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ABSTRACT 

 

 

The doctoral work focuses on the development of amine functionalized mesoporous silica based 

CO2 adsorbent. Mechanical, thermal, hydrothermal and hydrolytic stability of material are 

important parameters in designing an adsorbent. They decide the working limitation of the 

material during practical application. Additionally, physical properties such as specific surface 

area, pore volume, pore diameter and pore structure also affect the performance during 

application. In last few years, large varieties of mesoporous silica were discovered. Three 

dimensional mesoporous KIT-6with large interconnected pores is selected in this study based on 

its stability in extreme external conditions. KIT-6 shows the high mechanical stability (up to 

4680 bar) and thermal stability (upto 900°C); possibly due to the presence of thicker pore wall 

and cubical structure. It also shows the stable structural properties even after ageing for six 

months in atmospheric conditions and one month in water at room temperature. In addition, 

after three days of ageing in boiling water, KIT-6 still retains its porosity. At high pressure, a 

good surface interaction is seen between KIT-6 and CO2 without significant damage to the 

structure. KIT-6 also shows 2.38 wt% H2 storage capacity at 30 bar and −196 °C. The highly 

stable KIT-6 is considered to be a good material for adsorbent, catalyst support and 

nanostructure synthesis. But low CO2 sorption capacity at low partial pressure suggests further 

improvement in KIT-6 for practical application. 
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The CO2 sorption capacity at low partial pressure is improved by grafting of APTES in highly 

stable mesoporous KIT-6. The grafting capacity of APTES on KIT-6 is tailored with increase in 

water concentration in the grafting solution (toluene). Presences of water in the grafting solution 

improves the APTES loading through double condensation. It shows an agglomeration of APTES 

and leading to a non-uniform distribution on KIT-6. However, the CO2 sorption capacity is 

improved from 0.48 mmol/g (KIT-6) to 1.56 mmol/g (0.20KIT 9.0AP) at 1 bar and 30 °C. 

The sorption capacity depends on the accessible amine group present for CO2 in the adsorbent. 

The intensity of amine in the KIT-6 is further improved by grafting of TMPTA and compared the 

sorption performance with MCM-41 and SBA-15. It is found that the sorption capacity of KIT-6 

is increased up to 2.59 mmol CO2/g (WK30T) at 30°C and 1 bar. However, MCM-41 and SBA-

15 show the maximum sorption capacity of 1.34 mmol CO2/g (M20T) and 1.54 mmol CO2/g 

(S20T), respectively at 30°C and 1 bar. After aqueous grafting of TMPTA, the sorption capacity 

of MCM-41 and SBA-15 are sharply decreased because of pore blocking and reduction in the 

accessible amine group. 

CO2 sorption capacity of aminosilane grafted KIT-6 gradually decreases with increase in 

adsorption temperature. Hereafter, CO2 sorption capacity is further improved by impregnation 

of wide varieties of polyethyleneimines (DETA, TEPA, PEHA, PEI-800, PEI-1200 and PEI-25K) 

in KIT-6. The sorption capacity of polyethyleneimine impregnated KIT-6 is gradually increased 

with increase in temperature from 30 °C to 105 °C. In addition, KIT-6 shows better CO2 

adsorption performance than more traditional MCM-41, SBA-15 and HV MCM-41. The 60 wt% 

PEHA impregnated KIT-6 (K/60 PEHA) shows the maximum sorption capacity of 4.0 – 4.5 mmol 

CO2/g at 90 −105 °C at 1 bar. The adsorbent is further improved by impregnation of 

polyethyleneimine in as-synthesized KIT-6 (ASK) in minimum time and energy. The confiscated 
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structure directing agent within ASK improves the thermal stability as well as kinetics of 

adsorbent during CO2 adsorption. The 60 wt% PEHA impregnated ASK shows the stable 

sorption capacity of 3.86 – 4.18 mmol CO2/g at 90−105 ºC and 1 bar. Thus, high sorption 

capacity at low partial pressure and high temperature illuminate ASK (particularly, 60wt% 

PEHA impregnated ASK) a promising candidate for CO2 capture from large anthropogenic 

source.  
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Chapter 1 
 

The chapter provides a brief introduction to different energy sources and their impact on global 

warming. The advantage of the solid based adsorption over other CO2 separation techniques 

such as amine-based absorption, porous membrane and by algae biomass is comprehensively 

discussed. The selection criteria of an adsorbent for economic separation of CO2 are listed. At 

the end of this Chapter, the outlines of the doctoral work are presented. 

 

 

1.1 Motivation 

World energy demand gradually increases with time in view of growing global population and 

industrialisation [1,2]. Today, India is home to one-sixth of the world’s population with the third-

largest economy but accounts for only 6% of global energy use. One in five of the population 

(~240 million people) still lacks access to electricity. With the policies in place to accelerate the 

country’s modernization and develop its manufacturing base (via the “Make in India” 

programme), population and income are on the rise. An additional 315 million people are 

anticipated to live in Indian cities by 2040. Thus, India is entering into an era of rapid growth in 

energy consumption. Coal based power plants in India, with an installed capacity of over 130 

GW account for more than half of the energy production in the country and approximately 650 

MtCO2 annually i.e. 37.5% of the total GHG emissions of the country [3,4]. With a large number 

of new coal power plants (~ 450 plants with about 520 GW capacity) being proposed, the 

problem of greenhouse gases (GHGs) emissions is going to persist [5]. 
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Since long, conventional fossil fuel such as coal, oil and natural gas is a major source of energy 

production (Figure 1) [1]. It is also a major anthropogenic source of GHGs such as CO2, CH4, 

N2O and fluorinated gas in the atmosphere. The concentration of GHGs in the atmosphere 

increased from about 310 ppm CO2, 1147 ppb CH4 and 289 ppb N2O in 1950 to 389 ppm CO2, 

1810 ppb CH4 and 323 ppb N2O in 2010 (Figure 2) [2]. CO2, N2 and H2O are the major 

components in flue gas (Table 1). Additionally, CO2 is a major GHG [6]. Its concentration is 

gradually increasing in the atmosphere by burning the fossil fuels. The emission of CO2 can be 

reduced by capturing from scientific method and utilising for useful product synthesis as well as 

sequestration. The CO2 concentration already reached to ~ 407 ppm (the year 2016) in the 

atmosphere [7]. The increment in CO2 concentration gradually increases the global surface 

temperature, which is dragging it towards the global warming limit of +2 ºC [8]. The global 

surface temperature has already increased to +1.5 ºC from pre-industrial era. Before any 

catastrophic event, it is essential to control the CO2 emissions in the atmosphere.   

 

 

Figure 1.1 Sources of energy in (a) 1973 and (b) 2013 
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Table 1.1  

Typical properties of major components in the flue gas emitted from coal based thermal 

power plant [6].  

Carbon dioxide, CO2 (mol %) 

Nitrogen, N2 (mol %) 

Oxygen, O2 (mol %) 

Water, H2O (mol %) 

Argon, Ar (mol %) 

Nitrous oxide, NOx (ppmv dry basis) 

Sulfur dioxide, SOx (ppmv dry basis) 

13 

62 

3.5 

20.5 

0.8 

151 

212 

 

 

Figure 1.2 Major greenhouse gas concentration in atmosphere 

 

Carbon capture sequestration and utilisation (CCSU) is a promising option to control the GHG 

emissions in the atmosphere. Under this concept, CO2 is captured from an anthropogenic source 

such as coal and petroleum oil based thermal power plants. Then the captured CO2 is converted 
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into a useful products such as methanol, plastic and other hydrocarbons for economic benefits 

[9–11]. However, the excess CO2 is injected into geological formations, such as depleted oil and 

gas fields, saline formations, and unmineable coal seams [12]. During this step, CO2 would be 

locked up (sequestered) for more than 100 to 1000 years. The feasibility of using this 

phenomenon (sequestration) as a mitigation measure has been demonstrated successfully at 

various projects around the world. For example, at Sleipner (Norway), CO2 is being stored in a 

saline aquifer under the North Sea [13]. However, according to the Global Energy Assessment 

Report, India has limited geological storage capacity. The Deccan volcanic province exposed in 

the western and central India cover an area of approximately 5x105 km2 and could be considered 

for a large sink of CO2 storage. 

 

Figure 1.3 Schematic illustration of CCSU by pre-combustion, oxy-combustion and post-

combustion systems 
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1.2 Carbon Capture Technologies 

Each step in CCSU is a landmark in itself. Thus, carbon capture step is most important as it also 

decides the economics of CCSU process as a whole. Three technological pathways can be 

pursued for CO2 capture from coal-derived power generation: pre-combustion capture, oxy-

combustion and post-combustion capture, as illustrated in Figure 1.3. 

Pre-combustion strips the CO2 out of the fuel before it is burned, via a series of interlinked 

chemical reactions (Figure 1.3a). The fossil fuel is converted to syngas (carbon monoxide and 

hydrogen), which is then reacted with water vapour (a “shift reaction”) to form an easily 

separable mixture of hydrogen and CO2. The hydrogen is then burned as high calorific energy 

fuel. It is mainly applicable to new power plant. In Oxy-fuel combustion process, pure oxygen is 

separated from the air (Figure 1.3b) and the fuel is almost pure oxygen instead of air. Thus, the 

exhaust gas from the boiler mostly consists of a separable mixture of CO2 and water. However, 

production of pure oxygen is an expensive and energy-intensive process. Additionally, oxy-

combustion can be applied to new plants or retrofitted to existing plants by extensive 

modification. Post-combustion CO2 captures process is illustrated in Figure 1.3c. It is the last 

section of a process plant and can be easily retrofitted to existing and new power plants. Existing 

power plants use air for combustion and generate a flue gas at atmospheric pressure with a CO2 

concentration of less than 15%. Thus, the thermodynamic driving force for CO2 capture from 

flue gas is low as CO2 partial pressure is typically less than 0.15 atm. This is a technical 

challenge for the development of cost-effective advanced capture process [6]. In spite of this 

difficulty, post-combustion carbon capture is having the greatest near-term potential for reducing 

GHG emissions, because of its retrofitting possibility to existing units in the power sector that 
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generate two-thirds of the CO2 emissions. Some of the major options for post-combustion CO2 

capture are discussed in the following section. 

1.3 State of the Art Current CO2 Separation Techniques 

The flue gas composition varies with feed composition, but a typical composition is summarised 

in Table 1. There are different separation techniques as follows: 

1.3.1 Amine-based absorption system 

 

Figure 1.4 Schematic illustration of carbon capture by amine absorption process 

CO2 absorption process using aqueous amine solution for a power plant is shown in Figure 1.4. 

Flue gas is bubbled through a column containing the aqueous amine, which absorbs the CO2. The 

CO2-rich amine is then sent to a stripper, typically heated with steam where the CO2 is released 

from the solution which is compressed afterwards for transport and sequestration. There are 

numerous studies available for CO2 capture from thermal power plants, refineries and natural gas 

conditioning units using aqueous amine solution. The amines such as monoethanolamine (MEA) 

[14−18], diethanolamine (DEA) [16], diglycolamine (DGA) [19], (2-aminoethyl)ethanolamine 

(AEEA) [16], 2-amino-2-hydroxymethyl-1,3-propanediol (AHPD) [20] and 2-piperidineethanol 
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(PE) [21] are widely used. In addition, dimethyl carbonate (DMC) [22] and sodium glycinate 

[23] are also used for CO2 absorption. More recently, aqueous piperazine (PZ) opened a new 

window for CO2 capture [17,18,24]. Piperazine requires lower regeneration temperature, 

increases resistance to oxidative degradation and most importantly is not corrosive to stainless 

steel [18,24]. Presently in the world, there are four amine based projects in whichthe capture; 

transport and storage of carbon dioxide are beingsimultaneously demonstrated. They are the 

projects Sleipner (Norway), Weyburn (USA–Canada), In Salah (Algeria) andSnøhvit (Norway). 

The amount of stored carbon dioxide of thefour projects totals to about 7 million ton per annum. 

Improvements to amine-based systems for post/pre-combustion CO2 capture are being pursued 

by a number of process developers; a few of these are Fluor, Mitsubishi Heavy Industries (MHI), 

and Cansolv Technologies.Fluor’s Econamine FG Plus has demonstrated the 350 ton/day CO2 

capture from natural gas fire power plant in Bellingham, MA. MHI has developed a new 

absorption process, referred to as KS-1. Furthermore, the German activities comprise 

theconstruction of post-combustion plants (Wilhelmshaven andJänschwalde), a pre-combustion 

plant at the site Hürth and thebuilding of an Oxy-fuel plant at the power-plant site Jänschwalde. 

However, the major challenge for CO2 capture from the thermal power plant is the large 

volumetric flow rate of flue gas at moderate temperature (~100 −150 ºC). The integration of CO2 

absorption unit leads to a reduction in net power output, where the largest contributors to the 

power loss are the parasitic heat required during solvent regeneration and CO2 compression 

[25,26]. Additionally, amine degradation results in increased environmental impacts as volatile 

degradation products are emitted to air with flue gas exhaust [17,24,26,27]. Veltman et al. [27] 

compared the three scenarios (1) post-combustion CO2 capture from 400 MW NGCC (natural 

gas combined cycle) using aqueous MEA, (2) a conventional 420 MW coal-fired power plant; 
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and (3) a 420 MW NGCC without capture on human and environmental impact. They concluded 

that the emissions of the amine-based scrubbing solvent MEA, result in a 10-fold increase in 

freshwater toxicity impacts. Thus, the above literature indicates that amine-based absorption 

process is still associated with many challenges and needs further research for better 

performance. 

Emerging Technologies 

1.3.2 Membrane based separation 

Membranes are used for separating gas mixtures where they act as a permeable barrier through 

which different compounds move across at different rates. It is basically size selective method 

and permeates concentration increases with increasing the pressure. It is basically made from 

polymers [28−30], ceramics [31,32,33] and metallic substance [29,30]. Li et al. [31] tested the 

permeabilities of several gases (H2, N2, O2, Ar, He, H2S, CO2 and C3H6) through a silicon based 

inorganic membrane measured in the pressure range of 10 to 50 psi and temperature range of 25 

to 700°C. The permeabilities of all the gases decrease with increasing temperature. However, the 

permeability of condensable gases such as CO2, C3H6 and H2S decreased faster than those of 

noncondensable gases such as N2, He, Ar and O2. Prabhakar et al.[34] studied the permeabilities 

of N2, O2, CO2, CH4, C2H6, and C3H8 on Hyflon AD 80 membrane. The penetrant permeability 

decrease as molecular size increases. The penetrant permeability of different gases are as follow:  

CO2 > O2 > N2 > CH4 > C2H6. However, most of the membranes showed low CO2/N2 selectivity. 

 In the recent time, membrane was functionalized with different active materials such as amine 

[29,33,34], metal organic frameworks (MOFs) [29] and different type of zeolites [36] to improve 

the CO2/N2 selectivity. More recently, Shahid et al. [29] dispersed 0 to 30 wt% of the three 
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distinctively different MOFs (MIL-53(Al) (breathing MOF), ZIF-8 (flexible MOF) and Cu3BTC2 

(rigid MOF)) into Matrimids-PI membrane. The CO2 permeability for these functionalized 

membranes was increased by 132%, 144% and 89%, respectively as compared to native 

Matrimids-PI membranes. The enhanced CO2 permeability is partly attributed to the higher 

diffusivity of CO2 through the MOFs. Roussanaly et al. [37] compared the CO2 selective 

membrane process with more traditional MEA based CO2 absorption process. They concluded 

that the membrane permeance and selectivity have to be at least superior to 3 m3(STP)/(m2 h  

bar) and 65, when high selectivities and high permeances are considered, respectively. However, 

with more advanced configured (for example with recycling, sweep, counter-current flow 

pattern, etc.) membranes processes with permeances as slow as 1 m3(STP)/(m2 h bar) with high 

selectivities, and membranes of low selectivities as 30 with high permeances could compete with 

MEA-based capture process. Ho et al. [38] studied the economics of membrane process and 

compared with MEA process. They concluded that lower costs and higher tonnages of CO2 

avoided could be achieved using an amine-based absorption capture process. The lower CO2/N2 

selectivity and low permeate flux for a higher volume of flue gas pay further attention to future 

research for improvement in membrane properties.   

 

1.3.3 Microalgae-based process 

  

Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that can grow rapidly 

and live in harsh conditions due to their unicellular or simple multicellular structure. They are 

unique to other microorganisms due to the presence of chlorophyll. They have the photosynthetic 

ability in a single algal cell, which allows easy operation for biomass generation and effective 

genetic and metabolic research in a much shorter period than conventional plants [39]. 
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Figure 1.5 Production of microalgae 

Photosynthesis occurs in two main stages: light-dependent reactions and light independent 

reactions. Light-dependent reactions occur only when the cells are illuminated. Carbon-fixation 

reactions, also known as dark reactions, occur both in the presence and absence of light. The 

following empirical equation is frequently used to describe the overall reaction of photosynthesis 

[40]:               6 CO2 + 6 H2O                      C6H12O6 + 6 O2 

CO2 is utilised as a carbon source by microalgae during photosynthesis and is converted to 

different organic cell components including carbohydrates, lipids, proteins, and nucleic acids 

[41]. One kilogram of algal dry cell weight utilises around 1.83 kg of CO2. Annually around 54.9 

− 67.7 tonnes of CO2 can be sequestered in raceway ponds corresponding to annual dry weight 

biomass production rate of 30−37 tonnes per hectare [42]. Algal biomass can be used for the 

production of biofuels (e.g. biodiesel, bioethanol, biohydrogen, which are alternative renewable 

fuels to existing fossil diesel and gasoline) and other commercially and scientifically important 

products utilised for medications, cosmetics and nutritious foods, representing additional benefits 

from the microalgal CO2 reduction process [43]. Microalgae can utilise CO2 from different 

sources such as atmospheric, industrial exhaust gases and soluble carbonates (e.g. NaHCO3 and 

Na2CO3) [44]. Scenedesmus sp. and Chlorella sp. have been identified as promising microalgae 

strains for CO2 sequestration. Depending on the microalga strain, a supplement of 1-20% CO2 is 

generally suitable for microalgal cultivation [45]. This approach would be a win-win situation 
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where CO2 mitigation and renewable energy production are created on the same platform in 

order to have sustainability of the microalgae industry. 

As a contrary, due to the lack of understanding of this technology, several issues and problems 

are normally ignored, such as a heavy requirement of inorganic nutrients and intensive energy in 

cultivating, harvesting and drying of microalgal biomass [43]. The consequence of these 

limitations may lead to serious negative CO2 and energy balance in the life cycle of microalgae 

biodiesel production. On the other hand, some of the microalgae strains are highly sensitive to 

the contaminants and a high temperature of flue gas. Apart from that, low solubility of CO2 in 

water is another problem that needs further attention.  

1.3.4 Solid based adsorption process 

Among the many process technologies for CO2 capture from flue gases, there is a growing 

interest towards adsorption process as a promising alternative. The low regeneration energy 

requirement for CO2 adsorbed sorbent makes it a great alternative compared to traditional 

aqueous MEA based absorption process. Adsorption process using novel sorbent can reversibly 

adsorb the CO2 from a gas mixture with very high selectivity [47]. In last few years, several 

adsorbents such as ordered mesoporous silica (OMS), metal organic frameworks (MOFs), 

activated carbon (AC) and zeolites, etc. have been discovered for CO2 separation [47]. Several 

CO2 adsorptive separation mechanisms have been proposed, and they are highly dependent on 

the properties of adsorbents used, as well as the associated interactions. Numerous efforts have 

been carried out by many researchers to improve the surface properties of the material. The 

sorption capacity of AC has been improved by incorporation of amine [47,48]. Research 

Triangle Institute (RTI, Nelson,2009) is investigating a dry, inexpensive, regenerable, supported 
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sorbent sodium carbonate (Na2CO3), which reacts with CO2 and water to form sodium 

bicarbonate (NaHCO3) [49]. A temperature swing is then applied to regenerate the sorbent and 

produce a pure CO2/water stream. J. R. Long has shown the adsorption capacity about 9.0 mmol 

CO2/g of Mg2(dobdc) at 1bar and 20 ºC [50]. Sayari et al. have improved the pore size and pore 

volume of traditional MCM-41 by adding the dimethyl decylamine (DMDA) swelling agent in 

synthesis solution [51]. Additionally, they improved the amine loading and CO2 sorption 

capacity over traditional MCM-41 [52]. But, sorbent selection for practical application for CO2 

capture from the flue gas is a complex problem, and it should fulfil the following criteria to 

become a good adsorbent [47,52].  

1. Sorption capacity: It is the maximum amount of CO2 adsorbed at a specific pressure and 

temperature. It is represented by equilibrium adsorption isotherm. The high adsorption capacity 

reduces both adsorbent and operational costs.   

2. Selectivity: it is simply expressed as Sads = (qi/qj)/(yi/yj); where qi and yi is the mole fraction of 

the species i in the adsorbed phase and in the bulk phase, respectively. For the efficient 

separation of CO2 from the flue gas or a gas mixture, selectivity should be very high.    

3. Adsorption/desorption kinetics: Adsorption/desorption kinetics directly control the cycle time 

of the fixed bed adsorption process. Fast adsorption/desorption kinetics is desirable properties of 

an adsorbent-adsorbate system as it reduces the time span between successive operations.  

4. Tolerance of moisture/impurities: In addition to CO2 andN2, flue gas also contains other 

components such as CO, N2O, SO2 and moisture. High tolerance to moisture/impuritiespreserves 

the structural properties as well as CO2 adsorption performance of adsorbent for a longer time.    
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5. Thermal/Mechanical stability: Thermal/mechanical property is an important parameter of the 

material. High thermal stability of adsorbent is favourable for sustaining the wide range of 

temperature for adsorption/desorption. High mechanical stability is required to avoid breakage 

during real adsorbent synthesis (pellet form) for an application. 

5. Cyclic stability: Cyclic performance is indirectly associated with the replacement of the 

adsorbent after its usage. In gas adsorption, the sorbent is regenerated by changing the 

temperature (temperature swing adsorption, TSA), pressure (Pressure swing adsorption, PSA) 

else both temperature and pressure (TSA and PSA) simultaneously. Higher cyclic stability 

reduces the replacement cost of the adsorbent and also the operational complexity.   

6. Low Cost: Apart from the above characteristics, sorbent cost is the most important criterion. 

The Higher sorbent may become an obstacle during scale up for an application. Tarka et al. used 

a base line of ca. $10/kg of adsorbent for fruitful application [53]. According to them, sorbent 

cost near about $15/kg adsorbent is not economical and $5/kg-adsorbent is more favourable for 

the process. 

The above-mentioned criteria are desirable to become an ideal adsorbent for CO2 separation 

from flue gas and gas mixture.   

The technologies discussed earlier are associated with certain merits and demerits. A techno-

economic and environmental assessment study suggests an 80% increase in the cost of electricity 

when CO2 capture with aqueous MEA (30 wt%) absorption is employed in coal based thermal 

power plant [54]. CO2 separation by membrane process is yet not economical compared to MEA 

process based absorption and not suitable for a large volume of CO2 emitted with low 

concentration from the coal based thermal power plant [38]. Microalgae have the potential to 
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utilise the CO2 by photosynthesis, but slow uptake reaction and long-time requirement during 

growth are yet to prove it suitable for CO2 utilisation [38]. Adsorption based CO2 separation is 

capable to capture high adsorption capacity through the use of novel adsorbent having low cost 

and high selectivity. However, low regeneration energy requirement over amine-based 

absorption makes it more attractive for industrial application. 

Every adsorbent has certain merits and demerits. Activated carbon and alumina have low 

adsorption capacity. Zeolites require high heat of regeneration and susceptible to moisture. Low 

adsorption capacity and high regeneration temperature make it less favourable for CO2 

adsorption. In last few years, a wide variety of MOFs received special attention in gas separation 

and storage. But difficulties in storing, handling and susceptibility to moisture during real 

application need to be addressed and thus requires further improvement in its properties [55]. On 

the other hand, amine-functionalized mesoporous silica shows positive effect during CO2 

sorption in the presence of moisture. High CO2 sorption capacity in low partial pressure and a 

wide range of temperature makes it a promising candidate over other adsorbents [55].      

In early 1990's, the discovery of ordered mesoporous silica M41S with uniform hexagonal pore 

array structure and large internal surface area by researchers at the Mobil Oil Corporation using 

quaternary ammonium (CnH2n+1(CH3)3NX, X = Cl or Br) ionic template by liquid crystal 

templating sol-gel method in highly basic medium was a great embodiment in material science 

and engineering [56].  It has attracted great attention in wide range of applications such as host-

guest chemistry, size selective separation, nano-material synthesis and enzyme immobilization 

due to their aloof intrinsic properties like high specific surface area ( > 600 m2/g), pore volume 

(> 0.5 cc/g), narrow pore size (2–30 nm) and presence of silanol group on the surface 

[55,57].There have been numerous efforts carried out to improve their physicalproperties. MCM 

TH-1623_11610703



17 

 

pores were tailored between 1.5 to 10 nm by using surfactants withvariable chain length and 

swelling organic compounds [58].Incorporation of aluminiumand fluoride anionsin ordered 

mesoporous silica (OMS) frameworks led to an improvement of the hydrothermal stability [59]. 

After the discovery of MCM using an ionic template, nontoxic and biodegradable polymers like 

polyethyleneoxide (PEO) and triblock copolymer poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) (Pluronic, PEOx‒PPOy‒PEOx) were identified as possible non-ionic 

templates for synthesis of OMS [60−62]. Zhao and coworkers synthesized wide varieties of 

mesoporous silica (lamellar, hexagonal and cubic) using wide various non-ionic templates (alkyl 

ethylene oxide, tween, span, triton, teritor, pluronic and tetronic surfactant) [61].The synthesized 

silica with non‒ionic template remarkably improved the pore size (4 ‒ 30 nm), wall thickness (up 

to 6 nm), thermal and hydrothermal stability. Subsequently, Ryoo et al. [62] modified the 2D 

hexagonal structure (SBA-15) to 3D cubical (KIT-6) by incorporating additional co-structure 

directing agent (n-butanol) in the synthesis solution. Additionally, the 3D mesoporous silica with 

large interconnected pores showed better kinetics performance in catalyst activityand gas 

adsorption/purification compared to the other OMSs like MCM-41, MCM-48, MCM-50 and 

SBA-15 [63,64].  

Amine functionalized mesoporous silica received great attention among the researchers in past 

few years for CO2 capture application. Zeleňák et al.[65] reported the CO2 adsorption on 

aminopropyle grafted 2D hexagonal MCM-41, SBA-15 and 3D cubical SBA-12. They 

concluded that the three-dimensional structure with interconnecting pore provides better grafting 

surface for aminopropyle and thus shows better CO2 adsorption.They further reported that the 

amine-functionalized mesoporous silica showed an increase in adsorption capacity with increase 

in pore size. The pore size and adsorption capacity as per their result are as follow: MCM-41 (3.3 
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nm; 0.57 mmol/g), SBA-12 (3.8 nm 1.04 mmol/g) and SBA-15 (7.1 nm 1.54 mmol/g) at 25°C 

[66]. More recently, synthesized mesoporous KIT-6 by Ryoo in mild acidic condition possessed 

lucrative intrinsic properties such as 3D cubical structure with large interconnected pore, high 

surface area and pore volume [62]. After amine functionalization, it is capable of becoming a 

good adsorbent for CO2 separation.  

Application of mesoporous silica as an industrial catalyst and commercial adsorbent has been 

carried out by surfacemodification and specific structure formation through post-synthesis 

treatment in extreme external conditions such as high temperature and pressure. Therefore, it is 

essential to understand the behavior of mesoporous KIT-6 in conditions like high pressure, high 

temperature and high moisture content. Additionally, amine-functionalized mesoporous silica 

sharply improved the CO2 equilibrium adsorption capacity. In view of this, an effort has been 

undertaken in this doctoral work to develop a highly stable and efficient mesoporous KIT-6 for 

effective CO2 capture. 

1.4 Organization of Thesis 

Chapter 1 of the thesis provides a brief introduction about energy production and CO2 emissions 

by different sectors across the globe. In view of this, various CO2 capture technology with the 

possible CO2 separation techniques are discussed. The advantages of adsorption process over 

other separation techniques are thoroughly discussed in this section. Thereafter, this chapter 

presents the outline of the thesis work. In Chapter 2, performances of the various adsorbents 

available in the literature for CO2 capture application are discussed along with the merits and 

demerits. The sorption capacities of various adsorbents for different gases are also summarized. 

This chapter at its end covers the objectives of the present work along with the detailed 

measurable objectives. Chapter 3, discusses the synthesis of amine functionalized ordered 
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mesoporous KIT-6 and explains the gas adsorption/desorption analysis by the volumetric and 

gravimetric method. It also explains the different analytical techniques for characterization of 

materials. In chapter 4, the comprehensive study such as hydrothermal, thermal, mechanical and 

hydrolytic stability of KIT-6 in extreme conditions is reported. Chapter 5 reports the 

comprehensive study of the CO2/N2 adsorption/desorption behaviour on (3-

aminopropyl)triethoxysilane (APTES) functionalized KIT-6. Additionally, it also discusses the 

grafting mechanism of APTES on KIT-6. Further, the improvement in CO2 adsorption capacity 

by the grafting of N1-(3-trimethoxysilylpropyl)diethylenetriamine (TMPTA) in KIT-6 and 

comparison of its performance with more traditional MCM-41 and SBA-15 are presented in 

Chapter 6. The extended study for CO2 adsorption by functionalization of calcined KIT-6 with 

different polyethylenimine by wet impregnation method is discussed in Chapter 7. In this 

chapter, characterization of functionalized KIT-6 by different analytical techniques and study of 

the CO2/N2 selective separation in wide range of temperature and pressure are also included. 

Chapter 8 reports the development of an easy and facile way to synthesize the CO2 adsorbent by 

impregnation of different polyethylenimine in KIT-6 with confiscated structure directing agent in 

minimum time and energy. The functionalized adsorbents are studied for the CO2/N2 adsorption 

over a wide range of temperature and pressure. Finally, the major inferences drawn from the 

doctoral work and an outlook for future studies are incorporated in Chapter 9. 

1.5 Conclusions 

This chapter provides a brief introduction about amine based absorption process, solid based 

adsorption process as well as membraneand algal technology for CO2 separationfrom flue gas. 

Significant works for the development of amine functionalized mesoporous silica as an adsorbent 

as well as selection criteria for CO2 separation from flue gas has also been illustrated.  
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Chapter 2 

This chapter outlines the adsorption phenomena as well as the designing of adsorbent. The 

adsorption capacity of various promising adsorbents reported so far for the carbon capture 

application is discussed. The merits and de-merits of literature reported pure and amine 

functionalized activated carbon, zeolites, metal-organic frameworks, and mesoporous silica are 

discussed. At the end, objectives of the thesis are discussed.      

 

2.1 Adsorption 

The separation of CO2 from the gaseous mixture such as natural gas has been practised for 

decades. More recently, there has been an emphasis on separating CO2 from the flue gases 

associated with combustion processes at fixed point sources. This interest is directly associated 

with the mitigation of excess CO2 in the atmosphere and reduce the global warming potential. 

There are different separation techniques such as amine-based absorption, solid based 

adsorption, membrane purification and microalgae-based process (discussed in Chapter 1). 

Adsorption has gained special attention over other separation techniques in CO2 separation for its 

high adsorption capacity, ease in handling and easy regeneration.   

Solid adsorbents have the capability to attract gaseous molecules through their surfaces. These 

adsorbed molecules are usually referred to as the adsorbate. Nowadays, the porous solids such as 

mesoporous silica, porous carbons, zeolites, alumina, metal organic frameworks (MOFs) and 

covalent organic frameworks (COFs) have been emerging as a highly promising adsorbents for 

CO2 capture due to their higher adsorbing capacity of gases[1-4]. This is attributed to their large 
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surface area, high pore volume and easy accessibility of pores during gas adsorption/separation 

[2-4].  

Adsorption is classified as physical adsorption (physisorption) and chemical adsorption 

(chemisorption) [2]. In physisorption, the adsorption mainly takes place by van der Waals and 

electrostatic forces of attraction between adsorbate and the solid surface with low heat of 

adsorption (5−30 kJ/mol) [1, 2]. For example, CO2 can be adsorbed by varieties of physical solid 

adsorbent materials such as zeolite, activated carbon, carbonaceous material, MOFs and COFs 

[2, 4] through van der Walls forces as shown in Figure 2.1a. Apart from this, the adsorption 

capacity of the adsorbent is also influenced by the number of ionic sites present on the surface 

[3]. In the case of chemisorption, the adsorption is through direct chemical interaction of sorbent 

with the active sites (Figure 2.1b) [5, 6]. The energy generated during this process is the same as 

the heat of reaction in terms of magnitude, ranging from 30 to 140 kJ/mol.   

 

                                     Surface   +   CO2                      (Surface)·(CO2) 

Figure 2.1 CO2 adsorption phenomena on the surface (a) physisorption and (b) chemisorption 

2.2 Classification of Adsorbents  

The amount of gas adsorbed is a function of temperature, pressure, nature of the adsorbent and 

its physical properties [2]. Gas adsorption is commonly utilized for  characterization of the 

porous solid materials, allowing one to determine the specific surface area, pore volume, and 
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pore size distribution [7]. The shape of the gas adsorption isotherms gives the qualitatively 

structural information. According to the IUPAC classification, gas adsorption isotherms fall into 

six categories [7] as shown in Figure 2.2. 

 

                                   Figure 2.2 Classification of gas adsorption isotherms [7] 

Type I isotherm exhibits prominent adsorption at lower relative pressure and then it gets level 

off. This isotherm occurs with adsorbent which contains micropores (≤ 2 nm pore diameter) or 

monolayer volume adsorption. This type of isotherms is usually called as Langmuir-type 

isotherm. However, Type I isotherms is also observed for mesoporous (cylindrical pore) 

materials having pore size close to the micropore range. Adsorption on many macroporous (pore 

diameter ≥ 50 nm) solids proceeds via., multilayer formation and sorption capacity gradually 

increases with pressure. This type of isotherm comes under Type II and Type III. Adsorption on 

mesoporous (pore diameter lies between 2 to 50 nm) material proceeds via multilayer formation 

followed by capillary condensation. Such adsorption isotherm comes under Type IV and V 
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isotherms. In mesoporous material, initially the gas adsorption increases gradually with pressure 

but at higher pressure sorption capacity sharply increases due to capillary condensation in 

mesopores. Similarly, type V isotherm represents for macroporous material with capillary 

condensation. Type IVc isotherm is rare. It represents for mesoporous material with broad pore 

size distribution. 

2.3 Selection of Adsorbent 

Numerous factors describe the quality or utility of CO2 adsorbents. In general, adsorbent with 

large adsorption capacity, fast adsorption and desorption kinetics, infinite regenerability and 

stability, and awide tunable range of operating conditions might become an ideal adsorbent. In 

last 20 years, large varieties of solid adsorbents have been reported in the literature. The 

characteristic property for useful adsorbent includes the effective and economical capture of CO2 

from flue gas over a wide range of temperature and pressure. The behaviour of the various 

classes of adsorbents utilized for CO2 separation is reviewed and classified below. 

2.3.1 Activated carbon 

Activated carbon materials have been widely used in industry for gas separation [8-10], water 

purification[11] and removal of coloring matter[12] because of the low cost of the raw material, 

high surface area and high thermal stability. Over the past three decades, there have been 

attempts by several researchers to synthesize the carbon based adsorbent for CO2 capture [2, 9, 

10, 13-16]. It is synthesized by carbonization of organic material such as coal, olive stone and 

wood. Carbon is available in various forms, such as porous activated carbons (ACs), carbon 

nanotubes (CNTs), graphenes and ordered mesoporous carbon[11-36]. The CO2 sorption 
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performances of different carbon-based adsorbents have been studied by several authors as 

illustrated below. 

Wu et al. [14] have studied the sorption performance of AC bed for pure and binary CO2, CH4 

and N2 gas up to 40 bars. The adsorption capacity of pure component under the same pressure 

and temperature followed the order CO2 > CH4 > N2. However, the selectivity of CO2/CH4 (3.6) 

and CH4/N2 (5.5) was low. Plaza et al. [21] synthesized the AC from olive stone and showed the 

sorption capacity ~ 2.0 mmol CO2/g at 1 bar and 30 ºC.  The adsorption capacity was decreased 

with increase in temperature. During the breakthrough experiment with 8, 14 and 30% CO2 (rest 

N2), adsorbent got saturated within ~20 min in all the cases. The sorption capacity was increased 

with increasing concentration 0.7 mmol/g, 0.91 mmol/g and 1.48 mmol/g for 8%, 14% and 30 

wt% CO2 feed gas, respectively. The sorption capacity of adsorbent was less than 1.0 mmol 

CO2/g at 30°C and 0.2 bar. Siriwardane et al.[16] compared the sorption capacity of AC with 

more traditional 13X and 4A zeolite at 25 °C and 20 bars. At low partial pressure (< 2 bar) 

sorption capacity of AC was much lower than the 13X and 4A zeolite, but at pressure ~ 20 bar 

AC exhibited significantly higher adsorption capacity 8.5 mmol CO2/g than 13X (5.2 mmol 

CO2/g) and 4A zeolites (4.8 mmol CO2/g). It was probably for the higher surface area and pore 

volume of the AC than 13X and 4A molecular sieves. Vargas et al.[28] showed that the CO2 

sorption capacity of AC with honeycomb monoliths was 0.89 mmol/g at 30 °C and 0.15 bar. An 

et al.[23] studied the CO2 adsorption capacities of AC fibre-phenolic resin composites. The 

adsorption capacity lied between 2.8 – 2.9 mmol/g for a series of AC. Bhagiyalakshmi et al. [26] 

reported the adsorption capacity of polythiophene–mesoporous carbon as 2.7 mmol CO2/g at 

25°C and 1 bar. More recently, Wickramaratne [30] synthesized the AC spheres with ultrahigh 

surface area up to 2930 m2/g. The maximum sorption capacity of the sorbent was 8.05 mmol 
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CO2/g and 4.40 mmol CO2/g at 0 °C and 25 °C, respectively. However, in all the above 

adsorbents, CO2 sorption capacity sharply decreased with increase in temperature.  

There are several research attempts to improve the CO2 sorption performance by surface 

modification of AC with amine and metal oxide. Kongnoo et al. [11] synthesized the amine 

impregnated adsorbent by MEA and DEA impregnation in native AC and subjected to CO2 

sorption. The sorption capacity was increased with increasing amine concentration in adsorbent 

following the order native AC (1.70 mmol CO2/g) < AC-MEA (1.79 mmol CO2/g) < AC-DEA 

(2.11 mmol CO2/g) at 40°C and 1 bar. As observed earlier, the sorption capacity of AC was 

gradually decreased with temperature. However, the sorption capacity was increased in amine 

impregnated AC till 70 °C. Wang et al. [20] synthesized a series of nitrogen doped templated 

carbon and studied the CO2 adsorption performance over it. They found that the adsorption 

capacity increases with increase in surface area of adsorbent. The adsorption capacity of different 

adsorbents are as follows: TC-Y2 (1815 m2/g; ~ 1.6 mmol CO2/g) < Maxsorb (3311 m2/g; ~ 2.7 

mmol CO2/g) < TC-Y1 (3519 m2/g; ~ 2.95 mmol CO2/g) < TC-EMC (3840 m2/g; ~ 3.2 mmol 

CO2/g) [20]. After nitrogen doping, the surface area of the adsorbent was decreased and 

simultaneously the sorption capacity was increased following the order:   N-TC-Y2 (1361 m2/g; 

2.6 mmol CO2/g) < N-TC-Y1 (1762 m2/g; 3.2 mmol CO2/g) < N-TC-EMC (2559 m2/g; ~ 4.0 

mmol CO2/g) at 25°C and 1bar. Shahkarami et al. [27] synthesized the porous AC/MgO 

composite for CO2 separation. The study revealed a correlation that adsorption capacity 

increased proportionally to MgO concentration in the AC. The CO2 sorption capacity was 

enhanced from 0.79 mmol/g to 1.11 mmol/g, at 25°C and 1 bar with 10 % MgO adsorbent. 

Additionally, the breakthrough time had also increased from 10 min to 14 min. 
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Garcia-Gallastegui et al. [22] synthesized the graphene oxide (GO) supported Mg-Al Layered 

Double Hydroxides (LDH) based adsorbent for CO2 adsorption at high temperature. GO/LDH 

nano-composite (20 wt%) showed 0.45 mmol CO2/g adsorption capacity at 300ºC and 1 bar. 

Further, Iruretagoyena et al. [35] incorporated Na, K, and Cs alkali metals by impregnation in 

LDH supported GO. Alkali cations were found to modify the distribution and density of 

chemisorption sites resulting in higher CO2 adsorption capacities at 300 °C (0.56−0.69 

mmolCO2/g) compared to the unpromoted adsorbents (0.29 mmol CO2/g) (LDO and LDO/GO 

hybrids) at 300 ºC and 0.2 bar. However, incorporation of GO did not significantly affect the 

adsorption capacity of the material.  

These examples of pure, nitrogen rich and metal oxide functionalized porous carbons opened a 

new window for the preparation of effective adsorbent. But the sharp reduction in CO2 sorption 

capacity at moderate temperature, the presence of micropores and low pore volume in the AC did 

not suggest it as an ideal structure for designing an amine impregnation adsorbent. The presence 

of metal oxides in the carbon based adsorbent also did not improve the CO2 adsorption capacity 

much. 

2.3.2 Zeolite sorbents 

Amongst all the porous inorganic solids, highly crystalline microporous zeolite frameworks have 

received greater attention in gas separation and purification [37, 38], catalysis[39, 40] and 

structural support for synthesis of nanomaterials [41]. They are widely available in both synthetic 

and natural form [37, 41]. Conventional zeolites are based on aluminosilicate framework in 

which substitution of some of the Si with Al (or other metal) leads to the negative charge on the 

framework leaving the cations within the pore structure. The cations present in the zeolites plays 
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an important role in the CO2 adsorption [42, 43]. The gases with high quadrupole moment 

strongly interact with cations. In last few years, CO2, N2 and O2 adsorption performance over a 

large variety of zeolites have been studied. Zeolites have shown some promising result as 

discussed below. 

Siriwardane et al.[44] studied the CO2, N2 and O2 adsorption on the natural zeolite. The Na 

cations present in the adsorbent played an important role in the CO2 adsorption. Zeolite with high 

Na content showed high adsorption capacity along with the highest sorption rate. CO2 was 

adsorbed on the natural zeolite either by physically or by the formation of bicarbonate/ bidentate 

carbonate. Physically adsorbed CO2 was desorbed under vacuum. However, bicarbonate or 

bidentate carbonate required heating up to 115°C. Cavenati et al. [45] performed the CO2, CH4 

and N2 adsorption up to 50 bar on 13X zeolite using gravimetric method. The adsorption 

capacity was gradually increased with pressure and maximum adsorption capacity was ~ 0.71 

mmol CH4/g, 4.6 mmol CO2/g and 0.26 mmol N2/g at 1 bar and 25 °C. The isosteric heat of 

adsorption was −15.29 kJ/mol, −37.22 kJ/mol and −12.764 N2 kJ/mol for CH4, CO2 and N2 

respectively. They concluded that zeolite 13X is highly selective for CO2 separation. Wang et al. 

[46] studied CO2 adsorption on a wide variety of synthetic zeolites, and the sorption capacity 

followed the order NaM > 4A > 13X > 5A > NaY, HM, USY, which is almost the same as the 

order of N2. The interaction through quadrupole moment was dominant in low CO2 pressure. The 

sorption capacity at higher pressure was dependent on the surface polarity and pore geometry of 

zeolites. Yang et al. [47] exchanged the surface ions (Na+) of zeolite beta with various alkali and 

alkaline earth metal ions (Li+, K+, Cs+, Mg2+, Ca2+, and Ba2+) and studied the CO2 adsorption 

performance.  The CO2 adsorption capacity was increased following the sequence K+ > Na+ > Li+ 

> Ba2+ > Ca2+ ~ Cs+ > Mg2+. It indicates that the CO2 sorption capacity in zeolite depends not 
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only on pore size and surface cations but also its density and distribution. Further, Yang et 

al.[38] increased the [K+] in NaA zeolite from 10.2 to 29.3%. With increase in [K+], CO2 and 

N2sorption capacity was gradually decreased. The sorption capacity of NaKA with 10.2 % was 

3.55 mmol CO2/g and 0.22 mmol N2/g at 20 °C. Further increase of [K+] (14.7%) in NaKA, 

reduced the CO2 sorption capacity to 3.10 mmol/g and N2 adsorption was negligible. The 

incorporation of K+ in NaA reduces the micropore size and inhabiting the CO2 and N2 entry in 

the adsorbent. Bacsik et al.[48] synthesized wide varieties of zeolites such as 4A (Na12)-LTA, 

AlPO-5, Na12-xKx, SAPO-56, AlPO-17, SAPO-CHA and HKUST and compared the CO2 

sorption performance with commercially available 13-X, Norit-1 and HKUST-1. The CO2 

sorption capacity was gradually decreased with increase in [K+] in zeolite 4A as was also 

reported by Yang et al. [47] earlier and similar behaviour was observed for CH4 adsorption also. 

The CO2 sorption capacity followed the order 13X (5.1 mmol/g) > 4A (4.5 mmol/g) > Na8.8 K3.2 

(4.0 mmol/g) ~ SAPO-56 (4.0 mmol/g) > AlPO-17 (1.8 mmol/g) > SAPO-CHA (1.5 mmol/g). 

The CO2/CH4 (50:50) selectivity followed the order zeolite-4A < 13-X < SAPO-56 < SAPO-

CHA < AIPO-17 at zero coverage. The higher selectivity of zeolite-4A and 13-X was due to the 

interaction of CO2 with the cations. Li et al. [49] showed that CO2 adsorption performance of 

different zeolites followed the order: NaX > CaX > CaA > NaA > ZSM-5 > Y, and the affinity 

order towards CO2 was CaA > NaX > NaA > CaX > ZSM-5 > Y. Zeolite type-X showed much 

better adsorption performance for CO2 than ZSM-5 and type-Y. The difference in adsorption 

capacity could be understood by surface properties of the material. Zeolites with lower Si/Al 

ratio have higher electric field gradient which can strongly interact with the quadrupole of CO2 

molecules. The CaA showed the highest CO2 adsorption capacity at low pressure, and this 

became a good adsorbent for separating CO2 from gaseous mixture. The CH4 adsorption capacity 
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followed the order: ZSM-5 > NaX ~ NaA > CaX ~ CaA ~ Y at 1 bar. The affinity order was 

ZSM-5 > CaA ~ NaX > Y > CaX ~ NaA. CH4 (without quadrupole and dipole moment) was 

adsorbed by the van der Waals interaction with the surface. Thermal swing regeneration (~ 300 

°C) completely desorbed the CO2. However, the presence of moisture significantly reduced the 

separation performance of zeolites[50].   

The effect of microporous surface area on CO2 adsorption capacity was studied by Pham et 

al.[51]. The CO2 adsorption performance of adsorbents followed the order on siliceous zeolites 

as Chabazite (CHA, ~ 3.5 mmol/g) > SSZ-23 (STT, ~3.35 mmol/g) > Ferrierite (FER, 2.55 

mmol/g) ~ Silicalite-1 (MFI, 2.55 mmol/g), and beta (BEA, 2.4 mmol/g), at 1 bar and 0 °C. The 

interaction towards the zeolite surface was following the order: FER > STT > MFI ~ CHA > 

BEA. Thus, the higher CO2 adsorption capacity of CHA is for higher microporous surface area of 

the adsorbent. Pham et al. [52] improved the specific surface area and pore volume compared to 

natural zeolite by synthesizing nanocrystalline zeolite. It improved the sorption capacity upto 

4.81 mmol CO2/g at 20 °C and 1 bar. The sorption capacity was sharply reduced in the presence 

of moisture. The CO2/N2 selectivity of nano- crystalline zeolite was decreased from 18.65 to 

13.27 with increase in the sorption temperature from 20 to 50 °C. The isosteric heat of 

adsorption of nano-crystalline zeolite was 34.2 kJ/mol CO2, which is similar to 13X zeolite 

(33kJ/mol CO2). The sorption performance of nano-crystalline zeolite was reduced to 6.33% of 

the initial sorption capacity only after 10 cycles.    

Siporin et al.[53] synthesized the KX, BaX and LaX zeolites by exchanging the zeolite-X ions 

with K, Ba or La. KX strongly adsorbed CO2 through the formation of bidentate carbonate, but 

BaX and LaX adsorbed via. physisorption. Arletti et al.[50] studied the CO2 

adsorption/desorption behaviour on Na-Y zeolite. The synchrotron X-ray powder diffraction 
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experiments confirmed that the CO2 molecule adsorbed on moist Na-Y formed the original 

tetrameric cluster of CO2 molecules connected to the sodium cations of two adjacent faujasite 

supercages by water bridges. The hydrated CO2 was completely desorbed at applied temperature 

between 250 – 300 °C. The high thermal stability of CO2 in hydrated zeolite made it less 

effective for CO2 separation from flue gas. 

More recently, amine functionalized zeolite also showed some positive performance over non-

functionalized one. In the last few years, several authors functionalized the zeolites with amine 

and subjected them to CO2/N2 separation. Kim et al. [54] functionalized the mesoporous SAPO-

34 by (3-Aminopropyl)triethoxysilane (APTES) grafting. Despite the decrease in CO2 adsorption 

capacity due to the loss in surface area and pore volume of SAPO-34, CO2/N2 selectivity of 

amine grafted adsorbent was improved because of the preferential adsorption of CO2 over N2. 

Zukal et al.[55] functionalized the mesoporous ITQ-6 by grafting of 3-aminopropyl (AP), 3-

(methylamino)propyl (MAP), and 3-(phenylamino)propyl (PAP) organic ligands. The sorption 

capacity was significantly improved for ITQ-6/AP and ITQ-6/MAP at low CO2 partial pressure 

following the order ITQ-6/AP > ITQ-6 > ITQ-6/MAP > ITQ-6/PAP at 1 bar and 20 °C. More 

recently, Madden et al.[56] impregnated the APTES and TEPA in zeolite-β. The 40% APTES 

impregnated zeolite showed exceptionally high adsorption capacity ca. 4.70 mmol CO2/g at 35 

°C and 0.15 bar. Su et al.[57] have impregnated the Y-type zeolite (Si/Al = 60) with TEPA. The 

adsorbent showed the adsorption capacity 4.27 mmol of CO2/g of sorbent at a water vapour of 

7%. Similar adsorption behaviour was also observed with PEI-impregnated ZSM-5, 13X and 

zeolite-silica (5A@MSA) [58, 59]. 

In summary, zeolites have been studied extensively for CO2 adsorption by modification of 

surface with different cations and it improved the CO2/N2 selective separation. However, 

TH-1623_11610703

file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_54
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_55
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_56
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_57
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_58
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_59


40 

 

complete regeneration of zeolite required high temperature and low pressure. The presence of 

moisture in the feed gas strongly influenced the CO2 sorption capacity as well as the cyclic 

performance. The incorporation of amine in different zeolites improved the CO2 adsorption 

performance, but further research is still to improve the stability in moist condition and 

regenerability.  

2.3.3 Metal-organic frameworks 

Metal-organic frameworks (MOFs) represent fundamentally new class of porous materials. The 

crystalline porous materials are constructed from transition metal ions and bridging polyatomic 

organic ligands, which have a vast, sturdy and open crystalline structure [60-64]. Owing to their 

extra-high porosity, ordered, and well characterized porous structures and adjustable chemical 

functionality various MOFs have been identified [60-64]. In the last few years, MOFs are 

attracting attention towards application like adsorption, CO2 separation, gas storage, and 

heterogeneous catalysis [60,63,64]. 

Some of the literature reported MOFs showed exceptionally high CO2 adsorption capacity. 

Mason et al.[65] reported CO2 sorption ~ 9.0 mmol/g of Mg2(dobdc) at 20ºC and 1 bar. The 

sorption capacity was gradually decreased with increasing sorption temperature like other 

physisorbents such as zeolites and AC [16,37]. Kapelewski et al.[66] tailored the surface of 

M2(m-dobdc) (M = Mg, Mn, Fe, Co, Ni) for H2 storage. Huang et al.[67] improved the CO2 

sorption capacity of Cu-BTC (6.49 mmol/g) by synthesizing its composite with graphite oxide 

GO@Cu-BTC (8.19 mmol/g) at 0 ºC and 1 bar. Liu et al.[68] confirmed that CO2 was first 

adsorbed on the active metal sites and then on organic linker sites due to the difference in 

adsorption energy between these two sites.  
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Yaghi et al. [61] synthesized a series of IRMOF-j (j = 2, 3, 6, 9, 13, 20), HKUST-1 and MOF-74 

with maximum surface area (SBET =3409 m2/g) and pore volume (Vt = 1.52 cc/g). Zhao et 

al.[69]showed that the CO2 sorption capacity of IRMOF-1 was 2.10 mmol/g at 23 ºC and 1 bar. 

The sorption capacity of HKUST-1 was much lower than Ni/DOBDC [70]. Cavka et al.[71] 

synthesized the Zr-based MOFs, UIO-66 (SBET = 1013 m2/g, Vt = 0.36 cc/g), UIO-67 (SBET = 

2556 m2/g, Vt = 0.83 cc/g) and DUT-52 (SBET = 1615 m2/g, Vt = 0.66 cc/g) and performed the 

CO2/CH4 sorption at high pressure. The sorbent showed that the sorption capacity was 

proportional to surface area and followed the order UIO-66 < DUT-52 < UIO-67. Jasuja et 

al.[72] improved the CO2 sorption performance of UIO-66 by incorporation of dimethyl. 

Férey et al.[62] synthesized porous chromium terephthalate, MIL-101, with the wide range of 

pore sizes (~ 1.2 – 3.4 nm) and surface area 4500 − 5500 m2/g. MIL-101 was stable over months 

under air atmosphere and also when treated with various organic solvents at room temperature or 

under solvothermal conditions. These properties together with high adsorption capacities made 

MIL-101 an attractive candidate for the adsorption of gas or large molecules. Zhang et al.[73] 

reported the CO2 sorption capacity 2.60 mmol/g of MIL-101 (Cr) at 1 bar and 25°C. Later they 

[74] improved the sorption capacity of MIL-101 (3.62 mmol CO2/g at 1 bar and 25 °C) by 

microwave assisted chromium terephthalate method. Llewellyn et al. [75] reported the sorption 

capacity 2.8 mmol CO2/g of MIL-91 (Al) at 1 bar and 30 ºC. The CO2 sorption isotherm sharply 

increased at low partial pressure and got saturated at about ~ 15 bar.  

More recently, amine functionalized MOFs also received a special attention due to their high 

CO2 adsorption capacity at low partial pressure.Nitrogen-rich organic ligands were designed and 

synthesized for the fabrication of MOFs by employing the versatile click chemistry. As an 

example, in work reported by Wang et al.[76] a nitrogen-rich tetratopic ligand, 5,5’(1H-1,2,3-
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triazole-1,4-diyl)-diisophthalic acid was synthesized followed by the construction of a 

corresponding triazole-containing MOF, NTU-101-Zn. This has a three-dimensional Pt S-type 

network. Couck et al. [77] synthesized the amine functionalized MIL-53 (Al) using 2-

aminoterephthalic acid as a linker for CO2/CH4 separation.  Wang et al.[76] prepared TEPA-

MIL-101 by grafting of TEPA on unsaturated Cr(III) sites of MIL-101 for CO2 selective 

separation over CO. Further, Xian et al. [78] prepared the PEI-impregnated UIO-66 for CO2/CH4 

selective separation. However, Martínez et al.[79] impregnated the TEPA in HKUST-1, MIL-

53(Al) and ZIF-8. The CO2 sorption capacity of HKUST-1 and MIL-53 (Al) was sharply 

reduced compared to non-impregnated ones. Whereas, ZIF-8 impregnated with TEPA showed an 

improved performance. Maity et al. [80]  synthesized the nitro functionalized Cu-based MOF for 

CO2 separation.    

Sensitivity to water vapour is considered widely to be a major weakness of MOFs that could 

negate potential advantages of the hybrid materials from an application perspective. Schoenecker 

et al. [81] studied the structural stability of HKUST-1, Mg MOF-74, UiO-66(-NH2) and Zn-

COOH containing MOFs (DMOF-1; DMOF-1-NH2; UMCM-1) in the presence of moisture. The 

Zn-MOFs completely lost their structure in the presence of moisture. Others were able to keep 

their structure intact. Küsgens et al.[82] studied the stability of HKUST-1, ZIF-8,MIL-101, MIL-

100(Fe) and DUT-4 in the presence of water through the measurement of N2 

adsorption/desorption. Both HKUST-1 and DUT-4 turned out to be unstable in direct contact 

with water, whereas the MIL-materials and ZIF-8 showed some stability. Liu et al.[83] studied 

the stability of Ni/DOBDC and Mg/DOBDC in flue gas condition/steam conditioning. 

Ni/DOBDC could maintain its CO2 capacity after steam conditioning, whereas Mg/DOBDC 

could not. Mason et al.[84] studied the adsorption performance using wide range of MOFs, 
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zeolites and amine-functionalized mesoporous silica under flue gas condition. Most of the MOFs 

and zeolites lost their stability in the presence of flue gas. Thus, in view of the above literatures, 

it can be stated that MOFs are promising materials for CO2 capture but susceptible to moisture 

which demands further research. In addition, the sharp reduction in adsorption capacity at 

moderate temperature also needs to be addressed before their practical application. 

2.3.4 Mesoporous silica 

Silicon is the most abundant element in the earth's crust and evidence of silicate hydrolysis and 

condensation to form polysilicate gels and particles are seen in many natural systems. Man-made 

syntheses of polysilicate gel from alkoxide precursors closely follow the first preparation of 

silicon tetrachloride (SiCl4). Further, tetraethyl orthosilicate (TEOS), prepared by alcoholysis of 

silicon tetrachloride, undergoes repeated condensation reactions to form high-molecular weight 

polysiloxanes [85]. The overall hydrolysis of TEOS and subsequent dehydration of product can 

be understood by equations (1, 2) given below [86]. Depending on the conditions, one or both of 

these consecutive reactions may take place partly leaving some ethoxy or hydroxyl groups 

unreacted. Aelio et al.[86] showed that the rate of condensation of TEOS in water is extremely 

slow and its value is 4.16 × 16–6 litre mol–1 sec–1. However, the rate of hydrolysis of TEOS 

changes with the pH of the solution. In highly acidic/basic medium, rate of condensation is much 

faster compared to that in distilled water. In the decade of 1960's, different types of silica were 

synthesized but breakthrough was obtained to Stӧber [87-89]. They developed a methodology for 

a controlled growth of spherical silica particles of uniform size (0.05 to 2µ) by hydrolysis of 

TEOS (Figure 2.3). They showed that the size of spherical silica increases upon reduction of the 

pH of the solution.    
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Figure 2.3 Electron micrograph of a Stӧber silica spheres [5] 

In the early 1990s, Japanese researchers[90] as well as Mobil scientists[91, 92] reported for the 

first time the successful synthesis of novel periodic mesostructured materials. They were 

synthesized with the help of cationic structure directing agent cetyltrimethylammoniumcation 

(CTAB) in the basic medium by liquid crystal templating mechanism (LCTM). This led to the 

discovery of the so-called M41S family of mesoporous materials [93]. These have been grouped 

into three major categories (Figure 2.4), the highly ordered hexagonal MCM-41, cubical MCM-

48 and lamellar MCM-50. All these materials exhibited well-defined X-ray diffraction pattern as 

shown in Figure 2.4. The synthesis mechanism of MCM-41can be understood from Figure 
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2.5[91, 94]. During synthesis, surfactant forms the ordered micelles under prevailing conditions 

(pH and temperature) in the solution. Then TEOS forms a highly ordered structure by 

condensation reaction. Kruk et al. comprehensively studied the physical properties of MCM-41 

and MCM-48 using X-ray diffraction analysis and nitrogen adsorption/desorption studies [95, 

96].  

 

Figure 2.4 The M41S family of mesoporous molecular sieves including MCM-41, MCM-48, 

and MCM-50 [94] 

 

Figure 2.5 Formation of mesoporous materials with the help of structure-directing agent by 

liquid-crystal template mechanism [92,95]. 
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In the last few decades, different types of mesoporous silica have been discovered as well as 

their physical properties were also improved. Sayari et al. [97] synthesized with high-yield of 

exceptionally good quality MCM-48 using fumed silica source. Vartuli et al.[98] synthesized the 

MCM-41 (hexagonal), MCM-48 (cubic), thermally unstable M41S, and a molecular species, the 

cubic octamer [(CTMA)SiO25]8 by changing the surfactant/Si molar ratio from 0.5 to 2. Huo et 

al. [99] synthesized varieties of mesoporous materials by changing the ionic surfactant/inorganic 

precursor. Beck et al. [100] and Corma et al.[101] improved the pore size of MCM-41 up to 6.6 

nm by increasing the surfactant alkyl chain length (n = 8, 10, 12, 14 and 16). Sayari et al. [102] 

tailored the pores of MCM-41 by hydrothermal treatment. They concluded that the high-quality 

MCM-41 with maximum pore size up to 6.5 nm can be synthesized by hydrothermal treatment. 

Further the author also improved the pore sized from 3.5 to 9.2 nm by addition of swelling agent 

dimethyldecylamine (DMDA) in the solution [103].  

Hartmann et al.[104] studied the mechanical stability of MCM-48 using N2 

adsorption/desorption and X-ray diffraction pattern. The structural properties were destroyed to a 

large extant under 480 MPa, which was confirmed by the reduction in adsorption of benzene, n-

heptane, and cyclohexane. Liu et al. [105] synthesized the ordered MCM-41 by the adjustment of 

pH at 9, 7, 5, and 3 using UTM-1 zeolite. After being treated in boiling water for 312 h, the 

obtained MCM-41 exhibited remarkable hydrothermal stability than regular MCM-41. Kim and 

Ryoo[106] synthesized pure, and Al incorporated MCM-41 and MCM-48 mesoporous silica. 

They found that structure of MCM-41 and MCM-48 were completely disintegrated in boiling 

water within overnight. However, the addition of Al remarkably improved the hydrothermal 

stability of MCM-41 and MCM-48. MCM-41 and MCM-48 got their architecture collapsed and 

physicochemical properties destroyed under high pelletization pressure and moist condition due 

TH-1623_11610703

file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_97
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_98
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_99
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_100
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_101
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_102
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_103
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_104
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_105
file:///C:/Users/Rupak/Desktop/PHD%20Thesis%20with%20Final%20chapter/PhD%20final%20Thesis-14-01-2016/Chapter%202.docx%23_ENREF_106


47 

 

to thinner pore wall. The addition of salt like NaCl, KCl, sodium acetate, 

ethylenediaminetetraacetic acid and tetrasodium salt during post-synthesis remarkably improved 

the hydrothermal stability of MCM -41 and MCM-48[105, 107-111]. However, the salt treatment 

required long time at moderate temperature to be effective.  

After the discovery of M41S mesoporous family, wide variety of mesoporous silica was 

discovered by using the non-ionic surfactant as a structure directing agent with improved 

physical properties. In the late 90's, hexagonal mesoporous structures with large pore size (up to 

~ 30 nm) SBA-15 (Santa Barbara Amorphous) was discovered by Zhao [112]. They further 

extended the study with wide variety of silica (lamellar, hexagonal and cubic) using several non-

ionic block copolymer templates (alkyl ethylene oxide, tween, span, triton, teritor, pluronic and 

tetronic) and concluded that pluronic provided uniform structure, larger pore size (4 ‒ 30 nm) 

with thicker wall (up to 6 nm) [113]. In addition, large varieties of mesoporous silica such as 

SBA series [114-116], MSU (Michigan State University) series[117, 118], HMS (Hexagonal 

mesoporous silica) series[6, 118], ultra large pore MCF (Mesostructured cellular foams)[119], 

HMU (Hannam university meso-structure)[6, 118] and KIT (Korea Institute of Technology)[120, 

121] were discovered using non-ionic structure directing agent. This opened a new platform for 

applications to catalysis, adsorption (including CO2 adsorption/separation), drug delivery and 

engineering devices.    

Many studies have examined CO2 adsorption on pure mesoporous silica such as MCM-41, SBA-

15, PE-MCM-41 and KIT-6. All these mesoporous silica have lower adsorption capacity and 

selectivity toward CO2 at low partial pressure. Sayari et al. [122] studied the CO2 adsorption 

performance on pore-expanded MCM-41 and reported the sorption capacity ~ 0.6 mmol CO2/g at 

25 °C and 1 bar. Sorption capacity was further increased with increasing CO2 pressure. 
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Loganathan et al. [123] comprehensively studied the CO2 adsorption over wide range of 

temperature and pressure on MCM-41. Son et al.[120] showed the CO2 adsorption performance 

of ordered mesoporous KIT-6 (0.02 mmol/g) and reported that the sorption capacity was 

gradually decreased with increase in temperature similar to physisorbent AC, MOFs and zeolites. 

The low CO2 sorption capacity of pure mesoporous silica makes it less efficient material for CO2 

separation from large anthropogenic sources. However, high pore volume, abundant surface 

silanol groups and wide range of mesopores can facilitate chemical modification to improve their 

CO2 adsorption capacity and selectivity.  

Considering the merits of aqueous amine (MEA and DEA) based absorption technology, silica 

supported amine functionalized adsorbent have emerged as a promising adsorbent for CO2 

capture from large anthropogenic sources. Amine reacts with CO2 following acid-base reaction 

pathway. Primary and secondary amines can react directly with CO2 to form cabamates through 

the zwitterionic intermediates [124, 125]. Tertiary amine reacts with CO2 to form bicarbonate.     

Many studies have examined CO2 adsorption in amine modified porous silica. For the first time, 

amine-functionalized silica was used for CO2 capture by Tsuda in 1992[126]. The adsorbent was 

prepared by attachment of amine (polyethyleneimines or macrocyclic polyamines) on the surface 

of silica gel and was subjected to CO2 adsorption. Leal et al.[127] reported the first aminosilane 

grafted silica gel adsorbent in 1995 and used for reversible CO2 separation. The CO2 sorption 

capacity of amine-functionalized silica gel was much higher than the pure one. However, first 

amine impregnated "molecular basket" using MCM-41 was prepared by Song in 2002 [128]. 

They used wet impregnation of hydrothermally synthesized MCM-41with high molecular weight 

polyethylenimine (PEI) to create an adsorbent termed as “molecular basket”. The CO2 adsorption 

capacity as high as 4.8 mmolCO2/g-PEI was obtained with MCM-41-PEI-50 at 75 °C, which is 
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24 times higher than that of MCM-41 and is even 2 times higher than pure PEI[128]. 

Subsequently, several groups have reported the use of aminosilane/polyethylenimine 

functionalized silica as CO2 selective adsorbent [6, 114-117, 119-124, 129-147]. They opened a 

broad window for researchers to design an adsorbent with high CO2 sorption capacity and high 

selectivity. There have been a number of amines investigated for functionalization of 

mesoporous silica supports (Figure 2.6). Mesoporous silica has been functionalized by (a) 

grafting of aminosilane and (b) impregnation of PEI and (c) by direct co-condensation reaction 

between amine and silica source during synthesis [6, 132, 133]. 

2.3.4.1 Aminosilane grafted mesoporous silica 

Aminosilane grafting is one of the most commonly reported methods used for functionalization 

of mesoporous silica by condensation reaction[144]. In general, aminosilane reacts with the 

silanol group present on the mesoporous silica via condensation reaction. The amisosilane 

grafting capacity is highly dependent on surface silanol concentration over mesoporous silica, 

nature of the grafting solvent, presence of moisture in grafting solution and solution temperature. 

McGovern et al.[148] performed the grafting of octadecyltrichlorosilane over the glass in 

different grafting solvent namely, benzene, toluene, carbon tetrachloride, chloroform, n-pentane, 

cyclohexane, n-hexane, n-octane, dioxane, dichloromethane, cyclooctane, and n-hexadecane. 

They concluded that toluene provides uniform grafting over the surface. Gartmann et al.[149] 

grafted APTES in MCM-41 by changing the water concentration in grafting solvent. Chong et 

al.[150] characterized the APTES grafted SBA-15. The linker length of aminosilane strongly 

affects the CO2 adsorptive separation process. Jones et al.[151] performed the aminosilane 

grafting after varying the alkyl linker length from C1 (methyl) to C5 (pentyl) over SBA-15. The 

C3(propyle)chain length of aminosilane gave better adsorption performance over others. 
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Figure 2.6 List of aminosilane and polyethyleneimine used in mesoporous silica 

functionalization 
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The most common aminosilanes used so far are shown in Figure 2.6 and their CO2 adsorption 

performance in wide varieties of mesoporous silicas are summarized in Table A.1. Yang et 

al.[147] functionalized MCM-48 by APTES and utilized for CO2 removal from the natural gas. 

APTES concentration was improved in SBA-15 by increasing the surface silanol groups [136].  

This increased the CO2 sorption capacity from 1.54 mmol CO2/g to 1.86 mmol CO2/g at 25°C 

and 1 bar. Knowles et al.[144] functionalized several silica materials using APTES and utilized 

in CO2 capturewith maximum sorption capacity of 1.14 mmol/g at 25 °C and 0.05 bar. Mello et 

al.[137] improved the CO2 adsorption performance of MCM-41 (0.12 mmol/g) by grafting of 

APTES (0.70 mmol/g) at 0.1bar and 25 °C.  

The concentration of accessible amine groups defines the CO2 adsorption capacity of the amine-

functionalized mesoporous silica. Increase of the amine chain in aminosilane is the simplest way 

to increase the amine concentration in the mesoporous silica. Linneen et al.[132] prepared the 

mono, di and tri aminosilane grafted silica aerogel based adsorbents. The sorption capacity was 

increased with increasing amine group numbers as followed: mono (0.67 mmol CO2/g) < di (1.2 

mmol CO2/g) < tri (1.86 mmol CO2/g) in the grafted silica aerogels. Similar adsorption 

behaviour was also observed over amine-grafted platelet SBA-15 [131], double-walled silica 

nanotubes [134], magnesium phyllosilicates[152] and periodic mesoporous benzenesilicas[153]. 

However, Santos et al.[130] found the nearly constant adsorption capacity (~1.01mmol CO2/g) 

over mono, di and tri aminosilane grafted MCM-41. This implies that the smaller pore size 

mesoporous silica is not much effective for aminosilane grafting.   

Zelenak et al.[142] (2008) investigated the effect of pore size on the performance of amine 

functionalized mesoporous silica. In their study, three mesoporous silica supports namely, 

MCM-41 (3.3 nm), SBA-12 (3.8 nm) and SBA-15 (7.1 nm) were functionalized with 
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aminopropyl legends by grafting process. The SBA-15 (1.54 mmol/g) showed the largest CO2 

adsorption capacity over MCM-41 (0.57 mmol/g) and SBA-12 (1.04 mmol/g). It was concluded 

from the study that molecular sieves with larger pores and higher surface density of amines 

possess higher sorption capacity. The lower limit for pore size of mesoporous silica, to be used in 

preparation of efficient amine-based sorbents is approximately 3.5 nm. The similar adsorption 

behaviour was also observed with APTES grafted pore-expanded MCM-41 over traditional 

MCM-41[123].  

Choi et al. [124] demonstrated the role of primary (APTES), secondary (MAPTMS) and tertiary 

(DEAPTMS) amine during CO2 adsorption. SBA-15 was functionalized by grafting of primary, 

secondary and tertiary aminosilane. The maximum capacities of SBA-15-NH2, SBA-15-NH–

CH3, and SBA-15-N(CH2CH3)2 were 0.95, 0.75, 0.17 mmol CO2/g adsorbent, respectively. The 

CO2 adsorption rate constants for three types of adsorbents are comparable. However, the 

desorption rate constant for the SBA-15-NH2 is almost four times lower than that for the SBA-

15-N(CH2CH3)2. This implies that the adsorbate molecules are more tightly bound with the 

primary amine. Similar adsorption behaviour was observed with primary, secondary and tertiary 

aminosilane functionalized double-walled silica nanotube. 

Harlick and Sayari [103] synthesized the pore-expanded MCM-41 (~ 10 nm) and utilized in 

acidic gas such as CO2 and H2S separation by grafting of 3-[2-(2-aminoethylamino) ethylamino]-

propyltrimethoxysilane (TRI). They focused on the optimization of TRI grafting condition in dry 

and wet solution. It was found that the wet aminosilane grafting via co-addition of water at 85 °C 

sharply improved the aminosilane grafting capacity. The optimal TRI grafted PE-MCM-41 

exhibited 2.65 mmol CO2/g at 25°C and 1 bar for a dry 5% CO2 in N2 feed mixture. They further 

showed that TRI-PE-MCM-41 gave stable sorption performance over more than 600 cycles in 
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humid feed gas condition over dry one[141]. Hiyoshi et al.[146] demonstrated the potential of 

aminosilane-modified mesoporous silica for the separation of CO2 from a gas stream containing 

moisture. They modified the SBA-15 by wide variety of aminosilane namely, APTES, APTMS, 

TAMS, N-methylaminopropyl- trimethoxysilane (MAPS), (N,N-dimethyl-3aminopropyl) 

trimethoxysilane,  DMAPS, N-(2-aminoethyl)-3-aminopropylmethyldiethoxysilane (AEAPMS)  

and utilized for CO2 capture. They found that the adsorption capacity was increased in the 

presence of water[146]. Cui et al. [139] modified the silica aerogel by APTES grafting. The 

sorption capacity of functionalized aerogel was 1.95 mmol CO2/g adsorbent [139].  

2.3.4.2 Polyethylenimine impregnated silica sorbents 

Previous studies have examined the CO2 sorption in mesoporous silica, in which it has been 

functionalized by grafting of aminosilane. The maximum CO2 uptake capacity of these 

adsorbents is nearly 2 mmol/g of the adsorbent (Table A.1). Polyethylenimine-impregnation is 

the simplest way to increase the amine concentration further in the mesoporous silica. Song et 

al.[128] developed the “molecular basket” adsorbents by loading PEI into MCM-41 and showed 

the maximum adsorption capacity 4.88 mmolCO2/g-PEI at 75°C. The same research group 

extended the study with flue gas in the presence of moisture over PEI-impregnated MCM-

41[154]. They reported that, moisture have positive impact during CO2 adsorption with PEI-

impregnated MCM-41. Sayari et al. [141] showed the stable CO2 sorption performance with 

PEI/TEPA impregnated PE-MCM-41 in flue gas (in the presence of moisture) till more than 600 

cycles. Wang et al.[155] prepared the PEI-impregnated SBA-15 based "molecular basket" and 

subjected to the CO2 capture from flue gas at wide range of temperature. They reported the 

sorption capacity to be nearly 3.14 mmol CO2/g at 75 °C in flue gas condition. Jiang et al.[156] 

prepared the PEI impregnated nano-silica composite and showed that the sorption capacity was 
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gradually increased with increasing the PEI loading at moderate temperature (75 – 105 °C).  The 

adsorbent having 60 wt% PEI showed capture capacity of 4.2 mmol CO2/ g at 105 °C under pure 

CO2, and the PEI utilization efficiency was also increasedup to 6.9 mmol CO2/g. Al-Marri et 

al.[157] showed that PEI impregnated mesoporous silica got saturated in less than 20 minutes 

over a wide range of pressure and temperature with high adsorption capacity. 

Sanz et al. [158] studied on PEI and TEPA impregnated SBA-15 and PE-SBA-15. They reported 

that CO2 sorption capacity increased with an increase in temperature.The maximum sorption 

capacity was 1.82 and 2.15 mmol CO2/g for PEI and TEPA respectively at 75°C. They further 

extended the adsorption study by double functionalization (grafting with impregnation) over 

pore-expanded MCM-41 [5].  Liu et al. [159] studied the dynamic CO2 sorption performance of 

TEPA impregnated three-dimensional KIT-6. The dynamic adsorption capacity was increased 

from 1.5 mmol CO2/g to 2.9 mmol CO2/g adsorbents when the amount of loaded TEPA was 

increased from 10 wt.% to 50 wt.% at 333 K. Wei et al. [160] reported the sorption capacity 3.5 

mmol CO2/g at 80 °C and 1 bar for 50 wt% PEHA impregnated SBA-15. 

The structure of the mesoporous silica influences the CO2 sorption capacity of the amine 

functionalized adsorbents. Son et al.[120] synthesized the series of ordered mesoporous silica, 

namely, MCM-41, MCM-48, SBA-15, SBA-16 and KIT-6 and functionalized them with 50 wt% 

PEI. The CO2 adsorption capacities were found to be in the following order: KIT-6 > SBA-15 ~ 

SBA-16 > MCM-48 > MCM-41. However, 50 wt% PEI impregnated KIT-6 with the largest pore 

in 3D arrangement showed the highest CO2 adsorption capacity (135 mg/g-adsorbent) in the 

fastest response time. Further, Song et al.[6] prepared PEI impregnated 3D molecular baskets, 

namely MCF, MSU-J and HMS with different pore properties for CO2 separation and compared 

with MCM-41, SBA-15 and CB-based1D/2D MBS[6]. The rate of CO2 sorption was increased in 
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the order of PEI(50)/MCM-41 < PEI(50)/SBA-15 < PEI(50)/MSU-J ≈ PEI(50)/HMS < 

PEI(50)/MCF, and the values were 0.79, 0.97, 1.21, 1.24,and 1.41 mg-CO2/g-sorb/s, 

respectively. They concluded that 3D supports displayed a much better synergistic effect with 

PEI for CO2 sorption than 1D/2D mesoporous materials as was previously observed by  Son et al 

[120]. 

Jones group prepared adsorbents with high amine content SBA-15 through polymerization of 

aziridine inside the pore which they named hyperbranched aminosilica (HAS) [161, 162]. During 

functionalization, aziridine under gone ring-opening polymerization in the presence of catalytic 

amounts of acetic acid to form hyperbranched aminopolymers that were covalently bound to the 

SBA-15 support. Jones reported an HAS sample to have an amine loading of 7.0 mmol N/g with 

a pore volume of 0.25 cc/g[162]. 

Fauth et al.[163] prepared the CO2 adsorbent by functionalization of commercially available 

porous silica with APTES and PEI. They displayed the sorption capacity ranges of 2.7 − 3.5 

mmol CO2/g sorbent at 40 °C under different CO2 partial pressures. Dao et al.[117] improved the 

sorption capacity of MSU-F, Al-MSU-F, MCM-41 and MSU-H mesoporous silica by mixed 

amine impregnation namely, TEPA, PZ, DBU, MEA, DEA, TEA, DEAP and PEG. The 

maximum sorption capacity 5.9 mmol CO2/g adsorbent was observed with 40 wt% TEPA and 30 

wt% DEA impregnated MSU-F silica. 

Recently, Olah group found that fumed silica and precipitated silica were better supports for 

impregnation of PEI than silica gel, aluminium oxide, poly(4-vinylpyridine), and other ones 

[164, 165]. Moreover, they also reported that mesoporous silica (MCM-41, SBA-15) was not 

necessary to achieve good CO2 adsorption and that precipitated or fumed silica yielded better 

results. Further, nanostructured fumed silica was functionalized with various organoamine, 
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namely MEA, DEA, TEA, TEPA, PEHA, PEI (mw = 423, 800, 25000), as well as 2-amino-2-

methyl-1,3-propanediol (AMP), 2-(2-aminoethylamino)-ethanol (AEAE), diisopro-panolamine 

(DIPA) and imidazole by wet impregnation[164]. They observed that the samples impregnated 

with MEA, DEA, AEDA and TEA were not suitable for CO2 separation because of amine 

leaching problem at higher temperature. Li et al. [166] functionalized the nano-silica by different 

molecular weight PEI. The sorption capacity decreased with increasing molecular weight from 

800 to 25000 Da of PEI and maximum for 800 Da (4.59 mmol CO2/g) at 105°C and 1 bar. 

Additionally, linear PEI functionalized nano-silica showed lower.     

Wang et al. [167] decorated the surface of hierarchical porous silica (HPS) by PEI and TEPA in 

presence of wide variety of surfactants namely, cetyltrimethylammonium bromide (CTAB), 

dodecyltrimethyl ammonium bromide (DTAB), octadecyltrimethyl ammonium bromide 

(OTAB), pluronic P123 (P123), Pluronic F127 (F127), sodium dodecylbenzene- sulfonate 

(SDBS), sodium dodecyl sulfate (SDS), sorbitanmonooleate (Span80) and phosphatidylcholine. 

They concluded that the presence surfactant increased the utilization of amine groups of 

polyethyleneimine during CO2 adsorption and sharply improved the sorption performance of the 

adsorbent. 

2.4 Objectives of the Present Study 

Pure and functionalized AC, zeolites and MOFs have been extensively studied for CO2 

adsorption. But, the sharp reduction in CO2 sorption capacity of ACs, zeolites and MOFs with 

increase in temperature makes them less favorable for practical application. The presence of 

metal oxides and amines in the carbon based adsorbent does not improve the CO2 adsorption 

capacity. Surface modification of zeolites with different cations improves the CO2/N2 selective 
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separation. However, complete regeneration of zeolite requires high thermal energy which 

strongly influences the CO2 sorption capacity as well as its cyclic performance. Most of the 

MOFs are highly sensitive towards moisture. Hence, further research is needed to improve its 

CO2 sorption performance in moist conditions at high temperature and low partial pressure.  

Mesoporous silica with high specific surface area, large pore size, high pore volume and high 

thermal stability look more promising for CO2 capture. The presence of surface silanol groups in 

mesoporous silica promotes the grafting of aminosilane. Tunable pore size facilitates 

functionalization of the wide variety of polyethyleneimine inside the pore and large pore volume 

is able to accumulate a large amount of polyethyleneimine during impregnation. In the presence 

of moisture, the enhancement of CO2 adsorption capacity makes it superior over AC, zeolites and 

MOFs. However, 3D structure provides an easy pathway for host and guest molecules during its 

performance. Therefore, amine-functionalized mesoporous silica based carbon capture 

technology can become an alternative in future.   

The 3D KIT-6 consisting of larger interconnected pore with large pore space could result in fast 

adsorption kinetics. Therefore, the present work is undertaken to investigate the adsorption 

potential of large 3D porous material for CO2.  

Hence, the major objectives of the present work Development of Amine Functionalized 

Mesoporous Silica (KIT-6) for Carbon Dioxide Captureare summarized in terms of the 

following measurable objectives.  

 Synthesis of three dimensional mesoporous silica with large interconnected pore (KIT-6) and 

study the hydrothermal, thermal, hydrolytic, mechanical stability as well as its CO2 

adsorption performance.  
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 Synthesis, grafting mechanism and CO2 sorption performance of monoaminosilane (APTES) 

grafted KIT-6 

 Synthesis and CO2 sorption performance of higher order (di-, tri- and poly-) aminosilane 

grafted KIT-6 

 Synthesis and CO2 sorption performance of KIT-6 impregnated with polyethyleneimine  

 

2.5 Conclusions 

The foregoing sections have described the recent progress made in the investigation of 

adsorption performance over the wide variety of AC, zeolites, MOFs and mesoporous silica for 

CO2 capture application at low pressure and wide range of temperature. Research on 

functionalizing solid supports with amine functional groups for CO2 capture has reached various 

stages of development. With regard to the prospects of creating new materials suitable for real-

world applications, the present work has tested the stability of different mesoporous materials. 

The 3D KIT-6 with large pore size shows the better stability than other mesoporous silica. 

Further, this work has formulated the road map for the development of amine functionalized 

mesoporous silica (KIT-6) for CO2 capture at wide range of temperature and pressure. 
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Chapter 3 

 

This chapter presents the synthesis procedure of different ordered mesoporous silica used in this 

study. Various characterization techniques including physical, structural, thermal and gas 

adsorption are discussed.    

 

 

3.1 Experimental  

3.1.1 Materials  

The chemicals pluronic P123 (EO20-PO70-EO20, mw ~ 5800 Da, Sigma-Aldrich), a triblock 

copolymer and cetrimide (CTAB, Merck), a structure directing agent were purchased. Tetraethyl 

orthosilicate (TEOS, ≥ 99%, Sigma-Aldrich) were used as a silica source during synthesis of 

MCM-41, SBA-15 and KIT-6. The (3-aminopropyle)triethoxysilane (APTES, Himedia) and N1-

(3-trimethoxysilylpropyle)diethylenetriamine (TMPTA, Aldrich) and other amines such 

as,diethylenetriamine (DETA, Merck), tetraethylenepentamine (TEPA, Aldrich), 

pentaethylenehexamine (PEHA, Aldrich) and polyethyleneimine (PEI, mw = 800, 1200 and 25K, 

Aldrich) were purchased. Other chemicals such as hydrochloric acid (HCl, 35%), n-butanol (≥ 

99%), ethanol (≥ 99%), ammonia solution (NH3, 25%) and anhydrous toluene (≥ 99%) were 

purchased from Merck. All the chemicals were used without any further treatment. All the 

solutions were prepared with Millipore purified water.  
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3.1.2 Synthesis of ordered mesoporous silica 

Ordered mesoporous KIT-6 was synthesized following the earlier reported procedure present in 

the literature [1]. In a typical synthesis process, pluronic (4.0 g) was dissolved in HCl (7.9 g, 35 

wt%) and Millipore purified water (144.0 g) using magnetic stirrer. After the solution became 

homogeneous, BuOH (4.0 g) was added and mixed for an hour. The silica source TEOS (8.6 g) 

was added in the solution and stirred for 24 h. During synthesis, the temperature of the mixture 

was maintained at 313 K. The molar gel composition is TEOS (1.0): pluronic (0.017): HCl 

(1.83): H2O (195): BuOH (1.31). The resulting solution was then transferred to a teflon autoclave 

and aged for 24 h at 373 K in the static condition. The white solid product was filtered. Half of 

the solid product (KIT-6) was washed with distilled water and another half (KIT-6/D) was kept 

without washing. The resulting solid product was dried overnight at 373 K in hot air oven. 

Surfactant free KIT-6 was obtained after calcination at 550 K for 5 h. The structure of the 

ordered KIT-6 was controlled by changing the alcohol in the synthesis solution.  

Highly ordered MCM-41 was synthesized by the following procedure [2]: 2.0 g CTAB was 

dissolved in 120 mL Millipore purified water. After complete dissolution, 9.0 mL of NH3 was 

added. The 10 mL of TEOS was added drop wise in solution and stirred for another 12 h at room 

temperature. The white solid product was filtered, washed with distilled water and dried at 100 

°C for 24 h. Surfactant free MCM-41 was obtained after calcination at 550 °C for 5 h. MCM-41 

with high pore volume was synthesized by changing the concentration of  NH3 from 9 to 1 mL in 

the synthesis solution [2]. Other synthesis steps were similar as explained for hexagonal MCM-

41. Ammonia presents in the solution control the rate of TEOS hydrolysis during MCM-41 

formation. 
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SBA-15 was synthesized by the following procedure [3]: 4.0 g of P123 was dissolved in 144 mL 

of 1.7 N HCl at 40 °C. After itbecame homogeneous, 8.0 g TEOS was added in the solution and 

stirred for another 24 h at 40 °C. The resulting mixture was transferred to teflon lined autoclave 

and aged at 100 °C for 24 h. The white solid product was obtained by filtration and dried at 100 

°C for 24 h. Surfactant free SBA-15 was obtained after calcination at 550 °C for 5 h.   

3.1.3 Adsorbent synthesis 

3.1.3.1 Screening of amine 

Varieties of aminosilanes are commercially available for different applications. They consist of 

alkyl group, silane and functional group. The typical aminosilane consist of alkyl group 

(methyl/ethyl) connected with silica amine groups in the form of organic chain (Figure 3.1). The 

alkyl groups (R−) of aminosilane reacted with the silanol groups present on mesoporous silica 

surface by condensation reaction and grafted over the surface as shown in Figure 3.2.     

SiRO

OR

OR

Y

Amine
group

Alkyl
group

Alkyl
chain

Silane
 

Figure 3.1 Schematic of organosilane used in grafting in mesoporous silica
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Figure 3.2 Schematic of organosilane grafting in mesoporous silica 
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From the literature study, it is seen that primary amine is a major choice for CO2 adsorption [2-

5]. It has the highest amine efficiency during CO2 adsorption as well as oxidative, thermal 

stability during regeneration [5]. Additionally, C3 linker length based aminosilane gives the 

highest separation during CO2 adsorption as well as activity during catalytic reaction. Therefore, 

as per literature serve (3-aminopropyl)triethoxysilane is a desirable candidate for designing the 

CO2 adsorbent [2–5].  

Amine concentration in adsorbent is reflected by the CO2 sorption capacity of the adsorbent 

[2,3,6−8]. Amine concentration can be improved by grafting of triaminosilane i.e. TMPTA in 

KIT-6. Further (higher than 3 molecules per aminosilane) amine grafting sharply reduced the 

CO2 adsorption capacity of the adsorbent. Again, the sorption capacity of adsorbent is improved 

by impregnation of wide varieties of aliphatic polyethyleneimines in KIT-6.   

3.1.3.2 Aminosilane grafting 

Pure KIT-6 was functionalized by post grafting method, both in dry and aqueous solution. Before 

grafting, 1.0 g of KIT-6 was dried at 120 ºC in vacuum to remove the pre-adsorbed moisture. In a 

typical dry grafting process, 1.0 g of KIT-6 was dispersed in 50 mL of dry toluene taken in a 

flask. In the resulting solution ‘x’ mmol of APTES was added and refluxed at 80°C for 24 h. The 

treated sample was filtered, washed with copious amount of toluene and ethanol.Solid product 

was dried at 80°C in vacuum for 16 h. The functionalized KIT-6 was stored for further analysis 

and denoted as KIT’x’AP (where ‘x’ represents the concentration of APTES in mmol/g).  In 

aqueous grafting, ‘y’ ml of water was added in the dispersed KIT-6 solution and stirred for 2 h at 

room temperature. The optimized concentration of APTES from dry grafting process was added 
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in the solution and refluxed at 80°C for 24 h. Other steps were similar as explained above and the 

functionalized material was denoted as ‘y’KIT’x’AP.  

In TMPTA grafting, 1.0 g of KIT-6 was dispersed in 150 mL toluene and stirred for 1 h to make 

homogeneous. Then, ‘x’ mmol of TMPTA was added in the solution and refluxed at 85 ºC in 

stirring condition for 24 h. The TMPTA grafted KIT-6 was filtered and repeatedly washed with 

toluene and ethanol. The solid product was dried at 80 ºC in high vacuum for 16 h and stored for 

further analysis. The obtained samples were designated as KIT’x’TA, where ‘x’ was the 

concentration of TMPTA. In aqueous grafting, after complete dispersion of KIT-6 in toluene, ‘y’ 

mL Millipore purified water was added and stirred for 3 h to modify the silica surface. The 

further steps were similar as discussed in dry grafting. The resulting samples were denoted as 

‘y’KIT’x’TA. Similar procedure was followed for the MCM-41 and SBA-15 functionalization 

with TMPTA. Functionalized MCM-41 and SBA-15 was denoted as ‘y’MCM’x’TA and 

‘y’SBA’x’TA, respectively.  

3.1.3.3 Impregnation of Polyethyleneimine 

Polyethylenimine was incorporated in KIT-6 by wet impregnation method [6,7]. Initially, 1.0 g 

of KIT-6 was dried in vacuum oven at 120 ºC for 3 h. During this stage, the pre-adsorbed 

moisture was removed from the adsorbent. The concentration of polyethyleneimine in KIT-6 was 

calculated using the equation ‘x’ (wt%) = (wt of polyethyleneimine ×100)/ (wt of 

polyethyleneimine + wt of KIT-6). Initially, 1.0 g TEPA was stirred for 30 min in 50 mL 

ethanol. After it turned homogeneous, 1.0 g of dry KIT-6 was added and refluxed at 80 ºC for 6 

h. Solid product was obtained after evaporation of ethanol and subsequent drying at 70 ºC in 

vacuum for 6 h. The resulting adsorbent was stored for further analysis after drying for an hour 

in hot air oven at 100 ºC.   
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Similar procedure was followed for DETA, PEHA impregnation in KIT-6. The functionalized 

adsorbents were denoted as ‘x’ DETA/KIT, ‘x’ TEPA/KIT, ‘x’ PEHA/KIT, ‘x’ PEI-800/KIT, ‘x’ 

PEI-1.2K/KIT and ‘x’ PEI-2.5K/KIT for DETA, TEPA, PEHA, PEI-800, PEI-1200 and PEI-

25000, respectively  The other mesoporous silica MCM-41, SBA-15, and high pore volume 

MCM-41 was functionalized with PEHA by the above reported procedure. Functionalized 

adsorbents were denoted as ‘x’ PEHA/MCM, ‘x’ PEHA/SBA and ‘x’ PEHA/HV for MCM-41, 

SBA-15 and high pore volume MCM-41.  

KIT-6 was functionalized with high molecular weight polyethyleneimine (PEI-800, PEI-1200 

and PEI-25K) by wet impregnation method as discussed above. 1.0 g PEI was stirred for 30 min 

in 50 mL methanol. After it turned homogeneous, 1.0 g of dry KIT-6 was added in the solution 

and stirred for 6 h. The solid product was obtained after evaporation of methanol and subsequent 

drying at 70 ºC in vacuum for 6 h. The resulting adsorbent was stored for further analysis after 

drying for an hour in hot air oven at 100 ºC.  

Surfactant occluded as-synthesized KIT-6 was functionalized with DETA, PEHA, TEPA, PEI-

800 and PEI-25K by wet impregnation method as discussed above. The resulting adsorbent was 

denoted as ‘x’ DETA/ASK, ‘x’ TEPA/ASK, ‘x’ PEHA/ASK, ‘x’ PEI-800/ASK and ‘x’ PEI-

2.5K/ASK. 

3.2 Characterization of Adsorbent  

The textural properties of the adsorbents were analyzed by automated volumetric gas sorption 

analyzer (Quantachrome Autosorb iQ). A difinite amount (~ 100 mg) of sample was taken in the 

sample holder and fitted with the outgas port in sorption analyzer. Before analysis, the as-

synthesized KIT-6 was out-gassed under vacuum for 3 h at 120 ºC and calcined at 150 ºC. 

Aminosilane grafted KIT-6 was degassed in vacuum for 3 h at 120 ºC and polyethyleneimine 
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impregnated at 100 ºC. After degassing, sample holder was filled with the helium. Further, N2 

adsorption/desorption isotherms of the adsorbents were recorded at −196 ºC. The Brunauer-

Emmett-Teller (BET) equation was used to calculate the specific surface area in relative pressure 

(P/P0) range 0.05 – 0.3 and total pore volume (Vt) as 0.99. The pore size distribution was 

calculated by N2 desorption branch of equilibrium isotherm using Barret-Joyner-Halenda (BJH) 

method. The micropore volume (Vmic) was calculated by t-plot using de Boer method. Non-

local density functional theory (NLDFT) analyses were also used to evaluate the pore sizes. The 

NLDFT analysis was performed based on equilibrium model with cylindrical pore. 

Powder X-ray diffraction spectra was recorded using Bruker D8 advance diffractometer using 

CuKα (λ = 0.154250 nm) radiation operating at 40 kV and 40 mA, using 0.01° step size with 1.0 

scan speed over range 0.5 – 5°. The inter-plane spacing (d211) was calculated by Bragg's law (nλ 

= 2d211Sinθ; where θ is the diffraction angle at (211) plane position). The unit cell parameter (a0) 

was calculated from the relation a0 = (d211) × √(h2 +k2 +l2). The wall thickness of KIT-6 was 

calculated as a0/ξ0 = <h> + Wh/2; where ξ0 is 3.092 for the dimensionless area of the minimal 

gyroid surface, <h> is pore wall thickness, and Wh is hydraulic pore diameter [9,10]. The Wh was 

analysed by NLDFT method as reported by Schumacher [10]. 

Surface morphology were collected from the field emission scanning electron microscope 

(FESEM, Zeiss, Sigma). Before analysis, samples were coated with Au by sputtering for 180 sec. 

Transmission electron microscopy (TEM) images were viewed with JEOL JEM 2100 at the 

maximum accelerating voltage of 200 kV. During sample preparation, KIT-6 was dispersed in 

ethanol and a small drop was put on carbon coated copper grid. 
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Thermal properties of the adsorbent were performed in thermogravimetric (TG, NETZSCH TG 

209F1 Libra) analyzer in the temperature range 30 – 800 ºC with 10 ºC/min heating rate in N2 

atmosphere. 

Molecular composition of the adsorbent was identified by Fourier transform infrared (FTIR, 

PerkinElmer) spectrometer in attenuated total reflection (ATR) and diffuse reflectance infrared 

Fourier transform (DRIFT) mode in the wavenumber range 4000 – 400 cm−1. 

3.3 Adsorption/Desorption Measurement 

Adsorption and desorption measurements for CO2 on pure and organosilane functionalized 

adsorbents were performed using a Rubotherm gravimetric magnetic suspension balance (Figure 

3.3) at different temperatures. A definite amount of adsorbent was placed in a sample holder, 

suspended with a magnetic balance. The sample was closed by external fitting.  Initially, 

adsorbent was outgassed at 120 °C at low pressure in helium atmosphere to remove the 

unwanted gas and moisture present. Weight loss in the sample was recorded in the computer. 

Subsequently, the sample was cooled to 30°C. Before starting the analysis, buoyancy correction 

was performed using He till 20 bar. The temperature was maintained during analysis by external 

circulator bath. CO2 was inserted in the sample chamber at a desired pressure, and the system 

was on hold for 20 minutes till thermodynamic equilibrium was reached. The change in weight, 

pressure and temperature were measured continuously for every pressure point and the 

adsorption capacity was evaluated at different temperatures 30, 45, 60 and 75 °C. In a typical 

kinetic measurement, CO2 was purged into the sample chamber with a step input at 1 bar 

pressure. Cyclic adsorption/desorption capacities of the materials were analyzed at 30 °C and 

regeneration at 120 °C in helium atmosphere. 
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Figure 3.3 Flow diagram of gravimetric adsorption apparatus 

 

Adsorption/desorption isotherms for CO2 (20 bar), N2 (20 bar) and H2 (30 bar) were also 

measured using volumetric adsorption apparatus (Quantachrome iSorbHP1-XKRLSPN100). The 

CO2/N2 adsorption isotherms were measured at different temperatures and pressures. However, 

H2 uptakes were measured at −196 ºC, −10 ºC, 0 ºC and 20 ºC. In adsorption analysis, ~ 0.5 g 

mesoporous KIT-6 was placed in a sample holder, fitted with adsorption apparatus. Before 

analysis, sample was degassed at 150 ºC for 3 h and filled with the He gas. Before starting the 

real gas adsorption, void volume at analysis temperature was calculated using He gas. During 

analysis, temperatures were maintained using external polyScience thermostatic circulating bath. 
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Adsorption temperature −196 ºC was maintained by liquid nitrogen and that from 60 ºC to 120 

ºC was maintained using external furnace. Ultra-high purity (> 99.99%) grade gases were used 

during analysis and then physical properties summarized in Table 3.1. 

Table 3.1  Physical properties of CO2, N2 and H2 

Adsorbate CO2 N2 H2 

Kinetic diameter (Ǻ) 3.30 3.64 2.89 

Polarizability (10−25 cm−3) 29.1 17.4 8.04 

Dipole moment (10−19 esu−1 cm−1) 0 0 0 

Quadrupole moment (10−27 esu−1 cm−1) 6.62 15.2 43.0 
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Chapter 4 
This chapter contains the comprehensive study of hydrothermal, mechanical, thermal and 

hydrolytic stability of KIT-6 in wide range of temperature and pressure. In hydrothermal study 

samples are aged at four different temperatures viz. 60, 80, 100 and 120 °C. Thermal stability of 

KIT-6 is performed between 400 to 900 °C. Mechanical stability is investigated between 0 to 

4680 bar.  Hydrolytic stability of KIT-6 is investigated in atmospheric condition, water and 

boiling water. Stability of internal porous structure of the KIT-6 is analysed by high pressure gas 

adsorption. This part of work has been published inMicroporous and Mesoporous Materials242 

(2017)127-135. 

 

4.1 Introduction 

In early 1990, the discovery of mesoporous molecular sieves (M41S) with uniform structure by 

researchers of the Mobil oil corporation using quaternary ammonium (CnH2n+1(CH3)3NX, X = Cl 

or Br) ionic template was a great embodiment in material science [1]. It has attracted great 

attention in wide applications like host-guest chemistry, size-selective separation, nano-material 

synthesis and enzyme immobilization due to its aloof intrinsic properties such as high specific 

surface area (> 600 m2/g), pore volume (> 0.5 cc/g) and narrow distribution of pore size (2–30 

nm) [2−7]. Furthermore, covalently grafted organosilane with silanol groups present on the silica 

surface shows improved performance during catalysis and gas separation applications [4,6,7]. 

The physiochemical properties of mesoporous materials strongly affect the performance of 

process used for industrial applications. However, the pore characteristics (pore diameter, 

specific surface area, pore volume, etc.) of the materials are strongly dependent on the synthesis 

procedures as well as post-synthesis treatments (calcination, pelletization, etc.). O’Brien et al. [8] 
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and Hartmann et al. [9] focused on the mechanical stabilities of both MCM-41 and MCM-48, 

whereas the thermal stabilities of MCM-41 and FSM were tested by Inagaki et al.[8−10]. 

Traditional MCM-41(hexagonal), MCM-48 (cubical) and FSM got their architecture collapsed 

and physicochemical properties destroyed in high pelletization pressure and moist conditions due 

to thinner pore wall.  

A major breakthrough in the synthesis of mesoporous silica with large pores namely SBA-15 

was achieved using low cost, nontoxic and biodegradable, non-ionic triblock copolymer 

(Pluronic, PEOx‒PPOy‒PEOx) as a structure directing agent [11]. The synthesized silica with 

pluronic remarkably improved the pore size (4 ‒ 30 nm), wall thickness (up to 6 nm), thermal 

and hydrothermal stability. Subsequently, Ryoo et al. [12] modified the 2-D hexagonal structure 

(SBA-15) to 3D cubical (KIT-6) by incorporation of additional co-structure directing agent (n-

butanol) in the synthesis solution. The 3D structure with large inter-connected pores shows better 

performance during application in catalysis and gas adsorption/purification compared to 1D and 

2D mesoporous silica. Application of the mesoporous silica in areas such as industrial catalysis, 

nano material synthesis and commercial adsorption has been carried out by surface modification 

as well as specific structure formation through post synthesis treatment in extreme external 

conditions such as high temperature, high pressure and moist condition. Therefore, it is essential 

to understand the behaviour of mesoporous KIT-6 in extreme external conditions like high 

pressure, high temperature and high moisture content. 

In this chapter, we have synthesized the highly ordered 3D KIT-6 in mild acidic condition and 

thereafter comprehensively studied the hydrothermal, thermal, mechanical and hydrolytic 

stability in extreme external conditions by N2 adsorption/desorption, small angle X-ray scattering 

and electron micrograph. Further, highly stable KIT-6 has been exposed to high gas pressure and 
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the obtained results have been analysed to explore the use in CO2/N2, CO2/H2 selective 

separation and H2 storage without any structural destruction. 

4.2 Materialsand Methods 

4.2.1 Synthesis of KIT-6 

Highly ordered mesoporous KIT-6 was synthesized as earlier reported procedure [12]. The 

detailed synthesis procedure of KIT-6/D (without water wash) and KIT-6 (with water wash) was 

discussed in Chapter 3. 

 In hydrothermal study, after transferring the solution into Teflon autoclave, it was aged at four 

different temperatures viz. 60, 80, 100 and 120 ºC and corresponding samples are denoted as K-

60, K-80, K-100 and K-120, respectively. Further, three different KIT-6 namely K-80, K-100 

and K-120 were thermally treated (calcined) at five different temperatures viz. 400, 550, 700, 

800 and 900 ºC for 5 h with 1.5 ºC/min heating rate. Mechanical stability was investigated as 

follows: calcined KIT-6 powder was compressed in a stainless steel die of 13 mm diameter for 

10 min by hydraulic press. External pressure was calculated from the applied load and the die 

diameter. Hydrolytic stability at room temperature was investigated by the following procedure: 

KIT-6 (0.5 g) was dispersed in 25 mL Millipore purified water in four different flasks and kept 

static for 5, 10, 15 and 30 days. Resulting material was filtered, dried at 100 ºC for 24 h in hot air 

oven and stored for further analysis. Moreover, hydrolytic stability of KIT-6 was also studied 

after boiling in water. Stability of internal porous structure of the KIT-6 was analysed by high 

pressure gas adsorption. Additionally, high gas adsorption/storage capacity makes it a promising 

candidate for CO2 separation and H2 storage. 
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4.2.2 Characterization of materials 

All the synthesized KIT-6 was characterized by various analytical techniques as discussed in 

chapter 3. X-ray diffraction (XRD) spectra was used to identify the phase present in the KIT-6 

and also to calculate the unit cell dimensions (a0). The specific surface area (SBET), pore volume 

(Vt) and pore diameter (W) were determined from the N2 adsorption/desorption analyser. Surface 

composition of KIT-6 was analysed from diffusive reflectance infrared Fourier transform 

(DRIFT) spectra. DRIFT spectra were collected using vibrational spectroscopy between 

wavenumber 600 – 1500 cm–1.Surface morphology was collected from field emission scanning 

electron microscope (FESEM) and transmission electron microscopy (TEM). 

Adsorption/desorption isotherm of CO2 (20 bar), N2 (20 bar) and H2 (30 bar) were measured 

using volumetric adsorption apparatus.   

4.3 Results and Discussion 

4.3.1 Effect of water wash on porosity 

The N2 adsorption/desorption isotherms (at −196 ºC) of KIT-6 are shown in Figure 4.1. Both the 

samples (KIT-6/D and KIT-6) exhibit type IV isotherm as per IUPAC classification with a sharp 

hysteresis loop [13]. The sharp increase in volume adsorbed is observed in the relative pressure 

interval from 0.66 to 0.8, indicating the presence of uniform mesopores. The N2 uptake capacity 

at respective elative pressure is substantially higher for KIT-6 compared to KIT-6/D. It confirms 

that the textural properties of KIT-6 are significantly changed on microscopic level after washing 

with water and the values are summarized in Table 4.1. Afterwashing, the SBET of KIT-6/D is 

increased from 720 to 857 m2/g. However, Vt is increased from 1.10 to 1.25 cc/g. The WBJH pore 

size distribution is centered at 6.6 nm for KIT-6/D and it remains unchanged even after washing 
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with water. The Smicro is increased from 203 m2/g (KIT-6/D) to 259 m2/g (KIT-6) after washing 

and correspondingly Vmicro is also increased from 0.09 to 0.13 cc/g. The water washing appears to 

suppress the shrinkage accompanying the calcination, and this is likely to contribute to the 

increased SBET and Vt of KIT-6. However, just after washing with water similar cubical 

mesoporous structure SBA-1 collapses [9]. 

 

 

 

Figure 4.1 N2 adsorption/desorption isotherm (−196 ºC) of (a) as-synthesized KIT-6(□) (b) KIT-

6/D (Δ), (c) KIT-6 (○) and (d) KIT-6/6M (■) 
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Table 4.1 Structural parameters of mesoporous KIT-6 

Sample 

  

d211 

(nm) 

a0 

(nm) 

SBET 

(m2/g) 

Vt 

(cc/g) 

WBJH 

(nm) 

WDFT 

(nm) 

Smicro 

(m2/g) 

Vmicro 

(cc/g) 

ASK 10.14 24.83 394 0.86 6.6 8.1 0 0 

KIT-6/D 9.2 22.53 720 1.10 6.6 8.1 203 0.09 

KIT-6 9.59 23.49 857 1.25 6.6 8.1 259 0.13 

KIT-6/6M ND ND 710 1.22 6.6 8.1 145 0.06 

d211: Interplanar space; a0: unit cell parameter; SBET: specific surface area; Vt: pore volume; 

WBJH: pore size by BJH method; WDFT: pore size by NLDFT method; ASK: as synthesized 

KIT-6; KIT-6/6M: KIT-6 after ageing for 6 months at normal temperature and pressure; 

ND: not determined,  

 

XRD spectra of KIT-6 and KIT-6/D are shown in Figure 4.2. The three major peaks correspond 

to d211, d220 and d420 reflections in the range 2θ = 0.5 – 5.0° in both the spectra. However, the 

peak position does not shift considerably even after washing. It indicates that the synthesized 

material is 3D cubical structure with Ia3d space group [12,14] and it preserves the original 

cubical structure even after washing with water. The XRD peak intensity of KIT-6 is comparable 

in both the cases. The width of the d211 peak is similar for both the samples, suggesting a 

comparable degree of structural ordering. The unit-cell parameter (a0) changes significantly from 

22.53 to 23.49 nm after washing (Table 4.1), which is similar to the value reported by Wilson et 

al. (a0 = 23.2 nm) [4].  
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 Figure 4.2 X-ray diffraction spectra of (a) KIT-6/D and (b) KIT-6 

  

Figure 4.3 FESEM micrograph (a) without washing (KIT-6/D) (b) with washing (KIT-6), (c) 

mechanically compressed to 4680 bar KIT-6 and TEM micrograph of (d) KIT-6/D (e) KIT-6 and 

(f) mechanically compressed to 4680 bar KIT-6 
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The surface morphology of KIT-6 and KIT-6/D is shown in Figure 4.3. The FESEM 

micrographs of KIT-6/D and KIT-6 are alike 3D particle with ~1 to 2 µm size [15]. TEM 

micrographs of KIT-6/D and KIT-6 show highly ordered cubical mesoporous channels 

(Figure 4.3d, e) present in the material and the results are consistent with well-defined XRD 

data [14]. The above results confirm that KIT-6 has preserved its structure even after 

washing. The average pore size of both KIT-6/D and KIT-6 is ~ 6.6 nm, which is in well 

agreement with N2 adsorption/desorption. 

4.3.2 Hydrothermal ageing 

The XRD patterns and structural properties of the hydrothermally aged KIT-6 at different 

temperatures are shown in Figure 4.4 and Table 4.2, respectively. All the samples exhibit a 

sharp resolved peak corresponding to d211 plane, confirming that no structure distortion 

occurs during synthesis. The reflection peak position is shifted towards lower angle with 

increase in hydrothermal temperature. However, widths of the d211 peak are similar for all the 

synthesized samples. The reflection peak intensity of KIT-6 increases with increasing the 

hydrothermal temperature during synthesis [16−19]. It is interesting to note that, a0 increases 

with increase in temperature [4,16]. It is possibly due to higher degree of TEOS silanization 

with increase in hydrothermal temperature [20]. 

Table 4.2 Textural properties of hydrothermally treated KIT-6 at different temperatures 

 

Sample 

d211 

(nm) 

a0 

(nm) 

SBET 

(m2/g) 

Vt 

(cc/g) 

WBJH 

(nm) 

WDFT 

(nm) 

<h> 

(nm) 

Smicro 

(m2/g) 

Vmicro 

(cc/g) 

Yield* 

 

(gm) 

K-60 8.4 20.57 733 0.77 4.9 6.2 3.55 274 0.13 2.44 

K-80 9 22.04 871 1.13 5.7 7.0 3.62 302 0.14 2.36 

K-100 9.59 23.49 857 1.25 6.6 8.1 3.54 260 0.13 2.27 

K-120 9.8 24 822 1.51 8 9.4 3.06 170 0.07 2.14 

<h>: pore wall thickness; *: Yield of product analyzed after calcination at 550 °C  
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Figure 4.4 X-ray diffraction pattern of KIT-6 after ageing at different temperatures  

 

The N2 adsorption/desorption isotherms of all the hydrothermally treated samples at different 

temperatures show typical type IVwith H1 hysteresis (Figure 4.5). The N2 volume adsorbed 

is increased significantly with increase in hydrothermal temperature. The appearance of the 

H1 hysteresis loop indicates that the synthesized porous materials have high pore uniformity 

with facile pore connectivity [13]. As can be seen, with increasing hydrothermal temperature, 

the hysteresis loop shifts towards higher relative pressure. Thus, it can be concluded that the 

mesopores size of material substantially increases with temperature (Table 4.2). However, 

Kruk et al. improved the pore size of SBA-15 by addition of organic solvent (hexane, 1,3,5-

triisopropylbenzene) in the synthesis solution [19,21]. It is interesting to observe that wall 

thickness of mesopores is decreased remarkably with increase in hydrothermal temperature 

(Table 4.2). The increment in pore volume and reduction in wall thickness are interrelated. 

Higher hydrothermal temperature leads to some structural degradation of porous material and 

it is conclusive based on the yield obtained after synthesis (Table 4.2). Additionally, 

structural degradation can lead to interconnectivity between the porous channels and 
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improves the Vt and WBJH of KIT-6. However, more traditional MCM-41completely loses its 

ordered structure after increase of pore size up to 6.6 nm by hydrothermal treatment [16]. 

 

 

Figure 4.5 N2 adsorption/desorption isotherm (−196 °C) with BJH pore size distribution of 

KIT-6 silica synthesized at different hydrothermal temperature 

 

4.3.3 Mechanical performance 

The powder XRD spectra of original and compressed KIT-6 (under 780, 1560, 2340 and 

4680 bar) are shown in Figure 4.6. The prominent peak d211 intensity decreases gradually, 

whereas the a0 is not changed significantlywith increase in pressure intensity (Table 4.3). The 

similar diffraction effect is observed with the other mesoporous silica such as MCM-41, 
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MCM-48, SBA-1 and SBA-15 reported in the literature [8−10,22]. Higher pressure may 

reduce the SAXS intensity towards silica pore wall due to agglomeration of KIT-6. The 

above statement is confirmed from the FESEM micrograph of mechanically compressed 

KIT-6 under 4680 bar (Figure 4.3c). Additionally, the crystallinity of the material is also 

reduced by surface fracture of ordered mesoporous silica [10,22,23]. TEM micrograph of 

mechanically pressed KIT-6 (under 4680 bar) is shown in Figure 4.3f. Under high pressure, 

some defects are created on the surface and the order of structure as well as crystallinity of 

KIT-6 is reduced. However, the KIT-6 patterns are still detectable even if the material is 

exposed for ultra-high pressure, confirming that mesoporous structure is partially preserved.  

 

 

 

Figure 4.6 X-ray scattering of mechanically compressed KIT-6 silica at different pressure 
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Table 4.3  Textural properties of mechanically pressed KIT-6 

Load 

(bar) 

d211 

(nm) 

a0 

(nm) 

SBET 

( m2/g) 

Vt 

(cc/g) 

WBJH 

(nm) 

WDFT 

(nm) 

Smicro 

(m2/g) 

Vmicro 

(cc/g) 

0 9.59 23.49 857 1.25 6.6 8.14 259 0.13 

780 9.59 23.49 827 1.2 6.6 8.14 235 0.11 

1560 9.59 23.49 806 1.14 6.6 8.14 223 0.1 

2340 9.38 22.97 756 0.98 6.6 8.14 197 0.09 

4680 9.38 22.97 651 0.77 3.86 5.08 7 0.03 

 

The N2 adsorption/desorption isotherm of mechanically pressed KIT-6 is shown in Figure 4.7 

and its textural properties are summarized in Table 4.3. The N2 adsorption isotherm indicates 

that the textural property of KIT-6 does not change significantly till 1560 bar compression 

pressure. The reduction in SBET (~ 5.8 %) and Vt (~ 8%) of the KIT-6 is less compared to 

other mesoporous silica MCM-41, MCM-48, SBA-15, FSM-16 and KCC-1 for similar 

pressure [8−10,20,22,23]. With further increase in pressure (up to 4680 bar), N2 adsorption 

capacity is decreased and correspondingly SBET (~24%) and Vt (~38%) are also decreased. 

The micropore area (Smicro) gradually decreases with increasing pressure and becomes 

negligible at 4680 bar but it preserves the mesoporous area. It is due to collapse of thinner 

pore wall (Si–O–Si) structure present in the material. Tatsumi et al.[22] showed that the 

SBETand Vt of MCM-41 and MCM-48 completely vanish due to destruction of its structure 

under 1730 bar. However, SBA-15 lost its SBET (25% of initial) and Vt (40% of initial) under 

1910 bar [24]. The pore size distribution does not change significantly with pressure up to 

2340 bar. However, further increase in pressure (4680 bar) broadens the pore and shifts the 

bi-nodal pore size distribution of KIT-6 (Figure 6b). It may be due to additional pore 

formation in the material. Under ultra-high pressure (4680 bar), some new pores are formed 

within the particles by wall collapse as well as due to agglomeration of KIT-6 particles as 

shown in Figure 4.3c. However, some pores are blocked by fracture of Si–O–Si bridge.  
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Figure 4.7 Effect of the load on (a) N2 adsorption/desorption at −196 ºC (b) BJH pore size 

distribution and (c) NLDFT pore size distribution of KIT-6   

 

The overall hydrolysis of TEOS and subsequent dehydration reaction forms siloxane 

(Si−O−Si) network during mesoporous silica formation. Its destruction with applied pressure 

is analyzed by DRIFT spectra of samples (Figure 4.8). The peak corresponding to 960 cm−1 

represents the Si−OH stretching vibration of free surface silanols present in mesoporous 

silica [25]. The broad peaks corresponding to 1250 – 1040 cm–1 and ~799 cm–1 assign the 

asymmetric and symmetric stretching vibrations of siloxan bridge (Si–O–Si) present in the 

material [25,26]. The peak intensity corresponding to 1250 – 1040 cm–1 and ~799 cm–1 

gradually decreases with increase in pressure due to collapsing of Si–O–Si bridge present in 

KIT-6 mesoporous silica.  
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Figure 4.8 DRIFT spectra of mechanically compressed KIT-6 at different pressure 

 

4.3.4 Thermal performance 

The as-synthesized K-80, K-100 and K-120 mesoporous samples with different textural 

properties were calcined at 400 ºC, 550 ºC, 700 ºC, 800 ºC and 900 ºC for 5 h with 1.5 ºC/min 

heating rate.  The N2 adsorption/desorption isotherm (at −196 °C) of all the calcined samples 

are shown in Figure 4.9 and their textural properties are summarized in Figure 4.10. Before 

calcination, the SBET of K-100 is 394 m2/g. However, SBET is improved to 977 m2/g after 

calcination at 400 °C. The enhancement in SBET after calcination is mainly due to template 

removal from the porous channels [7]. After calcination at 400 °C, the SBET of K-80 and K-

120 is 1088 m2/g and 803 m2/g, respectively.  
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Figure 4.9 N2 adsorption/desorption isotherm (at −196 ºC) of calcined KIT-6 at different 

temperatures (a) K-80 (b) K-100 and (c) K-120 
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Figure 4.10 (a) specific surface area (b) micropore surface area from t-plot method (c) 

specific pore volume (Vt) (d) BJH pore size of calcined sample at different temperatures (■: 

K-80, ○: K-100 and ∆: K-120) 

 

It is observed that N2 adsorption capacity gradually decreases with increase in calcination 

temperature from 400 °C to 900 °C in all the three samples as shown in Figure 4.9. The size 

of the hysteresis loop also reduces with increases in temperature and is gradually shifted 

towards lower relative pressure. It indicates that the SBET, Smicro, WBJH and Vtdecrease with 

increase in calcination temperature as shown in Figure 4.10a – d. Moreover, XRD intensity of 

KIT-6 (K-80) decreases with increase in temperature from 400 °C to 900 °C (2θ = 0.5 − 5º; 

Figure 4.11). It indicates that the a0 value also decreases with increase in hydrothermal 

temperature (Figure 4.11). The above results suggest that the pore present in KIT-6 gradually 

shrinkes with increase in calcination temperature up to 900 °C [20,27,28]. However, MCM-

41 completely loses its hexagonal structure at 800 °C as reported earlier by Broyer et al. [29]. 
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After calcination at 900 °C, the SBET of K-80, K-100 and K-120 are reduced by 83%, 78.3% 

and 69% of their initial surface area. The major loss in SBET, WBJH, Vt and Smicro is for the 

sintering of pore wall of KIT-6 with temperature. Cassiers et al. studied the thermal 

behaviour of wide varieties of mesoporous silica; in particular, MCM-41, MCM-48, HMS, 

FSM- 16, KIT-1, PCH, and SBA-15 [20]. They revealed that MCM-41, MCM-48, KIT-1, 

HMS and SBA-15 completely lost their textural properties at 850 °C. The higher thermal 

stability of KIT-6 is possibly due to thicker pore wall compared to MCM-41, MCM-48, SBA-

15 and SBA-16 [20,28˗30]. 

 

 

Figure 4.11 X-ray diffraction spectra of calined KIT-6 (K-80) at different temperatures 

 

4.3.5 Hydrolytic performance 

Stability of the mesoporous silica under atmospheric and extreme moist conditions decides 

the working limitation and life span of the material. In most of the catalytic reactions water is 

used as a primary solvent. Hence, it is essential to understand the different ageing conditions 

(such as ambient conditions, water at room temperature and boiling temperature) on the 
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physical properties of KIT-6. The physical properties of hydrolytically treated KIT-6 are 

analyzed by N2 adsorption/ desorption isotherm. The N2 adsorption isotherm of KIT-6/6M 

(aged for 6 months in ambient condition) is shown in Figure 4.1d and is compared with KIT-

6. The N2 uptake capacity of KIT-6/6M is drastically decreased in lower relative pressure 

(P/P0 below 0.6). However, the maximum uptake capacity at relative pressure ~ 0.99 is nearly 

constant. It indicates that Vt and WBJH is nearly constant in mesoporous KIT-6/6M. The 

reduction in SBET from 857 to 710 m2/g is mainly due to slow hydrolysis of exposed silica 

skeleton (Si–O–Si) in presence of atmospheric moisture [31]. However, most promising 

mesoporous MCM-41 lost its half of structural properties within 3 months [29].  

In further study, KIT-6 (30D CW) was gradually aged for 30 days in cold water. It is 

observed that N2 adsorption capacity slowly decreases with time (Figure 4.12) and even after 

30 days, 30 D CW preserved the SBET (614 m2/g) and Vt (1.03 cc/g) (Table 4.4). Under further 

extreme condition, KIT-6 is boiled in Millipore purified water for 72 h. The X-ray peak 

intensity does not change significantly with time as shown in Figure 4.13. It confirms that the 

parent material preserves its original structure even after boiling for 72 h. It is interesting to 

observe that the capillary condensation in porous channel during N2 adsorption is shifted 

towards the higher relative pressure (Figure 4.14). It indicates that pore size of KIT-6 

becomes wider with increased ageing in boiling water (BW). The WBJH increases from 6.6 to 

7.95 nm.  However, SBET is decreased from 857 m2/g to 492 m2/g after 72 h ageing in boiling 

water (Table 4.4). The pore wall thickness is reduced from ~ 3.54 nm (fresh KIT-6) to 3.14 

nm (72h BW). The above results suggest that KIT-6 surface is gradually degraded in layer 

form with water as reported in Figure 4.15. During hydrolytic treatment, water is adsorbed on 

the incipient silaxone tip (Si–O–Si) present on the silica surface by formation of 

pentacoordinated silicon intermediate. It produces strain by the reaction mechanism presented 

in Figure 4.15 and raptures the pore wall of mesoporous silica [31,32]. Resulting phenomena 
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reduce the SBET and Vt of KIT-6. In boiling conditions, rate of hydrolysis of Si–O–Si is 

significantly increased compared to atmospheric temperature. The same can be understood 

from SBET of 30D CW and 72h BW sample (Table 4.4). Further, after boiling for 13 days, 

KIT-6 completely losses its morphology as confirmed by N2 adsorption/desorption and X-ray 

spectra. The stable structural performance of 3D KIT-6 in extreme moist condition is possibly 

due to thicker pore wall compared to MCM-41, MCM-48, SBA-15 and SBA-1 [9,20,23,33]. 

 

Figure 4.12 N2 adsorption/desorption (−196 ºC) of KIT-6 after aging for 30 days in cold 

water 

 

Table 4.4 Effect of ageing  on textural properties of KIT-6 

Time SBET 

 m2/g 

Vt 

(cc/g) 

WBJH 

 (nm) 

Smicro 

(m2/g) 

0 857 1.25 6.6 259 

3 D CW 838 1.25 6.6 231 

9 D CW 776 1.17 6.6 208 

15 D CW 683 1.13 6.6 159 

30 D CW 614 1.04 6.7 128 

24 h BW 613 1.23 6.7 104 

48 h BW 513 1.23 7.9 79 

72 h BW 492 1.37 7.95 75 
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Figure 4.13 X-ray spectra of KIT-6 after aging in boiling water (100 ºC) for 3 days 

 

 

Figure 4.14 N2 adsorption/desorption (−196 ºC) and corresponding BJH pore size distribution of 

hydrolytically treated KIT-6 in boiling water (100 ºC) 
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Figure 4.15 Dissociation of KIT-6 surface with water 

 

 

4.3.6 CO2/N2/H2adsorption isotherm for KIT-6  

Gas separation and storage is a major unit operation in chemical industries. Structural stability 

and its performance during practical application is an essential parameter of any material. 

Performance of the porous material during practical application is proportional to the textural 

properties such as surface area, pore diameter and pore volume. The CO2, N2 and H2 adsorption 

performance of KIT-6 (washed with water) up to 30 bar are shown in Figure 4.16. The 

CO2/N2/H2 adsorption isotherm over KIT-6 is highly reversible with pressure. As expected, 

adsorption capacity of all the gases increases with pressure and shows the maximum adsorption 

capacity of 10.1 mmol CO2/g, 1.24 mmol N2/g , and 0.33 mmol H2/g of KIT-6 at 0 ºC and 20 bar 

(Figure 4.16). The adsorption capacity of all the gases decreases with increasing temperature like 

other physisorbents [34−38]. It is mainly due to increase in kinetic energy of sorbent molecule 

with increase in temperature [36]. The CO2 adsorption capacity is much higher than N2 and H2 

for any pressure and temperature. The difference in adsorption capacity can be understood on the 
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basis of polarizability and quadrupole moment of the sorbent molecules. The higher 

polarizability (H2, 8.04 × 1025 cm–3< N2, 17.4 × 1025 cm–3 < CO2, 29.1× 1025 cm–3) and 

quadrupole moment (H2, 6.62 × 1027 esu–1 cm–1< N2, 15.2 × 1027 esu–1 cm–1< CO2, 43.0 × 1027 

esu–1 cm–1) of sorbent molecules show higher adsorption capacity [35]. The sorption capacity 

ratio at 0 ºC for CO2/ N2 and CO2/H2are 17.7 and 142, respectively at 1 bar. However the ratio 

becomes 8.2 and 31, respectively at 20 bar. Higher CO2/N2 and CO2/H2 adsorption ratio indicates 

that KIT-6 is a good adsorbent for CO2 separation and H2 purification [36−38]. 

 

 

Figure 4.16 (a) CO2 adsorption isotherm (■ – 0 ºC, ●– 20 ºC, ▲ – 40 ºC) (b) N2 adsorption 

isotherm (■ – 0 ºC, ●– 20 ºC, ▲ – 40 ºC) (c) H2 adsorption isotherm (■ – −10 ºC, ●– 0 ºC, ▲–20 

ºC) and (d) H2 adsorption isotherm at −196 ºC 
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Figure 4.17 Isosteric heat of adsorption (■ – CO2; ● – N2; ▲– H2) 

 

Hydrogen storage in porous material is an emerging field and numerous efforts have been taken 

up in their development by a large community of researchers. However, high thermally and 

mechanically stable mesoporous silica did not receive much attention in hydrogen storage by 

researchers [35−38]. Figure 4.16d, shows the hydrogen storage performance in KIT-6 at −196 ºC 

and till 30 bars. The maximum H2 uptake capacity is 2.3 mmol/g (0.46 wt%) and 11.9 mmol/g 

(2.38 wt% ) at 1 and 30 bar (−196 °C), respectively. The H2 storage capacity of KIT-6 is 

comparable with other available porous materials reported in literatures carbon (0.29 wt% at 

−100°C and 1 bar) and MIL-53 (3.1 wt% at 20 bar and -196 °C) [36−38].  

The isosteric heats of adsorption (–∆Hads) of CO2, N2 and H2 were evaluated using the 

Clausius−Clapeyron equation (–∆H = R[(∂ln(P)/∂(1/T)] and compared in Figure 4.17 [55]. It was 

evaluated from the slope of the plot of ln(P) vs 1/T at the same adsorption capacity. The –∆Hads 

on KIT-6 at zero coverage is as follows:  CO2 (21 kJ/mol) > N2 (12 kJ/mol) > H2 (8.6 kJ/mol); 

which is similar to other reported adsorbents [7,36−38]. The lower value of –∆Hads for N2 and H2 

is mainly for the low surface interaction than CO2 [35].  
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4.4 Conclusions  

In this chapter, hydrothermal, thermal, mechanical and hydrolytic stability of the 3D cubical 

KIT-6 on microscopic level have been analysed by N2 adsorption/desorption isotherm, XRD 

spectra and high pressure CO2/N2/H2 adsorption. The incipient as-synthesized KIT-6 shows 

stable structural property with improved surface area after washing with water. The 

hydrothermal ageing of KIT-6 during synthesis significantly improves the pore size up to 8 nm 

without any structural disturbance. The SBET and Vt of KIT-6 (~ 5%) change slightly for the 

destruction of pore wall in presence of high load pressure (1560 bar). With further increase in 

pressure up to 4680 bar, the SBET is reduced by ~ 24% for the substantial loss in porosity and 

increases the amorphous phase in KIT-6. However, there is also a substrincial loss in pore 

volume. Thermal analysis indicates that the KIT-6 is more stable than other mesoporous silica 

MCM-41, MCM-48, SBA-1 and SBA-15, for its thicker pore wall. The surface of KIT-6 is 

corroded by hydrolysis of siloxane bridge of KIT-6 in presence of moisture and increases with 

increasing water concentration and temperature. KIT-6 shows the adsorption capacities 1.42 

mmol CO2/g (1 bar) and 10.1 mmol CO2/g (20 bar) at 0 ºC with high reversibility. In case of H2, 

maximum storage capacity obtained is 2.38 wt% at −196 ºC and 30 bar without any structural 

destruction. Among the other mesoporous silica such as MCM-41, MCM-48, SBA-1 KIT-1, 

HMS and SBA-15, KIT-6 shows the highest mechanical stability for the thicker pore wall and 

3D cubical structure. This study suggests that 3D KIT-6 with interconnected pores can be an 

ideal material for industrial applications as catalysis, support of nanomaterial architecture, CO2 

selective separation/purification and H2 storage.  
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Chapter 5 

In this chapter, grafting of (3-aminopropyl)triethoxysilane on mesoporous KIT-6 in dry and 

aqueous grafting solvent is presented. The grafting mechanism of aminosilane on mesoporous 

silica is illustrated by several analytical techniques. The grafting capacity of aminosilane is 

enhanced in aqueous solution. The CO2 adsorption performance of aminosilane grafted KIT-6 in 

wide range of temperature and pressure is discussed. This part of work has been published in 

Chem. Eng. J., 262 (2015) 882–890. 

 

5.1 Introduction 

Coal, oil and natural gas are the major sources of energy and these provide 80% of world energy 

demand. These energy sectors are the major anthropogenic sources of CO2 [1].  According to 

earlier studies of paleoclimate data and CO2 concentration in atmosphere, the rapid increase of 

global warming is mainly due to CO2 and other greenhouse gases [2]. By observation of “Mauna 

Loa Observatory” Hawaii, CO2 atmospheric concentration has already reached ~406 ppm in 

2016 and it will reach 450 ppm in next few years, which is sufficient to increase global surface 

temperature above 2 °C of the maximum limit range [3].  

Carbon capture and storage (CCS) is important to mitigate the global warming and its 

consequences by capture of CO2 from large anthropogenic sources. Adsorption is an attractive 

and cost effective CO2 capture process [4−6]. There have been numerous literatures reported on 

CO2 adsorption in amine grafted MCM and SBA series. But only few of them concentrate on the 

CO2 adsorption behavior in KIT-6. MCM-41 and SBA-15 have 2D hexagonal structure with 

parallel cylindrical pore whereas KIT-6 has 3D cubical structure with large interconnecting pores 
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and may provide a better grafting surface for amine and easy transport for the CO2 molecules. As 

far as we know, there is no report available on APTES modified KIT-6.  In this work KIT-6 was 

synthesized and functionalized with various concentrations of APTES in dry and aqueous 

solution. The resulting materials were characterized through various techniques and it was 

observed that the presence of water in the grafting solution influences the amine loading on KIT-

6. The CO2 adsorption capacity measurements were performed in a gravimetric Rubotherm 

measurement set-up at various temperatures. Cyclic adsorption/desorption capacity of the 

adsorbents were analyzed at 30 °C. 

 

5.2 Materials and Methods 

5.2.1 Synthesis of adsorbents  

Traditional 3D cubical KIT-6 was synthesized by following the procedure of Kim et al. [7] and 

explained in section 3.2. Pure mesoporous silica was functionalized by post grafting method, 

both in dry and aqueous solution. Before grafting, 1.0 g of KIT-6/D was dried at 120 ºC in 

vacuum to remove the pre adsorbed moisture. In a typical dry grafting process, 1.0 g of KIT-6/D 

was dispersed in a 50 ml of dry toluene taken in a flask. In the resulting solution ‘x’ mmole of 

APTES was added and refluxed at 80°C for 24 h. The treated sample was filtered, washed with 

toluene and dried at 80°C in vacuum for 16 h. The functionalized KIT-6 was stored for further 

analysis and denoted as KIT’x’AP (where ‘x’ represents the concentration of APTES in 

mmol/g).  In aqueous grafting, ‘y’ ml of water was added in the dispersed KIT-6 (1.0 g) solution 

and stirred for 2 h at room temperature. Optimized concentration of APTES from dry grafting 

process was added in the solution and refluxed at 80°C for 24 h. Other steps were similar as 

explained above and the functionalized material was denoted as ‘y’KIT’x’AP.  
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5.2.2 Characterizationof adsorbent 

Mesoporous material structure of KIT-6, dry solution grafted KIT’x’AP and aqueous solution 

grafted ‘y’KIT’x’AP adsorbents were characterized by powder X-ray diffractometer (XRD, 

Bruker, D8 Advance) with Cu Kα radition (power 40 kV, 40 mA).  Surface morphology was 

measured by TEM (JEOL JEM-2100 at 200 kV). Physical properties of the adsorbent were 

measured by nitrogen adsorption/desorption isotherm (Quantachrome autosorb iQ) at ‒196 °C. 

The Brunauer-Emmett-Teller surface area (SBET) was calculated over relative pressure range 

(P/P0) 0.05-0.30 and pore volume at 0.99. Pore size distributions were determined by Barrett-

Joyner-Halenda (BJH) method of nitrogen adsorption curve. Functional groups present in the 

adsorbent were analyzed by diffuse reflectance infrared Fourier transform (DRIFT) spectra (IR-

Affinity, Shimadzu) and amount of APTES grafted was examined by thermo gravimetric(TG) 

analyzer (Netzsch Sat) in the temperature range of 25−800 °C with a heating rate 10°C/min. 

Adsorption and desorption measurements ofCO2 on KIT, KIT’x’AP and ‘y’KIT’x’AP adsorbents 

were performed using a Rubotherm gravimetric magnetic suspension balance at different 

temperatures for pressure till 5 bar as explained in Chapter 3. In a typical kinetic measurement, 

CO2 was purged in to the sample chamber with a step input at 1 bar pressure. Cyclic 

adsorption/desorption capacities of the materials were analysed at 30 °C and regeneration was 

done at 120 °C in helium atmosphere.  

5.3 Results and Discussion   

5.3.1 X-ray diffraction analysis 

The XRD pattern of KIT-6 confirms the gyroidal cubic Ia3d structure with d211 and d220 plane of 

the material [7,8]. In dry and aqueous solution grafted adsorbents KIT’x’AP and ‘y’KIT’x’AP 
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show nearly the same Bragg’s diffraction peak d211 position but intensities are sparsely reduced 

with increase in the APTES concentration as shown in Figure 5.1. In addition, for ‘y’KIT’x’AP, 

peak intensity was drastically decreased. This indicates that the regularity of the silica materials 

is preserved after APTES loading both in dry and aqueous solution grafting processes but 

internal surface of the pore and external surface of the adsorbent are more occupied during 

aqueous grafting by amine. 

 

Figure 5.1 X-ray diffraction pattern of (a) KIT-6, (b) KIT 7.0AP, (c) KIT 9.0AP, (d) KIT 

11.0AP, (e) 0.15KIT 9.0AP, (f) 0.2KIT 9.0AP and (g) 0.25KIT 9.0AP adsorbents 

 

5.3.2 N2 adsorption/desorption isotherm 

Nitrogen adsorption/desorption isotherm and BJH pore size distribution of pure and APTES 

grafted (dry and aqueous) adsorbents are depicted in Figure 5.2. The nitrogen adsorption 

isotherms for KIT-6, KIT’x’AP and ‘y’KIT’x’AP are of type IV according to the IUPAC 

classification with a hysteresis loop, which is the characteristic of mesoporous materials [9]. 
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Physical properties like specific surface area (SBET), pore volume (Vt) and pore diameter (WBJH) 

of the materials are summarized in Table 5.1. With increase in the APTES concentration in 

solution from 7.0 to 11.0 mmol/g, SBET and Vt of KIT-6 are decreased drastically from 711 to 285 

m2/gand from 1.05 to 0.59 cm3/g respectively [4−6,9,10]. This indicates that some pore volume 

and area are still available for amine loading. Further, with increase in the volume of water from 

0.15 to 0.25 mL in optimum APTES grafted adsorbent, specific surface area and pore volume of 

the adsorbent decrease sharply from 297 to 12 m2/gand from 0.62 to 0.05 cm3/g,respectively due 

to higher amount of APTES loading.  

 

Figure 5.2 N2 adsorption/desorption isotherm of (a) KIT-6 and dry grafted KIT’x’AP and (b) 

aqueous grafted ‘y’KIT’x’AP adsorbents 

TH-1623_11610703



126 

 

Table 5.1. Structural properties of materials. 

Sample SBET (m2/g) Vt (cm3/g) WBJH (nm) 

KIT-6 

KIT 7.0AP 

 KIT 9.0AP  

KIT 11.0AP 

0.15KIT 9.0AP 

0.20KIT 9.0AP 

0.25KIT 9.0AP 

711 

304 

297 

285 

95 

90 

12 

1.05 

0.68 

0.62 

0.59 

0.26 

0.22 

0.05 

8.04 

7.35 

7.34 

7.34 

4.97 

4.83 

4.80 

 

 

 

Figure 5.3 FESEM micrograph of KIT-6 
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Figure 5.4 

TEM 

micrograph 

of (a, b) 

KIT-6, (c) 

KIT 9.0AP 

(d) 0.15KIT 

9.0AP (e) 

0.20KIT 

9.0AP and 

(f) 0.25KIT 

9.0AP 

adsorbents 
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5.3.3 Electron micrograph 

KIT-6 is highly ordered three dimensional mesoporous silica as can be seen from FESEM 

(Figure 5.3) and TEM (Figure 5.4) micrograph. KIT-6 exhibits a well-defined three dimensional 

structure (ca. 1.0 – 2.0 μm size) with interconnected pore (ca. 6.6 nm) [7]. TEM micrograph of 

KIT-6 clearly shows that the synthesized mesoporous silica is highly ordered with cubical 

structure. Molecular apportionment of aminosilane on KIT-6 is analyzed by TEM micrograph. It 

conspicuously shows the APTES non-uniformly distributed over KIT 9.0AP (Figure 5.4C) 

[11,12]. In aqueous grafting, APTES density gradually increases with increasing water 

concentration in the grafting solvent (Figure 5.4D−F). TEM micrograph of 0.20KIT 9.0AP and 

0.25KIT 9.0AP, it clearly shows that the APTES forms a layer during grafting.  It is mainly due 

to formation of polymer over the surface [12,13].  In aqueous amine solution grafting, maximum 

pore volume was utilized and no damage of the structure is observed after grafting. 

 

Table 5.2 CO2 adsorption capacities of amine functionalized adsorbents at 30 °C 

Sample 

APTES loading 

(mmol N/g) 

Adsorption capacity at 

1bar (mmol CO2/g) 

Adsorption efficiency 

(mmol CO2/mmol N) 

KIT-6 

KIT 7.0AP 

KIT 9.0AP  

KIT 11.0AP 

0.15KIT 9.0AP 

0.20KIT 9.0AP 

0.25KIT 9.0AP 

--- 

1.43 

1.50 

1.72 

2.15 

2.44 

2.67 

0.48 

0.76 

0.90 

0.83 

1.26 

1.56 

0.32 

--- 

0.53 

0.60 

0.48 

0.58 

0.64 

0.12 
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Figure 5.5 TGA curves of pure KIT-6, KIT ‘x’AP and ‘y’KIT ‘9.0’AP adsorbents 

 

5.3.4 Thermal analysis 

Amount of APTES and thermal stability of KIT‘x’AP and ‘y’KIT‘x’AP were analysed by TG 

analyzer and the results are shown in Figure 5.5. The total mass loss in the adsorbents is grossly 

occurred in two steps. The mass loss in the first stage, (temperature range 25‒200 °C) is due to 

liberation of moisture, adsorbed gases and isolated APTES molecules. The mass loss in second 

stage (200‒600 °C), corresponds to the degradation of grafted amine as discussed in section A1 

[13,14]. The total mass loss in this temperature range is 8.31% for KIT 7.0AP, 8.68% for KIT 

9.0AP, 9.98% for KIT 11.0AP, 12.48% for 0.15KIT 9.0AP, 14.17 % for 0.20KIT 9.0AP, and 
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15.48 % for 0.25KIT 9.0AP which correspond to APTES content of 1.43, 1.50, 1.72, 2.15, 2.44 

and 2.67 mmol N/g of adsorbent (Table 5.2).With increasing the concentration of APTES in the 

dry grafting process from 7.0 to 11.0 mmol/g adsorbent, loading of amine is increased in the 

following order KIT 7.0AP < KIT 9.0AP < KIT 11.0AP. In case of  aqueous grafting, with 

increasing the water content from 0.15 to 0.25 mL in the mixture, the amine loading is increased 

in the following  order 0.15KIT 9.0AP < 0.20KIT 9.0AP < 0.25KIT 9.0AP. 

5.3.5 Diffuse reflectance infrared Fourier transform spectra 

The DRIFT spectra were recorded in the range 500 – 4000 cm‒1 to confirm the APTES in the 

adsorbents as shown in the Figure 5.6. The band across ~1040 to ~1250 cm‒1 and peak across 

~800 cm‒1 are attributed to the asymmetric and symmetric stretch of siloxane groups, 

respectively, and the peak at 960 cm‒1 corresponds to the free silanol group of mesoporous 

silica[15,16]. The broad peak at 3200 – 3600 cm‒1 represents the hydrogen bonded surface 

silanol groups, and at 3740 cm‒1 for single and geminal silanol groups of KIT-6. The other peaks 

at 1620 cm‒1 and 2360 cm‒1 represent the physically adsorbed water and CO2 respectively [17]. 

In APTES grafted adsorbents, the peaks around ~1485 cm‒1 and ~1567 cm‒1 represent the –NH2 

and –NH‒ groups associated with the surface [18]. The peak intensity is found higher in case of 

aqueous grafted adsorbents when compared to dry grafted adsorbents which confirm the higher 

APTES loading in aqueous grafting. The bands around ~2876 cm‒1 and ~2930 cm‒1 correspond 

to the symmetric and asymmetric deformation of the CH2 groups of propyl chain present in 

APTES [19]. 
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Figure 5.6 DRIFT spectra of KIT-6 and ‘y’KIT ‘x’AP adsorbents 

 

5.3.6 CO2 adsorption on APTES grafted adsorbents 

Adsorbent with different APTES loading ranging from 1.60 to 1.92 mmol/g were synthesized in 

dry toluene and tested for the CO2 adsorption. The adsorption isotherms at 30°C are shown in 

Figure 5.7. All isotherms clearly indicate the increase in CO2 adsorption capacity with increasing 

pressure. In the low pressure region (< 0.20 bar), a sharp increase in adsorption capacity 
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observed is attributed to the chemisorption between CO2 and amine functional group present on 

the surface in both dry and aqueous grafted adsorbents. The equilibrium adsorption capacities at 

1 bar follow the order KIT-6 < KIT 7.0AP < KIT 11.0AP < KIT 9.0AP at 30 °C (Table 5.2). The 

maximum adsorption capacity of 0.90 mmol CO2/g is observed in KIT 9.0AP at 1 bar. Although, 

APTES loading is maximum (1.92 mmol N/g) on KIT 11.0AP adsorbent, adsorption capacity is 

less compared to KIT 9.0AP. It clearly indicates that adsorption capacity is not increased even at 

higher amine loading. This suggests that in higher APTES concentration amine groups are 

overlapped with each other and reduce the accessible amine groups for CO2 surface area of the 

adsorbent [20]. 

Presence of water in the grafting solution shows dramatic change in the attachment of APTES on 

the adsorbents and CO2 adsorption capacity. The adsorbents synthesized in presence of water (y 

= 0.15 ‒ 0.25) show higher adsorption capacity in following order 0.25KIT 9.0AP (0.32 mmol 

CO2/g) < 0.15KIT 9.0AP (1.26 mmol CO2/g) < 0.20KIT 9.0AP (1.56 mmol CO2/g) at 1bar and 

30 °C (Table 5.2). The adsorption capacities of 0.15KIT 9.0AP and 0.20KIT 9.0AP are increased 

with the maximum at 0.20 mL water. Any further increase in the water content i.e. 0.25KIT 

9.0AP decreases the adsorption capacity significantly even with higher amine loading. This 

suggests that when grafting is done in presence of higher water concentration, less amine groups 

are accessible in the adsorbent for CO2.This is possibly because APTES has oligomerized in the 

solution and even closed the pore of the adsorbent during grafting [11]. At low water 

concentration, the APTES oligomer might not grow enough inside the pores and thus results in 

more CO2 adsorption.  
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Figure 5.7 CO2 adsorption capacities at 30°C for different APTES functionalized adsorbents (a) 

KIT ‘x’AP and (b) ‘y’KIT 9.0AP till 5 bar 

5.3.7 Grafting mechanism of APTES and CO2 interaction 

Optimum amine concentration onto adsorbent minimizes the capex and opex of CO2 capture 

process. CO2 adsorption capacity of pure KIT-6 is 0.48 mmol/g at 1 bar and 30 °C attributed to 

the physisorption of CO2 on the silica surface. The effect of amine concentration on 
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CO2adsorption is shown in Figure 5.7. CO2 adsorption is less in case of dry solution grafted 

adsorbents when compared to the aqueous solution grafted one. Thus, the optimum amine 

loading and CO2 adsorption depend on the kind of grafting process. The amine loading is found 

to have  increased with increase in APTES concentration (Table 5.2) in dry solution grafting 

because, ethoxy group of silane directly reacts with surface silanol groups (single, hydrogen-

bonded and geminal silanol group) via condensation reaction (Figure 5.8b) and non-uniformly 

distributed over the surface [20]. On the other side, aqueous grafting is more complex than dry 

grafting over silica as the reaction mechanism proceeds via hydrolysis followed by double 

condensation reaction (Figure 5.8c) [11,13,20]. In case of aqueous grafting, the exposed Si‒O‒Si 

(surface siloxanes) tip reacts with water and generates two single silanol groups on the surface 

[22,23]. Initially, hydrogen atom of water gets bonded with oxygen of surface siloxane by 

electrostatic force of attraction and forms intermediate penta–coordinated silane by SN2 reaction 

mechanism. After breakage of siloxane bridge, new single silanol groups are formed. In this step, 

single silanol group concentration is significantly increased on the surface. Finally, aminosilane 

hydrolysis in presence of water and subsequent condensation get them grafted on the surface as 

shown in the Figure 5.8C. Free aminosilane present in solution is further grafted by condensation 

with grafted aminosilane and forms multilayer onto the surface (Figure 5.8) [11]. It can be 

understood by N2 adsorption/desorption isotherm (Table 5.1) and TEM micrograph (Figure 5.4). 

During aqueous grafting, amine loading follows the order 0.15KIT 9.0AP < 0.20KIT 9.0AP < 

0.25KIT 9.0AP with increasing the concentration of water from 0.15 to 0.25 mL.   
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 Figure 5.8. Grafting mechanisam of APTES (a) reaction of silica surface with 

water (b) anhydrous grafting and (c) aqueous grafting 
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Thus, on the basis of above results, we summarize the mechanism of APTES grafting and 

distribution onto adsorbents as follows. In dry grafting, APTES molecules diffuse into mesopore 

(> 2nm) of pure KIT-6 and get uniformly grafted (Figure 5.8). In aqueous grafting APTES 

oligomers diffuse in the pore and get grafted over surface. For longer time periods in aqueous 

solution, it forms multilayers of aminosilane. In contrast, with higher water concentration higher 

molecular weight oligomers are formed in the solution which blocks the pores as shown in 

Figure 5.8 [11].        

At low pressure, the interaction between CO2 with grafted amine by chemisorption could be 

explained by Caplow mechanism [24,25]. Dry CO2 (Lewis acid) directly reacts with basic amine 

groups present on the surface of adsorbent via zwitterion intermediate and produces carbamate as 

shown in reaction 1.    

𝐶𝑂2   +    −𝑁𝐻2 →  −𝑁𝐻2
+𝐶𝑂𝑂− ; −𝑁𝐻2

+𝐶𝑂𝑂− + −𝑁𝐻2 → −𝑁𝐻𝐶𝑂𝑂− +  −𝑁𝐻3
+ 5.1.                                                 

Adsorption efficiency for monoamine is the ratio of number of mmol of CO2 adsorbed per mmol 

of amine [10]. In overall adsorption reaction 5.1, each mmol CO2 requires two mmol amine with 

maximum possible efficiency is 0.5. The adsorption efficiency of the adsorbents KIT ‘x’AP and 

‘y’KIT 9.0AP lies between 0.48 – 0.60 mmol CO2 mmol‒1 N and 0.12 – 0.64 mmol CO2/mmol N 

respectively (Table 5.2). The efficiency of amine grafted adsorbents is higher at higher pressure, 

which might be possible due to the combined effects of chemisorption and physisorption 

between adsorbate and adsorbent. The adsorption efficiency of 0.25KIT9.0AP is quite low (0.12 

mmol CO2/mmol N) as compared to others which may be due to the blockage of the pores as 

mentioned earlier.  
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5.3.8 CO2 adsorption kinetics 

Dynamic CO2 adsorption isotherm of the optimum amine grafted adsorbents (in dry and aqueous 

conditions) is shown in Figure 5.9. It is observed that the CO2 adsorption capacity of KIT-6, KIT 

9.0AP and 0.20KIT 9.0AP are 0.48, 0.90 and 1.56 mmol/grespectivelyat 1 bar and 30 °C. It may 

be noted that in first few minutes adsorption isotherm is sharply increased due to chemisorption 

between CO2 and amine. About 90.0 % of the ultimate adsorption capacity is reached within 

initial 10 minutes and the equilibrium is reached after 20 minutes.   

 

 

Figure 5.9 Dynamic adsorption performance of KIT-6, optimum amine loaded KIT 9.0AP and 

0.20KIT 9.0AP adsorbents. 
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5.3.9 Effect of the temperature on CO2 adsorption  

The adsorption capacities of KIT-6, KIT 9.0AP and 0.20KIT 9.0AP at various temperatures (30, 

45, 60 and 75 °C) are depicted in Figure 5.10. The adsorption capacities at 1 bar of KIT-6, KIT 

9.0AP and 0.20KIT 9.0AP were found to be 0.48, 0.33, 0.24, 0.19 mmol CO2/g, 0.90, 0.73, 0.63, 

0.55 mmol CO2/g, and 1.56, 1.50, 1.44, 1.31 mmol CO2/g at 30, 45, 60 and 75 °C respectively. It 

is observed that the adsorption capacity decreases with increasing the temperature and is related 

to the exothermic interaction between CO2 and adsorbent [9]. The amount of heat that is evolved 

in CO2 adsorption process is estimated by Clausius-Clapeyronequation in the form of isosteric 

heat of adsorption (‒ΔH°) [26]. It is calculated from the slope of the ln(P) vs (1/T) curve (Figure 

5.11) for the same adsorbed amount, where P and T represent the applied CO2 pressure and 

temperature of the adsorption process, respectively. The values of ΔH° for KIT-6, KIT 9.0AP 

and 0.20KIT 9.0AP are ‒20.21, ‒33.18 and ‒31.26 kJ/mol respectively. The ‒ΔH° value is low 

in pure KIT-6 due to physisorption between CO2 and silica surface and well comparable with 

earlier reported value (22 ‒ 23 kJ/mol) [27].  The ΔH° value of amine grafted adsorbent is 

significantly higher due to strong interaction (chemisorption) between CO2 and amine sites. The 

calculated values of ΔH° for amine grafted adsorbents KIT 9.0AP and 0.20KIT 9.0AP are ~ 

‒33.21 and ‒31.26 kJ/mol which is comparable to other APTES functionalized mesoporous silica 

(‒34.3 kJ/mol) [10].  
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Figure 5.10 Adsorption isotherms of (a) KIT-6 (b) KIT 9.0AP and (c) 0.20KIT9.0AP at different 

temperatures 

 

Figure 5.11 Typical plot of ln(P) versus (1/T) of different adsorbents (a) KIT-6 (b) KIT 9.0AP 

and (c) 0.20KIT 9.0AP for calculation of isosteric heat of adsorption  
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5.3.10 Cyclic adsorption/desorption performance of adsorbent 

 High adsorption capacity and stable cyclic adsorption/desorption performance of an adsorbent is 

desired parameter for any practical adsorptive separation process. Cyclic performance of the 

optimum adsorbents (KIT-6, KIT 9.0AP and 0.20KIT 9.0AP) for CO2separationare shown in 

Figure 5.12 for 10 cycles. Regenerated adsorbent was exposed to CO2 environment for 30 

minutes for adsorption at 30 °C and again regenerated in 30 minutes at 120 °C under helium 

atmosphere. The adsorption capacities of KIT-6, KIT 9.0AP and 0.20KIT 9.0AP are found to be 

constant at 0.48, 0.90, and 1.56 mmol/g and stable till the 10th cycle.  

 

Figure 5.12 Cyclic CO2 adsorption/desorption performance of KIT-6, KIT 9.0AP and     

0.20KIT 9.0AP 
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5.4 Conclusions 

In this study, APTES functionalized KIT-6 in both dry and aqueous solution were synthesized 

and tested as sorbent for CO2 separation. The amine loading on KIT-6 is found to be maximum 

in case of aqueous grafting. It utilizes the maximum surface area, pore volume and amine present 

in the solution. The grafting mechanism of APTES on KIT-6 is explained in both dry and 

aqueous conditions. Notably, the sorption capacity is found to be dependent on the accessible 

amine site for CO2 interaction and is the maximum for aqueous solution grafted adsorbent 

(0.20KIT 9.0AP) with adsorption capacity of 1.56 mmol/g at 1 bar and 30 °C. In addition, KIT 

9.0AP and 0.20KIT 9.0AP show stable performance in cyclic study. Aqueous amine solution 

grafted adsorbent (0.20KIT 9.0AP) shows the best CO2 adsorption capacity compared to the 

most of the mesoporous silica reported in literature.  
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Chapter 6 
N1-(3-trimethoxysilylpropyl)diethylenetriamine 

grafted KIT-6 for CO2/N2 selective separation 
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Chapter 6 
This chapter highlights the importance for selection of suitable support for aminosilane grafting 

as well as amine concentration. N1-(3-trimethoxysilylpropyl)diethylenetriamine is grafted on 

various ordered and commonly used mesoporous silica namely MCM-41, SBA-15 and KIT-6 in 

both anhydrous and aqueous conditions for CO2/N2 adsorption. The functionalized adsorbents 

are characterized by different analytical techniques. The change in adsorption performance is 

comprehensively illustrated based on the morphology of mesoporous silica. This part of work 

has been published in RSC Adv. 6 (2016) 898–909. 

 

6.1 Introduction 

Increasing trends of CO2 concentration in the atmosphere is creating alarming conditions in the 

form of global warming across the globe. Especially in last few decades, the rate of CO2 

emission in the form of flue gas is drastically increased from large anthropogenic source, 

particularly a coal based thermal power plant. This is possibly for industrialization and growth in 

energy demand across the globe [1,2].  Higher CO2 concentrations is leading to several 

environmental issues and therefore, reducing CO2 emissions from the large anthropogenic source 

is urgently required.  

In order to control the CO2 concentration in the atmosphere, carbon capture and utilization 

(CCU)is a promising technology and is becoming indispensable to develop an efficient and cost 

effective separation process [3]. Amine functionalized ordered mesoporous silica (OMSs) 

received an attention of a large community in CO2 capture application [4−8]. The physical 
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properties of the support and method of grafting play important roles in the performance of the 

adsorbent. The CO2sorption capacity of APTES functionalized KIT-6 is directly proportional to 

the accessible amine sitesas discussed in Chapter 5. Amine intensity in adsorbent can be tailored 

by increasing the amine chain length present in the aminosilane. Additionally, aqueous solution 

grafting was more significant for aminosilane loading as well as CO2 adsorption over anhydrous 

one.  

This Chapter focuses on in-depth understanding in designing the highly CO2/N2 selective 

aminosilane grafted adsorbent. In view of exploiting the presence of more amino nitrogen for 

capturing more CO2, this study attempts selection of the best one from the group of commonly 

used mesoporous adsorbents. In the process of investigation, the traditional MCM-41, SBA-15 

and KIT-6 mesoporous silica are synthesized. Thereafter, they are functionalized with N1-(3-

Trimethoxysilylpropyl)-diethylenetriamine by post grafting method in aqueous solution. The 

adsorbents are characterized by various analytical and spectroscopic techniques and also by 

CO2/N2 uptake measurements under different conditions. The adsorption capacity is compared to 

decide upon the best support for CO2 adsorption. The variations in adsorption capacities are also 

elucidated by grafting mechanism and structural properties of the adsorbents.   

6.2 Materials and Methods  

6.2.1 Synthesis of adsorbent 

Traditional mesoporous silica MCM-41 (Small pore hexagonal), SBA-15 (Large pore hexagonal) 

and KIT-6 (3D cubical) are synthesized by following the earlier reported procedure of 

Loganathan et al. [9], Wang et al. [10] and Kim et al.[11] respectively. The comprehensive 

synthesis procedure is explained in Chapter 3, section 3.2.  
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Ordered mesoporous silica is functionalized by post grafting method, both in dry and aqueous 

solution. Before grafting, 1.0 g KIT-6 is dried at 120 ºC in vacuum to remove the pre-adsorbed 

moisture. In a typical dry grafting process, 1.0 g of KIT-6 is dispersed in a 150 ml of dry toluene 

in a flask. In the resulting solution ‘x’ mmol of TEMPTA is added and refluxed at 80°C for 24 h. 

The treated sample is filtered, washed with toluene and ethanol and dried at 80°C in vacuum for 

16 h.Similar, synthesis procedure is followed for MCM-41 and SBA-15. The obtained samples 

are designated as M’x’T, S’x’T and K’x’T of MCM-41, SBA-15 and KIT-6, respectively of base 

material. In aqueous grafting, after complete dispersion of mesoporous silica in toluene, 0.10 mL 

Millipore purified water was added and stirred for 3 h to modify the silica surface. The further 

steps were similar as discussed in dry grafting. The resulting samples are denoted as WM20T, 

WS20T and WK30T.  

6.2.2 Characterization of adsorbent 

High resolution X-ray powder diffraction spectra are recorded by Bruker D8 advance 

diffractometer using CuKα radiation operating at 40 kV and 40 mA. Surface micrographs of 

synthesized OMSs are recorded by field emission scanning electron microscope (FESEM) 

(Zeiss, Sigma). Transmission electron micrograph (TEM) is recorded using a Jeol (JEM 2100, 

200 keV) instrument. Nitrogen adsorption/desorption isotherm is recorded on Quantachrome 

automated volumetric gas sorption analyzer (autosorb iQ) at –196 ºC. Pore size distribution was 

analysed by Barrett-Joyner-Halenda (WBJH) method from the N2 desorption branch. Thermal 

analysis and aminosilane present in the adsorbents are analyzed by thermogravimetry 

(TG,Netzsch) analyzer. 

CO2/N2 adsorption measurements are performed in high pressure volumetric gas adsorption 

apparatus (iSorbHP1-XKRLSPN100). A sample weight of ~500 mg is loaded into a sample 
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holder and fitted with instrument. Before analysis, pre-adsorbed moisture and gases are removed 

by degassing the adsorbent at 110 ºC for 3 h in ultra-high vacuum and the actual weight of 

adsorbent is measured. CO2/N2 adsorption measurement is conducted at 30, 45, and 60 ºC.  

6.3 Results and Discussion   

6.3.1 X-ray diffraction analysis 

The small angle X-ray diffraction patterns before and after TMPTA grafted MCM-41, SBA-15 

and KIT-6 are shown in Figure 6.1. In diffraction spectra, peaks observed at 2.6º (100), 0.90º 

(100) and 0.93º (211) for MCM-41, SBA-15 and KIT-6 mesoporous silica, receptively clearly 

indicates that the synthesized OMSs are highly ordered in nature with corresponding hexagonal, 

hexagonal and la3d bicontinuous cubic lattice structure [9−12]. After grafting of TMPTA, peak 

intensity is significantly reduced in MCM-41 and sparsely reduced in SBA-15 and KIT-6 (Figure 

6.1). This is possibly due to complete pore filling in MCM-41 and partial pore filling in SBA-15 

and KIT-6 [13]. In addition, the peaks (110, 200), (110, 200) and (211) are diminishing after 

grafting of TMPTA in MCM-41, SBA-15 and KIT-6, respectively. Thus, with increasing amine 

concentration in the solution, peak intensity is decreased in all the adsorbents. In case of aqueous 

grafted adsorbent (Figure 6.1), intensity of the major peak is drastically reduced due to higher 

aminosilane loading. 
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Figure 6.1 X-ray diffraction pattern of TMPTA grafted (a) MCM-41 (b) SBA-15 and (c) KIT-6 

 

 

6.3.2 Electron micrograph 

Figure 6.2 shows the corresponding FESEM and TEM micrograph of pure MCM-41, SBA-15 

and KIT-6. As seen in Figure 6.2(a), MCM-41 exhibits monodispersed thin platelets with 

average particle size ~ 0.6 – 1.0 μm [9]. Figure 6.2b shows that synthesized SBA-15 is a rod 

shaped particle structure in the form of a highly ordered bundle [12]. KIT-6 is seen as a particle 

with average size ~1 − 2 μm as shown in Figure 6.2c [13].  TEM micrographs of MCM-41, 

SBA-15 and KIT-6 clearly show the highly ordered structure of the synthesized material as 

reported in literature.The average pore size of MCM-41, SBA-15 and KIT-6 from the TEM 

micrograph is ca. 2 nm, 6.6 nm and 6.6 nm, respectively.   
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Figure 6.2 FESEM micrograph of (a) MCM-41 (b) SBA-15, (c) KIT-6 and TEM micrograph of 

(d) MCM-41 (e) SBA-15 and (f) KIT-6 mesoporous silica 

 

6.3.3 N2 adsorption/desorption 

The nitrogen adsorption/desorption isotherm and pore size distribution of pure and TMPTA 

grafted OMSs are shown in Figure 6.3 and physical properties are summarized in Table 6.1. All 

the OMSs demonstrate the type IV isotherm which is the general characteristic of mesoporous 

(2–50 nm) material [9,10,13,14]. SBA-15 and KIT-6 show the type H1 hysteresis loop, which is 

characteristic of material with interconnected large cylindrical pore geometry and high degree of 

pore size uniformity [15]. However, MCM-41 does not show any hysteresis, which is mainly due 

to the presence of narrow slit like pores in the material with pore size close to micropore range 

[15]. The specific surface area (SBET) of mesoporous MCM-41 (2.2 nm), SBA-15 (6.6 nm) and 

KIT-6 (6.6 nm) are 1492, 857 and 860 m2/g, respectively. After anhydrous aminosilane grafting 
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on MCM-41, SBET and pore volume are sharply reduced whereas SBET of SBA-15 and KIT-6 

approximately become 2/5th of the original. This is obviously caused by the aminosilane grafting 

in the channels and internal mesoporous surface [10]. But, approximately 50% of the pore 

volume of SBA-15 and KIT-6 remain empty. The surface area and pore volume of MCM-41, 

SBA-15 and KIT-6 are sharply reduced after aqueous aminosilane grafting (Table 6.1) due to 

higher amount of aminosilane grafting in presence of water [6]. It may be noticed that pore 

diameters of hexagonal MCM-41 and SBA-15 are highly reduced after aqueous aminosilane 

grafting whereas that of KIT-6 is not much affected. This is because of the presence of inter-

connected porous channels in KIT-6. 

 

Figure 6.3 N2 adsorption/desorption before and after TMPTA grafting of (a) MCM-41 (b) SBA-

15, (c) KIT-6 at −196 ºC and BJH pore size distribution of (d) MCM-41 (e) SBA-15 and (f) KIT-

6 adsorbents 
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Table 6.1 Textural properties of the TMPTA grafted OMSs 

OMSs Specific surface area 

SBET (m2/g) 

Pore volume 

Vt (cc/g) 

Pore diameter 

WBJH (nm) 

MCM-41 

M15T 

M20T 

M25T 

WM20T 

1492 

107 

82 

77 

31 

0.91 

0.16 

0.16 

0.16 

0.005 

2.2 

2.1 

1.6 

1.6 

1.6 

SBA-15 

S15T 

S20T 

S25T 

WS20T 

857 

321 

301 

281 

24 

1.23 

0.57 

0.53 

0.50 

0.007 

6.6 

4.9 

4.9 

4.9 

1.35 

KIT-6 

K20T 

K25T 

K30T 

K35T 

WK30T 

WK30T 

860 

316 

312 

310 

305 

190 

55 

1.24 

0.61 

0.61 

0.59 

0.59 

0.36 

0.12 

6.6 

5.6 

5.6 

5.6 

5.6 

4.9 

4.3 

 

6.3.4 FTIR analysis 

The mechanism of aminosilane grafting over OMSs and CO2 interaction with functionalized 

adsorbent is discussed through the IR–spectra as shown in Figure 6.4. Surface properties of 

MCM-41, SBA-15 and KIT-6 before grafting are compared using IR- spectra. In all the OMSs, a 

peak with a wide shoulder 3750 – 3400 cm–1 ascribes the presence of hydrogen-bonded silanol 

group (Si–OH) present on the surface [16]. Other peaks at 1250 – 1040 cm–1, and ~ 799 cm–1 

assign the asymmetric and symmetric stretching vibration of Si–O–Si silanol bridge [16]. The 

peaks at 960 cm–1 and ~1620 cm–1   represent the free silanol groups and adsorbed water present 

on the silica surface [17,18]. After TMPTA grafting in OMSs, some new peaks are evolved and 

some peaks are disappeared in the spectra. The peak corresponding to 960 cm–1 is completely 

disappeared in the aminosilane grafted adsorbents because of grafting of aminosilane with the 
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free silanol group present on the surface. The bands at 2940 – 2880 cm–1 and 1410 cm–1 are 

attributed to C–H and C–N stretching of aminosilane, respectively [14,18]. The peaks at 1630, 

1580 and 1309 cm–1 are associated with chemical reaction between CO2 and amine and 

formation of ammonium ions (NH3
+), carbamate (C=O=C)– and NCOO–  skeletal vibration, 

respectively [19]. 

 

Figure 6.4 IR-spectra of pure and TMPTA grafted (a) MCM-41 (b) SBA-15 and (c) KIT-6 

 

6.3.5CO2/N2 adsorption on MCM-41, SBA-15 and KIT-6      

The selection of appropriate mesostructured support can substantially reduce the size of the 

capture equipment and the operational cost. The CO2 sorption capacity of sorbent is a primary 

objective in designing the separation process. Thus, initially CO2 adsorption is performed on 
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pure OMSs at different temperatures to understand the effect of aminosilane loading. Before 

adsorption experiment, OMSs are degassed at 150 ºC for 3 h in ultra-high vacuum to remove the 

pre-adsorbed moisture and CO2. The CO2 adsorption isotherms on MCM-41, SBA-15 and KIT-6 

at different temperatures 30, 45 and 60 ºC under pressure range up to 1 bar are shown in Figure 

6.5. The equilibrium adsorption capacity (qe) almost linearly increases with increasing the 

pressure over all the OMSs. The following trend of qe is observed for different OMSs: SBA-

15(0.74 mmol CO2/g) > KIT-6 (0.64 mmol CO2/g) > MCM-41 (0.56 mmol CO2/g) at 30ºC and 1 

bar. The lowest qe of MCM-41 even after the highest SBET compared to SBA-15 and KIT-6 is 

possibly for different surface properties. SBA-15 (3.4 – 8.5 OH/nm2) [10] contains more surface 

silanol than MCM-41 (2.5 – 3.0 OH/nm2) [16] that resulted in the highest qe. KIT-6 possibly 

contains intermediate number of silanol groups on the surface. The adsorption capacity is 

strongly influenced by temperature. The amount of CO2 adsorbed on MCM-41 is decreased with 

increase in temperature and similar trends are observed with SBA-15 and KIT-6 as shown in 

Figure 6.5 [9,20].  

The N2 adsorption isotherm on MCM-41, SBA-15 and KIT-6 under pressure range 1 bar is 

shown in Figure 6.5. The qe is linearly increases with pressure as per the following order MCM-

41 (0.04 mmol N2/g) ~ SBA-15 (0.04 mmol N2/g) < KIT-6 (0.05 mmol N2/g) at 30 °C and 1 bar. 
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Figure 6.5 CO2 adsorption on (a) MCM-41, (b) SBA-15, and (c) KIT-6 and corresponding N2 

adsorption in (d), (e) and (f), respectively at 30ºC 

 

6.3.6Effect of aminosilane concentration 

In order to understand the effect of aminosilane concentration in the solvent on grafting capacity 

as well as on qe, a series of experiments are performed by varying the TMPTA to OMSs ratio 

and the results are summarized in Figure 6.6. The hexagonal structured MCM-41 and SBA-15 

show maximum CO2 qe for 2:1 (TMPTA: OMS) ratio. But, in case of three dimensional KIT-6, 
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3:1 (TMPTA: OMS) ratio gives the maximum adsorption capacity. This qe is reduced marginally 

with higher concentration. The TMPTA intensity at the internal surface is increased but the 

active site is reduced due to overlapping with each other [4,21,22]. The degree of grafting on 

OMS is in the following order KIT-6 > SBA-15 > MCM-41. Diffusional resistance and pore 

blocking can control the movement of amine into the interior of the pore. Presence of 

interconnected pores in KIT-6 reduces the diffusional resistance and thereby reduces the 

hindrance of the movement of amine for grafting [7]. This in turn reduces the pore blocking also. 

 

 

 

Figure 6.6 Effect of aminosilane (TMPTA) to OMSs ratio on CO2 adsorption
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Extracted information from anhydrous grafting is used further for aqueous grafting as the 

latter is a more efficient way to graft the aminosilane in OMSs. In the present study, water to 

OMSs ratio (0.1) in solution is maintained during grafting of aminosilane. The qe of aqueous 

grafted adsorbent (WM20T and WS20T) is reduced to 0.66 and 0.64 mmol CO2/g from 1.36 

(M20T) and 1.54 (S20T) mmol CO2/g of adsorbent as shown in Figure 6.7. Whereas, the qe of 

WK30T is increased from 1.89 mmol CO2/gg to 2.59 mmol CO2/g at 30 ºC and 1 bar. This 

suggests that the surface architecture and mesopore size of OMS affects the degree of 

silylation and qe. However, aminosilane loading is higher during aqueous grafting than 

anhydrous as explained in the section below [4,6]. The reduction in qe of aqueous grafted 

adsorbents WM20T and WS20T is possibly due to plugging the pores of MCM-41 and SBA-

15 through inter aminosilane condensation reaction.  

 

Figure 6.7 Effect of water used in aminosilane grafting and CO2 adsorption capacity 
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Table. 6.2 Summary of TMPTA grafted OMSs as adsorbent   

OMSs  qe (mmol CO2/g) 

30 ºC     60 ºC 

(mmol N/g) % amine efficiency 

mmol(CO2)/mmol(N) 

Selectivity 

at 30 ºC 

ΔHads 

(kJ/mol) 

MCM-41 

SBA-15 

KIT-6 

M20T 

WM20T 

S20T 

WS20T 

K30T 

WK30T 

0.56 

0.74 

0.64 

1.36 

0.67 

1.54 

0.63 

1.89 

2.59 

0.39 

0.48 

0.40 

1.14 

― 

1.18 

― 

1.73 

2.38 

― 

― 

― 

3.72 

4.70 

3.98 

5.46 

4.25 

5.73 

― 

― 

― 

36.6 

14.2 

38.7 

8.7 

44.8 

45.1 

14 

23 

15 

491 

― 

635 

― 

793 

873 

18 

20 

20 

31 

― 

67 

― 

42 

33 

qe: Equilibrium adsorption capacity at 1 bar; Selectivity: Calculated at 0.15:0.85 partial 

pressure ratio, ΔHads: Enthalpy of adsorption 

 

6.3.7Effect of temperature on CO2/N2 adsorption 

Sorption temperature as well as capacity of adsorbent are the essential parameters in 

designing the adsorption process. In the present section, CO2/N2 adsorption isotherm on 

M20T, S20T and K30T at (30, 45, and 60) ºC in the pressure range of 0 – 1.0 bar are 

performed and the results are depicted in Figure 6.8. The CO2 qe of all the aminosilane 

grafted adsorbents progressively decreases with increasing temperature. The maximum qe is 

obtained at 30 ºC as per the following order K30T (1.89 mmol CO2/g) > S20T (1.54 mmol 

CO2/g) > M20T (1.36 mmol CO2/g). When the temperature is increased to 60 ºC, qe becomes 

1.63, 1.04, 1.01 mmol CO2/g of K30T, S20T and M20T respectively at 1 bar.  

The similar trends of CO2 adsorption isotherm over aqueous grafted adsorbent (WK30T) are 

observed at different temperatures. However, reduction in CO2 adsorption capacity of 

WK30T with temperature is much less as shown in Figure 6.9. The qe is 2.59, 2.47 and 2.38 
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mmol CO2/g at 30, 45 and 60 ºC, respectively. The values are much higher than M20T and 

S20T. Table 6.2, summarizes the maximum qe and compares with other TMPTA grafted 

mesoporous silica. As can be seen from the table, WK30T is better performing with respect 

to other adsorbents. It is further observed that larger pore containing mesoporous silica gives 

better qe after TMPTA aqueous grafting compared to smaller size mesoporous silica 

[5,23−25]. 

Dual-site Langmuir (DSL) model provides excellent agreement between experimental and 

predicated adsorption capacity [26,27]. In present study, multi temperature DSL model 

(equation 6.1) is used to fit the experimental data of TMPTA grafted mesoporous silica for 

CO2. Where, qe
1 and qe

2 are the saturation capacities (mmol CO2/g adsorbent) at sites 1 and 2 

respectively. In DSL equation b and P are the Langmuir parameter (bar–1) and pressure (bar), 

respectively.     

 𝑞𝑒 =  
(𝑞𝑒

1𝑏1 𝑃 )

(1+ 𝑏1 𝑃)
+  

(𝑞𝑒
2𝑏2 𝑃 )

(1+ 𝑏2 𝑃)
                                                                  (6.1) 

The Langmuir parameters follow the temperature dependence as per equation 2: 

b1 =bo exp(𝑏1
(1)

𝑇⁄ ) ;                 b2 =bo exp(𝑏2
(2)

𝑇⁄ )(6.2)       

Where T is the temperature in Kelvin. 

Enthalpy of adsorption (ΔHads) is calculated at different adsorption capacities (mmol CO2/g 

adsorbent) by Clausius–Clapeyron equation as follows:  

–ΔHads = R
𝜕(𝑙𝑛𝑃)

𝜕(1 𝑇⁄ )
│𝑞  = R(

𝑏1
(1)

𝑞𝑒
1𝑏1(1+𝑏2)2+ 𝑏1

(1)
𝑞𝑒

2𝑏2(1+𝑏1)2

𝑞𝑒
1𝑏1(1+𝑏2)2+ 𝑞𝑒

2𝑏2(1+𝑏1)2 )                                              (3) 

The DSL model (continuous line) (Figure 6.8 and 6.9) show excellent agreement with the 

experimental data (solid points) at different temperatures. 
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Figure 6.8 CO2 adsorption isotherms of (a) M20T (b) S20T and (c) K30T and N2 adsorption 

isotherm of (d) M20T, (e) S20T and (f) K30T at different temperatures (■-30 ºC) (●-45 ºC) 

and (▲-60 ºC) 

The reduction in CO2 adsorption capacity over amine grafted adsorbents can be explained by 

the classical adsorption mechanism. The CO2 adsorption on amine grafted OMSs is an 

exothermic process and it becomes more favourable at lower temperature. Compared to some 

other aminosilane functionalized adsorbent, similar behaviour is observed in this section 

[12,14,25].  However, Sayari et al.[28] showed that the qe of TMPTA grafted PE-MCM-41 

was somewhat increased with increasing the temperature. Higher temperature facilitates the 

diffusion of CO2 in aminosilane layer and exposed more active amine sites for interaction. 
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The similar adsorption behaviour is also observed in polyamine impregnated mesoporous 

silica [13,21,29]. But in the present case, CO2 diffusion in aminosilane layer with temperature 

is dominated by the desorption process and reduces the capacity at higher temperature.  

 

Figure 6.9 CO2/N2 adsorption isotherms for WK30T at different temperatures (■-30 ºC) (●-

45 ºC) and (▲-60 ºC) 

During grafting, aminosilane covers a small fraction of the surface [23]. Sorption capacity of 

amine functionalized adsorbent is the combined effect of chemical and physical adsorption 

[28]. At low CO2 partial pressure (~ till 0.15 bar), the sorption capacity of M20T, S20T and 

K30T is increased sharply which is mainly for chemical interaction between CO2 and grafted 

aminosilane [13,29]. Moreover, at higher CO2 partial pressure sorption capacity gradually 

increases with pressure and it is probably for physical adsorption with the surface [28].     

Low qe of N2 indirectly indicates the high CO2/N2 selectivity of the adsorbent. Figures 6.8d, 

6.8e and 6.8f show the effect of temperature (30, 45 and 60 ºC) on N2 adsorption performance 
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over M20T, S20T and K30T. Nitrogen qe at 30 ºC and 1 bar is 0.019, 0.012 and 0.011 mmol 

N2/g of M20T, S20T and K30T adsorbent, respectively. There is no major difference in qe of 

all the adsorbents and moreover not much affected with adsorption temperature. In case of 

aqueous grafted WK30T, qe is 0.013, 0.008 and 0.007 mmol N2/g adsorbent at 30, 45 and 60 

ºC at 1 bar, respectively as shown in Figure 6.9b. The adsorption capacity of N2 in amine 

grafted mesoporous silica is much lower than other adsorbents like MOF and polymeric 

adsorbent [26,30,31] which makes amine functionalized mesoporous silica a lucrative option 

over other adsorbents. Additionally, the qe of CO2 is much higher than that of N2 at all 

temperatures in all the adsorbents because of the greater quadrupole moment and 

polarizability of CO2 (4.30 × 10–26 esu cm2 and 29.11 × 10–25 cm3, respectively) than N2 (1.52 

× 10–26 esu cm2 and 17.403 × 10–25 cm3, respectively) [32].    

The important parameter before selection of any adsorbent is the selectivity. It is defined by 

Sx/y = (qei/qej)/ (pi/pj); Where qei, qej and pi, pj are the amounts adsorbed and corresponding 

partial pressure for component i and j, respectively [33]. CO2 and N2 (~ 15: 85) are the major 

components of flue gas emitted from coal based thermal power plant. On the basis of this 

composition, the selectivity at 30 ºC is 14, 23 and 15 of MCM-41, SBA-15 and KIT-6, 

respectively as shown in Table 6.2. After TMPTA grafting, selectivity is improved to 491, 

635, 793 and 873 of M20T, S20T, K30T and WK30T, respectively.  

6.3.8 Enthalpy of adsorption 

Enthalpy of adsorption (ΔHads) is calculated by Clausius–Clapeyron relation. The ΔHads 

values for CO2 on pure MCM-41, SBA-15 and KIT-6 are ca. 18 kJ/mol, 20 kJ/mol and 18 

kJ/mol and constant with loading. At zero coverage of CO2 adsorption over TMPTA grafted 

adsorbents; –ΔHads value is much higher than that of pure OMSs (Figure 6.10) [5,10]. This is 

due to the chemical interactions between CO2 and amine present on the surface as earlier is 
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confirmed by several authors [10,14,25,28]. The –ΔHads values are summarized in the Table. 

6.2. A sharp reduction in enthalpy is observed with increase in loading at higher pressure. It 

confirms the fact that the amine functionalized silica contains two different types of sites for 

CO2 adsorption as earlier was explained by Sayari et al.[34] which are namely amine and 

bare silica surface. In the initial phase, higher enthalpy value is for major contribution from 

chemisorption with amine and later the lower value is because of the major contribution from 

physical interaction with the surface due to exhaustion of amine.  

 

Figure 6.10 Enthalpy curve of CO2 adsorption over M20T, S20T, K30T and WK30T 

adsorbents 

 

6.3.9TGA analysis 

The amount of TMPTA present in the adsorbents is analyzed by TG analysis [17,35]. Figure 

6.11 shows the TGA curves of aminosilane grafted MCM-41, SBA-15 and KIT-6 and the 

corresponding differential thermal gravimetric (DTG) curves. TGA curves clearly show that 

the organic aminosilane is completely degraded within 750 ºC. A sharp weight loss in all the 
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adsorbents is observed in the initial temperature range 30 – 150 ºC, which is attributed to the 

loss of moisture and adsorbed gases. The three peaks observed in Figure 6.11 in the ranges 

(150 – 250), (250 – 500) and (500 –750) ºC are due to decomposition of grafted aminosilane 

[6,10,25,35]. The corresponding amine group numbers (mmol N/g-adsorbent) are 

summarized in Table 6.2. The amine groups available for CO2 during adsorption is the 

highest in KIT-6 and the least in MCM-41 for both dry and anhydrous grafted adsorbents. 

During grafting in MCM-41 and SBA-15 the cylindrical pore mouth gets easily plugged by 

TMPTA. But in KIT-6, interconnected channel provides better surface accessability for 

grafting of guest molecule and accommodates higher amount of amine. The similar 

phenomenon was also reported by Zeleňák et al.[7] with aminopropyl grafting over different 

porous structures.      

Amine efficiency is the ratio of CO2 adsorbed (mmol CO2/g) to amine group number (mmol 

N/ g) present in the adsorbent [12,24,25]. Hence, theoretical maximum possible amine 

efficiency is 0.5. TMPTA consists of one primary amine and two secondary amines. Primary 

and secondary amine of TMPTA reacts with CO2 and form carbamate with zwitterion 

intermediate where two amines react with one molecule of CO2 under dry condition [12]. 

Efficiency of grafted aminosilane in CO2 adsorption increases with increase in the pore 

diameter of OMSs and it follows the order K30T > S20T > M20T. In case of hexagonal 

aqueous grafted adsorbents (WM20T and WS20T), efficiency is decreased sharply even after 

higher amine loading. This indicates that the hexagonal pore has a diffusional limitation for 

CO2 adsorption possibly due to pore blocking by condensation reactions between 

aminosilanes during grafting (Figure 6.12). The similar trends were observed by several 

authors in recent study over amine functionalized adsorbent [13,20]. In case with WK30T, 

amine group number and CO2 adsorption capacity are proportionally increased. It is due to 

the mesoporous inter connected channels present in KIT-6, thus reducing the said limitation. 
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Figure 6.11 Thermogravimetric (TG) analysis curves of pure and TMPTA grafted (a) MCM-

41, (c) SBA-15 and (e) KIT-6 and corresponding differential thermal gravimetric (DTG) 

analysis in (b) MCM-41, (d) SBA-15 and KIT-6. 

 

6.3.10 Grafting mechanism 

The main prerequisite in developing an efficient amine functionalized adsorbent is the 

selection of base mesoporous silica. The aminosilane is grafted on high surface area OMSs 

with different structure (hexagonal, cubical), pore size and pore volume. The qe of amine 

functionalized adsorbent is directly associated with accessible amine groups for CO2 during 

adsorption.A schematic of grafting procedure is shown in Figure 6.12. Figure 3 shows the 
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synthesized support MCM-41 (2.2 nm), SBA-15 (6.6 nm) and KIT-6 (6.6 nm) have different 

pore sizes. All the mesoporous silica are enriched with surface silanol groups and participate 

in grafting reaction. In anhydrous grafting, aminosilane directly reacts with surface silanol 

groups by condensation reaction (Figure 6.12b) and is grafted over the surface. However, 

lower adsorption capacity of M20T is possibly for lower amine loading due to smaller pore 

size of MCM-41 as is reflected from Table 1.  

TMPTA is highly sensitive to moisture. In the presence of water, TMPTA forms a cluster via. 

hydrolysis reaction [36]. However, water also gets adsorbed on the negatively charged 

siloxane bridge of mesoporous silica and raptures the surface as explained in Chapter 5, 

section 5.3. In this process, it creates new surface silanol groups on the surface, which also 

promotes the aminosilane grafting capacity. The qe of the aqueous grafted adsorbents are 

summarized in Table 6.2 and the grafting mechanism is shown in Figure 6.12. The higher 

accumulation of aminosilane in WM20T, WS20T and WK10T is the result of the combined 

effect of increment in surface silanol groups and hydrolysis reaction between aminosilanes. 

During grafting, aminosilane forms a cluster in internal surface of the adsorbents [36]. The qe 

of WM20T and WS20T is reduced but the same is increased in WK10T, even if the 

aminosilane loading is increased in all the adsorbents as analyzed by TGA analysis. The 

increments in aminosilane loading are also understood by reduction in surface area and pore 

volume (Table 6.1).   
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Figure 6.12 Grafting mechanism of aminosilane in different mesoporous silica MCM-41, 

SBA-15 and KIT-6 

 

The structure and pore size of the support play important roles in the performance of 

adsorbent. The reduction in adsorption capacity can be correlated with the support structure 

and pore opening. During aqueous aminosilane grafting, pores of the hexagonal mesoporous 

silica MCM-41 and SBA-15 are blocked by aminosilane condensation reaction as shown in 

Figure 6.12 and become a nonporous adsorbent as is also observed by N2 

adsorption/desorption analysis (pore volume becomes zero). The approximately same qe of 

WM20T (0.64 mmol CO2/g) and WS20T (0.62 mmol CO2/g) corroborate the above 

statement. During grafting in KIT-6, TMPTA forms a cluster in the channels by condensation 

and enhances the aminosilane loading. But it does not block the channels during grafting and 

enhances CO2 adsorption capacity by increasing the active amine sites. The enhancement in 

qe of WK10T is the consequence of the above fact.    
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6.3.11 Reusability performance of adsorbents 

In order to have practical applicability, stable sorption capacity in cyclic use is a primary 

criterion of a good adsorbent. In the present study, 20 adsorption/desorption cycles are 

studied for M20T, S20T, K30T and WK30T at 30 ºC. After each cycle of adsorption, samples 

are degassed at 95 ºC for an hour. All the adsorbents showed the stable sorption capacity till 

20 cycles (Figure 6.13) as earlier observed with APTES grafted KIT-6. This indicates the 

stable attachment of aminosilane with the silica surface and no amine loss to the environment 

[4].   

 

Figure 6.13 Cyclic performance of TMPTA grafted M20T (■), S20T (●), K30T (♦) and 

WK30T (◊) adsorbents 

 

6.4 Conclusions  

In this chapter, a series of ordered mesoporous silica samples namely MCM-41, SBA-15 and 

KIT-6 are synthesized and functionalized with TMPTA in both anhydrous and aqueous 

solution. The adsorption capacity of anhydrous grafted adsorbents follows the order as K30T 
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(1.89 mmol CO2/g) > S20M (1.54 mmol CO2/g) > M20T (1.36 mmol CO2/g) at 30 ºC and 1 

bar. Adsorption capacity is increased to 2.59 mmol CO2/g after aqueous grafting over KIT-6, 

although that for MCM-41 and SBA-15 is sharply reduced. Intermolecular condensation of 

aminosilane during aqueous grafting blocks the pores and thereby reduces the CO2 sorption 

capacity of TMPTA grafted MCM-41 and SBA-15. The CO2/N2 selectivity of the KIT-6 

based adsorbent is much higher than that of MCM-41 and SBA-15. The lower adsorption 

capacity as well as selectivity of TMPTA grafted MCM-41 and SBA-15 makes them less 

favourable during particle application. In addition to CO2 adsorption, WK30T is easily 

regenerable at moderate temperature and show good stability for several 

adsorption/adsorption cycles. However, presence of interconnected channels in KIT-6 

eliminates the possibility of pore blocking and illuminates the TMPTA grafted KIT-6 with 

high CO2 adsorption capacity and excellent CO2/N2 selectivity.  
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Chapter 7 

Polyethylenimine Functionalized Ordered 

Mesoporous Silica for CO2 Separation  
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Chapter 7 

The chapter elucidates the CO2/N2 adsorption behaviour of polyethylenimine impregnated 

mesoporous KIT-6 adsorbent in wide range of temperature and pressure. The effect of 

molecular weight of polyethylenimine on thermal stability as well as CO2 adsorption 

performance is explained by different characterized techniques. In addition, the CO2 

adsorption performance of PEHA impregnated KIT-6 is compared with that of the 

functionalized MCM-41, SBA-15 and HV MCM-41. Stability of the absorbent during particle 

application is explained by cyclic performance of the adsorbent. 

 

7.1 Introduction 

Release of greenhouse gases to environment results in increased average temperature of 

earth, which is tending towards alarming  limit of 2ºC [1,2]. In the last few decades, the 

atmospheric CO2 concentration has been increased from ~320 to ~400 ppm, and it influenced 

the global surface temperature, reduced the pH of ocean surface water and disturbed the 

ecosystem [1–6]. Majority of the greenhouse gases are released from thermal power plant, 

cement industries, solid wastes and chemical industries where carbon dioxide (CO2) shares 

80–85% of it [4,5]. Emission of greenhouse gases to the atmosphere is required to be 

controlled in order to reduce its adverse effect on ecosystem and environment. To that end, 

carbon capture and utilization (CCU) is a one of the possible option [5−7].  

The major component of flue gas from a thermal power plant is N2 with ~0.10 – 0.15 bar 

partial pressure of CO2 at moderate temperature (> 75 °C) [6]. Solid supported amine 

functionalized mesoporous silica has very high selectivity towards CO2 at low partial 

pressure and wide range of temperature [8−12]. Mesoporous silica is functionalized by both 
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aminosilane grafting and wet impregnation methods. The sorption capacity of aminosilane 

grafted ordered mesoporous silica is higher at room temperature and gradually decreases with 

increases in temperature as shown in Chapter 5 and 6.Although, Wang et al. [9] studied the 

CO2 adsorption at different temperatures on PEI functionalized three dimensional molecular 

sorbents (MCF, MSU and HMS) and compared with MCM-41, SBA-15 and carbon-black. It 

was found that the pore size, pore volume and support dimension play a critical role in the 

sorption performance of adsorbent. Additionally, sorption capacity of adsorbents increases 

with increase in adsorption temperature to some extent. 

With these premises in mind, this Chapter was undertaken keeping in view of design of 

adsorbent with high adsorption capacity at moderate temperature and low CO2 partial 

pressure with high selectivity. Incidentally, three dimensional cubical KIT-6 possess the 

required attractive properties like large interconnected channels (> 6.6 nm), which facilitate 

the movement of host and guest molecules and higher pore volume helps in accommodating 

large amount of polyethylenimine. In this chapter, three dimensional KIT-6 is functionalized 

with DETA, TEPA, PEHA and branched PEI of different Mw (800, 1200 and 25000 Da) by 

wet impregnation method.The surface morphology of adsorbent is studied by various 

analytical techniques. Additionally, its effect on CO2/N2 adsorption capacity and selectivity is 

investigated for wide temperature ranges. Further, the sorption capacity is compared with 

more traditional MCM-41, SBA-15 and high pore volume MCM-41 (HV MCM-41). Thus, 

this study possibly provides a deeper insight in designing of polyethylenimine functionalized 

CO2 selective adsorbent.  

7.2 Materialsand Methods 

7.2.1 Synthesis of adsorbent 
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Traditional 3D cubical KIT-6 is synthesized by following the procedure of Kim et al. [13] 

and explained in Chapter 3.Other mesoporous silica namely MCM-41 [14], SBA-15 [15] and 

HV MCM-41 [14] are synthesized as earlier reported procedure and also explained in 

Chapter 3.   Polyethylenimine functionalized KIT-6 is prepared by wet impregnation method 

and comprehensively discussed in Chapter 3. The resulting products are denoted K/’x’ 

DETA, K/‘x’ TEPA, K/‘x’ PEHA, K/’x’ 8PEI, K/’x’ 12PEI and K/’x’ 250PEI and stored for 

further analysis, where ‘x’ is wt% of polyethylenimine in KIT-6. Other PEHA impregnated 

mesoporous silica MCM-41, SBA-15 and HV MCM-41 are denoted as M/60 PEHA, S/ 

60PEHA and HVM/ 60 PEHA, respectively.  

7.2.2 Characterization of adsorbent 

Synthesized adsorbents are characterized by various analytical techniques, electron 

microscope (field emission scanning electron microscope (FESEM, Zeiss-Sigma) and 

transmission electron microscope (TEM, JEOL, JEM-2100 at 200 kV)), X-ray diffraction 

(XRD, Bruker, D8 Advance),  nitrogen adsorption/desorption ( –196 ºC), diffusive 

reflectance infrared Fourier transform (DRIFT) spectrometer (PerkinElmer Spectrum, 

Version 10.4.3) and thermo gravimetric analyzer (TGA, NETZSCH TG 209F1 Libra ). CO2 

and N2 adsorption/desorption analysis are performed in high pressure adsorption setup 

(iSorbHP1-XKRLSPN100) by volumetric method. Ultra-pure CO2 (99.99%) and N2 

(99.99%) are used in adsorption measurement. The above characterization techniques are 

comprehensively discussed in Chapter 3.   

7.3 Results and Discussion  

7.3.1 Electron micrograph 

The structure and morphology of pure mesoporous silica is investigated by electron 

micrograph as shown in the Figure 7.1 and 7.2. FESEM micrograph of KIT-6, SBA-15, 
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MCM-41 and HV MCM-41 (Figure 7.1) clearly shows the synthesized mesoporous silica 

exhibiting as a particle of ~ 1−2 μm [16], bundle of rope [17], plate type and uniform ~ 2 – 3 

μm particles [14], respectively. TEM micrograph (Figure 7.2) indicates that the KIT-6 and 

SBA-15 consist of highly ordered uniform mesoporous channels with ~ 6.5 nm. However, 

MCM-41 is highly ordered mesoporous silica with ~2.0 nm pore size and HV MCM-41 is 

disordered in nature like mesoporous silica foam [18].   

 

Figure 7.1 FESEM micrograph of (a) KIT-6 (b) SBA-15, (c) MCM-41 and (d) HV MCM-41 
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Figure 7.2 TEM micrograph of (a) KIT-6 (b) SBA-15, (c) MCM-41 and (d) HV MCM-41. 

 

Surface morphology of polyethylenimine impregnated KIT-6 is investigated by FESEM 

spectra as shown in Figure 7.3. After impregnation, surface texture of all the mesoporous 

silica becomes denser following the order K/ 60 TEPA < K/60 PEHA < K/50 PEI-800 < K/ 

50 PEI-25K. This intensity of agglomeration can be understood by the degree of surface 

coverage of silica with polyethylenimine [19]. Almost no agglomeration is observed in K/60 

TEPA, K/60 PEHA and K/60 PEI-800, indicating that almost all the polyethylenimine got 

inserted into the pores. However with K/50PEI-25K, some of the PEI exists on the external 

surface of KIT-6 as shown in Figure 7.3e. Similar phenomena were also observed by Qi et al. 

and Snaz et al. during PEI impregnation in mesoporous silica capsules and SBA-15 [20,21]. 

Intensity of surface coverage on KIT-6 is increased with increasing the Mw of PEI (Figure 

7.3). It indicates that PEI with ultra-high Mw (25000 Da) is partially inserted in pore and 

partially covers the surface, which results in the partial agglomeration of the adsorbent [19].  
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Figure 7.3 FESEM micrograph of (a) K/ 60 TEPA (b) K/ 60 PEHA, (c) K/ 50 PEI-800 (d) K/ 

50 PEI-1200 and (e) K/ 50 PEI-25K adsorbents. 

7.3.2 N2 adsorption/desorption isotherm 

The N2 adsorption/desorption isotherm at –196 ºC and the pore size distribution of pure 

adsorbents are shown in Figure 7.4. The extracted physical properties are summarized in 

Table 7.1. The isotherms observed for the different mesoporous silica (KIT-6, SBA-15, 

MCM-41and HV MCM-41) samples depict a typical type IV adsorption/desorption isotherm 
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and exhibit remarkably sharp capillary condensation steps, which is the characteristic feature 

of the mesoporous material [22]. The SBET of KIT-6, SBA-15, MCM-41 and HV MCM-41 is 

860 m2/g, 857 m2/g, 1492 m2/g and 986 m2/g, respectively. 

 

Figure 7.4 N2 adsorption/desorption (−196 ºC) isotherm (a) KIT-6, (b) SBA-15, (c) MCM-41 

and (d) HV MCM-41and the corresponding BJH pore size distribution from desorption 

branch 

Table 7.1 Physical properties of different mesoporous silica 

Sample SBET (m2/g) Vt (cc/g) Pd (nm) 

KIT-6 860 1.24 6.6 

SBA-15 857 1.23 6.6 

MCM-41 1492 0.91 2.2 

HV MCM-41 986 2.15 2.2 
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7.3.3 X-ray diffraction spectra 

X-ray diffraction spectra for all the different mesoporous silica KIT-6, SBA-15, MCM-41 

and HV MCM-41 samples are reported in Figure 7.5. All three mesoporous silicas show well 

resolved sharp peak in low angle corresponding to d(211) (KIT-6, cubical), d(100) (SBA-15, 

hexagonal) and d(100) (MCM-41, hexagonal) plain, indicates the synthesized material as 

highly crystalline and ordered in nature [14−17]. It is also confirmed by the TEM micrograph 

(Figure 7.2). In case of HV MCM-41, low-angle peak intensity for the d(100) plane is sharply 

reduced compared to ordered MCM-41. It is mainly for the reduction in its ordered structure 

and it might be due to the fact that large pore volume MCM-41 materials are not crystalline 

on the atomic level compared to ordered one. TEM micrograph of large pore volume MCM-

41 (Figure 7.2d) corroborates the X-ray spectra and above statement.  

 

Figure 7.5 X-ray diffraction spectra of (a) KIT-6, (b) SBA-15, (c) MCM-41 and (d) HV 

MCM-41   
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In order to understand the effect of polyethylenimine concentration on structure of 

mesoporous silica, X-ray diffraction analysis of PEHA impregnated KIT-6 is performed. 

Figure 7.6 clearly shows that the peak intensity gradually decreases with increasing the 

PEHA concentration in the KIT-6. This trend suggests that loaded PEHA is mainly filled 

inside porous channels and the structure of KIT-6 is stuffed. Simultaneously, it also reduces 

the scattering intensity towards the silica wall. Further increasing the PEHA amount to 60 

wt.%, the peak deviation becomes larger suggesting an increase in the PEHA loading that 

covers the silica surface completely. It implies that the overloaded PEHA may coat over the 

external surface of particles and cause the agglomeration, which is evidenced by FESEM 

images shown in Figure 7.3. 

 

Figure 7.6 X-ray diffraction spectra of PEHA impregnated KIT-6 

 

7.3.4 TGA analysis 

Figure 7.7 shows the TGA of the KIT-6 samples loaded with different polyethylenimine. As 

shown in figure, pure KIT-6 loses ca. 5 wt% near 100 °C due to desorption of CO2 and 

moisture and similar phenomenon is also observed for polyethylenimine impregnated KIT-6. 
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The TGA analysis revealed a rapid weight loss event at a temperature range of 150–500 °C 

(Figure 7.7). In this temperature range, weight loss can be attributed mostly to the 

volatilization and decomposition of polyethylenimine molecules [23,24]. It is interesting to 

observe that, thermal stability of adsorbents increases with increase in molecular weight of 

polyethylenimine as follows K/60 TEPA < K/60 PEHA < K/50 PEI-800 < K/50 PEI1200 < 

K/50 PEI-2.5K. The similar phenomenon was reported by Goeppert et al. [12]. 

 

Figure 7.7 TGA analysis of polyethylenimine impregnated KIT-6 between 30 to 800 °C with 

10 °C heating rate in N2 atmosphere 

7.3.5 DRIFT analysis 

DRIFT analysis is employed to evaluate the functional groups present in the adsorbent and 

depicted in Figure 7.8. The peaks corresponding to 3750 – 3400 cm–1, 1642 cm–1, 1250 –

1020 cm–1, 960 cm–1, and ~799 cm–1 in the DRIFT spectra (Figure 7.8a) respectively 

represent the hydrogen bonded silanol group, physically adsorbed water, asymmetric 

vibration of silanol group, free surface silanol group and symmetric stretching vibration of 

silanol group present in the KIT-6 [25]. After impregnation, some new peaks are evolved in 
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1650 – 1300 cm–1 which confirms the presence of polyethylenimine in the adsorbent as well 

as chemical interaction between atmospheric CO2 and amine. The peaks corresponding to 

~1650 cm–1 and 1580 cm–1 represent the NH deformation of NH2
+ and NH3

+ formation by CO2 

adsorption with amine present in polyethylenimine chain [20]. The other peaks corresponding 

to ~1316 and ~ 1400 cm–1 are for skeletal vibration of carbamate (NCOO–) and stretching 

vibration of –NC group of carbamate [26]. The stretching vibration of C–H and bending 

vibration of CH2 present in polyethylenimine chain are ascribed to the peaks at 2950 – 2860 

cm–1 and 1460 cm–1, respectively [19,25,26]. 

 

Figure 7.8 DRIFT spectra of (a) KIT-6, (b) K/60 TEPA, (c) K/60 PEHA, (d) K/50 PEI-800, 

(e) K/50 PEI-1200 and (f) K/50 PEI-25K adsorbents 

7.3.6 CO2adsorption performance 

7.3.6.1 Effect of polyethylenimine concentration 

Several functionalized mesoporous KIT-6 based adsorbent are synthesized to evaluate the 

influence of polyethylenimine concentration on CO2 adsorption capacity and the results are 

shown in Figure 7.9.  It is clearly shown that the adsorption capacity gradually increases with 
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increases in case of TEPA and PEHA loading at 75°C and 1 bar. In 60 wt% impregnated 

KIT-6 shows the maximum adsorption capacity of 3.12 mmol CO2/g and 3.41 mmol CO2/g 

for TEPA and PEHA, respectively.  However, 50 wt%PEI-800 and PEI-1200 impregnated 

KIT-6 shows the maximum adsorption capacity of 2.4 mmol CO2/g and 1.67 mmol CO2/g, 

respectively, and further increase in concentration reduces the sorption capacity of the 

adsorbent. In case of low thermally stable DETA impregnated KIT-6, the adsorption capacity 

is evaluated at 30 °C. The adsorption capacity of DETA impregnated KIT-6 decreases with 

increases in concentration. High adsorption capacity in low concentration is mainly for the 

well dispersion of DETA in the internal pore volume of KIT-6. Further reduction in sorption 

capacity is probably for the reduction in internal pore volume of adsorbent.    

 

Figure 7.9 CO2 adsorption capacities of polyethylenimine impregnated sorbents versus (a) 

amine concentration and (b) amine efficiency of the adsorbent. (■- K/’x’DETA at 30°C; ●- 

K/’x’TEPA at 75°C; ▲- K/’x’PEHA at 75°C; ▼- K/’x’PEI-800 at 75°C; ♦- K/’x’PEI-1200 at 

75°C) 
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Polyethylenimine efficiency of an adsorbent is the ratio of amount of CO2 adsorbed to amine 

(mmol CO2/g polyethylenimine) present in the adsorbent. The amine efficiency gradually 

decreases with increases in polyethylenimine concentration in the adsorbent as shown in 

Figure 7.9b.  Though a higher concentration of impregnated polyethylenimine can supply 

more active sites, it can also block the pores. Therefore, the reduction in amine efficiency 

might be because of the partially reduction in accessibility of the adsorption amine sites 

[16,23]. 

7.3.6.2Effect of adsorption temperature on polyethylenimine impregnated KIT-6 

The equilibrium CO2 adsorption isotherms of K/60 TEPA, K/60 PEHA, K/50 PEI-800, K/50 

PEI-1200 and K/50 PEI-25K at different temperatures with an interval of 15ºC between (30 – 

120) ºC for pressure upto1.0 bar are shown in Figure 7.10. When the partial pressure of CO2 

is lower than 0.10 bar, adsorption capacity increases sharply with pressure in all the 

adsorbents and then approaches to saturation. The sharp increase in adsorption capacity at 

low partial pressure is mainly for chemical reaction between CO2 and amine group present in 

polyethylenimine as shown in Figure 7.11 [27]. The tested adsorbents get saturated till ~0.15 

bar and adsorption capacity does not change significantly with further increase in CO2 partial 

pressure [11]. It is possibly due to insignificant reactive amine site for reaction as well as free 

volume present for physisorption.   

The sorption capacity of the optimized adsorbent increases with temperature from 30 – 120 

ºC as shown in Figure 7.10. The capacity increased is from 2.27, 1.90, 1.34, 0.93, 0.88 mmol 

CO2/g to 3.95, 4.45, 3.0, 2.44, 2.40 mmol CO2/g for K/60 TEPA, K/60 PEHA, K/50 PEI-800, 

K/50 PEI-1200 and K/50 PEI-25K, respectively by increasing the temperature from 30 ºC to 

105 ºC at 1.0 bar [9,11,28]. At lower temperature, CO2 adsorption is kinetically controlled. 

Later, rate of adsorption increases with temperature without any structural changes in the 

adsorbent. With increase in temperature, kinetic energy of CO2 is increased. However, the 
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viscosity of polyethylenimine and diffusional resistance of CO2 in the inner layer is decreased 

and thus, more amine sites are exposed for CO2 interaction during adsorption process [19].  
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Figure 7.10 CO2 sorption capacity as a function of temperature for (a) K/60 TEPA, (b) K/60 

PEHA, (c) K/50 PEI-800, (d) K/50 PEI-1200 and (e) K/50 PEI-25K 

 

 

Figure 7.11 CO2 reaction with (a) primary amine and (b) secondary amine present in the 

polyethylenimine. 

 

The effect of temperature on sorption performance of adsorbent can be understood from the 

nature of the CO2 equilibrium adsorption isotherm (Figure 7.10) and is schematically 

explained in Figure 7.12. The overall CO2 adsorption on amine grafted mesoporous silica is a 
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combined effect of chemical interaction with amine and physical interaction with the surface 

as reported by Sayari et al. [29] and Kishor et al. [30]. During impregnation, 

polyethylenimine is filled in the mesoporous channel of KIT-6 as is observed from electron 

micrograph (Figure 7.3). During adsorption, initially a sharp increase in adsorption capacity 

(Figure 7.10) is observed for chemisorption between CO2 and amine sties [31]. At low 

temperature (30 ºC), polyethylenimine is available in the form of a layer during adsorption 

and CO2 readily reacts with the exposed amine of upper layer (Figure 7.12). In order to 

understand the rate of CO2 uptake at lower temperature, CO2 (at 1 bar) is inserted in the 

manifold of volumetric adsorption apparatus and exposed in the adsorbent. The rate of CO2 

uptake is prohibitively slow and sorbent does not show complete saturation even under a day 

of exposure in CO2 environment. With increase in temperature, the flexibility of 

polyethylenimine chain molecule and inter molecular distance between molecules are 

increased [23,32]. It reduces the diffusion resistance to pass CO2 molecules deeper and 

deeper in polyethylenimine during adsorption as shown in Figure 7.12. It is important to 

notice that the nature of CO2 adsorption isotherm in the temperature range 45 – 105 ºC is as 

similar as that at 30 ºC. All the adsorbents get saturated with CO2 during adsorption at ~ 0.15 

bar in (45 – 105) ºC as shown in Figure 7.10 and capacity gradually increases with 

temperature. Additionally, higher temperature also promotes desorption of CO2 with amine. It 

indicates that the thermodynamic equilibrium adsorption of CO2 with amine is more 

dominant than desorption between 30 − 105 ºC. This is concluded from the enhancement in 

the sorption capacity form (2.27 to 3.95), (1.90 to 4.45), (1.34 to 3.0), (0.92 to 2.44) and (0.88 

to 2.4) mmol CO2/g of K/60 TEPA, K/60 PEHA, K/ 50 PEI-800, K/50 PEI-1200 and K/50 

PEI-25K, respectively from 30 to 105 ºC at 1.0 bar. At high temperature (120 ºC) and low 

pressure, the adsorption capacity of adsorbent sharply reduced and the shape of the isotherm 

becomes like an arc (Figure 7.10). It indicates, desorption is more dominant at high 
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temperature (120 ºC) and low partial pressure. However, slightly increase in adsorption 

capacity at 1.0 bar is probably for the combined effect of physisorption with the surface as 

well as further interaction of CO2 with amine. At higher than 120 ºC, PEI molecules start 

degrading and adsorbent becomes brown in colour. A similar phenomenon is also observed 

during TGA analysis.    

 

 

 

Figure 7.12 Systematic illustration of CO2 adsorption on polyethylenimine impregnated 

mesoporous silica. 

 

Major components in the flue gas of a coal based thermal power plant are CO2 (~10 – 15 

vol%) and N2 [6]. For practical application, adsorbent should have high adsorption capacity 

as well as high selectivity at low CO2 partial pressure and moderate temperature. The 

adsorption capacity of K/60 TEPA, K/60 PEHA, K/ 50 PEI-800, K/50 PEI-1200 and K/50 

PEI-25K  is 3.36, 3.36, 2.50, 1.90, 1.7 mmol CO2/g at 90 °C and 0.15 bar respectively. With 

increased temperature i.e. at 105 ºC, adsorption capacity of K/60 TEPA, K/60 PEHA, K/ 50 

PEI-800, K/50 PEI-1200 and K/50 PEI-25K is 3.54, 3.66, 2.50, 1.90 and 1.86 mmol CO2/g, 

respectively. It is worth noting that the adsorption capacity at low partial pressure is increased 
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with temperature from 90 °C to 105 °C. K/60 PEHA shows the highest adsorption capacity 

than other polyethylenimine impregnated KIT-6. This indicates that the increment in 

adsorption capacity at higher pressure and temperature is presumably for deep diffusion in 

polyethylenimine film (Figure 7.12). 

 

Figure 7.13 CO2 adsorption capacities of various mesoporous silica materials after 60 wt% 

PEHA loading 

 

CO2 adsorption capacities of 60 wt% PEHA impregnated MCM-41, SBA-15 and HV MCM-

41 are compared with K/60 PEHA in Figure 7.13. The CO2 adsorption capacities of the 

PEHA-loaded mesoporous silica adsorbents fall within a range of 1.59 – 4.0 mmol/g, 2.94 − 

4.30 mmol/g and 2.28− 4.4 mmol/g of MCM-41 (2.2 nm), HV MCM-41(2.2 nm) and SBA-

15 (6.6 nm), respectively. As shown in the parentheses in the above sequence, the adsorption 
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capacity depends on both average pore diameter and pore volume of the mesoporous silica. It 

is believed that PEHA can be introduced to the pore interior more easily as the pore diameter 

of the mesoporous silica increases and high pore volume accommodates more and more 

amine. The sorption capacity of KIT-6 and SBA-15 shows the nearly same adsorption 

capacity. It is possibly for similar physical properties. However, smaller pore size of MCM-

41 and HV MCM-41 inhibits the CO2 diffusion inside the pore during adsorption. 

The N2 adsorption isotherms of K/60 TEPA, K/60 PEHA, K/ 50 PEI-800, K/50 PEI-1200 and 

K/50 PEI-25K are shown in Figure 7.10. In order to ensure the accuracy, nitrogen adsorption 

measurements are repeated three times. The adsorption capacity is not much affected with 

polyethylenimine molecular weight. The mean adsorption capacity is very low (~2 x 10–3) 

mmol N2/g of all the adsorbent as shown in Figure 7.10. Lin et al.[33] tested the breakthrough 

performance of polyethylenimine impregnated MIL-101 in equimolar CO2/N2 mixture. N2 

eluted rapidly from the column whereas CO2 eluted after some time. It suggests that CO2 has 

very strong interaction towards amine sites compared to N2. Whereas, Yan et al.[34] showed 

that the CO2 adsorption capacity was not influenced by presence of N2 over polyethylenimine 

impregnated MCF. Ultra low N2 adsorption capacity at 1 bar for all the amine functionalized 

KIT-6 (K/60 TEPA, K/60 PEHA, K/ 50 PEI-800, K/50 PEI-1200 and K/50 PEI-25K) 

indicates that the polyethylenimine impregnated adsorbent can become a suitable adsorbent 

for practical application to capture CO2 from the large anthropogenic source at moderate 

temperature. 

7.3.6.3Cyclic performance 

High CO2 sorption capacity at low partial pressure, high selectivity, low regeneration 

temperature and fast adsorption/desorption kinetics are important criteria of a good adsorbent 

for practical application. On the other hand, stability of adsorbent in wide range of 
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temperature and pressure during application is equally important. The stability of the 

adsorbent during practical application fixes the working boundary and frequency of adsorbent 

replacement after adsorption (A)/desorption (D) cycles. The flue gas temperature of thermal 

power plant is much higher than atmospheric temperature and it varies with feed 

composition. Thus, it is important to define the best working temperature range for a specific 

application.  

In the present section, the cyclic performance of synthesized adsorbent is studied over wide 

range of temperature and pressure in dry CO2 to know the best working conditions. After 

each cycle, sample is degased at 100 ºC for 30 min in high vacuum. The adsorption capacity 

of K/60 PEHA lies between 4 and 4.5 mmol CO2/g for temperature between 90 °C and 105 

°C at 1 bar. After 20 adsorption/desorption cycle, sorption capacity is decreased to ~2.0 % to 

~3.0 % of the initial adsorption capacity at 90A/100D and 105A/100D, respectively (Figure 

7.14).  Adsorption capacity of K/60 PEHA gradually decreases after desorption at 120 °C as 

shown in Figure 7.14. After 10th cycle, adsorption capacity of K/60 PEHA reduced to ~8.0 % 

of the initial adsorption capacity (Figure 7.14). The reduction in adsorption capacity at 120 ºC 

degassing temperature is due to leaching of PEHA form the porous channel of KIT-6. 

However, the CO2 sorption capacity of low molecular weight amine like DETA and TEPA 

impregnated adsorbents sharply reduces with each cycles. Therefore, PEHA impregnated 

KIT-6 is more effective for CO2 adsorption from a large anthropogenic source at moderate 

temperature and low pressure. Among these above adsorbents, K/60 PEHA appears to be the 

most suited one for practical application, as it provides considerably stable adsorption 

capacity with good thermal stability. In addition, K/60 PEHA also takes care of the 

environmental issues by eliminating the amine loss in atmosphere during regeneration.   
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Figure 7.14 Cyclic performance of K/60 PEHA adsorbent 

7.4 Conclusions 

In this study, the large variety of polyethylenimine functionalized KIT-6 based adsorbent is 

synthesized by wet impregnation method and deployed for CO2 adsorption at moderate 

temperature and low pressure. Further, optimum adsorbent was compared with M/60 PEHA, 

S/60 PEHA and HVM/ 60 PEHA. Polyethylenimine forms a layer in the porous channels of 

KIT-6 during impregnation. The results show that the CO2 adsorption capacity is increased 

with increasing in temperature for all the amine functionalized adsorbent and the maximum 

sorption capacity 4.0 to 4.5 mmol CO2/g (K/60 PEHA) at 90 to 105°C and 1 bar. S/60 PEHA 

shows the same adsorption capacity as K/60 PEHA at 105 °C and 1 bar. The adsorption 

capacity is increased by chemisorption between CO2 and amine site as well as by reduced in 

diffusion resistance between layered polyethylenimine while temperature is raised from 30 to 

105 °C. Among the above tested adsorbents, adsorption capacity follows the order K/60 

PEHA (4.5 mmol/g) ~ S/60 PEHA (4.5 mmol/g) < HV M/60 PEHA (4.07 mmol/g) < M/60 

PEHA (3.99mmol/g), respectively.  As the concern is to research for a long term practical 

application of highly CO2/N2 selective adsorbent as well as to eliminate the amine loss in 
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atmosphere, the tested adsorbent K/60 PEHA shows stable performance during (90–105) °C 

adsorption/100 °C desorption and thus the most preferred one amongst the above adsorbents 

studied.             
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Chapter 8 
 

Polyethylenimine Functionalized As-

synthesized KIT-6 Adsorbent for Highly 
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Chapter 8 

This chapter reports synthesis of CO2 adsorbent by impregnation of DETA, TEPA, PEHA and 

polyethylenimine in KIT-6 with confiscated structure directing agent in minimum time and 

energy. The influence of polyethylenimine on them for CO2adsorption at wide range of 

temperature is discussed. This part of work has been published in Energy Fuels 30 (2016) 

9635−9644. 

 

8.1. Introduction 

Energy insecurity and associated environmental concerns have raised serious concerns on 

identifying alternate, sustainable, clean energy sources with less environmental impacts [1,2]. 

Carbon dioxide, the major greenhouse gas generated from burning of fossil fuels such as coal, 

petroleum oil and natural gas has reached a concentration of ~400 ppm in the atmosphere [2]. 

The earth’s surfaces temperature in 2015 was the warmest since 1980, according to 

independent analyses by National Aeronautics and Space Administration (NASA) and 

National Oceanic and Atmospheric Administration (NOAA). Thus, to control the surface 

temperature, it is the need of the hour to control the CO2emissions from large anthropogenic 

sources.  

Amine functionalized mesoporous silica shows high CO2 adsorption capacity even at low 

partial pressure (~ 0.15 bar) [3–5]. The mesoporous silica is functionalized by aminosilane 

grafting and polyethylenimine wet impregnation method. In chapters 5 and 6, the calcined 

KIT-6 was modified with APTES and TMPTA grafting and exhibits the maximum adsorption 

capacity ~ 1.5 mmol CO2/g, and ~2.59 mmol CO2/g, respectively at 30 ºC and 1 bar. In order 

for solid sorbents to be competitive with existing MEA scrubbing system, the working 

capacity must be in the range of 3 mmol CO2/g of sorbent. In chapter 7, different 
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polyethylenimine functionalized adsorbents showed promising adsorption capacity (~ 4.4 

mmol CO2/g). However, calcination at higher temperature of mesoporous KIT-6 required 

huge amount of energy as well as time.      

Hence, further research is needed to easily synthesize the adsorbent with enhanced CO2 

adsorption performance in wide range of temperature. Therefore, the present chapter explores 

the merits of different polyethylenimine functionalized as-synthesized KIT-6 (Figure 8.1) by 

wet impregnation method. Further, the different polyethylenimine loaded adsorbents are 

subjected to CO2 adsorption over wide range of temperatures in volumetric adsorption 

apparatus.  

8.2 Materials and Methods 

8.2.1 Synthesisof adsorbent 

Traditional 3D cubical as-synthesized KIT-6 (ASK) is synthesized by following the 

procedure of Kim et al. [6] and explained in chapter 3. Polyethylenimine is incorporated in 

ASK by wet impregnation method [7] as shown in Figure 8.2. The amount of 

polyethylenimine is calculated using the equation ‘x’ (wt%) = (wt of polyethylenimine 

×100)/ (wt of polyethylenimine + wt of ASK). The synthesis procedure of adsorbents was 

comprehensively discussed in chapter 3. The resulting adsorbent was denoted as ‘x’ DETA, 

’x’ TEPA, ‘x’ PEHA, ‘x’ PEI-800 and ‘x’ PEI-25K. 
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Figure 8.1 Molecular structure of different polyethylenimines 

 

 

 

Figure 8.2 Schematic of polyethylenimine impregnation and CO2 reaction mechanism 

 

NH2
N

N
N

N

H2N

NH
2

H2N

NH2

N

NH
2

HN

n

1º 1º 1º

3º

3º

3º

3º

M.wt = 800, 25000 Da

NH2

2º

H2N

H
N

N
H

H
N

NH2

H2N

H
N

N
H

H
N

N
H

NH2

TEPA

PEHA

PEI

1º 2º

H2N

H
N

NH2

DETA

TH-1623_11610703



208 

 

8.2.2 Characterizationof adsorbent 

The textural properties of synthesized adsorbent are analyzed by N2 adsorption/desorption 

isotherm using volumetric adsorption apparatus (Quantachrome, AutosorbiQ). Structural 

properties of the adsorbent are analyzed by powder X-ray diffraction spectra (Bruker D8 

advance diffractometer) using CuKα (λ = 0.154250 nm) radiation between 0.5 to 5 degree. 

Thermal properties of the adsorbent are performed in thermogravimetric (TG, NETZSCH TG 

209F1 Libra) analyzer in the temperature range 30 – 800 ºC with 10 ºC/min heating rate in N2 

atmosphere. Molecular composition of the adsorbent is identified by Fourier transform 

infrared (FT-IR, PerkinElmer) spectrometer in attenuated total reflection (ATR) mode in the 

wavenumber range 4000 – 500 cm−1. Apportionment of polyethylenimine on the KIT-6 is 

analyzed by transmission electron microscope (TEM; JEOL, JEM2100) at 200 kV. Molecular 

apportionment in amine functionalized adsorbent is analyzed by surface mapping of 

adsorbent using field emission scanning electron microscope (FESEM, Zeiss Model: Sigma) 

micrograph. Heat of CO2 reaction with adsorbent is analyzed by differential scanning 

calorimeter (DSC, Mettler Toledo) at 75 °C. The CO2/N2 adsorption performance of the 

adsorbent is performed in volumetric adsorption apparatus (Quantachrome, iSorbHP1-

XKRLSPN100). The above analytical techniques are comprehensively discussed in Chapter 

3. 

8.3 Results and Discussion   

8.3.1 N2 adsorption/desorption isotherm 

N2 adsorption/desorption isotherms (at −196 ºC) of pure ASK is shown in Figure 4.1. The 

ASK clearly exhibits type IV isotherm as per IUPAC classification with H1 hysteresis loop, 

indicating its uniform mesoporous structure. The SBET, WBJH and Vt of ASK are 394 m2/g, 6.6 

nm and 0.86 cc/g, respectively. After calcination at 550 °C for 5 h, mesoporous KIT-6 shows 
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same structural properties with SBET, WBJH and Vt are 857 m2/g, 6.6 nm and 1.25 cc/g, 

respectively. Even after impregnation the adsorbent shows type IV isotherm but N2 

adsorption capacity gradually decreases with increasing polyethylenimine concentration. The 

SBET and Vt of all the adsorbents decrease gradually with increase in polyethylenimine 

concentration in the ASK (Figure 8.4) [7,8]. It indicates that the Vt of ASK gradually gets 

filled with increase in polyethylenimine concentration. However, pore size of adsorbents does 

not change significantly (Figure 8.3). With ~ 50 wt% polyethylenimine impregnation, the 

values of SBET, Wd and Vt of the adsorbent are nearly zero, due to complete pore filling of the 

adsorbent (Figure 8.3, 8.4). Since, Vt of ASK is 0.86 cc/g as mentioned above, it can 

accommodate a maximum 46 wt% polyethylenimine inside the pores. Thus, in case of 

polyethylenimine (50 to 60 wt%) concentration, the excess amount covers only the external 

surface of ASK. The maximum amount of polyethylenimine retained in ASK is found to be 

60 wt%. In case of 70 wt% TEPA and PEHA, adsorbents become gel type with light yellow 

color.  However, with 50 wt% PEI-25K, most of the amine is retained outside the porous 

channels. It is possibly because of the large size of PEI-25K molecules compared to ASK 

pore size.  

8.3.2 X-ray diffraction analysis 

Low angle powder X-ray diffraction spectra of TEPA impregnated as-synthesized KIT-6 are 

shown in Figure 8.5. The sharp diffraction peak corresponding to d211 plane at 2theta 0.85º 

indicates that ASK is highly ordered and cubical in nature and is in agreement with previous 

report [9]. After impregnation, peak intensity gradually decreases with increase in TEPA 

concentration in the adsorbent, indicating gradual decrease of X-ray scattering towards the 

silica wall [8,10]. The peak corresponding to d211 plane is completely disappeared at above 50 

wt% impregnation of TEPA. This is because of the complete surface coverage of ASK with 

TEPA.      
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Figure 8.3 N2 adsorption/desorption isotherm (−196 °C) of (a) TEPA (b) PEHA, (c) PEI-800 

and (d) PEI-25K impregnated ASK 

 

Figure 8.4 Variation of surface area and pore volume of different polyethylenimine 

impregnated adsorbents (a) TEPA, (b) PEHA, (c) PEI-600 and (d) PEI-25K with 

concentration 
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Figure 8.5 X-ray diffraction spectra of TEPA impregnated as-synthesized KIT-6 

8.3.3 Electron micrograph 

Figure 8.6 shows the electron micrograph of ASK before and after polyethylenimine 

impregnation. FESEM micrograph clearly shows that ASK is colloidal particle with ~1−2 µm 

size (Figure 8.6a’). TEM micrograph shows that the ASK contains highly ordered and 

interconnected pore channels (Figure 8.6b) corroborating the results from the X-ray 

diffraction spectra [9]. However, there is no structural change observed after different 

polyethylenimine impregnation in ASK as confirmed by FESEM micrograph of 60 TEPA, 60 

PEHA, 50 PEI-800 and 50 PEI-25K adsorbents (Figure 8.6), although, most of ASK particles 

are agglomerated with each other after polyethylenimine impregnation. With increase in the 

molecular weight of polyethylenimine, the agglomeration of ASK solid particles is increased 

along with increase in the surface concentration of polyethylenimine [11]. In case of high 

molecular weight PEI-25K, part of PEI molecule gets inserted in the pore and part remains 

outside the pore. It is due to increase in agglomeration of ASK solid particles with 40 PEI-

25K adsorbent.  
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Figure 8.6 FESEM spectra of polyethylenimine impregnated (a) ASK (c) 60 TEPA, (d) 60 

PEHA (d) 50 PEI-800 (f) 40 PEI-25K adsorbents and (b) TEM micrograph of ASK 

 

8.3.4 Attenuated total reflectance analysis 

ATR (attenuated total reflectance) spectra of polyethylenimine impregnated ASK adsorbents 

are shown in Figure 8.7. Formation of KIT-6 is confirmed by major characteristic bands of 

silica around 1050 cm−1, 960 cm−1and 795 cm−1 corresponding to symmetric stretching 

vibration (Si−O−Si), free surface silanol group (Si−OH) and asymmetric stretching vibration 

of Si−O−Si of mesoporous KIT-6 [11,12]. The symmetric and asymmetric vibrations of 
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primary amine (−NH2) present in the polyethylenimine impregnated adsorbent are confirmed 

by peaks at 3420 – 3190 cm−1 and 1580 cm−1, respectively in the spectra [13,14]. However, 

the presence of secondary amine (−NH−) is confirmed by peak at 1660 cm−1 [13,14]. The 

sharp band in the range of 2936 – 2820 cm−1 and 1460 cm−1 represents the stretching 

vibration of CH2 and bending vibration of CH present in the polyethylenimine skeletal [15]. 

The peak around 1350 cm−1 is for carbamate formation by chemical reaction between CO2 

and amine group and 1315 cm−1 for stretching vibration of –NC present in adsorbents 

[13,14]. With the percentage increase in polyethylenimine content, the peak area gradually 

increases in all the adsorbent (Figure 8.7). This is mainly for the similar elemental 

compounds used in the preparation of amine functionalized ASK.  

 

Figure 8.7 Attenuated total reflectance (ATR) spectra of polyethylenimine impregnated ASK 
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8.3.5 Thermal analysis 

The thermal stability of ASK and polyethylenimine impregnated 60 TEPA, 60 PEHA, 50 

PEI-800 and 50 PEI-25K adsorbents are shown in Figure 8.8. The DTG curve of adsorbent 

suggests that the total weight loss occurrs in two different stages. The initial weight loss up to 

~130 ºC is mainly for physically and chemically pre-adsorbed CO2, moisture and other gases 

[8]. The major weight loss in ASK between 150 – 500 ºC is due to thermal degradation of 

Pluronic P123. It is confirmed from the DTG analysis of Pluronic P123. It is completely 

degraded around 400 ºC (Figure 8.8b). Further weight loss in ASK at higher temperature is 

for surface de-hydroxylation [16]. The major weight loss between 150 – 350 ºC in adsorbent 

is attributable to the volatilization and decomposition of TEPA and PEHA molecules 

[7,15,17]. However, degradation temperature is nearly 350 ºC with polyethylenimine 

impregnated ASK. The thermal stability of adsorbents follows the order: TEPA < PEHA < 

PEI-800 < PEI-25K, i.e. stability increases with increasing molecular weight of 

polyethylenimine. As observed earlier, thermal stability of polyethylenimine impregnated 

calcined MCM-41 (~200 ºC), SBA-15 (~ 200 ºC) and KIT-6 (~ 220 ºC) is significantly lower 

than that of ASK (350°C) based adsorbent [7,17,19]. Thus, the presence of Pluronic P123 

significantly improves the thermal stability of ASK based adsorbent by forming the Pluronic 

P123 and polyethylenimine composite. 
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Figure 8.8 Thermo gravimetric analysis of pure and polyethylenimine impregnated as-

synthesized KIT-6 in N2 atmosphere with 10 °C/min heating rate 

 

8.3.6 CO2/N2 adsorption analysis 

8.3.6.1 Effect of polyethylenimine loading 

The synergistic effects of as-synthesized mesoporous silica with wide varieties of 

polyethylenimine present in adsorbent on CO2 sorption capacity have spurred the recent 

interest in exploring this hybrid material for designing the high CO2/N2 selective adsorbent. 

The pure mesoporous silica as well as polyethylenimine has low CO2 sorption capacity, 
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however the polyethylenimine and mesoporous silica composite improved the sorption 

capacity [18]. For preliminary screening, a series of polyethylenimine (Figure 8.1) 

impregnated ASK with different loading in the range 20 -70 wt% are synthesized and 

subjected to CO2 adsorption performance at 75 ºC. In case of diethylenetriamine 

(HN(CH2CH2NH2)2) impregnated ASK based adsorbent, most of the amine is leached out 

from the adsorbent during drying and degassing of adsorbent. It was confirmed by the initial 

and final weight difference of the adsorbent. The above observation confirms that 

diethylenetriamine impregnated ASK based adsorbent possess very low thermal stability [19] 

and is found to be not suitable for CO2 separation during real practical application. In case of 

TEPA, 60 wt% maximum loading is obtained over ASK but with further increase in 

concentration, the adsorbent turns in to a yellow gel. Similar behavior is also observed with 

PEHA. In case of 50 PEI-25K, most of the amine is retained outside the ASK as shown in the 

Figure 8.9. It is mainly for highly branched and ultra-large molecular size of PEI (Mw = 

25K).   

 

Figure 8.9 50 PEI-25K (Mw = 25K) impregnated as-synthesized KIT-6  
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The CO2 sorption performances of all different quantities of PEI impregnated ASK are 

summarized in Figure 8.10. The CO2 sorption capacity gradually increases with increase in 

amine loading. The maximum CO2 sorption capacity is about 3.1, 3.15, 3.27 and 1.45 mmol 

CO2/g of 60 TEPA, 60 PEHA, 50 PEI-800 and 40 PEI-25K adsorbent respectively at 75 ºC 

and 1 bar. In PEI-800, 50 wt% impregnated adsorbent shows the maximum adsorption 

capacity (3.27 mmol CO2/g adsorbent), and 40 PEI-25K shows the maximum sorption of 1.45 

mmol CO2/g adsorbent. Further increase in polyethylenimine concentration results in the 

sharp reduction of CO2 adsorption capacity which is attributed to the reduction of accessible 

amine sites during adsorption [18]. In addition to that, low loading of PEI-25K inside the 

pores of ASK also reduces the CO2 sorption capacity of adsorbent. 

 

Figure 8.10 (a) CO2 adsorption capacity and (b) different polyethylenimine efficiency of 

adsorbents   
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The polyethylenimine efficiency is defined as the ratio of the amount of CO2 adsorbed to the 

polyethylenimine present in the adsorbent after impregnation [20]. It indirectly indicates the 

CO2 adsorption behavior towards amine moieties by chemisorption with increasing 

concentration of polyethylenimine. The 20 TEPA shows the highest efficiency (ca. 6.38 

mmol CO2/g-TEPA) which decreases with increase in its concentration in the adsorbent as 

shown in Figure 8.10b. The similar trends are also observed for PEHA, PEI-800 and PEI-25K 

impregnated adsorbents. However, increase in loading and molecular weight reduces the 

polyethylenimine efficiency [20−22]. At low amine loading, the porosity of the adsorbent is 

higher compared to higher amine loading (Figure 8.4), which provides better dispersion of 

polyethylenimine inside the porous channels and reduces the CO2 transfer resistance towards 

amines sites. Additionally, CO2 diffusional resistance increases with increasing the molecular 

weight of polyethylenimine and reduces the CO2 interaction with amine present in the lower 

layer of polyethylenimine [8,19,22].  

It is interesting to observe that the adsorption capacity increases with increasing amine group 

numbers in TEPA to PEHA. However, increase in high molecular weight of 

polyethylenimine in adsorbent results in the drastic reduction of sorption capacity (Figure 

8.10). The reduction in adsorption capacity with increasing molecular weight of 

polyethylenimine can be understood on the basis of its molecular structure and CO2 reaction 

mechanism. TEPA and PEHA consists of primary and secondary amine groups (Figure 8.1). 

However, highly branched polyethylenimine (PEI-800 and PEI-25K) is a combination of 

primary, secondary and tertiary amines. The ratios of primary, secondary and tertiary amine 

are changed form 42:33:25 (PEI-800) to 31:39:30 (PEI 25K) when the molecular weight is 

increased from 800 to 25K Da [23]. Primary and secondary amines can react with dry CO2 to 

form carbamates through the formation of zwitterionic intermediates [24]. The zwitterionic 

mechanism was elaborated by Caplow [25]. However, tertiary amine reacts only in aqueous 
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condition and reflects very low adsorption capacity [24,25]. Ko et al.[24] showed that the 

CO2 sorption capacity and rate of adsorption follow the order tertiary amine < secondary 

amine < primary amine. Thus, the reduction in primary and secondary amine in 

polyethylenimine with increase in molecular weight consequently reduces the CO2 sorption 

capacity of the adsorbent.   

8.3.6.2 Effect of adsorption temperature 

In order to understand the effect of temperature on sorption performance, the adsorption 

isotherm experiments are performed between 30 to 105 ºC with 15 ºC interval for pure CO2 

and the results are depicted in Figure 8.11. The CO2 adsorption capacity is increased with 

increasing adsorption temperature from 30 ºC to 105 ºC in all the adsorbent. The similar 

adsorption isotherm trends were also observed with different polyethylenimine impregnated 

adsorbents such as calcined mesoporous silica (MCM-41, SBA-15 and MCF) activated 

carbon [26] and metal organic frameworks [27].  

The CO2 sorption capacity is sharply increased at low partial pressure (less than 0.1 bar) in all 

of the polyethylenimine functionalized ASK and then approached a saturation with a further 

increase in pressure. The sharp increase in adsorption capacity at low partial pressure is 

mainly for the chemisorption between CO2 and amine sites present in the adsorbent 

[11,13,15,28]. A further increase in adsorption capacity at higher partial pressure can be for 

the diffusion of CO2 inside the amine layer present in the adsorbent. The maximum 

adsorption capacity of 60 TEPA, 60 PEHA, 50 PEI-800 and 40 PEI-25K is (3.13 – 3.56), 

(3.86 – 4.20), (3.15 – 3.34) and (1.61 – 1.68) mmol CO2/g-adsorbent, respectively between 

(90 – 105) ºC and 1 bar. The results suggest that the adsorption capacities of 

polyethylenimine impregnated ASK shows better adsorption performance than earlier 

reported adsorbents except disordered mesoporous silica (Table A1).  
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Figure 8.11 CO2 adsorption performance of (a) 60 TEPA (b) 60 PEHA (c) 50 PEI-800 and 

(d) 40 PEI-25K adsorbent at different temperatures 

 

The low temperature range is thermodynamically more favorable for the CO2 adsorption and 

high temperature for desorption [13]. Additionally, adsorption capacity is also proportional to 

the exposed amine sites for CO2 in polyethylenimine functionalized adsorbent [16,28,29]. 

The electron micrograph and N2 adsorption isotherm clearly show polyethylenimine filled 

porous channels of ASK during impregnation. At low temperature, CO2 reacts with exposed 

amine sites present on the adsorbent surface [7,22]. Increasing trends of CO2 sorption 
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capacity indicates the increase in number of exposed amine sites with increase in adsorption 

temperature [8]. Increase in adsorption temperature reduces the viscosity and thereby 

increases the intermolecular distance between polyethylenimine molecules that exposes 

maximum amine sites for CO2 adsorption in the inner layer of polyethylenimine [19,20,22]. 

Additionally, it also reduces the CO2 diffusional resistance in the inner layer of 

polyethylenimine enabling higher temperature (90−105ºC) beneficial for CO2 adsorption. 

However, further increase in the temperature to (120 ºC) leads to the sharp decrease of 

adsorption capacity in low partial pressure (less than 0.2 bar) as because CO2 desorption is 

more favorable than adsorption (Figure 8.12).  

 

Figure 8.12 CO2 adsorption isotherms of (a) 60 PEHA, (b) 50 PEI-800 and (c) 40 PEI-25K at 

120 ºC 
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Figure 8.13 N2 adsorption isotherm (90 ºC) of polyethylenimine impregnated as-synthesized 

KIT-6 

 

The N2 adsorption isotherm of 60 TEPA, 60 PEHA, 50 PEI-800 and 40 PEI-25K adsorbent at 

90 ºC is shown in Figure 8.13. The ultralow N2 sorption capacity at 1 bar of 60 TEPA (~ 9.2× 

10−3 mmol N2/g), 60 PEHA (~5.9 × 10−3 mmol N2/g), 50 PEI-800 (~ 0.0 mmol N2/g) and 40 

PEI-25K (0.0 mmol N2/g) compared to CO2 indicates that synthesized adsorbents have very 

high selectivity towards CO2 in flue gas of large anthropogenic source, where N2 is the 

primary component of the mixture.  

In order to understand the effect of Pluronic P123 in polyethylenimine impregnated ASK, the 

CO2 adsorption of  60 wt% TEPA, 60 wt% PEHA and 50 wt% PEI-800 impregnated KIT-6 is 

compared at different temperatures viz. 75, 90 and 105ºC. The adsorption capacity of PEI-

800 impregnated KIT-6 is significantly improved. However, the sorption of TEPA, and 

PEHA impregnated KIT-6 is sparsely decreased (chapter 7). It indicates that P123 have 

important role in CO2 adsorption. The non-ionic P123 contains the both hydrophilic 

poly(ethylene glycol)chain (PEO) and hydrophobic poly(propylene glycol) chain (PPO). 
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During KIT-6 synthesis, PPO is present in the core while PEO in the shell of the micelle 

[30].After synthesis, PEO is found in the porous channel of KIT-6. During impregnation, 

PEO chain present on the surface gets inserted in the polyethylenimine layer as shown in 

Figure 8.2 and enhances the dispersion of polyethylenimine.  During adsorption, PEO acts as 

a CO2 carrier facilitating transport in to the inner layer of polyethylenimine [31] (Figure 8.2b, 

8.14) and reduces the CO2 diffusional resistance during adsorption and also increases the 

amine utilization ratio.  

 

Figure 8.14 CO2 adsorption kinetics of PEI-800 impregnated adsorbent at 75°C (■ − calcined 

KIT-6 and ● – as-synthesized KIT-6) 
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8.3.6.3 The enthalpy of CO2 adsorption 

The isosteric heat of adsorption (∆Hq) at a fixed adsorption capacity (q) was calculated from 

Clausius–Clapeyron equation: ln(p) = [(∆Hq)/RT] + C; where C, R, p and T represent the 

constant, gas constant, applied pressure at constant sorption capacity and temperature, 

respectively [16]. The ∆Hq value is evaluated from the slope of the linear plot between ln(p) 

vs 1/T at the same adsorbed capacity. The plots of different polyethyleneimine impregnated 

adsorbents are depicted in Figure 8.15. The ∆Hq is found to be 89 kJ/mol, 124 kJ/mol, 125 

kJ/mol and 94 kJ/mol for 60 TEPA, 60 PEHA, 50 PEI-800 and 40 PEI-25K adsorbent, 

respectively. The higher value of isosteric heat of adsorption indicates strong interaction 

(chemisorption) between CO2 and amine sites present in the adsorbent [12,20,32]. The heat of 

adsorption of pure adsorbent such as mesoporous silica, zeolite, activated carbon and metal 

organic frameworks lies between 18 – 50 kJ/mol [26,29,33]. Addition of polyethylenimine in 

the adsorbent increases the heat of adsorption to greater than 50 kJ/mol and reaches up to 140 

kJ/mol) [13,16,32,34]. 

Gray et al. [35] suggested that the heat required for regenerationof adsorbed CO2 could be 

predicted by the following equation: Q ≈ ΔHr + mCPΔT, where Q is regeneration heat duity, 

ΔHr is heat of reaction, m is adsorbent quantity, CP is heat capacity, and ΔT is the change in 

temperature. The sensible heat (mCPΔT) is much lower than ΔHr for amine functionalized 

mesoporous silica [36].The ΔHr is analyzed from the DSC profile (area correspond to 

exothermic peak) in presence of pure CO2 at 75 °C (Figure 8.16). The CO2 adsorption 

capacity of 60 TEPA, 60 PEHA and 50 PEI-800 is 124 mg/g (2.82 mmol/g), 139 mg/g (3.15 

mmol/g) and 114 mg/g (2.59 mmol/g) at 75 °C and 1 bar, respectively. The ΔHr of 60 TEPA, 

60 PEHA and 50 PEI-800 is 81 kJ/mol CO2, 61 kJ/mol CO2 and 68 kJ/mol CO2, respectively, 

which is much lower than that of 30% MEA solution (198.24 kJ/mol CO2) [13]. 

TH-1623_11610703



225 

 

 

Figure 8.15 Variation of ln(p) with 1/T of different adsorbents (■ − 60 TEPA; ● − 60 PEHA; 

▼ −  50 PEI-800; ♦ − 40 PEI-25K) by Clausius− Clapeyron equation 

 

 

Figure 8.16 DSC profile of polyethylenimine impregnated ASK in presence of CO2 at 75°C 
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8.3.6.4 Cyclic adsorption performance 

Stable sorption capacity during cyclic adsorption/desorption performance over wide range of 

temperature and pressure is the desirable requirement for a good industrial adsorbent. An 

extensive cyclic adsorption/desorption (Ads/Des) performance of the adsorbents are 

performed at (90 ºC/100 ºC) and (105 ºC/100 ºC). Figure 8.17 shows the cyclic performance 

of the 60 TEPA, 60 PEHA, 50 PEI-800 and 40 PEI-25K adsorbent with pure CO2. The cyclic 

performance reveals that the synthesized adsorbents show a very stable sorption capacity 

between 90 to 105 ºC adsorption temperatures. Even after 10th cycles, 60 TEPA (2.95 – 3.27 

mmol CO2/g), 60 PEHA (3.75 – 4.1 mg CO2/g), 50 PEI-800 (3.02 – 3.22 mmol CO2/g) and 

40 PEI-25K (1.6 – 1.56 mmol CO2/g) show less than 2 − 3% reduction in sorption capacity 

between (90 – 105) ºC sorption temperatures. However, lower molecular weight 

polyethylenimine such as TEPA, PEHA impregnated calcined mesoporous silica are 

generally reported to have significant loss in adsorption capacity during cyclic performance 

[35,36]. These results suggest that the above synthesized adsorbent (60 PEHA) can a 

potential adsorbent for practical application. 

 

Figure 8.17 CO2 adsorption performances at (a) 90 ºC adsorption/100 ºC desorption and (b) 

105 ºC adsorption/100 ºC desorption of different adsorbents   
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8.4 Conclusions 

In this chapter, three dimensional ASK is functionalized with TEPA, PEHA, PEI-800 and 

PEI-25K at different loadings by wet impregnation method and subjected to CO2 adsorption. 

Increasing polyethylenimine concentration decreases the surface area and pore volume of the 

adsorbent by filing the porous channel of ASK. Pluronic P123 present in KIT-6 enhances the 

thermal stability of the polyethylenimine impregnated adsorbents. The sorption capacity of all 

the adsorbents (60 TEPA, 60 PEHA, 50 PEI-800 and 40 PEI-25K) increases with increasing 

temperature from 30 to 105 ºC. Shorter chain amine TEPA and PEHA with low molecular 

weight shows higher adsorption capacity than high molecular weight PEI-800 and PEI-25K. 

However, 60 PEHA shows the maximum sorption capacity ca. 3.86 – 4.18 mmol CO2/g-

adsorbent at 90−105 ºC and 1 bar with stable cyclic performance. Polyethylenimine 

impregnated adsorbents that are developed here can be synthesized energy efficiently and 

more easily as compared to calcined silica. The adsorbents are also highly regenerable. Thus, 

high sorption capacity at low partial pressure and high temperature make ASK (particularly, 

60 PEHA) a promising candidate for CO2 capture from large anthropogenic source such as 

coal based thermal power plant.  
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Chapter 9 

 

This chapter summarizes the major inferences drawn from the doctoral work and outlines the 

scope for future studies.  

 

The main objective of this work was development of amine functionalized mesoporous silica 

(KIT-6) for carbon dioxide capture. In last 20 years, varieties of mesoporous silica were 

discovered. Without synthesizing any new material, this work explore the merits of the highly 

stable mesoporous KIT-6 with beneficial intrinsic properties such as three dimensional 

structure with large interconnected pore, high specific surface area and high pore volume in 

order to develop a good CO2 adsorbent associated with high adsorption capacity as well as 

high selectivity. The major conclusions and the scope for future work based on the present 

research work are highlighted below. 

 Synthesis procedure of highly ordered KIT-6 finally reveals that washing of as-

synthesized KIT-6 improves the surface area and pore volume, hydrothermal treatment 

of synthesis solution alters the pore size and pore volume of KIT-6. Thermal treatment 

(upto 900 °C) gradually reduces the surface area, pore volume and pore size because of 

sintering of the structure of KIT-6. The synthesized KIT-6 possesses high mechanical 

stability, hydrolytic stability and thermal stability. However, low CO2 adsorption 

capacity at low pressure (below 1 bar) does not suit it for practical application. Hence, it 

requires further improvement which is attempted in this. 

 CO2 adsorption capacity of highly stable KIT-6 is improved by grafting of APTES in 

both dry and aqueous solution. The loading of APTES increases with increase in water 
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concentration in the grafting solution. TEM micrograph shows the non-uniform 

apportionment of APTES in KIT-6 surface. CO2 adsorption takes place on amine 

functionalized KIT-6 by the combined effect of chemisorption with amine sites and 

physisorption with surface. APTES grafted KIT-6 showed the stable sorption capacity of 

1.56 mmol CO2/g of adsorbent at 1 bar and 30°C. 

 Adsorption capacity of amine functionalized adsorbent is directly associated with 

accessible amine sites with CO2.  The sorption capacity KIT-6 is further improved by 

grafting of TMPTA in aqueous solution showing adsorption capacity 2.59 mmol CO2/g 

adsorbent at 30 °C and 1 bar, which is much higher than the sorption capacity of 

TMPTA grafted traditional MCM-41 and SBA-15 with 1.36 mmol CO2/g and 1.54 mmol 

CO2/g, respectively.  

 Further, KIT-6 is functionalized with wide varieties of polyethylenimine such as DETA, 

TEPA, PEHA, PEI-800, PEI-1200 and PEI-25K by wet impregnation method. Thermal 

stability of adsorbent decreases with increases in molecular weight of polyethylenimine.  

High molecular weight PEI shows the low CO2 sorption capacity over TEPA and PEHA 

impregnated KIT-6. The 60 wt% PEHA impregnated KIT-6 shows the maximum and 

stable sorption capacity between 4.0 to 4.5 mmol CO2/g at 90 °C to 105 °C at 1 bar. The 

sorption capacity of polyethylenimine adsorbent increases with increase in adsorption 

temperature. 

 Adsorption performance of PEHA impregnated KIT-6 are compared with MCM-41, 

SBA-15 and HV MCM-41. It is found that the adsorption capacity depends on the pore 

size of the adsorbent. Similar pore size containing adsorbents SBA-15 and KIT-6 show 

the nearly similar adsorption performance. Smaller pore size containing adsorbents 

MCM-41 and HV MCM-41 show low adsorption capacity.    
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 In order to avoid the calcination of mesoporous silica requiring high temperature and 

long time, as-synthesized (uncalcined) KIT-6 is functionalized with DETA, TEPA, 

PEHA, PEI-800 and PEI-25K. That show interesting adsorption performance. Presence 

of structure directing agent in the adsorbent improves the thermal stability of adsorbent. 

PEHA impregnated KIT-6 shows the maximum adsorption capacity ca. 4.2 mmol CO2/g 

at 105 °C at 1 bar. However, CO2 adsorption efficiency gradually decreases with 

increase in PEHA loading. Structure directing agent present in the adsorbent increases 

the adsorption rate. Thus, high sorption capacity at low partial pressure and high 

temperature designate PEHA impregnated as-synthesized KIT-6 as a promising 

candidate for CO2 capture from large anthropogenic source.  

 

Scope for Future Work 

The immediate future scopes of the present work are as follows: 

 CO2 adsorption study with flue gas in order to understand the effect of the presence of 

impurities such as water vapor, SOx, NOx and CO. 

 Development of adsorbent in pellet form to study the breakthrough performance in an 

adsorption column in order to understand the design aspects of the adsorber unit. 

 Detailed design and development of the cyclic adsorption/desorption process for 

practical application. 

 Study the adsorption mechanisam on molecular label of amine functionalized silica 

using monti-carlo method.   
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A1.1 Calclation of amine loading 

 

                                      

Figure A1. Molecular structure of (3-aminopropyl)triethoxysilane (APTES) 

 

The amine loading amounts of amine-grafted sorbents were determined by the weight loss 

occurred at high temperature, which can be measured by TGA. With APTES grafted KIT-6 

being an example, the detail of grafted amine loading of samples is provided below.  

Considering the density and geometric distribution of silanols on the sorbent support, APTES 

grafted with 3 surface silanols when performing the silanization reaction. The weight loss of 

the samples was contributed to the complete removal of 3-aminopropyl group (200 ºC ‒ 600 

ºC). Thus amine loading amount of the sorbents was calculated based on the weight loss. 

(𝑚𝑚𝑜𝑙 𝑁/𝑔 − 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡)  =   
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑤𝑡%) 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑟𝑜𝑝𝑦𝑙 𝑐ℎ𝑎𝑖𝑛 
 

 

Mw = 58 
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Table. A1 List of amine functionalized mesoporous silica and their CO2 sorption capacity  

Sorbent Amine SBET 

(m2/g) 

Pd 

(nm) 

Vt 

(cc/g) 

Method Temp  

(°C) 

PCO2 

 (bar) 

Method qe  

(mmolCO2/g) 

Ref. 

Silica 

Gel 

Mono 340 12 1.4 Grafting 22 1 volumetric 0.41 127 

HMS Mono 762 3 1.02 Grafting 20 0.91 TGA 0.86 144 

HMS Mono 1198 2.1 0.97 Grafting 20 0.91 TGA 1.59 144 

Xerogel Mono 816   Grafting 25 1 TGA 1.12 147 

MCM-48 Mono 1389   Grafting 25 0.05 TGA 1.14 147 

SBA-15 Mono 910 5.9 1.1 Grafting 60 0.15 GC 0.15 146 

SBA-15 Mono 910 5.9 1.1 Grafting 60 0.15 GC 0.26 146 

SBA-15 Tri 910 5.9 1.1 Grafting 60 0.15 GC 0.35 146 

MCM-48 Mono 1349  1.03 ± 0.06 Grafting 25 0.05 volumetric 1.09 138 

MCM-41 Mono 1045 30 2.5882 Grafting 30 1 Gravimetric 1.2 123 

MCM-41 Mono 1204  0.79 Grafting 30 1  0.7 137 

MCM-41 Mono 1045 30 2.5882 Grafting 

(Aqueous) 

30 1 Gravimetric 1.58 129 

MCM-41 Mono 1045 30 2.5882 Grafting 

(Aqueous) 

75 1 Gravimetric 1.26 129 

MCM-41 Tri  1045 30 2.5882 Grafting 

(Aqueous) 

30 1 Gravimetric 1.78 129 
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Cont…           

MCM-41 Tri  1045 30 2.5882 Grafting 

(Aqueous) 

75 1 Gravimetric 2.1 129 

MCM-48 Mono 1290 2.58 1.15 Grafting 25 1 MB 0.8 145 

SBA-15 

(Cal.) 

Mono 824 7.4 0.92 Grafting 25 1 Volumetric 1.54 136 

SBA-15 

(Ext.) 

Mono 786 7.6 1.04 Grafting 25 1 Volumetric 1.84 136 

MCM-41 Mono 1506 3.3  Grafting 25 1 MB 0.57 142 

SBA-12 Mono 1347 3.8  Grafting 25 1 MB 1.04 142 

SBA-15 Mono 687 7.1  Grafting 25 1 MB 1.54 142 

MCM-41 NH3 

(mono) 

995  1.27 Ammonol

ysis 

25 1 Volumetric 2.72 135 

SBA-12 Mono 1347 3.8 0.84 Grafting 25 10% 

CO2/N2 

TGA 1.04 114 

SBA-12 Mono 1347 3.8 0.84 Grafting 25 10% 

CO2/N2 

TGA 0.98 114 

SBA-12 3(phenylam

ino) 

propyltrime

thoxysilane 

1347 3.8 0.84 Grafting 25 10% 

CO2/N2 

TGA 0.68 114 
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Cont….. 

PE-

SBA-15 

Mono 428 15.2 1.18 Grafting 45 1 Volumetric 1.49 133 

PE-

SBA-15 

Di 428 15.2 1.18 Grafting 45 1 Volumetric 1.62 133 

MCM-

41 

Mono 1031 3.5 0.897 Grafting 30 0.1  0.7 137 

MCM-

41 

Mono 1031 3.5 0.897 Grafting 30 2.1  1.15 137 

Platelet 

SBA-15 

Mono 752 14.7 1.46 Grafting 25 1  1.58 131 

 Di    Grafting 25 1  2.01 131 

 Tri     Grafting 25 1  2.67 131 

SBA-15 Mono 906 7.5 1.23 Grafting 25 1  0.99 131 

 Di    Grafting 25 1  1.15 131 

 Tri     Grafting 25 1  1.23 131 

AMSA Mono 628.45 20.71 3.25 co-condensation 25 1 Gas 

analyzer 

1.95 139 

      50 1 Gas 

analyzer 

1.19 139 
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Cont… 

Aerogels Mono 767 42.7 4.2 Grafting 25 1 MB 0.67 132 

 Di    Grafting 25 1 MB 1.2 132 

 Tri    Grafting 25 1 MB 1.64 132 

 Tri (Aqueous)    Grafting 25 1 MB 2.61 132 

MCM-41 Di 856 2.7 0.95 Grafting 30 1 Volumetric 0.96 130 

 Tri        1.01 130 

 4-aminopyridine        0.07 130 

 4-(methylamino) 

pyridine 

       0.36 130 

 1,5,7-

triazabicyclo 

[4.4.0]-dec-5-ene 

       0.4 130 

SBA-15 Diamine ~ 200   Grafting 22 1 TGA 1.95 116 

SBA-16 Diamine 479 0.48  Grafting 60 1 TGA 0.727 115 

SNT Mono 348  1.11 Grafting 25 1 TGA 1.45 134 

 Di     Grafting 25 1 TGA 1.89 134 

 Tri     Grafting 25 1 TGA 2.23 134 

 Secondry     Grafting 25 1 TGA 0.95 134 

 Tertary     Grafting 25 1 TGA 0.12 134 
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Cont….. 

SNT Mono 348  1.11 Grafting 100 1 TGA 1.13 134 

Di     Grafting 100 1 TGA 1.27 134 

Tri     Grafting 100 1 TGA 1.57 134 

Secondry     Grafting 100 1 TGA 0.55 134 

Tertary     Grafting 100 1 TGA 0.05 134 

SBA-

16/Cal 

Diamine 715  0.54 Grafting 27 30 Microcalorimeter 3 to 4  115 

SBA-

16/Exc. 

Diamine 574  0.49 Grafting 27 30  3 to 4  115 

SBA-15 Primary  892 5.29  Grafting 25 1 TGA 0.95 124 

 Secondry        TGA 0.75 124 

 Tertary        TGA 0.17 124 

PE-MCM-

41 

Triamine 

(Aqueous) 

1134 10.88 2.26 Grafting 25 0.1 Rubotherm  2.16 122 

PE-MCM-

41 

Triamine 

(Aqueous) 

   Grafting 25 1 Rubotherm 2.77 122 

MCM-41 50wt% PEI 1480 2.75 1 Impregnation 75 1 TGA 2.54 128 

SBA-15 50wt%PEI,  

Mw = 423 

linear 

950 6.6 1.31 Impregnation 75 Cin 

=15% 

GC/ Gravimetric 3.14 155 
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Cont….. 

KIT-6  50wt% TEPA 943 6 1 Impregnation 60 Cin = 

10% 

TGA 2.9 159 

MCM-41 50wt% PEI,  

Mw = 600 

1042 2.8 0.85 Impregnation 75 1 TGA 2.52 120 

KIT-6 50wt%  

PEI, Mw =600 

895 6 1.22 Impregnation 75 1 TGA 3.06 120 

MCM-48 50wt% PEI, 

 Mw =600 

1162 3.1 1.17 Impregnation 75 1 TGA 2.70 120 

SBA-15 60wt% PEI, 

Mw. = 600 

753 5.5 0.94 Impregnation 75 1 TGA 2.88 120 

SBA-16 50wt% PEI, 

 Mw = 600 

776 4.1 0.75 Impregnation 75 1 TGA 2.93 120 

AS- SBA-15 50wt%TEPA 345 8.9 0.71 Impregnation 100  GC 151  

SBA-15 60wt%PEI,  

Mw = 800, Branched 

775 8.9 1.1 Impregnation 75 1 volumetric 2.04 31 

SBA-15 60wt%PEI,  

 Mw = 800, Branched 

775 8.9 1.1 Impregnation 75 5 volumetric 2.16 31 

SBA-15 50wt% PEHA 452  0.95 Impregnation 80 1 Gas 

analyzer 

3.50 160 

Nano-silica 60wt%PEI, Mw = 600    Impregnation 75 1 TGA 3.11 156 
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Cont… 

 

          

Nano-silica 60wt%PEI, 

 Mw = 600 

   Impregnation 90 1 TGA 3.75 156 

MCF 65wt%PEI, Mw = 423  950 18 2.4 Impregnation 30 1 TGA 2.61 10 

MCF 65wt%PEI, Mw = 423  950 18 2.4 Impregnation 75 1 TGA 4.56 10 

HMS 50wt%PEI, Mw = 423  1012 2.6 1.12 Impregnation 75 1 TGA 2.95 10 

MSU-J 50wt%PEI, Mw = 423  880 9.4 1.6 Impregnation 75 1  3.11 10 

SBA-15 50wt%PEI, Mw = 423  950 6.6 1.31 Impregnation 75 1  2.72 10 

MCM-41 50wt%PEI, Mw = 423  1129 2.7 1.15 Impregnation 75 1 TGA 2.38 10 

Disorder 

MS 

50wt%TEPA 451.5 4.75 0.54 Impregnation 100 1 MB 4.4 25 
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a b s t r a c t

Three dimensional (3-D) mesoporous silica with large interconnecting pores are found suitable for
aminosilane grafting to achieve high CO2 adsorption with higher amine loading. In the present study,
cubic KIT-6 is functionalized by (3-aminopropyl)triethoxysilane, N-[3-(trimethoxysilyl)propyl]ethyl-
enediamine and N1-(3-trimethoxysilylpropyle)diethylene triamine with various concentrations of water
in aqueous solvent by post grafting method. The effect of water in grafting of aminosilane onto KIT-6 is
analyzed by N2 adsorption/desorption, TEM micrograph, TG analysis and CO2 adsorption. The TG analysis
suggests that, surface density of aminosilane increases with increase in water concentration in grafting
solvent and TEM micrograph apparently shows the more intense aminosilane on mesoscopic level. The
maximum adsorption capacity is 1.60, 2.09 and 2.59 mmol CO2/g-adsorbent for WK.20AP, WK.20DA and
WK.10TA, respectively at 30 �C and 1.0 bar. The CO2/N2 selectivity is much higher for aqueous solution
grafted adsorbent. Moreover, aqueous solution grafted adsorbents are regenerable showing stable
sorption performance till 20 cycles. Thus, aqueous solution grafting is a more efficient way to graft the
aminosilane on mesoporous silica as well as design CO2/N2 selective adsorbent.

© 2017 Published by Elsevier Inc.

1. Introduction

Natural calamities such as gradual warming of the earth, rising
of the sea level, unpredictable flood and drought situation are
indicative of greenhouse effect, which is mainly caused by emission
of CO2 into the atmosphere from large anthropogenic sources such
as coal based thermal power plant and crude oil refinery [1]. In
order to control CO2 concentration in atmosphere, carbon capture
and utilization (CCU) is a promising technology and it is indis-
pensable to develop a highly efficient and cost effective capture
process. The basic alkanolamines based absorption process have a
great potential to capture CO2 from anthropogenic sources as well
as atmosphere [2e4]. Certain drawbacks of amine based absorption
process like corrosion of process equipment, amine degradation for
high regeneration temperature and presence of oxygen in flue gas,
high heat penalty and amine loss during regeneration and other
unwanted carbonate salt formation in the solvent made it neces-
sary to look for other alternatives [3,5].

Adsorption is a potential alternative and a large number of
innovative works are being carried out to develop highly CO2/N2
selective adsorbents. Recently zeolites [6e8], metal organic
frameworks (MOFs) [6,7,9], activated carbon (AC) [6], mesoporous
metal oxide [10] emerged as potential adsorbents in CO2 capture
including covalent-organic frameworks (COFs) [11]. However, high
heat penalty for regeneration of zeolites, low adsorption capacity
(qm) for AC and susceptibility to moisture for MOFs are significant
drawbacks for which further alternatives are being searched.
Amine immobilized adsorbents received a special attention in
designing the low partial pressure based CO2 adsorbent [12e40].
Chunsying et al. [13] designed the tetraethylenepentamine func-
tionalized Y-type zeolite and showed the 3.3 mmol CO2/g adsorp-
tion capacity with 50% CO2 feed concentration. Zhang et al. [14]
showed the heat of regeneration of amine functionalized adsor-
bent as 2.46 GJ/t CO2 which is much lower than 3.9 GJ/tCO2 for
traditional aqueous MEA system. Jaroniec et al. [15] synthesized the
periodic mesoporous benzenesilicas and functionalized them by
grafting of mono, di and triaminosilane. The study showed the
maximum of 3.03 mmol CO2/g capacity with diamine grafted
benzenesilicas at 25 �C and 1 bar. On the other hand, varieties of
amine immobilized mesoporous silica such as MCMeseries
[16e18], SBAeseries [12,19,21], KITeseries [22,23], MSUeF [24] and* Corresponding author.
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ABSTRACT: The present study investigated the role of structural
parameters such as pore size, pore volume, and specific surface area
of mesoporous silica on the CO2 sorption performance of various
amine-functionalized adsorbents. A series of mesoporous silica with
different structural properties KIT-6, MCM-41, SBA-15, and HV
MCM-41 were synthesized and functionalized with pentaethylene-
hexamine (PEHA) by wet impregnation. The CO2 sorption
performances of the sorbents were evaluated using high pressure
gas adsorption analyzer. The sorption capacity of adsorbents follows
the order: MCM-41 < HV MCM-41 < SBA-15 ≈ KIT-6 at 105 °C
and 1 bar. Larger pore size reduces the mass transfer resistance, and
large pore volume improves the PEHA distribution inside the pores.
The high specific surface area has little impact during adsorption.
Due to the 3D structure with interconnected pores, KIT-6 shows the lowest heat of regeneration (57.8 kJ/mol CO2) during
adsorption. The PEHA-impregnated KIT-6 (K-60 PEHA) shows the highest sorption capacity 4.48 mol CO2/g at 105 °C and 1
bar. It also exhibit fairly stable sorption performance up to 10 adsorption/desorption cycles between in the temperature range of
90−105 °C.

1. INTRODUCTION

At present, an aqueous alkanolamine (such as monoethanol-
amine and diethanolamine) based absorption process is widely
used to capture CO2 at atmospheric condition.

1 However, the
large energy requirement during solvent regeneration, corrosive
nature of amines toward the equipment, and most importantly
the amine loss in atmosphere during regeneration necessitates
looking for an alternative process.1,2 Amine-functionalized
porous solid such as activated carbon3,4 zeolites,5 mesoporous
silica,6−9 and metal−organic frameworks (MOFs)3,10 are found
to be good candidates for CO2 capture at low pressure.
However, structural instability and sharp reduction in
adsorption capacity under most conditions with zeolites and
MOFs require further research and improvement for said
application.8

In the past few years, amine-functionalized mesoporous silica
received attentions from a large community of researchers for
CO2 capture because of its high structural stability, high surface
area, and tunable pore size and pore volume.11,12 Xu et al.13

developed a polyethylenimine (PEI)-impregnated “molecular
basket”, which showed high CO2 sorption capacity (3.0 mol
CO2/kg) and selectivity. Subsequently, several amine-function-
alized mesoporous silica such as MCM-41,14−16 SBA-15,17 KIT-
6,7,16 MCF,18,19 and aerogel20 were tested in order to have an
adsorbent with improved sorption performance. It was
obviously observed that the sorption capacity depends on the
mesoporous structure, pore size, pore volume, and type of
amine.

At present, limited work has been done to understand the
role of structural parameter of support on the CO2 adsorption
performance. Yan et al.19 increased the sorption capacity from
2.51 to 4.04 mol CO2/kg by increasing the pore volume from
1.51 to 1.82 cc/g of PEI-impregnated MCF at 75 °C and 0.15
bar, while Chen at al.12 achieved a sorption capacity of 4.18 mol
CO2/kg at 75 °C with 60 wt % PEI loading by using three-
dimensional hexagonal mesoporous silica with wormhole-like
pore structure as support. Moreover, Wang et al.21 improved
the CO2 sorption capacity of tetraethylenepentamine (TEPA)-
impregnated ordered mesoporous silica from 2.31 to 3.1 mol/
kg by changing the pore size from 5.6 to 7.6 nm. It should be
noted that the surface area, intrinsic pore structure, and pore
volume play an important role during application. In our
previous study, we found that the adsorption capacity of KIT-6
was decreased with increase in molecular weight of PEI.7 The
maximum sorption capacity observed was 3.0 mol CO2/kg (Mw

of PEI = 800) at 105 °C and 1 bar, although low molecular
weight TEPA- and PEHA-impregnated mesoporous silica
showed much higher sorption than high molecular weight
PEI.14,22 Additionally, 3D support improved the sorption
kinetics of amine-functionalized sorbent.9,16 Thus, the above
literatures clearly indicate that the structural parameters of
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APTES grafted ordered mesoporous silica KIT-6 for CO2 adsorption
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h i g h l i g h t s

� KIT-6 was synthesized and APTES
grafted in both dry and aqueous
solution.
� Role of water on APTES loading in

KIT-6 and grafting mechanism is
explained.
� APTES grafted KIT-6 exhibited a CO2

adsorption capacity of 0.90–
1.56 mmol g�1.
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a b s t r a c t

Pure KIT-6 was synthesized using pluronic P123 (PEO20PPO70PEO20, mw � 5800 Da) surfactant in mild
acidic condition. It was functionalized with (3-aminopropyl) triethoxysilane (APTES) by grafting in dry
and aqueous solvent at 80 �C. Cubic (Ia3d) structure and uniformity of the adsorbents were analyzed
by small angle powder X-ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM). Physical properties of the adsorbents were characterized by nitrogen adsorption/desorption
behavior, infrared spectroscopy (IR) and thermo gravimetric (TG) analysis. CO2 adsorption/desorption
behavior of the adsorbents was studied in a gravimetric analyzer. Optimum amine loading was substan-
tially increased from 1.74 mmol N g�1 in dry grafting to 2.75 mmol N g�1 in aqueous grafting. The adsorp-
tion capacity was also remarkably increased from 0.90 mmol CO2 g�1 (An_K_9.0A) to 1.56 mmol CO2 g�1

(Aq_K_0.20W_9.0A) at 30 �C. The heat of adsorption of the process was in the range of 20–32 kJ mol�1.
The adsorbent showed its stability with the adsorption capacity remaining constant over 10 adsorp-
tion/desorption cycles.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The rapid increase in global warming and its adverse effects on
the environment, especially on the marine ecosystem has become
a threat across the globe. According to earlier studies of paleocli-
mate data and CO2 concentration in atmosphere, the rapid increase
of global warming is mainly due to CO2 and other greenhouse gases
[1]. By observation of ‘‘Mauna Loa Observatory’’ Hawaii, CO2

atmospheric concentration has already reached �400 ppm in
2014 and it will reach 450 ppm in next few years, which is suffi-
cient to increase global surface temperature above 2 �C of the max-
imum limit range [2]. In the ‘‘United Nations Climate Change
Conferences, Warsaw’’ (COP-19) countries have taken a strong
decision to control the global warming by CO2 capture and seques-
tration (CCS) [3].

Coal, oil and natural gas are the major sources of energy and
these provide 80% of world energy demand. These energy sectors
are the major anthropogenic sources of CO2 [4]. CCS is important
to mitigate the global warming and its consequences by capture
of CO2 from large anthropogenic sources. Aqueous alkanolamines

http://dx.doi.org/10.1016/j.cej.2014.10.039
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High molecular weight polyethyleneimine functionalized three
dimensional mesoporous silica for regenerable CO2 separation
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h i g h l i g h t s

� High molecular weight amine functionalized KIT/8PEI, KIT/12PEI, KIT/250PEI adsorbent was synthesized.
� Adsorption capacity decreases with increasing the Mw of PEI.
� CO2/N2 selectivity increases with temperature.
� KIT/250PEI shows stable performance between 90–105 �C and 100 kPa.
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a b s t r a c t

Polyethylenimine functionalized mesoporous silica is a potential alternative of amine based absorption
process for CO2 capture from flue gas. By impregnation of high molecular weight polyethylenimine
(PEI) into three dimensional mesoporous KIT-6, a novel sorbent was prepared for highly CO2/N2 selective
separation at moderate temperature and low partial pressure with high stability. TEM micrograph shows
that, pore is covered with PEI and also a layer of PEI is formed on the surface of adsorbent without dis-
turbing its original structure. TGA analysis confirmed that with increasing molecular weight of PEI, ther-
mal stability of adsorbent was increased. The sorption capacity was increased with increasing the
temperature form 30 to 120 �C and the adsorption mechanism is elucidated with the help of the nature
of CO2 equilibrium isotherms. The very high CO2/N2 selective adsorbent follows the order
K/250PEI < K/12PEI < K/8PEI with maximum operating sorption capacity 3.0 mmol CO2/g of K/8PEI at
105 �C and 100 kPa. Adsorbent showed stable sorption performance at moderate temperature (90–
105)A/100D �C during 20 adsorption/desorption cycles. However, K/250PEI gives the maximum benefits
in terms of stable sorption performance (2.4 mmol CO2/g adsorbent at 105 �C and 100 kPa) and the nec-
essary thermal stability for practical application.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Release of greenhouse gases to environment results in increased
average temperature of earth which is tending towards alarming
limit of 2 �C [1,2]. In last few decades, the atmospheric CO2 concen-
tration has been increased from �320 to �400 ppm, and it influ-
enced the global surface temperature, reduced the pH of ocean
surface water and disturbed the ecosystem [1–6]. Majority of the
greenhouse gases are released from thermal power plant, cement
industries, solid waste and chemical industries where carbon diox-
ide (CO2) shares 80–85% of it [4,5]. Emission of greenhouse gases to
the atmosphere are required to be controlled in order to reduce its
adverse effect on ecosystem and environment [2,3]. United nations

climate change conference (COP 21, 2015) held at Paris was set
ambitious goals to control global limit temperature rises (2 �C)
which was legally agreed and signed by nearly 200 countries. To
that end, carbon capture sequestration and utilization (CCSU) is a
one of the possible option. Primarily post combustion CO2 capture
can target larger anthropogenic sources which emits concentrated
gases [5,6].

The major component of flue gas from a thermal power plant is
N2 with �0.10–0.15 bar partial pressure of CO2 at moderate tem-
perature. Amine based absorption process is commercially avail-
able for CO2 capture [5]. But, low absorption temperature,
excessive corrosion of equipment and large amounts of heat
requirement during regeneration motivate for other alternatives
[5–7]. Porous solid such as activated carbon, metal organic frame-
works and mesoporous silica based adsorptive separation process
is one such alternative [6,8–32]. In view of practical application,
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N1-(3-Trimethoxysilylpropyl)diethylenetriamine
grafted KIT-6 for CO2/N2 selective separation†

Rupak Kishor* and Aloke Kumar Ghoshal

In the present study N1-(3-trimethoxysilylpropyl)diethylenetriamine was grafted on various ordered and

commonly used mesoporous silica namely MCM-41 (2.2 nm), SBA-15 (6.6 nm) and KIT-6 (6.6 nm) in

both anhydrous and aqueous conditions for CO2/N2 adsorption. The structural and physical properties

before and after grafting were analyzed by nitrogen adsorption/desorption, X-ray diffraction and electron

microscopy techniques. The uptake capacities of three-dimensional K30T and WK30T were 1.89 and

2.59 mol CO2 per kg of adsorbent, respectively at 30 �C which are significantly higher than MCM-41 and

SBA-15 based adsorbents. Analysis of the enthalpy of CO2 adsorption, confirmed the adsorption in amine

functionalized adsorbents by both chemical and physical interactions. Outstanding equilibrium CO2/N2

selectivity of functionalized KIT-6 over MCM-41 and SBA-15 opens up its practical applicability through

a stable performance in several adsorptions/desorption cycles.

1. Introduction

Increasing trends of CO2 concentration in the atmosphere are
creating alarming conditions in the form of global warming
across the globe. Especially in last few decades, the rate of CO2

emission in the form of ue gas has drastically increased from
large anthropogenic sources, particularly coal based thermal
power plants. This is possibly due to industrialization and
growth in energy demand across the globe.1,2 As a result, the
atmospheric CO2 concentration increased from �315 ppm in
1958 to �400 ppm in 2015. Higher CO2 concentrations have led
to several environmental issues and therefore, reducing CO2

emissions from the large anthropogenic sources is urgently
required.

In order to control the CO2 concentration in the atmosphere,
carbon capture sequestration and utilization (CCSU) is a prom-
ising technology and is becoming indispensable to develop an
efficient and cost effective separation process.3 Basic mono-
ethanolamine (MEA), diethanolamine (DEA) and mixed amines
based absorption is in commercial operation throughout the
world.3,4 But, solid sorbent based separation process could be
a potential alternative and a lot of innovative work has been
carried out to develop highly CO2/N2 selective adsorbents.
CO2 from the anthropogenic source may be separated by
a verity of solid physisorbents like zeolite,5 porous carbon,6,7

metal–organic frameworks (MOFs),3,8–12 covalent organic
frameworks (COFs),13 polymer14 and chemisorbents like alkali

functionalized mesoporous silica and metal carbonates.15–29

Microporous metal–organic frameworks shows very high sorp-
tion capacities and selectivity,8–12 but susceptibility to moisture8

demanding for further research for better alternatives. Alkali
based metal carbonate (M2CO3, where M ¼Mg, Na, Cu, Zn etc.)
and amine functionalized ordered mesoporous silica (OMSs)
based regenerable solid sorbent are good alternatives over
physisorbents for CO2 sorption from ue gas.15–17 Lee et al.16,17

synthesized excellent adsorbent with 87–119 mg CO2 per g
sorption capacity at 60 �C and 1 bar by impregnation of potas-
sium carbonate in ZrO2, AC, TiO2, Al2O3, MgO, SiO2 and various
zeolites. However, regeneration temperature (130–400 �C) and
poor cyclic performance of adsorbents became less favourable
for CO2 capture. Amines are highly selective towards CO2 via
carbamate formation in low partial pressure as well as stable
and easily regenerable at moderate temperature even in moist
environment.18–29 Aminosilane functionalized OMS is a suitable
alternative for CO2 sorption from anthropogenic source.

Since aer the discovery of OMS byMobil scientists in the early
1990s,30 other OMSs like SBA-15 (ref. 22 and 27) (hexagonal), KIT-6
(ref. 28) (cubical), MCF31 (disordered) and MSU32 (hexagonal
disordered) were also discovered. Due to high specic surface area
(>600 m2 g�1) and pore volume (>0.5 cm3 g�1), they have attracted
world-wide researcher's interest in various applications like
catalysis,33 nano-science34 and drug delivery35 by decorating the
surface with organosilane. Yokoi et al.19 synthesized the func-
tionalized MCM-41 by direct co-condensation reaction with
aminosilane and silica source during synthesis as well as by
post graing method. Among these, amine functionalized
OMSs received the attention of a large community in CO2

capture application. More recently, Linneen et al.25 graed
mono, di and triaminosilane on silica aerogel with larger pore
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Polyethylenimine Functionalized As-Synthesized KIT‑6 Adsorbent for
Highly CO2/N2 Selective Separation
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ABSTRACT: The present study targeted the synthesis of CO2 adsorbent by impregnation of DETA, TEPA, PEHA, and
polyethylenimine in KIT-6 with a confiscated structure directing agent in minimum time and energy. The adsorbents were
characterized and revealed the influence of polyethylenimine with CO2 at a wide range of temperatures. An examination by TGA
confirmed that PluronicP123 present in adsorbent enhances its thermal stability and acts as a carrier for CO2 to the inner layer of
polyethylenimine during adsorption. CO2 sorption capacity of the adsorbent was found to be dependent on the polyethylenimine
loading, temperature, pressure, and the surfactant PluronicP123. At higher temperatures, adsorbents showed a positive impact for
CO2 adsorption; however, a negative effect was exhibited in amine efficiency. The sorption capacity decreased with increasing the
molecular weight of polyethylenimine following the order PEI-25K (66 mg CO2/g) < PEI-800 (114 mg CO2/g) < TEPA (124
mg CO2/g) < PEHA (139 mg CO2/g) at 75 °C. However, 60 wt % PEHA impregnated KIT-6 showed the stable sorption
capacity of 170−184 mg CO2/g at 90−105 °C and 1 bar.

1. INTRODUCTION

Energy insecurity and associated environmental concerns have
raised serious concerns about identifying alternate, sustainable,
clean energy sources with less environmental impact.1,2 Carbon
dioxide, the major greenhouse gas generated from the burning
of fossil fuels such as coal, petroleum oil, and natural gas, has
reached a higher concentration of ∼400 ppm in the
atmosphere.2 The earth’s surface temperature in 2015 was
the warmest since 1980, according to independent analyses by
the National Aeronautics and Space Administration (NASA)
and National Oceanic and Atmospheric Administration
(NOAA). Thus, to control the surface temperature, it is the
need of the hour to control emissions from large anthropogenic
sources. In the 21st session of the conference of the parties
(COP-21) in 2015 including over 195 countries, a unanimous
decision was taken to control CO2 emission in the atmosphere
in scientific ways.
Carbon capture and utilization (CCU) remains a promising

option to control CO2 emission, which consists of two major
stages.3−29 The primary stage involves CO2 capture using an
efficient separation process, while the secondary stage involves
the conversion of captured CO2 into various useful products
with the help of effective catalysts.3−5 Removal of CO2 from
flue gas using a commercially available amine-based absorption
process has been receiving much interest among several
authors.3,7 However, the process remains energetically un-
favorable due to reduced net power output attributed to several
power losses in the CO2 capture process during the amine
regeneration and CO2 compression step.3,22,24 On the other
hand, numerous adsorbents, especially activated carbon (AC),25

carbon nanotubes (CNTs),6 zeolite,10,11,26 metal organic
frameworks (MOFs),10,16 and ordered mesoporous silica
(MSs)9−16,19,20 and its amine functionalized derivatives have
received great attention for CO2 adsorption under a wide range
of temperatures and pressures. Mason et al.10 showed that

zeolites and most of the MOFs are highly unstable during CO2
adsorption under flue gas conditions. However, amine
functionalized mesoporous silica showed a positive effect
during CO2 adsorption under moist conditions as well as a
high adsorption capacity at low partial pressure (∼0.15
bar).10,27−29

MS is functionalized by aminosilane grafting and the
polyethylenimine wet impregnation method.12−16,28,29 Wet
impregnation received special attention over grafting for its
simplicity in functionalization with low time consumption as
well as high adsorption capacity. Song et al.29 prepared the first
polyethylenimine impregnated MS-based adsorbent. Later,
several authors extensively studied the CO2 adsorption on
amine functionalized adsorbent.10−19 Sayari and Belmabkhout27

showed the enhanced CO2 sorption capacity under moist
conditions over dry ones as well as stable performance over
large cycles. Son et al.19 studied CO2 adsorption over a wide
variety of PEI-600 impregnated MCM-41, MCM-48, SBA-15,
SBA-16, and KIT-6 silica. The 50 wt % PEI-600 impregnated
3D KIT-6 with large pores showed the highest adsorption
capacity (135 mg CO2/g-adsorbent) in a minimum response
time.
In our previous report, the calcined KIT-6 modified with 50

wt % polyethylenimine (Mw: 800, 1200, and 25000) exhibits a
CO2 adsorption capacity of 132 mg CO2/g, 107.8 mg CO2/g,
and 105.6 mg CO2/g, respectively, at 105 °C and 1 bar.14 High
energy requirements and additional environmental pollutant
formation during calcination (by burning of the structure
directing agent) of mesoporous silica open a new window to
exploring the uncalcined one. Yue et al.16 modified the as-
synthesized SBA-15 with tetraethylenepentamine impregnation
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a b s t r a c t

The three dimensional KIT-6 with interconnected mesoporous was synthesized using triblock copolymer
(P123) in mild acidic condition. The hydrothermal, thermal, mechanical and hydrolytic stability of KIT-6
were comprehensively investigated by N2 adsorption/desorption, small-angle X-ray scattering and
electron micrograph. In the initial stage of synthesis, washing of as-synthesized KIT-6 with water im-
proves the textural property such as surface area and pore volume. The size of primary mesopores and
pore volume of the material could be tailored by ageing the solution without any loss in structural
morphology. KIT-6 shows the high mechanical stability up-to 4680 bar and preserves its mesopore
surface area possibly due to the presence of thicker pore wall and cubical structure. KIT-6 shows the
gradual decrease in surface area, pore volume and diameter with increasing calcination temperature
from 823 to 1173 K, due to sintering/shrinkage of silica structure. It also shows the stable structural
properties even after ageing for 6 months in atmospheric conditions and 1 month in water at room
temperature. However, after 3 days of ageing in boiling water, KIT-6 still retains its porosity. In presence
of ultra-high pressure, CO2 shows good surface interaction towards KIT-6 with sorption capacity of
1.42 mol/kg (1 bar) and 10.1 mol/kg (20 bar) at 273 K without significant damage to its structure.
Additionally, it also shows 2.38 wt% H2 storage capacity at 30 bar and 77 K. The highly stable KIT-6 is
considered to be a good material for catalyst support, nano structure, CO2 separation and H2 storage.

© 2017 Published by Elsevier Inc.

1. Introduction

In early 1990, the discovery of mesoporous molecular sieves
(M41S) with uniform structure by researchers of the Mobil oil
corporation using quaternary ammonium (CnH2nþ1(CH3)3NX,
X ¼ Cl or Br) ionic template by liquid crystal templating sol-gel
method was a great embodiment in material science [1,2]. Its
physicochemical properties were investigated by several authors
[2e17]. It has attracted great attention in wide applications like
host-guest chemistry [18e20], size-selective separation [21e22],
nano-material synthesis [23] and enzyme immobilization [24]. This
id due to its aloof intrinsic properties such as high specific surface
area (>600 m2/g), pore volume (>0.5 cc/g) and narrow distribution
of pore size (2e30 nm). Furthermore, covalently grafted organo-
silane with silanol groups present on the silica surface shows

improved performance during catalysis and gas separation appli-
cation [19,21].

The physiochemical properties of mesoporous materials
strongly affect the performance of process used for industrial ap-
plications. However, the pore characteristics (pore diameter, spe-
cific surface area, pore volume, etc.) of the material are strongly
dependent on the synthesis procedures as well as post-synthesis
treatments (calcination, pelletization, etc.). Moreover, traditional
MCM-41(hexagonal) and MCM-48 (cubical) get their architecture
collapsed and physicochemical properties destroyed in high
pelletization pressure and moist conditions due to thinner pore
wall [8e12,25,26]. Additionally, smaller pore opening of MCM-41
reduces the accessibility for larger reactant towards the active
sites present in MCM based catalyst and adsorbent [21,22].
Numerous efforts have been reported in the literature to improve
their physical properties [3e5,27e32]. MCM pores have been
tailored between 1.5 and 10 nm by using the surfactants with
variable chain length and swelling organic compound [3,4,27].
Jaroniec et al. [3] tailored the pore sizes of MCM-41 by hydrother-
mal synthesis and concluded that the high quality MCM-41 with
maximum pore size up to 6.5 nm can be synthesized by
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