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a  b  s  t  r  a  c  t

The  effect  of  Cl2 on the  phase  transformations  of  the  minerals  present  in  a  talc  (Mg3Si4O10(OH)2)
unpurified  with  clinochlore  (Mg5Al2Si3O10(OH)8),  magnesite  (MgCO3),  dolomite  (MgCa(CO3)2),  hematite
(Fe2O3) and  pyrite  (FeS2) was  studied  with  the  purpose  of  deferricating  the mineral  and  obtaining  pro-
toenstatite  (MgSiO3),  which  is  the basic  component  of  steatite  ceramics.  Isothermal  and  non-isothermal
assays  in  N2 and  Cl2–N2 atmospheres  were  performed  using  a  thermogravimetric  device  at  temperatures
between  600  and  980 ◦C.  The  reagents  and  the  products  were  analyzed  by  differential  thermal  analysis
(DTA),  X-ray  diffraction  (XRD),  X-ray  fluorescence  (XRF),  scanning  electron  microscopy  (SEM),  and  elec-
tron  probe  microanalysis  (EPMA).  Results  obtained  showed  that the  following  phenomena  were  produced
in  Cl2:  (a)  The  transformation  of vitreous  silica  (SiO2),  from  the  chlorination  reaction  of talc,  into  enstatite
(MgSiO3)  started  at about  700 ◦C,  being  dolomite  the  mineral  that  favored  this  reaction.  At  800 ◦C, more
enstatite  was  formed  as  a result  of  the reaction  between  vitreous  silica  not  transformed,  MgCl2 and  O2

derived  from  the  chlorination  of  dolomite  and  magnesite;  then,  polymorphic  transformation  of  enstatite
◦
into  protoenstatite  was  produced.  (b)  At  about  950 C,  CaCl2 produced  as  a result  of  dolomite  chlorination

led  to the  destruction  of the  protoenstatite  structure,  and  to the  subsequent  formation  of  cristobalite,  with
release  of  O2 and  gaseous  MgCl2. (c)  The  elimination  of iron  as  FeCl3(g) takes  place  in  all  the  tempera-
ture  interval  investigated.  The  most  favorable  chlorination  temperature  was  900 ◦C, since  protoenstatite
structure  was  destroyed  at higher  temperatures  and  an  efficient  elimination  of  iron  present  in the talc
sample  was  not  possible  at  lower  temperatures.
. Introduction

Talc is a hydrated magnesium silicate with the formula
g3Si4O10(OH)2, which belongs to the talc–pyrophyllite group,
hose structure consists of a brucite octahedral sheet bonded to

wo silica tetrahedral sheets by oxygen atoms [1].  This mineral is
idely used at industrial level due to its chemical inertia, softness,
igh thermal stability and low electrical conductivity [2].  An impor-
ant technological application of talc is as the raw material from
hich steatite ceramics are obtained. The structure of the steatite

eramics is made up of approximately 70% magnesium metasilicate
protoenstatite phase), and 30% vitreous phase [3].  The protoen-
tatite is a high temperature polymorph of the enstatite. The initial
omposition of the mixture produced to obtain these materials has
0–90% talc; the rest of the mixture is made up of montmorillonite

and feldspar (KAlSi3O8), or barium carbonate (BaCO3).

Steatite ceramics are ceramic-based materials used in electron-
cs, electronic engineering and radio electronics due to their high

∗ Corresponding author.
E-mail address: porosco@unsl.edu.ar (P. Orosco).

040-6031/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.tca.2012.11.029
© 2012 Elsevier B.V. All rights reserved.

mechanical resistance, low dielectric loss and temperature resis-
tance [4,5]. The interest in steatite ceramics has increased over the
last years due to their application as insulators in halogen lamps [6].
Furthermore, the use of this material in dental implants or crowns
has also been investigated due to its high hardness and resistance
to bending, as well as in bone implants, or coatings, due to its good
biocompatibility [7,8].

The process of steatite ceramics thermal synthesis consists in
the calcination of a mixture containing talc, montmorillonite (used
as binding material), and feldspar, or barium carbonate (used as
melting substance), at about 1400 ◦C, in order to produce the for-
mation of a crystalline phase of magnesium metasilicate (MgSiO3)
from talc. Feldspar or barium carbonate forms a vitreous phase
during the sinterization process, which melts and surrounds the
crystalline phase [6,9].

The talc used in these ceramics must meet certain technical
specifications, the most important one of which is iron content,
because it affects the whiteness and the refractory properties of

ceramics [10–12].  Another big problem affecting steatite ceram-
ics is the formation of vitreous silica (SiO2) during talc calcination,
since its presence alters the dielectric properties of ceramics nega-
tively [9,13].

dx.doi.org/10.1016/j.tca.2012.11.029
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:porosco@unsl.edu.ar
dx.doi.org/10.1016/j.tca.2012.11.029
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Table 1
Ores and minerals used.

Sample Origin Main minerals detected by XRD Treatment

M1  Mendoza, Argentina Talc, clinochlore, dolomite, magnesite –
M2 Montana, United States Talc, dolomite –
M3 Mendoza, Argentina Talc, clinochlore M1 leaching with HCl

Talc M2 leaching with HCl
Dolomite, calcite –
Hydromagnesite –

t
c
d
t

m
p
s
p
r
c

2

2

2

i

c
M
d
p
i
a
p

(

M4  Montana, United States 

M5  San Juan, Argentina 

M6  Pure reactive, Sigma Aldrich 

Although studies referred to phase transformations during pure
alc calcination in Cl2 atmosphere [14] and talc deferrication by
hlorination [12] have been conducted, there is no bibliographical
ata about phase transformations during the thermal treatment of
alc ores in Cl2 atmosphere.

In this work, the transformations undergone by talc ore ther-
ally treated in a chlorine flow have been studied with a threefold

urpose: first, obtaining protoenstatite (the main component of
teatite ceramics) at a low temperature; second, improving the
roperties of this ceramic material by the elimination of impu-
ities affecting it, and third, explaining the effect of the minerals
ommonly associated to talc during its chlorination mechanism.

. Experimental

.1. Materials

.1.1. Ores and minerals
The samples used in this work, as well as their main character-

stics and treatments, are described in Table 1.
The study was carried out using M1,  a talc of ultramafic origin,

ontaining the crystalline phases indicated in Table 1 and Fig. 1.
oreover, the sample contains pyrite and hematite, which were

etermined by scanning electron microscopy (SEM), and electron
robe microanalysis (EPMA). SEM images of M1  sample are shown

n Fig. 2. The particles marked with the symbols ♦ and in Fig. 2a
nd b were analyzed by EPMA (Table 2). The composition of each
article suggests that they are hematite and pyrite particles.

T: theoretical composition corresponding to hematite (♦) and
pyrite ( ) formulas

E: experimental data

The amount of carbonate which form the M1  sample is 6.84%
w/w) magnesite, and 15.3% (w/w) dolomite.
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Fig. 1. XRD pattern of the M1  sample.
Fig. 2. SEM micrographs corresponding to minority particles of the M1 sample.

M2–M6  samples were used with the purpose of clarifying the
effect impurities have on talc chlorination.

M1 and M2  were subjected to leaching with HCl in order to
remove the carbonates present in both ores. The experimental pro-
cedure used was the following: each sample was leached with
10 wt.% HCl solution by softly shaking the suspension for 15 min.
After that, the mixture was allowed to settle for 24 h. Once the solid
residue was  separated by decantation, it was  recovered by filtering
and washing it with hot distilled water. Finally, it was  dried in a
heater at 150 ◦C for a period of 30 min.

The solids resulting from the leaching process, called M3
and M4,  do not contain magnesite and dolomite phases
(Table 1).

2.1.2. Other reagents

The gasses used in the different assays were 99.5% chlorine,

supplied by Cofil, Argentina, and 99.9% nitrogen, supplied by Air
Liquide, Argentina. Hydrochloric acid was p.a. quality.
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Table 2
EPMA analysis, in atomic %, corresponding to particles present in M1.

Particle Mg Al Si Fe Ca S O

T E T E T E T E T E T E T E

9.94 65.16 – – – – 30.06 34.84
6.55 47.23 – – 53.45 52.77 – –
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.2. Calcination procedure

Isothermal and non-isothermal calcination assays were carried
ut with a N2 flow for trials in an inert atmosphere (N2) and
l2/N2 (50%) for chlorination assays, at a rate of 50 ml/min for both
ases. These trials were performed on a thermogravimetric system
esigned to work in corrosive and non-corrosive atmospheres [15].

n each non-isothermal experiment, 1 g of sample was used, which
as calcined in N2 or Cl2 flow at a heating rate of 5 ◦C/min until a

emperature of 980 ◦C was reached. The mass change was  recorded
s a function of temperature. Isothermal experiments were also
erformed with 1 g of sample, which was placed inside the reac-
or and calcined in N2 current at a heating rate of 10 ◦C/min, until
he working temperature was reached. Once temperature was sta-
le, Cl2 was allowed to flow at 50% during a reaction time of 2 h.
hen the reaction time set for each assay was over, the flow of

l2 was interrupted, and the sample was purged with N2 while
he reactor cooled down. After completing the different isothermal
alcination assays, the resulting solid residues were analyzed by
RD with a Rigaku D-Max-IIIC equipment, Cu K�, operated at 35 kV,
0 mA.

The calcination of M1  was also performed under N2 current
sing a Shimadzu differential thermal analyzer, at a heating rate
f 5 ◦C/min, with the object of determining the phenomena that
ccur during calcination in an inert atmosphere.

. Results and discussion

.1. Calcination in N2

Thermal treatment in N2 on the different samples was per-
ormed with the purpose of having a reliable reference database,
hich made it possible to determine the phenomena attributable

o the Cl2 effect.
Data on calcination in air of minerals present in talc ore,

hich are provided by the bibliography, could help to explain the
henomena occurring during calcination in N2.

Both the thermogram and the differential thermal analysis in
2 of the talc M1  sample are presented in Fig. 3. The thermo-
ravimetric curve obtained can be divided into four mass loss
egions.

The first region of mass loss, between 50 and 100 ◦C, was  the
esult of the elimination of water physically adsorbed in the sample.
he dehydration process was observed in the DTA curve (Fig. 3) as
n endothermic peak at 65 ◦C [1,16].

The mass loss, in the temperature range from 550 to 650 ◦C,
as fast, and corresponds to magnesite thermal decomposition, as
ell as to the dehydroxylation of the brucite sheet localized in the

nterlayer space of the clinochlore. The decomposition of magnesite
roduced a peak at 580 ◦C and the partial dehydroxylation of the
linochlore, a shoulder at 600 ◦C in the DTA curve (Fig. 3) [17,18].

In the third region of mass loss, between 650 and 800 ◦C, a
igh mass loss rate could be observed due to dolomite thermal

ecomposition and to total clinochlore dehydroxylation, since the
tructural water of 2:1 layer (which was part of chlinoclore) started
o be eliminated at this temperature. This could also be seen
n the DTA curve as an endothermic shoulder at 650 ◦C for the
Fig. 3. TG and DTA curves of the M1  sample calcined in N2.

decomposition of dolomite and a peak at 750 ◦C for total clinochlore
dehydroxylation [18,19].

The fourth zone of mass loss, in the temperature interval ran-
ging from 750 to 900 ◦C, shows an endothermic peak at about
900 ◦C (Fig. 3), which corresponds to talc dehydroxylation. During
this process, water elimination occurred together with a struc-
ture reordering caused by cations migration, which finally led to
enstatite production, and to the formation of vitreous silica and
water in form of vapor [16,20].

Thermogravimetric analyses were carried out on the samples
M2–M6  in order to confirm those bibliographic data mentioned
below, in relation to the mass changes observed in the different
zones of Fig. 3, and to have reliable information on the phenomena
that takes place during calcination of talc ore in N2 atmosphere.
XRD analyses were performed on the residues of these calcination
assays. The experimental results are illustrated in Figs. 4 and 5 and
discussed in the following sections.

3.1.1. First zone of mass loss (50–100 ◦C)
Talc dehydration can be experimentally proved by using the

thermograms of M3  (M1  without carbonates) and M4  (M2 with-
out carbonates) samples (Fig. 4b and d). The mass loss observed
in these thermograms, between 50 and 100 ◦C, corresponds to the
elimination of water physically adsorbed in the talc, which took
place during calcination in N2.

3.1.2. Second zone of mass loss (550–650 ◦C)
The phenomena produced in this region of mass loss can be elu-

cidated with thermograms corresponding to M6 (hydromagnesite)
and M3  samples (Fig. 4a and b), and with the XRD pattern of talc
M1 calcined at 600 ◦C.

Three regions were visible in thermogram of Fig. 4a: the first

two regions corresponded to the dehydration of intermediate prod-
ucts and carbon dioxide release, which generated magnesite [21].
The last stage of thermal decomposition, started at about 500 ◦C,
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forming periclase (MgO) and carbon dioxide (CO2) according to the
reaction (1).

MgCO3 → MgO  + CO2(g) (1)

The thermogram of M6  (Fig. 4a) indicated that magnesite was
the mineral that decomposed at the lowest temperature during talc
ore calcination.

Comparison of thermograms in Figs. 3 and 4a,  as well as the
observation of the fact that the magnesite phase in the original
sample disappeared after calcinations at 600 ◦C (Fig. 5a), might sug-
gest that magnesite thermal decomposition form part of the second
region of mass loss observed in the thermogram of M1  (Fig. 3).

Clinochlore started decomposing at about 550 ◦C. This phe-
nomenon could be observed as the first region of M3  mass loss
(Fig. 4b), and in Fig. 5a as the disappearance of the 002, 003 and
004 reflections corresponding to the XRD pattern of M1 (2�: 12.45◦;
19.05◦ and 25.00◦). This first clinochlore dehydroxylation, together
with magnesite thermal decomposition, corresponded to the sec-
ond region of M1  mass loss.

3.1.3. Third zone of mass loss (650–750 ◦C)
Thermograms of M3  and M5 (Fig. 4b and c), and XRD patterns of

M1 calcined at 650 ◦C and 750 ◦C (Fig. 5b and c) allowed explaining
the phenomena that occur in third zone of mass loss.

Total clinochlore dehydroxylation, which could be seen in Fig. 4b
as slow mass loss of M3,  started at about 650 ◦C and continued
until 750 ◦C. At this temperature, the clinochlore phase disappeared
from the calcination residue of M1  (Fig. 5c). This dehydroxylation
process produced spinel (MgAl2O4), forsterite (Mg2SiO4), enstatite,
and water according to reaction (2) and the result obtained by Vil-
lieras et al. [18] who works in the thermal treatment of clinochlore
in similar conditions.

Mg5Al2Si3O10(OH)8 → MgAl2O4 + Mg2SiO4 + 2MgSiO3 + 4H2O(g) (2)

Forsterite and spinel phases do not appear in the XRD pattern,
probably because they are as amorphous phases.

Fig. 4c shows two stages of dolomite ore (M5) mass loss. The first
one, at 500 ◦C, corresponded to the decomposition of the calcite
(CaCO3) accompanying dolomite. The second one started at about
700 ◦C, and corresponded to dolomite decomposition (reaction (3)),
resulting in products like lime (CaO), periclase and carbon dioxide.
Fig. 5b shows the disappearance of the dolomite phase when M1
was heated at 650 ◦C.

CaMg(CO3)2 → CaO + MgO  + 2CO2(g) (3)

3.1.4. Fourth zone of mass loss (750–900 ◦C)
Talc decomposition could experimentally be clarified by using

the thermograms of M3  and M4  samples (Fig. 4b and d), as well as
the XRD pattern of M1  calcined at 850 ◦C (Fig. 5d). This talc decom-
position, which corresponded to the fourth region of M1 mass loss
(Fig. 3), can be observed in Fig. 5d as the presence of the enstatite
phase, according to reaction (4).

Mg3Si4O10(OH)2 → 3MgSiO3 + SiO2 + H2O(g) (4)

Portlandite and periclase appeared at 850 ◦C due to the crys-
tallization of oxides resulting from the thermal decomposition of
carbonates (reaction (3)). The portlandite phase was produced by
immediately hydrating lime after it was extracted from the reactor.

The analyses of M1,  M3  and M4  thermograms (Figs. 3, 4b and d,

respectively) suggest that talc dehydroxylation, which started at
approximately 800 ◦C, continued until about 900 ◦C, since the mass
of these samples remains constant at higher calcination tempera-
tures.
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Fig. 7. XRD patterns corresponding to different samples calcined in Cl2 at 600 ◦ C:
(a) M1, (b) M6,  (c) M5,  (d) M3 and (e) M4.
ig. 6. Thermograms corresponding to different samples calcined in Cl2: (a) M1,  (b)
6,  (c) M5,  (d) M3  and (e) M4.

.2. Calcination in Cl2

The thermogravimetric curve of M1calcination in Cl2 (Fig. 6a)
as three defined zones of mass loss. The first region could be
bserved in the temperature range between 450 and 700 ◦C; the
econd region could be seen between 700 and 900 ◦C, and the last
egion of mass loss, between 900 ◦C and the final temperature stud-
ed.

The thermograms of different samples used to determine the
henomena which took place during chlorination of M1  were
lso plotted in Fig. 6. The results of the XRD analysis performed
n the residues of different chlorinated samples are presented in
igs. 7, 9, 10 and 13.

.2.1. First zone of mass loss (450–700 ◦C)
The first region of mass loss started at 450 ◦C due to the reac-

ions of magnesite and dolomite thermal decomposition. Halfway
he first region of M1  mass loss, at about 550 ◦C, the dehydroxyla-
ion of interlayer brucite sheet of clinochlore was  produced. This
eactions can be clearly seen in the thermograms 6b–6d, corre-

ponding to M6,  M5  and M3  (hydromagnesite, dolomite and talc
lus clinochlore, respectively).

Fig. 6b suggests that hydromagnesite thermal decomposition
ith carbon dioxide emission and formation of periclase took place
at approximately between 400 and 450 ◦C. In the interval between
450 and 800 ◦C, no mass change is observed. Therefore, the XRD pat-
tern of Fig. 7b proves the occurrence of the decomposition reaction
of hydromagnesite, since the only phase present in it corresponds
to periclase.

Thermogram in Fig. 6c shows two  regions of mass loss corre-
sponding to dolomite ore thermal decomposition that took place
during chlorination. In the first region, periclase and calcite were
formed with carbon dioxide emission; and in the second region, the
mass loss was  mainly produced as a consequence of lime formation
and release of carbon dioxide.

The partial clinochlore dehydroxylation can be seen in Fig. 6d as
the first zone of M3  mass loss, since this sample only contains talc
and clinochlore (Fig. 6d), and in the XRD pattern of Fig. 7a and d, as
the disappearance of the 002, 003 and 004 reflections of clinochlore
(2�: 12.45◦, 19.05◦ and 25.00◦).

On the other hand, the talc phase present in the samples M1,  M3
and M4  was  not observed to suffer any changes at 600 ◦C (Fig. 7a, d
and e). These results indicated that chlorination did not affect talc

structure at this temperature.
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ig. 8. SEM micrographs corresponding to M1  sample: (a) untreated, (b) calcined
n  Cl2 at 600 ◦C.

Furthermore, in this temperature interval take places the chlo-
ination of the pyrite [22] according to reaction (5).

eS2 + 5/2Cl2(g) → FeCl3(g) + S2Cl2(g) (5)

The results of the analysis realized by SEM and EPMA to the
esidues of chlorination at 600 ◦C probed the occurrence of the
eaction (5).  Fig. 8a and b show the images of SEM backscattered
lectrons corresponding to untreated M1  and M1  calcined in Cl2
t 600 ◦C, respectively. According to the microanalysis results, the
right particles in Fig. 8a correspond to the pyrite phase. This phase

s not observed in Fig. 8b.

.2.2. Second zone of mass loss (700–900 ◦C)
The second region of talc M1  mass loss started at about 700 ◦C

Fig. 6a), and the thermogram showed a mass loss rate higher than
hat observed in the previous zone. The phenomena that took place
n this mass loss region can be explained using the thermograms of
amples M3–M6  (Fig. 6) and the XRD pattern of residues calcined
t 700 and 800 ◦C in a Cl2 atmosphere (Figs. 9 and 10).

The results of the analysis performed by XRD allowed inferring
hat the following reactions took place in this mass loss region:

i)MgCa(CO3)2 + Cl2(g) →
MgO  + CaCl2 + 2CO2(g) + 1/2O2(g) (6)

ii)1/3Fe O + Cl (g) → 2/3FeCl + 1/2O (g) (7)
2 3 2 3 2

iii)1/2Mg3Si4O10(OH)2 + Cl2(g) → MgCl2(l) + 1/2MgSiO3

+ 1/2O2(g) + 1/2H2O(g) + 3/2SiO2 (8)
Fig. 9. XRD patterns corresponding to different samples calcined in Cl2 at 700 ◦C:
(a) M1, (b) M5, (c) M3 and M6.

(iv)MgCl2(l) + SiO2 + 1/2O2(g) → MgSiO3 + Cl2(g) (9)

(v)Mg5Al2Si3O10(OH)8 + Cl2(g) → 3MgSiO3 + MgCl2(l)

+ 4H2O(g) + MgAl2O4 + 1/2O2(g) (10)

(vi)MgCa(CO3)2 + Cl2(g) → MgCl2(l) + CaCl2 + 2CO2(g)

+ 1/2O2(g) (11)

(vii)MgCO3 + Cl2(g) → MgCl2(l) + CO2(g) + 1/2O2(g) (12)

3.2.2.1. (i) Chemical interaction between dolomite and Cl2 result-
ing in the formation of CaCl2 (reaction (6)). The formation of the
non-volatile CaCl2 could be seen as a mass gain at approximately
700 ◦C (Fig. 6c). The XRD pattern of Fig. 9a indicated that the
dolomite phase disappeared from the sample as a consequence of
the interaction between this carbonate and chlorine, which led to
the formation of calcium chloride and periclase at 700 ◦C, accord-

ing to reaction (6).  The occurrence of this reaction was  probed by
chlorinating a dolomite ore sample (M5) at the same temperature.
The XRD pattern belonging to reaction (6) solid products, anhy-
drous calcium chloride and periclase are shown in Fig. 9b. Hydrated
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ig. 10. XRD patterns corresponding to different samples calcined in Cl2 at 800 ◦C:
a)  M1, (b) M6,  (c) M5,  (d) M3  and (e) M4.

alcium chlorides were produced because the chlorination residue
mmediately hydrated after it was extracted from the reactor. At
00 ◦C, the periclase obtained from chlorination reacted with Cl2
nd produced MgCl2. The variation in the mass increase observed
rom 800 ◦C in the thermogram, which corresponds to the dolomite
re (Fig. 6c), confirms the formation of MgCl2.

.2.2.2. (ii) Chlorination reactions of hematite present in the sample
reaction (7)). Hematite reacted with Cl2 and produced FeCl3 and
2 [23–25].  Since these products are in gaseous state at 700 ◦C, they
an be easily removed. The results of the analysis by XRF performed
o the chlorination residues of M1  (Fig. 11)  corroborate this phe-
omenon. According to the results obtained, hematite present in
alc disappear at 700 ◦C due to the reaction between this mineral
nd Cl2 (reaction (7)).

Fig. 11 shows the results of the iron analysis performed by XRF
n the M1  sample residues which result from the treatment with
hlorine at different temperatures and reaction times. It can be
oted that a considerable increase in Fe2O3 extraction is produced

n the temperature range between 600 and 700 ◦C. This is due to the
act that the iron that is being removed at this temperature interval
s the most reactive one, such as the iron that is part of secondary
inerals like pyrite and hematite, which is finely dispersed in talc
22,26].

The results of the analysis realized on chlorination residues by X-
ay fluorescence show that the amount of iron removed by effect of
Time (min )

Fig. 11. Fe2O3 in residues of the M1  sample calcined in Cl2.

chlorination at 600 ◦C, which corresponds to pyrite according to the
results obtained by SEM and EPMA, is 1.3%, and the iron removed
in the temperature interval between 600 and 700 ◦C, which corre-
sponds to hematite and pyrite, is 3.75% (Fig. 11).

The balance between the amount of iron removed by hematite
and pyrite chlorination, and the amount of iron in pyrite allows to
estimate that the amount of iron corresponding to hematite is close
to 2.45%.

3.2.2.3. (iii) and (iv) Cl2 attack to talc structure with formation of
enstatite (reactions (8) and (9)). By comparing the initial tempera-
tures of the second mass loss region of the M1  chlorination (Fig. 6a)
to the fourth region of mass loss corresponding to the calcination of
the same sample in N2 current (Fig. 3), we  could infer that talc chlo-
rination took place before thermal decomposition. The enstatite
phase (MgSiO3) observed in the XRD pattern of Fig. 9a indicated
that talc reacted with Cl2 at 700 ◦C, generating MgCl2, enstatite
and vitreous silica with oxygen and water release, according to the
reactions (8) and (9).

Comparison between the XRD patterns corresponding to the
chlorination of M1  residues (Fig. 9a) and carbonate-free talc, M3
(Fig. 9c), indicated that the presence of carbonates affected the for-
mation of enstatite at 700 ◦C; and that CaCl2 derived from dolomite
chlorination was  the reason why talc chlorination was produced at
this temperature. The assumption on reactions (8) and (9) in rela-
tion to the MgCl2 aggregation state was based upon the diagrams of
Mg and Ca chloride phases [27], which indicate that the Mg  and Ca
chlorides form an eutectic mixture with a point of fusion of 620 ◦C.
This liquid MgCl2 later reacted with vitreous silica and oxygen lib-
erated during chlorination, which generated enstatite, as indicated
by reaction (9).

The occurrence of the reaction (9) has been experimentally ver-
ified. To this end, a calcination assay was  carried out at 700 ◦C with
a mixture of MgCl2, CaCl2 and vitreous silica at a 1:1:1 ratio, in a
Cl2–air (50%) flow, at a rate of 50 ml/min.

Fig. 12 shows the phases generated in the products of the mix-
ture chlorination.

The experimental confirmation that reaction (9) actually takes
place indicates that the reactivity of the species involved in it allows
the reaction to be produced. The study of the mechanism by which

this reaction is produced would be the object of another work.

The enstatite phase can be observed in this figure (JCPDS 86-
433), which confirms the reaction between MgCl2, SiO2 and O2(g)
producing this species.
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loss is also evidenced by the thermograms of M3  and M4  (Fig. 6d
and e).
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The experimental confirmation that reaction (9) actually takes
lace indicates that the reactivity of the species involved in it
llows the reaction to be produced. The study of the mechanism
y which this reaction is produced would be the object of another
ork.

.2.2.4. (v) Clinochlore chlorination (reaction (10)). Clinochlore
hlorination would yield enstatite, spinel, liquid MgCl2, oxygen and
ater vapor at 700 ◦C, according to the reaction (10).

The XRD patterns of Fig. 9a and c show the disappearance of
linochlore 001 reflection (2�, 6.23◦); this phenomenon was not
bserved until 750 ◦C in inert atmospheres (Fig. 5c). The presence
f MgCl2 in liquid phase in reaction (10) was due to the formation
f an eutectic mixture between CaCl2 and MgCl2.

.2.2.5. (vii) and (viii) Enstatite and protoenstatite synthesis from car-
onates and vitreous silica. The vitreous silica produced by reaction
8) of talc chlorination, which was not consumed by the reaction (9)
f enstatite formation, reacted with the MgCl2 produced by magne-
ite and dolomite chlorination [reactions (11) and (12)] at 800 ◦C,
roducing more enstatite.

On the other hand, enstatite obtained by all possible reactions
as transformed into protoenstatite at 800 ◦C. This phenomenon,
roved by the presence of the clinoenstatite phase in the XRD pat-
ern (Fig. 10a), is due to the fact that clinoenstatite results as a
onsequence of the fast cooling of the protoenstatite phase, and
hat XRD analysis was performed at room temperature [6,13].

By comparing the XRD patterns corresponding to the chlori-
ation of M1  (Fig. 10a) and M3 (Fig. 10d), we could infer that
he presence of Ca and Mg  carbonates affects the transformation
f enstatite into protoenstatite. MgCl2 obtained during talc ore
hlorination could be responsible for the transformation of the
hase observed at 800 ◦C because this chloride attacks the enstatite
tructure and generates an intermediate compound in liquid state,
hich in excess of Cl2, crystallizes into protoenstatite afterwards.

.2.3. Third zone of mass loss (900–980 ◦C)
The mass change produced in the zone of mass loss (Fig. 6a) is

he result of two phenomena which are discussed below.
The first one is the increase of the MgCl2 mass as a consequence
f magnesite and dolomite chlorination (reactions (11) and (12)).
he second is chlorination of the residue Fe2O3 remnant, which was
ccluded in the interlayer space of talc and iron, which was part of
he clinochlore structure [12].
a Acta 554 (2013) 15– 24

These phenomena are explained by the results of the analysis
by XRF performed to the chlorination residues of M1 and TG and
XRD analysis of M1–M6  samples.

MgCl2 formation was  detected in the thermograms correspond-
ing to hydromagnesite (M6) and dolomite (M5) samples (Fig. 6b and
c) as a mass gains which took place between 800 ◦C and the final
temperature studied. The XRD pattern plotted in Fig. 10b  shows the
occurrence of MgCl2 anhydrous and hydrated phases.

The data obtained by XRF on the removal of iron in the residues
of M1  calcined between 800 and 1000 ◦C (Fig. 11)  indicate that iron
extraction shows little variation at 800 ◦C when compared to the
one observed at 700 ◦C. These results can be attributed to the fact
that the remaining iron is difficult to remove, since it is strongly
adsorbed in the surface of minerals with laminar structure. A simi-
lar behavior has been observed during deferrication of clays [24,25],
which need chlorination temperatures over 800 ◦C in order to reach
a quantitative extraction of the iron present. It is therefore inferred
that temperatures over 800 ◦C are necessary to extract this type of
iron from talc.

The M1  mass loss observed between 900 ◦C and the final
temperature investigated was  produced as a consequence of the
chlorination of the Fe2O3 occluded in the interlayer space of talc,
and of that which was part of the clinochlore structure. This mass
2  (°)

Fig. 13. XRD patterns corresponding to different samples calcined in Cl2 at 1000 ◦C:
(a) M1, (b) M3, (c) M2 and (d) M4.
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Table 3
Mg  content expressed as MgO  in the calcination residues of M1 in Cl2–N2

atmosphere.
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By comparing the XRD patterns of the M1  and M2 chlorination
esidues (Fig. 13a  and c) to the residues of M3  and M4  (Fig. 13b and
), the effect of carbonates on the protoenstatite structure could
e inferred. In these figures it is evident that the enstatite phase
emains unaltered in the chlorination residues of carbonate-free
eached samples, whereas the protoenstatite phase was  attacked
n minerals containing carbonates.

These experimental evidence allow us to say that partial pro-
oenstatite chlorination was produced near the end of the third
one of mass loss (Fig. 6a), at approximately 950 ◦C, which resulted
n products like crystoballite, gaseous MgCl2, and oxygen, according
o the following reaction:

gSiO3 (protoenstatite) + Cl2(g) → SiO2 (cristobalite)

+ MgCl2(g) + 1/2O2(g) (13)

CaCl2 derived from dolomite chlorination was  responsible for
eaction (13), as it formed an eutectic mixture with the MgCl2,
hich resulted in a higher volatilization of this chloride at 950 ◦C.
onsequently, the chloride was removed from the reaction zone,

avoring protoenstatite chlorination.
The chlorination of protoenstatite produces MgCl2 at 950 ◦C

ccording to reaction (13), and part of this MgCl2 can volatilize
ince it has a vapor pressure of 0.0097 atm at this temperature [28].
olatile MgCl2 is removed from the reaction zone in the flow sys-

em used in this work, thus favoring the chlorination reaction of
rotoenstatite, and the formation of more volatile MgCl2.

The chlorination reaction of protoenstatite has been experimen-
ally proved by calcining the M1  sample at different temperatures
or 120 min  in a Cl2–N2 atmosphere, and then by determining the

g content in the residues by XRF. Table 3 shows the result of these
nalyses.

The variation observed in the amount of Mg  is the result of the
alance between mass gain and loss of the sample as a consequence
f the reactions that are produced by the effect of the thermal treat-
ent of talc in Cl2. A clear decrease of Mg  content can be observed

t 1000 ◦C. This is due to the volatilization of magnesium chloride,
hich takes place at around 950 ◦C.

By comparing the thermogravimetric curves described in
igs. 3 and 6a,  we could observe that the mass loss continued
ntil 980 ◦C, when the M1  sample was chlorinated, whereas the
ass remained constant in N2 current from 850 ◦C on. The behav-

or observed during the chlorination of M1  could also be detected
uring the chlorination of M3  (Fig. 6d), and this fact confirms that
he removal of Fe2O3 in the form of FeCl3, together with reaction
13), was produced.

. Conclusions

1) The results of the chlorination experimental assays proved that
this process is an efficient method for obtaining protoenstatite
(the main component of steatite ceramics) at low temperatures
(800 ◦C). Moreover, chlorination has another advantage, which
is reducing iron content that affects seriously the quality of this

ceramic material.

2) The study performed allowed determining the effects of car-
bonates on the chlorination process of talc and the mechanisms
involved in the reactions produced.

[

[
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(3)  The enstatite was produced by the reactions of talc and
clinochlore chlorination (reactions (8) and (10)), and it was also
formed by the reaction between magnesium chloride, oxygen
and vitreous silica, generated during the chlorination of talc ore
(reaction (9)). This phenomenon caused the removal of vitreous
silica, the main impurity that affects the dielectric properties of
steatite ceramics.

(4) The most favorable chlorination temperature was  900 ◦C, since
protoenstatite structure was  destroyed at higher temperatures
and the efficient elimination of iron present in the talc sample
was not possible at lower temperatures.

(5) Iron present in talc ore in the form of pyrite and hematite are
removed in the temperature interval between 600 and 700 ◦C.
At approximately 900 ◦C iron that was occluded in the interlayer
space, and that which was  part of the clinochlore structure were
also eliminated. Chlorination of this element continued until
final investigated temperature was reached. According to these
experimental results, chlorination is an effective method for
removing iron from talc ore.

(6) Calcium chloride derived from dolomite chlorination affected
the physical properties of magnesium chloride, since they
formed an eutectic mixture with a fusion point of 620 ◦C, which
allowed the reaction between liquid magnesium chloride and
vitreous silica at 700 ◦C.
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