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Abstract

The behavior of a Hydrotalcite-like material (carbonate-containing Mg,Al-layered double hydroxide) in N,N-dimethylformamide

(DMF)–ethanol mixture, at ambient temperature, has been investigated. The releasing of CO2 and production of a formate-containing

material occurred mainly for 1:1 (v/v) solvent mixture. Decarbonation of Hydrotalcite is promoted by DMF hydrolysis followed by

neutralization of brucite-like layers through HCOO� intercalation. Translucent colloidal dispersion of LDH nanoparticles from the

formate-containing phase was characterized by transmission electron (TEM) and atomic force (AFM) microscopies. The absence of (00‘)
reflection at X-ray diffraction (XRD) pattern for dried colloidal dispersion indicated delamination of Hydrotalcite. The restacked sample

exhibited broad reflections and typical hydroxide ordered layers non-basal (110) diffraction peaks. A LDH-HCOO� material was also

prepared and characterized by FTIR and FT-Raman spectroscopies. Decarbonation and exfoliation of Hydrotalcite in N,N-

dimethylformamide–ethanol mixed solvent provide an interesting method for preparation of new intercalated LDH materials.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Exfoliation or delamination of layered compounds is a
very important process in the fields of materials chemistry
and nanotechnology. It is also a useful method to prepare
advanced two-dimensional functional materials. Disper-
sions of exfoliated lamellar compounds have been used for
intercalation of bulky (bio)molecules; production of high
specific area heterogeneous catalysts; multilayer thin films
for sensors, electrodes, coatings and membranes; hollow
nanotubes, nanorods and nanowires by soft chemical
route; polymer–inorganic nanocomposites and interstrati-
ficated materials [1–3].

The spontaneous exfoliation of minerals such as smectite
clays in water gives aluminosilicate nanosheets. In contrast,
the delamination of high layer charge density materials to
give nanometer thickness particles can be achieved only
after interlayer modification [1]. Appropriate combination
e front matter r 2007 Elsevier Inc. All rights reserved.
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of interlamellar ion and solvent, for example, can be used
to promote exfoliation of two-dimensionally (2D) ordered
structures such as metal phosphates [4], transition-metal
dichalcogenides [5], titanates [6], niobates [7] and molybdic
acid [8]. The majority of delaminated layered systems
produce colloidal dispersions of negatively charged inor-
ganic nanoparticles and, therefore, the study of layered
double hydroxides (LDHs) is very interesting since they are
able to generate complementary new materials by giving
positively charged nanosheets [9].
The structure of LDHs is based on octahedral brucite-

(magnesium hydroxide-) like layers, where some divalent
cations have been replaced by trivalent ions giving
positively charged layers that are compensated by the
presence of intercalated anions [10]. The typical LDH
formula is [MII

1�xMIII
x(OH)2]

x+(An�)x/n � yH2O, where MII

and MIII represent divalent (Mg2+, Zn2+, Co2+, etc.) and
trivalent (Al3+, Cr3+, Fe3+, etc.) cations, respectively; An�

is a n-valent anion; and yH2O indicates the interlayer water
molecules. This type of structure can support several
divalent and trivalent cations and a range of interlayer
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anions, carbonate being the most common charge-balancing
anion [11]. The structural versatility allows the isolation of
LDHs with wide-ranging functionalities and applications or
potential as catalysts [10,12], support for catalysts [13,14],
reinforced fillers for synthetic or natural organic polymers
[15,16], ion-exchangers for environmental remediation [17],
and components for pharmaceutical and cosmetics formula-
tions [18,19]. These anionic two-dimensional materials have
also been named ‘‘Hydrotalcite-like’’ compounds in refer-
ence to the structural resemblance with the mineral
Hydrotalcite, a magnesium–aluminum LDH of composition
[Mg6Al2(OH)16](CO3) � 4H2O.

LDH materials have high layer charge density (i.e.,
strong interlayer electrostatic interactions in a small area)
and, consequently, exfoliation processes have been
achieved only under specific conditions. The delamination
of LDHs was firstly observed by modifying the interlayer
region with intercalated anionic long carbon chain organic
species. LDHs containing surfactants (such as dodecylsul-
fate) have been successfully delaminated in solvents like
alcohols (butanol, pentanol, hexanol, octanol, etc.) [20–23],
acrylate monomers (such as 2-hydroxyethyl methacrylate)
[24], formamide [25] and tetrachlorocarbon [26]. The
influences of MII/MIII molar ratio, nature of cations,
intercalated surfactant anion and organic solvent on
exfoliation of LDHs have also been described [27].

Studies have reported that the use of formamide
(HCONH2) as solvent leads to clear colloidal dispersions
of glycine-containing Mg,Al-LDH [28] and other amino
acids-containing MII,Al-LDH (MII

¼Mg, Ni, Co or Zn)
[29]. The delamination of LDHs intercalated by small
inorganic anions such as nitrate [30,31], chloride and
perchlorate [32,33] can also be achieved in formamide
suspensions. The exfoliation of LDHs in the formamide
solvent and its possible applications has been recently
reviewed [34]. Delamination of LDHs layers has also been
reached in water solvent for lactate-containing Mg,Al-
LDH [35] and Zn,Al-LDH [36]. The use of water is very
interesting to intercalate attractive polar (bio)molecules. In
addition, some of the reports mentioned above have
described the restacking of LDH solvated monolayers by
evaporating the solvent or changing the polarity of the
medium.

Possible applications of these exfoliated LDH na-
nosheets are highlighted in the literature, for example, as
composite films with anionic polymer [32], highly oriented
thin films [33], nanocomposites with neutral synthetic
organic polymers [9,37,38], quantum dot composites [39]
and building blocks for preparation of hollow spheres [40].

In spite of all these important applications, the LDHs
exfoliation processes still deserve more attention. Some of
the systems described above require heat treatment to give
colloidal dispersions while other ones must be ultrasound
assisted. All the previously reported exfoliation strategies
are mainly related to interactions or miscibility of the
solvents with the interlayer species involving London forces
or hydrogen bonds. Furthermore, direct exfoliation of
Hydrotalcite is challenging because the high affinity of
carbonate anions for LDH layers precludes direct anion
exchange reaction and exfoliation.
In the present paper, the exfoliation of the carbonate-

containing LDH was achieved by a simple procedure.
Hydrotalcite was suspended in N,N-dimethylformamide
(DMF)–ethanol mixed solvent at ambient temperature.
The LDH exfoliated phase (containing formate as charge
balancing ions) was obtained through Hydrotalcite dec-
arbonation promoted by the solvent hydrolysis. A LDH-
formate (LDH-HCOO–) material has also been prepared to
help the characterization of the formate-containing phase
in the delaminated material.

2. Experimental section

2.1. Materials

All reagents were of analytical grade and used as
received, without further purification: Mg(NO3)2 � 6H2O,
Al(NO3)3 � 9H2O, Na2CO3, NaOH, HCl solution, DMF
and ethanol (all from Merck), formic acid (Synth), sodium
formate (Vetec).

2.2. Synthesis of Hydrotalcite (LDH-carbonate)

LDH-carbonate with Mg2+/Al3+ molar ratio of three
was prepared by co-precipitation procedure [41]. A mixed
aqueous solution (ca. 240mL) containing Mg(NO3)2 �
6H2O (23.07 g, 89.7mmol) and Al(NO3)3 � 9H2O (11.25 g,
29.9mmol,) was slowly added dropwise into deionized
water (ca. 100mL) under stirring. The pH was kept
approximately constant at 10 by continuously adding
0.1mol/L Na2CO3 solution followed by addition of a
2mol/L NaOH aqueous solution. The resulting suspension
was stirred for 12 h, at 80 1C. The solid was isolated by
centrifugation, washed with 0.1mol/L Na2CO3 solution
and, then, thoroughly washed with water, and dried at
80 1C for 48 h. Anal. Calc. for LDH-carbonate of
composition [Mg3Al(OH)8](CO3)0.5 � 3.0 H2O: C: 1.9%;
H: 4.4%, Mg: 22.8%; Al: 8.4%; Mg/Al ¼ 3.0; found C:
2.3%; H: 3.7%, Mg: 22.1%; Al: 7.8%; Mg/Al ¼ 3.1.
Content of water, 17.6% (w/w), was determined by
thermogravimetric analysis as described before [19]. FTIR
bands/cm�1 at: 3500 (nOH, stretching vibrations of
hydroxyl groups of brucite-like layers and water mole-
cules); 3050 (nOHyCO3

2�, OH stretching of water
molecules forming hydrogen bonds with carbonate ions);
1646 (dH2O, angular deformation of water); 1373 (n3
CO3

2�, stretching vibration of intercalated carbonate) and
663 (M–O vibrations) [42]. X-ray diffraction (XRD) peaks
at 2y/degrees (dhkl/nm): 11.32 (d003 ¼ 0.781); 22.78
(d006 ¼ 0.391); 34.57 (d012 ¼ 0.259); 38.96 (d015 ¼ 0.231);
46.08 (d018 ¼ 0.197); 60.40 (d110 ¼ 0.153) and 61.66
(d113 ¼ 0.150) [11]. This LDH-carbonate with Mg2+/Al3+

molar ratio of three was used for LDH exfoliation and
formate intercalation experiments.
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2.3. Isolation of LDH-samples from DMF–ethanol solvent

mixtures

Amounts of 0.15 g of the LDH-carbonate were sepa-
rately suspended in ca. 75mL of DMF–ethanol mixtures
according to the following DMF:ethanol proportions
(v/v): 1:0 (i.e., 100% DMF; LDH-sample A); 3:1 (i.e.,
75% DMF: 25% ethanol; LDH-sample B); 1:1 (i.e., 50%
DMF : 50% ethanol; LDH-sample C); 1:3 (i.e., 25% DMF:
75% ethanol; LDH-sample D); 0:1 (i.e., 100% ethanol;
LDH-sample E). All the suspensions were maintained
in sealed flasks under mechanical shaking for 1 week, at
ambient temperature. LDH-samples were isolated by
centrifugation, washed with deionized water and
ethanol, and then dried in vacuum. Anal. found for LDH-

sample C: C: 3.9%; H: 3.5%, Mg: 19.2%; Al: 7.8%;
Mg/Al ¼ 2.7.
2.4. Detection of CO2 and determination of carbonate loss

percentage

The procedure described in Section 2.3 was repeated
for all the five LDH-samples (A–E), but the sealed reac-
tion flasks were now connected to flasks containing
Ba(OH)2 saturated aqueous solutions. After 1 week, white
precipitates of BaCO3 had appeared in the barium
solutions indicating the release of CO2 from the pristine
LDH-carbonate for all the samples. The percentages of
carbonate loss were determined in another experiment by
monitoring the pH changes of the samples in aqueous
suspensions with addition of HCl solution. In a typical
procedure, 0.1mol/L HCl solution was added stepwise to
100mg of each solid sample suspended in 10mL of
deionized water, under magnetic stirring, at about 35 1C,
up to 50mL of added HCl (pH reached the value of ca. 1).
The pH values were plotted as a function of the HCl added
volumes for all LDH-samples as previously described [19].
Each 100mg of LDH carbonate required 25mL of HCl
solution to totally eliminate the carbonate ions.
The percentages of carbonate loss were estimated by
comparing the results for all LDH-samples with that of
Hydrotalcite, which was assumed to contain 100% of
carbonate.
2.5. Decarbonation and exfoliation of Hydrotalcite

The LDH-carbonate (0.150 g) prepared as described in
Section 2.2 was suspended in ca. 75mL of a mixture of 1:1
(v/v) DMF–ethanol in a sealed flask and maintained under
magnetic stirring for 1 week. After that, the system was
allowed to stand at ambient temperature for 2 weeks and
then two phases were observed: (a) colloidal dispersion,
and (b) sediment. The supernatant colloidal dispersion,
collected by pipetting off, was used for XRD, transmission
electron microscopy (TEM), atomic force microscopy
(AFM) and FT-Raman studies.
2.6. Restacking of LDH layers

The colloidal dispersion obtained as described in Section
2.5 was rotoevaporated to eliminate all the solvent mixture,
giving a solid residue of restacked LDH.
2.7. Synthesis of LDH-formate material

LDH-formate was prepared by re-precipitation by
modifying a reported procedure [43]. A 0.1mol/L formic
acid aqueous solution (ca. 250mL) was added to 0.30 g of
LDH-carbonate under magnetic stirring, at 50 1C, dissol-
ving the solid completely. This solution was slowly added
dropwise and under magnetic stirring to an alkaline
solution (ca. 100mL of deionized water with the pH
elevated to 10 by addition of 0.1mol/L NaOH). The pH
was maintained at about 9 by simultaneous slow addition
of 0.1mol/L NaOH. The resulting aqueous suspension
containing a white precipitate was refluxed for 2 h. The
solid was isolated by centrifugation, washed with deionized
water and then dried in vacuum. Anal. found for LDH-

formate: C: 3.8%; H: 3.7%, Mg: 15.6%; Al: 8.1%;
Mg/Al ¼ 2.1.
2.8. Characterization

Elemental chemical analyses (C, H and N) were carried
out in a Perkin Elmer Elemental Analyzer, CHN 2000, at
Instituto de Quı́mica (USP). Metals (Mg and Al) contents
were determined in duplicate by ICP emission spectroscopy
using a Spectro Analytical Instrument after dissolving the
samples in 1% (v/v) nitric acid solutions. X-ray diffraction
(XRD) patterns were recorded on a Rigaku diffractometer,
Miniflex, using Cu Ka radiation (1.541 Å), 30 kV, 15mA
and step of 0.021. The colloidal dispersion was directly
dropped on a quartz plate and air-dried to give a film while
powder samples were suspended in ethanol to give films.
Fourier-Transform Infrared (FTIR) spectra of samples
dispersed in KBr were recorded in the 4000–400 cm�1

region on a Bomen, MB-102, equipment coupled to a
diffuse reflectance accessory (Pike Technologies, Inc.).
Fourier-Transform Raman spectra (FT-Raman) of solid
samples were recorded on a RFS 10 FT-Raman Bruker
spectrometer (Nd-YAG laser, line 1064 nm). Scanning
electron micrographs (SEM) of solids directly deposited
in aluminum support were obtained using a JOEL JSM
840A electron microscope (accelerating voltage of 25 kV).
Transmission electron microscope (TEM) images were
performed on a Philips CM-200 microscope at 200 kV.
The colloidal dispersion was dropped on a copper grid and
it was covered with carbon film. Magnetic Alternated
Current Atomic Force Microscopy, AFM-MAC MODE
images were obtained on a PicoSPM I Molecular Imaging,
under nitrogen atmosphere, at ambient temperature
after the colloidal dispersion was air-dried on mica
substrate.
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3. Results and discussion

3.1. Decarbonation and exfoliation of Hydrotalcite

The Hydrotalcite (LDH-carbonate) prepared here by co-
precipitation exhibited typical XRD pattern and FTIR
profile of a well-crystallized LDH structure (as discussed
later).

In a preliminary work conducted in our laboratory, we
observed that Hydrotalcite suspended in some solvent
mixtures of DMF–ethanol could give translucent colloidal
dispersions. In order to elucidate this behavior, five distinct
proportions of amide–alcohol (i.e., 1:0; 3:1; 1:1; 1:3 and 0:1
(v/v)) were investigated giving solid samples (respectively,
LDH-samples A,B,C, D and E) from the pristine LDH-
carbonate. The releasing of gas observed for certain of
those solvent mixtures indicated the possible loss of
carbonate anions (as carbon dioxide) from the LDH
interlayers. The evolution of CO2 was confirmed by
collecting the precipitate formed into the Ba(OH)2 solu-
tions attached to the reaction flasks. The collected white
solid was identified as barium carbonate (BaCO3) showing
a witherite typical XRD pattern (main d-spacing values/
nm ¼ 0.456; 0.373 (I/I100 ¼ 100%); 0.332; 0.264; 0.228;
0.215; 0.211; 0.204; 0.203; 0.194; 0.186; 0.167; 0.165; 0.163;
0.156; 0.152; 0.137) [44]. Visually it was possible to infer
that the CO2 released amount depends on the DMF–
ethanol proportion, being LDH-sample AoLDH-sample-
BoLDH-sample C4 LDH-sample D4 LDH-sample E.
The estimated carbonate loss percentages (Fig. 1) confirm
that the highest amount of BaCO3 is formed when the
solvents are equally mixed (1:1 DMF–ethanol).

Based on these results we can conclude that: (a)
Hydrotalcite undergoes decarbonation when suspended in
DMF; (b) the presence of ethanol seems to enhance the
decarbonation process; (c) decarbonation is more pro-
nounced when DMF and ethanol are mixed in equal
amounts (i.e., 1:1 (v/v) proportion).
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Fig. 1. Percentage of carbonate loss in function of the DMF:ethanol

proportions (v/v) in the solvent mixtures.
In addition to decarbonation process, the treatment of
LDH-carbonate with DMF–ethanol mixed solvent resulted
in colloidal-aspect samples. The morphologies of LDH-
carbonate and LDH-sample C particles were examined by
SEM. The images (Fig. 2) show that the pristine LDH
changed from the characteristic layered plate-like to a
sheet-like morphology after treatment with 1:1 DMF–
ethanol mixed solvent. Furthermore, some particles of
LDH-sample C show wavy or flexible feature. The SEM
studies, therefore, indicate delamination of Hydrotalcite in
this mixture of solvents.
Taking into account the evidences for decarbonation and

exfoliation of Hydrotalcite, another experimental proce-
dure was conducted under similar conditions used to
isolate LDH-sample C. However, instead of isolating all
solid by centrifugation, the system was allowed to stand at
ambient temperature for 2 weeks. Then, two phases were
observed: a sediment (at the bottom) and a stable colloidal
dispersion (at the top of the flask). The colloidal aspect of
the upper phase was confirmed by Tyndall light scattering
effect observed by a side incident light beam on the
colloidal dispersion as shown in Fig. 3.
Restacking of the LDH layers was achieved by

eliminating the solvents from the colloidal dispersion by
rotoevaporation. The oriented film XRD patterns
for pristine LDH-carbonate, colloidal dispersion, dried
Fig. 2. SEM images of Hydrotalcite and LDH-sample C.
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Fig. 3. Photograph of Hydrotalcite colloidal dispersion obtained from 1:1

(v/v) DMF–ethanol solvent mixture. The light beam incident from the side

demonstrates the Tyndall effect.
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Fig. 4. XRD patterns of oriented films: pristine LDH-carbonate; colloidal
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Fig. 5. TEM images of the colloidal dispersion.
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colloidal dispersion solid and recovered sediment are
shown in Fig. 4. The LDH-carbonate reflections can be
indexed for a hexagonal lattice with R3m rhombohedral
symmetry, which is commonly used for description of LDH
structures [11]. The first diffraction peak (2y ¼ 11.321)
indexed to the 0 0 3 plane corresponds to a basal spacing
(d003) of about 0.78 nm, indicating isolation of LDH-
carbonate with no impurities (indexation is reported in the
Experimental Section). After treatment with 1:1 DMF–
ethanol solvent mixture, the crystalline aspect of Hydro-
talcite is lost. The solid material isolated by drying the
colloidal dispersion on a quartz slide exhibits a broad
amorphous-like halo. The absence of sharp basal (00‘)
peaks suggests that the parallel (or face to face) arrange-
ment of the LDH layers has been lost. These results
reinforce evidences for exfoliation of considerable amount
of Hydrotalcite. The XRD pattern of the restacked solid is
very similar to that of the crystalline LDH (Fig. 4) showing
that the triple layer cell with rhombohedral symmetry is
maintained after restacking. The reflections for restacked
sample are broader than those observed for the pristine
LDH-carbonate suggesting the presence of smaller parti-
cles in the former. Turbostratic disorder was discarded
since XRD simulations studies have indicated that the
(113) reflection is affected by this kind of structural
disorder [45] but this is not the case here. The presence of
ordered hydroxide layers typical non-basal (110) diffrac-
tion peak for the restacked sample indicates that the
brucite-like layers are preserved in the exfoliation process.
The absence of more diffraction peaks suggests that the
experimental conditions established here are soft enough to
avoid formation of other crystalline phases. The sediment
consists of LDH-carbonate phase that did not undergo
delamination as shown by the similarity of its XRD pattern
with that of the starting LDH-carbonate.
The exfoliation of Hydrotalcite in 1:1 DMF–ethanol

solvent mixture was further confirmed by TEM and AFM
images of the colloidal dispersion. TEM images (Fig. 5)
show the formation of very thin particles that are almost
transparent to the microscope electron beam, suggesting
the presence of a few brucite-like layers. The observation of
flexible and curled at the edges particles corroborates the
proposition for Hydrotalcite delamination in nanometer
range since the curling of thick particles is a very difficult
process.
The AFM images for LDH-carbonate and colloidal

dispersion at comparable scales are shown in Fig. 6. The
former contains large particles (medium size of approxi-
mately 650 nm� 700 nm) while the colloidal dispersion
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Fig. 6. AFM images: LDH-carbonate (amplitude; image scales: 1400� 1400nm); colloidal dispersion dropped on mica (amplitude; image scales:

1320� 1320nm). The small box at the superior right corner shows topographical image (image scales: about 290� 290nm). The height profile of a particle

from the colloidal dispersion is also shown.
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exhibits much smaller particles with dimensions that are
comparable to those observed by TEM (medium size of
approximately 190 nm� 230 nm). The exfoliation process
probably breaks the pristine LDH-carbonate particles and/
or it is preferential for small particles (if this was the case,
the sediment composed by LDH-carbonate should contain
the largest particles). The topographical image for a
particle from colloidal dispersion shows a profile that is
very similar to that observed from TEM image: sheet-like
particles curled at the edges. The thickness of the curled
edge is about 40 nm as estimated from the height profile
(Fig. 6). Hence, the AFM images reveal that colloidal
dispersion particles exhibit quite distinct dimensions and
morphologies from pristine LDH-carbonate particles,
supporting the proposed exfoliation process.

The results described above show that decarbonation
and exfoliation of Hydrotalcite are promoted by a
DMF–ethanol mixture. Attempts to explain the behavior
of the LDH-carbonate in the presence of amide and
alcohol required us to think about anionic species that
could replace the carbonate anion in the LDH structure. It
is well known that amides (R-CONR2) can undergo
solvolysis in base-catalyzed conditions [46]. A plausible
hypothesis to be investigated, therefore, should be the
generation of formate ions (HCOO�) from DMF hydro-
lysis since LDH-carbonate is a hydrated solid able to
promote base-catalyzed reactions [47]. Aiming to improve
the characterization of the product obtained from the
interaction between LDH-carbonate and the organic
solvents, the LDH-formate material was synthesized. It
should be mentioned that no previous report about
preparation of LDH-formate was found in the literature.

3.2. LDH-formate material

Three different procedures were used trying to inter-
calate formate ions into the LDH layers: ion-exchange
(from LDH-chloride), co-precipitation (from metal nitrate
solutions at pH 10) and re-precipitation. Although, the first
and second methods are the most used for intercalation of
anionic species into LDH layers, attempts using formate
were unsuccessful here. Results from XRD, FTIR and
thermogravimetric analysis showed low amounts of
HCOO� in the products. The re-precipitation method,
however, allowed partial intercalation of the formate
anions. The characterization of the product isolated by
this procedure, LDH-formate, is discussed further on.
The Mg/Al experimental ratio (Mg/Al ¼ 2.1) for LDH-

formate is about one unity lower than that for starting
LDH-carbonate (Mg/Al ¼ 3.1). The significant difference
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suggests that some magnesium ions could be lost during
dissolution and re-precipitation processes. As expected, the
XRD pattern (not shown) of LDH-formate is similar to
that of the pristine LDH-carbonate since HCOO� and
CO3

2� anions are very similar in size. Assuming that the
brucite-like layer thickness is 0.48 nm, the gallery height for
LDH-formate should be very close to that of LDH-
carbonate (about 0.3 nm). Thus, the data suggest a
monolayer arrangement for the intercalated formate anion
flat-oriented in the interlayer region.

3.3. Comparison of LDH-samples and LDH-formate by

FTIR and FT-Raman

LDH-samples isolated from DMF–ethanol mixtures, as
exemplified here for LDH-sample C, exhibited higher
carbon contents than the pristine LDH-carbonate (see
Section 2). This result is coherent with an exchange of
carbonate (divalent ion) by formate (monovalent ion)
species.

FTIR spectra of LDH-carbonate, LDH-formate, colloi-
dal dispersion, LDH-sample C and LDH-sample A are
shown in Fig. 7. Characteristic Hydrotalcite IR bands are
observed for LDH-carbonate (see attributions in Section
2). LDH-formate spectrum shows a few differences
compared to LDH-carbonate evidencing intercalation of
formate anions. A very broad band at 3500–2500 cm�1

suggests that the water molecules are probably also
hydrogen bonded to formate ions. The band at
1587 cm�1 can be ascribed to na(COO) asymmetric
stretching of formate groups [48]. The ns(COO) symmetric
stretching that should be observed at about 1370 cm�1

maybe overlaps the CO3
2� band at 1373 cm�1. FTIR

spectra of the colloidal dispersion and LDH-sample C
are very similar to LDH-formate spectrum, except for the
relative intensities of some bands. The presence of HCOO�

ion in these materials is suggested by the appearance of a
new band at 1584 cm�1 that can be ascribed to na(COO)
mode. For comparison, it is interesting to examine the
spectrum of LDH-sample A (isolated from 100% DMF). It
shows typical bands of LDH-carbonate in addition to
other new bands. A weak band at 1590 cm�1 can be
attributed to na(COO) of the formate anion while the band
at 1153 cm�1 (rock(CH3) and/or n(CNC)) [49] is character-
istic of dimethylamine that could be adsorbed on LDH
layers through hydrogen bonds with hydroxide groups.
The presence of dimethylamine is coherent with the
reaction proposed further on. The absorptions at about
1220 cm�1 could not be unambiguously ascribed (in this
region one could expect vibrational bands of ethers, esters,
alcohols or ketones, for example).

FT-Raman spectra of LDH-carbonate, LDH-formate,
colloidal dispersion, LDH-sample C and sodium formate
are shown in Fig. 8. LDH-formate, colloidal dispersion
and LDH-sample C exhibit bands that are characteristic of
the LDH host (550 cm�1) [19] and carbonate ions
(n1 ¼ 1058 cm�1) [48]. Since the absorption related to n3
carbonate stretching vibration is very weak in Raman
spectrum [19,48], the region of 1400–1350 cm�1 can be
analyzed without interference from this band. The bands at
this region for LDH-formate, colloidal dispersion and
LDH-sample C can, therefore, be ascribed to organic
species. The similarity between the spectra of these three
samples and sodium formate indicates that the formate
organic guest is immobilized as anionic (HCOO�) instead
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of acidic form (HCOOH) on LDH. The nas and ns
stretching vibrations of the LDH-formate �COO� group
are observed, respectively, at 1587 cm�1 (data from FTIR)
and 1351 cm�1 (data from FT-Raman). The Dn (nas�ns ¼
236 cm�1) value is close to that observed for the sodium
salt of formate (data from IR: nas ¼ 1567, ns ¼ 1366 cm�1;
Dn ¼ 201 cm�1 [48]). Thus, it is possible to state that
formate anions are interacting as free ions with the LDH
hydroxylated layers (i.e., the carboxylate group is not
monodentate coordinated to the metal sites in the LDH
layers). LDH-formate and colloidal dispersion, as well as
LDH-sample C, do not show band at 1724 cm�1 that could
be assigned to n(C ¼ O), indicating the non-existence of the
acidic form of the organic guest in those samples. The
absorptions for colloidal dispersion at 1393 cm�1 and
1409 cm�1 could be ascribed, respectively to ds(CH3) and/
or n(N-CO), and ds(CH3) modes of DMF [50], if it is
assumed that some DMF molecules could be adsorbed on
the LDH surfaces. The band at 1591 cm�1 can be
attributed to na(COO) of carboxylate group, as previously
observed for ibuprofenate and acetate ions [19,51].

3.4. Proposed reactions for decarbonation and exfoliation of

Hydrotalcite

In general, treatment of LDH-carbonate with weak
inorganic or organic acids leads to the protonolysis of
carbonate (CO3

2�) anions producing CO2 and water [42].
The control of the pH allows carbonate ions being
exchanged by the conjugated base of the weak acid without
solubilization of the hydroxide layer. This reaction is useful
to prepare LDHs from LDH-carbonate by exchange
method. The neutralizing and buffering properties of the
LDH Mg,Al-CO3

2� (a pharmaceutical antacid) are also
related to protonolysis. The neutralization by HCl in this
case involves the reaction between LDH intercalated-
carbonate anions and H3O
+ ions, followed by insertion

of chloride ions into the layers. Then, the brucite-like layers
react with HCl and the ions Mg2+ and Al3+ are released
into the solution (the trivalent ion is leached following the
divalent one) [52]. These data suggest that carbonate sites
are stronger bases than brucite-like layer hydroxide groups
in aqueous medium.
The studies carried out here revealed the presence of

formate anions in the samples isolated during decarbona-
tion and exfoliation of Hydrotalcite (i.e., colloidal disper-
sion and LDH-sample C). The formation of these
carboxylate ions can be explained by assuming the
hydrolysis of DMF. Since the LDH-carbonate exhibits
basic character, the DMF is subjected to an alkaline
medium. Under this basic condition, the amide
(HCON(CH3)2) can undergo hydrolysis giving formate
(HCOO�) anion and dimethylamine (HN(CH3)2) as
products [46]. The net reaction for this process is proposed
in Scheme 1.
Mechanistic studies are out of the scope of this work

since the pathways to carry out Hydrotalcite decarbona-
tion are not straightforward. At a first glance, DMF
hydrolysis could be achieved through reaction with basic
sites of Hydrotalcite, i.e., brucite-like layer hydroxide
groups, intercalated carbonate ions and/or intercalated
(and superficial) water molecules. Although mechanisms
for amide hydrolysis catalyzed by bases in bulk water have
been explored in the literature [53], no studies were found
about amide hydrolysis in heterogeneous hydrated systems
like the one investigated here.
It is clear that the DMF is essential for Hydrotalcite

decarbonation and exfoliation processes. It is also certain
that ethanol enhances the DMF hydrolysis since the
extension of the reaction is low in presence of the pure
amide. It has also been observed in the literature [30] that
LDH-carbonate submitted to ultrasonic treatment for
about 600min in pure formamide is not delaminated.
Although the presence of ethanol is important, the role

of this second solvent is not understood. It is known that
DMF-alcohol mixed solvent can exhibit several types of
molecular complexes depending on the proportions of
amide and alcohol in the mixture, as recently reported for
DMF–methanol mixtures [54]. Additionally, according to
theoretical calculations [46] for DMF hydrolysis, the amide
itself and also the transition state of the tetrahedral
intermediate (HC(O�)OH(N(CH3)2)) must be solvated by
water in the hydrolysis process. Thus, ethanol could be
important for stabilization of molecular complexes prob-
ably involved in the hydrolysis reaction. On the other hand,
the possibility of alcohol acting as a reactant cannot be
completely ruled out since, in the presence of amides,
ethanol can give ester that can be transformed into
carboxylic acids. The number of species that could be
intermediately formed in the DMF hydrolysis process
maybe is responsible for a few FTIR and Raman
bands that could not be unambiguously assigned in this
work.
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In previous reports, formamide (HCCONH2) has been
regarded as the best solvent to exfoliated LDHs. However,
the role of this amide for delamination of LDHs has not
yet been well elucidated until the moment. Furthermore, it
was observed that LDH exfoliated layers gradually dissolve
in formamide dispersion [13]. Taking into account the
results of our work, it is plausible to infer that in the cases
of exfoliation by formamide, the hydroxide layer could
promote the amide hydrolysis giving formate/formic acid
(and ammonia) and be slowly dissolved by an acid–base
reaction. Starting from carbonate-containing LDH (a
intercalated anion more basic than nitrate, chloride or
perchorate ions), the amide could preferentially react with
CO3

2� giving CO2, water and formate ion, endorsing the
anion exchange reaction. As mentioned before, carbonate
basic sites seem to be stronger than hydroxide groups from
LDH layers. Once intercalated between the LDH layers,
the HCOO� anions could promote the osmotic swelling
process and the material exfoliation.

The data reported in the present work increases the
number of methods to reach colloidal dispersions of
exfoliated LDHs nanosheets. Future studies should in-
vestigate experimental conditions aiming to maximize the
carbonate deintercalation by protonolysis reaction and
also minimize the solubilization of brucite-like layers.

4. Conclusions

The behavior of Hydrotalcite in two different organic
solvents, N,N-dimethylformamide and ethanol and also in
mixtures of these solvents, has been investigated. It has
been revealed that LDH-carbonate can directly undergo
decarbonation and exfoliation in 1:1 (v/v) DMF–ethanol
solvent mixture at ambient temperature. The process
involves the hydrolysis of DMF promoted by basic centers
of hydrated Hydrotalcite and, consequently, decomposi-
tion of carbonate in CO2 (and H2O). Formate ions are
produced in the hydrolysis and intercalated into brucite-
like layers. LDH-formate phase should be swelled in
DMF–ethanol medium, promoting layers separation and
the stabilization of a colloidal dispersion of nanosized
LDH particles.

The study here reported provides an interesting method
to prepare new intercalated LDH materials starting from
the stable LDH-carbonate precursor. LDH-formate phase
can be produced in situ and used as an intermediate for
intercalation of robust and low-polar molecules since the
monovalent formate anions are not strongly bounded to
LDH and, therefore, the layers can be separated in high
extension (exfoliation).
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