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Abstract 

The atmospheric CO2 concentration we see today has likely not been seen before. As carbon 

dioxide is a strong greenhouse gas, this is a big red flag towards global warming. A higher 

mean temperature on earth would lead to more extreme weather, sea level rise and increased 

spread of infectious diseases. 

The Paris Agreement, under which nearly 200 countries have committed to trying to limit the 

global temperature rise this century well below 2 degrees Celsius, has reaffirmed the im-

portance of carbon capture and storage to limit carbon emissions. Absorption of carbon diox-

ide by amine based solvents is one of the most mature technologies in the portfolio of climate 

change mitigations. However, CO2 capture is an expensive and energy demanding process, so 

substantial R&D is directed to reduction of operating costs and other energy saving measures. 

It is therefore essential to establish a novel technology for efficient development of new car-

bon capture absorbents with optimal properties, and new low energy penalty solvents. In this 

work a rapid screening apparatus for CO2 absorption has been applied to test absorption char-

acteristics of amines, alkanolamines and amino acid salts. 

The first objective of the research described in this thesis has been to understand the effect of 

ratio and molecular structure to MAPA promoted tertiary alkanolamines. Five tertiary amines, 

2-diethylamino-ethanol (DEEA), triethanolamine (TEA), N-Butyldiethanolamine (BDEA), 2-

(Dibutylamino)ethanol (EDEA) and N-tert-Butyldiethanolamine (t-BDEA) are considered in 

this work. The influence of amine alkanol groups, as well as alkyl chain structure, is investi-

gated by systematically varying the tertiary amine and the total amine concentration. The ex-

periments were conducted using three different 3° amine/MAPA molar ratios, 3:1, 2:1 and 

1:1. The total amine concentration was kept constant at 4 mol/L. In addition the single 3° 

amines are run at 3M and MAPA at 1M. 

The second objective was to cross-validate a model for predicting a compounds basicity, and 

thereby its ability to absorb carbon dioxide. The commercially available compounds selected 

for cross-validation are 1,2-Diaminocyclohexane (DACH), N-Benzylmethylamine (BMA), 

N,N-Dimethylbenzylamine (DMBA), Phenethylamine, Creatine and L-Arginine (ARG). 

All screening experiments was compared to the benchmark solvent, 30 wt. % 

monoethanolamine (MEA). 3M and 4M MEA was used for comparison according to total 
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amine concentration of the blends. The effect as promotor was compared against 3M 

DEEA+1M MAPA. 

Two liquid samples were collected from the screening experiments, one after absorption and 

one after stripping. The CO2 and amine content in these samples, was determined by 

potensiometric titration, in order to verify the vapor/liquid mass blance. The results showed 

large discrepancies between liquid analysis and screening data of lean loadings, ranging from 

11-513 %. Single tertiary amine systems, with low reactivity, gave the largest deviations. 

The screening results indicate that the number of amine alkanol groups affect the system 

adversely, and lower the absorption capacity. The alkyl chain structure have small negative 

effect on the absorption rate, as increasing alkyl chain decrease the absorption potential. 

Addition of hydroxyl groups was found to decrease the absorpion capacity. MAPA is working 

excellent as a promoter and enhance both reaction rate as well as absorption capacity. The 

absorption capacity increase with increasing amount of MAPA. 

The most promising tertiary amine/MAPA system was 2M DEEA+2M MAPA, with an 

absorption capacity of 3.31 mol CO2/kg amine and cyclic capacity of 1.92 mol CO2/kg amine. 

The six non-alkanolamines show poor performances overall. They show various issues with 

foaming, vapor pressure and phase-separating. 30 wt. % BMAs absorption rate is similar to 

1M MAPA and 30 wt. % MEA, but exhibit a low absorption capacity (1.24 mol CO2/kg 

amine). As a promoter to 3M DEEA, the 3M DEEA+1M BMA system performed worse than 

3M DEEA alone, but with a higher absorption rate. The cyclic capacity for 3M DEEA+1M 

BMA is 0.36 mol CO2/mol amine. 14 wt. % L-Arginine exhibit a higher absorption rate and 

absorption capacity than BMA, but a low cyclic capacity (0.22 mol CO2/kg amine). As a 

promoter to 3M DEEA, the blend had the same performance as 3M DEEA alone, but with a 

somewhat higer absorption rate. 3M DEEA + 5 wt. % ARG achieve a rich loading of 2.08 

mol CO2/kg amine and a cyclic capacity of 1.70 mol CO2/kg amine. 
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1 Introduction 

1.1 Background 

U.S. Energy Information Administration (EIA) stated in May 2016, that the world energy 

consumption will increase by 48 % during the next three decades (EIA, 2016a). Non-OECD 

countries, especially China and India, where demand is driven by strong economic prosperity 

and expanding population, will stand for most of this growth (IEA, 2015).  

Figure 1.1 show that projected energy demand for Non-OECD countries is a 71 % increase in 

energy use from 2012 to 2014. In contrast, the more mature energy-consuming and slower-

growing OECD economies is projected to have a have an increase in total energy 

consumption by only 18 % from 2012 to 2040 (EIA, 2016b). 

 

The largest source of energy is petroleum and other liquid fuels, together with coal and 

natural gas (EIA, 2016b). Economic prosperity and expanding population, will lead to 

increased carbon dioxide (CO2) emissions and therefore also rise in the atmospheric CO2 

concentration. Although human CO2 emissions are small compared to the natural sources, 

they upset the natural balance of the carbon cycle. Figure 1.2 show the world’s present carbon 

 

Figure 1.1 World energy consumption per region, 1990-2040 
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cycle. Fossil fuel combustion, and land-use change, are the largest drivers for CO2 emitting 

processes. According to the International Energy Agency, each person emitted 4.5 ton CO2 in 

2012 (IEA, 2016).  

 

Atmospheric CO2 levels have remained relatively constant until very recently, when the 

Industrial Revolution started, illustrated by Figure 1.3. The amount of carbon dioxide, has 

increased by around 38 % since pre-industrial times and is still increasing at an unprecedented 

rate of on average 0.4 % per year (IPCC, 2014). About 40% of this additional CO2 is 

absorbed. The rest remains in the atmosphere, and as a consequence, atmospheric CO2 is at its 

highest level in 15 to 20 million years (IPCC, 2007).  

 

 

Figure 1.2 Carbon dioxide sources and sinks (GRID-Arendal, 2005a)  
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To prevent extensive release of CO2 into the atmosphere, carbon capture and storage (CSS) is 

one of the main options for the fossil fuel industry. The technology involves capturing CO2, 

compressing it for transportation and then permanently storing it i.e. in depleted oil and gas 

fields. The largest application for CCS technology are industrial point sources as fossil-fuel 

power plants, industrial plants (e.g., iron and steel blast furnaces, cement kilns, chemicals 

processes), hydrogen production facilities and fossil fuel production (Strachan et al., 2015). 

Since CCS can achieve significant CO2 emission reductions, it is considered a key option 

within the portfolio of approaches required to meet CO2 emission reduction targets (GCCSI, 

2014). One of the most mature and well-understood technologies for capturing CO2 is post 

combustion CO2 capture by means of  chemical absorbents. The flue gas enters an absorption 

column, an absorber, where it meets a counter-current stream of solvent. The carbon dioxide’s 

chemical affinity for the solute is exploited, making the CO2 to preferably dissolve in the 

sorbent, rather than to linger in the flue gas. The solvent on the other hand has an affection of 

CO2, and do not dissolve oxygen, nitrogen or other compounds present in the flue gas stream 

(Aaron and Tsouris, 2005).  

  

 

Figure 1.3 Past and future CO2 atmospheric concentrations (GRID-Arendal, 2005b) 



4 

 

1.2 CO2 Capture by Temperature Swing Absorption 

The most important unit operations for a CO2 absorption process are the absorber- and 

desorber-/stripper columns, shown in Figure 1.4. The flue gas is cooled before it enters the 

bottom of the absorber. The absorber is usually filled with random or structured packing, 

ensuring a large interfacial contact area and also minimizing the pressure drop throughout the 

column.  

 

The CO2 in the flue gas in the counter-current vapor is transferred to the liquid phase by 

contact throughout the tower. Cleaned gas enters the atmosphere from the top of the absorber, 

while rich CO2 solution leaves the absorber from the bottom. CO2 rich solutions reach the 

regeneration unit, the desorber/stripper, where the solvent is regenerated by heat. Rich and 

lean solvents are heat exchanged with each other, as the stripping is performed at higher 

temperatures than the absorption. And likewise, absorption is performed at lower 

temperatures, so the temperature of the lean solvent must be reduced. CO2 released from the 

solvent during regeneration, leave the top of the stripper for compression and transportation. 

The CO2 lean solution is then cooled in order to enter the absorber again for a new absorption 

cycle (IEAGHG, 2009).  

 

            Figure 1.4 Schematic diagram of a typical amine based CO2 absorption plant (IEAGHG, 2009) 

It is mainly the steam required in the reboiler for solvent regeneration and the compressor 

duty needed to compress CO2 to transport pressure, that accounts for the energy requirement, 

and thus the operating cost of the absorption plant (IEAGHG, 2009). Since absorption 

technology is costly, but may be the most feasible option for large scale CO2 removal, 
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substantial R&D is directed to reduction of operating costs and energy penalty (Leung et al., 

2014). 

1.3 Solvent Based CO2 Absorption 

In addition to being the most mature process for CO2 separation, chemical absorption as a 

CO2 capturing technology also serves other advantages, such as high absorption efficiency 

(>90 %) and that the solvents are regenerable (Leung et al., 2014). 

 

Alkanolamines are among the preferred solvents for CO2 removal, and are chemical 

compounds combining amine functionality with a hydroxyl functionality. Some of the amines 

most commonly used in CO2 capture are monoethanolamine (MEA), diethanolamine (DEA) 

and N-methyldiethanolamine (MDEA). The alcohol group does not participate in any 

reaction, but increase the CO2 solubility in water and by that, giving a higher absorption of 

CO2 (Hartono et al., 2016, Raynal et al., 2011). In addition, the alcohol group reduces the 

solvents vapor pressure, which ensures a more energy efficient stripping. The alcohol group 

also tune the basicity of the solvent, making it more reactive with acid gases (Raynal et al., 

2011).  

 

The most desired absorbents have a high net cyclic capacity, meaning that they have a high 

absorbtion potential in the absorber and easily remove the captured CO2 in the stripper. They 

also require a high reaction rate between amine and CO2, in addition to a low heat of 

absorption, a sturdy chemical stability, as the degradation products of amines can be harmful 

to human health and environment (Knudsen et al., 2009). There is a strong focus on 

environmental friendly solvents, so ecotoxicity and biodegration must be within accepted 

levels. Other coveted properties are low vapor pressure, to minimize amine loss and low 

corrosiveness to the treating unit  (Hartono et al., 2016, Nielsen et al., 1995).  

 

In order to achieve a well-functioning solvent, it may be advantageous to blend different 

classes of amines. A energy modest amine is the basis for the blend, while an amine with high 

reaction rate is added to promote the parent amine. Typical promoters are 2-amino-2-methyl-

1-propanol (AMP), Piperazine (PZ) or MAPA, which all have a fast reaction kinetics with 

CO2. 

 



6 

 

All though alkanolamines are the preferred CO2 absorbents, other solvent systems are also 

considered for CO2 absorption. Aqueous amino acid salts is an interesting alternative to 

amines for CO2 removal, they are expected to have high reactivity towards CO2. In addition to 

having identical functional group as alkanolamines, amino acid salts have a low 

environmental impact, a low volatility and a high biodegrability. When neutralized with 

equimolar amount of base, amino acids react with CO2 as amines do, by forming a zwitterion 

(Shen et al., 2016, Li and Rochelle, 2011) 

1.4 Scope of Work  

The first and predominant part of this work is a part of the ongoing Low Energy Penalty 

Solvents (LEPS)-project run by University College of Southeast Norway (HSN), in 

cooperation with NTNU and University of Texas, Austin. The aim is to develop 

CO2 absorbing solvents giving a lower energy demand in post-combustion CO2 capture 

processes involving both absorption and regeneration.  

 

As a segment of that project, this work will give insight to the influence of amine alkanol 

groups, as well as alkyl chain structure, by systematically varying the tertiary amine and the 

total amine concentration. Table 1.1 show the whole experiment matrix planned for the 

performance study, this work targets the framed experiments. 

 

Due to a high energy demand required to regenerate the rich solvent a blend of two amines 

combines high absorption rate provided by the primary- and secondary diamine, 3-

Table 1.1 Experiment matrix LEPS project 

Ratio Compound mol/L  Compound mol/L  Compound mol/L 

3 

3° amine 3  3° amine 2.25  3° amine 1.5 

MAPA 1  MAPA 0.75  MAPA 0.5 

Total cons. 4  Total cons. 3  Total cons. 2 

         

2 

3° amine 2.66666  3° amine 1.99999  3° amine 1.33333 

MAPA 1.33333  MAPA 0.99999  MAPA 0.66666 

Total cons. 4  Total cons. 3  Total cons. 2 

         

1 

3° amine 2  3° amine 1.5  3° amine 1 

MAPA 2  MAPA 1.5  MAPA 1 

Total cons. 4  Total cons. 3  Total cons. 2 
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methylamino-propylamine (MAPA), and high loading capacity and lower heat of absorption, 

provided by a tertiary amine. Five tertiary amines, 2-diethylamino-ethanol (DEEA), 

triethanolamine (TEA), N-Butyldiethanolamine (BDEA), 2-(Dibutylamino)ethanol (EDEA) 

and N-tert-Butyldiethanolamine (t-BDEA) are considered in this work. The experiments were 

conducted using three different 3° amine/MAPA molar ratios, 3:1, 2:1 and 1:1. The total 

amine concentration was kept constant at 4 mol/L. In addition the single 3° amines are run at 

3M and MAPA at 1M. The sum of this workload is later on in this report termed the 1st 

screening campaign. 

 

The second part of this work is connected to the ongoing Evolutionary de novo design of 

absorbents with optimal CO2 capturing properties (DeNOVO)- project. The aim of this 

project is to establish a novel technology for efficient development of new carbon capture 

absorbents with optimal properties. The main objective is to increase the efficiency of amine-

based capture technology to be applied in the development of the next generation of 

absorbents, such as new amines, imidazoles and ionic liquids.   

 

A model for predicting compounds basicity, and a model to synthezise new amines, was 

developed in collaboration with another reasearch group at NTNU. Four imidazole-like 

compounds, and two amino acid salts, predicted to have a high pKa, and therefore should be 

able to absorb CO2, were suggested from calculations using quantitative structure–property 

relationships (QSPR) and density functional theory (DFT) (Venkatraman et al., 2016). 1,2-

Diaminocyclohexane (DACH), N-Benzylmethylamine (BMA), N,N-Dimethylbenzylamine 

(DMBA), Phenethylamine, Creatine and L-Arginine (ARG), are the commercially available 

compounds selected to cross-validate the model. As a part of this cross-validation, this work 

have conducted screening experiments on the elected compounds in a 2nd screening 

campaign. By screening the compounds, one can see if the model is good to predict the 

elected substances ability to function as CO2 absorbing solvent and their ability to function as 

promoter to DEEA. To check the compounds absorption potentials, they were screened as 30 

wt. % aqueous solutions. The concentration as promoter was 1M for N-Benzylmethylamine, 

and 5 wt. % for L-Arginine.  
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1.5 Outline of the Thesis 

The thesis starts with a theoretical overview in Chapter 2. The theoretical framework aims to 

give the reader an understanding of the reaction mechanisms between amine and CO2, and 

why it is of great importance to develop new solvents for CO2 capture processes. The 

theoretical framework concentrate on the advantage of amine blends, former work performed 

on this particular field, along with relevant data found in literature. A consideration of why 

amino acids are of interest is also given. At last the importance of amines basicity is 

elaborated, and the dissociation constant is related to absorption rate. 

 

Chapter 3 consists of the Material and Method section. The chapter starts with a description of 

the screening equipment and the CO2 and amine analyzers. The section ends with an 

introduction of the chemicals used in this work, followed by solvent preparation. 

 

Solvent screening experiments were performed using CO2 absorption and regeneration with 

selected solvents and the results thereof, together with the results from the liquid analysis, are 

reported in Chapter 4. First, different absorption capacities from tertiary amines are compared. 

Then the effect of concentration is presented, followed by the effect of molecule structure. At 

last, the pKa values of the tertiary amines are examined to see if there is a trend between pKa 

and absorption rate and cyclic capacity. Lastly, the results from the 2nd screening campaign 

are presented. 

 

Chapter 5 gives a conclusion of the study, while a recommendation for further work is found 

in Chapter 6. 
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2 Theoretical Framework 

This chapter aims to identify and review available information on CO2 absorbing solvents. 

Thermodynamics and energy considerations is included to show why it is important to 

develop new solvents. In order to limit the data volumes, and to sharpen it towards this work, 

the target of this rewiev have been on literature data from comparable screening studies of 

single amines, blended systems and amino acid salts. At the end of the chapter, relevant 

dissociation constants (pKa-values) is presented. 

2.1 Energy Considerations for a CO2 capture plantIn a capture plant the 

two main types of energy sinks are electrical energy and heat. Heat is needed in the 

stripper and in the reboiler, and electrical energy is needed to power liquid circulation 

pumps and compressors (Svendsen et al., 2011). Figure 2.1 show a typical amine based 

CO2 capturing plant, with main energy sinks. The purple circles show the electrical 

sinks and the red circles represent heat sinks.  

 

 

Figure 2.1 Energy sinks in a conventional CO2 capture process (Svendsen et al., 2011) 
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The total heat requirement is often referred to as total steam requirement, and is the sum of 

three different energy sinks. Stripping heat, sensible heat and heat of desorption. 

 

The heat of desorption is dependent on the solvent, and is the heat required to reverse the exo-

thermic reaction between absorbent and CO2 in the absorber. The different amine classes have 

distinctive heat of absorption. Primary amines have a higher heat of absorption than second-

ary amines, which in turn have a higher heat of absorption than tertiary amines (Kim and 

Svendsen, 2011).  Since different amines have different heat of absorption, it is important to 

find an energy friendly absorbent. A low heat of desorption make it possible to perform the 

stripping at a lower temperature, hence lowering the heat requirement in the stripper. 

 

 𝑄𝑑𝑒𝑠 =  −∆𝐻𝑎𝑏𝑠𝐶𝑂2
 

 

(1) 

As CO2 rich solvent enter the top of the desorber, the CO2 content is reduced as the solvent 

flows downwards in the column. Steam is needed to drive CO2 up and out of the stripper, and 

the gas leaving the stripper is rich in both CO2 and steam. This steam needs to be condensed 

and returned, and the heat loss of this operation is known as stripping heat. 

 

 
𝑄𝑠𝑡𝑟𝑖𝑝 =

𝑃𝐻2𝑂
𝑠𝑎𝑡 (𝑇𝑡𝑜𝑝,𝑑𝑒𝑠)𝑥𝐻2𝑂,𝑓𝑟𝑒𝑒𝑏𝑎𝑠𝑖𝑠

𝑃𝐶𝑂2

∗ (𝑇𝑡𝑜𝑝,𝑑𝑒𝑠𝛼𝑟𝑖𝑐ℎ)
∆𝐻𝐻2𝑂

𝑣𝑎𝑝
 

 

(2) 

Where 𝑃𝐻2𝑂
𝑠𝑎𝑡 is the saturation pressure of water, 𝑇𝑡𝑜𝑝,𝑑𝑒𝑠 is the temperature at the top of the 

desorber, α is the loading, 𝑥𝐻2𝑂,𝑓𝑟𝑒𝑒𝑏𝑎𝑠𝑖𝑠 is the mole fraction of water steam, 𝑃𝐶𝑂2

∗  is the 

pressure of pure CO2, and ∆𝐻𝐻2𝑂
𝑣𝑎𝑝

 is the energy needed to evaporate the liquid water. The 

loading, 𝛼, is defined as: 

 

 
𝛼 =

𝑚𝑜𝑙 𝐶𝑂2

𝑚𝑜𝑙 𝑎𝑚𝑖𝑛𝑒
 

(3) 

 

Sensible heat is the heat required to rise the temperature of the rich amine solution to the 

desired stripping temperature. The rich/lean heat exchanger is not able to bring the rich 

solvent to desired temperature and the temperature gap is referred to as a sensible heat 

requirement.  
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𝑄𝑠𝑒𝑛𝑠 =

𝜌𝐶𝑝∆𝑇

(𝛼𝑟𝑖𝑐ℎ − 𝛼𝑙𝑒𝑎𝑛)𝐶𝑎𝑚
 

 

(4) 

Where ρ is density, 𝐶𝑝 is the heat capacity, ∆𝑇 is the rich/lean heat exchange temperature, 

𝐶𝑎𝑚 is the amine concentration, and 𝛼𝑟𝑖𝑐ℎ − 𝛼𝑙𝑒𝑎𝑛is the cyclic capacity. Most desirable is that 

the loadings have features so they follow this trend: 𝑟𝑖𝑐ℎ > (𝑟𝑖𝑐ℎ − 𝑙𝑒𝑎𝑛) ≫ 𝑙𝑒𝑎𝑛. In that 

way the solvents absorb substantial amounts of carbon dioxide, the solvents is easily 

regenerated and by the means of a high cyclic capacity, the solvent cost is reduced 

 

Sensible heat requirement is soley determined by the process, as long as no desorption takes 

place in the heat exchanger. But it is important to notice that the need for stripping steam and 

the heat of desorption are strongly interrelated, and this affects the process (Svendsen et al., 

2011). 

 

From the screening results, the main objective is to look at the loadings and the cyclic 

capacities. From Equation (4) one can see why it is desirable to have as large difference as 

possible between the rich and lean loadings. A large cyclic capacity reduces the necessity for 

sensible heat, which in turn reduces the energy demand of the process. 

2.2 Reaction Mechanisms 

Due to the high recognintion on the topic, one can easily find literature data from modeling 

work, equilibrium and screening studies. In order to limit the data volumes, and to sharpen it 

towards this work, the target of this rewiev have been on literature data from comparable 

screening studies. At the end of the chapter, relevant dissociation constants (pKa values) is 

presented. 

 

One of the most promising post-combustion techniques is absorption using amines. Amines 

are organic derivatives of ammonia. Depending on the number of functional groups attached 

to the nitrogen atom, amines can be classified into three groups. Primary-, secondary- and 

tertiary amines, attach respectively one, two or three organic groups connected to the nitrogen 

(Solomons and Fryhle, 2011). Figure 2.2 illustrates the difference between ammonia and the 

three different amine classes. R, R’ and R’’ represent organic groups that are attach to the 

nitrogen atom. 
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Due to their basicity, and their unshared electron pair, amines can undergo a reversible 

reaction with acid gases, such as carbon dioxide (Solomons and Fryhle, 2011). 

 

The reactivity with CO2 depends on the number of functional groups, where primary amines 

have the highest reactivity, while tertiary amines are the slowest. 

 

First CO2 is dissolved in water, see Reaction (I): 

 𝐶𝑂2 (𝑔) → 𝐶𝑂2 (𝑎𝑞) (I) 

 

And water is ionized as shown in Reaction (II): 

 

 2 𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝑂𝐻− (II) 

 

  

Figure 2.2 Molecular structure of ammonia and primary-, secondary- and tertiary amine 
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Dissolved CO2 undergo hydrolysis and ionization. Although no amine molecule appears in 

Reaction (III), the extent to which this reaction will occure, is governed by the basiticy of the 

amine (Singh, 2011).  

 𝐶𝑂2 + 2𝐻2𝑂 ↔ 𝐻𝐶𝑂3
− + 𝐻3𝑂+ (III) 

 

Reaction (IV) gives the bicarbonate/carbonate protonation: 

 𝐻𝐶𝑂3
− + 𝐻2𝑂 ↔ 𝐶𝑂3

2− + 𝐻3𝑂+ (IV) 

Protonation of amine: 

 𝑅𝑅′𝑁𝐻2
+ + 𝐻2𝑂 ↔ 𝑅𝑅′𝑁𝐻 + 𝐻3𝑂+ (V) 

 

Primary- and secondary amines react with CO2 to form carbamate via two different paths, i.e. 

a zwitterion mechanism (Danckwerts, 1979) or single-step termolecular mechanism (Crooks 

and Donnellan, 1989). 

 𝑅𝑅′𝑁𝐶𝑂𝑂− + 𝐻2𝑂 ↔ 𝑅𝑅′𝑁𝐻 + 𝐻𝐶𝑂3
− (VI) 

 

Reaction (VII)-(VIII) represent the zwitterion formation followed by the removal of proton by 

a base B (Singh, 2011).  

 𝐶𝑂2 + 𝑅𝑅′𝑁𝐻 ↔ 𝑅𝑅′𝑁𝐻+𝐶𝑂𝑂− (VII) 

 𝑅𝑅′𝑁𝐻+𝐶𝑂𝑂− + 𝐵 ↔ 𝑅𝑅′𝑁𝐶𝑂𝑂− + 𝐵𝐻+ (VIII) 

 

B represents a base molecule, being water, a hydroxyl ion or an amine functionality. The 

carbamate formed can undergo hydrolysis, and form bicarbonate by reaction with water 

(Singh, 2011). 

 𝑅𝑅′𝑁𝐶𝑂𝑂− + 𝐻2𝑂 ↔ 𝑅𝑅′𝑁𝐻 + 𝐻𝐶𝑂3
− (IX) 

 

Caplow (1968) and Hamborg and Versteeg (2009) reported that there is a strong connection 

between the carbamate formation equilibrium constant and the basicity (pKa) of the solvent. It 

is also reported that an increasing pKa of the amine leads to increased stability of the 

carbamate (McCann et al., 2011, Sartori and Savage, 1983).  

 

The stoichiometry between CO2 and primary or secondary amine is 2:1. The maximum CO2 

loading the amine can achieve is 0.5 mol CO2 per mol amine. This is valid when carbamate 

forming is the only reaction in the system (Sartori and Savage, 1983). 
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Tertiary amines lack the free proton that primary and secondary amines have, and do not react 

directly with CO2 according to Reaction (VII), but by promoting the hydrolysis of CO2 to 

form bicarbonate and protonated amine.  (Blauwhoff et al., 1983, Goel and Johri, 2014, 

Donaldson and Nguyen, 1980). Reaction (X) display the reaction between a tertiary amine, 

water and carbon dioxide, giving bicarbonate (Littel et al., 1990). The maximum loading 

capacity for tertiary amines are restricted to 1.0 mol CO2 per mole amine. 

 

 𝑅𝑅′𝑅′′𝑁𝐻 + 𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻𝐶𝑂3
− + 𝑅𝑅′𝑅′′𝑁𝐻+ (X) 

   

It is considered that the equilibrium reaction between free amine and H2O is instantaneous 

with respect to mass transfer, since it only involves a proton transfer. (Blauwhoff et al., 1983, 

Littel et al., 1990).   

 𝑅𝑅′𝑅′′𝑁𝐻+ + 𝐻2𝑂 ↔ + 𝑅𝑅′𝑅′′𝑁𝐻 + 𝐻3𝑂+ (XI) 

 

The heat of absorption for primary and secondary amines are very high compared to tertiary 

amines. A lower heat of absorption reduce the energy requirement for regeneration of solvent 

(Hadri et al., 2015). Table 2.1 summarizes the difference between primary, secondary and 

tertiary amines. 

 

The reaction between primary and secondary alkanolamines and CO2, that form carbamates 

occur rapidly. While the hydrolysis reaction between CO2 and tertiary amine is slower. The 

reactivity of the primary and secondary amines enables high removal ratios of CO2 in the 

absorbers (Singh, 2011, Vaidya and Kenig, 2007).  

  

Table 2.1.Differences between primary, secondary and tertiary amines for CO2 absorption 

Amine 
Maximum 

loading 
Reactivity 

Heat of 

absorption 

Primary and 

secondary 
0.5 High High 

Tertiary 1.0 Low Low 
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2.3 Single amines 

This section contains a literature review of the amines participating in the 1st screening 

campaign. A concentration of 30 wt. % is used as standard screening concentration, to easily 

compare the results with the base-case MEA.  

2.3.1 Monoethanolamine (MEA) 

30 wt. % monoethanolamine is widely used as a benchmark chemical for amine-based CO2 

capture processes. Substantially amounts of CO2 loading and cyclic capacity data is therefore 

available in open literature for this solvent. Table 2.2 show a selection of the accessible 

screening data. The concentration of most runs in the first screening campaign is kept constant 

at 4 M, thus concentration 4 M MEA is included in this review. 

 

 

Figure 2.3Molecule structure of monoethanolamine (MEA) 

 

MEA is still considered to be the most favored solvent for low pressure gas cleaning from gas 

streams containing small fractions of CO2 and H2S. MEA have a low molecular weight, 61.08 

g·mol-1, and a high alkalinity, which ensure an adequate solution capacity. Although MEA are 

so preferred, it has several disadvantages. It is highly corrosive at high concentrations (>20 

wt. %), and it require substantial amounts of heat for desorption. Due to its high vapor 

pressure, one can get substantial loss of solvent (Kohl and Nielsen, 1997). 
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Amine con-

centration 

[wt. %] 

Temperature 

[°C] 

CO2 

partial 

pressure 

[kPa] 

CO2 load-

ing 

[mol 

CO2/mol 

amine] 

Cyclic 

capacity 

[mol 

CO2/mol 

amine] 

Reference 

30 40 30.4 0.459 
0.07 

Choi et al. (2014) 

30 80 30.4 0.382 Choi et al. (2014) 

41 40 15 0.52 0.13 Conway et al. (2015) 

30 40 20 0.54 

0.17 

Chowdhury et al. 

(2014) 

30 120 100 0.37 
Chowdhury et al. 

(2014) 

30 40 15 0.58  El Hadri et al. (2016) 

30 40 20.3 0.53  Goto et al. (2011) 

30 40 9.5 0.525 0.25 Hartono et al. (2016) 

30 40 33.8 0.46 
0.08 

Kim et al. (2014) 

30 80 33.8 0.38 Kim et al. (2014) 

30 40 13.2 0.56  Puxty et al. (2009) 

30 40 15.2 0.49  Puxty et al. (2009) 

30 40 15 0.56 
0.15 

Schäffer et al. (2012) 

30 90 15 0.41 Schäffer et al. (2012) 

30 30 101.3 0.63  Ye et al. (2015) 
1 Concentration given in mol/L 

 

 

 

The CO2 rich loading varies from 0.46-0.53 mol CO2/mol amine at 40 °C. It is important to 

note that these screening experiments are performed at different CO2 partial pressures, and in 

somewhat different screening equipment. Loadings over 0.5 is not theoretical impossible, the 

high loadings obtained may be due to uncertainties or influence of water (see Reaction (III)). 

 

Cyclic capacity differs from 0.077 mol CO2/mol amine to 0.25 mol CO2/mol amine. 

Chowdhury et al. (2014) and Schäffer et al. (2012) operate at a higher stripping temperature, 

at correspondingly 120 °C and 90 °C, than the stripping temperature used in this work (80 °C). 

Kim et al. (2014) use a semi-batch absorption system explained in Lim et al. (2012), while 

Conway et al. (2015) use a wetted-wall column contactor setup elucidated by Wei et al. 

(2014). This work use the same screening apparatus and operate at the same conditions as 

Hartono et al. (2016). 

Table 2.2 Screening literature data for monoethanoleamine (MEA) 
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Choi et al. (2014) and Kim et al. (2014) achieve the same results for both absorption and 

desorption of 30 wt. % MEA, with a rich loading of 0.46 mol CO2/mol amine and lean 

loading of 0.38 mol CO2/mol amine, although they operate at different CO2 partial pressures. 

However, they both use a semi-batch absorption system for screening purpose. 

 

Figure 2.4 clarify the disparity between the different loadings from MEA screenings found in 

open literature. 

 

  

 

Figure 2.4 Results from screening of 30 wt. % MEA 
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From vapor/liquid equilibrium, the partial pressure of CO2 is a function of loading, 

temperature and mole fraction. This is the reason why it is hard to compare the screening 

results found in literature. Each temperature and partial pressure corresponds to a certain 

loading value, as illustrated in Figure 2.5. 

 

Figure 2.5 CO2 partial pressure as function of loading for H2O–MEA–CO2 system. 30 wt., % MEA at 40 °C, 

60 °C, 80°C, 100 °C and 120 °C. Points are measurements and lines are model prediction (Aronu et al., 

2011a)  

In addition to different loading values at different partial pressures, the screening equipment is 

also different.  
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2.3.2 N,N-diethylethanolamine (DEEA) 

The literature values found for N,N-diethylethanolamine  is included in Table 2.3. The 

concentration 2M is included in the review as one of the experiments in this work contain 2M 

DEEA (+2M MAPA). It is important to remark that that particular entry is from a equilibrium 

approach, not a screening experiment. 

Amine 

concentration 

[wt. %] 

Temperature 

[°C] 

CO2 

partial 

pressure 

[kPa] 

CO2 

loading 

[mol 

CO2/mol 

amine] 

Cyclic 

capacity 

[mol 

CO2/mol 

amine] 

Reference 

30 40 20 0.83 
0.28 

Chowdhury et al. (2013) 

30 70 20 0.55 Chowdhury et al. (2013) 

30 40 15 0.9  El Hadri et al. (2016) 

30 40 9.5 0.78 0.36 Hartono et al. (2016) 

21 40 15 0.82  Monteiro et al. (2013)2 

30 40 15.2 0.69  Puxty et al. (2009) 
1 Concentration given in mol/L 
2 Equilibrium data, not screening 

 

 

Chowdhury et al. (2013) reported the cyclic capacity to be 0.28 mol CO2/mol amine, while 

Hartono et al. (2016) found a cyclic capacity of 0.36 mol CO2/mol amine. 

 

Figure 2.7 show that there is some discrepancies between the results. The absorption capacity 

of DEEA spans from 0.69 mol CO2/mol amine to 0.9 mol CO2/mol amine. Again, this 

deviations are most likely to originate from different conditions and experimental setup, and 

the fact that screening is a semi-quantitative measurement. 

 

Figure 2.6  show predicted equilibrium lines for the H2O-DEEA-CO2 system. Again, it is easy 

to see that different pressures and temperatures give different loadings. The only way 

screening studies can be directly compared, is if both temperature and CO2 partial pressures 

are in agreement, and the screening is performed in matching equipment. 

 

Table 2.3 Screening literature data for DEEA 
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Figure 2.6  CO2 partial pressure as function of loading for H2O–DEEA–CO2 system. 2M DEEA at 40 °C, 60 

°C, 80°C, 100 °C and 120 °C. Points are measurements and lines are model prediction (Monteiro et al., 

2013) 

Figure 2.7 illustrate the challenge of comparing screening experiments, even if they are 

performed at the same temperature. As long as the partial pressure, temperature and/or the 

equipment is different, the equilibrium lines show that the experiments must be interpreted 

individually.  
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2.3.3 Triethanolamine (TEA) 

It was not found as much literature data on screening of TEA as for DEEA, but the data found 

is presented in Table 2.4. 

Amine 

concentration 

[wt. %] 

Temperature 

[°C] 

CO2 partial 

pressure 

[kPa] 

CO2 loading 

[mol CO2/mol 

amine] 

Reference 

30 40 15 0.39 El Hadri et al. (2016) 

30 40 13.2 0.24 Puxty et al. (2009) 

30 40 20 0.25 Chowdhury et al. (2013) 

30 70 20 0.15 Chowdhury et al. (2013) 
 

 

Both Puxty et al. (2009) and Chowdhury et al. (2013) reported similar results for rich CO2 

loading after screening of 30 wt. % TEA at 40 °C, with correspondingly 0.24 mol CO2/mol 

amine and 0.25 mol CO2/mol amine. El Hadri et al. (2016) obtained a somewhat higher 

absorption capacity with 0.39 mol CO2/mol amine. Chowdhury et al. (2013) reported a cyclic 

capacity of 0.10 mol CO2/mol amine for their experiment.  

2.3.4 N-ethyldiethanolamine (EDEA) 

Chowdhury et al. (2013) performed screening experiments on 30 wt. % N-

ethyldiethanolamine, and the findings are presented in Table 2.5. 

Amine 

concentration 

[wt. %] 

Temperature 

[°C] 

CO2 partial 

pressure 

[kPa] 

CO2 loading  

[mol CO2/mol 

amine] 

Reference 

30 40 20 0.64 Chowdhury et al. (2013) 

30 70 20 0.34 Chowdhury et al. (2013) 
 

 

The cyclic capacity was found to be 0.3 mol CO2/mol amine. 

  

Table 2.4 Screening literature data for TEA 

Table 2.5 Screening literature data for EDEA 
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2.3.5 N-tert-Butyldiethanolamine (t-BDEA) 

Table 2.6 show the results Chowdhury et al. (2013) obtained from screening 30 wt. % N-tert-

Butyldiethanolamine. 

Amine 

concentration 

[wt. %] 

Temperature 

[°C] 

CO2 partial 

pressure 

[kPa] 

CO2 loading  

[mol CO2/mol 

amine] 

Reference 

30 40 20 0.39 Chowdhury et al. (2013) 

30 70 20 0.24 Chowdhury et al. (2013) 
 

 

Cyclic capacity was found to be 0.15 mol CO2/mol amine. 

 

There were no relevant literature data found on t-BDEA being used for CO2 removal. 

2.3.6 Non-alkanolamines 

Phenethylamine (PEA), N-Benzylmethylamine (BMA), N,N-Dimethylbenzylamine (DMBA) 

and 1,2-Diaminocyclohexane are classified as non-alkanolamines in this work. 

 

No relevant literature data was found for the non-alkanolamines investigated in this study. 

2.4 Blends of Amines 

Due to the advantages and disadvantages of the single amine solvents, blended amines have 

become an attractive direction in the current research field. The blended amines combines the 

advantages of primary/secondary amine, which reacts fast with carbon dioxide, and tertiary 

amines, that have a low heat of absorption. By combining these benefits and thus tailoring the 

solvent, one can achieve better absorption performance at low partial pressure, as well as high 

absorption kinetics for reactions with CO2 (Gervasi et al., 2014, Glasscock et al., 1991, 

Savage et al., 1984).  

 

Findings from Sakwattanapong et al. (2005) show that blends of tertiary/sterically hindered 

and primary/secondary alkanolamines improve the thermodynamic efficiency of the solvent. 

Blended amine systems enhance the absorption capacity compared to single tertiary amines 

under identical conditions (Barzagli et al., 2010).The blend give a higher equilibrium 

capacity, which promote bicarbonate formation.  

Table 2.6 Screening literature data for t-BDEA 
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The formation of bicarbonate ions is desirable, since bicarbonate breakdown require the 

lowest energy input in order to regenerate the solvent. On the other side, carbamate formation 

has a relatively high heat of formation, so the energetic penalty of the amine regeneration step 

is greater than for bicarbonate regeneration. Since tertiary amines do not form carbamate in 

reaction with CO2 and H2O, the heat requirement for regeneration is lower than for 

primary/secondary amines (Zhang et al., 2016).  

 

The effect of solvent degradation stretches from reduction of cyclic capacity, enhanced 

foaming effects, environmental impacts, corrosion and fouling of equipment (Islam et al., 

2011).  

2.4.1 MAPA as promoter 

3-(methylamino)propylamine (MAPA) is a diamine having a primary and a secondary amine 

functional group and can theoretically absorb two moles of CO2  for every mole of amine. 

Aqueous MAPA, either alone or as a promoter in a blend, has recently received considerable 

attention due to its high reaction rate and CO2 solubility (Voice et al., 2013). MAPA is also 

reported to have a low ecotoxicity and to be biodegradable (Eide-Haugmo et al., 2009). 

 

 

 

Both Kim et al. (2014) and Puxty et al. (2009) have performed screening studies on aquatic 

MAPA. The results are presented in Table 2.7. 

 

  

Figure 2.8 Molecule structure of 3-(methylamino)propylamine (MAPA) 

javascript:popupOBO('GO:0031099','B924889G')
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Since MAPA is a diamine it has to amino groups that can react to form mono-/dicarbamate, 

and reacts according to Reactions (XII) and (XIII)  (Ciftja et al., 2013b): 

 

 𝑅(𝑁𝐻2)2 + 𝐶𝑂2 + 𝐻2𝑂 ↔ 𝑁𝐻2𝑅𝑁𝐻𝐶𝑂2
− + 𝐻3𝑂+ 

 

(XII) 

 𝑁𝐻2𝑅𝑁𝐻𝐶𝑂2
− + 𝐶𝑂2 + 𝐻2𝑂 ↔ 𝑁𝐻𝐶𝑂2

−𝑅𝑁𝐻𝐶𝑂2
− + 𝐻3𝑂+ (XIII) 

 

Literature values for MAPA screening is found in Table 2.7. 

The reported absorption capacity values are 0.94 mol CO2/mol amine and 0.78 mol CO2/mol 

amine from Kim et al. (2014) and Puxty et al. (2009), respectively. The desorption capacity 

reported by Puxty et al. (2009), 0.78 mol CO2/mol amine, is very similar to the absorption 

capacity found by  Kim et al. (2014). Kim et al. (2014) found a cyclic capacity of 0.15 mol 

CO2/mol amine for 30 wt. % MAPA. 

Amine con-

centration 

[wt. %] 

Temperature 

[°C] 

CO2 partial 

pressure 

[kPa] 

CO2 loading  

[mol CO2/mol 

amine] 

Reference 

30 40 33.8 0.94 Kim et al. (2014) 

30 80 33.8 0.79 Kim et al. (2014) 

30 40 15.2 0.78 Puxty et al. (2009) 
 

 

Previous research has indicated that MAPA is an effective promoter to 2-(diethylamino)-

ethanol (DEEA) and methyldiethanolamine (MDEA) solutions. As a weak base, it may serve 

to catalyze proton extractions in the reaction mechanism (Choi et al., 2014, Knuutila et al., 

2009, Arshad et al., 2013a). Bruder and Svendsen (2011) tested MAPA as a promoter to 

Dimethylmonoethanolamine (DMMEA), while Aronu et al. (2011b) used MAPA to promote 

Bis-(3dimethylaminopropyl)amine (TMBPA). All of the MAPA promoted systems showed 

outstanding CO2 carrying capacities, relative to 30 wt. % MEA. Generally, systems with 

higher MAPA concentration show higher absorption rate and absorption capacity. 

 

  

Table 2.7 Screening literature data for MAPA 
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Hartono et al. (2013) found that pure MAPA is more volatile than pure DEEA. However, in 

aqueous solution MAPA was found to be less volatile. A high volatility is associated with 

great amine loss, hence increasing the cost of the CO2 capture process. By blending DEEA 

and MAPA in an aqueous solution, the volatility is lowered, which make the solvent more 

beneficial for CO2 capture. 

2.4.2 DEEA/MAPA system 

The DEEA/MAPA blend is considered to be an interesting system, and a number of 

publications is recently published on this topic. Some sources are Monteiro et al. (2015a), 

Monteiro et al. (2015b), Hartono et al. (2013), Arshad et al. (2013b), Arshad et al. (2013c) , 

Ciftja et al. (2013a) and Pinto et al. (2014a). The work published on this blend ranges from 

measurements of vapor/liquid equilibrium (VLE), phase change, kinetics, but not much on 

screening. 

 

A lot of the onging reasearch on DEEA/MAPA is that this blend form two liquid phases upon 

CO2 loading at certain concentration. If one can split the two phases and send only the CO2 

rich phase to regenaration, there is potential for reducing the energy consumption. If the CO2-

rich phase show high potential for cyclic capacity, there is possibilities for stripping steam 

reduction, which again can lead to increased regeneration pressure (Pinto et al., 2014b).  

 

Pinto et al. (2014b) performed screening on a 2M DEEA + 5M MAPA blend, which form a 

two phase system. The absorption tests showed that the system had vast absorption capacity, 

and that the CO2 rich loading mostly consisted of MAPA and water, while the CO2 poor phase 

mostly consisted of DEEA.  

 

The DEEA/MAPA ratios in this work are such that the blend is kept in single phase. 
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2.5 Amino Acid Salts 

All though chemical absorption of CO2 has a broad range of advantages, there is some 

disadvantages that must be considered. Significant amounts of energy is needed in order to 

regenerate the absorbent, and challenges with the environmental impacts which amines can 

cause (Shen et al., 2016). 

 

Aronu et al. (2010) investigated the absorption potential of MAPA promoted amino acid salts; 

glycine, β-alanine and sarcosine. The promoted amino acid salts were compared with the 

potassium salt of sarcosine and MEA.The neutralized amino acid solutions attained similar 

loadings as the base-case 2.5M MEA (0.53 mol CO2/mol solvent) , and promoted sarcosine 

and promoted potassium salt of sarcosine achieved higher CO2 loading than 5M MEA (0.52 

mol CO2/mol solvent). All the systems show a cyclic capacity comparable to MEA, varying 

from 0.25 mol CO2/mol solvent to 0.34 mol CO2/mol solvent. 

 

Muñoz et al. (2009) based their study of new liquid absorbents for CO2 removal on the 

compounds chemical and physical properties. L-Arginine was one of the candidates in this 

study, where the chemicals were tested for two absorption cycles. The aborption capacity for 

the first cycle were 1.70 mol CO2 per mol amino acid, and for the second cycle 0.80 mol CO2 

per mol amino acid. It is clear that L-Arginine lose capacity after the first absorption cycle, 

and it is stated that it remains constant after the second one. Muñoz et al. (2009) concluded 

that L-Arginine can absorb CO2 effectively, and with a high absorption capacity. 

 

The addition of 5 wt % L-Arginine was found to be an effective rate promoter to improve the 

CO2 capture efficiency of potassium carbonate, with a improved CO2 uptake by a factor of 

2.0-3.0 (Shen et al., 2013, Shen et al., 2016). L-Arginine achieve a higher CO2 absorption 

loading than MEA, but suffer from slow reaction kinetics (Yan et al., 2015). 

 

It was not found any literature data of Creatine being used as a CO2 absorbing agent.  
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Acid Dissociation Constant (pKa) 

Amines are weak bases which are in equilibrium with their ammonium ion in aqueous 

solution. Nitrogen is electronegative and therefore more capable of stabilizing a positive 

charge (Patrick, 2004). The more electronegative the atom, the less basic the compound will 

be, due to stabilization of the charge by the electronegative atom. Several open publications 

state that it exsist a correlation bewteen reaction rate and pKa and report that the reaction rates 

increase with increased pKa (da Silva and Svendsen, 2007).  

 

The dissociation of the conjugate base of a primary amine is shown in Equation (XIV). An 

alkyl group releases electrons, and it stabilizes the alkylaminium ion that results from the 

acid-base reaction by dispersing its positive charge. It inductively stabilizes the alkylaminium 

ion to a grater extent than it stabilizes the amine (Solomons and Fryhle, 2011). 

 

 𝑅𝑁𝐻3
+ + 𝐻2𝑂 ↔ 𝑅𝑁𝐻2 + 𝐻3𝑂+ (XIV) 

 

The basicity of amines increase with increasing methyl substitution: and the order is:  

 𝑅𝑅′𝑁𝐻 > 𝑅𝑁𝐻2 > 𝑅𝑅′𝑅′′𝑁 > 𝑁𝐻3 (XV) 

   

In aqueous solution the aminuim ions formed from secondary and primary amines are 

stabilized by solvation through hydrogen bonding much more effectively than the aminuum 

ions formed from tertiary amines are. The tertiary amines only have one hydrogen to use in 

hydrogen bonding, where primary and secondary have three and two, respectively,  

possibilities to form hydrogen bonds (Solomons and Fryhle, 2011). In general, one can say 

that primary and secondary amines are stronger bases than tertiary amines. 

 

Knowing the pKa value is very helpful for evaluating the proton acceptor ability of the 

amines, as well as the CO2 absorption and regeneration processes (Tagiuri et al., 2016). The 

solvents ability to absorbe CO2 is amine highly dependent on the alkalinity. 

 

Table 2.8 present the pKa values for the chemicals used in the 1st screening campaing. The 

pKa value decrease with increasing temperature, and this is desirable. When the basicity 

decrease with temperature, the heat of desorption is decreased, which again reduce the 

stripping heat (Rayer et al., 2014).  
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Compound T= 25 °C T = 40 °C Source 

Monoethanolamine 9.45 9.06 (Rayer et al., 2014) 

3-(Methylamino)propylamine 10.6   (Puxty et al., 2009) 

2-(Diethylamino)ethanol 9.73 9.45 (Rayer et al., 2014) 

Triethanolamine 7.73 7.42 (Rayer et al., 2014) 

N-Butyldiethanolamine 8.9 8.6 (Rayer et al., 2014) 

N-Ethyldiethanolamine 8.8 8.54 (Rayer et al., 2014) 

N-tert-Butyldiethanolamine 9.03 8.75 (Rayer et al., 2014) 
 

 

Figure 2.9 depict the pKa trends with respect to addition of −CH3 and −OH groups. One can 

see that the basiticy decrease with increasing -OH functions. The decrease is approximately 

one pKa unit per -OH group. The effect of alkyl chain length addition is less clear, but one can 

see a modest increase from EDEA to t-BDEA. 

 

 

Table 2.8 Measured pKa for the amines studied in the 1st screening campaign at different temperatures 

Figure 2.9 Trend in pKa values of the amines with respect to the addition of −CH3 and −OH groups at 20 °C 
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The dissociation constant for the compounds tested in the 2nd screening campaign are found in 

Table 2.9. As for the compounds used in the 1st screening campaign, the pKa value decrease 

with increasing temperature, which is beneficial for low energy consuming stripping. 

Compound T= 25 °C T = 45 °C Source 

1,2-Diaminocyclohexane 9.58 9.27 (Evjen et al., 2016) 

N-Benzylmethylamine 9.38 9.10 (Evjen et al., 2016) 

N,N-Dimethylbenzylamine 9.021 8.48 (Evjen et al., 2016) 

Phenyletylamine 9.93 9.24 (Evjen et al., 2016) 

Creatine 12.72  (Politzer and Murray, 1994) 

L-Arginine 11.883 11.783,4 (Nagai et al., 2008) 
1 T= 35 °C 
2 Temperature unknown 
3 pKa value of the guanidinium group in free arginine 
4T= 40 °C 

 

 

The pKa value for the arginine side chain only decrease slightly with increasing temperature. 

This may indicate that it is hard to remove the absorbed CO2 from the solvent, and that 

regeneration can be challenging. 

  

Table 2.9 Measured pKa for the compounds tested in the 2nd campaign of screening experiments 
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3 Materials and Methods 

This section gives a detailed description of the materials and methods that were used during 

this work. 

 

3.1 Screening 

The screening method is used to acquire first-hand knowledge on the behavior of each solvent 

system in an absorption process. There is no guarantee that the bubble structure, and therefore 

the gas–liquid interfacial area was exactly the same during all experiments, therefore it is 

qualified as a semi-quantitative measurement. However, the superficial gas velocity was the 

same, so any differences would arise mainly due to variations in interfacial tension, bubble 

coalescence properties and viscosity (Ma’mun et al., 2007). 

 

 

The screening apparatus operate under atmospheric conditions up to 80 °C and was applied as 

described in (Aronu et al., 2011b) and (Hartono et al., 2016). 120 - 125 g amine solution was 

weighted into a small jacketed reactor. With support from a Julabo water bath that is set to 40 

degrees for absorption, the temperature is kept constant. The reactor was put on a magnetic 

stirrer at 450 rpm to ensure good mixing Absorption of CO2 with solvent took place at 40 °C 

Figure 3.1 Sketch of screening apparatus (Hartono et al., 2016) 
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up to 9.5 kPa CO2 partial pressure, while stripping of the same solvent occurred at 80 °C 

down to 1.0 kPa CO2 concentration in gas phase (Aronu et al., 2011b).  

 

Two Bronkhors® High-Tech mass flow controllers (MFC) were used to control the 

composition of the feed gas, containing 90 % N2 and 10 % CO2. The gas mixture is bubbled 

through the solvent in the reactor. The velocity was set to 1NL/min in order to reduce amine 

sweep out of reactor. The gas that is not absorbed goes through two condensers before it 

reaches the Fisher–Rosemount BINOS® 100 NDIR CO2 analyzer. The equipment holds two 

different channels for adjusting the gas composition. Channel 1 is used up to 10 vol. % CO2 

content in the gas mixture, while channel 2 is used for CO2 concentrations up to 35 vol. %. 

The software LabVIEW is set to log every minute.  

3.1.1 Absorption-Desorption Calculations 

LabVIEW logs data such as time [min], mass flow of CO2 and N2 gas in to reactor[
𝑁𝑙

𝑚𝑖𝑛
], 

temperature [°C], CO2 out of reactor [vol. %], CO2 accumulated in solution [Nl] and rate of 

absorption [
𝑁𝑙

𝑚𝑖𝑛
] every minute. The amount of CO2 absorbed by the amine system was 

calculated with the logged data as a basis, as given in Equation (1). 

 

 𝑄𝐶𝑂2 [
𝑚𝑜𝑙 𝐶𝑂2 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑠
] = 𝑛𝐶𝑂2

𝑖𝑛 −
𝑥𝐶𝑂2

𝑜𝑢𝑡 ·  𝑛𝑁2

𝑖𝑛

1 − 𝑥𝐶𝑂2

𝑜𝑢𝑡  (1) 

 

𝑛𝐶𝑂2

𝑖𝑛 , 𝑛𝑁2

𝑖𝑛 and 𝑥𝐶𝑂2

𝑜𝑢𝑡 are the amount of CO2 and N2 fed into the reactor, and the volume 

percentage of CO2 gas leaving the reactor, which was recorded by the MFC and the CO2 

analyzer (Hartono et al., 2016).  

 

The accumulated amount of CO2 absorbed was then integrated as presented by Equation (2). 

 𝑁𝐶𝑂2
[𝑚𝑜𝑙 𝐶𝑂2] = ∫ 𝑄𝐶𝑂2 · 𝑑𝑡

𝑡

0

 (2) 

 

Equation (3) calculates the absorption and stripping rates in
𝑚𝑜𝑙 𝐶𝑂2

𝑘𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 · 𝑠
. 

 𝑟𝐶𝑂2 [
𝑚𝑜𝑙 𝐶𝑂2 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑘𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 · 𝑠
] =

𝑄𝐶𝑂2 

𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 (3) 
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𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the amount of solvent added to the reactor in grams, recorded by Mettler Toledo 

MS 603S balance prior to screening experiment. 5-10 grams sample is withdrawn from the 

reactor via syringe after absorption is completed. The small amount of sample taken is 

presumed not to disturb the mass balance during the desorption process.  

 

By dividing total amount of CO2 absorbed or stripped with the total amount of solvent in the 

reactor, as seen in Equation (4), we get the loading. 𝛼𝑟𝑖𝑐ℎ is the total amount of CO2 absorbed 

by the system, while 𝛼𝑙𝑒𝑎𝑛 is the total amount of CO2 stripped from the system (Aronu et al., 

2011b). 

 𝛼 [
𝑚𝑜𝑙 𝐶𝑂2

𝑘𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
] =

𝑁𝐶𝑂2

𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 (4) 

 

Cyclic capacity is the difference between rich and lean loading, and are calculated by 

Equation (5). 

 𝑄𝑐𝑦𝑐 [
𝑚𝑜𝑙 𝐶𝑂2

𝑘𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
] = 𝛼𝑟𝑖𝑐ℎ − 𝛼𝑙𝑒𝑎𝑛 (5) 

   

3.2 CO2 and Amine Analysis 

Samples taken after absorption and desorption of the screening experiments were analyzed for 

CO2 and amine content. When knowing these concentrations, the loading was found 

according to Equation (6). 

 𝛼 [
𝑚𝑜𝑙 𝐶𝑂2

𝑚𝑜𝑙 𝑎𝑚𝑖𝑛𝑒
] =

𝐶𝐶𝑂2

𝐶𝑎𝑚𝑖𝑛𝑒
 (6) 

   

Where 𝐶𝐶𝑂2
 and 𝐶𝑎𝑚𝑖𝑛𝑒 is the concentration of CO2 and amine, respectively. To compare with 

screening results the loading is multiplied with amine concentration [mol·kg-1]. 
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3.2.1 CO2 Analysis 

After terminating the experiment, the absorption and desorption samples were analyzed by the 

barium chloride method described by (Ma’mun et al., 2007).  

 

25 mL 0.5M BaCl2 and 50 mL 0.1M NaOH dispensed into an Erlenmeyer flask, before the 

sample was weighted in. The amount of sample was adjusted by the expected CO2 

concentration. Two parallels per sample was prepared, and one additional blank to account for 

the CO2 content in the air. 

 

The alkaline environment makes the carbon dioxide precipitate according to Le Châterlier’s 

Principle and Reaction (XVI). 

Heat enhances the reaction, so the flasks were set to boil for ~4 minutes. Before filtration with 

MF-Millipore 0.45 µm HA membrane filter the solution is cooled down to ambient 

temperature. The filtration took place in a standard vacuum filtration setup. After filtration the 

filter paper was transferred to a 250 mL tall beaker, and the filter cup was rinsed with 50 mL 

IC-water. 

 

After filtration, 0.1M Hydrochloric acid was dispensed into the beakers to dissolve the filter 

cake. The beakers were tared on the balance before adding 10 mL 0.1 M HCl to the blank, and 

40 mL to each of the samples. The amount of acid added to the beaker was noted in grams. 

 

Metal carbonate and hydrochloric acid reacted according to Reaction (XVII) to form barium 

chloride, water and also liberate carbon dioxide into the solution. 

 

To ensure that the precipitate got fully dissolved, the beaker containing a small magnet was 

placed on a magnetic stirrer. Once the barium carbonate was fully dissolved, the titration was 

started.  

 

 𝐵𝑎2+ + 𝐶𝑂2 + 2𝑂𝐻− = 𝐵𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂 (XVI) 

 

 𝐵𝑎𝐶𝑂3(𝑠) + 𝐻𝐶𝑙 = 𝐵𝑎𝐶𝑙2 + 𝐶𝑂2 + 𝐻2𝑂 (XVII) 
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The amount of acid that did not participate in dissolving the solids was titrated with 0.1M 

NaOH in a neutralization reaction. The equipment used for the potentiometric titration was 

Methrom 809 Titrando together with an 814 USB sample Processor, and the software Tiamo 

2.3.  

 

The amount of sodium hydroxide needed to reach pH 5.25 was used to calculate the CO2 

content in the sample.  

 

 

 

The concentration of CO2 is given in
𝑚𝑜𝑙 𝐶𝑂2

 𝑘𝑔 𝑎𝑚𝑖𝑛𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 , and is found from Equation (7).  

 

 

[𝐶𝑂2] (
𝑚𝑜𝑙

𝑘𝑔
)

=
𝐻𝐶𝑙(𝑔) − 𝑁𝑎𝑂𝐻(𝑚𝐿) − [𝐵𝑙𝑎𝑛𝑘 𝐻𝐶𝑙(𝑔) − 𝐵𝑙𝑎𝑛𝑘 𝑁𝑎𝑂𝐻(𝑚𝐿)]

20 × 𝑆𝑎𝑚𝑝𝑙𝑒 (𝑔)
 

(7) 

 

The acceptable deviation between the parallels is 3.0 %. 

  

Left: Figure 3.2 Methrom 809 Titrando and 814 USB sample Processor (Methrom, 2016) 

Right: Figure 3.3 Titration curve for determination of CO2 content in loaded 3M DEEA sample taken after 

absorption at 40 °C 
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3.2.2 Amine Analysis 

A Mettler Toledo G20 Compact titrator with an accompanying Rondolino TTL was used to 

determine the amine concentration of the screening samples by potentiometric titration. LabX 

titration was the software that controlled and set the titration procedure. 

 

0.2 mL sample was weighted into small beakers already containing 50 mL IC-water. The 

samples were then titrated with 0.1N sulphuric acid until a pH-level of 2.5 is reached. 

 

The reaction is according to Brønsted-Lowry theory of acids and bases, where the base (in 

this case the functional groups of the amine) acts as a hydrogen ion acceptor (Kauffman, 

1988). The stoichiometry is 1:1. 

 

 

  

 

The first sample of each run is a blank that only contain DI-water. 

To ensure trustworthy results, two parallels of each sample are analyzed. Approved 

discrepancies between parallels are 3.0 %.  

  

Left: Figure 3.4 Mettler Toledo G20 Compact with Rondolino TTL (Toledo, 2016) 

Right: Figure 3.5Titration curve for determining amine concentration of 3M DEEA after absorption at 40°C 
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[𝐴𝑚𝑖𝑛𝑒] (

𝑚𝑜𝑙 𝑎𝑚𝑖𝑛𝑒 𝑔𝑟𝑜𝑢𝑝𝑠

𝑘𝑔
)

=
𝐻2𝑆𝑂4(𝑚𝑙) × 0.2(

𝑚𝑜𝑙 𝐻+

𝐿 )

𝑆𝑎𝑚𝑝𝑙𝑒 (𝑔)
 

 

(5) 

 

LabX 3.1 titration use Equation 5 to calculate the amine concentration, and give the result in 

𝑚𝑜𝑙 𝑎𝑚𝑖𝑛𝑒 𝑔𝑟𝑜𝑢𝑝𝑠

𝑘𝑔 𝑎𝑚𝑖𝑛𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
. 

 

3.3 Chemicals and Solution Preparation 

Commercially available chemicals used in this work are presented in Table 3.1. All of the 

chemicals were used without further purification. 

 

Aqueous solutions were prepared by dissolving the chemicals into DI-water by gravimetric 

procedure. The balance used for gravimetric preparation of the solutions was a Mettler Toledo 

MS6002 New Classic with an uncertainty of ±10−5 kg.  

Chemical Abbreviation 

Molecular 

weight 

[g/mol] 

CAS 
Purity 

[%] 
Provider 

2-(Diethylamino)ethanol DEEA 117.19 100-37-8 ≥99.5 
Sigma 

Aldrich 

N-Butyldiethanolamine BDEA 161.24 102-79-4 98.60 
Sigma 

Aldrich 

N-Ethyldiethanolamine EDEA 133.19 139-87-7 98 
Sigma 

Aldrich 

3-

(Methylamino)propylamin

e 

MAPA 88.15 6291-84-5 ≥97 
Sigma 

Aldrich 

N-tert-

Butyldiethanolamine 
t-BDEA 161.24 2160-93-2 97 TCI Europe 

 Table 3.1 Chemicals used in this work 
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Triethanolamine TEA 149.19 102-71-6 ≥99.0 
Sigma 

Aldrich 

L-Arginine ARG 174.2 74-79-3 99 
Sigma 

Aldrich 

Creatine CRE 131.14 6020-87-7 ≥98 
Sigma 

Aldrich 

1,2-Diaminocyclohexane DACH 114.19 694-83-7 99 
Sigma 

Aldrich 

N,N-Dimethylbenzylamine DMBA 135.21 103-83-3 ≥99 
Sigma 

Aldrich 

N-Benzylmethylamine BMA 121.18 103-67-3 97 
Sigma 

Aldrich 

Potassium hydroxide KOH 56.11 1310-58-3 85 SdS1 

Phenyletylamine PEA 121.18 64-04-0 99 
Sigma 

Aldrich 

Polypropylene Glycol Antifoam 76.10 25322-69-4 NA NEEC2 

Carbon Dioxide CO2 44.01 124-38-9 99.999 Yara-Praxair 

Monoethanolamine MEA 61.08 141-43-5 ≥99 
Sigma 

Aldrich 

Nitrogen N2 14.01 7727-37-9 99.998 Yara-Praxair 

1SdS is now known as Carlo Erba Reagents 

2NEEC = Nalco/Exxon Energy Chemicals L.P. 
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3.4 Experimental Design 

The screening work was divided into two campaigns. The first screening campaign, focused 

on the effect of molecular structure and molar ratio between the tertiary amine and the 

promoter in a blended solvent system. The second screening campaign looked at potential 

new solvents and promoters for CO2
 capture. 

3.4.1 Experimental Setup - 1st Campaign 

In the first campaign, the molecular structure of the tertiary amine and the molar ratio 

between the 3° amine/promoter was systematically varied to investigate the effect of 

absorption and desorption performance.  

 

30 wt. % MEA is used as the base case, while 3M and 4M MEA was used for comparison at 

equimolar basis. 3M DEEA was screened three times in order to check the reproducibility of 

the screening apparatus. 

 

Table  present the different experiments performed in this campaign. The ratios 3:1, 2:1 and 

1:1 have a concentration of 3M tertiary amine/1M MAPA, 2.67M tertiary amine/1.33M 

MAPA, 2M tertiary amine/2M MAPA, respectively. A total of 24 experiments are evaluated 

in this part of the study. 

 

Chemical 
Concentration/ratio 

30 wt. % 1M 3M 4M 3:1 2:2 1:1 

MEA x  x x    

MAPA  x      

DEEA   x  x x x 

TEA   x  x x x 

BDEA   x  x x x 

EDEA   x  x x x 

t-BDEA   x  x x x 

 

Table 3.2 Experiment Matrix – First campaign 
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The chemicals selected deviate from each other, either by extending the alkyl chain structure 

(EDEA  BDEA  t-BDEA) or by adding amine alkanol groups (DEEA  EDEA  

TEA). The pKa values of the single amines were also evaluated against absorption capacity. 

3.4.2 Experimental Setup - 2nd Campaign 

MAPA is classified as a toxic chemical due to its high volatility and have a very high 

degradation rate in presence of CO2. The findings from (Eide-Haugmo et al., 2009) show that 

the thermal degradation of MAPA in presence of CO2 is 50 %, this is much higher than the 

biodegradability. The lack of stability under process conditions creates a desire to find new 

and promising solvents and promoters. A total of 6 chemicals were outlined as promising for 

the 2nd screening campaign, as seen in Table 3.3. 

Compound CAS Structure 

1,2-Diaminocyclohexane 

 
20439-47-8 

 

N-Benzylmethylamine 

 
103-67-3 

 

N,N-Dimethylbenzylamine 

 
103-83-3 

 

Phenyletylamine 

 
64-04-0 

 

Creatine 

 
57-00-1 

 

L-Arginine 

 
7200-25-1 

 
 

 

The experiments that were run are found in Table 3.43.4. MEA 30 wt. % was used as 

reference for the blends, 1M MAPA was as comparison of promoter properties. After single 

runs, the chemicals were tested if they could act as a promoter to DEEA. The solutions were 

made in the ratio 3M DEEA + 1M promoter. The new promoter systems were compared 

against the 3M DEEA + 1M MAPA system screened in the 1st campaign.  

Table 3.3 Chemicals elected for second screening campaign 



41 

 

Chemical 
Concentration/ratio 

30 wt. % 1M 14 wt. % 1:3 5 wt. %:3M 

MEA x     

MAPA      

BMA x   x  

DBMA x   x  

ARG   x  x 
 

 

As ARG also have a low solubility in water, a solution of 14 wt. %ARG in water was made. 

When dissolving ARG in DEEA the solubility decreases drastically. Therefore, a solution 

containing 5 wt. % ARG and 3M DEEA was prepared and screened. 

  

Table 3.4 Experiment Matrix – Second campaign 



42 

 

  



43 

 

4 Results and Discussion 

The results are discussed in terms of absorption capacities and cyclic capacities. Absorption 

curves corrected with liquid analyzes are used to explain and evaluate the absorption rates. 

The liquid analysis is used as a basis for discussing the loadings and cyclic capacities. Lastly 

cyclic capacity and absorption rate is looked at from a pKa point of view. It is early 

emphasized to explain the credibility of screening values seen in light of the liquid analysis. 

 

First out is the discussion of whether screening data is usable or not. And an explanation of 

why the results are presented as they are, is given. Then, single amine solvents from the first 

screening campaign are presented, followed by the blended amine solvents. The results from 

the blended amine solvents is given in two ways, focusing on the ratio between 3° amine and 

MAPA, or the effect of molecular structure. After that, a discussion on the cyclic capacity and 

on pKa of the blends follow. Last out, presentation of the second screening campaign. 

4.1 Differences between Screening Values and Liquid Analysis 

As discussed in Chapter 2, finding similar screening experimental data are challenging and 

the obtained data are not directly comparable if the experiment was not conducted at similar 

temperature, concentration and CO2 partial pressure. Single tertiary amines pose an additional 

challenge, because of their slow reaction with CO2. The CO2 analyzer drifts a lot, and it is 

hard to say if the end-point really is where the absorption is stopped. Figure 4.1 show that 3M 

DEEA is screened three times and 30 wt. % MEA two times. Since the results are similar for 

the different parallels, we conclude that the reproducibility is sufficient, and that it is no 

purpose in screening the amines more than once. 

 

However, all though the reproducibility of the screening apparatus is sufficient, there are large 

discrepancies between screening values and the results given from the liquid analysis. This is 

discussed further on. 

 

The difference between the two different 30 wt. % MEA runs, depicted in Figure 4.1, is the 

sinter. One can see that the run with new sinter show a higher absorption rate than the one 

with the old sinter. The new sinter improves the hydrodynamic gas/liquid contact, and a good 

gas/liquid enhances the surface contact area, which is important for absorption processes. The 

rich loading for the experiment conducted with the old sinter was determined to be 2.49 mol 
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CO2/kg amine, whereas the experiment performed after sinter change completed at a rich 

loading of to 2.53 mol CO2/kg amine. The rich loading difference is expected within 2 %.  

Beside the 30 wt. % MEA experiment prior to sinter change, the other screening experiments 

are conducted after the sinter change. Since screening is a semi-quantitative measurement, it 

is important to keep the layout as similar as possible. All the solvents are therefore screened in 

the same reactor, with the same magnet and at the same operational conditions. Solely the 30 

wt. % MEA screened after sinter change is used in further discussions. 

 

 

 

The rate of the 3M DEEA screening performed 09.05.2016 had a steeper rate drop than the 

other two 3M DEEA screenings, which caused a shorter duration of the experiment. There 

was not found a reason why the predictions in this experiment deviated from the two others, 

other than the plausible reasons discussed later on. One thing that is very interesting is that the 

deviating screening experiment, display improved coherence between results from liquid anal-

ysis and screening. Wort noting is that it is the first 3M DEEA run (15.04.2016) which is used 

further discussions. 

 

The 30 wt. % screening experiment performed after sinter change was used as the benchmark 

solvent. In terms of moles, the absorption capacity for 30 wt. % MEA after sinter change was 

found to be 0.51 mol CO2/mol amine, while the cyclic capacity was 0.26 mol CO2/mol amine. 
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Figure 4.1 Absorption curves from screening of 3M DEEA and 30 wt.% MEA at 40 °C 
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This is in good agreement with the results from Hartono et al. (2016), which used the same 

equipment under the same conditions. They did not report it any analyze liquid samples taken 

after absorption and stripping. Therefore it concluded that they only reported their results base 

on the gas phase calculation (see Equation (1)). 

 

Hartono et al. (2016) also performed screening on 30 wt. % (~2.6 M) DEEA, and got a rich 

loading of 0.78 mol CO2/mol amine and a cyclic capacity of 0.36 mol CO2/mol amine. From 

the screenings of 3M DEEA in this work, the absorption potentials ranged from 0.56 to 0.63 

mol CO2/mol amine, and the cyclic capacity found from the liquid analysis was determined 

from 0.51 to 0.57 mol CO2/mol amine. As for MEA, Hartono et al. (2016) did not perform 

analyzes on liquid phase after screening DEEA either. The difference may be caused by 

concentration effect. 

 

Table 4.1 show that there are vast differences between the CO2 loading from screening, and 

the results obtained from liquid analysis. Especially the lean loading for 3M DEEA display 

tremendously deviations, of more than 300 percent. The difference between screening and 

liquid analysis is less when using amines that react more rapidly (5M MEA), or blends of 

tertiary amines with MAPA (2.67M BDEA+1.33M MAPA), as seen from the Table 4.1. It 

was also expected that the lean loading would address larger disagreement than the rich 

loading, as the error would accumulate from the absorption part of the experiment. One can 

expect liquid analysis/screening deviation of around 5 % for both absorption and desorption. 

If better accuracy is needed one should proceed to VLE-experiments. However, as VLE is 

more time consuming, screening is a good solution for fast characterization and selection of 

potential solvents. 
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Reasons for discrepancies between screening and liquid analysis may be that the experiment 

is performed in a small reactor. In larger reactors, the errors would not accumulate to such an 

extent as in a smaller one. As the absorption takes place at 40 °C and the stripping at 80 °C, 

there is always some risk associated with evaporation during sampling. After stripping the 

solvent is cooled down to 40 °C, which reduce the risk of evaporation. Further, if the solvent 

has a high vapor pressure this could lead to solvent loss, causing deviations in vapor/liquid 

mass balance.   

 

In addition, there is a possibility for leakage throughout the screening apparatus. This source 

of error is, however, pretty well under control, since the gas flow is logged every minute. The 

last, but maybe the most considerable contributor to error between lean loading analyses is 

due to CO2 lost during the heating process from 40 °C to 80 °C. Although the data during the 

heating period also is registered, it is seen in the rotameter that a low gas flow is sent to the 

CO2 analyzer. During steady conditions (for both absorption/desorption), 1NL/min of gas was 

sent to the CO2 analyzer. This low gas flow affects the reading of the analyzer. As the 

equilibrium curves showed, the loading is dependent on temperature, and in general heating 

lower the loading. Thus the solvent release CO2 which is not perceived by the CO2 analyzer. 

Tertiary amines have lower heat of desorption, and therefore release more CO2 during 

heating, and this leads to the immense mass balance errors shown in Table 4.1. 

 

  

Table 4.1 Data from the three different 3M DEEA screenings, 30 wt. % MEA and ratio 2 BDEA/MAPA with 

corresponding results from the liquid analysis. S=screening, LA= liquid analysis and Dev. = deviation 

Run 

Sam-

ple 

mass 

[g] 

Abs. 

time 

[min] 

Rich loading 

[mol/kg] 

Lean loading 

[mol/kg] 

Cyclic capacity 

[mol/kg] 

S LA 
Dev. 

[%] 
S LA 

Dev. 

[%] 
S LA 

Dev. 

[%] 

3M DEEA 

(15.04.16) 
123 551 2.44 1.89 29 1.03 0.17 513 1.41 1.73 18 

3M DEEA 

(09.05.16) 
121 386 1.97 1.73 14 0.68 0.17 304 1.30 1.56 17 

3M DEEA 

(28.05.16) 
121 537 2.58 1.92 34 1.18 0.18 567 1.39 1.75 20 

30 wt.% MEA 120 124 2.60 2.53 3 1.54 1.25 22 1.06 1.27 17 

BDEA/MAPA 120 122 1.84 1.68 18 0.97 0.69 45 0.87 0.99 29 
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Due to the extensive divergence between screening and liquid samples, absorption curves are 

used to discuss absorption rates. The curves are corrected so that the rich loading corresponds 

to the loading value obtained from liquid analysis. Liquid analysis is used to present and 

discuss loadings and cyclic capacities. Since the only the liquid analysis is used for cyclic 

capacity calculations, the stripping curves are not presented. 

 

The liquid analysis from the first screening campaign is also supported by quantitative NMR-

experiments, performed by postdoc Cristina Perinu. The NMR-results show good correlations 

with the CO2 analysis, indicating that both results have a good agreement within 10 %. 

4.2 Single Amine Solvents 

To see the absorption rate and absorption capacities of the tertiary amines, the single amine 

systems were screened in a concentration of 3 mol·L-1. 

 

From Figure 4.2 it is easy to see that the tertiary amines, DEEA, TEA, BDEA, EDEA and t-

BDEA, have a low absorption rates, and except for 3M DEEA, they also have low absorption 

capacities. While MEA is a primary amine and react fast with CO2. 

 

The figure also illustrate that 1M MAPA have a high absorption rate, but it does not reach as 

high rich loading as MEA due to concentration difference. 1M MAPAs absorption capacity is 

found to be 1.12 mol CO2/kg amine. Because of MAPAs high absorption rate, it is interesting 

to see its ability to act as a promoter for the tertiary amines. 
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The single 3M tertiary amines was evaluated against 3M MEA so that the concentration of 

amine is comparable, and also against the conventional 30 wt. % MEA. We clearly see that 

DEEA have a far better absorption capacity than any of the other tertiary amines, at 1.89 mol 

CO2/kg amine. The rich loading of 3M DEEA is found to be 18 % higher than 3M MEA (1.60 

mol CO2/kg amine). However, not as high as the loading of the conventional 30 wt. % MEA, 

which have an absorption capacity of 2.53 mol CO2/kg amine. 

 

After DEEA, the order of increasing absorption capacity is t-BDEA, EDEA, BDEA and TEA, 

with absorption capacities of 0.40, 0.35, 0.28 and 0.16 mol CO2/kg amine, respectively. This 

is respectively 84 (t-BDEA), 86 (EDEA), 89 (BDEA) and 93 % (TEA) lower than the rich 

loading of 30 wt. % MEA. The rich loading of t-BDEA and BDEA are similar (0.05 and 0.04 

mol CO2/kg amine, respectively). 

 

From Figure 4.3 one can see the rich and lean loadings and the cyclic capacities, all 

determined by liquid analysis. All of the tertiary amines exhibit a high cyclic capacity relative 

to their rich loading. This means that it is easy to regenerate the solvent, which is a typical 

feature for 3° amines. As a diamine, MAPA have a high rich loading, but is not as easily 

regenerated as the tertiary amines are. 
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3M DEEA obtain a cyclic capacity of 1.73 mol CO2/kg amine, and remove 91 % of the CO2 

captured in the absorption process. This is more than the benchmark solvent, 30 wt. % MEA, 

which has a 50 % removal degree and a cyclic capacity of 1.27 mol CO2/kg amine. 3M MEA 

remove 71 % of the absorbed CO2, and acheive a lean loading of 1.14 mol CO2/kg amine. The 

dissimilarity in removal rate between 3M and 30 wt. % MEA may result from the 

concentration difference. If more amine is present, and by that a higher amount of CO2 get 

absorbed, it will be harder to strip away the CO2 captured. 

 

MAPA remove only 33 % of the CO2 captured during the absorption, and have a cyclic 

capacity of 0.74 mol CO2/kg amine. 3M TEA, BDEA. EDEA and t-BDEA remove 

respectively 52, 86, 35 and 87 % of the CO2 during regeneration. The high removal rates are 

excpected for tertiary amines, and is why they are interesting to use in blends. High removal 

rates is beneficial for energy sparse regeneration. 

 

In Figure 4.3 the results from liquid analysis are compared against the screening values. In all 

the cases, the screening over predicts the loadings, and therefore also the cyclic capacity. 

Since the relative numbers dealt with are so small, even a small-numbered error will cause a 

big impact.  
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Figure 4.4 Cyclic capacity and loadings from liquid analysis vs. screening values. Circles represent rich loading, 

and crosses represent lean loading 

One can see that the lean loadings (crosses) give larger errors than the rich loadings (circles), 

due to accumulation of error trough the experiment. One can also see that the faster amines, 

MEA and MAPA, give a smaller deviation than the slower tertiary amines. 

4.3 Blended Amine Solvents 

After the single tertiary amines were screened, the blends were run. The results obtained from 

the blends are interpreted with two different focuses. Equal blends are compared with each 

other, but with varying concentrations. This approach exposes the effect of the ratio between 

3° amine and MAPA. 

 

The different blends are set side by side, all having the same concentrations. By doing this, 

the molecular structures are compared, and give an insight of which functional groups that 

could be profitable or inadequate for CO2 absorption. 

 

Due to foaming of solutions containing EDEA, BDEA and DMBA, 1000 ppm antifoam was 

added after solution preparation. This high antifoam concentration is not desirable in a 
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conventional chemical absorption process, but regarded as acceptable for screening purposes 

where only preliminary results are obtained. Antifoam reduces the surface tension of the 

solvent (Thitakamol and Veawab, 2008). 

4.3.1 Equal Ratio Blends - Concentration Varied 

MAPA is added to the tertiary amines to enhance the reaction rate. The blends with MAPA 

are screened with the ratios 3:1, 2:1 and 1:1, with the relation 3° amine/MAPA. The total 

amine concentration is kept constant at 4M.  

 

There is no doubt that MAPA acts as a promoter to DEEA, according to Figure 4.5. One see a 

remarkably increase in absorption rate from 3M DEEA to the promoted systems. 

 

 

MAPA and MEA have a high absorption rate until the beginning of saturation, when the rate 

start to drop steeply. In comparison with 4M MEA, the performance of ratio 3:1, 2:1 and 1:1 

is 32 %, 43 % and 61 % higher absorption capacities, respectively. The blends of DEEA and 

MAPA have a much smoother decrease of absorption rate throughout the experiment, and can 

be seen as a tradeoff by mixing the slow reacting DEEA with the fast reacting MAPA. 
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4M MEA have an absorption potential of 2.05 mol CO2/kg amine. Ratio 3:1 gave an 

absorption capacity of 2.72 mol CO2/kg amine, ratio 2:1 gave 2.94 mol CO2/kg amine and 1:1 

gave 3.31 mol CO2/kg amine. Ratios 3:1 and 2:1 have initially a lower absorption rate than 

4M MEA, but ends with larger loading, 33 % and 43 % respectively. The ratio 1:1 both show 

a larger absorption rate than 4M MEA the whole duration of the experiment, and also gave a 

61 % higher end loading. MAPA influence the system to absorb more carbon dioxde, and this 

make sense when one consider MAPAs stoichiometry and reactivity.  

 

Also when added to TEA, MAPA enlarged the reaction rate and loading. 

Both ratios 3:1 and 2:1 gave lower loadings than the 4M MEA screenings, with an absorption 

capacity of 1.22 mol CO2/kg amine (41 %) and 1.53 mol CO2/kg amine (25 %), respectively. 

3M TEA had the smallest absorption rate of the 3M tertiary amines. This is decisive when 

adding MAPA to TEA. The more fast-reacting MAPA added to the system, the higher 

absorption rate the system display. Seen from Figure 4.6, the ratio 1:1 shows similar rate as 

MEA and MAPA. 

 

Once the blended system starts to saturate, the absorption rate start to flatten, the decrease in 

rate is less sharp than for MEA and MAPA. 
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Ratio 1, 2M TEA + 2M MAPA, reached a loading a bit higher (9 %) than 4M MEA, with an 

absorption capacity of 2.23 mol CO2/kg amine. The absorption rate for ratio 1:1 follow the 

same absorption rate as 4M MEA initially, but at a loading of around 1.9 mol CO2/kg amine 

the absorption rate start to decrease. As for DEEA, the more MAPA added to TEA, the better 

the blend perform. Figure 4.6 illustrate that there is a bigger leap in end loading from ratio 2:1 

to ratio 1:1 (0.71 mol CO2/kg amine), than from 3:1 to 2:1 (0.31 mol CO2/kg amine). 

 

Again, it is clear that MAPA reinforce the absorption capacity as well as the absorption rates 

of the tertiary amine. Figure 4.7 show that 3M BDEA + 1M MAPA have an absorption 

performance of 1.39 mol CO2/kg amine, this is 32 % lower than the capacity of 4M MEA. 

One can see that addition of MAPA to BDEA is a tradeoff between MAPAs reaction rate and 

BDEAs reaction rate. The rate of the blends are concentration dependent, thus adding extra 

amounts of MAPA to BDEA enhance the reaction rate additional. 

 

Overall, BDEA demonstrate better performances than TEA. As for TEA, there is a bigger leap 

in end loading from ratio 2:1 to ratio 1:1, than from 3:1 to 1:1. Increase in loading from ratio 

2:1 to ratio 1:1 is 0.73 mol CO2/kg amine, and from ratio 3:1 to 2:1 the loading increase 0.29 

mol CO2/kg amine. 
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Ratio 2:1 gave an absorption capacity of 1.68 mol CO2/kg amine. Ratio 1:1, 2M BDEA + 2M 

MAPA, follow the same absorption rate as 4M MEA, but at a loading at approximately 1.63 

mol CO2/kg amine, 4M MAPAs absorption rate decline faster than the 1:1 BDEA/MAPA 

blend, giving the blend an end loading of 2.41 mol CO2/kg amine. This is 17 % higher than 

the end loading of 4M MEA.  

 

Figure 4.8 display the same trend as the previous 3° amines combined with MAPA. MAPA 

enhance both the absorption rate and loading. The difference from ratio 3:1 to 2:1 is an 

increase in loading of 0.33 mol CO2/kg amine, while the gain from ratio 2:1 to 1:1 is 0.54 mol 

CO2/kg amine. 
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Ratio 2:1 completes with a higher loading than ratio both 3:1 (25 %) and 4M MEA (31 %), 

and ends with an absorption capacity of 2.15 mol CO2/kg amine. The highest absorption 

capacity is given by ratio 1:1 with 2.69 mol CO2/kg amine. This means than ratio 1:1 gave a 6 

% better outcome than the base case, 30 wt. % MEA, mentioned in section 4.2. 

 

2M t-BDEA+2M MAPA exhibit a starting absorption rate similar to 4M MEA and 1M 

MAPA. Due to t-BDEA, the rate has a smooth decline until the point of rich loading. One do 

not see the sharp point of where saturation start to occur, but have a descend through the 

whole absorption process. 

 

Figure 4.9 provide the absorption curves for the different t-BDEA systems. Also here, MAPA 

gave a significant improvement of the 3° amine’s loading and rate. The ratio from 3:1 to 2:1 

gave an improvement of 0.34 mol CO2/kg amine, and the ratio increase from 2:1 to 1:1 had an 

increase in loading of 0.71 mol CO2/kg amine.  
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Ratio 3:1 give a absorption potential of 1.45 mol CO2/kg amine, while ratio 2:1 gave a rich 

loading of 1.79 mol CO2/kg amine. The ratio 1:1 have an absorption capacity of 2.51 mol 

CO2/kg amine. Ratio 3:1 had a absorption performance 66 % lower than 4M MEA, while ratio 

2:1 gave a 13 % lower performance relative to 4M MEA. The ratio 1:1 provided an increased 

absorption capacity of 22 % compared to 4M MEA. 

 

It is interesting that the increase of MAPA added to the tertiary amines from ratio 2:1 to 1:1 

gave a higher enhancement in loading and ratio, than the increase from 3:1 to 2:1. This 

implies that the more MAPA added to the system, the better the outcome of absorption 

capacity and absorption rate become. The rate window potential is somewhere between the 

tertiary amines absorption rate and MAPAs absorption rate.  

 

It is consistent that for all the tertiary amines, that it is a clear advantage to increase the 

concentration of MAPA and lower the concentration of 3° amine in order to reach a high 

absorption capacity. DEEA and EDEA are the two 3° amines that give the highest absorption 
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capacities this applies to all the ratios. The impact of ratio-change is smaller for DEEA and 

EDEA amines, than for TEA, BDEA and t-BDEA.  

 

4.3.2 Identical Ratio Blends - Concentration Kept Constant 

In order to observe the influence of the molecular structure to the absorption capacities, 

identical ratio blends with same concentration was compared. The ratios are compared with 

30 wt. % MEA, as the blends already have been compared to 4M MEA in section 4.3.1. 1M 

MAPA and the 3M tertiary amine is plotted for visualization of the rate increase. 

 

Figure 4.10 show that adding 1M MAPA to the 3M tertiary amines enhanced the reaction rate 

severely for all of the blends. At loadings around 2.5 mol CO2/kg amine, the blend 3M 

DEEA+1M MAPA exceed the rate of 30 wt. % MEA, achieving a rich loading 30 % higher 

than 30 wt. % MEA. The DEEA/MAPA blend is the only blend that exceeds the absorption 

capacity of 4M MEA and 30 wt. % MEA at this ratio. 

 

The order for the tertiary amine in ratio 3:1 with MAPA, with respect to loading is: DEEA – 

EDEA –t-BDEA – BDEA – TEA. This is almost the same order as for the tertiary single 

amine solutions (DEEA, t-BDEA, EDEA, BDEA and TEA), but in mixture with MAPA t-

BDEA and EDEA have switched places. All of the blends reach a higher loading than 1M 

MAPA. 
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According to structure at this given ratio, an increase in ethanolamine groups, from DEEA to 

TEA, decrease the absorption capacity. Change in one ethanolamine group, from DEEA to 

EDEA constitute a 49 % reduction of absorption potential, and an increase of two 

ethanolamine groups from DEEA to TEA have a reduction in absorption potential of 55 %. 

The increase of one ethanolamine group from EDEA to TEA is a decline of 33 %.  

 

If the alkyl chain length is increased, from EDEA to BDEA, the absorption capacity decreases 

24 % from 1.83 mol CO2/kg amine to 1.39 mol CO2/kg amine. Increased steric hindrance, t-

BDEA vs. BDEA, constituted a 5 % increase of absorption capacity. 

 

Figure 4.11 illustrate, that adding MAPA to the tertiary amines in a 2:1 ratio, enhanced the 

reaction rate even more than it did for ratio 3:1. The amine concentration is 2.67M, and 

MAPA have a concentration of 1.33M.  
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Figure 4.10 Absorption rate against loading for 3° amine/MAPA blends with the ratio 3:1 
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All of the blends reach a higher loading than 1M MAPA. Ratio 2:1 DEEA perform 16 % 

better than 30 wt. % MEA. The order for the tertiary amine in ratio 2:1 with MAPA, with 

respect to loading is: DEEA – EDEA –t-BDEA – BDEA – TEA. This is the same order as 

ratio 3:1 had.  

 

An increase in ethanolamine groups, also decrease the absorption capacity for this ratio. When 

the alkyl chain length is increased, from EDEA to BDEA, the absorption capacity is 

decreased. Regarding, steric hindrance, t-BDEA vs. BDEA, t-BDEA had a somewhat better 

performance than BDEA at this ratio (7 % or 0.12 mol CO2/kg amine), 1.91 mol CO2/kg 

amine and 1.68 mol CO2/kg amine, respectively. 

 

Figure 4.12 depict the absorption results for all of blends containing of 2M tertiary amine and 

2M MAPA. The order is still the same at the two previous ratios with decreasing loading: 

DEEA - EDEA - t-BDEA - BEDA - TEA.  
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Figure 4.11 Absorption curves of 3° amine/MAPA blends with the ratio 2:1 
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Both DEEA and EDEA reach an absorption capacity higher than 30 wt. % MEA. DEEA 

attain a loading of 3.31 mol CO2/kg amine, which is considered a high rich loading.  

 

The number of ethanolamine groups still restricts the efficiency of MAPA. Fewer 

ethanolamine groups increase the absorption capacity, 32 % from DEEA to TEA. Likewise, a 

smaller alkyl chain increases the absorption capacity with 12 % from EDEA to BDEA. 

Regarding the steric hindrance, at this ratio, t-BDEA surpasses BDEA with a 4 % higher 

loading.  

 

The overall trend for absorption capacity regarding ratios are: 3:1 < 2:1 < 1:1. MAPA increase 

the absorption rate, and the rate is dependent on concentration. The rate window spans from 

the rate of the single tertiary amine to the rate of aqueous MAPA. MAPA is more reactive 

than tertiary amines, and as a diamine MAPA also has a higher absorption potential. That is 

why when more MAPA is added to the solutions, the more CO2 is absorbed by the system. 
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Figure 4.12 Absorption curves of 3° amine/MAPA blends with the ratio 1:1 
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4.3.3 Cyclic Capacities 

The cyclic capacity is the difference between the rich and lean loading, and say something 

about the amount of solvent needed to be circulated. A high cyclic capacity indicates that less 

amine needs to be circulated in the process, and this is favorable when it comes to energy 

consumption due to less sensible heat. 

 

When looking at the cyclic capacity of 3M DEEA+1M MAPA (2.06 mol CO2/kg amine), one 

can see that the cyclic capacity is the sum of the cyclic capacities of 3M DEEA (1.73 mol 

CO2/kg amine) and 1M MAPA (0.38 mol CO2/kg amine). For the other systems, TEA, 

BDEA, EDEA and t-BDEA, this same tendency do not occur. The blend gives a better 

performance than the sum of 3M tertiary amine and 1M MAPA screenings. For instance, the 

system 3M EDEA + 1M MAPA give 2.5 times higher capacity than the sum of the screenings 

by themselves. This is a confirmation that MAPA promote those systems very well, and may 

also explain why the ratio leap from 2:1 to 1:1 gave a bigger enhancement than from ratio 3:1 

to 1:1.  

 

 

Figure 4.13 Rich and lean loadings and cyclic capacity of ratio 3:1 tertiary amine/MAPA blends plus 4M 

MEA and 1M MAPA 

 

0

0,5

1

1,5

2

2,5

3

30 wt%
MEA

4M MEA 1M MAPA 3M DEEA +
1M MAPA

3M TEA +
1M MAPA

3M BDEA +
1M MAPA

3M EDEA +
1M MAPA

3M t-BDEA
+ 1M MAPA

[m
o

l C
O

2
/k

g 
am

in
e

]

Solvent

Rich loading [mol/kg]

Lean loading [mol/kg]

Cyclic capacity [mol/kg]



62 

 

3M DEEA+1M MAPA remove 71 % CO2 during regeneration, while 3M TEA+1M MAPA 

removed 58 % CO2. 3M DEEA+1M MAPA have a 25 % higher rich loading than 30 wt. % 

MEA, and a 35 % higher rich loading. The high concentration of tertiary amine relative to 

MAPA is decisive for the high cyclic capacity. 3M EDEA+1M MAPA and 30 wt. % MEA 

have the same cyclic capacity, but 30 wt. % MEA have a 28 % higher absorption capacity.  

 

When changing the ratio to 2:1 between tertiary amine and MAPA, the cyclic capacity 

increase for all the systems. Figure 4.14 show that this is connected to the increased 

absorption capacity. The lean loadings have also increased, and show that the increased 

concentration of MAPA effect the heat of desorption. 

 

 

Figure 4.14 Rich and lean loadings and cyclic capacity of ratio 2:1 tertiary amine/MAPA blends plus 4M 

MEA and 1M MAPA 

2.67M DEEA+1.33M MAPA and 2.67M EDEA+1.33M MAPA have cyclic capacities, 77 % 

and 17%  larger than 4M MEA, respectively. At this ratio the blends of TEA, BDEA and t-

BDEA with MAPA still give lower absorption capacity and cyclic capacity than 4M MEA. 

 

From Figure 4.15, it is seen that the rich loadings for the ratio 1:1 solvents, is higher 

compared to 4M MEA. 2M DEEA+2M MAPA and 2M EDEA +2M MAPA achieve a rich 

loading higher than 30 wt. % MEA, as well.  
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Figure 4.15 Rich and lean loadings and cyclic capacity of ratio 1:1 tertiary amine/MAPA blends plus 4M 

MEA and 1M MAPA 

All solvents, except 2M TEA+2M MAPA express a higher cyclic capacity than 4M MEA. 

This indicates that the solvent is easily regenerated, and that CO2 is efficiently released during 

the stripping process.  

 

Regenerating MAPA is more energy demanding process than regenerating tertiary amines. 

This is seen by comparing Figure 4.3 for the single tertiary amine solvents and Figure 4.15. 

Adding MAPA will not only enhance the reaction rate and absorption capacity, but also 

enhance the lean loadings. Lean loading increase due to the fact that MAPA show a high heat 

of absorption, since the concentrations are kept constant at 4 M, when more MAPA is added, 

less tertiary amine is present in the solution. An increased amount of CO2 captured, make it 

harder to regenerate the solvent. This is a direct effect of tertiary amines having a lower 

reaction heat than primary or secondary amines.  
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The general trend for cyclic capacity equals the trend for absorption capacity; ratio 3:1 < ratio 

2:1 < ratio 1:1. This emphasize that the larger the amount of MAPA added to the systems, the 

better the cyclic capacity get.  

 

Since both rich and lean loading follow the same trend with 3:1 < 2:1 < 1:1, it is natural that 

the cyclic capacity also follows this trend. Lean loading increase when less of the 3° amine is 

present.  

 

This is valid for all of the 3° amine/MAPA systems seen here, apart from the DEEA/MAPA 

system. This can either be caused by measuring errors, or the fact that MAPA provide a larger 

impact on this system. So when adding more MAPA, it is harder to strip of the CO2 captured. 

 

As in Figure 4.3, the findings represented in Figure 4.17 show that the screening values are 

overpredicted relative to the liquid analysis. It is easy to see that the blends perform better 

than the single tertiary amine systems, but the accumulation of error is still affecting the lean 

loading. 
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Figure 4.17  Cyclic capacity and loadings from liquid analysis vs. screening values. Circles represent rich 

loading, and crosses represent lean loading 

 

4.3.4 Acid Dissociation Constant (pKa) Trends 

Figure 4.18 illustrate the pKa values and the molecular structure for the tertiary amines and 

MEA. DEEA have the highest pKa, followed by MEA, t-BDEA, BDEA, EDEA and TEA. 

 

DEEA showed the highest cyclic capacity, while TEA the worst, this apply to all blends and 

systems. As Figure 4.18 depict, an increase of hydroxyl functions reduces the pKa value by 

approximately one pKa unit per hydroxyl group.  

 

For the 3M single amine system the trend for cyclic capacity was DEEA, MEA, t-BDEA, 

EDEA, BDEA and TEA (Figure 4.3). This is fully consistent with the trend for pKa. The 

cyclic capacity follow the same trend as the pKa values do. Regarding absorption rate, MEA 

have the highest rate by far, compared to the tertiary amines. DEEA have the highest rate of 

the tertiary amines tested, while TEA have the poorest one. BDEA, EDEA and t-BDEA 

exhibit similar rates, and due to the uncertainty of the screening apparatus it is hard to say 

which system has the highest rate. 
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For the blends, the trend for cyclic capacity was DEEA, EDEA, t-BDEA, BDEA and TEA. 

It is important to notice that the pKa values found in literature is for single amines, and not for 

tertiary amine/MAPA blends. However, the pKa values for EDEA, BDEA and t-BDEA are 

very similar to one another. The absorption rates for the blends follow the same trend as the 

cyclic capacity do. 

  

Figure 4.18 Trend in pKa values at 293.15 K of given amines with respect to addition of -CH3 and -OH 

groups at 20 °C 
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4.4 New Promoters 

At the Department of Chemistry, a group is performing QSPR and DFT calculations in order 

to propose and develop new solvents with improved CO2 capture capabilities. The models 

work through de novo design principles by using the software to generate structures and then 

create new structures based on the calculated physical data of the previous “generations”. 

Calculated properties included pKa, vapor pressure, toxicity and viscosity. The molecules 

tested were readily available compounds proposed by these models or similar to the molecules 

proposed. 

 

The suggested compounds were first tested for their absorption characteristics, and then for 

their ability to function as a promoter to DEEA. MAPA is classified as a toxic chemical and is 

very volatile, thus it is of interest to substitute MAPA with novel and more environmental 

friendly chemicals. 

 

Unfortunately many of the selected chemicals caused a series of problems.  

 DACH showed a serious foaming tendency, even after addition of antifoam. The 

solution turned milky white and became very viscous after around one hour of 

absorption. 

 Phenetylamine made a fine powder that got swept out of the reactor and caused the 

tubing to clog, and pressure to build up inside the system.  

 Creatine has a very low solubility in water,14 g·L-1 in water at 20 °C (Song et al., 

2016), this concentration was considered too low that it was relevant to run an 

screening experiment 

 DBMA formed two-phases, and since the liquid samples could not be analyzed, the 

chemical was evaluated not to be explored as a promising promoter. 

 

BMA did not cause any problems, but formed two phases when mixed with water at 30 wt. %. 

The solvent looked like a white emulsion when stirred. When adding CO2 during screening, 

the solution turned blank and shifted to singular phase. The chemical was run at 30 wt. % plus 

the ratio 1:3 with DEEA (1M BMA + 3M DEEA).  

 

L-Arginine is an amino acid, and had to be neutralized with base prior to CO2 absorption. The 

amino acid was neutralized with equimolar amount of KOH-pellets, making ARG to form 
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amino acid salts. It was not possible to make a 30 wt. % ARG solution, because of ARGs low 

solubility in water. The highest concentration obtained was 14 wt. %, or 0.81M, ARG. The di-

pole momentum in an aqueous DEEA-H2O blend is lower than for water alone. Therefore, the 

charged ARG molecule experience drastically worse solubility in DEEA/water than pure 

water. It was not possible to make a solution containing 14 wt. % ARG and 3M DEEA, so a 

concentration of 5 wt. % ARG was used instead. 

 

The potential promoters were first run with a standard screening concentration of 30 wt. %, 

the results from the absorption are shown in Figure 4.19. 1M MAPA have an absorption 

capacity of 1.12 mol CO2/kg amine. The result show that 30 wt. % BMA have a high 

absorption rate, comparable to the rate of 1M MAPA and 30 wt. % MEA. The initial 

absorption rate was high, but dropped abruptly when nearing saturation. This is a desired 

property for CO2 absorbing chemicals. The absorption capacity of 30 wt. % (~2.48M) BMA 

was found to be 1.24 mol CO2/kg amine, or 0.54 mol CO2/mol amine.  

 

 

14 wt. % ARG demonstrate a lower rate than 30 wt. % BMA, and the rate also decrease more 

smoothly during the absorption process than it did for BMA. ARG ended with a loading of 

1.45 mol CO2/kg amine after absorption. This high loading made 14 wt. % ARG considered 

as a promising as promoter. But on the other hand, this loading is above the theoretical 

maximum if there is only one amine functionality present. A loading of 1.45 mol CO2/kg 
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Figure 4.19 Absorption curves after screening novel compounds 
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amine equals a loading of 1.28 mol CO2/mol amine in this case. This high mol/mol loading 

made ARG considerable as a promising promotor. But on the other hand, this loading is above 

the theoretical maximum if there is only one amine functionality present.  

 

The ARG molecule contains a primary amino group in addition to a guanidinium group in its 

side chain. Having different functional groups on the same molecule, make the system quite 

complex. The guanidinium group can coordinate to CO2 by itself, and bind up 1 mol 

CO2/mole guanidinium, and the primary amino group can bind 0.5 mol CO2/mole primary 

amine. For convinence, the guanidinium group is considered as an amine, with a loading 

capacity of a tertiary amine. 

 

DMBA is a tertiary amine, with both low absorption potential and low absorption rate. In 

addition, this chemical formed a two-phase system, so it was not possible to evaluate the 

liquid samples for CO2 or amine concentration. Since DMBA possesses the same properties as 

tertiary amines, DMBA cannot act as promoter to another tertiary amine. 

 

A high cyclic capacity is beneficial for CO2 absorbing systems. As Figure 4.20 depict, 30 wt. 

% BMA give almost as high cyclic capacity as 1M MAPA. 1M MAPA provide a cyclic 

capacity of 0.38 mol CO2/kg amine, while 30 wt. % BMA have a cyclic capacity of 0.35 mol 

CO2/kg amine. BMA have a 71 % lower cyclic capacity than MEA, and ARG have a cyclic 

capacity 83 % lower than MEA. 
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14 wt. % ARG show a lower cyclic capacity than both 1M MAPA and 30 wt. % BMA. This 

indicate that the lean loading is high, and that a lot for carbamate is formed and that it is 

difficult to strip off the CO2 captured. Only 36 % of the captured CO2 that was captured 

during the absorption process is released during the desorption. Guanidines have a preference 

to form carbamates, which are bound hard to the amino acid salt and have a high heat of 

absorption. 

 

The potential promoters were screened together with DEEA, which was considered the most 

promising 3° amine from screening campaign 1. The blends were compared against 30 wt. % 

MEA, for conventional purposes, with 3M DEEA in order to see if the tertiary amine had 

been promoted, and also the 3M DEEA + 1M MAPA blend to study the effect of the 

promoter. The absorption curves are depicted in Figure 4.21. 
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3M DEEA + 1M MAPA show by far that MAPA is the best promoter of the ones tested, and 

gain a rich loading of 2.72 mol CO2/kg amine. This is superior to the benchmark solvent 30 

wt. % MEA, which obtain a rich loading of 2.53 mol CO2/kg amine. Adding 1M BMA to 3M 

DEEA achieved a loading of 1.90 mol CO2/kg amine, and ends with almost the same loading 

as 3M DEEA (1.89 mol CO2/kg amine). 5 wt. % ARG show a promoting effect on the system, 

giving a rich loading of 2.09 mol CO2/kg amine. Both the ARG and MAPA blends with 

DEEA display a molecular loading 0.72 mol CO2/mol amine, this is above the molecular 

loading of the benchmark solvent, which accomplish a loading of 0.53 mol CO2/mol amine. 

This is a consequence of the stoichiometry between the amine/amino acid salt and CO2. 

Figure 4.22 show that the promoter systems reached a higher cyclic capacity than 30 wt. % 

MEA, but this most likely due to the fact that they exhibit poorer absorption performances. 

The DEEA/promoter systems exceed the cyclic capacity given by the systems presented in 

Figure 4.20. This is most likely caused by the fact that the promoter concentration is 

significantly reduced, while DEEA is concentration was added in a considerably amount.  

 

0,00

0,50

1,00

1,50

2,00

2,50

0,00 0,50 1,00 1,50 2,00 2,50 3,00

A
b

s.
ra

te
 [

(m
o

l/
kg

)/
s]

Loading [mol CO2/kg solution]

30 wt% MEA

3M DEEA

1M MAPA

3M DEEA + 1M MAPA

3M DEEA + 1M BMA

3M DEEA + 5 wt% Arginine

Figure 4.21 Absorption curves of 3M DEEA + 1M promoter-systems compared with 30 wt. % MEA 



72 

 

 

 

3M DEEA + 1M MAPA are used as a reference, to see how well the proposed promoters 

perform compared to MAPA. The DEEA/MAPA system reaches a cyclic capacity of 1.59 mol 

CO2/kg amine. 3M DEEA have a cyclic capacity of 1.41 mol CO2/kg amine, while the 

DEEA/BMA and DEEA/ARG systems have a cyclic capacity of 1.32 mol CO2/kg amine and 

1.48 mol CO2/kg amine, respectively.  

 

Seen in light of both absorption capacity and cyclic capacity, neither ARG nor BMA is 

considered to be adequate promoter to DEEA.  

 

A higher pKa value is expected to give a faster absorption rate. In Figure 4.23 absorption rate 

at lean loading and the cyclic capacity is seen as a function of pKa.  
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Even if DEEA have a high cyclic capacity it have not a high absorption rate. MEA and BMA 

have approximately the same pKa value and absorption rate, but MEA seems to have a higher 

cyclic capacity. MAPA have a high absorption rate, but not a very high cyclic capacity. ARG 

are the most basic component, and have a mediocre rate compared to the other compounds. 

ARG exhibit the lowest cyclic capacity. This may be due to its high basicity and ability to 

bind CO2 strongly. 
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74 

 

  



75 

 

5 Conclusion 

A total of 31 experiments were performed in a screening apparatus. The experiments were 

divided into two screening campaigns, with different focuses. The first campaign looked at 

the effect of molecular structure (addition of –OH groups and/or increase of alkyl chain 

length) and how the performance of DEEA, TEA, BDEA, EDEA and t-BDEA changed after 

addition of MAPA as promoter. The second screening campaign sought to cross-validate a 

model proposes and develop new solvents with improved CO2 capture capabilities generate. 

The molecules tested were readily available compounds proposed by these models or similar 

to the molecules proposed. The absorption rate and cyclic capacity from both the campaigns 

was compared to basicity.  

 

Absorption of CO2 with solvent took place at 40 °C up to 9.5 kPa CO2 partial pressure, while 

stripping of the same solvent occurred at 80 °C down to 1.0 kPa CO2 partial pressure. To 

check the integrity of the screening apparatus and the vapor/liquid mass balance, a sample 

was taken from the solution after absorption and after desorption. 

 

The findings from the first screening campaign showed that an increase in alcohol groups and/ 

or alkyl chain length reduced the absorption capacity. Steric hindrance did not impose a 

change in either absorption rate or absorption capacity. MAPA promoted the tertiary amines, 

by enhancing the absorption rate as well as the absorption capacities. 2M MAPA+2M DEEA 

expressed the best performance in this work, with an absorption capacity of 3.31 mol 

CO2/mol amine and a cyclic capacity of 1.92 mol CO2/mol amine.  

 

The second screening campaign encountered various problems, such as foaming and low 

solubility. From a total of 6 proposed compounds only two were fully characterized. L-

Arginine was considered the best system of the two remaining compounds, both as single 

solvent and as promoter to 3M DEEA. As single solvent, it reached a rich loading of 1.45 mol 

CO2/mol amine and as promotor a rich loading of 2.09 mol CO2/mol. Unfortunately, L-

arginine bind the CO2 so strong that it is hard to regenerate. 
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6 Recommendations for Further Work 

For the first screening campaign, one could see a correlation between amine alkanol groups as 

well as alkyl chain structure and absorption capacity. The most promising tertiary amine was 

DEEA. DEEA have the highest pKa, absorption rate and cyclic capacity of the tertiary amines 

tested. To perform screening experiments on compounds similar to (but more basic than) 

DEEA would be of interest. Aktuelle compounds could be (MEEA, pKa 9.74 and reduction of 

alkyl chain) or Triethylamine ( TREA, pKa 10.67 and no –OH groups). One should be careful 

to not select compounds with too high pKa, as they migh be difficult to regenerate. 

 

By examine if it is the pKa value itself, or if it is the difference of pKa between tertiary amine 

and MAPA that enhance the rate and absorption capacity, it might be easier to select more 

economical and environmentally friendly solvents in the future. The pKa values in this work 

was found in literature, and was only for single amines. One could measure the pKa of the 

blends and try to find a connection with the absorption rates and cyclic capacity. 

 

The absorption mechanism should also continue to be examined by NMR-experiments to get 

a bigger understanding of the reaction between amine and carbon dioxide, and the distribution 

of species. 

 

Make a model of mass transfer in MATLAB to improve screening calculations. A more 

accurate mass transfer model could improve the inconsistency between gas and liquid phase. 

 

Since the chemicals tested in the second screening campaign exhibit poor cyclic capacity, 

regeneration of solvent is found to be difficult. One could therefore try to find and perform 

screening other less basic guanidines. Possible compounds are guanidines with one or several 

–OH groups, as hydroxyl groups reduce the pKa value. 
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8 Appendix I - Solution Preparation 

Date Solution 

Actual gram added Total 

Amin
e 

MAP
A H2O Mass 

Vol-
ume 

17.03.201
6 3M DEEA + 1M MAPA 70.36 17.73 

106.1
3 

194.2
2 0.20 

05.04.201
6 2.666 M DEEA + 1.333M MAPA 62.52 23.51 

108.4
3 

194.4
6 0.20 

12.04.201
6 3M DEEA 70.35 0 

125.7
4 

196.0
9 0.20 

19.04.201
6 2M DEEA + 2M MAPA 46.88 35.40 

112.3
6 

194.6
4 0.20 

02.05.201
6 3M DEEA 70.31 0.00 

125.8
5 

196.1
6 0.20 

27.05.201
6 3M DEEA 70.32 0.00 

125.7
3 

196.0
5 0.20 

22.03.201
6 3M TEA + 1M MAPA 89.51 17.65 

104.1
4 

211.3
0 0.20 

05.04.201
6 2.666 M TEA + 1.333M MAPA 79.70 23.59 

106.1
3 

209.4
2 0.20 

12.04.201
6 3M TEA 89.6 0 

122.9
5 

212.5
5 0.20 

15.04.201
6 2M TEA + 2M MAPA 59.74 35.39 

111.1
1 

206.2
4 0.20 

21.03.201
6 3M BDEA + 1M MAPA 96.74 17.69 83.76 

198.1
9 0.20 

05.04.201
6 2.666 M BDEA + 1.333M MAPA 85.98 23.60 88.13 

197.7
1 0.20 

12.04.201
6 3M BDEA 96.77 0 

103.4
9 

200.2
6 0.20 

18.04.201
6 2M BDEA + 2M MAPA 64.52 35.28 96.89 

196.6
9 0.20 

22.03.201
6 3M EDEA + 1M MAPA 79.96 17.69 

106.2
4 

203.8
9 0.20 

11.04.201
6 2.666 M EDEA + 1.333M MAPA 71.13 23.67 

107.2
9 

202.0
9 0.20 

21.04.201
6 3M EDEA 79.93 0 

125.6
8 

205.6
1 0.20 

21.04.201
6 2M EDEA + 1M MAPA 53.28 35.28 

112.7
8 

201.3
4 0.20 

24.03.201
6 3M t-BDEA + 1M MAPA 96.80 17.64 86.70 

201.1
4 0.20 

11.04.201
6 

2.666 M t-BDEA + 1.333M 
MAPA 86.18 23.62 90.35 

200.1
5 0.20 
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14.04.201
6 3M t-BDEA 96.74 0 

105.7
7 

202.5
1 0.20 

14.04.201
6 2M t-BDEA + 2M MAPA 64.5 35.39 98.8 

198.6
9 0.20 

27.05.201
6 2M t-BDEA + 2M MAPA 80.64 44.09 

124.3
8 

249.1
1 0.25 

17.03.201
6 1M MAPA 0 17.81 

180.0
6 

197.8
7 0.20 

09.05.201
6 30 wt% MEA 60.03 0 

139.6
8 

199.7
1 0.20 

16.02.201
6 30 wt% MEA 59.93 0 

140.0
8 

200.0
1 0.20 

18.05.201
6 3M MEA 36.66 0 

164.5
6 

201.2
2 0.20 

20.05.201
6 4M MEA 61.1 0 

190.7
5 

251.8
5 0.25 

17.03.201
6 30 wt. % DMBA 59.95 0 

140.0
8 

200.0
3 0.20 
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Date Solution 

Actual gram added   

N-Benzylmethyla-
mine DEEA H2O Mass 

Vol-
ume 

09.05.2016 3M DEEA + 1M BMA 24.25 71.30 98.44 193.99 0.20 

18.02.2016 30 wt% BMA 36 0 84 120.00 0.20 

 

Date Solution 

Actual gram added    

L-Arginine KOH H2O DEEA Total 
Vol-
ume 

06.04.2016 14.15 wt% ARG 60.24 22.83 342.90 0 425.97 0.20 

19.05.2016 3M DEEA + 5 wt % ARG 10.87 4.14 115.01 70.52 200.54 0.20 
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9 Appendix II - Amine/CO2 Analysis 

Screening 
date 

Name 

Sample 
Blank Total CO2 [Amine] 

diff 
loading loading* 

Cyclic 
capacity 

Mass (g) HCL(g) NaOH(ml) HCl(g) NaOH(ml) (mol/kg) (mol/kg) 

(mol amine 
group) 

(mol CO2/mol 
amine) (mol/mol) 

18.03.2016 

3M t-BDEA 
+ 1M 
MAPA 

absorpsjon 

0.512 40.074 25.247 10.431 10.139 1.4194 4.84   0.29 0.37 

0.24 

0.522 40.174 25.182 10.431 10.139 1.4080 4.84 0.8     

          1.4137 4.84 0.0     

18.03.2016 

3M t-BDEA 
+ 1M 
MAPA 

desorpsjon 

1.104 40.145 28.854 10.431 10.139 0.4981 5.12   0.10 0.12 

1.047 40.118 29.307 10.431 10.139 0.5023 5.01 -0.8     

          0.5002 5.06 2.1     

22.03.2016 

3M BDEA 
+ 1M 
MAPA 

absorpsjon 

0.540 40.060 25.390 10.431 10.139 1.3313 4.87   0.28 0.34 

0.22 

0.496 40.073 26.417 10.431 10.139 1.3472 4.87 -1.2     

          1.3392 4.87 0.0     

22.03.2016 

3M BDEA 
+ 1M 
MAPA 

desorpsjon 

1.053 40.133 28.976 10.431 10.139 0.5159 5.16   0.10 0.13 

1.020 40.094 29.190 10.431 10.139 0.5202 5.14 -0.8     

          0.5181 5.15 0.4     

24.03.2016 
3M EDEA + 
1M MAPA 
absorpsjon 

0.579 40.041 19.692 10.431 10.139 1.7320 4.72   0.37 0.46 

0.32 

0.549 40.110 20.719 10.431 10.139 1.7394 4.62 -0.4     

          1.7357 4.67 2.3     

24.03.2016 
3M EDEA + 
1M MAPA 
desorpsjon 

1.098 40.425 27.399 10.386 9.764 0.5648 4.99   0.11 0.14 

1.061 40.331 27.559 10.386 9.764 0.5726 4.95 -1.3     

          0.5687 4.97 0.9     

23.03.2016 
3M TEA + 
1M MAPA 
absorpsjon 

0.553 40.378 26.649 10.386 9.764 1.1851 4.58   0.26 0.32 

0.19 

0.557 40.425 26.688 10.386 9.764 1.1773 4.58 0.7     

          1.1812 4.58 0.1     

23.03.2016 
3M TEA + 
1M MAPA 
desorpsjon 

1.095 40.383 28.420 10.386 9.764 0.5179 4.75   0.11 0.14 

1.089 40.471 28.813 10.386 9.764 0.5067 4.72 2.2     

          0.5123 4.73 0.7     

05.03.2016 
30 wt% 

MEA 
absorpsjon 

0.560 40.465 13.465 10.386 9.764 2.3552 4.55   0.51 0.51 

0.26 

0.558 40.504 14.079 10.386 9.764 2.3121 4.52 1.9     

          2.3336 4.53 0.5     

05.03.2016 
1.074 40.484 12.891 10.386 9.764 1.2556 4.93   0.26 0.26 

1.073 40.343 12.855 10.386 9.764 1.2519 4.89 0.3     
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30 wt% 
MEA 

desorpsjon           1.2538 4.91 0.7     

18.03.2016 
3M DEEA + 
1M MAPA 
absorpsjon 

0.548 40.547 12.792 10.585 10.044 2.4830 4.72   0.53 0.66 

0.50 

0.544 40.327 13.033 10.585 10.044 2.4589 4.66 1.0     

          2.4710 4.69 1.2     

18.03.2016 
3M DEEA + 
1M MAPA 
desorpsjon 

0.510 40.440 33.304 10.585 10.044 0.6466 5.11   0.13 0.16 

0.478 40.364 33.483 10.585 10.044 0.6632 5.08 -2.5     

          0.6549 5.10 0.5     

18.03.2016 
1M MAPA 
absorpsjon 

0.526 40.484 28.462 10.585 10.044 1.0913 1.97   0.55 1.10 

0.37 

0.523 40.488 28.782 10.585 10.044 1.0674 1.96 2.2     

          1.0794 1.96 0.4     

18.03.2016 
1M MAPA 
desorpsjon 

0.514 40.337 32.332 10.585 10.044 0.7261 2.02   0.36 0.73 

0.512 40.408 32.317 10.585 10.044 0.7373 2.01 -1.5     

          0.7317 2.01 0.1     

06.04.2016 

2.67M 
DEEA + 
1.33M 
MAPA 

absorption 

0.542 40.061 10.751 10.484 10.041 2.6630 5.02   0.54 0.71 

0.50 

0.548 40.041 10.143 10.484 10.041 2.6875 4.97 -0.9     

          2.6753 5.00 0.9     

06.04.2016 

2.67M 
DEEA + 
1.33M 
MAPA 

desorption 

1.018 40.070 21.563 10.484 10.041 0.8872 5.51   0.16 0.21 

1.027 40.160 21.411 10.484 10.041 0.8912 5.55 -0.4     

          0.8892 5.53 -0.6     

08.04.2016 

2.67M 
BDEA + 
1.33M 
MAPA 

absorption 

0.547 40.050 21.804 10.268 9.418 1.5901 5.13   0.31 0.41 

0.24 

0.537 40.070 21.971 10.268 9.418 1.6061 5.17 -1.0     

          1.5981 5.15 -0.9     

08.04.2016 

2.67M 
BDEA + 
1.33M 
MAPA 

desorption 

1.021 40.099 25.066 10.268 9.418 0.6946 5.43   0.13 0.17 

1.010 40.063 25.195 10.268 9.418 0.6940 5.50 0.1     

          0.6943 5.46 -1.2     

12.04.2016 

2.67M t-
BDEA + 
1.33M 
MAPA 

absorption 

0.560 40.442 20.733 10.271 9.738 1.7121 5.13   0.34 0.45 

0.28 

0.525 40.373 21.697 10.271 9.738 1.7279 5.11 -0.9     

          1.7200 5.12 0.3     

12.04.2016 
2.67M t-
BDEA + 

1.054 40.380 25.322 10.271 9.738 0.6890 5.46   0.13 0.17 

1.018 40.470 26.140 10.271 9.738 0.6777 5.36 1.7     
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1.33M 
MAPA 

desorption           0.6833 5.41 1.9     

12.04.2016 

2.67M 
EDEA + 
1.33M 
MAPA 

absorption 

0.555 40.228 17.332 10.434 9.799 2.0055 4.96   0.41 0.54 

0.34 

0.541 40.381 17.811 10.434 9.799 2.0273 4.95 -1.1     

          2.0164 4.95 0.2     

12.04.2016 

2.67M 
EDEA + 
1.33M 
MAPA 

desorption 

1.081 40.371 22.789 10.434 9.799 0.7839 5.26   0.15 0.20 

1.049 40.379 23.415 10.434 9.799 0.7783 5.25 0.7     

          0.7811 5.25 0.4     

11.04.2016 

2.67M TEA 
+ 1.33M 
MAPA 

absorption 

0.560 40.392 23.304 10.271 9.738 1.4781 4.85   0.30 0.40 

0.21 

0.558 40.354 23.444 10.271 9.738 1.4675 4.86 0.7     

          1.4728 4.85 -0.3     

11.04.2016 

2.67M TEA 
+ 1.33M 
MAPA 

desorption 

1.101 40.330 23.596 10.271 9.738 0.7357 5.11   0.14 0.19 

1.095 40.405 23.686 10.271 9.738 0.7391 5.06 -0.5     

          0.7374 5.09 1.0     

21.04.2016 
2M DEEA + 
2M MAPA 
absorption 

0.283 41.599 24.306 10.604 10.094 2.9652 5.55   0.54 0.80 

0.47 

0.325 41.666 22.126 10.604 10.094 2.9277 5.46 1.3     

          2.9464 5.51 1.7     

21.04.2016 
2M DEEA + 
2M MAPA 
desorption 

0.516 41.326 27.016 10.845 10.453 1.3486 5.98   0.22 0.34 

0.517 41.763 27.548 10.845 10.453 1.3368 5.95 0.9     

          1.3427 5.97 0.5     

21.04.2016 

2M BDEA 
+ 2M 
MAPA 

absorption 

0.538 41.431 16.890 10.972 10.406 2.2282 5.69   0.39 0.59 

0.30 

0.530 41.486 17.302 10.972 10.406 2.2281 5.61 0.0     

          2.2281 5.65 1.4     

21.04.2016 

2M BDEA 
+ 2M 
MAPA 

desorption 

1.052 41.416 16.784 10.972 10.406 1.1438 6.03   0.19 0.29 

1.058 41.535 16.707 10.972 10.406 1.1466 5.97 -0.2     

          1.1452 6.00 1.0     

16.04.2016 

2M t-BDEA 
+ 2M 
MAPA 

absorption 

0.540 41.061 15.184 19.165 8.394 1.3987 5.62   0.25 0.37 

0.21 

0.548 40.930 14.980 19.165 8.394 1.3849 5.68 1.0     

          1.3918 5.65 -1.0     

16.04.2016 

2M t-BDEA 
+ 2M 
MAPA 

desorption 

1.054 41.090 16.839 19.165 8.394 0.6395 6.04   0.10 0.16 

1.042 41.105 17.291 19.165 8.394 0.6259 6.01 2.2     

          0.6327 6.03 0.4     
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12.04.2016 
2M EDEA + 
2M MAPA 
absorption 

0.573 41.687 12.796 10.604 10.094 2.4765 5.49   0.45 0.68 

0.36 

0.573 41.756 13.057 10.604 10.094 2.4598 5.44 0.7     

          2.4682 5.47 1.0     

12.04.2016 
2M EDEA + 
2M MAPA 
desorption 

1.085 41.678 14.709 10.604 10.094 1.2193 5.80   0.21 0.32 

1.076 41.786 14.606 10.604 10.094 1.2393 5.85 -1.6     

          1.2293 5.83 -0.8     

19.04.2016 
2M TEA + 
2M MAPA 
absorption 

0.516 41.451 19.718 10.711 10.189 2.0553 5.43   0.38 0.58 

0.27 

0.515 41.511 19.300 10.711 10.189 2.1057 5.41 -2.4     

          2.0805 5.42 0.4     

19.04.2016 
2M TEA + 
2M MAPA 
desorption 

1.086 41.320 15.864 10.972 10.406 1.1459 5.72   0.20 0.30 

1.090 41.377 15.868 10.972 10.406 1.1442 5.69 0.2     

          1.1451 5.71 0.4     

15.04.2016 
3M DEEA 

absorption 

0.538 40.989 20.682 10.320 9.766 1.8358 3.01   0.62 0.62 

0.56 

0.534 41.005 20.619 10.320 9.766 1.8569 2.96 -1.1     

          1.8464 2.99 1.8     

15.04.2016 
3M DEEA 

desorption 

1.001 41.014 36.998 10.320 9.766 0.1729 3.21   0.05 0.05 

0.999 40.977 36.878 10.320 9.766 0.1774 3.20 -2.5     

          0.1752 3.21 0.5     

22.04.2016 
3M EDEA 

absorption 

0.524 41.742 37.582 10.845 10.453 0.3595 2.98   0.12 0.12 

0.04 

0.513 41.762 37.746 10.845 10.453 0.3532 2.97 1.8     

          0.3564 2.97 0.2     

22.04.2016 
3M EDEA 

desorption 

1.006 41.736 36.646 10.845 10.453 0.2335 3.01   0.08 0.08 

1.033 41.744 36.556 10.845 10.453 0.2321 3.00 0.6     

          0.2328 3.00 0.3     

14.04.2016 
3M TEA 

absorption 

0.536 40.975 38.637 10.320 9.766 0.1664 2.90   0.06 0.06 

0.03 

0.536 40.883 38.557 10.320 9.766 0.1653 2.89 0.7     

          0.1659 2.90 0.4     

14.04.2016 
3M TEA 

desorption 

1.079 40.984 38.725 10.320 9.766 0.0790 2.91   0.03 0.03 

1.077 40.985 38.707 10.320 9.766 0.0800 2.92 -1.3     

          0.0795 2.91 -0.1     

14.04.2016 
3M BDEA 

absorption 

1.015 31.256 25.073 11.177 10.844 0.2882 3.11   0.09 0.09 

0.08 

1.023 31.197 24.881 11.177 10.844 0.2924 3.10 -1.5     

          0.2903 3.10 0.2     

14.04.2016 
3M BDEA 

desorption 

4.037 15.604 11.907 10.660 10.250 0.0407 3.15   0.01 0.01 

4.032 32.245 28.594 10.660 10.250 0.0402 3.12 1.3     

          0.0405 3.14 0.9     

18.04.2016 
3M t-BDEA 
absorption 

0.522 41.532 36.741 10.711 10.189 0.4089 3.04   0.13 0.13 
0.12 

0.522 41.473 36.730 10.711 10.189 0.4043 3.03 1.1     
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          0.4066 3.04 0.5     

18.04.2016 
3M t-BDEA 
desorption 

1.032 41.020 39.441 10.677 10.255 0.0561 3.10   0.02 0.02 

1.029 41.066 39.500 10.677 10.255 0.0556 3.08 0.8     

          0.0558 3.09 0.7     

09.05.2016 
3M DEEA 

absorption 
(2) 

0.529 40.550 22.187 11.023 10.310 1.6682 2.96   0.56 0.56 

0.51 

0.530 40.540 22.167 11.023 10.310 1.6660 2.95 0.1     

          1.6671 2.95 0.5     

09.05.2016 
3M DEEA 

desorption 
(2) 

1.468 40.576 34.761 11.023 10.310 0.1738 3.18   0.05 0.05 

1.461 40.353 34.556 11.023 10.310 0.1740 3.15 -0.1     

          0.1739 3.16 1.0     

16.02.2016 

30 wt% 
MEA 

absorption 
(2) 

0.560 45.141 17.792 10.678 9.394 2.3272 4.62   0.51 0.51 

0.24 

0.560 45.050 17.758 10.678 9.394 2.3221 4.56 0.2     

          2.3247 4.59 1.2     

16.02.2016 

30 wt% 
MEA 

desorption 
(2) 

1.072 45.170 15.570 10.678 9.394 1.3207 4.92   0.27 0.27 

1.088 44.962 15.164 10.678 9.394 1.3104 4.80 0.8     

          1.3155 4.86 2.6     

27.05.2016 
3M MEA 

absorption 

0.540 45.135 27.701 10.678 9.394 1.4954 2.83   0.54 0.54 

0.38 

0.540 45.141 27.289 10.678 9.394 1.5341 2.82 -2.5     

          1.5147 2.83 0.2     

27.05.2016 
3M MEA 

desorption 

0.977 45.100 31.255 10.678 9.394 0.6428 3.12   0.21 0.15 

0.975 45.087 31.457 10.678 9.394 0.6331 3.07 1.5     

          0.6380 3.10 1.7     

27.05.2016 
4M MEA 

absorption 

0.549 45.123 22.874 10.678 9.394 1.9094 3.73   0.52 0.52 

0.29 

0.554 45.062 22.349 10.678 9.394 1.9340 3.70 -1.3     

          1.9217 3.72 1.0     

27.05.2016 
4M MEA 

desorption 

0.983 45.071 26.314 10.678 9.394 0.8888 3.98   0.22 0.22 

0.977 45.140 26.591 10.678 9.394 0.8836 3.91 0.6     

          0.8862 3.95 1.7     

28.05.2016 
3M DEEA 

absorption 
(3) 

0.540 40.513 18.937 10.678 9.394 1.8789 3.01   0.63 0.63 

0.57 

0.538 40.574 19.037 10.678 9.394 1.8822 2.98 -0.2     

          1.8806 2.99 0.8     

28.05.2016 
3M DEEA 

desorption 
(3) 

0.996 40.530 36.289 10.791 10.290 0.1878 3.24   0.06 0.06 

0.994 40.736 36.500 10.791 10.290 0.1879 3.24 -0.1     

          0.1878 3.24 -0.3     

29.05.2016 
2M t-BDEA 

+ 2M 
MAPA 

0.537 40.738 15.444 10.791 10.290 2.3085 5.59   0.42 0.62 

0.35 0.539 40.716 15.122 10.791 10.290 2.3277 5.55 -0.8     

          2.3181 5.57 0.8     
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absorption 
(2) 

29.05.2016 

2M t-BDEA 
+ 2M 
MAPA 

desorption 
(2) 

1.039 40.703 17.633 10.791 10.290 1.0861 5.97   0.18 0.27 

1.051 40.735 17.465 10.791 10.290 1.0832 5.94 0.3     

          1.0846 5.95 0.4     

 

 

    
Sample 

  
  
Blank 

 Total 
CO2 [Amine]   loading loading* 

Cyclic 
capacity 

Date Name weight (g) 
HCL 
(g) 

NaOH 
(ml) 

HCL 
(g) 

NaOH 
(ml) (mol/kg) (mol/kg) diff 

(mol 
amine 
group) 

(mol 
CO2/mol 
amine) (mol/mol) 

 
 

18.02.16 
 
 
 

30 wt% 
Benzylmethylamine 

absorption 

0.528 40.198 27.018 10.484 10.041 1.2062 2.40   0.50 0.50 

0.41 

0.523 40.274 27.265 10.484 10.041 1.2013 2.39 0.4     

          1.2037 2.39 0.2     

30 wt% 
Benzylmethylamine 

desorption 

1.009 40.197 35.396 10.484 10.041 0.2160 2.48   0.09 0.09 

1.016 40.097 35.196 10.484 10.041 0.2194 2.45 -1.6     

          0.2177 2.47 1.1     

07.04.16 

14.15 wt% L-Arginin 
absorpsjon 

0.539 38.214 27.361 10.268 9.418 0.9279 0.51   1.79 1.79 

0.65 

0.558 38.615 27.644 10.268 9.418 0.9069 0.51 2.3     

          0.9174 0.51 -0.6     

14.15 wt% L-Arginin 
desorpsjon 

1.094 39.793 25.465 10.268 9.418 0.6160 0.55   1.14 1.14 

1.092 40.040 25.790 10.268 9.418 0.6136 0.53 0.4     

          0.6148 0.54 2.0     

 
10.05.2016 

 
 
 
 

3M DEEA + 1M 
BMA absorption 

0.531 40.625 20.754 11.023 10.310 1.8040 3.96   0.46 0.46 

0.41 

0.530 40.626 20.740 11.023 10.310 1.8088 3.95 -0.3     

          1.8064 3.95 0.4     

3M DEEA + 1M 
BMA desorption 

0.977 40.645 36.489 11.023 10.310 0.1762 4.26   0.04 0.04 

0.992 40.675 36.419 11.023 10.310 0.1786 4.17 -1.3     

          0.1774 4.22 2.2     

 
 

20.05.16 
 
 
 

3M DEEA + 5 wt% 
L-arginine 
absorption 

0.485 41.251 20.016 10.743 9.679 2.0795 3.39   0.62 0.62 

0.51 

0.511 41.349 19.040 10.743 9.679 2.0788 3.32 0.0     

          2.0791 3.35 2.2     

3M DEEA + 5 wt% 
L-arginine 
desorption 

1.027 41.487 31.780 10.743 9.679 0.4208 3.65   0.11 0.11 

1.033 41.651 32.068 10.743 9.679 0.4123 3.66 2.0     

          0.4166 3.65 -0.3     
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10 Appendix III - Risk Assessment 
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