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’ INTRODUCTION

Fossil fuel burning power plants constitute the greatest anthropo-
genic source of carbon dioxide (CO2) emissions. Therefore, in
past years, a special emphasis has been set on studying the
separation of CO2 from flue gases of fixed sources.1�3 In that
sense, different kinds of materials have been studied as possible
CO2 captors, such as organic sorbents,

4�6 zeolites,7�10 activated
carbons,11�14 alkaline ceramics,15�18 calcium and magnesium
oxides,19�23 and hydrotalcites.1,24�27

Among these materials, the family of layered double hydrox-
ides (LDHs), also known as hydrotalcite-like compounds,
comprises interesting kinds of materials. LDHs have been used
in different applications, such as PVC additives, flame retardants,
hybrid composites, anion-exchangers and catalysts.28�36 The
basic structure of an LDH resembles that of brucite, Mg(OH)2,
wherein partial isomorphous substitution of M2+ by M3+ cations
renders positively charge layers. This charge is balanced by
anions located in the interlayer region along with hydration
water molecules. Given the variety of isostructural materials that
may be prepared, LDHs are represented by the general formula
[M2+

(1�x) M
3+
x (OH)2] A

n‑
x/n 3mH2O. The divalent and trivalent

cationsmay be any such cations whose ionic radii are close to that
of Mg2+, while An‑ may be virtually any organic or inorganic
anion.

Many interesting properties of LDHs derive from their
remarkable thermal behavior, as calcination of an LDH at
400�700 �C yields a mixed metal oxide solid solution. These
mixed oxides present relatively large specific surface areas and an
excellent dispersion of the metal components, making them

attractive for numerous applications. Furthermore, the calcined
LDHsmay recover the original layered structure when contacted
with an anion in aqueous solution, or simply by ambient
moisture; this property is known as the memory effect.28�30,37

In past years, different reports have been published regarding
the use of LDHs as CO2 sorbents.

1,24,27,38�48 In general, LDHs
do not present the best CO2 capture capacities, compared to
other materials used in this field. In order to improve the CO2

sorption capacity of LDH materials, different alternatives have
been proposed: for instance, the addition of alkaline metals (e.g.,
potassium) to increase basicity,27,38 modification ofM2+ andM3+

structural metals,39,44 or a pressure increase.45,46,48 Also, CO2

capture has been attempted at relatively high temperatures
(300�600 �C), at which the original layered structure is col-
lapsed and the Mg(Al)O periclase-like mixed oxide is produced.
In this case, CO2 is trapped either by physisorption or by
chemisorption, forming carbonates and/or bicarbonates.

Water steam is a common component of flue gases emitted
from different combustion processes. Therefore, it is very
important to analyze how CO2 capture is modified due to the
presence of water vapor on the different sorbents. The effect of
water as vapor or liquid during CO2 capture on thermally
calcined LDH structures has been studied, and there is a general
agreement in the fact that water seems to enhance the CO2

capture on these materials. In those cases where CO2 is chemi-
sorbed, the improvements observed due to water addition have
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ABSTRACT: The carbonation process of a calcined Mg�Al layered
double hydroxide (LDH) was systematically analyzed at low tem-
peratures, varying the relative humidity. Qualitative and quantitative
experiments were performed. In a first set of experiments, the relative
humidity was varied while maintaining a constant temperature.
Characterization of the rehydrated products by thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and
solid-state NMR revealed that the samples did not recover the LDH
structure; instead hydrated MgCO3 was produced. The results were
compared with similar experiments performed on magnesium oxide for comparison purposes. Then, in the second set of
experiments, a kinetic analysis was performed. The results showed that the highest CO2 capture was obtained at 50 �C and 70% of
relative humidity, with a CO2 absorption capacity of 2.13 mmol/g.
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been explained by a sequential reaction mechanism, in which
MgO reacts initially with water, producing Mg(OH)2. Then, as
Mg(OH)2 seems to bemore reactive to CO2 thanMgO, the CO2

capture is increased, obtaining MgCO3 as the final product.
41 All

these works have been performed at T g 200 �C and, in several
cases, using potassium or sodium as additives.1,27,41,49

On the other hand, if water adsorption were carried out at low
temperatures, the thermally treated LDH sample might recover
its layered structure.37,50 Therefore, the aim of the present work
was to study the CO2 capture on a calcined Mg(Al)O mixed
oxide, derived from an LDH with a Mg/Al molar ratio equal to 3.
The process was carried out at low temperatures (30�80 �C)
and varying the relative humidity (RH), in order to analyze
whether the carbonation process occurs in a similar way to that
observed at high temperatures, or if the layered structure is
recovered, due to the presence of water vapor, incorporating
carbonates (CO3

2�) as charge-balancing anions.

’EXPERIMENTAL SECTION

Mg�Al LDH, with a Mg/Al molar ratio of 3, was prepared by
coprecipitation at low supersaturation, according to previously
reported methods,37 using hexahydrated magnesium nitrate
(Mg(NO3)2 3 6H2O, Aldrich) and nonahydrated aluminum nitrate
(Al(NO3)3 3 9H2O, Aldrich). The original sample was labeled as
native LDH. Then, a portion of this sample was heat-treated at
550 �C for 4 h, prior to CO2 capture tests; this sample was labeled
as calcined LDH.

Native and calcined LDH samples were characterized by X-ray
diffraction (XRD) and N2 adsorption. The XRD patterns were
obtained using a diffractometer D8 Advance-Bruker coupled to a
copper anode X-ray tube. The presence of pure LDH (native
sample) and periclase (sample thermally activated) structures
were confirmed by fitting the diffraction patterns with the
corresponding Joint Committee Powder Diffraction Standards
(JCPDS). Additionally, the nitrogen adsorption�desorption
isotherms and surface area analyses were determined with Bel-Japan
Minisorp II equipment, using a multipoint technique. Samples
were previously degasified at room temperature for 24 h in
vacuum.

CO2 sorption experiments were performed in a water vapor
environment between 30 and 80 �C. Dynamic CO2�water
vapor sorption experiments were carried out on a temperature-
controlled thermobalance TA Instruments model Q5000SA,
equipped with a humidity-controlled chamber, varying tempera-
ture, time, and RH. All the experiments were carried out using
CO2 (Praxair, grade 3.0) as carrier gas, distilled water, and around
3�5 mg of calcined LDH. The CO2 flow used was 100 mL/min,
and the RH percentages were controlled automatically with the
Q5000SA equipment. First, water vapor sorption/desorption
isotherms were generated at temperatures between 40 and 80 �C,
varying the RH from 0 to 80% and back, at a rate of 0.5 RH% per
minute, using an autosampler, which may induce further adsorp-
tion processes. Additionally, different adsorption curves were
obtained maintaining a constant RH (30, 40, 50, 60 and 70%),
but increasing temperature from 40 to 70 �C. Furthermore, the
isothermal experiments were performed at different tempera-
tures (40, 50, 60, and 70 �C) and RH (40, 50, 60 and 70%). For
the isothermal experiments, each sample was immediately ana-
lyzed by thermogravimetric analysis (TGA) or Fourier transform
infrared spectroscopy (FTIR) after the experiment, in order to
eliminate further environmental sorption processes. It has to be

mentioned that results were corroborated repeating several of the
experiments with different sets of samples.

After the CO2�water sorption experiments, and in order to
identify the hydration products, the products were characterized
by standard TGA, FTIR, XRD, and solid-state nuclear magnetic
resonance spectroscopy (NMR). TG experiments were per-
formed under air atmosphere, with a heating rate of 5 �C/min
in a thermobalance TA Instruments model Q500HR. For the
FTIR spectroscopy, samples were analyzed on a Spectrometer
NICOLET 6700 FT-IR. XRD was performed in a diffractometer
(Bruker AXS, D8 Advance) coupled to a copper anode X-ray
tube. Compounds were identified by the corresponding Joint
Committee Powder Diffraction Standards (JCPDS). 27Al MAS
NMR spectra were acquired with a 4 mm probe on an Avance II
Bruker spectrometer at an operating frequency for 27Al of 78.15
MHz. Small 27Al flip angles of π/12, pulse delays of 0.5 s, and a
spinning speed of 10 kHz were used for the data collection.
Chemical shifts are referenced to 1 M solution of aluminum
chloride (AlCl3).

’RESULTS AND DISCUSSION

Both LDH samples (native and thermally activated at 550 �C)
were characterized by XRD. These results are present in Figure 1.
Native and activated LDH samples fitted very well with the LDH
Mg6Al2(OH)18 3 4H2O, (JCPDS 38-0478) and the MgO peri-
clase (JCPDS file 30-0794) structures, respectively. These results
confirmed the correct synthesis and thermal activation of sam-
ples. The activated LDH sample presented broad peaks, which
indicate the formation of crystals with small sizes. Additionally,
the textural properties of both samples were determined by N2

adsorption�desorption (data not shown). In both cases, the
samples presented type IV isotherms, which are attributed to
mesoporous materials. Additionally, the native and activated
samples presented the following BET surface areas: 87 and
216 m2/g, respectively.

Different water vapor sorption/desorption isotherms were
measured, at different temperatures, using CO2 as the carrier gas
(Figure 2). All the calcined LDH samples presented type III
isotherms.51 The adsorption process is irreversible; all samples
show a 12�14 wt % increment after the desorption process is
done. These mass increments could be attributed to nonreversible

Figure 1. XRD patterns of the native and thermally activated (550 �C)
LDH samples.
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structural modifications due to sorbed water and/or CO2

molecules. On the other hand, although the native LDH sample
presented the same kind of isotherms (type III), the observed
weight increment of∼3 wt % is small compared with the calcined
LDH sample. This behavior suggests that CO2�water sorption/
desorption processes are practically reversible on the native LDH
sample (Figure 2A). The calcined LDH sample presented an
atypical behavior between 70 and 75 �C (Figure 2B). In this
temperature range, isotherms increased their weight very im-
portantly when RH reached values between 60 and 80%. It may
be explained as some kind of water adsorption produced over the
particle surfaces. However, at temperatures equal to or higher
than 80 �C, the water evaporation rate is considerably increased,
hindering the water condensation.

In a previous work,37 the behavior of a calcined LDH sample
was studied under different temperature and RH conditions,
using N2 as a carrier gas instead of CO2 and with the same flow,
100 mL/min. In that case, the layered structure was totally
regenerated. Here, one of these experiments was reproduced;
obtaining identical results (see 2B), which indicates the reproducibility.

The weight increment in this case is ∼55 wt %. However, when
CO2 was used as the carrier gas, the samples only gained around
12.5�14 wt %. If periclase were to recover the original LDH
structure, in the presence of H2O and CO2, the following
reaction should occur (reaction 1):

Mg0:75Al0:25O1:125

sf
H2O þ CO2 ½Mg0:75Al0:25ðOHÞ2�ðAn-Þ0:25=n 3mH2O ð1Þ

where, An‑ could be either OH1� or CO3
2�, or combinations.

However, any of these possible regeneration processes would
imply weight increments of at least 45�48.8 wt %. In fact, a
recrystallization process, from periclase to the LDH structure,
necessarily must be accompanied by intercalation of water
molecules. Therefore, the presence of CO2 as carrier gas or the
selected gas flow (100mL/min) during water sorption isotherms
must change the kinetic behavior of the periclase�LDH regen-
eration, reducing the regeneration rate, varying the kinetic
regime on the solid�gas interface, and/or changing the reactivity
and generating different products.52,53 Therefore, in order to
analyze and identify the hydration products obtained during the
H2O�CO2 sorption isotherms, different humidity-treated sam-
ples were analyzed using TGA, FTIR, and solid-state NMR.

Figure 3 shows the TG analyses of a native and a calcined
LDH, and of a humidity-treated (65 �C) LDH sample. The
native LDH sample presented two well-defined weight losses:
(1) Initially, it lost 14.8 wt % attributed to the dehydration
processes (between room temperature and 170 �C) of superficial
and interlayer water; (2) then, the sample lost 26.2 wt %, which
corresponded to dehydroxylation and decarbonation processes
(between 220 and 500 �C). The calcined LDH sample lost
7.5 wt % in total, which corresponded to two different processes:
a dehydration (75.1 �C) and a dehydroxylation (212.3 �C). This
sample must have trapped water spontaneously from the environ-
ment, which produced these two processes. On the other hand,
the sample humidity-treated with CO2 at 65 �C lost 3 times more
weight (21.3 wt %) than the calcined LDH sample, as could be
expected, due to different sorption processes occurring during
the isothermal experiments. Nevertheless, this sample lost weight
continuously, so that product identification becomes more
difficult. So, in this case, the DTG-curve is presented in the
square inset of Figure 3. As may be seen, two different processes
were evidenced. The first one, at 88.5 �C, must correspond to

Figure 3. TGA curves of different LDH samples. The square inset
shows the DTGA curve of the calcined LDH humidity treated at 65 �C.

Figure 2. Water sorption/desorption isotherms on the calcined LDH
sample, generated at different temperatures using CO2 as carrier gas:
(A) 40, 50, 60, and 70 �C; (B) 65, 70, 75, 80 �C. Additionally, the N2

water sorption/desorption isotherm at 70 �C was included (B), as well
as the native LDH sample at 50 �C with CO2, both for comparison
purposes.
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surface-adsorbed water, as the temperature is too low for an
interlayer water loss phenomenon to be observed. This result
suggests that the layered structure is not being regenerated. The
second process observed for the humidity-treated sample was
produced at 275.8 �C, which cannot be assigned with certainty to
a specific process.

Figure 4 shows the FTIR of native and calcined LDH samples
as well as different hydration products of the calcined LDH
sample. The native LDH sample presented four wide vibration
bands centered at 653, 1370, 1630, and 3500 cm�1, which
correspond to Mg/Al-oxygen, carbonate, water, and hydroxyl
vibrations. These bands are present in any native LDH sample
containing carbonates as interlayer anions. Actually, the broad
absorption band centered at 653 cm�1 probably contains the
Mg/Al�O vibration and a contribution of the band due to
carbonate anion deformation, which is expected to appear close
to 700 cm�1. After thermal treatment, the band intensity around
650�700 cm�1 decreased significantly, in agreement with a
decarbonation process and it was shifted and separated into
two new vibration bands at 667 and 857 cm�1. Additionally, the
intensity of the carbonate and hydroxyl bands diminished
significantly. All these changes are in good agreement with
the layered-structure destruction and the corresponding MgO
periclase formation.54,55 In the same figure are presented FTIR
spectra of two different hydration products of the calcined LDH
samples humidity-treated at 40 and 70 �C. These two spectra
showed an increase of intensity of carbonate (1360 cm�1) and
hydroxyl (3500 cm�1) absorption bands in comparison to the
calcined LDH sample, with the carbonate band being the
one that increased more significantly. These results indicate
that the weight increments observed would be attributed to
some kind of carbonation mainly, and, to minor extent, to a
hydroxylation process, but different from those produced during
an LDH regeneration process. Indeed, the band due to the
bending vibration of water, expected close to 1630 cm�1, is
absent, suggesting that molecular water was not formed on
hydrated LDHs. Additionally, the position of the carbonate band
absorption was shifted toward lower wavenumbers in the
humidity-treated LDH samples if compared with the native LDH.

These results suggest that the C�O elongation could be modi-
fied as a consequence of CO2 being chemically trapped and
stabilized on the calcined LDH particles surface, possibly bonded
directly onto O2� or OH1� species. The absence of absorption
bands between 2000 and 2200 cm�1 supports the idea that CO2

does not interact weakly through hydrogen bonds, but carbonate
species were formed.

27AlMASNMR spectra show that the aluminum environment
on the calcined LDH sample is not affected after CO2�water
adsorption�desorption isotherms (Figure 5). Both these spectra
(the calcined LDH sample and the sample humidity-treated at
70 �C) presented two well-defined isotropic NMR signals. The
first signal was presented close to 8 ppm, which is due to 6-fold
coordinated aluminum. The second one, at 71 ppm, was assigned
to 4-fold coordinated aluminum.56,57 In fact, the 6-fold:4-fold
intensity ratio of the coordinated aluminum signals was maintained
at around 2.4 in both samples. These results confirm that the LDH
regeneration process does not occur and that the recovery of the
total 6-fold coordinated aluminum environment did not occur
after the CO2�water adsorption�desorption process.

As a final characterization test one of the hydrated products
(the sample treated at 60 �C) was evaluated by XRD and
compared with the native and activated LDH samples (see
Figures 1 and 6). It has to be mentioned that the XRD pattern
of the hydrated sample shows a large amorphous signal related to
the glass support as the hydrated products are around only 3 mg
of the sample (Figure 6). As it can be seen, at 43.3� the most
evident diffraction peak appears, which corresponds to the
periclase structure. The presence of periclase is in good agree-
ment with the previous results, where no LDH regeneration was
evidenced. Additionally, although the SiO2 amorphous signal
appeared at 2θ values lower than 40�, it is possible to evidence

Figure 4. Infrared spectra of different LDH samples, before and after
humidity treatments.

Figure 5. 27Al MAS NMR spectra of calcined (a) and humidity-treated
at 70 �C (b).

Figure 6. XRDpattern of the activated humidity-treated samples at 60 �C.



12247 dx.doi.org/10.1021/jp207836m |J. Phys. Chem. A 2011, 115, 12243–12250

The Journal of Physical Chemistry A ARTICLE

the presence of a diffraction peak at 11.9�. This peak could be
assigned to the 003 peak of the LDH structure. However, none of
the other peaks assignable to this structure are evidenced.
Additionally, the 003 peak of the native carbonated structure is
located at 11.4�. Therefore, it does not totally fit to the LDH
structure. On the other hand, this peak fits very well to a hydrated
magnesium hydroxyl-carbonate (Mg7(CO3)5(OH)4 3 24H2O,
JCPDS file 47-1880). As a result of the different characterization
techniques used for the identification of the hydrated products, it
seems that the LDH structure is not recovered under these
conditions of RH and CO2 as the carrier gas.

In order to compare and further understand the CO2 sorption
on the calcined LDH sample, different experiments were per-
formed on a calcined LDH, and also on MgO for comparison
purposes. Different dynamic analyses were performed fixing RH
at 30, 50 and 70% RH, while temperature was varied from 30 to
70 �C, using CO2 or N2 as the carrier gas (Figure 7). If N2 was
used as the carrier gas at 70% RH, the LDH sample presented a
weight increment divided into two different steps. Between
30 and 40 �C, the sample presented some water adsorption,
then at higher temperatures water absorption began regenerating
the layered structure. At this point, water reacts with the calcined
LDH sample producing hydroxides, which promote the LDH

Figure 7. Activation temperatures of CO2 and H2O sorption on the
calcined LDH and MgO using different RHs and different carrier gases.
Filled symbols: calcined LDH/CO2 carrier; empty symbols:MgO/CO2;
/: calcined LDH/N2; �: MgO/N2.

Figure 8. Isotherms of water sorption on the calcined LDH sample varying the temperature (from 40 to 70 �C) and RH (from 40 to 70%), using CO2 as
the carrier gas.
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regeneration process. This result reproduces a previous report.37

In the MgO sample, the weight increment trend varied. In this
case, the superficial water sorption was similar to that observed
on the LDH sample. However, at higher temperatures the
sorption processes were importantly reduced.

On the contrary, if CO2was used as the carrier gas, the samples
presented similar dynamic experimental curves among them,
but different from that observed for the LDH sample on N2. At
30 and 50% RH, both samples gained weight exponentially, and
the LDH sample gained more weight than MgO, although the
weight differences were higher at 50% RH. Apparently, the LDH
sample traps more CO2 and H2O at low RH, which may be
associated with its textural properties (surface area, porosity,
etc.). However, at 70% RH, weight gain proceeds faster on MgO
than on the calcined LDH, and both samples gain in total
∼12.5 wt %. Therefore, the calcined LDH sample seems to
behave as MgO in the presence of CO2 and H2O, favoring the
production of hydrated MgCO3, or the magnesium hydroxyl-
carbonate detected by XRD, instead of the LDH regeneration.

Finally, Figure 8 shows different isotherms performed on the
calcined LDH sample, using RH and temperature as variables
and the same CO2 flow (100 mL/min). Isotherms performed
with an RH of 40% behaved exponentially, and weight increased
as a function of temperature, from 6.6 to 9.4 wt %. Then, if RH
was increased to 50%, isotherms presented a different tendency.
At 40 and 50 �C, samples gained weight as a function of
temperature: 8.8 and 11.2 wt %, respectively. However, when
temperature was increased to 60 and 70 �C, the weight gained
decreased to 10.5wt% in both cases. The results can be explained by
water evaporation, accelerated when temperature was increased.
Similar behaviors were observed in isotherms performed with RHs
of 60 and 70%. Nevertheless, the final weight increments increased
as a function of the RH. In fact, the largest weight increment was
observed with a RH of 70% at 50 �C, being 16.4 wt %.

Comparing these results with others previously published,1,41

it seems that CO2 capture performed under these conditions is
better. For example, da Costa and co-workers41 captured CO2

using water steam, but they performed experiments at 200 �C or
higher temperatures. In that case, the weight increments ob-
served varied between 2.7 and 4.8 wt %, which correspond to
0.61 and 1.08 mmol/g. Other papers have reported similar CO2

absorption capacities of LDH samples.1,24,27,47 Figure 9 shows

the thermogram performed at 1 �C/min, on the LDH sample
humidity-treated at 50 �C and 70% RH, in order to complete all
the different processes in the shortest temperature range. The
thermogram produced a total weight lost of 17.1 wt % attributed
to different dehydration, dehydroxylation, and decarbonation
processes. The last weight decrement observed should corre-
spond to the CO2 desorbed, and it was equal to 9.5 wt %, which
corresponds to 2.13 mmol/g. This result represents a better CO2

capture on a LDH sample than those reported thus far. Addi-
tionally, in this case, the CO2 capture was performed at a different
temperature range (low temperatures).

’CONCLUSIONS

Dynamic H2O�CO2 sorption experiments indicate that the
native LDH sample did not present any kind of sorption process.
On the other hand, the thermally calcined LDH sample regis-
tered significant weight increments during sorption experiments
conducted under varying temperature and RH. Although the
calcined sample did not regenerate the original layered structure
(as in the N2 flow

35), TG, FTIR, and NMR results showed that
weight increments corresponded to a double superficial process:
hydration and carbonation. It seems that the superficial carbona-
tion process occurred faster than hydroxylation, so the LDH
regeneration was inhibited, favoring the MgCO3 formation. The
water adsorption was then produced on the superficial MgCO3

previously formed. Although the LDH structure was not regene-
rated, the sample captured a considerable amount of CO2. There-
fore, these results present a significant increment on the CO2

absorption capacity (2.13 mmol/g) on this kind of material, in
comparison to other papers previously published.
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