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Memory Effect of Activated Mg-Al Hydrotalcite: In Situ XRD Studies
during Decomposition and Gas-Phase Reconstruction

Javier Pérez-Ramirez,*'>"! Sonia Abell6,”™ and Niek M. van der Pers!'*

Abstract: The thermal decomposition
of Mg-Al hydrotalcite and the subse-
quent reconstruction of the decom-
posed products in the presence of
water vapor (2 vol. % H,O in N,) have
been investigated by in situ XRD.
Thermographic analysis and tempera-
ture-programmed desorption MS re-
sults complemented the diffraction
data. Valuable mechanistic and kinetic
insights into these processes, which are
of prime importance for optimal activa-

ed, layered structure. The latter evolves
by removal of interlayer water on heat-
ing, causing a shrinking of the interlay-
er space (it is up to 45% smaller than
in the as-synthesized hydrotalcite).
Above 623 K, Mg(Al)O, oxide with
the periclase structure is formed. Re-
version of the intermediate dehydrated
structure to hydrotalcite upon contact
with water vapor is complete and very
fast at room temperature. Recovery of
hydrotalcite from the oxide calcined at

723K is two orders of magnitude
slower than rehydration of the inter-
mediate layered structure and one
order of magnitude slower than the
typically practiced liquid-phase recon-
struction. In contrast to the decomposi-
tion, the reconstruction mechanism
does not involve an intermediate
phase. The gas-phase rehydration and
reconstruction was interrupted above
303 K. This is attributed to the poor
wetting of the surface of the decom-

tion of this type of material for catalyt-
ic applications, were obtained. Hydro-
talcite decomposition to the mixed

Keywords: clays - decomposition -

posed materials induced by hampered
H,0O adsorption above room tempera-
ture at the water vapor pressure ap-

) ) . hydrotalcite - situ  XRD . )
oxide proceeds via formation at 423- S plied. The Avrami-Erofe’ev model de-
3 . kinetics memory effect - ; o
473 K of an intermediate phase, con- ; scribes the reconstruction kinetics well.
reconstruction

sisting of a highly disordered, dehydrat-

Introduction

Layered double hydroxides or synthetic anionic clays with
the hydrotalcite structure have received increasing attention
in recent years due to their wide spectrum of applications as
anion exchangers, adsorbents, ionic conductors, catalyst pre-
cursors, and catalyst supports."”~! As outlined by Allman™
and Taylor,”) these materials have the general formula
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[M*F _M** (OH),][X" ],,, nH,O and can be visualized
structurally as brucite-type octahedral layers, in which M>*
cations substitute partially for M** cations. The positive
charge resulting from this substitution is balanced by anions
(often carbonate) and water molecules arranged in interlay-
ers alternating with the octahedral layers.

The ability to accommodate a large variety of di- and tri-
valent cations, and the formation of high-surface-area and
well-dispersed mixed oxides upon thermal decomposition,
are key aspects for the successful application of hydrotal-
cite-like compounds in catalysis.!*”! Another unusual feature
is the memory effect, by which the resulting oxide can re-
cover the original hydrotalcite structure upon contact with
water or aqueous solutions containing certain anions.®!
This property makes it possible to intercalate specific anions
in the interlayer space, leading to applications as anion scav-
engers in water detoxification.'™"] New functionalities have
been also introduced by the intercalation of polyoxometa-
lates and oxo, cyano, and halo complexes for the synthesis
of pillared clays used as catalysts.”l Recently, the memory
effect has been applied for developing of a controlled-re-
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lease drug delivery system. To this end, amino acids and en-
zymes can be immobilized in hydrotalcites by thermal de-
composition and reconstruction in the presence of the de-
sired anionic species, inducing the later pharmacological
action.”

Active solid-base catalysts with applications in numerous
organic syntheses originate from the decomposition and sub-
sequent retrotopotactic transformation of Mg—Al hydrotal-
cite. As shown schematically in Figure 1, the activation of

decomposition

COP—— 84 2 —_ —

mixed oxide
Mg(AO,

hydrotalcite
MggAl,(OH),,CO,4H,0

Figure 1. Activation of Mg—Al hydrotalcite by thermal decomposition followed by reconstruction. The mixed
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Exceptionally, Millange et al.” investigated the in situ re-
construction behavior of calcined Mg—Al hydrotalcite in
aqueous sodium carbonate solution at 298-393 K by energy-
dispersive X-ray diffraction (EDXRD) using white-beam
synchrotron-generated X-rays. This well-founded fundamen-
tal study has limited relevance for the specific application of
hydrotalcites in base catalysis, since reconstruction has to be
practiced in the absence of carbonates and carbon dioxide
in order to achieve the highest possible concentration of

basic OH™ groups in the inter-

layer (see Figure 1). Van Bok-
oo o hoven etalll studied changes
anu i in the metal coordination of
Mg-Al hydrotalcite upon calci-
nation and rehydration in a
water-saturated nitrogen flow by
means of in situ XAFS at the
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oxide and meixnerite materials exhibit a remarkable catalytic performance over a wide spectrum of important

organic syntheses.

the as-synthesized hydrotalcite is initiated by its thermal de-
composition, leading to a high-surface-area Mg(Al)O,
mixed oxide with strong O*~ Lewis basic sites. This material
displays high activity in base-catalyzed reactions, including
epoxidation,™ dehydrogenation,"! condensation,>!l Meer-
wein—Ponndorf-Verley reduction,”” and transesterifica-
tion."® Reconstruction of the oxide with water vapor or by
immersion in decarbonated water (memory effect) leads to
meixnerite,*1?! a hydrotalcite analogue with OH~ groups
as compensating anions in the interlayer instead of the origi-
nal carbonates. The latter structure possesses Brgnsted basic
character and efficiently catalyze a number of organic reac-
tions such as the self- and cross-aldol condensation of alde-
hydes and ketones,**?!! Knoevenagel and Claisen—Schmidt
condensation,?>?! and Michael addition.*¥

The catalytic properties of hydrotalcite-derived oxides
and reconstructed materials depend largely on the sequence
and specific conditions of the activation steps.>=!! Conse-
quently, monitoring the changes that occur in the structure
during activation is crucial for the proper utilization of the
resulting material in catalytic applications. In situ analysis of
decomposition and reconstruction of layered double hydrox-
ides is highly preferred rather than arresting the reaction
and analyzing the product thereby obtained (ex situ ap-
proach). This is because the latter quenching process often
affects the reaction product, and hence what is isolated is
never guaranteed to be typical of the reaction matrix.’**!
Structural changes during thermal decomposition of hydro-
talcites have been assessed validly in situ by means of TGA-
DTA-MS, HT-XRD, XAFS, and FT-IR and Raman spectro-
scopy.>! Conversely, detailed studies during reconstruc-
tion of the resulting oxide back to the layered double hy-
droxide are scarce and typically have been analyzed ex situ.
In these, samples have been characterized under ambient
conditions after exposure to the reconstruction environment
(for example, steam, decarbonated water, or aqueous solu-
tions of NH,OH or Na,CO;).
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Mg and Al K-edges. This work

provided valuable mechanistic
insights into the above transformations, but kinetic informa-
tion was not derived.

Following these studies, we report a detailed in situ X-ray
diffraction study to investigate quantitatively the mechanism
and kinetics associated with the rehydration and reconstruc-
tion in the presence of steam of Mg—Al hydrotalcite decom-
posed at different temperatures. The observations from dif-
fraction studies have been substantiated by application of
TGA and TPD-MS (temperature-programmed desorption
MS) techniques. The reconstruction process has been mod-
eled in order to obtain relevant kinetic parameters. The out-
come of our investigations is of importance for the optimal
activation of hydrotalcite clays for catalytic applications.

Results and Discussion

Throughout this paper, the differently treated materials are
denoted as HT-x, where the suffix x refers to the as-synthe-
sized (as), dehydrated (dh), calcined (ca), rehydrated (rh),
and reconstructed (rc) samples. Briefly, HT-dh and HT-ca
are obtained by thermal treatment of HT-as at 473 and
723 K, respectively. HT-rh and HT-rc result from exposing
HT-dh and HT-ca to steam, respectively (for details see the
Experimental Section).

As-synthesized hydrotalcite: Chemical analysis of the as-
synthesized Mg—Al hydrotalcite (HT-as) and thermogravim-
etry experiments revealed the chemical composition
Mg 737A1y 263(OH),(CO3)13°0.76 H,O. This indicated that the
Mg/Al molar ratio in the solid (2.8) was very close to the
nominal value (3), confirming that the precipitation step
was carried out effectively. The XRD cell (Figure 2) is de-
scribed in the Experimental Section.

At 303 K (Figure 3) the hydrotalcite structure is the only
crystalline phase (powder diffraction file 89-460 from the In-
ternational Centre for Diffraction Data, ICDD). Assuming
a 3R stacking of the layers and from the positions of the
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Figure 2. In situ XRD cell used for thermal decomposition and recon-
struction studies (left) and detail of the specimen mounting on the Pty
Rh,, alloy heater strip (right).

basal (003) reflection at 20 = 11.4° and nonbasal (110) re-
flection at 20 = 60.5°, the lattice parameters were calculat-
ed as ¢ = 2.33nm and a = 0.31 nm. The average crystallite
size of the sample was estimated using the Scherrer
method® in both the (003) and the (110) reflections, taking
the corresponding instrumental line broadening into ac-
count. This resulted in crystallites of 6.4 and 23 nm in the ¢
and a directions, respectively. The longer dimension in the a
direction can be expected from the well-known platelet-like
morphology of hydrotalcite crystallites."! A representative
transmission electron micrograph (Figure 4) of the as-syn-
thesized sample shows platy particles, thickness 6-20 nm
and lateral size 20-60 nm, in which a large number of crys-
tallites are grouped together. The BET surface area and
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Figure 3. In situ XRD patterns during thermal decomposition of HT-as in
N, at different temperatures: o: hydrotalcite, m: dehydrated hydrotalcite,
A: periclase, *: Ptoy—Rh.

Figure 4. TEM of the as-synthesized Mg—Al hydrotalcite.
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pore volume of HT-as derived from N, adsorption at 77 K
were 69 m?g~! and 0.29 cm®g !, respectively.

Thermal decomposition: Several studies have investigated
the in situ thermal decomposition of hydrotalcite-like com-
pounds. High-temperature X-ray diffraction provides valua-
ble information on phase transitions of the sample.””) This
can be complemented with spectroscopic techniques for in-
sights into changes upon heating of metal coordination (for
example, XAFS, A1 MAS-NMR)?*3! and of chemical spe-
cies such as interlayer water, hydroxyls, and carbonate
groups (for example, FT-IR, Raman, TGA-MS).*%! The in
situ XRD patterns upon decomposition of HT-as in the
range 303-723 K (Figure 3) are described and discussed with
attention to a) the dehydration of the hydrotalcite at 303-
473 K, b) the decomposition of the intermediate dehydrated
phase at 473-573 K, and c) the formation of the mixed-
oxide phase above 623 K.

Removal of interlayer water in the range 303-473 K is
evidenced by the progressive shift of the (003) reflection at
260 = 11.4° to higher angles above 323 K, which can be in-
terpreted as a decrease in basal spacing from 0.77 nm at
303 K to 0.64 nm at 473 K. In addition, the (003) reflection
broadens upon heating, suggesting that the long-range or-
dering in the dehydrated sample is decreased in comparison
with the as-synthesized hydrotalcite. The intensity of the
characteristic (006), (009), and (113) reflections at 260 = 22,
35, and 61.7°, respectively, decreased remarkably between
323 and 373 K, and had virtually disappeared at 423 K. At
this temperature a very broad reflection centered at 260 =
36° appeared, coexisting with the basal (003) and nonbasal
(110) reflections. The latter also broadened when the tem-
perature was increased, becoming asymmetric, but its posi-
tion was not affected with respect to the pattern at room
temperature, revealing that the a parameter was not altered
significantly upon dehydration. The XRD patterns at 423
and 473 K were very similar, and can be considered as char-
acteristic for what we can define as dehydrated layered hy-
drotalcite (HT-dh). The occurrence of the three broad dif-
fraction lines at 260 = 13.8, 36, and 60.4° and particularly
their simultaneous disappearance at 623 K (see Figure 3)
was strong experimental evidence for assigning them to the
same phase, with distinctive structural features compared
with the original hydrotalcite.

Kanezaki was the first to report the formation of a meta-
stable phase upon thermal treatment of Mg—Al hydrotalcite
at 453 K.?”2 He postulated that this phase results from the
reaction of interlayer water with carbonates, leading to the
formation of a hydroxyl-containing intermediate phase char-
acterized by a d spacing of 0.66 nm. The latter is very similar
to that determined in our HT-dh sample (0.64 nm). Unfortu-
nately, the interaction of water and carbonates upon dehy-
dration was merely speculative and not supported experi-
mentally. Later studies using Al MAS-NMR and HT-
XRD,#303531 and the present work have corroborated the
occurrence of an intermediate phase around 423473 K,
where the layered structure is retained. However, the broad-
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ening of the reflections characteristic of this phase in the
patterns at 423 or 473 K in Figure 3 (particularly that emerg-
ing at 260 = 36°), the disappearance of the (006) diffraction
line and the associated decrease in the interlayer space
imply an important disorder in the stacking of the layers. In
opposition to Kanezaki’s hypothesis,”**! many authors
ruled out the water—carbonate interaction as the cause of
HT-dh formation.”*"*3") This argument has been support-
ed by results from TGA, FT-IR, and MS, which have shown
that CO, evolution upon carbonate decomposition occurs
well above 523 K. The first weight loss step in the TGA
upon thermal decomposition of HT-as (Figure5) occurs

50

40

brucite
30

weight loss / %

MS signal / a. u.

HT-as HT-dh HT-ca

T T T T T T
300 400 500 600 700 800 900 1000
T/IK

Figure 5. TGA-DTG curves of HT-as and the profiles of the H,O and
CO, products evolved during TPD-MS in N,. Heating rate = 5 Kmin™'.

below 500 K and amounts ap-
proximately 17%. This transi-
tion has been typically attribut-
ed to interlayer water remov-
al >34 which is corroborated
by MS analysis of the gaseous
products evolved. As clearly
shown in Figure 5, H,O was the
only product of decomposition
below 500 K, and formation of
CO, was apparent only above
573 K. Based on these results,
the involvement of carbonate
groups in the dehydration step
can be categorically excluded.
Some reports have indicated that dehydroxylation of the
brucite-like layers occurs simultaneously with the removal
of interlayer water in the formation of the dehydrated
phase.* Accordingly, it is also relevant to determine the
degree of dehydroxylation in HT-dh. As shown by the signal
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at m/z 18 in Figure 5, the first and second stages of water
formation overlap slightly around 500 K. The same is ob-
served in the thermogravimetric profiles in Figure 5, where
the first and second weight loss transitions are not separated
clearly in temperature by a well-defined plateau. Based on
this, some dehydroxylation of the brucite-like layers in the
relevant temperature range where HT-dh is formed cannot
be excluded. In situ XAFS and “Al MAS-NMR studies
have proven that the dehydroxylation of Mg—Al hydrotalcite
starts at 473 K, as indicated by the change in coordination
of the Mg and Al centers.’**>3! This temperature coincides
with that obtained by extrapolating the tail of the second
H,O peak from the MS analysis to the baseline (broken line
in Figure 5). Consequently, the dehydroxylation occurs to
only a minor degree at the temperature where the inter-
mediate dehydrated structure is formed. This can be rein-
forced further from the TGA profile of a reference brucite
sample, Mg(OH),. The weight loss in this sample is due only
to dehydroxylation, since neither interlayer water nor carbo-
nate groups are contained in the structure. The gray profile
in Figure 5 shows that no significant weight loss occurs upon
heating to 573 K. Based on this, we infer that the changes in
the hydrotalcite structure occurring below 473 K are solely a
consequence of the removal of water from the interlayer
space.

The dehydration of the layered double hydroxide can be
quantified by determination of the interlayer space from the
basal reflection at 260 = 11-13°. The interlayer space in HT-
as is defined as the distance between two hydroxyl groups in
adjacent layers (Figure 6), and can be calculated as the dif-
ference between the basal ¢ spacing from the XRD pattern
(0.77 nm) and the thickness of the brucite sheet (0.48 nm).[!
In this manner, the layer-to-layer distance in HT-as amounts
to 0.29 nm (Figure 6), which is in excellent agreement with
the 0.3 nm value reported by Allmann from X-ray crystallo-

dehydration

-

423-473 K

Figure 6. Schematic representation of HT-as and HT-dh. Dimensions are given in nm.

graphic data.’l The structural scheme in the figure takes
into account that the symmetry axes of both water (C,) and
carbonate (C;) species are perpendicular to the layers, as
demonstrated by 'H and *C NMR studies.”!

As shown in Figure 7, the interlayer space decreased
abruptly in the range 350-450 K down to approximately
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0.16 nm, which is equivalent to shrinkage of the interlayer
space in HT-dh by around 45% with respect to HT-as (see
Figure 6). This value is very close to the thickness of the car-
bonate anion if located with its C; axis perpendicular to the
brucite-like sheets (0.14 nm).*!! In situ FT-IR investigations
have demonstrated that dehydration of the interlayer space
in hydrotalcites causes the reorganization of the carbonate
anions in the interlayer, evidenced by the splitting of the v;
mode at 1370 cm ™! into two absorption bands around 1520
and 1360 cm1.2%¥% The latter is due to the loss of symme-
try from D;, in as-synthesized hydrotalcites to C,, C;,, or C,,
symmetry in dehydrated hydrotalcites."**! The lower
degree of symmetry of CO;*~ ions in HT-dh can be envis-
aged intuitively from the restricted degree of freedom of
these species in the confined interlayer space and the likely
increase in electronic repulsion of carbonate groups in the
absence of water.

0.32 +50

F40 o
£ 0.28 &
<
P 130 o
8 0.24- 8
5 L20 3
5 0.204 =
£ L10 3

0.164__ : ‘ ' Lo

300 350 400 450 500
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Figure 7. Variation of the interlayer space with temperature during dehy-
dration of HT-as, and the resulting degree of shrinking.

Figure 3 shows that the for-
mation of the mixed oxide
Mg(Al)O, occurs at 623 K, to
the detriment of the dehydrated t/min
layered phase. Reflections at 27
260 = 37, 43, and 62° are char-
acteristic of the rock-salt peri-

303K

11

%FFF%E

of water has already started at 500 K, CO, is evolved only
above 573 K. It can thus be concluded from this result that
dehydroxylation precedes carbonate decomposition.

Rehydration of the intermediate layered structure: The
transformation of the intermediate dehydrated phase back
to hydrotalcite was investigated by in situ XRD. The sample
treated at 473 K (HT-dh) was cooled in dry N, to a tempera-
ture in the range 303-423 K and then contacted with mois-
turized N, (2 vol. % H,O). Figure 8 shows the XRD patterns
upon rehydration at two representative temperatures and
different times from the moment at which the inlet N, flow
was saturated with water (r = 0 min). The reference pattern
of the as-synthesized hydrotalcite HT-as is also shown. In
the first rehydration test at 303 K, the 26 range scanned was
the same as in the thermal decomposition studies (5-70°),
but it had to be narrowed to 5-25° in order to follow the re-
hydration process properly. In this range, the representative
basal diffraction line can be monitored. Recovery of the hy-
drotalcite upon exposure of HT-dh to steam was very fast at
303 K, as can be concluded qualitatively from the marked
shift of the basal reflection from 20 = 13.8 to 11° in the
first 5 min in the H,O-containing flow.

The degree of rehydration is quantified in Figure 9, fol-
lowing the evolution of the interlayer space (determined as
described in the previous section). The characteristic
0.16 nm space in HT-dh increases steeply due to accommo-
dation of water molecules in the interlayer space, reaching
the original value in HT-as (0.29 nm) after a brief period of
6 min. This is in excellent agreement with XAFS results
published by van Bokhoven etal.,” showing that the
changes in coordination of Mg and Al upon treatment of

343 K

t/ min
40

11
9 M
7
3 V\‘Aﬁ/‘/'\‘\\wv—\/mw/\/
1

HT-dh < o

HT-as <—

clase structure (MgO, powder °
diffraction file 45-0946 from !
ICDD). The collapse of the in- 5
termediate layered structure 3

into the oxide phase is a conse- 1

quence of the dehydroxylation HT-dh <0

of the brucite-like sheets by HTas <
condensation of neighboring

OH groups in the layers. This s 10

process occurs in the broad
range 473-723 K according to
TGA and TPD-MS (Figure 5).
The occurrence of a single
weight loss in the range 500-723 K, and the fact that the
maximum of the H,O and CO, profiles in MS analysis coin-
cide, are evidence of the coupling between dehydroxylation
and decarbonation processes.”** However, while formation
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Figure 8. In situ XRD patterns during rehydration of HT-dh at 303 and 343 K in a N, flow with 2 vol % H,O.

the hydrotalcite in the range 425-475 K are fully reversible
after cooling the sample to room temperature.

Kanezaki®” also observed the recovery of the original hy-
drotalcite upon contact of the metastable dehydrated phase

Chem. Eur. J. 2007, 13, 870—878
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Figure 9. Variation of interlayer space with time upon rehydration of HT-
dh at 303 and 343 K in a N, flow with 2 vol % H,O.

with a humid atmosphere at room temperature. In our case,
an even faster rehydration of HT-dh at 303 K could have
been monitored if a smaller cell had been used in the XRD
experiments. About 10 min are required from saturation of
the N, flow by water until the gas concentration in the
chamber reaches the target value of approximately 2 vol %
(Figure 10), due to its relatively large volume (~1L).

2.5

O
2.0 e
()/O/
154
1.04 g

0.5

steam content in the cell / vol.%

0.040

t/ min

Figure 10. Characteristic curve of the increase in steam content in the
XRD cell with time upon saturation of the N, flow with water.

Two additional observations related to the rehydration
mechanism can be extracted from our in situ XRD measure-
ments. First, Figure 8 shows that the transition during rehy-
dration at 303 K between 1 and 3 min causes not only a shift
in the position of the basal reflection, but also a substantial
broadening and decreased intensity. The gradual shifting
continues in the pattern at 5 min, but contrarily to that at
3 min, the (003) reflection begins to sharpen again. This re-
veals that rehydration involves not only the physical filling
of the interlayer space by water molecules, but also a phase
transition from the disordered, dehydrated, layered phase
back to the original hydrotalcite. Figure 9 also demonstrates
that rehydration times longer than 7 min lead to a greater
interlayer space than in the original hydrotalcite (increased
by approximately 10 %), which is not further changed with
time up to 30 min. This could suggest that the interlayer of
the rehydrated product can accommodate more water than
the as-synthesized hydrotalcite. Several authors have report-
ed the re-expansion of the original spacing if the hydrotal-
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cite is not heated above 573 K.['! However, the relative error
in the determination of the interlayer space can be estimat-
ed as 3-5%, so no definitive conclusions on this effect can
be drawn.

For the first time, it has been observed that the HT-dh
phase can be stabilized when the sample is slightly above
room temperature. The basal reflection of HT-dh at 260 =
13.8° hardly changed after 2 h of exposure to a wet atmos-
phere at 343 K (Figure 8). As a consequence, the increase in
the interlayer space during this period was only about 15 %
(Figure 9). As expected, no rehydration was evidenced upon
further increasing the temperature to 423 K. This aspect is
discussed further in the next section.

Reconstruction of the mixed oxide: The reconstruction of
the calcined Mg—Al hydrotalcite at 723 K (HT-ca) was inves-
tigated by following the same experimental protocol as de-
scribed for the rehydration of HT-dh. Figure 11 shows the
evolution of the diffraction patterns with time upon bringing
HT-ca into contact with the moisturized nitrogen flow at
two selected temperatures. The mixed oxide Mg(Al)O, re-
covers the hydrotalcite structure gradually at 303 K. The
characteristic diffraction lines of hydrotalcite start to appear
slightly after 3 h in contact with steam. At longer times, the
reflections of the hydrotalcite phase progressively intensify
and sharpen, particularly in the 3-12h period. These
changes are coupled to the decreased reflections of the peri-
clase phase. After 21 h, the fact that the main reflection of
the oxide phase at 260 = 43° cannot be discerned could indi-
cate qualitatively that the reconstruction of the original hy-
drotalcite-like structure has been virtually completed. At
this time, it is also possible to distinguish the characteristic
(110) and (113) reflections of the hydrotalcite structure at
diffraction angles around 26 = 60.4 and 61.7°. By this re-
construction process the hydrotalcite analogue meixnerite is
obtained, as hydroxyls act as compensating anions in the in-
terlayer instead of carbonates (see Figure 1). This process
differs from HT-dh rehydration, since only water is lost
upon heating at 473 K (see section on thermal decomposi-
tion above).

The patterns in Figure 11 at 303 K indicate that recon-
struction of HT-ca does not go through the layered dehy-
drated phase described earlier, since the (003) reflection
shifted to 260 = 13.8° and the very broad reflection at 26 =
36° was not observed at an intermediate stage. In fact, the
interlayer space was almost identical to that in HT-as during
the whole reconstruction process. This observation indicates
that the retrotopotactic transformation occurs in a single
step (mixed oxide —meixnerite), in contrast with the two-
stage transition during decomposition (hydrotalcite —dehy-
drated layered phase —mixed oxide). In view of this, hy-
droxylation of the oxide structure and filling of the interlay-
er space by water are simultaneous, contrarily to the se-
quence in thermal decomposition.

The evolution of the degree of reconstruction (a) of HT-
ca with time was determined experimentally at 303 K by
comparing the area under the (003) diffraction line in each
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Figure 11. In situ XRD patterns during reconstruction of HT-ca at 303 and 343K in a N, flow with 2 vol %

H,O. o: Hydrotalcite, A: periclase, *: Ptoy-Rhy,.
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Figure 12. Experimental (o) and calculated degree of reconstruction

(—) of HT-ca versus exposure time at 303 K in a N, flow with 2 vol %
H,O.

pattern with the area of the (003) diffraction line in the pat-
tern at 33 h (assumed to be a totally reconstructed sample).
The values obtained (open circles in Figure 12) show a
quasi-linear reconstruction up to 20 h, approaching a plateau
at longer times. Comparing the time scales in Figure 8 and
Figure 11, the gas-phase reconstruction of HT-ca is conclud-
ed to be two orders of magnitude slower than the rehydra-
tion of HT-dh. As shown in Figure 11, the reconstruction of
HT-ca at temperatures slightly above ambient (at 323 K, for
example) failed to occur after an 8 h exposure to the wet at-
mosphere. A difference of only about 20 K above room tem-
perature was sufficient to prevent reconstruction of the
oxide. Reproducible results were obtained from the latter
experiments repeated several times. The dramatic decelera-
tion of the gas-phase reconstruction with temperature can
be related to the limited wetting of the surface of the de-
composed materials by impeded water adsorption on the
solid material above room temperature. This is a required
first step to initiate the rehydration reaction. In reconstruc-
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30 40 50 60 70 (at 673K) in 0.8M Na,CO;
aqueous solution. This process
was accelerated by increasing
the temperature, since dissolu-
tion of the poorly crystalline
oxide in solid carbonate and
nucleation of the reactive species so formed became faster.
The faster reconstruction can be explained by the contact of
liquid water with the oxide surface being much more favora-
ble than in our gas-phase rehydration mode, due to the effi-
cient wetting of the surface by the fluid. However, compari-
son of our work with reported studies in the liquid phase is
not straightforward; the liquid-phase experiments have been
performed in aqueous solutions with anions (for example,
carbonates, hydroxides), which can be a factor influencing
the kinetics of the reconstruction process. To the best of our
knowledge, mechanistic studies in pure decarbonated water
have not been reported. The frozen recovery of the original
structure when elevating the sample temperature can be of
practical relevance, since it seems to enable stabilization of
intermediate (partially decomposed) structures during de-
composition of anionic clays, even in wet environments.

To extract kinetic information, the reconstruction data at
303 K were fitted using the simple nucleation growth model
proposed by Avrami and Erofe’ev®! [Eq. (1)], where « is
the degree of reconstruction, k is the rate coefficient, ¢ is the
time, and #n is the Avrami exponent. This empirical equation
has been applied widely to model crystallization and phase
transformations in solid-state chemistry.*>

2 6/ degrees

a = 1—exp[—(kt)"] 1)
In[-In(1-a)] = nlnt + nlnk (2)

A good description of the experimental results was achieved
(line in Figure 12). Sharp and Hancock™ proposed the lin-
earization of Equation (1) by taking the double logarithm,
leading to Equation (2). This representation (Figure 13) ena-
bles determination of the rate coefficient k& = 2.26(40.06) x
107° s~ and the Avrami exponent n = 1.39(£0.03) at 303 K.
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Figure 13. Sharp—Hancock plot for the reconstruction of HT-ca at 303 K.

The same approach was used previously by Millange et al.l*”!
to model the reconstruction of calcined Mg-Al hydrotalcite
in aqueous solutions of Na,CO;, obtaining a rate coefficient
approximately 10 times higher than in the gas-phase recon-
struction with water vapor.

Conclusion

The development of instrumentation and appropriate proce-
dures made it possible to gain insights into the mechanism
and kinetics of the thermal decomposition of hydrotalcites
and their subsequent gas-phase rehydration and reconstruc-
tion processes (memory effect). In situ XRD is a powerful
technique to accomplish this, since it provides direct evi-
dence on the nature of the phases present in the reaction
and their relative concentration. This information is of great
value for optimization of the activation of hydrotalcites for
their utilization in catalytic applications. Hydrotalcite de-
composition to the mixed oxide goes through an intermedi-
ate highly disordered layered phase, which is exclusively the
product of interlayer water removal, causing a dramatic
shrinkage of the space between brucite-like layers. The col-
lapse of the layered structure is initiated above 523 K by
condensation of hydroxyls from adjacent layers followed by
carbonate decomposition, leading to a poorly crystalline
Mg(Al)O, oxide. Recovery of hydrotalcite from the oxide
calcined at 723 K is two orders of magnitude slower than re-
hydration of the intermediate layered structure and one
order of magnitude slower than the liquid-phase reconstruc-
tion as typically practiced. In contrast to the decomposition,
the reconstruction mechanism is direct; that is, it does not
involve the occurrence of an intermediate phase. Above
303 K, the gas-phase reconstruction is hampered. This is at-
tributed to the limited adsorption of water on the solid
above room temperature, which causes poor wetting of the
surface. This enables stabilization of partially decomposed
phases by application of moderate temperatures. The
Avrami-Erofe’ev model describes well the gas-phase recon-
struction kinetics.
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Experimental Section

Preparation of materials: Mg-Al hydrotalcite with a nominal Mg/Al
molar ratio of 3:1 was prepared by coprecipitation at constant pH by the
in-line dispersion—precipitation (ILDP) method.”? Briefly, aqueous solu-
tions Mg(NO;),-6 H,O (0.75Mm) and AI(NO;);9H,0 (0.25m) and the pre-
cipitating agent (NaOH + Na,CO,, each 1M ) were fed continuously at
room temperature by means of peristaltic pumps into a home-made
micro-reactor (effective volume ~6 cm®). The pH was kept at 10 by using
an in-line probe that measured the pH of the slurry directly at the outlet
of the micro-reactor and was connected to one of the pumps for pH con-
trol. The precipitation chamber was stirred at 13500 rpm by a high-speed
disperser and the average residence time was fixed at 36 s. The resulting
slurry was aged in a vessel under stirring (500 rpm) at 298 K for 12 h.
The material was filtered, washed extensively with deionized water to
remove Na® and NO;~ ions, and dried at 353 K for 12 h. Brucite
(Mg(OH),) was prepared as a reference sample by precipitation of Mg?*
ions following the same procedure, but using NaOH as the precipitating
agent.

Characterization: The chemical composition of the as-synthesized Mg-Al
hydrotalcite was determined by AAS (Hitachi Z-8200) and ICP-OES
(Perkin-Elmer Plasma 400). The sample was dissolved in HNO;
(10 wt%) before analysis. N, adsorption at 77 K was performed in a
Quantachrome Autosorb 1-MP gas adsorption analyzer. Before analysis,
the sample was evacuated at 393 K for 16 h. The BET method™™! was ap-
plied in the relative pressure range of 0.01-0.3 to calculate the total sur-
face area. A Zeiss 10 CA microscope was used for TEM. Thermogravi-
metric analysis was carried out in a Mettler Toledo TGA/SDTAS851e mi-
crobalance equipped with a 34-position sample robot. Analyses were per-
formed on each sample (~3 mg) placed in a a-Al,O; crucible (70 uL), in
a dry N, flow (50 cm*(STP)min~'. The temperature was increased from
323 to 973 K at 5 Kmin . To study the evolution of the gases during the
decomposition of Mg—Al hydrotalcite by TPD-MS, the as-synthesized
material (~100 mg) was decomposed in dry N, (50 cm*(STP)min ') in a
quartz fixed-bed reactor (10 mm i.d.). The temperature was raised from
room temperature to 973 K at 5 Kmin™' and masses m/z 18 (H,O) and
m/z 44 (CO,) were monitored with a quadrupole mass spectrometer
(Pfeiffer OmniStar GSD 3010).

In situ XRD: X-ray diffraction experiments were performed at ambient
pressure in a Bruker-AXS D5005 6-6 diffractometer equipped with a
Bruker-AXS MRI high-temperature chamber (vol. ~1 L)(Figure 2, left)
and a diffracted beam graphite monochromator using Cuy, radiation. A
thin layer of sample (=30 mg) was mounted on the Pto—Rh,, heater strip
inside the chamber (Figure 2, right) by placing a few droplets of a suspen-
sion of finely ground sample in ethanol on the strip, then drying under
ambient conditions. Great care was taken to minimize the specimen dis-
placement effect by checking the exact position of the heater strip before
every experiment and carefully reproducing the specimen installation.
Diffractograms were acquired for the Bragg-Brentano geometry in the
range of 5 <26 <70° with a step size of 0.1° and a counting time per step
in the range 1-6s. Different experiments were carried out to investigate
the thermal decomposition of the Mg—Al hydrotalcite as well as the rehy-
dration and reconstruction of decomposed products at different tempera-
tures:

e In situ XRD patterns during thermal decomposition in a N, flow
(100 cm*(STP) min ') were recorded at intervals of S0 K in the tem-
perature range 303-723 K after equilibration of 10 min at each tem-
perature. The heating rate was 5 Kmin~'. The sample was directly
heated by the noble metal alloy strip, whose temperature was control-
led within £2 K. In the cell, the gas flow was positioned across the
sample, thus ensuring good solid—gas contact.

o In situ rehydration was performed over the Mg—Al hydrotalcite previ-
ously treated in a dry N, flow at 473 K for 10 min to dehydrate the
sample. This was followed by cooling in N, to a selected temperature
in the range 303-423 K. Subsequently, the N, gas was moisturized
with water by means of an Ansyco SYCOS-H humidity generator
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and introduced to the chamber at a total flow rate of 100 cm’
(STP)min~'. XRD patterns were recorded continuously with time.

o In situ reconstruction experiments were carried out similarly to rehy-
dration experiments, but the as-synthesized hydrotalcite was decom-
posed in a dry N, flow at 723 K for 5 h.

The temperature and relative humidity inside the chamber in the vicinity
of the sample were monitored by a Novasina HygroDat 100 sensor.
Under the conditions applied in the humidity generator, the steam con-
tent in the N, carrier for the rehydration and reconstruction experiments
was ~2 vol. % H,O (RH 90%).
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