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Abstract Aluminum-pillared montmorillonites are useful

materials for their application as catalysts, adsorbents and

ceramic composites. The precursor is a pillared montmo-

rillonite that is not thermally stabilized. The precursor

preparation methods, textural properties and catalytic

activity have been extensively investigated, but compara-

tively, studies concerning their thermal transformations at

high temperature are limited. In this work, precursors were

prepared using two types of montmorillonites, Cheto (Ch)

and Wyoming (W), and using two different OH–Al poly-

mer sources: hydrolyzed (H) and commercial (C) solutions.

Structural and thermal transformations of the precursors

with heating up to 1200 �C were determined by X-ray

diffraction and thermogravimetric analysis. Thermal anal-

ysis of these precursors below 600 �C revealed the influ-

ence of OH–Al polymers from the two solutions. The

major phases developed at 1200 �C from the original

montmorillonites were mullite for W and cordierite for Ch.

The content of these phases depended on the aluminum in

the octahedral sheet of the pristine montmorillonites.

Amorphous phase, cristobalite, spinel, sapphirine and oth-

ers phases were also found. The intercalation of OH–Al

polymers in montmorillonites caused an increase in

amorphous content after treatment at 1030 �C; however, it

favored mullite development above 1100 �C. Although

total aluminum content of both W and Ch precursors was

similar, the transformation to mullite was directly related to

the octahedral aluminum/magnesium ratio. The phase

composition of the products at 1200 �C was not dependent

on the type of intercalated OH–Al polymers. The increase

in mullite content of the thermally treated precursors

contributes to its possible application as advanced ceramic

products.

Keywords Montmorillonite � Aluminum � OH–Al

polymers � Structural and thermal behavior

Introduction

Pillared interlayer clays (PILCs) are usually prepared by

calcination of precursors made of clay minerals interca-

lated with inorganic polyhydroxylated species of Al, Zr, Ti,

Fe, etc. [1, 2]. Thermal treatment of the precursor is per-

formed in the range of 350–750 �C depending on both the

type of clay and/or intercalated species. These products are

used in catalysis [3] and as adsorbents [1, 4].

The composition of the pillared clay becomes enriched

in the metal of the intercalated species and thus modifies

the physical properties and phases that are developed by

calcination. In particular, the effectiveness of the interca-

lation process, physicochemical and textural characteriza-

tion of the intercalated clay has been extensively

investigated by different techniques [5]. Structural char-

acterization of the precursor and PILCs is usually per-

formed using X-ray diffraction (XRD) [3], Fourier

transform infrared spectroscopy [6] and Mossbauer analy-

sis [7], including other specific techniques being applied

such as nuclear magnetic resonance [8], scanning electron

microscopy [9] and energy-dispersive X-ray spectroscopy

[9]. The thermal behavior of the precursors is commonly

examined by differential thermal analysis (DTA),
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thermogravimetry (TG) and/or differential scanning

calorimetry (DSC) up to 750 �C [10] where the transfor-

mation of intercalated metal hydroxylated species to metal

oxide occurs, which were caused by the interaction

between species and structural clay layer and the thermal

treatment. These reactions stabilize the linking between the

species and the clay structure [3]. When further heating at

high temperatures (1000–1300 �C) is conducted, a series of

transformations occur within the clay involving phases that

disappear and simultaneously others are formed [11].

The importance of the phase and microstructure evo-

lution in clays with temperature has been reported in

many studies [12–17]. The nature of the clay is the most

important factor controlling the transformations on heat-

ing. Moreover, due to the natural origin of clays, several

factors such as the chemical and mineralogical composi-

tion of the clay mineral, the presence of impurities

(quartz, feldspar, etc.) and structural defects influence the

formation of crystalline and liquid phases at high tem-

perature [15, 16].

Montmorillonite, a clay mineral belonging to the

smectite group, is commonly used as starting material for

the syntheses of pillared clays [3]. Smectite is a hydrated

aluminum silicate having a layered structure of the 2:1 type

which is constituted by one aluminum octahedral sheet

between two tetrahedral silica sheets (T–O–T). In both

tetrahedral and octahedral sheets, the isomorphic replace-

ment of Si?4 and Al?3 cations, respectively, can take place

generating negative charges in the layer. These charges are

compensated by exchangeable cations such as Na?, K?,

Ca2?, Mg2?, etc. in the interlayer spacing.

In general, transformation to mullite from aluminosili-

cates has been specially considered because mullite is a

ceramic component of traditional and advanced ceramic

products with important characteristics including high

mechanical properties [12]. For smectites, mullite trans-

formation is directly related to the aluminum content of the

structure [11].

The aim of this work was to study the thermal and

structural behavior of precursors prepared from montmo-

rillonites and pillaring solutions after heating up to

1200 �C. We focused on the influence of clay mineral

composition and type of solution on the thermal transfor-

mations and crystalline phases developed by thermal

treatment in a range of temperature of 1000–1200 �C.

Specifically, the precursors were prepared from two dif-

ferent montmorillonites intercalated with two types of

aluminum polymeric species solutions. We examined their

thermal transformations by DTA–TG and the crystalline

phases developed with thermal treatment by XRD. The

results obtained were compared with those of the pristine

montmorillonite.

Experimental

Two montmorillonitic clays, namely a Wyoming (W) and a

Cheto (Ch) types, were used as starting materials for the

preparation of intercalated clays. As described in a previ-

ous work, both clays contain montmorillonite as principal

clay mineral, with low amounts of quartz and feldspars.

These clays have different aluminum content, i.e., 17.6 and

14.6 mass% Al2O3 in W and Ch, respectively. The struc-

tural formulae of the montmorillonites are: Si3:94AlIV
0:06

� ��

ðAlVI
1:36Fe0:06Mg0:60ÞO10 OHð Þ2� and Si3:91AlIV

0:09

� ��
AlVI

1:61

�

Fe0:13Mg0:26ÞO10 OHð Þ2� for the Ch and W, respectively

[18]. The first term in parenthesis of the formula indicates

the chemical composition of the tetrahedral sheet, while the

second parenthesis corresponds to the octahedral sheet of

montmorillonite.

Two OH–Al solutions with different amounts and types

of OH–Al polymers were used for intercalating the mont-

morillonites. Solution H was prepared by partial neutral-

ization of a 0.1 M AlCl3 solution with 0.1 M Na(OH) and

aged at room temperature for 4 days [19]. This solution

consists mainly of OH–Al polyhydroxycations with Al13
?7

structure and a low proportion (\5%) of Al ions as

monomers. The solution C was obtained by dilution with

distilled water of a commercial concentrate solution

(6.0 M; Tort Valls S.A., Argentina) up to 0.1 M Al and

aged for 7 days at room temperature. This solution contains

a large proportion of slow-reacting polymers that have a

molecular structure similar to gibbsite [18–20].

The OH–Al–montmorillonite was synthesized by an ion

exchange reaction. The clay was dispersed in water

(2 mass%), and subsequently, the polymeric OH–Al solu-

tion was slowly added to this suspension while maintaining

a constant stirring. The added Al amount was

3.25 mmolAl g-1 clay. After 24 h in contact, the solid was

separated by centrifugation and washed several times to

remove the electrolyte excess. The precursors obtained this

way were named according to the type of aluminum source

(i.e., H or C polymeric solutions) and clay (i.e., W or Ch),

as shown in Table 1.

Table 1 Starting materials and denomination of the precursors

Precursor Starting materials

Montmorillonite OH–Al polymers

Chah Cheto H solution

Chac Cheto C solution

Wah Wyoming H solution

Wac Wyoming C solution
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Gravimetric and differential thermal analyses (TG–

DTA) up to 1000 �C were performed with a Netzsch 409

equipment using a-Al2O3 as reference at a heating rate of

10 �C min-1. The thermal treatment of the pristine clays

and precursors was carried out in an electric furnace at a

heating rate of 5 �C min-1 up to 1030, 1100 and 1200 �C
for 2 h. The identification of crystalline phases and the

structural characterization of the pristine clays, precursors

and heated products were carried out by XRD using a

diffractometer Philips with goniometer 3020 and PW3710

controller with radiation of Cu-Ka and Ni filter in the range

of 3�–70�(2h). Al2O3 content in mullite was calculated for

heated products at 1200 �C, according to Ban and Okada

method by evaluating the 220 and 111 reflections ratio (as

integrated area) [21].

Results and discussion

Characterization and thermal analysis

up to 1000 �C of pristine and precursor samples

Previous studies have demonstrated that the cation

exchange reaction in natural clay mineral consists in the

replacement of the natural interlayer cations by the treated

cations [22]. Consequently, the interlayer spacing of the

clay can be modified. Figure 1 shows that the interlayer

spacing of Ch montmorillonite shifted from 13.9 to 19.6 Å

for Chah and to 21.0 Å for the Chac material after treating

with H and C polymeric OH–Al solutions, respectively.

Similarly, W montmorillonite interlayer spacing shifted

from 15.6 to 19.4 Å for Wah and to 20.5 Å for Wac.

The increase in the interlayer spacing indicated the

successful intercalation of the OH–Al complexes in the

clay minerals and the different values between treatment

using H and C solutions were attributed to distinctive OH–

Al species present in the solutions [23]. According to

Aceman et al. [24], in the first stage of the adsorption of the

Keggin ion species into the clay mineral layer, these ions

can dissociate into smaller units and monomeric aluminum.

This monomeric aluminum is preferentially adsorbed.

The chemical analysis results indicated that initial alu-

minum content (Ali) of pristine Ch and W was 2.90 and

3.45 mmol g-1, respectively, and increased after the

exchange reaction with Al. Each montmorillonite retained

different amounts of aluminum (Alr): 2.39 and

2.03 mmolAl g-1 after treating with H solution and 2.34

and 2.26 mmolAl g-1 using the C solution, respectively

(Table 2). The higher values of Alr in Ch montmorillonite

(2.39 and 2.34 mmolAl g-1) respect to those of W mont-

morillonite (2.03 and 2.26 mmolAl g-1) were attributed to

the higher initial exchangeable cation capacity of this

sample (i.e., Ch 110 meq/100 g and W 97 meq/100 g)

[18]. An interesting feature was that the total aluminum

after OH–Al treatment (Alt) was similar for both clays, in a

range of 5.24–5.71 mmol g-1. Taking into account that

magnesium is present in the octahedral sheet, Table 2 also

includes the calculated Al–Mg molar ratio of pristine

samples. As expected, these ratios increased after OH–Al

treatments from 2.3 for Ch and 5.94 for W to *4.16–4.2

for Al-treated Ch and to *9.45–9.85 for Al-treated W.

DTA curves of precursors are shown in Fig. 2. Tem-

perature of the endothermic and exothermic peaks of the

curves for precursors and pristine montmorillonites is given

in Table 3. The temperature of the first endothermic peak

corresponding to the loss of interlayer water was 174 �C
for natural Ch and 142 �C for the W clay. The difference

between them is related to the type of predominant cation

present in the interlayer spacing [18]. The second

endothermic peak was centered at 653 �C for Ch and

712 �C for W and represents the dehydroxylation of the

structure of the clay minerals. The corresponding third

endothermic peak was observed at 881 and 916 �C and

resulted from the structural collapse (breakdown) of clay

structure [25]. The exothermic peaks near 900 and 950 �C
are attributed to the formation of new phases.

DTA curves in Fig. 2 show that the dehydration tem-

perature was displaced after treatment using H solution to

136 �C for Ch and to 152 �C for W montmorillonites

(Table 3) and those temperatures for precursors obtained

from solution C appeared at 166 and 129 �C. These

changes were caused by the presence of higher amounts of

aluminum. Table 3 also shows a significant reduction in

dehydroxylation temperature for both precursors. Probably,

chemical bonds between Al pillars and montmorillonite

2 4 6 8 10 12 14

2-θ/°

15.6

13.9

21.0

19.4

19.6

20.5

W

Wah

Wac

Chac

Chah

Ch

Fig. 1 XRD patterns: interlayer spacing (Å) of pristine montmoril-

lonites and precursors
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layer can be formed via thermal treatment up to 500 or

600 �C as it has been studied by Volzone and Garrido [26]

and Aceman et al. [27, 28], respectively.

Dehydroxylation temperature in DTA diagrams mark-

edly differed between precursors obtained from H and C

(Fig. 2, Table 3). In the first case, an endothermic broad

band centered at 440 �C is also observed. As mentioned

above, intercalated Al species produced a shift to lower

temperature in the structural OH loss of the precursors

compared with the pristine samples (Table 3). The reduc-

tion in the dehydroxylation temperature is coincident with

that reported in previous studies [2] by transforming a

pillared saponite to enstatite and silica.

T–O–T layer charge of the dioctahedral smectites

coming from tetrahedral substitution of Si by Al and/or

octahedral substitution of Al by Mg and/or Fe affects the

clay mineral surface properties. Aceman et al. [24, 27, 28]

have studied the mechanism of Al pillaring of different

smectites types (montmorillonite, beidellite, saponite,

hectorite and laponite) up to 600 �C. They found that Al

tetrahedral substitution in smectites (such as beidellite)

increases the strength of hydrogen bonds between either

water or interlayer polyhydroxy cation and the clay mineral

surface.

On the other hand, smectites with octahedral charge

(montmorillonite) exhibit more extensive interlayer

hydrolysis than those with mainly tetrahedral charge. In

this work, both montmorillonites have low tetrahedral

charge contribution (1.5% for Ch and 2.2% for W) and

important contributions of octahedral charge (32.0% for Ch

and 19.5% for W). Thus, we consider that the influence of

the octahedral substitutions on the clay minerals studied in

these work is more important than the basicity associated

with the surface of their tetrahedral layers.

Table 4 shows the mass losses observed in TG curves

(not shown) for all samples. For precursors prepared with

solution C, a continuous mass loss up to 600 �C was

associated with the dehydroxylation as it was observed in

DTA diagram. Mass loss due to dehydroxylation of pre-

cursors obtained using solution H occurred in two stages.

This revealed the presence of distinctive Al species from

those contained in the intercalated clays prepared from

solution C [18] and their specific interaction with the

structure of each montmorillonite. This could suggest that

water loss from Al species intercalated using commercial

solution possibly had interactions with a variation greater

in associated energy. According to an earlier study [23], the

Table 2 Aluminum and magnesium contents calculated from chemical analyses

Pristine/mmol g-1 H solution/mmol g-1 C solution/mmol g-1

Mg Alt Alt/Mg Alr Alt Alt/Mg Alr Alt Alt/Mg

Ch 1.26 2.90 2.30 2.39 5.29 4.20 2.34 5.24 4.16

W 0.58 3.45 5.94 2.03 5.48 9.45 2.26 5.71 9.85

200 400 600

Temperature/°C

800 1000

Wah

Chah

Wac

Chac

E
nd

o
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nd

o
E
xo

E
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Fig. 2 DTA diagrams of the precursors

Table 3 Endo- and exothermic peaks of pristine montmorillonites and precursors

Sample Endo

dehydration/�C
Endo dehydroxylation Al

species/�C
Endo dehydroxylation

montmorillonite/�C
Endo structural

collapse/�C
Exo

restructuring/�C

Ch 174 – 653 881 905

Chah 136 440 653 891 947

Chac 166 – 620 898 946

W 142 – 712 916 951

Wah 152 442 671 890 928

Wac 129 – 655 892 929
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types of intercalated Al species do not interact uniformly

with the clay surface. The retention of Al species on the

clay surface and between clay layers is controlled by the

nature and basicity of the intercalating species in the

solution as well as the heterogeneity of the surface sites of

clays. Previous results about deintercalation of Al polymers

in clays by an ion exchange reaction with NaCl indicated

that the Al species have different affinity with the mont-

morillonite and differences exist in their trend to form

gibbsite during aging [18]. A similar situation is found for

the low temperature reactions of montmorillonites, at

which water molecules held with interlayer cations are

released on heating. As water molecules are strongly

bonded due to interactions with exchangeable cations, a

higher dehydration temperature is necessary for their

removal. The total mass loss of the precursors prepared

with solution C was higher for both types of montmoril-

lonite. This increase was attributed to a higher proportion

of OH–Al of such species, and result was consistent with

the presence of gibbsite in the samples (see peak gibbsite in

DTA at 300–330 �C). No observable mass changes after

800 �C were found.

Phase evolution of pristine montmorillonite

and precursors with heating temperature

up to 1200 �C

Phase development in pristine montmorillonites

Table 5a, b and Figs. 3–5 show the phases developed from

pristine and precursors thermally treated at 1030, 1100 and

1200 �C.

As mentioned above, pristine Ch clay is constituted by

montmorillonite as main phase and low quartz and feldspar

as impurities [29]. At 1030 �C, the heated product mainly

consisted of a new aluminum magnesium silicate phase,

Al2MgO12Si4; scarce cristobalite, SiO2; residual feldspar

(anorthite, CaAl2Si2O); and quartz, SiO2. Reflections of

Al–Mg silicate disappeared at 1100 �C as cordierite,

2MgO�2Al2O3�5SiO2; and cristobalite developed. These

phases were the major constituents of the samples calcined

at 1200 �C, together with scarce anorthite and quartz as

minor components.

For W heated at 1030 �C (W1030), high amorphous

content (evidenced a broad band centered at *22�(2h)), as

well as spinel, scarce mullite and cristobalite formed,

accompanied by residual quartz (in a higher amount than

that of Ch1030) and feldspars (orthoclase, KAlSi3O8 and

albite, NaAlSi3O8). At 1100 �C, intensity of orthorhombic

mullite (i.e., orthorhombic crystal structure, 3Al2O3�2SiO2)

and cristobalite reflections significantly increased, whereas

those of a spinel-type phase reduced and little quartz and

traces of feldspar (orthoclase) remained. Sample calcined

at 1200 �C (W1200) mainly consisted of mullite and

cristobalite, with additional phases such as cordierite and

sapphirine (stoichiometric 4MgO�5Al2O3�2SiO2) while

spinel disappeared, and quartz reduced in comparison with

W1100.

XRD patterns (Fig. 3a, b) confirmed the structure

breakdown of montmorillonite in samples treated at

1030 �C in agreement with results obtained by DTA–TG

(Table 3).

Significant differences in structural transformation of

pristine clays were found. For Ch clay (Figs. 3a–5a), Al–

Mg silicate formed at 1030 �C probably as intermediate

(not detected by XRD at higher temperatures) for trans-

formation to cordierite and cristobalite, whose contents

gradually increased by heating to 1200 �C.

For W clay (Figs. 3b–5b), a spinel-type phase initially

appeared at 1030 �C, accompanied with cristobalite. At

1100 �C, the reflections of those phases grew and mullite

was formed. Heating up to 1200 �C caused the disappear-

ance of the spinel phase, while mullite and cristobalite

contents continued to grow.

These results may be explained by the difference in

chemical and structural composition of montmorillonites as

evidenced from their structural formulae (mentioned

above). Thus, the sequence of phase transformations at

high temperature determined in the present work is con-

sistent with that reported previously for smectites

[11, 13, 14, 30] involving destruction of the clay structure

and recrystallization to new phases. This would occur by

Table 4 Mass loss/% up to 1000 �C of pristine montmorillonites and precursors

Sample 25–240 �C/% 241–600 �C/% 601–800 �C/% 801–1000 �C/% Total loss/%

Ch 14.2 1.6 2.4 – 18.2

Chah 11.9 6.2 1.5 – 19.6

Chac 16.0 4.5 1.1 – 21.6

W 10.6 0.9 3.8 – 15.2

Wah 10.8 3.8 1.6 – 16.2

Wac 13.5 3.8 2.1 – 19.4
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the formation of a liquid phase rich in Si (involving con-

stituents of the tetrahedral layer) and subsequent reorga-

nization of the octahedral layer of the structure of

dehydroxylated clay. Therefore, the constituents of the

tetrahedral sheet of montmorillonite as well as alkalis, iron,

etc. would form a silica-rich liquid phase from which

cristobalite would grow at temperatures above 1030 �C.

Additionally, Mg, Al and Fe associated with the octahedral

layer take part in the spinel formation. However, phase

transformation sequence has not been well established

because it is dependent on the structure and composition of

each specific clay and, also, dependent on other factors

such as the impurities present [17].

Phase development in Al-treated montmorillonites

The Chah1030 and Chac1030 samples (Fig. 3a) were

mainly composed of non-crystalline phase (XRD amor-

phous) coexisting with crystalline phases, such as spinel,

Al–Mg silicate and cristobalite. At 1100 �C (Fig. 4a),

abundant cristobalite and orthorhombic mullite appeared

for Chah1100; scarce sapphirine and cordierite were also

present. At this temperature, Chac1100 contained tetrago-

nal mullite (i.e., high alumina mullite having a tetragonal

structure, 2Al2O3�SiO2) with fewer amounts of cristobalite

and spinel. Since the Alt content was almost the same, this

result could be attributed to the presence of different OH–

Al species intercalated in both precursors. Considering that

chemical composition of mullite obtained by thermally

treated gels has been related with local heterogeneities in

composition [31], the tetragonal mullite formed in

Chac1100 would indicate that a large heterogeneity in

polymers arrangements occurred in this sample. At

1200 �C (Fig. 5a), the content of crystalline phases such as

mullite, cordierite and cristobalite increased, and sap-

phirine began to develop. Quartz remained even at

1200 �C. Thus, development of mullite, cristobalite and

cordierite began at a lower temperature for Chah than that

of Chac due to different OH–Al polymers present in the

two pillaring solutions studied. The amorphous phase,

spinel and Al–Mg silicate gradually disappeared with

thermal treatment at higher temperatures. The nature and

relative content of minor components present in the heated

Ch products also depended on the pillaring solutions used.

Table 5 Phases developed in pristine montmorillonite and precursors after heating at 1030, 1100 and 1200 �C

Ch Chah Chac

1030/�C 1100/�C 1200/�C 1030/�C 1100/�C 1200/�C 1030/�C 1100/�C 1200/�C

(a) Ch

Feldspar ?? ?? ? – – – – – –

Quartz ? ? ? ? ? ? ? ? ?

Cristobalite ?? ???? ???? ? ???? ???? ? ? ????

Al–Mg silicate ???? – – ? – – ? – –

Cordierite – ??? ???? – ? ?? – – ?

Sapphirine – – – – ? ? – – ??

Spinel – – – ?? – – ?? ? –

Mullite (o) – – – – ?? ??? – ???t ??

Amorphous – – – ??? – – ??? – –

W Wah Wac

1030/�C 1100/�C 1200/�C 1030/�C 1100/�C 1200/�C 1030/�C 1100/�C 1200/�C

(b) W

Feldspar ? ? – – – – – – –

Quartz ?? ? ? ?? ? ? ?? ? ?

Cristobalite ?? ??? ???? ? ??? ???? ? ??? ????

Cordierite – – ? – – ?? – – ??

Sapphirine – – – – – ? – – ?

Spinel ? ?? – ?? ?? – ?? ? –

Mullite (o) – ? ?? ? ?? ??? ? ?? ???

Amorphous ??? ?? ?? ??? – – ??? – –

????, abundant; ???, high; ??, moderate; ?, low
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Precursors prepared from W heated at 1030 �C (i.e.,

Wah1030 and Wac1030 samples) also contained relevant

amorphous phase, but formation of spinel and quartz in a

higher proportion regarding to that of cristobalite was

observed (Fig. 3b). For this montmorillonite, the first

development of orthorhombic mullite occurred at tempera-

tures as low as 1030 �C for both precursors obtained from H

and C solutions. The intercalation of OH–Al polymers

originated the formation of low amounts of Al–Mg silicate in

Ch clay and promoted spinel phase in W sample after heating

at 1030 �C. This indicated a reaction between the interca-

lated Al compounds and the montmorillonite structure.

Figures 3 and 4 show significant structural modifications

from amorphous to more crystalline structure (well-defined

XRD peaks) for all precursors treated at 1100 �C in com-

parison with those treated at 1030 �C. Wah1100 and

Wac1100 (Fig. 4b) exhibited similar phase compositions

(cristobalite, mullite and low amount of spinel and quartz),

and mullite achieved a comparatively higher content with

that of the pristine clay (W1100). Moreover, significant

differences in phase composition between Al-treated Ch

and Al-treated W clays existed (Fig. 4), where cordierite

and sapphirine were present in Chah1100 but not detected

in Wah1100, in which mullite and cristobalite predomi-

nated. This result is attributed to the high magnesium

content in octahedral sheet in Ch respect to W montmo-

rillonite (see structural formulae). On the other hand, Al–

Mg silicate, a delay in cordierite growth, and formation of

new phases such as sapphirine, spinel and mullite were

observed in OH–Al-treated and heated product of Ch,

respect to pristine Ch.
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at 1030 �C. a Ch; b W
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at 1100 �C. a Ch; b W
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Figure 5 shows that, in all cases, Al species intercalated

on clays favored the transformation to mullite at 1200 �C.

In the precursors obtained from the Ch clay (Fig. 5a),

this increase in mullite content was accompanied with a

slight increase in cordierite content. Nevertheless, the

amount of cordierite developed at this temperature was

smaller than in pristine Ch. Transformation to mullite from

the W precursors was significantly enhanced with thermal

treatment, at this temperature Cristobalite content also

increased, and, in minor amounts, sapphirine and cordierite

were formed (Fig. 5b).

Since mullite can crystallize with a variable chemical

composition, the Al2O3 content of the mullite obtained

from all precursors heated at 1200 �C was determined. The

contents calculated were 62% for Chah1200 and 53% for

Wah1200, and the values were 63 and 55% for Chac and

Wac samples, respectively. This indicated the slight

influence of different Al polymers intercalated on mullite

composition. For W samples, the anomalous Al2O3\ 60%

(present in nominal mullite 3Al2O3�2SiO2) suggested that

octahedral Fe (as indicated in the W montmorillonite

structural formula) formed a solid solution with mullite.

Conclusions

Thermal and structural transformations up to 1200 �C of

two Aluminum-pillared montmorillonite precursors pre-

pared from Ch and W montmorillonite types were ana-

lyzed. The influence of different OH–Al polymer solutions

as Al sources on phase evolution with temperature of

precursor samples was determined and compared with their

corresponding natural samples.

Cordierite or mullite accompanied with cristobalite as

major phases was developed at high temperature in pristine

montmorillonites, depending on amount of Al or Mg in

structural composition. Similarly, Al–Mg silicate or spinel

types were intermediate phases that gradually disappeared

at 1200 �C.

Intercalation of aluminum species in these montmoril-

lonites caused an increase in amorphous content after

heating at 1030 �C, respect to the non-treated montmoril-

lonites. However, transformation to mullite from precur-

sors began approximately at 1030 �C with a relevant

increase in mullite content at 1200 �C. These results yield

promising features for the potential use of these precursors

as an alternative source for the obtention of ceramic

materials with high mullite content.

The Ch precursor with Al-to-Mg molar ratio of 4.2

developed mullite with cordierite and sapphirine as minor

compounds at 1200 �C. These phases were not present in

the heated pristine Ch sample. Heated precursor derived

from commercial pillaring solution first formed tetrahedral

mullite (rich in alumina), but further heating at 1200 �C
transformed it to an orthorhombic phase. For W precursor

with Al-to-Mg molar ratio of 9.5, higher amounts of

orthorhombic mullite with scarce cordierite were found in

comparison with the pristine W montmorillonite.

Although the aluminum total contents of both W and Ch

precursors were similar, the transformation to mullite was

significantly enhanced in W precursor. This result indicated

that the reaction to mullite was mainly affected by the

composition of the octahedral layer of montmorillonite,

being the role of the total aluminum content less relevant.

Phase composition at 1200 �C was independent on the

type Al-pillaring solution used for each montmorillonite.

However, the influence of intercalated OH–Al polymers on

dehydration and dehydroxylation processes at low tem-

perature was more relevant than compositional and struc-

tural effects.
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13. Önal M, Sarıkaya Y. Thermal behavior of a bentonite. J Therm

Anal Calorim. 2007;90(1):167–72.
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