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1. Introduction 20 

 21 

Chemical absorption is well established as a benchmark technology for acid gas removal 22 

and carbon capture. Many amine solvents are being developed in order to reduce the energy 23 

requirements of the process, mainly associated with the heat needed in the regeneration 24 

part of the plant. In order to design absorption and desorption towers several properties of 25 

the chemical system must be accurately calculated using models based on experimental 26 

data. The most important experimental data are CO2 solubility, kinetic constants and 27 

physical properties such as density and viscosity (Mokraoui et al., 2006). 28 

Densities for unloaded amine solutions have been widely studied and data are available in 29 

the literature for several amines in a comprehensive range of temperatures and 30 

compositions. However, many different models have been proposed to correlate the 31 

experimental data. Cheng et al. (1996)  proposed an empirical correlation using 7 32 

parameters for estimation of MEA density. Zhang et al. (1995) used the Redlich-Kister 33 
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equation with up to 11 parameters for each temperature to correlate density, while Hartono 34 

and Svendsen (2009) and Han et al. (2012b) used 6 and 4 Redlich-Kister parameters 35 

respectively. Furthermore, Hartono and Svendsen (2009) introduced a linear temperature 36 

dependency to the Redlich-Kister parameters, allowing for density estimations over the 37 

whole range of compositions and temperatures by fitting a total of 12 parameters (since each 38 

Redlich-Kister parameter is described by 2 parameters). Han et al. (2012a) adopted the 39 

same strategy and was therefore able to calculate densities by fitting a total of 8 parameters. 40 

 41 

In the present work the densities of aqueous solutions of MDEA (N-Methyldiethanolamine), 42 

DMEA (N,N-Dimethylethanolamine), DEEA (Diethylethanolamine) and MAPA (N-Methyl-1,3-43 

diaminopropane) are presented. The presented amines are potential solvents for CO2 post-44 

combustion capture, and they were previously studied for this purposed be several authors 45 

(Austgen et al., 1991; Fernandes et al., 2012; Liebenthal et al., 2013; Monteiro et al., 2013a; 46 

Monteiro et al., 2013b; Naami et al., 2013; Pinto et al., 2013; Voice et al., 2013). Density 47 

data for solutions without absorbed CO2 (unloaded solutions) are given for the entire 48 

composition range for aqueous solutions of all four amines while data for loaded solutions 49 

(with absorbed CO2) are presented for MDEA, DEEA and MAPA. The density of unloaded 50 

solutions is modelled by using the Redlich-Kister model with 3 parameters. Since each 51 

parameter has a linear temperature dependency, a total 6 parameters were fitted. Literature 52 

data, when available, were compared to the experimental data presented in this work and 53 

used to validate the regressed models. 54 

 55 

This work presents an empirical proportionality model that correlates the density change due 56 

to CO2 loading to the amount of CO2 loaded. The proposed model is able to adequately 57 

predict the density of loaded solutions with only two extra parameters. Models for both 58 

unloaded and loaded monoethanolamine (MEA) solutions are also given, regressed using 59 

data available in literature, since MEA is the benchmark amine for CO2 capture (Aroonwilas 60 

and Veawab, 2009; Rey et al., 2013) and it’s still studied (e.g. see, for instance, Giuffrida et 61 

al. (2013), Razi et al. (2013) and Vevelstad et al. (2013)). Finally, a comparison between the 62 

performance of the Redlich-Kister and the Rackett models (Rackett, 1970) is presented. 63 

 64 

 65 

2. Literature data 66 

 67 

An overview of experimental density data available in the literature for aqueous solutions of 68 

MEA, MDEA, DMEA and DEEA and considered in this work, is presented in Table 1. For 69 

MAPA, no prior published density data were found. 70 



 71 

TABLE 1 HERE 72 

Table 1: Literature data for unloaded and loaded solutions of MDEA, DMEA, DEEA and MEA 73 

considered in this work. 74 

 75 

3. Experimental work 76 

3.1 Chemicals 77 

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

(Diethylethanolamine) and MAPA (N-Methyl-1,3-diaminopropane) were supplied by Sigma-79 

Aldrich and used without further purification. Identification and purity of the used chemicals 80 

are given in Table 2. The solutions were prepared by weighing amine and DI water. The 81 

loaded solutions were prepared using carbon dioxide (CO2) with a purity of 99.999% from 82 

YaraPraxair.  83 

 84 

TABLE 2 HERE 85 

Table 2: Amines studied in this work. 86 

 87 

3.2 Preparation and analyses of loaded solutions 88 

Aqueous amine solutions were prepared by weighing and mixing amine and DI water. The 89 

CO2 loaded aqueous solutions of MDEA, DEEA and MAPA were prepared by bubbling CO2 90 

through unloaded solutions.  91 

 92 

The barium chloride method was used to analyse the CO2 content in solution (mole CO2/kg 93 

solution), while the amine concentration was analysed using titration (Monteiro et al., 2013b). 94 

From these analyses the loading was calculated. To ensure that the no amine/water loss 95 

was encountered during the loading process, and that the solutions were prepared correctly, 96 

the difference between the titrated amine concentration and concentration based on 97 

weighing were compared using equation 1, where  , 
w

uC and 
.tit

uC are, respectively, the 98 

difference, the unloaded amine concentration weighed in (mole amine/kg solution) and the 99 

unloaded amine concentration analysed by titration (mole amine/kg solution). 100 
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In case of loaded solutions the amine concentration was back-calculated to unloaded 103 

solution according to equation 2 where .tit

uC , .tit

lC  and 
2

.tit

COm  are the amine concentration in 104 

the unloaded solution (mole amine/kg solution), the amine concentration in the loaded 105 

solution (mole amine/kg solution) and the concentration of CO2 in the loaded solution (g 106 

CO2/kg solution), respectively.  107 
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 108 

The difference between the amine concentration calculated based on weighing and amine 109 

analyses was 1.3% in average for both loaded and unloaded solutions. This indicated that 110 

there was little solvent loss during the loading procedure. The CO2 analyses were always 111 

performed twice and the average difference between the parallels was 1.1 %. 112 

 113 

In the next chapter the given amine concentrations are all based on the weighed amounts of 114 

amine and water, while the loadings are based on wet chemistry analyses. 115 

 116 

3.3 Density measurements 117 

The densities of the solutions were measured by an Anton Paar DMA 4500M densitometer  118 

with measuring range from 0 to 3 g /cm3 and a nominal repeatability of 0.01 kg/m3 and 119 

0.01oC. A sample of 10 ml was placed in a test tube, and put into the heating magazine with 120 

a cap on. The temperature in the magazine was controlled by a Xsampler 452 H heating 121 

attachment.  122 

 123 

Two density measurements for each sample were done. Two cleaning liquids were used 124 

between the samples. Cleaning liquid one was distilled water to remove sample residues in 125 

the measuring cell. Cleaning liquid two was acetone to remove cleaning liquid one, and it 126 

was evaporated by a stream of dry air in order to accelerate drying of the cell. Both at the 127 

beginning and at the end of each day, the density of water was measured and compared 128 

with literature values (Wagner and Pruß, 2002). The difference between these 129 

measurements was, on average, 0.033 kg/m3. This value is 3.3 times the given nominal 130 

repeatability, and gives an estimate of the measurement uncertainty. 131 

 132 

4 Modelling 133 

 134 



Several models for calculating densities can be found in the literature. These models either 135 

give explicit values for the physical property itself, or values for an excess property which 136 

subsequently allows for the physical property calculation. The choice of which correlation to 137 

be used is a matter of accuracy and user’s choice. In this work the densities of the binary 138 

systems were modelled using both an excess volume approach, calculated by a Redlich-139 

Kister type model, and the Rackett model.  140 

 141 

4.1 The Redlich-Kister equation 142 

 143 

The Redlich-Kister equation, shown in equation 3, is a semi-empirical correlation used to 144 

calculate excess properties of solutions as a function of their composition. It was originally 145 

proposed to correlate Scatchard’s excess free energy (Redlich and Kister, 1948) , but is 146 

commonly used for correlating excess volume. It is formulated as a power series of 21 2x , 147 

which is a symmetric variable with respect to the two components in a binary solution. The 148 

series order will dictate the accuracy of the model predictions; the higher order terms being 149 

corrections to the terms of lower order. 150 

The nA coefficients are optimized parameters and, in this work, have a temperature 151 

dependency as given by equation 4. 152 
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 154 

4.2 Excess volume 155 

The excess molar volume is defined by equation 5. mixV , 
1V 

 and 
2V 

 are the molar volumes 156 

of the mixture, pure component 1 and pure component 2, respectively. 157 

 1 1 2 2

E mixV V xV x V     5 

 158 

The molar volume terms in equation 5 can be written as a function of densities, as given in 159 

equation 6. The mixture density is therefore explicitly calculated by rearranging equation 6, 160 

where the excess molar volume is given by equation 3. 161 
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 162 

4.3 The Rackett equation 163 



 164 

The Rackett model is an equation of state formulated for saturated liquids. The original 165 

model correlates the reduced volumes to the reduced temperature and the critical 166 

compressibility factor (Rackett, 1970). This information is readily available in process 167 

simulation tools containing the desired components in their databases. Hence, even if no 168 

density measurement is available, the Rackett model can be used. Versions of the Rackett 169 

model are available in process simulators such as Aspen Plus, Aspen HYSYS, ProII and 170 

UniSim Design. 171 

When density data for pure components are available, the Rackett compressibility factor (172 

RAZ ) can be regressed in order to minimize the errors in the model’s predictions. This value 173 

is available in process simulator databases for a number of substances.  174 

There are many modifications of the original Rackett equation in the literature. For instance, 175 

the Campbell-Thodos model (Campbell and Thodos, 1984) introduces a temperature 176 

dependency to 
RAZ . On the other hand, many of these modifications introduce extra 177 

parameters to the equation, which are not easily found in literature. 178 

In this work, the modified Rackett equation proposed by Spencer and Danner (1972) was 179 

used, applying the mixing rules described in equations 7 to 12. These are the same as used 180 

in the Aspen Plus process simulator (Aspen Technology, 2012). The density data for pure 181 

components was used to regress 
RAZ  for the five amines studied in this work: MEA, MDEA, 182 

DMEA, DEEA and MAPA. The critical properties values used in the calculations were 183 

obtained from Yaws and Narasimhan (2009). The binary interaction parameter, ijk , was 184 

both calculated using equation 13 and treated as an adjustable parameter. By optimizing the 185 

parameter the Rackett model was able to better represent the experimental data. A 186 

comparison of both approaches is given in the results section. 187 

 188 
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 195 

4.4 Proportionality model for loaded solutions 196 

 197 

Equations 14-16 show how the loaded solution density is modelled. The model proposes 198 

that the unloaded solution density is to be used as a reference value. This value is then 199 

corrected by adding a factor proportional to the mass of CO2 added to the solution. A linear 200 

temperature dependency is assumed in the dimensionless proportionality constant, c . 201 

Hence, there are only two extra parameters to be regressed against the experimental data, 202 

namely, 1c  and 2c . 
2CO  is the mass of CO2 added (in grams) per cm3 of unloaded solution. 203 

From the mass fraction of the unloaded solution it is possible to calculate the number of 204 

moles of amine per gram of unloaded solution  amineN , and by multiplying this by the 205 

loading (mole CO2/mole amine), the molecular weight of CO2 (g CO2/mole CO2) and the 206 

density of the unloaded solution at 298.15 K (g of solution/cm3 of unloaded solution) the 207 

mass of CO2 added to the solution is calculated. It is important to note that equation 15 does 208 

not consider a volume expansion or contraction when the CO2 is added to the solution. This 209 

effect is taken into account by c given by equation 16. 210 

 211 
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5 Optimization routine 215 

 216 

Several optimization procedures are available and well discussed in the literature. Usually, 217 

gradient based methods are used to find the best parameters to fit a set of experimental 218 

data. Those methods, however, require good initial guesses for the parameters. 219 

Alternatively, in this work, the parameters were found using the particle swarm optimization 220 

(PSO) algorithm (Kennedy and Eberhart, 1995), which is an heuristic global optimization 221 

method. It has the advantage of not requiring initial guesses. Several variations of the 222 

method can be found elsewhere (Clerc and Kennedy, 2002; Trelea, 2003; Wang et al., 2011; 223 

Yiqing et al., 2007). One important feature of PSO is the way the particles interact with each 224 

other, usually called topology. In this work, the lbest topology with dynamic neighbourhood 225 

(Ghosh et al., 2012) is used. A comprehensive description on the PSO method is given in 226 

Poli et al. (2007). 227 

The candidate solutions were randomly initialized within the intervals [-10, 10] and [-1e-4, 228 

1e-4] for the parameters na  and nb  (equation 4), respectively. The objective function 229 

(equation 17) presented in Weiland et al. (1993) weigh all the data equally, and was chosen 230 

to minimize the deviation between the experimental and the calculated densities. 231 
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 232 

The average absolute relative deviation (AARD) and the absolute average deviation (AAD), 233 

given in equations 18 and 19 respectively, express the deviation of the model. 234 
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 236 

 237 

6 Results and Discussions 238 

In this section the experimental results together with the modelled results are discussed. The 239 

tabulated values of measured densities for unloaded and loaded solutions are available in 240 

the appendix.  241 

 242 

6.1 Density of pure amines 243 



 244 

The Redlich-Kister equation correlates the excess volume, calculated from the measured 245 

amine-water solution densities, the solution composition, as well as the pure amine and pure 246 

water densities. It is therefore convenient to express the densities of the pure components 247 

as continuous functions of temperature. 248 

The temperature dependency was modelled as a second order polynomial function, 249 

according to equation 20. The parameters regressed for water, MEA, MDEA, DMEA, DEEA 250 

and MAPA are given in Table 3, along with the coefficient of determination, denoted R2, and 251 

the data references. The densities are given in g/cm3 and the temperatures are in K. 252 

 253 

      3 2

1 2 3pure g cm d T K d T K d     20 

 254 

TABLE 3 HERE 255 

Table 3: Coefficients for equation 20 describing the densities of pure solvents and water. 256 

 257 

Pure water density data given in Wagner and Pruß (2002) from 280 to 373.124 K at 101.325 258 

kPa were used in this work to model the density of water as function of temperature. Figure 259 

1 shows that a second order polynomial function is able to describe the density temperature 260 

dependency of pure water. The pure densities for the amines were also well represented by 261 

the second order polynomial function as observed from the values of R2. 262 

 263 

FIGURE 1 HERE 264 

Figure 1: Water density as function of temperature. 265 

 266 

The Rackett model was also used for calculating the densities of pure amines. The 267 

parameters for this model were regressed using the same data as used for regressing the 268 

polynomial expressions, and are given in Table 4. From an engineering point of view, the 269 

agreement between the model and the data is reasonable. However, the obtained average 270 

deviations are two to three orders of magnitude higher than the expected measurement 271 

uncertainties.  272 

 273 

TABLE 4 HERE 274 

Table 4: ZRA parameters and the calculated deviation for densities of pure amines. 275 

 276 



The Rackett equation performs worse than the second order polynomial equation, but gives 277 

a reasonable representation of the densities of the pure substances studied in this work, 278 

apart from DEEA. 279 

 280 

 281 

6.2 Density of unloaded solutions 282 

 283 

The regressed parameters for the Redlich-Kister model for the unloaded amine-water 284 

systems, and the interaction parameters for the Rackett model are given in Table 5. The 285 

calculated deviations are given in Table 6. In general, the Redlich-Kister model is one order 286 

of magnitude more accurate than the Rackett model. The experimental data are given in 287 

Table A.1, Table A.2, Table A.3 and Table A.4, for MDEA, DMEA, DEEA and MAPA, 288 

respectively. 289 

 290 

TABLE 5 HERE 291 

Table 5: Regressed parameters for the Redlich-Kister (an and bn) and the Rackett (
2H O-Aminek ) 292 

models for calculation of densities of unloaded amine solutions 293 

 294 

6.2.1 MEA 295 

 296 

The MEA system was modelled using only data from Han et al. (2012b). There are several 297 

other sources of data for the unloaded MEA (e.g. Touhara et al. (1982), Maham et al. (1994) 298 

and Pouryousefi and Idem (2008)). However, Han et al. (2012b) presents a wider range of 299 

data with respect to temperature, and, therefore, only those data were used in the fitting of 300 

the parameters. 301 

The whole range of compositions was used in the fitting. However, only data measured at 302 

atmospheric pressure were used (from 298.15 to 363.15 K) because the correlations for 303 

pure water and pure MEA are only valid at atmospheric pressure. When calculating the 304 

density of pure water using the correlation given in equation 20 and parameters given on 305 

Table 3 (for atmospheric conditions) and comparing it with experimental data from Han et al. 306 

(2012b) at 0.7 MPa, the deviation can be as high as 5.8 kg/m3 (at 423.15 K). This is one 307 

order of magnitude higher than the deviations calculated within the validity range (from 280 308 

to 373.124 K at 101.325 kPa). This “inaccuracy” in calculating the pure water density will 309 

impact the Redlich-Kister density model especially close to the pure water concentrations. 310 

Therefore, a pressure dependency should be included in the pure component correlations in 311 



order to obtain similar accuracy (< 0.5 kg/m3). In this work, the pressure dependency is not 312 

included since only data at atmospheric pressure were generated. 313 

The good agreement between the Redlich-Kister model and the experimental data can be 314 

seen in Figure 3. It’s also possible to see that the Hawrylak et al. (2000) measurements 315 

(circle markers in Figure 3) have a small disagreement with the Han et al.(2012b) data at 316 

45ºC, more pronounced at high amine concentrations. This disagreement is also found at 45 317 

ºC for the densities of other amines solutions reported by Hawrylak et al. (2000)(MDEA, 318 

DMEA and DEEA). 319 

The maximum absolute deviation between the regressed Redlich-Kister model and the data 320 

from Hawrylak et al. (2000) is the highest found in this work as seen on Table 6. However, 321 

when studying the deviations between the Rackett model and the data from Hawrylak et al. 322 

(2000), the same behaviour is not observed. This might be explained by the higher 323 

inaccuracy of the Rackett model compared with the Redlich-Kister model. Nevertheless, the 324 

deviation of Rackett model is still acceptable for engineering purposes. A comparison 325 

between the Redlich-Kister type of model and the Rackett model for the densities of 326 

unloaded MEA solutions at 298.15 K is shown in Figure 2. 327 

 328 

FIGURE 2 HERE 329 

Figure 2: Densities for MEA aqueous solution at 298.15 K: (▬) Redlich-Kister model, (- -) 330 
Rackett model and data from (o) Han et al. (2012b) 331 

 332 

It’s important to note that when using 3 Redlich-Kister parameters, the deviations presented 333 

a systematic trend. This trend is eliminated when using 4 Redlich-Kister parameters as 334 

shown in Figure 4, and the fit becomes better. For the model with 4 Redlich-Kister 335 

parameters, the AARD and the maximum absolute deviation are 0.014% and 0.57 kg/m3, 336 

respectively. The improvement is significant when adding one more Redlich-Kister 337 

parameter. However, the accuracy with 3 Redlich-Kister parameters is still good enough for 338 

engineering purposes and is comparable with what is reported in Han et al. (2012b). 339 

Therefore, 3 Redlich-Kister parameters were chosen for modelling the systems studied 340 

although a trend is presented in the deviations for all systems. 341 

 342 

 343 

FIGURE 3 HERE 344 

Figure 3:. Density for unloaded MEA-water system. Experimental data: (o) from Hawrylak et 345 

al. (2000), (∆) from Han et al. (2012b), (□) from Amundsen et al. (2009), (*) from Touhara et 346 

al. (1982) and ( ) from Kapadi et al. (2002). Temperatures: 298.15 K (Red), 303.15 K 347 

(Green), 308.15 K (Orange), 313.15 K (Blue), 318.15 K (Yellow), 323.15 K (Dark Pink), 348 



328.15 K (Brown), 333.15 K (Violet), 338.15 K (Light Green), 343.15 K (Dark Brown), 348.15 349 

K (Pink), 353.15 K (Light Brown), 358.15 K (Light Blue), 363.15 K (Beige). 350 

 351 

FIGURE 4 HERE 352 

Figure 4: Deviations on density for MEA-water system. (o) Experimental data from Han et al. 353 

(2012b). (A) fit with: (A) 3 Redlich-Kister parameters, (B) 4 Redlich-Kister parameters.  354 

 355 

6.2.2 MDEA 356 

 357 

The density for the unloaded MDEA-water system was modelled using experimental data 358 

from this work for the whole range of compositions and from 293.15 to 353.15 K. The 359 

deviations between the regressed models and the experimental values are given in Table 6. 360 

There is good agreement between the regressed models and the experimental data. The 361 

ratio between the Redlich-Kister model results and the experimental data can be seen in 362 

Figure 5. 363 

 364 

Han et al. (2012a) also present data for the water-MDEA system measured at 363.15 K, but 365 

these were not used in the Redlich-Kister parameter optimization. Even if the highest 366 

temperature used for model regression was 353.15K, the model is able to predict the density 367 

at 363.15 K with a maximum deviation of 1.44 kg/m3. This value is satisfactory since the 368 

maximum absolute deviation between the model and the experiments from Han et al. 369 

(2012a) was 1.95 kg/m3 at 303.15 K. 370 

 371 

FIGURE 5 HERE 372 

Figure 5: Ratio between calculated and experimental data for MDEA-water unloaded 373 

system. Experimental data: (o) from Maham et al. (1995), (∆) from Hawrylak et al. (2000), 374 

(□) from Han et al. (2012a), (*) from Chowdhury et al. (2009), and () This Work. 375 

 376 

6.2.3 DMEA 377 

 378 

Again, only data produced in this work were used for modelling the density of unloaded 379 

aqueous solutions of DMEA. Figure 6 shows the ratio between calculated densities using the 380 

Redlich-Kister model and the experimental data. The maximum calculated deviation was 381 

2.15 kg/m3 using the Redlich-Kister model, and 21.36 kg/m3 using the Rackett model. In 382 

Table 6, the deviations for all sources are reported. 383 

FIGURE 6 HERE 384 



Figure 6: Ratio between calculated and experimental data for DMEA-water unloaded 385 

system. (o) experimental data from Zhang et al. (1995), (∆) experimental data Hawrylak et 386 

al. (2000), (□) experimental data from This Work. 387 

 388 

6.2.4 DEEA 389 

 390 

The density of the DEEA-water system was also estimated using only data presented in this 391 

work. The models were able to represent well the experimental data. The maximum absolute 392 

deviation for the data used in the optimization was 1.54 kg/m3 for the Redlich-Kister model 393 

and 23.61 kg/m3 for the Rackett model. Two other literature sources were used to validate 394 

the model and the deviations are reported on Table 6. Figure 7 shows the ratio between the 395 

calculated densities using the Redlich-Kister model and the experimental data for the three 396 

sources. 397 

 398 

FIGURE 7 HERE 399 

Figure 7: Ratio between calculated and experimental data for DEEA-water unloaded system. 400 

(o) experimental data from Zhang et al. (1995), (∆) experimental data Hawrylak et al. (2000), 401 

(□) experimental data from this work. 402 

 403 

6.2.5 MAPA 404 

 405 

No density data for MAPA were found to be available in the literature. The density for the 406 

unloaded system of MAPA-water system was estimated using only data presented in this 407 

work for the whole range of compositions and from 298.15 to 353.15 K. The deviations are 408 

given in Table 6 for both models. The Redlich-Kister model and the experimental data are 409 

shown in Figure 8. The highest deviations occurred for 0.2 and 0.3 mole fraction of MAPA. 410 

 411 

FIGURE 8 HERE 412 

Figure 8: (A) Density for unloaded MAPA-water system. Experimental data: (o) from This 413 

Work. Temperatures: 298.15 K (Red), 303.15 K (Green), 313.15 K (Orange), 323.15 K 414 

(Blue), 333.15 K (Yellow), 343.15 K (Dark Pink), 353.15 K (Brown). (B) Ratio between 415 

calculated and experimental data for MAPA-water unloaded system. 416 

 417 

TABLE 6 HERE 418 

Table 6: Calculated deviations for the unloaded amine-water systems 419 

 420 

6.3 Density of loaded Solutions 421 



 422 

Densities of loaded solutions were also measured and modelled in this work. Table 7 shows 423 

the parameters of the models presented in this work while the calculated deviations are 424 

presented in Table 8. 425 

 426 

The densities of the unloaded solutions were required to calculate the density of the loaded 427 

solutions using the proportionality model. Assuming the linear temperature dependency 428 

suggested by equation 16, the density of the loaded solutions could be modelled with only 429 

two extra parameters giving a total of 8 parameters. In comparison Han et al. (2012b) 430 

modelled the density of loaded MEA solutions using 17 parameters. 431 

 432 

When using the Rackett model, binary interaction parameters are needed. Because no data 433 

for carbonated water solutions were used, equation 13 was used to compute the value of 434 

, which was found as 0.01114. The only extra parameter to be regressed is then 435 

2CO -Aminek . The experimental measurements are given in the appendix in Tables A.5, A.6 and 436 

A.7 for MDEA, DEEA and MAPA, respectively, 437 

 438 

6.3.1 MEA 439 

 440 

No data for loaded MEA solutions was generated in this work. Instead, data from Han et al. 441 

(2012b) measured at atmospheric pressure were used for modelling this system. The 442 

proportionality model was able to calculate the densities of the loaded MEA solutions with 443 

satisfactory accuracy. The deviations are comparable to what is reported in Han et al. 444 

(2012b). Figure 9 shows the deviations calculated with the optimized proportionality model. 445 

 446 

FIGURE 9 HERE 447 

Figure 9: Ratio between the calculated and experimental densities for MEA loaded solutions. 448 

Proportionality model optimized using only data form Han et al. (2012b).. 449 

 450 

6.3.2 MDEA 451 

 452 

For the loaded MDEA system, two approaches were used to calculate the densities. First, 453 

only data generated in this work were used and the models were later compared to literature 454 

data. In this work densities for loaded 2 M (~23.8% mass) and 4.2 M (~50% mass) MDEA 455 

solutions were measured. The proportionality model was able to accurately predict the 456 

experimental data with a maximum absolute deviation of 3.4 kg/m3, whereas the Rackett 457 

2 2H O-COk



model gives a maximum deviation of 25.1 kg/m3. Experimental data from Han et al. (2012a) 458 

were also well predicted by the proportionality model. The deviations are within 1%, as can 459 

be observed in Figure 10.  460 

Data from Weiland et al. (1998) up to 50 % mass MDEA are also reasonably predicted by 461 

the proportionality model. Nonetheless, for the 60% mass MDEA solution, high deviations 462 

between the proportionality model and experimental data are seen. Neither the 463 

proportionality model nor the Rackett model are able to accurately predict the density of the 464 

60% mass MDEA solution, and the maximum deviations are 44.4 and 45.1 kg/m3, for the two 465 

regressed models, respectively. 466 

In the second approach we used the combined data from Weiland et al. (1998), Han et al. 467 

(2012a) and this work for regression. This model compromises the accuracy in representing 468 

the data in this work in order to improve the accuracy with respect to the two other sources. 469 

This behaviour was expected since the two other sources comprise larger amounts of data, 470 

and hence, will have a greater impact in the objective function minimization. However, still 471 

the data series for 60 mass% MDEA from Weiland et al. (1998) show large deviations in 472 

both models. Figure 11 shows the ratio between the calculated densities using the 473 

proportionality model and experimental data. 474 

 475 

FIGURE 10 HERE 476 

Figure 10: Ratio between the calculated and experimental densities for MDEA loaded 477 

solutions. Proportionality model optimized using only data form this work. 478 

 479 

FIGURE 11 HERE 480 

Figure 11: Ratio between the calculated and experimental densities for MDEA loaded 481 

solutions. Model optimized using all data from Weiland et al. (1998), Han et al. (2012a) and 482 

this work. 483 

 484 

6.3.3 DEEA 485 

 486 

No density data for loaded DEEA solutions were found in the literature. Density 487 

measurements were performed in loaded DEEA aqueous solutions with 24 and 61mass % 488 

DEEA from 293.15 to 343.15 K. The density seems to have a linear dependency on loading. 489 

The experiments done for the 24 mass% DEEA, at loadings around 0.4, appear to be slightly 490 

shifted. The reason might be a small uncertainty in the density measurements or in the 491 

calculation of the loading. FIGURE 12 HERE 492 



Figure 12 shows the experimental data and the calculated densities using the proportionality 493 

model for the loaded DEEA solutions. The maximum absolute deviation is calculated to be 494 

11.5 kg/m3 for the proportionality model and 34.0 kg/m3 for the Rackett model. 495 

 496 

FIGURE 12 HERE 497 

Figure 12: Calculated densities using the proportionality model for: (A) DEEA 24% mass and 498 

(B) DEEA 61% mass. Experimental data: () from This Work. Temperatures: 293.15 K 499 

(Red), 303.15 (Green), 313.15 K (Orange), 323.15 K (Blue), 333.15 K (Yellow), 343.15 K 500 

(Dark Pink). 501 

 502 

6.3.4 MAPA 503 

 504 

No density data for loaded MAPA solutions were found in the literature. The density for 18 505 

and 46 mass % MAPA solutions loaded with CO2 was measured from 293.15 to 323.15 K. 506 

Figure 13 shows the comparison between the experimental data and the proportionality 507 

model. As for the DEEA measurements, the data for the 18 mass% solution at loading 508 

around 0.5 seem to be slightly off. Two measurements for the 46% solution at higher 509 

loadings were not included in the optimization, yet they are given together with the other 510 

data in Table A.7. 511 

The proportionality model predicts the density of loaded solutions of MAPA reasonably well 512 

with a maximum absolute deviation of 6.3 kg/m3, whereas the maximum absolute deviation 513 

when using the Rackett model is 34.0 kg/m3. 514 

 515 

FIGURE 13 HERE 516 

Figure 13: Calculated densities using the proportionality model for: (A) MAPA 18% mass and 517 

(B) MAPA 46% mass. Experimental data: () from This Work. Temperatures: 293.15 K 518 

(Red), 303.15 (Green), 313.15 K (Orange), 323.15 K (Blue). 519 

 520 

TABLE 7 HERE 521 

Table 7: Parameters for loaded systems. 522 

 523 

TABLE 8 HERE 524 

Table 8: Deviations for loaded systems. 525 

 526 

7 Conclusions 527 

 528 



New density data for aqueous unloaded and loaded amine solutions were generated in this 529 

work. The density measurements were compared to literature data whenever they existed. 530 

Excellent agreement with literature data was observed, especially for unloaded systems. The 531 

deviations between density measurements from different sources are smaller for unloaded 532 

solutions than for the loaded solutions. This is due to more sources of error present when 533 

loaded experiments are performed, e.g. CO2 loading determinations and the possibility of 534 

CO2 stripping off during the experiments. 535 

A Redlich-Kister model with a linear temperature dependency in the Redlich-Kister 536 

parameters was proposed for modelling the density of unloaded solutions. The model was 537 

able to accurately predict the experimental data with a total of 3 parameters. An increase to 538 

4 parameters led to a significant improvement in accuracy, but taking into account the good 539 

predictions with only 3 parameters and the added model complexity from adding an extra 540 

parameter, it was concluded that 3 parameters were sufficient for modelling densities of 541 

unloaded solutions. 542 

The Rackett model was also tested in this work. It is shown that the Rackett model can be 543 

used to give reasonable estimates for the liquid densities. However, the accuracy is in 544 

general one order of magnitude lower than for the Redlich-Kister fit. Fitting the binary 545 

interaction coefficient in the Racket model (mixing rule) did not give a significant 546 

improvement in the accuracy. 547 

For loaded solution densities, a simple proportionality model was proposed. Thereby the 548 

density of loaded solutions could be modelled using the unloaded solutions density models 549 

and only two extra parameters. This model satisfactorily predicts the densities of loaded 550 

solutions, and the results are significantly better than with the Rackett model (the maximum 551 

absolute deviation calculated with the proportionality model could be 8 times smaller than 552 

the deviation calculated with the Rackett model). 553 

The densities of four possible solvents for CO2 capture were measured over a wide range of 554 

temperatures and compositions, and for both loaded and unloaded solutions. These 555 

densities, together with literature data for MEA solutions, were well correlated by the 556 

developed models, making them suitable for use in process simulators to better predict and 557 

simulate CO2 capture process. This work thus provides density correlations for a total of five 558 

possible solvents for CO2 capture. 559 
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Appendix A: Density data for unloaded solutions 566 

 567 

TABLE A.1 HERE 568 

Table A.1: Density for the unloaded aqueous MDEA solutions at different temperatures.  569 

 570 

TABLE A.2 HERE 571 

Table A.2: Density for the unloaded aqueous DMEA solutions at different temperatures.  572 

 573 

TABLE A.3 HERE 574 

Table A.3: Density for the unloaded aqueous DEEA solutions at different temperatures.  575 

 576 

TABLE A.4 HERE 577 

Table A.4: Density for the unloaded aqueous MAPA solutions at different temperatures.  578 

 579 

TABLE A.5 HERE 580 

Table A.5: Density of loaded solutions of aqueous MDEA solutions at different temperatures. 581 

 582 

TABLE A.6 HERE 583 

Table A.6: Density of loaded solutions of aqueous DEEA solutions at different temperatures. 584 

 585 

TABLE A.7 HERE 586 

Table A.7: Density of loaded solutions of aqueous MAPA solutions at different temperatures. 587 
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Figure 1: Water density as function of temperature. 
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Figure 2: Densities for MEA aqueous solution at 298.15 K: (▬) Redlich-Kister model, (- -) 
Rackett model and data from (o) Han et al. (2012b). 
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Figure 3: Density for unloaded MEA-water system. Experimental data: (o) from Hawrylak et 

al. (2000), (∆) from Han et al. (2012b), (□) from Amundsen et al. (2009), (*) from Touhara et 

al. (1982) and () 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), 

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). 
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Figure 4: Deviations on density for MEA-water system. (o) Experimental data from Han et al. 

(2012b). (A) fit with: (A) 3 Redlich-Kister parameters, (B) 4 Redlich-Kister parameters. 
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Figure 5: Ratio between calculated and experimental data for MDEA-water unloaded 

system. Experimental data: (o) from Maham et al. (1995), (∆) from Hawrylak et al. (2000), 

(□) from Han et al. (2012a), (*) from Chowdhury et al. (2009), and () This Work. 
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Figure 6: Ratio between calculated and experimental data for DMEA-water unloaded 

system. Experimental data: (o) experimental data from Zhang et al. (1995), (∆) experimental 

data Hawrylak et al. (2000), (□) experimental data from This Work. 
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Figure 7: Ratio between calculated and experimental data for DEEA-water unloaded system. 

Experimental data: (o) from Zhang et al. (1995), (∆) from Hawrylak et al. (2000), (□) from 

This Work. 
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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. 
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Figure 9: Ratio between the calculated and experimental densities for MEA loaded solutions. 

Proportionality model optimized using only data form Han et al. (2012b). 
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Figure 10: Ratio between the calculated and experimental densities for MDEA loaded 

solutions. Proportionality model optimized using only data form this work. 
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Figure 11: Ratio between the calculated and experimental densities for MDEA loaded 

solutions. Proportionality model optimized using data from Weiland et al. (1998), Han et al. 

(2012a) and this work. 
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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). 
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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). 
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Table 1: Literature data for unloaded and loaded solutions of MDEA, DMEA, DEEA 

and MEA considered in this work. 

Amine # of data Temp. range [K] Loaded Source 

MEA 

74 298.15 – 318.15 No Hawrylak et al. (2000) 

126 298.15 – 363.15 No Han et al. (2012b) 

35 298.15 – 353.15 No Amundsen et al. (2009) 

14 298.15 No Touhara et al. (1982) 

40 303.15 – 318.15 No Kapadi et al. (2002) 

119 298.15 – 363.15 Yes Han et al. (2012b) 

MDEA 

126 298.15 – 353.15 No Maham et al. (1995) 

78 298.15 – 318.15 No Hawrylak et al. (2000) 

126 298.15 – 363.15 No Han et al. (2012a) 

70 303.15 – 323.15 No Chowdhury et al. (2009) 

44 298.15 Yes Weiland et al. (1998) 

63 298.15 – 353.15 Yes Han et al. (2012a) 

DMEA 
97 293.15 – 313.15 No Zhang et al. (1995) 

66 298.15 – 318.15 No Hawrylak et al. (2000) 

DEEA 
100 298.15 – 313.15 No Zhang et al. (1995) 

80 298.15 – 318.15 No Hawrylak et al. (2000) 
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Table 2: Amines studied in this work. 

Amine Common name Formula CAS nr. Purity (%) of the 

chemical used. 

MDEA N-Methyldiethanolamine C5H13NO2 150-59-9 99 

DMEA N,N-Dimethylethanolamine C4H11NO 108-01-0 99 

DEEA Diethylethanolamine C6H15NO 100-37-8 99.5 

MAPA N-Methyl-1,3-

diaminopropane 

C4H12N2 6291-84-5 98 

 

 



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

water. 

Chemical d1106 d2103 d3 AARD 

(%) 

R2 Data sources 

Water -3.3461 1.7296 0.77853 0.03 0.9997 Wagner and Pruß (2002) 

MEA -0.3544 -0.5765 1.2153 0.002 1.0000 Han et al. (2012b) 

MDEA -0.1992 -0.6399 1.2448 0.006 1.0000 This work 

DMEA -0.5500 -0.5133 1.0849 0.012 1.0000 This work 

DEEA -0.4852 -0.6322 1.1111 0.002 1.0000 This work 

MAPA -0.4013 -0.6323 1.0718 0.006 1.0000 This work 

 

 

 



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

 ZRA AARD (%) R2 

WATER 0.24102 1.64 0.9997 

MEA 0.24772 0.23 0.9999 

MDEA 0.25323 0.28 0.9999 

DMEA 0.26016 0.36 0.9998 

DEEA 0.25949 1.69 0.9998 

MAPA 0.27447 0.08 0.9999 

 

 

 



Table 5: Regressed parameters for the Redlich-Kister (an and bn) and the Rackett (
2H O-Aminek

) models for calculation of densities of unloaded amine solutions. 

 a1 b1 a2 b2 a3 b3 
2H O-Aminek  

MEA -3.5279 2.9445e-3 0.8791 -1.5892e-3 3.0507 -6.1863e-3 -0.033298 

MDEA -8.5036 1.2842e-2 5.8301 -1.0550e-2 4.7773e-1 -1.9200e-3 -0.01632 

DMEA -12.7738 2.0388e-2 5.7675 -0.8577e-2 2.2858 -9.0170e-3 0.002546 

DEEA -11.2847 1.2653e-2 6.6899 -1.2813e-2 -5.1906 8.7350e-3 0.020291 

MAPA -7.8636 -4.02e-3 10.4062 -2.1010e-2 -4.7552 1.4846e-2 0.13482 

 

 

 



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

Amine Source 

AARD (%) Max. deviation (kg/m3) 
Used in the 

regression? 
Redlich-

Kister 

Rackett1 Redlich-Kister Rackett1 

MEA 

Hawrylak et al. 

(2000) 

0.06 0.62 

(0.50) 

2.16 16.50 

(13.82) 

No 

Han et al. 

(2012b) 

0.02 0.50 

(1.20) 

0.73 21.88 

(29.98) 

Yes 

Amundsen et 

al. (2009) 

0.04 0.54 

(1.08) 

0.91 16.49 

(25.93) 

No 

Touhara et al. 

(1982) 

0.05 1.03 

(0.44) 

0.93 16.39 

(12.95) 

No 

Kapadi et al. 

(2002) 

0.05 0.52 

(0.50) 

1.22 13.40 

(12.45) 

No 

MDEA 

Maham et al. 

(1995) 

0.04 0.77 

(0.85) 

1.46 20.75 

(31.11) 

No 

Hawrylak et al. 

(2000) 

0.08 0.69 

(0.71) 

2.29 16.54 

(17.43) 

No 

Han et al. 

(2012a) 

0.06 0.83 

(1.26) 

1.95 24.80 

(36.23) 

No 

Chowdhury et 

al. (2009) 

0.03 0.66 

(0.71) 

1.30 15.65 

(18.62) 

No 

This Work 0.03 0.75 

(0.85) 

1.61 20.87 

(30.99) 

Yes 

DMEA 

Zhang et al. 

(1995) 

0.07 1.06 

(0.92) 

2.15 18.59 

(16.74) 

No 

Hawrylak et al. 

(2000) 

0.09 0.81 

(0.73) 

1.97 17.04 

(14.78) 

No 

This Work 0.05 0.84 

(0.86) 

2.00 21.36 

(25.96) 

Yes 

DEEA 

Zhang et al. 

(1995) 

0.05 1.04 

(0.85) 

1.46 19.04 

(16.74) 

No 

Hawrylak et al. 

(2000) 

0.09 0.81 

(0.70) 

2.47 17.32 

(16.64) 

No 

This Work 0.06 0.95 1.54 23.61 Yes 
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(1.03) (27.45) 

MAPA 
This Work 0.08 1.16 

(1.40) 

2.26 30.89 

(27.48) 

Yes 

1 The results in parenthesis are obtained if equation 13 is used for computing the binary 

interaction parameter, kij, instead of using the regressed values. 

 

 

 



Table 7: Parameters for loaded systems. 

Amine 

Proportionality model parameters Rackett parameter 

A B 
2CO -Aminek  

MEA 0.7242  3.9713e-4 -8.1095 

MDEA1 1.1081 -4.6456e-4 -8.9883 

MDEA2 0.1167 2.3489e-3 -7.4335 

DEEA 1.4793 -1.4617e-3 -6.7322 

MAPA 0.9305 2.7899e-4 -18.9669 

1Optimized using only this work’s data. 

2 Optimized using data from Weiland et al. (1998), Han et al. (2012a) and this work. 
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Table 8: Deviations for loaded systems. 

Amine 
AAD [kg/m3] Max deviation [kg/m3] 

Source 
Proportionality Rackett Proportionality Rackett 

MEA 3.4 9.04 12.6 20.0 Han et al. (2012b) 

MDEA1 

7.5 14.6 44.4 45.1 
Weiland et al. 

(1998) 

2.6 6.2 6.4 19.2 Han et al. (2012a) 

1.6 7.7 3.4 25.1 This work 

MDEA2 

5.0 9.9 21.7 32.0 
Weiland et al. 

(1998) 

1.8 8.3 5.8 21.8 Han et al. (2012a) 

2.6 7.9 6.5 28.0 This work 

DEEA 3.3 19.2 11.5 34.0 This work 

MAPA 2.0 14.3 6.3 34.0 This work 

1Optimized using only this work’s data. 

2 Optimized using data from Weiland et al. (1998), Han et al. (2012a) and this work. 
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Table A.1: Density for the unloaded aqueous MDEA solutions at different temperatures.  

MDEAw  
MDEAx  

3 g cm     

293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 353.15 K 

1.00000 1.00000 1.04012  1.02474 1.01727 1.00956 0.99394 

0.98372 0.90136 1.04230  1.02698 1.01936 1.01154 0.99588 

0.96479 0.80559 1.04413  1.02895 1.02127 1.01340 0.99761 

0.94022 0.70398 1.04660  1.03142 1.02370 1.01582 0.99980 

0.90799 0.59876 1.04952  1.03431 1.02655 1.01852 1.00235 

0.87297 0.50961 1.05215  1.03694 1.02914 1.02116 1.00468 

0.79939 0.37601 1.05634  1.04137 1.03358 1.02556 1.00887 

0.75663 0.31979 1.05628  1.04126 1.03342 1.02540 1.00869 

0.61559 0.19495 1.05298  1.03894 1.03152 1.02381 1.00755 

0.50045 0.13156 1.04542 1.03964 1.03280 1.02594 1.01883  

0.41918 0.09840 1.03844  1.02696 1.02069 1.01391 0.99920 

0.23616 0.04466 1.02027  1.01167 1.00654 1.00078 0.98776 

 



 

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

DMEAw  
DMEAx  

3 g cm     

293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 353.15 K 

0.18168 0.04295 0.99297 0.98420 0.97898 0.97300 0.96682 0.95996 

0.37989 0.11020 0.98758 0.97397 0.96662 0.95890 0.95066 0.94204 

0.57130 0.21222 0.97216 0.95614 0.94761 0.93858 0.92912 0.91884 

0.67903 0.29956 0.95786 0.94138 0.93261 0.92315 0.91334 0.90250 

0.77045 0.40423 0.94240 0.92574 0.91694 0.90741 0.89752 0.88644 

0.83075 0.49806 0.92946 0.91280 0.90392 0.89445 0.88456 0.87370 

0.88024 0.59772 0.91884 0.90219 0.89326 0.88396 0.87416 0.86382 

0.91860 0.69525 0.90861 0.89194 0.88293 0.87396 0.86408 0.85441 

0.94891 0.78967 0.90096 0.88418 0.87530 0.86636 0.85662 0.84732 

0.97986 0.90769 0.89274 0.87583 0.86714 0.85822 0.84929 0.83996 

1.00000 1.00000 0.88716 0.87011 0.86162 0.85270 0.84420 0.83490 

 



 

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

DEEAw  
DEEAx  

3 g cm     

293.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 

0.05580 0.00900 0.99649   0.99366 0.98994 0.98544 0.98029 0.97450 0.96817 

0.11820 0.02017 0.99524   0.99177 0.98744 0.98243 0.97679 0.97060   

0.23750 0.04566 0.99245   0.98721 0.98138 0.97499 0.96814 0.96087   

0.35820 0.07896 0.98647   0.97964 0.97246 0.96490 0.95698 0.94874   

0.41954 0.09993   0.97828 0.97457 0.96674 0.95873 0.95032 0.94153 0.93246 

0.48160 0.12487 0.97668   0.96890 0.96077 0.95230 0.94362 0.93452   

0.61350 0.19602 0.96274 0.95775 0.95439 0.94555 0.93644 0.92705 0.91735 0.90602 

0.61927 0.19987     0.95338 0.94458 0.93544 0.92600 0.91609   

0.73600 0.29983   0.94118 0.93669 0.92751 0.91797 0.90813 0.89779 0.88737 

0.81040 0.39980   0.92814 0.92356 0.91422 0.90462 0.89465 0.88442 0.87392 

0.86662 0.49979   0.91662 0.91200 0.90260 0.89304 0.88314 0.87301 0.86261 

0.90685 0.59980   0.90699 0.90237 0.89307 0.88349 0.87365 0.86356 0.85373 

0.93657 0.69983   0.89920 0.89466 0.88544 0.87588 0.86610 0.85612 0.84596 

0.96290 0.79987   0.89124 0.88659 0.87737 0.86791 0.85821 0.84834 0.83830 

0.98365 0.89993   0.88457 0.87997 0.87069 0.86125 0.85165 0.84191 0.83207 

1.00000 1.00000   0.87947   0.86554 0.85612 0.84661 0.83703 0.82731 

 



 

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

MAPAw  
MAPAx  

3 g cm     

298.15 K 303.15 K 313.15 K 323.15 K 333.15 K 353.15 K 363.15 K 

0.35213 0.09990 0.98094 0.97743 0.97025 0.96283 0.95514 0.94717 0.93893 

0.51216 0.17654 0.96339 0.95920 0.95065 0.94201 0.93315 0.92410 0.91486 

0.67709 0.29981 0.94092 0.93662 0.92799 0.91915 0.91010 0.90089 0.89159 

0.76537 0.39979 0.92042 0.91614 0.90748 0.89864 0.88960 0.88044 0.87130 

0.83040 0.49995 0.90281 0.89851 0.88987 0.88101 0.87200 0.86288 0.85387 

0.88023 0.60012 0.88763 0.88328 0.87465 0.86583 0.85692 0.84780 0.83895 

0.91946 0.69982 0.87553 0.87120 0.86259 0.85372 0.84476 0.83572 0.82681 

0.95140 0.79989 0.86499 0.86067 0.85189 0.84298 0.83405 0.82499 0.81652 

0.97769 0.89947 0.85592 0.85167 0.84286 0.83404 0.82512 0.81607 0.80770 

1.00000 1.00000 0.84764 0.84323 0.83433 0.82554 0.81668 0.80760 0.79840 

 



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

  
3g cm     

293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 353.15 K 

MDEA 23.8 mass % 

0.12 1.03275 1.02841 1.02355 1.01816 1.01218  

0.15 1.03860 1.03410 1.02919 1.02374 1.01763  

0.26 1.04703 1.04170 1.03734 1.03179 1.02533 1.01225 

0.40 1.05543 1.04963 1.04553 1.03988 1.03347  

MDEA 50.0 mass % 

0.04 1.05348 1.04729 1.04072 1.03386 1.02660 1.01137 

0.08 1.06134 1.05487 1.04851 1.04165 1.03440 1.01917 

0.11 1.06892 1.06205 1.05602 1.04914 1.04182 1.02434 

0.18 1.07672 1.06953 1.06375 1.05682 1.04954 1.03407 

 



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

  
3g cm     

293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 

DEEA 24.0 mass % 

0.14 1.00942 1.00394 0.99770 0.99094 0.98366 0.97596 

0.29 1.01918 1.01371 1.00727 1.00026 0.99285 0.98492 

0.38 1.03218 1.02621 1.01966 1.01252 1.00512 0.99690 

0.44 1.03808 1.03214 1.02556 1.01840 1.01096 1.00262 

0.68 1.04962 1.04401 1.03762 1.03074 1.02331 1.01532 

0.79 1.05818 1.05312 1.04712 1.04073 1.03336 1.02468 

DEEA 61.0 mass % 

0.14 0.99540 0.98656 0.97718 0.96784 0.95748 0.94530 

0.21 1.01115 1.00220 0.99269 0.98316 0.97195  

0.34 1.03921 1.03024 1.02059 1.01043 0.98907  

0.42 1.05904 1.05026 1.04078 1.02976   

 



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

  
3g cm     

293.15 K 303.15 K 313.15 K 323.15 K 

MAPA 18.0 mass % 

0,09 1,00432 1,000355 0,995725 0,99054 

0,16 1,01484 1,01095 1,006405 1,00131 

0,23 1,02799 1,02412 1,019655 1,014695 

0,31 1,04077 1,036975   

0,39 1,051425 1,047565 1,04322 1,03833 

0,51 1,066755 1,06285 1,05847 1,05363 

MAPA 46.0 mass % 

0,09 1,01009 1,00197 0,99448 0,98679 

0,17 1,04259 1,03596 1,02911 1,02213 

0,25 1,07590 1,06993 1,06373 1,05740 

0,35 1,11028 1,10494 1,10076 1,09330 

0,42 1,13847 1,13342 1,12812 1,12267 

 

 


