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The focus of analysis in thiswork has been the study of the synthesis of cordierite using a pyrometallurgical route
which involved thermal treatment in a chlorine atmosphere of a kaolinitic clay and dolomite mixture as raw
material. The reaction mechanism was also investigated. Isothermal and non-isothermal chlorination assays
were conducted in experimental equipment adapted for working in corrosive atmospheres. The temperature ef-
fect on the reactions yielding cordieritewere studied. Both reagents and productswere analyzed by X-ray diffrac-
tion (XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM), and electron probe microanalysis
(EPMA). The experimental results have shown that cordierite starts to be produced at 700 °C, and that the elim-
ination of iron, which is present as an impurity, begins at about 700 °C. The most favorable chlorination temper-
aturewas 900 °C, since at this temperature a selective production of cordierite and an efficient elimination of iron
were achieved.
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1. Introduction

Cordierite is a magnesium aluminosilicate composed of a ternary
system of oxides (MgO:Al2O3:SiO2) in a 2:2:5 ratio. In nature, it gener-
ates as a product of the thermal metamorphosis of clay rocks; crystal-
lizes in an orthorhombic system, and it has a pseudo-hexagonal habit;
its density is 2.53 g/cm3, and its fusion point is 1470 °C [1–3].

This ceramic material has been the focus of attention over the last
years due to its properties, such as low thermal expansion coefficient,
low dielectric constant, low dielectric loss, high specific resistivity, high
thermal shock resistance, and high temperature stability. These proper-
ties make cordierite an ideal material for use in the electronic industry
[4,5]. One of the most significant applications of cordierite is as catalysts
support in diverse processes, some of which can be found in the petro-
chemical industry, the selective reduction of alcohol, the control of auto-
mobile emissions, and the control of volatile organic compounds.

Cordierite is a mineral which is not abundant, or pure enough in na-
ture; for this reason, it is necessary to synthesize it. The typical processes
for cordierite synthesis are: sol–gel technique, glass crystallization tech-
nique, and reactions in solid state. The latter two techniques use natural
mineral resources as raw material [5,6]. In industry, the production of
cordierite is carried out by the process of reactions in solid state.
Several investigations [7–11] have been conducted in the last two de-
cades with the aim of reducing the formation temperature of cordierite.
These studies were carried out with the purpose of reducing the cost of
processing, and improving the properties of cordierite. To this end, auxil-
iary minerals such as bismuth oxide and phosphorus pentoxide were
used in the process of reactions in solid state [7,8]. The sol–gel method
using aluminum acetate gel, tetraethyl orthosilicate, magnesium acetate
solution, ethanol and phenol–formaldehyde resin [9] and non-
hydrolytic sol–gel route [10] were investigated. Also the mechanical acti-
vation method to reduce the formation temperature of cordierite has
been reported [11]. However, cordierite has not been possible to synthe-
size below 1000 °C by using the above mentioned methods so far.

A few researchers have been able to produce the pure cordierite
phase, but only by using high synthesis temperatures which range
from 1300 °C to 1400 °C [3,4]. Different studies [5,12–14] have shown
that cordierite can be crystallized at about 950 °C by using the glass
crystallization technique. However, this technique requires an addition-
al energetic cost for the previous treatment applied to the rawmaterials
with the aim of melting the precursors.

The presence of some impurities increases the thermal expansion
coefficient and confers the color to the cordierite. Ironwhich is generally
present in cordierite is one of themain elements increasing the thermal
expansion coefficient, and it is also responsible for giving the material
an undesirable reddish color, as well as for reducing its refractory prop-
erties [15,16]. Vitreous silica formed during the processing of
phyllosilicates (talc, kaolin, kaolinitic clay, etc.), which are generally
used for obtaining cordierite, also produces a considerable increase in
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Table 1
Chemical composition (w/w%) of the starting minerals and the M sample.

Mineral Sample

Kaolinitic clay Dolomite M

Al2O3 28 – 20
SiO2 53 – 36
Fe2O3 3.5 – 2.5
CaO 1.3 33.2 8.6
MgO 1.2 19.5 7.2
TiO2 0.7 - 0.5
LOI 11.85 48.23 14.2

112 P. Orosco et al. / Powder Technology 267 (2014) 111–118
the thermal expansion coefficient [6,17]. Therefore it is necessary to re-
move or to avoid the presence of iron and vitreous silica.

The pyrometallurgic process of chlorination can be used to reduce
the temperature of cordierite synthesis and eliminate the impurities
which affect the thermal expansion coefficient, color and refractory
properties. This method has been effectively used in the extraction of
various metals from oxides and minerals in the last decades. This is
due to the high reactivity of the chlorinating agent, the selectivity of
the reaction, the simple treatment of effluents, and the low cost of the
processes. Further, various studies have reported the effect of thermal
treatment in chlorine atmosphere on the phase transformations of
some materials, such as oxides and minerals, as well as the fact that
the formation of intermediate chlorinated compounds favors the gener-
ation of products whose obtention by other means requires a more en-
ergetic treatment [18–20]. Although this information, there are no
bibliographic data about the cordierite synthesis bymixture of minerals
chlorination.

The previous studies referred to phase transformations during the
thermal treatments of the chlorination of refractory clays and talc pro-
vided important information to investigate the synthesis of cordierite
from the mixture of kaolinitic clay and dolomite [21,22].

This study has been devoted to studying the mechanism of chlo-
rination of a mixture of kaolinitic clay and dolomite with chlorine
gas in order to synthesize cordierite. The phase transformations oc-
curring during the chlorination were also investigated. The knowl-
edge of the process that occurs when the mixture is calcined in Cl2
is crucial to optimize the synthesis of cordierite and improve the
properties of this ceramic material. This study was done in order to
reduce the working temperature of cordierite synthesis, exploit Ar-
gentinian natural resources, and eliminate the impurities that affect
the thermal expansion coefficient, color, and refractory properties.
2. Materials and methods

2.1. Materials

The solid reagent used in the synthesis of cordierite by chlorina-
tion was a mixture of dolomite and kaolinitic clay, both of Argentine
origin. The mixture of these minerals, denominated M, was prepared
in a ratio of the 70% w/w of kaolinitic clay and 30% w/w of dolomite.
This ratio was selected taking into account the stoichiometric com-
position of the cordierite and the impurities contained in the starting
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Fig. 1. Diffractogram of the M sample.
minerals. The preparation of the mixture was made in a disk mill,
and the mixing time was 4 min.

The primary minerals which are present in themixture under study
were identified by X-ray diffraction (XRD). The diffractogram of the
mixture of dolomite and kaolinitic clay (Fig. 1) shows the presence of
kaolinite (JCPDS 89–6538), dolomite (JCPDS 89–5862), calcite (JCPDS
86–2340) and quartz (JCPDS 89–8939).

The chemical composition of the minerals and the M sample were
determined by X-ray fluorescence (XRF). The results obtained are
presented in Table 1. The table shows that the mixture contains iron,
which comes from the impurities of the clay. Iron can be found as either
a phase separate from kaolinite or adsorbed on its surface as colloidal
iron in the form of hematite (Fe2O3), limonite (FeOOH), or ferric
hydroxide (Fe(OH)3) [19,21].

In order to determine some of the mineral phases of iron present in
themixture, an analysis was performed by scanning electron microsco-
py (SEM) and electron probe microanalysis (EPMA).

SEM image obtainedwith back-scattered electrons is shown in Fig. 2.
The brilliant particle indicated with an arrow was analyzed by EPMA
(Table 2). The composition of hematite has also been reported in the
table with comparative purpose. The composition of this particle sug-
gests that it is probably a hematite particle.

The gasses used in the different assays were chlorine 99.5% v/v as
reactive gas, provided by Cofil, and nitrogen 99.99% v/v as diluent and
purge gas, provided by Air Liquid.

2.2. Equipment

The experimental chlorination assays were performed in a thermo-
gravimetric system designed in our laboratory [23]. The dispositive is
provided of a reactor of quartz placed inside an electric furnace equipped
with a temperature controller. The sample was contained in a quartz
Fig. 2. SEM micrograph corresponding to particles of the M sample.
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Table 2
EPMA analysis, in atomic %, corresponding to the particle marked in Fig. 2.

Particle Mg Al Si Fe Ca O

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

⇨ – – – – – – 59.33 69.94 – – 40.64 30.06

T: Theoretical composition corresponding to hematite formula.
E: Experimental data.
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Fig. 3. Thermogram corresponding to the M sample calcined in Cl2/N2.
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crucible which was introduced inside the reactor. The temperature was
measured with a chromel–alumel thermocouple to within ±5 K. The
measurement system of mass is an analytical balance (Mettler Toledo
AB204-S/FACT, maximum sensitivity of 0.0001 g) connected to an auto-
matic data logger.

Chlorinewas introduced to the inlet of the reactor of quartz through
teflon tubing. Mass flow meters and metering valves were used to
control the flow rate.

The X-ray diffraction (XRD) analysis of reactants and reaction prod-
ucts was performed on Rigaku D-Max-IIC equipment with Cu Kα, oper-
ated at 35 kV and 30 mA. Scanning electron microscopy (SEM) and
electron probe microanalysis (EPMA) characterizations were carried
out using a LEO1450VPmicroscope equippedwith an energy dispersive
X-ray (EDS) spectrometer (EDAXGenesis 2000). The composition of the
kaolinitic clay and dolomite mixture and the chlorination residues was
determined by X-ray fluorescence (XRF) with Philips PW 1400
equipment.

2.3. Procedure

Isothermal and non-isothermal chlorination assays were carried
out using masses of approximately 1 g of powder sample. For the dif-
ferent thermal treatments, flows of 50 ml/min of N2 and 100 ml/min
of Cl2/N2 (50% v/v) were used.

2.4. Procedure for non-isothermal chlorination

1. The quartz crucible was filled with starting mixture and carefully
placed into the center of the reactor.

2. A linear heating program was set from at a heating rate of 5 °C/min
from 20 °C to 1000 °C, the dispositive switched on, and the gaseous
mixture Cl2/N2 fed into the reactor.

3 Upon attainment of the final temperature, chlorine supply was
cut off.

4 The sample was taken out from the reactor and cooled down.

2.5. Procedure for isothermal chlorination

1. The reaction temperature was set, the furnace switched on, and N2

fed into the reactor. The heating rate was 5 °C/min.
2. The quartz crucible was filled with starting mixture.
3. Upon attainment of the working temperature, the quartz crucible

was carefully placed into the center of the reactor.
4. Cl2 was fed into the reactor, generating the mixture of Cl2/N2

(50% v/v).
5. The sample was kept at this temperature for 5 min.
6. Upon attainment of the reaction time, Cl2 supply was cut off.
7. The sample was taken out from the reactor and cooled down.

The reaction period was chosen to account the time required to ob-
serve changes of mass registered in non-isothermal chlorination assay.

2.6. Washing and filtration of the chlorination residues

All the residues of these chlorination assays were subjected to
processes of washing and filtration with hot water in order to re-
move calcium and magnesium chloride present in the chlorinated
sample. Then, the residues obtained were dried in an oven at
100 °C. In some cases, the filtering liquid was evaporated in the
oven at 100 °C.

The washed and dried residues of filtration and solids from the
evaporation of filtering liquid were analyzed by X-ray diffraction.
2.7. Additional trials

Isothermal chlorination assays were carried out between 700 and
1000 °C in Cl2/N2 (50% v/v) atmosphere during 120 min to determine
the temperature range for which the selective formation of cordierite
is accomplished.
3. Results and discussion

The results of the non-isothermal treatment of the M sample in
Cl2/N2 current are presented in Fig. 3. The thermogravimetric curve
of the sample presents six zones of mass change. The first three
zones, together with the fifth and sixth, correspond to the phenomena
which produce mass losses, whereas a mass gain occurs in the fourth
zone. The first zone of mass change (Fig. 3) occurs in the range between
50 and 190 °C. The second zone can be seen between 370 and 550 °C.
The third region can be observed in the interval between 550 and
660 °C. At temperatures ranging between 660 and 710 °C, a region of
mass increase is observed. The mass changes observed in the fifth and
sixth zone between 710 and 800 °C, and between 800 and 1000 °C, re-
spectively, correspond to a balance between mass gain and loss occur-
ring in the sample as a consequence of the phenomena which take
place in each temperature interval.

Isothermal assays were conducted in the temperature range be-
tween 500 and 1000 °C, and then the residues were analyzed by
XRD with the purpose of determining the phenomena which take
place during the thermal treatments in Cl2, to which the sample
under study was subjected. Fig. 4 shows the diffractograms of the
chlorination residues obtained at different temperatures for periods
of 5 min.
3.1. First zone of mass change (50–190 °C)

The chlorination residue in this temperature interval was not
analyzed by XRD, since the mass loss observed in the thermogram of

image of Fig.�3
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Fig. 4. Diffractograms of the chlorination residues of the M sample at different
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the sample corresponds to the elimination of the water physically
adsorbed in the clay which is part of the mixture.
Table 3
Contents of iron, expressed as Fe2O3, in the chlorination residues of theM sample at differ-
ent temperatures and periods of 5 min.

Temperature (°C) Fe2O3 (w/w%) Extraction (%)

20 2.5 –

600 2.5 –

700 1.81 27.6
800 0.48 80.9
900 0.45 82.2
1000 0.38 84.6
3.2. Second zone of mass change (370–550 °C)

This region corresponds to kaolinite dehydroxylation, according to
reaction (1):

Al2O3 ˙
2SiO2 ˙

2H2O→Al2O3 ˙
2SiO2 þ 2H2OðgÞ: ð1Þ

This phenomenon has been tested by the diffractogram of the resi-
due corresponding to the calcined sample at 500 °C (Fig. 4a). The
diffractogram shows a diminution in the intensity of characteristic dif-
fraction peaks of kaolinite, which indicates partial dehydroxylation of
this mineral.
3.3. Third zone of mass change (550–660 °C)

The third region of mass loss observed in the thermogram of Fig. 3
corresponds to the thermal decomposition of dolomite:

CaMgðCO3Þ2→CaO þMgO þ 2CO2ðgÞ: ð2Þ
This can be deduced from the results shown in Fig. 4b, where a de-

crease in the intensity of typical peak of dolomite is observed as a result
of dolomite partial decomposition. Lime and periclase phases, products
of reaction (2), do not appear in the XRD pattern, probably because they
are as amorphous phases. Decomposition of calcite, which accompanies
dolomite as an impurity, is also produced in this stage.
3.4. Fourth zone of mass change (660–710 °C)

The phenomena that occur in this region are described below by
using the diffractograms in Fig. 4c to e, and Fig. 5.
3.4.1. Stage 1: chemical interaction between lime and periclase, products of
dolomite decomposition, and Cl2 with formation of CaCl2 and MgCl2

The formation of CaCl2 andMgCl2 can be observed in Fig. 3 as amass
gain starting at 660 °C. The occurrence of this reactionwas probed using
the solid from evaporation of filtering liquid obtained bywashing of the
chlorination residue of the M sample at 700 °C. The XRD pattern of this
solid (Fig. 5) shows the presence of calcium and magnesium chlorides
(JCPDS 53–260 and 70–385), which are the products of the chlorination

image of Fig.�4
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Table 4
Contents of iron, expressed as Fe2O3, in the chlorination residues of the M sample at
different temperatures and periods of 120 min.

Temperature (°C) Fe2O3 (w/w%) Extraction (%)

20 2.5 –

600 2.46 1.6
700 0.58 76.8
800 0.37 85.2
900 0.29 88.4
1000 0.27 89.2
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of lime and periclase (reactions (3) and (4)):

CaO þ Cl2ðgÞ→CaCl2 þ 0:5O2ðgÞ ð3Þ

MgO þ Cl2ðgÞ→MgCl2 þ 0:5O2ðgÞ: ð4Þ

The chlorides shown in Fig. 5 are hydrated because they suffer a hy-
dration process after being extracted from the reactor.

The chlorination of lime and periclase then continues until 1000 °C,
according to the data previously reported by Orosco et al. [22], who ob-
served during the dolomite chlorination amass increment between 800
and 1000 °C due to the production of CaCl2 and MgCl2.
3.4.2. Stage 2: synthesis of cordierite
Cordierite synthesis occurs through two steps. In the first, MgCl2

and O2, generated by chlorination of periclase and lime, react with
metakolinite produced by kaolinite decomposition, forming mullite
and enstatite:

3=4Al2O3 ˙
2SiO2 þ MgCl2ðlÞ þ 1=2O2ðgÞ→1=4ð3Al2O3 ˙

2SiO2Þ þ MgSiO3 þ Cl2ðgÞ:
ð5Þ
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Fig. 6. Diffractograms of the chlorination residue of the M sample at different
temperatures and periods of 120 min.
Subsequently, mullite and enstatite react with Cl2 and produced
cordierite, liquid MgCl2 and O2:

2=5ð3Al2O3 ˙
2SiO2Þ þ 11=5MgSiO3 þ Cl2ðgÞ→3=5Mg2Al4Si5O18 þ MgCl2ðlÞ þ 1=2O2ðgÞ:

ð6Þ
The occurrence of the reactions (5) and (6) has been verified by the

diffractogram of the residue corresponding to the calcined sample at
700 °C (Fig. 4c). The figure shows the phases generated in the products.
Mullite (JCPDS 89–2813), enstatite (JCPDS 76–2426) and cordierite
(JCPDS 89–1487) phases can be observed in this figure, which confirms
the proposed reaction mechanism for the synthesis of cordierite.

The synthesis of cordierite continues until thefinal investigated tem-
perature. This can be inferred by comparing the diffractograms of the
chlorination residues of the M sample, obtained between 700 and
1000 °C (Fig. 4c and e) since when the temperature increases the inten-
sity of typical peaks of cordierite also increases.

At 700 °C the reactions (5) and (6) are possible due to the presence
of CaCl2, which changes the state of aggregation of MgCl2. This assump-
tion is based on the diagramof phases corresponding toMg and Ca chlo-
rides [24], which indicate that theMg and Ca chlorides form an eutectic
mixture with a point of fusion of 620 °C. Then, liquid MgCl2 reacts with
metakaolinite to yieldmullite and enstatite (reaction (5)), which in turn
react with chlorine to form cordierite (reaction (6)).
3.5. Fifth zone of mass change (710-800 °C)

The mass changes produced in this mass loss zone are due to two
phenomena which are discussed below. The first one is the production
of MgCl2 and CaCl2 as a consequence of chlorination of periclase and
lime, respectively. The second one is produced by the volatilization of
FeCl3 formed during hematite chlorination:

1=3Fe2O3 þ Cl2ðgÞ→2=3FeCl3ðgÞ þ 1=2O2ðgÞ: ð7Þ
Previous studies related to the reactivity of hematite with Cl2

[19–21] have shown that the reaction starts at around 700 °C. The
data from the iron analysis performed by XRF on the chlorination resi-
dues of the M sample at different temperatures and a reaction time of
5 min (Table 3), corroborate this phenomenon. According to the results
obtained, it can be noted that a considerable extraction of Fe2O3 is pro-
duced between 700 and 800 °C. This is due to the fact that the hematite
is being completely eliminated of the mixture in the form of FeCl3
(g) [20,21].

Themass loss observed in the thermogramof this region proves that
hematite chlorination (reaction (7)) rate is higher than that of periclase
and lime (reactions (3) and (4)).
3.6. Sixth zone of mass change (800–1000 °C)

The sixth region of mass change, which can be seen in the chlorina-
tion thermogram of the sample, shows a slight mass loss. This is due to
the fact that the chlorination reaction of the Fe (III) oxide adsorbed on
the surface of kaolinite (reaction (7)), prevails over the production of
MgCl2 and CaCl2 (reactions (3) and (4)). The reaction between this

image of Fig.�6
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iron oxide and Cl2 has been previously observed during the
deferrication of clays at temperatures between 800 and 1000 °C [20,21].

The content of iron in the residues of the M sample chlorinated at
800 and 1000 °C wasmeasured by XRF (Table 3). The data obtained in-
dicate that iron extraction in this temperature range is lower than the
produced between 700 and 800 °C. These results can be explained tak-
ing account that the Fe (III) oxide is difficult to remove completely, since
it is strongly adsorbed on the surface ofmineralswith laminar structure.
3.7. Conditions for selective formation of cordierite

The selective production of cordierite and the temperature range of
synthesis have been experimentally deduced by chlorination assays of
the M sample at different temperatures and a reaction time of 120 min,
with a Cl2/N2 (50% v/v) flow, rate of 100 ml/min. The diffractograms of
the chlorination residues are presented in Fig. 6.

Fig. 6a to c shows that in the temperature interval between 700 and
900 °C the phase generated is only cordierite, which confirms the selec-
tive formation of cordierite.

At 1000 °C CaCl2 reacts with cordierite, thus producing anorthite,
vitreous silica and MgCl2, according to the following reaction:

CaCl2ðlÞ þ 1=2Mg2Al4Si5O18→CaAl2Si2O8 þ 1=2SiO2 þ MgCl2ðgÞ: ð8Þ
The reaction (8) occurs as consequence of partial volatilization of the

MgCl2. This chloride can volatilize since it has a vapor pressure of
0.0097 atm at this temperature [23]. In the flow system used in this
work, the volatile MgCl2 leaves the reaction zone entrained by the chlo-
rine stream, favoring the chlorination reaction of cordierite, and the
Fig. 7. SEM micrograph corresponding to particles of the M sample calcined in Cl2/N2: (a)
(c) calcination at 700 °C for 120 min, and (d) calcination at 900 °C for 120 min.
formation of more volatile MgCl2. Moreover, quartz coming from the
initial sample, and vitreous silica which is a product of reaction (8),
are transformed into cristobalite. These phenomena are corroborated
by the diffractogram of Fig. 6d, where anorthite (JCPDS 76–948) and
cristobalite (JCPDS 77–1317) phases appear.

The data of extraction of iron corresponding to the chlorination as-
says performed in the conditions mentioned below are showed in
Table 4.

According to these results, the optimum temperature of chlorination
aimed to synthesize cordierite from dolomite and kaolinitic clay is
900 °C; this is because at this temperature, an efficient remotion of
iron is achieved, and the chlorination of cordierite does not occur.

Purity of cordierite was determined applying the RIR (relative inten-
sity ratio) method by using the diffraction data of the solid obtained
after washing and filtering the sample chlorinated at 900 °C for
120 min.

The results indicate that the purity of cordierite is 65%; this due to
the fact that quartz originally contained inM remains in the chlorinated
residue.

The yield of the reaction, with respect to solid reactants, was esti-
mated through Eq. (9):

Y %ð Þ ¼ MFPC
M WK þWDð Þ

� �
� 100 ð9Þ

Where Y is the yield of reaction (%); MF is the mass of the washed
and filtered residue (g); PC is the purity of cordierite; M is the mass of
M (g); WK is the content of kaolinitic clay in M (mass fraction) and
WD is the content of dolomite in M (mass fraction).
calcination at 700 °C for 5 min, (b) amplified image of the particle marked in Fig. 1a,

image of Fig.�7


Table 5
EPMA analysis, in atomic %, corresponding to particles present in Fig. 7.

Temperature
(°C)

Time
(min)

Mg Al Si O

T E T E T E T E

700 15 – – 38 34.74 13.18 15.32 48.82 48.51
120 8.31 8.60 18.45 24.19 24.01 27.49 49.23 39.72

900 120 8.31 9.64 18.45 18.12 24.01 28.78 49.23 43.47

T: Theoretical composition corresponding tomullite (Fig. 7b) and cordierite (Fig. 7c and d)
formulas.
E: Experimental data.
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The values of WK and WM were calculated using data from Tables 1
and 2.

The yield estimated by Eq. (7) is 45%, which means that 45 g of cor-
dierite is obtained from each 100 g of sample. The other products
formed are MgCl2(l), CaCl2(l), CO2(g), O2(g) and H2O(g).

Comparing the results of the different synthesis methods, it can be
infer that the chlorination process proposed in this work is as selective
as the processes of reactions in solid state [6–8] and glass crystallization
[5,12–14] and it is more selective than sol–gel [9], non-hydrolytic sol–
gel [4,10], and mechanical activation methods [11]. With respect to
energetic costs, this method is more economical than the glass crystalli-
zation method [5,12–14], since the latter requires a previous treatment
to melt the precursors and also, it is more economical than themethods
of reactions in solid state [6–8], sol–gel [9], non-hydrolytic sol–gel [4,
10], and mechanical activation [11] which need higher temperatures
to produce cordierite. Moreover, the chlorination of dolomite and kao-
linitic clay with chlorine required less amount of time that required
for all the processes mentioned above [4–14]. In yet another aspect,
the process of chlorination does not need expensive reagents as do the
sol–gel [9] and non-hydrolytic methods [4,10].

3.8. SEM and EPMA analysis performed on M sample calcined in Cl2/N2

With the aim of corroborating the results obtained through TG and
XRD, SEM and EPMA analysis on calcinedM sample in Cl2/N2 at temper-
atures of 700 °C and 900 °C and reaction times of 5 and 120 min were
carried out. SEM micrographs are shown in Fig. 7 and the results of
EPMA analysis performed on the particles shown in Fig. 7b, c and d
are presented in Table 5.

Fig. 7a shows SEM image of the product obtained at 700 °C and
5 min. An amplified image (Fig. 7b) of the particle shown in Fig. 7a re-
veals the presence of needle-shaped particles. The results of microanal-
ysis on particles marked with an arrow indicate that it is mullite, which
is one of the products of reaction (5). In Fig. 7c, an agglomerate of parti-
cles with heterogeneous shape and formation of pores is observed for
the solid chlorinated at same temperature and reaction time of
120 min. According to data obtained through EPMA, the composition
of the particles corresponds to that of cordierite. These results corrobo-
rate the mechanism proposed for synthesis of cordierite according to
Eqs. (5) and (6).

Fig. 7d shows an agglomerate of homogeneous particles and porous
for the product of the chlorination carried out at 900 °C and 120min. By
comparing Fig. 7c and d, it can be inferred that the porosity of the parti-
cles increases significantly with temperature in the range 700 to 900 °C.

4. Conclusions

1) The results of the chlorination assays of a mixture containing kaolin-
itic clay and dolomite with the ratio 70/30 (%w/w) have shown that
this process is an effective method to produce cordierite at 700 °C
and for a reaction time of 120 min. These conditions are below
those used in the current processes.
2) The cordierite formation reaction is absolutely selective between
700 and 900 °C.

3) The mechanism of cordierite formation is carried out in two steps.
First, the reaction between liquid MgCl2, O2 and metakaolinite, gen-
eratingmullite, enstatite and Cl2 (reaction (5)) occurs. Then, mullite
and enstatite are chlorinated producing cordierite, liquid MgCl2 and
O2 (reaction (6)).

4) The iron, present in the mixture as hematite, is removed between
700 and 800 °C for 120 min, and the Fe (III) oxide adsorbed on the
surface of kaolinite is eliminated until 0.25% w/w between 800 and
900 °C. There are no considerable changes in the extraction of iron
between 900 and 1000 °C. The results obtained by XRF indicate
that the removing of iron by chlorination is 88.4% w/w at 900 °C
and 88.9% w/w at 1000 °C.

5) The rise of chlorination temperature between 700 and 1000 °C pro-
duces a significant increase in the production of cordierite. More-
over, the optimum temperature of chlorination for cordierite
synthesis from the raw materials used in this work is 900 °C for
two reasons: at this temperature, the iron in the sample is efficiently
removed and porous cordierite is selectively produced.

6) The chlorination is a simple and selective process that employs
lower temperatures and short reaction times to synthesize
cordierite.
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