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Abstract: MgO-silica nanocomposites were synthesized by dispersing MgO on three different 

silica supports, viz., ordered mesoporous MCM-41, SBA-15, and the nonporous Fibrous Silica 

Nanospheres Material (KCC-1; KAUST Catalysis Center-1) using a simple wet impregnation-

calcination procedure. The materials were evaluated for intermediate-temperature CO2 

adsorption (200 °C) applicable to pre-combustion CO2 capture in integrated gasification 

combined cycle (IGCC). The results indicate that both CO2 adsorption capacity and kinetics are 

substantially improved upon dispersion of MgO on silica supports compared with single 

component MgO. The morphology of the silica regulates the degree of improvement in CO2 

adsorption capacity. Nanoflower silica KCC-1 supported MgO, studied for CO2 capture for the 

first time, shows an approximately 1700% higher CO2 capacity than pristine MgO and 80-110% 

higher than MgO supported by the other conventional ordered mesoporous silica, i.e., MCM-41 

or SBA-15. The outstanding adsorption performance of KCC-1 supported MgO is attributed to 

superior dispersion and 35-1000% higher accessible specific surface area of the bio-inspired 

nanoflower KCC-1 composite compared with MCM-41 and SBA-15 based composites. This 

paves the way for developing silica supported adsorbents with readily accessible surface for 

various gas separation, sensoring, and storage applications. 
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1. Introduction 

Rapid rise of the atmospheric CO2 concentration due to emission from anthropogenic sources 

has long been recognized as the main contributor to global warming.1,2 With the current decadal 

rise of 0.08 to 0.14 °C in earth’s average temperature, the consequences can be devastating 

within a few decades if rising CO2 levels are not brought under control.3 From Kyoto Protocol to 

regular Conference of the Parties (COP) meetings impetus has been laid on controlling levels of 

all greenhouse gases in general and CO2 in particular. Various approaches have been suggested 

to address the problem, including energy conservation, fuel switching, energy efficiency 

improvement, carbon capture and storage (CCS).  Of these, CCS has been recognized as one of 

the practical and immediately deployable approaches to combat rising CO2 levels.4–7 

Out of the different CO2 emission sources, the thermal power generation represents the largest 

single source of the anthropogenic CO2  accounting for about 44% of total  emissions.8 These 

point sources thus provide attractive sites for CO2 capture. CO2 capture from power plants can be 

mainly categorized into post-combustion and pre-combustion capture. In post-combustion CO2 

capture, applicable to most power plants, CO2 is selectively removed from the flue gas generated 

by coal combustion. The CO2 concentration in the post-combustion flue gas varies from 10 to 

15%, accompanied by N2 (70-75%), water vapor (8-15%), O2 (3-4%), and traces of NOx and SOx 

contaminants.9 The post-combustion flue gas stream has the pressure of around 1 atm and 

temperature ranging from 50-150 oC.9 Regarding pre-combustion capture, applicable to energy 

efficient integrated gasification combined cycle (IGCC), the fuel is reacted with oxygen or steam 

to produce syngas which is mainly a mixture of CO and H2.
10 The syngas is then subjected to 

water gas shift reaction where CO reacts with steam to form CO2 and H2. The catalytic water gas 

shift reaction normally takes place at 190-500 oC leading to CO2 concentration of 50-55% along 



 4 

with the main component H2 at a total pressure of 20-70 bar.11,12 CO2 capture from such pre-

combustion streams is at higher partial pressure and thus easier and less energy demanding than 

post-combustion capture where partial pressure of CO2 is low.12–14  

Solid adsorbents-based CO2 capture has been suggested as an attractive alternative to the 

conventional amine absorption which is limited by lower operating temperature, energy-

intensive regeneration, amine degradation, corrosion, and amine volatilization-based pollution 

concerns.15–19 Specifically, CO2 adsorbents capable of operating under temperature conditions of 

water gas shift reaction are regarded as adsorbents of choice. This is because such adsorbents do 

not require a temperature swing outside shift reaction temperature domain unlike conventional 

amine-based process.13 The intermediate temperature (200-400 oC) adsorbents,20 when integrated 

with water gas shift reaction can also lead to higher CO conversion (98%) than conventional 

process (90%) by shifting the reaction equilibrium due to CO2 capture. Such a scheme of 

integrating water gas shift with CO2 sorption is termed as sorption enhanced water gas shift. 

At the heart of the adsorption-based capture is the adsorbent design which dictates the 

efficiency of the overall capture process.21–23 Of various CO2 capture materials such as 

zeolites,24–26 metal-organic frameworks,27–29 mixed metal oxides,30,31 layered double hydroxides, 

functionalized boron nitride nanosheets,32 functionalized silica nanosheets,33 etc., magnesium 

oxides have been reported as promising adsorbents, particularly in the elevated temperature 

range of 150-400 °C, due to their low cost, safe handling, and high theoretical CO2 capacity (25 

mmol/g).34,35 However, for the pristine MgO, the capacity is only 0.4 mmol/g, which is far lower 

than the theoretical value due to the limited porosity of highly crystalline MgO samples and 

limited  reactive adsorption caused by the formation of impervious carbonate layer on the MgO 

surface.35,36 The capacity of MgO has been reported to improve remarkably  in the 
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nanocrystalline or mesoporous forms which provide a more exposed surface for interaction with 

CO2.
9,37–41 Our earlier work using nanocrystalline mesoporous MgO adsorbents showed 

considerable enhancement in the CO2 capacity as compared with microcrystalline MgO; 

however, the capacity drops by more than 38% over multiple cycles of regeneration carried out 

at 400 °C due to sintering.9 Another modification of MgO which leads giant enhancement of 

CO2 capacity (up to 16 mmol/g) is modification of MgO with alkali nitrate salts.42 At 

temperatures of around 350 oC the molten alkali salts act as a CO2 carrier for enhanced reactivity 

of CO2 with MgO and thereby improving the capacity. Though very high CO2 capacities could 

be achieved, the cyclic stability of these adsorbents is poor and the capacity continuously 

decreases with each cycle.43   In order to overcome this problem, it is conceivable that dispersing 

nanocrystalline MgO adsorbent on a high surface area matrix should, on one hand, lead to an 

improvement in adsorption capacity by exposing active surface, and, on the other, reduce the 

sintering and agglomeration. This is supposed to be conducive for stable CO2 adsorption capacity 

over multiple cycles of adsorption and regeneration. 

The role of a support material for dispersion is important in designing MgO-based composite 

adsorbents. A desirable support material should allow for dispersing MgO up to very high weight 

loading and maintaining the dispersion under high-temperature conditions of cyclic adsorption 

and regeneration. High surface area silica materials fit the bill over other materials, such as 

graphene oxides, carbon nanotubes, alumina, and carbon nanofibers. This is because silica 

materials are already in their highest possible oxidation state and thus resist further oxidation 

under oxidizing conditions encountered during the adsorbent synthesis process. Our earlier report 

on the performance of mixed magnesium aluminum oxide dispersed on mesoporous silica SBA-

15 showed that nearly a complete dispersion of Mg-Al mixed oxide can be obtained up to a 
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weight loading of 70%31 against only 9 wt.% on graphene oxide.44 However, further increasing 

the loading of metal oxide on SBA-15 or other mesoporous silica may render this strategy 

ineffective as pores were increasingly blocked by the mixed oxide.31 In other words, the 

dispersed metal oxides inside the channels are not necessarily accessible to the gas due to the 

partial or complete closure of mesopore openings by deposition of metal oxides,31 which could 

negate the effect of dispersion. In order to gain the combined advantage of high-loading MgO 

dispersion and unrestricted accessibility of the active sites, high surface area silica materials with 

large external accessible surface are desirable. Such requirement can be achieved by mimicking a 

chrysanthemum flower like morphology, with loosely upturned florets, on which   MgO 

nanoparticles can be evenly distributed like pollen. A recently reported silica KCC-1 possess 

such properties in that the high external surface area of KCC-1 is contributed by the surface of 

solid broad fibers arranged in the form of chrysanthemum flower like nanospheres.45 Incidentally 

this material when functionalized with tetraethyl pentaamine (TEPA) has shown a superior CO2 

adsorption capacity and better cyclic stability at low temperatures ( < 75 oC) as compared to 

functionalized conventional ordered mesoporous silica (MCM-41).46 However, KCC-1 as a 

support for MgO for high temperature CO2 capture has not been reported.  

In the present work, we studied the bioinspired KCC-1-MgO composite (Scheme1) as an 

advanced adsorbent for CO2 capture compared with MgO supported by conventional 

mesoporous silica SBA-15 and MCM-41. Specifically, owing to its distinct bioinspired 

chrysanthemum flower like morphology, KCC-1 silica supports the dispersed magnesium oxide 

on its external surface, making it readily accessible to gases and thus has the highest CO2 

adsorption capacity. Owing to very high thermal stability and structural integrity of nanofibrous 

silica KCC-1, the MgO-KCC-1 composites maintain a stable cyclic CO2 adsorption capacity 
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throughout seven cycles. MgO dispersed on conventional porous silica supports such as MCM-

41 and SBA-15 have comparatively lower CO2 adsorption capacities attributed to less 

accessibility of CO2 to dispersed MgO inside the pores of these silica supports. Additionally, 

excessively high weight loading of dispersed MgO leads to the partial or complete collapse of 

the ordered porous structure of SBA-15 and MCM-41, aggravating diffusion limitations and 

affecting the CO2 adsorption capacity, while KCC-1 composite is immune to this issue. 

 

Scheme 1. Synthesis of MgO-Silica nanocomposites. 

 

 

2. Experimental Section 

Materials and Reagents: The following reagents were used for synthesis directly without 

further purification. Hexadecyltrimethylammonium bromide (CTAB, 98% Alfa Aesar), PEG-

PPG-PEG, Pluronic® (P123, Average Molecular weight 5800 Sigma Aldrich), Tetraethyl 

orthosilicate (TEOS, 98%, Sigma Aldrich), HCl (37%, Sigma Aldrich), NaOH (97%, Sigma 

Aldrich), cyclohexane (99.5%, VWR), 1-pentanol (98% Alfa Aesar), Urea (99%, Sigma 

Aldrich), Magnesium acetate tetrahydrate (98%, Alfa Aesar). 

Synthesis: The three different silica support materials were synthesized by following the 

reported procedures either directly or with some minor modifications.47–49 The composites were 
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then synthesized using a facile incipient wetness impregnation-calcination procedure. The 

synthesis procedures are briefly described below. 

MCM-41: Hexadecyltrimethylammonium bromide CTAB (1.0 g) was dissolved in 0.015 M 

NaOH (480 ml) in 1000 ml capped reagent bottle with vigorous magnetic stirring (1200 rpm) at 

room temperature (22±3 °C) for about one hour till the solution became homogeneous. Then 

TEOS (5 g) was added to it slowly with slow stirring (500 rpm) for about two hours to obtain 

white slurry. The slurry was separated by centrifugation and washed three times with deionized 

water. The resulting material was dried at 40 °C overnight in an air oven and finally calcined at 

500 °C for five hours in a ceramic crucible placed in a tube furnace. The calcination was carried 

out under an air flow of 100 sccm and a final temperature of 500 °C was attained at a ramping 

rate of 1 °C/minute. 

SBA-15: P-123 (Av Mol wt. 5800, 5 g) was dissolved in 40 ml of deionized water with 

vigorous magnetic stirring (1200 rpm) in a 1000 ml capped reagent bottle for about three hours 

till a homogenous solution was formed. This was followed by the addition of 2 M HCl (150 ml) 

and stirring for one more hour. Then TEOS (10 g) was added very slowly using a burette over a 

period of 20 minutes during which stirring was continued at room temperature. The reagent 

bottle was then capped, and the temperature raised to 35 °C using an oil bath placed over a hot 

plate stirrer (IKA) and the stirring continued for 24 hours. Then the slurry was aged at 80 °C for 

12 h without stirring. Finally, the material was recovered by centrifugation and washed three 

times with 50 ml deionized water. The material was dried overnight at 40 °C and calcined for 6 h 

in a tube furnace at 550 °C. The ramping for the attainment of the final calcination temperature 

was 1 °C/minute and was carried out under a continuous air flow  (100 sccm). 
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KCC-1: Hexadecyltrimethylammonium bromide CTAB (1.0 g) and Urea (1.2 g) were 

dissolved in deionized water (100 ml) at room temperature by vigorously stirring at 1400 rpm for 

10 minutes in a 500 ml three-necked round-bottomed flask fitted with a reflux condenser kept in 

an oil bath over magnetic stirrer and hotplate. Then cyclohexane (100 ml) containing pre-

dissolved TEOS (5 g) was slowly added into the flask dropwise for over 15 minutes during 

which stirring was also continued (1400 rpm). Then 1-octanol (6 ml) was added into the mixture 

and stirred continuously for 20 more minutes. Next, the temperature of the oil bath was raised to 

120 °C and the solution refluxed at this temperature for 16 hours. The white slurry was then 

collected by centrifugation and washed three times with deionized water and three times with 

absolute ethanol. The material was finally dried overnight at 35 °C in an air oven and then 

calcined at 550 °C for five hours under a constant airflow of 100 sccm. The temperature ramp for 

attaining the final temperature of 550 °C was 1 °C/min. 

MgO-silica composite and pristine MgO: The MgO-silica nanocomposites were synthesized 

by using a simple wet impregnation procedure. Calcined silica (0.25 g) was added to deionized 

water (5 ml) containing dissolved magnesium acetate (1.21 g) in a 10 ml scintillation vial. The 

material was magnetically stirred for 2 hours at room temperature and then evaporated at 70 °C 

along with stirring till a thick slurry was formed. The slurry was then taken out of the vial with a 

spatula and calcined in a muffle furnace at 400 °C in static air for 12 hours. The final calcination 

temperature of 400 °C was attained using heating ramp rate of 1 °C/minute. The composite 

samples are named as MG-MGM-41, MG-SBA-15, and MG-KCC-1, respectively, depending on 

the support used during the synthesis. The pristine MgO was synthesized in the same way 

without using any silica during the synthesis procedure for comparison. The sample was coded 

as MG. 
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Characterization: The as-synthesized samples were characterized by powder XRD (PXRD) 

and small-angle X-ray scattering (SAXS) using Panalytical X’pert3 powder diffractometer. The 

scan range for small angle was 0.7 to 5o at a scan speed of 0.5 o/min, and for higher angle was 

from 5 to 70o at 2 o/min. Surface area analysis of samples was carried out by nitrogen adsorption 

at 77 K using a Micromeritics 3 Flex. For surface area measurements the samples were first 

pretreated at 180 °C under vacuum for 12 hours. The surface area of the samples was calculated 

using Brunauer–Emmett–Teller (BET) method with the data points selected using Roquerol 

criteria. The SEM-EDX analysis was carried out using an Oxford Aztec Energy X-MAX 50 EDS 

system. TEM micrographs were obtained using a Philips CM200 instrument. FTIR analysis was 

carried out in Shimadzu FTIR in ATR mode. 20 scans were taken per spectrum within the 

wavenumber range of 4000-400 cm-1 and a resolution of 4 cm-1.  

CO2 adsorption experiments: The evaluation of the samples for CO2 adsorption was carried 

out using TGA (Mettler Toledo TGA/DSC-1). Around 10-15 mg of the samples were loaded in a 

70 µl alumina crucible. The fresh samples were first pretreated at 400 °C for 2 hours under 

nitrogen flow (60 cc/min) till a stable weight baseline was obtained. The temperature was then 

brought down to 200 °C under nitrogen flow and allowed to stabilize for ten minutes. Then the 

gas was switched to pure CO2 (99.95%) and the experiment continued for 90 minutes to monitor 

the uptake of CO2. All the experiments were corrected by a blank experiment carried out under 

similar conditions. The multicycle adsorption capacity was monitored using the same instrument. 

After each adsorption cycle, the adsorbent was regenerated at 400 °C under nitrogen purging for 

about two hours until its weight became stable. 
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Kinetic model fitting: To quantitatively evluate the CO2 uptake rate the experimental isotherm 

data were fitted with double exponential kinetic model 9. The equation of this model is as 

follows, 

qt = q1(1 − e−k1t) + q2(1 − e−k2t) 

Where qt is the total adsorption  contributed by two different types of sites, q1 and q2, and k1 

and k2 are the respective rate constants. 

3. Results and Discussion 

3.1. Material Characterization 

SAXS patterns of the silica support materials and composites are shown in Figure 1. 

Intense scattering peaks in SBA-15 and MCM-41 are indicative of well-ordered structural 

arrangement in both materials agreeing well with those reported in the  literature.50,51 In the 

case of KCC-1, the absence of any strong scattering peak suggests the material has no ordered 

structural arrangement, as anticipated for fibrous silica.52 These three different silica support 

materials with distinct characteristics were used in the formation of MgO-SiO2 nanocomposites 

containing around 45 wt. % of MgO. The selection of 45% weight loading was based on our 

earlier work, where 70 wt. % loading of a MgO-Al2O3 corresponding to approximately 45 wt. % 

of MgO on SBA-15 showed the highest CO2 adsorption capacity.31 After the formation of 45 

wt. % MgO composites using these support materials the intensity of SAXS peaks of MCM-41 

and SBA-15 decreases (Figure 1). The peak shift towards lower angle is indicative of pore 

expansion and broadening is indicative of the disordering or even partial collapse of the ordered 

structure of silica support in these composites (Figure 1).  
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Figure 1. SAXS patterns of as-synthesized silica support materials and MgO-silica composites. 

The pristine MgO (sample MG) shows sharp XRD peaks corresponding to periclase phase 

(JCPDS 87-0651) (Figure 2). However, when supported on different silica supports the MgO 

peaks are considerably broadened indicating that MgO was dispersed on silica support in the 

form of nanocrystallites (Figure 2). SBA-15 seems to be the best support for metal oxide 

dispersion where MgO was almost completely dispersed, reflected by diffuse Bragg peaks in the 

PXRD pattern. The average crystallite size of pristine MgO calculated from PXRD data was 72 

nm. Following the dispersion, the crystallite size decreased to 16, 11, and 5 nm in MGMCM-41, 

MGKCC-1, and MGSBA-15, respectively. 
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Figure 2. PXRD patterns of the composites and pristine samples. 
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Figure 3. N2 adsorption and desorption isotherms at 77 K. 

 

The N2 sorption isotherms of the support materials and composites are shown in Figure 3. 

MCM-41 and SBA-15 show type IVa isotherm with a hysteresis loop of type I (H1) as per the 

latest IUPAC classification. This type of isotherm is indicative of mesoporous materials with 

open ended cylindrical pores of width more than 4 nm.53 On the other hand, KCC-1 shows type 

IVa isotherm with H3 hysteresis loop which is characteristic of materials containing loose 

aggregates of platelet like structures similar.53 Similar arrangement of loosely arranged florets is 

observed in KCC-1 nanoflower morphology. After MgO dispersion on these support materials 

the nitrogen sorption ecapacity decreases substantially in all the resultant composites. No 

hysteresis loop was observed in MGMCM-41 and MGSBA-15, indicative of either pore filling or 

pore structure disordering, which is in agree with SAXS (Figure 1) results of nearly total 
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collapse of ordered structure of MCM-41 and SBA-15 support has occurred in these composite 

materials. In contrast, MGKCC-1 with the same weight loading of MgO preserved the hysteresis 

loop l indicative of only partial closure of the pore volume due to MgO deposition. The collapse 

of the pore structure in SBA-15 and MCM-41 can be attributed to enhanced dissolution of silica 

under slightly alkaline pH conditions 54 due to the use of alkaline aqueous magnesium acetate 

salt as MgO precursor. The cylindrical pore morphology of MCM-41 and SBA-15 provide 

curved surfaces which lead to high activity of silica and thus the rapid dissolution.54 In contrast, 

KCC-1 possessing a wide pore size distribution, which is actually contributed by the space 

between the wrinkled diverging florets of nanoflower structure, could support nanocrystallites of 

different sizes over its nanoflower morphology.  SAXS data (Figure 1) show a shift of 

broadened peak to lower angle in MGKCC-1 composite, indicative of pore widening.  

BJH pore size distribution plots (Figure 4) of the samples give a clear picture. MCM-41 

and SBA-15 have a narrow uniform pore size distribution centered at 5 and 10 nm, respectively, 

which is consistent with cylindrical pore morphology of these materials. KCC-1 has a wider pore 

size distribution which should be normally the case in a nanoflower morphology where the inter-

floret distance within the nanoflower morphology keeps on increasing from center to periphery. 

Following the dispersion of MgO on MCM-41 and SBA-15 there is an abrupt change in narrow 

pore size distribution of these materials (Figure 4), indicative of complete closure or destruction 

of uniform sized mesopores. Compared to MCM-41 and SBA-15 supports KCC-1 supported 

MgO retains pore size distribution of pristine KCC-1 support, though pore volume decreased 

from 1.87 to 0.43 cm3/g. 

 



 16 

 
Figure 4. BJH pore size distribution of silica support materials and MgO-silica composites. 

 

BET surface area and pore volume calculated from these N2 adsorption isotherms at 77 K 

(Table 1) show that the silica support materials have high and comparable surface area. The total 

pore volume increases in the sequence MCM-41 < SBA-15 < KCC-1. Following the dispersion 

of MgO on different silica supports the surface area, as well as pore volume, decreased in all 

composites. The most pronounced decrease in surface area and pore volume occurred in MCM-

41 silica supported composite (MGMCM-41) and the least in KCC-1 supported composite 

(MGKCC-1). The drastic decrease in surface area of the MCM-41 supported composite may be 

attributed to the complete closure of cylindrical mesopores of MCM-41 by MgO and/or complete 

collapse of the porous structure of MCM-41 following MgO dispersion. The collapse of the 

porous ordered structure is supported by SAXS results (Figure1). 
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Table 1. N2 adsorption surface area and pore volume of the as-synthesized support materials 

 

Sample BET Surface Area 

(m2/g) 

Pore Volume at P/Po=0.99 

(cm3/g) 

MCM-41 741 1.068 

SBA-15 707 1.341 

KCC-1 713 1.877 

MGMCM-41 11 0.012 

MGSBA-15 93 0.310 

MGKCC-1 126 0.431 

MG 4 0.003 

 

The average nanocrystalline size in the case of MGMCM-41 was larger than the mesopore 

channel of 5 nm width. It indicates that the maximum deposition and agglomeration of MgO 

took place outside the silica channels from the beginning, completely blocking the pores and 

leading to the collapse of the support as indicated by SAXS (Figure 1). In MGSBA-15 

composites the crystallite size of MgO was 5 nm and smaller than the channel diameter of SBA-

15. Thus, MgO could largely get dispersed inside the channels before leading to the collapse of 

pore walls as indicated by SAXS (Figure 1). TEM micrographs of the support as well as 

composite materials shown in Figure 5 provide direct visual evidence in support of conclusions 

made by PXRD, SAXS and surface area analysis. An ordered arrangement of pores can be seen 

in MCM-41 and SBA-15 whereas KCC-1 is comprised of uniform chrysanthemum flower like 

nanospheres. After dispersion of MgO on all the three support materials, no ordered structure 

was observed in MCM-41 or SBA-15 which indicates that the remaining cylindrical porous 

morphology after partial collapse may be completely masked by MgO which blocks almost all  
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Figure 5. TEM micrographs of (a) MCM-41, (b) SBA-15, (c) KCC-1, (d) MGMCM-41, (e) 

MGSBA-15, and (f) MGKCC-1 

pore openings. This agrees well with the SAXS data from Figure 1, which shows partial structural 

collapses. In the case of KCC-1, the nanofibrous morphology seems still preserved and MgO 

deposition may have given the TEM images dark contrast in MGKCC-1 composites. The 

inefficient dispersion of MgO on MCM-41 surface and closure of pore structure observed in 

SBA-15 supported composites could possibly limit the diffusion of CO2 to access the dispersed 

MgO inside the pores of SBA-15. In contrast, the KCC-1 composites retain their chrysanthemum 

flower morphology where small nanocrystallites of MgO are simply deposited outside the petal 

like wrinkled structures of silica. This presents less diffusion limitation and thus facilitates 

reactive adsorption of CO2 onto dispersed MgO nanoparticles. 

SEM-EDX calculated on the basis of Mg and Si indicate the weight loading of MgO on silica 

support in good agreement with the expected ratio of 45 wt.% (Table S1). Mg and Si elemental 

mapping results of composites shown in Figure S1 indicate that MgO was homogenously 

distributed over silica support materials in all three nanocomposites. 



 19 

2.2. CO2 adsorption evaluation  

CO2 uptake in these materials is shown in Figure 6. It is evident that the pristine MgO as well 

as the silica supports have very low CO2 adsorption capacity, but it is greatly enhanced by 

dispersion of MgO on high surface area silica supports. This is as anticipated in that after 

dispersion the average crystallite size of MgO decreased drastically from 42 nm (without 

support) to 5-16 nm (on silica support) leading to exposure of more active outer surface of the 

material for interacting with CO2. Out of the three different composites, MGKCC-1 shows the 

highest capacity, i.e., almost 200% higher than those using other conventional materials as 

supports and 1700% higher than that of pristine MgO. One of the unexpected observations about 

MGKCC-1 composite is that despite the larger crystallite size of the MgO in MGKCC-1 than 

that in MGSBA-15 it still has higher CO2 adsorption capacity. 

 
Figure 6. CO2 uptake at pCO2=1 atm and temperature of 200 °C. Symbols indicate experimental 

data and lines indicate model predicted data. 
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The probable explanation is that the high loading weight of oxides on SBA-15 led to its structure 

disruption as indicated by SAXS (Figure 1) as well as the pore closure by active deposition of 

oxides on the pore openings. Both changes could hinder the gas from accessing the dispersed 

MgO, reflected by the decrease in the total CO2 capacity. KCC-1, on the other hand, has no 

regular internal porous structure. The metal oxide was dispersed over the chrysanthemum 

morphology which remained highly accessible to sorbate molecules thus enhancing the CO2 

adsorption capacity of this composite.  

The interaction of the CO2 with the best performing adsorbent MGKCC-1 was investigated 

using FTIR. The FTIR scans of MGKCC-1 composite as well as its single components KCC-1 

and MG taken at room temperature, immediately after CO2 adsorption at 200 oC are plotted in 

Figure 7. In absence of any mechanism to carry out the FTIR analysis in inert atmosphere with 

our FTIR instrument the FTIR analysis of the fresh samples was not carried out as they were 

exposed to atmospheric CO2 during analysis and thus making the results of fresh samples 

ambiguous.  

 
Figure 7. FTIR scans after CO2 adsorption at 200 oC. 
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KCC-1 shows the intense peaks around 800 cm-1 and 1070 cm-1 attributed to Si-O-Si 

symmetric and antisymmetric vibrations, respectively.55 In sample MG the intense peak centered 

around 460 cm-1 is assigned to Mg-O stretch.56 In the composite MGKCC-1 the peak 

corresponding to Si-O stretch is shifted towards lower wavenumber (990 cm-1) than pure KCC-1. 

This is possibly due to formation of Si-O-Mg bond which stretch at a lower wavenumber due to 

longer Mg-O bond length. In addition to these peaks two other peaks centered around 1465 cm-1 

and 1660 cm-1 can be observed in MGKCC-1. These peaks respectively correspond to 

monodentate and bidentate modes of CO2 interaction with dispersed MgO on SiO2.
9 It has been 

reported that the unidentate mode of CO2 interaction occurs along the edges, whereas bidentate 

interactions occur at corners of MgO nanocrystallites.57 As adsorption experiments were carried 

out at a high temperature (200 oC) well above the critical temperature of CO2, the multilayer 

adsorption is not expected. Owing to the insignificant CO2 adsorption capacities of KCC-1 and 

MG these peaks are of negligible intensity in these two materials. 

Supported by the experimental indication of two different modes of interaction of CO2 with the 

MGKCC-1 a double exponential model was adopted for predicting kinetic uptake in MgO-Silica 

composites. The model fits the data well as can be seen from Figure 6. The model fitting 

parameters are given in Table S2. From the k1 and k2 parameters, the CO2 uptake rates in 

MGKCC-1 and MGSBA-15 were similar and slightly faster than that in MGMCM-41. The 

model was not fitted for pristine MgO (MG) and silica supports as these materials have very low 

adsorption and readings for experimental weight uptake were erratic.  

The capacity of the best-performing adsorbent MGKCC-1 over seven cycles is given in Figure 

8 (a). There was almost no reduction in capacity over the studied cycles. Such a stable capacity 

is a sought-after advantage for practical application of pre-combustion CO2 capture. Figure 8 (b) 
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gives the complete CO2 adsorption and desorption profile of the 1st cycle. It can be observed that 

almost 100 % desorption occurs within 90 minutes at 400 oC. The regeneration temperature of 

400 oC is within the operating temperature range of catalytic water gas shift reaction in pre-

combustion capture11 and thus should not involve any additional energy penalty. A recently 

reported alkali salt-promoted MgO adsorbents showed much higher capacity (up to 16 

mmol/g),42,58 but it fell rapidly over multiple cycles.43  

A comparison of CO2 adsorption capacity of the optimized adsorbent MGKCC-1 with its 

counterparts (Table S3) at the temperature of 200 oC relevant to pre-combustion CO2 capture 

indicates that this composite is the best performing adsorbent in the class of supported and alkali 

salt unpromoted MgO. KCC-1 composite with MgO can thus be a promising adsorbent for CO2 

capture at intermediate temperatures applicable to IGCC configuration of power plants as well as 

sorption enhanced water gas shift reactions.59 Though in case of the amine tethered adsorbents, 

used for post-combustion CO2 capture, the amine efficiency is also reported in order to compare 

it with baseline amine absorption process, such comparisons of active site efficiency are not 

reported for other adsorbents. Thus, in consonance with earlier reports on MgO based supported 

adsorbents we did not report active site efficiency calculations for reasonable comparisons with 

similar class of chemisorbents as given in Table S3.  

In addition, the synthesis of the silica composites is easier than carbon-MgO composites 

reported extensively in recent literature.34,60,61 Unlike the carbon-based materials where 

calcination needs to be carried out in an inert atmosphere to avoid the oxidation of support, silica 

composites can be readily obtained by calcination in any atmosphere 31. Furthermore, silica is a 

matrix for efficient dispersion of metal oxides up to very high weight loading which is not 

possible with graphene oxide, CNT, CNF, or other carbon-based composites mostly reported for 
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the application.44,62–64 Moreover, KCC-1 was reported to show a good catalytic property for CO2 

methanation,65 affording the KCC-1-MgO composite material a great potential for catalyzing 

CO2 conversion to methane in tandem with CO2 capture. 

 

 
 

Figure 8. (a) CO2 adsorption capacity of adsorbent MGKCC-1 over multiple cycles. Conditions 

p CO2= 1 atm, T=200 °C. (b) Complete adsorption desorption profile of Cycle 1 
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4. Conclusion 

We have shown that the morphology of the silica supporting material used in dispersion of the 

active adsorbing phase (MgO) plays a key role in affecting the CO2 adsorption capacity. The 

ordered mesoporous silica with cylindrical pores, such as MCM-41 and SBA-15, restricts the 

interaction between the gases and dispersed active MgO inside the pores due to the partial or 

total closure of channel openings by mixed oxide deposition as well as structural collapse during 

MgO deposition. In contrast, the nanoflower shaped KCC-1 composite adsorbent with large 

external surface area renders little restriction of the interaction of gases with dispersed active 

MgO phase. The nanoflower composite structure is also comparatively stable during synthesis 

and CO2 gas adsorption at intermediate temperature. Specifically, KCC-1-MgO composite was 

demonstrated an approximately up to 1700% higher capacity than the pristine MgO evaluated in 

this study, as well as excellent cyclability. This study affords a new strategy in designing high-

performance composite adsorbent with bio-inspired nanoflower morphology for CO2 capture at 

an intermediate temperature. Additionally, as KCC-1 was reported to show a good catalytic 

character for CO2 methanation, the KCC-1-MgO composite material can have a great potential 

for carrying out CO2 conversion to methane in tandem with CO2 capture. Moreover, owing to its 

exceptional thermal hydrothermal and mechanical stability, this composite material is promising 

for scaling up in the real-world process applications. The adsorption capacity can also be further 

improved in future studies possibly by exploiting the promotional effect of nitrate salts on MgO. 
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