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ABSTRACT 

This study is concerned with the determination of the molar heat capacity, Cp, and 

molar heat of mixing ,HE, of aqueous 2-(Propylamino)ethanol (PAE), 2-

(Butylamino)ethanol (BAE), 1-(2-Hydroxyethyl)piperidine (HEP), and Bis(2-

methoxyethyl)amine (BMOEA) solutions, as well as the Cp of 2-(Ethylamino)ethanol 

(EAE) and HE of aqueous Diglycolamine (DGA) using a C80 heat flow calorimeter over a 

full range of mole fractions (x1). Cp measurements were performed in a temperature 

range of 303.15K to 353.15K, while HE measurements were performed at three 

temperatures (298.15, 313.15, and 333.15 K). 

Of the five alkanolamines studied, BMOEA and BAE exhibited the highest values of heat 

capacity, whereas EAE had the lowest values. Cp increased with an increase in the size 

of the alkyl group. Primary amines had the highest contribution, followed by secondary 

and tertiary amines. Straight chains showed higher Cp values than the cyclic alkyl 

groups. Hydroxyl groups led to lower Cp than ether groups. The CpE data, partial molar 

excess quantities and the reduced molar excess heat capacity functions, CpE/(x1x2), were 

calculated at several temperatures and correlated as a function of x1 employing the 

Redlich-Kister expression (RK). Percentages of relative deviation (% RD) from all the 

predicted heat capacity data for the Group Additivity Analysis and Molecular 

Connectivity Analysis were found to be within 1.83 and 2.64 %, respectively. 

Hydrogen bonding plays a major role within the interactions present in aqueous 

solutions of alkanolamines; stronger bases reacted more with water. Excess enthalpies 
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increased with an increase in the size of the carbon chain. Cyclic alkyl groups had lower 

HE than straight chains. Tertiary amines had the lowest values, followed by secondary 

and primary amines. Ether groups exhibited stronger H-bonding with water than the 

hydroxyl groups. 

Excess enthalpies of amines and water at infinite dilution were calculated from the 

coefficients of the Redlick Kister equations. The modified UNIFAC model regressed the 

data with the lowest Percentage Relative Deviations (≤1%). 
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"It is not allowable [i.e., possible] for the sun to reach the moon, nor does the 
night overtake the day, but each, in an orbit, is swimming". 

(Qur'an: 33:40) 

1. INTRODUCTION 

 

The processing of natural gas is required to eliminate impurities and to prevent 

corrosion, environmental risks, and address the safety concerns associated with the 

transport of natural gas.[1] Pipeline regulations make it compulsory for natural gas be 

purified before it is sent to transportation pipelines. A typical natural gas stream 

contains a mixture of methane, ethane, propane, butane, other hydrocarbons, oil, water 

vapour, condensates, carbon dioxide, hydrogen sulfide, nitrogen, in addition to other 

gases and solid particles.[2] The free water and its vapors are corrosive to transportation 

equipment, especially if CO2 and H2S are also present. Hydrates can plug gas line 

accessories, generating various flow problems. Carbon dioxide and hydrogen sulfide also 

lower the heating value of natural gas, and as a result, reduce its overall fuel 

efficiency.[3] 

The absorption of CO2 in aqueous solutions of alkanolamine-based absorbent is a 

common practice for the removal of CO2 in the natural gas industry, fossil-fuel-fired 

power plants, and petroleum industries.[4] Among all solvents, aqueous solutions of 

alkanolamines such as monoethanolamine (MEA), diethanolamine (DEA), diglycolamine 

(DGA), di-2-propanolamine (DIPA), n-methyldiethanolamine (MDEA), and 

triethanolamine (TEA) are the most common in gas sweetening processes.[5] These 
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absorption practices require technological enhancements to minimize the high capital 

cost (columns, pumps, exchangers, and solvent) and energy requirements. The cost of 

steam needed in the amine regeneration column is roughly half the running cost of the 

plant,[6] which relies mainly on the unit operations design. The use of better solvents or 

process design improvement can minimize the capital and energy costs, significantly. 

Energy consumption for amine regeneration is a vital parameter and is generally known 

as the "reboiler heat duty" because the total energy required for amine regeneration is 

supplied by steam passing through a reboiler at the bottom of the stripper column.[7] 

Reboiler steam generally has three purposes:[8, 9] (1) to provide enough energy to 

reverse the exothermic alkanolamine acid gas reaction (i.e., breaking the chemical 

bonds between CO2 and amine); (2) to dilute and establish a working CO2 partial 

pressure as required for CO2 stripping; and (3) to provide enough sensible heat to heat 

the liquid feed of the rich amine to the boiling point.  

1.1. Importance of heat capacity and excess enthalpy 

Molar heat capacity, Cp, has a direct relation (with temperature derivatives) to 

fundamental thermodynamic properties such as enthalpy, entropy and Gibbs energy. It 

is also used to measure the effect of temperature on phase and reaction equilibria.[10] 

The data for heat capacities of amine solutions are widely used in heat duty calculation 

in heat exchangers, condensers, reboilers, absorbers and regenerators in gas-treating 

processes. Furthermore, it also serves as a good indicator of phase transition and aids in 

understanding any alteration in the structure of a liquid solution.[11, 12] 
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In contrast, molar excess enthalpy, HE, is an important thermodynamic property of the 

amine solution. Information with respect to molar excess enthalpy values of amine 

solutions is important in several applications of chemical engineering (for example, 

distillation and heat exchanger design).[12] Data regarding HE for amine solution is able to 

provide information regarding the macroscopic behaviour of fluid mixtures and 

molecular interactions. Moreover, it is a requirement in order to develop new solution 

theories and to analyse the feasibility of existing theories, as it is an indication of the 

intermolecular force alteration caused by the mixing process. Also, molar excess 

enthalpy is needed to model multistage, multi-component equilibria in both absorption, 

and stripping columns.[4] The coefficients of the correlation, obtained from measured 

experimental data, can be used to model the solubility of gases in aqueous amine 

solutions.[4] 

1.2. Calorimeter 

All physical and chemical processes involve energy exchange. The study of measuring 

the amounts of heat released and absorbed during a physical or chemical process is 

called a "calorimetric measurement" and the equipment associated with this 

measurement is known as a "calorimeter". It is well-insulated, and thus ideal as it does 

not allow heat exchanges with the surroundings. The most reliable method with which 

to achieve precise and accurate data of the heat capacity and heat of mixing is to 

measure it directly using different types of calorimeters. 
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1.2.1. Adiabatic calorimeter 

The adiabatic batch calorimeter, initially designed by McGlashan, one of the most 

successful calorimeters with which to determine the heat effects of a solid and/or liquid 

system over a wide range of temperatures, which include heat capacity, heat of 

formation, latent heat of phase changes, heat of mixing, and heat of chemical 

reaction.[13-16] It contains a calorimetric vessel that is thermally isolated from its 

surroundings. Thus any heat produced by the sample material under study causes the 

sample to rise in temperature. The major drawbacks of these calorimeters are they have 

comparatively large thermal inertia and the temperature of the calorimeter changes 

during a run. Hence, they are less desirable for kinetic studies of biological or chemical 

transformations.[17] Furthermore, at a higher temperature, as a result of large heat 

outflow amounts, the calorimeter becomes more difficult to operate. 

1.2.2. Isothermal calorimeter 

An isothermal calorimeter, originally developed by Mrazek and Van Ness in 1961, is a 

calorimeter where no temperature change takes place throughout the experiment. It 

has two advantages over the previous calorimeter: first, no corrections are required due 

any change in heat content of the mixing vessel, and second, no compensation if 

requuired any heat losses from the mixing vessel to its surroundings. It is widely used for 

heat of mixing measurements because of its capability to generate very precise and 

accurate results for various types of heat effects.[18, 19] 
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There are two approaches to achieve a constant temperature. The first approach is 

based upon the phase change and the main drawback of this technique is the 

observation can only be carried out at the temperature of the phase change of the 

calorimeter fluid.[20] In order to maintain a constant temperature, electrical cooling or a 

heating system is used in the second technique to balance the addition or removal of 

heat, respectively.[21, 22] The main advantages of this technique are, the independence of 

results from the heat capacity of the calorimeter while its temperature does not vary, 

and easier control of heat leakage.[23] 

1.2.3. Isothermal dilution calorimeter 

The isothermal dilution calorimeter offers an alternative method of measuring the 

isothermal heat of mixing. In this technique, one fluid is introduced slowly into a stirred 

vessel wherein the other fluid has been placed. To keep the isothermal state within the 

calorimeter, electrical energy is provided to the electrical cooling or heating of the 

system at a suitable rate and is used to balance the heat.[24, 25] The injection of the 

second fluid may be discontinued at any desired point for a suitable composition. The 

heat of mixing may be determined by measuring the amount of the first fluid in the 

vessel, as well as the amount of the second fluid injected and the amount of electrical 

energy added. A further addition of the second fluid permits the determination of the 

heat of mixing at other compositions. The precision of the observations are 

approximately 0.2% of the highest value of HE. A more detailed description of the 

different types of isothermal dilution calorimeters was published by Marsh.[20] 
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1.2.4. Flow calorimeter 

The dilution calorimeter has one fluid being injected into the mixing vessel of another. 

On the other hand, the flow calorimeter has both fluids introduced into a mixing vessel 

at a steady and known flow rate. The isothermal process is achieved in a similar manner 

through the dilution calorimeter. The flow rates can be changed in an uninterrupted, 

known manner so that a full composition range of heat of mixing curve can be produced 

rapidly with a precision of approximately 1%. [26] A flow calorimeter is used for the 

measurement of the heat capacity of fluids or fluid mixtures, or in the determination of 

heat effects which take place in mixing processes.[17] The major drawback of this 

calorimeter lies in producing a non-pulsed, steady, but promptly variable flow rate. 

Moreover, this type of calorimeter is undesirable for those liquids with large differences 

in density, or for viscous fluids. 

Flow calorimeters have the benefit of being easily flexible to measurements over a large 

range of pressures and temperatures, and having the ability to cover the entire range of 

concentration in only a few hours. The choice of a suitable calorimeter depends upon 

the research necessities. A batch-type calorimeter is generally desirable for processes 

such as phase change, chemical reaction, and bio-processes, in contrast a flow 

calorimeter is much more effective in determining the heat of mixing of liquid systems, 

mainly when the experiments involve a multi component system. A flow calorimeter is 

one of the best choices to pinpoint the heat of mixing for most liquid systems.  
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1.3. Experimental apparatus 

Experiments that measure the molar heats of mixing and molar heat capacity were 

performed with the “C80 calorimeter” manufactured by SETARAM Instrumentation 

(France). It is a robust, high performance calorimeter, and adapted to isothermal 

calorimetry. It works on the Tian-Calvet heat flow principles, discussed in depth by 

Calvet et al.[27] The C80 calorimeter was designed to investigate material transformation, 

such as fusion, phase transition etc., with respect to studies on thermal stability, mixing, 

etc. A multitask program, provided by SETARAM, enabling other modules of the 

calorimeter are used to acquire and compute the experimental data. The working range 

of the instrument is 25 to 300°C. It uses high precision Calvet detectors with a 

temperature accuracy and precision of ±0.1°C and ±0.05°C, respectively. The sensitivity 

of the calorimeter is 30μV/mW at 30°C (using Joule effect technique).[28] 

The C80 calorimeter determines the heat flow rate as a function of temperature. The 

heat flow rate is defined as the rate at which the heat flows into a sample. It is equal to 

the power needed to maintain the temperature of the sample rising, at a specified 

scanning rate or set-heating rate. The difference in power provided to the cells and the 

calorimetric block is considered to be the true measurement. The measured signal is the 

power needed by the sample heater to maintain the isothermal state in both the 

reference and the sample cells. This signal reflects either the heat of mixing or the heat 

capacity of the sample.[28] 



8 
 

1.3.1. Overview of the C80 calorimeter 

Figures 1.1 and 1.2 present a sectional view and schematic sketch of the C80 

calorimeter, respectively. A massive aluminum block, used as a calorimetric thermostat, 

is placed at the middle of the cylindrical calorimeter shell. Two identically designed 

experimental cells (C1 and C2) are positioned separately into two identical vertical 

chambers placed in a symmetrical manner from the centerline of the calorimeter. The 

first cell operates as a measurement or sample cell and the second as a reference cell. 

The purpose of the reference cell is to correct the thermal effect as a result of the 

samples.[29] 

Both standard cells are fabricated of stainless-steel cylinders having threaded-top caps. 

“Standard” and “Membrane Mixing” cells were used for the determination of the heat 

capacity and heat mixing, respectively. 
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Figure 1.1.  Sectional view of the C80 calorimeter and thermopile (courtesy of SETARAM 
Co.) 

 

Figure 1.2.  Schematic sketch of the C80 heat flow calorimeter (courtesy of SETARAM 
Co.) 
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Each cell is enclosed by a separate thermopile or fluxmeter. Both fluxmeters are 

identical in design and are connected in such a manner as to produce a differential 

fluxmeter output signal. This special arrangement eliminates interfering signal 

disturbances caused by the temperature programming or the presence of residual 

temperature instability. 

Each fluxmeter thermally connects the cell to the calorimetric thermostat. So, any 

thermal exchange between the cell and the calorimetric thermostat signals the 

fluxmeter to output a signal, which is channelled to a DVM (digital voltmeter). The 

calorimeter is connected to a data acquisition system and control unit system, and 

finally to a computer provided with the SETSOFT-2000 program, which is used for the 

data collection, processing and integration.[28] 

Two different platinum resistance probes (labelled PT1 and PT2) are located inside the 

calorimeter to measure and regulate the temperatures of the sample and reference 

cells. The probe PT1, known as the "measuring probe", measures the temperature of the 

cells inside the calorimeter. It has approximately 100Ω of resistance at 0˚C is located 

between the cells and is connected to the temperature safety unit (SETARAM TS1). It 

converts the measured voltage across PT1 into a temperature. If the temperature rises 

above the set safety temperature, the power supply to the calorimeter would be 

disconnected automatically. The probe PT2, known as the "controlling probe", is used to 

regulate the temperature of the calorimetric thermostat. It has approximately 20Ω of 
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resistance at 0˚C and is connected to the temperature controller unit (TCU). The 

aluminum block heater is also connected with TCU, to regulate the set experimental 

temperature of the calorimeter. The block is surrounded by an insulating air gap and a 

layer of insulating material is used outside the air gap. Finally, air cooling is used when 

the calorimeter requires a reduced temperature. 

1.4. Systems studies 

The thermodynamic properties of six aqueous alkanolamine solutions were studied. One 

was primary, four were secondary, and there was one tertiary cyclic amine. To the 

author’s knowledge, no literature is available with regard to the molar heat capacity of 

the five selected alkanolamines [2-(Butylamino)ethanol (BAE), 1-(2-

Hydroxyethyl)piperidine (HEP) and Bis(2-methoxyethyl)amine (BMOEA)], except for 2-

(Ethylamino)ethanol (EAE), and 2-(Propylamino)ethanol (PAE) (except the data 

measured by Rayer et al.).[30] Also, there is no published data available with respect to 

the molar excess enthalpy for the five selected binary (alkanolamine + water) systems 

[Diglycolamine (DGA), BAE, HEP and BMOEA] except for PAE at 298.15 K as measured by 

Mathonat et al.[31] The molecular structures of the six amines discussed are presented in 

Table 1.1 (showing their structural similarities or differences). 
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Table 1.1.  Illustration and brief information of the selected alkanolamines 

 Chemical Information Molecular Structure 3D Structure 

1 2-(Ethylamino)ethanol 
[C4H11NO] 
CAS Number: 110-73-6 
Purity: ≥98 % 
Molecular Mass: 89.14 

 
 

2 2-(Propylamino)ethanol 
[C5H13NO] 
CAS Number: 16369-21-4 
Purity: ≥99 %  
Molecular Mass: 103.16 

 
 

3 2-(Butylamino)ethanol 
[C6H15NO] 
CAS Number: 111-75-1 
Purity: ≥98 %  
Molecular Mass: 117.19 

 
 

4 1-(2-Hydroxyethyl) 
piperidine 
[C7H15NO] 
CAS Number: 3040-44-6 
Purity: 99 %  
Molecular Mass: 129.20 

 

 

5 Diglycolamine 
[C4H11NO2] 
CAS Number: 929-06-6 
Purity: 98 %  
Molecular Mass: 105.14 

  

6 Bis(2-methoxyethyl)amine 
[C6H15NO2] 
CAS Number: 111-95-5 
Purity: 98 %  
Molecular Mass: 133.19 
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1.5. Research objectives 

The purpose of this research is to experimentally measure the molar heat capacity (Cp) 

and molar excess enthalpy (HE) of five aqueous alkanolamine binary systems. The 

objectives of this investigation include: 

• Experimental measurement of the molar heat capacity (Cp) of aqueous solutions 

of 2-(Ethylamino)ethanol (EAE), 2-(Propylamino)ethanol (PAE), 2-

(Butylamino)ethanol (BAE), 1-(2-Hydroxyethyl)piperidine (HEP) and Bis(2-

methoxyethyl)amine (BMOEA) from 303.15 to 353.15K at atmospheric pressure, 

and for the entire range of mole fractions. Molar excess heat capacity will be 

calculated based on the measured molar heat capacity and will be correlated as 

a function of mole fractions using the Redlich-Kister relation.[32] Reduced excess 

heat capacity will be derived from excess properties on a point-to-point basis, 

and the partial molar excess heat capacity will also be derived. A group additivity 

and molecular connectivity analysis will be used to predict the values of the 

molar heat capacities of the alkanolamines. 

• Measurement of molar heats of mixing or molar excess enthalpy (HE) for the 

binary mixtures of the five aqueous alkanolamines  systems including 

Diglycolamine (DGA), 2-(Propylamino) ethanol (PAE), 2-(Butylamino)ethanol 

(BAE), 1-(2-Hydroxyethyl)piperidine (HEP) and Bis(2-methoxyethyl)amine 

(BMOEA) at three temperatures (298.15, 313.15 and 333.15K), and for the whole 

range of mole fraction. Experimental data of molar excess enthalpy will be 

correlated as a function of mole fractions using the Redlich-Kister relation[32] and 
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the partial molar excess enthalpy at infinite dilution will also be derived. In 

addition, the experimental data will be correlated as a function of mole fractions 

employing the NRTL (Non Random Two Liquid), UNIQUAC (Universal Quasi 

Chemical) and the modified UNIFAC (Universal Quasi Chemical Functional Groups 

Activity Coefficient, Dortmund) models. The aforementioned models are the 

most widely used to interpret this type of measurements. 

1.6. Overview of content 

Chapter 2 presents a review of published literature for the heat capacity of 

alkanolamines. Chapter 2 also discusses the different techniques for representing the 

experimental heat capacity data. In addition, this chapter deals with the estimation of 

molar heat capacity using Group Additivity Analysis and Molecular Connectivity Analysis. 

Heat capacity measurement methods, calibration and verification of the C80 calorimeter 

are also discussed. The experimental results and discussion and fittings of the calculated 

molar excess heat capacity, partial molar excess heat capacity by the Redlich-Kister 

relation and reduced heat capacity are also presented. Chapter 3 presents a literature 

review regarding the different studies dealing with the heats of mixing of aqueous 

alkanolamine solutions, and an evaluation of various existing methods for correlating 

the experimental molar excess enthalpy data. The heat of mixing measurement method, 

the calibration and verification of the C80 calorimeter are also reported. In addition, 

experimental data are correlated and represented by a variety of methods such as 

empirical, solution theory and group contribution methods. Several simulation models 

such as NRTL, UNIQUAC and Modified UNIFAC-Dortmund are therefore presented. 



15 
 

Experimental excess enthalpies, represented by means of various VLE models, are also 

included in this chapter. Chapter 4 summarizes the conclusions from all chapters and 

offers some recommendations for future work.  
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"And it is He who created the night and the day and the sun and the moon; all 
[heavenly bodies] in an orbit are swimming". 

(Qur'an: 21:33) 

2. HEAT CAPACITY 

 

Heat capacity is an essential material property. It is a fundamental quantity for the 

determination of other thermodynamic quantities, such as enthalpy (H), entropy (S), 

and Gibbs free energy (G). As mentioned earlier, it can be used in several applications of 

chemical engineering such as heat exchanger, distillation absorption, and stripping 

columns design.[12] 

2.1. Literature review 

Hayden et al.[33] reported the heat capacities of 23wt% and 50wt% aqueous MDEA 

solutions at 298.15, 323.15, and 248.15K. The data for MEA, DEA and TEA, taken from 

the Dow Chemical Co. (1954) and Mehl (1934) at 303.15K, were reported by Riddick et 

al.[34] In an annual report by Lee[35], the values for MEA, DEA, TEA, and MDEA, in the 

temperature range of 303.15 to 423.15K were presented. Lide[36] reported the values of 

Cp for MEA, TEA at 298.15K, and DEA at 303.15K. 

Maham et al.[37] measured the molar heat capacities of fourteen pure alkanolamines 

and suggested their results could be predicted by the molecular structure. They 

introduced the Group Additivity Analysis and limited the study to only four structural 

groups such as -CH2, -NH, -N and -OH. They pointed out that the structural group 

contributions in the molar heat capacities are governed by -CH2 and -OH groups 
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although the -NH group exhibited a maximum dependence on temperature and these 

contributions increased with rising temperature, whereas the contribution of the -N 

group is very minute, almost zero at all temperatures. Furthermore, they applied 

Molecular Connectivity Modelling to the molar heat capacity data of several 

alkanolamines. 

Chiu et al.[38] measured the heat capacity of eight alkanolamines such as MEA, DGA, 

DEA, DIPA, TEA, MDEA, AMP, 2-PE, at different temperatures from 303.15 to 353.15K 

with a differential scanning calorimeter. They also measured the heat capacities of 

aqueous solutions of the aforementioned eight amines for temperatures ranging from 

303.15 to 353.15K and mole fractions of amine of 0.2, 0.4, 0.6, and 0.8.[39] 

The molar Cp of the aqueous solutions of AEEA, AP, DMEA MAE, and MIPA at several 

temperatures from 303.15 to 353.15K, and over the entire range of mole fractions were 

reported by Mundhwa and Henni.[40] They found that AEEA had the highest values and 

MAE had the lowest values. They also found that the partial molar quantities for 

alkanolamines increased with elevated temperatures and similar behaviour was noted 

with regard to the partial molar quantities of water, except the MIPA and DMEA system. 

Their values decreased at elevated temperatures. Finally, the molar excess heat capacity 

curves for all temperatures are positive except the MAE solution at 303.15K for x1 = 0.9, 

wherein a slightly negative result was exhibited. Poozesh reported that the 

contributions of the –CH2, –N, –OH, –O, –NH2 groups increased with rising temperatures 

and the contributions of the –NH and –CH3 groups decreased with rising temperatures 
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for cyclic amines. In addition, the molar CP of aqueous (1, 4-DMPZ), (1, 2-HEPZ), (1-MPZ), 

(3-MOPA) and (4, 2-HEMO) solutions were measured at various temperatures from 

298.15 to 353.15K, and over the whole range of mole fractions, and all molar excess Cp 

were found to be positive.[41] 

Uddin found in the group additivity analysis that the contributions of the –CH3, –CH2, –

OH groups rose with an increasing temperature although the contributions of –N and –

CH groups decreased with a rising temperature for the investigated tertiary amines.[42] 

Molar heat capacities of aqueous TMEDA, TMEDA-EO, (3DMA-1, 2PD), (3DEA-1, 2PD), 

and (1,3-Bis-DMA-2P) solutions were measured at several temperatures ranging from 

303.15 to 353.15 K, and over the full range of mole fractions and all molar excess Cp 

were found to be positive. Narayanaswamy[43] concluded that heat capacity increases 

with the addition of extra functional groups in the following order: NH2 and OH > CH2. 

Primary alcohol appeared to have a greater heat capacity than secondary alcohol and 

this may be attributed to the position of the –OH group in the secondary alcohol due to 

its steric hindrance effect. Moreover, molar heat capacities of aqueous 1DMAP, 3DMAP, 

DEEA, DETA and EDA solutions were measured at several temperatures from 303.15 to 

353.15K, and over the entire range of mole fractions. 

Finally, Rayer et al. measured the molar heat capacities of 38 pure solvents at 

atmospheric pressure in a temperature range of 303.15 to 393.15K.[30] They improved 

the Group Additivity Analysis by extending it to the thirteen structural groups such as 
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CH3, CH2, CH, C, =CH, =C, NH2, NH, N, =N, OH, O and =O and also enhanced the 

Molecular Connectivity Analysis.  

2.2. Heat capacity 

Thermodynamically, the relationship between heat transfer (Q) and the change in 

temperature (ΔT) during a process at constant pressure is given by: 

 𝑄 = 𝐶𝑃∆𝑇 = 𝐶𝑃(𝑇2 − 𝑇1) (2.1) 

where Cp, the proportionality constant, is the molar heat capacity of a substance, which 

is described as the amount of heat required to raise the temperature of the substance 

by one degree. Also, T2 and T1 are the final and initial temperatures of a process 

respectively. 

2.2.1. Excess molar heat capacity 

Heat capacity data are generally expressed in terms of the excess heat capacity of the 

system. With regard to a binary mixture, an excess molar heat capacity, CpE, suggested 

by Lide and Kehiaian[44] is as follows: 

 𝐶𝑝𝐸 = 𝐶𝑝 − �𝑥1𝐶𝑝,1 + 𝑥2𝐶𝑝,2� (2.2) 

where Cp, Cp,1 and Cp,2 are the molar heat capacity of the mixture, pure alkanolamine 

and water, respectively. The molar heat capacity data for water is taken from Osborne 

et al.[45] x1 and x2 are the mole fractions of amine solvent and water, respectively. 

Usually, the value of excess molar heat capacity of a binary mixture shows the degrees 
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of non-ideality. The smaller the value indicated, the nearer the system approaches an 

ideal solution. 

Small negative CpE is obtained for mixtures where no special interactions occur, and can 

be described as the change in free volume upon mixing, e.g., for mixtures of two short 

n-alkanes. If there is destruction during the mixing of the molecular structure in either 

or both of the pure species, larger negative CpE values are found. Destruction of dipolar 

order in one or both species should also yield negative CpE. In contrast, positive CpE has 

been associated with the development of structure or arrangement in the solution such 

as the dispersion of solute or a complex formation between the constituents. In these 

systems, the structure in the solution is given by the formation of different hydrogen-

bonded substances. All previously discussed situations CpE curves are skewed or nearly 

parabolic, i.e., the higher or lower is found roughly at equimolar concentration.[46] 

2.2.2. Reduced excess heat capacity 

Frequently, excess molar property plots are unable to explain all the important 

characteristics of their composition dependence. This methodology can be deceiving in 

some situations and hide strong interactions at low concentrations.[47] To project some 

of the more subtle characteristics, several different approaches are available in the 

literature, such as apparent molar and reduced excess molar properties. A key feature of 

the apparent and reduced properties is that they are derived from excess properties on 

a point-to-point basis, and there is no requirement of any type of curve fitting or local 

smoothing of the data. As a comparison with excess apparent molar properties, the 
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reduced excess molar properties are more informative with respect the composition 

dependence at higher water concentrations.[48] The reduced excess heat capacity 

function works as a sensitive indicator of phase transitions and is also used to interpret 

the modifications in the structure formation of liquid solutions.[40] As far as a binary 

mixture, a reduced excess molar heat capacity is calculated as follows: 

 𝐶𝑝(𝑟𝑒𝑑.)
𝐸 = 𝐶𝑝𝐸

𝑥1𝑥2
= 𝐶𝑝−�𝑥1𝐶𝑝,1+𝑥2𝐶𝑝,2�

𝑥1𝑥2
 (2.3) 

where CpE is the excess molar heat capacity of the mixture and x1 and x2 are the mole 

fractions of amine solvent and water, respectively. This function provides a better 

representation of the origin of non-ideality in the mixtures.[47] 

2.2.3. Partial molar excess heat capacity 

A partial molar property is a thermodynamic quantity which points out how an 

extensive property of a mixture or solution varies with changes in the molar 

composition of the mixture or solution at a constant pressure and temperature. They 

are especially beneficial when considering specific properties of pure chemical 

substances (that is, properties of one mole of pure chemical substance) and properties 

of mixing. As for a binary mixture, the partial molar excess heat capacities of the 

alkanolamines at infinite dilution in water (x1 = 0), and of water in alkanolamines at 

infinite dilution (x2 = 0 or x1 = 1) are proposed by Maham et al.[49, 50] are as follows: 

• for alkanolamines @ x1 = 1  

 𝐶10 − 𝐶1∗ = ∑ 𝑎𝑖(−1)𝑖−1𝑛
𝑖=0  (2.4) 
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• for water @ x1 = 0  

 𝐶20 − 𝐶2∗ = ∑ 𝑎𝑖𝑛
𝑖=0  (2.5) 

where ai are the polynomial coefficients of the Redlich-Kister equation[32] obtained from 

the least squares regression method of the dependence of excess heat capacity on x1 or 

x2.  

2.3. Calibration of the C80 calorimeter 

To obtain a precise and accurate measurement of the molar heat capacity and the molar 

heat of mixing of a sample, the temperature scale and the sensitivity of the instrument 

must first be calibrated. Calibration gives a mechanism with which quantifying 

uncertainties. Moreover, it confirms the validity of the instrument with the help of well-

defined and tested standard operating procedures. The International Confederation for 

Thermal Analysis and Calorimetry (ICTAC)[51] has recommended standard operating 

procedures for the temperature as well as the sensitivity calibration of this instrument. 

2.3.1. Sensitivity calibration 

With respect to the Tian-Calvet heat flow calorimeter, the sensitivity calibration was 

carried out using the Joule Effect method. According to the SETARAM recommendation, 

the calibration was executed for a wide range of temperatures (from 30 to 300˚C) at the 

scanning rate of 0.1K.min-1. A calibration or Joule Effect unit (EJ3) and two specially 

designed cells for the Joule Effect calibration were provided by the SETARAM, and all the 

required accessories were used for the calibration. Both cells are identical in design and 
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are made up of a metallic cylinder adjusted to fit and surrounded by a heat flux 

transducer. 

A sample cell was connected to the calibration unit (EJ3) via the Joule Effect cable. The 

main target of this calibration procedure was to supply stable and constant power to the 

calibration resistance heater for an identified period of time. The standard values for 

calibration that were used for power (P), the time of the Joule Effect (TEJ) and the total 

time (Ttotal) are 10mW, 2100sec and 4500sec respectively. After a sufficient period of 

time (roughly 3hours), the calorimeter reaches thermal equilibrium at the specified 

temperature. Subsequently, the calibration was started by pressing the impulsion start 

switch on the EJ3 unit. The set power in the calibration unit (EJ3) was automatically 

provided to the resistance of the cell heater. The power supply setting of 10mW was 

checked by measuring the current and voltage, and was found to be 9.998mW. 

Following the start of the experiment, the differential fluxmeter signal rose and 

ultimately levelled off with time. The sensitivity constants, listed in Table 2.1, were 

taken from the results of the sensitivity calibration experiment, and provided the values 

to the SETSOFT 2000 software. Figure 2.1 presents the sensitivity curve and the 

calculated sensitivity constants. 
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Table 2.1.  Sensitivity constants for C80 heat flow calorimeter. 

Sensivity Constants Values (μV/mW) 

a(0) 3.13E+01 

a(1) -1.77E-04 

a(2) -1.81E-04 

a(3) 3.91E-07 

a(4) -3.37E-10 

 

2.3.2. Temperature calibration 

In order to obtain better results, the temperature scale of the Tian-Calvet heat flow 

calorimeter must be corrected. The purpose of temperature calibration is to 

compensate the sample's lag of real temperature with that of the exhibited 

temperature. This lag occurs as a result of the time needed to transfer heat from the 

heater into the sample. The heat flow calorimeter was calibrated in accordance with the 

American Society for Testing and Materials standard ASTM E 967-08 “Standard Practice 

for the Temperature Calibration of Differential Scanning Calorimeters and Differential 

Thermal Analyzers”. 

The temperature calibration is carried out by measuring the exhibit temperature of a 

phase change of a standard substance, which has a well-documented exact transition 

temperature. The melting point was obtained by measuring the rate of heat flow into 

the sample as a function of temperature at the time of melting. The difference between 
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the observed and the real transition temperature determines the amount of adjustment 

required to determine an unidentified temperature accurately. 

The temperature calibration, the melting points of pure Tin and Indium were used for 

the purpose of temperature calibration. Both sample and reference cells were filled to 

precisely one third of their height with calcined aluminum oxide (Al2O3). A sample of the 

standard substance, either Tin or Indium, was covered with aluminum foil and placed 

inside the sample cell. Aluminum oxide does not have any phase transition in the 

temperature range of the standard substances. The purpose of aluminum oxide is simply 

to raise the thermal mass of the cells and thereby increase the total specific heat of the 

loaded sample. The total quantity of heat absorbed by the sample during melting is 

estimated by measuring the area under the peak, as presented in Figure 2.2. The 

melting point is the temperature at area under the peak, as presented in Figure 2.2. The 

melting point is the temperature at which the extrapolated baseline under the peak and 

the line expressing the initial rise in heat flow for the duration of melting, cross each 

other. When this temperature is described in terms of the exhibited temperature on the 

calorimeter during melting, the temperature is known as the "apparent melting 

temperature". 
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Figure 2.1.  Sensitivity calibration curve using SETSOFT-2000 software 

 

Figure 2.2.  Temperature calibration with tin at the scanning rate of 0.1 K.min-1 using 
SETSOFT-2000 software 
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Table 2.2.  Melting points of indium and tin at different scanning rates and temperature 
correction coefficients 

Sample 
Scanning rate 

(K·min-1) 

Temperature (°C) 

Theoretical Experimental Calculated 

Indium 0.1 156.598 156.571 156.661 

Indium 0.2 156.598 157.147 156.653 

Indium 0.4 156.598 158.554 156.541 

Indium 0.6 156.598 159.612 156.671 

Indium 0.8 156.598 160.650 156.712 

Tin 0.1 231.928 232.008 231.936 

Tin 0.2 231.928 232.552 231.941 

Tin 0.4 231.928 233.582 231.938 

Tin 0.6 231.928 234.562 231.956 

Tin 0.8 231.928 235.640 231.951 

Temp. Correction 
Coefficients 

-1.12E+00 1.27E-02 1.23E+01 -2.04E+00 

 

The value achieved for the apparent melting temperature depends upon the heating or 

scanning rate. This temperature is measured for various scanning rates such as 0.4, 0.8, 

and 1K·min-1 for both Indium and Tin. The SETSOFT 2000 software is used to reconcile 

the temperature difference between the apparent and the real temperature to the 

scanning rate, and to provide the values of temperature correction coefficients such as 

b0, b1, b2, and b3. Temperature calibration values, along with the temperature correction 

coefficients, are documented in Table 2.2. 
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2.4. Molar heat capacity (Cp) measurements 

The C-80 calorimeter is proficient in measuring heat capacities over a wide range of 

temperatures (from ambient to 300°C). Molar heat capacity experiments were 

conducted in a temperature range from 30 to 80°C, using standard cells. 

The standard or regular batch cells used for the molar heat capacity measurements, as 

illustrated in Figure 2.3, consist of concentric stainless steel cylinders. The diameter, 

height and volume of the cells are 17mm, 80mm and 12.5cm3, respectively. The top 

section of the cells is firmly closed by a lid with a tapered bearing surface, which is 

supported by a “U” shaped O-ring. 

 

Figure 2.3.  Regular batch cell for a Cp measurement (courtesy of SETARAM Co.) 

 

2.4.1. Methods of measuring molar heat capacity 

In the C80 calorimeter, there are generally two recognized ways to measure molar heat 

capacity at a specific temperature. 
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2.4.1.1. Continuous two step method 

In this technique, it is necessary to perform a reference run with both empty cells before 

measuring the molar heat capacity of the sample. The main objective of this run is to 

correct the minor asymmetry between the fluxmeters and also between the reference 

and the measurement cells. To measure the molar heat capacity, a liquid sample weight 

of approximately 5 to 6g was placed within the sample cell. The sample and empty cells 

were placed in the measurement chamber (C1) and reference chamber (C2) of the 

calorimeter, respectively. A significant thermal unbalance takes place when the cells are 

introduced into the calorimeter. To re-gain the steadiness of the calorimetric signal, 

both the sample and the reference cells are given enough time (3 to 4hours) to form an 

isothermal condition before proceeding with the experiment. The scanning rate was set 

at 0.1K·min-1 for all sample experiments. After holding the cells at the suitable initial 

temperature of 25°C (or 298.15K) for a sufficient period of time to achieve the 

isothermal condition, both cells were heated at a scanning rate of 0.1K·min-1. The 

calorimetric signal raises as a function of time for the duration. When it reached the 

higher set temperature, the calorimeter automatically returned to an isothermal state, 

causing the calorimetric signal to revert to the baseline. The heat capacity of the 

substance is determined by measuring the difference between the reference and 

measurement signal at any suitable temperature. 

2.4.1.2. Continuous three step method 

The most reliable and accurate data with respect to heat capacity can be obtained using 

the continuous three step method.[40] The key difference in this technique, compared to 
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the two step method, is the addition of one extra run for the reference material such as 

Sapphire. Thus, the measurements of the heat capacity were executed with a sample, 

blank and reference (as a third step) runs, respectively. Figure 2.4 presents the thermal 

analysis curves for the baseline (or blank), standard reference, and sample profiles. 

There is a difference between the isothermal signals at the start and end of the 

experiments as a result of temperature dependence of the coefficients for heat transfer. 

 

Figure 2.4.  Heat flow profile for the three step method of different runs 

 

This technique is widely used for the measurement of the liquid molar heat capacity. 

Becker et al.[52] and Becker and Gmehling[53] have investigated the measurements of the 

Cp for nine and twelve organic substances, respectively, using this technique. The 

scanning rate for the temperature was generally set at 0.1K·min-1. 
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In this technique, the rest of the method is identical to the two step method. All three 

runs were carried out under the same experimental conditions. The heat flow data were 

measured in a temperature range of 303.15 to 353.15K. The following expression was 

used to estimate the molar heat capacity values: [29, 54] 

 C𝑝(𝑇) = 𝐶𝑝,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑇) × �
𝐻𝑠𝑎𝑚𝑝𝑙𝑒
𝐹 −𝐻𝑏𝑙𝑎𝑛𝑘

𝐹

𝐻𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝐹 −𝐻𝑏𝑙𝑎𝑛𝑘

𝐹 � �𝑚𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
� (2.6) 

where Cp(T) and Cp, reference(T) are the molar heat capacity of the substance and 

reference material (Sapphire) at temperature T, respectively. The data of Cp, reference (T) 

for reference material Sapphire, in Equation 2.6, were taken from the National Bureau 

of Standards.[55] Whereas, msample and mreference are the mass of the sample and 

reference material (Sapphire) and HF
sample, HF

reference and HF
blank are the heat flow for the 

sample, reference material (Sapphire) and blank cells, respectively. 

2.5. Verification of the C80 heat flow calorimeter 

2.5.1. Molar heat capacity measurements: 

The reason the calorimeter is checked prior to using it is to determine its reliability. In 

this investigational study, in order to confirm the reliability of the C80 calorimeter in the 

molar heat capacity measurement, two "standard" alkanolamines: monoethanolamine 

(99wt.% pure) and methyldiethanolamine (99+wt.% pure) were used. The two solvents 

were purchased from Sigma Aldrich Canada Ltd. and were used without additional 

purification. The heat capacities of the aforementioned solvents were observed in a 
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temperature range of 303.15 to 353.15K, at a scanning rate of 0.1K·min-1, and are 

compared to the results available in the literature. 

Table 2.3.  Comparison data of the molar heat capacity of MEA and MDEA 

T/K 

 MEA  MDEA 

 Cp/ J·mol·-1·K-1  Cp/ J·mol·-1·K-1 

 Chiu et al.  This Study  Chen et al.  This Study 

303.15  167  171  272  269 

308.15  169  172  275  275 

313.15  170  173  278  278 

318.15  172  174  281  280 

323.15  173  175  285  283 

328.15  175  176  288  286 

333.15  176  177  291  289 

338.15  178  178  295  291 

343.15  179  179  298  294 

348.15  180  180  301  296 

353.15  182  181  304  299 

 

The molar CP of MEA and MDEA, measured with the C80 calorimeter, are in good 

agreement with those reported by Chiu et al.[38] and Chen et al.[56] using a differential 

scanning calorimeter (DSC), respectively. A comparison of the molar heat capacity data 

of MEA and MDEA is listed in Table 2.3, and presented in Figures 2.5 and 2.6.  
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Figure 2.5.  Comparison of the molar heat capacity data for pure MEA: ●-, Chui et al.[38] 
and ○-, This study 

 

Figure 2.6.  Comparison of the molar heat capacity data for pure MDEA: ●-, Chen et 
al.[56] and ○-, This study 
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Percentages of relative deviation (%RD) or average absolute deviation (%AAD)[57] for the 

molar heat capacity data of MEA and MDEA, as measured in this study, were 1.05, and 

0.88% when compared to the data published by Chiu et al.[38] and Chen et al.[56], 

respectively. 

2.6. Correlation and prediction approaches 

The key objective of the correlation is to provide a convenient and optimum usage of 

the experimental data. Due to the complexities involved in experimental measurement 

and the additional time required for each component of a multi-component mixture, it 

is highly suitable to develop realistic approaches capable of predicting the physical and 

chemical properties of multi-component systems.[58] 

2.6.1. Empirical expressions 

Empirical expressions are very helpful and suitable when dealing with data correlation 

and prediction. The parameters in the formulas are fitted to the measured experimental 

data and a number of parameters can be determined according to the required 

accuracy. 

2.6.1.1. Redlich-Kister equation 

In this study, excess molar heat capacity data were regressed using the Redlich-Kister 

expression[32]. It is a mixing rule form which is similar to a convergent series with a finite 

number of terms. With regard to the binary system, this expression has the following 

polynomial form: 

 𝐶𝑃𝐸/𝐽 · 𝑚𝑜𝑙𝑒−1 · 𝐾−1 = 𝑥1𝑥2 ∑ 𝑎𝑖(𝑥1 − 𝑥2)𝑖𝑛
𝑖=0  (2.7) 
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where CP
E is the excess molar heat capacity, x1 and x2 are the mole fractions of 

alkanolamine and water, respectively and ai are the polynomial coefficients obtained 

from the least squares fitting of the dependence of CP
E on x1 or x2, and n is determined 

using the F-Test.[59, 60] 

2.6.2. Group additivity analysis (GAA) 

This technique assumes each dissimilar structural group in a molecule contributes 

definite values of the Cp to the whole molecular heat capacity. The compounds under 

investigation were divided into structural component groups to maximize the number of 

degrees of freedom in order to represent the molar heat capacities over the full 

experimental temperature range.  Rayer et al.[30] suggested that each molecule can be 

broken into 13 structural groups such as CH3, CH2, CH, C, =CH, =C, NH2, NH, N, =N, OH, O 

and =O. Contributions of each structural group to the molar heat capacity were 

estimated, and the sum of several structural group contributions may be considered as 

the molar heat capacity of the molecule:[30] 

 𝐶𝑃 = 𝑛1𝐶𝑃(−𝐶𝐻3) + 𝑛2𝐶𝑃(>𝐶𝐻2) + 𝑛3𝐶𝑃(>𝐶𝐻−) + 𝑛4𝐶𝑃(>𝐶<) +  𝑛5𝐶𝑃(=𝐶𝐻−) 

 +𝑛6𝐶𝑃(=𝐶<) + 𝑛7𝐶𝑃(−𝑁𝐻2) + 𝑛8𝐶𝑃(>𝑁𝐻) + 𝑛9𝐶𝑃(>𝑁−) +  𝑛10𝐶𝑃(=𝑁−) 

         +𝑛11𝐶𝑃(−𝑂𝐻) + 𝑛12𝐶𝑃(−𝑂−) + 𝑛13𝐶𝑃(=𝑂) (2.8) 

This can be represented in the following simple form: 

 𝐶𝑃 = ∑ 𝑛𝑖𝐶𝑃𝑖13
𝑖=1  (2.9) 
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where Cp is the heat capacity of the alkanolamine and ni and Cpi are the number and 

heat capacities of the individual structural groups, respectively. This technique is based 

upon the molecular structural group and not on a molecular functional group. This 

represents one of its major disadvantages. For example, this technique cannot 

distinguish among primary, secondary and tertiary alcohols. Rayer et al.[30] used the 

following basic approach of analysis: 

 β = KC −1 (2.10) 

Table 2.4.  Estimated group contributions to the molar heat capacities[30] 

Structural 
groups 

Temperature /K 

303.15 313.15 323.15 333.15 343.35 353.15 363.15 373.15 383.15 393.15 

Heat Capacity /J·mol-1·K-1 

CH3 41.03 43.56 45.13 47.20 49.53 50.82 56.13 62.35 59.53 58.02 

CH2 30.80 31.40 31.57 31.41 33.02 33.50 35.26 32.50 31.94 30.10 

CH 47.95 48.19 45.98 37.55 39.57 41.11 22.03 13.99 23.65 22.93 

C -0.81 10.04 7.92 4.03 2.76 2.48 -5.47 -19.51 10.84 6.66 

=CH 22.17 21.24 21.25 21.84 22.08 24.47 31.16 39.40 34.54 38.17 

=C 8.16 -0.81 -4.79 -7.94 -14.44 -13.29 -2.74 6.05 0.06 -0.17 

NH2 56.47 58.40 59.16 61.02 59.79 59.30 58.10 63.08 63.98 68.48 

NH 41.05 42.27 42.74 42.85 41.15 45.45 42.28 43.33 54.83 57.87 

N 4.77 2.00 2.56 4.71 0.02 2.15 -3.41 -7.75 0.73 9.68 

=N 24.07 34.81 39.22 42.10 48.97 47.01 27.46 7.68 7.08 13.04 

OH 55.37 57.51 58.57 60.11 60.31 59.74 59.27 67.13 67.76 70.33 

O 22.96 22.50 22.59 22.33 20.44 20.19 15.83 32.78 30.15 30.57 

=O 19.66 29.03 32.38 35.81 41.82 37.82 35.52 28.73 35.68 36.65 
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where K represents the matrix of the experimental molar heat capacities of the 

alkanolamines and C represents the matrix formed from breaking the molecular 

structures into thirteen structural group component contributions (Table 2.4). The 

percentage relative deviations [57] of the predicted heat capacity, with respect to the 

experimental heat capacity, are listed in Table 2.14. 

2.6.3. Molecular connectivity analysis (MCA) 

A single expression that models the molar heat capacity data of the alkanolamines over 

a wide range of temperatures can be developed using molecular connectivity indexes. 

This technique encodes simple structural information into a range of simple indexes 

which may then be used to model a wide range of properties of structurally similar 

compounds. It utilizes an algorithm to encode chemical bond contributions to a 

molecular branching index, as suggested by Randic[61]and this branching algorithm was 

used as a basis for a structural description example by Kier and Hall.[62] 

A set of six molecular connectivity indexes, for the analysis of alkanolamines, which are 

described using two cardinal numbers, δi (delta index) and δv
i (delta valence index),are 

listed in Table 2.5, and are identified as the summation of the delta index, D, the 

summation of the delta valence index, Dv, the zeroth-order simple molecular 

connectivity index, 0X, the zeroth-order valence molecular connectivity index, 0Xv, the 

first-order simple molecular connectivity index, 1X, and the first-order valence molecular 

connectivity index, 1Xv. The following expressions are used to estimate the indexes for 

each molecule representing the alkanolamine. 
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 𝐷 = ∑𝛿𝑖 (2.11) 

 𝐷𝑣 = ∑𝛿𝑖𝑣 (2.12) 

 𝑋0 = ∑(𝛿𝑖)−0.5 (2.13) 

 𝑋𝑣0 = ∑(𝛿𝑖𝑣)−0.5 (2.14) 

 𝑋1 = ∑�𝛿𝑖𝛿𝑗�
−0.5

 (2.15) 

 𝑋𝑣1 = ∑�𝛿𝑖𝑣𝛿𝑗𝑣�
−0.5

 (2.16) 

where i and j represent the adjacent non-hydrogen atoms forming a sigma bond. Rayer 

et al.[30] modified the molecular connectivity equation proposed by Maham et al.[37] to 

fit the heat capacity data: 

 𝐶𝑃 = 𝑏0𝐷 + 𝑏1𝐷𝑣 + 𝑏2 𝑋0 + 𝑏3 𝑋𝑣0 + 𝑏4 𝑋1 (𝑇 𝐾⁄ ) + 𝑏5 𝑋𝑣1 (𝑇 𝐾⁄ ) + 𝑏6
(𝑇 𝐾⁄ )2 (2.17) 

where b0 to b6 are the regression coefficients as analyzed by Rayer et al.[30] and are 

listed in Table 2.6. With respect to the experimental heat capacity, the percentage of 

relative deviations [57] of the predicted heat capacity, are listed in Table 2.15. 

Table 2.5.  The values of two cardinal numbers, δ (delta index) and δv (delta valence 
index).[30] 

Group δ δv 
 

Group δ δv 
 

Group δ δv 
-CH3 1 1 

 
=C< 3 4 

 
-OH 1 5 

-CH2- 2 2 
 

-NH2 1 3 
 

-O- 2 6 
>CH- 3 3 

 
-NH- 2 4 

 
=O 1 6 

>C< 4 4 
 

>N- 3 5   
  =CH- 2 3 

 
=N- 2 5   
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Table 2.6.  Calculated values of bi parameters for molecular connectivity analysis[30] 

Parameters Coefficients  Parameters Coefficients 

b0 -9.58  b4 -0.02 

b1 -1.76  b5 0.17 

b2 105.27  b6 0.09 

b3 -61.04    

 

2.7. Results and discussion of molar heat capacity measurements 

The experimental molar heat capacities of the aqueous 2-(Ethylamino)ethanol (EAE), 2-

(Propylamino)ethanol (PAE), 2-(Butylamino)ethanol (BAE), 1-(2-Hydroxyethyl)piperidine 

(HEP), and Bis(2-methoxyethyl)amine (BMOEA) solutions were measured at eleven 

temperatures (303.15, 308.15, 313.15, 318.15, 323.15, 328.15, 333.15, 338.15, 343.15, 

348.15, and 353.15K) for the complete range of mole fractions are given in Tables 6.1, 

6.2, 6.3, 6.4, and 6.5 of the Appendix 6.1, respectively. 
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Figure 2.7.  Typical trends for excess and reduced molar thermodynamic quantities of 
liquid mixtures[47] 

a: similar size and polarity of mixtures of liquids b:  (𝐶20 − 𝐶2∗) has the opposite sign from (𝐶10 − 𝐶1∗) 

c: different size and polarity of mixtures of liquids  d: Complex formed between the two components 

e: both (𝐶20 − 𝐶2∗) and (𝐶10 − 𝐶1∗) are positive 
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2.7.1. 2-(Ethylamino)ethanol (EAE) 

The molar heat capacities of 2-(Ethylamino)ethanol (EAE) increased with increasing 

temperature, as presented in Figure 2.8. Data regarding pure EAE is shown in Table 2.12, 

and can be represented as a linear function of temperature ranging from 303.15 to 

353.15K using Equation 2.18 as follows: 

 𝐶𝑃,𝐸𝐴𝐸/(𝐽.𝑚𝑜𝑙−1.𝐾−1) = 0.4425 × 𝑇/(𝐾) + 97.443 (2.18) 

where Cp,EAE represents the molar heat capacity of pure 2-(Ethylamino)ethanol. The 

percentage of relative deviation (%RD)[57] between the experimental and calculated 

values was found to be 0.16%. 

The molar excess heat capacity, CpE, was calculated from the measured molar heat 

capacity data using Equation 2.2 and correlated as a function of the mole fractions 

employing the Redlich-Kister expression[32]. The coefficients of this expression and 

percentages of relative deviation for 2-(Ethylamino)ethanol (1) + water (2) binary system 

are presented in Table 2.7 and the calculated molar excess heat capacity data are listed 

in Table 6.6 of the Appendix 6.1. Figure 2.9 represents how the molar excess heat 

capacities vary with EAE concentration in aqueous solution at several temperatures. The 

molar excess heat capacity curves were positive for the entire range of mole fractions 

with the maximum varying between x1 = 0.1 and x1 = 0.3. Furthermore, CpE values 

increased with increasing temperature for the whole range of mole fractions. The rapid 

variation in molar excess heat capacity was found in the water-rich region and not in the 

2-(Ethylamino)ethanol -rich region. The shape of the curves resembles the shape of Case 
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c, as presented in Figure 2.7 which is the common situation observed with mixtures of 

liquids of different sizes and polarity, as described by Desnoyers and Perron.[47] The 

extrapolated excess partial molar quantities for EAE (𝐶10 − 𝐶1∗) and water (𝐶20 − 𝐶2∗) are 

given in Table 2.13. 

 

Figure 2.8.  Molar heat capacity of aqueous 2-(Ethylamino)ethanol solutions at several 
mole fractions: -,water; -, 0.1; O-, 0.2; ▼-, 0.3; -, 0.4; ■-, 0.5; □-, 0.6; -, 0.7; -
,0.8; ▲-, 0.9; -, EAE. 

The reduced molar excess heat capacity of aqueous (Ethylamino)ethanol solutions at 

nine temperatures were also calculated, and plotted against the mole fractions which 

show the non-ideal behaviour, as presented in Figure 2.10. It is apparent that it 

decreases with an increase in the mole fraction of EAE, and increases with increasing 

temperature. It shows a sharp change in the region of lower mole fractions of amine and 

the minimum value occurs at x1 = 0.9.  
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Figure 2.9.  Molar excess heat capacity of aqueous 2-(Ethylamino)ethanol solutions at 
several temperatures: ,303.15K; O, 308.15K; ▼, 313.15K; , 318.15K; ■, 323.15K; □, 
328.15K; , 333.15K; , 338.15K; ▲, 343.15K; , 348.15K; , 353.15K and --, RK 

 

Figure 2.10.  Reduced molar excess heat capacity of aqueous EAE solutions at several 
temperatures: -,303.15K; O-, 308.15K; ▼-, 313.15K; -, 318.15K; ■-, 323.15K; □-, 
328.15K; -, 333.15K; -, 338.15K; ▲-, 343.15K; -, 348.15K and -, 353.15K 
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Table 2.7.  Redlich-Kister coefficients for the molar excess heat capacity of aqueous 
solution of 2-(Ethylamino)ethanol at a temperature range of 303.15 to 353.15K 

T /K  
Redlich-Kister Coefficients 

 %RD 

 
a0 a1 a2 a3 a4 a5 

 303.15 

 

30.96 -33.77 12.65 12.47 101.17 -117.37 

 

3.37 

308.15 

 

41.77 -41.22 12.40 27.51 103.22 -146.18 

 

2.62 

313.15 

 

49.00 -42.53 11.74 21.26 102.67 -135.31 

 

2.14 

318.15 

 

56.51 -38.74 16.75 -8.32 95.34 -101.50 

 

0.96 

323.15 

 

64.29 -39.10 21.95 -25.18 86.92 -83.82 

 

0.58 

328.15 

 

75.02 -44.44 19.32 -13.32 96.58 -96.21 

 

0.53 

333.15 

 

85.58 -39.61 24.42 -89.28 98.46 --- 

 

2.45 

338.15 

 

98.26 -43.04 28.59 -101.03 106.95 --- 

 

2.59 

343.15 

 

112.32 -68.97 31.27 -4.54 121.51 -129.56 

 

2.52 

348.15 

 

134.88 -64.92 16.20 -125.08 156.08 --- 

 

3.36 

353.15 

 

150.13 -102.88 41.95 46.40 161.25 -263.24 

 

2.18 

 

The shape of the curves resembles the shape of Case c, as shown in Figure 2.7. A case 

observed wherein mixtures of liquids of different sizes and polarity are mixed, as 

described by Desnoyers and Perron.[47] 
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2.7.2. 2-(Propylamino)ethanol (PAE) 

The molar heat capacities of 2-(Propylamino)ethanol (PAE) increased with increasing 

temperature, as shown in Figure 2.11. Data of pure PAE, as shown in Table 2.12, can be 

represented as a linear function of temperature ranging from 303.15 to 353.15K using 

Equation 2.19 as follows: 

 𝐶𝑃,𝑃𝐴𝐸/(𝐽 · 𝑚𝑜𝑙−1 · 𝐾−1) = 0.4533 × 𝑇/(𝐾) + 127.08 (2.19) 

where Cp,PAE represents the molar heat capacity of pure 2-(Propylamino)ethanol. The 

percentage of relative deviation (%RD)[57] between the experimental and calculated 

values is found to be 0.17%. 

The molar excess heat capacity, CpE, was calculated from the measured molar heat 

capacity data using Equation 2.2 and correlated as a function of the mole fractions 

employing the Redlich-Kister expression.[32] The coefficients of this expression and 

percentages of relative deviation for 2-(Propylamino)ethanol (1) + water (2) binary 

system are listed in Table 2.8 and the calculated molar excess heat capacity data are 

listed in Table 6.7 of the Appendix 6.1. Figure 2.12 represents how the molar excess 

heat capacities vary with the concentration of 2-(Propylamino)ethanol in aqueous 

solution at several temperatures. Molar excess heat capacity curves were positive for 

the entire range of mole fractions with the maximum varying between x1 = 0.2 and x1 = 

0.4. In addition, CpE values increased with increasing temperature for the whole range 

of mole fractions. The rapid variation in molar excess heat capacity was found in the 

water-rich region rather than in the 2-(Propylamino)ethanol-rich region and the shape 
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of the curves resembles the shape of Case c in Figure 2.7, a case of observed mixtures of 

liquids of different sizes and polarity, as described by Desnoyers and Perron.[47] The 

extrapolated excess partial molar quantities for PAE (𝐶10 − 𝐶1∗) and water (𝐶20 − 𝐶2∗) are 

given in Table 2.13. 

 

Figure 2.11.  Molar heat capacity of aqueous 2-(Propylamino)ethanol solutions at 
several mole fractions: -,water; -, 0.1; O-, 0.2; ▼-, 0.3; -, 0.4; ■-, 0.5; □-, 0.6; -, 
0.7; -,0.8; ▲-, 0.9; -, PAE. 

Reduced molar excess heat capacity of aqueous PAE solutions at several temperatures 

were also calculated, and plotted against the mole fractions showing non-ideal 

behaviour as presented in Figure 2.13. It also shows a sharp change in the water-rich 

region and the minimum value occurring at x1 = 0.9. The shape of the curves resembles 

that of Case c, as shown in Figure 2.7. It is the case observed with mixtures of liquids of 

different sizes and polarity, as described by Desnoyers and Perron.[47] 
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Figure 2.12.  Molar excess heat capacity of aqueous PAE solutions at several 
temperatures: ,303.15K; O, 308.15K; ▼, 313.15K; , 318.15K; ■, 323.15K; □, 328.15K; 
, 333.15K; , 338.15K; ▲, 343.15K; , 348.15K; , 353.15K and --, RK 

 

Figure 2.13.  Reduced molar excess heat capacity of aqueous PAE solutions at several 
temperatures: -,303.15K; O-, 308.15K; ▼-, 313.15K; -, 318.15K; ■-, 323.15K; □-, 
328.15K; -, 333.15K; -, 338.15K; ▲-, 343.15K; -, 348.15K and -, 353.15K 



48 
 

Table 2.8.  Redlich-Kister coefficients for the molar excess heat capacity of aqueous 
solution of 2-(Propylamino)ethanol at a temperature range of 303.15 to 353.15K 

T /K  
Redlich Kister Coefficients 

 %RD 

 
a0 a1 a2 a3 a4 a5 

 303.15 

 

46.35 -25.97 -2.26 -13.47 107.39 -75.46 

 

1.11 

308.15 

 

55.85 -28.98 -2.37 12.05 109.36 -114.02 

 

1.60 

313.15 

 

63.61 -30.60 11.26 46.56 94.82 -149.09 

 

1.25 

318.15 

 

72.63 -32.71 14.02 56.44 91.66 -160.99 

 

1.53 

323.15 

 

82.08 -36.89 33.45 63.38 64.73 -161.01 

 

1.80 

328.15 

 

92.99 -43.24 40.13 74.00 53.76 -174.86 

 

1.57 

333.15 

 

107.39 -34.35 30.57 -47.71 74.74 --- 

 

2.22 

338.15 

 

125.84 -30.06 40.97 -60.88 62.08 --- 

 

1.77 

343.15 

 

145.39 -38.57 37.53 -59.55 73.78 --- 

 

1.54 

348.15 

 

163.89 -55.36 54.60 -56.62 50.65 --- 

 

1.10 

353.15 

 

184.54 -74.16 84.37 -35.30 12.25 --- 

 

0.98 
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2.7.3.2-(Butylamino)ethanol (BAE) 

Molar heat capacities of 2-(Butylamino)ethanol (BAE) increased with increasing 

temperature, as given in Figure 2.14. The data for pure BAE is shown in Table 2.12, and 

can be represented as a linear function of temperature ranging from 303.15 to 353.15K 

using Equation 2.20 as follows: 

 𝐶𝑃,𝐵𝐴𝐸/(𝐽 · 𝑚𝑜𝑙−1 · 𝐾−1) = 0.5916 × 𝑇/(𝐾) + 112.13 (2.20) 

where Cp,BAE represents the molar heat capacity of pure 2-(Butylamino)ethanol. The 

percentage of relative deviation (%RD)[57] between the experimental and calculated 

values is found to be 0.47%. 

The molar excess heat capacity, CpE, was calculated from the measured molar heat 

capacity data using Equation 2.2 and correlated as a function of the mole fractions 

employing the Redlich-Kister expression.[32] The coefficients of this expression and 

percentages of relative deviation for 2-(Butylamino)ethanol (1) + water (2) binary 

system are given in Table 2.9 and the calculated molar excess heat capacity data are 

listed in Table 6.8 of the Appendix 6.1. Figure 2.15 represents how the molar excess 

heat capacities vary with a concentration of BAE in aqueous solution at several 

temperatures. The molar excess heat capacity curves were positive for the entire range 

of mole fractions with a maximum of around x1 = 0.3. Moreover, CpE values increased 

with increasing temperature for the whole range of mole fractions. The rapid variation 

in molar excess heat capacity is found in the water-rich region rather than in the  

2-(Butylamino)ethanol-rich region. The shape of the curves resembles Case c, as 
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presented in Figure 2.7.  The case is observed with mixtures of liquids of different sizes 

and polarity, as described by Desnoyers and Perron[47] The extrapolated excess partial 

molar quantities for BAE (𝐶10 − 𝐶1∗) and water (𝐶20 − 𝐶2∗) are given in Table 2.13. 

 

Figure 2.14.  Molar heat capacity of aqueous 2-(Butylamino)ethanol solutions at several 
mole fractions: -,water; -, 0.1; O-, 0.2; ▼-, 0.3; -, 0.4; ■-, 0.5; □-, 0.6; -, 0.7; -
,0.8; ▲-, 0.9; -, BAE. 

Reduced molar excess heat capacity of aqueous solutions of  2-(Butylamino)ethanol and 

water, at nine temperatures, were also calculated, and plotted against its mole fractions 

which show the non-ideal behaviour, as presented in Figure 2.16. It shows a sharp 

change in the region of lower mole fractions of amine and a minimum value occurring at 

x1 = 0.9. The shape of the curves resembles the shape of Case c, as shown in Figure 2.7, 

as observed with mixtures of liquids of different sizes and polarity, and described by 

Desnoyers and Perron.[47] 
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Figure 2.15.  Molar excess heat capacity of aqueous 2-(Butylamino)ethanol solutions at 
several temperatures: ,303.15K; O, 308.15K; ▼, 313.15K; , 318.15K; ■, 323.15K; □, 
328.15K; , 333.15K; , 338.15K; ▲, 343.15K; , 348.15K; , 353.15K and --, RK 

 

Figure 2.16.  Reduced molar excess heat capacity of aqueous 2-(Butylamino)ethanol 
solutions at several temperatures: -,303.15K; O-, 308.15K; ▼-, 313.15K; -, 318.15K; 
■-, 323.15K; □-, 328.15K; -, 333.15K; -, 338.15K; ▲-, 343.15K; -, 348.15K and -, 
353.15K 
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Table 2.9.  Redlich-Kister coefficients for the molar excess heat capacity of aqueous 
solution of 2-(Butylamino)ethanol at a temperature range of 303.15 to 353.15K 

T /K  
Redlich Kister Coefficients 

 %RD 

 
a0 a1 a2 a3 a4 a5 

 303.15 

 

52.97 -23.75 39.11 -36.47 --- --- 

 

1.42 

308.15 

 

65.36 -25.52 42.08 -43.13 --- --- 

 

1.89 

313.15 

 

78.55 -25.69 -8.54 -51.13 98.45 --- 

 

1.54 

318.15 

 

90.92 -29.12 4.19 -56.50 86.35 --- 

 

1.59 

323.15 

 

105.02 -42.14 25.26 -45.01 63.43 --- 

 

1.96 

328.15 

 

123.38 -68.05 26.57 34.98 69.46 -100.32 

 

0.50 

333.15 

 

150.95 -69.56 16.05 -47.76 80.14 --- 

 

1.98 

338.15 

 

177.20 -88.01 12.34 51.68 114.50 -171.12 

 

0.71 

343.15 

 

202.71 -87.75 41.80 -3.91 119.96 -139.74 

 

0.66 

348.15 

 

232.73 -121.70 59.10 -2.65 162.84 -152.70 

 

0.72 

353.15 

 

263.79 -168.26 96.95 33.30 218.47 -237.65 

 

0.76 
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2.7.4. 1-(2-Hydroxyethyl)piperidine (HEP) 

Molar heat capacity 1-(2-Hydroxyethyl)piperidine (HEP) values increase with increasing 

temperature, as shown in Figure 2.17. Data of pure HEP is presented in Table 2.12, and 

can be represented as a linear function of temperature ranging from 303.15 to 353.15K 

using Equation 2.21 as follows: 

 𝐶𝑃,𝐻𝐸𝑃/(𝐽 · 𝑚𝑜𝑙−1 · 𝐾−1) = 0.6127 × 𝑇/(𝐾) + 88.005 (2.21) 

where Cp,HEP represents the molar heat capacity of pure 1-(2-Hydroxyethyl)piperidine. 

The percentage of relative deviation (%RD)[57] between the experimental and calculated 

values is found to be 0.30%. 

Molar excess heat capacity, CpE, was calculated from the measured molar heat capacity 

data using Equation 2.2 and correlated as a function of the mole fractions employing the 

Redlich-Kister expression.[32] The coefficients of this expression and percentages of 

relative deviation for 1-(2-Hydroxyethyl)piperidine (1) + water (2) binary system are 

presented in Table 2.10 and the calculated molar excess heat capacity data are 

presented in Table 6.9 of the Appendix 6.1. Figure 2.17 represents how the molar excess 

heat capacities vary with HEP concentration at several temperatures. The molar excess 

heat capacity curves were positive for the entire range of mole fractions with the 

maximum varying between x1 = 0.3 and x1 = 0.5. In addition, CpE values increased with 

increasing temperature for the whole range of mole fractions. The rapid variation in 

molar excess heat capacity was found in the water-rich region rather than in the 1-(2-

Hydroxyethyl)piperidine-rich region and the shape of the curves resemble the shape of 
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Case c is presented in Figure 2.7 which is the common situation observed with mixtures 

of liquids of different sizes and polarity, a is described by Desnoyers and Perron.[47] The 

extrapolated excess partial molar quantities for HEP (𝐶10 − 𝐶1∗) and water (𝐶20 − 𝐶2∗) are 

given in Table 2.13. 

 

Figure 2.17.  Molar heat capacity of aqueous 1-(2-Hydroxyethyl)piperidine solutions at 
several mole fractions: -,water; -, 0.1; O-, 0.2; ▼-, 0.3; -, 0.4; ■-, 0.5; □-, 0.6; -, 
0.7; -,0.8; ▲-, 0.9; -, HEP 

The reduced molar excess heat capacity of aqueous mixtures of 1-(2-

Hydroxyethyl)piperidine and water, at several temperatures ranging from 303.15 to 

353.15K, were also calculated, and plotted against the mole fractions which show the 

non-ideal behaviour, as presented in Figure 2.19. It shows the sharp change in the 

water-rich region and the lower value occurring at x1 = 0.9. The shape of the curves 

resemble the shape of Case c is shown in Figure 2.7 which is the common situation. 
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Figure 2.18. Molar excess heat capacity of aqueous 1-(2-Hydroxyethyl)piperidine 
solutions at several temperatures: ,303.15K; O, 308.15K; ▼, 313.15K; , 318.15K; ■, 
323.15K; □, 328.15K; , 333.15K; , 338.15K; ▲, 343.15K; , 348.15K; , 353.15K 
and --, Redlish Kister 

 

Figure 2.19.  Reduced molar excess heat capacity of aqueous HEP solutions at several 
temperatures: -, 303.15K; O-, 308.15K; ▼-, 313.15K; -, 318.15K; ■-, 323.15K; □-, 
328.15K; -, 333.15K; -, 338.15K; ▲-, 343.15K; -, 348.15K and -, 353.15K 
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Table 2.10.  Redlich-Kister coefficients for the molar excess heat capacity of aqueous 
solution of 1-(2-Hydroxyethyl)piperidine at a temperature range of 303.15 to 353.15K 

T /K  
Redlich Kister Coefficients 

 %RD 

 
a0 a1 a2 a3 a4 a5 

 303.15 

 

60.48 -18.34 25.56 -63.40 41.21 --- 

 

2.30 

308.15 

 

70.15 -32.42 18.63 49.80 53.77 -173.16 

 

1.27 

313.15 

 

80.04 -16.63 14.18 -75.06 51.53 --- 

 

2.39 

318.15 

 

92.41 -34.99 -7.98 27.76 80.99 -122.17 

 

1.29 

323.15 

 

107.73 -39.67 -34.67 26.61 112.78 -105.66 

 

1.31 

328.15 

 

124.06 -32.29 -44.74 -47.96 117.23 --- 

 

1.63 

333.15 

 

142.49 -35.22 -79.88 -44.99 166.10 --- 

 

1.84 

338.15 

 

155.80 -35.88 -95.54 -59.22 202.36 12.42 

 

1.10 

343.15 

 

173.63 -35.91 -91.39 -64.00 205.39 10.53 

 

1.07 

348.15 

 

191.96 -35.76 -96.00 -82.30 221.98 31.69 

 

0.84 

353.15 

 

210.32 -33.64 -91.78 -64.95 209.96 17.43 

 

0.55 

 

observed with mixtures of liquids of different sizes and polarity, as described by 

Desnoyers and Perron.[47] 
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2.7.5. Bis(2-methoxyethyl)amine (BMOEA) 

The molar heat capacities of Bis(2-methoxyethyl)amine (BMOEA) increased with 

increasing temperature, as shown in Figure 2.20. Data of pure BMOEA is presented in 

Table 2.12, and can be represented as a linear function of the temperature ranging from 

303.15 to 353.15K, using Equation 2.22 as follows: 

 𝐶𝑃,𝐵𝑀𝑂𝐸𝐴/(𝐽 · 𝑚𝑜𝑙−1 · 𝐾−1) = 0.5133 × 𝑇/(𝐾) + 138.22 (2.22) 

where Cp,BMOEA represents the molar heat capacity of pure Bis(2-methoxyethyl)amine. 

The percentage of relative deviation (%RD)[57] between the experimental and calculated 

values was found to be 0.60%. 

The molar excess heat capacity, CpE, was calculated from the measured molar heat 

capacity data using Equation 2.2 and correlated as a function of the mole fractions 

employing the Redlich-Kister expression.[32] The coefficients of this expression and 

percentages of relative deviation for the BMOEA (1) + water (2) binary system are listed 

in Table 2.11 and the calculated molar excess heat capacity data are given in Table 6.10 

of the Appendix 6.1. Figure 2.21 represents how the molar excess heat capacities vary 

with the concentration of Bis(2-methoxyethyl)amine at several temperatures. The molar 

excess heat capacity curves were positive for the entire range of mole fractions with the 

maximum occurring around x1 = 0.4. CpE values increased with increasing temperature 

for the whole range of mole fractions. The rapid variation in molar excess heat capacity 

was found in the water-rich region rather than in the Bis(2-methoxyethyl)amine-rich 

region. The shape of the curves resembles the shape of Case c, as represented in Figure 
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2.7, which is the common situation observed with mixtures of liquids of different sizes 

and polarity (Desnoyers and Perron[47]) . The extrapolated excess partial molar 

quantities for BMOEA (𝐶10 − 𝐶1∗) and water (𝐶20 − 𝐶2∗) are given in Table 2.13. 

 

Figure 2.20.  Molar heat capacity of aqueous Bis(2-methoxyethyl)amine solutions at 
several mole fractions: -,water; -, 0.1; O-, 0.2; ▼-, 0.3; -, 0.4; ■-, 0.5; □-, 0.6; -, 
0.7; -,0.8; ▲-, 0.9; -, BMOEA 

The reduced molar excess heat capacity of aqueous solution of Bis(2-

methoxyethyl)amine at nine temperatures was also calculated and plotted against their 

mole fractions showing the non-ideal behaviour, as presented in Figure 2.22. Reduced 

molar excess heat capacity increases with increasing temperature and decreases with 

each increment in mole fraction of BMOEA. Moreover, the figure shows the sharp 

change in the water-rich region and the minimum value occurring at x1 = 0.9.  
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Figure 2.21.  Molar excess heat capacity of aqueous Bis(2-methoxyethyl)amine solutions 
at several temperatures: ,303.15K; O, 308.15K; ▼, 313.15K; , 318.15K; ■, 323.15K; 
□, 328.15K; , 333.15K; , 338.15K; ▲, 343.15K; , 348.15K; , 353.15K and --, 
Redlish Kister 

 

Figure 2.22.  Reduced molar excess heat capacity of aqueous BMOEA solutions at 
several temperatures: -,303.15K; O-, 308.15K; ▼-, 313.15K; -, 318.15K; ■-, 323.15K; 
□-, 328.15K; -, 333.15K; -, 338.15K; ▲-, 343.15K; -, 348.15K and -, 353.15K 
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Table 2.11.  Redlich-Kister coefficients for the molar excess heat capacity of aqueous 
solution of Bis(2-methoxyethyl)amine at a temperature range of 303.15 to 353.15K 

T /K  Redlich Kister Coefficients  %RD 
 a0 a1 a2 a3 a4 a5  

303.15 

 

92.17 -3.71 -24.05 -39.24 68.84 --- 

 

2.09 

308.15 

 

102.24 -18.35 -23.82 42.92 90.20 -131.67 

 

1.19 

313.15 

 

110.67 -3.29 -3.99 -63.17 64.07 --- 

 

2.25 

318.15 

 

122.58 -21.11 -11.41 34.63 81.81 -138.14 

 

1.26 

323.15 

 

137.21 -8.45 1.16 -78.60 68.54 --- 

 

2.67 

328.15 

 

155.11 -18.02 1.93 -84.76 59.81 --- 

 

1.24 

333.15 

 

175.03 -29.19 13.02 -78.43 36.86 --- 

 

1.09 

338.15 

 

198.33 -44.05 -19.90 -75.80 118.88 --- 

 

1.47 

343.15 

 

222.15 -63.36 20.65 -73.64 66.55 --- 

 

0.43 

348.15 

 

262.02 -105.68 39.12 37.63 61.22 -132.44 

 

0.37 

353.15 

 

307.22 -138.01 -15.61 53.52 208.19 -194.31 

 

0.16 

 

The shape of the curves resembles the shape of Case c, as shown in Figure 2.7, which 

corresponds to the common situation observed with mixtures of liquids of different 

sizes and polarity, as described by Desnoyers and Perron.[47] 
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2.8.Comparison of the heat capacity data of alkanolamines 

The changes in the measured heat capacities of the five studied alkanolamines, as a 

function of temperature, are shown in Figure 2.23. Among the five alkanolamines, 

BMOEA and BAE, both being very close to each other, exhibited the maximum values of 

the heat capacity, whereas EAE had the minimum values of Cp. The experimental data 

of the heat capacity of the selected alkanolamines, in the temperature range of 303.15 

to 353.15K, are listed in Table 5.9. 

A comparison is made of the heat capacity data of alkylaminoethanol such as EAE, PAE 

and BAE, which share same aminoethanol group. Heat capacities of alkylaminoethanol 

increased with an increase in the size of the carbon chain. In addition to this 

contribution, alkyl- group increased with increasing temperature. Figure 2.24 shows the 

manner in which the alkyl- group is attached to the aminoethanol which influences the 

heat capacity of the resulting alkylaminoethanol. The order of the heat capacity of 

alkylaminoethanol is: 

 BAE>PAE>EAE>MAE>MEA  

or Butyl>Proply>Ethyl>Methyl (2.23) 

Figure 2.23 represents the heat capacities, showing that HEP is lower than BAE but 

higher than those of PAE and EAE. Note, all have an aminoethanol group. HEP is a cyclic 

alkylaminoethanol with a tertiary amine; whereas, BAE is a straight-alkylaminoethanol 

with a secondary amine. 2,3-Dimethyl aminoethanol (DMAE)[40] and 2-

Ethylaminoethanol (EAE) have the same molecular formula (C4H11NO) although DMAE 
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has a lower heat capacity than EAE. The reason for this is DMAE is a tertiary amine; 

whereas, EAE is a secondary amine, as shown in Figure 2.25. Methylaminoethanol 

(MAE)[40] and 3-Amino-1-Propanol (AP)[40] are both isomers and their molecular formula 

is C3H9NO. MAE (secondary amine) has a lower molar heat capacity than AP (primary 

amine), as shown in Figure 2.25. The order of the Cp of amine is therefore: 

 1o amine >2o amine >3o amine (2.24) 

Considering the molecular structures of Diethanolamine (DEA)[30], 

Methyldiethanolamine (MDEA)[30], Ethyldiethanolamine (EDEA)[30] and N-

Butyldiethanolamine (N-BDEA),[30] are alkanolamines which are tertiary amines except 

DEA (secondary amine). In all tertiary amines, the heat capacity increased as the size of 

the alkyl chain increased. N-BDEA (butyl group) had the highest heat capacity; whereas, 

the MDEA (methyl group) had the lowest Cp values, as confirmed by Equation 2.23. 

Similarly, if the last hydrogen of an amine group of DEA is substituted by a methyl group 

to form MDEA, a small increase in the value of the molar heat capacity occurs. When 

amine changed its condition from secondary amine to tertiary amine, Cp values 

decreased and the addition of one methyl group to the amine group increased the Cp 

values. Thus, the net result is a small increase in Cp values occurs, as shown in Figure 

2.26 which is confirmed by Equations 2.23 and 2.24. To obtain further details regarding 

the contribution of each group, please refer to the different groups' contributions in the 

Group Additivity Analysis, as presented in Table 2.4. 
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When taking into consideration the molecular structures of Diethanolamine (DEA) and 

Bis(2-methoxyethyl)amine (BMOEA), if each hydrogen of the hydroxyl (–OH) group of 

DEA was substituted with a methyl (–CH3) group, the result of this substitution would be 

that the heat capacities of BMOEA would increase due to an addition of the two methyl 

groups, as represented in Figure 2.25. 

 

 

Figure 2.23.  Comparison of measured heat capacities of the five selected pure 
alkanolamines as a function of temperature: -, EAE; O-, PAE; ▼-, BAE; -, HEP; ■-, 
BMOEA 

In general, (𝐶10 − 𝐶1∗) values increased with increasing temperature for all the studied 

amines, as listed in Table 2.13. In conducting a comparison of EAE, PAE and BAE, large 

positive values of (𝐶20 − 𝐶2∗) show there is a strengthening in the normal hydrophobic 

hydration of the alkyl chain. The increase in the positive values, with respect to 

temperature shows there is a stronger tendency for the structural entities to collapse.[47] 
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Table 2.12.  Experimental heat capacities of the five selected pure alkanolamines  

T /K  
Heat Capacity Cp / J·mol-1·K-1 

 
EAE 

 
PAE 

 
BAE 

 
HEP 

 
BMOEA 

303.15 
 

231.7 

 

263.9 

 

289.2 

 

271.0 

 

293.6 

308.15 

 

234.3 

 

267.5 

 

296.6 

 

277.5 

 

300.0 

313.15 

 

236.2 

 

269.5 

 

299.1 

 

280.5 

 

300.7 

318.15 

 

238.1 

 

271.5 

 

301.5 

 

283.7 

 

301.1 

323.15 

 

240.3 

 

273.4 

 

303.5 

 

286.6 

 

301.9 

328.15 

 

242.2 

 

275.6 

 

305.4 

 

289.7 

 

303.2 

333.15 

 

244.6 

 

277.9 

 

307.1 

 

292.9 

 

305.9 

338.15 

 

246.7 

 

279.8 

 

309.7 

 

295.7 

 

311.3 

343.15 

 

248.9 

 

281.7 

 

315.0 

 

298.0 

 

315.8 

348.15 

 

251.1 

 

285.0 

 

319.4 

 

300.9 

 

318.5 

353.15 

 

255.1 

 

288.3 

 

322.4 

 

303.0 

 

321.2 

 

The experimental and predicted data of the heat capacity of pure alkanolamines and 

their percentages of relative deviation (%RD) for the Group Additivity Analysis (GAA), 

and the Molecular Connectivity Analysis (MCA) are listed in Tables 2.14 and 2.15, 

respectively. Percentages of relative deviations, for all predicted heat capacity data with 

the GAA method, were found to be within 0.6%, except HEP (1.83%), due to its cyclic 

nature. This method could not distinguish between straight -CH2- and cyclic -CH2-. On 

the other hand, percentages of relative deviation of all predicted heat capacity data for 

MCA were found to be around 2.64%. 
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Table 2.13.  Extrapolated excess partial molar quantities for alkanolamines (𝐶10 − 𝐶1∗) 
and water (𝐶20 − 𝐶2∗) 

T /K  

EAE + H2O 
 

PAE+ H2O 
 

BAE+ H2O 
 

HEP + H2O 
 

BMOEA+H2O 

 
C1-C1

* C2-C2
* 

 
C1-C1

* C2-C2
* 

 
C1-C1

* C2-C2
* 

 
C1-C1

* C2-C2
* 

 
C1-C1

* C2-C2
* 

     303.15 
 

283.5 6.1 
 

266.4 36.6 
 

245.4 25.7 
 

209.0 45.5 
 

179.9 94.0 

308.15 
 

317.3 -2.5 
 

293.8 31.9 
 

223.2 85.7 
 

298.3 -13.2 
 

275.7 61.5 

313.15 
 

320.0 6.8 
 

302.8 36.6 
 

245.3 91.6 
 

237.4 54.1 
 

237.2 104.3 

318.15 
 

317.2 20.0 
 

315.6 41.1 
 

267.1 95.8 
 

294.8 36.0 
 

317.6 68.4 

323.15 
 

321.3 25.1 
 

314.8 45.7 
 

280.9 106.6 
 

304.6 67.1 
 

294.0 119.9 

328.15 
 

344.9 37.0 
 

331.0 42.8 
 

352.8 86.0 
 

276.8 116.3 
 

319.6 114.1 

333.15 
 

337.4 79.6 
 

294.8 130.6 
 

364.5 129.8 
 

308.9 148.5 
 

332.5 117.3 

338.15 
 

377.9 89.7 
 

319.8 137.9 
 

511.5 96.6 
 

345.3 179.9 
 

417.2 177.5 

343.15 
 

468.2 62.0 
 

354.8 158.6 
 

595.9 133.1 
 

377.0 198.3 
 

446.3 172.3 

348.15 
 

497.2 117.2 
 

381.1 157.2 
 

731.7 177.6 
 

404.3 231.6 
 

562.9 161.9 

353.15 
 

673.1 33.6 
 

390.6 171.7 
 

951.8 206.6 
 

409.7 247.3 
 

778.6 221.0 

 

Table 2.14.  Group additivity analysis of the studied alkanolamines 

T /K  

Heat Capacity Cp / J·mol-1·K-1 

 

EAE PAE BAE HEP BMOEA 

 

Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. 

303.15 
 

231.7 229.9 263.9 260.7 289.2 291.5 271.0 275.7 293.6 292.2 

313.15 
 

236.2 237.5 269.5 268.9 299.1 300.3 280.5 279.3 300.7 300.0 

323.15 
 

240.3 241.2 273.4 272.7 303.5 304.3 286.6 282.1 301.9 304.5 

333.15 
 

244.6 244.4 277.9 275.8 307.1 307.2 292.9 284.7 305.9 307.6 

343.15 
 

248.9 250.1 281.7 283.1 315.0 316.1 298.0 291.5 315.8 313.2 

353.15 
 

255.1 256.5 288.3 290.0 322.4 323.5 303.0 296.4 321.2 321.5 

% RD 
 

0.48 0.59 0.36 1.83 0.50 
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Table 2.15.  Molecular connectivity analysis of the studied alkanolamines 

T /K 
 

Heat Capacity Cp / J·mol-1·K-1 

 
EAE PAE BAE HEP BMOEA 

 
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. 

303.15 
 

231.7 233.3 263.9 264.6 289.2 295.9 271.0 282.9 293.6 290.5 

308.15 
 

234.3 234.9 267.5 266.6 296.6 298.3 277.5 285.6 300.0 292.7 

313.15 
 

236.2 236.5 269.5 268.6 299.1 300.6 280.5 288.4 300.7 294.9 

318.15 
 

238.1 238.1 271.5 270.5 301.5 303.0 283.7 291.1 301.1 297.1 

323.15 
 

240.3 239.7 273.4 272.5 303.5 305.3 286.6 293.9 301.9 299.3 

328.15 
 

242.2 241.3 275.6 274.5 305.4 307.7 289.7 296.6 303.2 301.5 

333.15 
 

244.6 242.9 277.9 276.5 307.1 310.1 292.9 299.4 305.9 303.7 

338.15 
 

246.7 244.5 279.8 278.5 309.7 312.4 295.7 302.2 311.3 305.9 

343.15 
 

248.9 246.1 281.7 280.4 315.0 314.8 298.0 304.9 315.8 308.1 

348.15 
 

251.1 247.7 285.0 282.4 319.4 317.1 300.9 307.7 318.5 310.3 

353.15 
 

255.1 249.3 288.3 284.4 322.4 319.5 303.0 310.4 321.2 312.5 

% RD 
 

0.73 0.52 0.80 2.64 1.67 
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Figure 2.24.  Comparison of heat capacities of the five pure alkylaminoethanols as a 
function of temperature: -, MEA; O-, MAE[40]; ▼-, EAE; -, PAE; ■-, BAE 

 

Figure 2.25.  Comparison of heat capacities of the seven pure alkanolamines as a 
function of temperature: -, MEA; O-, MAE[40]; ▼-, DMAE[40]; -, EAE; ■-, AP[40]; □- 
DEA[5]; , BMOEA 
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Figure 2.26.  Comparison of heat capacities of the four pure alkanolamines as a function 
of temperature: -, DEA[30]; O-, MDEA[30]; ▼-, EDEA[30]; -, N-BDEA[30] 
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"And He has set up on the earth mountains standing firm, lest it should shake with 
you...." 

(Quran: 16:15) 

3. HEATS OF MIXING 

 

Molar heat of mixing is a vital thermodynamic property employed in numerous 

applications of chemical engineering such as distillation and heat exchanger design.[12] In 

addition, it is needed for the modeling multistage, multi-component equilibria in both 

absorption, and desorption columns.[4] 

3.1. Literature review 

Touhara et al.[63] published molar excess enthalpies for aqueous solutions of MEA, 

MMEA and DMEA at 298.15K. They pointed out that the hydrophobicity was observed in 

aqueous dilute solutions of alkanolamine, where the partial molar enthalpy frequently 

reduces to a limiting value at infinite dilution, and this tendency increased with the 

substitution of methyl groups with a hydrogen on the nitrogen of MEA. 

Posey[64] measured the heat of mixing of DEA- and MDEA-water binary systems at two 

different temperatures (298.15 and 342.55K), and the MEA-water system at 342.55K. A 

portion of his data showed some scatter near the equimolar concentrations. Binary 

alkanolamine-water systems are extremely non-ideal since the heat of mixing is directly 

related to the activity coefficients which are dependent upon temperature. The 

sequence of heat of mixing from highest to lowest negative value was: 

MDEA>MEA>DEA. 



70 
 

Maham et al.[65] reported that the contribution in the excess enthalpy of amine is more 

dominant than the alcoholic group in the water-alkanolamine system. Also, alcohol and 

amine groups have the opposite effect on the excess enthalpies of aqueous binary 

mixtures. Furthermore, the alcoholic group gives an adverse effect upon the excess 

enthalpies of an aqueous binary mixture. When the number of alcoholic groups is 

increased, the excess enthalpy tends to be more positive. In other words, MEA has the 

most negative excess enthalpy and TEA the least negative enthalpy (MEA>DEA>TEA). 

Finally, the methyl group exhibited more negative excess enthalpy in the water-

alkanolamine system. An alkyl group attached to a nitrogen atom plays a major role in 

influencing the molar excess enthalpy, as observed by Mathonat et al.[31] They 

concluded that the molar excess enthalpy of alkanolamine dominantly decreases with 

an addition of one or two methyl groups to the nitrogen atom; whereas, its excess 

enthalpy increased in the ethyl and propyl groups. 

The molar excess enthalpies HE for AEEA, AP, MAE, MIPA, and DMEA in water, at three 

different T = (298.15, 313.15, and 323.15K) and over the entire range of mole fractions, 

were reported by Mundhwa and Henni.[4] The measured molar excess enthalpy values 

were modelled using the following solution theory models: NRTL and UNIQUAC, and the 

modified functional group activity coefficient model (modified UNIFAC, Dortmund). 

Following a comparison of the magnitude of the MAE + water and DMEA + water 

systems, they concluded the addition of a methyl group increases the negative excess 

enthalpy. Poozesh[41] reported the molar excess enthalpies of cyclic amines of piperazine 

and morpholine derivatives at three different temperatures (298.15, 313.15 and 323. 
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15K) for the full range of mole fractions. He concluded that the addition of the –CH3 

group affected the excess enthalpy by elevating it by almost half, and shifted the 

minimum toward the water rich region. When the –CH3 group was substituted with 

 –CH2OH, the excess enthalpies increased and had no effect on the position of the 

minimum. Also, if –CH2–NH2 was replaced with –OH and the –NH group in the central 

ring was substituted with the –O group, the excess enthalpies at three temperatures 

were increased by almost half.  

Uddin[42] measured the molar excess enthalpy for the (amine + water) binary system of 

TMEDA, TMEDA-EO, 3DMA-1,2PD, 3DEA-1,2PD and 1, 3-Bis-DMA-2P at three 

temperatures (298.15, 313.15 and 333.15K) over the entire range of mole fractions. He 

concluded that the substitution of the methyl group on the nitrogen atom by an ethyl 

group or ethyl alcohol group resulted in a less negative on the molar excess enthalpies. 

Narayanaswamy[43] measured the molar excess enthalpies for 1DMAP, 3DMAP, DEEA, 

DETA, and EDA in water at three different temperatures (298.15, 313.15 and 323.15K) for 

the full range of mole fractions. He reported that an addition of a methyl group 

decreases HE and hydroxyl groups increase the molar excess enthalpy. 

3.2. Heats of mixing 

The heat of mixing is the heat absorbed or liberated from one pure liquid into another 

upon mixing. Thus, the enthalpy change upon mixing is:[66] 

 ∆𝐻𝑚𝑖𝑥𝑖𝑛𝑔 = 𝐻𝑓𝑖𝑛𝑎𝑙 − 𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (3.1) 
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Heat of mixing is dependent upon the concentration. Hence, the enthalpy value of the 

system, in its initial condition is expressed by a summation of the enthalpy values of 

each pure specie i as ΣxiHi and the enthalpy in the final condition, H, is that of the 

mixture. The change of enthalpy in the mixing process can be then represented by:[12] 

 ∆𝐻 = 𝐻 −∑ 𝑥𝑖𝐻𝑖𝑖  (3.2) 

The change of enthalpy of the mixing process at constant pressure and temperature to 

form one mole (or a unit mass) of solution, (ΔH), is also known as the "heat of mixing". It 

may be either negative, mixing is exothermic (or heat given off) because the mixture has 

a lower enthalpy than the pure species (positive), signifying endothermic mixing (or heat 

absorbed) because the mixture has a higher enthalpy than the pure species. Data for the 

heat of mixing are most commonly available in the literature for binary systems at few 

temperatures. They are somewhat similar, in several aspects, to heats of reaction.[12] A 

chemical reaction takes place due to differences in the forces of attraction of the solvent 

and solute molecules. The energy of the products is different from the energy of the 

reactants at the same temperature and pressure as a result of the chemical 

reorganization of the constituent atoms. Likewise, when a mixture is formed, a similar 

energy change takes place because the interactions between the force fields of like and 

unlike molecules are different. The signs and relative magnitudes of heats of mixing are 

useful for qualitative engineering purposes and to explain the molecular phenomena 

which are the basis for studying solution behaviour. Moreover, these quantities  reflect 

the differences in the strengths of intermolecular attractions between pairs of unlike 
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substances on one side, and pairs of like substances on the other.[12] These energy 

changes are usually much smaller than those associated with chemical bonds; therefore 

heats of mixing are usually much smaller than heats of reaction.[12, 67] 

3.2.1. Hydrogen bond 

The most common chemical effect encountered in the thermodynamics of solutions, 

especially in aqueous solutions, is caused by the hydrogen bond. When two or more 

liquids are blended, breaking or formation of intermolecular hydrogen bonds between 

molecules in the liquids would cause an enthalpy change. They usually form between 

polar or polarized X – H bonds and electronegative atom A.[68] The resulting weak 

hydrogen bond, X – H ... A, is formed[69], where both X and A are highly electronegative 

atoms such as F, O, and N and it owns a significant electrostatic character. In the 

hydrogen bond X – H ... A, the group X – H is known as the "hydrogen - bond donor" (or 

proton donor) and A is known as the "hydrogen - bond acceptor" (or proton acceptor). 

Water, alcohols, and primary and secondary amines may function as both proton donors 

and proton acceptors; whereas tertiary amines, ethers, aldehydes, ketones and esters 

can serve only as proton acceptors.[12] 

Hydrogen bonds, in comparison to covalent bonds, cover a wide range of bonding 

interactions, from the very strong to the very weak, when compared to van der Waals 

forces.[68] These bonds are extremely strong in directing intermolecular forces that keep 

the molecules together and the bond strength is powerfully dependent upon the 

solvent[70] in addition to the distance between interacting groups.[71] The bond strength 
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relies on its length and angle. The dependency upon bond length is very significant and 

the strength has been shown to exponentially decline with distance.[72] 

Hydrogen bonding plays a vital role in investigating the structure and physical properties 

of various compounds and can be divided into two types.[73] The first is the 

intermolecular hydrogen bond developed between two different molecules. The second 

is the intramolecular hydrogen bond developed between two different atoms within the 

same molecule. 

3.3. Excess molar enthalpy 

An essential property in the field of chemical engineering thermodynamics is the molar 

excess enthalpy which is used to estimate heat duties during separation and mixing 

processes. The excess enthalpy of a solution is a measure of the difference between the 

enthalpy value of an actual and an ideal solution at the same temperature, composition, 

and pressure. This function indicates a deviation of the actual solution from the ideal. 

Mathematically, the molar excess enthalpy change is:[12] 

 ∆𝐻𝐸 = ∆𝐻 − ∆𝐻𝑖𝑑 (3.3) 

In other words, it could be defined as the enthalpy change per mole of solution formed 

at constant temperature and pressure when the two pure liquid components mix 

physically and no chemical reaction occurs. According to the above definition, the molar 

excess enthalpy, HE, is similar to the calorimetrically measured heats of mixing.[12] 

 ∆𝐻𝐸 = {𝐻 − ∑ 𝑥𝑖𝐻𝑖𝑛
𝑖=0 } − �𝐻𝑖𝑑 − ∑ 𝑥𝑖𝐻𝑖𝑛

𝑖=0 � (3.4) 
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where H, Hid and Hi are the enthalpies of the actual solution, ideal solution and the pure 

chemical species i, respectively. xi is the mole fraction of the pure chemical species i. The 

enthalpy of an ideal solution, Hid, can be written as: 

 𝐻𝑖𝑑 = ∑ 𝑥𝑖𝐻𝑖𝑛
𝑖=0  (3.5) 

Substituting this value in the above equation means there is no change in molecular 

energies as a result of the formation of an ideal solution (i.e., Hid = 0). Hence, Equation 

3.4 is reduced to: 

 ∆𝐻𝐸 = 𝐻 − ∑ 𝑥𝑖𝐻𝑖𝑛
𝑖=0 = ∆𝐻 (3.6) 

According to the definition of an excess property ΔHE can be reduced to HE: 

 𝐻𝐸 = 𝐻 − 𝐻𝑖𝑑 = ∆𝐻𝐸 (3.7) 

Equations 3.6 and 3.7 indicate that the enthalpy change of a mixing process (or heats of 

mixing) is identical to the molar excess enthalpy of the mixing process. [12, 13, 74] 

3.4. Partial molar excess enthalpy 

A partial molar property is a thermodynamic quantity which points out how an 

extensive property of a mixture or solution varies with changes in the molar 

composition of the mixture or solution at constant pressure and temperature. It is 

particularly beneficial when considering specific properties of pure chemical substances 

(that is, properties of one mole of pure chemical substance) and the properties of 

mixing. As for a binary mixture, the partial molar excess enthalpies of the alkanolamines 
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at infinite dilution in water (x1 = 0) and of water in alkanolamines at infinite dilution (x2 = 

0 or x1 = 1) are proposed by Maham et al.[65] and are as follows: 

• for alkanolamines @x1 = 1  

 𝐻10 − 𝐻1∗ = ∆𝐻1∞ = 𝐻𝐸 − 𝑥1 �
𝜕𝐻𝐸

𝜕𝑥1
�
𝑃,𝑇

= ∑ 𝑎𝑖(−1)𝑖−1𝑛
𝑖=0  (3.8) 

• for water @ x1 = 0  

 𝐻20 − 𝐻2∗ = ∆𝐻2∞ = 𝐻𝐸 − (1 − 𝑥1) �𝜕𝐻
𝐸

𝜕𝑥1
�
𝑃,𝑇

= ∑ 𝑎𝑖𝑛
𝑖=0  (3.9) 

where ai are the polynomial coefficients of Redlich-Kister equation, as obtained from the 

least squares regression method (which are the dependence of excess enthalpy on x1 or 

x2) and H1
0 and H2

0 represent the partial molar enthalpies of amine and water, while H1* 

and H2* represent the molar enthalpies of pure amine and water, respectively. ΔH1
∞ 

and ΔH2
∞ represent the molar enthalpy of a solution of the solvent at infinite dilution in 

water and of water at infinite dilution in solvent, respectively. 

3.5. Molar excess enthalpy (HE) measurements 

The C80 heat flow calorimeter is a versatile instrument and also measures the heats of 

reaction, heats of mixing and heats of solution. In the experimental studies, the heats of 

mixing data were determined at three different temperatures of 298.15, 313.15, and 

333.15K. A membrane mixing cell is used to perform the experiments. Two identical 

membrane mixing cells, one in the reference chamber and the second in the sample 

chamber of the calorimeter, are required. 
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With respect of the sample cell, both alkanolamine and water are placed into two sealed 

sections that are separated by an aluminum foil membrane. They are not mixed until 

the heat flow baseline and temperature baseline become horizontal and stable. The 

reason behind the use of a reference cell is to cancel the heat provided in order to 

maintain isothermal states and the negligible heat of stirring. Once the vessels have 

achieved the experimental temperature, the membrane is ruptured and the solutions 

are constantly stirred for one minute. Fluxmeters determine the deviation in heat flow 

between the vessels and the calorimetric block. The calorimetric block had a sufficient 

thermal mass to provide or obtain heat to or from the vessels without varying the 

temperature. A generated curve of differential heat flow against time, is presented in 

Figure 3.1. The area under the curve is measured using a baseline integration method to 

obtain the total heats of mixing of the sample solution. The experiments are carried out 

at three different temperatures (298.15, 313.15, and 333.15K) and atmospheric 

pressure. 
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Figure 3.1.  Molar excess enthalpy profile using SETSOFT-2000 software 

3.5.1. Membrane mixing cell 

The membrane mixing cell was utilized to study the mixing of two substances and 

measure the heats of interaction, as presented in Figure 3.2. It is made up of a stainless 

steel irregular body containing a shoulder in the center and fitted with two threaded 

ends. The volume of the upper compartment is 2ml and the lower compartment is 2.6ml 

and each contained one of the substances. The lower compartment of the cell is used to 

house a container into which one of the non-/reactive substances is placed. It is closed 

by a captive circular aluminum membrane between two Teflon sealing rings. They are 

fitted firmly into each other by clamping the membrane and closing the lower 

compartment. By screwing the upper compartment into the lower compartment of the 

body, the ring is pressed on top of the shoulder and allowed to seal the lower 

compartment of the cell. 



79 
 

 

Figure 3.2.  Membrane mixing cell for molar heats of mixing experiments (courtesy of 
SETARAM Co.) 

In general, the membrane is made up of a 15µm thick aluminum disc. The upper 

compartment is used to house the second sample and is closed by a perforated lid, and 

threaded with a Teflon (O) ring. A moveable rod crosses the lid, which can be manually 

turned from outside the calorimeter, is screwed on to the top end of the rod and then 

enabled to be pressed into the cell through the membrane and turned. The bottom of 

the rod is threaded and is used to take a sharp-edged impeller which enables the 

membrane to tear and makes it possible to agitate the non-/reactive substances. By 

rupturing the membrane, the two substances are blended and mixing is performed by 

rotating the perforator. 
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3.6. Verification of the C80 heat flow calorimeter 

3.6.1. Molar excess enthalpy measurements 

To confirm the reliability the of C80 heat flow calorimeter for molar HE measurements, 

two binary systems, monoethanolamine + water, and methyldiethanolamine + water, 

have been chosen to be investigated from the available literature. The molar excess 

enthalpy data of MEA + water binary system are in good agreement with those reported 

by Touhora et al.[63] at 298.15K, and the results for the MDEA + water binary system are  

Table 3.1.  Molar excess enthalpies of the MEA + water binary system at 298K 

Touhora et al. [63] This Study 

xMEA 
HE/ 

J·mol-1 
xMEA 

HE/ 

J·mol-1 
xMEA 

HE/ 

J·mol-1 
xMEA 

HE/ 

J·mol-1 
xMEA 

HE/ 

J·mol-1 

0.0059 -72 0.1835 -1717 0.3738 -2373 0.6945 -1711 0.0993 -1046 

0.0128 -151 0.2005 -1816 0.3970 -2390 0.7174 -1603 0.1995 -1780 

0.0231 -269 0.2160 -1900 0.4200 -2395 0.7400 -1491 0.2995 -2173 

0.0339 -381 0.2165 -1886 0.4443 -2385 0.7609 -1391 0.4000 -2340 

0.0443 -498 0.2276 -1945 0.4694 -2362 0.7829 -1274 0.4985 -2278 

0.0578 -633 0.2285 -1967 0.4945 -2327 0.8102 -1131 0.6007 -2039 

0.0730 -784 0.2387 -2014 0.5224 -2277 0.8340 -1000 0.7013 -1657 

0.0878 -945 0.2449 -2024 0.5475 -2219 0.8566 -866 0.8013 -1182 

0.0998 -1057 0.2657 -2111 0.5715 -2148 0.8791 -734 0.9001 -633 

0.1146 -1193 0.2867 -2186 0.5968 -2074 0.9025 -595 

  0.1309 -1332 0.3077 -2249 0.6213 -1995 0.9342 -402 

  0.1433 -1479 0.3302 -2307 0.6478 -1900 0.9591 -248 

  0.1664 -1606 0.3527 -2349 0.6733 -1807 0.9808 -116 
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Table 3.2.  Molar excess enthalpies of the MDEA + water binary system at 313K 

Maham et al. [65] 
 

This Study 

xMDEA HE/J·mol-1 
 

xMDEA HE/J·mol-1 

0.0964 -1379 
 

0.0497 -793 

0.1413 -1762 
 

0.1002 -1368 

0.2238 -2178 
 

0.2012 -2071 

0.2703 -2327 
 

0.3006 -2344 

0.3468 -2326 
 

0.4038 -2296 

0.4274 -2252 
 

0.5014 -2055 

0.5151 -1942 
 

0.6005 -1772 

0.6360 -1609 
 

0.7003 -1401 

0.7412 -1143 
 

0.8005 -970 

0.8177 -838 
 

0.8996 -497 

 

 

Figure 3.3.  Molar excess enthalpies of the MEA (1) and Water (2) binary system at 
298.15K: -, Touhora et al.[63]; ●, This Study 
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Figure 3.4.  Molar excess enthalpies of the MDEA (1) and water (2) binary system at 
313.15K: -, Maham et al.[65]; ●, This Study 

also in good agreement with those published by Maham et al.[65] at 313.15K over the 

entire range of mole fractions, as represented in Tables 3.1 and 3.2, and Figures 3.3,and 

3.4, respectively. The estimated uncertainty of the observed molar HE data is 2% over 

the whole range of mole fractions. 

3.7. Correlation and prediction approaches 

The main purpose of the correlation is to provide appropriate and optimum usage of the 

experimental data. Due the complexities in the experimental measurement and the 

additional time required for extra components of a multi-component mixture, it is far 

more suitable to develop better approaches capable of estimating the physical and 

chemical properties of multi-component systems.[58] In the following sections, three 

different correlation and prediction methods are presented.  
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3.7.1. Empirical expressions 

Empirical expressions are very helpful and desirable when dealing with data correlation 

and prediction. The parameters in the formulas are fitted to the measured data and a 

number of parameters can be determined according to the necessary accuracy. 

3.7.1.1. Redlich-Kister equation 

In this study, the experimental excess molar enthalpy data of the amine + water binary 

systems were correlated as a function of the amine mole fraction using the Redlich-

Kister expression.[32] It is an excellent mixing rule form, which works similar to a 

convergent series with a finite number of terms. As for the binary system, this 

expression has the following polynomial form: 

 𝐻𝐸/𝐽.𝑚𝑜𝑙𝑒−1 = 𝑥1𝑥2 ∑ 𝑎𝑖(𝑥1 − 𝑥2)𝑖𝑛
𝑖=0  (3.10) 

where, HE is the excess molar enthalpy, x1 and x2 are the mole fractions of amine and 

water, respectively and ai are the polynomial coefficients obtained from the least 

squares fitting of the dependence of HE on x1 or x2; n is determined using the F-test.[59,60] 

3.7.2. Solution theory methods 

The most well-known solution theories are the regular theory, Quasi-Lattice theory, 

Two-Liquid theory, Associated Solution, and the Flory theory. The main purpose of the 

solution theory is to represent the behaviour of a solution in terms of its structure and 

intermolecular forces. This approach is useful with regard to understanding the solution 

behaviour even though it is at a semi empirical level. Wohl[75, 76] developed an 

expression derived from the standard solution theory, which is described as one in 
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which the components mix with no excess entropy, SE, as long as the mixing has no 

volume change, i.e., SE = 0 and VE = 0. The major advantage of this expression is a certain 

amount of rough physical significance can be assigned to the expression parameters. 

Furthermore, it provided a better representation of the interactions of the molecules. 

Since all its parameters contribute to various groups of molecules, this expression is 

considered an empirical or semi-empirical expression. This means having more 

molecules in a group requires extra parameters.  

Renon and Prausnitz implemented the Non-Random Two-Liquid (NRTL) model derived 

from the two-liquid theory.[77] As for a binary system in accordance to this model, the 

liquid has a structure composed of cells of molecules of ‘1’ and ‘2’ types, each 

surrounded by collections of the same molecules, with each of the surrounding 

molecules, consecutively, surrounded in a similar manner. The NRTL model has a similar 

accuracy as the Wilson expression for both correlation and prediction; however, for 

liquid-liquid immiscible systems, only the NRTL model can be used. The major drawback 

of this model, over the Wilson expression, is that it requires three parameters for each 

pair of constituents. 

In adopting these local compositions and two-liquid model concepts, Abrams and 

Prausnitz implemented the UNIversal QUAsi-Chemical (UNIQUAC) equation which is 

frequently and for the most part used in today’s chemical industry.[78] According to 

UNIQUAC, the expression of activity coefficients has two terms, one being the 

combinatorial term, which is due to dissimilarities in size and shape of the molecules 
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and the second being the residual term, as a result of energetic interactions. 

Furthermore, it was demonstrated that the Wohl, Wilson and NRTL expressions are 

special cases within the UNIQUAC expression when proper values of the parameters are 

assigned. The binary parameters, used in the UNIQUAC model, are regressed from 

experimental measurements. On the other hand, those parameters may be 

implemented in multi-component mixtures of three or more chemicals. The most 

important characteristics of the UNIQUAC expression are: 

• Valid for multi-component mixtures in terms of binary parameters only 

• Valid for liquid-liquid equilibria 

• Temperature dependency is suitable over a moderate range 

• Superior representation of mixtures of dissimilar molecular sizes 

The major drawbacks of the UNIQUAC model are the algebraic complexity of the 

expression and very often, the representation of data is not as good as that of simpler 

expressions. The development of solution theories relies upon a molecular-based 

understanding of the solution. However, this model has demonstrated great potential 

and usefulness and also a promising future despite being less suitable in practice. 

3.7.3. Group contribution methods 

The group contribution method uses the principle that some simple aspects of the 

structures of chemical constituents, in many different molecules, are always the same. It 

is used to predict thermodynamic and other properties of mixtures and pure 

components by using group or atom properties. The components and their mixture 
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properties are required for synthesis, design, and optimization of thermal separation 

processes. In order to describe the experimental data, an approach derived from the 

group contribution method is used. This approach is based upon the hypothesis that an 

actual solution is composed of constituent groups of its components. This idea was 

proposed for the calculation of thermodynamic properties by Langmuir in 1925. One 

group contribution method, Analytical Solution of Groups (ASOG) was developed by 

Wilson and Deal[79], and was subsequently improved upon by Vera and Vidal[80] using an 

Analytical Group Solution method, referred to as "SImplified Group Method Analysis" 

(SIGMA). In 1975, another technique recognized as the UNIversal Functional Activity 

Coefficient (UNIFAC), has been suggested by Frendenslund et al.[81] This model is derived 

from the UNIQUAC method with the difference being in the residual term, which is 

contributed to by the interaction of groups in the UNIFAC method. By minimizing 

interactions between molecules to interactions between their functional groups, 

UNIFAC allows the representation of a huge variety of experimental data with a small 

set of parameters and the prediction, with reasonable confidence, regarding the 

behaviour of systems for which experimental observations are unavailable. 

Another famous group contribution model is known as the "Dispersive-Quasi-Chemical" 

(DISQUAC) model which uses structure-dependent interaction parameters and applies a 

simple extension of the quasi-chemical theory.[82] Both polar and non-polar contacts 

were characterized by dispersive interchange energy and the polar contacts were 

further characterized by two extra parameters, the coordination number and the quasi-

chemical interchange energy. This model proved to be useful for ternary systems having 
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polar compounds. Marongiu and co-workers[83, 84] successfully used the DISQUAC model 

to predict the excess enthalpies of two ternary mixtures Cyclohexane + Propanone + 

Tetrahydrofuran and Tetrahydrofuran + Cyclohexane + Butanenitrile. All group-

contribution models simply required certain basic information regarding the constituent 

groups of each component but do require additional time and effort for their 

calculations.  

Both the solution theory and group contribution models are superior as far as the 

representation of experimental HE data. 

3.8. Non-random two liquid (NRTL) model 

As mentioned earlier, the Non-Random Two-Liquid model is derived from a local 

composition concept. Renon and Prausnitz[77, 85] improved the concept of local 

composition which was proposed by Wilson[86] for the two-fluid theory. The model 

supposes the mixing is not random and both local and bulk compositions are the same 

in case of random mixing. It is the difference in intermolecular forces that determines 

the nature of a non-random mixing. Thus, the nature of a non-random mixing is 

calculated by the difference in intermolecular forces and results in a dissimilarity 

between the local and the composition in the bulk. For an excess Gibbs energy, the 

NRTL model has the following original form: 

 𝑔𝐸

𝑅𝑇
= 𝑥1𝑥2 �

𝜏21𝐺21
𝑥1+𝑥2𝐺21

+ 𝜏12𝐺12
𝑥2+𝑥1𝐺12

� (3.11) 
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where 𝜏12 = 𝑎12 + 𝑏12
𝑇

, 𝜏21 = 𝑎21 + 𝑏21
𝑇

, 𝐺12 = 𝑒𝑥𝑝(−𝛼12𝜏12), and 

𝐺21 = 𝑒𝑥𝑝(−𝛼21𝜏21) 

To achieve more reliable and precise parameter values, the value of the non-

randomness parameter, α, is regressed from 0 to 1. Subscripts 1 and 2 represent liquid 

components, alkanolamine and water, respectively. Five parameters, a12, b12, a21, b21 

and α, are used for a binary system, where the b terms represent temperature 

dependency. The Gibbs-Helmholtz relation can be utilized to specify the molar excess 

enthalpy, which points out the temperature dependence of the Gibbs free energy. 

 𝐻𝐸

𝑅
=
𝑑 �𝑔

𝐸

𝑅𝑇
�

𝑑 �1
𝑇
�

�  (3.12) 

The NRTL model can be obtained from Equations 3.11 and 3.12 for the molar excess 

enthalpy: 

 𝐻𝐸

𝑅
= 𝑥1𝑥2 �

𝐺21𝑏21(𝑥1(1−𝛼21𝜏21)+𝑥2𝐺21)
(𝑥1+𝑥2𝐺21)2 + 𝐺12𝑏12(𝑥2(1−𝛼12𝜏12)+𝑥1𝐺12)

(𝑥2+𝑥1𝐺12)2 � (3.13) 

3.9. Universal quasi-chemical (UNIQUAC) model 

With respect to the NRTL equation, it is difficult to achieve precise and meaningful 

values for the three binary parameters as a result of a lack of binary experimental data. 

Abrams and Prausnitz[78] derived an expression that improves upon the quasi-chemical 

theory developed by Guggenheim[87] for non-random mixtures to solutions or mixtures 

of different molecular sizes. This improved theory is known as the "UNIversal QUAsi-

Chemical" (UNIQUAC) theory. 
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The Universal Quasi Chemical model has two terms, Combinatorial and Residual. The 

combinatorial term describes combinatorial effects due to the differences in molecular 

size and shape and contains expressions of the mole fraction, average segment fraction, 

and average area fraction. The fraction expressions can be computed from the pure-

component molecular structure constants (surface area and van der Waals volume of 

the molecule). Since the binary parameters are not present in this expression, empirical 

correlations or data are not required in order to calculate the combinatorial 

contribution. 

The residual term is the contribution of the inter-molecular forces and is estimated from 

the area fractions, mole fractions and the energy of interactions between the 

components. Two parameters show the energy of the interactions which are not 

tabulated or measured, but must be determined empirically from liquid-liquid or vapor-

liquid equilibrium data. The UNIQUAC expression is as follows: 

 𝑔𝐸

𝑅𝑇
= �𝑔

𝐸

𝑅𝑇
�
𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑜𝑟𝑖𝑎𝑙

+ �𝑔
𝐸

𝑅𝑇
�
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

 (3.14) 

For a binary mixture: 

 �𝑔
𝐸

𝑅𝑇
�
𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑜𝑟𝑖𝑎𝑙

= 𝑥1 ln Φ1
∗

𝑥1
+ 𝑥2 ln Φ2

∗

𝑥2
+ 𝑧

2
�𝑥1𝑞1 ln 𝜃1

Φ1
∗ + 𝑥2𝑞2 ln 𝜃2

Φ2
∗� (3.15) 

 �𝑔
𝐸

𝑅𝑇
�
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

= 𝑥1𝑞1ʹ ln�𝜃1ʹ + 𝜃2ʹ 𝜏21� − 𝑥2𝑞2ʹ ln�𝜃2ʹ + 𝜃1ʹ 𝜏12� (3.16) 

where the coordination number, z, and the segment fraction, Φ*, and the area 

fractions, θ and θ’, are given by: 
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Φ1
∗ = 𝑥1𝑟1

𝑥1𝑟1+𝑥2𝑟2
  ,  Φ2

∗ = 𝑥2𝑟2
𝑥1𝑟1+𝑥2𝑟2

 

θ1 = 𝑥1𝑞1
𝑥1𝑞1+𝑥2𝑞2

  ,  θ2 = 𝑥2𝑞2
𝑥1𝑞1+𝑥2𝑞2

 

θ1
ʹ = 𝑥1𝑞1ʹ

𝑥1𝑞1ʹ +𝑥2𝑞2ʹ
  ,  θ2

ʹ = 𝑥2𝑞2ʹ

𝑥1𝑞1ʹ +𝑥2𝑞2ʹ
 

𝜏12 = 𝑒𝑎12+
𝑏12
𝑇   ,  𝜏21 = 𝑒𝑎21+

𝑏21
𝑇  

Parameters r, q, and q’ are the pure-component molecular-structure constants and 

depend upon the molecular size and external surface areas, and τ12 and τ21 are two 

variable parameters. The molecular surface area and volume parameters of the chosen 

alkanolamines are given in Table 6.18 of Appendix 6.3. Equation 3.12 is used to obtain 

the expression of the UNIQUAC equation for the excess enthalpy. Only Equation 3.16, 

the residual term, is used to obtain the UNIQUAC equation for excess enthalpy as it has 

a temperature dependency term. The following form of the UNIQUAC equation is 

derived from Equations 3.12 and 3.16: 

 −𝐻𝐸

𝑅
= 𝑞1𝑥1 �

𝜃2𝑏21𝜏21
𝜃1+𝜃2𝜏21

�+ 𝑞2𝑥2 �
𝜃1𝑏12𝜏12
𝜃2+𝜃1𝜏12

� (3.17) 

3.10. Modified UNIFAC (Dortmund) model 

The Universal Functional Activity Coefficient (UNIFAC) method is derived from the quasi-

chemical theory of liquid solutions, as introduced by Guggenheim.[87] Abrams and 

Prausnitz simplified this hypothesis[78] and Fredenslund et al.[81] applied it to functional 

groups inside the molecules. It was used earlier to successfully compute vapor-liquid[81], 

liquid-liquid[89], and solid-liquid[90] equilibria. It is also used in many areas to determine 
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activities in polymer solutions[91, 92], vapor pressures of pure components[93], flash points 

of solvent mixtures[94], the influence of solvent on the reaction rate[95] and the solubility 

of gas.[96, 97] 

Weidlich et al.[58] pointed out that the results obtained from the UNIFAC method for the 

activity coefficient calculations at infinite dilution were unsatisfactory, in particular with 

regard to systems with dissimilar sizes of molecules. Furthermore, the original UNIFAC 

model was not capable of calculating the excess enthalpy and hence, was not able to 

accurately capture the temperature dependence of the Gibbs excess energy. Thus, 

Weidlich et al.[58] introduced several small modifications to the original UNIFAC 

expression so the vapor-liquid equilibria, excess enthalpy and activity coefficients at 

infinite dilution can be calculated with satisfactory accuracy using only one set of 

parameters. 

The description of the original UNIFAC equation was presented by Fredenslund et al.[88] 

Only the residual term of the modified UNIFAC (Dortmund) equation is presented herein 

since the excess enthalpy results depend upon temperature. One of the major 

differences between the original UNIFAC and the modified UNIFAC (Dortmund) is the 

addition of temperature-dependent interaction parameters as follows: 

Original UNIFAC:  Ψ𝑛𝑚 = exp �− 𝑎𝑛𝑚
𝑇
� (3.18) 

Modified UNIFAC (Dortmund):  Ψ𝑛𝑚 = exp �− 𝑎𝑛𝑚+𝑏𝑛𝑚𝑇+𝑐𝑛𝑚𝑇2

𝑇
� (3.19) 
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In order to find the equation of the modified UNIFAC (Dortmund) equation for excess 

enthalpy, the Gibbs-Helmholtz expression (Equation 3.12) is applied. The UNIFAC model 

breaks the activity coefficient into two terms for each constituent in the system - a 

combinatorial γC and a residual term γR. As for the ith molecule, the model's equation is: 

 𝑔𝐸

𝑅𝑇
= ∑ 𝑥𝑖�ln 𝛾𝑖𝑅 + ln 𝛾𝑖𝐶�𝑖  (3.20) 

Since the combinatorial term is temperature independent, only the residual term is used 

for the calculation of excess enthalpy: 

 ln 𝛾𝑖𝑅 = ∑ 𝜈𝑘
(𝑖)

𝑘 �ln Γ𝑘 − ln Γ𝑘
(𝑖)� (3.21) 

 ln Γ𝑘 = 𝑄𝑘 �1 − ln(∑ 𝜃𝑚Ψmk𝑚 ) −∑ 𝜃𝑚Ψkm
∑ 𝜃𝑛Ψnm𝑛

𝑚 � (3.22) 

In view of Equations 3.12, 3.20, 3.21 and 3.22, the following relations could be obtained: 

 𝐻𝐸 = −𝑅𝑇∑ ∑ 𝑥𝑖𝜈𝑘
(𝑖)

𝑘𝑖 �𝑇 �𝜕 lnΓ𝑘
𝜕𝑇

�
𝑃,𝑥

− 𝑇 �𝜕 lnΓk
(𝑖)

𝜕𝑇
�
𝑃,𝑥
� (3.23) 

where Γk and Γk
(i) are the group activity coefficient of group k in the mixture and pure 

substances, respectively. 

 𝑇 �𝜕 lnΓ𝑘
𝜕𝑇

�
𝑝,𝑥

= 𝑄𝑘 ∑ 𝜃𝑚 �(𝑏𝑚𝑘+lnΨ𝑚𝑘+2𝑐𝑚𝑘𝑇)Ψ𝑚𝑘
∑ 𝜃𝑛Ψ𝑛𝑘𝑛

+ Ψ𝑘𝑚∑ 𝜃𝑛Ψ𝑛𝑚𝑛
(∑ 𝜃𝑛Ψ𝑛𝑚𝑛 )2 �𝑏𝑘𝑚 − 𝑏𝑛𝑚 +𝑚

                                            ln �Ψ𝑘𝑚
Ψ𝑛𝑚

� + (𝑐𝑘𝑚 + 𝑐𝑛𝑚)2𝑇�� (3.24) 

where, 

 Ψ𝑛𝑚 = 𝑒𝑥𝑝 �−𝑎𝑛𝑚+𝑏𝑛𝑚𝑇+𝑐𝑛𝑚𝑇2

𝑇
�  ,  𝜃𝑚 = 𝑄𝑚𝑋𝑚

∑ 𝑄𝑛𝑋𝑛𝑛
  and   𝑋𝑚 =

∑ 𝑣𝑚
𝑗 𝑥𝑗𝑗

∑ ∑ 𝑣𝑛
𝑗𝑥𝑗𝑛𝑗

 (3.25) 
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The van der Waals group parameters for the modified UNIFAC (Dortmund) method are 

given in Table 6.17 of Appendix 6.3. 

3.11. Determination of the parameters 

The parameters of the three selected models, NRTL, UNIQUAC and modified UNIFAC, 

are determined with the assistance of a Data Regression System from the ASPEN PLUS 

software, which includes algorithms for fitting the experimental results. ASPEN executes 

a nonlinear optimization by tuning the parameters for reducing the value of Q with the 

following objective function: 

 𝑄 = ∑ �∑ �∑ �𝑍𝑒−𝑍𝑚
𝜎𝑍

�
𝑖

2
𝑖 �

𝑗
𝑗 �

𝑘
𝑘  (3.26) 

where Q is the objective function to be reduced by data regression, z is variables, σz is 

the standard deviation of the designated data; whereas subscripts  i, j, k, e, and m are 

the number of variables, number of data points, number of data sets, estimated data, 

and measured data, respectively.[4] Standard deviations are provided for every variable 

in each data set. In most cases, the standard deviations were set to 0.05 for 

temperature, 0.1% for mole fractions and 2% for the excess enthalpy data. Britt-

Luecke’s algorithm was selected to obtain the optimized values of the parameters.  

3.12. Result and discussion of molar excess enthalpy measurements 

The experimental molar excess enthalpies (or heats of mixing) of the 2-

(Propylamino)ethanol (1) + water (2), 2-(Butylamino)ethanol (1) + water (2), 1-(2-

Hydroxyethyl)piperidine (1) + water (2), Diglycolamine (1) + water (2), and Bis(2-
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methoxyethyl)amine (1) + water (2)binary systems at three temperatures (298.15, 

313.15, 333.15K) over the complete range of mole fractions are given in Tables 6.13, 

6.14, 6.15, 6.16 and 6.17 of the Appendix 6.2, respectively. The experimentally observed 

data were then correlated as a function of mole fraction using the Redlich-Kister 

expression.[32] The molar enthalpies of alkanolamine and water at infinite dilution were 

also estimated using the method suggested by Maham et al.[65] The experimental data of 

molar excess enthalpies were modeled employing the “NRTL”, “UNIQUAC” and modified 

functional groups activity coefficient “modified UNIFAC (Dortmund)” models. Finally, 

hydrogen bonding in water and aqueous solutions are also discussed in detail. As 

mentioned earlier, the uncertainty in the experimental HE data was found to be 2%. 

3.12.1. Hydrogen bonding in water 

Water is a highly polar molecule. The hydrogen atom of a water molecule is covalently 

attached to the oxygen atom and can pose an extra attraction to a neighbouring oxygen 

atom of another water molecule. This additional attraction, known as hydrogen 

bonding, makes the water a structured liquid. The occurrence of a huge number of H-

bonds in liquid water, however, has a significant cumulative effect on its physical and 

thermal properties.[73] As a result of hydrogen bonding, additional energy is needed to 

separate each water molecule from its neighbours and therefore, there is unusually high 

boiling point of water,[12] as shown in Figure 3.5. In addition, boiling point data show 

that H-bonds are stronger than van der Waal bonds and simple dipole-dipole bonds.[73] 

A molecule of water favours in a number of H-bond interactions from zero to four and 

can acts as both proton donor and proton acceptor.[98] The patterns of hydrogen 
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bonding are random in water; for any water molecule selected at random, there is an 

equal probability that the four H-bonds (i.e., the two proton donors and the two proton 

acceptors) are placed at any of the four sites surrounding the oxygen atom, 30% in three 

H-bonds and smaller fractions contribute in one and two H-bonds.[99] Water molecules 

enclosed by four H-bonds tend to clump together, forming clusters.[72] These clusters 

tend to have various H-bond frameworks at high temperature. In general, the 

temperature-entropy effect reduces the number of H-bond interactions. Particularly, 

the H-bond clusters with a slightly angled strain are affected by temperature.[100] 

As water molecules are relatively well separated in an aqueous solution, there is ample 

room for bending and stretching of these H-bonds away from their favoured 

structures.[72] If hydrocarbon chains (or other polar substances) are present in water, H-

bonds will still form between the water molecules surrounding these hydrocarbon 

chains, but the degree of freedom is reduced.[102] This indicates that the entropy is 

reduced or that the hydrocarbon chain is enclosed by structured water (iceberg theory). 

Hydrogen bonding is also significant in determining whether a molecular substance can 

dissolve in water.[103] Solutes which are unable to develop H-bonds, but reduce the 

number of H-bonds of water, tend to have low solubility. Therefore, substances capable 

of considerable hydrogen bonding should be quite soluble in water.[104] 
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Figure 3.5.  Comparison of boiling points in degrees (Celsius) of simple molecules MHx, 
versus the position of M in the periodic table [101] 

3.12.2. Hydrogen bonding in alcohols 

Alcohols are similar to water, except one of the hydrogen atoms of water is substituted 

by an alkyl group. If a methyl group is replaced for one of the hydrogen of water, 

methanol forms. Methanol is also a polar molecule because the hydroxyl-group leads to 

a high boiling point. On the other hand, methane is nonpolar and its boiling point is low 

due to weak intermolecular forces.[105] Alcohol boiling points are significantly higher 

than comparable molecular mass sized ethers (first two entries)[106], and that of alkanes. 

As a result of their hydroxyl group(s), alcohols are both a proton donor and proton 

acceptor and can participate in hydrogen bonding, while alkanes cannot.[107] Hydrogen 

bonding between alcohol molecules is similar to that which takes place between water 

molecules. Additional energy is required to overcome O:...HO H-bonds before alcohol 

molecules can enter the vapor phase. The boiling points of the straight chain alcohols 
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increase as the size of the alkyl groups in an alcohol increase. It receives extra energy to 

overcome the dispersion forces. There is a decrease in the boiling point for any given 

molecular mass when branching of alkyl groups occurs.[108] 

The solubility of alcohols in water decrease as the size of the alkyl groups in alcohol 

increase.[105] The hydrophobic alkyl group has become a larger portion of the molecule, 

and properties associated with nonpolarity start to dominate. The hydroxyl group of the 

alcohol molecules interact via hydrogen bonding with water molecules.[107] The high 

solubility of the lower molecular mass alcohols such as methanol and ethanol in water 

can be attributed to hydrogen bonding between the hydroxyl group of the alcohol and 

water molecules. On the other hand, the hydrophobic alkyl group of the alcohol does 

not form hydrogen bonds with water in long-chain alcohols.[108] Methanol and ethanol 

are fully miscible in water, while 1-propanol and 1-butanol are moderately and fairly 

water-soluble, respectively. An extra -OH group attached to a hydrocarbon chain has an 

effect on water solubility. Two hydroxyl groups on a three-carbon chain, as in propylene 

glycol, convey full miscibility with water, in contrast to the restricted solubility of 1-

propanol and 2-propanol. Thus, solubility in water relies on the number of alkyl groups 

(or carbon atoms) per hydroxyl group in the alcohol molecule. As a rule of thumb, one 

hydroxyl group can solubilise three to four carbon atoms per molecule.[109] 

Wakisaka et al.[110] described the binary mixture of aqueous methanol. When a small 

amount of methanol is added to water, each hydroxyl group of methanol forms a H-

bond with water (as a monomeric form) by substituting the hydrogen bonding network 
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of water. With a rising methanol concentration, the methanol molecules join each other 

to form larger methanol clusters. The interaction of methanol with water is robustly 

dependent upon the mixing ratio. Methanol mixes with water exothermically over the 

entire range of mole fractions. This indicates the interaction of methanol with water is 

energetically favourable and creates a stable structure (or cluster). The heats of mixing 

show a minimum around the alcohol mole fraction x1 = 0.3, which may correspond to 

the maximum H-bonds formed between methanol and water molecules and thus, large 

methanol hydrate clusters were formed. In contrast, when a small quantity of water is 

added to methanol, the methanol-methanol interaction is stabilized due to the 

cooperative effect of the hydrophobic and the hydrogen-bonding interaction.  

3.12.3. Hydrogen bonding in ether 

Dimethyl ether and methyl ethyl ether are gases at ambient temperature. The boiling 

points of ethers, as compared to alkanes of similar molecular masses, are closer than to 

those of isomeric alcohols due to the inability of the ether molecules to form H-bonds 

with one another.[107] For example, the boiling point of diethyl ether (35°C, molecular 

mass 74) is very close to that of pentane (36°C, molecular mass 72) and significantly 

lower than that of its isomer n-butyl alcohol (117°C, molecular mass 74).[111] 

Intermolecular forces such as weak dipole-dipole exist in their liquid form. 

On the other hand, the oxygen of an ether can contribute as the Lewis base partner of a 

H-bond. The solubility of alcohols and ether in water are quite similar. The low 

molecular mass of alcohols (methanol, ethanol) and ethers (dimethyl ether) are water 
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soluble. However, alcohols having four carbon and higher and ethers having three 

carbon or higher have a much lower water solubility. For example, the solubility of 

diethyl ether in water is 8.4g/100ml while that of n-butyl alcohol is 7.4g/100ml.[111] The 

higher solubility of ethers in water is due to the capability of their molecules to form an 

H-bond. This solubility decreases as the sizes of the alkyl groups increase and the 

relative increase in the hydrocarbon segment of the ether molecule reduces the 

tendency of H-bond formation. 

3.12.4. Hydrogen bonding in amines 

Mono-, di-, and tri-methylamines and ethylamines are gases at ambient 

temperature.[107] Primary and secondary amines are associated as a result of the 

formation of H-bonds. While tertiary amines do not associate because of the absence of 

a hydrogen atom capable of forming H-bonds.[112] Both trimethylamine and 

methylethylamine have the same chemical formula (C3H9N) although trimethylamine 

(4°C) has a lower boiling point than methylethylamine (37°C) because trimethylamine is 

a tertiary amine and it only has a proton acceptor group; whereas, methylethylamine is 

a secondary amine and it has both proton donor and proton acceptor groups and forms 

H-bonding between them.[103] The boiling points of amines are in the middle between 

those of similar molecular masses of alkanes and alcohols.[107] This indicates that the 

O:...HO H-bond is more polar than the N:...HN H-bond. Therefore, H-bonds in alcohols are 

stronger than H-bonds in amines.[113] The difference in H-bond strength results from 

differences in electronegativity (oxygen is more electronegative than nitrogen).[107] 
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Lower molecular masses of aliphatic amines are soluble in water. With an increase in 

molecular mass, their solubility in water declines (i.e., solubility of amine in water up to 

six carbon atoms). The solubility of lower members of amine in water is due to their 

capability to form H-bonds with water molecules.[114] 

On the other hand, when an amine dissolves in water since it is a weak base (or Lewis 

base), it can react with water molecules. A proton is pulled off of the water molecule 

and shifted to the amine because it has a lone pair of electrons, changing it into a 

positively charged polyatomic ion known as a "quaternary ammonium ion".[112] The loss 

of a proton from a water molecule changes it into a hydroxide ion which makes the 

solution basic. The resulting aqueous amine solution will contain combined amine-water 

molecules with some amineH+ and OH- ions.[112] The dissolving in water is associated 

with H-bonding; whereas, dissociation of water to develop hydroxide ion is associated 

with the basic property of amines. Amines are stronger bases than oxygen-containing 

organic compounds such as alcohols and ethers since amines are stronger proton 

acceptors than the compounds.[107]  
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3.12.5. 2-(Propylamino)ethanol (PAE) 

Molar heats of mixing for the (PAE (1) + Water (2)) binary system were experimentally 

measured at three different temperatures (298.15, 313.15, and 333.15K). The 

experimental data are given in Table 6.11, and shows mole fraction dependency at 

several temperatures (Figure 3.6.). The molar heats of mixing plots for the above three 

temperatures are negative with a minimum value of around x1 = 0.45. As mentioned 

earlier, the negative sign and relative magnitude of the molar excess enthalpies indicate 

a mild exothermic mixing process between PAE and water. It also indicates that the 

interaction of PAE with water is energetically favourable and makes a stable structure 

(or cluster).[110] The exothermic mixing process between PAE and water is the result of a 

reaction between the amine group and water [112] and several groups interactions to 

form an H-bond such as -NH…:OH2, -OH…:OH2, -HO:…HOH and amineH+-HO:...HOH. The 

molar heats of mixing are less negative at 333.15K compared to the values at 313.15K 

and 298.15K, as shown in Figure 3.6.  

The coefficients of the Redlich-Kister relation and the percentages of relative deviation 

(%RD)[57] are listed in Table 3.3. The calculated molar heats of mixing for all three 

temperatures, using the Redlich-Kister equation[32], are plotted as dashed lines in Figure 

3.6. The percentages of relative deviation (%RD)[57] were 0.82, 0.60, and 0.34% for 

298.15, 313.15 and 333.15K, respectively. 
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Figure 3.6.  Molar excess enthalpy of a (PAE (1) + water (2)) binary system at three 
temperatures: ,298.15 K; , 313.15 K; ■, 333.15K and --, Redlich Kister 

Table 3.3.  Redlich-Kister coefficients for the molar excess enthalpies of a (PAE (1) + 
water (2)) binary system at three temperatures 298.15, 313.15 and 353.15K 

T /K 
Redlich Kister Coefficients 

%RD 
a0 a1 a2 a3 a4 a5 

298.15 -8656.68 1839.24 1327.31 2706.82 -5862.63 --- 0.82 

313.15 -8029.68 1896.46 945.25 -326.34 -4793.07 3312.07 0.60 

333.15 -6909.47 1530.97 690.85 -1503.03 -3737.95 4189.81 0.34 

 

Table 3.4.  Molar enthalpies of PAE at infinite dilution in water (∆𝐻1∞) and of water at 
infinite dilution in PAE (∆𝐻2∞) at three temperatures 298.15, 313.15 and 353.15K 

T/K 

 

∆𝑯𝟏
∞ (KJ·mol-1) 

 

∆𝑯𝟐
∞ (KJ·mol-1) 

298.15 

 

-17.7 

 

-8.6 

313.15 

 

-16.8 

 

-7.0 

333.15 

 

-14.2 

 

-5.7 
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Table 3.5.  NRTL and UNIQUAC coefficients for the molar excess enthalpies of a (PAE (1) 
+ water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

NRTL 
 

UNIQUAC 

Parameters 
 

Values 
 

%RD 
 

Parameters 
 

Values 
 

%RD 

a12 
 

1.73 
 

4.94 

 
a12 

 
50.00 

 

6.74 

a21 
 

-4.46 
  

a21 
 

0.11 
 

b12 / K 
 

-687.50 
  

b12 / K 
 

27.51 
 

b21 / K 
 

-6.27 
  

b21 / K 
 

274.09 
 

α 
 

0.80 
      

 

Table 3.6.  UNIFAC coefficients for the molar excess enthalpies of a (PAE (1) + water (2)) 
binary system at three temperatures (298.15, 313.15 and 353.15K) 

Groups 

(m) / 

(n) 
 

Parameters 
 

CH2 
 

CH2NH 
 

OH 
 

H2O 
 

%RD 
 

CH2 
 

anm/K 
 

--- 
 

286.20 
 

1235.30 
 

-71.33 
 

0.70 

 
bnm 

 
--- 

 
3.09 

 
-2.38 

 
-6.21 

 

 
cnm/K-1 

 
--- 

 
0.00 

 
0.00 

 
0.00 

 

CH2NH 
 

anm/K 
 

-8.83 
 

--- 
 

2869.34 
 

-486.36 
 

 
bnm 

 
-1.31 

 
--- 

 
0.81 

 
-0.73 

 

 
cnm/K-1 

 
0.00 

 
--- 

 
-0.03 

 
0.01 

 

OH 
 

anm/K 
 

1088.43 
 

-1479.71 
 

--- 
 

243.20 
 

 
bnm 

 
0.11 

 
-5.45 

 
--- 

 
-0.25 

 

 
cnm/K-1 

 
-0.01 

 
0.01 

 
--- 

 
-0.01 

 

H2O 
 

anm/K 
 

-28.42 
 

-181.83 
 

-158.05 
 

--- 
 

 
bnm 

 
-2.04 

 
-4.02 

 
-1.22 

 
--- 

 

 
cnm/K-1 

 
0.00 

 
0.00 

 
0.00 

 
--- 
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Figure 3.7.  Molar excess enthalpy of a (PAE (1) + water (2)) binary system at three 
temperatures: , 298.15K; , 313.15K; ■, 333.15K; --, NRTL 

 

Figure 3.8.  Molar excess enthalpy of a (PAE (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, UNIQUAC 
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Figure 3.9.  Molar excess enthalpy of a (PAE (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, UNIFAC 

Both the molar enthalpy of solution of PAE at infinite dilution (∆𝐻1∞) in water and water 

at infinite dilution (∆𝐻2∞) in PAE were derived using the method suggested by Maham et 

al.[65] Enthalpies at infinite dilution for PAE and water are presented in Table 3.4. Figures 

3.7, 3.8, and 3.9 represent the experimental HE of PAE + water binary system for three 

temperatures along with the fitted curves of NRTL, UNIQUAC and UNIFAC models, 

respectively. The built-in algorithm of ASPEN Plus software, also known as the "Data 

Regression System", (DRS) was used for the regression of the experimental molar heat 

of mixing data. Percentages of relative deviation (%RD)[57] between the experimental 

data and fitted data for the three models are 2.49, 6.75, and 0.70%, respectively, and 

parameters of the above models are presented in Tables 3.5 and 3.6. Among these 

models, UNIFAC furnished the best fitting to the experimental molar HE data for this 

system.  
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3.12.6. 2-(Butylamino)ethanol (BAE) 

Molar heats of mixing for a (BAE (1) + Water (2)) binary system were experimentally 

measured at three different temperatures (298.15, 313.15, and 333.15K). The 

experimental data are given in Table 6.12, and show the mole fractions dependency at 

several temperatures. The data is represented in Figure 3.10. The molar heats of mixing 

curves for the above three temperatures are negative with a minimum value of around 

x1 = 0.50. A negative sign of molar heat of mixing and its magnitude indicate a mild 

exothermic mixing process between BAE and water, which further shows that the 

interaction is energetically favourable and forms a stable structure (or cluster).[110] The 

exothermic mixing process between 2-(Butylamino)ethanol and water is due to the 

reaction between the amine group and water[112] and a number of group interactions 

such as -NH…:OH2, -OH…:OH2, -HO:…HOH and amineH+-HO:...HOH and is recognized as the 

H-bond. The molar heat of mixing become less negative as the temperature rises, as 

presented in Figure 3.10.  

The coefficients of the Redlich-Kister relation and percentages of relative deviation 

(%RD)[57] are listed in Table 3.7. The calculated molar heats of mixing for all three 

temperatures, employing the Redlich-Kister equation[32], are plotted as dashed lines in 

Figure 3.10. The percentages of relative deviation (%RD)[57] were 0.71, 0.94, and 1.40% 

for 298.15, 313.15 and 333.15K, respectively.  
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Figure 3.10.  Molar excess enthalpy of a (BAE (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, Redlich Kister 

Table 3.7.  Redlich-Kister coefficients for the molar excess enthalpies of a (BAE (1) + 
water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

T /K 
Redlich Kister Coefficients 

%RD 
a0 a1 a2 a3 a4 a5 

298.15 -8030.71 1403.54 1616.21 -1381.55 -4048.02 4009.14 0.71 

313.15 -7334.38 685.43 -138.40 1813.96 -1544.21 --- 0.94 

333.15 -5915.76 297.82 -932.53 1022.11 654.14 --- 1.40 

 

Table 3.8.  Molar enthalpies of BAE at infinite dilution in water (∆𝐻1∞) and of water at 
infinite dilution in BAE (∆𝐻2∞) at three temperatures (298.15, 313.15 and 353.15K) 

T/K 

 

∆𝑯𝟏
∞ (KJ·mol-1) 

 

∆𝑯𝟐
∞ (KJ·mol-1) 

298.15 

 

-14.5 

 

-6.4 

313.15 

 

-11.5 

 

-6.5 

333.15 

 

-7.5 

 

-4.9 
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Table 3.9.  NRTL and UNIQUAC coefficients for the molar excess enthalpies of a (BAE (1) 
+ water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

NRTL 
 

UNIQUAC 

Parameters 
 

Values 
 

%RD 
 

Parameters 
 

Values 
 

%RD 

a12 
 

2.48 
 

3.43 

 
a12 

 
1.16 

 

3.90 

a21 
 

3.00 
  

a21 
 

-0.28 
 

b12 / K 
 

-733.33 
  

b12 / K 
 

-736.09 
 

b21 / K 
 

-632.61 
  

b21 / K 
 

455.26 
 

α 
 

0.80 
      

 

Table 3.10.  UNIFAC coefficients for the molar excess enthalpies of a (BAE (1) + water 
(2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

Groups 

(m) / 

(n) 
 

Parameters 
 

CH2 
 

CH2NH 
 

OH 
 

H2O 
 

%RD 
 

CH2 
 

anm/K 
 

--- 
 

1575.90 
 

-111.26 
 

364.51 
 

0.86 

 
bnm 

 
--- 

 
-4.22 

 
0.03 

 
-0.99 

 

 
cnm/K-1 

 
--- 

 
-0.01 

 
0.00 

 
0.00 

 

CH2NH 
 

anm/K 
 

173.10 
 

--- 
 

-557.43 
 

198.80 
 

 
bnm 

 
0.78 

 
--- 

 
-4.97 

 
0.13 

 

 
cnm/K-1 

 
0.01 

 
--- 

 
0.01 

 
-0.01 

 

OH 
 

anm/K 
 

309.59 
 

861.55 
 

--- 
 

-364.39 
 

 
bnm 

 
2.11 

 
-3.61 

 
--- 

 
-0.10 

 

 
cnm/K-1 

 
0.01 

 
-0.01 

 
--- 

 
0.00 

 

H2O 
 

anm/K 
 

-30.37 
 

-271.88 
 

-141.03 
 

--- 
 

 
bnm 

 
3.98 

 
-3.32 

 
1.63 

 
--- 

 

 
cnm/K-1 

 
0.00 

 
0.00 

 
0.00 

 
--- 
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Figure 3.11.  Molar excess enthalpy of a (BAE (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, NRTL 

 

Figure 3.12.  Molar excess enthalpy of a (BAE (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, UNIQUAC 
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Figure 3.13. Molar excess enthalpy of a (BAE (1) + water (2)) binary system at three 
temperatures: , 298.15K; , 313.15K; ■, 333.15K; --, UNIFAC 

Both the molar enthalpy of solution of BAE at infinite dilution (∆𝐻1∞) in water and water 

at infinite dilution (∆𝐻2∞) in BAE were derived using the method suggested by Maham et 

al.[65] Enthalpies at infinite dilution for BAE and water are presented in Table 3.8. Figures 

3.11, 3.12, and 3.13 present the experimental HE of BAE + water binary system for three 

temperatures along with the fitted curves of NRTL, UNIQUAC and UNIFAC models, 

respectively. The built-in algorithm of ASPEN Plus software is also known as the "Data 

Regression System" (DRS) and was used for the regression of the experimental molar 

heat of mixing data. Percentages of relative deviation (%RD)[57] between the 

experimental data and fitted data for the three models are 3.02, 3.90, and 0.86%, 

respectively, and parameters of the above models are presented in Tables 3.9 and 3.10. 

Among these models, UNIFAC provided the best fitting to the experimental molar HE 

data for this system.  
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3.12.7. 1-(2-Hydroxyethyl)piperidine (HEP) 

Molar heats of mixing for the (HEP (1) + Water (2)) binary system were measured at 

three different temperatures (298.15, 313.15, and 333.15K). The experimental data are 

given in Table 6.13, showing the mole fraction dependency at several temperatures, and 

are represented in Figure 3.14. The molar excess enthalpy plots for the three 

temperatures were negative with a minimum value of around x1 = 0.4. As previously 

mentioned, the negative sign of the molar excess enthalpies of HEP and water binary 

system and their relative magnitude indicate a mild exothermic mixing process, which is 

energetically favourable and forms a stable structure (or cluster).[110] The exothermic 

mixing process between HEP and water is due to the reaction between the amine group 

and water[112] and numerous group interactions to form H-bonds. The molar heats of 

mixing are less negative at temperatures 333.15K followed by 313.15K and 298.15K, as 

shown in Figure 3.14.  

The coefficients of the Redlich-Kister relation and percentages of relative deviation 

(%RD)[57] are listed in Table 3.11. The calculated molar heats of mixing for all three 

temperatures, employing the Redlich-Kister equation[32], are plotted as dashed lines in 

Figure 3.14. The percentages of relative deviation (%RD)[57] were 0.21, 0.70, and 0.37% 

for 298.15, 313.15 and 333.15K, respectively. 

Both the molar enthalpy of solution of HEP at infinite dilution (∆𝐻1∞) in water and water 

at infinite dilution (∆𝐻2∞) in HEP were derived using the method suggested by Maham et 

al.[65]   
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Figure 3.14.  Molar excess enthalpy of a (HEP (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, Redlich Kister 

Table 3.11.  Redlich-Kister coefficients for the molar excess enthalpies of a (HEP (1) + 
water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

T /K 
Redlich Kister Coefficients 

%RD 
a0 a1 a2 a3 a4 a5 

298.15 -8635.39 3934.40 -362.50 -2398.62 -3695.54 5150.19 0.21 

313.15 -8018.92 2743.90 87.17 1677.58 -3502.17 --- 0.70 

333.15 -6487.56 2186.40 -876.95 792.42 -911.78 --- 0.37 

 

Table 3.12.  Molar enthalpies of HEP at infinite dilution in water (∆𝐻1∞) and of water at 
infinite dilution in HEP (∆𝐻2∞) at three temperatures (298.15, 313.15 and 353.15K) 

T/K 

 

∆𝑯𝟏
∞ (KJ·mol-1) 

 

∆𝑯𝟐
∞ (KJ·mol-1) 

298.15 

 

-19.4 

 

-6.0 

313.15 

 

-15.9 

 

-7.0 

333.15 

 

-11.3 

 

-5.3 
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Table 3.13.  NRTL and UNIQUAC coefficients for the molar excess enthalpies of a (HEP 
(1) + water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

NRTL 
 

UNIQUAC 

Parameters 
 

Values 
 

%RD 
 

Parameters 
 

Values 
 

%RD 

a12 
 

2.01 
 

2.63 

 
a12 

 
0.93 

 

3.94 

a21 
 

4.09 
  

a21 
 

-1.27 
 

b12 / K 
 

-666.61 
  

b12 / K 
 

-493.09 
 

b21 / K 
 

-925.62 
  

b21 / K 
 

604.67 
 

α 
 

0.80 
      

 

Table 3.14.  UNIFAC coefficients for the molar excess enthalpies of a (HEP (1) + water 
(2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

Groups 

(m) / 

(n) 
 

Parameters 
 

CH2 
 

CH2N 
 

OH 
 

H2O 
 

%RD 
 

CH2 
 

anm/K 
 

--- 
 

1098.89 
 

1014.33 
 

121.89 
 

0.40 

 
bnm 

 
--- 

 
33.13 

 
30.58 

 
-8.16 

 

 
cnm/K-1 

 
--- 

 
-0.01 

 
-0.01 

 
0.00 

 

CH2N 
 

anm/K 
 

-289.79 
 

--- 
 

1489.00 
 

-143.06 
 

 
bnm 

 
-5.21 

 
--- 

 
22.91 

 
-0.31 

 

 
cnm/K-1 

 
0.00 

 
--- 

 
-0.11 

 
0.00 

 

OH 
 

anm/K 
 

594.27 
 

-2449.09 
 

--- 
 

465.68 
 

 
bnm 

 
-2.58 

 
-3.24 

 
--- 

 
-0.36 

 

 
cnm/K-1 

 
-0.01 

 
0.02 

 
--- 

 
-0.01 

 

H2O 
 

anm/K 
 

244.66 
 

244.47 
 

-73.37 
 

--- 
 

 
bnm 

 
-4.97 

 
-4.82 

 
2.12 

 
--- 

 

 
cnm/K-1 

 
0.01 

 
0.01 

 
0.00 

 
--- 
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Figure 3.15.  Molar excess enthalpy of a (HEP (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, NRTL 

 

Figure 3.16.  Molar excess enthalpy of a (HEP (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, UNIQUAC 
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Figure 3.17. Molar excess enthalpy of a (HEP (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, UNIFAC 

The molar enthalpy of solution of HEP at infinite dilution (∆𝐻1∞) in water shows a 

linearity with temperature. Enthalpies at infinite dilution for HEP and water are 

presented in Table 3.12. Figures 3.15, 3.16, and 3.17 present the experimental HE of HEP 

+ water binary system for three temperatures along with the fitted curves of NRTL, 

UNIQUAC and UNIFAC models, respectively. The built-in algorithm of ASPEN Plus 

software, also known as the "Data Regression System" (DRS) was used for the regression 

of the experimental molar heat of mixing data. Percentages of relative deviation 

(%RD)[57] between the experimental data and the fitted data for the three models are 

2.59, 3.94, and 0.40%, respectively, and the parameters of the above models are 

presented in Tables 3.13 and 3.14. Among these models, UNIFAC furnished the best 

fitting to the experimental molar HE data for this system.  
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3.12.8. Diglycolamine (DGA) 

Molar heats of mixing for the (DGA (1) + Water (2)) binary system were measured, 

experimentally, at three different temperatures (298.15, 313.15, and 333.15K). The 

experimental data are given in Table 6.14 showing the mole fractions dependency at 

several temperatures which are represented in Figure 3.18. The molar heats of mixing 

plots for the three temperatures were negative with a minimum value of around x1 = 

0.35. As mentioned earlier, the relative magnitude and the negative sign of the molar 

heat of mixing indicate a strong exothermic mixing process between DGA and water and 

this shows that the interaction is energetically favourable and forms a stable structure 

(or cluster).[110] The exothermic mixing process between DGA and water is the result of 

the amine-water reaction[112] and several group interactions to create H-bonds such as  

-NH…:OH2, -OH…:OH2, -HO:…HOH, >O:…HOH and amineH+-HO:...HOH. The molar heats of 

mixing are more negative at temperatures of 298.15K, compared to values at 313.15K 

and 333.15K, as shown in Figure 3.18.  

The coefficients of the Redlich-Kister relation and percentages of relative deviation 

(%RD)[57] are listed in Table 3.15. The calculated molar heats of mixing for all three 

temperatures, employing the Redlich-Kister equation[32], are plotted as dashed lines in 

Figure 3.18. The percentages of relative deviation (%RD)[57] were 0.38, 0.43, and 0.29% 

for 298.15, 313.15 and 333.15K, respectively.  
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Figure 3.18.  Molar excess enthalpy of a (DGA (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, Redlich Kister 

Table 3.15.  Redlich-Kister coefficients for the molar excess enthalpies of a (DGA (1) + 
water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

T /K 
Redlich Kister Coefficients 

%RD 
a0 a1 a2 a3 a4 a5 

298.15 -8673.45 4908.85 -2378.64 3413.32 -2773.52 -1618.27 0.38 

313.15 -8359.02 4945.05 -2899.29 2383.20 -1278.53 -533.76 0.43 

333.15 -7905.38 4720.54 -3014.22 1451.73 -262.09 --- 0.29 

 

Table 3.16.  Molar enthalpies of DGA at infinite dilution in water (∆𝐻1∞) and of water at 
infinite dilution in DGA (∆𝐻2∞) at three temperatures (298.15, 313.15 and 353.15K) 

T/K 

 

∆𝑯𝟏
∞ (KJ·mol-1) 

 

∆𝑯𝟐
∞ (KJ·mol-1) 

298.15 

 

-20.5 

 

-7.1 

313.15 

 

-19.3 

 

-5.7 

333.15 

 

-17.3 

 

-5.0 
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Table 3.17.  NRTL and UNIQUAC coefficients for the molar excess enthalpies of a (DGA 
(1) + water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

NRTL 
 

UNIQUAC 

Parameters 
 

Values 
 

%RD 
 

Parameters 
 

Values 
 

%RD 

a12 
 

-0.11 
 

1.05 

 
a12 

 
-1.22 

 

1.02 

a21 
 

1.64 
  

a21 
 

-1.77 
 

b12 / K 
 

-356.09 
  

b12 / K 
 

280.68 
 

b21 / K 
 

-432.57 
  

b21 / K 
 

469.72 
 

α 
 

0.80 
      

 

Table 3.18.  UNIFAC coefficients for the molar excess enthalpies of a (DGA (1) + water 
(2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

Groups 
(m) / 

(n) 
 Parameters 

 
CH2  CH2O  CH2NH  OH  H2O  %RD 

CH2 
 anm/K 

 
---  192.26  175.35  244.10  -53.63  

0.31 

 bnm 
 

---  -0.56  -0.33  -2.24  0.04  

 cnm/K-1 
 

---  0.00  0.00  0.00  0.00  

CH2O 
 anm/K 

 
192.56  ---  207.95  270.01  -63.64  

 bnm 
 

-0.16  ---  -0.29  -2.19  0.02  

 cnm/K-1 
 

0.00  ---  0.00  0.00  0.00  

CH2NH 
 anm/K 

 
175.36  209.86  ---  256.14  -57.91  

 bnm 
 

-0.19  -0.56  ---  -2.22  0.03  

 cnm/K-1 
 

0.00  0.00  ---  0.00  0.00  

OH 
 anm/K 

 
309.84  330.54  334.04  ---  -97.33  

 bnm 
 

-0.66  -1.14  -0.88  ---  0.04  

 cnm/K-1 
 

0.00  0.00  0.00  ---  0.00  

H2O 
 anm/K 

 
-36.86  -41.20  -39.22  -55.87  ---  

 bnm 
 

-0.21  -0.12  -0.99  0.42  ---  

 cnm/K-1 
 

0.00  0.00  0.00  0.00  ---  
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Figure 3.19.  Molar excess enthalpy of a (DGA (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, NRTL. 

 

Figure 3.20.  Molar excess enthalpy of a (DGA (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, UNIQUAC 
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Figure 3.21.  Molar excess enthalpy of a (DGA (1) + water (2)) binary system at three 
temperatures: , 298.15K; , 313.15K; ■, 333.15K; --, UNIFAC 

Both the molar enthalpy of solution of DGA at infinite dilution (∆𝐻1∞) in water and water 

at infinite dilution (∆𝐻2∞) in DGA were derived using the method suggested by Maham 

et al.[65]s The data shows that the molar enthalpy of solution of DGA at infinite dilution 

(∆𝐻1∞) in water varies linearly with temperature. Enthalpies at infinite dilution for DGA 

and water are presented in Table 3.16. Figures 3.19, 3.20, and 3.21 represent the 

experimental HE of DGA + water binary system for the three temperatures along with 

the fitted curves of NRTL, UNIQUAC and UNIFAC models, respectively. Percentages of 

relative deviation (%RD)[57] between the experimental data and the fitted data for the 

three models are 0.79, 1.02, and 0.31, respectively. The parameters of the above models 

are presented in Tables 3.17 and 3.18. Among these models, UNIFAC allowed for the 

best fitting to the experimental molar HE data for this system.  
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3.12.9. Bis(2-methoxyethyl)amine (BMOEA) 

Molar heats of mixing for the (BMOEA (1) + Water (2)) binary system were measured at 

three different temperatures 298.15, 313.15, and 333.15K. The experimental data are 

given in Table 6.15 showing the mole fractions dependency at several temperatures and 

are represented in Figure 3.22. The molar heats of mixing plots for above three 

temperatures were negative with a minimum value of around x1 = 0.30. Relative 

magnitude of molar heat of mixing and its negative sign indicate a strong exothermic 

mixing process between BMOEA and water, which shows that the interaction of BMOEA 

with water is energetically favourable and forms a stable structure (or cluster).[110] The 

exothermic mixing process between BMOEA and water is the result of a amine-water 

reaction[112] and several group interactions are discussed in DGA to form H-bonds. The 

molar heats of mixing are more negative at temperatures 298.15K compared to the 

values 313.15K and 333.15K, as shown in Figure 3.22.  

The coefficients of the Redlich-Kister relation and percentages of relative deviation 

(%RD)[57] are listed in Table 3.19. The calculated molar heats of mixing for all three 

temperatures, employing the Redlich-Kister equation[32], are plotted as dashed lines in 

Figure 3.22. The percentages of relative deviation (%RD)[57] were 0.37, 0.42, and 0.98% 

for 298.15, 313.15 and 333.15K, respectively. 

Both the molar enthalpy of solution of BMOEA at infinite dilution (∆𝐻1∞) in water and 

water at infinite dilution (∆𝐻2∞) in BMOEA were derived using the method suggested by 

Maham et al.[65]   
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Figure 3.22.  Molar excess enthalpy of a (BMOEA (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, Redlich Kister 

Table 3.19.  Redlich-Kister coefficients for the molar excess enthalpies of a (BMOEA (1) + 
water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

T /K 
Redlich Kister Coefficients 

%RD 
a0 a1 a2 a3 a4 a5 

298.15 -9766.43 6736.14 -3235.81 6051.84 -5697.07 387.69 0.37 

313.15 -8511.58 6665.33 -2543.52 4946.00 -7092.29 1681.69 0.42 

333.15 -6740.03 6595.47 -4159.96 3507.57 -1567.76 --- 0.98 

 

Table 3.20.  Molar enthalpies of BMOEA at infinite dilution in water (∆𝐻1∞) and of water 
at infinite dilution in BMOEA (∆𝐻2∞) at three temperatures (298.15, 313.15 and 353.15K) 

T/K 

 

∆𝑯𝟏
∞(KJ·mol-1) 

 

∆𝑯𝟐
∞ (KJ·mol-1) 

298.15 

 

-31.9 

 

-5.5 

313.15 

 

-31.4 

 

-4.8 

333.15 

 

-22.6 

 

-2.4 
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Table 3.21.  NRTL and UNIQUAC coefficients for the molar excess enthalpies of  (BMOEA 
(1) + water (2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

NRTL 
 

UNIQUAC 

Parameters 
 

Values 
 

% RD 
 

Parameters 
 

Values 
 

%RD 

a12 
 

-0.17 
 

2.68 

 
a12 

 
24.07 

 

5.29 

a21 
 

5.38 
  

a21 
 

-4.75 
 

b12 / K 
 

-337.44 
  

b12 / K 
 

-48.51 
 

b21 / K 
 

-1368.52 
  

b21 / K 
 

1243.20 
 

α 
 

0.8 
      

 

Table 3.22.  UNIFAC coefficients for the molar excess enthalpies of a (BMOEA (1) + water 
(2)) binary system at three temperatures (298.15, 313.15 and 353.15K) 

Groups 

(m) / 

(n) 
 

Parameters 
 

CH2 
 

CH2O 
 

CH2N 
 

H2O 
 

%RD 
 

CH2 
 

anm/K 
 

--- 
 

97.95 
 

17.24 
 

50.05 
 

1.03 

 
bnm 

 
--- 

 
0.55 

 
-13.58 

 
2.62 

 

 
cnm/K-1 

 
--- 

 
0.00 

 
0.01 

 
0.00 

 

CH2O 
 

anm/K 
 

-723.49 
 

--- 
 

695.86 
 

-98.59 
 

 
bnm 

 
0.00 

 
--- 

 
-6.19 

 
-0.43 

 

 
cnm/K-1 

 
0.01 

 
--- 

 
0.00 

 
0.00 

 

CH2N 
 

anm/K 
 

1815.42 
 

-666.61 
 

--- 
 

-1025.75 
 

 
bnm 

 
0.01 

 
-3.73 

 
--- 

 
-1.11 

 

 
cnm/K-1 

 
-0.03 

 
0.01 

 
--- 

 
0.02 

 

H2O 
 

anm/K 
 

-87.03 
 

-57.97 
 

-30.14 
 

--- 
 

 
bnm 

 
7.22 

 
8.39 

 
-3.00 

 
--- 

 

 
cnm/K-1 

 
0.00 

 
0.00 

 
0.00 

 
--- 
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Figure 3.23.  Molar excess enthalpy of a (BMOEA (1) + water (2)) binary system at three 
temperatures: ,298.15K; , 313.15K; ■, 333.15K; --, NRTL 

 

Figure 3.24.  Molar excess enthalpy of a (BMOEA (1) + water (2)) binary system at three 
temperatures: , 298.15K; , 313.15K; ■, 333.15K; --, UNIQUAC 
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Figure 3.25.  Molar excess enthalpy of a (BMOEA (1) + water (2)) binary system at three 
temperatures: , 298.15K; , 313.15K; ■, 333.15K; --, UNIFAC 

The molar enthalpy of solution of water at infinite dilution (∆𝐻2∞) in BMOEA shows a 

linear dependency with temperature. Enthalpies at infinite dilution for BMOEA and 

water are presented in Table 3.20. Figures 3.23, 3.24, and 3.25 represent the 

experimental HE of BMOEA + water binary systems for three temperatures along with 

the fitted curves of NRTL, UNIQUAC and UNIFAC models, respectively. The percentages 

of relative deviation (%RD)[57] between the experimental data and the fitted data for the 

three models are 2.68, 5.29, and 1.03%, respectively, and the parameters of the above 

models are presented in Tables 3.21 and 3.22. Among these models, UNIFAC had the 

best fitting to the experimental molar HE data for this system.  
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3.13. Comparison of the excess molar enthalpy data of different alkanolamines 

A comparison among the five molar excess enthalpies is shown in Figures 3.26, 3.27 and 

3.28. Among the five amine-water binary systems, BMOEA + water system exhibited the 

lowest values of molar excess enthalpy at 298.15K followed by DGA + water, HEP + 

water, PAE + water and BAE + water. The minimum molar excess enthalpy values for all 

five amines occurred in the water region near 0.3 to 0.45 mole fraction, except for BAE 

which occurred near 0.5 mole fraction. It is at this mixing ratio (minimum HE) value that 

the enthalpy is the most exothermic which corresponds to the maximum number of 

interactions (H-bonds) between the alkanolamine and water molecules. The interaction 

of alkanolamines with water are strongly dependent on the mixing ratio.[110] 

Alkanolamines are multifunctional compounds with amine, alcohol, ether and alkyl 

groups. In general, they are soluble in water and form H-bonds due to the hydroxyl, 

ether and amino groups. Considering the molecular structures of ethanol and 

monoethanolamine (MEA), one hydrogen of the methyl (–CH3) group of ethanol 

(EtOH)[116] is substituted by an amine (–NH2) group to form monoethanolamine (MEA). 

As a result of this substitution, it was experimentally observed that a large amount of 

heat was released or in other words, the molar excess enthalpy decreased, as shown in 

Figure 3.29. This is due to the interaction between the nitrogen of an amine group with 

the water molecule and during this reaction, a dissociation of water molecules occurs. 

A comparison between alkylaminoethanols is presented in Figure 3.29. 

Methylaminoethanol (MAE)[4] exhibited the lowest molar excess enthalpy at 298.15K 

followed by ethylaminoethanol (EAE)[31], PAE and BAE. This indicates the molar excess 
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enthalpies of alkylaminoethanol increase with an increase in the size of the carbon 

chain, in agreement with Mathonat et al.[31]. As previously mentioned, the molar heat of 

mixing became more positive as the temperature rose. In general, the effects of 

hydrogen-bonding decrease at higher temperatures where the kinetic energy of the 

molecules is enough to break these loose bonds.[115] In addition, similar contribution of 

alkyl- groups, observed at higher temperatures, are presented in Figures 3.30 and 3.31. 

The order of HE for alkylaminoethanol is: 

 BAE > PAE > EAE> MAE 

or Butyl > Propyl > Ethyl > Methyl (3.27) 

2,3-Diethylaminoethanol (DEEA)[43] and 2-Butylaminoethanol (BAE) have the same 

chemical formula (C6H15NO) while BAE (secondary amine with butyl and one ethanol 

groups) has a higher molar excess enthalpy than DEEA (tertiary amine with two ethyl 

and one ethanol groups), as presented in Figure 3.34. 3-Amino-1-propanol (AP)[40] and 

Methylaminoethanol (MAE)[4] are both isomers and their chemical formula is C3H9NO. 

AP (primary amine with one propanol group) has a higher molar excess enthalpy than 

MAE (secondary amine with one methyl and one ethanol groups), as shown in Figure 

3.34. The order of the HE for amines is therefore: 

 primary amine > secondary amine > tertiary amine (3.28) 

As well known in CO2-amine kinetics, primary and secondary amines show faster 

reaction with CO2 when compared to tertiary amine. The presence of hydrogen in 

primary and secondary amines allows for the reaction with CO2, whereas for tertiary 
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amines, the absence of hydrogen makes the reaction in water quite slow as to appear to 

be only a physical absorption. 

HEP has lower excess enthalpy as compared to PAE and BAE, whereas all have an 

ethanolamine group, HEP is a cyclic alkylethanolamine with a tertiary amine, while PAE 

and BAE are straight chain alkylethanolamines with secondary amines (Figure 3.26). 

Primary and secondary amines are associated with water with the hydrogen forming an 

H-bond. HEP is a tertiary amine and tertiary amines do not associate with water as a 

result of the absence of a hydrogen atom capable of forming H-bonds.[112]  

In addition, considering the molecular structure of a diamine 1-(2-hydroxyethyl) 

piperazine (1, 2-HEPZ)[41], 4-(2-Hydroxyethyl) morpholine (4, 2-HEMO)[41]and HEP. HEP is 

a cyclic compound and has a higher excess molar enthalpy because the alkyl- group does 

not form hydrogen bonding. In contrast, the ether group of the 4, 2-HEMO forms H-

bonding with water molecules, whereas the amine group reacts with water to form 

quaternary ammonium ion as well as it forms H-bonding with water and has the lowest 

excess molar enthalpy as presented in Figure 3.32. In adding a second amine group to 

form 2-HEPZ from HEP, the excess molar enthalpy is greatly increase (negative sense). In 

general, the molar excess enthalpies of aqueous alkanolamines increased with the 

increase in temperature and more or less each group contribution appeared with its 

own molar excess enthalpy increment pattern. Figures 3.27 and 3.28 show that the 

excess molar enthalpy of HEP increased abruptly at higher temperatures, and the 

contributions of both the cyclic alkyl- group and tertiary amine were observed. 
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When considering the molecular structures of Diethanolamine (DEA)[65] and Bis(2-

methoxyethyl)amine (BMOEA), it is obvious that each hydrogen of the hydroxyl (-OH) 

group of DEA is substituted with a methyl (–CH3) group. Figure 3.33 shows, that as a 

result of these substitutions, a decrease in the molar excess enthalpy occurs. The H-

bond between an ether group and a water molecule is stronger than a hydroxyl group 

and a water molecule.  

Furthermore, by comparing the molecular structures of MEA and DGA, it is as if in the 

middle of the MEA molecule, a dimethylether group was introduced. It was 

experimentally discovered that despite this, the molar excess enthalpy has observed a 

less drastic change than that anticipated at 298.15K. In the case of DGA, the ether group 

releases large amounts of heat and the size of the alkyl chain increases, as observed in 

the case of BMOEA and alkylaminoethanols. The ether group is known to form an H-

bond with water that is stronger than the one formed with a hydroxyl group. 
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Figure 3.26.  Comparison of measured excess molar enthalpies of the five selected 
(alkanolamines (1) + water (2)) binary systems at 298.15K: -, PAE; -, BAE; ■-, HEP; 
-, DGA; ▲-, BMOEA 

 

Figure 3.27.  Comparison of measured excess molar enthalpies of the five selected 
(alkanolamines (1) + water (2)) binary systems at 313.15K: -, PAE; -, BAE; ■-, HEP; 
-, DGA; ▲-, BMOEA 
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Figure 3.28.  Comparison of measured excess molar enthalpies of the five selected 
(alkanolamines (1) + water (2)) binary systems at 333.15K: -, PAE; -, BAE; ■-, HEP; 
-, DGA; ▲-, BMOEA 

 

Figure 3.29.  Comparison of measured excess molar enthalpies of solvent (1) + water (2) 
binary systems at 298.15K: ○-, EtOH[116]; -, MEA; -, MAE[4]; ■-, EAE[31]; -, PAE; ▲-, 
BAE 
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Figure 3.30.  Comparison of measured excess molar enthalpies of alkylaminoethanol (1) 
+ water (2) binary systems at 313.15K: -, MAE[4]; -, PAE; ▲-, BAE 

 

Figure 3.31.  Comparison of measured excess molar enthalpies of alkylaminoethanol (1) 
+ water (2) binary systems at 333.15K: -, MAE[4]; -, PAE; -▲-, BAE 
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Figure 3.32.  Comparison of measured excess molar enthalpies of alkanolamine (1) + 
water (2) binary systems at 298.15K: -, HEP; -, 1, 2-HEPZ[41]; ■-, 4, 2-HEMO[41] 

 

Figure 3.33.  Comparison of measured excess molar enthalpies of alkanolamine (1) + 
water (2) binary systems at 298.15K: ■-, MEA; -, DEA[65] ; -, TEA[65]; -, BMOEA 
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Figure 3.34.  Comparison of measured excess molar enthalpies of alkanolamine (1) + 
water (2) binary systems at 298.15K: -, AP[4]; -, EAE[31]; ■-, DMAE[4]; -, MAE[4]; ▲-, 
BAE; ○-, DEEA[43] 
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"And certainly did We create man from an extract of clay. Then We placed him as a 
sperm-drop in a firm lodging [i.e., the womb]. Then We made the sperm-drop into a 
clinging clot, and We made the clot into a lump [of flesh], and We made [from] the lump, 
bones, and We covered the bones with flesh; then We developed him into another 
creation. So blessed is Allah, the best of creators". 

(Quran: 23:12-14) 

4. CONCLUSION AND FUTURE WORK 

 

4.1. Conclusion 

Molar heat capacities of aqueous EAE, PAE, BAE, HEP, and BMOEA solutions were 

measured at eleven temperatures ranging from 303.15 to 353.15K for the entire range 

of mole fractions. Both BMOEA and BAE exhibited the maximum Cp values whereas, EAE 

had the lowest values. Cp increased with an increase in the size of the alkyl group. 

Primary amines where associated with the lowest values, followed by secondary and 

tertiary amines. Cyclic alkyl groups (excluding aromatic amines) were associated with 

values lower than straight chains, and the ether group contributed to a higher heat 

capacity than the hydroxyl group. 

Derived molar excess heat capacity (CpE) values were positive at all temperatures and 

mole fractions. The data were correlated as a function of x1 using the Redlich-Kister 

expression. The shape of all curves for CpE and reduced CpE, were of the general case 

(compounds with differences in polarity and size) as categorized by Desnoyers and 

Perron. [47] Partial molar excess quantities of amines did not show any particular trend 
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associated with temperature. Percentages of relative deviation of all predicted Cp data 

for GAA and MCA were found to be 1.83 and 2.64%, respectively. 

Alkanolamines are usually water soluble and form H-bonds due to the presence of 

hydroxyl, ether and amine groups. Amine groups acting as strong bases react with water 

molecule. BMOEA exhibited the lowest values for HE at 298.15K, followed by DGA, HEP, 

PAE and BAE. The excess enthalpies increased with an increase in the size of the carbon 

chain, in agreement with the conclusion of Mathonat et al.[31] HE becomes more positive 

as the temperature increases. Cyclic amines (not including aromatic amines) had lower 

values than straight chain amines. Tertiary amines exhibited the lowest values, followed 

by secondary, then primary amines. In general, the ether group formed stronger H-

bonding with water than the hydroxyl group. 

The Redlich–Kister expression was used to correlate the experimentally measured HE 

data as a function of x1. Molar enthalpies at infinite dilution were calculated from the 

coefficients of Redlich–Kister. Data were regressed using NRTL, UNIQUAC and the 

modified UNIFAC (Dortmund) model. The modified UNIFAC correlated with the lowest 

%RD for all systems. 
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4.2. Future work 

The folowing work is suggested: 

• The measurement of molar heat capacity and the molar excess enthalpy for binary 

mixtures of alkanolamines at higher temperatures and for ternary mixtures of 

alkanolamines at different temperatures. 

• Determination of molar heat capacity and molar excess enthalpy for CO2 and H2S 

loaded alkanolamines at a wide range of temperatures and pressures. 

• Improvement to the Group Additivity Analysis (GAA) in order to gain the ablilty to 

predict the heat capacity of alkanolamines in a case where the alcoholic group is 1o, 

2o, 3o (based on the position of OH on the carbon atom i.e. -CH2-OH, >CH-OH,  

→C-OH), cyclic-CH2 and straight chain-CH2 group. 

• Further investigation into the heat of mixing using computational chemistry is 

recommended. 
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6. APPENDICES 

6.1. Appendix 1 - molar heat capacity 

Molar heat capacities of the aqueous EAE, PAE, BAE, HEP, and BMOEA solutions were 

measured  at eleven temperatures ranging from 303.15 to 353.15K and over the entire 

range of mole fractions. The calculated molar excess heat capacity data for above five 

studied aqueous amine solution are reported in this section.  

Table 6.1.  Experimental molar heat capacity of aqueous 2-(Ethylamino)ethanol (EAE) 
solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 2-(Ethylamino)ethanol  (x1) 

 
0.1002 0.2004 0.2998 0.4010 0.5009 0.6007 0.7019 0.8007 0.9005 

 
Molar Heat Capacity Cp / J·mol-1·K-1 

303.15 

 

104 119 132 148 161 175 190 204 218 

308.15 

 

106 122 136 152 165 179 193 207 221 

313.15 

 

106 123 138 154 168 182 196 210 223 

318.15 

 

107 125 141 156 171 185 199 212 225 

323.15 

 

109 127 143 159 174 188 202 215 228 

328.15 

 

110 130 146 163 178 192 205 218 230 

333.15 

 

112 133 150 166 182 195 209 222 233 

338.15 

 

115 137 154 170 186 200 212 225 236 

343.15 

 

118 141 159 175 191 204 215 229 239 

348.15 

 

123 147 165 182 198 210 220 233 241 

353.15 

 

128 153 172 188 204 215 226 238 246 
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Table 6.2.  Experimental molar heat capacity of aqueous 2-(Propylamino)ethanol (PAE) 
solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 2-(Propylamino)ethanol (x1) 

 
0.1002 0.2002 0.3000 0.3999 0.4998 0.5996 0.7003 0.7999 0.9003 

 
Molar Heat Capacity Cp / J·mol-1·K-1 

303.15 

 

107 126 145 163 181 199 215 232 248 

308.15 

 

109 128 148 167 185 203 220 236 252 

313.15 

 

109 130 150 170 188 206 224 240 256 

318.15 

 

110 132 153 173 191 209 227 243 258 

323.15 

 

112 134 157 176 194 213 230 247 261 

328.15 

 

113 137 160 180 198 217 234 250 264 

333.15 

 

115 140 164 185 203 221 238 253 267 

338.15 

 

117 144 168 190 208 227 243 258 270 

343.15 

 

120 149 174 196 214 232 248 261 273 

348.15 

 

123 155 180 203 221 238 253 267 277 

353.15 

 

126 161 188 210 228 244 260 272 282 
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Table 6.3.  Experimental molar heat capacity of aqueous 2-(Butylamino)ethanol (BAE) 
solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 2-(Butylamino)ethanol (x1) 

 
0.1002 0.2008 0.3012 0.4006 0.5006 0.6000 0.7012 0.8003 0.9007 

 
Molar Heat Capacity Cp / J·mol-1·K-1 

303.15 

 

108 132 154 176 196 215 235 254 272 

308.15 

 

111 136 159 181 204 222 243 261 280 

313.15 

 

112 138 162 185 208 227 246 265 283 

318.15 

 

114 142 167 189 212 231 250 268 286 

323.15 

 

117 146 172 194 216 235 254 272 289 

328.15 

 

120 151 178 200 222 240 258 276 291 

333.15 

 

124 156 185 208 229 247 264 280 294 

338.15 

 

129 163 192 216 237 255 270 286 298 

343.15 

 

135 171 201 224 246 264 280 294 306 

348.15 

 

144 182 212 235 256 273 287 301 312 

353.15 

 

156 195 225 247 264 281 294 307 318 
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Table 6.4.  Experimental molar heat capacity of aqueous 1-(2-Hydroxyethyl)piperidine 
(HEP) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 1-(2-Hydroxyethyl)piperidine (x1) 

 
0.1000 0.2006 0.3005 0.4008 0.4997 0.6010 0.7016 0.8006 0.9000 

 
Molar Heat Capacity Cp / J·mol-1·K-1 

303.15 

 

108 130 151 170 188 207 224 240 255 

308.15 

 

110 133 154 175 194 212 231 247 262 

313.15 

 

111 135 157 178 198 216 235 250 265 

318.15 

 

112 137 161 182 203 221 238 254 269 

323.15 

 

113 139 165 187 208 226 243 258 273 

328.15 

 

115 142 169 192 213 232 248 262 277 

333.15 

 

117 145 173 198 219 238 252 267 281 

338.15 

 

119 148 177 202 225 243 256 270 285 

343.15 

 

121 152 181 207 231 248 263 275 289 

348.15 

 

124 156 187 213 236 255 268 280 293 

353.15 

 

125 159 190 218 242 260 274 285 297 
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Table 6.5.  Experimental molar heat capacity of aqueous Bis(2-methoxyethyl)amine 
(BMOEA) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of Bis(2-methoxyethyl)amine (x1) 

 
0.0998 0.2002 0.3007 0.4008 0.5008 0.6006 0.7002 0.8003 0.9002 

 
Molar Heat Capacity Cp / J·mol-1·K-1 

303.15 

 

109 135 161 185 207 228 246 264 279 

308.15 

 

112 139 165 191 213 234 252 270 285 

313.15 

 

113 141 168 193 215 237 255 273 287 

318.15 

 

115 144 171 197 218 240 258 274 288 

323.15 

 

118 147 175 201 222 244 261 277 289 

328.15 

 

120 151 180 205 229 248 265 280 291 

333.15 

 

122 156 186 212 234 254 271 284 295 

338.15 

 

127 162 193 221 243 262 278 291 302 

343.15 

 

131 170 202 228 251 270 285 297 308 

348.15 

 

138 180 214 241 263 279 294 305 313 

353.15 

 

148 191 226 254 276 290 302 311 318 

 

 

  



154 
 

Table 6.6.  Calculated molar excess heat capacity of aqueous 2-(Ethylamino)ethanol 
(EAE) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 2-(Ethylamino)ethanol (x1) 

 
0.1002 0.2004 0.2998 0.4010 0.5009 0.6007 0.7019 0.8007 0.9005 

 
Molar Excess Heat Capacity CpE / J·mol-1·K-1 

303.15 

 

12.6 12.1 10.2 9.6 7.4 5.9 4.8 3.2 2.0 

308.15 

 

14.3 14.5 12.8 12.6 10.0 8.3 6.5 4.5 2.3 

313.15 

 

14.9 15.8 14.5 14.4 11.9 9.8 7.9 5.4 2.9 

318.15 

 

15.7 17.3 16.4 15.8 14.1 11.7 9.5 6.6 3.4 

323.15 

 

16.7 19.1 18.5 17.6 16.2 13.6 11.0 7.6 3.8 

328.15 

 

18.0 21.2 20.9 20.4 18.9 15.9 12.8 9.2 4.7 

333.15 

 

19.9 24.0 23.5 23.2 21.7 18.2 14.6 10.8 5.4 

338.15 

 

22.3 27.3 26.8 26.3 25.0 21.2 16.6 12.8 6.2 

343.15 

 

25.2 31.2 31.2 30.1 28.9 23.9 18.3 14.7 7.0 

348.15 

 

29.5 36.1 36.8 35.9 34.4 28.9 21.3 16.7 7.5 

353.15 

 

34.7 41.7 42.4 40.5 38.5 31.6 24.1 19.1 8.4 
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Table 6.7.  Calculated molar excess heat capacity of aqueous 2-(Propylamino)ethanol 
(PAE) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 2-(Propylamino)ethanol (x1) 

 
0.1002 0.2002 0.3000 0.3999 0.4998 0.5996 0.7003 0.7999 0.9003 

 
Molar Excess Heat Capacity CpE / J·mol-1·K-1 

303.15 

 

12.8 13.3 12.9 12.5 11.3 10.1 7.6 5.6 3.3 

308.15 

 

13.9 14.6 15.1 14.8 13.7 12.2 9.8 7.1 4.1 

313.15 

 

14.4 15.7 16.7 16.8 15.7 14.0 12.2 9.4 5.5 

318.15 

 

15.3 17.3 18.7 19.3 17.8 16.2 14.2 10.8 6.3 

323.15 

 

16.4 19.3 21.7 21.8 20.0 18.7 16.4 12.7 7.4 

328.15 

 

17.7 21.6 24.6 24.8 22.7 21.1 18.3 14.2 7.9 

333.15 

 

19.5 24.5 27.8 28.6 26.4 23.8 20.9 15.7 9.3 

338.15 

 

21.5 27.9 31.7 33.1 30.7 29.0 24.8 19.1 10.7 

343.15 

 

24.0 32.0 36.2 38.3 35.6 33.1 28.4 21.4 12.2 

348.15 

 

26.7 37.3 41.7 43.5 40.4 37.0 31.2 23.4 12.9 

353.15 

 

29.2 42.6 48.2 49.4 46.1 40.9 35.1 26.6 14.6 
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Table 6.8.  Calculated molar excess heat capacity of aqueous 2-(Butylamino)ethanol 
(BAE) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 2-(Butylamino)ethanol (x1) 

 
0.1002 0.2008 0.3012 0.4006 0.5006 0.6000 0.7012 0.8003 0.9007 

 
Molar Excess Heat Capacity CpE / J·mol-1·K-1 

303.15 

 

11.4 13.6 14.1 15.0 14.1 11.3 9.5 7.2 4.0 

308.15 

 

13.1 16.2 17.3 17.5 17.6 14.2 12.1 8.5 5.2 

313.15 

 

14.5 18.2 19.7 19.9 20.1 17.0 13.9 10.1 5.8 

318.15 

 

16.3 21.3 23.1 22.8 23.5 20.0 16.3 12.1 6.7 

323.15 

 

18.6 24.8 28.0 26.9 26.9 23.1 18.8 14.4 7.9 

328.15 

 

21.5 29.2 33.0 32.8 31.0 26.7 21.5 16.2 8.9 

333.15 

 

25.3 34.0 39.8 40.0 37.7 32.5 26.0 19.1 9.7 

338.15 

 

30.0 40.1 45.7 46.4 44.4 38.8 30.7 22.9 11.7 

343.15 

 

35.9 47.1 53.1 52.9 50.5 45.1 36.8 26.8 14.4 

348.15 

 

44.1 57.0 63.4 61.7 58.0 51.1 40.9 30.3 16.9 

353.15 

 

55.3 69.6 75.0 72.1 65.3 56.9 45.5 34.0 19.8 
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Table 6.9.  Calculated molar excess heat capacity of aqueous 1-(2-
Hydroxyethyl)piperidine (HEP) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of 1-(2-Hydroxyethyl)piperidine (x1) 

 
0.1000 0.2006 0.3005 0.4008 0.4997 0.6010 0.7016 0.8006 0.9000 

 
Molar Excess Heat Capacity CpE / J·mol-1·K-1 

303.15 

 

13.0 15.3 16.6 15.9 15.0 13.7 11.3 8.3 4.0 

308.15 

 

14.6 16.9 18.1 18.5 17.6 15.3 13.6 9.6 4.3 

313.15 

 

15.0 18.1 20.4 20.5 20.1 17.7 15.6 10.5 5.1 

318.15 

 

15.8 19.6 22.9 23.6 23.0 20.5 16.9 11.8 6.1 

323.15 

 

16.8 21.3 25.9 27.2 26.7 23.9 18.9 13.1 7.2 

328.15 

 

17.9 23.5 29.5 31.0 30.7 27.7 22.1 14.7 8.4 

333.15 

 

19.3 25.8 32.4 35.2 35.3 32.0 24.0 17.2 9.5 

338.15 

 

21.0 28.7 35.0 37.8 39.3 34.8 26.3 18.5 10.9 

343.15 

 

23.3 31.9 39.0 42.2 43.7 38.6 30.9 20.9 12.8 

348.15 

 

25.6 35.1 43.2 46.6 47.9 43.6 34.0 23.8 14.6 

353.15 

 

26.3 38.2 45.7 51.5 52.8 47.4 38.8 27.1 16.6 
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Table 6.10.  Calculated molar excess heat capacity of aqueous Bis(2-methoxyethyl)amine 
(BMOEA) solution at several temperatures from 303.15 to 353.15K 

T/K 
 

Mole Fraction of Bis(2-methoxyethyl)amine(x1) 

 
0.0998 0.2002 0.3007 0.4008 0.5008 0.6006 0.7002 0.8003 0.9002 

 
Molar Excess Heat Capacity CpE / J·mol-1·K-1 

303.15 

 

11.8 16.0 19.9 22.6 22.8 21.6 17.9 13.5 7.1 

308.15 

 

14.3 18.9 22.2 25.5 25.2 23.9 19.5 15.1 7.8 

313.15 

 

15.6 20.7 24.5 27.7 27.1 26.2 22.1 16.9 8.5 

318.15 

 

17.5 23.0 27.5 30.7 29.9 28.7 24.4 17.8 9.5 

323.15 

 

19.9 25.9 31.1 34.7 33.5 32.3 27.2 20.7 10.1 

328.15 

 

21.7 30.4 35.8 38.3 39.0 35.9 30.1 22.0 10.7 

333.15 

 

23.9 34.5 41.1 44.1 43.5 40.4 33.8 24.4 11.8 

338.15 

 

28.3 39.1 46.4 50.6 49.3 44.4 37.2 26.6 14.0 

343.15 

 

31.7 46.4 54.4 56.6 55.5 50.2 41.6 29.3 15.7 

348.15 

 

37.8 56.0 65.3 68.5 65.4 57.9 48.4 34.6 18.4 

353.15 

 

47.6 66.3 76.6 80.0 76.9 66.9 53.9 38.7 21.2 
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6.2. Appendix 2 - molar excess enthapy 

The experimental molar excess enthalpies of (Amine (1) + Water (2)) binary systems for 

PAE, BAE, HEP, DGA, and BMOEA were measured at three temperatures 298.15, 313.15 

and 323.15K and over the entire range of mole fractions are also included in this section. 

Table 6.11.  Molar excess enthalpies of (PAE (1) + water (2)) binary system at 298.15, 
313.15 and 353.15K 

Temperature T/K 

298.15 
 

313.15 
 

333.15 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 

0.1000 
 

-1188 
 

0.1003 
 

-1072 
 

0.1004 
 

-886 

0.1979 
 

-1665 
 

0.2006 
 

-1529 
 

0.1997 
 

-1293 

0.2985 
 

-2020 
 

0.3001 
 

-1861 
 

0.3005 
 

-1559 

0.3993 
 

-2159 
 

0.4009 
 

-2005 
 

0.4012 
 

-1734 

0.5013 
 

-2137 
 

0.5001 
 

-2001 
 

0.5000 
 

-1723 

0.6012 
 

-1994 
 

0.6002 
 

-1832 
 

0.6004 
 

-1578 

0.7009 
 

-1605 
 

0.7018 
 

-1519 
 

0.7013 
 

-1333 

0.8009 
 

-1152 
 

0.7997 
 

-1109 
 

0.8001 
 

-991 

0.9001 
 

-664 
 

0.9007 
 

-626 
 

0.9000 
 

-557 
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Table 6.12.  Molar excess enthalpies of (BAE (1) + water (2)) binary system at 298.15, 
313.15 and 353.15K 

Temperature T/K 

298.15 
 

313.15 
 

333.15 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 

0.1002 
 

-940 
 

0.0999 
 

-868 
 

0.1003 
 

-632 

0.2002 
 

-1400 
 

0.1998 
 

-1325 
 

0.2002 
 

-1044 

0.3015 
 

-1791 
 

0.3013 
 

-1642 
 

0.3011 
 

-1330 

0.3967 
 

-1948 
 

0.4008 
 

-1805 
 

0.4002 
 

-1433 

0.5010 
 

-2024 
 

0.5016 
 

-1843 
 

0.5003 
 

-1470 

0.6021 
 

-1834 
 

0.6010 
 

-1702 
 

0.6016 
 

-1415 

0.6938 
 

-1574 
 

0.7005 
 

-1473 
 

0.7010 
 

-1252 

0.8007 
 

-1133 
 

0.8012 
 

-1095 
 

0.8007 
 

-888 

0.9012 
 

-618 
 

0.9001 
 

-580 
 

0.9006 
 

-507 
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Table 6.13.  Molar excess enthalpies of (HEP (1) + water (2)) binary system at 298.15, 
313.15 and 353.15K 

Temperature T/K 

298.15 
 

313.15 
 

333.15 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 

0.1000 
 

-1258 
 

0.0998 
 

-1129 
 

0.1009 
 

-872 

0.1992 
 

-1836 
 

0.2005 
 

-1657 
 

0.2014 
 

-1344 

0.3003 
 

-2153 
 

0.2998 
 

-1959 
 

0.3002 
 

-1593 

0.3998 
 

-2262 
 

0.4005 
 

-2067 
 

0.4019 
 

-1675 

0.5016 
 

-2161 
 

0.5006 
 

-2006 
 

0.5012 
 

-1624 

0.6013 
 

-1880 
 

0.6005 
 

-1777 
 

0.6011 
 

-1445 

0.7005 
 

-1542 
 

0.7009 
 

-1442 
 

0.7007 
 

-1210 

0.8002 
 

-1116 
 

0.8006 
 

-1040 
 

0.7997 
 

-870 

0.9131 
 

-534 
 

0.9009 
 

-557 
 

0.9000 
 

-473 
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Table 6.14.  Molar excess enthalpies of (DGA (1) + water (2)) binary system at 298.15, 
313.15 and 353.15K 

Temperature T/K 

298.15 
 

313.15 
 

333.15 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 

0.0996 
 

-1475 
 

0.0996 
 

-1410 
 

0.1003 
 

-1301 

0.2013 
 

-2169 
 

0.1992 
 

-2086 
 

0.2011 
 

-1959 

0.3006 
 

-2356 
 

0.3014 
 

-2295 
 

0.3010 
 

-2175 

0.4011 
 

-2351 
 

0.4004 
 

-2284 
 

0.3998 
 

-2157 

0.5012 
 

-2175 
 

0.5010 
 

-2091 
 

0.5015 
 

-1969 

0.6007 
 

-1851 
 

0.6008 
 

-1777 
 

0.6006 
 

-1705 

0.7000 
 

-1463 
 

0.7001 
 

-1424 
 

0.6997 
 

-1340 

0.7998 
 

-1017 
 

0.7998 
 

-977 
 

0.8006 
 

-941 

0.9005 
 

-553 
 

0.9004 
 

-515 
 

0.9011 
 

-483 
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Table 6.15.  Molar excess enthalpies of (BMOEA (1) + water (2)) binary system at 298.15, 
313.15 and 353.15K. 

Temperature T/K 

298.15 
 

313.15 
 

333.15 

x1 
 

HE/J·mol-1 
 

x1 
 

HE/ J·mol-1 
 

x1 
 

HE/ J·mol-1 

0.1007 
 

-2062 
 

0.1000 
 

-1936 
 

0.0997 
 

-1535 

0.1998 
 

-2720 
 

0.2005 
 

-2479 
 

0.2008 
 

-2108 

0.3011 
 

-2844 
 

0.3008 
 

-2549 
 

0.3017 
 

-2170 

0.4011 
 

-2714 
 

0.3999 
 

-2403 
 

0.3993 
 

-1972 

0.5001 
 

-2431 
 

0.5029 
 

-2103 
 

0.5010 
 

-1690 

0.6008 
 

-2042 
 

0.6018 
 

-1745 
 

0.5998 
 

-1327 

0.7003 
 

-1548 
 

0.7007 
 

-1278 
 

0.7007 
 

-974 

0.8003 
 

-997 
 

0.8007 
 

-816 
 

0.8004 
 

-580 

0.9000 
 

-504 
 

0.9001 
 

-419 
 

0.9001 
 

-274 
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6.3. Appendix 3 - miscellaneous 

6.3.1. Materials 

Alkanolamines used in this study were purchased from Sigma-Aldrich with a mass purity 

of 99.5% for Monoethanolamine, ≥99% for N-Methyldiethanolamine, ≥98% for 2-

(Ethylamino)ethanol, ≥99% for 2-(Propylamino)ethanol, ≥98% for 2-

(Butylamino)ethanol, 99% for 1-(2-Hydroxyethyl)piperidine, and 98% for Diglycolamine, 

and 98% for Bis(2-methoxyethyl)amine were used without any further purification. A 

standard reference material synthetic sapphire 99.99% pure by mass (chemical name: 

Al2O3,) was purchased from the National Institute of Standards and Technology, 

Gaithersburg. 

6.3.2. Solution preparation 

All solutions were prepared on the basis of mole fractions and an analytical balance 

Ohaus (Model AP250D, Florham Park, NJ) was used to prepare the binary mixtures of 

alkanolamine and deionized water with a precision of ±0.1mg. Amount of water needed 

for the specific mole fractions of solvent was calculated as: 

 𝑀𝑜𝑙𝑒𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑥𝑖) = 𝑚𝑜𝑙𝑒𝑠𝑜𝑓𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑖
𝑡𝑜𝑡𝑎𝑙𝑚𝑜𝑙𝑒𝑠𝑜𝑓𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

 (6.1) 

 𝑀𝑜𝑙𝑒𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑥) =
𝑀𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑀.𝑊𝑡.𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑀𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑀.𝑊𝑡.𝑠𝑜𝑙𝑣𝑒𝑛𝑡
+ 𝑀𝑤𝑎𝑡𝑒𝑟
𝑀.𝑊𝑡.𝑤𝑎𝑡𝑒𝑟

 (6.2) 

or 

 𝑥 = 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡+𝑁𝑤𝑎𝑡𝑒𝑟

 (6.3) 
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where 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 = 𝑀𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑀.𝑊𝑡.𝑠𝑜𝑙𝑣𝑒𝑛𝑡

and 𝑁𝑤𝑎𝑡𝑒𝑟 = 𝑀𝑤𝑎𝑡𝑒𝑟
𝑀.𝑊𝑡.𝑤𝑎𝑡𝑒𝑟

 

 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 = 𝑥(𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 + 𝑁𝑤𝑎𝑡𝑒𝑟) (6.4) 

or 

 𝑁𝑤𝑎𝑡𝑒𝑟 = �𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑥

� − 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (6.5) 

 𝑁𝑤𝑎𝑡𝑒𝑟 = 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 �
1
𝑥
− 1� (6.6) 

 𝑀𝑤𝑎𝑡𝑒𝑟
𝑀.𝑊𝑡.𝑤𝑎𝑡𝑒𝑟

= 𝑀𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑀.𝑊𝑡.𝑠𝑜𝑙𝑣𝑒𝑛𝑡

�1
𝑥
− 1� (6.7) 

 𝑀𝑤𝑎𝑡𝑒𝑟 = 𝑀.𝑊𝑡.𝑤𝑎𝑡𝑒𝑟× 𝑀𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑀.𝑊𝑡.𝑠𝑜𝑙𝑣𝑒𝑛𝑡

�1
𝑥
− 1� (6.8) 

where x is the mole fraction of alkanolamine, M and M.Wt. are the mass and molecular 

weight, respectively. For a known amount of solvent, Equation 6.8 was used to calculate 

the required amount of water at a specific mole fraction (x) . 

6.3.3. Sources of error 

During the experimental study, there are several sources of indeterminate errors: (a) 

solvent may get stuck in the cell walls and may never blend with the whole solution; (b) 

absorption of carbon dioxide throughout the weighing process of the solvents and 

generation of the heats of reaction/mixing of the two components; (c) cell not being 

properly cleaned and dried. 
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6.3.4. Error estimations 

There is a significant amount of new experimental data involved in this study. Generally 

these values can be represented by differential mathematical expressions. A number of 

these mathematical equations have certain physical meanings. The formula described in 

these equations varies from simple linear, to polynomial, and much more complex 

forms. Deviation with different definitions points out the quality of data representations 

with different emphases. In this study, three types of formulae of deviation were used. 

They are: 

The percentage of relative deviation (%RD) or average absolute deviation (%AAD):[57] 

 % 𝑅𝐷 = 100
𝑛
∑ �𝐸𝑥𝑝𝑖−𝐶𝑎𝑙𝑐𝑖

𝐸𝑥𝑝𝑖
�𝑛

𝑖=1  (6.9) 

The standard deviation (SD), or the root mean square deviation (RMSD):[116] 

 𝑆𝐷 = � 1
𝑛−𝑝

∑ (𝐸𝑥𝑝𝑖 − 𝐶𝑎𝑙𝑐𝑖)2𝑛
𝑖=1 �

1/2
 (6.10) 

where, n and p are the number of experimental data points and the number of 

parameters that were adjusted, respectively. 

6.3.5. Molecular area and volume parameters 

This section contains pure-component molecular-structure constants depending on the 

molecular size and the external surface areas. Table 6.18 lists the molecular surface area 

and volume parameters for the UNIQUAC model. Table 6.19 displays the functional 

group area (Q) and volume (R) parameters for the Modified UNIFAC (Dortmund) Model. 
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The parameters in both Tables 6.18 and 6.19 were retrieved from the ASPEN PLUS Data 

Regression Tool. 

Table 6.16.  Molecular surface area and volume parameters for UNIQUAC model 

Amines  
Surface Area Parameters 

 
Volume Parameter 

 
q 

 
q' 

 
R 

2-(Propylamino)ethanol 
 

3.988 
 

3.988 
 

4.661 

2-(Butylamino)ethanol 
 

4.528 
 

4.528 
 

5.336 

1-(2-Hydroxyethyl)piperidine 
 

4.456 
 

4.456 
 

5.536 

Diglycolamine 
 

3.680 
 

3.680 
 

4.166 

Bis(2-methoxyethyl)amine 
 

4.732 
 

4.732 
 

5.520 

Water 
 

1.400 
 

1.000 
 

0.920 

 

Table 6.17.  Main groups, subgroups and the corresponding van der Waals quantities for 
the modified UNIFAC (Dortmund) model 

Main Group 

 

Subgroup 

 

R 

 

Q 

CH2 
 

CH3 

 

0.901 

 

0.848 

CH2 
 

CH2 

 

0.674 

 

0.540 

CNH2 

 

CH2NH2 

 

1.369 

 

1.236 

(C)2NH 

 

CH2NH 

 

1.207 

 

0.936 

(C)3N 

 

CH2N 

 

0.960 

 

0.632 

(C)2O 

 

CH2O 

 

0.918 

 

0.780 

OH 

 

OH (1o) 

 

0.530 

 

0.584 

H2O 

 

H2O 

 

1.733 

 

2.456 
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6.3.5. Chemical names and their structures 

This section contains chemical names and their molecular-structures discussed in our 

results and discussion section. 

Table 6.18.  Chemical names and their structures. 

Chemical Name Molecular Structure Chemical Name Molecular Structure 
    

3-Amino-1-propanol 

[AP]  

N-Butyldiethanol-

amine [BDEA] 
 

Diethanolamine 

[DEA] 
 

2-(Diethylamino)-

ethanol [DEEA] 
 

1, 4-

dimethylpiperazine 

[1,4-DMPZ] 
 

2-Dimethylamino-

ethanol 

[DMAE]  

N-
Ethyldiethanolamine 

[EDEA] 
 

Ethanol 

[EtOH]  

4-(2-Hydroxyethyl)-

morpholine  

[4, 2-HEMO] 
 

1-(2-Hydroxyethyl)-

piperazine  

[1, 2-HEPZ] 
 

1-Methylpiperazine 

[1-MPZ] 

 

2-(Methylamino)-

ethanol [MAE] 
 

N-Methyldiethanol-
amine 

[MDEA]  

Monoethanolamine 

[MEA]  

Triethanolamine 

[TEA] 
 

Water H2O 
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