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ABSTRACT 

In this work, we investigate the effects of Lewis-base modifiers on carbon dioxide 

(CO2) absorption/desorption abilities of well-known silica-supported amine-based 

sorbents. The primary amine-based polymers consisted of branched 

poly(ethylene amine) (PEI) and the Jeffamine® T403, having aliphatic and ether-

containing backbones respectively. These polymers were dispersed on 14nm 

nanosilica with or without the addition of Lewis-basic polymer modifiers, 

poly(vinyl acetate) (PVAc), poly(methyl methacryate) (PMMA) and poly(ethylene 

glycol) (PEG). And the sorbents’ CO2 absorption/desorption performance were 

investigated. The greatest effect for increasing the CO2 capture capacity was 

seen for PEG additives while other modifiers lowered the capture capacity. 

Meanwhile, PVAc and PMMA as well as T-403 and HMW PEG were found have 

positive influence on absorption kinetics. In desorption study, Lewis-base 

modifiers led to faster desorption rates and higher sorbent regeneration ability at 

relatively low temperature (45°C) without the need for further heating. Thus, a 

combination of amine containing, Lewis-base groups containing materials has 

the potential to be used in concert to fine tune the capacity, mass transfer, 

regeneration ability and kinetics for amines-based CO2 sorbents. 

 

.  
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Chapter 1  

Introduction 

1.1 Current situation about global warming and CO2 emission 

1.1.1 Observation of changes in climate system 

As an international concern, global climate change draws attentions of many 

climate scientists and organizations. According to the latest 2013 climate change 

report from Intergovernmental Panel on Climate Change (IPCC), the Earth’s 

surface temperature in each of the past three decades has been successively 

warmer than any the previous decades in the instrumental record (IPCC 2014). 

Global temperatures had increased by nearly 1℃ above pre-industrial 

temperatures (Jones, Lister et al. 2012, Kirschbaum 2014). Besides, the Arctic 

sea ice presents a rate of annual decrease very likely between 3.5-4.1% per 

decade.(IPCC 2014) Because of the warm of ocean water and the transfer to the 

ocean of water currently stored on glaciers and ice sheets, global mean sea level 

(GMSL) has risen by 1.7[1.5 to 1.9]mm yr-1 between 1901 and 2010. The rate 

was very likely higher at 3.2[2.8-3.6] mm yr-1 during 1993 and 2010(Church and 

White 2011, IPCC 2014, Kirschbaum 2014). Based on the functional relationship 

to increasing temperature, the impacts of climate-change can be classified into at 

least three different kinds: (1) the impact related directly to elevated temperature; 

(2) the impact related to the rate of warming; and (3) the impact related to 
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cumulative warming(Fuglestvedt, Berntsen et al. 2003, Tanaka, Peters et al. 

2010, Kirschbaum 2014). 

1.1.2 Drivers of climate change and evaluation metrics 

The Earth’s surface and atmospheric composition is consistently changed by 

human activities directly and indirectly, which is the dominate reason for climate 

change (Shine, Berntsen et al. 2007, IPCC 2014). The impacts of several drivers 

such as greenhouse gases (GHGs), anthropogenic aerosols(Wang, Wang et al. 

2014, Yang, Bitz et al. 2014), land surface changes and contrails as well as 

some other natural drivers attribute to the climate change(IPCC 2014). Among all 

influential factors, increased GHG levels in atmosphere are believed to be an 

undeniable reason for global warming. Among these GHGs, because of a high 

proportion in respect of amount present in the atmosphere, CO2 contributes 60 

percent of global warming effect (Yamasaki 2003, Olajire 2010).  

Quantitatively, a lot of metrics are designed to measure the impacts of different 

GHGs on climate change. One important metric is Global Warming Potential 

(GWP), which is the interpretation of the importance of the emission of different 

GHGs through their cumulative radiative forcing over a specified time horizons 

(usually 100 years) under constant GHG concentrations. (Fuglestvedt, Berntsen 

et al. 2003, Kirschbaum 2014). Radiative forcing (RF) is a measure of the net 

change in the energy balance of the Earth system in response to some external 

perturbation, with positive RF leading to a warming and negative RF to a 

cooling(IPCC 2014). Besides, global temperature change potential (GTP), 

proposed by Shine et al, is an alternative metrics (Shine, Fuglestvedt et al. 2005, 
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Shine, Berntsen et al. 2007). GTP is based on assessing the temperature that 

might be reached in future years and can be linked directly to adopted 

temperature targets(Kirschbaum 2014). Another alternative metric is the climate-

change impact potential (CCIP), which is based on explicitly defining the climate-

change perturbations that lead to direct temperature increases, rate of warming 

and cumulative warming (Kirschbaum 2014). Among all metrics, GWP is used 

with a 100-year time horizon by Kyoto Protocol (IPCC 2001). 

Based on IPCC’s reports, over the last 15 years, CO2 has been the dominant 

contributor to the increase in RF from well-mixed greenhouse gases (WMGHGs), 

with RF of CO2 having an average growth rate slightly less than 0.3W m-2 per 

decade(IPCC 2014). 

 

Figure 1Radiative Forcing of climate between 1750 and 2011 (IPCC 2014) 

(Positive RF leading to warming, negative RF leading to cooling) 
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From CO2 emission perspective, total U.S. human-caused greenhouse gas 

emissions in 2009 was 6,576 million metric tons carbon dioxide equivalent 

(MMTCO2e), which is 5.8 percent below the 2008’s peak value of 6,983 

MMTCO2e((EIA) 2011). 81.5% of the CO2 emission was energy-related. 

Petroleum is the largest fossil fuel source for energy-related CO2 emissions 

(43%). Coal is the second-largest fossil duel contributor (35%). The consumption 

of natural gas made up for the rest 22% of total energy-related CO2 

emissions((EIA) 2011).  

 

Figure 2 U.S. greenhouse gas emissions by gas, 2009((EIA) 2011) 



5 
 

 

Figure 3 U.S. energy-related carbon dioxide emissions by major fuel, 2009((EIA) 2011) 

In 2002-2011, average fossil fuel and cement manufacturing emissions were 8.3 

[7.6-9.0]PgC yr-1, with an average growth rate of 3.2%yr-1. Such increasing rate is 

higher than that during the 1990s (1%yr-1)(IPCC 2014). In the next 20 years, the 

consumption of fossil fuels will increase by 27%. Consequently, U. S. CO2 

emission will increase from the current 6000 million tons per year to 8000 million 

tons per year by 2030((EIA) 2006, Figueroa, Fout et al. 2008). 

1.1.3 Possible approaches to reduce CO2 concentration 

One promising approach to reduce GHG emissions is carbon capture and 

sequestration (CCS). Under such concept, CCS consists of three basic stages: 

(1) separation of CO2, (2) transportation, and (3) storage. In 2008, the operating 

costs of three stages were estimated: CO2 separation from exhausting gases 

costs 24 to 52 €/ton-CO2 (30 to 66 $/ton- CO2).  Every 100km transportation to 

storage location costs 1 to 6 €/ton-CO2 (1.3 to 7.6 $/ton- CO2). The cost of 

storage is -28 to 42 €/ton-CO2 (-35 to 53 $/ton- CO2) (negative values are 
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expected for the injection of CO2 in enhanced oil recovery)(Songolzadeh, 

Soleimani et al. 2014). In addition, U.S. Department of Energy proposed a 

Carbon Sequestration Program. Managed by the National Energy Technology 

Laboratory (NETL), the program is pursuing five technological avenues aimed to 

reducing GHG emissions: (1). CO2 separation and capture; (2). carbon storage 

(sequestration); (3).monitoring, mitigation, and verification of stored CO2; 

(4).control of non- CO2 GHGs; and (5).breakthrough concepts related to CCS 

(Figueroa, Fout et al. 2008). According to the above cost estimation and 

technological avenues, CO2 separation and capture is the major stage to be well 

studied and developed. 

1.2  Mechanism and approaches for CO2 capture 

1.2.1 CO2 capture technologies and processes 

A lot of separation technologies and capturing technologies are investigated 

based on the chemical and physical properties of carbon dioxide. Chemical 

capturing mechanism, mainly based on the nature that CO2 is an acid gas, is 

utilized in designing separation approaches. Physical capturing mechanisms 

typically apply Henry’s Law, CO2’s thermodynamic properties, diffusion, Van Der 

Waal Force and molecular sieve to design sorbent. 

There are four categories CO2 separation technologies: absorption, adsorption, 

membrane and cryogenics. Chemical absorption technologies depends on acid-

base neutralization reactions using basic solvent, which is the most developed 

capture technology with over 60 years history.  For physical absorption based on 
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Henry’s Law, CO2 is absorbed in organic solvent depending on temperature and 

pressure. Adsorption operation is impressive in reducing energy cost in post-

combustion CO2 capture. In general, CO2 adsorbent must have high selectivity, 

adsorption capacity, and adequate adsorption/desorption kinetics as well as 

stabilization after several adsorption/desorption cycles. Cryogenic distillation use 

low temperatures for CO2 condensation, separation, and purification. In such 

separation approach, liquid CO2 is usually the direct product which can be stored 

or sequestered at high pressure. Membrane is a relatively novel capture concept, 

which functions as semi-permeable barriers to separate substances. There are 

two characteristics determine membrane performance: permeability and 

selectivity. (Olajire 2010, Songolzadeh, Soleimani et al. 2014) 

 

Figure 4 Different technologies for CO2 separation (Thiruvenkatachari, Su et al. 2009, 

Songolzadeh, Soleimani et al. 2014) 
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There are three main industrial capturing processes: post-combustion, pre-

combustion and oxy-combustion. Post-combustion capture removes CO2 from 

the flue gas after combustion. Generally, flue gas is at atmospheric pressure with 

a CO2 concentration less than 15% (8-15%), and high temperatures (between 

320K to 400K). Thus, the low thermodynamic driving force caused by low CO2 

partial pressure is the main challenge for such capturing process. Despite of the 

difficulty, post-combustion capture is the widest applied process, because it can 

be installed to existing unites. Pre-combustion capture involves reaction of a fuel 

with oxygen or air to produce mainly carbon monoxide and hydrogen. The 

mixture of CO and H2 goes through a shift converter, which is a catalytic reactor. 

The CO2 is separated and the H2 is combusted as fuel in a gas turbine 

combined-cycle plant. In oxyfuel combustion process, fuel is combusted in pure 

oxygen instead of air. High concentration, high temperature CO2  will be produced 

by the combustion. One obvious advantage of oxyfuel combustion is that, the flue 

gas has a CO2 concentration of over 80%, so only CO2 purification is required. 

(Olajire 2010, Songolzadeh, Soleimani et al. 2014) 
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Figure 5 Illustration for post-combustion, pre-combustion, and oxy-combustion system (Figueroa, 

Fout et al. 2008) 

1.2.2 Problems in current CO2 capture approaches 

The selection of capturing technology and process depends on many factors, for 

example partial pressure of CO2, temperature of flue gas, regeneration of the 

capture media, capital and operating costs of the process, etc. Among all the 

capture technologies, MEA, serving as the most mature chemical absorption 

technology, has been applied in natural gas industry for 60 years. Flue gas 

steam with CO2 contacts with monoethanolamine (MEA) solution in an absorber 

in which the acid gas is absorbed by the amine solution. In real world application, 

the flue gas is bubbled through the solvent in a packed absorber column to 

remove CO2. Afterward, the solvent needs to be regenerated in a regenerator 

column, where CO2 in the solvent is stripped out at 100-200 ℃. The CO2 steam is 

usually highly concentrated, which can be compressed for commercial utilization 
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or storage. After the regenerated solvent is cooled to 40-65℃, it will be recycled 

to the absorption column. (Idem, Wilson et al. 2006, Olajire 2010) 

 

Figure 6 Process flow diagram of a typical chemical absorption system for CO2 recovery from flue 

gas (Olajire 2010) 

Even applied as the most mature technology with long history, the MEA 

absorption method is generally uneconomical, because it requires large 

equipment size and intensive energy cost. The following disadvantages for MEA 

process have been summarized: (1) high capital investment for equipment 

installation, (2) high energy consumption during regeneration, ( the capital 

investment and operation cost for a  stripper with a reboiler for the regeneration 

of 30% MEA in aqueous solution make up 2/3 of the cost for the whole post-

combustion CO2 system (Singh, Van Swaaij et al. 2013)  (3) high equipment 

corrosion rate, (4) high absorbent makeup rate,(21% of the overall cost is 

expended for absorbent makeup caused by chemical degradation, corrosion and 
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solvent loss(Singh, Van Swaaij et al. 2013)) and (5) low carbon dioxide loading 

capacity (mg CO2 captured/ g absorbent). (Olajire 2010, Pirngruber, Leinekugel-

le-Cocq et al. 2012, Songolzadeh, Soleimani et al. 2014)  

1.3  Motivation and objective for the research 

Because of the drawbacks of MEA technology, intensive search for alternative 

capture solution is carrying on. Solid sorbents are considered having the 

potential to significantly reduce the energy consumption of CO2 capture 

compared to MEA. Solid sorbents have the potential to combine lower heat of 

sorption, a higher CO2 loading, and a lower heat capacity of the solid. A variety of 

promising sorbents such as active carbonaceous materials, porous 

carbon(Wahby, Ramos-Fernández et al. 2010, Zhao, Zhao et al. 2012), amine-

functionalized silica, zeolites(Akhtar, Liu et al. 2012, Su and Lu 2012), 

carbonates, and polymeric resins have been studied. To enhance the 

performance of solid sorbents, different methods of impregnating functional 

groups, such as support material modifying and grafting, have also been 

investigated.(Pirngruber, Leinekugel-le-Cocq et al. 2012, Samanta, Zhao et al. 

2012) 

The basic idea about devising a novel CO2 capture sorbent are preparing high 

surface area substrate with various amine compounds coated. The 

immobilization of amine groups on the high surface area substrate increases the 

contact area between CO2 and amine significantly. Therefore, the equilibrium 

absorption capacity of solid sorbent increases consequently. In addition, 
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compared to liquid solvent, the low heat capacity of solid absorbent is an 

advantage to reduce the energy cost in absorbent regeneration. The combination 

of high contact area and elimination of liquid solvent has the potential to improve 

the energy efficiency of the process compared to MEA method.(Figueroa, Fout et 

al. 2008, Pirngruber, Leinekugel-le-Cocq et al. 2012) 

Our research investigates the materials capable of specific CO2 capture with low 

energy cost. We have special interests in the ones which could show excellent 

regeneration ability. Currently, certain porous solid materials are studied to be 

performed as sorbents for CO2 separation, such as MCM-41 and Metal-organic 

framework (MOF) materials.(Xu, Song et al. 2003, Songolzadeh, Soleimani et al. 

2014) However they do not offer the specificity of amine groups which chemically 

react with CO2, a weak Lewis acid, but request a higher cost for CO2 desorption. 

Our recent study explored potential approaches for a CO2-specific capture with 

low-energy regeneration technology based on silica-supported, polymers coated 

absorbents where the polymers contain terminal primary amine groups and 

backbone ether functional groups. (Goeppert, Meth et al. 2010, Al-Azzawi, 

Hofmann et al. 2012) Further studies found that sorbents incorporating 

polyethylene glycol (PEG) perform better desorption ability.(Yeh, Pennline et al. 

2001, Xu, Song et al. 2003, Pasquali, Andanson et al. 2008, Goeppert, Meth et 

al. 2010, Tanthana and Chuang 2010, Al-Azzawi, Hofmann et al. 2012, Shannon, 

Tedstone et al. 2013) However, the actual mechanism behind such phenomenon 

is not fully understood.   



13 
 

One report from Goeppert and co-workers suggested the additive low molecular 

PEG to amine functionalized sorbent results in lower viscosity, which increases 

the mobility of CO2. Easier access and detach itself from the active amino sites, 

CO2 is desorbed more easily, which enhance the regeneration ability of 

sorbent.(Goeppert, Meth et al. 2010)  It has also been suggested that the 

presence of hydroxyl group in PEG could change the absorption mechanism to 

some extent. Instead of forming carbamates, bicarbonates are formed in 

absorption reaction.(Xu, Song et al. 2003)  

Despite the preliminary studies, the actual mechanism behind the PEG-induced 

desorption enhancement are still under investigating. Over decades, PEG is well-

known as a Lewis base, which can react with CO2, the weak Lewis acid, in a 

Lewis acid-base neutralization reaction. In such neutralization reaction, carbon 

atom in carbon dioxide, performing as an electro-attracting Lewis acid, bonds 

with ether oxygen, the electron-donating Lewis base group, in PEG backbone. 

(Kazarian, Vincent et al. 1996, Pasquali, Andanson et al. 2008) 

More study about such mechanism was presented by Kazarian’s group.  In their 

report, specific interactions between polymers with electro-donating functional 

groups and CO2 were shown. Tested by FTIR spectroscopy, the evidence of the 

interaction is the observation of the splitting of the band corresponding to the 

CO2 ν2 mode, which was not observed for polymers lacking electro-donating 

functional groups. According to the report, the splitting indicates the double 

degeneracy of the ν2 mode is remove due to the interaction of electro lone pairs 
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of the electro-donating oxygen with the carbon atom of the CO2 

molecule.(Kazarian, Vincent et al. 1996) 

In our research, we investigated the effect of different Lewis-based modifiers on 

silica-supported, amine-based solid sorbents for CO2 absorption/desorption, 

Lewis-basic polymers coated sorbents. Comparing the functionality of different 

Lewis-basic polymers coated sorbents in CO2 absorption/desorption 

performance, we aim to summarize the results and develop feasible design rules 

for cost effective solid CO2 sorbents. Therefore, the performance of well-known 

silica-supported polyethylene imine (PEI) coated sorbent and that of silica-

supported, other polymers with electro-donating carbonyl or ether functional 

groups coated sorbents are explored and compared in the following research. 

1.4  Instruments 

1.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) is the preferred method of 

infrared spectroscopy. The principle of the infrared spectroscopy is that, when IR 

radiation is passed through a sample, some of the infrared radiation is absorbed 

by the sample and some of it is transmitted. The resulting spectrum creates the 

unique absorption patterns for each constituent of a sample (fingerprint) and 

enables direct constituent identification at a molecular level.(Sánchez-González, 

Nigussie et al. 2012) A germanium crystal Attenuated Total Reflectance (ATR) 

attachment is utilized for the FTIR in the study. The attenuated total reflection 

accessory operates by measuring the changes that occur in a totally internally 
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reflected infrared beam when the beam comes into contact with a sample. The 

internal reflectance creates an evanescent wave that extends beyond the surface 

of the crystal into the sample held in contact with the crystal. The attenuated 

energy from each evanescent wave is passed back to the IR beam, which then 

exits the opposite end of the crystal and is passed to the detector in the IR 

spectrometer. 

 

Figure 7 A multiply reflection ATR system 

 

A Nicolet 4700 Fourier Transform Infrared Spectroscopy (FTIR) with a Thermo 

Smart Performer germanium crystal Attenuated Total Reflectance (ATR) 

attached is utilized to characterize the neat chemicals and synthesized sorbents 

samples in this study. The resolution was set to 6 cm-1 with 36 scans being 

averaged for each sample. 



16 
 

 

Figure 8 Image of Nicolet 4700 FTIR with ATR attachment 

1.4.2 Thermogravimetric Analyzer (TGA) 

Thermogravimetric Analysis (TGA) measures weight changes in a material as a 

function of time (temperature) under a controlled atmosphere. TGA is used to 

characterize the decomposition and thermal stability of materials under a variety 

of conditions and to examine the kinetics of the physicochemical processes 

occurring in the sample. Thermogravimetric curves are characteristic for each 

sample because of the unique sequence of the physicochemical reaction that 

occurs over specific temperature ranges and heating rates and are function of 

the sample’s molecular structure. 

TGA can be generally used to analyze the evaporation, decomposition or 

corrosion of a wide range of different sample materials such as polymers, 

pharmaceuticals, inorganics or metals. Although the operation principle is simple, 



17 
 

a high-resolution balance system with a furnace, a controller and sample holder 

is required. 

 

Figure 9 Image of TA Instruments Q50 TGA 

A thermogravimetric analyzer, TA Instruments Q50 is applied in the study for CO2 

absorption/desorption tests for each sorbents. 
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Chapter 2  

Materials and Experimental Procedures  

2.1 Materials 

Based on the previous discussion, fumed nanosilica are used as substrate in the 

research. Polymethylenimine (PEI) is the coating polymer with primary amine 

groups. Other polymers with ether or carbonyl groups in their backbone or 

branches-- poly (vinyl acetate) (PVAc), poly (methyl methacrylate) (PMMA), poly 

(ethylene glycol) (PEG) are selected to study and compare the effect of Lewis 

base sites. Sorbents coated with Jaffamine® T-403, a polymer with both primary 

amine groups and Lewis base sites in its backbone, are also included in the 

study. The structures of those polymers are shown in the Figure 2.1 

In this research, Jeffamine® T-403 (CAS#: 39423-51-3) was obtained from 

Huntsman International, LLC (The Woodlands, TX). Branched poly (ethylene 

amine) (PEI, CAS#: 9002-98-6, Mw~25,000), poly (ethylene glycol) (PEG, CAS#: 

25322-68-3, Mw~400), poly (vinyl acetate) (PVAc, CAS#: 9003-20-7, 

Mw~150,000) and poly (methyl methacrylate), (PMMA, CAS#: 9011-14-7, 

Mw~35,000), as well as 14nm fumed silica powder and methanol (≥ 99.9%) were 

purchased from Sigma-Aldrich (St. Louis, MO). Carbon dioxide (99.9% grade) 

and nitrogen (ultra-high purity) gases were purchased from Air Gas.  
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Figure 10 Structure of polymers studied in this research 

2.2 Sorbents preparation 

Sorbents consist of 14nm fumed nanosilica substrate and different polymer 

coatings are synthesized by a similar procedure. In order to minimize the 

operation errors in sample preparation process, three samples of each sorbent 

are prepared. The synthesis of 1:1 PEI-Silica sorbent is illustrated as an example 

for sorbent preparation. 

In all experimental procedure, clean 20ml glass vials are used as containers for 

solutions and suspensions. To prepare the silica substrate, a desired amount of 

fumed silica (0.300-0.400g) is weighted and freshly dispersed in methanol and 

sufficiently stirred at room temperature for at least 20min. Meanwhile, calculated 

by desired mass ratio, certain amount of pre-mixed PEI-Methanol solution is 

dropped to the fresh-made silica-methanol suspension. After stirring under 45℃ 
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for 1hr, the suspension is fully mixed.  Afterward, uncap the container in a hood 

for solvent evaporation under 45℃ for at least 24hr. After solvent evaporation, 

solid white powder is obtained as 1:1 mass ratio PEI-Silica sorbent. 

Following the similar procedures, different sorbents with various coating 

polymers and mass ratios are prepared. The appearances for all sorbents are 

white solid powder, except the ones contain PMMA, which is soluble in methanol 

solvent instead of acetone solvent. The appearance of PMMA added sorbents 

are solid powder in light orange color.  

 

Figure 11 Image for sorbent samples 

2.3 Sorbents characterization 

Fourier Transform Infrared Spectroscopy (FTIR) with a Thermo Smart Performer 

germanium crystal Attenuated Total Reflectance (ATR) attached is utilized to 
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characterize the neat chemicals and synthesized sorbents samples. The 

resolution was set to 6 cm-1 with 36 scans being averaged for each sample. 

2.4 CO2 absorption/ desorption tests 

A Thermogravimetric Analyzer (TGA) is applied to conduct the CO2 absorption/ 

desorption experiments. In a typical experiment, a small amount of the sorbent 

(25-55mg) is placed in a Pt sample pan and loaded to TGA instrument. In the 

testing, the sample is heated to 80℃ under dry nitrogen (N2) flow (66ml/min) to 

remove water vapor, so that the influence of disturbers is minimized. After 10min 

heating, the temperature is then decreased to 45℃ under N2 flow. When the 

temperature is stabilized at 45℃, the input gas is switched to CO2 with the same 

flow rate 66ml/min. Over the next 10min, sorbent is embraced in CO2 

environment to reach CO2 absorption equilibrium. Followed by CO2 absorption 

process, CO2 desorption process, also called sorbent regeneration is 

implemented, in which the input gas is switched back to N2 flow keeping the 

same temperature 45℃ and same flow rate 66ml/min.  
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Chapter 3  

Data Analysis and Comparison 

For each sorbent, the FTIR figure and TGA absorption/desorption curve are 

presented and interpreted in this chapter.  

3.1 Definition of measurements and functions 

CO2 capture ability measured by Equilibrium Absorption Capacity (mg CO2/g 

sorbent) is interpreted from TGA absorption/desorption curve by subtracting 

initiated sorbent mass from the mass after sorbent reaching CO2 absorption 

equilibrium. The correlative CO2 absorption kinetics is also studied by comparing 

sorbents’ CO2 absorption rate-time curve. In order to compare the desorption 

performances of different sorbents, time for sorbent 50% regeneration, which 

also means half of the captured CO2 is removed from sorbent, is recorded. 

Besides, sorbent’s regeneration rate after 10min CO2 desorption is also 

measured as a criteria to evaluate the regeneration ability of the sorbent. A time 

dependence function expressing sorbents’ regeneration rate-time relation is also 

derivated to investigate the desorption kinetics of different sorbents. Quantitative 

calculation equations and functions are defined below:  

Equilibrium Absorption Capacity (EAC): 

ACM(mg)−BCM(mg) 

𝐵𝐶𝑀(𝑚𝑔)
∗ 1000(

𝑚𝑔

𝑔
) = a mg/g                    (1) 

Regeneration Rate-Time Function (RRTF): 
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ACM(mg)−DM(t)(mg) 

𝐵𝐶𝑀 (𝑚𝑔)
∗ 1000(

𝑚𝑔

𝑔
) = b mg/g                 (2) 

Regeneration Rate (RR): 

                               
 RRTF 

𝐸𝐴𝐶
∗ 100%= r %                            (3) 

In above equations, ACM represents After Capture Mass which means the mass 

of sorbent after reaching CO2 capture equilibrium. BCM is on behalf of Before 

Capture Mass which is the mass of initiated sorbents after water vapor 

evacuation.  Desorption Mass (DM) is a time dependence variable record the 

decreasing sorbent mass during CO2 desorption. Equilibrium Absorption 

Capacity (EAC) featuring the CO2 sorption ability of each sorbent is calculated by 

mass of CO2 captured (ACM-BCM) over the mass of initiated sorbent (BCM). 

Regeneration Rate-Time Function (RRTF) is defined as sorbent mass lose in 

CO2 desorption (ACM-DM) over mass of initiated sorbent sample. Last but not 

the least, Regeneration Rate is calculated by RRTF over EAC.  

3.2 Sorbent samples analysis 

For each sorbent, at least three independent samples are prepared and tested. 

The characterizations and test results are present as below.  

3.2.1 T-403 series sorbents 

T403-silica sorbents in both 0.5:1 and 1:1 mass ratio are tested. In addition, the 

effects of other Lewis-basic polymers, PMMA and PVAc are also investigated by 

testing 0.5:0.5:1 mass ratio PMMA: T403: Silica sorbent sample and 0.5:0.5:1 

mass ratio PVAc: T403: Silica sorbent sample. 
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3.2.1.1 Sorbent Characterization 

Each sorbent was characterized using FTIR to confirm the presence of desired 

polymer(s) on the silica framework.  

Comparing the spectra of bare silica, neat T403 and T403-silica sorbent, the 

silica nanoparticles present a characteristic strong IR absorption band at 1110 

cm-1 with a broad shoulder at 1180 cm-1. Meanwhile, characteristic C-O-C 

stretches for ether in 1000-1400 cm-1 was observed, and C-H anti-symmetric and 

symmetric stretches from 2850-2990 cm-1. The presence of N-H bands was 

manifested by its characteristic deformation at 1640-1550 cm-1, and wagging at 

750-850 cm-1.(Chalmer 2002, Borodko, Ager Iii et al. 2005)  
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Figure 12 ATR-FTIR profiles for 14nm silica, neat T403, and T403-silica sorbent 
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Figure 13 ATR-FTIR profiles for 14nm silica, T403-silica, and PVAc-T403-silica sorbent 

 

In the spectra of PVAc-T403-Silica sample, a characteristic C=O absorption band 

at 1720-1740 cm-1 for aldehyde was observed, which proved the presence of 

PVAc. The similar absorption band at 1720-1740 cm-1 also presented on PMMA-

T403-silica spectra.   
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Figure 14 ATR-FTIR profiles for 14nm silica, T403-silica, and PMMA-T403-silica sorbents 

 

3.2.1.2 Sorbent Absorption/desorption Curves 

Sorbents with different compositions are tested through Thermogravimetric 

Analysis (TGA) program described above. A small amount of sorbent (25~55mg) 

placed on Pt pan are heated to 80℃ under inert nitrogen environment to remove 

water vapor. Temperature is adjusted to 45℃ after 10min. And after the 

stabilization of the system, input gas is switched to CO2 to conduct a CO2 

absorption process until equilibrium. Afterward, a CO2 desorption session under 

45℃ nitrogen flow 66ml/min is carried out for 30min or until sorbent fully 
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regenerated. The recorded 45℃ absorption/desorption curves of different 

sorbents are shown in below. 

 

Figure 15 Absorption/desorption curve for 1:1 mass ratio T-403: silica sorbent 

Figure 2.2 is a typical CO2 absorption/desorption curve for 1:1 mass ratio T-403: 

silica sorbent. After removing water vapor by 10min heating under 80℃ nitrogen 

flow and adjusting ambience temperature to 45℃ for another 10min, the CO2 

sorption process initiated when the mass of the sample decreased to 97.73% of 

the original amount. The sorbent reached CO2 capture equilibrium after 10min 

absorption and weighted 104.4% of its original mass. Sorbent regeneration 

process was conducted by switching input gas back to nitrogen under 45℃ for 

another 30min. Through the complete process, all gas flows are controlled in the 
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consistent flow rate of 66ml/min. The sorbent maintained 97.72% of its original 

mass after 20min desorption. Time for 50% regeneration and 10min regeneration 

rate are able to read and calculate from the CO2 absorption/desorption curve. For 

this specific 1:1 mass ratio T-403: silica sample, it reached 50% regeneration 

point at 35.27min (5.27min desorption) and recorded a mass of 98.65% at 40 min 

(10min desorption). 

 

Figure 16 Absorption/desorption curve for 0.5:1 mass ratio T-403: silica sorbent 

For 0.5:1 mass ration T403-silica sorbent, absorption/desorption curve in a 

similar shape was obtained. (Figure 3.2) The absorption process initiated under 

45℃ 66ml/min CO2 flow after eliminating disturbing water vapor. The CO2 

reached equilibrium after 10min absorption while sorbent mass increased to 
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103.5% of its original mass. The following 30min desorption process was 

characterized by reaching 50% regeneration rate at 36.25min (6.25min 

desorption) and remaining 100.4% of original mass at 40min (10min desorption). 

We also obtained absorption/desorption curves for PMMA and PVAc modified 

sorbents. 

 

Figure 17 Absorption/desorption curve for 0.5:0.5:1 mass ratio PMMA: T-403: silica sorbent 

Three identical absorption/desorption cycles are programmed for PMM:T-403: 

silica sorbent. After 10min water vapor removal (sorbent mass decreased to 

99.10%), the absorption process lasted for 7min while the mass of the sorbent 

increased to 100.09% (first cycle). The regeneration process completed in 

following 13min featured by sorbent mass dropped back to 99.10% (first cycle). 

50% regeneration time are read at 19.90min (2.9min desorption, first cycle), 
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while 99.12% of original sorbent mass remained after 10min desorption. From 

the absorption/desorption curve obtained for all three cycles, similar 

absorption/desorption behaviors are observed which indicates 0.5:0.5:1 mass 

ration PMMA:T-403:silica sorbent sample possesses satisfying stability for 

multicycle CO2 absorption, which is an important factor for further industrial 

application.  

 

Figure 18 Absorption/desorption curve for 0.5:0.5:1 mass ratio PVAc: T403: silica sorbent 

Similarly, 0.5:0.5:1 mass ratio PVAc: T-403: silica sorbent was tested. After 

10min sorbent water vapor removal, the mass of sorbent dropped to 99.18%. 

The sorbent mass bounced back to 101.1% by the end of 7min CO2 absorption. 

In the following desorption session, 50% regeneration rate point was recorded at 

20.31min (3.31min desorption). Meanwhile, 99.23% of sorbent original mass was 
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read at 10min desorption point. Stable absorption/desorption performance was 

also observed for three cycles which implies the sorbent has the potential for 

multicycle utilization.  

Sorbents with various compositions in T-403 series are featured by different CO2 

absorption and desorption abilities. Despite of the differences, all sorbents in T-

403 series presented satisfying desorption ability by showing high sorbent 

regeneration rate and rapid regeneration speed with a relatively simple and cost 

effective operation. 

3.2.2 PEI series sorbents 

In PEI series sorbents, 0.5:1 and 1:1 mass ratio PEI-silica sorbents are prepared 

and characterized. Besides, different PEGs modified sorbents, PEG400-PEI-

Silica and PEG1000-PEI-Silica, as well as PMMA PVAc modified sorbents are 

investigated. All sorbents are prepared in 0.5:0.5:1 mass ratio.  

3.2.2.1 Sorbent Characterization 

ATR-FTIR was also used to characterize PEI series samples. From the FTIR 

spectrum, N-H absorption band at 1550-1640 cm-1 confirmed the presence of 
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PEI on the fumed nano-silica framework. 

 

Figure 19 ATR-FTIR profiles for 14nm silica and PEI-silica sorbent 
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Figure 20 ATR-FTIR profiles for 14nm silica, PEI-silica and PEG400-PEI-silica 

According to the structure of PEG, ether functional groups are incorporated in its 

backbone. The characteristic absorption band for ether C-O is at 1000-1400 cm-

1, which was overlapped by the strong absorption band of silica at 1110 cm-1 and 

its broad shoulder at 1180 cm-1. 
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Figure 21 ATR-FTIR profiles for 14nm silica, PEI-silica and PEG1000-PEI-silica sorbents 

For PVAc-PEI-Silica sample and PMMA-PEI-Silica sample, the absorption band 

at 1740-1740 cm-1 were also observed. The deposition of PVAc/PMMA and PEI 

onto the fumed silica framework is clearly evident in those FTIR spectrum. 
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Figure 22 ATR-FTIR profiles for 14nm silica, PEI-silica, and PVAc-PEI-

silica sorbents 

 

Figure 23 ATR-FTIR profiles for 14nm silica, PEI-silica, and PMMA-PEI-silica sorbents 
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3.2.2.2 Sorbent Absorption/desorption Curve 

Monitoring sorbent mass change over time, absorption/desorption curves for 

each sorbent were obtained and illustrated below. 

Figure 24 Absorption/desorption curve for 1:1 mass ratio PEI : silica sorbent 

1:1 mass ratio PEI: silica sorbent featured the absorption/desorption curve in 

Figure 3.6. CO2 absorption started at 20min, when the sorbent mass dropped to 

89.56% of original sorbent mass. The sorbent reached CO2 capture equilibrium 

rapidly after 2min absorption, and its mass recorded after 10min absorption is 

97% of original mass. At 40min, sorbent mass was recorded again for 10min 

desorption ability measurement. However, by the end of the TGA process, the 

1:1 mass ratio PEI-silica sorbent was still not able to complete 50% regeneration 

but remained a mass of 93.99% of original mass.  
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Figure 25 Absorption/desorption curve for 0.5:1 mass ratio PEI : silica sorbent 

0.5:1 mass ratio PEI-Silica sorbent curve showed a similar shape to its 1:1 mass 

ratio counterpart. The sorbent mass increased from 94.39% to 100.00% in CO2 

capture process after inputting 66ml/min CO2 flow under 45℃ for 10min.In 

desorption session, 98.87% of the sorbent original mass was maintained at 

10min desorption point. Similar to 1:1 mass ration PEI-Silica sample, the 0.5:1 

mass ratio PEI-Silica sorbent didn’t reach 50% regeneration point within 30min 

desorption. 

0.5:0.5:1 mass ratio PEG: PEI: Silica sorbents was prepared with both low 

molecular weight (LMW) and high molecular weight (HMW) PEGs, PEG400 and 

PEG1000 respectively. The absorption/desorption curves are shown below. 



39 
 

Figure 26 Absorption/desorption curve for 0.5:0.5:1 mass ratio PEG400:PEI:silica sorbent 

Featured by sorbent mass dropped dramatically to 84.95% of original sorbent 

mass, the 0.5:0.5:1 mass ratio PEG400: PEI: silica sorbent reached CO2 capture 

equilibrium rapidly and maintained 90.84% of its mass by the end of 10min 

absorption. At 40min (10min desorption), the sorbent mass was recorded as 

88.64%. 3.7 min later, 50% regeneration point of this 0.5:0.5:1 mass ratio 

PEG400: PEI: Silica sorbent was observed. 
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Figure 27 Absorption/desorption curve for 0.5:0.5:1 mass ratio PEG1000:PEI:silica sorbent 

The absorption/desorption curve for high molecular weight (HMW) PEG, 

PEG1000 coated sorbent was shown above. The mass of the sorbent decreased 

to 92.36% of its original after 10min water vapor removal and another 10min 

temperature adjustment. CO2 absorption process began at 20min. The sorbent 

responded to CO2 flow instantly featured by the rapid increase of sorbent mass. 

By the end of the 10min CO2 absorption process, a sorbent mass of 97.24% was 

recorded. In the following desorption process, sorbent mass reduced to 95.30% 

at 40min (10min desorption). 3.24min later (13,24min desorption), 50% 

regeneration point was reached for this 0.5:0.5:1 mass ratio PEG1000: PEI:Silica 

sorbent. 
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Figure 28 Absorption/desorption curve for 0.5:0.5:1 mass ratio PMMA: PEI: silica sorbent 

For 0.5:0.5:1 mass ratio PMMA: PEI: Silica sorbent, a typical 

absorption/desorption curve is shown above. The sorbent maintained 96.84% of 

its original mass after 20min initiation process. In the following CO2 absorption 

process, the sorbent mass increased to 99.77% by the end of this 10min 

absorption session. When the input gas was switched back to nitrogen flow, the 

desorption process began. At the point of 10min desorption, the sorbent mass 

reduced to 98.41%. Meanwhile 98.31% of original mass ratio was the point 

featuring 50% regeneration at 41.04min (11.04min desorption).  
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Figure 29 Absorption/desorption curve for 0.5:0.5:1 mass ratio PVAc: PEI: silica sorbent 

Last be not the least, 0.5:0.5:1 mass ratio PVAc: PEI: Silica sorbent presented 

the above absorption/desorption curve. In 10min CO2 absorption process, the 

sorbent mass bounced back from 90.98% after water vapor elimination to 

94.53%. Followed by 30min regeneration process, the sorbent lost weight again 

because of the removal of CO2. 93.3% of sorbent’s original mass was maintained 

after 10min desorption. Meanwhile, 50% regeneration point was recorded at 

44.89min (14.89min desorption). 

The typical absorption/desorption curves for each sorbent was illustrated and 

discussed above. Even with different compositions and CO2 

absorption/desorption abilities, the shape of all sorbents’ absorption/desorption 

curve remains similar. Investigated as potential industrial CO2 capture sorbent, 
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the silica supported, amino containing polymers coated sorbents showed rapid 

CO2 capture performance by completing CO2 absorption within 10min. For 

desorption sessions, all sorbent reached 50% regeneration point within 30min 

except PEI: Silica sorbents, which are not supposed to have satisfying desorption 

performance (Goeppert, Meth et al. 2010, Al-Azzawi, Hofmann et al. 2012). 

Detailed comparison and discussion about the performance of sorbents and the 

corresponding conclusions are presented in the following chapters. 
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Chapter 4  

Result and Discussion 

4.1 Theoretical absorption capacity 

Assume the absorption process, attributing to chemical capturing mechanism, is 

based on neutralization reaction between CO2 and amine groups. According to 

the stoichiometry of each CO2 reacts with two amino groups to form a carbamate 

a theoretical CO2 absorption capacity for each sorbent is calculated and 

presented in Table 4.1. For example, 1g 1:1 mass ratio PEI-silica sorbent 

consists of 0.5g PEI which is 1.057×10−3mol. Per mol of PEI molecule contains 

11 mol amine groups which are able to react with 5.5mol CO2, Therefore, the 

theoretical absorption capacity of 1:1 mass ratio PEI-Silica sorbent is 256 mg 

CO2/g sorbent by calculation. 

Another parameter, percentage of theoretical absorption capacity, is defined as 

experimental equilibrium absorption capacity divided by theoretical absorption 

capacity, which indicates the absorption efficiency of sorbents.  

4.2 CO2 absorption capacity  

Equilibrium Absorption Capacities, expressed in unit mg of CO2 /g sorbent, are 

calculated by the EAC equation (1) above. For each sorbent, at least 3 

independent samples are tested. These results are shown in Table 4.1. The 

highest capture capacity happened on PEI-Silica 1:1 mass ratio sorbent which is 

78.897.68 mg CO2/g sorbent, which is different from the results reported by 
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Table 1 CO2 absorption/desorption ability of sorbents 

Sorbent  Theoretical 

maximal CO2 

sorption capacitya  

(mg CO2 g–1) 

Experimental CO2 

sorption capacity  

 (mg CO2 g–1) 

% of theor. 

max. sorbed 

% regeneration 

(10 min of N2)  

t50% regen. 

(min) 

T-403:silica 

1:1 

75.02 57.077.65 76.07 88.789.62 4.950.94 

T-403:silica 

0.5:1 

50.01 40.842.12 81.66 76.209.06 6.321.12 

PMMA:T-403:silica 

0.5:0.5:1 

37.51 17.410.21 46.43 98.830.06 2.910.25 

PVAc:T-403:silica 

0.5:0.5:1 

37.51 18.900.18 50.38 98.070.58 3.010.10 

PEI:silica 

1:1 

255.8 78.897.68 30.84 16.172.98 >30 

PEI:silica 

0.5:1 

170.6 56.144.90 32.91 19.341.38 >30 

PEG400:PEI:silica 

0.5:0.5:1 

127.9 66.366.12 51.88 35.005.97 14.922.44 

PEG1000:PEI:silica 

0.5:0.5:1 

127.9 54.007.73 42.22 38.404.11 13.681.22 

PMMA:PEI:silica 

0.5:0.5:1 

127.9 33.214.63 25.97 43.672.53 11.940.89 

PVAc:PEI:silica 

0.5:0.5:1 

127.9 39.048.09 30.52 38.307.46 13.542.64 

a. Based on the assumption that each CO2 reacts with two amino groups to form a carbamate  
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Figure 30 CO2 sorption capacities of each sorbent studied 

 

previous researchers in our group (36.38.4mg CO2/g (Al-Azzawi, Hofmann et al. 

2012)). Besides, comparing the results of T-403:silica 1:1 mass ratio sorbent and 

that from previous study, a slight decrease in EAC appears (57.077.65 vs. 

69.85.3 mg CO2/g sorbent).  These differences are mainly because CO2 

capturing and regenerating tests were operated in different systems and 
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procedures. In current study, 25~55mg sorbent was loaded on a Pt pan and 

tested in a closed automatic TGA testing system instead of 0.5 g sorbent in a 

glass vial testing in an open manually operated system reported in the previous 

study (Al-Azzawi, Hofmann et al. 2012). The difference is believed to be caused 

by altered testing methods and sample load, which indicates the experimental 

CO2 absorption capacity depends on sample size and the experimental 

configuration. 

Sorbents in different composition ratios are also tested. The EAC of 0.5:1 mass 

ratio PEI: silica sorbent is 56.144.90mg CO2/g sorbent, and 0.5:1 mass ratio 

T403: silica sorbent has an EAC of 40.841.69 mg CO2/g sorbent, which are 

lower than those of 1:1 mass ratio sorbents as expected. However, the 0.5:1 

mass ratio sorbents have higher percentage of theoretical absorption capacity 

compared to the same sorbents in 1:1 mass ratio, which indicates low mass ratio 

sorbents possess higher efficiency in functional sites usage.  

The percentage of theoretical capture capacities obtained for T-403-Silica 

samples are higher than that of PEI-Silica samples. The difference in those two 

polymers is that T-403 contains ether groups in its backbone, the similar 

structure to PEG. PEG and other oxygenated compounds have been applied as 

physical solvents for acid gas removal for decades. However, the studies of 

combination of amine groups and oxygenated compounds for removal acid gas 

are mainly focused on liquid phase instead of solid phase (Goeppert, Meth et al. 

2010). When added to amine-containing system. PEG often increases the CO2 

absorption/desorption rates. The incensement is mainly attribute to the formation 
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of carbaments from the reactions between CO2, amine, and OH groups of PEG 

(Xu, Song et al. 2003) and/ or lower local viscosities which enhances mass 

transfer (Goeppert, Meth et al. 2010). Besides, ether groups are well known as 

electron-donating functional groups which are shown able to interact with CO2 

through Lewis acid-base neutralization interactions (Kazarian, Vincent et al. 

1996). So that, it is feasible that such interactions may happen with polymers 

with similar electro-donating functional groups. Therefore, the performance of 

sorbents with PMMA, PVAc modifiers are also investigated.  

Sorbents with same weight percentage amine-containing polymers (T-403, PEI) 

and Lewis-basic polymers (PMMA, PVAc, PEG) were prepared and tested. The 

Equilibrium Absorption Capacities for the PMMA/PVAc modified sorbents was 

lower than non-modified sorbents as expected. Because for per gram 

oxygenated polymer modified sorbent, the number of effective amine sites 

decreases, which is demonstrated by the decline of calculated theoretical capture 

capacities (Table 4.1). Meantime, it is significant to notice that Lewis-basic 

polymer modified sorbents didn’t show an obvious enhance in percentage of 

theoretical capture capacity over the non-modified counterparts. According to the 

experimental data, PVA and PMMA actually decreased the percentage of 

theoretical capture capacity. Conversely, the adding of either low molecular 

weight PEG (PEG400) or high molecular weight PEG (PEG1000) contributed to 

an increase in both equilibrium capture capacity and percentage of theoretical 

capture capacity. Furthermore, the obtained testing results for LMW PEG 

modified sorbents are even better than those of HMW PEG modified sorbents. 



49 
 

The effectiveness of PEG obtained in the study is in line with previous studies 

reported by Xu’s and Goeppert’s reports.(Xu, Song et al. 2003, Goeppert, Meth 

et al. 2010)   

When sorbents are modified by chemicals with electron-donating ether groups in 

their backbone (T-403, PEG), their CO2 absorption capacity and efficiency both 

increased. However, if the oxygenated groups appear in modifiers branches 

instead of backbone (PMMA, PVAc), the optimal effect of the electron-donating 

groups don’t appear.  

4.3 CO2 absorption kinetics 

The comprehensive CO2 absorption process includes CO2 diffusion mass transfer 

through polymer layer, which is a relatively slow viscosity and concentration 

dependent process, carbamate formation and potential Lewis acid-base 

interaction processes, which are relatively fast and thermodynamically controlled. 

Time dependence absorption performance for T-403 series and PEI series are 

illustrated in Figure 4.1 and 4.3 respectively. The instantaneous capturing rate, 

calculated by the first derivative of Figure 4.1 and 4.3, are also shown in Figure 

4.2 and 4.4 respectively.  

For all sorbents, the CO2 absorption rates remained zero for the first 15s which 

should be caused by system delay of switching inlet gas from N2 into CO2. A 

small absorption shoulder is observed (15s to 20s) for all sorbents. The explicit 

reason for such phenomenon remains unveiled. We propose it is related to the 

different molecular weight of N2 (28.01g/mol) and CO2 (44.01g/mol) molecules. 
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In T403 series sorbents, 0.5:1 mass ratio T403: silica sorbent showed the fastest 

absorption speed and reached its maximum after 0.6min (36s) absorption. The 

absorption speed dropped down rapidly after reaching maximum, shown as a 

narrow sharp peak on Figure 4.2, which means it took a relatively short time for 

such sorbent to reach CO2 absorption equilibrium. This phenomenon is 

consistent with the expectation that a decreased mass ratio in the sorbent 

sample (from 0.5:1 to 1:1) results in a faster mass transfer of CO2. 0.5:1 mass 

ratio sorbent contains fewer polymers. Therefore, it is easier for CO2 to penetrate 

polymer layer and react with all active primary amine sites. However, because of 

fewer available primary amine sites, the equilibrium capture capacity, shown as 

the area between absorption curve and horizontal time axe, is smaller than its 1:1 

mass ratio counterpart.  
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Figure 31 CO2 absorption capacity over time for T-403 series sorbents 
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Figure 32 CO2 instantaneous absorption rate over time for T-403 series sorbents 

 

The addition of PMMA or PVAc in T403 series sorbents doesn’t lead to an 

increase in CO2  absorption capacity or an apparent enhancement in 

instantaneous absorption kinetics. The longer tail appears in instantaneous 

absorption rate curves for PMMA, PVAc modified sorbents than that of 0.5:1 

mass ratio T403: silica sorbent. Such phenomenon suggest the mass percentage 

of polymers affects the CO2 mass transfer, higher mass percentage of polymer 

result in a longer time for sorbents to reach absorption equilibrium.  
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Figure 33 CO2 absorption capacity over time for PEI series sorbents 
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Figure 34 CO2 instantaneous absorption rate over time for PEI series sorbents 

 

Similar to the T403 sorbents, the non-modified PEI sorbents exhibit an 

instantaneous absorption rate difference dependent on the mass ratio of the 

components. Low PEI mass ration leads to faster absorption and shorter time for 

reaching equilibrium. Among all Lewis-basic modified sorbents, 0.5:0.5:1 mass 

ratio PEG1000: PEI: Silica sorbent exhibited the highest absorption speed. 

Interestingly, a much faster absorption speed was obtained from PEG1000 

modified sorbent than its counterpart modified by the same polymer but in a 

lower Mn (0.5:0.5:1 mass ratio PEG400: PEI: Silica sorbent). Besides, a 

broadened peak for PEG400-modified sorbent compared to PEG1000-modified 
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sorbent is observed, which indicates the mass transfer may have a greater 

influence in PEG400-modified sorbent. This phenomenon is inconsistence with 

the explanation that the incensement of the overall sorption capacity for lower Mn 

PEG modifier contributes to a lower viscosity effect which usually enhances 

mass transfer. Since overall sorption capacity is increased but not instantaneous 

kinetics, the bicarbonate formation may indeed be playing an additional role in 

PEG-modified sorbents. The OH concentration will be higher for PEG400 than 

PEG1000 at the same mass percentage thus resulting in better overall capture 

capacity as observed.  

For PMMA or PVAc modified sorbents in PEI series, their overall absorption 

capacities were not increased by adding these Lewis-basic modifiers. However, 

the Lewis-basic modifiers do have a positive effect on enhancing mass transfer 

as shown by the narrower peaks than that of non-modified PEI sorbent.  

Thus, based on the experimental phenomenon and discussion, we may suggest 

the combination of amine containing, OH containing and Lewis-base containing 

materials has potential to balance the capacity, mass transfer, available amine 

sites of silica supported CO2 sorbents. 

4.4 CO2 desorption ability 

CO2 desorption, also called sorbent regeneration, is a critical process to recycle 

sorbents and reduce operation cost of whole CO2 capture process. Only if the 

sorbent material possesses merit regeneration ability and low energy cost, it is 

possible to be applied in industry. A simulated regeneration process, controlled 

by automatic TGA program at a N2 flow of 66ml/min and 45°C, was utilized in our 
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research for sorbents regeneration study. Three dimensions, Regeneration Rate 

at 10 min desorption, time for 50% regeneration and desorption speed, are 

investigated in the study to interpret sorbents’ regeneration ability.  

From experiment results (Table 4.2), the regeneration research under current 

experimental configuration for sorbents prepared in the same procedures 

resulted in a better desorption performance than that in our previous study. 

Compared to the 82.4% regeneration rate for 1:1 mass ratio T-403-Silica sorbent 

at 45°C vacuum desorption process reported in our previous study(Al-Azzawi, 

Hofmann et al. 2012), a higher regeneration rate of 88.78% at 10min was 

obtained by the TGA process with same temperature and inert gas environment 

but different pressure. An increase also exhibited in the comparison of current 

study of 1:1 mass ratio PEI-Silica sorbent (16.2%) to the previous one (3.5%). 

 

Table 2 Sorbent CO2 desorption ability 

Sorbent % regeneration 

(10 min of N2)  

t50% regen. (min) Linear Trendline 

Slopea 

R-squared 

value 

T-403:silica 

1:1 
88.789.62 4.950.94 8.00E-04 

 

0.9945 

T-403:silica 

0.5:1 
76.209.06 6.321.12 7.00E-04 

 

0.9975 

PMMA:T-403:silica 

0.5:0.5:1 
98.830.06 2.910.25 1.40E-03b 

 

0.9962 

PVAc:T-403:silica 

0.5:0.5:1 
98.070.58 3.010.10 1.40E-03b 

 

0.9963 

PEI:silica 

1:1 
16.172.98 >30 1.00E-04 

 

0.9904 

PEI:silica 

0.5:1 
19.341.38 >30 2.00E-04 

 

0.9973 

PEG400:PEI:silica 

0.5:0.5:1 
35.005.97 14.922.44 2.00E-04 

 

0.9966 

PEG1000:PEI:silica 

0.5:0.5:1 
38.404.11 13.681.22 3.00E-04 

 

0.9975 

PMMA:PEI:silica 

0.5:0.5:1 
43.672.53 11.940.89 4.00E-04 

 

0.9993 
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PVAc:PEI:silica 

0.5:0.5:1 
38.307.46 13.542.64 3.00E-04 

 

0.9906 

a: The linear trendlines are based on each sorbent’s 0-10min desorption data  

b: The slopes obtained for PMMA:T-403:silica and PVAc: T-403:silica sorbents are based on 0-5min 

desorption data 

 

 

Figure 35 Average percentage regeneration after 10min desorption and time for 50% sorbent 
regeneration 
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Consist to previous reports, T-403 modified sorbents shown remarkably better 

regeneration ability than non-modified counterparts. Statistically, we obtained a 

nearly 3-fold greater regeneration rate (76.2-98.8%) of T-403 modified sorbents 

over that of PEI series sorbent (16.2-43.7%). For example, comparing two 

different PVAc containing sorbents, the one in T-403 series (PVAc-T-403-Silica) 

has a 10min regeneration rate of 98.1%, 2.6 fold to its counterpart in PEI series 

(PVAc-PEI-Silica) with a regeneration rate of 38.3%. Meanwhile, the 

regeneration time is shortened to 3.0min from 13.5min.  

 

 

Figure 36 Regeneration rate over time for T-403 series sorbents 
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In addition, desorption speed, characterized by the slope of the first-order linear 

fitting of each sorbent, is a direct indication of effectiveness of the additive 

polymer on sorbent’s regeneration ability. Different from figures indicate the 

results of regeneration process (t50%, and % regeneration at 10min), desorption 

speed characterizes the regeneration process itself. From the calculated data 

(Table 4.2), the interpretation of this dimension is consistent to the other two 

measurements.  

 

 

Figure 37 Regeneration rate over time for PEI series sorbents 

 



60 
 

Within T-403 series sorbents, PMMA modified sorbents exhibits the best 

regeneration ability by presenting a higher regeneration rate at 10min desorption 

(97.3 ± 1.9%), shorter time for 50% regeneration (2.7min) and highest desorption 

speed (1.40E-03) than any other sorbents in the group. The same phenomenon 

also happened in PEI series sorbents, 0.5:0.5:1 mass ratio PMMA-PEI-Silica 

sorbent possesses promising regeneration capability by showing best results in 

all dimensions (Table 4.2). By replacing half portion of PEI into PMMA, 

regeneration rate increased 2.3 times from 19.3 to 43.7 along with a decrease in 

50% regeneration time from over 30min to 11.9min. 

To summarize, all Lewis-basic modifiers dramatically improved the regeneration 

ability in all three dimensions for PEI-based sorbents. Among all modifiers, 

PMMA had the greatest effect, even outperformed well-known PEG modifier. 

This phenomenon also indicates Lewis-base polymers, not limited to PEG, have 

a positive effect on solid sorbent regeneration.  
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Chapter 5  

Conclusion and Future Work 

5.1 Conclusion 

Among all Lewis basic modifiers, T-403, PEG have the great effect for increasing 

sorbent CO2 absorption capacity by improving percentage of theoretical CO2 

capture capacity, while the adding of PMMA and PVAc modifiers didn’t enhance 

sorbents CO2 capture capacity in either PEI series or T-403 series sorbents. The 

CO2 capture improvement, resulting from Lewis base-acid reactions, happed on 

polymers containing ether groups in their backbone structure (T403, PEG), but 

wasn’t observed for polymers containing ether or carbonyl groups on their 

branches (PMMA, PVAc). T-403, PMMA, PVAc, and HMW PEG were found to 

have positive influence on CO2 absorption kinetics. However, LMW PEG, 

PEG400, even with great effect on enhance CO2 absorption capacity, doesn’t 

manifest to have obvious effect on improving sorption kinetics. In sorbent 

regeneration study, Lewis-base modifiers shown great effect on improving 

sorbents desorption ability. In both T-403 and PEI series, PMMA modifier led to 

fastest desorption rates and higher regeneration ability at a relatively low 

temperature (45 °C) without the need for further heating. From the perspective of 

operation cost, such improvement in sorbent regeneration ability and 

regeneration rates at low temperature are significant in reducing regeneration 

energy cost. To conclude, balancing CO2 absorption capacity and desorption 

ability, silica supported, T-403 coated sorbent shown the best feasibility for 
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industrial application among all sorbents prepared and tested in this study. 

Further, the combination of amine containing, OH containing, Lewis-base groups 

(especially the ones contain Lewis-base on their backbone structure) containing 

materials has potential to balance the CO2 capture capacity, mass transfer, 

desorption ability for silica supported sorbents or other substrate with high 

specific surface area.  

 

5.2 Future work 

The performance of a solid sorbent are assessed in terms of various desired 

attributes. Besides the equilibrium CO2 capture capacity, absorption/desorption 

kinetics and regeneration ability tested in the study, other characteristics such as 

selectivity and multicycle durability are also critical measurement to evaluate the 

performance of solid sorbents and their feasibility for industrial applications. In 

future study and research, sorbent’s CO2 absorption/desorption stability for each 

sorbent and the potential leaking of functional groups are key points needed to 

be investigated. Absorption selectivity could be characterized by testing the CO2 

absorption capacity in simulated flue gas with certain partial pressure of each 

composition.  

Comparing CO2 capture capacity of T-403 sorbent reported in our group’s 

previous study and that in this research, sample size and experimental 

configurations effect sorbent’s CO2 capture capacity. In future work, the study of 

optimum sample size and pilot absorption column configuration could be 

included. 
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Materials containing amine groups, Lewis-base electron donating backbone 

structure, hydroxyl groups should also be investigated as potential high 

performance sorbent compositions.    
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