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Abstract

For the first time, we report on the application of a tapered element oscillating microbalance (TEOM) as a novel technique to investigate the
thermal decomposition of hydrotalcite-like compounds (HTlcs) in air. Experiments were performed in the temperature range of 323–973 K with
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g–Al, Ni–Al, and Co–Al-HTlcs. The TEOM technique measures mass changes based on inertial forces, presenting important advantages over
onventional thermogravimetric analyzers, such as the very rapid time response and the well-defined flow pattern. In general terms, excellent
greement between TEOM, TGA, and DTA techniques during HTlc decomposition was obtained. Interestingly, transition temperatures in the
EOM were lower than in TGA and DTA, particularly for removal of interlayer water but also for dehydroxylation of the brucite-like layers
nd decarbonation. This was attributed to the flow-through operation in the tapered element of the TEOM as compared to the recognized gas
tagnancy and bypass in sample crucibles of conventional thermogravimetric analyzers. Our results conclude that the TEOM technique is suitable
or temperature-programmed studies. However, due to its operation principle, blank runs are required in contrast to the more automatic operation
n commercial thermogravimetric units. Besides, a careful sample loading and packing in the micro-reactor is essential for reproducible results.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Synthetic hydrotalcite-like compounds (HTlcs), also referred
o as anionic clays or Feitknecht’s compounds, are mixed
ydroxides of lamellar structure with a general formula
M1−x

2+Mx
3+(OH)2][Xn−]x/n·mH2O. As outlined by Allman

1] and Taylor [2], these materials can be visualized as brucite-
ype octahedral layers, in which M3+ cations partially substitute
or M2+ cations. The positive charge resulting from this substitu-
ion is balanced by anions (often carbonate) and water molecules
rranged in interlayers in alternation with the octahedral layers
Fig. 1).

HTlcs have attracted much attention in recent years as catalyst
recursors due to the ability of these materials to accommodate a
arge variety of divalent and trivalent cations, and the formation
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of high-surface area and well-dispersed mixed oxides [3]. The
catalytic properties of the HTlc-derived mixed oxides largely
depend on the activation procedure [4] and thus monitoring
structural changes during thermal decomposition of hydrotal-
cites has been the aim of numerous studies. Thermal analysis
using conventional thermogravimetric techniques coupled with
DTA or DSC has been the most widely used method to investi-
gate the transitions involved during hydrotalcite decomposition.
Patterns are characterized by a two-step mass loss behaviour
with two endothermic transitions associated with the sequential
loss of interlayer water in the first step (<473 K) followed by the
combined dehydroxylation of the brucite-like layers and decar-
bonation in the second step. The transition temperature for the
latter step, which leads to the collapse of the layered structure,
depends on the composition of the hydrotalcite (e.g. ca. 523,
623, and 683 K for Co–Al, Ni–Al, and Mg–Al-HTlcs, respec-
tively [5]). To accurately describe the decomposition mecha-
nism of HTlcs, multi-technique in situ approaches have been
applied, including TGA–DTA–DSC coupled to MS analysis of

040-6031/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2006.02.031

mailto:jperez@iciq.es
dx.doi.org/10.1016/j.tca.2006.02.031
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Fig. 1. Representation of the hydrotalcite structure.

the decomposition products, HT-XRD, and FT-IR and Raman
spectroscopies [6–9].

A novel tapered element oscillating microbalance (TEOM)
can be proposed as a suitable complementary technique to the
above-mentioned approaches, particularly as an alternative to
TGA–DTA–DSC, to assess HTlc decomposition. The TEOM
microbalance presents improvements with respect to thermo-
gravimetric analyzers (Fig. 2): a well-defined flow-through
profile, eliminating bypass problems and possible (heat and
mass) diffusion and buoyancy phenomena in contrast to flow
around and over the sample crucible in conventional microbal-
ances, and a very fast response time resolution (0.1 s) allowing
the study of processes with fast kinetics. These are key fea-
tures for the successful application of the TEOM technique
in adsorption, absorption, diffusion, desorption, release, reac-
tion, and coking studies [10–16]. However, to the best of our
knowledge, published works with this microbalance are mainly
confined to isothermal operation, i.e. temperature-programmed
investigations are scarce. Exceptionally, some of us reported
temperature-programmed oxidation (TPO) in order to deter-
mine coke burn-off in iron-zeolites after N2O-mediated propane
oxidative dehydrogenation [17].

In this work, we have applied the tapered element oscillating
microbalance (TEOM) as a novel technique to investigate the
thermal decomposition of Mg–Al, Ni–Al, and Co–Al hydro-

talcites in air. TEOM results have been compared with those
obtained by well-established TGA and DTA techniques.

2. Experimental

2.1. Materials

The M2+–Al hydrotalcites with a molar M2+/Al ratio
of 3 (M2+ = Mg, Ni, Co) were prepared by coprecipitation,
starting from an aqueous solution of the respective metal
nitrates Mg(NO3)2·6H2O (0.75 M), Ni(NO3)2·6H2O (0.75 M),
Co(NO3)2·6H2O (0.75 M) and Al(NO3)3·9H2O (0.25 M) and
an aqueous solution of NaOH/Na2CO3 (2 M). Ni–Al-HTlc-
1, Ni–Al-HTlc-2, Mg–Al-HTlc-1, and Co–Al-HTlc-1 were
coprecipitated at constant pH (10 ± 0.2) by adding dropwise
the solutions of cations and anions to the precipitation ves-
sel under stirring at 298 K. The resulting slurries were aged
under vigorous stirring at 298 K (333 K for Ni–Al-HTlc-2)
during 15 h. Finally, the materials were filtered, washed with
a large amount of deionized water, and dried at 363 K for
12 h. Ni–Al-HTlc-3 was coprecipitated at decreasing pH, i.e.
adding the solution of cations to the solution of anions until
pH 10. Mg–Al-HTlc-2 was obtained by thermal decomposition
of Mg–Al-HTlc-1 at 798 K for 15 h, followed by reconstruc-
tion in decarbonated water at 298 K for 1 h, filtration, wash-

pa
Fig. 2. Drawing of the TEOM microbalance and com
ing with ethanol, and finally drying in flow argon at room
temperature.

The chemical composition of the as-synthesized materials
was determined by inductive coupled plasma-optical emission
spectroscopy (ICP-OES) (Perkin-Elmer 40 (Si) and Optima
300DC (axial)). Powder X-ray diffraction was measured in a
Siemens D5000 diffractometer with Bragg–Brentano geometry
and Cu K� radiation (λ = 0.1541 nm). Data were collected in the
2θ range of 5–65◦ using a step size of 0.05◦and a counting time
of 8 s. Scanning Electron Microscopy was recorded at 5 kV in
a JEOL JSM-6700F field-emission microscope. Samples were
coated with palladium to create contrast.

rison with conventional thermogravimetric analyzers.
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2.2. TGA–DTA experiments

Thermal analysis was carried out in a Mettler Toledo
TGA/SDTA851e microbalance equipped with a 34-positions
sample robot. The solid (20 mg, sieve fraction 125–200 �m)
was diluted with silicon carbide (100 mg, sieve fraction
125–200 �m) and placed in alumina sample crucibles (70 �l).
Analyses were performed in dry air flow of 100 cm3 (STP)
min−1. The temperature was increased from 323 to 973 K apply-
ing heating rates of 2, 5, 10, and 15 K min−1.

2.3. TEOM experiments

2.3.1. Apparatus and principle of the technique
A Rupprecht and Patashnick TEOM 1500 mass analyzer was

used for investigating the thermal decomposition of hydrotal-
cites. The TEOM consists of a micro-reactor (4 mm i.d.) with a
high resolution microbalance that generates real-time measure-
ments of mass changes during gas–solid interactions (Fig. 2).
Its operation principle is based on inertial forces and has been
described in detail elsewhere [10–12]. Briefly, the active ele-
ment of the TEOM consists of a tapered tube of proprietary glass
material that can be set to vibrate at its harmonic frequency of
oscillation (ca. 70 Hz). When the mass of the material test bed
increases, the natural oscillating frequency of the tapered ele-
m
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Fig. 3. Procedure to determine mass loss (c) during HTlc decomposition from
the measurement of the total mass change (a), �mt. �ms and �mg in (b) refer
to mass changes due to the sample and the changes in gas density during the
temperature ramp, respectively.

temperature to 363 K and hold for 30 min to remove physi-
cally adsorbed water from the sample, followed by a decrease
to 323 K. When a stable baseline was attained, the temperature
was ramped from 323 to 973 K at different heating rates (2, 5,
10, and 15 K min−1) and total mass changes (�mt) were contin-
uously monitored. Equal flows of purge gas (He) and reaction
gas (air) of 100 cm3 (STP) min−1 were used and the tempera-
ture of the feed gases were set to 323 K. All experiments were
performed without thermocouple in the catalyst bed, since it led
to unsatisfactory mass data.

In order to determine mass changes due to the sample (�ms),
the total mass change has to be corrected for the contribution
of changes in density due to the temperature ramp. To this end,
the response of the TEOM was measured without sample at
the same conditions of gas composition, flow in the carrier and
purge lines, and temperature program, leading to the signal �mg
ent decreases, and vice versa. By comparing the measured
requency to the one stored at the beginning of the experiment,
he system acquires an accurate and time-resolved record of mass
hanges, since the frequency of a harmonic oscillator is directly
roportional to its mass. If the TEOM is oscillating to start at the
requency of f0 and exhibits a frequency f1 after a mass uptake,
he total mass change (�m) can be obtained as a function of f0,
1, and the spring constant K0:

mt = �ms + �mg = K0

(
1

f 2
1

− 1

f 2
0

)
(1)

The principle for detecting frequencies is by a light emitting
iode-phototransistor combination, and the light blocking effect
f the vibrating element. Based on the operation principle of the
EOM, the total mass uptake is the sum of the mass change of

he sample (�ms) and the change in the gas density (�mg). The
hange in the gas density depends on the type of gas and the oper-
ting conditions. In order to correct for this, blank experiments
ave to be performed, as described below.

.3.2. Operating procedures
The TEOM micro-reactor was carefully loaded with 20 mg

f sample and 100 mg of silicon carbide. As explained in Sec-
ion 3.3, sample dilution by inert particles was required in order
o obtain reproducible results. The sample and diluent particles
sieve fraction 125–200 �m) were well mixed before introduc-
ng them in the reactor tube. Quartz wool was used at the top
nd the bottom of the sample bed to keep the adsorbent particles
rmly packed, which is also essential for a stable measurement.
he material was pre-treated in flowing dry air according to the

ollowing temperature program (Fig. 3a): heating from room



78 J. Pérez-Ramı́rez, S. Abelló / Thermochimica Acta 444 (2006) 75–82

in Fig. 3b. Three different blank runs were performed: with the
empty reactor, with the reactor filled with quartz wool, and with
the reactor filled with SiC particles (sieve fraction 125–200 �m)
sandwiched between two plugs of quartz wool. No appreciable
differences were observed in the mass changes among them.
The mass change due to the sample (�ms) can be determined by
subtracting the profiles of �mt and �mg, and this magnitude can
be expressed as the percentage of mass loss using Eq. (2), where
mo is the sample mass loaded in the TEOM micro-reactor. The
final outcome of the TEOM data processing is shown in Fig. 3c.

mass loss = �ms

mo
× 100. (2)

3. Results and discussion

3.1. Materials characterization

Elemental chemical analysis data of all samples indicated
that the molar metal ratio in the solids was very close to the
value in the parent solutions, i.e. M2+/Al = 3/1 with M2+ = Mg,
Co, Ni. This means that the precipitation step was carried out
effectively. Fig. 4 shows the XRD patterns of the as-synthesized
HTlcs. All samples show the hydrotalcite structure as the only
crystalline component (JCPDS 22-700) exhibiting sharp and
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Fig. 5. SEM micrograph of Ni–Al-HTlc-1.

3.2. Mass loss profiles

The profiles of mass loss versus temperature during air-
decomposition of the hydrotalcite-like compounds as deter-
mined by TEOM and TGA microbalances are shown in Fig. 6.
All the samples display the two-step decomposition behaviour
reported for HTlcs [18]. The first step of mass loss (<500 K)
amounts ca. 10–15% and corresponds to the removal of inter-
layer water molecules (dehydration). In the applied program,
samples were intentionally pre-treated in air flow at 363 K for
30 min in order to minimize losses by physically adsorbed water
during the temperature ramp. The second mass loss (500–773 K)
is associated with the removal of water by dehydroxylation of
the brucite-like sheets and decomposition of compensating car-
bonate anions in the interlayer space. Above 773 K, a gradual
mass loss is still observed as a consequence of the slow removal
of residual carbonates in the samples. As shown in Table 1, the
transition temperature for interlayer water removal (denoted as
T1) is within a narrow range independently of divalent cation in
the structure and preparation method (426–458 K according to
the derivative of TEOM mass loss data). However, the transition
temperature for dehydroxylation and decarbonation strongly
depends on the composition of the brucite-like sheets. Based on

Table 1
T
a

S

C
N
N
N
M
M

H

ymmetric reflections for the basal (0 0 3), (0 0 6), and (0 0 9)
lanes, and broad and asymmetric reflections for the non-basal
0 1 2), (0 1 5), and (0 1 8) planes. The overlap of the (0 0 9) and
0 1 2) reflections results in a broad signal between 32◦ and 38◦
θ. The typical (1 1 0) and (1 1 3) reflections can also be clearly
istinguished.

As exemplified by the SEM micrograph of Ni–Al-HTlc-1 in
ig. 5, all the as-synthesized samples exhibited the characteris-

ic morphology of well-developed and disordered platelets. The
ateral size of these platelets is in the range of 8–20 nm, basically
epending on the nature of the divalent cations and preparation
rocedure.

Fig. 4. XRD patterns of the as-synthesized hydrotalcites.
ransition temperatures for the decomposition of the hydrotalcite samples in air
s determined by TEOM, TGA, and DTA techniques

ample T1
a (K) T2

b (K)

TEOM TGA DTA TEOM TGA DTA

o–Al-HTlc-1 445 471 472 509 512 518
i–Al-HTlc-1 444 473 479 581 582 582
i–Al-HTlc-2 450 479 485 606 615 621
i–Al-HTlc-3 458 479 485 595 615 621
g–Al-HTlc-1 426 455 460 664 668 668
g–Al-HTlc-2 452 478 485 635 650 654

eating rate = 10 K min−1

a T1: dehydration.
b T2: dehydroxylation and decarbonation.
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Fig. 6. Comparison between TEOM and TGA profiles during thermal decomposition of HTlcs with different metals and preparation methods. Heating
rate = 10 K min−1.

TEOM data, the thermal stability of Mg–Al-HTlc-1 (T2 = 664 K)
is higher than that of Ni–Al-HTlc-1 (T2 = 581 K) and Co–Al-
HTlc-1 (T2 = 509 K). The stability order agrees well with that
determined in the literature using various techniques [5,7]. The
total mass loss of the samples as derived from Fig. 6 (ca. 28% in
Co–Al, ca. 30% in Ni–Al, and ca. 40% in Mg–Al hydrotalcites)
is also in line with reported values on these materials [7,9]. As
displayed in Table 1, the T1 values in the Ni–Al hydrotalcites are
very similar, while T2 values are somewhat different (lower in
Ni–Al-HTlc-1) due to the preparation method. It is interesting
to observe that interlayer water is more stable in reconstructed
Mg–Al-HTlc-2 (with hydroxyl groups as compensating anions)
as compared to the as-synthesized Mg–Al-HTlc-1 (with carbon-
ate groups as compensating anions), while the opposite occurs
for the dehydroxylation process leading to the collapse of the
layered structure. It is out of the scope of this paper to dis-
cuss in detail transition temperature variations in the differently
prepared samples. Rather, it should be stressed that the three

techniques provide the same trends over samples with different
genesis and composition. Fig. 6 enables us to generally con-
clude that there is excellent correspondence between TEOM
and TGA with respect to the mass losses, and the shift of the
mass loss profiles in the TEOM microbalance, leading to lower
transition temperatures (see also Table 1). The latter result is not
a consequence of a temperature effect in the TEOM and TGA
microbalances, as the T-controllers in both instruments were
properly calibrated so as to achieve identical profiles during the
temperature program. This aspect will be further discussed in
Section 3.4.

3.3. Technique reproducibility

The experiments in Fig. 6 were repeated several times in
both TEOM and TGA–DTA systems in order to assess the
reproducibility of the methods. TGA–DTA yielded excellent
repeatability. The TEOM technique was reproducible too, but
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Fig. 7. Sample dilution with inert particles is essential to obtain stable and
reproducible mass data during thermal decomposition studies with the TEOM.

developing proper procedures for reactor loading and packing
was necessary. In conventional thermal analyzers (Fig. 7a), the
initial sample mass can be easily determined by weighing the
crucible before and after loading the sample. Some of the com-
mercial models, like the one used in this study, have automatic
weighing built in. Besides, the mass measurement was found
to be unaffected by possible uneven distribution of particles in
the crucible as a consequence of the change in sample volume
(decreasing, due to decomposition).

In the TEOM, extreme care has to be taken for loading the
solid sample in the micro-reactor, as a minor sample loss (e.g.
powder sticking to the wall of the capsule used for sample weigh-
ing) can lead to significant errors in mass loss determination
by overestimating the initial sample amount. For example, not
transferring just 2 mg to the TEOM micro-reactor out of the
20 mg originally weighed represents an error in the initial mass
of 10%. Accordingly, accurate operation for sample weighing
and loading is required. It was found that using a well-defined
sieve fraction of particles instead of fine powder minimizes
errors in this respect.

As the TEOM microbalance involves flow-through opera-
tion, a second issue arises from the disruption of the sample bed
due to mass losses during thermal decomposition of the HTlc
(in our case up to 40%). The dynamic rearrangement of sample
particles while the temperature-programmed analysis proceeds
may cause undesired channelling phenomena (see illustration
i
t
e
I
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p
h

Fig. 8. First derivative of the mass loss from (a) TEOM, (b) TGA experiments,
and (c) DTA profiles during decomposition of Ni–Al-HTlc-1 in air at different
heating rates.
n Fig. 7b). Associated with this, a loose sample packing in
he TEOM micro-reactor produces unstable signals due to the
xtreme sensitivity of the frequency measurements (not shown).
n order to overcome this issue, sample bed dilution should be
pplied (Fig. 7c). In our experiments, mixing silicon carbide
previously calcined in static air at 1473 K for 6 h) with the sam-
le made it possible to achieve highly reproducible results, as the
ydrodynamic behaviour of the gas in the sample bed is basically
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determined by the diluent. In particular, we found a volume ratio
sample:diluent of 1:3 to be suitable. The same dilution ratio was
applied in the TGA–DTA experiments, although it was noticed
that the addition of SiC had no influence on the results repeata-
bility.

3.4. Comparison of TEOM, TGA, and DTA techniques

As noted in Section 3.2, the results in Table 1 have indicated
that the TEOM microbalance led to lower transition tempera-
tures during HTlc decomposition as compared to TGA. This
effect was particularly marked for the removal of interlayer
water, with differences in the range of 20–30 K, but was also
noticeable for dehydroxylation of the brucite-like layers and
decarbonation (up to 15 K in Mg–Al-HTlc-2). In general, DTA
leads to slightly higher transition temperatures than TGA. In
order to gain further insights into this observation, the influ-
ence of the heating rate on the transition temperatures was also
investigated over the samples. As an example, Fig. 8 shows the
first derivative associated to the two transition temperatures over
Ni–Al-HTlc-1 as determined by TEOM and TGA and the DTA
signals at different heating rates in the range of 2–15 K min−1.
As expected, the transition temperatures of the processes occur-
ring during decomposition increase upon increasing the heating
rate, which is quantified for the same sample in Fig. 9. This
fi
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the sample and an improved rejuvenation of the gaseous atmo-
sphere around the solid as compared to the poorly defined flow
patterns and creation of stagnant zones in the sample using ther-
mogravimetric analyzers. This distinctive feature of the TEOM
induces the occurrence of transitions at a lower temperature. The
fact that T1 is more affected than T2 is in line with this reasoning.
The former involves removal of interlayer water, being a physical
process (water is stabilized in the interlayer space by means of
hydrogen bonds, resulting from weak van der Waals forces) and
its removal have a more marked impact on improved diffusion
characteristics as compared to the second chemical transition,
which involves the collapse of the layered structure of the clay
and the formation of a mixed oxide phase by dehydroxylation
and decarbonation.

4. Conclusions

Our results show that the TEOM microbalance is a suit-
able technique to investigate the thermal decomposition of
hydrotalcites to mixed oxides. Very good agreement with well-
established TGA and DTA methods has been obtained. A dis-
tinctive feature of the TEOM with respect to conventional ther-
mogravimetric analyzers is the flow-through operation. This
minimizes diffusion limitations and efficiently renews the gas
in sample bed as compared to standard methods where poor
gas diffusion and stagnant zones in the sample can be easily
c
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gure shows that the differences in transition temperatures (T1
nd T2) between TEOM and TGA–DTA are nicely maintained
n the whole range of heating rates investigated. This was also
bserved for the other samples and further indicates the consis-
ency of the three methods applied.

The lower transition temperatures determined by the TEOM
n comparison with TGA–DTA are likely originated by the flow-
hrough operation in the former microbalance. This enables bet-
er mass and heat transfer properties of the reactive gas through

ig. 9. Transition temperatures as determined by TEOM, TGA, and DTA during
hermal decomposition of Ni–Al-HTlc-1 in air at different heating rates. T1

orresponds to dehydration by interlayer water removal and T2 corresponds to
ehydroxylation and decarbonation processes, leading to the collapse of the
ayered structure.
reated. A consequence of this is the achievement of lower
emperatures for the occurrence of associated transitions in the
EOM, mainly the removal of interlayer water but also the dehy-
roxylation of the brucite-like sheets and the decomposition of
arbonates. The TEOM technique can be successfully applied
or temperature-programmed experiments involving mass loss.
owever, accurate procedures for sample loading in the tapered

lement and bed packing are required for reproducible opera-
ion. Besides, the TEOM makes it necessary to perform blank
uns for all experiments involving temperature variation.
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