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Chapter 1. Introduction 

1.1. An insight into anthropogenic CO2 emission 

The drastic rise of carbon dioxide (CO2) emission in the atmosphere is changing the 

world. 

Climate change is one of the largest environmental concerns humankind is facing, 

believed to be caused by the gradual increase in Earth´s average surface temperature, known 

as global warming. All pieces of evidence point out that the substantial increase in the 

concentration of greenhouse gases (GHGs) in the atmosphere, where CO2 gas is the main 

constituent, is the primary reason why the surface temperature increases.1,2 The global warming 

impact is already perceptible to the human eyes in either physical or biological changes, such 

as, extreme weather, melting of glaciers, ocean acidification, and animal migration patterns.3–6 

Hence, CO2 is the most influential GHG, the concentration of which is driven by human activities. 

Since industrial revolution, the burning of fossil fuels (i.e. coal, petroleum, and natural 

gas) has become the principal energy source (about 80 % of the energy demanded all over the 

word is obtained from the combustion of fossil fuels).7,8 Energy is consumed by different sectors 

such as electric power, industrial activity, transportation, residential, and commercial sectors. 

The increased industrialization, economy, and global population growth with high-energy 

requirements have caused an excessive consumption of fossil fuels, causing an uncontrolled 

emission of CO2. A corresponding increase, from 280 ppm CO2 during pre-industrial time (where 

the concentration was relatively constant), to just over 400 ppm today, is projected to reach 570 
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ppm by the year 2100, causing a rise of average global temperature by around 1.9 °C (Figure 

1.1 and Figure 1.2).9,10 According to The Intergovernmental Panel on Climate Change (IPCC): 

“The situation will become worse in the future driven largely by economic and 

population growth will cause further warming and long-lasting changes in all components of the 

climate system, increasing the likelihood of severe, pervasive and irreversible impacts for 

people and ecosystems”.11 

Figure 1.1. Global anthropogenic CO2 emissions from forestry and other land use as well as from burning 

of fossil fuel, cement production and flaring. Cumulative emissions of CO2 from these sources and their 

uncertainties are shown as bars and whiskers, respectively, on the right hand side.11 
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Figure 1.2. Global surface temperature changes in ºC relative to 1850-1900, under different GHG 

emissions scenarios. These changes were obtained by combining model simulations with observational 

constraints based on past simulated warming, as well as an updated assessment of equilibrium climate 

sensitivity.10  

Consequently, mitigation of atmospheric CO2 concentration is a challenging and urgent 

task in order to avoid deleterious environmental impact while meeting a balance between the 

energy and resource demands and the aspirations of the global economy. In 2015, the Paris 

Agreement established the Long-Term Temperature Goal of 

“holding the increase in the global average temperature to well below 2 °C above pre-

industrial levels and pursuing efforts to limit the temperature increase to 1.5°C above pre-

industrial levels, recognising that this would significantly reduce the risks and impacts of 

climate change”.12 
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For this reason, several approaches have been considered to be potential ways in order 

to reduce anthropogenic CO2 emissions, for instance, improvement of energy efficiency or the 

use of renewable energy resources (solar, wind, biomass).13–15 However, in the former approach, 

installation of energy saving devices may involve high cost investment. The latter, alternative 

energy sources and associated technologies, which have the advantage of not generating CO2, 

they suffer from lack of maturity to supply us with the large energy required, so the full 

replacement of the combustion of fossil fuels will not be reached in the near future.16,17 

Alternatively, either carbon capture and sequestration/storage (CCS) or carbon capture and 

utilization (CCU) technologies are considered a viable strategy to alleviate CO2 emissions, at 

least as a mid-term solution, for the improvement of environment quality.18 

1.2. Carbon capture and sequestration (CCS) and carbon capture and 

utilization (CCU) 

On the one hand, CCS solution transports the captured CO2 from anthropogenic sources 

to a storage place (e.g. geological storage) avoiding the release into the atmosphere.19 On the 

other hand, CCU uses the captured CO2 to obtain value-added products. In Figure 1.3, the 

schematic illustration of both CCS and CCU technologies is presented. CCU does not consider 

CO2 as a waste emission, but as a carbon source favouring the closing of the carbon cycle.20 

Nevertheless, it requires high energy for the conversion of CO2, where the energy production is 

the one that produced CO2 in the first place. In the case of CCS, its unprofitability combined with 

highly expensive machinery are considered the main drawbacks. In any case, the main step is 

to analyse the CO2 capture process.  
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Figure 1.3. Schematic illustration of CCS and CCU technologies. 

Success of CCS and CCU technologies require a development of materials that capture 

CO2 in a low-cost, efficient and long-lived from a point source or large-scale productions such as 

power plants and other industrial processes (refineries, oil and gas production sites, chemical 

and petrochemical industries, iron and steel industries, cement industries, etc.). Yet, the principal 

point of CCS or CCU nowadays is coal-based power plants being the main contribution of the 

total CO2 emissions among fossil-fuels power plants. Research on technologies that can remove 

CO2 directly from the air, i.e. at low concentrations, it appears to be also a highly attractive option 

to bring CO2 atmospheric concentration to a non-critical level (but so far comparably less 

considered).21,22 

Furthermore, one of the principal attraction of CCS and CCU alternatives is that there is 

no requirement of elimination or limitation of the use of fossil fuels, while avoiding the meaningful 

contribution to greenhouse effect. Since the CO2 capture is the most expensive step of CCS and 
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CCU, many researches have targeted to develop new approaches or improve the ongoing 

technologies with the aim to attain a capture cost acceptable to the energy industry.23 In coal-

fired power plants, CO2 can be captured from different technology processes, classified as: i) 

pre-combustion, ii) oxy-combustion and iii) post-combustion capture.24 The schematic 

representation of each technology is presented in Figure 1.4. Pre-combustion technology 

involves the pre-treatment separation of carbon before combustion take place, which implies 

high-pressure (20-30 bar) and high temperature separation.25,26 In oxy-combustion, the nitrogen 

is removed from the oxidizer (air) to carry out the combustion process in highly pure oxygen. 

Thus, the low amount of nitrogen and high CO2 concentration in the exhaust gas enhances the 

sorption efficiency. Nevertheless, the oxy-fuel combustion works at pressure in the range of 20-

30 bar, and temperatures of 100-300 °C. Furthermore, if the O2 concentration is very high, it 

causes problems, such as corrosion and leaks into the plant, and besides, the O2/air separation 

step requires a significant auxiliary power.27,28 The latter, post-combustion capture eliminates the 

necessity for substantial adjustments to combustion cycle as it can be retrofitted into existing 

power plants considered the most straightforward schema and forms the basis of the current 

infrastructure in CCS and CCU, i.e. if the capture process shuts down, the plant can still 

function.29–31 Once flue gas combustion has taken place, it consists of CO2 uptake from mainly 

CO2/N2 mixture gas at atmospheric pressures and at 40-80 °C,32 nevertheless, it has the 

inconvenience that the CO2 is much diluted in the gas stream that influences the capture 

efficiency. Therefore, the driving force for CO2 separation is very low.32 Emissions from post-

combustion process typically consists of 70-75 % N2, 10-15 % CO2, 8-10 % H2O, 3-4 % O2, with 

trace levels of SOX, NOX, and other compounds.  

 

 



Introduction 

9 

 

Figure 1.4. Schematic representation of fossil fuel-based power generation, pre-combustion, oxy-

combustion, and post-combustion capture technologies. 

Several CO2 separation approaches from flue gas streams have been studied or even 

implemented for the post-combustion capture process: solvent absorption, membrane 

separation, cryogenic distillation, chemical looping and physical adsorption.33 The combination 

of two or more approaches (namely, hybrid CO2 capture processes) has been also taken into 

consideration as a possible option.34 

Amongst these methods, solvent or liquid absorption is the most common currently used 

and the most extensively studied method. It employs an aqueous solution of monoethanolamine 

(MEA), or derivatives, as a solvent (also referred to as “scrubbing”) that operates at ordinary 

temperature and pressure.35–41 This method is commercially available and in use nowadays. 

However, the chemically absorbed CO2 requires high temperatures to be released afterwards 
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due to the chemical interactions (it causes 70 % of additional cost).42,43 This makes the process 

energy-consuming during regeneration step of the solvent. So, high energy demand and cost of 

the process for regeneration with other drawbacks, such as the corrosivity of amine solution 

toward the vessels, make this technology less attractive for commercial point of view having large 

room of further improvement.44–47 

On the other hand, membrane separation overcomes some of the disadvantages of 

conventional absorption (simple modular systems and no regeneration energy required, among 

others). Yet, the main drawback of this separation method is that membrane materials have poor 

performance, i.e. low selectivity and permeability, under flue gas operating conditions where the 

concentration and pressure of CO2 is low.48 Furthermore, membrane-based technologies for CO2 

capture are not mature because they have been briefly evaluated in order to determine the 

limitations and that prevent to realize the potentials of this method in an industrial scale.49–52  

Cryogenic distillation is based on the periodic operation of cryogenically cooled packed 

beds and the process cycle has three consecutive steps: a cooling to temperatures below -120 

°C and high pressure (where the CO2 is solidified and separated from other gases), capture and 

recovery step. The low temperatures and high pressures make it an energy intensive process.53–

55 

Furthermore, chemical-looping combustion involves the use of a metal oxide as an 

oxygen carrier, which oxidizes the gaseous fuel producing CO2 and water vapour. Still, the 

commercial scale-up of this technology depends nowadays on the availability of high performing 

and stable oxygen carriers.56–59 
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Adsorption, as alternative process for CO2 capture, is a physical or chemical surface 

phenomenon, also known as physisorption or chemisorption, respectively.60 By this process, the 

molecules of CO2 gas (adsorbate) separates from one phase and accumulates at a surface of a 

solid substance (adsorbent). On the one hand, chemical adsorption o chemisorption involves 

establishing a chemical bond (covalent) between the adsorbate and adsorbent, and thus, the 

regeneration of the adsorbent is more challenging. In physical adsorption or physisorption, 

instead, the interaction between the substances is caused mainly by van der Waals forces and 

electrostatic forces having a low heat of adsorption and easy reverse process being very striking 

step in the carbon capture processes. 

1.2.1. Physical adsorption 

Physical adsorption is a surface-based phenomenon, where solid adsorbent materials 

have characteristic surface properties. For example, the high surface area of an adsorbent 

increases the surface energy and the amount of surface-active groups important for establishing 

larger interaction with CO2 gas molecules. Thus, the process relies mainly on porous materials 

with various desired attributes, such as their equilibrium adsorption capacity, high selectivity, 

easy regeneration step, multicycle durability, and fast adsorption/desorption kinetics compared 

to other conventional technologies.61–65 

 Physical solid adsorbents must meet some relevant requirements in order to be both 

economical and operational for CO2 post-combustion capture process: 

1. Adsorption capacity for CO2: Adsorption capacity is defined as the amount of CO2 

adsorbed per unit mass of the adsorbent material at thermodynamic equilibrium. The 

adsorption capacity of the sorbent materials is an important parameter that affects 
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both the sorbent quantity and process equipment size. Under similar other costs, the 

adsorption capacity must be in the range of 3-4 mmol/g in order to be competitive 

with MEA absorption system.66 

2. Selectivity of CO2: Selectivity is the ratio of the CO2 adsorption capacity to that of 

another components at a given flue gas composition (e.g., N2, CH4,…) and 

determines the purity of the adsorbed CO2. The purity of the CO2 captured greatly 

affects sequestration and transportation, and hence, the process economics. Even 

though, it is ideally to determine experimentally the selectivity under competitive 

adsorption process, the selectivity, in most of the cases, is calculated by Ideal 

Adsorbed Solution Theory (IAST) from the individual adsorption isotherms of the 

gasses.67 

3. Adsorption/desorption kinetics: The cycle time of an adsorption system depends on 

the kinetics of adsorption and desorption, and therefore, the faster are both 

processes, less time will be needed to capture a given volume of flue gas making the 

capture more economical.  

4. Mechanical/thermal stability: Specific operation conditions should not damage or 

disintegrate the material in order to preserve the CO2 capture process cost-effective. 

Therefore, the adsorbent must demonstrate high microstructure and morphological, 

mechanical and thermal stability.  

5. Stability in cycle operation: A suitable adsorbent should be able to maintain its best 

adsorption capacity in repeated adsorption-desorption cycles, i.e., a long lifetime.  
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6. Chemical stability/tolerance to impurities: Chemical stability is another considerable 

criteria because a solid adsorbent material should be stable in moisture and in an 

oxidizing environment of flue gas and be resistant to some flue gas contaminants, 

such as SOX and NOX, so the adsorption process would not be negatively affected. 

Furthermore, high stability also guarantees the longer lifetime of the material before 

its replacement and hence will decrease the overall economy. 

7. Regeneration of adsorbents: The energy needed for the regeneration process should 

be essentially low, i.e., regeneration step should be performed at mild conditions. 

This energy is directly related to heat or enthalpy of adsorption. Enthalpy of 

adsorption is the key thermodynamic parameter of adsorption and it can be 

calculated by using Van’t Hoff or Clausius-Clapeyron equation.68,69 Adsorption of CO2 

is an exothermic process, while desorption is endothermic. If the heat of adsorption 

is very high (i.e. a transition from physisorption, 5-40 kJ/mol, to chemisorption, 40-

800 kJ/mol), the energy needed for the regeneration of the adsorbent will be high. 

Therefore, in order to ensure enough CO2 capture in physisorption regime, a 

moderate heat of adsorption is necessary. An adsorbent is regenerated using 

temperature swing adsorption (TSA) or pressure swing adsorption (PSA) processes 

where the CO2 is removed.70,71 

8. Material costs: The global cost of the system represents one of the most important 

characteristics, and perhaps the most one. Yet, most of the studies related to CO2 

adsorption by carbon-based materials used in this PhD Thesis, are still more 

fundamental and the overall cost of the process was not considered, yet. 
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In view of the above, it is quite challenging to find a single optimal adsorbent that fulfil all 

of these requirements. Several research groups have considered numerous solid materials as 

promising candidates or useful materials for CO2 capture from flue gas with low cost and high-

performance. Adsorbents investigated so far comprise activated carbons,72–78 porous inorganic 

materials (such as zeolites,79–83 silica84), metal organic frameworks (MOF),85–88 porous organic 

polymers (POP, such as conjugated microporous polymers,89 covalent organic frameworks,90,91 

hypercrosslinked porous polymers,92 porous aromatic frameworks93), hydroxyl metal 

carbonates,94 and ionic liquids,95 among others. Generally, high specific surface area and 

uniformity and tuneability of their internal pores make these materials good aspirants for CO2 

capture.96 

Nevertheless, most of these physical adsorbents, although they fulfil several 

requirements, principally in regards to the CO2 adsorption capacity, also suffer several 

drawbacks: difficult handling solids (powders), slow adsorption kinetics, low CO2 selectivity and 

thermal, chemical and mechanical instability in cycling, thus, the scale up feasibility is low.97 

Consequently, the development of a low-cost adsorbent with high adsorption capacity, novel, 

versatile, cycle operations capacity, with low carbon footprint and selectivity over CO2 vs other 

greenhouse gasses is still highly desired, but challenging. 

Herein, the use of solid adsorbents based on graphene and its three-dimensional (3D) 

porous structures for CO2 capture are first reviewed. In the same way, the main parameters 

affecting the adsorption process are discussed, and how could be improved by the addition of a 

second constituent, that in the present context refers to polymer materials. Finally, the process 

of emulsion polymerization that is one of the most relevant technique for the synthesis of aqueous 

polymer dispersions used throughout this study is described.  
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1.3. Graphene oxide (GO) and reduced graphene oxide (rGO)  

Graphene has been intensively studied and receiving tremendous attention since its 

isolation in 2004.98 Graphene, which is the composing unit of graphite, is an one-atom-thick sheet 

of sp2 hybridized carbon atoms arranged into a honeycomb-like network in a single plane (2D 

nanomaterial).99 It exhibits unique chemical,100 electronic,101–103 mechanical,104 thermal,105,106 

and optical properties,107 which make it with high application perspectives. Besides, it is the 

thinnest known material with an exceptionally theoretical specific surface area of 2630 m2/g.108 

To date, reduction process of graphene oxide (GO) is the most easily and economically cheapest 

practised procedure towards large-scale production of reduced graphene oxide (rGO) or 

graphene.109 Nevertheless, rGO is known as the low-quality graphene compared to pristine 

graphene, due to numerous physical and chemical defects. In Figure 1.5, a scheme of this 

synthesis procedure of graphene is presented. In the first production step, graphite oxide is 

obtained by the well-known oxidative treatment Hummer´s method, where graphite is oxidised.110 

Graphite oxide is  made of aggregated GO sheets, where each GO consists of oxidized graphene 

sheets decorated mostly with hydroxyl (-OH) and epoxy (-COC-) groups on the basal plane, and 

carboxyl (-COOH) and carbonyl (-CO) groups located at the edges.111 As graphite oxide still 

retains a layered structure, where the individual layers are bonded by van der Waals forces, after 

exfoliation step, individual sheets of GO are obtained. Finally, the GO is subjected to reduction, 

during which the restoration of the sp2 hybridized carbon structure occurred by the removal of 

the oxygen-containing functional groups, giving rise to rGO or graphene. Although this graphene 

material still contain certain defects in the sp2 carbon network, such as residual oxygen groups 

(sp3 hybridization) and structural defects (five or seven member C-rings), it still holds useful 

properties for applications that demand a large amount of graphene. A more realistic insight may 

be attained in Figure 1.6, where an atomic scale high resolution TEM image of a single graphene 
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sheet obtained from porous carbon is presented, where six-carbons aromatic rings are clearly 

visible, even though it may be seen a presence of few five or seven-carbons rings as deffects.112 

Figure 1.5. The scheme of the synthesis procedure of reduced graphene oxide or graphene. 

Figure 1.6. TEM image of a single graphene layer. The in-plane carbon atoms are clearly resolved, and 
large areas of hexagonal lattice (marked in blue) with a few five- and seven-atom ring defects (marked in 

red) can be seen.112 
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However, when graphene is applied practically, due to the thin structure and high surface 

energy, the graphene sheets or layers tend to restack resulting into structures with surface areas 

far below the theoretical one and lose some of their characteristic properties.113 One solution for 

this problem, which moreover improve the handling of the material and its consistency, is to join 

the 2D graphene platelets into well-organized and hierarchically interconnected 3D structures 

that could retain some of the exceptional properties of the 2D material. In fact, self-assembly of 

2D GO or graphene layers is an essential and low-cost strategy for developing macroscopic 

structures for practical application. Furthermore, the oxygen-containing functional groups provide 

a great opportunity to produce surface-modification reactions, which can be employed to develop 

functionalized graphene oxide- and graphene-based materials with desired properties.114 

Therefore, these attributes combined with thermal, mechanical, and chemical stability of the 

graphene increase the interest for its use as CO2 adsorbent material.115  

1.4. 3D graphene-based monolithic structures 

Motivated by the above prospects, since 2009, porous three-dimensional (3D) graphene-

based materials (e.g., graphene hydrogels/aerogels, sponges, and foams) made from graphene 

or GO networks have been developed.116–119 Individual GO sheets upon losing the oxygen 

functionalities during reduction, wrinkle and combine together forming a self-assembled 3D 

structure. They attract attention in CO2 capture, and in many other applications, due to the 

increase of the amount of active material per projected area, caused by the hierarchical porous 

structure, compared to other type of adsorbents. Not only the large surface area makes them 

attractive material, but also their low density, interconnected channels, stability and control of the 

shape and size of the pores are important factors. Moreover, the specific design of the graphene 

or GO layer’s chemical structure can play an important role as they can be modified for not too 
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strong (avoiding high-energy regeneration step) and not too weak (low adsorption capacity) 

binding to CO2. 

Three different pore sizes regions exist in the internal 3D porous structure, according to 

the classification of porous materials by IUPAC: micropore < 2nm, mesopore 2-50 nm and 

macropore > 50 nm.120,121 Although microporosity is required to increase surface area and 

adsorption capacity, microporous carbons with high surface area are frequently deficient due to 

the CO2 diffusion restriction and inaccessibility to given adsorption points. The mesopores and 

macropores offer an easier accessibility and fast mass transport, which make them very 

important characteristics, too. Thus, a hierarchical 3D structure combining micropores, 

mesopores, and macropores is considered as an optimal adsorbent in terms of textural 

properties. 

There are different techniques and strategies to prepare hierarchical 3D porous 

graphene-based materials that usually begin with a precursor GO aqueous dispersion.122 These 

processes consist of integrating various nanobuilding blocks into nanostructured or even 

macroscopic material (monolithic structures) via different interactions within graphene layers, 

such as dipole interactions, electrostatic attractions, hydrophobic interactions, hydrogen bonding, 

and chemical bonds. However, the process mainly relies on the elimination of the oxygen-

containing functional groups of the GO dispersed in water, obtaining rGO layers that are too 

hydrophobic to stand individual in aqueous dispersion, thus, they self-assemble creating the 3D 

monolithic structure. This reaction allows the formation of the 3D structure via hydrophobicity 

interactions and π-π stacking interactions between graphene sheets, i.e. the resulting rGO 

platelets become more hydrophobic and this leads to a weaker electrostatic repulsion and 

stronger π-π stacking interaction compared to their GO precursor. This process is template-free 

self-assembly method, and as the most powerful technique, was used during this PhD Thesis. 



Introduction 

19 

There are few ways to carry out the self-assembly process: i) Thermal reduction; ii) Chemical 

reduction; iii) their combination; and iv) Crosslinking method. 

Thermal reduction. Although it is one of the most attractive and simple technique, high 

temperature, high pressures and long reaction times are required, which are difficult to proceed 

at large scale.123,124 At high temperatures, the rapid heating of GO decomposes the oxygen-

containing functional groups at the surface resulting in a rGO layers, however, it also removes 

carbon atoms from the carbon plane, which may break up the graphene sheets.125 By varying 

the temperature and heating time, the degree of residual functional groups can be controlled. In 

2010, Shi and co-workers,126 reported the first example of self-assembly 2D graphene sheets 

into 3D macrostructures via a one-step hydrothermal process at 180 ºC for 12 h, obtaining 

graphene foam with interconnected porous network and excellent mechanical, electrical and 

thermal properties.  

Chemical reduction. It consists of use of a reducing agent in order to eliminate the 

oxygen-containing functional groups of the GO. The reduction can be achieved by adding the 

reducing reagent to a GO aqueous dispersion.  

Combined thermal and chemical reduction. The chemical reduction reactions can be 

carry out at increased temperature at atmospheric pressures, to speed up the process and to 

shorten the reaction times.127,128 The physical properties of the final rGO structures are 

significantly affected by the degree of reduction and reaction conditions. Besides, the 

characteristics of the starting GO aqueous dispersion, e.g., oxidation method for preparing GO, 

particles size and exfoliation process, also influence the final product.129 
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Hydrazine and its derivatives, e.g. hydrazine hydrate and dimethylhydrazine, are one of 

the most important and efficient reducing agents.111,130,131 In any case, without any reducing 

agent used, the entire elimination of oxygen-containing functional groups for complete restoration 

of graphene has not been achieved. In 2010, Fernandez-Merino et al.,132 studied the 

deoxygenation efficiency of GO suspensions by different reductants (sodium borohydride, 

pyrogallol, and vitamin C, in addition to hydrazine). They concluded that using hydrazine 

monohydrate high yield rGO was obtained, however, the high toxicity of hydrazine reagents 

makes not desirable the large-scale implementation. 

The GO reduction process is the most used approach towards large-scale production of 

pristine graphene. This is why, a huge amount of different reducing agents has been investigated 

in order to have a basic understanding of their efficiencies (borohydrides, aluminium hydride, 

hydrohalic acid, sulphur-containing reducing agents, etc.).109 Many researchers, motivated by 

green chemistry and environmentally friendly processes, have highlighted the need of green 

reductants, in order to avoid the usage of harmful and toxic agents as hydrazine. In 2017, de 

Silva and co-workers showed that the use of green reductants in the chemical reduction of GO, 

such as organic acids, plant extracts, microorganisms, sugars, proteins and amino acids.133 

Nevertheless, amongst all the green reductants, it is claimed that ascorbic acid (Vitamin C) is a 

powerful alternative that can compete with the widely employed hydrazine in the deoxygenation 

of GO.134,135 Even still, there is no a well-defined mechanism of the reaction between ascorbic 

acid and GO. For example, Zhang et al.136 demonstrated that the individual GO sheets can be 

readily reduced under a mild condition using ascorbic acid (AsA). The reduction of GO was 

performed at room temperature and resulted in a substantial removal of oxygen functionalities. 

In crosslinking method, multiple crosslinking molecules are selected to drive the 

graphene self-assembly, such as multivalent ions, metal oxides, biomolecules, polymers and 
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other small organic molecules.137 In 2010, Worsley et al.138 reported the first synthesis of 3D 

graphene-based aerogel by sol-gel chemistry to crosslink the individual graphene sheets through 

polymerization of resorcinol and formaldehyde. Then, Adhikari et al.139 obtained a graphene-

based hydrogels in the presence of polyamines, where morphological studies revealed the 

presence of a network structure of crosslinked nanosheets. They suggested that acid-base type 

electrostatic interaction and hydrogen bond are the forces occurring between the oxygen-

containing functional groups on GO and the functional groups (e.g., -NH2 or –OH) on polymers. 

Sui et al.140, in 2013, demonstrated by FTIR and XPS characterization techniques that GO and 

polyethylenimine (PEI) were covalently linked by amine chemical bonds, forming a three-

dimensional hydrogel. 

Although different self-assembly routes are used, in most of the cases, the initial 

constituent is GO aqueous dispersion, and the final product is a 3D graphene-based monolithic 

structure, as it can be observed in Figure 1.7. 
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Figure 1.7. (1) Photographs of a 2 mg/mL homogeneous GO aqueous dispersion before and after 

hydrothermal reduction at 180 °C for 12 h.126 (2) Photographs of graphene hydrogels prepared using 

various chemical reducing agents. a) Na2S. b) Vitamin C. c) HI, and d) hydroquinone.128 (3) Illustration of 

the preparation process of the GO–PEI porous materials (GEPMs): digital pictures of aqueous GO 

dispersion (a), GO–PEI hydrogel (b), and GEPM (c) and schematic diagram of aqueous GO dispersion (d), 

GO–PEI hydrogel (e), and GEPM (f).140 

Nevertheless, the self-assembly of 2D dimensional graphene into 3D materials has also 

been completed by other strategies, such as direct freeze-drying,141 electrochemical 

deposition,142 centrifugation of GO dispersions, and so on.143 
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Once created, the 3D porous graphene-based materials undergo certain activation 

processes (sometimes it can be simultaneously during production) in order to obtain materials 

with higher surface areas and higher micropore volumes with the aim to improve CO2 adsorption 

capacity. From the various methods available, chemical activation with potassium hydroxide 

(KOH) is commonly used144–146 or physical activation147,148 in the presence of a suitable oxidizing 

gas, such as air, CO2, steam, or their mixtures. On the one hand, by chemical activation, KOH 

reacts chemically with carbon atoms, and this reaction involves the disintegration of the structure. 

On the other hand, in physical activation, the oxidizing gas can introduce in-plane carbon 

vacancy defects (pores) into rGO sheets, since it actively reacts with the graphitic carbon atoms 

under specified conditions, and thus, hierarchical porous graphene-based structure is formed. 

Physical activation is a process of selective gasification of individual carbon atoms (not all the 

carbon atoms have the same reactivity) while chemical activation is not selective.149 

Nevertheless, although they are commonly used to improve the final textural properties, both 

chemical and physical activation techniques have several disadvantages such as additional 

washing stage or implementation of very high temperatures that increased the carbon footprint 

of the process and the costs. For example, Yun et al.150 reported a comparative study of two 3D 

rGO structures that were both chemical reduced, but one of them was activated by steam gas at 

900 ºC. The surface areas were 313 and 1621 m2/g and the CO2 adsorption capacity 2.68 and 

6.31 mmol/g for non-activated and activated 3D rGO structures, respectively. Physicochemical 

activation, i.e. a combination of both processes, has been also used.151 Specifically, either 

physical or chemical activation processes are mostly used in activated carbons materials. 

Activated carbons can be obtained by carbonization from almost any organic material, and as it 

is mentioned before, they are used as general adsorbents due to the large range of 

applications.152  
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It is clear that the synthesis of 3D graphene-based monoliths comprises the need of high-

energy processes in a few steps of an extremely high-temperature and pressure moulding. In 

either case, the sustainability and environmental issue of these methods are not considered but 

may compromise the scale-up feasibility. Furthermore, during the production of materials with 

high-energy processes, the CO2 release is high too; therefore, a negative balance of CO2 

released and captured may appear. 

Numerous researches are being continuously reporting different applications of these 3D 

rGO structures: environmental applications (dye, gas and organic pollutant adsorption and 

detection),153–155 as supports for microorganism immobilization,156 catalysis performance,157,158 

energy storage,159 supercapacitator,160,161 sensors,162 etc. In most of the reported references, 

they use a combination of 3D graphene-based structures with another constituent material in 

order to obtain a synergetic effect between them and enhance specific properties for the 

application required, such as polymers, ionic liquids, metals, nanoparticles, quantum dots and 

so on.  

However, research on large CO2 capture focused on hybrid 3D rGO materials is still 

limited. Addition of polymers to the 3D graphene-based structures provides many  

advantages.163–165 High-performance lightweight materials could be synthesized and tailored to 

specific goals. As described later in this introductory chapter, the incorporation of different 

functional groups to the polymer backbones can modulate the interaction with CO2. It has been 

demonstrated, that the functional groups containing heteroatoms, principally nitrogen, oxygen 

and sulphur, lead to a better interaction with CO2.166 Additionally, polymers are also combined 

with the 3D materials with the idea to improve the durability and stability, especially under 

processing cycles.167 
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1.4.1. 3D graphene-polymer composite monoliths for CO2 adsorption  

Understanding of the basic concepts of CO2 adsorption process is the key method for 

improve or at least match high adsorption values. Two different mechanisms take part in the 

combination between the adsorbate from gas mixture and porous adsorbent: size exclusion or 

molecular sieving mechanisms and affinity-based separation.168 By size exclusion or molecular 

sieving effect, a binary (or more) mixture of gases can be separated. In short, molecules with the 

size larger than the width of the pores of the 3D adsorbent are refused, whereas gas molecules 

with smaller size than the pores are adsorbed making the fractionation possible.169 As mentioned 

before, CO2 and N2 are the predominant gases in the post-combustion technology, with a kinetic 

diameters close to each other, 3.30 and 3.64 Å, respectively.170 Therefore, these values make it 

difficult to separate them through size exclusion technique. Besides, a proper control of pore 

size, pore size distribution and pore structure in 3D graphene-based composite is a challenging 

work that has to be assessed.171 Nevertheless, it is worth mentioning that porous adsorbent with 

pores smaller than 0.7 nm (micropores) are the most efficient for CO2 uptake at ambient 

temperature and pressure.172 On the other hand, there are other differences in physical 

properties of CO2 gas, such as quadrupole moment or acidity, which can be exploited in order to 

separate CO2 from the gas mixture, known as affinity-based separation. Surface functionalities 

(heteroatoms-doped carbon surface) can exclusively interact only with CO2 molecule via different 

interactions, such as electrostatic interactions.173,174 Polymers play or can play a crucial role in 

CO2 adsorption because they can be designed for having strong interactions with CO2 molecule, 

i.e., design CO2-philic groups in order to increase the amount of CO2 captured. Furthermore, the 

CO2 adsorption capacity decreases extremely at high temperatures. Thus, the surface chemistry 

modification of graphene-based materials is an important issue during synthesis of adsorbents 

with high affinity and selectivity towards CO2. Polymers can also be synthesized with the aim to 

reinforce the 3D rGO structures. 3D macroassemblies are characteristic for having brittle 
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mechanical properties. However, the addition of polymer to these structures can lead to 

promising mechanical properties, improved durability and stability in cycles. 

In 2013, Kemp et al.175 reported the synthesis and adsorption capacity of porous N-doped 

rGO composites. Materials were obtained by the polymerization of aniline in presence of GO in 

aqueous medium. After that, the samples were chemically reduced by hydrazine and activated 

using KOH at temperatures between 400 °C to 800 °C. The best composite showed a BET 

surface area of 979.6 m2/g and a CO2 molar adsorbance capacity of 2.7 mmol/g at 25 °C. It is 

worth mentioning that, NGO composite was not treated by any activation process, and as a 

consequence, the surface area obtained was 8.5 m2/g, because according to the authors, the 

polyaniline coated the rGO. 

In 2017, Liu et al. synthesized a 3D sulfonated graphene coupled microporous organic 

polymers (MOPs) for CO2 adsorption.176 The MOPs were made of melamine-based porous 

polymer network by calcination at 450 °C. They disclosed that the adsorption capacity of CO2 

increases with an increase of the MOP content (the increase of amine loading). The highest 

adsorption capacity of 2.42 mmol/g CO2 uptake at 25 °C was obtained by material that presents 

38.1 wt% nitrogen content. 

As in the previous cases, several type of polymers have been used in the presence of 

GO or rGO in order to incorporate heteroatoms into either polymer or graphene matrix, such as 

polythiophene,177 polysodium 4-styrene sulfonate,178 or polypyrrole.179,180 All of these composites 

were treated by activation processes at extremely high temperatures to increase the surface area 

and microporosity of the materials. Thus, the incorporation of heteroatoms and the enhancement 

in textural properties entails an increase in CO2 uptake capacity. 
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Otherwise, some of the researches reported synthesis of 3D graphene-polymer structures 

avoiding any activation or high-energy consuming methods. However, most of the results 

obtained do not achieved the high CO2 adsorption capacities as the previous composites. For 

example, in 2013, Sudeep et al.181 prepared a completely crosslinked 3D network of two 

dimensional GO, by polymerization using glutaraldehyde and resorcinol. The composite was 

activated by heating at 60 °C under high vacuum for 2 h. At room temperature, poly-GO showed 

adsorption capacities about 2.7 mmol/g at a high pressure of 20 atm. They explained that the 

observed CO2 adsorption capacity comes from the porous morphology, through van der Waals 

type weak interaction between the poly-GO network and CO2 gas molecules. 

In 2019, Hsan et al.182 reported the development of chitosan (CS) grafted GO aerogels 

for adsorption of CO2 gas. CS and GO were crosslinked by using crosslinker reagents. They 

stated that the large number of amine groups, large surface area and high porosity, facilitates 

the CO2 uptake. The CO2 adsorption capacity of CS grafted GO aerogels was quite modest of 

0.257 mmol/g at 1 bar and 25 °C. 

Few different methods of constructing of monolithic porous composites have been 

reported in previous references. As it is explained in Section 1.4.IV, in the self-assembly by 

crosslinking method, polymers have been used as crosslinkers during the self-assembly of GO 

sheets, however this method is feasible only for polymers containing suitable functionalities able 

to establish covalent bonds with GO. Furthermore, one of the most often used approach is mixing 

of monomers with GO, followed by monomer polymerization and GO reduction steps,183–185 

however, high possibility of toxic monomer residues presence within the final structure requires 

a number of time-consuming and costly purification steps, which decrease the feasibility of the 

scale-up processes. Direct mixing of the solution polymer with GO solutions to achieve uniform 

dispersion, followed by a reduction self-assembly of GO, is one of the approaches for the 
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synthesis of these materials. Yet, this method is characterized by use of solvents, contributing 

towards increasing content of Volatile Organic Compounds (VOCs) in the atmosphere.  

As an alternative, the precursor material of this work, it is GO aqueous dispersion, which 

owing to its oxygen-containing functional groups allow it to disperse in aqueous media. In this 

way, polymers synthesized in a dispersed systems, specifically in aqueous media, could be an 

attractive material to be mixed with GO.186 Emulsion polymerization is a potential technique 

leading to colloidal polymer particles dispersed in a continuous medium, most often water. One 

of the advantages to use emulsion polymers is that polymers are “product-by-process” whose 

microstructural features (molecular weight, monomer sequence distribution, particles size 

distribution, particle morphology, etc.) are mostly defined in the reactor.187 Thus, the final 

properties of the polymer could be modified for different application perspectives. In this case, 

polymers will be specifically synthesized by emulsion polymerization in order to obtain 

waterborne polymers that could improve not only the CO2 adsorption capacity of the 3D 

monoliths, but also the mechanical properties of them. Additional values of these polymers is 

that the particles can easily be functionalized on the surface during the synthesis by using small 

amount of functional monomers that contain hydrophilic moiety of choice, which finished 

distributed on the colloidal particle surface. This provides an easy way of functionalization of the 

3D graphene-based materials upon introduction of the polymer particles within the structure. In 

fact, surface modification of 3D graphene materials in order to generate CO2-philic groups is a 

critical perspective of this PhD Thesis. Finally, and not less important is that emulsion 

polymerization process is industrially relevant and environmentally friendly that use water as a 

solvent, and this process is with the lowest carbon footprint between the industrial polymerization 

processes as recently demonstrated by life cycle assessment study of coatings for metal 

surfaces.188 The low price of these colloidal particles is worth mentioning, too.  
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1.5. Polymerization in dispersed media 
 
1.5.1. Emulsion polymerization  

Polymerization processes are required for the production of synthetic organic polymers. 

Inexpensive production and multiple properties have been the main reasons for the development 

of synthetic polymers. We find polymers in our daily life on the field of packages, agriculture, 

medicine, textile, electronic, etc. As a data production example, the global production of polymer 

resins and fibbers increased from 2 metric tons (Mt) in 1950 to 380 Mt in 2015.189 Well-known 

problems, such as the accumulation of plastics in landfills or in natural environment, are the 

consequence of this large-scale production and non-biodegradable feature. Therefore, the 

manufacture of polymers, in terms of synthesis, transportation, application and decomposition, 

is a growing concern and in this way, they started to be oriented into the direction of 

environmentally friendly solution. For example, approaches to reduce VOCs and to safer 

production involve the replacement of solventborne polymers by waterborne polymeric 

dispersions. 

Emulsion polymerization is the leading industrial technique to synthesize waterborne 

polymer dispersions, e.g. colloidal organic particles, in the range from 50 to 1000 nm, dispersed 

in aqueous medium. This product is commonly called latex. In this technique, monomers with 

limited water solubility are dispersed in water and polymerized by free radical polymerization 

(FRP). Materials obtained by emulsion polymerization, after drying or as dispersions, are 

employed in a wide range of applications. Polymer dispersions are used, for example, in synthetic 

rubber, paints, coatings, adhesives, leather treatment, additives for construction materials, etc.190 

This technique presents several advantages over bulk or solution free-radical 

polymerizations. In bulk polymerization, for example, the principal advantage is that a very pure 
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polymer is obtained at a high production rate per unit volume of the reactor as the only 

constituents of the formulation are monomers and the initiator or catalyst (Figure 1.8.A). 

However, the difficulty of the polymerization heat control or removal because of the high viscosity 

of the system associated with the high concentration of polymer makes this technique less 

attractive. For reducing the drawbacks of bulk polymerization, the process can be carried out in 

solution where the reaction results in a soluble polymer in the chosen solvent (Figure 1.8.B).191 

The presence of the solvent lowers the monomer concentration and assists in heat removal and 

control, consequently, the thermal control is much easier if the monomer is polymerized in 

solution. Nevertheless, the main limitation is dealing with an environmentally unfriendly solvent, 

as solvent recovery and removal steps from the polymer are needed, as well as when applied 

from solution, this process contributes to huge VOC quantities released in the atmosphere.  

 

Figure 1.8. Schematic representation of bulk (A) and solution (B) polymerizations before and after radical 

polymerization reaction. 
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Instead, in emulsion polymerization in aqueous medium, the toxic organic solvents are 

replaced by water, and hence, the polymerization process is more environmentally friendly and 

also safer for the workers because combustive solvents are avoid in the formulation. On the other 

hand, the continuous aqueous medium decreases the viscosity of the dispersion (as it also the 

solvent does for solution systems) which allows easier stirring of the reaction mixture and good 

heat transfer. Besides, the high specific heat of water facilitates the temperature control of the 

system and reduces the chance of a thermal runaway. Finally, compared to bulk or solution 

polymerizations, emulsion polymerization is characteristic for the unique feature associated to 

the isolation or compartmentalization of the growing radicals within the polymer particles. As the 

growing radicals are confined in different polymer particles, they have no choice to terminate 

between them and therefore, they are allowed to grow for longer times until a second radical 

enters to the particle (in the absence of chain transfer reactions). Furthermore, the decrease of 

the radical termination reactions results in an increase in the total radical concentration, and thus, 

the polymerization rate. Therefore, radical compartmentalization within polymer particles let to 

the simultaneous increase in the polymerization rate and the molecular weights, feature quite 

unique for this polymerization process. 

As it is mentioned above, emulsion polymerization is a heterogeneous FRP process, i.e. 

the sequential addition of vinyl monomer(s) to an active centre, which normally starts from an 

emulsion of monomer droplets stabilized with surfactant or emulsifier, leading to a dispersion of 

polymer particles. In this way, the basic formulation is composed of at least one monomer, 

surfactant, a radical initiator, and water. Besides, crosslinkers or chain transfer agents (CTA) can 

be used to control the molecular weight of the polymer. Generally, more than one monomers are 

polymerized, based on for example on functional groups and glass transition temperature (Tg) to 
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achieve a product with desirable properties. The principal monomers polymerized by this process 

are (meth)acrylic, vinyl acetate, styrene-acrylics, and styrene-butadiene copolymers.  

Emulsion polymerizations are mostly carried out in semibatch or semicontinuous mode 

where a fraction of the reactants is gradually added to the reaction mixture. In this way, in 

semibatch process, the heat generation rate and many features such as the copolymer 

composition, particle size distribution, molecular weight distribution, and particle morphology can 

be controlled. Although batch emulsion polymerization is not regularly used, it is convenient to 

discuss first for the easier understanding of the polymerization technique.  

1.5.1.1. Batch emulsion polymerization 

The first hypothesis for a scientific description of batch emulsion polymerization 

mechanism was proposed by W. D. Harkins in 1947,192 and over decades of carefully study, a 

complete definition of the mechanisms result in emulsion polymerization systems was 

established.193–195 They suggested that a typical batch emulsion polymerization reaction contains 

three different intervals (Interval I, II and III). The batch emulsion polymerization process is 

schematically illustrated in Figure 1.9.196,197 Before the reaction starts, a mixture of monomer, 

emulsifier and water is placed in the reactor (Figure 1.9.A). In most formulations, the amount of 

monomer and surfactant exceed the amount needed to saturate the aqueous phase. In this way, 

large droplets of monomer are formed that are stabilized by the surfactant adsorbed on their 

surface. On the other hand, there is still enough amount of surfactant for both to cover the 

monomer droplets and to saturate the aqueous phase, so the excess of surfactant let to the 

formation of micelles that are swollen with monomer. It is important to point out that the monomer 

and surfactant partitioning between the phases are in thermodynamic equilibrium, so the 
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monomer and surfactant molecules will continuously diffuse across the different phases during 

the polymerization to maintain the equilibrium.  

Interval I or nucleation stage starts when the initiator is added to the reactor. (Figure 1.9.I). 

In general, water-soluble initiators are used that form radicals in water phase, when they are 

heated or undergo redox reactions. In this initiation, radicals are too hydrophilic to enter directly 

to the organic phase; therefore, they first react with monomers dissolved in the aqueous phase, 

forming oligoradicals. Once the oligoradical becomes hydrophobic enough, after the addition of 

some monomer units to the growing chain, they are able to enter into the micelles. The 

hydrophobic oligoradicals can unlikely enter monomer droplets as the monomer droplets surface 

area is roughly 3 orders of magnitude smaller than that of the micelles. The process of radical 

entrance into micelles is known as heterogeneous nucleation, in which the polymer particles are 

formed. Inside the particles, the oligoradical grows fast, forming a polymer chains. On the other 

hand, oligoradicals that do not enter into micelles they will continue growing in the aqueous phase 

until they reach a critical length and become insoluble in water. In this way, they precipitate and 

become stabilized by surfactant molecules nucleating new polymer particles by homogeneous 

nucleation. Both nucleation types are operative during emulsion polymerization, but depending 

on the conditions one of them may be dominating. For example, homogeneous nucleation can 

be pronounced if there are no micelles in the system at low amount of emulsifier or using 

monomers with relatively high solubility in water.  

The newly formed polymer particles become the principal polymerization loci. Thus, as 

the monomer is consumed in the polymerization, the monomer molecules from the monomer 

droplets diffuse through the aqueous phase to the polymer particles to maintain equilibrium. Due 

to the continuous monomer diffusion to the polymerization loci and polymerization reaction, the 

polymer particles grow and the newly formed surface area is stabilized by surfactants. Most of 
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the surfactant is in the form of micelles, and therefore, some micelles are consumed to stabilize 

the growing particles. Furthermore, in case of surfactants with slow diffusion rate, they might not 

be able to diffuse fast and stabilize the generated surface area, and therefore, the small polymer 

particles (known as precursors particles) become stable after coagulation leading to bigger 

particles (coagulative nucleation).198  

In the course of interval I, the number of polymer particles increases while the number of 

micelles decreases until all the micelles are consumed. This moment is considered to be the end 

of Interval I. Unless coagulation occurs, the number of particles in the reaction mixture remains 

constant during the rest of the batch process.  

In interval II, the system is constituted of monomer droplets and growing polymer particles 

(Figure 1.9.II). As monomer is consumed inside the growing particles, new molecules are needed 

for the polymerization that are provided by diffusion from monomer droplets through the aqueous 

phase. During this interval, the concentration of the monomers in the particles reaches a 

maximum value and, thus, the polymerization rate is roughly constant and usually maximum. 

Due to the polymerization and monomer transport, after some time, the monomer droplets 

disappear marking the end of interval II.  

After disappearance of monomer droplets, interval III commences, where the system 

contains only monomer-swollen polymer particles. In interval III, as the polymerization continue 

inside the polymer particles, the concentration of monomer decreases continuously, since no 

other monomer can diffuse through the aqueous phase, consequently, also the polymerization 

rate gradually decreases until all the monomer is consumed. The final product is polymer 

particles dispersed in aqueous phase (Figure 1.9.III). 
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Figure 1.9. Schematic representation of different intervals I-III of batch emulsion polymerization process. 

1.5.1.2. Semibatch emulsion polymerization 

The description of Harkins is based on batch conditions, however, most of industrial 

processes are carried out under semibatch or semicontinuous reactors in which monomer is 

gradually added to the reaction mixture, sometimes with initiator, surfactant and water. The 

particle nucleation is the most variable event in emulsion polymerization and it is often controlled 

by starting the polymerization from pre-synthesized small polymer particles (seed). This process 

is called seeded semibatch emulsion polymerization where the polymer seed is firstly charged 

into the reactor and after the initiation of the system, the rest of components are fed. 
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Besides, semibatch emulsion polymerization let a better security control due to the low 

monomer concentration in the reaction mixture at any time (in batch conditions the concentration 

of monomers is generally high) and better control of the final latex properties, i.e. a higher 

process flexibility. The main properties of the latexes are largely determined during 

polymerization process, such as molecular weight of the polymer, chemical composition, particle 

morphology, and particle size distribution. For example, as the monomers react as they enter to 

the system, this allows to the synthesis of copolymers with homogeneous composition from 

monomers with distinct reactivity ratios.199  

Finally, it is worth noting that the versatility of 3D graphene-polymer structures prepared 

throughout this project is owed to the wide range of polymers that may be incorporated in the 

monolithic structures, including highly hydrophobic ones, for which otherwise use of solvents is 

inevitable. In addition, latex technology permits introduction of various functionalities and specific 

microstructural features onto the polymer particles in a relatively easy way during polymer 

synthesis by emulsion polymerization. 

1.6. Main motivation and objectives 

The era of energy demand will continue increasing in the next decades, and as a 

consequence, the emissions of pollutant greenhouse gases, especially CO2. Thus, there is a 

great interest in the development of efficient and cost effective CO2 adsorbent materials to be 

applied in post-combustion capture technology.  

One of the most promising strategy to take advantages of the unique properties of those 

individual graphene sheets in application perspective is the assembly of 2D graphene nanolayers 



Introduction 

37 

into a macroscopic 3D monolithic structure. Furthermore, it has more advantages, including the 

improved textural properties such as hierarchical structure, surface area and porosity.  

On the other hand, the development of graphene-polymer composites modifies the 

surface chemistry of the 3D structures, and in this way, it could enhance the adsorption capacity 

and selectivity towards CO2. Emulsion polymers give the opportunity to produce structures with 

tuneable characteristics and specific properties during reaction.  

The objective of this PhD Thesis is to make a detail study of the synthesis and 

characterization of 3D graphene-polymer composite monolithic materials for selective CO2 

capture. GO nanosheets and polymer nanoparticles were used as building blocks and the self-

assembly was induced by chemical reduction reaction. Variables such as reduction conditions, 

mass ratios, and polymer microstructure are used to study their influence in textural properties, 

adsorption capacities, and selectivity towards CO2 gas over N2. An environmentally friendly 

procedure is exclusively followed in water, low energy and quite versatile method, where scale-

up procedures are viable. 

1.7. Thesis outline 

In Chapter 2, the investigation of reduction conditions how affect the resulting neat 3D 

graphene-base structures in terms of textural properties and adsorption performance is 

presented. Different amounts of reducing agent and reduction temperatures were employed for 

the synthesis of the 3D monolithic adsorbents. This knowledge allows producing monoliths with 

optimal properties.   
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Chapter 3 is dedicated to the synthesis of functionalized 3D graphene-polymer 

composites with the aim to enhance the CO2 adsorption performance. Polymer particles 

functionalized with different types and amounts of functional monomers were synthesized and 

incorporated to the 3D graphene-based skeleton. The influence of such functionalized groups in 

the resulting adsorption capacities of the composites is studied.  

Chapter 4 is devoted to the analysis and improvement of the selectivity of CO2 over N2 

gas of the 3D adsorbents. The importance of the selectivity in terms of capture cost compared 

to the adsorption capacity is highlighted. 

In Chapter 5, crosslinked polymer particles were synthesized by emulsion polymerization 

and incorporated to the 3D materials. The microstructure of the polymer particles plays an 

important role in CO2 adsorption performance.  

The knowledge gained in these fundamental studies was applied in Chapter 6 for the 

scale-up synthesis of the 3D composite adsorbents. Monoliths were synthesized 6 times bigger 

compared to the references monoliths, as a way to analyse the scale-up feasibility for future post-

combustion capture application.    

In Chapter 7, the most relevant conclusions of this PhD Thesis are summarized. 

The detailed description of the characterization techniques is given in Appendix I (General 

characterization methods).  
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Chapter 2. Neat rGO monoliths: effect of 
synthesis conditions on properties and 
adsorption performance 

2.1. Introduction 

As explained in the literature survey in Chapter 1, 3D graphene-based monolithic 

structures are of particular interest for CO2 adsorption in post-combustion capture process. In 

fact, more advantages for efficient CO2 capture will be gained if an easy way to produce solid 

sorbents in monolithic appearance is developed. Namely, the monoliths usually present a lower 

pressure drop of the gas flue, in comparison to that of an equivalent particulate system,1–3 and a 

fast mass transport due to a high bed porosity and unique pore structure consisting of an 

interconnected 3D network of pores.4,5 The monoliths also offer a substantially easier handling 

than do powders and improved structural and chemical uniformity.6 Nevertheless, the synthesis 

of carbon-based or graphene-based monoliths is energy intensive, applying a few steps of an 

extremely high temperature treatment, or pre- or post-synthesis activation processes to increase 

the capacity to capture CO2. 

In this chapter, we propose an easy (one-step), low-cost (self-assembly), and 

environmentally friendly technique (aqueous-based) with a reduced carbon footprint (mild 

conditions) for the synthesis of graphene-based monolithic materials to capture CO2. The method 

is based on a reduction-induced self-assembly process of GO nanoplatelets in aqueous 

dispersion at relatively mild temperatures (45-90 °C) to create hierarchical porous structures 

within macroscopic monoliths, the size of which depends on the amount of materials used for the 
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synthesis and on the reduction conditions. The GO reduction was performed by ascorbic acid 

(AsA), which has been considered as a green approach. Additionally, by varying the reduction 

parameters, a range of different monoliths with different porous structures and levels of 

functionalization, and subsequently, different performances for CO2 capture, was developed. On 

the other hand, the addition of a small amount of polymer particles to the graphene-based 

skeleton was analyzed in terms of adsorption-desorption cycles.  

2.2. Experimental part 

2.2.1. Materials 

Aqueous dispersion of graphene oxide (GO) sheets of 4 mg/mL (Graphenea) was used 

as supplied, with a monolayer content > 95 %, a pH range between 2.2-2.5 and particle size < 

10μm. The elemental analysis of the GO showed: C (49-56 %), O (41-50 %), S (2-3 %), H (1-2 

%), and N (0-1 %). For chemical reduction of GO L-ascorbic acid (AsA, ≥99 %, Sigma-Aldrich) 

was used. Technical grade monomers methyl methacrylate (MMA, Quimidroga) and glycidyl 

methacrylate (GMA, Sigma-Aldrich) were used without purification. Sodium dodecyl sulfate 

(SDS, Sigma-Aldrich), potassium persulfate (KPS, ≥99 %, Sigma-Aldrich) and sodium 

bicarbonate (NaHCO3, Sigma-Aldrich) were used as received. Deionized water was used as 

polymerization media. 

2.2.2. Synthesis procedures 
 

2.2.2.1. Synthesis of polymer dispersion 

The epoxy-functionalized polymethyl methacrylate latex was synthesized by means of 

batch emulsion polymerization of a monomer mixture made of glycidyl methacrylate/methyl 
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methacrylate (GMA/MMA) in a ratio of 10/90 wt%. The formulation employed for the synthesis is 

shown in Table 2.1. The reaction was performed in a 250 mL glass reactor equipped with a 

stainless-steel anchor-type stirrer, a reflux condenser, a thermocouple, a sampling tube, and a 

nitrogen inlet. The reactor´s temperature was managed by an automatic control system (Camille 

TG, Biotage). The monomer mixture and aqueous solution of SDS and NaHCO3 were added to 

the reactor. The mixture was degassed by nitrogen bubbling, constantly stirring at 200 rpm, while 

heating to 70 ºC. Once the desired reaction temperature was reached, an aqueous thermal 

initiator (KPS) solution was added in one shot. After that, the system was left to polymerize 

batchwise during 90 min. As a result, a latex with a final solids content of 20 % were prepared 

with an overall conversion of 99 % and an average polymer particle diameter of 70 nm. 

Table 2.1. Formulation employed for the synthesis of GMA-MMA latex. 

  MMA (g) GMA (g) SDS (g) NaHCO3 (g) KPS (g) H2O (g) 

Reactor 32.4 3.6 1.08 0.9 - 136 

Shot - - - - 0.18 8 

2.2.2.2. Synthesis of 3D neat graphene-based monolith 

Initially, 40 mL of GO aqueous dispersion was sonicated using Hielscher Sonicator-

UIS250v (amplitude of 70 % and energy pulsed at 0.5 Hz, Hielscher Ultrasonics GmbH, Teltow, 

Germany) at 25 °C for 1 h. The dispersion was then transferred into a flask and left stirring for 

2.5 h at 80 °C. After 2.5 h, pre-treated GO dispersion was left to cool to room temperature. After 

that, the reducing agent, AsA, was added to the dispersion and stirred for 0.5 h for the purpose 

of homogenization. Subsequently, the homogeneous mixture of GO/AsA was placed in the oven 

and left at a given temperature (45, 60, and 90 °C) for the formation of the monolithic hydrogel. 

At 90 °C, the structure was formed in less than 2 h, at 60 °C the process needed 4 h, and at 45 
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°C, more than 10 h. However, all the procedures were done for 12 h for comparison. Once the 

sample was removed from the oven, the formed hydrogel monolith was washed or purified by a 

dialysis process in water to remove the extra AsA and reduction products. The progress of the 

cleaning process was followed by conductivity measurements of the water solution. The end of 

the dialysis process was considered when conductivity values were lower than 10 μS/cm. The 

yield of GO transformed to a monolith was estimated gravimetrically to be in a range of 91 to 95 

%, at different AsA amounts and temperatures. Finally, the wet monolith was dried by freeze-

drying technique using Telstar LyoQuest 55 at -49 °C and 0.2 mbar for three days to remove the 

adsorbed water. In Figure 2.1, the straightforward experimental procedure of the 3D neat rGO 

monolithic material is schematically described. 

 

Figure 2.1. Schematic representation of the synthesis of the 3D rGO monolith. 

A portfolio of monoliths was prepared by varying different reduction parameters in order 

to study the influence of these parameters on the morphology, thermal properties, textural 

properties, and CO2 adsorption capacities. The altered parameters included (a) reduction 

temperature (45, 60 and 90 ºC), and (b) ratio between GO to AsA by weight (1:0.5, 1:1, and 1:2). 

Table 2.2 summarizes the nomenclature of the materials, the reaction conditions and density 

values. 
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Table 2.2. Nomenclature of the monoliths, synthesis conditions, and density values. 

Material Temperature (°C) GO/AsA wt ratio Density (g/cm3) 

M45_1 45 1:1 0.0035 

M60_0.5 60 1:0.5 0.0042 

M60_1 60 1:1 0.0051 

M60_2 60 1:2 0.0071 

M90_0.5 90 1:0.5 0.0061 

M90_1 90 1:1 0.0106 

M90_2 90 1:2 0.0093 

Figure 2.2 presents photos of the monoliths at different reduction temperatures at same 

GO/AsA weight ratio, and a 5-cent coin is shown as a size comparison. Clearly, the reduction 

temperature influences the monoliths size, and subsequently, the textural properties. 

 

Figure 2.2. Picture of monoliths synthesized at different reduction temperatures (45, 60, and 90 °C) at a 

GO:AsA ratio of 1:1. The 5-cent coin is added as a size comparison. 
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2.2.2.3. Synthesis of 3D graphene-based polymer composite monolith 

In the synthesis of the rGO/polymer composite monolith, instead of the aqueous 

dispersion of GO, an aqueous dispersion of GO and polymer nanoparticles was used. After the 

pre-treatment of GO (sonication and heat at 80 °C), but prior to the addition of AsA, the polymer 

and GO were left mixing and interacting for 2 h at room temperature. After the addition of AsA 

(GO:AsA 1:0.5) the reduction process was performed at 90 °C. The composite monolith was then 

cleaned by dialysis process and dried by freeze-drying process, as explained previously. Figure 

2.3. presents the preparation route of the 3D graphene-based polymer composite structure.  

 

Figure 2.3. Schematic representation of the synthesis of the 3D rGO-polymer composite monolith. 
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2.2.3. Characterization 

In terms of polymer characterization, conversion of the monomer and solids content were 

calculated gravimetrically. The z-average particle size (dz) of the polymer particles was 

measured by dynamic light scattering (DLS). The detailed description of the latex 

characterization methods is given in Section I.1 of Appendix I. 

On the other hand, regarding the characterization of the 3D structures, the chemical 

reduction process was follow by solid-state 13C-NMR in a Bruker 400 AVANCE III WB 

spectrometer. Thermogravimetric analysis were performed using a TGA500 (TA Instruments) to 

estimate the amount of residual oxygen-containing functional groups and to study the thermal 

stability of the 3D monolithic composites. The density of monolithic structures was determined 

from the ratio of the volume and mass of a rectangular sample (10 mm x 10 mm x 3 mm). From 

each monolith, at least five samples were prepared, and the densities presented in Table 2.2 are 

the average of the five measurements. The surface morphology of the structures was examined 

using a scanning electron microscopy (SEM). The porous texture of the monoliths was 

characterized by means of N2 adsorption-desorption isotherm at -196 °C in a Micromeritics ASAP 

2020 apparatus. Detailed information of these characterization methods is given in Section I.2 of 

Appendix I. 

The materials´ CO2 and N2 gas adsorption capacities were measured from their 

isotherms, measured using a Micromeritics ASAP 20220 (i.e. volumetrically) at 25 °C. The 

CO2/N2 selectivity was calculated by the ideal adsorbed solution theory (IAST) using only data 

for the pure-component adsorption equilibria at the same temperature (25 °C) and on the same 

adsorbent. The respective partial pressures of the components for these calculations were taken 

from the composition of flue gas from a coal-fired power plant, which contains approximately 15 
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% CO2 and 85 % N2. Detailed information of these gas adsorption measurements is given in 

Section I.3 of Appendix I. 

2.3. Results and discussion 

2.3.1. Morphological and textural characteristics of 3D neat graphene-
based monolithic structures 

Graphene-based monoliths were synthesized by chemical reduction of GO aqueous 

dispersion using AsA as reducing agent at different temperatures (45, 60, and 90 ºC) and at 

different weight ratios between GO and AsA (1:0.5, 1:1, and 1:2). The reduction parameters play 

an important role because they determine the degree and rate of the GO reduction process, 

which subsequently determines the rate of the self-assembly of rGO sheets and their structure. 

It is well known that GO platelets contain epoxy (-COC-), hydroxyl (-OH), carbonyl (-CO) and 

carboxyl (-COOH) groups that are eliminated during reduction process,7 turning the GO platelets 

into rGO platelets with a significantly more hydrophobic character. In this way, the interface 

tension between GO platelets and the aqueous phase and the surface energy of GO platelets in 

the dispersion increase significantly, resulting in rGO self-organization towards the minimization 

of the interface between both phases. This process results in the formation of monolithic 

structures with a porous hierarchical morphology. The 3D monoliths are an ultra-low-density 

material, as is shown in Table 2.2, with a density in the range of 0.0035-0.0106 g/cm3. The 

monoliths synthesized at higher temperatures and AsA amounts exhibit an increased in the 

density value, indicating that under such conditions, the materials are more compact due to a 

faster association process, as it can be appreciated in Figure 2.2.  
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Solid-state 13C-NMR was used to study how the temperature variation influences the 

chemical structure of the resulting rGO material in the reduction process. In Figure 2.4, the results 

obtained from solid-state 13C-NMR of the initial GO platelets and monolithic rGOs synthesizes at 

45, 60, and 90 ºC are presented. 

 

Figure 2.4. Solid state 13C-NMR of monoliths produced at different temperatures (45, 60, and 90 °C) at 

GO:AsA (1:1) in comparison to that of initial GO. 

From the spectra, the ratios of the areas of characteristic peaks of sp2 C (carbon from 

C=C) and sp3 C (carbon from C-O) were calculated and they are presented in Table 2.3 for the 

different reduction conditions (temperature and AsA amount). 
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Table 2.3. Ratio of sp2 to sp3 carbon, calculated from 13C-NMR spectra of graphene monoliths obtained at 

different temperatures (GO:AsA 1:1) and with different AsA quantities (at 60 ºC). 

Sample Temperature ( °C)    
(GO/AsA = 1:1) 

Ratio 
sp2 C /sp3 C Sample Ratio GO/AsA             

(T = 60 °C) 
Ratio 

sp2 C /sp3 C 

M45_1 45 0.60 M60_0.5 1:0.5 1.96 
M60_1 60 4.60 M60_1 1:1 4.6 
M90_1 90 16.7 M60_2 1:2 10.0 

Table 2.3 reveals that reduction performed at higher temperatures with the same quantity 

of AsA results in a more efficient recuperation of the graphene aromatic structure and a higher 

loss of oxygen-containing functionalities; therefore, the sp2 C/sp3 C ratio is higher. Likely, this is 

the result of a faster chemical reduction by AsA at the increased temperature and the 

simultaneous thermal reduction. A similar effect was observed for reductions performed at a 

higher amount of the reducing agent at a constant temperature of 60 ºC.  

A more quantitative evaluation of the amount of the residual oxygen-containing functional 

groups present on the surface of porous monoliths was obtained by thermogravimetric analysis 

(TGA), as shown in Figure 2.5. 
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Figure 2.5. TGA thermographs of graphene-based monoliths prepared under different reduction 

conditions. 

Figure 2.5 shows that the monoliths were degraded in two main steps, the first region 

from 100 °C until 225 ºC is assigned to the loss of the residual oxygen-containing functional 

groups from the surface of the porous monoliths. The weight loss in the first degradation step 

until 225 ºC was calculated and it is presented in Table 2.4. It was considered that this loss 

corresponds to the content of oxygen functionalities in each of the resulting monoliths. 
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Table 2.4. Degradation temperatures and corresponding weight loss obtained from TGA curves of the 

monoliths. 

Material 
Weight loss from       

100 ºC until 225 ºC      
(% O- functionality) 

2nd degradation 
temperature range 

(ºC)  

Weight loss during 
2nd degradation step 

(%) 

M45_1 20.3 428-571 62.5 

M60_0.5 29.1 420-535 54.9 

M60_1 18.2 400-602 66.7 

M60_2 7.3 542-671 70.5 

M90_0.5 8.1 498-664 75.1 

M90_1 6.0 540-669 73.00 

M90_2 1.8 557-675 69.1 

TGA confirmed that the reduction performed at higher temperatures results in an 

important drop in the functionalization of the monoliths. Instead, the monoliths synthesized under 

milder conditions are highly functionalized (20-30 wt%). As may be observed from Figure 2.5 and 

Table 2.4, the second-degradation step of the monoliths prepared under milder conditions 

(M45_1, M60_0.5, and M60_1) started at lower temperatures (400-430 ºC), whereas the 

monoliths obtained at higher temperatures and AsA amounts started this decomposition at 500-

560 ºC. The exact degradation temperatures and the corresponding weight loss for each 

monolith are also presented in Table 2.4. Most of the materials’ weight was lost during the second 

decomposition step due to the burning of carbon structures in the presence of oxygen.8 This 

result indicates that the structure of the monoliths obtained under mild conditions is loosely 

packed, therefore, less energy is necessary to burn it compared to monoliths obtained at higher 

temperatures and AsA quantities. On the other hand, the materials obtained at 90 ºC with 

different AsA amounts (M90_0.5, M90_1, and M90_2) exhibit a similar degradation trend. These 

results indicate that when reacting at higher temperatures, the role of the amount of AsA is not 
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significantly important for the structuring of the rGO platelets, even though it is important for the 

amount of residual oxygen-containing functionalities.  

The structure and morphology of the 3D monolithic materials were analyzed by SEM 

characterization technique. In Figure 2.6, the SEM images of all materials are gathered, showing 

the effect of temperature and AsA amount on the morphology. 

 

Figure 2.6. SEM images of monoliths obtained at different temperatures and GO:AsA ratios: a) M45_1, b) 

M60_0.5, c) M60_1, d) M60_2, e) M90_0.5, f) M90_1, and g) M90_2. In each line of the figure, the amount 

of AsA is constant; in each column of the figure, the temperature is constant. The scale bar is 30 μm. 
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In Figure 2.6, it can be seen that all monoliths present quite porous morphology, showing 

an inhomogeneous distribution of large macroscopic pores and a more homogeneous 

distribution of smaller pores. The increase in temperature from 45 °C to 60 ºC (Figure 2.6, a and 

c) results in an increase in the porosity, but in both cases, more loosely packed structures are 

formed. The further increase in temperature to 90 ºC results in a more compact structure (Figure 

2.7 f), which is in agreement with TGA. The difference in the packing at different temperatures 

can also be observed in Figure 2.2, where the photos of the monoliths formed at 45, 60, and 90 

ºC at a constant rGO/AsA (1:1) weight ratio are presented. It can be seen that the monolith 

synthesized at 90 ºC possesses a substantially lower volume than that obtained at 45 °C and 60 

ºC.  

On the other hand, the porous morphology is significantly influenced by the amount of 

AsA, thus, a low AsA amount yields a small number of larger pores (Figure 2.6, b and e for 

M60_0.5 and M90_0.5, respectively). The monolithic materials synthesized with higher amounts 

of AsA contain elevated numbers of smaller pores, and the graphene sheets are considerably 

more densely packed within the monoliths (Figure 2.6, d and g for M60_2 and M90_2, 

respectively).  

Furthermore, N2 adsorption-desorption experiments were carried out in order to obtain a 

deeper insight into the morphology and textural properties of the 3D monoliths. The adsorption-

desorption isotherms are presented in Figure 2.7, whereas Table 2.5 provides information of the 

specific BET surface area (SBET, m2/g), total volume and area of the pores (Vtotal, cm3/g, and Atotal, 

m2/g, respectively), volume of the micropores (Vmicro, cm3/g), and porosity (%). The % of porosity 

was calculated by Atotal/SBET. 
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Figure 2.7. N2 adsorption-desorption isotherms of monoliths obtained at different temperatures and AsA 

amounts. 
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Table 2.5. Textural properties of the monoliths obtained at different reaction temperatures and AsA 

amounts. 

Material SBET           
(m2/g) 

Vtotal          
(cm3/g) 

Vmicro             
(cm3/g) 

Atotal              
(m2/g) Porosity (%) 

M45_1 170 0.390 0.017 136 80 

M60_0.5 60 0.142 0.013 37 62 

M60_1 166 0.333 0.015 141 85 

M60_2 220 0.709 0.016 208 95 

M90_0.5 328 1.118 0.032 293 89 

M90_1 319 1.162 0.030 291 91 

M90_2 166 0.661 0.010 161 97 

The shape of the N2 adsorption/desorption isotherms in Figure 2.7 indicate a Type IV 

isotherm characteristic of mesoporous materials and Type H3 hysteresis that refers to 

aggregates of platelet-like particles forming slit-like pores.9,10 The results in Table 2.5 reveal that 

increasing the reduction temperature raises the BET area from 170 m2/g at 45 ºC up to 328 m2/g 

at 90 ºC; therefore, a higher temperature produces structures that are more porous, likely due to 

the increased number of small pores (in accordance with the SEM images in Figure 2.6 a and f). 

Furthermore, the porosity increased from 80 to 97 %; and according to Table 2.5, both the total 

volume and area of pores are affected positively by the increased temperature. Comparing the 

monoliths synthesized at 60 ºC (M60_0.5, M60_1, and M60_22), when the amount of AsA is 

increased, an increase in the porosity of the material is also observed, in terms of BET area, total 

volume and area of the pores, and volume of the micropores (in concordance with the SEM 

images in Figure 2.6 a,c, and f). 
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The majority of the increased BET, in this case, represents the contribution from the total 

volume of the pores increase, as the volume of micropores is not affected importantly (Table 

2.5). The only exception is M90_2 monolith, obtained at the highest temperature and with the 

highest AsA amount, which shows a larger porosity, as the total pore volume is quite high (0.661 

cm3/g) and BET (166 m2/g) and volume of micropores (0.010 cm3/g) decrease. This decrease in 

BET area indicates that M90_2 is a rather wrinkled bulk material, due to the highest temperature 

and AsA amount. On the contrary, the monolith M60_0.5, produced with the lowest amount of 

AsA at 60 °C, presents also a low BET and low volume of pores due to the slower reduction 

process.  

From the pore size distributions presented in the next Figure 2.8 (micropores 21-27 %, 

mesopores 71-76 %, and macropores 2-3 %), it may be concluded that the distributions are not 

significantly affected by the reaction parameters. The results indicate the all the monoliths are 

mostly mesoporous materials.  

 

Figure 2.8. Pore volume distribution of the monoliths. Each figure presents the monolith obtained at 

different temperature at constant AsA content. 

All the results discuss above show that the combination of reduction temperature and the 

amount of reducing agent is decisive for the structuring of the rGO platelets. The monoliths 
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present a hierarchical structure, which indicates that different self-assembly processes at 

different size scales of the respective building blocks are contributing toward the final structure 

formation. We believe that the micropores and the smaller mesopores are formed during the 

initial restacking of the platelets due to the reduction process and elimination of oxygen-

containing functional groups because the individual rGO platelets are the smallest structural 

elements. The joining of these aggregates during further reduction forms the higher pore size 

(meso- and macropores), as is shown in the next Figure 2.9. 

Figure 2.9. Proposed mechanism for the formation of the hierarchical porous structure of graphene-based 

monoliths. 

In general, a higher temperature corresponds to faster reduction processes, which is 

favorable to produce a well-developed porous morphology and high BET area. However, this 

effect is limited, as at the highest values of temperature (in combination with the AsA content), 

the synthesized monoliths lose their porosity, and the self-assembly process results in the simple 

aggregation of the bulk-graphite-like material (M90_2 sample). On the other hand, milder 

temperatures with a low amount of reducing agent correspond to slower reduction processes 

affecting negatively to the self-assembly process, and so to the hierarchical porous morphology. 
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2.3.2. CO2 adsorption performance of 3D monoliths 

3D graphene-based monolithic structures were synthesized with the aim to use as CO2 

adsorbents in post-combustion process. In Figure 2.10 (a, b, and c), the CO2 adsorption-

desorption isotherms obtained at 25 °C of the monoliths synthesized under different reaction 

conditions are presented, whereas Figure 2.10.d shows a comparison graph of the CO2 

adsorption capacities obtained at 25 °C and 1 atm for all the materials. 

Figure 2.10. CO2 adsorption (full line)-desorption (dashed line) isotherms of monoliths obtained at different 

temperatures and with (A) GO:AsA 1:0.5, (B) GO:AsA 1:1, and (C) GO:AsA 1:2. (D) A comparison graph of 

the CO2 adsorption capacities of all the monoliths at 25 ºC and 1 atm. 
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In general, during adsorption, the monoliths act as molecular sieves that retain CO2 

molecules. From Figure 2.10a, b, and c, can be observed that the isotherms exhibited a large 

hysteresis loop within the whole pressure rang investigated. This means that during the 

desorption process the CO2 was not released according to the thermodynamic equilibrium. One 

of the probable reasons may be the capillary condensation phenomenon, characteristic for solid 

adsorbents with mesopores.9 Due to the capillary condensation phenomenon, the accumulated 

CO2 molecules condense within the pores. Therefore, for desorption, a larger free energy 

difference is required to pull out CO2 molecules from this denser interface than to attract them 

from a dilute ambient.11 On the other hand, such a large hysteresis loop may be indication of a 

long pore size, in which more molecules become adsorbed that in turn increases the energy 

necessary to be desorbed in the reverse process.12  

The CO2 adsorption capacity is directly related to the textural properties. Thus, it can be 

observed that the monoliths with a higher CO2 adsorption capacity (M90_0.5 and M90_1) are 

those that present a greater total porous area because of a stronger affinity between the carbon 

pores and CO2 molecules. The highest CO2 adsorption of 2.1 mmol/g is achieved for the M90_0.5 

monolith, produced at 90 ºC and with a low AsA amount (GO/AsA 1:0.5). This result is not 

surprising, as M90_0.5 has the highest BET (328 m2/g), as well as the highest total pore area 

(293 m2/g) and a significant amount of remaining functionalization (8 %). The importance of either 

pore area or total volume of the pores for the CO2 capture capacity is clear from the comparison 

of the adsorbed CO2 amount by M45_1 of 1.2 mmol/g, which is twice that of M60_1 (0.5 mmol/g). 

Despite a very similar BET, and pore area of approximately 170 m2/g and 140 m2/g, respectively, 

M45_1 presents a higher total volume of the pores (0.390 cm3/g vs 0.333 cm3/g). The surprising 

result is that of the M60_0.5 monolith, because M60_0.5 presents the lowest BET and an 

inconsequential pore area (37 m2/g), yet, exhibits a relatively high CO2 adsorption of 1.18 
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mmol/g. As it has been demonstrated, the presence of heteroatoms, such as O, S, or P, 

increases the attraction of CO2 to the solid sorbents,13,14 because we think that the denser 

presence of oxygen-containing functionalities on the surface of M60_0.5 (29 wt%, Table 2.4) 

contributes importantly towards the increased CO2 adsorption in this case. Considering this 

notion and defining the capacity of the monoliths to capture CO2 as the interplay among the BET 

area, volume and area of the pores, and the level of functionalization, all the results presented 

in Figure 2.10.d may be explained. For example, M90_0.5 and M90_1 yield very similar porous 

structures (BET and porosity); however, M90_0.5 adsorbs approximately 30 % more CO2, likely 

due to the higher level of functionalization (8 vs 6 %). On the other hand, M60_1 and M60_2 

present similar CO2 adsorptions, likely because of the higher BET of M60_2 compensating for 

the higher level of functionalization in M60_1. It is worth mentioning that the presented capacity 

for CO2 capture was obtained with “as-received” monoliths, without any activation treatment that 

usually triple the adsorbed CO2 quantity.15–23 These activation processes are performed using 

bases and at extremely high temperatures (500-900 ºC), therefore, the amount of CO2 released 

during production is tremendous.  

The adsorbed amount by the series of different “as-received” monoliths at 25 ºC and 1 

atm is within the range of 0.60 mmol/g to 2.10 mmol/g (Figure 2.10d). Compared to published 

data for CO2 adsorption by similar carbon-based porous materials (Table 2.6), this result is one 

of the highest reported for untreated “as-received” materials. 

 

 

 



Chapter 2        

78 

Table 2.6. Comparison of the adsorption capacities of the monoliths from this work with similar reported 

materials. 

Type of GO/C Preparation Activation 
Conditions of 

CO2 
measurement 

Adsorption 
Ref. capacity 

(mmol/g) 

rGO-monolith Reduction at    
45-90 ºC None 298 K, 1 atm 0.60-2.10 This work 

rGO-monolith 
Hydrothermal 
carbonization 
glucose/GO    

200 ºC 

KOH/800 
ºC 298 K, 1 atm 

0.70 (no act) 15 
3.00 (act) 

rGO-3D Hydrothermal 
80-120 ºC None 273 K, 1 atm 2.4 16 

rGO-3D Sonication 
HNO3 

500 ºC/   
30 min (N2) 298 K, 1 atm 1.3 17 

rGO-3D 
Thermal 
reduction         

250 ºC/30 min 

CO2 at 750, 
850, & 950 

°C 
273 K, 1 atm 

0.90 (no act) 18 
3.36 (act) 

GO-3D 
Resorcinol, 

borax & 
glutaraldehyde 

None 298 K, 1 atm 0.6 19 

rGO Hydrazine None 298 K, 1 atm 0.5 20 
rGO Hydrazine       

100 ºC 800 ºC  298 K, 1 atm 2.20 (act) 21 

Graphene 
networks 300 ºC 

TETA 
(introduced 

NH2 
groups) 

303 K, 1 atm 2.92 22 

Active carbon 
Carbonization of 

pine nut shell 
500 ºC/1.5 h 

KOH/500-
900 ºC 0.5 

to 2.5 h 
298 K, 1 atm 5 23 
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According to the data shown in Table 2.6, the CO2 adsorption capacity of similar “as-

received” carbon-based porous materials under similar conditions is within the range of 0.7-0.9 

mmol/g. A higher CO2 adsorption of 2.4 mmol/g by the similar 3D rGO structure was presented 

by Sui and Han;16 however, the value was determined at 0 ºC, and it is well known that with 

decreasing temperature, the CO2 adsorption increases. A high-temperature treatment with KOH 

(500-900 ºC) likely activated the material and further increased the adsorption to a range of 3-5 

mmol/g.15,18,21,23 A graphene network synthesized at 300 ºC and post-modified by NH2 groups 

presented a CO2 adsorption of 2.92 mmol/g.22 In conclusion, in addition to being synthesized 

with a low-energy process, the present monoliths present the highest CO2 adsorption capacity 

when compared to that of similar non-treated materials.  

Nevertheless, to have a relevant solid sorbent for CO2 capture, in addition to a high 

capacity to capture CO2, it is important that the monoliths not only show a high selectivity in the 

presence of N2 (especially for the case of post-combustion capturing processes) but also to 

exhibit stability in cycle operations. To that aim, the M90_0.5 monolith, with the best performance 

for CO2 capture, was selected for further experiments. Figure 2.11 shows a comparison of the 

single-component adsorption isotherms of CO2 and N2 in a pressure range of 5 to 772 mm Hg, 

presenting a significantly higher adsorption capacity for CO2 over that of N2 for the whole 

pressure range investigated. 
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Figure 2.11. Comparison of the adsorption/desorption isotherms of CO2 and N2 captured by the M90_0.5 

monolith at 25 ºC. 

This effect is likely a consequence of the stronger CO2 quadrupole moment, which after 

the appropriate adsorption onto a graphene surface, allows the clustering of CO2 molecules by 

electrostatic interactions;24 this enhancement does not happen with N2 molecules because they 

have a quadrupole moment one-third that of CO2. For the calculation of the selectivity of CO2 

over N2, ideal adsorbed solution theory (IAST) was used, using the single-component adsorption 

isotherms of CO2 and N2 obtained at 25 ºC, modelled by Freundlich isotherm.25 The fitting curves 

for CO2 and N2 and the parameters in the Freundlich isotherms are presented in Section II.1 of 

Appendix II. The limitations using low pressure, single gas adsorption measurements to calculate 

the selectivity is mainly because the adsorption equilibria for mixtures is considerably affected 

by heterogeneity of the adsorption surface, as the surface of our monoliths is. Furthermore, the 

predicted results from individual adsorption isotherms sometimes differ from the real 

measurements of gas mixtures because of kinetic flow conditions. Nevertheless, this method is 

widely used because of its simplicity and robustness.  



Neat rGO monoliths: effect of synthesis conditions on properties and adsorption performance 

81 

At a total pressure of 772 mm Hg, the selectivity was found to be 53, which is considered 

above the threshold of a cost-efficient capture/separation process.26 This selectivity is within the 

range of reported values for similar materials (29-162).18,27  

The stability of the M90_0.5 monolith in cycle operation is presented in Figure 2.12. The 

monolith was exposed to 5 cycles of CO2 adsorption-desorption processes, whereby CO2 

desorption was performed by a pressure swing. 

 

Figure 2.12. CO2 adsorption isotherms for different cycles of the M90_0.5 monolith. 

During this operation, no mass loss was noticed, showing the good mechanical stability 

of the monolith; however, after each cycle, the amount of captured CO2 decreased. For example, 

in the second cycle, the adsorbed CO2 is 6.6 % less than that in the first cycle, and in the third 

cycle, the value is 3.8 % less than in the second cycle, etc. In the fourth and fifth cycles, the 

percentage lost between the cycles is lower, which means that the monolith slowly stabilizes with 
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respect to CO2 sorption. We thought that some small pores with walls made of very thin rGO 

platelets collapsed irreversibly after the first few desorption cycles because of a lack of 

mechanical stability when exposed to pressures as low as 5 mm Hg. A similar behavior has been 

reported for other porous materials used for CO2 adsorption.28–30 In Figure 2.13, the adsorption-

desorption isotherms for the first and last (5th) cycles are shown, where except for the final 

adsorption, which is lower, there is no important difference noticed in the shape of the isotherms. 

This result indicates that the structure and the morphology are not affected significantly during 

the process cycles.    

 

Figure 2.13. CO2 adsorption/desorption isotherms of monolith M90_1 for first and last cycle of 5 cycles 

performed. 

 Previous experience has shown that the addition of a small amount of polymer 

nanoparticles to porous graphene-based structures improved the mechanical resistance.31 

Therefore, to check this possibility, a composite monolith was produced under the same 

conditions as M90_0.5 but in the presence of polymer nanoparticles made of poly(glycidyl 

methacrylate/methyl methacrylate) (MMA/GMA) with an average diameter of 70 nm, produced 
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by batch emulsion polymerization. 20 wt% polymer with respect to the initial amount of GO was 

added to the structure. The capacity to capture CO2 by the composite monolith in five cycles is 

shown in Figure 2.14. 

 

Figure 2.14. CO2 adsorption capacity for 5 adsorption/desorption cycles of the M90_0.5 monolith 

containing polymer particles, measured at 25 ºC and 1 atm. 

On the one hand, with the addition of polymer, the maximum CO2 sorption capacity drops 

slightly from 2.1 to 1.55 mmol/g, and on the other hand, this value remains constant during the 

5 cycles of adsorption-desorption. The drop in the capacity is probably a result of the change in 

porous morphology due to the polymer’s presence in the composite monolith synthesis, which 

may provide mechanical stability to the monolith for cycling operation. Nevertheless, this result 

shows a possible route to stabilize rGO-based monoliths for cycle operation, which paves the 

way towards repeated use of the monoliths in selective CO2 capture. 
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2.4. Conclusions 

In this study, porous monolithic graphene-based materials for the capture of CO2 were 

synthesized by a self-assembly process of GO. The variation in the reaction parameters, such 

as temperature and the amount of reducing agent (AsA), allowed for the synthesis of a portfolio 

of different monoliths.  

The characterization performed by solid state 13C-NMR, SEM, TGA, and BET analyses 

provided detailed information about the chemical structure and morphology that facilitated the 

comprehension of the self-assembly process. As a result, a mechanism for the creation of the 

monolithic porous structures was proposed and may be a basis for the process design to tailor 

the porous morphology and chemistry of the monoliths.  

The efficiency of the monoliths as solid CO2 sorbents was analysed and related to the 

chemical structure and morphology. That is, by maintaining mild synthesis conditions (low 

temperature and AsA concentration), the resulting monoliths were highly functionalized with low 

BET values. However, for some of these materials, the contribution of the pore volume to the 

BET was higher, which in combination with a high content of oxygen-containing functionalities 

resulted in a substantial CO2 capture capacity. At a high temperature and with different AsA 

concentrations, the monolithic materials were more compact with very well-developed 

hierarchical porous structures and high porosities; these properties resulted in high BET areas 

with lower contents of oxygen-containing functionalities and higher CO2 adsorptions. The best 

performance was obtained at 90 ºC and with the lowest AsA content, parameters that allowed a 

relatively high functionalization of 8 % (2.1 mmol/g). The monolith obtained under such conditions 

was further evaluated to determined the CO2/N2 selectivity and stability in cycle operation. A 

relatively high selectivity of 53 was obtained; however, in 5 adsorption-desorption cycles, this 
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monolith exhibited a slightly reduced capacity to capture CO2. This behavior was explained by 

the possible collapse of small pores with thin walls under the process of desorption at very low 

pressures. A solution to improve the mechanical stability of the monoliths was proposed and 

included the addition of a small amount of polymer particles within the monolithic structure, which 

indeed yielded a stable operation during 5 cycles. 
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Chapter 3. Functionalized graphene-polymer 
monolithic structures for selective CO2 capture 

3.1. Introduction 

In Chapter 2, the study of the influence of reduction conditions (amount of reducing agent 

and reduction temperature) in the final morphology, textural and adsorption properties of the 3D 

neat rGO monolithic structures was carried out. However, these materials showed a poor cycle 

stability in terms of CO2 adsorption-desorption processes due to the possible collapse of small 

pores. Nevertheless, the addition of a small amount of polymer particles within the graphene-

based skeleton improved the mechanical stability and yielded a stable cycle operation.  

In this chapter, the addition of polymer particles in resulting properties is further studied 

due to, without any doubt, the incorporation of functionalized polymers to the 3D graphene-based 

structures provides multiple advantages. It has been demonstrated that functional groups 

containing heteroatoms, principally nitrogen, oxygen and sulphur, can promote the selective CO2 

adsorption with respect to the pristine graphene.1–4  Even though the presence of these functional 

groups enhanced the performance of the composites for selective CO2 capture,5,6 the whole 

procedure to introduce heteroatoms on carbon surface or matrix requires high-energy synthesis 

or post-synthesis activation processes, as it is also mentioned in Chapter 1 and 2.7 Although 

there are reports in which for the synthesis of 3D graphene-polymer structures activation or high 

energy-consuming methods were avoided, the CO2 adsorption capacities were significantly 

lower.8,9 In this study, we propose and develop an unique method of functionalization of graphene 

during the synthesis of self-assembled monolithic 3D graphene-polymer structures, performed 
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under mild conditions (45-90 °C) in aqueous solution, attaining competitive CO2 adsorption 

capacity results.  

Herein, by selecting two different functional monomers, sodium 4-vinylbenzensulfonate 

(NaSS) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), either sulphur or sulphur 

and nitrogen containing functional groups were introduced onto polymer particles prior to 

composite synthesis. The chemical structures of NaSS and AMPS are presented in Figure 3.1. 

1 % of NaSS and 1 % of AMPS were independently copolymerized with the main monomer 

methyl methacrylate (MMA). MMA polymer particles were selected due to their high Tg (about 

105 °C),10 which ensures that during drying process the particles would not lost the particle 

morphology and will not entirely covered the rGO surface. Namely, our previous (experimental 

and theoretical studies) results have shown that the CO2 molecules have higher affinity towards 

the neat rGO surfaces than towards the polymers.11 On the other hand, the addition of solution 

polymer containing 100 % of both NaSS and AMPS functional monomers is also studied.  

In order to do so, GO aqueous dispersion was mixed with aqueous dispersions of 

functionalized polymer particles as precursor materials for creation of 3D composite structures, 

synthesized by self-assembly process driven by GO reduction. The schematic representation of 

the synthesis of the composites is presented in Figure 2.3 in Chapter 2. The effect of the 

functionalities on the textural properties of the 3D monolithic materials obtained under different 

synthesis conditions were studied and related to the performance for selective CO2 capture. It is 

worth noting that this work provides different approach of functionalization of graphene that does 

not required complex reaction, catalyst or solvent use, nor increased temperature, as well as, no 

subsequent purifications steps of the functionalized graphene platelets are necessary. 
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Figure 3.1. Chemical structures of NaSS and AMPS functional monomers. 

3.2. Experimental part 

3.2.1. Materials 

As in Chapter 2, 40 mL of aqueous dispersion of graphene oxide (GO) sheets of 4 mg/mL 

(Graphenea) was used as supplied. For chemical GO reduction L-ascorbic acid (AsA, ≥99 %, 

Sigma- Aldrich) was used. Technical monomers methyl methacrylate (MMA, Quimidroga), 

sodium 4-vinylbenzensulfonate (NaSS, ≥90 %, Sigma-Aldrich), and 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS, 99 %, Sigma-Aldrich) were used without purification. Tert-Butyl 

hydroperoxide solution (TBHP, 70 wt % in H2O, Sigma-Aldrich), potassium persulfate (KPS, ≥99 

%, Sigma-Aldrich) and Dowfax 2A1 (Dow Chemical Company) were used as received. Deionized 

water was used as polymerization media. Tetrahydrofuran (GPC grade-THF, Scharlab) was used 

for the SEC measurement. Polystyrene (PS) and polyethylene glycol (PEG) standards (Polymer 

Laboratories, VARIAN) were used for the calibration of THF-based SEC and aqueous-based 

SEC, respectively. Silica carbide (Carborundum,VWR, Prolabo) particles with average sizes of 

0.105, 0.500, and 1.190 mm were used in the pressure drop measurement.  
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3.2.2. Synthesis of polymers 

3.2.2.1. Synthesis of functionalized polymer dispersions 

NaSS and AMPS functional monomers (1 wt%) were independently copolymerized with 

the main monomer MMA (99 wt%) by seeded semibatch emulsion polymerization. The reactions 

were carried out under nitrogen flux in a glass reactor equipped with a reflux condenser, a 

stainless-steel stirrer, a sampling tube, a thermocouple and feeding inlet. The reactor’s 

temperature was controlled through an automatic control system (Camile TG, Biotage).  

The procedure was as follow: initially, a seed of 20 % solids content of MMA was produced 

by batch emulsion polymerization. MMA, emulsifier (Dowfax 2A1) and water were loaded in the 

reactor. The mixture was degassed by nitrogen bubbling, constantly stirring at 200 rpm, while 

heating to 70 °C. Once the desired reaction temperature was reached, an aqueous thermal 

initiator (KPS) solution was added in one shot. After that, the reaction mixture was let to react 

batchwise at 70 °C during 120 min. Finally, the reaction was kept at 70 °C for an additional 30 

min to ensure complete monomer consumption. In the next step, the rest of the monomers, the 

aqueous solution of redox initiators (TBHP and AsA) and the emulsifier (Dowfax 2A1) were fed 

for 210 min in two independent streams. The formulations used for the synthesis of the latexes 

are shown in Table 3.1, where F1 and F2 correspond to the two different streams and F.M. 

abbreviation corresponds to functional monomer. With this methodology, two latexes with a final 

solids content of 30 % were prepared with functional monomers (NaSS and AMPS) content of 1 

% weight-based to MMA. Comparing their chemical structures (Figure 3.1), both of them contain 

sulphur (S) atom, but AMPS functional monomer also contains nitrogen (N) atom. 
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Table 3.1. Formulation employed for the synthesis of both NaSS-MMA and AMPS-MMA latexes. 

    
Initial 
seed 
(g) 

MMA 
(g) 

F.M. 
(g) 

Dowfax 
(g) 

KPS 
(g) 

AsA 
(g) 

TBHP 
(g) 

H2O 
(g) 

Batch Seed   360   7.2 1.8     1440 

Semi-
batch 

Initial 
charge 33.87 - - - - - - 120 

F1 - - 1.05 - - 0.53 - 57.85 

F2 - 98.28 - 1.05 - - 0.53 40 

3.2.2.2. Synthesis of solution polymers  

To obtain water-soluble homopolymers of NaSS and AMPS functional monomers, 

solution polymerization was performed. The reactions were carried out under nitrogen flux in a 

glass reactor. The functional monomer (10 g) and water (32 g) were loaded in the reactor and 

heat up to 70 °C. Once the desired reaction temperature was reached, an aqueous thermal 

initiator (KPS) solution (0.05 g KPS in 8 g water) was added in one shot. After that, the reaction 

mixture was let to react batchwise at 70 °C during 24 h obtaining a homopolymer with a final 

concentration of 20 %. 

3.2.3. Synthesis of 3D rGO-polymer composites 

The synthesis of 3D rGO-polymer composites were performed following the same route 

explained in Section 2.2.2.3 of Chapter 2. Shortly, 40 mL of GO aqueous dispersion was 

sonicated at 25 °C for 1 h. The dispersion was then stirred for 2.5 h at 80 °C. Pre-treated GO 

dispersion was mixed with an appropriate amount of polymer nanoparticles dispersion (latex) for 

2 h at room temperature. After that, the reducing agent AsA was added to the mixture and stirred 

for 0.5 h. Subsequently, the samples obtained were placed in the oven at different temperatures 
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overnight. The formed hydrogels monoliths were purified by the dialysis process, which was 

followed by measuring water conductivity. Finally, the wet monoliths were dried by freeze-drying 

for three days. In Figure 2.3 in Chapter 2, the straightforward experimental procedure of the 3D 

composites is schematically described.  

Furthermore, to study the influence of different parameters and to optimize the synthesis, 

the reaction conditions were varied. Two different polymerization techniques were used, 

emulsion polymerization to obtain dispersed polymer particles and solution polymerization (water 

as solvent was used) to produce soluble polymer chains. The amount of polymer used is 

described as 10 wt% and 40 wt% based on the initial amount GO. The AsA to GO mass ratio 

was also varied based on the weight of GO, to be 1:1 or 1:0.5 (GO:AsA). Two reduction 

temperatures (45 °C and 90 °C) were used. 

3.2.4. Characterization  

In terms of polymer characterization, conversion of the MMA monomer and solids content 

were calculated gravimetrically. The z-average particle size (dz) of the polymer particles were 

measured by dynamic light scattering (DLS). The molar masses and distributions of the polymer 

particles were measured by THF-based size exclusion chromatography (SEC), and the molar 

masses of the solution polymers were measured via aqueous SEC. The conversions of NaSS 

and AMPS functional monomers in both emulsion polymerization and solution polymerization 

techniques were characterized by 1H-Nuclear Magnetic Resonance (NMR). 1H-NMR spectras 

were recorded in a Bruker AVANCE 400 MHz instrument. The conversion was determined on 

the evolution of the peaks corresponding to the vinyl protons of NaSS (δ, 6.2, 5.9 ppm) and 

AMPS (δ, 6.1, 5.6 ppm). The peak corresponding to deuterated dimethyl sulfoxide (DMSO, δ, 
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3.3 ppm) was used as internal reference. The detailed description of the latex characterization 

methods is given in Section I.1 of Appendix I. 

On the other hand, regarding the characterization of the 3D structures, thermogravimetric 

analyses (TGA) were performed to estimate the amount of residual oxygen-containing functional 

groups within the monolithic structures and to study the thermal stability. The surface morphology 

of the structures was examined using a scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The pressure drop of the 3D monolith was measured by Digitron 

2080 (Sifam Instrument Limited). The porous texture of the monoliths was characterized by 

means of N2 adsorption–desorption at –196 °C in a Micromeritics ASAP2020 apparatus. Detailed 

information of these characterization techniques is given in Section I.2 of Appendix I. 

Finally, in terms of gas adsorption measurements, the materials´ CO2 and N2 gas 

adsorption capacities were measured from their isotherms, measured using a Micromeritics 

ASAP 20220 Analyzer. The selectivity of CO2 over N2 was calculated by the ideal adsorbed 

solution theory (IAST) using only data for the pure-component adsorption equilibria at the same 

temperature (25 °C) and on the same adsorbent. Detailed information of these gas adsorption 

measurements is given in Section I.3 of Appendix I.  

3.3. Results and discussion 

3.3.1. Characterization of the polymers 

Using two functional monomers, NaSS and AMPS, four different polymer types were 

synthesized at high monomers’ conversion. The characteristics of polymers are presented in 

Table 3.2. Two of them are nanoparticle dispersions, prepared by seeded semibatch emulsion 



Chapter 3        

98 

polymerization of MMA (99 wt%) and functional monomer (1 wt%). In both cases when either 

NaSS or AMPS functional monomers were employed, colloidally stable aqueous polymer 

dispersions of approximately 30 wt% solids content were obtained. In case of NaSS, the MMA 

particles were functionalized with sulfonate functional groups on the surface. Surprisingly, only 

37 % of the NaSS was converted, which might be because of high water solubility of this 

functional monomer, while the polymerization proceed mainly within the hydrophobic polymer 

particles.12 Linear polymer chains with average molar mass of 510.000 g/mol and high 

polydispersity (rather wide molar mass distribution) were produced. In case of AMPS, the 

particles were functionalized with both sulfonic acid and amide moieties, with average size 

slightly higher (255 nm) than NaSS particles, causing much lower average molar mass of the 

polymer chains. Taking into consideration that both reactions were performed at the same solids 

content and that the polymer particles are the main polymerization loci, there was fewer number 

of particles in the AMPS reaction, resulting in higher radical concentration per particle and lower 

molar masses polymer chains.  

By aqueous solution polymerizations of both functional monomers, their homopolymers’ 

aqueous solutions were produced at 20 % solid content. Much lower molar mass polymer chains 

in narrow distribution were produced. In this way, polymer chains rich in either sulfonate or 

combination of acrylamide and sulfonic acid groups were produced.   

 

 



Functionalized graphene-polymer monolithic structures for selective CO2 capture 

99 

Table 3.2. Overall conversion, particle size and molecular weight distributions of the polymers. 

Polymerization 
process Monomers 

MMA 
conversion 

(%) 

FM 
conversion 

(%) 
z-ave 
(nm) 

Mw  
(g/mol) PDI 

Emulsion 
copolymerization 

NaSS/MMA 98 37 221 510000 7.1 

AMPS/MMA 97 100 255 170000 6 

Solution 
polymerization 

NaSS - 100 - 153300 2.0  

AMPS - 95 - 103500 1.4  

 

3.3.2. Morphology and textural characterization of 3D composites at 

different reduction conditions 

The complex self-assembly hierarchical process of GO platelets occurred during their 

reduction to rGO, giving rise to three-dimensional graphene-based polymer monoliths. The 

mechanism of the process, previously detailed in Chapter 2, encompasses mixing of GO platelets 

and polymer particles aqueous dispersions resulting in formation of composite platelets by 

physico/chemical interactions between both types of materials, as it is shown in Figure 2.3 in 

Chapter 2. By the subsequent reduction of GO by AsA at increased temperature (45-90 °C), 

elimination of oxygen-containing functional groups (epoxy, hydroxyl, carbonyl and carboxyl 

groups) from GO happen, producing much more hydrophobic rGO platelets. Due to the 

significant rise of the surface energy in the dispersion, the reduced composite platelets self-

assembled giving rise to the 3D structures, characterized by improved consistency, high porosity 

and monolithic appearance.  

It was already determined in the literature survey, Chapter 1, and in Chapter 2, that 

multiple reaction parameters affect the self-assembly process, and subsequently, the 
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morphology, textural characteristics, and the adsorption performance, such as reducing agent 

amount, reduction temperature, and amount and type of polymer (functionalization). Those 

parameters were also studied in this chapter, because completely different functionalization of 

the polymer particles might affect the self-assembly process and the characteristics of the 

composite monoliths. For that purpose, two reduction reaction temperatures (45 °C and 90 °C), 

two different reducing agent (AsA) concentrations (GO:AsA mass ratio 1:1 and GO:AsA 1:0.5) 

and two different polymer contents (10 % and 40 % with respect to GO mass) were studied. The 

reaction temperature and the amount of AsA affect the velocity of the reduction process and the 

residual oxygen functionalities, and hence, the self-assembly process and CO2 uptake capacity. 

Table 3.3 presents all the 3D monolithic neat and composite materials, produced at two different 

temperatures (45 °C and 90 °C), constant AsA concentration (GO:AsA mass ratio 1:1), with both 

NaSS and AMPS functionalized polymer particles in two concentration (10 or 40 wt%). In the 

nomenclature of the materials, first number represents the reduction temperature, followed by 

the functional monomer used, and finished with the quantity of the polymer.  
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Table 3.3. Amount of residual oxygen functionalities and textural properties of different monoliths obtained 
at GO:AsA mass ratio 1:1. 

Material % O-
functionality 

SBET              
(m2/g) 

Vtotal                
(cm3/g) 

Vmicro              
(cm3/g) 

% 
Micropores 

Reduction 
ratio 

GO/rGO 

45_Blank 13.7  160 0.289 0.008 2.7 0.20 

45_NaSS_10 12.8 185 0.184 0.035 18.8 0.21 

45_NaSS_40 10.7 143 0.176 0.019 10.9 0.21 

45_AMPS_10 12.9 170 0.170 0.032 19.1 0.21 

45_AMPS_40 10.6 118 0.152 0.016 10.5 0.21 

90_Blank 3.1 299 1.359 0.001˂ 0.1 0.04  

90_NaSS_10 3.6 199 0.337 0.016 4.9 0.05 

90_NaSS_40 3.2 177 0.313 0.011 3.6 0.05 

90_AMPS_10 3.8 207 0.348 0.016 4.6 0.05 

90_AMPS_40 3.1 117 0.206 0.001 0.6 0.06 

 

A quantitative evaluation of the amount of oxygen groups present on the surface of the 

resulting monolith materials was obtained by TGA. Figure 3.2 shows the thermographs of all 

materials, including the thermal degradation curve of initial GO. The first observed weight drop 

until 100 °C is related to the humidity, the second weight drop within a range of 100-225 °C 

corresponds to the loss of the residual oxygen-containing functional groups from rGO platelets, 

and finally, in the third region, between 300 °C and 400 °C, the weight drop was assigned to the 

polymer degradation. The amount of residual oxygen functional groups calculated from the 

respective thermographs, as well as, the reduction ratios of GO to rGO are presented in Table 

3.3. The reduction temperature affected importantly the reduction ratio, which drop from 0.2 at 

45 ºC to 0.04 at 90 ºC. Nevertheless, the reduction ratios demonstrate that the presence of 

polymer and its quantity did not have any effect on the reduction process. It is worth mentioning 
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that the reduction ratio of initial GO was 0.8, which means that the reduction was significant at 

all conditions studied. 

Figure 3.2. TGA thermographs for monoliths synthesized at 45 °C (A) and 90 °C (B); and initial GO (C). 

When the reduction was performed at higher temperatures, a significant decay in the 

functionalization of the rGO within the 3D structures was obtained. The monoliths prepared under 

milder conditions (45 °C) were highly functionalized containing oxygen functional groups quantity 

between 10 and 13 wt% of the total amount of the material, whereas these prepared at 90 °C 

contain around 3 wt%. Added polymer quantity affected the thermal stability, whereas the 

polymer type did not have any effect on the composite thermal stability, which is not surprising 

having in mind that 99 % of the polymer added in both type of materials was 99 % MMA.  
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To obtain details on the porous structure of the monoliths, textural characterization was 

performed by determining the N2 adsorption-desorption isotherms. The adsorption-desorption 

isotherms are presented in Figure 3.3, and the data acquired for each of the monoliths are 

presented in Table 3.3. The % of micropores, in Table 3.3, corresponds to Vmicro/Vtotal. 

 

Figure 3.3. N2 adsorption-desorption isotherms for monoliths synthesized at 45 °C (A) and 90 °C (B). 

The specific BET surface area was found to be in a range of 120–300 m2/g and was 

influenced significantly by the reduction temperature, i.e., for higher reduction temperatures, the 

same material type has a higher BET surface area. For example, for the blank monoliths, the 

BET surface area increased from 160 m2/g when produced at 45 °C to 299 m2/g when produced 

at 90 °C. As we demonstrated previously, and observed in this part, too, the monolithic materials 

synthesized at 90 °C are considerably more densely packed. The higher reduction energy makes 
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faster the elimination of oxygen functional groups increasing the driving force for the creation of 

the monoliths, resulting in more compact structures. In fact, it can be observed in TGA 

thermographs shown in Figure 3.2, that materials synthesized at 90 °C needed more thermal 

energy to degrade, i.e. they present higher thermal stability, than the monoliths synthesized at 

45 °C.   

The volume of the micropores and their contribution to the overall porous structure (%) is 

larger for the monoliths synthesized under mild conditions, at 45 °C, nevertheless, the total 

volume of the pores decreases indicating less porous materials. This behaviour was also 

observed as general for composite monoliths, as it can be seen in Figure 3.4, where the pore 

size distribution curves of the monoliths are shown. 
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Figure 3.4. Pore size distributions from adsorption isotherms for blank and composites monoliths. 

45_Blank and 90_Blank materials correspond to A graph. NaSS-based materials correspond to B and D 

graphs and AMPS-based materials to C and E graphs. 
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The faster elimination of oxygen groups at higher temperature results in higher free 

energy difference thus, the aggregation of the rGO layers occurs faster, giving rise to more 

compact platelets. As we consider that the micropores are formed at this instance, the materials 

produced at higher temperatures would have less micropore fraction, as we observed. Therefore, 

the total volume of micropores for 45_Blank is 0.008 cm3/g, and in the case of 90_Blank is 0.001< 

cm3/g (Table 3.3). This means that their contribution to the porous morphology is very low, thus, 

even increased, they did not affected importantly the overall porosity of the monoliths.  

Furthermore, the addition of polymer particles plays an important role in the final porous 

morphology. The addition of polymer particles increased the contribution of micropores to the 

overall porous structure, independently on reduction temperature. It is thought that once the 

particles are attached to the surface of the GO platelets, their mobility and their hydrophilic 

character changed affecting the hierarchical self-assembly process, and hence, the resulting 3D 

morphology. Generally, porosity is decreased with the addition of polymer particles in higher 

amount (40 %). The polymer particles between the aggregated platelets actuated as spacers 

preventing their complete aggregation, therefore forming higher quantity of micropores than in a 

case of the blanks. Similar behaviours have been reported previously, where the addition of 

different polymers to the 3D graphene aerogels also decreases the BET surface area due to the 

formation of different micro morphologies.13,14 However, when a higher amount of polymer 

particles is added, the volume of the spacers between the platelets increases, decreasing the 

micropores’ volume. Besides, at 40 % polymer particles, the resulting rGO layers are heavier 

and more hydrophilic, so the driving force is reduced and the self-assembly process changes 

with respect to the blank materials.  

The structure and morphology of the monoliths was observed by SEM and TEM 

techniques. The SEM images of 45_Blank and 90_Blank are presented in Figure 3.5.  
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Figure 3.5. SEM images of 45_Blank (A) and 90_Blank (B) at 100 μm scale bar. 

In Figure 3.5, it can be seen that both 3D structures present a porous morphology. The 

90_Blank has a higher porosity made of a multiple small pores, and higher compactness 

compared to 45_Blank, in concordance with the textural properties. In Figure 3.6, SEM images 

at different magnifications for 45_AMPS_40 and 90_AMPS_40 composites are presented. 
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Figure 3.6. SEM images of 45_AMPS_40 (A.1 and A.2) and 90_AMPS_40 (B.1 and B.2) at 100 and 10 μm 

scale bars. In the insets of (A.2 and B.2), enlarged view of one segment decorated with polymer particles is 

shown. 

In Figure 3.6, it can be observed that after the addition of polymer particles at micrometre 

level increased number of smaller size pores are formed than in the blanks, more pronounced at 

increased temperature. In both A.2 and B.2 enlarged SEM images, the well-distributed polymer 

particles in rGO platelets are perceived. Figure 3.7 shows the SEM images for the remaining 

composites, presenting similar morphologies as observed in Figure 3.6. 
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Figure 3.7. SEM images of different composites synthesized by the addition of functionalized polymer 

particles. The scale bar in each image is 100 μm. 

 

In Figure 3.8, TEM images of 90_Blank, 90_NaSS_40, and 90_AMPS_40 are shown, 

obtained by embedding the monolith within epoxy resin. The thin graphene based walls forming 

the porous structures can be observed in all monoliths, whereas white polymeric particles 

anchored onto graphene walls can be seen only in the composite structures (Figure 3.8, B and 

C). There is no any relevant difference observed between NaSS-MMA and AMPS-MMA polymer 

particles. 

Figure 3.8. TEM images of 90_Blank (A), 90_NaSS_40 (B), and 90_AMPS_40 (C) at 500 nm scale bar. 
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One of the advantage of monolithic materials with respect to their powder form 

counterparts is that they induce much lower pressure drop in continuous operation. This was 

checked on an example of two selected monoliths (45_Blank and 90_Blank), and the results are 

placed in Figure 3.9. As the monoliths cannot be easily convert into powder, due to incredible 

strength of the graphene structure, we compared the pressure drop of the monoliths with that of 

standard powder materials made of SiC in three different particle sizes.  

 

 

Figure 3.9. Pressure drop of 45_Blank and 90_Blank monoliths compared with SiC powder materials with 

0.105, 0.500, and 1.190 mm particle sizes. 

From Figure 3.9, it can be observed that both 45_Blank and 90_Blank monoliths present 

lower pressure drop even from the SiC powder with the highest particle size. The pressure drop 

is lower at different linear velocities compared to a powder material with different particle sizes. 

On the other hand, 90_Blank induced lower pressure drop, which was not significantly affected 

by the increase of a linear air velocity.  
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The next series of monoliths was synthesized under the same conditions as the previous 

one, except the amount of AsA reducing agent, which was lowered to a half (GO:AsA mass ratio 

1:0.5). The same polymer types were used (NaSS-MMA and AMPS-MMA), added in 10 wt% 

amount based on GO. This polymer amount was chosen for further investigations, as it provided 

the most promising result in terms of amount of oxygen functionalities, textural properties such 

as total volume of the pores and the volume of the micropores. Consistently, a term “1/2” was 

added in the samples nomenclature, referring to a quantity of AsA with a respect to the previous 

series of monoliths. Figure 3.10 shows the TGA thermographs for each monolith, presenting 

similar degradation behaviour as the monoliths obtained at higher AsA concentration.  

 

Figure 3.10. TGA thermographs for 1/2_45_NaSS_10, 1/2_45_AMPS_10, 1/2_90_NaSS_10, and 

1/2_90_AMPS_10 composites. 

In Table 3.4, the amount of residual oxygen groups and the textural properties of the four 

monoliths produced in this case are shown (1/2_45_NaSS_10, 1/2_45_AMPS_10, 

1/2_90_NaSS_10, and 1/2_90_AMPS_10). The N2 adsorption-desorption isotherms are 

presented in Figure 3.11. 
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Table 3.4. Amount of residual oxygen functionalities and textural properties of monoliths obtained with 

lower AsA amount (GO:AsA 1:0.5). 

Material % O- 
functionality 

SBET             
(m2/g) 

Vtotal                  
(cm3/g) 

Vmicro               
(cm3/g) % Micro. 

1/2_45_NaSS_10 17.2 60 0.13 0.005 3.8 

1/2_45_AMPS_10 16.1 72 0.074 0.012 16.3 

1/2_90_NaSS_10 6.8 288 0.435 0.028 6.4 

1/2_90_AMPS_10 9.2 215 0.297 0.027 9.1 

 

Figure 3.11. N2 adsorption-desorption isotherms for 1/2_45_NaSS_10, 1/2_45_AMPS_10, 

1/2_90_NaSS_10, and 1/2_90_AMPS_10 composites. 

Table 3.4 shows that by decreasing the AsA concentration, there is an increase in the 

residual amount of oxygen-containing functional groups than in case of monoliths obtained with 
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higher AsA amount (Table 3.3). For example, 45_NaSS_10 (Table 3.3) and 1/2_45_NaSS_10 

(Table 3.4) have 12.8 and 17.2, % O-functionality, respectively, likely due to slower reduction 

process. Even though the same general tendency is observed, here the textural properties are 

affected more importantly by the reduction temperature than in case of higher AsA quantity. 

Consequently, a fourfold increased BET area was achieved when the temperature was increased 

from 45 °C to 90 °C for both polymer types, without significant effect on the other textural 

properties. The reduction process is simultaneously determined by both parameters temperature 

and reducing agent quantity, and in conditions of low temperature and low AsA quantity, the 

driving force for monolith formation is very weak, which is the case of 1/2 AsA and 45 °C. 

Therefore, the temperature increase to 90 °C induced much stronger effect. Nevertheless, 

oppositely than previously observed in Chapter 2, here the amount of micropores increased at 

higher reduction temperatures, which is likely result on this interplay between both parameters 

temperature and quantity of AsA.  

Figure 3.12 shows the SEM images for the composite monoliths synthesized with lower 

AsA amount, presenting the same observation already discussed. The monoliths obtained with 

lower AsA amount contain increased quantity of smaller pores than the monoliths produced at 

higher AsA concentration, effect that is more pronounced at increased temperature. 
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Figure 3.12. SEM images for 1/2_45_NaSS_10, 1/2_45_AMPS_10, 1/2_90_NaSS_10, and 

1/2_90_AMPS_10 composites. The scale bar in each image is 100 μm. 

 

The final series of monoliths were prepared using fundamentally different approach than 

previously. Namely, instead of hard polymer particles dispersion, herein the polymer chains 

aqueous solution was combined with GO dispersion prior to monolith synthesis. The polymer 

solutions were prepared by polymerizing exclusively the functional monomers NaSS and AMPS, 

giving rise to polymer chains rich in functional groups containing S and N atoms, to study their 

effect on the CO2 adsorption performance. In the monolith nomenclature a “S”  is added, referring 

to solution polymer. Reduction conditions of 90 °C, GO:AsA 1:0.5, and polymer amount (10 wt%) 
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were selected, as these conditions provided the most promising results, by means of oxygen 

functionalities, BET surface areas, total volume of pores, and total volume of micropores of the 

resulting monoliths. In Table 3.5, the textural properties obtained for S_90_NaSS_10 and 

S_90_AMPS_10 are shown. The N2 adsorption-desorption isotherms are presented in Figure 

3.13.  

Table 3.5. Amount of residual oxygen functionalities and textural properties of different composites 

obtained by addition of solution polymers. 

Material % O- 
functionality 

SBET             
(m2/g) 

Vtotal               
(cm3/g) 

Vmicro              
(cm3/g) % Micro. 

S_90_NaSS_10 13.4 183 0.292 0.014 4.8 

S_90_AMPS_10 8.5 207 0.296 0.02 6.6 

 

Figure 3.13. N2 adsorption-desorption isotherms for S_90_NaSS_10 and S_90_AMPS_10 composites. 
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Even though the synthesis procedure was fundamentally different, compared with Table 

3.4, there is no significant effect on remaining oxygen functionality content, BET area and 

porosity of the monoliths. This is likely because the monoliths are actually build of rGO platelets 

and polymer is only a surface modifier. Nevertheless, the microporosity was affected, as addition 

of the solution polymers resulted in drop of the microporosity. This fact actually demonstrates 

our hypothesis that the polymer particles actuated as spacers and contributed towards 

development of more micropores, because the drop in microporosity here is likely effect of lack 

of these spacers. Namely, polymer chains were directly distributed over rGO platelets and such 

composite sheets could be easily stacked more tightly.  

Figure 3.14 shows the thermographs for both samples, in which it can be observed that 

the decomposition process is different from that of the monoliths synthesized with polymer 

particles. These rGO monoliths, covered with either polyNaSS or polyAMPS, degraded gradually 

with increasing temperatures, indicating more homogeneous composition, where the monolith 

containing polyNaSS was more thermally stable. 

 

Figure 3.14. TGA thermographs for S_90_NaSS_10 and S_90_AMPS_10 composites. 



Functionalized graphene-polymer monolithic structures for selective CO2 capture 

117 

Figure 3.15.A and B, show the SEM images of S_90_NaSS_10 and S_90_AMPS_10, 

respectively. Although decomposition of materials was different in comparison to polymer 

particles containing monoliths, they presented similar porous structures when compared with the 

analogous monoliths obtained with polymer particles at 90 °C and 10 wt% polymer quantity 

(Figure 3.12). TEM images presented in Figure 3.15.C and D, on the other hand, present clear 

lack of polymer particles and the polymer presence is not so obvious. It rather appears as white 

small structures covering the grey rGO platelets. 

 

Figure 3.15. SEM and TEM images of both S_90_NaSS_10 (A and C) and S_90_AMPS_10 (B and D) 

composites synthesized. The scale bar is 100 μm and 200 nm for SEM and TEM, respectively. 
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3.3.3. Adsorption performance of 3D composites 

3.3.3.1. CO2 capture 

The CO2 adsorption performance of graphene-based polymer porous monolithic 

materials was studied at 25 °C and 1 atm. For that, CO2 adsorption-desorption isotherms were 

measured at 25 °C for each sample discussed above, and all the isotherms are presented in 

Figure 3.16-3.19.  

 

Figure 3.16. CO2 adsorption-desorption isotherms for monoliths synthesized at 45 °C and GO:AsA mass 

ratio 1:1 using polymer particles. 
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Figure 3.17. CO2 adsorption-desorption isotherms for monoliths synthesized at 90 °C and GO:AsA mass 

ratio 1:1 using polymer particles. 
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Figure 3.18. CO2 adsorption-desorption isotherms for monoliths synthesized at 45 °C and 90 °C and 

GO:AsA mass ratio 1:0.5 using polymer particles. 

 

Figure 3.19. CO2 adsorption-desorption isotherms for monoliths synthesized at 90 °C and GO:AsA mass 

ratio 1:0.5 using solution polymers. 
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In the first set of monoliths, the effect of the reaction temperature (45 °C and 90 °C), type 

of polymer (NaSS-MMA and AMPS-MMA), and amount of polymer (10 and 40 wt% based on 

GO) affected the morphological and textural properties, especially at high polymer content, and 

hence, high impact on CO2 capture is expected. The quantity of AsA was kept constant for all 

the cases (GO:AsA mass ratio 1:1). In Table 3.6, the CO2 adsorption capacities obtained at 25 

°C and 1 atm are presented, followed by a graph in which BET areas and CO2 adsorption are 

plotted (Figure 3.20). 

Table 3.6. CO2 adsorption capacities of different monoliths. 

Material CO2 adsorption 
(mmol/g) 

45_Blank 1.01 

45_NaSS_10 0.67 

45  NaSS_40 0.49 

45_AMPS_10 0.63 

45_AMPS_40 0.58 

90_Blank 0.94 

90_NaSS_10 0.63 

90_NaSS_40 0.28 

90_AMPS_10 0.28 

90_AMPS_40 0.35 
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Figure 3.20. CO2 adsorption capacities and specific surface areas (SBET) for the composite monoliths 

synthesized with constant AsA concentration (GO:ASA mass ratio 1:1). Blue and black bars correspond to 

CO2 adsorption capacities of materials synthesized at 45 °C and 90 °C, respectively. 

The comparison of CO2 adsorption of the blank materials shows that, although 90_Blank 

has almost a twice value in BET area than 45_Blank (Table 3.3), they adsorb similarly, 0.94 

mmol/g and 1.01 mmol/g, respectively. These results indicate that the CO2 gas at 25 °C and 1 

atm did not cover the total available surface area in accordance to the claim that the surface area 

is essentially prevailing factor at high pressures.15 Other studies reported that even though the 

materials have higher BET surface areas, they present lower CO2 adsorption capacitates, 

because other factors such as oxygen groups and pore size also play important roles.16 45_Blank 

has higher fraction of residual oxygen groups and of micropores (Table 3.3), hence, it seems that 

these characteristics have a predominant effect over the CO2 adsorption than the high BET area 

of 90_Blank at low pressures.  
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In general terms, higher adsorption capacities are achieved when 3D materials are 

synthesized at 45 °C. Based on the data obtained in Table 3.3, these materials present lower 

BET surface area, nevertheless, they have higher amount of oxygen functionalities and higher 

amount of micropores per unit area. In all the composite monoliths, synthesized either at 45 °C 

or at 90 °C, the addition of polymer particles to the 3D structures decreases the CO2 adsorption 

capacity with respect to the corresponding blank material. This is surprising for composites with 

10 wt% polymer particles, for which even though the BET area decreased, there is an increase 

in both residual functionalities and micropores fractions. Few factors can contribute to this 

behaviour: (i) addition of less adsorptive material to a high adsorptive one (the neat polymers 

NaSS-MMA and AMPS-MMA polymers adsorbed only 0.17 and 0.16 mmol/g, respectively); (ii) 

possible interactions between polymer-rGO through H-bonding, which makes not available the 

oxygen groups for interactions with CO2; and (iii) the changes in textural properties.  

In composites with 40 wt% polymer particles, all important parameters dropped by the 

polymer addition, including oxygen functionalities, BET area, total volume of the pores, and 

micropores fraction, which may be additional reason for lower adsorption capacity. Interestingly, 

in the composites synthesized at 45 °C, there is a concordance in the trends of the BET area 

and CO2 adsorption (Figure 3.20), as well as in the amount of the oxygen functionalities (Table 

3.3). CO2 adsorption was enhanced for materials with higher BET area and higher relative 

fraction of residual oxygen groups. Nevertheless, according to Figure 3.20, the trends of BET 

area and CO2 adsorption variations are different for the materials synthesized at 90 °C.  

On the other hand, in NaSS-MMA systems higher adsorption capacities are achieved 

compare to AMPS-MMA system when 10 wt% of polymer particles are added independently on 

reduction temperature. Although in both cases 1 wt% of functional monomer was used, in case 
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of NaSS, only the 37 % was converted. Taking into consideration the textural properties and the 

oxygen groups fraction shown in Table 3.3, which very similar for all the composite monoliths 

with 10 % polymer produced at the same temperature, the observed adsorption increase in this 

case is caused by the NaSS functionalities, which a part of sulfonate contains aromatic ring able 

to establish π-π interactions with CO2. When 40 wt% of polymer particles are added, the CO2 

adsorption dropped even further with respect to both neat rGO and 10 % composite monoliths, 

probably due to the lower BET area and lower relative fraction of oxygen functionalities.  

When the AsA quantity was decreased (GO:AsA mass ratio 1:0.5), the composite 

monoliths in general presented higher quantity of oxygen functionalities and higher BET area 

and micropore fraction (Table 3.4), providing expectation for improved capacity of CO2 

adsorption. In Table 3.7, the CO2 adsorption capacities obtained at 25 °C and 1 atm are 

presented. 

Table 3.7. CO2 adsorption capacities of different samples with lower AsA amount. 

Material CO2 adsorption 
(mmol/g) 

1/2_45_NaSS_10 1.18 

1/2_45_AMPS_10 0.59 

1/2_90_NaSS_10 0.76 

1/2_90_AMPS_10 0.55 

Certainly, the decrease in the reducing agent quantity provided to the materials better 

characteristics for the CO2 capture, as it was enhanced for almost all the materials (except 

1/2_45_AMPS_10). Similarly, a higher CO2 adsorption was achieved for materials synthesized 

at 45 °C. Actually, at present conditions, and in case of NaSS functionalization, the adsorption 
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capacity was improved for first time behind that of the blank materials, in case of 

1/2_45_NaSS_10. This material as shown in Table 3.4, has worst textural properties than all 

other materials, including low BET area (60 m2/g) and only 3.8 % of microporosity, but it has the 

highest fraction of oxygen functionalities, which likely are distributed over much smaller BET 

area, creating densely functionalized surface, appropriate for CO2 capture.  

Taking into consideration that handling of the blank monoliths is difficult and that they 

presented instability in cycle operations with respect to composite monoliths (Chapter 2), this 

result is a step forward toward practical application.  

Finally, the effect of the polymer microstructure by addition of soluble polymer chains to 

the composite monoliths on CO2 adsorption capacity was studied. In Table 3.8, the CO2 

adsorption capacities obtained at 25 °C and 1 atm are presented for S_90_NaSS_10 and 

S_90_AMPS_10 monoliths. 

Table 3.8. CO2 adsorption capacities of S_90_NaSS_10 and S_90_AMPS_10 monoliths. 

Material CO2 adsorption 
(mmol/g) 

S_90_NaSS_10 0.57 

S_90_AMPS_10 0.79 

In Table 3.8, it can be seen that the CO2 adsorption was in similar range as for other 

composite materials, even though the much denser functionalization provided with the polyNaSS 

and polyAMPS was expected to enhance it. In the case of polyAMPS-based system, higher 

adsorption capacity was obtained than for polyNaSS, 0.79 and 0.57 mmol/g, respectively. This 
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is likely due to double functionalization introduced by AMPS, supported with slightly higher 

micropores fraction. 

3.3.3.2. Selectivity 

The selectivity toward CO2 over N2 plays an important role on the application perspective 

in post-combustion capturing technology. In fact, flue gas stream from power plants contains 

approximately 15 % CO2 and 85 % N2. Table 3.9 shows N2 adsorption capacities at 25 °C and 1 

atm for all the monoliths synthesized. In Table 3.10, the CO2/N2 selectivity is shown, calculated 

by IAST method, using the single-component adsorption isotherms of CO2 and N2 obtained at 

25 °C, modelled by Freundlich isotherm. The fitting curves for CO2 and N2 and the parameters in 

the Freundlich isotherms are presented in Section II.2 of Appendix II. 

Table 3.9. N2 adsorption capacities at 25 °C and 1 atm for all the monoliths synthesized. 

GO:AsA 1:1 
 

GO:AsA 1:0.5 
 

GO:AsA 1:0.5 / Solution 
polymer 

Material 
N2 

adsorption 
(mmol/g)  

Material 
N2 

adsorption 
(mmol/g)  

Material 
N2 

adsorption 
(mmol/g) 

45_Blank 0.064  1/2_45_NaSS_10 0.059  S_90_NaSS_10 0.060 
45_NaSS_10 0.076  1/2_45_AMPS_10 0.067  S_90_AMPS_10 0.080 
45_NaSS_40 0.056  1/2_90_NaSS_10 0.065    
45_AMPS_10 0.072  1/2_90_AMPS_10 0.058    
45_AMPS_40 0.064       

90_Blank 0.061       
90_NaSS_10 0.069       
90_NaSS_40 0.031       
90_AMPS_10 0.033       
90_AMPS_40 0.038       
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Table 3.10. Selectivity values for all 3D monoliths. 

GO:AsA 1:1 
 

GO:AsA 1:0.5 
 

GO:AsA 1:0.5 / Solution 
polymer 

Material Selectivity 
 

Material Selectivity 
 

Material Selectivity 

45_Blank 90  1/2_45_NaSS_10 93  S_90_NaSS_10 52 
45_NaSS_10 51  1/2_45_AMPS_10 50  S_90_AMPS_10 57 
45_NaSS_40 52  1/2_90_NaSS_10 66    
45_AMPS_10 53  1/2_90_AMPS_10 56    
45_AMPS_40 53       

90_Blank 86       
90_NaSS_10 49       
90_NaSS_40 48       
90_AMPS_10 45       
90_AMPS_40 44       

In Table 3.10, the selectivity values of the 3D monoliths vary from 41 to 93, depending on 

the characteristics of the monoliths obtained under different reaction conditions. All the monoliths 

present relatively high selectivity, which for carbon-based materials was explained to be a result 

of the quadrupole moment of CO2. It allows clustering of CO2 molecules, effect not present during 

N2 adsorption.11 The highest selectivity value of 93, was obtained for the material 

1/2_45_NaSS_10, which also presented the highest CO2 adsorption capacity of 1.18 mmol/g 

obtained in this work. Along with the excellent stability in cycle operation of these materials 

demonstrated in our previous chapter, and the possibility for temperature or pressure swing 

regeneration, without any doubt, this material present solid opportunity for practical application. 

In a relatively recent work, Ho et al.17 established a direct relationship between the cost of CO2 

capture and the intrinsic adsorbent characteristics (selectivity and capture capacity) for a fuel 

gas with a composition CO2/N2 of 10/90. Evaluating the 1/2_45_NaSS_10 solid sorbent 

according to it, the projected costs would be of 35 USD per ton of CO2, which in comparison to 
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the current commercial technology with roughly 58.30 USD per metric ton of CO2,18,19 presents 

suitability to replace costly liquid amine scrubbing or cryogenic distillation. 

 

3.4. Conclusions 

In this work, functionalized graphene-based porous 3D monolithic structures were 

developed and the properties were characterized and related to CO2 adsorption performance. 

The monoliths were synthesized by self-assembly of rGO-polymer platelets. The rGO platelets 

were previously decorated by functionalized MMA polymer particles using functional monomers, 

NaSS to provide sulfonate functionality and AMPS to provide both sulfonic acid and amide 

functionalities. Moreover, aqueous solution homopolymers of NaSS and AMPS were synthesized 

too, and distributed over the rGO platelets, to check the effect of heavily functionalized polymer 

chains on the synthesis and performance of these materials. The reduction parameters, such as 

AsA reducing agent amount (GO:AsA mass ratio 1:1 and 1:0.5) and reduction temperature (45 

°C and 90 °C) were varied and their influence on the materials characteristics was studied, as 

well as the type of functionalization, morphology, and amount of the polymers (10 % or 40 % with 

respect to GO).  

The materials synthesized at higher temperature and AsA presented a lower fraction of 

residual oxygen groups onto rGO surface, higher BET area, higher total volume of the pores and 

lower amount of micropores. Addition of functionalized polymer particles enlarged the amount of 

micropores, because the particles acted as spacers between the rGO platelets, effect that was 

not observed when solution polymers were used. It was observed that sulfonate functionalities 

in NaSS are quite favourable for the CO2 adsorption. An increase of the fraction of residual 

oxygen functionalities could be observed by decreasing the amount of AsA during the GO 
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reduction. Nevertheless, an augmentation of the BET area, total volume of pores and even the 

microporosity was noticed only for material produced at higher temperature (90 °C). Probably the 

combination of low temperature and low AsA concentration did not provide sufficient driving force 

for rGO self-assembly process, resulting in not well-developed textural characteristics of the 

monoliths.  

By studying the performance of these monoliths for selective CO2 capture, it was found 

that all the parameters studied affected it synergistically. An interplay between the fraction of 

residual oxygen-containing functional groups, textural properties and the type and amount of 

polymers onto the monolithic materials determine the selective CO2 adsorption capacity over that 

of N2. In most of the cases, lower adsorption capacities are obtained for composites than for 

blank materials due to the higher affinity of graphene than of polymers toward CO2. This means, 

in case of similar fraction of functionalities between materials, the increasing BET area would 

mean that the density of the functional groups will be lower, so the CO2 adsorption dropped. This 

happens when small quantity of polymer was added (10 %) with respect to the neat rGO. When 

higher quantity of polymer was added (40 %), BET area decreased but as well the fraction of 

functionalities with respect to these of neat rGO and 10 % composites, making the functionality 

density even lower, therefore the CO2 adsorption decreased even further. However, the best 

performance by means of high capacity and selectivity was obtained for composite monolith 

prepared with lower amount of AsA at lower temperature (1/2_45_NaSS_10). CO2 uptake of 1.18 

mmol/g, and a selectivity over N2 of 93 were attained, which was attributed to the dense 

functionalization.  

Beside development of monolithic 3D materials with very good combination of CO2 

adsorption and selectivity over N2, the high potential for practical application is based on the 

simplicity, low cost and energy consumption methodology for their synthesis. Additional value of 
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the present work is the facile, versatile and elegant way of graphene functionalization that does 

not required complex organic reaction, catalyst or solvent use, nor high temperatures. 
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Chapter 4. Introducing and understanding of 
outstanding CO2/N2 selectivity in 3D 
graphene/polymer monoliths 

4.1. Introduction 

In Chapter 3, the study of addition of functionalized polymer particles and solution 

polymers to the graphene-based skeleton at different reduction conditions and related to CO2 

adsorption performance was carried out. Two different functional monomers were used, NaSS 

and AMPS, to provide both sulfonic acid and amide functionalities. It was found that all the 

parameters studied (reduction temperature, amount of reducing agent, and amount and type of 

polymer) affected the CO2 capture synergistically. Namely, an interplay between the fraction of 

residual oxygen-containing functional groups, textural properties, and type and amount of 

polymer onto the graphene-based monolith determine the selective CO2 adsorption over that of 

N2.  

Nevertheless, although important CO2 adsorption capacity is one of the most desirable 

parameter, a high selectivity of the material to adsorb CO2 over N2, O2 or CH4 plays just as or 

even more important role.1 The separation of CO2 from N2 is of upmost importance but still highly 

challenging, as the post combustion flue gas mixture generally comprises 3-15 % CO2 and more 

than 70 % N2.2 While the enhancement of the CO2 adsorption capacity has been a focus of 

numerous works, the selectivity was investigated as a side effect, turning it into a current 

application bottleneck,3 due to often low CO2 selectivity of the porous adsorbents over other 

gasses (N2, O2, H2O, …).4,5 Searching for adsorbents that will provide the base for cost-efficient 
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carbon capture technology under post-combustion conditions, the both adsorption capacity and 

CO2/N2 selectivity have created a dilemma which will affect more importantly the process costs. 

E. Willey and co-workers have calculated the capture costs per ton of CO2 avoided, as shown in 

Figure 4.1.6 The figure shows that increasing CO2 capture capacity affects less the costs than 

the improved selectivity. Therefore, by rising the capacity from 1 to 4 mmol/g decreases the costs 

for about 5 US$/t, whereas, if the selectivity CO2/N2 is augmented from 50 to 500, the costs 

dropped by 12 US$/t. By selectivity increasing, higher is the purity of the captured gas, 

independently on the regeneration pressure ratio. Therefore, one potential strategy to make the 

CO2 capture in post-combustion mode economically viable is to increase the selectivity over N2. 

 

Figure 4.1. Effect on CO2 capture cost (—) and total adsorber volume (---) of CO2 adsorbent 

working capacity at three CO2/N2 selectivities: 50 (   ), 100 (□), and 500 (Δ), at 85 % CO2 recovery. 

Reprinted with permission from Ind. Eng. Chem. Res. 2008, 47, 14, 4883–4890. Copyright 2008 American 

Chemical Society. 
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Different strategies have been proposed to enhance the selectivity of CO2 over N2, mostly 

emphasized on the idea to increase the CO2 adsorption capacity creating “CO2-philic” spots. 

These approaches focused on the control of the textural properties by creating narrow 

microporosity that will interact rather with CO2 than with N2 gas, or on the incorporation of 

heteroatoms-doped adsorbent that will increase the electrostatic interaction with CO2 

molecules.7–14 In most of the cases, a higher CO2 adsorption capacity was achieved, but not 

always a higher selectivity performance. On the other hand, reaching lower N2 adsorption along 

to higher CO2 adsorption can be a power approach towards CO2/N2 selective CCS technology. 

Few theoretical and experimental studied the “N2-phobic” context, pointing out that it is crucial to 

achieve high selectivity.15–17 They highlight the importance of the hierarchical pore structuring, 

claiming that adsorbents with well-defined small mesopores disrupt and reduce N2 adsorption.  

In order to make our carbon capturing technology based on self-assembly graphene 

closer to practical application, in this chapter, we altered the synthesis procedure towards 

augmentation of the fraction of oxygen functionalities and the content of the small mesopores 

within the monolithic structure. According our original procedure for synthesis of 3D rGO 

monoliths, the GO dispersion was kept at 80 °C for 2.5 h as a pre-treatment step, to homogenize 

the GO platelets prior to subject them to reduction process that induce self-assembly of the 

reduced platelets and formation of the monoliths (Figure 4.2). Taking into consideration that 

during this step certain quantity of oxygen functionalities from GO are lost and some restacking 

of the platelets occurred, this result on one hand in decreasing the driving force for monoliths 

formation and on the other hand, it negatively affects the fraction of oxygen functionalities. 

Therefore, in the present work the pre-treatment step was intentionally avoided. 
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Figure 4.2. Schematic representation of the synthesis of the 3D rGO monolith. 

4.2. Experimental part 

4.2.1. Materials 

As in previous chapters, 40 mL graphene oxide (GO) aqueous dispersion with 

concentration of 4 mg/mL was purchased from Graphenea. L-Ascorbic acid (AsA, ≥99 %, Sigma-

Aldrich) was used for chemical reduction of GO. Technical monomers methyl methacrylate 

(MMA, Quimidroga), 2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS, 99 %, Sigma-

Aldrich), and sodium 4-vinylbenzensulfonate (NaSS, ≥90 %, Sigma-Aldrich) were used without 

purification. Dowfax 2A1 (Dow Chemical Company), potassium persulfate (KPS, ≥99 %, Sigma-

Aldrich), and Tert-Butyl hydroperoxide solution (TBHP, 70 wt% in H2O, Sigma-Aldrich) were 

used as received. Deionized water was used in all the polymerization reactions. 

4.2.2. Synthesis of functionalized polymer dispersions 

The synthesis procedure was explained in previous Chapter 3 (Section 3.2.2.1). Shortly, 

two types of polymer dispersions were synthesized by seeded semibatch emulsion 

polymerization process. Two different functional monomers, either sodium 4-

vinylbenzensulfonate (NaSS) or 2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS) in small 
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amount (1% wt based to main monomer MMA) were independently copolymerized with the main 

monomer MMA. The reactions were carried out under nitrogen flux in a glass reactor fitted with 

a stainless-steel stirrer, a reflux condenser, a thermocouple, a sampling tube, and a feeding inlet. 

The reaction temperature was controlled by an automatic control system (Camile TG, Biotage). 

The formulation employed for the synthesis is presented in Table 3.1 in Chapter 3. Two colloidally 

stable polymer particle dispersions were obtained of approximately 30 wt% solids contents. 1H-

NMR was used to measure the incorporations of both non-volatile monomers NaSS and AMPS, 

showing that NaSS was incorporated only 37 % onto MMA particles, whereas almost all added 

AMPS was incorporated (100 %). The main monomer MMA was converted completely to 

polymer, as determined gravimetrically. The chemical structures of NaSS and AMPS are 

presented in Figure 3.1 in Chapter 3. As a results, NaSS-MMA and AMPS-MMA latexes with 

final solids content of 30 % and average polymer particles of 221 and 255 nm were prepared for 

NaSS-MMA and AMPS-MMA, respectively. 

4.2.3. Synthesis of 3D neat rGO and composite monoliths 

3D rGO-polymer composite monoliths were synthesized by the same procedure as neat 

rGO structure, except that prior to reduction process, the GO dispersions (pre-treated and non-

treated) were mixed with functionalized MMA polymer particle dispersions for 2 h at room 

temperature. During this period, the polymer particles were adsorbed onto GO platelets. 

Afterwards, AsA was added to the composite dispersions (GO:AsA 1:1 weight ratio) and stirred 

for 0.5 h. Then, the dispersions were placed in an oven at different temperatures overnight (45, 

60, and 90 °C) to induce the reduction process, producing the composite monolithic hydrogel 

structures. All the quantity of polymer used was incorporated in the structures, as confirmed by 

gravimetrical analysis of the residual water after formation of the monolith. Subsequently, the 

hydrogel was cleaned and dried similarly as the neat rGO monoliths, explained previously. The 
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straightforward experimental procedure of the 3D monolithic composed of rGO and polymer 

particles is schematically described in Figure 2.3 in Chapter 2. 

4.2.4. Characterization  

In terms of polymer characterization, conversion of the monomers and solids content were 

calculated gravimetrically. The z-average particle size (dz) of the polymer particles were 

measured by dynamic light scattering (DLS). The conversion of NaSS and AMPS functional 

monomers in both emulsion polymerization and solution polymerization techniques was 

characterized by 1H-Nuclear Magnetic Resonance (NMR). 1H-NMR spectras were recorded in a 

Bruker AVANCE 400 MHz instrument. The conversion was determined on the evolution of the 

peaks corresponding to the vinyl protons of NaSS (δ, 6.2, 5.9 ppm) and AMPS (δ, 6.1, 5.6 ppm). 

The peak corresponding to deuterated dimethyl sulfoxide (DMSO, δ, 3.3 ppm) was used as 

internal reference. The detailed description of the latex characterization methods is given in 

Section I.1 of Appendix I. 

On the other hand, regarding the characterization of the 3D structures, thermogravimetric 

analyses (TGA) were performed to estimate the amount of residual oxygen-containing functional 

groups within the monolithic structures and to study the thermal stability. The surface morphology 

of the structures was examined using a scanning electron microscopy (SEM). The porous texture 

of the monoliths was characterized by means of N2 adsorption–desorption at –196 °C in a 

Micromeritics ASAP2020 apparatus. X-ray photoelectron spectroscopy (XPS) was used to study 

the surface chemical states of composing elements of monoliths. The surface roughness of both 

3D monoliths and rGO layers were analysed by means of atomic force microscope (AFM). 

Detailed information of these characterization techniques is given in Section I.2 of Appendix I. 
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Finally, CO2 and N2 gas adsorption capacities were measured from their isotherms, 

measured using a Micromeritics ASAP 20220 Analyzer. The selectivity of CO2 over N2 was 

calculated by the ideal adsorbed solution theory (IAST) using only data for the pure-component 

adsorption equilibria at the same temperature (25 °C) and on the same adsorbent. Detailed 

information of these gas adsorption measurements is given in Section I.3 of Appendix I.  

4.3. Results and discussion 

4.3.1. Characteristics of 3D neat monoliths 

The neat graphene and graphene-polymer composite monolithic structures were 

synthesized by a chemical reduction of GO platelets in aqueous dispersion, in absence or 

presence of polymer colloids, respectively. The reduction process was performed at different 

reduction temperatures (45, 60, and 90 °C), at constant GO:AsA mass ratio of 1:1, in two different 

procedures with and without pre-treatment of GO aqueous dispersion (2.5 h at 80 ºC). 

Six monolithic structures made of neat rGO were prepared, the nomenclature of which is 

45_Blank_80, 60_Blank_80, and 90_Blank_80 with the pre-treatment step, where the first 

number refers to reduction temperature and the last number to the pre-treatment temperature. 

The nomenclature of the monoliths obtained without the pre-treatment is 45_Blank, 60_Blank, 

and 90_Blank. The characteristics of the monoliths are presented in Table 4.1. 
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Table 4.1. Amount of the residual oxygen-containing functional groups and textural properties of 3D neat 

rGO structures. 

Material % O- 
functionality 

SBET           
(m2/g) 

Vtotal                 
(cm3/g) 

Vmicro                   
(cm3/g) 

% Micro 

45_Blank_80 14 160 0.289 0.008 2.7 

45_Blank 17 137 0.161 0.021 13.3 

60_Blank_80 9 172 0.653 0.001˂ 0.2 

60_Blank 12 146 0.240 0.007 2.9 

90_Blank_80 3 299 1.359 0.001˂ 0.1 

90_Blank 5 214 0.354 0.015 4.3 

The formation mechanism of the 3D structures was explained in Chapter 2. Shortly, the 

synthesis consists of reaction induced self-assembly of rGO platelets in aqueous dispersion. For 

composite monoliths, polymer particle aqueous dispersion is added to the GO dispersion.   

Initially, GO platelets are amphiphilic and form a colloidal dispersion in water. After reduction, 

their hydrophobicity increased substantially, inducing their incomplete aggregation and formation 

of one monolithic structure in which all the solids presented in the dispersions (including polymer 

particles) are incorporated. The monolithic structures are swelled with water, forming a kind of 

hydrogels, which after freeze-drying gave rise to hydrophobic, highly porous, 3D monoliths, made 

either of neat rGO or rGO/polymer composites. The driving force for this process is the sudden 

rise of the surface energy in the dispersion after GO reduction. Therefore, if the GO dispersions 

are subjected to 80 °C pre-treatment, the loss of the oxygen functionalities and partial rGO 

restacking occurred, increasing the hydrophobicity of the initial GO platelets and lowering the 

driving force for monoliths formation. We expected that by avoiding of the pre-treatment a higher 

driving force would be created that contributes to formation of more compact structures richer in 

residual oxygen functionalities and small mesopores. Moreover, the carbon footprint of the 

synthesis process would decrease further. 
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The thermal stability and the amount of residual oxygen functionality groups of neat 

monoliths were determined by TGA analysis. The TGA graphs are presented in Figure 4.3.  

 

Figure 4.3. TGA thermographs of 45_Blank_80, 45_Blank, 60_Blank_80, 60_Blank, 90_Blank_80, and 

90_Blank samples. 

The weight loss of all curves occurred in three steps, in which the first weight decay until 

100 °C is related to the humidity and the second weight drop, between 100 and 225 °C, 

corresponds to the loss of the residual oxygen functionalities, and the last lost is assigned to the 

graphenic structure. According to Figure 4.3, at increasing reduction temperature more compact 

structures were formed due to a faster self-assembly process. From the TGA curves, the amount 

calculated from the weight loss occurring in a range of 100-225 °C was considered a fraction of 

oxygen-containing functional groups, as shown in Table 4.1. This fraction decreases in the 

monoliths produced at higher reduction temperatures. On the other hand, when materials were 

pre-treated at 80 °C prior to the reduction process, the fraction of oxygen functionalities is much 

lower than in the respective materials produced by avoiding the pre-treatment, e.g. 14 % versus 

17 % for 45 ºC reduction temperature, respectively. This confirms the hypothesis that by avoiding 

the pre-treatment, a denser functionalization of rGO platelets within the resulting monoliths is 

achieved. 
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The textural properties and porous structure of the monoliths was developed from N2 

adsorption-desorption isotherms, shown in Figure 4.4. It can be observed that all the isotherms 

are of type IV, typical for mesoporous materials.18 

 

Figure 4.4. N2 adsorption-desorption isotherms of 45_Blank_80, 45_Blank, 60_Blank_80, 60_Blank, 

90_Blank_80, and 90_Blank materials. 

According to the textural characteristics presented in Table 4.1, the monoliths produced 

at higher temperatures present larger specific surface areas and total volume of the pores, 

reaching maximum surface area of 299 m2/g and pore volume of 1.359 cm3/g (90_Blank_80). It 
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is clear that the pre-treated platelets allowed development of higher surface area and total pore 

volume, with very minor fraction of micropores, whereas without pre-treatment the monoliths are 

less porous, but the micropores fraction is higher. It is possible that the microporosity is increased 

due to more oxidized surface of the non-pretreated platelets, preventing complete restacking of 

the platelets during self-assembly. The decrease in BET surface area indicates that during the 

pre-treatment in the initial restacking of the GO platelets large number of small mesopores are 

formed. Taking into account that without pre-treatment higher fraction of oxygen functionalities 

are distributed throughout lower available BET area, the monoliths are much more densely 

functionalized. According to previous Chapter 3, such characteristic of the monoliths has shown 

to be quite favourable for the selective CO2/N2 capture at ambient conditions (1 atm and 25 ºC), 

at which the interplay between BET surface area and fraction of oxygen functionalities are 

decisive and the porous texture did not affect significantly.  

The structure and morphology of the monolithic materials were characterized by SEM 

technique, and the images are gathered in Figure 4.5. 
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Figure 4.5. SEM images of 45_Blank_80 (A), 45_Blank (B), 60_Blank_80 (C), 60_Blank (D), 90_Blank_80 

(E), and 90_Blank (F) at 50 μm scale bar. 
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According to SEM images in Figure 4.5, all monoliths present a porous structure, 

however, monoliths synthesized at higher reduction temperatures (90_Blank_80 (E) and 

90_Blank (F)) are more closely packed (higher number of lower size pores) and present a higher 

porosity in concordance to the larger BET surface areas (Table 4.1). In fact, materials formed at 

90 °C present a lower overall volume than those obtained at milder temperatures for the same 

material mass, i.e. they are more compact. On the other hand, there are no observable 

differences in the SEM images between the structures synthesized with or without pre-treatment. 

The CO2/N2 selectivity of the monoliths was calculated by IAST method from the single-

component adsorption isotherms according to Freundlich’s model. The CO2 and N2 individual 

adsorption-desorption isotherms obtained at 1 atm and 25 °C are presented in Figure 4.6., and 

the fitting curves for CO2 and N2 and the parameters in the Freundlich isotherms are presented 

in Section II.3 of Appendix II.  
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Figure 4.6. CO2 adsorption-desorption and N2 adsorption isotherms for 3D rGO monoliths. 
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 In Table 4.2, and in Figure 4.7, CO2 and N2 adsorption capacities at 1 atm and 25 °C and 

IAST selectivity for each of these neat monoliths are presented.  

Table 4.2. CO2 and N2 adsorption capacities and selectivity values for 3D neat rGO monoliths. 

Material CO2 adsorption         
(mmol/g) 

N2 adsorption           
(mmol/g) Selectivity 

45_Blank_80 1.01 0.064 90 

45_Blank 1.29 0.073 106 

60_Blank_80 0.95 0.088 62 

60_Blank 1.02 0.053 85 

90_Blank_80 0.94 0.061 86 

90_Blank 0.67 0.008 470 

 

Figure 4.7. Comparison of CO2 and N2 adsorption, and CO2/N2 selectivity of neat rGO monoliths produced 

at 45, 60, and 90 °C with and without pre-treatment. 



Chapter 4        

150 

 Figure 4.7 reveals that the neat rGO monoliths synthesized at 45 ºC and 60 ºC by 

avoiding the pre-treatment adsorbed higher CO2 quantity than pre-treated monoliths, and 

consequently improved selectivity was attained (the selectivity is denoted in a black square frame 

over each adsorption bar in Figure 4.7). Nevertheless, for the monolith prepared at 90 ºC, both 

CO2 and N2 adsorptions were decreased when the pre-treatment was avoided. Likely, this is a 

consequence of important decrease of surface area when the pre-treatment was avoided, along 

with insignificant enhancement of the functionalization. However, this monolith (90_Blank) has 

shown to be almost completely N2-phobic. Consequently, largely amplified CO2/N2 selectivity 

from 86 in pre-treated to 470 in non-treated monolith was achieved. This results confirms the 

findings obtained from the theoretical studies of the selectivity in C-based porous materials, 

which claimed that excellent selectivity cannot be attained only by improving the CO2 adsorption 

capacity, but N2-phobicity have to be gained, too.15,16 To the best of the author’s knowledge, this 

value is maximum selectivity achieved by carbon-based monolithic structures at the conditions 

studied. Table 4.3 shows reported results on CO2/N2 selectivity for similar carbon-based 

materials, which are at least a third of the presented value.  

Table 4.3. Summary of some carbon-based adsorbents with their textural properties, CO2 adsorption 

capacities, and CO2/N2 selectivity properties. 

Material BET        
(m2/g) 

CO2 capacity (1 atm, 298 
K), mmol/g 

Selectivity CO2/N2 
(0.15/0.85), 298 K Ref. 

H-BINAM 776 4.12 102 9 
MPC-700 1930 5.18 153 9 

mJUC160-900 940 3.5 29 19 
a-NDC6 - 4.3 34 20 

GPN-800 484 2.19 43 21 
HGF-II 497 1.4 70 22 

a-RGO-950 1316 1.06 162 23 
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4.3.2. Characteristics of 3D composite monoliths 

Chapter 2 has shown that the neat rGO structures are not stable and lost mass in cyclic 

operations, which was resolved by addition of functionalized polymer particles (20 wt%) into the 

structures. In order to study how the addition of functionalized polymer particles affects the 

textural properties and adsorption characteristics when the pre-treatment step was avoided, 

herein a portfolio of 3D graphene-polymer composites were synthesized without the 80 °C pre-

treatment, using NaSS-functionalized MMA and AMPS-functionalized MMA polymer particles. 

Furthermore, two different amount of polymer particles were used, 10 wt% and 40 wt% based 

on GO quantity, and the monoliths were produced at three different reduction temperatures (45, 

60, and 90 °C) at constant amount of reducing agent (GO:AsA mass ratio 1:1). Table 4.4 presents 

the characteristics of the 3D rGO-polymer composite monoliths, which were compared with these 

of the counterpart monoliths synthesized at 45 °C and 90 °C from the pre-treated GO, reported 

in Chapter 3. In the nomenclature of the composite monoliths, the first number refers to the 

reduction temperature, followed by the functional monomer used, and finished with the polymer 

fraction.  
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Table 4.4. Amount of the residual oxygen-containing functional groups and textural properties of 3D rGO-

polymer monolithic structures synthesized by avoiding the pre-treatment of GO dispersion at 80 ºC prior to 

reduction. In brackets, the results of the previously reported 3D rGO-polymer structures synthesized by 

using the pre-treatment step are also presented (Chapter 3). 

Materiala % O-
functionality 

SBET            
(m2/g) 

Vtotal                    
(cm3/g) 

Vmicro                    
(cm3/g) % Micro 

45_NaSS_10 24 (12.8) 147 (185) 0.151 (0.184) 0.026 (0.035) 17.1(18.8) 

45_NaSS_40 19 (10.7) 98 (143) 0.150 (0.176) 0.011 (0.019) 7.1 (10.9) 

45_AMPS_10 24 (12.9) 80 (170) 0.114 (0.170) 0.013 (0.032) 11.8(19.1) 

45_AMPS_40 16 (10.6) 112 (118) 0.108 (0.152) 0.021 (0.016) 19.6(10.5) 

60_NaSS_10 11 157 0.247 0.012 4.9 

60_NaSS_40 11 131 0.223 0.008 3.7 

60_AMPS_10 16 158 0.214 0.017 8.1 

60_AMPS_40 9 127 0.213 0.009 4.3 

90_NaSS_10 2 (3.6) 246 (199) 0.426 (0.337) 0.012 (0.016) 2.9 (4.9) 

90_NaSS_40 5 (3.2) 181 (177) 0.324 (0.313) 0.012 (0.011) 3.6 (3.6) 

90_AMPS_10 6 (3.8) 210 (207) 0.360 (0.348) 0.014 (0.016) 3.9 (4.6) 

90_AMPS_40 4 (3.1) 162 (117) 0.282 (0.206) 0.011 (0.001) 4.0 (0.6) 
aNomenclature of the  samples: reduction T_type of F.M. (NaSS or AMPS) copolymerized with 
MMA_weight % of the polymer (10 or 40)  
 

According to the TGA thermographs shown in Figure 4.8, the composites present similar 

thermal degradation behaviour as the blanks, except one additional degradation step at about 

300-400 °C assigned to the degradation of the polymers. This step is obviously higher for the 

composites containing 40 % polymer than these with 10 %.  
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Figure 4.8. TGA thermographs of blanks and composites samples. 

The fraction of oxygen functionalities calculated from the TGA degradation curves, shown 

in Table 4.4, is lower in the monoliths obtained at higher reduction temperatures. Compared to 

the values of Chapter 3 of these composites produced following the procedure that include the 

pre-treatment of GO dispersion (shown in brackets in Table 4.4), avoiding this step ensures much 

higher fraction of oxygen functionalities incorporated onto the graphenic surface of the monoliths, 

although the difference is smaller at higher reduction temperature (90 ºC).   

The N2 adsorption-desorption isotherms of the composite monoliths are shown in Figure 

4.9. The textural properties of the composite monoliths are presented in Table 4.4.  
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Figure 4.9. N2 adsorption-desorption isotherms for composites synthesized at 45 °C (A), at 60 °C (B), and 

90 °C (C). 

BET surface area was importantly affected by the reduction temperature, giving rise to 

more compact and simultaneously more porous composites when produced at higher 

temperature due to higher total pore volume. For example, the BET surface area increased from 

147 m2/g in the monolith 45_NaSS_10, to 157 m2/g in 60_NaSS_10, and to 246 m2/g in 

90_NaSS_10, which trend was followed by all other monoliths. Monoliths synthesized at higher 

reduction temperatures are more densely pack composed of a higher number of  smaller pores, 

the volume of which increases with temperature from around 0.1 cm3/g in composites 

synthesized at 45 °C, to 0.2 cm3/g at 60 °C, and up to 0.4 cm3/g at 90 °C. In terms of volume of 

micropores and their contribution to the overall porous structure (% Micro), monoliths 

synthesized at 45 °C had lower volume of micropores, without much difference between 

composites synthesized at 60 °C or 90 °C.  

The BET surface area, in most of the cases, decreases with the addition of particles in 

the structure compared to the blank materials (Table 4.1). In the synthesis procedure, polymer 
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particles were attached to the GO layers, and therefore, the hydrophobicity and the mobility of 

the layers changed, and consequently the self-assembly process is affected, giving place to a 

lower total volume of pores. According to Chapter 3, the addition of polymer particles in most of 

the cases increases the contribution of micropores (% Micro) to the overall porous structure, as 

polymer particles act like spacers between the aggregated rGO layers avoiding their total 

stacking. This effect was far weaker when the pre-treatment step was skipped (Table 4.4). Likely, 

less initial aggregation of the GO platelets prior to the polymer addition and reduction process 

produced fewer micropores. 

The CO2 and N2 adsorption-desorption curves measured at 25 °C and 1 atm are 

presented in Figure 4.10-4.12, whereas the capturing performances of the monoliths are 

presented in Table 4.5 and in Figure 4.13, where it is compared with the adsorption performance 

reported previously for monoliths produced with the pre-treatment in Chapter 3 (composite 

monoliths prepared at 45 ºC and 90 ºC). 

 

 

 

 

 

 

 



Chapter 4        

156 

 

Figure 4.10. CO2 adsorption-desorption and N2 adsorption isotherms for composites synthesized at 45 °C.  

 

Figure 4.11. CO2 adsorption-desorption and N2 adsorption isotherms for composites synthesized at 60 °C. 
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Figure 4.12. CO2 adsorption-desorption and N2 adsorption isotherms for composites synthesized at 90 °C. 
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Table 4.5. CO2 and N2 adsorption capacities and selectivity values for 3D rGO composites. In brackets, the 

results of the previously reported 3D rGO-polymer structures synthesized by using the pre-treatment step 

are also presented (Chapter 3). 

Materiala CO2 adsorption       
(mmol/g) 

N2 adsorption         
(mmol/g) Selectivity 

45_NaSS_10 0.84 (0.67) 0.044 (0.076) 119 (51) 

45_NaSS_40 0.59 (0.49) 0.032 (0.056) 113 (52) 

45_AMPS_10 1.73 (0.67) 0.059 (0.072) 156 (53) 

45_AMPS_40 0.68 (0.58) 0.038 (0.064) 108 (53) 

60_NaSS_10 0.5 0.060 51 

60_NaSS_40 0.43 0.063 42 

60_AMPS_10 0.59 0.068 50 

60_AMPS_40 0.49 0.065 52 

90_NaSS_10 1.21 (0.63) 0.011 (0.069) 621 (49) 

90_NaSS_40 0.52 (0.28) 0.006 (0.031) 471 (48) 

90_AMPS_10 0.52 (0.28) 0.006 (0.033) 527 (45) 

90_AMPS_40 0.42 (0.35) 0.005 (0.038) 496 (44) 
aNomenclature of 
the samples:    
Reduction Tª _Type of F.M. (NaSS or AMPS) copolymerized with MMA_Weight % of the 
polymer (10 or 40) 
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Figure 4.13. Comparison of CO2 and N2 adsorption, and CO2/N2 selectivity of composite monoliths 

produced at 45 °C (A and B) and 90 °C (C and D) with and without pre-treatment. The 80 number in the 

formulation corresponds to monoliths synthesized with the pre-treatment step (Chapter 3). 

In general, the addition of functionalized polymer particles did not improve the adsorption 

capacities compare to the blank materials, except in few cases for 45_AMPS_10 and 

90_NaSS_10, for which higher CO2 adsorption of 1.73 and 1.21 mmol/g, respectively, were 

achieved (Table 4.5). N2 adsorption decreased with polymer addition and decreased significantly 

in the monoliths obtained at high reduction temperature (90 °C). Avoiding the pre-treatment step 
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results in more homogeneous characteristics with less difference between the different materials’ 

performance. 

The CO2/N2 selectivity was calculated using IAST method, as already explained, and the 

results are also presented in Table 4.5 and Figure 4.13. The fitting curves for CO2 and N2 and 

the parameters on the Freundlich isotherm are presented in Section II.3 of Appendix II. 

Therefore, the addition of functionalized polymer particles in most of the monoliths did not 

influenced significantly the CO2 adsorption (with exception of 45_AMPS_10 and 90_NaSS_10), 

but did affected the CO2/N2 selectivity in the composites synthesized at 45 °C and 90 °C. 

Regarding to the polymer quantity, the addition of 10 % polymer presented better textural and 

adsorption properties in terms of CO2 uptake and higher selectivity than monoliths with 40 % 

polymer fraction. According to Figure 4.13, the monoliths produced without pre-treatment present 

increased CO2 adsorption than in the pre-treated monoliths, which probably is a consequence of 

increased fraction of oxygen residual functionalities, which are distributed over lower surface 

areas, resulting in denser functionalization. On the other hand, the N2 adsorption decreased for 

all non-pre-treated monoliths. These effects are higher for monoliths produced at higher 

temperatures, resulting in significant increasing of the CO2/N2 selectivity to extraordinary values 

in a range of 471 to 621. The monoliths with the 40 % polymer, when they are compared with 

monoliths with the 10 %, generally present lower N2 adsorptions, nevertheless, the CO2 

adsorption is also much lower, thus, the selectivity slightly dropped, too. The monoliths produced 

at 60 ºC did not follow the observed trends and the CO2 and N2 adsorption and selectivity were 

not affected importantly by the production process (Figure 4.14). 
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Figure 4.14. Adsorption performance of composites synthesized at 60 °C, without available comparison 

with pre-treated materials. 

The highest selectivity value of 621 under the conditions studied was achieved by 

90_NaSS_10, for which BET surface area was increased by avoiding the pre-treatment, whereas 

the oxygen functionality fraction was lower. Besides that, the CO2 adsorption was duplicated 

from 0.63 to 1.21 mmol/g, and N2 adsorption dropped from 0.069 to 0.011 mmol/g, turning the 

material into greatly N2-phobic by avoiding of the pre-treatment step. Apparently, the interplay 

between both adsorption characteristics contributes to the best selectivity achieved, rising from 

49 with the pre-treatment to 621 when it was avoided. The selectivity was thirteen fold increased 

and is far higher than any reported value for C-based porous adsorbents, and between the 

highest reported (Table 4.3). Taking into account that the behaviour of this monolith was opposite 

than previously observed, it is clear that there are additional characteristics that affect this 

behaviour, which we will try to explain latter.   
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4.3.3. Understanding of selectivity 

All the monoliths produced at 90 ºC without the pre-treatment presented more than one 

order of magnitude improved selectivity. Comparison of the characteristics of these monoliths, 

presented in Table 4.4, did not show important differences in the characteristics that might 

indicate the reason behind such a jump of the CO2/N2 selectivity. In order to shed a bit of light of 

this issue we have tried to obtain more detailed characterization of the surface of the monoliths. 

According to the literature, well-defined small mesopores, more or less between 3-7 nm, disrupt 

and reduce N2 adsorption.15,16 In Figure 4.15 and Figure 4.16 the pore size distributions of the 

blank and composite monoliths, respectively, are presented where it can be observed that there 

is no well-defined small mesopores in that size region that could justify the observed differences. 

Furthermore, the pore size distributions of the composites synthesized with the pre-treatment 

step, Figure 3.4 in Chapter 3, and without the pre-treatment (Figure 4.16) do not show any 

significant differences.  

 

Figure 4.15. Pore size distributions of the blank materials synthesized at 45 °C (A), 60 °C (B), and 90 °C 

(C). 
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Figure 4.16. Pore size distributions of the composite materials synthesized at different temperatures for 

NaSS_10 (A), NaSS_40 (B), AMPS_10 (C), and AMPS_40 (D) without pre-treatment step. 

In order to go further in the N2 adsorption understanding, the surface chemistry of the 

monoliths focused on blank materials was profoundly studied, using XPS. Namely, by TGA the 

whole oxidized quantity was determined, and probably some of the functional groups might be 

buried within the structures, in which case they would not contribute to the adsorption process. 

In Figure 4.17, the survey scan spectra of all samples are presented, in which mostly the 

presence of carbon and oxygen are identified. 
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Figure 4.17. XPS survey spectra of 45_Blank_80, 45_Blank, 60_Blank_80, 60_Blank, 90_Blank_80, and 

90_Blank materials. 

Figure 4.18 shows the high-resolution XPS spectra of C 1s region for different monoliths, 

in which the de-convoluted peaks are assigned to the chemical moieties according to the binding 

energy of the peaks. It is clear that all the monoliths made of neat rGO present the same peaks 

at 284.6 eV, 287.0 eV, and 288.6 eV, which binding energies correspond to C-C, C-O, and C=O 

or O-C=O. Even though their fraction is affected by the reduction temperature and by the 

procedure of synthesis (with or without pre-treatment step), the differences are rather negligible, 

as shown in Table 4.6.  
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Figure 4.18. High-resolution C 1s XPS spectra of (A) 45_Blank_80, (B) 45_Blank, (C) 60_Blank_80, (D) 

60_Blank, (E) 90_Blank_80, and (F) 90_Blank. 

Table 4.6 presents the exact position of the peaks and the corresponding binding 

energies, as well as the assignment of the peaks and relative fraction of each of the functional 

groups within the respective monoliths. The trace quantities of N and Si observed in the samples 

are not shown in Table 4.6. The concentrations of both C and O show that in all cases the 

monoliths produced by avoiding the pre-treatment have more oxidized surfaces, thus, they are 

richer in oxygen functional groups. Moreover, the XPS spectra shows that there is π-π 
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interactions established between the individual graphene sheets, the quantity of which increased 

in the structures produced at higher temperatures. 

Table 4.6. XPS data for 45_Blank_80, 45_Blank, 60_Blank_80, 60_Blank, 90_Blank_80, and 90_Blank. 

Sample Cycle Groups  Biding energy (eV) Conc. % Conc. % 

45_Blank_80 

C 

C-C, C-H 284.6 39.9 

74.0 
C-O 287.0 25.5 

C=O, O-C=O 288.6 5.7 
π-π* sat. 290.8 2.5 
π-π* sat. 293.9 0.3 

O 
O-C=O, C=O 531.2 3.2 

23.5 C-OH 532.8 19.3 
C-O-C 535.0 0.9 

45_Blank 

C 

C-C, C-H 284.6 39.1 

74.6 
C-O 286.9 24.1 

C=O, O-C=O 288.4 7.6 
π-π* sat. 290.8 3.1 
π-π* sat. 293.8 0.7 

O 
O-C=O, C=O 531.2 2.1 

24.7 C-OH 532.9 21.7 
C-O-C 535.1 0.9 

60_Blank_80 

C 

C-C, C-H 284.6 44.9 

80.4 
C-O 286.7 21.7 

C=O, O-C=O 288.7 6.3 
π-π* sat. 290.9 6.0 
π-π* sat. 294.0 1.6 

O 
O-C=O, C=O 531.2 2.5 

17.9 C-OH 532.8 14.5 
C-O-C 535.6 0.9 

60_Blank C C-C, C-H 284.6 47.3 83.1 
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C-O 286.7 20.4 
C=O, O-C=O 288.6 7.1 

π-π* sat. 290.9 6.4 
π-π* sat. 293.9 1.9 

O 
O-C=O, C=O 531.3 3.3 

15.2 C-OH 532.9 11.0 
C-O-C 535.3 0.9 

90_Blank_80 

C 

C-C, C-H 284.6 50.1 

87.3 
C-O 286.1 18.7 

C=O, O-C=O 288.4 9.1 
π-π* sat. 291.1 7.6 
π-π* sat. 294.1 1.7 

O 
O-C=O, C=O 531.5 3.9 

11.7 C-OH 533.2 6.8 
C-O-C 535.6 1.0 

90_Blank 

C 

C-C, C-H 284.6 44.2 

82.6 
C-O 286.2 20.4 

C=O, O-C=O 288.3 9.1 
π-π* sat. 290.8 7.1 
π-π* sat. 293.9 1.7 

O 
O-C=O, C=O 531.4 4.8 

15.8 C-OH 533.1 9.7 
C-O-C 535.4 1.4 

The concentration of C and O in the monoliths presented in Table 4.6 demonstrates that 

certainly the reduction temperature affects in the oxygen-containing moieties, as already 

observed by TGA measurements. By increasing the reduction temperature from 45 °C to 90 °C, 

the quantity of residual functional groups in the monoliths decreases, i.e., there is greater 

recuperation of the sp2 hybridized carbons in monoliths synthesized at higher temperatures. The 

pre-treated GO resulted in less functionalization than the monoliths produced from non-pre-
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treated GO, except the monoliths synthesized at 60 ºC for which the effect is just opposite. Except 

that the surface was more oxidized, there was no significant variation of the relative quantities of 

different oxygen functional groups that might contribute to the increased N2-phobicity observed 

in the monoliths produced without pre-treatment. 

Beside the functionalized surface, the interaction with CO2 and N2 molecules can be 

eventually be affected by the surface morphology. To obtain more details on the surface 

morphology of the monoliths, or with other word, to check how the pre-treatment affects the GO 

morphology, AFM was used to survey the surface. For that aim, the couple of monoliths obtained 

either with or without pre-treatment that presented the highest difference in CO2/N2 selectivity, 

90_Blank_80 and 90_Blank were selected for analysis. The AFM height images of both are 

shown in Figure 4.19.  

 

Figure 4.19. AFM images for pre-treated 90_Blank_80 (A) and non-treated 90_Blank (B) 3D structures. 
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Indeed, Figure 4.19 shows that there is important difference in the surface morphology of 

the pre-treated (Figure 4.19A) and non-treated (Figure 4.19B), as the former seems to be much 

less rough (according to the nm scale along the image). Moreover, it possesses higher number 

of smaller pores (the darker structures) than the monolith obtained without pre-treatment, shown 

in Figure 4.19B, in accordance to the results presented in Table 4.1. These images are neither 

conclusive why the non-treated monoliths are more selective. Taking into account that actually 

the rGO walls that create the porous structure of the monoliths provide the area for interactions 

with the gasses, it was thought that the roughness of the walls can affect the preference for the 

gas to be adsorbed. Nevertheless, the images shown in Figure 4.19 are not clear enough to 

measure the surface roughness. As well, the presence of pores may affect the results.   

Furthermore, it was decided to study how the pre-treatment process at 80 ºC affects the 

morphology of the rGO platelets, that afterwards formed the structure. For that aim, GO 

dispersions original and pre-treated were chemically reduced at room temperature. Increasing 

temperature was avoided, as it will produced the monolith structure formation. In Figures 4.20A-

D, AFM images of rGO layers are presented at different magnifications. The main difference 

between the pre-treated and not-treated is that the last have brighter surface, indicating stiffer 

material. The stiffness is likely induced by the oxygen functional groups, which are denser on the 

non-treated material.  
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Figure 4.20. AFM images for pre-treated rGO (A and B) and non-treated rGO (C and D). The surface 

roughness profile is plotted in Figure E, obtained throughout the white line from enlarged images B and D. 
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Figure 4.20E presents the roughness profiles for both pre-treated and non-pre-treated 

platelets. The surface roughness profile of both type of platelets was determined along the white 

lines shown in Figure 4.20B and D. As in the Figure 4.20E can be observed, the non-treated rGO 

(red profile line in Figure 4.20E) is much more wrinkled than the pre-treated rGO, which 

presented flatter surface. As this analysis is rather random, we have performed it in multiple 

images and in each image in multiple points, obtaining always the same output, the non-treated 

platelets are rougher than the treated ones. In Figures 4.21 to 4.23, some of these images are 

show, presenting the same observed tendency. 
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Figure 4.21. AFM images for pre-treated GO (A .1 and B.1) and non-treated rGO (C.1 and D.1). The 

surface roughness profile is plotted in Figure E, obtained throughout the white line from enlarged images 

B.1 and D.1. 
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Figure 4.22. AFM images for pre-treated GO (A .2 and B.2) and non-treated rGO (C.2 and D.2). The 

surface roughness profile is plotted in Figure E, obtained throughout the white line from enlarged images 

B.2 and D.2. 
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Figure 4.23. AFM images for pre-treated GO (A .3 and B.3) and non-treated rGO (C.3 and D.3). The 

surface roughness profile is plotted in Figure E, obtained throughout the white line from enlarged images 

B.3 and D.3. 
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These results are in accordance with previously reported findings that increase in surface 

roughness of large graphene and GO platelets is related with increased oxidation.24 Moreover, 

the wrinkled graphene structures obtained by surface treatment of graphene using KOH, has 

been associated with increased adsorption sites for hydrophobic pollutants adsorption.25 Similar 

treatments with strong acids or bases of the graphene have been used often to chemically 

activate the graphene sheets, often followed by thermal activation at high temperatures that 

usually managed to improve the CO2 capture.26,27 Nevertheless, to the best of authors 

knowledge, the increasing of the wrinkling and roughness of the platelets (of carbon-based 

nanomaterials in general) has not been related with the applied activation treatment and 

subsequently with the adsorption performance.  

Considering that the N2 adsorption quantities (Figures 4.7 and 4.13) were much higher on 

the pre-treated materials, and that the density of surface oxidation affected rather CO2 adsorption 

than that of N2, one may conclude that the flatter graphenic surface provides better platform for 

N2 adsorption. Likely, rougher and irregular is the surface, as these produced by avoiding the 

pre-treatment, less N2-philic material is produced.  

It has been demonstrated that the wrinkles are intrinsic structuration encountered onto 

graphene platelets, created by the total free energy minimization,28 which has been intensified 

by thermal treatment that induced folding of the platelets.25,29 These outcomes explains well the 

behaviour of the present monoliths. Namely, when produced by chemical reduction performed 

at 90 ºC from non-treated GO, the monoliths are likely even more rough and wrinkled than these 

presented in Figures 4.20-4.23, due to the higher temperature applied, which corresponds to the 

impressive enhancement of CO2/N2 selectivity, observed for all monoliths (neat and composite) 

produced at 90 ºC.  



Chapter 4        

176 

The topic of CO2 adsorption by carbon-based materials has been a standpoint from the 

first signs of climate change, which is mostly based on the understanding of the adsorbate-

adsorbent interactions with the aim to identify the adsorption keys, and synthesized an adsorbent 

that fulfil the requirements to be implemented in CCS. However, CCS post-combustion CO2 

capture requires adsorbents with high selectivity of CO2 over N2, and there is a lack information 

in the reported literature about N2-phobic spot that could not only increases the adsorption 

performance but also decreases the capture cost. Thus, this work opens a new point of view of 

N2-philicity in carbon-based monolithic structures based on the surface roughness of the 

graphene layers.   

4.4. Conclusions 

In this study, porous monolithic CO2 adsorbents were prepared, based on 3D graphene 

and graphene-polymer structures, for potential use in CCS post-combustion technology. The 

monolithic materials were synthesized by combined chemical and thermal reduction of single-

layer GO platelets in aqueous dispersions, performed at 45, 60 and 90 ºC. During this process, 

the rGO and rGO-polymer flakes were self-assembled, building the 3D porous monoliths. The 

main aim of this work was, by manipulation of the synthesis procedure, to rise the CO2/N2 

selectivity, as important parameter that affects significantly the costs of the CCS process. The 

selectivity elevation was projected through increase of the fraction of the oxygen functional 

groups and that of the small mesopores within the rGO-based monoliths. 

Certainly, the modified synthesis procedure induced rise of the fraction of oxygen 

functionalities and increase of the microporosity, resulting in higher CO2 and lower N2 adsorption 

capacities in most of the monoliths. This effect was huge for the monoliths produced at the 
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highest temperature (90 ºC), resulting in rise of CO2/N2 selectivity to values of 470–621, which is 

more than one order of magnitude higher than the monoliths produced without modification of 

the synthesis method. Moreover, the selectivity values achieved in this work are far higher than 

all the reported values for carbon based nanomaterial adsorbents to the best of authors’ 

knowledge. The rise of the CO2 adsorption was attributed to the increase of the functionalization 

while decreasing the BET area, resulting in densely functionalized surface. Nevertheless, the 

experimental results have shown that the observed changes in the characteristics of the 

monoliths produced with the modified synthesis method could not explained the rise of N2-

phobicity. 

The attempts to obtain deeper understanding on the issue have revealed that by modified 

synthesis procedure, the surface morphology of the graphene platelets was impacted, producing 

rougher and more wrinkled surface, which likely induce less N2 adsorption. On the other hand, 

the highly wrinkled and densely functionalized surface of the monoliths likely offered more 

adsorption sites to CO2 molecules, resulting in the outstanding selectivity attained. The 

production temperature affects even more the winking and folding of graphene platelets, which 

explains the excellent results obtained at 90 ºC. 

To the best of the authors’ knowledge, this is the first study that associates the increasing 

of wrinkling and roughness of the platelets (or carbon-based nanomaterials in general) with N2-

phobicity and selectivity of CO2 adsorbents. It offers new viewpoints for improvement of the 

selectivity of C-based nanomaterials adsorbents for application in post-combustion CCS. 
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Chapter 5. Tailoring of textural properties of 
3D composite monoliths made of graphene and 
highly crosslinked polymer particles towards 
improved CO2 sorption 

5.1. Introduction 

Chapter 3 and Chapter 4 were devoted to the study of the influence of the addition of 

functionalized polymer particles to the 3D graphene skeleton how impacts on the morphology 

and textural properties, and on adsorption performance. Nevertheless, as explained in the 

literature survey in Chapter 1, apart from affinity-based separation, size exclusion or molecular 

sieving mechanism is another alternative to enhance the combination between the adsorbate, 

CO2 gas, and adsorbent, 3D monolith. This mechanism based on the idea that CO2 gas 

molecules with the size larger than the width of the pores of the 3D adsorbent are refused, 

whereas gas molecules with smaller size than the pores are adsorbed making the fractionation 

possible.1 However, the critical limitation of 3D carbon-based adsorbents is the appropriate 

control over the pore size and pore size distribution, especially in the micropore and small 

mesopores size regions, which may be dominant for CO2 adsorption.2 

As a consequence, the interest in porous organic polymers (POPs) as alternative CO2 

adsorbents, is growing rapidly, due to their proper control of pore width and permanent porosity 

that make them promising materials for adsorption performance by molecular sieve effect.3 

Mostly, the permanent porosity proceed from wide chemical crosslinks between polymer chains 
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that prevent their complete collapsing, achieving a porous state.4 To date, a range of different 

POPs has emerged, such as polymers of intrinsic microporosity, covalent triazine frameworks, 

and hypercrosslinked porous polymers.5,6 For example, hypercrosslinked porous polymers are 

mainly prepared via Friedel-Crafts alkylation routes, result in surface areas up to 2090 m2/g.7 

Nevertheless, one of the disadvantages of microporous organic polymers is the diffusion 

limitation of the adsorbing gas due to the small pores. The diffusion will be very slow when the 

pore size is similar to the kinetic diameter of the CO2 molecule.8 Besides, in most of the cases, 

the synthetic approaches are environmentally unfriendly as high temperature are required, noble-

metal catalysts, and the use of organic solvents.9 

In this chapter, in order to take advantages and to overcome the drawbacks of both 3D 

graphene-based structures and crosslinked polymers, hybrid structures made of 3D graphene-

crosslinked polymer were synthesized. Due to the consistent mesoporous textural properties and 

high surface area, functionalized surface rich in oxygen functional groups, and relatively high 

CO2 adsorption, the 3D graphene-based monolithic materials provide an excellent 3D adsorption 

platform. On the other hand, crosslinked polymers will increase further the available surface area 

by providing micro- and mesoporosity induced by stable covalent crosslinked structure. 

Moreover, to avoid high-energy consuming processes and the use of volatile organic compounds 

in the synthesis of crosslinked polymers, polymerization in aqueous dispersed media was 

employed.  
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5.2. Experimental part 

5.2.1. Materials 

Graphene oxide aqueous dispersion (GO) of 4 mg/mL was used as supplied from 

Graphenea. L-Ascorbic acid (AsA, ≥99%, Sigma-Aldrich) was used as chemical reducer. 

Technical monomers methyl methacrylate (MMA, Quimidroga), and divinylbenezene (DVB, 80 

% mixture of isomers, Alfa Aesar) were used without purification. Potassium persulfate (KPS, 

≥99 %, Sigma-Aldrich), sodium dodecyl sulfate (SDS, Sigma-Aldrich), and sodium bicarbonate 

(NaHCO3, Sigma-Aldrich) were used as received. In all polymerization reactions, deionized water 

was used.  

5.2.2. Synthesis of crosslinked polymer particles 

Different degree of crosslinked MMA polymer particles were synthesized by seeded 

semibatch emulsion polymerization process. DVB monomer was used as a crosslinker (0.2 

mol%, 2 mol% and 4 mol% with respect to MMA). The reactions were carried out in glass reactor 

equipped with a nitrogen inlet, a reflux condenser, a thermocouple, a sampling tube, and a 

stainless steel anchor-type stirrer. The reaction temperature was managed by an automatic 

control system (Camille TG, Biotage).  

The recipe used for the synthesis of the latexes is shown in Table 5.1 (for 0.2 mol% DVB). 

First, a seed with 20 % solid content of MMA was synthesized by batch emulsion polymerization. 

A pre-emulsion was prepared by mixing MMA into aqueous solution of surfactant (SDS) and 

buffer (NaHCO3), and loaded in the reactor, followed by addition of water soluble initiator (KPS). 

The reaction mixture was let to react for 2 h. Afterwards, the monomer mixture (MMA and DVB), 

emulsifier (SDS), buffer (NaHCO3), and initiator (KPS) aqueous solution were fed for 3 h in two 
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independent streams (F1 and F2, see Table 5.1). At the end of the feeding, the reaction mixture 

was allowed to react for 30 min batchwise to ensure complete monomer consumption. The 

reactions were carried out under N2 atmosphere at 70 °C and under stirring with 200 rpm. With 

this procedure, latexes with final solids content of 30 % were prepared.  

Table 5.1. Formulation employed for the synthesis of the Blank and 0.2 mol% DVB containing latexes. 

Material   Seed 
(g) 

MMA 
(g) 

DVB 
(g) 

SDS 
(g) 

KPS 
(g) 

NaHCO3 
(g) 

H2O 
(g) 

Seed   - 80 - 1.6 0.4 0.4 320 

Blank MMA 
Inital charge 20.8 - - 0.085 0.078 - 32.1 

F1 - 117 - 1.43 - 0.65 205 

F2 - - - - 0.275 - 11.6 

0.2% MMA-
DVB 

Inital charge 20.8 - - 0.085 0.078 - 32.1 

F1 - 117 0.32 1.43 - 0.65 205 

F2 - - - - 0.275 - 11.6 

 

5.2.3. Synthesis of 3D rGO/polymer hybrid structures 

The synthesis of the 3D rGO/polymer hybrid structures was based on the previously 

explained method.  First, 40 mL of GO aqueous dispersion was sonicated at 25 °C for 1 h. Then, 

the dispersion was stirred for 2.5 h at 80 °C. Pre-treated GO aqueous dispersion was mixed with 

the proper amount of latex for 2 h at room temperature to obtain polymer content of 10 % and 40 

% in the hybrid structures. Subsequently, AsA reducing agent was added (GO:AsA mass ratio 

1:0.5) and stirred for 0.5 h. The sample was then placed in the oven at 90 °C overnight, which 

resulted in formation of monolithic structures in which all the solids placed in the initial dispersion 

(polymer and rGO) were incorporated. The monolithic hydrogels were purified by a dialysis using 
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deionized water. The conductivity of the residual water was by measuring water conductivity until 

value was lower than 10 μS/cm. Finally, the hydrogel was dried by freeze-drying technique.  

5.2.4. Characterization 

In terms of polymer characterization, conversion of the monomer and solids content were 

calculated gravimetrically. The z-average particle size (dz) of the polymer particle was measured 

by dynamic light scattering (DLS). The gel content (GC %) of the polymer was measured by 

means of latex centrifugation in THF for 24 h at 4 °C and 15000 rpm conditions. The molar 

masses of the soluble fractions obtained by centrifugation were measured using size exclusion 

chromatography (SEC) in THF. On the other hand, crosslinking degree or crosslinking density of 

the polymer particles were related to the capacity of particles swelling in toluene (gtoluene / gpolymer). 

The strategy to analyse the swell capacity of the particles was the same described by Morton et 

al,10 and by gas chromatograph (GC) the amount of toluene swollen by polymer particles was 

calculated. The detailed description of the latex characterization methods is given in Section I.1 

of Appendix I. 

On the other hand, regarding the characterization of the 3D structures, thermogravimetric 

analysis (TGA) were performed to estimate the amount of residual oxygen-containing functional 

groups and to study the thermal stability of the 3D monolithic composites. The surface 

morphology of the structures was examined using a SEM and TEM techniques. The porous 

texture of the monoliths was characterized by means of N2 adsorption-desorption isotherm at -

196 °C in a Micromeritics ASAP 2020 apparatus. Detailed information of these characterization 

methods is given in Section I.2 of Appendix I. 
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The materials´ CO2 and N2 gas adsorption capacities were measured from their 

isotherms, measured using a Micromeritics ASAP 20220 Analyzer (i.e. volumetrically) at 1 atm 

and 25 °C. Detailed information of these gas adsorption measurement is given in Section I.3 of 

Appendix I. 

5.3. Results and discussion 

5.3.1. Characteristics of polymer particles 

Four different polymer particle dispersions were synthesized with an aim of studying the 

influence of the crosslinking degree over the BET surface area on CO2 capture capacity of the 

final hybrid monoliths. MMA was copolimerized by free radical emulsion polymerization 

technique with different molar fraction of DVB crosslinker: 0 mol% (denoted as Blank MMA), 0.2 

mol% (0.2 % DVB-MMA), 2 mol% (2 % DVB-MMA), and 4 mol% (4 % DVB-MMA). The final MMA 

conversion, particle size, fraction of polymer insoluble in THF solvent (gel content, GC %), molar 

mass of the soluble polymer fraction, and the particles swelling in toluene of the different 

polymers are shown in Table 5.2.  

Table 5.2. Characteristics of the polymers. 

Material 
MMA 

conversion 
% 

z-average 
particle 

size (nm)  
GC % sol Mw      

(kg/mol) Đ Particles 
swelling 

Blank MMA 97.2 181 0 438 2.5 0.14 

0.2 % DVB-MMA 99.4 198 76 239 2.8 0.12 

2 % DVB-MMA 98.1 204 88 59 1.7 0.086 

4 % DVB-MMA 97.5 169 85 2 1.1 0.067 
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In Table 5.2, it can be seen that high MMA conversion was obtained in all cases, resulting 

in polymer particle aqueous dispersion (latex) with average particle size in a range of 170-200 

nm. There was no gel formed in case of neat MMA polymerization (Blank MMA), because of a 

lack of extractable hydrogens in MMA units, but as well because the disproportionation is 

predominant termination mechanism of MMA growing chains.11 By addition of DVB even in such 

small quantity as 0.2 mol%, 76 % of the polymer was insoluble likely due to crosslinking of the 

MMA chains induced by DVB. Moreover, by increasing the DVB fraction the gel content was 

raised up to almost 90 % in 2% DVB-MMA and 4% DVB-MMA polymers. The molar masses of 

the soluble part decreased by the increasing gel fraction due to incorporation of higher molar 

mass chains into the gel. The swelling degree shows that by introducing DVB the polymer 

swelled less solvent, probably because the created crosslinks between the polymer chains 

decreased their mobility and created a structure that is more compact. Further drop of the 

swelling degree with the increasing DVB fraction in the polymer is an indication of increased 

density of the crosslinked points. This fact perfectly explain that,  2% and 4% DVB-MMA latexes 

have similar gel content, although there is a drop in the swelling degree, which indicates that the 

crosslinking degree was raised for higher amounts of DVB and that the distance between the 

crosslink points is lesser in 4% DVB-MMA. 

In Figure 5.1, the N2 adsorption-desorption isotherms are presented, and in Figure 5.2, 

the pore size distributions are showed for each polymer particle, where the left graphs 

correspond to dV/dD curve, in which the contribution of smaller pores are pronounced, while the 

right graphs correspond to dV/dlogD representing the contribution of larger pores.12 In Table 5.3, 

the textural properties (BET specific surface area, SBET (m2/g), total volume of the pores (Vtotal, 

cm3/g), area of the micropores (Amicro, cm2/g), and volume of the micropores (Vmicro, cm3/g)), and 

CO2 adsorption (mmol/g) of the crosslinked freeze-dried polymer particles are presented. 
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Figure 5.1. N2 adsorption-desorption isotherms for each polymer particle. 

 

Figure 5.2. Pore size distributions for each polymer particle. 
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Table 5.3. Textural properties determined from N2 adsorption-desorption isotherms at -196 ºC and 

CO2 adsorption capacities of the polymer particles at 25 ºC and 1 atm. 

Material SBET             
(m2/g) 

Vtotal                              
(cm3/g) 

Amicro                                
(cm2/g) 

Vmicro                 
(cm3/g) 

CO2 adsorption 
(mmol/g) 

Blank MMA 34 0.358 < 0.001 < 0.001 0.3 

0.2% DVB–MMA 41 0.442 0.860 0.001 0.31 

2% DVB-MMA 33 0.405 3.264 0.001 0.31 

4% DVB-MMA 42 0.394 5.793 0.002 0.32 

MMA was copolymerized with DVB to control the textural properties in terms of 

microporosity of the polymers particles that could improve the adsorption performance of the 

resulting monolithic materials. Table 5.3 shows that Blank MMA with 0 % addition of DVB did not 

present microporosity, due to the more compact packing of the disordered and entanglements 

of the macromolecular chains. Instead, polymer particles containing DVB present higher surface 

areas, amount of the total volume of the pores, area of micropores and volume of micropores 

due to the developed pore structure. The pores are developed due to decreased mobility and 

packing of the crosslinked chains. By increasing the DVB content, the crosslinked density 

increased too, as shown by the swelling degree (Table 5.2), due to lower chain length between 

two crosslinked points, resulting in smaller pores and consequently more developed 

microporosity, as it is shown in Table 5.3. However, if the volume of micropores is compared with 

the total pore volume, it might be seen that it is negligible, which is rather strange if one take into 

account that the polymers containing DVB are more than 80 % crosslinked. Likely, the 

mesoporous fraction was also increased with the crosslinking density, resulting in similar 

contribution of the micropores to the porous structure. 



Chapter 5        

194 

To obtain deeper insight to this issue, pore size distributions, presented in Figure 5.2 were 

studied. Figure 5.2 shows that the fraction of micropores and small mesopores ranging between 

1.5–5 nm is similar in all the materials, however the crosslinking introduced by addition of DVB 

contributed to the augment of the fraction of pores with average diameter at 2 nm, especially for 

0.2 and 4 % DVB. The fractions of larger mesopores (20-50 nm) and macropores (50-100 nm) 

are more significantly different. By increasing the DVB content and crosslinking degree in the 

polymers, this fraction is larger and is shifted towards smaller size pores, likely due to decreasing 

the distance between the crosslinked points. Taking into account that MMA free radical emulsion 

polymerization is characterized by production of large molar masses,13 which according to Table 

5.2 are about 400.000 Da (for Blank MMA), apparently the fraction of meso- and macro pores 

were significantly raised. 

The CO2 adsorption by these polymer particles is in the range of similar materials.14 The 

textural properties did not affected the adsorption capacity significantly, even though slight 

increase with enhancing the porosity was observed. The CO2 adsorption–desorption isotherms 

obtained at 25 ºC and up to 1 bar, presented in Figure 5.3, show linear increase of the adsorbed 

CO2 quantity with pressure and large hysteresis loop. The desorption process is much more 

energy demanding, indicating more stable binding of the CO2 molecules, which need more 

energy to desorb, i.e. the gas is not released to the extent corresponding to the thermodynamic 

equilibrium value. Moreover, the textural properties of the materials may also have contribution 

to this behaviour, on one hand by the capillary condensation process occurring within the micro- 

and mesopores and on the other, the specific shape of these pores. According to the chemistry 

of the polymers, no chemisorption is expected to occur. On the other hand, as the same 

behaviour is observed in the Blank MMA polymer particles, it is clear indication that the MMA 

chemistry is responsible for the possible stronger CO2 binding. It has been demonstrated 
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theoretically that the ether and ester oxygen in main polymer backbone or in the pending 

functionalities introduced strong CO2-philicity through specific binding that are sufficiently large 

to be important even at room temperature.15 Bonded in such way, CO2 molecules would need 

higher energy for desorption than the purely physisorbed CO2 molecules by van der Walls 

interactions, which can explain the large hysteresis observed in CO2 adsorption-desorption 

isotherms in Figure 5.3. 

 

Figure 5.3. CO2 adsorption-desorption isotherms at 25 °C and 1 atm for each polymer. 
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5.3.2. Characteristics of 3D monolith structures 

To produce the hybrid monoliths, GO aqueous dispersion was mixed with appropriate 

amount of polymer particles dispersions (10 % and 40 % polymer fraction based on the neat GO 

weight), during which process the polymer particles are adsorbed onto the GO platelets.16 

Afterwards, the chemical reduction eliminates the oxygen-containing functional groups of GO, 

and consequently, the hydrophobic character of the reduced graphene oxide (rGO) results in 

their self-assembly attaining 3D rGO-polymer monolithic structures. For comparison, neat rGO 

structure was produced, too, by reduction of pure GO aqueous dispersion without addition of 

polymer particles. 

Each of these hybrid materials was analyzed by TGA, to study the thermal properties and 

to determine the residual amount of oxygen-containing functional groups. In Figure 5.4, the 

resulting thermographs are shown. 
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Figure 5.4. TGA thermographs of: (A) monoliths with 10 % polymer; and (B) monoliths with 40 % polymer. 

In both graphs neat rGO monolith was added for comparison. 

The first weight loss between 100 °C and 225 °C observed for all the materials, including 

neat rGO, corresponds to the residual oxygen-containing functional groups. The second weight 

loss region, between 300 °C and 400 °C, was attributed to the degradation of the polymer. The 

fraction of the residual oxygen groups for all materials is shown in Table 5.4. On the other hand, 

TGA curves revealed that the addition of polymer particles dropped the thermal stability, which 

effect was fewer in case of crosslinked particles. In fact, the monoliths with a higher crosslinking 

density (2% and 4% DVB-MMA/rGO with addition of both 10 and 40 wt% polymer particles) have 
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a slightly improved thermal stability compared to the hybrid Blank MMA/rGO structures. In both 

cases, the thermal degradation was postponed for about 100 ºC when crosslinked MMA/DVB 

particles were added in the structure in comparison to Blank MMA particles. This enhancement 

at higher amount of DVB may be due to the aromatic nature of the DVB that increases the onset 

temperature of degradation,17 but mostly this effect is due to the crosslinked structure of the 

polymer, which when more compact would need more energy for the degradation.  

The morphological structure of the monoliths was characterized by SEM. In Figure 5.5, 

SEM images of monoliths containing 10 % and 40 % Blank MMA, 10 % and 40 % crosslinked 

MMA polymer particles with 0.2 % DVB, and that of neat rGO are presented, whereas the 

monoliths with higher quantity of DVB are shown in Figure 5.6. The SEM images reveal highly 

porous morphology of all monoliths.  

 

Figure 5.5. SEM images of monoliths containing 10 % and 40 % Blank MMA, 10 % and 40 % crosslinked 

MMA polymers with 0.2 % DVB, and that of neat rGO (the scale bar in all images is 10 μm). 
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Figure 5.6. SEM images of monoliths containing 10 % and 40 % crosslinked MMA polymers with 2 

and 4 % DVB. 

Figures 5.5 and 5.6 clearly show that the addition of polymer in different quantity and with 

different crosslinking density did not affect significantly the final morphological structure. All the 

monoliths present a very similar porous morphological skeleton. Furthermore, TEM analysis 

were performed and the images obtained for neat rGO and 2 % DVB-MMA(10)/rGO are shown 

in Figure 5.7. 
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Figure 5.7. TEM images of neat rGO and 2 % DVB-MMA(10)/rGO materials. Polymer particles are marked 

in red. 

In Figure 5.7, thin rGO layers can be clearly seen in both images, whereas white polymer 

particles marked in red are attached and distributed onto rGO platelets in the 2 % DVB-

MMA(10)/rGO composite. 

To get deeper insights in the textural properties of the monolithic structures, the N2 

adsorption-desorption isotherms were determined and presented in Figures 5.8A and B. 
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Figure 5.8. N2 adsorption-desorption isotherms for neat rGO and composites with the addition of 10 wt% 

polymer particles (A) and 40 wt% polymer particles (B). 

According to Figures 5.8A and B all the isotherms are of type IV, characteristic of 

mesoporous materials.18 The addition of polymer particles either 10 or 40 wt% did not altered 

the type of the isotherms, which is in accordance to the SEM images (Figure 5.5 and Figure 5.6). 

In Figure 5.9A and B, the pore size distributions are shown, where it can be observed 

that, in most of the cases the composites were composed of a higher volume of pores than the 

neat rGO monolith.  
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Figure 5.9. Pore size distributions for neat rGO and composites with the addition of 10 wt% polymer 

particles (A) and 40 wt% polymer particles (B). 

On one hand, the fraction of small mesopores in a range of 2-4 nm, increased by addition 

of 10 % and 40 % Blank MMA, and crosslinked particles, likely due to the spacer effect of the 

particles that prevent the complete rGO platelets stacking, as observed previously in Chapter 3. 

However, in case of 40 % polymer addition, the crosslinked particles induced further 

augmentation of the fraction of small mesopores, as well as of the larger ones and the 

macropores, effect probably induced by the crosslinked structure of particles, observed in the 

pore size distribution in Figure 5.2. 
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In Table 5.4, the fraction of the residual oxygen-containing functional groups determined 

from TGA curves, textural properties and CO2 adsorption capacities are presented for neat rGO 

and the composite monoliths.  

Table 5.4. Fraction of the residual oxygen-containing functional groups. Textural properties of the 3D 

monolithic structures determined from the adsorption desorption isotherms at -196 ºC and CO2 adsorption 

capacities determined at 25 ºC and 1 atm. 

Material % O- 
functionality 

SBET           
(m2/g) 

Vtotal               
(cm3/g) 

Amicro            
(cm2/g) 

Vmicro             
(cm3/g) 

Micro          
(%) 

CO2 
adsorption 
(mmol/g) 

Neat rGO 9.8 169 0.524 4.2 < 0.001 0.2 0.87 

Blank MMA(10)/rGO 9.1 218 0.664 20.8 0.0059 0.9 1.06 

0.2 % DVB-MMA(10)/rGO 9.5 265 0.59 25.2 0.0083 1.4 1.08 

2 % DVB-MMA(10)/rGO 8.2 172 0.453 29.5 0.0093 2.1 0.96 

4 % DVB-MMA(10)/rGO 8.4 236 0.759 31.2 0.0091 1.2 1.17 

Blank MMA(40)/rGO 10.5 155 0.545 25.4 0.0092 1.7 0.67 

0.2 % DVB-MMA(40)/rGO 6.9 214 0.732 23.3 0.0057 0.8 0.84 

2 % DVB-MMA(40)/rGO 4.9 283 0.852 27.1 0.008 0.9 1.38 

4 % DVB-MMA(40)/rGO 4.9 297 1.103 37.4 0.0107 1 1.01 

The fraction of oxygen functionalities within rGO were around 10 % for 10 % polymer 

added, and about 7 % for 40 % with decreasing tendency in case of crosslinked particles. Taking 

into account that in case of 40 % polymer, less graphenic materials is present, even though the 

relative quantity of oxygen functionalities is lower, the functionalization level is similar. 
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The textural properties developed from the N2 adsorption-desorption isotherms are shown 

in Table 5.4. As predicted, higher BET specific surface areas were obtained within composites 

structures compared to the neat rGO, which is oppositely than obtained in all previous studies 

with not-crosslinked polymer particles. This is a consequence of interplay between two effects. 

While polymer particles acted as spacers between individual rGO platelets, preventing their 

complete stacking during self-assembly process and contribute to formation of the microporous 

structure, their crosslinked morphology and internal porous structure contributed to the overall 

porosity of the composites. Considering the total volume of the pores, almost all composite 

monoliths presented higher porosity than the neat rGO structure. As mentioned, this is for first 

time to attain higher porosity by addition of polymer particles to the neat rGO structure, especially 

when 40 % polymer was introduced within the structures, which according to our previous works 

affected negatively the textural properties and capture capacity. As the main difference with the 

previous chapters is the particle crosslinking, the observed effect of increased porosity is clear 

effect of the crosslinked polymer chains within the particles. The fraction of micropores is higher 

for all composites than the neat rGO, nevertheless the effect is fewer in case of 40 % polymer. 

Probably much higher quantity of polymer particles spacers between the rGO platelets resulted 

in formation of less micro- and small mesopores. The particle diameter in a range of 170–200 

nm between individual graphene sheets apparently created larger meso- and macropores.  

In Figure 5.10, the CO2 adsorption-desorption isotherms for 3D monolithic structures 

measured at 25 °C and up to 1 atm are presented. What is curious is that when 10 % crosslinked 

particles are introduced within the structures, the CO2 adsorption-desorption isotherm behaviour 

is similar to that of polymer particles shown in Figure 5.3, indicating that the polymer particles 

within the composite structure have direct contact with CO2 molecules and affect the adsorption. 

Oppositely, when 40 % particles are introduced into the composites, the CO2 adsorption-
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desorption behaviour is similar to that of neat rGO material. Despite much higher presence of 

polymer particles, probably they are included between the platelets that act as a barrier and 

hinder the direct contact between polymer and CO2.  

 



Chapter 5        

206 

 

Figure 5.10. CO2 adsorption-desorption isotherms at 25 °C and 1 atm for 3D monolithic structures. 

CO2 adsorption capacities of the monoliths are presented in Table 5.4 and in Figure 5.11. 

When 10 wt% addition of polymer was used, in all the cases the CO2 adsorption improved with 

respect to the neat rGO monolith, obtaining the highest CO2 adsorption of 1.17 mmol/g, with the 

highest crosslinked polymer particle, 4 % DVB-MMA(10)/rGO. The adsorption seems to be very 

similar, probably due to similar chemistry and textural properties of the composites containing 10 

% polymer and the introduced crosslinking does not have important effect.  
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Figure 5.11. CO2 adsorption capacity and BET surface area of the different 3D monolithic structures. Black 

bars correspond to neat rGO structure, blue bars to monoliths with the 10 % addition of polymer particles, 

and green bars to monoliths with the 40 % addition of polymer particles.   

In contrast, at 40 wt% addition, the CO2 adsorption performance increased with respect 

to neat rGO just in case of higher amounts of DVB, whereas the crosslinking of the particles was 

favorable to CO2 adsorption with respect to Blank MMA(40)/rGO. The 2 % DVB-MMA(40)/rGO 

and 4 % DVB-MMA(40)/rGO structures presented 1.38 and 1.01 mmol/g of CO2 uptake, 

respectively, which is the highest adsorption achieved so far when so much polymer was 

introduced within the composites, according to our previous studies when non-crosslinked 
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particles were used. Likely, the important augmentation of BET surface area from about 155 for 

the Blank MMA(40)/rGO to almost 300 m2/g (the highest achieved in rGO/polymer composite 

monoliths) have the main decisive effect on the observed CO2 uptake rise. It is worth noting that 

the contribution of microporosity to BET is the lowest, which define the 40 % composites as 

highly mesoporous material and as such very favorable for CO2 capture under the studied 

conditions. Moreover, taking into consideration that the quantity of rGO is less than 60 % and 

that there is still decent fraction of oxygen functional groups, the graphene surface that in majority 

has the direct contact with CO2 is actually densely functionalized, which according to our previous 

experience is the most important parameter determining the CO2 adsorption capacity.    

Therefore, the textural properties of the 3D composites can be improved further by 

increasing the contribution of all pore types, from micro, meso- up to macropores by changing 

the amount and type of crosslinked polymer particles. In this way, an excellent control of the 

microstructure of the graphene-based composite materials was achieved, a task that is still 

challenging when we speak about the carbonaceous porous absorbents.2 This meet the 

requirements and widen the application possibilities of these materials for capture of CO2 at 

different conditions and implementation of this technology in different processes. 
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5.4. Conclusions 

The main aim of this work is to improve the control of the textural properties of 3D 

rGO/polymer composite monoliths and to increase their BET surface area towards enhanced 

CO2 adsorption. The approach was based on the synthesis of MMA crosslinked polymer particles 

with different density and to study the effect of the porous structure and the fraction of micro- and 

mesopores and how it affects the CO2 uptake. For that, four different particles were produced by 

emulsion co-polymerization of MMA with different amounts of crosslinker DVB, and they were 

added to the 3D structures at two different amounts (10 wt% and 40 wt%). The monoliths were 

synthesized by a simple mixing of the GO platelets and the polymer particles in aqueous 

dispersion, which after addition of reducing agent and reduction temperature, were self-

assembled into composite monolithic, porous structures.  

The crosslinked polymer particles with a higher DVB amount presented denser 

crosslinking and shorter distance between the crosslinking points, resulting in an increase of the 

BET specific surface area, total volume of the pores, and area and volume of micro- and 

mesopores.  

Beside augmentation of the fraction of micro- and meso-pores in the structures by addition 

of 10 wt% particles, there was no important differences observed in the chemistry (oxygen 

functional groups quantity on rGO) and BET surface area, resulting in rather similar affinity 

towards CO2 of around 1 mmol/g, independently of the microstructure of the polymer particles 

(crosslinked or not).  

Nevertheless, in case of 40 % polymer particles, the textural properties were importantly 

affected, the porosity was increased by augmentation of all pore types, resulting in significant 
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rise of the BET surface area. The rGO surface was more densely functionalized, too, all together 

causing an augmentation of the CO2 uptake.  

Because of the proper control of the microstructure of the polymer particles, the 

characteristics of the 3D graphene-polymer monoliths can be tailored by a simple procedure 

resulting in competitive CO2 adsorption capacities for practical application. The advantages of 

the crosslinked polymer particles synthesized by emulsion polymerization are in their synthetic 

routes, monomer diversity, scalable technology, and potential low cost. 
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Chapter 6. Scale-up the productivity of synthesis 
of 3D graphene-based composite monolithic 
structures and study of high-pressure CO2 
adsorption performance 

6.1. Introduction 

In this chapter, to exploit the outstanding properties studied and discussed during this 

PhD project, 3D graphene-polymer monolithic structures were synthesized at larger, although 

still on laboratory scale, towards a more real application perspective.   

The goal of this scale-up process was to develop larger 3D monoliths applying the same 

synthesis route and to understand how the productivity change impacts the self-assembly 

process, and consequently, the final products´ properties and adsorption performance. In fact, 

the straightforward and environmentally friendly method used for the production of monolithic 

structures attracts great attention because of easy transferability from laboratory to large-scale 

production compared to other synthesis procedures investigated so far and reviewed in Chapter 

1.1 Neat 3D rGO and composite structures were synthesized, analyzed, and their CO2 adsorption 

capacity were studied. It is worth mentioning that, to the best of our knowledge, there is no any 

production scale-up reported for 3D graphene-based materials employed for CO2 capture in the 

open literature. 

Moreover, in this chapter the scope of the adsorption study was extended. Namely, to 

now the CO2 adsorption capacity of the monoliths was studied at conditions of 25 °C and up to 1 
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atm. In this chapter, the adsorption capacity of the 3D monoliths is evaluated at two different 

temperatures, 25 °C and 60 °C, to obtain information on the heat of adsorption and energy 

consumption potential of the regeneration process. As well the CO2 adsorption was studied at 

pressures as high as 20 atm (≈ 20 bars), which opens the possibility of analyzing graphene-

based adsorbents for alternative practical application such as in pre-combustion or oxy-

combustion systems. In fact, both CO2 capture technologies imply a working pressure in the 

range of 20-30 bars.2,3   

In this way, the stability of the porous structures could be evaluated at high pressures, 

too. For example, in case of carbon-based porous nanostructures, Casco et al.4 claimed that 

narrow micropores (pores below 0.6 nm) govern the sorption behavior at 1 bar, whereas large 

micropores/small mesopores (pores below 2-3 nm) governs the sorption behavior at high 

pressure (45 bars). Moreover, Singh et al.5 reported that there is a significant CO2 adsorption at 

low pressure and linear adsorption at high pressures. This happen as the initial capture takes 

place due to the quick filling of the micropores present inside the porous structure. Afterwards, 

the adsorption occurs on the mesopores and the surface-active sites. Mainly, it has been 

reported that the high-pressure CO2 capture largely correlates to the pore volume of micro- and 

narrow mesopores.6–8 On the other hand, the role of heteroatoms in CO2 capture capacity is 

particularly important at low pressures.9  

The hierarchical porous structure of the adsorbent plays an important role in high-

pressure CO2 capture, but also does the BET surface area. The linear relationship between high 

pressure adsorption performance and BET surface area is also reported for various types of 

carbons, but not for all of them.6 Besides, in most of the high pressures measurements, the CO2 

adsorption does not reach saturation along the apparent surface area at conditions used.8 
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These final work opens the opportunity to tailor the fabrication strategy for 3D porous 

graphene-based structures to maximize the overall CO2 capture at any target pressure.  

6.2. Experimental part 

6.2.1. Materials 

As in the previous chapters, aqueous dispersion of graphene oxide (GO) sheets of 4 

mg/mL (Graphenea) was used as supplied. For chemical GO reduction L-ascorbic acid (AsA, 

≥99 %, Sigma- Aldrich) was used. Technical grade monomers methyl methacrylate (MMA, 

Quimidroga) and glycidyl methacrylate (GMA, Sigma-Aldrich) were used without purification. 

Sodium dodecyl sulfate (SDS, Sigma-Aldrich), potassium persulfate (KPS, ≥99 %, Sigma-

Aldrich) and sodium bicarbonate (NaHCO3, Sigma-Aldrich) were used as received. Deionized 

water was used as polymerization media. 

6.2.2. Synthesis of polymer dispersion 

The synthesis and formulation of the functionalized polymethyl methacrylate latex is 

explained in Section 2.2.2.1. in Chapter 2. Shortly, glycidyl methacrylate/methyl methacrylate 

(GMA/MMA) in a ratio of 10/90 wt% were synthesized by means of batch emulsion 

polymerization process. As a results, a latex with a final solids content of 20 % were prepared 

with an overall conversion of 99 % and an average polymer particle diameter of 70 nm. 

6.2.3. Synthesis of 3D rGO-based structures 

The synthesis of 3D rGO-based structures either small or bigger structures were 

performed following the same procedure described during this project. For the synthesis of the 
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small monoliths 40 mL of GO (4 mg/mL) aqueous dispersion was used, while for bigger monoliths 

240 mL with the same GO content. Shortly, 280 mL of GO aqueous dispersion was sonicated at 

25 °C for 1 h. Then, the GO dispersion was mixed with an appropriate amount of polymer 

dispersion for 2 h at room temperature (this step was performed just in the case of 3D graphene-

polymer composites). After that, the reducing agent AsA was added to the mixture (GO:AsA 

mass ratio 1:1 and 1:0.5) and stirred for 0.5 h. At this point, the rGO aqueous dispersion was 

divided in two different vessels, on the one hand, 40 mL for the synthesis of the small and 240 

mL for the synthesis of the bigger structure. Both samples were placed in the oven overnight at 

same temperature (either at 45 °C or 90 °C). The formed hydrogels monoliths were purified by 

dialysis process, which was followed by measuring the water conductivity. Finally, the wet 

monoliths were dried by freeze-drying technique for three days. 

6.2.4. Characterization  

The characterization techniques regarding the polymer dispersion are explained in 

Section 2.2.3 in Chapter 2 and in Section I.1. of Appendix I.  

On the other hand, regarding the characterization of the 3D structures, thermogravimetric 

analyses (TGA) were performed to estimate the amount of residual oxygen-containing functional 

groups within the monolithic structures and to study the thermal stability. The surface morphology 

of the structures was examined using a scanning electron microscopy (SEM). The porous texture 

of the monoliths was characterized by means of N2 adsorption–desorption at –196 °C in a 

Micromeritics ASAP2020 apparatus. Detailed information of these characterization techniques is 

given in Section I.2 of Appendix I. 
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Finally, in terms of gas adsorption measurements, the materials´ CO2 adsorption 

capacities were determined from their isotherms, measured using both a Micromeritics ASAP 

20220 Analyzer (volumetrically) and an Intelligent Gravimetric Analyser (IGA, gravimetrically). 

Detailed information of these gas adsorption measurements is given in Section I.3 of Appendix 

I.  

6.3. Results and discussion 

6.3.1. Characteristics of 3D small and large structures 

The effect of reduction conditions (temperature and amount of reducing agent) and the 

addition of different amounts of polymer particles on the synthesis, self-assembly process, and 

final properties of bigger 3D structures is discussed in this part in a view of different productivity. 

For that aim, a portfolio of small and large monoliths were synthesized at the same reduction 

conditions in absence or presence of polymer colloids. In Table 6.1, the nomenclature and 

synthesis conditions used in each system are presented. In the nomenclature, the first lyric 

correspond to small or big structure (S and B, respectively), the first number to reduction 

temperature (45 °C or 90 °C), the second number to the mass ratio of GO:ASA (1:1 or 1:0.5), 

and the last number, 10 or 40, to the amount of polymer.  
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Table 6.1. Nomenclature and synthesis conditions of each monolithic structure. 

Material Reduction 
temperature (°C)  GO:AsA mass ratio Polymer amount  

S_45_0.5 45 1:0.5 - 
B_45_0.5 45 1:0.5 - 
S_45_1 45 1:1 - 
B_45_1 45 1:1 - 

S_90_0.5 90 1:0.5 - 
B_90_0.5 90 1:0.5 - 
S_90_1 90 1:1 - 
B_90_1 90 1:1 - 

S_45_1_Pol (10) 45 1:1 10 
B_45_1_Pol (10) 45 1:1 10 
S_90_1_Pol (10) 90 1:1 10 
B_90_1_Pol (10) 90 1:1 10 
S_90_1_Pol (40) 90 1:1 40 
B_90_1_Pol (40) 90 1:1 40 

In the synthesis route, in terms of neat rGO structures (in absence of polymer particles), 

after the addition of reducing agent (AsA) the sample was divided in two amounts (40 mL and 

240 mL) at two different vessels. Regarding the composites, the division was performed after the 

addition of polymer particles and reducing agent. The samples were then placed at the oven 

overnight obtaining 3D monolithic structures, where the yield of GO transformed to a monolith 

was measured gravimetrically to be in a range of 92 to 95 %. It is worth mentioning that the time 

left for formation of monoliths is more than necessary to form the monoliths. In Figure 6.1 and 

6.2, the photos of both small and big hydrogels (before drying) are presented. Besides, in Figure 

6.1, the dimensions of some monolithic structures are also shown.  
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Figure 6.1. Photos of the small and big blank monoliths synthesized at 45 °C and 90 °C at GO:AsA ratio of 
1:1 and 1:0.5. 

 

Figure 6.2. Photos of the small and big composite monoliths synthesized at 45 °C and 90 °C at GO:AsA 
mass ratio of 1:1 with polymer particles content of 10 wt% and 40 wt%. 
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In Figure 6.1 and 6.2, it can be observed that most of the monoliths were successfully 

produced either in small or big sizes. The only exception was B_45_0.5 structure, synthesized 

at lowest temperature (45 °C) and lowest amount of reducing agent (1:0.5). As it was explained 

in previous chapters, the reduction parameters play an important role on the formation of the 3D 

structure, as they determine the degree and rate of the GO reduction process, which provide the 

driving force for the structure formation. The conditions at which B_45_0.5 was synthesized 

(Tª=45 ºC and GO:AsA=1:0.5) were not powerful enough to reach the necessary driving force 

for the self-assembly of rGO platelets into a monolithic structure. This structure and the small 

one, S_45_0.5, were not analysed further. It may be also observed that the big structures have 

more than doubled diameter than that of small structures at least, even though the volume of the 

structures is much higher as the mass of the materials included in the monoliths is 6 fold 

increased. 

In Figure 6.3–6.8, the SEM images of each small and their respective big structures are 

shown, where it can be seen that the all monolithic structures present a porous morphology.  
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Figure 6.3. SEM images of small and big monolithic structures synthesized at 45 °C at GO:ASA mass ratio 
of 1:1, at 30 and 10 μm scale bars.  
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Figure 6.4. SEM images of small and big monolithic structures synthesized at 90 °C at GO:ASA mass ratio 
of 1:0.5, at 30 and 10 μm scale bars. 
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Figure 6.5. SEM images of small and big monolithic structures synthesized at 90 °C at GO:ASA mass ratio 
of 1:1, at 30 and 10 μm scale bars. 
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Figure 6.6. SEM images of small and big composite structures synthesized at 45 °C at GO:ASA mass 
ratio of 1:1 with 10 wt% addition of polymer particles. The scale bars are 30 and 10 μm. 
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Figure 6.7. SEM images of small and big composite structures synthesized at 90 °C at GO:ASA mass ratio 
of 1:1 with 10 wt% addition of polymer particles. The scale bars are 30 and 10 μm. 
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Figure 6.8. SEM images of small and big composite structures synthesized at 90 °C at GO:ASA mass ratio 
of 1:1 with 40 wt% addition of polymer particles. The scale bars are 30 and 10 μm. 

In SEM images it can be observed that monoliths produced at either lower or higher 

amount of initial GO present quite similar porous morphology, i.e. there are hardly no differences 

between the macro porous structures. In terms of reduction conditions, the increase of reduction 

temperature, from 45 °C to 90 °C, results in an increase in the porosity and in the formation of 
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more compact structures, as observed in all chapters. In fact, in Figure 6.1, it can be seen that 

the monoliths synthesized at 90 °C, either with GO:AsA 1:1 or 1:0.5, possess a considerably 

lower volume than that obtained at 45 °C. Besides, the effect of AsA amount is clear from the 

comparison of the structure formed at GO:AsA 1:1 at 90 °C, which also produced more compact 

structure that to the structure obtained at lower GO:AsA 1:0.5 (Figure 6.1). The increased 

productivity did not affect this behaviour. On the other hand, the addition of polymer particles in 

composite monoliths did not produced significant difference in the porous structures at the 

several tens of micrometre dimensions observed in the SEM images. 

The amount of residual oxygen-containing functional groups and thermal stability were 

evaluated by TGA, shown in Figure 6.9. 

 

Figure 6.9. TGA thermographs for each monolithic structure. Big monoliths´ degradation is presented as 
continuous line and small monoliths´ degradation as dashed line.  
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Figure 6.9 shows that big monoliths were almost identically degraded compared to their 

respective small structures in each condition studied, indicating that the microstructure of small 

structures compared to their respective bigger materials are similar as observed in SEM images. 

In this case too, when monoliths are prepared under harder conditions (90 °C and GO:ASA 1:1), 

they need more energy to degrade until more or less 300 °C, where polymer degradation starts. 

In contrast, the monoliths prepared under milder conditions (45 °C, at GO:AsA mass ratio 1:1) 

were highly functionalized and were loosely packed. In Table 6.2, the amount of residual oxygen 

groups, calculated from the first degradation step (100- 225 °C), is presented.  

To obtain a deeper insight into the morphology and textural properties of the small and 

big structures, N2 adsorption-desorption experiments were carried out. The adsorption-

desorption isotherms are presented in Figure 6.10, whereas the pore size distribution for each 

system is presented in Figure 6.11. In Figure 6.11, the left graphs correspond to dV/dD curve, in 

which the contribution of smaller pores are pronounced, while the right graphs correspond to 

dV/dlogD, representing the contribution of larger pores.10 Besides, Table 6.2 provides information 

of the specific surface area (BET area), total volume of the pores, and volume of the micropores.  



Scale-up the productivity of synthesis of 3D graphene-based composite monolithic structures and study of 
high-pressure CO2 adsorption performance 

231 

 

 

Figure 6.10. N2 adsorption-desorption isotherms for small and large monolithic structures obtained at 
different reduction conditions. 

From N2 adsorption-desorption isotherms it can be observed that either small or big 

monoliths display a Type IV isotherm and Type H3 loop characteristic of mesoporous materials.11 

A similar N2 adsorption-desorption behaviour is observed for small and big monoliths synthesized 
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at high temperatures (90 °C) at either 1:1 or 1:0.5 GO:AsA mass ratios, and with or without the 

presence of polymer particles. Nevertheless, some differences were observed for the materials 

synthesized at 45 °C. Although small and big structures present similar microstructure and 

thermal degradation performance, adsorption isotherms show that reduction temperature affects 

importantly in the textural properties. Samples synthesized at higher amount of initial GO and 45 

°C exhibit a wider hysteresis loop. This is an indication that the large structures at 45 ºC have 

more developed mesoporosity and more pronounced capillary condensation effect. Probably, 

the platelets of rGO are pushed to aggregate by smaller driving force, resulting in creation in 

numerous small mesopores between the individual platelets joined together. 
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Figure 6.11. Pore size distributions for small and large monolith structures obtained at different conditions. 

Comparing the pore size distributions of small and big structures shown in Figure 6.11, 

the difference between them may be observed in the micropores and small mesopores fractions, 

which is larger for the big structures. This difference decrease with increasing the reduction 



Scale-up the productivity of synthesis of 3D graphene-based composite monolithic structures and study of 
high-pressure CO2 adsorption performance 

235 

temperature, resulting in almost identical features of the materials synthesized at 90 °C.  The 

presence of polymer particles did not affect the observed trends. 

In Table 6.2, the residual oxygen groups and textural properties are presented for different 

monoliths. The CO2 adsorption capacities measured at 25 °C and 1 atm are also shown, while 

the CO2 adsorption-desorption isotherms are presented in Figure 6.12. 

Table 6.2. Amount of residual oxygen functionalities, textural properties, and CO2 adsorption capacities of 
different monoliths. 

Material % O-
functionalitiy 

SBET    
(m2/g) 

Vtotal 
(cm3/g) 

Vmicro 
(cm3/g) % Micro 

CO2 
adsorption 
(mmol/g) 

S_45_1 18 98 0.272 0.013 4.7 1.04 

B_45_1 18 178 0.315 0.009 2.8 0.69 

S_90_0.5 9 293 0.905 0.020 2.2 0.80 

B_90_0.5 8 332 1.089 0.021 1.9 0.64 

S_90_1 5 301 1.242 0.021 1.7 0.75 

B_90_1 4 340 1.481 0.026 1.8 0.64 

S_45_1_Pol (10) 19 58 0.240 0.002 1.0 0.91 

B_45_1_Pol (10) 20 145 0.284 0.006 2.1 0.68 

S_90_1_Pol (10) 4 292 1.371 0.018 1.3 0.78 

B_90_1_Pol (10) 4 324 1.421 0.024 1.7 0.64 

S_90_1_Pol (40) 3 271 1.253 0.010 0.8 0.61 

B_90_1_Pol (40) 3 279 1.328 0.013 1.0 0.54 
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Figure 6.12. CO2 adsorption (full line) – desorption (dashed line) isotherms for all the monoliths. 
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The same or similar concentration of residual oxygen-containing functional groups were 

obtained for each couple of systems. On the other hand, the specific BET area is in general 

larger for the big monoliths and this effect is much more pronounced for the monoliths 

synthesized at 45 ºC. For instance, S_45_1 has a BET area of 98 m2/g, and B_45_1, has almost 

double surface area of 178 m2/g. The large monoliths are more porous in all cases, probably due 

to higher quantity of small mesopores, as it can be observed in Figure 6.11. Nevertheless, the 

micropore fraction is lower for the large monoliths, in case of neat rGO structures, whereas in 

presence of polymers the trend is different. The effect of polymer is more important for the large 

structures and stimulates development of more micropores when the reduction is performed with 

higher quantities of material, although the differences are not very large.  

Finally, the comparison of CO2 adsorption capacities indicates that small monoliths have 

higher CO2 capture than their respective big structures in all the systems studied, even so in 

monoliths synthesized at 90 °C there is only a slightly difference. During the results obtained 

through this PhD Thesis, it has been determined that a denser functionalization in terms of 

quantity of residual oxygen groups per available surface area, enhances the CO2 adsorption of 

the resulting 3D structures. The results obtained in Table 6.2 also indicates the same behaviour, 

where smaller samples possess a much denser functionalization obtaining better adsorption 

capacities at the conditions studied. In fact, the highest CO2 capture capacities were obtained 

for monoliths with the lowest BET area, but highest fraction of oxygen functionalities, S_45_1 

and S_45_1_Pol (10), with 18 % and 98 m2/g and 19 % and 58 m2/g, respectively, obtaining 1.04 

and 0.91 mmol/g CO2 captured, respectively. Of course the functionalities from the polymer are 

additional, and the same quantity is distributed over smaller area in case of S_45_1_Pol(10) with 

respect to the big monolith obtained under same condition. 
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Interestingly, the large monoliths adsorbed very similar quantity of CO2 of around 0.6 

mmol/g independently on the conditions of synthesis and presence of polymer. Obviously, when 

higher productivity of monoliths is targeted, the parameters are less influencing, therefore the 

control of the properties and performance is more difficult. As we have noticed in all previous 

work, the CO2 capture capacity is a result of interplay of BET surface area and fraction of oxygen 

functionalities with some effect of the pore size distribution, too. If we compare only the large 

structures between them, one may conclude that when produced at similar temperature they 

present similar functionalization and area, resulting in almost identical CO2 adsorption. With other 

words the differences aroused from different conditions are either flattened or compensate 

between them, and as so the CO2 adsorption.  

Nevertheless, the results presented in Table 6.2 indicate that the process is scalable 

fairly well at 90 ºC, as the functionalization and porous properties are similar, as well as the CO2 

adsorption quantities, which open the way towards very well controlled synthesis of these 

monolithic materials at larger scale. 

6.3.2. High-pressure CO2 adsorption performance 

The high-pressure CO2 adsorption isotherms obtained at two temperatures (25 °C and 60 

°C) and a pressure range from 0 to 20 atm are discussed in this part. The IGA equipment used 

for the high-pressure CO2 adsorption measurements works under gravimetric conditions, 

whereas all the adsorption performances measured during this PhD project were evaluated by 

low-pressure volumetric apparatus (at 25 °C and in a pressure range from 0 to 1 atm).  

Four different small samples were chosen for this characterization, one neat rGO monolith 

S_90_1, and three composite monoliths produced at different temperatures S_45_1_Pol (10), 
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and S_90_1_Pol (10), and with different polymer quantity S_90_1_Pol (40). The characteristics 

of these samples are already presented in Table 6.2, whereas the adsorption isotherms in the 

0–20 atm pressure range performed at temperatures 25 ºC and 60 ºC are presented in Figure 

6.13. Furthermore, enlarged view of the isotherms in 0 to 1 atm pressure range is also presented 

in Figure 6.13, in order to directly compare with the CO2 capture results presented in Table 6.2. 

The temperature applied for each measurement is presented in brackets next to the 

nomenclature.  

 

Figure 6.13. High-pressure CO2 adsorption isotherms for different structures up to 20 atm. Furthermore, 
enlarged view of the pressure range of 0 to 1 atm is also presented. 

One of the main factor determining the CO2 adsorption by porous materials is the specific 

surface area. However, BET area may be predominant at high-pressures adsorption 

performances. Taking into account the BET data obtained in Table 6.2, the BET area increases 

from S_45_1_Pol (10) < S_90_1_Pol (40) < S_90_1_Pol (10) < S_90_1 (58 < 272 < 292 < 301, 

respectively). Thus, there is no any relationship between the BET surface area and CO2 capture 

capacity (Figure 6.13). Probable reason could be that, at conditions measured until 20 atm of 

pressure, the CO2 gas does not cover all the available or apparent surface area. Again, the 
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maximum adsorption was achieved by the material which is more densely functionalized 

S_45_1_Pol(10) having a fraction of 19 % oxygen functionalities distributed on relatively low 

surface area of 58 m2/g. 

On the other hand, adsorption phenomenon is an exothermic process in nature, therefore, 

as expected increasing adsorption temperatures from 25 °C to 60 °C decreases the uptake 

capacity as shown in Figure 6.13 for all the samples analyzed, characteristic for porous 

carbons.12 For example, in case S_45_Pol (10) the amount of CO2 adsorbed at 25 °C is 139 

mmol/g, and when temperature is increased to 60 °C the adsorption drops to 119 mmol/g at 

same pressure (20 atm). Furthermore, adsorption capacities between 40-55 mmol/g were 

obtained with monoliths synthesized at 90 °C, with either presence or absence of polymer 

particles. This value is slightly higher than that reported in literature measured at 25 °C and at 

similar high pressures for carbon-based adsorbents, that reached up to 28 mmol/g.6,8,13–16 

Surprisingly, much higher adsorption capacity is obtained, 139 mmol/g, by S_45_1_Pol(10) (25 

°C) sample. This monolith also showed one of the highest adsorption in Table 6.2 

(volumetrically), although the difference with the other monoliths is not so pronounced as in 

gravimetrical experiments. This monolith possesses the highest residual oxygen groups and 

lowest surface area, therefore, the denser functionalization impacts the surface polarity of the 

monolith, which may be the reason of such a huge adsorption performance, as seen also during 

this thesis.9 Besides, the pore size distribution is similar for all the systems studied, being 

S_45_1_Pol(10) sample with the lowest total volume of the pores. Thus, neither BET specific 

surface area nor pore size distribution could explain the huge adsorption capacity obtained by 

S_45_1_Pol(10) monolith.  
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In terms of polymer presence, in monoliths synthesized at 90 °C, it can be observed that 

samples with the highest amount of polymer particles (40 wt%) obtained the worst CO2 captures. 

This is not surprising, these monolithic structures have shown worst residual oxygen 

functionalities and textural properties during the thesis that led to a drop in the adsorption 

performance. On the other hand, monoliths with the addition of 10 wt% present similar or slightly 

higher CO2 captures than that of 3D neat rGO materials (S_90_1), tendency that can be also 

observed in this results (Table 6.2 and Figure 6.13). 

In Table 6.3, the comparison of CO2 adsorption capacities measured volumetrically (Table 

6.2) and gravimetrically (Figure 6.13) at 25 °C and 1 atm, for S_45_1_Pol (10), S_90_1, 

S_90_1_Pol (10), and S_90_1_Pol (40) are presented. The density of oxygen functionalization, 

calculated as a ratio between the mass of oxygen functionalities present in 1 g of monolith divided 

by the specific surface area (m2/g), is also shown in Table 6.3, demonstrating that this parameter 

perfectly explain the CO2 adsorption behavior. Namely, S_45_1_Pol(10) presents more than one 

order of magnitude higher surface functionalization than the other monoliths and the highest 

adsorption. On the other hand, the other monoliths present similar density of oxygen functional 

groups and similar adsorption capacities. 
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Table 6.3. Comparison of CO2 adsorption performance measured volumetrically and gravimetrically at 25 
°C and up to 1 atm for different structures. Functionalization density is also presented. 

Material Volumetric CO2    
adsorption (mmol/g) 

Gravimetrically CO2 
adsorption (mmol/g) 

 
Functionalization 

density 
g oxygen groups/m2 

S_45_1_Pol (10) 0.91 6.9 
 

0.33 

S_90_1 0.75 2.55 
 

0.016 

S_90_1_Pol (10) 0.78 2.71 
 

0.014 

S_90_1_Pol(40) 0.61 2.2 
 

0.011 

Nevertheless, in Table 6.3, the results obtained from volumetrical and gravimetrical 

measurements of CO2 adsorption do not match each other and the difference is relatively high. 

Higher adsorption capacities are obtained when gravimetrical instruments are used, although the 

tendency between individual monoliths is the same, i.e. the highest CO2 adsorption capacity was 

obtained in S_45_1_Pol (10) and similar for the other three monoliths. Volumetric gas sorption 

analysis has better precision in measurements in the range of vacuum to atmospheric pressure 

compare with gravimetric sorption analysis. Instead, at high pressures (> 1 atm), gravimetric 

sorption analysis is the most reliable and well established technique.17 Previous comparison of 

these two techniques has shown similar trend that the volumetrically determined gas sorption 

are usually lower than gravimetrical ones, attributed to an error during determination of the 

adsorbent volume of the volumetric technique.18 Nevertheless, as in majority in this PhD project 

the comparison between the materials was performed, we consider that the error was similar in 

all measurements and the tendencies discussed are the same and unaffected by measurement 

technique. 
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Finally, based on the CO2 adsorption isotherms at 25 °C and 60 °C from Figure 6.13, the 

isosteric heat of adsorption (Qst) were calculated using the van´t Hoff equation. The results 

showed that the heat of adsorption from one sample to the other slightly varied and the values 

obtained were in the range of 4-13 KJ/mol, suggesting that CO2 was adsorbed by physical 

adsorption process, as the reported rang of physical interaction between CO2 and adsorbents is 

5-40 KJ/mol.19 In contrast, the heat of adsorption produced in chemical adsorption is typically 

between 40 and 800 KJ/mol.20 This value is an indicator for the strength bond between the 

adsorbate (CO2 gas) and the pore surface of the adsorbent. The high heat of adsorption is also 

related with high selectivity, nevertheless the regeneration step may be difficult. Therefore, the 

optimization of the binding energy of CO2 in order to have high selectivity and low regeneration 

is necessary.  

If the binding strength is too low, the volume of the adsorbent bed will be large; but, if it is 

too high, the cost of regeneration will be high. The combination of these values will decide the 

heating, and so, the regeneration efficiency.21 Nevertheless, in the same work, when pack bed 

was contrasted to monoliths, the monoliths have shown less mass transfer resistance and 

improved efficiency of the mass transfer. As in this work the adsorption material is already in 

monolithic form, the low energy of adsorption will allow much easier regeneration, and it can be 

added to the list of the practical advances these monoliths are offering. On the other hand, the 

synthesis procedure in this chapter was the one in which the pre-treatment of the monoliths was 

already avoided, for which materials, as shown in Chapter 4, the selectivity was in range of 

several hundreds, excluding the possible limitation of low selectivity due to low adsorption heat. 
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6.4. Conclusions 

In this Chapter 6, 3D graphene-polymer monolithic structures were synthesized at larger 

scale applying the same synthesis route and 6 fold higher quantities with respect to previous 

chapters, in order to study how the productivity increase will influence the self-assembly process 

and products´ properties. For that, small and large monoliths were synthesized at different 

conditions; reduction temperature (45 °C and 90 °C), amount of reducing agent (GO:AsA mass 

ratio 1:1 and 1:0.5), and amount of MMA-GMA polymer particles (10 or 40 wt% based on initial 

GO amount).  

Large monoliths were formed under all applied synthesis conditions, except at the mildest 

conditions of 45 ºC and lowest amount of reducing agent, likely due to a lack of sufficient driving 

force for the self-assembly process.  

The big monoliths in general presented similar fraction of oxygen functional groups and 

higher BET surface area than their small counterparts, which resulted in a drop of oxygen 

functionalities surface density, and subsequently, lower capacities for CO2 adsorption. These 

differences are more pronounced at lower reduction temperatures and descent at increasing 

temperature, which implies that the scale-up process is more efficient under such conditions and 

provide very similar properties and performance between small and large monoliths. The highest 

CO2 capture capacities were obtained by monoliths synthesized at 45 °C, with and without the 

addition of polymer particles, because of a denser functionalization over smaller surface area. 

Nevertheless, all the results indicate that the synthesis process is quite scalable at 90 °C which 

open the opportunity to control the synthesis of these 3D structures at larger scale.  

Finally, the CO2 adsorption performance of selected four of the small structures was 

studied under extended conditions, up to 20 atm pressure and at different temperatures (25 °C 
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and 60 °C). The adsorption performance at higher pressures was followed using gravimetric 

measurement technique, differently than all studies performed so far, using volumetric 

measurements. At pressures higher than 1 atm, the trends between the individual monoliths were 

kept the same as observed at lower pressure, governed by the same parameter of density of the 

oxygen functional groups on the monoliths surfaces. Nevertheless, an important difference of the 

absolute values of capturing capacity between the both methods gravimetric and volumetric was 

observed, probably due to an error occurring during volume determination in the volumetric 

method. Despite that, the same trends observed by both methods ensures accurate discussions 

of the tendencies obtained within this PhD project. 

 Based on the gravimetrically determined adsorption isotherms at two different 

temperatures 25 ºC and 60 ºC, the heat of adsorption was calculated for the mentioned selected 

monoliths, giving a values in a range of 4-13 KJ/mol. It indicates that CO2 gas is adsorbed by 

physically onto the monoliths. Even though the high heat of adsorption is related with selectivity, 

the selectivity of these monoliths was improved by avoiding the pre-treatment step, as 

demonstrated previously, therefore, the low heat of adsorption suggest a low regeneration 

energy of these monoliths which is of great practical application importance. Thus, these 3D 

monoliths may be also applied in pre- and oxy-combustion technologies.    
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Chapter 7. Conclusions 

The substantial rise of CO2 emission in the atmosphere is the primary reason of the global 

warming, and therefore, climate change. Several approaches, such as carbon capture and 

sequestration (CCS), have been considered to be potential ways in order to reduce 

anthropogenic CO2 emissions. CCS solution transports the captured CO2 from anthropogenic 

sources to a storage place avoiding the release to the atmosphere. The fossil-fuels power plants 

are the main contribution of the total CO2 emission, and so, the principal point to capture CO2, 

being post-combustion capture the most straightforward schema. CO2 capture by physical 

adsorption separates the CO2 gas from one phase and accumulates at a surface of a solid 

substance. Due to the attractive properties of both 3D graphene-based structures and polymer 

particles as adsorbents, the design of 3D porous graphene-polymer monolith composite 

structures for CO2 capture post-combustion application has been carried out in this PhD Thesis. 

The complex self-assembly hierarchical process of GO platelets occurred during their 

reduction to rGO, giving rise to 3D structures, characterized by consistency, low density, high 

porosity, and monolithic appearance. The chemical reduction of GO by reducing agent, AsA, at 

increased temperature eliminates the oxygen-containing functional groups from GO, producing 

much more hydrophobic rGO platelets. The surface energy of rGO platelets in the dispersion 

increases significantly, resulting in rGO self-organization towards the minimization of the 

interface between rGO and aqueous phases, obtaining 3D monolithic structures. The reduction 

parameters (amount of reducing agent and reduction temperature) play an important role 
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because they determine the degree and rate of the GO reduction process, which subsequently 

determine the resulting porous morphology. 

A mechanism for the formation of the hierarchical porous structure was proposed. The 

hierarchical structure of the monoliths indicates that different self-assembly processes at different 

size scales of the respective building blocks are contributing toward the final structure formation. 

The micropores and the smaller mesopores may be formed during the initial restacking of the 

layers due to the reduction process and elimination of the oxygen-containing functionalities 

because the individual rGO are the smallest structural elements. Then, the joining of these small 

aggregates during further reduction forms the higher pore sizes (meso- and macropores). 

The influence of the reduction conditions on the resulting 3D neat rGO structures´ 

properties was first analysed and relate to CO2 adsorption performance measured at 1 atm and 

25 °C. Mild synthesis conditions (low temperature and AsA concentration), results in monoliths 

with high functionalization degree and low BET area values, as probably the combination of low 

temperature and low AsA concentration did not provide sufficient driving force for the rGO self-

assembly process. On the other hand, higher temperatures or AsA amounts produces more 

compact materials with very well-developed hierarchical porous structure and high porosities; 

however, lower contents of residual oxygen-containing functional groups. Reduction conditions 

that allow a relatively dense functionalization in combination with favourable textural properties 

determine a higher CO2 adsorption capacity. Nevertheless, 3D neat rGO structures exhibited a 

slightly reduced capacity to capture CO2 in 5 adsorption-desorption cycles. A solution was 

proposed to improve the mechanical stability of the monoliths by addition of a small amount of 

polymer particles, which indeed yielded a stable cycle operation.  
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In order to take advantage of the addition of the second constituent, polymer particles, in 

the graphene skeleton, functionalization of the polymer particles was carried out with the aim to 

not only improve the mechanical properties but also to enhance the CO2 adsorption performance 

creating “CO2-philic” groups that could interact with the adsorbate. Polymer particles were 

synthesized by emulsion polymerization in aqueous dispersed media process to avoid high-

energy consuming processes and the use of volatile organic compounds that largely contribute 

to greenhouse gas effect. In this case, also, the graphene-polymer composites were synthesized 

by a chemical reduction of GO platelets, nevertheless prior to the reduction the GO aqueous 

dispersion is mixed with appropriate amount of polymer particles during which process the 

polymer particles are adsorbed onto the GO layers.  

Two functional monomers, NaSS and AMPS, were copolymerized with the main 

monomer MMA. MMA particles were selected due to their high Tg, which ensures that during 

drying process the particles would not lost the particle morphology and will not entirely covered 

the rGO surface. Two different amount of polymer particles, 10 wt% and 40 wt%, were 

incorporated to the 3D monoliths at different reduction conditions. As in neat rGO results, mild 

conditions produces monoliths with high residual oxygen groups and low BET surface areas, and 

on the contrary, harder conditions results in lower functionality but higher surface areas. The 

addition of 10 % of polymer particles enlarged the amount of micropores, because the particles 

acted as spacers between the rGO layers. In terms of CO2 adsorption, lower adsorption 

capacities were obtained for composites than for blank materials in most of the cases due to the 

higher affinity of graphene than of polymers towards CO2. It was concluded that the interplay 

between the fraction of residual oxygen functional groups, textural properties and type and 

amount of polymers onto the monolithic materials determine the selective CO2 capture.  
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As a way to improve the selectivity of CO2 adsorption over N2, the synthesis procedure of 

the 3D structures was modified towards augmentation of the fraction of oxygen functionalities 

and of the small mesopores. The pre-treatment step for GO dispersion carried out at 80 °C for 

2.5 h  eliminates certain quantity of oxygen functionalities from GO, resulting in decreasing the 

driving force for the monoliths formations and affects negatively the residual fraction of oxygen 

functionalities. Avoiding the pre-treatment step, 3D neat or composites monoliths present higher 

CO2 and lower N2 adsorption capacities. This effect was huge for the monoliths produced at the 

highest temperature (90 °C), resulting to selectivity values up to 621, which for the best authors´ 

knowledge, this value is maximum selectivity achieved by carbon-based structures at the 

conditions studied. The rise of CO2 adsorption was also attributed to the increase of the 

functionalization while decreasing the BET area, resulting in densely functionalization surface. 

However, the morphology and textural properties of the monoliths produced with the modified 

synthesis could not explained the rise of N2-phobicity. The attempts to obtain deeper 

understanding on the issue revealed that by modified synthesis procedure, the surface 

morphology of the graphene layers was impacted, producing rougher and more wrinkled surface, 

which likely induce less N2 gas adsorption.  

Size exclusion or molecular sieving effect is another mechanism to enhance the CO2 

adsorption of porous graphene structures. Crosslinked polymer particles were synthesized by 

emulsion polymerization process, in order to create chemical crosslinked polymer chains that 

prevent their complete collapsing, achieving a porous state. The crosslinked MMA polymer 

particles with a higher DVB amount results in an increase of the BET surface area. Nevertheless, 

the addition of 10 % crosslinked polymer particles, independently of the microstructure of the 

polymer particles (crosslinked or not), onto the graphene skeleton did not show any important 

improvement towards CO2 adsorption. Instead, for the first time during this thesis, the addition of 
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40 % polymer particles enhance significantly the BET surface area and resulting functionalization 

of the structures, causing an improvement of CO2 uptake.  

Finally, 3D graphene-polymer monolithic structures were synthesized at larger scale 

applying the same synthesis route and 6 fold higher quantities with respect to previous chapters, 

in order to study how the productivity increase will influence the self-assembly process and 

products´ properties. For that, small and large 3D monoliths were synthesized at different 

reduction conditions and with and without the presence of polymer particles. Large monoliths 

were successfully synthesized under applied conditions, expect at lowest temperature and 

lowest amount of reducing agent, likely due to a lack of sufficient driving force for the self-

assembly process. The big monoliths presented similar oxygen functional groups and higher 

BET area than their small counterparts, which resulted in a drop of functionalization density, and 

subsequently, lower CO2 adsorption uptakes. Nevertheless, these differences are less 

pronounced at higher temperatures, which implies that the scale-up process is more efficient 

under such conditions. Thus, the synthesis process is quite scalable at 90 °C which opens the 

opportunity to control the synthesis of these 3D structures at larger scale.  

The CO2 adsorption performance of selected four small monoliths was studied up to 20 

atm and at different temperatures by gravimetric measurement technique as a way to open the 

possibility of using graphene-based adsorbent for alternative application. The data obtained was 

compared to volumetric measurements up to 1 atm, and although different values were obtained, 

the trends between individual monoliths were kept the same, governed by the same parameter 

of density of the functional groups on the monoliths surfaces. The low heat of adsorption 

measured for the selected monoliths, in the range of physical adsorption, suggests a low 

regeneration energy and low selectivity. Nevertheless, the selectivity of these monoliths was 
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improved by avoiding the pre-treatment step. Thus, these 3D monoliths may be also applied in 

pre- and oxy-combustion technologies.    

To sum up, the characteristics of the 3D porous graphene-polymer monoliths can be 

tailored by simple procedures resulting in competitive CO2 adsorption capacities for practical 

applications.  
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Resumen y conclusiones 

El aumento de las emisiones de CO2 en la atmósfera es la principal causa del 

calentamiento global y, por lo tanto, del cambio climático. Siendo el cambio climático uno de los 

problemas medioambientales más graves a los que se enfrenta el planeta. Por ello, se han 

considerado varias estrategias, como la captura y secuestro de carbono (CCS), como posibles 

soluciones para reducir las emisiones antropogénicas de CO2. La estrategia CCS transporta el 

CO2 capturado desde fuentes antropogénicas hasta un lugar de almacenamiento evitando así 

su liberación a la atmósfera, y de esta manera, prevenir o disminuir las consecuencias 

catastróficas del calentamiento global. La mayor fuente de las emisiones de CO2 procede de la 

combustión de fósiles en las centrales eléctricas y, por lo tanto, son consideradas como el 

principal punto de captura de CO2. La adsorción física con sólidos se plantea como una solución 

prometedora frente a otros procesos de captura de gas. La captura de CO2 por el proceso de 

adsorción física separa el gas CO2 de una fase acumulándose en la superficie de una sustancia 

sólida, en el presente contexto, debido a la unión de fuerzas débiles como fuerzas de van der 

Waals o fuerzas electrostáticas (fisisorción). En esta Tesis Doctoral se propone el uso de 

estructuras monolíticas tridimensionales (3D) compuestas de grafeno y partículas de polímero 

como adsorbentes sólidos para la captura de CO2, ya que ofrecen claros beneficios en lo que 

respecta a la adsorción de CO2. 

El complejo proceso jerárquico de autoensamblaje de las plaquetas o láminas de óxido 

de grafeno (GO) dispersas en fase acuosa ocurre durante su reducción química a óxido de 

grafeno reducido (rGO), dando lugar a estructuras 3D, características por su consistencia, baja 
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densidad, alta porosidad y apariencia monolítica. La reducción química de GO mediante el 

agente reductor, ácido ascórbico (AsA), y la influencia de temperatura, elimina los grupos 

funcionales oxigenados presentes en el GO, obteniendo plaquetas de rGO con carácter 

hidrofóbico. De este modo, la energía superficial de las plaquetas de rGO dispersas en agua 

aumenta significativamente, dando como resultado el autoensamblaje de las plaquetas con el 

objetivo de minimizar la energía interfacial entre rGO y la fase acuosa, creando así estructuras 

monolíticas 3D. Los parámetros de reducción (cantidad de agente reductor y temperatura de 

reducción) juegan un papel muy importante, ya que determinan el grado y la velocidad del 

proceso de reducción del GO y, por ende, la morfología porosa resultante. 

En el capítulo 2, se propuso un mecanismo jerárquico para la formación de la estructura 

3D porosa. La estructura jerárquica de los monolitos indica que diferentes procesos de 

autoensamblaje en diferentes escalas de tamaño de los respectivos bloques de construcción 

(plaquetas de grafeno y plaquetas de grafeno-polímero) están contribuyendo a la formación de 

la estructura final. Los microporos y los mesoporos más pequeños se formarían durante el 

apilamiento inicial de las láminas de óxido de grafeno, debido al proceso de reducción y 

eliminación de los grupos funcionales oxigenados. Después, la unión de estos pequeños 

agregados durante la reducción adicional formaría los tamaños de poro más grandes (meso y 

macroporos). 

Por otra parte, se analizó el efecto de las condiciones de reducción (temperatura y 

cantidad de AsA) en las propiedades resultantes de las estructuras monolíticas puras de rGO, y 

se relacionaron con el rendimiento de adsorción de CO2, llevado a cabo en las siguientes 

condiciones: 1 atm y 25 °C. Las condiciones de síntesis moderadas (baja temperatura y 

concentración de AsA) dieron como resultado monolitos con alto grado de funcionalización y 

bajos valores de área superficial (BET). Probablemente, la combinación de baja temperatura y 
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baja concentración de AsA no proporcionó suficiente fuerza motriz para el proceso de 

autoensamblaje de las láminas de rGO y la conformación de un monolito con alta porosidad. Por 

el contrario, temperaturas más altas y mayores cantidades de AsA, produjeron materiales más 

compactos y más porosos, pero con contenidos más bajos de grupos funcionales residuales. 

Los resultados de adsorción de CO2 concluyeron que las condiciones de reducción que dan 

lugar a una funcionalización relativamente densa en combinación con propiedades texturales 

favorables, determinan una mayor capacidad de adsorción. Sin embargo, el estudio de 5 ciclos 

de adsorción-desorción de CO2 llevado a cabo en el mismo monolito de rGO puro, determinó 

una ligera disminución en la capacidad de adsorción en cada ciclo completado. Por 

consiguiente, se propuso la adición de una pequeña cantidad de partículas de polímero para la 

posible mejora de la estabilidad mecánica. El compuesto resultante mantuvo una capacidad de 

adsorción de ciclo estable.  

En el capítulo 3, para sacar mayor provecho a la adición del segundo constituyente, 

partículas de polímero, se llevó a cabo la funcionalización de las partículas poliméricas con el 

objetivo no solo de mejorar las propiedades mecánicas, sino también de mejorar la capacidad 

de adsorción de CO2 respecto a los monolitos puros de rGO. La incorporación de diferentes 

grupos funcionales a las cadenas poliméricas establece zonas “CO2-fílicas” capaces de 

interactuar con el adsorbato. Las partículas de polímero se sintetizaron mediante la 

polimerización en emulsión, técnica que permite sintetizar partículas poliméricas dispersas en 

fase acuosa, y de este modo, evitar el uso de compuestos orgánicos volátiles, ya que 

contribuyen en gran medida a la emisión de los gases de efecto invernadero. Los compuestos 

de grafeno-polímero, al igual que las estructuras puras de rGO, se sintetizaron mediante la 

reducción química de las plaquetas de GO; sin embargo, en este caso, antes de proceder con 

la reducción, la dispersión acuosa de GO fue combinada con la cantidad adecuada de partículas 
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de polímero dispersas en fase acuosa. Durante este proceso, las partículas de polímero son 

adsorbidas en las láminas de GO. 

La funcionalización de las partículas de polímero se llevó a cabo mediante la 

copolimerización de dos monómeros funcionales, NaSS y AMPS, con el monómero principal 

MMA. Las partículas de MMA se seleccionaron debido a su alta Tg, lo que garantiza que durante 

el proceso de secado las partículas no pierdan la morfología particular, y así, evitar cubrir por 

completo la superficie de rGO. Se incorporaron dos cantidades diferentes de partículas de 

polímero al esqueleto de grafeno, 10 % y 40 % en peso, a diferentes condiciones de reducción. 

Al igual que en los resultados obtenidos en los monolitos puros, en este caso también, las 

condiciones de síntesis moderadas produjeron monolitos con altos grupos de oxígeno residual 

y baja área superficial, en cambio, las condiciones más agresivas dieron como resultado una 

funcionalidad más baja y áreas de superficie más altas. Por otro lado, la adición de 10 % de 

partículas poliméricas aumentó la cantidad de microporos, debido a que las partículas actuaron 

como espaciadores entre las laminas de rGO. En relación a la captura de CO2, se obtuvieron 

menores capacidades de adsorción para los materiales compuestos respecto a los materiales 

puros en la mayoría de los casos estudiados, debido a la mayor afinidad del grafeno con el CO2 

comparado con la menor afinidad de los polímeros. En el capítulo 3, se concluyó que la fracción 

de grupos funcionales de oxígeno residual, las propiedades texturales y el tipo y cantidad de 

polímeros determinan la captura selectiva de CO2. 

Con el objetivo de acrecentar la selectividad de CO2 sobre N2 en los procesos de 

adsorción, en el capítulo 4, se modificó el procedimiento de síntesis de las estructuras 3D, y así 

aumentar la fracción residual de funcionalidades de grupos de oxígeno y la cantidad de 

mesoporos, propiedades que dan lugar a una mayor interacción con el CO2. El paso de 

pretratamiento de la dispersión de GO llevado a cabo en capítulos anteriores a 80 °C durante 
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2,5 h elimina cierta cantidad de grupos de oxígeno del GO, lo que reduce la fuerza motriz en la 

formación de monolitos y afecta negativamente a la fracción residual de funcionalidades. El 

descarte del paso de pretratamiento, dio lugar a monolitos puros o compuestos con mayores 

capacidades de adsorción de CO2 y menores adsorciones de N2. Este efecto fue muy 

significativo para los monolitos producidos a temperaturas más altas, dando como resultado 

valores de selectividad de hasta 621, que para el conocimiento de los autores, este valor es el 

máximo alcanzado por las estructuras a base de carbono en las condiciones estudiadas. El 

aumento de la adsorción de CO2 también se atribuyó al aumento de la funcionalización 

localizada en una area superficial más pequeña, es decir, una funcionalización más densa. Sin 

embargo, la morfología y las propiedades texturales de los monolitos producidos con la síntesis 

modificada no justificaron las bajas adsorciones de N2. Los intentos de obtener una comprensión 

más profunda sobre el tema revelaron que, mediante el procedimiento de síntesis modificado, 

la morfología de la superficie de las láminas de grafeno se vio afectada, produciendo una 

superficie más rugosa y arrugada, lo que probablemente induciría a una menor adsorción de N2. 

El efecto de exclusión molecular es otro mecanismo para mejorar la adsorción de CO2 

de las estructuras porosas. Por ese motivo, en el capítulo 5, partículas de polímero reticulado 

fueron sintetizadas mediante el proceso de polimerización en emulsión, con el fin de crear 

cadenas químicas de polímero reticulado con un mayor estado poroso. Las partículas de 

polímero de MMA reticuladas con una mayor cantidad de DVB dieron como resultado un 

aumento del área superficial BET. Sin embargo, la adición de un 10 % de partículas de polímero, 

independientemente de la microestructura de las partículas de polímero (reticuladas o no), sobre 

el esqueleto de grafeno, no mostró ninguna mejora importante en la adsorción de CO2. Por el 

contrario, por primera vez durante esta tesis, la adición de un 40 % de partículas de polímero 
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mejoró significativamente el área de superficie BET y la funcionalización resultante de las 

estructuras, generando una mejora en la adsorción de CO2. 

Finalmente, en el capítulo 6, se sintetizaron estructuras monolíticas de grafeno-polímero 

3D a mayor escala aplicando la misma ruta de síntesis y cantidades 6 veces mayores con 

respecto a los capítulos anteriores, con el fin de estudiar cómo el aumento de la productividad 

influye en el proceso de autoensamblaje y, por ende, en las propiedades texturales y de 

adsorción de los productos. Con este fin, se sintetizaron monolitos 3D pequeños y grandes en 

diferentes condiciones de reducción, y con y sin presencia de partículas poliméricas. Todos los 

monolitos se sintetizaron con éxito en las condiciones aplicadas, excepto el monolito a escala 

mayor sintetizado a la temperatura más baja y con la cantidad más pequeña de agente reductor, 

probablemente debido a la falta de fuerza motriz suficiente para el proceso de autoensamblaje. 

Los monolitos grandes presentaron grupos funcionales de oxígeno similares y un área BET más 

alta en comparación con las estructuras pequeñas, lo que resultó en una caída de la densidad 

de funcionalización y, en consecuencia, en una menor adsorción de CO2. No obstante, estas 

diferencias en las propiedades entre los monolitos pequeños y grandes fueron menos 

pronunciadas cuando la síntesis se llevó a cabo a temperaturas más altas, lo que implica que el 

proceso de escalado es más eficiente en dichas condiciones.  

Además, se investigó el rendimiento de adsorción de CO2 de cuatro monolitos pequeños, 

pero en este caso, hasta 20 atm y a diferentes temperaturas, mediante la técnica de medición 

gravimétrica, como una forma de estudiar la posibilidad de utilizar el monolito en aplicaciones 

alternativas. Los datos obtenidos se compararon con medidas volumétricas hasta 1 atm, y a 

pesar de que se obtuvieron valores diferentes de un equipo a otro, las tendencias de adsorción 

entre monolitos se mantuvieron iguales, gobernadas por el mismo parámetro de densidad de 

los grupos funcionales en la superficie de los monolitos. Los valores de calor de adsorción 
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obtenidos afirmaron que la interacción existente entre el gas de CO2 y las estructuras 

monolíticas es puramente física, lo que implica una baja energía de regeneración y, por el 

contrario, una baja selectividad. Aun así, el estudio llevado a cabo en el capitulo 4, mejoró la 

selectividad de estos monolitos al evitar el paso de pretratamiento en la síntesis.  

En conclusión, se ha demostrado que las propiedades de los monolitos 3D compuestos 

de grafeno y partículas poliméricas pueden ser modificadas mediante procesos simples y 

respetuosos con el medio ambiente, dando lugar a capacidades de adsorción competitivas para 

uso práctico.  
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Appendix I. General characterization methods 

I.1.    Latex characterization 

I.1.1. Solids content and monomer conversion 

 The monomer conversion (XM) is defined as a fraction of monomer that has been 

converted into polymer at any reaction time. In case MMA and GMA volatile monomers, the 

conversion was determined gravimetrically. Approximately 2 mL latex samples were withdrawn 

from the reactor and the free radical polymerization was immediately quenched by the addition 

of ≈ 0.1 mL of a 1 wt % hydroquinone (HQ) solution in water. The samples were dried in aluminum 

caps at 60 °C until constant weight was achieved. The solids content (SC), i.e. the non-volatile 

fraction of the dispersions, was calculated from the weight ratio between the dry solids and the 

latex (Equation I.1)  

𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐷𝐷𝐷𝐷 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (𝑔𝑔) 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑔𝑔)

                                          Equation I.1 

The monomer conversion (XM) was then calculated from the solids content of the 

dispersions according to Equation I.2, 

𝑋𝑋𝑀𝑀 = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
= 𝑆𝑆𝑆𝑆 ∗  𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝑁𝑁𝑁𝑁𝑁𝑁 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
                                    Equation I.2 

where NPF is the mass of the non-polymeric solids fraction of the sample (includes the 

surfactant, initiator and HQ), mlatex is the mass of the latex and mmon is the amount of monomer. 
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 I.1.2. Particle size 

The particle size of the polymer dispersions were measured by dynamic light scattering 

(DLS) using a Zetasizer Nano Z (Malvern Panalytical, UK). The equipment determines the 

particle size by measuring the rate of fluctuations in laser light intensity scattered by particles as 

they diffuse through a fluid. The samples were prepared by dilution of the latex in double 

deionized water. The analyses were carried out at 25 ºC and a run consisted in 1 minutes of 

temperature equilibration followed by 3 size measurements of 120 seconds each. The values 

given from the DLS are z-average values obtained through cumulate analysis. 

I.1.3. Gel content 

The gel content (GC %) of the polymer was measured by means of latex centrifugation in 

THF for 24 h at 4 °C and 15000 rpm conditions (Sorvall Legend XTR, Thermo Scientific). The 

insoluble part was measured gravimetrically and the gel content was calculated according to 

(Equation I.3). 

𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝐺𝐺𝐺𝐺%) = 𝑤𝑤2
𝑤𝑤1

 𝑥𝑥 100                                          Equation I.3 

Where W1 is the weight of the total polymer added in THF; and W2 is the weight of the 

non-soluble polymer after centrifugation.  

 I.1.4. Molar mass and distribution 

The molar mass distributions of the soluble fraction of the polymer particles (obtained by 

centrifugation extraction) were measured by THF-based Size Exclusion Chromatography (SEC). 

The samples were dried and then dissolved in THF to get a concentration of about 2 
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mgpolymer/1mLTHF. Then, the samples were filtered (polyamide Φ= 45μm) before injection into the 

SEC instrument. The setup consisted of an autosampler (Waters 717), a pump (LC-20A, 

Shimadzu), three columns in series (Styragel HR2, HR4, and HR6), and a differential 

refractometer detector (Waters 2410). The chromatograms were obtained at 35 °C using a THF 

flow rate of 1 mL/min. The equipment was calibrated using polystyrene standards, and therefore, 

the molar masses reported relate to polystyrene.  

The molar mass of the solution polymers (Chapter 3) was measured via aqueous SEC 

(SEC/RI) with a 0.1 M NaNO3 solution as eluent at a flow rate of 0.6 mL/min and at 35° C. The 

equipment was calibrated using PEG standards, and therefore, the molar masses reported relate 

to the PEG. The equipment includes a LC20 pump (Shimadzu) coupled to aminiDAWN Treos 

multiangle (3 angles) light scattering laser photometer equipped with an He-Ne laser (l¼658 nm) 

and an Optilab T-Rex differential refractometer (l¼658 nm) (Wyatt Technology Corp., USA). 

Separation was achieved using three columns in series (Ultrahydrogel 120, 250, and 2000 with 

pore sizes of 120, 250, and 2000 A°, respectively, Waters, Barcelona, Spain). 

I.1.5. Crosslinking degree 

Crosslinking degree or crosslinking density of the polymer particles were related to the 

capacity of particles to swell in toluene (gtoluene/gpolymer). The strategy to analyse the swell capacity 

of the particles was the same described by Morton et al.1 For that, the latex was mixed with 

toluene (2 mL toluene/g of polymer) for 1 h, and then centrifuged for 30 min at R.T. at 2000 rpm. 

Then, 2-propanol as internal standard was added and by gas chromatograph (GC) the amount 

of toluene swollen by polymer particles was calculated (GC-14A, Shimadzu). In GC, the column 

employed for separation was a BP624 (from SGE analytical science) of 50 m, an inner diameter 
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of 0.53 mm, and a film thickness of 3.0 μm. The calibration curve for toluene is presented in 

Figure I.1.  

 

Figure I.1: Calibration curve of toluene by GC.  

I.2.    Characterization of the 3D monolithic structures 

I.2.1. Solid-state 13C-NMR 

Chemical reduction process was studied by solid-state 13C-NMR spectra by a Bruker 400 

AVANCE III WB spectrometer (9.40 T) for 64 h at a resonance frequency of 100.6 MHz using 

the standard Bruker double-resonance magic-angle spinning (MAS) sample probe. The samples 

were packed into a cylindrical zirconia rotor (4 mm external diameter), and then, they were spun 

at an MAS frequency of 10 kHz. The spectra of the solid samples were recorded using the high-

powder decoupled 13C pulse sequence, a time domain of 2 s, a spectral width of 55 kHz, and 

an interpulse delay of 5 s.  
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I.2.2. Thermogravimetric analysis (TGA) 

Thermogravimetric analyses were performed in a TGA/DSC 3+ apparatus (Mettler 

Toledo) to study the thermal stability of 3D monolithic structures and to estimate the amount of 

residual oxygen-containing functional groups within the monolithic structure. Samples of 

approximately 5 mg were heated under N2 atmosphere (90 mL/min) from 25 °C to 800 °C at a 

rate of 10 °C/min.  

I.2.3. Pressure drop 

The pressure drop through the 3D monoliths and silica carbide particles were measured 

by Digitron 2080 (Sifam Instrument Limited). The monolith or the particles were placed in a spot-

welded cylindrical cartridge of AISI 304 stainless steel (50 μm thickness, Goodfellow) of 16 mm 

in diameter and different airflows were introduced. Two mesh covers were also spot welded to 

lock the assembly. A prepared sample and the equipment scheme are presented in Figure I.2. 

 

Figure I.2. A prepared sample (A) and the equipment scheme (B). 

Before the measurement, a calibration of the valvule´s aperture (where the air come from) 

and the mass flow controller was carried out. In Figure I.3, the calibration curve is presented.  
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Figure I.3. Calibration curve of the air flow. 

I.2.4. Microscopic techniques 

I.2.4.1. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM, Hitachi TM3030 tabletop model) was used to study 

the surface morphology of the monoliths. Images were obtained at an accelerating voltage of 15 

kV after the samples were coated with a thin layer of gold. 

I.2.4.2. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM); a Tecnai TM G2 20 Twin device at 200 kV (FEI 

Electron Microscopes). Before analysis, the samples were embedded in epoxy resin, from which 

ultra-thin sections (80 nm) were cut with a diamond knife on Leica EMFC6 ultramicrotome device 

and places on a 200 mesh copper grid.  

0 10 20 30 40 50
0

100

200

300

400

500

600  y = 10.91x + 37.01 R2 = 0.9999

A
ir 

flo
w

 a
ve

ra
ge

 (m
L/

m
in

)

Aperture of valvule (%)



General characterization methods 

275 

I.2.4.3. Atomic Force Microscopy (AFM) 

The surface roughness of both rGO sheets and monoliths were analysed by means of 

atomic force microscope (AFM, Dimesion ICON from Bruker), using AFM based tapping 

technique with a resonant frequency of 320 kHz and spring constant 37 N/m. In terms of rGO 

sheets, prior to the analysis, GO aqueous dispersion with concentration of 0.01 mg/mL was 

placed into an ultrasonic bath for 15 min at 25 °C, a function of 45 KHz and at 70 % power 

conditions (Fisher, Bioblock Scientific). After that, in order to study and compared the pre-treated 

and non-treated rGO sheets, the GO aqueous dispersion was divided in two, and one of the 

samples was submitted to the pre-treatment step, and the other without it. Both of them were 

then reduced by AsA (GO:AsA 1:1) for 30 min at R.T., and finally were drop casted in a silicon 

wafer (4’’ silicon wafer, TED PELLA, INC.) substrate.  

I.2.5. X-ray Photoelectron Spectroscopy (XPS) 

These measurements were carried out by the SGIKER service of the UPV/EHU, at 

Facultad de Ciencia y Tecnología X Ray Zerbitzua / Servicio de Rayos X Bº Sarriena, s/n 48940 

Leioa – Bizkaia, Spain. 

X-ray photoelectron spectroscopy (XPS) was used to study the surface chemical states 

of composing elements of monoliths. XPS measurements were performed in a SPECS system 

(Berlin, Germany) equipped with a Phoibos 150 1D-DLD analyzer and monochromatic radiation 

source Al Kαα (1486.7 eV). 

An initial analysis was carried out to determine the elements present (wide scan: step 

energy 1 eV, dwell time 0.1 s, pass energy 80 eV) and detailed analysis of the elements detected 
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(detail scan: step energy 0.08 eV, dwell time 0.1 s, pass energy 30 eV) with an electron exit 

angle of 90º. The spectrometer was previously calibrated with Ag (Ag 3d5 / 2, 368.26 eV). 

The spectra were adjusted using the CasaXPS 2.3.16 software, which models the Gauss-

Lorentzian contributions, after a background subtraction (Shirley). The concentrations were 

calculated by correcting the values with relative atomic sensitivity factors (Scofield). 

I.2.6. Textural properties 

The porous texture of the monoliths was characterized by means of N2 adsorption–

desorption at –196 °C in a Micromeritics ASAP2020 apparatus. This technique gives information 

related to the textural properties of the 3D structures, based on the adsorption-desorption 

phenomena between the gas (N2) and solid (adsorbent) at -196ºC. By interpreting the N2 

adsorption-desorption isotherms and applying different mathematical models, diverse textural 

parameters can be calculated, such as BET surface area, pore volume, and pore size 

distribution.  

The measurements of the 3D structures were carried out in the borosilicate sample holder 

presented in Figure I.4. 
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Figure I.4. Sample holder; (A) empty and (B) with the 3D structure. 

Prior to the analysis, the materials were degassed at 60-100 °C during 8 h under vacuum, 

in order to remove moisture and other unwanted adsorbates. After degassing, the sample is 

analyzed by introducing N2 as adsorbate and maintaining the temperature at -196 °C. The relative 

pressure is varied from values of 0.01 to values close to 1, and the N2 volume adsorbed in the 

samples is measured at equilibrium. Once the saturation is reached, i.e. the pores of the sample 

are considered filled with N2, desorption is carried out by decreasing the relative pressure and 

recording the volume of the gas adsorbed at each relative pressure. The equipment represents 

the N2 adsorbed volume versus the relative pressure, obtaining a N2 adsorption-desorption 

isotherm. The shape of the isotherm provides information about the porosity of the sample. 

The surface area (BET, m2/g) of the 3D monoliths was calculated by the BET method, 

named after their developers Stephen Brunauer, Paul Hugh Emmett and Edward Teller. It is a 

well-known theory for the physical adsorption of gas molecules on a solid surface, and it is an 

extension of the Langmuir theory.2 The concept of the BET theory is based on the following 

hypotheses: uniform adsorption sites, gas molecules adsorb on a solid in layers infinitely 

(multilayer adsorption), the occupation probability of sites in layers higher than one is zero unless 
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all underlying sites are occupied, and the Langmuir theory can be applied to each layer. The BET 

equation describes the volume adsorbed at monolayer coverage, and it is expressed by Equation 

I.4: 

                                            
𝑝𝑝 𝑝𝑝0⁄

𝑣𝑣 (1−𝑝𝑝 𝑝𝑝0⁄ )
=  1

𝑣𝑣𝑚𝑚  𝐶𝐶
+  𝐶𝐶−1

𝑣𝑣𝑚𝑚 𝐶𝐶
𝑝𝑝
𝑝𝑝0

                                 (Equation I.4) 

where p and p0 are the equilibrium and saturation pressure of adsorbates at the 

temperature of adsorption, vm is the volume adsorbed at monolayer coverage, v is the gas 

volume adsorbed at a certain relative pressure, and C is BET constant. 

To calculate the BET surface area, the adsorption isotherm has to be transformed into 

the “BET plot” in order to calculate the gas volume adsorbed in one layer (vm). For that, 𝑝𝑝 𝑝𝑝0⁄
𝑣𝑣 (1−𝑝𝑝 𝑝𝑝0⁄ )

 

is plotted against p/p0, where vm and C can be calculated. Finally, the knowledge about the 

monolayer capacity vm allows the calculation of the BET specific surface area (SBET) (Equation 

I.5): 

                                     𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ∗  𝑁𝑁𝐴𝐴 ∗  𝑎𝑎                                                  Equation I.5 

where Vmol is the molar volume, NA is the Avogadro constant, and a is the cross section 

of an adsorbed molecule (in case of N2 is 0.162 nm2). 

Nevertheless the BET method can be only adjusted in a limited part of the adsorption 

isotherm (the plot is linear in the range of relative pressures between 0.05 and 0.30) and in II 

and IV isotherm types (Figure I.5), where the hypothesis of the method are satisfied.   
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Figure I.5. Classification of physisorption isotherms according to IUPAC.3   

On the other hand, the total pore volume was determined from single point adsorption at 

P/P0 near to 0.995, under the assumption of the Gurvich rule, which assumes that at pressures 

close to saturation, the gas adsorbed corresponds to the total volume of the pores.  

The pore size distribution was obtained by Barret-Joyner-Halenda (BJH) model using the 

adsorption isotherm.4 Based on the Kelvin equation at each relative pressure, the pore size 

distribution can be obtained (Equation I.6). Nevertheless, the following assumptions should be 

satisfied: no micropores exist, the pore passage is rigid and suitable for cylindrical pores, and at 

highest relative pressure, all the pores have been filled.5 

                               𝑟𝑟𝑘𝑘 =  −2 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝜎𝜎 𝑐𝑐𝑐𝑐𝑐𝑐Ф
𝑅𝑅 𝑇𝑇 ln(𝑝𝑝 𝑝𝑝0)⁄                                       Equation I.6 

 where rK is capillary Kelvin radius, p/p0 is the equilibrium pressure over the saturated 

vapor pressure of the adsorbed gas, Vmol is the mol volume of the liquid adsorbate, T is the 
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absolute temperature, R is the ideal gas constant, σ is the interfacial tension, and Ф is the wetting 

angle.  

Finally, t-plot method was used for estimating the micropore volume without the need to 

measure the low pressure micropore-filling section of the isotherm, by comparison with a 

reference isotherm of nonporous material.  

I.3.     Gas adsorption measurements 

I.3.1. CO2 and N2 adsorption capacity (volumetrically) 

The materials’ CO2 and N2 adsorption capacities were measured using a Micromeritics 

ASAP 2020 apparatus (i.e., volumetrically) at 25 °C. Prior to the measurements, samples were 

outgassed at 60-100 °C during 8 h under vacuum. The CO2 and N2 uptake isotherms were 

separately measured up to 1 atm under static conditions. 

I.3.2. CO2 adsorption capacity (gravimetrically) 

The CO2 adsorption capacity was also determined by an Intelligent Gravimetric Analyser 

(IGA, HIDEN Analytical, HAL IGA286) (i.e., gravimetrically) at 25 °C and 60 °C. Prior to the 

measurements, samples were outgassed at 25 °C during 3 h under vacuum. Then, the CO2 

adsorption uptake was measured in the pressure range of 0-20 atm under static conditions.  

I.3.3. Selectivity 

The CO2/N2 selectivity was calculated by the ideal adsorbed solution theory (IAST) using 

only data for the pure-component adsorption equilibria at the same temperature (25 °C) and on 
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the same adsorbent.6 The individual isotherms were modelled by Langmuir, Freundlich, and their 

combined model isotherms. The validity of these models is evaluated by the correlation 

coefficient (R2). R2 closer to unity implies the best fitting towards the particular isotherm model, 

that in this case, Freundlich gave the highest R2. The linear form of the Freundlich model used 

is shown by Equation I.7: 

                                     𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝑓𝑓 + �1 𝑛𝑛� � 𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑒𝑒                                 (Equation I.7) 

where qe is the amount of gas adsorbed (cm3/g); Pe is the equilibrium pressure (bar); and 

Kf (cm3/g bar1/n) and n are Freundlich constants. 

The selectivity was calculated according Equation I.8:  

                                  𝑆𝑆𝐶𝐶𝐶𝐶2 𝑁𝑁2⁄ =  �𝑞𝑞𝐶𝐶𝐶𝐶2 𝑃𝑃𝐶𝐶𝐶𝐶2⁄ � / �𝑞𝑞𝑁𝑁2/𝑃𝑃𝑁𝑁2�                        (Equation I.8) 

where q is the amount of CO2 adsorbed (cm3/g) and P is the partial pressure of respective 

gas.  

The respective partial pressures of the components for these calculations were taken 

from the composition of flue gas from a coal-fired power plant, which contains approximately 15 

% CO2 and 85 % N2.  
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Appendix II. Fitting curves by Freundlich model 

II.1.    Chapter 2 

 

 

Figure II.1. Freundlich equation fitting curves for CO2 isotherm (red curve and red fitting equation) and for 

N2 isotherm (blue curve and blue fitting equation).  
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II.2.    Chapter 3 

 

Figure II.2. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 

curve) for monoliths synthesized at 45 °C and GO:AsA mass ratio 1:1. 
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Figure II.3. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 

curve) for monoliths synthesized at 90 °C and GO:AsA mass ratio 1:1. 
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Figure II.4. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 

curve) for monoliths synthesized at 45 °C and 90 °C and GO:AsA mass ratio 1:0.5. 
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Figure II.5. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 

curve) for monoliths synthesized at 90 °C and GO:AsA mass ratio 1:0.5 using solution polymers. 
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II.3.    Chapter 4 

 

Figure II.6. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 
curve) for 3D rGO monoliths. 
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Figure II.7. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 
curve) for composites synthesized at 45 °C. 
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Figure II.8. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 
curve) for composites synthesized at 60 °C. 
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Figure II.9. Freundlich equation fitting curves for CO2 isotherm (black curve) and for N2 isotherm (red 
curve) for composites synthesized at 90 °C. 
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