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Porous hexagonal nanoplatelets of mixed metal oxide (MMO) derived from the calcination of MgAl
layered double hydroxide exhibits a CO, sorption capacity of 1.99 mmol gt at 30 °C, with a retention of
87% sorption capacity over 10 carbonation—decarbonation cycles and a CO, sorption capacity of 1 mmol
g7t at 200 °C with a 40% increase in capacity over 10 cycles. The high sorption capacity is attributed to
the porous nanoplatelet structure of the MMO with a BET surface area of 115 m? g‘l, which enables
increased CO, diffusion. Upon partially replacing magnesium with calcium (33, 50 and 66 mol%), the CO,
sorption capacity of the MMO increases with an increase in temperature. MMO derived from LDH, in
which 66% of magnesium is replaced by calcium (MgCaAl-66), delivers CO, sorption capacities of 1.38,
1.31, 2.50, 4.85 and 7.75 mmol g~* at 200, 300, 350, 400 and 600 °C, respectively, which is significant for
application in the sorption-enhanced water gas shift (SEWGS) process. MgCaAl-66 MMO exhibits a sorp-
tion capacity of 1 mmol g% which is stable over 10 cycles at 200 °C, and a sorption capacity of
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3.68 mmol g~ at 400 °C with 85% capture efficiency retention over 10 cycles. While the incorporation of
Ca’* serves multiple purposes such as increasing basic defect sorption sites and improving stability to
repress the sintering-induced limitation of MMO over sorption cycles, the porous nanoplatelets act as
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1. Introduction

Carbon dioxide capture using solid sorbents via weak physical
(adsorption) or strong chemical (acid-base) interactions is a
viable option to handle anthropogenic CO, emissions.’™ Solid
sorbents yield high sorption efficiency and durability owing to
the tuneable wide range of sorption conditions (temperature/
CO, concentration/chemical compositions), facile regener-
ation, and cycling stability."™ At low temperatures (< 200 °C),
amines™® chemisorb CO,, while carbon,” silica,® zeolite/MOFs/
COFs,” and clays'® exhibit surface area controlled weak physi-
sorption. Intermediate temperature (200-400 °C) sorbents
mineralize CO, through adsorption within the morphological
pores of metal oxides such as MgO'' and layered double
hydroxide (LDH)-derived mixed metal oxides (MMOs)."* Basic
CaO-based materials sorb CO, at high temperatures
(>400 °C)."* The other promising CO, capture strategy is the
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individual sorbent units resisting volume changes through carbonation—decarbonation cycles.

sorption-enhanced water-gas shift process (SEWGS), a pre-
combustion technology, wherein the primary fuel is first com-
busted in the presence of steam/oxygen, yielding syngas (CO
and H,0), which is converted to CO, and H, by means of a
water gas shift reaction at 200-450 °C and under high
pressures.’™ At this point, sorption of CO, by a sorbent shifts
the reaction equilibrium, enhancing the conversion
percentage.

MMOs with a large surface area, abundant basic sites, rapid
sorption/desorption kinetics, structural/thermal stability,
moisture tolerance, high affinity and selectivity for CO, miner-
alization are potential solid sorbents for acidic CO, sorption at
200-450 °C."™*

LDHs are lamellar anionic clays comprising tuneable
positively charged metal hydroxide layers and charge balan-
cing anions in the interlayer, which can be exchanged'®'” for
a variety of anions, including inorganic anions,'®>° aliphatic/
aromatic acids® > and biomolecules.***> The nominal com-
position of LDH is [Mlill_x)M}}I(OH)Z]A"_x/,,-mHZO, M" = Mg,
Co, Ni, Cu, Zn or Ca; M™ = Al, Cr, Fe or Ga; A" = anion with a
valency n; x = [M")/(M"] + [M"]), ranging from 0.25 and
0.33}."*" Thermal decomposition of LDH yields MMO.
Depending on the composition of the LDH and the decompo-
sition temperature, the product of decomposition is a defect
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oxide with significant trivalent cation content or a stable
spinel. Usually, the defect oxide is reconstructed into LDH in
the presence of anions.” ™ The widely available mineral
hydrotalcite, [Mg;Al(OH)s],CO5-xH,0, and its calcined product
are potential sorbents employed in environmental ameliora-
tion.?* Studies indicate that CO, is sorbed as bicarbonate on
weakly basic surface hydroxyl groups of MMO or as carbonates
on surface oxygen atoms with different coordination degrees.
While unidentate irreversible carbonate species are formed on
oxygen ions with the lowest coordination number (0>, strong
base sites), reversible chelating and bridging bidentate carbon-
ates require an adjacent cationic site (M*-O>~ pairs, moderate
base sites).”®

Low CO, sorption capacity is the major limitation of MMO
as a sorbent. The surface area, basicity of active sorption sites
and mechanical stability influence the CO, chemisorption
capacity of MMO. To address these issues, various strategies ™
have been employed such as (i) morphology-controlled syn-
thesis, (ii) hybridization of LDH with graphite oxide (GO), (iii)
varying M>*-M>" composition, (iv) varying the M>*/M>" ratio,
(v) changing interlayer anion, and (vi) impregnation with an
alkali metal cation. Synthesis of LDH at different pH values in
the presence of structure-directing agents yields hierarchical
structures with increased surface area.”” The Mg;Al-CO; LDH
with different morphologies, sand rose (114 m® g~') and
spherical nanoparticles (103 m* g~') (but similar surface area),
exhibit comparable sorption capacity (200 °C) of 0.53 and
0.58 mmol g, respectively.”® The CO, sorption performance
of the 3D nanoflower-like structure of the Mg,Al-CO; LDH-
derived MMO (365 m”> g™') is 0.9 mmol g~' at 200 °C.*
Exfoliation of LDH yields 2D hydroxide layers, offering a large
surface area for CO, sorption. MMO derived from the exfo-
liated 2-D Zn;Al-NO; LDH (surface area = 455 m> g ') delivers
a sorption capacity of 2.93 mmol g~' at 200 °C, while the
MMO derived from the bulk 3D Zn;Al-NO; LDH (surface area =
49 m? g') offers a capacity of 1.1 mmol g '
Mg, ;Aly 3(OH),-0.036(W,030)-0.08NO; with a surface area of
136 m?> g~* prepared by the reassembly of exfoliated 2D LDH
layers in the presence of polyoxometalate shows a sorption
capacity of 0.74 mmol g ' at 25 °C in comparison to
0.08 mmol g~' shown by Mg, ,Al,;-NO; LDH (surface area =
25 m* g71).*! The synergy between the components affects the
properties of the composite. Hybridization of the two-layered
components, LDH and graphite oxide with geometric and
charge compatibility, improves the active sorbent morphology,
dispersion, and thermal stability, leading to an enhancement
of the CO, uptake capacity to 0.45 mmol g~ at 300 °C (0.2
bar).*> The combination of divalent (Mg**, Ca**, Co®*, Ni*")
and trivalent cations (AI’*, Ga®*, Fe*", Mn®") not only directs
the calcination temperature of the LDH to form the quasi-
amorphous MMO, but also determines the stability of the
MMO phase, thus affecting the CO, sorption capacity at the
desired sorption temperature. Mg;Al LDH calcined at 400/
500 °C sorbs 0.410/0.387 mmol g~ at 200 °C, whereas Mg;Mn
LDH calcined at 250/400 °C sorbs 0.422/0.089 mmol g~ at
200 °C respectively.>® In the case of Mg;Mn LDH, the for-
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mation of Mg,MnO, in the presence of MgO at 400 °C reduces
the sorption capacity. Conversely, only periclase MgO is
formed in the case of MgzAl LDH. The M**/M** ratio influ-
ences the basicity of the sorption sites. In the case of commer-
cial MgAl LDH (SASOL) with a Mg: Al ratio of 2:1, 1:2, and
3:1 calcined at 450 °C, the highest sorption -capacity
(0.32 mmol g™ ') was observed in the case of the 2:1 ratio at
400 °C.** While the Mg-O sites are believed to be active CO,
sorbent sites, AlI>" induces the defects and activates the Mg-O
sites. Tertiary oxides formed upon the addition of M>*/M**
cations to LDH have been shown to deliver enhanced sorption
capacity that is controlled by the density and basicity of the
active sorption sites. Mg,(AlyoGay 1)(OH)s(CO3)o5 calcined at
400 °C exhibits 1.15 mmol g~ sorption capacity at 300 °C.*®
Mg,CaAl(OH)g4(CO3)o5 and Ca,y 5C04 5A1(OH)g(CO3)o.5 calcined
at 550 °C exhibit sorption capacities of 1.28 and 1.39 mmol
g7, respectively, at 350 °C.*®* The Mg;Al-CO; LDH with the
highest basic site density (692 mmol g™') delivers the
maximum CO, sorption capacity (0.53 mmol g™') in compari-
son to Mgs;Al LDH with NO,;7/S0,> /Fe(CN)* /Cl7/ClO,~ in
the interlayer.’” Mg;Al-stearate exhibits higher sorption
capacity (1.25 mmol g~') than Mg;Al-CO; (0.5 mmol g~ *).*
The repressed memory effect of calcined Mg;Al-stearate was
believed to result in a stable quasi-amorphous structure with
enriched surface basicity. Modification of LDH with optimum
amounts of alkali metal cations (K, Na, Cs) causes an increase
in the concentration of defects (low coordination oxygen sites)
and surface basicity, thus improving the sorption capacity.
However, the higher loading of alkali metal cations leads to
clogged pores and poor sorption. Commercial Mg;Al-CO; LDH
doped with 20% K,COj; calcined at 450 °C exhibits a sorption
capacity (at 400 °C) of 0.83 mmol g~' in comparison to
0.22 mmol g~ " in the case of undoped LDH.**

It is important to design materials that incorporate a high
surface area, optimum basicity®® and stability (structural/mor-
phological)*® to maximize the CO, sorption across a wide
temperature range. This work explores the CO, sorption behav-
iour of calcium ion-incorporated hexagonal platelets of MgAl-
CO; LDH in terms of the concentration of calcium ions, calci-
nation temperature of the LDH, and the CO, sorption tempera-
ture. Nanoscale hexagonal platelet morphology and incorpor-
ation of Ca®" serve multiple purposes. They induce and
increase the basic defect sorption sites, and improve the stabi-
lity to repress the sintering-induced limitation of MMO over
sorption cycles. Porous hexagonal nanoplatelets act as individ-
ual sorbent units that resist volume changes through carbona-
tion-decarbonation cycles.

2. Experimental section

2.1 Preparation of MgCaAl-carbonate LDH and mixed metal
oxide

Mg,Al(OH)s(CO5)0.5-mH,0 (MgCaAl-0) and calcium-modified
LDH were prepared by urea hydrolysis method, as reported in
the literature.'® An aqueous solution (50 mL) containing metal

Dalton Trans., 2024, 53,14108-14116 | 14109


https://doi.org/10.1039/D4DT01647E

Published on 27 July 2024. Downloaded on 5/31/2025 4:23:07 PM.

Paper

salts and urea was subjected to a hydrothermal reaction at
180 °C for 2 h in a Teflon-lined autoclave. The product was
washed with water and dried in an air oven at 65 °C. MMO was
prepared by heating the LDH in air at the desired temperature
for 3 h, followed by cooling in a desiccator. The masses of
salts used in the preparation of a specific LDH composition
are shown in Table 1.

2.2. CO, sorption

The cyclic CO, capture capacities of porous MMO hexagonal
nanoplates were evaluated in a thermogravimetric analyzer
(PerkinElmer STA 6000) at ambient pressure. All heating and
cooling cycles were carried out at a ramping rate of 10 °C
min~". The sample (~3 mg) was loaded in a 250 pL alumina
crucible and heated to 800 °C under nitrogen flow (20 mL
min~"). After calcination (15 min) at 800 °C, the sample was
cooled down to the desired sorption temperature (30, 100, 300,
350, 400 and 600 °C) and then equilibrated with CO, (20 vol%
CO, in N,, 20 mL min_i) for 30 min. Following carbonation,
the sorbent was regenerated by increasing the temperature to
700 °C in a N, atmosphere and isothermally heated at the
same temperature for 5 min. The carbonation and decarbona-
tion steps were repeated for the desired number of cycles.
Saturation curves of CO, sorption were obtained at 30 °C and
600 °C over a period of three hours. The change in the mass of
the sorbent was continuously monitored and recorded. The
capture capacity is reported based on the total mass of the
sorbent.

2.3. Characterisation

All solid products were characterized by powder X-ray diffrac-
tion (XRD) using a PANalytical X'pert PRO diffractometer (Cu
Ka, A = 1.5418 A) fitted with a secondary graphite monochro-
mator. Diffraction patterns were recorded from 5° to 70°, with
a step size of 0.020° and time per step of 2.4 s, using slit
widths of 1 and 1 mm. The powder samples were loaded on a
quartz sample holder to record the XRD data. Scanning elec-
tron microscopy (SEM) images were recorded using a Zeiss,
Ultra 55 field emission scanning electron microscope. Metal
ion (Mg”*, Ca** and AI’") contents in the MMO were deter-
mined by atomic absorption spectrometry (Varion AA240
spectrometer). Nitrogen sorption analysis was performed at
liquid nitrogen temperature using a BEL SORP mini-X instru-
ment equipped with a BEL PREP VAC III degasser. The surface

Table 1 Reactant composition used in the synthesis of LDH samples

Mass (g)

Mg(NO3), Al(NO3);- Ca(NO3),-
Sample 6H,0 9H,0 4H,0 Urea
MgCaAl-0 3.06 2.25 — 9.6
MgCaAl-33 2.05 0.94
MgCaAl-50 1.54 1.41
MgCaAl-66 1.02 1.88
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area of the material was determined by employing the
Brunauer-Emmett-Teller (BET) equation.

3. Results and discussion

The composition of the MgAl LDH (MgCaAl-0) was determined
as reported in our earlier work,'® and the nominal formula of
this LDH is Mg,Al(OH)s(CO3)o.5:1.8H,0. The XRD pattern of
this LDH (Fig. 1a) shows a basal spacing of 7.5 A and Bragg
reflections corresponding to the 3R; polytype.*" A similar LDH
phase is observed in the cases of samples prepared by repla-
cing magnesium ions with 33, 50, and 66 atomic percent of
calcium ions, except for the additional peaks due to gibbsite
Al(OH); (JCPDS 76-1782), whose intensity increases with Ca**
content. Sharp peaks indicate that the LDH is crystalline and
ordered. The compositions of the calcium ion-modified LDH
are summarized in Table 2.

The XRD patterns of MgCaAl-0 calcined at various tempera-
tures are shown in Fig. 2. On calcination at 300 °C, the lamel-
lar phase of LDH is largely retained, although the structure is
highly disordered due to the loss of the interlayer water, which
confers ordering through hydrogen bonding. Broad peaks
(Fig. 2¢ and d) corresponding to rock salt-type periclase MgO*?
is observed on calcination of CO;-LDH at 600 °C and 800 °C.
However, it has been shown by >’Al MAS-NMR studies that the
calcined (600 °C) hydrotalcite is an Al-modified MgO phase
with Al atoms in tetrahedral sites.**™*® Through XRD simu-
lation studies and analysis of the solid obtained on leaching
out the amphoteric Al from the calcined product, it has been
suggested that the MMO is the Al-modified MgO with the
spinel-type MgAl oxide present primarily on the surface of
MgO.*
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Fig.1 XRD patterns of the as-prepared Mg,_,Ca,Al-COz-layered

double hydroxide hexagonal nanoplatelets with 0% (a), 33% (b), 50% (c),

and 66% (d) of Mg replaced with Ca. Peaks marked as * are from the Al
(OH)3 (gibbsite) phase.
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Table 2 Composition analysis of the Mg,_,Ca,Al-CO5 layered double hydroxide hexagonal nanoplatelets
Mole ratio
LDH Mg Ca Al [Ca] x 100/([Ca] + [Mg]) Nominal formula
MgCaAl-0 1.96 0 1.00 0 Mg,Al(OH)((CO5)o.5:1.8H,0
MgCaAl-33 1.32 0.71 1.00 34.9 Mg, 5Cag 7Al(OH)4(CO3)o.5-kH,O
MgCaAl-50 1.01 0.98 1.00 49.2 MgCaAl(OH)4(CO;).5mH,0
MgCaAl-66 0.72 1.26 1.00 63.6 Mg, ,Ca, 3Al(OH)6(CO;)o.5:1H,0
200 a higher surface area (Table 3). This is possible because as the
22(3) calcination temperature increases, more AI** ions substitute
“"«.‘ Al A the Mg”" ions in the periclase MgO lattice. Thus, each AI** sub-
B stitution induces two active Mg-O species due to the adjacent
’; © unsaturated oxide ions.*” The 800 °C calcined sample exhibits
© competitive sorption capacities (Table 4) of 1.45, 1.06 and
; 0.61 mmol g™* at 30, 200 and 400 °C, respectively. These obser-
= (b) vations directed the sorption measurements to be carried out
5 at SEWGS operating temperatures and exploration of the possi-
E ‘ bility to enhance the sorption capacity by modification of the
7.5A (a) LDH lattice. Further sorption measurements were carried out
JO(B o ot 1o using samples calcined at 800 °C.
I | 012015 018 O”? T A /”3 MgAI-CO; LDH was prepared hydrothermally in the pres-
\ A ik A . 24 . . .
ence of various amounts of Ca”" ions, as indicated in Table 1.

10 20 30 40 50 60
20 (degrees)

Fig. 2 XRD patterns of the as-prepared MgCaAl-0 LDH (a); and its cal-
cination products at 300 °C (b), 600 °C (c), and 800 °C (d).

Effects of the BET surface area and calcination temperature
of MgCaAl-0 on the CO, sorption capacity are summarized in
Table 3. MMO obtained at 800 °C exhibits the highest sorption
capacity (at 30 °C) compared to the 600 °C heated sample with

Table 3 Effect of calcination temperature on the CO, sorption capacity
of MgCaAl-0 LDH at a sorption temperature of 30 °C

CO, sorption

Calcination BET surface capacity at
LDH temperature (°C) area (m” g™") 30 °C (mmol g™)
MgCaAl-0 As-prepared 26.26 —

300 35.05 0.39

600 192.32 1.32

800 115.18 1.99

MgCaAl-CO; LDH were prepared by replacing Mg®* with 33, 50
and 66 mol% of Ca>" ions. Calcination of MgCaAl-CO; LDH at
800 °C yields CaO dispersed in periclase MgO matrix (Fig. 3b-
d). This is as expected since the Ca** ions with larger ionic
radii are not expected to be incorporated in the periclase MMO
lattice. The crystallite size of CaO increases with the Ca®"
content. The SEM images (Fig. 4) of the calcined (800 °C)
MgCaAl LDH exhibit porous hexagonal nanoplatelets of
~1.5 pm lateral size and ~100 nm thickness in the cases of
MgCaAl-0, 33, 50. Fused platelets of ~5 pm lateral size and
~100 nm thickness are observed in the case of MgCaAl-66.
EDAX elemental analysis (Fig. 5) indicates the uniform distri-
bution of Mg, Al and Ca in all of the calcined samples. In light
of the observed morphology of the sorbent, the process
involved in the CO, sorption is schematically represented in
Fig. 6.

The CO, sorption responses of calcined (800 °C) MgCaAl-
CO; LDH at different sorption temperatures are summarized
in Table 4. As expected of a MgO based sorbent, the CO, sorp-
tion capacity of the MMO derived from MgCaAl-0 LDH
decreases with the increase in the sorption temperature. At
200 °C, which is the lower end of the SEWGS operating temp-

Table 4 Effect of calcium content on the CO, sorption capacity of MgCaAl LDH calcined at 800 °C

CO, sorption capacity (mmol g™*)

LDH BET surface area (m2 gfl) 30°C 200 °C 300 °C 350 °C 400 °C 600 °C
MgCaAl-0 113.52 1.45 1.06 0.60 0.54 0.61 0.36
MgCaAl-33 73.79 0.86 0.91 0.96 1.87 3.09 5.07
MgCaAl-50 99.68 0.86 0.97 1.15 2.39 4.55 6.25
MgCaAl-66 78.92 0.80 1.38 1.31 2.50 4.85 7.75

This journal is © The Royal Society of Chemistry 2024

Dalton Trans., 2024, 53,14108-14116 | 14111


https://doi.org/10.1039/D4DT01647E

Published on 27 July 2024. Downloaded on 5/31/2025 4:23:07 PM.

Paper

200 (d)

m 220 311 222

> |

’_:):\ (c)
8
2>

[z (b)
Q9

EWMM

Ca0 200 (a)

| e L 220
10 20 30 40 50 60
20 (degrees)

Fig. 3 XRD patterns of MgCaAl-O LDH (a), MgCaAl-33 LDH (b),
MgCaAl-50 LDH (c), and MgCaAl-66 LDH (d) calcined at 800 °C.

erature range (200-400 °C), this MMO offers an adequate, but
non-competitive, CO, sorption capacity of 1.06 mmol g™*. In
contrast, the sorption capacity of all of the calcium modified
MMO increases with sorption temperature and the maximum
capacity is observed at 600 °C. These MMO exhibit excellent
sorption capacities in the higher range of the SEWGS operat-
ing temperatures, rendering them as potential candidates for
SEWGS promotion.

The carbonation profiles of the CO, sorption of porous
MMO derived upon calcination of MgCaAl LDH with respect to
time at two different sorption temperatures are shown in
Fig. 7. In the case of sorption at 30 °C, the carbonation kine-
tics is fast at the onset of CO, uptake. This is followed by a
slower sorption, leading to saturation and attaining equili-
brium after ~2 h. This suggests that the initial chemisorption
is followed by physisorption. In contrast, in the case of sorp-
tion at 600 °C, the sorption is fast and the equilibrium is
reached within a few minutes. This indicates that the CO,
uptake is due to chemisorption only.

The CO, affinity of the oxide sorbent and the available
active sites determine the capture capacity.>® The as-prepared
LDH samples do not exhibit CO, sorption capacity.
Calcination of LDH at an optimum temperature causes a loss
of interlayer water, dehydroxylation and deanation, resulting
in the formation of a porous mixed metal oxide with a poorly
defined 3D network suitable for CO, sorption.*>*” Calcination
has dual functions; namely, the formation of pores (thus
increasing the surface area and pore volume), and the induc-
tion of active sites to aid CO, sorption.”””*® On calcination of
LDH (>400 °C), AI’* migrates into the periclase MgO lattice
and substitutes Mg>*, causing unsaturated adjacent oxygen
anions and resulting in active Mg-O sites, but this simul-
taneously decreases the available surface Mg”>*.*”~*° Sorption
of CO, on MMO takes place by a combination of both physi-
sorption and chemisorption.>***°° While CO, is chemisorbed

14112 | Dalton Trans., 2024, 53, 14108-14116
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Fig. 4 SEM images of calcined (800 °C) LDH hexagonal nanoplatelets
MgCaAl-0 (a and b); MgCaAl-33 (c and d); MgCaAl-50, (e and f); and
MgCaAl-66 (g and h).

as a monolayer, the subsequent multilayer deposition con-
trolled by pore size and volume is physisorptive and gradually
loses the binding ability.**° Calcined MgCaAl-0 delivers a
sorption capacity of 1.45 mmol g~ at 30 °C (Table 4 and
Fig. 8A), which is largely attributed to the chemisorption of
CO, and available moisture, as MMO is reconstructed back to
the parent LDH by memory effect, as indicated by the XRD
pattern of the sample after sorption (Fig. 8Ba). The sorption
capacity decreases to 1.06 and 0.60 mmol g~' at 200 °C and
300 °C, respectively, as the high surface area, pore volume and
decreased availability of the surface Mg>* favours physisorp-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 SEM image and EDAX elemental mapping of magnesium, aluminium, calcium,

AlKa1

MgCaAl-0 (A); MgCaAl-33 (B); MgCaAl-50 (C); MgCaAl-66 (D).
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Fig. 6 Schematic representation of the stages involved in capturing CO, by LDH-derived MMO hexagonal platelets.
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Fig. 7 Carbonation profiles at 30 °C (A) and 600 °C (B) of the CO, sorption of MgCaAl LDH calcined at 800 °C.

tion over chemisorption at higher sorption temperatures.

47-49

In addition, reconstruction of LDH is not possible at these
temperatures. These observations are further corroborated by
the XRD pattern of the sorbed sample (Fig. 8Bb), which is
indexed to periclase MgO with no trace of MgCO; or LDH for-

This journal is © The Royal Society of Chemistry 2024
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and oxygen of calcined (800 °C) LDH hexagonal nanoplatelets:

mation. Carbonation cycles (Fig. 8A) of the calcined porous
MgCaAl-0 were carried out using thermogravimetric analysis
(TGA) at atmospheric pressure under 20% CO, at 30 °C and
200 °C, and the decarbonation cycles were performed under
100% N, at 700 °C. The CO, capture cycles (Fig. 8A) display

Dalton Trans., 2024, 53,14108-14116 | 14113
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Fig. 8 CO, capture capacity over 10 carbonation—decarbonation cycles of MgCaAl-0 (A) and MgCaAl-66 (C) at different sorption temperatures.
XRD patterns of MgCaAl-0 LDH (B) after sorption at 30 °C (a) and 200 °C (b); MgCaAl-66 LDH (D) after sorption at 30 °C (a), 200 °C (b), 400 °C (c)

and 600 °C (d).

improved capture capacities and cycling stabilities in compari-
son to literature reports. At 30 °C, although the capture
capacity steadily decreases with cycling, its capture efficiency
retention (87%) is relatively high. The capture capacity at
200 °C steadily increases with cycling. This is possibly due to
the increased diffusion of CO, on cycling.

In the case of the calcined MgCaAl-33, MgCaAl-50 and
MgCaAl-66 samples, the sorption capacity increases with an
increase in the temperature (Table 4). However, in the tempera-
ture range of 30-200 °C, the capacity is less compared to that
of MgCaAl-0 (Table 4). Formation of stable CaO (Fig. 3b-d) in
these samples hinders the chemisorption and reconstruction
of MMO to the LDH phase, indicating that the CO, uptake
largely occurs through physisorption at low
temperatures.*®*”"*® The calcium-modified samples exhibit
enhanced CO, sorption capacity in the SEWGS operating temp-
erature range (200-400 °C) in comparison to related materials
in the literature."™ Sorption at higher temperatures (400 and
600 °C) is due to a combination of both physisorption and che-
misorption, as indicated by the CaO, MgO and CaCO; peaks in
the XRD patterns (Fig. 8Dc and d) of the sorbed samples of

14114 | Dalton Trans., 2024, 53, 14108-14116

porous calcined MgCaAl-66. The improved performance of the
calcined, Ca®"-incorporated LDH is due to the following
reasons: (i) the basic CaO is expected to increase the active
MgO sites through its interaction with AI*" in the periclase
lattice.>**”~*° (ii) The evenly dispersed CaO crystallites repress
the sintering of the periclase particles, leading to an improved
mechanical stability of the sorbent during the carbonation-
decarbonation cycles. Porous calcined MgCaAl-66 delivers a
stable sorption capacity (Fig. 8C) of 1 mmol g™" over 10 cycles
at 200 °C and a sorption capacity of 3.68 mmol g~ at 400 °C
with 85% capture efficiency retention after 10 cycles. The sorp-
tion capacity at 600 °C decreases rapidly with a 62% capture
efficiency retention at the end of 10 cycles. This could be due
to the hindered CO, diffusion through the CaCO; layers
formed during sorption, which makes the unreacted CaO and
the porous network inaccessible to CO,.*®

The cycling performance (Fig. 9) of the porous calcined
MgCaAl LDH compositions was also probed at 350 °C, SEWGS
operating temperature. All of the calcium modified sorbents
exhibited enhanced sorption capacity and stability. Over 10
sorption-desorption cycles, MgCaAl-33 delivers 24% loss,

This journal is © The Royal Society of Chemistry 2024
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Table 5 Comparison of the CO, sorption capacity of various MgAl-
LDH materials reported in the literature

Sorption Sorption
temperature capacity
LDH (°C) (mmol g™*) Ref.
Pristine LDH
Mg,Al-CO; 200 0.90 29
Mg,Al-CO; (SASOL) 400 0.32 34
Mg;Al-CO; 200 0.58 38
Mg,Al(OH)4(CO3).5-1.8H,0 200 1.06 Present
400 0.61 work
Modified LDH
Mg,Al-CO; doped with 20% K,CO; 350 1.19 51
Mg;Al-CO; doped with 20% K,CO3; 400 0.83 34
Mg,(Aly.oGag.,)-CO; 300 1.15 35
Mg, (Alo.oGay.1)-CO; with K,CO, 200 1.40 52
Mg,CaAl-CO; 350 1.28 36
Mg; ;Ca, ;Al(OH)6(CO3)o.5:kH,O 350 1.87 Present
400 3.09 work
MgCaAl(OH)4(CO;)o.5mH,0 350 2.39
400 4.55
Mg, ,Ca; 3Al(OH)s(CO;)o5nH,0 350 2.50
400 4.85

while MgCaAl-50 and MgCaAl-66 display ~34% loss, as

expected.

Calcined pristine MgAl LDH or Ca>"-incorporated MgAl
LDH with porous nanoplatelet morphology exhibit signifi-
cantly enhanced sorption capacity compared to the related
materials reported in the literature (Table 5).

4. Conclusions

Porous calcined MgAl LDH hexagonal nanoplatelets (surface
area 115 m” g~') show a sorption capacity of 1.99 mmol g~* at
30 °C, retaining 87% sorption capacity over 10 carbonation-
decarbonation cycles. The calcined, calcium-modified MgAl
LDH samples deliver enhanced capacity in the SEWGS temp-

This journal is © The Royal Society of Chemistry 2024
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erature range of 200-400 °C. MgAl LDH with 66% calcium
exhibits a stable CO, sorption capacity of 1 mmol g~* over 10
cycles at 200 °C and 3.68 mmol g~ at 400 °C with 85% capture
efficiency retention after 10 cycles. Incorporation of Ca®>" in
MgAl LDH results in the formation of uniformly dispersed
CaO crystallites in the MMO formed on calcination. These
CaO crystallites increase the surface-active Mg-O sites, leading
to enhanced CO, sorption, and also render mechanical stabi-
lity to the sorbent during thermal cycling.
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