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Abstract 
 
CO2 concentration in the atmosphere is increasing leading to global warming and thus, 
climate change. Moreover, current renewable technologies such as wind or solar 
energy only cover the electricity market. A big part of the global energy market is still 
based on fossil fuels and difficult to electrify. Hence, there is an urgent need to produce 
renewable liquid hydrocarbons to replace fossil fuels. Zero Emission Fuels (ZEF) is a 
start-up that aims to develop a small-scale chemical plant to convert carbon dioxide 
(CO2) and water (H2O) from the air into methanol (MeOH) using photovoltaic energy. 
In this work, the absorption of CO2 using bulk polyamines was characterized 
experimentally, as well as through numerical modelling. In addition to this, guidelines 
for the design of the absorber, part of the Direct Air Capture (DAC) unit of ZEF’s micro-
plant, are given. The focus of the study is placed on the kinetics and loading of CO2.  
 
To be able to model the absorption process an experimental approach has been 
developed regarding the uptake of CO2 and H2O. Firstly, pure H2O absorption 
experiments were performed in a climate chamber in order to obtain the H2O loadings 
using polyamines for different H2O content in the air. Secondly, air capture experiments 
were performed at lab conditions in order to obtain both H2O and CO2 loadings for 
different process conditions. Thirdly, constants relevant for the modelling part (reaction 
rate constant and Henry constant) were obtained experimentally. An absorption model, 
developed in MATLAB, was used to estimate the diffusion coefficient of both H2O and 
CO2 using the experimental H2O and CO2 loadings. 
 
Two main conclusions are obtained from the absorption model of CO2: the absorption 
of CO2 on polyamines is diffusion-limited and the diffusion coefficient of CO2 is two 
orders of magnitude lower than the diffusion coefficient of H2O. Based on the fact that 
the CO2 absorption process is diffusion-limited the mixing patterns should be 
introduced in the design of the continuous absorber. However, due to the fact that 
viscosity could influence the flowing behaviour of polyamines, more research is 
needed. 
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1 Introduction 
 
 

In this Chapter the environmental consequences resulting from climate change are 
introduced. CO2 emissions are one of the main drivers of global warming and, in 
consequence, climate change. Therefore, CO2 concentration in the atmosphere, as 
well as its sources are introduced. Then, different technologies that can capture CO2 
from the air are compared. Finally, the research questions that motivated this thesis 
are presented. 

 

1.1. Climate change 

 
Natural processes such as changes in solar energy, displacements of ocean currents 
and volcanic eruptions can influence the climate. However, they cannot explain the 
most recently observed global warming: since the start of the era of industrialization 
human activities have contributed substantially to climate change by adding 
greenhouse gases (GHG) to the atmosphere. These gases come from a wide array of 
human activities such as fossil fuel burning to generate heat and energy, fertilization of 
crops, storage of residues in dumping sites, the cattle industry and industrial 
manufacturing.  
 
Figure 1 shows that simulation models that account only for the effects of natural 
processes cannot explain the most recent warming, as opposed to the ones that also 
consider the GHG emitted by human activities. 
 

 
Figure 1: Separating human and natural influences on climate change (1) 

 
The most impactful GHG directly emitted by human activity are carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O) and fluorinated gases (2). 
 
Figure 2 shows that about half of cumulative anthropogenic CO2 emissions between 
1750 and 2010 have occurred in the last 40 years: human activities currently release 
over 30 billion tons of CO2 into the atmosphere per year (3). 
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Figure 2: Global greenhouse gas emissions per type of gas and source (4) 

 
A more detailed description of the increase of CO2 concentration in the atmosphere, as 
well as the sources causing it, is given in the next two subsections since a way to 
mitigate its emissions is the main driver of this thesis. 
 

1.1.1. Increase of CO2 concentration in the atmosphere 

 
CO2 is the main GHG that contributes to recent climate change. Although it is absorbed 
and emitted naturally as a part of the carbon cycle, human activities (especially burning 
fossil fuels for energy generation and transportation) release huge amounts 
considerably increasing its concentration in the atmosphere. 
 
Natural processes have varied atmospheric CO2 concentrations from 170 to 300 ppmv. 
As a result of industrialization CO2 levels have increased to 400 ppmv, higher than in 
any period in the last one million years (3). Figure 3 shows that, under a very low 
emissions scenario, emissions from human activities are projected to increase CO2 
concentration up to 420 ppmv in 2100 whereas for a higher emissions scenario they 
will reach 935 ppmv. The very low scenario would require immediate and sharp 
emissions reductions whereas the higher scenario assumes a continued increase in 
emissions. 
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Figure 3: Atmospheric CO2 levels in three different scenarios (1) 

 
The average global temperature at the surface of the Earth has increased by about 0.8 
ºC since 1880. Two- thirds of this growth have taken place since 1975. Depending on 
the future emissions of CO2 and the climate response to them, it is expected that the 
average temperature will increase globally from 1.43 ºC to 4.57 ºC (1). 
 

 
Figure 4: Correlation between CO2 concentration and temperature increase. Adapted from (1) 

 
In order to limit climate change, emissions of CO2 must be substantially reduced. In 
order to do so, it is necessary to analyze the different sources of CO2 emission. 
 

1.1.2. Sources of CO2 

 
The main human activity that emits CO2 is the combustion of fossil fuels (coal, natural 
gas and oil) for energy and transportation. In addition, certain industrial processes and 
land-use changes also emit CO2 (5). 
 
CO2 sources can be classified as centralized or non-centralized. The first group 
includes energy generation and industry whereas the second group includes 
transportation, agriculture and residential areas. 66% of the total CO2 emissions come 
from centralized point sources, where emissions are released to the atmosphere 
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through large flue gas stacks. Each individual non- centralized point sources emits a 
very small amount of CO2. However, when added up they represent 34% of the global 
CO2 emissions (6). 
 

 
Figure 5: Global CO2 emissions by sector (6) 

 

1.2. CO2 capture technologies from the air 
 
In this subsection, each different carbon capture method is introduced and briefly 
explained. Then, the constraints that make Direct Air Capture (DAC) difficult will 
determine the viability of them. 
 
Figure 6 summarizes all the CO2 capture technologies: 

 
Figure 6: CO2 capture technologies (7) 
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- Absorption is a phenomenon in which atoms, molecules or ions enter a bulk 
phase, liquid or solid. Molecules undergoing absorption are taken up by the 
volume (8). Absorption can be classified as physisorption or chemisorption. 

o Amine-based sorbents are the most used for CO2 capture at low 
partial pressures in post-combustion processes (9). The CO2 rich gas 
stream is passed through the aqueous amine solution where the CO2 
reacts, remaining in the solution, whereas the other components stay in 
the gas phase. Then, the CO2 is desorbed from the solution via the 
addition of heat and/ or reduction in pressure such that a near pure CO2 
stream is produced (10). 

o Physical absorption can be performed, for example, by Selexol and 
Rectisol. They are solvents that can separate acid gases, such as 
hydrogen sulfide (H2S) and CO2 at high partial pressures, from feed gas 
streams (for example, synthesis gas) which makes the feed gas more 
suitable for combustion and/ or further processing (11). Selexol is made 
up of dimethyl ethers of polyethylene glycol whereas Rectisol consists of 
methanol (12). 
 

- Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or 
dissolved solid (adsorbate) to a surface (adsorbent). This process creates a film 
of the adsorbate on the surface of the adsorbent. It is a surface phenomenon 
(13). Adsorption can be classified as physisorption or chemisorption. 

 
The most relevant sorbents capable of capturing CO2 that have been reported in 
literature are silica, zeolites and activated carbon. All of them are physisorbents. 
The forces that play a role in physical adsorption are van der Waals and 
electrostatic interactions. The van der Waals interaction is always present whereas 
the electrostatic forces are only taken into account if the sorbent has an ionic 
structure, like zeolites (13).  
 
- Cryogenic distillation is a low-temperature process which operates at different 

boiling points of the feed components. The feed is cooled, thus condensing its 
impurities. The refrigeration makes the process energy and capital expensive 
(14). 
 

- Membrane purification. The membrane performs as a filter allowing certain 
molecules to pass through, while blocking other specific molecules (15). 

 
- Algal and microbial systems: photosynthesis captures CO2 from the 

atmosphere and produces biomass using H2O as the H2 source, solar energy 
and chlorophyll as the catalyst. This biomass can be used either as a 
feedstock, burned to produce heat or electricity or transformed into liquid fuels 
such as ethanol, methanol or biodiesel. 

 
Capturing CO2 from the air is challenging because of its very low concentration, the 
presence of moisture and the requirement to operate close to ambient temperature and 
pressure. These three conditions exclude: 
 

- Absorption: 
o Amine-based sorbents can suffer from stability problems when they 

come into contact with air as well as evaporation issues due to the large 
volume of gas to be handled. Typically, amine sorbents, such as MEA, 
are used as aqueous solutions which might increase the cost of the 
desorption process if all the H2O needs to be evaporated (16). 
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o Selexol and Rectisol, as was explained before, are only relevant for 
high CO2 partial pressure streams. 
 

- Adsorption: 
o Physisorbents have low selectivity for CO2 in the presence of other 

gases and very low heat of adsorption (the physical interaction will often 
be too weak to overcome the minimum change in free energy of 
adsorption), which result in low adsorption capacities (17).  
 

- Cryogenic distillation is excluded because both the OPEX and CAPEX will 
increase sharply due to the fact that a huge amount of air would need to be 
cooled down (16). 
 

- Membrane purification is more suited for relatively high concentrations of 
CO2, such as H2/ CO2 separation for pre-combustion and CO2/ N2 separation for 
post-combustion (15). 

 
- The photosynthesis performed by algal and microbial systems is inefficient at 

converting the sun’s energy into chemical energy in the form of biomass. 
Specifically, most crop’s photosynthetic efficiency is limited to 0.5- 2% which is 
significantly lower to the conversion of solar energy to electricity using solar 
cells (about 10- 20%) (16).  

 
There are several companies involved in developing DAC units. Each of their 
approaches is different, but they are all based on a process in which the air contacts a 
sorbent/ contactor, removes the CO2 from the sorbent/ contactor, and then regenerates 
the sorbent/ contactor for it to be used to collect/ capture CO2 again. In the next 
paragraphs each approach is briefly described (18): 
 

- Carbon Engineering: Air is pulled through a sodium hydroxide (NaOH) liquid 
solution which absorbs CO2. The CO2 is driven off by heating up with natural 
gas. 
 

- Climeworks: Air is pulled through a filter material that saturates with CO2 and 
then releases it through the application of low-grade heat. 

 
- Global Thermostat: An amine-based chemical sorbent bonded to honeycomb 

ceramic monoliths adsorbs the CO2. Waste heat and a steam solution are used 
to release the CO2. 

 
- Skytree: Amine functionalized polymer beats capture CO2. They are 

regenerated by low- grade heat. 

 
- Infinitree and CNCE: Moisture swing technology is used to rotate contactors 

through dry and wet environments to deliver CO2 directly. 
 
It is important to mention that Oxy Low Carbon Ventures, LLC (OLCV) and Carbon 
Engineering have recently announced that they are jointly proceeding with the 
engineering and design of the world’s largest DAC unit. The facility would be able to 
capture 500 kilotonnes of CO2 per year, which would be used in enhanced oil recovery 
(EOR) operations and subsequently stored underground permanently (19). 
 
In addition to this, Climeworks has launched a demonstration plant as part of the 
Horizon 2020 research project STORE&GO (20) whereas Infinitree (21), CNCE (22) 
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and Skytree (23) are currently in the prototype stage and Global Thermostat has an 
operating demonstration plant (24). 
 

1.3. Carbon management 
 
Mitigation technologies must be developed and enforced to reduce the previously 
mentioned CO2 emissions, since they cannot simply be banned because current 
transportation, energy production and many industrial processes are (and in the near 
future be) heavily dependent on fossil fuels (16). There are three main approaches: 
 

- Emitting less CO2: this option requires more energy-efficient technologies but 
will not be enough to stop the increase of atmospheric CO2 concentration. 
 

- Carbon capture and storage (CCS): this process consists of capturing and 
storing CO2 from centralized point sources in a geological site for a long-term 
period of time (25). 

 
- Carbon capture and utilization (CCU): instead of storing CO2, it can be 

utilized as a resource instead. For example, it can be used for biofuel 
production, in greenhouses, fuel synthesis and water treatment (25). 

 
Conventional CO2 capture technology faces two important limitations (16): 
 

- It is only applied at the centralized CO2 sources. Hence 34% of the global CO2 
emissions from the dispersed type are missed. 
 

- Processes that use CO2 as a feedstock (CCU) should be close to the large 
point sources. Otherwise, additional transport costs will show up. 

 
Direct air capture (DAC), this is, extraction of CO2 directly from the air, gives a solution 
to these two challenges. Moreover, it has several advantages (16): 
 

- It can serve as a carbon source of the future, replacing finite fossil fuels, when 
coupled with recycling to products. 

 
- CO2 is captured directly from the atmosphere so its capture is independent of 

the CO2 sources. 

 
- Air has a lower concentration of contaminants such as NOx, SOx and 

particulates compared to flue gases. 
 

On the other hand, it has some disadvantages (26): 
 

- It is an energy intensive process because the CO2 concentration in the air is 
low. Thus, large volumes of air must be processed to collect meaningful 
amounts of CO2. 
 

- The presence of moisture in the air might affect the stability of the sorbent. 
 

- It requires to operate close to ambient temperature and pressure. 

 
- CO2 capture from the air is more expensive than CO2 capture from power 

plants: the cost of CO2 captured from the atmosphere ranges between 94 and 
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232 $/ ton CO2 (27) whereas the cost of CO2 captured from the flue gas of 
power plants varies from 13 to 74 $/ ton CO2 (28). 

 

1.4. Zero Emission Fuels 
 
Two-thirds of the global energy use are fossil-based and difficult to electrify whereas 
global warming asks for more sustainable energy technologies. Renewable liquid 
hydrocarbons might be the solution for these issues. However, the main challenge is to 
reduce their production costs. 
 
ZEF is a start-up whose main goal is to achieve economic production of renewable 
methanol (MeOH) in a micro-plant. The route followed by ZEF, shown in Figure 7, 
produces methanol from solar energy and CO2 and H2O captured from the air. The 
H2O is fed into an electrolyzer producing H2. Then, CO2 and H2 goes into the methanol 
synthesis reactor which produces methanol as well as H2O. These products are 
separated from each other in a distillation unit. The plant will be entirely powered by 
solar energy (29). 
 

 
Figure 7: ZEF process 

 
ZEF philosophy is based on numbering up, instead of scaling up which is, and was, the 
common practice of chemical industry: it increases the production by increasing the 
number of plants as opposed to increasing the size of the equipment (29). 
 

 
Figure 8: ZEF micro-plant concept (29) 

 



CHAPTER 1. INTRODUCTION       

9 

 

1.4.1. Starting calculations 

 
The absorption part is a critical area for ZEF. ZEF’s goal is to produce 213 g MeOH/ 
day per micro-plant (29). According to the stoichiometry of the MeOH production from 
CO2 and H2, it is possible to find the amount of CO2 that the DAC system must absorb: 

 
CO2 + 3H2 → CH3OH + H2O    (1-1) 

 
Eq. (1-1) shows that on molar basis the amounts of CO2 and MeOH are equal and 
taking into the molecular weights of CO2 and MeOH it is possible to find that 213 g 
MeOH/ day require, at least, 293 g CO2/ day, if the efficiency of the methanol reactor is 
assumed to be 100%. However, the estimated efficiency is 38% (30) which increases 
the CO2 needed. In addition to this, not all the CO2 of the air that flows through the 
DAC unit will be absorbed. As a rough estimation, the efficiency of the DAC unit is 
assumed to be 25% (31). 
 
The design developed in this thesis is a first estimate, hence, 293 g CO2/ day was 
assumed as the target yield. 
 

1.5. TNO 

 
TNO (Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek) is 
an independent research organization in the Netherlands. TNO’s strategy is based on 
technological innovations that develop the industry and ensure the well- being of 
society in a sustainable way. ZEF and TNO share the same motto which helped to 
develop a close relationship. 
 

1.6. Aim of this thesis 
 
The majority of the CO2 capture from the air has been done with solid materials. This 
thesis is going to extend towards to completely fluid materials where there are a lot of 
unknowns. Because of that, the effects of different parameters will be studied in the 
thesis. 
 
The aim of this thesis is to characterize polyamine sorbent materials that can capture 
CO2. A sorbent material has three relevant parameters that will determine if they can 
be used in a commercial process: capacity (g CO2/ kg sorbent), capture rate (g CO2/ h) 
and stability. Specifically, this thesis will focus on the first two. 
 
The research questions are: 
 

- What is the effect of varying process conditions (type of polyamine, layer 
thickness, H2O content and CO2 concentration) in the air capture? 

- What is the chemical process that drives the CO2 absorption on polyamines? 
- How should be an absorber be designed in order to meet ZEF requirements? 

 
The approach followed to answer the research questions is shown in Figure 9. 
 

- H2O plays an important role in the CO2 absorption process, since it is absorbed 
as well. Consequently, the H2O loading in polyamines is studied in an 
environment with negligible CO2 presence (the climate chamber). 
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- The process conditions of air capture (layer thickness, blends and preloading 

polyamines with H2O) are changed in order to study its effect on CO2 and H2O 
absorption. 

 
- The FTIR experiments are done to find out the reaction mechanism of the CO2 

absorption in polyamines. 

 
- The solubility constant and the reaction rate constant of CO2 are obtained 

experimentally since they are needed in the modelling part. The calculation of 
these constants requires viscosity values. 

 
- An absorption model is developed in MATLAB using the H2O and CO2 loadings 

in order to obtain the diffusion coefficient of both H2O and CO2. 

 
- Finally, several guidelines for the design of an absorber are given. 

 

 
Figure 9: Procedure followed to answer the research questions
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2 Overview of Direct Air Capture (DAC) 
 
Chapter 1 indicates that DAC can be a promising technology to mitigate climate 
change by capturing CO2 emissions and recycling them to obtain relevant products. In 
this Chapter, an in-depth explanation of different DAC technologies is given. Special 
attention is given to polyamines, since they are the focus of this thesis and will be 
further analyzed from the experimental and modelling point of view. 
 

2.1. Introduction 
 
The main difference between capturing CO2 from the air and from centralized sources 
is the concentration of CO2. Although the current concentration of CO2 in the 
atmosphere is higher than at any time in the last one million years, it is still 400 ppmv. 
The concentration of CO2 in a conventional flue gas depends on the technology but it 
can vary from 4% (natural gas fired system) to 11% (coal fired system). Flue gas from 
coal combustion is given as an example and compared with dry air (32). 
 

Table 1: Composition of flue gas vs dry air 

Gases Composition (vol %) 

Coal combustion flue gas Dry air (33) 

O2 6 21 

N2 76 78 

CO2 11 0.04 

H2O 6 0 

Ar 1 0.93 

Other constituents (Ne, He, CH4) - 0.03 

 
ZEF’s idea is to capture CO2 directly from the air, where H2O is present. H2O content in 
the air can vary because of different humidity and temperature. 
 
Since the concentration of CO2 in the air is lower than in the flue gas, the amount of 
volume that must be processed in DAC to capture the same amount of CO2 will be 
higher. This is one of the main difficulties when it comes to DAC technology. The 
calculations of the stream volumes are available in Appendix A. Capturing 1 kg of CO2 
in the flue gas would require around 5 m3 of gas to be processed whereas for air the 
amount increases sharply up to 1366 m3 assuming 100% efficiency in both cases. 
 

2.1.1 Thermodynamics 

 
The theoretical minimum work required to achieve a thermodynamic change is the net 
change in work potential of the system. For an isothermal, isobaric and reversible 
process the change in work potential is minimized and reduces to the Gibbs free 
energy (34). 
 
The Gibbs free energy represents the minimum energy needed by the sorbent to 
capture CO2. The higher the free energy, the more energy demanding will the process 
be. In this case, the free energy required to capture 1 kg of CO2 under normal 

conditions (∆𝐺 in [J/mol]) is calculated following equation (2-1). 



CHAPTER 2. DIRECT AIR CAPTURE 

13 

 

 

∆𝐺 = 𝑅𝑇ln
𝑃

𝑃0
𝑖     (2-1) 

Where: 
 

Table 2: Input to calculate the free energy of sorption 

Symbol Description Value Unit 
𝑅 Universal gas constant 8.314 [J/(K*mol)] 

𝑇 Temperature 293.1
5 

[K] 

𝑃 CO2 pressure in the desorbed stream 1 [atm] 

𝑃0
𝑖 CO2 pressure Varies [atm] 

 
On one hand, the need to reduce CO2 emissions makes it desirable to capture most of 
the CO2 from the flue gas of a power plant. On the other hand, an air capture system 
offers the possibility to freely adjust the fraction of CO2 captured from the air trading off 
the energy cost of capture against the cost of moving air through the system (35). As a 
simplification, the CO2 pressure in the desorbed stream is assumed to be 1 for both 
streams. 
 
Using the values from Table 2 the Gibbs free energy can be calculated. It must be, at 
least, 19.07 kJ/ mol CO2 if air is used as the input stream and 5.38 kJ/ mol CO2 if flue 
gas is used. No real process can operate at the theoretical minimum work because 
achieving reversibility would require theoretical equipment of infinite size and cost (34). 
 
It can be seen in Figure 10 that the minimum work required for CO2 capture grows 
logarithmically with the CO2 dilution: the concentration of CO2 in the air is 275 times 
lower than in flue gases but theoretically, its capture would require only 3.54 times the 
energy as CO2 capture from flue gases. Material candidates for DAC should have an 
interaction energy with CO2 enough to overcome the thermodynamic limit and 
efficiently capture it. 
 

 
Figure 10: Minimum work required for CO2 capture vs. CO2 concentration 
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Real separation processes typically achieve 2nd law efficiencies (𝜂) in the 5- 40% 
range. The 2nd law efficiency is defined as the ratio of the theoretical minimum work 
required to carry out a process (Wmin) to the actual work required (Wactual): 
 

𝜂 =
𝑊min

𝑊actual
     (2-2) 

 
The concentration factor (CF) is the ratio of the component’s mole fraction in the 
product stream (cfinal) and in the feed (cinitial): 
 

𝐶𝐹 =
𝑐final

𝑐initial
     (2-3) 

 
Figure 11 shows the empirical relationship between the CF and the η of industrial 
separation processes. The data indicate that separation processes have a wide range 
of CF and η but they never exhibit high CF and η at the same time. This trend suggests 
that, for DAC, η is likely to be around 5% (unless a new technology makes a major 
change) (34). 
 

 
Figure 11: CF vs. η of industrial separation processes (34) 

 
It can be concluded that the actual work for air capture systems becomes 381 kJ/mol 
CO2. For a standard MEA process, the actual work is 180 kJ/ mol CO2 (36) if the 
activation energy, and not the Gibbs energy, is used as the minimum work (37). 
 

2.2. Sorbent 
 
The sorbent is the key element in the DAC process since it is the chemical complex 
that will capture CO2 from the air. Part of the requirements that the sorbent must fulfill 
in order to be eligible for DAC are (17) (36): 
 

- High selectivity towards CO2 compared to other gases present in air, since it is 
present at low concentrations. 

- Enough binding energy. 
- Stability under moisture and O2. 
- Fast kinetics at ambient conditions. 
- Easy to regenerate (CO2 should not bound too strongly). 



CHAPTER 2. DIRECT AIR CAPTURE 

15 

 

- Scalability. 
- Low energy requirement for regeneration. 
- Low pressure drop. 
- Cheap. 
- Able to stand particles. 

 
In the next two Sections, sorbents capable of capturing CO2 directly from the air are 
divided depending if they adsorb or absorb CO2. A special emphasis is given to 
polyamines, since this thesis focuses on them. 
 

2.2.1. Adsorption 

 

Solid inorganic chemisorbents 
 
According to the previously mentioned definition, adsorption is defined as a surface 
phenomenon, but CO2 capture will also take place in the bulk, since CO2 can 
penetrate, but generally speaking solid inorganic chemisorbents are classified as 
adsorbents. 
 
The acidic nature of CO2 facilitates its adsorption on the basic sites of metal oxides 
(38). This group includes alkaline metal oxides and alkaline earth metal oxides. 
 

- Alkaline earth metal oxides adsorb CO2 according to the following reaction: 
 

MO(s) + CO2(g) ↔ MCO3(s)    (2-4) 
 
MgO (magnesium oxides) and CaO (calcium oxides) are the most relevant oxides for 
CO2 adsorption (38). A great advantage of CaO is that calcium minerals are one of the 
most abundant in nature. However, the adsorption rate is influenced by temperature 
and CO2 partial pressure, which are extremely low in DAC, making this approach 
impractical. MgO has lower regeneration energy requirements than CaO but, on the 
other hand, their lower CO2 adsorption capacities make them inferior to CaO (38). 
 

- Alkaline metal oxides react with CO2 according to: 
 

M2O(s) + CO2(g) ↔ M2CO3(s)    (2-5) 
 

2.2.2. Absorption 

 

In solution inorganic chemisorbents 
 
Strong bases such as sodium hydroxide (NaOH) and potassium hydroxide (KOH) can 
react with CO2 from ambient air (16). KOH cycles are not described in this thesis since 
KOH is more expensive than NaOH. The technology is divided in two steps: capture 
the CO2 and recover the sorbent. Depending on the pH of the solution MOH reacts with 
CO2 producing carbonates (Eq. (2-6)) or bicarbonates (Eq. (2-7)) (36): 
 

2MOH(l) + CO2 → M2CO3 + H2O   (2-6) 

 
MOH(l) + CO2 → MHCO3    (2-7) 
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After the NaOH solution has been in contact with CO2 (air contactor in Figure 12) it 
forms dissolved sodium carbonate (Na2CO3), which must be recycled back to NaOH to 
complete the cycle. Na2CO3 is highly soluble in H2O which makes its collection difficult 
and energy intensive since large quantities of H2O must be evaporated. Causticization 
is an interesting candidate for NaOH regeneration since it solves this issue. Na2CO3 
reacts with calcium hydroxide (Ca(OH)2) producing calcium carbonate (CaCO3) and 
NaOH. CaCO3 precipitates out of the solution and is thermally decomposed (lime kiln in 
Figure 12) to produce CO2, which can be utilized or stored, and CaO, which is hydrated 
to form Ca(OH)2 to close the cycle (lime hydration in Figure 12). The regenerated 
NaOH is recycled back to the air contactor (16). 
 

 
Figure 12: Process of CO2 capture from the air using the Na/ Ca cycle (16) 

The biggest disadvantage of inorganic chemisorbents is that they strongly bind CO2, far 
more than needed for DAC, which requires considerable energy in the regeneration 
step. In addition to this, the corrosiveness of strong alkaline solutions, H2O loss, local 
drying of solutions and mass transfer problems (16) add extra difficulties. 
 
It is true that Carbon Engineering has already opened a pilot plant, which proves that 
absorption in inorganic chemisorbents is possible. However, natural gas is still needed 
for heating up (27), which releases CO2. Therefore, this option is neglected and will not 
be further studied. 
 

Polyamine sorbents 
 
Having said that liquid amine solutions are the most used technology for CO2 capture 
from centralized sources it seems interesting to see how they can be applied in DAC. 
 
Most of the literature is focused on supported amine sorbents (SAS) rather on diluted 
amines. This kind of sorbents consists of two main ingredients: a solid and highly 
porous support and a functional amine which lays on the support. 
 
SAS systems could be more interesting than diluted amines for DAC due to (36) (38) 
(39): 

- Low-pressure drop. 
- Easier control of the residence time. 
- More compact designs and less moving parts. 
- Substitution of H2O for a support with lower heat capacity, decreasing the 

energy cost during desorption. 
- Solid- solid contact between the support particles and other solid surface is 

poor. Hence, vessel corrosion is less problematic. 
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However, a solid sorbent makes heat integration more difficult (36). 
 

Amines 
 
Amines are compounds and functional groups that contain a basic nitrogen atom with a 
single pair of electrons. Amines are formal derivatives of ammonia, wherein one or 
more hydrogen atoms have been replaced by a substituent. There are three main 
types of amines, but it is also possible to have four organic substituents on the nitrogen 
(Table 3). These species are not amines but quaternary ammonium cations and have a 
charged nitrogen center (40). 
 

Table 3: Amine types 

Primary amine Secondary amine Tertiary amine Quaternary amine 

    

 

Reactions 
 
The reactions between amines and CO2 have been widely studied. Primary and 
secondary amines react with CO2 forming carbamates where there is no, or little, steric 
hinderance. There is a debate in literature regarding the mechanism of formation of 
carbamates (41). In this case, the zwitterion mechanism is explained. 
 
The zwitterion mechanism consists of two steps. In the first one, CO2 reacts directly 
with an amine molecule forming a zwitterion molecule. After that, in the second step, 
another amino group deprotonates the zwitterion forming carbamate. 

 
Two amine groups (RNH2) are required to bind one molecule of CO2, as it can be seen 
below (38): 
 

RNH2 + CO2 ↔ RNH2
+COO−    (2-8) 

 
RNH2

+COO− + RNH2 ↔ RNHCOO− + RNH3
+  (2-9) 

 

Tertiary amines react differently because they form bicarbonate, which is then fixed by 

electrostatic forces. Bicarbonate formation only takes place at high CO2 partial 

pressures or with sterically hindered amines. In the first step of the tertiary amine 

reaction, the tertiary amine dissociates H2O to form a quaternary amine and OH- (38). 

Then, CO2 reacts with H2O to form carbonic acid (H2CO3) which rapidly dissociates to 

form a bicarbonate anion (HCO-
3) and a hydrogen anion (H+) (42). Finally, the 

protonated amine and the bicarbonate anion associate ionically (38). 

 

R1R2R3N + H2O → R1R2R3N+H + OH−            (2-10) 

 

CO2 + H2O ↔ H2CO3               (2-11) 

 

H2CO3 ↔ HCO3
− + H+               (2-12) 

 

R1R2R3N+H + HCO3
− → [R1R2R3N+H][HCO3

−]             (2-13) 
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The reaction between amines and CO2 is exothermic. In general, primary amines have 
a higher heat of adsorption than secondary and tertiary amines whereas tertiary 
amines show slower reaction kinetics (31). 
 

Supported Amine Sorbents (SAS) 
 
SAS can be classified based on the interaction between the support and the amine and 
the preparation method of these materials (16). There are two main types of SAS: in 
the first one, the amines are physically in the support (Class 1) whereas in the second 
one, the amine groups are covalently bonded to the support (Class 2 and 3) (31). 
 
Class 1 sorbents have liquid amines (active groups) dispersed in the pores of the 
support material so the mechanism to capture CO2 is absorption whereas the second 
and third class have amine groups incorporated in the solid structure of the support 
(active groups and support are one) so the process is adsorption (43). However, for 
some reason, the researchers in this field started to call every SAS an adsorbent. It is 
thus more a consensus that researchers follow than something rooted in the 
understanding of the process itself (44). 
 
Class 1 
 
Impregnated amine sorbents are prepared by wet impregnation, where the amine, 
dissolved in a volatile solvent, is impregnated into the support. After impregnation, the 
solvent is evaporated leaving the amine molecules dispersed inside the pores of the 
support (31). Although this is the simplest method of supporting amines, the amine 
which is actually in the support does not have to be the same as the amine that will 
react with CO2 (38). 
 
The main drawback of Class 1 SAS is that the weak physical interaction that holds the 
amines onto the support surface causes the amines to leach, which leads to a loss in 
the absorption performance (16). Low molecular weight (LMW) amines are easier to 
impregnate into the support but higher MW amines suffer less from evaporation loss 
(31). On the other hand, additives can be added to maintain the adsorption 
performance over the cycles (16). 
 
Amines commonly found in Class 1 are polyethylenimine (PEI) and 
tetraethylenepentamine (TEPA). The most important criteria for amine selection are the 
number of nitrogen atoms per amine molecule (to maximize the capacity of CO2 
capture), the adsorption heat and the sorption kinetics (31). 
 
PEI can be a branched polymer containing a mixture of primary (1º), secondary (2º) 
and tertiary (3º) amines or a linear polymer of secondary amines with primary amines 
at the endings. PEI possesses a high amine content but the ratio of primary, secondary 
and tertiary amines varies depending on the molecular weight and synthesis conditions 
(38). Linear PEI has a higher CO2 adsorption capacity but also a higher degree of 
sorbent leaching than branched PEI (16). TEPA is considered an ultra-low molecular 
weight PEI because it contains four repeated units of PEI (38). 
 
The structure of both polyamines is shown in Table 4. The chemical structure of PEI is 
an example because PEI is a chaotic compound. 
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Table 4: Chemical structure of the sorbents studied 

PEI TEPA 

  
 
These amines have been widely studied in literature together with support material 
such as silicas, porous carbons, zeolites and polymers (such as poly-(methyl 
methacrylate) (PMMA) and polystyrene (PS)) (31). 

- Silicas, although they seem to be the most promising, they are not interesting 
for ZEF because of their high cost. 

- Porous carbon, as will be mentioned later, were already studied by ZEF Team 
2. However, vacuum was not achieved so the desorption process could not be 
analyzed. In addition to this, achieving a good impregnation of the amines onto 
the support was more difficult than expected. 

- Zeolites are not interesting because of their loss of capacity due to H2O. 
- Polymers, like silicas, seem promising, their main advantage being low costs. 

 
Class 2 
 
Class 2 sorbents are made by grafting and are commonly known as covalently tethered 
amine adsorbents (CTA). Grafting consists on reacting molecules with the surface of 
the silica support (38). As an example, aminosilanes will be considered the reacting 
molecules. Their main advantage with respect to Class 1 is that the chemical bonds 
ensure the immobilization of the sorbent, preventing rapid degradation in performance 
(16). 
 
The scheme for the reaction of silane with silica is shown in Figure 13, where R1 can 
either be an alkyl or aminoalkyl group and R2 is a methyl or ethyl group, depending on 
the type of aminosilane chosen. The amino-silane reacts with the surface in an organic 
solvent. Then, the alcoxysilyl groups condense with surface silanol groups to form new 
Si-O-Si linkages while liberating alcohols (38). 
 

 
Figure 13: Reaction of silane with silica (38) 
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The average number of surface bonds formed depends on the density of silanols on 
the silica support, the R1 and R2 groups used and the reaction conditions (silane 
concentration, temperature and time). The best choice would be an aminosilane with 
high nitrogen density and accessible primary and secondary amines. However, this 
choice is limited to the aminosilanes that are commercially available. The three most 
commonly used are mono-, di- and tri-aminosilanes, which have one, two and three 
amines respectively (Table 5). Monoaminosilane has a primary amine as an end group 
whereas diaminosilane and triaminosilane have secondary amines as links and primary 
amines as endings (38). 
 

Table 5: Aminosilane types 

Mono-aminosilane Di-aminosilane Tri-aminosilane 

  
 

 
 
Class 3 
 
Class 3 polyamine sorbents consist of an inorganic support and a chemically grafted 
polyamine component that are prepared by in situ polymerization of amine-containing 
monomers. According to Goeppert et al (16), they combine the advantages of Class 1 
(high nitrogen loading) and Class 2 (lower volatility and so higher stability). 
 
Unfortunately, less literature has been reported for this type of sorbents. However, both 
Choi et al (38) and Goeppert et al (16) considered the sorbent developed by Jones et 
al (45) as promising. He prepared adsorbents through the polymerization of aziridine 
off of mesoporous silica surface silanols, which are known as hyperbranched 
aminosilica (HAS). 
 

2.3. Previous work at ZEF in the DAC unit 
 
In this Section, work done by three different teams in the DAC unit is briefly introduced. 
 
The first DAC prototype, built from September until February 2018 was a proof of 
concept, i.e., it proved it was possible to capture CO2 from the air. In this first design, 
air flowed into the system which then goes through the absorber and captures CO2, 
along with H2O, from the air. When the sorbent is saturated, the chamber closes and 
the fan starts blowing air into the second chamber. The first chamber is heated and 
vacuumed to 0.1 bar so the CO2 and H2O are desorbed by temperature-vacuum swing. 
After desorption, the chamber is cooled back down to ambient temperature, opened 
and the process starts again (46). 
 
The main conclusion made during the development of the first prototype was that a 
packed bed system with polyethylenimine of high molecular weight (HMW PEI) 
impregnated on silica (Davisil Grade 646) was not the best design to capture CO2 due 
to the huge volume of the unit, as it can be seen in Figure 14. Monolithic sorbent 
packages were proposed as promising candidates. More specifically, due to their low 
costs, active carbon-based sorbent packages were considered for the next prototype 
(46). 
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Figure 14: DAC prototype done by ZEF Team 1 (46) 

 
The second DAC prototype was built between February and July 2018. The main goal 
was to implement the previous recommendations. In addition to this, the behaviors of 
two different MW PEI (1.2K and 10K) were studied under different process conditions 
(47). 
 
Figure 15 shows the 3D design of the DAC unit. It is important to note that this system 
was never fully functional but resembles what a working one might look like. The main 
difficulty, from a structural point of view, was to make the doors open and close while 
keeping the chambers properly leak-tight. The main difficulty, from the sorbent package 
point of view, was working with the active carbon to make the monolith blocks fit in the 
unit, as it is very brittle (47). 
 
In addition to this, the wet impregnation was more difficult than expected. Three 
different techniques were tried, and the most effective one was to use a silicon “sock” 
which fit tightly around the monolith. The sock with the monolith inside was filled to the 
brim with the MeOH/ PEI solution and placed inside an oven. As the heat in the oven 
increased, the MeOH would evaporate, and the PEI, having a higher boiling point, 
remained on the monolith. However, gravity led to an inhomogeneous distribution of 
PEI (47).  
 

 
Figure 15: DAC prototype done by ZEF Team 2 (48) 

 
ZEF Team 3 worked on the DAC system from September until December 2018. The 
goal of this team was to check if a continuous absorption-desorption process with bulk 
amines could substitute the batch system proposed by the previous team. They worked 
with PEI MW 600 since PEI MW 1.2K and 10K were too viscous. 
 
The main conclusions of their work were (49): 

- The time required to achieve steady state depends on the thickness of the 
polyamine layer. 
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- The direction of the air blown by the fan does not affect the overall absorption of 
CO2 and H2O. 

- The more hydrophilic surface of the plate, the smaller contact angle between 
the sorbent and the plate and so, the thinner layer thickness. The contact angle 
between different types of materials and PEI MW 600 was observed. Paper and 
PEI MW 600 made the smallest contact angle which restricted the flow surfaces 
to paper-like materials. 

- A heterogeneous flow was observed without manually connecting the flowing 
droplets of sorbent whereas a manual intervention provided a homogeneous 
flow. 

- Pre-wetting the paper with sorbent helps to achieve a homogeneous flow. 
- At the beginning of the flow, the surface tension effects are important. 

 
The final absorption setup consists of multiple stacks of vertical plates. Figure 16 and 
17 show the final design of the DAC unit proposed by this team. 
 

 
Figure 16: Side view of the DAC prototype done by 

ZEF Team 3 

 
Figure 17: Front view of the DAC prototype done 

by ZEF Team 3 

2.4. Selection 
 
The major drawbacks of the different sorbents mentioned are: 
 

- Inorganic chemisorbents require high temperatures in the regeneration step. 
For example, Carbon Engineering technology uses natural gas in order to have 
enough energy to regenerate the sorbent. 

- Physisorbents can be considered or CO2 capture if, and only if, they are used 
as support for chemisorbents. 

- SAS are divided in three groups. Although Class 1 seems to be the easiest 
sorbents to prepare, the experience of ZEF Team 2 proved that it was more 
difficult than expected to achieve a homogeneous PEI distribution. Class 2 and 
Class 3 are, according to literature, already more difficult to prepare. 

 
It is surprising to note that almost no research in bulk amines has been done. This is 
the reason why this thesis will focus on studying the CO2 absorption capacities and 
kinetics of bulk PEI and TEPA. Since they are less or not even diluted in H2O, the 



CHAPTER 2. DIRECT AIR CAPTURE 

23 

 

energy penalty of desorption should be lower, just like SAS. Even amines are corrosive 
for metals, it would be enough to avoid them as building materials. 
 
PEI was requested from Polyscience whereas TEPA was ordered to Sigma Aldrich. 
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3 Materials and methods 
 
In the previous two chapters, the concept of direct air capture (DAC) was introduced, 
and it was explained how it could help mitigate climate change, what different 
processes and materials can be used in this technology and which one will be the main 
focus of in this thesis. 
 
As it was mentioned before, the goal of this thesis is to study the capacity and the 
kinetics of CO2 on bulk amines from an experimental and modeling point of view. Then, 
with this information, some guidelines for the absorber design can be given. This 
chapter explains the step-by-step procedure followed to find the CO2 and H2O loadings, 
the constants needed for modelling and the reaction mechanism.  

3.1. Achieving a homogeneous layer thickness 
 
The absorption experiments were done on horizontal plates. However, before that, a 
homogeneous layer of polyamine on the plate had to be achieved. This was done by 
preloading the plate with a uniform layer of polyamine via a flowing experiment, where 
the plate was inclined. Then, after some time, the plate was switched back to horizontal 
and the absorption experiments could begin. 
 
The setup used to achieve a homogeneous layer thickness was already available. It 
consists of a top and bottom tank, a comb and a plate. The comb enhances the 
connection of the polyamine flow to get a homogeneous layer (49). The comb and the 
plate are made out of PMMA whereas the top and bottom tank are made out of PLA 
(polylactide). 
 
Equation (3-1) is used to estimate the average layer thickness of the polyamine layer. 
The calculations followed to find Equation (3-1) are shown in Appendix B.  
 

ℎ =
𝑀

𝜌𝑖×𝑙×𝐵
     (3-1) 

 
Where: 
 

Table 6: Input to calculate average layer thickness 

Symbol Description Value Unit 
𝜌𝑇𝐸𝑃𝐴 Density of TEPA 998 [kg/m3] 

𝜌𝑃𝐸𝐼 Density of PEI 1050 [kg/m3] 

𝑙 Length of the plate where the polyamine is spread 0.23 [m] 

𝐵 Width of the plate where the polyamine is spread 0.095 [m] 

 
First, a piece of paper was placed on the plate. Then, the top tank and the comb were 
attached to the plate with screws (Figure 18) and the paper was pre-wetted with the 
polyamine, in order to enhance a homogeneous flow.  
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Figure 18: Plate with the paper, top tank and COM attached 

 
After that, the plate was placed in the bottom tank whereas the polyamine was added 
in the top tank. Then, the polyamine flowed on the plate. 
 
Figure 19 shows a homogeneous layer of polyamine. The layer thickness was 
calculated using Eq. (3-2) and once it is around 0.5 mm the absorption experiment was 
ready to start.  
 

 
Figure 19: Homogeneous layer thickness of polyamine 

Figure 20 shows the distribution of the plate, paper and polyamine layers. The 
polyamine might penetrate into the paper since paper is a porous material. 
 
If the thickness of the paper is not relevant compared to the thickness of the polyamine 
then the system is liquid and the interface between the liquid (polyamine) and the solid 
(paper) can be neglected. The thickness of the paper used is 0.1 mm. The layer 
thickness of the polyamine varies between 0.25, 0.5 and 0.75 mm. The calculated layer 

Top tank 
Comb 
B 
l 

Area where the 
polyamine was spread 
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thickness of 0.25 might be smaller than the real one since this value is close to the 
paper layer thickness. 
 

 
Figure 20: Plate, paper and polyamine thicknesses 

 
ZEF Team 3 proved that CO2 and H2O absorption is negligible when there is no fan 
(49). This could be due to the fact that, when there is no fan, mass transfer issues in 
the gas phase show up. 

3.2. Experimental plan 
 
Table 7 summarizes the different experiments done in this thesis. Although ZEF Team 
3 proved that the concept of a continuous absorption of CO2 by polyamines was 
possible the physical process behind it was unclear. 
 
Firstly, H2O absorption is studied independently. Then, absorption of both CO2 and 
H2O together is studied. After that, kinetics and physisorption constans were obtained 
as well as material properties and reaction mechanisms. With all this information, an 
aborption model and an absorber design will be developed.  
 

Table 7: Experimental plan followed during the thesis 

Experiment Experiment conditions Motivation 

Relative 
humidity 

(%) 

Temperature 
(ºC) 

Time 
(min) 

Layer 
thickness 

(mm) 

H2O 
absorption 

35, 50, 70, 
95 

10, 20, 30, 
40 

60, 
120 

0.5 Determine the 
diffusion coefficient 

of H2O 

CO2 and H2O 
absorption 

Lab conditions 60 0.25, 0.5, 
0.75 

Determine the 
influence of H2O in 

CO2 absorption 

Kinetics & 
physisorption 

of CO2 

0 20, 30, 40 - - Determine the 
reaction rate and 

solubility constants 
of CO2 

Viscosity Lab conditions - - Determine the 
dependence of 
viscosity with 
water content 

FTIR - - - - Determine the 
reaction 

mechanism 

 

3.2.1. Experiments of H2O absorption from the air 

 
A climate chamber was used to study the H2O absorption of the sorbent at different 
relative humidity and temperature. It was available from TNO. Figure 21 shows that the 
air circuit is closed so CO2 is not regenerated after the sorbent has absorbed it. 
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Therefore, it is assumed that the CO2 absorbed by the sorbent inside the climate 
chamber is negligible. 
 
The model of the climate chamber is ESPEC PR- 3KPH. The temperature can be 
varied from -20 ºC to 100 ºC whereas the relative humidity range is from 20 to 98% 
(50). However, the minimum working relative humidity was 35%. During the 
experiments, samples were collected at four different times and to do so, the climate 
chamber was opened. At very low relative humidity, even though the climate chamber 
was opened for only a few seconds at a time, the increase in relative humidity inside 
the chamber was high enough that the time it took the chamber to get back to the 
original humidity was too long for the H2O content measurements to be considered 
accurate. It was found that the lowest relative humidity for which the accuracy of the 
water content measurements was satisfactory was 35%. 
 

 
Figure 21: Working principle of the climate chamber (50) 

 
Figure 22: Sample inside the 

climate chamber 

Once the homogeneous layer of polyamine was achieved the sample was placed 
inside the climate chamber, like Figure 22 shows. In order to find out the time to 
achieve steady state, the samples remained inside the climate chamber for 120 
minutes (1st batch). A sample was taken out after 30, 60, 90 and 120 minutes 
respectively. After finding out that 60 minutes was enough to achieve a stable H2O 
concentration inside the PEI, the experiments were repeated by reducing the time from 
120 to 60 minutes (2nd batch). A sample was removed after 15, 30, 45 and 60 minutes 
in order to get more data points which give more information about the increase of H2O 
concentration inside the polyamine. 
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3.2.2. Experiments of CO2 and H2O absorption from the air 

 
The next experiments done consisted on measuring the CO2 and H2O absorbed by the 
polyamine from the air. Some variations were introduced: 
 

- The layer thickness was varied to 0.25 mm, 0.5 mm and 0.75 mm for both PEI 
and TEPA. 

- PEI and TEPA were mixed in three different combinations: 25 wt% of PEI and 
75 wt% of TEPA, 50 wt% of PEI and 50 wt% of TEPA and 75 wt% of PEI and 
25 wt% of TEPA. 

- 10, 20 and 30 wt% of H2O was added to pure PEI and TEPA. 
- The CO2 content was increased from 400 to 800 and 1200 ppm. 

 
Figure 23 shows the setup built to measure CO2 and H2O for the base case and for the 
first three variations whereas Figure 24 shows a schematic diagram of it. The 
components are: 
 

- Fan SUNON (PMD1212PMB2-A) DC12V. 
- Si7021 relative humidity (RH) and temperature sensor (51): 

o Precision of the relative humidity sensor: ± 3% RH (max), 0 to 80% RH. 
o Precision of the temperature sensor: ± 0.4 ºC (max), -10 to 85 ºC. 

- DC lab switching power supply (LABPS6005SM) 

 

 
Figure 23: Setup used to measure the CO2 and 

H2O absorption from the air 

 
Figure 24: Schematic diagram of the setup used to 
measure the CO2 and H2O absorption from the air 

 
Figure 25 shows the setup built to measure the CO2 and H2O absorbed when the CO2 
ppm in the air were varied. Figure 26 shows a schematic diagram of the setup. The 
components are: 
 

- Two fans: The fan used in the previous setup was reused. Another one was 
added to enhance the mixing of the CO2 coming from the bottle and the air. The 
other fan is a JARO (AD121HB-F93GP) DC12V. 

- The previous sensor was replaced by a DHT22 sensor because it could not be 
used together with the CO2 sensor since both share the same I2C address (52): 

o Precision of the relative humidity sensor: ± 2% RH (max), 0 to 100% 
RH. 

o Precision of the temperature sensor: ± 0.5 ºC (max), -40 to +80 ºC. 
- CO2 sensor Telaire 6703. Its specifications are (53): 

o 400- 5000 ppm ± 75 ppm or 10% of reading, whichever is greater. 

Si7021 sensor 



CHAPTER 3. MATERIALS AND METHODS 

30 

 

- Two power supplies, one for each fan: 
o VOLTCRAFT LPS 1305 
o DIGIMESS DC POWER SUPPLY HY3003 

- CO2 MFC (Mass Flow Controller) (F-201CV-5K0-RAD-55-K) provided and 
calibrated for CO2 by TNO. 

- Flow bus (E-7500-RAA) provided by TNO to control the mass flow through the 
MFC. 

- CO2 bottle provided by TU Delft University. 
 

 
Figure 25: Setup used to measure the CO2 and 

H2O absorption from the air when varying the CO2 
ppm 

 
Figure 26: Schematic diagram of the setup used to 
measure the CO2 and H2O absorption from the air 

when varying the CO2 ppm 

 
The wiring between the Arduino microcontroller and the code used in the Arduino 
software is available in Appendix C. 

3.3. Properties measurement 
 
Different machines and setups have been used to measure the H2O, CO2 content of 
the polyamine as well as the kinetics and physisorption constants of CO2. 

- The H2O measurements were done in a C20 coulometric KF titrator which was 
lent by TNO. 

- Phosphoric acid titration, in the TNO office, was used to determine the loading 
of CO2 in the polyamine. 

- The kinetics and physisorption measurements were done in the corresponding 
setups in the TNO office in Delft. 

3.3.1. H2O titration 

 
The H2O captured by a loaded sorbent sample was measured in a C20 coulometric KF 
titrator. 
 
PEI and TEPA were diluted with MeOH, before being added to the titrator. The 
minimum dilution rate was 5. It is important to note that the MeOH was not completely 
pure, which affects the H2O measurements. Hence, the H2O content of the MeOH is 
subtracted to obtain the real content of H2O in PEI and TEPA. Also, PEI and TEPA 
from the bottles contain H2O, as Table 8 shows: 
 
 
 

DHT22 sensor 

Telaire 6703 sensor 
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Table 8: H2O content in PEI, TEPA and MeOH 

 H2O content (ppm) 

MeOH 1099 

PEI 867 

TEPA 1021 

 
Duplos of H2O measurements were done for some samples. The average error 
between the first and the repeated measurements is 1.70%. The H2O content from the 
duplos is available in Appendix D. 
 
At the beginning of the thesis a 756 coulometric KF titrator was used. However, the 
H2O measurements were not accurate. This is why the titrator was replaced by the C20 
coulometric KF titrator. More information is available in Appendix E. 
 

3.3.2. Viscosity measurement 

 
The viscosity was measured using a Fuengilab SMART series SMART L at the TNO 
office. 
 
It was checked, and confirmed by Sinha (54), that PEI, although it is a long branch 
polymer, is Newtonian. More information about this verification is available in Appendix 
F. 
 

3.3.3. Phosphoric acid titration 

 
The polyamine loaded with CO2 was tested in a phosphoric acid titration setup at TNO 
to find the CO2 loading. The setup consisted of a round-bottom flask, which is filled with 
350 mL of 85% phosphoric acid (H3PO4) solution, placed in a heating mantle. The 
heating mantle provides the required heat for the endothermic desorption of 
carbonated polyamines with H3PO4 towards CO2. First, H3PO4 reacts with the 
polyamine releasing the CO2 contained in it. Then, a N2 flow sweeps the CO2 from the 
system. Finally, the CO2/ N2 mixture goes through an infrared CO2 analyzer to obtain 
the amount of CO2 released from the polyamine. The software shows the amount of 
CO2 in mg and in mol/L. The top-central opening of the set- up is fitted with a 
condenser to remove the H2O before the CO2 gets to the infrared analyzer (55) (56). 
 
Duplos of CO2 measurements were done for several samples. The average error 
between the first and the repeated measurements is 1.27%. The duplos of the CO2 
content are available in Appendix G. 
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Figure 27: Phosphoric acid titration setup in 

TNO 

 
Figure 28: Diagram of the phosphoric acid titration 

setup 

 

3.3.4. Physisorption and kinetics of CO2 

 
Unloaded polyamine was tested in the physisorption and kinetics setup at TNO to find 
the solubility and the reaction rate constants of the CO2 absorption.  
 
The setup consisted of two vessels, both filled with 0.4 L of polyamine mixed with H2O. 
Because of the high viscosity of the polyamine the stirrer was not strong enough to 
enhance a good mixing inside the vessel. This is why H2O was added. Both vessels 
are placed on two thermal plates. Also, there is a stirrer that improves the mixing of the 
gas inside the vessel. There are three sensors per vessel: two pressure and one 
temperature sensor respectively. 
 

- Kinetics measurement: the setpoint of the pressure is changed. Then, both 
MFC started adding CO2 to the reaction vessel until its pressure value matched 
the pressure value of the reference vessel. The pressure was changed to 5, 10, 
15, 20, 17, 12, 7 mbar and the mass flow delivered by one (or both) MFC is 
written down. The pressure was varied in that way to check if the sorbent 
showed hysteresis. 
 

- Physisorption measurement: the setpoint of the N2O volume to be added is 
changed to 0.1 L so the MFC started adding N2O to the reaction vessel. When 
its pressure value was stable, another N2O pulse was given. The pressure 
change, as well as the N2O volume added, are collected. 
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Figure 29: Physisorption and kinetics setup in 

TNO 

 
Figure 30: Diagram of the physisorption and 

kinetics setup 

Solubility constant 
 
Due to the fact that CO2 reacts with amine solutions, its physical solubility cannot be 
measured directly. Since literature lacks of a precise model to determine the CO2 
solubility the N2O analogy is applied. This analogy consists on determining 
experimentally the N2O solubility in the amine solutions and correlate it with the CO2 
solubility in the same solution using the ratio of solubility of the two gases in water, RH 
(41). The constants of Equation (3-3) were obtained from Monteiro (41). 
 

𝐻CO2

solution =
𝐻N2O

solution

𝑅𝐻
    (3-2) 

 

𝑅𝐻 = 𝑒175.7732−
4234.252

𝑇
−31.28×ln(𝑇)+0.05477×𝑇

   (3-3) 
 
In the methodology used, a certain known volume of N2O was added. Because of that, 
the number of molecules dissolved in the liquid phase can be calculated. However, a 
correction factor between the temperature of the experiment and the normal 
temperature is needed. 
 

𝑛N2O = 𝑛N2O,previous step + 𝑝normal × 𝑉N2O ×

𝑇exp

𝑇normal

𝑅×𝑇normal
 (3-4) 

 
The N2O that stayed in the gas phase is related to the pressure increase: 
 

𝑛N2O,G =
𝑝−𝑝step 0

𝑅×𝑇exp
× 𝑉G     (3-5) 

 
Then, the N2O absorbed by the amine solution is the difference: 
 

𝑛N2O,L = 𝑛N2O − 𝑛N2O,G    (3-6) 

 
Finally, the N2O concentration in the liquid phase is obtained: 
 

𝑐N2O,L =
𝑛N2O,L

𝑉L
      (3-7) 

 
Where: 
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Table 9: Input to calculate the solubility constant of N2O 

Symbol Description Unit 
𝑛N2O Total N2O added [mol] 

𝑝normal Normal pressure [bar] 

𝑉N2O Normal volume of N2O added [nL] 

𝑇exp Temperature of the experiment [K] 

𝑇normal Normal temperature [K] 

𝑛N2O,G N2O in the gas phase [mol] 

𝑝 Pressure increase in that step [bar] 

𝑝step 0 Pressure before adding N2O [bar] 

𝑉G Gas volume of the vessel [L] 

𝑛N2O,L N2O in the liquid phase [mol] 

𝑐N2O,L N2O concentration in the liquid phase [mol/L] 

𝑉L Solvent volume in the vessel [L] 

 
The experiment was done using a solution of 30 wt% TEPA and 70 wt% H2O at 20 ºC. 
The stirrers inside each vessel are not designed for viscous fluids. Therefore, the 
polyamine had to be highly diluted with H2O, which might have consequences later on. 

 
Reaction rate constant 
 
The kinetic experiments performed in this thesis were conducted in a large excess of 
amine and H2O. Consequently, the concentration of both species remained 
approximately constant throughout the reaction; and the reaction rate can be assumed 
to be independent on both concentrations (57). This leads to a pseudo-first order 
reaction, where the kinetic constant is denoted by k1. 
 

−𝑟CO2
= 𝑘1 × [CO2]    (3-8) 

 
However, reactions between CO2 and H2O can also occur. In general, the rate of 
formation of carbonic acid is negligible whereas the rate of formation of bicarbonate 
may have to be taken into account, depending on the pH of the solution (58). 
 

CO2 + H2O ↔ H2CO3    (3-9) 
 

CO2 + OH− ↔ HCO3
−              (3-10) 

 
Hence, the CO2 reaction rate observed in the experiments results from all the reactions 
taking place in the system, kobs. 
 
−𝑟CO2

= 𝑘2 × [CO2] × [Amine] + 𝑘OH− × [OH−] × [CO2] = 𝑘obs × [CO2]            (3-11) 

 
 

 
 
In the pseudo-first order regime the second reaction is assumed to be negligible 
because it is slower than the first one. It will be explained in Section 5.3.3 why it is 
assumed that the reaction of CO2 with the amine takes place in the pseudo-first order 
regime. 
 
The reaction rate constant is calculated using Equation (3-12). Appendix H shows how 
this equation is obtained starting from the mass transfer equation using the film theory 
model (41). 

Faster     Slower 
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𝑘1 =
(𝐻CO2×𝑘obs)

2

𝐷CO2

              (3-12) 

 
Once k1 is known, k2 can be easily obtained: 
 

𝑘2 =
𝑘1

[Amine]
                      (3-13) 

 
There are three parameters to be determined in order to find k1: 𝐻CO2

, 𝑘obs and 𝐷CO2
: 

 
- The Henry constant of CO2 is obtained from the physisorption experiments, as 

explained before. More information is available in Section 4.2.2. 
- The observed reaction rate is obtained from the kinetics experiments. More 

information is available in Section 4.2.5. 
- The diffusion coefficient of CO2 in the polyamine solution is calculated following 

several steps: 
 
The diffusivity of CO2 and N2O in H2O was calculated using (59): 
 

(𝐷CO2
)H2O = 2.35 × 10−6 × 𝑒

−2119

𝑇              (3-14) 

 

(𝐷N2O)H2O = 5.07 × 10−6 × 𝑒
−2371

𝑇              (3-15) 

 
The diffusivity of CO2 in aqueous alkanolamine solutions can be estimated according to 
a modified Stokes-Einstein type of relation (59): 
 

(𝐷CO2
)Solution = (𝐷CO2

)H2O × (
𝜇H2O

𝜇Solution
)0.8            (3-16) 

 
The experiment was done using a solution of 30 wt% TEPA and 70 wt% H2O at 20 ºC. 
The setup was the same as the one used in the physisorption experiments. Hence, the 
high dilution rate of the polyamine with H2O, might have consequences later on. 
 

3.3.5. FTIR 

 
These experiments were done at TNO. A Nicolet 6700 spectrometer, coupled with an 
Attenuated Total Reflectance (ATR) sampling accessory for liquid samples, was used 
(Figure 31). 
 
As explained before, CO2 can be absorbed by the amine by two different paths: the 
zwitterion and the bicarbonate path. The first one does not require H2O whereas the 
second does. The objective is to find out which product is being formed: carbamate or 
bicarbonate. 
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Figure 31: Nicolet 6700 spectrometer 
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4 Experimental results and discussion 
 
The purpose of this Chapter is to show and discuss the results from the experiments, 
which were obtained using the materials and methods described in Chapter 3. The 
experimental results will be further used during modelling (Chapter 5) and design 
(Chapter 6). 
 
49 experiments were done and 219 samples were taken collecting 358 data points. 
There is a lot to be said about this data. This Chapter collects the most important 
lessons taken learned from the experiments. In Appendix I it is possible to find the data 
which is still interesting but not the most relevant. 
 

4.1. Plate experiments 
 
Once the layer thickness of the polyamine was around 0.50 mm (as explained in 
Section 3.1) the absorption experiments started. Firstly, the polyamine was placed 
inside the climate chamber, to study the absorption of H2O. Secondly, the polyamine 
was placed in contact with the air, at lab conditions, to analyse the absorption of both 
CO2 and H2O. 

4.1.1. Experiments of H2O absorption from the air 

 
ZEF Team 3 observed that H2O was more absorbed than CO2. Therefore, it is 
important to gain more insight regarding H2O absorption. These experiments were 
done in order to obtain the H2O loading in the polyamines and, from that information, 
the diffusion coefficients of H2O in the polyamines via modelling (Chapter 5). 
 
The H2O loading is measured in a titrator, where the sample is added after being 
diluted with MeOH (as explained in Section 3.3.1). The calculations to subtract the H2O 
contained in the MeOH from the H2O that actually is absorbed by the polyamine are 
shown in Appendix J. 
 
The H2O absorption experiments took place inside the climate chamber, where only 
H2O is absorbed (as explained in Section 3.3.1). PEI experiments were conducted at 
four different relative humidity (35, 50, 70 and 95%) and for different temperatures (10, 
20, 30 and 40 ºC). TEPA experiments were conducted at 20 ºC varying only the 
relative humidity. 
 
Figure 32- 35 show the results of the experiments done with the climate chamber. The 
plots were grouped by the same temperature so the main driving force is the change in 
H2O content in the air, and not the viscosity change of the polyamine due to the 
temperature increase or decrease. Although the data is quite noisy it is possible to see 
the first order exponential relation between the H2O concentration and the time. 
 
It is important to note that the solvent changes over time. As stated before (Table 8) 
both polyamines contain a negligible amount of water. PEI equilibrates with around 30 
wt% water. The diffusivity coefficient depends on the composition of the sorbent and 
temperature. In this case, the dependence with temperature is negligible because all 
the plots summarize the data at the same temperature. However, the increase in H2O 
content changes the composition of the sorbent so there will be different diffusivity 
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coefficients over time. Therefore, it can be concluded that the diffusivity coefficient 
varies in time, since the H2O content inside the polyamine changes as well. 
 

 
Figure 32: H2O loading in PEI at 40 ºC (varying relative 

humidity) in the climate chamber  

 

 
Figure 33: H2O loading in PEI at 30 ºC (varying relative 

humidity) in the climate chamber 

 

 
Figure 34: H2O loading in PEI at 20 ºC (varying relative 

humidity) in the climate chamber 

 

 
Figure 35: H2O loading in PEI at 10 ºC (varying relative 

humidity) in the climate chamber 

 
The plots for 20 and 30 ºC (Figure 33 and 34) show the expected behaviour: higher 
relative humidity, higher H2O loading in the PEI. However, this is not the case for the 
plots of 10 and 40 ºC (Figure 32 and 35), where the H2O loading is higher at 70% 
relative humidity than at 95%. This could be due to the fact that the climate chamber 
was forced to work at two extreme conditions for both temperature and relative 
humidity and, each time the door was opened, the relative humidity and the 
temperature in the chamber got influenced by the outside conditions. 
 
Figure 38 shows that the H2O content in PEI depends on the H2O partial pressure in 
the air. 
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Figure 36: H2O loading in PEI vs. H2O in the air (climate chamber experiments) 

The experimental data has an average value: 
 

𝑚H2O,PEI (𝑤𝑡%) = 30 

 
Due to the focus in the research, TEPA behaviour was only studied at 20 ºC. Figure 37 
shows that the experiment done at 70% relative humidity shows unexpected results for 
the first two points, 15 and 30 minutes, because the H2O is lower than at 50% relative 
humidity, which does not follow the expected trend of the other RH. 
 

 
Figure 37: H2O loading in TEPA at 20 ºC (varying relative humidity) in the climate chamber 

The experimental data has an average value: 
 

𝑚𝐻2𝑂,𝑇𝐸𝑃𝐴 (𝑤𝑡%) = 23 

 
The main conclusion from this Section is that, although the data is quite noisy and 
different trends can be identified, it is possible to find an average value of H2O content 
in PEI of 30 wt% and in TEPA of 23 wt%. It might be interesting to perform more 
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experiments inside the climate chamber for TEPA at different temperatures, in order to 
find a more accurate average value. 
 

4.1.2. Experiments of CO2 and H2O absorption from the air 

 
The air capture tests were done varying different process conditions in order to get 
more insight on the CO2 and H2O loadings of the polyamines. This is why this section is 
divided per type of variation done: the first type corresponds to variations done in the 
sorbent itself, this is, changing the layer thickness of the polyamine, blending both 
polyamines and premixing each polyamine with H2O. Then, the CO2 ppm in the air 
were varied. Two parameters, being the main one the CO2 loading, will be used to 
evaluate the performance of the sorbent in each variation: 

- CO2 loading: This parameter represents the CO2 absorbed. 
- H2O loading: This parameter represents the H2O absorbed. This parameter can 

be interesting for the desorption part, but this is not the focus of this thesis. 

 
Variations done in the sorbent 
 
Varying the layer thickness of the polyamine 
 
The layer thickness of the polyamine is an important factor because it has a great 
influence on the residence time if the polyamine flows, which is what will be designed 
in Chapter 6. CO2 and H2O absorption experiments were done at three different layer 
thicknesses: 0.25, 0.50 and 0.75 mm. 
 
Results of TEPA with a layer thickness of 0.75 mm might not be accurate enough 
because the fan displaced the layer of TEPA due to its low viscosity, as Figure 38 
shows. 
 

 
Figure 38: Layer of TEPA displaced by the fan 

 
Figure 40, 42 and 44 show the H2O and CO2 loading for different layer thicknesses of 
PEI whereas Figure 39, 41 and 43 show the H2O and CO2 loading for different layer 
thicknesses of TEPA. 
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Figure 39: Loading of H2O and CO2 in TEPA (layer thickness 

of 0.25 mm) in contact with air 

 
Figure 40: Loading of H2O and CO2 in PEI (layer thickness of 

0.25 mm) in contact with air 

 
Figure 41: Loading of H2O and CO2 in TEPA (layer thickness 

of 0.50 mm) in contact with air 

 
Figure 42: Loading of H2O and CO2 in PEI (layer thickness of 

0.50 mm) in contact with air 

 
Figure 43: Loading of H2O and CO2 in TEPA (layer thickness 

of 0.75 mm) in contact with air 

 
Figure 44: Loading of H2O and CO2 in PEI (layer thickness of 

0.75 mm) in contact with air 
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Figures 45 and 46 show that the layer thickness becomes unimportant after 60 
minutes, since the CO2 mass absorbed becomes similar. 
 

 
Figure 45: CO2 mass absorbed in three different layer 

thicknesses of PEI 

 
Figure 46: CO2 mass absorbed in three different layer 

thicknesses of TEPA 

 
These results are surprising. As it will be detailed explained in Section 5.3.3., the CO2 
absorption process is assumed to be diffusion limited since the Hatta number is high. 
According to this assumption, the CO2 mass at the beginning of the experiments 
should be the same for different layer thicknesses. Hence the curves of Figures 45 and 
46 should have a shape similar to Figure 47. 
 

 
Figure 47: CO2 mass absorbed in three different layer thickness if the Hatta number is high 

 
This could be due to the fact that there is a missing point at the beginning of the 
experiment, this is, before 7.5 minutes, where actually the CO2 mass of the different 
layer thicknesses is the same. Another possibility might be that the assumption made 
for the Hatta number is only valid until a certain loading. Then, when that loading is 
achieved, the Hatta number will go down and the process will become reaction limited. 
Kinetics will decrease because the active groups of the polyamines will get fuller and 
fuller. This implies that the reaction rate constant changes in time and that the Hatta 
number calculated in Section 5.3.3. is the highest one. However, for this thesis, given 
the fact that there is no kinetic data available, it is assumed that the reaction rate 
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constant does not depend on time. It is recommended that kinetic data should be 
collected at different loadings in order to check if the CO2 absorption process varies 
from being diffusion to reaction-limited. 
 
Table 10 shows the CO2 and H2O loadings of the different sorbents. TEPA absorbs 
more H2O and CO2 than PEI. The experiments performed with a layer thickness of 0.25 
mm seem not correct since both CO2 and H2O loadings have different values than 0.5 
and 0.75 mm. This could be due to the fact that PEI and TEPA might have penetrated 
into the paper. 
 

Table 10: Lab conditions and CO2 and H2O loadings of layer thickness experiments 

LT 0.25 mm 0.5 mm 0.75 mm 

Sorbent TEPA PEI TEPA PEI TEPA PEI 

Relative humidity 
(%) 

50 33 51 38 54 39 

Temperature (ºC) 20 19 20 20 19 19 

CO2 loading (mol 
CO2/ kg sorbent) 

1.3 1.0 1.1 1.0 0.9 0.9 

H2O loading (mol 
H2O/ kg sorbent) 

16.8 7.0 17.3 12.2 17.0 11.1 

 
The rest of the experiments will be done with a layer thickness of 0.5 mm because a 
layer thickness of 0.50 mm was easier to achieve and to work with when removing the 
samples and also because that was the chosen layer thickness when doing the 
experiments in the climate chamber. 
 
It can be concluded that the CO2 loading and mass in both TEPA and PEI remain quite 
constant for different layer thicknesses after 60 minutes. 
 

Blends of PEI and TEPA 
 
The field of research of CO2 absorption in bulk polyamines is quite new so it seemed 
interesting to blend PEI and TEPA and analyse their behaviour with respect to CO2 and 
H2O loading. These experiments were done with 25/ 75 wt% PEI/ TEPA, 50/ 50 wt% 
PEI/ TEPA and 75/ 25 wt% PEI/ TEPA. 
 
Figure 48- 50 show the H2O and CO2 loading for different blends of PEI and TEPA. 
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Figure 48: Loading of H2O and CO2 in 25/75 wt% PEI/TEPA in 

contact with air 

 
Figure 49: Loading of H2O and CO2 in 50/50 wt% PEI/TEPA in 

contact with air 

 
Figure 50: Loading of H2O and CO2 in 75/25 wt% PEI/TEPA in contact with air 

 
Previous experiments show that TEPA has a higher CO2 and H2O loading than PEI. 
Therefore, it is expected that the blends with more content of TEPA will capture more 
CO2 and H2O, which is what Table 11 shows. 
 
Pure TEPA and pure PEI results belong to the previous experimental variation (0.5 mm 
layer thickness). Pure TEPA has a higher CO2 loading than the three blends. 
 

Table 11: Lab conditions and CO2 and H2O loading of blend experiments 

Sorbent 0P 25P 50P 75P 100P 

Relative humidity (%) 51 42 43 43 38 

Temperature (ºC) 20 19 20 19 20 

CO2 loading (mol CO2/ kg sorbent) 1.1 1.1 0.8 0.8 1 

H2O loading (mol H2O/ kg sorbent) 17.3 14.1 13.8 11.2 12.2 
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The main conclusion is that blends do not seem to offer better performance than pure 
TEPA. 
 
Preloaded polyamine with H2O 
 
This variation was done in order to test whether premixing H2O with the polyamines 
influences the CO2 capture process. H2O was added to PEI and TEPA in three different 
amounts: 10, 20 and 30 wt%. 
  
Figures 51, 53 and 55 show the CO2 and H2O loading of TEPA preloaded with different 
contents of H2O. Figures 52, 54 and 56 show the CO2 and H2O loading of PEI 
preloaded with different contents of H2O. 
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Figure 51: Loading of H2O and CO2 in 10/ 90 wt% H2O/ TEPA 

in contact with air  

 
Figure 52: Loading of H2O and CO2 in 10/ 90 wt% H2O/ PEI in 

contact with air 

 
Figure 53: Loading of H2O and CO2 in 20/ 80 wt% H2O/ TEPA 

in contact with air 

 
Figure 54: Loading of H2O and CO2 in 20/ 80 wt% H2O/ PEI in 

contact with air 

 
Figure 55: Loading of H2O and CO2 in 30/ 70 wt% H2O/ TEPA 

in contact with air 

 
Figure 56: Loading of H2O and CO2 in 30/ 70 wt% H2O/ PEI in 

contact with air 
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Figure 55 and 56 show that the H2O loading in TEPA and PEI decreases. This is 
because H2O was evaporating from the polyamine solution because the amount of H2O 
in the gas phase is lower and not because of reactions. On the other hand, for 10 and 
20 wt% of H2O (Figure 51- 54), the polyamine kept absorbing even more H2O. 
 
Table 12 shows the CO2 and H2O loadings of TEPA and PEI preloaded with H2O. It 
can be seen that TEPA solutions show better results than PEI, since the CO2 loading 
is higher, from the absorption point of view. 
 

Table 12: Lab conditions and CO2 and H2O loadings of solution experiments 

H2O content (wt%) 10 20 30 

Sorbent TEPA PEI TEPA PEI TEPA PEI 

Relative humidity 
(%) 

35 43 38 44 38 45 

Temperature (ºC) 19 19 19 19 19 19 

CO2 loading (mol 
CO2/ kg sorbent) 

1.1 0.9 1.4 0.9 1.3 0.5 

H2O loading (mol 
H2O/ kg sorbent) at 

the beginning 

5.7 5.6 11.1 11.1 16.7 17.0 

H2O loading (mol 
H2O/ kg sorbent) 

12.5 13.3 13.2 14.2 12.5 14.6 

 
Table 13 shows a comparison between the CO2 and H2O loadings at 60 minutes 
between preloaded polyamine with H2O and pure polyamine. 
 

Table 13: Comparison pure polyamine vs polyamine preloaded with H2O 

H2O content (wt%) 0 20 0 30 

Sorbent TEPA PEI 

Relative humidity (%) 51 38 38 45 

Temperature (ºC) 20 19 20 19 

CO2 loading (mol CO2/ kg 
sorbent) 

1.1 1.4 1.0 0.5 

H2O loading (mol H2O/ kg 
sorbent) at the beginning 

0 11.1 0 17.0 

H2O loading (mol H2O/ kg 
sorbent) 

17.3 13.2 12.2 14.6 

 
The main conclusion is that if the premixed H2O concentration is increased then the 
CO2 loading is higher for TEPA and lower for PEI. This might be because PEI contains 
primary, secondary and tertiary amines whereas TEPA contains only primary and 
secondary. 
 

Varying the CO2 concentration of the air 
 
Varying the CO2 concentration on the air is an interesting experiment since it gives 
more insight regarding the influence of the driving force in the CO2 absorption process. 
The CO2 concentration in the air was varied from around 400 ppm to 800 and 1200. 
Also, the change in the CO2 loading was studied in pure and preloaded with H2O 
polyamines. 
 
However, before starting the experiments, it was needed to calibrate the CO2 ppm 
distribution inside the setup. The calibration is shown in Appendix K. 
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In this batch, two fans were used, one working at 4.5 V and another at 5 V. In order to 
enhance the mixing of the CO2 coming from the MFC and the air from the lab, the fans 
blew air over the polyamine. 
 

Pure polyamine 
 
Figures 57 and 58 show the H2O and CO2 loadings in PEI in contact with air with 
different CO2 concentrations. The data obtained from the experiments done with TEPA 
at 800 and 1200 ppm is very inconsistent since the CO2 loading decreased when the 
CO2 ppm in the air increased. Therefore, these results are moved to Appendix I. 
 

 
Figure 57: Loading of H2O and CO2 in PEI in contact with air 

(800 ppm of CO2) 

 
Figure 58: Loading of H2O and CO2 in PEI in contact with air 

(1200 ppm of CO2) 

 
Table 14 show that even though the CO2 concentration in the air was doubled and 
tripled, the CO2 loading in the polyamine did not increase in the same way (400 ppm 
results correspond to PEI with a layer thickness of 0.5 mm). 
 

Table 14: Lab conditions and CO2 and H2O loadings of PEI in contact with higher CO2 concentrations 

CO2 concentration in the air 400 800 1200 

Sorbent PEI PEI PEI 

Relative humidity (%) 38 42 40 

Temperature (ºC) 20 19 19 

CO2 ppm - 853 1124 

CO2 loading (mol CO2/ kg sorbent) 1.0 1.1 1.3 

H2O loading (mol H2O/ kg sorbent) 12.2 12.4 11.5 

 
Figure 59 shows that the CO2 loading does not have a huge impact on the H2O 
loading, since it is quite stable. 
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Figure 59: H2O and CO2 loading in PEI compared to CO2 concentration in the air 

 
It can be concluded that, if the CO2 concentration in the air is increased by a factor of 2 
or 3, the CO2 loading inside the PEI only increases by a factor of 1.09 or 1.30 
respectively. It is recommended to repeat this same experiment using TEPA in order to 
check if TEPA shows the same behaviour as PEI. 
 

Preloaded polyamine with H2O 
 
This experiment was done in order to check the effect of H2O premixed in the 
polyamine in the CO2 loading if the driving force is varied. Just like in the previous 
experiment the CO2 content in the air was varied to 800 and 1200 ppm. 
 
Since 10, 20 and 30 wt% were already tried, it was proposed to premix the polyamine 
with 40 wt% H2O. An unexpected phenomenon took place while the experiment with 
TEPA loaded with 40 wt% of H2O was performed. The sample crystallized after 30 
minutes making it impossible to collect the sample at minute 45 (Figure 60). This 
phenomenon was observed by Ova (60) and Sinha (54) as well. Then, it was decided 
to repeat the experiment premixing the TEPA with 30 wt% of H2O. It is surprising that 
40/ 60 wt% H2O/ TEPA becomes a solid whereas 30/ 70 wt% does not. 
 

 
Figure 60: TEPA solution dried on the plate 
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Figures 61 and 62 show that the H2O loading inside the polyamine decreases because 
H2O was evaporating from the polyamine solution. The data obtained from the 
experiments done with TEPA premixed with H2O at 800 and 1200 ppm is very 
inconsistent since the CO2 loading decreased when the CO2 ppm in the air increased. 
Therefore, these results are moved to the Appendix I. 
 

 
Figure 61: Loading of H2O and CO2 in 40/60 wt% H2O/PEI in 

contact with air (800 ppm) 

 
Figure 62: Loading of H2O and CO2 in 40/60 wt% H2O/PEI in 

contact with air (1200 ppm) 

 
Table 15 shows that the CO2 loading increases by a factor of 3.91 from 800 to 1200 
ppm for PEI. This huge increase might be due to the fact that there is a lot of noise of 
the data points collected at 800 ppm for PEI (Figure 61). The CO2 loading of the base 
case for 400 ppm, 30/70 wt% H2O/PEI, is higher so it is assumed that the CO2 loading 
at 800 ppm is not consistent and the one at 1200 ppm is. 
 
Table 15: Lab conditions and CO2 and H2O loadings of PEI premixed with H2O in contact with higher CO2 

concentrations 

CO2 concentration in the air 400 800 1200 

H2O content (wt%) 30 40 40 

Sorbent PEI 

Relative humidity (%) 45 39 39 

Temperature (ºC) 19 20 20 

CO2 ppm - 812 1142 

CO2 loading (mol CO2/ kg sorbent) 0.5 0.2 0.9 

H2O loading (mol H2O/ kg sorbent) 
at the beginning 

17.0 22.8 22.8 

H2O loading (mol H2O/ kg sorbent) 14.6 16.4 10.9 

 
Table 16 shows that the kinetics of the CO2 uptake might not be influenced by the 
addition of H2O to the polyamine before starting the experiment. 
 
 
 
 
 
 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

0

5

10

15

20

25

0 20 40 60

Lo
ad

in
g 

(m
o

l C
O

2
/ 

kg
 P

EI
)

Lo
ad

in
g 

(m
o

l H
2
O

/ 
kg

 P
EI

)

Time (min)

H2O CO2

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0

5

10

15

20

25

0 20 40 60 80

Lo
ad

in
g 

(m
o

l C
O

2
/ 

kg
 P

EI
)

Lo
ad

in
g 

(m
o

l H
2
O

/ 
kg

 P
EI

)
Time (min)

H2O CO2



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 

52 

 

Table 16: CO2 loading in premixed PEI with H2O and pure PEI 

CO2 concentration in the air 400 400 1200 1200 

H2O content (wt%) 0 30 0 40 

Sorbent PEI 

Relative humidity (%) 38 44 40 39 

Temperature (ºC) 20 19 19 20 

CO2 ppm - - 1124 1142 

CO2 loading (mol CO2/ kg sorbent) 1.0 0.5 1.3 0.90 

H2O loading (mol H2O/ kg sorbent) 
at the beginning 

0 17.0 0 22.8 

H2O loading (mol H2O/ kg sorbent) 12.2 14.6 11.5 10.9 

 
Figure 63 shows that the CO2 loading in pure PEI and PEI preloaded with H2O follows 
a similar trend. However, PEI absorbs less CO2 when premixed with H2O, which was 
also observed in previous experiments. 
 

 
Figure 63: Comparison of CO2 loading in pure PEI and PEI preloaded with H2O 

It can be concluded that when the CO2 concentration in the air is increased by a factor 
of 3 (from 400 to 1200 ppm), the CO2 loading inside the PEI only increases by a factor 
of 1.73. This behaviour is similar to the one observed when no H2O was added to the 
polyamine. 
 
The main conclusion of this section is that the layer thickness of the polyamine plays 
an important role for CO2 loading and mass before 60 minutes. This is of relevance for 
the final design of the continuous absorber because the layer thickness influences the 
velocity of the polyamine. Blends do not seem to offer better CO2 loadings than pure 
TEPA. Preloading TEPA with H2O seems to increase the CO2 loading. On the other 
hand, preloading PEI with H2O does the opposite. This is of relevance for the design of 
the continuous absorber since not all the H2O will be desorbed. Hence, there will be 
H2O present in the polyamine. 
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4.2. Constants needed for modelling 
 
The solubility and the reaction constants of CO2 are required to develop the CO2 
absorption model. They will be measured experimentally, as explained in Section 3.3.4. 
The viscosity values of the polyamine solutions used in the experiments are needed as 
well. 
 

4.2.1. Viscosity 

 
Table 17 shows the results of the viscosity measurements. 
 

Table 17: Viscosity measurements 

PEI TEPA H2O Viscosity at ~20 ºC (cP) 

100 0 0 2060.9 

30 0 70 14.8 

40 0 60 40.4 

50 0 50 177.3 

0 100 0 64.1 

0 30 70 10.1 

0 40 60 10.3 

0 50 50 17.5 

 
Figures 64 and 65 show the variation of the viscosity of PEI and TEPA if the H2O 
content is changed. The viscosity values from 10 to 40 wt% H2O content were 
measured in a Contraves low shear 40 by Sinha (54). For both polyamines, the 
viscosity increases till it reaches a maximum at 10 wt% H2O for PEI and 30 wt% for 
TEPA respectively. Viscosity effects are a function of interactions of all kind of 
molecules. 
 

 
Figure 64: PEI viscosity vs. H2O content 

 
Figure 65: TEPA viscosity vs. H2O content 

 
The changes in viscosity due to H2O addition are one of the key parameters to be 
taken into account when designing the continuous absorber, especially for PEI. This is 
because the viscosity will change while the polyamine is flowing since it will absorb 
H2O. 
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4.2.2. Solubility constant 

 
Henry's law states that the amount of dissolved gas in a liquid is proportional to its 
partial pressure above the liquid. PEI and TEPA absorb both CO2 and H2O, hence they 
will have different solubility constants.  
 
Solubility constant of H2O 
 
Equation (4-1) shows that the solubility constant depends on the partial pressure of 
H2O in the gas phase and on the H2O concentration in the liquid phase. 
 

𝐻𝐻2𝑂 =
𝑝𝐻2𝑂

𝑐𝐻2𝑂
    (4-1) 

 
The partial pressure of H2O can be calculated using Equation (4-2). Both relative 
humidity and temperature inside the climate chamber were varied, which changes the 
partial pressure of H2O. 
 

𝑝𝐻2𝑂 =
𝑅𝐻(%)

100
× 𝑝𝐻2𝑂,𝑠𝑎𝑡  (4-2) 

 
Figure 66 shows the relationship between water saturation pressure and temperature 
(61). 
 

 
Figure 66: Water saturation pressure vs. temperature 

The H2O concentration was obtained experimentally, it is the H2O loading measured on 
the titrator (Section 3.2.1). The H2O loading used corresponds to the data point at 60 
minutes from the climate chamber experiment, where pure PEI and TEPA absorb only 
H2O. 
 
With this information, the solubility constant can be obtained. The solubility constant at 
10 and 40 ºC (Figure 67 and 70) might not be accurate enough (R2 values are quite 
low). This could be due to the fact that the extreme operating conditions might have 
affected negatively the performance of the climate chamber. However, the solubility 
constant at 20 and 30 ºC (Figure 68 and 69) show a linear trend, as expected. 
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Figure 67: Solubility constant of PEI at 10 ºC 

 
Figure 68: Solubility constant of PEI at 20 ºC 

 
Figure 69: Solubility constant of PEI at 30 ºC 

 
Figure 70: Solubility constant of PEI at 40 ºC 

 
In the case of TEPA only the Henry constant at 20 ºC can be found, since only 
experiments at that temperature were performed. Figure 71 shows the solubility 
constant. It is quite surprising that the R2 value is low, since the operating conditions of 
the climate chamber were not extreme. 
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Figure 71: Solubility constant of TEPA at 20 ºC 

The Henry constant dependence with temperature follows the van’t Hoff equation: 
 

d(ln𝐻)

d(
1

𝑇
)

=
−∆sol𝐻

𝑅
    (4-3) 

Where: 
 

Table 18: Input for the van’t Hoff equation 

Symbol Description 

𝐻 Henry constant 

∆sol𝐻 Enthalpy of dissolution 

𝑇 Temperature 

𝑅 Universal gas constant 

 
Figure 72 shows that the experimental Henry constant of PEI follows the solution of the 
van’t Hoff equation, which is an exponential. It can also be seen that the solubility 
constant of PEI and TEPA is extremely similar at 20 ºC.  
 

 
Figure 72: Henry constant vs. temperature (experimental data compared to van’t Hoff equation) 
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It can be concluded that the Henry constant of H2O in PEI follows a linear trend and it 
varies exponentially with the temperature.  

Solubility constant of CO2 
 
The solubility constant of CO2 cannot be calculated following the same steps as the 
solubility constant of H2O because CO2 reacts. This is why the physisorption 
experiment is done following the N2O analogy, as explained in Section 3.3.4. 
 
The solubility constant of N2O is the slope of the pressure increase in the gas phase 
vs. the N2O concentration in the liquid phase (Figure 73): 
 

 
Figure 73: Solubility constant of N2O at 20ºC (30 wt% TEPA, 70 wt% H2O) 

The value of the solubility constant of CO2 is calculated using Equation (3-2). The value 
is shown in Table 19: 
 

Table 19: Solubility constant of CO2 at 20 ºC 

Solution H (Pa*m3/mol) at 20 ºC 

30 wt% TEPA 70 wt% H2O 7431 

 

4.2.3. Reaction rate constant of CO2 

 
As explained in Section 3.3.4 there are two reactions taking place in the aqueous 
polyamine system: one where the amine reacts, and another one where the hydroxide 
ion is involved. The experimental reaction rate constant includes both reactions.  
Hence, the experimental reaction obtained is the observed reaction rate. Then, using 
Equations (3-12) and (3-13) it is possible to calculate the amine reaction rate constant 
with CO2. 
 
The observed reaction rate is the slope of the CO2 flux vs. the pressure (Figure 74): 
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Figure 74: Observed reaction rate at 20 ºC (30 wt% TEPA, 70 wt% H2O) 

The values of the reaction rate constants are shown in Table 20: 
 

Table 20: Reaction rate constants for a solution of 30 and 70 wt% TEPA and H2O at 20 ºC 

Solution kobs (mol/(m2*kPa*s) k1 (1/s) k2 (m3/(mol*s) 

30 wt% TEPA 70 wt% H2O 4.69*10-4 45230 29 

 
The reaction rate constant of a solution of 30 wt% MEA and 70 wt% H2O at 25 ºC is 6 
m3/(mol*s) (62). The difference between both reaction rates is due to the fact that 
TEPA has more active groups available than MEA, specifically five vs one.  
 
It can be concluded that the reaction rate constant for a solution of 30 wt% MEA and 
70 wt% H2O is quite high. However, the reaction rate constant will most likely be 
different for H2O concentrations closer to the experimental values, between 20 and 30 
wt%. 
 

4.2.4. Diffusion coefficient 

 
The diffusion coefficient is another key parameter in the absorption process. In this 
section, a rough estimation based on the layer thickness of the polyamine and the 
residence time is made and then compared to the diffusion coefficients of CO2 in SAS. 
 
The diffusivity coefficient is correlated with viscosity, temperature and molecular 
interactions. Viscosity is a function of the temperature and of the concentrations of CO2 
and H2O (54). However, due to the lack of data, for the model part, it is assumed that 
the diffusion coefficient is a constant. 
 
The diffusivity coefficient of CO2 in air at 282 K is 1.48x10-5 m2/s whereas the diffusivity 
coefficient of H2O in air at 289.1 K is 2.82x10-5 m2/s (63). A rough estimation of the 
diffusion coefficient can be made as follows: 
 

𝐷est =
𝐿𝑇2

𝑡exp
    (4-4) 

Where: 
 

y = 0,0469x
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Table 21: Input for a rough estimation of the diffusion coefficient 

Symbol Description Value Unit 
𝐿𝑇 Layer thickness of polyamine 0.5 mm 

𝑡exp Experimental time 60 min 

 
The estimated diffusion coefficient is 7x10-11 m2/s based on the assumption that, at 60 
minutes, equilibrium is achieved for both CO2 and H2O. It can be seen that the 
estimated diffusion coefficient is way lower than the diffusion coefficient of CO2 and 
H2O in the air. 
 

As mentioned before, literature has focused on supported amine sorbents. Hahn et al. 
(64) calculated the diffusion coefficients of CO2 in amine impregnated SBA-15. The 
adsorption experiments were performed in a tubular reactor operated at 50 ºC and a 
total flow of 100 nmL/ min which contained 89 vol% N2, 10 vol% CO2 and 1 vol% Ar 
tracer. The results are shown in Table 22: 
 

Table 22: Diffusion coefficients of CO2 in amine impregnated SBA-15 (64) 

Sorbent type 9 wt% TEPA 23 wt% 
TEPA 

5 wt% PEI MW 
800 

18 wt% PEI MW 
800 

D (m2/s) 1.7*10-12 1.7*10-12 2.0*10-12 2.1*10-12 

 
It seems that the diffusion coefficients for bulk amines are probably higher than the 
ones for supported amine sorbents because of the tortuosity of the support. 
 

4.3. Reaction mechanism 
 
The reaction of the CO2 absorption can follow two mechanisms: the carbamate or the 
bicarbonate. Bicarbonates have slower kinetics but lower desorption heat whereas 
carbamates have faster kinetics and higher desorption heat (36). 
 
The spectrometers of PEI and TEPA loaded with CO2 were analysed in order to find 
peaks that exhibit the presence of carbamates and bicarbonates. Firstly, the 
spectrometers of PEI and TEPA are analysed. Then, the spectrometers of pure PEI 
and TEPA are subtracted from the spectrometers of loaded polyamine in order to find 
new peaks, this is, new compounds. 
 
The region of the spectrometer that will be analysed goes from about 1500 to 500 cm-1, 
which is called the fingerprint region (65). The peaks expected to be found are shown 
in Table 23: 
 

Table 23: Relevant peaks for amine compounds 

Group Wavenumber (cm-1) Reference 

N-H wag 910- 665 (66) 

C-N stretch 1220- 1020 (66) 

C-H bend 1350- 1480 (67) 

 
Figure 75 shows the spectrometer of pure PEI: 

- N-H wag peak found at 766 cm-1 with a transmitance of 0.59. 
- C-N stretch peaks found at 1041 and 1123 cm-1 with a transmitance of 0.72 and 

0.74 respectively. 
- C-H bend peaks found at 1354 and 1457 cm-1 with a transmitance of 0.86 and 

0.76 respectively. 
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Figure 75: Spectrometer of pure PEI 

 
Figure 76 shows the spectrometer of pure TEPA: 

- N-H wag peak found at 766 cm-1 with a transmitance of 0.54. 
- C-N stretch peaks found at 1128 cm-1 with a transmitance of 0.74. 
- C-H bend peaks found at 1350 and 1456 cm-1 with a transmitance of 0.88 and 

0.77 respectively. 

 

 
Figure 76: Spectrometer of pure TEPA 
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Both spectrometers are similar because PEI and TEPA are polyamines so they have 
the same functional groups. 
 
As mentioned before, CO2 is absorbed forming carbamate or bicarbonate. The 
spectrometer of samples loaded with CO2 is subtracted from the pure polyamine 
spectrometer in order to identify carbamate and/or bicarbonate peaks, which are 
shown in Table 24. It can be seen that carbamate and bicarbonate presence will only 
alter the area between 1000 and 1500 cm-1, 
 

Table 24: Relevant peaks for carbamate and bicarbonate 

Compound Wavenumber (cm-1) Reference 

Carbamate 1156 
1322 

(68) 

Bicarbonate 1368 
1385 
1398 

(68) 

 
TEPA is a linear molecule, so amines are not strictly hindered, and it does not contain 
tertiary amines. This implies that the reaction of CO2 with TEPA will follow the 
carbamate pathway most likely. PEI is a branched molecule, so amines may be 
hindered, and it contains tertiary amines. This implies that the reaction of CO2 with PEI 
can follow both the carbamate and bicarbonate pathways. 
 
Figure 85 is the subtracted spectrometer of PEI loaded with CO2 (4.64 wt%, PEI in 
contact with a CO2 concentration of 800 ppm) and pure PEI: 

- Carbamate peak found at 1311 cm-1 with an absorbance of 0.12. 
- The bicarbonate area goes from 1368 to 1398 cm-1. However, no peaks could 

be found. 
 

 
Figure 77: Subtracted absorbance spectrometer between PEI loaded with CO2 

and pure PEI 
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Figure 44 is the subtracted spectrometer of TEPA loaded with CO2 (4.19 wt%, TEPA in 
contact with a CO2 concentration of 800 ppm) and pure TEPA: 

- Carbamate peak found at 1314 cm-1 with an absorbance of 0.12. 
- The bicarbonate area goes from 1368 to 1398 cm-1. However, no peaks could 

be found. 
 

 
Figure 78: Subtracted absorbance spectrometer between TEPA loaded with 

CO2 and pure TEPA 

 
More spectrometers were done for solutions of PEI and TEPA with H2O and different 
CO2 concentration in the air. They are shown in Appendix L. 
 
The main conclusion from this Section is that the reaction mechanism corresponds to 
the carbamate pathway. This will have consequences in the desorption part, since the 
desorption heat of carbamates is higher than the desorption heat of bicarbonates. 
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5 Strategies for modelling 
 
The goal of this Chapter is to model the CO2 and H2O absorption process in 
polyamines in order to find the diffusion coefficient of both components. The absorption 
of CO2 depends on two mechanisms: diffusion and reaction. Therefore, before diving 
into the model, the mechanism that limits the CO2 diffusion will be determined. 
 
The model for the absorption process can be built based on a 2nd order partial 
differential equation which is solved using a numerical method in MATLAB. 

5.1. Theory of the model 
 
In this section, some theoretical background is given in order to gain some insight 
regarding the equations that will be used in the model. 
 
The convection-diffusion equation is used as the basic equation for the CO2 and H2O 
absorption model (69): 
 

∂𝑐

∂𝑡
= ∇ ∙ (𝐷∇𝑐) − ∇ ∙ (𝑣𝑐) + 𝑅    (5-1) 

 
For this model, it is assumed that: 

- The convection term is negligible since the polyamine does not flow. 
- The CO2 and the H2O diffuse in only one direction, in this case, the x-direction 

into the layer. 
 
Rewriting the divergence and the gradient operators and taking into account the two 
previous assumptions the convection-diffusion equation simplifies to: 
 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2 + 𝑅     (5-2) 

 
It is assumed that H2O does not react with the polyamine because CO2 is absorbed via 
the carbamate pathway which does not mandatorily require H2O (explained in Section 
4.3). 
 

𝜕𝑐CO2

𝜕𝑡
= 𝐷CO2

𝜕2𝑐CO2

𝜕𝑥2 − 𝑘CO2
𝑐CO2

   (5-3) 

 
𝜕𝑐H2O

𝜕𝑡
= 𝐷H2O

𝜕2𝑐H2O

𝜕𝑥2      (5-4) 
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Where: 
 

Table 25: Input for the equations used in the model 

Symbol Description Unit 
𝑐CO2

 CO2 concentration in the polyamine [mol/m3] 

𝑐H2O H2O concentration in the polyamine [mol/m3] 

𝐷CO2
 CO2 diffusion coefficient [m2/s] 

𝐷H2O H2O diffusion coefficient [m2/s] 

𝑥 Diffusion direction of H2O and CO2 
diffuse 

[m] 

𝑡 Experimental time [s] 

 
Figure 79 is a scheme of the CO2 absorption by a polyamine using the two-film model 
where the reaction of the CO2 with the amine takes place in a pseudo-first order 
regime. This means that the concentration of the amine is high and that the reaction 
fast (41). The fact that a pseudo first order regime can be assumed will be explained in 
Section 5.3.2. 
 

 
Figure 79: CO2 absorption by a polyamine (70) 

5.1.1. Conditions 

 
Both H2O and CO2 models need two boundary conditions and one initial condition to be 
solved. 
 

Boundary conditions 
 
The fan used in the experiments enhanced the mixing of the gases, so the boundary 
layer is small, and the diffusion coefficient of CO2 and H2O in the gas phase is way 
higher than in the liquid (which makes sense since the viscosity of the air is extremely 
low). This is why it is assumed that the partial pressure of H2O and CO2 in the bulk gas 
is the same as the partial pressure of H2O and CO2 at the gas film: 
 

𝑝CO2,G = 𝑝CO2,G,i    (5-5) 

 
𝑝H2O,G = 𝑝H2O,G,i    (5-6) 
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If the interface is in equilibrium Henry’s law can be applied: 
 

𝑐CO2
(𝑥 = 0, 𝑡) = 𝐻CO2

× 𝑝CO2,G    (5-7) 

 
The CO2 concentration in the air is assumed to be 4*10-4 atm, which is converted into 
Pa: 
 

𝑝CO2,G =
400

1×106 × 101325    (5-8) 

 
The Henry constant is only relevant for reactions, since the reaction depends on the 
physical concentration of the reactant (36). H2O does not react. Hence: 
 

𝑐H2O(𝑥 = 0, 𝑡) = 𝑐H2O,exp(𝑥 = 0, 𝑡 = 3600 𝑠)   (5-9) 

 
Equations (5-7) and (5-9) are Dirichlet boundary condition. 
 
Where: 

Table 26: Input for left boundary condition 

Symbol Description Unit 
𝑝CO2,G Partial pressure of CO2 at the bulk gas [Pa] 

𝑝CO2,G,i Partial pressure of CO2 at the interface [Pa] 

𝑐CO2
 Concentration of CO2 in the polyamine [mol/L] 

𝐻CO2
 Solubility constant of CO2 [mol/(m3*Pa)] 

𝑐H2O Concentration of H2O in the polyamine [mol/m3] 

𝑐H2O,exp Experimental concentration of H2O in the polyamine 
at minute 60. 

[mol/m3] 

 
The end of the layer thickness of the polyamine is in touch with the plate, a solid, so 
the diffusion cannot go further: 
 

𝜕𝑐CO2

𝜕𝑥
(𝑥 = 𝐿𝑇, 𝑡) = 0              (5-10) 

 
𝜕𝑐H2O

𝜕𝑥
(𝑥 = 𝐿𝑇, 𝑡) = 0              (5-11) 

 
Equations (5-10) and (5-11) are Neumann boundary conditions. 
 
Where: 
 

Table 27: Input for right boundary condition 

Symbol Description Unit 
𝜕𝑐CO2

𝜕𝑥
 

CO2 concentration gradient [mol/m4] 

𝜕𝑐H2O

𝜕𝑥
 

H2O concentration gradient [mol/m4] 

 

Initial condition 
 
To test whether there is CO2 initial concentration in the PEI and TEPA extracted from 
the bottle a phosphoric acid titration test was done and it gave no CO2 content.  
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Although the PEI and TEPA from the bottle contain some H2O, shown in Section 3.3.1 
(867 and 1021 ppm respectively), the H2O concentration is negligible compared to the 
H2O absorbed during the experiments. 
 
Equations (5-11) and (5-12) are Dirichlet conditions. 
 

𝑐CO2
(𝑥, 𝑡 = 0) = 0   (5-11) 

 
𝑐H2O(𝑥, 𝑡 = 0) = 0   (5-12) 

 
Where: 
 

Table 28: Input for the initial condition 

Symbol Description Unit 
𝑐CO2

 Concentration of CO2 at the polyamine [mol/m3] 

𝑐H2O Concentration of H2O at the polyamine [mol/m3] 

𝑡 Experimental time [s] 

𝑥 Length coordinate [m] 

 
Figure 80 shows the simplification of the CO2 absorption process that will be modelled 
taking into account Equation (5-5). 
 

 
Figure 80: Simplified CO2 model 

 

5.2. H2O absorption model 
 
The equation and the boundary and initial conditions of the H2O absorption process 
introduced in Section 5.1 will be used to find the diffusion coefficient of H2O. 
 
The H2O loadings calculated by the model are compared with the H2O loadings 
obtained experimentally during the climate chamber experiments (Section 4.1.1). Then, 
the diffusion coefficient is varied until both curves have a similar shape. 
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Equations (5-13)- (5-16) are the equations that will be solved numerically in MATLAB 
using the pdepe solver (which solves initial-boundary value problems for parabolic-
elliptic PDEs in 1-D). The MATLAB code is available in Appendix M. 
 

𝜕𝑐H2O

𝜕𝑡
= 𝐷H2O

𝜕2𝑐H2O

𝜕𝑥2                (5-13) 

 
The boundary conditions are: 
 

𝑐H2O(𝑥 = 0, 𝑡) = 𝑐H2O,exp(𝑥 = 0, 𝑡 = 3600 𝑠)             (5-14) 

 
𝜕𝑐H2O

𝜕𝑡
(𝑥 = 𝐿, 𝑡) = 0               (5-15) 

 
The initial condition is: 
 

𝑐H2O(𝑥, 𝑡 = 0) = 0               (5-16) 

 
Einstein-Stokes equation is the most common basis for estimating diffusion coefficients 
in liquids even though the diffusion coefficients calculated using this equation are 
accurate to about 20% (63): 
 

𝐷H2O =
𝑘𝐵×𝑇

6×𝜋×𝜇PEI×𝑟H2O
               (5-17) 

 
Where: 
 

Table 29: Input for Einstein-Stokes equation to calculate the diffusion coefficient of H2O in PEI 

Symbol Description Value Unit 
𝑘𝐵 Boltzmann’s constant 1.3806x10-23 [J/K] 

𝑇 Temperature 293 [K] 

𝜇𝑃𝐸𝐼 80/20 PEI/H2O wt% viscosity 4.076 [kg/(m*s)] 

𝑑𝐻2𝑂 H2O kinematic diameter 2.65x10-10 (71) [m] 

 
The diffusion coefficient of H2O in PEI obtained from the Einstein-Stokes equation is 
4*10-13 m2/s. The diffusion coefficient obtained in Section 4.2.4, which only considered 
the layer thickness and the experimental time, was 7*10-11 m2/s which is two orders of 
magnitude higher. 
 
If the diffusion coefficient of H2O obtained from the Einstein-Stokes equation is used in 
the MATLAB model the correlation with experimental data (experiments done in the 
climate chamber at 70 % relative humidity and 20 ºC) is very weak, like Figure 81 
shows. This could be because Einstein-Stokes equation only considers viscosity, but 
not the molecular interactions. 
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Figure 81: Experimental vs. calculated H2O loading using diffusion coefficient obtained from Einstein-

Stokes equation 

 
Figure 82 shows that if the diffusion coefficient of H2O is found as explained before, by 
correlating the calculated H2O loadings with the experimental H2O loadings, the H2O 
loadings follow the same trend. Figure 83 shows how the H2O diffuses through the 
layer of polyamine 
 

 
Figure 82: Comparison between the calculated and experimental 

(70% relative humidity and 20 ºC) H2O loading in PEI 

 
Figure 83: H2O diffusion through the layer of PEI 

 
The diffusivity coefficients of H2O in PEI obtained from the model are shown in Table 
30. 
 

Table 30: Calculated diffusivity coefficients of H2O in PEI 

DH2O (m2/s) Relative humidity 

35% 50% 70% 95% 

 
T 

10 ºC 2*10-10 9*10-11 6*10-11 1*10-10 

20 ºC 8*10-11 2*10-10 1*10-10 9*10-11 

30 ºC 1*10-10 2*10-10 2*10-10 1*10-10 

40 ºC 3*10-10 1*10-10 2*10-10 1*10-10 
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As explained before, two methodologies can be followed to obtain the diffusion 
coefficient of H2O, as explained before: Einstein-Stokes equation and the MATLAB 
model. It seems that the second methodology gives a more accurate correlation 
between calculated and experimental H2O loadings. This is why the diffusion 
coefficients obtained via Equation (5-13) will be further studied in this thesis. 
 
The average value of the diffusion coefficient of H2O in PEI is 1*10-10 m2/s. 
 
The diffusion coefficient of H2O in PEI is dependent on the H2O content in the air 
(Figure 84). Normally it would be expected that the diffusion coefficient of H2O is 
independent on the H2O content in the air. However, a different relative humidity will 
lead to different H2O loadings which will change the viscosity of the sorbent. Moreover, 
the same phenomena can also influence the polyamine composition. These two 
circumstances can influence the diffusion coefficient of H2O in the polyamine. 
 

 
Figure 84: Diffusion coefficient of H2O in PEI vs. H2O content in the air 

The diffusion coefficient should increase with higher temperature while keeping the 
same relative humidity. Figure 85 shows that the diffusion coefficients of H2O at 95% 
relative humidity are quite stable whereas the diffusion coefficients of H2O at 70% 
relative humidity follow the expected trend. The fact that the diffusion coefficient of H2O 
at 50% relative humidity and 40 ºC decreases could imply that it is an outlier. Finally, 
the diffusion coefficient at 35% relative humidity decreases for 20 and 30 ºC but then it 
increases again. 
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Figure 85: Diffusion coefficient of H2O vs. temperature 

Figure 86 shows the diffusion coefficient of H2O versus the viscosity of PEI. 
 

 
Figure 86: Diffusion coefficient of H2O in PEI vs. viscosity of PEI 

 
The procedure to calculate the diffusivity coefficients H2O in TEPA is the same as the 
one for PEI. Figure 87 shows the correlation between the calculated and experimental 
H2O loadings in TEPA. Figure 88 shows how the H2O diffuses through the layer of 
polyamine 
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Figure 87: Comparison between the calculated and experimental 

H2O loading in TEPA 

 
Figure 88: H2O diffusion through the layer of TEPA 

 
The diffusivity coefficients of H2O in TEPA obtained from the model are shown in Table 
31. 
 

Table 31: Calculated diffusion coefficients of H2O in TEPA 

Temperature 20 ºC 𝐷H2O (m2/s) 

 
Relative humidity 

35% 2*10-10 

50% 2*10-10 

70% 1*10-10 

95% 2*10-10 

 
The average diffusion coefficient of H2O in TEPA is 2*10-10 m2/s. 
 
Although these diffusion coefficients were obtained from Equations (5-15) to (5-18) and 
the experimental data, due to the difficulty of these measurements, it is to be expected 
that there is a significant margin of error of around 25% (36): the diffusion coefficient of 
PEI could be between 2.5*10-11 and 1.25*10-10 m2/s. The diffusion coefficient of TEPA 
could be between 5*10-11 and 2.5*10-10 m2/s. 
 
This method might not be extremely accurate but it gives the order of magnitude of the 
diffusion coefficient of H2O. The diffusion coefficient of CO2 in PEI and TEPA 
impregnated on monoliths is 2*10-12 m2/s (64). The order of magnitude is two times 
lower probably due to the tortuosity of the channels. The diffusion coefficient of CO2 in 
NMC and SCC is between 3*10-13 and 9*10-12 m2/s (72). The order of magnitude is two 
times lower probably because both NMC and SCC are materials with a higher viscosity 
than PEI and TEPA. 
 
It can be concluded that the diffusion coefficient of H2O in PEI and TEPA are extremely 
similar. 
 

5.3. CO2 absorption model 
 

As explained before, the CO2 absorption depends on two different phenomena: kinetics 
and diffusion. However, the absorption will be limited by the slowest process. The 
Hatta number is a dimensionless parameter that represents the ratio between the rate 
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of reaction and diffusion. Therefore, if the Hatta number is high the absorption will be 
diffusion limited. On the other hand, if the Hatta number is low the absorption will be 
reaction limited. Once the CO2 absorption was determined to be diffusion or reaction 
limited the model was developed. 
 

5.3.1. Equilibrium CO2 loading of the polyamine 

 
The equilibrium CO2 loading of PEI and TEPA was not measured experimentally since 
the focus of the thesis was more related to residence times that could be realistic for 
flowing conditions, like 60 minutes. 
 
Unveren et al. (73) calculated the maximum CO2 adsorption capacities in amine 
impregnated silica supports. The adsorption experiments were performed in a 100% 
CO2 flow at 75 ºC for 5 hours. The results are shown in Tables 32 and 33 for TEPA and 
PEI respectively. 
 

Table 32: Loadings of CO2 in TEPA impregnated silica and polymeric support (73) 

Sorbent type 47 wt% TEPA 
on MCM-41 

52 wt% TEPA 
on SBA-15 

50 wt% TEPA 
on KIT-6 

50 wt% TEPA 
on PMMA 

CO2 adsorption 
capacities (mol/ 
kg adsorbent) 

1.6 3.0 2.9 2.7 

 
Table 33: Loadings of CO2 in PEI impregnated silica and polymeric support (73) 

Sorbent type 50 wt% 
PEI on 

MCM-41 

50 wt% 
PEI on 
SBA-15 

52 wt% 
PEI on 
KIT-6 

50 wt% PEI 
on PMMA 

50 wt% 
PEI on PS 

CO2 adsorption 
capacities (mol/ 
kg adsorbent) 

2.1 2.2 1.4 1.6 1.7 

 
CO2 adsorption capacities of TEPA based adsorbents are higher than those based on 
PEI probably due to the high number of amine groups present in TEPA (73). 
 
The CO2 adsorption capacities changes depending on the support. This implies that 
the interaction of TEPA and PEI with the support changes the CO2 adsorption 
capacities. The CO2 adsorption capacity of TEPA on MCM-41 is lower than the others. 
Two CO2 adsorption capacities can be observed in Table 39: on one hand, MCM-41 
and SBA-15 and on the other hand KIT-6, PMMA and PS. 
 
It is assumed that the average of these CO2 loadings is the equilibrium CO2 loading for 
bulk PEI and TEPA due to the lack of data (2.6 mol/kg and 1.8 mol/kg for TEPA and 
PEI respectively). 
 

5.3.2. Diffusion coefficient of CO2 assuming kinematic diameter relation 

 
In this section, the diffusion coefficient of CO2 is calculated by taking into account only 
the relation between the kinematic diameters of CO2 and H2O. 
 
It was already shown before that the diffusion coefficient of H2O obtained from the 
Einstein-Stokes equation is not in good agreement with the experimental results. This 
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is why the Einstein-Stokes equation will not be used to estimate the diffusion coefficient 
of CO2. 
 
It is possible to calculate the diffusion coefficient of CO2 from the average diffusion 
coefficient of H2O, obtained in Section 5.2, with the assumption that the molecular 
interactions of CO2 and H2O with PEI and TEPA (as well as the molecular interactions 
between H2O and CO2) are the same and then, the kinematic diameter of the particle 
can be taken into account. 
 

𝐷CO2,av,i = 𝐷H2O,av,i ×
𝑑H2O

𝑑CO2

   (5-18) 

Where: 
 

Table 34: Input to calculate the diffusion coefficient of CO2 considering only the kinematic diameter 
influence 

Symbol Description Value Unit 
𝐷H2O,av,PEI Diffusion coefficient of H2O 1x10-10 [m2/s] 

𝐷H2O,av,TEPA Diffusion coefficient of H2O 2x10-10 [m2/s] 

𝑑H2O H2O kinematic diameter 2.65x10-10 (71) [m] 

𝑑CO2
 CO2 kinematic diameter 3.30x10-10 (71) [m] 

 
The results are shown in Table 35: 
 
Table 35: Diffusivity coefficients of CO2 in TEPA and PEI considering only the kinematic diameter influence 

Sorbent 𝐷CO2
(kinematic diameter influence) 

TEPA 1*10-10 

PEI 1*10-10 

 
It is surprising that the diffusion coefficient of CO2 in PEI has the same value as the 
diffusion coefficient of H2O. The diffusion coefficient of CO2 should be lower than the 
diffusion coefficient of H2O because the CO2 has a higher kinematic diameter.  
 
Equation (5-18) only takes into account the kinematic diameter difference between CO2 
and H2O. However, as mentioned before, it does not consider the molecular 
interactions between CO2, H2O, TEPA and PEI. This phenomenon might be relevant 
since all the CO2 absorption experiments were performed in the presence of H2O. 
 
In can be concluded that, according to the kinematic diameter relation, the diffusion 
coefficients of H2O and CO2 are similar. However, looking at the experimental results it 
seems that CO2 requires more time to achieve equilibrium than H2O. 
 

5.3.3. Theoretical approach and discussion related to the Hatta number 

 
The Hatta number is one of the key parameters of the CO2 absorption, since it will 
determine if the process is diffusion or reaction limited. The discussion will be preceded 
by some theoretical background. 
 

Theory related to the Hatta number 
 
The CO2 flux in the absence of reaction obtained from the film theory model (Appendix 
H) is (41): 
 



CHAPTER 5. STRATEGIES FOR MODELLING 

75 

 

𝑁CO2
= −𝐷CO2

𝜕𝐶CO2

𝜕𝑥
|

𝑥=0
= 𝑘G × (𝑝CO2

− 𝑝CO2.i
) = 𝑘L × ([CO2]i − [CO2]) (5-19) 

 
If the reaction is taken into account then (74): 
 

𝑁CO2
= 𝐸 × 𝑘L

0 × ([CO2]𝑖 − [CO2])  (5-20) 

 
The enhancement factor (E) represents the influence of a chemical reaction on the 
mass transfer rate. It is defined as the ratio between the absorption rate of a gas 
component in a liquid in the presence of a chemical reaction and the absorption rate in 
the absence of a reaction with the same concentration driving force (74). Then, by 
combining Eq (5-19) and (5-20) it is possible to see that E multiplies the physical liquid 

film mass transfer coefficient (𝑘𝐿
0) (41). 

 

𝑘𝐿 = 𝐸 × 𝑘L
0    (5-21) 

 
E depends on the Hatta number and the enhancement factor of an infinitely fast 
reaction (Einf) (74). As mentioned before, the Hatta number is a dimensionless 
parameter that compares the rate of reaction in a liquid film to the rate of diffusion 
through the film (75).  
 

𝐻𝑎 =
√𝑘2×𝐷CO2×[Amine]

𝑘L
0     (5-22) 

 
Einf depends on the choice of the mass transfer model. In this case, for the film theory 
model (74): 
 

𝐸𝑖𝑛𝑓 = 1 +
𝐷Amine×[Amine]

𝜆×𝐷CO2×[CO2]
   (5-23) 

Where: 
 

Table 36: Input for dimensionless numbers 

Symbol Description Value Unit 
𝑘2 Reaction rate constant 29 [m3*mol/s] 

𝐷CO2
 CO2 diffusion coefficient 1*10-10 [m2/s] 

[Amine] Amine concentration 4218 [mol/m3] 

𝑘L
0 Physical liquid film mass transfer coefficient 1*10-10 (76) [m/s] 

𝐷Amine Amine diffusion coefficient 1*10-9 (77) [m2/s] 

λ Amine mol needed by CO2 to react 2 [-] 

[CO2] CO2 concentration 0.003 [mol/m3] 

𝑘obs Observed kinetic constant 45230 [1/s] 

 
The pseudo-first order regime is achieved if the reaction is fast and the amine 
concentration is high. These conditions are fulfilled if (74): 
 

2 < 𝐻𝑎 ≪ 𝐸𝑖𝑛𝑓 

 
Table 37 shows the values of the Hatta number and Einf. According to those values, 
the reaction takes place in the pseudo-first order regime. 
 

Table 37: Values of Hatta number and enhancement factor for an infinitely fast reaction 

Hatta number [-] Einf [-] 

35 7*106 
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In the pseudo-first order regime E is given by Eq. (5-24) (74): 
 

𝐸 =
𝐻𝑎

tanh (𝐻𝑎)
    (5-24) 

 
Eq. (5-25) shows Ha in the pseudo-first order regime (41): 
 

𝐻𝑎 =
√𝑘obs×𝐷CO2

𝑘𝐿
0    (5-25) 

 
It can be concluded that the reaction takes place in the pseudo-first order regime. Due 

to the lack of data, the values of 𝑘𝐿
0 and 𝐷Amine correspond to MEA solutions with H2O. 

However, given the fact that the reaction constant is quite high (as mentioned in 
Section 4.2.3) it seems that the Hatta number will be high enough to ensure that the 

absorption process is diffusion limited, even though the values of 𝑘𝐿
0 and 𝐷Amine do not 

correspond to TEPA solutions.   
 

Discussion 
 
As mentioned before, the equilibrium capacity of CO2 in monoliths impregnated with 
PEI and TEPA is 2 and 3 mol CO2/ kg sorbent respectively. The experimental data 
from this thesis shows an average CO2 loading of 1 mol CO2/ kg sorbent after 1 hour. 
This implies that the CO2 capacities of this thesis are far from equilibrium. 
 
On the other hand, experiments performed with polyamines preloaded with H2O 
showed that H2O goes to a specific value. For example, Table 12 showed that TEPA 
preloaded with 20 wt% of H2O stabilizes around 13 mol H2O/ kg sorbent (for a relative 
humidity of 38% and a temperature of 19ºC) whereas PEI preloaded with 30 wt% of 
H2O stabilizes around 14 mol H2O/ kg sorbent (for a relative humidity of 44% and a 
temperature of 19ºC). This means that H2O reached equilibrium in one hour. 
 
The driving force of H2O changes in time because at a certain moment the polyamine 
will be full of H2O since it does not react. Therefore, the diffusion of H2O will be slower 
in time because the gradient becomes smaller. 
 
The Hatta number compares the rate of reaction to the rate of diffusion (75). If the 
Hatta number is high, the reaction is relatively fast so the process is diffusion limited. 
Therefore, the CO2 absorption process goes as fast as the diffusion. The CO2 
absorption has an infinitely driving force because it reacts and turns into carbamate. 
The value of the Hatta number is 70, as shown before, which is high enough to assume 
that the CO2 absorption process is diffusion limited. 
 

Diffusion coefficient of CO2 calculated assuming a high Hatta number 
 
A new route can be followed to calculate the diffusion coefficient of CO2: by considering 
that the CO2 absorption has a high Hatta number. This diffusion coefficient only 
considers the diffusion of the physical CO2, not the CO2 turned into carbamate. 
 
If the Hatta number is high the CO2 model can be simplified since the reaction term is 
negligible: 
 

𝜕𝑐CO2

𝜕𝑡
= 𝐷CO2

×
𝜕𝑐CO2

2

𝜕𝑥
   (5-26) 
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The left boundary conditions is: 
 

𝑐CO2
(𝑥 = 0, 𝑡) = 𝑐eq   (5-27) 

 
The Henry constant is only needed for kinetics because kinetics depend on the 
physical concentration of CO2, which is a function of the Henry constant. The diffusion 
is related to the driving force. At equilibrium conditions, 4*10-4 atm of CO2 is equal to 
1.8 mol CO2/ kg PEI or 2.6 mol CO2/ kg TEPA according to the equilibrium data 

obtained from SAS (64). 
 
The right boundary condition is: 
 

𝑐CO2
(𝑥 = 𝐿, 𝑡) = 0   (5-28) 

 
The reaction is assumed to be so fast that no CO2 reaches the end of the layer 
thickness. 
 
The initial condition is: 
 

𝑐CO2
(𝑥, 𝑡 = 0) = 0   (5-29) 

 
If the diffusion coefficient of CO2 obtained from the kinematic diameter relation is used, 
the correlation between experimental and calculated CO2 loadings is very weak 
(Figures 89 and 90). It seems that these diffusion coefficients are too high. 
 

 
Figure 89: Correlation between experimental (TEPA 0.5 mm) and 

calculated CO2 loadings using the diffusion coefficient of CO2 
from the kinematic relation 

 
Figure 90: Correlation between experimental (PEI 0.5 mm) 

and calculated CO2 loadings using the diffusion coefficient of 
CO2 from the kinematic relation 

 
Figure 91 shows that if the diffusion coefficient of CO2 in TEPA is decreased until    
3*10-12 m2/s the correlation between experimental and calculated CO2 loadings is 
improved. Figure 92 shows that, according to the model, the equilibrium concentration 
of CO2 in TEPA is achieved after around 9 hours. Figures 93 and 94 show the CO2 
diffusion process in the layer of 0.5 mm of TEPA. 
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Figure 91: Comparison between the calculated and 

experimental CO2 loading in TEPA 

 
Figure 92: CO2 loading in TEPA after 9 hours 

 
Figure 93: CO2 diffusion through the layer of TEPA 

 
Figure 94: CO2 diffusion through the layer of TEPA after 9 

hours 

 
Figure 95 shows that if the diffusion coefficient of CO2 in PEI is decreased until 4*10-12 
m2/s the correlation between experimental and calculated CO2 loadings is improved. 
Figure 96 shows that, according to the model, the equilibrium concentration of CO2 in 
PEI is achieved after around 5 hours. Figures 97 and 98 show the CO2 diffusion 
process in the layer of 0.5 mm of TEPA. 
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Figure 95: Comparison between the calculated and 

experimental CO2 loading in PEI 

 
Figure 96: Calculated CO2 loading in PEI achieving equilibrium 

after 5 hours 

 
Figure 97: CO2 diffusion through the layer of PEI 

 
Figure 98: CO2 diffusion through the layer of PEI after 5 hours 

 
Table 38 shows that the diffusion coefficients of CO2 obtained from the two different 
routes (kinematic diameters and high Hatta number) differ in two orders of magnitude. 
 

Table 38: Comparison of diffusion coefficients of CO2 

Sorbent 𝐷CO2
 (kinematic diameter) 𝐷CO2

 (high Hatta number) 

TEPA 1*10-10 m2/s 3*10-12 m2/s 

PEI 1*10-10 m2/s 4*10-12 m2/s 

 
The difference between the diffusion coefficients calculated following the kinematic 
diameter methodology and the high Hatta number assumption can be due to the fact 
that CO2 might have several molecular interactions with PEI and TEPA that H2O does 
not have. The diffusion coefficient of CO2 in monoliths impregnated with TEPA and PEI 
have a value of 2*10-12, slightly lower than the diffusion coefficients of CO2 given by the 
high Hatta number assumption. 
 
Figure 102 shows the absorption process if the Hatta number is high.  
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Figure 99: CO2 and H2O diffusing into pure polyamine 

 
The value of the Hatta number if, 3*10-12 m2/s is taken as the diffusion coefficient, is 6. 
Hence, the assumption of the first-pseudo regime for the reaction still holds. It can be 
concluded that the diffusion coefficients of CO2 calculated following the route of 
assuming a high Hatta number are more realistic. 
 
Polyamines will not be stagnant in ZEF’s absorber. If the polyamine layer is stagnant 
there is no mixing so the effective diffusivity is much lower than in a flowing layer where 
there is mixing per definition, so the diffusion is faster (36). Therefore, it is expected 
that the diffusion coefficient of CO2 in a flowing layer of polyamine will be higher, 
increasing the Hatta number value. 
 

5.3.4. Hildebrand solubility parameter 

 
The Hildebrand solubility parameter (δ) provides a numerical estimate of the degree of 

interaction between materials. Hence, it can be a good indicator of solubility. 
 
Due to the high viscosity of the sorbents, it was not possible to perform the 
physisorption experiment with lower H2O concentrations. This is because the stirrer 
that mixes the sorbent in the setup does not work for viscous fluids. 
 
The cohesive energy density is the amount of energy required to separate a unit 
volume of molecules from their neighbours. The Hildebrand solubility parameter is the 
square root of the cohesive energy density (78): 
 

𝛿 = √
∆𝐻𝑣,𝑖−𝑅𝑇

𝑉𝑚,𝑖
    (5-29) 

 
The data used to calculate the Hildebrand solubility parameter is shown in Table 39. 
Unfortunately, the heat of vaporization of PEI could not be found. 
 

Table 39: Input to calculate the Hildebrand solubility parameter 

Symbol Description Value Unit 
∆𝐻𝑣,H2O Heat of vaporization of water 44200 (79) [J/mol] 

∆𝐻𝑣,TEPA Heat of vaporization of TEPA 57902 (80) [J/mol] 

𝑅 Ideal gas constant 8.314 [J/(K*mol)] 

𝑇 Temperature 293 [K] 

𝑉𝑚,H2O Molar volume of water 18 [cm3/mol] 

𝑉𝑚,TEPA Molar volume of TEPA 190 [cm3/mol] 
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The larger the cohesive energy density of the solvent, the lower the solubility of non-
polar compounds in that solvent. 
 
Table 40 shows that the Hildebrand parameter of H2O is almost three times higher than 
the Hildebrand parameter of TEPA. 
 

Table 40: Hildebrand parameter for H2O and TEPA 

Component 𝛿 (J1/2/cm3/2) 

H2O 48 

TEPA 17 

 
In this case, the cohesive energy density of H2O is large, implying that the solubility of 
N2O in H2O, non-polar, is lower. Since the solubility constant was measured in a 
solution with 70 wt% of H2O that solubility constant is lower than the actual one, since 
the H2O content will be lower. 
 
It can be concluded that the fact that the Henry constant was obtained from a solution 
of 30 wt% TEPA and 70 wt% H2O has an influence, since the Hildebrand parameter of 
H2O is lower than the Hildebrand parameter of TEPA. This could imply that if the 
physisorption experiment is repeated in a solution with lower H2O content, the Henry 
constant will be different. 
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6 Strategies for designing 
 
In this chapter lessons learned from the experiments and modelling are applied to give 
some guidelines regarding the design and scale-up of the absorber that fits ZEF 
requirements. 
 

6.1. Effect of preloading H2O in polyamines in stagnant and flowing 
layers of polyamine 

 
ZEF Team 4 focused its efforts on polyamines flowing vertically whereas this thesis is 
related to stagnant polyamines. In this Section, the differences regarding CO2 loadings 
and kinetics in stagnant and flowing layers are briefly introduced. 
 
ZEF Team 4 perceived that if the polyamine was not premixed with H2O the CO2 
loading was lower, for both PEI and TEPA. However, this is in contrast with what was 
perceived in this thesis. Figure 100 shows that, in the case of PEI, PEI preloaded with 
H2O has a lower ending CO2 loading than pure PEI. Figure 101 shows that, in the case 
of TEPA, the kinetics and ending concentration of CO2 are similar no matter if the 
polyamine is premixed or not with H2O. 
 

 
Figure 100: CO2 and H2O loadings of pure PEI and 

preloaded with H2O 

 
Figure 101: CO2 and H2O loadings of pure TEPA and 

preloaded with H2O 

 
This difference in kinetics between flowing and stagnant layers could be due to 
viscosity effects given the fact that viscosity changes if the polyamine is preloaded or 
not with H2O. 
 
Kinetics in flowing and stagnant layers are different because of viscosity effects. The 
layer of polyamine in touch with the wall has no velocity due to the maximum shear 
stress. The layer of polyamine in contact with the air absorbs H2O which influences the 
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viscosity (Figure 102). Hence, this layer will flow slower than the layers under it (Figure 
103). 
 

 
Figure 102: Flowing layer of polyamine at t=t0  

Figure 103: Flowing layer of polyamine at t=t1 

 
Further research is needed regarding the effect of viscosity in the flowing behaviour of 
the polyamine. 

6.2. Design of the absorber 
 
A continuous absorber is designed using the experimental CO2 loadings obtained in 
Chapter 4 and assuming a residence time of 60 minutes. 
  
The lessons learned are: 

- According to the data collected by ZEF Team 4, the polyamine has to be 
premixed with H2O, otherwise less CO2 is captured. 

- Mixing patterns should be introduced in order to reduce the diffusion length 
since the process is diffusion limited. This is not considered in this design, since 
it is a first estimate. 

- If the layer thickness is too low the velocity of the polyamine will be too slow, 
not allowing to perform many absorption-desorption cycles per day. On the 
other hand, if it is too high the flow will be too high, decreasing the residence 
time, leading to a low CO2 loading. 

- Experimental data from pure TEPA and PEI will be used. However, H2O will be 
present in the polyamine after the desorption step, since not all the H2O will be 
removed. Moreover, the composition of the sorbent changes while it flows on 
the plate due to the H2O absorption. This will decrease the viscosity. This is not 
considered in this design, since it is a first estimate. 

 
The data used for the design of the absorber is summarized in Table 41: 
 

Table 41: Sorbents used in the absorber design 

Sorbent Layer thickness (mm) CO2 loading (mol CO2/ kg sorbent) 

PEI  0.50 1.0 

TEPA 0.50 1.1 
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The whole ZEF complex would be powered by solar energy so the number of hours of 
sunlight is a key factor to be considered when choosing where to locate the ZEF plants 
(48). Van den Berg (48) suggested Spain as a potential candidate. Spain receives 
around 3000 annual hours of sunshine. Hence, in this base case, 8 hours are assumed 
as the average working hours per day. 
 
Since the final design involves a continuous absorber the absorption time is assumed 
to be 60 minutes. The desorption time is assumed to be 30 minutes because the 
desorption step is faster than the absorption step (36). 
 
ZEF has two criteria that have to be satisfied in the DAC unit: from the liquid side point 
of view, 293 g CO2/ day should be captured whereas, from the gas phase point of view, 
25% of the CO2 coming in should be captured. The focus of the first design is the liquid 
phase. Hence, a maximum and constant driving force from the gas side is assumed. 

6.2.1. Design of stagnant layer system 

 
Firstly, a stagnant absorber is designed to gain some insight regarding the order of 
magnitude of the surface area. As mentioned before, if the polyamine layer is stagnant 
the diffusion coefficient will be lower than in a flowing layer, since there is no mixing. 
This is why the required absorption area is higher for stagnant than for flowing layers of 
polyamine. 
 
1 cycle requires 90 minutes (60 of absorption and 30 of desorption respectively) so 5 
cycles can be performed per day. 
 

𝑛cycle =
𝑡sunlight

𝑡cycle
    (6-1) 

 
Since the amount of CO2 absorbed per kg of sorbent is known, it is possible to 
calculate the amount of sorbent needed. 
 

𝑀sorbent =
𝑇𝑎𝑟𝑔𝑒𝑡 𝑦𝑖𝑒𝑙𝑑

𝐿𝑜𝑎𝑑𝑖𝑛𝑔CO2×𝑛cycle
   (6-2) 

 
The area can be easily calculated since the layer thickness and the sorbent volume are 
known. 
 

𝑉sorbent = 𝑀sorbent × 𝜌sorbent   (6-3) 
 

𝐴 =
𝑉sorbent

ℎ
    (6-4) 

 
The results are shown in Table 42: 
 

Table 42: Area needed per sorbent to absorb the CO2 target yield 

Sorbent A (m2) 

PEI  2.54 

TEPA 2.43 

 
It can be concluded that the area needed to reach the ZEF’s absorption goal of 293 g 
CO2/ day is quite similar for both PEI and TEPA with a layer thickness of 0.5 mm. 
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6.2.2. Velocity calculation 

 
The polyamine will flow in the continuous absorber. Hence, it is important to calculate 
the velocity at which the polyamine will flow on the plates. 
 
Figure 104 shows the schematic drawing used to calculate the velocity distribution 
using Navier-Stokes equations. 
 

 
Figure 104: Laminar flow of a fluid layer falling down an inclined plate (81) 

The velocity distribution can be obtained from the momentum equation along the x-
direction. The flow is assumed to be steady (81): 
 

0 = 𝜌𝑔cos𝛽 + µ
∂2

𝑢

∂y2    (6-5) 

Where: 
 

Table 43: Input to calculate the velocity distribution 

Symbol Description Unit 
𝜌 Density of sorbent [kg/m3] 

𝑔 Gravity [m/s2] 

µ Viscosity of sorbent [kg/(m*s)] 

β Angle of inclination [º] 

u Velocity [m/s] 

 
Integrating twice gives: 
 

𝑢(𝑦) = −
𝜌𝑔cos𝛽

2µ
𝑦2 + 𝐴𝑦 + 𝐵    (6-6) 

 
Where A and B are constants. The boundary conditions allow to evaluate them. 
 
The boundary condition on the liquid surface is zero shear stress, 
 

𝑦 = 0, µ
𝑑𝑢

𝑑𝑦
= 0     (6-7) 

 
The boundary condition on the solid surface is zero velocity, 
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𝑦 = ℎ, 𝑢 = 0      (6-8) 
 
So, the velocity profile is 
 

𝑢(𝑦) =
𝜌𝑔cos𝛽

2µ
(ℎ2 − 𝑦2)    (6-9) 

 
The average of the velocity is: 
 

𝑢𝑎𝑣𝑔 =
∫ 𝑢(𝑦)×𝑑𝑦

ℎ
0

ℎ
=

𝜌𝑔ℎ2cos𝛽

3µ
               (6-10) 

 
Moreover, the velocity can be expressed as the plate length divided by the residence 
time: 

𝑢avg =
𝐿

𝑅𝑇
               (6-11) 

 
It is assumed that the polyamine flows like an ideal plug flow and that there is no back 
mixing. Equations (6-10) and (6-11) will be used to design the absorber. 
 

6.2.3. Design of flowing layer system 

 
So far, the experimental data that belongs to stagnant layers has been used. The next 
step is to figure out how an absorber with flowing layers of polyamine would look like. 
 
Figure 105 shows three possible distributions to fit the same area for the absorber. It 
seems that a compact design, option a, would require shorter plates. 
 

 
Figure 105: Possible designs of the absorber 

 
The average velocity was calculated in Section 6.2.2: 
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𝑢avg =
𝜌𝑔ℎ2cos𝛽

3µ
   (6-12) 

 
From Equation (6-11) it is possible to obtain the plate length: 
 

𝐿 = 𝑢avg × 𝑅𝑇    (6-13) 

 
The average velocity depends on several parameters. The density and the viscosity 
depend on the sorbent whereas the layer thickness is fixed to be 0.5 mm. The angle of 
inclination depends on the orientation of the plates. Firstly, the plates are assumed to 
be vertical (β=0). Table 44 summarizes the average velocity and the length of the 
plates to achieve a residence time of 60 minutes. 
 

Table 44: Average velocity and plate length per sorbent 

Sorbent Average velocity (m/s) Plate length (m) 

PEI 3.1*10-4 1.1 

TEPA 8.7*10-3 31.24 

 
Both plate lengths seem unrealistic, in terms of the size of ZEF’s micro-plant. TEPA 
flows around 30 times faster than PEI, which explains why the plate is 30 times longer. 
The angle of inclination can be changed. This optimization will be studied in Section 
6.3. 
 
Since the total area required and the length are known, the width can be calculated: 
 

𝑤total =
𝐴

𝐿
    (6-14) 

 
However, if the polyamine flows vertically, two sides of each plate can be used. Then, 
the width is reduced by half. 
 

𝑤 =
𝑤total

𝑁sides
    (6-15) 

 
ZEF has already selected the fan SUNON (PMD1212PMB2-A) DC12V as the one 
suitable for the absorber unit (which was also used during the experiments). This fan 
has a cross-section area of 12x12 cm. Then, the width of the column of plates is 
assumed to be 10 cm longer (wplate). In this way, the flow is slowed down (Figure 106) 
 

 
Figure 106: Width and height of absorber and fan 

 
The minimum plate spacing (Splate) is assumed to be 10 mm (Figure 107). If the plates 
are placed too close the flow will be disturbed and if they are too far the space will not 
be used efficiently. It is assumed that 10 mm is enough space for the air to flow. The 
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thickness of the plates is assumed to be 5 mm (thplate) (Figure 107), just like the ones 
used in the experiments. 
 
 

 
Figure 107: Plate height and spacing 

 
The next step is to find out how many plates are required to achieve that area: 
 

𝑛plate =
𝑤

𝑆plate+𝑡ℎplate+𝑤plate
             (6-16) 

 
Finally, a quick check is done: 
 

𝐴plate = 𝑁plate × 𝑤plate × 𝐿             (6-17) 

 
If the new calculated area is the same as the area calculated in Equation (6-4) the 
dimensions can be assumed as correct. 
 
The dimensions to achieve a residence time of 60 minutes with a layer thickness of 0.5 
mm of PEI and TEPA are shown in Table 45: 
 

Table 45: Dimensions of the vertical absorber 

Sorbent β (º) Plate width 
(m) 

Plate length 
(m) 

Number of 
plates (-) 

A (m2) 

PEI 0 0.22 0.96 5 2.45 

TEPA 0 0.22 31.24 1 13.74 

 
The area obtained if PEI is used as a sorbent is slightly lower than the required one, 
2.54 m2, whereas the area that corresponds to TEPA is surprisingly high. This is 
because the plate requires a huge length in order to keep the TEPA flowing for 60 
minutes. 
 
The main conclusion is that a vertical plate requires really long plates in order to keep 
the PEI and TEPA flowing for 60 minutes. 

6.3. Optimization 
 
The parameter that can be changed in order to make the dimensions more realistic, 
while keeping a residence time of 60 minutes, is the degree of inclination. 
 
A vertical design has no β whereas an inclined design has a β different to zero (Figure 
108 and 109).  
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Figure 108: Vertical design 

 
Figure 109: Inclined design 

 
If the plate is inclined then the sorbent will flow slower. Sinha (49) proposes a plate 
length of 0.3 m. This length will be used in this optimization. 
 

𝛽 = cos−1(
3×µ×𝐿

𝜌×𝑔×ℎ2×𝑅𝑇
)               (6-18) 

 
Table 46 shows the absorber dimensions with different angles of inclination: 
 

Table 46: Dimensions of the inclined absorber 

Sorbent β (º) Plate width 
(m) 

Plate length 
(m) 

Number of 
plates (-) 

A (m2) 

PEI 74 0.22 0.30 37 2.44 

TEPA 89 0.22 0.30 35 2.31 

 
The angle of inclination of TEPA implies that the plates should be placed almost 
horizontally. 
 
It can be concluded that the new angles of inclination reduce the plate length. The 
dimensions of the inclined absorber seem to fit better in the DAC unit of ZEF. 

6.4. Cost of the sorbent 
 
Another important factor is the cost of the sorbent since it is connected to the liquid 
inventory. The CO2 loadings used in Sections 6.2 and 6.3 are not the net cycle capacity 
because not all the CO2 (and H2O) are fully desorbed. In a standard MEA desorption 
process, around 50% is desorbed (36). Then, the net cycle capacity is half: 
 

𝛼𝑛𝑒𝑡 𝑐𝑦𝑐𝑙𝑒 =
𝐿𝑜𝑎𝑑𝑖𝑛𝑔CO2

2
               (6-19) 

 
The mass of the sorbent is calculated like in Equation (6-2). However, in this case, the 
CO2 loading is replaced by the net cycle capacity: 
 

𝑀𝑠𝑜𝑟𝑏𝑒𝑛𝑡 =
𝑇𝑎𝑟𝑔𝑒𝑡 𝑦𝑖𝑒𝑙𝑑

𝛼𝑛𝑒𝑡 𝑐𝑦𝑐𝑙𝑒×𝑛𝑐𝑦𝑐𝑙𝑒
              (6-20) 

 
The cost of the sorbent can be calculated if the price of sorbent per kg is known. 
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𝐶𝑠𝑜𝑟𝑏𝑒𝑛𝑡 = 𝑀𝑠𝑜𝑟𝑏𝑒𝑛𝑡 × 𝑃𝑠𝑜𝑟𝑏𝑒𝑛𝑡              (6-21) 

 
The price of PEI and TEPA belong to the suppliers Polysciences and Sigma- Aldrich 
respectively (Table 47).  
 

Table 47: Price of PEI and TEPA 

Sorbent Price (€/kg) Reference 

PEI 418 (82) 

TEPA 78 (83) 

 
Table 48 shows that PEI increases sharply the sorbent cost: 
 

Table 48: Sorbents mass and cost 

Sorbent Mass (kg) Cost (€) 

PEI 1.33 557 

TEPA 1.21 94 

 

6.5. Final design 

 
Due to the innovative nature of the system and that in this thesis is a first parametric 
study has been done, not enough data is available to make a full design. However, 
some guidelines can be made. 
 
The dimensions of the inclined absorber are summarized in Table 50. 
 

Table 49: Dimensions of the inclined absorber 

Sorbent Β (º) Plate width 
(m) 

Plate length 
(m) 

Number of 
plates (-) 

A (m2) 

PEI 74 0.22 0.30 37 2.44 

TEPA 89 0.22 0.30 35 2.31 

 
The proposed design is shown in Figure 110: 
 

 
Figure 110: Inclined absorber design 
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7 Conclusions and recommendations 
 
 

7.1. Conclusions 
 
The objective of this thesis was to characterize, from the experimental and modelling 
point of view, the H2O and CO2 absorption on polyamines (PEI and TEPA). To that 
end, H2O and CO2 absorption experiments were done and the data collected from them 
was used to develop a model. 
 
Firstly, absorption experiments were conducted in a climate chamber where only H2O 
was present. From these experiments, it was concluded that the H2O loading in the 
polyamine depends on the humidity of the air. 
 
Secondly, CO2 and H2O were absorbed from the air at lab conditions. Several 
modifications were done in the sorbent: different type of polyamine, different layer 
thickness, blends of the polyamine, polyamines mixed with H2O and higher CO2 
concentrations. Then, all the variations were compared using two parameters: CO2 
loading (mol CO2/ kg sorbent) and H2O loading (mol H2O/ kg sorbent). The first 
parameter is directly related to the CO2 absorption capacity of the sorbent. Data from 
pure PEI and TEPA was used to design an absorber for the ZEF unit as a first 
estimate. 
 
Thirdly, two models were developed in MATLAB in order to find the diffusion 
coefficients of H2O and CO2 in PEI and TEPA. It is important to mention that the CO2 
absorption process was identified to be diffusion limited. This was considered when 
developing the model. The main finding was to find out that the diffusion coefficient of 
CO2 is two orders of magnitude lower than the diffusion coefficient of H2O. 
 
Finally, one inclined absorber design for the ZEF micro plant was proposed. 
 
Three main questions were posed at the beginning of this thesis. Having studied the 
process, the questions can now be answered. 
 

1) What is the effect of varying process conditions (type of polyamine, layer 
thickness, H2O content, CO2 ppm) in the air capture? 

 
This question was answered performing air capture experiments at lab conditions. 
 

- Pure TEPA captures more CO2 than pure PEI. 
- In general, the layer thickness plays an important role in the time frame 

considered, 60 minutes, which is assumed to be realistic for flowing systems. 
CO2 loading and mass are highly influenced by the layer thickness before 60 
minutes. 

- Combining PEI and TEPA did not give higher CO2 loadings than pure TEPA. 
- In the case of TEPA, an increase in the H2O content improved the loading of 

CO2. The opposite happened in the case of PEI. 
- The results of the experiments variation of CO2 concentration in the air lead to 

high noise in the data set, making it difficult to come to a conclusion. However, 
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it is expected that when the CO2 concentration is increased there would be a 
direct influence in the CO2 loading. 

 
2) What is the chemical process that drives the CO2 absorption on 

polyamines? 
 
The experimental results using FTIR suggested that the major pathway goes via the 
carbamate and less via the bicarbonate. This is of relevance for the desorption due to 
the higher amount of desorption energy needed to split the CO2 from a carbamate than 
from a bicarbonate. However, due to the fact that CO2 reacts forming carbamate, 
kinetics are faster. Carbamate formation has also been experimentally measured 
because the Hatta number is very high. 
 

3) How should an absorber be designed in order to meet ZEF requirements? 
 
When using the ZEF configuration H2O will be present in the sorbent after the 
desorption step since not all the H2O will be removed. Hence, designing an absorber 
for pure PEI and TEPA is not realistic due to the fact that H2O will always be present. 
The design of the ZEF absorber is based on achieving enough residence time. For 
horizontal systems, in an order of 60 minutes, a loading of 1 mol CO2/ kg sorbent is 
achieved. This is a key parameter for the design. 
 
For the ZEF design, only the absorption has been taken into account, and not the net 
cycle capacity. The vertical design dimensions seem to be unrealistic since the plates 
are probably too long to fit in the ZEF micro-plant. If the absorption data is taken, to 
achieve a residence time of 60 minutes the plates should be inclined. Table 50 shows 
the dimensions for both PEI and TEPA. 
 

Table 50: Dimensions of the inclined absorber (proposed design) 

Sorbent β (º) Plate width 
(m) 

Plate length 
(m) 

Number of 
plates (-) 

A (m2) 

PEI 74 0.22 0.30 37 2.44 

TEPA 89 0.22 0.30 35 2.31 
 

For the first time, a flowing system of polyamine has been considered as an option to 
capture CO2 from the air showing that loadings of 1 mol CO2/ kg sorbent are feasible. 
However, viscosity and low diffusion coefficients can lead to very long time periods 
before reaching equilibrium loading levels. Therefore, it is important to optimize the 
flowing behaviour in order to reach equilibrium. 

7.2. Recommendations 

 
This thesis is divided in three parts: experiments, modelling and design. Therefore, the 
recommendations section will follow the same structure. 
 

7.2.1. Experiments 

 

• During this thesis, the layer thickness of the polyamine was roughly estimated. 
The layer thickness of the polyamine is one of the key parameters for the 
design of the continuous absorber. Hence, the layer thickness should be 
calculated more accurately. 
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• The effects of PEI and TEPA penetrating into the paper, placed on top of the 
plate, were not considered in this thesis. However, they should be studied 
because if the polyamine penetrates into the paper the layer thickness will 
change. As mentioned before, the layer thickness is extremely important when 
it comes to the design of the absorber. Otherwise, a different surface should be 
found. 

 

• Due to the focus of the research, only experiments at 20 ºC were performed for 
TEPA inside the climate chamber. It is recommended to perform experiments at 
10, 30 and 40 ºC in order to calculate the average diffusion coefficient of H2O in 
TEPA more accurately. 

 

• More data points should be collected at the beginning of the H2O and CO2 
absorption in order to gain more knowledge about the transient part of the 
absorption process. This should not be too difficult to do for the air capture 
experiments. However, this is probably challenging to do in the climate 
chamber because the conditions inside the climate chamber will be influenced 
by the lab conditions. 
 

• It would be interesting to perform experiments with different layer thicknesses of 
polyamine for more than 60 minutes (and collect at least one more point during 
the transient period) in order to check if the CO2 loading and mass become 
independent of the layer thickness. 

 

• The equilibrium loadings, and the time needed to achieve them, should be 
found experimentally in order to be able to estimate the driving force. Given the 
fact that the CO2 absorption seems to be diffusion limited, it is important to 
obtain the driving force, since the diffusion depends on it.  

 

• Before performing experiments where the CO2 ppm in the air are varied, a 
homogeneous CO2 ppm distribution should be obtained in order to obtain more 
accurate CO2 loadings in the polyamines. 

 

• It is recommended to repeat the experiments with different CO2 ppm in the air 
for pure TEPA since the results obtained in this thesis are extremely noisy. 

 

• Experiments with different CO2 concentration in the air should be repeated for 
TEPA premixed with 20 wt% of H2O. 
 

• In this thesis, all the experiments that involved CO2 absorption were done in the 
presence of H2O. It would be interesting to study the behaviour of CO2 when no 
H2O is present. 

 

• If more CO2 and H2O absorption experiments are done it is recommended to do 
them in an environment with controlled temperature and relative humidity, 
specially the second one, since it varied remarkably on different days. In 
addition to this, the CO2 ppm should always be measured (and not only when 
the CO2 ppm are varied). 

 

• Stopped flow technique for kinetics and physisorption experiments should be 
used so the H2O content in the polyamine is the same as in the real process, 
around 20 wt%, not 70 wt%, which was used in this thesis. 
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• The Hatta number is a key parameter of the CO2 absorption, since depending 
on its value, the process will be limited by diffusion or reaction. The Hatta 
number was calculated in this thesis using the physical liquid film mass transfer 
coefficient and the diffusion coefficient of a solution of MEA. It is recommended 
to obtain these two parameters for polyamines. In this way, the Hatta number 
will be measured more accurately. 
 

• It is recommended to collect kinetic data at different times, this is, loadings, in 
order to check if the Hatta number decreases until a point where the CO2 
absorption process becomes reaction limited instead of diffusion limited. 
 

7.2.2. Modelling 

 

• The diffusion coefficient of both H2O and CO2 was assumed to be a constant in 
the modelling part. However, during the experiments, it could be seen that it 
depends on temperature and on the composition of the sorbent (the H2O 
concentration increased sharply when the polyamine was not preloaded with 
H2O). Hence, the diffusion coefficient varies in time. It is advised that further 
work should consider the dependence of the diffusion coefficient with respect to 
the H2O loading when the model is further developed. 
 

• The effective diffusion coefficient of a flowing layer of polyamine is expected to 
be higher than the diffusion coefficient of a stagnant layer of polyamine since 
mixing is present in the first case. It would be interesting to obtain this effective 
diffusivity value if a model of the continuous absorber is developed in the future. 

 

7.2.3. Design 

 

• The net cycle loading, this is, how much H2O and CO2 will remain in the sorbent 
after the desorption step, should be calculated for PEI and TEPA. The net cycle 
loading is one of the key parameters in the design of the absorber, since 
different H2O loadings in the polyamine have different viscosity values, and the 
viscosity will influence the flowing behaviour. 

 
• Mixing patterns should be studied given the fact that the CO2 absorption seems 

to be a diffusion limited process. 

 
• Research is needed regarding the change of flowing behaviour of the 

polyamines in time. Once the polaymines are flowing they will absorb H2O. Both 
PEI and TEPA have higher viscosities with low H2O content. Hence, the flowing 
behaviour of the polyamine will change in time. 
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“I see now that the circumstances of one's birth are 
irrelevant. It is what you do with the gift of life that 

determines who you are.” Takeshi Shudo 
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  Appendices 

A. Calculations of the stream volumes 

 
The difference between the volume of flue gas and the volume of air required to 
capture the same amount of CO2 is remarkable. This Appendix shows the calculations 
followed to obtain the volume of both streams. 
 

In order to obtain the stream volume that needs to be handled (𝜑𝑖), the CO2 

concentration (𝐶CO2

𝑖 ) is needed and it can be calculated with the CO2 density (𝜌CO2
). 

 
CO2 density (𝜌CO2

 in [kg/m3]) can be calculated according to the ideal gas law. To 

simplify, it is assumed that both the flue gas and ambient air are at the same 
temperature and pressure (normal conditions): 

 

𝜌CO2
=

𝑃×𝑀𝑊CO2

𝑅𝑇
    (A-1) 

Where: 
 

Table 51: Input to calculate CO2 density 

Symbol Description Value Unit 
𝑃 Total pressure of the stream 101.325 [kPa] 

𝑀𝑊CO2
 CO2 molecular weight 44 [g/mol] 

𝑅 Universal gas constant 8.314 [(L*kPa)/(mol*K)] 

𝑇 Temperature 293.15 [K] 

 
Using the values of P, 𝑀𝑊CO2

, and T from Table 51, a value of 1.83 kg/m3 was 

obtained for the CO2 density. Knowing the CO2 density makes possible to find the 

concentrations of CO2 in the flue gas and air streams (𝑐CO2

𝑖  in [kg/m3]): 

 

𝑐CO2

𝑖 = 𝑦CO2

𝑖 × 𝜌CO2
    (A-2) 

Where: 

 
Table 52: Input to calculate CO2 concentration in flue gas and air streams 

Symbol Description Value Unit 

𝑦CO2

𝑖  CO2 volume fraction Varies [-] 

𝜌CO2
 CO2 density 1.83 [kg/m3] 

 
Knowing the concentration of CO2 in each stream, the volume of stream that needs to 

be handled (𝜑𝑖 in m3) is calculated with the following equation (A-3): 

 

𝜑𝑖 =
𝑀𝐶𝑂2

𝑐𝐶𝑂2
𝑖      (A-3) 

Where: 
 

Table 53: Input to calculate the volume of flue gas and air streams needed to capture CO2 

Symbol Description Value Unit 
𝑀CO2

 CO2 mass that must be captured 1 [kg] 

𝑐CO2

𝑖  CO2 concentration Varies [kg/m3] 
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B. Calculation to obtain the layer thickness equation 
 
Achieving a homogeneous layer thickness of polyamine is one of the key parameters, 
since the layer thickness of the polyamine plays an important role in the experimental 
residence time of this thesis (60 minutes), as it will be shown in Section 4.1.2. 
 
A combination of Equations (B-1) and (B-2) is enough to estimate an average layer 
thickness. 
 

𝑉 = 𝑙 × 𝐵 × ℎ     (B-1) 
 

𝑉 =
𝑀

𝜌𝑖
      (B-2) 

 
Combining the right terms of Eq (B-1) and (B-2), 

 

𝑙 × 𝐵 × ℎ =
𝑀

𝜌𝑖
     (B-3) 

Where: 
 

Table 54: Input to calculate average layer thickness 

Symbol Description Value Unit 
𝑉 Volume - [m3] 

𝜌𝑇𝐸𝑃𝐴 Density of TEPA 998 [kg/m3] 

𝜌𝑃𝐸𝐼 Density of PEI 1050 [kg/m3] 

𝑙 Length of the plate where the polyamine is spread 0.23 [m] 

𝐵 Width of the plate where the polyamine is spread 0.095 [m] 

 

C. Arduino codes and wiring 
 
The sensors are controlled with Arduino microcontrollers. The wiring between the 
different sensors and the Arduino is shown in Figures 111 and 112 using the software 
Fritzing. The codes shown, written in the Arduino software, record the data taken by 
the sensors. 
 
Given the fact that the library of sensors of Fritzing is quite limited the sensors were 
replaced by similar ones: 

- The Si7021 sensor was not available so in Figure 111 it was replaced by an 
SHT15. 

- The DHT22 sensor was not available so in Figure 112 it was replaced by an 
RHT03. 

- The Telaire 6703 sensor was not available so in Figure 112 it was replaced by 
a BME280 Breakout. 

 
However, the wiring shown in Figures 111 and 112 is the same as the one used during 
the experiments. 
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Measurement of relative humidity and temperature 

 

 
Figure 111: Wiring between RH & T sensor and Arduino 

 
#include "Si7021.h" 

 

Si7021 si7021; 

 

void setup()  

{ 

  uint64_t serialNumber = 0ULL; 

 

  Serial.begin(115200); 

  si7021.begin(); 

 

  serialNumber = si7021.getSerialNumber(); 

 

  Serial.print("Si7021 serial number: "); 

  Serial.print((uint32_t)(serialNumber >> 32), HEX); 

  Serial.println((uint32_t)(serialNumber), HEX); 

 

  //Firware version 

  Serial.print("Si7021 firmware version: "); 

  Serial.println(si7021.getFirmwareVersion(), HEX); 

} 

 

void loop()  

{ 

  Serial.print("Humidity: "); 

  Serial.print(si7021.measureHumidity()); 

  Serial.print("% - Temperature: "); 

  

Serial.print(si7021.getTemperatureFromPreviousHumidityMeasurement()); 

  Serial.println("C"); 

  delay(500); 

} 
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Measurement of relative humidity, temperature and CO2 concentration 

 

 
Figure 112: Wiring between RH & T sensor, CO2 sensor and Arduino 

 
#include <Wire.h> 

#define ADDR_6713  0x15 // default I2C slave address (CO2 sensor) 

int data [4]; 

int CO2ppmValue; 

 

#include <dht.h> // RH_T sensor 

dht DHT; 

#define DHT22_PIN 34 

 

void setup()  

{  

  Wire.begin (); 

  Serial.begin(9600); 

  Serial.println("CO2 Value \t Temperature \t Humidity "); 

   

} 

 

int readC02() // CO2 sensor 

  { 

  Wire.beginTransmission(ADDR_6713); 

  Wire.write(0x04); Wire.write(0x13); Wire.write(0x8B); 

Wire.write(0x00); Wire.write(0x01); 

  Wire.endTransmission(); 

  delay(2000); 

  Wire.requestFrom(ADDR_6713, 4); 

  data[0] = Wire.read(); 

  data[1] = Wire.read(); 

  data[2] = Wire.read(); 

  data[3] = Wire.read(); 

  CO2ppmValue = ((data[2] * 0xFF ) + data[3]); 

  } 

 

void loop()  

{ 

  int co2Value =readC02(); // CO2 sensor 

  { 

     

    Serial.print(CO2ppmValue); 
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    Serial.print("\t"); 

    Serial.print("\t"); 

  } 

 

  int chk = DHT.read22(DHT22_PIN); // RH & T sensor 

  { 

    

    Serial.print(DHT.temperature); 

    Serial.print("\t"); 

    Serial.print("\t"); 

    Serial.print(DHT.humidity); 

    Serial.print("\t"); 

    Serial.print("\n"); 

  } 

   

  delay(2000); 

} 

 

D. H2O duplos 
 
Appendix D shows the H2O mass measured twice for the same sample as well as the 
error between both measurements. 
 
TNO asked to have 12 samples measured. Each sample was measured twice, as 
Table 55 shows. The error was calculated following Eq. (D-1). Then, the average error 
could be obtained using Eq. (D-2). 
 

Table 55: Duplos of the H2O measurements 

 1st measurement 2nd measurement  

Number of 
the sample 

Titrator in 
(g) 

H2O mass 
(mg) 

g H2O/ g 
sample 

Titrator in 
(g) 

H2O mass 
(mg) 

g H2O/ g 
sample 

Error (%) 

1 0.2029 103.3875 0.5095 0.1648 81.1068 0.4922 3.53 

2 0.1368 82.0445 0.5997 0.1756 105.1249 0.5987 0.18 

3 0,1727 89.3339 0.5173 0.1675 87.2696 0.5210 0.72 

4 0.1389 74.3575 0.5353 0.1293 70.4475 0.5448 1.74 

5 0.1428 81.9494 0,5739 0.1636 95.8784 0.5861 2.08 

6 0.1136 61.2648 0.5393 0.1895 108.6133 0.5732 5.91 

7 0.1497 75.0913 0.5016 0.1370 68.9826 0.5035 0.38 

8 0.2075 101.8992 0.4911 0.1172 58.6426 0.5004 1.86 

9 0.1919 94.5360 0.4926 0.1686 83.6426 0.4961 0.70 

10 0.1263 73.7415 0.5839 0.1536 91.4369 0.5953 1.92 

11 0.1149 80.4560 0.7002 0.1634 115.4650 0.7066 0.91 

12 0.1216 88.2272 0.7256 0.1328 95.9581 0.7226 0.42 

 
 

𝐸𝑟𝑟𝑜𝑟 (%) = |
(

𝑔𝐻2𝑂

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
)

1𝑠𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

−(
𝑔𝐻2𝑂

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
)

2𝑛𝑑 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

(
𝑔𝐻2𝑂

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
)

2𝑛𝑑 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

| × 100  (D-1) 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 (%) =
∑ 𝐸𝑟𝑟𝑜𝑟 (%)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
   (D-2) 
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E. 756 coulometric FK titrator measurement error 
 
Two different tests were done in order to check if the H2O content measured by the 756 
coulometric KF titrator was not correct. 
 
The results given by the 756 coulometric KF titrator were not accurate since the H2O 
content of the same sample varied dramatically for different measurements: 
 

Table 56: H2O contents of the same sample 

 H2O content (ppm) 

Name of sample 70% 40ºC 15 minutes 

1st measurement 76244.5 

2nd measurement 96501.8 

3rd measurement 107004.8 

 
The final proof was that a sample, with known H2O concentration of 52038 ppm, was 
analyzed in the 756 coulometric KF titrator: 
 

Table 57: H2O content of a sample, knowing its H2O content, using the 756 coulometric KF titrator 

 H2O content (ppm) 

1st measurement 75806.8 

2nd measurement 84989.5 

 
Clearly, the results were completely off. This is why it was decided to use a different 
titrator. All the H2O contents shown in this thesis were given by this titrator. 
 
The error was possibly due to the fact that the wrong Hydranal was used. The 756 
coulometric KF titrator uses a generator electrode with diaphragm. There were two 
hydranal solutions: Hydranal AG and AF. The first one requires an electrode with 
diaphragm whereas the second one does not. When the first solution was used the 
H2O content measured by the 756 and C20 titrators was similar (Figure 114) while it 
was completely different in the other situation (Figure 113). 
 

 
Figure 113: Comparison of water content in samples taken at 

70% RH and 20 ºC using Hydranal AG in both titrators 

 
Figure 114: Comparison of water content in samples taken at 

70% RH and 20 ºC using Hydranal AF in both titrators 
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F. PEI is a Newtonian fluid 
 
The fact that PEI could be a non- Newtonian fluid would add several difficulties in the 
modelling of the polyamine flow. 
 
A liquid is non-Newtonian if its viscosity varies with shear rate. It was possible to check 
if PEI, a long branch polymer, was Newtonian or not using the Fuengilab SMART 
series SMART L. If using the same spindle and varying the rpm, the viscosity 
measurements do not vary remarkably then the fluid is Newtonian (84). 
 
Table 58 shows that PEI is a Newtonian fluid since the viscosity is similar for different 
rotational speeds. 
 

Table 58: Rotational speed vs. PEI viscosity 

Rotational speed (rpm) Viscosity (cP) 

100 - 

60 - 

50 2060,9 

30 2049,3 

G. CO2 duplos 
 
Appendix G shows the error of the CO2 loading measured twice for the same sample. 
 
Some of the CO2 measurements were measured twice, as Tables 78- 83 show. The 
error was calculated following Eq. (G-1). Then, the average error could be obtained 
using Eq. (G-2). 
 
The CO2 captured in the first round of experiments was measured twice: 
 

Table 59: Error of CO2 measurement (1st batch, PEI) 

Sample PEI (60 min) PEI (120 min) 

Time (min) 15 30 45 60 30 60 90 120 

Error (%) 2.02 1.20 0.73 2.30 0.49 0.79 2.84 0.60 

 

Table 60: Error of CO2 measurement (1st batch, TEPA) 

Sample TEPA (60 min) TEPA (120 min) 

Time (min) 15 30 45 60 30 90 120 

Error (%) 0.61 0.70 0.82 2.31 1.34 4.13 5.03 

 
The CO2 captured in the second round of experiments was measured twice: 
 

Table 61: Error of CO2 measurement (2nd batch) 

Sample PEI (60 min) TEPA (60min) 

Time (min) 15 30 45 60 30 45 60 

Error (%) 2.02 0.45 1.05 0.78 2.72 4.15 1.64 

 
The CO2 captured in the third round of experiments was measured twice: 
 

Table 62: Error of CO2 measurement (3rd batch, PEI) 

Sample PEI (0.25 mm) PEI (0.50 mm) PEI (0.75 mm) 

Time (min) 7.5 15 30 45 60 7.5 30 45 60 7.5 15 30 45 60 

Error (%) 0.74 0.53 0.26 0.68 0.18 1.31 0.97 0.77 1.72 0.57 0.73 0.20 0.93 1.01 
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Table 63: Error of CO2 measurement (3rd batch, TEPA) 

Sample TEPA (0.50 mm) TEPA (0.75 mm) 

Time (min) 7.5 15 30 45 60 7.5 15 30 45 60 

Error (%) 1.55 1.99 1.11 0.51 0.56 2.39 1.66 1.09 0.52 0.99 

 

The CO2 captured in the fourth round of experiments was measured twice: 
 

Table 64: Error of CO2 measurement (4th batch) 

Sample 25/ 75 wt% PEI/ TEPA 50/ 50 wt% PEI/ TEPA 75/ 25 wt% PEI/ TEPA 

Time (min) 7.5 15 30 45 60 7.5 15 30 45 60 7.5 15 30 45 60 

Error (%) 0.97 0.40 0.20 0.67 1.03 2.36 2.37 0.20 1.03 0.44 0.34 0.95 0.64 2.38 1.58 

 

𝐸𝑟𝑟𝑜𝑟 (%) = |
(

𝑔𝐶𝑂2
𝑔𝑠𝑎𝑚𝑝𝑙𝑒

)
1𝑠𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

−(
𝑔𝐶𝑂2

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
)

2𝑛𝑑 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

(
𝑔𝐶𝑂2

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
)

2𝑛𝑑 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

| × 100  (G-1) 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 (%) =
∑ 𝐸𝑟𝑟𝑜𝑟 (%)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
   (G-2) 

 

 

H. Film theory 

 
Before CO2 can react, it must be absorbed by the liquid. Hence, mass transfer plays a 
determinant role in the capture process. Two different models can be used to explain 
the mass transfer of CO2 into amine solutions: film theory and penetration theory. The 
reaction rate is calculated following the film theory.  
 
In the film theory, the CO2 is transferred from the bulk gas to the interface, where it is 
solubilised. Then, the CO2 is transported to the bulk liquid. There are two key 
assumptions (41): 

- The areas where the mass transfer resistance lies can be represented by two 
theoretical layers, one at each side of the interface. 

- The mass transfer is assumed to be a steady state process. 
 
The steady mass transfer equation without chemical reaction becomes (41): 
 

0 = 𝐷CO2

𝜕2𝑐CO2

𝜕𝑥2     (H-1) 

Where: 
 

Table 65: Parameters of the steady mass transfer equation without chemical reaction 

Symbol Description Unit 
𝐷CO2

 CO2 diffusion coefficient [m2/s] 

𝑐CO2
 CO2 concentration [mol/m3] 

𝑥 Direction where CO2 diffuses [m] 

 
The boundary conditions in the gas side are (41): 
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𝑐CO2
|
𝑥=𝛿𝐺

= 𝑝CO2
    (H-2) 

 

𝑐CO2
|
𝑥=0

= 𝑝CO2.𝑖
    (H-3) 

 
The boundary conditions in the liquid side are (41): 

 

𝑐CO2
|
𝑥=𝛿𝐿

= [CO2]    (H-4) 

 

𝑐CO2
|
𝑥=0

= [CO2]𝑖    (H-5) 

 
Where: 
 

Table 66: Parameters of the boundary conditions 

Symbol Description Unit 
𝑝CO2

 CO2 partial pressure in the gas phase [Pa] 

𝑝CO2.𝑖
 CO2 partial pressure at the interface [Pa] 

𝛿𝐺 Thickness of the gas film [m] 
[CO2] CO2 concentration at the interface [mol/m3] 
[CO2]𝑖 CO2 concentration in the liquid phase [mol/m3] 

𝛿𝐿 Thickness of the liquid film [m] 

 
The CO2 flux at the interface is the same as the CO2 flux from the bulk gas to the 
interface and from the interface to the bulk liquid due to continuity and the lack of 
reaction (41). 
 

𝑁CO2
= −𝐷CO2

𝜕𝐶CO2

𝜕𝑥
|

𝑥=0
= 𝑘G × (𝑝CO2

− 𝑝CO2.𝑖
) = 𝑘L × ([CO2]𝑖 − [CO2]) (H-6) 

 
Henry’s law can be applied assuming that the interface is at equilibrium (41): 
 

𝑝CO2.𝑖
= 𝐻CO2

× [CO2]𝑖    (H-7) 

 
Where: 
 

Table 67: Parameters of CO2 flux equation and Henry's law 

Symbol Description Unit 
𝑁CO2

 CO2 flux [mol/(m2*s)] 

𝑘G =
𝐷CO2,𝐺

𝑅 × 𝑇 × 𝛿G
 

Gas film mass transfer resistance [mol/(m2*Pa*s)] 

𝑘L =
𝐷CO2,𝐿

𝛿𝐿
 

Liquid film mass transfer resistance [m/s] 

𝐻CO2
 Henry’s constant for CO2 [Pa*m3/mol] 

 
 
From Eq. (H-6) and (H-7): 
 

𝑁CO2
=

𝑝CO2−𝐻CO2×[CO2]

1

𝑘G
+

𝐻𝐶𝑂2
𝑘L

   (H-8) 

 
Assuming that the amine solution is unloaded (41): 
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𝑁CO2
=

𝑝CO2

1

𝑘G
+

𝐻CO2
𝑘L

     (H-9) 

 
It is possible to obtain the overall mass transfer resistance (kov) from Eq. (H-9): 
 

1

𝑘ov
=

1

𝑘G
+

𝐻CO2

𝑘L
              (H-10) 

 
Where: 
 

Table 68: Parameters of simplified CO2 flux in film theory 

Symbol Description Unit 
𝑁CO2

 CO2 flux [mol/(m2*s)] 

𝑝CO2
 CO2 partial pressure in the gas phase [Pa] 

𝑘G Gas film mass transfer coefficient [mol/(m2*Pa*s)] 

𝑘L Liquid film mass transfer coefficient [m/s] 

𝐻CO2
 Henry’s constant for CO2 [Pa*m3/mol] 

𝑘ov Overall mass transfer resistance [mol/(m2*Pa*s)] 

 
In the pseudo-first order regime Eq. (H-9) simplifies to: 
 

𝑁CO2
=

𝑝CO2

1

𝑘𝐺
+

𝐻CO2

√𝑘𝑜𝑏𝑠×𝐷CO2

   (H-14) 

 
Pure CO2 is used in the kinetics setup so the gas film mass transfer resistance is 
neglected. Rearranging the terms in Eq. (H-14): 
 

𝑘𝑜𝑏𝑠 =
𝐻CO2

2

𝐷CO2

× (
1

𝑘ov
)−2   (H-15) 

I. Other CO2 and H2O experiments from the air 
 
This Appendix contains four different experiments. In the first one, the experimental 
time was increased from 60 to 120 minutes in order to find out when the CO2 and H2O 
would achieve equilibrium. In the second experiment, the air velocity was changed to 
check if the absorption process has limitations in the gas phase. The third and four 
experiments belong to TEPA in contact with different CO2 ppm in the air. These last 
two experiments were moved to the Appendix since the CO2 loading decreased while 
the CO2 ppm increased. The reason is unknown. 

Finding steady state of CO2 and H2O absorption 

 
In this batch of experiments, the experimental time was varied from 60 till 120 minutes 
in order to figure out the time required to achieve steady state of CO2 and H2O 
absorption. 
 
The air was blown over the layer of polyamine. Hence this configuration did not 
achieve a uniform flow since the fan created a conical flow, where the edges of the flow 
had a higher speed than the centre. However, this was not a big issue since the plate 
was located at the bottom edge. In addition to this, the flow decreased over the length 
of the plate. 
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- For the experiment with PEI the flow speed decreased from 5.69 m/s next to 

the fan to 1.58 m/s at the end of the plate. 
- For the experiment with TEPA the flow speed decreased from 5.42 m/s next to 

the fan to 1.50 m/s at the end of the plate. 

 
In order to find the equilibrium absorption of CO2 and H2O two experiments were done: 
one at 120 minutes and another one at 60 minutes, just like it was done before in the 
climate chamber. Figures 115- 118 show the experimental results: 
 

 
Figure 115: Loading of H2O and CO2 in PEI in contact with air 

for 60 min 

 
Figure 116: Loading of H2O and CO2 in TEPA in contact with 

air for 60 min 

 
Figure 117: Loading of H2O and CO2 in PEI in contact with air 

for 120 min 

 
Figure 118: Loading of H2O and CO2 in TEPA in contact with 

air for 120 min 

 
On one hand, PEI results are surprising since both loadings are higher at 60 minutes 
than at 120. Since only one experiment was done, it cannot be stated which one is not 
correct. On the other hand, CO2 and H2O loadings of TEPA are higher at 120 minutes 
than at 60, which was the expected behaviour. 82% of the CO2 absorption and 96% of 
the H2O absorption take place before 60 minutes. 
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Table 69: Lab conditions and CO2 and H2O loadings of finding steady-state experiments 

Time 60 min 120 min 

Sorbent TEPA PEI TEPA PEI 

Relative humidity (%) 33 47 33 47 

Temperature (ºC) 19 18 19 18 

CO2 loading (mol CO2/ kg sorbent) 1.0 0.9 1.2 0.8 

H2O loading (mol H2O/ kg sorbent) 11.7 15.1 12.4 14.4 

 
These experiments give some insight regarding the H2O and CO2 time to reach steady 
state. It is important to make a distinction between working and equilibrium capacity. 
The working capacity is measured when absorption takes place during a period of time 
that is lower than the one required to reach equilibrium. Working capacity may be more 
relevant because it may be better to shorten the length of the absorption cycle (38). In 
this case, the length of the experiments was shortened till 60 minutes, since almost all 
the CO2 and H2O were already captured. It might be interesting to find out the 
equilibrium capacity and the time needed to reach it. It can be said from this 
experiment that this time is more than 120 minutes in the case of CO2. 

Changing the air velocity 

 
In this batch of experiments, the air flow was varied in order to check if the process 
might have gas diffusion limitations. The way of doing this was to compare the CO2 and 
H2O loadings from two different air flows. 
 
This round of experiments was done with a different configuration. The air was sucked 
by the fan, instead of blown, which created a more uniform flow. Also, the voltage was 
reduced to 4V which decreased the flow speed. The flow speed was 0.89 m/s at the 
center and 0.53 m/s at the edges of the plate. 
 
Figures 119 and 120 show the experimental results: 
 

 
Figure 119: Loading of H2O and CO2 in PEI in contact with a 

uniform flow of air 

 
Figure 120: Loading of H2O and CO2 in TEPA in contact with a 

uniform flow of air 
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Figures 121- 124 show graphically the CO2 and H2O loading variation for the uniform 
and non-uniform flow situations. The uniform flow data is obtained from experiments 
done in this section whereas the non-uniform flow data belongs to the previous section 
(60 min long experiments). PEI results from the previous section might not be accurate, 
as explained before. 
 

 
Figure 121: H2O loading in PEI depending on the type of air flow 

 
Figure 122: H2O loading in TEPA depending on the type of air flow 

 
Figure 123: CO2 loading in PEI depending on the type of air flow 

 
Figure 124: CO2 loading in TEPA depending on the type of air flow 

 
It seems that the process is liquid-diffusion limited since changing the flow significantly 
(around 80% decrease) does not make a relevant change in the CO2 loading (22% 
decrease for TEPA) or H2O loading (23% increase), as Table 70 shows. It is surprising 
that the CO2 loading decreases whereas the H2O loading increases, specially when the 
relative humidity is lower.  
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Table 70: Lab conditions and CO2 and H2O loading for different air velocity experiments 

Time 60 min 120 min 

Sorbent TEPA PEI TEPA PEI 

Relative humidity (%) 33 47 33 47 

Temperature (ºC) 19 18 19 18 

CO2 loading (mol CO2/ kg sorbent) 1.0 0.9 1.2 0.8 

H2O loading (mol H2O/ kg sorbent) 11.7 15.1 12.4 14.4 

 
CO2 and H2O absorption in polyamines seem to be liquid-diffusion limited and not gas- 
diffusion limited since changing the air flow significantly does not have the same 
significant effect in both H2O and CO2 loading. 
 

TEPA in contact with air containing different concentrations of CO2 

 
As mentioned in Section 4.1.2, these experiments do not offer reliable results since the 
CO2 loading decreased when the CO2 concentration in the air increased. 
 
Figures 125 and 126 show the H2O and CO2 loadings. 
 

 
Figure 125: Loading of H2O and CO2 in TEPA in contact with air 

(800 ppm) 
 

 
Figure 126: Loading of H2O and CO2 in TEPA in contact with air 

(1200 ppm) 

 
Table 71 shows that the CO2 loading decreases from 0.95 mol CO2/ kg sorbent to 0.68 
mol CO2/ kg sorbent for 800 and 1200 ppm of CO2 respectively. The reason is still 
unknown. 
 

Table 71: Lab conditions and CO2 and H2O loading of TEPA in contact with higher CO2 concentrations 

CO2 concentration in the air 800 1200 

Sorbent TEPA 

Relative humidity (%) 43 40 

Temperature (ºC) 19 19 

CO2 ppm 844 1217 

CO2 loading (mol CO2/ kg sorbent) 1.0 0.7 

H2O loading (mol H2O/ kg sorbent) 13.8 12.4 
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TEPA premixed with H2O in contact with air containing different 
concentrations of CO2 

 
As mentioned in Section 4.1.2, these experiments do not offer reliable results since the 
CO2 loading decreased when the CO2 concentration in the air increased. 
 
Figures 127 and 128 show the H2O and CO2 loadings. 
 

 
Figure 127: Loading of H2O and CO2 in 30/70 wt% H2O/TEPA in 

contact with air (800 ppm) 

 
Figure 128: Loading of H2O and CO2 in 30/70 wt% H2O/TEPA in 

contact with air (1200 ppm) 

  
Table 72 shows that the CO2 loading decreases from 0.88 mol CO2/ kg sorbent to 0.65 
mol CO2/ kg sorbent for 800 and 1200 ppm of CO2 respectively. The reason is still 
unknown. 
 

Table 72: CO2 loading and ratio of TEPA mixed with water in contact with higher CO2 concentrations 

CO2 concentration in the air 800 1200 

Sorbent TEPA 

Relative humidity (%) 40 39 

Temperature (ºC) 20 20 

CO2 ppm 856 1132 

CO2 loading (mol CO2/ kg sorbent) 0.9 0.7 

H2O loading (mol H2O/ kg sorbent) 14.5 13.7 

J. Subtraction of the H2O content in MeOH 
 
The H2O content in the MeOH used to dilute the samples of polyamine should be taken 
into account and subtracted from the H2O content measured in the titrator. In this way, 
only the H2O content from the H2O absorbed by the polyamine is considered. 
 
In order to do the H2O measurement tests the samples were diluted with MeOH (as 
mentioned in Section 3.3.1), which also contains H2O, so there might be a possibility of 
the H2O contained in the MeOH affecting the measurement of H2O in the polyamine. 
Therefore, a comparison between the H2O content of a sample considering the H2O 
content of MeOH and not considering it was done. The results show that the H2O 
present in MeOH has a great influence. 
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However, before starting with this, it is required to obtain the H2O loading of the 
polyamine from the H2O content given by the titrator, which can be given in ppm or mg, 
with some calculations. 
 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔H2O =
𝑝𝑝𝑚H2O

1000×𝑀𝑊H2O
× 𝐷𝑅   (J-1) 

 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔H2O =
𝑀H2O

𝑀𝑡𝑜𝑡𝑎𝑙,𝑡𝑖𝑡𝑟𝑎𝑡𝑜𝑟×𝑀𝑊H2O
× 𝐷𝑅  (J-2) 

 

𝐷𝑅 =
𝑀MeOH+𝑀PEI/TEPA

𝑀PEI/TEPA
    (J-3) 

 
However, the H2O ppm and mass also contain the H2O from the MeOH used to dilute 
each sample. This H2O needs to be subtracted from the H2O loading. 
 

𝑀total = 𝑀MeOH + 𝑀PEI/TEPA     (J-4) 

 

𝑅𝑎𝑡𝑖𝑜 =
𝑀MeOH

𝑀𝑡𝑜𝑡𝑎𝑙
     (J-5) 

 
𝑀MeOH,titrator = 𝑅𝑎𝑡𝑖𝑜 × 𝑀total,titrator   (J-6) 

 

𝑀H2O,MeOH =
𝑝𝑝𝑚H2O,MeOH

1000
× 𝑀MeOH,titrator  (J-7) 

 
𝑀H2O,PEI/TEPA = 𝑀H2O,titrator − 𝑀H2O,MeOH  (J-8) 

 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔H2O =
𝑀H2O,PEI/TEPA

(𝑀total,titrator−𝑀MeOH,titrator)×𝑀𝑊H2O
  (J-9) 

 
Figure 129 shows the difference in H2O loading if the H2O from the MeOH is taken into 
account or not in the sample of TEPA with a layer thickness of 0.25 mm.  
 

 
Figure 129: Comparison of water content in a sample considering the H2O content of methanol (grey) and 

not considering it (blue) 
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It can be seen that the H2O contained in the MeOH should be considered, and 
consequently removed from the H2O contained in the polyamine, since the error 
between both measurements is around 10.54%. 
 

K. Calibration of CO2 ppm 
 
The main objective before starting the experiments, were the CO2 ppm in the air were 
varied, is to achieve a uniform CO2 distribution along the pipe. In order to do this, two 
fans were used instead of one. 
 
The CO2 sensor was placed in each position shown in Figure 130 in order to find out 
the CO2 ppm in different points if the setup.  
 

 
Figure 130: CO2 ppm distribution 

The values measured by the CO2 sensor are shown in Tables 73 and 74 which show 
huge uncertainty in the data. 
 

Table 73: CO2 ppm distribution for 800 ppm 

a b c d e 

655 1503 756 1292 1275 

f g h i j 

580 2086 596 1013 1265 

 
Table 74: CO2 ppm distribution for 1200 ppm 

a b c d e 

706 1024 759 1329 1074 

f g h i j 

567 1313 586 886 1055 

 
It can be seen that, despite all efforts, the CO2 concentration was far from 
homogeneous. This could be due to the fact that the cross section of both fans was 
way bigger than the cross-section of the CO2 pipe coming from the MFC and the CO2 
bottle. It is recommended that, if this experiment is repeated in the future, a more 
uniform CO2 distribution along the pipe should be obtained. 
 
The CO2 distribution shown in Tables 73 and 74 is not the same as the CO2 
distribution of each of the experiments. 
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L. Spectrometers 
 
The most relevant spectrometers were shown and analysed in Section 3. However, 
more spectrometers were done and they will be discussed here. 

PEI 

 
Figure 131 shows a huge drop between 3000 and 3500 cm-1 which is due to the H2O 
addition, since there is a huge decrease in that same area in the spectrometer of pure 
H2O. 
 

 
Figure 131: Spectrometer of PEI mixed with H2O 

Figure 132 shows that there is no relevant difference between the spectrometer of PEI 
blown by air with a CO2 concentration of 800 and 1200 ppm. It seems that a difference 
of 0.20 mol CO2/ kg PEI is not high enough to be identified in the spectrometers. 
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Figure 132: Spectrometer of PEI blown by air with different CO2 concentrations 

 
Figure 133 shows that there is a relevant difference between the spectrometer of a 
solution of PEI blown by air with a CO2 concentration of 800 and 1200 ppm. It seems 
that a difference of 0.67 mol CO2/ kg solution is high enough to be identified in the 
spectrometers. 
 

 
Figure 133: Spectrometer of PEI mixed with H2O blown by air with different CO2 concentrations 
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TEPA 

 
Just like Figure 131, Figure 134 shows a huge drop between 3000 and 3500 cm-1 due 
to the H2O addition. 
 
 

 
Figure 134: Spectrometer of TEPA mixed with H2O 

 
Just like Figure 132, there is no relevant difference between the spectrometer of TEPA 
blown by air with a CO2 concentration of 800 and 1200 ppm. As explained before, the 
experiments gave incorrect results because the CO2 loading was lower at 1200 than at 
800 ppm. This difference can also be seen in this Figure, since the spectrometer that 
belongs to the experiment done at 1200 ppm has a slightly lower transmittance. 
 

0

0,2

0,4

0,6

0,8

1

1,2

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Tr
an

sm
it

an
ce

 (
-)

Wavenumber (cm-1)

TEPA/H2O 70/30 TEPA/H2O 80/20 TEPA/H2O 90/10 H2O



 

120 

 

 
Figure 135: Spectrometer of TEPA blown by air with different CO2 concentrations 

 
As mentioned before, this batch of experiments gave not realistic results, since the CO2 
loading was lower at 1200 than at 800 ppm. However, according to the spectrometer 
the peaks that correspond to 1200 ppm are sharper. Hence, the spectrometer results 
are totally opposed to the CO2 loadings obtained before. The reason is unknown. 
 

 
Figure 136: Spectrometer of TEPA mixed with H2O blown by air with different CO2 concentrations 
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M. MATLAB codes 
 
This Appendix contains the two MATLAB codes used to estimate the diffusion 
coefficient of H2O and CO2 in PEI and TEPA. 
 

H2O model 

 
close all 

clear all 

clc 

  

numx = 100; % number of steps 

numt = 100; % number of steps 

  

xmax = 0.0005; % LT [m] 

tmax = 3600; % Experimental time [s] 

  

m = 0; % Slab (pdepe solver) 

x = linspace(0,xmax,numx); % LT [m] 

t = linspace(0,tmax,numt); % Time [s] 

  

sol = pdepe(m,@pdex1pde,@pdex1ic,@pdex1bc,x,t); 

u = sol(:,:,1); 

  

% EXPERIMENTAL DATA 

  

% Experimental time 

  

Exp_time_old = [0; 15*60; 30*60; 45*60; 60*60]; % [s] 

Exp_time_new = [0; 7.50*60; 15*60; 30*60; 45*60; 60*60]; % [s] 

  

% Climate chamber 

  

Exp_data_70_20C = [0; 12892; 15936; 17406; 18898]/1000; % mol H2O/ L 

PEI 

Exp_data_70_30C = [0; 16079; 18965; 17603; 19611]/1000; % mol H2O/ L 

PEI 

Exp_data_70_40C = [0; 16614; 19386; 19278; 20892]/1000; % mol H2O/ L 

PEI 

Exp_data_70_10C = [0; 12908; 16042; 20075; 24315]/1000; % mol H2O/ L 

PEI 

  

Exp_data_50_20C = [0; 11836; 11905; 12543; 14411]/1000; 

Exp_data_50_30C = [0; 13294; 13943; 14868; 15364]/1000; 

Exp_data_50_40C = [0; 12012; 13164; 17207; 17049]/1000; 

Exp_data_50_10C = [0;  7355; 10301; 11905; 12250]/1000; 

  

Exp_data_35_20C = [0;  6547;  8859;  9357; 10904]/1000; 

Exp_data_35_30C = [0;  9910; 10563; 11415; 12027]/1000; 

Exp_data_35_40C = [0; 10347; 11053; 10542;  8842]/1000; 

Exp_data_35_10C = [0; 12246; 12098; 11396; 13429]/1000; 

  

Exp_data_95_20C = [0; 14845; 18609; 21692; 23731]/1000; 

Exp_data_95_30C = [0; 16521; 21511; 23076; 25015]/1000; 

Exp_data_95_40C = [0; 15395; 17696; 19139; 20209]/1000; 

Exp_data_95_10C = [0; 10891; 15278; 16448; 21915]/1000; 

  

TEPA_35_20C=[0;9971;10761;11429;11560]/1000; 
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TEPA_50_20C=[0;14670;16691;16736;16768]/1000; 

TEPA_70_20C=[0;12681;15808;17830;19560]/1000; 

TEPA_95_20C=[0;16436;19085;20277;20732]/1000; 

  

% PLOTS 

  

% Surface plot 

figure1=figure; 

s=surf(x,t,u); 

s.EdgeColor = 'none'; 

% title('Numerical solution') 

xlabel('Distance x [m]') 

ylabel('Time t [s]') 

zlabel('Dissolved H2O concentration [mol/L]'); 

  

figure2=figure; 

avgU = sum(u,2)/numx; 

plot(t,avgU,'r') 

% title('Model vs Experimental data') 

xlabel('Time [s]'); 

ylabel('Dissolved H2O concentration [mol/L]'); 

hold on 

%%%%%%%%%%%%%%%%%%%%%%%%% 

plot(Exp_time_old,TEPA_70_20C,'bo') 

legend('Calculated data', 'Experimental data'); 

%%%%%%%%%%%%%%%%%%%%%%%%% 

hold off 

  

% -------------------------------------------------------------- 

function [c,f,s] = pdex1pde(x,t,u,DuDx) 

c = 1; 

%%%%%%%%%%%%%%%%%%%%%%%%%  

% D = 4e-13; (D of E-S equation) 

D = 1e-10; % diffusion coefficient [m2/s] 

%%%%%%%%%%%%%%%%%%%%%%%%% 

f = D*DuDx; 

s = 0; 

end 

% -------------------------------------------------------------- 

function u0 = pdex1ic(x) 

  

u0 = 0; % if there is no water in the polyamine 

  

end 

% -------------------------------------------------------------- 

function [pl,ql,pr,qr] = pdex1bc(xl,ul,xr,ur,t) 

  

%                35RH   50RH   70RH   95RH 

u_H2O_liq_10C = [13429; 12250; 24315; 21915]/1000; 

u_H2O_liq_20C = [10904; 14411; 18898; 23731]/1000; 

u_H2O_liq_30C = [12027; 14868; 19611; 25015]/1000; 

u_H2O_liq_40C = [11053; 17207; 20892; 20209]/1000; 

  

u_H2O_liq_TEPA_20C = [11560; 16768; 19560; 20732]/1000; 

  

%%%%%%%%%%%%%%%%%%%% 

% pl = ul-(u_H2O_liq_20C(3,1)); 

pl = ul-(u_H2O_liq_TEPA_20C(3,1)); 

%%%%%%%%%%%%%%%%%%%% 

ql = 0; 
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pr = 0; 

qr = 1; 

  

end 

 

CO2 model assuming a high Hatta number 
close all 

clear all 

clc 
  

numx = 100; % number of steps 

numt = 100; % number of steps 
  

xmax = 0.0005; % LT [m] 

tmax = 3600*1; % Experimental time [s] 
  

m = 0; % Slab (pdepe solver) 

x = linspace(0,xmax,numx); % LT [m] 

t = linspace(0,tmax,numt); % Time [s] 
  

sol = pdepe(m,@pdex1pde,@pdex1ic,@pdex1bc,x,t); 

u = sol(:,:,1); 
  

% EXPERIMENTAL DATA 
  

% Experimental time 
  

Exp_time = [0; 7.5*60; 15*60; 30*60; 45*60; 60*60]; % [s] 
  

% Varying layer thickness 
  

TEPA_050mm = [0; 280.08; 388.57;  498.97;  823.40; 1142.64]/1000; % 

mol CO2/ L TEPA 

PEI_050mm = [0; 789.56; 693.98;  935.18;  946.15;  1020.04]/1000; 
  

% PLOTS 
  

% Surface plot 

figure1=figure; 

s=surf(x,t,u); 

s.EdgeColor = 'none'; 

xlabel('Distance x [m]'); 

ylabel('Time t [s]'); 

zlabel('Dissolved CO2 concentration [mol/L]'); 
  

figure2=figure; 

avgU = sum(u,2)/numx*2; 

plot(t,avgU,'r'); 

xlabel('Time [s]'); 

ylabel('Dissolved CO2 concentration [mol/L]'); 

hold on 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 2 

plot(Exp_time,TEPA_050mm,'bo') 

legend('Calculated data', 'Experimental data'); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

hold off 
  

% -------------------------------------------------------------- 

function [c,f,s] = pdex1pde(x,t,u,DuDx) 
  

c = 1; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 3 
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% D = 1e-10 (PEI),      D = 3e-12 (TEPA) 

D = 3e-12; % diffusion coefficient [m2/s] 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

f = D*DuDx; 
  

s = 0; 
  

end 

% -------------------------------------------------------------- 

function u0 = pdex1ic(x) 

u0 = 0; 

end 

% -------------------------------------------------------------- 

function [pl,ql,pr,qr] = pdex1bc(xl,ul,xr,ur,t) 
  

c_eq_TEPA=2.6; 

c_eq_PEI=1.8; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 4 

pl=ul-c_eq_TEPA; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

ql=0; 
  

pr = ur; 

qr = 0; 
  

end 
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