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Abstract 

 

In the present era, one of the major threats to environment is climate change and the well 

known and accepted basis for this is greenhouse gas (GHG) emissions. CO2 is the key 

contributor promoting global warming and subsequently affecting the climate as manifested 

by frequent occurrence of floods and droughts, progressive rise in temperature and sea levels, 

heat waves and melting of glaciers. To economically sequester CO2, it is imperative to 

comprise cost-effective capture for which the adsorption-based post-combustion CO2 capture 

has been identified as a promising alternative due to its lower energy requirements, cost-

effectiveness, and simplicity in use at a broad range of temperatures. However, the main 

challenge in successfully commercializing adsorption technology is the development of 

effective and low-cost adsorbents. Further, plastic waste generation is another major problem 

that is causing a deleterious effect on our environment. It is estimated that approximately 

15,000 tonnes of plastic wastes are generated every day in India and polyethylene 

terephthalate (PET) waste takes around 500-700 years to biodegrade, therefore 

environmentalists are seriously concerned about its disposal. 

Literature studies indicate that carbons from PET wastes especially chemically activated ones 

have immense potential to adsorb CO2 due to generation of micro/meso pores post 

carbonization. Also, it has been observed that majority of the CO2 capture studies on PET-

based adsorbents have been performed thermogravimetrically which is a suitable method for 

preliminary studies and cannot be implemented on large scale at industry level. Moreover, in 

this method adsorption is measured on weight gain basis which may involve higher 

component of error due to adsorption of other gases. Therefore, there is a need to perform 

CO2 adsorption studies in a packed column which can be scaled up. Hence, in current study 

our aim is to prepare porous carbons from PET, post-consumer plastic waste and evaluate its 

CO2 adsorption capacity under dynamic conditions by performing breakthrough experiments.  

Fig. 1 shows the schematic of overall thesis work. 

O-enriched porous carbonaceous adsorbents have been developed from low cost, abundantly 

available polyethylene terephthalate (PET) waste with high carbon content by directly 

carbonizing at different temperatures (500 to 800 °C) and then chemically activating using 

variable impregnation ratios of KOH to carbon (1 to 4). The prepared carbon adsorbents were 
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characterized for their textural and surface chemical properties using nitrogen sorption, CHN, 

FTIR, XRD, SEM, HRTEM, TPD, and XPS techniques. Further, to assess their CO2 

adsorption-desorption performance under dynamic conditions, breakthrough experiments 

were conducted in fixed-bed adsorption set up. Porous carbon obtained at 700 °C with KOH 

to carbon mass ratio of 3 (Act-3-700) exhibited best textural properties with BET surface area 

of 1690 m
2
 g

-1
 and micropore volume of 0.78 cm

3
 g

-1
 and showed highest CO2 uptake of 1.31 

mmol g
-1

 at 30 °C and 12.5% CO2 concentration. Five adsorption-desorption cycles establish 

adsorbent‟s remarkable stability and regeneration. The kinetics of adsorption process was 

studied using Lagergren‟s pseudo-first-order model, pseudo-second, and fractional order, 

Elovich, and Avrami models. Among these five models, fractional-order model best 

explained the CO2 adsorption kinetics. Further, three isotherm models were used to analyze 

the equilibrium data and Freundlich isotherm showed a superior fit, thus confirming the 

heterogeneous nature of adsorbent‟s surface. Negative values of Gibbs free energy (ΔG°) and 

adsorption enthalpy (ΔH°) indicate the spontaneous and exothermic nature of adsorption 

process. Thermal energy needed for desorbing CO2 from the activated adsorbent was found to 

be 1.34 MJ per kg CO2, which corresponds to ~11.84% energy penalty. The average value of 

isosteric heat of adsorption was estimated to be 12.08 kJ mol
-1

, indicating predominance of 

physisorption. Adsorption column breakthrough profiles were modeled using Linear Driving 

Force (LDF) approximation for mass transfer. Model equations were solved using the 

Method of lines in MATLAB environment. Results show that the model closely 

approximated the column breakthrough curves for different CO2 concentrations (5%-12.5%) 

and different adsorption temperatures (30-100°C).  

 



vii 

 

                                                                     

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

N2 

N2 

KOH / K2CO3 

Carbonization 

Mixing 

Activation 

Carbon 
Adsorbent 

Characterization 

Performance 
evaluation 

 
(Dynamic adsorption 

measurements) 

Capacity, Selectivity, 
Regenerability 

Kinetic study Isotherm study 

   - Pseudo first order 
   - Pseudo second order 
- - Fractional order 
- -  Avrami model 
E-   Elovich Model 
 

- Langmuir 

- Freundlich 

- Temkin 

Textural properties 

Morphology XRD, SEM, TEM 

 CHN, FTIR, XPS, TGA 

Modeling and 
simulation 

Chemical & Thermal 
properties 

Physisorption/ 
Chemisorption 

Thermodynamic Study 

- Gibbs free energy 

- Enthalpy 

- Entropy 

Energy duty for 
desorption 

- 

-Temkin 

N2 adsorption 

 

 TPD Parametric Study: 
Temperature, CO2 
concentration 

Carbon dioxide capture by carbon adsorbents derived from waste plastics 
 

     PET 

Fig. 1 Schematic of overall thesis work 

work 
 



viii 

 

TABLE OF CONTENTS  

CERTIFICATE ii 

ACKNOWLEDGMENTS iii 

ABSTRACT v 

TABLE OF CONTENTS viii 

LIST OF FIGURES xii 

LIST OF TABLES xv 

LIST OF SYMBOLS xvi 

LIST OF ABBREVIATIONS xviii 

Chapter 1 - Introduction 1 

 1.1 Greenhouse gas emissions and global climate change  1 

 1.2 Pathways for CO2 mitigation 2 

 1.3 CO2 capture and sequestration 2 

  1.3.1 CO2 capture technologies 4 

   1.3.1.1 Pre-combustion capture 5 

   1.3.1.2 Oxy-fuel combustion capture 6 

   1.3.1.3 Post-combustion capture 6 

    1.3.1.3.1 Absorption 9 

    1.3.1.3.2 Membrane technology  10 

    1.3.1.3.3 Cryogenic distillation 10 

    1.3.1.3.4 Biological fixation 11 

    1.3.1.3.5 Gas hydrate separation 12 

    1.3.1.3.6 Adsorption 12 

 1.4 Thesis motivation and objectives 13 

 1.5 Thesis overview 15 

Chapter 2 - Literature review 17 

 2.1 Adsorption technology 17 

 2.2 Types of adsorbents 17 

  2.2.1 Metal-organic frameworks based adsorbents 18 

  2.2.2 Silica based adsorbents 19 

  2.2.3 Zeolites based adsorbents 20 

  2.2.4 Hydrotalcite adsorbents 22 

  2.2.5 Metal based adsorbents 23 



ix 

 

  2.2.6 Carbonaceous adsorbents 25 

   2.2.6.1 Commercial activated carbons 25 

   2.2.6.2 Carbon adsorbents from waste materials 26 

    2.2.6.2.1 Carbon adsorbents from waste plastics 28 

   2.2.6.3 Carbon nanotubes 30 

 2.3 Summary of literature review 31 

Chapter 3 - Materials and Experimental Methods 33 

 3.1 Materials 33 

 3.1.1 Adsorbent development 33 

 3.2 Adsorbent characterization techniques 33 

  3.2.1 Surface area and pore size distribution 33 

  3.2.2 X-ray diffraction (XRD)  33 

  3.2.3 High resolution transmission electron microscopy (HRTEM)   34 

  3.2.4 Scanning electron microscopy (SEM)  34 

  3.2.5 Thermogravimetric analysis (TGA) 34 

  3.2.6 Elemental (CHNS)  34 

  3.2.7 Fourier transform infrared (FTIR) spectroscopy 34 

  3.2.8 X-ray photoelectron spectroscopy (XPS) 35 

  3.2.9 Temperature programmed desorption (TPD) 35 

 3.3 Performance evaluation of adsorbents 35 

  3.3.1 Experimental setup for fixed-bed adsorption study  35 

  3.3.2 Dynamic CO2 adsorption/desorption measurements 36 

 3.4 Adsorption kinetics study 36 

  3.4.1 Pseudo first order kinetic model 37 

  3.4.2 Pseudo-second order kinetic model 37 

  3.4.3 Elovich kinetic model 37 

  3.4.4 Avrami kinetic model 38 

  3.4.5 Fractional order model 38 

  3.4.6 Error calculation 39 

 3.5 Adsorption isotherm models 39 

  3.5.1 Freundlich isotherm model 39 

  3.5.2 Langmuir isotherm model 40 

  3.5.3 Temkin isotherm model 40 



x 

 

 3.6 Selectivity 40 

 3.7 Thermodynamic investigation 41 

  3.7.1 Thermodynamic properties 41 

  3.7.2 Heat duty for regeneration 42 

 3.8 Software used 42 

Chapter 4 - Polyethylene Terephthalate (PET) Based Porous Carbon Adsorbents 44 

 4.1 Adsorbent preparation 44 

  4.1.1 Carbonization of polyethylene terephthalate waste 44 

  4.1.2 Chemical activation of carbonized PET material 44 

  4.1.3 Preparation of chemically activated adsorbents 44 

 4.2 Characterization  46 

  4.2.1 Surface area and pore size distribution 46 

  4.2.2 Elemental (CHN) analysis 48 

  4.2.3  X-ray diffraction (XRD) analysis 49 

  4.2.4 High resolution transmission electron microscopy (HRTEM) 50 

  4.2.5 Scanning electron microscopy (SEM) analysis 50 

  4.2.6 FTIR analysis 51 

  4.2.7 X-ray photoelectron spectroscopy (XPS) analysis 53 

  4.2.8 Thermal analysis  57 

 4.3 CO2 adsorption performance 58 

  4.3.1 Preliminary analysis using TGA 58 

   4.3.1.1 Effect of activation time 59 

   4.3.1.2 Effect of KOH:carbon mass ratio 60 

   4.3.1.3 Effect of activation temperature 60 

   4.3.1.4 Effect of activating agent 61 

  4.3.2 Dynamic CO2 adsorption-desorption measurements 65 

   4.3.2.1 Effect of activating agent:carbon ratio 65 

   4.3.2.2 Effect of adsorption temperature 68 

   4.3.2.3 Effect of feed concentration 71 

  4.3.3 Adsorbate selectivity and adsorbent regenerability 74 

   4.3.3.1 Adsorbate (CO2) selectivity 74 

   4.3.3.2 Cyclic adsorption/desorption study 74 

 4.4 Temperature programmed desorption 75 



xi 

 

 4.5 Kinetic study 79 

 4.6 Isotherm study 81 

 4.7 Thermodynamic investigation 83 

  4.7.1 Thermodynamic properties 83 

  4.7.2 Heat duty for regeneration 85 

Chapter 5 - Modeling of Fixed Bed Adsorption 87 

 5.1 Model development 88 

  5.1.1 Linear driving force model 91 

  5.1.2 Parameter estimation 93 

 5.2 Simulation of fixed-bed adsorption process 94 

  5.2.1 Method of lines 94 

 5.3 Effect of operating parameters 97 

  5.3.1 Effect of concentration 97 

  5.3.2 Effect of temperature 99 

Chapter 6 – Conclusions and Scope for Future Work 102 

 6.1 Conclusions  102 

 6.1 Scope for future work 103 

References  

LIST OF PUBLICATIONS  

REPRINTS OF PUBLISHED ARTICLES  

  



xii 

 

LIST OF FIGURES 

Figure No. Title Page No. 

Fig. 1 Schematic of overall thesis work  vii 

Fig. 1.1 Global trend of greenhouse gas emissions from 1960 to 2019 2 

Fig. 1.2 CO2 capture capacity of large scale CCS projects at global level 4 

Fig. 1.3 Technological alternatives for CO2 capture 5 

Fig. 1.4 Technology concept of pre-combustion CO2 capture 5 

Fig. 1.5 Technology concept of oxy-fuel combustion 6 

Fig. 1.6 Technology concept of post-combustion CO2 capture 7 

Fig. 1.7 Chemical looping for post combustion CO2 capture 8 

Fig. 1.8 Advances in fossil energy CO2 capture technologies with time to 

commercialization 

8 

Fig. 1.9 Simplified schematic of the membrane separation technique 10 

Fig. 1.10 Cryogenic separation of CO2 from exhaust flue gas  11 

Fig. 3.1 Schematic representation of the experimental setup for dynamic 

adsorption study 

43 

Fig. 4.1 (a) Schematic of the preparation of the carbon adsorbents from 

PET waste (b) Schematic of chemical activation process of 

carbon adsorbent(s) 

45 

Fig. 4.2 (a) N2 adsorption and desorption (at 77K) isotherms measured for 

carbon samples (b) Pore size distribution of samples by NLDFT 

method (inset: BJH plot) 

46 

Fig. 4.3 XRD patterns of carbon adsorbents 49 

Fig. 4.4 HRTEM images of directly carbonized sample along with 

activated carbons (a) B-700, (b) Act-1-700 (c) Act-2-700 (d) Act 

-3-700 and (e) Act-3-700 at higher magnification (f) Act -4-700 

50 

Fig. 4.5 Scanning electron micrographs of (a) B-700, (b) Act-1-700, (c) 

Act-2-700, (d) Act-3-700, (e) Act-4-700  

51 

Fig. 4.6 FTIR spectra of  directly carbonized (B-700) and KOH activated 

samples  

52 

Fig. 4.7 High resolution XPS spectra of C1s region for (a) B-700 and (b) 

Act-1-700 (c) Act-2-700 (d) Act-3-700 (e) Act-4-700  

53 

Fig. 4.8 High resolution XPS spectra of O1s region for (a) B-700 and (b) 55 



xiii 

 

Act-1-700 (c) Act-2-700 (d) Act-3-700 (e) Act-4-700  

Fig. 4.9 Thermogravimetric (TG) curves of raw PET and carbon 

adsorbents   

57 

Fig. 4.10 Derivative thermogravimetric (DTG) curves of raw PET and 

carbon adsorbents 

57 

Fig. 4.11 Effect of activation time on CO2 uptake capacity of porous 

adsorbents evaluated thermogravimetrically with 100% CO2 and 

in a fixed bed with 12.5% CO2 at 30 °C 

59 

Fig. 4.12 Effect of KOH:carbon mass ratio on CO2 uptake capacity of 

porous adsorbents evaluated thermogravimetrically with 100% 

CO2 and in a fixed bed with 12.5% CO2 at 30 °C 

60 

Fig. 4.13 Effect of activation temperature on CO2 uptake capacity of 

porous adsorbents evaluated thermogravimetrically with 100% 

CO2 and in a fixed bed with 12.5% CO2 at 30 °C 

61 

Fig. 4.14 (a) N2 adsorption/desorption (at 77K) isotherms measured for 

carbon samples and (b) Micropore distribution of samples with 

K2CO3 activation 

62 

Fig. 4.15 Scanning electron micrographs of (a) B-700, (b) KCA-1-700, (c) 

KCA-2-700(d) KCA-3-700, (e) KCA-4-700  

63 

Fig. 4.16 XRD patterns of K2CO3 activated adsorbent samples 64 

Fig. 4.17 Breakthrough curves of (a) KOH activated adsorbents (b) K2CO3 

activated adsorbents 

66 

Fig. 4.18 CO2 uptake by carbon adsorbents at 30 °C and 12.5% CO2  67 

Fig 4.19 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 

5% CO2 and different temperatures 

68 

Fig 4.20 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 

7.5% CO2 and different temperatures 

69 

Fig. 4.21 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 

10% CO2 and different temperatures 

70 

Fig. 4.22 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 

12.5% CO2 concentrations and different temperatures 

70 

Fig. 4.23 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 

different CO2 concentrations and 30 °C  

72 



xiv 

 

Fig. 4.24 Comparison of CO2 uptake on Act-3-700 and KCA-3-700 at 

different adsorption temperatures and CO2 concentrations   

73 

Fig 4.25 Selectivity of CO2/N2 on Act-3-700 for 12.5% CO2 at 30 °C and 

50 °C 

74 

Fig 4.26 (a) Adsorption and regeneration cycles for Act-3-700 at 30 °C 

with 12.5% CO2 (b) Multi-cycle CO2 uptake capacity at different 

temperatures with 12.5% CO2 

75 

Fig. 4.27 Temperature programmed desorption profile of CO2 from Act-3-

700 

76 

Fig. 4.28 Comparison of model predicted and experimental results of CO2 

uptake kinetics on Act-3-700 at 12.5% CO2 

79 

Fig. 4.29 Comparison of CO2 uptake on Act-3-700 (a) Isotherm model 

predicted and experimental results at 30 
o
C (b) Freundlich 

isotherm model predicted and experimental results at different 

temperatures  

82 

Fig. 4.30 Isosteric heat of adsorption of CO2 on Act-3-700 at different CO2 

loadings 

84 

Fig. 5.1 Schematic flow diagram of modeling of adsorption process 87 

Fig. 5.2 Basic regions and steps of adsorption process 88 

Fig. 5.3 Schematic representation of a mass conservation balance for CO2   

flow through a porous  packed bed 

89 

Fig. 5.4 Breakthrough curves at different concentrations (vol%) of CO2 in 

feed (a) 5%, (b) 7.5%, (c) 10%, and (d) 12.5% of CO2 at 30 ºC 

98 

Fig. 5.5 Breakthrough curves at different temperatures (a) 30 °C, (b) 50 

°C (c) 75 °C and (d) 100 °C for 12.5% CO2 concentration 

100 

Fig. 5.6 Regression analysis of the model predicted and experimentally 

obtained results for Act-3-700 at different temperatures for 

12.5% CO2 concentration 

101 

  



xv 

 

LIST OF TABLES 

Table No. Title Page No. 

Table 1.1 Flue gas stack composition in coal-fired power stations 4 

Table 2.1 Literature review 32 

Table 4.1 Carbon adsorbent samples and their activation conditions 46 

Table 4.2 Textural properties and elemental analysis of the activated 

adsorbents 

48 

Table 4.3 XPS results of C1s spectra 54 

Table 4.4 XPS results of O1s spectra 56 

Table 4.5 Textural properties of the K2CO3 activated adsorbents 63 

Table 4.6 Elemental analysis of K2CO3 activated adsorbent samples 65 

Table 4.7 CO2 uptake on Act-3-700 with variation in CO2 concentration 71 

 and adsorption temperature  

Table 4.8 CO2 uptake on KCA-3-700 with variation in CO2 concentration 71 

 and adsorption temperature  

Table 4.9 Comparison of CO2 adsorption capacities from various 78 

 studies  

Table 4.10 Model equations and kinetic parameters for CO2 uptake 80 

 on Act-3-700  

Table 4.11 Adsorption isotherm parameters 83 

Table 4.12 Thermodynamic properties of Act-3-700 for CO2 adsorption 84 

Table 5.1 Adsorbent capacity calculated from experimental data (qexp) and 93 

 
Freundlich isotherm model predicted CO2 adsorption capacity 

(qpred) for 12.5% CO2 at different temperatures 
 

Table 5.2 Correlations and formulas used  96 

Table 5.3 Fixed bed and operational parameters used for simulation 97 

Table 5.4 Constitutive terms obtained for different concentrations of 97 

 CO2 in feed  

Table 5.5 Constitutive terms obtained at different temperatures 99 

Table 5.6 Regression data obtained at different temperatures 99 



xvi 

 

LIST OF SYMBOLS 

  initial adsorption rate, mmol g
-1

s
-1 

𝐶𝑏  bulk phase concentration of CO2, mol m
-3 

sC  concentration of CO2  in  equilibrium  with surface concentration, 

mol m
-3 

𝑑𝑝  diameter of the particle, m 

𝑑𝑏  diameter of bed, m 

𝐷𝑎𝑥   axial dispersion coefficient, m
2
 s

-1 

𝐷𝑚,𝑖 molecular diffusivity of component 𝑖, m2
 s

-1 

𝐷𝑚,𝑗  molecular diffusivity of component 𝑗, m2
 s

-1 

ui interstitial velocity, m s
-1

 

𝑢𝑠 superficial velocity, m s
-1

 

𝑘𝑓  film mass transfer coefficient, m s
-1

 

𝑦𝑖  molar fraction of component 𝑖 

Pt total pressure, atm 

𝑞𝑖  adsorbed phase concentration of component i, mol kg
-1

 

Qv Volumetric flow rate of gas in ml min
-1

 

ma mass of adsorbent, g 

Co concentrations of CO2 at inlet, mmol ml
-1

 

C concentrations of CO2 at the outlet, mmol ml
-1

 

T temperature, 
o
C 

x axial distance along the column, m 

Mi , Mj molecular weight of component i and  j, g mol
-1

 

Rg universal gas constant 

ap radius of the particle, m 

Ti feed temperature, K 

P CO2 partial pressure, atm 

KF Freundlich constant for adsorbate, mmol g
-1

atm
-1/n

 

KL Langmuir constant, atm
-1

 

KT Temkin constant, atm
-1

 

k1 pseudo-first order rate constant, min
-1

 

k2 pseudo-second order rate constant, g mmol
-1 

min
-1

 



xvii 

 

kn fractional order rate constant 

ka Avrami constant, min
-1

 

(exp)tq  Amount of adsorbate adsorbed at equilibrium determined 

experimentally, mmol g
-1

 

)( predtq  amount of adsorbate adsorbed at equilibrium as predicted by model, 

mmol g
-1

 

Dimensionless numbers 

𝑅𝑒 Reynolds number = 
us dp ρg

μg
 

𝑆𝑐 Schmidt number = 
μg

ρg Dm
   

𝑆ℎ   Sherwood number = 
kf ×dp

Dm
 

 

Greek letters  

𝜀b bed voidage 

𝜀𝑝  particle porosity 

𝜀𝑖

𝜅
, 
𝜀𝑗

𝜅
 Lennard Jones parameter for pure gases, K 

𝜀𝑖𝑗

𝜅
 

Lennard Jones parameter for gas mixture, K 

𝜎i, 𝜎j collision diameter for pure gases, Å 

𝜎ij collision diameter for gas mixture, Å 

𝜇i, 𝜇j viscosity of pure gases, kg (m.s)
 -1

 

𝜇g viscosity of gas mixture, kg (m.s)
-1

 

𝜌g density of gas, kg m
-3

 

𝛺μ collision integral of pure gas 

𝛺ij collision integral of gas mixture 

𝜌p density of particle, kg m
-3

 

  



xviii 

 

LIST OF ABBREVIATIONS 

ASU Air separation unit 

AOS Amino-organo siloxanes 

A% Relative area percentage 

B. E. Binding energy 

BET Brunauer-Emmett-Teller 

BJH Barrett-Joyner-Halenda 

BMC Basic magnesium carbonate 

COP Conference of parties 

CNT Carbon nanotubes 

CR Catalytic reduction 

DEA Diethanol amine 

DTG Derivative thermogravimetric 

ESP Electrostatic precipitator 

FDG Flue gas desulphurization 

FTIR Fourier transform infrared 

FWHM Full width at half maximum 

GHGs Greenhouse gases 

Gt Gigatonnes  

HFC Hydrofluorocarbons 

HMS Hexagonal mesoporous silica 

IPA Isopropanol amine 

IEA International energy agency 

IGCC Integrated gasification combined cycle 

IPCC Intergovernmental panel on climate change 

KCA Potassium carbonate activated 

LDF Linear driving force 

MDEA Methyldiethanol amine 

MEA Monoethanol amine 

MCM  Mobil crystalline material  

MOFs Metal-organic-frameworks 

MOL Method of lines 

MWCNT Multi-walled carbon nanotubes 



xix 

 

NLDFT Non-local density functional theory 

OTM Oxygen transport membrane 

PEI Polyethyleneimine 

PET Polyethylene terephthalate 

ppm Parts per million 

PL Potassium lysinate 

PSA Pressure swing adsorption 

PSD Pore size distribution 

PTSA Pressure temperature swing adsorption 

SBA Santa Barbara amorphous   

SWCNT Single-walled carbon nanotubes 

TEM Transmission electron microscopy 

TG Thermogravimetric 

TSA Temperature swing adsorption 

VSA Vacuum swing adsorption 

wt% Weight percent 

 



1 

 

Chapter 1 – Introduction 

1.1 Greenhouse gas emissions and global climate change  

The immense requirement of energy due to rapid industrialization and explosive population 

growth in the present era has led to tremendous use of fossil fuels [1]. This augmented usage of 

fossil fuels due to anthropogenic activities has elevated the release of primary greenhouse gases 

(GHGs) or heat trapping gases in the environment leading to global warming and severe 

climatic conditions [2]. In 2014, IPCC endorsed the above stated fact through their report. 

Surprisingly, CO2 holds the foremost share of about 76% of the total source of GHGs and is 

found to be the most worrisome anthropogenic greenhouse gas liable for causing damaging 

impacts on our environment [3, 4]. Besides, CO2 concentration has drastically increased from 

ca. 280 ppm in 1750 to 412 ppm in 2019 and is expected to touch levels of 570 ppm by 2100 

indicating a huge leap of around 45% in the last 250 years. These alarming levels of CO2 have 

led to thinning of polar ice caps, heat waves, increase in acidity of oceans, uneven weather 

patterns, heavy rainfall, and droughts. Also, an average global temperature rise in the range of 

2-6 °C is envisaged towards the end of this century. This will lead to grim consequences and 

therefore a reduction in GHGs by minimum 50% is required by 2050 [5]. 

Further, rise in CO2 emissions has compelled the developing countries to build up sound 

policies on energy consumption and opt for CCS and clean energy technologies to curb 

environmental pollution. For achieving this, the government needs to incur cost on capturing 

and storage of CO2. Besides, there is a need of efficient infrastructure for energy conversion to 

adequately deliver various forms of clean energy at affordable prices. Thus, it has affected the 

growth and economy of all the developed and developing nations and subsequently the 

individuals [6]. Hence, CO2 concentration needs to be stabilized below 450 ppm to circumvent 

the abrupt rise in mean global temperature. Carbon dioxide is released into environment majorly 

from mega point sources like coal based power plants or industrial units, refineries, iron and 

steel manufacturing units [7], transportation and also from upcoming areas like hydrogen 

purification from biomass. Fossil fuel-based power plants contribute to circa 40% of the total 

CO2 emissions [8] and therefore, they need immediate consideration for forthcoming CO2 

reduction [9]. Fossil fuel combustion alone meets around 4/5
th 

of the world‟s commercial energy 

demand and in turn, releases 3×10
13

 kg of CO2 per annum in the atmosphere [10]. Since the 

demand for electricity is increasing, power generation will be responsible for about 50% 

increase in global CO2 emissions within 2000 and 2030.  
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Trends in CO2 emissions at global level during the years between 1960 and 2019 are shown in 

Fig. 1.1. 

  

 
Fig. 1.1 Global trend of greenhouse gas emissions from 1960 to 2019 [11] 

1.2 Pathways for CO2 mitigation 

In order to avoid the serious consequences due to CO2 emissions, an agreement was signed by 

COP in Paris (UNFCCC, 2015) to combat the change in climate and to strengthen the steps or 

measures required for sustainable low carbon future. Also, their main motive was to stabilize 

the average temperature rise of the globe below 2 
o
C, rather near to 1.5 

o
C towards the end of 

the 21
st
 century. Various strategies employed for reducing CO2 concentrations are:  

1. Reducing energy demand through the usage of efficient and improved energy conversion 

devices [12]. 

2. Increased usage of renewable energies, hydrogen, and nuclear power. 

3. Decarbonization of power generation from fossil fuels. 

4. Increasing vegetation and forests on land to provide improved air quality.  

5. Carbon dioxide capture and sequestration (CCS) [13, 14].  

1.3 CO2 capture and sequestration 

CCS has been acknowledged as a promising solution as it possesses immense potential to 

control the unregulated release of CO2 from mega point sources [15]. As per reports of 

International Energy Agency (IEA), CCS will have to contribute about 20% reduction of 

emissions to cut down the global GHG emissions by 50% till 2050 at a nominal cost. Besides, 
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The IPCC report (2018) maintains that without CCS, the price of achieving long-run climate 

goals is almost 140% more expensive. Despite of recent thrust in renewable energy options like 

solar, wind etc., fossil fuels would still provide 60% of the world‟s primary energy by 2040. 

This confirms the urgency at which carbon capture and sequestration (CCS) must be applied to 

power and wider industry. If good emission reduction incentives are offered by the 

governments, CCS presents a very workable option to reduce CO2 emissions. It has been 

estimated that ca. 5.1 Gigatonnes (Gt) of CO2 needs to be captured per year and stored up by 

2050. This would account to about 14% of the total requirement for stabilization of global 

temperature. This can be further improved by adopting the ETP BLUE Map scenario through 

which global CO2 emissions could be halved and it would contribute to 19% of total emissions 

reductions in 2050 [16]. In this scenario, 10.4 gigaton of CO2 per year would be captured and 

stored in 2050. 

CCS technology involves capturing of major portion of the CO2 gas (~ 90%) released from the 

utility and industrial plants especially those related to energy sector, thus inhibiting the inflow 

of carbon dioxide into the atmosphere. The captured CO2 is transported all the way through 

pipelines and then compressed and stored in appropriate geological sinks such as oceans, 

depleted oil or gas fields and coal beds which are unminable. The technologies for CO2 

transport are well established. The CO2 pipelines stretch covers more than 6500 km globally 

majority of which are connected with enhanced oil recovery operations in the U.S. [17].  CO2 

capture is applied mainly on mega point sources e.g. oil refineries and power generation plants 

as capturing of CO2 from small and scattered point sources is rather difficult and not an 

economically viable process. Around 37 major CCS projects have been deployed worldwide out 

of which 17 are operating and rest others are either in construction stage or development stage. 

Fig. 1.2 shows the CO2 capture capacity and the current status of large scale CCS projects at a 

global level from the year 2000 to 2019. 
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Fig. 1.2 CO2 capture capacity of large scale CCS projects at a global level [18] 

 

1.3.1 CO2 capture technologies  

Carbon capture has been acknowledged as a promising technology as well as essential tool for 

controlling the unregulated release of CO2 into the atmosphere from the point sources [19]. The 

proportions of components present in the flue gas released from the coal-fired plants are 

summed up in Table 1.1. It clearly indicates an unacceptable percentage of CO2 in the exit gas 

stream, and therefore this issue should be addressed at priority. 

Table 1.1 Flue gas stack composition in coal fired power station [20] 

Component Units Composition in flue gas 

Nitrogen volume % 70-80 

Carbon dioxide volume % 11-16 

Oxygen volume % 5-12 

Water vapor volume % 3-6 

Oxides of sulphur ppm 0-4000 

Oxides of nitrogen ppm 200-800 

Carbon monoxide ppm 50-100 

Suspended matter g m
-3

 5-20 
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Fig. 1.3 shows the capturing of carbon dioxide from gaseous emissions via three approaches 

[21]. 

 

Fig. 1.3 Technological alternatives for CO2 capture  

 

1.3.1.1 Pre-combustion 

In this technique fossil fuels are initially fed to the gasifier for gasification or partial oxidation 

of fuels prior to combustion [22]. This produces a mixture consisting mainly of carbon 

monoxide (CO), hydrogen (H2), small amount of carbon dioxide and traces of methane. This 

mix is popularly identified as syn-gas which is further heated in a steam producing boiler (shift 

reactor) to generate CO2 and hydrogen. Various steps for the process are shown in Fig. 1.4.  

Fig. 1.4 Technology concept of pre-combustion CO2 capture  

The CO2 is separated from the mixture and hydrogen finds its application as a fuel for 

combustion purpose, electricity generation, for powering cars and heating homes with almost 

zero emissions. The running expenses involved in carbon capture facilities depend mainly upon 

the extent of CO2 concentration and its partial pressure in the exit stream. Fertilizer units, 

hydrogen generation plants, and integrated gasification combined cycle power plants majorly 

employ this technique [23]. 
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1.3.1.2 Oxy-fuel combustion  

Oxy-fuel combustion is a remarkable alternative for capturing carbon dioxide from both the fuel 

gas as well as flue gas by simply modifying the combustion process. This technique utilizes 

pure oxygen rather than air for burning fuel which is sent through an air separation unit (ASU). 

As a result, higher concentration of CO2 gas is released in the flue gas. This process is 

demonstrated in Fig. 1.5.  

 

Fig. 1.5 Technology concept of oxy-fuel combustion  

The CO2 rich flue gas can be conditioned or compressed for storage without incurring much 

expense. However, the oxygen requirement in this process is almost tripled in comparison to 

any conventional IGCC plant of similar size which makes the technique expensive due to 

additional cost incurred on air separation units [24]. Also, this high purity oxygen stream is 

mixed with recycled flue gas before sending to the combustion unit in order to avoid 

overheating caused due to the combustion of coal in pure oxygen [25]. 

1.3.1.3 Post-combustion capture  

Post-combustion capture works on the basis of CO2 separation from the flue gas consisting 

mainly of nitrogen, nitrogen oxides and sulfur oxides which is generated during the combustion 

of fuels. Fig. 1.6 shows the process flow diagram for post-combustion capture. Flue gases 

released after combustion process are firstly pretreated by passing through various air pollution 

control devices such as catalytic reduction system (CR), electrostatic precipitator (ESP) and flue 

gas desulphurization (FGD). Nitrogen oxides can be removed through selective catalytic 

reduction in CR and the concentration of particulate matter fly ash can be removed with an ESP. 

Finally, FGD helps to separate sulfur oxides coming in the exhaust flue gas stream. 
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Fig. 1.6 Technology concept of post-combustion CO2 capture 

As the partial pressure of CO2 (0.12 - 0.15 atm) is low and the temperature of flue gas is high, 

these conditions stand as a technical barrier in the path of a cost-effective capture process. In 

spite of all these limitations, this technology has been accepted worldwide. Since the majority of 

the power plants are coal-fired, the technological ease in retrofitting it to existing plants makes 

it a viable option in capturing CO2 [26]. Also, the power plants are able to operate smoothly 

inspite of faults in the capturing system [27]. Most employed post-combustion capture systems 

are namely a) absorption using liquid solvents [28] (b) membrane systems [29] (c) cryogenic 

separation [30] (d) biological fixation [31] and (e) adsorption using solid materials [32].  

However, the advances in post-combustion CO2 capture technologies can make it less energy 

intensive along with higher recovery of CO2 from large volumes of flue exhaust. One such 

upcoming technology is chemical looping (CL). CL is a concept that uses certain intermediate 

compounds like metal oxides which can potentially convert hydrocarbon fuels into other 

chemicals, electricity or hydrogen along with capturing of CO2 at a very meager cost. Post 

combustion chemical looping process uses two reactors for undergoing carbonation-calcination 

reactions as shown in Fig. 1.7. For carbonation reaction, the first reactor is loaded with calcium 

oxide (CaO) which reacts with CO2 gas from flue gas desulfurization unit to form calcium 

carbonate (CaCO3), thus causing in situ capture of CO2 without dilution [33]. This product is 

further fed to other reactor for calcination reaction, where CaCO3 calcines at high temperature 

(> 900 
0
C) to yield high purity CO2 which can be conveniently transported at appropriate 

storage sites. Besides, calcium oxide is also formed which is recycled to first reactor and thus 

the loop gets completed. Oxy-combustion of coal within the calciner is typically used as a 

source of heat for the calcination reaction. Heat can be recovered from the exothermic 

carbonation reaction, and from the gas and solid streams at high temperatures, to generate 
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additional electricity from the power plant. As a result, chemical looping technology has the 

potential to be thermodynamically more efficient than a conventional post-combustion CO2 

capture process using amines and impose lesser energy penalty [33]. 

 

 Fig. 1.7 Chemical looping for post combustion CO2 capture 

Advances in capture techniques from fossil fuels with time to commercialization are represented 

in Fig. 1.8. 

 
Fig. 1.8 Advances in fossil energy CO2 capture technologies with time to commercialization 

[34]  
 
*OTM – O2 Transport Membrane and ITM – O2 Ion Transport Membrane  
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1.3.1.3.1 Absorption  

 

Among the several post-combustion capture processes, solvent-based absorption is considered 

the best available and mature technology for CO2 separation/removal from flue gases and has 

blossomed considerably [35, 36]. In this process, CO2 is absorbed in a liquid solvent which 

forms a bonded compound with CO2. Later the solvent is recovered from the compound by 

heating and further reused in the next absorption cycle. It is mainly of two types: physical and 

chemical depending on the way how CO2 solubilizes in the solution without chemical reaction 

or with chemical reaction. CO2 absorption is preferred with physical solvents when the CO2 

partial pressure is high ( >10 bar) and operating temperature is low [37]. On the other hand, 

chemical absorption is favored at moderate conditions, i.e. pressure of about 1 bar and 

temperature of ca. 40-50°C [38]. Commonly used physical solvents are Rectisol, Selexol, 

Purisol, Sepasolv-MPE and Morphysorb. MEA, DEA, and MDEA are widely used chemical 

solvents for CO2 absorption at industrial level but they suffer from the drawbacks of CO2 such 

as high equipment corrosion rate, amine degradation due to presence of SO2, NO2, HCl, HF, O2 

and other impurities, volatility at higher temperatures, requirement of  quite tall absorption-

desorption columns and high energy requirement for solvent regeneration [39]. In recent times, 

amino acid salts have drawn attention due to their low volatility and ability to resist oxidative 

degradation [40]. The amino acids of sarcosine, arginine, proline, and glysine mixed with 

reactive metals like potassium and sodium are extensively used for CO2 absorption. Koutsianos 

et al. [41] first reported methanol as an alternative to water which can enhance the ability to 

facilitate CO2 transport in polyethyleneimine based sorbents. The selection of methanol was 

made on the basis of Hansen solubility parameter (HSPs) which describes the interaction of a 

solvent molecule with others of its kind. These parameters for methanol were quite close to that 

of water. PEI based sorbent when exposed to methanol saturated CO2  at 25 °C exhibited mass 

uptakes of CO2 of about 0.3g g
-1

. The possible reason for this was attributed to the formation of 

diffusive intermediates involving a methanol molecule, a primary amine group of PEI, and a 

CO2 molecule which enhanced the ability to facilitate CO2 transport. 

Though absorption is known to be the most established technology, it will no longer be a 

preferred post-combustion technology as the regeneration of the solvent imposes high energy 

penalty. 
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1.3.1.3.2 Membrane technology 

Membrane technology is being successfully used by the industry from the last four decades. Gas 

separation via membranes works on the principle of selective permeation of a particular 

component (e.g. CO2) through the membrane material and retaining the remaining components. 

Membranes made from organic (polymeric materials), inorganic, mixed or hybrid materials are 

generally used for capturing CO2 in post-combustion process [42]. It can be used independently 

or in conjunction with absorption where it acts as a contactor of CO2 gas and amine solution. 

CO2 gas after passing through the membrane gets absorbed in amine solution leaving behind 

other impurities in the gaseous phase.  

Membrane separation has been acknowledged promising due to its operational and maintenance 

simplicity, compactness, energy efficiency and cost-effectiveness [43, 44]. However, high 

degree of CO2 separation cannot be achieved through membranes due to lean concentration/ low 

partial pressure of CO2 gas in flue exit. Various other factors such as life and cost of 

membranes, handling of membranes at high temperature of flue gas, multiple stages and recycle 

streams to attain high CO2 capture efficiency and impact of various impurities on membrane 

performance and stability  need to be resolved before scale up of this technology. Thus, it 

becomes imperative to develop membranes from novel materials for efficient separation [45]. 

The simplified schematic of membrane separation technique is illustrated in Fig. 1.9. 

 
 

Fig. 1.9 Simplified schematic of the membrane separation technique 

1.3.1.3.3 Cryogenic distillation 

In this technique flue gases are separated on the basis of freezing points of the components and 

the desired product is liquefied by varying the temperature and pressure. At atmospheric 

pressure, the temperature below -73.3 
o
C is required for condensing CO2. Heat exchangers, 
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compressors, cold traps, and Joule-Thompson valves are used to obtain these cryogenic 

temperatures [30]. Presently, cryogenic separation is obtained by desublimating CO2 on the fins 

of the heat exchangers or on the packed beds [46, 47]. In the former case, the liquid CO2 is 

recovered by further heating and pressuring the solid CO2 and in the latter case fresh gas stream 

is introduced to the column in order to raise the temperature and improve the concentration of 

the CO2 gas recovered from packed bed. Fig. 1.10 shows the cryogenic separation of CO2 from 

flue gas in a distillation tower after removal of undesired components. The N2 exits the 

distillation tower after absorbing heat from gas mixture coming from heat exchanger. CO2 gets 

liquefied or solidified and collects at the bottom [48].  

The advantages of this process are a) liquid CO2 can be easily transported through pipelines, 

and b) high purity CO2 (>99.95%) is obtained. But the following disadvantages limit its usage 

in practical applications: a) it is quite energy-intensive as there is continuous usage of energy 

for maintaining very low temperature b) the other gases like NOx, SOx, oxygen and water 

vapors need to be removed before initiating the distillation [48]. On the whole, the drawbacks of 

this process make it cost-inefficient.  

 

 

 

 

 

 

 

 

  

 

 

 

Fig. 1.10 Cryogenic separation of CO2 from exhaust flue gas  

1.3.1.3.4 Biological fixation 

 Apart from existing physical and chemical methods, biological and biochemical methods have 

also been explored for CO2 separation by many researchers [31, 49]. Biological species such as 

algae, seaweeds, cyanobacteria, and even autotrophic bacteria utilize CO2 (as carbon source) 

Flue gas 

Compressor Heat exchanger 

Liquid CO2 

Gaseous N2 

Distillation Tower 
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emitted from industrial processes or power plants to produce bio-fuels and numerous bio-

chemicals [30]. Algae has the capability to absorb CO2 present in the flue gas exhaust and 

results in enhanced growth in the presence of sunlight, nutrients, metals (trace elements) and 

nitrogen. Another benefit of algae is that it grows in moist environment and therefore the flue 

gases can be directly passed through the algal medium. Inspite of these advantages algal 

cultivation for sequestration of CO2 faces following main challenges: high operating cost, 

limited availability of sunlight, high temperature and varying composition of flue gas [31]. 

1.3.1.3.5 Gas hydrate separation 

Gas hydrate based separation is an upcoming technique with an immense potential for efficient 

and selective post-combustion capture of CO2 from flue exhaust. Gas hydrates recognized as 

clathrates are physical solids formed from water and hence they resemble ice. The hydrogen 

bonds in the water molecules freeze and form a cage like structure which possesses the ability to 

trap small molecules of gases like carbon dioxide, hydrogen, nitrogen, methane, etc [50]. Here 

water behaves as „host‟ and capture the „guests‟ which are gas molecules or any other non-polar 

hydrophobic compounds present in flue gas mixture. The clathrate formation takes place only at 

certain specific conditions such as low temperature and high pressure. Besides, CO2 gas has 

much higher affinity for water than other gas molecules and hence the host becomes enriched 

with more CO2. Later, the CO2 gas can be separated from the cage either by heating or by 

releasing the pressure. 

Low energy penalty is the main advantage of this technology, however still lot of research is 

required to implement it at large scale [51]. One of the problems faced during hydrate formation 

is of agglomeration of the crystalline hydrates at the interface which substantially reduce the 

conversion of water to hydrates (almost < 20%). Also, stirring cost may significantly add to the 

overall processing costs if continuous stirred tank reactors are used on commercial scale.  

1.3.1.3.6 Adsorption 

Though absorption is considered to be the most matured technology, yet it suffers from several 

drawbacks which have been well documented in the literature such as low CO2 loading, low 

gas/liquid contact area, and severe absorbent corrosion problems. These limitations have 

impelled the researchers to search for a better technological option which can address the 

problem of CO2 capture. One viable route is adsorption which has been recognized as an 

attractive substitute of absorption due its simplicity and availability of variety of adsorbents 
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[52]. In addition, it is a cost-efficient technology as it can be put into practice in the existing 

power plants and also accomplishes the objective of reducing energy penalty.  

Adsorption is a very natural phenomenon in our daily lives. Even common solids have the 

ability to adsorb moisture and gases to some extent. For example, the groceries and bakery 

products lose their crispness and dried porcelain crucible gains weight in humid days which is 

due to adsorption of moisture from air. However, only certain solids possess specific surface 

properties and sufficient adsorptive capacity for their application at industrial level. At large 

scale, adsorption finds in gas separation, dehumidification of air and other gases, deodorization 

and removal of impurities like CO2 from gas mixtures. The adsorbent properties such as specific 

surface area, distinct pore structure, polarity, surface functionalized groups etc. are the key 

factors that decide the ideality of an adsorbent in capturing CO2. Further, thermodynamic 

properties of the material govern efficient transfer of gaseous phase onto solid phase. 

Depending upon the surface properties of the adsorbent, the adsorbate molecules may 

temporarily retain on surface or may form chemical bonds with adsorbent. The former retention 

is known as physical adsorption and later as chemical adsorption. 

Flue gas treatment involves selective retention of CO2 from mixture of various gases on the 

adsorbent, subsequently followed by regeneration. The latter step is accomplished by various 

options like heating the adsorbent at high temperature, reducing pressure below atmospheric, 

passing electric current, purge gas stripping and displacement desorption [53]. 

An effective adsorbent is expected to possess following characteristics: (1) low cost and easy 

availability, (2) high working capacity and preferential selectivity of CO2 over N2, (3) easy 

regenerability, (4) stability, (5) faster reaction kinetics, and (6) good abrasive resistance in 

packed beds [54, 55]. The main adsorbents generally used are: fuller‟s earth, active clays, 

bauxite, bone char, gas-adsorbents, molecular sieves, activated carbon and synthetic polymeric 

adsorbents [56, 57].  

1.4 Thesis motivation and objectives  

Adsorption emerges to be a propitious and promising technology for CCS due to its potential to 

capture carbon dioxide from major point sources and thus contribute in mitigation of climate 

change. However, the main challenge behind successfully commercialization of adsorption 

technology is the development of effective and low-cost adsorbents. Lower surface areas and 

hydophobicity limit the use of conventional adsorbents for high-performance CO2 capture. 



14 

 

Amine functionalization and heat treatment appeared as remedial methods which helped to 

improve the CO2 adsorption capacity as well as regenerability of these adsorbents but they had 

to face problems like pore blockage and poor stability. In lieu of this, carbon-based adsorbents 

gained attention due to their well-developed pore structures, easy availability, low energy 

requirements, and low costs. Also, development of adsorbents from plastic waste especially 

PET waste has not been taken much into consideration, though it is a great menace to the 

society because of its non-biodegradability, abundant littering, inefficient collection, and limited 

recycling capabilities. PET is highly recyclable, but the weight of the containers causes high 

frequency of collections which leads to increase in the transport costs. In addition, it needs to be 

segregated into different grades and colors that make its recovery inefficient and expensive [58]. 

To handle its disposal problem, researchers came up with another useful alternative of 

converting this waste into a valuable product such as activated carbon for solving one more 

environment issue i.e. CO2 capture. Several factors such as well-developed pore structure, high 

surface area whose values reach even higher than those of commercial AC, ability to modify 

surface characteristics and porosity by incorporating hetero atoms, easy availability and low 

cost support its selection as a precursor for synthesis of AC for CO2 capture [59, 60]. 

In addition, substantial work has not been done to modify the carbon adsorbents obtained from 

PET wastes by physical and chemical activation for CO2 capture. It was also observed that most 

of the researchers tried to assess the static CO2 uptake of developed adsorbents which holds less 

relevance to CO2 capture from flue exhaust gases in real-life applications. To overcome this 

gap, carbon adsorbents were developed from PET waste, chemically activated and then 

investigated for CO2 adsorption studies under dynamic flow conditions by different CO2 

concentrations (5-12.5%) and temperatures (30-100°C). Further, for better understanding of the 

adsorbents and adsorption process, mathematical modeling and simulation has been performed, 

that considers all relevant transport phenomena and saves experimental time. 

The main objectives of thesis are: 

 Development of carbon adsorbents from waste plastics (PET wastes), having specific 

pore structures and surface areas.  

 Activation (physical/chemical) of adsorbents for its modification. 

 Performance evaluation of adsorbents on fixed-bed column at different conditions of 

temperature and CO2 concentration. 

 Comparison of experimental data with equilibrium and kinetic models. 
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 Modeling and simulation of the fixed bed adsorption process. 

1.5 Thesis overview 

Microporous carbon adsorbents were prepared from polyethylene terephthalate (PET) waste by 

direct carbonization and then activation with KOH activation for CO2 capture studies. The 

developed adsorbents were characterized for textural properties by nitrogen 

adsorption/desorption, morphology by XRD, SEM and HRTEM and chemical & thermal 

properties by FTIR, XPS and CHN analysis. In addition, to evaluate their CO2 adsorption-

desorption performance column breakthrough experiments under dynamic flow conditions were 

conducted in a fixed-bed set-up designed for adsorption studies. Regenerability studies were 

conducted to assess the ability of adsorbents to perform in long term. Also, kinetics and 

thermodynamics of CO2 adsorption were assessed. Further, equilibrium uptakes were fitted to 

different isotherm models. Heat duty required for regeneration of the adsorbent was also 

evaluated. Adsorption column breakthrough profiles were modeled using linear driving force 

(LDF) approximation for mass transfer. Model equations were solved using the Method of 

Lines in MATLAB environment.  

The overall thesis consists of six chapters.  

Chapter 1 is the introduction which highlights the recent environmental issues of global 

warming and climate change. It raises concern over the alarming levels of CO2 in the 

atmosphere and their adverse impacts on environment. Various mitigation pathways for CO2 

emissions have been briefed along with description of available CO2 capture technologies. The 

main focus is on post-combustion CO2 capture via adsorption. At the end of chapter, the 

problem statement is defined and the objectives of the research are specified.  

 

Chapter 2 presents the review of literature which includes elaborate study of numerous solid 

adsorbents developed for capturing CO2 and their adsorption performance under different 

conditions. Among them, activated carbons synthesized from waste materials have been more 

emphasized in the current research work. 

 

Chapter 3 is materials and experimental methods which covers the specifications of materials 

and reagents used in current study along with the experimental methods employed for 

characterization of adsorbents and their performance evaluation. Further, the description of 

fixed-bed adsorption set-up used for performance evaluation is given. The theoretical aspects of 
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thermodynamics, kinetic as well as isotherm models have been elaborated together with 

mentioning of software used for simulation. 

Chapter 4 describes the development of carbon adsorbents from polyethylene terephthalate 

(PET) waste by carbonization followed by chemical (KOH or K2CO3) activation. The chapter 

presents the details of characterization, performance evaluation for CO2 adsorption and the 

factors affecting the later. Further, the inference of results is correlated with their surface, 

textural and chemical properties. The optimal sample was subjected to dynamic adsorption 

study in the fixed bed reactor at different adsorption temperatures using gas composition (CO2 

& N2) similar to flue gas. The maximum adsorption capacity of 1.31 mmol g
-1

 was obtained for 

Act-3-700 (optimized sample) at 30 °C and 12.5% CO2. Further, in this chapter complete 

kinetic analysis, isotherm study and thermodynamic investigations for CO2 adsorption were 

performed on the optimal sample. In the last, energy penalty for complete process was also 

determined. Fractional-order best explained the kinetics of adsorption and Freundlich model 

fitting along with high values of isosteric heat supported the adsorbent‟s surface heterogeneity. 

At all adsorption temperatures, negative values of Gibbs free energy as well as enthalpy were 

obtained which confirm the spontaneity of adsorption process and substantiate the exothermic 

nature of process respectively. The energy needed for desorbing 1 kg CO2 from the activated 

adsorbent was found to be 1.34 MJ, which corresponds to 0.0576 kg CO2 (~11.84% energy 

penalty). 

Chapter 5 covers the mathematical modeling of the fixed-bed adsorption. In this chapter fixed-

bed adsorption of CO2 on developed carbon adsorbent was modeled using LDF approximation. 

Further, the model was simulated in MATLAB using the Method of Lines and validated with 

the experimentally obtained data. The fixed bed model for CO2 adsorption on the optimized 

adsorbent sample (Act-3-700), satisfactorily described the experimental adsorption behavior. 

The model predicted breakthrough curves at different concentrations of CO2 in feed (5-12.5 vol 

%) and temperatures (30-100 °C
 
) matched closely with the experimentally generated results. 

 Finally, chapter 6 summarizes the conclusions derived from the experimental and theoretical 

data and also presents the scope of future work.  

In the last part of thesis, list of cited references has been provided. 
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Chapter 2 – Literature Review 

2.1 Adsorption technology 

Adsorption is a process that involves selective retention of component(s) of a mixture on a solid 

surface because of interactive forces between the adsorbent and adsorbate molecules. If the 

forces of interaction are caused by weak van der Waals or electrostatic forces, the type of 

adsorption is called physical adsorption (physisorption). In contrast, if the interaction is by 

virtue of chemical bonding between the solute and the solid surface, the type is called chemical 

adsorption (chemisorption). Adsorption is an exothermic phenomenon releasing substantially 

larger heat during chemisorption in comparison to physisorption. Once the undesired 

component (CO2) has been captured, it needs to be removed with an intention that the adsorbent 

can be reused in cyclic adsorption processes. This can be accomplished through regeneration or 

desorption and the favorable factors for desorption are higher temperature and lower pressure. 

Adsorbent bed can be regenerated by using several cyclic adsorption methods like temperature 

or thermal swing adsorption (TSA), purge-gas stripping, pressure swing adsorption (PSA) 

including vacuum swing adsorption (VSA), or by combination of TSA and PSA processes. In 

thermal and pressure swing techniques, the adsorbent can be desorbed by elevating the 

temperature or by depressurizing the bed in the respective techniques. Both these processes find 

application in capturing CO2 at industrial level especially from mega point sources. TSA 

requires comparatively more time for completing the individual cycle than PSA, yet it is 

considered more promising as the energy requirement can be substantially reduced in TSA plus 

it generates high purity CO2 with good amount of adsorbate recovery (exceeding 80%) [61]. 

However, selection of the adsorbent performs a crucial and decisive role in the design of a 

cyclic adsorption process. 

2.2 Type of adsorbents 

Physical properties of an adsorbent play a crucial role in capturing CO2. An ideal adsorbent is 

expected to possess the following attributes: low cost, high adsorption capacity, selectivity, 

adequate mechanical strength, easy regenerability, stability, faster kinetics and low energy 

requirement [54]. Possession of even few characteristics makes the adsorbent viable for 

practical use. An extensive range of materials have been prepared by the researchers and 

examined for CO2 adsorption namely amines [62], zeolites [63], metal-organic-frameworks 

(MOFs) [64], silicas [32], alkali metal carbonates [65], carbon nanotubes [66] and activated 
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carbons from biomass and synthetic polymers [67-69]. Therefore, it is rather challenging to 

develop an adsorbent which can efficiently capture CO2 from a mixture of gases exiting from 

the flue as the pressure of the CO2 gas is quite low (~1 atm) and concentration (~15%) is also 

appreciably low in comparison to N2 (~70%). Ultimately, the performance of the adsorbent will 

play a decisive role in its selection. 

2.2.1 Metal-organic frameworks based adsorbents 

Recently, a new class of hybrid microporous materials came into existence with exceptional 

structural flexibility and immense capacity to adsorb gases. These are known as metal-organic 

frameworks (MOFs) as they consist of nodes of inorganic metals coordinating with organic 

groups which subsequently form either single or multidimensional open structures. Besides, 

these materials are known to possess high surface area, outstanding porosity, good crystallinity 

along with chemical stablility and tunablilty. Apparently, their unique properties make them 

approving as well as demanding in field of CO2 capture [70]. Widely used MOFs in area of 

CCS are MOF-5, MIL-53, HKUST and SNU. 

Zhen et al. [71] prepared composite from melamine formaldehyde sponge (MS) monolith as a 

porous carrier loaded with MOF to be used as adsorbent for CO2 capture studies in a fixed bed. 

For synthesizing the composite, the copper metal ions were firstly dissolved in methanol and the 

solution was poured over MS which was previously coated with polyvinyl alcohol for better 

strength. Thereafter the organic molecules were introduced inside the pores of MS which 

coordinated with the metal ions. The in-situ growth of MOFs initiated the pores forming a fine 

network in the bed and later breakthrough experiments were performed for investigating its CO2 

adsorption ability. At 20 °C, the adsorbent loaded with 5 g of MOFs per gram of porous carrier 

displayed maximum capture capacity of about 1.02 mmol g
-1

 of CO2. The bed was desorbed by 

purging CO2 free air (simulated) for 10 min continuously through the column. 

For further improvement in the capture performance of MOFs or MILs, basic functional 

moieties may be introduced inside their framework which may help to achieve more effective 

adsorption of acidic carbon dioxide. Yoo et al. [72] modified the pristine MIL-101 by loading it 

with polymethacrylamide (MA) and then polymerized to obtain poly-MA. Further, it was 

reduced with lithium aluminum hydride to insert amide (-NH2) group. The modified adsorbent 

showed improved CO2 adsorption as well as selectivity as compared to immaculate MIL. Even 

at low pressure of CO2 the modified adsorbent showed capture capacity of 1.4 mmol g
-1

 under 
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static conditions. In a recent study, Siegelman et al. [73] functionalized a metal−organic 

framework with cyclic diamine and produced an adsorbent capable of capturing more than 90% 

CO2 from a humid natural gas flue emission stream by performing breakthrough experiments in 

a fixed bed reactor. This synthesized material enabled CO2 adsorption capacity of 2.4 mmol g
-1

 

at 40 
o
C and the adsorbent was regenerated at 140 °C. Also, the studies suggested the role of 

water in enhancing the CO2 capture in developed adsorbent due to hydrogen-bonding 

interactions with the ammonium carbamate chains formed after CO2 adsorption thus providing 

thermodynamic push for CO2 binding.  

However, from industrial applications point of view, MOFs are less feasible as adsorbents for 

CO2 as they have high affinity for moisture and flue gas contains good amount of water vapors 

which once adsorbed cannot be completely desorbed. Besides, they suffer from structural 

instability of metallic ions and/ or hydrogen bonding which limits its use in fossil fuel based 

plants for CO2 capture. 

2.2.2 Silica based adsorbents 

Ordered mesoporous silica was first synthesized in 1992 at Mobil Oil Corporation and since 

then they are in demand because of their excellent properties like remarkable surface area, 

higher pore volume, tunable pore size, and easy functionalization ability. These materials can be 

synthesized through various methods such as sol-gel, chemical etching, templating and 

microwave-assisted techniques. M41S was the first mesoporous silica to be developed and 

further research led to the preparation of Mobil Crystalline Material (MCM), and other popular 

variants like Santa Barbara Amorphous  (SBA), Michigan State University (MSU) and 

Mesoporous Silica-Hexagonal (HMS) [74, 75]. 

Xu et al. [62] were the foremost researchers to thermogravimetrically investigate the adsorption 

behavior of CO2 on mesoporous silica, MCM-41 impregnated with a polyethyleneimine (PEI). 

They later investigated the effect of the method of preparing and loading of PEI on CO2 

adsorption capacity [76]. Wet impregnation and mechanical mixing were used for the 

preparation of adsorbent and the former method resulted in CO2 uptake of 2.54 mmol g
-1

 

whereas the latter produced uptake of 2.25 mmol g
-1

. Also, the adsorption capacities improved 

with dispersion of PEI into the molecular sieves. In another study [77], the effect of moisture on 

amount of CO2 adsorbed was also studied. The capacity increased with the amount of moisture. 

The increase in uptake of CO2 was higher for 10% moisture in comparison to 16% moisture. 
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However, when feed concentration of moisture exceeded the CO2 concentration, the adsorption 

capacity did not improve further.  

Zelenk et al. [78] synthesized amino functionalized mesoporous materials (MCM-41) by co-

condensing amino-organo siloxanes (AOS) with tetraethyl orthosilicate (TEOS) in varying 

ratios. The ratio of AOS:TEOS in the mixture were maintained to be 3, 5, 10, 20 and 30 wt%. 

Symmetrical (hexagonal) porous silica materials were obtained at smaller AOS:TEOS ratios 

and disordered and non-porous silica particles were obtained at higher ratios. Investigations 

revealed that adsorption took place on amine active centers primarily via physisorption. The 

effect of increase in concentration of AOS was clearly visible from superior CO2 adsorption 

capacity and the sample consisting of 10 wt % AOS exhibited utmost CO2 uptake of 0.67 mmol 

g
-1

 at 25 °C determined gravimetrically. The sample was regenerated by heating it up to 70 °C 

in nitrogen atmosphere which led to the removal of CO2.  

Mesoporous carbon was developed from chitosan following hard template route and then 

impregnated it with pentaethylenehexamine (PEH) [79]. The prepared adsorbent displayed 

improved CO2 adsorption and was more selective towards CO2. CO2 adsorption measurements 

were performed on TGA/DTA system and the highest CO2 uptake achieved by the adsorbent at 

373 K was 3.72 mmol g
-1

. For recycling the adsorbents, CO2 was replaced with pure nitrogen 

flow for 2 h. 

 Dey et al. [80] synthesized mesoporous SBA-15 by functionalizing with polyethyleneimine for 

gravimetric evaluation of CO2  uptake. The optimum sample (50 wt% of amine loading) 

adsorbed 3.09 mmol g
-1

 with 10% premoistened CO2 at 348 K. For regeneration of samples dry 

nitrogen was purged at 393 K. The prepared adsorbent showed remarkable stability over 60 

adsorption/desorption cycles during 65 hours of operation of temperature swing adsorption. 

On the whole, silica materials have proved to be promising for capturing CO2 majorly due to 

presence of interconnected meso and macropores and low energy requirement. However, the 

low hydrolytic stability of Si-O-Si bond when used for capturing carbon dioxide from moist flue 

gases causes many problems and hence limits its use in industrial applications. 

2.2.3 Zeolite based adsorbents 

Zeolites represent a class of highly crystalline and porous structures of aluminosilicate materials 

consisting of the alkali and alkaline-earth metals [81]. These materials exhibit an open 3-D 
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structure with cations balancing the electrostatic charge of the alumina, silica tetrahedra and 

contained water. Their structure resembles a honeycomb due to which they acquire high internal 

surface area and pore volumes. Zeolites behave as remarkable molecular sieves and hence can 

selectively separate CO2 from mixture of gases. They have been used in TSA and PSA 

processes successfully at moderate or high-temperature conditions [82]. However, they are 

brought in usage generally at pressures higher than 2 bar.  

Researchers had always been keen to investigate the adsorption behavior of zeolites. In this 

context, Li et al. [83] studied the adsorption behavior of six types of commercial variants of 

zeolites namely NaA, NaX, CaA, CaX, ZSM-5 and Y type for separating CO2 from methane. 

Larger CO2 adsorption amount and highest CO2 affinity were shown by NaX and CaA 

respectively at 0.1 MPa. IAST model predicted CO2 selectivity was reported to be 76 for NaX 

and 74 for CaA at 0.1MPa. Moisture greatly influences the adsorption performance as the 

adsorbing ability of zeolites gets much weakened. Also, their usage is restricted at room or low 

temperature. Further, low CO2 over N2 selectivity is yet an additional limitation of zeolites in 

flue gas applications. To tackle these issues, researchers have modified zeolites by impregnating 

amines into their porous structures [54]. 

Madden et al. [84] prepared modified β-25 zeolite by physically impregnating with amines. The 

synthesized adsorbent was fed to a fixed bed for investigating the CO2 adsorption/desorption 

performance. The adsorbent displayed a substantially higher CO2 uptake up to ~4.7 mmol g
-1

 at 

adsorption temperature of 35 °C. Besides, the sample desorbed at a quite low temperature of 

around 60 °C indicating supremacy of physisorption. The externally added moisture also proved 

to be beneficial as it improved the CO2 adsorption capacity by nearly 20%.  

Chen et al. [85] synthesized mesoporous zeolite and wet impregnated with polyethylenimine 

(PEI) for functionalization. The results indicated that the PEI impregnated sample was more 

selective towards CO2 than N2 and exhibited superior CO2 capture capacity even at 100 °C and 

low CO2 concentration. 

To further perk up the CO2 adsorptive performance of zeolites, they need to be modified in the 

nanoscale range [2]. Jiang et al. [86] synthesized type-T zeolite nanoparticles with an average 

pore size 3.6 Å×5.1 Å, slightly larger than the size of CO2 molecules (3.3 Å). The prepared 

adsorbent was investigated for CO2 capture studies in a fixed bed apparatus. At 288 K and 1 bar, 

the adsorbent displayed CO2 adsorption capacity of ~4 mmol g
-1

. Subsequently, bed was 
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desorbed at 318 K and 1 bar under nitrogen flow.  Shakarova et al. [87] developed nanocrystals 

of size circa 100 nm which showed CO2 adsorption of 5 mmol g
-1

 at 20 °C and 1.003 bar. 

Nguyen et al. [88] successfully synthesized mesoporous Linde Type A (LTA) zeolites by 

adding a known quantity of surfactant to the reactants during mixing. The larger mesopores in 

LTA zeolites were capable of trapping CO2 molecules, displaying high uptake of 2.3 mmol g
−1

 

at 60 °C measured under dynamic flow conditions in a TGA. The samples showed good 

stability over 10 adsorption runs & desorption after regeneration at 150 °C under nitrogen flow. 

Zeolite (ZSM-5) was synthesized by wet impregnation method via organic template route [89]. 

Mesoporous adsorbent exhibited specific surface area of ca. 400 m
2
 g

−1
 and showed CO2 uptake 

of 0.9 mmol g
−1 

along with improved selectivity at 10% CO2 concentration.  

Zeolites have shown promising results in CO2 separation from mixture of gases. However, these 

materials have great affinity for water molecules which get trapped in the micropores, 

subsequently blocking the admittance of carbon dioxide and thus affecting CO2 adsorption 

capacity. As a consequence, very high temperatures (> 300 °C) are required for regeneration of 

the adsorbent which is responsible for imposing large energy penalty [90] and thus limiting its 

widespread applicability [91]. 

2.2.4 Hydrotalcite adsorbents 

Depending upon the operating temperatures, the solid materials used for CO2 adsorption can be 

categorized as low, intermediate or high temperature adsorbents. The low temperature 

adsorbents generally operate below 200 °C and specific examples of this category are 

carbonaceous adsorbents, MOFs or MILs and zeolites. On the other hand high temperature 

adsorbents namely alkali metal oxides/hydroxides and hydrotalcites can suitably perform at 

temperatures above 200 °C. From the latter category, hydrotalcites have shown great potential 

for CO2 capture in intermediate as well as high temperature range. Hydrotalcites are principally 

ceramic materials which constitute a huge group of basic and anionic clays. These are double 

layered structures formed from a cationic layer of metallic oxides and an anionic layer of 

weakly held carbonates. Because of its anion exchange ability, they acquire remarkable 

adsorptive and catalytic characteristics.  

Recently, a new composite has been developed from mixing of a commercial variant of 

hydrotalcite and a geopolymer for assessing CO2 adsorption in intermediate temperature range 

of 200 to 400 degree C [92]. The adsorption capacity for CO2 was achieved in the range of 0.38-
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0.46 and 0.109-0.145 mmol g
-1

 for commercial variant of hydrotalcite and the composite 

respectively at 200 degree C. However, the capture capacity of geopolymer was just 0.052 

mmol g
-1

.   

Chen et al. [93] modified the lithium-aluminium based hydrotalcite for capturing CO2 by 

calcination followed by treatment with KOH/C2H5OH and subsequent functionalization with 

polyethyleneimine. PEI loading on adsorbent much affected the capture performance. The 

adsorbent sample without PEI impregnation showed capture capacity of 0.58 mmol g
-1

 whereas 

the same sample loaded with 40% PEI exhibited CO2 uptake of 1.72 mmol g
-1

 at 50 degree C 

evaluated thermogravimetrically. Also, the sorbents were regenerated at 150 degree C under 

nitrogen flow after completion of each adsorption cycle and regenerability was assessed for 7 

cycles. 

Khalkhali et al. [94] studied the structural morphology of the hydrotalcite based oxides (HBOs) 

or double layered oxides by means of atomistic simulation method. The analyses revealed that 

the HBOs were crystalline in nature exhibiting structural resemblance with magnesium oxide. 

Further, to investigate the effect of morphology on CO2 adsorption behavior, amorphous as well 

as crystalline HBOs were simulated which represented the hydrotalcites produced at lowest and 

highest calcination temperatures. Analysis revealed that the amorphous hydrotalcites showed 

better dynamic CO2 adsorption behavior than the crystalline ones. This may be attributed to the 

random array of CO2 molecules in the adsorption layer which assisted in easy adsorption and 

desorption whereas in latter case the hydrotalcite surface behaved as a contaminating layer 

which restricted the adsorption of CO2 molecules and thereby reduced its capture capacity. 

Conclusively, the amorphous HBOs displayed enhanced physisorption behavior.  

Hydrotalcites are promising adsorbents for CO2 capture in intermediate as well as high 

temperature range. These materials are quite cheap and easy to synthesize both at laboratory 

level and industrial scale. However, the thermal evolution of these materials, with the formation 

of mixed oxides with high surface area and potential to regain the original hydrotalcite structure 

is crucial for enhancement of the CO2 capture capacity [95]. 

2.2.5 Metal based adsorbents 

Another class of sorbents which has proved to be beneficial for high temperature applications is 

metal based adsorbents. These materials possess the potential to capture carbon dioxide owing 

to presence of more basic sites on their surface and faster reaction kinetics in the high 
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temperature regime of 300-900 °C [96]. They can be used either as oxides/hydroxides or 

carbonates/bicarbonates of alkali metals and alkaline earth metals or in amalgamation with other 

minerals for adsorption of CO2. Besides, they may exist in hydrated or non-hydrated form. For 

alkali metals, the affinity for CO2 increases as we move from lithium to cesium in the periodic 

table. For any metal from this category, CO2 released in flue exhaust combines with its oxides at 

specific temperatures to form carbonates which decompose to metal oxides at higher 

temperatures during regeneration step. 

Literature reveals that numerous metallic oxides namely CaO, MgO, Na2O, K2O, MnO and PbO 

have been explored as adsorbents for capturing CO2, however CaO and MgO have been 

extensively studied.  Guo et al. [97] synthesized MgO nanoparticles for trapping CO2 by 

calcination of various organomagnesium compounds and also investigated the effect of 

individual precursor on CO2 capture capacity. MgO nanoparticle formed from magnesium 

oxalate dihydrate adsorbed maximum amount of CO2 which was reported to be around 4.4 

mmol g
-1

. In another study minerals of magnesium were used as precursors to prepare low cost 

adsorbents for capturing CO2 at high temperatures and their adsorption performance was studied 

in a fixed bed reactor [98]. For regeneration of the sorbent, bed was heated to 400 °C and 

maintained at this temperature for 30 min. Four different mineral precursors namely Magnesite 

(Ma), Brucite (Br), Bischofite (Bi), and Hydromagnesite (Hm) were calcined at 750 °C, 650 °C, 

600 °C, and 550 °C respectively for adsorbent preparation. However, Hm and Br based basic 

magnesium adsorbents demonstrated significant CO2 equilibrium uptakes of around 1.73 mmol 

g
-1 

and 1.67 mmol g
-1 

respectively, at 200 °C.  

Pichardo et al. [99] prepared CaO based adsorbents via solution combustion technique using 

hydrated calcium nitrate (CN) and urea as precursors. The mass ratios of CN to urea varied from 

1:1 to 1:5/2. The CaO nanopowders obtained from combustion were ball-milled for augmenting 

the surface properties. The finally obtained adsorbent showed remarkable CO2 capture capacity 

of 9.31 mmol g
-1

 measured using a TGA/DSC apparatus at 298 K and standard atmosphere 

pressure. Gao et al. [100] developed CaO based adsorbents supported on charcoal via three 

different routes namely sol-gel, wet impregnation and manual mixing in order to achieve 

improvement in their CO2 capture capacity. Investigations revealed that charcoal impregnation 

inhibited the formation of crystalline calcium oxide which helped to improve its capture 

capacity. Optimum adsorbent sample was developed with CaO to charcoal mass ratio of 4:1 

through sol-gel method which exhibited initial adsorption capacity of ~15 mmol g
-1 

at 600 °C 

and later maintained it at 8.0 mmol g
-1

 after 15 cycles of adsorption/desorption. 
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Sengugta et al. [101] developed K2CO3/Al2O3 based adsorbents via single-step impregnation 

(SI) and multi-step impregnation (MI) and then examined their adsorption-desorption 

performance in a fixed bed reactor. The adsorbent prepared through multi-method enabled 

uniform dispersion of active species (K2CO3) in the macropores without causing blockage of 

narrower mesopores thus resulting in higher adsorption capacity. On the other hand sample 

prepared through SI method suffered from blockage of narrower mesopores due to excessive 

growth of K2CO3 thus limiting the accessibility of CO2 in the pores. Adsorbents prepared with 

K2CO3:Al2O3 mass ratio of 1:1 by MI and SI methods exhibited maximum CO2 uptake of 3.12 

and 2.1 mmol g
-1

 and regeneration efficiency of about 65 and 56%, respectively, at 130 °C in 

multi-cycle testing.  

 

To summarize, good thermodynamic properties and faster kinetics are the strengths of metal 

based adsorbents however for industrial applications the sorbent should possess excellent 

mechanical strength so that the decay of sorbents caused due to sintering and attrition may be 

reduced [96].  

2.2.6 Carbonaceous adsorbents 

Solid physical adsorbents predominantly consist of carbonaceous materials for example 

activated carbon, carbon nano-materials, graphene and carbon molecular sieves. Apart from 

being rich in carbon content, these carbonaceous materials possess faster adsorption kinetics 

due to physical adsorption, excellent stability and thermal conductivity, easy regenerability, and 

bare minimum cost. Since these characteristics are highly desirable for any adsorbent and assist 

in improving its CO2 capture capacity, therefore number of studies have been performed on 

them [102, 103]. However, textural properties and subsequently adsorption performance of 

these adsorbents depend upon the kind of precursor used for its synthesis. Different activated 

carbons have been derived from various sources for example coal or its byproducts [104], 

biomass (rice husk, coconut shells, almond shells, olive stones, bagasse) [67, 68] and household 

wastes such as plastic wastes.  

2.2.6.1 Commercial activated carbons  

Remarkable surface areas and fine pore size distribution are the key features which support 

activated carbons in achieving good CO2 capture capacities [105]. To overcome few limitations 

of these adsorbents like inferior mechanical strength leading to high attrition in a fluidized bed 

and leaching of active sites in presence of high moisture content, researchers have worked on its 
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modification/activation to improve the surface affinity toward CO2 and successfully achieved it 

[54, 106]. Therefore, commercial activated carbons have been used in various studies related to 

capturing of post-combustion carbon dioxide emissions from flue gases using PSA and TSA 

techniques [107, 108].  

Al-Maser et al. [10] examined the adsorption behavior of two commercial grades (sorbent-1 and 

sorbent-2) of activated carbon for CO2 capture in a fixed bed rector. To remove the adsorbed 

CO2 or traces of oxygen, pure nitrogen was purged in the bed for 2 h.  Investigations revealed 

that the cycle time reduced when a typical adsorption/desorption experiment was performed at 

high feed rate and elevated temperature. The utmost CO2 uptake of 0.0254 g g
-1

 adsorbent was 

achieved at a partial pressure of 0.0417 atm.  

Plaza et al. [109] tested commercial grade activated carbon, Norit R2030CO2 as an adsorbent 

for CO2 under post-combustion conditions in a fixed-bed adsorption set up. Bed of solids was 

regenerated before each experiment by heating the bed up to 100 °C for one hour along with 

arrangement of nitrogen purging. The material showed good CO2/N2 selectivity, remarkable 

cyclic ability over 10 adsorption/desorption cycles and easy regenerability. Three different 

regeneration techniques were tried and the highest adsorption of 1.9 mol kg
-1

 along with 97% 

recovery was obtained in an hour. The sequence followed for CO2 recovery was VTSA > VSA 

> TSA. Cheng-Hsiu et al. [38] assessed the CO2 adsorption performance of super activated 

carbon MAXSORB (commercial grade). The carbon exhibited CO2 uptake capacity of 32 mmol 

g
-1

 at a pressure of 3.2 MPa. 

2.2.6.2 Carbon adsorbents from waste materials 

Relatively higher cost limits the use of commercial activated carbon as adsorbents. Because of 

this reason, the researchers have gained interest in producing activated carbons from waste 

materials and investigating them for CO2 capture; may be biomass wastes or industrial wastes. 

Biomass wastes such as sugarcane bagasse, lotus stem waste, coconut coir, waste tea, peanut 

shells, etc. have been successfully utilized for preparing activated carbon for CO2 capture [110]. 

Palm oil, wastewater treatment sludge and coal fly ash from thermal plants are major industrial 

wastes investigated by researchers. 

In order to prepare activated carbon from any precursor, it needs to go through two main steps. 

In the first step, the raw material is carbonized at high temperature in an inert atmosphere and 

then the resultant char is activated either physically or chemically. Physical activation takes 
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place in the presence of oxidants for example steam, air or CO2 in the temperature ranging from 

800 to 1000 °C [20]. Alternatively, chemical activation involves impregnation of appropriate 

dehydrating agents like NaOH, KOH, ZnCl2, H3PO4, etc. before activation in the temperature 

varying between 600 and 800 °C. During carbonization, the carbonaceous material thermally 

decomposes and eliminates volatile compounds producing fixed carbon but with limited pores.  

Further, the oxidizing reactions taking place during activation not only enlarge the existing 

pores created during carbonization but also help to form new pores [111].  

Moroto et al. [112] developed activated adsorbents derived from fly ash for CO2 capture via 

steam activation. Amine compounds were infused into the carbonized samples and then 

activated at 850 
o
C resulting in surface area of 1075 m

2
g

-1
. The highest CO2 adsorption uptake 

of 1.56 mmol g
-1

 was obtained at 30 
o
C for the amine impregnated activated carbon determined 

thermogravimetrically. For desorbing the sample nitrogen gas was purged at 100 ml min
-1

 at the 

same temperature set for adsorption. The reported values of adsorption capacities were higher 

than their earlier published capacities for non-activated fly ash carbons. In another study, 

lithium-based adsorbents were developed from fly ash for investigating the CO2 uptake capacity 

at high temperatures (400-650 
o
C) with simultaneous addition of K2CO3 (0-40 mol%). The 

maximum reported CO2 uptake was 2.43 mmol g
-1

 at 600 
o
C using 40 mol% K2CO3 [104]. To  

regenerate the adsorbent, 100% N2 was made to flow at the same adsorption temperature. Also, 

the lithium-based adsorbents were almost completely regenerable and exhibited stability over 

10 sorption cycles. 

Deng et al. [67] prepared activated carbons from sunflower seed shells (SSS) and peanut shells 

(PS) for CO2 capture study using KOH for activation. The adsorbent samples prepared from 

SSS and PS respectively exhibited CO2 adsorption capacities of 64.24 and 67.76 mg g
-1

 at 25 
o
C 

and 1 bar. Inspite of lower BET surface of SSS based adsorbents than PS derived adsorbent; the 

highest capacity was obtained for latter samples due to higher micropore volumes. 

Large surface area adsorbents were prepared from sugarcane bagasse by impregnating it with 

urea for nitrogen enrichment and then activating with KOH in the temperature range of 500-800 

o
C. Under static conditions, CO2 uptake of 4.8 mmol g

-1
 was obtained at 25 °C and 0.986 atm 

using 15 wt% urea and KOH:carbon mass ratio of 2 [113]. For testing the cyclic stability, the 

adsorbed sample was firstly degassed for 6 h and then desorbed at 110 
o
C. 

 Lotus stem waste was used for preparing porous carbon adsorbents for evaluating CO2 capture 

performance [114]. The adsorbent samples showed huge surface area up to 2893 m
2
 g

-1
 along 
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with exhibition of large micropore volume of 1.59 cm
3
 g

-1
. Maximum 3.85 mmol g

-1
 of CO2 

was absorbed at ambient temperature and pressure. 

Li et al. [115] developed low-cost porous carbons from waste wool with an aim to selectively 

adsorb CO2. The pre-carbonised wool (at 300 
o
C) was impregnated with KOH in the ratio of 3:1 

for activation. The optimum sample showed CO2 uptake of about 3.7 mmol g
-1

 at 0 
o
C and 2.78 

mmol g
-1

 measured thermogravimetrically at 25 
o
C.  

In another study, waste carpet materials were carbonized and then chemically activated with 

KOH for preparing adsorbent samples with an intention of capturing CO2. A unit gram of 

adsorbent sample was able to adsorb maximum 3.13 mmol of CO2 at 30 °C and minimum 0.7 

mmol at 100 °C, using 100% pure CO2 by thermogravimetric method [116]. Regeneration was 

conducted at the same temperatures for 15 min by replacing CO2 gas with N2 at a flow rate of 

100 ml min
-1

.  

2.2.6.2.1 Carbon adsorbents from waste plastics 

 

Since 1950, the production of synthetic plastic in India exceeded 8 billion metric tons which led 

to the generation of 6.3 billion metric tons of non-degradable plastic waste. Data indicates that 

only 9% waste has been recycled and 12% incinerated [117]. The remaining plastic waste is 

dumped in the landfills or is littering in the environment. If the current rate of production 

persists, it is expected that around 12 metric giga tons of plastic waste will accumulate in the 

environment which approximates to ~15000 tons of collection per day. These are alarming 

values and hence disposal of plastic waste has turned out to be a global concern. 

Various environment related issues have been raised due to the non-biodegradabilty and 

unskilled reprocessing of waste plastics: 1) Release of toxic emissions such as dioxins, carbon 

monoxide, amines, carbon tetrachloride etc during burning of plastics. 2) Landfilling occupies 

expensive land and also makes it infertile due to its barrier properties. 3) Harmful metals such 

as lead and cadmium used as additives in synthesis of packaging films leach out from landfills. 

Some of the viable options for addressing this problem are incineration and recycling of waste 

by physical means [118]. However, both these processes are cost-intensive and economically 

less viable due to precincts of toxic emissions released and segregation of wastes.  

Another important environmental concern is global warming owing to excessive usage of fossil 

fuels in transportation and energy generation. This releases huge amount of CO2 - a greenhouse 
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gas which is a prime contributor to global temperature rise [119]. Hence, it needs to be 

captured.  

The challenges of plastic waste management and CO2 capture can be simultaneously addressed 

by the synthesis of adsorbents from plastic wastes for capturing CO2 [120]. This has been 

attempted by many researchers via pyrolysis or carbonization techniques using various 

activating agents [121]. Apart from activated carbons obtained from natural resources such as 

coal and biomass, synthetic polymer wastes have gained attention as carbon precursors because 

of their high surface area, low cost, ability to modify surface characteristics and porosity [122]. 

Sneddon et al. [123] prepared novel absorbent from poly(vinyl chloride) (PVC) waste for 

carbon capture. Aminated PVC was supported on SBA-15 (mesoporous silica) and tested 

gravimetrically on a microbalance for CO2 adsorption from simulated flue gas (CO2/N2 

mixture). Maximum CO2 uptake obtained by the composite is reported to be 0.50 mmol g
-1 

at 25 

°C and the samples were regenerated at 75 °C for 2 h. Ethylenediamine claimed to be the best 

aminating agent for PVC resulting in highest CO2 uptake. 

Polycarbonate waste in the form of used CDs and DVDs was carbonized and later activated 

with either KOH or CO2 [60] . Structural properties of the samples improved many folds with 

both the activating agents. Maximum and minimum BET surface areas obtained were 2240 m
2
 

g
-1

 and 500 m
2
 g

-1
 respectively. Developed carbons exhibited good adsorption properties 

towards CO2, H2, and C6H6. Highest CO2 uptake of 3.3 mmol g
-1

 was achieved at 298 K and 850 

mm Hg pressure under static conditions. 

Fu et al. [124] transformed waste polystyrene foam to hyper-crosslinked porous polymers 

(HCPs) using 1,2-dichloroethane. Highest surface area and pore volume obtained was 572 m
2
 g

-

1
 and 0.53 cm

3
 g

-1
 respectively. Also, all the HCPs showed good thermal stability. The optimum 

sample exhibited CO2 uptake as high as 1.98 mmol g
-1

 along with CO2/N2 selectivity of 23.4 at 

25 
o
C and 1.13 bar.  

Polyurethane foam waste was used to prepare porous carbon material and investigated for the 

capturing of CO2 [125]. Effect of governing parameters like carbonization temperature, 

impregnation ratio, and activation temperature was studied for the sake of controlling pore size 

distribution and content of nitrogen with a motive to capture maximum CO2. The sample pre-

carbonised at 400 
o
C and activated at 700 

o
C maintaining KOH:carbon ratio of 2 showed 

adsorption capacity as high as 6.67 mmol g
-1

 at 25 
o
C and 4.33 mmol g

-1
 at 0 

o
C and ~1 atm. 
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The prepared carbon adsorbents exhibited good regeneration ability and improved CO2 over N2 

selectivity. 

Lo et al. [126] used waste polyethylene terephthalate (PET) bottle material in place of 

terephthalic acid as a precursor for the synthesis of five variants of nanostructured trivalent 

MOFs using different reagents. Among these, two MOF samples named MIL-53 and MIL-101 

were investigated for CO2 adsorption. BET surface areas obtained for these samples were 1022 

m
2
g

-1
 and 2939 m

2
g

-1
 respectively. Under static conditions per gram of MIL-53 and MIL-101 

respectively adsorbed 2.84 mmol and 3.11 mmol of CO2 at 20 °C and 1 atm. 

Arenillas et al. [59] utilized waste soft-drink bottles made of PET to prepare carbon adsorbents. 

The raw material was chemically activated with KOH and co-carbonized with three different 

compounds namely acridine, urea, and carbazole at 500 °C. Dynamic CO2 uptake measurements 

were performed on weight gain basis using a thermogravimetric analyzer and highest uptake of 

1.09 mmol g
−1

 was reported at 25 °C. The samples were desorbed at 100 °C by switching over 

to pure nitrogen in place of CO2 gas. 

2.2.6.3 Carbon nanotubes 

Another recognizable carbon nanostructure which is gaining consistent attention towards CO2 

capture by adsorption is carbon nanotube (CNT) [127]. This may be credited to its significantly 

large surface area and pore volume per unit mass and low density. Besides, they also possess 

distinct chemical as well as thermal stability. These CNT sorbents may be single-walled CNTs 

or multi-walled (MWCNTs) depending upon the graphene sheet which may be in the form of 

continuous cylinder with hexagonal units or rolled multiple times. CNTs are usually modified 

with different amine solutions for improving their surface properties. The first CNT was 

synthesized by Iijima in 1991 by arcing between graphite electrodes [128]. However, commonly 

employed techniques for its synthesis are chemical vapor deposition and electrospinning [129].  

Su et al. [130] functionalized commercial CNTs with 3-aminopropyltriethoxysilane and studied 

the cyclic CO2 adsorption behavior and related physical as well as chemical properties. The 

investigations revealed fast CO2 adsorption kinetics of modified CNTs. Also, the developed 

samples showed remarkable stability over 100 adsorption-desorption cycles. CO2 uptake as high 

as 2.24 mmol g
-1

 was achieved at 25 
o
C with CO2 inlet concentration of 15%. Also, the 

adsorption capacity showed an increase from 1.94 to 2.45 mmol g
-1

 by enhancing the amount of 

water vapor from 0 to 2.2%. 



31 

 

A non-toxic, biodegradable adsorbent was prepared by grafting ethylenediamine to a long-chain 

polymer polysuccinimide to form polyaspartamide which covered the MWCNTs and improved 

its surface properties by multiple times thus achieving higher CO2 capture capacity [131]. The 

modified MWCNTs exhibited maximum CO2 adsorption capacity of 1.59 mmol g
-1

 which was 

about four and a half times higher than that of unadorned MWCNT.  

Deng et al [132] synthesized architecturally designed porous adsorbent by wrapping 

polyethyleneimine (PI) on CNT along with the insertion of purine as a spacer to enhance the 

CO2 capture performance. The modified CNT showed high CO2 uptake of about 3.87 mmol g
-1

 

at 50 
o
C. Further, the adsorbents were desorbed at 100 

o
C in pure nitrogen flow and its cyclic 

adsorption capacity was assessed over 50 sorption cycles.  

Comparative analysis of various precursors used for CO2 capture; along with their operating 

conditions have been summarized in Table 2.1. 

 

2.3 Summary of Literature review 

The comprehensive review of literature indicates that numerous solid adsorbents have been 

developed for capturing CO2 which mainly include zeolites, mesoporous silicas, and hybrid 

crystalline solids such as MOFs, covalent organic frameworks, and activated carbons (ACs). 

Among these, ACs synthesized from waste materials have been widely focused and employed, 

owing to their cost-effectiveness, easy availability, chemical stability, and remarkable surface 

properties. Besides, moisture removal is not required for these materials and they are easily 

regenerable. ACs can be prepared from various carbonaceous sources, such as coal, fly ash, 

sunflower seed shells, sugarcane bagasse, lotus waste, coconut shell, wood, polymers, etc. 

Recently, synthesis of adsorbents from waste plastics has gained attention of the researchers as 

it helps to solve two global environment problems - plastic waste disposal and CO2 capture. 

However, there is a need to work more on physical and chemical activation of carbon precursor 

obtained from waste plastics in order to achieve well-developed pore structures and 

subsequently enhance CO2 capture capacity. Also, most of the studies reveal that the CO2 

adsorption performance has been evaluated under static conditions within temperature range of 

0-30 °C. The static method  is a batch process in which the adsorbent remains in contact with 

the same batch of adsorbate (gas mixture) for a very long time (infinite time, being a slow 

process) so that all the adsorbent sites are fully exposed to the adsorbate and the equilibrium is 

achieved. Whereas the dynamic method is a continuous process in which the adsorbent comes 
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in contact with the adsorbate for a short time only and the equilibrium is never achieved. That is 

why; the adsorption capacity measured by dynamic process is always lower than that of static 

process. But, in industrial practice only dynamic process is supposed to be used to get a 

reasonably high rate and therefore, it is pertinent to dynamically measure the CO2 uptakes of 

developed adsorbents at higher temperature range as they can portray true image as per 

relevance of CO2 capture from flue gas stream whose emission temperature lies in the range of 

40-100 °C.  

Table 2.1 Literature review 

Precursor Modifi

er 

Adsorption 

Temp(
0

C) 

Pressure, 

P
CO2

(bar) 

Adsorption 

capacity 

(mmol g
–1

) 

Method Regeneration 

Temp. (
0

C) 

Reference 

MCM-41 amine 25 1 0.67 TGA 
 

70 
[78] 

β-25 zeolite amine 35 1 4.7 Fixed bed 
 

60 
[84] 

Type-T zeolite - 15 1 4.01 Fixed bed 145 [86] 

LTA zeolite amine 60 1 2.3 
Dynamic 

TGA 
150 [88] 

Sugarcane 

Bagasse 
KOH 25 1 4.8 Static 110 [113] 

Recycled PET KOH 25 1 1.09 
Dynamic 

TGA 
100 [59] 

Norit R2030CO2 - 25 1 1.9 Fixed bed 100 [109] 

Carpet wastes KOH 30 1 3.13 
Dynamic 

TGA 
100 [133] 

Peanut shells KOH 25 0.15 1.54 Static 25 (vaccum) [67] 

MF/MCM-41 CO
2
 30 1 0.64 Fixed bed 200 [134] 

Epoxy /MCM-41 CO
2
 30 1 0.91 TGA 200 [135] 

Epoxy /MCM-41 CO
2
 30 1 0.65 Fixed bed 200 [136] 

SBA-15 PEI 75 1 3.09 Static 120 [80] 

Waste wool KOH 
0 

25 
1 

3.7 

2.78 
TGA -- [115] 

Chitosan PEH 100 1 3.72 Static 100 [79] 

CNT Purine 50 1 3.87 
Dynamic 

TGA 
100 [132] 

PVC amine 25 1 0.50 TGA 75, 2h [137] 

Hydrotalcite PEI 50 1 1.72 TGA 150 [93] 

Hydromagnesite - 200 1 1.73 Fixed bed 400 [98] 
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Chapter 3 – Materials and Experimental Methods 

 

3.1 Materials  

PET waste used for the study was collected from household waste and food courts of the 

institute campus containing disposable water and cold drink bottles. 

Potassium hydroxide (KOH) pellets and potassium carbonate (K2CO3) powder required for 

chemical activation were purchased from Shantilal Dharamshi Fine Chemicals Ltd., India.  

Analytical grades were chosen for both the reagents.  

Grade-1 purity (99.999%) helium gas, high purity nitrogen gas (99.995%) and carbon dioxide 

gas (99.99%) used for experimentation were obtained from M/s Sigma Gases and Services, 

Ltd., India. 

3.1.1 Adsorbent development 

For adsorbent preparation, waste PET bottles were carbonized in a tubular furnace under an 

atmosphere of inert nitrogen for 2 h under isothermal conditions. Thereafter, the carbonized 

material was activated with two different chemicals (KOH and K2CO3). 

3.2 Adsorbent characterization techniques 

3.2.1 Surface area and pore size distribution  

N2 sorption isotherms were obtained at −196 °C using BELSORP Max sorption analyzer by 

Bel, Japan, Inc. Prior to this, carbon samples were outgassed at approximately 200 °C for 

almost 12 h to make it completely free of inherent moisture and entrapped gases. The surface 

area of every sample was determined by means of BET (Brunauer-Emmet-Teller) equation. 

Total pore volume estimation was made from the amount of N2 adsorbed at P/P0 ratio of 0.99. 

Pore size distributions (PSDs) were obtained from Barrett-Joyner-Halenda (BJH) method and 

Non-Localized Density Functional Theory (NLDFT) method was used for analysis of micro-

pore distribution. 

 

 3.2.2 X-ray diffraction (XRD)  

 The diffraction patterns of the carbon adsorbent samples were examined through a X'Pert PRO 

diffractometer (Make PANalytical, Netherlands) under Cu-Kɑ radiation and wide scanning 

angle in the 2θ measurement range of 10° to 80° to determine their phase compositions. 

Aluminium sample holders were used for holding carbon powder samples. Instrument 
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functioned at recommended settings of 45 kV for voltage and 40 mA for current. 

3.2.3 High resolution transmission electron microscopy (HRTEM)  

To assess the shape and particle size of samples, high-resolution images were obtained using 

HRTEM. The micrographs were recorded on JEOL transmission electron microscope (Model 

JEM-2100, Japan) operating under an accelerating voltage of 200 kV. Prior to analysis, carbon 

adsorbent was dispersed in toluene and then carefully placed on copper grid coated with carbon.   

3.2.4 Scanning electron microscopy (SEM)  

 

A scanning electron microscope (Model JEOL JSM-6510 LV) operating at 20 kV voltage was 

used to obtain micrographs of activated samples and comprehend surface morphology. At the 

start, the sample was sputter coated with gold to an approximate thickness of 50 micrometer to 

prevent problems related to sample charging and obtain high resolution images. 

 

3.2.5 Thermogravimetric analysis (TGA) 

 

To investigate the thermal stability of carbon adsorbents, each sample was subjected to 

thermogravimetric measurements performed on thermal analyser (Model/Make TA Q500, 

USA). For analysis, nearly 20 mg of powdered sample was carefully placed in the platinum pan 

with the help of spatula and heated from 30 ˚C to 900 ˚C giving a step increment of 10 ˚C min
-1

. 

Pure nitrogen was made to flow in the system at a rate of 50 ml min
-1

 throughout 

experimentation. 

3.2.6 Elemental (CHNS)  

Elemental contents (%) of carbon, oxygen, and hydrogen present in the prepared carbons were 

determined by using Thermo Scientific elemental analyzer (Model FLASH 2000). Amount of 

oxygen present was determined by difference. 

3.2.7 Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra were collected on a FTIR spectrophotometer, PerkinElmer Spectrum (USA) 100 

series for mid IR range, between a wave number range of about 4000-400 cm
−1

 (2.5-25 μm) and 

resolution of 4 cm
−1

.  
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3.2.8 X-ray photoelectron spectroscopy (XPS) 

Chemical composition of the upper most layers of the samples was determined by using a 

surface sensitive and high performance X-ray photoelectron spectroscopy technique. The 

analysis was accomplished on XPS, Omicron ESCA combined with Kratos Axis Ultra delay 

line detector for higher sensitivity and resolution. The source of X-ray used was 

monochromated Al-Kα with 15 kV potential at the anode. The survey scan and high resolution 

scan were captured respectively at 50 eV and 20eV pass energy. Emission current of about 10 

mA and the pressure of about 0.2×10-8 torr were retained in the analysis chamber. 

Reconstruction of O1s and C1s peaks was performed by XPS peak 4.1software. After 

subtracting the Shirley background, the curve-fitting was performed assuming a Gaussian peak. 

 3.2.9 Temperature programmed desorption (TPD) 

 

The surface chemistry of the optimum sample was analyzed by temperature-programmed 

desorption (TPD) using Micromeritics‟ chemisorption analyzer (Autochem II 2920) coupled 

with a katharometer detector also known as thermal conductivity detector. Initially, the 

powdered sample was pretreated at 200 °C under helium flow and then the temperature of the 

cell was lowered to 30 °C to start adsorption. During adsorption, CO2 gas was made to flow and 

it was followed by desorption under helium flow by heating up to 300 °C. 

 

3.3 Performance evaluation of carbon adsorbents 

 

3.3.1 Experimental setup for fixed-bed adsorption study  

 

Experimental setup consisting of fixed bed adsorption column, a gas mixer and online gas 

chromatograph (GC) was used for carrying out dynamic CO2 adsorption and desorption studies 

on developed carbon adsorbents. The adsorption column was made of stainless steel with an 

inner diameter of 9.39 mm and height of 300 mm as shown in Fig. 3.1. Type K thermocouple 

was positioned in middle of the column to measure the temperature of the bed. A thin layer of 

evenly spread glass wool was carefully placed on both the ends of the adsorption column to 

avoid loss of adsorbent. Two gas mass flow controllers (MFCs) by Bronkhorst (Ruurlo, 

Netherlands) individually regulated the flow rate of CO2 and N2 to attain a desired CO2 

concentration for typical run. Then both the gas streams were mixed in a gas mixer and 

subsequently sent to the adsorption column. The amount of CO2 adsorbed was analyzed by an 

online gas chromatograph (Agilent 7890A) with a TCD (thermal conductivity detector) and a 
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monitor. Helium supported as a carrier gas (mobile phase) in GC and injection temperature was 

set at 180 °C.  

3.3.2 Dynamic CO2 adsorption/desorption measurements 

 

The samples were pretreated in an oven at 200 °C for 12 h for removal of moisture before 

carrying out the adsorption-desorption studies on carbon adsorbents. For performing the 

adsorption experiment, adsorbent sample (~2g) evenly mixed with inert glass beads (~6 g) was 

placed in the column flushed with dry nitrogen gas at the rate of 50 ml per minute. Later, the 

temperature was elevated from 30°C to 200 °C and held for 2 h to ensure complete elimination 

of trapped gases. Thereafter, the temperature was lowered to the desired adsorption temperature. 

Then, N2/CO2 mixture was passed at 80 ml min
−1

 flow rate till saturation limit to carry out the 

adsorption. Afterward, the sample was desorbed by elevating column temperature to 200 °C in 

the presence of pure N2 flowing at 50 ml min
-1

. The complete cycle (adsorption/desorption) was 

performed for five times to examine the regeneration potential of the adsorbent samples. 

The amount of CO2 adsorbed by the adsorbents at any time is represented as 𝑞𝑡  in milli mol per 

gram (mmol g
-1

), is determined by means of Eq. (1) [138, 139]. 

dtCCQ
m

q

t

ov

a

t )(
1

0

                                                                                              (3.1) 

Where, vQ  is the volumetric flow rate of gas in ml min
-1

, ma represents the mass of the 

adsorbent sample in g, Co and C are concentrations of CO2 at inlet and exit respectively in mmol 

ml
-1

 and t indicates the time taken for adsorption in minutes. 

3.4 Adsorption kinetics study  

  

The extent of coverage by the adsorbate molecules on the surface of adsorbents, adsorption 

dynamics, and performance of adsorbents may be estimated by consideration of the kinetics of 

adsorption. It also helps in gaining deep understanding of the underlying fundamental 

mechanisms. To examine the kinetics of CO2 adsorption on PET waste based adsorbents, five 

models for kinetics study namely pseudo first order, pseudo second order, Elovich, Avrami, and 

fractional order were considered. 
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3.4.1 Pseudo first order kinetic model 

 

In 1898, Lagergren suggested a kinetic model which assumes that the rate of adsorption is 

directly related to the number of free dynamic sites available on the adsorbent‟s surface. It was 

named as pseudo first order model. This model is most frequently used for liquid-solid and gas-

solid systems. 

Pseudo first order model is stated as [140]: 

  tkqq et 1exp1 
                                                                                                              

(3.2) 

Where, 𝑞𝑒  and 𝑞𝑡   respectively represent the amount of adsorbate adsorbed (mmol g
-1

) at 

equilibrium conditions and at particular time t. 𝑘1 represents the rate constant in min
-1

 for 

pseudo first order model. 

3.4.2 Pseudo second order kinetic model 

In 1995, Ho [141, 142] came up with another model named pseudo second order kinetic model 

which assumed that the uptake capacity is directly proportional to the available free sites on the 

surface of the adsorbent. 

 

The expression for pseudo-second order is given as: 

 2

2 te

t qqk
dt

dq


                                                                                                                    
(3.3)

 

Where, 𝑘2 represents the rate constant for pseudo second order equation and its units are g mol
-1 

min
-1

. Integration of the above equation within limits t = 0 to t and tq = 0 to tq  followed by 

rearrangement leads to following equation: 

tqk

tqk
q

e

e

t

2

2

2

1
                                                                                                                           (3.4) 

3.4.3 Elovich kinetic model 

Elovich model works on the principle that the amount of gas adsorbed on the adsorbent‟s 

surface falls exponentially with increase in the volume of adsorbate gas. It was originated in 

1934 when Zeldowitsch [143] observed an exponential fall in carbon monoxide adsorption rate 

on MnO2 (manganese dioxide) when amount of CO adsorbed increased. The rate equation for 

Elovich model can be presented as: 
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)( t
qb

e
dt

dqt



                                                                                                             

(3.5) 

Where, tq  (mmol g
-1

) is the amount of adsorbate gas adsorbed at time t;  and b respectively 

are constants representing the initial adsorption rate and surface coverage. The units of  and b 

are expressed in mmol per gram per second and gram per mmol respectively. Integrating the 

equation 3.5 between boundaries t = 0 to t and tq = 0 to tq , results in following equation:  

 b

t

b

b
qt

)(ln)(ln



                                                                                                            

(3.6)
 

3.4.4 Avrami kinetic model 

Avrami model [144] assumes random nucleation sites on the adsorbent surface and accounts for 

chemical as well as physical adsorption for the prediction of CO2 uptake. Equation expressing 

this model may be given as below: 

  n
a tk

et eqq


 1
                                                                                                        

(3.7)
                                                

                                                        

Where, ak  is the Avrami constant expressed in min
-1

.

3.4.5 Fractional order model 

This model assumes direct proportionality of adsorption rate with n
th

 and m
th

 power of 

driving force for adsorption and time required, respectively. 

The rate equation for fractional order can be depicted as [145]:  

  1 mn

n

t tGk
dt

dq
                                                                                                                  (3.8) 

Where, G = ( te qq  ) is the driving force for adsorption, 𝑘𝑛  is the rate constant for fractional 

order and m, n represent the fractional model constants 

Integration of the above equation within the above mentioned limits gives following 

equation: 

111)]1())1[((

1
) (


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nn

e

m

n

te
qtmkn

qq

                                                                              (3.9)
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3.4.6 Error calculation 

The kinetic modeling helps to predict the CO2 loading on adsorbents. However, the adequacy 

and uncertainty related to kinetic models is judged by deviation of predicted results from 

experimentally generated ones i.e. relative error (E) and coefficient of linear regression 

coefficient (0<R
2
<1). To evaluate the best-fit adsorption kinetic model, relative error 

percentage (E (%)) was calculated by the following expression. 

E (%) =  
   𝑞𝑡(𝑒𝑥𝑝 )−𝑞𝑡(𝑝𝑟𝑒𝑑 ) 𝑞𝑡(𝑒𝑥𝑝 )  

2

𝑁−1
× 100                                                                   (3.10)  

Where, qt(exp) is the experimentally determined CO2 loading, qt(pred) refers to model predicted 

CO2 uptake and N represents the number of experimental data points. 

3.5 Adsorption isotherm models 

Adsorption isotherm study helps to predict the sorption mechanism and get some knowledge 

about the surface characteristics of the porous adsorbent and its attraction towards the 

adsorbate. In a typical isotherm, the amount of adsorbate loading is plotted as a function of 

equilibrium concentration or partial pressure at a constant temperature. Therefore the 

experimentally obtained data was analyzed using Freundlich, Langmuir, and Temkin 

adsorption isotherm models to assess the equilibrium CO2 loading.  

3.5.1 Freundlich isotherm model  

Freundlich gave a relation on empirical basis, relating the amount adsorbed per unit weight of 

adsorbent and its partial pressure at fixed temperature which is applicable for non-ideal as 

well as multilayer sorption on non-homogeneous surfaces.  

It can be shown as [146]: 

𝑞𝑒 =  𝐾𝐹𝑃
1 𝑛                                                                                                                       (3.11) 

Further, the logarithmic form of equation is given as: 

P
n

Kq Fe log
1

loglog                                                                                                     (3.12) 

where, n and KF are the Freundlich coefficients which correspond to slope and intercept of 

log(qe) versus log(P) plot and these are respectively related to intensity and capacity of 

adsorption. 
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3.5.2 Langmuir isotherm model  

Langmuir, came up with a simple adsorption isotherm model which correlates amount of 

adsorbate adsorbed to the adsorbate partial pressure. Also, it assumes that adsorbate 

molecules occupy the single layer on adsorbent‟s surface and these molecules do not interact 

with each other.  

Langmuir isotherm equation can be presented as [147]: 

PK

PKq
q

L

Lm

e



1

                                                                                                                 (3.13) 

Where, qe (mmol g
-1

) refers to the adsorbate adsorbed at equilibrium and qm (mmol g
-1

) stands 

for the maximum adsorption of adsorbate in forming the monolayer. KL is the Langmuir 

constant and is represented in atm
-1

. 

3.5.3 Temkin isotherm model  

Temkin isotherm equation is formulated on the basis of even distribution of binding energies 

and assumes a linear fall in heat of adsorption with the surface coverage. Temkin model is 

expressed by following equation [148]: 

𝑞𝑒 = 𝐵 𝑙𝑛 𝐾𝑇𝑃                                                                                                                  (3.14) 

Where, B (J mol
-1

) is the isotherm constant and KT (atm
-1

) is the binding constant for Temkin 

model.  

3.6 Selectivity 

Another important parameter which assesses the competitive nature of a particular 

component over other components in a gas mixture towards adsorption is selectivity. Since 

the concentration of CO2 is substantially less than N2 in the flue gas, therefore its removal is 

rather challenging which can be overcome by high CO2 over N2 selectivity.  Theoretically, 

CO2/N2 selectivity can be evaluated with the following relation. Further, it can be compared 

with the adsorbed amounts measured from breakthrough curves. 

22

22

2

NCO

NCO

CO
YY

XX
S 

                                                                                                           

(3.15) 
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In the relation, symbol
2COX indicates the mole fraction of CO2 adsorbed by solid phase and 

2COY represents the mole ratio of CO2 in the gas phase. Similarly, 
22 NN YandX  signify the 

mole fractions in solid and gas phase respectively for N2. 

3.7 Thermodynamic investigation 

3.7.1 Thermodynamic properties 

For an efficient design of an adsorption system thorough knowledge of thermodynamic 

properties is desirable. However, adsorption thermodynamics concentrates around few 

important properties like isosteric heat of adsorption, Gibbs free energy change, enthalpy and 

entropy change. Gibbs function at standard conditions,  ∆𝐺0 (in J (mol)
-1

) is given below: 

 
eqg KTRG ln0                                                                                              (3.16) 

Where, Keq  represents the equilibrium constant obtained from Freundlich model at 

temperature T [149].  

Further, for evaluating the enthalpy and entropy change, van't Hoff equation is applied. This 

equation correlates adsorption equilibrium constant with adsorption temperature and can be 

represented by the following expression [149]. 

 
gg

eq
R

S

TR

H
K

 





1
ln

                                                                                 
(3.17) 

Where, ∆𝐻0 is the molar adsorption enthalpy and  ∆𝑆0 is the entropy change under standard 

conditions. From the slope of ln(Keq) and 1/T plot, the value of H can be obtained and 

intercept will provide the value for  ∆𝑆0 [150]. 

Isosteric heat of adsorption, Qst is considered as an indicator of interactive strength between 

the adsorbate and solid adsorbent. It measures the amount of heat generated during process of 

adsorption and therefore gives an idea of energy required for regeneration of the adsorbent. 

Qst at constant loading qe can be estimated from the Clausius–Clapeyron equation in kJ mol
-1

 

[151].  

          𝑄𝑠𝑡 =  −𝑅  
𝜕 𝑙𝑛  𝑃

𝜕 
1

𝑇
 
 
𝑞𝑒

                                                                                          (3.18) 
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Where, P and T indicate the pressure and temperature respectively, and qe is the amount of 

adsorbate adsorbed. 

3.7.2 Heat duty for regeneration 

 

The regeneration heat duty of the adsorbent (Qr) can be calculated from a simple equation as 

mentioned below: 

sendr QQQ 
                                                                                                                    

(3.19) 

Where, senQ  represents the sensible heat i.e. the amount of heat added to raise the 

adsorbent‟s temperature to desorption temperature and dQ
 
is the heat required for desorption 

which is assumed to be almost same as stQ  i.e. the heat released during adsorption. Units for 

both the terms are depicted as kJ mol
-1

. Sensible heat can be determined from following 

equation: 

senQ = 
capacityAdsorption

TTC adp )(* 

                                                                                           

(3.20) 

Where, 
pC  represents the specific heat capacity in J (g)

-1 
(K)

-1 
and dT  and aT  indicate the 

desorption and adsorption temperature respectively. 

3.8 Software used 

XPS spectra were analyzed through highly featured software named XPS peak 4.1. 

Application software Origin Pro 8 was utilized for fitting of different kinetic as well as 

isotherm models with the experimentally generated data through non-linear regression. 

Adsorption column breakthrough profiles were modeled and simulated in MATLAB 

environment using MATLAB R2015a software. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Schematic representation of the experimental setup for dynamic adsorption study 
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Chapter 4 – Polyethylene Terephthalate (PET) Based Porous Carbon 

Adsorbents 

4.1 Adsorbent preparation  

4.1.1 Carbonization of polyethylene terephthalate waste 

Initially, waste PET bottles were properly washed and then manually squashed. Then, they were 

hacked into smaller pieces and approximately 20–22 g of material was loaded into the ceramic 

boat for carbonization at different temperatures (500–800 °C) in a tubular furnace under an 

atmosphere of inert nitrogen maintaining heating rate of 10 °C min
−1

 for almost 2 h under 

isothermal conditions. The sample which was carbonized at 700 °C produced highest CO2 uptake 

as compared to other samples, hence it was considered as reference sample for further 

investigations and named as B-700. Thereafter, the carbonized material was cooled and ground 

to fine size and then activated with two different chemicals using KOH and K2CO3. 

 

4.1.2 Chemical activation of carbonized PET material  

For chemical activation of samples, the selected activating agent was thoroughly mixed with the 

char with varying mass ratios of activating agent to carbon (1 to 4). The obtained mixtures were 

dried in an oven for 12 h at 105 ºC.  

4.1.3 Preparation of chemically activated adsorbents 

Initially, the activation was performed with KOH. The KOH activated sample was dried 

overnight and then carbonized in quartz tubular furnace in N2 atmosphere (flow rate 50-60 ml 

per min). To attain the temperature of 500 ºC, heating rate of 10 ºC per minute was maintained in 

the furnace. The process was repeated for three other temperatures specifically 600, 700 and 800 

ºC and the sample loaded in furnace was kept for 2 h under isothermal conditions. Later the 

samples were properly washed with 1 M HCl and then repeatedly with distilled water to 

eliminate excess chlorides and KOH. The activated samples were again dried in an oven at 120 

ºC prior to usage in study. Finally, the samples were named as Act-m-n where „m‟ described the 

mass ratio of KOH to carbon and „n‟ denoted the activation temperature. All notations of the 

prepared carbon adsorbents along with their activation conditions are summed up in Table 4.1. 
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The schematic diagrams for the preparation of carbon adsorbents and activated samples are 

depicted in Fig. 4.1 (a) and Fig. 4.2 (b) respectively. 

 

Fig. 4.1 (a) Schematic of the preparation of the carbon adsorbents from PET waste  

 

 

Fig. 4.1(b) Schematic of chemical activation process of carbon adsorbent(s) 
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Table 4.1 Carbon adsorbent samples
@

 and their activation conditions 

Sample 

representation 

KOH to carbon 

(mass ratio) 

Activation temperature 

(ºC) 

B-700 - - 

Act-1-700 1 700 

Act-2-700 2 700 

Act-3-700 3 700 

Act-4-700 4 700 

Act-3-500 3 500 

Act-3-600 3 600 

Act-3-800 3 800 

@ carbonized at 700 ºC 
 

 

4.2 Characterization  

            4.2.1 Surface area and pore size distribution  

Nitrogen adsorption and desorption isotherms of directly carbonized sample B-700 and 

KOH activated adsorbent samples are shown in Fig. 4.2(a). 

  

Fig. 4.2 (a) N2 adsorption and desorption (at 77K) isotherms measured for carbon samples 

and (b) Pore size distribution of samples by NLDFT method (inset: BJH plot) 

It is quite noticeable from the isotherms that volume of N2 absorbed is minimal in B-700 

(a) (b) 
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indicating lack of porosity in the sample. Whereas, the chemically activated (at 700°C) 

samples show the predominance of micropores as illustrated from the shape of isotherms 

(typical Type 1) as described by IUPAC classifications for microporous materials. Also, 

existence of H4 hysteresis loop inside relative pressure (P/Po) range of 0.45 to 0.90 

indicate the presence of slit-like mesopores along with micropores [152]. This behavior 

may be due to the catalytic action of KOH which enhanced the rate of gasification reaction 

(equations 4.1 to 4.2). Further, the intermediates like K2CO3 and K2O either decomposed 

or reacted at dynamic sites present in carbon (equation 4.4 and 4.5) which led to 

generation of plentiful micropores  [153].  

4KOH + C   4K + CO2 + 2H2O  (4.1) 

2KOH   K2O + H2O   (4.2) 

K2O + CO2  K2CO3   (4.3) 

K2CO3 + 2C   2K + 3CO  (4.4) 

K2O + C   2K + CO  (4.5) 

Table 4.2 depicts substantial improvement in surface area values of activated samples in 

comparison to that of a directly carbonized sample (B-700). Further, KOH to carbon mass 

ratio also affected surface area and pore volume. These parameters improved with KOH to 

carbon mass ratio upto 3 and decreased with further increase in mass ratio which may be 

attributed due to collapsing of pores. Highest surface area of 1690 m
2
 g

-1
 was obtained for 

Act-3-700 and volume occupied by micropores and mesopores was recorded to be 0.78 

cm
3
 g

-1 
and 0.05 cm

3
 g

-1
, respectively. Pore size distributions (PSDs) of the adsorbent 

samples are presented in Fig. 4.2(b). PSDs clearly show the dominance of micropores in 

all the activated samples which are totally absent in directly carbonized sample (B-700). 

High micropore surface suggests exposure of higher number of active sites for maximum 

number of interactions with the incoming gas molecules which would result in greater 

mass transport of CO2. Also, the kinetic diameter of CO2 (3.30 Å) is smaller than that of 

N2 (3.64 Å), therefore it has a higher tendency to penetrate the pores and get trapped. The 

NLDFT method was employed for micropore analysis of samples and BJH pore size for 

mesopores (shown in Fig. 4.2(b) inset). Pores can be classified in two main types: (1) 

ultrafine micropores (<1 nm), and micropores (1 to 2 nm), (2) small mesopores (2 to 10 
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nm) and the optimum sample possesses ultramicroporosity which is beneficial for trapping 

CO2 gas [154, 155]. Hence, the results show that activation conditions affect textural 

properties and best values are obtained at optimal temperature and mass ratio of activating 

agent to precursor [155]. The size of the pores fall within the range of 1 to 2 nm, which is 

considered a fine array for diminutive molecule adsorption.  

4.2.2 Elemental (CHN) analysis 

Table 4.2 Textural properties and elemental analysis of the activated adsorbents 

 Elemental analysis of carbon adsorbents confirms the enhancement of oxygen content 

with KOH activation as apparent from Table 4.2. It can be seen that with enhancement in 

KOH to carbon mass ratio up to 3 the oxygen content increased from 19.0 to 34.3 % 

owing to inclusion of oxygen during activation, making Act-3-700 more basic for 

capturing acidic gases. Carbon content (%) decreased with increase in impregnation ratio 

and its percentage was smallest for Act-3-700 (65.1%) which might be due to removal of 

C-C bonds in comparison to oxygen functionalities. The increase in oxygen content 

indicates that oxygen molecules are added in the adsorbent due to activation process. 

Similar observations were made by Tiwari et al. [139]. From these results, it can be 

concluded that Act-3-700 has been activated properly and has developed highest surface 

area making it more suitable for CO2 capturing. B-700 shows presence of very small 

amount of oxygen which reduces its affinity towards CO2 due to more acidic nature than 

other samples. 

Textural properties of adsorbents, from N2 adsorption  

isotherms at -196
o
C 

Composition  of elements 

(wt %) 

Carbon 
sample 

BET  area, 
SBET  
(m

2
 g

-1
) 

Total pore 
volume, Vp 
(cm

3 
g

-1
) 

Mesopore 
volume, Vme  
(cm

3
 g

-1
) 

Micropore 
volume, Vmi 
(cm

3
 g

-1
) 

C H O* 

 B-700 9.27 0.01 - -  86.0 2.27 11.7 

Act-1-700 591 0.26 0.01 0.25 80.4 0.63 19.0 

Act-2-700 1320 0.67 0.07 0.60 68.1 0.57 31.3 

Act-3-700 1690 0.83 0.05 0.78 65.1 0.57 34.3 

Act-4-700 1280 0.66 0.07 0.59 69.6 0.48 29.9 

*calculated by difference      
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 4.2.3 X-ray diffraction (XRD) analysis 

  

Fig. 4.3 XRD patterns of carbon adsorbents 

 Fig. 4.3 illustrates the XRD patterns of carbon adsorbent carbonized at optimum temperature of 

700°C without activation and carbonizates activated at different impregnation ratios. Noticeable 

decrease in peak intensities is observed in XRD patterns of all KOH activated samples. Also, 

peak broadening is observed at 2θ range between 22-23
o
 and a small hump is visible in the 2θ 

span of 43-45
o
 in all the samples.

 
Former values of 2θ  may be indexed as (0 0 2) for diffraction 

planes present in graphitic carbon and later is attributed to the overlapping of (1 0 0) and (1 0 1) 

diffraction peaks indicating disordered structure and low crystallinity of the samples [156, 157]. 

Also, KOH activated samples with KOH:carbon mass ratio of 2, 3 and 4 indicate presence of an 

intense and sharp peak at 2 θ= 59
◦
 of graphitic carbon which is not visible in B-700 and Act-1-

700, suggesting that former samples possess more graphitic pore walls and higher crystallinity 

than non/less activated  ones  which have more amorphous pore walls [158]. The interlayer 

spacing was calculated using Scherrer‟s formula as 2.703 A° for the optimum sample. The 

difference in structure between the activated carbons and graphite are reflected through visible 

enlargement and irregular comparative intensities of the (0 0 2) and (1 0 1) diffractions [159]. 

Hence, it can be deduced that KOH activation results in the formation of disordered and 

arbitrarily oriented graphitic carbon layers which subsequently lead to generation of high 

specific surface areas favorable for CO2 adsorption [152, 160].  
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4.2.4  High resolution transmission electron microscopy (HRTEM) 

HRTEM was used for examining the particle morphology of the prepared carbons. Fig. 4.4 

shows the HRTEM micrographs of the directly carbonized sample and other samples prepared 

by chemical activation.  

 

Fig. 4.4 HRTEM images of directly carbonized sample along with activated carbons (a) B-700, 

(b) Act-1-700 (c) Act-2-700 (d) Act-3-700 and (e) Act-3-700 at higher magnification (f) Act-4-

700 

Particle size of all the activated samples lies in nano range varying between 20 to 50 nm. 

However, Fig 4.4 (d and e) show the porous structure of Act-3-700 illustrating the pores with 

size less than 5nm. Also, these images elucidate the microstructure of the spherical units of Act-

3-700.  

4.2.5 Scanning electron microscopy (SEM) 

Fig. 4.5(a) shows the structural morphology of the sample (B-700) prepared by the carbonization 

process and SEM micrographs of the chemically activated adsorbent samples can be seen in Fig. 

4.5[(b)-(e)]. 
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              Fig. 4.5 Scanning electron micrographs of (a) B-700, (b) Act-1-700, (c) Act-2-700, (d) Act-3-

700, (e) Act-4-700 

It is seen that the adsorbent prepared through direct carbonization (B-700) consists of a minimal 

number of pores whereas chemically activated carbons appear as agglomerates consisting of 

small grains with voids which can offer admittance to the porosity. The best porous structure can 

be seen in sample Act-3-700 and this is also in agreement with a proper N2 adsorption/desorption 

isotherm. Such morphology indicates that effect of KOH activation is uniformly spread over the 

surface of the substrate. This porous structure development is mainly due to release of excess 

gases (CO and CO2) during activation process and HCl treatment carried prior to activation 

process for removal of potassium. Development of porosity makes adsorbent feasible for 

capturing and retaining maximum amount of CO2 molecules. Hence this can be inferred that 

KOH activation process helped in better development of pores. On the basis of SEM and 

HRTEM results, it can be established that all the activated adsorbents from PET possess porosity 

required for adsorption of CO2. 

4.2.6 FTIR analysis  

FTIR analysis was used to detect the binding sites involved in the adsorption process. FTIR 

spectra of samples recorded prior to and after KOH activation are shown in Fig. 4.6. 
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Fig. 4.6 FTIR spectra of  directly carbonized (B-700) and KOH activated samples 

All the samples illustrate the peaks of analogous functional groups but with diverse intensities. It can be 

seen that directly carbonized sample i.e. B-700 exhibits broader peaks with overlapping bands indicating 

its composite structure. Three prominent peaks occurring at 3440 cm
-1

, 1620 cm
-1

, and 1079 cm
-1

 

noticed in all the samples. Here, peak near 3440 cm
-1

 is attributed to vibration caused by O-H stretching 

by virtue of adsorbed water or hydroxyl functional groups [161]. Band in range of 1620-1640 cm
-1

 is 

due to stretching of carboxylate ion (COO-) and ester carbonyl groups [162]. A peak at ~1079 cm
-1

 is a 

distinguishing feature of C-O-C stretch in aromatic ethers, thus confirming the existence of oxygen 

[152]. Additionally, few less distinct peaks occurring at ca. 2900, 2300, 1440, 780 and 680 cm
-1

 

corresponding to C-H aliphatic stretching indicative of increasing unsaturation [26, 163, 164], C-H sp
3
 

stretching [165], bending vibrations of O-H groups of alcohols [166], out of plane bending of C-H 

groups in benzene derivatives [167], out of plane bending of -OH group present in alcohols [168], 

respectively were seen. Band intensities at ca. ~3400 cm
-1

 and ~1000 cm
-1

 signify presence of 

oxygenated functional groups which enhance the Lewis basic character of the activated samples and thus 

facilitate capture of acidic CO2 [152]. Though the intensity of these two peaks is maximum for Act-4-

700 but the XPS study (Table 4.4) confirms the presence of basic oxygen moieties (O2 and O3) in 

higher amount (~70 %) in Act-3-700 than Act-4-700 (~47%) leading to higher CO2 capture capacity.  
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4.2.7 X-ray photoelectron spectroscopy (XPS) analysis 

  

  

 
 

 

 

Fig. 4.7 High resolution XPS spectra of C1s region for (a) B-700 and (b) Act-1-700 (c) Act-2-

700 (d) Act-3-700 (e) Act-4-700 

(a) 

(c) (d) 

(b) 

(e) 
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Fig. 4.7 shows the de-convolution of C1s spectra of different samples for optimum fitting into 

four peaks where C1 (BE = 284.0–284.3 eV) represents sp
2
 and sp

3
 atoms of carbon [169], C2 

(BE = 285.3–285.7 eV) corresponds to C-O bond of alcoholic, phenolic, ether or imine groups, 

C3 (BE = 286.8–287.4 eV ) represents carbonyl or quinone groups and C4 (BE = 288.5–289.2 

eV) represents carboxyl or ester group [170]. With the rise in KOH to carbon mass ratios the 

content of graphitic carbon drops while the oxygenated carbon (C2+C3+C4) increases 

demonstrating progression of the reaction between carbon and KOH as shown in Table 4.3 [171]. 

Table 4.3 XPS results of C1s spectra  

Fraction of functional groups in Cls spectra (%) 

Sample  Graphite 

(C1) 

Phenol –

ether(C2) 

Carbonyl- 

quinine(C3) 

Carboxyl-

ester(C4) 

B-700 BE 284.3 285.7 - 288.5 

FWHM 0.96 2.35 - 3.73 

A % 49.97 32.99 - 17.03 

Act-1-700 BE 284.0 284.5 286.1 288.5 

FWHM 1.34 1.71 2 1.29 

A % 47.68 40.30 9.44 2.57 

Act-2-700 

 

BE 283.8 284.5 286.8 288.8 

FWHM 1.21 2.5 2 1.61 

 

A % 35.75 53.32 5.27 5.63 

 

Act-3-700 

 

BE 284.0 284.5 286.8 288.8 

FWHM 1.01 1.91 1.99 1.5 

A % 29.50 59.94 6.62 3.92 

Act-4-700 BE 284.2 285.3 286.2 289.4 

 FWHM 1.18 1.15 2.32 2 

 A % 33.97 30.08 27.86 11.08 

 

Deconvolution of O1s XPS spectra of various carbon samples into four prominent peaks at 

binding energies beginning at 530.7 eV (O1), and then followed by 531.65 eV (O2), 532.73 eV 

(O3) and 533.7 eV (O4) consecutively are shown in Fig. 4.8. 
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Fig. 4.8 High resolution XPS spectra of O1s region for (a) B-700 and (b) Act-1-700 (c) Act-2-

700 (d) Act-3-700 (e) Act-4-700 

(e) 

(a) (b) 

(d) (c) 
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Peak O1 is related to ketone group, O2 represents carbonyl [172], O3 pertains to hydroxyl group 

and O4 indicates existence of carboxylic group [173]. Values of area % confirm the presence of 

higher O2 and O3 oxygen moieties in Act-3-700 as indicated in Table 4.4, which is a 

characteristic feature of more basic samples leading to higher affinity towards acidic gas CO2 

[174].  

Table 4.4 XPS results of O1s spectra  

The fraction of functional groups in Ols spectra (%) 

Sample  Ketone(O1) Carbonyl(O2) Hydroxyl(O3) Carboxyl(O4) 

B-700 BE 530.7 531.65 532.73 533.7 

FWHM 2.11 1.73 1.89 2.14 

A % 23.84 19.03 20.06 37.05 

Act-1-700 BE 530.93 531.87 532.7 533.7 

FWHM 1.93 1.14 1.81 3.94 

A % 35.22 10.39 34.40 19.96 

Act-2-700 BE 530.4 531.28 532.30 533.8 

 FWHM 1.33 1.62 2.1 2.45 

 A % 31.28 24.95 36.49 7.26 

Act-3-700 BE 530.37 531.14 532.29 533.79 

 FWHM 1.55 1.64 1.95 1.55 

 A % 21.47 31.54 39.52 7.45 

Act-4-700 BE - 531.49 532.38 533.79 

 FWHM - 1.99 2.35 2.75 

 A % - 11.63 35.47 52.89 
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4.2.8 Thermal analysis  

 

TG and DTG curves of raw PET, carbonized PET and activated carbon adsorbents are shown in 

Figs. 4.9 and Fig. 4.10 respectively.  

 

Fig. 4.9 Thermogravimetric (TG) curves of raw PET and carbon adsorbents 

 

Fig. 4.10 Derivative thermogravimetric (DTG) curves of raw PET and carbon adsorbents 
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Raw PET decomposed at ca. 400 °C showing a substantial weight loss of about 95%. However, 

for other samples changes in weight are observed in two distinct regions. Weight loss in the 

initial region (up to 100 °C) is mainly due to the removal of moisture; whereas, drop in weight 

with temperature increase from 300-800 °C is probably due to the evolution of CO and CO2 as a 

result of thermal decomposition of oxygen moieties (especially carbonyl and carboxylate groups) 

present in the adsorbent samples. The weight loss order observed in the 300-800 °C
 
range is: 

Act-4-700 (76.3%) > Act-1-700 (74.83%) > Act-2-700 (71%) > Act-3-700 (67.2%) > B-700 

(41.8%). Among the activated samples minimum weight loss by Act-3-700 suggests good 

integration between the carbon surface and oxygen functional groups formed due to KOH 

activation and hence supporting to exhibit the highest thermal stability by the optimum sample. 

DTG curve for raw PET very distinctly indicates the absence of moisture as no peak for mass 

loss is observed till the temperature of 100 °C. However, it shows a substantial mass loss at 413 

°C suggesting thermal instability at this temperature. DTG curves for all other carbon adsorbents 

show mainly one prominent peak which lies in the range of 71-83 °C. This may be ascribed to 

release of moisture adsorbed by the samples. 

4. 3 CO2 adsorption performance  

4.3.1 Preliminary analysis  using TGA 

 In order to observe the effect of various activation parameters on CO2 adsorption capacity at 

preliminary stage, dynamic CO2 uptake of prepared porous adsorbents was evaluated 

thermogravimetrically. A thermogravimetric analyzer (model TA Q500, TA instruments, USA) 

was used to carry out the dynamic CO2 adsorption-desorption measurements of the carbon 

adsorbents. Before adsorption, the sample was pretreated in an oven at 200 °C for 12 h. Around 

18-20 mg of the completely dried sample was kept in the thermogravimetric platinum pan and 

temperature of assembly was raised to 200 °C. It was retained at this temperature for 2 h under a 

steady flow of 50 ml.min
-1

 N2 gas for eliminating wetness and previously adsorbed gases. 

Thereafter, the furnace temperature was lowered to bring down the temperature of assembly to 

the desired temperature of adsorption and detained at this temperature for 10 min. Then, 100% 

CO2 gas was made to pass in place of N2 gas at the same flow rate. CO2 uptake capacities were 

obtained by recording the variation in weight with time. After the adsorbent sample got 
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saturated, column was purged with N2 gas for desorption at 200 °C. The process was repeated at 

various conditions for examining the effect of activation parameters on CO2 uptake. Since this 

method involves adsorption on weight gain basis, it generally results in higher adsorption 

capacity due to adsorption of other gases. Therefore, for precise results dynamic adsorption was 

performed in fixed bed column coupled with gas chromatograph (GC) for CO2 concentration 

monitoring. CO2 uptake of prepared porous adsorbents was evaluated at a particular CO2 

concentration (12.5%) and constant temperature (30 °C). 

4.3.1.1 Effect of activation time  

To study the effect of variation in activation time from 1 h to 2.5 h, dynamic CO2 uptake 

capacities of obtained samples were initially evaluated thermogravimetrically (labelled TGA) 

and then through fixed bed column coupled with gas chramatograph (labelled GC). The variation 

in CO2 uptake with time is depicted in Fig. 4.11. Both the methods showed an improvement in 

adsorption capacity when the activation time was enhanced from 1 to 1.5 h, and thereafter the 

adsorption became sluggish till 2 h time. Further, increase in time up to 2.5 h caused decrease in 

adsorption capacity. Therefore, 2 h  is the optimum time for adsorbent activation. 

 

Fig. 4.11 Effect of activation time on CO2 uptake capacity of porous adsorbents evaluated 

thermogravimetrically with 100% CO2 and in fixed bed with 12.5% CO2 at 30 °C 

 

 



60 

 

4.3.1.2 Effect of KOH to carbon ratio 

Further, four different samples were prepared by varying KOH to carbon mass ratios (1-4). The 

carbon samples were activated in tubular furnace at 700 ˚C for 2 h and it was found that 

thermogravimetric CO2 uptake showed good improvement with enhancement in KOH to carbon 

mass ratio up to 3 and declined further when ratio was raised to 4 as depicted in Fig. 4.12. This 

may be attributed to proper activation of Act-3-700 which is also confirmed from higher oxygen 

content and higher surface area (Table 4.2) of this sample resulting in higher adsorption capacity. 

This could be also due to cleavage of more C-C bonds than oxygen functional group. However, the 

decrease in adsorption capacity of the adsorbent sample Act-4-700 is probably due to deterioration 

of its textural properties, pore blockage caused by higher KOH:carbon mass ratio and more 

contribution of carboxyl (O4) functional group imparting acidic nature to sample which was 

confirmed from XPS results. Similar trend was observed for CO2 uptake evaluated in fixed bed 

column but with lower values. Consequently, KOH to carbon mass ratio of 3 was finally selected 

for further study.  

 

Fig. 4.12 Effect of KOH:carbon mass ratio on CO2 uptake capacity of porous adsorbents 

evaluated thermogravimetrically with 100% CO2 and in fixed bed with 12.5% CO2 at 30 °C 

4.3.1.3 Effect of activation temperature  

Fixing KOH to carbon mass ratio of 3, adsorbent samples were prepared at different activation 

temperatures (500 to 800 ˚C) and activated for 2 h. The CO2 uptake capacities of prepared 
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samples were determined thermogravimetrically and in fixed bed column. The results are shown 

in Fig. 4.13. The amount of CO2 adsorbed increased as the temperature of activation was raised 

to 700 ˚C and slowed down when the temperature was further increased to 800 ˚C. Actually, the 

reaction between KOH and carbon atoms does not proceed to completion at lower temperatures, 

thereby resulting in lesser number of micropores leading to reduced CO2 adsorption capacity at 

lower temperatures. However, their potential to generate more pores increases with rise in 

temperature but still higher temperatures (> 700 ˚C) might be responsible for collapsing of pores 

and hence lowered CO2 adsorption capacity.  

 

 Fig. 4.13 Effect of activation temperature on CO2 uptake capacity of porous adsorbents evaluated 

thermogravimetrically with 100% CO2 and in fixed bed with 12.5% CO2 at 30 °C 

Therefore, the optimum conditions considered for adsorbent development were activation 

temperature of 700 ˚C, KOH to carbon mass ratio 3 and 2 h activation time. Thus, Act-3-700 was 

considered as most favorable sample for further study. 

4.3.1.4 Effect of activating agent 

In order to investigate the effect of another activating agent, fresh adsorbent sample was 

prepared by activating B-700 (carbonized PET waste at 700 °C) with potassium carbonate 

(K2CO3) following same procedure as mentioned in sections 4.1.2 and 4.1.3. Four samples were 

prepared by activating in variable K2CO3:carbon mass ratios (1-4) but at constant activation 
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temperature of 700 °C for 2 hours. The samples were named as KCA-a-b, where „a‟ symbolized 

the mass ratio of K2CO3:carbon and „b‟ represented the temperature set for activation.  

Characterization of K2CO3 activated samples 

The N2 sorption isotherms of directly carbonized sample and K2CO3 activated samples are 

depicted in Fig. 4.14(a). Results indicate insignificant adsorption of nitrogen by the base sample 

suggesting non-porous nature of sample. The shape of isotherms for all the chemically activated 

samples follows typical Type 1 isotherm which confirms the presence of micropores. 

  

Fig. 4.14 (a) N2 adsorption and desorption (at 77K) isotherms measured for carbon samples and 

(b) Micropore distribution of samples (inset: BJH pore size distribution) 

The surface and textural properties of K2CO3 activated samples are displayed in Table 4.5. It can 

be observed that with increase in K2CO3:carbon mass ratio upto 3 there was an increase in pore 

volume which decreased with further increase in mass ratio. This may be attributed to widening 

of pores during activation causing increase in micropore volume and eventually total pore 

volume. Under inert atmosphere, K2CO3 gets reduced by carbon to produce metallic potassium 

and carbon monoxide (Equation 4.4) which causes loss in weight and increase in specific surface 

area [175]. However, the pores get collapsed at higher K2CO3:carbon mass ratio. Similar trends 

in surface area and pore volume were observed for KOH activation also. KCA-3-700 exhibited 

highest surface area and maximum micropore volume of 658.6 m
2
 g

-1
 and 0.26 cm

3
 g

-1
 

respectively. Pore size distributions of K2CO3 activated samples are presented in Fig. 4.14(b). 

PSDs clearly show the presence of micropores in the range of 0.8-2.4 nm in all the activated 
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samples while micropore volume was almost confined in narrower range of 0.8-1.5 nm for KCA-

3-700 which exhibited highest CO2 adsorption capacity. The NLDFT method was applied for 

analysis of micropores and BJH method for obtaining PSD (shown in Fig. 4.14(b) inset). 

Table 4.5 Textural properties of K2CO3 activated adsorbents from N2 adsorption isotherms  

Carbon sample BET  area, 
 SBET  

 (m
2
 .g

-1
) 

Total pore 
volume, Vp 
(cm

3 
.g

-1
) 

Mesopore 
volume, Vme  
(cm

3
 .g

-1
) 

Micropore 
volume, Vmi 
(cm

3
 .g

-1
) 

KCA-1-700 54.8 0.12 0.05  0.07 

KCA-2-700 186.7 0.18 0.04  0.14 

KCA-3-700 658.6 0.32 0.06  0.26 

KCA-4-700 592.3 0.29 0.07  0.22 

SEM analysis was performed to examine the change in surface texture before and after 

activation. Fig. 4.15(a) depicts the SEM image of the sample B-700 and micrographs of 

adsorbent samples prepared by K2CO3 activation can be seen in Fig. 4.15[(b)-(e)]. 

 

Fig. 4.15 Scanning electron micrographs of (a) B-700, (b) KCA-1-700, (c) KCA-2-700, (d) 

KCA-3-700, (e) KCA-4-700  

As apparent from micrographs, adsorbent prepared by direct carbonization (B-700) possesses 

almost non-porous surface. However, all the adsorbent samples activated with different K2CO3 to 
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carbon ratio show improvement in porosity, with KCA-3-700 showing the finest pore structure. 

During activation and carbonization, K2CO3 decomposes to form potassium oxide (K2O) which 

reacts with active carbon to release gases like CO and CO2. Similar, behavior was observed with 

KOH activated samples also. However, the pores were finer in KOH activated samples in 

comparison to K2CO3 activated samples. 

 

Fig. 4.16 XRD patterns of K2CO3 activated adsorbent samples 

Fig. 4.16 illustrates the X-ray micrographs of the reference sample (directly carbonized sample) 

and activated samples prepared with different K2CO3:carbon mass ratios. No intense peak was 

observed for any of the sample, clearly indicating amorphous nature of the adsorbent samples.  

The peak intensities diminished with increase in K2CO3. Broadening of peak is observed in 2θ 

range of 25-27
o
 followed by a small hump between 43-45

o
 in all the samples.

 
For the similar 

reasons as explained in section 4.2.3, the values of 2θ in former region are indexed as (0 0 2) and 

(1 0 1) in later region. These values point towards the disordered structure and poorly crystalline 

nature of the samples. Hence, it can be concluded that K2CO3 activation also contributes in 

generation of high surface area due to uneven and randomly oriented carbon layers favorable for 

gas adsorption. 

Elemental analysis of the K2CO3 activated samples was performed to find out the content of 

elements present in the samples as shown in Table 4.6. From the results it can be interpreted that 
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with increase in K2CO3 to carbon mass ratio up to 3, carbon content (%) decreased from 78.1 to 

75.3% due to removal of C-C bonds and the oxygen content increased from 20.9 to 26.5 % due 

to addition of oxygen during activation, thus making KCA-3-700 more basic which is beneficial 

for capturing acidic gases. However, the increase in oxygen content was about 34.3% for KOH 

activated samples which is much higher than K2CO3 activated samples indicating higher basicity 

of former samples.  

Table 4.6 Elemental analysis of K2CO3 activated adsorbent samples 

Carbon sample 
Content of elements (wt %) 

C H O* 

KCA-1-700 78.1 1.03 20.9 

KCA-2-700 77.8 0.77 21.4 

KCA-3-700 72.5 0.98 26.5 

KCA-4-700 75.3 1.19 23.5 

*by difference 

The characterization results show that KOH activated samples possess improved porosity, higher 

oxygen content, and better textural properties than K2CO3 activated samples which strongly point 

towards the their higher probability to capture CO2. 

4.3.2 Dynamic CO2 adsorption-desorption measurements 

4.3.2.1 Effect of activating agent:carbon ratio 

Figs. 4.17 (a) and (b) demonstrate the breakthrough curves for adsorbent samples activated with 

different KOH:carbon and K2CO3:carbon mass ratios respectively at 30 °C and 12.5% CO2. A 

breakthrough curve can be plotted by recording the exit concentration of the adsorbate with 

respect to time. In the start of the adsorption process, most of the adsorbate gets adsorbed in the 

bed, indicating zero concentration at the exit. Gradually, the mass transfer zone travels further till 

the whole bed gets saturated. At this point, the adsorbate oozes out of the bed and its 

concentration (C) starts increasing till it equalizes inlet concentration (Co). The exit 

concentration is recorded for plotting breakthrough curves. 
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Fig. 4.17 Breakthrough curves of (a) KOH activated adsorbents (b) K2CO3 activated adsorbents 

It can be observed in the figures that during the initial stage, CO2 was not detected in the exit 

stream for both the activated samples, indicating complete adsorption of gas. But after some 

time, concentration of CO2 in the outlet started increasing and correspondingly C/Co ratio too, 

suggesting progression of mass transfer zone towards the bed outlet. This progression was 

comparatively faster in KOH activated samples than K2CO3 activated samples as evident from 

shorter breakpoint time (tb =1.6 min) and higher dynamic adsorption capacities, elucidating better 

textural properties and surface properties of KOH activated samples (SBET = 1690 m
2
g

-1
 and Vmi = 

0.78 cm
3
 g

-1
). In Fig. 4.17(a), the breakthrough curve for Act-3-700 appeared broader in 

comparison to curves of the other samples. This clearly suggests faster penetration of CO2 in the 

adsorbent bed thereby exhibiting maximum adsorption capacity (1.31 mmol g
-1

). Also, similar 

trend was seen in Fig 4.17(b) where KCA-3-700 (tb = 1.8 min) displayed broadest curve and 

subsequently showed highest CO2 uptake of 0.89 mmol per gram of adsorbent. The reason for 

this behavior may be due to inferior surface textural features of the sample (SBET = 658.6 m
2
g

-1
 

and Vmi = 0.26 cm
3
 g

-1
). Therefore the bed packed with Act-3-700 saturated earlier resulting in 

shorter breakthrough time than KCA-3-700. B-700 with negligible porosity showed the steepest 

curve with least breakpoint time of CO2 in the bed, thereby resulting in minimum adsorption 

capacity.  

  

(b) (a) 
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Fig. 4.18 CO2 uptake by carbon adsorbents at 30 °C and 12.5% CO2  

Further, the equilibrium CO2 adsorption capacities of KOH and K2CO3 activated samples with 

different impregnation ratios at 30 °C and 12.5% CO2 concentration are shown in Fig. 4.18. It 

was observed that CO2 uptakes of K2CO3 activated samples followed similar trend as observed 

with KOH activated carbon samples. CO2 adsorption capacity increased with increase in K2CO3 

to carbon mass ratio up to 3 and dropped with further increase in mass ratio. Highest CO2 uptake 

of 1.31 mmol g
-1

 and 0.89 mmol g
-1

 was exhibited by Act-3-700 and KCA-3-700 respectively. 

Similar effect of activating agents on CO2  capture capacity has been reported in literature [176, 

177]. Higher CO2 uptakes obtained at all ratios of KOH activation may be attributed to its well-

built porous structure as established from SEM & TEM results. Also, the XPS analysis 

confirmed the existence of oxygen moieties which enhance basicity in the adsorbent, thereby 

increasing its attraction towards acidic CO2 gas. Pevida et al. [178] also reported similar results. 

Further, KCA-3-700 showed lower adsorption capacity due to inferior textural properties and 

lesser oxygen content as observed from BET and elemental analysis. Therefore, it can be 

concluded that CO2 capture capacity is greatly influenced by presence of basic functionalities 

and textural properties. 
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4.3.2.2 Effect of adsorption temperature 

At 5% CO2 concentration  

CO2 breakthrough curves for Act-3-700 and KCA-3-700 plotted at different adsorption 

temperatures (30, 50, 75, and 100 °C) at 5% CO2 concentration are shown in Fig. 4.19 (a) and (b) 

respectively.  

 

 

Fig. 4.19 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 5% CO2 and 

different temperatures 

It is recognized that with increase in temperature from 30-100 °C, adsorbents got saturated 

earlier and thereby showing a decline in CO2 adsorption capacity from 0.55 to 0.28 mmol g
-1

 and 

0.36 to 0.17 mmol g
-1

 for KOH and K2CO3 activated samples respectively. At all temperatures, 

initially no CO2 was spotted at the outlet of the fixed bed column owing to adsorption of CO2 

molecules on the surface and pore sites of the adsorbent. The exit of CO2 gas from the column 

followed the order as 100 °C > 75 °C > 50 °C > 30 °C. This tendency might be due to breakpoint 

time stretch caused due to fall in temperature, which consequently enhanced the adsorption 

capacity at lower temperatures. Also, this behavior is an indicative of physisorption nature of the 

adsorption process. Similar observations have been reported in literature [139, 179].  

 At 7.5% CO2 concentration  

Breakthrough behavior of Act-3-700 and KCA-3-700 were observed at 7.5% CO2 concentration 

and different temperatures (Fig. 4.20(a) and (b)). The corresponding equilibrium CO2 adsorption 
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capacities are given in Tables 4.7 and 4.8. From the figure, it can be interpreted that when the 

adsorption temperature increased from 30-100 °C there was an appreciable decrease in CO2 

adsorption capacity. The CO2 uptake decreased from 0.81 to 0.34 mmol g
-1

 for KOH and 0.57 to 

0.22 mmol g
-1

 for K2CO3 activated samples respectively.  

 

Fig. 4.20 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 7.5% CO2 and 

different temperatures 

At 10% CO2 concentration  

Fig. 4.21(a) and (b) depict the CO2 breakthrough curves for Act-3-700 and KCA-3-700 at 10% 

CO2 concentration and different temperatures. KOH and K2CO3 activated samples exhibited 

highest CO2 adsorption capacities of 1.1 and 0.77 mmol g
-1 

respectively at 30 °C. Least CO2 

uptakes were obtained at 100°C for both the samples. Dynamic CO2 uptakes for Act-3-700 and 

KCA-3-700 at 10% CO2 and variable temperatures are summarized in Tables 4.7 and 4.8. 
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Fig. 4.21 CO2  breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 10% CO2 and  

different temperatures  

At 12.5% CO2 concentration  

  

Fig. 4.22 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at 12.5% CO2 and 

different temperatures 

The CO2 breakthrough curves for Act-3-700 and KCA-3-700 at highest evaluated CO2 

concentration (12.5%) are represented in Fig. 4.22(a) and (b) at different temperatures. The CO2 

adsorption capacity trend can be seen in Tables 4.7 and 4.8 for KOH and K2CO3 activated 

samples respectively. It can be observed that CO2 uptake decreased from 1.31-0.58 mmol g
-1

 and 

0.89-0.45 mmol g
-1

 respectively for Act-3-700 and KCA-3-700 with variation in temperature 

from 30-100 °C at 12.5% CO2 concentration. This declining pattern indicates the physisorption 

nature of adsorbents. Actually, as the temperature rises, molecules acquire more kinetic energy 
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and hence move faster and collide more frequently. Hence, higher number of CO2 molecules is 

able to overcome the activation barrier leading to instability of adsorbate gas on surface of the 

adsorbent. Thus the desorption rate is enhanced which results in reduced CO2 uptake. 

Table 4.7 CO2 uptake on Act-3-700 with variation in CO2 concentration and adsorption 

temperature 

Temperature (°C) 
 CO2 adsorption capacity (mmol g

-1
) at 

5% 7.5% 10% 12.5% 

30 

50 

75 

100 

0.55 

0.45 

0.35 

0.28 

0.81 

0.57 

0.48 

0.34 

1.1 

0.75 

0.60 

0.40 

1.31 

1.01 

0.78 

0.58 

  

Table 4.8 CO2 uptake on KCA-3-700 with variation in CO2 concentration and adsorption 

temperature  

Temperature (°C) 
CO2 adsorption capacity (mmol g

-1
) at 

5% 7.5% 10% 12.5% 

30 

50 

75 

100 

0.36 

0.25 

0.20 

0.17 

0.57 

0.37 

0.30 

0.22 

0.77 

0.53 

0.41 

0.30 

0.89 

0.72 

0.54 

0.45 

 

4.3.2.3 Effect of feed concentration 

Further, the effect of feed concentration on CO2 uptake of Act-3-700 and KCA-3-700 was 

investigated at 30 °C (adsorption temperature) and results obtained for feed concentrations of 5, 

7.5%, 10% and 12.5% are depicted in Fig. 4.23.  
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Fig. 4.23 CO2 breakthrough curves for (a) Act-3-700 and (b) KCA-3-700 at different CO2  

concentrations and 30 °C 

It is notable that increase in feed concentration caused a shift in breakpoint to a lesser time 

indicating early saturation of bed. Highest breakthrough time was obtained for 5% CO2 

concentration (tb = 3.15 min), and least for 12.5% CO2 concentration (tb = 1.6 min) for Act-3-

700. On the other hand, with KCA-3-700, breakpoint time appeared at 2.8 min for 5% CO2 

concentration and 1.77 min for 12.5% CO2 concentration. Also, it was noticeable that increase in 

concentration from 5% to 12.5% caused an increase in CO2 uptake from 0.55 to 1.31 and from 

0.36 to 0.89 mmol g
-1

 for Act-3-700 and KCA-3-700 respectively. This may be due to more 

availability of adsorbate molecules per gram of adsorbent at higher concentrations which caused 

faster saturation of bed resulting in higher CO2 uptake. Alike inferences were also reported by 

Tiwari et al. [139] with different adsorbents. 

With the variation in two main parameters namely adsorption temperature and CO2 

concentration, noticeable change in CO2 adsorption capacity of both the activated samples Act-3-

700 and KCA-3-700 was observed which is shown in Fig. 4.24. At a particular adsorption 

temperature of 30 °C, the increase in CO2 concentration from 5% to 12.5% caused increase in 

adsorption capacity from 0.55 to 1.31 mmol g
-1

 and from 0.36 to 0.89 mmol g
-1

 respectively, for 

KOH and K2CO3 activated samples. This may be explained due to availability of more adsorbate 

molecules per unit of active sites available for CO2 adsorption at higher carbon dioxide 

concentration. Further, at lower temperatures the CO2 molecules get adsorbed by virtue of van 

der Waal forces (physical adsorption), but rise in temperature of the adsorbent bed (30 to 100 °C) 
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boosted energy (internal) of the adsorbent molecules which brought about the release of CO2 gas 

from the surface causing early desorption and subsequently lower adsorption capacity.  

 

Fig. 4.24 Comparison of CO2 uptake on Act-3-700 and KCA-3-700 at different adsorption 

temperatures and CO2 concentrations 

On the whole, the use of KOH as an activation agent increased the BET surface area and 

microporosity of the samples which resulted in the enhancement of CO2 adsorption capacity due 

to availability of more active sites for greater interactions with the incoming gas molecules. Also, 

inference of the above results clearly show that the performance of KOH activated samples is 

better in comparison to that of K2CO3 activated adsorbents. Therefore, the further studies were 

conducted with the adsorbent activated with KOH. 
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4.3.3 Adsorbate selectivity and adsorbent regenerability 

4.3.3.1 Adsorbate (CO2) selectivity 

 

Fig. 4.25 Selectivity of CO2/N2 on Act-3-700 for 12.5% CO2 at 30 °C and 50 °C 

Breakthrough curves of CO2/N2 for 12.5% CO2 at 30 °C and 50 °C are shown in Fig. 4.25. A 

hump in the breakthrough curve for N2 is quite visible at C/C0 >1 which indicates the 

competitive behavior of the adsorption process. Because of higher N2 concentration, it has 

tendency for higher occupancy in vacant sites in initial stage but later on it gets replaced with 

CO2, indicating adsorbent‟s greater selectivity towards CO2. Furthermore, N2 is spotted at the 

exit in comparison to CO2 indicating lower affinity of adsorbent towards N2. Goel et al. [180] 

also reported similar trends. 

4.3.3.2 Cyclic adsorption/desorption study 

Regenerabilty of adsorbents plays a significant role in selection of an adsorbent for industrial 

applications [20]. Therefore, to substantiate adsorbent‟s (Act-3-700) regenerability, multiple 

adsorption and desorption cycles were performed. Prior to adsorption, the temperature of the 

fixed bed column was raised to 200 °C and held for 2 h with pure N2 flow for removal of 

moisture and subsequently dropped down to desired adsorption temperature. Then, a simulated 

flue gas mixture of CO2 (concentration varying from 5 to 12.5%) and N2 at 80 ml min
-1

 was 
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passed in column to perform adsorption. After completion of adsorption, the sample was 

desorbed at 200 °C under inert gas (N2) flow. The same procedure was then repeated over five 

cycles. The activated carbon adsorbent showed complete regenerablility and CO2 gas also easily 

desorbed from adsorbent as visible in Fig. 4.26(a). Further, stable performance of adsorbents was 

assured through a steady adsorption capacity over five adsorption-desorption cycles at different 

temperatures (Fig. 4.26(b)). 

  

Fig. 4.26 (a) Adsorption and regeneration cycles for Act-3-700 at 30 °C with 12.5% CO2 (b) 

Multi-cycle CO2 uptake at different temperatures with 12.5% CO2 

4.4 Temperature programmed desorption 

The objective of plotting TPD profile was to illustrate the vigorous heterogeneity of the carbon 

surface adsorption behavior. Fig. 4.27 demonstrates the desorption profile of Act-3-700 

adsorbent. Quite an expansive peak in the range of 75-150 °C was viewed with the highest signal 

at 103 °C and then with a further increase in temperature the CO2 signal descended with a tail 

touching value of 300 °C. In TPD-CO2 study, the peaks that appear below 200 °C are usually 

considered weak, between 200-400 °C are medium, between 400-600 °C as strong and higher 

than 600 °C may be regarded as very strong basic sites [181]. The peak lying between 100 and 

200° C is believed to be due to weak basicity related to weakly adsorbed CO2 on the surface of 

the adsorbent [182].  
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Fig. 4.27 Temperature programmed desorption profile of CO2 from Act-3-700 

In our work, the peak at 103 °C points towards the removal of CO2 molecules bound with the 

surface of the adsorbent with weak physical forces.  However, at higher temperatures (beyond 

200 °C) CO2 signal became faint with an extending tail indicating the contribution of 

chemisorption behavior due to the presence of medium basic groups. In a similar work, 

Gunathilake and Jaroniec [183] also reported high CO2 uptake (2.61 mmolg
-1

) at ambient 

conditions. Besides, the value of average isosteric heat (-12.08 kJ mol
-1

) supports the 

physisorption of CO2 on the adsorbent [184]. On the whole, it can be deduced that CO2 got 

adsorbed predominantly by physisorption.  

Comparative analysis has been carried out for adsorption capacities of carbon adsorbents 

obtained in the current work with that reported in literature at diverse operating conditions and 

shown in Table 4.9. The analysis shows that many research groups have worked on preparation 

of carbon adsorbents from PET wastes using various activating agents. However, KOH is widely 

accepted resulting in higher CO2 uptakes. Also, most of the CO2 capture capacities are evaluated 

either thermogravimetrically or under static conditions. In the former method adsorption is 

measured on weight gain basis which may involve higher component of error due to adsorption 

of other gases, hence it is a suitable method for preliminary studies only. Later method uses 

volumetric adsorption instrument for measurement of adsorption capacities of a known volume of 
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sample under static conditions which are at all times higher in comparison to those obtained 

under dynamic conditions [33].  But, in the present work performance evaluation of the 

synthesized carbon adsorbents from PET wastes has been carried out using a fixed bed column 

under dynamic conditions, which is more realistic for capture of flue gases from fossil-fuel based 

power plants. 
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Table 4.9 Comparison of CO2 adsorption capacities from various studies  

FB= fixed bed 

  

Carbon source Activator 

Activation 

temp. 

(°C) 

Time 

(h) 

N2 flow  

rate  

(ml min
-1

) 

Max. 

surface area 

(m
2
g

-1
) 

Temp./Press

ure 
Conditions 

CO2 

uptake 

(mmolg
-1

) 

Reference 

PET waste KOH 700 2 60 1690 30°C, 1bar Dynamic (FB) 1.31 This study 

PET waste KOH 700 2 60 1690 50°C, 1bar Dynamic (FB) 1.01 This study 

PET waste CO2 925 2 - 2176 25°C, 4bar Static  4.04 [185] 

Melamine 

Formaldehyde 
CO2 700 2 60 ~193 30 °C, 1bar Dynamic (FB) 0.64 [134] 

HMMM CO2 700 2 60 463 30 °C, 1bar Dynamic (FB) 0.676 [179] 

Waste CDs KOH 700 1 1800 2710  25 °C, 1bar Static  3.3 [60] 

PET wastes KOH 800 1 50 1338 30°C, 5bar Static ~5.3 [186] 

PET/Dolomite - 850 1 100 331 20 °C, 1bar Dynamic (FB)     0.215 [187] 

Palm stone  H3PO4 450 1 80 1889   0 °C, 1bar Static 3.1 [188] 

Bamboo KOH 600 1.5 - 1846 25 °C, 1bar Static 4.5 [68] 

Carpet Waste KOH 800 1 100 1910 25 °C, 1bar Dynamic (TGA) 1.9 [104] 

PET/carbazole KOH 500 0.5 20 418 
30,100 °C, 

1bar 

Dynamic (TGA) 
1.09,0.27 [59] 
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4.5 Kinetic Study 

The kinetics of CO2 uptake on chemically activated carbon prepared from PET wastes at 

different temperatures was modeled using five kinetic models, namely, pseudo-first-order, 

pseudo-second-order, Elovich model, fractional-order and Avrami model. Predicted uptakes by 

different kinetic models, at different temperatures for 12.5% CO2 in the feed are depicted in Fig. 

4.28.  

  

  

 

 

Fig. 4.28 Comparison of model predicted and experimental results of CO2 uptake kinetics on 

Act-3-700 at 12.5% CO2 
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Table 4.10 Model equations and kinetic parameters for CO2 uptake on Act-3-700  

Model                    Temperature ( °C) 

  30 50 75 100 

Pseudo 1
st
 order k1 (min

-1
) 0.095 0.1035 0.165 0.0432 

  tkqq et 1exp1   qe (mmol g
-1 

) 1.35 1.02 0.694 0.604 

 R
2 

0.924 0.895 0.852 0.878 

 Error % 2.50 2.32 3.02 2.24 

Pseudo-second order  k2 (g mmol
-1

 min
-1

) 0.0413 0.084 0.226 0.36 

tqk

tqk
q

e

e
t

2

2

2

1
  qe  (mmol g

-1 
) 1.85 1.2 0.83 0.64 

 R
2
 0.911 0.919 0.882 0.885 

 Error % 6.23 5.32 7.36 4.23 

Fractional order kn (g
m-1

 mmol
1-m

 min
-1

) 1.81 1.42 1.01 0.8 

111)]1())1[((

1



nn

e

m

n

et
qtmkn

qq  qe (mmol g
-1 

) 1.39 1.16 0.985 0.65 

 n 14.2 13.51 13.01 12.30 

 m 9.80 7.61 6.52 5.49 

 R
2
 0.992 0.991 0.988 0.979 

 Error % 1.23 1.02 2.06 1.94 

Avrami Model kn (min
-1

) 0.002 0.153 0.237 0.01 

n

aet tkqq  exp(1( )) qe (mmol g
-1 

) 1.44 1.17 0.82 0.53 

 n 3.25 0.566 0.632 0.56 

 R
2
 0.978 0.922 0.865 0.936 

 Error % 1.69 2.39 9.68 3.89 

Elovich Model  (mmol g
-1

s
-1 

)  0.4314 0.284 0.179 0.138 

b

t

b

b
qt

)(ln)(ln


  b (g mmol
-1

) 1.59 3.78 7.25 10.39 

 R
2
 0.908 0.940 0.8843 0.842 

 Error % 3.6 4.5 1.9 1.65 
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It was observed that initially the CO2 adsorption rate was higher due to the availability of ample 

unoccupied sites and gradually the adsorption process slowed down as it approached equilibrium 

due to resistance caused by a decrease in vacant sites for CO2 capture. The model equations and 

kinetic parameters obtained for different models are presented in Table 4.10. Pseudo-first and 

second models over-estimated in the initial region and under-estimated in the intermediate region 

of the adsorption process with the regression coefficient (R
2
) value lying in the range of 0.85-

0.91. Further, Elovich model also depicted an inferior fit with experimental data (0.87< R
2 

< 

0.91). Avrami model showed closer fitting with experimental data in comparison to the earlier 

three models with R
2 

values within 0.85-0.97. However, fractional-order model displayed a 

superior fit along with complete data and hence best explained the overall kinetics of the system. 

This was confirmed from the highest R
2
 value and least error percentage. Adsorption rate constant 

(kn) was found to decrease with increase in adsorption temperature because of exothermic nature of 

adsorption process. At higher temperatures, adsorption rate may become faster but lesser amount of 

CO2 is adsorbed due to faster desorption of CO2 from carbon surface. Kinetic model parameters n 

and m exhibit the effect of driving force and diffusion resistance respectively. Values of n and m 

decreased with increase in adsorption temperature and were found to be highest at 30 °C suggesting 

utmost driving force at this temperature and highest rate of adsorption process respectively, due to 

least diffusional resistance at this temperature. 

4.6 Isotherm Study 

To gain a proper understanding of the CO2 equilibrium uptake on the prepared adsorbents three 

isotherm models namely Langmuir, Temkin, and Freundlich models have been considered. The 

adsorption capacities obtained from these models were fitted on experimentally calculated CO2 

uptakes by Act-3-700 at different adsorption temperatures are plotted as a function of CO2 partial 

pressure and shown in Fig. 4.29.  
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Fig. 4.29 Comparison of CO2 uptake on Act-3-700 (a) Isotherm model predicted and 

experimental results at 30 
o
C (b) Freundlich isotherm model prediction and experimental results 

at different temperatures  

Parameters obtained from fitting of these three models are depicted in Table 4.11. On the basis of 

the values obtained for correlation coefficient R
2
, Freundlich isotherm best described the 

adsorption process, suggesting heterogeneity due to which several layers of adsorbate molecules 

are formed on the surface of the adsorbent (multilayer adsorption) which is an indicative of 

physical adsorption. The decrease in values of Freundlich constant (KF) with increase in 

temperature indicates the exothermic characteristic of adsorption process. Value of n more than 

1, suggests good adsorption conditions and also indicate higher CO2 adsorption at lower 

temperatures [189].  
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Table 4.11 Adsorption isotherm parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.7 Thermodynamic investigation 

4.7.1 Thermodynamic properties 

Thermodynamic properties were evaluated for CO2 adsorption process on Act-3-700 at different 

temperatures of adsorption from equations 3.16 and 3.17 and values are mentioned in Table 4.12. 

The values of ΔG° obtained at all temperatures were lower than zero and negative. This suggests 

that the adsorption process was feasible and spontaneous too. Further, the slope of plot between 

(ln Keq) and (1/T) from van‟t Hoff equation provided the value of ΔH° which was also negative 

Langmuir isotherm          
PK

PKq
q

L

Lm
e




1                                                                                            
    

T (°C)                 KL (atm
-1

) qm (mmol g
-1

) R
2
 

30 0.865 13.5 0.995 

50 0.889 9.8 0.977 

75 0.205 2.44 0.956 

100 1.72 3.14 0.885 

Freundlich  isotherm         n

Ft PKq 1    

T (°C)                  KF (mmol g
-1

atm
-1/n

) n R
2
 

30 9.28 1.07 0.995 

50 10.16 0.92 0.979 

75 5.87 1.03 0.988 

100 3.14 1.19 0.967 

Temkin isotherm  PKBq Te ln    

T (°C)                  KT (atm
-1

) B (kJ mol
-1

) R
2
 

30 37.82 0.83 0.982 

50 35.51 0.67 0.906 

75 38.46 0.48 0.913 

100 47.43 0.29 0.884 
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confirming the release of heat during adsorption. Positive value of entropy change confirmed the 

spontaneous nature of the process. 

Table 4.12 Thermodynamic properties of Act-3-700 for CO2 adsorption 

Thermodynamic 

parameter 

Temperature of adsorption (°C) 

30 50 75 100 

ΔG° (kJ mol
-1

) -6.06 -5.28 -5.29 -3.65 

ΔH° (kJ mol
-1

) -15.19    

ΔS° (kJ mol
-1

K
-1

 ) 0.026    

 

Isosteric heat of adsorption (Qst) on Act-3-700 at specific loadings was evaluated using Clausius-

Clapeyron equation [190] and is shown in Fig. 4.30. The Qst value varied from -7.77 to -17.33 kJ 

mol
-1

, which is emblematic for physisorption [191]. The calculated average value of Qst  is 12.08 

kJ mol
-1

 which is lower than the average value for isosteric heat on activated carbon reported in 

literature (18-20 kJ mol
-1

) [192] and therefore physisorption is favored. Unsystematic trend 

obtained by Qst value points towards the heterogeneous nature of adsorbent surface. Besides, it 

also provides an indication of weakly adsorbed molecules by virtue of van der Waals forces and 

therefore can be desorbed with much ease. 

 

 

Fig. 4.30 Isosteric heat of adsorption of CO2 on Act-3-700 at different CO2 loadings 
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4.7.2 Heat duty for regeneration 

For calculating the regeneration heat duty or energy required for desorbing CO2, a complete 

adsorption-desorption cycle was performed using optimized sample Act-3-700. Simulated flue 

gas with 87.5% N2 and 12.5% CO2 was fed to the fixed bed column. Adsorption run was initiated 

at a temperature of 30 °C and continued till saturation limit of adsorbent. Thereafter, column was 

purged with dry N2 gas and temperature was raised to 200 °C for regeneration of bed. CO2 

uptake obtained for Act-3-700 was 1.31 mmol g
-1

.
 
Further, the sensible heat was calculated from 

equation 3.20. The value of specific heat capacity for Act-3-700 was taken from literature and 

considered to be 1.44 J (g. °C)
-1

 [193]. The calculations for regeneration heat duty are shown 

below:  

Temperature of adsorption, Ta = 30 ˚C  

Temperature of desorption, Td = 200 ˚C  

Difference in temperature, (Td - Ta) = 170 ˚C. 

Amount of CO2 adsorbed on Act-3-700 = 1.31 mmol CO2 per g adsorbent 

                                                                 = 1.31*(10
-3

)
 
* 44 = 0.0576 kg CO2 per kg adsorbent  

 So, sensible heat needed for raising the temperature of adsorbent bed by 170 ˚C = (1.44×170)/ 

(0.00131) J (mol)
-1

 CO2 = 186.87 kJ (mol)
-1 

CO2. 

Generally, 75% heat recovery is assumed in context of gaseous stream [194, 195] which suggests 

that the net sensible heat requirement for the process is 25% of the theoretically calculated 

sensible heat. 

Thus, net sensible heat is equal to (0.25 × 186.6) k J (mol)
-1

 CO2 = 46.71 kJ (mol)
-1 

CO2. 

Also, from equation 3.19, Qst obtained for adsorption process is 12.08 kJ per mole CO2 

Therefore,  

Total heat energy input for the process= (46.71 + 12.08) kJ (mol)
-1

 CO2 = 58.79 kJ (mol)
-1

 CO2 

                                                              = (58.79/44) MJ (kg)
-1

 CO2 = 1.34 MJ kg
-1

 CO2 
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Assuming amount of carbon dioxide generated from burning of coal (bituminous) for producing 

energy is 205.3 lbs (million Btu)
-1

 = 8.84×10
-2

 kg per MJ of energy, the carbon dioxide generated 

for meeting the energy demand for regeneration in the present experiment is calculated 

accordingly.  

Energy required for desorbing 1.31 mmol g
-1

 of CO2 adsorbed on Act-3-700 = 1.34 × 0.0576 

                                                                                                                           = 0.07718 MJ 

If coal has been burnt for producing 0.07718 MJ of energy for regeneration of the adsorbent, 

then the amount of CO2 generated would be (8.84×10
-2

) × (0.07718) kg CO2 = 0.00682 kg CO2. 

This corresponds to (0.00682/0.0576) x 100 = ~11.84% energy penalty. 
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Chapter 5 – Modeling and Simulation of Fixed Bed Adsorption 

 
To explain the dynamics of the adsorption process, modeling and simulation of a fixed bed 

adsorption process is required [196, 197]. A pragmatic design of an adsorption column requires 

repeated experimentation either on lab or pilot scale and this tends to consume a lot of time and 

money [198]. Therefore, for understanding the behavior of newly developed adsorbents without 

performing several experiments,  mathematical modeling and simulation on a fixed-bed column 

that takes into consideration all related transport phenomena is required [199]. Further, the 

breakthrough behavior of a desired component in the bulk gas can be predicted at all positions in 

the packed column. The flow diagram for development of mathematical model for adsorption 

process for CO2 capture is shown in Fig. 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Schematic flow diagram of modeling of the adsorption process  

 

Development of 
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Applying overall mass 

balance on fixed bed 

column 
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corresponding 
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  5.1 Model development 

To develop a model for gas-solid adsorption in a column, the adsorption phenomenon can be 

accomplished through four basic steps; to begin with (i) mass transfer of gaseous phase via 

convection and molecular diffusion, (ii) mass transfer between gas phase and the adsorbent‟s 

outer surface i.e. film diffusion (iii) mass transfer within the particles by means of pore and 

surface diffusion (intraparticle mass transfer), and (iv) the adsorption-desorption equilibrium. 

Fig. 5.2 depicts the various regions and mode of mass transfer on a thin slice of adsorbent.  

 

                                                                            

      

                                                                                                                  

 

 

 

 

 

 

Fig. 5.2 Basic regions and steps of adsorption process 

Before applying the mass balance on the packed bed, the following widely used assumptions 

are made: 

a. The gas phase is in plug flow with axial dispersion and concentration is assumed uniform 

radially. Hence, the one-dimensional model  is appropriate to explain the dynamics [200]. 

b. The isothermal operation is assumed. 

c. The gas phase is assumed to behave ideally [201].  

d. The adsorbent particles are spherical in shape. 

e. Axial dispersion in the gas phase is considered and the mass transfer from gas phase to 

solid phase is represented by a linear driving force model [202].  

     Interface region    
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Film diffusion 
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f. The pressure gradient across the bed is negligible. 

g. Constant velocity is considered along the length of the adsorber column.  

 

Fig. 5.3 Schematic representation of mass conservation balance for CO2 over a thin slice of 

porous bed 

In order to derive the equation for the unsteady mass balance of CO2 gas along the bed, we 

consider a thin slice of the bed of thickness x at a distance x from the inlet of feed to the bed as 

shown in Fig. 5.3. Let A be the cross-sectional area of the bed. For a thin slice of the porous bed 

of particles, the mass conservation equation for CO2 can be written as follows:  

CO2 entering due to dispersion – CO2 exiting by dispersion + CO2 entering by bulk flow – CO2 

exiting by bulk flow – CO2 transferred to solid phase = accumulation of CO2   

Or CO2 entering due to (bulk flow + dispersion) – CO2 exiting by (bulk flow + dispersion) = 

accumulation of CO2 + CO2 transferred to solid phase 
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 Input rate of CO2 gas to the slice by bulk flow (at x) =  
xbb uC  

Input rate of CO2 gas to the slice by axial dispersion = 

x

b

axb
x

C
D 












  

Output rate of CO2 gas from the slice at x + x by bulk flow =  
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Dividing by x  and taking limit 0x  and 0t  
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or lim𝑥→0
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On solving and rearranging the terms we get, 
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                                                                      (5.1) 

In the above equation, Dax corresponds to the coefficient of axial dispersion of adsorbate 

molecules in the column (m
2
 sec

-1
), u represents interstitial velocity of the particles or the particle 

fluid velocity in the bed due to convection in m.sec
-1

, εb indicates the bed voidage, Cb is the bulk 

phase concentration of CO2 measured in mol.m
-3

, and qt (mol.g
-1

)
 

represents the total 

concentration of adsorbate molecules adsorbed onto the solid adsorbent.  

The above equation is the mathematical equation for obtaining the unsteady state concentration 

distribution of CO2 gas along the bed. Similar equations have been reported by Knox et al. [203]. 

 The following initial and final conditions are considered: 

Cb(0,t) = Cin      at x = 0, t = 0                                                                                                 (5.2) 

Cb(x,0) = 0       at  0 ˂ x ˂ L, t = 0                                                                                           (5.3) 

 binax CCu
x

C
D 





      
at   x = 0, t > 0                                                                                  (5.4) 

0




x

C
     at   x = L, t ≥ 0                                                                                                      (5.5) 

5.1.1 Linear Driving Force (LDF) model 

When the gas molecules enter the adsorption column and come in contact with the adsorbent 

bed, their rate of diffusion is governed by the difference of adsorbate concentration in the bulk 

and its equilibrium concentration in the adsorbent bed. Further, these molecules penetrate into 

the porous structure and get adsorbed on the surface or walls of the pores. Based on the diffusion 

mechanism four different rate models have been proposed and investigated by researchers. First 

one is homogeneous surface diffusion model (HSDM), which assumes the occurrence of 
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adsorption on the surface of the internal pores, second is pore diffusion model (PDM) which 

presumes that the diffusion occurs in the sorbed phase and then adsorption occurs evenly along 

the walls of the pores. The third model is pore and surface diffusion model (PSDM) which 

accounts for simultaneous occurrence of the surface as well as pore diffusion in the pores and 

lastly linear driving force model (LDF) model.  

However, the mathematical models HSDM, PDM and PSDM are rigorous in nature and 

computationally time-consuming. Therefore, with the purpose of reducing the complication 

involved in modeling, concentrated parameters model can be employed to particle or adsorbed 

phase. In this context, the linear driving force (LDF) is utilized. LDF model was originally 

proposed by Gleuckauf and Coates [204]. It is considered a practical tool to study the adsorption 

kinetics on heterogeneous solids, evaluate adsorbent fixed bed dynamics, correlate and predict 

mono and multicomponent gas adsorption, and to design adsorptive processes as well. Linear 

driving force model was much investigated for gas separation in 1980‟s and has been used to 

describe the dynamic and batch adsorption behavior, using different adsorbents and flow 

conditions.  

The effective mass transfer rate given by LDF model is expressed in Eq. 5.6 [205]: 

 sb

Pp

ft CC
a

k

t

q








3
                                                                                                             (5.6) 

Where, 𝑘𝑓   is the effective mass transfer coefficient, m sec
-1

;
 sC  and bC

 
represent the 

concentration of CO2 in equilibrium with surface concentration and bulk phase respectively, and 

ap denotes the radius of the adsorbent particle.  

Adsorption Isotherm  

The relation between the adsorbate (CO2) and solid adsorbent concentration at the interface is 

well described by Freundlich isotherm as written below:   

n

Ft PKq 1                                                                                                                                  (5.7) 

The concentration iC  is related to partial pressure iP
 
by the following equation:  

iC = 
RT

Py ii
                                                                                                                                   (5.8) 
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The above differential equations were solved numerically by reducing them to ordinary 

differential equations using the Method of Lines (MOL). In earlier studies, Hwang, Jun [206] 

used MOL for solving the governing equations for CO2 adsorption on a bed of solids. The 

reduced equations were solved using an inbuilt solver named ode 15s of MATLAB. The results 

obtained were plotted and compared with the available experimental data. 

 Adsorption equilibrium of carbon dioxide on Act-3-700 

In order to understand the fixed-bed dynamics of the adsorption of CO2 from a mixture of CO2 –

N2 on the synthesized adsorbents, it is important to investigate the adsorption equilibrium 

behavior of the individual components. The adsorption equilibrium of carbon dioxide on this 

activated carbon was studied and elaborated in section 4.6. Freundlich model best described 

adsorption process as confirmed from highest R
2
 value (0.992) and least error percentage (1.23 

%). Sorbent capacity calculated from experimental data (qexp) at different temperatures and 

Freundlich isotherm model predicted CO2 adsorption capacity (qpred) from mass balance of 

breakthrough experiments is summarized in Table 5.1.  

Table 5.1 Adsorbent capacity calculated from experimental data (qexp) and Freundlich isotherm 

model predicted CO2 adsorption capacity (qpred) for 12.5% CO2 at different temperatures 

Experiment No. T(°C ) qexp (mmol g
-1

) qpred (mmol g
-1

) 

1 30 1.31 1.32 

2 50 1.01 1.05 

3 75 0.78 0.77 

4 100 0.58 0.55 

 

5.1.2 Parameter estimation  

Wilke equation was used for estimation of the viscosity of the gas mixture and Chapman–Enskog 

equation was used for the determination of molecular diffusivities [207]. Sherwood number 

required for determination of axial dispersion was calculated by using Wakao and Funazkri 

correlation [208] and mass transport parameters were calculated from correlations available in 
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the literature [209]. The values of various model parameters were calculated from widely 

accepted correlations and formulas as given in Table 5.2. 

5.2 Simulation of fixed bed adsorption 

In order to understand the kinetics of fixed bed adsorption column for prediction of breakthrough 

curves, we need to take the help of mathematical tools or computer-based software. The overall 

mass balance equation (eq. 5.1) applied on fixed-bed column in present study is a partial 

differential equation (PDE) as it consists of two independent variables: space (x) and time (t). 

Further, the adsorption equilibrium is favored by a non-linear isotherm i.e. Freundlich, therefore 

these coupled equations (5.1 to 5.7) were solved numerically by reducing them to ordinary 

differential equations using the Method of Lines (MOL). For this, an algorithm was formulated 

and executed into numerical computing software named MATLAB. The reduced equations were 

solved by an in-built solver ode 15 s of MATLAB. The results obtained were plotted and 

compared with the available experimental data. In earlier studies, Hwang et al. [206] and Chou 

and Chen [210] also used MOL for solving the governing equations for CO2 adsorption on a bed 

of solids. 

5.2.1 Method of lines 

Method of lines is considered a well recognized numerical technique which has been 

successfully used for the analysis of boundary value problems in various areas of physics such as 

electromagnetic field, transmission lines, waveguide structures, and scattering problems [211, 

212]. It is a special case of finite difference method but more accurate and computationally 

efficient. The fundamental approach of this technique involves discretization of a specified 

differential equation in either one or two dimensions and applying analytical solution in the other 

dimensions. The algorithm constructed by MOL is quite simple and condensed and therefore few 

discretization lines are required for computation; subsequently less time is required for 

computing. It also holds good numerical stability and easy convergence for variety of problems. 

Therefore, this method has an edge over analytical as well as finite difference method.  

Basic steps involved in the application of MOL: 

(i) Solution region is partitioned into layers. 
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(ii) The differential equation is discretized in one coordinate direction. 

(iii) Partial differential equation is decoupled to ordinary differential equation. 

(iv) Inverse transform is obtained and boundary conditions are introduced. 

(v) Finally, the solution of the equations is obtained. 
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      Table 5.2 Correlations and formulas used  

 

Axial mass dispersion coefficient [213] 
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5.3 Effect of operating parameters  

The Fixed bed and operational parameters required for simulation of breakthrough curves were 

obtained using equations given in Table 5.2. These parameters have been summed up in Table 

5.3. 

            Table 5.3 Fixed bed and operational parameters used for simulation 

Parameter Units Value 

Particle density (ρp ) kg m
-3

 1600 

Bulk density of solids (ρb )  kg m
-3

 980 

Voidage of bed (εb) - 0.23 

Mass transfer coefficient, external film (kf)  m sec
-1 

0.0513
 

Molecular Diffusivity 

Gas phase axial dispersion (Dax)  

m
2 

sec
-1

 

m
2 

sec
-1 

1.53x10
-5

 

16.93x10
-4

 

Particle radius (ap)  m 0.001 

Bed length (l) m 0.080 

Packed bed diameter (db)  m 0.0093 

Inlet feed concentration (Cin) mol m
-3

 5.02 

Mass of the adsorbent (m)  g 2 

Total time of flow (t) sec 2160 

5.3.1 Effect of concentration 

Table 5.4 Constitutive terms obtained for different concentrations of CO2 in feed 

Conc. 

(vol%) 

ρg  

(kg.m
-3

) 

μg  

(kg. m
-1

.sec
-1

) 
Re Sc Sh 

Dax 

( m
2
.sec

-1
) 

kf 

( m.sec
-1

) 

5 1.17 1.753 x10
-5

 11.18 0.976 6.64 16.93 x10
-4

 0.0509 

7.5 1.18 1.747 x10
-5

 11.38 0.960 6.67 16.93 x10
-4

 0.0510 

10 1.21 1.741 x10
-5

 11.57 0.943 6.69 16.93 x10
-4

 0.0512 

12.5 1.22 1.735 x10
-5

 11.76 0.927 6.71 16.93 x10
-4

 0.0513 

Constitutive terms required for breakthrough simulation at various concentrations are 

summarized in Table 5.4. The model for packed bed adsorption of CO2 on the synthesized 
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adsorbent is validated with the experimental data for different concentrations of CO2 in the feed. 

The model predicted breakthrough curves for CO2 concentrations of 5%, 7.5%, 10%, and 12.5% 

are compared with experimental data generated at 30 ºC and atmospheric pressure (Fig. 5.4). It 

can be noticed that the model results are in conformance with the experimentally generated data. 

Also, it can be seen from Fig. 5.4 (a-d) that with increase in CO2 concentration in the feed 

stream, the bed gets saturated early as compared to the saturation achieved at lower 

concentrations. This may be due to availability of more CO2 molecules to the active sites on the 

adsorbent surface leading to higher adsorption capacity. However, there are some deviations in 

simulated results which may be due to simplified assumptions of transport phenomena. 

  

  

Fig. 5.4 Breakthrough curves at different concentrations (vol%) of CO2 in feed (a) 5%, (b) 7.5%, 

(c) 10%, and (d) 12.5% of CO2 at 30 ºC 

 

(a) (b) 

(c) (d) 
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5.3.2 Effect of temperature 

 Table 5.5 Constitutive terms obtained at different temperatures 

T, °C 
ρg  

(kg.m
-3

) 

μg  

(kg. m.sec
-1

) 
Re Sc Sh 

Dax 

(m
2
.sec

-1
 

kf 

(m.sec
-1

) 

30 1.22 1.73 x10
-5

 11.76 0.927 6.71 16.93 x10
-4

 0.0513 

50 1.14 1.82 x10
-5

 10.51 0.923 6.39 18.57 x10
-4

 0.0550 

75 1.064 1.92 x10
-5

 9.22 0.920 6.06 20.71 x10
-4

 0.0596 

100 0.993 2.03 x10
-5

 8.173 0.917 5.77 22.99 x10
-4

 0.0642 

  

Constitutive terms required for breakthrough simulation at various temperatures are summarized 

in Table 5.5. For these simulations the respective values of temperatures (30, 50, 75, 100 ºC ) 

were substituted in the correlations in Table 5.2 for evaluating molecular diffusivity, axial 

dispersion and external film mass transfer coefficient and related dimensionless numbers like 

Reynolds number (Re), Schmidt number (Sc) and Sherwood number (Sh). The model results 

were compared with the experimental breakthrough curves obtained at different adsorption 

temperatures for CO2 concentration of 12.5% (Fig. 5.5(a-d)).The model predicted results are in 

close conformity with the experimentally obtained data points at all temperatures. However, 

slight deviations of results from experiment data may be due to assumptions made before 

applying the macroscopic mass balance. Further, to compare the model predicted and 

experimentally generated data, parity plots were constructed for the breakthrough results 

obtained at different temperatures for 12.5% CO2 concentration (Fig. 5.6). The regression 

analysis displayed good fitting of the model predicted and experimentally obtained results as 

confirmed the values of adjusted R
2
 and error percentage (Table 5.6). 

Table 5.6 Regression data obtained at different temperatures 

Sr. 

No. 

Adsorption 

temperature (ºC) 
R

2
 Error % 

1 30 0.99077 1.971 

2. 50 0.99822 0.872 

3. 75 0.99411 1.57 

4. 100 0.99776 0.988 
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Fig. 5.5 Breakthrough curves at different temperatures (a) 30 °C, (b) 50 °C (c) 75 °C and (d) 100 

°C for 12.5% CO2 concentration  

  

  

  

(a) 

(d) (c) 

(b) 
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Fig. 5.6 Regression analysis of the model predicted and experimentally obtained results for 

Act-3-700 at different temperatures for 12.5% CO2 concentration   
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Chapter 6 – Conclusions and Scope for Future Work 

 

 6.1 Conclusions  

Porous carbon adsorbents with high surface area have been developed from PET wastes by 

carbonization and chemical activation with two different reagents (KOH and K2CO3) at different 

temperatures for efficient CO2 adsorption. The prepared adsorbents exhibited considerable 

improvement in textural properties with rise in carbonization temperature and activating agent to 

carbon mass ratio. However, the performance of KOH activated samples was better than K2CO3 

activated adsorbents. Therefore, the detailed studies were conducted with the adsorbent activated 

with KOH. The KOH activated adsorbents followed the CO2 uptake in the sequence of Act-3-

700 > Act-2-700 > Act-4-700 > Act-1-700 > B-700. The maximum adsorption capacity of 1.31 

mmol g
-1

 is obtained for Act-3-700 at 30 °C and 12.5% CO2 due to generation of higher 

microporosity and basic oxygen functionalities. The adsorbent shows good regenerability and 

stability over multiple adsorption-desorption cycles and is selective for CO2 over N2 for 

adsorption. Among the three attempted kinetic models, fractional-order best explained the 

kinetics of adsorption. Freundlich isotherm fit indicates the surface of adsorbent being 

heterogeneous and low values of isosteric heat shows physisorption behavior of the process. 

From thermodynamic investigations, negative values of Gibbs free energy change and enthalpy 

were obtained. These values respectively confirm the spontaneity and exothermicity of the 

adsorption process. The energy needed for desorbing 1 kg CO2 from the activated adsorbent is 

found to be 1.34 MJ, which corresponds to 0.0576 kg CO2 (~11.84% energy penalty). 

The fixed bed model for CO2 adsorption on the optimized adsorbent sample, using LDF 

approximation for mass transfer phenomena, satisfactorily described the experimental adsorption 

behavior. The model predicted breakthrough curves for different concentrations of CO2 in feed 

(5%-12.5 vol%) and for different adsorption temperatures (30 -100 °C
 
) matched closely with the 

experimental data.  
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6.2 Scope for future work 

 Developing different carbon adsorbents from other waste plastics such as polyvinyl 

chloride (C2H3Cl), polycarbonate (C16H18O5), polystyrene (C8H8), polyurethane foam 

(C27H36N2O10) etc. and evaluating their CO2 capture potential.  

 Investigating the influence of other impurities exiting from flue exhaust like oxides of 

sulphur (SOx), oxides of nitrogen (NOx), and moisture on CO2 adsorption uptake, thus 

assessing the performance of the capture process in totality. 

 Further investigations on the synthesized carbon adsorbents at ambient temperature and 

high pressures can be carried for assessing the improvement in their CO2 capture 

capacity. 
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