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1. Introduction

Chemical absorption is well established as a benchmark technology for acid gas removal
and carbon capture. Many amine solvents are being developed in order to reduce the energy
requirements of the process, mainly associated with the heat needed in the regeneration
part of the plant. In order to design absorption and desorption towers several properties of
the chemical system must be accurately calculated using models based on experimental
data. The most important experimental data are CO, solubility, kinetic constants and
physical properties such as density and viscosity (Mokraoui et al., 2006).

Densities for unloaded amine solutions have been widely studied and data are available in
the literature for several amines in a comprehensive range of temperatures and
compositions. However, many different models have been proposed to correlate the
experimental data. Cheng et al. (1996) proposed an empirical correlation using 7

parameters for estimation of MEA density. Zhang et al. (1995) used the Redlich-Kister


mailto:hanna.knuutila@.ntnu.no

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

equation with up to 11 parameters for each temperature to correlate density, while Hartono
and Svendsen (2009) and Han et al. (2012b) used 6 and 4 Redlich-Kister parameters
respectively. Furthermore, Hartono and Svendsen (2009) introduced a linear temperature
dependency to the Redlich-Kister parameters, allowing for density estimations over the
whole range of compositions and temperatures by fitting a total of 12 parameters (since each
Redlich-Kister parameter is described by 2 parameters). Han et al. (2012a) adopted the
same strategy and was therefore able to calculate densities by fitting a total of 8 parameters.

In the present work the densities of aqueous solutions of MDEA (N-Methyldiethanolamine),
DMEA (N,N-Dimethylethanolamine), DEEA (Diethylethanolamine) and MAPA (N-Methyl-1,3-
diaminopropane) are presented. The presented amines are potential solvents for CO, post-
combustion capture, and they were previously studied for this purposed be several authors
(Austgen et al., 1991; Fernandes et al., 2012; Liebenthal et al., 2013; Monteiro et al., 2013a;
Monteiro et al., 2013b; Naami et al., 2013; Pinto et al., 2013; Voice et al., 2013). Density
data for solutions without absorbed CO, (unloaded solutions) are given for the entire
composition range for aqueous solutions of all four amines while data for loaded solutions
(with absorbed CO,) are presented for MDEA, DEEA and MAPA. The density of unloaded
solutions is modelled by using the Redlich-Kister model with 3 parameters. Since each
parameter has a linear temperature dependency, a total 6 parameters were fitted. Literature
data, when available, were compared to the experimental data presented in this work and

used to validate the regressed models.

This work presents an empirical proportionality model that correlates the density change due
to CO, loading to the amount of CO, loaded. The proposed model is able to adequately
predict the density of loaded solutions with only two extra parameters. Models for both
unloaded and loaded monoethanolamine (MEA) solutions are also given, regressed using
data available in literature, since MEA is the benchmark amine for CO, capture (Aroonwilas
and Veawab, 2009; Rey et al., 2013) and it’s still studied (e.g. see, for instance, Giuffrida et
al. (2013), Razi et al. (2013) and Vevelstad et al. (2013)). Finally, a comparison between the
performance of the Redlich-Kister and the Rackett models (Rackett, 1970) is presented.

2. Literature data

An overview of experimental density data available in the literature for aqueous solutions of

MEA, MDEA, DMEA and DEEA and considered in this work, is presented in Table 1. For
MAPA, no prior published density data were found.
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72 TABLE 1 HERE

73  Table 1: Literature data for unloaded and loaded solutions of MDEA, DMEA, DEEA and MEA
74  considered in this work.

75

76 3. Experimental work

77 3.1 Chemicals

78  MDEA (N-Methyldiethanolamine), DMEA (N,N-Dimethylethanolamine), DEEA

79  (Diethylethanolamine) and MAPA (N-Methyl-1,3-diaminopropane) were supplied by Sigma-
80  Aldrich and used without further purification. ldentification and purity of the used chemicals
81 are given in Table 2. The solutions were prepared by weighing amine and DI water. The

82 loaded solutions were prepared using carbon dioxide (CO,) with a purity of 99.999% from
83  YaraPraxair.

84

85 TABLE 2 HERE

86  Table 2: Amines studied in this work.

87

88 3.2 Preparation and analyses of loaded solutions

89  Agueous amine solutions were prepared by weighing and mixing amine and DI water. The
90 CO, loaded aqueous solutions of MDEA, DEEA and MAPA were prepared by bubbling CO,
91 through unloaded solutions.

92

93  The barium chloride method was used to analyse the CO, content in solution (mole CO,/kg
94  solution), while the amine concentration was analysed using titration (Monteiro et al., 2013b).
95 From these analyses the loading was calculated. To ensure that the no amine/water loss
96 was encountered during the loading process, and that the solutions were prepared correctly,

97 the difference between the titrated amine concentration and concentration based on
98  weighing were compared using equation 1, where A, Cand Cj“'are, respectively, the
99 difference, the unloaded amine concentration weighed in (mole amine/kg solution) and the
100 unloaded amine concentration analysed by titration (mole amine/kg solution).

C[\JN _ Cltjit. 1
C/

A=

101
102
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In case of loaded solutions the amine concentration was back-calculated to unloaded

solution according to equation 2 where C;*, C" and mg; are the amine concentration in

the unloaded solution (mole amine/kg solution), the amine concentration in the loaded
solution (mole amine/kg solution) and the concentration of CO, in the loaded solution (g
CO,/kg solution), respectively.
tit. _ Clml 2
* (10007,
1000%g

The difference between the amine concentration calculated based on weighing and amine
analyses was 1.3% in average for both loaded and unloaded solutions. This indicated that
there was little solvent loss during the loading procedure. The CO, analyses were always

performed twice and the average difference between the parallels was 1.1 %.

In the next chapter the given amine concentrations are all based on the weighed amounts of
amine and water, while the loadings are based on wet chemistry analyses.

3.3 Density measurements

The densities of the solutions were measured by an Anton Paar DMA 4500M densitometer
with measuring range from 0 to 3 g /cm® and a nominal repeatability of 0.01 kg/m*® and
0.01°C. A sample of 10 ml was placed in a test tube, and put into the heating magazine with
a cap on. The temperature in the magazine was controlled by a Xsampler 452 H heating

attachment.

Two density measurements for each sample were done. Two cleaning liquids were used
between the samples. Cleaning liquid one was distilled water to remove sample residues in
the measuring cell. Cleaning liquid two was acetone to remove cleaning liquid one, and it
was evaporated by a stream of dry air in order to accelerate drying of the cell. Both at the
beginning and at the end of each day, the density of water was measured and compared
with literature values (Wagner and Pruf3, 2002). The difference between these
measurements was, on average, 0.033 kg/m®. This value is 3.3 times the given nominal

repeatability, and gives an estimate of the measurement uncertainty.

4 Modelling
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Several models for calculating densities can be found in the literature. These models either
give explicit values for the physical property itself, or values for an excess property which
subsequently allows for the physical property calculation. The choice of which correlation to
be used is a matter of accuracy and user’s choice. In this work the densities of the binary
systems were modelled using both an excess volume approach, calculated by a Redlich-

Kister type model, and the Rackett model.
4.1 The Redlich-Kister equation

The Redlich-Kister equation, shown in equation 3, is a semi-empirical correlation used to
calculate excess properties of solutions as a function of their composition. It was originally

proposed to correlate Scatchard’s excess free energy (Redlich and Kister, 1948) , but is
commonly used for correlating excess volume. It is formulated as a power series of 1-2x,,
which is a symmetric variable with respect to the two components in a binary solution. The

series order will dictate the accuracy of the model predictions; the higher order terms being

corrections to the terms of lower order.

The A, coefficients are optimized parameters and, in this work, have a temperature

dependency as given by equation 4.

VE=x%> A (1-2%)" 3

A=a+bT 4

4.2 Excess volume

The excess molar volume is defined by equation 5. V., V,” and V, are the molar volumes

mix ?
of the mixture, pure component 1 and pure component 2, respectively.

VE V™ XV —xV, 5

The molar volume terms in equation 5 can be written as a function of densities, as given in
equation 6. The mixture density is therefore explicitly calculated by rearranging equation 6,

where the excess molar volume is given by equation 3.

VE:[xiMWﬁszWZ}XlMWl MW, 5

— X2
pmix pl pZ

4.3 The Rackett equation
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The Rackett model is an equation of state formulated for saturated liquids. The original
model correlates the reduced volumes to the reduced temperature and the critical
compressibility factor (Rackett, 1970). This information is readily available in process
simulation tools containing the desired components in their databases. Hence, even if no
density measurement is available, the Rackett model can be used. Versions of the Rackett
model are available in process simulators such as Aspen Plus, Aspen HYSYS, Proll and
UniSim Design.

When density data for pure components are available, the Rackett compressibility factor (

Z™) can be regressed in order to minimize the errors in the model’s predictions. This value
is available in process simulator databases for a number of substances.
There are many modifications of the original Rackett equation in the literature. For instance,

the Campbell-Thodos model (Campbell and Thodos, 1984) introduces a temperature

dependency to Z™. On the other hand, many of these modifications introduce extra
parameters to the equation, which are not easily found in literature.

In this work, the modified Rackett equation proposed by Spencer and Danner (1972) was
used, applying the mixing rules described in equations 7 to 12. These are the same as used

in the Aspen Plus process simulator (Aspen Technology, 2012). The density data for pure

components was used to regress Z** for the five amines studied in this work: MEA, MDEA,
DMEA, DEEA and MAPA. The critical properties values used in the calculations were

obtained from Yaws and Narasimhan (2009). The binary interaction parameter, kij, was

both calculated using equation 13 and treated as an adjustable parameter. By optimizing the
parameter the Rackett model was able to better represent the experimental data. A

comparison of both approaches is given in the results section.
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4.4 Proportionality model for loaded solutions

Equations 14-16 show how the loaded solution density is modelled. The model proposes
that the unloaded solution density is to be used as a reference value. This value is then
corrected by adding a factor proportional to the mass of CO, added to the solution. A linear
temperature dependency is assumed in the dimensionless proportionality constant, C.

Hence, there are only two extra parameters to be regressed against the experimental data,

namely, C, and C,. @co, is the mass of CO, added (in grams) per cm? of unloaded solution.
From the mass fraction of the unloaded solution it is possible to calculate the number of

and by multiplying this by the

moles of amine per gram of unloaded solution (Namine),
loading (mole CO,/mole amine), the molecular weight of CO, (g CO./mole CO,) and the
density of the unloaded solution at 298.15 K (g of solution/cm® of unloaded solution) the
mass of CO, added to the solution is calculated. It is important to note that equation 15 does
not consider a volume expansion or contraction when the CO, is added to the solution. This

effect is taken into account by c given by equation 16.

loaded unloaded 14
pm|x pmix + C"a)CO2

_ unloaded _ unloaded 15
a)COZ - m002 Porix 208.15K NammeMWCO Prix 298.15K

C=C +C,T 16
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5 Optimization routine

Several optimization procedures are available and well discussed in the literature. Usually,
gradient based methods are used to find the best parameters to fit a set of experimental
data. Those methods, however, require good initial guesses for the parameters.
Alternatively, in this work, the parameters were found using the particle swarm optimization
(PSO) algorithm (Kennedy and Eberhart, 1995), which is an heuristic global optimization
method. It has the advantage of not requiring initial guesses. Several variations of the
method can be found elsewhere (Clerc and Kennedy, 2002; Trelea, 2003; Wang et al., 2011;
Yiging et al., 2007). One important feature of PSO is the way the particles interact with each
other, usually called topology. In this work, the Ibest topology with dynamic neighbourhood
(Ghosh et al., 2012) is used. A comprehensive description on the PSO method is given in
Poli et al. (2007).

The candidate solutions were randomly initialized within the intervals [-10, 10] and [-1e-4,

le-4] for the parameters a, and b, (equation 4), respectively. The objective function

(equation 17) presented in Weiland et al. (1993) weigh all the data equally, and was chosen

to minimize the deviation between the experimental and the calculated densities.

E_ c)?
F :i@ 17

The average absolute relative deviation (AARD) and the absolute average deviation (AAD),
given in equations 18 and 19 respectively, express the deviation of the model.

E_ ¢
AARD(%)Zlooi\pi Epi\ 8
R o
N 19
AAD(kg/m3)=%Z\pf—pf\
i=1

6 Results and Discussions
In this section the experimental results together with the modelled results are discussed. The
tabulated values of measured densities for unloaded and loaded solutions are available in

the appendix.

6.1 Density of pure amines
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The Redlich-Kister equation correlates the excess volume, calculated from the measured
amine-water solution densities, the solution composition, as well as the pure amine and pure
water densities. It is therefore convenient to express the densities of the pure components
as continuous functions of temperature.

The temperature dependency was modelled as a second order polynomial function,
according to equation 20. The parameters regressed for water, MEA, MDEA, DMEA, DEEA
and MAPA are given in Table 3, along with the coefficient of determination, denoted R?, and
the data references. The densities are given in g/cm® and the temperatures are in K.

Poe (9/cM°) =d,T? (K)+d,T (K)+d, 20

TABLE 3 HERE

Table 3: Coefficients for equation 20 describing the densities of pure solvents and water.

Pure water density data given in Wagner and Pruf3 (2002) from 280 to 373.124 K at 101.325
kPa were used in this work to model the density of water as function of temperature. Figure
1 shows that a second order polynomial function is able to describe the density temperature
dependency of pure water. The pure densities for the amines were also well represented by

the second order polynomial function as observed from the values of R?.

FIGURE 1 HERE

Figure 1: Water density as function of temperature.

The Rackett model was also used for calculating the densities of pure amines. The
parameters for this model were regressed using the same data as used for regressing the
polynomial expressions, and are given in Table 4. From an engineering point of view, the
agreement between the model and the data is reasonable. However, the obtained average
deviations are two to three orders of magnitude higher than the expected measurement

uncertainties.

TABLE 4 HERE

Table 4: Z* parameters and the calculated deviation for densities of pure amines.



277
278
279
280
281
282
283
284
285
286
287
288
289
290
201

292

293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

The Rackett equation performs worse than the second order polynomial equation, but gives
a reasonable representation of the densities of the pure substances studied in this work,
apart from DEEA.

6.2 Density of unloaded solutions

The regressed parameters for the Redlich-Kister model for the unloaded amine-water
systems, and the interaction parameters for the Rackett model are given in Table 5. The
calculated deviations are given in Table 6. In general, the Redlich-Kister model is one order
of magnitude more accurate than the Rackett model. The experimental data are given in
Table A.1, Table A.2, Table A.3 and Table A.4, for MDEA, DMEA, DEEA and MAPA,
respectively.

TABLE 5 HERE
Table 5: Regressed parameters for the Redlich-Kister (a, and b,) and the Rackett (kHzo_Amme)

models for calculation of densities of unloaded amine solutions
6.2.1 MEA

The MEA system was modelled using only data from Han et al. (2012b). There are several
other sources of data for the unloaded MEA (e.g. Touhara et al. (1982), Maham et al. (1994)
and Pouryousefi and Idem (2008)). However, Han et al. (2012b) presents a wider range of
data with respect to temperature, and, therefore, only those data were used in the fitting of
the parameters.

The whole range of compositions was used in the fitting. However, only data measured at
atmospheric pressure were used (from 298.15 to 363.15 K) because the correlations for
pure water and pure MEA are only valid at atmospheric pressure. When calculating the
density of pure water using the correlation given in equation 20 and parameters given on
Table 3 (for atmospheric conditions) and comparing it with experimental data from Han et al.
(2012b) at 0.7 MPa, the deviation can be as high as 5.8 kg/m?® (at 423.15 K). This is one
order of magnitude higher than the deviations calculated within the validity range (from 280
to 373.124 K at 101.325 kPa). This “inaccuracy” in calculating the pure water density will
impact the Redlich-Kister density model especially close to the pure water concentrations.

Therefore, a pressure dependency should be included in the pure component correlations in
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order to obtain similar accuracy (< 0.5 kg/m®). In this work, the pressure dependency is not
included since only data at atmospheric pressure were generated.

The good agreement between the Redlich-Kister model and the experimental data can be
seen in Figure 3. It's also possible to see that the Hawrylak et al. (2000) measurements
(circle markers in Figure 3) have a small disagreement with the Han et al.(2012b) data at
45°C, more pronounced at high amine concentrations. This disagreement is also found at 45
°C for the densities of other amines solutions reported by Hawrylak et al. (2000)(MDEA,
DMEA and DEEA).

The maximum absolute deviation between the regressed Redlich-Kister model and the data
from Hawrylak et al. (2000) is the highest found in this work as seen on Table 6. However,
when studying the deviations between the Rackett model and the data from Hawrylak et al.
(2000), the same behaviour is not observed. This might be explained by the higher
inaccuracy of the Rackett model compared with the Redlich-Kister model. Nevertheless, the
deviation of Rackett model is still acceptable for engineering purposes. A comparison
between the Redlich-Kister type of model and the Rackett model for the densities of

unloaded MEA solutions at 298.15 K is shown in Figure 2.

FIGURE 2 HERE

Figure 2: Densities for MEA aqueous solution at 298.15 K: (==) Redlich-Kister model, (- -)
Rackett model and data from (0) Han et al. (2012b)

It's important to note that when using 3 Redlich-Kister parameters, the deviations presented
a systematic trend. This trend is eliminated when using 4 Redlich-Kister parameters as
shown in Figure 4, and the fit becomes better. For the model with 4 Redlich-Kister
parameters, the AARD and the maximum absolute deviation are 0.014% and 0.57 kg/m?®,
respectively. The improvement is significant when adding one more Redlich-Kister
parameter. However, the accuracy with 3 Redlich-Kister parameters is still good enough for
engineering purposes and is comparable with what is reported in Han et al. (2012b).
Therefore, 3 Redlich-Kister parameters were chosen for modelling the systems studied

although a trend is presented in the deviations for all systems.

FIGURE 3 HERE
Figure 3:. Density for unloaded MEA-water system. Experimental data: (o) from Hawrylak et
al. (2000), (A) from Han et al. (2012b), (o) from Amundsen et al. (2009), (*) from Touhara et
al. (1982) and (1) from Kapadi et al. (2002). Temperatures: 298.15 K (Red), 303.15 K
(Green), 308.15 K (Orange), 313.15 K (Blue), 318.15 K (Yellow), 323.15 K (Dark Pink),
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328.15 K (Brown), 333.15 K (Violet), 338.15 K (Light Green), 343.15 K (Dark Brown), 348.15
K (Pink), 353.15 K (Light Brown), 358.15 K (Light Blue), 363.15 K (Beige).

FIGURE 4 HERE
Figure 4: Deviations on density for MEA-water system. (0) Experimental data from Han et al.
(2012b). (A) fit with: (A) 3 Redlich-Kister parameters, (B) 4 Redlich-Kister parameters.

6.2.2 MDEA

The density for the unloaded MDEA-water system was modelled using experimental data
from this work for the whole range of compositions and from 293.15 to 353.15 K. The
deviations between the regressed models and the experimental values are given in Table 6.
There is good agreement between the regressed models and the experimental data. The
ratio between the Redlich-Kister model results and the experimental data can be seen in
Figure 5.

Han et al. (2012a) also present data for the water-MDEA system measured at 363.15 K, but
these were not used in the Redlich-Kister parameter optimization. Even if the highest
temperature used for model regression was 353.15K, the model is able to predict the density
at 363.15 K with a maximum deviation of 1.44 kg/m®. This value is satisfactory since the
maximum absolute deviation between the model and the experiments from Han et al.
(2012a) was 1.95 kg/m® at 303.15 K.

FIGURE 5 HERE
Figure 5: Ratio between calculated and experimental data for MDEA-water unloaded
system. Experimental data: (0) from Maham et al. (1995), (A) from Hawrylak et al. (2000),
(o) from Han et al. (2012a), (*) from Chowdhury et al. (2009), and () This Work.

6.2.3 DMEA

Again, only data produced in this work were used for modelling the density of unloaded
agueous solutions of DMEA. Figure 6 shows the ratio between calculated densities using the
Redlich-Kister model and the experimental data. The maximum calculated deviation was
2.15 kg/m?® using the Redlich-Kister model, and 21.36 kg/m?® using the Rackett model. In
Table 6, the deviations for all sources are reported.

FIGURE 6 HERE
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Figure 6: Ratio between calculated and experimental data for DMEA-water unloaded
system. (0) experimental data from Zhang et al. (1995), (A) experimental data Hawrylak et
al. (2000), (o) experimental data from This Work.

6.2.4 DEEA

The density of the DEEA-water system was also estimated using only data presented in this
work. The models were able to represent well the experimental data. The maximum absolute
deviation for the data used in the optimization was 1.54 kg/m® for the Redlich-Kister model
and 23.61 kg/m® for the Rackett model. Two other literature sources were used to validate
the model and the deviations are reported on Table 6. Figure 7 shows the ratio between the
calculated densities using the Redlich-Kister model and the experimental data for the three

sources.

FIGURE 7 HERE
Figure 7: Ratio between calculated and experimental data for DEEA-water unloaded system.
(o) experimental data from Zhang et al. (1995), (A) experimental data Hawrylak et al. (2000),

(0) experimental data from this work.

6.2.5 MAPA

No density data for MAPA were found to be available in the literature. The density for the
unloaded system of MAPA-water system was estimated using only data presented in this
work for the whole range of compositions and from 298.15 to 353.15 K. The deviations are
given in Table 6 for both models. The Redlich-Kister model and the experimental data are
shown in Figure 8. The highest deviations occurred for 0.2 and 0.3 mole fraction of MAPA.

FIGURE 8 HERE
Figure 8: (A) Density for unloaded MAPA-water system. Experimental data: (o) from This
Work. Temperatures: 298.15 K (Red), 303.15 K (Green), 313.15 K (Orange), 323.15 K
(Blue), 333.15 K (Yellow), 343.15 K (Dark Pink), 353.15 K (Brown). (B) Ratio between

calculated and experimental data for MAPA-water unloaded system.

TABLE 6 HERE

Table 6: Calculated deviations for the unloaded amine-water systems

6.3 Density of loaded Solutions
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Densities of loaded solutions were also measured and modelled in this work. Table 7 shows
the parameters of the models presented in this work while the calculated deviations are

presented in Table 8.

The densities of the unloaded solutions were required to calculate the density of the loaded
solutions using the proportionality model. Assuming the linear temperature dependency
suggested by equation 16, the density of the loaded solutions could be modelled with only
two extra parameters giving a total of 8 parameters. In comparison Han et al. (2012b)
modelled the density of loaded MEA solutions using 17 parameters.

When using the Rackett model, binary interaction parameters are needed. Because no data
for carbonated water solutions were used, equation 13 was used to compute the value of

kHzo_Coz , which was found as 0.01114. The only extra parameter to be regressed is then

kCOZ_Amine. The experimental measurements are given in the appendix in Tables A.5, A.6 and

A.7 for MDEA, DEEA and MAPA, respectively,
6.3.1 MEA

No data for loaded MEA solutions was generated in this work. Instead, data from Han et al.
(2012b) measured at atmospheric pressure were used for modelling this system. The
proportionality model was able to calculate the densities of the loaded MEA solutions with
satisfactory accuracy. The deviations are comparable to what is reported in Han et al.

(2012b). Figure 9 shows the deviations calculated with the optimized proportionality model.

FIGURE 9 HERE
Figure 9: Ratio between the calculated and experimental densities for MEA loaded solutions.
Proportionality model optimized using only data form Han et al. (2012b)..

6.3.2 MDEA

For the loaded MDEA system, two approaches were used to calculate the densities. First,
only data generated in this work were used and the models were later compared to literature
data. In this work densities for loaded 2 M (~23.8% mass) and 4.2 M (~50% mass) MDEA
solutions were measured. The proportionality model was able to accurately predict the

experimental data with a maximum absolute deviation of 3.4 kg/m3, whereas the Rackett
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model gives a maximum deviation of 25.1 kg/m®. Experimental data from Han et al. (2012a)
were also well predicted by the proportionality model. The deviations are within 1%, as can
be observed in Figure 10.

Data from Weiland et al. (1998) up to 50 % mass MDEA are also reasonably predicted by
the proportionality model. Nonetheless, for the 60% mass MDEA solution, high deviations
between the proportionality model and experimental data are seen. Neither the
proportionality model nor the Rackett model are able to accurately predict the density of the
60% mass MDEA solution, and the maximum deviations are 44.4 and 45.1 kg/m?, for the two
regressed models, respectively.

In the second approach we used the combined data from Weiland et al. (1998), Han et al.
(2012a) and this work for regression. This model compromises the accuracy in representing
the data in this work in order to improve the accuracy with respect to the two other sources.
This behaviour was expected since the two other sources comprise larger amounts of data,
and hence, will have a greater impact in the objective function minimization. However, still
the data series for 60 mass% MDEA from Weiland et al. (1998) show large deviations in
both models. Figure 11 shows the ratio between the calculated densities using the

proportionality model and experimental data.

FIGURE 10 HERE
Figure 10: Ratio between the calculated and experimental densities for MDEA loaded

solutions. Proportionality model optimized using only data form this work.

FIGURE 11 HERE
Figure 11: Ratio between the calculated and experimental densities for MDEA loaded
solutions. Model optimized using all data from Weiland et al. (1998), Han et al. (2012a) and

this work.

6.3.3 DEEA

No density data for loaded DEEA solutions were found in the literature. Density
measurements were performed in loaded DEEA aqueous solutions with 24 and 61mass %
DEEA from 293.15 to 343.15 K. The density seems to have a linear dependency on loading.
The experiments done for the 24 mass% DEEA, at loadings around 0.4, appear to be slightly
shifted. The reason might be a small uncertainty in the density measurements or in the
calculation of the loading. FIGURE 12 HERE
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Figure 12 shows the experimental data and the calculated densities using the proportionality
model for the loaded DEEA solutions. The maximum absolute deviation is calculated to be

11.5 kg/m? for the proportionality model and 34.0 kg/m? for the Rackett model.

FIGURE 12 HERE
Figure 12: Calculated densities using the proportionality model for: (A) DEEA 24% mass and
(B) DEEA 61% mass. Experimental data: (%) from This Work. Temperatures: 293.15 K
(Red), 303.15 (Green), 313.15 K (Orange), 323.15 K (Blue), 333.15 K (Yellow), 343.15 K
(Dark Pink).

6.3.4 MAPA

No density data for loaded MAPA solutions were found in the literature. The density for 18
and 46 mass % MAPA solutions loaded with CO, was measured from 293.15 to 323.15 K.
Figure 13 shows the comparison between the experimental data and the proportionality
model. As for the DEEA measurements, the data for the 18 mass% solution at loading
around 0.5 seem to be slightly off. Two measurements for the 46% solution at higher
loadings were not included in the optimization, yet they are given together with the other
data in Table A.7.

The proportionality model predicts the density of loaded solutions of MAPA reasonably well
with a maximum absolute deviation of 6.3 kg/m3, whereas the maximum absolute deviation

when using the Rackett model is 34.0 kg/m®.

FIGURE 13 HERE
Figure 13: Calculated densities using the proportionality model for: (A) MAPA 18% mass and
(B) MAPA 46% mass. Experimental data: (%) from This Work. Temperatures: 293.15 K
(Red), 303.15 (Green), 313.15 K (Orange), 323.15 K (Blue).

TABLE 7 HERE
Table 7: Parameters for loaded systems.

TABLE 8 HERE

Table 8: Deviations for loaded systems.

7 Conclusions
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New density data for aqueous unloaded and loaded amine solutions were generated in this
work. The density measurements were compared to literature data whenever they existed.
Excellent agreement with literature data was observed, especially for unloaded systems. The
deviations between density measurements from different sources are smaller for unloaded
solutions than for the loaded solutions. This is due to more sources of error present when
loaded experiments are performed, e.g. CO, loading determinations and the possibility of
CO; stripping off during the experiments.

A Redlich-Kister model with a linear temperature dependency in the Redlich-Kister
parameters was proposed for modelling the density of unloaded solutions. The model was
able to accurately predict the experimental data with a total of 3 parameters. An increase to
4 parameters led to a significant improvement in accuracy, but taking into account the good
predictions with only 3 parameters and the added model complexity from adding an extra
parameter, it was concluded that 3 parameters were sufficient for modelling densities of
unloaded solutions.

The Rackett model was also tested in this work. It is shown that the Rackett model can be
used to give reasonable estimates for the liquid densities. However, the accuracy is in
general one order of magnitude lower than for the Redlich-Kister fit. Fitting the binary
interaction coefficient in the Racket model (mixing rule) did not give a significant
improvement in the accuracy.

For loaded solution densities, a simple proportionality model was proposed. Thereby the
density of loaded solutions could be modelled using the unloaded solutions density models
and only two extra parameters. This model satisfactorily predicts the densities of loaded
solutions, and the results are significantly better than with the Rackett model (the maximum
absolute deviation calculated with the proportionality model could be 8 times smaller than
the deviation calculated with the Rackett model).

The densities of four possible solvents for CO, capture were measured over a wide range of
temperatures and compositions, and for both loaded and unloaded solutions. These
densities, together with literature data for MEA solutions, were well correlated by the
developed models, making them suitable for use in process simulators to better predict and
simulate CO, capture process. This work thus provides density correlations for a total of five

possible solvents for CO, capture.
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Appendix A: Density data for unloaded solutions

TABLE A.1 HERE

Table A.1: Density for the unloaded aqueous MDEA solutions at different temperatures.

TABLE A.2 HERE
Table A.2: Density for the unloaded aqueous DMEA solutions at different temperatures.

TABLE A.3 HERE

Table A.3: Density for the unloaded aqueous DEEA solutions at different temperatures.

TABLE A.4 HERE
Table A.4: Density for the unloaded aqueous MAPA solutions at different temperatures.

TABLE A.5 HERE
Table A.5: Density of loaded solutions of aqueous MDEA solutions at different temperatures.

TABLE A.6 HERE

Table A.6: Density of loaded solutions of aqueous DEEA solutions at different temperatures.

TABLE A.7 HERE
Table A.7: Density of loaded solutions of aqueous MAPA solutions at different temperatures.
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