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A starting [Mg—Al-Cl] LDH, prepared by coprecipitation,
was further anion-exchanged to incorporate a variety of anions in
the interlayer domain: (Fe(CN),)*~, (P,0,)*, (V,0,)*,
(Cr0O,)*", and (Cr,0,)>". The resulting materials were fully
characterized using classical techniques like XRPD, FTIR,
TGA/DTA, and BET, and their structural modifications studied
as a function of calcination temperatures. Under mild calcina-
tion, only the oxo-anions were shown to interact strongly with the
host matrix. This resulted in a systematic shrinkage of the
interlamellar domain, with a negative impact on the surface
properties. However, intercalation of oxo-anions proved to be
beneficial to thermal stability, the lamellar structure being main-
tained up to 400°C in the case of the dichromate intercalated
[Mg—Al]. A thorough analysis of the FTIR spectra, revealing an
evolution in the symmetry of some oxo-anions, confirmed the
occurrence of a grafting process. Furthermore, the permanent
character of the pillars was evidenced through unsuccessful re-
hydration and back-exchange reactions. © 2000 Academic Press

Key Words: hydrotalcite; anion exchange; oxo-anions; ther-
mal behavior; layered double hydroxides.

INTRODUCTION

Layered double hydroxides (LDHs) represent a class of
ionic lamellar solids with positively charged layers and ex-
changeable hydrated gallery anions. They are composed of
octahedrally coordinated bivalent (e.g., Mg?*, Ni**, Zn?",
Cu?™") and trivalent (e.g., AI3*, Cr®") cations, sharing edges
to form infinite brucite-like sheets. Hydrotalcites are gener-
ally described by the empirical formula [M& M3 (OH),]
[A%,,-nH,0], abbreviated hereafter as [M?**-M>"-A],
where x may vary from 0.17 to 0.33 (1-3). A represents the
m-valent anion necessary to compensate the net positive
charge. Their development is of increasing interest due to
their potential use in various applications like monitoring
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environmental wastes, implementing new catalytic systems,
or elaborating efficient molecular sieves (4). In the search for
pillared layered solids (PLS) that mimic the zeolite-type
structure, but possessing larger and more modifiable pores
and active sites, LDHs have attracted much attention due to
their high anion-exchange capacities (5). A review of such
hydrotalcites, intercalated mainly with robust poly-
oxometalates, has been carried out recently (6), giving a very
good insight into this specific property of LDHs as well their
potential exploitation as pillared solids. The anion-exchange
properties are also of particular importance in the develop-
ment of heterogeneous catalysts: it sometimes represents the
only alternative to incorporate a desired element in the com-
position of the solid or to increase the loading of a particular
metal. When the intercalated LDHs are used as precursors for
catalysts, the mixed oxides obtained following high temper-
ature calcination will constitute an intimate and homogene-
ous mixture of the metallic components giving the material
its particular catalytic properties (7). Anion-exchange reac-
tions, along with the high flexibility in the composition of
the brucite-like layers, are often considered to be crucial
parameters in the tailoring of specific catalytic systems.
We report in this work the preparation and characteriza-
tion of a series of intercalated magnesium-aluminum hy-
drotalcites. The various anions used differ in their charge
density, geometry, and size, to measure the influence of these
parameters on the properties of the final materials. Our main
interest was to evaluate the thermal stability of the anion-
exchanged LDHs and to monitor their structural evolution
as a function of temperature. Here, we present a systematic
and comparative study of these different materials over
a wide range of temperature. The catalytic activity of the
materials has been assessed in the oxidative dehydrogenation
of ethylbenzene (8) and in the ethoxylation of butanol (9).

EXPERIMENTAL
Materials

For all preparative procedures, metal chlorides and
nitrates, sodium carbonate, sodium hydroxide, sodium
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metavanadate, potassium dichromate, potassium chromate,
potassium hexacyanoferrate(Ill), and sodium pyrophos-
phate (all from Fluka) were of analytical grade.

The materials presented in this study have been prepared
following existing procedures available in the literature,
either for magnesium-aluminum or for other systems:
[Mg-Al-Cl], according to Miyata (10); [Mg-Al-Fe(CN)g],
following a procedure detailed by Cavalcanti et al. (11);
[Mg-Al-V,0,], according to Twu and Dutta (12),
[Mg-Al-CrO,], referring to Miyata and Okida (13); and
[Mg-Al-P,0-], as described by Malherbe et al. (8).

[Mg-Al-Cr,0,] was adapted from the procedure de-
scribed by de Roy et al. (14). A sample of 1.00g of
[Mg-Al-Cl] was soaked in 25 cm?® of distilled, deionized
water and the precipitate was stirred for 1 h under inert
nitrogen atmosphere. The pH of the mixture was then
adjusted to 6.0 + 0.1 by dropwise addition of a 2 M solution
of HCI. The mixture was kept under magnetic stirring for
1 more h. Then 50 cm? of a 0.5 M solution of K,Cr,O, was
added, followed by an adjustment of the pH, and the ex-
changed reaction was left for 2 h. It should be noted that
a higher concentration of the incoming anion was used, the
main reasons being: (1) to avoid competition with the excess
chloride ions added; and (2) the dichromate solution was
enough acidic to maintain the mixture at a pH of ~6. The
final slurry was then washed and centrifuged (3 cycles) and
a bright yellow solid was isolated after appropriate drying.

Methods

All materials were examined by powder X-ray powder
diffraction (XRPD) with a Siemens D501 diffractometer
using CuKo radiation. The samples, as unoriented powders,
were scanned from 2° to 76° (20) in steps of 0.08° with
a count time of 4 s at each point. The FTIR spectra were
recorded on a Perkin-Elmer 2000 FT spectrometer at a res-
olution of 2cm ™! and averaging 10 scans in the 400- to
4000-cm ~ ! region using the KBr pellet technique. A typical
pellet contains ca. 1 wt% sample in KBr. Chemical analyses
were performed by inductively coupled plasma (ICP) emis-
sion spectroscopy at the Analysis Centre of the CNRS,
Vernaison. Thermogravimetric analyses (TGA) were per-
formed on a SETARAM TGA92 thermogravimetric ana-
lyzer. Prior to the TGA, all materials were dried at 40°C
overnight. The samples were heated between 25 and 1050°C
under continuous air flow at a heating rate of 5°C min ! for
all data collection. The nitrogen adsorption-desorption iso-
therms were recorded at liquid nitrogen temperature on
a Fison SP1920 instrument. The materials were pretreated
as follows: heating in air at 100°C for 16 h followed by
degassing for 4 h at 80°C. Pore size distributions were cal-
culated using the Barrett-Joyner—-Halenda (BJH) model (15)
on the desorption branch.
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RESULTS AND DISCUSSION
XRPD of the Fresh Samples

As shown in Fig. 1, all the Mg-Al samples prepared both
by coprecipitation and anion exchange displayed the typical
X-ray powder diffraction patterns of the hydrotalcite struc-
ture. When compared to the parent magnesium-aluminum
chloride, all the other materials exhibit a significant expan-
sion of the interlayer domain, which is a good indication of
successful anion exchange. Tables 1 and 2 summarize the
results of the chemical analyses performed on the hydro-
talcites as well as the crystallographic parameters. The
amount of water molecules is calculated from the percent-
age loss as available from the thermogravimetric curves.
The elemental composition of the various samples indicates
that the Mg/Al ratio in the host matrix is very close to that
of the parent material. One general observation that can be

(e)

(@)

Relative Intensities (a.u.)

(c)

(b)

J ®

L L LR R R AR R RN LR SRR RN RER) AR AR REEN ERR R

4 12 20 28 36 44 52 60 68 76
2 Theta/*

FIG.1. XRPD patterns of (a) [Mg-Al-Cl], (b) [Mg-Al-Fe(CN);].
(c) [Mg-Al-P,0-],  (d) [Mg-Al-V,07], (¢) [Mg-Al-CrO4], and
(f) [Mg-Al-Cr,0,] hydrotalcites.
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TABLE 1

Elemental Chemical Analysis Results and Idealized Formulas of the Synthetic LDHs
Sample Chemical composition (% wt/wt) Formula
[Mg-Al-Cl] Mg(21.09), Al(7.90), C1(10.03), C(0.12) [Mgs. oAl 02(OH),61Cl4 o5, (CO3)0.0--7.6H,0
[Mg-Al-Fe(CN)s] Mg(23.21), Al(8.79), Fe(5.55), N(8.35), C(6.8), C1(0.09) [Mgs.06Al5.04(OH); 6] (Fe(CN)G)o 625 Clo.02(CO3)0.07-3.4H,0
[Mg-Al-P,04] Mg(22.20), Al(8.47), P(4.58), C(0.11), C(0.11) [Mgs.95AlL.05(OH)16] (P207)o.45, Clo.02(CO3)0.06°5-1H,O
[Mg-Al-V,0/] Mg(22.31), Al(8.45), V(7.32), CI(0.19), C(0.14) [Mgs.06Al2.04(OH)161 (V207)0.47, Clo.03(CO3)0.05"4H,0
[Mg-Al-CrO,] Mg(21.97), Al(8.41), Cr(7.40), C1(0.13), C(0.08) [Mgs.95Al5.05(0H) 6] (CrOy4)o.04, Clp.02(CO3)0..054.1H,O
[Mg-Al-Cr,0-] Mg(19.43), Al(7.60), Cr(12.94), Cl(0.31) [Mgs.02Al5.08(OH)16] (Cr;07)0.02, Clo.o7-3.7H,O

made is that all hydrotalcites present a small contamination
with carbonate ions, except for the dichromate-exchanged
LDH. This is related to the low pH maintained throughout
the exchange reaction to stablize the dichromate species. As
expected, it also results in a partial dissolution of the bru-
cite-like sheets, the magnesium-aluminum ratio being
slightly less, as compared to the other LDHs. With the
exception of the pyrovanadate and dichromate anions, the
pH of the reaction mixtures was not controlled due to the
high basicity of the LDH slurry (ca. 9). For the other species
we are not constrained to carry out the exchange reactions
within a narrow pH range with respect to issues regarding
anion stability (16). However, this is not the case for the
pyrovanadate intercalated LDH, for which the pH was
constantly maintained at 11 + 0.1 (12), or for the (Cr,O-)*~
species, which only exist at pH values lower than 6.

It is interesting to note the difference in crystallinity
between the different samples resulting from the anion-
exchange reaction. Compared to the parent chloride precur-
sor, which exhibits fine and intense peaks characteristic of
a well-crystallized material, the exchanged LDHs tend to
give relatively broader peaks. However, a noteworthy differ-
ence is observed with the ferricyanide intercalated LDH,
which presents a significantly higher crystallinity than the
other anion-exchanged hydrotalcites.

Some authors have assigned the poor crystalline state of
anion-exchanged LDHs to a disturbance in the stacking
sequence of the layers caused essentially by anions adsorbed

on the surface (13). The alleged default being less pro-
nounced in [ Mg-Al-Fe(CN)s] would thus suggest that the
tendency for this anion to be adsorbed is much lower,
thence giving an indication of its reactivity with the hy-
droxylated layers.

Furthermore, these results seem to indicate that the tur-
bostratic effect arising from anion intercalation is not solely
dependent on the size of the incoming guest. For example, if
the XRPD patterns of the chromate and ferricyanide LDHs
are compared, the latter is shown to be more crystalline
while it is also the more voluminous of the two. As for these
two LDHs, the pH and the concentration of the anion were
strictly the same; any influence of the experimental condi-
tions is ruled out. When considering the (X,0-)?” anions,
which are approximately of the same size and feature close
geometry, a significant difference is observed in the crystal-
linity of the dichromate (¢ = 2) as compared to the pyro-
vanadate and pyrophosphate (¢ = 4). However, for these
anions the pH values of the reaction mixtures are very
different and might play a significant role in determining the
crystalline state of the final material. The LDHs resulting
form intercalation of the tetravalent anions (P,O-)*~ and
(V,0,)*7; both exhibit an important broadening of the
second diffraction peak. A similar behavior has been re-
ported for LDH intercalated with metavanadate (17, 18)
and assigned by the authors to a disorder in the periodicity
of the (00l) planes, possibly related to the formation of
polymeric chains in the interlamellar domain. The XRPD

TABLE 2
Composition and Lattice Parameters of [Mg—Al] Layered Double Hydroxides

Parameter [Mg-Al-CI] [Mg-Al-Fe(CN)s] [Mg-Al-P,0,] [Mg-Al-V,0,;] [Mg-Al-CrO,] [Mg-Al-Cr,04]
Basal spacing (/&) 7.93 11.25 8.90 8.59 9.03 9.59
Intermetallic distance (a; ,&) 3.06 3.06 3.06 3.06 3.06 3.06
Mg/Al (molar ratio) 2.96 293 291 293 2.90 2.84

x (degree of substitution) 0.252 0.254 0.256 0.254 0.256 0.260
Anion charge —1 -3 —4 —4 -2 -2

Anion (moles per unit cell) 1.95 0.62 0.48 0.47 0.94 0.92
(CO3)*~ (moles per unit cells) 0.07 0.07 0.06 0.08 0.05 —
Residual Cl~ — 0.02 0.02 0.03 0.02 0.07
Effective anion intercalation — 91 94 93 92 88
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patterns of these intercalated LDHs provide clear evidence
of the influence of the characteristics of the incoming anion
on the structural properties of the resulting material. Steric
effect alone cannot account for the observed disturbances
and other parameters, such as charge density and reactivity
of the anionic species, must be considered.

Thermal Analyses

The thermogravimetric (TG) and differential thermog-
ravimetric (DTG) curves of the materials are shown in
Fig. 2. In view of the results shown here, the thermal evolu-
tion of hydrotalcite-like materials can be broadly character-
ized by four main events: evaporation of adsorbed water,
elimination of the interlayer structural water, dehydroxyla-
tion of the brucite-like sheets, and either loss of the anion
(for volatile species like Cl~, NO3, or CO3;) or, for
nonvolatile species, inclusion of the metallic part in the
formation of mixed metal oxides (e.g., CrO3 , Cr,02",
V,0327).

Weight loss/ %
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FIG. 2. Thermogravimetric (solid line) and differential thermog-
ravimetric (dashed line) curves of the parent (a) [Mg-Al-Cl] and anion-
exchanged LDHs, (b) [Mg-Al-Fe(CN)e], (c) [Mg-Al- P,0-], (d) [Mg-Al-
V,0-], () [Mg-Al-CrO,], and (f) [Mg-Al- Cr,0-].
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On the other hand, these four steps may or may not be
distinct, depending on various factors such as the dryness of
the sample, the stability of the intercalated anion, the reac-
tivity of the interlamellar species, or possible guest—host
interactions mobilizing the hydroxyl groups. These various
possibilities are well-illustrated in the samples presented in
this study: the behavior of the each individual sample is
shown to be quite distinctive. The parent chloride LDH
clearly indicates the presence of a significant amount of
adsorbed water molecules that are easily eliminated at tem-
peratures well below 100°C, followed by the loss of inter-
lamellar water up to 200°C. Dehydroxylation of the
hydrotalcite framework takes place in the temperature
range between 340 and 350°C and finally the chloride an-
ions are lost at temperatures up to 470°C. On comparing the
thermogravimetric curves of the different materials, we refer
mostly to the temperature at which the DTG curve is at its
minimum, i.e., at maximum rate of the weight loss. Given
that all the samples have been analyzed under the same
conditions, this would represent an adequate basis for the
discussion of the different behaviors.

Following anion exchange, two interesting deviations are
observed. The first difference concerns the event assigned to
the loss of the interlayer water molecules. While in the
hexacyanoferrate intercalated LDH this weight loss occurs
within approximately the same temperature range as in the
chloride precursor, it is shifted at a slightly higher temper-
ature in the other materials. When considering the nature of
the anion present in the interlamellar region the opposite
trend should normally be observed. By taking into account
only steric hindrance considerations, the other anions, much
bulkier than the simple halide, should create greater voids
between the sheets and facilitate the elimination of water.
Although the X-ray powder diffraction patterns of the ex-
changed materials evidenced a significant expansion of the
interlayer (Fig. 1), no such tendency is observed. With re-
gard to the relative charge density of the brucite-like sheets
and the electronic repulsion of charged species, the chloride
anions being monovalent, the occupancy of the interlayer
domain by the monovalent chloride anion would be nor-
mally higher than that of the other anions, thus offering less
space for the dynamic water molecules to be eliminated.
However, from the results presented here, it occurs that the
shift observed in the elimination of the water molecules
affect mostly the oxo-anion intercalated LDHs. Another
peculiar aspect of this first weight loss, as it can be deter-
mined from the DTG curves, concerns the rate at which the
interlamellar water was lost. Again, the nature of the anion
seems to play an important role: for example, in the chloride
and hexacyanoferrate LDHs this event occurs over a wide
range of temperature, the shape of the differential curve
indicating that the process is relatively slow. Conversely, in
the other materials two trends are observed: a slow rate at
lower temperatures and a faster one when a certain limit
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temperature is achieved. Above 180°C all the residual water
molecules are eliminated rapidly. These observations sug-
gest that the interlamellar water molecules are held differ-
ently in the materials considered, according to the local
environment. The more likely explanation would be that
they are involved in the solvation of the anions through
hydrogen bonding. These hydrogen bonds are expected to
be stronger with the oxo-anions than with chloride or the
hexacyanoferrate anions. Moreover, the asymmetric shape
of the DTG curves observed in the cases of the oxo-anion
intercalated LDHs might be an indication of the existence of
two types of interlamellar water molecules: free ones and
those solvating the anionic species. The existence of different
kinds of interlayer water has been reported in [Mg-Al-OH]
(20, 21) and [Mg-Al-ClO,] (3) but these were correlated to
the charge density of the hydroxylated sheets. In this work,
the comparative thermogravimetric data suggest an influ-
ence of the interlayer anions.

The second interesting point to observe concerns the
dehydroxylation step, which in the chloride precursor is at
its maximum at 345°C. This temperature is in good agree-
ment with the relative stability of brucite and gibbsite,
which decompose respectively at 350 and 300°C (22). The
process occurs at almost the same temperature (355°C) in
the hexacyanoferrate LDH. When compared to the other
LDHs studied in this work a singular behavior is observed
in [Mg-Al-Fe(CN)g]: with the interlayer anion being less
stable than the hydroxylated sheets, a significant weight loss
occurs before the dehydroxylation, as the [Fe(CN)g]®~
complex decomposes to expel the (CN) groups. These re-
sults are in good agreement with detailed studies of this
LDH previously reported in the literature (23-25). On the
other hand when the interlayer region is occupied by oxo-
anions, the dehydroxylation is shown to take place at much
higher temperatures: from 425°C with the pyrophosphate
LDH upto 480°C with [Mg-Al-Cr,0O+]. In the latter com-
pound, the existence of a plateau (220-400°C), a temper-
ature range during which no thermogravimetric event is
observed, indicates a relatively stable material. When com-
pared to the parent chloride LDH, for which a similar
behavior is observed between 180 and 300°C, it is clear that
dehydroxylation of the brucite-like sheets can be delayed on
purpose through the incorporation of an appropriate anion.
We have recently reported a similar behavior in some
nickel-aluminum hydrotalcites (26), suggesting that a sub-
stantial amount of the hydroxyl groups of the brucite-like
sheets are involved in a network of hydrogen bonding
involving the intercalated anions. However, given the extent
of the first weight loss associated with the elimination of
interlayer water molecules, it is believed that partial dehyd-
roxylation also occurs in this temperature range (up to
200°C according to the nature of the anion). The plausibility
of such an event has been envisaged by various authors
(27-32) and ascribed to the occurrence of a grafting process
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of the oxo-anion on the hydroxylated sheets. Not only does
this comparative study seem to reinforce this assumption,
but with the hexacyanoferrate LDH as a counter example, it
appears that the grafting phenomenon would be specific to
oxo-anions. It is believed that this specificity is the result of
both the stability of oxo-anions and the reactivity of the
terminal oxygen atoms that provide the anion with the
ability to condense on the hydroxylated sheets.

XRPD of the Thermally Treated LDHs

The structural modifications induced by moderate ther-
mal treatment of the intercalated LDHs was investigated by
X-ray powder diffraction and the main results are sum-
marized in Fig. 3. The solids were calcined under normal
conditions at the desired temperature for 16 h and analyzed
without cooling. A general comment that can be made for
all the LDHs considered is that the moderate thermal treat-
ment is systematically accompanied by a broadening of the
diffraction peaks and a decrease in their intensity. It is
believed that this is most probably related to the loss of
interlamellar water molecules causing a loss of cohesion
between the LDH plates. The elimination of these structural
water molecules, involved in the maintaining of a regular
layer stacking, would bring about a partial collapse of the
structure: the rigidity of the framework is thus somewhat
lost. Also, as suggested by Reichle et al. (19), evaporation of
the interlayer water is achieved through the brucite-like
sheets and will thus cause some disturbances in their
arrangement.

The interaction of the guest anion with the hydroxylated
sheets is clearly shown to be dependent on the intrinsic
characteristics of the anionic species. The maximum temper-
ature for which a lamellar structure, identified by the pres-
ence of (00]) diffraction lines, can be maintained is shown to
be a function of the intercalated anion. The XRPD patterns
of the chloride LDH give some indication of the stability of
the hydrotalcite structure in the absence of pillaring agents.
It is also worthwhile to note that both anion stability and
reactivity are important in determining the preservation of
the hydrotalcite structure. The hexacyanoferrate anion be-
ing decomposed at relatively low temperature, the crystal-
linity of the material is shown to be significantly affected at
temperatures as low as 200°C and a total collapse of the
structure occurs at 250°C. On the other hand, the pyrophos-
phate anion proved to be particularly reactive and, com-
pared to the other oxo-anions, a notable difference is that
the lamellar structure is lost at much lower temperatures.
This seems to corroborate the DTG data illustrated in
Fig. 3, where the weight loss ascribed to dehydroxylation is
doubled: with one minimum peaking at 335°C and the other
at 425°C. It is suspected that this is related to partial
dehydroxylation following interaction of the anion with the
hydroxylated layer resulting in the collapse of the LDH
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FIG. 3. XRPD patterns of (a) [Mg-Al-Cl], (b) [Mg-Al-
(f) [Mg-Al-Cr,0-] hydrotalcites calcined at various temperatures.

structure. The anion would lose most of its original intrinsic
characteristics (geometry, charge), which at the same time
would inevitably result in the complete destruction of the
lamellar structure and the formation of amorphous mixed
oxides as evidenced by XRPD. With regard to the stability
of the LDH phase as a function of the calcination temper-
ature, the presence of the other oxo-anions proved to be
quite beneficial. Here again the XRPD data are in good
agreement with the thermal analyses: the maintenance of
a hydrotalcite phase at relatively high temperature can most
certainly be correlated with the delay in the dehydroxyla-
tion observed in the previous section.

A significant difference in the evolution of both the parent
[Mg-Al-CI] and [ Mg-Al-Fe(CN)e ], when compared to the
oxo-anion intercalated LDHs, is the absence of interlayer

Fe(CN)sl,

(c) [Mg-Al-P,0,], (d) [Mg-Al-V,0,], (¢) [Mg-Al- CrO,], and

contraction with increasing temperature. For the oxo-anion
intercalated LDHs the evolution of basal spacing as a func-
tion of calcination temperature is represented graphically in
Fig. 4. Except for [Mg-Al-Cr,0-], all the other materials
show a gradual shrinkage with increasing temperature until
a limit value is achieved or the structure collapses. The
dichromate anion proves thus to be the more disposed to
undergo a grafting process with the host layers, exhibiting
a contraction of 1.93 A between 100 and 150°C. For this
material we can note that, as with the thermogravimetric
plateau observed between 200 and 300°C (Fig. 3), no further
interlayer contraction occurs within a relatively wide range
of temperature. It appears thus to confirm the enhanced
stability of the LDH. The order of thermal stability, as
determined by X-ray diffraction and thermogravimetric
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FIG. 4. Evolution of the interlamellar distance in Mg-Al hydrotalcites
as a function of calcination temperature.

analyses for the LDHs investigated in this study would thus
be

(Fe(CN)e)* ™ =(P,04)*~ <(V,0,)*” = Cl~
«(Cr0,)*~ <(Cr,0,)*".

The difference in the behavior of the (X,0-)?” anions
would be most probably due to the relative stability of the
anionic species and their reactivity toward the brucite-like
sheets.

Case of the Chromate Oxo-anions

In order to better comprehend the guest-host interac-
tions in the anion-exchanged hydrotalcites, a further de-
tailed analysis of the chromate and dichromate LDHs is
discussed hereafter. We first consider an infrared absorption
spectroscopic study of the calcined phase: infrared analyses
can provide us with useful information on the relative ori-
entation of the anionic species within the interlamellar spe-
cies. In Fig. 5 the possible symmetries for the chromate and
dichromate species as imposed by the different types of
interaction are schematized.

Figure 6 shows the spectra of [Mg-Al-CrO,] and
[Mg-Al-Cr,0-] calcined at different temperatures. We
have reported here only those temperatures for which the
X-ray diffraction patterns evidenced the existence of
a lamellar structure. The evolution of the infrared spectra
with increasing calcination temperature is very distinct de-
pending on the anionic species under investigation.

The spectra of the chromate LDH clearly show the mani-
festation of an additional absorption band with increasing
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calcination temperature. In the untreated material only one
band is assigned to the chromate species. However the
apparition of a shoulder on the main absorption band after
a mild thermal treatment at 100°C is compatible with
a change in the symmetry of the anion. Upon calcination at
higher temperatures, from 200°C up to 300°C, this shoulder
develops into a clearly visible band centered at 928 cm ™!
This is most probably caused by a lowering in the symmetry
of the (CrO,) tetrahedra resulting in the splitting of the
degenerate vibrations and activates the otherwise infrared
inactive vibrations. There is also some modifications hap-
pening in the spectral window ranging from 650 through
800 cm !, but it is rather difficult to assign with absolute
certainty these variations to the anionic entities due to
possible overlapping with the lattice vibrations. On the
other hand, assuming that these bands are to be assigned
mainly to Mg-O and Al-O vibrations (33, 34), it then
suggests that the brucite-like sheets are also affected by the
reorganization of the interlayer. In which case, these obser-
vations further support the idea of a strong interaction of
the anion with the hydroxylated sheets. Given that only one
extra band is detected, it is more likely that the chromate
anions interact with the LDH sheets through unidentate
coordination. Bidentate coordination would imply further
lowering of the symmetry and apparition of more bands.
As far as symmetry considerations are concerned, the
dichromate intercalated LDHs behave in a way quite oppo-
site to that of the chromate. Indeed, for [Mg-Al-Cr,0O-] the
disappearance of some absorption bands after moderate
thermal treatment can be related to an increase in the
symmetry of the anion. The fine band structures observed in
the fresh material disappear completely after calcination at
100°C, which compared to the previous material indicates
an important difference in the reactivity of the two anions.
One possible reason for this might be related to the degree
of solvation of the anion in the interlamellar domain. Both
the chromate and the dichromate anions bear a —2 charge,
which implies that their relative concentration will be

Chromate o

T e

Freeanion Td  Unidentate C;, Bidentate C,,

Dichromate
- L) i
o o
Eclipsed
Free anion C,,/C, Twisted Bidentate C,/C,

FIG. 5. Possible symmetries for the chromate and dichromate anions
following grafting on the hydroxylated sheets.
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FIG. 6. Infrared spectra of (a) [Mg-Al-CrO,] and (b) [MgAl-Cr,0+]
calcined at different temperatures, compared to the chloride precursor and
the respective potassium salt.

approximately the same. However, (Cr,O-)*>~ being twice
as bulky as (CrO,)?~ will occupy more space, to the detri-
ment of water molecules. This seems to be in good agree-
ment with the XRPD data that reveal for this material
a spontaneous shrinkage of the basal spacing at 150°C while
for the chromate intercalated [ Mg-Al] the change is more
progressive, just like the evolution observed in the infrared
spectra. The symmetry of the dichromate anion is probably
C,, with the terminal (CrO3) groups being twisted rather
than eclipsed. In either the free or the coordinated anion,
any increase in symmetry can occur only through a rotation
of these terminal groups to adopt an eclipsed conformation,
giving a C,, geometry. It can be pointed out that any small
variation in the Cr-O-Cr angle will have no effect on the
symmetry of the bidentate anion, the symmetry being im-
posed by the two terminal bonds. Unless the terminal oxy-
gen are in the eclipsed position and the bond angle is
stretched to 180°, in which case a C,, normal to the
Cr-O-Cr and passing through the bridging oxygen, is intro-
duced in the molecule. It is also interesting to note that
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following calcination at 200°C and above, it becomes rela-
tively difficult to distinguish between [Mg-Al-CrO,] and
[Mg-Al-Cr,0+]. The only difference lies in the position of
the bands (928, 871, and 733 cm ! in [Mg-Al-CrO,] and
938, 882, and 748 cm ™! in [Mg-Al-Cr,0-]), which repres-
ent a slight shift (10 to 15 cm ™ !) toward the higher frequen-
cies for the dichromate-containing LDH. This would imply
a stronger interaction with the brucite-like sheets and can
explain the greater stability of the dichromate magne-
sium-aluminum. As with [Mg-Al-CrO,] the same com-
ment can be made here regarding the bands appearing in the
region 650-850 cm !, which can be associated with minor
modifications of the LDH framework.

These guest-host interactions, between the intercalated
anion and the hydroxylated sheets, were further investigated
by measuring their influence on the rehydration and anion-
exchange properties of the dichromate magnesium-alumi-
num hydrotalcite. Rehydration of the heat-treated LDHs
was carried out by reslurrying the material in deionized
water, maintained under inert nitrogen atmosphere. The
anion-exchange properties were assessed by performing
a back exchange in a 0.25 M solution of sodium carbonate
(25 cm? per gram of LDH). Carbonate anions are known to
have the greatest affinity for hydrotalcite-like compounds.
In all cases the reaction mixture was kept under vigorous
magnetic stirring for 3 h. The X-ray powder diffraction
patterns of the resulting phases are presented in Fig. 7.

When the material calcined at 100°C is rehydrated,
a change in the basal spacing is observed: the LDH swells to
almost the same interlayer distance as that of the fresh
compound. As indicated in Fig. 4, the interlamellar contrac-
tion following -calcination at 100°C is only 0.15 A
(doo3 = 9.45 /OX). This can be associated with the elimination
of the crystallization water; the uptake of water on rehydra-
tion will thus contribute to the interlayer expansion. How-
ever, with the material calcined at 150°C no such expansion
is observed. A similar trend occurs when carbonate anions
are back-exchanged: the fresh dichromate LDH is fully
exchanged, the diffraction pattern is shown to be character-
istic of a carbonate phase. On the other hand, only a partial
exchange is achieved when the temperature of the thermal
treatment is increased to 100°C and the back-exchange is
unsuccessful with [Mg-AI-Cr,0-] calcined at 150°C. This
behavior is in good agreement with the previously reported
data of Stanimirova et al. (35) on low temperature meta-
phases of magnesium—-aluminum hydroxycarbonates. How-
ever an important difference was that their materials
recovered the original interlayer spacing even after calcina-
tion at 260°C. The results presented here would thus suggest
that the guest-host interactions involving the dichromate
anion differ from those of the carbonate anion. The more
likely explanation would be that the dichromate anion
might interact on two hydroxylated sheets and tend to form
permanent pillars. This would explain the failure of the
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FIG. 7. XRPD patterns of [Mg-Al-Cr,0-]: (a) original, (b) calcined
at 100°C and rehydrated, (c) calcined at 150°C and rehydrated, (d) back-
exchanged with Na,COj3, (e) calcined at 100°C and back-exchanged, and
(f) calcined at 150°C and back-exchanged.

rehydration and back-exchange in the materials calcined at
150°C. The calcination temperature appears to determine
the extent of pillaring that can be achieved, as after a ther-
mal treatment at 100°C some of anions are still exchange-
able.

Surface Area of the Intercalated LDHs and Derived Mixed
Oxides

To complete the study of these intercalated materials,
their surface area and porosity properties have also been
investigated, both for the fresh samples and samples cal-
cined at 450°C. The main results are summarized in Table 3.

It is interesting to note how the specific surface area of the
magnesium-aluminum hydrotalcite varies as the initial
chloride anions are replaced by other anions. The high
surface area of the hexacyanoferrate LDH has been ascribed
by various authors (11, 23-25) to the presence of micro-
porosity, which is here also confirmed with the highest
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micropore volume observed in the samples studied. Again
this material exhibits a singular behavior when compared to
the oxo-anion LDHs. The important point to consider is
that the decrease in surface area observed after anion ex-
change is not solely due to the high charge density of the
hydroxylated sheets. Some authors (23) have correlated the
failure to induce microporosity in LDHs with this intrinsic
property causing the anions to be “stuffed” in the interlayer
rather than be intercalated. However, concerning the oxo-
anions studied in this work, we would be more inclined to
conclude that the inaccessibility of the interlamellar space is
mostly due to the reactivity of the terminal oxygen groups.
It is believed that the low surface area observed with the
latter compounds is the result of guest-host interactions
(grafting) following the heat treatment prior to the sorption
measurement. This step is necessary to clean the surface of
the solid from possible contaminant and mostly to remove
adsorbed and interlayer water. It appears that, although
a relatively low temperature of 80°C is used, the contraction
of the interlamellar domain is enhanced by the use of re-
duced pressure during outgassing. The increase in surface
area observed with the calcined chloride LDH, associated
with a craterization process (19), does not seem to be repro-
ducible with all the exchanged materials. The main reason
would be that in these materials the anionic species are not
volatile and would rather cause a compaction of the result-
ing mixed oxides. However, given the very different values
obtained with the calcined LDHs, the more likely explana-
tion is that the adsorptive capacity of the mixed oxides is
affected by its chemical composition. This seems to be in
agreement with the small change observed in the micropore
volume of the calcined samples, while in some cases the
surface area is considerably increased ([Mg-Al-Cr,0O-] and
[Mg-Al-V,0,]).

CONCLUSIONS

In this work, starting from a single-parent chloride hy-
drotalcite, subsequently exchanged with a variety of anions,

TABLE 3
Surface Area and Micropore Volume of As-Synthesized
and Calcined Mg—Al LDHs

Uncalcined Calcined

Micropore Micropore
Interlamellar Surface area volume Surface area volume
anion (m*g~") (m’g™")  (m’g™")  (m’g7)
Cl™ 45 0.018 191 0.075
[Fe(CN)¢1*~ 311 0.147 64 0.021
(P,O,)*~ 23 0.006 30 0.012
(V,0.)4~ 14 0.027 164 0.028
(CrO4)*~ 13 0.019 24 0.011
(Cr,04)*~ 42 0.026 110 0.024
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we were in a better position to conduct a comparative
investigation of their influence on the structural and thermal
properties of the resulting LDHs. We have brought further
evidence that the grafting process occurring between the
intercalated anions and the hydroxylated sheets is the result
of the reactivity of the terminal oxygen groups of oxo-
anions, as no such interaction was evidenced with the hexa-
cyanoferrate species. A systematic study of the structural
evolution under mild heat treatment has shown in some
cases a very important shrinkage of the interlayer domain,
which has also been related to a negative impact on the
surface area. The thermogravimetric analyses have provided
convincing evidence of the enhancement of the thermal
stability of the magnesium-aluminum hydrotalcite through
intercalation of chromate and dichromate anions. Nitrogen
sorption experiments have shown that the interlayer acces-
sibility is not only hindered by the presence of bulky anionic
species but is also due to the interaction of the anions with
the brucite-like sheets.
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