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ABSTRACT: In many materials for CO2 sorption, hydrotalcite is attracting
substantial attention as a high temperature (200−500 °C) CO2 sorbent
because of its fast sorption/desorption kinetics and easy regenerability.
However, the CO2-sorption capacity of conventional hydrotalcite is relatively
low for large-scale commercial use. To enhance CO2-sorption capacity,
hydrotalcite is conventionally impregnated with alkali metals such as K2CO3.
Although K2CO3-impregnated hydrotalcite has high CO2-sorption capacity,
the preparation method takes long time and is inconvenient because
hydrotalcite synthesis step and alkali metal impregnation step are separated.
In this study, K2CO3-promoted hydrotalcite was newly synthesized from
hydroxide-form percursors by a simple and eco-friendly method without a solvent-consuming washing step. Analysis based on X-
ray diffraction indicated that the prepared samples had structures of well-defined hydrotalcite crystalline and un-reacted
Mg(OH)2 precursor. Moreover, K2CO3 was successfully incorporated in hydrotalcite during the synthesis step. The prepared
K2CO3-promoted hydrotalcite showed high CO2-sorption capacity and had potential for use as a high-temperature CO2 sorbent.

KEYWORDS: sorbent, K2CO3-promoted hydrotalcite, CO2 sorption, hydroxide-form precursor, hydrothermal synthesis,
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■ INTRODUCTION

Hydrotalcite, also known as layered double hydroxide (LDH),
belongs to the class of anionic clay minerals. Its structure is
composed of positively charged metal-hydroxide layers and
negatively charged interlayers containing anions and H2O
molecules. The net positive charge in the metal-ion layer is
balanced by the net negative charge of the anion layer.1,2 The
g e n e r a l f o r m u l a f o r h y d r o t a l c i t e s i s
[M2+

1−xM
3+

x(OH)2]
x+[An−

x/n]
x−·mH2O. Where M2+, M3+, and

An− commonly represent Mg2+, Al3+, and CO3
2−, respectively; x

has values in the range 0.17−0.33; and m is the amount of H2O
present in the interlayer.3 Hydrotalcite has received great
attention because of its CO2-sorption ability at high temper-
atures.4,5 It also has good thermal stability and relatively fast
CO2-sorption kinetics; moreover, it requires only a moderate
regeneration temperature. However, the CO2-sorption capaci-
ties of conventional hydrotalcites are relatively low for large-
scale commercial use.6−8 Therefore, to enhance the CO2-
sorption capacity, hydrotalcite is impregnated with K2CO3 and/
or Na2CO3.

1,9,10 However, although K2CO3/Na2CO3-pro-
moted hydrotalcite has a high CO2-sorption capacity, its
current synthesis is time-consuming and inconvenient, because
the hydrotalcite synthesis and alkali metal impregnation steps
are separate.8

Hydrotalcite is conventionally synthesized from water-
soluble nitrate precursors by a co-precipitation method.11−13

Although hydrotalcite structure is easily developed by such co-

precipitation methods, the product crystallinity is relatively
low.14 Moreover, the product must be repeatedly washed
because large amounts of basic solution, including NaOH or
KOH, are added during the synthesis step to control the
solution pH. Furthermore, repeated washing steps generate
wastewater that consequently causes environmental problems.
In this study, we directly synthesized K2CO3-promoted

hydrotalcite from hydroxide-form precursors to produce a
novel high-temperature CO2 sorbent, and we measured its
CO2-sorption capacity at high temperature. To the best of our
knowledge, this type of K2CO3-promoted hydrotalcite derived
from hydroxide-form precursors has not been applied before as
a high-temperature CO2 sorbent.
Xu et al. reported a method for the synthesis of hydrotalcite

from hydroxide precursors.15 They used (NH4)2CO3 as a
precursor to avoid the production of sodium or potassium salt.
In this study, we used K2CO3 instead of (NH4)2CO3 to supply
the interlayer anion, CO3

2−, and to enhance the basicity of
hydrotalcite as follows
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In this reaction, the hydroxide-form precursors and K2CO3

provide the cations and interlayer anions, respectively, and
these collectively form the hydrotalcite structure. However,
when an excessive amount of K2CO3 is used, the remaining
K2CO3 is simultaneously co-precipitated during the hydrotalcite
synthesis step, resulting in the production of K2CO3-promoted
hydrotalcite.

■ RESULTS AND DISCUSSION

As can be seen in Table 1, the pH values of all the samples
increased after reaction because KOH was generated as a by-
product of the reaction. By using an excess amount of K2CO3 in
the reaction, an excess of K2CO3 was co-precipitated during the
hydrotalcite synthesis step. The stoichiometric K2CO3/Al ratio
required to supply CO3

2− ions is 0.5, and we added 1, 2, 6, and
10 times the stoichiometric amount of K2CO3 for comparison.
As the amount of K2CO3 in the reactant increased, the initial
pH value also increased. As the reaction temperature was
increased from 130 to 160 °C, the final pH value also increased.
This means that increased amounts of Mg(OH)2 and Al(OH)3
participated in the reaction with increasing temperature,
resulting in the production of more KOH. The BET surface
area (SBET) of K2CO3-promoted hydrotalcite decreased with
increasing K2CO3/Al ratio. Furthermore, the BET surface areas
of the promoted hydrotalcites were significantly lower than that
of unpromoted hydrotalcite (∼230 m2 g−1) because incorpo-
rated K2CO3 filled and blocked hydrotalcite pores.

The inductively coupled plasma atomic emission spectros-
copy (ICP-AES) analysis shows that the Mg/Al ratio in the
K2CO3-promoted hydrotalcite was slightly higher than that in
the starting solution because unreacted Mg(OH)2 remained in
the sample. In contrast, the K/Al ratio in the K2CO3-promoted
hydrotalcite was considerably smaller than that in the feed. This
indicates that a large portion of K2CO3 was washed away in the
filtering step. Consequently, there was a limit to the amounts of
K2CO3 that were incorporated.
Figure 1 shows the scanning electron microscopy (SEM)

images of the synthesized K2CO3-promoted hydrotalcite. A
hexagonal plate-like structure developed in all the samples, and
this morphology remained after calcination at 500 °C in a N2
atmosphere. When the K/Al ratio in the feed was small,
hexagonal plates were not fully developed because the amount
of CO3

2− anion was insufficient to facilitate the hexagonal plate
morphology of hydrotalcite (Figure 1a). From the results, it can
be concluded that the reaction temperature was an important
factor that affected the development of hexagonal platelike
morphology (Figure 1c−e). The sample synthesized at 130 °C
did not show a well-developed structure, but those synthesized
at 160 and 200 °C featured complete hexagonal plates. Wang et
al. extensively studied morphology and crystallinity of hydro-
talcites synthesized by the conventional co-precipitation
method using nitrate-form precursors.5 The hydrotalcites
synthesized by the co-precipitation method showed nano-
particle aggregates or flowerlike morphology and the size of
nanoparticle crystallite was around 30 nm. In the hydrotalcite

Table 1. Synthesis Condition and Physical Properties of K2CO3-promoted Hydrotalcite

Mg(OH)2:Al(OH)3:K2CO3 mole ratio in
feed

Mg:Al:K mole ratio in
feed

synthesis temperature
(°C)

initial
pH

final
pH

SBET (m2

g−1)
Mg:Al:K mole ratio in

product

3:1:0.5 3:1:1 160 10.9 13.2 113 3.7:1:0.22
3:1:1 3:1:2 160 11.1 13.3 63.2 3.3:1:1.18
3:1:3 3:1:6 130 11.3 13.1 29.0 3.6:1:1.11
3:1:3 3:1:6 160 11.3 13.3 29.8 3.4:1:1.28
3:1:3 3:1:6 200 11.3 12.8 26.6 3.7:1:1.45
3:1:5 3:1:10 160 11.5 13.8 22.7 3.5:1:1.64

Figure 1. SEM images of K2CO3-promoted hydrotalcite (a) Mg:Al:K 3:1:1 [160 °C], (b) Mg:Al:K 3:1:2 [160 °C], (c) Mg:Al:K 3:1:6 [130 °C], (d)
Mg:Al:K 3:1:6 [160 °C], (e) Mg:Al:K 3:1:6 [200 °C], (f) Mg:Al:K 3:1:10 [160 °C]. The value in parentheses denotes the synthesis temperature.
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synthesized in this study, hexagonal platelike structure was well-
developed and the crystallite size increased to several
micrometers.
Figure 2 shows the X-ray powder diffraction (XRD) patterns

of the synthesized K2CO3-promoted hydrotalcite. All samples
had well-defined hydrotalcite crystalline and unreacted Mg-
(OH)2 structures. This result indicates that only a limited
amount of Mg(OH)2 could participate in the reaction and
development of hydrotalcite structure. When the Mg/Al ratio
was 1 or 2 in the feed, the Mg(OH)2 and Al(OH)3 reactants
were almost completely converted to hydrotalcite structure. In
contrast, when the Mg/Al ratio increased to 3 or 5, all samples
contained unreacted Mg(OH)2 (Figure S1 in the Supporting
Information). As the K/Al ratio increased from 1 to 10, the
peak intensity of the K2CO3 phase became more distinct with
increasing amount of co-precipitated K2CO3. The characteristic
K2CO3 peaks in XRD patterns indicating the presence of
separate K2CO3 from hydrotalcite also have been reported in
other papers about K2CO3-promoted hydrotalcite.1,8

The degree of transformation (Dtrans) was calculated using
the deviations of the Mg(OH)2 and hydrotalcite peak intensity
ratios in the XRD spectra at their characteristic peak angles 2θ
= 38.0 and 11.5°, respectively.16 In Table 2, the evaluated

relative contents of Mg(OH)2 are presented. When the K/Al
reactant ratio increased, large amounts of Mg(OH)2 partici-
pated in the reaction. Interestingly, the hydrotalcite structure
was better developed at 160 °C compared with its structure at
either 130 or 200 °C; this XRD result agrees well with the
highest pH change at 160 °C (Table 1). After calcination at 500
°C, all hydrotalcite and hydroxide phases were transformed into
mixed oxide phases, and all the samples featured K2CO3 that
did not decompose at 500 °C.

The CO2-sorption capacities of the K2CO3-promoted
hydrotalcites were measured using thermogravimetric analysis
(TGA) at 240 °C and ∼1 bar CO2 (Figure 3). The temperature

of 240 °C was thought to be an appropriate condition for the
sorption enhanced water gas shift reaction in which high-
temperature CO2 sorbents can be used.17 For samples
synthesized at 160 °C, when the K/Al ratio was increased
from 1 to 6, the CO2-sorption capacity increased from 0.85 to
1.31 mol kg−1. However, when the K/Al ratio was further
increased to 10, the sorption capacity decreased. This is
probably caused by two conflicting effects: K2CO3 enhances the
basicity of the samples, which helps to sorb acidic CO2, but it
can also fill and block pores to reduce the number of sorption
sites. Consequently, the amount of incorporated K2CO3 has an
optimum value for maximum CO2 sorption. In our study, the
Mg:Al:K optimum ratio in the reactants was 3:1:6, which
corresponds to the ratio 3.4:1:1.28 obtained after the reaction
at 160 °C. In the prepared K2CO3-promoted hydrotalcite
having the maximum CO2-sorption capacity, the fraction of
K2CO3 is estimated at about 24 wt % and this value
corresponds with the optimum K2CO3 ratio (22−35 wt %)
reported in the literature.1,8,18

Figure 4 represents the CO2-sorption capacity of K2CO3-
promoted hydrotalcite at different temperatures between 240
and 500 °C. The tested K2CO3-promoted hydrotalcite was
synthesized with the Mg:Al:K molar ratio of 3:1:6 and at the

Figure 2. XRD patterns of K2CO3-promoted hydrotalcite (a) Mg:Al:K 3:1:1 [160 °C], (b) Mg:Al:K 3:1:2 [160 °C], (c) Mg:Al:K 3:1:6 [130 °C],
(d) Mg:Al:K 3:1:6 [160 °C], (e) Mg:Al:K 3:1:6 [200 °C], (f) Mg:Al:K 3:1:10 [160 °C]. Left: before calcination; right: after calcination.

Table 2. Evaluation of Relative Contents of Mg(OH)2 in
K2CO3-Promoted Hydrotalcite Based on XRD Spectra

Mg:Al:K mole ratio in feed [synthesis temperature] Dtrans
a (%)

3:1:1 [160 °C] 49.5
3:1:2 [160 °C] 50.4
3:1:6 [130 °C] 49.5
3:1:6 [160 °C] 37.6
3:1:6 [200 °C] 53.6
3:1:10 [160 °C] 36.4

aThe degree of transformation of Mg(OH)2 to hydrotalcite, Dtrans =
IMg(OH)2/Ihydrotalcite.

Figure 3. CO2-sorption capacity of K2CO3-promoted hydrotalcite at
∼1 bar CO2 and 240 °C.
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temperature of 160 °C. It is noticeable that the CO2-sorption
capacity of K2CO3-promoted hydrotalcite is maximum at the
temperature of 300 °C, implying the occurrence of
chemisorption and its value (1.79 mol kg−1) is remarkably
high. Table 3 compares the CO2-sorption capacity of Mg−Al

hydrotalcites at temperatures between 200 and 400 °C found in
literature.1,5,8,12,19−26 The CO2-sorption capacity of the newly
prepared K2CO3-promoted hydrotalcite is comparable with or
higher than that of conventional hydrotalcites and previously
reported K2CO3-promoted hydrotalcites under similar con-
ditions.
Figure 5 shows the CO2-sorption isotherm data for Mg:Al:K

= 3:1:6 hydrotalcite synthesized at 160 °C. The isotherm data

were measured at 240 and 500 °C. The experimental data in
the range 0.05−1.0 bar of CO2 partial pressure were fitted with
Langmuir, Freundlich, and bi-Langmuir isotherm models. The
fitting parameters of isotherm models are listed in Table S1
(see the Supporting Information). The bi-Langmuir isotherm
model that is regarded to be adequate for the contribution of
both physical and chemical sorption agrees well with
experimental data.26

The scheme of regeneration is also a crucial factor for
practical application of sorption operation. The working
capacity between 10 and 1 bar at 240 °C is very low for the
K2CO3-promoted hydrotalcite (see Figure S2 in the Supporting
Information), therefore a pressure swing adsorption scheme is
not adequate for cyclic processes. From the sorption isotherm
data at 240 and 500 °C (Figure 5), a temperature and pressure
swing adsorption scheme is expected to be available for the
sorption at 240 °C and 1 bar CO2 pressure. In this aspect, a
cyclic sorption/desorption test was carried out with sorption at
240 °C under CO2 flow for 90 min and desorption at 500 °C
under N2 flow for 90 min (Figure 6). The CO2-sorption
capacity on the K2CO3-promoted hydrotalcite decreased
initially and then became stabilized after three cycles. The
regeneration of used K2CO3-promoted hydrotalcite could be
achieved with a temperature and pressure swing adsorption

Figure 4. CO2-sorption capacity of K2CO3-promoted hydrotalcite
(Mg:Al:K 3:1:6, synthesized at 160 °C) at different temperatures and
∼1 bar CO2.

Table 3. Comparison of CO2-Sorption Capacities of Mg−Al
Hydrotalcites at Temperatures between 200 and 400 °C
Found in Literature

ref

sorption
temperature

(°C)

feeding
composition
and pressure

CO2-sorption
capacity

(mol kg−1) comments

5 200 pure CO2,
1 atm

0.83 unpromoted

12 200 pure CO2, 100
kPa

0.486 unpromoted

300 0.249

19 200 pure CO2,
1 atm

0.41 unpromoted

300 0.212

20 200 pure CO2,
1 bar

0.1 unpromoted

300 0.52

21 200 pure CO2,
1 atm

1.2 unpromoted,
intercalated with
stearic acid

300 1.25

400 1.15

this
work

240 pure CO2,
1 bar

1.31 K2CO3-promoted

300 1.79

22 200 70% CO2,
1 bar

1.4 K2CO3-promoted, Al
partially substituted
by Ga

23 300 30% CO2,
1.34 bar

1.109 K2CO3/Na2CO3-
promoted

24 300 1 bar CO2 1.5 K2CO3-promoted

25 300 30% CO2,
1.34 bar

1.25 K2CO3/Na2CO3-
promoted400 1.08

8 400 5.8% CO2 and
10.7% H2O,
1 bar

0.37
(reversible
capacity)

K2CO3-promoted

1 400 pure CO2,
1 bar

0.94 K2CO3-promoted

26 383 50% CO2, 50%
H2O, 1 bar

1.13 KNO3-promoted

Figure 5. Sorption isotherm data of K2CO3-promoted hydrotalcite
(Mg:Al:K 3:1:6, synthesized at 160 °C) at 240 and 500 °C.

Figure 6. Cyclic sorption/desorption test for K2CO3-promoted
hydrotalcite (Mg:Al:K 3:1:6, synthesized at 160 °C); condition:
sorption at 240 °C under CO2 flow, desorption at 500 °C under N2
flow.
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scheme but the stabilized CO2-sorption capacity after three
cycles was about 50% of that in the first cycle.
Figure 7 shows CO2 breakthrough curves at 240 °C and

three different pressures (0.5, 5, and 10 bar) from a column

packed with ∼1 g K2CO3-promoted hydrotalcite (Mg:Al:K
3:1:6, synthesized at 160 °C). The normalized concentration at
the column outlet is plotted as a function of time. The inlet gas
flow rate was fixed at 100 cm3 STP min−1 with 50% CO2
balanced with N2. The CO2-sorption kinetic was relatively fast
and the outlet concentration reached inlet concentration within
10−15 min.

■ CONCLUSIONS
We have developed a newly synthesized K2CO3-promoted
hydrotalcite from hydroxide-form precursors for the develop-
ment of a novel high-temperature CO2 sorbent. The new
synthesis method is simple and eliminates a washing step to
reduce the amount of water required as solvent. The
synthesized K2CO3-promoted hydrotalcite shows well-devel-
oped hexagonal plate-like structure and K2CO3 is successfully
incorporated into hydrotalcite during the synthesis procedure.
There is an optimal ratio of Mg:Al:K and synthesis temperature
for the development of hydrotalcite structure and CO2
sorption. The newly prepared K2CO3-promoted hydrotalcite
of which Mg:Al:K molar ratio in reactants is 3:1:6 (3.4:1:1.28 in
the synthesized product) and synthesis temperature is 160 °C
shows highest CO2-sorption capacity (1.31 mol kg−1) at 240 °C
among samples tested. The K2CO3-promoted hydrotalcite also
has very high CO2-sorption capacity (1.79 mol kg−1) at 300 °C
and relatively fast CO2-sorption kinetics. However, the initial
CO2-sorption capacity decreases with cyclic sorption/desorp-
tion operation and the CO2-sorption capacity becomes
stabilized after three cycles to about 50% of the initial value.

■ EXPERIMENTAL SECTION
Synthesis of K2CO3-Promoted Hydrotalcite. Various synthetic

methods have been successfully applied for the preparation of
hydrotalcite. Among many synthesis methods such as co-precipitation,
urea hydrolysis, reconstruction, and hydrothermal methods, hydro-
talcite is commonly synthesized by a co-precipitation method.27 In the
co-precipitation method, hydrotalcite is synthesized from precipitation
of two or more cations by mixing a solution containing metal ions with
a basic solution for pH control and an alkali solution containing
chemical species for interlayer anionic groups. The metal ion

precursors are normally water-soluble nitrate forms. In the co-
precipitation method, pH control is important and generally high pH
between 8 and 10 is required to obtain hydrotalcite. Ionized
magnesium and aluminum participate in a reaction to develop
hydrotalcite structure and the reaction occurs easily at moderate
temperature. Although hydrotalcite structure is easily developed, the
co-precipitation method based on nitrate form precursors has some
drawbacks. Basic solution such as NaOH or KOH should be carefully
added to control the pH of solution. Moreover, a large quantity of
water is used to wash produced precipitate because a large amount of
nitrate ions and sodium or potassium salts are produced as by-
products. The synthesized hydrotalcite is further impregnated with
alkali metals (mostly potassium carbonate, K2CO3) to prepare
promoted-hydrotalcite for enhanced CO2 sorption.

8 In the procedure
of impregnation, pristine hydrotalcite is soaked with K2CO3 solution
and then dried at high temperature under vacuum. The soaking and
drying procedure is repeated several times to facilitate the distribution
of K2CO3 in the hydrotalcite. Finally, the sample is calcined at a high
temperature of 400−550 °C.

In this study, to synthesize K2CO3-promoted hydrotalcite in a new
simple method, magnesium hydroxide (Mg(OH)2, ≥ 95%), aluminum
hydroxide (Al(OH)3, reagent grade), and potassium carbonate
(K2CO3, ≥99%) were purchased from Sigma-Aldrich (USA). Figure
S2 (see the Supporting Information) shows the SEM images of
Mg(OH)2 and Al(OH)3 and the size distribution of particles estimated
from the SEM images. Mg(OH)2 has relatively large and irregular-
shaped crystal structures, and its average particle size is 0.626 μm. The
SEM image show that Al(OH)3 agglomerates and forms small clusters
and the agglomerated clusters have many cracks on their particle
surface. The average particle size of Al(OH)3 is 0.068 μm. All the
reagents were used without further purification, and distilled water was
used as the solvent for the synthesis procedure. The K2CO3-promoted
hydrotalcite was synthesized by a hydrothermal method that is
effective for Mg(OH)2 and Al(OH)3, because they have very small
solubility product constants (Ksp) at room temperature.28 Predeter-
mined amounts of the reactants, Mg(OH)2 (0.79 M), Al(OH)3 (0.26
M), and K2CO3, were mixed with 30 mL of distilled water, and the
initial pH of the mixture was measured. Then, the mixture was
transferred to a 40 mL Teflon-lined stainless steel autoclave and
hydrothermally reacted at 130−200 °C. The reaction was conducted
for 24 h in an autoclave reactor at a stirring speed of 60 rpm, and the
solution was quickly cooled after the reaction. Then, the final pH of
the mother liquor was measured, after which the aged suspension was
filtered through a filter paper with 1 μm pore diameter and dried at
110 °C for 24 h. Finally, the resulting white powder was calcined at
500 °C for 3 h under a N2 atmosphere.

Characterization of Samples. The composition of synthesized
K2CO3-promoted hydrotalcite was identified by the inductively
coupled plasma atomic emission spectroscopy (ICP-AES, JY2C,
HOBIN YVON). Mg, Al and K concentration was measured. The
morphology of samples was observed by field emission scanning
electron microscopy (FESEM, S-4300, Hitachi). Because visualization
of structural details of specimens in FESEM requires optimal
conductivity, samples were coated by Pt ion using an ion sputter (E-
1045, Hitachi) for 150 s. The structure of samples was identified by X-
ray diffraction. The X-ray diffraction (XRD) patterns of samples were
measured using a Rigaku X-ray diffractometer (Rigaku D/Max-2500
V) with Cu Kα radiation (λ = 0.15418 nm) and a power of 40 kV × 40
mA. The scan range was from 5° to 70° 2θ at a scanning rate of 4°
min−1. The crystalline phases were identified by comparison with
JCPDS files.

CO2 Sorption Measurement. Equilibrium CO2-sorption uptakes
on fresh K2CO3-promoted hydrotalcites were measured using
thermogravimetric analysis (TGA, Q50, TA Instruments). Before the
CO2-sorption experiments would begin, moisture and CO2 on the
samples were removed by means of an N2 gas flow at 500 °C. After
pre-treatment, the change in the sample weight was recorded under
the flow of pure CO2 gas or mixture of CO2 and N2 at a pressure of ∼1
bar and a temperature of 240−500 °C. In the cyclic CO2 sorption/
desorption test, the CO2 sorption was measured at 240 °C and the

Figure 7. CO2 breakthrough curves at 240 °C and different pressures
from a column packed with K2CO3-promoted hydrotalcite (Mg:Al:K
3:1:6, synthesized at 160 °C).
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sample was regenerated at 500 °C under N2 flow after each CO2
sorption step.
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