the map scores of each of the three

constituents ((a) Forsterite, (b) magnetite and (c) hema-
tite), with the individual spectral components as shown in
Fig. 8(d–f), taken at specific points of the map where each
of them were concentrated. In particular, the magnetite
phase appears to be mainly concentrated in the dark
regions and inside the veins, whereas the hematite phase
seems to be located in small amounts, in the bright regions.
Fig. 9 exhibits Raman mapping, with higher spatial

resolution (� 100 objective, step between neighbor points
of 0.2 mm), performed on a small region encompassing a
distinguishable vein. The same DCLS process as before
was applied. The map scores of each component show that
the vein also contains a small amount of hematite phase,
which was interposed between magnetite phase zones. The
vein was with magnetite and hematite interposed and was
determined to be 86% magnetite and 14% hematite, with
forsterite coating the vein. In regard to all these observa-
tions, Raman mapping spectroscopy was found to make
identification of olivine alteration and phase transforma-
tions vs. temperature easier than other analytical tools.
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4. Conclusion

In summary, we have reported here on the characteriza-
tion of the phase transformations of olivine at varying
temperatures up to 1400 1C in air. Natural olivine was not
an inert silicate, its initial composition (Mg0.92,Fe0.08)2SiO4

transformed by thermal decomposition at high tempera-
ture by dehydration and oxidation of fayalite. XRD
analysis highlighted the structural transformations consist-
ing of the dehydration of serpentine below 600 1C, the
disappearance of the quartz phase at 1030 1C, and the
formation of iron oxide phases. These results were in good
agreements with the thermochemical analysis. Iron oxide
phases were successfully identified by Raman spectroscopy
which appears to be a complementary method to XRD.
Hematite and magnetite phases have shown to be hetero-
geneously distributed within olivine material as assessed by
Raman mapping. The resulting phase transformations
provide a catalytic property to olivine material for BFB
reactor.
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