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ABSTRACT 

The carbon dioxide capture technology has been established as an invaluable player in the 

current global efforts to allay the warming of the planet and climate change. In this connection, 

the study centers on the valorization of waste organic materials for the application described 

herein. The sorbents, sourced from a combination of by-products of food processing and 

agricultural residue waste products, viz. seafood waste and sugarcane bagasse, showed 

prospects for selective carbon dioxide capture, adsorbing up to 5.78 mg/g of the gas at 273 K 

and 2.82 mg/g at 298 K, as observed on the Micromeritic ASAP 2020 surface area and porosity 

analyser. Further, thermogravimetric analysis (TGA) showed the materials to possess a decent 

level of thermal stability, making them fit for the purpose in an industrial setting. Scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), fourier transform 

infrared spectroscopy (FT-IR), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction 

(XRD), and viscometry were used to elucidate the microstructure and physicochemical 

properties of the materials. Drawing on the sorption performance of the aerogels, the low cost 

of raw materials, potential for scaling up, this work further validates the adsorbent-based 

carbon capture technology toward curbing the slowly revealing cataclysmic aftermaths of 

carbon dioxide emissions.  
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CHAPTER ONE 

INTRODUCTION

The long-standing surge in energy demand since the industrial revolution has informed certain 

anthropogenic activities which significantly contribute to the emission of carbon dioxide into 

the earth’s atmosphere. Following the Keeling curve (Figure 1), as maintained by Scripps 

Institution of Oceanography, the atmospheric carbon dioxide concentration continually 

accentuates when it needs to be falling, peaking at above 420 ppm very recently (SIO, 2022; 

WMO, 2022). In specific terms, from the year 1850 to 2018, about 645 gigatons of carbon 

dioxide has been emitted into the atmosphere (Friedlingstein et al., 2020). This trend has 

instigated an alarming rise of average global temperature relative to preindustrial levels. In 

addition, concerns regarding extreme weather patterns, sea level rise, ocean acidification, and 

so forth, have surfaced. 

Amongst all sources, fossil fuel combustion, especially for power generation, and other 

industrial activities account for over 70% of all CO2 emissions (IPCC, 2013). One of the 

prominent strategies to mitigate emissions is post-combustion CC. The flue gas stream coming 

from the stacks of power plants is processed accordingly and the CO2 fraction is selectively 

Figure 1: The Keeling Curve 



2 

isolated and either sequestered into underground geologic formations or transformed into 

value-added products (Pachauri et al., 2014). 

Given its many decades of development, the amine scrubbing technology is the most mature 

strategy applicable for CC on a commercial scale. In a typical operation, the flue gas is bubbled 

through an amine solution and CO2, being an acidic gas, reacts and dissolves in the capture 

solution (Rochelle, 2011). Despite this stance, the amine solutions used as absorbents are prone 

to technological barriers, including a high regeneration energy requirement, thermal 

degradation (Vega et al., 2014; Fredriksen et al., 2013), corrosion of equipment and the 

likelihood of secondary emissions (Wang et al., 2017). 

As opposed to the amine technology which utilizes liquids, the adsorbent-based technologies 

are a product of solid materials. A typical adsorption process involves the adhesion of CO2 to 

a sorbent’s surface, usually a porous dry solid with high surface area. Some noble examples of 

materials used in adsorption are metal organic frameworks (MOFs) and porous carbon 

materials, which are deemed ideal candidates for adsorption owing to their outstanding physical 

and chemical properties (Guo et al., 2015). 

Many scientists have been drawn to solid adsorption technology because of its ease of 

maintenance, simplicity of operation, and energy savings during adsorbent regeneration (Bai 

et al., 2015). While much attention with encouraging results (Choe et al., 2021; Sato & Hunger, 

2020; Siegelman et al., 2019) Guo et al., 2020) have been devoted to advancing the adsorption 

technology in terms of sorption capacity, selectivity, and process efficiency, much work still 

needs to be undertaken to fabricate new adsorbent materials, validate the existing ones, and 

devise flexible routes that would make this technology less energy-intensive, efficient, eco-

friendly, and cost competitive for commercial scale deployment. 
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Chitin and cellulose represent the most widely available biopolymers (El Knidr et al., 2018), 

and could be obtained in a facile manner.  Chitin, a major component of the shells (exoskeleton) 

of sea animals, is usually processed into the more functional chitosan, while cellulose is chiefly 

obtained from plant matter.  

Regarding the structure of chitosan, if the nitrogen atoms are evenly distributed throughout the 

material, their presence could  improve CO2 adsorption, as previous research has demonstrated 

that the presence of nitrogen atoms increases CO2 capacity (Xia et al., 2011; Primo et al., 2012).  

When used as adsorbent, a blend of chitosan and cellulose could offer a sustainable and 

economic path to carbon dioxide capture. Besides, introducing specific functionalities, mainly 

the CO2-phillic ones, might make the process even more efficient. While chitosan (Kumar et 

al., 2020; Fujiki & Yogo, 2014; Qaroush et al., 2017; Hsan et al., 2019; Kumar et al., 2017; 

Wang et al., 2020) and cellulose (Miao et al., 2020; Hou et al., 2019; Sepahvand et al., 2020; 

Zhang et al., 2020)  as well as their hybridized form with other materials have been reported in 

the literature for CC and other applications (Doustdar, et al., 2022a; Doustdar, et al., 2022b; 

Esmaeili et al., 2021), the carbon dioxide capture of a composite of both biopolymer was 

explored on a first-time basis herein. 

In this study, chitosan was obtained by conventional chemical treatment of crustacean chitin, 

the major operations being deproteinization, demineralization, and deacetylation. In parallel, 

cellulose was isolated from different sources, including municipal waste and agricultural 

residues. Acid hydrolysis was further carried out on as-obtained cellulose from a chosen raw 

material to produce nanocrystalline cellulose. A sol-gel method was then employed to produce 

hydrogels comprising chitosan (matrix) and cellulose nanocrystals (reinforcement) and the neat 

aerogels were obtained following lyophilization. 
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In general, the goals of this study span the fabrication of an adsorbent for carbon dioxide 

coupled with its modification to improve adsorption capacity and selectivity. The composite, 

projected to be derived from waste materials of biological origin, will comprise chitosan as 

matrix and nanocrystalline cellulose filler. 

1.0 Background Information on the Carbon Capture technology 

Over time, the CC technology has proven its worth, and various routes have been explored to 

develop the process, some at laboratory scale and others at the industrial level. The industrially 

significant routes taken for CC include pre-combustion capture, oxy-combustion capture, post-

combustion capture and direct air capture. Pre-combustion basically involves the reaction of 

fossil fuel with dilute air containing oxygen. The product of this reaction is a syngas, a mixture 

of carbon monoxide and hydrogen. Further reacting the carbon monoxide in a shift converter 

leads to the formation of CO2, which could be processed for storage or recycling. The side-

product, hydrogen, is mostly used as fuel.  

Conversely, in oxy-combustion capture, the fuel is combusted in highly pure oxygen as 

opposed to air. Oxy-combustion produces a flue gas having a high concentration of CO2. This 

process enables cost saving, since there is no need for a separate cryogenic separation or 

fractional distillation of air to obtain oxygen (Herzog, 2018). 

In post-combustion, the CO2 is removed only after the source material, mostly fossil fuel, has 

been burnt. The flue gas containing CO2, N2, water vapour, SO2, and so forth, is sent to an 

absorber column where it contacts with the sorbent specially designed to capture the CO2. This 

capture medium is further transferred to a stripper, where the CO2 is desorbed and processed 

for use or storage.  

Drawing inference from the Paris Agreement signed in 2016, CC is presumably not at the 

frontline of technologies needed to fulfil the pledges made for the first commitment period 
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leading up to 2030; renewable energies and related strategies are suited for this purpose. 

However, in subsequent commitment periods, CC has a significant role to play (Herzog, 2018). 

The Intergovernmental panel on Climate Change estimates that carbon capture would 

constitute between 15 and 55 % of the total efforts to combat climate change until 2100 (IPCC, 

2006). 

A question might be raised as to why CO2 needs to be isolated from flue gas when really the 

whole flue gas could just be transported and stored away in geologic formations. A simple 

rationale for this is that extracting CO2 from the flue gas is considerably less costly than 

transporting and storing the whole flue gas. Specifically, much capital goes into compressing 

CO2 prior to transportation and storage. For example, the energy penalty for CO2 compression 

in a supercritical pulverized coal power plant (SCPC) is around 8%, while that for compressing 

the whole flue gas will be over 70% (Herzog, 2018). 

Another significance of CC lies in the fact that it is uniquely positioned to meet the mitigation 

goals of other industrial sectors. According to the Global Carbon Capture and Storage Institute, 

CC is particularly amenable to "difficult-to-abate" industries such as steel, cement, and 

fertilizer production. Both the IPCC and the International Energy agency (IEA) endorse this 

technology as one of the critical technologies for achieving net-neutral emissions by mid-

century and meeting global climate change goals (Global CCS Institute, 2020).  

This proceeding chapters in this discourse include a literature review, highlighting previous 

related studies and findings in the intended area of study, followed by a discussion of the 

approaches adopted while fabricating the adsorbent for the intended application. Next, the 

outcome of adsorbent fabrication, characterization, and adsorption studies was presented in the 

results and discussion section. In a final section, certain outlooks and concluding remarks 

regarding the study are presented. 
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CHAPTER TWO 

LITERATURE REVIEW 

This section is set off with a discussion of the chemistry and applications of chitosan and 

cellulose materials in relation to the literature. The latter part of the section gives reviews some 

of the literature on the utilization of solid adsorbents for carbon dioxide capture (CC). While 

emphasis is placed on the application of these kinds of materials for CC, their relevance for 

other major applications is also discussed. 

2.0 Chitosan 

Chitosan is a natural polycationic polymer and linear polysaccharide obtained as a functional 

product of chitin via deacetylation, i.e., the transformation of an acetamido into an amino 

group. Both molecules are characterized by N-acetyl-2-amino-2-deoxy-D-glucose (N-acetyl-

glucosamine, GlcNAc) and 2-amino-2-deoxy-D-glucose (glucosamine, GlcN)  residues linked 

to each other in (β1→4) glycosidic bonds (Aranaz et al., 2021; Ababneh & Hameed, 2021).  

Figure 2 (a & b) illustrate a fragment each of the structure of chitin and chitosan, respectively. 

Since both these molecules have a similar structural backbone, their identities are contingent 

upon the predominance of the acetamido or amino groups, as shown in Figure 2c. 

Although in the short term biopolymers cannot phase out their non-degradable counterparts, 

they can be utilized to abate the undesirable effects that accompany the extensive use of 

synthetic polymers (Riofrio et al., 2021). Given its ubiquity, chitin can be readily converted 

into chitosan, a nontoxic, biodegradable, and biocompatible polymer with numerous 

applications across several spheres (Al-Manhel, et al., 2018; Ahmed & Ikram, 2015). 
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Chitosan is biocompatible and nontoxic, with antibacterial (No et al., 2003), antifungal (Park 

et al., 2002), and anticancer properties (Qin et al., 2002). It also has good metal binding and 

wound healing properties (Ishihara et al., 2001), as well as the ability to decrease cholesterol 

(Ahn et al., 2021). Besides, the possibility to process chitosan into various forms, such as 

fibres, gels, sponges, makes it an ideal biopolymer (Jayakumar et al., 2010a; Jayakumar et 

al., 2010b). 

2.1 Physicochemical Properties of Chitosan 

An inexhaustive description of certain properties that significantly influence the application of 

chitosan follows. These include degree of deacetylation, molecular weight, and solubility. 

2.1.1 Degree of Deacetylaion (DD) 

The DD is expressed as percentage of N-amino-d-glucosamine (GlcN) units in the overall 

number of units. DD may be determined using the equation that follows: 

DD (%) = 100 * 
nGlcN

nGlcN+nGlcNAc
 

It is established that chitosan is derived from chitin by deacetylation (Figure 3). This degree of 

deacetylation marks the chitin from chitosan. When the DD exceeds 50%, the polymer is called 

Figure 2: A Fragment of Chitin (a), a Fragment of Chitosan (b), and Backbone of Chitin or Chitosan (c) 



9 

chitosan. During deacetylation, depolymerization reaction also occurs, altering the molecular 

weight of the polymer. Considering the susceptibility of the glycosidic bonds to acid (Hajji et 

al., 2014), alkali deacetylation is the most common route taken to achieve this end.  

Further, deacetylation is carried out either heterogeneously (Wardhono et al., 2021; Bradić et 

al., 2018) or homogeneously (Li et al., (2021).  Homogeneous deacetylation proceeds with the 

treatment of chitin with concentrated NaOH and a subsequent dissolution in crushed ice at 

around 0 oC (Kasaai, 2009). On the other hand, heterogeneous  deacetylation involves the 

treatment of chitin with a hot concentrated solution of NaOH, producing chitosan as an 

insoluble residue (Wardhono et al., 2021; Bradić et al., 2018). 

Typically, chitosan is never fully deacetylated and this phenomenon has yet to be reported. The 

DD, nonetheless, could be improved by repeating the deacetylation process. Different factors 

Figure 3: Deacetylation of Chitin to Chitosan (Adapted from Berezina, 2016) 
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influence the efficiency of deacetylation, including NaOH concentration, temperature and time 

of reaction (Tsaih & Chen, 2003). 

2.1.2 Molecular Weight of Chitosan 

Much of the same as with DD, the molecular weight of chitosan plays an integral role in the 

applicability of this material (Hwang et al., 2002) and is dependent on conditions like reaction 

temperature, alkali concentration, time, and atmospheric conditions of the deacetylation 

(Tolaimate et al., 2003). 

Capillary viscometry represents one of the most widely used method for determining chitosan’s 

molecular weight. An Ubbelohde-type capillary viscometer is usually employed to achieve this 

end. The viscometer is filled with solution of the sample and the time of flow of the solution 

and neat solvent through the capillary at 25 oC is used to estimate the relative viscosity from 

which the reduced viscosity is determined. From the plot of this reduced viscosity as a function 

of the polymer solution concentration, the intrinsic viscosity and, by extension, molecular 

weight can be estimated (Kasaai et al., 2000; Hwang, 2002). 

Although different classifications exist in the literature, generally, chitosan is classified into 

three categories with respect to molecular weight, viz., low-molecular-weight chitosan (50 

kDa), medium molecular weight (50-250 kDa), and high-molecular-weight chitosan (> 250 

kDa) (Kumari and Rupak, 2020). 

2.1.3 Solubility of Chitosan 

Chitosan’s solubility is subject to the influence of different factors, including molecular weight, 

degree of acetylation, pH, temperature, and polymer crystallinity (Aranaz et al., 2021). In the 

literature, the dissolution of chitosan nucleates around the use of acetic acid or an aqueous 

mixture of sodium hydroxide and urea.  The preponderance of protonated primary amine (-

NH2) groups (pKa ~ 6.5) on chitosan’s structure is largely responsible for its solubility in 
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aqueous acidic media (Mohammed et al., 2017). Basically, low pH values enhance the 

ionization of amino groups (-NH2) to the quaternary ammonium ion (NH3
+) in the chitosan 

backbone, hence, facilitating solubility. 

Rarely though, in a study by Zhang & Xi, (2014), the mechanism of dissolution of chitosan at 

high pH values was explicated. Solubility has been also found to vary with the DD. The 

rationale for this behavior lies with the fact that deacetylation leads to an increase in the number 

of glucosamine units and a modification in the crystalline structure of the polymer. According 

to Roy et al., 2017, a DD ≥ 60% is deemed optimal for dissolution of chitosan. 

 The influence of crystallinity as well as intra- and intermolecular attractions on solubility was 

studied by Sogias et al. (2010). Here, solubility was found to decrease with polymer 

crystallinity following deacetylation. The increase in crystallinity was found to offset the effect 

of the increase in glucosamine moieties.  

2.2 Cellulose 

Given its abundance and facile isolation from virtually any plant matter, cellulose and its 

derivatives are versatile materials for many different applications. The global production of 

cellulosic materials reached a record 7.5 × 1010 tons per annum some years back (French, 2018; 

Habibi, 2014). Given the fact that cellulose is a renewable, environmentally friendly and cost-

effective material (Bernard et al., 2016), its production technology has continually been 

developed and cellulosic nanomaterials are being sought for high-value applications (Shak et 

al., 2018; Khan et al., 2014; Golmohammadi et al., 2017; Abitbol et al., 2016; George & 

Sabapathi, 2015; Habibi et al., 2010).  

Regarding its chemistry, the structure of cellulose ties in with that of chitin. Both polymers are 

composed of (β1→4) glycosidic linkages. However, as opposed to chitin, where the C-2 atom 
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carries an acetamide group, in cellulose, a hydroxyl group is present at this position (Figure 4) 

(Ogawa & Okuyama, 2004).  

 
 

2.2.1 Nanocellulose: Properties and Synthesis 

The repeating units in natural cellulose tend to form linear chains of the polysaccharide 

(Klemm et al., 2005), which further aggregate into a hierarchical architecture of nanosized 

fibrils and rodlike crystals known as cellulose nanocrystals or nanowhiskers (CNCs) (Habibi 

et al., 2010). CNCs are crystalline, rod-shaped cellulosic molecules of diameter between 5 and 

70 nanometers and lengths up to a few hundred nanometers (Klemm et al., 2011), whereas 

cellulose nanofibrils (CNFs) are a mixture of amorphous and crystalline cellulose chains with 

a relatively high aspect ratio.  CNFs form long flexible fiber networks with a diameter similar 

to or larger than CNCs (Xu et al., 2013).  

2.2.2 Mechanical Properties of Cellulosic Materials  

In general, cellulose has a high tensile strength (Young's modulus of 20-50 GPa) (Usov et al., 

2015; Wang et al., 2012) as a result of its hierarchical structure, which makes it ideal for use 

as a structural support in various applications.  

Because of its huge aspect ratio (length of fibrils as a fraction of diameter l/d) and capacity to 

form linked network structures via hydrogen bonding, nanosized cellulose could impart 

reinforcing effects to composite matrices even at low concentrations. Specifically, with a 

modulus and bending strength of cellulose up to 150 GPa (Helbert et al., 1996; Sturcová, 

Figure 4: Basic Structure of Cellulose as a Fragment 



13 

Davies & Eichorn, 2005) and 10 GPa (Helbert et al., 1996), respectively, nanocellulose fibril’s 

incorporation in chitosan matrix can bolster the mechanical properties of chitosan-based 

composite materials. 

2.2.3 Aspect ratio of Nanocellulose Materials 

Theoretically, in a composite, the efficiency with which mechanical stress is transferred to the 

filler through the matrix determines the performance of reinforcement. Generally, high aspect 

ratio fibres, such as CNFs, are better at sustaining mechanical load uniformly across the matrix 

(Klemm et al., 2011; Xu et al., 2013) but their predisposition to entangle makes their uniform 

distribution in composites a tall order, thereby limiting the improvement of mechanical 

profiles. Besides, Xu et al. (2013), in a study comparing the reinforcement effect of CNCs and 

CNFs in a polyethylene oxide matrix noted that, considering their entanglements and 

percolation, CNFs have a higher probability of fibre agglomeration than CNCs, resulting in 

lower strain-at-failure for such composites. 

2.2.4 Synthesis of Nanocelluloses 

Regarding the synthesis of CNCs, acid hydrolysis normally used to remove amorphous parts 

of a pure cellulose source, followed by ultrasonic treatment. Usually, there is a variation in 

structure from one source of cellulose to another and the crystallinity of these sources dictates 

what dimensions of nanocrystals are liberated (Klemm et al., 2011). For instance, cotton, wood, 

and Avicel (Dong et al., 1996) produce a narrow distribution of highly crystalline (90 percent 

crystallinity) nanorods (width: 5–10 nm, length: 100–300 nm) that are highly crystalline (90 

percent crystallinity) nanorods (width: 5–10 nm, length: 100–300 nm).  

The surface chemistry of CNCs is a function of the mineral acid used in hydrolysis: materials 

prepared with HCl are weakly negatively charged, whereas crystallites prepared with H2SO4 

are more negatively charged, with one tenth of the glucopyranose residues functionalized with 
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sulphate ester (SO3
-) groups via a substitution of the hydroxy groups (Xu et al., 2013; Araki et 

al., 1999; Edgar & Gray, 2003). Further, CNCs obtained via hydrolysis with H2SO4 have been 

shown to possess better colloidal stabilities, given their relatively extensive repulsive nature. 

The size of crystals was also shown to be dependent on the length of the hydrolysis, with an 

extended reaction time, resulting in smaller crystals (Beck-Candanedo et al., 2005; Elazzouzi-

Hafraoui et al., 2008). 

2.3 Aerogel Composites 

Aerogels are solid materials characterized by their light weight, made up of up to 99.98 percent 

air by volume but also highly porous and stiff (Nguyen et al., 2013; Pierre and Pajonk, 2007). 

The structure of an aerogel is characterized by a high porosity, large specific surface area, and 

a decent surface chemical reactivity. Optoelectronics, adsorption catalysis, acoustic insulation, 

medical materials, aerospace materials, and a variety of other applications serve to benefit 

immensely from aerogel’ chemistry (Maleki, 2016; Vareda et al., 2016; Stergar & Maver, 

2016; Bheekun et al., 2013). 

Typically, aerogels are brittle, and  they fracture when under much pressure. Surmounting the 

problem surrounding aerogels' rigidity could open up a whole new spectrum of applications. 

Aerogel materials stand to benefit from cellulose and its derivatives in terms of mechanical 

characteristics and moisture affinity (Seantier et al., 2016). Because the cellulose chain contains 

several hydroxyl groups, intramolecular and intermolecular physical cross-linking of hydrogen 

bonds can be used to obtain a stable network structure, making the aerogel preparation process 

quite simple (Long et al., 2018). 

Esmaeili et al. (2021) fabricated an aerogel composite of chitosan and CNFs with 

epichlorohydrin crosslinks, exploring its ability to adsorb an azo dye from water. The chitosan 

solution was made by dissolution in aqueous NaOH/urea and a CNF suspension was directly 
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added as well as the crosslinker. Finally, the aerogels were obtained by pre-freezing the mixture 

and subsequently freeze drying it. The resulting mesoporous aerogel, with a BET (Brunauer-

Emmett-Teller) specific surface area of 315.10 m2 g−1, had a maximum spontaneous dye uptake 

of 1428.7 mg g−1, following a chemisorption pathway. The authors suggest that the fabricated 

adsorbent could be a viable alternative to non-renewable synthetic aerogels. 

In an attempt to study the hydrophobicity of an adsorbent for application in water remediation, 

for instance regarding oil spillage, (Meng et al., 2017) prepared a chitosan-cellulose aerogel. 

The material was prepared by dissolving each biopolymer in aqueous solutions of NaOH/urea 

at different proportions following the freeze-thaw method. The sol-gel technique was used to 

obtain hydrogels, and after coagulation, the gels were freeze-dried. Hydrophobicity was 

conferred on the gel when it was modified by sodium stearate through wet impregnation. 

According to the group, the aerogel shows potential to effectively adsorb oil from water 

separate water-in-oil emulsions stabilized by surfactants under gravity. 

Alhwaige et al. (2013) fabricated aerogels based on a hybrid of chitosan matrix and graphene 

oxide nanofiller. Following a sol-gel procedure, as-prepared graphene oxide (modified 

Hummer’s method) was dispersed in water by sonication. Acetic acid and chitosan were then 

added sequentially with mechanical stirring. The aerogel was produced after the pre-frozen 

hydrogel was lyophilized for 5 days. An apparent increase in BET surface area and CO2 

capacity was exhibited as the graphene oxide content increased up until 20% of the aerogel 

weight.  The thermogravimetric analysis of the adsorbents demonstrates a thermally stable 

material while the cyclic adsorption-desorption profile shows an excellent regeneration of 

adsorbents. 
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2.4 Other Forms of Composite  

Fujiki & Yogo, (2014) examined the CO2 sorption mechanism of chitosan beads functionalized 

by polyethyleneimine with and without humidity using diffuse reflectance infrared transform 

spectroscopy (DRIFTS). The functionalized beads were placed in specialized cells and the 

DRIFTS spectra were collected while switching the gas flow between helium and CO2 

atmosphere at 313 K for 30 minutes. The material, which was prepared by dissolution and 

subsequent precipitation of chitosan in 5% lactic acid and 10M NaOH, displayed a CO2 

capacity of 2.3 mmol/g of adsorbent without water vapor with high selectivity.  This capacity 

increased to 3.6 mmol/g in a humid atmosphere. 

In another study, (Kumar et al., 2018) synthesized a composite of chitosan and zeolite via 

dissolution, solvent exchange, and finally calcination for CO2 capture and conversion. The 

thermograph obtained for the composite demonstrates it to be thermally stable. Besides, given 

a BET surface area of 68.36 m2 g−1 and its mesoporous structure as deduced from the type IV 

isotherm (showing hysteresis loop), the composite exhibited an enhanced adsorption behavior, 

fixing 1.7 mmol/g of CO2. The composite was further used as a heterogeneous catalytic 

substrate for the cycloaddition reaction of adsorbed CO2 with various epoxides. This opens up 

possibilities for generating cyclic carbonates which are considered to be of industrial 

significance. 

The work of (Primo et al., 2012) nucleated around producing activated carbons from chitosan 

and alginate by valorizing biomass wastes. First, biopolymer beads were prepared and 

subsequently made into aerogel beads via supercritical drying. The study indicated an increase 

in surface area of the materials with calcination temperature, probably because of the 

decomposition of oxygenated groups (H2O, CO2, CO) leaving behind pores. Besides, the 

surface areas of the aerogel beads were further increased by subjecting the carbonized material 

to KOH treatment under thermal condition, promoting the creation of pores.  
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2.5 Other Adsorption Materials and Techniques  

The general consensus is that materials which meet the criteria for a full-scale deployment of 

the CC technology, such as a high sorption capacity and selectivity, often require energy-

intensive unit operations or pose environmental concerns. In light of this, research effort is 

steered in the direction of developing materials whose utilization serve to ease these pressing 

issues. 

In a bid to address the energy penalty shortcoming associated with absorbent-based CC 

processes, especially amine scrubbing, He et al. (2019) set out fabricating a high-performance 

CO2-selective nanoporous graphene membranes. First, monolayer graphene was exposed to 

oxygen-based plasma and ozone to produce oxygen-functionalized nanoporous graphene 

(ONG). Further, polymeric chains with strong affinity for CO2 were grafted on the porous 

graphene lattice to obtain polymer-functionalized ONG. Ultimately, the addition of an 

oligomer of poly-(ethylene glycol)-dimethyl-ether (PEGDE) resulted in swelling of the CO2-

philic polymer layer in the polymer-functionalized ONG, the film produced being 20 nm thick, 

as illustrated in Figure 5, hence, realizing a sorbent with six times higher CO2 permeance.  

More recently, Jiang et al. (2021) developed a one-component water lean solvent,  N-(2-

ethoxyethyl)-3-morpholinopropan-1-amine (EMPPA), for CC and compared the energy 

penalty with mono ethanolamine (MEA), a commonly used amine. In parallel, several studies 

have revealed, that by supplanting aqueous amine with water-free solvents, the energy penalties 

Figure 5: Schematic for Fabricating Polymer-Functionalized Nanoporous Graphene 
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associated with heat of vaporization, could be significantly abated (Mathias et al., 2013; Zheng 

et al., 2020). Consequently, the EEMPA produced has a 42 percent lower energy saving than 

the MEA, and given further solvent production and process optimization, cost savings could 

be achieved with the use of water-lean solvents could be reduced (Jiang et al., 2021). 

Guo et al. (2020) sought to enhance the sorption capability of amines loaded into five 

commercial mesoporous frameworks, namely mesoporous alumina (MA), montmorillonite 

(MMT), silica gel, porous resin, and MCM-41 molecular sieve (MCM-41) (MCM = Mobil’s 

Composition of Matter). According to this group, the adsorption of CO2 on solid-supported 

amines is favored by components of flue gas, particularly H2O. They backed up this view with 

the following equations of reaction (Dutcher et al., 2013): 

2RNH2 + CO2 ↔ R-(NH3+) (NHCOO−) 

(R1)NH2 + CO2 + H2O ↔ R1-(NH3
+) (HCO3

−) (R and R1 are alkyl groups) 

However, SO2 hindered CO2 adsorption, which was mostly due to SO2's intense and 

irreversible binding to some amine sites. The adsorption of CO2 was unaffected by NO (Guo 

et al., 2020).  

In contrast to the abovementioned study by Guo et al. (2020), where the presence moisture 

contributed positively to adsorption,  Park et al. (2020), synthesized a Mg2(dobpdc) adsorbent 

(dobpdc = 4,4′-dihydroxy-(1,1′-biphenyl)-3,3′-dicarboxylic acid) functionalized with 1-

ethylpropane-1,3-diamine, whose CO2 sorption capacity decreased with moisture during 

humidity cycles. Following a careful diamine functionalization selection, the Mg2(dobpdc) 

metal organic framework (MOF) displayed an appreciable adsorption potential (12.2 wt. 

percent) at 1000 ppm and desorption temperature of 70 °C. In addition, to increase water 

resistance, hydrophobic polymers, particularly polydimethyl siloxane (PDMS), were employed 

to coat the MOF surface.  
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Similarly, in  another study, (Siegelman et al., 2019) showed that functionalizing the metal-

organic framework Mg2(dobpdc) (dobpdc4 = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate) with 

the cyclic diamine 2-(aminomethyl)piperidine (2-ampd) results in a 90% CO2 capturing 

capacity from a moist natural gas flue emission source. According to this group, water enhances 

CO2 capture in 2-ampd Mg2(dobpdc) through hydrogen-bonding with the carbamate groups of 

the ammonium carbamate chains formed upon CO2 adsorption. 

However, with respect to zeolites, experimentally, CO2 sorption decreases significantly when 

moisture is present.  This is due to H2O's heavy dipole moment, which predominates over CO2 

in terms of occupying available coordination sites (Joos et al. 2013; Cmarik and Knox, 2018). 

As a result, removing the water component and realizing the maximum zeolite potential for 

adsorption of CO2 in functional environments necessitates an activation stage. According to 

Mukherjee et al. (2019) and Masala et al. (2017), water vapor, being a constituent of crude 

natural gas streams, can interfere with physical gas adsorption  

Kar et al. (2018) identified a CO2 capture process using aqueous inorganic hydroxide solutions. 

After that, the CO2-loaded solution (CO2 + MOH + MHCO3) was hydrogenated in situ with 

various catalysts to produce formate salts ((HCOO)n M). They claim that aqueous hydroxide 

solutions have many benefits over commonly used amines. These include widespread 

availability of hydroxides through electrolysis of aqueous salts, better carbon capture 

performance from surrounding air, insignificant vapor pressure, preventing atmospheric 

pollution, low toxicity, ease of regenerability. Noteworthy, NaOH/KOH are perfect for 

scrubbing CO2 from very dilute sources like ambient air and further transforming it into value-

added products.  

Sen et al. (2020), following the carbon capture and utilization approach, converted alkali 

hydroxide-captured CO2 into methanol on a first-time basis. Through a one-pot system, the 
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intermediate bicarbonate and formate salts were hydrogenated at 100-140 oC and in the 

presence of Ru-PNP catalysts to methanol in ethylene glycol solution. This group posits that 

hydroxide bases are better suited for direct air capture and scalable conversion to methanol, as 

opposed to the amine counterparts, owing to their high capture efficiency and stability. 

In a closely-related hydroxide-based route, although in solid state, Ruiz, et al. (2020) used 

NaOH for CO2 capture and compared to their amine processing technique (based on 

methyldiethanolamine, MDEA) and indirect calcium looping with alkali (KOH/NaOH). 

Utilizings a small-scale model converter to quantify the CO2 collected as well as gas sensors 

to assess the converter’s capture capability, they concluded that in any event, significant 

savings on energy and carbon footprint were realized. 

According to Kar et al. (2018), the regeneration of hydroxides is difficult and typically requires 

a series of high-temperature (~750 oC) steps viz. causticization, calcination, and slaking. But 

compared to amines, Hydroxides are more effective than amines at trapping CO2 from dilute 

sources (Sanz-Pérez et al., 2016). 

Wu et al. (2021) prepared an ultramicro-porous metal-organic framework (MOF-11) using the 

hydrothermal process. The product sorbent outperformed many other sorbents, based on 

published results, with a relatively high CO2 capture capacity of 4.63 mmol per gram of sorbent 

at 25 oC and 100 kPa, which then dropped to 2.92 mmol/g at a pressure of 15 kPa. However, 

subsequent CO2 capture research centred on pore environment control to enhance adsorption 

under low pressure.  

Further, given its porous structure, MOF-11 displays a strong structure affinity for CO2, 

simultaneously weakening interactions with N2, resulting in such high selectivity. This CO2/N2 

separation efficiency was investigated using computational modelling and the binding energy 
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between the adsorbate and adsorbent was measured using the Density Functional Theory (Wu 

et al., 2021) 

Zhang et al. (2018) devised an approach leading to the production of self-supported and flexible 

HKUST-1 (a metal organic framework otherwise known as MOF-199) nanofibrous 

membranes. Thermogravimetric analysis approach was then used to evaluate the sorbent’s CO2 

capture characteristics. The promising CO2 potential of the sorbent produced is due primarily 

to their extensive porous structure, large surface area, and abundance of open metal sites. 

Compared to N2 molecules, CO2 has a smaller molecular size, higher polarizability, and greater 

quadrupole moment, resulting in more stringent interactions between the open metal sites of 

the metal organic framework and CO2, which makes for better CO2/N2 selectivity. 

The use of MOF for CC opens up more possibilities for engineering solid sorbents. However, 

in spite of the recent advances in MOF chemistry, generating such system adsorbents with 

strong separation capabilities and more extensive performance characteristics including 

scalability, recyclability, and fast, low-energy regeneration remains a challenge (Qazvini et al., 

2021).The large-scale implementation of this technology, which requires much less energy, has 

yet to be perfected, and questions about its long-term stability for long-term CO2 capture 

projects suggest that its high cost is not yet justified (Ding et al., 2019).  

Li et al. (2021) synthesized hierarchically structured porous carbon-based material double-

doped with Boron/Nitrogen, using boric acid as precursor for boron and ethylenediamine for 

nitrogen, in order to design a high-performance sorbent for CO2 capture. They showed how to 

make B, N-codoped carbon materials with hierarchical porous structures using a green, cost-

effective, and powerful template-free process. Hydrothermal carbonization was used to create 

the material. 
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Wei et al. (2021) developed a new method for creating effective solid-liquid composite 

materials. Through a novel Pickering emulsion templating technique, they injected liquid 

amine into porous silica nanospheres that are encased in a micrometer-sized sphere's 

hydrophobic shell. The result of this are solid-liquid composite micrometer-sized spheres 

(SLCM). Such materials show exceptional capacity for CC in industrially preferred fixed-bed 

reactors, having rapid adsorption kinetics, long-term recyclability, and alleviated loss of amine. 

Overall, methods based on templating, for example, the works of (Wei et al., 2021) and (Qian 

et al., 2019) could be prone to difficulty in eliminating the template material, consequently 

expanding time and cost of operation. 

Park et al. (2020) undertook a formulation and analysis of sorbents made from hyperbranched 

polyglycerol with trimethylammonium hydroxide groups, assessing the effect of humidity and 

temperature on the sorbents' adsorption/desorption features. The sorbent synthesized in this 

study behaved differently than a lot of materials described in the literature, given the 

considerably large number of hydrophilic hydroxyl groups in its structure. The sorption was 

carried out by humidity swing which is an especially appealing CO2 capture technique because 

it captures and releases CO2 by adjusting the moisture content, preventing costly 

heating/cooling cycles or major pressure variations over the sorbent. 

Moreover, it was possible to desorb all the collected CO2 in one hour just by applying a very 

short temperature impulse. From the application standpoint, this idea is significant and can be 

attributed to the polarity of polyglycerol, which facilitates the movement of released carbon 

dioxide from the polymer matrix. Besides, the desorption occurred even without the presence 

of moisture, indicating that CO2 release is not exclusively contingent upon the formation of 

hydrated ammonium hydroxide moieties. According to this research group, the essence of this 
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process is extremely complex, and further research is needed to develop materials which 

possess swift adsorption/desorption kinetics.  (Park et al. 2020).  

From the perspective of DAC, Barzagli et al. (2020) sought to develop more effective and 

sustainable sorbents by screening a number of alkanolamines, especially those already used in 

CCS. Their findings showed the differences between DAC and traditional CCS processes, 

suggesting that the optimal CCS absorbents may not be ideal for the DAC process. In all, the 

researchers implied that non-aqueous sorbents are deemed unfit for DAC processes, 

particularly given that their use will necessitate significant reforms in traditional DAC 

equipment to mitigate loss of solvent and the resulting effects on the environment. 

Li et al. (2020) investigated the microwave regeneration characteristics of various 

triethylenetetramine (TETA) solutions. According to the group, microwave regeneration could 

offer a path to alleviating energy consumption. Their findings showed viscosity, dielectric 

constant, and heat capacity of a solution to be the most important factors in its microwave 

heating rate.  

Adopting on a different approach, Shu et al. (2020)  spelled out an application of 

electrochemistry in CO2 desorption from sorbents. Including such electrochemical systems in 

the desorption stage potentially leads to more energy savings, because the sorbent regeneration 

requires no heat, rather it the required energy comes from electricity. This makes the system 

amenable to renewable energy sources. Besides, as opposed to energy-intensive processes like 

causticization and calcination, the desorption of CO2 desorption and sorbent regeneration 

occurring in one phase represents a strong advantage for lowering overall operating costs, as it 

simplifies the process activity (Mahmoudkhani and Keith, 2009). 

Exploring a different class of materials, Cai et al. (2020) presented a facile direct CO2 capture 

method using a new trichelating iminoguanidine ligand and reactive crystallization. According 
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to this group, (BTIG) might bind CO2 strongly and reversibly, creating insoluble carbonate 

crystals which could be isolated without effort. Analyses of thermodynamics show that 81 

kilojoules of energy is required to isolate the CO2 molecule, a figure which is significantly less 

than the energy required for CaCO3 decomposition (177.8 kJ/mol) which basically results from 

using sorbents based on hydroxides (Rodriguez-Navarro et al., 2009). However, a considerable 

amount of energy is still dedicated to water evaporation, and this raises the cost of ligand 

regeneration. To play down this limitation, the heat energy contained in the hot vapor could be 

recovered using a heat exchanger, a well-established technology in the industry. (Cai et al., 

2020) 

In a different study, Anyanwu et al. (2020) grafted N-(3-trimethoxysilylpropyl)- 

diethylenetriamine onto a series of silica gels. It was revealed that the silica gel with the largest 

pores (150 Angstrom) was optimal for subsequent enhancement of the capture efficiency, pore 

properties, and amine loading. 

Kolle and Sayari, (2020) utilized 3-glycidoxypropyltrimethoxysilane (GPS) or 3-

triethoxysilylpropyl isocyanate (TPI) as a grafting agent with triethylamine or sodium 

hydroxide base catalyst, for the covalent immobilisation of poly(ethyleneimine) (PEI) on PE-

AlSiO2. Consequent upon oxidative degradation at 100 °C for about 40 hours and leaching in 

thanol for 2 hours, covalently immobilised PEI using TPI and NaOH retained the most CO2 as 

compared to conventional PEI impregnation. PEI was further modified with 1,2- epoxybutane, 

which improved oxidation stability even more. 

Under the auspices of Global Thermostat, a  large-scale facility for CC which operates in the 

United States, Sujan et al. (2019) synthesized a well-defined poly(glycidyl amine) (PGA) 

(Figure 6) and showed how it can be used to make PGA-loaded mesoporous silica for CO2 

capture both from flue gas and ultra-dilute air. The improved CO2 mass transfer kinetics of 
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these amines on high surface area supports represents one of the main reasons for which 

absorption by liquid amine solutions was not employed. Moreover, the overall amine 

efficiencies of the PGA sorbents  were similar to those of PEI, albeit at lower pore filling levels 

than PEI-based sorbents. As expected with PEI, in terms of amine quality, the PGA sorbents 

began to show a downshift trend at pore filling levels less than 100%. However, the materials 

had lower CO2 capacities than PEI-based sorbents due to a declining trend in amine efficiency 

coupled with low net amine density as pore filling exceeded 100%. 

Wotzka et al. (2020) looked at the potential of powdered Ce0.8Zr0.2O2, a multifunctional 

inorganic species. They employed mass spectroscopy to monitor the continuous adsorption of 

400 ppm CO2 from air on Ce0.8Zr0.2O2 and subsequent release of dimethyl carbonate over 

time, when methanol is added. While the emphasis of this study was placed on the increasing 

the concentration of the released dimethyl carbonate, the group demonstrated that an upscaled 

sorbent material (550 cm3
 of   Ce0.8Zr0.2O2) shows prospects for CC comparable to values 

observed for the net carbon fixed by plants. 

Guo et al. (2020) presented a novel technique for substantially extending the stability of CO2 

adsorbents. First, the group produced porous beads with a hydrophobic and extensive structure 

for long-term thermal and hydrothermal stability, by copolymerizing a water-in-oil emulsion 

Figure 6: Poly(Glycidyl Amine) Loaded Onto Mesoporous Silica for CC (Sujan et al. 2019) 
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comprising several acrylates with epoxide groups. Through a ring-opening reaction, they then 

grafted tetraethylenepentamine between the epoxide and amine groups, on an acrylate 

copolymer framework with a subsequent functionalization step. In a simulated flue gas 

constituting O2, SO2, and steam, its sorption potential decreases by 9.8% after 1000 

adsorption/desorption cycles, indicating its durability in a complex environment. 

Sujan et al. (2019) described the use of polymer/silica fibre adsorbents functionalized with 

poly(ethylenimine) for DAC, essentially employing the dry-jet, wet quench spinning 

technique. By employing a vacuum- and temperature-assisted desorption step to extract CO2 

from ambient air, they recovered highly pure CO2 with or without the effect of moisture. 

Hou et al. (2019)  reported using quaternized bamboo cellulose for DAC. In this work, they 

produced a sorbent with an ideal microstructure for gas diffusion, by imobilizing quaternary 

ammonium groups onto a natural lignocellulose support in a heterogeneous synthesis. 

Observation from quantifying the H2O adsorption behavior revealed that the quaternized 

cellulose has a hydrophobic property. For 400 ppm CO2, the adsorption is consistent with the 

Langmuir isotherm model, and the sorbent saturation is over 90%. Further, a low relative 

humidity (< 20%) or a high relative humidity (> 90%) was not favorable for CO2 capture. The 

impact of water differences on the thermodynamics and kinetics of sorption, is thought to be 

linked to interfacial hydrophilicity.  

For comparison, Qian et al. 2019) modified two Mobil’s Composition of Matter (MCM) 

samples with poly(ethyleneimine). The templates of the traditional MCM-48-C sample are 

eliminated by the process of calcination, while the other sample, MCM-48-W, without 

calcination. Further, X-ray Diffraction and N2 adsorption/desorption isotherms were employed 

to confirm the identity of the mesophases of MCM-48-C and MCM-48-W. Ultimately, the PEI 

impregnated samples of the MCM-48-W having pores saturated with cetyltrimethylammonium 
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bromide (CTAB with long alkyl chains) were observed as better CO2 adsorbents than PEI-

impregnated traditional MCM-48-C samples. 

 

Rosu et al., (2020), in an effort to evaluate the integrity of linear poly(propylenimine) (LPPI) 

in mesoporous silica composites. According to them, physical ageing or degradation polymers 

which contain of amines as well as amine-grafted adsorbents is a crucial problem that poses 

limitations to their use in CO2 capture applications. The results show that ageing and storage 

conditions had only slightly impacted the output of the LPPI-based adsorbent could, thereby 

demonstrating its potential in carbon capture applications over an extended period of time. 

Generally, two major hurdles have to be surmounted for the appropriate use of these amine-

supported adsorbents, in terms of their application. First, the material's adsorption efficiency 

and recyclability need to be optimized. Second, such adsorbents have to be worked into large 

structures to fulfil the criteria of continuous operation in fixed or fluidized beds (Wei et al., 

2021). While PEI covalently linked on large surface area supports, such as MOFs, has been 

shown to display excellent CO2 capture profiles, PEI grafted on other supports, such as 

mesoporous silicas, needs to be improved. Furthermore, the thermal stability of PEI-containing 

adsorbents in an inert or oxidising atmosphere is a significant limiting factor to their use. (Kolle 

& Sayari, 2020). 

Earthen matter is another class of material that has been explored for its CC potential. Sato and 

Hunger, (2020).  Solid-state nuclear magnetic resonance combined with open space analysis 

using positronium was used to investigate the CO2 capture in cavities within saponite clay 

nanosheets. Under atmospheric conditions, CO2 physiscal adsorption takes place on the surface 

of the nanosheet within the cavities. CO2 molecules are enabled by removing weakly bound 

oxygen from octahedral sites at edges of the nanosheet, while carbonate species are stabilized 
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on the surfaces. In this study, the physical adsorption of CO2 proceeded without an energy-

consumption mechanism or chemical solution enhancement. 

Lu et al. (2018) looked at how wastewater treatment can be used for carbon capture and 

utilization. A very common practice herein is Microbial Electrolytic Carbon Capture. In a 

typical set-up, wastewater is used as the electrolyte; microorganisms in the anode chamber, 

especially electroactive bacteria (EAB), oxidize biodegradable substances in wastewater, 

generating CO2, electrons, and protons. The anode accepts electrons, which are then moved to 

the cathode through an external circuit, where water becomes reduced to generate H2 and OH– 

(Wang and Ren, 2013). Metal ions (Ca2+, Mg2+, and so on) can be liberated from abundant 

silicate minerals (such as wollastonite CaSiO3) or waste materials (for example, coal fly ash) 

by the H+-rich anolyte). Upon migrating to the catholyte, these metal ions form metal 

hydroxide, which reacts with CO2, spontaneously absorbing it and eventually converting it into 

stable carbonate or bicarbonate (Lu et al, 2015). 

With the aim of achieving selectivity, very recently Qazvini et al. (2021) synthesized MUF-16 

(MUF = Massey University Framework), a MOF that displays inverse selectivity, which means 

it prefentially adsorbs carbon dioxide over hydrocarbon guests. Having exposed the MUF-16 

to air and immersing in water, they tested the MOF’s adsorption characteristics to elucidate its 

moisture resistance. Following these mistreatments, the framework retains its CO2 adsorption 

ability. 

The pores in MUF-16 bear comparable sizes and electrostatic potential to CO2, causing the 

guest CO2 to be trapped by H-bonding and other noncovalent interactions. Other gases, 

especially methane and C2 hydrocarbons, do not bind well. Resultantly, the group observed a 

clear preference for CO2 over methane and inverted selectivity for CO2 over C2 and C3 
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hydrocarbon. The rationale for this observation was attributed to the reversed polarity of these 

hydrocarbons relative to CO2. 

Different factors have been observed to affect the CO2 sorption performance of PILs. Some of 

these were extensively reviewed by Zulfiqar et al. (2015). Such factors include but not limited 

to the nature of cation or anion, effect of alkyl chain substituents and backbone, effect of cross 

linking. The availability, cost, purity, and compatibility of PILs as a green option for CO2 

capture are the most significant obstacles. 

Very recently, Wang et al. (2021) undertook the fabrication of graphene-IL composites for CC. 

With an interlayer spacing of only 3.4 Å in multilayer graphene, such as graphite, the accessible 

pore size is zero and it lacks the area to incorporate gas molecules This interlayer space could 

be made accessible by intercalating an ionic liquid with the graphene layers.  

In a bid to achieve enhanced CO2 absorption, Li et al. (2018) grafted an IL ([P66614][Triz]) 

on nanoplatelets of graphene (GNP) and reduced graphene oxide (rGO) following the dipping 

method as reported by Cheng et al. (2018). As obtained using the BET method, specific areas 

of GNP and rGO were 15.77 and 393.98 m2/g for, respectively. The surface areas of GNP and 

rGO, on the other hand, were reduced to 1.06 and 5.45 m2/g, respectively, after both being 

loaded with 20% IL loading. The rate of CO2 sorption by the rGO/IL hybrid IL (20 % IL) was 

lower than that of neat IL. An explanation for this might be that rGO has a higher proportion 

of oxygen functional groups. Hydrogen bonds were thought to exist between the active site 
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(nitrogen) of the IL anions and the -OH functionalities of rGO, as illustrated schematically in 

Figure 7.  

To assess the ability of the hybrid (GNP-20 % IL) to regenerate, a total of ten absorption-

regeneration cycles were performed (Figure 8). Given the decent stability of the ionic liquid, 

the sorption capacity of this sorbent remained consistent (92 % CO2 absorption capacity), 

showing that the CO2 capture process by this hybrid material is reversible. 

In a different work, (Tamilarasan et al., 2013) revealed that the functionalization of hydrogen 

exfoliated graphene with 1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) 

improved the carbon dioxide capacity. A Sieverts apparatus was used to conduct the sorption 

Figure 7: Illustration of Hydrogen Bonds Between Active Nitrogen in Anions and Hydroxyl Groups on Reduced 

Graphene Oxide (Source: Li et al. (2018) 

Figure 8: The Regeneration Characteristics of IL Loaded on Nanoplatelets of Graphene. Source: Li Et Al. 

(2018) 
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analysis. At 27 oC and 11.78 bar, the hybrid sorbent shows a CO2 capacity of 42.32 mmol/g, 

which is higher than graphene (21.6 mmol/g at almost the same conditions). 

To evaluate the thermal stability of the HEG/[BMIM][BF4] nanocomposite sorbent, 

thermogravimetric (TG) analysis in an inert (nitrogen) atmosphere at a temperature range of 

40–900 oC at a scan rate of 10 oC/min (Figure 9), was undertaken.  Observation from the TG 

analysis were corroborated when the group studied the sorption capacity with the same material 

in 16 cycles at various pressures and temperatures and found no significant differences in 

adsorption kinetics or capacity. The thermal stability of the HEG/[BMIM][BF4] 

nanocomposite, and the reversible dissolution of CO2 in ionic liquid could explain this 

(Tamilarasan et al., 2013). 

Figure 9: TGA profile of HEG/[BMIM][BF4] (Source: Tamilarasan et al., 2013) 
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It could be deduced from the preceding explanation that HEG/[BMIM][BF4] interacts with CO2 

in two ways, as indicated in Figure 10. Chemical interaction and multilayer adsorption may 

explain the improved adsorption capacity of HEG/[BMIM] [BF4] nanocomposite over 

conventional solid adsorbents. It was also discovered that at high pressures, the change in 

sorption capacity increases with temperature, however at low temperatures, there is no sorption 

capacity. Physisorption plays a key role at high pressures, where an increase in temperature 

prevents porous condensation. However, at low pressures, physisorption contributes less than 

chemisorption, thus a temperature increase may not have a significant impact (Tamilarasan et 

al., 2013). 

Employing the Pickering emulsion technique,  (Lee et al., 2020) synthesized a task-specific 

ionic liquid (IL), 1-ethyl-3-methylimidazolium 2-cyanopyrolide ([EMIM] [2-CNpyr]), 

encapsulated with  graphene oxide sheets  and polyurea. This IL was used to capture CO2 from 

moist air (CO2 concentration from 0 – 5000ppm).  

Primarily, the goal was to reduce CO2 mass transfer barriers in ionic liquids and develop 

enhanced solid sorbents tailored for fixed-bed reactors. The “one-pot” Pickering emulsion 

route offers scalability, and the resultant ionic liquid capsules possess a gas-permeable shell 

Figure 10: CO2 Interaction with the Hybrid Material (Source: Tamilarasan et al., 2013) 
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that tremendously facilitates the rate at which CO2 is absorbed (Huang et al., 2019). In a 

scenario where separation of CO2 exists in a gas mixture with low partial pressures, this study 

presents a facile and alternative scheme for CO2 scrubbing. Besides, it is demonstrated that a 

mixture of ionic liquids could also serve to reduce the effect of viscosity, essentially increasing 

CO2 diffusivity and thus absorption rate. 

2.6 Comparison of Technologies and Materials for CC 

Given the plethora of parameters which are considered while designing materials and 

experiments for CC, it will be difficult to make a direct comparison of the techniques employed 

for this purpose. Thus, the discussion that follows is therefore with a superficial rather than an 

in-depth scope. 

At present, the methods employed for CC mostly fall under two broad categories, that is post-

combustion capture (from flue gas) and direct capture (from ambient air). These methods 

include absorption, adsorption, membrane separation, and oxy-combustion (Herzog, 2018). 

Noteworhty, some of these technologies could be theoretically applied for both aforementioned 

categories but are mostly applied for post-combustion capture.  

In post-combustion, the CO2 is removed only after the source material, mostly fossil fuel, has 

been burnt. The flue gas containing CO2, N2, water vapour and SO2 is sent to an absorber 

column, where it contacts the sorbent specially designed to capture the CO2. This capture 

medium is further transferred to a stripping column where the CO2 is desorbed and processed 

for use or storage.  

The absorption process proceeds either by physical or chemical means; for example, the amine 

scrubbing falls under chemical absorption because CO2 reacts chemically with the amine.  

Chemical absorption is widely employed for post-combustion capture under a wide array of 

conditions (Herzog, 2018). As a relatively advanced form of CO2 capture, the amine scrubbing 
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method still comes with some drawbacks, including the corrosion of equipment and the use of 

very volatile solvents that give rise to secondary emissions (Wang et al., 2017). In addition, 

the amine scrubbing is energy-intensive, subject to solvent degradation, and associated with 

toxicity. 

 

On the other hand, physical absorption plays on physical driving forces such as solubility.  

Physical absorption is well-suited to extracting CO2 from high-pressure gas streams. The CO2 

is released, and the solvent is regenerated by a pressure swing, similar to opening a can of soda 

pop. Physical absorption is not suitable for atmospheric flue gases, such as those found at power 

plants, given its relatively weak driving force. 

 

As opposed to absorption which involves the dissolution of CO2 in a capture solution, in the 

adsorption process, CO2 adheres to the surface of a sorbent in adsorption processes. Adsorption 

uses porous dry solids with high surface areas, rather than liquid solvents like amines, which 

are commonly used in absorption. Some noble examples of materials used in adsorption are 

metal organic frameworks (MOFs) and porous carbon materials, which are deemed ideal 

candidates for adsorption owing to their outstanding physical and chemical properties (Guo et 

al., 2015). Many scientists have been drawn to solid adsorption technology because of its ease 

of maintenance, simplicity of operation, and energy savings during adsorbent regeneration (Bai 

et al., 2015). 

Membranes are porous structures that allow gas species to move through. Different gases 

permeate at varying rates, resulting in a separation (Herzog, 2018). Membrane separation is 

relatively inexpensive, albeit still in its early stages of development, and the application 

conditions and stability of such materials restrict its widespread use (Chen et al., 2018). 
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With respect to the physical state of the sorbents employed for CC, (Liu et al., 2014) compared 

liquid absorbents to solid sorbents. According to them, the reason for more extensive adoption 

of liquid absorption in the industry is two-fold. First, the liquid phase helps one to recover a 

significant portion of the heat using advanced heat integrations. In comparison, effective heat 

integration is difficult in solid adsorption. In the absence of heat recovery, the solid-adsorption 

method becomes less efficient. Second, liquid absorption is amenable to continuous processes 

with pumping, while the use of solid adsorbent is limited to batch processes which are 

considered less efficient for CC. 

The latter advantage has been echoed from a hands-on perspective by researchers at Carbon 

Engineering, a direct air capture facility in Canada (Figure 11). According to them, aqueous 

sorbents have the benefit of allowing the contactor (framework containing the sorbent) to run 

continuously, and allow for the (liquid) surface to be continually refreshed, which in turn 

contributes to the durability of contactors even in the presence of dust and other pollutants 

(Keith et al., 2018). 

Figure 11: (a) Simple Mechanism of Carbon Engineering’s Capture Process (b) Carbon Engineering’s Plant 

Design 
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According to Azarabadi and Lackner (2020), post-combustion capture, when compared to other 

carbon capture technologies, is much more advanced because it is comparable to other 

pollution control technologies. For the most part, this technology is best amenable to operations 

in a new power plant, even though it can also be readily adapted to retrofitting existing plants. 

Worthy of note, however, is that retrofitting existing power plants is typically more expensive 

relative to integrating CCS into a new system (Rao and Rubin, 2002). 

Corroborating this motion, (Azarabadi & Lackner, 2020) discovered that the capacity factor, 

an indication of how much carbon dioxide is captured by a method/material, has the greatest 

effect on the cost of post-combustion capture. Their findings demonstrated capacity factor to 

be inversely proportional to cost even for a new power plant.  

Conversely, direct air capture (DAC) is still in its early stages, and various groups in the 

academia and industry have proposed a number of DAC designs, ranging from the use of solid 

sorbents (passive capture) to forced capture with hydroxide solutions (Sanz-Perez et al., 2016; 

Shi et al., 2020; Azarabadi, and Lackner, (2019); Fasihi et al., 2019) 

From an economic standpoint, (Azarabadi & Lackner, 2020) examined the potential of post-

combustion capture technology, as well as the unconventional CC technology, DAC, to counter 

residual pollution. Since DAC has been demonstrated to fix pollution from any source and 

directly eliminates CO2 from the air. 

Surprisingly, DAC (which is typically overlooked for point-source capture) could allow for 

cost savings when addressing emissions from non-retrofittable natural gas combined cycle 

units. In addition, the residual emissions from retrofitted units can also be fixed by DAC. This 

technology appears to be a feasible alternative, given the financial implications of post-

combustion capture for low utilization natural gas-fired units, such as gas turbines (Azarabadi 

& Lackner, 2020). 
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Some of the prerequisite for achieving a high DAC capture efficiency include strong CO2 

affinity, selectivity, and fast kinetics of the sorbent. As a result, chemisorption materials seem 

to be a better bet for DAC. The basic materials of choice here are aqueous/solid alkaline 

hydroxides, oxides, and salts (Li et al., 2020). 

Summarily, non-aqueous sorbents do not appear to be ideal for DAC, particularly given that 

their use will necessitate significant changes in traditional DAC equipment to reduce solvent 

loss. There are only a few scalable solid sorbent contactors that can be used for DAC, with the 

most prevalent used in laboratory scale studies not being scalable owing to very high levels of 

pressure drop (Kolle & Sayari, 2020). 
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CHAPTER THREE 

EXPERIMENTAL 

3.1 Materials 

As-preserved mantis shrimp (Squilla mantis) and crab (Carcinus aestuarii) shells native to the 

Mediterranean Sea were procured from the Polymer Laboratory, Department of Petrochemicals 

at the Egyptian Petroleum Research Institute. Sugarcane bagasse was obtained as waste from 

a local vegetable store. Chemicals used include sodium hydroxide, (Sigma Aldrich, 100.5%) 

anhydrous sodium chlorite (CDH, 80%), urea crystals (Chemlab, 99.5%), glacial acetic acid 

(Loba Chemie PNT ltd., 99.5%), (3-aminopropyl)trimethoxysilane (Sigma Aldrich, 97%), 

tetraethylene pentaamine (Sigma Aldrich, technical grade), halloysite nanoclay (Sigma 

Aldrich). 

3.2 Methods  

In this work, the precursor materials and composites were all prepared by chemical methods. 

The protocols were chosen to fit into the scope of the most extensively employed synthetic 

route. 

3.2.1 Extraction of Chitosan 

The exoskeleton (shells) of crustaceans has been demonstrated to comprise chitin, calcium 

carbonate, and proteins as major fractions. In parallel, chitin, when modified such that the 

molar fraction of N-acetyl glucosamine moieties falls short of 50%, with respect to the total 

number of units, gives chitosan. The isolation of chitosan is well-established in the literature 

and usually involves three major steps viz. deproteinization, demineralization, and 

deacetylation. Chitosan from squilla (mantis shrimp) and crab shells was isolated according to 

the method employed by Riofrio et al. (2021) while that from whiteleg shrimp was extracted 

following the protocol by (Nazir et al., 2021). Both methods are similar with respect to the 
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chemical used but there are slight differences in the treatment steps. Besides, an additional 

decolorization step to eliminate organic pigments, such as beta-carotene and astaxanthin, was 

applied while extracting chitosan from whiteleg shrimp shell. 

At the outset, the shells (Figure 12 a-c) were thoroughly washed with boiling (tap) water to get 

rid of adherent flesh residues and unwanted substances. The final washing was done using 

ultrapure water (type 1) and the shells were dried at 80 oC for 8 hours in a convection oven. 

This drying condition was applied in all intervening periods between unit operations and the 

products of each step were washed thoroughly with ultrapure water until the filtrate attained 

near-neutral pH. 

Following the drying operation, the shells were pulverized using a kitchen blender and fine 

particles (Figure 12 d-f) were obtained by sieving the pulverized shells through a 250-micron 

(60 mesh) sieve. For deproteinization and the removal of minor organic molecules, 25 g each 

of the mantis shrimp and crab powders (MSP and CRP) was subjected to treatment with 250 

mL of 1.25 M (5%) sodium hydroxide (NaOH) solution at 70 (±1) oC to give a 10% W/V 

solution. The solutions were heated with mechanical stirring on a hot plate stirrer for 2 hours. 

Deproteinization of the whiteleg shrimp powder (WSP) was carried out given the same 

conditions with refluxing the solution on a heating mantle in a fume hood.  Further the oven-

dried MSP and CRP were demineralized with 1N HCl (6.25 % W/V) at room temperature for 

48 hours, with constant agitation. The WSP, on the other hand, was demineralized for 48 hours, 

with 1% (0.33 M) HCl at room temperature, but without stirring. Effervescence of bubbles 

upon adding HCl gave an indication of the breakdown of carbonates, hence, releasing CO2 

(Figure 12 g and h). Given the rigid matrix of the crab shells, which might make recalcitrant 
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the proteins and minerals, the deproteinization and demineralization steps were repeated twice 

and once, respectively. 

Prior to demineralization, the WSP was decolorized by immersing the filtered and oven-dried 

deproteinized shell powder in acetone for 24 hours. Following demineralization, chitin was 

obtained, and in a final step, chitosan was produced by deacetylation. Typically, chitin samples 

from MSP and WSP were treated with 50% aqueous NaOH (10 % W/V) at 120 (±2) oC for 2 

and 3 hours, respectively, with mechanical stirring at 500 rpm while that from WSP was 

obtained using 30% aqueous NaOH for 12 hours with intermittent stirring. The resulting  

Figure 12: Exoskeletons Of (a) Mantis Shrimp (b) Crab and (c) Whiteleg Shrimp 

Pulverized Shells of (f) Mantis Shrimp (e) Crab and (f) Whiteleg Shrimp 

Effervescence Of CO2 Bubbles (g & h) During Demineralization Chtosan From (i) Mantis Shrimp (j)  

Crab and (k) Whiteleg Shrimp 
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slurries were vacuum-filtered, washed until neutrality and dried in the oven to obtain chitosan 

as powdery flakes (Figure 12 i-k). The chitosan samples from mantis shrimp, crab shells and 

whiteleg shrimp were labelled MCS, CRCS, and CS1, respectively. A shortcoming of the 

preceding approach is the use of harsh chemical and thermal treatments which not only leaves 

an environmental footprint but also gives a low yield. An alternative, eco-friendly route to 

extracting chitosan would follow an enzymatic pathway, for instance, would probably be much 

better (Ilyina et al., 2000). 

3.2.2  Isolation of Cellulose  

Different materials, including old corrugated containers, wood dust, fig tree branches, and 

sugarcane bagasse, were explored to prepare cellulose. For brevity and the application 

intended, only sugarcane bagasse cellulose extraction was described herein. The method to 

isolate cellulose from sugarcane bagasse (SB) (Figure 13a) was adapted according to the work 

of (Rungthaworn et al., 2020). In a typical synthesis, 5 g of the pre-washed, dried, and blended 

SB (Figure 13b) was mixed with 100 mL aqueous sodium hydroxide (1M or 4 wt. %), resulting 

in a 5 % W/V slurry. This was necessary for partial removal of lignin and hemicellulose from 

the biomass matrix. The reaction mixture was continuously stirred and maintained at 55 °C for 

2 hours. Subsequently, following vacuum filtration and oven-drying at 80 °C overnight, an 

amount of the dried pulp was reacted for 1 hour with 1.4 wt. % (ca. 0.16 M) sodium chlorite 

(NaClO2) solution to give a 5 % W/V solution. The reaction was maintained at 70 °C for 1 hour 

and the pH (Jenway 570 portable handheld pH meter) was adjusted to 4.0 with glacial acetic 

acid. This pH adjustment was necessary to generate a series of species including chlorous acid, 

chlorine dioxide, and chlorite anion in the aqueous solution. These species facilitate the 

bleaching of the pulp fibres and further delignification. The spent chlorite was filtered off by 

vacuum and the treatment was repeated four times.  
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Figure 13 (c & d) illustrate the physical state of the pulp at the start of the second run and the 

resultant white pulp slurry at the end of the fifth run, respectively. In the final step, the pulp 

was vacuum filtered, washed until the filtrate pH was close to neutral and dried at 55 °C for 24 

hours to give the sugarcane bagasse cellulose (SBC). 

3.2.3 Preparation of Sugarcane Bagasse Cellulose Nanocrystals (SBCNC) 

CNC suspension from SBC was prepared as described by Dassanayake et al. (2017). In a 

typical synthesis, approximately 1 gram of SBC (Figure 14a) was hydrolyzed in 10 mL of 64% 

(W/W) sulphuric acid (H2SO4) solution. The hydrolysis proceeded at 45 °C for 60 minutes, and 

the resultant brown solution (Figure 14b) was sonicated in an ultrasonic bath for 50 minutes. 

To quench the reaction, an excess of cold distilled water was added into the mixture. Several 

portions of the dispersion were centrifuged and washed in succession at 5000 rpm for 20 

minutes to recover the nanocrystals which precipitated at the bottom of the tubes. Finally, the  

suspension was dialyzed (Figure 14c) against distilled water for 14 days to abolish the acid 

molecules. During this time, the dialysate buffer was gently stirred and periodically renewed. 

A portion of the resultant CNC suspension (Figure 14d) was kept for Transmission Electron 

Microscopy, while another for FTIR, TGA, XRD, and EDS analyses was pre-frozen in a minus 

20°C freezer followed by vacuum-freeze drying. Although an industrially established route to 

a b c d 

Figure 13:  Isolation of Cellulose from Sugarcane Bagasse 



43 

fabricating nanocellulose, the use of extremely high acid concentration is hazardous. Perhaps 

the material could be alternatively produced by electrospinning. 

3.2.4. Fabrication of Aerogels 

First, 2g each of MCS and CRCS powdered samples were dissolved in 2% (0.33 M) aqueous 

acetic acid to make 1% W/V and 2% W/V solutions, respectively. The dissolution proceeded 

with constant mechanical stirring overnight, giving rise to gel-like solutions (Figure 15 a & b). 

The aerogels were then prepared in facile steps wherein the CNC suspension from sugarcane 

bagasse was directly mixed with chitosan hydrogels. This was according to the method by 

(Rizal et al., 2021). Typically, the CNC suspension was homogenized at 3000 rpm with the aid 

of Advanced IR Vortex Mixer and placed in a conventional freezer for 24 hours. In a similar 

fashion, the chitosan solutions were frozen for 24 hours.  

Upon thawing of all solutions at ambient temperature, specific portions of the CNC suspension 

and chitosan solution were mixed (cf. Table 1) and homogenized with vortex at 3000 rpm. The 

resultant composite hydrogels (Figure 15 c & d) were degassed in an ultrasonic bath and again 

frozen overnight. 

Depending on the physical properties of the intended functionality, which could impact the 

process of lyophilization, aerogels could be functionalized either by introducing the 

a b c d 

Figure 14: Preparation of Sugarcane Bagasse Cellulose Nanocrystals 
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functionality prior to lyophilization (pre-modification) or wet impregnation of ready-made 

aerogels (post-modification). In light of this, halloysite clay nanotubes (HNT) and (3-

aminopropyl) trimethoxysilane (APTMS) were introduced into portions of the chitosan 

hydrogels (Figure 15 e & f) (cf. Table 1). The mixtures were stirred at 500 rpm for more than 

12 hours to disperse the functionalities for proper interaction with the solution.  Subsequently, 

all composite hydrogels, in their respectively containers controlling shape, were vacuum-freeze 

dried (TOPT-10C Freeze Dryer, Toption Group Co., Limited) for 48 hours, producing the 

aerogels (Figure 15 g & k). The aerogel comprising CS1 and SBCNC was also prepared 

according to the preceding procedure. Silane and halloysite modification were thought to 

introduce -NH2 functionality and improve the adsorption capacity, given the lumen of the tubes, 

respectively. 

Table 1: Aerogel Composition 

Sample CS1/SBCNC CRCS/SBCNC MCS/SBCNC MCS/HNT   CRCS/APTMS 

SBCNC (mL) 8 25 25 - - 

CS1 (mL) 12 - - - - 

CRCS (mL) - 100 - - 35 

MCS (mL) - - 50 50 - 

HNT (g) - - - 0.1 - 

APTMS (mL) - - - - 1 

For post-modification with tetraethylenepentamine (TEPA), 5 mL of TEPA was added to 20 

mL methanol with mechanical stirring. Thereafter a sample of MCS/SBCNC aerogel was 

immersed and the solution was stirred at 200 rpm for 24 hours to allow diffusion of the TEPA 

solution into the bulk. The modified aerogel was placed in a vacuum oven (Across International 

Model AT09e) at 50 oC for 24 hours to completely eliminate the methanol solvent. The 

chemical structures for the functionalities, HNT, APTMS, and TEPA, are presented in the 

appendix section. 
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Freeze drying is the most widely employed method for fabricating aerogels but from an 

economic standpoint, it is a non-starter as it can be both time- and energy-consuming. Besides, 

the prefreezing process impacts the resultant structure of the aerogel. Liquid nitrogen is often 

used  for this purpose, as opposed to the  slow conventional freezing employed herein, since it 

allows for rapid nucleation of ice crystals without extensive crystal growth. These allows the 

formation of uniform pore size (monodisperse) following the sublimation of the ice crystals. 

Nevertheless, it is expensive and might be considered economic only when used a large scale. 

The schematic for the fabrication of these aerogels is presented in Figure 16 below. 
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Figure 15: MCS and CRCS Solutions (a and b) Composite Hydrogels (c and d) CRCS/APTMS Hydrogel (e) 

MCS/HNT Hydrogel (f) CRCS/SBCNC Aerogel (g) MCS/SBCNC Aerogel (h) CRCS/APTMS Aerogel (i) 

MCS/HNT Aerogel (j) CS1/SBCNC Aerogel (k) 
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Figure 16: Overall Schematic for Producing the Aerogel Composites 

3.2.5 Characterization of Materials 

A full physico-chemical characterization is requisite for CO2 capture candidate materials. In 

light of this, the following analysis were carried out on the precursors and composites prior to 

adsorption studies. 

3.2.5.1  Molecular Weight of Chitosan 

The viscosity-average molecular weights of the chitosan samples were measured using 

capillary viscometry. For all samples, 0.05 g chitosan was dissolved in 50mL of solvent 

comprising 0.25M acetic acid (CH3COOH) and 0.25M sodium acetate monohydrate 
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(CH3COONa∙H20), giving a 0.1% (0.1 g/dL) solution. Using an Ubbelohde capillary 

viscometer, the relative viscosity (ηrel) was measured as the ratio of passage time of polymer 

solution to the passage time of pure solvent as the fluids are pumped through the capillary of 

the viscometer over a marked distance. Serial dilutions of the original solution were made, and 

the reduced viscosity (ηsp/C) was plotted as a function of concentration. A limitation here is that 

the procedure was carried out across the different samples under non-isothermal conditions. 

Viscometric Parameters: 

t = passage time for polymer solution 

to = passage time for pure solvent 

η = viscosity (dynamic or kinematic) of solution 

ηo = viscosity in the absence of solute, that is, reference solvent 

The t and to, as obtained from the viscometer, are directly related to the η and ηo, 
respectively. 

ηrel = t/ to 

ηsp = specific viscosity = (η/ ηo) – 1 = (η - ηo)/ηo = ηrel – 1 

This is denoted as the relative increment in the solution viscosity relative to that of the 

solvent. 

ηsp/C = reduced viscosity 

[η] = limiting viscosity number (intrinsic viscosity) = lim
𝐶→0

(
ηsp

𝐶
) 

A plot of the reduced viscosity versus concentration (Huggin’s plot), when extrapolated to the 

y-axis, that is the intercept, gives the intrinsic viscosity. The viscosity-average molecular 

weight was finally estimated according to the modified Mark–Houwink–Sakurada equation 

(Kasaai & Arul, 2000): 
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[η] = KM
a
v   

Where the MHS constants for chitosan in ACOH/ACONa K = 1.57x10-4 dL/g and a = 0.79 

QMHS = polydispersity factor = 0.95 

Mv = viscosity average molecular weight 

But for the modified MHS equation, K = K * QMHS = 1.57x10-4 * 0.95 = 1.49 * 10-4 

Therefore, [η] = 1.49 * 10-4 Mv
0.79 

The viscosity-average molecular weight is then obtained as  

Mv = ([η]/K)1/a 

3.2.5.2  Degree of Deacetylation (DD) 

Since the deacetylation of chitin usually leads to the formation of CO2-phillic amino (-NH2) 

groups, it is imperative to properly quantify the degree of deacetylation of chitosan to give a 

sketch of what application it can be used for. The degree of deacetylation was estimated from 

FTIR absorbance ratios of amide-I band and O-H band at 1655 cm-1 (probe band) and 3450 

cm-1 (reference band), respectively, using the equation that follows:  

𝐷𝐷 (%) = 97.67 − (26.486
𝐴1655

𝐴3450
)   (Hussein et al., 2013; Sabnis & Block, 1997) 

3.2.5.3  Fourier Transform Infrared Spectroscopy (FT-IR) 

The spectra of all the samples were taken with the aid of a Nicolet 380 FT-IR 

spectrophotometer between 650 and 4000 cm-1, with a scan rate of 64 and resolution of 4. All 

materials were blended and triturated with excess KBr (FT-IR grade) in an agate mortar and 

pestle until uniformity. The mixture was then compacted using an IR hydraulic press (Loomis 

Engineering & MFG. CO.) under a load of 20000 lbs (10 tons) for at least 120 seconds. 
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3.2.5.4  Energy Dispersive X-ray Spectroscopy (EDX) 

Elemental composition of all samples was investigated on a JEOL JCM-6000Plus Versatile 

benchtop SEM equipped with energy dispersive X-ray spectrometer detector. All samples 

were irradiated at 15 kV and the spectral analyses were conducted on the JED-2300 Analysis 

Station software. 

3.2.5.5  X-ray Diffraction Analysis (XRD) 

The X-ray diffraction patterns of all samples were obtained using a Bruker D8 Advance X-ray 

diffractometer at 2-theta range between 5° and 50° with a step size of 0.030° and Cu Kα 

radiation (λ = 1.54 Å). 

3.2.5.6  Thermogravimetric Analysis (TGA) 

The thermal stability or the precursor and resultant composite materials was explored on a 

Labtron (LTGA-A10) Full Auto Thermo Gravimetric Analyzer. 10-15 grams was used across 

all samples, the TGA was carried out at a ramp of 10 oC/min, and nitrogen was used as purge 

gas at a flow rate of 40-50 mL/min.  

3.2.5.7  Scanning Electron Microscopy (SEM) 

The microstructures of the chitosan precursors, HNT and aerogels were observed on an 

ultrahigh resolution Carl Zeiss (LEO) FESEM between 4 and 6 kV. The samples were all 

coated with gold at 15 miliamperes for 5 minutes using a HUMMER® 8.0 sputtering system. 

3.2.5.8  Transmission Electron Microscopy (TEM) of Cellulose Nanocrystals 

Transmission electron microscopy of the SBCNC suspension was observed on a JEOL JEM-

2100 electron microscope using an acceleration voltage of 200 kV. The suspension was stained 

with uranyl acetate solution for the enhancement of microscopic resolution and subsequently 

dropped on a copper grid coated with carbon-formvar. The electron source is a LaBr6 crystal 
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filament and the images at different scales and magnification were taken with the Gatan camera 

software. 

3.3 BET Surface Area and Gas Adsorption Analysis 

The Brunauer-Emmett-Teller (BET) surface area, nitrogen, and carbon dioxide adsorption 

analyses of the composites were carried out on the Micromeritics ASAP 2020 surface area and 

porosity analyzer. BET surface area for all samples were carried out in liquid nitrogen bath at 

77 K. For gas (N2 and CO2) adsorption at 273 and 298 K, the analysis bath dewar was switched 

to a chiller dewar. All samples were degassed in vacuum at 393 K for 5 hours prior to each 

analysis run. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Molecular Weight 

The viscosity-average molecular weights (Mv) of the chitosan samples as determined from the 

Huggin’s plot and Mark-Houwink equation show the mantis shrimp and whiteleg shrimp 

chitosan to be high-molecular weight, while the chitosan obtained from crab was medium 

molecular weight (Table 2). The Huggin’s plot for each sample is presented in the appendix 

section of this discourse.  

Table 2: Viscosity Average Molecular Weights of Chitosan Samples 

 

 

 

4.2 Degree of Deacetylation 

The chitosan sample from crab shell waste presented the highest degree of deacetylation most 

likely due to its more stringent extraction condition. CRCS had the highest DD of all samples 

(Table 3), given the relatively harsh deacetylation treatment. All estimated results are tabulated 

below: 

Table 3: Degree of Deacetylation of Chitosan Samples 

Sample DD (%) 

MCS 80 

CRCS 81 

CS1 79 

 

Sample Mv (Da) 

CS1 431699 

MCS 468420 

CR-CS 211911 
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Although, the deacetylation of CS1 was over a longer period of time, is had a slightly lower 

DD. This indicates the prominence of NaOH concentration and temperature over time of 

deacetylation. 

4.3 FT-IR 

FT-IR spectra of the matrix, fillers, and composite materials is depicted in (Figure 17).  The 

chitosan samples exhibited characteristic bands around 1020 – 1200 cm-1 (C-O-C stretching 

vibrations of the glycosidic linkages) (Hussein et al., 2013), 3400-3500 cm-1 (overlapping N–

H and O–H stretch) (Huang et al., 2019), ~1650 cm-1 (amide I: C=O) (Esmaeili et al., 2021). 

The bands around 1560 cm-1 is ascribed to an overlap of the amide II and N–H bending of 

amino group) (Lawrie et al., 2007), ~1420-1430 cm-1 (amide III: C–N stretching vibration) 

(Esmaeili et al., 2021), and just below 3000 cm-1 (C–H asymmetric stretch) (Zhang et al., 

2021). In the spectrum of the mantis shrimp, only one broad band is observed in the ~1650-

1560 cm-1 region and this is ascribed to an overlap of the amide I with N–H bending. 

Noteworthy, some spectra exhibited a sharp peak around 2300 cm-1. This peak is ascribable to 

CO2 asymmetric stretching collected in the background. 

The spectra of SBCNC exhibit several characteristic peaks viz. ~3400 cm-1 ascribed to the O–

H streching vibration of the free –OH groups on the chain of the cellulose molecule as well as 

the intermolecular and intramolecular hydrogen bonds the inter and intramolecular hydrogen 

bonds (Mandal and Chakrabarty, 2014) ~2900 cm-1 (C–H stretch); ~ 899 cm-1 (assigned to the 

glycosidic C−H stretching vibration in cellulose molecules, representing the β-glycosidic 

linkages and the amorphous part in the cellulose structure (Szymanska-Chargo et al, 2015), 

~1059 cm-1 (stretching vibrations of C-O-C bridge in the glycosidic bonds of the cellulose 

chain), 1632 cm-1 (O-H deformation of adsorbed water) (Soni et al., 2015). 
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Figure 17: FT-IR spectra of precursor and composite materials 

For neat HNT, the peaks observed at 3695 cm-1 and 3621 cm-1 are assigned to the stretching 

vibration of internal O-H groups while that at 3467 cm-1 corresponds to the O-H stretching of 

adsorbed water molecules. In-plane Si-O stretching vibrations were observed at 1086 cm-1 and 

1032 cm-1 while the Si–O–Si and perpendicular Si–O–Al stretching vibrations were observed 

at 791 cm-1 and 754 cm-1, respectively. Further, the bands at 1630 cm-1 and 911 cm-1 are 

ascribable to O-H bending of water and inner-surface hydroxyl groups, respectively (Yuan et 

al., 2008; Kang et al., 2017). 

Virtually all the bands assigned to the precursor materials were exhibited in the spectra of the 

aerogel composites, indicating a successful incorporation of all materials. Noteworthy, these 
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bands for the aerogels were less intense and, in some cases, broader relative to those of the 

precursors. The characteristic O−H and N−H stretching vibration intensities   of the chitosan 

samples were abated due to intermolecular hydrogen bonding between the O−H  and N−H 

groups of the chitosan and cellulose molecular chains (Esmaeili et al., 2021; Klein et al., 2015). 

4.4 SEM Imaging 

The microstructure of the chitosan samples (Figure 18 a-c) represents intertwined polymeric 

fibrous networks. Additionally, a heterogeneous surface and porous internal structure were 

observed (Dotto et al., 2012). The fibrillar structure of pure cellulose obtained from sugarcane 

bagasse is presented in Figure 18d. 

 

 

(a) (b

) 

(c) (d

) 

Figure 18: SEM images of (a) CS1 (b) MCS (c) CRCS (d) SBC 
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The aerogels (Figure 19 a-f) had the structure of platelets loosely arranged to give slit-like 

pores, facilitating mass transport. This random orientation of the voids probably came from the 

directional pre-freezing as well as sublimation processes of the ice crystals during 

lyophilization. 

4.5 TEM Imaging For SBCNC 

As could be observed from the high-resolution TEM images (Figure 20 a & b), the SBCNC 

presents individual needle-like crystals. The aspect ratio taken as a single measurement from 

Figure 19: SEM of Aerogel Samples (a) CS1-SBCNC (b) MCS-SBCNC (c) CRCS-SBCNC (d) MCS-HNT (e) CRCS-

APTMS f. MCS-SBCNC-TEPA 

(a) (b) 

(c) (d) 

(e) (f) 
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the full-scale of an individual crystallite in a specific area (Figure 20c) is 17.96 l/w, much lesser 

than that estimated for cellulose nanofibers (Xu et al., 2013), hence, suggesting the formation 

of nanocrystals. The selected area diffraction technique was also employed for the crystal 

orientation of the material.  The ring diffractogram (Figure 20d) obtained from the selected 

area of the sample depicts that of a polycrystalline, albeit weak, material exhibiting no traces 

of an amorphous phase. 

4.6 EDS Analysis 

As illustrated in Table 4 below, the materials comprised all expected characteristic elements. 

The cumulative amounts of recalcitrant impurities from the experiments were within 

permissible levels. Further, the results obtained for the chitosan samples reflect the overall 

Figure 20: TEM Images of SBCNC on Different Scales (a & b) Individual Fibril (c) and Selected Area 

Diffraction (d)  

(a) (b) 

(c) (d) 
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effect of the treatment steps involved in the extraction as well as the incorporation of 

functionalities in the final aerogel composites. 

Table 4: Elemental Composition of Precursor and Composite Materials 

 C N O Al P S Ca Mg Ni Si 

SBCNC Mass% 75.86 - 22.37 0.82 - 0.62 - - - 0.32 

 Atom% 81.23  17.98 0.39  0.25 - - - 0.15 

WSP Mass% 67.22 6.52 12.42 0.72 3.58 0.93 8.47 NA 0.06 - 

 Atom% 77.48 6.45 10.74 0.37 1.6 0.4 2.93 NA 0.01 - 

CS1 Mass% 77.37 3.59 18.62 0.37 - - 0.04 - - - 

 Atom% 81.78 3.25 14.77 0.18 - - 0.01 - - - 

CS1-

SBCNC 

Mass% 70.42 3.60 25.13 0.27 0.01 NA 0.06 - - 0.13 

 Atom% 75.83 3.90 20.31 0.13 0.01 NA 0.02 - - 0.06 

MSP Mass% 34.27 2.58 15.47 4.69 2.18 - 39.63 1.19 - - 

 Atom% 53.98 3.48 18.29 3.29 1.33 - 18.71 0.92  - 

MCS Mass% 70.78 5.71 23.25 0.18 - - 0.03 - - 0.06 

 Atom% 75.91 5.25 18.72 0.08 - - 0.01 - - 0.03 

MCS-

SBCNC 

Mass% 71.64 4.02 23.89 0.25 - NA -  - 0.19 

 Atom% 76.85 3.70 19.24 0.12 - NA -  - 0.09 

MCS-

HNT 

Mass% 67.54 3.91 25.37 1.60 - - - - - 1.68 

 Atom% 73.99 3.58 20.86 0.78 - - - - - 0.79 

MCS-

SBCNC-

TEPA 

Mass% 80.62 8.47 10.38 0.35 - 0.03 - - - 0.16 

 Atom% 84.06 7.57 8.12 0.16 - 0.01 - - - 0.07 

CRP Mass% 21.32 NA 9.90 0.38 1.09 - 63.74 0.57 - - 

 Atom% 42.76 NA 14.91 0.34 0.85 - 38.32 0.57 - - 

CRCS Mass% 71.29 5.22 23.29 0.12 - - 0.02 - - 0.06 

 Atom% 76.38 4.79 18.74 0.05 - - 0.01 -  0.03 

CRCS-

SBCNC 

Mass% 72.76 3.72 23.27 0.17 - 0.08 - - - - 

 Atom% 77.80 3.41 18.68 0.08 - 0.03 - - - - 

CRCS-

APTMS 

Mass% 38.74 4.84 25.03 0.78 - - - - - 30.61 

 Atom% 51.57 5.52 25.01 0.46 - - - - - 17.43 

- = not detected ; NA = not analysed 
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4.7 Thermogravimetry 

A summary of the TG profiles of all samples is presented in Table 5 and the TG and DTG 

curves are presented in Figure 21: (a) TG and (b) DTG Profiles of Precursors and Aerogels, 

respectively. The first event of weight loss across the precursor chitosan samples and SBCNC 

occurred between 26 and 163 oC, the low temperature region, evidenced by the broad minimum 

peaks on the differential thermograph (Figure 21b), with the MCS accruing the highest rate of 

this loss (9.2%), which occurred at ca. 72 oC. Such weight loss is often ascribed to the 

desorption of bound water molecules (Turci et al., 2015). For the aerogels, MCS-SBCNC-

TEPA exhibited the highest rate of degradation in this region, losing about 11% of its weight, 

as shown on the DTG curve. Similarly, this is ascribed to the loss of adsorbed water, with the 

highest rate occurring at 93 oC.  

The SBCNC sample had the lowest onset temperature of degradation of all samples 

(temperature at which degradation is initiated) at ca. 142 oC. Besides, its degradation occurred 

over a wide range, showing three prominent pyrolysis events, one between 142 and 270 oC, a 

brief process between 290 and 366 oC, and a third between 400 and 480 oC, with similar 

behaviour to the first degradation step. This multi-step degradation has been attributed to the 

presence of free end chains which begin to decompose at low temperatures as well as the 

presence of free sulphate ends, emanating from the acid treatment, on the surface of the crystals 

(Wang et al., 2007;  Fern et al., 2018). 

In all, the degradation temperatures of the materials show them to be fairly suitable for post-

combustion capture, considering the flue gas temperature (45 – 50 oC) when cooled. 
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Table 5: Onset Degradation Temperature (To), Maximum Degradation Temperature (Tmax), and Weight Loss 

(WL) of All Events 

Sample T0 

(oC) 

First event  Second event  Third 

event 

 

  Tmax WL (%) Tmax  WL (%) Tmax WL (%) 

CS1 215 305 22 485 16 680 4 

MCS 227 310 59 505 21 - - 

CRCS 252 323 68 603 25 - - 

SBCNC 142 236 41 314 28 435 22 

CS1-SBCNC 230 326 59 484 17 686 - 

MCS-SBCNC 228 296 54 520 16 - - 

CRCS-SBCNC 230 329 69 - - - - 

MCS-HNT 233 294 54 512 12   

CRCS-APTMS 164 222 26 368 29 583 30 

MCS-SBCNC-

TEPA 

162 175 8 311 38 634 32 

4.8 X-ray Diffraction 

The XRD pattern for the precursor matrices, CS1, CRCS, and, MCS (Figure 22) showed two 

prominent peaks around 2θ = 9.7° and 2θ = 19.6°, attributable to chitosan (crystal II form) with 

a regular crystalline structure (Esmaeili et al., 2021; Sarkar et al., 2017). For SBC, the peaks  

observed around 2θ = 16.4°, 22.5°, and 35.0°, are characteristic of cellulose’s native structure 

(Rungthaworn et al., 2020;  Klemm et al., 2005). With the exception of the peak at 2θ = 35.0° 

and an overall reduction in peak intensity, SBCNC had the characteristic diffraction pattern of 

SBC, suggesting preservation of crystallinity. These results for SBC and SBCNC are echoed 

by the SEM and TEM micrographs, respectively, which depict a repetitive orderly arrangement 

of the fibres and crystallites. The XRD diffraction pattern of the other filler, HNT, is not 
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included in this study, but that of the aerogel, MCS-HNT, revealed broad shoulders with no 

sharp peaks. 

Figure 22: X-ray Diffraction Patterns of Matrices, Filler and Select Composites 

The additional peaks observed around 2θ = 12° and 24.8° are characteristic of HNT’s crystal 

plane (Ünügül & Ugur, 2022; Barman et al., 2020). For the most part, amorphous regions were 

observed for MCS-SBCNC. The disappearance of the peaks was probably consequent upon 

rendering the matrix as an aerogel, and this amorphous structure was also observed on the SEM 

micrograph. 

4.9 BET Surface Area Analysis 

As illustrated in Figure 23, all aerogel samples presented type-IV isotherms with narrow H3 

hysteresis (IUPAC classification), probably due to filling and emptying of the mesopores. The 

aerogel composite functionalized with TEPA had the highest surface area (2.15 m2/g)  
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 Table 6), probably resulting from its prolonged exposure to heat treatment following post-

modification, which in turn lead to a negligible material loss. 

The neat CRCS-SBCNC aerogel had a comparable surface area (1.84 m2/g) to the 

aforementioned, arising from its slightly different lyophilization process. Its hydrogel had been 

placed in a relatively wide container which allowed a more rapid conduction, sublimation, and, 

hence, drying of the aqueous solvent.  

There was a decrease in surface area for the aerogels modified with APTMS and HNT, perhaps 

due to the pore-blocking effect of these functionalities as could be seen on the SEM 

micrographs. Compared to the literature, all the aerogels present significantly lower BET 

surface areas, with the least reported  in the literature, to the best of my knowledge, being 9.74 

m2/g (Liu et al., 2021).  

  
Average 

pore size 

CO2 

uptake 

(mg/g) 

 Qst, 

CO2 

N2 uptake 

(mg/g) 
 

Aerogels SABET (nm) 
T = 273 K T = 298 K kJ/mol T = 273 K T = 298 K 

CRCS-SBCNC 1.8430 9.1839 2.151713 1.991877 15.415 -2.18813 -3.51234 

MCS-SBCNC 1.2631 10.0198 1.868124 1.601047 9.131 -2.31516 -3.81565 

CS1-SBCNC 1.2842 29.4157 5.781699 2.072777 9.465 -2.36622 -10.6719 

CRCS-APTMS 0.5169 11.4999 2.838632 2.827657 0.941 -1.34948 -2.27769 

MCS-HNT 1.1588 55.2853 1.338539 1.376431 23.907 -2.21721 -3.34458 

MCS-SBCNC-TEPA 2.1540 5.1527 4.727095 1.296027 38.998 -0.5555 -78.2531 
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Figure 23: N2 Adsorption-Desorption Isotherms of the Aerogels 
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4.10 Gas Adsorption Studies 

The CO2 adsorption-desorption isotherms at 273 and 298K as presented in Figure 24 a and b 

below indicate that the CS1-SBCNC aerogel had the highest sorption capacity a 273 K, while 

the CRCS-APTMS sample had the highest at 298 K, which is relatively closer to industrial 

post-combustion capture condition (Dawson et al., 2011). This value was observed for the 

aerogel despite the fact that it had the lowest surface area (0.5169 m2/g). The rationale for this 

observation draws on the inference that the CO2 capacity of physisorbents is not a mere factor 

of surface area but also the presence of CO2-phillic moieties such as nitrogen (Zulfiqar et al., 

2016). Shockingly, the TEPA-functionalized aerogel had the lowest capacity at 298 K. This 

probably resulted from a 1.2 mg gain in sample weight prior to the analysis run, attributable to 

inefficient degassing operation. Consequently, adherent molecules most likely hindered mass 

transfer and contributed a pore-blocking effect, hence, compromising the sorption capacity of 

the aerogel. The HNT-functionalized material also performed relatively poorly, perhaps due to 

aggregation of the nanotubes within the matrix. 

As illustrated in (Figures 24 a and b), at 273 and 298K all of the samples exhibited negligible 

adsorption of nitrogen gas at low pressure values which further transited into the negative 

adsorption phenomenon at higher pressures. This behaviour gives an indication of the 

experimental selectivity of the materials, considering the CO2 adsorption profiles. 
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Figure 24: CO2 adsorption-desorption isotherms at (a) 273K and (b) 298K 
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Figure 25: N2 Gas Adsorption-Desorption Isotherms at (a) 273K and (b) 298K 
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 Table 6: BET Surface Area (SABET), BJH Adsorption Average Pore Aiameter, CO2 and N2 Capacity at 273 K 

and 298 K , 1 bar, Isosteric Heat of CO2 Adsorption (Qst, CO2)  

Further, the heats of CO2 adsorption of the aerogels, as determined isosterically (constant 

coverage) from the adsorption isotherms at 273 K and 298 K, were in the range of ca. 1 - 39 

kJ/mol. (Table 6) These values are well below those for chemisorption (≥ 80 kJ/mol)  

(Abdulsalam et al., 2020; Delavar, et al., 2012), indicating that the mode of bonding between 

the adsorbate (CO2) and the adsorbents (aerogels) is driven by weak physical interactions such 

as Van der Waals forces. By extension, this type of interaction makes it easy to 

regenerate/reuses the materials for further adsorption with an overarching advantage of energy 

savings. 

  
Average 

pore size 

CO2 

uptake 

(mg/g) 

 Qst, 

CO2 

N2 uptake 

(mg/g) 
 

Aerogels SABET (nm) 
T = 273 K T = 298 K kJ/mol T = 273 K T = 298 K 

CRCS-SBCNC 1.8430 9.1839 2.151713 1.991877 15.415 -2.18813 -3.51234 

MCS-SBCNC 1.2631 10.0198 1.868124 1.601047 9.131 -2.31516 -3.81565 

CS1-SBCNC 1.2842 29.4157 5.781699 2.072777 9.465 -2.36622 -10.6719 

CRCS-APTMS 0.5169 11.4999 2.838632 2.827657 0.941 -1.34948 -2.27769 

MCS-HNT 1.1588 55.2853 1.338539 1.376431 23.907 -2.21721 -3.34458 

MCS-SBCNC-TEPA 2.1540 5.1527 4.727095 1.296027 38.998 -0.5555 -78.2531 
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CHAPTER FIVE 

CONCLUSION AND OUTLOOK 

The study presented encompassed an investigation, on a first-time basis, of the carbon dioxide 

capture capacity of aerogel composite materials based on chitosan and cellulose nanocrystals 

prepared by the freeze-frying operation. Although the adsorbents presented relatively low CO2 

capacities when compared with established physisorbents, such as metal organic frameworks, 

their selective interaction with CO2 over N2 gas, coupled with the idea of utilizing waste 

materials for their production, shows good prospects, hence, opening up possibilities to 

optimize their performance. Additionally, their isosteric heats of adsorption were in the 

physisorption region, signifying a less energy-intensive mode of regenerating the adsorbents 

in practical settings. 

Since it is crucial to fully explore the mechanical and textural properties of candidate 

adsorbents for carbon dioxide capture, an intricate approach will be adopted in a prospective 

study to investigate the effect of the filler in the composite matrix and on the porosity of the 

adsorbent as well as the contribution of crosslinkers to the structural integrity of polymeric 

aerogel composites. Likewise, the adsorption of CO2 on post-modified aerogels using fluidized 

bed systems, breakthrough CO2 adsorption studies, and regeneration of adsorbent would be 

explored. Further, the design of the chemical and electrochemical conversion of CO2 into 

value-added products will be a subject of future study. 

In all, given that the carbon dioxide capture technology is largely still in transition, the current 

effort corroborates the scientific idea to continually develop existing materials and fabricate 

newer ones to consolidate the credibility, validity and viability of this environmentally 

beneficial technology. 
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Figure 26: Huggin’s plot for CRCS 

Figure 27: Huggin’s plot for CS1 
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Figure 28: Huggin’s plot for MCS 

Figure 29: SEM micrograph of HNT 
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Figure 30: EDX spectrum for WSP 

Figure 31: EDX spectrum of CS1 



72 

 

 

 

 

Figure 32: EDX spectrum for CRCS 

Figure 33: EDX spectrum for SBCNC 
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Figure 34: EDX spectrum for CS1/SBCNC 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: EDX spectrum for SBC 
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Figure 36: EDX spectrum for CRCS-SBCNC 

 

 
Figure 37: EDX spectrum for MCS-SBCNC-TEPA 
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Figure 38: EDX spectrum for CRCS-APTMS 

 

 

 

 

n(H2O) 

Figure 39: Chemical structure of (a) Halloysite nanoclay hydrate (b) Tetraethelenepentamine (TEPA) (c) 3-

Aminopropyltrimethoxysilane (APTMS) 
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