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Abstract

A Zr-modified bentonite (B-OHZr) obtained by intercalation of OH-Zr species was obtained, and its thermal transformations
at > 800 °C were studied. Raw clay and B-OHZr were characterized by X-ray diffraction, thermogravimetric and differential
thermal analysis, and its sintering behavior was studied by hot-stage microscopy. Two Zr-based phases—tetragonal zirconia
and zircon—were observed in thermally treated B-OHZr with a sharp decrease in amorphous glassy phase in comparison with
the parental clay. An increase in refractoriness was observed in B-OHZr, enabling the sintering of samples up to 1300 °C,
while the parental clay bloated and deformed with thermal treatment. The Zr interlayering enhanced the refractoriness at
high temperatures of the parental clay, eliminating thermal expansion (bloating) and enabling sintering at 7> 1000 °C. The
observed features and thermochemical processes enlighten the temperature usage range of these kinds of materials. Finally
these results yield promising features for potential use of these clays for the preparation of ceramic materials with zircon

content.
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Introduction

Montmorillonite (Mt) is a 2:1 type clay mineral which
belongs to the smectite group. Mt has a characteristic two-
dimensional structure, where an aluminum octahedral
sheet is sandwiched between two silica tetrahedral sheets
[1, 2]. Si** and AI™ cations in the tetrahedral and octahe-
dral sheets, respectively, can be isomorphically replaced,
thus generating negative charges in the layer. Cations in the
interlayer spacing, such as Na*, K*, Ca*?, Mg*2, compen-
sate these negative charges. The cation exchange capability
of these clays, i.e., the replacement of these cations with
other species, enables the possibility of Mt-derived com-
posites with a wide array of applications, such as additives
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in drilling fluids, as hosts for drug delivery, as supports for
catalyst, to name a few of them [3-6].

An important application of this type of clay, after inter-
calation with inorganic polyhydroxylated species and ther-
mal treatment, is the preparation of pillared interlayered
clays (PILCs). Inorganic species include, among others, Al,
Zr, Ti and Fe [7-10]. Thermal treatment of these intercalated
species is performed at 350-750 °C, with this temperature
depending on the type of clay, the intercalated species and
the intercalation procedure. PILCs have a wide array of uses
in catalysis and adsorbents due to their high specific surface
and thermal stability [8, 11, 12].

As expected, the chemical composition of the interlay-
ered clay (precursor) increases its content of the interlay-
ered specie, which modifies not only its textural properties,
but also affects its thermal behavior and other properties.
Characterization of these materials is mainly done using 4
techniques—X-ray diffraction (XRD), nitrogen adsorption,
infrared spectroscopy and nuclear magnetic resonance—
assisted by many other techniques (to a lesser extent) [13].
Thermal behavior is analyzed by differential thermal analy-
sis, differential scanning calorimetry and thermogravimetry
up to 750-850 °C, temperature at which a series of reac-
tions transforms the metastable polycations into stable oxy-
hydroxide phases, “bridging” the interlayered species and
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the clay layer, giving the materials a good thermal resistance
while maintaining a high specific surface [13, 14]. How-
ever, further heating at higher temperatures causes the col-
lapse of such bridges and the loss of the characteristic clay
mineral structure. This collapse is not well described, as in
the present work we pretend to contribute to understand its
principal features.

Although the collapse of the clay mineral structure causes
a loss of the specific surface in PILCs, interesting features
arises because of the thermal treatment at high tempera-
tures. For example, Al-pillared montmorillonites develop
crystalline phases with important technological properties,
such as mullite which has a good mechanical properties even
at high temperatures; and cordierite, which, although has a
lower mechanical resistance, has higher capacity as a ther-
mal insulator [15, 16]. This type of clay has shown good
properties for its use as ceramic coatings [17]. To the best of
our knowledge, other Zr-based PILCs have not been studied
after thermal treatment at > 1000 °C. One of such PILCs is
the Zr-pillared clays, which could develop interesting Zr-
based crystalline phases through thermal treatment; a higher
refractoriness can be presumed. The thermal behavior of
the oxide—clay mixture has not been reported as well. Mecif
et al. [18] have studied the interaction between three kaoli-
nitic clays with fine powdered zirconia (ZrO,) when ther-
mally treated, observing zircon (ZrSiO,) formation at tem-
peratures > 1200 °C. Zircon exhibits attractive properties,
such as resistance to alkali corrosion, low thermal expansion
coefficient (4.1 x 107 K1), low heat conductivity [18, 19].

This provides novel information about the thermal behav-
ior and physicochemical characteristics of the developed Zr
clay, mainly about the crystalline phases developed through
thermal treatment, which could enable to establish typical
usage limits and potential new uses for this type of clay.

The objective of this work was to study the thermal,
chemical, structural and sintering behavior of Zr-PILCs pre-
cursors prepared from an unpurified bentonite, thermally
treated at temperatures up to 1300 °C. The focus of this work
was the studying of the distinct features of Zr-PILCs at high
temperatures compared with those of its parent clay. Raw
precursor and bentonite were characterized by simultaneous
differential thermal analysis and thermogravimetry (DTA-
TG), X-ray fluorescence (XRF) and XRD. Thermal behav-
ior was assessed by a multi-technique approach, sintering
behavior was studied by hot-stage microscopy (HSM), and
crystalline phases developed at high temperatures were fol-
lowed by XRD and Rietveld refinement of thermally treated
samples. This will enlighten design strategies of these kinds
of materials.
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Materials and experimental procedures
Materials

The clay used in this work was a bentonite from the province
of San Juan, Argentina. This clay has been characterized in
previous works [20] and is composed mainly of montmo-
rillonite, with traces of quartz and feldspar. The structural
formula of the montmorillonite clay mineral in this sample
is [(Si3.04AL 6 ) (AL} 36Fe006M80.60) O10(OH), |

The Zr-based reagent used for the intercalated clay
was a partially hydrolyzed solution prepared from 0.1 M
of ZrOCl, aged for 1 day at 60 °C. It has been reported
that said solution consists of tetramers with the formula
[Zr,(OH),,(H,0),,]*%, in which two of the Zr ions have a
positive charge and the other two are neutral [21].

Synthesis of the Zr-intercalated bentonite

The preparation of the Zr-intercalated clay was carried out
as reported by Volzone and Hipedinger [21]. The bentonite
was contacted with the OH-Zr species solution mentioned
above for 24 h; the solid was washed with distilled water to
remove excess electrolytes. The material thus obtained, des-
ignated as B-OHZr, was allowed to dry at room temperature.
B-OHZr powder samples (M: 100) were thermally treated
in an electric oven at a heating rate of 5 °C min~! up to
1000, 1100, 1200 and 1300 °C for 1 h for further structural
analysis.

Raw characterization (XRF-XRD)

Powder XRD patterns of the raw clay and B-OHZr were
recorded using a diffractometer Philips with goniometer
3020 and PW3710 controller in the range of 3°-70° (26).
The measurements were taken at 40 mA and 40 kV with
CuKa radiation using a Ni filter.

TG/DTA analysis of B and B-OHZr was determined
using a Rigaku (Thermo Plus Evo, 220 V 50 Hz) simultane-
ous thermal analysis equipment using a-Al,O; as reference
at a heating rate of 10 °C min™! up to 1300 °C.

Sintering/thermal treatment (DTA-TG, hot-stage
microscopy)

Sintering studies of the samples were performed using a hot-
stage microscope (HSM). Cylindrical specimens (5 mm high
and 3 mm in diameter) were prepared by uniaxial pressing of
powdered B and B-OHZr. They were placed vertically on the
sample holder of the heating microscope oven (L74 Linseis)
and were synthesized with a heating ramp of 10 °C min~! up
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to 1300 °C. The temperature was recorded with a Pt—Rh type
S thermocouple. The images captured with the digital cam-
era in the microscope were configured in such a way as to
obtain a record of one shot per degree centigrade. Changes
of the cross-sectional surface area of the samples (S) in the
course of their heating compared with the cross-sectional
surface area (S;) of the samples at the starting temperature
were determined analyzing the digital images using the soft-
ware provided by the equipment.

Disc-shaped samples (18.0 mm diameter, 1.5 mm thick-
ness) of B and B-OHZr were uniaxially die pressed at
30 MPa with the addition of 1% mass of water, with a press-
ing displacement rate of 0.05 mm s~!.

The disc-shaped samples were employed for the sintering
study, with 5 °C min~! as heating rate and 120 min of pla-
teau at 950 and 1200 °C, respectively, in air atmosphere, in
an electric kiln. Porosity and density of the sintered samples
were employed as sintering parameters; textural properties
were measured by the Archimedes method.

Materials and methods

Chemical analysis of samples was done by X-ray fluores-
cence (XRF, Shimadzu 165 EDX800-HD). Initial and result-
ant crystalline phases were analyzed by XRD (Philips 3020
equipment) with CuKe radiation in Ni filter at 40 kV to
20 mA, with 260 between 3° and 70°, 2 s steps of 0.04°. The
XRD patterns were analyzed with the program FullProf (ver-
sion 4.90, July 2010) which is a multipurpose profile-fitting
program, including Rietveld refinement to perform phase
quantification. Formerly the phases were identified using
phase analysis software (X’Pert HighScore, version 2.1.2)
with the PDF-2 database (ICDD PDF-2). In particular, the
amorphous phase was quantified by the Le Bail method, in
which this phase is refined as a crystalline silica one with
extremely low crystallite size [22, 23].

Results and discussion

Composition and crystalline structure of B
and B-OHZr

The parental clay, B, was investigated in previous studies
[17]. The Zr-interlayered clay showed, besides an increase
in the amount of ZrO, present in the sample, a decrease in
CaO and NaO, content. Reduction of the interlayer cations
content (Ca?t and Na*) and increase in Zr content after
treatment with the OH-Zr solution suggest that the inter-
layer cations were displaced by the OH-Zr species in the
clay mineral [8, 24]. According to a previously reported
study [24], the species found in the solution are identified
as tetramers of the formula [Zr,(OH),,(H,0),,]**. The
high amount of OH™ and H,O on its structural formula
results in a lost on ignition increase after treatment of the
clay with these species.

XRD patterns of both B and B-OHZr samples (Fig. 1a)
revealed the presence of a montmorillonite clay mineral,
with low amounts of quartz and feldspar. However, the
d(001) shifted from 1.48 nm in B to 2.01 nm in B-OHZr
(Fig. 1b). The sample B-OHZr has a calculated interlayer
spacing of 1.05 nm. As estimated from their structural
information, the Zr tetramers have a molecular dimension
of 1 nm®x 1 nm? for an average square configuration and
0.45 nm thick [25]. With these dimensions, it can be intro-
duced into the interlayer spacing, displacing the exchange
cations of the montmorillonite forming a monolayer of
complexes normal to the sheet of the clay mineral or as
a double layer of flat complexes, in both cases, giving an
interlayer spacing, approximately 1 nm.

Fig.1 a XRD patterns of raw (a) ,,,,,,,,,,,
clay and B-OHZr and b d(001) Mt 1.48 nm
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Thermal and sintering behavior

The intercalation of OH-Zr species caused changes in the
DTA curve of B-OHZr in comparison with the precursor
clay (Fig. 2a). The B sample was only tested up to 1000 °C
because of the glass formation. The first endothermic peak
centered at 100 °C, associated with the loss of adsorbed
water and hydration of the interlayer species widened
slightly for the B-OHZr sample. The second endothermic
peak, which is associated with the dehydroxylation of the
clay mineral, moved to lower temperatures (480 °C) [26,
27]. These lower temperatures for the dehydroxylation
reaction of the clay mineral in the intercalated samples
would indicate that the intercalated species affected the
hydroxyl groups of the octahedral layer of the clay [28].
Possibly, the low pH of the ZrOCl, solution used for sam-
ple preparation favored the protonation and dissociation
of structural groups or dissolution of the montmorillonite
structure with release of metal ions (Al, Mg) from the
octahedral layer [28]. DTA curves also show an endo-
exothermic peak centered at around 800-850 °C. This
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Fig.2 a DTA and b TG curves of B and B-OHZr
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S-shaped peak corresponds to the collapse of the clay
mineral structure and the appearance of new crystalline
phases [26], and it is centered at slightly higher values
for B-OHZr (840 °C) than B (860 °C). This slight shift
is attributed to the interlayered Zr species transformation
into a ZrO,-like pillar, which supports the structure of said
clay, thus preventing an early collapse [24].

The TG curve of B showed a mass loss of 13.3% up to
200 °C which, as mentioned above, is attributed to the loss
of water absorbed and to the water of hydration of the inter-
changeable cations. B-OHZr showed a mass loss of 19.8%
in the same temperature range. This greater value is related
to the intercalated polymeric OH-Zr species [24, 28], which
have a higher content of OH-groups and water molecules in
comparison with the interlayer cations (Na*, K*, Ca®*) of
the original bentonite. The dehydration and dehydroxylation
of these polymeric species during the thermal treatment are
reflected in higher mass losses for the B-OHZr.

The sample B presented a mass loss of 4.3% in a relatively
narrow temperature range (500-700 °C), associated with
the removal of structural hydroxyls for B, while B-OHZr
showed a higher mass loss (5.5%) in a wider range of tem-
peratures (200-700 °C). This value is higher in B-OHZr
(5.5%) because the dehydroxylation of the Zr-interlayered
species goes up to higher temperatures and overlaps with
the removal of the hydroxyls of the montmorillonite layer.
No significant mass changes above 800 °C were recorded in
any of the samples.

Evolution of the cross section of cylindrical specimens of
B and B-OHZr with the temperature during the test (Fig. 3)
was registered using a hot-stage microscope. Sample B at
1200 °C underwent an expansion process with a morpho-
logical change from cylindrical to roughly spherical, before
collapsing at higher temperatures. Panna et al. [29] observed
similar behaviors for clays with high smectite content, asso-
ciating this behavior with the formation of liquid by the
thermal treatment at high temperature of this mineral. Tem-
peratures > 900 °C contribute to the development of a liquid
phase rich in high viscosity silica, which has the ability to
retain gases trapped inside the pores of the probes which
expands during the sintering of the material, producing the
expansion of it (“bloating”) and becomes spherical under the
action of the surface tension of the melt [30]. An increase in
temperature causes the decrease in the viscosity of the liquid
phase, which leads to the escape of the gases generated, and
the collapse of the structure and, at higher temperatures, the
complete fusion of the material.

B-OHZr samples do not deform up to the maximum test
temperature of 1300 °C. Comparing the chemical composi-
tion (Table 1), the reduction of the content of flux oxides
(Na,0, K,0, Ca0) and the enrichment in Zr, whose oxides
have high melting points (ZrO,), could explain the increase
in thermal stability of B-OHZr samples.
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Fig.3 Evolution of the cross section of samples of B and B-OHZr during the thermal treatment in a hot-stage microscope
Table 1 Chemical composition Si0, ALO; TiO, Fe,0; MgO K,0 CaO Na,O 7O,  LOI (1000 °C)
of B and B-OHZr (mass%) ;
obtained by XRF B 49.89 1805 0.8 109 575 054 122 208 <002 2111
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Fig.4 Specific area as a function of the heating program showing
dimensional changes of B and B-OHZr samples

Figure 4 shows the dimensional changes of the cross-
sectional area compared with S, of the samples by heat-
ing microscopy of the specimens prepared with B and
B-OHZr. In the same can be seen a clear similarity
between the curves up to 800 °C for both samples. The
bentonite B presents a contraction of S/S;, of approximately
3% up to 200 °C which is associated with the loss of water
absorbed from the clay mineral. No additional dimension
changes were determined up to 800 °C. From this tem-
perature onwards, the beginning of a rapid contraction is
observed, which increases to a value of S/S, of 90.0% at
930 °C, contraction attributable to the structural collapse
of montmorillonite and the beginning of sintering. At tem-
peratures above 930 °C an expansion up to 1200 °C, tem-
perature at which a decrease in the value of S/S, begins.

The “noise” in the last part of the curve is explained by the
sudden burst of air bubbles inside the sample.

For B-OHZr, an initial contraction of 5% at low tempera-
tures, similar to that of B, is observed, which intensifies
from 800 °C to 10% for 1000 °C. However, further thermal
treatment causes additional sintering, without any expansion
observed, reaching a maximum contraction at 1200 °C, with
a relative height of 84.1%.

As the analysis of the TG curves for both samples in this
temperature range did not reveal any mass loss (Fig. 2a), the
difference in behavior can be attributed to the combination
of several phenomena such as structural destruction, the start
of the formation of new and different crystalline phases, as
well as the formation of different amounts of liquid phase
since they can act in a simultaneous way.

Resulting crystalline phases of sintered powders
by X ray diffraction

Figure 5a, b shows the XRD patterns of B and B-OHZr
thermally treated up to 1300 °C. Both samples showed no
montmorillonite reflections, as this structure is destroyed
due to the collapse of the clay mineral structure at lower
temperatures [26, 27]. They also developed a broad band
centered at around 22° 26 due to the presence of an amor-
phous phase [31] and showed the presence of unreacted feld-
spar (anorthite) and quartz. Thermal treatment above 800 °C
causes a silica-rich liquid phase to be formed due to the
melting of the silica tetrahedral in the montmorillonite sheet
and alkalis present. In particular, the B-OHZr sample also
developed amorphous bands centered at tetragonal-zirconia
(t-ZrO,) peaks, probably denoting a short-range ordering
of a tetragonal-zirconia-like structure. This could be due to
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(a) " Table2 Crystalline phases and Rietveld refinement cell parameters
1 of B and B-OHZr
1 Sample B-OHZr
L3
B it Firing temperature/°C 1200 1300
S . .
% N 800 °C RWP (residual weight profile) 27.0 154
@ ] Cristobalite 1PDF: 01-082-0512
(0] o
E ) N a(A) 5.0802(53) 5.0317(14)
1 P 10°C (A 6.9966(11) 7.0665(64)
1200 °C Cristobalite 2PDF: 01-082-0512
a(A) 5.0125(29) _
1300 °C c(A) 6.98732(6) -
10 20 30 40 50 60 Zircon PDF: 00-006-0266
20/° a(A) 6.5989(19) 6.6015(4)
Quartz: % Anorthite: ¢ Spinel:e Cristobalite:a Sapphirine2M:® Cordierite/Indialite:o ¢ (A) 5 9762(2) 5.9829(5)
Sapphirine-1:¢ . .
Sapphirine-1 PDF': 00-044-1430
(b) a(A) 9.9680(84) -
| x b(A) 10.3491(25) -
R c(A) 8.5999(8) -
Indialite PDF: 01-082-1884
5 a(A) - 9.7746(17)
g c(A) - 9.3262(2)
@ Mullite PDF': 00-015-0776
i} 800 °C o
c a(A) - 7.5456(108)
b (A - 7.6984
1100 °C ( ) (an
be (A) - 2.8930(2)
1200 °C
1300 °C
60

20/°

Quartz: % t-Zirconia: Spinel:e Silimanite:Y Anorthite : ¢ Zircon: x Sapphirine-1:¢
Cordierite/Indialite:# Cristobalite:a Mullite:u

Fig.5 XRD plot of a B and b B-OHZr thermally treated at different
temperatures

the stabilization effect of the Mg present in the clay mineral
structure [32].

The crystalline phases developed by B were those typical
of a montmorillonite with a clay mineral structure rich in Mg
[27]. At 1100 °C spinel (MgAl,0,), sapphirine (A;sMgs)
(Al,Si,)0,, and cristobalite (SiO,) were developed, and
minor amounts of unreacted feldspar (anorthite—(Ca,Na)
(ALSi),Si,0;) and quartz (SiO,) were present. At 1200 °C,
feldspar reflections disappeared, cristobalite remained while
cordierite (Mg,Al,SisO,g) reflections were observed. At
1300 °C, the sample is mainly amorphous, with small peaks
of cordierite. The development of mullite, which is usually
observed in thermally treated clays, was not observed on
this sample. This can be explained by the low amount of
Al in the clay mineral due to a high amount of isomorphic
replacement of structural AlI*> with Mg*? in the octahedral
sheet [33, 34], which favored instead the development of
cordierite.
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In comparison, the crystalline phases developed by
B-OHZr regarding the presence of crystalline phases without
Zr content showed differences than those developed by B.
Sapphirine was first observed at 1200 °C, and small amounts
of mullite were observed at 1300 °C. In general, the crystal-
linity of the samples was much higher. B-OHZr developed
two Zr-based crystalline phases: tetragonal-zirconia (ZrO,)
and zircon (ZrSiO,), though zirconia appeared at 1100 °C
only, while zircon peaks intensity increased with higher
temperatures.

Rietveld refinement results: cell parameters
and phase quantifications

The results of the Rietveld refinement for main crystal-
line phases of the samples thermally treated at 1200 and
1300 °C are shown in Table 2. Although cell parameters
of all the crystalline phases were refined, only the more
representative and abundant in each sample are described
due to the low reliability of the parameters from minor
crystalline phases. Table 3 shows the quantified crys-
talline and amorphous phases in each material. Global
estimated standard deviations derived from the esti-
mated standard deviation on individual scale factors, for
the respective phases, are presented in the table as well.
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Table 3 Rietveld quantification Sample B B-OHZr

(mass%) of B and B-OHZr
Firing temperature/°C 1200 1300 1200 1300
Ry, (residual weight profile) 27.8 20.9 27.0 154
Phase Formula
Quartz SiO, 1.3(2) - - -
Sapphirine-It (AlsMg3)(A1,S1,)0, 13.3(2) - 20.5(4) -
Cristobalite Sio, 0.4(4) - 7.8(1) 7.2(1)
Cristobalite(2) SiO, - - 18.7(2) -
Mullite 3Al1,05-2Si0, - - - 4.2(2)
Cordierite/indialite Mg, Al; 66Sis 04015 1.2(1) 3.6(3) 3.7(1) 38.4(3)
Zirconia ZrO, - - 0.7(1) -
Zircon ZrSiO, - - 32.1(3) 27.42)
Amorphous phase (Le Bail) Mainly SiO, 83.9(1) 96.4(9) 16.4(8) 22.8(5)

The Rwp parameter values were in all cases below 30,
assuring the reliability of the refinements for this kind of
materials [1, 35].

The shape of the cristobalite peaks for sample B-OHZr
thermally treated at 1200 °C could not be satisfactorily
adjusted with a single contribution. As proposed for simi-
lar materials [36, 37], two different cristobalite structures
were proposed for the refinement. This could possibly
be explained by the presence of separate phases: one
obtained from the thermal decomposition and recombi-
nation of the montmorillonite, while the other is obtained
from thermal transformations of the quartz present on the
parental clay.

Zircon present in B-OHZr samples was accompanied
with a decrease in amorphous phase content in compari-
son with the parental clay samples. The highly reactive
silica glassy phase formed could react with the zirconia
present, thus deriving in a higher degree of crystallinity,
also enhanced by the removal of flux oxides in favor of
Zr during the synthesis of B-OHZr (Table 1).

Textural properties of the sintered ceramics

In order to illustrate the effect in the refractoriness of
the PILC strategy, sintered B and B-OHZr samples were
thermally treated at maximum sintering temperature with-
out deforming, as observed in the HSM curves. B sam-
ples were sintered up to 950 °C, while B-OHZr samples
were sintered up 1200 °C for 1 h. Both samples presented
low open porosity values (< 3%), although the density of
B-OHZr sample was more than twice than that of the B
sintered sample (Table 4). This could be attributed to a
high amount of enclosed porosity on the B sintered sam-
ple, as shown by its expansion due to bloating measured
by hot-stage microscopy (Fig. 4).

Table 4 Textural properties of the sintered ceramics B and B-OHZr

Sample Open poros-  Err Dens/g cm™ Err
ity/%

B 2.21 0.02 1.53 0.15

B-OHZr 2.33 0.02 4.06 0.15

Conclusions

e Zr-interlayered clays were synthetized and its high-tem-
perature properties were characterized. Thermochemi-
cal processes and macroscopic effects were described
and compared with the parental clay.

e Nanocrystalline tetragonal zirconia was observed in the
Zr-intercalated clay. At higher temperatures, Zr-derived
phases, i.e., zirconia and zircon, were found, and its
content was dependent with the treatment temperature
and the amount of amorphous phase was lower than in
the raw bentonite. The performed structural refinement
permitted to deeply characterize the developed crystal-
line phases, with define the technological features of
the materials.

e The Zr interlayering enhanced the refractoriness at
high temperatures of the parental clay, eliminating
thermal expansion (bloating) and enabling sintering at
T>1000 °C.

e The observed features and thermochemical processes
enlighten the temperature usage range of this kind of
materials. Finally, these results yield promising fea-
tures for potential use of these clays for the obtention
of ceramic materials with zircon content.
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