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In order to design CO» absorption-desorption columns, models of experimental data would be needed to calculate
many properties of the chemical system. In this research work, the experimental density values of aqueous solution
containing monoethanolamine (MEA) and 3-dimethylamino-1-propanol (3DMAI1P) as well as its constituent,
MEA + 3DMAI1P binary mixtures have been reported with their uncertainties in the temperature range, (298.15 to
353.15) K and atmospheric pressure, for 0.3 and 0.5 total amine mass fractions for the aqueous ternary system and
whole composition range for the binary mixtures.

Excess molar volumes based on the density values were determined and correlated against mole fractions using
Redlich-Kister model of the fourth order for the MEA + 3DMA1P binary mixtures and Nagata-Tamura model for
the MEA + 3DMAIP + H>O ternary solutions. The measured data and correlated data were compared and
analyzed.

It is also reported in this work, the densities of aqueous solutions containing both N-methyldiethanolamine
(MDEA) and piperazine (PZ) in a temperature range of (293.15 to 363.15) K. The mass fraction of PZ was varied
in the range of 0 to 0.1 whilst keeping the mass fraction of MDEA constant at 0.3, 0.4 and 0.5. A non-dimensional
single polynomial model was employed to correlate all the density values as a function of total amine mass
fractions and temperature. The density values based on the model had a root mean square deviation of 0.0093kg/m?
from the experimental values, which indicates an excellent agreement between the two values, considering a value
of 0.414kg/m? for the combined experimental uncertainty, at 95% level of confidence.

University College of Southeast Norway accepts no responsibility for results and conclusions presented in this report.
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1 Introduction

The scientific discovery of climate change is dated back to the early 19th century. During the
1960s, the threat of carbon dioxide emissions to the climate was made known by the scientists.
This is very significant, as the climate change is a function of how the weather will be

distributed in many years to come across the region of the globe [1].

The campaign of environmental protection against global warming caused mainly by CO» and
other greenhouse gases has gained higher momentum in recent years, especially in many
developed countries. The removal of CO> from large point sources - through carbon capture
and storage (CCS) - is an important and necessary contribution to the success of this campaign.
The CO; is removed by separating it from the produced gas streams. This method has been
proved efficient in many process industries such as natural gas processing, coal gasification,

and petroleum refining industries [2].

To capture COz, solution of alkanolamines such as monoethanolamine (MEA), diethanolamine
(DEA), N-methyldiethanolamine (MDEA), piperazine (PZ) activated MDEA among others, has
been frequently used industrially to absorb the CO; out of the natural, refinery, or synthetic gas
streams [2]. An important reason why these amine-based solvents are being used is their
selective affinity when reacting with CO», and this has made it a very useful technological
process employed when capturing CO: from gas streams [3]. The excellent suitability of gas
treating process using PZ activated MDEA solution lies in the high gas absorption rate and low
energy requirement for regeneration in the gas processing unit, owing to high reaction rate of

PZ with CO; and low reaction enthalpy of MDEA with CO: [4, 5].

1.1 Obijectives

The study reported in this thesis is a necessary part of a big research project financed by the
Norwegian Research Council which is aimed to predict equilibrium models for

physicochemical data. The main objectives of this thesis are:

(1) To measure the density of selected binary, ternary systems of amine-based solutions at

various temperatures, including estimation of experimental uncertainties.

(2) To correlate the density values and/or derived thermodynamic properties -such as the

excess molar volumes- using selective predictive empirical models.

In this research, the solution densities of 16 binary systems, 22 ternary systems and 2 pure

amine components were studied. The task description is available as Appendix A



1.2 Overview of thesis

This thesis report is segmented into 6 chapters. Chapter 1 is introduction. In chapter 2, a
literature review is presented which gives a brief discussion of amines and their classes. It also
gives an insight to the thermodynamic models for multicomponent solution. Chapter 3 is
experimental section which explains the experimental procedure, material properties and
assessment of experimental error and uncertainties. The results and correlations are shown and
discussed in Chapter 4. Conclusion and further work are respectively presented in Chapter 5

and 6. Appendix is attached.

1.3 Importance of study

It is important to measure the densities of aqueous solution, and calculate the excess molar
volumes from these experimental data and analyzing them, using empirical models. The reasons

why this is important are discussed in sub-chapter 1.3.1, 1.3.2 and 1.3.3.

1.3.1 Thermodynamic equilibrium models

Laboratory data that are necessary for process optimization, design of columns, chemical
reactors and other separation equipment should have an excellent and reliable representation of
experimental data which are usually extensive. Researchers have resorted to be using flexible
empirical models to represent these data so that it covers all important cases, and also protect

the experimental results from being damaged [6].

1.3.2 Density

Density is generally a very significant physicochemical property of pure compounds and their
solutions. This includes the amine-based solution, particularly in absorption-desorption
processes [7]. Accurate values are needed in process control and optimization, mass transfer
rate modelling and also for performing variety of related engineering calculations such as the

Bayer process system for the recovery of gibbsite, AI(OH)3 [8, 9].

1.3.3 Excess molar volumes
The excess molar volume is one of the excess thermodynamic properties of a solution which
shows the difference between the actual property value and the ideal value of that solution at

the same composition, temperature and pressure [10, pp. 413].



The excess molar properties are usually derived and calculated from physicochemical
properties, such as densities and viscosities [7]. It is important to analyze the excess molar
volumes because the values are used to understand the real behavior of the solution through the
intermolecular forces and interaction in the mixture. The excess molar volumes can also be used
to check and improve thermodynamic equilibrium models [11], as it will be illustrated in

Chapter 4.

1.4 System studied

A wide variety of aqueous solution of single amines has been studied and used for CO> capture
process for a number of years [12]. However, there has been a recent attention toward the
thermodynamic study of mixed amines (a primary or secondary amine mixed with a tertiary
amine) because of the high capture cost required for single amines which is in the range of 40-
70 US$/ton of CO; [13]. This cost could be greatly reduced by combining the advantages of
each individual amines to form mixed amines that require lower energy for regeneration in the

absorption-desorption process [13].

The amine systems studied in this research work were carefully selected based on the fact that
-to my best knowledge and that of my supervisors- no information available in the literature
concerning the densities of methanolamine (MEA) + 3 —dimethylamino-1-propanol (3DMA1P)
and aqueous solution containing MEA + 3DMAP systems. In addition, the study was extended
to the aqueous solution containing N-methyldiethanolamine (MDEA) + piperazine (PZ) due to
insufficient information on the densities of the systems. Figure 1.1 shows the molecular

structures of the amines considered in this work.
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Figure 1.1: Molecular structures of the studied amines.
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2 Literature review

This chapter covers a brief review of amines and their chemical reactions with CO> and also
gives an insight to thermodynamic models for correlation and prediction of multicomponent

solutions.

2.1 Amines

The derivatives of ammonia are organic compounds which contain nitrogen (N) atom at the
same level of oxidation as ammonia. These derivatives are called amines when one, two or three
of the hydrogen atoms has been replaced by organic groups containing carbon. When one
carbon group is attached to N, they are known as primary amines (RNHy), and secondary
amines (R2NH) when two carbon groups are attached. The tertiary amines (R3N) are the ones
with three carbon groups. An example of these types of amines are respectively methylamine,

methylethanolamine and triphenylamine [14, pp. 1-3].

Sterically-hindered amines are another new class of amines recently introduced. The amine
functional group in these amines possesses steric effect which makes them to look more
commercially attractive over the conventional amines. An example of such amines is 2-amino-

2-methyl-1-propanol (AMP) [15].

2.1.1 Reaction of CO2 with Amines
There are two main reactions in CO» absorption with amines. The first reaction is known as
formation of carbamate and the second reaction is the hydrolysis of carbamate. A balanced

chemical reaction of both reactions are depicted in reaction (R2-1) and reaction (R2-2)

respectively [16].
2RNH; + CO; 5 RNHCOO™ + RNH3" (R2-1)
RNHCOO" + H,0 = RNH; + HCO3~ (R2-2)

where RNH,, RNHCOO", RNH3;", and HCOs represent alkanolamine, carbamate ion,

alkanolamine with one proton, and bicarbonate ion respectively.

The formation of carbamate is the main body of reaction for primary and secondary amines
because of the unrestricted rotation of the alkyl group around the amino-carbamate group due
to stable carbamate compound. As a result, hydrolysis of carbamate hardly occurs for these
classes of amines and thus, reaction (R2-1) shows the total reaction where 2 mol of

alkanolamine is required to react with 1 mol of CO, [16].
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There is lower stability of carbamate compound in sterically-hindered amines due to the
restriction of the alkyl group to rotate around the amino-carbamate group. In this way, the
hydrolysis of carbamate will occur, having bicarbonate ions and free amines as product when
reacted with water [16], as shown in reaction (R2-2). Due to this, only 1 mol of the sterically

hindered amines is required to react with 1 mol of CO». This is illustrated in reaction (R2-3).
RNH; + COz + HO < RNH3" + HCO3 (R2-3)

This concludes that there is more stoichiometric capacity of absorption and desorption in

sterically hindered amines than the conventional amines [16].

2.2 Correlation and prediction methods

In thermodynamics and phase equilibria of fluid mixtures, correlation and prediction method is
a vital tool in describing the behavior of a real mixture using the properties of its pure
components and existing experimental data. These methods can be very efficient in saving cost
and time of conducting experiments, being the fact that they are based on use of equilibrium

models. However, they are limited to the availability of experimental data [17, pp. 134-135].

It is very important to choose the correct models of the experimental data, as the errors
associated with wrong models could have a very great impact on the design and optimization

of chemical processes [17, pp. 135].

2.2.1 Classification of correlation and prediction methods

Correlation and prediction methods are classified into three groups. They are empirical,
theoretical and semi-theoretical correlation methods. In empirical model, the available
experimental data are fitted to some arbitrary function. This method has no basis on physical
theory and interpolation could be carried out between the experimental data. However, one
should be careful not to extrapolate such models to other physical systems or different fluid

mixtures because the models are not based on physical theory.

The correlation and prediction method using theoretical models is based on physical theory and
as such its models are suitable for interpolation and extrapolation, as long as the assumptions

made during their development are taken into consideration [18, pp. 93].

The goal of the semi-theoretical method of prediction and correlation is to source information
as much as possible from the few available data. The development of these type of models is

on the basis of rigorous principle, by making simplifying assumptions and approximations to

12



develop a function which parameters cannot be measured, and are replaced with regression

coefficients. This type of method is known as the molecular thermodynamics [18, pp. 92-94].

2.2.2 Previous work from literature

There has been many research on measurement and correlation of solution amine densities for
various amine systems, with loaded and unloaded CO>, and utilizing these data to study their
thermodynamic properties using the correlation and prediction methods. Some selected

previous literature on this type of methods are reviewed and presented.

Zhang et al. [19] measured the density and viscosity of partially carbonated aqueous tertiary
alkanolamine solutions at temperatures between (298.15 and 353.15) K with mass fraction of
alkanolamine at the range of 0.15 to 0.45. The density and viscosity of the solutions were
successfully represented, using correlations as a function of temperature, CO2 loading and

amine concentration. The correlations agreed well with the experimental data.

Subham and Bishnupada [5] presented the density and viscosity of aqueous solutions of N-
methyldiethanolamine + piperazine and 2-Amino-2-methyl-1-propanol + piperazine from (288
to 333) K, keeping the total amine concentration at 30%. The correlations as a function of
temperature and amine concentration of both properties were in good agreement with the

experimental data.

The density, surface tension, and viscosity of ionic liquids (1-ethyl-3-methylimidazolium
diethylphosphate and 1,3-dimethylimidazolium dimethylphosphate) and ternary mixtures with
aqueous MDEA, over the whole range of concentrations at (293.15—-343.15) K were measured
by Ghani et al. [ 12]. It was concluded that the correlations for all the physicochemical properties
studied were less than 8% absolute percentage error and hence, the correlations were in good

relation with the experimental data.

Han et al. [20] measured the density of water + diethanolamine + CO. and water + N-
methyldiethanolamine + CO2 from (298.15 to 423.15) K. The amine mass fraction range was
at 0.3 to 1.0. The calculated excess molar volumes and densities were correlated using Redlich-
Kister model [6] and Weiland model [9] respectively, and the deviations between the measured

data and correlated data were less than the experimental error.

In another journal paper, Han et al. [21] also measured the density of water +
monoethanolamine + CO; from (298.15 to 413.15) K and surface tension of water +
monoethanolamine from (303.15 to 333.15) K. The Redlich-Kister [6] model was also used to

correlate the excess molar volumes. The models fitted to the data were satisfactory.
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Recently, Wang et al. [22] measured the densities of the binary system (N-
methyldiethanolamine + (2- aminoethyl) ethanolamine) and its ternary aqueous mixtures from
283.15 to 363.15 K. The calculated excess molar volumes of the ternary system was predicted
using six different models. They are Redlich-Kister, Kohler, Jacob-Fitzner, Tsao-Smith, Toop,
and Scatchard models. The best agreement with the experimental data was achieved by Redlich-
Kister, Kohler, and Jacob-Fitzner models. Higher deviations were seen for that of Tsao-Smith

and Toop.

Zulkifli et al. [23] reported the densities of unloaded and CO; loaded 3-demethylamino-1-
propanol solutions at temperatures of (293.15 to 343.15) K. Additionally, the values of excess
molar volume of the unloaded systems were produced and correlated. Thermal expansion
values were also reported. The model of [9] was used successfully to represent the densities of

the CO; loaded solutions.

Densities and viscosities of both piperazine (PZ) and MDEA aqueous solutions were
determined at different PZ and MDEA concentrations by Derks et al. [24]. The temperature
range observed was (293.15 — 323.15) K. They also measured the liquid diffusivities of PZ
solutions using the Taylor dispersion technique with temperature range of (293.15 — 368.15) K.

In a further development, Diky et al. [25] developed a first full scale software implementation
algorithm, which was named a ThermoData engine (TDA). This developed software was able
to evaluate thermo-physical properties of ternary chemical systems. It constructed Redlich-
Kister type of equations for properties such as excess volume, viscosity, surface tension and

thermal conductivity among others.
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3 Experimental section

This chapter shows the materials and apparatus used in this research and an outlined
experimental procedure that was carried out in the laboratory. It also covers the experimental

errors and uncertainties in the experiment.

3.1 Materials and Apparatus

A total of four amine chemicals, and water were studied in this thesis. The amines are MEA,
3DMAI1P, MDEA and piperazine. Methanol was used as a cleaning fluid. All the amines were
sourced from Alfa Aesar and Sigma Aldrich Companies and their purities were kept as supplied,
without additional purification. Although, they were degassed. Table 3.1 shows the description

of the chemical samples including their molecular weight (kg/kmol).

Table 3.1: Chemical sample descriptions®

Molecular weight

Chemical name Source Purity kg/kmol
Monoethanolamine (MEA) Alfa Aesar X>0.99 61.08
3-Diethylamino-1-propanol (3DMA1P) Alfa Aesar X>0.99 103.16
N-methyldiethanolamine (MDEA) Sigma Aldrich X>0.99 119.16
Piperazine (reagent grade) Sigma Aldrich X>0.99 86.14
Water (H,O) 18.2 MQ cm 18.015

Ethanol

Purities are as reported by the manufacturer, the value shown for water is resistivity. Molecular weights are calculated from
the chemical formulas. Ethanol was used for cleaning the measuring cell.

The main apparatus used for this project is the Antor Paar DMA 4500 density meter. Other
apparatus used are the rotary pump, precision balance scale, magnetic stirrer with stir bars,

flasks, syringes and pipettes.

The DMA 4500 of the Anton Paar density meter is based on oscillatory U-tube method with
two integrated platinum thermometers (Pt 100) controlling the temperature. It has a total of 10
methods of measurement in which any of the method could be selected, and the output results
can be converted into specific gravity, concentration or other density related units by utilizing
inbuilt functions as well as conversion tables. The result is displayed on the programmable LC
screen. The density meter is limited to measure in the temperature range of (273.15-363.15) K
and at normal atmospheric pressure. The complete structure of the density meter is depicted in

Figure 3.1.
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Figure 3.1: The density meter structure in operation.

The rotary evaporator set up is shown in Figure 3.2. The rotary evaporator was used to remove
solvents that could be present in the pure liquid chemicals before preparing samples. The

operating mode, procedure and detailed instruction manual is attached as Appendix B.

Figure 3.2: Rotary evaporator setup in operation mode.

The precision balance scale used in this work is the Mettler Toledo (XS-403S) type. Figure 3.3

shows the structure of the balance scale.
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Figure 3.3: Mettler Toledo precision balance scale in operation.

The stirrer is a magnetic type. It works on the principle of magnetic field which set the stir bar
into a rotational motion, thus stirring the mixture in the flask. It was mainly used to
homogeneously mix the MDEA + PZ + H20 ternary systems due to the presence of the alkaline

deliquescent crystals (PZ) in the solutions. Figure 3.4 shows the stirrer in use.

Figure 3.4: Magnetic stirrer with stir bar in operation.
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3.2 Experimental procedure

3.2.1 Preparation of samples
All the required chemicals used in this work were weighed using the Mettler Toledo (XS-403S)

analytical balance having an accuracy of +1x10~°kg. The liquid chemicals were all degassed
by the rotary evaporator before mixing. The procedure for degassing the samples is available at

Appendix B.

Aqueous ternary mixtures of MEA + 3DMAI1P + H>O were prepared by weighing and mixing
the pure amine components with degassed Milli-Q water. The binary mixtures of MEA +
3DMAIP were prepared by mixing the required pure amine components. Aqueous ternary
solutions of MDEA + PZ + H>O were prepared by dissolving known amounts of PZ crystals in
a required mass of degassed Milli-Q water and a known amount of MDEA was added to the

mixtures. The mixtures were agitated to a total dilution using the magnetic stirrer.

It is to be noted that the amine mass concentration values used in this work are all based on the
weighted mass of amine components and water in the mixtures. This is justified on the
conclusion of Zulkifli et al. [23, 26] in their work that there is negligible difference of mass
concentration between the acid-base titration values and weighted mass preparation values. It
is important to state that the sample preparation procedure in this work is the same as that of

the work of [23, 26].

3.2.2 Density measurements

The densities of pure water, pure MEA, pure 3DMA1P, MEA +3DMAI1P + H,O, MDEA + PZ
+ H>O ternary solutions, and MEA + 3DMA 1P binary mixtures were measured using the Anton
Paar (Austria) DMA 4500 density meter. Before measuring any of the samples, cleaning of the
measuring cell was perfected using ethanol and degassed water. The water was used to remove
sample leftover that may be present in the cell, while the ethanol was used to remove the water
residue, and then evaporated using a stream of dry air and by turning on the air pump using the
‘PUMP’ key on the density meter. The measuring cell was left to dry for at least 10 minutes

before turning off the air pump.

According to the instrument specification, the density meter was calibrated before density
measurements. In calibrating the instrument, the density data of water at different temperatures,
(298.15-353.15) K were measured and compared with the density data of Bettin and Spieweck
[27]. The measured density values for this work and that of Bettin and Spieweck [27], with the
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corresponding absolute deviations, calculated by equation (3-1) are listed in Table 3.2. The

comparison between the two densities can be observed better in Figure 3.5.

Table 3.2: Comparison between the measured density values and literature values of pure
water at varying temperatures and constant atmospheric pressure.

Density (kg/m®)

Temperature (K) This work Literature data Absolute deviation (kg/m?)
298.15 997.07 997.04 0.03
303.15 995.67 995.65 0.02
308.15 994.05 994.02 0.03
313.15 992.24 992.21 0.03
318.15 990.24 990.21 0.03
323.15 988.06 988.03 0.03
328.15 985.72 985.69 0.03
333.15 983.23 983.19 0.04
338.15 980.59 980.55 0.04
343.15 977.81 977.76 0.05
348.15 974.89 974.83 0.06
353.15 971.84 971.79 0.05

AD(kg/m?) = Pexpi ™ Pret i (3-1)

AD is the absolute deviation; p,;and p; in kg/m3 are respectively this work densities and

reference densities.

The combined expanded uncertainty U (p) of the density measurements is 0.147 kg/m? (95%

confidence level, k=2, Norm), taking into consideration the instrumental (0.05 kg/m?) and
temperature change (0.023 kg/m®) standard uncertainties. A detail procedure of how the

uncertainty values are calculated is shown in sub-chapter 3.3.2.
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Figure 3.5: Density of water measured in this work (symbol) and that of Bettin and Spieweck

[27] (dotted lines) at various temperatures and constant atmospheric pressure.

It can be observed from Figure 3.5 and Table 3.2 that the densities of water from this work are
in good agreement with the reference data, at an average absolute deviation, AAD (calculated
by equation (3-2)) of 0.037 kg/m?, which is within the experimental uncertainty (0.147 kg/m?)

and as such, it can be concluded that the density meter is functioning properly.

pexp,i - pref i
N

AAD(kg/m?) = (3-2)

AAD is the average absolute deviation; p, ;and p; in kg/m?® are respectively this work

densities and reference densities. N is the number of experimental points.

As a quality control procedure, density checks were performed with degassed water at 293.15K
before measuring any of the samples. All the density measurements were performed ONLY
after an OK message was received from the density meter. In the few cases where the density
check was repeatedly not OK after re-cleaning the cell thoroughly, air and degassed water at
293.15 K were used to adjust the instrument. The details of the calibration, density check and

adjustment procedures are attached as Appendix C.

To measure the densities, each sample free of bubbles was injected into the measuring cell by
a 10 ml syringe and was left at the filling inlet to prevent leakage, with part of the sample present

in the syringe. The instrument was then set to the required temperature value (in degrees
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Celsius) for the sample and the “START” soft key was pressed. The density value was displayed
on the screen after the cell has reached equilibrium. When air bubble(s) were/was noticed,
usually at high temperatures, the used sample in the cell was substituted by the unused sample
left in the syringe before proceeding with measurement. It took an average estimate of 8 minutes
for the temperature of the cell to increase by 5°C before displaying the density value on the
screen. It is important to mention that each set of experiments in this work was triplicated and

the average values are the ones reported in this thesis report.

3.3 Errors and experimental uncertainties

3.3.1 Experimental errors

It is impossible to measure the true or exact value of any physical quantity. When there is a
difference between a measured value and the corresponding true value, the result is known as
“error”. Error can be divided into systematic error and random error. A systematic error is one
that arises as a result of the difference between the experimental arrangement and assumed
theory in the absence of correction factor. It is often cause by wrong use of instruments or
malfunction of the data handling system of the instruments. A random error on the other hand,
is one that usually changes and always present throughout the set of measurements. It arises as
a result of uncertain or unknown changes in the experiment. It can be detected and minimized
by repeating the measurement in number of times and taking the average [28, pp. 5-8]. This
explains why the density measurements in this work were measured three times, and the average

values reported.

3.3.1.1 Bubble Propagated Error (BPE)

During the density measurements, I noticed that an important systematic error that the
experimenter should be cautioned of is what I termed the “Bubble Propagated Error (BPE)”.
More often than not, bubbles can be encountered in the sample in the measuring cell during
density measurements at high temperatures, depending on the physicochemical properties of
the measured liquid. To demonstrate the effect of BPE on measured density values, the density
of an MEA solution sample was measured differently at 338.15K, with and without bubbles. A
true value of 989.92 kg/m* was recorded without bubbles and 983.97 kg/m? with two very small
diameters air bubbles which were almost unnoticeable. The error is 1% of the true value. This
is relatively large, considering the difference between any two density values at different

temperatures as it can be observed in Table 4.2 and Table 4.4.
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From my research experience in the lab, in order to have a BPE free density values, I
recommend that presence of bubbles should be carefully checked in the sample in the measuring
cell before recording any density value displayed on the density meter screen. If bubble(s) is/are
found, the used sample in the cell should be carefully substituted by the remaining unused
sample in the syringe. If presence of bubbles are repeatedly noticed after changing the samples,
the temperature of the cell should be set back to 20°C. When the cell is on average of 20°C, a
new sample should be injected and then the measuring cell is set to the required high
temperature. This has worked for me a number of times. The best possible explanation for this
procedure is that there is a little bit of disturbance in the sample in the cell when density values
are taken at regular temperature intervals. It is well known that, when liquids are agitated or
rough handled, they tend to form bubbles. This recommended procedure would reduce the
disturbance on the sample, and as such, the tendency to form bubbles is minimized. If the BPE
still persist, then, it can be concluded that the sample cannot be accurately measured at that high
temperature using the DMA 4500 density meter, and as such, a high pressure U-tube (DMA

HP) which can restrain evaporation must be used.

3.3.2 Assessment of experimental uncertainties

The range of values (plus or minus) where the output value of a measurement lies is known as
uncertainty. It is a measure of how accurate a measurement could be. A high measurement
accuracy indicates low uncertainties and a low measurement accuracy implies high

uncertainties [29, pp. 1-2].

The correctness and precision of physiochemical data sourced from the laboratory has a great
impact on process design and calculations. With proper knowledge of the uncertainties, a
process engineer would be able to access the level of risk involved in using the data [30]. It is
therefore important to assess the uncertainties involved in performing these experiments. The
assessment of uncertainties in this experiment is based on the Guide of Measurement

Uncertainty in Chemical Analysis [31].

The procedure to estimate the uncertainty of the experimental results in this report consists of
four main steps. To make it easily readable, the uncertainty estimations are done simultaneously

with the procedures.
1. Specifying the measurand.
The measurand is density, because it is what we are measuring, i.e. the final output.

2. Identifying all relevant sources of uncertainty for the measurand.
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This procedure is usually one of the most important and difficult step in estimating uncertainties
because of the risk of neglecting important sources of uncertainties which could undermine
experimental results, because an important source has been left out. This risk could be
minimized by using what is called “a cause and effect diagram” which its application is
demonstrated as shown in Figure 3.6, showing the most important sources of uncertainty in this

experimental work.

Molar mass uncertainty Weighing of samples uncertainty

Temperature

4— Atomic masses Readability
Repeatability
Sensitivity
r'y 'y .
Density
Purity of samples—— Instrumental ———
Temperature ——»
Mass fraction uncertainty Density meter uncertainty

Figure 3.6: A cause and effect diagram of uncertainty sources in experimental determination

of Density.

The uncertainty due to molecular mass -which is mainly from the combination of the

uncertainty in the atomic masses of its constituent elements- of samples, and weighing of
samples can be neglected. This is because the values would be very negligible (<10™°) when

combined with the relatively high standard instrumental uncertainty ( 0.05kg/m?*).

3. Quantifying the different sources of uncertainties.

The uncertainty of measured densities considered in this work is the combination of the
uncertainties from the density meter and the mass factions. The uncertainty sources for the
density meter are that resulting from temperature accuracy and instrument density accuracy
(Figure 3.6). A value of £ 0.03 K and = 0.05 kg/m® for temperature and the instrument
respectively was reported from the manufacturer. In the case of the mass fractions, the
uncertainties were estimated from the purity of the components (= 0.99) as shown in Table 3.1.

The uncertainty for all the mass fractions is then 0.01.
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Considering the densities of the binary (MEA + 3DMA1P) and the ternary (MEA + 3DMAI1P
+ H20) system, the experimental uncertainty is a function of temperature, instrument density,
and mass fractions (w1 and W2) of MEA and 3DMA1P. These uncertainties are quantified using

the sensitive coefficient method [31], calculated by equation (3-3).

c, =< (3-3)

C, is the sensitive coefficient, X is the gradient of property f against input X.
X

The maximum gradient of density for the MEA + 3DMAIP binary systems was calculated to
have an absolute value of 0.796kg/(m’ - K) against temperature and 203.1kg/m”’ against mass
fraction of MEA, which is equally the same for the mass fraction of 3DMA1P and thus, having

a total sensitive coefficient value of 406.2kg/m’ for the mass fractions.

The maximum gradient of density for the MEA + 3DMAIP + H>O ternary systems has an

absolute value of 0.496kg/(m’-K) against temperature and 107.2 kg/m?® against mass fraction
of MEA and 107.2kg/m’ against mass fraction of 3DMAP.

The uncertainty of the density of (MDEA + PZ + H»O) solutions is a function of the

temperature, instrument density, and mass fractions of MDEA and PZ. The calculated

maximum gradient of density has an absolute value of 0.650kg/(m’-K) against temperature

and 184.3kg/m’ against mass fraction of MDEA and 56.1kg/m’ against mass fraction of PZ.

4. Calculating measurement uncertainty

To finally calculate the combined standard uncertainties, the different uncertainty parameters
estimated in step 3 would be utilized. The combined uncertainties together with the instrumental

standard uncertainty from the manufacturer (0.05kg/m?) are calculated by equation (3-4).

2
Uy (3-4)

U, is the combined standard uncertainty; U;is the reported uncertainty of parameter i; C;is the
sensitive coefficient of parameter |.

The calculated maximum combined expanded uncertainty for density measurements U _(p)

calculated by equation (3-5) for: MEA + 3DMAIP binary systems is 0.501 kg/m® (coverage
factor k = 2, Norm.), MEA + 3DMAIP + H>O ternary systems is 2.082 kg/m® (k = 2, Norm.),
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and for MDEA + PZ + H>O ternary systems is 0.414 (k = 2, Norm.), all at 95% level of

confidence.

Uc(p)=k-u, (3-5)

U.(p) is the combined expanded uncertainty, K is the coverage factor and U is the combined
standard uncertainty.

It is important to state that the uncertainties were calculated based on the assumptions that

uncertainty sources are independent of one another and the uncertainty due to the purity of

water is negligible.
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4 Results, correlations and discussion

This chapter presents the measured density data, correlations and discussion. In order to ease
understanding, the chapter is divided into two sections. The first section (Chapter 4.1) is the
binary (MEA+3DMAI1P) and the ternary (MEA+3DMA1P+H>0) systems, while the second
section (Chapter 4.2) is the MDEA + PZ +H»O ternary systems.

4.1 MEA+3DMA1P+H,0 and MEA+3DMAL1P systems

4.1.1 Densities

The densities of pure MEA, 3DMA1P were first measured and compared with known values in
the literature [21, 23]. The densities are listed in Table 4.1, including the absolute deviations
(AD) which were calculated using equation (3-1). The experimental uncertainties were
calculated using the same procedure in Chapter 3.3.2. The combined expanded uncertainty

U, (p) for the density measurements of pure MEA and 3DMAIP are respectively 0.153 kg/m?
and 0.154 kg/m?®.

Table 4.1: Comparison between the measured density values and literature values of pure
MEA and 3DMAIL1P at varying temperatures and constant atmospheric pressure
(P =0.1013MPa) .2

Density (kg/m?)

Component Temperature (K) This work Literature data [21] AD (kg/m®)

MEA 298.15 1011.86 1011.9 0.04
303.15 1007.9 1008 0.1
308.15 1003.92 1004 0.08
313.15 999.94 1000 0.06
318.15 995.94 996 0.06
323.15 991.92 992 0.08
328.15 987.89 988 0.11
333.15 983.84 983.9 0.06
338.15 979.78 979.8 0.02
343.15 975.69 975.8 0.11
348.15 971.58 971.6 0.02
353.15 967.45 967.5 0.05

Literature data [23]

3DMAIP 298.15 881.12 884 2.88
303.15 877.12 879.8 2.68
308.15 873.13 875.5 2.37
313.15 869.11 871.2 2.09
318.15 865.07 866.8 1.73
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Table 4.1 (Continued)

Density (kg/m®)

Component Temperature (K) This work Literature data AD (kg/mq)

3DMAIP 323.15 861.01 862.4 1.39
328.15 856.92 858 1.08
333.15 852.81 853.5 0.69
338.15 848.68 849 0.32
343.15 844.5 844.4 0.1
348.15 840.3 - -
353.15 836.07 - -

aStandard uncertainties U are U(T)=0.03 K, u(P) =2.0kPa, instrument standard uncertainty = 0.05kg/m®. The combined
expanded uncertainty for density measurement Uc (p) for MEA and 3DMA 1P are respectively 0.153kg/m? and 0.154kg/m?.

The overall maximum AD value is 2.88 kg/m?® at 298.15K for 3DMA1P. The average absolute
deviations, calculated from equation (3-2) for MEA and 3DMAIP are (0.0658 and 1.5330)
kg/m?, respectively. The comparison can be observed better in Figure 4.1. It can be observed

that the deviations are small and are within the acceptable experimental uncertainties

1020 -
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910 —---- Reference

p.’kg-m';

Figure 4.1: Density of pure MEA and 3DMA1P measured in this work (symbol) and that of

[21] and [23] (dotted lines) at various temperatures and constant atmospheric pressure.

This concludes that the experimental apparatus used in this work are accurate and the density
determination is reliable. However, the density values for 3DMAIP at (348.15 and 353.15) K

could not be compared because they are not reported in any of the literature searched.
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The densities of the binary system (MEA + 3DMAI1P) were measured at different mass
fractions in full range 0f 0.10 to 1.00, while the temperature was varied from (298.15 to 353.15)
K at 5 K increments. The results are tabulated in Table 4.2.

Table 4.2: Densities p and Excess Molar Volumes V> of Binary Mixtures of MEA (1) + 3DMA1P

(2) at Different Temperatures (T), Mass (w), Mole (x) Fractions and Atmospheric Pressure
(P =0.1013MPa) .2

T p VE10° T p VE10¢ T p VE10°

K kg /m’ m?* / mol K kg /m’ m?* / mol K kg /m? m?* / mol

wi=0.1, X1=0.160

298.15 893.6 -0.1000 318.15 877.56 -0.1069 338.15 861.17 -0.1121
303.15 889.62 -0.1037 323.15 873.5 -0.1083 343.15 857 -0.1145
308.15 885.61 -0.1029 328.15 869.41 -0.1096 348.15 852.81 -0.1170
313.15 881.6 -0.1055 333.15 865.3 -0.1109 353.15 848.59 -0.1195
wi1= 0.2, x1=0.299
298.15 905.51 -0.0918 318.15 889.48 -0.1003 338.15 873.13 -0.1103
303.15 901.53 -0.0954 323.15 885.43 -0.1031 343.15 868.96 -0.1124
308.15 897.53 -0.0962 328.15 881.35 -0.1055 348.15 864.78 -0.1158
313.15 893.52 -0.0988 333.15 877.25 -0.1080 353.15 860.57 -0.1190
w1= 0.3, Xx1=0.421
298.15 917.73 -0.0993 318.15 901.73 -0.1113 338.15 885.4 -0.1230
303.15 913.76 -0.1038 323.15 897.68 -0.1140 343.15 881.26 -0.1280
308.15 909.77 -0.1060 328.15 893.61 -0.1174 348.15 877.09 -0.1321
313.15 905.76 -0.1086 333.15 889.52 -0.1208 353.15 872.89 -0.1360
wy= 0.4, x1=0.529
298.15 925.55 0.3352 318.15 909.56 0.3385 338.15 893.26 0.3419
303.15 921.58 0.3349 323.15 905.51 0.3400 343.15 889.12 0.3420
308.15 917.59 0.3364 328.15 901.45 0.3402 348.15 884.96 0.3421
313.15 913.59 0.3370 333.15 897.36 0.3414 353.15 880.78 0.3415
w1=0.5, X1=0.628
298.15 934.52 0.6520 318.15 918.52 0.6683 338.15 902.22 0.6860
303.15 930.54 0.6556 323.15 914.48 0.6723 343.15 898.09 0.6893
308.15 926.56 0.6595 328.15 910.42 0.6765 348.15 893.93 0.6935
313.15 922.56 0.6632 333.15 906.33 0.6806 353.15 889.75 0.6971
wi1= 0.6, x1=0.717
298.15 944.89 0.8285 318.15 928.88 0.8532 338.15 912.58 0.8796
303.15 940.9 0.8349 323.15 924.85 0.8582 343.15 908.45 0.8855
308.15 936.92 0.8400 328.15 920.78 0.8651 348.15 904.29 0.8924
313.15 932.92 0.8457 333.15 916.7 0.8712 353.15 900.11 0.8990
w1=0.71, x1=0.806
298.15 960.16 0.7512 318.15 944.17 0.7737 338.15 927.89 0.7981
303.15 956.18 0.7571 323.15 940.14 0.7787 343.15 923.76 0.8045
308.15 952.2 0.7615 328.15 936.08 0.7848 348.15 919.61 0.8112
313.15 948.2 0.7671 333.15 932 0.7906 353.15 915.43 0.8177
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Table 4.2 (Continued)

T p vr107 T p vr107 T p V10"
K ke /m’ m’ / mol K ke/m’ m’ / mol K ke/m’ m’ / mol
w1=0.8, x1=0.871
298.15 975.11 0.5276 318.15 959.16 0.5412 338.15 942.92 0.5574
303.15 971.14 0.531 323.15 955.12 0.5455 343.15 938.8 0.5617
308.15 967.17 0.5335 328.15 951.08 0.5487 348.15 934.66 0.5661
313.15 963.17 0.5377 333.15 947.01 0.5527 353.15 930.5 0.5704
w1=0.9, Xx1=0.938
298.15 994.47 0.1617 318.15 978.54 0.1645 338.15 962.35 0.1678
303.15 990.51 0.1622 323.15 974.53 0.1643 343.15 958.25 0.1685
308.15 986.54 0.1622 328.15 970.49 0.1652 348.15 954.13 0.1692
313.15 982.55 0.1633 333.15 966.42 0.1669 353.15 949.98 0.1706
Wi1= 1.0, X1=1.0
298.15 1011.9 0 318.15 995.94 0 338.15 979.78 0
303.15 1007.9 0 323.15 991.92 0 343.15 975.69 0
308.15 1003.9 0 328.15 987.89 0 348.15 971.58 0
313.15 999.94 0 333.15 983.84 0 353.15 967.45 0

aStandard uncertainties U are u(T)=0.03 K, u(P) =2.0kPa, u(w)=0.01, instrument standard uncertainty = 0.05kg/m®. The
combined expanded uncertainty for density measurements Uc (p) = 0.501kg/m3 (95% level of confidence, k = 2, Norm.).
The densities were plotted against temperatures at different mass fractions (wi) of MEA. This
is shown in Figure 4.2. It can be observed from Figure 4.2 that there is a linear relationship
between the densities and the temperatures. A gradual decrease of densities with increasing
temperatures for all compositions can be seen. This is expected, because all substances tend to
expand as they are heated, causing the same amount of mass to fill the space of a larger volume,

and thus decreasing the density [32, pp. 10].
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Figure 4.2: Densities of MEA (1) + 3DMA1P (2) binary system as a function of temperatures
at different mass fractions (w1) depicted with symbols. Correlations obtained from equation (4-

1) between densities and temperatures are shown in dotted lines.

In addition, at any constant temperature, there is an increase in densities as the MEA content is
increasing. This can be easily visualized in Figure 4.3. The density increase observed in Figure
4.3 as the MEA mass fraction is increasing while the temperature is kept constant, could be due
to a significant degree of interactions between the molecules of MEA and 3DMA1P causing an

important expansive behavior, that will result to density increase of the mixture [33].
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Figure 4.3: Densities of MEA (1) + 3DMALP (2) binary system as a function of mass fractions
(wy) at various constant temperatures, depicted with symbols. Density values calculated as a

function of temperature using equation (4-1) are shown in dotted lines.

It is trivial to understand that the reverse would be the case if instead the densities are plotted
against the mass fractions of the second component (3DMA1P). A decrease in densities would
be observed, with an increase in 3DMA 1P content. It will then be reasonable to conclude that

the behavior between the components’ molecule is a contractive one.

The densities and temperatures of the binary system were correlated using equation (4-1).
p=A+BT (4-1)

Where p is the density inkg-m™, A, is the intercept of the y-axis, B, is the slope of the straight
line and T is the temperature in Kelvin. The values of A,, B, , coefficient of determination (R?)

and standard deviations calculated by equation (4-2), for the data are listed in Table 4.3.

N =

2

i (pexp,i - pcal,i )
o= i=l (4_2)
r

Pexpi and Py are respectively the experimental and corresponding calculated density of data

point i ; ris the number of experimental points.
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From Table 4.3, we can see that the maximum standard deviation is 0.457kg/m?, which is within
the experimental uncertainty for the binary system (0.501kg/m®) and the coefficient of
determination (R?) values for all cases considered are very close to unity, which indicates that

the correlated density values represent the measured values perfectly.

Table 4.3: Parameters of A,, B,, coefficient of determination R?, and standard deviations,

a for the linear correlation (Eg. 4-1) of density and temperature for MEA (1) + 3DMA1P
(2) binary system at different values of MEA mass fraction wi and mole fraction x.

W1 X1 Ao Bi R? kg(/lm3
0.00 0.000 1125.34 -0.8184 0.9999 0.457
0.10 0.160 1137.68 -0.8180 0.9999 0.439
0.20 0.299 1149.19 -0.8166 0.9999 0.429
0.30 0.421 1160.90 -0.8149 0.9999 0.409
0.40 0.529 1168.35 -0.8137 0.9999 0.387
0.50 0.628 1177.31 -0.8137 0.9999 0.384
0.60 0.717 1187.69 -0.8138 0.9999 0.387
0.70 0.806 1202.67 -0.8128 0.9999 0.382
0.80 0.871 1217.00 -0.8107 0.9999 0.365
0.90 0.938 1235.70 -0.8086 1.0000 0.341
1.00 1.000 1252.64 -0.8071 1.0000 0.307

As part of this research work, the experimental values of density for the aqueous ternary (MEA

+ 3DMAI1P + H;0) system were measured at various mass fractions of MEA and 3DMAI1P,

within the temperature range of (298.15 - 353.15) K. The measured densities and the

corresponding values of excess molar volumes are listed in Table 4.4.

Table 4.4: Experimental Densities p and Excess Molar Volumes vE of MEA (1) + 3DMAI1P (2) +

H.O (3) Ternary Systems at Different Temperatures (T), Mass (w), Mole (x) fractions and
Atmospheric Pressure (P =0.1013MPa) .2

T o VE.107 T ’ VE.107 T - VE.107
K kg/m’ m*/ mol K kg/m’ m*/ mol K kg/m’ m* / mol
w1=0.30,w2=0,x1=0.113,x2=0
298.15 1010.52 -0.2043 318.15 1000.62 -0.1998 338.15 987.46 -0.1682
303.15 1008.25 -0.2026 323.15 997.62 -0.1947 343.15 984.25 -0.1684
308.15 1005.87 -0.2022 328.15 9943 -0.1849 348.15 981.04 -0.1712
313.15 1003.34 -0.2016 333.15 990.91 -0.1760 353.15 977.77 -0.1750
wi1=0,w2=0.30,x1=0,x2=0.070
298.15 983.91 -0.6272 318.15 971.75 -0.5900 338.15 957.97 -0.5625
Table 4.4 (Continued)
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T p vE10” T p vE10” T p vE10”
K kg/m’ nt / mol K kg/m’ nt / mol K kg/m’ m’ / mol
303.15 981.03 -0.6166 323.15 968.45 -0.5825 343.15 954.29 -0.5566
308.15 978.05 -0.6071 328.15 965.04 -0.5752 348.15 950.52 -0.5509
313.15 974.95 -0.5981 333.15 961.56 -0.5689 353.15 946.66 -0.5454
wi = 0.24, w2 = 0.06, x1 =0.091, x> =0.013
298.15 1005.18 -0.2885 318.15 995.09 -0.2841 338.15 983.09 -0.2843
303.15 1002.83 -0.2861 323.15 992.03 -0.2787 343.15 979.83 -0.2848
308.15 1000.35 -0.2845 328.15 989.13 -0.2798 348.15 976.47 -0.2854
313.15 997.68 -0.2817 333.15 986.14 -0.2814 353.15 973.01 -0.2861
wi=0.18, w2 =0.12, x1 = 0.069, x> = 0.027
298.15 999.89 -0.3734 318.15 989.32 -0.3625 338.15 976.9 -0.3571
303.15 997.41 -0.3693 323.15 986.38 -0.361 343.15 973.62 -0.3583
308.15 994.81 -0.366 328.15 983.32 -0.3594 348.15 970.15 -0.3574
313.15 991.96 -0.3601 333.15 980.14 -0.3576 353.15 966.58 -0.3565
wi=0.12, w2 =0.18, x1 = 0.046, x2= 0.041
298.15 994.76 -0.462 318.15 983.78 -0.4459 338.15 970.82 -0.4317
303.15 992.15 -0.456 323.15 980.41 -0.435 343.15 967.33 -0.4288
308.15 989.34 -0.4488 328.15 975.79 -0.3961 348.15 963.6 -0.4225
313.15 986.18 -0.4365 333.15 973.64 -0.4208 353.15 960.23 -0.4277
wi=0.06, w2 = 0.24, x; = 0.023, x> = 0.055
298.15 989.26 -0.5427 318.15 977.84 -0.52 338.15 964.43 -0.4984
303.15 986.25 -0.5279 323.15 974.62 -0.5137 343.15 958.8 -0.4414
308.15 983.95 -0.5342 328.15 971.35 -0.509 348.15 953.19 -0.3865
313.15 980.17 -0.5075 333.15 967.97 -0.5044 353.15 948.88 -0.3675
wi1=0.50,w2=0, x1=0.228,x2=0
298.15 1020.83 -0.4456 318.15 1008.52 -0.4289 338.15 995.05 -0.4241
303.15 1017.86 -0.4397 323.15 1005.26 -0.4271 343.15 991.5 -0.4239
308.15 1014.82 -0.4353 328.15 1001.93 -0.4257 348.15 987.86 -0.4234
313.15 1011.7 -0.4314 333.15 998.52 -0.4246 353.15 984.13 -0.4226
wi=0, w2=0.50,x1 =0, x>=0.149
298.15 970.57 -1.1848 318.15 955.09 -1.1016 338.15 938.77 -1.0381
303.15 966.77 -1.1616 323.15 951.1 -1.0847 343.15 934.54 -1.0241
308.15 962.93 -1.14 328.15 947.05 -1.0686 348.15 930.24 -1.0102
313.15 959.05 -1.1206 333.15 942.94 -1.0531 353.15 925.89 -0.997
wi=0.40, w2 = 0.10, x1 = 0.186, x2= 0.028
298.15 1011.2 -0.6071 318.15 998.16 -0.5779 338.15 984 -0.5612
303.15 1008.03 -0.5977 323.15 994.73 -0.5731 343.15 980.28 -0.558
308.15 1004.81 -0.5902 328.15 991.22 -0.5686 348.15 976.48 -0.5549
313.15 1001.53 -0.5838 333.15 987.65 -0.5649 353.15 972.63 -0.5525
wi=0.30, w2 =0.20, x1 = 0.142, x> = 0.056
Table 4.4 (Continued)
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T p V107 T p V107 T p vE10”
K kg/m’ m’® / mol K kg/m’ m’® / mol K kg/m’ nt / mol
298.15 1001.86 -0.7759 318.15 988.25 -0.7374 338.15 973.39 -0.7073
303.15 998.43 -0.7608 323.15 984.62 -0.7286 343.15 969.6 -0.704
308.15 995.24 -0.7559 328.15 980.95 -0.7212 348.15 965.73 -0.7006
313.15 991.73 -0.7447 333.15 977.2 -0.714 353.15 961.78 -0.6971
wi1=10.20, w2 =10.30, x1 = 0.097, x2=0.086
298.15 992.86 -0.9541 318.15 978.52 -0.9004 338.15 963.23 -0.8638
303.15 989.3 -0.9367 323.15 974.79 -0.8902 343.15 959.27 -0.857
308.15 985.59 -0.918 328.15 971 -0.8809 348.15 955.14 -0.8472
313.15 982.19 -0.9118 333.15 967.15 -0.8722 353.15 951.04 -0.8408
wi1=0.10, w2 =0.40, x; = 0.049, x2=0.116
298.15 981.71 -1.0701 318.15 966.73 -1.0003 338.15 950.6 -0.9402
303.15 978.09 -1.0519 323.15 962.64 -0.9794 343.15 946.24 -0.9211
308.15 974.09 -1.0248 328.15 959.09 -0.979 348.15 941.84 -0.9029
313.15 970.49 -1.0135 333.15 954.99 -0.9632 353.15 937.17 -0.8779
wi1=0.05, w2=0.45, x1 = 0.025, x2=0.132
298.15 975.84 -1.118 318.15 960.11 -1.0249 338.15 943.96 -0.9649
303.15 971.9 -1.0898 323.15 956.38 -1.016 343.15 938.41 -0.9048
308.15 968.13 -1.0702 328.15 952.24 -0.9965 348.15 935.77 -0.9475
313.15 964.33 -1.0529 333.15 948.49 -0.9926 353.15 929.74 -0.8749
wi1=0.45, w2 =0.05, x1 =0.207, x2=0.014
298.15 1018.14 -0.5843 318.15 1005.6 -0.5667 338.15 991.92 -0.5618
303.15 1015.08 -0.5773 323.15 1002.26 -0.5641 343.15 988.32 -0.5617
308.15 1011.96 -0.572 328.15 998.85 -0.5619 348.15 984.64 -0.5616
313.15 1008.71 -0.5659 333.15 995.47 -0.5631 353.15 980.89 -0.5618

aStandard uncertainties u are u(T)=0.03 K, u(P) =2.0kPa, u(w)=0.01, instrument standard uncertainty = 0.05kg/m3. The
combined standard uncertainty for density measurements Uc (p) = 0.501kg/m3(95% level of confidence, k = 2, Norm.).

The densities of the ternary systems were plotted against temperatures for all the mass fractions
considered, as shown in Figure 4.4. A linear relationship can be observed in Figure 4.4, where
the densities are decreasing gradually as temperature is increasing for all cases, as expected.
The reason [32, pp. 10] for this behavior is the same to the one discussed for the binary systems

(MEA + 3DMAIP).
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Figure 4.4: Densities of MEA (1) + 3DMALP (2) + H.O (3) ternary system as a function of
temperatures at different mass fractions (wi/w-) depicted with symbols. Correlations obtained

from equation (4-1) between densities and temperatures are shown in dotted lines.

It can be observed (Table 4.4 and Figure 4.4) within the range of temperature considered, that
the highest density values were achieved for the 0.5/0/0.5 (x1/x2/x3) binary solution and are
between (1020.83 — 984.13) kg:m3, while the lowest density values which are between (970.57
—925.89) kg:m can be seen for the 0/0.5/0.5 binary solution. This behavior makes scientific
sense, considering the fact that at constant temperature, the densities of pure MEA are higher
than the densities of pure 3DMAI1P, and as such, the same trend should follow when two
different solutions contain the same amount of MEA in one solution and 3DMAT1P in the other
solution. This same behavior is observed when comparing the 0.3/0/0.7 and 0/0.3/0.7 systems

as shown in Figure 4.4.

A three dimensional scatter plots for the densities of the ternary systems as a function of mass
fraction (W;) and temperature are shown in Figure 4.5. Looking at Figure 4.5(a) and Figure
4.5(b), it is interesting to notice the systematic reduction of the densities as the content of MEA
is reduced, corresponding to an increase in 3DMAI1P content, for both the aqueous 50% and
30% total amine concentrations. This behavior could be attributed to the resulting contraction
which takes place due to significant molecular interactions between the MEA and 3DMAI1P, as

the content is being reduced and increased respectively [33].
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Figure 4.5: Three dimensional scatter for densities of MEA (1) +3DMA1P (2) + H20 (3) as a

function of mass fraction (w1), temperature T (in Kelvin), depicted by symbols; (a) 0.3 and (b)

0.5 total amine mass fraction, w present in the aqueous ternary solutions.

The linear relationship between densities and temperatures were correlated using equation (4-

1). Table 4.5 shows the values for A,, B,, coefficient of determination (R?) and standard

deviations a calculated by equation (4-2) for the systems considered. It can be seen from Table
4.5 that all the standard deviations are within the experimental uncertainty (2.082kg/m®) except
for the 0.05/0.45 system (2.29 kg/m®) which is very close to the uncertainty limit. Nevertheless,
taking note of this observation, and the fact that the coefficients of determination (R?) are close
to unity, we can conclude that the predicted density values and the measured values are in very

good agreement.

Table 4.5: Parameters of A, B, and coefficient of determination R?, for the linear correlation

of density and temperature for MEA(1) + 3DMA1P(2) + H20(3) ternary system at different
values of MEA and 3DMA1P mass fractions w and mole fractions x.

W1/Wo X1/X2 Ao Bi R2 al kg/m?
0.30/0.00 0.113/0.000 1192.90 -0.6072 0.9959
0.24/0.06 0.091/0.013 1180.78 -0.5856 0.9971 1.78
0.18/0.12 0.069/0.027 1181.41 -0.6056 0.9972 1.89
0.12/0.18 0.046/0.041 1183.74 -0.6313 0.9976 1.93
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Table 4.5 (Continued)

0.06/0.24 0.023/0.055 1205.80 -0.7198 0.9834 1.84
0.00/0.30 0.000/0.070 1186.97 -0.6780 0.9981

0.50/0.00 0.228/0.000 1220.31 -0.6668 0.9989 1.35
0.45/0.05 0.207/0.014 1220.35 -0.6762 0.9990 1.03
0.40/0.10 0.186/0.028 1220.88 -0.7011 0.9990 1.30
0.30/0.20 0.142/0.056 1219.96 -0.7295 0.9992 1.21
0.20/0.30 0.097/0.086 1219.45 -0.7583 0.9993 1.19
0.10/0.40 0.049/0.116 1222.05 -0.8038 0.9985 1.85
0.05/0.45 0.025/0.132 1222.76 -0.8260 0.9978 2.29
0.00/0.50 0.000/0.149 1213.11 -0.8118 0.9996 1.29

4.1.2 Excess molar volumes

The experimental density values were used to calculate the excess molar volumes for the binary
and the ternary systems. The excess molar volumes were calculated from equation 4-3. The
calculated excess molar volumes of the binary and the ternary systems are listed in Table 4.2
and Table 4.4 respectively. The values for the binary system, along with those sourced from the

literature [21, 23] were utilized to predict the excess molar volumes of the ternary system.

VE=Y XM [1/p)-(1/p)] (43)

i=1

VmE is the excess molar volume; n is the number of components; X;, M, and p, are
respectively the mole fraction, molar mass and pure density of component | in the mixture; p
is the measured density of the mixture.

In addition, equation (4-4) which is the Redlich-Kister [6] (RK) polynomial equation was used
to fit the excess molar volumes for the MEA (1) + 3DMA1P (2) binary mixtures.

p

k
VijE = Xi X Z Ak(zxi _1) (4-4)
k=0
A represents the adjustable parameters; X; and X; are respectively the mole fraction of

component | and j; p+1 is the number of adjustable parameters.

A statistical test which is used to compare models that has been fitted to data set, and choose
the statistical model that best fits the data sampled, is known as the F-test [34]. The F-test was

employed to select the order of the RK polynomial that best fit the excess molar volumes of the
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binary systems. A model comparison of the second, third and fourth order RK polynomial was
performed using the F statistic equation, represented by equation (4-5). If the probability value
is higher than the critical F value !, then the first model is statistically better than the second. If
on the other side, the probability value is lower than the critical F value, then the second model
is statistically better [34].

— (SSI — Ssz)/(df1 — dfz)
- ss, /df,

F

(4-5)

SS, and SS, are respectively the residual sum of squares for the first and second model

compared, while df, and df, are the degrees of freedom of first and second model respectively.

Comparing the probability values with the critical values of F, shows that the fourth order (RK-
4) polynomial best fit the data within the range considered. Table 4.6 shows the calculated
values for the F-test at 298.15 K.

Table 4.6: F-test for the comparison of RK polynomials of order 2,3, and 4 showing the
residual sum of squares of first (SS1) and second (SS2) model, degrees of freedom of first
(dfy) and second (df2) model, F values, probability (p) values, critical F (F-crit.) and the
best fit for the plot of binary mixtures of MEA + 3DMA1P at 298.15 K.

Models SS: SS;  dfy df F p-value  F-crit.  Best

RK-2, RK-3 0.1245 0.0326 8 7 19.7171 0.0030 0.1112  RK-3

RK-3, RK-4 0.0326 0.0105 7 6 12.7349 0.0118 0.1476  RK-4

Since the RK fourth order (RK-4) is the best fit for the data at 293.18 K, we can extend this
conclusion to other temperatures because there is no significant changes in the excess molar
volumes with temperature, as illustrated in Figure 4.6. The adjustable parameters of the fits at
each temperature are given in Table 4.6. The levels of confidence R?, and the corresponding

root mean square deviations a, calculated from equation (4-6) are also shown in Table 4.7.

! The values are functions of calculated F, and can be computed in MATLAB using the ‘fcdf” function.
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Z(Vesp,i _Vc;,i)
o = =1 (4-6)
r

Vefp,i and VCE,,i are respectively the experimental and calculated excess molar volume, equation

(4-4) of data point i ; ris the number of experimental points.

Table 4.7: Redlich-Kister fourth order parameters A, for MEA + 3DMA1P mixtures at
different temperatures. The levels of confidence R? of the lines and root mean square
deviations « are also given.

T/IK Ao A1 Az Az As R? a
298.15 0.7348 6.6018 7.1682 -5.5652 -9.2013 0.9921 0.0308
303.15 0.7274 6.6694 7.2695 -5.6110 -9.3625 0.9921 0.0311
308.15 0.7278 6.7218 7.3354 -5.6943 -9.4295 0.9920 0.0314
313.15 0.7255 6.7759 7.4063 -5.7227 -9.5296 0.9921 0.0316
318.15 0.7258 6.8410 7.5002 -5.7850 -9.6608 0.9921 0.0319
323.15 0.7253 6.9019 7.5514 -5.8503 -9.7209 0.9920 0.0323
328.15 0.7213 6.9676 7.6504 -5.9190 -9.8481 0.9921 0.0324
333.15 0.7195 7.0318 7.7129 -5.9837 -9.9058 0.9920 0.0328
338.15 0.7180 7.1028 7.8304 -6.0479 -10.0652 0.9922 0.0327
343.15 0.7100 7.1621 7.9515 -6.0860 -10.2321 0.9920 0.0334
348.15 0.7043 7.2336 8.0542 -6.1457 -10.3711 0.9921 0.0336
353.15 0.6971 7.2981 8.1603 -6.1900 -10.5094 0.9921 0.0338

The excess molar volumes of the binary system, at different temperatures were plotted against

the mole fractions of components. These are shown in Figure 4.6.
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Figure 4.6: Experimental values of excess molar volumes VmE for MEA (1) + 3DMA1P (2)

binary mixtures at different temperatures: (a) 298.15 (*), 303.15 (+), 308.15 (0); (b) 313.15
(0), 318.15 (.), 323.15 (x); (c) 328.15 @), 333.15 @, 338.15 (v; (d) 343.15 ), 348.15 (1}, 353.15
#) and the broken lines were calculated from equation (4-3).

It can be seen from Figure 4-6 that at all temperature ranges considered, the curves exhibit a

similar behavior which is an S-shape, having a negative value as minimum and a positive value

: . . : E s
as maximum. An inversion of sign for V= can be observed within x; = 0.45.

The negative values of VmE in the lower region is most likely due to two types of interaction [35,

36]: (1) chemical or charge transfer interactions, leading to the formation of hydrogen bonds
between the hydroxyl group and amidogen (NH2) present in the molecules of MEA and
3DMAIP, resulting to a negative (-) contribution. (2) Structural interaction, which is the
accommodation of MEA and 3DMA1P molecules into each other’s structure due to difference
in shape and size, leading to volumetric contraction and resulting to a negative contribution.
However, as the MEA content is about becoming rich in the mixtures (X1 > 0.45), the physical
interactions which most likely, is due to repulsive forces or weak dipole-dipole intermolecular
interaction between MEA and 3DMA1P predominates the structural and chemical interactions,

and thus resulting to the positive trend observed in the upper region. In other words, the
presence of a larger amount of MEA in the mixture has the tendency to change the sign of VmE

from negative to positive [37, 38].
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In order to estimate thermodynamic properties of a ternary system from the properties of the
constituent binary systems using predictive models, this would mean that the required data of
the binary systems should be available. Three different binary systems, comprising two
components from the three components in a ternary system will be required to predict a ternary

system property [36].

As part of this work to predict the excess molar volumes of a ternary system, the experimental
results of the binary system (MEA + 3DMAI1P) in this work were used to study the ternary
system (MEA + 3DMA1P + H>O). However, the remaining two binary systems required were

sourced from literature.

The excess molar volumes of the binary (3DMA1P + H>O) system were sourced from the work

of [23], while that of the (MEA + H>O) aqueous solution were sourced from the work of [21].

The experimental excess molar volumes for the MEA + 3DMAIP + H>O systems were listed
alongside the densities in Table 4.4. It can be seen from Table 4.4 that all the values are negative
over the entire compositions. This behavior can be qualitatively explained by the strong ion-
dipole interactions and packing effect between MEA, 3DMAI1P and H>,O dominating over
dissociation of intermolecular hydrogen bonds in MEA and 3DMAI1P [21, 23, 39, 40].

The ternary VmE data were correlated using equation (4-7), which is the Nagata-Tamura [41]

equation.

E E E E 2
Vm,123 :Vm,lz +Vm,13 +Vm,23 + X1X2X3 RT(Bo - B1X1_Bzxz - B3X1
2 3 3 2
-B,x; —BX X, —BX' —B.,X; + BX X,)  (4-7)

Where VmE’ij was calculated using equation (4-4) with the fitted parameters; X,, X, and X,are
respectively the mole fractions of MEA, 3DMA1P and H;O. R is the molar gas constant and T
is the temperature in Kelvin. BO, Bl ------ Bg are the adjustable parameters for the ternary
contribution which were calculated by least square fitting.

The fitted parameters and the corresponding o for equation (4-7), calculated according to
equation (4-6) are listed in Table 4.8. The VmE,m values at 348.15K and 353.15K could not be

correlated because of the unavailability of the binary data (HO + 3DMAIP) at the

temperatures.
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Table 4.8: Parameters B, of the correlation, Eq. (4-7) and the corresponding standard
deviations a at different temperatures for MEA (1) + 3DMA1P (2) + H20 (3) ternary system.

T/IK Bo B: B2 B3 Ba Bs Bs B7 Bs a
298.15 4.67 329.7 -111.7 -3738.4 3977.3 -3414.5 104557 -20274.4 24610.0 0.0210
303.15 4.63 311.6 -98.6 -3503.1 3687.9 -3222.2 9768.1 -18932.6 22984.4 0.0215
308.15 484 3333 -109.3 -3762.5 3987.9 -3452.2 10506.1 -20404.9 24743.5 0.0209
313.15 443 308.7 -102.7 -3491.7 3704.5 -3195.5 97568 -18919.5 229642 0.0212
318.15 505 3224 -941 -3588.5 3740.8 -3332.0 9970.0 -19369.2 23476.3 0.0214
323.15 459 3260 -111.2 -3699.5 39433 -3379.2 10348.6 -20094.8 24368.4 0.0207
328.15 452 3043 -97.1 -3419.6 3621.5 -3153.9 95313 -18593.2 22475.8 0.0222
333.15 4.85 336.0 -111.1 -3796.4 40329 -3482.6 10602.6 -20621.4 24979.6 0.0214
338.15 494 3343 -1069 -3761.3 3973.0 -3460.9 10489.9 -20385.0 24703.5 0.0205
343.15 574 3146 -66.2 -3390.5 3379.4 -3225.8 9310.2 -17995.3 21867.7 0.0207

In different angles of view, Figure 4.7 shows selected 3D mesh plots (298.15K, 323.15K and

343.15K) of the excess molar volumes calculated by using equation (4-6) as a function of the

mole fraction of MEA (1) and 3DMAT1P (2). It can be deduced from Figure 4.7 that there is no

significant change for VmE’123 with increase in temperature. It is important to note that although

the model have a good representation of the experimental VmE7123 ternary data considering the

standard deviations, but however, large positive values of VmE,123 was observed as the mole

fraction of the components (X1 and X2) becomes larger at about xi~ 0.2, well above the maximum

mole fractions considered in this work. It is very difficult to find an explanation for this

behavior, but, the best possible explanation is most likely from the nature of the model itself,

as similarly observed from the work reported by Jelena et al. [36].
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Figure 4.7: 3 dimensional plots of the excess molar volumes, VmE,123 for MEA (1) +3DMALP (2)
+ H2O (3) ternary system calculated using Eq. (4-6) at (a) 298.15K, (b) 323.15K and (c)
343.15K.

In the absence of ternary data, several semi-empirical models have been developed by scientists
to predict ternary properties from the available constituent binary properties. This is because
the effect of mixing is generally a drawback in predicting ternary thermo-physical properties
from pure components, which explains why those methods are not so reliable. Therefore, it is
necessary to have more extensive study in using the constituent binary properties to estimate

the ternary properties [42].

As part of this project, the MEA + 3DMAI1P + H>O ternary VmE’123 data was predicted from the
MEA + H>0 and 3DMA1P + H>O binary systems available in the literature [21, 23], and the
MEA + 3DMAI1P binary systems measured in this work. The predicted ternary VmE,123 values

were compared with that of the experimental values. The Radojkovic et al. [43], Kohler [44]
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and Jacob-Fitzner [45] models were used to predict the ternary excess molar volumes VmE’m.
The expressions of these models are respectively given as equation (4-8), equation (4-9) and

equation (4-10).

Vij|E< = ZvijE ()_(i > )_(j) (4-8)

j>1
V.5 is the excess molar volume of the corresponding binary components i and j. The binary

ij

contributions were evaluated at the mole fractions X; = X; and )_(j =Xj.

VijEk = Z(Xi + Xj)zvijE ()_(i > )_(j) (4-9)

J>i

VijE is the excess molar volume of the corresponding binary components i and j. The binary

contributions were evaluated at the mole fractions X, =——— and X j= 1-X.
X + X

X,X o
— Vis (X,%;)

. X, X, £ o
V5 (X, X,)+
R D)

VE =
123 (X, +X3/2)(X, +X;/2) .

X, X, £ o
TR N

VijE is the excess molar volume of the corresponding binary components i and j. The binary

contributions were evaluated at the mole fractions X, =(1+X —X;)/2 and X; =1-X;.

The predicted values of VmE’123 estimated by these models, compared with the experimental

values at different temperatures are available in Appendix D. The corresponding root mean

square deviations a, calculated by equation (4-11) are listed in Table 4.9.

r 232
E E
Z(Vexp,i _Vprd,i)
_ | =l

r

(4-11)

a

Vefp,i and VpErd,i are respectively the experimental and corresponding predicted excess molar

volume of data point i ; r is the number of experimental points.
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Table 4.9: Excess molar volume root mean square deviations, a for predictive models at
different temperatures T.

T/IK a-10°/m*-mol™"  T/K  o-10%/m*-mol” T/K  «-10°/m*-mol™

Radojkovic et al. Kohler Jacob-Fitzner
298.15 0.0828 298.15 0.0848 298.15 0.0935
303.15 0.0818 303.15 0.0842 303.15 0.0923
308.15 0.0799 308.15 0.0828 308.15 0.0904
313.15 0.0807 313.15 0.0838 313.15 0.0903
318.15 0.0826 318.15 0.0862 318.15 0.0923
323.15 0.0814 323.15 0.0851 323.15 0.0911
328.15 0.0830 328.15 0.0870 328.15 0.0919
333.15 0.0853 333.15 0.0895 333.15 0.0944
338.15 0.0831 338.15 0.0873 338.15 0.0925
343.15 0.0809 343.15 0.0855 343.15 0.0914

From Table 4.9, we can see that at any constant temperature, the Radojkovic et al. model is the
most adequate of the three models in predicting the experimental excess molar volumes as its
standard deviations are the lowest. Kohler model comes second, while the Jacob-Fitzner

prediction have higher deviations.

4.2 Ternary system (MDEA + PZ + H,0)

As a second set of experiment, the densities of the ternary amine solution (MDEA + PZ + H>0)
at different amine concentrations and temperature range of (293.15-363.15) K, at 5K increment
were measured. The measured densities are presented in Appendix E. All the experimentally
determined density data were modelled in a non-dimensional form with the least square fitting
and the Orthorgonal Distance Regression (ODR) iteration algorithm, using a second order
polynomial function as in the work of Arunkumar and Syamalendu [46]. The model equation

is a function of temperature and total amine mass fraction and is depicted as equation (4-12).
p=[AW +BWT+CW'T’] (4-12)
i=0
The density of the mixture is denoted by p ; T is the temperature in Kelvin; A, B and C are the

correlation parameters corresponding to i, and W is the total amine mass fraction present in the

solution, calculated by equation (4-13).

W =

w, (4-13)

2
=1
W is the mass fraction of i, each individual amine (MDEA and PZ) present in the solution.
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The values for the correlation parameters and standard deviation a, calculated by equation (4-

2) are listed in Table 4.10.

Interestingly, this single equation (equation (4-12)) was able to correlate all the density data
with a standard deviation of 0.0094 kg/m?® which is well below the experimental combined
expanded uncertainty (0.414 kg/m3) of the ternary system, and R? value of 1, as shown in Table

4.10. This indicate that the density data is in excellent agreement with the model.

Table 4.10: Fitted Parameters of Equation 4-12, Coefficient of Determination R?, and
Standard Deviation o for Density Correlations for The Ternary Systems MDEA + PZ + H>0.

A Bi Ci
i=0 826.92 1.25832 -0.0025
i=1 290.919 0.00201 -0.0016
i=2 446.198 -3.6646 0.00642
R? 1
a 0.0094 kg/m?

Figure 4.8(a), (b) and (c) shows the densities of the ternary solutions as a function of
temperature for the mass fractions of PZ. It can be seen from Figure 4.8 that the densities of
MDEA + PZ +H»O as expected, decrease as the temperature increases [32, pp. 10] and increase
as the mass fraction of PZ increases in the solution. This behavior can be observed as the PZ
content increases in all the constant MDEA/H>O compositions considered (30/70, 40/60, and
50/50) %.
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Figure 4.8: Densities of MDEA (1) + PZ (2) + H20 (3) solutions as a function of temperature
for the mass fractions of PZ in constant (a) 30/70 (b) 40/60 (c) 50/50 MDEA/H20 solution.
Symbols denote experimental data and dotted lines are calculated by the model, equation (4-
11).

In addition, a spread in (shrinkage) behavior can be observed as the curves move towards
downstream of the plots in Figure 4.8 (a), (b) and (c). This behavior could suggests that the
density values of each of the ternary system are converging to a common value as the
temperature increases. To provide a better insight of what is happening scientifically in the
region of very high temperatures (above 363K), it is recommended (as further work) that the
density measurement of MDEA + PZ +H>O should be studied at very high temperatures (above
363.15K).
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5 Conclusion

New experimental data for the densities of MEA (1) + 3DMAI1P (2) + H>O (3) ternary aqueous
solution and its constituent MEA (1) + 3DMAIP (2) binary mixture have been presented and
studied in the temperature range (298.15 to 353.15) K and atmospheric pressure, for 0.3 and
0.5 total amine mass fractions for the aqueous ternary system (MEA (1) + 3DMAIP (2) + H.O
(3)), as well as the whole composition range of the binary (MEA (1) + 3DMAIP (2)) system.
The density data were correlated with temperature using linear equations with fitted parameters.
The average absolute deviations and standard deviations were within the experimental

uncertainties, which shows a satisfactory agreement between the measured and correlated data.

To represent deviations from ideal mixtures, excess molar volumes were calculated from the
density data, and correlated using Redlich-Kister equation for binary mixtures and Nagata-
Tamura equation for the ternary solutions. The minimal standard deviations indicates that the
correlation is good. Radojkovic et al., Kohler and Jacob-Fitzer models were employed to predict
the excess molar volumes of the ternary aqueous solutions and the best agreement was achieved

by the Radojkovic et al. model, and as such, it is the best to use in the absence of ternary data.

Another new experimental density data of MDEA (1) + PZ (2) + H20 (3) ternary amine solution
in the temperature range of (293.15 to 363.15) K, and atmospheric pressure were produced. The
PZ mass fraction was varied between 0 to 0.1 in each of the constant MDEA/H>O binary
solution of 0.3/0.7, 0.4/0.6 and 0.5/0.5. All the densities were correlated with a single
polynomial equation yielding a slight standard deviation of 0.0094 kg/m?® which is within the
combined expanded uncertainty (0.414 kg/m?), and a R? value of 1. This concludes that there

is excellent agreement between the experimental and the correlated data.
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6 Further work

The further work can be approached in two perspectives; the big one and the relatively small
one. As a big approach from the context of the ultimate aim of this research which is to utilize
this data in CO absorption and desorption processes and other engineering applications. It is
recommended as further work that other different amine solution densities should be measured

and studied, particularly those ones that little or no attention has been given to.

The relatively small one which is closely related to this research work, is highlighted -in order

of priority owing to my literature findings -as follows:

- Experimental density data should be produced and analyzed for both MEA + 3DMAI1P
+ H»0 and MDEA + PZ + H,0 amine CO; loaded solutions -at various temperatures-
which will become quaternary amine solutions. Although, the study will be more
laborious due to the increase in number of components.

- A ThermoData engine (TDA) which was the first full scale software implementation
algorithm, developed by [25] that is used in evaluating thermophysical properties of
ternary chemical systems should be used for the ternary systems in this research work.
In addition to this, the Prigogine-Flory-Patterson theory which is widely used to
establish excess thermodynamic properties from binary constituents [47], should be
used to predict the excess molar volumes reported in this work. To my best knowledge,
very few or no information of these models have been used for amine solutions.

- Densities at high temperatures (above 363.15 K) should be measured for the CO; loaded
and unloaded MEA + 3DMA1P + H20 and MDEA + PZ + H>0O amine solutions. This
work will have a very good application in the regeneration of CO; because regeneration
is usually done at very high temperatures. It will also be useful in having better insight
of what happens to the densities of MDEA + PZ + H>O amine solutions at high
temperatures as explained in Chapter 4.2.

- Available different models can be used to correlate the measured density data in this
work, and the correlated data is compared with the measured data in line with

experimental uncertainties.
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Appendix A: Task description
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Telemark University College
Faculty of Technology

FMHG606 Master's Thesis

Title: Measurement and correlation of data used for CO» absorption in different amine
solutions at various temperatures.

TUC supervisors: Professor Dag Eimer, assisted by Dr Zulkifli Idris

External partner: Tel-Tek

Task description:

The task is to measure densities of aqueous amine solutions, with and without CO;, to
various levels at a range of temperatures. The data shall be correlated by fitting parameters to
appropriate models such that these models can account for mixture densities at various
temperatures, amine concentrations and CO: loadings. Literature review is of course part of
this work. The amines to focus on are identified, but will be chosen to fit into an ongoing
research project.

All data measured shall be analyzed and correlated. Uncertainties shall be estimated.

Formal chemical engineering analysis shall be applied to all details of the method.

Final thesis shall include literature review, review and description of experimental
technique, theoretical treatment and a discussion of the work and achievements. It should also
be noted that reliable and producible results from this work will be submitted to a peer-
reviewed international journal, and the student will be one of the co-authors.

Task background:

Carbon dioxide (CO») is considered as one of the main contributors to the global warming
and the removal of CO; from industrial gas streams has become even more important due to
the focus on reduction of greenhouse gas emissions.

Amine based chemical absorption processes is the main method for removal of COa..
MEA has been employed as an important industrial absorbent with its rapid reaction rate,

Address: Kjelnes ring 56, NO-3918 Porsgrunn, Norway. Phone: 35 57 50 00. Fax: 35 55 75 47.
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relative low cost and thermal stability. However, other amines are being considered in an
attempt to lower capture costs.
This work is an integral and important part of a big research effort financed the

Norwegian Research Council. The focus of this project is to develop predictive equilibrium
models.

Physical data including solution densities are important parameters for industrial design
estimates. There is still uncharted territory.

Student category:

PT or EET students

Practical arrangements:
Laboratory facilities will be provided and is ready to use.

Signatures:

Student (date and signature):

Supervisors (date and signature):



6 Operation

Appendix B: Details of Rotary Vapor

6 Operation

This chapter explains the operating elements and possible operating modes. It gives instructions on
how to operate the instrument properly and safely.

ATTENTION
Check the glassware for damages prior to each operation and use only glassware in perfect condi-
tion. Glassware with cracks, stars or other damages can break during operation.

6.1 Starting the pump

6.1.1 Pump without controller

After the pump is completely installed it is ready to operate, i.e. when the mains switch is pressed, the
pump starts operating right away and starts evacuating until the end vacuum (10 mbar with the V-700
and 2 mbar with the V-710). When the pump is operated continuously over a longer period of time it
automatically switches to the ECO? Mode (see chapter 4.5). In case the Vacuum Pump V-700 or V-
710 is part of a central lab source pump we recommend to use the Vacuum Module V-802 LabVac to
ensure an unreduced suction power during the whole operation time (see chapter 4.4).

6.1.2 Pump with controller

After the pump and the controller are completely installed, the system is ready to operate. When the
mains switch is pressed, the pump is on standby and starts operating as soon as the controller is
started. It then evacuates to the vacuum preset at the controller.

6.1.3 EasyVac

For a description of the EasyVac function, see chapter 4.3.

6.1.4 LabVac

For a description of the LabVac function, see chapter 4.4,

6.1.5 ECO? Mode

For a description of the ECO? Mode, see chapter 4.5.

34 V-700/710 Operation Manual, Version C




6 Operation

6.2 Selecting the distillation conditions

To achieve optimal distillation conditions, the distillation energy supplied by the heating bath must be
removed by the condenser.

To ensure this, operate the instrument according to the following rule of thumb:

Cooling water: max. 20 °C Vapor: 40 °C Bath: 60 °C

How are these conditions achieved?:

¢ Set the bath temperature to 60 °C.

¢ Set the cooling water temperature not higher than 20 °C.

¢ Allow cooling water to flow through the condenser at approximately 40 — 50 I/h.

¢ Define the operating vacuum in such a way, that the boiling point of the solvent is 40 °C. The corre-
sponding pressure can be seen from the Solvent Table in chapter 3.

Advantages associated with bath temperatures of 60 °C:

¢ The evaporating flask can be replaced without risk of burns.
® The evaporation rate of the water from the heating bath is low (low energy loss).
¢ The heating bath energy is used at a good degree of efficiency.

This rule can also be applied to lower bath temperatures, e.g.:
Cooling water: 0 °C Vapor: 20 °C Bath: 40 °C

Fig. 6.1: 20-40-60 ° rule

35 V-700/710 Operation Manual, Version C




6 Operation

6.3 Optimizing the distillation conditions

Depending on the solvent being distilled the distillation might have to be re-optimized. In the optimized
case, the condenser should be steamed up to between 2/3 to 3/4, see figure below.

If this is not the case, there are two possibilities to optimize the distillation:

* When the heating bath has reached 60 °C slowly reduce the pressure. Thus, the boiling point of
the solvent is reduced and A T, increases resulting in an increase of distillation capacity.

¢ When the heating bath has reached 60 °C increase the bath temperature. Thus A T, increases
resulting in an increase of distillation capacity as well.

NOTE

When the bath temperature is increased, not all of the additional energy is used for distillation but a
major part is discharged into the environment due to the increasing difference between heating bath
and the ambient temperature.

Fig. 6.2: Optional condensation area of a condenser

36 V-700/710 Operation Manual, Version C




6 General Settings

Appendix C: Density meter Procedures

XDLIB28

Hints:

After turning on the power, the DMA needs approx. 20 minutes for
attemperating and additionally 5 to 10 minutes for internal temperature
adjustments. During this time "attemperating” is displayed. If the desired
measuring temperature is already set, do not touch any key during this
time as this will considerably increase the waiting period.

In case of high air humidity or low measuring temperatures see Appendix
A.

14. As soon as the attemperating of the DMA to 20 °C is finished, perform a

density check measurement using the supplied liquid density standards (see
Chapter 7.2).

Important:

The DMA is factory adjusted and this control measurement should be
performed to check if the adjustment is still valid after transport.

6 General Settings

6.1 Menu Operation

Hint:
For a graphic overview, see the menu tree in Appendix F.

Using the Keys on the Keypad

To select the main menu press the "Menu" soft key.

To select menu items use the "UP" or "DOWN" keys and press ".J" to confirm
the selection.

In the submenus found under "method settings"”, "output selection" and
"memory configuration" and "printer configuration" toggle between "Y" (yes,
selected) and "N" (no, not selected) using the ".1" key. Move to the next item
using the "UP" and "DOWN" keys.

In the submenus found under "method settings"”, "display configuration”
toggle between "N" (no, not selected), "S" (small size), "M" (medium size)
and "L" (large size) using the ".1" key.

In the other submenus, to select a menu item

- press "J" to activate the item,
- move the cursor to the desired position using the "Left" or "Right" soft keys,

15




6 General Settings

16

- decrease or increase the numerical value of a digit by using the "UP" or
"DOWN" keys,

- select letters and numbers by using the "UP" or "DOWN" keys,

- conclude the setting by pressing "J".

« To return to the previous display press the "Esc"” soft key.

+ To save changed data press the "Yes" soft key upon the question "Save
changes?".

« To return to the measuring mode press the "Exit" soft key.

6.2 Display Contrast

* Make sure that the instrument is set to the measuring mode.
« The display contrast is adjusted by pressing the "UP" or "DOWN" keys.

+ Save the setting of the display contrast permanently in the "instrument
settings", "save display contrast" menu.

6.3 Setting Date and Time

Date and time are set in the "instrument settings", "date & time" menu. Different
formats can be selected.

6.4 Setting the Language

Select the language (English or German) in the menu "instrument settings”,
"language".

6.5 Defining a Method

* A method consists of the following settings: measuring temperature, display
settings, printer and memory configuration, measurement settings and
control settings for the optional sample changer. These are all stored under a
unique method name. 10 different methods can be assigned.

+ The 10 methods are factory preset, covering the most common measuring
tasks. However, every method can be individually changed, adapted or
renamed.

+ To activate a method, press the "Method" soft key and select a method from
the list by pressing ".".

* To rename the method select "method settings”, "edit method name".
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* The factory setting for each method can be recalled by selecting "reset
method" in the menu "method settings".

6.6 Setting the Temperature

Set the temperature to degrees Celsius (°C) or Fahrenheit (°F) in "temperature
setting".

6.7 Settings for the Measuring Procedure

The parameters for the measuring procedure are set in "measurement settings".

Bunp MEASURIMENT SETTINGS

meas. finished bsP
4imecut ' 00

pump terninates neas.' yes

pusp switoh off mode' time
punp suitoh off dime: 3I2Q sec
tyre of sample identit.: number
reset sauple jdentif.'no

APl input: density

teap. scan ! off denp. step ' 0.30°C
start tewp.: +20.00°C stop temp. : +21.00°C
dalay ' @wnin

e

e

Fig. 6-1  DMA 5000 screen: Measurement settings

For the fastest results (approx. 1 minute), set the parameter "meas. finished by:
predetermination”. The DMA calculates the density before complete temperature
equilibrium has been reached.

For the highest accuracy results, set the parameter "meas. finished by:
equilibrium”. The DMA determines the density and concentration after complete
temperature equilibrium has been reached.

In the DMA 5000 for higher accuracy 3 methods can be selected: Equilibrium fast,
Equilibrium medium, Equilibrium slow. The highest accuracy is achieved by using
Equilibrium slow.

+ "pump terminates measurement”: If "yes" is selected, activating the air pump
will interrupt the measurement.

+  "pump switch off mode": If "time" is selected the air pump will be switched off
automatically after the specified "pump switch off time". Otherwise the air
pump has to be switched off manually.

+ Select the type of sample identification in "type of sample identif.".
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«  "reset sample identif."; Select if the entered sample identification should be
deleted after the measurement.

*  "API input" Select the kind of density for calculating the API functions:
density, density (not viscosity correct.), special adjustment 0-4.

DMA 5000:

+ "delay": This function is only available when a temperature scan is activated.
When measurements are carried out with the temperature scan, a "delay
time" (from 0 to 9999 minutes) can be entered: After reaching the new
measuring temperature, the DMA 5000 waits for the set time before the
measurement is carried out.

+  "temp. scan": Measurements by different temperatures are performed
automatically. Start, end and step values can be entered.

7 Checking Procedure, Adjustment and
Calibration

7.1 Definitions

Adjustment of the density meter:

» The process of bringing the instrument into a state suitable for use, by setting
or adjusting the density instrument constants.

Calibration of the density meter:

+ Various processes for establishing the relationship between the reference
density of measurement standards and the corresponding density reading of
the instrument.

« Calibrations are performed to determine the deviation of the displayed
density values from the reference values of density standards.

7.2 Checking Procedure: Density Check

The "density check" function allows you either to check the validity of the factory
adjustment after transport or the validity of your own adjustments.

» To check the factory adjustment, pure water is used as calibration fiuid.

+ To check your own adjustments either degassed, bi-distilled water or
different density calibration fluids or standardized samples can be used.
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+ Before each series of measurements check the validity of the adjustment
using degassed, bi-distilled water or an appropriate density standard.

« The density check should be performed once every day.

Hint:
Preparation of degassed, bi-distilled water:

1. Boil fresh, bi-distilled water for several minutes to remove dissolved air.

2. Fill a clean glass flask full with the boiled water and cover it.

3. Wait until the water has cooled down to the approx. measuring
temperature.

Performing the density check:
1. Select "adjustment”, "density check”, "density check settings".

2. Enter the settings corresponding to the density calibration fluid.

Hint:
For water the following settings are recommended:
density: 0.99820 (DMA 4100/4500); 0.998203 (DMA 5000)

max. dens. dev..  0.00010 g/cm3 (DMA 4100/4500);

0.00005 g/cm? (DMA 5000)
temperature: +20.00 °C
check interval: 1 day
check density: on
Switching on "check density" activates a memory function. If the interval (1-
999 days) is expired, a flashing "Density Check Needed" in the headline of the
measuring window will appear.

3. Select "check density" to start the density check (the corresponding steps
are shown on the display).

4. + If the measured density is within the permitted range, the display shows
"density check: OK". Routine measurements can be carried out.
+ If the measured density is out of range, the display shows "density check:
NOT OK". Clean and dry the measuring cell and repeat the density check.
If the result is still "density check: NOT OK", perform a new adjustment (see
Chapter 7.3).

Hint:
In each case ("density check: OK" or "density check: NOT OK") the measured
density and the deviation from the set density are displayed.

5. Up to 50 density checks can be stored with date and time. The activated
density check or all stored density checks can be printed out.
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7.3 Adjustment

* An adjustment has to be performed if deviations between the displayed
values and reference values of density standards exceed the specifications
of the DMA or the specifications of the standard.

« Air and bi-distilled, freshly degassed water are used for normal adjustment.

+ A factory setting allows density measurements over the entire temperature
range, although adjustment is usually only performed at 20 °C.

« If measurements at different temperatures indicate deviations between the
displayed values on the DMA and reference values of density standards,
then an air and water adjustment for the whole temperature range is
necessary (see Chapter 7.3.2).

Hint:

It is not recommended and does not improve the performance of the DMA to
adjust if calibrations with suitable density standards indicate no deviations
from the reference values.

7.3.1  Adjustment with Air and Water at 20 °C

Normal adjustment (5-10 min) is performed using dry air (see Appendix A) and bi-
distilled, freshly degassed water at 20 °C.

Adjustment procedure at 20 °C:

1. Before adjustment thoroughly clean and dry the measuring cell (see Chapter
9).

2. Press the "Menu" key and select the menus "adjustment”, "adjust’ and
"density (air, water)" using the "UP", "DOWN" and ".J1" keys.

Hint:
If the DMA is set to any other temperature, it will automatically be switched to
20 °C when the adjustment procedure is started.

3. Start the adjustment by pressing the "OK" key.

4. Press the "J" key and enter the current air pressure using the "UP",
"DOWN", "Left", "Right" and "J" keys.
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Hints:

For air adjustment, the current air pressure must be entered, as it
influences the air density.

The density values of water and air at a specific atmospheric pressure for
the complete temperature range are stored in the memory.

If the current on-site barometric pressure is not available, enter the
average air pressure (depending on the altitude above sea level)
according to the following table:

Table 7.1: Altitude and air pressure

Altitude above sea level Air pressure
[m] [ft] [mbar]
0 0 . 1013
400 1312 966
800 2625 921
1200 3937 877
1600 5249 835
2000 6562 795
2400 7874 756
2800 9186 719
3200 10499 683
3600 11811 649

5. Wait until the air adjustment is finished.

6.

Fill the measuring cell with bi-distilled, freshly degassed water, checking for

the presence of bubbles through the viewing window.

Hint:
For the degassing of water, see Chapter 7.2.

9.

Start the water adjustment by pressing the "OK" key.

Wait until the water adjustment is finished. After pressing the "OK" key the
deviation of the new adjustment from the last adjustment performed is

displayed at a density of 1 g/cm?.

» The adjustment is saved by selecting "SAVE" after "recommendation:

SAVE" is displayed. The adjustment data are stored and can be printed if
a printer is connected and activated.

» By selecting "REPEAT" after "recommendation: REPEAT" is displayed, the

adjustment is repeated (if the deviation is > 0.00005 g/cm?). Clean the
measuring cell first (Chapter 9). If the deviation remains unchanged, the
adjustment can be stored by selecting "SAVE".
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7.3.2 Adjustment with Air and Water for the Entire
Temperature Range (Full Range Adjustment)

If measurements at different temperatures indicate deviations between the
displayed values on the DMA and reference values of density standards, then an
air and water adjustment for the whole temperature range (2 hours) is necessary.
Dry air (Appendix A) and bi-distilled, freshly degassed water are used.

The adjustment procedure is performed as follows:

Air adjustment at 40 °C
Air adjustment at 60 °C
Water adjustment at 40 °C
Water adjustment at 60 °C

Full range adjustment procedure:
1. Perform an air and water adjustment at 20 °C (see Chapter 7.3.1).
2. Thoroughly clean and dry the measuring cell (see Chapter 9).

3. Press the "Menu" key and select the menus "adjustment”, “adjust’ and
"density (temperature range)" using the "UP", "DOWN" and "" keys.

4. Start the full range adjustment by pressing the "OK" key.

5. Perform all further steps as is required by the instrument.

Hint:
Bi-distilled water is degassed by boiling it, cooled to 65 to 60 °C and filled
bubble-free into the measuring cell using a syringe.

6. For saving the adjustment proceed as described in Chapter 7.3.1.

7.3.3 Special Adjustment

Special adjustment (user-specific adjustments) should only be performed ife.g. a
norm explicitly demands an adjustment different from the above-mentioned
adjustment. During special adjustments no correction of the viscosity will be
performed (see reference manual chapter 8.3.3).

7.4 Calibration

« Calibrations are carried out using certified liquid density standards.

» The displayed density value on the DMA is compared to the reference value
indicated in the calibration certificate of the liquid density standard.

« The physical properties (density, viscosity) of the liquid density standards
should be similar to those of the samples.
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The frequency of calibrations with certified liquid density standards depends
on the requirements and the user's judgement. Recommendation: 1 to 2
calibrations per year.

Notes on the 5 liquid density standards, supplied with the DMA:

- The density of the ultra pure water (density standard) is given at different

temperatures with an uncertainty of 0.00001 g/cm3 at a confidence level of
95%.

- The listed densities are valid for the time at which the liquids were filled.
- The calibration liquids should be stored in a cool and dark place!
- The calibration liquids must be used immediately and only once after the

bottle has been opened!

Calibration procedure:

1.

Perform a density check (see Chapter 7.2) with water and carry out an
adjustment at 20 °C (see Chapter 7.3.1), if necessary.

Thoroughly clean and dry the measuring cell (see Chapter 9).

Immediately after opening the bottle, inject the liquid density standard by
means of a glass or metal syringe without any air bubbles into the measuring
cell of the DMA,

After the measurement is finished, print the result (density at given
temperature).

Document the calibration procedure in a calibration protocol which contains
the operator’'s name, date, place, description of the calibration procedure,
results and the calibration certificate of the liquid density standard.

Perform a thorough cleaning of the measuring cell.
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8 Measurements

-

Select the required measuring method

d

Clean and dry the measuring cell

J

> Enter a sample identification ("Sample#")

J

Fill the sample into the measuring cell

i)

Make sure that there are no air bubbles

J

Press the "Start" key

|}

Automatic printout of the results
if selected

J

Result OK: Press "Cont" -
next measurement will be started
Result not OK: Press "Esc" -
measurement will be interrupted

L

J

If the next sample
has a similar
chemical
composition ...

If the next sample
has a different
chemical
composition ...

No further
determination
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Clean the DMA
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Appendix D:

Predicted models for excess molar volumes

Experimental And Radojkovic et al. Predicted Excess Molar Volumes VnE of MEA(1) +
3DMAI1P(2) + H>O(3) Ternary Systems at Different Temperatures (T), Mass (w), Mole (x) fractions
and Atmospheric Pressure.

T VmE-10® Model T VmE-10® Model

K m3 -mol! m?3 -mol-! K m?3 -mol m?3 -mol

wi=0.30,w>,=0,x;,=0.113,x2=0

298.15 -0.2043 -0.1964 323.15 -0.1947 -0.1877
303.15 -0.2026 -0.1946 328.15 -0.1849 -0.1859
308.15 -0.2022 -0.1929 333.15 -0.1760 -0.1842
313.15 0.2016 0.1911 338.15 -0.1682 -0.1824
318.15 -0.1998 -0.1894 343.15 -0.1684 -0.1807
w1 = 0.24, w2 = 0.06, x; = 0.091, xo = 0.013
298.15 -0.2885 -0.2656 323.15 -0.2787 -0.2476
303.15 -0.2861 0.2613 328.15 -0.2798 -0.2443
308.15 -0.2845 -0.2578 333.15 -0.2814 0.2412
313.15 0.2817 -0.2541 338.15 -0.2843 -0.2390
318.15 -0.2841 -0.2505 343.15 -0.2848 -0.2363
wi=0.18, w2 = 0.12, x; = 0.069, xo= 0.027
298.15 0.3734 -0.3428 323.15 -0.3610 03154
303.15 -0.3693 0.3361 328.15 -0.3594 -0.3105
308.15 -0.3660 -0.3306 333.15 -0.3576 -0.3061
313.15 -0.3601 -0.3250 338.15 0.3571 -0.3033
318.15 -0.3625 -0.3194 343.15 -0.3583 -0.2996
wi=0.12, w2 = 0.18, x; = 0.046, xo= 0.041
298.15 -0.4620 -0.4276 323.15 -0.4350 -0.3904
303.15 -0.4560 0.4182 328.15 -0.3961 -0.3839
308.15 -0.4488 0.4109 333.15 -0.4208 -0.3781
313.15 -0.4365 -0.4032 338.15 0.4317 -0.3748
318.15 -0.4459 -0.3956 343.15 -0.4288 -0.3700
w1 = 0.06, w2 = 0.24, x; = 0.023, xo= 0.055
298.15 -0.5427 0.5199 323.15 0.5137 0.4727
303.15 -0.5279 -0.5078 328.15 -0.5090 -0.4644
308.15 -0.5342 -0.4985 333.15 -0.5044 -0.4572

313.15 -0.5075 -0.4887 338.15 -0.4984 -0.4533



318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

-0.5200

-0.6272
-0.6166
-0.6071
-0.5981
-0.5900

-0.4456
-0.4397
-0.4353
-0.4314
-0.4289

-0.5843
-0.5773
-0.5720
-0.5659
-0.5667

-0.6071
-0.5977
-0.5902
-0.5838
-0.5779

-0.7759
-0.7608
-0.7559
-0.7447
-0.7374

-0.9541
-0.9367
-0.9180
-0.9118
-0.9004

-1.0701
-1.0519
-1.0248
-1.0135
-1.0003

W1:0

W1:0

wi=0.45,

wi = 0.40,

wi = 0.30,

wi=0.20,

w1 =0.10,

-0.4791 343.15 -0.4414
, w2=10.30,x; =0, x2=0.070

-0.6210 323.15 -0.5825
-0.6062 328.15 -0.5752
-0.5948 333.15 -0.5689
-0.5829 338.15 -0.5625
-0.5712 343.15 -0.5566
50, w2 =0,x;=0.228,x,=0

-0.4400 323.15 -0.4271
-0.4370 328.15 -0.4257
-0.4340 333.15 -0.4246
-0.4310 338.15 -0.4241
-0.4280 343.15 -0.4239
w2 =0.05, x; =0.207, x,=0.014

-0.4867 323.15 -0.5641
-0.4816 328.15 -0.5619
-0.4771 333.15 -0.5631
-0.4725 338.15 -0.5618
-0.4680 343.15 -0.5617
w2 =10.10, x; = 0.186, x2=0.028

-0.5377 323.15 -0.5731
-0.5307 328.15 -0.5686
-0.5247 333.15 -0.5649
-0.5185 338.15 -0.5612
-0.5124 343.15 -0.5580
w2 =0.20, x; = 0.142, x,=0.056

-0.6528 323.15 -0.7286
-0.6416 328.15 -0.7212
-0.6326 333.15 -0.7140
-0.6232 338.15 -0.7073
-0.6140 343.15 -0.7040
w2 =0.30, x; = 0.097, x,=0.086

-0.7846 323.15 -0.8902
-0.7692 328.15 -0.8809
-0.7570 333.15 -0.8722
-0.7443 338.15 -0.8638
-0.7320 343.15 -0.8570
w2 =0.40, x; = 0.049, x,=0.116

-0.9346 323.15 -0.9794
-0.9147 328.15 -0.9790
-0.8992 333.15 -0.9632
-0.8830 338.15 -0.9402
-0.8675 343.15 -0.9211

-0.4474

-0.5635
-0.5534
-0.5447
-0.5401
-0.5330

-0.4250
-0.4220
-0.4190
-0.4160
-0.4130

-0.4639
-0.4596
-0.4554
-0.4518
-0.4478

-0.5073
-0.5016
-0.4963
-0.4920
-0.4871

-0.6068
-0.5984
-0.5908
-0.5850
-0.5782

-0.7226
-0.7114
-0.7015
-0.6941
-0.6853

-0.8556
-0.8415
-0.8291
-0.8200
-0.8090



w1 =0.05, w2 =0.45, x; = 0.025, xo=0.132

298.15 -1.1180 -1.0177 323.15 -1.0160 -0.9298
303.15 -1.0898 -0.9953 328.15 -0.9965 -0.9141
308.15 -1.0702 -0.9782 333.15 -0.9926 -0.9003
313.15 -1.0529 -0.9602 338.15 -0.9649 -0.8903
318.15 -1.0249 -0.9430 343.15 -0.9048 -0.8781
wi1=0, w, =0.50,x; =0, x,=0.149
298.15 -1.1848 -1.1072 323.15 -1.0847 -1.0101
303.15 -1.1616 -1.0824 328.15 -1.0686 -0.9927
308.15 -1.1400 -1.0635 333.15 -1.0531 -0.9777
313.15 -1.1206 -1.0436 338.15 -1.0381 -0.9666
318.15 -1.1016 -1.0246 343.15 -1.0241 -0.9531

Experimental And Kohler-Predicted Excess Molar Volumes V,,F of MEA(1) + 3DMA1P(2) + H,O(3) Ternary
Systems at Different Temperatures (T), Mass (w), Mole (x) fractions and Atmospheric Pressure.

T VmE-10® Model T VmE-106 Model

K m? -mol*! m? -mol! K m? -mol-! m? -mol!

wi=0.30,w>,=0,x,=0.113,x,=0

298.15 -0.2043 -0.1964 323.15 -0.1947 -0.1877
303.15 -0.2026 -0.1946 328.15 -0.1849 -0.1859
308.15 -0.2022 -0.1929 333.15 -0.1760 -0.1842
313.15 -0.2016 -0.1911 338.15 -0.1682 -0.1824
318.15 -0.1998 -0.1894 343.15 -0.1684 -0.1807
w1 =0.24, w2 =0.06, x; = 0.091, x, = 0.013
298.15 -0.2885 -0.2642 323.15 -0.2787 -0.2453
303.15 -0.2861 -0.2597 328.15 -0.2798 -0.2418
308.15 -0.2845 -0.2560 333.15 -0.2814 -0.2386
313.15 -0.2817 -0.2521 338.15 -0.2843 -0.2365
318.15 -0.2841 -0.2482 343.15 -0.2848 -0.2337
wi=0.18, w2 =0.12, x; = 0.069, x,= 0.027
298.15 -0.3734 -0.3399 323.15 -0.36096 -0.3109
303.15 -0.3693 -0.3327 328.15 -0.35939 -0.3058
308.15 -0.3660 -0.3270 333.15 -0.35763 -0.3012
313.15 -0.3601 -0.3210 338.15 -0.35708 -0.2986
318.15 -0.3625 -0.3150 343.15 -0.35828 -0.2948

wi=0.12, w2 = 0.18, x; = 0.046, xo= 0.041
298.15 -0.4620 -0.4301 323.15 -0.4350 -0.3919



303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15

-0.4560
-0.4488
-0.4365
-0.4459

-0.5427
-0.5279
-0.5342
-0.5075
-0.5200

-0.6272
-0.6166
-0.6071
-0.5981
-0.5900

-0.4456
-0.4397
-0.4353
-0.4314
-0.4289

-0.5843
-0.5773
-0.5720
-0.5659
-0.5667

-0.6071
-0.5977
-0.5902
-0.5838
-0.5779

-0.7759
-0.7608
-0.7559
-0.7447
-0.7374

-0.9541
-0.9367

-0.4204 328.15
-0.4129 333.15
-0.4049 338.15
-0.3971 343.15
wi=0.06, w> = 0.24, x; = 0.023, x,=0.055
-0.5217 323.15
-0.5094 328.15
-0.4999 333.15
-0.4899 338.15
-0.4801 343.15
wi1=0, w,=0.30,x;=0,x,=0.070
-0.6210 323.15
-0.6062 328.15
-0.5948 333.15
-0.5829 338.15
-0.5712 343.15
wi1=0.50, w, =0, x; =0.228,x,=0
-0.4400 323.15
-0.4370 328.15
-0.4340 333.15
-0.4310 338.15
-0.4280 343.15
wi=0.45, w2 =0.05, x; =0.207, x,=0.014
-0.4468 323.15
-0.4426 328.15
-0.4387 333.15
-0.4347 338.15
-0.4308 343.15
wi=0.40, w> =0.10, x; = 0.186, x,=0.028
-0.5400 323.15
-0.5320 328.15
-0.5252 333.15
-0.5182 338.15
-0.5113 343.15
wi=0.30, w2 =0.20, x; = 0.142, x,= 0.056
-0.6489 323.15
-0.6363 328.15
-0.6261 333.15
-0.6155 338.15
-0.6050 343.15
wi=0.20, w2 =0.30, x; = 0.097, x,= 0.086
-0.7937 323.15
-0.7771 328.15

-0.3961
-0.4208
-0.4317
-0.4288

-0.5137
-0.5090
-0.5044
-0.4984
-0.4414

-0.5825
-0.5752
-0.5689
-0.5625
-0.5566

-0.4271
-0.4257
-0.4246
-0.4241
-0.4239

-0.4273
-0.4236
-0.4199
-0.4165
-0.4130

-0.5059
-0.4997
-0.4939
-0.4898
-0.4847

-0.7286
-0.7212
-0.7140
-0.7073
-0.7040

-0.8902
-0.8809

-0.3853
-0.3793
-0.3763
-0.3715

-0.4737
-0.4654
-0.4580
-0.4543
-0.4484

-0.5635
-0.5534
-0.5447
-0.5401
-0.5330

-0.4250
-0.4220
-0.4190
-0.4160
-0.4130

-0.4273
-0.4235
-0.4198
-0.4164
-0.4129

-0.5060
-0.4998
-0.4940
-0.4899
-0.4848

-0.5975
-0.5882
-0.5799
-0.5744
-0.5673

-0.7274
-0.7155



308.15 -0.9180 -0.7640 333.15 -0.8722 -0.7051

313.15 -0.9118 -0.7504 338.15 -0.8638 -0.6983
318.15 -0.9004 -0.7370 343.15 -0.8570 -0.6893
w1=0.10, w2 = 0.40, x; = 0.049, x,=0.116
298.15 -1.0701 -0.9422 323.15 -0.9794 -0.8607
303.15 -1.0519 -0.9215 328.15 -0.9790 -0.8462
308.15 -1.0248 -0.9055 333.15 -0.9632 -0.8335
313.15 -1.0135 -0.8888 338.15 -0.9402 -0.8248
318.15 -1.0003 -0.8726 343.15 -0.9211 -0.8138
wi1=0.05, wy = 0.45, x; = 0.025, x,=0.132
298.15 -1.1180 -1.0192 323.15 -1.0160 -0.9299
303.15 -1.0898 -0.9965 328.15 -0.9965 -0.9139
308.15 -1.0702 -0.9790 333.15 -0.9926 -0.9001
313.15 -1.0529 -0.9607 338.15 -0.9649 -0.8902
318.15 -1.0249 -0.9431 343.15 -0.9048 -0.8780
wi=0, w2 =0.50, x; =0, x,=0.149
298.15 -1.1848 -1.1072 323.15 -1.0847 -1.0101
303.15 -1.1616 -1.0824 328.15 -1.0686 -0.9927
308.15 -1.1400 -1.0635 333.15 -1.0531 -0.9777
313.15 -1.1206 -1.0436 338.15 -1.0381 -0.9666
318.15 -1.1016 -1.0246 343.15 -1.0241 -0.9531

Experimental And Jacob Fitner-Predicted Excess Molar Volumes V,F of MEA(1) + 3DMAI1P(2) + HO(3)
Ternary Systems at Different Temperatures (T), Mass (w), Mole (x) fractions and Atmospheric Pressure.

T VmE-10® Model T VmE-10® Model

K m?3 -mol? m?3 -mol? K m? -mol?! m? -mol?

w1=0.30,w2=0,x1=0.113,x2=0

298.15 -0.2043 -0.1964 323.15 -0.1947 -0.1877
303.15 -0.2026 -0.1946 328.15 -0.1849 -0.1859
308.15 -0.2022 -0.1929 333.15 -0.1760 -0.1842
313.15 -0.2016 -0.1911 338.15 -0.1682 -0.1824
318.15 -0.1998 -0.1894 343.15 -0.1684 -0.1807
w1 =0.24, w, = 0.06, x; = 0.091, x, =0.013
298.15 -0.2885 -0.2656 323.15 -0.2787 -0.2476
303.15 -0.2861 -0.2613 328.15 -0.2798 -0.2443
308.15 -0.2845 -0.2578 333.15 -0.2814 -0.2412

313.15 -0.2817 -0.2541 338.15 -0.2843 -0.2390



318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

-0.2841

-0.3734
-0.3693
-0.3660
-0.3601
-0.3625

-0.4620
-0.4560
-0.4488
-0.4365
-0.4459

-0.5427
-0.5279
-0.5342
-0.5075
-0.5200

-0.6272
-0.6166
-0.6071
-0.5981
-0.5900

-0.4456
-0.4397
-0.4353
-0.4314
-0.4289

-0.5843
-0.5773
-0.5720
-0.5659
-0.5667

-0.6071
-0.5977
-0.5902
-0.5838
-0.5779

-0.2505 343.15
wi1=0.18, w2 =0.12, x; = 0.069, x,=0.027
-0.3428 323.15
-0.3361 328.15
-0.3306 333.15
-0.3250 338.15
-0.3194 343.15
W1 = 0.12, Wo = 0.18, X1 = 0.046, X2 = 0.041
-0.4057 323.15
-0.3965 328.15
-0.3894 333.15
-0.3819 338.15
-0.3746 343.15
wi1=0.06, w, =0.24, x; = 0.023, x,=0.055
-0.5199 323.15
-0.5078 328.15
-0.4985 333.15
-0.4887 338.15
-0.4791 343.15
wi=0,w:,=0.30,x;=0, x2=0.070
-0.6210 323.15
-0.6062 328.15
-0.5948 333.15
-0.5829 338.15
-0.5712 343.15
wi1=0.50, w2 =0,x; =0.228,x,=0
-0.4400 323.15
-0.4370 328.15
-0.4340 333.15
-0.4310 338.15
-0.4280 343.15
wi=0.45, w2 =0.05, x; =0.207, x,=0.014
-0.3998 323.15
-0.3968 328.15
-0.3938 333.15
-0.3908 338.15
-0.3878 343.15
wi1=0.40, w2 =0.10, x; = 0.186, x,=0.028
-0.5377 323.15
-0.5307 328.15
-0.5247 333.15
-0.5185 338.15
-0.5124 343.15

-0.2848

-0.3610
-0.3594
-0.3576
-0.3571
-0.3583

-0.4350
-0.3961
-0.4208
-0.4317
-0.4288

-0.5137
-0.5090
-0.5044
-0.4984
-0.4414

-0.5825
-0.5752
-0.5689
-0.5625
-0.5566

-0.4271
-0.4257
-0.4246
-0.4241
-0.4239

-0.4273
-0.4236
-0.4199
-0.4165
-0.4130

-0.5059
-0.4997
-0.4939
-0.4898
-0.4847

-0.2363

-0.3154
-0.3105
-0.3061
-0.3033
-0.2996

-0.3697
-0.3633
-0.3578
-0.3547
-0.3501

-0.4727
-0.4644
-0.4572
-0.4533
-0.4474

-0.5635
-0.5534
-0.5447
-0.5401
-0.5330

-0.4250
-0.4220
-0.4190
-0.4160
-0.4130

-0.3849
-0.3819
-0.3789
-0.3760
-0.3731

-0.5073
-0.5016
-0.4963
-0.4920
-0.4871



298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

298.15
303.15
308.15
313.15
318.15

-0.7759
-0.7608
-0.7559
-0.7447
-0.7374

-0.9541
-0.9367
-0.9180
-0.9118
-0.9004

-1.0701
-1.0519
-1.0248
-1.0135
-1.0003

-1.1180
-1.0898
-1.0702
-1.0529
-1.0249

-1.1848
-1.1616
-1.1400
-1.1206
-1.1016

wi1=0.30, w2 = 0.20, x; = 0.142, x2=0.056

-0.6528 323.15
-0.6416 328.15
-0.6326 333.15
-0.6232 338.15
-0.6140 343.15

wi=0.20, w> =0.30, x; = 0.097, x,= 0.086
-0.7846 323.15
-0.7692 328.15
-0.7570 333.15
-0.7443 338.15
-0.7320 343.15

wi=0.10, w, = 0.40, x; = 0.049, x,=0.116
-0.9346 323.15
-0.9147 328.15
-0.8992 333.15
-0.8830 338.15
-0.8675 343.15

wi1=0.05, wy =0.45, x; =0.025, x,=0.132
-1.0177 323.15
-0.9954 328.15
-0.9782 333.15
-0.9602 338.15
-0.9430 343.15

wi=0, w2 =0.50,x; =0, x=0.149

-1.1072 323.15
-1.0824 328.15
-1.0635 333.15
-1.0436 338.15
-1.0246 343.15

-0.7286
-0.7212
-0.7140
-0.7073
-0.7040

-0.8902
-0.8809
-0.8722
-0.8638
-0.8570

-0.9794
-0.9790
-0.9632
-0.9402
-0.9211

-1.0160
-0.9965
-0.9926
-0.9649
-0.9048

-1.0847
-1.0686
-1.0531
-1.0381
-1.0241

-0.6068
-0.5984
-0.5908
-0.5850
-0.5782

-0.7226
-0.7114
-0.7015
-0.6941
-0.6853

-0.8556
-0.8415
-0.8291
-0.8200
-0.8090

-0.9298
-0.9141
-0.9004
-0.8904
-0.8782

-1.0101
-0.9927
-0.9777
-0.9666
-0.9531




Appendix E:
Densities of MDEA + PZ +H>0 ternary solution

30/70 of MDEA/H20 Experimental Densities p of MDEA(1) + PZ(2) + H>O(3) Ternary Systems at Different
Temperatures (T), Mass (w), Mole (x) fractions and Atmospheric Pressure.

T p T p T p
K kg -m3 K kg-m K kg -m?

w1=0.301, w2=0,x1=0.0611,x,=0

293.15 1025.84 318.15 1013.63 343.15 998.23
298.15 1023.67 323.15 1010.8 348.15 994.83
303.15 1021.37 328.15 1007.84 353.15 991.3
308.15 1018.92 333.15 1004.76 358.15 987.65
313.15 1016.34 338.15 1001.56 363.15 983.84
wi1=0.293, wa = 0.025, x; = 0.0604, x = 0.0070
293.15 1028.14 318.15 1015.36 343.15 999.55
298.15 1025.84 323.15 1012.43 348.15 996.12
303.15 1023.41 328.15 1009.31 353.15 992.54
308.15 1020.85 333.15 1006.24 358.15 988.74
313.15 1018.17 338.15 1002.97 363.15 984.18
wi1=0.286, w2 = 0.048, x; = 0.0602, x, = 0.0139
293.15 1029.43 318.15 1016.32 343.15 1000.27
298.15 1027.08 323.15 1013.33 348.15 996.78
303.15 1024.58 328.15 1010.23 353.15 993.13
308.15 1021.94 333.15 1007.02 358.15 989.4
313.15 1019.19 338.15 1003.7 363.15 985.57
wi1=0.279, w2 = 0.0698, x; = 0.0596, x> = 0.0206
293.15 1030.32 318.15 1016.87 343.15 1000.58
298.15 1027.9 323.15 1013.83 348.15 997.01
303.15 1025.32 328.15 1010.68 353.15 993.26
308.15 1022.62 333.15 1007.42 358.15 989.57
313.15 1019.81 338.15 1004.05 363.15 985.73
wi1=0.272, w2 =0.091, x; = 0.0591, x, = 0.0274
293.15 1031.59 318.15 1017.75 343.15 1001.18
298.15 1029.08 323.15 1014.63 348.15 997.58
303.15 1026.41 328.15 1011.44 353.15 993.85
308.15 1023.63 333.15 1008.11 358.15 990.04

313.15 1020.75 338.15 1004.7 363.15 986.15




40/60 of MDEA/H20 Experimental Densities p of MDEA(1) + PZ(2) + H,O(3) Ternary Systems at Different
Temperatures (T), Mass (w), Mole (x) fractions and Atmospheric Pressure.

T p T p T p

K kg -m? K kg-m K kg -m?

wi1=0.4000, w2 =0, x;=0.0915, x2=0

293.15 1036.76 318.15 1022.42 343.15 1005.51
298.15 1034.09 323.15 1019.24 348.15 1001.84
303.15 1031.32 328.15 1015.95 353.15 998.08
308.15 1028.46 333.15 1012.57 358.15 994.22
313.15 1025.5 338.15 1009.11 363.15 990.2
wi=0.3902, w, = 0.0248, x; = 0.0909, x> = 0.0080
293.15 1037.83 318.15 1023.14 343.15 1005.98
298.15 1035.09 323.15 1019.91 348.15 1002.26
303.15 1032.25 328.15 1016.57 353.15 998.45
308.15 1029.32 333.15 1013.14 358.15 994.58
313.15 1026.28 338.15 1009.61 363.15 990.58
wi=0.3813, w2 =0.0476, x; = 0.0903, x = 0.0156
293.15 1038.61 318.15 1023.64 343.15 1006.24
298.15 1035.84 323.15 1020.34 348.15 1002.52
303.15 1032.93 328.15 1016.96 353.15 998.66
308.15 1029.93 333.15 1013.48 358.15 994.73
313.15 1026.83 338.15 1009.91 363.15 990.7
wi=0.3721, w2 =0.0699, x; = 0.0895, x» = 0.0232
293.15 1039.57 318.15 1024.26 343.15 1006.62
298.15 1036.72 323.15 1020.91 348.15 1002.82
303.15 1033.73 328.15 1017.48 353.15 998.95
308.15 1030.67 333.15 1013.95 358.15 994.98
313.15 1027.51 338.15 1010.32 363.15 990.93
w1 =0.3640, w2 =0.0911, x;=0.0889, x> = 0.0308
293.15 1040.52 318.15 1024.87 343.15 1006.95
298.15 1037.58 323.15 1021.46 348.15 1003.09
303.15 1034.54 328.15 1017.97 353.15 999.21
308.15 1031.4 333.15 1014.39 358.15 995.2

313.15 1028.18 338.15 1010.72 363.15 991.12




50/50 of MDEA/H20 Experimental Densities p of MDEA(1) + PZ(2) + HO(3) Ternary Systems at Different
Temperatures (T), Mass (w), Mole (x) fractions and Atmospheric Pressure.

T p T p T p

K kg -m? K kg-m K kg -m?

w1 =0.5000, w2 =0,x;=0.1313,x2=0

293.15 1045.5 318.15 1029.37 343.15 1011.16
298.15 1042.39 323.15 1025.89 348.15 1007.24
303.15 1039.18 328.15 1022.31 353.15 1003.33
308.15 1035.29 333.15 1018.56 358.15 999.26
313.15 1032.55 338.15 1014.99 363.15 995.13
w1 =0.4882, wy = 0.0244, x; = 0.1303, xo = 0.0090
293.15 1046.2 318.15 1029.8 343.15 1011.37
298.15 1043.1 323.15 1026.28 348.15 1007.44
303.15 1039.9 328.15 1022.67 353.15 1003.42
308.15 1036.61 333.15 1018.98 358.15 999.34
313.15 1033.25 338.15 1015.22 363.15 995.17
w1 =0.4762, w, = 0.0483, x;=0.1291, x, = 0.0181
293.15 1046.74 318.15 1030.08 343.15 1011.44
298.15 1043.58 323.15 1026.5 348.15 1007.48
303.15 1040.32 328.15 1022.86 353.15 1003.45
308.15 1036.97 333.15 1019.12 358.15 999.36
313.15 1033.56 338.15 1015.32 363.15 995.2
w1 = 0.4646, w, = 0.0700, x; = 0.1277, xo = 0.0266
293.15 1047.4 318.15 1030.44 343.15 1011.59
298.15 1044.15 323.15 1026.82 348.15 1007.6
303.15 1040.83 328.15 1023.13 353.15 1003.52
308.15 1037.44 333.15 1019.37 358.15 999.38
313.15 1033.98 338.15 1015.52 363.15 995.23
wi1=0.4549, w, = 0.0907, x; = 0.1268, x> = 0.0350
293.15 1047.69 318.15 1030.58 343.15 1011.61
298.15 1044.45 323.15 1027.02 348.15 1007.63
303.15 1041.09 328.15 1023.27 353.15 1003.58
308.15 1037.66 333.15 1019.46 358.15 999.41

313.15 1034.18 338.15 1015.57 363.15 995.25






