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In order to achieve a controllable synthesis of hydrotalcites (HTs), a systematic investigation on the synthesis of
Mg–Al HTs at different pH values was performed. The physical and chemical properties of the synthesized HTs
were characterized by X-ray diffraction, scanning electron microscope, thermogravimetric analysis, differential
scanning calorimetry, temperature programmed desorption, and BET. The chemical compositions were
determined by inductively coupled plasma. The results revealed that the synthesis pH plays a crucial role on
the morphology, pore structure and chemical composition of the final products. When the synthesis pH equaled
to the isoelectric point (IEP) ofMg–Al HT, “rosette”morphologywas formed;whilewhen the pHwas higher than
the IEP, meso-porous HTs were synthesized. The inter-layered charge compensating anions as well as the Mg/Al
ratio also varied with the synthesis pH. Based on our observations, a synthesis mechanism which describes the
formation process under various synthesis conditions, was proposed. In addition, we have shown that this
mechanismcouldalsobeapplicable toother synthesismethods. Finally, theCO2 adsorptionson these synthesized
HTswere evaluated. It is clear that the synthesis conditions strongly affected the adsorption capacity. The highest
capacity was obtained over the Mg3Al1–CO3 (pH 12) sample, showing a CO2 capture capacity of 0.83 mmol/g
when pre-calcined for 1 h and 0.58 mmol/g when pre-calcined for 6 h, respectively.
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1. Introduction

Hydrotalcites (HTs) have attracted an increasing interest because of
their potential applications as CO2 adsorbents, ion exchangers, fire
retardants, base catalysts, and precursors of well-mixed oxides for
various catalytic applications (Climent et al., 2010; Hutson andAttwood,
2008; Manzi-Nshuti et al., 2008; Montanari et al., 2010; Nyambo et al.,
2008; Oliveira et al., 2008; Reijers et al., 2006; Takagaki et al., 2010;
Wang et al., 2010a, 2010b; Wang et al., 2011a, 2011b). Their structures
consist of positively charged brucite-like layers, with interlayer spaces
containing charge compensating anions andwatermolecules. Themetal
cations occupy the centers of the octahedral structure, whose vertexes
contain hydroxide ions and the octahedrons are connected by sharing
edges with each other to form an infinite sheet. The general formula
of these compounds is [M2+

1−xM3+
x(OH)2][An−]x/n·ZH2O,whereM2+

and M3+ are divalent (Mg2+, Zn2+, Ni2+, etc.) and trivalent (Al3+,
Ga3+, Fe3+, Mn3+, etc.) cations respectively. An− is a non-framework
charge compensating anion (CO3
2−, Cl−, SO4

2−, etc.), and x is normally
between 0.2 and 0.4 (Benito et al., 2010; Cavani et al., 1991; Costantino
et al., 2009; Du and O'Hare, 2008; Herrero et al., 2009; Hu et al., 2007;
Wang et al., 2009).

Due to their wide applications in energy and environmental fields,
HTs have been extensively synthesized and studied for decades. Up to
date, several synthesis methods including co-precipitation (Kagunya
et al., 1996; Kovanda et al., 2003), urea hydrolysis (Costantino et al.,
1998; Hibino and Ohya, 2009; Xu and Lu, 2005), structure reconstruc-
tion (so called memory effect) (Benito et al., 2008; Perez-Ramirez et al.,
2007), sol–gel (Paredes et al., 2006), and ion exchange (Tamura et al.,
2006; Tsujimura et al., 2007) among others, have been well developed.
In certain cases, in order to increase the crystalline degree or to control
the morphology of HTs, the aging process can be further assisted by
either hydrothermal treatment (Labajos et al., 1992), sonication
(Climent et al., 2004), or microwave irradiation (Benito et al., 2007;
Komarneni et al., 1996). And under different synthesis conditions, HTs
with various morphologies such as rosette (Wang et al., 2010a, 2010b),
platelet-like (Benito et al., 2006;Ma et al., 2008), stone-like (Wang et al.,
2011a, 2011b), and an agglomeration of irregular aggregates (Oliveira
et al., 2008; Venugopal et al., 2009) have been reported. However,
despite the significant progress achieved on the preparation of HTs,
detailed knowledge on the control of the microstructure, morphology,
and chemical composition of HTs is still limited. Thus, further studies on
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Fig. 1. (a) XRD patterns synthesized Mg–Al HTs at different pH values. The inset shows
the schematic structure of Mg–Al–CO3 HT; (b) XRD patterns of samples synthesized by
adding Al(NO3)3 solution drop-wise into Na2CO3 solution, accompanied by controlling
the pH at 7 and 8 using NaOH solution.

Fig. 2. TGA analyses of HTs synthesized at different pHs.
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the controlled synthesis of HTs are still necessary (Wang et al., 2010a,
2010b; Xu and Lu, 2005).

In order tounderstand the synthesis process,manymechanismshave
been proposed. For instance, Xu et al. (Xu and Lu, 2005) proposed a
dissociation–deposition–diffusionmechanism by synthesizing HTs from
MgO and Al2O3. They proved that the formation of HTs can be originated
either from Al2O3 (Al(OH)3) or MgO (Mg(OH)2) mother structures.
Boclair and coworkers investigated the synthesis mechanism through
observation of the titration process of M2+ and M3+ with NaOH. The
general procedure consisted of adding NaOH solution drop-wise into a
metal precursor solution (Boclair et al., 1999; Boclair and Braterman,
1999). TheM3+hydroxide/hydrous oxide intermediateswere formed in
the low pH region; and further addition of NaOH resulted in the
Table 1
Characterizations of HTs samples synthesized at pH 6.5–14.

pH a (Å) c (Å) Crysize L (nm) Lvol-IB (nm) Mg/Al molar ratio

6.5 3.051 26.267 1.8 1.16 0.5
7.0 3.045 25.168 2.2 1.40 0.6
8.0 3.043 23.709 3.5 2.20 1.5
9.0 3.046 23.319 5.8 3.71 2.3
10.0 3.057 23.502 6.3 4.03 3.1
11.0 3.057 23.584 7.3 4.66 3.1
conversion of the intermediates to HTs. Therefore, it is apparent that the
synthesis pH plays a crucial role on the final formation of HTs. Because

12.0 3.056 23.471 9.80 6.26 3.2
13.0 3.056 23.318 15.4 9.83 3.2
14.0 3.057 23.269 23.7 15.06 3.2
the pH values increased throughout the above titration process, the final
HT products (co-precipitation method) were a mixture of irregular
aggregates (Boclair et al., 1999; Boclair and Braterman, 1999; Seron and
Delorme, 2008). In order to have a deeper understanding of the HT
formation mechanism and a much better control of the HT products, a
systematic study of the synthesis of Mg–Al HTs via the traditional co-
precipitationmethodata series of constantpHvalues ranging from6.5 to
14 is reported in this contribution. The synthesized HTs samples were
then characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), temperature programmed desorption
(TPD), and BET. The chemical composition of the HTs was determined
using inductively coupled plasma (ICP). Using controlled synthesis
conditions, the morphology, pore structure and chemical composition
can be successfully tuned. By correlating the synthesis pH and the
structures, plausible formationmechanismwas proposed. The feasibility
of the proposedmechanismwas further verified by obtaining additional
supporting evidence using hydrothermal synthesis method. Since HTs
are promising high-temperature CO2 adsorbents, the CO2 capture
properties of these HT samples were also investigated.

2. Experimental section

2.1. Preparation of HTs

All chemicals were purchased from Merk KGaA(Germany) and
Sigma-Aldrich(USA). The general procedures of the co-precipitation
method have been described elsewhere (Wang et al., 2010a, 2010b). In
brief, a salt solution A (100 ml) containing a mixture of 0.075 mol Mg
(NO3)2·6H2O and 0.025 mol Al(NO3)3·9H2O was added drop-wise to a
basic solution B (100 ml) containing 0.05 mol Na2CO3. The pH value of
solution Bwas kept constant (6.5–14) by addition of a solution C (50 ml)
containing 0.17 mol NaOH. The resulting mixture D was aged at room
temperature for 24 h with continuous stirring. The aged mixture was
filtered and washed with deionized water until pH=7, followed by
drying at 100 °C in an oven. Hydrothermal synthesis was performed by
placing 40 ml of the mixture D into a 45 ml Teflon lined stainless steel
autoclave and hydrothermally treated at 150 °C for 48 h. After hydro-
thermal aging, the sample was filtered and dried at 100 °C in an oven.

2.2. Characterization of HTs

TheBET specific surface areasweremeasured from theN2 adsorption
and desorption isotherms at 77 K collected using a Quantachrome
Autosorb-6B surface area and pore size analyzer. Before each measure-
ment, fresh HTs were first degassed at 110 °C overnight. Powder XRD
analyses were conducted in a Bruker D8 Advance X-ray diffractometer
equipped with a RINT 2000 wide-angle goniometer using Cu Kα
radiation and a power of 40 kV×40 mA. Diffraction patterns were
recorded within the range of 2θ=5–70° with a step size of 0.02°. The
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Fig. 3. TPD analyses of Mg–Al HTs synthesized at pH equals (a) 6.5, (b) 7, (c) 8, and (d) 9.
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morphologies of synthesized HTs were observed using SEM (JEOL JSM-
6700F). Before observation, the dried samples were sputtered and
coated with gold, for ~120 s under argon atmosphere. During thermal
treatment of HTs, theweight losswasdetermined using a TGA (Q500, TA
Instruments,flow rate=20 ml/min). Typically, about 10 mg samplewas
used for each run. The sample was heated in N2 from 30 to 600 °Cwith a
ramping rate of 5 °C/min. DSC analyses were performed using an
automatic thermal analyzer (NETZSCH, DSC204 HP, USA). Sealed
aluminum pans with pierced lids were used for all the samples and an
empty pan prepared in the same way was used as a reference. 10 mg
samples were weighted directly into the aluminum pans and the
thermal analyses were conducted at a scanning rate of 5 °C/min from 50
to 450 °C. TPD experiments were conducted to monitor the decompo-
sition of HTs. Fresh HTs (50 mg) were placed in a stainless steel reactor
andheated fromroomtemperature to600 °C. The reactorwas controlled
by a proportional-integral-derivative (PID) temperature controller/
programmer (Yudian Automation Enginering Co., Ltd, China), and the
temperaturewasmeasured using a K-type thermocouple (0.5 mmouter
diameter). Inert gas (Ar, 50 ml/min) was continuously fed into the
reactor and the composition of the outlet gas was monitored by a mass
spectrometer (HPR-20 QIC Atmospheric Gas Analysis System, UK). The
elemental composition of the synthesized sampleswas analyzed by ICP-
OES (Varian Vista-MPX CCD Simultaneous ICP-OES) after the samples
were digested using aqua regia and kept in 2% HNO3.

2.3. Evaluation of CO2 capture capacity

Adsorption of CO2 on HTs was measured using a thermogravimetric
methodon aQ500TGAanalyzer. Sampleswere pre-calcined at 400 °C for
either 1 h or 6 h inAr atmosphere before CO2 adsorption experiments. To
minimize potential errors caused by the memory effect, all experiments
were carried out immediately after the first calcination. CO2 adsorption
experimentswere carried out at 200 °C and1 atmwith a constantflowof
CO2 (40 ml/min).

3. Results and discussion

Fig. 1(a) shows the XRD patterns of HTs synthesized at various pH
values ranging from 6.5 to 14. When the pH was lower than 8, the
formation of HTs was not favored and the final products were most
likely amorphous boehmite (γ-AlOOH). With the increase of pH from
8 to 14, the crystalline degree of synthesized HTs gradually increased.
In the meantime, the layer distance d003 decreased with the increase
in synthesis pH value (see Table 1). At pH≥10, the lattice parameter a
became stable (ca. 3.056–3.057 Å), indicating that the Mg/Al ratio
should be similar for all these samples. Then, the Mg/Al ratios were
analyzed by ICP-OES, and the values are shown in Table 1. With the
increase of pH from 6.5 to 10, the Mg/Al ratio increased from a very
small value of 0.5 to 3.1 (very close to the theoretical value 3).
When the pH was higher than 10, the Mg/Al ratio kept constant at
around 3.1–3.2, which is consistent with the XRD analysis. The inset of
Fig. 1(a) shows the schematic structure of Mg–Al–CO3 HT.

For the samples synthesized at pH 6.5–7, theMg/Al ratios were only
0.5–0.6, indicating that only a small fraction of Mg–Al HTs was formed.
To further confirm the composition of these products, another two
samples were prepared by adding Al(NO3)3 solution drop-wise into
Na2CO3 solution, accompanied by controlling the pH at 7–8 with NaOH
solution. The XRD patterns of these two samples are shown in Fig. 1(b),
fromwhich the characteristic peaks ofγ-AlOOHwere observed at 12.8°,
27.9, 38.4, and 48.9 respectively (JCPDS 21–1307) (Chen et al., 2008).
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Fig. 4. TPD analyses of Mg–Al HTs synthesized at pH equals (a) 10, (b) 11, (c) 12, and (d) 13.
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These results suggest that the samples synthesized at pH 6.5–7 are
mainlyγ-AlOOH togetherwith small fraction ofMg–Al HT. TGA analysis
in Fig. 2 and TPD analysis in Figs. 3 also confirmed this conclusion.When
the synthesis pH=6.5–7, the typical two-stage TGA profile for HTs was
not observed, and there is only one H2O desorption peak at around
227 °C in the TPDprofiles. In Fig. 3(a) and (b), aNOpeakwasobserved at
around 468–528 °C, suggesting that the inter-layer charge compensat-
ing anions are probably NO3

− for the samples synthesized at pH=6.5–7.
Another CO2 peak at around 201–218 °Cwas also detected, and it might
be due to the physically adsorbed CO2 on γ-AlOOH. It is generally
Fig. 5. (a) TGA analyses, (b) DSC analyses of Mg–Al–H
accepted that the decomposition temperature of the interlayer charge
compensating anions is around 400 °C (Wang et al., 2011a, 2011b).
However, it is still not clearwhether this small portion ofHT stays on the
surface of γ-AlOOH or as separate particles.

For samples synthesized at pHs 8 and 9, theMg/Al ratios increased to
1.5 and2.3 respectively, butwere still lower than the theoretical valueof
3. Fig. 2 shows that the TGA profiles of these two samples begin to show
the typical two-stage decomposition profile of HTs, suggesting that
more HT phase was formed in these samples, as compared to those
synthesized at pH 6.5–7. However, their TGA curves were still very
CO3, Mg–Al HT pH=9, and Mg–Al HT pH=10.
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Fig. 6. SEM images of HTs synthesized at (a) pH=6.5; (b) pH=9; (c) pH=10; (d) pH=14. The insets show the SEM images with higher magnifications.
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different from the general HT profiles (Hutson et al., 2004; Ram Reddy
et al., 2006). TPD result in Fig. 3 indicated that, at pH 8, γ-AlOOHmight
still exist since thefirstH2O desorption peakwas larger than the second.
The desorption peaks of CO2 and NO revealed that both NO3

− and HCO3
−

were present in the inter-layers as charge compensating anions. For the
sample synthesized at pH 9, a thorough characterization (e.g. TGA, DSC,
XRD, FTIR, TPD) has been conducted, demonstrating the formation of
Mg2.3Al1–HCO3. It is worthy to mention that the HCO3

− anion cannot be
differentiated from CO3

2− by FTIR analysis. Therefore, a new HTMg3Al1–
HCO3using aKHCO3 solution (pHwas controlled at 8.5)was synthesized.
The TGA and DSC profiles of these two samples are compared in Fig. 5.
The HT synthesized at pH=9 showed exactly the same TGA and DSC
curves as those of Mg3Al1–HCO3. Particularly, as compared to Mg3Al1–
CO3 obtained at pH=10, the second derivative weight peak and the
second heat flow peak of these two samples are much sharper, and the
corresponding temperatures are also much higher.

A further increase in pH from 10 to 14 had little influence on the
Mg/Al ratios, which kept between 3.1 and 3.2. All characteristic
peaks of Mg3Al1–CO3 were detected in their XRD patterns in
Fig. 1(a). TGA analyses of all samples showed the typical two-stage
profiles (Fig. 2) (Wang et al., 2010a, 2010b). The TPD analyses in
Fig. 4 confirmed that the interlayer charge compensating anion was
CO3

2−. Therefore, when the pH was equal or higher than 10, all co-
precipitation products were HTs having the same chemical com-
position of Mg3Al1–CO3.
Themorphologies of these sampleswere observed bySEM, as shown
in Fig. 6 and Figs. S1–S9. At pH≤8, the particles were formed as an
accumulation of primary nano-particles. The morphology is similar to
the amorphous γ-AlOOH samples that were synthesized by dripping Al
(NO3)3 into Na2CO3 and adjusting pH with NaOH (see Fig. 7). The XRD
patterns in Fig. 1(b) also confirm that the products at pH≤8 are mainly
γ-AlOOH. At pH9, very big particleswith “stone-like”morphologywere
formed,which is alsovery similar toγ-AlOOH synthesized atpH9 (Fig. 6
(b) and Fig. 7(c)). TGA and DSC analyses in Fig. 5 confirmed that the
composition of the hydrotalcite is Mg2.3Al1–HCO3. This is because the
HCO3

− rather than CO3
2− anions dominated in the solutionwhen the pH

is around9. LikeNO3
− andCl−, HCO3

− is very reactive andable to lead to a
fast growth of hydrotalcite (Kameda et al., 2008; Wang et al., 2011a,
2011b). As we have previously reported, Mg–Al–NO3 and Mg–Al–Cl
synthesized using the same method showed similar morphologies
(Wang et al., 2011a, 2011b). Their surface areas were also very small,
just 8.1 and 10.4 m2/g, respectively.

At pH10, “rosette”particleswere formed. The formationof this rosette
hydrotalcitemight be related to its isoelectric point (IEP),which is around
10 (Chang et al., 2007; You et al., 2009). In this condition, although the
formation of the primary particles is fast, the growth is slow because the
surface of the initially formed primary particles is electrically neutral
(pH=IEP). Consequently, the growth of hydrotalcite is preferred along
the 001 plane, where the surface charge density is low, resulting in a
“rosette”morphology (Li et al., 2007; Luo et al., 2007). At pH≥11, meso-
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Fig. 7. SEM images of γ-AlOOH synthesized at pH equals (a) 7, (b) 8, and (c) 9.

Fig. 8. Pore sizes and surface areas of HTs synthesized at different pHs.
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porousMg3Al1–CO3 consistingof uniformnano-particleswas synthesized
(see Fig. 6(d) and Figs. S6–S9). The size of these nanoparticleswas around
30 nm. In basic conditions, the formation of HTs was very fast, since the
pH value was higher than its IEP, the surface of primarily formed HT
nanoparticles was negatively charged. Consequently, any further contact
between HT nanoparticles and Al(OH)4− (and CO3

2−) was not favored,
inhibiting the growth of HTs. The surface areas of the synthesizedHTs are
thus all around 100 m2/g. The similar phenomenon has also been
observed on the synthesis of Mg(OH)2 by Li et al. (Li et al., 2007) and on
the synthesis of β-Ni(OH)2 by Luo et al. (Luo et al., 2007), respectively.

The BET surface area as well as the pore structure were analyzed by
N2 adsorption anddesorption isothermsat 77 K (Fig. 8 and Fig. S10). BET
surface areafirst decreased from ~192 to ~14.4 m2/gwith an increase in
pH from 6.5 to 9. This is because more MgAl–NO3 and/or MgAl–HCO3

were formedwith the increase in pH. At pH6.5–7, themain productwas
amorphous γ-AlOOH, showing a very high surface area (167–192 m2/g);
while at pH 8–9, the main products were MgAl–NO3 and/or MgAl–HCO3,
both having very small surface areas. The surface area then increased
sharply to 110 m2/g at pH 10; and a further increase of pH to 14 slightly
decreased the BET values. This is becauseMg3Al1–CO3, rather thanMgAl–
NO3 and MgAl–HCO3, was formed at pH≥10 and the particle size of the
primary nano-particles increased slightly with the increase in pH. The
evolution of the average pore size showed another interesting trendwith
pH. At pHb10, the average pore size was constant at ~3.7 nm, whichwas
exactly the same as compared to that of the synthesized amorphous
γ-AlOOH (see Fig. S11). At pHN10, the pore size increased with the
increase in pH. Interestingly, there are two types of pores at pH 10. The
small pore was also 3.7 nm, while the big pore was around 6.3 nm. The
relationship between thepore structures and the pHvalues is discussed in
detail later, along with the proposed mechanism.

Based on our investigations, a plausible formation mechanism as a
function of the synthesis pH can be proposed. At pH 6.5–9, Al3+ first
precipitated as γ-AlOOH and Mg2+ remained in the solution. Then
Mg2+ and anions A (A=NO3

−or HCO3
−) reacted with γ-AlOOH to form

MgxAl–A.With the increase of pH values,moreMgxAl–Awill be formed.
At pH=9, purephaseMg2.3Al1–HCO3HTwas synthesized. Since theHTs
were derived from amorphous γ-AlOOH, the pore size of the
synthesized HTs should be similar to that of γ-AlOOH precursor. In
these conditions, the interlayer charge compensating anions were NO3

−

and/or HCO3
−. At pH 10, Al3+ and Mg2+ had the same chance to be

precipitated as Al(OH)3 and Mg(OH)2 nano-particles at the same time,
which then immediately converted into Mg3Al1–CO3 HTs. In the next
stage, because the surface of the primary Mg3Al1–CO3 nanoparticles is
electrically neutral (pH=IEP), the growth ofHTwas relatively slow and
preferentially along the 001 plane. The 001 plane has the lowest surface
charge density and thus is stable under the synthesis condition. The
growth of the primary nanoparticles into nano-sheetsfinally resulted in
the rosette morphology (see Fig. 9) (Li et al., 2007; Luo et al., 2007).
Under this condition, because the HT was derived from both Al(OH)3
and Mg(OH)2, two types of pores may coexist. This mechanism was
supported by the BET analyses in Fig. 8 and Fig. S10. At pH 11–14, Mg2+

precipitated first as Mg(OH)2, and then immediately converted into
Mg3Al1–CO3nano-particles. Although the formationofHTswasvery fast
under these basic conditions, its growthwas inhibited. According to the
IEP theory, the HT surface was negatively charged at pH higher than its
IEP. Thus, the interaction between HT nanoparticles and Al(OH)4− (and/
or CO3

2−, OH−) was not favored due to the repulsive force. Consequent-
ly, mesoporous Mg3Al1–CO3 HTs were obtained under these conditions
(see Fig. 9). Table 2 summarizes the Mg/Al ratios, charge compensating
anions, morphologies, average pore sizes, and the final products of the
samples synthesized at various pH from 6.5 to 14.

It was also proved that this mechanism is applicable to other
synthesis methods. For instance, we synthesizedMg3Al1–CO3 at pH 10
and 12 using hydrothermal method. Fig. 10 shows the SEM images of
these two samples. At pH 10, the growth of the HT plate was favored
and the size was from one to several micrometers. While at pH 12,
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Fig. 9. Proposed synthesis mechanism for Mg–Al HTs at pH 10–14.
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because the synthesis pH value was higher than the IEP of Mg3Al1–
CO3 and the growth of the particle was inhibited, identical plate-like
particles were obtained, with an average size of 200 nm. This result
further confirms the proposed synthesis mechanism.

The CO2 adsorption capacities of Mg3Al1–CO3 HTs synthesized at pH
6.5–14 were then determined as previously indicated. Prior to each
adsorption test, fresh HTs were calcined using two different protocols:
Table 2
Summary of the Mg/Al ratios, charge compensating anions, average pore sizes,
morphologies, and final products for the samples synthesized at various pH values from
6.5 to 14.

pH Mg/Al
ratio

Anion Pore size
(nm)

Morphology Final product

6.5 0.5 NO3
− 3.7 Nano-particle

aggregates
γ-AlOOH+MgxAl1–
NO3

7.0 0.6 NO3
− 3.7 Nanoparticle

aggregates
γ-AlOOH+MgxAl1–
NO3

8.0 1.5 NO3
−/

HCO3
−

3.7 Nanoparticle
aggregates

γ-AlOOH+MgxAl1–
NO3/MgxAl1–HCO3

9.0 2.3 HCO3
− 3.7 Stone-like Mg2.3Al1–HCO3

10.0 3.1 CO3
2− 3.7/6.3 Flower-like Mg3Al1–CO3

11.0 3.1 CO3
2− 7.2 Flower-like

+nanoparticle
aggregates

Mg3Al1–CO3

12.0 3.2 CO3
2− 7.6 Nanoparticle

aggregates
Mg3Al1–CO3

13.0 3.2 CO3
2− 12.3 Nanoparticle

aggregates
Mg3Al1–CO3

14.0 3.2 CO3
2− 18.3 Nanoparticle

aggregates
Mg3Al1–CO3
(1) in-situ calcination at 400 °C for 1 h; and (2) ex-situ calcination at
400 °C for 5 h, immediately followed by in-situ calcination at 400 °C for
1 h. After pretreatment, the samples were cooled down to the
adsorption temperature (200 °C) and held at that temperature for
0.5 h for stabilizationpurpose. The feed gaswas then switched toCO2 for
adsorption. Fig. 11 indicates that the CO2 adsorption capacities were
very low when pH was lower than 10. Particularly at pH 6.5 and 7,
although the BET surface areas were very high (ca. 165–190 m2/g, see
Fig. 8), theMg/Al ratio was too low to have sufficientMg–O sites for CO2

adsorption. Only a very small amount of CO2, ca. 0.06–0.08 mmol/g was
adsorbed on these samples. All HTs synthesized at pH 10–14 showed
much better performance for capturing CO2, which might be attributed
to the well formation of Mg3Al1–CO3. The substitution of Mg2+ by Al3+

creates plenty of activeMg–Osites on the surface. Thehighest CO2 capture
capacity was observed at pH 12. After being pre-calcined at 400 °C for 1 h
and 6 h, the CO2 capture capacitywas 0.83 and 0.58 mmol/g, respectively.
Our experiments indicated that further increasing the pre-calcination
time has no influence on the CO2 capture capacity. At pHs 13 and 14, the
CO2 adsorption capacity slightly decreased, which might be due to the
decrease of surface area.

4. Conclusions

In summary, this work reveals that the synthesis pH plays a crucial
role on the morphology, pore structure as well as the chemical com-
positionofHTs.At pHb9, theproduct ismainlyγ-AlOOHcoexistingwith
certain amount of Mg–Al–NO3 and/or Mg–Al–HCO3 HT; at pH=9, the
product is a “stone-like” HT with a composition of Mg2.3Al1–HCO3; at
pH=10, the product is a “rosette” HT with a composition of Mg3Al1–
CO3; while at pHN10, the products are mesoporous HTs with a

image of Fig.�9


Fig. 10. SEM images of (a)Mg3Al1–CO3 pH 10, and (b)Mg3Al1–CO3 pH 12 synthesized at
150 °C by hydrothermal synthesis method.
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composition of Mg3Al1–CO3. At pHb10, the pore size is constant at
~3.7 nm, while at pHN10, the pore size increases with the increase in
pH. Interestingly there are two types of pores at pH=10. Based on our
observations, the plausible synthesismechanism is proposed,which not
only describes the formation process under various synthesis condi-
tions, but also explains the morphology and pore structure of the
resultingHTs. In thismechanism, the relationship between synthesis pH
and the IEP of HTs determines themorphology of thefinal products. The
proposed formation mechanism is further verified by hydrothermal
Fig. 11. CO2 capture capacities of HTs synthesized with different pH values from 6.5 to
14. Prior to CO2 adsorption, fresh HTs were first pretreated at 400 °C for 1 h or 6 h.
synthesismethod.CO2 adsorption studies indicate thatboth thephysical
and chemical properties of HTs influence their CO2 capture capacity. In
order to have a good CO2 adsorption capacity, the synthesis pH should
be equal or higher than 10. Among all samples, Mg3Al1–CO3 (pH 12)
shows the highest CO2 capture capacity of 0.83 mmol/g (pre-calcined
for 1 h) and 0.58 mmol/g (pre-calcined for 6 h).
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