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ABSTRACT  

CARBON DIOXIDE CAPTURE AND UTILIZATION IN STEAM 

GASIFICATION OF BIOMASS 

 

Shakirudeen Salaudeen    Advisor: Dr. Animesh Dutta 

University of Guelph, 2020    Co-Advisor: Dr. Bishnu Acharya 

       Committee Member: Dr. Syeda Tasnim 

 

The world is witnessing a rapid growth in population and energy consumption, and is faced with 

the responsibility of minimizing greenhouse gas emissions. This research investigates an 

innovative way of producing hydrogen enriched synthesis gas (syngas) from biomass using 

fluidized bed technology and in-process carbon capture. Eggshell is highly rich in calcium 

carbonate, suggesting that the material is potentially an attractive biosource of lime and thus is 

used as a source of CO2 sorbent in the gasification studies. Sawdust was used as the biomass in 

the gasification experiments. Investigation showed that increasing the calcined eggshell to biomass 

ratio (CEBR) provided more calcium oxide (CaO) to the process, promoted CO2 uptake and 

enhanced hydrogen enrichment. A minimum CO2 concentration of 3.3% and a maximum hydrogen 

concentration of 78% were obtained at a temperature of 650oC, steam to biomass ratio (SBR) of 

1.2 and CEBR of 1.0. Experiments for obtaining the calcination and carbonation kinetic parameters 

of the eggshell were conducted by following the recommendations made by the Kinetics 

Committee of the International Confederation for Thermal Analysis and Calorimetry (ICTAC). It 

is important to properly manage available energy facilities before biohydrogen becomes fully 

commercialized. With this in mind, another part of the research is on the gasification of biomass 

in an atmosphere of steam and CO2. The captured CO2 from the first part of the research can be 

utilized in this part. This investigation promotes the valorization of a greenhouse gas (CO2) and 

enhances the production of syngas with a flexible H2/CO ratio for various applications. It was 

found that the inclusion of CO2 as a co-gasifying agent promoted CO evolution, reduced H2 

concentration, and consequently decreased the H2/CO ratio. The ratio reduced with a rise in 

temperature, increased with increasing CO2 to biomass ratio (CBR), and showed no significant 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/greenhouse-gas-emission


 
 

 
 

change with pressure. A CBR of around 0.6 would be an optimum value for Fischer-Tropsch 

synthesis to achieve a H2/CO of 2:1, but the CBR should be lower for processes requiring a lower 

H2/CO ratio like acetic acid formation and oxo-synthesis.
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Chapter 1.  Introduction 

The world is experiencing a rapid growth in its economy and requires energy supply that is 

commensurate with the growth. Unfortunately, most of the energy supply is from fossil fuel, 

leading to an increase in CO2 emissions and global warming. It was reported that ~90% of CO2 

emissions by human activities are from the burning of fossil fuel and cement production [1]. The 

emissions can be reduced with the use of carbon-neutral renewable energy sources and by various 

carbon capture techniques. Although the renewable sources are surging and they enable carbon 

neutrality, it is increasingly becoming obvious that the problem of carbon emissions cannot be 

fully solved with just renewable energy resources. This is because global energy growth with the 

use of fossil fuel is high and still increasing [1]. A recent report by the World Meteorological 

Organization (WMO) buttresses this point [2]. It was revealed that the global emission of CO2 

reached a new record rise of 3.3 ppm from 2015 – 2016, culminating into a record-high average 

of 403.3 ppm in 2016. This value was further reported to be around 145% of the pre-industrial era 

emission. Also, reports released by the Global Carbon Project in 2019 showed that the global fossil 

carbon dioxide emissions increased at a rate of 1.3%/year from 2009 – 2018 [3]. Furthermore, the 

2019 emissions gap report of the United Nations revealed a 2% rise in CO2 emissions from fossil 

fuel usage [4]. A promising technique to reduce emissions is carbon negativity. In this technique, 

renewable energy sources, which are carbon-neutral, are used as fuel and carbon capture is 

incorporated in the process. 

Hydrogen is one of the most important energy carriers. However, its production at the 

moment is mainly from fossil fuel, which contributes to emissions and adds to the problems 

being faced by mankind. To generate environmentally friendly hydrogen, its production 

should be from renewable sources. Although alternative energy sources like wind, sun and water 

do not directly contribute to carbon emissions, direct utilization of energy from these sources is 

difficult. Also, these sources of energy are not stable; they have intermittent supply, making 

storage a requirement for efficient energy usage, and accordingly making their processes more 

difficult. Furthermore, the production of hydrogen from electrolysis using these renewable sources 

requires high capital cost and exhibits low overall efficiency [5]. This makes biomass an 

important fuel source for hydrogen production. Biomass is considered carbon neutral and is 

widely available. Biomass may be derived from plants, animals, crop residues and so on. 

Among the available biomass thermochemical conversion techniques, gasification is perhaps 
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the most useful and effective technique for the conversion of biomass to gaseous fuels. It has 

higher heat capacity and energy recovery when compared to its competitive technologies, 

pyrolysis and combustion [6]. Hence, biomass gasification is one of the most attractive 

means of generating syngas, and by association hydrogen (H2) gas. However, in addition to 

H2 and carbon monoxide (CO, collectively referred to as syngas), methane (CH4) and carbon 

dioxide (CO2) are produced in gasification [7],[8]. The production of CO2 is not desirable as 

it reduces the heating value of syngas, suggesting that CO2 capture in the process of 

gasification is important. Moreover, CO2 capture during the gasification of biomass, a 

carbon-neutral fuel, will further reduce the carbon footprints [9]. It has been previously 

reported that in the process of the CO2 removal during gasification, the enrichment of H2 

through water-gas shift reaction is promoted [7]. Therefore, the gasification of biomass with 

an in-situ CO2 capture is an encouraging method of producing hydrogen.  

To solve the carbon dioxide emission problem, the use of renewable energy sources and carbon 

capture techniques have gained significant interest in recent times. However, carbon capture and 

storage techniques have not been able to fully solve the issue, making investigations into carbon 

utilization another interesting area of study. In addition to environmental benefits, carbon capture 

and utilization (CCU) seems to be a better idea on an economic point of view than carbon capture 

and storage (CCS) [10]. With biomass being considered as a carbon-neutral fuel, the utilization of 

the captured CO2 from industrial plants as a gasifying agent in biomass gasification would lead to 

carbon negativity if the plants were powered by renewable energy sources. 

1.1. Research statements 

This PhD research titled “carbon dioxide capture and utilization in steam gasification of biomass” 

focuses on energy generation by utilizing carbon-neutral fuel source (biomass) to generate 

hydrogen-enriched synthesis gas (syngas). This will be achieved through the gasification of 

biomass. The results of the investigation are expected to be a step towards reducing reliance on 

fossil fuel and consequently, CO2 emission would reduce. Secondly, the research uses eggshell as 

the CO2 sorbent; the shell is highly rich in calcium carbonate (CaCO3) and serves as a source of 

CaO-based sorbent. The material is hypothesized to have similar performance in gasification 

compared to conventional and more expensive sorbents. The motivation of this research was drawn 

from the necessity to have an alternative to limestone in the calcium looping gasification (CLG) 

of biomass. Eggshell would likely have a consistent property unlike limestone that has varying 
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properties depending on its source. In the CLG system, there is a multiple calcination, carbonation 

and gasification cycle. It may be argued that CO2 is released while activating the sorbent by 

calcination, however, more CO2 will be captured after a series of calcination and carbonation cycle 

in the CLG. The captured CO2 is of high concentration and can be easily separated. The separated 

CO2 can then be utilized in different applications. The first part of this research focuses on studying 

the main stages of the CLG system independently with eggshell as the sorbent material. Another 

aspect of the research is the gasification of biomass in an atmosphere of steam and CO2. This part 

is a way of utilizing the captured CO2 and it enhances the production of syngas with a flexible 

H2/CO ratio for various applications. More so, it will enable proper management of available 

energy facilities before biohydrogen becomes fully commercialized. It is generally known that 

CO2 is a waste gas; utilizing it as a gasifying agent will help reduce the cost of carbon sequestration 

for mitigating climate change. 

1.2. Objectives 

This research aims to investigate the capture and utilization of CO2 in the gasification of biomass 

with eggshell as a CO2 sorbent. The specific objectives of this PhD research and the approaches to 

achieve them are stated below: 

1. Studying the calcination, carbonation and characterization of the CO2 sorbent material 

(eggshell): Towards utilizing the ‘waste resource’ as a sorbent in the gasification of 

biomass. 

Approach: Thermogravimetric analysis (TGA) coupled with Fourier transform infrared 

spectroscopy (FTIR) is used to study the thermal decomposition (calcination), CO2 uptake 

(carbonation), and the qualitative identification of evolved gases during the calcination of 

the eggshell. The specific surface area of the material is evaluated with a multipoint 

Brunauer–Emmett–Teller (BET) analysis. Elemental and colourimetric analyses are also 

performed on the eggshell material. 

2. Studying the kinetics of the calcination and carbonation processes: To understand the 

stability and reaction mechanism of the processes. 

Approach: This study is conducted by following the recommendations made by the 

Kinetics Committee of the International Confederation for Thermal Analysis and 
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Calorimetry (ICTAC) for the measurements and the calculation of kinetic parameters. 

Various isoconversional methods are used to study the calcination kinetics while a 

modified form of the shrinking core model is used to analyse the carbonation kinetics. 

3. Experimental investigation of the gasification process with CO2 capture by calcined 

eggshell: Towards producing a hydrogen-rich gas stream from waste resources. 

Approach: The steam gasification of biomass is investigated in this study. The work is 

aimed at achieving hydrogen enrichment while reducing the CO2 concentration in the gas 

stream. Eggshell is utilized as the source of CO2 sorbent while sawdust is used as the 

feedstock. Effects of process parameters on the gas composition are studied.  

4. Studying the gasification of biomass in an atmosphere of steam and CO2: Towards CO2 

valorization and generation of syngas with adjustable H2/CO ratio. 

Approach: This study is performed numerically. It is hypothesized that CO2 inclusion in 

the gasifying agents would promote Boudouard reaction, improving CO evolution and 

reducing H2/CO ratio. This will enable the production of syngas with a flexible H2/CO 

ratio. 

1.3. Scope and limitations 

Energy generation, hydrogen inclusive, should be achieved with little negative effects to the 

environment. Thus, if hydrogen is to become a fundamental energy resource for the future and be 

fully commercialized, it is necessary to utilize clean resources and sustainable pathways for its 

production. Also, gasification in an atmosphere of CO2 is a novel way of valorizing CO2. Using 

the gas as a co-gasification agent in steam gasification of biomass helps in reducing the cost of 

mitigating climate change. It also promotes the generation of syngas with a flexible H2/CO ratio 

for different applications of interest, especially in liquid fuel production. As such, the PhD research 

not only focuses on energy for the future (commercialized biohydrogen) but also management and 

conservation of the current ones (liquid fuel).  

In this research work, CO2 capture was achieved with a calcium-based sorbent, eggshell. Some of 

the initial studies to understand the performance of the material were performed in both 

thermogravimetric balance and quartz wool matrix reactor (QWM). The QWM simulates fluidized 

bed operations. Sawdust was the biomass in the gasification experiments and calcined eggshell 
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was the source of calcium oxide. The gasification experiments were conducted in a bubbling 

fluidized bed (BFB) reactor, and therefore the analysis was based on BFB behaviour. Higher 

hydrocarbons above methane and the quantification of tar were not considered in the analysis. The 

kinetic study for the calcination of the sorbent material was conducted by isoconversional methods 

by following the recommendations of the kinetics committee of ICTAC. The carbonation kinetic 

parameters were determined by a modified form of the shrinking core model by considering the 

effects of change in particle size during the carbonation process. The study on the CO2 utilization 

in steam gasification was numerically investigated. The numerical simulation was based on an 

equilibrium model. Although the assumption of isothermal condition makes the reactor to be close 

to a fluidized bed reactor, the results of the equilibrium model may not be exactly same as those 

of kinetic-based models and those of experimental data. Higher hydrocarbons and tar formation 

were also neglected in the CO2 utilization study. 

1.4. Outline of the thesis 

The thesis is written in different chapters to cover the objectives of the research. Nevertheless, the 

chapters are interconnected to achieve the aim and objectives of the research work. An introduction 

to the research study, the objectives, scope and limitations, and contribution of the research are 

presented in the first chapter. An outline of the other parts of the thesis is provided below. 

Chapter 2 presents a literature review on gasification and in-process CO2 capture. Various 

gasification techniques and effects of process parameters are reviewed. The review also includes 

previous studies utilizing calcium oxide as a CO2 sorbent. The advantages, limitations, challenges, 

and performance enhancement for CaO-based sorbents are discussed. In addition, the performance 

of eggshell as a sorbent is discussed. Furthermore, the review includes previous studies on CO2 

utilization in gasification. 

Chapter 3 shows the potential of eggshell as a sorbent for CO2 capture. Calcination and carbonation 

performance of the material are presented. Several characterization techniques including 

thermogravimetric analysis, colourimetric analysis, pore and BET analysis are shown in the 

chapter. Additionally, the performance of the sorbent in multiple calcination and carbonation cycle 

is included in this chapter. 

Chapter 4 discusses the calcination and carbonation kinetics of eggshell. The recommendations of 

the Kinetics Committee of the International Confederation for Thermal Analysis and Calorimetry 
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(ICTAC) are followed here. Various isoconversional methods are used in the calcination study; on 

the other hand, the carbonation stage is studied with a modified form of the shrinking core model. 

Chapter 5 presents the study on the gasification of biomass with CO2 capture in the process. The 

bubbling fluidized bed-based experiments are conducted for cases with and without calcined 

eggshell. Effects of steam to biomass ratio and calcined eggshell to biomass ratio are investigated 

in the chapter. 

Chapter 6 investigates the utilization of CO2 in steam gasification of biomass. The study in this 

chapter is performed numerically with simulations in Aspen Plus software. Effects of key process 

parameters on the H2 to CO molar ratio (H2/CO) and the heating value of the syngas are presented 

for different downstream applications. 

Chapter 7 presents the overall conclusions of the research and provides recommendations for 

future studies. 

1.5. Contribution of this thesis 

The major contributions and findings of this research study are summarized in Table 1.1. Most of 

these contributions have been published in scientific articles as listed in the next section. Apart 

from the advisor and co-advisor, some individuals contributed intellectually to the findings 

reported in the papers. Dr. Syeda Tasnim contributed to the analysis and interpretation of data for 

the study on the potential of eggshell. Mohammad Heidari analyzed and interpreted data, and 

helped in experiments. Precious Arku critically revised the numerical modelling work for chemical 

equations and analysis. Dr. S.M. Al-Salem had input in the kinetic studies and interpretation of 

data in those studies. 
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Table 1.1. Contribution of the research. 

 Contribution Major findings 

1. Detailed calcination, carbonation 

and characterization studies of 

eggshell, a potential CO2 sorbent 

in gasification. 

 Eggshell is mainly comprised of calcium and carbonate 

ions. 

 The pore structures of the material are of Type II isotherm. 

 Increasing calcination temperature improves the specific 

surface area and hence the reactivity of the material. 

 A carbonation conversion of 76.41% was achieved after 

the first carbonation cycle. 

 The performance of the material degraded after multiple 

calcination and carbonation cycles. 

2. Adaptation of isoconversional and 

analytical kinetic methods for the 

calcination kinetics of eggshell. 

 Activation energy of the calcination reaction varies with 

the degree of conversion, suggesting that the calcination is 

not a single-step mechanism.  

 Average activation energies and pre-exponential factors 

for calcination using different methods were in the range 

of 209 kJ mol-1 - 221 kJ mol-1 and 1.62 × 1010 min-1 - 2.83 

× 1010 min-1 respectively. 

 The developed analytical method predicts the calcination 

behaviour well, especially at high temperatures. 

3. Application of a modified 

shrinking core model (SCM) for 

the carbonation kinetics of 

eggshell. 

 Carbonation mechanism of the eggshell is controlled by 

the combination of surface reaction and product layer 

diffusion. 

 Surface reaction resistance and diffusional resistance 

reduced with an increase in the carbonation temperature. 

 The reaction rate constant and diffusivity increased with 

carbonation reaction temperature. 

 Activation energy of 49.6 kJ mol-1 and 72.5 kJ mol-1 were 

obtained for the chemical reaction stage and diffusion-

limited stage of carbonation respectively. 

 Prediction of carbonation behaviour of the material by the 

modified SCM is good especially at low carbonation 

reaction temperatures. 

4. Utilization of CO2 as a co-

gasifying agent in steam 

gasification of biomass. 

 Boudouard reaction was promoted with the inclusion of 

CO2, improving the CO concentration. 

 Direct downstream application of the syngas from 

gasification with various H2/CO ratio is achievable with 

the inclusion of CO2 as a co-gasifying agent. 

 H2/CO ratio required for Fischer-Tropsch synthesis, 

methanol synthesis, acetic acid formation and oxo-

synthesis was achieved. 

 Reaction pressure has no noticeable effect on the H2/CO 

ratio in the equilibrium model. 
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5. Application of eggshell as the bed 

material in bubbling fluidized bed 

gasification. 

 A complete conversion of the eggshell to lime was evident 

in thermogravimetric analysis and X-ray diffraction peaks. 

 Eggshell is fragile, has low attrition resistance and 

consequently, there was a formation of more fine particles 

when used as the bed material. 

 A minimum CO2 mole percent of 3.3% and a maximum 

hydrogen content of 78% were obtained. 

 The optimum gas concentrations were obtained at a 

temperature of 650oC, steam to biomass ratio of 1.2 and 

calcined eggshell to biomass ratio of 1.0. 
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Chapter 2. Literature review1 

2.1. Gasification 

Gasification can be defined as the process of transforming the energy value in solid fuel to 

chemical energy in gaseous fuel. It converts solid fuel into synthesis gas (syngas) comprising of 

mainly hydrogen and carbon monoxide. However, gasification is a complex process and it involves 

many chemical reactions. Thus, other products like CO2, CH4, tar, and HCl are generated 

depending on the solid fuel and operating conditions. The solid fuel conversion is achieved by 

reacting the fuel at high temperatures in an oxygen-limited atmosphere to avoid combustion. 

Gasification is a platform technology on which most petrochemical processes rely. It serves as a 

pathway to power generation in turbines, fuel cells, liquid fuels generation, chemical synthesis etc. 

2.1.1. Types of gasifier 

Based on the way gas and fuel contact in the gasifier, their configurations are classified as 

fixed/moving bed and fluidized bed gasifiers. Regardless of the gasifier type, the steps involved in 

gasification are drying, devolatilization/pyrolysis, combustion, and reduction/gasification [11]. 

Moisture is vaporized in the drying zone, which occurs at temperatures around 100oC, volatile 

matters are released during devolatilization, leaving behind char. Oxidation of carbon and 

hydrogen occurs in the combustion zone, where heat is generated, and producer/synthesis gas are 

formed during the reduction stage. The gases include H2, CO, CO2, H2O and N2. It should, 

however, be noted that the order of these gasification steps differs depending on the direction and 

location of the gasifying agent. Figure 2.1 depicts the conventional gasifier types. 

 

 

 

 

__________________________________ 

1Part of this chapter has been published in a review article as Salaudeen, Shakirudeen A., Bishnu Acharya, and 

Animesh Dutta. "CaO-based CO2 sorbents: A review on screening, enhancement, cyclic stability, regeneration and 

kinetics modelling." Journal of CO2 Utilization 23 (2018): 179-199 and in a book chapter as Salaudeen, S. A., P. Arku, 

and Animesh Dutta. "Gasification of Plastic Solid Waste and Competitive Technologies." Plastics to Energy. William 

Andrew Publishing, 2019. 269-293. 
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2.1.1.1. Fixed/moving bed gasifier 

In this type of gasifier, the gasifying agent moves through a fixed bed of the fuel. Based on the 

direction of the gasifying agent through the bed, moving bed gasifiers are further classified into i) 

updraft ii) downdraft and iii) crossdraft. In a downdraft gasifier, the fuel, gasifying agent and the 

product gas all move in the downward direction and the produced gas is drawn through the bottom. 

The steps are drying, pyrolysis, combustion, and then gasification. A major advantage of 

downdraft over updraft is the reduction in tar formation [12]. This is because unlike in updraft 

where gas does not pass through the combustion zone after pyrolysis, downdraft configuration is 

designed such that the produced tar is cracked while passing through the combustion region of the 

gasifier after pyrolysis. In the updraft type, the feedstock moves downward and against the flow 

of the gasifying agent and successively goes through drying, pyrolysis, gasification and 

combustion zones. The produced gas leaves from the top of the gasifier. This type of gasifier has 

advantages of a high char burnout, simplicity, excellent heat exchange, low exit temperature and 

efficient use of the available thermal energy [13]. This type of gasifier has the highest tar 

formation. As for the crossdraft type, the feedstock is fed from the top. The gas injection point, 

combustion zone, reduction zone, and syngas exit are all on the same horizontal level.  

2.1.1.2. Fluidized bed gasifier 

In a fluidized bed gasifier, the solid fuel is gasified in a bed of small particles with the aid of 

gasifying agents like air, oxygen, steam or their mixture. The gasifier is operated in such a way 

that the bed behaves like a fluid with the aid of the fluidizing gas. They have advantages of higher 

throughput, better gas-solid reaction with improved heat and mass transfer, better char conversion, 

longer residence time and high calorific value gas production but also have intermediate tar 

formation on the downside. Thus, excellent gas-solid mixing and uniform temperature distribution 

in the bed make fluidized bed reactor an effective option for gasification. Available fluidized beds 

are either bubbling or circulating fluidized beds with fluidization velocity being the crucial 

difference between them. The velocity in a bubbling bed configuration is such that it is slightly 

higher than the minimum required for fluidizing the bed material. On the other hand, the velocity 

in a circulating bed is much higher, leading to entrainment of the bed material. In that case, the 

bed material and the produced gas pass through a cyclone, where they are separated and the bed 

material recirculated, leading to an improved residence time [14]. 
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Figure 2.1. Schematics of conventional gasification reactors [15],[16]. 
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2.1.1.3. Spouted bed gasifier 

The spouted bed technology is a variation of fluidization techniques. The major difference between 

the spouted bed and fluidized bed is in the dynamic behaviour of the solid particles. Unlike in 

fluidized bed where gas is supplied through a multi-orifice distributor, the gasifying medium in a 

spouted bed is supplied upwards through a small centrally located single orifice at the base. Hence, 

the formation of a central spout occurs with particles moving upwards. The significant advantages 

of the spouted beds over fluidized beds are its ability to agitate feedstock that are sticky, coarse, 

and heat-sensitive [17],[18]. 

2.1.2. Gasification operating conditions 

The composition of syngas from gasification is affected by some process parameters. Some of the 

parameters include gasifying medium, gas flow rate, feeding rate, operating temperature and 

pressure, type of gasifier, and properties of the feedstock. Selection of the process parameters 

depends on the desired product gas and applications. Therefore, it is essential to carefully select 

the process parameters to achieve gasifier optimization and enhance product gas quality for a 

specific application.  

2.1.2.1. Fuel and gasifying agent flow rate 

Having an optimum feeding rate is important in biomass gasification. The gasifier design and the 

biomass properties should be considered to make this decision. A desirable feed rate is important 

because overfeeding the feedstock may cause equipment plugging, reducing conversion efficiency. 

On the other hand, supplying insufficient fuel reduces gas yield [11]. In an air gasifier, the effect 

of air flow in gasification is measured in terms of equivalence ratio (ER). This is usually defined 

as the ratio of the air-fuel ratio required for gasification to the ratio required for the combustion of 

the fuel. Variations in ER have significant effects on the gas composition and tar formation. 

Operating a gasifier with a high ER value implies high oxygen in the gasification, indicating an 

improved oxidation (combustion) reaction. This is advantageous in the reduction of tar [19]; this 

reduction is caused by the reaction of oxygen with the volatiles of tar during the gasification 

process. It should, however, be noted that the enhancement in combustion while operating with a 

too high ER leads to a reduction in the concentrations of H2 and CO, while increasing the 

concentrations of CO2, H2O and N2. Consequently, the heating value of the gas product reduces 

[20]. In steam gasification, a similitude of ER is the steam to biomass (fuel) ratio, SBR. Increasing 

the SBR in gasification promotes steam reforming and water gas shift reactions, enriching the 
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product gas with H2 and improving tar cracking [21]. It is possible for the concentration of CO to 

reduce with increasing steam to fuel ratio. This is as a result of the improved water gas shift 

reaction. Methane reforming may also lead to a reduction in methane formation with increasing 

steam to biomass ratio [22]. Considering the energy requirement for steam generation and the 

possibility of having excess H2O in the produced gas, the amount of steam should be moderated. 

2.1.2.2. Gasifying agents 

Gasification can be performed in an atmosphere of air, steam, oxygen, carbon dioxide, or a 

combination of any of these gases. As compared to oxygen, air gasification has advantages of 

simplicity and low cost, and these make air the most popular gas medium in gasification. However, 

due to the dilution effect of nitrogen, it has a major disadvantage of generating a low calorific 

value gas. Therefore, with no nitrogen, a significant advantage of oxygen over air as a gasifying 

agent is the production of cleaner gas with a higher heating value. However, the main challenge 

here is the generation of oxygen, which is both cost- and energy-intensive. Notwithstanding, it is 

still possible to gasify biomass with oxygen-enriched air. This reduces the dilution effects of 

nitrogen, reduces the nitrogen composition in the syngas, enhances the concentrations of other 

gases including H2, CO, CO2, and CH4, and eventually increases the heating value of the produced 

gas and cold gas efficiency. In addition, oxygen enrichment enhances combustion reaction in the 

gasification process, thereby releasing more heat and increasing the bed temperature [23], and also 

reduces the cost of preheating [24]. 

Steam and carbon dioxide are other gasifying agents especially for H2- and CO-enriched gas 

production respectively. Both steam and dry (CO2) reforming are endothermic reactions; this 

makes evolution of their products more favourable at higher temperatures. Steam gasification 

promotes steam reforming of char and hydrocarbons. It also enhances water gas and water gas 

shift reactions. Hence, enhancement of H2 and CO concentrations is achieved by steam 

gasification. Despite its advantages, steam gasification has some limitations. The major one being 

a requirement of an external heating source since there is no direct oxygen carrier. It also requires 

a steam generating plant making it more energy intensive. As compared to other gasifying agents, 

CO2 is not a common gasifying medium. In such a process, the only reaction that is significantly 

affected is the Boudouard reaction. Thus, operating a gasifier in an atmosphere of pure CO2 

improves CO formation through this reaction. It is possible to improve the gas yield of such process 

by including oxygen in the gasifying medium. This would improve the oxidation reactions, and 
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therefore promotes gas yield. Table 2.1 summarizes the comparative advantages and challenges of 

gasification in different media. 

Table 2.1. Different gasifying media, their advantages and challenges [20]. 

Gasifying 

agents 

Advantages Challenges  

Air Tar and char contents are moderate 

Simplicity 

Low cost 

Autothermal 

 

Producer gas with a low heating value (3 – 6 

MJ/Nm3) 

Dilution of product with nitrogen 

 

Steam Improved heating value of gas (10 – 15 

MJ/Nm3) 

High gas quality 

H2 and CO enrichment 

 

Allothermal 

Energy intensive 

High tar yield 

Oxygen  Compared to air, enhanced heating 

value 

Reduction in the nitrogen content of 

product gas 

Improvement in the oxidation reactions  

 

Oxygen generation is energy and cost 

intensive 

Carbon dioxide High heating value product gas  

Flexible H2/CO ratio 

Conversion of CO2 to useful gas, CO 

Allothermal 

Mostly requires catalytic reforming 

 

2.1.2.3. Reaction temperature 

Temperature is one of the most crucial operating parameters in biomass gasification. The 

parameter has a significant influence on biomass gasification reactions and gas composition from 

the process. Increasing the reaction temperature improves the efficiency of the process by 

enhancing gas yield, while also reducing CH4, heavier hydrocarbons, tar and char yields. It is 

noteworthy that operating a gasifier at high temperatures enhances Boudouard and reforming 

reactions as per Le Chatelier’s principle. Thus, improving hydrogen and carbon monoxide 

evolutions from gasification [25]. Despite the advantages of working at elevated temperature, it 

should be noted that too high temperatures have their shortcomings. Apart from being energy-

intensive, it may be necessary to recover the sensible energy in the product gas for efficient fuel 

conversion [16]. Due to an enhanced heavy hydrocarbons conversion, gasification at high 

temperatures also reduces the heating value of the producer gas [26],[27]. Moreover, gasification 
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with an in-process CO2 capture is usually performed at temperatures below an equilibrium value. 

Hence, the gasification process in the presence of calcium oxide as the CO2 sorbent shifts the 

overall reaction equilibrium to lower temperature in the range of 650-750oC [28],[29],[30]. 

2.1.2.4. Operating pressure  

The effect of change in pressure in a gasifier is not as significant as other factors. Advantages of 

high pressure gasification are an increase in the throughput of a reactor and enrichment of methane 

concentration in the product gas. Of all the gasification reactions, methanation and methane 

reforming are the only reactions that are significantly affected by an increase in pressure. With an 

increase in pressure, the product gas becomes rich in methane as a result of the reduction in the 

total number of molecules [31]. On the other hand, concentrations of H2 and CO reduce with an 

increase in the operating pressure [32]. 

2.2. Calcium looping gasification 

In calcium looping gasification system, the fuel is gasified with a gasifying agent of interest. This 

system uses a carbon capture sorbent and the sorbent undergoes multiple cycles of calcination and 

carbonation. During gasification, the sorbent captures CO2 in the process to form a carbonate (i.e. 

carbonation) depending on the sorbent used; for example, calcium carbonate is formed if calcium 

oxide is used as the sorbent. The carbonate formed can be decomposed to form their initial sorbent 

by releasing the adsorbed CO2. This decomposition process takes place in the regenerator, which 

is operated at higher temperatures sufficient for the calcination (decomposition) of the sorbent. 

After calcination, the sorbent material becomes available for further carbonation conversion in 

multicycle carbon capture in the gasifier. In the context of biomass gasification, the carbonation 

conversion has an additional advantage of enhancing cleaner syngas production through tar 

removal. This is because the formation of carbonates is exothermic, and in that case, heat is 

released to the surroundings. The released heat increases the temperature in the gasifier; 

consequently, the rise in temperature leads to a further tar cracking and a cleaner gas production. 

The released heat can also be used up in a steam gasifier, though additional heat would still be 

required. Furthermore, carbon capture enhances the water gas shift reaction by shifting the reaction 

equilibrium forward. Accordingly, in addition to improving the gas yield, hydrogen-enriched gas 

production is achieved in the gasification [28],[29],[33]. 
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2.2.1. Calcium oxide (CaO) as a CO2 sorbent 

A good CO2 sorbent should have certain properties including high CO2 capture capacity, 

availability, stability and durability after repeated cycles, good attrition resistance and mechanical 

strength, competitive cost, and ease of regeneration [33],[34]. The most common industrial 

technologies for CO2 capture from gas streams are amine-based. Nonetheless, they have some 

drawbacks including limitation to low-temperature applications [35], they are capital-intensive, 

require a high regeneration energy [36], and have corrosion as well as hazardous waste problems 

[37]. Activated carbon, carbon fibre and zeolite are also not efficient in CO2 capture in processes 

requiring high temperature like gasification [34], [38]. The temperature limitation can be solved 

by using alkaline earth metal-based sorbents. Alkaline earth metal oxides are basic oxides and have 

affinities for acidic gas. The oxides, especially calcium oxide (CaO), are effective for the 

adsorption of CO2 at moderate gasification temperatures (< 700oC), making the oxide (i.e. CaO) a 

favourable sorbent for CO2 capture in the process of gasification [28],[33],[30]. Calcium oxide is, 

therefore, one of the most favourable sorbents in the context of gasification where CO2 capture is 

in-process. In addition to reducing CO2 concentration during gasification, the sorbent enhances 

gas yield, reduces tar yield and enriches the hydrogen concentration in the product gas [28]. More 

so, CaO possesses excellent thermodynamics and chemical properties, and its regeneration 

potential after carbon capture is better than most other metal-based sorbents. Furthermore, it has 

some comparative advantages over most other sorbents including availability, environmental 

benignity, low cost, safety, good adsorption and desorption kinetics, and adaptability for fluidized 

bed gasification [33],[39]. Calcium looping gasification (CLG) of biomass with calcium oxide in 

the bed material enables an in-situ capture of the CO2 produced during gasification as well as 

regeneration of the sorbent. Circulating fluidized bed (CFB) gasifier is particularly useful in this 

process as it maintains the CO2 capture by replacing the spent sorbent with a fresh one after 

regeneration from CaCO3 [40]. Calcium carbonate is calcined in the regenerator section of the 

system, which is designed with a circulating fluidized bed, to regenerate calcium oxide [40]; the 

CaO is then reused for further CO2 sorption (carbonation) in the bubbling fluidized bed gasifier. 

Calcination is the term generally used to describe the decomposition of CaCO3. Hence, the two 

words (calcination and decomposition) are interchangeably used for describing the degradation of 

the material in this thesis. Calcination encompasses an endothermic reaction as presented in Eq. 

2.1. 
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Calcination reaction: 

CaCO3(s) → CaO(s) + CO2(g)   ΔH298 K
o = +178 kJ mol−1   (2.1) 

The reverse of the calcination reaction is carbonation, in which CaO reacts with CO2. Unlike 

calcination, carbonation is an exothermic reaction as shown in the next equation. Being 

exothermic, the carbonation reaction in gasification has added advantages. The released amount 

of heat enhances tar cracking, steam reforming, and consequently improves the syngas quality 

[41]. In carbonation, CaO experiences an increase in mass owing to the CO2 uptake during the 

reaction and this leads to the formation of CaCO3. It is noteworthy that carbonation takes place in 

two stages, the initial rapid surface reaction-controlled regime and the slow diffusion-limited 

regime. 

Carbonation reaction: 

CaO(s) + CO2(g) → CaCO3(s)   ΔH298 K
o = −178 kJ mol−1   (2.2) 

The degree of calcination (decomposition) is measured in terms of weight loss that is attributable 

to the release of CO2 from CaCO3, while the carbonation conversion is estimated from weight gain 

by CO2 adsorption as presented in Eq. 2.3 [42],[43]. In the equation, MCaO and MCO2 are the 

molecular weights of calcium oxide and carbon dioxide respectively. W1 and W2 are the initial and 

final weights respectively, and n is the mole fraction of calcium oxide in the sorbent. 

Carbonation conversion (α): 

α (%) =
W2−W1

W1
∗

MCaO

nMCO2

∗ 100        (2.3) 

2.2.2 Application of CaO as a sorbent in biomass gasification 

Previous studies have shown that the application of CaO as a sorbent in gasification can increase 

gas yield, enhance hydrogen production and also reduce tar yield, producing a cleaner gas 

[28],[44],[45]. Acharya et al. [29] reported a rise in hydrogen concentration from 22.29% to 55% 

and a reduction in CO2 from 22.5% to 1.56% when the CaO to biomass ratio in their experiments 

was increased from 0 to 2. These changes were attributed to the carbonation reaction, which is 

exothermic, and thereby releasing heat and increasing the temperature in its vicinity. As such, 

carbonation reaction improves tar cracking, steam reforming and char conversion, and eventually 

enhances gas yield and quality [29]. Udomsirichakorn et al. [46] found that a reduction in tar 

content and an increase in hydrogen concentration were achieved when the bed material in their 

experiments was changed from sand to CaO. A tar reduction from 81.28 g/Nm3 to 26.71 g/Nm3 
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and an appreciable rise in hydrogen concentration from 43.89% to 63.07% were shown by the 

authors. The numerical study by Zhou et al. [47] revealed similar trend; their study showed that 

tar yield reduced from 15.07 g/Nm3 to 6.68 g/Nm3 when their CaO to biomass ratio was increased 

from 0 to 2. Hydrogen yield also increased from 187.32 ml/g to 308.54 ml/g when the CaO to 

biomass ratio was increased from 1 to 2.  

It is noteworthy that the application of CaO as a sorbent has to be done at temperatures below the 

equilibrium calcination temperature, otherwise, there would be desorption rather than adsorption 

of CO2 in the process. Shahbaz et al. [7] conducted a numerical simulation of sorbent-enhanced 

gasification. An increase in H2 and a reduction in CO2 was reported when the reactor temperature 

was increased from 650oC to 700oC. Conversely, hydrogen reduced and CO2 increased when the 

operating temperature was above 700oC. Xu et al. [48] published an article showing a better CO2 

adsorption performance by CaO at 722oC compared to 795oC. A lower CO2 production and a 

higher gas heating value were observed at the lower temperature; the gas concentration was 8.5 

vol% and 25.1 vol% at 722oC and 795oC respectively. Likewise, Wei et al. [49] showed that the 

efficiency of CO2 uptake by calcined limestone in biomass gasification was higher at 700oC than 

at 800oC. The X-ray diffraction analysis of the solid residues collected after gasification in the 

investigation by Guoxin and Hao [50] also supports the claim that lime-based sorbents are less 

effective for CO2 capture at temperatures above the equilibrium carbonation temperature 

(~700oC). It is, therefore, important to operate the CaO-based sorbent-enhanced gasification at a 

moderate gasification temperature. Nonetheless, the hydrogen concentration and yield from 

moderate-temperature steam gasification in the presence of CaO are comparable, if not higher, 

than those of conventional gasification operated at higher temperatures [28]. The hydrogen 

enhancement of gasification with CaO at lower temperatures is attributable to the equilibrium 

shifts of hydrogen-producing reactions due to CO2 uptake by the sorbent.  

2.2.3. Operational challenge in calcium looping technologies: decay in sorbent reactivity 

Calcium looping process is one of the most effective carbon capture techniques. The decay in 

sorbent reactivity i.e. decline in carbonation conversion over multiple calcination-carbonation 

cycles is perhaps the greatest challenge in the application of CaO-based sorbents. The decay is 

caused by sintering [40],[51], leading to changes in particle morphology, reduction in surface area 

and accordingly, lowering the rate and degree of gas-solid reactions [30]. In calcination process, 
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the release of CO2 occurs at high partial pressures, leading to an increased calcination temperature. 

High CO2 concentrations [52], and severe calcination conditions (temperature and/or time) [53] 

also contribute significantly to the reduction in reactivity as they lead to sintering, which seals pore 

spaces of the particles. The decay in sorbent reactivity not only affects the performance of the 

sorbents but also the profitability of the process [54]. 

Apart from sintering, attrition/fragmentation is another phenomenon that leads to decay in the 

reactivity of sorbents. Attrition is mainly caused by contact among sorbent particles and between 

the particles and reactor. With attrition, there is a reduction in the amount of sorbent available for 

carbonation. Previous studies have shown that attrition and fragmentation are highly affected by 

particle size and experimental conditions including bed temperature, gas velocity, heating rate, 

configuration and size of the plant [55],[56]. There are three possible mechanisms of 

fragmentation/attrition: primary fragmentation, secondary fragmentation and attrition by abrasion. 

Primary fragmentation is caused by thermal stresses due to rapid heating of particles. It occurs as 

soon as particles are loaded into the heated reactor. Another cause of primary fragmentation is 

internal overpressure as a result of CO2 release during calcination of the sorbent. Secondary 

fragmentation and attrition by abrasion are caused by mechanical stress, which is a result of contact 

among particles and with walls of the reactor [57]. 

2.2.4. Performance enhancement, regeneration and cyclic stability of CaO-based sorbents 

Application of sorbents for CO2 capture in calcium looping gasification requires multiple uses of 

sorbents from a process and economic point of view. It is highly important to develop sorbents 

with excellent CO2 sorption and minimal deactivation. In that sense, sorbents should exhibit little 

or no decay after several calcination and carbonation cycles. The enhancement of sorbent 

performance has been investigated with various techniques in the literature. It could be achieved 

by reducing the decay rate of the sorbents, which is caused by agglomeration and sintering, for 

example, by thermal pretreatment [58], through doping [59], or synthetic sorbents [60]. 

Performance may also be enhanced by increasing the reactivity of the spent sorbent, such as in 

hydration of the sorbent [61]. 

2.2.4.1. Reactivation by hydration 

Hydration improves the morphological features of sorbent particles in terms of surface area and 

particle distribution. This can be achieved through the penetration and reactivation of the inner 

core of the spent sorbent by H2O. Hydration causes swelling and particle fractures owing to the 
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formation of Ca(OH)2, which has a larger molar volume than CaO. A schematic of the process is 

displayed in Figure 2.2. The introduction of Ca(OH)2 into a gasifier leads to the loss of the 

chemically bound water, causing its dehydration to a CaO of smaller crystal size, higher porosity, 

larger surface area and pore volume, higher reactivity, and accordingly, enhanced carbonation 

conversion than the initial CaO [62],[63].  

 

Figure 2.2. Reactivation of CaO sorbent by hydration. 

Hydration of sorbents can be in two forms: wet or dry. In the case of wet hydration, the sorbent is 

soaked in water at a low temperature, while dry or steam hydration involves temperatures up to 

512oC, which is the maximum temperature at which steam hydration can be performed in 

atmospheric steam pressure [64],[65]. Hydration improves porosity and reactivity by enhancing 

the formation of mesopores and micropores [66], but it also leads to poor connectivity and 

mechanical resistance, resulting in a higher tendency for attrition of the particles [63]. This reveals 

a clear shortcoming of hydrating a spent sorbent, which is that it can make sorbents to be more 

fragile. In fact, some portions of the hydrated sorbent may eventually turn to powder [67]. 

2.2.4.2. Cyclic stability with inert supports and dopants 

Another means of reducing the susceptibility of CaO-based sorbent to sintering is by improving 

the sorbent stability. This can be achieved by the addition/doping of inert and refractory materials 

like Al2O3, MgO, La2O3, TiO2 and SiO2 to the CaO-based sorbents. The sintering resistance of 

inert support would be excellent if the support has good dispersion, a high specific surface area, 

and a high melting point [68]. It should be noted that the supporting oxides may as well be utilized 

as independent sorbents, but they do not capture CO2 at the equilibrium temperature and pressure 

for CaO and CO2 reaction. The idea behind incorporating support to calcium-based sorbent is that 

the inert support can form a partition on the CaO, thereby, reducing the growth of CaO crystals 

and preventing sintering in multicycle operations. Effects of these supports in CaO-based sorbents 
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are usually not positive during the initial cycles. This is due to the lower CaO content of the sample, 

which may be caused by the blockage of the CaO particles by support [69]. Nevertheless, as the 

number of cycle increases, the stability effects of support become noticeable [70]. 

The content of the support in the sorbent should be moderate for effective and stable CO2 capture. 

If it is too high, inhibition of CO2 sorption could take place by blocking the active sites of the 

sorbent [71]. Luo et al. [72] revealed that among the synthetic sorbent ratio studied in their work, 

the sample (CaO/MgO) with a molar ratio of 4:1 had the highest CO2 uptake capacity after multiple 

calcination-carbonation cycles. Results by Guo et al. [73] also indicated that CaO/MgO (75:25 

wt%) had the greatest capture capacity after 12 cycles. With La2O3, a CaO/La2O3 ratio of 10:1 has 

been suggested for the best conversion and stability [69],[74], while CaO/Al2O3 of 1:1 was 

reported to have exhibited the best performance [75]. In the case of Zr-doped sorbents, a ratio of 

Zr/CaO (3:10) displayed the best performance as reported by Mohammadi et al. [59]. 

2.2.4.3. Acidification of sorbent and doping with salts 

Another technique for enhancing the performance and reducing the decay rate of CaO is by 

acidification. Recently, some researchers have been able to improve the performance of CaO-

based sorbents by doping them with organic acids. Organic acids like formic, oxalic, acetic and 

propionic acids react with calcium carbonate to form their respective organic salts. On heating, the 

salts decompose to CaCO3 and another compound, which depends on the type of organic acid that 

reacts. For example, oxalic and acetic acids respectively form oxalate and acetate, and on heating, 

they decompose to carbon monoxide and acetone in addition to CaCO3 [76],[77]. After 

acidification, the derived CaO would have an improved porous property and diffusion rate than 

the one from the parent material [78]. A recent study has shown that it is also possible to enhance 

the performance of CaO with mineral acids like HBr, HI, HCl and HNO3 [79]. 

Despite the advantages of organic acids in enhancing CO2 uptake and stability of CaO, they have 

some shortcomings. It may not be cost-effective to use them because the cost of the acids increases 

the overall cost of the process. In addition, the formation of formaldehyde and acetone from formic 

and acetic acids respectively is a significant challenge in the treatment of CaO. This is because the 

compounds formed are flammable and toxic. It is, therefore, important to take caution in applying 

them [76],[77]. Another method of improving the performance of the sorbent is by combining both 

hydration and acidification techniques. The sorbent could be doped with an acid and then cycled 
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in the presence of steam like the use of steam and HBr [80], and HCl and steam [81]. These studies 

showed that enhancement by both techniques (hydration and acidification) is additive. 

Other forms of dopants for CaO-based sorbents include inorganic salts like Na2CO3, CaCl2, NaCl, 

Li2CO3, K2CO3, KCl and MgCl2. Some investigations have been carried out on the performance 

of these salts especially carbonates and chlorides on carbonation stability. Just like in other 

dopants, it is important to have a small quantity of salt in the mixture to avoid pore blockage 

[75],[82]. In fact, a large quantity of the salts could be detrimental to the capture capacity and the 

cyclic stability of sorbents. 

2.3. Eggshell as a CO2 sorbent in gasification 

Hydrogen and carbon monoxide are the main contents of gasification product, otherwise 

called syngas. However, gases like CH4 and CO2 are also produced. Due to emission problem 

and reduction in heating value of the product gas, CO2 is not a desirable product. According 

to Le Chatelier’s principle, removal of CO2 from the process reduces the partial pressure of 

CO2 and eventually enhances hydrogen evolution through the water gas shift reaction [29]. 

Hence, CO2 capture during the gasification of biomass is a promising method of promoting 

hydrogen-enriched syngas production from renewable sources. Moreover, biomass is a 

carbon-neutral fuel and therefore, carbon capture in the gasification of biomass enhances 

carbon negativity. 

Calcium oxide is perhaps the most favourable sorbent for CO2 capture in gasification. Calcium 

carbonate (CaCO3) is one of the most readily available and cheap sources of this sorbent. The 

oxide can be generated from the carbonate by subjecting the carbonate to heat at temperatures from 

700oC and above. The most widely used natural sources of calcium carbonate are limestone and 

dolomite. Although animal shells such as eggshell, mollusc shell, scallop shell, oyster shell, and 

mussel shell are considered as bio-based wastes, they are ubiquitous and can be utilized as low-

cost sources of calcium-based sorbents. Calcium carbonate is present in animal shells, poultry eggs 

and seashells, and can account for about 96 wt.% of the shells [83],[84],[85]. Eggshell, as an 

example, comprises three layers: the outermost layer (cuticle), the Testa, which is the CaCO3 layer, 

and the innermost layer [86]. Eggshell is a potential and sustainable source of CaCO3, it is mainly 

comprised of calcium and carbonate ions, with a composition of around 94 wt.% CaCO3 [83],[84]. 

It is interesting to know that about 615 million dozen of eggs are produced annually in Canada 

[87]. Of this, a quarter goes to the food industry where they are used for various applications. Some 
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others are used for hatching while some are rejected. When eggs are cracked during food 

processing, about 45,000 tonnes of eggshell are generated per year. Proper disposal of these shells 

is costly; the disposal of eggshell used in food processing alone has been estimated to be over $1 

million per year [87]. This cost could be avoided and at the same time waste eggshells could be 

valorized by using them as a source of adsorbent. In that way, over 40,000 tonnes source of calcium 

carbonate can be potentially derived annually from the 45,000 tonnes of eggshells from food 

processing. On a global stage, 68.3 million tonnes of egg were produced all over the world in 2013, 

and the production level is constantly increasing with an average rise of 2.3% per year from 2000 

to 2013 [88]. Shell occupies 11 wt.% of each egg [89], indicating an estimated generation of over 

7.5 million tonnes of eggshells globally in 2013 alone. It can as well be assumed that more than 7 

million tonnes of CaCO3 source were available from eggshell in that year. This is an indication 

that eggshells are an attractive biosource of CaO and can be used as CO2 sorbent for biomass 

gasification, producing hydrogen-enriched syngas. The use of this waste bio-resource as a CO2 

sorbent in the gasification of biomass, which is a carbon-neutral fuel, needs to be extensively 

explored. This is especially important for hydrogen-enriched gas production and carbon negativity 

enhancement. Moreover, the rising interest in circular economy provides incentives for waste 

valorization. Eggshells are mostly disposed of as waste in landfills. The utilization of eggshell in 

the gasification of biomass will reduce wastes in landfills, enhance waste valorization, promote 

the concepts of circular economy and waste to energy, and at the same time reduce CO2 emission. 

In addition to eggshell, other biosources of CaCO3 and thus potential CO2 sorbents have been 

reported in the literature. The carbon capture capacities of mussel shell, scallop shell and Mactra 

veneriformis shell were examined by Li et al. [90]. Mactra veneriformis shell reportedly showed 

the best performance owing to its best pore characteristics. The performance of cockle shell has 

also been studied as seen in the literature [91]. It was disclosed that the pore volume and the 

specific surface area of cockle shell-derived sorbent are high, leading to a high CO2 uptake 

performance [91]. Investigations with snail shell, mussel shell, clam shell and scallop shell have 

also been published [92]. It is important to note that the carbonation behaviour of calcium oxide 

depends on the source and pore structure of the sorbent. Iyer et al. [93] investigated the 

performance of CaO derived from precipitated CaCO3 and a limestone-derived CaO. It was 

reported that due to the presence of more mesoporous structure in the CaO derived from 

precipitated CaCO3, it exhibited a better CO2 sorption capacity than the limestone-derived CaO in 
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multiple calcination-carbonation cycles. Similarly, a comparison of the carbonation performance 

of eggshell, mussel shell and limestone showed that the sorbents exhibit different capacities and 

eggshell exhibited superior performance in multiple CO2 sorption cycles [94]. Similar to other 

CaO-based sorbents, the CO2 capture capacity of eggshell-derived sorbent reduces with increasing 

calcination and carbonation cycles [41]. 

2.3.1. Eggshell calcination and carbonation kinetics 

Eggshell is highly rich in calcium carbonate as stated in Section 2.3. This makes the material a 

potential sorbent for CO2 capture. There are a limited number of studies on eggshell calcination 

and carbonation kinetics, though there are a few studies on the kinetics of other animal shells. Jung 

et al. [95] obtained activation energy of 176 ± 8.9 kJ mol-1 during the decomposition of oyster shell 

in an atmosphere of nitrogen. Mohamed et al. [96] studied the calcination kinetics of cockle shell. 

They disclosed that the decomposition mechanism is best described as first-order and estimated 

activation energies varying from 179.4 kJ mol-1 to 232.7 kJ mol-1 depending on the particle size of 

the samples. Rashidi et al. [97] examined the calcination and carbonation kinetics of cockle shell. 

For the optimum calcination condition (850oC, 20oC min-1 and particle size < 125 µm), their 

obtained activation energy and pre-exponential factor were 297.4 kJ mol-1 and 2.44 × 1014 mg min-

1 respectively. They further determined the carbonation kinetic parameters using an apparent 

model and published values of 31.8 kJ mol-1 and 40.9 kJ mol-1 for the first and second stage of 

carbonation respectively. Murakami et al. [98] investigated eggshell decomposition kinetics using 

the Ozawa method [99], which is a non-isothermal kinetic method. The calculated activation 

energy and frequency factor were 206.1 kJ mol-1 ± 0.2% and 5.01 × 109 min-1 respectively. 

Mohammadi et al. [59] studied the carbonation kinetics of zirconium-doped CaO (from eggshell) 

using the shrinking core model (SCM). Their results showed that the carbonation behaviour of the 

doped sorbent is controlled by the combination of the two stages of carbonation. Furthermore, 

activation energies of 39.4 kJ mol-1 and 46.5 kJ mol-1 were respectively disclosed for the reaction- 

and the diffusion-limited regimes. 

2.4. CO2 utilization in biomass gasification  

One of the critical issues facing mankind is the ever-increasing energy demands. To satisfy the 

demands, a significant portion of energy is generated from fossil fuels, which leads to CO2 

emissions. Due to the increasing concerns about global warming and climate change by these 
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emissions, the use of alternative sources of energy has gained considerable encouragements in 

recent times. Reduction in the emissions may be achieved with the application of carbon-neutral 

energy sources and by carbon capture techniques [33],[100]. Thermochemical conversion of 

biomass, which is a carbon-neutral fuel, by gasification into combustible gaseous fuels is one of 

the promising technologies in use. Processes that enable not just carbon neutrality but also 

negativity would be pivotal to solving the carbon emission problem. One of the possible means of 

achieving carbon negativity is by utilizing the captured CO2 from industrial renewable energy 

plants. The CO2 can be reused in many processes like in enhanced oil recovery, mineral 

carbonation, as a diluent, and as a feedstock for some chemicals and fuels, thus enhancing 

economic and environmental sustainability [10],[101]–[103]. This enhancement makes carbon 

capture and utilization (CCU) a more beneficial and attractive technique than carbon capture and 

storage (CCS). The use of the captured carbon dioxide as an oxidizer in the gasification of a 

renewable fuel (biomass) will promote carbon negativity. In other words, CO2 gasification or co-

gasification of biomass is an important step to realize a sustainable energy generation and to 

promote carbon negativity. For this reason and due to the anxieties over CO2 mitigation, the 

utilization of CO2 as an oxidizing medium in thermochemical conversion processes has become 

an important area of study. Some recent studies have been reported with CO2 as a gasifying/co-

gasifying agent in biomass gasification [104]–[107]. A summary of some studies with CO2 as a 

co-gasifying agent is presented in Table 2.2. 

Table 2.2. A summary of some studies with CO2 as a co-gasifying agent. 

Feedstock Gasifying 

agent 

Reactor Findings and comments Reference 

Rice straw CO2-steam 

with the 

inclusion of 

N2 and/or O2  

Downdraft gasifier CO2 may reduce the combustible gas yield due 

to the dilution effect of the gas, however, it 

enhances the overall thermal efficiency of the 

process. Addition of O2 also reduces the 

evolution of combustible gases. 

[108] 

Municipal solid 

waste 

CO2 - air Numerical 

simulation  

The inclusion of CO2 in the gasifying agent 

mixture not only improves the gas yield but 

also enhances the energy value of the 

synthesis gas and reduces tar formation. The 

[104] 
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effect of CO2 inclusion is more significant at 

low CO2/biomass ratios (below 0.4). 

Woods, grasses 

and agricultural 

residues 

CO2 - steam Thermogravimetric 

analysis and gas 

chromatography 

Enhancement of CO evolution was reported 

for all feedstocks at temperatures above 

700oC. The effects of CO2 (in CO 

enhancement and H2 reduction) are more 

pronounced at a lower steam to carbon ratio. 

[109] 

Woody biomass CO2 - air Numerical 

simulation of 

fluidized bed 

CO content increased and H2 content 

decreased with increasing CO2/biomass ratio. 

20 – 60 wt.% of CO2 promotes the formation 

of CO. However, the gas medium with a CO2 

content above 60 wt.% inhibits the CO 

evolution. 

[110] 

Woody biomass CO2 - steam Dual fluidized bed 

gasifier 

Hydrocarbon and tar yields were not 

significantly affected by CO2 inclusion. 

H2/CO volume ratio reduced from 1.8 to 0.5 

with CO2 fraction increased from 0% to 

100%. 

[111] 

Several feedstocks 

including woods 

and grasses 

CO2 - steam Thermogravimetric 

analysis and gas 

chromatography 

The use of CO2 as a co-feed gas reduces the 

H2/CO ratio. A ratio from 0.8 – 1.4 was 

achieved with CO2 inclusion at a high 

temperature gasification, while the ratio was 

considerably higher (2.8 – 5) at low 

temperatures and without CO2. 

[106] 

Animal waste CO2 and 

steam used 

separately 

Numerical 

simulation 

The syngas from the steam gasification at a 

steam to biomass ratio of 0.7 was the most 

suitable for Fischer-Tropsch synthesis while 

the highest LHV of 18.2 MJ/Nm3 was 

obtained in a CO2 environment with a 

CO2/biomass ratio of 0.1. 

[112] 
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It is well known that steam gasification of biomass is an important process due to the formation of 

hydrogen-enriched gas under a reducing atmosphere. Promotion of the Boudouard reaction in this 

process may also be important, especially if the goal of the process is to adjust the H2 to CO molar 

ratio (H2/CO) of the syngas. The flexibility of this ratio with CO2 as a gasifying agent makes the 

syngas readily available for use in the Fischer-Tropsch’s gas-to-liquid (GTL) process to produce 

liquid fuel, which can be more easily transported than hydrogen. Other processes requiring a low 

H2/CO ratio include methanol production, acetic acid formation, and oxo-synthesis with H2/CO 

ratios of 2:1, 1:1 and 1:1 respectively [113]–[115]. The elemental composition of biomass is also 

an influential factor on the H2/CO ratio of syngas. The results reported by Cao et al. [114] showed 

that the H2/CO ratio may be more dependent on the elemental compositions (H/C ratio) than it is 

on the reactivity of the fuel. This was also validated in the study by Ravaghi-Ardebili et al. [115], 

where the authors claimed that due to the higher carbon content in lignin-based biomass, a higher 

H2/CO ratio was observed with increasing temperature than in cellulose-based biomass. The 

H2/CO ratio varied from 0.6 – 0.78 and 0.81 – 1.02 for the cellulose- and lignin-based biomass 

respectively when the temperature was increased from 550 – 800 K. The aforementioned studies 

have shown that in addition to reducing the release of GHG emissions and the cost of carbon 

capture, feeding of CO2 as a gasifying agent in a steam gasifier aids in the adjustment of the H2/CO 

ratio of the produced gas. Consequently, the ratio can be controlled with the aid of CO2 variation 

in the gas agent stream. This can further be tailored to an application of interest. 
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Chapter 3.  Eggshell as a potential CO2 sorbent in gasification of 

biomass2 

Abstract 

This chapter presents an investigation into the potential use of eggshell as a CO2 sorbent in the 

gasification of biomass to enhance carbon negativity. Calcination reaction was studied in a quartz 

wool matrix reactor and a thermogravimetric analyzer coupled with a Fourier transform infrared 

spectroscopy. The resulting sorbent was characterised with a scanning electron microscope, 

colourimeter, inductively coupled plasma optical emission spectroscopy, and nitrogen sorption 

analyser. The pore structures of the samples are of Type II isotherm. Results show that increasing 

the calcination temperature enhances decomposition and improves the calcium content and 

specific surface area of the sorbent. As compared to nitrogen, calcination in a CO2 environment is 

not effective due to the increased CO2 partial pressure. Samples with low particle size displayed 

higher carbonation conversion. Increasing the carbonation temperature to an extent enhances the 

carbonation conversion. The carbonation conversion by the sorbent in multiple calcination-

carbonation cycles was also studied. Initial CO2 uptake by the sorbent was highly encouraging. A 

conversion of 76.41% was realized after the first cycle, but due to sintering and attrition, the 

conversion reduced with increasing cycle. The sorbent exhibited a low conversion of 18% after 

the seventh cycle and this corresponds to a decay extent of 76.65%. 

3.1. Background 

Energy is essential to human existence and it is crucial to the development of a nation. 

Abundance or lack of energy places countries either among the developed or 

developing/underdeveloped nations. Hydrogen is one of the most important energy carriers. 

However, the production of hydrogen at the moment is mainly from fossil fuel, which 

contributes to harmful emissions. To generate environmentally friendly hydrogen, its 

production should be from renewable sources. Gasification of biomass with an in-situ CO2 

capture is a key step towards realizing that goal. 

__________________________________ 

2The study reported in this chapter has been published as Salaudeen, Shakirudeen A., Syeda H. Tasnim, Mohammad 

Heidari, Bishnu Acharya, and Animesh Dutta. "Eggshell as a potential CO2 sorbent in the calcium looping gasification 

of biomass." Waste Management 80 (2018): 274-284. 
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In this chapter, eggshell, which is a bio-based and low-cost source of calcium carbonate, has been 

investigated for possible application as a sorbent for CO2 capture in the gasification of biomass. 

This work aims to add value to a perceived waste resource (eggshell) without jeopardizing the 

efficiency of the gasification process. Thermogravimetric analysis (TGA) coupled with Fourier 

transform infrared spectroscopy (FTIR) was used to study the thermal decomposition (calcination), 

CO2 uptake (carbonation), and the qualitative identification of evolved gases during the calcination 

of the eggshell. Calcination was performed separately in an atmosphere of nitrogen and CO2, while 

the carbonation was in a pure CO2 atmosphere. To simulate a fluidized bed operation, further 

calcination was performed in a quartz wool matrix (QWM) reactor. The specific surface area of 

the material was evaluated with a multipoint Brunauer–Emmett–Teller (BET) analysis. 

3.2. Sample preparation, characterization and experimental procedure 

3.2.1. Sample preparation 

Chicken eggshells were collected from one of the canteens in the university, membranes were 

properly separated from the shells, the shells were then rinsed and cleaned with water. This was 

followed by drying of the samples, which was done overnight in a muffle furnace at 105oC. The 

sample was then subjected to grinding process, where the dried eggshells were ground to powder 

particles. After grinding, particles were separated into different sizes using Retsch’s AS 200 Sieve 

Shaker.  

3.2.2. Experimental procedure 

The calcination and carbonation of the samples were studied at five different temperatures as 

shown in Table 3.1. The eggshell sample held in a ceramic sample holder was subjected to analysis 

in a thermogravimetric analyser. To identify the evolved gases during the calcination process, the 

TGA was integrated with an FTIR spectrometer (TGA: SDT-Q600, FTIR: Thermo Scientific 

Nicolet 6700, TA instruments-Waters LLC, New Castle, USA). This enables not just measurement 

of the change in sample weight with time and temperature, but also qualitative detection of evolved 

gases during the decomposition of the sample by the identification power of an FTIR spectrometer. 

TGA experiments were performed by heating the sample to the desired temperature at a specified 

heating rate, the sample was then held at isothermal condition for the required residence time. The 

behaviour of eggshell during calcination was studied separately in an atmosphere of N2 and CO2 

to investigate the effects of the gases on calcination. On the other hand, carbonation was 
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investigated in a pure CO2 atmosphere to enhance rapid carbonation process of the calcined 

eggshell. It should, however, be noted that the product of gasification comprises not only CO2 but 

also other gases including H2, CO and CH4. The gas flow rate was maintained at 50 ml/min for 

both calcination and carbonation processes. To study the multicycle calcination-carbonation 

process, a known mass (20 – 25 mg) of the sample was placed in the sample holder of the TGA 

and a custom setting was used for this purpose. The setting was such that the set-up was ramped 

from room temperature to 850oC and remained at that temperature for the calcination time in a 

nitrogen atmosphere. This was followed by cooling to the carbonation temperature (650oC). 

Meanwhile, the gas was switched to CO2 for carbonation and the temperature was maintained at 

650oC for 30 min. This process was repeated for seven calcination-carbonation cycles, and mass 

change was constantly monitored by thermogravimetry. 

Table 3.1. Process parameters for the calcination and carbonation studies. 

Parameters Experimental values 

Calcination temperature (oC) 700, 750, 800, 850, and 900 

Calcination heating rate (oC/min) 10, 20, 30, and 40 

Carbonation temperature (oC) 500, 550, 600, 650, and 700 

Particle size (µm) < 100, 100 – 250, 250 – 500  

 

The decomposition of samples was also performed in QWM reactor. The QWM reactor simulates 

the gas-particle interaction of the fluidized bed reactor, which is an integral part of the CLG system. 

More so, calcination in the QWM reactor provides sufficient samples for further characterization 

of the calcined samples. Figure 3.1 shows the schematic of the QWM reactor, which is similar to 

the one developed by Chi et al. [116]. The reactor uses high heat resistant quartz wool and has an 

excellent gas-solid contact between the sorbent and the supplied gas. The temperature of the 

samples calcined in the QWM was limited to 825oC. This is because there is no more significant 

decomposition of the sorbent above this temperature, as would be seen later. The reactor 

temperature is measured and controlled at two points by inserting two temperature probes with k-

type thermocouples at the upper and lower points of the reactor, and then connecting the 

thermocouples to two PID control devices (CNI-CB120SB-K, Omega, USA). The reactor was 
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heated to the desired temperature and then nitrogen was introduced into the reactor. When the 

temperature of the reactor reached a steady state, the sorbent sample of known mass was sprinkled 

on the quartz wool, which was placed in a porous basket and lowered into the reactor with a 

stainless-steel wire. The sample was kept in the reactor for 30 min and cooled to room temperature 

after the experiment for further characterization. The flow rate used here was 3 L/min and was 

monitored by a highly sensitive flow meter (FMA-1609A-Vol, Omega, USA). The flow was set 

to a low value to avoid particle entrainment; however, it was sufficient for proper heat and mass 

transfer to the sorbent. 

 

Figure 3.1. Schematic of the quartz wool matrix reactor. 
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3.2.3. Characterizations 

Characterization studies have been performed on the eggshell samples. The specific surface area 

was evaluated with a multipoint Brunauer–Emmett–Teller (BET) analysis by Quantachrome 

ASiQwin device. The specific area was estimated for relative pressure values between 0.05 and 

0.35. The average pore size and total pore volume were also analysed, they were estimated from 

the adsorption branch of the isotherm and at the closest relative pressure to unity (> 0.96). These 

characteristics were investigated before and after calcination reactions using a nitrogen adsorption-

desorption measurement technique with full isotherms. SEM analysis was performed to study the 

surface morphologies of the samples. Elemental composition of the dried and calcined eggshell at 

various calcination temperatures was also studied. For better visualization of the surface 

morphology with SEM, the sample surface was coated with electric conductive gold film. An FEI 

inspect S50 scanning electron microscopy with a tungsten filament and Everhart-Thornley 

Detector (ETD) was used to collect the SEM images. The elemental analysis was performed in the 

analytical laboratory of Prince Edward Island by inductively coupled plasma optical emission 

spectroscopy (ICP-OES). The analysis was conducted with the iCAP 6000 series from Thermo 

Scientific and Leco CN628 analyser. The iCAP 6000 series was used to quantify the metals in the 

samples while the Leco CN628 analyser was used to quantify the carbon and nitrogen contents. 

Colourimetric analysis was performed to study the changes in the colour of the samples after 

calcination. Colour lightness and intensity of raw and calcined samples were measured with a 

colour meter (CR-20, Minolta Co. Ltd. Japan). The colours were analysed with the CIELab 1976 

(CIE L*a*b) technique. In this analysis, L*, a* and b* represent lightness, redness/greenness and 

yellowness/blueness respectively. To ensure accuracy, three replicates were taken for each sample. 

The colour change (ΔE) was estimated with values of the parameters for the raw eggshell sample 

(Lr, ar, br) and those of the calcined samples (Lc, ac, bc) using the expression in Eq. 3.1 [117]. 

ΔE =  √(Lr − Lc)2 + (ar − ac)2 + (br − bc)2      (3.1) 

3.3. Results and discussion 

3.3.1 Calcination studies 

This section discusses the results on calcination of the eggshell particles. Calcination is a function 

of the CO2 released from the particles and is measured by weight loss during the experiment. 

Figure 3.2 illustrates the TGA curves of the decomposition and FTIR plots of the evolved gases 

due to the decomposition in a nitrogen atmosphere. The figure shows that the weight loss is in two 
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stages, the minor and the major loss. The initial small weight loss may be attributed to the release 

of moisture. It is also observed that there is additional little weight loss below 600oC 

(corresponding to the time of less than 30 min), this may be ascribed to the release of organic 

matters [118], which is about 4 wt.% in eggshell [119]. Significant decomposition starts at 690oC, 

which corresponds to 34 min. This is also apparent from the derivative (DTG) curve. A close 

observation of the DTG curve further shows that the highest decomposition rate is 12.15%/min, 

this is experienced at 40.34 min and occurs at 810oC. Plane and 3D views of FTIR plots during the 

calcination reaction are shown in Figure 3.2b. The plane view of the spectrum was taken from the 

only noticeable peak of the Gram-Schmidt curve. This peak occurs at around 40 min and is in 

accordance with the DTG curve of Figure 3.2a. The plane view shows many peaks for each evolved 

gas, this is expected in a gas phase spectrum because in addition to vibration, there is a rotation of 

the gas and this gives the individual small bands. The appearances in the absorbance peaks are 

consistent with the TGA curves. The FTIR plot confirms that the main evolved gases during the 

calcination of eggshell are CO2 and H2O. The following bands are identified: 2400 – 2240 cm-1 

and 736 – 605 cm-1, both corresponding to the evolution of CO2 during the calcination of the 

carbonate. The release of H2O is also detected with the bands 3750 – 3550 cm-1. Due to the release 

of moisture at the early stage of the reaction, H2O bands are more noticeable at times less than 5 

min and with a corresponding weight loss of 0.4%. The amount of CO2 released during the 

calcination process can be obtained from the point where a significant weight loss starts (690oC) 

till the end. With that, about 41.5% of weight loss is recorded, indicating the amount of CO2 

released. 
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Figure 3.2. Thermal decomposition behaviour of eggshell with heating rate of 20oC/min (a) TGA 

and DTG curves and (b) FTIR plots of the evolved gases. 

3.3.1.1. Physical observations during calcination 

In addition to weight loss, some physical changes were observed during the calcination process. 

An unusual odour was perceived during the decomposition of all the samples especially when the 

temperature was around 400 – 500oC. Another evidence of structural change after decomposition 

is in the colour of the calcined samples. It was observed that the raw eggshell, which was white, 

changed to a grey colour after calcination at 700oC; samples calcined at higher temperatures were 

noticed to become lighter. This colour change is due to the burning of organic matters, the 
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formation of calcium oxide and the departure of CO2 from the carbonate [120] and can, therefore, 

be an indication of the conversion of the eggshell to CaO. Similar observations have been reported 

by Tangboriboon et al. [121] for the calcination of duck eggshell. To elaborate on the effects of 

calcination on colour changes, a colourimetric analysis has been performed. Table 3.2 

quantitatively presents the results of this analysis. Other than the raw sample, it is seen that the L* 

value, which signifies brightness, increased with an increase in calcination temperature. 

Furthermore, ΔE value, which is a measure of the colour change between the raw and calcined 

samples, supports the observation in discussion. Its value reduced with increasing temperature. 

Values of the parameters shown in the table reveal that the colour of the raw sample is closer to 

the colours of samples calcined at higher temperatures than to those calcined at lower temperatures. 

Table 3.2. Colour properties of the raw and calcined samples at 95% confidence interval. 

Sample (calcination 

temperature) 

L* a* b* ΔE 

Raw sample 90.50 ± 9.8 0.10 ± 0.1 5.10 ± 0.5 - 

700oC 39.70 ± 0.3 0.90 ± 0.1 2.13 ± 0.1 50.89 ± 9.5 

750oC 43.33 ± 3.6 0.93 ± 0.1 2.37 ± 0.2 47.25 ± 5.8 

800oC 50.20 ± 2.3 0.93 ± 0.1 2.37 ± 0.1 40.40 ± 11.4 

825oC 51.43 ± 0.3 0.73 ± 0.1 2.00 ± 0.1 39.19 ± 9.9 

3.3.1.2. Effects of calcination temperature and time 

Effects of various process parameters on the calcination of eggshell have been investigated. To 

study the influence of calcination reaction temperature on the decomposition process, the samples 

were heated as described earlier. As shown in Figure 3.3, an increase in the calcination temperature 

leads to an enhancement of the calcination rate by increasing the kinetic energy of the particles 

and therefore, improving the decomposition process. The figure highlights the fact that calcination 

at 700oC and 750oC for 30 min is not sufficient for complete degradation of the carbonate. It is 

also seen from the figure that beyond 850oC, there is no more noticeable weight loss. The 

observation here is comparable to the results reported by Wei et al. [119]. Results here establish 

that decomposition of eggshell particles is strongly dependent on temperature. This is expected of 
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a highly endothermic reaction like that of calcination. Nevertheless, operating at too high a 

temperature promotes particle sintering and attrition [57],[122], and leads to deterioration in the 

reactivity of sorbents. Thus, process temperature needs to be cautiously selected. Based on the 

TGA study (Figure 3.3), 850oC is used as the calcination temperature for further studies in this 

work. Another interesting finding here is the calcination process at longer residence time. 

Complete decomposition of the eggshell samples is observed even for samples calcined at low 

temperatures (700oC and 750oC) when the holding time is 60 min. However, this residence time is 

too long for the regenerating section of a CLG system. In the system, calcination continuously 

takes place in the regenerator and long residence time is not desirable for that purpose. Figure 3.3b 

shows the 3D plots of FTIR at various calcination reaction temperatures. They are in agreements 

with the decomposition rates at those temperatures. TGA curves reveal that weight loss increases 

with an increase in calcination temperature and it has been established earlier that CO2 evolution 

is the major cause of the weight loss. It is, therefore, not surprising that the intensity of the 

absorbance peak corresponding to CO2 release in the 3D FTIR plots increases with increasing 

calcination temperature. Following the same approach described in Section 3.3.1, the amount of 

H2O and CO2 released during calcination at various temperatures can be obtained. Obviously, the 

amounts of H2O released are similar to that of Section 3.3.1 (0.4%). Furthermore, the TGA curves 

(Figure 3.3a) reveal weight losses of 31.98%, 40.69%, 41.28%, 41.54% and 41.57%, 

corresponding to the amount of CO2 released after calcination at 700oC, 750oC, 800oC, 850oC and 

900oC respectively. 

 



 
 

37 
 

 

 

Figure 3.3. Effects of calcination temperature on decomposition with heating rate of 20oC/min (a) 

TGA curves and (b) FTIR 3D plots. 

3.3.1.3. Effects of heating rate 

Another important factor affecting the calcination reaction is the process heating rate. To 

investigate the effects of this parameter, experiments have been conducted with four different 
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heating rates as presented in Table 3.1. The thermogravimetric curves in Figure 3.4 illustrate the 

effects of heating rate on the calcination of CaCO3 from eggshell particles. The figure reveals that 

with a higher heating rate, the desired temperature is reached at a faster rate and thus the calcination 

rate is accelerated. It is also noticed from the figure that the TGA curves shift towards the left with 

increasing heating rate. The influence of heating rate on eggshell behaviour is especially noticeable 

in the derivative curves as presented in Figure 3.4b. In addition to shifting towards the left, the 

figure shows a higher and narrower peak for samples calcined at higher heating rates. It is realized 

that with heating rates of 10oC/min, 20oC/min, 30oC/min and 40oC/min, the peaks are 7.22%/min, 

12.16%/min, 15.6%/min and 17.63%/min respectively. The derivative curves also reveal that the 

temperatures corresponding to the peak values increase with heating rate, indicating more thermal 

energy for heat transfer. This proves that calcination rate is higher with a higher temperature being 

reached faster at a higher heating rate, which is obtained in the regenerator of a CLG system. 

Findings here are consistent with those of earlier studies in the literature [57],[123].  
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Figure 3.4. Effects of heating rate on sample decomposition with calcination up to 850oC (a) TGA 

curves (b) DTG curves. 

3.3.1.4. Comparison with calcination in an atmosphere of CO2 

In addition to nitrogen, calcination of eggshell is separately studied in an atmosphere of CO2. 

Figure 3.5a depicts the influence of gas medium on the calcination behaviour of eggshell. In both 

cases, the calcination temperature was set to 900oC. It is clearly seen that calcination in an 

atmosphere of CO2 exhibits dissimilar results with that of N2. It is also observed from the figure 

that the decomposition of eggshell in CO2 is very slow. Unlike the case of nitrogen, there is no 

significant weight loss from 700 – 850oC, and the observed decomposition at 900oC is just 21% of 

the initial sample weight. Generally, the release of CO2 from CaCO3 is favourable when the 

equilibrium partial pressure of CO2 for CaCO3 decomposition is higher than the CO2 partial 

pressure in the reactor. Expressions for the equilibrium partial pressure have been reported in the 

literature. A good example is that of Baker [124] as shown in Eq. 3.2. 

log10 Peq[atm] = 7.079 −
38000

4.574 T[K]
        (3.2) 

The lower decomposition rate of eggshell during calcination in the CO2 atmosphere may be 

attributed to the reduction in the difference between equilibrium partial pressure and CO2 partial 

pressure. This difference is the main driving force of CO2 desorption. Calcination in an atmosphere 

of CO2 increases the partial pressure of the gas in the reactor and so, reduces the driving force. It 
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also promotes sintering and reduces specific area and pore volume of particles [125],[126]. The 

SEM images presented in Figure 3.5b corroborate the findings in this section. The figure illustrates 

the micrographs of samples calcined in an atmosphere of pure CO2 and N2. It is observed from the 

figure that the resulting samples after calcination in CO2 exhibit larger grain size as compared to 

the ones calcined in nitrogen. The SEM image of the sample calcined in CO2 is still similar to the 

raw sample, indicating that the sample is only partially calcined. Hence, calcination in a CO2 

atmosphere reduces calcination rate and decomposition process of eggshell. Although a complete 

decomposition may still be possible in a CO2 atmosphere, it would require a higher calcination 

temperature and/or a longer residence time. This conclusion is in agreement with previous 

investigations with limestone [40],[127], and suggests that calcination of eggshell in nitrogen 

environment would be more favourable for the gasification process. 
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Figure 3.5. (a) Comparison of calcination in N2 and CO2 and (b) SEM images of the raw sample, 

sample calcined in pure CO2 and sample calcined in pure N2 with heating rate of 20oC/min. 

3.3.2. Characterization studies 

The results reported in this section are for the characterization of the raw and calcined eggshell. 

Having established the fact that the maximum weight loss of the sample occurs below 850oC (see 

Figure 3.2a and 3.3a), calcination in the QWM reactor for further analysis in this article was limited 

to temperatures between 700oC and 825oC. Sorbent properties in terms of morphology, elemental 

composition, specific surface area, average pore size, and pore volume are calculated and 

discussed in this section. These properties affect the sorbent utilization and carbonation rate while 

in the looping process. 

3.3.2.1. SEM morphology and elemental analysis 

Surface morphologies of raw and calcined samples were studied with a scanning electron 

microscope (SEM), elemental compositions of the resulting samples after calcination were also 

studied by ICP-OES. The calcined samples from the QWM reactor were used for the nitrogen 

adsorption-desorption, the SEM and the elemental analyses. The SEM graphs for the textural 

structure of the raw and calcined eggshell are shown in Figure 3.5b (raw and N2). The graph shows 

that the raw sample has a dense structure and a rough surface morphology; its pore structures are 

irregularly distributed. On the other hand, the calcined sample has an improved pore structure and 

a more uniform morphology. This is likely a result of the structural changes undergone while 

releasing CO2 during the calcination of the sorbent. 

Table 3 presents the elemental analysis; all the samples comprise mainly of calcium, carbon and 

oxygen, proving that the main content of eggshell is CaCO3. However, the contents of each of the 
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elements change after calcination at a different reaction temperature. It should be noted that the 

elemental weights in Table 3.3 represent metals, carbon and nitrogen contents, and the total 

weights (100%) are to be balanced by oxygen. The raw sample is observed to exhibit more carbon 

content than the calcined samples. This is due to the presence of more CO2 (in the form of CaCO3) 

in the raw eggshell sample. On the other hand, calcination at high temperatures releases CO2 and 

accordingly, the calcined samples have lower carbon and higher calcium contents. It is also 

observed that calcination at higher temperatures reduces the carbon content than the ones at lower 

temperatures. Thus, samples calcined at 825oC have more calcium and lower carbon contents than 

the ones at 700oC. It is also observed that calcination at 700oC shows no significant difference 

from that of the raw shell. Another point to note here is that samples that are calcined at 800oC and 

825oC have similar elemental compositions. This similarity is an indication that the maximum 

degradation of the samples occurs below 825oC, which supports the observation presented in 

Section 3.3.1.2. 

Table 3.3. Elemental analysis of the raw and calcined samples (balanced with oxygen, wt.%). 

Elements/sample Raw 700oC 800oC 825oC 

Carbon, % 12.89 11.29 2.57 1.96 

Nitrogen, % 0.37 0.09 0.07 0.08 

Phosphorus, % 0.06 0.06 < 0.03 < 0.03 

Potassium, % < 0.05 <0.05 0.05 < 0.05 

Calcium, % 34.21 33.61 68.50 68.27 

Magnesium, % 0.38 0.38 < 0.03 < 0.03 

Copper, ppm < 3.0 < 3.0 < 3.0 < 3.0 

Zinc, ppm < 5.0 < 5.0 < 5.0 < 5.0 

3.3.2.2. Pore volume, specific surface area and average pore size analyses 

In the CLG system, characteristics and pore structure of the sorbent significantly affect the reaction 

and diffusion of CO2. For this reason, a proper investigation of the pore structure of eggshell is 

important. To study the pore properties of the raw and calcined eggshell, an isotherm analysis with 
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nitrogen adsorption-desorption at -196oC has been performed. The isotherms of the samples are 

shown in Figure 3.6. The pore structures of all samples appear to be of Type II isotherm [128], 

[129], which is a characteristic of materials with macroporous structure. The raw eggshell is 

observed to exhibit the least adsorption, with curve almost parallel to the relative pressure axis, 

indicating the least BET surface area and pore volume. The adsorption by sample calcined at 825oC 

is the highest, implying the highest pore volume and specific surface area. This trend agrees with 

those of specific surface area and total pore volume of the samples as presented in Table 3.4. An 

increase in the surface area and pore volume shows that calcination does not only change the 

chemical properties of the eggshell, but also the structural properties and thus creates more active 

sites for CO2 uptake by the sorbent. Another observation here is the change in pore size, after 

calcination at 700oC, the average pore radius reduced from 9.1 nm to 8.3 nm. The reduction is 

likely caused by the creation of small pores due to the release of CO2 from the carbonate. On the 

other hand, the average sizes of samples that are calcined at higher temperatures are higher. This 

may be caused by the merging of smaller sizes and the growth of CaO grain size due to sintering 

at elevated temperatures [130].  

Table 3.4. Physical properties of the samples before and after calcination. 

Samples (calcination 

temperature) 

Specific surface area 

(m2/g) 

Total pore volume 

(cm3/g) 

Average pore radius 

(nm) 

Raw sample 2.00 0.01 9.10 

700oC 7.99 0.03 8.30 

750oC 8.74 0.04 8.67 

800oC 9.71 0.05 9.42 

825oC 10.06 0.05 9.28 
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Figure 3.6. Nitrogen adsorption-desorption isotherms for the raw and calcined samples. 

3.3.3. Carbonation studies 

The performance of calcined eggshell in CO2 uptake has been investigated and is discussed in this 

section. CO2 uptake by CaO carbonation generally occurs in two regimes: the rapid chemical 

reaction stage and the diffusion-controlled regime. The first stage depends greatly on the surface 

area of the sorbent. The carbonation at this stage is inhibited by the growth of calcium carbonate 

layer due to CO2 uptake by the sorbent. As carbonation proceeds, CO2 diffusion resistance, which 

is usually longer and typically caused by pore filling at the outer part of the sorbent particle, 

becomes the rate-controlled step [131],[132]. Both stages of carbonation are important during 

sorption in the CLG. Therefore, the analysis here includes the two regimes. 

3.3.3.1. Effects of reaction temperature on CO2 uptake 

Carbonation temperature is one of the factors that significantly affect the CO2 uptake by calcium 

oxide. To study the effects of process temperature, calcined eggshell samples were subjected to 

carbonation at various temperatures. The temperature was varied from 500oC – 700oC and Figure 

3.7 depicts the effects of this variation. In all cases, there is a rapid weight gain during the first few 

minutes; this is the first carbonation stage, which is a result of the surface reaction. After this, 

reaction rate reduces due to the formation of product layer, and thus carbonation conversion 

increases slowly with time as a result of the transition to the diffusion-controlled regime. CO2 
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uptake at 500oC (16%) is found to be comparatively low. This low CO2 carrying capacity is an 

indication that the temperature is not enough to create sufficient thermal energy for driving the 

carbonation process [122]. In addition to an improved carbonation with temperature, it is seen from 

Figure 3.7 that the extent of conversion during the rapid kinetic-controlled regime increases with 

an increase in the reaction temperature. Owing to limited residence time in a CLG system, it is 

better to have most of the CO2 uptake at the rapid kinetic stage. Results here indicate that 

carbonation at a higher temperature would satisfy this requirement. Nonetheless, carbonation 

behaviour beyond 650oC did not show appreciable weight gain. The difference between the weight 

gain after carbonation reaction for calcined samples examined at 600oC and 650oC is 18%, whereas 

the difference between those at 650oC and 700oC considerably reduced to a value below 3%. This 

could be a result of the low CO2 carrying capacity of the sorbent at temperatures close to 

thermodynamic equilibrium. It may also be an effect of sintering that occurs at elevated 

carbonation temperatures in pure CO2, causing pore blockage [133]. Results here show that 

operating at 650oC would be sufficient for optimum carbonation. 

 

Figure 3.7. Effects of temperature on carbonation reaction for samples of < 100 µm. 

3.3.3.2. Effects of particle size 

Influence of particle size on eggshell performance as CO2 sorbent has been investigated. Three 

particle size ranges (less than 100 µm, 100 – 250 µm and 250 – 500 µm) were explored in the 

present work. Samples were previously calcined at 850oC; all samples achieved full decomposition 
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irrespective of their size. The only difference between them (though not significant) is that finer 

particles exhibit faster calcination rate with more rapid weight loss. Effects of particle size on 

carbonation are discussed here. Figure 3.8 illustrates the effects of change in particle size on the 

carbonation behaviour of the eggshell particles. It is seen from the figure that CO2 uptake reduces 

with an increase in the particle size of the sorbent. The weight gain due to CO2 uptake is 31%, 

39% and 43% for the particle size of 250 – 500 µm, 100 – 250 µm and less than 100 µm 

respectively. Presumably, the cause of changes in carbonation by different particle sizes is the 

available surface area for carbonation. As discussed earlier, carbonation conversion occurs in two 

stages; the first (rapid) stage is dependent on the surface area of the particle while the second 

(slower) stage is diffusion-limited. Fine particles exhibit higher surface area and more efficient 

heat transfer. Accordingly, they have a better gas-solid reaction than coarse particles. As such, 

conversion by particles of lower size during the rapid reaction stage should be higher than that of 

the coarser particles. However, it is observed from Figure 3.8 that the differences in the CO2 uptake 

are more significant during the diffusion-controlled stage. This is because coarse particles have a 

higher resistance to diffusion than fine particles when the product layer thickness increases. 

Consequently, CO2 mass transfer through the pores of coarse particles reduces. 

 

Figure 3.8. Effects of particle size on CO2 uptake at 650oC. 
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3.3.3.3. Cyclic calcination-carbonation studies 

In the CLG system under consideration, adsorption and desorption of CO2 occur in multicycle. 

Calcium carbonate is decomposed via the calcination process in the regenerator section of the 

system, which is designed with a CFB, to regenerate calcium oxide; the CaO is then reused for 

further CO2 sorption in the bubbling fluidized bed gasifier. Figure 3.9a illustrates the cyclic 

calcination-carbonation performance of the sorbent, while Figure 3.9b presents the carbonation 

conversion and extent of decay in the conversion after each cycle. The carbonation conversion is 

calculated using the expression presented in Eq. 2.3. The conversion after the first cycle is highly 

encouraging with a value of 76.41%. This value is close to the theoretical CO2 capture capacity of 

CaO, which is 78.5%, and it is comparable to the initial conversion reported by Li et al. [90] for 

mactra veneriformis shell, where the carbonation environment was 15 vol.% CO2 (balanced with 

N2). However, the CO2 uptake of the calcined eggshell diminishes in subsequent cycles. It is also 

observed from Figure 3.9a that the reduction in the carbonation conversion occurs in both reaction 

and diffusion-limited stages.  

Decay in the CO2 capture by the sorbent is caused by sintering and attrition/fragmentation. 

Sintering leads to a reduction in the available surface area for carbonation, and thus reduces the 

rate and degree of gas-solid reactions [30],[53]. This reduction is caused by the growth of sorbent 

sub-grain and melting of micro-surfaces that contain impurities in the sorbent during calcination 

process. SEM images of the sorbent after undergoing the multiple calcination-carbonation cycles 

are shown in Figure 3.9c. It is obvious from the figure that the sorbent has been highly sintered, 

leading to the decay in its reactivity. It is also observed that the grain size increases with increasing 

calcination-carbonation cycle, indicating that sintering tendency increases with an increase in the 

number of cycles. Figure 3.9b also demonstrates that the reduction in capture capacity is more 

significant between the first and second cycle, where the carbonation conversion reduced from 

76.41 to 43.98%. Additionally, the figure reveals that the extent of decay in carbonation 

conversion, which is calculated by Eq. 3.3, is more pronounced after the second cycle. 

En =
α1−αn

α1
           (3.3) 

In the preceding equation, En, α1 and αn represent the extent of decay after an nth (second and 

above) cycle, conversion after the first cycle and conversion after an nth cycle respectively. Just 

like in carbonation conversion curve, the highest rise in the extent of decay is noticed between the 

first two cycles. The decay extent after the second cycle is observed to be 42.45%. The drastic 
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decline in CO2 uptake between the first and second cycle may not only be attributed to sintering 

but also attrition. Attrition is mainly caused by the contact between CaO particles and reactor as 

well as the contact among the sorbent particles. It has been previously reported that due to early 

particle fragmentation, the highest attrition rates are typically experienced during the first few 

cycles of carbonation, and the deactivation rate reduces in subsequent cycles [134]. Results here 

confirm that assertion. Nevertheless, the carbonation conversion by the sorbent after the seventh 

cycle is as low as 18%, corresponding to a decay extent of 76.65% and indicating that the 

performance of the sorbent in multicycle operation is not encouraging. 
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Figure 3.9. (a) Multicycle calcination-carbonation process (b) carbonation conversion and extent of 

decay (c) SEM image of the sorbent after the 1st, 3rd, 5th and 7th cycle. Calcination at 850oC and 

carbonation at 650oC. 

3.4. Conclusions 

This work has been able to study the potential use of waste eggshell as a CO2 sorbent in the calcium 

looping gasification of biomass. Elemental analysis showed that the investigated sample has 

calcium, carbon and oxygen as its main elements, implying that it is highly rich in calcium 

carbonate. Decomposition of the eggshell, which is called calcination, was studied in a quartz wool 

matrix reactor. A thermogravimetric analyser coupled with a Fourier transform infrared 

spectroscopy was also used in the analysis. The infrared bands corresponding to CO2 and H2O 

were identified during the calcination process, and this signifies the conversion of CaCO3 to the 
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sorbent, CaO. It is observed from the nitrogen adsorption-desorption isotherm that the pore 

structures of the samples are of Type II isotherm. The TGA and SEM results revealed that 

calcination in an atmosphere of CO2 is not a good option due to increased CO2 partial pressure. 

Results of the colourimetric analysis showed that the colour of the raw sample (white) is closer to 

the colours of samples calcined at higher temperatures than those calcined at lower temperatures. 

The calcination rate is accelerated with increasing temperature and heating rate; samples calcined 

at higher temperatures have a higher specific surface area and a higher pore volume. However, 

decomposition at too high a temperature enhances sintering. Carbonation conversion is enhanced 

with sorbent having a low particle size. Results also showed that there is an improvement in the 

carbonation behaviour of the sorbent with increasing carbonation temperature up to 700oC. Initial 

CO2 uptake by the sorbent in a cyclical operation was highly encouraging. A conversion of 76.41% 

was realized after the first cycle, but the value reduces with increasing cycle, leading to a decay 

extent of 76.65% after the seventh cycle. Therefore, the use of eggshell as a CO2 sorbent in the 

calcium looping gasification of biomass would require a form of modification like hydration 

techniques, thermal pretreatment of the sorbent, and doping the sorbent with inert and refractory 

materials. These modifications could enhance the cyclical stability of the sorbent during the 

looping process. 
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Chapter 4.  Eggshell as a carbon dioxide sorbent: Kinetics of the 

calcination and carbonation reactions3 

Abstract 

The work in this chapter investigates the calcination and carbonation reaction kinetics of eggshell. 

Non-isothermal (dynamic) thermogravimetry using multiple heating rates was conducted to study 

the calcination process in a nitrogen atmosphere. On the other hand, isothermal conditions were 

applied to report on the carbonation process in a carbon dioxide atmosphere. Several model-based 

and isoconversional kinetic methods were used to evaluate the calcination kinetic parameters. The 

methods include the Friedman, Coats and Redfern, modified Coats and Redfern, Kissinger, Flynn-

Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) methods. Furthermore, an analytical 

solution method was developed to evaluate the kinetic parameters and to predict the experimental 

conversion. The carbonation reaction was modelled with a modified form of the shrinking core 

model. Both the rapid surface reaction-controlled and the slow diffusion-limited stages of 

carbonation were analysed. Results showed that the kinetic parameters obtained with the various 

methods are in good agreement with each other, and the computed average activation energies for 

calcination are in the range of 209 kJ mol-1 - 221 kJ mol-1. It is also observed that the activation 

energy of the calcination reaction varies with the extent of conversion, suggesting that the 

mechanism is not a single-step type. In addition, the results showed that the carbonation reaction 

mechanism of eggshell is controlled by the combination of surface reaction and product layer 

diffusion. Activation energy of 49.6 kJ mol-1 was obtained for the chemical reaction stage and 72.5 

kJ mol-1 for the diffusion-limited stage for carbonation temperatures from 500oC to 700oC. 

4.1. Background  

Chapter 3 presented the potential of eggshell as a sorbent for CO2 capture. It is important to 

understand the kinetics of the calcination and carbonation processes as the importance of kinetic 

studies cannot be overemphasized. These studies reveal the thermal stability of materials under 

various process conditions. Kinetic studies also provide useful information in reactor design and 

in the utilization of different materials for thermochemical conversion [135]–[137].  

_________________________________ 

3The study reported in this chapter has been published as Salaudeen, Shakirudeen A., Sultan M. Al-Salem, Mohammad 

Heidari, Bishnu Acharya, and Animesh Dutta. "Eggshell as a carbon dioxide sorbent: Kinetics of the calcination and 

carbonation reactions." Energy & Fuels 33, no. 5 (2019): 4474-4486. 
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Briefly, kinetic studies deal with the measurement of process rates and provide information about 

the reaction mechanism, which can be based on the fractional changes of a measured property (e.g. 

mass) with time [138],[139]. There is a need to extensively investigate the calcination and 

carbonation kinetics of eggshell. The investigation would allow one to gain an insight into the 

performance of eggshell-derived CaO sorbent for biomass gasification, especially in calcium 

looping gasification. The knowledge of thermal characteristics, rate controlling steps and kinetic 

parameters are important in this regard. For those reasons, the calcination and carbonation kinetics 

of chicken eggshell are investigated in this chapter. Considering that eggshell is mainly CaCO3, 

the material is modelled as CaCO3. This research is conducted by following the recommendations 

made by the Kinetics Committee of the International Confederation for Thermal Analysis and 

Calorimetry (ICTAC) [138],[140] for the measurements and the calculation of kinetic parameters. 

Several methods including isoconversional are used to determine the calcination kinetic 

parameters. On the other hand, the eggshell carbonation behaviour is modelled with the shrinking 

core model (SCM).  

4.2. Experimental procedure 

Eggshells were gathered from a restaurant on the campus of the University of Guelph, Ontario, 

Canada. For consistency of results, all the eggshells used in the experiments were collected from 

the same source. The eggshells were properly cleaned after removing membranes from them. The 

shells were then ground and separated into different sizes. Particle size range of 50 – 100 µm was 

used for the kinetic studies. Following the ICTAC kinetics committee recommendations for 

obtaining kinetic parameters, experiments in a thermogravimetric (TG) balance (Model: SDT-

Q600, TA Instruments-Waters LLC, New Castle, USA) were performed with small sample mass, 

low and multiple heating rates for calcination kinetics and multiple temperatures for carbonation 

kinetic studies. Similar to heating rate, a smaller sample mass releases a smaller amount of gas and 

also reduces temperature gradient [138], leading to uniformity in heat transfer [137],[141]. The 

experimental tests were conducted while ensuring that the results are not sample mass-dependent. 

To ensure and verify this independence, TG curves of the results obtained from the same conditions 

but with different sample masses were compared. A superposition of the curves demonstrates that 

the results are sample mass-independent, otherwise, the mass should be reduced [138]. The 

measurements for the kinetic studies were conducted with sample mass of 17 ± 1 mg. 
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For the calcination kinetics, the TGA experiments were conducted in an atmosphere of nitrogen 

with a flow rate of 50 ml min-1. Previous investigations have shown that the degradation of eggshell 

in nitrogen should be preferred for a calcium looping gasification process [41]. Hence, the 

calcination kinetic parameters reported here are all under nitrogen. The calcination tests were 

performed at non-isothermal conditions using five heating rates to heat the sample from room 

temperature to the set point as presented in Table 4.1. As for the carbonation process, the 

thermogravimetric experiments were performed in an atmosphere of CO2 with a flow rate of 50 

ml min-1. The samples were initially calcined to achieve a pure CaO and then subjected to CO2 

uptake via the carbonation reaction. Although other gases would be released in an ideal gasifier, a 

pure CO2 environment was used to enhance a rapid carbonation of the sample. As such, the 

determined carbonation kinetic data in this work are all under CO2. In this case, CaO was heated 

to the setpoint with a heating rate (β) of 20oC min-1 and then CO2 was introduced for carbonation. 

The carbonation study was performed at five reaction temperatures as presented in Table 4.1. In 

all experimental cases, at least two replicates were performed to test for repeatability. 

Table 4.1. Process conditions for obtaining the kinetic parameters in the present work. 

Parameters Experimental values 

Calcination heating rates (oC min-1) 5, 10, 15, 20 and 25 

Calcination temperature (oC) 850 

Carbonation temperatures (oC) 500, 550, 600, 650 and 700 

4.3. Kinetic modelling 

Eggshell encompasses 94 wt.% CaCO3 [142], and thus its behaviour can be modelled as that of 

CaCO3. For a better prediction of kinetic parameters, it is preferred to use multiple β or multiple 

temperature programs [138]. The reliability of kinetic data is significantly affected by the heating 

conditions and it has been reported that the evaluation of kinetic parameters at multiple β can reveal 

non-linearity of the Arrhenius plot (non-Arrhenius temperature dependence) [138],[140]. For these 

reasons, the use of multiple heating rate programs has been emphasized and recommended for a 

reliable determination of kinetic parameters while solutions obtained with a single heating rate 

have been discouraged [140],[143]. Following the same recommendation, eggshell carbonation 

kinetic parameters have been estimated with five different reaction temperatures. 
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4.3.1. Calcination kinetics 

Kinetic parameters can be determined from any physical property which changes with respect to 

time. In thermal analysis, the measured property could be heat or mass [138]. Decomposition 

reactions are typically based on the conversion fraction (α), which can be derived from the 

measured property as shown in Eq. 4.1. 

𝛼 =
𝑚𝑖−𝑚𝑡

𝑚𝑖−𝑚𝑓
           (4.1) 

where mi, mt and mf stands for the initial mass, mass at a specific reaction time, and the mass at 

the end of the calcination reaction. The decomposition reaction rate can be expressed as a function 

of the rate constant, k (T) and the reaction model, f (α) as shown in Eq. 4.2. 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) = 𝐴 exp (−

𝐸𝑎

𝑅𝑇
) 𝑓(𝛼)       (4.2) 

In the preceding equation, t, T, Ea, A and R represents the reaction time, absolute temperature, 

activation energy, pre-exponential factor and the universal gas constant respectively. For a 

constant heating rate (non-isothermal condition), Eq. 4.3 can be written as: 

𝑑𝛼

𝑑𝑇
=

𝐴

𝛽
exp (−

𝐸𝑎

𝑅𝑇
) 𝑓(𝛼)         (4.3) 

Kinetic parameters are estimated by various methods. Some are based on differential method in 

which Eqs. 4.2 and 4.3 are used. On the other hand, some methods involve the rearrangement and 

integration of Eq. 4.3 and in those cases, Eq. 4.4 can be derived, where g (α) is the integral form 

of the reaction model. 

𝑔(𝛼) = ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0
=

𝐴

𝛽
∫ 𝑒𝑥𝑝

𝑇

0
(−

𝐸𝑎

𝑅𝑇
) 𝑑𝑇       (4.4) 

The integral form can further be written as: 

𝑔(𝛼) =
𝐴𝐸𝑎

𝛽𝑅
∫

exp(−𝑦)

𝑦2

∞

0
=

𝐴𝐸𝑎

𝛽𝑅
𝑃(𝑦)        (4.5) 

Where y = Ea/RT. Since there is no analytical solution for Eq. 4.5, many approximations have been 

made to solve the temperature integral [140]. Isoconversional methods are model-free 

(mechanism-independent) and are based on the principle that for a constant degree of conversion, 

the reaction rate only depends on temperature [140]. The adopted methods are non-isothermal and 

kinetic parameters of those methods are determined in a wide temperature range. Thus, it is 

possible to use the obtained parameters to predict the parameters of isothermal runs at temperatures 

inside the range considered for the non-isothermal runs. However, the opposite technique i.e. 

predicting non-isothermal parameters using isothermal results may not be accurate [144]. Some of 
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the isoconversional methods are based on the integral form of the generalized rate equation (Eq. 

4.2), others are derived from the differential form of the equation. Both the differential method 

(Friedman) and the integral methods (FWO and KAS) are applied in this work. Other methods 

including Kissinger, Coats and Redfern and a modified form of Coats and Redfern are also used 

to calculate the kinetic parameters of eggshell decomposition. 

4.3.1.1. Coats and Redfern method and its modified form 

The Coats and Redfern equation is derived by making an approximation for the temperature 

integral equation. In their approximation, Coats and Redfern [145] arrived at the next equation: 

𝑃(𝑦) =
𝑒−𝑦

𝑦2 (1 −
2

𝑦
) =

exp(−
𝐸𝑎
𝑅𝑇

)𝑅2𝑇2

𝐸𝑎
2 (1 −

2𝑅𝑇

𝐸𝑎
)      (4.6) 

The substitution of Eq. 4.6 into Eq. 4.5 leads to Eq. 4.7 after taking the logarithm of both sides. 

𝑙𝑛 [
𝑔(𝛼)

𝑇2 ] = 𝑙𝑛 [(
𝐴𝑅

𝛽𝐸𝑎
) ( 1 −

2𝑅𝑇

𝐸𝑎
)] −

𝐸𝑎

𝑅𝑇
       (4.7) 

The preceding equation shows that this method is model-dependent. If a first-order reaction is 

assumed, the equation can be written as presented in Eq. 4.8. At a given β, a plot of the expression 

on the left-hand side of the equation against 1/T gives a straight line. The energy of activation can 

then be calculated from the slope of the line for each heating rate. 

𝑙𝑛 [−
𝑙𝑛(1−𝛼)

𝑇2 ] = 𝑙𝑛 [(
𝐴𝑅

𝛽𝐸𝑎
) ( 1 −

2𝑅𝑇

𝐸𝑎
)] −

𝐸𝑎

𝑅𝑇
       (4.8) 

The prediction of kinetic parameters by the Coats and Redfern method occurs at a single constant 

β. By removing 1 – 2RT/Ea from the intercept and incorporating it into the left-hand side of the 

Coats and Redfern equation (Eq. 4.7), the equation has been reportedly modified to a multi-

heating-rate Coats and Redfern method [146] as presented in Eq. 4.9. 

𝑙𝑛 [
𝛽

𝑇2(1−
2𝑅𝑇

𝐸𝑎
)
] = 𝑙𝑛 [

𝐴𝑅

𝐸𝑎𝑔(𝛼)
 ] −

𝐸𝑎

𝑅𝑇
        (4.9) 

This modified form of the Coats and Redfern method is a model-free (isoconversional) method 

[147]. Hence, the energy of activation can be evaluated without assuming a reaction model. It 

should, however, be noted that using this equation, an initial guess of activation energy is needed 

as seen in the left-hand side of Eq. 4.9. The solution is iterated until convergence of the Ea value 

is achieved. Using the converged value of Ea, the frequency factor can be determined from the 

intercept of each line using a reaction model. 
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 4.3.1.2 The Flynn-Wall-Ozawa (FWO) method 

The FWO method is a model-free and a temperature integral method for estimating kinetic 

parameters. The method was independently developed by Ozawa [148] and Flynn and Wall [149]. 

It can be derived by following Doyle’s approximation [150] for the temperature integral for 20 < 

y < 60 as shown in Eq. 4.10. With this approximation and taking the logarithm of Eq. 4.5, the 

FWO equation is derived as can be seen in Eq. 4.11. As the method is model-free, knowledge of 

the reaction mechanism is not required to apply this method. 

log 𝑃(𝑦) =  −2.315 − 0.4567𝑦        (4.10) 

log(𝛽) = log [
AEa

𝑅𝑔(𝛼)
] − 2.31 − 0.4567 (

𝐸𝑎

𝑅𝑇
)       (4.11) 

A linear relationship can be established by plotting the left-hand side expression versus the inverse 

of absolute temperature for different conversion levels at a regular interval [137]. The plot gives a 

family of straight lines and the activation energy at each conversion level can be calculated from 

the slope of each line, which is −0.4567(𝐸𝑎/𝑅). 

4.3.1.3. The Kissinger and Kissinger-Akahira-Sunose (KAS) methods 

The Kissinger method [151],[152] can be derived by finding the second derivative of the 

generalized non-isothermal kinetic equation. It is a multiple heating rate solution technique. For a 

first-order reaction, the Kissinger equation can be written as shown in Eq. 4.12. 

ln (
𝛽

𝑇𝑚
2 ) = ln (

𝐴𝑅

𝐸𝑎
) − (

𝐸𝑎

𝑅𝑇𝑚
)          (4.12) 

In the Kissinger equation, Tm stands for the temperature corresponding to the maximum 

decomposition rate at each β. The Ea can be estimated from the slope of a line fitted to the plot of 

ln(𝛽/𝑇𝑚
2 ) against (1/𝑇𝑚). Although the Kissinger method is simple and can be considered as a 

model-free method, it is not generally categorized with the isoconversional methods [140]. The 

method generates a single activation energy with the assumption that the mechanism throughout 

the reaction process is same, implying the same kinetic parameters [152]. However, this is not 

always the case and prompts a limitation of the method. Moreover, the temperature corresponding 

to the maximum decomposition rate (Tm) may vary with the heating rate. Nevertheless, the 

Kissinger method is used in the present work as it gives kinetic parameters for the mid-conversion 

range of reactions [152] and it is the most widely used multiple heating rate method [140]. 

The KAS method [153],[154] is another temperature integral method used to determine the kinetic 

parameters of the calcination process. It is an extended form of the Kissinger equation. Unlike the 
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Kissinger method, KAS is not only model-free but also isoconversional. The governing equation 

is presented in Eq. 4.13. 

ln (
𝛽

𝑇2
) = ln [

AEa

𝑅𝑔(𝛼)
] − (

𝐸𝑎

𝑅𝑇
)         (4.13) 

As shown in the equation, the energy of activation can be evaluated using the KAS method at 

different stages of conversion and not only at the maximum rate of decomposition. A plot of 

ln(𝛽/𝑇2) at various heating rates against 1/T gives a series of straight lines at each conversion 

extent. The activation energy can be estimated from the slope of each line.  

4.3.1.4. Friedman method 

The Friedman method [155] is a non-isothermal isoconversional method. It is a differential method 

and unlike its integral counterparts, there is no need for an approximation, making the Friedman 

method potentially more accurate [135],[140] and thus is also applied in the present work. The 

method is derived by taking the natural logarithm of the generalized rate equation (Eq. 4.2). 

ln (
𝑑𝛼

𝑑𝑡
) = ln (𝐴𝑓(𝛼)) − (

𝐸𝑎

𝑅𝑇
)         (4.14) 

The Friedman equation (Eq. 4.14) shows that for a given value of conversion extent, a plot of 

ln (𝑑𝛼/𝑑𝑡) against 1/T gives a straight line that can be used to determine the Ea value [135]. 

 4.3.1.5. Determination of reaction model 

Decomposition reaction mechanism can be determined using master plots [140]. Master plots are 

generated for various models for solid-state reaction at different conversion levels. The models 

can be found in previous studies [139],[140]. These plots are then compared with experimental 

plots to determine the model that best fits the experimental curve. The method applied by Jankovic 

[156] is used here. From Eq. 4.5, it is seen that the integral function g (α) depends on the pre-

exponential factor. This dependence can be eliminated by taking a conversion level as a reference. 

Taking α = 0.5 as the reference, Eq. 4.15 can be derived. If Eq. 4.5 is divided by Eq. 4.15, the pre-

exponential factor is eliminated as shown in Eq. 4.16. 

𝑔(0.5) =
𝐴𝐸𝑎

𝛽𝑅
𝑃(𝑦0.5)          (4.15) 

𝑔(𝛼)

𝑔(0.5)
=

𝑃(𝑦)

𝑃(𝑦0.5)
           (4.16) 

The plot of 𝑔(𝛼)/𝑔(0.5) against conversion level gives the master curves for various g (α) 

functions. These curves are then compared with the plot of 𝑃(𝑦)/𝑃(𝑦0.5), which represents the 

experimental curve. In Eq. 4.16, P (y) can be calculated using the fourth-degree approximation of 
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Senum and Yang [157]. P (y0.5) and g (0.5) are respectively the experimental and theoretical values 

calculated at a 50% degree of conversion. 

4.3.1.6. Analytical solution method 

To evaluate the eggshell calcination kinetic parameters, an analytical solution method has also 

been developed. The method is similar to the one published in the literature [135],[158]. However, 

in deriving the analytical solution method in the present work, the conversion fraction (α) is 

considered rather than the solid fraction (x) that was used in the past studies. Nonetheless, both 

fractions can be related as α = 1-x. The analytical method is developed by integrating both sides 

of Eq. 4.2 from time equals to zero (corresponding to α = 0) to a specific time, t as shown in the 

next equation. 

∫
𝑑𝛼

𝑓(𝛼)

∝

0
= ∫ 𝑘𝑑𝑡

𝑡

0
          (4.17) 

If a first-order reaction is considered, the integration of the equation leads to: 

𝛼 = 1 − exp [−𝐴𝑡𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
)]        (4.18)  

For an nth order, the equation would be: 

𝛼 = 1 − [1 − (1 − 𝑛)𝐴𝑡𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
)]

1

1−𝑛
        (4.19) 

An optimization function is written to estimate the kinetic parameters with the analytical method. 

A mathematical representation of the objective function (OF) is shown in Eq. 4.20. In the equation, 

𝛼𝑒𝑥𝑝 and 𝛼𝑡ℎare the experimental and theoretical conversion fractions at the same time, and N is 

the number of time steps used in the solution. 

𝑂𝐹 =  𝑚𝑖𝑛 ∑ |
𝛼𝑒𝑥𝑝−𝛼𝑡ℎ

𝛼𝑒𝑥𝑝
|𝑁

𝑖=1          (4.20)  

The objective function predicts the experimental conversion while minimizing the error between 

the experimental and predicted values. For the first-order reaction, the OF has two unknown 

variables, which are Ea and A. These variables are optimized to predict the experimental 

conversion at different times and temperatures at a particular heating rate. The non-linear 

optimization problem is solved with the built-in Microsoft Excel Solver using the GRG non-linear 

solution method with the Multistart option activated to achieve a global optimization.  

4.3.2. Carbonation kinetics 

The carbonation reaction kinetics of eggshell is modelled with the shrinking core model (SCM). 

The SCM involves the consumption of solid particle, leading to shrinking of the amount of the 
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solid being consumed [159],[160]. Generally, carbonation proceeds with surface chemical reaction 

at the early stage, this is then followed by gas diffusion through the product (CaCO3) layer [33]. 

Both stages of carbonation are considered in the kinetics of eggshell. In this work, it is assumed 

that gas film resistance is negligible, and the reactor is at an isothermal condition. For the reaction-

controlled regime, the time of the reaction can be described as presented in Eq. 4.21 [159]. 

𝑡 = 𝜏𝑐 (1 − (1 − 𝛼𝐶𝑎𝑂)
1

3) = 𝜏𝑐𝐺(𝛼𝐶𝑎𝑂)       (4.21) 

In Eq. 4.21, G (αCaO) is the conversion function for the surface reaction stage and 𝜏𝑐 is the time 

required for a complete conversion in this stage. The time (τc) can be calculated from Eq. 4.22, 

where k stands for the intrinsic reaction rate constant, b is the molar ratio of the solid to the gas 

reactant in the carbonation reaction, Rp is the average radius of the solid particle, ρ is the molar 

density of CaO and C is the molar concentration of CO2. 

𝜏𝑐 =
𝜌𝑅𝑝

𝑏𝑘𝐶
           (4.22) 

The carbonation conversion (αCaO) can be calculated with the expression in Eq. 4.23 [42]. In the 

equation, m1, m2, MCO2, MCaO and q stands for the initial sample mass, the mass at the end of 

carbonation, the molar mass of CO2, the molar mass of CaO and the CaO content in the sorbent 

respectively. 

αCaO =
m2−m1

m1
∗

MCaO

qMCO2

∗ 100         (4.23) 

Equation 4.21 reveals that a plot of G (αCaO) against time, t, gives a straight line at a constant 

temperature. The values of k and τc can be calculated from the slope of the line for each carbonation 

reaction temperature. By considering the diffusion-limited stage, the reaction kinetics is controlled 

by the product layer diffusion and in that case, the reaction time is given as shown in Eq. 4.24 

[160], where D is the coefficient of diffusion. In Eq. 4.24, P (αCaO) and 𝜏𝑑 are respectively the 

conversion function and the time required for a complete conversion during the diffusion-

controlled stage. 

𝑡 = 𝜏𝑑 (1 − 3(1 − 𝛼𝐶𝑎𝑂)
2

3 + 2(1 − 𝛼𝐶𝑎𝑂)) = 𝜏𝑑𝑃(𝛼𝐶𝑎𝑂)     (4.24) 

𝜏𝑑 =
𝜌𝑅𝑝

2

6𝑏𝐷𝐶
           (4.25) 

In the SCM, it is assumed that there is a complete carbonation conversion, which is not the case in 

practice. This necessitates the consideration of other factors along with diffusion in the model 

[160]. One of these factors is the particle size distribution, which is important if the product volume 
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is different from the reactant volume. This is considered for eggshell carbonation as the molar 

volume of CaCO3 is higher than that of the solid reactant (i.e. CaO) [33]. To account for the effects 

of particle size changes, a modified form of the SCM has been proposed by Sohn [161] with a Z 

factor. This factor represents the molar ratio of the solid product (CaCO3) to that of the solid 

reactant (CaO) and that equals 2.176 for this work. The modified diffusion equation is shown in 

Eq. 4.26. 

𝑡 =
3𝜌𝑅𝑝

2

6𝑏𝐷𝐶
[

[𝑍−(𝑍−(𝑍−1)(1−𝛼𝐶𝑎𝑂))
2
3]

𝑍−1
 − (1 − 𝛼𝐶𝑎𝑂)

2

3] = 𝜏𝑑𝑃(𝛼𝐶𝑎𝑂)    (4.26) 

Plots of P (αCaO) versus time give a series of straight lines at different reaction temperatures; 𝜏𝑑 

and D can be calculated from the slopes of the lines. Using the Arrhenius relations for the two 

carbonation stages (Eqs. 4.27 and 4.28), the activation energies and the pre-exponential factors for 

both the reaction- and diffusion-controlled regimes can be evaluated. This can be achieved using 

a plot of ln (k) and ln (D) against 1/T. 

𝑘 = 𝑘𝑜 exp (−
𝐸𝑟

𝑅𝑇
)          (4.27) 

𝐷 = 𝐷𝑜 exp (−
𝐸𝑑

𝑅𝑇
)          (4.28) 

It is possible for the carbonation reaction to be controlled by the two stages of carbonation. In that 

case, the fractional reaction time would be a summation of the two rate-limiting steps as shown in 

Eq. 4.29. 

𝑡 =  𝜏𝑐𝐺(𝛼𝐶𝑎𝑂) + 𝜏𝑑𝑃(𝛼𝐶𝑎𝑂) = 𝜏𝑐[𝐺(𝛼𝐶𝑎𝑂) + 𝛿2𝑃(𝛼𝐶𝑎𝑂)]    (4.29) 

In Eq. 4.29, the δ2 value represents the ratio of gas diffusion resistance to the chemical reaction 

resistance (i.e. 𝛿2 = 𝜏𝑑/𝜏𝑐), indicating that the higher the δ2 value, the more the reaction is gas 

diffusion-controlled and vice versa. Previous investigations have shown that the process is mostly 

reaction-dependent if δ2 << 1 and diffusion-controlled if δ2 >10. However, a value of δ2 between 

the two extremes suggests that the process is being controlled by the combination of surface 

reaction and gas diffusion [59],[162]. 

4.4. Results and discussion 

4.4.1. TG analysis, thermal stability and pore volume of eggshell 

The thermogravimetric analysis of eggshell under nitrogen reveals the thermal stability of the 

material as illustrated in Figure 4.1. The thermogravimetric curves (TG and DTG) are obtained for 
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calcination measured at five heating rates listed previously in Table 4.1. All the TG curves display 

initial weight loss due to moisture release. This small weight loss is followed by the release of 

organic matters at temperatures below the onset temperature. A significant weight loss starts at the 

onset temperatures, attributable to the release of CO2 from the eggshell. It is observed from Figure 

4.1 that an increase in the heating rate enhances the calcination rate due to the fact that the set 

temperature is reached faster with a higher heating rate. The effects of heating rate on the thermal 

stability of the samples are presented in Table 4.2. The thermal stability is measured in terms of 

the onset temperature (Tos), which is the initial degradation temperature, the inflection point (Tif), 

which corresponds to the greatest rate of change and the endset point (Tes). The onset temperature 

is the temperature where 5 wt.% of the material starts to degrade and it is obtained from the 

intersection of the tangent of the initial point and the inflection point [163]. Table 4.2 shows that 

the corresponding temperatures to the three points increase with the heating rate. The results here 

are consistent with those of Murakami et al. [98], in which an inflection point of 771.5oC was 

disclosed for eggshell calcination using a β of 10oC min-1. Additionally, the trend of the TG curves 

agrees with that of Murakami et al. [98]. The total pore volume of the samples, which is an 

indication of porosity, has been measured by the Quantachrome Nova 1200e device. The values 

are 9.1 × 10-3 cm3/g, 4.7 × 10-2 cm3/g and 2.4 × 10-3 cm3/g for the raw sample, calcined sample 

and the sample after carbonation respectively. This is not surprising as calcination is expected to 

open the pores and create active sites for CO2 sorption. On the other hand, the pores are filled after 

the carbonation reaction especially in multiple calcination and carbonation cycles. 

Table 4.2. Thermal stability of eggshell showing extrapolated onset, inflection and endset points. 

β (oC min-1) Tos (
oC) Tif (

oC) Tes (
oC) 

5 693.9 749.0 765.6 

10 708.7 774.6 795.0 

15 719.6 792.1 812.0 

20 733.1 803.6 832.0 

25 734.0 812.9 836.5 
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Figure 4.1. Influence of heating rates on the decomposition of eggshell (a) TG curves (b) DTG 

curves. 

4.4.2. Determination of calcination kinetics parameters 

4.4.2.1. Solution with the Coats and Redfern method and its modified form 

The kinetic parameters have been estimated with the methods discussed above. The obtained 

parameters can be used to predict the behaviour of eggshell at the stage at which the parameters 

were determined. For example, the activation energy, pre-exponential factor and reaction model 

for the calcination stage can be used to predict the calcination behaviour of the material. The 
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obtained activation energy is an indication that the reaction will proceed with that energy. The pre-

exponential factor (or frequency factor) determines the frequency of collision of molecules in the 

reaction.  

Results obtained with the Coats and Redfern method are discussed in this section. The method is 

model-based and thus the kinetic parameters reported here are calculated with an assumption of a 

first-order reaction. The Ea is evaluated from the slopes of the fitted lines at each heating rate as 

shown in Figure 4.2a. All the lines have a high coefficient of determination with r2 ≥ 0.93. It is, 

however, observed that there are several deviations from the fitted lines, indicating the possibility 

of changes in the reaction mechanism at different conversion levels. As 2RT/Ea<<1, the pre-

exponential factor is calculated from the intercepts of the straight lines. The estimated Ea values 

with this method have a mean value of 210.8 kJ mol-1 (SD = 10.7) and the pre-exponential factor 

is 1.62 (SD = 1.6) × 1010 min-1. The acronym SD in the bracket stands for standard deviation. 

As discussed earlier, the modified Coats and Redfern method requires an initial prediction for the 

activation energy. To apply the modified method, measurements are taken at conversions of 5% 

interval for the five heating rates and the solution is initiated with a prediction of 200 kJ mol-1 for 

all the conversion levels. This initial Ea value is selected as it is close to the obtained value from 

the other methods. Unlike the original Coats and Redfern, this method is a multiple heating rate 

method as depicted in Figure 4.2b. More so, it is a model-free method because an assumption of a 

model is not needed to calculate the Ea. Consequently, the prediction by this method is slightly 

more accurate than the unmodified type. In this case, r2 ≥ 0.95 for all conversion extents. The 

calculated activation energy and pre-exponential factor using the modified Coats and Redfern 

method are 216.6 kJ mol-1 (SD = 9.5) and 2.83 (SD = 1.5) × 1010 min-1 respectively. The estimated 

kinetic parameters here are similar to those of previous researchers for the decomposition kinetics 

of CaCO3 [164]. 
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Figure 4.2. Plots for (a) Coats and Redfern method (b) modified Coats and Redfern method for 

eggshell calcination. 
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4.4.2.2. Solution with the Kissinger Method 

Figure 4.3 illustrates the kinetic plot with the Kissinger method. The figure highlights the linear 

relationship between ln(𝛽/𝑇𝑚
2 ) and 1/Tm. The temperatures used here are the temperatures 

corresponding to the peak of the DTG curves for each β value. Expectedly, the linear fit in this 

method is very high with r2 > 0.99. A single activation energy and pre-exponential factor are 

calculated with this method, with values of 209.2 kJ mol-1 and 6.21×109 min-1 respectively. As this 

method assumes that the reaction mechanism does not change all through the conversions, it is not 

fully reliable. Results from the modified Coats and Redfern method proves that the kinetic 

parameters vary with α. The differential and integral forms of the isoconversional methods would 

also be used to check the variation of kinetic parameters later. 

 

Figure 4.3. Plot of ln(β/T2
m) against 1/Tm for the Kissinger method. 

4.4.2.3. Isoconversional methods solutions 

The isoconversional methods are perhaps the most reliable techniques for calculating activation 

energy [143]. The solutions are achieved by getting the temperatures that correspond to a 

conversion extent (α) at the considered heating rates and then plotting the isoconversional graph 
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as described earlier. The kinetic parameters are evaluated for conversion levels from 0.15 to 0.85 

with an interval of 0.05. Figure 4.4 depicts the solution with the integral form of the 

isoconversional method (i.e. FWO and KAS), while the plot of the differential form (i.e. Friedman) 

is shown in Figure 4.5. Good linearities are observed in all the isoconversional methods plots; for 

all cases, r2 ≥ 0.95. The calculated activation energies have means of 210.9 kJ mol-1 (SD = 16.5), 

221.4 kJ mol-1 (SD = 9.4) and 215.8 kJ mol-1 (SD = 9.5) for the Friedman, FWO and KAS methods 

respectively. It is realized that the mean of the Ea calculated with the KAS method is close to the 

one by the modified Coats and Redfern method. Figure 4.6 reveals that the activation energies for 

both methods almost overlapped at all levels of conversion. This is expected because the difference 

between the KAS and the modified Coats and Redfern is the inclusion of the expression 1-2RT/Ea 

in the left-hand side of the modified Coats and Redfern equation. This expression is very weak as 

2RT/Ea << 1, rendering the predictions by the two methods similar. 

Results in this section show that Ea varies considerably with α. The variation is especially apparent 

with the Friedman solution as illustrated in Figure 4.6. However, the changes are compensated in 

the intercepts as they also vary with the conversion level [165]. It is noticed from Figure 4.6 that 

for all the applied methods, the apparent activation energy increases from the beginning up to the 

conversion extent of 0.55 (0.45 for the Friedman method) and reduces afterwards. Having 

established that the activation energy of eggshell calcination changes with conversion extent, the 

decomposition reaction mechanisms have been investigated with master plots. It should be noted 

that the knowledge of activation energy is required to use this method. For that reason, the 

activation energy obtained with the Friedman method (from Figure 4.5) is used at all extent of 

conversion. Figure 4.7 illustrates the theoretical master plots and the experimental curve for 

measurements at various conversion levels. Four theoretical model groups (A, R, F and D) are 

included in the master plots. It should be noted that the experimental curve represented in Figure 

4.7 is for the measurements taking at 5oC min-1. The least heating rate is chosen because it is the 

slowest and it gives the most representative of the degradation change. Results from Figure 4.7 

showed that the closest theoretical mechanism from 15% up to the degree of conversion of 55% is 

the F1 mechanism, suggesting that at these stages a first-order reaction (random nucleation) is the 

governing mechanism. Above 55% conversion level, the experimental curve moves to the A2 

mechanism, which corresponds to the Avrami–Erofeev’s nucleation reaction model. This trend is 

consistent with the trend of Eα vs α (Figure 4.6). 
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Figure 4.4. Plots of integral isoconversional methods (a) FWO method (b) KAS method. 
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Figure 4.5. Isoconversional plots with the Friedman method. 

 

Figure 4.6. Variation of activation energy with the degree of conversion using different 

isoconversional methods. 
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Although KAS and FWO are both integral forms of the isoconversional method, previous studies 

have shown that the evaluation of activation energy with the KAS method is more accurate than 

the FWO method [140]. The variations in the activation energies by these two isoconversional 

methods may be caused by the differences in the approximations made in solving the temperature 

integral (Eq. 4.5). Nonetheless, the integral isoconversional methods (KAS and FWO) are derived 

with an assumption of a constant activation energy at all conversion levels [166]. This assumption 

is not always valid and leads to an error in estimating the kinetic parameters if Ea varies with the 

conversion extent. The assumption is not made in the differential method and thus the error is 

avoided in the Friedman method [167]. It is, however, noteworthy that the arithmetic means of the 

estimated activation energies with the Friedman, KAS and the modified Coats and Redfern 

methods are close to each other. All in all, the calcination activation energies are in agreement 

with those in the literature for eggshell and CaCO3 decomposition [98],[164]. 

 

Figure 4.7. Theoretical master curves and experimental data measured at 5oC min-1. 

4.4.2.4. Analytical solution method 

An analytical solution method has also been used to evaluate the calcination kinetic parameters of 

the eggshells. For simplicity, a first-order reaction is used in the present work and expectedly the 

results of the first-order and nth order should be similar when n = 0.999 or 1.001 in Eq. 4.19. Using 
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this method, the predicted pre-exponential factor and activation energy are 4.27 × 109 min-1 and 

227.4 kJ mol-1 (SD = 0.7) respectively. The predicted Ea is in the same order with those of the 

other methods discussed earlier. The analytical solution method has also been used to predict the 

experimental data in this study and Figure 4.8 illustrates the predictions. The model is not able to 

predict the weight loss at the initial stage, but good predictions are observed for all heating rates 

above 700oC. The lack of good prediction at low temperatures may be because only moisture and 

organic matters are released at low temperatures. On the other hand, the major decomposition due 

to calcination occurs at higher temperatures, making the predictions better at those temperatures. 

Overall, the prediction of the calcination of eggshell by the model is good with r2 > 0.99. 

 

Figure 4.8. Plots of experimental data and analytical model prediction against temperature. 

4.4.3. Determination of carbonation kinetics parameters 

The kinetic studies of eggshell carbonation are discussed in this section. Initially, the eggshell 

samples are calcined to generate the needed CaO for carbonation. The calcined samples are then 

used in carbonation at five reaction temperatures as presented in Table 4.1. The highest 
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temperature considered for carbonation is 700oC. This is because CO2 uptake by CaO at a given 

temperature is improved when the equilibrium partial pressure of CO2 at that temperature is lower 

than the CO2 partial pressure in the product stream. The equilibrium pressure of CO2 increases 

with temperature, reducing the partial pressure driving force when the temperature approaches the 

onset of calcination. Furthermore, carbonation at too high temperatures could accelerate 

agglomeration. The SCM is used to examine the behaviour of eggshell in carbonation reaction. 

The carbonation conversion (Eq. 4.23) is calculated at different reaction times. Conversions for 

the chemical reaction stage are measured below 5 min while the rest of the conversions are used 

for the diffusion stage. At a given temperature, the carbonation kinetic parameters are calculated 

by plotting the conversion functions (G (αCaO) and P (αCaO)) against time for the two regimes. 

Figure 4.9 demonstrates the relationship between the conversion functions and time. Straight lines 

are fitted to the points and r2 > 0.94 are obtained in all cases. The characteristic times for the first 

and second stage, τc and τd, are calculated from the slopes of the lines and are presented in Table 

4.3 in terms of temperature. These characteristic times are the times required for a complete 

conversion in the two carbonation stages at the reaction temperature. Using Eqs. 4.22 and 4.25, 

the reaction rate constant k and diffusion constant D have been calculated and are also shown in 

Table 4.3. It is noticed from the table that both τc and τd reduce with an increase in temperature. 

This is expected as an increase in the temperature implies availability of more thermal energy to 

drive the carbonation process, reducing the reaction and diffusion resistances. Consequently, the 

carbonation reaction is accelerated, indicating a reduction in conversion time for both stages of 

carbonation. Accordingly, the reaction rate constant (k) and the diffusion coefficient (D) increase 

with the reaction temperature. Compared to the available parameters in the literature, the mean 

value of the intrinsic reaction rate constant calculated here (9.29 × 10-5 m s-1 from 500 to 700oC) 

is of the same order with that of Grasa et al. [168] for the carbonation of limestone-derived CaO 

with an average value of 5 × 10-7 m4 kmol-1 s-1 (equivalent to 2.94 × 10-5 m s-1). Bhatia and 

Perlmutter [169] also reported a value of 5.9 × 10-7 m4 kmol-1 s-1 (equivalent to 3.5 × 10-5 m s-1) 

for lime carbonation. The mean of the diffusion constant evaluated here (1.65 × 10-10 m2 s-1) is 

higher than the one reported for Zr-doped CaO from eggshell with a mean value of value 2.38 × 

10-12 m2 s-1 [59]. It should, however, be noted that unlike in the research by the previous authors 

[59], this current study applied a modified SCM model to account for particle size changes in the 
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diffusion model. The high diffusivity here may imply that diffusion has a significant effect on the 

carbonation behaviour of eggshell. 

Table 4.3. Kinetic parameters for both the surface reaction- and diffusion-controlled stages at 

different temperatures. 

Temperature (oC)  τc (min)  k × 10-5 (m s-1)  τd (min) δ2 D × 10-11 (m2 s-1) 

500 102.04 3.42 769.23 7.54 3.78 

550 60.61 5.75 434.78 7.17 6.68 

600 45.87 7.60 294.12 6.41 9.87 

650 25.19 13.84 99.01 3.93 29.33 

700 21.98 15.86 88.50 4.03 32.82 
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Figure 4.9. Plots of carbonation conversion functions against time (a) G (αCaO) vs time (b) P (αCaO) 

vs time. 

In order to estimate the activation energy and pre-exponential factor for the two carbonation stages, 

Arrhenius plots have been made as illustrated in Figure 4.10. In both regimes, the linear fit gives 

r2 values > 0.95. The energies of activation and frequency factors are obtained from the slope and 

intercept of the figures respectively. For the reaction-controlled stage, the apparent activation 

energy (Er) and pre-exponential factor (ko) are 49.6 kJ mol-1 and 7.73 × 10-2 m s-1 respectively. 

These parameters agree with those obtained in previous studies. Nouri and Ebrahim [170] reported 

an Er of 11.09 kcal mol-1 (equivalent to 46.4 kJ mol-1) and a pre-exponential factor of 63.43 cm4 

mol-1 s-1 (equivalent to 3.73 × 10-2 m s-1) for CaO carbonation from 550 to 700oC. Yao et al. [171] 

also reported similar values of 47.7 kJ mol-1 and 1.76 × 10-2 m s-1. In the diffusion-controlled stage, 

the apparent activation energy (Ed) and pre-exponential factor (Do) are 72.5 kJ mol-1 and 2.78 × 

10-6 m2 s-1 respectively. The obtained energy of activation for the diffusion stage is higher than that 

of the chemical reaction stage. This is expected as the reaction-limited stage is a rapid regime, 

unlike the slow product layer diffusion stage. Moreover, the obtained diffusion resistance is higher 

than the surface reaction resistance. The diffusional activation energy determined in this study is 

lower than those of Grasa et al. [168] and Bhatia and Perlmutter [169]. This inconsistency may be 

due to the structural differences in the sorbents as the morphology of sorbents strongly affects the 

carbonation of CaO in the diffusion-controlled stage [33],[59]. Nevertheless, the pre-exponential 
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factor obtained for the diffusion stage is close to the value (3.37 × 10-6 m2 s-1) reported by Grasa 

et al. [168] for Imeco limestone. 
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Figure 4.10. Arrhenius plots for the evaluation of kinetic parameters (a) reaction stage (b) diffusion 

stage. 

Another observation from the kinetic parameters presented in Table 4.3 is on the values of δ2. 

The table shows higher values at low temperature and vice versa. This trend may be an 

indication that the degree of carbonation during the surface reaction-limited stage increases 

with temperature. It is noteworthy that all the values of δ2 are between the two extremes of 

rate-limiting determination values (i.e. 1< δ2 <10). That implies that one can assume the 

carbonation process of eggshell is being controlled by the combination of surface reaction and 

product layer diffusion. With that assumption in mind, the carbonation behaviour of eggshell 

has been predicted with Eq. 4.29 at different temperatures. Both diffusion and reaction 

functions (P (αCaO) and G (αCaO)) are used to establish the relationship between the carbonation 

conversion and time. The prediction by the model is demonstrated in Figure 4.11. It should be 

noted that the values of both experimental conversion and model prediction would still increase 

with more residence time in the carbonation process. A good agreement between the 

experimental data and the model prediction is observed. However, there seems to be a 
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limitation in the predictions at 650oC and 700oC. This trend indicates that the modified SCM 

can predict the carbonation behaviour of eggshell with higher accuracy at low temperatures 

but with a lower accuracy at high temperatures. 

 

Figure 4.11. Predictions of the carbonation conversion with the modified SCM (shapes for 

experimental values, lines for model predictions). 

4.5. Conclusions 

Eggshell has been proved to be an excellent source of CaCO3 and therefore a good source of CO2 

sorbent. The research in the present work investigated the kinetic parameters of eggshell for the 

calcination and carbonation reactions. The kinetic parameters were obtained following the 

recommendations of the ICTAC Kinetics Committee. The calcination kinetic parameters were 

estimated with Coats and Redfern, modified Coats and Redfern, Kissinger, KAS, FWO and 

Friedman methods. Solution with the Coats and Redfern method gives a mean activation energy 

of 210.8 kJ mol-1 (SD = 10.7) and pre-exponential factor of 1.62 (SD = 1.6) × 1010 min-1. On the 

other hand, values of 216.6 kJ mol-1 (SD = 9.5) and 2.83 (SD = 1.5) × 1010 min-1 were obtained 

with the modified form of the method. The Kissinger method gives a single pair of activation 

energy and pre-exponential factor of 209.2 kJ mol-1 and 6.21×109 min-1 respectively. It is realized 

that the mean of the activation energy calculated with the KAS method is close to the one by the 
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modified Coats and Redfern method. Results also revealed that the means of activation energy are 

210.9 kJ mol-1 (SD = 16.5), 221.4 kJ mol-1 (SD = 9.4) and 215.8 kJ mol-1 (SD = 9.5) for the 

Friedman, FWO and KAS methods respectively. It is realized that the activation energy changes 

with the degree of conversion, suggesting that eggshell calcination is not a single-step mechanism. 

Friedman method revealed the change in activation energy with conversion level more than the 

other methods. The obtained kinetic parameters with the analytical solution method are in the same 

order with those of the isoconversional methods. The developed analytical method predicts the 

decomposition behaviour well, especially at high temperatures. Considering its simplicity and 

accuracy, the SCM was used to analyze the eggshell carbonation kinetics with a modification in 

the diffusion-controlled regime. Results showed that both the surface reaction resistance and 

diffusional resistance reduced with an increase in the carbonation temperature. On the other hand, 

the reaction rate constant and diffusivity increased with reaction temperature. Activation energies 

of 49.6 kJ mol-1 and 72.5 kJ mol-1 were estimated for the surface reaction-controlled and the 

diffusion-limited regimes respectively. The obtained carbonation kinetic parameters agree with the 

values reported in the literature. In addition, the prediction of the eggshell carbonation behaviour 

by the modified SCM is good at low reaction temperatures but the model predicts with a lower 

accuracy at high carbonation reaction temperatures.  
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Chapter 5.  Hydrogen-rich gas stream from steam gasification of 

biomass: Eggshell as a CO2 sorbent4 

Abstract 

The study in this chapter investigates the steam gasification of biomass with an in-process CO2 

capture. The work is aimed at achieving hydrogen enrichment while reducing the carbon dioxide 

(CO2) concentration in the gas stream. A perceived waste resource, eggshell, was utilized as the 

source of CO2 sorbent while sawdust was used as the feedstock. The eggshell was calcined at 

900oC to activate it for the carbonation process. The gasification tests were conducted in a bubbling 

fluidized bed reactor with calcined eggshell (CES) as bed material in addition to being a CO2 

sorbent. Thermogravimetric analysis conducted on the eggshell showed that 900oC is sufficient to 

fully convert the calcium carbonate (CaCO3) in the eggshell to calcium oxide (CaO). The complete 

conversion was also evident in X-ray diffraction peaks. The effects of key process parameters, 

steam to biomass ratio (SBR) and calcined eggshell to biomass ratio (CEBR), were examined. 

Increasing the CEBR provided more CaO to the process, promoted the CO2 uptake via the 

carbonation reaction and accordingly enhanced hydrogen enrichment. An increase in SBR in the 

CES-based tests improved the hydrogen concentration in the gas stream. A minimum CO2 mole 

percent of 3.3 ± 0.4% and a maximum hydrogen content of 78 ± 3.6% were obtained in this study 

at a temperature of 650oC, SBR of 1.2 and CEBR of 1.0. Additionally, results of the CES-based 

experiments showed that the water gas shift reaction is more important for the enhancement of 

hydrogen production than the other gasification reactions. 

5.1. Background 

Biomass is a renewable fuel and the gasification of the fuel can be considered as a carbon -

neutral process. A potential means of realizing carbon negativity in the gasification of 

biomass is by removing the CO2 produced in the process. Hence, the gasification of biomass 

with an in-situ CO2 capture could be a key step towards achieving carbon negativity.  

 

_________________________________ 

4The study reported in this chapter has been published as Salaudeen, Shakirudeen A., Bishnu Acharya, Mohammad 

Heidari, Sultan M. Al-Salem, and Animesh Dutta. "Hydrogen-rich gas stream from steam gasification of biomass: 

Eggshell as a CO2 sorbent." Energy & Fuels 34, no. 4 (2020): 4828-4836. 
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Moreover, the CO2 removal in the process of gasification enhances the production of 

hydrogen-rich gas stream. This is made possible by reducing the partial pressure of CO2 

using an appropriate sorbent that can adsorb CO2 in the gasification process [29],[172],[173]. 

Although gasification of biomass can be conducted with different agents (e.g. air, oxygen, 

steam), the production of hydrogen by the sorbent-enhanced gasification may be more 

effective with steam. This effectiveness is due to the promotion of hydrogen forming reactions 

under a reducing atmosphere and further enhancement of water gas shift reaction with the removal 

of CO2. Accordingly, the in-process CO2 capture during the gasification of biomass not only 

enhances carbon negativity but also improves hydrogen production from renewable sources, 

producing clean and high-energy content gas. Also, sorbent-enhanced gasification enables 

the operation of reactors at comparatively lower temperatures, requires less equipment and 

potentially reduces the capital cost of the process [174]. Results from Chapter 3 and 4 on the 

initial carbonation, calcination and kinetic studies of eggshell demonstrate good potential and 

suggest that the material should be tested in a real biomass gasifier. The application of eggshell-

derived CO2 sorbent in the steam gasification of biomass is investigated in this chapter. The 

gasifier unit, which is a bubbling fluidized bed reactor, is connected to a continuous gas analyzer 

to facilitate gas analysis. The study in this chapter aims to test calcined eggshell as the bed material 

and as a fuel additive during the experiments. This study also aims at valorizing eggshell, which 

is a perceived waste resource, without jeopardizing the gasification performance. It is believed that 

the utilization of eggshell in the gasification process will enable CO2 depletion and at the same 

time promotes hydrogen enrichment of the gas stream. 

5.2. Materials and methods 

5.2.1. Biomass feedstock 

Sawdust from spruce was used as the feedstock in this study. The ultimate and proximate analysis 

of the sawdust was performed following ASTM standards. Ash content and volatile matter (VM) 

were analysed as per ASTM-E1755 and ASTM-E872 respectively, and the fixed carbon (FC) 

content was calculated by subtracting the ash and the VM contents from 100. The heating value 

was obtained using IKA-C200 bomb calorimeter (IKA Works, Wilmington, NC, USA). The 

ultimate analysis of the sawdust was determined using Flash 2000 Elemental Analyzer 

(ThermoFisher Scientific, Waltham, MA, USA). This analysis determines the wt.% of carbon, 

hydrogen, sulphur and nitrogen in the sawdust. The wt.% of oxygen was then obtained by 



 
 

80 
 

subtracting the amount of the other elements and ash from 100. Table 5.1 presents the results of 

the ultimate and proximate analysis. 

Table 5.1. Ultimate and proximate analysis of the sawdust. 

Ultimate analysis (wt.%) Proximate analysis (wt.%) 

Carbon 44.48 Moisture content 6.38 

Hydrogen 5.73 Ash 0.39 

Nitrogen 0.12 Volatile matter 87.12 

Oxygen 49.28 Fixed carbon 12.49 

HHV (MJ/kg) 16.64   

5.2.2. Bed materials 

The base experiments in this study were conducted with silica sand of bulk density of 1585 kg/m3 

and a mean particle size of 250 – 500 µm. For the sorbent-enhanced experiments, calcined eggshell 

(CES) of mean size 600 µm was mixed with sand and used as the bed material. CES of 125 – 250 

µm size was also mixed with the sawdust to enhance the carbonation reaction. Chicken eggshells 

were provided by a restaurant in the university. The eggshells were cleaned and dried overnight in 

a furnace that was set to 105oC. The dried eggshells were ground, separated to different sizes with 

the aid of Retsch’s AS 200 Sieve Shaker and then heated in a muffle furnace at 900oC for 3 hours 

to generate the CES to be used as bed material and fuel additive. This temperature was based on 

the results of the thermogravimetric analysis performed on the eggshell as would be seen in Section 

5.3.1.1. The weight of the eggshell was measured before and after the calcination process and a 

weight loss of ~ 47 wt.% was observed, signifying the release of moisture, organic matters and 

carbon dioxide from the eggshell [41],[120],[118]. Thus, the conversion of the eggshell from 

CaCO3 to CaO was achieved. 

5.2.3. Experimental procedure 

5.2.3.1. Thermogravimetric and X-ray diffraction analyses 

Thermogravimetric (TG) and X-ray diffraction (XRD) analyses were performed for the eggshell 

samples. These initial analyses (TG and XRD) were conducted to determine the sufficient 

calcination temperature for the eggshell and to determine the crystalline phases in the material 

respectively. A known mass of the eggshell (~20 mg) was used in the TG analysis and the analysis 

was conducted with a TG balance (SDT-Q600 TA Instruments-Waters LLC, New Castle, US) in 
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a nitrogen atmosphere with a flow rate of 50 ml/min. The temperature program was set to ramp 

from room to 900oC at a heating rate of 10oC/min. The X-ray diffraction analysis was performed 

with X-ray powder diffractometer (Empyrean, Panalytical, The Netherlands) using Cu-Kα 

radiation at 40 mA and 45 kV. The diffraction data were obtained for angles (2θ) ranging from 5-

70° and the peaks were identified with HighScore Plus software (Malvern Panalytical, UK). 

5.2.3.2. Gasification setup 

A schematic of the fluidized bed gasifier is shown in Figure 5.1. The gasifier was newly built for 

this study in the laboratory. The cylindrical reactor is a bubbling fluidized bed and was made of 

stainless steel with an internal diameter of 50.8 mm. It is well known that the equilibrium 

temperature for carbon capture by CaO-based sorbent at atmospheric pressure is around 700oC [7], 

[33],[28]. CO2 capture is promoted when the reaction temperature is below the equilibrium 

temperature for CO2 partial pressure. Above the temperature, there is desorption of calcium 

carbonate. In addition to temperature, the partial pressure of CO2 in the gas stream has a significant 

effect on carbonation and calcination. Carbonation is enhanced when the CO2 partial pressure in 

the gas stream is higher than the equilibrium partial pressure. Figure 5.2 presents the equilibrium 

partial pressure of CO2 for carbonation (R10) and calcination (R11) at different temperatures using 

the correlation developed by Baker [124]. The figure shows that carbonation reaction is favoured 

when the combinations of temperature and CO2 partial pressure are on the left of and above the 

equilibrium line. Thus, carbonation reaction is favourable at lower gasification temperature (600 

– 700oC), higher CO2 concentration and higher pressure. On the other hand, calcination is 

enhanced at elevated temperature (> 700oC), with lower CO2 concentration and lower pressure 

[175]. Hence, gasification with an in-situ carbon capture with lime-based sorbent is more 

favourable at temperatures below the equilibrium points. Therefore, the operating temperature in 

the present study was kept at 650oC (± 25oC). An earlier study with CaO as a bed material in a 

bubbling fluidized bed gasifier stated 650oC as the possible optimum temperature for H2 

production [46]. The gasification reactor was externally heated by four semi-cylindrical ceramic 

heaters each of 1.3 kW capacity. Two heaters were mounted on the upper part of the reactor while 

the other two were mounted on the lower part. The temperatures of the heaters were measured and 

controlled at both upper and lower parts of the reactor. The temperatures were controlled with the 

aid of k-type thermocouples that were connected to two PID controllers (CN7800, Omega, USA 

and SOLO4824, AUTOMATIONDIRECT, USA). Two other k-type thermocouples (Omega’s 
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UTC-USB) were connected to the inner part of the reactor to measure the bed and freeboard 

temperatures. The required steam for the experiments was supplied by a steam generator (Model 

MBA3, Sussman Electric Boilers, USA). The steam flow has been initially calibrated with a needle 

valve to get the desired flow rates. To reduce the bed temperature drop at the steam inlet, the 

saturated steam from the generator was further converted to superheated steam with the aid of a 

superheater designed in the lab and operated at 200oC. The steam leaving the superheater goes to 

the bed through the distributor plate. The use of superheated steam is especially important when 

using CES in the bed material due to the prevention of condensation, which could pose a 

fluidization challenge with lime. Before each experiment, 700 g of the bed material (either sand or 

a mixture of sand and CES) was fed into the reactor. For the CES, the eggshell was initially 

activated by calcination (R10) and the CO2 capture was achieved via the carbonation reaction 

(R11). When the CES was included in the bed, the bed materials were drained and replaced with 

fresh materials after each experiment. This is important as there would have been the formation of 

CaCO3 after each experiment and the carbonate would have a limited reactivity for carbonation in 

the next experiments. After feeding the bed, all the heaters and the steam generator were energized. 

For the heating process, nitrogen gas of 4 L/min was passed through the distributor plate as the 

initial fluidizing gas. The temperature of the bed and freeboard region were constantly monitored 

via the data logger. After getting to the set point, the nitrogen flow was stopped and replaced by 

steam and the temperatures were monitored until they reached the set point. It takes around 4 - 5 

hours to get to a bed temperature of 650oC and that completes the heating process. The experiments 

were carried out at atmospheric pressure. Biomass (or biomass + CES) feeding was started as soon 

as the bed temperature becomes stable. The feeding was facilitated by a screw drive that was 

controlled by a variable speed motor initially calibrated for various feed rates. A cooling water line 

was passed across the biomass feeding side, thereby preventing the feeding line from heating up 

and ensuring the biomass was fed at nearly room temperature. The gasification process started 

after feeding; the feeding was continuous at the desired rate and the syngas was monitored at the 

gas outlet. For proper separation of solid from the product, two solid separators were incorporated 

into the gasification unit: an impact separator and a cyclone. The separators were opened and 

cleaned after each experiment. A two-stage condensing unit was also connected to the setup with 

cooling water continuously passing through the condensers. The analysis of the condensates is not 

of interest in the present study and for that reason, the condensates were collected in a beaker and 
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disposed of after each experiment. The dry, clean gas exiting the reactor passes to a continuous 

gas analyser (X-Stream XEGP, Rosemount Analytical, Emerson Process Management, 

Hasselroth, Germany). In order to facilitate the gas sampling and analysis, the analyser was 

installed and connected to the gasifier in a bypass mode with the inclusion of a sample gas pump, 

an air filter, a flow meter and a pressure control valve. The analyser was calibrated for the four 

major gases of interest i.e. H2, CO, CO2 and CH4. The concentrations of these gases were 

monitored and recorded at steady state. Experimental uncertainty in this study was determined at 

95% confidence interval. 
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Figure 5.1. Schematic of the experimental setup (a) gasification unit and (b) process flow diagram. 

 

Figure 5.2. Equilibrium CO2 partial pressure over CaO as a function of temperature. 

5.3. Results and discussion 

Typically, gasification process includes drying, devolatilization or pyrolysis, partial combustion 

and gasification. In the process, a number of reactions occur simultaneously and the reactions may 

be competing depending on the process conditions [176]. In analyzing the results of the current 
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study, the important gasification, calcination and carbonation reactions are considered as shown 

in Table 5.2. Results of the effects of process parameters on the gas composition are presented and 

discussed following those key gasification reactions.  

Table 5.2. A summary of the important gasification, carbonation and calcination reactions [176], 

[177],[178]. 

Reaction number Reactions Reaction name Heat of reaction at 298 K 

(kJ/mol) 

R1 C + ½ O2 ↔ CO Oxidation reactions -110.5 

R2 CO + ½ O2 ↔ CO2  -283 

R3 H2 + ½ O2 ↔ H2O  -241.8 

R4 CO + H2O ↔ CO2 + H2 Water gas-shift reaction -41.2 

R5 C + H2O ↔ CO + H2 Water gas reaction +131.3 

R6 C + CO2 ↔ 2CO Boudouard reaction +172.5 

R7 CH4 + H2O ↔ CO + 3H2 Steam methane reforming  +206.1 

R8 C + 2H2 ↔ CH4 Methanation reactions -74.8 

R9 CO + 3H2 ↔ CH4 + H2O  -206.1 

R10 CaCO3 → CaO + CO2 Calcination reaction +178 

R11 CaO + CO2 → CaCO3 Carbonation reaction -178 

5.3.1. Thermogravimetric and X-ray diffraction results 

5.3.1.1 TG analysis 

The thermal stability of the raw eggshell has been investigated by TG analysis. Figure 5.3 presents 

the results of the analysis. The TG curve shows minor weight loss owing to the release of moisture. 

A further weight loss, also not significant, is observed below 700oC, indicating the release of 

organic matters. The curve also shows that the major weight loss starts at ~690oC and it is observed 

that the final temperature, 900oC, is sufficient for the decomposition of the eggshell. The total 

weight loss is ~47%. By doing a mass balance, it could be inferred that the weight loss is due to 

CO2 (~44%) and a combination of moisture and organic matters (~3%). The organic matters 

contain mainly proteins and small amounts of lipids and carbohydrates [120],[179]. As the organic 

materials are removed at temperatures < 600oC [41],[120], it can be inferred that the organic 

matters can be removed from the eggshell by heating the material at calcination temperatures 

(>700oC). Another technique that can be used to remove the organic matters is by bleach treatment 



 
 

86 
 

[120]. The remaining weight (~53%) after the major weight loss corresponds to the amount of 

calcium oxide in the eggshell, indicating the complete conversion of the eggshell to lime 

[41],[118],[119]. Thus, the TGA results establish that 900oC should be enough to activate the 

eggshell for the in-process CO2 capture in gasification. 

 

Figure 5.3. TG curve of eggshell with a heating rate of 10oC/min. 

5.3.1.2. Characterization with X-ray diffraction 

In order to determine the crystalline phases of the eggshell samples, X-ray diffraction analysis has 

been performed on the raw and calcined eggshell. The XRD patterns are compared with the files 

of the Joint Committee on Powder Diffraction Standards (JCPDS). Figure 5.4 presents the results 

of the XRD analysis. The figure reveals that the raw sample displayed diffraction peaks that are 

characteristics of thermodynamically stable calcite form of CaCO3. The XRD peaks of the raw 

eggshell sample are in line with those of a previous study [120]. The major diffraction peak occurs 

at 2θ angle of 29.4o and other peaks occur at approximately 23.1o, 31.4o, 36.0o, 39.4o, 43.2o, 47.5o, 

48.5o, 56.6o, 57.4o, 60.7o, 64.7o, and 65.7o. The XRD results further corroborate the assertion that 

eggshell is mainly calcium carbonate. Figure 5.4 also reveals that the characteristic peaks of the 

CES appear at 2θ angles of 32.2o, 37.4o, 53.9o, 64.2o and 67.4o. These peaks correspond to CaO 

obtainable from the calcination of eggshell [120],[180]. The XRD patterns of the CES demonstrate 

that the calcination temperature of 900oC is sufficient to completely convert the eggshell from 

CaCO3 to CaO. It also supports the view that the CES has been activated and can be used as a CO2 

sorbent in the gasification process. Other physicochemical studies including SEM morphology, 
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Fourier transform infrared, elemental analysis, specific surface area, pore volume and kinetic 

analysis have been investigated for the raw and calcined eggshell and their results can be found in 

previous studies [41],[178]. 

 

Figure 5.4. XRD patterns of raw eggshell and calcined eggshell (a) CaCO3 and (b) CaO. 

5.3.2. Gasification of the sawdust without eggshell 

The results of the steam gasification experiments without the inclusion of CES in the process are 

presented in this section. It is generally known that syngas is enriched in hydrogen when 

gasification is conducted in an atmosphere of steam [14],[173]. The results here serve as a base 

case to which the CES-based tests can be compared. The steam flow rate is one of the most 

important process parameters in steam gasification. The flow affects not only the product gas 

quality but also the energy input to the system. For that reason, the experiment in this section was 

performed in two stages by increasing the SBR in the process. The SBR is determined as the weight 

ratio of the steam flow rate and biomass feed rate. The SBR is changed from 0.4 to 2.3 and Figure 

5.5 illustrates the effects of the change in SBR on the gas composition. It is observed that the 

concentration of CO reduced from 34 ± 1.9% to 12 ± 3.1% when the SBR is increased. This 

reduction may be attributed to the consumption of CO in the water gas shift reaction (R4). With 

an increase in the steam flow to the reactor, the equilibrium of R4 shifts forward. This is evident 

from the rise in the evolution of CO2 with the increase in SBR. Also, considering the height of the 
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freeboard, it is likely that the residence time enables further consumption of the produced CO in 

the process, enhancing the formation of CO2. The hydrogen concentration also increased with the 

increase in SBR, the gas concentration rose from 31 ± 1.5% to 44 ± 4.4%. This is also a result of 

the improvement in the conversion of CO and methane at higher SBR. The results here show that 

hydrogen dominates the gas composition at high SBR; this is not surprising as an enhancement in 

the hydrogen concentration is expected when steam is used as the biomass gasification agent. It is 

also noticed that the concentration of CH4 reduced from 16 ± 0.4% to 8 ± 1.9% with the increase 

in SBR, signifying the promotion of methane reforming (R7) with increasing steam flow. The 

trends of the gas composition here are consistent with those in the literature [181],[182],[183]. An 

elaborate analysis of the effects of SBR on gas composition is presented in the next sections with 

the inclusion of CES in the gasification process. 

 

Figure 5.5. Effects of steam to biomass ratio for the tests without CES (T = 650oC and CEBR = 0). 

5.3.3. Gasification with the inclusion of calcined eggshell 

The initial study with no CES shows that hydrogen enrichment can be achieved with an increase 

in the SBR. However, the content of hydrogen in the syngas is still lower than 45% even when 

working at a high SBR of 2.3. The hydrogen concentration may, perhaps, be improved at higher 

SBR, nevertheless, one needs to consider the energy penalty involved in generating the steam. 

Also, a higher SBR could lead to more CO2 production, defeating the goal of this work, and at the 

same time, reducing the heating value of the combustible gas product. It is hypothesized that the 
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CES-based steam gasification with comparatively lower SBR would enhance CO2 reduction and 

promote hydrogen enrichment in the syngas. In this section, results of the CES-enhanced 

gasification are presented and discussed. The experiments with CES were performed with the 

sorbent in the bed and in the feeding material. Initial experiments were conducted with pure CES 

(250 – 500 µm) as the bed material. It was observed that the use of pure and low size CES as the 

bed material was not favourable, owing to the properties of the CES. It is noteworthy that eggshell 

is fragile, has low attrition resistance and consequently, there was a formation of more fine 

particles when used as the bed material. It was seen that the solids collected in the cyclone and 

impact separator were noticeably more than the ones collected during the experiments without 

CES, suggesting elutriation of the bed material. Although finer particles could exhibit higher 

surface area and improved reactivity, they could pose fluidization problems, hindering their 

utilization and possibly reducing the quality of the gas products. Results in the literature have 

shown that attrition is affected by particle size and experimental condition, and the phenomenon 

is caused by the contact among the sorbent particles and the contact between the sorbent and the 

reactor [33],[55],[56]. Therefore, to reduce the operational challenge, the sorbent-enhanced 

gasification tests were conducted with the bed material changed from pure CES to a mixture of 

sand and larger particles of CES (mean size of 600 µm). Hence, subsequent experiments were 

performed with the CES mixed in the bed and as an additive in the feedstock. The base case test 

for the CES-based experiment was performed with CES to biomass ratio (CEBR) of 1.0. A close 

inspection of the gas product showed that the syngas was free of dust and particles; therefore, a 

clean gas was produced. 

5.3.3.1. Effects of steam to biomass ratio (SBR) 

Process parameters have considerable influence on the products of gasification in terms of quality 

and quantity. Hence, the parameters should be carefully selected to get the desired product 

distribution. SBR is considered as an important process parameter here as steam enhances 

hydrogen enrichment in addition to being a source of molecular oxygen for partial oxidation and 

carbon conversion [184]. The effects of the SBR have been examined and the test results are 

illustrated in Figure 5.6. The SBR is varied from 0.45 to 1.2 while keeping the temperature at 

650oC and the CEBR at 1.0. Compared to the case without CES (see Figure 5.5), it is obvious that 

the CO2 evolution has reduced. The lowest value without CES is 18.5 ± 0.7% while the highest 

with CES is 13.1 ± 0.9% and the lowest concentration obtained with CES is 3.3 ± 0.4%. The 
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depletion in the CO2 value suggests that the carbonation reaction (R11) is in effect. Also, the 

concentrations of hydrogen in the CES-based experiments are higher than those of the tests without 

CES, confirming the influence of the carbonation reaction. Figure 5.6 depicts a rise in hydrogen 

fraction from 50 ± 0.9% to 54 ± 1.7% when the SBR is increased from 0.45 to 0.6. A more 

substantial rise is obtained for the gas when the SBR is doubled; SBR from 0.6 – 1.2 and H2 mole 

percent from 54 ± 1.7% to 78 ± 3.6% respectively. As per Le Chatelier’s principle, increasing the 

SBR enhances the steam partial pressure and favours the forward reaction of the steam consuming 

reactions. Accordingly, improved concentrations of H2 and CO2 are expected from R4. Hydrogen 

enhancement could also be attributed to catalytic tar cracking and hydrocarbon reforming effects 

of CaO [46],[50]. Although there could be CO formation from R1, the highly exothermic CO 

oxidation (R2) might have contributed to the conversion of CO to CO2. With the inclusion of CES 

in the reactor, carbonation (R11) removes CO2 in the process and thus reduces the partial pressure 

of CO2; consequently, the fraction of hydrogen in the syngas is further enhanced. The figure also 

displays a steady reduction in the CO value for the range of SBR studied. The gas reduced from 

22.7 ± 0.4% to 5.1 ± 0.8% with the increment in SBR. Considering the Boudouard reaction (R6), 

the promotion of CO evolution could be argued; however, R6 is endothermic and a high 

temperature is required to favour the forward reaction in that case. Furthermore, the H2/CO molar 

ratio increased from 2.2 to 15.4 when the SBR is varied from 0.45 to 1.2, whereas, the CO/CO2 

ratio reduced from 1.7 to 1.5. Compared to the H2/CO ratio, the low and reduced ratio of CO/CO2 

could be an indication that the water gas shift reaction (R4) has a more significant effect on the 

process than the endothermic Boudouard reaction (R6). Methane formation may be caused by 

devolatilization during the pyrolysis stage of gasification. It is realized from Figure 5.6 that there 

is a marginal rise in methane fraction when SBR is changed from 0.45 to 0.6, perhaps the 

exothermic methanation reactions (R8 and R9) are promoted. Nevertheless, the change in the 

methane content is low and the value reduced when the SBR is doubled from 0.6 to 1.2. Hence, 

the measured methane concentrations are comparable for all the SBR examined and this implies 

that SBR has a less significant effect on methane formation in the CES-based gasification. The 

results in this section are in agreement with those in the literature [29],[46],[172]. 
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Figure 5.6. Effects of steam to biomass ratio for the CES-based experiments (T = 650oC and CEBR 

= 1). 

5.3.3.2. Effects of calcined eggshell to biomass ratio (CEBR) 

To study the effects of the amount of calcined eggshell added to biomass as a feedstock, 

experiments with CES were performed with CEBR of 0.5 and 1.0. The results are compared with 

the case with CEBR of 0 i.e. the case with no sorbent. The ratios are on a weight basis and are 

achieved by mixing the CES with sawdust. In that case, CEBR of 1.0 implies a CES of 50 wt.% 

in the feedstock and a ratio of 0.5 signifies 33.33 wt.% of CES in the feedstock. The experiments 

here were performed at 650oC and at an SBR of 1.2. Figure 5.7 shows the effects of changing the 

CEBR. Compared to the case with CEBR of 0 (see Figure 5.5), there is no doubt a reduction in the 

CO2 production and a considerable rise in hydrogen content of the syngas have been achieved. 

Even at a CEBR of 0.5 and SBR of 1.2, the H2 content of 56 ± 2.5% is higher than that the CES-

less experiment as a very high SBR of 2.3. With the increase in CEBR from 0.5 to 1.0, the CO2 

content is further reduced from 14.6 ± 1.7% to 3.3 ± 0.4%, while the hydrogen increased from 56 

± 2.5% to 78 ± 3.6%. The CO content in the syngas reduced from 17.8 ± 2.7% to 5.1 ± 0.8% while 

there is a slight increase in methane fraction from 11.2 ± 1.5% to 12.9 ± 2.5%. Although 

carbonation reaction is enhanced if there is a high CO2 partial pressure in the carbonation 

environment, the process requires sufficient calcium oxide and time to achieve a substantial 

conversion [185],[186]. Having said that, an increase in the CEBR provides more CES (i.e. more 

calcium oxide) into the reactor, enhancing the carbonation reaction and the associated benefits. If 
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Le Chatelier’s principle is applied to an equilibrium reaction, it can be understood that the forward 

reaction is favoured when the partial pressure of one of the products is reduced. A reduction in the 

partial pressure can be achieved by removing one of the products. Thus, the reduction in CO2 

fraction in the gas stream with an increase in CEBR is attributable to reaction R11 that is enhanced 

with the availability of more CES when CEBR is increased. With the removal and the reduction 

in the partial pressure of CO2, reactions that lead to the formation of CO2 proceed. It is, therefore, 

sufficient to say that the reduction in the concentration of carbon monoxide with the increase in 

the CEBR is a result of its conversion in reactions R2, R4 and R9. The increase in hydrogen 

concentration with the change in the CEBR is not surprising following the explanations given 

earlier. With more CES, the forward reaction of R4 is favoured, tar cracking and hydrocarbon 

reforming are also enhanced and consequently, a rise in the fraction of hydrogen in the syngas is 

achieved. Similar to the results obtained while varying the SBR, the increase in the H2/CO ratio 

from 3.2 to 15.4 with the increase in the CEBR corroborates the argument that R4 is the most 

influential reaction in the CES-based tests. Figure 5.7 also reveals an increase in the methane 

content of the syngas with increasing CEBR, albeit not significant. The insignificant change in 

methane and the substantial depletion of CO may be a further indication that CES has less effect 

on methane reforming (R7) as compared to the effect it has on water gas shift (R4). Similar 

observations have been recorded in published articles [29],[50],[187]. 

 

Figure 5.7. Effects of calcined eggshell to biomass ratio for the CES-based experiments (T = 650oC 

and SBR = 1.2). 
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5.4. Conclusions 

Hydrogen enriched gas production from the steam gasification of biomass with a CO2 sorbent has 

been studied in this work. With its high calcium carbonate content, eggshell was used as a calcium 

oxide source for the CO2 uptake in the gasification experiments. The thermal stability and 

calcination study of the eggshell was conducted with a thermogravimetric balance and X-ray 

diffraction was used to analyse the crystalline phases in the material. The gasification experiments 

were performed in a bubbling fluidized bed reactor that is connected to a continuous gas analyser. 

The TGA results showed that calcination and activation of the eggshell for carbonation is 

obtainable at 900oC. Diffraction peaks corresponding to CaCO3 and CaO were identified in the 

raw and calcined eggshell respectively. The identification of only CaO in the XRD of the CES 

signifies a complete conversion of CaCO3 to CaO. It also indicates that the material is activated 

for CO2 capture in the gasification process. The gasification tests results revealed that the 

utilization of the calcined eggshell as a bed material and as an additive to the biomass leads to the 

depletion in the concentration of CO2 and at the same time a considerable rise in hydrogen content 

in the gas stream was achieved. In addition, results showed that the measured concentrations of 

CO2 reduced and H2 increased with a rise in SBR and CEBR. A minimum CO2 concentration of 

3.3 ± 0.4% was achieved in this study and this value was significantly lower than the minimum 

achievable in the CES-less tests. More importantly, the maximum hydrogen concentration of 78 ± 

3.6% obtained in the CES-based tests was remarkably higher than 44 ± 4.4% from the CES-less 

runs. The optimum values were achieved at an SBR of 1.2 and a CEBR of 1.0. Furthermore, results 

showed that water gas shift reaction is the most important of the gasification reactions considered 

in the CES-based tests. Based on the observation in this study, it is recommended that the CES 

used as bed material should be of large particle size to reduce attrition and elutriation; CES could 

also be mixed with sand to achieve the same purpose. Effects of CES on tar cracking/formation 

was not considered in the present study. Thus, the analysis of tar yield and tar composition could 

be a further study in the gasification of biomass in the presence of CES as the CO2 sorbent. In that 

case, the performance of the sorbent in tar cracking can be compared to those of conventional 

sorbents. 
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Chapter 6.  Numerical investigation of CO2 valorization via the steam 

gasification of biomass for producing syngas with flexible H2 to CO 

ratio5 

Abstract 

This chapter presents a numerical investigation into CO2 valorization via the gasification of 

biomass (poplar wood). It is aimed at determining an optimum gasification condition for enhancing 

the production of syngas with a flexible H2 to CO molar ratio (H2/CO), which is essential in many 

chemical processes. The research is performed by simulation in ASPEN Plus, where steam and 

CO2 are fed as co-gasifying agents. The equilibrium concentrations of the product gas are obtained, 

and the H2/CO, as well as the heating value of the resulting syngas, are quantified. It is found that 

the inclusion of CO2 as a co-gasifying agent promotes CO evolution through the Boudouard 

reaction. However, it reduces H2 concentration, and consequently decreases the H2/CO. 

Furthermore, the effects of some process parameters have been studied in this work. It is observed 

that H2/CO reduces with a rise in temperature, increases with increasing CO2 to biomass ratio 

(CBR), and shows no significant change with pressure. Results further show that methanol 

synthesis from syngas can be achieved at temperatures close to 660oC, while oxo-synthesis 

requires a higher temperature. A CBR of around 0.6 in the present work would be an optimum 

value for Fischer-Tropsch synthesis to achieve a H2/CO of 2:1, but the CBR should be lower for 

processes like acetic acid formation and oxo-synthesis, which require a lower H2/CO. 

6.1. Background 

In Chapter 3, 4 and 5, CO2 capture in the gasification of biomass was studied. With the growing 

interest in carbon capture from gas streams, it is important to further explore the possible ways of 

utilizing the captured CO2. The present chapter investigates the utilization of CO2 in steam 

gasification of biomass. The gas can also be used in many industrial processes like in mineral 

carbonation, enhanced oil recovery, and as a feedstock for some chemicals and fuels. 

 

_________________________________ 

5The study reported in this chapter has been published as Salaudeen, Shakirudeen A., Bishnu Acharya, Mohammad 

Heidari, Precious Arku, and Animesh Dutta. "Numerical investigation of CO2 valorization via the steam gasification 

of biomass for producing syngas with flexible H2 to CO ratio." Journal of CO2 Utilization 27 (2018): 32-41. 
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The utilization of the gas could enhance economic and environmental sustainability. These 

applications make carbon capture and utilization (CCU) a more beneficial and attractive technique 

than carbon capture and storage (CCS). The use of the captured carbon dioxide as an oxidizer in 

the gasification of a carbon-neutral fuel (i.e. biomass) will enable carbon negativity in the 

gasification process. In this way, direct conversion of a greenhouse gas (CO2) to gaseous fuel can 

be achieved. Thus, CO2 gasification can generate a useful fuel gas (carbon monoxide) for many 

petrochemical applications. Interestingly, carbon monoxide is an important feed in the production 

of many products or intermediates such as organic acids, polycarbonates, agricultural chemicals, 

methanol synthesis, and dimethyl ether (DME) [188]–[190]. Thus, these processes require syngas 

with a low H2/CO ratio. Steam gasification of biomass enables the production of hydrogen-rich 

syngas. It is expected that the inclusion of CO2 in a steam gasifier will enhance CO evolution 

through the Boudouard reaction and reduce H2 concentration, lowering the H2/CO ratio. In this 

chapter, a numerical investigation of the valorization of CO2 through its utilization as a co-

oxidizing medium in the steam gasification of biomass is performed. A model based on Gibbs free 

energy is utilized in the gasification process. The main objective of this chapter is to study the 

adjustment of H2/CO ratio in the resulting syngas after the inclusion of CO2 in the oxidizer stream 

of biomass steam gasification. This study will be helpful in the optimal design of a biomass gasifier 

with the use of both steam and CO2 as the gasifying agents. It will also aid the generation of syngas 

that can be directly used for many downstream applications without further adjustment, reducing 

operational and investment costs. The H2/CO ratio is a critical factor in various processes including 

the Fischer-Tropsch’s gas-to-liquids (GTL) process and methanol production, with both requiring 

a ratio of 2:1, and in acetic acid formation and oxo-synthesis with ratios of 1:1. The work in this 

chapter aims to generate syngas for these processes and therefore, a technique of lowering the 

H2/CO ratios to values between 1 and 2 on a molar basis is numerically investigated. 

6.2. Methodology 

6.2.1. Assumptions 

To simplify the gasification simulation in this work, the following assumptions are made: 

1. The gasification system is operated under isothermal, isobaric and steady-state conditions, and 

all the unit operations are operated at 1 atm. 

2. The product gas stream is comprised of only CO, H2O, H2, CO2, N2, and CH4, neglecting higher 

hydrocarbons. 
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3. All the reactions in the gasifier are assumed to have attained thermodynamic equilibrium. 

4. All the gases obey the ideal gas law. 

5. The biomass and CO2 are supplied at room temperature and atmospheric pressure, while steam 

is supplied at 150oC and 1 atm. 

6. Heat loss and pressure drop are not considered in the gasification. 

7. Char contains only carbon and ash, ash is inert and tar formation is neglected. 

6.2.2. Gibbs free energy equilibrium model 

The model in this work is based on the minimization of Gibbs free energy. This model is a non-

stoichiometric equilibrium model, and in this case, there is no need to specify chemical reactions 

and the equilibrium constant. The model is an efficient way of finding the equilibrium gas 

composition from the gasification of biomass [29]. The mathematical models developed in 

previous studies [177], [191], [192] illustrate the Gibbs free energy equilibrium model. This is 

described in the following equations for the case of steam and CO2 co-gasification of biomass. 

Consider the reaction of steam/CO2 gasification of biomass presented in Eq. 6.1. 

𝐶𝐻𝑎𝑁𝑏𝑂𝑐 + 𝑑 𝐻2𝑂 + 𝑒 𝐶𝑂2 → 𝑓 𝐻2 + 𝑔 𝐶𝑂 + ℎ 𝐶𝑂2 + 𝑖 𝐻2𝑂 + 𝑚 𝐶𝐻4 + 𝑘 𝑁2  (6.1) 

From the preceding reaction, 𝐶𝐻𝑎𝑁𝑏𝑂𝑐 is the empirical formula of the biomass, f, g, h, i, m and k 

are the number of moles of H2, CO, CO2, H2O, CH4 and N2 respectively in the product. To evaluate 

the number of moles of the product gas with various values of d and e, which are the moles of 

steam and CO2 respectively, the Gibbs free model is utilized. At thermodynamic equilibrium, the 

total Gibbs free energy, which is a function of the reaction temperature and pressure, is minimum 

and can be expressed as in Eq. 6.2 [191]. 

𝐺𝑡 = ∑ 𝑛𝑗𝜇𝑗
𝑁
𝑗=1           (6.2) 

In this equation, µj and nj are respectively the chemical potential and the number of moles of 

species j. The chemical potential can be represented as: 

𝜇𝑗 = 𝐺𝑗
𝑜 + 𝑅𝑇𝑙𝑛 (

𝑓𝑗

𝑓𝑗
𝑜)          (6.3) 

Where 𝐺𝑗
𝑜 , 𝑓𝑗  and 𝑓𝑗

𝑜are the standard Gibbs free energy, the fugacity, and the standard fugacity of 

species j respectively. Knowing that fugacity, 𝑓𝑗 = 𝑦𝑗𝜙𝑗𝑃, and 𝑓𝑗
𝑜 = 𝑃𝑜for an ideal gas at 

atmospheric pressure, Eq. 6.3 can be written in terms of pressure as presented in Eq. 6.4, where yj 

is the mole fraction of a specie j.  
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𝜇𝑗 = 𝐺𝑗
𝑜 + 𝑅𝑇𝑙𝑛 (𝑦𝑗𝜙𝑗

𝑃𝑗

𝑃𝑜)         (6.4) 

The substitution of Eq. 6.4 into Eq. 6.2 leads to Eq. 6.5, where Δ𝐺𝑗
𝑜 = Δ𝐺𝑓𝑗

𝑜 , which is the standard 

Gibbs free energy of formation of species j, with all the fluids being treated as ideal and at 

atmospheric. 

𝐺𝑡 = ∑ 𝑛𝑗 (Δ𝐺𝑓𝑗
𝑜 + 𝑅𝑇𝑙𝑛(𝑦𝑗))𝑁

𝑗=1         (6.5) 

𝐺𝑡 = ∑ 𝑛𝑗 (Δ𝐺𝑓𝑗
𝑜 + 𝑅𝑇𝑙𝑛 (

𝑛𝑗

𝑛𝑡𝑜𝑡𝑎𝑙
)) 𝑁

𝑗=1        (6.6) 

In Eq. 6.6, nj and ntotal are the number of moles of species j and the total number of moles in the 

mixture respectively. To evaluate the value of nj that would minimize Gt, a Lagrange multiplier 

can be introduced. This is constrained by the elemental balance in the system as shown in Eq. 6.7. 

∑ 𝑎𝑗𝑠𝑛𝑗
𝑁
𝑗=1 = 𝐴𝑠 (𝑠 = 1,2,3, … 𝑧)        (6.7) 

As is the total number of atoms of the sth element, ajs is the number of atom of the sth element in 

the molecules of species j, and z is the total number of elements in the system. By introducing a 

Lagrange multiplier λs on both sides of the elemental balance equation and summing over s, Eq. 

6.8 will be arrived at: 

∑ 𝜆𝑠(∑ 𝑎𝑗𝑠𝑛𝑗
𝑁
𝑗=1 − 𝐴𝑠)𝑠 = 0         (6.8) 

The summation of Eq. 6.6 and the expression on the left-hand side of Eq. 6.8 gives a Lagrange 

function, L, as presented in Eq. 6.9. 

𝐿 = ∑ 𝑛𝑗 (Δ𝐺𝑓𝑗
𝑜 + 𝑅𝑇𝑙𝑛 (

𝑛𝑗

𝑛𝑡𝑜𝑡𝑎𝑙
))𝑁

𝑗=1 + ∑ 𝜆𝑠(∑ 𝑎𝑗𝑠𝑛𝑗
𝑁
𝑗=1 − 𝐴𝑠)𝑠     (6.9) 

The extremum point of Eq. 6.9 can be evaluated by equating the partial derivative of L to zero as 

shown in Eq. 6.10, and at this point, the reaction reaches a thermodynamic equilibrium. 

𝜕𝐿

𝜕𝑛𝑗
= 0           (6.10) 

The modelling technique described here is in one of the in-built reactor blocks of Aspen Plus, 

which is the subroutine RGibbs reactor. This reactor is used to implement the poplar wood 

gasification in this work. To estimate the higher heating value (HHV) of the resulting syngas, the 

expression in Eq. 6.11 is used [193],[194].  

𝐻𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠 = 12.63𝑦𝐶𝑂 + 12.75𝑦𝐻2 + 39.82𝑦𝐶𝐻4 [𝑀𝐽/𝑁𝑚3]    (6.11) 

In the preceding equation, yH2, yCO and yCH4 are the mole fractions of H2, CO and CH4 respectively. 
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Figure 6.1. (a) A typical steam-CO2 gasification process flow, and (b) Aspen Plus process flow sheet. 

6.2.3. Aspen Plus process modelling 

The present investigation uses Aspen Plus V9.0 to simulate the gasification process. Gasification 

modelling in Aspen Plus can be performed in two ways: by reaction kinetic mechanism or by 

equilibrium modelling [195]. The Aspen Plus process flow sheet for the biomass gasification 

simulation is illustrated in Figure 6.1. The various unit operations used in the simulation are 

described in Table 6.1. A 5 kg/h of the feed, WETFEED, is supplied as a non-conventional fuel. 

To activate both conventional and non-conventional solids in this simulation, the MIXCINC 

stream class, which contains MIXED, CISolid, and NCSolid substreams, is used. The Peng-

Robinson equation of state is used to calculate the thermodynamic properties of the components. 
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The enthalpy and density of the biomass and ash are calculated by the HCOALGEN and 

DCOALIGT models, respectively [196]. 

Table 6.1. A description of the blocks used in the simulation. 

Block name Aspen Plus name Description and function 

DRYER RStoic For drying of biomass 

FLASH Flash2 For the separation of the dried biomass from 

the moist nitrogen 

DECOMP RYield Decomposition of the biomass based on its 

ultimate and proximate analyses 

GASIFIER RGibbs Gasification of the biomass to achieve phase 

and chemical equilibrium by minimizing the 

Gibbs free energy 

HEATER Heater Serves as a steam generator 

MIXER Mixer For mixing of steam and CO2 in the gasifying 

agent stream 

SOLIDSEP SSplit This block separates the solid products from 

the gaseous products 

COOLER Heater Cools the product gas 

CONDENSE Flash2 Serves as a condenser to produce desired 

syngas 

 

The components in the WETFEED stream are specified in terms of the ultimate and proximate 

analyses of poplar wood as listed in Table 6.2 [197]. This stream goes into the unit operation model 

DRYER, to reduce the moisture content. The drying process is facilitated with the aid of a written 

FORTRAN code in a calculator block, which is termed DRYING. The outlet stream of the FLASH 

moves into the RYield reactor, DECOMP. A RYield reactor is used when the product distribution 

is known, without the need for the stoichiometric or kinetics information. The DECOMP uses 

another FORTRAN calculator block (DECOMPOS) to convert the non-conventional biomass into 

its conventional components including carbon, hydrogen, oxygen, nitrogen, moisture and ash on 

mass bases. The conversion by DECOMPOS calculator is based on the elemental composition of 
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the biomass. In the DECOMP block, ash is considered as non-conventional, and thus 100% is set 

for ash in the ultimate and proximate analyses of the component attribute of DECOMP. 

Table 6.2. Ultimate and proximate analyses of poplar wood [197]. 

Ultimate analysis (wt.%) Proximate analysis (wt.%) 

Carbon 47.47 Moisture content 4.64 

Hydrogen 7.18 Ash 5.52 

Nitrogen 0.55 Volatile matter 85.25 

Oxygen 44.79 Fixed carbon 9.23 

HHV (MJ/kg) 18.34   

 

TOBURNER, which is the stream leaving the DECOMP, enters the GASIFIER, where gasification 

and partial oxidation take place with an RGibbs reactor. Gasification is a complex process and 

involves many chemical reactions as shown in Table 5.2 (in Chapter 5). The RGibbs reactor 

assumes that complete chemical equilibrium is attained, and the reaction is time-invariant. The 

oxidizing media comprising of steam and CO2 are mixed in the block MIXER and are fed into the 

GASIFIER. The steam is generated with the aid of the heating block, HEATER. Another calculator 

built with a FORTRAN code, GASIAGEN, is used to model the mass fraction of CO2 in the 

oxidizing media, and this fraction is balanced with steam. Separation of the solid product (ash) 

from the stream leaving the gasifier is modelled with the block SOLIDSEP. This separation is 

performed by specifying that 100% of the MIXED components in the product move to the gas 

stream, GPRODUCT, and ash moves to the NC stream, SOLIDS. The gas product is then cooled 

with the COOLER and condensed to get the dry syngas. 

6.3. Results and discussions 

6.3.1. Validation of the present model 

Validation of model results with experimental data is important in numerical calculations. To 

ascertain the reliability of the developed model in this work, comparisons have been made with 

experimental results. Predicted gas composition by the model are compared against those of 

experiments. The experimental results were from the studies by Loha et al. [198],[199] for steam 

gasification of rice husk. The comparison is made between the model predictions and the recorded 

experimental data at a constant steam to biomass ratio of 1.32 while varying the gasification 



 
 

101 
 

temperature from 690oC to 770oC. The accuracy of the modelling results in this work is estimated 

with the root-mean-square (RMS) value. Eq. 6.12 presents the expression for estimating the RMS 

value. In the equation, P is the number of data points considered in the validation of the model. 

𝑅𝑀𝑆 =  √∑ (𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑗−𝑚𝑜𝑑𝑒𝑙𝑗)
2𝑃

𝑗

𝑃
        (6.12) 

Table 6.3 depicts the comparisons between the resulting gas compositions of the numerical 

simulation and those of the experimental results. It is observed from the table that the model is 

able to predict the experimental results of Loha et al. [198]. However, there is an underestimation 

of methane content in the product gas. This is typical of an equilibrium model. It is assumed in 

this model that the residence time is sufficient to achieve thermodynamic equilibrium, which is 

usually not the case in a real gasification system. This underprediction of methane has also been 

observed in previous studies and it has been suggested that the higher CH4 in a real gasifier may 

be caused by an incomplete thermal cracking in pyrolysis [31],[177]. Other than this, the model 

predicts the results with reasonable accuracy. Though H2 concentrations are slightly higher than 

those of the experiments, this may also be attributed to the underprediction of methane, leading to 

an enhanced methane reforming. Table 6.3 also reveals the RMS error with an average value of 

4.39. The likely reason for the deviation is that equilibrium is not attained in a real gasifier as 

explained earlier. Overall, predictions by the model are sufficient for the present work especially 

at higher reaction temperatures. 

Table 6.3. Comparison with the experimental results of Loha et al. [198]. 

Gas composition 

(vol.%) 

Exp. at 

690oC 

Model at 

690oC 

Exp. at 

730oC 

Model at 

730oC 

Exp. at 

750oC 

Model at 

750oC 

Exp. at 

770oC 

Model at 

770oC 

RMS 

CO 14.30 17.67 16.40 19.35 17.75 20.13 18.50 20.86 2.80 

H2 50.50 56.29 52.20 56.01 52.30 55.79 54.40 55.57 3.92 

CO2 26.60 25.05 23.50 23.87 22.25 23.36 19.40 22.88 1.99 

CH4 8.60 0.35 7.90 0.12 7.40 0.08 7.70 0.05 7.76 

RMS  5.37  4.58  4.26  4.40  

6.3.2. Using steam and CO2 as the co-gasifying agent 

In this section, results of the simulation with only steam and a combination of steam and CO2 as 

the gasifying agents are presented. Gasification in a steam atmosphere enhances hydrogen 
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enrichment in syngas production and improves the heating value of the syngas. Table 5.2 in 

Chapter 5 presents the gasification reactions (R1 – R9) considered in this study. Figure 6.2 depicts 

the simulated equilibrium product gas compositions and H2/CO ratio for the case with pure steam. 

It can be seen in the figure that H2 is the dominant gas in the product gas stream. This high H2 

concentration can be attributed to a combination of steam reforming (R7) and water gas shift 

reaction (R4). However, the fraction of hydrogen dropped slightly at temperatures above 750oC. 

The concentration of CO increases while that of CO2 reduces with an increase in the reaction 

temperature. It is also observed from the figure that the production of CH4 is favoured at a lower 

gasification temperature. The trends of the gas products are consistent with those in a previous 

study [31]. A more detailed analysis of the effects of temperature on gas compositions, HHV and 

H2/CO ratio is discussed later in the section for the effects of process parameters. The H2/CO ratio 

is presented in Table 6.4; it is realized that the ratio is high for most of the applications of interest 

in this work, limiting the use of the syngas without further adjustment. However, the ratio reduces 

with increasing temperature; this is in accordance with the trends of H2 and CO from Figure 6.2. 

Considering these high H2/CO ratios, CO2 is included in the gasifying agent stream to investigate 

its reducing effects on the ratio and its effects on the heating value of the resulting syngas. This 

can serve as a means of utilizing the captured CO2 from power plants and other sources. Thus, 

valorising CO2 and reducing greenhouse gas emissions. The results of the inclusion of CO2 as a 

co-gasifying agent are discussed in the next sections. 
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Figure 6.2. Case with only steam at 5 kg/h for gas composition and HHV. 

Table 6.4. H2/CO ratio for the case with only steam as the gasifying agent. 

Temperature (oC) H2/CO ratio 

650 3.28 

700 2.88 

750 2.63 

800 2.45 

850 2.31 

900 2.20 

950 2.10 

1000 2.02 

 

Gasification of biomass can be achieved with various gasifying media (i.e. steam, air, oxygen and 

CO2) depending on the desired product gas composition and downstream applications. The 

gasifying atmosphere has a strong influence on the gas composition and heating value. Gasification 

with CO2 would enhance the Boudouard reaction, reducing the H2/CO ratio of the syngas. Results 

of the simulations with both steam and CO2 as co-gasifying agents are discussed here. The 

simulations are performed by starting with pure steam (0% CO2), after which CO2 is included in 
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the simulation by varying its content on a mass basis till the gas medium is purely CO2. It should 

be noted that the total flow rate of the gasifying agent is maintained at 5 kg/h irrespective of the 

fraction of CO2. Since the main objective of the present work is to investigate the H2/CO ratio of 

syngas for various chemical syntheses, only the figure that depicts the effects of CO2 addition on 

H2/CO ratio is shown here. Figure 6.3 illustrates the effects of CO2 inclusion in the oxidizing media 

on H2/CO ratios and HHV. The figure highlights that H2/CO ratio reduces with increasing CO2 

content in the gasifying media. This reduction agrees with the results by previous researchers 

[111],[200] and may be justified by the improvement in the carbon concentration of the streams 

into the gasifier [201]. It may also be due to the enhancement of char conversion in the presence 

of CO2 as a gasifying medium, leading to a rise in the equilibrium concentration of CO through 

the Boudouard reaction (R6). Due to the inhibition of the water gas shift reaction at elevated 

temperatures and the improvement in CO content by Boudouard reaction, H2/CO ratio reduces 

with an increase in temperature. It is also observed that the reduction in H2/CO ratio with a rise in 

temperature is more pronounced at lower CO2 fraction. Figure 6.3 also shows the effects of CO2 

mass fraction on the heating value of the resulting gas after gasification at 900oC. It is observed 

that the heating value slightly reduced at CO2 fraction of less than 0.2; however, the heating value 

increases at higher fractions, albeit not significant. This little rise in HHV can be attributed to the 

enhancement in the CO content of the syngas. The present work is aimed at producing syngas that 

can be directly fed into various chemical syntheses like oxo-synthesis and Fischer-Tropsch 

process. Hence, the H2/CO ratio should be between 1 and 2 by mole. To achieve this, it is important 

to study the impacts of the operating parameters on the H2/CO ratio after the introduction of CO2 

in the gas media. Therefore, the next sections in this work focus on the effects and proper 

optimization of the process parameters. Furthermore, effects of these parameters on the extent of 

conversion of CO2 are evaluated with the CO/CO2 molar ratio. 
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Figure 6.3. Effects of CO2 addition on the H2/CO molar ratio at different temperatures and on 

HHV at 900oC. 

6.3.3. Effects of process parameters 

The proportion of product constituents from biomass gasification is not only affected by the 

gasifying agents. Other important factors that influence gas compositions include gasifying agent 

flow rate, feed flow rate, operating temperature and pressure, physical and chemical characteristics 

of the biomass, and type of the gasifier. Selection of the process parameters affects the product gas 

distribution, heating value and H2/CO ratio. It is, therefore, important to cautiously select the 

operating parameters in biomass gasification to attain the desired goal of the process, flexible 

H2/CO ratio in this case. Moreover, knowing the effects of these parameters would be helpful in 

achieving a more flexible design for those investing in renewable energy. Effects of some of these 

parameters are investigated and discussed in this section. The influence of pressure, temperature, 

and CO2 (from the gasifying agent) to biomass ratio on equilibrium gas concentrations, heating 
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value, H2/CO and CO/CO2 ratios are discussed. To gain an insight into the influence of these 

variables, parametric studies have been performed. In the studies, only the investigated parameter 

is varied while others remained at their base values. This is done to isolate the influence of each 

of the variables. It has been established in the preceding section that while increasing the reaction 

temperature, the effects of CO2 inclusion on the reduction in H2/CO ratio is more significant at 

lower CO2 fractions in the gasifying agent. For this reason, the amount of CO2 introduced into the 

gasifying agent stream for the base case is 30% by mass. Table 6.5 presents the base case values 

of other parameters in this work. The base values were selected based on previous studies 

[25],[202]. For example, one of the most important reactions considered here is the endothermic 

Boudouard reaction, R6; this reaction is favoured at temperatures above 700oC. At 900oC, CO is 

more stable than CO2, and there is an enhancement of char conversion. Hence, 900oC is selected 

as the base temperature. The selected values for parametric studies are sufficient for investigating 

the reactions influencing biomass gasification; for example, 650oC – 1000oC for the process 

temperature [176].  

Table 6.5. Model parameters and their values. 

Parameters Base values Parametric range 

Feed flow rate (kg/h) 5  - 

Gasifying agent flow rate (kg/h) 5  2.5 - 15 

Steam/CO2 ratio 0.7/0.3 - 

CO2/biomass ratio 0.3 0.12 - 0.9 

Reactor temperature (oC) 900 650 - 1000 

Pressure (atm) 1 1 - 25 

6.3.3.1. Effects of reaction temperature 

Temperature is one of the most crucial operating parameters in biomass gasification; the 

concentrations of the product gas species are sensitive to changes in the reaction temperature. The 

effects of the gasification temperature on gas composition, H2/CO ratio, and energy content have 

been studied. The temperature is varied from 650oC – 1000oC, which is an ideal range for 

gasification reactions, and the effects of this variation are presented in Figure 6.4. Increasing the 

temperature enhances the production of syngas where the dominant gases are H2 and CO, while 
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there is depletion in the concentrations of CO2 and CH4. The H2 content increased from 50% to 

53% when temperature is increased from 650oC – 750oC. This may be attributed to the 

intensification of reforming and water gas shift reactions. Beyond 750oC, the mole fraction of H2 

reduces; this is because equilibrium shifts back and favours the production of the reactants in the 

exothermic water gas shift reaction. According to Le Chatelier’s principle, exothermic reactions 

shift equilibrium backward at elevated temperatures, favouring the formation of CO and the 

depletion of H2 and CO2 via the water gas shift reaction. Also, CH4 is almost zero, leading to the 

absence of methane reforming. This makes water gas reaction as the only H2 producing reaction 

at elevated temperatures, and consequently, a reduction in H2 concentration is observed. The CO 

concentration constantly increases with the reactor temperature; Figure 6.4 reveals that its content 

in the syngas increased from 24% to 36%. This is due to the reforming of carbon, promotion of 

the reverse water gas shift and enhancement of the highly endothermic Boudouard reaction at high 

temperatures. 
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Figure 6.4. Effects of temperature on (a) gas composition and HHV, and (b) H2/CO and CO/CO2 

ratios. 

Compared to Figure 6.2, where only steam is used as the gasification medium, Figure 6.4 shows 

the effects of CO2 inclusion in the gas media. It is observed from Figure 6.2 that the maximum 

concentration of H2 is around 60% while that of CO is 29%. On the other hand, when CO2 is 

included as a co-gasifying agent, the maximum concentration of H2 reduced to 53% and that of 

CO increased to 36% as shown in Figure 6.4. It is also realized that the heating values of the 

resulting fuel after CO2 injection are slightly higher than those in Figure 6.2, especially at low 

temperatures. This rise is mainly caused by the enhancement in CO fraction after the inclusion of 

CO2 in the gas media. Figure 6.4a also depicts that the formation of CH4 is only favourable at low 

temperatures; evolution of this gas is suppressed as the temperature increases. This is caused by 

the endothermic methane reforming reaction (R7), which occurs at higher temperatures. More so, 

the enhancement of CH4 at lower temperatures is likely due to incomplete thermal cracking during 

the pyrolysis stage of gasification [193]. Results here are in agreement with those of an earlier 

investigation [25]. The initial reduction in HHV at temperatures below 750oC may be ascribed to 

the drop in CH4 content. Above 750oC, it is observed that the heating value increases, this is 

attributable to the significant rise in the CO fraction in the syngas. Although H2 and CH4 reduced, 

their reductions are not as significant as the rise in CO. Figure 6.4b displays the influence of change 
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in temperature on H2/CO and CO/CO2 molar ratios. It is obvious from the figure that the H2/CO 

ratio reduces with an increase in temperature. The ratio reduced from 2.1 to 1.34 for the 

temperature range considered here. This is because H2 increases slightly and then reduces at higher 

temperatures as shown in Figure 6.4a. On the contrary, CO equilibrium selectivity increases with 

the rise in temperature as explained earlier. As for CO/CO2 ratio, the figure shows that the ratio 

increases with temperature, confirming CO2 conversion to CO by the Boudouard reaction. 

Depending on the downstream process of interest, the gasification temperature can be adjusted. 

Results show that methanol synthesis from syngas, where H2/CO mole ratio of around 2:1 is 

required, can be achieved at temperatures close to 660oC with all other parameters in this work 

remaining constant. Increasing the temperature favours syngas production for some other chemical 

processes requiring lower ratio like oxo-synthesis.  

6.3.3.2. Effects of operating pressure 

Another parameter that could influence equilibrium gas distribution and H2/CO ratio in biomass 

gasification is pressure. To study the influence of this parameter, an investigation has been 

performed by varying the reactor pressure from atmospheric to 25 atm, while other parameters 

remain same as per their base case values in Table 6.5. Figure 6.5 presents the effects of the 

pressure variation. The figure shows that increasing the reactor pressure reduces the fraction of 

both H2 and CO, but increases the concentrations of CO2 and CH4. These changes may be attributed 

to the reduction in the total number of molecules [31]. It is well known that an increase in the 

pressure of a gas system shifts the equilibrium to the side with fewer molecules to annul the effects 

of the change in pressure. This inhibits methane reforming and enhances the exothermic 

methanation and hydrogenation reactions (R8 and R9) in which carbon, H2, and CO are converted 

into methane at elevated pressures [203],[204]. For this reason, the effect of pressure is more 

significant on CH4 content than in other gases. However, the amount of CH4 is still very low even 

at high pressures, with the highest value being less than 5% at 25 atm. As discussed earlier, 

methane production is favourable at low gasification temperatures, and in fact, the effect of low 

temperatures on its production is more significant than that of elevated pressures [203]. Hence, if 

the main interest of gasification is CH4 enhancement, operating the system at temperatures below 

650oC would be highly beneficial. However, operating a real gasifier at low temperatures promotes 

tar formation. Having established the fact that an increase in pressure enhances CH4 evolution, it 

is not surprising that the HHV of the syngas also increases with pressure. This is expected as CH4 
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has more influence on HHV than the other combustible gas products. Figure 6.5b depicts the 

effects of the operating pressure on the H2/CO and CO/CO2 ratios; it is obvious from the figure 

that there is no substantial change in the H2/CO ratio with an increase in pressure. This is because 

high pressure causes a slight reduction in both H2 and CO; however, the difference between their 

reductions with a change in pressure is not significant. Thus, H2/CO ratio is almost constant 

irrespective of the reactor pressure. Since CO2 increases with pressure and CO reduces as 

demonstrated in Figure 6.5a, it is expected that CO/CO2 ratio will reduce with a rise in pressure; 

this is exactly the case as shown in Figure 6.5b. Results here show that increasing the pressure has 

no noticeable effect on H2/CO ratio. Therefore, it is logical to operate a gasifier at atmospheric 

pressure regardless of the downstream application. 
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Figure 6.5. Effects of pressure on (a) gas composition and HHV, and (b) H2/CO and CO/CO2 ratios. 

6.3.3.3. Effects of CO2 to biomass ratio (CBR) 

The flow rate of the gasifying agent is another parameter that affects equilibrium gas yield. In this 

work, CBR refers to the ratio of CO2 in the gasifying agent to the biomass feed rate on a mass 

basis. Therefore, CBR is a function of the ratio of total gasifying agent flow to biomass flow. The 

steam/CO2 ratio is kept constant as per Table 6.5; this implies that CBR is 30% of the total gas 

flow rate for all the cases considered here. The total flow rate is varied from 2 – 15 kg/h, which is 

equivalent to CBR of 0.12 – 0.9. Figure 6.6 illustrates the effects of such variations on equilibrium 

gas concentrations, heating value, H2/CO and CO/CO2 ratios. Although the concentration of H2 is 

the highest among the gas products for all CBR considered, it is seen from the figure that the 

fraction of H2 increased slightly from 52% to 53% when CBR is increased from 0.12 to 0.26, then 

slowly reduces with a further increase in the CBR. As stated earlier, an increase in CBR means 

that the total gas flow rate and steam supply increase. Hence, the slight reduction in H2 evolution 

at higher CBR may be ascribed to the reduction in the reactor temperature, which is a result of heat 

absorbed by excess moisture in the system. The concentration of CO2 is observed to increase 

monotonically with CBR, while that of CO reduces monotonically. The trends of CO and CO2 in 

Figure 6.6a are attributable to the excess supply of CO2 in the gasifying agent. Consumption of 
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CO may also be attributed to its participation in water gas shift. The concentration of CH4 is 

significantly low at a lower CBR, and becomes further depleted as CBR increases. This low 

concentration is likely caused by methane reforming. The dilution of the product stream by the 

excess CO2 supplied has a strong influence on the heating value of the resulting product gas. This 

is proved by Figure 6.6a, where HHV reduces with increasing CBR. The figure also demonstrates 

that the equilibrium concentrations of H2 and CO are close at lower CBR; however, as more 

gasification agent is supplied, the difference between their concentrations becomes wider. This 

may be due to the consumption of CO in the water gas shift, leading to an increase in the H2/CO 

ratio, from 1.2 to 2.26, with increasing CBR as shown in Figure 6.6b. A rise in H2/CO ratio with 

increasing CBR (in the form of steam to biomass ratio) was similarly reported by Pala et al. [22]. 

Figure 6.6b shows that CO/CO2 ratio reduces with an increase in CBR. This reduction may be 

explained by the fact that an increase in the CBR here is associated with an increase in the steam 

flow, and therefore, enhancement of water gas shift is expected. In addition, more CO2 is supplied 

in the gasifying agent when CBR increases, thereby leading to an excess CO2 and dilution of the 

product gas. Hence, there is a rise in the CO2 evolution, depletion in CO content and accordingly, 

reduction in CO/CO2 ratio. However, the CO/CO2 becomes almost constant at high CBR. It is 

noteworthy that working with high CBR may not be energy-efficient and cost-effective. This is 

because a high CBR implies an increased steam flow, leading to a high heating requirement of 

water. Also, there may be excess steam in the product, which may necessitate additional cooling; 

thereby affecting the economy of the process. Based on the goal of this work, a CBR of around 0.6 

would be sufficient for Fischer-Tropsch synthesis. The CBR should, however, be reduced for 

processes like acetic acid formation and oxo-synthesis, to achieve a H2/CO ratio close to 1:1. 
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Figure 6.6. Effects of CO2 to biomass ratio on (a) gas composition and HHV, and (b) H2/CO and 

CO/CO2 ratios. 



 
 

114 
 

6.3.4. Applications 

The goal of this study is to develop a technique of lowering the H2/CO ratios of the syngas from 

biomass gasification to values between 1 and 2 on a molar basis. These ratios (1 to 2) are critical 

to various downstream applications as discussed earlier. Based on the simulation results in this 

work, a summary of the optimized values of each process parameters suitable for the applications 

of interest is shown in Table 6.6. It should, however, be noted that the values of each of the 

parameters are determined from parametric studies while keeping other parameters at their stated 

base values. 

Table 6.6. A summary of the parametric values for some applications using a mixture of steam and 

CO2 as the gasifying agent. 

Applications Required 

H2/CO 

Temperature 

(oC) 

Pressure 

(atm) 

CBR SBR SCR 

Fischer-Tropsch 

synthesis 

2 660 1 0.6 1.4 2.3 

Methanol 

synthesis 

2 660 1 0.6 1.4 2.3 

Oxo-synthesis 1 More than 660 1 Less than 

0.6 

Less than 

1.4 

2.3 

Acetic acid 

formation 

1 More than 660 1 Less than 

0.6 

Less than 

1.4 

2.3 

  

6.4. Conclusions 

This study has been able to simulate the gasification of poplar wood in a mixed atmosphere of 

steam and CO2. The work demonstrates the utilization of CO2 by simulating a biomass gasification 

process with Aspen Plus using CO2 as a co-gasifying agent. This is a way of using the captured 

CO2 from industrial processes, reducing emissions, and ensuring carbon negativity. The 

gasification model predictions were validated against experimental data available in the literature. 

Results show that the inclusion of CO2 in steam gasification of biomass enhances CO evolution 

and reduces H2 concentration in the syngas. The effects of reaction temperature, operating pressure 

and CO2 to biomass ratio (CBR) have been examined. Increasing the temperature promotes CO 

evolution due to Boudouard, reforming and reverse water gas shift reactions, leading to a reduction 
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in the H2/CO ratio. The reduction in the H2 fraction at temperatures above 750oC also reduces the 

H2/CO ratio. The rise in CO concentration with temperature has favourable effects on the heating 

value of the resulting syngas. On the other hand, due to the dilution of the product gas with an 

excess CO2 and the consumption of CO in the water gas shift reaction, H2/CO ratio increases with 

an increase in the CBR. Although a slight reduction in H2 concentration is observed with increasing 

CBR, this is insignificant as compared to CO reduction. These changes led to the reduction in the 

heating value of the syngas with increasing CBR. The only noticeable effect of high-pressure 

application is in the enhancement of methane formation, resulting in a syngas with an improved 

heating value. However, increasing the reactor pressure has no significant effect on the H2/CO. 

Direct downstream application of the produced gas in this work with various H2/CO is achievable. 

For example, syngas for methanol synthesis can be generated at temperatures close to 660oC, 

whereas oxo-synthesis requires the gasifier to be operated at higher temperatures. Syngas for 

Fischer-Tropsch synthesis, which requires a H2/CO of 2:1, can be derived with a CBR of around 

0.6. Furthermore, the CBR would need to be lowered for oxo-synthesis and acetic acid formation 

to generate a syngas with a lower H2/CO. 
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Chapter 7.  Overall conclusions and recommendations 

This chapter presents the overall conclusions of the research and recommendations for future 

studies. 

7.1 Conclusions 

There is a consensus in the scientific world that climate change is a serious issue, with carbon 

dioxide (CO2) emission being one of the prime contributors. This research investigated both CO2 

capture and utilization in the gasification of biomass. Carbon-neutral/negative renewable fuels 

were generated in the studies with the combination of waste and energy research. Steam 

gasification of biomass with eggshell as a CO2 sorbent was studied. The utilization of CO2 as a co-

gasifying agent in biomass gasification was also examined in the work.  

Elemental analysis of eggshell revealed that the material is highly rich in calcium carbonate. 

Diffraction peaks corresponding to CaCO3 and CaO were identified in the raw and calcined 

eggshell respectively. The identification of only CaO in the XRD of the calcined eggshell signifies 

the conversion of the carbonate to the oxide. Furthermore, it indicates the activation of the material 

for CO2 removal in the gasification process. Calcination rate is accelerated with increasing 

temperature and heating rate; samples calcined at higher temperatures have a higher specific 

surface area and a higher pore volume. The carbonation behaviour of eggshell is enhanced with 

increasing carbonation temperature up to 700oC. 

For the eggshell kinetic studies, it was observed that an increase in the carbonation temperature 

leads to reduction in the surface reaction resistance and the diffusion resistance. On the other hand, 

the reaction rate constant and diffusivity increased with reaction temperature. The prediction of 

the carbonation behaviour of the material by the model is good at low carbonation temperatures; 

however, the prediction was with a lower accuracy at high reaction temperatures. For the activation 

energies, results obtained with isoconversional methods showed that the activation energies for 

calcination are in the range of 209 kJ/mol - 221 kJ/mol. On the other hand, activation energies of 

49.6 kJ/mol and 72.5 kJ/mol were computed for the chemical reaction and diffusion-limited stages 

of carbonation respectively. 

The utilization of the calcined eggshell in the gasification experiments leads to a considerable 

reduction in the concentration of CO2 and a significant rise in hydrogen content in the gas stream. 

It was also observed that the measured fraction of CO2 reduced and H2 increased with an increase 

in the CEBR and SBR. A minimum CO2 concentration of 3.3% and a maximum hydrogen 
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concentration of 78% were obtained at 650oC, CEBR of 1.0 and SBR of 1.2 in the experiments 

with calcined eggshell (CES). It is also important to note that the water gas shift reaction is the 

most important of the gasification reactions considered in the CES-based tests. Caution should be 

taken in applying calcined eggshell in fluidized bed. The material is fragile, and has low attrition 

resistance, leading to the formation of more fine particles. Too fine particles could be elutriated 

and could also cause fluidization challenge. 

The study on the utilization of CO2 in steam gasification is a potential way of using the captured 

CO2 from industrial processes. The study was aimed at generating syngas of flexible H2/CO molar 

ratio. Enhancement in CO concentration and reduction in H2 concentration in the syngas was 

achieved with the inclusion of CO2 as a gasifying agent in the steam gasification. Some gasification 

reactions including Boudouard, reforming and reverse water gas shift reactions were promoted 

with increasing reaction temperature, leading to the evolution of CO and the reduction in the 

H2/CO ratio. A reduction in the H2 concentration was observed at temperatures above 750oC, 

reducing the H2/CO ratio. An increase in the CBR leads to a reduction in the H2/CO ratio due to 

the partial consumption of CO in the water gas shift reaction. The only significant effect of 

increasing the operating pressure is the increase in methane formation, resulting in an improved 

energy content of the syngas. Synthesis gas for Fischer-Tropsch synthesis, which requires a H2/CO 

of 2:1, can be generated with a CBR of around 0.6. Processes like oxo-synthesis and acetic acid 

formation need a lower CBR to achieve a lower H2/CO ratio that is required in the processes. 

7.2 Recommendations 

 Further studies can be performed for the modifications of eggshell to enhance the cyclical 

stability of the material during calcium looping processes. Some of the possible 

modifications include hydration techniques, thermal pretreatment of the sorbent, and 

doping the sorbent with inert and refractory materials. 

 Investigation on tar formation could also be a further study. This is recommended for steam 

gasification in the presence of calcined eggshell and also for gasification with both steam 

and CO2 as the gasifying agents. 

 Equilibrium model was used in the study on the utilization of CO2. Gasification with both 

steam and CO2 could be experimentally investigated, kinetic modelling of the process 

could also be another further study. 
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 An assumption of a single-step mechanism was made in the calcination kinetic study. A 

further study may be performed by considering a multi-step mechanism. An overall model 

may be developed to combine calcination, carbonation and gasification processes using 

data from a real gasifier. 

 Energy and exergy analysis for the calcium looping gasification process with the inclusion 

of a sorbent modification technique (e.g. hydration) is recommended. A life cycle and 

techno-economic analysis may also be performed to understand the environmental and 

economic impact of the process. 

 Laser diffraction analysis may also be conducted to understand the particle size distribution 

of eggshell before and after multiple calcination-carbonation cycles. That study will reveal 

how fine the particles become after their operation in multiple cycles. 
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Appendix A. Experimental set up and materials 

This part of the appendix shows the photographs of the experimental set up, accessories and the 

materials used in the gasification experiments. 

 

Figure A1. Sawdust used in the gasification experiments 

 

 

Figure A2. Raw eggshell 
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Figure A3. Ground eggshell 

 

 

Figure A4. Calcined eggshell 
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Figure A5. The bubbling fluidized bed reactor and the continuous gas analyzer used for the 

experimental study 
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Appendix B. Data from the modelling study for CO2 valorization 

This part of the appendix provides the data generated from the numerical investigation of CO2 

valorization in the gasification of biomass. Results of the effects of process parameters on gas 

composition, heating value, H2/CO ratio and CO/CO2 ratio are shown in this section. 

Table B1. Effects of temperature on gas composition, HHV, H2/CO and CO/CO2 ratios (Pressure = 

1 atm, CO2 fraction of 0.3 in the gasifying agent and gasifying agent to biomass ratio of 5). 

Temperature (oC) CO H₂ CO₂ CH₄ 

HHV 

(MJ/Nm3) H₂/CO CO/CO₂ 

650 0.241 0.509 0.206 0.038 11.043 2.108 1.172 

700 0.279 0.532 0.171 0.012 10.778 1.909 1.627 

750 0.301 0.536 0.153 0.003 10.772 1.781 1.964 

800 0.317 0.534 0.142 0.001 10.855 1.682 2.239 

850 0.331 0.530 0.133 0.000 10.953 1.600 2.498 

900 0.343 0.526 0.125 0.000 11.048 1.532 2.755 

950 0.354 0.522 0.118 0.000 11.136 1.474 3.015 

1000 0.364 0.519 0.111 0.000 11.215 1.425 3.277 

 

Table B2. Effects of CO2 to biomass ratio on gas composition, HHV, H2/CO and CO/CO2 ratios 

(Pressure = 1 atm, Temperature = 900oC). 

GASA Steam CO₂ SBR CBR CO H₂ CO₂ CH₄ 

HHV 

(MJ/Nm3) H₂/CO CO/CO₂ 

2 1.4 0.6 0.280 0.120 0.436 0.524 0.034 0.001 12.208 1.202 12.809 

3 2.1 0.9 0.420 0.180 0.398 0.526 0.069 0.000 11.753 1.321 5.764 

4 2.8 1.2 0.560 0.240 0.368 0.527 0.099 0.000 11.374 1.431 3.725 

5 3.5 1.5 0.700 0.300 0.343 0.526 0.125 0.000 11.048 1.532 2.755 

6 4.2 1.8 0.840 0.360 0.322 0.524 0.147 0.000 10.761 1.626 2.188 

7 4.9 2.1 0.980 0.420 0.305 0.522 0.168 0.000 10.504 1.714 1.816 

8 5.6 2.4 1.120 0.480 0.289 0.519 0.186 0.000 10.271 1.797 1.553 

9 6.3 2.7 1.260 0.540 0.275 0.516 0.203 0.000 10.059 1.875 1.357 

10 7 3 1.4 0.6 0.263 0.513 0.218 0.000 9.862 1.948 1.205 

11 7.7 3.3 1.54 0.66 0.252 0.509 0.233 0.000 9.680 2.018 1.084 

12 8.4 3.6 1.68 0.72 0.243 0.505 0.246 0.000 9.510 2.083 0.985 

13 9.1 3.9 1.82 0.78 0.234 0.502 0.259 0.000 9.349 2.145 0.903 

14 9.8 4.2 1.96 0.84 0.226 0.498 0.271 0.000 9.198 2.204 0.833 

15 10.5 4.5 2.1 0.9 0.218 0.494 0.282 0.000 9.055 2.260 0.774 
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Table B3. Effects of pressure on gas composition, HHV, H2/CO and CO/CO2 ratios (Temperature = 

900oC, CO2 fraction of 0.3 in the gasifying agent and gasifying agent to biomass ratio of 5). 

Pressure 

(bar) CO H₂ CO₂ CH₄ 

HHV 

(MJ/Nm3) H₂/CO CO/CO₂ 

1.013 0.343 0.526 0.125 0.000 11.048 1.532 2.755 

3.546 0.343 0.525 0.125 0.001 11.067 1.530 2.734 

6.080 0.342 0.522 0.127 0.003 11.104 1.528 2.693 

8.613 0.340 0.519 0.129 0.006 11.157 1.524 2.635 

11.146 0.338 0.514 0.132 0.010 11.222 1.519 2.567 

13.679 0.336 0.509 0.135 0.014 11.294 1.514 2.493 

16.212 0.334 0.504 0.138 0.018 11.372 1.509 2.417 

18.745 0.331 0.498 0.142 0.023 11.453 1.503 2.342 

21.278 0.329 0.492 0.145 0.028 11.534 1.497 2.269 

23.811 0.326 0.487 0.148 0.032 11.615 1.491 2.199 

25.331 0.325 0.483 0.151 0.035 11.664 1.488 2.159 

 

Table B4. Effects of CO2 mass fraction on the H2/CO ratio at different temperatures. 

CO₂ 

fraction 
650⁰C 700⁰C 750⁰C 800⁰C 850⁰C 900⁰C 950⁰C 1000⁰C 

0 3.280 2.877 2.633 2.454 2.312 2.197 2.102 2.022 

0.1 2.840 2.517 2.316 2.167 2.048 1.951 1.870 1.801 

0.2 2.454 2.196 2.034 1.911 1.812 1.730 1.662 1.604 

0.3 2.108 1.909 1.781 1.682 1.600 1.532 1.474 1.425 

0.4 1.797 1.652 1.554 1.475 1.408 1.352 1.304 1.263 

0.5 1.652 1.419 1.349 1.287 1.234 1.188 1.149 1.115 

0.6 1.531 1.209 1.162 1.117 1.075 1.039 1.007 0.979 

0.7 1.405 1.030 0.992 0.961 0.929 0.901 0.876 0.854 

0.8 1.275 0.934 0.837 0.817 0.795 0.774 0.755 0.738 

0.9 1.141 0.835 0.695 0.686 0.671 0.656 0.642 0.629 

1 1.001 0.732 0.590 0.564 0.556 0.546 0.537 0.528 
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