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New energy effective solvents are in demand to make global CO, capture feasible. Phase change solvents
seem to be one avenue to reach this goal. This paper presents new experimental data and modelling
results for four amines that have potential as new solvents in blends for post combustion CO, capture.
Both pure component data and data for amine-water solutions, based on ebulliometer measurements,
are presented. The data were fitted to an Antoine equation and an NRTL model in two ways: first in a
combined fit of both pure component and binary data and then in separate fits to the individual data sets.
The methods were compared and guidelines as to which method to use, based on available data, is

§2£ngflsiiluid equilibrium provided. Data for 2-(Isopropylamino)ethanol (IPAE), N-tert-Butyldiethanolamine (N-TBDEA), N-Methy!I-
Pure amines 1,3-diaminopropane (MAPA) and 1,3-diaminopropane (DAP) from the literature were collected and com-

Aqueous solutions pared with the new data sets.

NRTL All data and model parameters are given. For all amines, the best fits provided good to excellent rep-
resentations of the available data.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the struggle to mitigate global warming, CO, capture and
storage is the only technology available to reduce the atmospheric
CO, content. Capture by absorption is presently the most mature
technology and the search for more energy efficient solvents is
ongoing [1,2]. A promising approach is the combination of one pri-
mary and one tertiary or secondary amine, operating in an inter-
mediate loading range. Thereby one may retain the fast
absorption provided by the primary amine with, at least partially,
the lower heat of absorption and ease of stripping of the tertiary or
secondary amines. In addition, some of the amines have a potential
for forming two liquid phases upon CO, loading, so-called phase
change solvent systems.

This paper provides new pure component and binary aqueous
solution VLE data for four amines: 1,3-diaminopropane (DAP),
2-(Isopropylamino)ethanol (IPAE), N-tert-Butyldiethanolamine
(N-TBDEA) and N-Methyl-1,3-diaminopropane (MAPA) and com-
pares this to existing literature data. Part of the data for DAP and
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N-TBDEA were reported in anonymized form in Trollebg, et al. [3]
as shown in the appended tables. The pure component and binary
VLE data are fitted both individually and combined to an Antoine
equation and an NRTL model.

Further, the paper provides new pure component density data
for the four amines and compares the currently obtained data on
density of pure MAPA, DAP and IPAE with literature data [4-11].

These amines were chosen for VLE testing because they were
found to be promising alternatives to the classical MEA based
CO, absorption process [12]. Basic data on pure component and
binary amine/water systems form the basis for the development
of equilibrium models for CO, loaded systems and mixed amine
systems.

2. Theoretical background
2.1. Vapour-liquid equilibrium of pure compounds
The Antoine equation [13] is used to describe the P$‘-T

dependencies of non-ideal gases also at higher pressures and
temperatures, see Eq. (1).
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Psat — 10(A+%) («1 )

where P5" is saturation pressure (kPa), T is temperature (K) and A,
B, C are constant parameters.

The Antoine equation was used in this work for description of
the experimental P°*-T curves.

2.2. Vapour-liquid equilibrium of binary systems

2.2.1. NRTL model

There exist several models that can be applied to binary sys-
tems to represent VLE curves and to calculate activity coefficients
of compounds and excess Gibbs energy. Wilson [14] and Chen
and Evans [15] used the concept of local compositions for calcula-
tions of excess Gibbs energy. Renon and Prausnitz [16] derived the
NRTL (Non-random two liquid) model also based on the idea of
local composition. Unlike the Wilson equation, which cannot be
applied to immiscible mixtures, the NRTL equation is applicable
to both completely miscible and partially miscible solutions and
can be used for description of liquid-liquid systems. In this work,
the NRTL model was used for the binary mixtures. The NRTL equa-
tion for excess Gibbs energy is:

Gt T21 - G T12 - G2

— =X -X 2
R-T 1 2X1+X2-Gz1 X2 + X1 - G2 @
where

W="RoT

Gy = exp(—o - Tj)

gj — 8 = Ay + By - (T —273.15)

The NRTL equation contains five parameters, the Ay, By and o.
Renon and Prausnitz [16] proposed estimation rules for the fifth
parameter (non-randomness factor) according to the constituents
of the system. In this work all five parameters were fitted to the
data.

Activity coefficients can be calculated from the NRTL model as:

3. Materials and experimental setups
3.1. Materials

The amines used in this work are listed in Table 1.

Purities of supplied chemicals are specified in Table 1. All chem-
icals were used without additional purification. The water content
of MAPA was given as a mass fraction of 0.0011. No water content
data for the other components were given and we did not analyse
for water in this work. Earlier, tests have been run in our laboratory
on changes in amine concentration upon storage. We measured
amine content in fresh amine and then again after experimenta-
tion, usually after a few days. The changes measured were below
0.1 wt%.

All solutions were prepared with deionized water. Aqueous
blends of the amines were prepared based on weight (a Mettler
PM1200 scale) giving a mass fraction accuracy of u(w) = 0.00001,
not taking purity into account. Blends were prepared up to mole
fractions of MAPA: 0.75, DAP: 0.81, IPAE: 0.97 and N-TBDEA:
0.36. The lower span for N-TBDEA was due to the high viscosity
of the blends.

Titration solutions of H,SO4 were used to determine the amine
concentration in the collected samples from the VLE experiments.
Solutions of 0.1 mol/dm? (~0.976 wt%) H,SO,4 were used for titra-
tion of amine samples with high amine content and solutions of
0.01 mol/dm? (~0.098 wt%) H,SO, were used as titrant of low con-
centration samples.

3.2. Density measurements

Pure amine densities were measured at different temperatures
up to 363 K. An Anton Paar DMA 4500 densimeter was used for
measurements. The densimeter determines the density of a liquid
in a U-tube directly from the measured resonance frequency. The
nominal repeatability of the instrument is given as
u(p) =0.01 kg-m~3 for density and u(T)=0.01K for temperature.
We have estimated the actual uncertainty in temperature to be
u(T)=0.05K and in density (0.5 and 1) kg-m> as given in
Table Al. The detailed procedure can be found in our previous

17].
Gay g T12 - Gi2 work |
Iy, =2 - {12] ‘ (x +x-G Jr(x +x-Gpp)? G)
1 2 - G21 - oo . .
2T 3.3. Swietostawski ebulliometer
2 .
ny, =x%- |13 - ( G ) T Ta1 - G (4) In 1919 Cottrell [18] and Washburn [19] simultaneously pub-
X2+ X1 - G2 (%1 +x; - G21)2 lished a method for precise measuring of liquid boiling points
and described instruments based on the same principle. This
Table 1
Amines used for measurements.
Amine Abbreviation CAS® number Purity” Molecular structure Supplier
N-Methyl-1,3-diaminopropane MAPA 6291-84-5 >0.992 ~ /\/\NH Sigma Aldrich
2
N
H
1,3-diaminopropane DAP 109-76-2 >0.999 /\/\ Sigma Aldrich
H,N NH,
2-(Isopropylamino)ethanol IPAE 109-56-8 >0.991 TCI
/\/OH
N
N-tert-Butyldiethanolamine N-TBDEA 2160-93-2 >0.999 Sigma Aldrich

ﬁ/

I NP N

¢ CAS No.: Chemical Abstract Service Register Number.
b

components were given.

in mass fraction taken from the Certificate of Analysis (COA). For MAPA, the water content was given as 0.0011 mass fraction. No water content data for the other
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technique is now used as a rapid and robust method of measuring
PT data for pure liquids and PTxy data for binary solutions. Accu-
rate data on vapour-liquid equilibrium are important for accurate
design of distillation columns and other chemical processing
equipment [20].

The ebulliometric method of measuring vapour liquid equilib-
rium is like the operation of a distillation column at total reflux,
see Fig. 1, where heat is provided by a reboiler to produce vapour.
The vapour is condensed at the top of column by a condenser and
the condensed liquid flows down the column and re-enters the
boiler.

Similarly, the modified Swietostawski ebulliometer [21] used in
this work is a closed glassware with heater and no outlet stream.
Equilibrium is established between liquid and vapour phase after
some time. Samples of both liquid and condensed vapour phase
can be withdrawn and analysed for amine content. A detailed
description of the ebulliometer is given in our previous works
[20,22,23], see also Olson [24].

It is important to mention that the Swietostawski ebulliometer
is designed for work with liquids only. All chemicals and solutions
that are loaded into it should remain in liquid form during opera-
tion. Formation of crystals would not allow proper mixing of the
boiling liquid, thus preventing reaching the real equilibrium, and
could cause damage of the glassware. Pure DAP, IPAE and MAPA
are liquids at ambient conditions, but N-TBDEA is a solid and
according to the provider’s material safety data sheet, has a melt-
ing point at 313 K to 318 K. It was therefore pre-heated to 333 K
before charging pure N-TBDEA into the §Wietos}awski ebulliome-
ter. The empty Swietostawski ebulliometer was also pre-heated
to 333 K before pure N-TBDEA was charged to avoid crystallization
of pure N-TBDEA. Otherwise the experimental procedures in this
work were exactly the same as described by Kim et al. [20].

Minor uncertainties are coming from pressure and temperature.
The nominal accuracy of the pressure gage was 0.05% of full range,
which means u(P) = 0.1 kPa. However, because of uneven boiling,
the recorded variation in pressure during the experiments was
u(P) = 0.25 kPa. The recorded temperature measurements varied
within u(T) = 0.1 K.

Fig. 1. Simplified scheme of the full ebulliometer installation with gas supply lines
and connection to the PC [20].

The major source of uncertainty is the liquid and vapour phase
analyses used for the calculation of activity coefficients, see section
on sample analyses.

3.4. Sample analyses

Titration of the amine solutions was performed using an auto-
matic titration apparatus, a Mettler Toledo G-20, and the LabX soft-
ware program to register results of the titration. High
concentration samples were analysed using 0.1 mol/dm?
(~0.976 wt%) H,SO, as titrant and low concentration samples were
analysed using 0.01 mol/dm? (~0.098 wt%) H,SO,. The amine titra-
tion analyses typically give deviations less than (1 to 3)% between
two parallel samples. If larger deviations were observed, more
samples were analysed.

The combined composition accuracies vary with amine concen-
tration and system. Based on standard uncertainties in tempera-
ture, pressure and amine analyses, the combined uncertainties
were estimated to vary significantly. Typically, the uncertainties
at low amine concentrations were high both for the liquid and
vapour phase. We have noted the appropriate values in Tables
A3-A6 in the appendix.

3.5. Parameter fitting of thermodynamic model
To calculate the five parameters in the NRTL thermodynamic

model, the independent variables, i.e. x and T, are set in the objec-
tive function according to Eq. (5):

OFZN;( ) (5)

where R denotes the responses or the dependent variable from the
ebulliometric experiment.

RExp _ RCal

[RExp

Different responses i.e. saturation pressure (Pf) total pressure

(P;) and vapour phase composition of amine (y;) were weighed
equally in the objective function. An in-house matlab program
‘Modfit’ for parameter estimation in a general nonlinear multire-
sponse model was used for the parameter fitting [25].

The absolute average relative deviation (AARD) represents the
deviation of the model results from the experimental data as

expressed by Eq. (6):
) (6)

N Exp _ mpCal
arD, = 135 ( R — R
i1
4. Results, modelling and discussion

RExp

4.1. Density measurements

Values of measured density as function of temperature for the
pure amines are presented in the appendix in Table A1 and plotted
in Fig. 2. The regressed density equations are given in Table 2.

We see that there is a linear relationship between temperature
and density for all amines in the range measured. The accuracy of
the given correlations is good with an R? estimated to be close to
unity. Data from Lampreia et al. [6] fit very well with our data
for IPAE. However, discrepancies exist in the data for MAPA. The
difference between data from Wang et al. [5] and Liao et al. [4]
for MAPA is about 1-1.5% as seen in Fig. 2. Based on the supplied
purities, we have estimated the uncertainties in our density mea-
surements to be u(p)=1kg-m~> for both MAPA and IPAE, see
[26]. Thus, the discrepancy between the three measurement sets
for MAPA is large. Similar types of densimeters as in this work
were used, respectively an SMV 3000 Stabinger and a DMA
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Fig. 2. Density of pure amines as a function of temperature (MAPA: O, This work;
%, [5]; + [4]; DAP: O, This work; AJ[7.8]; +, [9]; (3. [10]; 5 [11]; IPAE: O, This
work; >, [6]; N-TBDEA: O, This work; Solid lines, correlations).

Table 2
Density equations for pure amines.

Amine p/kg-m3=A+B-T/K

A10°? B R?
MAPA 1114.65 —0.8874 0.99061
DAP 1174.13 —0.9688 0.99964
IPAE 1138.28 —0.8220 0.99989
N-TBDEA 1187.24 —0.6915 0.99997

A and B = constants.
R? = coefficient of determination (R-squared).

5000 M. Our measurements lie between the two literature sources
and the temperature dependency shown by the three sets of data is
the same. The discrepancies seen may be due to different origins of
MAPA with different impurities, since all measurements were done
on MAPA as received. In our case the CoA purity given for MAPA
was 99.2 wt% and with 0.11 wt% water.

For DAP, our data fit very well with data from Saleh, et al. [7,8].
Based on the purity of the supplied DAP, 99.9 wt%, we have esti-
mated the uncertainty in the density measurements to be
u(p) = 0.5 kg-m3, At 298.15K three more data points exist [9-
11]. These three data points are significantly lower than the data
from Saleh, et al. [7,8].

For N-TBDEA, no prior data were found in the literature. Based
on the purity of the supplied N-TBDEA, we have estimated the
uncertainty in the density measurements to be u(p) = 0.5 kg-m—>.
In this case, we ran two parallels for each temperature. From
Table A1, the difference between parallels is seen to be below
0.02%, well below our estimated uncertainty.

4.2. VLE of pure components and binary amine-water mixtures

The pure component vapour pressure results are given in the
appendix in Table A2 and the binary VLE data in Tables A3-6.

4.2.1. Pure component data

As mentioned earlier, the ebulliometer measurements were
performed as constant pressure measurements, i.e. the pressure
is set and the temperature to obtain that pressure is measured.
For parallel measurements the pressure will therefore typically
be the same, as seen in Table A2, and the temperature will vary.

However, the temperature measurements are more accurate than
the pressure measurements. Based on this, we have chosen to
use the nominal accuracy for temperature, u(p) = 0.1 K and attach
the total measurement uncertainty to pressure. The standard
uncertainty of the pressure measurements in this work is esti-
mated from parallel experiments and varies between amines. The
highest uncertainty is found for the lowest temperatures and the
lowest uncertainty is for the highest temperatures. The appropriate
values are found below Table A2. In all cases the uncertainty is
smaller than the circle size in Figs. 3-6.

The data are plotted in Figs. 3-6 and fitted to Antoine equations.
The regressed parameters are given in Table 3A together with the
accuracy (AARD) for the individual fits. The pure component data
were fitted by two alternative methods. In the first method, only
the pure component data were considered. In the second method,
the pure component data were fitted together with the binary data
in a combined fit. Both sets of fitted parameters are given in
Table 3A. As mentioned earlier, some of the data for N-TBDEA
and DAP were published in anonymized form in Trollebe et al
[3]. Unfortunately, the pure component data for N-TBDEA, compo-
nent B in Table 1 in Trollebg et al. [3], are erroneous and should be
disregarded.

4.2.1.1. MAPA. As seen in Fig. 3, there are several sources of exper-
imental pure component vapour pressure data for MAPA. Most of
the data, Kim et al. [20], Hartono et al. [23] and Bouzina et al.
[27], agree very well with each other and also with data obtained
in this work. Bouzina et al. [27] give the uncertainty of their pres-
sure measurements to be less than 3% of the actual value for the
low pressure measurements (<600 Pa) and better than this for
higher pressures. This is also smaller than the circle size in Fig. 3.
The data of Verevkin and Chernyak [28] in the low temperature
range, are low compared to the data from Bouzina et al. [27]. The
reason may be the use of a dynamic technique, the transpiration
method, where gas is blown over a large surface coated with sol-
vent. It may be that vapour-liquid equilibrium is not reached in
the exiting gas and thereby the reported values may become too
low.

Kim et al. [20] provided Antoine parameters and from the blue
line in Fig. 3 it is seen that this fitting agrees very well with the

108
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260 280 300 320 340 360 380 400 420 440

T/K

Fig. 3. Vapour pressure of pure MAPA. (@, this work; O, [20]; %, [23]; O, [27]; O,
[28]; Green solid line, fit to only pure component data from all sources; Blue solid
line, [20]; Red solid line: fit to combined data from all sources; Black solid line,
[29]). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. Vapour pressure of pure DAP (@, this work; >, [30]; A, [31], @, [32]; >k, [33];
Blue line: fit to only pure component data from all data, Green line, [32];Red line: fit
to combined data from all data, Black solid line, [29]). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Vapour pressure of pure IPAE (O, this work; >, [34]; Blue solid line: fit to
only pure component data; Red solid line: fit to combined data; Black solid line,
[29]). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

data of Bouzina et al. [27] at low temperatures and all the higher
temperature data. It should be noted that the data by Bouzina
et al. [27] were not used in this fit. Since we cannot decide for sure
what data sets to trust at low temperature, we have used all data in
our fits. As seen by the green line in Fig. 3, when fitted to only pure
component data, the data by Verevkin and Chernyak [28] pulls the
fit down in the low temperature region. This is as expected because
of the large number of data points from them. At higher tempera-
tures this fit coincides with the one by Kim et al. [20]. When the
pure component and binary data were fitted together, shown by
the red line in Fig. 3, the pressure curve is pulled upwards in the
low temperature region and lies between the fit by Kim et al
[20] and our pure component fit. The AARD for the pure compo-
nent and combined fits are quite similar, respectively 3.1 and
4.5%, as given in Table 3A. The reason for the relatively high AARD
values is the discrepancy between the low temperature data. To

102 T T T T T T T
10" F E
100 F E
©
o
x 20
o
10" E
10
102 ’B_QM E
0
410 420 430 440 450
10.3 ' ' ' ' ' ' '
320 340 360 380 400 420 440 460 480

T/K

Fig. 6. Vapour pressure of pure N-TBDEA. (All points, this work; Blue line: fit to only
pure component data; Red line: fit to combined data; Black line, [29]). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

resolve this, more data in this range are needed. It can be noted
that by omitting the data by Verevkin and Chernyak [28] in the fit-
ting, the AARD values go down to respectively 1.5% and 2%.

A curve based on the Antoine parameters provided by Yaws
et al. [29] is also shown in Fig. 3. These parameters give vapour
pressures slightly lower than the experimental values. The discrep-
ancy is largest in the middle temperature range.

The water content in the MAPA used in these tests was given as
0.11 wt% which corresponds to approximately a mole fraction of
0.0051. Assuming an ideal solution, the contribution of water to
the total pressure measured was found to be <2% for all cases.
The pressures given in Table A2 are the measured total pressures
and not corrected for water pressure.

4.2.1.2. DAP. For DAP, some pure component vapour pressure data
exist. Ahmed, et al. [30] provide data for the low and middle tem-
perature region, data from Pozdeev and Verevkin [31] cover the
low temperature region, whereas this work provides data for the
middle to higher temperatures. In addition there are two data
points from Pividal and Sandler[32] in the middle temperature
region. Very recently Fulem, et al. [33] reported data for the low
and the middle temperature region. All data are shown in Fig. 4.

Most of the data are in good agreement. The data from Ahmed
et al. [30] seem to be slightly high, but also in reasonable agree-
ment with the rest. Data from Pozdeev and Verevkin [31] fill the
gap between the low temperature data of Fulem, et al. [33] and
our data. Based on their two data points, which fit well with our
data, Pividal and Sandler [32] postulated an Antoine equation,
the green line in Fig. 4, which agrees with the data of Pozdeev
and Verevkin [31], but deviates from the data of Fulem, et al. [33]
in the low temperature range. The Antoine equation given by Yaws
et al. [29] agrees well with the data.

The pure component and combined fits, both based on data
from this work and all data from the literature, as shown by the
red and blue lines respectively in Fig. 4, give very similar results.
The pure component and combined fit AARDs are 2.1 and 2.7%
respectively as shown in Table 3A.

4.2.1.3. IPAE. For IPAE, Soares et al. [34] reported data from 250 K to
350K covering the low temperature region. The data provided in
this work comprises two individual measurement series performed
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Table 3A
Parameters in the Antoine equation for pure MAPA, DAP, IPAE and N-TBDEA.
Amine A u(A) B u(B) C u(C) AARD/%
MAPA 6.3 0.2 —1431 80 -80 7 4.5
5.8 0.1 -1184 38 -104 4 3.1*
DAP 6.8 340 -1659.4 34,000 -61.21 3400 2.7
6.7 340 —1640.2 34,000 -61.99 3400 2.1*
IPAE 8.2 8 —2464.8 7000 -39.0 700 5.9
7.9 245 —2267.9 24,000 —51.02 2400 4.4*
N-TBDEA 9.0 4 -3916 3800 25.61 220 1.6
8.6 4 —3499 3200 0.61 200 1.6*

A, B and C are constants.
u(A), u(B) and u(C) are standard deviation of the parameters.

In Table 3A the fitted parameters are given both for the combined fit with binary data and for the direct fit to only pure component data (marked *).

over a period of several months and covers the high temperature
region. The reproducibility between the three sets is seen in
Fig. 5 to be acceptable, but one of the sets give slightly lower values
that the others. This set, however, agrees best with the data
reported by Soares et al. [34]. Both a combined fit with binary data
and one only based on the pure component data were performed,
using all data in Fig. 5. Fig. 5 shows that both methods give similar
results and the AARD’s given in Table 3A were 4.4% for only pure
component data and 5.9% for the combined fit.

Predictions based on Antoine parameters from Yaw’s et al. [29],
given by the black line in Fig. 5, are shown to over-predict the
vapour pressure in the low temperature region and under-predict
in the high temperature region compared to the experimental data.

4.2.1.4. N-TBDEA. No pure component vapour pressure data were
found for N-TBDEA in the literature, disregarding the erroneous
data in Trollebg et al. [3]. The data sets provided in this work con-
sist of 16 data points, all in the high temperature range. The reason
for this is that the pure component vapour pressures were very low
such that the accuracy became unsatisfactory at lower tempera-
tures. The data are based on three data sets obtained at different
times. The purity given by the provider (Sigma-Aldrich) was the
same for all N-TBDEA batches received. However, two of the
batches were solid, whereas the third was in liquid form. This is
in line with the information provided by the Sigma-Aldrich data
sheet. All vapour pressure data obtained, as given in Fig. 6 and
Table A2, are for temperatures above the N-TBDEA melting point,
i.e. for the liquid state. The data in Fig. 6 show excellent repro-
ducibility and that no difference in vapour pressure exists between
the batches. The pure vapour pressure data were used in the NRTL
model for binary data in a combined fit. Since the binary data only
go up to 373 K, small uncertainties in the pure component model
could result in discrepancies in the binary model. Thus, in this case,
fitting the binary and pure component data together was a neces-
sity. We see in Fig. 6 that a small difference between the pure com-
ponent and combined fits exists. However, the differences seen in
the lower temperature range did not result in any difference in
AARD between the pure component and combined fits, both being
1.6%, as seen in Table 3A. This is because the curves overlap in the
range were experimental pure component data exist as shown in
the magnified part of Fig. 6.

Predictions based on Antoine parameters from Yaw et al. [29],
given by the black line in Fig. 6, are shown to be much to high com-
pared to the experimental data in the experimental temperature
range.

Table 3A shows that the standard deviations on the parameters
are reasonable only for MAPA. For DAP, IPAE and N-TBDEA, the
standard deviations in the B and C parameters are of the same size
as, or larger than the parameter values. This indicates that the
objective function probably has a flat optimum and that several
possible parameter combinations exist, giving approximately the
same goodness of fit.

In Table 3B is shown a comparison between pure component
pressure data and predictions from the combined fit model, based
on both pure component and binary data, for the various data sets.

For MAPA we see that the AARDs for the data set of Verevkin
and Chernyak [28] is higher than for the other sets, and the data
are on the low side as commented earlier. For DAP, the data set
from Ahmed et al. [30] give higher AARD than the other data and
over-predict the vapour pressures slightly as mentioned earlier.
For IPAE, a small discrepancy between our data and the data of
Soares et al. [34] seem to exist. However, the data sets are obtained
in different temperature regions and data for the middle region
should be obtained.

4.2.2. Binary systems

The experimental data for the MAPA(1)/H,0(2), DAP(1)/H,0(2),
IPAE(1)/H,0(2) and N-TBDEA(1)/H,0(2) systems are given in the
appendix, Tables A3-6. Some of the data were previously pub-
lished in anonymized form in Trollebg et al. [3], but with several
mistakes. In Table 3 in Trollebg et al. [3], all pressures are in mbar,
not kPa as said in the table heading. In Table 4 in Trollebg et al. [3],
for 60 and 100 °C the temperature columns actually give the pres-
sures in kPa and the pressure columns give pressures in mbar. The
corrected data are found in Tables A3-A6.

The plots of data plus the NRTL model representations are given
below. Regressed NRTL model parameters were calculated using
both the combined pure component and binary experimental VLE
data and separate pure component and binary fits and are given
in Table 4A and 4B. It should be noted that all amines are assumed
to behave as non-dissociated species because of their high pKa val-
ues. A thorough explanation can be found in our previous work
[22]. All the fits were made based on mole fractions. The largest
uncertainties in the data are the liquid and gas phase analyses, in
particular for low mole fractions. The estimated standard uncer-
tainties vary and are given below Tables A3-A6.

4.2.2.1. MAPA. In Fig. 7A shows PTxy data for the MAPA(1)/H,0(2)
system based on data from Kim et al. [20] covering the temperature
range from 313 K to 373 K, and from the present work at 333 K and
353 K. The data sets are seen to agree well in the range of low
MAPA contents, below a mole fraction of about 0.25. However,
above this level, the data from Kim et al. [20] show higher pres-
sures than the data from the present work. Data from Bouzina
et al. [27] are also given and are shown to agree well with data
from the present work. The model fit based on the combined pure
component and binary data from this work, Kim et al. [20] and
Bouzina et al. [27], as shown in Fig. 7, agree well with the binary
data with an AARD for pressure of 3.9% as shown in Table 4A.

In the work of Bouzina et al. [27] only PTx data are given. A com-
parison between model predicted and experimental equilibrium
pressures as function of composition and temperature is given in
Fig. 7B. We see that the model is able to represent the data very
well up to a MAPA weight fraction of about 0.75. This is high
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Table 3B
Absolute Average Relative Deviations (AARD) between the combined fit for the Antoine models and the various data sources.

MAPA DAP IPAE

AARD/% Reference(s) AARD/% Reference(s) AARD/% Reference(s)

13 This work 2.7 This work 10.8 This work

3.7 [23] 11.9 [30] 3.0 [34]

3.1 [20] 2.8 [32]

38 [27] 5.6 [31]

13.3 [28] 0.9 [33]

4.5 [20,23,27,28] and this work 2.7 [30,31,32,33] and this work 5.9 [34] and this work
Table 4A
Fitted parameters in the Non-Random Two-Liquid (NRTL) model (combined fitting) with their Absolute Average Relative deviation (AARD) values.

Binary system NRTL parameter AARD/%

Az u(Ar2) Bz u(B12) An u(Az) By u(Bi2) o u(o) P 02

MAPA(1)/H,0(2) —4194.5 172 8.5 1 8026.1 392 -279 6 0.93 0.05 3.9 104

DAP(1)/H,0(2) —5364.96 3041 7.81 6 1794.68 3040 -9.17 31 0.50 0.31 1.7 11.9

IPAE(1)/H,0(2) —1262.9 1383 2.88 8 2835.2 6911 47.0 70 0.58 0.69 2.9 6.9

N-TBDEA(1)/H,0(2) -978.1 1237 31.8 18 3579.1 1222 63.3 17 0.66 0.03 1.1 -

A, B and « = binary interaction parameters and non-randomness.
u(A), u(B), and u(x) = standard deviation of the parameters.

P and y = Total Pressure and vapour-phase composition.

1, 2 = components.

Table 4B
Fitted parameters in the Non-Random Two-Liquid (NRTL) model with their Absolute Average Relative deviation (AARD) values (individual pure component and binary fits).
Binary system NRTL parameter AARD/%
A u(Ar2) Biz u(Bi2) A u(Az1) By u(Bi2) o u(o) P N
MAPA(1)/H,0(2) —4217.5 160 8.0 1 7906.6 400 -24.7 6 0.92 0.05 4.2 10.7
DAP(1)/H20(2) —5324.2 3000 7.35 6 1783.12 3000 -7.17 30 0.51 0.3 1.8 12.1
IPAE(1)/H>0(2) —1290.6 1000 1.01 6 2507.8 5200 52.5 53 0.57 0.5 33 10.1
N-TBDEA(1)/H,0(2) -978.1 1250 31.8 18 3579 1250 63.3 17 0.66 0.02 1.1 -
A, B and o = binary interaction parameters and non-randomness.
u(A), u(B), and u(o) = standard deviation of the parameters.
P and y = Total Pressure and vapour-phase composition.
1, 2 = components.
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Fig. 7. Calculated and experimental PTxy data of the MAPA(1)/H,0(2) system at different temperatures. A). Filled Points, this work; Unfilled points, [20]; Stars, (Bouzina et al.
2016), Solid lines NRTL model based on data from this work, Kim et al. [20] and Bouzina et al. [27]: Black, 313 K; Blue, 333 K; Red, 353 K; Green, 373 K). B). Points, [27]; Solid
lines NRTL model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

enough for all practical interest. Above this value, discrepancies

exist and become larger for lower temperatures.

In Fig. 8, calculated activity coefficients are given for the present
data sets and for data from Kim et al. [20]. As indicated by the pres-

sures reported by Kim et al. [20], shown in Fig. 7A, the water activ-
ity coefficients based on that work, above a MAPA mole fraction of
0.25, deviate both from the model and from activity coefficients
calculated form data in the present study. Actually, deviations from
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Fig. 8. Calculated and experimental activity coefficients for MAPA(1)/H,0(2).
Experimental data; solid points, this work; open points, [20]. NRTL model: Solid
lines MAPA, dashed lines water. Black 313 K, blue 333 K; red 353 K, green 373 K.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

their own developed model were already reported in Kim et al.
[20]. For lower MAPA concentrations, both data sets and the model
agree very well with a MAPA vapour phase composition AARD of
10.4%, see Table 4A.

In Table 4B are given results for the separate fitting of pure
component and binary data. For MAPA we see that the parameters
change slightly, but the AARDs for both pressure and MAPA activity
coefficient remain almost the same. This is also shown in Figs. S6
and S7 in the supplementary information, which are nearly identi-
cal to Figs. 7 and 8.

With PTxy data it is possible to check the thermodynamic con-
sistency according to the Gibbs-Duhem equation, see Kim et al.
[20], Van Ness and Iserman [35] and Prausnitz et al. [36]. The NRTL
model is inherently thermodynamic consistent, so parity plots
between experimental data and model will give a good indication
of the consistency of the data. Fig. S1 in the supplementary

120 T T

100 i

P/ kPa
o
S

P/ kPa

information shows parity plots for the model and the present data,
indicating good thermodynamic consistency for MAPA. Bouzina
etal. [27] provided only PTx data, but calculated y-values. The ther-
modynamic consistency of these data is given in Fig. S2 in the sup-
plementary information and indicates that their calculated vapour
compositions should be used with care.

4.2.2.2. DAP. Fig. 9A shows PTxy data for the DAP(1)/H,0(2) system
based on data from the present work at 343 K, 353 K and 373 K.
PTx data from Ahmed et al. [30] are also given and are shown to
agree well with data from the present work. The model fit based
on the combined pure component and binary data from this work
and [30], as shown in Fig. 9A, agree well with the data with an
AARD for pressure of 4.2% as shown in Table 4A.

Fig. 9B shows a comparison between the developed NRTL model
and the full data set from Ahmed et al. [30]. The agreement is
excellent up to an amine weight fraction of about 0.6, covering
the most interesting industrial range. Above this value, the discrep-
ancies between model and experimental data increase with amine
content and with decreasing temperature. At the lowest tempera-
tures, (293 K and 303 K), the experimental data show unexpected
increases in vapour pressure around an amine weight fraction of
0.9. The NRTL model seems to indicate a very weak azeotrope
around 0.9 in amine mole fraction. No experimental data exist to
validate this. The AARD for pressure is 1.7% as given in Table 4A.

Fig. 10 compares experimental and NRTL-model based activity
coefficients for the DAP(1)/H,0(2) system. Water activity coeffi-
cients are predicted well over the whole experimental concentra-
tion range, whereas the activity coefficients for DAP are under-
predicted above amine mole fractions of about 0.3. The AARD for
the fit of DAP vapour phase composition is 11.9% as seen in
Table 4A.

Results from the model based on a separate fit of pure compo-
nent and binary data are shown in Figs. S8 and S9 in the supple-
mentary information and these are almost identical to Figs. 9 and
10. Table 4B shows the AARDs for P and y this case, respectively
1.8 and 12.1%, only marginally higher than for the combined fit.
Both the binary system fits and pure component fits are quite close,
with AARDs of 2.1 and 2.7% respectively, the choice of fitting
method seems not important in this case. Tables 4A and 4B also
give standard deviations on the parameters. We see that for DAP,
the standard deviations are larger, and for some parameters much

102 . . . . . . . . . .

10»1 L L L L L L L L L L L
0 0.1 02 03 04 05 06

1

Fig. 9. Calculated and experimental PTx data of the DAP(1)/H>0(2) system at different temperatures. A) Experimental data; circles and stars, this work, filled squares, [30].
Solid lines: NRTL model based on data from this work and [30]. Blue 343 K; red 353 K, green 373 K. B) Points, [30]; Solid lines, NRTL model. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Calculated and experimental activity coefficients for DAP(1)/H,0(2).
Experimental data; all points this work. NRTL model: Solid lines DAP, dashed lines
water. Blue, 343 K; red, 353 K; Green, 373 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Calculated and experimental PTxy data of the IPAE(1)/H,O(1) system at
different temperatures. Experimental data; all points this work. NRTL model: Solid
lines. Blue, 333 K; Red, 353 K; Green, 373 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

larger, than the parameters themselves. This indicates a flat objec-
tive function optimum for the binary fit and that several possible
parameter combinations may give approximately the same good-
ness of fit.

Fig. S3 in the supporting information shows that the thermody-
namic consistency of the data is good.

4.2.2.3. IPAE. Fig. 11 shows PTxy data for the IPAE(1)/H,0(2) sys-
tem based on data from the present work at 333 K, 353 K and
373 K. No data for this system were found in the literature. The
model fit based on the combined pure component and binary data,
as shown in Fig. 11, agree well with the data with an AARD for
pressure of 2.9% as shown in Table 4A. The largest deviations
between model and experimental data are found for 373 K and at
the intermediate amine concentrations.

Fig. 12. Calculated and experimental activity coefficients for IPAE(1)/H,0(2).
Experimental data; all points this work. NRTL model: Solid lines IPAE, dashed lines
water. Blue, 333 K; Red, 353 K; Green, 373 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

10 T T T T T T T T T T

P/ kPa

0 01 02 03 04 05 06 07 08 09 1
XpY4

Fig. 13. Calculated and experimental PTx data of the N-TBDEA(1)/H,0(2) system at
different temperatures. Experimental data (circles, [3]; stars, this work; all points
this work. NRTL model: Solid lines. Black, 323 K; Blue, 333 K; Red, 353 K; Green,
373 K. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 12 compares experimental and NRTL-model based activity
coefficients for the IPAE(1)/H,0(2) system. What characterizes this
system is the apparently very low temperature sensitivity of the
activity coefficients. The scatter in the data, notably in the higher
amine concentration range, is larger than the model predicted tem-
perature sensitivity. It should be noted that the pure component fit
will influence the activity coefficients calculated from the experi-
mental data, and thereby the binary model temperature sensitiv-
ity. The AARD for the fit of IPAE vapour phase composition is
6.9% as seen in Table 4A. As for DAP, the standard deviations on
the parameters are of the same size or larger than the parameters.
Fig. S4 in the supporting information shows that the thermody-
namic consistency of the data is reasonable, apart from at the
higher amine concentrations where the data scatter is the highest.
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04 0.6 0.8 1

Fig. 14. Calculated activity coefficients for N-TBDEA(1)/H,0(2). NRTL model: Solid
lines N-TBDEA, dashed lines water. Black, 323 K; Blue, 333 K; Red, 353 K; Green,
373 K. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

The reason for the larger scatter in the data for the IPAE(1)/H,0(2)
system compared to MAPA and DAP, is believed to be due to the
significantly lower volatility of IPAE and thereby higher uncer-
tainty in the gas phase analyses. In Fig. 11, we also see that the
gas phase curves are close to flat in the higher concentration range.
This makes the activity coefficients very sensitive to small errors in
the gas phase composition analysis.

Fitting the pure component and binary data separately was also
done. The results are given in Table 4B and shown graphically in

Figs. S10 and S11 in the supporting information. We see that the
AARD:s for pressure and vapour phase composition rise to 3.3 and
10.1% respectively. Also, the standard deviations on the parameters
become higher than the parameters themselves. Clearly, a com-
bined fit gives a better result in this case. This was not the conclu-
sion for DAP and the reason for this difference is believed to be the
amine volatility. The fit of the binary data will depend on the pure
component data and the fit to these data. When the amine volatil-
ity is low, the sensitivity to errors in the pure component data is
high, whereas when the volatility is high, this reduces the sensitiv-
ity to errors in the pure component data. In addition, the pure com-
ponent data for IPAE only extended down to 363 K. In order to
validate the model further, more pure component data are needed,
particularly for temperatures below 363 K.

4.2.2.4. N-TBDEA. N-TBDEA is the amine, among the four studied in
this work, that has the lowest volatility. In the ebulliometer, the
gas phase concentrations became so low that they were below
the quantification limit using the titration methods in this work.
Only PTx data are thus available, as shown in Fig. 13. The model
fit in Fig. 13 is for the combined data and the AARD on pressure
is 1% as shown in Table 4A.

Fig. 14 shows the calculated activity coefficients. We see that
the predicted amine activity coefficients become very large at
low concentrations. This should be taken as an indication only,
and vapour composition data are needed to validate the model.
The situation is similar for the predicted water activity coefficients
at low water concentrations. They are seen to increase to values 2
to 3.

Fitting the parameters to pure component and binary data sep-
arately was also done in this case. The fits are shown in Figs. S12
and S13 in supporting information and the AARD is given in
Table 4B. The AARD did not change and no visible effect is seen

Table 4C

Absolute Average Relative Deviations (AARD) between the combined fit for the Non-Random Two-Liquid (NRTL) model and the various data sources.
MAPA DAP
AARD/% Reference(s) AARD/% Reference(s)
P Y1 P Y1
1.1 7.6 This work 1.7 12.2 This work
2.1 12.5 [20] 23.8 - [30]
6.4 - [27]
39 104 [20, 27] and this work 1.8 12.2 [30] and this work

P and y = Total Pressure and vapour-phase composition.

1=Amine.

Table A1

Density p data for pure amines at temperature T and ambient pressure P*.
DAP IPAE MAPA N-TBDEA
T/K p/kgm-3 T/K p/kgm3 T/K p/kgm3 T/K p/kgm-3
333.15 851.50 323.13 873.16 298.12 850.66 323.13 963.63
338.15 845.75 333.12 864.93 308.12 841.79 323.13 963.79
343.15 841.13 343.12 856.49 318.12 833.34 333.12 956.91
348.15 836.52 353.17 847.91 328.12 823.77 333.12 956.93
353.15 831.87 363.12 839.14 338.12 815.03 343.12 949.99
358.15 827.23 - - 348.12 805.53 343.12 950.07
363.15 822.69 - - 358.12 796.19 353.12 943.07
- - - - 363.12 791.51 353.12 943.05
- - - - - - 363.12 936.07
- - - - - - 363.12 936.07
Standard uncertainties
u(T)=0.05K u(T)=0.05K u(T)=0.05K u(T)=0.05K
u(p) = 0.5kgm—3 u(p) = 1kgm=3 u(p)=1kgm3 u(p) =0.5kgm3

" Atmospheric pressure (101 * 3)kPa.
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Table A2

Boiling point values® for pure components (N-tert-Butyldiethanolamine/N-TBDEA, 2-(Isopropylamino)ethanol [IPAE, 1,3-diaminopropane/DAP and N-Methyl-1,3-diamino-

propane/MAPA) at temperature T and pressure P.

N-TBDEA™ IPAE DAP MAPA

T/K P/kPa u(P)/kPa T/K P/kPa u(P)/kPa T/K P/kPa u(P)/kPa T/K P/kPa u(P)/kPa
Exp. 1 363.2 49 0.4 3432 75 0.3 329.2 3.8 0.25
415.9 1.4 0.25 368.2 6.3 0.5 348.2 9.5 0.3 3333 4.7 0.3
421.8 1.8 0.25 373.2 8.0 0.6 3533 11.9 0.4 338.2 6.0 0.3
432.1 2.8 0.25 374.9 8.0 0.6 358.1 14.7 04 343.1 7.6 0.4
439.4 3.8 0.25 378.2 10.1 0.7 363.2 182 0.5 348.2 9.6 0.5
445.1 4.8 0.25 379.9 10.1 0.7 368.2 223 0.6 353.2 12.0 0.6
Exp. 2 383.2 12.7 0.7 373.2 27.1 0.7 358.1 14.8 0.7
415.9 14 0.25 388.2 15.7 0.8 3782 327 0.9 363.3 18.3 0.9
421.8 1.8 0.25 389.9 15.7 0.8 3832 393 1.0 368.2 223 1.0
432.1 2.8 0.25 393.2 19.4 0.9 388.2 47.0 1.1 3732 271 1.1
439.4 3.8 0.25 394.9 194 0.9 3932 55.9 12 378.2 32.6 1.2
445.1 4.8 0.25 398.2 23.8 1.1 398.3 66.0 14 383.2 37.8 1.3
Exp. 3 403.2 28.9 13 403.2 776 1.6 388.2 46.5 14
415.5 14 0.25 404.8 289 13 408.2 90.8 1.8 393.2 55.2 1.5
421.2 1.8 0.25 408.2 348 1.5 4114 100.0 2.0 398.2 65.1 1.6
431.6 2.8 0.25 413.2 41.8 1.8 - - 403.2 76.3 1.7
438.8 3.8 0.25 414.7 41.8 1.8 - - 408.2 89.2 1.8
444.5 4.8 0.25 418.2 49.7 2.0 - - 412.2 100.7 2.0
448.4 5.8 0.25 423.2 58.6 2.2 - - - -

- - 4244 58.5 2.2 - - - -

- - 428.2 68.5 2.5 - - - -

- - 433.2 80.0 3.0 - - - -

- - 434.3 80.0 3.0 - - - -

- - 438.2 92.1 35 - - - -

u(T)=0.1K u(T)=0.1K u(T)=0.1K u(T)=0.1K

" Uncertainties, u, are given as standard uncertainties. Data in italics are previously published in anonymized form in Trollebs et al. [3].

“ N-TBDEA in all experiments was above the melting point, i.e. in liquid state.

Table A3

Experimental (vapour + liquid) data for temperature T, pressure P, liquid-phase mole fraction x, and gas-phase mole fraction y, for N-Methyl-1,3-diaminopropane/MAPA(1) + H,0

(2)-.

T/K P/kPa X1 u(Xq) Y1 u(y,) T/K P/kPa X1 u(xq) Y1 u(yy)

3332 6.0 0.7505 0.008 0.5466 0.0060 353.2 16.3 0.7423 0.008 0.5215 0.0060
333.1 7.5 0.4951 0.006 0.2779 0.0050 353.2 21.1 0.5055 0.006 0.2736 0.0050
333.2 12.5 0.2247 0.005 0.0415 0.0020 353.2 25.1 0.3763 0.006 0.1511 0.0040
3333 13.7 0.2020 0.005 0.0253 0.0015 353.2 28.6 0.2934 0.005 0.0887 0.0030
333.2 14.7 0.1738 0.004 0.0162 0.0013 353.2 31.8 0.2335 0.005 0.0537 0.0020
333.2 15.5 0.1514 0.004 0.0114 0.0009 353.2 344 0.1988 0.004 0.0319 0.0018
333.2 16.2 0.1319 0.004 0.0078 0.0007 353.2 36.7 0.1675 0.004 0.0220 0.0014
3333 16.8 0.1162 0.004 0.0059 0.0005 353.2 38.5 0.1457 0.004 0.0161 0.0013
333.2 17.2 0.1036 0.004 0.0046 0.0005 353.2 39.9 0.1276 0.004 0.0118 0.0009
333.2 17.6 0.0921 0.004 0.0035 0.0004 353.2 41.0 0.1115 0.004 0.0084 0.0007
3332 179 0.0825 0.004 0.0028 0.0004 353.2 42.0 0.0976 0.004 0.0070 0.0006
333.2 18.2 0.0741 0.003 0.0024 0.0003 353.2 42.8 0.0861 0.004 0.0058 0.0005
333.2 184 0.0671 0.003 0.0020 0.0003 353.2 433 0.0768 0.003 0.0050 0.0005
333.2 18.6 0.0603 0.003 0.0017 0.0003 353.2 438 0.0684 0.003 0.0042 0.0004
333.2 18.7 0.0544 0.003 0.0015 0.0003 353.2 443 0.0613 0.003 0.0035 0.0004
333.2 189 0.0489 0.003 0.0013 0.0002 353.2 44.7 0.0494 0.003 0.0031 0.0004
333.2 19.0 0.0440 0.003 0.0011 0.0002 353.2 449 0.0550 0.003 0.0031 0.0004
333.2 191 0.0403 0.003 0.0011 0.0002 353.2 45.2 0.0451 0.003 0.0024 0.0003
3333 19.2 0.0366 0.003 0.0009 0.0002 353.2 45.4 0.0400 0.003 0.0022 0.0003
333.2 193 0.0334 0.003 0.0008 0.0002 353.2 45.6 0.0365 0.003 0.0018 0.0003
333.2 193 0.0304 0.003 0.0008 0.0002 353.2 45.8 0.0331 0.003 0.0016 0.0003
333.2 194 0.0273 0.002 0.0007 0.0002 353.2 45.9 0.0299 0.002 0.0014 0.0003
- - - - - - 353.2 46.0 0.0229 0.002 0.0013 0.0003

" Standard uncertainties u are u(T) = 0.1 K; u(P) = 0.25 kPa.

in Figs. S12 and S13. The main reason for this is the large difference
in temperature range between the pure component (413 K to
453 K) and binary (313 K to 373 K) data. We see in Fig. 6 that using
a combined fit only has a small impact on the pure component pre-
dictions, even at lower temperatures.

In Table 4C is shown a comparison between binary pressure and
vapour mole fraction data and predictions from the combined fit
model for the various data sets.

For total pressure we see that the data from Bouzina et al. [27]
and Ahmed et al. [30] give higher AARDs than the other data. The

main reason for this is the deviations in pressure seen in Figs. 7B
and 9B at high amine mole fractions.

4.2.2.5. Summary. All tested amines have high solubility water.
Aqueous solutions of DAP and MAPA show strong negative devia-
tions from Raoult’s law in the whole range of amine
concentrations.

The model for DAP may indicate a minimum azeotrope forma-
tion at high amine concentrations and below 313 K. No informa-
tion to substantiate this has been found in the literature
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Table A4
Experimental (vapour + liquid) data for temperature T, pressure P, liquid-phase mole fraction x, and gas-phase mole fraction y, for 1,3-diaminopropane/DAP(1) + H,O(2)".

T/K P/kPa x4 u(x1) ¥ u(y;) T/K P/kPa  x; u(x1) ¥ u(y;) T/K P/kPa  x; uXy) ¥ u(y;)

3432 83 0.8134 0.008 0.7741 0.0080 353.2 133 0.8127 0.008 0.7009 0.0080 373.2 315 0.8006 0.008 0.6753 0.0080
3431 9.7 0.5699 0.008 04174 0.0080 3533 15.7 0.5739 0.008 0.3969 0.0080 373.2 382 0.5694 0.008 0.3799 0.0080
3432 115 0.4309 0.008 0.2145 0.0080 353.2 185 0.4368 0.008 0.2263 0.0080 373.2 448 0.4270 0.008 0.2328 0.0080
3433 137 0.3448 0.008 0.1082 0.0060 353.2 220 0.3456 0.008 0.1151 0.0060 373.2 519 0.3480 0.008 0.1175 0.0060
3433 16.5 0.2773 0.008 0.0521 0.0040 3533 255 0.2866 0.008 0.0607 0.0040 373.2 59.1 0.2810 0.008 0.0693 0.0040
3432 186 0.2322 0.008 0.0333 0.0030 353.2 28.7 0.2389 0.008 0.0369 0.0030 373.2 652 0.2393 0.008 0.0397 0.0030
3432 206 0.2001 0.008 0.0167 0.0015 3533 319 0.2011 0.008 0.0199 0.0015 3732 712 0.2002 0.008 0.0246 0.0020
3432 224 0.1683 0.007 0.0106 0.0010 353.2 345 0.1707 0.007 0.0123 0.0010 373.2 76.0 0.1662 0.007 0.0169 0.0015
3432 238 0.1483 0.007 0.0073 0.0007 353.2 36.7 0.1481 0.007 0.0081 0.0007 3732 80.1 0.1479 0.007 0.0117 0.0011
3432 251 0.1276 0.006 0.0046 0.0004 353.2 385 0.1299 0.006 0.0056 0.0004 373.2 83.2 0.1289 0.006 0.0093 0.0009
3432 26.0 0.1126 0.006 0.0035 0.0003 353.2 399 0.1126  0.006 0.0044 0.0003 373.2 85.7 0.1167 0.006 0.0072 0.0007
3432 268 0.1011 0.006 0.0025 0.0002 353.2 410 0.0986 0.006 0.0034 0.0002 373.1 87.7 0.1023 0.006 0.0071 0.0007
3432 274 0.0887 0.005 0.0022 0.0002 353.2 420 0.0869 0.005 0.0024 0.0002 3732 899 0.0914 0.005 0.0045 0.0005
3432 279 0.0807 0.005 0.0018 0.0002 353.2 428 0.0760 0.005 0.0019 0.0002 3732 91.2 0.0806 0.005 0.0035 0.0004
3432 284 0.0733 0.005 0.0015 0.0002 3532 434 0.0680 0.005 0.0015 0.0002 373.1 924 0.0719 0.005 0.0030 0.0003
3432 286 0.0642 0.005 0.0013 0.0001 353.2 440 0.0603 0.005 0.0015 0.0001 3732 938 0.0627 0.005 0.0026 0.0003
3433 29.0 0.0576 0.004 0.0010 0.0001 353.2 444 0.0534 0.004 0.0012 0.0001 3732 945 0.0570 0.004 0.0023 0.0002
3432 293 0.0517 0.004 0.0009 0.0001 3532 44.7 0.0476 0.004 0.0012 0.0001 3732 953 0.0510 0.004 0.0020 0.0002
3432 295 0.0464 0.004 0.0009 0.0001 353.2 450 0.0435 0.004 0.0009 0.0001 3732 958 0.0463 0.004 0.0017 0.0002
3433 29.7 0.0408 0.004 0.0008 0.0001 353.2 453 0.0384 0.004 0.0008 0.0001 3732 96.5 0.0420 0.004 0.0014 0.0002

" Standard uncertainties u are u(T) = 0.1 K; u(P) = 0.25 kPa. Data in italics are previously published in anonymized form in Trollebg et al. [3].

Table A5
Experimental (vapour + liquid) data for temperature T, pressure P, liquid-phase mole fraction X, and gas-phase mole fraction y, for 2-(Isopropylamino)ethanol /IPAE(1) + H,0(2)".

T/K P/kPa x4 u(xy) Y u(y;) T/K P/kPa x4 u(xy) Y u(y,) T/K P/kPa x4 u(xy) ¥ u(yy)
3332 53 0.8306 0.02 0.0955 0.002 3533 186 0.7116  0.02 0.0849  0.002 3732 86 0.9690 0.02 0.7549  0.007
3332 55 0.8388 0.02 0.0961  0.002 3532 224 0.6681 0.02 0.0690 0.002 373.2 106 0.9657 0.02 0.6100 0.006
3333 56 0.8020 0.02 0.0925 0.002 3532 254 0.6536  0.02 0.0525 0.002 3732 36.7 0.7897 0.02 0.1279  0.002
3332 5.7 0.8342 0.02 0.0963  0.002 353.2 277 0.6059 0.02 0.0450 0.002 3732 518 0.6879  0.02 0.0777  0.002
3333 79 0.7534  0.02 0.0566  0.002 353.2 264 0.6263  0.02 0.0523  0.002 3732 679 0.5922 0.02 0.0520 0.002
3332 98 0.6820 0.02 0.0419 0.002 3532 293 0.6082  0.02 0.0440 0.002 3732 811 0.4353  0.02 0.0350 0.002
3333 120 0.5333  0.02 0.0300 0.002 353.2 358 0.4618 0.02 0.0284  0.002 3732 876 0.3422  0.02 0.0277  0.002
333.2 150 0.4376  0.02 0.0180 0.002 353.2  39.1 0.3584 0.02 0.0219  0.002 3732 914 0.2662  0.02 0.0237  0.002
333.2 165 0.3343  0.02 0.0141 0.0018 353.2 41.2 0.2978 0.02 0.0184 0.002 3732 938 02173  0.02 0.0209  0.002
3332 173 0.2697 0.02 0.0112 0.0013 353.3 427 0.2415 0.02 0.0166 0.0018 373.2 953 0.1842 0.02 0.0195 0.002
3332 179 0.2205 0.02 0.0099 0.0010 353.2 435 0.2050 0.02 0.0145 0.0018 373.2 964 0.1561  0.02 0.0185 0.002
333.2 183 0.1863  0.02 0.0092 0.0010 353.2 442 0.1729 0.02 0.0130 0.0013 373.2 972 0.1348 0.018 0.0172 0.0017
3332 185 0.1609 0.02 0.0081 0.0008 353.2 44.7 0.1503  0.02 0.0119 0.0010 373.2 978 0.1176 0.016 0.0167 0.0017
3332 187 0.1400 0.018 0.0074 0.0007 353.2 45.0 0.1318 0.018 0.0113 0.0010 3732 98.2 0.1016 0.015 0.0154 0.0015
3333 189 0.1202 0.016 0.0070 0.0007 3532 453 0.1153 0.016 0.0110 0.0010 373.2 98.5 0.0880 0.014 0.0145 0.0015
3333 190 0.1046 0.015 0.0068 0.0007 353.2 455 0.1018 0.015 0.0109 0.0010 373.2 9838 0.0775 0.012 0.0141 0.0014
3333  19.1 0.0921 0.014 0.0062 0.0006 353.2 45.7 0.0900 0.014 0.0097 0.0010 373.2 993 0.0615 0.010 0.0129 0.0013
3333 192 0.0830 0.013 0.0060 0.0006 3532 459 0.0808 0.013 0.0093 0.0009 3732 99.5 0.0551 0.010 0.0121 0.0012
3332 192 0.0742 0.012 0.0056 0.0006 353.3 46.1 0.0723 0.012 0.0091 0.0009 3732 99.7 0.0497 0.009 0.0117 0.0012
3333 193 0.0664 0.010 0.0054 0.0005 353.3 46.2 0.0644 0.010 0.0090 0.0009 373.2 99.8 0.0442 0.008 0.0116 0.0012
3332 193 0.0598 0.010 0.0052 0.0005 3532 46.3 0.0578 0.010 0.0083 0.0008 373.2 100 0.0399 0.008 0.0111 0.0011
3332 194 0.0540 0.009 0.0049 0.0005 3533 46.4 0.0523 0.009 0.0081 0.0008 - - - - - -
3332 194 0.0442 0.008 0.0046 0.0005 353.2 46.4 0.0470 0.008 0.0077 0.0008 - - - - - -
3333 195 0.0399 0.008 0.0044 0.0005 - - - - - - - - - - -

" Standard uncertainties u are u(T) = 0.1 K; u(P) = 0.25 kPa.

Since the possible azeotropic point of DAP is lying in the high
concentration range, outside the practical range for an absorption
process, it may seem of less industrial interest. However, situations
can occur, when considering aerosol formation in the absorber and
water wash systems, where evaporation of water and condensa-
tion of amine on the aerosol droplets can lead to very high amine
concentrations. Examples of such behavior are given in Majeed
et al. [37-40].

Aqueous solutions of IPAE and N-TBDEA show positive devia-
tions from Raoult’s law in the whole range of amine concentra-
tions. N-TBDEA show especially strong deviations from Raoult’s
law. These solutions seem to have very high amine activity coeffi-
cients at infinite dilution. For IPAE the activity coefficients increase
slightly with temperature. The activity coefficients of N-TBDEA are
much higher than for IPAE and are also predicted to increase with
temperature.

5. Conclusions

This paper presents new experimental data and modelling
results for four amines. All have potential as new solvents for post
combustion CO, capture. Both pure component data and data for
amine-water solutions, based on ebulliometer measurements, are
presented. The data were fitted to an Antoine equation and an
NRTL model in two ways, first a combined fit of both pure compo-
nent and binary data and then a separate fit to the data sets.

For MAPA, a relatively volatile amine, and with many both pure
component and binary PTxy data points covering the whole tem-
perature and concentration region of interest, the two procedures
gave very similar results.

For DAP, also a relatively volatile amine, and with a large num-
ber of binary PTxy data points and sufficient pure component data
covering the whole range of temperatures, the two methods gave
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Table A6
Experimental (vapour + liquid) data for temperature T, pressure P and liquid-phase mole fraction x, for N-tert-Butyldiethanolamine/N-TBDEA(1) + H,0(2)*.

T/K P/kPa X1 u(xy) T/K P/kPa X1 u(xy) T/K P/kPa X1 u(xy) T/K P/kPa X1 u(xq)
323.2 10.0 04142 0.008 333.2 18.0 0.2486 0.005 353.2 329 0.5779 0.01 373.2 68.3 0.6077 0.012
323.1 10.6 0.3602 0.007 333.2 19.2 0.1675 0.005 353.2 383 0.4151 0.008 373.2 94.0 0.2730 0.006
3232 11.2 0.2191 0.005 3332 19.5 0.1041 0.005 353.2 43.6 0.2749 0.006 373.2 95.9 0.2330 0.005
323.2 11.7 0.1285 0.005 333.2 19.4 0.1206 0.005 353.2 44.5 0.2403 0.005 373.2 98.0 0.1698 0.005
323.2 11.9 0.0964 0.005 333.2 19.6 0.1005 0.005 353.2 45.8 0.1701 0.005 373.2 99.2 0.1079 0.005
3232 12.0 0.0667 0.005 3332 19.6 0.0803 0.005 353.2 46.4 0.1199 0.005 373.2 85.0 0.4012 0.005
323.2 12.1 0.0495 0.005 3332 19.7 0.0558 0.005 353.2 46.6 0.1038 0.005 373.2 89.9 0.3369 0.005
323.2 12.2 0.0363 0.005 333.2 19.8 0.0390 0.005 353.2 46.6 0.1005 0.005 373.2 98.7 0.1732 0.005
323.1 12.3 0.0270 0.004 333.1 16.5 0.4023 0.005 353.2 46.7 0.0791 0.005 3732 99.3 0.1150 0.005
3232 12.3 0.0205 0.004 333.1 17.5 0.3270 0.005 353.2 46.8 0.0565 0.005 373.2 99.7 0.0801 0.005
333.2 19.1 0.1827 0.005 353.2 46.9 0.0388 0.005 373.2 99.9 0.0560 0.005
332.7 19.5 0.1121 0.005 353.2 40.0 0.4154 0.005 373.2 100.1 0.0423 0.005
332.8 19.6 0.0755 0.005 353.2 42.1 0.3475 0.005 373.2 100.1 0.0243 0.004

332.9 19.7 0.0326 0.005 353.2 45.6 0.1761 0.005

333.0 19.8 0.0250 0.004 353.2 46.4 0.1127 0.005

333.0 19.8 0.0191 0.004 353.2 46.5 0.0755 0.005

333.0 19.8 0.0151 0.004 353.2 46.7 0.0550 0.005

333.0 19.8 0.0121 0.004 353.2 46.9 0.0411 0.005

333.1 19.9 0.0075 0.004 353.2 46.9 0.0302 0.005

333.1 19.9 0.0095 0.004 353.2 46.9 0.0229 0.004

0.005 353.2 47.0 0.0179 0.004

0.005 3532 47.1 0.0140 0.004

" Standard uncertainties u are u(T) = 0.1 K; u(P) = 0.25 kPa. Data in italics are previously published in anonymized form in Trollebg et al. [3].

similar AARDs for both the binary and pure component fits. The
standard deviations on the parameters were larger than the
parameters for both procedures indicating that more data, in par-
ticular binary data, are needed.

With IPAE, a less volatile amine, limited pure component data
were available and some discrepancies in the sets were found.
However, the data cover a large temperature range. The binary
PTxy data covered the whole composition range and most of the
temperature range. In this case, the combined fit gave a good rep-
resentation of both the pure component and binary data. However,
the standard deviations on the parameters were large. The fit to
separate data set resulted in an increase in the AARDs for both
the pure component and binary data sets and large standard devi-
ations in the parameters.

For N-TBDEA, an amine with low volatility, the data contained
only pure component and binary PTx measurements. In this case,
the two fitting procedures provided fits with similar AARDs.

For all amines, the best fits provided good to excellent represen-
tations of the available data.
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