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Abstract 
 The viscosities of amines are important in designing equipment for Carbon dioxide (CO2) 

capture as it affects heat transfer coefficient, pressure drop in heat exchangers and piping system 

respectively. Reliable viscosity data from binary, tertiary, and quaternary systems are necessary for 

the development of kinetic and equilibrium models. This work discusses viscosity of selected 

alkanolamine systems with the aim of providing new and complementary experimental data.   

 Viscosities were measured by using a rheometer with a double gap measuring system, and 

all the measurements were performed at a constant shear rate at 4 bar throughout different 

temperatures. The first part of this thesis covers the viscosity for the binary system of 

Monoethanolamine (MEA) and 3-Amino-1-propanol (3A1P) aqueous solutions at high 

concentrations and ternary system of 2-Amino-2-methyl-1-propanol (AMP) + Piperazine (PZ) + 

Water for mass fractions 0.2/0.05, 0.3/0.05, 0.4/0.05 AMP/PZ. All the measurements were 

performed at temperatures between 298.15 K and 373.15 K. The second part of this thesis covers 

the viscosities of 50-80 Wt % MEA CO2 loaded solutions and 30, 50 Wt % 3A1P CO2 loaded 

solutions with five different CO2 loadings from temperatures 298.15 K to 373.15 K.  

 All the measured viscosities were compared and found to agree with literature data to the 

extent available. Viscosities of these amine solutions were found to decrease with increase in 

temperature and increase with increase in CO2 loadings and respective amine concentrations. In this 

work, data representation was also investigated by five different models for aqueous MEA, and 

3A1P solutions. Two different models were used to correlate viscosity data for ternary system AMP 

+ PZ + water. The experimental viscosities for CO2 loaded MEA and 3A1P solutions were 

regressed by using two models. These are discussed in detail in the subsequent chapters. The 

experimental viscosities showed good agreement with regressed values of viscosities from various 

models. The uncertainties in measurements are also discussed.  
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Nomenclature 
AAD  Average Absolute Deviation 

AMP  2-amino-2-methyl-1-propanol 

BaCl2  Barium chloride 

BaCO3  Barium carbonate 

CO2  Carbon dioxide 

DEA  Diethanolamine 

GHG  Greenhouse Gas 

Gt  Giga tones  

H2O  Water 

H2S  Hydrogen Sulfide 

HCL  Hydrochloric acid 

MEA  Monoethanolamine 

MDEA  N-methyl-diethanolamine 

NaOH  Sodium hydroxide 

PZ  Piperazine 

3A1P  3-amino-1-propanol 

KL  Liquid side mass transfer coefficient value 

η  Dynamic viscosity [mPa.s]  

K  Kelvin 

α  CO2 loading value [mole CO2/mole amine] 

M  Molar [mole/Liter] 

NL/min Normal Liter/minute 

ml  Millilitres 

N2  Nitrogen 

xi  Mole fraction 

wi  Mass fraction 

mNm  milliNewton meter 

Wt %  Weight percent 

K  Kelvin 
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1 Introduction 
Global climatic change is an important issue to the environment nowadays. The global climate is 

changing due to greenhouse gas(GHG) emissions. These GHG emissions include carbon dioxide 

(CO2), methane (CH4), NOx, SOx, etc. Out of many GHG's, carbon dioxide (CO2) is considered to be 

a significant GHG due to its emission quantity. They are emitted continuously into the atmosphere 

mainly by human activities (burning fossil fuels, deforestation) when compared to natural processes 

(volcanic eruptions). As per the latest measurement made by NASA, the present level of CO2 in the 

atmosphere is about 402.56ppm. Figure 1-1 shows an increase in CO2 levels in recent years.(NASA, 

2015) 

 

Figure 1-1: Increase in CO2(parts per million)levels in recent years(NASA, 2015) 

A large amount of CO2 is emitted by electricity generation divisions. According to six SRES reports 

by IPCC, CO2 emissions globally could range from 29.3 to 44.2 GtCO2 in 2020 and 22.5 to 83.7 

GtCO2 in 2050.(Metz, 2005). Figure 1-2 shows that coal will be utilised as a primary source for 

electricity generation in coming years. This clearly says that there is an urgent need to employ new 

technologies in particular sectors for a cleaner way to use fossil fuels.(IEA, 2009).  

 

Figure 1-2: World electricity generation by fuel(IEA, 2009) 

To mitigate CO2 emissions, researchers developed end pipe technologies known as carbon capture 

and storage which involves capturing, compression, transport and storage. 
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1.1 CO2 capture systems 
These capture systems are used to capture CO2 from flue gas which is generated from combustion 

of coal/natural gas. Depending on the plant and process, there are three ways of capturing CO2. 

 Post-combustion capture 

 Oxy-fuel combustion  

 Pre-combustion capture 

A brief discussion of these capture systems is as follows 

Post-combustion capture:  

In this system, CO2 is captured from flue gas produced by combustion of biomass and fossil fuels in 

the presence of air. The flue gas is passed through equipment for separation of CO2, instead of 

discharging them into the atmosphere directly. Later the separated CO2 is stored and the flue gas is 

released into the atmosphere. More information on this capture system will be focused later in this 

chapter.         

Pre-combustion capture:  

In this system prior to combustion, the carbon content in the fuel is reduced and upon combustion 

pure CO2 stream is produced. In pre-combustion decarbonisation, a synthesis gas (CO and H2) is 

produced and subjected to water gas shift reaction to obtain hydrogen and carbon dioxide. Further, 

the CO2 and H2 are separated by physical adsorption. Thus obtained CO2 is sent for storage and H2 

is utilised to produce electricity in a gas turbine combined cycle. Figure 1-3 shows the schematic 

diagram of the pre-combustion capture system.  

   

Figure 1-3: Schematic diagram of Pre-combustion capture system("PRE-COMBUSTION CO2 

CAPTURE,")  
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Oxy-fuel combustion: 

The major drawback in post-combustion capture systems is the dilution of flue gases cause of 

nitrogen. This can be avoided when combustion is carried out with oxygen instead of air.  

When the flue gas is combusted in the presence of pure oxygen (95% to 99%), it leads to the 

formation of gas consisting mainly of CO2.  

Particularly in this capture system, the NOx formation is very low since the oxidant has an 

imperceptible amount of nitrogen, but any formation of NOx is due to the nitrogen content present 

in the fuel.  In this system, the concentration of NOx could be high as it is not diluted by nitrogen in 

the air. Thus, it is important to remove NOx before recirculation of flue gas. 

The CO2 obtained at the downstream of the process is compressed and stored. In this capture system 

the efficiency of CO2 capture is very close to 100%. It is important to remove NOx and SOx to 

obtain above mentioned percentage of CO2. Since SO2 and CO2 have identical physical properties, 

it is suggested that SO2 can be stored with CO2. This is done to avoid desulphurisation unit. 

However storing and transporting SO2 and CO2 are uncertain("A VGB Report on the State of the 

Art," 2004). Figure 1-4 shows the schematic diagram of Oxy-fuel Combustion system. 

 

Figure 1-4: Schematic diagram of Oxy-fuel combustion system.(Al-Abbas & Naser, 2013)    

Oxy-fuel combustion systems can be used in new or existing plants by retrofitting, whereas post-

combustion capture systems can be applied to power generation systems which are coal fuelled and 

air fired and for gasification plants pre-combustion capture is used. Advantages and disadvantages 

of these systems are discussed in Table 1-1. 
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CO2 capture 

systems 

Advantages Disadvantages 

Post-

combustion 

capture 

 Can be applied to existing 

coal-fired power plants 

 Additional option by 

retrofitting technology 

 Dilution of flue gas in CO2 

 Low CO2 partial pressure 

 Not meeting sequestration requirements as 

CO2 is produced at low pressure. 

Pre-

combustion 

capture 

 Concentration of Synthesis 

gas in CO2 

 High CO2 partial pressure 

 Currently, some of the gasification plants are 

in operation, thus, can only be applicable 

mainly to new plants. 

 Cost of equipment 

Oxy-fuel 

combustion 

 High levels of CO2 in flue 

gas 

 Retrofit technology option 

 Requires cooled CO2 recycle to maintain the 

limits of combustion material. Which can 

lead to low efficiency and high auxiliary load 

 High cost for cryogenic oxygen production. 

Table 1-1: Advantages and Disadvantages of CO2 capture systems 

1.2 Post-combustion capture 
As mentioned earlier, post-combustion capture involves CO2 removal from flue gas produced by 

combustion of fuel. Currently, power plants use air for combustion and thus generate flue gas 

typically with less than 15% concentration of CO2, with a partial pressure of CO2 less than 0.15atm. 

This shows that the driving force is low for CO2 capture from flue gas. Although post-combustion 

capture has some difficulties, it has potential for decreasing GHG emissions as they can be 

retrofitted to present power generating units which generate 2/3rd of the carbon dioxide 

emissions(Metz, 2005). 

Anyhow, CO2 in flue gas depends on the fuel used. Powerful solvents are to be used to capture CO2 

due to their low concentrations and regeneration of these powerful solvents requires lot of energy, 

and this is, of course, a disadvantage. This problem can be eliminated if oxygen is used instead of 

air in the combustion of fuel, which leads to higher concentration of CO2. But on the other hand 

production of oxygen is expensive.(Davison et al., 2001).  

However, the post-combustion capture system is considered to be more matured capture system 

because of its advantages over other capture systems. 
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Many process technologies for post-combustion capture are available in capturing CO2 from flue 

gases and many studies have shown that the chemical absorption process by solvents is the best 

option under post-combustion capture(Rieme & Ormerod, 1995; "A VGB Report on the State of the 

Art," 2004). 

1.2.1  State-of-the-art Amine based technology 

Amine scrubbing technology is the most commercially efficient method in CO2 capture and 

separation nowadays. In this process, CO2 in flue gas is separated by passing through a continuous 

amine scrubbing system. The scrubbing system consists of an absorber and a stripper. The flue gas 

enters the absorber unit from the bottom and contacts with the alkaline solvent, (usually an amine-

lean CO2 solution) injected from the top. The CO2 present in the flue gas reacts with the amine 

solution and forms weak salts so that the CO2 is isolated from the flue gas. The rich CO2 solution 

(CO2 absorbed by amine solution) is passed to the stripper. Nevertheless, the rich CO2 solution has 

to pass through a lean/rich solution heat exchanger before entering the stripper. Due to the chemical 

reactions occurring at high temperatures in the stripper, the CO2 is regenerated. Then, the gas 

passing through the top of the stripper is cooled to separate vapour from CO2 and obtained CO2 

product is compressed and stored. The amine solution regenerated at the bottom of the stripper is 

sent to the absorber. Figure 1-5 shows how CO2 is captured from amine based solvent. 

           

Figure 1-5: Flow sheet of CO2 capture from Amine based solvent.(Fang & Zhu, 2012) 
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1.2.2  Significance of using Amines 

Monoethanolamine (MEA) is widely used amine for CO2 capture in amine scrubbing technology, 

with a recovery rate of 98% for CO2. However, there are certain questions regarding the rate of 

degradation for amine and amount of energy required for regeneration. 40% of energy requirements 

can be reduced by using improved solvents(amines) compared to MEA. There is considerable 

interest in using of new solvents which are claimed to have better absorption characteristics and 

desorption characteristics.  

Inorganic solvents such as arsenic solvents can be used for CO2 absorption process, but they are 

potent chemicals and dangerous/hazardous to animal and plant life. Other inorganic solvents such as 

potassium carbonate and sodium carbonate can be used, but the drawback is that they may release 

potassium and sodium in product gas and can lead to corrosion, erosion and can promote deposition 

in gas turbines. Thus, considering the advantages and disadvantages, amines are found to be more 

useful in all aspects of CO2 absorption. 

1.2.2.1  Amines 

Amines are organic solvents which are substituted ammonia molecules.(Øi, 2012) The formula for 

general amine is NR1R2R3, where R1, R2, R3 are alkyl radicals/organic group. These amines are 

classified into different types based on how many of the hydrogen atoms are replaced. When one 

hydrogen atom over nitrogen is replaced by a functional group, then they are called primary amines 

(represented as RNH2). If two hydrogen atoms over nitrogen are replaced by the functional groups 

they are called secondary amines (represented as R1R2NH), similarly tertiary amines(represented as 

R1R2R3N) are those whose three hydrogen atoms over nitrogen are replaced by the functional 

groups.  Figure 1-6 shows the structure of amines. 

              

 Figure 1-6: Structure of amines.("Introduction, nomenclature and classification of aliphatic 

amines,") 

An amine is called alkanolamine when an organic group consists of an OH-group. At this time most 

widely used primary amine solutions for CO2 capture in chemical absorption system is the aqueous 

solution of monoethanolamine (MEA) because of its advantages over other alkanolamines like high 
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reactivity, low molecular weight, reasonable thermal stability, high absorption capacity on the 

weight basis, low solubility of hydrocarbons.(Liu et al., 1999).  

Other than primary, secondary and tertiary amines, there is another type of amine called sterically 

hindered amines. These are primary or secondary amines whose amino group is attached to a 

tertiary carbon atom.(Sartor & Savage, 1983). As a consequence, their reaction is different from 

primary, secondary, and tertiary amines.  

The use of sterically hindered amines has become a keen interest in post-combustion process as an 

absorbent because of its advantage like high absorption rates at high CO2 loadings. Moreover 

sterically hindered amines have resistance to degradation and due to lower enthalpy of reactions 

between carbonate and bicarbonate ions the amine can be regenerated easily by heating.(Teng & 

Mather, 1990; Tontiwachwuthikul et al., 1991; S. Xu et al., 1991). 

Figure 1-7 shows examples for alkanolamines and sterically hindered amine. 

Primary alkanolamine 

Monoethanolamine(MEA) 

 

Secondary alkanolamine 

Diethanolamine(DEA) 

 

Tertiary alkanolamine 

N-methyldiethanolamine (MDEA) 

 

Sterically hindered amines 

2-amino-2methyl-1-propanol (AMP) 

 

Figure 1-7: Examples of Alkanolamines and sterically hindered amine 

1.2.2.2  Reaction between CO2 and Amine in aqueous solutions 

Amine groups provide the needed basicity to react with the acid gases reversibly. The primary and 

secondary amines are capable of reacting with CO2 and can form carbamate and possess high 

absorption rate, but the CO2 loading capacities of these amines are limited to 0.5moles of CO2 per 

mole of amine because of high carbamate stability and low rate of hydrolysis to bicarbonate. 

Whereas the tertiary amines do not form carbamate and possess less heat of absorption and 

desorption energy. The CO2 loading capacities can be theoretically be achieved to 1 mole of CO2 

per mole of amine.(Kohl & Nielsen, 1997)   
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Sterically hindered amines form low stable carbamate as bulk carbon groups are attached to the 

amino group. This leads to the formation of bicarbonates, as carbamate hydrolysis takes place and 

produces free amines which react to more CO2 and increases the CO2 loading capacities to 1 mole 

of CO2 per mole of amine.(Teng & Mather, 1990). 

The stability of carbamate is an important factor for identifying CO2 absorption capacity and this 

stability of carbamate is greatly influenced by the molecular structure of the solvent and 

temperature. The prime reactions between the primary amine and CO2 are presented in Table 1-2. 

Ionization of water 

𝐻2𝑂 = 𝐻+ + 𝑂𝐻−                                                            (𝑅 − 1)                                           

Hydrolysis and ionization of dissolved CO2 

𝐶𝑂2 + 𝐻2𝑂 = 𝐻𝐶𝑂3
− + 𝐻+                                            (𝑅 − 2) 

Protonation of alkanolamine 

𝑅𝑁𝐻2 + 𝐻+ = 𝑅𝑁𝐻3
+                                                     (𝑅 − 3) 

Carbamate formation 

𝑅𝑁𝐻2 + 𝐶𝑂2 = 𝑅𝑁𝐻𝐶𝑂𝑂− + 𝐻+                               (𝑅 − 4) 

Table 1-2: Reactions of primary amines with CO2(Kohl & Nielsen, 1997) 

All the reactions from (R-1) to (R-4) are represented for primary amines. These reactions can be 

applied to the secondary amines by replacing the amine formula. As discussed above for tertiary 

amines, reaction (R-4) is not applicable as they do not react directly with CO2 to form carbamates. 

1.2.2.3  Improvements for new solvents 

Most frequently used amine solvent for CO2 capture is monoethanolamine (MEA). However, the 

high vapour pressure is a disadvantage for MEA which can cause volatile emissions and formation 

of degradation products due to reactions between minor flue gas constituents(Liu et al., 1999).   

Research is going on for better solvents than MEA in the following areas 

 Low cost 

 Less degradation 

 High absorption and desorption rates 

 High CO2 capacity 

 Less energy for regeneration. 

 Improved thermal stability and reduced volatility 



 23 

On the other hand, improvements on solvents are being pursued by many process developers such 

as Mitsubishi Heavy Industries, Cansolv Technologies and fluor etc. 

Mitsubishi Heavy Industries Ltd. along with Kansai Electric Power, developed Sterically hindered 

amines named as KS-1, KS-2, KS-3 that features in a low solvent loss, degradation loss and less 

energy consumption(Metz, 2005; MIMURA et al., 2000). They claimed that KS-1 have 90% less 

solvent loss and degradation than MEA, and KS-3 have better solvent regeneration. 

Cansolv Technologies Inc. has developed a new tertiary amine solvent DC103, which has a fast 

mass transfer and good chemical stability than MEA. Econamine FG Plus technology developed by 

Flour Daniel Inc. is an acid gas removal system which showed a reduction in energy 

consumption.(Freeman & Rhudy, 2007).  

Besides, HTC pure energy developed solvents and claimed to have low solvent degradation rate,  

low corrosion rate,  high carbon dioxide working capacities than MEA.(Howard Herzog, 2009). A 

Canadian group developed the solvents that can be used at higher amine concentrations than MEA 

along with higher CO2 loading. These solvents are designated as PSR solvents.(Veawab, 2001) 

1.3 Technology enhancements 
Although there are many technologies for CO2 capture, significant improvements are being made on 

existing technologies in novel approaches, some of them are discussed below for post-combustion 

capture systems. 

1.3.1  Membrane separation system 

In membrane separation system, CO2 is separated from the stream by passing it through a permeable 

membrane. These membranes allow one component to pass through them while the other 

component will abide in permeate. Palladium membranes and polymeric membranes are used 

commonly in this system(Davison et al., 2001). 

Many solvent assisted membranes are under research to obtain best results. In this approach the flue 

gas is made to flow through a bundle of membrane tubes and amine solution is made to flow 

through the bundle side. CO2 passed through these membranes will be absorbed in the amine and 

impurities are blocked from the amine, thus this leads to decrease in amine loss because of the 

stable salt formation. This amine will be regenerated after leaving the bundle(Falk Pederson et al., 

2000). 

Zeolite membranes are under investigation by New Mexico Institute of Mining and Technology. 

These zeolite membranes are considered to be suitable because of their unique surface properties 

and subnanometer pores.(Zhang, 2006)  
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1.3.2  Ammonia based system 

In this system ammonia is made to react with CO2 for certain reactions to occur and one of the 

reactions include ammonia carbonate, water and CO2 to obtain ammonium bicarbonate. When 

compared with amine based system, ammonia based system has some advantages like high CO2 

capacity, low cost, low degradation, but on the other hand, they are more volatile than amine based 

solvent like MEA. 

Another system called as CAP - chilled ammonia process is under development by Alstom. Some 

advantages of using ammonia is they are cheap, less degradation and regeneration at high pressure 

leading to low compression costs and few disadvantages with this system is ammonia slip, and low 

temperature in absorber causing low reaction kinetics("8.1 The Alstom Chilled ammonia process,").  

These new systems can provide better efficiencies if their hurdles are eliminated. 
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2 Study on past works 
From many years, researchers have done extensive studies and experiments on CO2 separation from 

flue gases. They performed several experiments on various combinations of amines to optimise the 

absorption process and make it easily operated by many industries. Hence in this regard, the study 

of the viscosity of commercially important amines at different temperatures and concentrations has 

been discussed. 

Physical property like viscosity of amines are important in designing of equipment for CO2 capture 

as it affects heat transfer coefficient, pressure drop in heat exchangers and piping system 

respectively. Development of kinetic and equilibrium models require viscosity data from binary, 

tertiary, and quaternary systems because these properties affect the liquid side mass transfer 

coefficient value, kL. Hence good and reliable data is necessary. 

2.1 Monoethanolamine (MEA) 
Among many alkanolamines, Monoethanolamine (MEA) is considered as a benchmarking solvent 

for absorption of CO2 in post-combustion capture because of its advantages over other 

alkanolamines. This lead many researchers to perform experiments and produce data exclusively on 

viscosities of CO2 loaded and unloaded MEA solutions and some researchers reported viscosities of 

mixed amine systems with MEA as one of the amines.  

From a detailed literature study, viscosities of pure MEA reported by different researchers are 

presented in Table 2-1. Viscosities of aqueous MEA solutions are shown from Tables 2-2 to 2-14 

and CO2 loaded MEA solution viscosities are presented from Tables 2-15 to 2-20. 

DiGuilio et al. (1992) performed viscosity measurements exclusively on pure ethanolamines. They 

regressed their pure MEA viscosities by using two models and they modified the hard-sphere model 

of J.H.Dymond (1985) which resulted in a high deviation from experimental viscosities. M.-H. Li 

and Lie (1994) performed experiments on binary and ternary systems that includes MEA and 

correlated their viscosity data with Grunberg and Nissan model and obtained an AAD% of 1.2 and 

1.1% for binary and ternary systems respectively. Lee and Lin (1995) used Haake falling-ball 

viscometer to measure viscosities of MEA + water, MEA + ethanol, MEA + 2-propanol and 

estimated their viscosity measurements to be ±1.5% accurate. They observed the viscosities for 

alcohol containing mixtures increased with increase in MEA mole fraction and correlated their 

viscosities using R.A.McAllister (1960) model.  

Song et al. (1996) used Ubbelohde type viscometer to report dynamic viscosities of MEA + water + 

Ethylene glycol. They regressed the viscosities of pure MEA by using the same model used by 
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DiGuilio et al. (1992). Weiland et al. (1998) developed new correlation model to calculate the 

viscosities for partially carbonated MDEA, MEA and DEA solutions but with limitations in amine 

concentrations, temperatures and CO2 loadings. They observed an increase in viscosity with an 

increase in CO2 loading. Although they developed another model to calculate viscosities for 

carbonated mixed-amine systems, it could not provide them good agreement to their experimental 

data. 

Kapadi et al. (2002) and  Maham et al. (2002) measured viscosities by Ubbelohde viscometer and 

calculated excess properties of aqueous ethanolamine solutions at different temperatures and mole 

fractions. Mandal et al. (2003) measured viscosities for aqueous blended amines of MEA + MDEA 

and MEA + AMP for a different temperature range. They maintained their amine concentration to 

30 mass % and observed that viscosities decreased with the decrease in MDEA and AMP 

concentration in the mixtures. They observed 0.9% and 1% AAD between experimental data and 

predicted viscosities by Grunberg-Nissan model. 

Islam et al. (2004) mentioned that the viscosities for their aqueous MEA solutions remained stable 

over MEA mole fraction 0.7, for all the temperatures they measured. Geng et al. (2008) used a 

solute aggregation model and a model based on the equation of state for chain-like fluids to predict 

the viscosity values for the binary mixture of 1-butyl-3-methylimidazolium hexaflurophosphate + 

MEA. 

Amundsen et al. (2009) measured viscosities for partially carbonated MEA solutions and used the 

model developed by Weiland et al. (1998) for predicting viscosities. They found 10% maximum 

relative deviation in correlation results from their work and Weiland et al. (1998) work. Apart from 

carbonated MEA solutions, they reported viscosities for MEA + water for a full range of MEA mass 

% (20-90). 

Muraleedharan et al. (2012) presented data for 30 mass % MEA solutions at 5 different 

temperatures. Fu et al. (2012) used the correlation proposed by Weiland et al. (1998) for carbonated 

mixed amines systems, further modified the Grunberg-Nissan model to correlate the viscosities of 

carbonated aqueous MDEA-MEA solutions and found both the models produced satisfactory 

results. They followed the same procedure mentioned by Amundsen et al. (2009) in their work for 

analysing CO2 loading value in the solution. 

García-Abuín et al. (2013) performed an experiment to measure the influence of N-ethyl-2-

pyrrolidone (NEP) in aqueous MEA solutions. They maintained NEP to 30 mass % as it is 

considered to be an additive. They observed an increase in viscosity with an increase in MEA 

concentration. Arachchige et al. (2013) and Jiru (2013) reported the viscosities for pure and aqueous 

MEA solutions for a wide range of temperatures and concentrations. Both of them correlated the 
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viscosities of pure MEA with the model proposed by Weiland et al. (1998) and used T.T.Teng et al. 

(1994) model for predicting viscosities of aqueous MEA solutions. X.-X. Li et al. (2013) performed 

experiments on binary mixtures of MEA + diethylene glycol monobutyl (DEGMBE) and said that 

the viscosity deviations from their work are a result of the weakening of hydrogen bonds at 

increased temperatures.  

F. Xu et al. (2014) performed viscosity measurements on two ternary systems of type MEA + 1-(2-

hydroxyethyl)-3-methyl-imidazolium dicyanamide + water and 1-butyl-3-methylimidazolium + 

MEA + water. They maintained MEA at 30 mass % throughout the measurements at all 

temperatures and reported that their viscosities decreased with increase in temperatures. 

Hartono et al. (2014) presented two correlation models for predicting viscosities of aqueous MEA 

solutions and carbonated MEA solutions. They reported that they achieved an average AARD of 

approximately 4% for both the solutions by using their models. 

  



 

Temp. 

(K) 

Viscosity(mPa.s) 

(DiGuilo 

et al., 

1992) 

(M-H.Li 

& Lie., 

1994) 

(Lee & 

Lin., 

1995) 

(Song et 

al., 

1996) 

(Kapadi 

et al., 

2002) 

(Maham 

et al., 

2002) 

(Mandal 

et al., 

2003) 

(Islam 

et al., 

2004) 

(Geng 

et al., 

2008 

(Amundsen 

et al., 

2009) 

(García-

Abuín et 

al.,2013) 

(Arachchi

ge et al., 

2013) 

(Jiru 

2013) 

(X-X.Li 

et al., 

2013) 

(F.Xu 

et al., 

2014) 

288.15         30.77       

293.15       24.10  23.66 17.90  24.085  24.14 23.76 

298.15      18.95 18.98  18.64  18.740 18.924 18.903 18.89  

303.15 14.86 15.1088 15 15.1940 15.200 14.05 15.11 14.71 15.04   15.151 15.099 14.88 14.85 

308.15     11.966  12.28 11.82 11.89       

313.15 9.89 10.0209 9.94 10.0283 9.702 9.95 10.02 9.27 9.90 9.61  10.006 10.026 9.93 9.94 

318.15     7.914  8.455 7.52 8.10       

323.15  6.9715 6.87 6.9463   6.972 6.21 6.98 6.72  6.962 6.991 6.89 6.98 

333.15 4.99 5.0473  5.0454  5.00 5.047     5.037 5.090 4.97 5.11 

343.15  3.7739  3.8050   3.779   3.69  3.775 3.789   

353.15 2.90 2.9120    2.93 2.912   2.85  2.919 2.959   

363.15            2.334    

373.15 1.85           1.914    

383.15            1.586    

393.15 1.268           1.324    

403.15            1.105    

413.15 0.918           0.934    

423.15 0.796           0.806    

Table 2-1: Viscosities of pure MEA at different temperatures from different literature.



 

Table 2-2: 

MEA(1) + H2O(2) 

Temperature 

(K) 

30 mass % 20 mass % Temperature 

(K) 

30 mass % 20 mass % 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

303.15 2.109 1.480 333.15 1.035 0.778 

313.15 1.616 1.161 343.15 0.868 0.659 

323.15 1.277 0.936 353.15 0.732 0.577 

Table 2-2: Viscosities for 30 & 20 mass % MEA solutions from M.-H. Li and Lie (1994) 

Table 2-3: 

MEA(1) + H2O(2) 

Mole fraction 

(x1)  

303.15 K 313.15 K 323.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1 1.91 1.48 1.21 

0.2 3.87 2.84 2.15 

0.3 6.67 4.62 3.33 

0.4 9.68 6.48 4.58 

0.5 12.3 8.13 5.61 

0.6 14.0 9.26 6.35 

0.7 15.2 9.92 6.83 

0.8 15.4 10.1 6.95 

0.9 15.3 10.0 6.96 

Table 2-3: Viscosities for aqueous MEA solutions from Lee and Lin (1995) 

Table 2-4:  

MEA(1) + H2O(2) 

Temperature(K) 30 mass % 15.3 mass % 

Viscosity(mPa.s) Viscosity(mPa.s) 

303.15 2.096 1.270 

313.15 1.595 1.002 

323.15 1.260 0.8163 

333.15 1.032 0.6807 

343.15 0.8560 0.5806 

Table 2-4: Viscosities for 30 & 15.3 mass % MEA solutions from Song et al. (1996) 

 

 

 



 30 

Table 2-5: 

MEA(1) + H2O(2) 

Temperature(K) 10 mass % 20 mass % 30 mass % 40 mass % 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

298.15 1.77 1.72 2.52 3.41 

Table 2-5: Viscosities for 10 to 40 mass % MEA solutions from Weiland et al. (1998) 

Table 2-6: 

MEA(1) + H2O(2) 

Mole fraction  

(x1) 

303.15 K 308.15 K 313.15 K 318.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1122 2.062 1.780 1.573 1.373 

0.2278 4.543 3.788 3.228 2.732 

0.3067 6.862 5.579 4.673 3.886 

0.4076 9.966 7.974 6.564 5.389 

0.5412 13.275 10.502 8.588 6.936 

0.6257 14.592 11.518 9.367 7.567 

0.7264 15.408 12.095 9.850 7.970 

0.8486 15.638 12.374 10.002 8.127 

Table 2-6: Viscosities for aqueous MEA solution  from Kapadi et al. (2002) 

Table 2-7: 

MEA(1) + H2O(2) 

Temperature(K) 30 mass % 

Viscosity(mPa.s) 

293.15 2.63 

298.15 2.20 

303.15 2.10 

308.15 1.85 

313.15 1.60 

318.15 1.50 

323.15 1.29 

Table 2-7: Viscosities for 30 mass % MEA solution from Mandal et al. (2003) 
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Table 2-8: 

MEA(1) + H2O(2) 

Mole 

fraction 

(x1) 

298.15 K 303.15 K 313.15 K 333.15 K 353.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.0313 1.246 1.088 0.871 0.609 0.451 

0.0674 1.750 1.490 1.165 0.795 0.574 

0.1102 2.554 2.099 1.596 1.041 0.735 

0.1626 3.786 3.086 2.276 1.402 0.941 

0.2322 5.801 4.829 3.473 1.971 1.259 

0.3032 8.459 6.924 4.745 2.580 1.588 

0.4194 13.04 10.48 7.014 3.622 2.160 

0.4653 14.71 11.80 7.818 3.885 2.320 

0.5382 16.83 13.39 8.808 4.407 2.543 

0.6220 17.92 14.21 9.592 4.744 2.708 

0.7228 19.19 15.28 10.32 5.088 2.896 

0.8446 19.46 15.30 10.46 5.056 2.960 

Table 2-8: Viscosities for aqueous MEA solutions from Maham et al. (2002) 

Table 2-9: 

MEA(1) + H2O(2) 

Mole 

fraction 

(x1) 

303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.72956 14.56±0.04 11.62±0.04 9.26±0.03 7.57±0.03 6.06±0.02 

0.54516 12.42±0.04 9.75±0.03 7.82±0.03 6.53±0.02 5.24±0.02 

0.41156 9.25±0.03 7.30±0.02 5.88±0.02 4.92±0.02 3.95±0.02 

0.31016 6.27±0.02 5.23±0.02 4.23±0.02 3.51±0.02 2.925±0.009 

0.23057 4.28±0.02 3.61±0.01 2.932±0.009 2.472±0.008 2.125±0.007 

0.16658 2.930±0.008 2.513±0.008 2.085±0.007 1.786±0.006 1.553±0.005 

0.11378 2.041±0.006 1.784±0.006 1.536±0.005 1.345±0.005 1.173±0.004 

0.06969 1.448±0.005 1.282±0.004 1.149±0.004 1.010±0.004 0.907±0.004 

0.03219 1.081±0.004 0.962±0.004 0.865±0.003 0.779±0.003 

 

0.703±0.003 

Table 2-9: Viscosities for aqueous MEA from Islam et al. (2004) 
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Table 2-10: 

MEA(1) + H2O(2) 

Temp. 

(K) 

 

20 mass % 30 mass % 40 mass % 50 mass % 70 mass % 90 mass % 

η(mPa.s) η(mPa.s) η(mPa.s) η(mPa.s) η(mPa.s) η(mPa.s) 

298.15 1.70 2.48 3.58 5.51 12.46 19.40 

313.15 1.18 1.67 2.28 3.39 6.96 10.20 

323.15 0.95 1.33 1.75 2.54 4.94 7.06 

343.15 0.67 0.92 1.14 1.57 2.79 3.81 

353.15 0.58 0.77 0.95 1.28 2.18 2.93 

Table 2-10: Viscosities for 20 to 90 mass % MEA solutions from Amundsen et al. (2009) 

Table 2-11: 

Temperature 

(K) 

MEA(1) + H2O(2) 

Viscosity(mPa.s) 

10 Wt% 20 Wt% 30 Wt% 40 Wt% 50 Wt% 60 Wt% 70 Wt% 80 Wt% 90 Wt% 

293.15 1.442 2.005 2.990 4.667 7.345 11.295 15.774 21.003 24.023 

298.15 1.299 1.702 2.489 3.765 5.547 9.062 12.602 16.290 19.904 

303.15 1.121 1.501 2.195 3.279 4.960 7.417 10.313 13.148 15.200 

313.15 0.909 1.169 1.671 2.311 3.423 5.291 7.024 8.950 10.220 

323.15 0.715 0.945 1.338 1.782 2.566 3.771 5.055 6.273 7.090 

333.15 0.626 0.775 1.065 1.434 2.041 2.973 3.757 4.585 5.110 

343.15 0.520 0.671 0.903 1.168 1.594 2.243 2.854 3.449 3.830 

353.15 0.449 0.589 0.779 0.977 1.291 1.774 2.226 2.676 2.936 

Table 2-11: Viscosities for 10 to 90 Wt % MEA solutions from Arachchige et al. (2013) 

Table 2-12: 

MEA(1) + H2O(2) 

Temperature(K) 30 mass % 

Viscosity(mPa.s) 

293 2.77 

303 2.04 

313 1.57 

323 1.22 

333 0.98 

Table 2-12: Viscosities for 30 mass % MEA solution from Muraleedharan et al. (2012) 
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Table 2-13: 

C 

(mol/L) 

MEA(1) + H2O(2) 

Viscosity(mPa.s) 

 298.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 

0.5 0.980 0.871 0.715 0.598 0.508 0.438 0.386 

3 1.591 1.392 1.093 0.884 0.733 0.616 0.532 

5 2.673 2.280 1.744 1.356 1.091 0.888 0.733 

8 5.155 4.299 3.110 2.328 1.800 1.411 1.137 

10 9.342 7.577 5.226 3.777 2.836 2.196 1.744 

12 13.972 11.005 7.500 5.243 3.817 2.867 2.186 

14 18.502 14.623 9.577 6.569 4.732 3.494 2.718 

Table 2-13: Viscosities for aqueous MEA solutions from Jiru (2013) 

Table 2-14: 

MEA(1) + H2O(2) 

Temperature 

(K) 

6.2 mass % 30 mass % Temperature 

(K) 

6.2 mass % 30 mass % 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

293.15 1.228 

 

 

2.874 - 2.879 323.15 0.668 1.305 - 1.318 

298.15  2.450 - 2.457 

 

333.15 0.560 1.055 - 1.067 

303.15 

 

0.960 

 

2.133 - 2.130 

 

343.15 - 0.878 - 0.874 

313.15 0.790 1.628 - 1.638 353.15 - 0.742 - 0.740 

Table 2-14: Viscosities of 6.2 and 30 mass % MEA solutions from Hartono et al. (2014) 

Table 2-15: 

MEA(1) + H2O(2) + CO2(3) 

CO2 loading (α) 10 mass % 20 mass % 30 mass % 40 mass % 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1 1.80 1.83 2.72 3.76 

0.2 1.83 1.90 2.92 4.30 

0.3 1.87 1.98 3.21 4.97 

0.4 1.92 2.12 3.51 5.90 

0.5 1.93 2.22 3.82 6.73 

Table 2-15: Viscosities for carbonated 10 - 40 mass % MEA solutions from Weiland et al. (1998) 
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Table 2-16:  

 MEA(1) + H2O(2) + CO2(3) 

20 mass % MEA 

CO2  

loading 

298.15 K 313.15 K 323.15 K 343.15 K 353.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1 1.8 1.3 1.0 0.7 0.6 

0.2 1.9 1.3 1.0 0.7 0.6 

0.3 1.9 1.3 1.1 0.8 0.7 

0.4 2.1 1.4 1.2 0.8 0.7 

0.5 2.2 1.6 1.3 0.9 0.8 

Table 2-16: Viscosities for carbonated 20 mass % MEA solution from Amundsen et al. (2009) 

Table2-17: 

MEA(1) + H2O(2) + CO2(3) 

30 mass % MEA 

CO2  

loading 

298.15 K 313.15 K 323.15 K 343.15 K 353.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1 2.6 1.7 1.4 0.9 0.8 

0.2 2.9 2.0 1.6 1.1 0.9 

0.3 3.1 2.0 1.6 1.1 0.9 

0.4 3.5 2.4 1.9 1.3 1.1 

0.5 3.9 2.7 2.1 1.5 1.3 

Table 2-17: Viscosities for carbonated 30 mass % MEA solution from Amundsen et al. (2009) 

Table 2-18: 

MEA(1) + H2O(2) + CO2(3) 

40 mass % MEA 

CO2  

loading 

298.15 K 313.15 K 323.15 K 343.15 K 353.15 K 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1 4.0 2.5 2.0 1.3 1.1 

0.2 4.6 3.0 2.3 1.5 1.3 

0.3 5.1 3.3 2.6 1.7 1.4 

0.4 6.0 4.0 3.1 2.0 1.7 

0.5 7.0 4.6 3.8 2.3 1.9 

Table 2-18: Viscosities for carbonated 40 mass % MEA solution from Amundsen et al. (2009) 
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Table 2-19: 

MEA(1) + H2O(2) + CO2(3) 

CO2 loading (α) 
298.15 K 

20mass% 30mass% 40mass% 

Viscosity(mPa.s) Viscosity(mPa.s) Viscosity(mPa.s) 

0.1 1.72 2.51 3.88 

0.2 1.88 2.82 4.69 

0.3 1.95 3.18 5.17 

0.4 2.14 3.44 5.89 

0.5 2.26 3.97 6.93 

Table 2-19: Viscosities for carbonated 20 - 40 mass % MEA solutions from Fu et al (2012) 

Table 2-20: 

MEA(1) + H2O(2) + CO2(3) 

 30 mass % MEA 6.2 mass % 

Temperature 

 (K) 

 (α) - 0.11 (α) - 0.19 (α) - 0.29 (α) - 0.39 (α) - 0.50 (α) - 0.36 (α) - 0.48 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

293.15 3.112 

3.107 

3.309 

3.291 

3.597 

 3.581 

3.899 

3.872 

4.251 

4.250 
1.236 1.286 

298.15 2.662 

2.648 

2.820 

2.816 

3.086 

3.077 

3.339 

3.321 

3.663 

3.665 

  

303.15 2.290 

2.284 

2.425 

2.420 

2.702 

2.696 

2.887 

2.886 

3.184 

3.183 

0.975 1.016 

313.15 1.765 

1.757 

1.875 

1.874 

2.101 

2.100 

2.246 

2.230 

2.470 

2.452 
0.799 0.822 

323.15 1.405 

1.400 

1.486 

1.482 

1.669 

1.668 

1.804 

1.800 

1.988 

1.999 
0.669 0.697 

333.15 1.148 

1.148 

1.235 

1.224 

1.369 

1.366 

1.492 

1.487 

1.630 

1.635 
0.560 0.581 

343.15 0.967 

0.962 

1.031 

1.027 

1.144 

1.154 

1.262 

1.255 

1.343 

1.351 

  

353.15 0.818 

0.816 

0.879 

0.873 

0.987 

0.986 

1.075 

1.071 

1.143 

1.136 

  

Table 2-20: Viscosities for CO2 loaded(α) 30 and  6.5 mass % MEA solutions from Hartono et al. 

(2014) 
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2.2 2-Amino-2-methyl-1-propanol – Piperazine (AMP-PZ)  
Sterically hindered amine like 2-Amino-2-methyl-1-propanol (AMP) has also been suggested as 

an attractive solvent for CO2 removal. Moreover, data has been reported by researchers showing 

that addition of promoters like Piperazine (PZ) in AMP significantly increased the absorption of 

CO2. From a detailed literature study, viscosities of the ternary system AMP + PZ + Water 

reported by different researchers are presented in Tables 2-21 to 2-24. 

Samanta and Bandyopadhyay (2006), Paul and Mandal (2006) used Ostwald viscometer for 

measuring the viscosities of AMP + PZ + Water. They maintained the total amine concentration to 

30 mass % and reported that the viscosities decreased with the decrease in PZ concentration in the 

solution. Samanta and Bandyopadhyay (2006) correlated their experimental viscosities with a new 

model and proposed that the coefficients in their model are temperature dependent. Whereas Paul 

and Mandal (2006) developed a new model and predicted the viscosities as a function of amine 

concentration and temperature. Both of them reported that their models showed good agreement 

with their experimental viscosities. 

Murshid et al. (2011) used Ubbelohde viscometer to measure the viscosities of their ternary 

system AMP + PZ + Water; they also maintained their amine concentration to 30 mass % in the 

solution and observed that the viscosities increased with an increase in PZ concentration. They 

correlated their experimental data with the model that is more commonly referred as Andrade 

(1930) model. Fu et al. (2014) used the model proposed by Weiland et al. (1998) to predict the 

viscosities of their carbonated AMP-PZ solutions and had a maximum amine concentrating of 40 

mass %. They stated that the model could correlate their experimental viscosities with a relative 

deviation of 9.74% and observed that viscosities of the solution increased with an increase in CO2 

loading. 

Table 2-21: 

PZ(1) + AMP(2) + H2O (3) 

100(w2/w1) 

298 K 303 K 308 K 313 K 318 K 323 K 328 K 333 K 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

Viscosity 

(mPa.s) 

28/2 3.737 3.005 2.524 2.060 1.752 1.475 1.276 1.099 

25/5 3.879 3.123 2.591 2.119 1.795 1.501 1.309 1.126 

22/8 4.063 3.312 2.708 2.235 1.838 1.556 1.363 1.175 

Table 2-21: Viscosities for AMP + PZ + Water from  Samanta and Bandyopadhyay (2006) 
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Table 2-22: 

PZ(1) + AMP(2) + H2O (3) 

100(w2/w1) 
288 K 

 

293 K 298 K 303 K 308 K 313 K 318 K 323 K 328 K 333 K 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

3/27 5.398 

5.477 

4.499 3.752 3.042 2.557 2.088 1.776 1.497 1.296 1.117 

6/24 5.475 4.674 3.892 3.182 2.626 2.227 1.886 1.596 1.342 1.147 

 9/21 5.654 4.665 4.065 3.327 2.749 2.344 2.077 1.762 1.541 1.343 

12/18 5.871 4.823 4.105 3.409 2.817 2.444 2.166 1.957 1.753 1.562 

Table 2-22: Viscosities for AMP + PZ + Water from Paul and Mandal (2006) 

Table 2-23: 

PZ(1) + AMP(2) + H2O (3) 

100(w2/w1) 

298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

28.26/1.74 3.24 2.74 2.31 1.96 1.65 1.42 1.29 1.16 

26.55/3.45 3.33 2.75 2.33 2.01 1.75 1.51 1.35 1.18 

23.12/6.88 3.46 2.89 2.42 2.07 1.80 1.57 1.36 1.23 

19.65/10.35 4.12 3.68 3.25 2.89 2.55 2.19 1.88 1.61 

Table 2-23: Viscosities for AMP + PZ + Water from Murshid et al. (2011) 

Table 2-24: 

PZ(1) + AMP(2) + H2O (3) 

𝑤2

𝑤1
 

298.15 K 303.15K 313.15K 323.15K 
𝑤2

𝑤1
 

298.15K 303.15K 313.15K 323.15K 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

η 

(mPa.s) 

0.25

0.05
 

3.92 3.31 2.43 1.87 0.20

0.10
 

3.93 3.47 2.50 1.99 

0.30

0.05
 

4.83 4.01 3.18 2.75 0.25

0.10
 

5.38 4.73 3.82 3.08 

0.35

0.05
 

6.08 5.14 4.22 3.35 0.30

0.10
 

7.31 6.54 5.21 3.96 

Table 2-24: Viscosities for AMP + PZ + Water from Fu et al. (2014) 
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2.3 3-Amino-1-propanol (3A1P) 
3-Amino-1-propanol is another important amine used for removal of acid components like CO2 

and H2S from gas streams and also used as an ice crystallisation inhibitor (Cacela et al., 2003). 

The available data reported by few researchers on viscosities of pure 3A1P are presented in Table 

2-25.  

Omrani et al. (2010) examined the viscosity and other physical properties for a binary system that 

contains 3A1P and cyclic ethers like 1,4-dioxane as these type of mixtures are necessary for 

designing industrial process and for a better understanding of molecular interactions. From their 

results, one can observe that viscosities of the solution decreased with the decrease in 3A1P mole 

fraction. Kermanpour and Niakan (2012) preformed viscosity and density measurements on binary 

mixtures of 3A1P and 1-hexyl-3-methylimidazoliumtetrafluoro borate (Ionic liquid) to investigate 

the excess thermodynamic properties between ionic liquids and 3A1P. 

Kermanpour et al. (2013) performed density and viscosity experiments on 3A1P + 1-propanol to 

observe the effect of chemical interactions in the mixture. They stated that the increase in 

temperature weakened the attractive interactions in a binary system of 3A1P + 1-propanol 

(alkanol), which lead to the decrease in viscosity of the mixture.  

Table 2-25: 

Temperature(K) 
Viscosity(mPa.s) 

(Omrani et al.,2010) (Kermanpour & Niakan,2012) (Kermanpour et al.,2013) 

293.15   40.456 

298.15 30.4338   

303.15 24.1204 23.868 23.981 

308.15 18.9809 19.071  

313.15  15.266 15.312 

318.15  12.355  

323.15  10.219 10.221 

328.15  8.535  

333.15  7.123 6.962 

338.15  6.045  

Table 2-25: Viscosities of pure 3A1P from different literatures. 
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2.4 Objective of present work 
A lot of research has been focused on viscosities of MEA as it is considered to be a benchmarking 

solvent. Extensive studies on aqueous MEA solution viscosities have been performed and well 

documented. However, from past works it is found that there is no reported data on CO2 loaded 

MEA solution viscosities till date at high MEA concentrations and temperatures. Similarly, the 

viscosity data for AMP + PZ + Water is available only at limited temperatures and limited AMP 

concentration in solutions and the available data is also well documented. The available literature 

for viscosities of pure 3A1P is scarce and no data was found for CO2 loaded and unloaded 3A1P 

solution viscosities. 

Therefore, the main purpose of this work is to measure the viscosities of CO2 loaded and unloaded 

MEA aqueous solutions at high concentrations and temperatures to cover the gap and extend the 

range of available data. Similarly, to measure the viscosities of ternary system AMP + PZ + Water 

at higher temperatures with increased AMP concentrations and to produce viscosity data for CO2 

loaded and unloaded 3A1P solutions. Carbonated AMP + PZ + Water solutions will not be 

measured due to time constraints.  

All the measured viscosities will be compared with literature data to the extent available and 

different models will be used for correlating experimental viscosities. The experimental data from 

this work will be submitted to an International Journal in coming months. More details on the 

present work are shown in Tables 2-26, 2-27, and 2-28. 

Table 2-26: 

Solution type MEA concentration 

(Wt %) 

CO2 loading 

(mole CO2/mole MEA) 

Temperature 

range  (K) 

MEA 100 - 298.15 - 373.15 

MEA + H2O 50, 60, 70, 80, 85, 90, 95 - 298.15 - 373.15 

MEA + H2O + CO2 50 0.52, 0.46, 0.34, 0.23, 0.14 298.15 - 373.15 

MEA + H2O + CO2 60 0.54, 0.39, 0.24, 0.16, 0.08 298.15 - 373.15 

MEA + H2O + CO2 70 0.51, 0.39, 0.32, 0.25, 0.12 298.15 - 373.15 

MEA + H2O + CO2 80 0.51, 0.38, 0.33, 0.24, 0.12 298.15 - 373.15 

Table 2-26: Viscosity measurements for MEA in this work. 

Temperature interval in Table 2-27 is 5 K 
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Table 2-27: 

Solution type Mass fractions of AMP(W1) and PZ(W2) 

(W1/W2) 

Temperature range  (K) 

AMP + PZ + H2O 0.2/0.05, 0.3/0.05, 0.4/0.05, 0.5/0.05 303.15 - 373.15 

Table 2-27: Viscosity measurements for AMP + PZ + Water in this work. 

Temperature interval in Table 2-27 is 10 K 

Table 2-28: 

Solution type 
MEA concentration    

(Wt %) 

CO2 loading 

(mole CO2/mole 3A1P) 

Temperature 

range  (K) 

3A1P 100 - 298.15 - 373.15 

3A1P + H2O 30, 40, 50, 60, 70, 90 - 298.15 - 373.15 

3A1P + H2O + CO2 30 0.54, 0.44, 0.34, 0.25, 0.13 298.15 - 373.15 

3A1P + H2O + CO2 50 0.52, 0.42, 0.32, 0.24, 0.13 298.15 - 373.15 

Table 2-28: Viscosity measurements for 3A1P in this work. 

Temperature interval in Table 2-28 is 5 K 
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3 Methods and Experimental Section 
This chapter describes how CO2 loaded and CO2 unloaded amine solutions were prepared and the 

viscosity measurement methods. 

3.1 Chemicals 
The amine solvents selected for viscosity measurements in this work are shown in Table 3-1, and 

all of them were used without any further purification. Material safety and data sheets for these 

amine solvents are presented in Appendix 2.  

Chemical CAS No. Manufacturer Purity Molecular weight Molecular formula 

MEA 141-43-5 Sigma Aldrich ≥99.5% 61.08 C2H7NO 

AMP 124-68-5 Sigma Aldrich ≥90% 89.14 C4H11NO 

PZ 110-85-0 Sigma Aldrich ≥98.5% 86.14 C4H10N2 

3A1P 156-87-6 Sigma Aldrich ≥98.5% 75.11 C3H9NO 

Table 3-1: Amines solvents used in this work. 

3.2 CO2 unloaded solution preparation method 
The aqueous solutions of MEA and 3A1P, AMP + PZ + Water were prepared by mixing the 

required amount of respective amine with degassed deionized water. It is to be noted that MEA, 

3A1P and AMP were also degassed before mixing. Solutions at different concentrations were 

prepared by weighing them in an analytical balance (Mettler Toledo XS-403S) having an accuracy 

of ±0.001g . The amine concentrations used in this work are given below. 

Concentrations for aqueous MEA solutions:  50, 60, 70, 80, 85, 90, 95 Wt % MEA 

Concentrations for AMP + PZ + Water:   20/5, 30/5, 40/5, 50/5 Wt % AMP/PZ 

Concentrations for aqueous 3A1P solutions:  30, 40, 50, 60, 70, 90 Wt % 3A1P 

3.2.1 Method for analysing amine concentrations 

This method is used only for finding amine concentrations in binary systems such as aqueous 

MEA and 3A1P solutions. For ternary systems, concentrations of amines are found through 

regular sample preparation method. 
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The actual concentration of amine in aqueous amine solutions was analysed by titrating with 1M 

HCL. Where 1-2g of aqueous amine solution is mixed with 100ml of deionized water and titrated 

with 1M HCL to an equivalence point and the consumed volume of 1M HCL is used to calculate 

the concentration of amine in the aqueous amine solution. The titrator employed in this work was 

Metrohm-905 titrando.  

From this method, it was found that there was a negligible difference in mass fractions from the 

regular sample preparation method. See Appendix 3 for step-by-step titration procedure and 

calculations. 

An example for reaction equation is presented in Table 3-2. 

𝑁𝐻2(𝐶𝐻2)2𝑂𝐻 +  𝐻2𝑂 → 𝐻+ 𝑁(𝐶𝐻2)2𝑂𝐻 + 𝑂𝐻−                              (𝑅 − 5) 

𝑂𝐻− +  𝐻𝐶𝑙 → 𝐻2𝑂 + 𝐶𝑙−                                                                             (𝑅 − 6) 

6)   

 

 

Table 3-2: Reaction equations for finding MEA concentration 

3.3  CO2 loaded solution preparation method 
CO2 loaded MEA and 3A1P solutions were prepared by bubbling CO2 through the aqueous MEA 

and aqueous 3A1P solutions. 

Concentrations for CO2 loaded MEA solutions: 50, 60, 70, 80 Wt % MEA 

CO2 loading values: 50 Wt % - 0.52, 0.46, 0.34, 0.23, 0.14 mole of CO2/mole MEA 

             60 Wt % - 0.54, 0.39, 0.24, 0.16, 0.08 mole of CO2/mole MEA 

             70 Wt % - 0.51, 0.39, 0.32, 0.25, 0.12 mole of CO2/mole MEA 

             80 Wt % - 0.51, 0.38, 0.33, 0.24, 0.12 mole of CO2/mole MEA 

Concentrations for CO2 loaded 3A1P solutions: 30 and 50 Wt % 3A1P 

CO2 loading values: 30 Wt % - 0.54, 0.44, 0.34, 0.25, 0.13 mole of CO2/mole 3A1P 

             50 Wt % - 0.52, 0.42, 0.32, 0.24, 0.13 mole of CO2/mole 3A1P 
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3.3.1  CO2 loading procedure 

The equipment used for loading CO2 in aqueous MEA and 3A1P solutions is shown in Figure 3-1 

             CO2 

 

                            Glass column    

                            Aqueous amine solution      

                                                                               CO2                                    

                            CO2 bubbles                                                        Mass flow controller 

                                                        CO2    

                           Sinter 

                           Rubber stopper                                Buffer Bottle 

                              

                                                            

Figure 3-1: CO2 loading equipment 

CO2 enters the glass column through a sinter. A mass flow controller controls the mass flow 

(usually 0.15NL/min in this work) of CO2. The glass column is filled with required amount of 

aqueous amine solution. Bubbling is observed in the glass column when the aqueous amine 

solution is saturated with CO2.  After few minutes of bubbling, a phase difference can be seen at 

the bottom of the glass column. As the reaction between CO2 and amine is exothermic, the 

temperature will be high at this phase difference.  

As the phase difference starts to move up in the column, the temperatures gradually decrease and 

change in viscosity of the solution can be observed. Figure 3-2 shows the phase difference while 

loading CO2 in aqueous MEA solution. 

To obtain a particular loading value, CO2 has to be loaded into the solution for the specific amount 

of time and mass flow rate. Increase or decrease in loading time may change the loading value. 

These time calculations are given in Appendix 4. 

    

0.00NL/min 
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.  

Figure 3-2: Phase difference while loading CO2 into aqueous MEA solution 

Preparation of different loadings for various MEA and 3A1P 

concentrations: 

Large volumes of 50, 60, 70, 80 Wt % MEA and 30, 50 Wt % 3A1P aqueous solutions were 

initially loaded with high (0.5mole CO2/mole MEA) CO2 loading value. Later the aqueous amine 

(MEA and 3A1P) solution and high CO2 loaded solutions of same concentrations were mixed to 

produce different sets of samples with different CO2 loading values. A general dilution method is 

employed for mixing. 

3.3.2  Method for analysing CO2 loading values 

CO2 loading values in the loaded amine solutions were analysed by titration of Barium carbonate 

(BaCO3) precipitate with Hydrochloric acid solution (HCL) and Sodium hydroxide solution 

(NaOH). This was the method previously used by Amundsen et al. (2009) and Zulkifli Idris and 

Eimer (2016). The titrator employed in this work was Metrohm-905 titrando.  

In this approach 0.2g to 0.5g of loaded amine solution is mixed with 50ml of 0.1M NaOH (NaOH 

captures CO2 in the solution) and 0.3M BaCl2 and this mixture is boiled for 5 min, later cooled in a 

water bath and then filtrated. The obtained BaCO3 filter cake is then added to 100ml of deionised 

water and titrated with 0.1M HCL until the pH value reaches 2. While titrating with 0.1M HCL, 

all the BaCO3 precipitate will get dissolved and the solution becomes transparent. After titration 

with 0.1M HCL, the sample is boiled again for 5 min to remove CO2 from the solution and later 

cooled in a water bath.  
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Now the sample contains only Bacl2, unreacted HCL, and water. This unreacted (excess) HCL is 

titrated with 0.1M NaOH until the pH value reaches 7. 

Weight of the sample, consumed volume of 0.1M HCL and volume of 0.1M NaOH for this 

acid/base titration are used for calculating loading values. Reaction equations for this method are 

showed in Table 3.3. See Appendix 3 for step-by-step titration procedure and calculation methods. 

Loading 

𝐵𝑎2+ +  𝐶𝑂2 +  2𝑂𝐻− → 𝐵𝑎𝐶𝑂3 +  𝐻2𝑂                                      (𝑅 − 7) 

𝐵𝑎𝐶𝑂3 +  2𝐻𝐶𝑙 →  𝐵𝑎𝐶𝑙2 +  𝐶𝑂2  +  𝐻2𝑂                                   (𝑅 − 8) 

Titrations of excess HCL with NaOH 

𝐻𝐶𝑙 +  𝑁𝑎𝑂𝐻 →  𝑁𝑎𝐶𝑙 + 𝐻2𝑂                                                     (𝑅 − 9) 

  Table 3-3: Reaction equations for BaCO3 titration method 

3.4 Measuring Instrument and method 
All the viscosities in this work were measured using Anton Paar rheometer (MCR 101) with a 

double gap measuring system, and the operating pressure was maintained at 4 bar continuously 

over the temperature range. 

  

Figure 3-3: Anton Paar rheometer(left), assembly of pressure cell XL(right)(AntonPaar, 2006) 
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3.4.1  Air check and motor adjustment 

Air check and motor adjustment tests for rheometer were performed every day before measuring 

viscosity of the sample. Bearings for the pressure head were changed based on the obtained air 

check and motor adjustment results as these results indicate the wearing, tearing, and alignment of 

bearings. See Appendix 5 for detailed air check, motor adjustment and bearing change procedure. 

3.4.2  Selection of shear rates 

Viscosities in this work were measured at constant shear rates, and these constant shear rates were 

selected based on the measuring system and the range of expected viscosity values. This selection 

criterion is obtained from Figure 3-4, where DG35.12/XL/Pr(green box) is the valid measuring 

system for this work. 

 

Figure 3-4: Shear rate selection for different viscosity range.(AntonPaar, 2006; Zul Idris, 2015) 

3.4.3  Rheometer calibration 

The rheometer was calibrated by using ISO17025/ISO guide 34 certified reference standard 

solution of type S3S, purchased from Paragon Scientific Ltd.  

The reference viscosity values at certain temperatures that were not provided by the Paragon 

Scientific Ltd. were estimated by linear interpolation. The difference in measured viscosities from 

given reference viscosities and linearly interpolated viscosities at respective temperatures were 

analysed and later measured viscosities were corrected. Calibration results are reported chapter 5. 

3.4.4  Measurement method for rheometer 

All the viscosity measurements were performed only after air check and motor adjustment. A 

short description on measuring method for rheometer is given below. 
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1) 6-7ml of required amine solution is injected into the pressure cell and placed inside the 

rheometer. 

2) The magnetic coupling is attached to the measuring system. Temperature sensor, external 

pressure sensor and N2 supply are then connected to the pressure cell. 

3) The Rheoplus software controls the whole rheometer. In the Rheoplus software, for the 

method of measurement - ''constant shear rate'' is selected. The measuring system 

(DG35.12/PR) and measuring cell (C-ETD200-SN80462200) for the rheometer are 

selected. 

4) All the viscosity measurements under 303.15 K are performed by using external 

temperature controller. Beyond 303.15 K, no external temperature controller is used. N2 is 

supplied at 4 bar to the pressure cell for all the measurements.  

5) After configuring the system, the experimental conditions are inserted into the software. 

Table 3-4 shows the experimental condition setup for temperatures below 303.15 K. 

 

 Reach to desire Temperature For Data collection 

Measuring Points 100 100 

Duration for measuring point 20s 20s 

Shear rate value 100s
-1

 1000s
-1

 

Accessory 1 298.15 K 298.15 K 

Accessory 2 296.15K 296.15K 

Table 3-4: Experimental condition setup for temperatures below 303.15 K 

Accessory 1 is the desired temperature for the rheometer and Accessory 2 is the 

temperature for external oil bath which is set to 2 Kelvin lower than the desired 

temperature. 

6)  Table 3-5 shows the experimental condition setup for temperatures ≥ 303.15 K.  

 Reach to desire Temperature For Data collection 

Measuring Points 
40 100 

Duration for measuring point 
20s 20s 

Shear rate value 
100s

-1
 1000s

-1
 

Accessory 1 
303.15 K 303.15 K 

Table 3-5: Experimental condition setup for temperatures ≥ 303.15 K 

Only Accessory 1 is used, as the rheometer do not require external temperature controller. 

New columns are inserted for measurements at different temperatures. 
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7)  After setting up the experimental conditions, the position of the instrument is decreased by 

entering ''Measure position.'' 

8) The normal force of the system is reset by entering ''reset normal force.'' 

9)  The measurements start by entering ''start.'' 

10)  After measuring viscosity of the sample at high temperature, the system is cooled down to 

298.15 K by entering ''set temperature.'' 

11)  After the system is cooled down to 298.15 K, the position of the instrument is lifted up by 

entering '' lift position.'' 

12)  The pressure cell is taken out of the rheometer and cleaned. 

 

Similarly, viscosities for other samples are measured by repeating the steps from 1 to 12. 

Each viscosity value in this work is obtained from an average of 100 measuring points. All 

the viscosity measurements in this work are reported in chapter 5. Detailed procedure for 

using Rheoplus software for viscosity measurements is shown in Appendix 5. 

 

 

 

 

 

 

 



 49 

4 Results and Discussion  
Viscosity results for pure amines, CO2 loaded and unloaded aqueous amine solutions from this 

work are presented in this chapter. All the experimental viscosities were compared with available 

data presented in chapter 2 and correlated with different models. Each viscosity value is an 

average from 100 measuring points. The viscosity values for pure water in this work is adopted 

directly from Kestin et al. (1978). Average Absolute Deviation (AAD) is used to evaluate 

deviations between experimental viscosities in this work and available data reported by 

others/models studied. The AAD formula is provided below in equation (1); N is the number of 

data available, 𝜂𝑖
𝐸and 𝜂𝑖

𝐶is viscosity value obtained from experimental work and viscosity value 

obtained from others data/viscosity value calculated from model respectively.  

𝐴𝐴𝐷(𝑚𝑃𝑎. 𝑠) =
1

𝑁
∑ |𝜂𝑖

𝐸 − 𝜂𝑖
𝐶|

𝑁

𝑖=1

                                    (1) 

4.1 Calibration results 
The calibration results for the rheometer in this work are given below in Table 4-1. 

Temperature(K) Experimental 

viscosity(mPa.s) 

Reference 

viscosities(mPa.s) 

(Experimental viscosity) - 

(Reference viscosity) 

298.15 3.202 3.267 -0.064 

303.15 2.888 2.943
a
 -0.055 

308.15 2.574 2.619
a
 -0.045 

310.93 2.398 2.439 -0.040 

313.15 2.313 2.327 -0.013 

318.15 2.105 2.120
a
 -0.014 

323.15 1.898 1.913 -0.014 

328.15 1.744 1.758
a
 -0.014 

333.15 1.589 1.603 -0.013 

338.15 1.484 1.497
a
 -0.013 

343.15 1.379 1.390
a
 -0.011 

348.15 1.275 1.284
a
 -0.009 

353.15 1.169 1.177 -0.007 

358.15 1.096 1.108
a
 -0.012 

363.15 1.022 1.040
a
 -0.018 

368.15 0.948 0.971
a
 -0.023 

372.04 0.889 0.918 -0.028 

373.15 0.873 0.905 -0.032 

Table 4-1: Calibration results for rheometer in this work 

a 
Linearly interpolated  viscosities.  
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Table 4-1 shows that all the experimental viscosities are less than the reference viscosities at 

respective temperatures. Thus, all the measured viscosities in this work are corrected by adding 

the obtained reduced viscosity values from this calibration result.  

4.2 Viscosity results for pure MEA 
Viscosity of pure MEA was measured from temperatures 298.15 K to 373.15 K at a constant shear 

rate 1000s
-1

 and they are presented in Table 4.2 and Figure 4.1 

Viscosity of pure MEA 

Temperature(K) Viscosity(mPa.s) Temperature(K) Viscosity(mPa.s) 

298.15 18.439 338.15 4.278 

303.15 14.773 343.15 3.716 

308.15 12.002 348.15 3.237 

313.15 9.839 353.15 2.844 

318.15 8.178 358.15 2.525 

323.15 6.870 363.15 2.255 

328.15 5.829 368.15 2.021 

333.15 4.984 373.15 1.824 

Table 4-2: Viscosity of pure MEA from temperatures 298.15 K to 373.15 K from this work. 
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Figure 4-1: Viscosity for pure MEA as a function of temperature from this work. 
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The experimental viscosities for pure MEA are compared with the literature data presented in 

chapter 2(Table2.1). See Figure 4-2. 
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 Figure 4-2: Viscosity results for pure MEA from this work compared to data reported by other 

researchers. 

Figure 4-1 shows that the viscosity of pure MEA decreases with increase in temperature and from 

Figure 4-2 it can be seen that viscosity values of pure MEA from this work are in good agreement 

with literature values. 

The average absolute deviation(AAD) in viscosity values for pure MEA from this work and 

DiGuilio et al. (1992) is 0.04mPa.s. Similarly, the AAD in viscosity values for pure MEA from 

this work and M.-H. Li and Lie (1994) is 0.13mPa.s, Lee and Lin (1995) is 0.11mPa.s, Song et al. 

(1996) is 0.17mPa.s, Kapadi et al. (2002) is 0.22mPa.s, Maham et al. (2002) is 0.29mPa.s, Mandal 

et al. (2003) is 0.21mPa.s, Islam et al. (2004) is 0.43mPa.s, Geng et al. (2008) is 0.14mPa.s, 

Amundsen et al. (2009) is 0.19mPa.s, García-Abuín et al. (2013) is  0.3mPa.s, Arachchige et al. 

(2013) is 0.16mPa.s, Jiru (2013) is 0.19mPa.s, X.-X. Li et al. (2013) is 0.13mPa.s and F. Xu et al. 

(2014) is 0.10mPa.s.  

These low AAD's ensure that the measurement method and experimental equipment from this 

work can be used with reliability.  
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4.3 Viscosity results for aqueous MEA solutions 
Viscosities for 50-95 Wt % MEA aqueous solutions were measured from temperatures 298.15 K 

to 373.15 K at constant shear rate 1000s
-1

. The results are presented in Table 4-3 and Figure 4-3, 

4-4. 

Viscosities of aqueous MEA solutions 

Temperature(K) 

Viscosity(mPa.s) 

50 Wt % 

(x2:0.227) 

60 Wt % 

(x2:0.306) 

70 Wt % 

(x2:0.407) 

80 Wt % 

(x2:0.541) 

85 Wt % 

(x2:0.625) 

90 Wt % 

(x2:0.726) 

95 Wt % 

(x2:0.847) 

298.15 5.571 8.438 12.265 16.828 18.069 18.993 19.093 

303.15 4.688 6.914 9.893 13.375 14.402 15.117 15.224 

308.15 3.984 5.744 8.105 10.792 11.588 12.205 12.296 

313.15 3.371 4.767 6.693 8.815 9.432 9.951 10.038 

318.15 2.916 4.020 5.620 7.298 7.794 8.231 8.298 

323.15 2.531 3.446 4.762 6.110 6.486 6.877 6.941 

328.15 2.210 3.002 4.061 5.161 5.458 5.797 5.845 

333.15 1.939 2.623 3.490 4.409 4.628 4.936 4.965 

338.15 1.720 2.307 3.021 3.771 3.960 4.245 4.259 

343.15 1.540 2.038 2.632 3.263 3.409 3.674 3.673 

348.15 1.393 1.808 2.308 2.843 2.964 3.212 3.200 

353.15 1.258 1.620 2.039 2.487 2.582 2.823 2.804 

358.15 1.142 1.455 1.817 2.202 2.277 2.500 2.474 

363.15 1.045 1.340 1.630 1.969 2.035 2.227 2.208 

368.15 0.960 1.232 1.471 1.772 1.804 1.993 1.975 

373.15 0.891 1.113 1.335 1.632 1.633 1.800 1.778 

Table 4-3: Viscosity results for aqueous MEA solutions at 50-95 Wt % MEA from this work. 

x2 = MEA mole fraction 
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Figure 4-3: Viscosities for aqueous MEA solutions as a function of temperature from this work. 
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Figure 4-4: Viscosities for aqueous MEA solutions as a function of MEA mole fraction from this 

work. 

Figures 4-3 and 4-4 show that viscosities of aqueous MEA solutions decreases with increase in 

temperature and increases with increase in MEA mole fraction. In Figure 4-4, it can be seen that 
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the viscosity value is higher at mole fraction 0.847(95 Wt % MEA) than at mole fraction 1(pure 

MEA). The same effect can be seen in Amundsen et al. (2009) work, and Arachchige et al. (2013) 

work at similar concentrations. It can thus be speculated that adding a small percentage of water to 

pure MEA can cause certain molecular interactions between MEA and water leading to high 

viscosity value. Apart from the speculation made, it was even reported by J.B.Irving (1977) that 

liquid mixture systems containing water/or alcohol can show maximum and minimum in viscosity 

values. 

The experimental viscosities for aqueous MEA solutions at different MEA mole fractions are 

compared with available data presented in chapter 2, see Figure 4-5. 
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 Figure 4-5: Viscosities for aqueous MEA solutions as a function of MEA mole fraction from this 

work compared to data produced by other researchers. 

Even though the MEA mole fractions from literature data are not the same with MEA mole 

fractions from this work, still the viscosities are compared as the AAD between MEA mole 

fractions from literature data to this work is very low. They are shown in Table 4-4. 
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Literature AAD between MEA mole fractions from 

literature data to this work 

(Kapadi et al.,2002) 5.16E-05 

(Maham et al.,2002) 0.004 

(Islam et al.,2004) 0.003 

(Jiru.,2013) 0.009 

Table 4-4: AAD between MEA mole fractions from literature data to this work. 

The average absolute deviation in viscosity values for aqueous MEA solutions from this work and 

Arachchige et al. (2013) is 0.25mPa.s. Similarly, the AAD in viscosity values for aqueous MEA 

solutions from this work and Amundsen et al. (2009) is 0.14mPa.s, Jiru (2013) is 0.27mPa.s, 

Maham et al. (2002)  is 0.15mPa.s, Kapadi et al. (2002) is 0.16mPa.s, and Islam et al. (2004) is 

0.66mPa.s. The agreement between viscosity values for aqueous MEA solutions from this work 

and those in literature is fairly good. There exists a difference between viscosity values, which can 

be due to the solution preparation methods and small change in mole fractions. 
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4.4 Viscosity results for CO2 loaded MEA solutions 
Viscosities for CO2 loaded MEA solutions at 50-80 Wt % MEA with 5 different CO2 loading 

values were measured from temperatures 298.15 K to 373.15 K at constant shear rate 500s
-1

. Table 

4.5 and Figures 4.6, 4.7 shows the experimental viscosity results for 50 Wt % MEA loaded 

solutions.  

Viscosity for 50 Wt % MEA loaded solution 

Temperature(K) 

Viscosity(mPa.s) 

CO2 loading 

(α) 

0.52 

CO2 loading 

(α) 

0.46 

CO2 loading 

(α) 

0.34 

CO2 loading 

(α) 

0.23 

CO2 loading 

(α) 

0.14 

298.15 14.269 12.964 10.569 8.130 6.849 

303.15 11.797 10.734 8.789 6.784 5.744 

308.15 9.885 9.046 7.421 5.755 4.870 

313.15 8.364 7.653 6.300 4.901 4.117 

318.15 7.189 6.556 5.428 4.229 3.542 

323.15 6.229 5.682 4.717 3.693 3.079 

328.15 5.446 4.970 4.137 3.239 2.701 

333.15 4.771 4.401 3.650 2.862 2.391 

338.15 4.205 3.914 3.247 2.544 2.135 

343.15 3.734 3.487 2.906 2.274 1.920 

348.15 3.350 3.128 2.620 2.042 1.738 

353.15 3.032 2.825 2.373 1.840 1.564 

358.15 2.734 2.580 2.174 1.676 1.436 

363.15 2.509 2.381 2.008 1.538 1.329 

368.15 2.302 2.207 1.857 1.414 1.212 

373.15 2.123 2.068 1.749 1.312 1.127 

Table 4-5: Viscosities for 50 Wt % MEA loaded solution with 5 different CO2 loading values at 

temperatures 298.15 K to 373.15 K form this work. 
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Figure 4-6: Viscosities for CO2 loaded MEA solutions at 50 Wt % MEA as a function of 

temperature from this work. 
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Figure 4-7: Viscosities for CO2 loaded MEA solutions at 50 Wt % MEA as a function of CO2 

loading from this work. 
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Table 4.6 and Figures 4.8, 4.9 shows the experimental viscosity results for 60 Wt % MEA loaded 

solution with 5 different CO2 loading values from temperatures 298.15 K to 373.15 K.  

Viscosity for 60 Wt % MEA loaded solution 

Temperature(K) 

Viscosity(mPa.s) 

CO2 loading 

(α) 

0.54 

CO2 loading 

(α) 

0.38 

CO2 loading 

(α) 

0.24 

CO2 loading 

(α) 

0.16 

CO2 loading 

(α) 

0.08 

298.15 39.203 24.543 16.494 14.131 10.596 

303.15 30.925 19.635 13.311 11.557 8.684 

308.15 24.934 16.073 11.047 9.587 7.225 

313.15 20.279 13.285 9.212 7.979 6.022 

318.15 16.736 11.069 7.794 6.752 5.121 

323.15 14.034 9.370 6.664 5.795 4.406 

328.15 11.887 8.036 5.761 4.982 3.803 

333.15 10.126 6.939 5.013 4.353 3.303 

338.15 8.658 6.025 4.409 3.796 2.886 

343.15 7.521 5.289 3.893 3.347 2.545 

348.15 6.550 4.669 3.436 2.969 2.258 

353.15 5.794 4.150 3.094 2.644 2.029 

358.15 5.208 3.695 2.831 2.378 1.838 

363.15 4.664 3.355 2.543 2.143 1.687 

368.15 4.192 3.046 2.348 1.945 1.589 

373.15 3.844 2.805 2.158 1.810 1.391 

Table 4-6: Viscosities for 60 Wt % MEA loaded solution with 5 different CO2 loading values at 

temperatures 298.15 K to 373.15 K form this work. 
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Figure 4-8: Viscosities for CO2 loaded MEA solutions at 60 Wt % MEA as a function of 

temperature from this work. 
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Figure 4-9: Viscosities for CO2 loaded MEA solution at 60 Wt% MEA as a function of CO2 

loading from this work. 
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Table 4.7 and Figures 4.10, 4.11 shows the experimental viscosity results for 70 Wt % MEA 

loaded solution with 5 different CO2 loading values from temperatures 298.15 K to 373.15 K.  

Viscosity for 70 Wt % MEA loaded solution 

Temperature(K) 

Viscosity(mPa.s) 

CO2 loading 

(α) 

0.51 

CO2 loading 

(α) 

0.39 

CO2 loading 

(α) 

0.32 

CO2 loading 

(α) 

0.25 

CO2 loading 

(α) 

0.12 

20 
298.15 119.997 71.517 49.958 33.823 20.044 

303.15 89.196 54.392 38.428 26.442 15.813 

308.15 67.595 42.453 30.201 21.226 12.778 

313.15 52.753 34.550 24.304 17.211 10.504 

318.15 41.940 27.448 19.817 14.035 8.701 

323.15 33.865 22.234 16.274 11.574 7.464 

328.15 27.682 18.345 13.463 9.692 6.059 

333.15 22.945 15.375 11.436 8.070 5.188 

338.15 19.212 12.959 9.627 6.908 4.405 

343.15 16.258 11.043 8.265 5.954 3.816 

348.15 13.877 9.487 7.151 5.180 3.330 

353.15 11.951 8.232 6.262 4.501 2.937 

358.15 10.402 7.240 5.508 3.947 2.684 

363.15 9.145 6.398 4.895 3.494 2.351 

368.15 8.085 5.673 4.391 3.224 2.115 

373.15 7.228 5.080 3.971 2.791 1.959 

Table 4-7: Viscosities for 70 Wt % MEA loaded solution with 5 different CO2 loading values at 

temperatures 298.15 K to 373.15 K form this work. 
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Figure 4-10: Viscosities for CO2 loaded MEA solution at 70 Wt % MEA as a function of 

temperature from this work. 
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Figure 4-11: Viscosities for CO2 loaded MEA solution at 70 Wt % MEA as a function of CO2 

loading from this work. 
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Table 4.8 and Figures 4.12, 4.13 shows the experimental viscosity results for 80 Wt % MEA 

loaded solution with 5 different CO2 loading values from temperatures 298.15 K to 373.15 K.  

Viscosity for 80 Wt % MEA loaded solution 

Temperature(K) 

Viscosity(mPa.s) 

CO2 loading 

(α) 

0.51 

CO2 loading 

(α) 

0.38 

CO2 loading 

(α) 

0.33 

CO2 loading 

(α) 

0.24 

CO2 loading 

(α) 

0.12 

298.15 508.637 222.586 131.967 74.899 33.031 

303.15 358.172 160.504 96.501 57.166 25.554 

308.15 259.147 119.064 72.983 44.491 20.235 

313.15 191.301 90.158 56.379 35.124 16.263 

318.15 144.058 69.403 44.515 28.172 13.285 

323.15 110.474 54.253 35.089 22.869 10.961 

328.15 86.081 42.982 28.317 18.801 9.167 

333.15 68.104 34.602 23.157 15.664 7.748 

338.15 54.582 28.801 19.131 13.155 6.614 

343.15 44.305 23.526 15.988 11.138 5.684 

348.15 36.341 19.334 13.503 9.516 4.920 

353.15 30.151 16.604 11.527 8.204 4.290 

358.15 25.227 13.739 9.911 7.136 3.763 

363.15 21.311 11.739 8.615 6.270 3.336 

368.15 18.135 10.093 7.554 5.512 2.968 

373.15 15.547 8.849 6.638 4.885 2.662 

Table 4-8: Viscosities for 80 Wt % MEA loaded solution with 5 different CO2 loading values at 

temperatures 298.15K to 373.15K form this work. 
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Figure 4-12: Viscosities for CO2 loaded MEA solution at 80 wt % MEA as a function of 

temperature from this work.  
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Figure 4-13: Viscosities for CO2 loaded MEA solution at 80 Wt % MEA as a function of CO2 

loading from this work. 
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From Figures 4-6 to 4-13, it can be seen that viscosity decreases with increase in temperature and 

increases with increase in MEA concentration along with increase in the dilution of CO2. While 

compared to CO2 unloaded MEA solutions, the CO2 loaded MEA solutions showed an increase in 

viscosity values. This increase in viscosities can be due to the carbamates and bicarbonates in the 

solution which causes complex molecular interactions (hydrogen bonding) as their concentrations 

vary with CO2 loading, amine concentration and temperatures.  

The maximum viscosity was found to be at low temperatures for high CO2 loading in all the 

concentrations (50, 60, 70, 80 Wt % MEA). For 50 Wt % MEA loaded solution with CO2 loading 

(α) 0.52, showed the highest viscosity value of 14.269mPa.s at 298.15 K and lowest 2.123mPa.s at 

373.15 K. The percentage decrease in viscosity from highest to lowest CO2 loading values for 50 

Wt % MEA solution is calculated at respective temperatures to see the effect of CO2 loading on 

viscosities. Where a decrease of 51.99% in viscosity was found at the lowest temperature and 

46.89% decrease at highest temperature.  

Similarly, for 60 Wt % MEA loaded solution the percentage decrease in viscosity from 0.54 CO2 

loading value to 0.08 CO2 loading value at 298.15 K was found to be 72.00% and 63.00% at 

373.15 K.  

For 70 Wt % MEA loaded solution at 373.15 K, the viscosities corresponding to 0.51 CO2 loading 

and 0.12 CO2 loading are respectively 7.228mPa.s and 1.959mPa.s, while at 298.15 K, they 

become 119.997mPa.s and 20.044mPa.s. This shows that the viscosity decreased by 93.98% for 

0.51 CO2 loading and 90.20% for 0.12 CO2 loading from 298.15 K to 373.15 K. 

But 80 Wt % MEA loaded solution showed a maximum viscosity value of 508.637mPa.s as 

expected at 298.15 K for 0.51CO2 loading. Since 80 Wt % and 70 Wt % MEA loaded solutions 

have the same highest and lowest CO2 loading values, i.e. α=0.51 and α=0.12 respectively, they 

are compared to see the effect of concentration on viscosities for similar CO2 loading values. It 

was found that for α=0.51, the viscosity decreased by 388.640mPa.s and 8.319mPa.s from 80 Wt 

% to 70 Wt % loaded MEA solutions at 298.15 K and 373.15 K respectively. Similarly for 

α=0.12, the viscosity drop was 12.9874mPa.s and 0.7029 at 298.15 K and 373.15 K respectively.  

Based on these observations it is understood that viscosities increases tremendously with CO2 

loading at lower temperatures, but this effect is found to be low at higher temperatures. 
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4.5 Viscosity results for AMP + PZ + Water 
Viscosities for ternary system of AMP + PZ + Water at 20/5, 30/5, 40/5, 50/5 Wt % AMP/PZ 

were measured from temperatures 303.15 K to 373.15 K in the interval of 10 K at constant shear 

rate 1000s
-1

. These results are presented in Table 4-9 and Figure 4-14. 

Viscosities of AMP + PZ  + Water 

Temperature(K) Viscosity(mPa.s) 

20/5 Wt % 30/5 Wt % 40/5 Wt % 50/5 Wt % 

303.15 2.499 4.189 7.138 12.059 

313.15 1.819 2.853 4.707 7.563 

323.15 1.405 2.069 3.294 5.073 

333.15 1.114 1.553 2.428 3.583 

343.15 0.907 1.207 1.863 2.632 

353.15 0.756 0.960 1.424 2.038 

363.15 0.645 0.787 1.173 1.630 

373.15 0.578 0.641 0.992 1.338 

Table 4-9: Viscosities for AMP + PZ + Water from this work. 
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 Figure 4-14: Viscosities for AMP + PZ + Water as a function of temperature from this work. 

From Figure 4-14 it can be seen that viscosities of this ternary system decrease with increase in 

temperature and increase with increase in AMP concentration in mixture. 
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4.6 Viscosity results for pure 3A1P 
Viscosity of pure 3A1P was measured from temperatures 298.15 K to 373.15 K at a constant shear 

rate 1000s
-1

 and they are presented in Table 4.10 and Figure 4.15. 

Viscosity of pure 3A1P 

Temperature(K) Viscosity(mPa.s) Temperature(K) Viscosity(mPa.s) 

298.15 27.103 338.15 5.643 

303.15 21.330 343.15 4.840 

308.15 17.050 348.15 4.171 

313.15 13.755 353.15 3.631 

318.15 11.265 358.15 3.190 

323.15 9.323 363.15 2.827 

328.15 7.837 368.15 2.523 

333.15 6.620 373.15 2.249 

Table 4-10: Viscosity of pure 3A1P from temperatures 298.15 K to 373.15 K from this work. 
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Figure 4-15: Viscosity for pure 3A1P as a function of temperature from this work. 
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Comparison of experimental viscosities for pure 3A1P from this work to the literature data 

presented in chapter 2 is shown in Figure 4-16. 
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Figure 4-16: Viscosity results for pure 3A1P from this work compared to data reported by other 

researchers. 

Figure 4-15 shows that the viscosity of pure 3A1P decreases with increase in temperature and 

from Figure 4-16 one can observe that the experimental viscosities are consistently lower than the 

viscosity values reported by other researchers. The AAD in viscosity values for pure 3A1P from 

this work and Omrani et al. (2010) is 2.68mPa.s. Similarly, the AAD between viscosity values 

from this work and Kermanpour and Niakan (2012) is 1.20mPa.s and Kermanpour et al. (2013) is 

1.36mPa.s. This difference in viscosity values can be due to the purity of 3A1P which has the 

highest possibility to contribute discrepancies in viscosity measurements found in the literature. 

The purity of 3A1P is shown below. 

This work:     ≥98.5%. 

Kermanpour and Niakan(2012): >99%. 

Kermanpour et al. (2013):  >99%. 

Omrani et al. (2010):   Not mentioned. 
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4.7 Viscosity results for aqueous 3A1P solutions 
Viscosities for 30-90 Wt % 3A1P solutions were measured from temperatures 298.15 K to 373.15 

K at constant shear rate 1000s
-1

. These results are presented in Table 4-11 and Figures 4-17, 4-18. 

Viscosities of aqueous 3A1P solutions 

Temperature(K) 

Viscosity(mPa.s) 

30 wt% 

(x2:0.093) 

40 wt% 

(x2:0.137) 

50 wt% 

(x2:0.193) 

60 wt% 

(x2:0.264) 

70 wt% 

(x2:0.358) 

90 wt% 

(x2:0.682) 

298.15 2.954 4.760 7.580 12.167 18.558 29.260 

303.15 2.503 3.974 6.176 9.638 14.501 22.760 

308.15 2.147 3.343 5.099 7.689 11.482 17.963 

313.15 1.824 2.817 4.232 6.252 9.208 14.362 

318.15 1.590 2.421 3.587 5.172 7.498 11.599 

323.15 1.398 2.109 3.065 4.339 6.172 9.472 

328.15 1.237 1.856 2.647 3.689 5.138 7.779 

333.15 1.103 1.656 2.306 3.167 4.325 6.471 

338.15 0.994 1.467 2.030 2.741 3.674 5.430 

343.15 0.900 1.320 1.808 2.385 3.150 4.609 

348.15 0.818 1.195 1.643 2.091 2.723 3.934 

353.15 0.746 1.082 1.464 1.848 2.371 3.387 

358.15 0.686 0.992 1.3212 1.6819 2.088 2.928 

363.15 0.650 0.928 1.2546 1.5064 1.855 2.556 

368.15 0.625 0.876 1.1598 1.3671 1.656 2.242 

373.15 0.593 0.819 1.0508 1.2585 1.492 1.977 

Table 4-11: Viscosity results for aqueous 3A1P solutions from 30-90 Wt % 3A1P from this work 

x2 = 3A1P mole fraction 
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Figure 4-17: Viscosity for aqueous 3A1P solutions as a function of temperature from this work 
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Figure 4-18: Viscosities for aqueous 3A1P solutions as a function of 3A1P mole fraction from this 

work. 
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Figures 4-17 and 4-18 shows that viscosity of aqueous 3A1P solutions decreases with increase in 

temperature and increases with increase in 3A1P mole fraction. From Figure 4-18, it can be 

clearly seen that viscosity at mole fraction 0.682(90 Wt % 3A1P) is higher than viscosity at mole 

fraction 1(pure 3A1P) until temperature 323.15 K. Similar effect was seen in aqueous MEA 

solution from this work, therefore, it is understood that adding a small percentage of water (10 to 

5%) to pure amine (primary amine) can affect the interactions between amine molecules and water 

molecules and shows higher viscosity than the pure amine. 

4.8 Viscosity results for CO2 loaded 3A1P solutions 
Viscosities for CO2 loaded 3A1P solutions at 30, 50 Wt % 3A1P with 5 different CO2 loadings 

were measured from temperatures 298.15 K to 373.15 K at constant shear rate 1000s
-1

. Table 4.12 

and Figures 4.19, 4.20 shows the experimental viscosities for 50 Wt % 3A1P loaded solution. 

Viscosity for 50 Wt % loaded 3A1P solution 

Temperature(K) 

Viscosity(mPa.s) 

CO2 loading 

(α) 

0.52 

CO2 loading 

(α) 

0.42 

CO2 loading 

(α) 

0.32 

CO2 loading 

(α) 

0.24 

CO2 loading 

(α) 

0.13 

298.15 18.067 15.294 13.143 11.610 9.343 

303.15 14.736 12.352 10.740 9.402 7.622 

308.15 12.176 10.172 8.893 7.746 6.296 

313.15 10.162 8.507 7.438 6.468 5.232 

318.15 8.588 7.215 6.315 5.484 4.409 

323.15 7.333 6.196 5.406 4.692 3.764 

328.15 6.317 5.367 4.689 4.060 3.249 

333.15 5.494 4.694 4.013 3.542 2.833 

338.15 4.821 4.111 3.620 3.117 2.491 

343.15 4.267 3.638 3.207 2.766 2.208 

348.15 3.809 3.247 2.865 2.471 1.973 

353.15 3.432 2.932 2.582 2.207 1.773 

358.15 3.122 2.674 2.344 2.002 1.610 

363.15 2.868 2.449 2.139 1.837 1.470 

368.15 2.659 2.268 1.973 1.689 1.346 

373.15 2.489 2.124 1.836 1.558 1.251 

Table 4-12: Viscosities for 50 Wt % 3A1P loaded solution with 5 different CO2 loading values at 

temperatures 298.15 K to 373.15 K form this work 
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Figure 4-19: Viscosities for CO2 loaded 3A1P solution at 50 Wt % 3A1P as a function of 

temperature from this work. 
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Figure 4-20: Viscosities for CO2 loaded 3A1P solution at 50 Wt % 3A1P as a function of CO2 

loading from this work. 
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Table 4-13 and Figures 4-21, 4-22 shows the experimental viscosity results for 30 Wt % 3A1P 

loaded solution with 5 different CO2 loading values from temperatures 298.15 K to 373.15 K.  

Viscosity for 30 Wt % loaded 3A1P solution 

Temperature(K) 

Viscosity(mPa.s) 

CO2 loading 

(α) 

0.54 

CO2 loading 

(α) 

0.44 

CO2 loading 

(α) 

0.34 

CO2 loading 

(α) 

0.25 

CO2 loading 

(α) 

0.13 

298.15 4.142 4.017 3.762 3.512 3.217 

303.15 3.584 3.476 3.223 3.017 2.771 

308.15 3.113 3.041 2.791 2.609 2.380 

313.15 2.699 2.637 2.420 2.255 2.031 

318.15 2.384 2.317 2.150 1.996 1.790 

323.15 2.117 2.055 1.923 1.781 1.587 

328.15 1.894 1.847 1.758 1.597 1.396 

333.15 1.708 1.663 1.567 1.439 1.251 

338.15 1.546 1.510 1.416 1.307 1.131 

343.15 1.403 1.375 1.281 1.190 1.028 

348.15 1.275 1.259 1.156 1.089 0.939 

353.15 1.169 1.162 1.059 1.000 0.858 

358.15 1.083 1.086 0.982 0.930 0.793 

363.15 1.009 1.017 0.917 0.869 0.739 

368.15 0.952 0.964 0.855 0.795 0.703 

373.15 0.895 0.920 0.811 0.758 0.686 

Table 4-13: Viscosities for 30 Wt % 3A1P loaded solution with 5 different CO2 loading values at 

temperatures 298.15 K to 373.15 K form this work 
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Figure 4-21: Viscosities for CO2 loaded 3A1P solution at 30 Wt % 3A1P as a function of 

temperature from this work. 
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Figure 4-22: Viscosities for CO2 loaded 3A1P solution at 30 Wt % 3A1P as a function of CO2 

loading from this work. 
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From Figures 4-19 to 4-22 it can be seen that viscosities of 3A1P loaded solutions decreased with 

increase in temperature and increased with increase in 3A1P concentration and CO2 loading. 

Especially for 30 Wt % 3A1P loaded solution, no major difference in viscosities was found for 

CO2 loading value 0.44 and 0.54, and they crossed each other at higher temperature. No further 

investigation was done to determine this effect.    
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4.9 Correlations for aqueous MEA and 3A1P solutions 
Accurate representations of experimental viscosities are important in designing the equipments for 

CO2 capture systems. This lead many researchers to develop models to correlate the experimental 

viscosity data. Out of them five models were employed in this work to correlate experimental 

viscosities of aqueous MEA and 3A1P solutions and they are presented below. 

The model(2) proposed by Heric and Brewer (1967) is shown below. 

𝑙𝑛𝜂 =  𝑥1𝑙𝑛𝜂1 + 𝑥2𝑙𝑛𝜂2 +  𝑥1𝑙𝑛𝑀1 + 𝑥2𝑙𝑛𝑀2 − ln(𝑥1𝑀1 + 𝑥2𝑀2)

+ 𝑥1𝑥2[𝛼12 + 𝛼21( 𝑥1−𝑥2)]                                                          (2) 

Jouyban et al. (2005) presented a model (3) for calculating the viscosities of liquid mixtures for 

different temperatures. It is shown below. 

𝑙𝑛𝜂 =  𝑥1𝑙𝑛𝜂1 + 𝑥2𝑙𝑛𝜂2 + 𝑥1𝑥2 ∑
(𝐴𝑗(𝑥1 − 𝑥2))

𝑇

𝑗1

𝑗=0

       (3) 

J.V.Herraez et al. (2008) introduced a new correlation (4) which is based on linear behavior of 

liquid mixtures, where they used the corrective polynomial as an exponential function of the molar 

fraction. The equation is shown below 

𝜂 =  𝜂1 + (𝜂2 − 𝜂1)𝑥2
(∑ =0(𝐵𝑖

𝑛
𝑖 .𝑥2

𝑖 ))                                           (4)    

Grunberg and A.H.Nissan (1949) developed a model (5) for binary mixture viscosities, it is shown 

below. 

𝑙𝑛𝜂 =  𝑥1𝑙𝑛𝜂1 + 𝑥2𝑙𝑛𝜂2 + 𝐺12𝑥1𝑥2                                      (5) 

O.Redlich and A.T.Kister (1948) proposed a model for liquid mixture viscosities, it is shown in 

below. 

𝜂 =  𝜂1𝑥1 + 𝜂2𝑥2 + 𝑥1𝑥2 ∑ 𝐴𝑖(𝑥1 − 𝑥2)𝑖

𝑛

𝑖=0

                          (6) 

In equations (2) - (6) η is dynamic viscosity of liquid mixture, η1 and η2 are dynamic viscosities of 

pure components 1 and 2, x1 and x2 are mole fractions, T is temperature in Kelvin, M1 and M2 are 

molar masses, α12, α21, Aj, Bi, G12, Ai are model parameters and all these parameters were 

calculated by using experimental viscosities and by a non-linear regression analysis.  
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4.9.1 Correlation results for aqueous MEA solutions 

Comparison of predicted viscosities for aqueous MEA solutions from Heric-Brewer model to 

experimental viscosities as a function of MEA mole fraction is shown in Figure 4-23. 
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Figure 4-23: Predicted viscosities from Heric-Brewer model for MEA(2) +H2O(1). 

The predicted viscosities from Heric-Brewer model showed an excellent agreement with 

experimental viscosities, with an average absolute deviation of 0.032mPa.s. The determined 

model parameters α12 and α21 at each temperature are presented in Table 4-14 and these 

parameters are temperature dependent which can be correlated with second order polynomial 

function.  

Temp.(K) α12 α21 Temp.(K) α12 α21 Temp.(K) α12 α21 Temp.(K) α12 α21 

298.15 6.05 -2.41 318.15 5.20 -2.12 338.15 4.55 -1.95 358.15 4.02 -1.80 

303.15 5.82 -2.33 323.15 5.02 -2.07 343.15 4.40 -1.92 363.15 3.94 -1.80 

308.15 5.60 -2.27 328.15 4.85 -2.05 348.15 4.27 -1.86 368.15 3.84 -1.82 

313.15 5.39 -2.18 333.15 4.69 -2.01 353.15 4.14 -1.83 373.15 3.78 -1.78 

Table 4-14: Heric-Brewer parameters at different temperatures for MEA(2)+H2O(1). 
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Comparison of predicted viscosities for aqueous MEA solutions from Herraez model to 

experimental viscosities as a function of MEA mole fraction is shown in Figure 4-24. 
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Figure 4-24: Predicted viscosities from Herraez model for MEA(2) + H2O(1).  

The values of parameters at each temperature for Herraez model are presented in Table 4-15. A 

first order polynomial version of Herraez model (n=1 in equation 4) correlated the experimental 

data satisfactorily. The parameters B0 and B1 can be regressed as a function of temperature by 

using a second order polynomial function. An AAD of 0.067mPa.s was determined by using the 

first order polynomial version of Herraez model. 

Temp.(K) B0 B1 Temp.(K) B0 B1 Temp.(K) B0 B1 Temp.(K) B0 B1 

298.15 5.46 -5.67 318.15 4.68 -4.36 338.15 3.96 -3.12 358.15 3.22 -1.86 

303.15 5.24 -5.29 323.15 4.49 -4.04 343.15 3.72 -2.73 363.15 3.11 -1.63 

308.15 5.00 -4.89 328.15 4.27 -3.67 348.15 3.60 -2.50 368.15 2.93 -1.29 

313.15 4.85 -4.65 333.15 4.10 -3.39 353.15 3.39 -2.15 373.15 3.06 -1.45 

Table 4-15: Herraez model parameters at different temperatures for MEA(2)+H2O(1). 
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Predicted viscosities for aqueous MEA solutions as a function of MEA mole fraction from second 

order polynomial version of Redlich-kister (n=2 in equation 6) model is shown in Figure 4-25. 
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Figure 4-25: Predicted viscosities from Redlich-Kister model for MEA(2) + H2O(1).  

Second order Redlich-Kister model obtained minimal deviations between experimental and 

predicted viscosities rather than first order Redlich-Kister model. An AAD of 0.035mPa.s was 

determined by using second order Redlich-Kister model, which was 76.17% lower than the AAD 

obtained by first order Redlich-Kister model. The parameters A0, A1 and A2, can be regressed as a 

function of temperature by using a third order polynomial function. The parameter values are 

shown in Table 4-16. 

Temperature 

(K) 
A0 A1 A2 

Temperature 

(K) 
A0 A1 A2 

298.15 23.08 22.64 -27.81 318.15 9.60 7.16 -9.91 

303.15 18.18 16.69 -20.78 323.15 7.94 5.43 -7.87 

308.15 14.50 12.30 -15.75 328.15 6.63 4.06 -6.43 

313.15 11.70 9.41 -12.44 333.15 5.60 3.10 -5.36 
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Temperature(K) A0 A1 A2 Temperature(K) A0 A1 A2 

338.15 4.75 2.40 -4.14 358.15 2.61 0.78 -1.64 

343.15 4.04 1.79 -3.37 363.15 2.23 0.55 -1.33 

348.15 3.48 1.40 -2.55 368.15 2.06 0.34 -1.04 

353.15 3.00 1.04 -1.95 373.15 1.90 0.29 -1.08 

Table 4-16: Second order polynomial version of Redlich-Kister model parameters at different 

temperatures for MEA(2)+H2O(1). 

Comparison of predicted viscosities for aqueous MEA solutions from Jouyban-Acree model to 

experimental viscosities as a function of MEA mole fraction is shown in Figure 4-26. 
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Figure 4-26: Predicted viscosities from Jouyban-Acree model for MEA(2) + H2O(1).  

Predicted viscosities from Jouyban-Acree model were observed to be lower than the experimental 

viscosities at lower temperatures. An average absolute deviation of 0.327mPa.s was determined 

between experimental and predicted viscosities and the regressed parameters for the entire 

temperature range are shown in Table 4-17. 
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Temperature range (K) A0 A1 

298.15 - 373.15 1352.70 -599.40 

Table 4-17: Regressed parameters from Jouyban-Acree model for aqueous MEA solution. 

Comparison of predicted viscosities for aqueous MEA solutions from Grunberg-Nissan model to 

experimental viscosities as a function of MEA mole fraction is shown in Figure 4-27. 

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

V
is

c
o
s
it
y
(m

P
a

.s
)

mole fraction(X
2
)

 This work at 298.15K

 Grunber-Nissan model at 298.15K

 This work at 303.15K

 Grunber-Nissan  model at 303.15K

 This work at 308.15K

 Grunber-Nissan  model at 308.15K

 This work at 313.15K

 Grunber-Nissan  model at 313.15K

 This work at 318.15K

 Grunber-Nissan model at 318.15K

 This work at 323.15K

 Grunber-Nissan   model at 323.15K

 This work at 328.15K

 Grunber-Nissan   model at 328.15K

 This work at 333.15K

 Grunber-Nissan model at 333.15K

 This work at 338.15K

 Grunber-Nissan model at 338.15K

 This work at 343.15K

 Grunber-Nissan  model at 343.15K

 This work at 348.15K

 Grunber-Nissan  model at 348.15K

 This work at 353.15K

 Grunber-Nissan  model at 353.15K

 This work at 358.15K

 Grunber-Nissan model at 358.15K

 This work at 363.15K

 Grunber-Nissan  model at 363.15K

 This work at 368.15K

 Grunber-Nissan   model at 368.15K

 This work at 373.15K

 Grunber-Nissan model at 373.15K

Figure 4-27: Predicted viscosities from Grunberg-Nissan model for MEA(2) + H2O(1) 

Grunberg-Nissan model which usually predicts poor viscosity values for an aqueous system with 

polar mixture (Poling et al., 2007) showed the same effect even in this work, where an average 

absolute deviation of 0.435mPa.s was determined. The regressed parameters at each temperature 

are shown in Table 4-18. These parameters can be regressed as a function of temperature by using 

second order polynomial function. 
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Temperature(K) G12 Temperature(K) G12 Temperature(K) G12 Temperature(K) G12 

298.15 4.82 318.15 4.08 338.15 3.50 358.15 3.03 

303.15 4.62 323.15 3.92 343.15 3.36 363.15 2.95 

308.15 4.43 328.15 3.77 348.15 3.25 368.15 2.86 

313.15 4.25 333.15 3.62 353.15 3.14 373.15 2.80 

Table 4-18: Regressed parameters for Grunberg-Nissan model for aqueous MEA solution. 
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4.9.2  Correlation results for aqueous 3A1P solutions 

Comparison of predicted viscosities for aqueous 3A1P solutions from Heric-Brewer model to 

experimental viscosities as a function of 3A1P mole fraction is shown in Figure 4-28. 
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Figure 4-28: Predicted viscosities from Heric-Brewer model for 3A1P(2)+H2O(1). 

Predicted viscosities from Heric-Brewer model showed a good agreement with experimental 

viscosities, where an average absolute deviation of 0.077mPa.s was observed. The parameter 

values for Heric-Brewer model at each temperature are shown in Table 4-19 and they can be 

regressed as a function of temperature by second order polynomial function. 

Temp.(K) α12 α21 Temp.(K) α12 α21 Temp.(K) α12 α21 Temp.(K) α12 α21 

298.15 7.79 -4.46 318.15 6.57 -3.64 338.15 5.58 -3.31 358.15 4.85 -3.21 

303.15 7.46 -4.24 323.15 6.31 -3.51 343.15 5.38 -3.24 363.15 4.70 -3.29 

308.15 7.15 -4.01 328.15 6.04 -3.45 348.15 5.20 -3.21 368.15 4.56 -3.37 

313.15 6.85 -3.79 333.15 5.80 -3.37 353.15 5.01 -3.16 373.15 4.43 -3.42 

Table 4-19: Heric-Brewer parameters at different temperatures for 3A1P(2)+H2O(1) 
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Comparison of experimental viscosities and predicted viscosities from Herraez model for aqueous 

3A1P solutions as a function of 3A1P mole fraction is shown in Figure 4-29. 
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Figure 4-29: Predicted viscosities from Herraez model for 3A1P(2)+H2O(1). 

Herraez model showed low viscosities at mole fraction 0.682 until 323.15 K, but on whole the 

average absolute deviation of 0.088mPa.s was determined between experimental and predicted 

viscosities. The parameter values for Herraez model are shown in Table 4-20. A second order 

polynomial can be used to regress these parameters as a function temperature. 

Temp.(K) B0 B1 Temp.(K) B0 B1 Temp.(K) B0 B1 Temp.(K) B0 B1 

298.15 6.85 -6.75 318.15 5.69 -5.18 338.15 4.20 -3.13 358.15 2.68 -0.95 

303.15 6.56 -6.34 323.15 5.39 -4.76 343.15 3.82 -2.61 363.15 2.18 -0.19 

308.15 6.21 -5.88 328.15 4.96 -4.19 348.15 3.45 -2.05 368.15 1.77 0.44 

313.15 5.98 -5.58 333.15 4.59 -3.67 353.15 3.10 -1.56 373.15 1.56 0.81 

Table 4-20: Herraez model parameters at different temperatures for 3A1P(2)+H2O(1) 
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Predicted viscosities for aqueous 3A1P solutions as a function of 3A1P mole fraction from second 

order polynomial version of Redlich-kister (n=2 in equation 6) model is shown in Figure 4-30. 
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Figure 4-30: Predicted viscosities from Redlich-Kister model for 3A1P(2)+H2O(1). 

Predicted viscosities from second order Redlich-Kister model showed an excellent agreement with 

experimental viscosities with an average absolute deviation of 0.033mPa.s. Whereas, the first 

order polynomial version of Redlich-kister model showed an average absolute deviation of 

0.188mPa.s. The parameters A0, A1, A2 for second order Redlich-kister model are shown in Table 

4-21 and a third order polynomial can be used to regress these parameters as a function of 

temperature.  

Temperature 

(K) 
A0 A1 A2 

Temperature 

(K) 
A0 A1 A2 

298.15 46.23 24.65 -50.56 318.15 16.59 7.50 -15.93 

303.15 35.13 18.06 -37.09 323.15 13.22 5.46 -12.33 

308.15 26.89 13.54 -27.14 328.15 10.51 3.57 -9.97 

313.15 21.04 10.29 -20.65 333.15 8.52 2.38 -7.92 
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Temperature(K) A0 A1 A2 Temperature(K) A0 A1 A2 

338.15 6.97 1.47 -6.47 358.15 3.46 -0.31 -2.93 

343.15 5.77 0.92 -5.09 363.15 2.90 -0.58 -2.05 

348.15 4.82 0.45 -3.99 368.15 2.43 -0.80 -1.39 

353.15 4.05 0.13 -3.29 373.15 2.12 -0.95 -1.18 

 
Table 4-21: Second order polynomial version of Redlich-Kister model parameters at different 

temperatures for 3A1P(2)+H2O(1). 

Regressed viscosity values obtained by using Jouyban-Acree model are compared with 

experimental viscosities and they are shown in Figure 4-31 as a function of 3A1P mole fraction. 

An average absolute deviation of 0.440mPa.s was determined. From Figures 4-31 and 4-

24(aqueous MEA solution), it is clear that Jouyban-Acree model tends to deviate maximum at low 

temperatures. 
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Figure 4-31: Predicted viscosities from Jouyban-Acree model for 3A1P(2) + H2O(1). 

A second order version of Jouyban-Acree model was also correlated with experimental viscosities, 

to see in the case of any betterment in results, but an average absolute deviation of 0.434mPa.s 

was determined which is almost the same with first order Jouyban-Acree model. The regressed 
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parameters for the temperature range(298.15 K to 373.15 K) is shown in Table 4-22 for first order 

Jouyban-Acree model. 

Temperature range (K) A0 A1 

298.15 - 373.15 1652.20 -1131.40 

Table 4-22: Regressed parameters from Jouyban-Acree model for aqueous 3A1P solution. 

Comparison of predicted viscosities for aqueous 3A1P solutions from Grunberg-Nissan model to 

experimental viscosities as a function of 3A1P mole fraction is shown in Figure 4-32. 
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Figure 4-32: Predicted viscosities from Grunberg-Nissan model for 3A1P(2) + H2O(1) 

An average absolute deviation of 0.819mPa.s was determined between experimental and predicted 

viscosities. As expected Grunberg-Nissan model showed poor results compared to other 4 models. 

Especially at low temperatures the deviation between experimental and predicted viscosities were 

found to be high. The fitting parameters for this model are presented in Table 4-23 and they can be 

regressed as a function of second order polynomial function. 
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Temperature(K) G12 Temperature(K) G12 Temperature(K) G12 Temperature(K) G12 

298.15 5.94 318.15 5.02 338.15 4.20 358.15 3.59 

303.15 5.70 323.15 4.81 343.15 4.04 363.15 3.47 

308.15 5.46 328.15 4.58 348.15 3.89 368.15 3.35 

313.15 5.24 333.15 4.38 353.15 3.73 373.15 3.25 

Table 4-23: Regressed parameters for Grunberg-Nissan model for aqueous 3A1P solution. 
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4.10  Correlations for AMP + PZ + Water 
Viscosities for ternary mixture in this work are correlated as a function of temperature by using 

two models. The model developed by Samanta and Bandyopadhyay (2006) is shown below 

ln(𝜂) =  ∑ ∑ 𝑥𝑖𝑥𝑗𝐺𝑖𝑗                              (7) 

Gij in equation 7 is temperature dependent and it is assumed to be in the form 

𝐺𝑖𝑗 = 𝑎 + 𝑏(𝑇) +  𝑐(𝑇)2                        (8) 

The model which is mostly referred to as Andrade (1930) equation is shown below in equation (9) 

and each concentration has to be correlated separately while using this model. 

ln(𝜂) = 𝐴 +
𝐵

𝑇
                                        (9) 

In equations (7) - (9) η is dynamic viscosity of liquid mixture, xi and xj are mole fractions, T is 

temperature in Kelvin, and A, B, a, b, c, are model parameters and all these parameters were 

calculated by using experimental viscosities and by a non-linear regression analysis. 

4.10.1 Correlation results for AMP + PZ + Water 

Predicted viscosities from Andrade equation are compared with experimental viscosities as a 

function of temperature and they are shown in Figure 4-33. 
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Figure 4-33: Predicted viscosities from Andrade equation for AMP+PZ+H2O. 
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From Figure 4-33 it can be seen that predicted viscosities from Andrade equation correlated the 

experimental data satisfactorily at each concentration. The parameters A and B and average 

absolute deviation between experimental and predicted viscosities at each concentration are 

presented in Table 4-24. 

Concentration(AMP/PZ) 

Wt % 

A B AAD 

20/5 -7.652 2593.171 0.048 

30/5 -8.925 3133.295 0.064 

40/5 -9.710 3528.139 0.125 

50/5 -11.013 4087.372 0.212 

Table 4-24: Regressed parameters for Andrade equation and AAD at each concentration for 

AMP+PZ+H2O.  

Predicted viscosities from equation 7 are compared with experimental viscosities as a function of 

temperature and they are shown in Figure 4-34. 
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Figure 4-34: Predicted viscosities from correlation equation 7 for AMP+PZ+H2O. 

The predicted viscosities from this correlation (equation 7) are in good agreement with 

experimental data and an average absolute deviation 0.082mPa.s was determined between 
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predicted and experimental viscosities. The parameters for equation 8 are obtained by regression 

analysis of experimental data and they are presented in Table 4-25. 

Parameters 

G12 

a 5182.825 

G23 

a 2381.072 

G31 

a -103.864 

b -33.450 b -13.108 b 0.843 

c 0.052 c 0.017 c -0.001 

Table 4-25: Parameters for G12, G23, and G31 of equation 8 for AMP + PZ + H2O. 
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4.11  Correlation for CO2 loaded solutions 
Many researchers developed models for correlating CO2 loaded amine solution viscosities, but 

most of them have certain limitations either in amine mass fractions or temperatures. Where the 

model developed by Weiland et al. (1998) works well only at low amine Wt % i.e. from 20 to 40 

Wt % for MEA. Similarly, the model proposed by Hartono et al. (2014) works well only for 30 to 

40 Wt % for MEA.  

Since the experiments in this work were performed under high amine Wt %, both the models 

proposed by Weiland et al. (1998) and Hartono et al. (2014)  cannot be implemented to correlate 

the experimental viscosities for CO2 loaded amine solutions. Therefore, a modified setchnow type 

equation(10) which has been recently used by many researchers for correlating viscosities, 

densities, surface tension of binary and ternary systems (Kelayeh et al., 2011; Shokouhi et al., 

2015) was implemented in this work to correlate the experimental viscosities of CO2 loaded MEA 

and 3A1P solutions. 

𝑙𝑛
𝜂

𝜂𝑟
= (𝐾1 + 𝐾2 × 𝑇) × 𝛼 +  (𝐾3 + 𝐾4 × 𝑇) × 𝛼2                          (10) 

Where η is the dynamic viscosity for CO2 loaded amine solution, ηr is dynamic viscosity for 

aqueous amine solution of same concentration at same temperature T in Kelvin, α is CO2 loading 

value and K1, K2, K3, K4 are fitting parameters.  

The correlation model proposed by Hartono et al. (2014) has been modified to fit the data in this 

work. The modified model is presented below in equations (11) and (12). 

ln(𝜂𝑙𝑜𝑎𝑑𝑒𝑑) = 𝑥3 ln(𝜂𝛾
∗ ) + (1 − 𝑥3) ln(𝜂𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑)                         (11) 

ln(103. 𝜂𝛾
∗ ) = (𝑎 ∗ 𝑥1) +  (𝑏 ∗ 𝛼 ∗ 𝑥1) +  (𝑐 ∗ 𝛼2 ∗ 𝑥1)                 (12) 

𝜂𝛾
∗  is the viscosity deviation for the loaded solution, representing the deviation from unloaded 

solution. 𝑥3 is the mole fraction of CO2 in the solution and 𝑥1 is the mole fraction of amine in the 

solution, a, b, c are the fitting parameters and α is CO2 loading value. It is to be noted that the 

viscosity values for equation 11 and 12 are in Pa.s. 
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4.11.1 Correlation results for CO2 loaded MEA solutions 

Figure 4-35 compares the predicted viscosities from modified setchnow type equation to 

experimental viscosities for 50 Wt % MEA loaded solution as a function of loading value at each 

temperature. 
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Figure 4-35: Predicted viscosities from modified Setchnow type equation for 50 Wt % MEA 

loaded solution. 

The agreement between predicted and experimental viscosity values for 50 Wt % MEA loaded 

solution is fairly good with an average absolute deviation of 0.098mPa.s. The regressed 

parameters for the temperature range are shown in Table 4-26. 

Temperature range 

(K) 

K1 K2 K3 K4 

298.15 - 373.15 0.0682 0.0049 4.0245 -0.0118 

Table 4-26: Regressed parameters for modified setchnow type equation for 50 Wt % MEA loaded 

solution. 
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Figure 4-36 compares the predicted viscosities from modified Hartono model to the experimental 

viscosities for 50 Wt % MEA loaded solution. 
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Figure 4-36: Predicted viscosities from modified Hartono model for 50 Wt % MEA loaded 

solution. 

The predicted viscosities from this correlation are in good agreement with experimental viscosities 

and an average absolute deviation was determined to be 0.092mPa.s The parameter values at each 

temperature for modified Hartono model at 50 Wt % loaded solution are presented in Table 4-27. 

Temperature(K) a b c Temperature(K) a b c 

298.15 -0.72 240.63 -291.38 323.15 -5.51 246.99 -305.75 

303.15 -1.19 235.01 -284.21 328.15 -5.56 246.46 -306.60 

308.15 -2.13 235.47 -286.35 333.15 -5.23 245.79 -308.45 

313.15 -3.50 241.90 -296.76 338.15 -4.95 243.44 -307.46 

318.15 -4.93 244.95 -301.07 343.15 -4.61 239.43 -303.85 

 



 94 

Temperature(K) a b c Temperature(K) a b c 

348.15 -4.58 234.01 -296.32 363.15 -4.24 2322.93 -299.44 

353.15 -5.99 239.31 -302.80 368.15 -7.10 249.03 -321.26 

358.15 -5.31 237.62 -304.00 373.15 -8.84 261.83 -340.95 

Table 4-27: Regressed parameters for modified Hartono model for 50 Wt % MEA loaded solution. 
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Comparison between predicted viscosities from modified setchnow type equation and 

experimental viscosities for 60 Wt % MEA loaded solution as a function of loading value at each 

temperature is shown in Figure 4-37. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

5

10

15

20

25

30

35

40

V
is

c
o

s
it
y
(m

P
a

.s
)

CO
2
 loading(mole CO

2
/mole MEA)

 This work at 298.15K

 Modified setchnow model at 298.15K

 This work at 303.15K

 Modified setchnow  model at 303.15K

 This work at 308.15K

 Modified setchnow model at 308.15K

 This work at 313.15K

 Modified setchnow   model at 313.15K

 This work at 318.15K

 Modified setchnow model at 318.15K

 This work at 323.15K

 Modified setchnow  model at 323.15K

 This work at 328.15K

 Modified setchnow model at 328.15K

 This work at 333.15K

 Modified setchnow model at 333.15K

 This work at 338.15K

 Modified setchnow  model at 338.15K

 This work at 343.15K

 Modified setchnow  model at 343.15K

 This work at 348.15K

 Modified setchnow model at 348.15K

 This work at 353.15K

 Modified setchnow   model at 353.15K

 This work at 358.15K

 Modified setchnow model at 358.15K

 This work at 363.15K

 Modified setchnow  model at 363.15K

 This work at 368.15K

 Modified setchnow  model at 368.15K

 This work at 373.15K

 Modified setchnow model at 373.15K

Figure 4-37: Predicted viscosities from modified Setchnow type equation for 60 Wt % MEA 

loaded solution. 

The predicted viscosities from this model showed fair agreement with experimental viscosities and 

the regressed parameters are shown in Table 4-28. An average absolute deviation of 0.171mPa.s 

was determined between experimental and predicted viscosities.  

Temperature range (K) K1 K2 K3 K4 

298.15 - 373.15 2.5918 0.0012 4.5201 -0.0163 

Table 4-28: Regressed parameters for modified setchnow type equation for 60 Wt % MEA loaded 

solution 
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Figure 4-38 compares the predicted viscosities from modified Hartono model to the experimental 

viscosities for 60 Wt % MEA loaded solution. 
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Figure 4-38: Predicted viscosities from modified Hartono model for 60 Wt % MEA loaded 

solution. 

An average absolute deviation of 0.158mPa.s was determined between predicted and experimental 

viscosities by using modified Hartono model. The regressed parameter value for this model at 

each temperature is shown in Table 4-29.  

Temperature(K) a b c Temperature(K) a b c 

298.15 39.27 3.71 2.42 323.15 40.49 -21.60 24.87 

303.15 39.10 -2.07 8.52 328.15 38.19 -13.62 14.07 

308.15 38.83 -4.25 9.02 333.15 36.75 -7.81 4.51 

313.15 38.94 -6.73 9.59 338.15 34.90 -0.18 -7.13 

318.15 40.12 -16.11 19.40 343.15 34.06 2.36 -11.77 
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Temperature(K) a b c Temperature(K) a b c 

348.15 33.78 1.33 -11.59 363.15 34.09 -11.43 4.91 

353.15 33.81 -1.10 -9.36 368.15 38.21 -39.43 40.85 

358.15 34.95 -7.78 -2.24 373.15 31.97 4.83 -21.41 

Table 4-29: Regressed parameters for modified Hartono model for 60 Wt % MEA loaded solution. 
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Figure 4-39 compares the predicted viscosities from modified setchnow type equation to the 

experimental viscosities for 70 Wt % MEA loaded solution. 
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Figure 4-39: Predicted viscosities from modified Setchnow type equation for 70 Wt % MEA 

loaded solution. 

The predicted viscosities from this model showed an average absolute deviation of 0.794mPa.s 

from experimental viscosities. The maximum deviation between predicted and experimental 

viscosity was observed at temperature 298.15 K for high loading value. The regressed parameters 

are shown in Table 4-30. 

Temperature range 

(K) 

K1 K2 K3 K4 

298.15 - 373.15 7.5214 -0.0121 2.2881 -0.0049 

Table 4-30: Regressed parameters for modified setchnow type equation for 70 Wt % MEA loaded 

solution 
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Comparison between predicted viscosities from modified Hartono model and experimental 

viscosities for 70 Wt % MEA loaded solution as a function of loading value at each temperature is 

shown in Figure 4-40. 
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Figure 4-40: Predicted viscosities from modified Hartono model for 70 Wt % MEA loaded 

solution. 

The predicted viscosities from this model showed fair agreement with experimental viscosities 

even at lower temperatures, where an average absolute deviation of 0.489mPa.s was determined. 

The parameter values are shown in Table 4-31. 

Temperature(K) a b c Temperature(K) a b c 

298.15 29.09 22.24 -5.22 323.15 25.75 11.10 3.14 

303.15 27.10 25.70 -10.97 328.15 20.60 33.67 -25.58 

308.15 25.80 27.19 -15.17 333.15 20.21 30.92 -21.89 

313.15 25.03 27.49 -17.37 338.15 18.30 36.92 -29.66 

318.15 23.98 26.71 -16.65 343.15 17.65 37.15 -30.56 
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Temperature(K) a b c Temperature(K) a b c 

348.15 17.07 37.37 -31.59 363.15 16.97 28.68 -20.84 

353.15 16.83 35.47 -29.42 368.15 16.31 32.68 -28.77 

358.15 19.59 17.49 -6.69 373.15 18.74 14.19 -2.79 

Table 4-31: Regressed parameters for modified Hartono model for 70 Wt % MEA loaded solution. 
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Modified setchnow type equation was able to predict viscosities for 80 Wt % MEA loaded 

solution, with maximum deviation from experimental viscosities at temperature 298.15 K. Figure 

4-41 compares the predicted and experimental viscosities. 
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Figure 4-41: Predicted viscosities from modified Setchnow type equation for 80 Wt % MEA 

loaded solution. 

An average absolute deviation of 2.810mPa.s was observed between experimental and predicted 

viscosities. The regressed parameters are shown in Table 4-32. 

Temperature range 

(K) 

K1 K2 K3 K4 

298.15 - 373.15 10.5555 -0.0167 9.6412 -0.0259 

Table 4-32: Regressed parameters for modified setchnow equation for 80 Wt % MEA CO2 loaded 

solution. 

Figure 4-42 compares the predicted viscosities from modified Hartono model to the experimental 

viscosities for 80 Wt % MEA loaded solution. 

 



 102 

0.1 0.2 0.3 0.4 0.5

0

100

200

300

400

500

600

V
is

c
o
s
it
y
(m

P
a

.s
)

CO
2
 loading (mole CO

2
/mole MEA)

 This work at 298.15K

 Modified Hartono  model at 298.15K

 This work at 303.15K

 Modified Hartono model at 303.15K

 This work at 308.15K

 Modified Hartono model at 308.15K

 This work at 313.15K

 Modified Hartono model at 313.15K

 This work at 318.15K

 Modified Hartono model at 318.15K

 This work at 323.15K

 Modified Hartono model  at 323.15K

 This work at 328.15K

 Modified Hartono model  at 328.15K

 This work at 333.15K

 Modified Hartono  model at 333.15K

 This work at 338.15K

 Modified Hartono  model at 338.15K

 This work at 343.15K

 Modified Hartono  model at 343.15K

 This work at 348.15K

 Modified Hartono model model at 348.15K

 This work at 353.15K

 Modified Hartono model  at 353.15K

 This work at 358.15K

 Modified Hartono model  at 358.15K

 This work at 363.15K

 Modified Hartono model  at 363.15K

 This work at 368.15K

 Modified Hartono  model at 368.15K

 This work at 373.15K

 Modified Hartono  model at 373.15K

Figure 4-42: Predicted viscosities from modified Hartono model for 80 Wt % MEA loaded 

solution. 

Modified Hartono model showed an average absolute deviation of 1.657mPa.s between predicted 

and experimental viscosities. Regressed  parameter values are presented in Table 4-33. 

Temperature(K) a b c Temperature(K) a b c 

298.15 21.56 36.77 -22.34 338.15 16.93 24.52 -15.94 

303.15 20.47 36.02 -22.48 343.15 16.74 22.04 -13.55 

308.15 19.69 34.71 -22.14 348.15 16.57 19.66 -11.31 

313.15 18.99 33.56 -22.02 353.15 16.24 19.41 -12.16 

318.15 18.39 32.27 -21.75 358.15 16.00 17.38 -10.21 

323.15 17.89 30.07 -19.72 363.15 15.59 16.91 -10.48 

328.15 17.53 27.87 -17.93 368.15 15.09 16.85 -11.03 

333.15 17.11 26.28 -16.92 373.15 13.82 19.81 -14.91 

Table 4-33: Regressed parameters for modified Hartono model for 80 Wt % MEA loaded solution 
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From Figures 4-35 to 4-42 it can be seen that both the modified setchnow type equation and 

modified Hartono model showed similar AAD's for 50 and 60 Wt % MEA loaded solutions. When 

it comes to higher Wt % MEA loaded solutions i.e. at 70 and 80 Wt % MEA, modified Hartono 

models showed better AAD's compared to modified setchnow type equation. Therefore, on the 

basis of this work, it can be said that that the modified Hartono model can be used for correlating 

MEA loaded solutions at high MEA concentration for improved results. 

Though the average absolute deviations obtained from modified Hartono model are low, it is to be 

noted that this model provides bad fitting while estimating the parameters for lower concentrations 

i.e. 50 and 60 Wt % MEA loaded solutions in this work. 
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4.11.2 Correlation results for CO2 loaded 3A1P solutions 

Figure 4-43 compares the predicted viscosities from modified setchnow type equation to the 

experimental viscosities for 50 Wt % 3A1P loaded solution as a function of loading value at each 

temperature. 
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Figure 4-43: Predicted viscosities from modified Setchnow type equation for 50 Wt % 3A1P 

loaded solution. 

Predicted viscosities from modified setchnow type equation showed a good agreement with 

experimental viscosities for 50 Wt % 3A1P loaded solution, where an average absolute deviation 

of 0.073mPa.s was determined. The regressed parameters for the temperature range are shown in 

Table 4-34. 

Temperature range (K) K1 K2 K3 K4 

298.15 - 373.15 2.5967 -0.0026 -1.4731 0.0039 

Table 4-34: Regressed parameters for modified setchnow equation for 50 Wt % 3A1P CO2 loaded 

solution. 
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Comparison between predicted viscosities from modified Hartono model and experimental 

viscosities for 50 Wt % 3A1P loaded solution as a function of loading value at each temperature is 

shown in Figure 4-44. 
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Figure 4-44: Predicted viscosities from modified Hartono model for 50 Wt % 3A1P loaded 

solution. 

The predicted viscosities from modified Hartono model showed good agreement with 

experimental viscosities, with an average absolute deviation of 0.066mPa.s. The determined 

model parameters at each temperature are presented in Table 4-35.  

Temperature(K) a b c Temperature(K) a b c 

298.15 49.32 55.01 -70.05 323.15 41.46 76.85 -100.18 

303.15 49.21 47.31 -58.78 328.15 39.71 85.35 -113.35 

308.15 48.46 45.72 -56.54 333.15 38.69 89.44 -120.36 

313.15 47.03 52.93 -67.68 338.15 37.53 92.76 -125.88 

318.15 43.20 70.26 -90.89 343.15 35.29 99.00 -133.32 
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Temperature(K) a b c Temperature(K) a b c 

348.15 28.95 119.47 -155.14 363.15 19.01 149.51 -183.88 

353.15 31.17 108.33 -141.12 368.15 14.48 168.79 -205.22 

358.15 32.66 101.37 -133.05 373.15 22.69 135.09 -164.76 

Table 4-35: Regressed parameters for modified Hartono model for 50 Wt % 3A1P loaded 

solution. 
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Comparison between predicted viscosities from modified setchnow type equation and 

experimental viscosities for 30 Wt % 3A1P loaded solution is shown in Figure 4-45. 
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Figure 4-45: Predicted viscosities from modified Setchnow type equation for 30 Wt % 3A1P 

loaded solution. 

Modified setchnow type equation correlated the experimental viscosities of 30 Wt % 3A1P loaded 

solution satisfactorily, but showed a maximum deviation at lower temperature(298.15 K). An 

average absolute deviation of 0.034mPa.s was determined between experimental and predicted 

viscosities. The regressed parameters for the temperature range are shown in Table 4-36. 

Temperature range (K) K1 K2 K3 K4 

298.15 - 373.15 -1.1471 0.0069 2.1341 -0.0084 

Table 4-36: Regressed parameters for modified setchnow equation for 30 Wt % 3A1P CO2 loaded 

solution. 

Figure 4-46 compares the predicted viscosities from modified Hartono model to the experimental 

viscosities for 30 Wt % 3A1P loaded solution. 
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Figure 4-46: Predicted viscosities from modified Hartono model for 30 Wt % 3A1P loaded 

solution. 

Predicted viscosities from modified Hartono model correlated the experimental viscosities 

satisfactorily. An average absolute deviation of 0.010mPa.s was determined and the obtained 

parameter values are presented in Table 4-37. 

Temperature(K) a b c Temperature(K) a b c 

298.15 73.79 131.84 -195.10 338.15 93.82 234.44 -419.79 

303.15 97.94 26.29 -69.36 343.15 98.99 210.14 -393.85 

308.15 93.15 66.20 -121.56 348.15 108.40 160.95 -336.53 

313.15 90.64 115.95 -197.09 353.15 106.28 185.55 -373.05 

318.15 103.16 84.70 -179.12 358.15 108.34 196.77 -397.99 

323.15 110.04 82.74 -198.38 363.15 82.04 296.99 -509.14 

328.15 89.10 221.47 -382.69 368.15 76.42 216.73 -347.22 

333.15 90.72 239.85 -419.55 373.15 127.25 -32.00 -60.63 

Table 4-37: Regressed parameters for modified Hartono model for 30 Wt % 3A1P loaded solution 
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From Figures 4-43 to 4-47 it can be seen that modified Hartono model produced best results 

compared to modified setchnow type equation by showing low average absolute deviations, but 

poor fittings were observed while estimating the parameters by modified Hartono model.  
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4.12  Uncertainties 
The uncertainties in this work were analysed by using QUAM (Quantifying Uncertainty in 

Analytical Measurements) method, developed by Eurachem and CITAC.(Ellison & Williams, 

2012)  

Quantifying the uncertainty components  

Uncertainty in viscosity measurements can be caused due to several factors such as purity of 

chemicals used, sample preparations methods and instrument effects. All these uncertainties are 

identified and presented as combined uncertainty in viscosity measurement at the end of this 

section.  

𝑢𝑐(𝜂)

𝜂𝑖
= √∑ (

𝑢(𝑥𝑖)

𝑥𝑖
)2𝑁

𝑖=1              (11) 

𝑢𝑐(𝜂) = 𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑖𝑛 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 

𝜂𝑖 = 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑢(𝑥𝑖) = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑣𝑎𝑙𝑢𝑒 

𝑢(𝑥𝑖)

𝑥𝑖
= 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 

A triangular distribution is assumed for calculating the standard uncertainties for all the sources as 

the probability of each value to be near the distribution is higher. 

Uncertainty in Purity: 

All the amines used in this work were purchased from Sigma Aldrich and according to the 

certificate of analysis by the supplier, the purity of MEA, AMP, PZ and 3A1P are given below 

MEA - ≥99.5% 

AMP - ≥90% 

PZ -     ≥98.5% 

3A1P - ≥98.5% 

A triangular distribution is assumed as the probability of concentration for each amine near the 

specified % is higher. The standard uncertainty for purity of amines is given as u(PrAMINE). 

𝑢(𝑃𝑟𝑀𝐸𝐴) =
0.005

√6
= 0.002                    (12) 
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𝑢(𝑃𝑟𝐴𝑀𝑃) =
0.1

√6
= 0.041                        (13) 

𝑢(𝑃𝑟𝑃𝑍) =
0.015

√6
= 0.006                     (14) 

𝑢(𝑃𝑟3𝐴1𝑃) =
0.015

√6
= 0.006                  (15) 

Uncertainty in weighing the sample: 

All the samples were weighed by using Mettler Toledo XS-403S. The manufacturer quotes the 

accuracy of measurements to ±0.001g. Therefore, from triangular distribution the standard 

uncertainty in weighing (u(w)) the sample is 

𝑢(𝑤) =
0.001

√6
= 0.0004𝑔                    (16) 

Uncertainty in Temperature: 

According to the rheometer manufacturer - Anton Paar, they quote that the accuracy in 

temperature is ±0.03K. Thus, the standard uncertainty in temperature (u(T))is  

𝑢(𝑇) =
0.03

√6
= 0.012𝐾                        (17) 

Uncertainty in Torque: 

All the rheometers produce viscosity values as a function of angular velocity and torque. They use 

certain form factors to calculate viscosity by converting torque to shear stress and angular velocity 

to shear rate. Hence in this regard, the uncertainties in torque (u(Torque)) is important. 

According to Anton Paar the accuracy of torque in the measuring device is ±0.0002Nm   

Assuming triangular distribution, 

𝑢(𝑇𝑜𝑟𝑞𝑢𝑒) =
0.0002

√6
= 8.16𝐸 − 5𝑁𝑚       (18) 

Uncertainty in Titrator: 

The uncertainty in dosing unit for Metrohm titrando 905 is important as the CO2 loading value is 

calculated based on the consumed volumes of 0.1M HCL and 0.1M NaOH by this equipment. The 

manufacturer indicated the accuracy of dosing unit to be ±30µL. 

The standard uncertainty in dosing(u(Do)) unit is  

𝑢(𝐷𝑜) =
30

√6
= 12.247µ𝐿                       (19) 
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Therefore, by using formula shown in equation (11), the combined uncertainty for pure MEA and 

pure 3A1P viscosity were estimated to be 0.013mPa.s and 0.039mPa.s respectively. The combined 

uncertainties in viscosity for aqueous MEA solutions, aqueous 3A1P solutions and AMP + PZ + 

Water were estimated to be 0.010mPa.s, 0.026mPa.s, 0.108mPa.s respectively. The combined 

uncertainty for CO2 loaded MEA and 3A1P systems were estimated to be 0.060mPa.s and 

0.022mPa.s respectively. 
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5 Conclusion 
Viscosities for the binary system of 50-95 Wt % MEA aqueous solutions, 30-90 Wt % 3A1P 

aqueous solutions and ternary mixtures of AMP + PZ + Water for mass fractions 0.2/0.05, 

0.3/0.05, 0.4/0.05 AMP/PZ were measured from temperatures 298.15 K to 373.15 K. In all the 

cases viscosities of aqueous MEA and 3A1P solutions decreased with increase in temperature and 

increased with increase in respective amine concentrations. While for AMP + PZ + water, 

viscosities increased with increase in AMP concentration in the mixture. Viscosity data for 50-95 

Wt % MEA aqueous solutions were compared with available literature and minimal deviations 

were observed. No research data was available for comparing the binary mixture of 3A1P aqueous 

solutions and the ternary mixture of AMP + PZ + Water viscosities. 

Viscosity data for pure MEA was measured from temperatures 298.15 K to 373.15 K and found to 

be in line with data produced by other researchers. Viscosity data for pure 3A1P was found to be 

consistently low while compared with literature data throughout the same temperature range as 

mentioned above. These low viscosity values are likely due to the purity of 3A1P. 

Five different models were used to correlate viscosity data for unloaded MEA and 3A1P solutions. 

Among them, the lowest average absolute deviation of 0.032mPa.s between experimental and 

predicted viscosities for MEA aqueous solutions was calculated using Heric-Brewer model. 

Whereas, the average absolute deviation from Redlich-Kister(second order), Herraez, Jouyban-

Acree and Grunberg-Nissan models were found to be 0.035, 0.067, 0.327, 0.435mPa.s 

respectively. 

Similarly the lowest average absolute deviation of 0.033mPa.s between experimental and 

predicted viscosities for 3A1P aqueous solutions was determined from Redlich-Kister(second 

order) model. The models of Heric-Brewer, Herraez, Jouyban-Acree and Grunberg-Nissan 

produced an average absolute deviation of 0.077, 0.088, 0.440, 0.819mPa.s respectively. 

All the parameter values obtained for each correlation are temperature dependent.    

Viscosities of ternary mixture AMP + PZ + water were correlated using two models. Average 

absolute deviation of 0.082mPa.s was observed from the model developed by Samanta & 

Bandyopadhyay.  Average absolute deviations for 20/5, 30/5, 40/5, 50/5 Wt % AMP/PZ from 

Andrade equation were found to be 0.048, 0.064, 0.125, 0.212mPa.s respectively. 

Viscosities of 50-80 Wt % MEA CO2 loaded solutions and 30, 50 Wt % 3A1P CO2 loaded 

solutions were measured from temperatures 298.15 K to 373.15 K with five different CO2 

loadings. Viscosities of these solutions increased with increase in CO2 loading and were found to 

be higher than viscosities of unloaded MEA and 3A1P solutions at respective concentrations and 
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temperatures. In all cases, viscosities of loaded solutions increased rapidly at high loadings and 

lower temperatures but showed less effect at higher temperatures and low CO2 loadings. A 

tremendous increase in viscosity was observed especially for 70 and 80 Wt % MEA loaded 

solution at low temperatures and high CO2 loadings (refer to chapter 4.4). 

Two models were used to correlate viscosity data for CO2 loaded MEA and 3A1P solutions. 

Among these two models, the modified Hartono model provided lowest AAD's in all cases, 

although poor fittings were obtained while estimating parameters. The average absolute deviations 

from modified setchnow type equation and modified Hartono model for 50, 60, 70, 80 Wt % MEA 

CO2 loaded solutions were observed to be (0.098, 0.171, 0.794 and 2.810) and (0.092, 0.158, 

0.489, 1.657)mPa.s respectively. Similarly, for 30, 50 Wt % 3A1P loaded solutions the average 

absolute deviations from modified setchnow type equation and modified Hartono model were 

observed to be (0.034, 0.073) and (0.010, 0.066)mPa.s. 

Sources for uncertainty in viscosity measurements were identified and represented as combined 

uncertainty. The estimated combined uncertainty for unloaded aqueous MEA, 3A1P solutions and 

AMP + PZ + Water was estimated to 0.010, 0.026, 0.108mPa.s respectively. For pure MEA and 

3A1P, the values were estimated to be 0.013 and 0.039mPa.s respectively. The combined 

uncertainty for CO2 loaded MEA and 3A1P systems were approximated to be 0.060 and 

0.022mPa.s respectively.  

The main purpose of this thesis to cover the gap and extend the range of available viscosity data 

for the systems mentioned has been fulfilled. 
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The viscosity of amines are important in designing equipment for Carbon dioxide (CO2) capture as it affects heat transfer 
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tertiary, and quaternary systems are necessary for the development of kinetic and equilibrium models. This work 
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data. Viscosities were measured using a rheometer with a double gap measuring system, and all the measurements were 

performed at a constant shear rate at 4 bar throughout different temperatures. The first part of this thesis covers the 

viscosity for the binary system of Monoethanolamine (MEA) and 3-Amino-1-propanol (3A1P) aqueous solutions at high 
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and 373.15 K. The second part of this thesis covers the viscosities of 50-80 Wt % MEA CO2 loaded solutions and 30, 50 
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measured viscosities were compared and found to agree with literature data to the extent available. Viscosities of these 

amine solutions were found to decrease with increase in temperature and increase with increase in CO2 loadings and 

respective amine concentrations. In this work, data representation was also investigated by five different models for 

aqueous MEA, and 3A1P solutions. Two different models were used to correlate viscosity data for ternary system AMP 

+ PZ + water. The experimental viscosities for CO2 loaded MEA and 3A1P solutions were regressed by using two 

models. These are discussed in detail in the subsequent chapters. The experimental viscosities showed good agreement 

with regressed values of viscosities from various models. The uncertainties in measurements are also discussed.  
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Appendix 2 

Material safety and data sheets 
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2-amino-2-methyl-1-propanol 
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3-amino-1-propanol 
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Appendix 3 

Step-by-Step procedures for using 905 Titrando and calculation procedure for 

analyzing concentration of amine and CO2 loading value. 

 

1. RESPONSIBILITY  

The users of the instrument are responsible for operating the instrument in agreement with 

procedure and user manual. All users must be trained to use the instrument before doing 

experiments.  

Responsible person: Klaus Joachim Jens,  

Department of Process, Energy & Environmental Technology,  

Telemark University College,  

+47 3557 5193  

Klaus.J.Jens@hit.no 

2. PROCEDURE FOR ANALYZING AMINE CONCENTRATION 

 

1. Weight exactly 1-2g sample into a 250ml beaker (note the weight).  

2. Add 100ml deionised water and titrate to equivalence point using 1M HCl. Note the 

consumption of HCl.  

2.1 Start up  

Open software by double clicking on [Tiamo 2.2] on the desktop. A new window will appear  
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2.2 Calibration of electrodes  
 

Click on [Method]→[Open folder] (or Ctrl+O), ‘Open method’ window appears. Select 

[Electrode_Calibration] → [Open].  

 

 
 

Click on [Workplace]. On the sub-window [Run] on the top right corner, under [Method], select 

[Electrode_Calibration], at [sample position], type 1, click [start]. 



 158 

 
 

The buffers have to run in this order: pH4 – pH7 – pH9. Result is found in the [Report] sub-

window at the bottom left corner. The slope value should be between 97-102%.  

Buffer solutions should be changed after 1 week. The best is to change buffer solutions every 

Monday. Remember to write the changing date in Excel (electrode calibration). 

  

2.3 Get rid of air bubbles in tubings and cylinders  

Insert the 800 Dosino Port 3 to the doing unit on the bottle of HCl 1.0M. Before the first titrating 

in a day, it is important to check if there are bubbles in tubings and cylinders. If there are bubbles, 

get rid of them by opening [Manual] on the bottom left corner, [Manual control] window 

appears→ click on [Dosing device 3] →[Prepare] → [Start] → [yes]. After finish rinsing, click 

on [Close].  

Remember to use a beaker for waste and point the burette tip into it. 
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2.4 Concentration analysis 

Place the electrode and the burette tip in the sample beaker. On [workplace] window →see [Run] 

sub-window→under[Method], select [Amine conc.] → sample position:1→[ID1]:type ID of 

sample, (for example: A1) →[Start].  

The analyzing will be automatically stopped. Rinse the electrode and tube with distilled water 

before moving to the next sample. Result is shown on the [Report] sub-window, gives the 

consumed volume of 1.0M HCl.   

 

2.5 Finished experiments  

Close the rubber plug and place the electrode in the storage vessel holder containing KCl 3M. 

Close Tiamo software, shutdown computer, and unplug titrator. 

3. PROCEDURE FOR ANALYZING CO2 LOADING VALUE.  

After loading CO2 into the aqueous amine solution as described in chapter 3.3.1 the following 

procedure is performed for the CO2 loading value analysis.  

 

1. Make three parallels (or more) of each sample, and one blank sample (BS) by following 

the same procedure.  
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2. Add 50ml of 0.1M NaOH to the EM flask 

3. For low CO2 loaded samples:  

Weigh exactly 0.2-0.5g sample into the EM flask (note the weight).  

For high CO2 loaded samples:  

When the needed sample weight is below 0.2g, use a diluted sample. Weigh exactly 2-3g 

of the sample (note the weight) and transfer to a 100ml volumetric flask, dilute with 

distilled water to the mark. Take out 10ml of the diluted sample by using a pipette and 

transfer to the EM-flask.  

4. Add 50ml of 0.3M BaCl2. 

5. Insert the plug with the capillary tube in order to avoid absorption of CO2 from the air. 

Heat the solution and keep it at the boiling point for at least 5 min. 

6. Cool the solution to room temperature in a water bath. 

7. Filter the solution in the filter funnel through the membrane filter. Wash the EM flask carefully 

with distilled water to ensure all the precipitated BaCO3 particles are captured at the filter.  

8. Finish steps 2.1 and 2.2 as described above. 

3.1 Get rid of air bubbles in tubings and cylinders 

Insert the 800 Dosino Port 3 to the dosing unit on the bottle of HCl 0.1M and 800 Dosino Port 2 to 

the dosing unit on the bottle of NaOH 0.1M. Check if there are bubbles in tubings and cylinders. If 

there are bubbles, get rid of them by opening [Manual] on the bottom left corner, [Manual 

control] window appears→ click on [Dosing device 3] →[Prepare] → [Start] → [yes](see figure 

below). After finish rinsing, click on [Close] and continue the same for Dosing device 2. 

Remember to use a beaker for waste and point the burette tip into it. 
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3.2 pH2 Carbonyl method  

pH2 method is used to titrate solution with 0.1 M HCl to pH2.  

Place the electrode and burette tip in the sample beaker. On [workplace] window → see [Run] 

sub-window →under [Method], select [pH 2 Carbonyl] → sample position 1 →[ID1]: type ID of 

sample, (for example:A1) →[Start]. 

During the titration, check if some precipitate is still on the wall of beaker, use distilled water to 

rinse it. If there is much of precipitate when pH close to 2, click on [hold] to keep stirring but not 

running titration until all precipitate dissolved. Click on [continue] to continue titrating. Titrating 

will be automatically stopped. Result is shown on the [Report] sub-window, gives the volume of 

0.1M HCl. This method is also used for pH2 blind. The only difference is to select [pH2 blind] 

instead on [pH2 Carbonyl]. Rinse the electrode and tube after titration. 

 

Boil this solution for 5 min and then continue to next step. 

 

3.3 Back titration Carbonyl  

Back titration is used to retitrate the solution with 0.1M NaOH by using Port 2. Place the 

electrode and burette tip in the sample beaker. On [workplace] window →see [Run] sub-window 
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→ under[Method], select [Back titration Carbonyl] →sample position:1 →[ID1]:type ID of 

sample, (for example:A1) →[Start].  

Retitrating will be automatically stopped. Result is shown on the [Report] sub-window, gives the 

volume of 0.1M NaOH.  

Rinse the electrode and tube with distilled water before moving to the next sample.  

This method is also used for back titration Blind. The only difference is to select [Back titration 

Blind] instead of [Back titration Carbonyl]. 

3.4 Finished experiments  

Close the rubber plug and place the electrode in the storage vessel holder containing KCl 3M. 

Close Tiamo software, shutdown computer, and unplug titrator. 

4 Calculations 

An example with formulas for analysing concentration of 60 Wt % MEA aqueous solution and 

CO2 loading value is given below. 

Concentration analysis 

Mass of sample = 1.017g                                                                                      

Volume of HCL = 0.010061L 

Concentration of HCL = 1 mol/L 

Molecular Weight of MEA = 61.08g/mol 

Mass of MEA in sample = Volume of HCL * concentration of HCL * Mw MEA = 0.6145g 

Wt % of MEA =  
Mass of MEA in sample

Mass of sample
 = 0.6043% 

Weight of MEA = 60.43g 

 

CO2 loading analysis 

Concentration of HCL  =  0.1 mol/L 

Concentration of NaOH  =  0.1 mol/L 

Molecular Weight of CO2 = 44.01g/mol 

Mass of sample with CO2 = 0.201g 

𝑉𝐻𝐶𝐿(𝑠𝑎𝑚𝑝𝑙𝑒) from titration = 0.0314L 
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𝑉𝑁𝑎𝑂𝐻(𝑠𝑎𝑚𝑝𝑙𝑒) from titration = 0.0129L 

𝑉𝐻𝐶𝐿(𝐵𝑙𝑎𝑛𝑘) from titration = 0.0123L 

𝑉𝑁𝑎𝑂𝐻(𝐵𝑙𝑎𝑛𝑘) from titration = 0.0111L 

𝑛𝐶𝑂2 𝑖𝑛 𝑆𝑎𝑚𝑝𝑙𝑒 =  
𝐶𝐻𝐶𝐿 ∗ 𝑉𝐻𝐶𝐿(𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐶𝑁𝑎𝑂𝐻 ∗ 𝑉𝑁𝑎𝑂𝐻(𝑠𝑎𝑚𝑝𝑙𝑒)

2
=  0.00092641 𝑚𝑜𝑙𝑒𝑠      (1) 

𝑛𝐶𝑂2 𝑖𝑛 𝐵𝑙𝑎𝑛𝑘 =  
𝐶𝐻𝐶𝐿 ∗ 𝑉𝐻𝐶𝐿(𝐵𝑙𝑎𝑛𝑘 ) − 𝐶𝑁𝑎𝑂𝐻 ∗ 𝑉𝑁𝑎𝑂𝐻(𝐵𝑙𝑎𝑛𝑘 )

2
= 0.000060325 𝑚𝑜𝑙𝑒𝑠          (2) 

𝑚𝐶𝑂2 𝑖𝑛 𝐵𝑙𝑎𝑛𝑘 =  𝑛𝐶𝑂2 𝑖𝑛 𝐵𝑙𝑎𝑛𝑘 ∗ 𝑀𝑤𝐶𝑂2 = 0.00265490325𝑔                                                     (3) 

𝑚𝐶𝑂2 𝑖𝑛 𝑆𝑎𝑚𝑝𝑙𝑒 =  (𝑛𝐶𝑂2 𝑖𝑛 𝑆𝑎𝑚𝑝𝑙𝑒 ∗ 𝑀𝑤𝐶𝑂2) −    𝑚𝐶𝑂2 𝑖𝑛 𝐵𝑙𝑎𝑛𝑘 = 0.03811𝑔                          (4) 

𝑚𝑀𝐸𝐴+𝑊𝑎𝑡𝑒𝑟 =  𝑚 𝑆𝑎𝑚𝑝𝑙𝑒 −    𝑚𝐶𝑂2 𝑖𝑛 𝑆𝑎𝑚𝑝𝑙𝑒 = 0.16288359915𝑔                                          (5) 

𝑛𝐶𝑂2 

𝑚𝑀𝐸𝐴+𝑊𝑎𝑡𝑒𝑟 
 =   

𝑛𝐶𝑂2 𝑖𝑛 𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑛𝐶𝑂2 𝑖𝑛 𝐵𝑙𝑎𝑛𝑘

𝑚𝑀𝐸𝐴+𝑊𝑎𝑡𝑒𝑟 
∗

1000𝑔

𝑘𝑔
= 5.3172                                          (6) 

𝑛𝑀𝐸𝐴

𝑚𝑀𝐸𝐴+𝑊𝑎𝑡𝑒𝑟 
 =   

Wt of MEA(from MEA concentration analysis)

100

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝐸𝐴
∗

1000𝑔

𝑘𝑔
= 9.89311                      (7) 

CO2 loading value (α)= 

(
𝑛𝐶𝑂2 

𝑚𝑀𝐸𝐴+𝑊𝑎𝑡𝑒𝑟 
) 

𝑛𝑀𝐸𝐴
𝑚𝑀𝐸𝐴+𝑊𝑎𝑡𝑒𝑟 

= 0.54 
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Appendix 4 

CO2 loading - Time calculations 

An example for time required to load 0.5 mole CO2/mole of MEA in 60 Wt % of aqueous MEA 

solution is described below. 

MEA concentration = 60 Wt % 

Mass of MEA = 60g (60 Wt % solution is 100g). 

Note: If the 60 Wt % solution is 50g, then the mass of MEA is 30g 

Molecular Weight of MEA = 61.08g/mole 

Moles of MEA = 
Mass of MEA

Molecular weight of MEA
=  

60g

61.08g/mole
 = 0.98moles 

CO2 flow rate = 0.40NL/min 

Required mole of CO2/mole of MEA(α) = 0.5 

Moles of CO2 = 
mole of CO2

mole of MEA
 X moles of MEA = 0.5 X 0.98 = 0.49 

Volume for 1mole of CO2 = 22.40 L/mole CO2 

Volume of CO2 = moles of CO2 X Volume for 1mole of CO2 = 0.49 X 22.40 = 11L 

Time = 
Volume of CO2

CO2 flow rate
 = 

11L

0.40NL/min
 = 27.50min 

Thus the time required to load 0.5 mole CO2/mole of MEA in 60wt% of aqueous MEA solution is 

27.50min. 

Similarly different loading times can be calculated by changing the mass of amine and required 

mole of CO2/mole of MEA(α). 
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Appendix 5 
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