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In this work, forsterite was synthesized by thermal treatment in chlorine of a peri-

clase and silica gel mixture. Calcination assays were carried out in Cl2/N2 and air

atmospheres. The effects of temperature and reaction time on the reaction of syn-

thesis were studied. The techniques used to characterize reagents and products

were thermogravimetry (TG), differential thermal analysis (DTA), X-ray diffrac-

tion (XRD), and X-ray fluorescence (XRF). The experimental results showed that

pure forsterite was obtained in Cl2/N2 atmosphere at 700°C for 60 minutes, while

in air forsterite and enstatite were partially produced at 800°C for 60 minutes.
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1 | INTRODUCTION

Forsterite is a crystalline magnesium silicate with the for-
mula Mg2SiO4, which belongs to the olivine group. It has
good refractoriness, low dielectric permittivity, low thermal
expansion and conductivity, good chemical stability, excel-
lent insulation properties, and good biocompatibility. These
properties make forsterite an adequate material for applica-
tions as an active medium for tunable lasers and manifolds
for SOFC (solid oxide fuel cells).1-3 Recently, considerable
research attention has been focused on the development of
microwave telecommunication technologies because of the
increased requirements for microwave applications. Forster-
ite is regarded as one of the most promising microwave
dielectric materials.4 Furthermore, it can be used as a bio-
material for hard tissue repair.5,6

The traditional forsterite synthesis method involves the
reaction between MgO and SiO2 in solid phase at high tem-
peratures. In the last few years, several techniques have been
studied for forsterite synthesis such as the alkoxy method,7

the polymer matrix method,8 the citrate-nitrate route,9 the
sol–gel method3,6,10 the combustion method,11 the mechano-
thermal route,1,5,12,13 the mechano-chemical route,14 and
high-energy ball milling.2,4,15

In recent studies, the pyrometallurgic process of chlori-
nation has been successfully used to synthesize ceramic
materials from the mixture of oxides or carbonate-sili-
cates,16-19 due to the high reactivity of the chlorinating
agents and the selectivity of the chlorination reactions.

In this work, the synthesis of forsterite by the reac-
tion between chlorine and a mixture of periclase and sil-
ica gel was investigated. The main objective was to
obtain pure forsterite at low temperatures and short reac-
tion times.

2 | MATERIALS AND METHODS

2.1 | Materials

Silica gel (SiO2) 99%, and periclase (MgO) 99%, Sigma-
Aldrich were used as the starting materials for the synthesis
of forsterite. Both reagents were mixed in a disk mill for
4 minutes to get a homogeneous mixture. This mixture,
denominated M, was prepared using 55% (w/w) of peri-
clase and 45% (w/w) of silica gel in order to obtain forster-
ite with near-stoichiometric composition in the subsequent
chlorination experiments. The XRD pattern of M shown in
Figure 1 led to the identification of periclase. Silica gel
phase was not detected since it has a noncrystalline form.
The diffraction lines corresponding to periclase phase were
simulated by using the software DF 200-DA IMAGES.20

The results obtained show that diffraction lines correlate
with the experimental peaks.

The gasses used in the different assays were 99.5%
chlorine, Cofil, Argentina, 99.99% nitrogen and 99.99%
chromatographic air, Air Liquide, Argentina. It is worth
mentioning that nitrogen gas was used to dilute chlorine
during the chlorination assays.
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2.2 | Equipment

The experimental chlorination assays were performed in a
thermogravimetric system designed in our laboratory.21 The
device is provided with a quartz reactor inside an electronic
furnace equipped with a temperature controller. The tem-
perature was measured with a chromel-alumel thermocou-
ple with an accuracy of �5 K. The mass measurement
system was an analytical balance (Mettler Toledo AB204-
S/FACT, maximum sensitivity of 0.0001 g) connected to
an automatic data logger.

The chemical composition of the periclase-silica gel
mixture and reaction products of the different assays were
determined by XRF with an X-ray fluorescence spectrome-
ter (Philips PW 1400). The crystalline phases contained in
the mixture and the reaction products were identified by
XRD with an X-ray diffractometer (Rigaku D-Max-IIIC),
operated at 35 kV, 30 mA.

The phenomena that occurred during the calcination of
the mixture in air were studied by DTA using a thermal
analyzer (Shimadzu DTG-60).

2.3 | Procedure

Isothermal and nonisothermal calcination assays were carried
out in air and Cl2/N2 (50% v/v). For the different thermal
treatments, masses of approximately 0.5 g and flows of
50 mL min�1 of air and 100 mL min�1 of Cl2/N2 were
used. In each nonisothermal experiment, the sample was cal-
cined in either air or Cl2/N2 mixture at a heating rate of
5°C min�1 until a temperature of 900°C was reached. The
mass change was recorded as a function of temperature. The
isothermal trials in air were performed roasting the sample at
a heating rate of 5°C min�13 . Upon attainment of the working
temperature, the sample was kept in air for 15 min. Then, the
sample was cooled down and analyzed by XRD.

For chlorination isothermal assays, the sample was cal-
cined in N2 at a heating rate of 5°C min�1, until the

working temperature was reached. Once the temperature
was stable, chlorine was fed into the reactor, generating the
Cl2/N2 mixture (50% v/v). The sample was kept at this
temperature for 15 minutes. When the reaction time was
over, chlorine supply was cut off, and the sample was
cooled down. The chlorinated residues obtained were ana-
lyzed by XRF. Subsequently, these residues were subjected
to processes of washing and filtration with the purpose of
removing the magnesium chloride generated during the
chlorination. Finally, the resultant wet residues were dried
in an oven at 100°C. In some cases, the filtering liquid
evaporated in an oven at 100°C. The washed and dried
residues were analyzed by XRD. Periclase and forsterite
phases identified in XRD patterns of the residues calcined
in air and Cl2/N2 were simulated by software DF 200-DA
IMAGES.

Isothermal assays were performed in both air and Cl2/N2

mixture in the temperature interval ranging from 600 to
900°C for periods of 15 minutes. These experiments were
carried out with the purpose of clarifying the phenomena tak-
ing place during the calcination of M in both atmospheres.

3 | RESULTS AND DISCUSSION

3.1 | Calcination in air

The calcination experiments in air were carried out in order
to determine the phenomena occurring during thermal treat-
ment of periclase-silica gel mixture in this atmosphere. The
results of thermogravimetric, differential thermal, and
X-ray diffraction analyses of M in air are presented in Fig-
ures 2 and 3.

The DTA curve showed an endothermic peak at around
70°C and an exothermic peak at about 800°C. These peaks
corresponded to two different processes: the removing of
water physically adsorbed in the sample and the synthesis
of both forsterite and enstatite, respectively. The TG curve
exhibited a mass loss zone between 20 and 210°C. This

FIGURE 1 XRD pattern of the M sample FIGURE 2 TG and DTA curves of M calcined in air
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region is related to the dehydration of the mixture. The
detection of forsterite and enstatite in the diffraction pattern
of the sample chlorinated at 800°C (Figure 3B) confirms
the DTA results.

Figure 3C corresponds to the sample calcined at 900°C
and shows an increase in the peak intensity of forsterite in
comparison with the sample calcined at 800°C (Figure 3B).
This fact indicated that the crystallization of forsterite con-
tinued up to the investigated temperature.

3.2 | Calcination in Cl2/N2 atmosphere

The chlorination assays were carried out with the aim of
determining the influence of chlorine on the synthesis of
forsterite.

Figure 4 shows the thermogravimetric results of the
nonisothermal treatment of M in Cl2/N2 current.

The thermogravimetric curve exhibited two zones of
mass gain and three zones of mass loss. The first region
was observed in the temperature range between 20 and
80°C and it was associated with a mass gain of 0.1%. The

second region was observed in the temperature interval
between 80 and 220°C, and corresponds to a mass loss of
0.1%. The third region occurred between 660 and 760°C
and it is related with a mass gain of 0.7%. The fourth
region was observed between 760 and 850°C and with a

FIGURE 3 XRD patterns corresponding to M calcined in air at: (A) 700°C for 15 minutes, (B) 800°C for 15 minutes, and (C) 900°C for 15 minutes

FIGURE 4 TG curve of M calcined in Cl2/N2
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percentage of mass loss of 0.7%. The last region, between
850 and 900°C, corresponded to a mass loss of 1.6%.

The phenomena that produce these mass changes were
investigated by XRD.

The diffractograms of chlorination residues obtained at
different temperatures for 15 min are presented in Figure 5.

3.2.1 | First and second zones of mass change
(20-80°C and 80-220°C)

The mass changes observed in these temperature intervals
(Figure 4) were a result of a balance between a mass gain
produced by the adsorption of chlorine on sample and a
mass loss produced by the dehydration of the sample.

FIGURE 5 XRD patterns corresponding to M calcined in Cl2/N2 at: (A) 600°C for 15 minutes, (B) 700°C for 15 minutes, (C) 800°C for 15 minutes,
and (D) 900°C for 15 minutes

FIGURE 6 XRD pattern corresponding to M calcined in Cl2/N2 at
700°C for 10 minutes
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3.2.2 | Third and four zones of mass change
(660-760°C and 760-850°C)

The mass changes produced in these two regions corre-
sponded to a balance between mass gain and loss occurring

in the sample as a consequence of the phenomena taking
place in each temperature interval.

The XRD patterns shown in Figure 5 allowed to infer
the occurrence of the following events in the two mass
change zones:

Step 1. Chlorination of periclase
Periclase reacted with chlorine to form magnesium chloride
and O2(g) as follows:

MgOþ Cl2ðgÞ ! MgCl2 þ 1=2O2(g) (1)

Step 2. Forsterite synthesis
Magnesium chloride and O2(g) produced by periclase chlo-
rination reacted with silica gel at 700°C and generated for-
sterite, according to reaction (2):

TABLE 1 Contents of magnesium and silica, expressed as MgO and
SiO2, in the chlorination residues of M at different temperatures and
periods of 15 minutes (determined by XRF)

Temperature (°C) MgO (%w/w) SiO2 (%w/w)

600 54.56 45.42

700 54.41 45.31

850 54.52 45.44

900 53.72 46.27

FIGURE 7 XRD patterns corresponding to M calcined in Cl2/N2 at: (A) 600°C for 60 minutes, (B) 700°C for 60 minutes, (C) 800°C for 60 minutes,
and (D) 900°C for 60 minutes
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MgCl2 þ 1=2SiO2 þ 1=2O2(g) ! 1=2Mg2SiO4 þ Cl2(g)
(2)

This proposed reaction mechanism for forsterite synthesis
was experimentally verified by performing an additional
experiment, which consisted in the calcination of M at
700°C for 10 minutes in a Cl2/N2 mixture (50% v/v). Subse-
quently, the residual sample was analyzed by XRD and the
result is shown in Figure 6. It indicates the presence of peri-
clase, MgCl2, and forsterite phases, which confirms the
occurrence of reactions (1) and (2). The presence of chlorine
prevents magnesium chloride from being transformed into
periclase. 19 The mass changes observed in the third and
fourth zones between 660 and 760°C and between 760 and
850°C, respectively, were a result of the prevalence of a phe-
nomenon over the other. On one hand, the chlorination of
periclase caused a mass gain in the sample due to the incor-
poration of chlorine as MgCl2 (reaction (1)). On the other
hand, forsterite generation (reaction (2)) produced a mass
loss as a consequence of the elimination of chlorine.

3.2.3 | Sixth zone of mass change (850-900°C)

Forsterite started to be chlorinated at temperatures above
850°C, generating MgCl2(g), vitreous silica, and O2(g),
according to following reaction:

1=2Mg2SiO4 þ Cl2(g) ! MgCl2(g)þ 1=2SiO2 þ 1=2O2(g)
(3)

Forsterite chlorination occurred as a result of partial
volatilization of MgCl2. This chloride can volatilize at this
temperature since it has a vapor pressure of 0.023 atm.21

Volatile MgCl2 was entrained by the gaseous stream of
Cl2/N2, leaving the reaction zone, thus favoring the reac-
tion of formation of more MgCl2(g).

The formation of volatile MgCl2 can be observed in
Figure 4 as the mass loss from 850 to 900°C.

The results of the XRF analysis corroborated the phe-
nomena taking place in the last three zones of mass
change. The concentrations of Mg and Si present in the

FIGURE 8 XRD patterns corresponding to M calcined in air at: (A) 700°C for 60 minutes, (B) 800°C for 60 minutes, and (C) 900°C for 60 minutes
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chlorination residues obtained at different temperatures and
a reaction time of 15 minutes are presented in Table 1.

Forsterite chlorination was confirmed by the results
obtained by XRF at 900°C, which indicated a decrease in
Mg concentration as a consequence of removing volatile
MgCl2 generated by reaction (3).

3.3 | Optimal conditions for forsterite
synthesis

With the purpose of determining which conditions are the
optimal for forsterite formation, isothermal assays in Cl2/
N2 flow were carried out in the temperature interval
between 600 and 900°C for 60 minutes. The residues of
these trials were analyzed by XRD and the results are
shown in Figure 7. The phases identified as periclase and
forsterite in the XRD patterns were simulated. The compar-
ison between simulation results and experimental data
revealed that the simulated lines correlate with the peaks
corresponding to the phases identified as periclase and
forsterite.

In addition, isothermal calcination assays in air were
performed between 700 and 900°C for 60 minutes to draw
a comparison with the calcination assays in Cl2/N2. XRD
patterns of calcination residues in air are presented in
Figure 8.

XRD patterns shown in Figures 7 and 8 indicated that
the thermal treatment of periclase-silica gel mixture in
Cl2/N2 atmosphere produced forsterite in the temperature
interval between 700 and 900°C. Forsterite was partially
generated between 800 and 900°C in air; further, enstatite
was produced in such conditions.

By comparing the XRD patterns corresponding to the
residues calcined in Cl2/N2 at different temperatures for 15
and 60 minutes, it can be inferred that forsterite was par-
tially produced at 700°C for 15 minutes, since periclase
was not totally consumed in reaction (2) (Figure 5B). The
periclase phase disappeared at 700°C and a reaction time
of 60 minutes, which indicates that forsterite formation was
completed (Figure 7B). Furthermore, under these condi-
tions, MgCl2 did not crystallize by the evaporation of the
filtering liquid obtained by washing the chlorination resi-
due. This fact indicates that magnesium chloride was
totally consumed in reaction (2).

The comparison between the XRD patterns of the
residues chlorinated at 800°C for 15 and 60 minutes
shows that the peak intensities corresponding to forsterite
are similar. However, the thermogram of M calcined in
Cl2/N2 (Figure 4) showed a mass gain at 800°C, which
indicates that forsterite formation is still incomplete at
15 minutes.

Although XRD patterns of Figures 5C, D and 7C, D
are similar, the mass loss observed from 850 to 900°C in

the thermogram corresponding to M (Figure 4) shows that
forsterite chlorination was produced. According to these
results, it can be inferred that forsterite chlorination
occurred at 900°C and reaction times of 15 and 60 min-
utes. Our results show that the optimal conditions to pro-
duce forsterite are 700°C and reaction time of 60 minutes.

Purity of forsterite was determined applying the RIR
(reference intensity ratio) method with the diffraction data
of the chlorination residue of M at 700°C for 60 minutes.
The results indicated that the purity of forsterite is 100%,
which was confirmed by the absence of a crystallized solid

(A)

(B)

(C)

FIGURE 9 SEM micrographs corresponding to M sample calcined in
Cl2/N2 at 800°C and 60 minutes: (A) overall view, (B) morphology of an
agglomerate of particles, and (C) amplified image of the particles marked
in (B)
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after the evaporation of the filtering liquid obtained by
washing of the chlorination residue.

3.3.1 | SEM analysis

SEM images of the forsterite synthesized by chlorination of
M at 800°C and a reaction time of 60 minutes are presented
in Figure 9. It can be seen from Figure 9A that forsterite is
made up of agglomerates of particles with different sizes and
irregular shapes. SEM image of an agglomerate shows that it
is made up of particles with uniform size and regular shape
(Figure 9B). An amplified image of the agglomerate of par-
ticles shown in Figure 9B reveals that the particles of for-
sterite have needle shape (Figure 9C).

4 | CONCLUSION

The experimental results show that the pyrometallurgic pro-
cess of chlorination is an efficient method to obtain forster-
ite at low temperatures and short reaction times. A single
phase forsterite was generated by chlorination of a periclase
and silica gel mixture with a periclase/silica gel molar ratio
of 2:1 at 700°C and a reaction time of 60 minutes, while
during calcination of M in air at 800°C for 60 minutes,
enstatite and forsterite phases were partially produced.

It was observed that forsterite formation is absolutely
selective between 700 and 850°C for periods of 60 minutes.

In the assayed system, forsterite synthesis occurs
through the following steps: the chlorination of periclase
that generates MgCl2, and the subsequent reaction of
MgCl2 with silica gel that produces forsterite.

The optimal conditions to produce forsterite are 700°C
and reaction time of 60 minutes, since under these condi-
tions the forsterite synthesis reaction is complete.
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