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ABSTRACT

iii

The global demand for energy has increased continuously since the industrial revolution.
Fossil fuels such as coal, natural gas, and oil are the primary sources that satisfy this demand. As
a result, the irrefutable influence of anthropogenic CO2 released into the environment has
considerably intensified global warming. Coal- and gas-fired power plants are considered one of
the major source points of fossil fuel consumption. Although renewable energy (i.e., solar, wind,
and others) is considered as the ideal alternative to satisfy the future energy demand, in the
interim an actual solution is essential to remove the CO2 produced before its emission into the
atmosphere. Among various capturing processes, post-combustion capture is highly promising
due to the flexibility of CO2 removal via liquid or solid materials. The captured CO2 is then
sequestered or converted into new chemical compounds. The capturing process is the most
important and energy-intensive step. A major advantage of liquid phase adsorbents is their high
capacity; however, they suffer significantly from a high energy penalty. Solid phase adsorption,
which has a lower energy requirement for regeneration, has therefore attracted much attention. In
the operating conditions of power plants, amine-impregnated support (Type I) sorbents are the
most promising among various solid sorbents, due to the high density of nitrogen-active sites, but
suffer from low capacity and efficiency compared to liquid phase absorption process. In order to
approach the problem and understand the origin of this low efficiency, a scientific understanding
of the interaction between CO2 and amine-impregnated supports and the influential parameters
involved is necessary to further develop new and high-efficiency amine-based adsorbents.
Novel experimental techniques have been utilized in this research to assess the kinetics
and thermodynamics of CO2 adsorption. The influence of structure (linear vs. branch), amine
density, amine type (primary, secondary, and tertiary), support surface functionalization, and
operating conditions on the thermodynamics and kinetics of CO2 adsorption have been studied. A
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combination of volumetric adsorption (VA) and differential scanning calorimetry (DSC) have
been used to study the equilibrium capacity and thermodynamic parameters. The kinetic study has
been conducted through a breakthrough reactor (BTR) coupled with a DSC to evaluate CO2
adsorption kinetics.
At the equilibrium, linear amines, compared to branched amines, indicate a larger CO2
adsorption capacity and lower apparent heat of adsorption. For example, the capacity and heat of
adsorption for 40 wt% linear and branch polyethylenimine (PEI) measured to be 3.68 and 2.36
mmolCO2/g, along with 68 and 71 kJ/molCO2 at 60oC and 1 bar CO2, respectively. The apparent
heat of CO2 adsorption on amine sorbents consists of the intrinsic heat of adsorption, the energy
requirement for diffusion, and amine reorganization, which then approached the intrinsic heat of
adsorption when the necessary energy was provided for CO2 diffusion and amine conformation.
Augmenting the amine weight loading also increased the capacity and heat of adsorption. For
instance, TETA/SiO2 samples showed adsorption capacity enhancements from 0.34 to 1.87
mmolCO2/g and heat of adsorption from 45 to 77 kJ/molCO2 as the weight loading increased
from 5 to 40 wt% at 60oC and 1 bar CO2. Increasing the secondary amine in the linear structure
also assisted in enhancing capacity and decreasing heat of adsorption. For example, the CO 2
uptake for TETA and PEI423 increased from 1.87 to 3.68 mmolCO2/g and the heat of adsorption
declined from 77 to 68 kJ/molCO2 at 60oC and 1 bar CO2. Polyethylenimine therefore presented
a better performance than molecular amines, which makes PEI more suitable for industrial
applications. The criteria defined by the National Energy and Technology (NETL) for industrial
utilization requires 3-6 mmolCO2/g adsorbent capacity to compete with current for carbon capture
and sequestration (CCS) technologies. As yet, the criteria have been met; nevertheless, the
adsorption efficiency displayed much lower values compared to the theoretical expectations
based on the proposed mechanism. For example, in theory, the efficiency for dry conditions is
expected to be 0.5, while reports in the literature revealed values of less than 0.3 in experiments.
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Efficiency increases directly enhance on total capacity. Moreover, a decrease in heat of
adsorption also provides a more appealing situation for real application in view of the fact that the
energy penalty for regeneration is reduced.
The kinetic investigation on the BTR/DSC combination showed similar results in terms
of capacity, heat of adsorption, temperature variation, and secondary amine addition. High amineOH interaction and low CO2 diffusivity into multilayer amines were found as the major issues for
the reduction in amine capacity and efficiency. For instance, the efficiencies for 10 wt% TETA
impregnated on silica and silica-modified surfaces (with octyl groups) at 60oC increased
significantly from 0.16 to 0.35, respectively, indicative of reduced amine-OH interaction. In
addition, efficiency was enhanced from 0.17 to 0.26 for 40 wt% TETA/SiO 2 as the temperature
ascended from 25oC to 80oC, revealing the effect of facilitated diffusion. Increasing the number
of secondary amines decreased the optimum heat of adsorption for the highest overall rates and
also increased the overall rates. For example, as the 2o/1o ratio increased from 1 to 2 for 40 wt%
amine-impregnated silica at 40oC, the optimum heat of adsorption was reduced from 85 to 69
kJ/molCO2 and the overall rates were enhanced from 0.013 to 0.015 mmolCO2/g.s. This indicates
that an increase in the secondary amine ratio offers several benefits for CO2 adsorption. Surface
functionalization toward hydrophobicity could also assist to improve capacity, efficiency, and
CO2 adsorption kinetics as exemplified above for efficiency. For example, the overall adsorption
rate for 10 wt% TETA/SiO2 at 25oC increased from 0.0075 to 0.0122 mmolCO2/g.s as the
hydroxyl groups on the support were replaced with methyl groups. A rigorous spatiotemporal
modeling was applied to the BTR/DSC data to estimate the kinetics and thermodynamic
parameters at isothermal conditions. This unique mathematical model predicted the adsorption
and desorption rate constant as well as the heat of adsorption. The model circumvented
unphysical simplifications, such as linear driving force and uniform adsorption rates, by
considering dispersion and convection phenomena.

TABLE OF CONTENTS

List of Figures .......................................................................................................................... ix

List of Tables ........................................................................................................................... xvi

Acknowledgements .................................................................................................................. xvii
Chapter 1 Introduction to CO2 adsorption and calorimetric techniques .................................. 1

1.1 Adsorption at solid-surface interfaces ........................................................................ 1
1.1.1 Solid surfaces and porous materials ................................................................ 1
1.1.2 Adsorption processes....................................................................................... 2
1.2 CO2 adsorption: an overview ..................................................................................... 3
1.2.1 Processes for CO2 reduction ............................................................................ 5
1.2.2 CO2 adsorption mechanism ............................................................................. 7
1.2.3 Comparison of solid and aqueous amine sorbent systems .............................. 9
1.2.4 Supported amine materials .............................................................................. 10
1.3 Thermal analysis and calorimetry technique.............................................................. 14
1.3.1 Differential Scanning Calorimetry (DSC) Technique ..................................... 15
1.3.2 Adsorption microcalorimetry .......................................................................... 15
1.3.3 Measurement methods for heat of adsorption ................................................. 16
1.3.4 Physisorption and chemisorption .................................................................... 18
1.4 Motivation to study CO2 adsorption kinetics and thermodynamics ........................... 19
1.5 Summary of thesis content ......................................................................................... 22
1.6 References .................................................................................................................. 24

Chapter 2 Experimental Procedure .......................................................................................... 32

2.1 Synthesis .................................................................................................................... 32
2.1.1 Preparation of materials .................................................................................. 32
2.1.2 Physical properties .......................................................................................... 34
2.1.3 Modification of surface functional groups ...................................................... 37
2.2 Characterization ......................................................................................................... 39
2.2.1 Nitrogen adsorption ......................................................................................... 39
2.2.2 Thermal gravimetric analysis (TGA) .............................................................. 42
2.2.3 Proton nuclear magnetic resonance (1H NMR) ............................................... 46
2.2.4 Gas pycnometry............................................................................................... 48
2.3 CO2 adsorption experiments ...................................................................................... 48
2.3.1 Non-equilibrium measurement ........................................................................ 49
2.3.2 Equilibrium measurements .............................................................................. 56
2.4 References .................................................................................................................. 61

Chapter 3 Thermodynamics and rate of equilibration of amine/silica adsorbents in
coupled VA/DSC ............................................................................................................. 65

3.1 Thermodynamics of CO2 adsorption .......................................................................... 65
3.1.1 Effect of amine structure ................................................................................. 66
3.1.2 Effect of temperature....................................................................................... 74

vi

vii
3.1.3 Effect of weight loading .................................................................................. 78
3.1.4 Effect of 2o amine addition.............................................................................. 81
3.2 Rate of equilibration (ROE) for CO2 adsorption ........................................................ 85
3.2.1 Definition of various zones ............................................................................. 85
3.2.2 Quantification of defined zones ...................................................................... 86
3.2.3 Effect of amine structure on ROE ................................................................... 88
3.2.4 Effect of temperature on ROE ......................................................................... 91
3.2.5 Effect of weight loading on ROE .................................................................... 95
3.2.6 Effect of 2o amine addition on ROE ................................................................ 97
3.2.7 Hill’s equation ................................................................................................. 100
3.3 Conclusion ................................................................................................................. 103
3.4 References .................................................................................................................. 105

Chapter 4 Kinetics and thermodynamics of CO2 adsorption on amine/silica adsorbents ........ 108
4.1 Introduction ................................................................................................................ 108
4.2 Combined breakthrough reactor and differential scanning calorimetry..................... 109
4.2.1 Advantages over thermal gravimetric analyzer/differential scanning
calorimeter ........................................................................................................ 109
4.3 Polyethylenimine adsorbents (PEI423 and PEI600) .................................................. 110
4.3.1 Experimental procedure .................................................................................. 110
4.3.2 Effect of amine weight loading ....................................................................... 113
4.3.3 Effect of temperature....................................................................................... 115
4.3.4 Break-point (Cb) for commercial application .................................................. 119
4.4 Molecular amines ....................................................................................................... 122
4.4.1 Triethylenetetramine (TETA).......................................................................... 122
4.4.2 Secondary amine addition ............................................................................... 127
4.4.3 Modification of silica with methyl and octyl groups....................................... 137
4.5 Conclusion ................................................................................................................. 145
4.6 References .................................................................................................................. 149

Chapter 5 Modeling of CO2 Adsorption Column in isothermal condition .............................. 154
5.1 Introduction ................................................................................................................ 154
5.2 Experimental part ....................................................................................................... 156
5.3 Examples of Adsorption Columns Modeling ............................................................. 157
5.4 Spatiotemporal modeling ........................................................................................... 159
5.4.1 Material Transfer Modeling along the Column Length .................................. 160
5.4.2 Adsorption Rate Formulation .......................................................................... 161
5.4.3 PDE/LVODE Model ....................................................................................... 164
5.5 Parameters Estimation................................................................................................ 166
5.5.1 Estimation of CO2 inlet concentration profile ................................................. 168
5.6 Simulation results ....................................................................................................... 170
5.7 Conclusions ................................................................................................................ 179
5.8 Nomenclature ............................................................................................................. 179
5.9 References .................................................................................................................. 182

Chapter 6 Conclusion and future direction .............................................................................. 186

viii
6.1 Conclusions ................................................................................................................ 186
6.2 Future directions ........................................................................................................ 190
6.2.1 Dynamic of pore fillings ................................................................................. 190
6.2.2 Tuning hydroxyl groups .................................................................................. 203
6.2.3 Functionalization of silica surface ................................................................... 203
6.2.4 Breakthrough reactor in transient pulse mode ................................................. 204
6.2.5 Coupled BTR/DSC in humid conditions ......................................................... 206
6.2.6 Rheological properties of molecular amines, PEI, and PEG/PEI blends ........ 207
6.2.7 Spatiotemporal modeling ................................................................................ 209
6.3 References .................................................................................................................. 215
Appendix A Interfacial Bonding Stabilizes Rhodium and Rhodium Oxide
Nanoparticles on Layered Nb Oxide and Ta Oxide Supports .................................. 219
Appendix B Modifying structure-sensitive reactions by addition of Zn to Pd ............... 230
Appendix C Evidence for geometric effects in neopentane conversion on PdAu
catalysts .................................................................................................................... 241

LIST OF FIGURES

Figure 1-1. Schematic diagram of possible CCS and CCU systems. ....................................... 4
Figure 1-2. Formation of carbamate as a result of CO2 reaction with primary, secondary,
or hindered amines. .......................................................................................................... 7
Figure 1-3. Mechanism of CO2 reaction with tertiary amines in the presence of water. ......... 8

Figure 1-4. Solid sorbent materials for CO2 capture. ............................................................... 11
Figure 1-5. Three main classes of amine combined with porous solid materials utilized
for CO2 adsorption process. ............................................................................................. 12

Figure 1-6. A schematic of sample and reference cells surrounded with 3D sensors. ............. 16

Figure 1-7. A typical isotherm plot (C2H4 in NaX) used for calculating isosteric heat of
adsorption, where n is the amount absorbed and P is the pressure. Points represent
the experimental data, but lines are fitted to the experimental data. ................................ 18

Figure 2-1. Linear and branch molecular amines and polyethylenimine ................................. 34
Figure 2-2. Vapor pressure of ethylenamine materials as temperature changes. ..................... 36
Figure 2-3. Schematic of methyl and octyl groups on a silica surface. ................................... 39
Figure 2-4. Thermal gravimetric analysis (TGA) of 40 wt% PEI (Mn=423 and 600) on
silica with a ramp rate of 5oC/min from room temperature up to 800oC. Lines show
weight loss. Bold and thin dash lines are derivative weight for PEI423 and PEI600,
respectively. ..................................................................................................................... 43

Figure 2-5. Thermal gravimetric analysis results for impregnated TETA (a), TEPA (b),
and PEHA (c) on silica with various amine weight loadings such as 0, 1, 5, 10, 20,
30, 40, 50 wt% Amine/SiO2. Condition: He flow=100 ml/min, heating ramp rate=
5oC/min. ........................................................................................................................... 44

Figure 2-6. Thermal gravimetric analysis on TETA-impregnated silica over unmodified
(a), methyl (b), and octyl (c) modified silica surfaces. Various TETA weight
loadings such as 0, 5, 10, and 20 wt% on SiO2 were used to study the effect of
hydrophobicity. Condition: He flow=100 ml/min, heating ramp rate= 5 oC/min. ............ 45
Figure 2-7. A typical breakthrough reactor on 40 wt% PEI423/SiO2 for CO2 (solid line)
and Ar (dash line) at the reactor effluent with corresponding areas (A1 and A2)
identified by Mass Spectrometer. Condition: T=60oC, PCO2=0.1, PAr=0.01, and
PHe=0.9 bar. ...................................................................................................................... 51
Figure 2-8. A schematic of the experimental setup used in combined DSC and BTR for
kinetics and thermodynamic studies. Using a 10 port valve allows the flexibility to
continuously flow or pulse the adsorptive gas into the reactor bed. The temperature

ix

x
of the reactor bed is controlled via DSC. The effluent is analyzed via MS. Three
pieces of software work simultaneously to collect the heat flow and CO 2 capacity
data, as follows: the Labview software controls the MFCs, the 10 port valve, and the
3-way solenoid valves; the Quadera software detects the effluent species in the MS
as a function of time (Figure 2-7); the Calisto software is used in the DSC apparatus
to control the process temperature and measure the heat flow released via CO2
adsorption. ........................................................................................................................ 52

Figure 2-9. Full trajectory of steps (a)-(h). CO2 is present in the gas phase during step (e)
via pressure swing. The first and third peaks represent the desorption of ambient
CO2 and the thermal desorption of CO2 via temperature swing, respectively.
Conditions: T=25oC, PCO2=0.1 bar, Tpretreatment=105oC. ..................................................... 54
Figure 2-10. Combined automated volumetric adsorption apparatus and differential
scanning calorimeter. ....................................................................................................... 57

Figure 2-11. Regions in a typical curve of differential heats of adsorption versus uptake ...... 59

Figure 3-1. CO2 adsorption isotherms (a), differential (c) and integral (e) heat of
adsorption for 40 wt% branched and linear Triethylenetetramines (b-TETA, ♦;
TETA, ■) are presented. In addition, CO2 adsorption isotherms (b), differential (d)
and integral (f) heat of adsorption for 40 wt% branched and linear polyethylenimines
(PEI600, ♦; PEI423, ■) are illustrated. Condition: 25oC (a), (c), (e); 60oC (b), (d), (f). .. 67
Figure 3-2. Effect of temperature on CO2 adsorption isotherms (a, b), differential heat of
adsorption (c, d), and integral heat of adsorption (e, f) are presented on linear
molecule (40 wt% TETA (a, c, e)) and linear polymer (40 wt% PEI423 (b, d, f)) on
silica support. Temperature: 25 (♦), 40 (■), 60 (▲), and 80 (×) oC. ................................ 76
Figure 3-3. Valves of Gibbs free energy for TETA (▲) and PEI423 (♦) and entropy
change for TETA (×) and PEI423 (■) are presented as function of temperature for 40
wt% TETA and PEI423 on silica supports. ..................................................................... 77

Figure 3-4. Effect of weight loading on CO2 adsorption isotherm (a) and differential (b)
and integral (c) heat of CO2 adsorption is presented on linear amine molecule
(TETA) impregnated on silica support. Condition: TETA weight loadings are 5 wt%
(♦), 10 wt% (■), 20 wt% (▲), 30 wt% (×), and 40 wt% (●); T= 60oC. ........................... 79
Figure 3-5. Valves of Gibbs free energy (♦) and entropy (■) presented as function of
TETA amine weight loadings at 60oC.............................................................................. 81

Figure 3-6. Effect of adding 2o amine from linear molecular to linear polyethylenimine is
demonstrated on the isotherm (a), differential (b) and integral (c) heat of adsorption.
Condition: 40 wt% of TETA (♦), TEPA (■), PEHA (▲), and PEI423 (×); T= 60oC. ..... 83
Figure 3-7. Valves of Gibbs free energy (♦) and entropy (■) presented as function of
increase in secondary amine from amine molecules to polyethylenimine (M n=423)
structure. Condition: 60oC and 40 wt% amine-impregnated silica (TETA, TEPA,
PEHA, and PEI423). ........................................................................................................ 85

xi
Figure 3-8. A schematic shape showing the CO2 adsorption at various possible amine
zones. ............................................................................................................................... 86

Figure 3-9. Boundary determination and quantification procedure of various 1-4 zones
via ROE and heats of adsorption for a typical sample. Sample: 40 wt% PEI600/SiO 2.
Condition: T=60oC. .......................................................................................................... 87

Figure 3-10. Rate of equilibration (♦, ■) and isotherms (◊, □) of CO 2 adsorption are
presented for (a) 40 wt% branched and linear Triethylenetetramines (b-TETA, ♦, ◊;
TETA, ■, □), (b) 40 wt% branched and linear polyethylenimines (PEI600, ♦, ◊;
PEI423, ■, □). Condition: 25oC (a); 60oC (b). ................................................................. 89

Figure 3-11. Quantification of CO2 adsorption in different amine zones: (a) and (c) linear
and branched amine molecules at 25oC (40 wt% TETA and b-TETA); (b) and (d)
linear and branched polyethylenimine at 60oC (40 wt% PEI423 and PEI600). ............... 91
Figure 3-12. Effect of temperature on the rate of equilibration (solid filled) and isotherms
(no filled) of CO2 adsorption are shown for (a) 40 wt% TETA and (b) 40 wt%
PEI423. Temperature: 25 (♦), 40 (■), 60 (▲), and 80 (●) oC. ......................................... 92
Figure 3-13. Effect of temperature on different amine zones: (a) and (b) linear molecular
amine (40 wt% TETA/SiO2); (c) and (d) linear polyethylenimine (40 wt%
PEI423/SiO2). The zones are total capacity (♦), surface zone (■), fast kinetic zone
(▲), slow kinetic zone (×), and weak and physical adsorption zone (●)......................... 94

Figure 3-14. Effect of weight loading on rate of equilibration is presented on linear amine
molecule (TETA) impregnated on silica support. Condition: TETA weight loadings
are 5 wt% (♦), 10 wt% (■), 20 wt% (▲), 30 wt% (●), and 40 wt% (×); T= 60oC........... 95
Figure 3-15. Effect of weight loading over different amine zones is determined on 40
wt% TETA/SiO2. The zones are total capacity (♦), surface zone (■), fast kinetic zone
(▲), slow kinetic zone (×), and weak and physical adsorption zone (●). Condition:
T= 60oC. ........................................................................................................................... 96

Figure 3-16. Effect of adding 2o amine on the rate of equilibrium from linear molecular
amines to linear polyethylenimine is demonstrated as function of CO2 pressure.
Condition: 40 wt% of TETA (♦), TEPA (■), PEHA (▲), and PEI423 (×); T= 60oC. ..... 98
Figure 3-17. Effect of 2o amine addition on different amine zones is presented on 40 wt%
X/SiO2 (X=TETA, TEPA, PEHA, and PEI423). The zones are as following: total
capacity (♦), surface zone (■), fast kinetic zone (▲), slow kinetic zone (×), and
weak and physical adsorption zone (●). Condition: T= 60oC. ......................................... 99

Figure 4-1. Data obtained from a combination of breakthrough reactor and differential
scanning calorimeter for a typical experiment is illustrated. Ar (line) and CO2 (dot
line) tracers attained in the BTR via mass spectrometry analysis of the effluent.
Isothermal temperature and heat flow measurement (dash line) collected with the
DSC. Conditions: 40 wt% PEI423/SiO2, T=60oC, PCO2=0.1 bar, PAr=0.01 bar,
PHe=0.9 bar. ...................................................................................................................... 112

xii
Figure 4-2. Enthalpy of adsorption at various weight loadings of PEI600 on silica at 60 oC
has been determined by heat flow measured by the DSC and CO2 capacity measured
by Mass Spectrometer. ..................................................................................................... 114

Figure 4-3. Enthalpy of adsorption (a) and desorption (■, Edes) (b) were measured by
coupled BTR-DSC instruments via pressure swing on 40 wt% PEI423/SiO2.
Activation energy for desorption (●, Ea,des) (b) was calculated from the difference
between heats of adsorption and desorption at each temperature. Condition:
T=60oC, PCO2=0.1 bar, PHe=0.9 bar. CO2 capacity was measured by Mass
Spectrometer in the effluent. ............................................................................................ 117
Figure 4-4: Kinetics of CO2 capacity (a), apparent rate of CO2 adsorption (b) on 40 wt%
PEI423/SiO2. Condition: T=25, 40, 60, and 80oC; Gas: 10%CO2/ 1%Ar/He; Flow
rate= 30 mL/min............................................................................................................... 119

Figure 4-5. Breakthrough concentration profile in the fluid at bed outlet ............................... 120

Figure 4-6. Ratio of the break-point to the equilibrium data for enthalpy of adsorption
(∆Hads,b/∆Hads,e) and capacity (qb/qe) per mole of CO2 at various temperatures
determined via combined BTR and DSC instruments. .................................................... 121

Figure 4-7: Effect of TETA weight loading on Adsorption (a), efficiency (b), and heat of
adsorption (c); and efficiency versus heat of adsorption for all weight loadings (d) at
40oC (■) and 80oC (♦). Conditions: 10%CO2/1%Ar/He; Flow rate= 30 mL/min. ........... 125
Figure 4-8. Effect of temperature on capacity (a) and rate of CO2 adsorption (b) with time
for 10 wt% TETA/SiO2 (solid line) and 50 wt% TETA/SiO2 (dashed line).
Conditions: 10%CO2/ 1%Ar/He; Flow rate= 30 mL/min. ............................................... 126
Figure 4-9. Effect of secondary to primary amine ratio on adsorbed CO2 (a), and
efficiency and heat of adsorption (b) over 40 wt% Amine/SiO2 at 40oC. Conditions:
10%CO2/1%Ar/He; Flow rate= 30 mL/min. .................................................................... 128
Figure 4-10. Effect of adding secondary amine on capacity (a) and rate of CO2 adsorption
(b) over 10 wt% Amine/SiO2 (solid line) and 40 wt% Amine/SiO2 (dashed line) at
40oC. ................................................................................................................................. 130

Figure 4-11. Effect of temperature (a) and secondary amine addition (TETA, ♦; PEHA, ■;
at 40oC) (b) at various amine weight loadings on overall rate of CO2 adsorption.
Condition: 10%CO2/ 1%Ar/He; Flow rate= 30 mL/min. ................................................. 131
Figure 4-12. A schematic of negative activation energy (a) and change in the rate control
with a change in temperature. .......................................................................................... 133

Figure 4-13. Effect of 2o amine addition on 40 wt% Amine/SiO2 (a) and amine weight
loadings (b). Condition: 10%CO2/1%Ar/He; Flow rate= 30 mL/min.............................. 134
Figure 4-14. Sabatier principle is depicted in a volcano plot . ................................................. 136

xiii
Figure 4-15. Optimum heats of adsorption are illustrated in a volcano plot with respect to
efficiency (a) and observed rate of adsorption (b). Condition: T=40oC;
10%CO2/1%Ar/He; Flow rate= 30 mL/min. .................................................................... 137
Figure 4-16. Effect of functionalization of silica surface with methyl (-CH3) and octyl (C8H17) groups, amine weight loading, secondary amine addition, and temperature on
amine efficiency. Measurement condition: 25oC (a), (c), (e); 60oC (b), (d), (f);
10%CO2/1%Ar/He; Flow rate= 30 mL/min. .................................................................... 140
Figure 4-17. Effect of functionalization of silica surface with methyl (-CH3) and octyl (C8H17) groups, amine weight loading, secondary amine addition, and temperature on
amine efficiency. Condition: 25oC (a), (c), (e); 60oC (b), (d), (f); 10%CO2/1%Ar/He;
Flow rate= 30 mL/min. .................................................................................................... 142
Figure 4-18. Effect of modification of a porous silica surface with methyl and octyl
groups, amine weight loading, and secondary amine addition is presented on the
observed rate of amine impregnated silica. Condition: 25oC; 10%CO2/1%Ar/He;
Flow rate= 30 mL/min. .................................................................................................... 144

Figure 5-1. Mechanism of CO2 reaction with primary amine for carbamate formation .......... 161
Figure 5-2. Temporal profiles of dimensionless inlet and outlet concentration of the
adsorbate in the flue gas during process operation. The area between the temporal
profiles indicates the total amount of adsorbed component. A significant difference
can be recognized between the estimated inlet concentration profile and a perfect
step change inlet assumed in previous modeling efforts. ................................................. 170

Figure 5-3. Spatiotemporal dynamic behavior of Ar concentration with no significant
changes in the concentration profile along the adsorption column. The inlet
concentration slowly increases when we switch from pure He stream to the CO 2/Arcontaining stream due to slow dynamics of the inlet valve.............................................. 172

Figure 5-4. Spatiotemporal dynamic behavior of CO2 concentration in the gas phase. The
concentration profile sigmoidally increases from 0 to CA0 as time evolves. .................... 173
Figure 5-5. Spatiotemporal dynamic behavior of CO2 concentration in the adsorbent bed.
The concentration profile sigmoidally increases from 0 to the equilibrium adsorbate
concentration .................................................................................................................... 174

Figure 5-6. Experimental and estimated breakthrough curves of the studied adsorption
column. The curves are very closely matched which illustrates the effectiveness of
the proposed optimization method in parameter estimation. ........................................... 175
Figure 5-7. Spatiotemporal pattern of adsorption rate ............................................................. 175
Figure 5-8. Temporal profile of heat flow. Experimental condition: T=25°C, P=1 bar, gas
flow rate=30 mL/min of 10% CO2/1%Ar/He in breakthrough reactor coupled with
DSC. ................................................................................................................................. 176

xiv
Figure 6-1. Full isotherm of silica (CARiACT) used as the support material in this
research (a), and SBA-15 ................................................................................................. 192

Figure 6-2. A schematic of hierarchal mesopore structures with pyramidal (pyr),
constricted (con), and occluded (occ) pore structures and various mesopore size
(dmeso, “closed” red arrows) and window size (dwin, “opened” red arrows) ...................... 193
Figure 6-3. Contour plots of SBA-15 (a) and CARiACT (b) as the base support before
impregnation of PEI. Distribution of mesoporose size and geometry in the structured
silica (a) and hierarchal architecture (b) are achieved by DHS via N2 sorption at 196oC. White line is the indication of equal pore and window sizes, which leads to
cylindrical forms of a pore. .............................................................................................. 195

Figure 6-4. Contour plots of PEI600 weight loadings with 10 wt% (a), 20 wt% (b), 30
wt% (c), and 40 wt% (d) on SBA-15. Distribution of mesoporose size and geometry
in the various PEI weight loadings on structured silica (SBA-15) were achieved by
DHS via N2 sorption at -196oC. ....................................................................................... 196
Figure 6-5. Pore size distribution of various PEI600 weight loadings on SBA-15. The
calculations are based on the DFT model obtained through a full isotherm for each
sample. ............................................................................................................................. 197

Figure 6-6. Contour plots of PEI600 weight loadings with 10 wt% (a), 20 wt% (b), 30
wt% (c), and 40 wt% (d) on CARiACT. Distribution of mesoporose size and
geometry in the various PEI weight loadings on hierarchal silica (CARiACT) were
achieved by DHS via N2 sorption at -196oC. ................................................................... 198
Figure 6-7. Pore size distribution of various PEI600 weight loadings on CARiACT. The
calculations are based on the DFT model obtained through a full isotherm for each
sample. ............................................................................................................................. 199

Figure 6-8. Contour plots of 10 wt% TETA (a), 20 wt% TETA (b), 30 wt% TETA (c),
and 40 wt% TETA (d) on CARiACT. Distribution of mesoporose size and geometry
in the various TETA weight loadings on hierarchal silica (CARiACT) were achieved
by DHS via N2 sorption at -196oC. .................................................................................. 200
Figure 6-9. Pore size distribution of various TETA weight loadings on CARiACT. The
calculations are based on the DFT model obtained through a full isotherm for each
sample. ............................................................................................................................. 201

Figure 6-10: Effect of temperature on intrinsic heat of adsorption via CO2 pulse method
(a), and frequent CO2 pulse method (b) for 40 wt% PEI/SiO2; Condition: 5 vol%
pulse CO2 gas at 60oC. ..................................................................................................... 205

Figure 6-11. Experimental and modeled breakthrough curves for the adsorption ((a), (c),
(e), and (g)), and desorption ((b), (d), (f), and (h)). Experimental condition: 25°C (a)
and (b), 40°C (c) and (d), 60°C (e) and (f), and 80°C (g) and (h). ................................... 212

xv
Figure 6-12. Experimental and modeled heat flow from breakthrough for the adsorption
((a), (c), (e), and (g)), and desorption ((b), (d), (f), and (h)). Experimental condition:
25°C (a) and (b), 40°C (c) and (d), 60°C (e) and (f), and 80°C (g) and (h). .................... 213
Figure 6-13. Changes of total active sites obtained via model versus temperature for 40
wt% PEI423/SiO2. ............................................................................................................ 214

LIST OF TABLES

xvi

Table 1-1. CO2 adsorption capacity of amine-impregnated silica sorbents ............................. 22
Table 2-1. Numbers and types of amines in linear and branched molecular amines and
polyethylenimine utilized in this research........................................................................ 33
Table 2-2. Physical properties of utilized molecular amine materials for systematic study
of CO2 adsorption............................................................................................................. 35
Table 2-3. BET surface area and cumulative pore volume were collected via nitrogen
physisorption isotherm for silica and various weight loadings of PEI (M n=423 and
600). ................................................................................................................................. 40

Table 2-4. BET surface area was collected via nitrogen physisorption isotherm for
molecular amines impregnated on silica at various amine weight loadings. ................... 41
Table 2-5. Cumulative pore volume was shown via nitrogen physisorption isotherm for
molecular amines impregnated on silica at various amine weight loadings. ................... 41
Table 3-1. Values of standard Gibbs free energy, entropy changes, and chemical reaction
equilibrium constant are shown for linear and branched molecule and polymer at
constant temperature. ....................................................................................................... 73

Table 3-2. Viscosity of liquid amine from molecules to polyethylenimine was measured
before and after saturation with CO2 at 25oC. .................................................................. 98

Table 4-1. Comparison between CO2 capacity in perfect step change (without Ar
consideration) and real step change (with Ar consideration). The experiment is
performed on 40 wt% PEI423/SiO2 at various temperatures and CO2 partial pressure
of 0.1 bar. ......................................................................................................................... 112

Table 4-2. CO2 adsorption capacity (q) measured via mass spectroscopy at various weight
loadings of PEI600 on silica. Condition: T=60oC and CO2 partial pressure of 0.1 bar. .. 115
Table 4-3. Effect of temperature on CO2 adsorption capacity (q), enthalpy of adsorption,
pressure and temperature swing capacities on 40 wt% PEI423/SiO 2 is demonstrated.
A mixture of 10%CO2/1%Ar/He gases with flow rate of 30 mL/min passed through
the packed bed. The effluent gases were detected via Mass Spec. .................................. 118

Table 6-1. An example of analysis condition for partial saturation followed by desorption
on SiO2 (CARiAT) at -196oC (liquid N2)......................................................................... 194

ACKNOWLEDGEMENTS

xvii

I would initially like to thank God who empowered me to pass through my ups and
downs in PhD period, guided me in life, and gifted me with precious family and friends.
I would like to significantly appreciate my advisor, Professor Robert Rioux, for his
continuous support, motivation, patience, and encouragement in various directions of my PhD
study. His diverse deep knowledge directed me extensively with new insights into the issues
encountered in this curriculum. It was my honor and pleasure working under his mentorship.
In addition to my advisor, I wish to thank Professor Clifford for accepting my
appointment in the department and patiently listened and assisted me scientifically and mentally.
My sincere appreciation is extended to my committee members: Professor Song and Dr Wang for
not only their help through perceptive comments and suggestions, but also through providing me
an opportunity to collaborate with their group, which permitted me to broaden my research from
other perspectives. Furthermore, I would like to thank Dr Jeff Kenvin, Professors Armao, and
Harte for giving me the chance to collaborate with their team in different aspects of my project. I
learned and enjoyed a lot in these wonderful teamworks.
I am also very thankful for having such great friends and group members. They assisted
me via their feedback, cooperation, and undoubted friendship. I specifically would like to thank
Dr Binz and Dr Sturgis for their precious assistances in building some important structures and
electrical requirements related to my project.
I wish to express my extreme and heartfelt thank to my family, which their absolute love
and supports are infinite and invaluable. I cannot imagine being here without their helps,
supports, and warm wishes. My most wonderful teacher and mentor, my mother, taught me how
to deal with problems throughout my life, encouraged me to always look forward, and think
positive. My brothers and sisters who believed in me and always were there when I need them.

xviii
The last but not least, I would like to thank my wife, Maryam, who stood up with me in this
journey. This chapter of our life would not be ended without her patience and positive attitude
and conversations.

Chapter 1
Introduction to CO2 adsorption and calorimetric techniques
The majority of the world’s energy comes primarily from fossil fuels. Almost 50% of the
energy produced in United States (US) is generated in power plants that consume fossil fuels.
Strongly coupled to fossil fuels are emissions of carbon dioxide, a known greenhouse gas. Since
the Industrial Revolution, the carbon dioxide concentration level has increased by 36% to its
current level, of more than 405 ppm. As the energy demand increases, a study of the energy
associated with the surface of catalysts, supports, and adsorbents through calorimetry and other
thermal methods has become highly important. Appropriate tools that measure heat evolution
during adsorption and chemical reactions have revealed critical information about a system’s
energy efficiency.

1.1 Adsorption at solid-surface interfaces
Gas molecules are generally attracted to the exposed surface of a material, as the
molecules approach the solid surface based on the adsorption nature of gas-solid interactions as a
result of surface energy. In this process, a film of gas covers the solid surface.

1.1.1 Solid surfaces and porous materials
The structure of a solid material in crystalline format is composed of unit cell repetition.
This repetition can terminate at the surface due to a variety of reasons that affect surface
formation, such as crystal cleavage, the nature of the chemical bonds in the solid, origin of the

2
surface (created by mechanical or chemical forces), and preparation conditions. An ideal
homogeneous surface in a real solid material, which rarely exists, may be obtained through the
elimination of defects and further surface reconstruction for systematic surface science studies. A
solid surface is composed of a heterogeneous distribution of surface sites that are combination of
flat regions, structure defects, point defects, and a variety of atom oxidation states [1, 2].
The aggregation of solid particles generates different pore sizes based on the nature of the
solid and the origin of the surface. These pores include internal surfaces and typically constitute
the major portion of a solid surface area. Cylindrical pores are classified on the basis of pore
width, while slit-like pores are classified based on the distance between the slits. Pores with a
pore width smaller than 20 Å (<2 nm), between 20 and 500 Å (2-50 nm), and greater than 500 Å
(>50 nm) are categorized as micropores, mesopores, and macropores, respectively. Solid
materials can be composed of regular pore widths, such as zeolites and clay minerals, or can be
irregular, with various pore widths, such as silica-alumina and charcoal [1, 3]. These materials
can either be formed naturally or be synthesized through a combination of different materials and
processes. In all case, porous materials possess high surface areas; consequently they provide
enhanced interfacial regions and surfaces for adsorption.

1.1.2 Adsorption processes
The surface of a solid material becomes saturated via interaction with the gas molecules
in the environment. Adsorption, which by definition is a mutual process between a gas molecule
and a solid surface, could occur via either physical or chemical forces, denoted as physisorption
or chemisorption, respectively. The gas molecules are adsorbed on the solid surface as they
approach it and continue to reach the dynamic equilibrium. The quantity of adsorbed gas
molecules could be determined experimentally by means of the gravimetric method (increasing
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the weight of solid material) in open systems, by volumetric method (decreasing the gas pressure
due to adsorption) in closed systems, and through other changes in physical adsorption
parameters such as the evolved heat or the integrated IR absorbance [4-6]. The amount of
adsorption on a solid surface depends on the nature of the gas-solid interaction, pressure, and
temperature. At a constant temperature and pressure, the first adsorption layer occurs as either
chemisorption or physisorption, or as a combination of both based on the nature of the forces
between the adsorbate and adsorbent. The adsorption in the second layer is generally governed by
physical forces that eventually lead to gas condensation. It is therefore expected for a liquid-like
phase to form after the first adsorbed layer [4, 7-9].

1.2 CO2 adsorption: an overview
Coal, the primary fuel used for generating electricity in the US (about 33% in 2015),
produces massive amounts of carbon dioxide and is responsible for over 30% of greenhouse gas
emissions. Although renewable energy sources (such as solar, wind, and others) represent the
ultimate alternative solution to primary fuel sources in the long term, utilizing conventional fuels
seems absolutely necessary in the interim as global energy demands continue to increase at an
unprecedented rate from 590 as of now to 820 quadrillion Btu in 2040. Exposure to various
concentrations of carbon dioxide (>1 vol.%) for long periods is recognized as causing irrefutable
health problems not only for human beings but also for other animals [10]. An imperative
solution to limit and ultimately eliminate anthropogenic CO2 emissions to the atmosphere must
therefore be established. Submarines, spacecrafts, and space suits, which are surrounded environs,
were initially targeted to capture carbon dioxide into low harmful levels [11-13].
Limiting the growth rate of CO2 emissions in the first place and subsequently reducing
them necessitates developing carbon capture and sequestration and/or utilization technologies, as
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shown in Figure 1-1 . The last step of captured CO2 differentiates between CCS and CCU process
technologies. Long-term storage and conversion into a valuable chemical product are the ultimate
goals for CCS and CCU, respectively [14-21]. The major sources of CO2 emissions considered as
the main potential candidates for CO2 adsorption are oil refineries, coal- and gas-power plants,
biogas sweetening plants, ammonia production plants, and the cement and steel industries. For
example, the generation of electricity from fossil fuels in power plants comprises 40% of total
CO2 emissions [14-16, 20]. It is necessary to utilize diverse technologies for different industrial
CO2 sources, due to the diversity in equipment and operational conditions.
While conventional CCS and CCU processes comprise three steps (CO2 separation and
concentration, CO2 compression, and pumping underground and/or utilization, respectively), the
first two steps (particularly the first step) are reported to consume approximately 75% of the total
CCS process energy usage.

Hence, major endeavors have been devoted to the study and

development of more cost-effective capture methods [17, 19, 20, 22].

Figure 1-1. Schematic diagram of possible CCS and CCU systems [23].
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1.2.1 Processes for CO2 reduction
CO2 reduction through its capture from conventional large stationary sources such as
power plants, oil refineries, and the steel and cement industries were proposed by the
Intergovernmental Panel on Climate Change (IPCC). This technology is essentially required to
control CO2 emissions and prevent unprecedented concentration growth in the atmosphere [20,
23]. In general, three major processes can be implemented for CO2 capture.

1.2.1.1 Pre-combustion process
Methane and syngas (CO and H2) are typically the major source points for precombustion processes. Carbon dioxide could initially be separated from the feeds utilized for
energy generation processes such as steam reforming and the gasification of pulverized coal,
which is usually expensive and challenging. In addition, the water-gas shift reaction primarily
generates products composed of CO2 and H2 in the reaction process. Removing CO2 therefore
leads to an increase in the purity of the H2 produced in gas streams for further applications.
Carbon dioxide capture in these processes has been demonstrated to be relatively straightforward
and simple, owing to the high associated CO2 concentration (15-60 vol.%) [23].

1.2.1.2 Capturing process during combustion
Oxy-fuel combustion and carbonation-calcination are known as the two major processes
for simultaneous CO2 capture and combustion. In oxy-fuel procedure, pure oxygen rather than air
is utilized for the combustion. The combusted gases are furthermore partially recycled to increase
the process yield. Therefore, CO2 concentration in the exhaust gas may reach levels as high as
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90%. The major drawback that disfavors the utilization of these technologies, despite the high
CO2 concentration, is the high energy cost of air separation to obtain pure oxygen [17, 23].

1.2.1.3 Post-combustion process
CO2 capture from exhaust gas is another important process employed to reduce CO2
emissions. This process could be easily employed in various existing combustion facilities
because they do not require the modification of the process infrastructure. However postcombustion seems highly attractive, although it has two main disadvantages as drawbacks. First,
the CO2 concentration is much lower than in the above mentioned processes (4-15 vol.% for coal
and gas-fired combustions). Second, the gas impurities (SO2 and NOx) in exhausted gas compete
with CO2 and react with amine materials, which are normally utilized for post-combustion CO2
capture, due to the stronger acidity compared to carbon dioxide [24-26].
Liquid amine sorbents are currently utilized for commercial post-combustion CO 2
separation

processes.

Monoethanolamine

(MEA),

diethanolamine

(DEA),

and

methyldiethanolamine (MDEA) diluted in water are the main amine materials used, and have a
relatively high efficiency for this adsorption process [16, 17, 19, 20, 27].
Among these various scenarios (pre-combustion, post-combustion, and oxy-fuel), the
post-combustion capture of CO2 using high-capacity solid sorbents has been shown to be a more
promising technique to remove CO2 from any fossil fuel power plant before releasing the CO2 to
the environment at relatively low temperatures (40-80 oC) [28-32].
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1.2.2 CO2 adsorption mechanism
1.2.2.1 CO2 adsorption under dry conditions
In the case of liquid sorbents, the mechanisms and subsequent kinetics of CO2 adsorption
to form carbamate species has been evaluated in detail [33]. It was shown that zwitterionic
species are primarily formed by the direct reaction of CO2 with primary, secondary, and sterically
hindered amines. Sterically hindered amines are primary or secondary amino groups that are
connected to a tertiary carbon atom. Then the zwitterionic species undergo deprotonation by a
free base (B) to form the carbamate (Figure 1-2).

Figure 1-2. Formation of carbamate as a result of CO2 reaction with primary, secondary, or
hindered amines [18].
The free base (B) in the second step can be a water molecule, a hydroxyl group (-OH),
potentially a surface silanol, or another substrate-bound amine depending on the CO2 adsorption
conditions. Free water is abundant in the case of liquid sorbents and therefore water is the
predominant base (B) for carbamate formation, but in the absence of water, the predominant base
for solid amines is another amine.
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1.2.2.2 CO2 adsorption under humid conditions
In the presence of water, amine groups catalyze a different mechanism in which they
indirectly react with CO2 to form bicarbonate (hydrogen carbonate, HCO3-). In the beginning, the
amine dissociates water to form a quaternary amine and hydroxyl group. The hydroxyl group
then reacts with the CO2 to form a bicarbonate anion. Lastly, the bicarbonate anion associates
with the protonated amine through an ionic mechanism (Figure 1-3). In the meantime, primary
and secondary amines have the ability to react similarly with water, as well as with carbon
dioxide.

Figure 1-3. Mechanism of CO2 reaction with tertiary amines in the presence of water [18].
Figure 1-2 indicates that the CO2:N ratio (amine efficiency) is 1:2 for the carbamate
mechanism (under dry conditions) because a second amine serves as the base that deprotonates
the zwitterion.

Figure 1-3 demonstrates that the CO2:N ratio is 1:1 for the bicarbonate

mechanism (under wet conditions) due to water serving as the base. Both mechanisms are
operative in the presence of water, leading to a CO2:N ratio that varies between 1-2. Comparing
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carbamate and bicarbonate mechanisms (dry and wet conditions, respectively) reveals that amines
are utilized more efficiently in the bicarbonate mechanism due to the 1:1 CO2:N ratio. This molar
CO2:N ratio is generally defined as the amine efficiency, which is an indication of the adsorbent’s
ability to achieve its theoretical capacity [18, 33-35].

1.2.3 Comparison of solid and aqueous amine sorbent systems
In absorption approaches, amines (mainly monoethanolamine, MEA) dissolved in water
at concentrations of up to 30-40%, are used to capture considerable quantities of carbon dioxide
when flue gas is purged through the solvent. When the solvent is saturated, a temperature-swing
process is utilized to heat-up the entire reactor and destabilize the CO2:amine complex (carbamic
acid).
Aqueous amine solvents suffer from some major issues including: 1) incredible energy
penalty paid to heat up the whole reactor due to the high heat capacity of aqueous MEA solution
(182 J mol-1 K-1), 2) the corrosive nature of liquid amine, 3) loss of amine material during the
operation process, 4) being limited to the primary amine due to the low CO2 concentration in flue
gas. Therefore, many efforts have been diverted into alternative processes, such as solid sorbent
technologies [13, 19, 20, 23, 25, 36-40].
In the adsorption method, silica– which is used extensively as the solid adsorbent
support– has a heat capacity (42.2 J mol-1 K-1) at least four times lower than the aqueous MEA
solution.

The energy penalty paid to desorb CO2 will therefore significantly decrease by

switching from liquid to solid sorbents [18, 40]. If solid sorbents modified with amine function
are capable of capturing an amount comparable to that of a MEA solution, they will be suitable
alternatives. Solid adsorbent systems should possess a capacity of at least 3-4 mmol CO 2 per
gram of adsorbent in order to compete with traditional amine systems [41, 42]. Tsuda et al. [43,
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44] reported for the first time the utilization of amine in amorphous silica gel sorbents in 1992
and then Leal [45] described amine-functionalized mesoporous silica in 1995. To date, most
uptake measurements have been performed in the presence of only CO2 (dry conditions), CO2H2O (humid conditions), and flue gas conditions1 [13, 18-20, 28, 29, 31, 34-39, 42, 46-70].
One of the solid sorbents proposed that chemically reacts with CO2 is calcium oxide
(CaO). Calcium carbonate, which is the product of the reaction, is exposed to the calcination
reactor for regeneration. The low cost and high abundance of this material are its major
advantages, while the high adsorption and desorption temperatures (650 and 900 oC, respectively)
in addition to material attrition are the main disadvantages associated with this material [71, 72].

1.2.4 Supported amine materials
As shown in Figure 1-4, the two main categories have been defined for CO2 solid
sorbents as follows: 1) low temperature adsorbents (such as silica, zeolite, carbon) that mainly
adsorb CO2 physically and also have the ability to adsorb CO2 chemically if amines and polymers
are utilized as supported materials, and 2) high temperature adsorbents (such as calcium oxide,
lithium zirconate, and hydrotalciyes) called metal-based adsorbents that chemically react with
CO2 [18-20, 55].
For CO2 adsorption in post-combustion processes with amine-based materials, the
operating condition (i.e. temperature) is recommended to be around 25-100 oC. Adsorbent
capacity and effectiveness for CO2 adsorption alters even within this narrow operating
temperature range; this observation further highlights the importance of studying amine-based
adsorbents as a function of temperature. As shown in Figure 1-5, supported amine adsorbents
The composition of the gas-fired flue gas is 7.4-7.7% CO2, 14.6% H2O, ~ 4.45% O2,
200-300 ppm CO, 60-70 ppm NOx, and 73-74% N2. The composition of the coal-fired flue gas is
12.5-12.8% CO2, 6.2% H2O.
1
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have been categorized into three different classes: amines physically impregnated on oxide
supports (class I), amines covalently tethered to oxide supports (class II), and in-situ polymerized
amines on the support surface (class III) [18-20].

Figure 1-4. Solid sorbent materials for CO2 capture [18].
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Figure 1-5. Three main classes of amine combined with porous solid materials utilized for CO 2
adsorption process [20].

1.2.4.1 Amine physically impregnated on oxide supports
In class I (as shown in Figure 1-5), monomeric or polymeric amines are loaded physically
into solid supports, primarily porous silica [11, 13, 17, 19, 20, 25, 28-32, 35, 36, 41, 42, 46-49,
54-56, 58-60, 64, 68, 73-84]. Song et al. [13, 28] originally introduced class I materials
(molecular baskets), which possess large quantities of amines packed inside the pores of the
support. In the case of impregnated PEI on MCM-41, the CO2 adsorption quantity is 24 times
more than with silica and 2 times more than with neat PEI. Polyethyleneimines– composed of
linear and branched forms of the polymer that have various molecular weights– comprise the
most widespread amine used as solid-state capture materials [18].

13
Relatively weak interactions between amines and support- and hence poor stability,
especially in the presence of water, and lower efficiency compared to class II materials- have
been indicated as being the main challenges associated with this category [36]. This class of
adsorbents, however, has the highest CO2 adsorption capacity of all supported adsorbent types.

1.2.4.2 Amine covalently tethered to oxide supports
Adsorbents in class II (Figure 1-5) are amines covalently linked to the solid supports by
grafting amine-containing silanes to the silica surface. Tsuda et al. [43, 44] applied amines for the
first time on amorphous silica materials. Subsequently, different aminosilanes have been utilized
by many other researchers to functionalize various silica materials with different pore structures
[18, 19, 85-91]. Methyl groups have shown higher efficiency and reactivity compared to ethyls
and propyls since they are less bulky. The main advantages of this class with respect to class I,
are the high efficiency and stability of amines against leaching off the support surface, unless an
extremely harsh conditions that can break the covalent bonds are encountered. This class suffers
from low CO2 capacity compared to other classes [18, 19, 83, 92].

1.2.4.3 In-situ polymerization of amines
In class III, aminopolymer monomers are polymerized in situ inside the pores of the
support materials to form an amine-containing porous material for CO2 adsorption (Figure 1-5)
[10, 20, 29-30]. This class of materials is considered as the latest area of amine-based supported
materials developed. Hicks et al. [29] have developed, for the first time, a technique for in-situ
polymerization of azidirine to prepare an aminopolymer on a mesoporous silica material. Later,
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Drese et al. [93] studied the effect of aminopolymer loading in the silica material on the CO 2
capacity and adsorption kinetics.
The major advantage of this class in comparison to other amine oxide supports is that it is
a combination of the last two classes mentioned above, and hence offers the advantages of both
classes. The aminopolymer formed on the silica materials through this technique benefits from
the high amine loadings offered by class I as well as from the enhanced stability of class II
sorbents, due to the covalent bond formation of amine monomers with the support surface during
polymerization [18-20, 55].

1.3 Thermal analysis and calorimetry technique
Any alterations in sample properties due to the temperature change imposed are related to
Thermal Analysis (TA), and the heat released/adsorbed is associated to calorimetry. The
measurement is performed according to the temperature and time of CO2 adsorption. The main
techniques related to thermal analysis are Differential Thermal Analysis (DTA), Differential
Scanning Calorimeter (DSC), Thermogravimetry (TG), and Thermomechanical Analysis (TMA).
These techniques are based on the measurement of temperature difference, heat flux variation,
mass change, and length/volume change, respectively. Each one of these methods can cover a
portion of the thermal properties of sorbents and the measurement technique is chosen based on
certain criteria [4].
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1.3.1 Differential Scanning Calorimetry (DSC) Technique
In this technique, the difference between the heat flux released or adsorbed from or to a
sample with respect to a reference cell (containing no sample) is measured as a function of
temperature or time while the sample is kept at a desired constant temperature and atmosphere
[94]. In this technique, the instrument can operate either in isothermal mode (T=const.) or
scanning temperature mode (T≠const.). The quantity of heat flux is assessed based on the
temperature difference, along with the thermal resistance between the adsorbent and its
environment.

1.3.2 Adsorption microcalorimetry
The most reliable method to determine the strength of physical or chemical adsorption is
to directly measure the heat of adsorption through an appropriate calorimeter. This sensitive
instrument measures the heat flow while the gas molecules adsorb on the solid surface [95-97].
In this study, differential scanning calorimeter (DSC) was utilized as a thermal analysis
technique. The apparatus comprises composed of two identical calorimetric vessels, one of
which is filled with a sample and the other left empty; it therefore measures the difference
between the heat alteration from the sample and the reference cell. All other possible interrupting
thermal effects except gas-solid interaction have been eliminated through the differential
construction of the apparatus. The 3D sensor in both vessels, as shown in Figure 1-6, provides a
perfect symmetry for this system, which could also be combined with other instruments such as a
volumetric adsorption apparatus and a breakthrough reactor at various temperatures and pressures
[4, 97].
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Figure 1-6. A schematic of sample and reference cells surrounded with 3D sensors.

1.3.3 Measurement methods for heat of adsorption
1.3.3.1 Direct calorimetric method
In the direct calorimetric method, the heat of adsorption is obtained through the
measurement of heat evolution while a specific dose of the desired adsorptive gas is introduced
on the clean surface of the solid material. The clean surface is achieved by holding the solid
material in high vacuum conditions for a certain amount of time and specific temperature in order
to remove the surface contaminants and moisture. In this approach, the magnitude of the heat
evolution during each dose of adsorptive gas injection reveals the heat of adsorption for that
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specific pressure. In addition, variations upon increases in the surface coverage demonstrate the
type of bonding between the adsorptive gas and solid surface sites, as well as changes in surface
heterogeneity. Any change in heat of adsorption at different temperatures is directly monitored
and measured using this method.
The surface of a real solid material typically comprises structural (usually structural
defects) and chemical (atoms in different oxidation states) heterogeneities. The presence of lateral
interactions between adsorbed gas molecules furthermore introduces another kind of surface
heterogeneity [4, 8, 98].

1.3.3.2 Indirect non-calorimetric method for heat of adsorption
In a typical indirect method, heat of adsorption is determined using the ClausiusClapeyron equation, as follows:
∆H

.

= RT

Equation 1-1

In this method, only equilibrium data from adsorption isotherms with at least two
temperature levels are utilized to determine isosteric heat of adsorption. The isosteric heat of
adsorption is attained by plotting the equilibrium pressure versus adsorption temperature at
constant surface coverage, as shown in Figure 1-7. Integrating the above equation (Eq.1-1) results
in the following equation with two pressure (p1 and p2) and temperature (T1 and T2) levels:
ln

=

∆

.

−

Equation 1-2

This method suffers from errors introduced by some simplifying assumptions and
restrictions, as follows: 1) heat of adsorption does not vary with temperature. Isotherm
measurements at different temperatures should therefore be performed with the lowest
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temperature gradients; 2) adsorption is reversible, thus the heat of adsorption is required to be in
the range of physical adsorption (< 50 kJ/mol); 3) the gas behaves similar to ideal gas; 4) the
adsorbed molar volume on the solid surface is much smaller than the gas partial molar volume [4,
8, 98]. Furthermore, heat of adsorption may alter as the surface coverage changes.

Figure 1-7. A typical isotherm plot (C2H4 in NaX) used for calculating isosteric heat of
adsorption, where n is the amount absorbed and P is the pressure. Points represent the
experimental data, but lines are fitted to the experimental data [99].
1.3.4 Physisorption and chemisorption
The nature of a gas-solid interaction determines the forces that govern the adsorption.
Two kinds of forces are distinguished, as follows:
1) Van der Waals (or London-dispersion) force denoted as physical adsorption (physisorption).
Vapor condensation and deviations from ideal gas behavior is the result of physisorption forces.
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This force is essentially known as weak bonding accompanied by low heat of adsorption (5-50
kJ/mol) [4, 98].
2) Covalent (or chemical) forces known as chemical adsorption (chemisorption), that lead to the
formation of a chemical bond between the gas and the solid material. In this force, the electrons
of the adsorptive molecules and the atoms of the solid surface rearrange to form a chemical bond.
Heats of adsorption for chemisorption are typically in the 50-400 kJ/mol range, generally higher
than the heat of adsorption for physisorption. Chemisorption could be categorized as either
associative chemisorptions, defined as molecular coordination without breaking/forming bonds,
or dissociative chemisorptions. Associative chemisorption generally demonstrates a lower heat of
adsorption than dissociative chemisorptions [4, 98, 100, 101].
In the case of CO2 adsorption, two modes of associative CO2 chemisorptions on active
sites have been differentiated in addition to partially physical adsorption owing to the presence of
various energy active sites [36, 38].

1.4 Motivation to study CO2 adsorption kinetics and thermodynamics
Choi et al. [18], Samanta et al. [26], Yu et al. [55], and Sanz-Perez et al. [20] have
summarized the equilibrium capacity of CO2 on different amine-impregnated mesoporous
materials under various conditions. A shortened version of their findings is demonstrated below
for amine-impregnated silica (Table 1). As seen in Table 1, for most aminosilica samples,
equilibrium CO2 uptake in the presence of water reveals similar values without considering the
amine chemistry in which some adsorbents approach 3-4 mmol/g, the capacity identified by the
National Energy Technology Laboratory (NETL) as required for the adsorption process to be
competitive with absorption technology. However, the efficiencies fall far below (mostly <0.3)
the theoretical expectation (1:1 CO2:N ratio). In dry conditions, the uptake amongst different
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samples varies more than in humid conditions and exhibit scattered values for similar amine
materials and conditions, and efficiencies stay away from what is expected theoretically (1:2
CO2:N ratios). Although equilibrium uptakes provide important information, amine efficiency
offers a more appropriate measure for comparing sorbents. In order to calculate this parameter,
CO2 capacity (uptake) is normalized by the number of moles of N (nitrogen) present in the
sample. As is apparent from Table 1, equilibrium CO2 uptake remains constant or increases with
the transition from dry to humid conditions, while amine efficiency remains almost unchanged,
which contradicts the previously discussed stoichiometry for dry and humid conditions. The
nature of the silica supports for the amine-introduced adsorbents furthermore impacts their
adsorption properties [102]. Therefore, a more precise investigation is required for aminosilica
sorbents in order to resolve these deficiencies. The determination of kinetic parameters and rate
limiting steps present valuable insight into solid-gas reactions.

To predict the amount of

adsorption, operational parameters, and effectiveness of adsorbents (in dry and humid
conditions), a relationship that describes equilibrium data is required. The determination of
kinetic and thermodynamic parameters will undoubtedly assist to improve our understanding,
design, and optimization of a high efficiency adsorption system to remove CO 2 from flue gas.
A small number of studies have investigated the kinetics and thermodynamics of CO2
adsorption on aminosilica sorbents [18, 19, 34, 35, 42, 85, 102]. In particular, structure-function
relationships that explain how the structure of aminosilica sorbents influences the
thermodynamics and kinetics behavior of CO2 adsorption, have been inadequately discussed
[102].

Developing structure-function relationships based on poly(ethyleneimine) on silica

support, the most studied amine for aminosilica materials, is challenging because the commonly
used poly(ethyleneimine) consists of a combination of linear and branched polymers and is
assumed to have a 1:1:1 (1o:2o:3o) amine ratio. The ratio of different amine types in PEI
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molecules, however, varies significantly with molecular weight and synthesis conditions2 [29,
103]. In this work, the complexity of poly(ethyleneimine) has therefore been substituted by welldefined amine molecules, in terms of linear vs. branched, with a known number of primary,
secondary and tertiary amine moieties. This provides a simpler system with fewer variables and
therefore makes it easier to systematically study adsorption kinetics and thermodynamics. In
addition, small amine molecules can be studied separately in both liquid (CO2 absorption) and
solid (CO2 adsorption) phases.
Class I aminosilica materials are known to have the highest capacity among CO2
adsorbents; therefore, a relatively high heat of adsorption per gram of sample is generated when
CO2 is introduced at low CO2 partial pressures. In this case, the indirect measurement of the
precise differential enthalpy of adsorption from measurements of isothermal gas uptake becomes
challenging as a result of a strong initial adsorption [104]. Most differential enthalpy assessments
are obtained from indirect measurements such as isosteric heats of adsorption. Thus, direct
measurement of heat of adsorption at equilibrium CO2 partial pressures with various CO2
coverage (θ) can reveal valuable information about the energy of interaction between CO 2 and
amine sites. This has been poorly studied in the case of impregnated aminosilica materials [105].
In addition, the transient pulse method can afford information on unsteady-state heat of
adsorption, providing an important additional insight into the intrinsic reaction mechanism, which
so far has not been studied on aminosilica materials. Generally, continuous flow and pulse
methods provide integral heat of adsorption versus differential heat of adsorption, respectively
[4]. The aforementioned methods complement each other and have been applied to inspect the
reversibility behavior of CO2-amine interaction. The effect of the heterogeneous distribution of
different amine types (primary, secondary and tertiary) and their local environment have been
Relative ratio of different amino functions in PEI reported by 13C NMR is as following:
primary: 26-42, secondary: 33-51, tertiary: 22-31.
2
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studied through intrinsic heat of adsorption, probe
probed by a direct measurement of the heat flow
generated during CO2 adsorption by isothermal calorimetry [106]. The
he objective is therefore to
investigate CO2 heat of adsorption as a function of amine type and surface density at continuous
and transient pulse conditions in the absence of water and at various temperatures.

Table 1-1. CO2 adsorption capacity of amine
amine-impregnated silica sorbents [19, 20, 26, 77].
77]

Polyethyleneimine (PEI) - Diethanolamine (DEA) - Tetraethylenepentamine (TEPA)

1.5 Summary of thesis content
The purpose of this work is to understand the structure-function
function relationship of
aminosilica sorbents (Type
ype I) and the role of different amine structures and surface densities
densit at
relevant operating
ng temperatures on amine efficiency for CO2 adsorption,
adsorption through a
comprehensive thermodynamic and kinetic study. Various linear and branched amine materials
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from molecular structures to PEI were utilized for impregnation on silica support (commercially
available and called CARiACT) with various amine weight loadings. The results of this research
determine the structural functionality of amine materials and therefore could establish an in-depth
perspective for the design of a new generation of Type I aminosilica sorbents.
Chapter 2 summarizes the material synthesis and characterization techniques for the
evaluation of the synthesized samples.

In addition, this chapter describes, in detail, the

combination of the instruments employed and the calculation methods and corresponding
procedures utilized. In Chapter 3, a combination of volumetric adsorption (VA) and differential
scanning calorimeter (DSC) has been used to evaluate the thermodynamics of synthesized
materials for CO2 adsorption. Furthermore, the rate of equilibrium (ROE) is investigated in order
to differentiate and determine various kinetic regions in amine materials. Chapter 4 contains the
kinetic and thermodynamic studies over the synthesized and surface modified materials through
the combination of a breakthrough reactor and a DSC. Spatiotemporal modeling and parametric
estimation in the isothermal CO2 adsorption columns are discussed in Chapter 5. A mathematical
model has been used to predict the behavior of the breakthrough reactor and determine the kinetic
parameters at a constant temperature. The last chapter (Chapter 6) summarizes the important
results obtained in this study, along with future research plans and ongoing collaboration works to
further study Type I aminosilica sorbents.
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Chapter 2
Experimental Procedure
This chapter summarizes the experimental procedure, including the detailed information
on synthesis and characterization of materials, instruments utilized, and methods used for the
evaluation of the kinetics and thermodynamics of CO2 adsorption.

2.1 Synthesis
2.1.1 Preparation of materials
A variety of amines including diethylenetriamine (DETA), triethylenetetramine (TETA),
Tris(2-aminoethyl)amine

(branched

TETA),

tetraethylenepentamine

(TEPA),

pentaethylenehexamine (PEHA), branched polyethylenimine (PEI600, Mn=600) and 40 wt%
linear polyethylenimine (PEI423, Mn=423) as shown in Figure 2-1, were used. The molecular
structure characteristics of different amine materials, including amine types and numbers are
presented in Table 2-1. As shown in this table, the numbers and types are well known in the case
of molecular amines while they demonstrate vague values in polyethylenimines.
The molecular amines, branched PEI, and methanol (reagent grade) were purchased from
Sigma-Aldrich Chemical Company and employed to prepare impregnated Type I sorbents. Linear
polyethylenimine (PEI423, Mn=423) as received from the Department of Energy’s NETL was
mainly used to collect preliminary data in this study. The support chosen for this research is
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CARiACT-G10 silica from Fuji Silysia Chemical Company. The physical properties of this silica
are as following: BET surface area of 330 m2g-1, pore volume of 1.12 cc g-1, and an average
particle size of 75-150 μm. The samples used for CO2 adsorption contain different weight
loadings (1, 5, 10, 20, 30, 40, 50 wt%) of molecular amines and branched PEI (except 50 wt% for
PEI600) and were prepared by wet impregnation method on silica support.
An impregnation method adapted from a previous work [1] was employed for the
preparation of the silica-supported sorbents. In a typical synthesis, PEI is dissolved in methanol
and mixed with the silica (SiO2) with the weight ratio as X PEI (X=0.01, 0.05, 0.11, 0.25, 0.43,
0.67, and 1)/ 2 methanol/1 silica to obtain slurry with 1, 5, 10, 20, 30, 40, and 50 weight percent
of amine on silica, respectively. This slurry is mixed for an hour and then placed on a rotary
evaporator to remove the methanol and obtain a dried impregnated aminosilica sorbent. The
prepared sample was then kept in a drybox to prevent further water adsorption.

Table 2-1. Numbers and types of amines in linear and branched molecular amines and PEIs
utilized in this research.

Amine materials

1°

Amine Type
2°

TETA

2

2

DETA
TEPA

PEHA

Branched TETA
Linear Polyethylenimine
(PEI423)*
Branched Polyethylenimine
(PEI600)

* Based on the theoretical calculations.

2
2
2
3

N/A

1

3°

3
4
13
N/A

1
N/A
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Figure 2-1. Linear and branch molecular amines and polyethylenimine

2.1.2 Physical properties
The feasibility of using the aforementioned amine materials in research-scale and
subsequent large-scale applications is highly affected by their physical properties (Table 2-2).
Boiling point and vapor pressure are considered as the major key points for amine selection, since
the synthesized samples must be regenerated at 100oC to remove water. High water removal
stability and low amine vapor pressures are the critical criteria for designing sorbent materials. If
the sample cannot tolerate the desired regeneration temperature, it may not be a suitable sorbent
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to begin with. The impregnation of amine on a solid, however, relatively changes its physical
properties due to the interaction with the silica surface. The ultimate conclusion needs to be made
through thermal gravimetric analysis (TGA). Nonetheless, the physical properties of the pure
materials in their original format could provide an appropriate benchmark for comparison
between the various amine materials as shown in Table 2-2.

Table 2-2. Physical properties of the molecular amine materials utilized for the systematic study
of CO2 adsorption.

The vapor pressure of various amine materials within a wide range of temperatures is
presented in Figure 2-2. Although the figure contains few of the materials utilized, the general
trends for some of the main amine materials could be observed. As can be seen for DETA, the
smallest amine molecule selected for this work, the vapor pressure is about 20 mmHg at 100 oC,
while the next larger amine (TETA) revealed 1 mmHg at the same temperature, which is more
than one order of magnitude (20 times) lower than DETA. As a result, DETA was only applicable
for CO2 adsorption at monolayer and submonolayer impregnation on silica where it provides
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proper stability, but low capacity. Diethylenetriamine (DETA) was therefore not considered
further in this research. The larger chain amines with higher boiling points and molecular
weights, such as TETA, have much smaller vapor pressures and could therefore be utilized
(Figure 2-2 and Table 2-2).

Figure 2-2. Vapor pressure of ethylenamine materials as temperature changes [2].
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2.1.3 Modification of surface functional groups
2.1.3.1 Introduction
Mesoporous silica could potentially be utilized for separation [3-7], and catalysis [8, 9],
biosensors [10, 11], and drug delivery [11-13], in addition to its current usage as the support for
CO2 adsorbent materials. Therefore, it is important to control the chemical nature (e.g., hydroxyl
groups) on the silica surface in order to develop new materials for these applications. Based on
this, a commonly employed, versatile, and straightforward approach is to modify silica surface
functional groups with other materials [14]. A variety of functional groups can be utilized through
organosilanes using two techniques: 1) co-condensation [15, 16], and 2) grafting [17]. In the cocondensation method, the organosilane is added whene the mesoporous silica is being synthesized
[15, 16]. In the grafting approach, the organosilane reacts with the surface silanol (Si-OH) groups
via a post-synthetic procedure [17]. Although the co-condensation method results in a higher
stability and a higher loading of functional groups, it is extremely challenging to control the pore
structure using this methodology. In the grafting method, however, only the surface functionality
is modified, since the pore structure has already been formed [18, 19]. We opted to employ the
grafting technique, as we have used an already-prepared silica material whose pore size and other
textural properties have been kept constant.

2.1.3.2 Modification procedure
Trimethoxymethylsilane (TMMS; assay=98%) and Trichloro(octyl)silane (TCOS;
assay=97%) were utilized to graft methyl (-CH3) and octyl (-C8H17) groups on the silica surface
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through replacement with hydroxyl groups, respectively. TMMS and TCOS comprise three
methoxy (OCH3) and chloro (Cl) ligands, respectively, and therefore each ligand could
individually react with hydroxyl groups on the silica surface to form Si-O bonds. The
quantification of interacted methoxy or chloro ligands with hydroxyl groups is very complicated,
however. We therefore assumed, as a conservative estimation, that only one of the three ligands
interacts with the surface hydroxyl groups to form a Si-O-Si bond. Based on this assumption,
theoretical calculations for both materials were performed and the excess factor was defined as a
methoxy (or chloro):OH 10:1 ratio. In order to be able to perform the theoretical calculations, the
number of hydroxyl groups (-OH) on the silica surface was determined through the Grignard
titration method (2.04 mmol/g=3.7 nm-2), as explained in following section.
The silica support was initially dried overnight in a vacuum oven at 350oC. One gram of
dried silica was then mixed with 20 mL toluene as solvent, followed by adding 3-4 mL TMMS or
TCOS dropwise to the mixture in a Schlenk tube in order to satisfy the 10:1 ligand:OH ratio [20,
21]. Subsequently, the mixture was held in an oil bath under total reflux conditions at 120 oC for
20 h. The reaction of the ligands with the hydroxyl groups on the silica surface occurs during this
step. The treated solid silica was then separated using filtration, washed with 50 mL of
dichloromethane (DCM), and dried under a vacuum at ambient temperature for 24 h. The final
grafted silica materials are denoted as SiO2-CH3 and SiO2-C8H17. A general schematic of grafted
methyl and octyl groups on a silica surface is depicted in Figure 2-3.
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Figure 2-3. Schematic of methyl and octyl groups on a silica surface.

2.2 Characterization
2.2.1 Nitrogen adsorption
Nitrogen physisorption characterizes the textural properties of the porous materials. In
our study, it has been used to characterize the physical properties of aminosilica materials
including the surface area and textural properties of the samples such as pore size distribution and
pore volume. The Brunauer-Emmett-Teller (BET) surface area and cumulative pore volume of
various weight loadings of PEI and molecular amines (DETA, TETA, TEPA, and PEHA) on
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silica support were measured via nitrogen physisorption (Micromeritics, ASAP 2020 and 3flex).
The pure silica and the impregnated-silica sorbents were degassed at 350oC and 60oC under a
vacuum for 6 h, respectively. The analysis was conducted at -196oC for all the samples. After
the experiments, BET, and Barrett–Joyner–Halenda (BJH) models were used to calculate the
surface area and the pore volume, respectively (Tables 2-3, 2-4, and 2-5). The cumulative pore
volume was estimated at a relative pressure of 0.99 p/po. As shown in these tables, the BET
surface area and cumulative pore volume of PEI and molecular amines such as DETA, TETA, bTETA, TEPA, and PEHA on silica material decreased linearly as amine weight loading increased.
Table 2-3. The BET surface area and cumulative pore volume were collected via nitrogen
physisorption isotherm for silica and various weight loadings of PEI (M n=423 and 600).
BET surface

Cumulative pore

area (m2/g)

volume (cm³/g·Å)

SiO2

333

1.12

1 wt% PEI600/SiO2

270

1.1

5 wt% PEI600/SiO2

244

1.05

10 wt% PEI600/SiO2

234

0.97

20 wt% PEI600/SiO2

180

0.77

30 wt% PEI600/SiO2

123

0.56

40 wt% PEI600/SiO2

72

0.3

40 wt% PEI423/SiO2

69

0.32

Sample
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Table 2-4. The BET surface area was collected via nitrogen physisorption isotherm for molecular
amines impregnated on silica at various amine weight loadings.
BET surface area (m2/g)

Amine (wt%)

DETA

TETA

TEPA

PEHA

b-TETA

0

333

333

333

333

333

1

271

264

276

282

270

5

257

231

249

247

225

10

240

177

219

237

180

20

171

110

158

178

126

30

94

61

104

127

102

40

61

33

60

69

49

42

10

19

35

23

50

Table 2-5. Cumulative pore volume was shown via nitrogen physisorption isotherm for molecular
amines impregnated on silica at various amine weight loadings.
Cumulative Pore volume (cm3/g), Ads.
Amine (wt%)

DETA

TETA

TEPA

PEHA

b-TETA

0

1.12

1.12

1.12

1.12

1.12

1

1.10

1.06

1.09

1.11

1.04

5

1.01

0.99

1.01

1.00

0.98

10

0.91

0.84

0.95

0.95

0.81

20

0.74

0.57

0.72

0.77

0.62

30

0.47

0.34

0.51

0.58

0.47

40

0.31

0.17

0.30

0.33

0.26

0.22

0.04

0.09

0.17

0.11

50
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2.2.2 Thermal gravimetric analysis (TGA)
Thermal gravimetric analysis (TGA) is a thermal analysis technique that provides
information on changes in the weight of materials while temperature is increased in a highlycontrolled fashion. In this research, a TGA instrument from TA Instrument Inc (TGA 2050) has
been utilized to measure the amine loading (and confirm the nominal loading), decomposition
pattern, and thermal stability of the supported molecular amines and PEI. Helium was used as a
purge gas, with a ramp rate of 5oC/min starting from room temperature (Figure 2-4) [22-24].
Weight loss at temperatures of less than 100oC has primarily been attributed to the water
desorption, as the decomposition and vaporization of molecular amines, PEIs, and hydroxyl
groups from the silica surface mainly occurs above 100oC. The differential weight loss curves,
which provide additional useful information shown with dashed lines, indicate that the PEI600
demonstrates higher stabilization than the PEI423 (Figure 2-4).
As illustrated in Figure 2-5a, amine stability decreased as the weight loading increased
due to the reduction in amine interaction with surface hydroxyl groups. The major changes in
differential curves appeared at the 140-300oC temperature range for all weight loadings of TETAimpregnated silica. These materials are therefore promising candidates to be utilized for CO2
adsorption, since the temperature for the regeneration process would typically be as high as
100oC. Impregnated aminosilica materials with longer chains, such as TEPA and PEHA (as
shown in Figures 2-5b and 2-5c, respectively), revealed a higher stability than TETA. As a result,
amines with longer chains possess improved stability and would be more appropriate for
industrial applications. Furthermore, impregnated amines at a submonolayer region (≤5 wt%)
presented slightly higher stabilities even at the boiling temperature of the amine molecule, owing
to the close interaction of amine molecules with hydroxyl groups on the silica surface.
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Figure 2-4. Thermal gravimetric analysis (TGA) of 40 wt% PEI (Mn=423 and 600) on silica with
a ramp rate of 5oC/min from room temperature up to 800oC. Lines show weight loss. Bold and
thin dash lines are derivative weight for PEI423 and PEI600, respectively.
The substitution of hydroxyl groups with other functional groups that promote less
interaction with amine materials especially by decreasing the hydrogen bonding, has also been
studied in this research. As shown in Figure 2-6, the hydroxyl groups on a silica surface were
replaced by methyl (Figure 2-6b) and octyl (Figure 2-6c) groups and compared with a nonfunctionalized surface (Figure 2-6a). As a result, the stability of impregnated amine on a silica
surface decreased as the hydroxyl groups were replaced with methyl groups due to the increased
hydrophobicity of the surface (Figure 2-6b), while for the octyl-functionalized silica (Figure 26c), the relative stability increased due to the rise in steric hindrances imposed by the functional
groups on the impregnated amine.
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Figure 2-5. Thermal gravimetric analysis results for impregnated TETA (a), TEPA (b), and
PEHA (c) on silica with various amine weight loadings such as 0, 1, 5, 10, 20, 30, 40, 50 wt%
Amine/SiO2. Condition: He flow=100 ml/min, heating ramp rate= 5oC/min.
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Figure 2-6. Thermal gravimetric analysis on TETA-impregnated silica over unmodified (a),
methyl (b), and octyl (c) modified silica surfaces. Various TETA weight loadings such as 0, 5, 10,
and 20 wt% on SiO2 were used to study the effect of hydrophobicity. Condition: He flow=100
ml/min, heating ramp rate= 5oC/min.
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2.2.3 Proton nuclear magnetic resonance (1H NMR)
Nuclear magnetic resonance spectroscopy (NMR spectroscopy) is a technique that
generally utilizes the magnetic properties of specific atomic nuclei to uncover the physical and
chemical properties of the material containing that atom. Detailed information, such as the
structure, reaction state, dynamics, and chemical environment of molecules, in addition to the
electronic structure of a molecule, can be extracted from NMR data. This technique is mostly
used to investigate organic molecules. Proton or carbon NMR spectroscopy is highly appropriate
for a various range of organic compounds [25, 26].
Proton NMR spectroscopy is the NMR technique used with respect to the hydrogen
nuclei inside molecules. This technique is used to determine the molecular structure of the
samples, which naturally contain hydrogen consisting of isotope 1H, in the structure. The NMR
spectra are obtained in a solution; the solvent protons should therefore not interfere with the
results. Based on this, solvents are deuterated for NMR experimental applications. In addition,
solvents such as CCl4 or CS2, which do not have hydrogen in their structures, could also be used.
The chemical shifts in proton NMR spectroscopy for organic compounds ranges between +14 to 4 ppm. Moreover, the amount of individual protons could be determined through the curve
integration for each proton. 1H NMR has been utilized in this research to quantify the amount of
toluene obtained as a result of the Grignard titration method. Consequently, the number of
hydroxyl functional groups can be determined [27, 28].
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2.2.3.1 Grignard titration for OH group quantification
A method named Grignard titration was utilized to quantify the number of OH functional
groups in the silica support. The surface hydroxyl groups react with the Grignard reagent and
produce toluene. The amount of toluene was then determined by proton NMR spectroscopy (1H
NMR) [9, 29, 30]. A compound called diarylmagnesium was prepared using the Grignard
reagent method.

2.2.3.1.1 Preparation of the reagent
The preparation of the reagent was carried out in an air-free environment. In a glove box,
1,4-dioxine (about 0.9 mL) was added dropwise to 10 mL of 0.9 M benzylmagnesium
bromide/THF solution (TCI America) while stirring in a tank. After mixing for 2 h at room
temperature to let the reaction proceed, the solution was filtered and the remaining yellow
precipitate formed was separated. The separated yellow precipitate was dried out under low
pressure to fully recover the precipitated material (dibenzylmagnesium, MgBz2).

2.2.3.1.2 Reaction of the reagent with surface silane (OH) groups
The silica support was dried overnight under a vacuum at 350oC. The dried silica (about
30 mg), ferrocene (internal standard; 10 mg), and MgBz2 (50 mg) were mixed together in
deuterated benzene (1.4 mL) for reaction at room temperature for 2 days. The 1H NMR
spectroscopy was performed on the supernatant to determine the toluene concentration. The
stoichiometry between MgBz2 and the surface Si-OH was assumed to be 1:1 in order to determine
the number of OH groups.
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2.2.3.1.3 Determination of the produced toluene
A small amount of reacted solution was transferred into a J-Young or a normal NMR
tube, and then an NMR tube cap was placed in an air-free environment. After performing the
NMR measurement, two major signals were identified at about 2.2 and 4.1 ppm for toluene and
ferrocene standard, respectively. Then, the toluene peak area was normalized by ferrocene peak
area. The amount of toluene concentration was determined based on the known concentration of
ferrocene in the sample solution, which could then be further converted to the number of OH
groups using 1:1 stoichiometry.

2.2.4 Gas pycnometry
The determination of the sample void fraction necessitates true (or skeletal) density
measurements. Gas pycnometry (Micromeritics AccuPyc 1330) was used to measure the true
density with helium gas. In this sample, 0.3 g was utilized to determine the true density via
charging and discharging helium gas. The measurement was performed 10 times and the average
of the measured data reported. The average bulk density of the solid material was determined by
measuring the width, length, and height of the bulk sample in a calibrated container [31].

2.3 CO2 adsorption experiments
The CO2 adsorption experiments were performed in two different measurement modes,
equilibrium and non-equilibrium measurements. In the non-equilibrium measurement, kinetic
data, in addition to heat of adsorption, were obtained, while thermodynamics data were obtained
via equilibrium measurement.
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2.3.1 Non-equilibrium measurement
2.3.1.1 Breakthrough reactor experiment
A breakthrough reactor (BTR) was used to measure CO2 capacity by monitoring CO2 and
Ar (as tracer) concentrations in the effluent gas stream with a mass spectrometer (Pfeiffer,
Omnistar Quadrupole mass spectrometer, QMG 220). A heated capillary tube (Polymicro Tech.
Inc., I.D.=102 μm, O.D.=360 μm) connected the effluent from the breakthrough reactor to the
mass spectroscopy instrument. A ten-way valve was utilized in the set-up process to provide the
ability to switch between helium (AirGas, research grade, 99.9999%) as a purge gas and the
desired adsorptive gas (10% CO2/1% Ar/He (AirGas, ultra-high purity (UHP) grade, 99.999%)).
Electronic mass flow controllers (Tylan, FC260) were used to control the gas flow rates (30
mL(STP)/min) of each gas. A quartz tube was utilized as the breakthrough reactor with an
internal diameter (I.D.)= 0.15 in. The reactor was loaded with an aminosilica (60-70 mg) and
supported between two plugs of quartz wool. A K-type thermocouple was directly inserted into
the packed bed to monitor its temperature.

The active thermopile zone of the differential

scanning calorimeter (Setaram SENSYS evo) is 12 mm. The differential scanning calorimeter
(DSC) was employed to heat the aminosilica material to the adsorption temperature and to
measure the heat flow associated with CO2 adsorption on the material. Downstream from the
reactor, electrical heating tape held the effluent line at a constant temperature (100°C) to the mass
spectroscopy (MS) instrument.

Labview software was utilized to control the mass flow

controllers, electrical heating elements, and solenoid valves while the manufacturer’s software
controlled the DSC and MS instruments.
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2.3.1.2 Determination of adsorbed CO2 on breakthrough reactor
In a typical CO2 adsorption experiment, CO2 and Ar gases are passed through the BTR
bed and then detected in the effluent stream using a MS, as shown in Figure 2-7. The calculation
procedure to determine the CO2 capacity is as follows:
a. The CO2 and Ar gases are controlled via mass flow controller (MFC). The number of moles
for each species is therefore calculated at any time (0-t) by assuming ideal gas behavior:
=
,

Equation 2 − 1

=

×

Equation 2 − 2

b. The area (A1) obtained from the integration of CAr/CAr,0 over the time period (0-t) is
proportional to the total inlet CO2 moles (nCO2,t), which the inlet CO2 moles is precisely controlled
∝

by the MFC. Therefore,

,

c. CO2 adsorption on the sample is proportional to the area between the Ar and CO2 (A3, shaded
∝

area) plots. So,

d. The areas A2 obtained from integration of CCO2/CCO2,0 over the time period (0-t) is required to
determine area A3 via

=

−

.

e. Finally the amount of CO2 adsorbed can be determined as follows:
∝

,

=
∝

×

,

Equation 2 − 3
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In addition, the heat of desorption could be calculated through the same procedure, since
we have the area (A4) from the thermal desorption peak (third peak in Figure 2-9).

∝

,

=

×

,

Equation 2-4

∝
Where, A (A1, A2, A3, and A4) are the areas of certain regions.
In a perfect step change, Ar gas suddenly alters in C/Co (y-axes in Figure 2-7) from zero
to one, as detected by Mass Spec. Therefore, the corresponding area for A3,perfect step would be
greater than the actual A3 (A3,perfect step>A3). As demonstrated earlier, A3 is proportional to the CO2
adsorption capacity; consequently, a higher A3,perfect step leads to overestimating the capacity.

Figure 2-7. A typical breakthrough reactor on 40 wt% PEI423/SiO2 for CO2 (solid line) and Ar
(dash line) at the reactor effluent with corresponding areas (A1 and A2) identified by Mass
Spectrometer. Condition: T=60oC, PCO2=0.1, PAr=0.01, and PHe=0.9 bar.
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2.3.1.3 Heat of adsorption measurement
A DSC (Setaram SENSYS evo), coupled with a breakthrough reactor, as shown in Figure
2-8,, was utilized to control the sample temperature and measure the heat flow during the CO2
adsorption process at the desired temperature. We then calculated the heat of adsorption from the
data obtained from both instruments. The DS
DSC instrument was controlled via separate software
and operated simultaneously with Labview and mass spectroscopy software for each experiment.

Figure 2-8.
8. A schematic of the experimental setup used in combined DSC and BTR for kinetics
kinetic
and thermodynamic studies. Using a 10 port valve allows the flexibility to continuously flow or
pulse the adsorptive gas into the reactor bed. The temperature of the reactor bed is controlled via
DSC. The effluent is analyzed via MS. Three pieces of software work simultaneously to collect
the heat flow and CO2 capacity data
data, as follows: the Labview software controls the MFCs, the 10
port valve, and the 3-way
way solenoid valves; the Quadera software detects the effluent species in the
MS as a function of time (Figure 22-7); the Calisto software is used in the DSC apparatus to
control the process temperature and measure the heat flow released via CO 2 adsorption.
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2.3.1.4 A typical experimental procedure
The CO2 dry experiments in the BTR were conducted in four stages: drying, adsorption,
desorption, and thermal regeneration. The experimental procedure employed to evaluate the
adsorbents in this study is described below:
a. Isothermal at room temperature (RT) for 10 min under He flow (30 ml/min).
b. Ramp temperature (10oC/min) from RT to conditioning temperature (105oC)
c. Isothermal at conditioning temperature for 120 min under He. This is the drying stage.
d. Cool down (10oC/min) to the desired temperature for CO2 adsorption (e.g. 25oC) and
isothermal for 60 min under He.
e. Change the gas from He to 10%CO2/1%Ar/He and hold isothermal at the desired temperature
(e.g. 25oC) for 150 min. This is the adsorption stage.
f. Change the gas from adsorption gas composition back to He and isotherm at the adsorption
temperature (e.g. 25oC) for 60 min. This is the pressure swing desorption stage.
g. Ramp the temperature (10oC/min) from the adsorption temperature (e.g. 25oC) to 105oC under
He and isotherm for 10 min. This is the thermal regeneration or temperature swing step.
h. Cool down (10oC/min) to RT and isotherm for 30 min under He.
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Figure 2-9. Full trajectory of steps (a)-(h). CO2 is present in the gas phase during step (e) via
pressure swing. The first and third peaks represent the desorption of ambient CO 2 and the
thermal desorption of CO2 via temperature swing, respectively. Conditions: T=25oC, PCO2=0.1
bar, Tpretreatment=105oC.

2.3.1.5 Derivation of the expression for two-site non-dissociative adsorption
In this section, we have derived the form of the Langmuir isotherm for a non-dissociative,
dual-site chemisorption adsorbing from the gas phase on two adjacent surface sites, S, i.e.,
( )

+2 ⇌

Equation 2-5

The adsorption equilibrium constant, K, is defined as

K

C SAS
PAC S2

Equation 2-6
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where PA is the partial pressure of the adsorbate, and CSAS and CS are the surface concentration of
adsorbed molecule and vacant site per unit area, respectively.

To eliminate the unknown

parameter, CS, a site balance has been used.

Ct  CS  2CSAS

Equation 2-7

where Ct is total site concentration. Rearranging equation 2-7 in terms of CS and squaring, the
following equation is attained,
2
C S2  Ct2  4Ct C SAS  4C SAS

Equation 2-8

Substituting equation 2-8 into a rearranged equation 2-6, we obtain



2
C SAS  KPA Ct2  4Ct C SAS  4C SAS



Equation 2-9

Upon rearranging equation 2-9, the following quadratic equation is obtained
2
4 KPAC SAS
 1  4 KPACt C SAS  KPACt2  0

Equation 2-10

The solution to equation 2-10 becomes

CSAS 

1  4KPACt  

1  8KPACt

8KPA

Equation 2-11

It is apparent that the negative root is correct because only when the negative root is
applied does CSAS = 0 at PA = 0. Finally, the surface concentration of the adsorbed molecule is
obtained as follows,

CSAS 

1  4KPACt  

1  8KPACt

8KPA

where CSAS = 0 at PA = 0 and CSAS = Ct/2 as PA  ∞ [32].

Equation 2-12
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2.3.2 Equilibrium measurements
2.3.2.1 Coupled volumetric and calorimetric instruments
A combination of an automated volumetric adsorption apparatus (Micromeritics ASAP
2020 or 3flex) and DSC were used to simultaneously evaluate the direct heat of adsorption and
adsorption isotherms at equilibrium (Figure 2-10). Differential scanning calorimetry is a thermal
analysis technique that measures the difference between the heat alteration from a sample and a
reference cell. While the experiment is running, both sample and reference are maintained at an
isothermal condition. In this study, the commercial calorimeter instrument used was a high
precision SENSYS evo DSC with a wide temperature range (-120 to 830oC) manufactured by
Setaram Company.
The commercial Micromeritic ASAP 2020 is an automated volumetric adsorption
apparatus that was used for the adsorption of gases on the aminosilica samples. In addition to
surface area and porosimetry information, this instrument can also analyze crystal size, active
metal dispersion, and the heat of chemical adsorption for a range of different applications. In
addition to the typical applications of the Micromeritic ASAP 2020 shown in Figure 2-10, this
apparatus was customized for this research to measure heat of adsorption directly as a function of
coverage (θCO2) while interfaced with the DSC [33, 34].
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Figure 2-10. Combined automated volumetric adsorption apparatus and differential scanning
calorimeter [33, 34].
In isothermal mode, the DSC in combination with the automated adsorption equipment
effectively functions as an isothermal titration calorimeter; therefore, the entire adsorption
isotherm (i.e. equilibrium CO2 pressure) can be collected after the preferred pretreatment
condition at any desired adsorption temperature along with the heat evolution due to adsorption.
This unique combined system is utilized to inspect and understand direct CO2 heat of adsorption
and adsorption behavior as a function of amine type and surface density in dry conditions. In
addition, using this technique, the intrinsic differential heat of adsorption for CO2 is determined,
which discloses the highest interaction energy between two adjacent amine sites and CO 2.
The exothermic heat peaks as a function of equilibrium pressure are collected through the
DSC and the number of CO2 moles at each partial pressure are directly measured by the
automated volumetric adsorption apparatus. To perform an experiment, the adsorbent is placed
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into one side of a glass fork tube reactor and then fitted into the calorimeter cells. The other side
remains empty as a reference cell. Each experiment involves two steps: (1) degassing of the
sample in vacuum at a preferred temperature, (2) measuring the heat of adsorption in series of
small CO2 dosages.
In other applications [35, 36], a second or third isotherm could be performed after the
first isotherm and evacuation. The reason for collecting the second isotherm is to evaluate the
fraction of irreversible adsorption by subtracting the first and the second isotherms, which were
not removed by evacuation between the two isotherms.

2.3.2.2 Differential heat of adsorption
Differential heats of adsorption in isothermal conditions are calculated through the
differential heat, measured via DSC, divided by the molar adsorption amount at any coverage.
An appropriate technique for measuring interaction energy between gas molecules and available
sites is demonstrated by the differential heat of adsorption at any surface coverage. The nature of
the gas-solid interaction determines the magnitude of heat, which varies as the coverage
increases. The variation comes from either a heterogeneous distribution of surface active sites or
lateral interactions between adsorbed molecules [37-39]. In addition, if the heat of adsorption
varies with temperature, this method also reveals the changes as a function of temperature.
Moreover, this technique assists to determine the quantity, strength, and energy distribution of
adsorption sites [39-42]. Different probe molecules could be applied to various distinct site
properties [39, 43-45].
In most cases, the estimation of zero-coverage heat of adsorption could also be achieved
via extrapolation at low coverage. The results could be suitably compared with the computed
energy of the gas-solid interaction via ab initio calculations [45-48].
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Figure 2-11. Regions in a typical curve of differential heats of adsorption versus uptake [39].
As explained, inn this mode the energy distribution of surface active sites,
sites along with the
surface coverage, quantity and bond strength
strength, could be investigated with respect to the gas probe
molecule and the solid material utilized. It is important to note that the nature and type of
adsorbed species could not be determined from the calorimetric data. A general schematic of
differential heat of adsorption has been illustrated as a function of adsorbed quantity in Figure 22
11, and the zones could be explained as following [39, 49, 50]:
(a) Highest heats of adsorption at the primary zone indicate the presence of the strongest sites on
the surface. The heat curve ra
rapidly decreases in this region as the adsorption quantity increases.
(b) This region presents the medium strength active sites. The constant heat in this zone is
assigned to sites with a similar strength. In addition, it denotes the homogeneous active sites;
sit
therefore, any divergence is interpreted as heterogeneity
eterogeneity in the system. If a sample mainly
contains homogeneous active sites, the least deviation is observed between the differential and
integral heats of adsorption in this zone.
(c) When the highest and medium energy active sites are filled, the heat curve starts
start to slowly
decrease due to the presence of heterogeneous (in energy distribution) sites. Lateral interaction
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between adsorbed gas molecules on the surface is revealed as a bump and shown as a dashed line.
In most solid adsorbents, site heterogeneity and lateral interaction may occur simultaneously.
(d) Before reaching the last region, the amine sites are highly covered with the adsorbed
molecules. Therefore, the gas molecules physically adsorb on very low energy sites in the last
region with the relatively constant value for heat of adsorption. This constant value may vary
from one probe molecule to another.
In conclusion, this representation of calorimetric data can be utilized to evaluate the
energy and amount of homogeneity and heterogeneity of the solid surface, the lateral interactions,
and the structural changes a solid surface usually experiences as a result of its interaction with the
adsorbed material.

2.3.2.3. Integral heat of adsorption
At a specific equilibrium pressure, the integral heat of adsorption is defined as integral
heats normalized to the quantity of adsorption with the dimension of kJ/mol. The value obtained
essentially represents an average number of total thermal responses of the gas-solid interactions.
Therefore, the value contains the overall thermal contributions between the gas molecules and the
surface, from the lowest pressure to the desired equilibrium pressure. This method assumes that
the heat of adsorption has a constant value at different temperatures.
The differential method represents a more appropriate procedure to describe the evolution
of gas-solid interaction site energy as the coverage increases compared to the average method.
The deviation between differential and integral heats of adsorption reveals the existence of a more
heterogeneous distribution of active sites or lateral interactions, or a combination of both
phenomena [39, 47, 48].
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Thermodynamics and rate of equilibration of amine/silica adsorbents in
coupled VA/DSC
The fundamental understanding of the chemistry occurring at the solid surface requires
study of the gas-solid interactions. The energy released from CO2 adsorption on the solid surface
play an important role in determining the adsorbent surface properties because different surfaces
having different functionalities respond to gas molecules in different manners. This type of study
will ultimately reveal the nature of gas-solid interactions and provides essential information about
the adsorbent. Thermodynamic evaluation via volumetric apparatus coupled with direct heat
measurement through DSC could provide such concrete in-depth information about the
synthesized materials.

3.1 Thermodynamics of CO2 adsorption
In this section, CO2 adsorption isotherms, heats of adsorption, and evaluation of the
thermodynamic parameters, such as equilibrium constant, Gibbs free energy, and entropy will be
discussed in detail. Studying the changes in these values as a function of amine structure and
type, temperature, and support loading will give insight into the adsorption mechanism at the
solid-gas interface. In this chapter a comprehensive study on the effect of each of these
parameters will be provided on amine-impregnated silica sorbents.
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3.1.1 Effect of amine structure
Amine structure has an important role on thermodynamic properties and consequently
affects the CO2 adsorption capacity. Different structures of linear and branched amines
considered as molecular and polymeric (polyethylenimine) adsorbents were chosen to understand
the relationship between amine structures/types and the adsorbent performance.
Primary amines are commonly used for ultradilute CO2 streams such as ambient air due
to the increased capacity and kinetics associated with a higher affinity for CO2 and higher rate of
equilibration compared to the other amine types [1]. In molecular amine structure, shown in
Figure 2-1, the ratio of secondary to primary amines for triethylenetetramine (TETA) is higher
(2o/1o : 1/1) with respect to branch TETA (b-TETA; 2o/1o : 0/3). Consequently, the CO2 uptake
for TETA is lower than b-TETA at ultradilute CO2 pressures (<0.1 mbar) due to greater affinity
for CO2 adsorption in primary amines. However, CO2 adsorption on TETA showed superior
adsorption quantity at higher pressures (≥0.2 mbar). At 25oC, volumetric CO2 adsorption capacity
of 40 wt% linear and branched TETA molecules (TETA and b-TETA) impregnated on silica
(Figure 3-1a) were 1.32 and 1 mmol/g at 0.4 mbar (Earth’s atmosphere), 1.61 and 1.15 mmol/g at
5 mbar (median CO2 partial pressure in International Space Station (ISS)), and 1.82 and 1.42
mmol/g at 1000 mbar, respectively. These adsorbents possessed higher capacities compared to
currently used zeolite 5A in the ISS, which has the capacity of 0.85 mmol/g [2]. At 60 oC and 150
mbar, which is the appropriate operational range for CO2 adsorption from flue gas in coal and gas
power plants, the corresponding CO2 adsorption capacities for 40 wt% linear and branched
polyethylenimine (PEI423 and PEI600) are 3.22 and 2.18 mmol/g, respectively, while they are
3.45 and 2.37 mmol/g at 1000 mbar (Figure 3-1b).
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Figure 3-1. CO2 adsorption isotherms (a), differential (c) and integral (e) heat of adsorption for 40
wt% branched and linear Triethylenetetramines (b-TETA, ♦; TETA, ■) are presented. In addition,
CO2 adsorption isotherms (b), differential (d) and integral (f) heat of adsorption for 40 wt%
branched and linear polyethylenimines (PEI600, ♦; PEI423, ■) are illustrated. Condition: 25oC
(a), (c), (e); 60oC (b), (d), (f).
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Based upon the suggested criteria for a new generation of adsorbents to compete with aqueousMEA-based process in terms of capacity and required regeneration energy [3, 4], the promising
results for PEI423, renders this material as a suitable candidate.
In general, differential and integral heat of CO2 adsorption for all studied materials
commonly demonstrated three distinct regions, as follows: 1) increase to plateau, 2) plateau, and
3) decrease from plateau. As can be observed in Figure 3-1 (c-f), the heat of adsorption for all
materials primarily presented energies in the range of a chemical bond (>50 kJ/molCO2) as the
CO2 adsorption increased, and then decreased into lower energy region (<50 kJ/molCO2), namely
the physical bond regime [5]. At low CO2 uptakes, the highest heat of adsorption is expected to
be achieved due to the availability of the strongest sites during the initial step of the adsorption, as
explained in Chapter 2. However, counterintuitively, the heat of adsorption started to increase
from a low quantity until reaching a plateau as CO2 adsorption increased. This behavior could be
explained through two simultaneous reasons: a) CO2 is initially adsorbed on the first layer of PEI
and interacted with one nitrogen site (CO2:N2=1:1). This mode of CO2 interaction with nitrogen is
previously reported to have low heat of adsorption and less stability [6]. And b) based upon the
previously proposed mechanism [6-10], two adjacent active sites, which further stabilize the
adsorbed CO2 molecule compared to just one active site, necessitate a minimum energy for
reorganization to bond with a CO2 molecule, form a chemical bond, and stabilize the adsorbed
molecule.
Based on the presented discussion, there is a minimum energy requirement for amine
reorganization to adjust two adjacent active sites with an appropriate distance for adsorption of a

CO2 molecule ( H conf . ). This energy is supplied from the energy released via the initial CO2
adsorption [11-13]. The measured heat of adsorption is essentially the apparent heat of adsorption
and can be explained via three different phenomena described by the following equations:

 H app .   H ads .  H diff .  H conf .
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Equation 3-1

where H ads . represents the intrinsic heat of adsorption with a negative sign as its being
released via adsorption; H diff . shows the consumed heat for CO2 diffusion into deeper
multilayer of amine materials; H conf . demonstrates the required heat for amine conformation.
The influence of required heat for diffusion and amine conformation varies throughout the
adsorption procedure.
After the initial increase (first region), the heat of adsorption approaches the plateau
(second region). The plateau region represents important information about the nature of the
adsorption sites. Almost constant enthalpy of adsorption during this step is attributed to the sites

with analogous strength [5]. In addition, the required heats for diffusion ( H diff . ) and amine
conformation ( H conf . ) are already provided from the first region. Therefore, minimal energy is
consumed for those processes and the generated heat in this region, can be attributed to the
intrinsic heat of adsorption ( H app .  H ads . ) [5, 14].

After the plateau zone, heat of adsorption in the third region decreases, which could be
attributed to the following phenomena:
A) Increase in the amine viscosity because of the adsorbed CO2 [6, 15, 16]. As a result,
the required energy for diffusion to the lower amine multilayer is intensified.
B) Enhancement of the CO2 diffusion distance in multilayer amines to access the
adsorption sites due to the saturation of exposed amine layers. Consequently, diffusion
deeper into the amine multilayer necessitates additional energy consumption from the
system.
C) Increase in lateral interactions between adsorbed CO2 molecules [5, 17].
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At low quantities of adsorbed CO2 (<0.5 mmol/g), as shown in Figures 3-1c and 3-1e, the
branched amine molecule (b-TETA) reached the plateau at very low adsorbed CO2 concentrations
while linear amine molecule adsorbed more CO2 prior to the plateau region. The adsorbed uptake
in this region for b-TETA and TETA is about 10% and 27% of the total adsorption capacity,
respectively. Similar trends were observed for polyethylenimines as shown in Figures 3-1d and 31f. Branched polyethylenimine (PEI600) attained the plateau at about 4% of total capacity
compared to 16% in the linear polyethylenimine (PEI423). The difference could be explained
through three possible reasons which may occur simultaneously: 1) b-TETA contains more
homogeneous active sites for CO2 adsorption than TETA, since the structure contains three
primary and one tertiary amines within its structure (where the tertiary amine is incapable of CO 2
adsorption in dry conditions) compared to two primary and two secondary amines in a TETA
molecule that enhances the heterogeneity of amine material. Therefore, finding the second site to
stabilize the weakly adsorbed CO2, based on the proposed mechanism explained previously,
could be easily facilitated on b-TETA [1, 14]. Polyethylenimines (PEI600 and PEI423) consist of
different unknown fractions of primary and secondary amine active sites. Therefore, a similar
discussion is inapplicable for polyethylenimine materials, 2) b-TETA interacts with CO 2 only
through the primary-primary amine interactions; offering the largest heat of adsorption and lowest
steric hindrance among other CO2-amine interactions and, therefore, assists the amine
reorganization via larger heat release [1, 14]. Similar to a b-TETA amine molecule, PEI600
contains more primary amines for CO2 adsorption when compared to PEI423, which contains
more secondary amines in its molecular structure. As a result, the heat release upon CO2
adsorption would be higher for PEI600 as well, 3) Less intermolecular interactions with
neighboring molecules exist in b-TETA and PEI600 (branched materials) compared to TETA and
PEI423 (linear materials). This is due to the decrease in contacting area between molecules,
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which facilitates amine mobility [18]. Thus, branched amine materials necessitate less energy for
reorganization compared to their linear counterparts.
In the plateau region, the enthalpy of adsorption demonstrated relatively constant values
as shown in Figures 3-1c and d. Heats of adsorption reached 84, 92, 92, and 102 kJ/molCO 2 for
TETA, b-TETA, PEI423, and PEI600, respectively, which are in agreement with the reported
data in the literature [11, 13, 14]. As shown in Figure 3-1c, TETA illustrated two steps in the
plateau zone compared to b-TETA that showed an almost flat heat of adsorption in this region.
This behavior could be mainly attributed to the heterogeneity of the active sites. Similar behavior
could be observed in polyethylenimine materials as shown in Figure 3-1d. PEIs demonstrated
some fluctuations in the plateau region which was likewise attributed to the heterogeneity of
active sites as explained in the previous section. This region extends up to 45%, 36.5%, 50%, and
70% of total capacity for TETA, b-TETA, PEI423, and PEI600, respectively. As a result, the
TETA indicated lower enthalpy of CO2 adsorption and higher fraction of total CO2 capacity in
this zone. In contrast to b-TETA, PEI600 presented higher fraction of the total capacity in the
plateau region, which implies facile amine mobility and CO2 diffusivity in PEI600.
The next region (diffusion regime), which is after the plateau step, consists of 21%, 42%,
34%, and 26% of the total capacity for TETA, b-TETA, PEI423, and PEI600, respectively. The
results for the amine molecules indicate b-TETA has a higher fraction of CO2 adsorption in the
diffusion regime (2x higher) compared to TETA. The reason could be explained through other
experimental evidences (Table 3-2) denoting that the presence of homogeneous primary amines
in b-TETA results in a layer with higher viscosity when in contact with CO2 than secondary and
tertiary amines. The high viscosity of the outer layer creates a stronger diffusion barrier for CO2;
consequently, more energy is required for CO2 diffusion into lower amine multilayer. As
described previously for PEIs, a more viscous layer for PEI600 than PEI423 is expected when
contacted with CO2 due to the higher ratio of primary to secondary amines. As shown in Figure 3-
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1d, the heat of adsorption for PEI600 dropped with a steeper slope compared to PEI423. The
trend in the heat release further confirms that more energy was consumed for PEI600 in this zone
for CO2 diffusion into lower amine layers.
The tails and low apparent heat of adsorption (<50 kJ/molCO2) during the last stage of bTETA and TETA adsorption suggest a small portion of CO2 physisorption, which are 11.5% and
7% of the total capacity, respectively. In contrast to CO2 physisorption in amine molecules,
polyethylenimines showed only weak binding at the end (no tail).
Branched amine molecules and polymers showed higher average heat of adsorption than
linear adsorbent materials, as shown in Figures 3-1e-f, due to the larger presence of primary
amines. However, the decreased amine active sites compared with their linear counterparts results
in low CO2 adsorption. Both branched amine molecules and polymers, contain a portion of
tertiary amines in the structure, which restricts the CO2 uptake, especially in dry conditions.
Heterogeneity in amine materials prevents the formation of uniform CO2-amine structure
during CO2 adsorption and could facilitate the CO2 diffusion. Likewise, the heterogeneity of the
PEIs resulted in a decrease in the energy consumption for CO2 diffusion into the lower amine
multilayer and, therefore, the higher apparent heat of adsorption as shown in Figures 3-1e-f.
The chemical reaction equilibrium constant was calculated at low partial pressure of
adsorbate using Langmuir adsorption equation considering the adsorption mechanism of one CO 2
molecule on two amine active sites [6-10]. At higher CO2 pressures, the equilibrium constant
deviated from a constant due to the divergence of activity coefficient from unity; which is
dependent on the surface coverage [19]. Therefore, the equilibrium constant is considered to be
equal to Henry’s constant and is used to assess the adsorption affinity between adsorbate (CO 2)
and adsorbent (amine). The stronger interaction between adsorbate and adsorbent reveals itself by
the higher value of the equilibrium constant [19, 20]. As shown in Table 1, the larger equilibrium
constant for branched TETA and PEI600 indicate a stronger CO2-amine interaction than linear
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TETA and PEI423 because of increased number of primary amines in the branched amine
adsorbents. Furthermore, the equilibrium constant helps to calculate other thermodynamic
parameters, such as the Gibbs free energy.
Gas adsorption on a solid surface is a spontaneous process; therefore, the Gibbs free
energy change (∆G), enthalpy change (∆H), and entropy change (∆S) should be negative for a
non-dissociative adsorption process. The spontaneous process continues until ∆H>T∆S and the
Gibbs free energy change is an important criterion for spontaneity of a chemical reaction. At a
constant temperature, a reaction occurs spontaneously if the ∆G is negative [20-22]. The value of
standard free Gibbs energy change is calculated using the following equation:
∆

=−

Equation 3-2

The standard heat of adsorption (∆Ho) is directly measured by combination of volumetric
adsorption and differential scanning calorimetry (DSC) [5]. Having the values of ∆Ho and ∆Go,
the standard entropy change could be calculated from the following equation:
∆G = ∆H − T∆S

Equation 3-3

Table 3-1. Values of standard Gibbs free energy, entropy changes, and chemical reaction
equilibrium constant are shown for linear and branched molecule and polymer at constant
temperature.
Adsorbent

T (oC)

Keq

∆Go (kJ/molCO2)

∆So (kJ/molCO2)

40 TETA/SiO2

25

553

-15.65

-0.18

40 b-TETA/SiO2

25

2185

-19.06

-0.18

40 PEI423/SiO2

60

35

-9.86

-0.20

40 PEI600/SiO2

60

58

-11.22

-0.23

The changes of Gibbs free energy and entropy for branched amine molecule (b-TETA)
and polyethylenimine (PEI600) are more negative than their linear counterparts, as shown in
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Table 3-1. These results imply a higher spontaneity of the CO2-amine interaction for branched
amine adsorbents (b-TETA and PEI600) and a slightly lower stability of the CO2-amine
interaction in polyethylenimine adsorbents (PEI423 and PEI600) compared to molecular amine
adsorbents.

3.1.2 Effect of temperature
In this section, the effect of temperature on linear amines impregnated on silica is
investigated. Two linear molecular amines, TETA and PEI423 were utilized in this part to study
the effect of temperature changes on the adsorbent properties.
Carbon dioxide adsorption on a clean surface (i.e., low CO2 pressures) of amine
adsorbent material is thermodynamically more favorable at low temperatures as shown in Figures
3-2a, 3-2b [6, 23, 24]. At low CO2 pressures, where the adsorption mainly occurs at the available
surface sites with no significant diffusion barrier, the isotherms follow the trend expected from
thermodynamics, i.e., smaller quantity of adsorption at higher temperatures [11, 25]. The shift of
the step in the adsorption isotherm to higher pressures as the temperature increases is due to the
increase in chemical potential for CO2 stabilization by the amine as the amine thermal motion
increases at higher temperatures. Therefore, higher pressure, which satisfies the increased
chemical potential, is required at higher temperatures to absorb more CO2 from gas phase. In
addition, this shift may provide a unique condition at which a weak vacuum could approximately
regenerate the adsorbents completely at moderate temperatures [11]. At higher pressures, CO2
adsorption increased as the temperatures increased to the 60oC, owing to a decrease in the
diffusion barrier from surface into the bulk of the amine impregnated on silica. The subsequent
decrease in sorption at temperatures higher than 60oC is due to the transition from diffusion
kinetic-controlled regime to the thermodynamic-controlled regime [6, 23, 25].

75
Similar to Figures 3-1c and 3-1d, the heat of adsorption in Figures 3-2c and 3-2d passed
through a maximum as the CO2 uptake increased. At low coverage (< 0.5 mmolCO2/g) and low
temperatures (e.g. 25oC), shown in Figures 3-2c and 3-2d, the enthalpy of adsorption gradually
evolved to reach a plateau compared to the sharper increase at higher temperatures. This result
refers to two phenomena for molecular amine (TETA) and polyethylenimine (PEI423). First, the
low CO2-amine bond energy (CO2/N2:1/1) is less likely to form at higher temperatures, and
hence, the higher heat of adsorption created by strong CO2-amine interactions (CO2/N2:1/2)
increased with a faster pace (higher slope). Second, a larger portion of the required energy for
amine conformation is provided at higher temperatures and less energy (released as the
adsorption enthalpy) was consumed for this rearrangement [11, 12]. Additionally, increase in
temperature decreased the amine viscosity, thereby allowing the amine to move more freely and
facilitate CO2 diffusion into the amine bulk [10]. As a result, the average heat of adsorption for
molecular amine (TETA), shown in Figure 3-2c at the plateau region, increased from -84 to -92
kJ/molCO2 as the temperature rose from 25 to 60oC, respectively. Polyethylenimine (PEI423)
requires more energy for movement compared to molecular amines due to the long chains of
polymers. The higher energy needed for the polymer reorganization and movement leads to a
decrease in the apparent heat of adsorption as shown in Figure 3-2d and 3-2f. In Figure 3-2d, the
heat of adsorption for PEI423 at the plateau region indicated an average of 80, 88, 92, 94
kJ/molCO2 at 25, 40, 60, and 80oC, respectively. The minimal range in the heat of adsorption at
different temperatures is more observable when they are plotted in integral mode (Figure 3-2f)
since it demonstrates the average heat of adsorption. Linear polyethylenimine, PEI423,
demonstrated lower enthalpy of adsorption compared with linear molecular amine (TETA) at
25oC in the plateau region. However they exhibited similar enthalpy at 60oC, which is attributed
to the sufficient amount of energy provided for CO2 diffusion and amine reorganization at higher
temperatures.
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Figure 3-2. Effect of temperature on CO2 adsorption isotherms (a, b), differential heat of
adsorption (c, d), and integral heat of adsorption (e, f) are presented on linear molecule (40 wt%
TETA (a, c, e)) and linear polymer (40 wt% PEI423 (b, d, f)) on silica support. Temperature: 25
(♦), 40 (■), 60 (▲), and 80 (×) oC.
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The tail at the end in Figure 3-2d shows the physical adsorption of CO 2 that only appears
at 25 and 40oC accounting for 16% and 10% of the total PEI423 adsorption capacities,
respectively. It has been previously explained that the increase in temperature shifts the Gibbs
free energy for CO2 adsorption into a net positive value. Therefore, it can facilitate the CO2
desorption condition by means of providing the required activation energy given that desorption
is known as an activated process [10, 21]. The change in Gibb’s free energy for TETA as well as
PEI423 increased toward positive values as the temperature increased (Figure 3-3). Therefore,
lower spontaneity and weaker interaction of chemical CO2-amine bonds is observed at higher
temperatures. Furthermore, TETA illustrated lower Gibb’s free energy values than PEI423 at all
studied temperatures, which represent greater spontaneity and stronger interaction due to the
presence of larger amounts of primary amines in TETA compared to PEI423.
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Figure 3-3. Valves of Gibbs free energy for TETA (▲) and PEI423 (♦) and entropy change for
TETA (×) and PEI423 (■) are presented as function of temperature for 40 wt% TETA and
PEI423 on silica supports.
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The entropy changes in Figure 3-3 decreased as the temperature increased for both TETA
and PEI423. This result indicates that the entropy in gas phase increased with temperature and,
therefore, the entropy change (∆S) trended in the negative direction [21]. The difference between
the entropy changes for TETA and PEI423 decreased as temperature increased. This result
indicates that TETA stabilized CO2 more effectively at lower temperatures due to the larger
number of primary active sites in TETA.

3.1.3 Effect of weight loading
The CO2 capacity of an adsorbent material primarily depends on the weight loading of
amine on the solid support. Since the amine material interacts with the hydroxyl groups on the
support surface (silica in this study), weight loading of amine material influences the
thermodynamic properties of CO2 adsorption. In this section, various loadings of TETA such as
5, 10, 20, 30, and 40 wt% have been used to study the corresponding effect on the
thermodynamics of adsorption.
As shown in Figure 3-4a, the quantity of adsorbed CO2 increased as the weight loading
increased. This is due to increased number of amine active sites in the bulk phase, which has a
sufficient distance from silica surface, and resulted in a higher CO2 adsorption. The major step
changes in CO2 adsorption was observed from 5 wt% to 20 wt% corresponding to a regime
change from submonolayer (5 wt%) to monolayer (10 wt%) and then multilayer amine (>10
wt%) on the silica surface. Beyond 20 wt% loading, the increase in CO2 adsorption is smaller,
mainly due to steric hindrance and diffusion limitation into lower amine multilayer [6, 10, 23,
25].
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Figure 3-4. Effect of weight loading on CO2 adsorption isotherm (a) and differential (b) and
integral (c) heat of CO2 adsorption is presented on linear amine molecule (TETA) impregnated on
silica support. Condition: TETA weight loadings are 5 wt% (♦), 10 wt% (■), 20 wt% (▲), 30
wt% (×), and 40 wt% (●); T= 60oC.
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The average heat of adsorption at the plateau zone shown in Figure 3-4b was measured to
60, 81, 87, 89.5, and 92 kJ/mol at 5, 10, 20, 30, and 40 wt% TETA on silica, respectively. The
heat of adsorption is significantly lower at 5 and 10 wt% TETA loading because of high
interactions of amines with hydroxyl groups on the silica surface (Figure 3-4b and 3-4c). In this
regime (≤10 wt%), the carbamate, with weak carbon-nitrogen bonds, is formed through the
interaction of lone pairs of free amine in TETA and the carbon in the CO2 [6, 11, 22]. Moving
from 20 to 40 wt% loading, the heat of adsorption increased moderately due to the reduced
interactions between amine and surface hydroxyl groups [10, 26-28]. The heat of adsorption
showed different behavior for 5 and 10 wt% compared to higher amine weight loadings. Low
amine weight loadings (5 and 10 wt% in this study) illustrated a typical behavior for heats of
adsorption on solid materials, as shown in Figures 3-4b and 3-4c [5]. At low amine loadings, the
highest heat of adsorption appeared at the lowest CO2 adsorbed quantity and then reduced to an
almost flat line followed by a bump and eventually a sharp reduction. The bump and the later
decline indicate the interaction between the adsorbed molecules; known as lateral interaction. At
higher weight loadings (≥20 wt%), heats of adsorption evolved from a low value into a plateau
zone and subsequently decreased, similar to the behavior explained in previous section.
Spontaneity of CO2 chemical reaction increased as the weight loading increased from 5 to
30 wt% because of the decline in the Gibb’s free energy as shown in Figure 3-5. Based on the
present discussion, the adsorption is expected to become more spontaneous as the weight loading
increases. However, pore blocking at high amine weight loading may prevent CO2 from accessing
all the available active sites and decrease spontaneity due to a more positive Gibb’s free energy.
In general, CO2 adsorption is spontaneous over the entire range of weight loadings studied here,
owing to negative Gibb’s free energy.
As shown in Figure 3-5, the entropy change reduced as the weight loading increased. The
main decrease occurred moving from 5 to 10 wt% amine weight loading, which indicates the

81
importance of amine coverage to minimize interactions with surface hydroxyl groups. The steady
decrease in entropy is attributed to the adsorption of CO2 in the amine bulk rather than on the
surface. Under these conditions, CO2 is further stabilized owing to the interaction with two active
sites rather than one on the amine surface [6].
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Figure 3-5. Valves of Gibbs free energy (♦) and entropy (■) presented as function of TETA amine
weight loadings at 60oC.

3.1.4 Effect of 2o amine addition
Amine materials contain different types of amine; namely primary, secondary, and
tertiary. Tertiary amine is incapable of CO2 adsorption at dry condition. A systematic study of
primary amines in Type I adsorbents is also challenging due to the high vapor pressure of the
amine (Ethylenediamine), but the number of secondary amines in molecules with a linear
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structure could be increased without changing the other amine types. Therefore, it permits
studying the adsorption capacity and thermodynamic, systematically. In this section, adsorbent
materials using various amine materials such as TETA, TEPA, PEHA, and PEI423 with constant
weight loading (40%) were prepared and studied to explore the effect of the addition of secondary
amines.
As shown in Figure 3-6a, the isotherm at low CO2 pressures (<0.4 mbar) showed that
molecular amines adsorb more CO2 than polyethylenimine owing to a higher ratio of primary
amines [1]. At higher pressures (>10 mbar), the amount of adsorbed CO2 increased as the number
of secondary amines per molecule increased. This could be attributed to the change in the
adsorption mechanism and stoichiometry in dry conditions from CO2/N : 1/2 to CO2/N : 1/1 [11,
12, 14, 29]. The heats of adsorption shown in Figure 3-6b and 3-6c decreased as the number of
secondary amines in the linear amine chain increased due to the lower heat of adsorption
associated with secondary amines [14, 29]. The plateau represents the adsorption sites with
energetic homogeneity and, therefore, is an appropriate region to consider for comparison
between different amines. The average heats of adsorption in this zone were 92, 90, 83, and 92
kJ/mol for 40 wt% TETA, TEPA, PEHA, and PEI423 on silica (increase in the 2o/1o ratio),
respectively. As the ratio of secondary to primary amine increased in the chain, the heats of
adsorption decreased (except for PEI423) due to the lower CO2-amine interactions in the
secondary amines, but the quantity of CO2 adsorption increased as explained previously. The
commercial linear PEIs are composed of various 2o/1o ratios depending on synthesis conditions
and molecular weight. Low molecular weight PEIs, such as PEI423, owns similar 2 o/1o ratio as
TETA (2o/1o ≈1) [10, 30, 31]. Thus, high heat of adsorption analogous to TETA, attributed to the
similar 2o/1o amine ratio, is observed for this polymer. Finally, the increase in secondary to
primary ratio reduces the amount of energy required for desorption and also increased the CO2
uptake.
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Figure 3-6. Effect of adding 2o amine from linear molecular to linear polyethylenimine is
demonstrated on the isotherm (a), differential (b) and integral (c) heat of adsorption. Condition:
40 wt% of TETA (♦), TEPA (■), PEHA (▲), and PEI423 (×); T= 60oC.

84
The slope of the differential heat of adsorption at high CO2 coverage from the plateau to
the low adsorption heats decreased as the number of secondary amine increased (Figure 3-6b).
This represents the engagement of more secondary amines in the CO2 adsorption, which are low
energy active sites compared to primary amines, but require additional energy for the chain
reconfiguration. This energy could be either provided from the environment or the released
energy from adsorbed CO2 onto the amine [11-13].
The change in the Gibb’s free energy became more positive as the ratio of secondary to
primary amines increased, most likely due to the increase in the steric hindrance in the amine
chain and also less reactivity of secondary amines compared to primary, as shown in Figure 3-7.
Furthermore, the rate of increment (i.e. the slope) in the Gibb’s free energy decreased at high
2o/1o ratio. This observation refers to less spontaneity of CO2 interactions with amine as the
number of secondary amines within the chain of the linear molecules increases. The entropy
change demonstrated almost constant values as the secondary amine increased. In general, the
effect of the heat of adsorption on the Gibb’s free energy is more significant compared to changes
in entropy (equation 3-3). This indicates that entropy plays a minor role in the change of Gibb’s
free energy as the driving force toward the reaction spontaneity.
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Figure 3-7.
7. Valves of Gibbs free energy ((♦)
♦) and entropy (■) presented as function of increase in
secondary amine from amine molecules to polyethylenimine (M n=423) structure. Condition: 60oC
and 40 wt% amine-impregnated
impregnated silica (TETA, TEPA, PEHA, and PEI423).

3.2
.2 Rate of equilibration (ROE) for CO2 adsorption
3.2.1
.2.1 Definition of various zones
During CO2 adsorption
adsorption,, the neighboring area surrounding the active sites on an amineimpregnated solid support,, such as silica, known as class I (Type I) sorbent, consists of four
different zones: 1) surface adsorption
adsorption, 2) fast kinetic, 3) slow kinetic,, and 4) inaccessible (Figure
3-8). A similar
imilar approach for identifying adsorption zones has been proposed elsewhere [32]. The
extent and boundaries of each zone for liquid amines impregnated on a solid support depend on
the amine type, support, and operat
operating
ing conditions (such as temperature and CO2 pressure). For
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example, amines with low viscosity, such as molecular amines are expected to exhibit a larger
fast kinetic zone and smaller slow kinetic and inaccessible zones compared to a highly viscous
amine, like PEIs. Furthermore, amine viscosity changes as the temperature changes, which leads
to displacement of the boundaries and variation in each zone size (Figure 3-8).

Figure 3-8. A schematic shape showing the CO2 adsorption at various possible amine zones.

3.2.2 Quantification of defined zones
Combination of rate of equilibration (ROE) and heats of adsorption versus CO2 uptake
can simultaneously be employed to determine the zones’ boundaries and quantify the different
zones defined in the previous section. A typical data plot for one sample is shown in Figure 3-9 as
an example to demonstrate how different zones could be distinguished from each other.
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Figure 3-9. Boundary determination and quantification procedure of various 1-4
1 zones via ROE
and heats of adsorption for a typical sample. Sample: 40 wt% PEI600/SiO 2. Condition: T=60oC.
Carbon dioxide is adsorbed on the surface active sites followed by diffusion into the bulk
of amine. The ROE initially increase
increases fast on the amine surface due to the presence of highly
available free active sites. The highest increment of ROE occurs in this region. Therefore, zone 1
in Figure 3-99 is assigned to the surface adsorption region. CO2 adsorption continues to take place
in the bulk of amine at a slower rate (zone 2). The steady but slower increase (compared to zone
1) in this step, is attributed to the progress of the adsorption in the fast kinetic zone. Next, the
ROE began to decrease (zone 3), indicating that CO2 molecules have difficulty reaching the
active sites and thus require
requires more energy and time to access. In addition, the decrease in ROE,
accompanied with decrease in the heat of adsorption, implies that CO2 gas molecules partially
consume the generated energy for their diffusion (which is an energy-intensive
intensive process) and
access the active sites within the slow kinetic zone. Eventually, ROE started to increase fast again
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during the last stage of adsorption (zone 4). This behavior is assigned to the weak and physical
adsorption region. The boundary between zones 3 and 4 is principally determined through the
corresponding measured heat of adsorption. Heat of adsorption higher than approximately 50
kJ/mol is considered as chemisorptions, while weak adsorption and physisorption is believed to
have a lower heat of adsorption (<50 kJ/mol) [5]. Since adsorption within zone 4 (which has
highly occupied active sites) is an energy-intensive process, 40-50 kJ/mol is conservatively
considered as an indicator to distinguish between zones 3 and 4.

3.2.3 Effect of amine structure on ROE
The linear molecule, TETA, and polyethylenimine (PEI423) counterintuitively
demonstrated higher ROEs than branched molecules, b-TETA, and polyethylenimine (PEI600),
as shown in Figure 3-10. The observed phenomena can be explained using two major reasons: 1)
Linear molecules pack together closer than branched molecules. This, in turn, increases the
intermolecular binding forces between linear molecules [33]; therefore, the proximity and
alignment of two amine active sites for CO2 adsorption would be more plausible. 2) The viscosity
of primary amines in contact with CO2 molecules is much higher when compared to other amine
types, as measured experimentally (Table 3-2). Therefore, an amine with more primary amines
form a harder shell as the CO2 adsorbs on the outer layers. Consequently, the formed shell hinders
CO2 penetration into deeper amine layers due to the decline in diffusivity. Similarly, an increase
in viscosity for ionic liquid amines has been reported previously [6, 15, 16].
The lowest ROE and major portion of the uptake coincided at the inflection point or knee
of the isotherms at constant temperature (as shown in Figures 3-9 and 3-10a). Based on this, the
initial step in the isotherm is the dominant region for CO2 adsorption [13]; therefore, the tradeoff
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between ROE and uptake can be employed to rationalize the practical application of an adsorbent
material.

Figure 3-10. Rate of equilibration (♦, ■) and isotherms (◊, □) of CO2 adsorption are presented for
(a) 40 wt% branched and linear Triethylenetetramines (b-TETA, ♦, ◊; TETA, ■, □), (b) 40 wt%
branched and linear polyethylenimines (PEI600, ♦, ◊; PEI423, ■, □). Condition: 25oC (a); 60oC
(b).
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The ROE in Figure 3-10b generally consists of three different regions as the CO 2 pressure
increases as follows: 1) initial increase of ROE, 2) decrease of ROE, followed by a 3) late
increase of ROE. All these steps may not always occur at all temperature ranges for various
materials (Figure 3-10a). The first step corresponds to the surface adsorption and diffusion into
the fast kinetic regime. The second step involves the slow diffusion into lower amine multilayer
and is assigned to slow kinetic regime. The third step is attributed to the formation of weak bonds
and physical adsorption regime. Molecular amines showed more ROE fluctuation than
polyethylenimine with lower final capacity.
Figure 3-11 shows the quantities of CO2 adsorption in each zone for linear and branched
molecular amines and also PEIs determined through the quantification process explained in
previous section.
The slow kinetic zone formed the dominant zone in molecular linear amines with more
than 75% of total adsorption capacities (Figures 3-11a and 3-11c). In addition, linear molecular
amines have larger slow kinetic zones and a smaller fast kinetic and weak bonding zones, which
could be explained through less intermolecular interactions with neighboring molecules.
The fast kinetic zone is the prevailing region in PEIs constituting more than 50% of the
total capacity (Figures 3-11b and 3-11d). It is interesting to note that PEIs have an analogous
distribution in different zones independent of the type (linear or branch), as displayed in Figure 311d. However, linear polyethylenimine (PEI423) demonstrated higher total adsorption capacity
compared to the corresponding branched polymer (PEI600), which could be due to the change in
CO2 adsorption mechanism at the presence of secondary amines [11-13, 29].
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Figure 3-11. Quantification of CO2 adsorption in different aminee zones: (a) and (c) linear and
branched amine molecules at 25oC (40 wt% TETA and b-TETA);
TETA); (b) and (d) linear and branched
polyethylenimine at 60oC (40 wt% PEI423 and PEI600).

3.2.4 Effect of temperature on ROE
As shown in Figure 33-12,
12, ROE commonly increased as the temperature increased, owing
to the decrease in viscosity of the amine and CO2 adsorbed
orbed layer and thus facilitating diffusion of
CO2 into lower amine multilayer [6, 15]. However, CO2 uptake showed complex behaviors at
various temperatures as CO2 pressure increased (Figure 3-12a).
12a). At low pressures, at which
surface adsorption and fast diffusion is prevalent, CO 2 uptake decreased as the temperature
increased. This is expected because adsorption is thermodyna
thermodynamically
mically favored at lower
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temperatures. But at high pressures, CO2 uptake at elevated temperatures gradually exceeded the
uptake at low temperatures due to the decrease in CO2 diffusion barrier into the CO2 adsorbed
phase and slow kinetic region [6, 23].

Figure 3-12. Effect of temperature on the rate of equilibration (solid filled) and isotherms (no
filled) of CO2 adsorption are shown for (a) 40 wt% TETA and (b) 40 wt% PEI423. Temperature:
25 (♦), 40 (■), 60 (▲), and 80 (●) oC.
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Increasing the temperature decreased the viscosity of the CO2 adsorbed phase at low
pressures and, therefore, initially increasing the ROE as shown in Figure 3-12a. The foremost
influence of temperature showed up at the inflection point of the isotherms, which corresponds to
the lowest ROE. The minimum ROE increased and also shifted to higher CO2 pressures, as the
temperature increased. Increases in the ROE is attributed to the decrease in viscosity of both the
surface and fast kinetic zones, whereas the shift is assigned to the shrinkage of the slow kinetic
zone.
At 80oC, the minimum ROE initially decreased and shifted back to lower pressures. The
observed trend can be attributed to the reduced probability of successful collisions between CO 2
molecules and amine due to more glancing impacts that decreases the ROE at low CO2 pressures.
In other words, the larger momentum of the molecules at higher temperatures takes them out of
the potential well [23]. After that, the ROE sharply increased to a maximum and remained almost
constant as the pressure increased from 1 to 10 mbar due to increased in probability of the
successful collisions, which results in adsorption.
The boundaries of different zones are highly temperature dependant as shown in Figure
3-13. The total adsorption capacity of materials at equilibrium did not vary substantially with the
temperature change (Figures 3-13a and 3-13c); however, alteration of the temperature
significantly influenced the fast and slow kinetic zones. As the temperature increased, the surface
and fast kinetic zones enlarged while the slow kinetic and weak bonding zones conversely
decreased. At low temperature (25oC), the slow kinetic zone comprises the majority of the total
adsorption (>75%), as shown in Figures 3-13b and 3-13d. The size of the slow kinetic zone
linearly decreased to almost zero, as the temperature increased to 80 oC (Figure 3-13d).
Comparing molecular amines and PEIs at different temperatures indicated that the size of
the slow kinetic zone for polyethylenimine dropped faster than the molecular amine, as the
temperature increased, while the fast kinetic zone displayed the opposite trend. This is
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counterintuitive since PEI has higher viscosity than molecular amines. The reason could be
explained by the fact the viscosity of adsorbed phase significantly increased as CO2 was adsorbed
(as shown in Table 3-2) and, therefore, caused to form resistivity, which contributes to the slow
kinetic zone.

Figure 3-13. Effect of temperature on different amine zones: (a) and (b) linear molecular amine
(40 wt% TETA/SiO2); (c) and (d) linear polyethylenimine (40 wt% PEI423/SiO2). The zones are
total capacity (♦), surface zone (■), fast kinetic zone (▲), slow kinetic zone (×), and weak and
physical adsorption zone (●).
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3.2.5 Effect of weight loading on ROE
ROE gradually increased at low CO2 pressures as the weight loading increased at
constant temperature due to the decline in amine interaction with hydroxyl groups on the silica
surface. This, principally, enlarges the fast kinetic zone. At higher pressures, the trend is similar
to the behavior explained above and showed analogous ROE corresponding to weak bonding and
physical adsorption (Figure 3-14). The difference between the minimum and maximum ROE in
Figure 3-14 increased as the weight loading increased implying a diffusion barrier, which is
mainly present due to the increasing thickness of the CO2 adsorbed phase on TETA.

Figure 3-14. Effect of weight loading on rate of equilibration is presented on linear amine
molecule (TETA) impregnated on silica support. Condition: TETA weight loadings are 5 wt%
(♦), 10 wt% (■), 20 wt% (▲), 30 wt% (●), and 40 wt% (×); T= 60oC.
As shown in Figure 3-15a, the slow kinetic zone forms the major fraction of the total
capacity. The fraction of this zone initially increases compared to the surface and fast kinetic
zones, but decreased as the weight loading increases due to less interactions with the pore walls
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(Figure 3-15b). Although this observation indicates that the surface and fast kinetics zones could
increase in size as the amine weight loading enhanced, they could not exceed 30% of the total
capacity at the highest amine weight loading owing mainly to high diffusivity resistance and low
2o/1o ratio. Therefore, CO2 adsorption mainly occurs in the slow kinetic regime, which has slower
kinetics and requires more energy than the adsorption in the surface and fast kinetic zones.

Figure 3-15. Effect of weight loading over different amine zones is determined on 40 wt%
TETA/SiO2. The zones are total capacity (♦), surface zone (■), fast kinetic zone (▲), slow kinetic
zone (×), and weak and physical adsorption zone (●). Condition: T= 60 oC.
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3.2.6 Effect of 2o amine addition on ROE
In this section, the effect of 2o/1o ratio on ROE was examined by moving from a TETA
molecule to PEI423 polymer materials. Near the recently measured CO2 pressure in Earth’s
atmosphere (about 0.41 mbar) where surface adsorption dominates, as shown in Figure 3-16, the
lowest 2o/1o (1/1) ratio offers the highest ROE and then ROE gradually decreased as the 2o/1o
ratio increased. In the 0.5-1000 mbar pressure range, where the adsorption occurs in the bulk of
amine, the trend was reversed. This could be attributed to the increased density and viscosity of
the amines having higher 2o/1o ratios, which subsequently leads to the enlargement of the slow
kinetic zone. Additionally, the larger increase in the viscosity of the amines having lower 2 o/1o
ratio upon CO2 adsorption further decreases the ROE (Table 3-2). Based on the observed
performance, amines with higher 2o/1o ratio are preferred at the International Space Station (5
mbar) and flue gas of coal (or gas)-fired power plants (100-150 mbar).
An ideal material for industrial application requires a uniform and high ROE at various
CO2 pressure ranges in addition to high capacity, fast desorption, and stability for infinite
regenerability, and resistance to other contaminants in flue gas [10]. A uniform ROE indicates
that active sites are equally accessible within the pores. Therefore, the adsorbent performance will
be independent of CO2 pressure and the material can be utilized at various operational conditions
and for different applications. A high ROE presents fast kinetics to achieve the maximum
capacity at a particular pressure and, therefore, is a critical factor for designing equipment and
operating conditions. The disadvantage of high ROE might be the associated slow rate of
desorption. However, since the heat of adsorption for amine materials is typically less than 100
kJ/mol, the rate of desorption is expected to increase as well [11, 14].
Figure 3-16 shows that the difference between maximum and minimum ROE increased
as the 2o/1o ratio decreased. Although adsorbents containing more primary amines achieved CO 2
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adsorption equilibration faster at low partial pressures (≤0.5 mbar), the rate dropped faster in the
following steps due to the formation of a thicker high viscosity layer. This result is evidence for
the decrease in viscosity within the adsorbed phase as the number of secondary amines increased
and is in agreement with the measured viscosity changes shown in Table 3-2.

Table 3-2. Viscosity of liquid amine from molecules to polyethylenimine was measured before
and after saturation with CO2 at 25oC.
Viscosity (Pa.s)

TETA

PEHA

PEI600

0.03

0.16

3.06

Partially saturated liquid amine

2.33

0.42

3.82

Ratio (Partially saturated/pure)

86.60

2.66

1.25

Pure liquid amine
*

CO2 bubbled into liquid amine: T=25oC, pure CO2 flow rate=20 ml/min, amine volume=10 ml,
bubbling time=30 min.
*

Figure 3-16. Effect of adding 2o amine on the rate of equilibrium from linear molecular amines to
linear polyethylenimine is demonstrated as function of CO2 pressure. Condition: 40 wt% of
TETA (♦), TEPA (■), PEHA (▲), and PEI423 (×); T= 60oC.
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Figure 3-17. Effect of 2o amine addition on different amine zones is presented on 40 wt% X/SiO2
(X=TETA, TEPA, PEHA, and PEI423). The zones are as following: total capacity (♦), surface
zone (■), fast kinetic zone (▲), slow kinetic zone (×), and weak and physical adsorption zone
(●). Condition: T= 60oC.
The total capacity, size of the fast kinetic zone, and the weak and physical adsorption
zone gradually evolved as the ratio of 2o/1o amine increased (Figure 3-17). The fast and slow
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kinetic zones illustrated the major changes. The percentage of the fast kinetic zone increased
while the slow kinetic zone decreased as the 2o/1o ratio increased (Figure 3-17b). Addition of 2o
amine generally decreased the amine heterogeneity and also increased the fast kinetic zone,
consequently facilitating the CO2 adsorption process, especially at low CO2 pressures (<100 mbar
as shown in Figure 3-16).

3.2.7 Hill’s equation
3.2.7.1 Introduction
Preexistence of a ligand bounded to a macromolecule may increase or decrease the effect
of binding of other ligands on the same macromolecule, particularly in biochemistry, physiology,
and pharmacology. This effect could be quantified via the Hill equation, which initially was
introduced by Archibald Hill in 1910 to explain oxygen-hemoglobin binding, and thereafter could
determine the degree of cooperativeness of ligand-receptor (or enzyme) binding [34, 35]. The
Hill coefficient in this equation has been utilized to roughly predict the number of ligands
connected to a receptor. The best way to comprehend this coefficient is to think about it as an
“interaction” coefficient. This coefficient could basically provide estimation for the minimum
number of binding sites due to the assumptions considered for deriving the equation, even in the
best predictive condition case by the coefficient, which is the positive cooperativity. For example,
four oxygen molecules are accepted to bind with hemoglobin, but the Hill coefficient resulted in a
number in 1.7-3.2 range [34-36]. One of the critical assumptions, which is almost impractical at
the real reaction conditions, is the reaction proceeds without the formation reaction intermediates.
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If intermediates are formed during the reaction, the Hill coefficient always predicts a number less
than 2 for up to 10 binding ligands to a receptor [36].
The general form of the Hill equation is derived from the binding reaction as follows [34,
36]:
+



Equation 3-4

where n, L, R, and Kd ( K d  k b ) are the Hill coefficient, ligand, receptor concentrations, and
kf

apparent dissociation constant, respectively. At equilibrium, the ratio of occupied (bound) ligands
to the total receptors could be written as follows:
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Equation 3-5

where [L] and KA are ligand concentration and ligand concentration occupying half of the binding

sites , respectively. θ is the ratio of the bound to total sites. By rearranging, inverting, and taking
the logarithm of Equation 3-5, the following equation for the Hill equation is obtained:
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)  nlog[ L ]  nlog K A  nlog[ L ]  log K d
1
Replacing  

ln(

Equation 3-6

q
in Eq. 3-6, the following equation is obtained,
qe

q
)  nln(C A )  ln( K d )
qe  q

Equation 3-7

The cooperativity of ligand binding is examined via the Hill coefficient, n, in the
following way: 1) n>1 indicates positive cooperative binding, meaning that one ligand molecule
increases the affinity to the other ligand molecules, 2) n<1 represents the negative cooperative
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binding, which means one ligand molecule decreases the affinity to the other ligand molecules, 3)
n=1 shows non-cooperative binding, which implies that the affinity of the receptor for a ligand
molecule is independent of other ligand molecules that may bound or unbound to the receptor.
Therefore, the Hill equation in this case is comparable to the Langmuir equation [36].

3.2.7.2 Quantification from adsorption isotherms
The Hill coefficient concept could be used in other studies as well, as it can generally
evaluate the binding affinity. In a similar manner, CO2 and amine active sites have been
considered as ligand and receptor, respectively [13]. Since the CO2 adsorption mechanism was
discussed previously, the existence of intermediate is already confirmed. Therefore the Hill
coefficient in the possible positive cooperative binding is expected to be less than 2 (0<n<2).
Note that the R-squared values in isotherm step of all the reported data are greater than 0.99 and
are not shown here. The coefficient for CO2 adsorption was determined while the effect of amine
linearity, temperature, amine weight loading, and 2o amine addition were studied.
The analysis of the Hill coefficient for the isotherm step on 40 wt% X/SiO2 (X=TETA, bTETA, PEI423, and PEI600) resulted in “n” values of 1.58, 1.48, 0.73, and 1.23, respectively.
Note that TETA and b-TETA experiments were performed at 25oC while PEI423 and PEI600
experiments were carried out at 60oC. The results of the analysis indicate the CO2 adsorption
mechanism demonstrated a slightly more positive cooperative binding for linear amine molecules
than branched, but it showed reverse behavior in polyethylenimines.
The investigation of the isotherm step on 40 wt% PEI423/SiO2 at 25, 40, 60, and 80oC
yielded a Hill coefficient of 1, 0.86, 0.79, and 0.73, respectively, which represents in the decrease
of n from noncooperative into negative cooperative binding regimes as the temperature increased.
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Based on the results, it can be concluded that: 1) PEI showed the nature of non-cooperative
binding at ambient temperature, 2) temperature negatively influenced the cooperative binding.
The calculation of the coefficient for X wt% TETA/SiO2 at 60oC (X=5, 10, 20, 30, and
40) resulted in 0.49, 0.51, 0.64, 0.94, and 0.97, respectively, showing the increase in n from
negative to non-cooperative binding by increasing the amine loading. This increase in the Hill
coefficient is attributed to the decrease in amine interactions with the silica surface and,
consequently, higher interactions with the CO2 molecules.
The analysis of the coefficient on 40 wt% X/SiO2 at 60oC (X=TETA, TEPA, and PEHA)
resulted in Hill’s coefficients of 0.9, 1, and 1.12, respectively. Therefore, addition of 2 o amine
slightly increased the coefficient toward the positive cooperative binding regime.
To summarize, decreases in temperature, increases in amine weight loadings on silica
support, and enhancement in 2o amine increases the Hill’s coefficient to positive cooperative
binding, which consequently leads to more CO2 adsorption.

3.3 Conclusion
Linear amine molecules and polymers exhibited higher CO2 uptake compared with their
branched counterparts at constant temperature. The heat of adsorption obtained, using a coupled
volumetric adsorption and DSC system, which is the apparent heat of adsorption, consists of three
different phenomena: adsorption, diffusion, and conformation. In addition, three different regions
could be distinguished in the graph of CO2 adsorption heat, including: 1) increase to plateau, 2)
plateau, and 3) decrease from plateau. The closest value between intrinsic and apparent heat of
adsorption is shown in the plateau region because the required heats for conformation and
diffusion are negligible in this region, as they are more dominant in other regions.

104
The materials with a higher ratio of primary amines demonstrated superior performance
in terms of adsorption capacity at ultradilute pressures. In contrast, materials with higher ratio of
secondary amines showed improved CO2 adsorption compared to primary amines at operational
conditions similar to flue gas condition in coal and gas power plants. Higher average heats of
adsorption and lower CO2 uptakes in branched amines with respect to linear amines are the major
differences from the structural viewpoint. In addition, branched amines demonstrated higher
spontaneity and stability than primary amines. Linear amine materials presented higher ROE than
the branched amines due to closer proximity of active sites and lower viscosity. The fast kinetic
zone is the most dominant region in polyethylenimines in contrast to molecular amines.
CO2 adsorption capacity decreased while heat of adsorption increased as the temperature
increased because of thermodynamically disfavored adsorption and a decrease in required energy
for conformation and diffusion. Polyethylenimine consumed more energy for reorganization and

movement than molecular amine and hence the apparent heat of adsorption is lower. The
spontaneity of the adsorption process on amine materials also diminished while ROE enhanced
due to the lower amine viscosity as the temperature increased.
CO2 uptake increased significantly from submonolayer to monolayer and then multilayer
amine as the amine weight loading increased, owing to the decrease in amine-surface interactions.
The heat of adsorption increased and approached the heat of adsorption of bulk amine materials
as the amine weight loading increased due to the decrease in amine-hydroxyl group interactions.
Increase in weight loading decreased the size of the slow kinetic zone and enlarged the fast
kinetic zone, therefore resulting in an increase in the ROE.
Addition of secondary amines, systematically in linear form, increased CO2 capacity
probably due to the modification in adsorption mechanism and stoichiometry. Increase in CO 2
uptake caused a decrease in heat of adsorption, but resulted in more uniform ROE as the 2 o amine
was increased.
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Chapter 4

Kinetics and thermodynamics of CO2 adsorption on amine/silica adsorbents
4.1 Introduction
Among various types of proposed sorbents as potential candidates for future CO2 capture,
solid adsorbent materials, in particular supported amine adsorbents, are characterized by a high
CO2 capacity, selectivity, and tolerance to water solubility [1, 2]. Amine-impregnated materials,
also called Type I adsorbents, have attracted extensive attention due to exhibiting the highest CO 2
adsorption capacity, which is derived from high amine loadings [1, 3]. Song et al. [4, 5]
developed this type of adsorbents through the impregnation of silica with PEI. Later, a variety of
linear and branched amines in the form of PEIs and molecular amines with various molecular
weights emerged to study CO2 capture from simulated flue gas (5-15% CO2) and air (400 ppm)
CO2 [1, 3, 6-11].
The energy required to separate CO2 from flue gas is one of the major difficulties faced
by power plants. An investigation by the NETL has set new criteria for future CCS technologies
from large point sources of CO2 generation. The study indicated that the extra costs imposed by
CCS process over existing rates of electricity should not surpass a 35% increase in the total cost
of electricity (COE) [12]. Based on this study, new adsorbent materials should be capable of CO 2
adsorption capacities greater than 3 mmol CO2/g of sorbent in order to reduce the energy
consumption for regeneration by 30-50% [12-17].

Therefore, governmental, academic and

industrial associations are obliged to explore this criterion for the development of new CCS
technologies. Consequently, the investigation of solid adsorbents that can simultaneously assure:
1) large CO2 capacity and efficiency, 2) fast CO2 capture kinetics, 3) ability to operate at specific
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temperatures and CO2 partial pressures, 4) stability during multi-cycle regeneration, and 5)
optimal heat of adsorption (50-100 kJ/mol, [14]), is indispensable. These criteria are important in
order to apply CCS technology in practice. For this purpose, a flow reactor was required in order
to evaluate the adsorbents for the above-mentioned considerations.

4.2 Combined breakthrough reactor and differential scanning calorimetry
Reports have been published on the simultaneous measurement of CO2 adsorption and
heat released using a thermal gravimetric analyzer (TGA) and DSC to evaluate the energy
exchange and thermodynamic parameters [13, 18].

This flow measurement could also be

performed in a system that contains a BTR coupled with a DSC.

4.2.1 Advantages over thermal gravimetric analyzer/differential scanning calorimeter
A combination of BTR-DSC apparatus is a versatile tool that offers several advantages
over the currently more common TGA-DSC combination. Compared to coupled TGA-DSC, the
combination of BTR-DSC demonstrates 1) excellent interaction between reactive gas and powder
sample due to the gases flowing through the solid particles, 2) high sensitivity and accuracy in the
measurement of heat transfer, because the gaps between the reactor and the heat sensors are
substantially minimized and therefore the heat mainly transfers via conduction rather than
convection and radiation processes, 3) usage capability for a wide variety of gases without
detrimental effects on the internal parts of the DSC instrument and the environment of the
laboratory, 4) ability of operation at high pressures and ambient pressure by applying a
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backpressure regulator in the outlet gas stream, 5) capability of simulating plug-flow fixed bed
reactors in applications such as heterogeneous catalysis and adsorption studies, 6) no calculations
necessary to correct the buoyancy effect, and 7) elimination of possible reaction between crucible
and crucible contaminations with flow gas [19-21]. A coupled BTR-DSC instrument has been
utilized for some other reactions and adsorption processes in the literature [22-27], but there is no
investigation on the applicability of this system to CO2 capture.
In this chapter, direct measurements of enthalpy of CO2 adsorption and desorption, CO2
adsorption, and adsorption efficiency are reported via combined BTR-DSC instruments on
impregnated Type I sorbents (supported molecular amines and PEI materials) at a constant CO 2
partial pressure (0.1 bar).

The effects of amine density and temperature on the capacity,

efficiency, and enthalpy of CO2 adsorption are studied using branched and linear PEI, TETA,
TEPA, and PEHA materials with various amine weight loadings on the support. The effect of
temperature on heat of adsorption and activation energies for CO2 adsorption and desorption
processes is investigated using linear PEI. In addition, the effect of temperature on the capacity
and heat of adsorption at break-point with respect to adsorption at the equilibrium condition is
also explored in order to demonstrate the importance of the diffusion process in linear PEI-based
adsorbents.

4.3 Polyethylenimine adsorbents (PEI423 and PEI600)
4.3.1 Experimental procedure
The data obtained from the thermal gravimetric analysis (TGA) reveals that the PEIs are
thermally stable at the studied temperature range (≤100 oC). The weight loss from 30-100oC is
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mainly attributed to water desorption. From 100-800 oC, the main weight loss has been assigned
to the vaporization and decomposition of PEIs and hydroxyl groups from the silica surface [28].
The differential curves indicate that the branched PEI (PEI600) presented a greater stabilization
than the linear PEI (PEI423) (Chapter 2, Figure 2-3). Nitrogen physisorption measurements
provided data about the BET surface area and cumulative pore volume. In general, these physical
properties decreased as the PEI content increased (Chapter 2, Table 2-3).
Argon gas has been used as a tracer (or non-adsorbing gas) to identify the starting point
of CO2 adsorption for the quantification process in the BTR and the heat flow in the DSC. The
typical data obtained from the combined BTR and DSC are illustrated in Figure 4-1. More details
about the calculation procedure are given in Chapter 2, section 2.3.1.2. The presence of a tracer
(Ar) in the CO2-containing adsorptive gas plays an essential role in the measurement process,
since the adsorption process dynamic is not a simple and perfect step change and therefore causes
a lag in the MS detector, as shown in Figure 4-1. The lag of the Ar tracer in the MS detector
implies the effect of various components in the system, such as valve dynamics, tubes and
connections of the experimental process, and the MS capillary tube. As a result, we must account
for this lag to prevent overestimation of the adsorption capacity and consequently calculate other
dependent parameters, such as heat of adsorption. Depending on the adsorption temperature, the
overestimated CO2 capacity for 40 wt% PEI423/SiO2 (as an example) at different temperatures
deviates 30-80% from the actual capacity, as shown in Table 4-1. Details about the calculation
have been demonstrated in Chapter 2, Section 2.3.1.2.
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Table 4-1. Comparison between CO2 capacity in perfect step change (without Ar consideration)
and real step change (with Ar consideration). The experiment was performed on 40 wt%
PEI423/SiO2 at various temperatures and a CO2 partial pressure of 0.1 bar.
CO2 capacity (mmol/g)

CO2 capacity (mmol/g)

with Ar

without Ar

25

2.06

3.02

47

40

2.74

3.55

30

60

3.12

4.23

36

80

2.58

4.19

62

100

1.51

2.72

80

T (oC)

Error (%)

Figure 4-1. Data obtained from a combination of breakthrough reactor and differential scanning
calorimeter for a typical experiment is illustrated. Ar (line) and CO2 (dot line) tracers attained in
the BTR via mass spectrometry analysis of the effluent. Isothermal temperature and heat flow
measurement (dash line) collected with the DSC. Conditions: 40 wt% PEI423/SiO 2, T=60oC,
PCO2=0.1 bar, PAr=0.01 bar, PHe=0.9 bar.
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4.3.2 Effect of amine weight loading
PEI600, which is a branched polymer- in contrast to the linear version
poly(ethylenimine)- was impregnated on SiO2 with different weight loadings and used to measure
capacity and heat of adsorption at 60oC, as shown in Figure 4-2. The heat of CO2 adsorption
increased as the weight loading of PEI600 increased. At low PEI600 weight loading (≤ 5 wt%),
most of the amine groups interacted with the hydroxyl groups present on the silica surface
through hydrogen bonding, leading to reduced heat evolution due to the displaced nature of the
bonding (equations 4-1 and 4-2):
−

⋯

−

−

+

+

−

→

→

−

−

+

+

−

−

Equation 4 − 1

Equation 4 − 2

Therefore, CO2 molecules are predominantly adsorbed physically on the PEI600/SiO2 at low
amine weight loadings and consequently release low enthalpy of adsorption. The stabilization
energy between hydroxyl groups on the silica and amine groups reported, based on the theoretical
calculations is about 45-56 kJ/mol [29, 30]. The heat of adsorption obtained at low PEI600
weight loadings proved to be 20 kJ/mol. Therefore, an enthalpy of about 65-76 kJ/mol is
expected to be achieved if only pure PEI600 (i.e. no silica) is used. At higher PEI weight
loadings (> 5 wt%), the heat of adsorption increased steadily due to the existence of amine sites
away from the silica surface, decreasing their interaction with the surface hydroxyl groups. The
enthalpy of adsorption will remain constant (about 69 kJ/mol), even if more amine is loaded into
silica pores because the amine chains are located at the furthest distance from the silica surface
and hence have the least interaction with the surface hydroxyl groups. This result is consistent
with the predicted range for heat of adsorption on pure PEI600 [29, 30]. Based on the theoretical
calculation, the maximum possible amount of amine that could be loaded into the silica pores is
about 56 wt% PEI600. In practice, however, 50 wt% PEI600 loaded into silica led to a bulky and

114
sticky composition, indicating the presence of amine materials on the external surface of the silica
particles [1].
Table 4-2 demonstrates that the capacity of CO2 adsorption increased gradually as the
amine weight loading was enhanced. The growth rate of CO2 adsorption with amine weight
loading is lower than the increase of the corresponding heat released; therefore, the heat of CO 2
adsorption, which is calculated using heat flow divided by adsorption capacity, increases along
with CO2 capacity as the amine weight loading increases.

Figure 4-2. Enthalpy of adsorption at various weight loadings of PEI600 on silica at 60 oC has
been determined by heat flow measured by the DSC and CO2 capacity measured by Mass
Spectrometer.

115

Table 4-2. CO2 adsorption capacity (q) measured via mass spectroscopy at various weight
loadings of PEI600 on silica. Condition: T=60oC and CO2 partial pressure of 0.1 bar.
wt% PEI600/SiO2

1

5

10

20

30

40

q (mmolCO2/g)

0.35

0.52

0.74

1.66

2.10

2.60

0.11

0.12

0.13

0.17

0.15

0.15

Efficiency*
(mol CO2/mol N)

* Number of nitrogen atom in PEI600 for efficiency calculation was determined by CHN analysis.

4.3.3 Effect of temperature
Figure 4-3 illustrates the effect of temperature on CO2 adsorption enthalpy, desorption
energy, and activation energy on the 40 wt% PEI423/SiO2, respectively. As shown in Figure 43a, the heat of adsorption increased with temperature and passed through a maximum. This result
is attributed to the two possible phenomena that occur simultaneously during CO 2 adsorption:
1) The mass transfer (diffusion) limitation inside the bulk of polymer is reduced at higher
temperatures due to the decrease in amine viscosity and hence the facilitated access of
CO2 molecules to the active sites at the lower levels of the PEI multilayer inside the silica
pores. Surface and bulk diffusion are activated processes and therefore consume a
fraction of the energy produced during CO2 adsorption. As a result, the heat flow
measured via DSC indicates a lower heat flow production and consequently results in a
lower heat of adsorption [31, 32].
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2) A portion of heat flow produced due to CO2 adsorption on PEI active sites is also used
for reorganization of the amine in order to make another active site available and stabilize
the chemical bond with CO2 [17, 33].

4.3.3.1 Temperature and pressure swing adsorption
In addition to the heat of adsorption (Figure 4-3a), the desorption heat is determined
through pressure and temperature swing.

The experimental measurements for CO2 heat of

adsorption (∆Hads) and desorption (Edes), were conducted using a calorimetry instrument (See
2.3.1.3 and 2.3.1.4 in Chapter 2 for more details). The activation energy could therefore be
calculated through the following equation:
Ea,des=Edes+∆Hads.

Equation 4-3

We found that Edes=∆Hads at higher temperatures (60, 80, and 100oC), implying that
Ea,des=0. Generally, however, Edes is higher than ∆Hads, inferring a positive value for Ea,des, as
shown in Figure 4-3b. The lowest temperature (25oC) presented the highest activation energy for
CO2 adsorption on 40 wt% PEI423/SiO2, referring to the activation energies required for bulk
diffusion and amine reorganization.
Table 4-3 summarizes the influence of temperature on the properties of 40 wt%
PEI423/SiO2 adsorbent. In this Table, the pressure swing adsorption capacity was calculated as
follows:
Pressure swing adsorption = Total capacity – Temperature swing adsorption
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Figure 4-3. Enthalpy of adsorption (a) and desorption (■, Edes) (b) were measured by coupled
BTR-DSC instruments via pressure swing on 40 wt% PEI423/SiO2. Activation energy for
desorption (●, Ea,des) (b) was calculated from the difference between heats of adsorption and
desorption at each temperature. Condition: T=60oC, PCO2=0.1 bar, PHe=0.9 bar. CO2 capacity was
measured by Mass Spectrometer in the effluent.
The total and temperature swing capacities were determined via MS.

It should be

mentioned that the amount of pressure swing adsorption depends on the experimental condition.
For example, the pressure swing adsorption increases if the desorption time is enhanced in the He
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gas flow before the temperature swing step.

The temperature swing capacity decreased

extensively from 80% of total capacity at 25oC to zero at 60oC and higher temperatures. This
finding indicates that the dynamic behavior of CO2 adsorption on 40wt% PEI423 adsorbent is
highly temperature dependent, implying that the sample could basically be regenerated via
pressure swing process.

Table 4-3. Effect of temperature on CO2 adsorption capacity (q), enthalpy of adsorption, pressure
and temperature swing capacities on 40 wt% PEI423/SiO2 is demonstrated. A mixture of
10%CO2/1%Ar/He gases with a flow rate of 30 mL/min passed through the packed bed. The
effluent gases were detected via Mass Spectrometer.
Pressure swing

Temperature swing

capacity

capacity

(mmolCO2/g)

(mmolCO2/g)

q

Efficiency

-∆H ads.

(mmolCO2/g)

(mol CO2/mol N)

(kJ/molCO2)

25

2.06

0.20

76.7

40

2.74

0.22

84.8

2.07

0.66

60

3.12

0.25

87.2

3.12

0.00

80

2.58

0.19

88.9

2.58

0.00

100

1.51

0.11

30.6

1.51

0.00

T (oC)

0.43

1.63

4.3.3.2 Kinetics of adsorption on polyethylenimine
Figures 4-4a and 4-4b demonstrate the kinetic evaluation results of CO2 adsorption at a
steady flow on 40 wt% PEI on silica (40 wt% PEI423/SiO2). Figure 4-4a shows the dynamics of
CO2 adsorption in which the final capacities increased with temperature and passed through a
maximum at 60C. As can be observed in Figure 4-4b, in the initial part of the graph (before the
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peak), the CO2 adsorption rate is higher at lower temperatures (25 and 40oC compared to 60 and
80oC) due to thermodynamically favored adsorption at lower temperatures. During this stage,
adsorption mostly happens on the surface sites. After the peak, the temperature dependency of
the CO2 adsorption rate changes, which is indicative of CO2 diffusion into the lower PEI
multilayers to access the more hindered sites and an increase in the rate of desorption [13, 34, 35].

Figure 4-4: Kinetics of CO2 capacity (a), apparent rate of CO2 adsorption (b) on 40 wt%
PEI423/SiO2. Condition: T=25, 40, 60, and 80 oC; Gas: 10%CO2/ 1%Ar/He; Flow rate= 30
mL/min.

4.3.4 Break-point (Cb) for commercial application
A fixed-bed adsorption column could conveniently be employed to separate gas or liquid
species in commercial processes. The flow passes through the bed until the bed is almost
saturated, then the flow stops and the bed is regenerated to recover the adsorbed species from the
solid material via pressure swing adsorption (PSA) or thermal swing adsorption (TSA) processes,
or combination of both [36]. The design of a fixed-bed adsorption column therefore is highly
important. The adsorption process through the fixed bed reactor is unsteady state and contains
mass transfer resistances. As a result, the overall dynamics of the system, rather than the
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equilibrium conditions, dictates the process efficiency. In general, the solid close to the entrance
of fluid is almost saturated after a short time as the fluid passes through the reactor. From this
point in time, the majority of the adsorption and mass transfer occurs slightly further from the
inlet. The mass transfer zone shown as “S” shape moves down the column as the fluid continues
to flow (Figure 4-5).

The outlet concentration remains zero until the mass transfer zone

approaches the end zone. As the break-point (Cb) is reached, the outlet concentration rises
quickly and eventually reaches the inlet concentration. In commercial applications, the breakpoint concentration is typically assumed to be the point at which the maximum adsorption for the
bed is reached, at which point the process is stopped and the bed regenerated. The break-point
concentration in such applications is usually equal to 0.01-0.05 Co (Figure 4-5). In most cases,
the breakthrough curve is sharp and the bed capacity is not allowed to exceed the break-point.
Therefore, lower energy costs for regeneration and efficient use of the adsorbent are required.

Figure 4-5. Breakthrough concentration profile in the fluid at bed outlet [36].
The ratios of break-point data to equilibrium condition data for adsorption enthalpy and
CO2 capacity at various temperatures are illustrated in Figure 4-6. The ratios for capacity and
heat of adsorption increased and passed through a maximum as temperature increased. This
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result implies that 40 wt% PEI423/SiO2 adsorbent could be used more efficiently in terms of
capacity if the adsorption process is facilitated by temperature (such as 40 and 60oC) and stopped
at the break-point. In addition, at this point, the heat of adsorption is lower than the equilibrium
heat of adsorption, which implies a lower energy requirement for regeneration process. At the
break-point, the value for the capacity and the heat of adsorption varied between 45-75% and 6590% of the equilibrium condition values, respectively, depending on the adsorption temperature.

Figure 4-6. Ratio of the break-point to the equilibrium data for enthalpy of adsorption
(∆Hads,b/∆Hads,e) and capacity (qb/qe) per mole of CO2 at various temperatures determined via
combined BTR and DSC instruments.
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4.4 Molecular amines
Linear PEI material (PEI423) is a standard Type I adsorbent, which has been the focus of
a wide range of fundamental and applied studies [3-6, 35, 37-48]. This class of material has made
CO2 adsorption an industrially viable technology [49]. Although this polymer supported on silica
is considered a promising CO2 adsorbent, the process still suffers from low efficiency. If the
origin of the low efficiency could be identified and then be addressed, the capital cost to build a
post-combustion CO2 capture plant based on aminosilica materials would significantly decrease
and hence this technology would become economically viable for application in industry. To
understand the reasons behind the low efficiency, amine molecules with lower molecular weights
were utilized. Employing molecular amines enables us to describe the interaction between the
model compounds with both modified and unmodified silica surfaces in a more accurate manner.

4.4.1 Triethylenetetramine (TETA)
The next appropriate amine material, as explained in previous section, is
triethylenetetramine (TETA). In addition to TETA/SiO2, Tris(2-aminoethyl)amine (b-TETA),
tetraethylenepentamine (TEPA), and pentaethylenehexamine (PEHA)-impregnated silica were
prepared and evaluated for CO2 adsorption at various weight loadings and temperatures. In the
following section, the results for various weight loadings of TETA-impregnated silica are shown
as an example among other amine materials.
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4.4.1.1 Effect of weight loading
TETA contains two primary and two secondary amines in a single molecule structure
(See Chapter 2 for more details). TETA-impregnated silica was loaded into the BTR, which was
coupled with the DSC for a simultaneous evaluation of the kinetic and heat of adsorption
parameters. Figure 4-7a, b and c show the effect of TETA weight loading on adsorption capacity,
efficiency, and heat of adsorption, respectively, at two different temperatures.
As shown in Figure 4-7a, in general, CO2 capacity increased as TETA weight loading
increased and started to reach a plateau at about 30 and 40 wt% loadings at 40 and 80 oC,
respectively. At low weight loadings (≤10 wt%), lower temperatures resulted in a slightly higher
CO2 adsorption capacity due to the dominant contribution of surface adsorption of CO2, which is
thermodynamically more favorable at lower temperatures.

Based on thermodynamics,

equilibrium CO2 capacity should increase when operating temperature decreases, because both
enthalpy and entropy changes are negative for the adsorption of carbon dioxide on amines [1]. At
higher weight loadings, this behavior was inverted and CO2 adsorption capacity was measured to
be higher as temperature was elevated, an indication of a diffusion-controlled process of CO2
adsorption into the lower amine multilayer [28, 34, 35]. Similar trends have been observed in this
research for other temperatures and proposed amine-based adsorbents with hindered diffusion.
Figure 4-7b represents the effect of TETA weight loading on the efficiency at different
temperatures.

As shown in this figure, efficiency passed through a maximum for all the

temperatures studied. By increasing amine loading, the relative amount of active adsorption sites
that are not directly affected by the pore surface increases; hence, efficiency increases. As the
loading increases beyond a critical value, the effect of the hindered diffusion of CO2 molecules
into lower layers becomes more significant and, as a result, efficiency decreases. In addition, the
loading at which maximum efficiency was obtained shifted gradually from 20 wt% TETA at 40 oC
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to 40 wt% TETA at 80oC. It is important to note that the maximum efficiency did not exceed 0.3
(maximum 0.5 in dry conditions) in all the temperature range studied. At low weight loadings,
efficiency dropped as the temperature elevated because the process is thermodynamically
unfavorable at high temperatures. However, at high weight loadings, efficiency increased as
temperature increased, which indicates the temperature-facilitated diffusion of CO2 molecules
into the deeper layers of impregnated amine on silica.
The heat of adsorption augmented as amine weight loading increased, as shown in Figure
4-7c. Increasing the weight loading results in a bulk-like behavior of the amine (since at very
high loadings, the majority of amines are free from surface effects); therefore, it is expected to
approach the heat of adsorption of the bulk amine [1, 50].
The change in the apparent heat of adsorption versus efficiency as a function of
temperature is shown in Figure 4-7d. As shown in this figure, efficiency increased as the heat of
adsorption enhanced and passed through a maximum. This indicates that there is an optimum
heat of adsorption for each temperature in order to reach the highest efficiency. The maximum
peak gradually shifted to higher heats of adsorptions, as temperature increased. This further
confirms that the energy generated via CO2 adsorption was partially consumed for CO2 diffusion
into the deeper layers of amine multilayers and for amine reorganization, in order to stabilize the
adsorbed CO2. Therefore, the apparent heat of adsorption at maximum efficiency decreased. In
contrast, CO2 diffusion and amine reorganization energies were mostly supplied as the
temperature increased, which consequently led to an increase in the heat of adsorption at the
maximum efficiency [17, 33, 51].
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Figure 4-7:
7: Effect of TETA weight loading on Adsorption ((a),
a), efficiency (b), and heat of
adsorption (c); and efficiency versus heat of adsorption for all weight loadings (d) at 40oC (■) and
80oC (♦).
♦). Conditions: 10%CO2/1%Ar/He; Flow rate= 30 mL/min.

4.4.1.2 Effect of temperature
Figure 4-88 demonstrates the kinetic data measured by BTR including capacity and
apparent rate of CO2 adsorption, for two different weight loadings and temperatures throughout
the adsorption time period.
As shown in Figure 44-8a, CO2 uptake increased gradually
dually over time,
time following a
sigmoidal shape. At low amine weight loading (e.g. 10 wt% TETA/SiO2), as shown with solid
lines, CO2 uptake was lower at higher temperatures, because adsorption is an exothermic process
and therefore temperature increase
increases lower
er the adsorption capacity. At high loadings (50 wt%
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TETA/SiO2), the trend wass reverse
reversed and CO2 uptake increased as temperature increased. For an
exothermic reaction, this observation is counter
counter-intuitive.
intuitive. However, as mentioned previously, a
diffusion-controlled
ntrolled process has been proposed for adsorbents with high amine loadings [1, 28,
34, 35, 52].
Figure 4-8b
8b demonstrates the time derivative of adsorbed CO2 (adsorption rate) derived
from Figure 4-8a,
8a, as a function of time and temperature. As depicted in this figure, it was found
that the apparent adsorption rate increased in time to a maximum rate and then decreased as the
adsorbent moved toward its saturation. This trend has been observed for all the weight loadings
and temperatures investigated. Befor
Before the peak, the observed CO2 uptake is typically attributed to
the surface adsorption denoted as fast kinetic region, which is thermodynamically favorable at
lower temperatures. After the peak, adsorption is assumed to further proceed by CO2 diffusion
intoo the lower amine multilayer. The falling slope after the peak is simultaneously controlled by
the diffusion
ion process and desorption rate
rate. In this region, the rate of CO2 adsorption drops faster if
the diffusivity is lower.

Figure 4-8. Effect of temperature on capacity (a) and rate of CO2 adsorption (b) with time for 10
wt% TETA/SiO2 (solid line) and 50 wt% TETA/SiO2 (dashed line). Conditions: 10%CO2/
1%Ar/He; Flow rate= 30 mL/min.
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Based on the disfavored thermodynamics at higher temperatures, the diminished uptake
capacity is achieved for low amine weight loading and therefore a shorter time is required to
saturate the sorbent; consequently, the maximum rate shifts to a shorter time [53, 54].
Additionally, at low amine weight loading (solid line), rate of adsorption decreased as
temperature increased.
As can be observed in Figure 4-8b, increasing amine weight loading at low temperatures
(40oC) decreased the observed adsorption rate due to the effect of hindered diffusion. At low
amine loadings, the majority of sites are at the surface and easily accessible, while the adsorption
process is slowed down at higher loadings due to the hindered accessibility of the adsorption
sites. However, at high weight loadings, the overall rate is greater at higher temperatures (in
contrast to low weight loadings) due to the constructive effect of diffusion into the lower layers,
which does not occur effectively at lower temperatures. This trend was not observed at lower
weight loadings due to the absence of diffusion limitations, in addition to an enhanced desorption
rate due to the increase in temperature.

4.4.2 Secondary amine addition
In this section, the structure-function relationship of aminosilica sorbents for CO2
adsorption at various temperatures under anhydrous conditions is studied systematically.
Secondary amine addition causes a lower heat release than that of primary amine, as discussed
previously and consequently assists to lower the energy consumption for sorbent regeneration.
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4.4.2.1
.4.2.1 Adsorption properties
Adsorbed CO2 capacity, efficiency, and heat of adsorption as a function of the secondary
to primary amine ratio (2o/1o) studied at a constant temperature in the amine molecule, have been
investigated. The study was carried out at different temperatures
temperatures. Figure 4-9
9 shows the results
obtained at 40oC as a representative of other temperatures studied. As shown in Figure 4-9a,
4
at
low amine weight loading (10 wt% Amine/SiO2), the adsorption capacity decreased as the 2o/1o
amine ratio increased, which is ascribed to the weakened mutual interaction of CO2 with the
amine due to a strong interaction of the amine with hydroxyl groups on the silica surface,
surface as well
as a lower affinity of secondary amines to interact with CO2 in comparison to primary amines [1,
55]. In contrast, at a high weight loadings (40 wt% Amine/SiO2), CO2 capacity was enhanced as
the secondary to primary amine ratio increased. This result could be attributed to the synergetic
effect of diminished
hed amine interaction
interactions with silica surface groups and a decreased heat of
adsorption, as shown in Figure 44-9b.

Figure 4-9. Effect of secondary to primary amine ratio on adsorbed CO2 (a), and efficiency and
heat of adsorption (b) over 40 wt% Amine/SiO2 at 40oC. Conditions: 10%CO2/1%Ar/He; Flow
rate= 30 mL/min.
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As can be observed in this figure, efficiency increased and, conversely, the heat of
adsorption decreased by moving towards higher 2o/1o amine ratios. This observation suggests
that high heats of adsorption have a negative effect on efficiency and, consequently, on the CO 2
capacity, by means of providing desorption activation energy and therefore decreasing the total
CO2 adsorption capacity. Another suggested cause is the change in the adsorption mechanism
and stoichiometry in this condition, from CO2/N : 1/2 to CO2/N : 1/1 [33, 51, 56, 57].

4.4.2.2 Kinetics evaluation
The kinetics of carbon dioxide uptake and rate of adsorption as a function of 2o/1o amine
ratio at different weight loadings are shown in Figures 4-10a and 4-10b, respectively.

As

represented by Figure 4-10a, at higher weight loadings, a longer induction period is required to
saturate the material due to the slow diffusion process observed and explained before. This could
be better explained by looking at the time derivative of the uptake, the observed rate, as shown in
Figure 4-10b. At low amine weight loadings, the time required to reach saturation is shorter than
with highly loaded amine materials, due to the availability of all the sites on the surface and a
lower total capacity. At low loadings, the rate of CO2 adsorption at peak decreased as the 2o/1o
amine ratio increased (Figure 4-10b), which is attributed to the lower reactivity of secondary
amines compared to the primary amine [1, 3, 58]. It is well known that secondary amines are
characterized by lower adsorption kinetics (rate of adsorption), as well as a lower heat of
adsorption [1, 53, 58]. At high weight loadings, the rate is lower at the beginning of the
adsorption, when the available surface sites are being filled, similar to the case of low weight
loadings.

However, moving forward, the maximum rate shifted to longer times and the

magnitude of the rate increased as the ratio of secondary to primary amine enlarged. The increase
in the observed rate and total capacity at high weigh loadings has been assigned to the lower heat
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generated by CO2 adsorption and
and, therefore, a reduced CO2 desorption rate. The results of
Figures 4-9 and 4-10
10 suggest that there iis an optimum ratio of 2o/1o amines at which the
adsorption capacity, efficiency, and rate are maximized and the heat of desorption is minimized,
which are all desired characteristics when applying the adsorbents in post
post-combustion
combustion processes.

Figure 4-10. Effect of adding secondary amine on capacity (a) and rate of CO2 adsorption (b)
over 10 wt% Amine/SiO2 (solid line) and 40 wt% Amine/SiO2 (dashed line) at 40oC.
Base on the data provided in Figure 4-10, as the CO2 uptake and time are known, the
overall rate of CO2 adsorption could be calculated. Therefore, the overall rates could be obtained
at various temperatures and amine weight loadings for both molecular amine and PEI materials.
Figure 4-11
11 displays the effec
effectt of temperature, amine weight loading, and the addition of a
secondary amine on the observed overall rate of adsorption. The overall rates decreased as the
temperature increased for all TETA weight loadings as shown in Figure 44-11a.
11a. In addition, the
slope of the rate decrease increased with amine weight loading, indicating the bulk-like
bulk
characteristics of amines at high weight loadings. In Figure 4-11b,
11b, the rate passed through a
maximum as the weight loading was enhanced for both molecular amines studied. At low amine
weight loadings, the rates demonstrated only slightly different values, but they are significantly
differentiated at higher weight loadings
loadings, as also shown in Figure 4-10.
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Figure 4-11. Effect of temperature (a) and secondary amine addition (TETA, ♦; PEHA, ■; at
40oC) (b) at various amine weight loadings on overall rate of CO2 adsorption. Condition:
10%CO2/ 1%Ar/He; Flow rate= 30 mL/min.

4.4.2.3 Temperature dependence of rate equation
In the majority of reaction rates, the reactions are sensitive to temperature and increase
as the temperature rises. This is usually attributed to the increase in the speed of molecules and
therefore collision frequency. Positive activation energies and reaction orders in reactants for a
rate equation is indicative of standard circumstances for a reaction to occur. However,
anomalous results and different behaviors may be observed in some multistep reactions.
In a single reaction step, the rate equation consists of a rate coefficient with a temperature
dependency that is governed by an Arrhenius equation, as follows,
=

exp(−

⁄

)

Equation 4 − 4

Taking the logarithm from both sides of the equation results in a negative linear proportion with
inverse temperature and therefore positive activation energy, Ea, as follows,
1
( )

=−

Equation 4 − 5
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Therefore, the rate increases as the temperature enhances. However, this may not always
occur, especially in multistep reactions in which anomalous temperature dependency may be
observed, and the apparent rate decreases with increasing temperature. As a result, the activation
energy may be negative.
The results shown in Figures 4-8 and 4-11 are consistent with the negative activation
energy reported in the literature for reactions involving the capture of a molecule in a potential
well. It is important to note, however, that the measured value is the “apparent” activation
energy, which can be described as the sum of the intrinsic activation energy of the rate limiting
step and the heat of adsorption. Therefore, in a multistep reaction similar to CO2 adsorption
mechanism, the negative “apparent” activation energy could be observed if at least one reverse
step exists (e.g.,

↔

→ ) and if the magnitude of the activation energy of the backward step

is larger than the summation of the forward steps (Figure 4-12a) [34, 59, 60].
In addition to the possible negative apparent activation energy in multistep reactions, a
change in the apparent activation energy may also be observed as the temperature increases. In a
reaction with high activation energy, an increase in temperature may shift the rate control into a
different step (Figure 4-12b). The linear extrapolations shown in Figure 4-12b demonstrate the
expected trend if the rate controlling step remains unchanged with temperature change. In the
case of CO2 adsorption, the mass transfer limitation in amine materials at low temperatures is
expected to increase the activation energy, while the activation energy decreases at high
temperatures due to the enhancement in mass transfer. Therefore, a shift in activation energy is
observed as the temperature increases [61]. These two phenomena called negative apparent
activation energy and change in rate controlling step, as explained in Figure 4-12, may also
happen simultaneously.
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Figure 4-12. A schematic of negative activation energy (a) and change in the rate control with a
change in temperature [61].
The apparent activation energy could be determined for various weight loadings and
molecular amines by performing the experiments at different temperatures. Four temperature
levels (i.e. 25, 40, 60, and 80oC) were considered to study the kinetic performance of amine
molecules. In addition to the previous discussion (Figure 4-11b), an increase in the overall rate
(larger value in the y-axis) with the secondary amine addition is also illustrated in Figure 4-13a.
Moreover, the apparent activation energy for all amine molecules decreased as the temperature
increased due to the facilitated adsorption of CO2 into lower amine multilayers, which decreases
the activation energy for the diffusion process. It is important to note that the apparent activation
energy in the Arrhenius plot is the average of activation energies for the diffusion process (E D)
and chemical reaction (E), as follows [31, 32, 62]:
.

1
= ( +
2

)

Equation 4 − 6

The addition of secondary amines in linear molecules increases the apparent activation energy.
This could occur due to two reasons: 1) amine viscosity increases with the increase in the
secondary amine and therefore the activation energy for the diffusion process increases, 2) the
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heat of adsorption decreases as the secondary amine is added, which increases the activation
energy for the chemical reaction ( =

+∆

) [59, 61]. The relative enlargement of the

“apparent” activation energy obtained was about 1.5 kJ/mol for the addition of a secondary amine
moving from TETA to TEPA and then to PEHA (all at 50 wt% loading impregnated on silica
support).

Figure 4-13. Effect of 2o amine addition on 40 wt% Amine/SiO2 (a) and amine weight loadings
(b). Condition: 10%CO2/1%Ar/He; Flow rate= 30 mL/min.
The enhancement of amine weight loadings also increased the overall rate, similarly to
the effect of secondary amine addition, but the overall rate decreased at higher weight loadings,
as shown in Figure 4-13b. This is due to the increase in the thickness of the loaded amine on the
support surface and therefore the rise of the activation energy for the diffusion process. The
temperature increase provided the energy required for the diffusion of CO2 into the lower level of
the stacked amine materials and consequently reduced the activation energy. The largest
difference in the apparent activation energy as a result of an increase in weight loading was
measured to be approximately 10.3 kJ/mol. The variation in activation energy represents the
effect of amine weight loading on the activation energy for diffusion. In addition, the activation
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energy for the chemical process (E), which is always greater than zero, could only be determined
via simulation. It cannot be measured directly from experimental results due to the multistep
characteristic of the CO2 adsorption process.

4.4.2.4 Optimum heat of adsorption
An optimum heat of adsorption can be determined through an appropriate interaction
between adsorbate and adsorbent. This implies that the interaction is neither too strong nor too
weak, which is the most desirable condition. If the interaction is weak, the reaction may not
occur due to failure to bind between the molecule and the surface. On the other hand, the product
may not easily dissociate from the catalyst/adsorbent surface if the interaction is very strong. This
concept was first introduced by Sabatier by means of a volcano plot, as shown in Figure 4-14 [63,
64]. In a volcano plot, a kinetic parameter (such as rate or activation energy) is correlated to a
thermodynamic parameter (such as heat of adsorption). Other parameters can also be investigated
with respect to adsorption energy. The peak in the volcano plot represents a balance between
adsorption and desorption rates, which was conceptually explained by Sabatier. Positive and
negative orders indicate adsorption or desorption steps as limiting the rate, respectively, but the
rate is highest at the optimal adsorption strength as shown in Figure 4-14 [64].
As previously discussed, the heat of adsorption passed through a maximum as the amine
weight loadings increased. Two volcano plots for the efficiency and rate of CO2 adsorption as
the secondary amine increases are presented in Figure 4-15. In each graph, the optimum heat of
adsorption, maximum efficiency or rate, and the most appropriate weight loading can be
determined as the secondary amine increases at the temperature studied.
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Figure 4-14. Sabatier principle is depicted in a volcano plot [64].
As shown in Figure 4-15a, the optimum heat of adsorption for the highest efficiency
decreased as the number of secondary amines increased. The maximum efficiency, however, did
not change with the secondary amine addition and barely exceeded 0.3 in dry conditions. The
optimum heat of adsorption decreased while the adsorption rate increased as the secondary amine
was augmented (Figure 4-15b).

Interestingly, this figure indicates that the addition of a

secondary amine not only decreases the heat of adsorption (and hence the energy required for
regeneration), but also increases the observed rate, which are both desirable in terms of industrial
applications. Finally, the optimum adsorption energy and amine weight loading (at 40 oC) was
determined to be 60-80 kJ/mol and 30 wt% amine, respectively.

137

Figure 4-15. Optimum heats of adsorption are illustrated in a volcano plot with respect to
efficiency (a) and observed rate of adsorption (b). Condition: T=40oC; 10%CO2/1%Ar/He; Flow
rate= 30 mL/min.

4.4.3 Modification of silica with methyl and octyl groups
Based on the results presented in the previous sections, the main reasons for low CO 2
capacity as well as the origin of low amine efficiency are 1) a high interaction of amine materials
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with the –OH group on the surface through hydrogen bonding, and 2) hindered diffusion into
lower amine layers.
The silica material utilized in this research as the support for impregnating the amines has
hydroxyl groups (-OH) distributed on the surface. The results obtained for the impregnated
amine materials suggest that the amines loaded on silica are highly affected by the surface due to
their interaction with surface functional groups. They therefore present a low CO2 adsorption
affinity, unless high weight loadings are utilized.

Among various methods to enhance the

effectiveness of an adsorbent, changing the surface functional groups of the support has been
determined to be an effective technique [65]. Since hydroxyl groups on the silica surface interact
with amine materials through the formation of hydrogen bonds and decrease the strength of
nitrogen moieties to interact with CO2, adsorption is mainly hindered at low amine weight
loadings. In order to manipulate the surface functionality and thus the adsorption efficiency,
hydroxyl groups were replaced with organic functional groups such as methyl (-CH3) and octyl (C8H17) groups, which have a lower interaction with amine molecules and at the same time can
improve the dispersion of amines on the surface [65]. In fact, hydroxyl groups (-OH) on the
silica surface induce hydrophilic properties; therefore, modifying the surface with organic
functional groups changes this property. Both PEI and amine molecules were used to impregnate
the modified silica and the adsorbents prepared thus were evaluated for CO2 adsorption. The
results obtained were compared to the similar unmodified aminosilica materials in order to
elucidate the effect of the surface functional groups on the adsorption efficiency and heat of
adsorption. CO2 capacities have deliberately not been demonstrated because the trend in CO2
capacity is analogous to the amine efficiency; therefore, any changes in efficiency will be
proportionally reflected on the adsorbent capacity.
As presented in Chapter 2, the density of the hydroxyl groups (-OH) was measured by the
H-NMR technique for modified and unmodified silica surfaces. The densities obtained were 3.7,
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2.75, and 3.07 (nm-2) for SiO2, SiO2-CH3, and SiO2-C7H18, respectively. Therefore, the hydroxyl
groups were partially modified and replaced with organic functional groups.

Theoretical

calculations based on the experimental density of the hydroxyl groups indicates that about 7-8
wt% amine, depending on the amine type, is ideally required to have 1:1 N:OH interaction in the
form of hydrogen bonds. Among the samples synthesized in this study, the samples with 10 wt%
amine on silica are therefore assumed to have monolayer coverage.
Since the hydroxyl groups were partially replaced on the silica surface, it is highly
important to observe this effect on various amine weight loadings, especially in three amine
loading phases such as submonolayer (5 wt% amine), monolayer (10 wt% amine), and multilayer
(20 wt% amine). The effect of a variety of variables such as functional groups (-CH 3, -C8H17),
amine weight loading, addition of a secondary amine, and temperature was examined in order to
compare the amine efficiency and heat of adsorption on the modified and unmodified silica
surface, as shown in Figures 4-16 and 4-17.

4.4.3.1 Effect on efficiency
Regardless of amine weight loading and the functional group used for to modify the silica
surface, amine efficiency generally decreased as the secondary amine increased. Hence, PEI
demonstrated the lowest efficiency in comparison with molecular amines. Within the
submonolayer coverage of amine impregnated on silica (5 wt% amine/SiO2), as shown in Figures
4-16a and 4-16b, efficiency decreased as the surface hydrophobicity decreased (-OH groups were
replaced with –CH3 and –C8H17) at both studied temperatures. This result is counter-intuitive. It is
expected to improve the efficiency due to the decrease in amine interaction with hydroxyl groups.
The process of surface functionalization, as shown above by the statistics, results in partial
substitution of the hydroxyl groups. Consequently, part of the hydroxyl groups still remained and
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interacted with the amine active sites. Then hydrophobicity repelled the amine active sites from
each other; therefore, two sites were isolated to react and stabilize the CO2. Temperature
adversely influenced efficiency at this stage.

This result indicates that the adsorption is

thermodynamically unfavorable at this amine loading.

Figure 4-16. Effect of functionalization of silica surface with methyl (-CH3) and octyl (-C8H17)
groups, amine weight loading, secondary amine addition, and temperature on amine efficiency.
Measurement condition: 25oC (a), (c), (e); 60oC (b), (d), (f); 10%CO2/1%Ar/He; Flow rate= 30
mL/min.
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Within the monolayer stage (10 wt% amine/SiO2), as shown in Figures 4-16c and 4-16d,
amine efficiency significantly improved for two temperature levels by modifying the surface, in
contrast to the submonolayer zone. Since amine loading has increased in this stage, amine
molecules partially interacted with the remaining –OH groups; as a result more active sites were
exposed for CO2 adsorption and thus higher efficiency was obtained. Similar to the submonolayer
phase, an increase in temperature decreased the efficiency.
When multilayers of amine are impregnated on silica (20 wt% amine/SiO2), amine
efficiency moderately increased as the hydrophobicity of silica increased at both the investigated
temperatures, as illustrated in Figures 4-16e and 4-16f. However, the improvements in efficiency
are less significant when compared to the monolayer stage, which is basically due to the
multilayer amine loading. In contrast to the submonolayer and monolayer stages, temperature
indicated a slightly positive influence on the multilayer amine loaded material, owing to the
enhancement of the diffusion process. This result clearly demonstrates that amine in bulk format
is not desirable as it offers lower efficiency due to the imposed diffusion hindrance into lower
amine layers. This effect is anticipated to be more pronounced as the amine weight loading
increases.

4.4.3.2 Effect on heat of adsorption
As explained, heat of adsorption generally decreased for molecular amines as the ratio of
secondary amine (which has a lower heat of adsorption compared to primary amine) with respect
to primary amine increased. Additionally, heat of adsorption gradually increased as the weight
loading was elevated from submonolayer (5 wt% Amine/SiO2) to multilayer (20 wt%
Amine/SiO2), independent of temperature, owing to the reduced interaction with the surface
hydroxyl groups, as shown in Figure 4-17.
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An increase in hydrophobicity (substitution of –OH with –CH3 and then –C8H17
functional groups) generally decreased the heat of adsorption. This decrease in heat of adsorption
intensified as the weight loading increased. Based on this observation, it can be concluded that
secondary amines interact more with adsorbate (CO2) as the hydrophobic property improves and
hence decreases the heat of adsorption, regardless of temperature and weight loading.

Figure 4-17. Effect of functionalization of silica surface with methyl (-CH3) and octyl (-C8H17)
groups, amine weight loading, secondary amine addition, and temperature on amine efficiency.
Condition: 25oC (a), (c), (e); 60oC (b), (d), (f); 10%CO2/1%Ar/He; Flow rate= 30 mL/min.

143
4.4.3.3 Effect on kinetic performance
The surface modification of a porous silica support with organic functional groups (such
as –CH3 and C8H17) exhibited positive effects on CO2 adsorption, efficiency, and heat of
adsorption, as discussed in previous sections. In this section, the effect of surface modification
(i.e., an increase in hydrophobicity) on the overall kinetic of CO2 adsorption is compared with an
unmodified adsorbent at different weight loadings for amines with various secondary to primary
amine ratios (Figure 4-18).
As previously discussed, functionalizing the silica surface resulted in an enhanced
hydrophobic property; hence, amine stability on the surface decreased, and as a result the
impregnated amine was allowed to move freely on the surface instead of interacting with
hydroxyl groups. Thus, the interaction of amine with CO2 was able to form a chemical bond
much more easily and consequently increase the CO2 uptake and efficiency. Based on this, an
improvement in the adsorption kinetic is expected to occur as the destabilization or
hydrophobicity of the amine impregnated on the silica surface increases. For both the modified
and unmodified surfaces, the overall adsorption rates gradually rose as the amine weight loading
increased, as shown in Figure 4-18, but the rates for various molecular amines on the unmodified
surface (SiO2) demonstrated similar values. As shown in Figure 4-18a, in the submonolayer (5
wt% amine/SiO2), which shows the lowest observed rate, the rate slightly increased when the
silica surface was modified with the methyl (SiO2-CH3) group, but decreased when the octyl
(SiO2-C8H17) was utilized for surface alteration. The observed trend for the adsorption rate due to
the addition of secondary amines remained almost the same throughout the modified surfaces at
different weight loadings. The samples containing a higher ratio of primary to secondary amine
offer improved kinetic performance (higher rates). Therefore, the order of adsorption rate is as
follows: TETA>TEPA>PEHA, regardless of amine weight loading.
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Figure 4-18. Effect of modification of a porous silica surface with methyl and octyl groups, amine
weight loading, and secondary amine addition is presented on the observed rate of amine
impregnated silica. Condition: 25oC; 10%CO2/1%Ar/He; Flow rate= 30 mL/min.
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Significant improvements of overall rates on modified samples compared to unmodified
ones were obtained in the monolayer (10 wt% Amine/SiO2) and multilayer (20 wt% Amine/SiO2)
regions, as shown in Figures 4-18b and 4-18c. In addition, the rates generally enhanced with the
surface hydrophobicity, but the effects were somewhat different. The rates generally increased
for all amine molecules as the surface was modified with methyl groups, but then decreased when
octyl groups were employed, except for PEHA. This result could be due to two effects: 1) TETA
and TEPA consist of shorter chain lengths with respect to PEHA and could be trapped between
long alkyl chains on the support surface via interaction with the remaining hydroxyl groups, thus
making them less accessible; or 2) the density of the hydroxyl group in silica modified with the
octyl group (SiO2-C8H17) is slightly greater than that of the surface modified with the methyl
group (3.07 nm-2, compared to 2.75 nm-2). Therefore, the rate decreased when long alkyl chains
(octyl groups) were utilized. Nonetheless, the longest amine chain (PEHA) had a lower
probability to interacting with the remaining surface hydroxyl groups, due to the hindrance
imposed by long chains (PEHA and octyl groups). PEHA alternatively was suspended on top of
the long alkyl chains, making it more accessible and resulting in a higher overall rate. The effect
of temperature has also been investigated, and the results showed an adverse influence for all
molecular amines at all weight loadings.

4.5 Conclusion
Combination BTR/DSC instrument provides an accurate and reliable technique for
investigating adsorption and desorption processes occurring at the solid-fluid (gas or liquid)
interface over a wide range of operating conditions (temperature, pressure, and humidity) and
fluid concentrations. Thermodynamic and kinetic parameters obtained from the BTR/DSC
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combination could assist in attaining a fundamental understanding of about the nature of
adsorbate-solid interactions, and could be applied in a variety of technologies, including catalysis,
adhesion, corrosion, mapping different chemical sites, and others. Performing the experiment in
flow mode requires less time to reach the equilibrium than with non-flow measurements, as the
high adsorbate (CO2) driving force (convection rather than diffusion) along the sample bed and
consequently facilitates the adsorption process.

This effect could be more significant in

diffusion-controlled processes, similar to CO2 adsorption on Type I adsorbents, which suffer from
slow kinetics.
In terms of industrial applications, BTR could provide a proper similarity with fixed-bed
adsorption columns used in industrial processes. This combination provides essential information
to predict the adsorption process performance and efficiency before moving forward to larger
scales. In addition, the kinetic parameters attained using this methodology can be combined with
the hydrodynamic information of larger-scales units.
The main reasons for low CO2 capacity and amine efficiency compared to theoretical
values are the high interaction of amine with hydroxyl groups on the surface, and hindered
diffusion into lower amine layers. For example, efficiency increased from 0.16 to 0.35 (more
than twice) for 10 wt% TETA (monolayer amine coverage) by modifying the silica surface using
octyl groups (SiO2-C8H17), emphasizing the substantial impact of amine-OH interaction.
Furthermore, efficiency on 40 wt% TETA/SiO2 increased from 0.17 to 0.26 as the temperature
was elevated from 25oC to 80oC, highlighting the larger diffusion hindrance at high loadings. At
high amine weight loadings (high amine density): 1) Amine interaction with the surface hydroxyl
group decreased considerably, 2) Diffusivity of CO2 into lower amine layers significantly
decreased compared to low amine weight loadings, 3) Heat of adsorption approached the “bulk
behavior of amine”, 4) Temperature increases facilitated CO2 diffusivity into lower amine layers.
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An increase in the 2o/1o amine ratio improved efficiency and decreased the heat of
adsorption, which positively assisted the adsorption process and hindered desorption, leading to
the lower energy penalty for CO2 desorption. In addition, a change in the adsorption mechanism
and stoichiometry from CO2/N : 1/2 to CO2/N : 1/1 could be another reason for the improved
efficiency. For instance, the optimum heat of adsorption for 40 wt% amine/silica decreased from
85 to 69 kJ/molCO2 (at 40oC) and the overall rates enhanced from 0.013 to 0.015 mmolCO2/g.s as
the 2o/1o ratio increased from 1 to 2. For molecular amines, the overall rates at a constant
temperature passed through a maximum as the weight loading increased.
Negative apparent activation energy and an alteration of the rate controlling step occurred
simultaneously for CO2 adsorption on amine-impregnated silica, due to the process being a
multistep reaction involving one reverse step. In addition, the overall rate (e.g. TETA) decreased
as the temperature increased for all molecular amines. Secondary amine addition enhanced the
apparent activation energy due to the viscosity increment and decrease in heat of adsorption. This
activation energy also increased as the weight loading was enlarged due to the activation energy
required for the diffusion process. The largest difference in activation energy obtained by
changing the secondary amine and amine weight loading was 1.5 and 10.3 kJ/mol, respectively.
Optimum heat of adsorption for the highest efficiency (<0.3 in dry conditions) decreased
as the number of secondary amines increased. In addition to the decrease in optimum heat of
adsorption, the adsorption rate increased with the secondary amine addition. The increase in
overall rate and decrease in energy consumption, together, are of high interest in terms of
industrial applications. The decrease in energy consumption translates to lower required energy
for desorption (regeneration); higher adsorption/desorption rates are also critical to establish a fast
process. For example, at 40oC, the optimum adsorption energy and amine weight loading were
demonstrated to be 60-80 kJ/mol and 30 wt% amine, respectively.
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Amine efficiency increased in the monolayer and multilayer stages, regardless of
temperature, as the silica surface was modified. Temperature demonstrated a negative effect on
the efficiency for submonolayer and monolayer impregnated amine, but showed a slight positive
effect on multilayer amine due to an improvement in the diffusion process. At higher weight
loadings (>20 wt%), the effect of temperature is expected to intensify. Heat of adsorption
increased as the weight loading was enhanced, while it decreased with the secondary amine
addition and with the modification of the silica surface. Temperature had a slightly positive
effect at high amine weight loading (20 wt%) for all modified silica surfaces.

Surface

modification significantly improved the kinetic behavior of CO2 adsorption. This effect
intensified as the amine weight loading and number of secondary amines increased.
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Modeling of CO2 Adsorption Column in isothermal condition
(This chapter is published in Industrial & Engineering Chemistry Research Journal. Davood Babaei
Pourkargar, Seyed Mehdi Kamali Shahri, Robert M. Rioux; “Spatiotemporal Modeling and Parametric
Estimation of Isothermal CO2 Adsorption Columns”, I&EC research, 55 (2016) 6443−6453 66)

5.1 Introduction
The rate of CO2 emissions, a major greenhouse gas, has increased exponentially during
the last few decades due to the steady increase in electricity demand, which is mainly produced
via fossil fuel power plants [1-4]. A significant increase in atmospheric CO2 levels from 250 to
400 ppm has occurred as a result of anthropogenic fossil fuel consumption [5-7]. One attractive
option to mitigate the emission of CO2 from large point sources such as power plants is to capture
and sequester CO2 from flue gas [3, 5-7]. Several approaches such as aqueous amine absorption,
membrane separation, chemical conversion, cryogenic separation, and adsorption on solid
materials are potential strategies for the mitigation of CO2 from the atmosphere [8, 9]. Aqueous
absorption is a mature technology used in power plants to scrub produced CO 2, but the
technology suffers from some severe problems such as high energy penalty for amine
regeneration, the corrosive nature of the amine solution, and temporal degradation of the amine
solution [10-15].
Therefore, it is necessary to investigate and pursue other possible alternatives in parallel
to the aforementioned benchmark process [12-15]. Unlike the absorption process, adsorption onto
solids represents a promising alternative due to a reduced energy requirement for thermal swing
regeneration and equipment corrosion issues. When the water is eliminated in solid sorbents, the
regeneration energy for the process is reduced significantly in comparison with the aqueous
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solution energy requirements for regeneration [1, 3-6, 14-17]. Among the solid sorbents, which
are suitable for fixed-bed reactor operation, amine-impregnated materials, and especially
polyethylenimine (PEI) on silica, have attracted significant attention because they are competitive
to aqueous absorption solutions in terms of high CO2 adsorption uptake and excellent selectivity
versus nitrogen [6, 10, 15, 17-24]. Developing an appropriate model for the solid-gas interaction
in order to evaluate adsorption in pressure swing adsorption (PSA) processes provides important
insight into the kinetics and thermodynamic of CO2 uptake in the adsorption mechanism [25, 26].
The dynamic behavior of a given CO2 adsorption column is practically described by a
breakthrough curve which contains essential properties of the adsorption process and can be
obtained directly by experimentation and/or mathematical modeling. Compared to the purely
experimental method for process identification which is typically time-consuming and expensive,
the combination of mathematical modeling and restricted model-validating experimental data is
economically efficient and has recently attracted increasing attention. To use such a mathematical
model as a basis for process design and control, it should be able to accurately predict the
experimental behavior once process parameters have been identified for specific conditions. In
this work we develop a spatiotemporal model to characterize the CO2 concentration dynamics in
an isothermal adsorption column. The proposed model is in the form of a coupled partial
differential equation (PDE) which represents the CO2 concentration in the flue gas and a locationdependent ordinary differential equation (ODE) which represents the CO2 concentration in the
adsorbent; it thus circumvents the unphysical simplifying assumption of the linear driving force
and lumped adsorption rate through the column length which has been used in previously
developed models [21, 27-29]. The proposed model is then applied to compute physical quantities
originating from material conservation laws such as the adsorption rate constant and CO2
adsorption capacity from a set of experimental data without using empirically assumed
parameters, contrary to previous modeling efforts [21, 27, 28]. The adsorption enthalpy is also
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computed by employing the experimental temporal profile of the heat of adsorption, the proposed
adsorption rate model and estimated parameters. The resulting value for adsorption enthalpy is
then compared to its experimental value to validate the system parameter estimation.
The remainder of this chapter is organized as follows: the experimental aminosilica
packed bed apparatus is briefly presented in the “Experimental part” section. A detailed
description of the spatiotemporal mathematical model of CO2 concentration dynamics is
addressed in “Spatiotemporal modeling'' section. In the “parameters estimation” section, a
dynamic optimization-based estimation framework is introduced to identify the required
adsorption rate constant and capacity of the bed using a set of experimental CO2 concentration
measurements at the adsorption column outlet. Finally, in this chapter the dynamic optimization
problem will be addressed to estimate the system parameters using a shooting method
formulation [30, 31] in the “Simulation results'' section.

5.2 Experimental part
The sample used for this study was 40 wt% polyethylenimine (PEI423; Mw = 600). The
detailed information about the physical properties, preparation method, and characterization were
explained in detail in experimental chapter (see sections 2.1 and 2.2 in chapter 2).
The CO2 capacity was measured in a breakthrough reactor by monitoring the
concentration of CO2 and Ar tracer gas in the outlet gas stream via a mass spectrometer. The
detailed information about the reactor material and sizes, quantification procedure, utilized gases,
gas flow, and so on could be finding in experimental chapter (see sections 2.2 in chapter 2).
A differential scanning calorimetry coupled to the breakthrough reactor was utilized to
control the sample temperature and measure the heat flow (exothermic) due to the adsorption of
CO2 at isothermal bed conditions as CO2 passed through the reactor. More details about the
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combination and operational condition could be finding in experimental chapter (see sections
2.3.1 in chapter 2).

5.3 Examples of Adsorption Columns Modeling
Serna-Guerrero et al. [32] utilized a series of kinetic models with a single linear driving
force constant such as Lagergen’s pseudo-first- and second-order, and Avrami to explain the
behavior of CO2 breakthrough reactors on amine-functionalized silica materials. The temporal
CO2 capacity was evaluated experimentally with thermogravimetry. They concluded that
Avrami’s model with a fractional reaction order best fit the experimental results and therefore
indicates the occurrence of multiple adsorption pathways such as chemical and physical
adsorption pathways. They also developed an adsorption isotherm model with two different
equilibrium terms for chemical and physical adsorption in order to determine the adsorption
equilibrium on amine functionalized mesoporous silica in a packed bed.
Bollini et al. [27] applied an analogous concept of two different amine adsorption sites in
order to model the behavior of a breakthrough reactor for dry CO2 capture. They utilized two
separate linear driving force parameters for amines characterized as easily accessible and "lessaccessible" to CO2 molecules in contrast to a single driving force previously reported [27, 32].
They found that the linear driving force equation with two terms better explained the kinetic
results compared to the single linear driving force equation. Prior to this work, Bollini et al. [33]
used a single-site Toth model by assuming one type of site and a single linear driving force. They
found good agreement between the simulation and experimental data.
Recently, Kalyanaraman et al. [28], assumed CO2 diffusion as the rate-limiting step rather
than chemical adsorption of CO2 on the polyethylenimine sorbent impregnated on the wall of the
hollow fiber material. They assumed a model containing two different linear driving forces
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similar to previous work [27, 34], but with inclusion of more details on the mass transfer
resistance term for the surface and bulk regions of the polymer. They considered diffusivity
inside the polymer analogous to free volume theory with temperature dependency during the CO 2
adsorption. In addition, a Toth adsorption isotherm has been used to model equilibrium CO2
adsorption capacity. They concluded interplay between CO2 adsorption equilibrium and
intraparticle CO2 diffusion is responsible for the breakthrough curve behavior.
In contrast with the above mentioned kinetic models, Ebner et al. [25] considered
chemisorption with a first-order reaction rate on PEI/SiO2 as the rate limiting step for modeling
the equilibrium adsorption capacity. They could predict the experimental data with the proposed
model at high temperature, but failed to predict low temperature behavior because of the slow
kinetics. They suggested an optimum temperature (around 60-80 °C) as the most advantageous
condition for both kinetics (adsorption/desorption rates) and thermodynamics (capacity). In
addition, Heidari-Gorji et al. [21] used thermogravimetric analysis (TGA) to study kinetic of CO2
adsorption on PEI-impregnated on MCM-41. They described the CO2 adsorption rate by
suggesting a general kinetic model in which CO2 chemically adsorbs on amine sites as a function
of time. They concluded the model represented good agreement with experimental data
throughout a wide range of amine weight loadings and operation conditions.
To overcome the shortcoming of the previous research in describing the spatiotemporal
dynamic behavior of CO2 adsorption columns we develop a rigorous model which characterizes
the spatiotemporal patterns of CO2 concentrations in the flue gas and solid sorbent. The main
objective of our modeling effort is to create a systematic framework to circumvent the unphysical
simplifying assumptions of a linear driving force and lumped adsorption rate through the column
length which has been previously employed. We also account for a lack of inlet CO2
concentration measurement and valve dynamics by designing a tracer-adsorbent concentration
estimator. The modeling details and system parameters estimation is described in next section.
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5.4 Spatiotemporal modeling
To derive a rigorous spatiotemporal model of CO2 concentration profile in the flue gas
and solid bed we consider the following assumptions:
1. Process operation is isothermal (a DSC was utilized to provide isothermal condition by power
compensation to prevent from temperature oscillation during adsorption operation).
2. Concentration gradients are considered in only the axial direction (one-dimensional model, no
radial variations).
3. Wall effects and pressure drop in the bed are negligible.
4. The effects of packing non-uniformity are negligible (considering only molecular diffusion and
turbulent mixing in an axial dispersion formulation).
5. The gas mixture flows in the form of an axially dispersed plug flow through the bed.
6. Volumetric flow rate of the gas mixture remains constant through the bed.
7. Only CO2 adsorption is considered (Helium and Argon are non-adsorbing.).
8. The rate of adsorption and desorption are derived considering them as elementary reactions.
9. The deactivation of the adsorbent bed is negligible since the adsorption is nearly reversible
under PSA or temperature swing adsorption (TSA) conditions.
10. The thermodynamic behavior of gaseous CO2 is described by the ideal gas equation of state.
11. The total concentration of active sites on the adsorbent bed remains constant since the process
is isothermal.
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5.4.1 Material Transfer Modeling along the Column Length
By considering a mole balance for CO2 (which is called adsorbate component A in the
gas phase for the rest of this chapter) over a differential volume element in the packed bed of
adsorbent pellets we obtain:
C |

∆

A ∆z − C | A ∆z = F | A ∆t − F |

Dividing the mole balance of (Equation 5-1) by

A ∆t −

ρ r

A ∆z∆t

Equation 5-1

∆ ∆ , and considering ∆ → 0 and ∆ → 0

yields

= −

−

ρ r

Equation 5-2

The adsorbate molar flow rate expression can be obtained by applying the constant total
concentration assumption to Fick's first law

= −

where
=

+

=

Equation 5-3

. By substituting (Equation 5-3) in (Equation 5-2) we conclude that
−

−

Equation 5-4

By ignoring the effects of packing non-uniformity (Assumption 4), the axial dispersion
coefficient can be defined considering (a) molecular diffusion, and (b) turbulent mixing arising
from the splitting and recombination of flows around the adsorbent particles [35], as follows

=
where
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+2
= 0.45 + 0.55 and

Equation 5-5
= 0.5,, represent the contributions of molecular diffusion and

turbulent mixing in the dispersion coefficient, respectively [35].

5.4.2 Adsorption Rate Formulation
As presented inn Figure 5-1, the CO2 adsorption on the aminosilica packed
packe bed is a dualsite adsorption [6, 36, 37],, w
which is assumed to be an amine (primary or secondary) on PEI.
Wang et al. [34] proposed two layers for CO2 adsorption on PEI/SBA-15,, an exposed PEI layer
and inner bulk PEI layer. They determined the ratio of exposed amine layer to inner bulk amine
layers decreased as the amine
amine-weight
weight loadings increased. In addition, this ratio increased with an
increase in temperature for samples with high amine wei
weight loadings. The CO2 adsorption under
dry
y conditions basically proceeds via two elementary reaction steps as illustrated in Figure 5-1.
The second reaction is known as the rate
rate-limiting
limiting step and therefore controls the reaction kinetics.
Additionally, we know
now that the adsorption is a fully-reversible
reversible process if PSA or TSA be applied.
Consequently we can re-write
write the two elementary steps into one reversible step (as discussed in
"adsorption rate formulation" section) and assume the zwitterion production and reaction to
carbamate are lumped together for the final and stable product that is carbamate.

Figure 5-1. Mechanism of CO2 reaction with primary amine for carbamate formation
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CO2 adsorption mechanisms differ for the different types of sorbents, e.g. chemisorbents
and physisorbents. Even in the category of amine-impregnated adsorbents that have a same
adsorption mechanism, the actual behavior and kinetics of CO2 adsorption become different
according to many factors, such as pore connectivity of the support, type of amines, etc. The
proposed model can account for different sorbents since the adsorption rate term is formulated by
the net of adsorption and desorption kinetics that can be applied to any type of sorbents by
accounting for number of active sites in the adsorption process. We are then able to estimate the
adsorption kinetic constant and the concentration of active sites if we have breakthrough curve.
Therefore the applicability of the proposed model in prediction of adsorption kinetics and
thermodynamics hinges on the availability of experimental data to identify the required
parameters of the model.
The adsorbed component is illustrated by a combination of the active site symbols with
the adsorbate symbol, e.g., the term SAS means that one molecule of A is adsorbed on two active
sites of S which is the assumed stoichiometry under dry conditions. Consequently, the dual-site
CO2 adsorption on aminosilica packed bed is represented by
+2

⇌

The derivation of the CSAS at the equilibrium can be found in the experimental chapter (See
section 2.3.1 in chapter 2). By assuming a constant total concentration of active sites (Assumption
11) and neglecting deactivation of active sites (Assumption 9), the site balance of the adsorption
process can be presented as follows
=

+2

Equation 5-6
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Such concentrations are equal to the number of corresponding sites per unit mass of the
adsorbent bed divided by Avogadro's number [38]. Then by assuming that a specific fraction of
the CO2 molecules which strike the surface are adsorbed and the rate of CO2 molecules
attachment is proportional to the number of collisions, the adsorption and desorption rates can be
computed by
=

Equation 5-7

and

=

Equation 5-8

The net rate of adsorption is represented as the difference in the adsorption and desorption rates

=

=

−

=

−

Equation 5-9

By substituting the site balance of (6) and assuming that the partial pressure of CO2 can be
described by ideal gas law, PA=RTCA, we conclude

=

=

where K=ka/kd .

(

−2

) −

Equation 5-10
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5.4.3 PDE/LVODE Model
The spatiotemporal dynamic behavior of the adsorbate concentrations in the gas and solid
phases can be described by the following PDE and location-varying ODE (LVODE),
respectively,
( , )=

( , )−

( , )−

( , )

−2

( , )

−

( ,)

( , )=

( , )

−2

( , )

−

( , )

Equation 5-11

subject to initial conditions
( , 0) = 0
( , 0) = 0

Equation 5-12

and boundary conditions
(0, ) =

,

( , )=0

( )

Equation 5-13
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The variables and parameters in the PDE/LVODE set of (Equation 5-11to 5-13) can be classified
in the following categories:
1. Independent variables: z, t
2. Dependent variables: CA, CSAS
3. Operational parameters: us, T, L, CA,in(t)
4. Characteristic parameters: ,

, DL, K

5. Unknown parameters: ka, Ct
In the above categorized groups of parameters, the operational parameters set identify the
system geometry and process physical conditions. Such parameters can usually be directly
measured or specifically set for the process considering desired performance, experimental
limitations and safety requirements. The characteristic parameters set include the known
parameters which depend on the process conditions and properties of the adsorbent bed material.
The characteristic parameters can either be measured by independent experiments or be computed
by empirical correlations under the process operational condition. There are two unknown
parameters in the PDE/LVODE model of (Equation 5-11 to 5-13) which cannot be directly
measured experimentally or computed empirically: (1) the adsorption rate coefficient, ka, and (2)
the molar concentration of the total active sites, Ct. Even if we can quantify the total number of
amines in the adsorption bed, the concentration of total active sites cannot be measured since it is
a function of temperature and microscopic properties of the material. The prediction of system
dynamics using the proposed spatiotemporal model relies heavily on these unknown parameters;
it is thus necessary to identify them using a reliable estimation technique.
Note that current chapter only focuses on modeling of isothermal adsorption columns and
estimating the adsorption kinetic and thermodynamic properties for which the CO2 concentration,
temperature and pressure, and carrier gas composition were set at their experimental conditions
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dictated by apparatus setup. The experiments have been recently conducted at various
temperatures and CO2 inlet concentrations (the flow rate and pressure remained the same in this
chapter). The simulation results in the next section do not account for these variations, but we
believe this model could predict system properties for various temperature and CO2 concentration
conditions based on the proposed fundamental modeling framework and realistic assumptions.

5.5 Parameters Estimation
In this section we consider a constrained dynamic optimization problem to identify the
unknown parameters of the proposed spatiotemporal model by employing data from the
experimental breakthrough curve (section “CO2 breakthrough reactor experiment”). Such
estimation problem is formulated as a least squares one, minimizing the deviation of the
estimated breakthrough curve from the experimentally obtained one over the time period of [0-t f],

∗

,

∗

= arg

,

∬

( , )−

( , )

Subject to
( , )=

( , )−

( , )−

( , )

( ,)

( , )=

( , 0) = 0

( , 0) = 0

( , )

−2

( , )

−

( , )

−2

( , )

−

(0, ) =
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( )

,

( , )=0

Equation 5-14

The optimal adsorption rate coefficient, and total active sites concentration,

∗

,

∗

,

respectively can be estimated by solving the dynamic optimization problem of (Equation 5-14)
using either collocation or shooting methods; in this work we used the control vector
parameterization (CVP) approach [30, 31]. Then the adsorption rate can be obtained as a function
of time and location, rads(z,t), from the estimated values of ka and Ct and (Equation 5-10). The
heat flow can also be identified using energy conservation
( )=

( , )

∆

Equation 5-15

For a uniform distribution of active sites along the adsorbent bed we may assume the

value of ∆

does not change over time and location. Considering such assumption, we can

estimate the value of ∆

by solving a secondary optimization problem to minimize the deviation

of the estimated temporal profile of heat flow from the temporal profile obtained from
calorimetry data,

∆

∗

= arg

∆

( )−

∆

( , )

By comparing the estimated value of ∆

Equation 5-16

∗

from (Equation 5-16) with its experimental

value determined by calorimetry we may validate the estimation of adsorption rate coefficient and
molar concentration of the total active sites.
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5.5.1 Estimation of CO2 inlet concentration profile
The temporal profile of CO2 inlet concentration is required for the dynamic optimization
problem of (Equation 5-14) however it was not accessible during process operation due to
limitations of the apparatus. To bypass the lack of this needed measurement and consider the inlet
valve dynamics we used the temporal profile of the Ar tracer (denoted as species B for the rest of
the chapter) in the outlet gas stream which was measured by a mass spectrometer and employed
differential material conservation laws to reconstruct the inlet concentration dynamics. Such
effective technique has not been applied in previous modeling efforts where most of the
researchers usually ignore the valve dynamics and assume instant increase in the inlet CO 2
concentration from zero to its ultimate value [21, 28, 29, 33]. Neglecting such essential inlet flow
dynamics leads to overestimation in the adsorption rate coefficient and molar concentration of
total active sites. The overestimation in such important characteristics causes inaccuracy in
system dynamics predictions and further process designs based on the identified parameters.
The spatiotemporal PDE model of the tracer concentration in the absence of adsorption in
the bed is presented below
( , )=

( , )−

( , 0) = 0
( , )=

,

( , )

Equation 5-17

( )

( , )=0
By solving the PDE set of (Equation 5-17) we obtain the spatiotemporal profile of Ar
concentration, CB(z,t) and then compute the temporal profile of the inlet concentration,
CB,in(t)=CB(0,t). When we consider that the molecular weights of CO2 and Ar are similar and that
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the inlet valve does not operate selectively (none of the adsorbate and tracer gases preferably pass
over another), we can assume that

,

( )

=

,

( )

Equation 5-18

Thus the temporal profile of the inlet adsorbate concentration in the gas phase required by
the dynamic optimization problem of (Equation 5-14) can be obtained from

,

( )=

,

( )

Equation 5-19

which is illustrated in Figure 5-2. We observe that the inlet valve has slow dynamics, and
as a result the inlet adsorbate concentration slowly increases when we switch the inlet valve from
the He stream to the CO2-containing stream. Figure 5-2 also shows how significantly the CO2
concentration profile considering the valve dynamics deviates from a temporal profile with a
perfect step change form.
The equilibrium constant is also formulated as a function of the unknown variable of Ct
by considering the expression of (Equation 5-10) at the equilibrium state of the process operation

(

where

−2

=

) −

=0

(

,

( )−

Equation 5-20

( , ))

. Such correlation can then be simplified as
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=

(

(

,

( )
(

,

( , ))

( )

( , ))

Equation 5-21

)

which is considered as an additional constraint in the optimization prob
problem
lem of (Equation 5-14).
5

Figure 5-2.. Temporal profiles of dimensionless in
inlet
let and outlet concentration of the adsorbate in
the flue gas during process operation. The area between the temporal profiles indicates the total
amount of adsorbed component. A significant difference can be recognized between the estimated
inlet concentration
ation profile and a perfect step change inlet assumed in previous modeling efforts.
efforts

5.6 Simulation results
As described before
before,, the length of adsorption column is L=10 mm and the process was
operated at T=25 °C. The superficial gas velocity was also set aat us=4.65 cm/s by controlling the
gas flow rate through the bed and the adsorbent bed structure was characterized by measuring the
values of skeletal density of the bed,

= 1.411 g/m3, and void fraction,
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=1−

= 0.538

= 0.651 g/m3 is the average bulk density. The diameter and mass of the bed are

where

d=3.7 mm, and mb=70 mg, respectively. The average adsorbent pellet radius is also computed by
considering the reported particle size for the CARiACT G10 (75-150 μm) [20],
10

= 5.625 ×

mm. Based on this information characterizing the bed we computed the dispersion

coefficient,

= 4.962 × 10

m2/s, from equation 5-5.

We used the temporal profile of the Ar tracer in the outlet gas stream which was
measured by a mass spectrometer and employed differential material conservation laws to
reconstruct the inlet concentration dynamics. By computing the dispersion coefficient of Ar from
(Equation 5-5),

= 5.894 × 10

m2/s, and solving the PDE set of (Equation 5-17) we

obtained the spatiotemporal profile of Ar concentration, CB(z,t) and then computed the temporal
profile of the inlet concentration, CB,in(t) = CB(0,t). The spatiotemporal dynamic behavior of Ar
concentration is shown in Figure 5-3. We do not observe any significant changes in the
concentration profile along the adsorption column since the Ar does not adsorb on the
aminosilica. The temporal profile of the inlet adsorbate concentration in the gas phase required by
the dynamic optimization problem of (Equation 5-14) was then obtained using (Equation 5-19)
and is illustrated in Figure 5-2.
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Figure 5-3.. Spatiotemporal dynamic behavior of Ar concentration with no significant changes in
the concentration profile along the adsorption colu
column.
mn. The inlet concentration slowly increases
when we switch from pure He stream to the CO2/Ar-containing
containing stream due to slow
sl
dynamics of
the inlet valve.
By solving the dynamic op
optimization problem of (Equation 5-14)) employing CVP [30,
31], we estimated thee adsorption rate coefficient and molar concentration of the total active sites
as

∗

= 3.998 × 10

kg/mol Pa s and

∗

= 3.6 mol/kg,, respectively, for the ultimate CO2

concentration of CA0=4.034 mol/m3 in the system. The required ultimate concentration is
computed by assuming the ideal gas law,

=

, and considering
ing the flue gas in made up of

10% CO2. The optimization problem was solved in MATLAB software by applying the
optimization toolbox. To solve the PDE ssystems of (Equations 5-11 to 5-13) and (Equation 5-17)
5
we also employed central finite difference method to disc
discretize
retize the spatial domain into 100
segments and solved the resulting ODE systems using MATLAB ode23 solver. Figure 5-2
5
presents the temporal profiles of dimensionless inlet and ou
outlet
tlet concentrations of the adsorbate in
the flue gas during process operation. As described before we bypassed the assumption of instant
change in the inlet concentration which have been invoked in previous research results for their
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experimental apparatus which leads to overestimation in the kinetic parameters [21, 28, 33, 39].
The equilibrium concentration of the adsorbate in the bed can also be estimated by considering
the area between inlet and outlet temporal curves as

= 1.692 mol/kg.
mol/kg The equilibrium

adsorption constant, K=0.0041 kg/mol Pa
Pa,, was then computed at the operating temperature
according
ording to correlation (Equation 55-21).
The spatiotemporal dynamic behavior of the dimensionless CO2 concentration in the gas
phase is illustrated with res
respect to residence time,

, and dimensionless spatial coordinate, , in

Figure 5-4.. We observe that th
the concentration increases from 0 to CA0 at each column location as
time evolves. Figure 5-55 shows the dimensionless spatiotemporal profile of adsorbate
ads
concentration
ion in the bed which starts at 0 and converges to the equilibrium adsorbate
concentration of

=

∗

,

∗

= 0.471

∗

= 1.692 mol/kg at each location of the bed.

We observe that for the specific adsorbent bed and ooperating
perating conditions there is a moving front
profile of adsorption taking place, starving the adsorbent bed of CO2 downstream.

Figure 5-4. Spatiotemporal dynamic behavior of CO2 concentration in the gas phase. The
concentration profile
ile sigmoidally increases from 0 to CA0 as time evolves.
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Figure 5-5.. Spatiotemporal dynamic behavior of CO2 concentration in the adsorbent bed. The
concentration profile sigmoidally increases from 0 to the equilibrium adsorbate concentration
Figure 5-6 presents the op
optimal
timal and experimental breakthrough curves. The two curves
are very closely matched which illustrates the effectiveness of the proposed optimization method
since the experimental data was used for the parameter estimation. The shape of the breakthrough
curve
ve is modeled accurately and the breakthrough time is also correctly estimated. It shows that
the estimated parameters can be used to accurately predict the dynamic behavior of the adsorption
process under operational conditions. The spatiotemporal profile of net rate of adsorption is
i
presented in Figure 5-7.. We observe that the spatiotemporal profile is concentrated and bunched
up closely around the maximum rate value. The temporal profiles of the adsorption rate are in the
form of a Poisson-type
type distribut
distribution
ion with increasing expected value along the length of the
adsorption bed.
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Figure 5-6.. Experimental and estimated breakthrough curves of the studied adsorption column.
The curves are very closely matched which illustrates the effectiveness of the proposed
propos
optimization method in parameter estimation
estimation.

Figure 5-7.. Spatiotemporal pattern of adsorption rate
Enthalpy consistency is one of the major problems that has often been overlooked in key
reaction steps identification and parameter estimation by appl
applying
ying optimization to experimental
breakthrough data due to the lack of thermodynamic data for surface adsorption [40-43]. For non-
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isothermal processes, ignoring enthalpy calculations in the parameter estimation procedure
provides an inaccurate solution to the energy conservation equation which leads to inaccurate
predictions of heat exchange and conversion. In the isothermal case as well, the enthalpy
inaccuracy propagates through the rate calculations in the mass balance equations and equilibrium
constant computation which lead to incorrect conversion and equilibrium states predictions [44].
In this study instead of imposing heat flow data inside the optimization objective function or
constraints to estimate parameters, we applied the heat of adsorption exp
experimental
erimental data to verify
the accuracy of estimated parameters considering enthalpy consistency. The adsorption enthalpy
was estimated by considering the experimental temporal profile of hheat
eat flow, Qexp (Figure 5-8)
and the spatiotemporal profile of net rat
rate of adsorption (presented in Figure 5-6
6), then solving the
optimization
ization problem of (Equation 55-16).
). Comparing the estimated value of ∆

∗

= 62 kJ/mol

with its experimental value in the range of 60-90
90 kJ/mol reported in the literature [20, 45-47], we
conclude that there is an enthalpy consistency in the proposed optimization-based
optimization
parameter
estimation.

Figure 5-8.. Temporal profile of heat flow. Experimental condition: T=25 °C, P=1 bar, gas flow
rate=30 mL/min of 10% CO2/1%Ar/He in breakthrough reactorr coupled with DSC.
DSC
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∆

The temporal profile of heat flow for the estimated enthalpy is computed by substituting

∗

= 62 kJ/mol and the spatiotemporal pattern of rads(z,t) in (Equation 5-15). As presented in

Figure 5-8, there is good agreement between the experiment and the model prediction based on
enthalpy estimation. However the agreement is not as accurate as what we obtained with respect
to breakthrough curves in Figure 5-6 since we only consider time and location-invariant ∆

to

simplify the heat model, which means that the type and the location of the active sites does not
affect the heat of adsorption. In such case any changes in the value of ∆
magnitude of the estimated temporal heat profile of

∆

( , )

only alters the

and can not change its

dynamical shape or spatial integration. Then the temporal dynamics of the estimated heat flow is
only dictated by the term

( , )

. Another possible reason to obtain such heat flow result

may be that we conceptually assume that the gas phase and adsorption bed are at equilibrium
which is not entirely valid [33] since in reality the heat transfer at the microscopic level from the
adsorbed particle causes a local temperature gradient whose magnitude changes in time and
location in the bed for different type of active sites. The experimental data were obtained from a
sample that is composed of impregnated linear polyethylenimine on silica. Therefore, it contains
a mixture of primary and secondary amines that provide various active sites and consequently
different released heat. The heats of adsorption for primary and secondary amines are initially
about 100-115 and 70-85 kJ/mol, respectively. These numbers decrease significantly as the
quantity of CO2 adsorption on the sample increases [46-48]. Despite small temperature
fluctuations at the particle level it takes time before the DSC can capture the adsorption heat
which makes the temporal profile of experimental heat flow flat and spread out while the
estimated shape for isothermal equilibrium model from the term

( , )

is more

concentrated and bunched up closely around the maximum as illustrated in Figure 5-8 and
spatiotemporal profile of adsorption rate in Figure 5-7.
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Considering such corrections requires the multivariate distributions of different type of
active sites and applying non-equilibrium models to consider the heat transfer at microscopic
level which is beyond the objectives of this chapter. The other reason for the obtained result is
that we formulate the estimation problem through optimizing the breakthrough temporal profile
and employ the heat of adsorption data to verify the model structure and parameters estimation.
Considering both breakthrough and heat of adsorption data in optimization-based estimation for
variant temperatures to predict heat of adsorption temporal profile with more accuracy is the
subject of current research of the authors. However to investigate the effects of estimated ∆

on

the total heat of adsorption at the entire operation we change the estimation procedure. In the
enthalpy estimation strategy of (Equation 5-16) we minimize the error between the estimated
temporal profile of the heat of adsorption and the experiment. Considering the equilibrium effects
described before we do not expect the resulting total heat of the adsorption at the entire operation,
( )

Γ=

, be the same as the value measured by the DSC since the area under the temporal

profiles could be different (Figure 5-8), Γ = 104.5 kJ/kg and Γ

= 145.6 kJ/kg. Then by

changing the optimization strategy from (Equation 5-16) to

∆

∗

= arg

we obtain ∆

( )

∆

∗

−

∆

( , )

Equation 5-22

= 86 kJ/mol which is still in the acceptable range of 60-90 kJ/mol reported in the

literature [20, 45-47] and is very close to the lumped enthalpy estimation by experiment,

∆

=

= 86.1

/
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In this case, the estimated total heat of adsorption which is the total area under the

optimal integration profile illustrated in Figure 5-8 is equal to Γ = 146.2 kJ/kg, demonstrates
that good agreement was achieved from the new estimation strategy between the experimental
data and model predictions in estimating the total heat of adsorption.

5.7 Conclusions
A mathematical model was developed to describe the spatiotemporal dynamic behavior
of gas and solid phase adsorbate concentrations in CO2 isothermal adsorption columns. The
proposed model in the form of a coupled PDE/LVODE set created a new framework for the
prediction of the adsorption rate without invoking the unphysical simplifying assumptions of
linear driving force for adsorption and unified rates through the column length. The model was
then employed to estimate required parameters of the system by a dynamic optimization problem
which seeks to reproduce the experimental breakthrough curve as a target to estimate the optimal
adsorption rate coefficient and molar concentration of the total active sites. The estimated
parameters were used to compute the adsorption enthalpy to verify the estimation accuracy
through comparing with its experimental value.

5.8 Nomenclature
̅

Average bulk density (kg/m3)

∆
∆
∆

Enthalpy of adsorption (J/mol)
∗

Optimal value of the enthalpy of adsorption (J/mol)
Experimental enthalpy of adsorption (J/mol)
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Void fraction
Γ

Experimental total heat of adsorption (J/kg)

Γ

Total heat of adsorption for estimation strategy of (Equation 5-16) (J/kg)

Γ

Total heat of adsorption for estimation strategy of (Equation 5-22) (J/kg)
Density of the adsorbent bed (kg/m3)
Cross-sectional area of the bed (m2)
( , )

Experimental concentration at the outlet of adsorption bed (mol/m3)

Adsorbate concentration in the gas phase (mol/m3)
Ar concentration in the gas phase (mol/m3)
Molar concentration of vacant sites per unit mass of the adsorbent bed (mol/kg)
Molar concentration of total active sites per unit mass of the adsorbent bed (mol/kg)
Optimal total active sites concentration (mol/kg)

∗
,

( ) Temporal profile of the adsorbate concentration in the gas phase at the inlet of the bed

(mol/m3)
Ultimate value of CO2 concentration in the inlet flue gas (mol/m3)

,

( ) Temporal profile of Ar outlet concentration (mol/m3)

Ultimate value of Ar concentration in the inlet flue gas (mol/m3)
Molar concentration of occupied sites per unit mass of the adsorbent bed (mol/kg)
d

Diameter of the bed (m)
Ar dispersion coefficient (m2/s)
Axial dispersion coefficient (m2/s)
Molecular diffusivity coefficient of CO2 (m2/s)
Gas phase CO2 molar flow rate (mol/m2s)

K

Equilibrium adsorption constant of CO2 (kg/mol Pa)
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Adsorption rate coefficient (kg/mol Pa s)
∗

Optimal adsorption rate coefficient (kg/mol Pa s)
Desorption rate coefficient (mol/kg)

L

Length of adsorption bed (m)
Mass of the adsorbent bed $(kg)$\nomeqref
CO2 partial pressure (Pa)
Experimental temporal heat flow profile (W/kg)

R

Ideal gas constant (J/mol K)
Adsorbent pellet radius (m)
Net rate of adsorption (mol/kg s)

T

Operating temperature (K)

t

Time (s)
Length of the operation (s)
Interstitial velocity (m/s)
Superficial velocity (m/s)

z

Distance in axial direction (m)
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Conclusion and future direction
6.1 Conclusions
In this study, the structure-function relationship and the effect of amine density and
amine type of impregnated aminosilica materials (Type I adsorbent) on the thermodynamics and
kinetics of CO2 adsorption were experimentally evaluated. The goal of this work was to
understand CO2-amine interaction rather than designing a new material. For this purpose, a
unique experimental setup was employed by combining BTR and volumetric adsorption (VA)
instruments with DSC.
A combination of calorimetric and volumetric instruments (DSC/VA) provides a versatile
and powerful technique for the study of the energetic characteristics of gas-solid interactions at
equilibrium and for estimating thermodynamic parameters. This combination offers a number of
incredibly useful aspects such as high sensitivity and precision, large thermal stability for
baseline, applicability for a wide temperature range and for toxic gases, and a suitable sample
size. Linear and branched amines were used as probe materials to disclose the differences and the
effects of structural features/properties and amine type on CO2 adsorption performance and
develop a structure/function relationship. Linear amines generally resulted in a higher CO 2
capacity and lower heat of adsorption compared to branched amines, for both molecular and
polymer amines. The most salient changes the adsorption amount were observed at low amine
weight loadings (≤20 wt%) rather than at high loadings. In addition to the capacity measurement
with BTR, in-situ heat measurements via DSC aided in understanding the adsorption behavior in
more depth. The heat of adsorption obtained is, in fact, the “apparent” heat of adsorption, which
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consists of the true heat of adsorption necessary energy for diffusion and energy for amine
conformation for the stabilization of the adsorbed CO2. The various regions for heat of adsorption
achieved as a function of CO2 pressure revealed valuable information about CO2-amine
interactions and various CO2 adsorption regions in amine material. These regions embedded
essential information about surface, fast kinetic, slow kinetic, and weak and physical adsorption
zones. Therefore, determination of true heat of adsorption among these zones is very challenging,
but it is proposed that the energy for CO2 diffusion and amine conformation were basically
supplied by initial CO2 adsorption. Based on this assumption, the apparent heat of adsorption at
the plateau region is considered as the closest value to the true heat of adsorption. In addition, the
plateau region, which shows constant heat of adsorption for a range of adsorption capacities,
refers to the adsorption sites with homogenous strength. Base on this, more uniform CO 2
adsorption and adsorption kinetics are observed as the plateau zone expands. As expected for PEI
in comparison with molecular amines, the “apparent” heat of adsorption resulted in lower values
due to more energy being required for amine reorganization and CO2 diffusion. However, PEI
demonstrated a much greater CO2 capacity. Another important operational parameter is
temperature, which dramatically changes the adsorption pathway. For example, the energy
requirement for CO2 diffusion and amine conformation decreased as the temperature increased,
therefore a higher apparent heat of adsorption was observed. Nonetheless, the capacity initially
increased, but then decreased as temperature increased because CO2 adsorption is
thermodynamically unfavorable with temperature enhancement. There is therefore an optimum
temperature range to work in order to achieve maximum adsorption performance. Amine density
also plays an essential role for high adsorption capacity as well and can be changed through
various weight loadings. By increasing the weight loading, the heat of adsorption was enhanced
and approached the heat of adsorption characteristics to the bulk of amine. This measurement
revealed the effect and the importance of the surface at different loadings. An increase in 2 o/1o in
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linear format led to enhanced CO2 capacity, improved uniformity of CO2 adsorption, and reduced
heat of adsorption, which could eventually satisfy the requirements for industrial applications, i.e.
a higher adsorption capacity (3-6 mmolCO2/g) and lower energy penalty for regeneration of
sorbents. At low 2o/1o amine ratio, however, demonstrated great CO2 uptake at ultradilute CO2
pressure. The ROE at each CO2 dosing was another important subject studied. In this case, linear
amines demonstrated lower ROEs compared to branched amines at ultradilute condition. In
contrast to molecular amines, PEI indicated the “fast kinetic” zone, which is the most desired
zone for CO2 adsorption in practical purposes, as the dominant zone. This demonstrates that
longer linear and branch amine chains exhebit improved performance for practical applications.
However, an increase in the length of amine chain enhances amine viscosity and therefore hinders
CO2 diffusivity into multilayer amines and decreases amine adsorption performance. In addition,
the “fast kinetic” zone was enlarged as the amine weight loading increased. Therefore, an
increase in amine weight loading promoted the CO2 adsorption process.
Coupled calorimetric and breakthrough reactor (DSC/BTR) instrument offers precise and
consistent results on adsorption/desorption processes on the gas-solid interaction over a wide
range of operating conditions. Fundamental understanding on the nature of gas-solid interaction is
attained through the kinetics and thermodynamic study in this combination. Breakthrough reactor
is a fixed-bed reactor with a small amount of loaded adsorbent. Industrial fixed-bed reactors
resembled a larger scale BTR. As a result, a variety of technologies could utilize BTR/DSC for
in-depth analysis of the gas-solid interaction. The kinetic parameters from BTR at lab scale can
be combined with hydrodynamic data of larger scales. Heat of adsorption also assists to
determine the heat exchanges in lab scale and then in industrial scales. Hence, BTR/DSC
combination can provide the necessary information needed to scale the process up to industrial
scales. The adsorbent reached the equilibrium in BTR much faster than volumetric adsorption
because of larger pressure differences along the sample bed, which could be more highlighted in
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diffusion-controlled processes such as CO2 adsorption on Type I adsorbents. Among various
reasons given for low capacity and efficiency, high amine-hydroxyl group interaction mainly via
hydrogen bonding and hindered CO2 diffusivity into lower amine multilayer play the most
important roles, regardless of support type and pore structure. Therefore, modification of support
surface and amine density significantly affected the capability of CO2 adsorption. Operating
conditions such as temperatures played a critical role for CO2 adsorption. Increase in temperature
led to influences, on the capacity, heat of adsorption, and efficiency in multilayer impregnated
amine, similar to what was obtained by VA/DSC combination. This further can be used to check
the obtained data through different methods. The BTR/DSC combination also assists to determine
the apparent and true activation energies through simulation and mathematical modeling. The
apparent activation energy in this case was obtained negative by using the overall rates, which
consequently makes it impossible to calculate the true activation energy. The similar results were
achieved with the change in amine structure. However, a relative change in apparent activation
energy could be determined as the secondary amine and weight loadings increased. One of the
imperative principles that can be studied in such combination is establishment of a proper
interaction with optimum energy between CO2 and amine material. The principle could be
investigated via plotting the overall rates or efficiency or other preferred properties versus heat of
adsorption and thus determine the correct range for heat of adsorption that can satisfy the highest
desired output. Decrease in amine-surface interaction via surface functionalization (before amine
impregnation) helped to increase the surface hydrophobicity and consequently improve amine
capacity, efficiency, and CO2 adsorption kinetics.
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6.2 Future directions
The CO2 adsorption process involves various influential factors and could be investigated
through different approaches. Each study may tackle the issue and address the challenges through
a different perspective, but all will be eventually integrated into one unique protocol for designing
future adsorbents. The future studies must be addressing the important challenges such as low
adsorption capacity, adsorption/desorption kinetics, and stability for multiple regenerations. The
ability of adsorbent to withstand the CO2 adsorption/desorption temperature, and the impact of
other flue gas contaminants are also as important as capacity and kinetic concerns. Therefore, the
following future directions are proposed considering the above mentioned challenges.

6.2.1 Dynamic of pore fillings
6.2.1.1 Introduction
The pore networks, which have hierarchal structures, could combine the individual role
of different pore structures and consequently integrate the desired functionalities along with
suitable mass transfer [1-3]. Based on the vast investigations performed by many researchers,
numerous approaches and methods are currently available for synthesizing the nanostructure
materials with different compositions [1-9]. Although pore volumes and average pore sizes could
be basically determined via routine adsorption methods, determining pore size distribution,
depicting the geometry, and pore connectivity especially at nanoscale are still highly challenging
[10].
However the large capacity, fast adsorption/desorption kinetics, and high stability are
mainly considered the desired properties of a sorbent, but understanding how the amine materials
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fill the pores and change the textural and structural properties of silica support at various amine
loadings is equally important. This information could provide an in-depth insight on the effect of
porosity and pore size distribution on the kinetics and thermodynamics of CO 2 adsorption.
The as-received silica support (CARiACT-G10) was utilized in this research to address
the kinetics and thermodynamic of CO2 adsorption. The full nitrogen adsorption isotherm of pure
silica (CARiACT) and SBA-15 are illustrated in Figure 6-1a and 6-1b. Based on the previously
reported full isotherm for SBA-15 (Figure 6-1b) [11], the silica (CARiACT) composed of
micropores, narrowed mesopores, and open mesopores. Therefore, understanding the dynamic of
pore filling with molecular amines and PEI in non-functionalized and functionalized silica
surfaces would be extremely important for selecting the next generation of support for Type I
adsorbents.
Based on the above explanation, a collaborative work has been established with
Micromeritics Company to evaluate dynamic pore filling of molecular amine and PEI on silica
(CARiACT) and also the corresponding effect of support (CARiACT and SBA-15) loaded with
PEI. In general, the results of the geometry and location of the pores and also the pore
connectivity are obtained based on our experimental data via differential hysteresis scanning
(DHS) and then the contour plots were calculated by Micromeritics collaborator based on those
experiments. The pore size distributions were obtained via DFT model using the full isotherm for
each sample.
The method developed by the Micromeritics enabled them to quantify the architecture of
porous materials composing of hierarchal pore structures through DHS analysis. The details about
the assumptions and analysis procedure are explained elsewhere [10].
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Figure 6-1. Full isotherm of silica (CARiACT) used as the support material in this research (a),
and SBA-15 from Ref. [11].

6.2.1.2 Definition
The majority of the natural and synthesized porous materials compose of architecture
with hierarchal mesoporse structures. Therefore, three different geometries could be considered
for such mesoporse materials, as shown in Figure 6-2: 1) pyramidal (pyr), 2) constricted (con),
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and 3) occluded (occ) with different mesopore sizes (d meso, also called cavity) and the window
size (dwin, the same classic pore size), which are shown with “closed” and “empty” red arrows,
respectively. Based on these definitions, the three types of defined mesopore structures could be
identified as following: pyramidal (dwin > dmeso), constricted (dwin < dmeso), and occluded (dwin <<
dmeso) mesopores. In addition, it assumes to have pore and window sizes larger than 2 nm except
in occluded with dwin < 1 nm [10].

Figure 6-2. A schematic of hierarchal mesopore structures with pyramidal (pyr), constricted
(con), and occluded (occ) pore structures and various mesopore size (d meso, “closed” red arrows)
and window size (dwin, “opened” red arrows) [10].

6.2.1.3 Differential Hysteresis Scanning (DHS)
A differential hysteresis scanning (DHS) measurement with high resolution of
adsorption/desorption isotherms were applied to saturate the mesopore structure partially and then
establish a relationship between the structure and hysteresis behavior [10]. The relative pressure
and relative pressure increment (P/P0) were adjusted according to the required resolution at a
specific location while the equilibration interval remained constant (10 s). An example of
analytical condition for DHS is illustrated in Table 6-1.
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Table 6-1. An example of analysis condition for partial saturation followed by desorption on SiO2
(CARiAT) at -196 oC (liquid N2).
Relative
Pressure (p/p°)
0.01
0.02
0.03
0.04
0.2
0.6
0.4
0.625
0.4
0.65
0.4
0.675
0.4
0.7
0.4
0.725
0.4
0.75
0.4
0.775
0.4
0.8
0.4
0.825
0.4
0.85
0.4
0.875
0.4
0.9
0.4
0.925
0.4
0.95
0.4

Relative Pressure
Increment (p/p°)

0.02
0.05
0.02
0.025
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.05
0.02
0.1
0.02
0.1
0.02

Dose Amount
(mmol/g)
0.44615

Equilibration
Interval (s)
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
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6.2.1.4 Effect of support structure
Two different silica supports were utilized for this study. The silica (CARiACT)
possesses hierarchal structure as explained before while SBA-15 composed of the pores with
hexagonal cylinder structure. Thus, one support material consists of regular pore structure and the
other one has irregular pore structure while they both are silica with similar functional groups.

Figure 6-3. Contour plots of SBA-15 (a) and CARiACT (b) as the base support before
impregnation of PEI. Distribution of mesoporose size and geometry in the structured silica (a)
and hierarchal architecture (b) are achieved by DHS via N2 sorption at -196oC. White line is the
indication of equal pore and window sizes, which leads to cylindrical forms of a pore.
The CARiACT and SBA-15 were impregnated with a branched PEI (PEI600; Mw=800)
at various weight loadings X wt% PEI600 (X=0, 10, 20, 30, and 40). In contour plots, brightly
colored regions denote porosity and the incremental quantities are reported by color densities.
This is calculated prior to tabulating the cumulative pore volume and subsequently the pore size
distribution. It is the simplest representation of pore volume as a function of pore size. At X=0,
just pure silica materials is presence and the highest pore and window sizes are expected (Figure
6-3). As shown in Figure 6-3a, SBA-15 showed smaller pore and window sizes than CARiACT
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(Figure 6-3b). In addition, more diverse distributions of pore and window sizes are present in
CARiACT than SBA-15, which is expected due to the structured geometry.

Figure 6-4. Contour plots of PEI600 weight loadings with 10 wt% (a), 20 wt% (b), 30 wt% (c),
and 40 wt% (d) on SBA-15. Distribution of mesoporose size and geometry in the various PEI
weight loadings on structured silica (SBA-15) were achieved by DHS via N 2 sorption at -196oC.
Impregnation of PEI600 into SBA-15 from 10-40 wt% and the changes in the structure
architectures are demonstrated in Figure 6-4. As shown in Figure 6-4a, the constricted pores were
majorly filled by loading of 10 wt% PEI600. Then, new constricted pores initiated to form and
increase from 20-40 wt% (Figures 6-4b-d). This result suggests that increase in the pore fillings
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enhances the formation of smaller pores. In addition, it is clear that the pore narrows as a
function of loading and nearly a 10 nm reduction in size is observed. It is noteworthy that the
reduction in the pore size mainly is following the diagonal line, which is the indication of equal
pore and window sizes and uniform filling of the pores.
These observations have been confirmed by the pore size distribution plots as shown in
Figure 6-5. The small pores and the wall of large pores were primarily filled as the PEI600 weight
loading increased, which demonstrates that PEI is uniformly filling up the surface. The effect of
enhancement in the small pores could be obviously observed from 30 to 40 wt% pore width in
this figure. The pore size distribution of 40 wt% is clearly wider than 30 wt%, which is the
indication of small pore formation and further confirmed the obtained results from contour plots
in Figure 6-4.
0.045

SBA-15

dV/dW Pore Volume (cm³/g·Å)

0.04

10 wt %PEI600/SBA-15
20 wt% PEI600/SBA-15
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Figure 6-5. Pore size distribution of various PEI600 weight loadings on SBA-15. The calculations
are based on the DFT model obtained through a full isotherm for each sample.
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Figure 6-6. Contour plots of PEI600 weight loadings with 10 wt% (a), 20 wt% (b), 30 wt% (c),
and 40 wt% (d) on CARiACT. Distribution of mesoporose size and geometry in the various PEI
weight loadings on hierarchal silica (CARiACT) were achieved by DHS via N2 sorption at 196oC.
A more dramatic change as a function of loading could be observed in the PEI loaded on
hierarchal silica structure (CARiACT) as shown in Figure 6-6. A reduction in size from ~180 to
~160 nm and possibly smaller is identified. Furthermore, 10, 20, and 30 weight loadings show an
interesting trend displaying a bi-modal type structure converted to a monomodal at 30% weight
loading. The presence of porosity above the diagonal line is a good indicator of a smaller window
controlling a larger pore. Similar trends could be observed in the pore size distribution as
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illustrated in Figure 6-7. The PEI filled the pores in a way that it initially covered the silica
surface and then the material regularly stack on the previous layer as the weight loading
increased. This filling process is almost similar for all various pore sizes, which gradually
decreased the pore sizes as shown in Figure 6-7. The impregnated material eventually fulfilled the
pores and decreased the maximum pore width for all pore sizes.
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Figure 6-7. Pore size distribution of various PEI600 weight loadings on CARiACT. The
calculations are based on the DFT model obtained through a full isotherm for each sample.

6.2.1.4 Effect of molecular amine (TETA)
Molecular amine (TETA), which has a small chain, demonstrated a different behavior in
comparison with polyethylenimine (PEI600). As shown in Figure 6-8, it selectively blocked the
smaller pores at 140 nm while PEI600 uniformly filled the pores. This observation suggests that
molecular amine easily glides into small pores, then fills the larger ones. Similar results have

200
been obtained in the pore size distribution presented in Figure 6-9. This result indicates that small
pores become less accessible as the amine weight loading increases. As a result, CO2 has to
diffuse further inside the impregnated amine in order to access the active sites buried in the small
pores, which eventually causes low adsorption and desorption kinetics and CO2 capacity.
Understanding the selective and self-defining pathway for amine materials inside the pore
structures could lead to defining specific criteria for future support materials.

Figure 6-8. Contour plots of 10 wt% TETA (a), 20 wt% TETA (b), 30 wt% TETA (c), and 40
wt% TETA (d) on CARiACT. Distribution of mesoporose size and geometry in the various
TETA weight loadings on hierarchal silica (CARiACT) were achieved by DHS via N2 sorption at
-196oC.
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Figure 6-9. Pore size distribution of various TETA weight loadings on CARiACT. The
calculations are based on the DFT model obtained through a full isotherm for each sample.

6.2.1.5 Polymer mixture
A mix of amine materials has been demonstrated to provide greater CO2 adsorption than
just one substance [14-15]. An interesting polymeric mixture is the combination of
polyethylenimine (PEI600) and polyethylene glycol (PEG). A PEG/PEI600 mixture recently
demonstrated improved CO2 adsorption quantity over just PEI600; it would therefore be attractive
to understand how this increase may correlate with dynamics of pore fillings through differential
hysteresis.
Various PEG/PEI600 ratios at different weight loadings on silica (CARiACT) material
with a similar synthetic method as that used for PEI600-only impregnation is suggested to
illustrate the effect of polymer mixture solutions in dynamics of pore filling as follows:
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1) PEG impregnation
2) 10 wt% PEG/90 wt% PEI600
3) 50 wt% PEG/50 wt% PEI600
4) 90 wt% PEG/10 wt% PEI600
All the above polymer solutions will be impregnated on silica (CARiACT) at various
loadings X wt% PEG/PEI600 (X=0, 10, 20, 30, and 40).

6.2.1.5 Modified silica surface materials
The hydroxyl groups (-OH) on the silica surface were modified with methyl (-CH3) and
octyl (-C8H17) functional groups to increase the hydrophobicity, as explained in details in Chapter
2. The molecular amines and PEI were then impregnated as in similar to the impregnation of the
unmodified silica surface. Since the properties of the silica surface have changed, it would be
highly interesting to observe how this surface modification could influence the dynamics of pore
filling.
The only limitation may arise from the instability of impregnated amine materials on the
silica surface, owing to the replacement of hydroxyl groups with hydrophobic functional groups.
Consequently, heavier molecular amines with higher density might be more appropriate for such
experiments. Polyethylenimine impregnated on a modified silica surface would probably be the
best option for differential hysteresis experiments.
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6.2.2 Tuning hydroxyl groups
The interaction between hydroxyl groups on silica surfaces with amine materials through
hydrogen bonding was demonstrated to be one of the major issues resulting in low efficiency [1215]. On the one hand, efficiency increased substantially especially at low weight loadings (<20
wt%) as the density of the hydroxyl group decreased. On the other hand, a significant reduction in
the density will increase the possibility of leaching during the regeneration process and ultimately
decrease CO2 efficiency and capacity. Therefore, an investigation to optimize the amount of
hydroxyl groups on the surface would simultaneously assist in enhancing the amine efficiency,
CO2 uptake, and maintaining the amine stability on the surface.

6.2.3 Functionalization of silica surface
Any changes in the surface properties, either from the amine or the support side, could
significantly influence CO2 adsorption. From the perspective of the amine material,
hydrophobicity, chain length, and the types of atoms that compose the aminosilanes could highly
affect CO2 adsorption capacity and efficiency. Aminosilane materials were utilized to modify the
support surfaces for different applications through a grafting procedure [16-20]. The most often
used aminosilane materials are Aminopropyl (APS) and diethylenetriamine (DT) silanes. Various
other aminosilica with different amine structures were also applied to increase CO2 capacity and
stability, but the capacity could not be enhanced beyond a certain range and compete with current
existing CO2 adsorption technologies [21-28]. Therefore, a few researchers have focused on
synthesizing materials that simultaneously combine the benefits obtained from both the
impregnation and grafting methods. Modifications of the support surface with aminosilane or
even non-aminosilane followed by impregnation with other amine materials (such TETA, PEI,
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others), have been applied to enhance CO2 capacity and stability at various adsorption conditions
[29-32]. It has been reported that these combination methods could improve the PEI arrangement
and dispersion inside the pore structure and significantly enhance CO2 capacity and efficiency.
In all research, performed so far, aminosilanes were generally composed of carbon,
nitrogen, and hydrogen with different amine types, structures, and compositions. It would be
highly attractive to investigate the effect of aminosilanes that contain atoms other than carbon,
nitrogen, and hydrogen, such as halogen elements, sulfide, and bromide. The addition of metals
could also provide important insights [33]. The utilization of these materials as grafting reagents
followed by amine impregnation could increase the heterogeneity and possible constructive
synergy with impregnated amine materials for CO2 adsorption.

6.2.4 Breakthrough reactor in transient pulse mode
Understanding and developing new high performance materials necessitates an in-depth
kinetic and dynamic investigation of CO2 adsorption and diffusion processes due to the
involvement of a variety of factors such as synthesis method, amine types, amine structure, and
surface functionality. CO2 adsorption and diffusion behavior in porous materials could be
determined via the transient pulse method at various operating conditions using BTR. The
adsorption and desorption rate constants, equilibrium constant, and pore diffusivity could be
achieved through modeling the transient pulse responses. It is worth noting that the high
reproducibility of the pulse responses and the accurate estimation of the adsorption and diffusion
parameters are the unique characteristics of the transient pulse method. In addition, a combination
of BTR and DSC could simultaneously provide information on thermodynamic parameters such
as intrinsic heat of adsorption and desorption and dynamics of heat transfer.

205
A mathematical model was applied to these experimental results in order to more
accurately determine the kinetic parameters.

The advantages of this technique over the

continuous (step-change) method are its ability to obtain intrinsic kinetic parameters and capture
the dynamic behavior of the system by varying the nu
number
mber and duration of pulses in each step.
For example, some preliminary results for as
as-received
received 40 wt% PEI423/SiO2 adsorbent are
presented in Figure 6-10.
10. Figure 66-10a
10a shows the intrinsic heat of adsorption at various
temperatures as a function of CO2 pulsing concentration. As is apparent from this figure, the
intrinsic heat decreased as the concentration of pulsed CO2 increased (1, 5, and 10 vol% CO2).
This could be due to the fact that at high CO2 concentrations more CO2 molecules are available to
interact with secondary amines (lower energy sites) rather than primary amines.
amines Since primary
amines have the highest interaction with adsorbed CO2 molecules, this will decrease the total heat
of adsorption [26]. In addition, tthis
his figure demonstrates that the intrinsic heat of adsorption
obtained from the pulse method is higher than the values obtained through continuous flow
measurements in the BTR and that the highest heat of adsorption was obtained at 60oC for all CO2
concentrations.

Figure 6-10:: Effect of temperature on intrinsic heat of adsorption via CO 2 pulse method (a), and
frequent CO2 pulse method (b) for 40 wt% PEI/SiO2; Condition: 5 vol% pulse CO2 gas at 60oC.
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Figure 6-10b is a representative of ten consecutive similar measurements and indicates
that CO2 concentration evolved with a number of pulses and eventually remained constant. This
establishes that CO2 adsorption on the aminosilica sorbent is partially irreversible and that,
subsequently, the adsorption and desorption of CO2 equilibrates after a few CO2 pulses.
Simultaneously, the heat of adsorption produced at subsequent CO2 dosages was measured via
DSC.

6.2.5 Coupled BTR/DSC in humid conditions
CO2 adsorption in the presence of water can proceed through a combination of two
different mechanisms: the dry condition mechanism (carbamate formation) and the humid
condition mechanism (carbonate and bicarbonate formation) [15, 28, 34, 35]. Many researchers
such as Sayari [36, 37], Jones [38], Tsuda [39], Zheng [40], Olah [41], Yogo [42, 43] and so on,
have measured CO2 adsorption under humid conditions, but they reported inconsistent results.
Some researchers reported that CO2 capacity increased as the humidity was enhanced, but
the magnitude of the increment was different in each report. This could be due to the various
amine types, amine materials, and operating conditions that were applied when measuring
adsorption [23, 36, 37, 41, 44]. In other reports, a small increase or no change has been recorded
by shifting from dry to humid conditions [40, 42, 43]. Surprisingly, an adverse effect was also
reported for adsorption uptake. Condensed water on the adsorbent, which blocked amine
accessibility in the pores, was described as the main reason for this observation [37, 41, 45].
Researchers also found that, in humid condition, carbamate species form rapidly during the first
phase while carbonates and bicarbonates forms much more slowly during the next adsorption
phase [43, 46, 47]. One of the major issues in humid conditions is the capillary condensation
inside the pores of the adsorbent, which occurs when the relative humidity goes beyond 74%. At
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such high relative humidity, amine-impregnated silica is partially dissolved in water and the
adsorption process is altered into absorption in an aqueous solution. Therefore, there is a high
possibility of misleading conclusions about the kinetic and thermodynamic results, due to
partially reaching the capillary condensation inside the pores of the adsorbent [15, 36].
Based on the discrepancies in the reported findings, more investigations are required at
low CO2 partial pressures (direct air capture) and relatively high CO2 concentrations (flue gas
conditions), especially in combination with calorimetry (DSC), so as to simultaneously determine
the heat transport properties. In coupled instruments such as DSC and BTR, the effect of
humidity could be studied, which highly aids to understand why humidity may affect different
sorbents in a different manner.

6.2.6 Rheological properties of molecular amines, PEI, and PEG/PEI blends
Rheology is principally related to the study of flow (primarily in liquid states) and
material deformation in response to applied forces. The instrument that measures rheological
properties is the rheometer, which could be utilized on various materials, including low to high
viscous substances such as dilute solutions, polymers, suspensions, pastes, asphalt, and others.
The measurement of rheological properties in the bulk samples was performed using a
mechanical rheometer. In addition, a microcapillary viscometer could be utilized in microscale
systems. Different external conditions such as strain, stress, temperature, and timescale could lead
to complex rheological properties, in addition to internal sample variations such as concentration
and materials stability. Therefore, a variety of factors could influence the rheological properties.
Based on the above explanations, the experiments could be pursued in different
directions. An important study would be to relate chemistry (chemical bonds) and the physical
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structure format of the polymer when it adsorbs CO2. The following steps are the suggested
procedure to achieve this purpose:
1) One liquid amine such as TETA is selected initially.
2) A diluted CO2 gas (10%CO2/He) is injected into TETA at various CO2 bubbling times
(tB) with a constant gas flow rate (tB= 5, 10, 20, 30, 40, 60, 90 min) to prepare various
CO2 concentration solutions in liquid phase.
3) In this step, the number or percentage of chemical bonds at various bubbling times (t B) is
quantified. Then a variety of plots such as the change in viscosity (η) vs bubbling time
(tB), concentration of bonds (CB), and fractal dimension (Df) could be depicted.
4) The samples are characterized through hydrodynamic radius (RH), gyration of radius (Rg),
molecular weight (Mw), and second virial coefficient (B2), Dynamic or Static Light
Scattering (DLS and SLS), x-ray, Neutron scattering, and fractal dimension (Df).
5) Diverse rheology measurements are performed as follows: a) Flow curves (shear stress
(б) vs shear rate ( )); b) Oscillatory (

′

"

( )); c) Stress relation

test: shear stress (б) vs time (t), the slope of which provides various information.
All the above steps could be repeated, changing the following parameters:
1) Different temperature for studying the temperature effect (T=25, 40, 60, 80 oC).
2) Structure-function relationship by adding the secondary amine. The samples could be
utilized as following: TETA, TEPA, PEHA, and PEI600
3) Utilization of PEG/PEI600 mixtures with various ratios such as:
i.

PEG

ii.

10 wt% PEG/90 wt% PEI600

iii.

50 wt% PEG/50 wt% PEI600

iv.

90 wt% PEG/10 wt% PEI600
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v.

PEI600

The direction of the experimental procedure could be modified after collecting the data
for just one sample, such as TETA.

6.2.7 Spatiotemporal modeling
Spatiotemporal modeling is used to estimate kinetic and thermodynamic parameters from
experimental isothermal CO2 adsorption columns on 40 wt% PEI423/SiO2, as explained in
Chapter 5. The model could be considerably improved by using the following:
1) Compensation of velocity due to loss of CO2
2) Various temperatures
3) A mechanism with more well-defined reaction rates
4) Calorimetry data obtained simultaneously with breakthrough reactor data
The initial estimations are formulated by minimizing the deviation between the dynamic model
predictions and the experimental CO2 slip and heat flow profiles.
A rigorous spatiotemporal model in the form of partial differential equations (PDE),
which considers the compensation of velocity for CO2 loss, is used to predict the CO2
concentration profiles in simulated dry flue gas and on aminosilica adsorbents.
=

−

−

Equation 6-1

This modified model could circumvent the unphysical simplifying assumptions that led to the
introduction of a linear driving force and spatially uniform adsorption rate along the length of the
column in previous modeling efforts as discussed in detail in Chapter 5.
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In dry conditions, tertiary amines are unable to participate in CO2 adsorption mechanism and
therefore limit the adsorption reaction of primary and secondary amines. Based on this and on the
mechanism proposed above, three possible reactions are considered, as follows:
2

⇌

+
+

2

+
⇌

+
⇌

+

Equation 6-2
+

+

Therefore, the reaction rate of adsorption is
=

Equation 6-3

+

Equation 6-4

+

−

+

−
Equation 6-5

The site balance can be formulated by
=

+

Equation

=

+

+

=

+

+

where Ct denotes the total number of active sties on the adsorbent. The ratio of

6-6

and

are primary and secondary amines, respectively.
Adsorption/desorption rate constants, total concentrations of active sites, and enthalpy of
adsorption are estimated by formulating and solving a dynamic optimization problem, which
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minimizes the deviation between the breakthrough curve and the temporal profile of heat flow
predicted by the proposed model with the those obtained experimentally.
To explore the thermal effects on the estimated parameters, a repeat of the calculations
for different operating temperatures is performed and the adsorption rate constants and enthalpy
of adsorption as a function of temperature are obtained. Finally, the activation energy of
adsorption is determined by means of Arrhenius dependence to temperature variations for
adsorption and desorption rate constants.
The initial results obtained from the modeling fitted well with the experimental
adsorption/desorption data at various temperatures in the BTR as shown in Figure 6-11. The
modeling was expected to fit the heat flow data similarly to that obtained from the BTR as
demonstrated in Figure 6-12, but the results have not fitted well so far. Therefore, more efforts
are required to find the issues and compare the BTR data with the heat flow data. The results
obtained from the two different measurements and instruments are expected to complement each
other and assist to better understand CO2 adsorption kinetics and thermodynamics.
Figure 6-13 indicates the relation between the total available sites in the sample (40 wt%
PEI423/SiO2) and temperature. As shown in the mentioned figure, the total sites increased as the
temperature enhanced. This finding is well-aligned with experimental findings in Chapter 4. The
next step would be determination of activation energy, which would be highly useful for rate
formulation and kinetic evaluations.
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Figure 6-11. Experimental and modeled breakthrough curves for the adsorption ((a), (c), (e), and
(g)), and desorption ((b), (d), (f), and (h)). Experimental condition: 25°C (a) and (b), 40°C (c) and
(d), 60°C (e) and (f), and 80°C (g) and (h).
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Figure 6-12. Experimental and modeled heat flow from breakthrough for the adsorption ((a), (c),
(e), and (g)), and desorption ((b), (d), (f), and (h)). Experimental condition: 25°C (a) and (b),
40°C (c) and (d), 60°C (e) and (f), and 80°C (g) and (h).
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Figure 6-13. Changes of total active sites obtained via model versus temperature for 40 wt%
PEI423/SiO2.
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Appendix A
Interfacial Bonding Stabilizes Rhodium and Rhodium Oxide Nanoparticles on Layered Nb
Oxide and Ta Oxide Supports
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Appendix B
Modifying structure-sensitive reactions by addition of Zn to Pd
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Appendix C
Evidence for geometric effects in neopentane conversion on PdAu catalysts
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