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Abstract  

Here we report a novel, binder free simple post synthesis modification of layered double 

hydroxides (LDHs) to develop structured CO2 capture sorbents. The method involves the 

modification of LDHs with an organic modifier, melamine, to create the porosity and provide 

support for enhanced CO2 capture properties. The modified LDHs were pelletized (2 mm) to 

overcome the particle size issues associated with powder samples when used in the relevant 

process, e.g. in fixed bed reactors. The organic modifier, melamine, played a significant role 

in creating the porosity and providing support for the mixed metal oxides (MMOs) pellets. The 

CO2 capture capacity of the resultant hybrid pellets directly correlates with the amount of 

modifier used. The hybrid MMOs pellets captured 1.34 mmol of CO2 per g of sorbent at 200 

°C and 1 bar, and they significantly outperformed their unmodified counterparts (0.35 mmol/g) 

and commercial (Pural MG70, SASOL) MMOs pellets (0.33 mmol/g).  They also showed 

excellent cycling behaviour over 20 carbonation/regeneration cycles. This novel post synthesis 

modification method shows promise to develop LDH based MMOs structured sorbents that are 

suitable for industrial scale CO2 capture applications.   

Keywords: Layered double hydroxides, Mixed metal oxides, CO2 capture, Structured sorbents. 



1. Introduction 

Particle size, shape and the thermal and mechanical stability are very crucial for the industrial 

scale applications of any functional material and layered double hydroxides (LDHs) are no 

exception to this [1]. LDHs are also known as anionic clays and are counterparts to well-known 

aluminosilicates clays [2]. LDHs are represented by the general formula [M2+1-xM3+x 

(OH)2]x+(A-x/n)·yH2O , where M2+= Mg, Co, Ni, Ca Zn, M3+= Al, Fe, Ga, A = anion (organic 

or inorganic ions), 0.15≤x ≤0.33 and 0.5≤y ≤1.0 [3].   Typically, the particle size of LDHs is 

in the range of few nano meters to couple of micrometres [4]. The widely used co-precipitation 

synthesis method generally results in the formation of LDHs having sub-micron sized particles 

[5]. The homogeneous precipitation from solution (HPFS) method using urea or 

hexamethylenetetraramine as hydrolysing agent generates LDHs with few micron-sized 

crystallites [6],[7]. The synthesis method, aging time, supersaturation, temperature and time of 

the synthesis have significant effect on the particle sizes of the resultant LDHs [8–11]. LDHs 

with large crystallites offer several advantages for specific applications at industrial scale 

[12,13][14] and continuous efforts strive for  achieving this by varying several synthesis 

parameters [4,15,16]. 

However, these efforts failed to generate anticipated particle sizes. This has led to limited 

employability of LDHs at industrial scale for various applications [17–20]. LDH derived mixed 

metal oxides (MMOs) are promising sorbents for capturing CO2 at industrial flue gas 

conditions (180 – 300 °C) [21–25]. They show desired properties such as (a) high theoretical 

capture capacity (b) wide and variable compositional flexibility (c) works under flue gas 

conditions (d) presence of moisture shows positive effect on CO2 capture and, (e) are 

economical and environmentally benign [26–30]. However, LDH based MMOs are yet to live 

up to their promising physicochemical properties for CO2 capture in terms of capture capacity, 

thermal/mechanical stability and long term cycling stability [31,32]. Improving the CO2 



capture performance of LDH based MMOs is an ongoing effort and most of the studies mainly 

focused on improving the capture or cycling performance [33–37]. However, there are hardly 

any studies focusing on the synthesis of MMOs with the desired particle size, which is a crucial 

step in developing these materials for industrial scale applications [38].  

Most of the CO2 capture studies based on LDHs and related materials were carried out by 

employing powder samples with particle sizes in the range of few nm to couple of microns 

[30,31]. However, in order to use these materials at  industrial scale, they should be in 

structured shape with well-defined particle sizes [39–41]. Generally, powder samples show 

major limitations such as (a) pressure drop across the reactor bed and, (b) mass transfer/heat 

transfer [42]. To overcome this, there were post synthesis efforts to pelletize powders samples 

into desired particle sizes and shapes by varying techniques [43], [44]. However, major issues 

were encountered, such as reduction in the surface area, pores size, pore volume and activity 

of the synthesized samples when compared to the pristine powder samples. As a result, the CO2 

capture capacity and long-term cycling stability of LDH based sorbent materials are greatly 

reduced. Additionally, those methods often require binders and extrusion agents which increase 

the overall cost of the sorbent and also reduce the amount of active component [43], [44]. 

Hence, there is the need to design and develop new synthesis methods and/or post synthesis 

modifications that successfully lead to the required LDH particle size by retaining/improving 

the CO2 capture properties over powder samples. The rational design and development of post 

synthesis modifications of LDH based materials offers a promising alternative, not only to 

achieve desired particle sizes, but also to improve MMOs porosity and stability.  

Towards that aim, the use of nitrogen rich organic compounds such as urea, thiourea, 

dicyanamide, melamine and cyanuric acid has been explored before. This is due to the fact that 

they release large amount of gases upon thermal decomposition and create highly porous 

structures when combined with other host materials [45–47]. Some of these nitrogen rich 



organic compounds generate residual carbon or nitrogen doped graphitic carbon (g-C3N4) after 

the controlled decomposition [48–50]. These organic materials have been employed along with 

other inorganic/organic ones to develop hybrid porous sorbents for application in catalysis and 

sorption [51–55].  

Here, we are reporting a simple and novel binder free method to develop LDH based hybrid 

pelletized sorbents for high temperature CO2 capture. The nitrogen rich organic compound 

melamine was used as a post synthesis modifier along with the Mg-Al-CO3 LDH. The 

pelletized modified LDHs were decomposed under inert atmosphere to get the hybrid carbon 

supported, porous pelletized MMOs. The resultant hybrid MMOs pellets were tested for CO2 

capture and cycling performance. 

2. Materials and Methods 

2.1. Synthesis and Characterization 

All the reagents, Mg(NO3)2·6H2O, Al(NO3)3·9H2O, Na2CO3, NaOH and melamine were 

purchased from Sigma Aldrich and used as received. Deionised water (18. MΩ.cm resistivity, 

Millipore water purification system) was used throughout the experiment.  Mg-Al-CO3 LDH 

with Mg/Al = 2 was synthesized by employing the co-precipitation method. In a typical 

experiment, 5 g of LDH was prepared by slow addition of aqueous solution of Mg(NO3)2·6H2O 

(0.04 mol) and Al(NO3)3·9H2O (0.02 mol) into 500 mL aqueous solution of  Na2CO3  (3 times 

excess the stoichiometric amount of carbonate). The pH of the reaction medium was 

maintained at 10 by adding 1 N NaOH solution with the help of Metrohm auto-titrator, 907 

Titrando. The reaction mixture was continuously stirred using magnetic stirrer and the 

temperature was maintained at 70 °C. Once the addition of metal nitrates was complete, the 

resultant reaction mixture was aged in mother liquor for overnight. The resultant LDH was 



recovered by centrifugation followed by washing with copious amount of water. The product 

was dried overnight at 70 °C in an oven.  

As-prepared Mg-Al-CO3 LDH was mixed with melamine in different weight ratios to get the 

physical mixtures, namely LDH: melamine = 90:10, 80:20, 70:30, 60:40 and 50:50 wt %. The 

resultant physical mixtures were ball milled for 5 min (at 350 rpm with ball/solid ratio of 10) 

to get homogenised mixture. The physical mixtures of LDH-melamine were then pelletized (2 

mm in diameter).  

For comparison purposes, pellets of pristine Mg-Al-CO3 LDH were prepared without adding 

melamine as well as pellets obtained from K-promoted commercial LDH samples. The 

commercial LDH, Pural Mg70 (SASOL), was used to prepare potassium promoted (22 wt %) 

LDH by following the literature reported protocol [56]. The K-promoted commercial LDH was 

pelletized following the same protocol as for the other samples but without adding the 

melamine. The MMOs pellets from both, melamine modified and pristine LDHs pellets, were 

obtained from decomposing under N2 atmosphere in a tubular furnace (450 °C, 2h residence 

time, 10 °C/min ramp rate). 

Powder X-ray Diffraction (PXRD) patterns of all the synthesized sample were recorded on a 

Bruker D8 Advanced powder diffractometer, using Ge-monochromated Cu-Kα1 radiation (𝜆 

= 1.5406 Å) from a sealed tube, operating at 40 kV and 40 mA with a LynxEye linear detector 

in reflectance mode. Data was collected over angular range of 2-80 °2𝜃 with a step size of 

0.009˚ over one-hour span. The Fourier Transform Infrared spectra (FTIR) of all the samples 

were measured using Perkin Elmer spectrometer in ATR mode (4000 to 600 cm-1). Elemental 

analysis of Mg2+ and Al3+ (ICP-OES) in pristine LDH was carried out by atomic emission 

technique using Perkin Elmer Optima 5300DV. The sample for ICP analysis was prepared by 

dissolving Mg-Al-CO3 in dilute nitric acid. The solution was diluted 20 times prior to analysis.  



BET surface area of the samples was estimated by gas adsorption technique (N2, 77 K) using 

Micromeritics Gemini VII surface analyser. Based on the CO2 capture performance of the 

sample (LDH: melamine = 50:50 wt %), the following characterizations were carried out. The 

surface morphology and elemental mapping of selected samples were characterized by 

scanning electron microscopy (SEM) using FEI Quanta FEG SEM. Focussed ion beam (FIB) 

technique was employed to characterize the bulk porous structure of the MMOs pellets. The 

overall porosity of the developed MMOs was characterized using CT-scanner (Nikon XT H 

225, fitted with Varian 14-bit detector).  

 

2.2. CO2 capture studies 

Thermal analysis and CO2 capture studies were performed using a thermogravimetric analyser 

(TA Instruments, Discovery series TGA 5500). For CO2 capture studies, pristine pellets were 

used instead of decomposed ones to avoid the CO2 contamination. Freshly prepared pellets 

were loaded into a TGA pan and decomposed under inert atmosphere (using 100 mL/min N2, 

2 h, 450 °C, 10 °C/min). Once the decomposition was completed, the temperature was brought 

back to 200 °C (10 °C/min) and the gas atmosphere was switched to CO2 (for 2 h) to test the 

uptake capacity of the resultant MMOs pellets under a 90 and 14 % CO2 atmosphere. The CO2 

capture capacity of commercial LDH (Pural Mg70, SASOL) based pellets was also tested under 

the same conditions. The cycling performance of the developed hybrid MMOs pellets was 

studied by conducting 20 consecutive carbonation-regeneration cycles. For those experiments, 

the carbonation step was performed at 200 °C for 30 min under CO2 (90 %) atmosphere, and 

regeneration was conducted at 400 °C for 30 min under N2 (100 %). For comparison, the CO2 

cycling study (10 cycles) of unmodified MMOs pellets was also carried out under the same 

conditions to those used for the hybrid MMOs.  

 



3. Results and discussion 

3.1. Sorbent synthesis and characterization 

The elemental analysis (ICP) of the co-precipitated Mg-Al-CO3 LDH showed a slightly higher 

Mg/Al ratio (2.27) compared to the expected one (2.00). The thermal behaviour of the resultant 

LDH showed 3 step mass loss under N2 atmosphere, which is characteristic of LDHs (Fig. S1) 

as follows. The sample showed around 18 wt % of mass loss from room temperature to 200 

°C, which can be assigned to elimination of physisorbed and intercalated water. A second mass 

loss of 20 wt % was observed from 200 to 400 °C, and it is due to dehydroxylation and 

decarbonation. Overall, the synthesised LDH sample showed around 47 wt % mass loss up to 

900 °C. The empirical formula of the LDH was then derived based on the elemental (ICP) and 

thermal (TGA) analysis results as [Mg0.695Al0.305 (OH)2] (CO3)0.152·0.55H2O. The carbonate 

content of the sample was assumed to be equivalent to that of the trivalent cation Al3+. 

The PXRD pattern of the as-prepared Mg-Al-CO3 LDH showed a d-spacing of 7.65 Å (Fig. 

S2a), which matched the reported value for carbonate intercalated LDH [57]. Intercalated 

carbonate ion was confirmed by the strong vibration at 1354 cm-1 observed in the FTIR spectra 

of the Mg-Al-CO3 LDH. In addition to the carbonate vibration, the FTIR spectrum of LDH 

(Fig. S3a) also showed a broad vibration due to hydrogen bonded hydroxyl ion (3414 cm-1) 

and a strong vibration due to metal-oxygen bond (776 cm-1) [58]. These vibrations are 

characteristic of carbonate ion intercalated LDHs and confirm the formation of the LDH in the 

present case. The organic modifier melamine used to prepare the pellets was also characterized 

by PXRD (Fig. S2b) and FTIR. PXRD pattern of melamine showed multiple reflections starting 

from 6.68 Å and having 100 % reflection at 3.38 Å. FTIR spectra of melamine showed (Fig. 

S3b) multiple vibrations due to C-H, N-H and C-N bonds. The vibrations around 3470-3122 

and 1627 cm-1 can be assigned to H-N-H stretching and bending vibrations. Those between 



1530 and 1430 are due to triazine ring vibrations of the melamine, whereas the sharp vibration 

centered at 809 cm-1 is characteristic of heptazine units of melamine molecule [59]. 

The PXRD patterns of all the physical mixtures are given in Fig. S4, except for the 50:50 

sample. For comparison purposes, the PXRD pattern of the 50:50 physical mixture is presented 

with that of Mg-Al-CO3 LDH and melamine in Fig. S2c. All ball milled samples showed 

reflections corresponding to both, LDH and melamine, indicating the presence of both in the 

resultant physical mixture (Fig. S4). The intensity of the reflections due to melamine increased 

as the amount of melamine increased from 10 wt % to 40 wt % in the mixtures (Fig. S4a to 

S4d). No other reflections than those corresponding to LDH and melamine are observed in the 

PXRD pattern of the mixtures. This indicates that the samples were not degraded during the 

ball milling process. The FTIR spectra of melamine modified LDH samples showed vibrations 

due to both, the LDH and as well as melamine (Fig. S5). Similar to PXRD, FTIR spectra of 

50:50 physical mixture is presented with that of LDH and melamine for comparison purposes 

(Fig. S3c). The thermal behaviour of resultant physical mixtures was studied from room 

temperature to 900 °C (Fig. S6). All the physical mixtures showed a higher mass loss compared 

to the pristine LDH. The amount of mass loss increased with increase in the amount of 

melamine present in the physical mixture, i.e.; LDH having higher melamine content (wt %) 

showed higher mass loss.  

The ball milled physical mixtures were pelletized (2 mm) using a pellet press and as explained 

in the experimental section above. The schematic illustration of the synthesis protocol has 

given in the Fig. 1. 



 

Fig. 1. Schematic illustration of the synthesis protocol for the development of hybrid 

porous MMOs pellets. 

 The photographic images of the (50:50 physical mixture) resultant pellets are shown in Fig. 

S7a. These pellets were subjected to controlled thermal decomposition under inert atmosphere 

using N2 to generate the LDH based hybrid MMOs pellets. The LDH present in the pellets was 

expected to yield MMOs upon thermal decomposition, whereas the presence of melamine was 

expected to create a highly porous structure in the pellets by releasing large amount of volatile 

gases. In addition to creating porous a structure, the melamine could also be transformed to g-

C3N4 similarly to many nitrogen rich compounds [47], [48]. The g-C3N4 was anticipated to 

provide thermal/mechanical stability for the resultant pellets. Thus, pellets with different LDH 

and melamine ratios were decomposed, and their CO2 uptake behaviour was studied.  

Melamine modified LDH pellets turned slightly greyish from white after decomposition (Fig. 

S7b, 50:50 physical mixture) and this could indicate the presence of residual carbonaceous 

material originated from the melamine along with MMOs. The PXRD pattern of the 



decomposed pellets (hybrid MMOs pellets) (50:50) is shown in Fig. 2b. It shows peaks due to 

MgO at 43.39 (2.08) and 62.86 °2θ (1.47 Å), as expected for the Mg-Al-CO3 LDH 

decomposition [60]. Interestingly, the broad hump centered between 18.3-21.5 °2θ (4.8-4.1 Å) 

is not a characteristic of the decomposition product of Mg-Al-CO3 LDH. This broad hump 

should be due to residual carbon or g-C3N4 originated from the decomposition of melamine 

present in the pellets. The peak around 3.02 Å (29.48 °2θ) is closely matching with the reported 

(002) reflection of pure g-C3N4 [61], [47]. The  PXRD patterns of MMOs generated from the 

other compositions of LDHs modified with melamine (10 to 40 wt%) are shown in  the Fig. 

S8. All the samples show the reflections corresponding to MgO as well as the other reflections 

presented in Fig. 2b.  

 

Fig. 2. PXRD pattern of (a) MMOs derived from pristine Mg-Al-CO3 LDH pellets and 

(b) hybrid MMOs pellets derived from melamine modified Mg-Al-CO3 LDH pellets 

(melamine = 50 wt %). 



The presence of the carbon in general and g-C3N4 in particular in the decomposed hybrid pellets 

along with the MMOs was further studied by FTIR (Fig. 3). The FTIR spectrum of hybrid 

MMOs pellets showed a strong and broad vibration starting from 1700 to 1050 cm-1, which is 

the characteristic region for heptazine derived repeating units. The centre of the vibration is at 

1320 cm-1 and it corresponds to C-NH-C bond. This was further corroborated by the presence 

of a broad N-H vibration around 3300 cm-1. The strong vibration at 807 cm-1 is characteristic 

of the out-of-plane bending mode of heptazine units [62]. In addition to these, there are two 

medium intensity vibrations at 2205 and 2078 cm-1 which could be assigned to C≡N and C≡C 

bonds, respectively. The FTIR spectrum gives enough evidence to show that the melamine 

present in the pellets was transformed to g-C3N4 upon thermal decomposition [62]. 

The results of the modified LDH pellets were compared with the pellets prepared from 

unmodified pristine LDH. The PXRD pattern of MMOs pellets generated from pristine LDH 

pellets showed reflections at 42.98 (2.10 Å) and 62.37 °2θ (1.48 Å) (Fig. 2a), which correspond 

to MgO present in the MMOs [60]. The broad hump (18-20 °2θ) and other peaks observed in 

the hybrid MMOs pellets (Fig. 2b & Fig. S8) are absent in the MMOs pellets generated from 

the pristine LDH pellets. This indicates that the presence of carbonaceous moiety observed in 

the modified MMOs pellets has originated from the melamine. 



 

Fig. 3. FTIR spectrum of hybrid MMOs pellets derived from melamine modified Mg-

Al-CO3 LDH pellets (melamine = 50 wt %). 

The porous structure of the hybrid MMOs pellets was further characterized by gas adsorption 

technique as described in the experimental section. All the MMOs generated from melamine 

modified LDHs showed a type III adsorption isotherm (Fig. S9b-f) which is characteristic of 

macroporous materials [63]. The samples showed a BET surface area ranging from 67 (10 wt 

% modified) to 170 (50 wt % modified) m2/g. The surface area of the resultant MMOs pellets 

increased with increasing amounts of modifier used in the precursor LDHs (20 wt % = 102 

m2/g, 30 wt % = 156 m2/g, 40 wt % = 162 m2/g). On the other hand, the MMOs pellets derived 

from pristine LDH pellets showed a type IV adsorption isotherm (Fig. S9a), characteristic of  

mesoporous solids, and a BET surface area of 48  m2/g [63].This shows the effect of melamine 

in creating a higher surface area in the MMOs derived from the modified LDHs. 



3.2. CO2 capture and cycling study 

Mg based sorbents including Mg-Al LDH derived MMOs are employed as medium 

temperature CO2 capture sorbents (200 to 250 °C) [30]. The obtained hybrid MMOs pellets 

with different LDH: melamine ratios were then tested for their CO2 uptake at 200 °C 

(atmospheric pressure, 90 % and 14 % CO2), as described in the experimental section. The CO2 

capture capacity of MMOs pellets derived from unmodified LDH and of commercial LDH 

(Plural Mg70 and K-promoted Pural Mg70 SASOL) based MMOs pellets was also tested under 

the same conditions. All the results of the CO2 capture performance of the pristine, commercial 

(Pural Mg70 and K-promoted Mg70 SASOL) and melamine modified hybrid MMOs pellets 

are shown in Fig. 4 (under 90 % CO2) and Fig. 5 (under 14 % CO2).  

Under 90 % CO2, the MMOs pellets derived from pristine Mg-Al-CO3 LDH showed a CO2 

capture capacity of 0.35 mmol/g. The observed capacity is 30-40 % lower than that of powder 

samples (around 0.5-0.6 mmol/g) [34,64–66].This reduction in CO2 capture capacity for the 

structured material, i.e. pellets, is expected (compared to powders) due to the compaction of 

the powder samples during the pellet making process. This process results in lower values for 

the surface properties of the samples (e.g. surface area, pore size and pore volume). Similar to 

pristine LDH derived MMOs pellets, commercial LDH based MMOs pellets showed a CO2 

capture capacity of 0.33 mmol/g. The K-promoted (22 wt %) commercial LDH pellets showed 

an improved capture capacity of 0.6 mmol/g compared to the pristine commercial LDH based 

MMOs pellets (Pural Mg70). This result corroborates previously reported findings, as 

promotion of MMOs with potassium is known to increase the CO2 capture capacity of the LDH 

based MMOs compared to the pristine ones [56][30][28].  



 

Fig. 4. CO2 capture capacity (under 90 % CO2) of the hybrid MMOs pellets derived from 

melamine modified Mg-Al-CO3 LDH pellets at 200 °C, and its comparison with 

unmodified and commercial LDH based pellets. (a) Pural Mg70, (b) K-promoted Pural 

Mg70, (c) unmodified LDH and LDH: melamine 90:10 (d), 80:20 (e), 70:30 (f), 60:40 (g),  

50:50 (h). 
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Fig. 5. CO2 capture capacity (under 14 % CO2) of the hybrid MMOs pellets derived 

from melamine modified Mg-Al-CO3 LDH pellets at 200 °C, and its comparison with 

unmodified and commercial LDH based pellets. 

The hybrid MMOs pellets derived from the melamine modified LDH samples showed much 

improved CO2 capture capacities under 90 % CO2 (Fig. 4) compared to MMOs derived from 

both, pristine and K-promoted commercial LDHs. The hybrid MMOs pellets showed an 

increased CO2 capture capacity with increasing amounts of melamine in the precursor LDH 

pellets. The pellets derived from the 50 % melamine modified LDHs showed the highest CO2 

capture capacity, 1.34 mmol/g. This value represents around a 4 fold increase when compared 

to both, pristine LDH (0.35 mmol/g) and commercial LDH (0.33 mmol/g) derived MMOs 



pellets. Moreover, the hybrid MMOs pellets showed (1.34 mmol/g) more than two times the 

capture capacity compared to the K-promoted commercial pellets (0.6 mmol/g). More 

interestingly, the amount of active sorbent, i.e. MMOs, present in that hybrid sample (50 % 

melamine + 50 % LDH) is only half the amount present in the pristine LDH derived pellets. 

This indicates the active material was much more accessible for the CO2 than the one in the 

original pristine samples. The CO2 uptake exhibited by the 50 % modified hybrid MMOs 

pellets is the highest reported value so far for pelletized MMOs sorbents (Mg based), and 

among the best ones when compared to MMOs powder samples derived from the pristine 

LDHs and measured under similar conditions [30,31,43,44]. The obtained CO2 capture 

capacities of the hybrid MMOs are compared with those previously reported in the literature 

in Table S1.  

Similarly, all the sorbents derived from the commercial LDH, pristine LDH and melamine 

modified LDH were tested for CO2 capture capacities under dilute CO2 concentration (14 %), 

which mimics the concentration of CO2 in process/flue gases of various industrial processes 

(Fig. 5). The commercial and pristine LDH derived MMOs pellets showed a CO2 capture 

capacity of 0.17 and 0.21 mmol/g, respectively. On the other hand, MMOs pellets derived from 

the melamine modified LDHs showed much improved capture capacities which are several 

fold higher compared to the commercial and pristine LDH derived sorbents. The pelletized 

sorbents derived from the melamine modified LDHs showed increased CO2 capture capacity 

as the amount of melamine increased in the precursor LDHs (Fig. 5). For instance, the sorbent 

with just 10 % melamine addition, showed a CO2 capture capacity of 0.76 mmol/g, which is 

much higher than the capture capacity obtained for the sorbent derived from 

pristine/unmodified LDH (0.21 mmol/g). The pelletized sorbent derived from 50 wt % 

melamine modification showed the highest CO2 uptake, 1.04 mmol/g. 



The cyclic stability of the developed hybrid MMOs sorbents was studied for the sample that 

showed the highest CO2 uptake, i.e. pellets derived from 50 % melamine modified LDH, under 

the conditions described in the experimental section (90 % CO2). The sample showed a working 

capture capacity of 0.91 mmol/g over 20 carbonation/regeneration cycles (Fig. 6). This 

working capacity is lower than the one achieved for the freshly prepared sample (1.34 mmol/g, 

50 % melamine modified LDH). This reduction in capacity is a commonly observed 

phenomenon due to the uncomplete regeneration of the sorbent during the cycling studies [32]. 

Interestingly, the sample shows excellent cycling stability over 20 carbonation/regeneration 

cycles. The sample losses less than 1 % capture capacity over the entire number of cycles. This 

excellent cyclic stability of the hybrid MMOs pellets could be attributed to the crucial role of 

the carbon support that derived from the melamine addition. To investigate the effect of the 

carbon support on the cyclic stability of the hybrid MMOs, the cycling study of unmodified 

LDH based MMOs pellets was also carried out under the same conditions than those used for 

the hybrid MMOs. The unmodified LDH MMOs pellets showed (Fig. S10) a decay in their 

CO2 capture capacity upon cycling and retained 0.19 mmol/g of CO2 capture capacity after 10 

carbonation/regeneration cycles. This clearly indicates the role of the carbon support to help 

achieving a stable cycling behaviour during consecutive carbonation/regeneration.   



 

Fig. 6. CO2 capture capacity (under 90 % CO2) at 200 °C of hybrid MMOs pellets 

derived from melamine modified Mg-Al-CO3 LDH pellets (melamine = 50 wt %) over 

20 consecutive adsorption-regeneration cycles.  

3.3. Further analysis of physical mixture and its derived hybrid MMOs (LDH: Melamine 

= 50:50 wt %).  

Based on the promising CO2 capture capacity and cycling performance of the obtained hybrid 

MMO pellets, we further characterized the best performing sample (50 wt % melamine 

modified) in order to gain insights on the effect of the modifier in the final sorbent material. 

As discussed before, the basis for using melamine along with the LDH is twofold: (i) create 

porous structure and (ii) provide thermal/mechanical stability. The effect of melamine on the 

morphology of the pellets (before and after the decomposition) was studied by SEM technique. 

SEM images of the freshly prepared pellets showed no obvious porous structure, as indicated 



in Fig. 7a &b. Elemental mapping was also carried out to investigate the extent of mixing of 

LDH and melamine. The elemental maps of physical mixture before decomposition showed 

homogeneous distribution of C, N, O, Mg and Al across the pellets, indicating the uniform 

mixing of melamine and LDH (Fig. S11). The morphology of the pellets after the 

decomposition is shown in Fig. 7c &d. Macroporous voids of several tens of micrometres in 

dimensions can be seen on the surface of the hybrid MMOs pellets. As expected, upon 

decomposition, the melamine has released large amount of volatile gases which in turn created 

a highly porous structure in the hybrid MMOs pellets (Fig.7c &d).  

 

Fig. 7. SEM images of freshly prepared melamine modified Mg-Al-CO3 LDH (a, b) and 

hybrid MMOs pellets (c, d) derived from melamine modified Mg-Al-CO3 LDH pellets 

(melamine = 50 wt %). 

 



The resultant hybrid MMOs pellets were further characterized with elemental mapping using 

SEM. Elemental maps showed the uniform distribution of Mg, Al and O resultant from LDH 

decomposition (Fig. 8). Interestingly, elemental maps also showed the presence of C and a 

large amount of N, which are homogenously distributed throughout the pellets. The presence 

of C and N in the hybrid MMOs pellets gives further evidence for the transformation of 

melamine into g-C3N4 or residual carbon.  

 

Fig. 8. Elemental mapping of hybrid MMOs pellets derived from melamine modified 

Mg-Al-CO3 pellets (melamine = 50 wt %) (a) electronic image, (b) Carbon, (c) Nitrogen, 

(d) Oxygen, (e) Aluminium and (f) Magnesium. The scale bar is 50 µm in all the maps. 

The effect of the melamine in creating the porosity on the hybrid MMOs pellets was further 

studied by the focused ion beam (FIB) technique. Both, freshly prepared and decomposed 

pellets (hybrid MMOs), were cut by 20 x 20 µm size grove below the surface, as shown in Fig. 



9. In the case of freshly prepared pellets (Fig. 9a & b), no pores are observed below the surface, 

which is in agreement with obtained SEM images (Fig. 7a & b).  

But, in the case of hybrid MMOs pellets, a large number of macropores are clearly observed 

within the sample (Figure 9c & d), which are similar to the ones observed on the surface (Fig. 

7c & d). Overall, this confirms the role of melamine in creating the porosity not only on the 

surface but within the hybrid MMOs pellets. The porosity of the resultant hybrid MMOs pellets 

was further characterized by CT-scanner. The CT-scanner images of the hybrid MMOs pellets 

in different orientations are given in Fig. 10a, b & c. The sample showed a highly connected 

pore structure with micron sized pores. The pore volume calculations (Fig. 10d) revealed that 

40 % of the pellets were porous. The observed porous structure from the CT-scanner 

measurements corroborates the results obtained from the SEM and FIB techniques. These 

results were compared with those obtained for pristine LDH and its derived MMOs by using 

the SEM technique.  The surface morphology of the pristine LDH pellets (Fig. S12a & b) is 

almost similar to the one observed for melamine modified LDH pellets (Fig. 7a & b). However, 

SEM images of MMOs pellets derived from pristine LDH samples (Fig. S12c & d) showed no 

porous structure, as opposed to the highly porous one observed in the hybrid samples (Fig. 7c 

& d). Overall, the combination of PXRD, FTIR, SEM, FIB and CT-scanner results conclusively 

proves that the presence of melamine has played a significant role in creating highly porous 

supported hybrid MMOs pellets. 



 

Fig. 9. Focussed ion beam (FIB) images of (a, b) melamine modified Mg-Al-CO3 LDH 

pellets (melamine = 50 wt %) and (c, d) hybrid MMOs pellets derived from melamine 

modified Mg-Al-CO3 LDH pellets (melamine = 50 wt %). 

The effect of repeated carbonation/regeneration cycles on the morphology and porous structure 

of the hybrid MMOs pellets was also studied using SEM. The SEM images of the cycled hybrid 

pellets (Fig. S13) showed a large number of macropores, similar to the porous structure 

observed in the freshly prepared ones (Fig. 7c & d). This indicates the ability of the hybrid 

materials to retain their porous structure intact even after repeated carbonation/regeneration 

cycles. The distribution of different elements upon cycling was mapped by SEM to identify 

any potential segregation in the pellets. The elemental maps (Fig. S14) showed a homogeneous 

distribution of C, N, O, Mg and Al, and similar to that of freshly prepared hybrid MMOs pellets 

(Fig. 8). Hence, the developed hybrid pellets retained their stability and porous structure upon 

consecutive adsorption-desorption cycles.  



 

Fig.10. CT scanner images of hybrid MMOs pellets (derived from melamine modified 

Mg-Al-CO3 LDH pellets, melamine= 50 wt %) from different orientation (a, b, c), and 

calculated total pore volume (d). 

 

 

 

 

 

 

 



4. Conclusions 

We have successfully developed a novel, binder free post synthesis modification method to 

overcome the particle size issues associated with LDH based MMOs sorbents in powder form. 

Melamine was used as a post synthesis modifier along with the LDHs and successfully created 

a highly porous structure in the pellets as well as provided the thermal/mechanical stability for 

the resultant hybrid MMOs pellets. The CO2 capture performance of the developed hybrid 

MMOs pellets is several fold higher than that of MMOs pellets derived from unmodified LDH 

and commercial samples. The hybrid pellets showed very good CO2 capture capacity not only 

in CO2 rich (90 %) conditions, but they also showed significant capture capacity under CO2 

lean (14 %) conditions. Remarkably the CO2 capture capacity achieved for hybrid MMOs 

pellets is higher than the ones previously reported for most of the LDH based pristine MMOs 

powder samples. The hybrid pellets also showed a very stable cycling performance over 20 

adsorption/regeneration cycles. The developed hybrid MMOs sets a new benchmark for LDH 

based structured sorbents for CO2 capture applications. Additionally, synthesis strategy is very 

simple and can be easily up scalable with minimum effort. Overall, the novel post synthesis 

modification method and the employed modifier showed great promise to successfully develop 

structured materials with the required characteristics for industrial scale CO2 capture.  
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