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Layered double hydroxides (LDHs) are promising materials for CO2 sorption, although improvements

in performance are required for practical applications. In the current study, the CO2 sorption capacity

and multi-cycle stability were both increased by introducing an open supporting framework of multi-

walled carbon nanotubes (MWNTs). This nanostructured inert network provides a high surface area,

maximizing the gas accessibility and minimizing coarsening effects. Specifically, LDH nanoparticles

were precipitated directly onto MWNTs, initially oxidised to ensure a favourable electrostatic

interaction and hence a good dispersion. The dependence of the structural and physical properties of

the Mg–Al LDH grown on MWNT supports has been studied, using electron microscopy, X-ray

diffraction, thermogravimetric analysis (TGA), and BET surface area, and correlated with the CO2

sorption capacity, established via TGA and temperature programmed desorption measurements. The

use of a MWNT support was found to improve the absolute capacity and cycle stability of the hybrid

adsorbent under dry conditions.
Introduction

Layered double hydroxides (LDHs), also known as hydrotalcite-

like compounds, belong to a large class of synthetic two-

dimensional (2D) nanostructured materials. Their structure is

composed of positively charged Mg(OH)2 layers in which diva-

lent cations, octahedrally coordinated by hydroxyls, are partially

substituted by trivalent cations resulting in positively charged

layers with charge-balancing anions between them. The charge-

neutral LDH structure can be represented by the general formula

(M2+
1�xM

3+
x (OH)2)

x+(Am�
x/m$nH2O)x� where M2+, M3+ and Am�

commonly represent Mg2+, Al3+ and CO3
2� respectively. The

wide variety of physicochemical properties that can be obtained

by altering the nature of the metal cations, their molar ratios or
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Campus, London SW7 2AZ, UK. E-mail: m.shaffer@imperial.ac.uk;
Fax: +44(0)207 594 5801; Tel: +44(0)207 594 5825
bBio Nano Consulting, 338 Euston Road, London NW1 3BT, UK. E-mail:
ainara.garcia@bio-nano-consulting.com; Fax: +44(0)207 396 1056; Tel:
+44(0)207 396 1050
cDepartment of Chemistry, Faculty of Science, King Abdulaziz University,
Jeddah 21589, Saudi Arabia
dDepartment of Chemical Engineering, Imperial College London, South
Kensington Campus, London SW7 2AZ, UK

† Electronic supplementary information (ESI) available: Representative
TEM image corresponding to the LDH/MWNT sample containing 62
wt% LDH where the LDH platelet thickness can be measured and
adsorption-desorption nitrogen isotherms of LDH, oxidised MWNT
and LDH/MWNT samples. See DOI: 10.1039/c2jm00059h
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the type of interlayer anions has attracted increasing attention

from material chemists. Hydrotalcite-like compounds have

found practical applications in areas such as catalysis, super-

capacitors, pharmaceutics, photochemistry, electrochemistry

and in sorption processes.1,2

Concerns about the increasing concentration of greenhouse

gases in the atmosphere have stimulated the study of CO2

capture and storage (CCS) processes including the use of solid

sorbents.3,4 LDHs are regarded as promising adsorbents for CO2,

for CCS and many other applications, showing high selectivity in

the temperature range from 473 K to 723 K. Compared to other

potential CO2 solid adsorbents, such as calcium oxides, LDHs

require less energy in regeneration and show superior multicycle

stability.3 In addition, they show fast adsorption-desorption

kinetics and good performance in the presence of water, making

them very attractive not only for pre-combustion CO2 capture

but also for applications involving CO2 equilibria such as sorp-

tion-enhanced hydrogen production.5–8 However, despite these

positive adsorption properties, LDHs exhibit relatively low CO2

adsorption capacities which limit their commercial use. In order

to alleviate this weakness and to improve overall adsorption

performance, several studies have focused on altering the

chemistry of LDHs by exchanging their structural cations and

anions and/or by incorporating alkali dopants such as potassium

and caesium.9–12 A parallel approach has been to support or

combine LDHs with high surface area materials such as

alumina,13 zeolites14 and carbons,15 to increase the particle

dispersion. When supported on a large fraction of carbon
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2jm00059h
http://dx.doi.org/10.1039/c2jm00059h
http://dx.doi.org/10.1039/c2jm00059h
http://dx.doi.org/10.1039/c2jm00059h
http://dx.doi.org/10.1039/c2jm00059h
http://dx.doi.org/10.1039/c2jm00059h


D
ow

nl
oa

de
d 

by
 C

ar
le

to
n 

U
ni

ve
rs

ity
 o

n 
16

 S
ep

te
m

be
r 

20
12

Pu
bl

is
he

d 
on

 1
4 

Ju
ne

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2J
M

00
05

9H

View Online
nanofibers (CNFs), Meis et al.15 found that the apparent

adsorption capacity per mass of activated Mg–Al LDHs

increased by an order of magnitude, at 523 K, in the presence of

water. Although the role of the CNF chemistry was not

considered, it was proposed that the active sites for CO2

adsorption were associated with low-coordination O2�Mg2+ sites

positioned at the edges and corners on the Mg(Al)Ox nano-

particles, and that there was a higher concentration of these sites

on the supported adsorbents. On the other hand, the improved

adsorption capacity of the LDH, when supported, must be

balanced against the cost and bulk of the support itself. It is

useful to consider whether there is an optimum combination that

improves the capacity of the sorbent system as a whole, in other

words, when normalised to the mass of sorbent plus support.

Multi-walled carbon nanotubes (MWNTs) are attractive

materials as a support and can be expected to offer distinct

advantages over CNFs, such as ‘herringbone’ stacks, in which

the graphitic sheets lie at an oblique angle terminating at the

surface.16 MWNTs, in principle, have more defined morphology,

typically with a smaller diameter, and hence a higher accessible

surface area to act as a support. They are very widely available

commercially, in large quantities, from a number of companies.

Although these bulk materials tend to be relatively defective

compared to an ideal MWNT structure, the graphitic layers still

lie predominately parallel to the tube axis, giving much greater

robustness than CNFs which readily fracture laterally along the

oblique basal planes. As a result, MWNT aspect ratios tend to

remain high during processing, handling, and subsequent usage,

maintaining an effective open framework. Whilst defects in

MWNTs lower the chemical and thermal stability, the intrinsic

graphitic structure is relatively inert; for CNFs, the basal plane

edge terminations provide sites for oxidation, chemical func-

tionalisation, and degradation. Typical, commercially-available

CVD-grown MWNTs were used in the present study for

simplicity, and ease of replication. Mg–Al LDHs were supported

on these MWNTs, using medium to high hydrotalcite loadings,

consistent with industrial application, combined with a study of

their CO2 adsorption characteristics.

As synthesised CNTs are generally impure and have a very low

solubility/dispersion in common solvents, particularly in water.

Therefore, they are often chemically modified to aid their puri-

fication and to increase their solubility. A common strategy uses

acids or other oxidizing reagents to remove impurities such as

metal catalytic particles, amorphous carbon, and graphitic

nanoparticles. However, it is now known that these treatments

produce molecular oxidation debris (known as ‘carboxylated

carbonaceous fragments’) that can remain adsorbed on the

nanotube walls even after conventional water washing. The use

of an additional dilute base wash significantly improves purity17

and may be particularly important in the current context to

minimise any CO2 signal arising from MWNT/debris decom-

position. However, the initial oxidation step introduces new

oxygen-containing acidic groups that improve water solubility

and compatibility with LDH deposition. The final basic treat-

ment converts acidic groups into their conjugate salts, further

increasing the solubility of both nanotubes and their oxidation

debris, in water; the oxidation debris is washed away, leaving

carboxylate sites on the MWNTs. A similar treatment was fol-

lowed in the present work to provide sites to coordinate metal
This journal is ª The Royal Society of Chemistry 2012
ions, and balance charge during LDH synthesis. This treatment

can be expected to facilitate homogeneous aqueous dispersions

of MWNTs for the deposition of LDH crystals by co-precipita-

tion of Mg2+ and Al3+ ions, under alkaline conditions. In order to

study the effect of the MWNT content on the structure and

performance of a LDH/MWNT hybrid, a range of samples with

different proportions of LDH were prepared and fully charac-

terized. The influence of the MWNTs on the CO2 sorption

capacity of the synthesised hybrids under dry conditions and

their performance after continuous adsorption-desorption

cycling is reported.
Experimental

Materials

Long, CVD-grown, multi-walled carbon nanotubes (MWNTs)

were purchased from ARKEMA (Graphistrength�), with an

average diameter of 10–15 nm. Mg(NO3)2$6H2O (99%) and

Al(NO3)3$9H2O (98%) were purchased from Sigma-Aldrich;

NaOH, H2SO4 (95%), HNO3 (65%) were purchased from Ana-

laR and Na2CO3 was purchased from Riedel-de Haen. Poly-

carbonate membranes were from Millipore (HTTP Isopore

membrane).
Synthesis of Mg–Al LDHs

Unsupported layered double hydroxides (LDHs) were prepared

via co-precipitation. An Mg/Al ratio of 2 was selected as it has

been reported to be optimal for CO2 sorption.18 An aqueous

solution (50 mL) of 0.1 mol Mg(NO3)2$6H2O and 0.05 mol

Al(NO3)3$9H2O was added to an aqueous solution (75 mL)

containing 0.35 mol of NaOH and 0.09 mol of Na2CO3. The

resulting white suspension was heated at 333 K for 12 hours

under stirring (300 rpm). The resulting precipitate was filtered

using 0.4 mm polycarbonate membranes and washed with 500

mL of water at 333 K. Samples were dried for 12 hours at 393 K,

under vacuum.
Oxidation of MWNTs

7 mL of a 3:1 mixture of concentrated H2SO4/HNO3 were added

for every 200 mg of MWNTs; the acid/MWNT ratio was main-

tained, since the stoichiometry of the reaction has been shown to

be important, although different MWNT masses were used in

each experiment. The mixture was stirred and refluxed for 30

min. After cooling, the nanotubes were recovered from the

supernatant by filtration using 0.4 mm polycarbonate membranes

and washed with 500 mL of 0.01 M NaOH. The solution was

then washed with distilled water until the filtrate reached

a neutral pH.
Preparation of nanostructured LDH/MWNT hybrids

Oxidised MWNTs were dispersed in an aqueous solution

(2.06 mL) containing 9.9 mmol NaOH and 2.5 mmol Na2CO3.

Subsequently, 1.4 mL of a salt solution of 2.8 mmol

Mg(NO3)2$6H2O and 1.4 mmol Al(NO3)3$9H2O were added.

The resulting black suspension was aged at 333 K for 12 hours

under stirring (300 rpm). The sample was filtered and dried as
J. Mater. Chem., 2012, 22, 13932–13940 | 13933
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explained above for the preparation of unsupported LDHs. Four

different LDH/MWNT hybrids were prepared containing

varying LDH weight percentages of 33%, 62%, 73% and 82%

using, respectively, 620 mg, 310 mg, 155 mg, and 77.5 mg of

oxidised MWNTs at constant LDH precursor concentration.
Calcination of nanostructured LDH/MWNT hybrids

All the materials were calcined prior to CO2 adsorption

measurements at 673 K for 4 hours by flowing 100 mL min�1 of

N2 using a tubular quartz reactor (ID ¼ 5 cm) placed in a hori-

zontal Carbolite furnace. Thermal decomposition plays a crucial

role in the CO2 adsorption properties of LDHs. Reddy et al.19

and Hutson et al.20 found that a calcination temperature of 673 K

produced LDH derivatives with an optimum balance between

surface area and basic sites, which maximized their CO2

adsorption capacities and favoured reversible adsorption.
Measurements and characterization

X-ray diffraction (XRD) tests were conducted using a PAn-

alytical X’Pert Pro Multi Purpose Diffractometer (Cu Ka radi-

ation) in reflection mode at room temperature with 2q varying

between 5� and 80�.
Thermogravimetric analysis (TGA) was performed using

a Perkin Elmer Pyris 1. 5 mg samples were first dried at 373 K

under N2 for 20 minutes and then heated from 373 to 1073 K at

10 K min�1 in 20 mL min�1 of air. Transmission electron

microscopy (TEM) images were obtained on a JEOL 2010,

operating at 200 kV. Samples were prepared by dispersing the

sample in isopropanol using 0.01 mg of LDH/MWNT per mL of

solvent, and allowing a drop to dry onto a holey carbon copper

grid (300 mesh, Agar Scientific). Scanning electron microscopy

(SEM) images were collected using Gemini 1525 FEGSEM,

fitted with an Oxford Instruments INCA energy dispersive X-ray

spectrometer (EDS). SEM images represent bulk dried powder

whereas, for TEM, LDH/MWNT material was first dispersed in

isopropanol. Nitrogen adsorption and desorption isotherms

were measured at 77 K using a Micromeritics Tristar 3000

apparatus on 100 mg pre-dried LDH/MWNT samples held

overnight under N2 prior to adsorption measurements. Specific

surface areas were calculated according to the Brunauer, Emmett

and Teller (BET) equation from the adsorption isotherm. The

pore-size distribution of LDH/MWNT samples was calculated

from desorption branch using the Barrett, Joyner, and Halenda

method.

Temperature programmed desorption (TPD) of CO2 was

carried out using a quartz micro-flow-column system operated at

atmospheric pressure. The sample (20 mg) was preconditioned by

heating from room temperature to 673 K at 10 K min�1 by

flowing 45 mL min�1 of Ar. After cooling to 313 K, the sample

was exposed to a 20% CO2/Ar premixed gas (BOC) for 1 hour.

The system was then purged in flowing Ar for 2 hours to remove

physisorbed CO2, and the temperature was then increased to

1023 K at 50 K min�1. A mass spectrometer (ESS GeneSys II

with capillary sample line) was used to monitor the CO2

concentration in the quartz tube exit gas stream. Prior to each

TPD experiment the response was calibrated by injecting 2 mL of

the premixed CO2 gas.
13934 | J. Mater. Chem., 2012, 22, 13932–13940
CO2 adsorption measurements

A thermogravimetric analyser (TA Instruments, TAQ500) was

used to determine the adsorption capacity of pre-calcined

samples. An amount (�5 mg) of adsorbent was activated in situ

to remove CO2 captured from the atmosphere during its storage

and transportation. In a typical measurement, the sample was

heated from room temperature to 673 K at 10 Kmin�1 by flowing

60 mL min�1 of N2 and held for 1 hour. The temperature was

then decreased to the required adsorption temperature (typically

573 K), and the feed was switched to a 20% CO2/N2 premixed gas

(BOC), and held usually for 2 hours. The adsorption capacity of

the materials was determined from the change in mass during the

adsorption step. Effects due to changes in gas viscosity and gas

density were taken into account by measuring the response of

silicon carbide and then subtracting it from the adsorbent

response. Under the operating conditions used, this blank

response was very small. The regeneration and stability of the

adsorbents were assessed by multicycle tests, in which the

adsorption step was carried out at 573 K for 1 hour by flowing

the premixed CO2 gas and the desorption step was performed at

673 K for 30 minutes by flowing nitrogen. The flow rate was kept

constant at 60 mL min�1 during the experiment.
Results and discussion

LDH/MWNT hybrids were synthesised with differing relative

compositions. The TEM (Fig. 1) identified small, crystalline,

hexagonal platelets, typical of LDH, attached to the MWNTs.

These platelets were about 30 nm and 10 nm in the lateral and

through-thickness directions, respectively; the typical nanotube

diameter was around 10 nm. No isolated LDH platelets were

found in the TEM images; all appeared associated with CNTs,

though often present as clusters of a number of LDH platelets,

particularly at higher LDH loadings. In situ EDS analysis

confirmed the presence of C, O, Mg and Al, with the intended

Mg/Al ratio of two. It seems that the interaction between the

positively-charged LDH sheets and negatively-charged oxidised

MWNTs, successfully led to the deposition of LDHs on the

support, during the synthesis. The SEM (Fig. 2) of the dried

LDH/MWNT powder shows a porous, agglomerated powder,

with a uniform dispersion ofMWNTs; as expected, an increase in

the number of particles was observed, with increasing weight

percentage of LDH introduced onto the MWNTs, although no

other morphological differences were apparent.

Three stages of weight loss were observed in the TGA pattern

of the LDH/MWNT hybrids (Fig. 3). The first weight loss, at

approximately 483 K, is attributed to the removal of loosely-

bound water molecules from the LDH interlayer. The second

weight loss, in the temperature range 483–733 K, is due to the

removal of OH� groups and carbonate anions present in the

interlayer space. The third and final weight loss, observed in

the temperature range of 733–1073 K, is primarily due to the

oxidation of MWNT although some decarbonation of the

remaining carbonate anions can also take place.

The actual LDH weight percentage in the sample can be esti-

mated from the residue. The TGA residue of the unsupported

LDH material is composed of �60 wt% mixed solid oxides. The

residue of MWNTs is composed of around 8 wt% metallic
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Representative TEM images corresponding to LDH/MWNT

samples.

Fig. 2 Representative SEM image of supported 73 wt% LDH/MWNT.

Fig. 3 Thermograms of unsupported LDH, oxidisedMWNT and LDH/

MWNT hybrid samples.
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nanoparticles that were the original catalyst for the nanotube

growth, after oxidation during the TGA combustion oxidised

during the TGA combustion. Assuming that the residues from
This journal is ª The Royal Society of Chemistry 2012
each phase are simply additive, the actual LDH weight

percentage supported on the nanotubes can be calculated

(Fig. 3). The measured MWNT content is systematically slightly

lower than expected as the absolute loading is reduced, which is

probably due to losses during filtering whilst a filter cake

becomes established. Previous syntheses of LDH/MWNT

hybrids did not report the actual sample composition.21,22

By combining the TGA with the EDS data (Mg/Al ratio of

two), the molecular formula of the dehydrated sample can be

expressed as follows: Mg0.66Al0.33(OH)2(CO3)0.15$nH2O; where

the water content estimated from the TGA corresponds to n ¼
0.5 mol.

The XRD patterns of all the LDH-containing samples

(Fig. 4b–f) display the characteristic reflections corresponding to

two-dimensional hydrotalcite-like materials (JCPDSNo. 14-191)

and can be indexed accordingly.23 The reflection peak at 26.3� in
the XRD patterns of LDH/MWNT samples is indexed to the

(002) plane of graphitic carbon (JCPDS No. 41-1487), visible in

the pure oxidised MWNT XRD pattern (Fig. 4a). No other

crystalline phases were detected. For the hybrid samples, the

intensities of the LDH reflections decrease relative to theMWNT

(002) peak, as expected on increasing the MWNT loading.
J. Mater. Chem., 2012, 22, 13932–13940 | 13935
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Fig. 4 XRD diffraction patterns of (a) oxidised MWNT, (b) 33 wt%

LDH/MWNT, (c) 62 wt%, (d) 73 wt%, (e) 82 wt%, and (f) unsupported

LDH. The wt% are estimated by TGA.
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The XRD, therefore, confirms that the hybrids contain the

intended pure phases. However, the (003) LDH peak broadens

(see Fig. 5) with increasing MWNT concentration, either due to

a reduction in crystallite size, or an increasing defect concen-

tration. The apparent size or coherence length in the c-direction

(layer-stacking direction), as calculated by the Scherrer equation,

decreases from 15 nm in the 82 wt% LDH/MWNT to 5 nm in the

33 wt% LDH/MWNT. Suggestions21 that single-walled carbon

nanotubes (SWNTs), with an average diameter of 2 nm, can

intercalate in LDH seem unlikely to be relevant to the much

larger MWNTs used in this work. In addition, the peak positions

are unchanged, ruling out variations in interlayer LDH spacing

due to hydroxyl-mediated interactions between LDH and

MWNTs.21,22 TEM analyses do not indicate any significant

change in LDH platelet thickness; most are around 10 nm thick

in all LDH/MWNT sample compositions (a representative TEM

image is included in the ESI†). Peak broadening can result from

structural disorder, specifically the appearance of stacking

faults.24 The presence of MWNTs during the LDH growth may

introduce defects into the LDH structure, through modified

nucleation conditions, or induced curvature. One possible defect
Fig. 5 Full Width at Half Maximum (FWHM) of the (003) peak as

a function of LDH weight percentage in the LDH/MWNT hybrids.

13936 | J. Mater. Chem., 2012, 22, 13932–13940
type is the hypothesis proposed previously by Meis et al.15 who

attributed an increase in CO2 adsorption capacity to a greater

number of LDH edge sites when supported. The reproducibility

of the LDH/MWNT synthesis was confirmed by repetition of all

four LDH/MWNT hybrids; variations in XRD and TGA char-

acterisation were negligible.

The ionic interaction between the negatively-charged oxidised

MWNTs and positively-charged LDH nanosheets is expected to

play an important role in the LDH growth process. The

concentration of carboxylic acid groups introduced onto the

oxidised MWNT was estimated by reverse titration as described

elsewhere.17,25 From the titration curve shown in Fig. 6, we

estimate the carboxylic acid concentration on the acid oxidised

MWNT to be 3.4 mmol g�1. Taking into account the surface area

of the oxidised MWNT (191 m2 g�1) we can estimate a surface

charge density of 18 (mmol e�) m�2. In the case of the LDH,

the extra positive charge due to the Al3+ substitution is equivalent

to 0.33 e per mol of LDH, within the area of the octahedral

unit ¼ ffiffiffi

3
p

(a2/2) corresponding to 8.067 �A2, as reported else-

where.26 Consequently, the excess LDH surface charge density is

around 6.7 (mmol e+) m�2. In the typical LDH structure, this

positive charge is balanced by anions (mostly carbonates);

however, it is clear that the negative surface charge density on the

MWNTs is on the same order of magnitude. Thus, the tendency

of the LDH to nucleate on, and remain associated with the

MWNT surface, is reasonable. These electrostatic interactions

may both modify the nature of the LDH (as shown in the XRD

data) and control the stability of the hybrid.

Surface area measurements show type IV isotherms according

to the IUPAC classification, representing a mesoporous adsor-

bent with strong adsorbent-adsorbate interaction (isotherms are

included in the ESI†).27 The pore-size distribution moves to

larger values when the LDH concentration increases in the

hybrid samples (Fig. 7), although the mesopore volume does not

change with the LDH weight percentage. These trends imply

much larger pore sizes present in the LDH system in comparison

with MWNTs. We attribute the majority of the pore volume to

the open space between the particles, although there also may be

a small contribution due to internal spaces (either the hollow core

of the MWNTs or the interlayer LDH galleries). The micropore

volume appears negligible, as reported by others.15
Fig. 6 Titration curves corresponding to the oxidisedMWNT and to the

blank without nanotubes.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Pore-size distribution of LDH, oxidised MWNT and LDH/

MWNT samples calculated from desorption branch using the Barrett,

Joyner, and Halenda method.

Fig. 9 XRD pattern of (a) calcined 82 wt% LDH/MWNT and (b)

calcined unsupported LDH.
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By BET adsorption, the surface area of the pure LDH was

found to be 64 m2 g�1; the surface area of the hybrids increased

consistently with increasing nanotube content, up to the pure

MWNTs, at 223 m2 g�1 (Fig. 8). After oxidation, this value drops

to 191 m2 g�1, probably due to dense repacking.28 The potential

variation in packing makes it difficult to conclude more firmly

whether the surface area follows a simple rule of mixtures, or

whether there is a subtle systematic trend due to changes in

intrinsic crystal morphology; however, dramatic changes in LDH

surface area (such as would accompany a change in crystal

thickness from 15 to 5 nm) can be ruled out. Heat treatment of

the LDH-containing samples does not significantly alter their

specific surface area. However, calcination of the oxidised

MWNT increased the surface area significantly, presumably due

to the removal of surface oxides and hence improved nitrogen

access.

After calcination of the LDH, the resulting mixed metal oxides

lose the characteristic XRD patterns (Fig. 9) associated with the

layered LDH structure. Only weak, broad peak reflections at 37�,
43�, and 62� were observed, which correspond to diffraction by

the (111), (200) and (220) planes of periclase (MgO, JCPDS No.

45-946); the aluminium is thought to be well-dispersed.29 It is
Fig. 8 The BET surface area as a function of LDHweight percentage for

the as-synthesised and calcined LDH/MWNT samples.

This journal is ª The Royal Society of Chemistry 2012
worth noting that recent neutron data shows the structure of the

periclase maps rather closely to the original LDH, with much less

rearrangement than seems to be implied by the XRD data.30

Temperature programmed desorption (TPD) of CO2 showed

that there are a range of strongly-bonded carbonates in the

saturated activated (calcined) LDH that are desorbed during the

analysis (Fig. 10). The CO2 uptake of the pure calcined LDH

sample, obtained by subtracting the corresponding blank, was

0.44 mol CO2 kg�1 LDH; the desorption was distributed over

three overlapping peaks with maxima at 423 K, 543 K and 813 K.

The high temperature state can be deconvoluted into two states

centred at 813 K and 963 K. These basic sites of increasing

strength have been assigned previously to the release of bicar-

bonates formed on Brønsted OH� groups (low temperature),

bidentante carbonates bonded to metal-oxygen pairs (interme-

diate temperature) and monodentate carbonates adsorbed on

low-coordination oxygen anions (high temperature).2,31 The low

and intermediate energy states are the main contributors to the

total adsorption capacity of the activated LDH (Fig. 10).

Feasible applications of activated LDHs can be found at

temperatures near 423 K for low temperature applications (e.g.

CO2 recovery from flue gases) and near 543 K for processes
Fig. 10 CO2-TPD of the activated LDH following pretreatment at

673 K and adsorption at 313 K. The blank was subjected to pretreatment

only.
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requiring higher operating temperatures (e.g. sorption enhanced

hydrogen production). In the former case, full advantage of the

basicity is taken, whereas the latter case benefits from a low

regeneration temperature gradient (543–673 K), which is desir-

able for temperature swing processes. This study focuses on

intermediate temperature applications so that adsorption and

desorption temperatures of 573 K and 673 K respectively were

considered as representatives to assess the performance of the

supported adsorbents. Under these conditions, it is mainly the

desorption state centred at 543 K that is cyclically populated and

depopulated.

At 573 K, both the unsupported and supported adsorbents

exhibited fast initial kinetics achieving more than 80% of their

equilibrium capacity within 30 minutes, followed by a slow

increase in adsorption capacity (Fig. 11). For practical purposes,

the adsorption capacities of the materials were taken at 120

minutes after CO2 exposure. As observed in Fig. 11, under the

operating conditions used, the contribution from the MWNTs is

small compared to the LDH CO2 uptake in all cases, even after

considering the normalisation to LDH content discussed below.

It is important to consider this control since the MWNTs may

themselves weakly adsorb CO2; the competition between this

adsorption and decomposition of remaining surface oxides

(carboxylate groups), or slow etching of amorphous carbon/

defect sites by CO2, is probably responsible for the gentle

maximum observed. Any etching is expected to be very modest at

the temperatures applied,32 as evidenced by the cycling stability

discussed below. For intrinsically less stable supports, such as

CNFs, or in the presence of water, these background effects may

be more significant.

The CO2 adsorption capacity of the materials was taken as the

average of at least 5 measurements under the same operating

conditions. The adsorption capacity of the pure LDH showed

good reproducibility among the set of tests performed (standard

deviation of 0.02). On the other hand, the carbon supported

samples exhibited variable adsorption capacities with standard

deviations between 0.06 and 0.15. This result was attributed to

heterogeneity in the material on the scale of mass used for TGA

(5 mg). However, there is a clear trend showing that the mean

adsorption capacity per mass of LDH under dry conditions

increases as the LDH content is reduced (Fig. 12). Meis et al.15
Fig. 11 Representative CO2 adsorption profiles of the LDH, 62 wt%

LDH/MWNT and oxidised MWNT, at 573 K and P(CO2) ¼ 0.2 bar.

Oxidised MWNT curve referred to mol CO2 kg
�1 of product.

13938 | J. Mater. Chem., 2012, 22, 13932–13940
reported enhanced adsorption capacities of LDHs supported on

carbon nanofibers but no clear relation between the CO2 capacity

and textural properties of the materials was found, in contrast to

the present study. The adsorption capacities given in Fig. 12 are

comparable to results obtained from LDH supported on

zeolites14 when differences in adsorption temperature and

loading are taken into account. However, they are lower than

those reported for the CNF system15 (1.3–2.5 mol CO2 kg

LDH�1). These previous values are not directly comparable with

the present work since the CO2 adsorption was carried out in the

presence of water, which is known to increase greatly the

adsorption capacity of LDHs.5,6,33 The results were also obtained

at a lower adsorption temperature (which increases adsorption)

and at lower LDH loadings which, as can be seen from Fig. 12,

tends to increase specific adsorption capacity.

The enhancement in adsorption capacity observed in this

study can be related to a changed characteristic of the LDH since

the MWNTs surface itself only contributes very weakly. One

possibility is increased accessibility due to the improved particle

dispersion of supported LDH, or other increase in effective LDH

surface area due to changes in crystal thickness or quality. The

possible appearance of stacking faults due to the presence of

MWNTs during LDH growth, may also contribute positively to

the adsorption capacity, by creating more active sites. Lastly, the

dispersion of the LDH on the MWNT support is likely to miti-

gate sintering during calcination leading to a more active and

stable material.

The regeneration and stability of the adsorbents were assessed

by carrying out continuous adsorption-desorption cycles under

dry conditions (see Fig. 13). The unsupported LDH exhibited

a steep initial fall followed by a slow decline in adsorption

capacity. The trend observed is consistent with that of other

studies (also performed under dry conditions), which have

attributed the first stage to a small amount of CO2 irreversibly

chemisorbed in the LDH.5,6,10 Although the carbon-supported

samples also showed this behaviour, the stability of the pure

LDH was clearly increased by the dispersion on the MWNTs

(Figs. 13 and 14). Ding et al.6 found that the initial loss in

adsorption capacity observed in LDHs under dry conditions is

mitigated by the presence of water possibly by maintaining the

hydroxyl concentration of the surface and/or preventing site
Fig. 12 Average CO2 sorption capacities per mass of LDH of the pure

hydrotalcite and carbon hybrids as a function of the MWNT content in

the material at 573 K and P(CO2) ¼ 0.2 bar.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 13 Multicycle profile of the activated LDH (black) and 33 wt%

LDH/MWNT (grey) at 573 K.

Fig. 14 Normalised CO2 adsorption capacity over 21 adsorption-

desorption cycles.

Fig. 15 Average CO2 sorption capacities per mass of total adsorbent

corresponding to the 21st cycle of the pure hydrotalcite and carbon

hybrids as a function of the MWNT content in the material at 573 K and

P(CO2) ¼ 0.2 bar.
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poisoning through carbonate or coke deposition. Similarly,

under hydrated adsorption conditions, CO2 capacity was

reported to be constant for both pure and CNF-supported LDHs

over 10 cycles,15 masking any specific stabilising effect of the

support.

It is known that alumina adds thermal stability to LDH.13

Therefore, the performance of the carbon hybrids was compared

with that of a commercial adsorbent consisting of 20:80 LDH:a-

alumina by weight. The stability of the alumina-based adsorbent

was superior to that of the unsupported LDH. However, it was

evident that the carbon-supported LDHs were markedly more

stable than the alumina adsorbent even at high total LDH

content (Fig. 14). The improvement may be attributed to the

strong network forming ability of MWNTs in contrast to the

relatively low surface area of a-alumina.

Although a clear enhancement in adsorption capacity per mass

of LDH is achieved by supporting LDH onMWNTs (Fig. 12), it

is also important to consider the adsorption capacity per mass of

total adsorbent (i.e. LDH + MWNTs) since this parameter has

a greater impact for industrial application. The adsorption

capacity per mass of adsorbent was found to increase with the

LDH loading in the sample during the first adsorption-desorp-

tion cycle. However, as the number of cycles increases the trend

in adsorption capacity is reversed since the supported adsorbents
This journal is ª The Royal Society of Chemistry 2012
are significantly more stable. After 21 cycles the adsorption

capacity of the pure LDH is 20 to 40% lower (depending on the

LDH loading) than that of the LDH/MWNTs hybrids. Fig. 15

shows clearly that, when normalizing to total mass of adsorbent,

there is an optimum LDH loading corresponding to 35–50 wt%

MWNTs.

Conclusions

We report an in situ layered double hydroxide (LDH) precipi-

tation onto base-washed, oxidised, multi-walled carbon nano-

tubes (MWNTs) as a facile strategy to fabricate hybrid materials,

due to a compatible degree of surface charge. The CO2 adsorp-

tion capacity per mass of hydrotalcite of the activated LDH

materials was shown to increase when supported on MWNTs.

Increases in the effective surface area and in the structural

disorder of the supported materials are the two factors that may

contribute to enhance the adsorbent/gas contact and therefore,

the specific adsorption capacity. The stability of the LDH

materials was increased significantly when supported on

MWNTs. Consequently, after adsorption-desorption cycling

under dry conditions, there is an optimum LDH loading (about

60 wt% LDH) in terms of adsorption capacity per total mass of

adsorbent. Previous work has shown that water plays an

important role in mitigating loss of adsorption capacity in sup-

ported LDHs and improving performance; on the other hand,

the stability of carbonaceous supports in the presence of water,

particularly during higher temperature desorption steps must

also be considered. Whilst the fundamental performance of the

LDH/MWNT is best explored initially under dry conditions,

further studies should consider the impact of water on the

adsorption performance in order to understand potential

industrial application as a sorbent system in a variety of contexts.

Other uses of optimised MWNT/LDH hybrids may also emerge,

for example as electrochemical electrodes or polymer fillers.34,35
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