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ABSTRACT  9 

Non-aqueous and aqueous mixtures of methyldiethanolamine and monoethylene glycol form 10 

promising absorbents for the combined hydrogen sulfide removal and hydrate control, necessary in 11 

natural gas processing. In this direction, the density and viscosity of the binary and ternary systems 12 

were measured and modeled in the temperature range of T = (283.15 to 353.15) K and ambient 13 

pressure. Excess molar volumes and viscosity deviations from ideality were also calculated. The water 14 

content varied from 5 to 50 wt.% and the amine content from 5 to 90 wt.%. Both density and viscosity 15 

were modeled using non-random two liquid NRTL-based models. Regarding the density modeling, 16 

the average absolute relative deviations (AARD) were found to be less than 0.5% for the binary 17 

subsystems and equal to 0.2% for the ternary system. Viscosity modeling results show higher AARD, 18 

though always lower than 3.0% for both binary and ternary solutions. 19 

  20 
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1. INTRODUCTION 21 

Acid gas removal with the aid of amines is a common industrial process, for example in oil refineries 22 

and natural gas treatment plants among others. Commercial amines are monoethanolamine (MEA), 23 

diglycolamine (DGA) and methyldiethanolamine (MDEA), the latter being most suitable for the 24 

selective removal of hydrogen sulfide (H2S) over carbon dioxide (CO2)1. In oil and gas production, 25 

hydrate control or dehydration is an equally necessary process as gas sweetening. Typically, glycols 26 

such as monoethylene glycol (MEG) and triethylene glycol (TEG) are used respectively to prevent 27 

hydrate formation during gas transportation and to reach water content specifications2,3. Moreover, the 28 

focus of oil and gas companies on subsea operations encourages process intensification concepts, 29 

where modules with respect to size, weight and complexity are developed4. Such concept is the 30 

combined removal of acid gases and water vapors in one-step only, firstly conceived and patented by 31 

Hutchinson5 and later further developed by McCartney6,7 and Chapin8.  In this direction, our group 32 

investigates the feasibility of simultaneous acid gas removal and hydrate control process with non-33 

aqueous and aqueous MDEA-MEG mixtures. 34 

As in every new process analysis, the evaluation of the combined acid gas and water vapor removal 35 

by an amine-glycol based solvent requires the knowledge of the thermodynamic behavior, reaction 36 

kinetics and physical properties of the system. This study focuses on some of the physical properties 37 

of the system, namely density and viscosity, which play a crucial role for the successful design and 38 

operation of a separation process. Nookueaa et al. studied the effect of various thermo-physical 39 

properties on the design of an absorber for CO2 capture and concluded that liquid density and viscosity 40 

have the most significant impact on the packing height9. Especially for subsea application, the low 41 

temperature experienced in the seabed dramatically changes the solvent’s viscosity, affecting the 42 

overall mass transfer and hydrodynamics of the system. In fact, viscosity specifications related to 43 
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pumpability of injected chemicals apply for offshore/subsea operations. Therefore, the objective of 44 

this study is to provide experimental measurements and develop auxiliary models for density and 45 

viscosity as a tool for assessing the successful employment of the binary MDEA-MEG or the ternary 46 

MDEA-MEG-H2O systems for natural gas purification. 47 

The literature is rich in density and viscosity studies for aqueous MDEA solutions, due to its broad 48 

applicability in CO2 capture and selective H2S removal. Several authors report densities10–14 and 49 

viscosities11–19 of MDEA-H2O mixtures. Moreover, measuring density and viscosity of pure MDEA 50 

has been presented as validation for the experimental method of density and viscosity measurements20. 51 

Sufficient amount of data exist also for MEG-H2O system densities and viscosities21–26. A 52 

comprehensive, though not exhaustive, list is shown in Table 1. The combination of amines and 53 

glycols has also been studied in the literature27–30, however, to our best knowledge, no data on the 54 

density or the viscosity of the MDEA-MEG or MDEA-MEG-H2O mixtures are reported. In addition, 55 

although for pure monoethylene glycol and its solutions with water, density and viscosity 56 

measurements have been reported at low temperatures, even down to 263 K 22,24,26, only Bernal-Garcia 57 

et al.10 report densities at 283.15 K for pure MDEA and its aqueous solutions. We have not found 58 

reported viscosities of pure MDEA or aqueous MDEA in the existing literature at such low 59 

temperature. 60 

In this work, density and viscosity measurements of the binary system MDEA-MEG and the ternary 61 

system MDEA-MEG-H2O are presented in the temperature range of T = (283.15 to 353.15) K and 62 

pressure of 0.1020 MPa. The binary system was studied in the whole concentration range, from pure 63 

MDEA to pure MEG. For the ternary system of aqueous MDEA-MEG, we varied the water 64 

concentration from 5 wt.% to 50 wt.% in order to demonstrate the impact of water content in the 65 

physical properties of the amine-glycol system studied. Both density and viscosity were modeled for 66 
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the pure components, binary and ternary systems using the data obtained in this work as well as the 67 

data presented in Table 1.  68 

Table 1: Literature Review on the Density and Viscosity Measurements for Aqueous MDEA and 69 
Aqueous MEG Systems at Ambient Pressure  70 

System Molar Fraction, x1  Property Temperature (K) Source 

MDEA (1)  0 - 1 Density 283.15 - 363.15 Bernal-Garcia et al.10 
H2O (2) 0.0165 - 1 Density 288.15 - 333.15 Al-Ghawas et al.11 
 0.0165 - 1 Viscosity 288.15 - 333.15  
 0.0364, 0.0608 Density 303.15 - 333.15 Li and Lie12 
 0.0364 - 1 Viscosity 303.15 - 353.15  
 0.0165 - 1 Density 288.15 - 333.15 Paul and Mandal13 
 0.0165 - 1 Viscosity 288.15 - 333.15  
 0.1 - 1 Density 293.15 - 333.15 Yin et al.14 
 0.1 - 1 Viscosity 293.15 - 333.15  
 0 - 1 Viscosity 298.15 - 353.15 Teng et al.15 
 0 - 1 Viscosity 313.15 - 363.15 Bernal-Garcia et al.16 
 0 - 1 Viscosity 303.15 - 323.15 Chowdhury et al.18 
 0.0447 - 1 Viscosity 293.15 - 353.15 Pinto et al.17 
 0.0165 - 0.1313 Viscosity 333.15 - 373.15 Rinker et al.19 
 1 Density 296.15 - 470.15 DiGuillo et al.31 
 1 Viscosity 293.15 - 424.15  
 1 Density 298.15 - 323.15 Alvarez et al.32 
 1 Viscosity 298.15 - 323.15  
 1 Viscosity 298.15 - 343.15 Henni et al. 33 
 1 Viscosity 303.15 - 343.15 Baek et al.20 
 1 Viscosity 303.15 - 353.15 Haghtalab and Shojaeian34 
 1 Viscosity 303.15 - 313.15 Akbar and Murugesan35 
     
MEG (1) 0 - 1 Density 298.15 Hayduk and Malik21 
H2O (2) 0 - 1 Viscosity 298.15  
 0 - 1 Density 263.15 - 423.15 Bohne et al.22 
 0 - 1 Viscosity 263.15 - 373.15  
 0.25 - 0.75 Density 296.15 - 445.15 Sun and Teja23 
 0 - 1 Viscosity 284.15 - 449.15  
 0 - 1 Density 273.15 - 363.15 Afzal et al.26 
 0 - 0.72 Density 293.15 Tsierkezos and Molinou36 
 0 - 0.72 Viscosity 293.15  
 0 - 1 Density 293.15 - 353.15 Yang et al.24 
 0 - 1 Viscosity 293.15 - 353.15  
 0 - 1 Density 283.15 - 313.15 Tsierkezos and Molinou25 
 0 - 1 Viscosity 283.15 - 313.15  
 0 - 1 Viscosity 298.15 Jerome et al.37 
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 0 - 1 Viscosity 298.15 Dunstan38 
 1 Viscosity 298.15 - 373.15 Rumble39 

 71 
 72 

2. EXPERIMENTAL AND COMPUTATIONAL METHODS 73 

2.1. Materials  74 

Information for the chemicals used are provided in Table 2. The chemicals were used as received 75 

from the supplier without further purification. For the aqueous mixtures composed of MDEA-MEG-76 

H2O, deionized water was used. The solutions were prepared gravimetrically in a METTLER PM1200 77 

scale with an accuracy of 1∙10-6 kg and MDEA concentration was verified for each system by acid-78 

base titration. Magnetic stirring prior to measurements for at least 8 hours ensured solution 79 

homogeneity.  80 

Table 2: Chemical Sample Table  81 

Component UIPAC name CAS Supplier Mass fraction 

N-methyldiethanolamine 
(MDEA) 

2-[2-hydroxyethyl(methyl) 
amino] ethanol) 105-59-9 Sigma-

Aldrich ≥ 0.99 

monoethylene glycol 
(MEG) ethane-1,2-diol 107-21-1 Sigma-

Aldrich 0.998 

 82 

2.2. Experimental methods  83 

Density measurements:  The densities of all solutions were measured with an Anton Paar Density 84 

Meter DMA 4500M. Millipore water and dry air were used for calibration of this apparatus, as 85 

explained by Hartono et al.40, while pure water, MDEA and MEG were used as reference fluids for 86 

the apparatus validation. We studied the repeatability of the density measurements (Set A) at selected 87 
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temperatures at low and high concentration of MDEA-MEG, as well as at 353.15 K for the aqueous 88 

system due to the risk of water vaporization. A reproducibility study (Set C) was also performed by 89 

preparing fresh solutions and experimentally determining the density of the pure components and the 90 

binary system at low and high concentration. The results show excellent repeatability and 91 

reproducibility with average absolute relative deviations equal to 0.01% and 0.02% respectively. 92 

Viscosity measurements: Viscosity measurements were performed in a Lovis 2000 M 93 

microviscometer, connected in series to the density meter. The sample is introduced to a temperature-94 

controlled capillary block with an accuracy of 0.02 K, where the Hoeppler's falling ball method is 95 

employed. In our experiments, a capillary of a 1.59∙10-3 m diameter with a gold ball was used, allowing 96 

for the measurement of viscosities up to approximately 60 mPa·s. The apparatus validation presented 97 

in the section 3. Results and Discussion revealed an AARD from reference liquids value of 2.88%. 98 

The repeatability (Set A) and reproducibility (Set C) of the viscosity measurements were studied 99 

similarly to density measurements and the AARDs are 0.76% and 0.69% respectively.  100 

An Xsample 452 H sample filling module is integrated to the density meter and microviscometer 101 

for automatic sampling, cleaning and drying. The measurements always started with an air check and 102 

measurement of Millipore water samples, which were distributed in approximately every other three 103 

samples allowing for a continuous check of the results as well as an additional cleaning media.   104 

For viscosities outside the limits of the available capillary in the microviscometer, an Anton Paar 105 

MCR 100 rheometer with a double gap measuring cell (DG-26.7) was used. A detailed description of 106 

the apparatus, experimental and calibration procedure is given by Hartono et al.40 The measurements’ 107 

repeatability was studied for all systems at 283.15 K and we concluded that the repeatability of the 108 

instrument is good since the maximum absolute relative deviation (MARD) is 2.05% and the AARD 109 
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is 0.5%. Solutions measurable at the microviscometer were also measured in the rheometer to 110 

determine the viscosity reproducibility with the two different instruments. We conducted the study 111 

primarily at 283.15 K and calculated a 2.72% MARD and 1.07% AARD.  112 

In all our experiments, at least two measurements were taken and the average is reported as the 113 

measured property of the solution. Moreover, acid-base titration was employed to determine the 114 

samples’ amine concentration also after the measurements in order to ensure no vaporization had 115 

occurred. The concentration of all samples remained unchanged even after the experiments conducted 116 

at 353.15 K. 117 

2.3. Computational methods  118 

Model parametrization: The parametrization procedure has been carried following the Particle 119 

Swarm Optimization (PSO) algorithm described by Ghosh et al. 41 and Poli et al.42 and previously 120 

successfully implemented by Evjen et al. 43 and Pinto and Svendsen 43,44. As before, the lbest topology 121 

was chosen with 𝜔𝜔 = 0.7298 as inertia factor and 𝜑𝜑1 = 𝜑𝜑2 = 1.49618 as acceleration coefficients. The 122 

objective function 𝜖𝜖 to be minimized is given by Eq. (1), where 𝑦𝑦 is the output one is set to estimate, 123 

𝑢𝑢 is a set of input variables and 𝜃𝜃 is a set of model parameters. 𝑁𝑁𝑁𝑁 is the total number of points used 124 

for the parametrization routine. 125 

𝜖𝜖(𝒖𝒖,𝒚𝒚,𝜽𝜽) = �
(𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖(𝒖𝒖,𝜽𝜽))2

𝑦𝑦𝑖𝑖 ∙ 𝑦𝑦�𝑖𝑖(𝒖𝒖,𝜽𝜽)

𝑁𝑁𝑁𝑁

𝑖𝑖=1

 (1) 

Furthermore, the quality of the fitting has been evaluated by two complementary criteria: the average 126 

absolute relative deviation (AARD) and the maximum absolute deviation (MAD) as defined by Eqs. 127 

(2) and (3).  128 
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =
100
𝑁𝑁𝑁𝑁

∙��
𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖
𝑦𝑦𝑖𝑖

�
𝑁𝑁𝑁𝑁

𝑖𝑖=1

 (2) 

𝑀𝑀𝐴𝐴𝐴𝐴 = 𝑚𝑚𝑚𝑚𝑚𝑚(|𝒚𝒚 − 𝒚𝒚�|) (3) 

The same overall parametrization procedure has been applied both for the modeling of density and 129 

viscosity. In general lines, one initially needs to estimate the properties of single components. The 130 

properties of binaries and ternaries are then calculated by the use of a simple mixing rule plus an 131 

additional term that accounts for excess properties. In this work, the fitting is carried over the global 132 

data set, meaning that unitary, binary and ternary data sets are all coupled together in the evaluation 133 

of the objective function 𝜖𝜖 and accounted for in the AARD and in the MAD calculation. However, it 134 

is a good optimization practice to fit the excess property models first to each individual binary data 135 

set, thus generating a periphery of initial guesses for the fitting of the global data set. This has been 136 

the procedure carried throughout this study. A list of the symbols used in the remainder of this work 137 

is given in the nomenclature provided in the end of the manuscript. 138 

Modeling of Density. The typical approach employed for the estimation of multicomponent system 139 

densities goes through the modeling of excess molar volumes (𝑣𝑣𝐸𝐸). Once the 𝑣𝑣𝐸𝐸 of a mixture is 140 

calculated, its density can be recovered by Eq. (4). 141 

𝜌𝜌 =
∑ 𝑚𝑚𝑖𝑖 ∙ 𝑀𝑀𝑀𝑀𝑖𝑖
𝑁𝑁𝑁𝑁
𝑖𝑖=1

𝑣𝑣𝐸𝐸 + ∑ 𝑚𝑚𝑖𝑖 ∙ 𝑀𝑀𝑀𝑀𝑖𝑖
𝜌𝜌𝑖𝑖

𝑁𝑁𝑁𝑁
𝑖𝑖=1

 (4) 

Following the example of Pinto et al.45, a modified Rackett equation of the form shown in Eqs. (5) – 142 

(7) was employed for the calculation of 𝜌𝜌�𝑖𝑖. This calculation requires the estimation of single molar 143 

volumes in Eq. (5) by using the Rackett compressibility factor 𝑍𝑍𝑅𝑅𝑅𝑅,𝑖𝑖 described in Eq. (6). The 144 

parameters in these equations are the critical temperature 𝑇𝑇𝑁𝑁,𝑖𝑖 and critical pressure 𝑝𝑝𝑁𝑁,𝑖𝑖 for each pure 145 
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component, plus the reduced temperature and pressure. Furthermore, three parameters (�̂�𝐴𝑖𝑖, 𝐵𝐵�𝑖𝑖 and �̂�𝐶𝑖𝑖) 146 

have to be fitted for the obtention of 𝑍𝑍𝑅𝑅𝑅𝑅,𝑖𝑖. 147 

𝑣𝑣�𝑖𝑖(𝑝𝑝,𝑇𝑇) =
𝐴𝐴 ∙ 𝑇𝑇𝑁𝑁,𝑖𝑖

𝑝𝑝𝑁𝑁,𝑖𝑖
∙ �̂�𝑍𝑅𝑅𝑅𝑅,𝑖𝑖

1+(1−𝑇𝑇𝑟𝑟,𝑖𝑖)
2 7�

 (5) 

�̂�𝑍𝑅𝑅𝑅𝑅,𝑖𝑖(𝑝𝑝,𝑇𝑇) = 𝑒𝑒𝑚𝑚𝑝𝑝 ��̂�𝐴𝑖𝑖 +
𝐵𝐵�𝑖𝑖
𝑝𝑝𝑟𝑟,𝑖𝑖

+ �̂�𝐶𝑖𝑖 ∙ 𝑙𝑙𝑙𝑙�𝑇𝑇𝑟𝑟,𝑖𝑖�� 
(6) 

𝜌𝜌�𝑖𝑖(𝑝𝑝,𝑇𝑇) =
𝑀𝑀𝑀𝑀𝑖𝑖

𝑣𝑣�𝑖𝑖
 (7) 

The estimation of the single component molar volumes 𝑣𝑣�𝑖𝑖 is followed by the estimation of the excess 148 

properties 𝑣𝑣�𝐸𝐸 of binary and ternary mixtures. In the previous work carried by Evjen et al.44, the 149 

Redlich-Kister equation fulfilled this duty. However, as seen in that study, the RK equation demands 150 

that at least 6 parameters are fitted for each binary mixture so that a good agreement between 151 

experimental and estimated densities is obtained. These binary estimations must additionally be 152 

coupled with an extra 𝑣𝑣�𝐸𝐸 model for the estimation of ternary densities46,47. Such correction demands 153 

additional parameters and fittings in the forms proposed differently by several distinct authors, like 154 

Cibulka48, Nagata and Tamura49, Redlich and Kister50 and Singh et al.51 Most of these models have at 155 

least 3 extra parameters, meaning that 6∙𝑁𝑁𝐶𝐶 + 3 = 21 empirical parameters must be found for the 156 

description of the density of ternary solutions. This poses the disadvantages of having to choose one 157 

among several 𝑣𝑣�𝐸𝐸 models in literature and fitting an unordinary number of coefficients. It also means 158 

that the quality of the ternary data fitting is wholly dependent on the quality of the binary data fitting.  159 

An alternative to this has been suggested by Pinto and Knuutila52 for the direct fitting of ternary 160 

density data. This model, henceforth called the NRTL-DVOL, is explicitly based on the non-random 161 

two liquid (NRTL) model and has the form outlined in Eqs. (8) – (11).  162 
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𝑣𝑣�𝐸𝐸(𝒙𝒙,𝑇𝑇) = 𝐴𝐴 ∙ 𝑇𝑇 ∙�𝑚𝑚𝑖𝑖 ∙
∑ �̂�𝜏𝑗𝑗𝑖𝑖 ∙ 𝐺𝐺�𝑗𝑗𝑖𝑖 ∙ 𝑚𝑚𝑗𝑗𝑁𝑁𝑁𝑁
𝑗𝑗=1

∑ 𝐺𝐺�𝑘𝑘𝑖𝑖 ∙ 𝑚𝑚𝑘𝑘𝑁𝑁𝑁𝑁
𝑘𝑘=1

𝑁𝑁𝑁𝑁

𝑖𝑖=1

 (8) 

𝐺𝐺�𝑖𝑖𝑗𝑗(𝑇𝑇) = 𝑒𝑒𝑚𝑚𝑝𝑝�−𝛼𝛼𝑖𝑖𝑗𝑗 ∙ �̂�𝜏𝑖𝑖𝑗𝑗�   (9) 

�̂�𝜏𝑖𝑖𝑗𝑗(𝑇𝑇) = 𝑚𝑚�𝑖𝑖𝑗𝑗 +
𝑏𝑏�𝑖𝑖𝑗𝑗
𝑇𝑇

 
(10) 

𝑚𝑚�𝑖𝑖𝑖𝑖 = 0 ;  𝑏𝑏�𝑖𝑖𝑖𝑖 = 0 ; 𝛼𝛼�𝑖𝑖𝑗𝑗 = 𝛼𝛼�𝑗𝑗𝑖𝑖 (11) 

The expressions shown in Eqs. (8) – (11) demand the fitting of 𝑚𝑚�𝑖𝑖𝑗𝑗 and 𝑏𝑏�𝑖𝑖𝑗𝑗. Meanwhile, 𝐴𝐴 is a fixed 163 

parameter of the model and its value is 𝐴𝐴 = 6.48803. The non-randomness parameter 𝛼𝛼𝑖𝑖𝑗𝑗 is set 164 

alternatively at 𝛼𝛼𝑖𝑖𝑗𝑗 = 0.1, 0.2 or 0.3, and the optimization routines are performed once for each of these 165 

values. In the present work, a global 𝛼𝛼𝑖𝑖𝑗𝑗 = 𝛼𝛼  was implemented for each study, meaning that a single 166 

𝛼𝛼� was chosen for the binary-ternary systems instead of one for each binary.  167 

Modeling of Viscosity.  168 

Similar to density, the modelling of the viscosity requires the “excess viscosity” of the mixture, or 169 

more correctly the viscosity deviations from ideality upon mixture. In this work, viscosity deviations 170 

Δη were calculated from the experimental measurements using Eqs. (12)-(13)53,54: 171 

𝑙𝑙𝑙𝑙�𝜂𝜂𝑖𝑖𝑖𝑖)� = �𝑚𝑚𝑖𝑖 ∙ 𝑙𝑙𝑙𝑙(𝜂𝜂𝑖𝑖)
𝑁𝑁𝑁𝑁

𝑖𝑖=1

 (12) 

 𝛥𝛥𝜂𝜂 = 𝜂𝜂 − 𝜂𝜂𝑖𝑖𝑖𝑖 
(13) 

where 𝜂𝜂𝑖𝑖𝑖𝑖 is the viscosity of the ideal mixture, 𝑚𝑚𝑖𝑖 and 𝜂𝜂𝑖𝑖 are the molar fraction and viscosity of the 172 

pure component i respectively, 𝜂𝜂 is the measured viscosity of the mixture and 𝛥𝛥𝜂𝜂 is the viscosity 173 

deviation upon mixing. 174 
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There are several approaches for modeling the viscosity of binary liquid mixtures. However, only 175 

the models of Song et al.55 and Pinto and Svendsen43 offer an easy extension towards the calculation 176 

of ternary mixtures. The former is usually called the Aspen liquid mixture viscosity model, whereas 177 

the latter was baptized the NRTL-DVIS model. Both of them are reliant on good estimatives of pure 178 

component viscosities. Therefore, the viscosities of pure MDEA and MEG were fitted to the Vogel 179 

equation, which has a generic form shown in Eq. (14). 180 

𝑙𝑙𝑙𝑙(�̂�𝜂𝑖𝑖(𝑇𝑇)) = �̂�𝐴𝑖𝑖 +
𝐵𝐵�𝑖𝑖

𝑇𝑇 − �̂�𝐶𝑖𝑖
 (14) 

Meanwhile, the viscosity of pure water can be estimated by the correlation of Bingham and 181 

Jackson56 given in Eqs. (15) – (16). 182 

𝜑𝜑𝐻𝐻2𝑂𝑂(𝑇𝑇) = 2.1482 ∙ �(𝑇𝑇 − 281.585) + �8078.4 + (𝑇𝑇 − 281.585)2� − 120  (15) 

�̂�𝜂𝐻𝐻2𝑂𝑂(𝑇𝑇) =
100
𝜑𝜑𝐻𝐻2𝑂𝑂

 (16) 

The viscosity of mixtures is estimated by the addition of an excess viscosity term, different from the 183 

one displayed in Eqs. (12) – (13), as shown in Eq. (17). Following the initial suggestion of Song et 184 

al.55, the mass fractions 𝑤𝑤𝑖𝑖 are better weights for the mixture calculations than the molar fractions 𝑚𝑚𝑖𝑖. 185 

𝑙𝑙𝑙𝑙(�̂�𝜂(𝒘𝒘,𝑇𝑇)) = �𝑤𝑤𝑖𝑖 ∙ 𝑙𝑙𝑙𝑙(�̂�𝜂𝑖𝑖(𝑇𝑇))
𝑁𝑁𝑁𝑁

𝑖𝑖=1

+ 𝑙𝑙𝑙𝑙(�̂�𝜂𝐸𝐸(𝒘𝒘,𝑇𝑇)) (17) 

Moreover, the form that this excess term �̂�𝜂𝐸𝐸 can take is what differs the Aspen liquid mixture 186 

viscosity model from the NRTL-DVIS model. Following the Aspen liquid mixture viscosity model, 187 

this term is calculated by the Eqs. (18) – (21). These equations require that four different set of 188 

parameters, 𝑚𝑚�𝑖𝑖𝑗𝑗, 𝑏𝑏�𝑖𝑖𝑗𝑗, �̂�𝑐𝑖𝑖𝑗𝑗 and �̂�𝑑𝑖𝑖𝑗𝑗, are estimated for each binary pair. 189 
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𝑙𝑙𝑙𝑙(�̂�𝜂𝐸𝐸(𝒘𝒘,𝑇𝑇)) = ��𝑘𝑘�𝑖𝑖𝑗𝑗 ∙ 𝑤𝑤𝑖𝑖 ∙ 𝑤𝑤𝑗𝑗 ∙ 𝑙𝑙𝑙𝑙��̂�𝜂𝑖𝑖𝑗𝑗�
𝑁𝑁𝑁𝑁

𝑗𝑗>𝑖𝑖

𝑁𝑁𝑁𝑁

𝑖𝑖=1

+ �𝑤𝑤𝑖𝑖 �∙�𝑤𝑤𝑗𝑗 ∙ �𝑙𝑙𝑖𝑖𝑗𝑗 ∙ 𝑙𝑙𝑙𝑙��̂�𝜂𝑖𝑖𝑗𝑗��
1
3�

𝑁𝑁𝑁𝑁

𝑗𝑗≠𝑖𝑖

�

3𝑁𝑁𝑁𝑁

𝑖𝑖=1

 (18) 

𝑙𝑙𝑙𝑙��̂�𝜂𝑖𝑖𝑗𝑗� =
�𝑙𝑙𝑙𝑙(�̂�𝜂𝑖𝑖) − 𝑙𝑙𝑙𝑙��̂�𝜂𝑗𝑗��

2
 

(19) 

𝑘𝑘�𝑖𝑖𝑗𝑗(𝑇𝑇) = 𝑚𝑚�𝑖𝑖𝑗𝑗 +
𝑏𝑏�𝑖𝑖𝑗𝑗
𝑇𝑇

 
(20) 

𝑙𝑙𝑖𝑖𝑗𝑗(𝑇𝑇) = �̂�𝑐𝑖𝑖𝑗𝑗 +
�̂�𝑑𝑖𝑖𝑗𝑗
𝑇𝑇

 
(21) 

Similarly, the NRTL-DVIS model also requires that 12 parameters be estimated. Its form is very 190 

similar to that of the NRTL-DVOL, since both come from the same approach of modeling excess 191 

properties with the general shape of the NRTL excess Gibbs energy equation. The model is described 192 

by the Eqs. (22) – (25). 193 

𝑙𝑙𝑙𝑙(�̂�𝜂𝐸𝐸(𝒘𝒘,𝑇𝑇)) = 𝐴𝐴 ∙�𝑤𝑤𝑖𝑖 ∙
∑ �̂�𝜏𝑗𝑗𝑖𝑖 ∙ 𝐺𝐺�𝑗𝑗𝑖𝑖 ∙ 𝑤𝑤𝑗𝑗𝑁𝑁𝑁𝑁
𝑗𝑗=1

∑ 𝐺𝐺�𝑘𝑘𝑖𝑖 ∙ 𝑤𝑤𝑘𝑘𝑁𝑁𝑁𝑁
𝑘𝑘=1

𝑁𝑁𝑁𝑁

𝑖𝑖=1

 (22) 

𝐺𝐺�𝑖𝑖𝑗𝑗(𝑇𝑇) = 𝑒𝑒𝑚𝑚𝑝𝑝�−𝛼𝛼𝑖𝑖𝑗𝑗 ∙ �̂�𝜏𝑖𝑖𝑗𝑗�   (23) 

�̂�𝜏𝑖𝑖𝑗𝑗(𝑇𝑇) = 𝑚𝑚�𝑖𝑖𝑗𝑗 +
𝑏𝑏�𝑖𝑖𝑗𝑗
𝑇𝑇

 
(24) 

𝑚𝑚�𝑖𝑖𝑖𝑖 = 0 ;  𝑏𝑏�𝑖𝑖𝑖𝑖 = 0 ; 𝛼𝛼�𝑖𝑖𝑗𝑗 = 𝛼𝛼�𝑗𝑗𝑖𝑖 (25) 

All of the remarks made regarding the NRTL-DVOL apply to the NRTL-DVIS model. Once again a 194 

value of 𝐴𝐴 = 6.48803 was set as a fixed parameter of the equations, whereas 𝛼𝛼𝑖𝑖𝑗𝑗 = 𝛼𝛼  was set 195 

alternatively to 𝛼𝛼 = 0.1, 0.2 and 0.3 for each optimization routine. 196 

 197 

 198 
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3. RESULTS AND DISCUSSION 199 

The results of density ρ and viscosity η measurements and modeling for the binary mixtures of 200 

MDEA-MEG and the ternary mixtures of MDEA-MEG-H2O are presented below. 201 

3.1. Density 202 

The density of pure water, monoethylene glycol and methyldiethanolamine was measured and 203 

compared to values from the literature for validation purposes. Our measured densities were compared 204 

against the literature sources presented in Table 1 and, to be more specific, against data reported by 205 

Bernal-Garcia et al.10, Hayduk and Malik21, Yang et al.24, Tsierkezos and Molinou25 and Spieweck 206 

and Bettin57 for water, data reported by Hayduk and Malik21, Bohne et al.22, Afzal et al.26, Yang et 207 

al.24 and Tsierkezos and Molinou25 for MEG and data reported by Bernal-Garcia et al.10, Al-Ghawas 208 

et al.11, Alvarez et al.32, Paul and Mandal13 and Yin et al.14 for MDEA. The average absolute relative 209 

deviation (AARD) is 0.01% for water, 0.30% for MEG and 0.10% for MDEA, demonstrating that our 210 

measurements are in good agreement with the data already reported in the literature. Indicative 211 

literature data sets are given in Table 3, selected because they cover as many temperatures studied in 212 

this work as possible. The AARD using those two sources for each component was found to be 0.03%, 213 

0.33% and 0.12% for water, MEG and MDEA respectively. 214 
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Table 3: Experimental and Indicative Literature Values of Density ρ/kg∙m-3 for Pure Water, MEG and MDEA at Temperatures T = 215 
(283.15 – 353.15) K and Pressure near p = 0.1 MPa  216 

 ρ / kg∙m-3 

 Water  MEG  MDEA 

T / K Spieweck 
& Bettin57 

Yang 
et al.24  

This 
work  Afzal et 

al.26 
Yang et 

al.24 
This 
work  Bernal-Garcia 

et al.10 
Al-Ghawas 

et al.11 
This 
work 

283.15 999.699 - 999.9  1120.23 - 1120.0  1047.53 - 1048.0 

298.15 997.043 - 997.2  1109.77 - 1109.9  1037.86 1037.4 1036.8 

313.15 992.212 992.2 992.3  1099.17 1093.6 1098.8  1026.52 1026.7 1025.4 

323.15 988.030 988.1 988.3  1092.02 1084.7 1091.6  1018.88 1019.4 1017.7 

333.15 983.191 983.2 983.5  1084.78 1076.4 1085.0  1011.43 1012.3 1010.0 

343.15 977.759 977.8 978.1  1077.42 1067.5 1077.6  1003.32 - 1002.2 

353.15 971.785 971.8 972.3  1069.95 1060.0 1070.1  995.41 - 994.6 

AARDa 0.03%  0.33%  0.12% 

 𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 [%] =
100
𝑁𝑁𝑁𝑁

� �
𝜌𝜌𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 − 𝜌𝜌𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙

𝜌𝜌𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙
� 

𝑁𝑁𝑁𝑁

𝑖𝑖=1
 217 
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Table 4 and Table 5 show the measured densities in this work for the non-aqueous and aqueous 218 

MEG-MDEA mixtures respectively as a function of weight fraction w and temperature T at ambient 219 

pressure. The expanded uncertainties with a 0.95 level of confidence of composition and density are 220 

provided for each system and temperature. In addition to the weight fractions, molar fractions xi and 221 

the corresponding uncertainties can be found in Supporting Information. As mentioned earlier, the 222 

repeatability of the density measurements is excellent, as one can see in the results. It is observed that 223 

the density of the binary mixtures of MDEA-MEG decreases with temperature and with MDEA 224 

concentration. These trends are better illustrated in Figure 1, presenting the experimental densities for 225 

the binary system MDEA-MEG and the estimates generated by the NRTL-DVOL model. Similar 226 

figures for MDEA-H2O and MEG-H2O are provided in Supporting Information. The density of MEG-227 

H2O is similar to the one for MDEA-MEG while the one for the binary MDEA-H2O varies in the way 228 

that it increases with MDEA concentration, but only up to approximately w1 = 0.7 after which it starts 229 

decreasing. This behavior is due to the excess molar volumes upon mixture of MDEA and H2O and is 230 

discussed in detail under subsection 3.3 Excess Properties.  The trend of decreasing density with 231 

temperature and amine content apply for the ternary systems as well, given that the amount of water 232 

in the solution is constant. The generated density contour plots for the ternary system can be found in 233 

Supporting Information.234 
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Table 4: Experimental Values of Density ρ/kg∙m-3 for {MDEA (1) + MEG (2)} as a Function of Weight Fraction w and Temperature T 235 

at Pressure p = 0.1020 MPaa 236 

  ρ / kg∙m-3 

w1  283.15 K 298.15 K 313.15 K 
  Set A Set A Set A (1) Set A (2) Set A (3) Set C 

0.000  1120.0 ± 0.2 1109.9 ± 0.3 1098.8 ± 0.3 1099.3 ± 0.3 - 1099.3 ± 0.3 
0.300 ± 0.003  1101.8 ± 0.2 1090.9 ± 0.2 1079.9 ± 0.1 1079.9 ± 0.1 1079.9 ± 0.1 1080.0 ± 0.1 
0.400 ± 0.003  1095.1 ± 0.2 1084.3 ± 0.2 1073.2 ± 0.1 1073.2 ± 0.1 - - 
0.500 ± 0.004  1088.1 ± 0.2 1077.2 ± 0.2 1066.0 ± 0.1 1066.0 ± 0.1 - - 
0.700 ± 0.006  1073.3 ± 0.2 1062.1 ± 0.2 1050.7 ± 0.1 1050.8 ± 0.1 - - 
0.800 ± 0.008  1065.4 ± 0.2 1054.0 ± 0.2 1042.5 ± 0.1 1042.6 ± 0.1 - - 
0.900 ± 0.009  1057.2 ± 0.2 1045.6 ± 0.2 1034.1 ± 0.1 1034.1 ± 0.1 1034.1 ± 0.1 1034.0 ± 0.1 
1.000 ± 0.011  1048.0 ± 0.2 1036.8 ± 0.2 1025.4 ± 0.1 1025.4 ± 0.1 - 1025.1 ± 0.1 

        

w1 
 323.15 K  333.15 K  
 Set A  Set A (1) Set A (2) Set C  

0.000  1091.6 ± 0.1  1085.0 ± 0.1 - 1084.9 ± 0.1  
0.300 ± 0.003  1072.5 ± 0.1  1065.1 ± 0.1 1065.0 ± 0.1 1065.2 ± 0.1  
0.400 ± 0.003  1065.7 ± 0.1  1058.1 ± 0.1 - -  
0.500 ± 0.004  1058.5 ± 0.1  1050.9 ± 0.1 - -  
0.700 ± 0.006  1043.1 ± 0.1  1035.4 ± 0.1 - -  
0.800 ± 0.008  1034.9 ± 0.1  1027.2 ± 0.1 - -  
0.900 ± 0.009  1026.4 ± 0.1  1018.7 ± 0.1 1018.7 ± 0.1 1018.6 ± 0.1  
1.000 ± 0.011  1017.7 ± 0.1  1010.0 ± 0.1 - 1010.0 ± 0.1  
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w1 
 343.15 K  353.15 K  
 Set A  Set A (1) Set A (2) Set C  

0.000  1077.6 ± 0.1  1070.1 ± 0.1  1070.1 ± 0.1  
0.300 ± 0.003  1057.4 ± 0.1  1049.7 ± 0.1  1049.7 ± 0.1  
0.400 ± 0.003  1050.5 ± 0.1  1042.7 ± 0.1  1042.7 ± 0.1  
0.500 ± 0.004  1043.1 ± 0.1  1035.3 ± 0.1  1035.3 ± 0.1  
0.700 ± 0.006  1027.5 ± 0.1  1019.7 ± 0.1  1019.7 ± 0.1  
0.800 ± 0.008  1019.3 ± 0.1  1011.5 ± 0.1  1011.5 ± 0.1  
0.900 ± 0.009  1010.9 ± 0.1  1003.1 ± 0.1  1003.1 ± 0.1  
1.000 ± 0.011  1002.2 ± 0.1    994.6 ± 0.1    994.6 ± 0.1  

aWeight fractions and densities are reported with their expanded uncertainties (0.95 level of confidence). Expanded uncertainties not 237 
included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.  238 
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Table 5: Experimental Values of Density ρ/kg∙m-3 for {MDEA (1) + MEG (2) + Water (3)} as a Function of Weight Fraction w and 239 
Temperature T at Pressure p = 0.1020 MPaa  240 

   ρ / kg∙m-3  

w1 w2 
 283.15 K 298.15 K 313.15 K 323.15 K 333.15 K 

 Set A Set A Set A Set A Set A 

0.050 ± 0.002 0.900 ± 0.003  1114.1 ± 0.2 1103.7 ± 0.3 1093.1 ± 0.1 1086.4 ± 0.6 1079.1 ± 0.7 
0.900 ± 0.013 0.050 ± 0.010  1057.6 ± 0.2 1046.3 ± 0.3 1034.8 ± 0.1 1027.5 ± 0.6 1019.8 ± 0.7 
0.300 ± 0.003 0.600 ± 0.003  1196.6 ± 0.2 1086.1 ± 0.3 1075.1 ± 0.1 1068.2 ± 0.6 1060.7 ± 0.7 
0.600 ± 0.006 0.300 ± 0.006  1078.5 ± 0.2 1067.6 ± 0.3 1056.3 ± 0.1 1049.1 ± 0.6 1041.5 ± 0.7 
0.100 ± 0.002 0.600 ± 0.002  1090.1 ± 0.2 1080.5 ± 0.3 1070.3 ± 0.1 1063.4 ± 0.6 1056.8 ± 0.7 
0.300 ± 0.003 0.400 ± 0.003  1081.2 ± 0.2 1071.2 ± 0.3 1060.9 ± 0.1 1053.8 ± 0.6 1047.1 ± 0.7 
0.600 ± 0.006 0.100 ± 0.006  1067.8 ± 0.2 1057.4 ± 0.3 1046.5 ± 0.1 1039.4 ± 0.6 1031.7 ± 0.7 
0.250 ± 0.002 0.250 ± 0.002  1061.0 ± 0.2 1052.2 ± 0.3 1043.2 ± 0.1 1036.6 ± 0.6 1030.5 ± 0.7 

        

w1 w2 
 343.15 K  353.15 K 
 Set A  Set A (1) Set A (2) Set C 

0.050 ± 0.002 0.900 ± 0.003  1071.8 ± 0.7  1064.5 ±0.9 1064.6 ±0.9 - 
0.900 ± 0.013 0.050 ± 0.010  1012.0 ± 0.7  1004.2 ±0.9 1004.2 ±0.9 - 
0.300 ± 0.003 0.600 ± 0.003  1053.2 ± 0.7  1045.6 ±0.9 1045.7 ±0.9 1045.7 ±0.9 
0.600 ± 0.006 0.300 ± 0.006  1033.6 ± 0.7  1025.8 ±0.9 1025.8 ±0.9 - 
0.100 ± 0.002 0.600 ± 0.002  1049.4 ± 0.7  1042.0 ±0.9 1042.2 ±0.9 - 
0.300 ± 0.003 0.400 ± 0.003  1039.5 ± 0.7  1031.8 ±0.9 1031.9 ±0.9 - 
0.600 ± 0.006 0.100 ± 0.006  1023.7 ± 0.7  1015.7 ±0.9 1015.8 ±0.9 - 
0.250 ± 0.002 0.250 ± 0.002  1023.5 ± 0.7  1016.1 ±0.9 1016.1 ±0.9 1016.2 ±0.9 

aWeight fractions and densities are reported with their expanded uncertainties (0.95 level of confidence). Expanded uncertainties not 241 
included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.242 
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 243 

 244 

Figure 1. Binary data set of densities for {MDEA (1) + MEG (2)} and estimations generated by the 245 

NRTL-DVOL model. The temperature in which each experimental point (●) was measured is color-246 

coded by the bar on the right side. The temperatures in which the estimates were made were 283.15 K 247 

(dark blue dashed line), 298.15 K (capri blue dashed line), 313.15 K (aqua dashed line), 323.15 K 248 

(green dashed line), 333.15 K (lime green dashed line), 343.15 K (yellow dashed line) and 353.15 K 249 

(orange dashed line). 250 

As explained in the Experimental and Computational Methods, a modified Rackett equation was 251 

employed for the fitting of the single component data sets shown in Table 1. The results of the fitting 252 

are presented in Table 6 and  Figure 2. The values of 𝑀𝑀𝑀𝑀, 𝑇𝑇𝑁𝑁 and 𝑝𝑝𝑁𝑁 were obtained from Yaws58. 253 
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The fitting for water was not performed in this study, but the parameters for its modified Rackett 254 

equation were obtained from Pinto and Knuutila52. As such, we merely report the parameters obtained 255 

by these authors without checking their significance – though it should be pointed out that the 256 

parameter 𝐵𝐵�  obtained by Pinto and Knuutila52 of 6.6495∙10-6 could be set to zero with no noticeable 257 

effects to the performance of the model. Though the results for the fitting of MEG are worse than those 258 

of MDEA, this is arguably due to the scatter in experimental data found for MEG in the literature, as 259 

evidenced by Figure 2. The density data of pure MEG reported by Yang et al.24 is partially responsible 260 

for this scatter, as their values are consistently lower than those obtained by other researchers (see 261 

bifurcation in the blue data points in Figure 2), particularly at higher temperatures. However, the data 262 

set from Yang et al.24 contains pure water density measurements in excellent agreement with literature, 263 

and their collection of pure MEG density measurements are off by only 1% when compared to other 264 

published data. Therefore, we have decided to keep their data set in our parametrization procedure. 265 

Table 6. Parameters and results for the fittings of the modified Rackett equation 266 

Parameter MDEA MEG Water52 

𝑀𝑀𝑀𝑀 (kg·kmol-1) 119.16 62.07 18.02 

𝑇𝑇𝑁𝑁 (K) 675 720 647.1 

𝑝𝑝𝑁𝑁 (MPa) 3.88 8.20 22.064 

�̂�𝐴  -1.4003 -1.4021 -1.4937 

𝐵𝐵�   -3.0132∙10-6 -0.7670∙10-6 6.6495∙10-6 

�̂�𝐶  -0.03542 -0.02230 -9.868 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%)  0.07 0.19 0.35 

𝑀𝑀𝐴𝐴𝐴𝐴 (kg·m-3) 2.36 7.68 15.82 
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 267 

Figure 2. Experimental single component density of MDEA both obtained in literature (red Δ) as 268 

produced in this work (red ○ filled in grey) and of MEG both obtained in literature (blue ∇) as produced 269 

in this work (blue ○ filled in grey), plus corresponding estimations with the modified Rackett equation 270 

for MDEA (red dashed line) and MEG (blue dashed line). 271 

Table 7 shows the results for the fitting with the NRTL-DVOL model. The fitting was done by 272 

minimizing the objective function Eq. (1) with the entire data set of unitary, binary and ternary 273 

solutions. Moreover, since the parameters found for the NRTL-DVOL fitting are valid for estimating 274 

binary as well as ternary data, Table 7 shows first the AARD and MAD obtained for the binaries and 275 

then that obtained for the global data set. It can be seen that the AARDs are very small for the three 276 

binaries and that the deviations for the MEG-water binary case are the worst. This will be discussed 277 
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further with Figure 3. Overall, the fitting results are quite good and show that the densities of both 278 

binary and ternary mixtures can be estimated with a high degree of confidence. 279 

Table 7. Parameters and results for the NRTL-DVOL equation fitted for the global data set 280 

Parameters of the NRTL-DVOL model (1 = MDEA, 2 = MEG, 3 = water) 

𝑚𝑚�12 -0.59445 𝑚𝑚�13 -0.77567 𝑚𝑚�23 0.44978 

𝑚𝑚�21 0.63227 𝑚𝑚�31 0.83786 𝑚𝑚�32 -0.44286 

𝑏𝑏�12 -20.026 𝑏𝑏�13 -24.830 𝑏𝑏�23 -118.93 

𝑏𝑏�21 21.832 𝑏𝑏�31 29.961 𝑏𝑏�32 117.49 

𝛼𝛼𝑖𝑖𝑗𝑗 = 𝛼𝛼 = 0.1 ; 𝐴𝐴 = 6.48803 

Fitting results in terms of binary data sets 

MDEA-MEG MDEA-water MEG-water 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 0.14 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 0.16 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 0.38 

𝑀𝑀𝐴𝐴𝐴𝐴 (kg·m-3) 7.68 𝑀𝑀𝐴𝐴𝐴𝐴 (kg·m-3) 5.63 𝑀𝑀𝐴𝐴𝐴𝐴 (kg·m-3) 28.75 

Fitting results in terms of the global data set 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 0.26     

𝑀𝑀𝐴𝐴𝐴𝐴 (kg·m-3) 28.75     

 281 
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(b) 

The parity plots exhibited in Figure 3 (a) and (b) reinforce that the fitting of the NRTL-DVOL 282 

model for the global data set is good, with only a few remarkable features. One of them is the higher 283 

deviations observed for binary data regarding MEG-water mixtures (cyan ×), which account for the 284 

largest share in the decoupling between model and experimental data. Figure 3 (a) evidences that this 285 

decoupling is the strongest at lower densities or, conversely, higher temperatures (Figure 3 (b)). This 286 

can be explained by the scatter of data points at these specific conditions and by the original scatter of 287 

pure MEG data observed already in Figure 2. Other decoupling trends, such as that for MDEA-water 288 

binary mixtures at higher temperatures (green *), are an unfortunate consequence of fitting parameters 289 

for such a wide range of temperatures and compositions. Nevertheless, for all systems, besides one 290 

MEG-water data point, the deviations are not higher than 1%. One can also observe the absolute 291 

relative deviations (ARDs) between measured and estimated values for ternary systems in Table S1 in 292 

the Supporting Information. 293 

 294 

 295 

Figure 3. Deviations in terms of differences between experimental and estimated densities divided by 296 

experimental densities regarding estimations made with the NRTL-DVOL model, and how they vary 297 

the experimental densities themselves (a) and with temperature (b). The data sets are distributed in 298 
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terms of pure MDEA data (red ○), pure MEG data (orange +), binary MDEA-water data (green *), 299 

binary MEG-water data (cyan ×), binary MDEA-MEG data (blue □) and ternary data (purple ◊).300 
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3.2. Viscosity 301 

The viscosity of pure water, monoethylene glycol and methyldiethanolamine was measured and 302 

compared to values from the literature for validation purposes. At temperatures higher than 323.15 K 303 

it was not possible to measure the viscosity of pure water. Similar to the density study, our measured 304 

viscosities were compared against all the literature sources presented in Table 1. The data used for the 305 

validation are from Teng et al.15, Bernal-Garcia et al.16, Chowdhury et al.18, Pinto et al.17, Li and Lie12 306 

and Yin et al.14 for MDEA, and from Hayduk and Malik21, Bohne et al.22, Tsierkezos and Molinou25, 307 

Yang et al.24, Jerome et al.37 and Dunstan38 for MEG. For water, the same references as previously 308 

mentioned for MEG validation were used, in addition to Teng et al.15, Bernal-Garcia et al.16 and 309 

Chowdhury et al.18. The AARDs are 2.40%, 3.78% and 2.71% for water, MEG and MDEA 310 

respectively. The AARDs for viscosity are higher than for density, indicating the more challenging 311 

nature of viscosity measurements compared to the density ones. The data obtained agree satisfactorily 312 

with the data already reported in the literature, with the exception of pure MEG at 283.15 K. Indicative 313 

reference sources and their corresponding AARDs are given in Table 8. 314 
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Table 8: Experimental and Indicative Literature Values of Viscosity η/mPa∙s for pure water, MEG and MDEA at Temperatures T = 315 
(283.15 – 353.15) K and Pressure near p = 0.1 MPa 316 

 η / mPa∙s 

 water  MEG  MDEA 

T / K IAPWS 
200859 

Yang et 
al.24  

This 
work  Tsierkezos 

& Molinou25 
Bohne 
et al.22 

Yang 
et al.24 

This 
work  Teng et 

al.15 
Li & 
Lie12 

This 
work 

283.15 1.3059 - 1.32  30.5126 - - 34.07  - - 198.15 

298.15 0.8900 - 0.91  - 16.630 - 17.27  77.190 -  75.37 

313.15 0.6527 0.653 0.67   9.5348 9.407 9.443  9.69  34.110 34.3085  35.05 

323.15 0.5465 0.547 0.57  - - 6.992  6.81  - 21.6716  21.96 

333.15 - - -  - 5.030 5.06  5.28  14.300          14.3856  14.83 

343.15 - - -  - - 3.987  4.06  9.849 9.9789  10.29 

353.15 - - -  - 3.068 3.021  3.21  7.115  7.0875   7.40 

AARDa 2.79%  4.30%  3.15% 

 𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 [%] =
100
𝑁𝑁𝑁𝑁

� �
𝜂𝜂𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 − 𝜂𝜂𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙

𝜂𝜂𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙
�

𝑁𝑁𝑁𝑁

𝑖𝑖=1
317 
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The measured viscosities for the non-aqueous and aqueous MDEA-MEG and corresponding 318 

expanded uncertainties with a 0.95 level of confidence are shown in Table 9 and Table 10 319 

respectively. The repeatability of density measurements was excellent, while the one for viscosity is 320 

lower, though still satisfactory. As presented earlier in 2. Experimental and Computational Methods 321 

section, Set A consists of the measurements conducted in the microviscometer, Set B consists of the 322 

ones conducted in the rheometer and Set C includes all the measurements performed to study the 323 

reproducibility of the obtained data.  324 
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Table 9: Experimental Values of Viscosity η/mPa∙s for {MDEA (1) + MEG (2)} as a Function of Weight Fraction w and Temperature 325 
T at Pressure p = 0.1020 MPaa  326 

   η / mPa·s 

T /K w1  Set A Set B (1) Set B (2)   
283.15 0.000  34.40 ± 4.52 33.92 ± 4.06 33.88 ± 4.06   

 0.300 ± 0.003  - 64.34 ± 4.10 64.37 ± 4.10   
 0.400 ± 0.003  - 80.69 ± 4.06 80.69 ± 4.06   
 0.500 ± 0.004  - 99.66 ± 4.08 -   
 0.700 ± 0.006  - - -   
 0.800 ± 0.008  - 164.27 ± 4.27 -   
 0.900 ± 0.009  - 181.33 ± 4.42 -   
 1.000 ± 0.011  - 197.93 ± 4.20 198.37 ± 4.20   
        

T /K w1  Set A Set B (1) Set B (2)   
298.15 0.000  17.28 ± 1.08 - 17.25 ± 1.08   

 0.300 ± 0.003  30.43 ± 1.08 - -   
 0.400 ± 0.003  36.57 ± 1.08 - -   
 0.500 ± 0.004  43.44 ± 1.09 43.65 ± 2.61 -   
 0.700 ± 0.006  - 58.07 ± 2.61 -   
 0.800 ± 0.008  - 66.59 ± 2.62 -   
 0.900 ± 0.009  - 69.21 ± 2.61 -   
 1.000 ± 0.011  - 75.87 ± 2.62 74.87 ± 1.08   
        

T /K w1  Set A (1) Set A (2) Set A (3) Set B Set C 
313.15 0.000  9.42 ± 1.06 9.82 ± 1.06 - - 9.83 ± 1.06 
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 0.300 ± 0.003  15.74 ± 1.04 15.87 ± 1.04 15.87 ± 1.04 - 16.07 ± 1.04 
 0.400 ± 0.003  18.43 ± 1.04 18.61 ± 1.04 - - - 
 0.500 ± 0.004  21.20 ± 1.06 21.58 ± 1.06 - 21.97 ± 0.49 - 
 0.700 ± 0.006  27.33 ± 1.07 27.96 ± 1.07 27.88 ± 1.07 - - 
 0.800 ± 0.008  30.30 ± 1.06 30.68 ± 1.06 - - - 
 0.900 ± 0.009  32.80 ± 1.06 33.38 ± 1.06 33.23 ± 1.06 32.39 ± 0.48 33.46 ± 1.06 
 1.000 ± 0.011  34.82 ± 1.07 35.30 ± 1.07 - 34.99 ± 0.48 35.07 ± 1.07 
        

T /K w1  Set A     
323.15 0.000    6.81 ± 0.36     

 0.300 ± 0.003  10.80 ± 0.34     
 0.400 ± 0.003  12.43 ± 0.34     
 0.500 ± 0.004  14.20 ± 0.34     
 0.700 ± 0.006  17.75 ± 0.34     
 0.800 ± 0.008  19.48 ± 0.34     
 0.900 ± 0.009  20.91 ± 0.34     
 1.000 ± 0.011  21.96 ± 0.38     
        

T /K w1  Set A (1) Set A (2) Set C   
333.15 0.000  5.26 ± 0.47 - 5.30 ± 0.47   

 0.300 ± 0.003  7.76 ± 0.47 7.82 ± 0.47 7.88 ± 0.47   
 0.400 ± 0.003  8.82 ± 0.47 - -   
 0.500 ± 0.004  9.94 ± 0.47 - -   
 0.700 ± 0.006  12.17 ± 0.47 - -   
 0.800 ± 0.008  13.26 ± 0.47 - -   
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 0.900 ± 0.009  14.08 ± 0.47 14.16 ± 0.47 14.13 ± 0.47   
 1.000 ± 0.011  14.76 ± 0.47 - 14.90 ± 0.47   
        

T /K w1  Set A     
343.15 0.000  4.06 ± 0.46     

 0.300 ± 0.003  5.75 ± 0.46     
 0.400 ± 0.003  6.45 ± 0.46     
 0.500 ± 0.004  7.17 ± 0.46     
 0.700 ± 0.006  8.61 ± 0.46     
 0.800 ± 0.008  9.26 ± 0.46     
 0.900 ± 0.009  9.81 ± 0.46     
 1.000 ± 0.011  10.29 ± 0.53     
        

T /K w1  Set A (1) Set A (2) Set C   
353.15 0.000  3.20 ± 0.31 - 3.22 ± 0.31   

 0.300 ± 0.003  4.44 ± 0.31 4.43 ± 0.31 4.46 ± 0.31   
 0.400 ± 0.003  4.89 ± 0.31 - -   
 0.500 ± 0.004  5.36 ± 0.31 - -   
 0.700 ± 0.006  6.32 ± 0.31 - -   
 0.800 ± 0.008  6.76 ± 0.31 - -   
 0.900 ± 0.009  7.12 ± 0.31 7.13 ± 0.31 7.13 ± 0.31   
 1.000 ± 0.011  7.42 ± 0.31 7.37 ± 0.31 7.42 ± 0.31   

aWeight fractions and viscosities are reported with their expanded uncertainties (0.95 level of confidence). Expanded uncertainties not 327 
included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.  328 
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Table 10: Experimental Values of Viscosity η/mPa∙s for {MDEA (1) + MEG (2) + Water (3)} as a Function of Weight Fraction w and 329 
Temperature T at Pressure p = 0.1020 MPaa  330 

    η / mPa·s 

T /K w1 w2  Set A Set B (1) Set B (2) 
283.15 0.050 ± 0.002 0.900 ± 0.003  30.86 ± 4.52   30.06 ± 4.08   30.67 ± 4.08 

 0.900 ± 0.013 0.050 ± 0.010  - 201.93 ± 5.06 206.07 ± 5.06 
 0.300 ± 0.003 0.600 ± 0.003  47.03 ± 4.53   47.20 ± 4.07 - 
 0.600 ± 0.006 0.300 ± 0.006  - 103.16 ± 4.60 - 
 0.100 ± 0.002 0.600 ± 0.002  13.13 ± 4.52   12.93 ± 4.06 12.95 ± 4.06 
 0.300 ± 0.003 0.400 ± 0.003  22.48 ± 4.52   22.26 ± 4.06 22.37 ± 4.06 
 0.600 ± 0.006 0.100 ± 0.006  58.83 ± 4.53   58.74 ± 4.07 58.74 ± 4.07 
 0.250 ± 0.002 0.250 ± 0.002    9.61 ± 4.52     9.91 ± 4.06   9.73 ± 4.06 
       

T /K w1 w2  Set A (1) Set A (2) Set B 
298.15 0.050 ± 0.002 0.900 ± 0.003  15.80 ± 1.08 - - 

 0.900 ± 0.013 0.050 ± 0.010  - - 79.59 ± 2.61 
 0.300 ± 0.003 0.600 ± 0.003  22.51 ± 1.08 22.43 ± 1.08 - 
 0.600 ± 0.006 0.300 ± 0.006  43.92 ± 1.08 - - 
 0.100 ± 0.002 0.600 ± 0.002    7.27 ± 1.08 - - 
 0.300 ± 0.003 0.400 ± 0.003  11.52 ± 1.08 - - 
 0.600 ± 0.006 0.100 ± 0.006  25.09 ± 1.08 - - 
 0.250 ± 0.002 0.250 ± 0.002    5.35 ± 1.08   5.30 ± 1.08  - 
       

T /K w1 w2  Set A   
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313.15 0.050 ± 0.002 0.900 ± 0.003    9.02 ± 1.04   
 0.900 ± 0.013 0.050 ± 0.010  34.90 ± 1.04   
 0.300 ± 0.003 0.600 ± 0.003  12.01 ± 1.04   
 0.600 ± 0.006 0.300 ± 0.006  20.96 ± 1.04   
 0.100 ± 0.002 0.600 ± 0.002    4.40 ± 1.04   
 0.300 ± 0.003 0.400 ± 0.003    6.44 ± 1.04   
 0.600 ± 0.006 0.100 ± 0.006  12.15 ± 1.04   
 0.250 ± 0.002 0.250 ± 0.002    3.25 ± 1.04   
       

T /K w1 w2  Set A   
323.15 0.050 ± 0.002 0.900 ± 0.003    6.49 ± 0.34   

 0.900 ± 0.013 0.050 ± 0.010  21.70 ± 0.34   
 0.300 ± 0.003 0.600 ± 0.003    8.32 ± 0.34   
 0.600 ± 0.006 0.300 ± 0.006  13.60 ± 0.34   
 0.100 ± 0.002 0.600 ± 0.002    3.36 ± 0.34   
 0.300 ± 0.003 0.400 ± 0.003    4.73 ± 0.34   
 0.600 ± 0.006 0.100 ± 0.006    8.18 ± 0.34   
 0.250 ± 0.002 0.250 ± 0.002    2.46 ± 0.34   
       

T /K w1 w2  Set A   
333.15 0.050 ± 0.002 0.900 ± 0.003    4.86 ± 0.47   

 0.900 ± 0.013 0.050 ± 0.010  14.25 ± 0.47   
 0.300 ± 0.003 0.600 ± 0.003    6.03 ± 0.47   
 0.600 ± 0.006 0.300 ± 0.006    9.33 ± 0.47   
 0.100 ± 0.002 0.600 ± 0.002    2.57 ± 0.47   
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 0.300 ± 0.003 0.400 ± 0.003    3.51 ± 0.47   
 0.600 ± 0.006 0.100 ± 0.006    5.75 ± 0.47   
 0.250 ± 0.002 0.250 ± 0.002    1.92 ± 0.47   
       

T /K w1 w2  Set A   
343.15 0.050 ± 0.002 0.900 ± 0.003  3.76 ± 0.46   

 0.900 ± 0.013 0.050 ± 0.010  9.76 ± 0.46   
 0.300 ± 0.003 0.600 ± 0.003  4.50 ± 0.46   
 0.600 ± 0.006 0.300 ± 0.006  6.63 ± 0.46   
 0.100 ± 0.002 0.600 ± 0.002  2.04 ± 0.46   
 0.300 ± 0.003 0.400 ± 0.003  2.70 ± 0.46   
 0.600 ± 0.006 0.100 ± 0.006  4.15 ± 0.46   
 0.250 ± 0.002 0.250 ± 0.002  1.55 ± 0.46   
       

T /K w1 w2  Set A (1) Set A (2) Set C 
353.15 0.050 ± 0.002 0.900 ± 0.003  2.96 ± 0.31 2.98 ± 0.31 - 

 0.900 ± 0.013 0.050 ± 0.010  6.96 ± 0.31 6.96 ± 0.31 - 
 0.300 ± 0.003 0.600 ± 0.003  3.47 ± 0.31 3.47 ± 0.31 3.47 ± 0.31 
 0.600 ± 0.006 0.300 ± 0.006  4.89 ± 0.31 4.88 ± 0.31 - 
 0.100 ± 0.002 0.600 ± 0.002  1.66 ± 0.31 1.66 ± 0.31 - 
 0.300 ± 0.003 0.400 ± 0.003  2.12 ± 0.31 2.13 ± 0.31 - 
 0.600 ± 0.006 0.100 ± 0.006  3.10 ± 0.31 3.13 ± 0.31 - 
 0.250 ± 0.002 0.250 ± 0.002  1.25 ± 0.31 1.26 ± 0.31 1.26 ± 0.31 

a Weight fractions and viscosities are reported with their expanded uncertainties (0.95 level of confidence). Expanded uncertainties not 331 
included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.332 
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As expected, viscosity increases as temperature decreases. Actually, a rather dramatic increase 333 

with temperature is observed especially for MDEA, exhibiting viscosity of 7.4 mPa·s at 353.15 K 334 

and viscosity of 198.1 mPa∙s at 283.15 K. The variation of viscosity for MEG at the temperature 335 

limits of the study is far smaller than for MDEA. The same temperature effect is shown for the 336 

multicomponent systems, whose viscosity is also increasing with increasing amine concentration. 337 

The binary system MDEA-H2O exhibits its maximum viscosity value for MDEA concentration 338 

approximately 95 wt.% and then decreases (See Supporting Information for a graphical 339 

presentation). Viscosity extremums (minimum, maximum or both) are not uncommon60 and 340 

several authors have observed such behavior in amine-water systems15,16,18,45,61. The lower the 341 

temperature, the more pronounced the maximum in the viscosity curve is. This behavior is not 342 

followed for the MDEA-MEG or MEG-H2O binary system, as indicated in Figure 4 and Figure 343 

S5, which show the binary plots generated by comparing the fitted NRTL-DVIS model and real 344 

experimental data. The observed viscosity behavior can be explained by the theory of free-volumes 345 

which is further discussed in Section 3.3. 346 
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 347 

Figure 4. Binary data set of viscosities for {MDEA (1) + MEG (2)} and estimations generated by 348 

the NRTL-DVIS model. The temperature in which each experimental point (●) was measured is 349 

color-coded by the bar on the right side. The temperatures in which the estimates were made were 350 

283.15 K (dark blue dashed line), 298.15 K (capri blue dashed line), 313.15 K (aqua dashed line), 351 

323.15 K (green dashed line), 333.15 K (lime green dashed line), 343.15 K (yellow dashed line) 352 

and 353.15 K (orange dashed line). 353 

According to the modeling procedure described in the previous section, the Vogel equation was 354 

employed for the estimation of the pure component viscosity. The results for the parametrization 355 

of the Vogel equation, presented in Table 11, show that the viscosities of the pure components are 356 

predicted with a satisfactory accuracy. Although the scatter observed for density data is not seen 357 

in the viscosity data, the huge variation of viscosity values with temperature (see Figure 5) 358 

generates AARDs worse than those observed for the fitting of density models. This variation with 359 
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temperature makes the fitting of viscosity models more difficult than that of density models, as 360 

will be seen briefly.  361 

Table 11. Parameters and results for the fittings of the Vogel equation 362 

Parameter MDEA MEG 

�̂�𝐴  -4.3997 -3.8670 

𝐵𝐵�   1302.2 1087.1 

�̂�𝐶  148.94 135.50 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%)  1.10 2.47 

𝑀𝑀𝐴𝐴𝐴𝐴 (𝑚𝑚𝑁𝑁𝑚𝑚 ∙ 𝑠𝑠)  3.76 2.46 

 363 

 364 

Figure 5. Experimental single component viscosity of MDEA both obtained in literature (red Δ) 365 

as produced in this work (red ○ filled in grey) and of MEG both obtained in literature (blue ∇) as 366 
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produced in this work (blue ○ filled in grey), plus corresponding estimations with the Vogel 367 

equation for MDEA (red dashed line) and MEG (blue dashed line). 368 

Both the Aspen liquid mixture viscosity model and the NRTL-DVIS were tested. One data point 369 

from our measurements for MDEA-MEG binary system was excluded as an outlier (T = 283.15 370 

K, w1 = 0.7). The data fitting parameters and results are shown in Table 12 and Table 13 for the 371 

Aspen model and the NRTL-DVIS respectively. Overall, the Aspen liquid mixture viscosity model 372 

showed a slightly worse performance than the NRTL-DVIS equation, returning AARD = 4.39% 373 

and MAD = 16.64 mPa·s whereas the latter showed AARD = 2.97% and MAD = 12.62 mPa·s. 374 

For the Aspen model, these deviations are more noticeable at lower temperature and viscosity 375 

ranges, though they are also present at higher temperatures and viscosities. The previously 376 

discussed maximum exhibited in the MDEA-H2O system towards higher concentrations of MDEA 377 

is particularly problematic for the Aspen model to follow (see figures in Supporting Information). 378 

This difficulty in modeling strong non-ideal behavior also arises with the NRTL-DVIS equation, 379 

but to a much smaller extent. Comparison between the results of the NRTL-DVIS and the Aspen 380 

liquid viscosity model show that the fitting of the individual binaries returns higher or similar (for 381 

MEG-H2O system) AARDs and MADs than the latter.   382 

 Table 12. Parameters and results for the Aspen liquid mixture viscosity model fitted for the global 383 

data set 384 

Parameters of the Aspen liquid mixture viscosity model (1 = MDEA, 2 = MEG, 3 = water) 

a�12 2.59783 a�13 -1.37707 a�23 0.02792 

b�12 -0.42333 b�13 0.53470 b�23 -0.16100 
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c�12 2.74959 c�13 -0.10402 c�23 0.24937 

d�12 -0.98385 d�13 -0.32799 d�23 0.10408 

Fitting results in terms of binary data sets 

MDEA-MEG MDEA-water MEG-water 

AARD (%) 2.41 AARD (%) 6.55 AARD (%) 2.22 

MAD (mPa ∙ s) 6.77 MAD (mPa ∙ s) 16.64 MAD (mPa ∙ s) 2.28 

Fitting results in terms of the global data set 

AARD (%) 4.39     

MAD (mPa ∙ s) 16.64     

 385 

Table 13. Parameters and results for the NRTL-DVIS equation fitted for the global data set 386 

Parameters of the NRTL-DVIS model (1 = MDEA, 2 = MEG, 3 = water) 

𝑚𝑚�12 -0.75876 𝑚𝑚�13 -2.4116 𝑚𝑚�23 0.02129 

𝑚𝑚�21 0.34081 𝑚𝑚�31 -0.81471 𝑚𝑚�32 5.4190 

𝑏𝑏�12 442.83 𝑏𝑏�13 1710.7 𝑏𝑏�23 -46.130 

𝑏𝑏�21 -244.71 𝑏𝑏�31 -180.36 𝑏𝑏�32 6636.7 
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𝛼𝛼𝑖𝑖𝑗𝑗 = α = 0.3 ; 𝐴𝐴 = 6.48803 

Fitting results in terms of binary data sets 

MDEA-MEG MDEA-water MEG-water 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 1.83 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 2.98 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 2.64 

𝑀𝑀𝐴𝐴𝐴𝐴 (𝑚𝑚𝑁𝑁𝑚𝑚 ∙ 𝑠𝑠) 5.19 𝑀𝑀𝐴𝐴𝐴𝐴 (𝑚𝑚𝑁𝑁𝑚𝑚 ∙ 𝑠𝑠) 9.69 𝑀𝑀𝐴𝐴𝐴𝐴 (𝑚𝑚𝑁𝑁𝑚𝑚 ∙ 𝑠𝑠) 2.15 

Fitting results in terms of the global data set 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (%) 2.97     

𝑀𝑀𝐴𝐴𝐴𝐴 (𝑚𝑚𝑁𝑁𝑚𝑚 ∙ 𝑠𝑠) 12.62     

 387 

In Table 13, one can notice that the largest deviation between estimated and experimental data 388 

is obtained for the ternary system, which not only can show high viscosity variations but is also 389 

subject to the non-idealities of mixing three very distinct components. The absolute relative 390 

deviations (ARDs) between measured and estimated values for ternary systems can be observed 391 

in Table S2 in the Supporting Information. 392 

Figure 6 (a) and (b) show the parity plots between experimental and predicted viscosity data. 393 

These figures show that the maximum deviations incurred by the NRTL-DVIS model are in the 394 

order of 20 %, though the vast majority of it is within 10 %. The largest deviations are obtained 395 

for the MDEA-water binary system (green *) and the MDEA-MEG-H2O ternary system (purple 396 

◊). These are the conditions under which the widest span of viscosities is observed, which could 397 
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(b) 

be the main reason for the fitting difficulties encountered. Figure 6 (b) suggests that there is no 398 

significant trend between the deviations and the temperature, whereas Figure 6 (a) shows that the 399 

model may underestimate the viscosities of binary MDEA-water systems and ternary systems at 400 

somewhat higher viscosities (noticed by the scatter of green * and purple ◊ above the zero line).401 

 402 

 403 

Figure 6. Deviations in terms of differences between experimental and estimated viscosities 404 

divided by experimental viscosities regarding estimations made with the NRTL-DVIS model, and 405 

how they vary with the experimental viscosities themselves (a) and with temperature (b). The data 406 

sets are distributed in terms of pure MDEA data (red ○), pure MEG data (orange +), binary MDEA-407 

water data (green *), binary MEG-water data (cyan ×), binary MDEA-MEG data (blue □) and 408 

ternary data (purple ◊).  409 

 410 

3.3 Excess Properties 411 

In order to further understand the molecular interactions of the system MDEA-MEG-H2O, we 412 

calculated the excess molar volume 𝑣𝑣𝐸𝐸 and viscosity deviations Δη of the mixtures from the 413 

experimental results. For the calculation of excess molar volume 𝑣𝑣𝐸𝐸 we used Eq. (4). The 414 
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calculated excess molar volumes and their uncertainties are shown in Table 14 and Figure 7 for 415 

MDEA-MEG and in Table 15 for MDEA-MEG-H2O. 416 
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Table 14. Excess molar volumes 𝑣𝑣𝐸𝐸 / cm3·mol-1 for {MDEA (1) + MEG (2)} as a Function of Weight Fraction w and Temperature T 417 
at Pressure p = 0.1020 MPaa 418 

 𝑣𝑣𝐸𝐸 / cm3·mol-1 

w1 T = 283.15 K T = 298.15 K T = 313.15 K T = 323.15 K 
0.000 0.000 0.000 0.000 0.000 

0.300 ± 0.003 -0.267 ± 0.007 -0.247 ± 0.008 -0.255 ± 0.009 -0.268 ± 0.006 
0.400 ± 0.003 -0.326 ± 0.008 -0.319 ± 0.008 -0.326 ± 0.008 -0.335 ± 0.006 
0.500 ± 0.004 -0.367 ± 0.009 -0.357 ± 0.009 -0.363 ± 0.009 -0.374 ± 0.007 
0.700 ± 0.006 -0.386 ± 0.012 -0.368 ± 0.11 -0.368 ± 0.011 -0.373 ± 0.010 
0.800 ± 0.008 -0.336 ± 0.014 -0.307 ± 0.013 -0.307 ± 0.012 -0.306 ± 0.012 
0.900 ± 0.009 -0.241 ± 0.018 -0.192 ± 0.018 -0.187 ± 0.017 -0.182 ± 0.017 
1.000 ± 0.011 0.000 0.000 0.000 0.000 

     
w1 T = 333.15 K T = 343.15 K T = 353.15 K  

0.000 0.000 0.000 0.000  
0.300 ± 0.003 -0.246 ± 0.004 -0.237 ± 0.004 -0.230 ± 0.004  
0.400 ± 0.003 -0.307 ± 0.004 -0.308 ± 0.004 -0.295 ± 0.004  
0.500 ± 0.004 -0.351 ± 0.006 -0.341 ± 0.006 -0.328 ± 0.006  
0.700 ± 0.006 -0.354 ± 0.009 -0.341 ± 0.009 -0.326 ± 0.009  
0.800 ± 0.008 -0.293 ± 0.011 -0.281 ± 0.011 -0.264 ± 0.010  
0.900 ± 0.009 -0.172 ± 0.016 -0.174 ± 0.016 -0.155 ± 0.017  
1.000 ± 0.011 0.000 0.000 0.000  

aWeight fractions and excess molar volumes are reported with their expanded uncertainties (0.95 level of confidence). Expanded 419 
uncertainties not included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.  420 
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Table 15. Excess molar volumes 𝑣𝑣𝐸𝐸 / cm3·mol-1 for {MDEA (1) + MEG (2) + Water (3)} as a Function of Weight Fraction w and 421 
Temperature T at Pressure p = 0.1020 MPaa 422 

  𝑣𝑣𝐸𝐸 / cm3·mol-1 

w1 w2 T = 283.15 K T = 298.15 K T = 313.15 K T = 323.15 K 
0.050 ± 0.002 0.900 ± 0.003 -0.210 ± 0.008 -0.181 ± 0.009 -0.179 ± 0.006 -0.211 ± 0.020 
0.900 ± 0.013 0.050 ± 0.010 -0.707 ± 0.021 -0.670 ± 0.023 -0.657 ± 0.019 -0.674 ± 0.039 
0.300 ± 0.003 0.600 ± 0.003 -0.571 ± 0.007 -0.533 ± 0.009 -0.514 ± 0.005 -0.533 ± 0.019 
0.600 ± 0.006 0.300 ± 0.006 -0.856 ± 0.012 -0.815 ± 0.013 -0.792 ± 0.010 -0.801 ± 0.024 
0.100 ± 0.002 0.600 ± 0.002 -0.508 ± 0.004 -0.455 ± 0.005 -0.421 ± 0.002 -0.407 ± 0.012 
0.300 ± 0.003 0.400 ± 0.003 -0.724 ± 0.005 -0.666 ± 0.006 -0.633 ± 0.004 -0.613 ± 0.012 
0.600 ± 0.006 0.100 ± 0.006 -1.089 ± 0.007 -1.026 ± 0.008 -0.985 ± 0.005 -0.969 ± 0.015 
0.250 ± 0.002 0.250 ± 0.002 -0.570 ± 0.003 -0.512 ± 0.004 -0.489 ± 0.003 -0.466 ± 0.009 

      
w1 w2 T = 333.15 K T = 343.15 K T = 353.15 K  

0.050 ± 0.002 0.900 ± 0.003 -0.179 ± 0.024 -0.180 ± 0.024 -0.191 ± 0.032  
0.900 ± 0.013 0.050 ± 0.010 -0.667 ± 0.046 -0.659 ± 0.045 -0.648 ± 0.059  
0.300 ± 0.003 0.600 ± 0.003 -0.504 ± 0.022 -0.500 ± 0.022 -0.497 ± 0.029  
0.600 ± 0.006 0.300 ± 0.006 -0.783 ± 0.028 -0.765 ± 0.027 -0.751 ± 0.036  
0.100 ± 0.002 0.600 ± 0.002 -0.395 ± 0.014 -0.379 ± 0.014 -0.372 ± 0.018  
0.300 ± 0.003 0.400 ± 0.003 -0.608 ± 0.015 -0.590 ± 0.014 -0.573 ± 0.019  
0.600 ± 0.006 0.100 ± 0.006 -0.940 ± 0.018 -0.913 ± 0.018 -0.887 ± 0.024  
0.250 ± 0.002 0.250 ± 0.002 -0.466 ± 0.011 -0.456 ± 0.011 -0.441 ± 0.014  

aWeight fractions and excess molar volumes are reported with their expanded uncertainties (0.95 level of confidence). Expanded 423 
uncertainties not included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.424 

425 
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For the binary system, excess molar volumes are negative in the whole range of compositions 426 

and temperatures studied in this work. Volume reduction upon mixing indicates the presence of 427 

charge-transfer and complex-forming interactions between MDEA and MEG, while it can also be 428 

the result of structural effects such as interstitial accommodation62,63. Both MDEA and MEG are 429 

polar molecules, therefore dipole-dipole interactions should be present between the partial 430 

negative charge of one molecule and the partial positive charge of another molecule. Additionally, 431 

autoprotolysis of MEG is reported in the literature64,65 in the presence of MDEA, implying the 432 

breakage of the hydrogen bonding as a MEG molecule is losing its proton. In this case, dipole-ion 433 

forces between MDEA which acts as an electron donor and the cations formed from MEG 434 

autoprotolysis would appear. A minimum seems to occur between 𝑚𝑚1= 0.4 and  𝑚𝑚1= 0.5 (w1=0.82 435 

and w2=0.87) indicating that these attractive intermolecular forces are strongest when the molar 436 

ratio between MDEA and MEG is close to 1:1.  437 

As far as the temperature effect is concerned, Figure 7 shows that the deviations from ideality 438 

become smaller when the temperature increases. This is expected and can be explained by the 439 

increase of the kinetic energy and weakening of the intermolecular forces at higher temperatures. 440 

In some cases, the calculated excess volume in different temperatures overlap. However, a closer 441 

look to the uncertainties listed in Table 14 reveals that the observed overlaps lie within the 442 

uncertainty. Details about the uncertainty analysis of the excess molar volumes can be found in 443 

the Supporting Information. 444 
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  445 

Figure 7. Excess molar volumes for {MDEA (1) + MEG (2)} as a function of molar fraction and 446 

at temperatures 283.15 K (dark blue points), 298.15 K (capri blue points), 313.15 K (aqua points), 447 

323.15 K (green points), 333.15 K (lime green points), 343.15 K (yellow points) and 353.15 K 448 

(orange points). 449 

The excess molar volumes for the ternary system are also negative, as one could speculate given 450 

the negative deviations observed for the binary subsystems. Negative excess volumes have been 451 

reported for MEG-H2O by several researchers23,25,26, with the exception of Yang et al.24 who 452 

reported positive 𝑣𝑣𝐸𝐸 at T = (313.15 - 353.15) K and w1 = 0.1 and 0.2. However, one would expect 453 

that the miscibility of the mixture and the known affinity of MEG for water would lead to negative 454 

excess molar volumes. As mentioned earlier, the excess volume is a contribution of both 455 

intermolecular forces and structural effects. For the MEG-H2O system, the dominating attractive 456 
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intermolecular forces due to the polarity of the molecules contribute to negative 𝑣𝑣𝐸𝐸. In addition, 457 

the structure of the water molecule has cavities due its hydrogen bonds, therefore it is expected 458 

that these empty spaces will be filled partially by other molecules, such as MEG and MDEA, 459 

leading also to negative excess volumes61,66,67. Negative deviations from ideality have been also 460 

reported for MDEA-H2O system10,14. The MDEA protonation reaction with water is known in the 461 

literature1 resulting in the formation of strong hydrogen bonds in the mixture. Therefore, higher 462 

compactness is expected for the MDEA-H2O system in comparison with MEG-H2O due to its 463 

strong hydrogen bonding. This is confirmed by the magnitude of their excess molar volumes; at 464 

313.15 K for example, the minimum 𝑣𝑣𝐸𝐸 is ca. -1.2 cm3/mol for MDEA-H2O and ca. -0.3 cm3/mol 465 

for MEG-H2O. The extreme minimum of -1.2 cm3/mol appears at amine mole fraction close to x1 466 

= 0.3 (w1 = 0.75) which is reflected in the previously mentioned maximum in density, observed at 467 

the same mole fraction for MDEA-H2O mixtures. Therefore, the negative excess volumes for the 468 

ternary system would be the result of mainly the dipole-ion forces between MDEA and MEG, and 469 

hydrogen bonds between MDEA and water.  470 

As mentioned under subsection 2.3 Computational Methods, the viscosity deviations were 471 

calculated according to Eqs. (12)-(13). Calculation results and viscosity deviations’ uncertainties 472 

are shown in Table 16 and Figure 8 for MDEA-MEG and in Table 17 for MDEA-MEG-H2O. 473 
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Table 16. Viscosity deviations 𝛥𝛥𝜂𝜂/mPa·s for {MDEA (1) + MEG (2)} as a Function of Weight Fraction w and Temperature T at 474 
Pressure p = 0.1020 MPaa 475 

 𝛥𝛥𝜂𝜂 / mPa·s 

w1 T = 283.15 K T = 298.15 K T = 313.15 K T = 323.15 K 
0.000 0.00 0.00 0.00 0.00 

0.300 ± 0.003 17.34 ± 4.01 7.82 ± 1.36 3.63 ± 0.82 2.36 ± 0.50 
0.400 ± 0.003 27.03 ± 4.06 11.32 ± 1.37 5.02 ± 0.97 3.22 ± 0.50 
0.500 ± 0.004 37.45 ± 5.09 14.97 ± 1.68 6.54 ± 0.83 4.04 ± 0.50 
0.700 ± 0.006 - 19.30 ± 2.87 8.10 ± 0.91 4.80 ± 0.51 
0.800 ± 0.008 52.26 ± 6.24 19.83 ± 3.02 7.38 ± 1.03 4.45 ± 0.54 
0.900 ± 0.009 35.98 ± 8.99 11.06 ± 3.69 5.10 ± 1.13 3.04 ± 0.69 
1.000 ± 0.011 0.00 0.00 0.00 0.00 

     
w1 T = 333.15 K T = 343.15 K T = 353.15 K  

0.000 0.00 0.00 0.00  
0.300 ± 0.003 1.44 ± 0.43 0.94 ± 0.64 0.69 ± 0.28  
0.400 ± 0.003 1.93 ± 0.57 1.29 ± 0.64 0.91 ± 0.37  
0.500 ± 0.004 2.42 ± 0.57 1.59 ± 0.63 1.09 ± 0.37  
0.700 ± 0.006 2.86 ± 0.56 1.85 ± 0.61 1.24 ± 0.36  
0.800 ± 0.008 2.65 ± 0.57 1.65 ± 0.61 1.11 ± 0.35  
0.900 ± 0.009 1.71 ± 0.49 1.07 ± 0.64 0.74 ± 0.26  
1.000 ± 0.011 0.00 0.00 0.00  

aWeight fractions and viscosity deviations are reported with their expanded uncertainties (0.95 level of confidence). Expanded 476 
uncertainties not included above are U(T) = 0.02 K and U(p) = 0.0030 MPa. 477 
  478 
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Table 17. Viscosity deviations 𝛥𝛥𝜂𝜂 / mPa·s for {MDEA (1) + MEG (2) + Water (3} as a Function of Weight Fraction w and 479 
Temperature T at Pressure p = 0.1020 MPaa 480 

  𝛥𝛥𝜂𝜂 / mPa·s 

w1 w2 T = 283.15 K T = 298.15 K T = 313.15 K T = 323.15 K 
0.050 ± 0.002 0.900 ± 0.003 9.13 ± 2.75 4.50 ± 1.16 2.43 ± 1.10 1.73 ± 0.40 
0.900 ± 0.013 0.050 ± 0.010 154.38 ± 6.08 57.22 ± 3.18 12.53 ± 2.10 13.63 ± 0.59 
0.300 ± 0.003 0.600 ± 0.003 31.30 ± 3.11 14.00 ± 0.79 3.54 ± 1.06 4.62 ± 0.36 
0.600 ± 0.006 0.300 ± 0.006 84.45 ± 4.11 34.27 ± 1.11 11.31 ± 1.07 9.53 ± 0.35 
0.100 ± 0.002 0.600 ± 0.002 8.10 ± 2.44 4.29 ± 1.08 1.42 ± 1.04 1.82 ± 0.34 
0.300 ± 0.003 0.400 ± 0.003 17.48 ± 2.44 8.57 ± 1.08 3.49 ± 1.04 3.21 ± 0.34 
0.600 ± 0.006 0.100 ± 0.006 53.89 ± 2.44 22.20 ± 1.08 9.26 ± 1.04 6.69 ± 0.34 
0.250 ± 0.002 0.250 ± 0.002 7.10 ± 2.44 3.63 ± 0.76 1.55 ± 1.04 1.50 ± 0.34 

      
w1 w2 T = 333.15 K T = 343.15 K T = 353.15 K  

0.050 ± 0.002 0.900 ± 0.003 1.15 ± 0.51 0.86 ± 0.53 0.65 ± 0.26  
0.900 ± 0.013 0.050 ± 0.010 8.47 ± 0.57 5.49 ± 0.52 3.71 ± 0.26  
0.300 ± 0.003 0.600 ± 0.003 3.17 ± 0.48 2.25 ± 0.48 1.66 ± 0.19  
0.600 ± 0.006 0.300 ± 0.006 6.25 ± 0.48 4.24 ± 0.47 2.98 ± 0.22  
0.100 ± 0.002 0.600 ± 0.002 1.34 ± 0.47 1.03 ± 0.46 0.81 ± 0.22  
0.300 ± 0.003 0.400 ± 0.003 2.30 ± 0.47 1.71 ± 0.46 1.29 ± 0.22  
0.600 ± 0.006 0.100 ± 0.006 4.59 ± 0.47 3.20 ± 0.46 2.32 ± 0.22  
0.250 ± 0.002 0.250 ± 0.002 1.15 ± 0.47 0.90 ± 0.46 0.70 ± 0.18  

aWeight fractions and viscosity deviations are reported with their expanded uncertainties (0.95 level of confidence). Expanded 481 
uncertainties not included above are U(T) = 0.02 K and U(p) = 0.0030 MPa.482 
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 483 

Figure 8. Viscosity deviations 𝛥𝛥𝜂𝜂 for {MDEA (1) + MEG (2)} as a function of molar fraction and 484 

at temperatures 283.15 K (dark blue points), 298.15 K (capri blue points), 313.15 K (aqua points), 485 

323.15 K (green points), 333.15 K (lime green points), 343.15 K (yellow points) and 353.15 K 486 

(orange points). 487 

The viscosity deviations for the binary systems MDEA-H2O, MEG-H2O, MDEA-MEG and the 488 

ternary MDEA-MEG-H2O are positive according to the literature and the additional findings of 489 

this work. The positive viscosity deviations from ideality are expected based on the observed 490 

negative molar volumes, which indicate the presence of strong molecular interactions between 491 

these three chemical compounds, as discussed earlier. The strong hydrogen bonds in MDEA-H2O 492 

and dipole-ion forces in MDEA-MEG hinders the fluid to flow leading to viscosity increase with 493 

MDEA concentration, as observed in Figure S4 in Supporting Information and Figure 4 494 
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predominate over the weaker molecule/ion-like forces. After this point, the abundance of amine or 497 

unavailability of water to protonate the amine could lead to greater contribution from the rest of 498 

the forces present in the system.  499 

Temperature increase results in lower viscosity deviations due to the weakening of the 500 

intermolecular forces. Moreover, it is observed that, unlike in the case of excess volumes of 501 

MDEA-MEG where the minima were found at constant amine concentration between x1=0.4 and 502 

x1=0.5 for all temperatures studied in this work, the viscosity deviation maxima seem to appear 503 

around x1=0.5 and shifting at higher mole fractions as the temperature decreases. In addition, there 504 

is a mismatch between the amine concentration at which the min 𝑣𝑣𝐸𝐸 and max 𝛥𝛥𝜂𝜂 appear. This 505 

mismatch has been also observed for the binary MDEA-H2O. According to Yin et al.14 and 506 

Sathyanarayana et al.68, this behavior can be explained by the effects based on the shape, size and 507 

structure of the molecules, which are able dominate over the intermolecular effects and even 508 

reverse the sign of the viscosity deviation. 509 

The density and viscosity models developed in this work serve as an assessment tool for the 510 

successful employment of the binary MDEA-MEG or the ternary MDEA-MEG-H2O systems at 511 

various temperature conditions. An example is the use of the developed viscosity model to 512 

construct viscosity contour plots, such as Figure 9, in order to identify the viscosity limits for 513 

operational reasons in a specific process. To read Figure 9, one can directly find the weight 514 

fraction of MEG in the X axis and the weight fraction of MDEA in the Y axis, so that the remainder 515 

of the mass will be denoted to water. In X = Y = 0, therefore, what is seen is the viscosity of pure 516 

water. 517 
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If one is concerned with avoiding a certain limiting viscosity when employing a MDEA-MEG-518 

H2O solution, for example 200 mPa∙s at 278.15 K, Figure 9 shows that systems with more than 519 

80 wt.% MDEA approach or even exceed the viscosity specification and are not suitable. 520 

Alternatively, if one wants to find the viscosity of an 80 wt.% MDEA-15 wt.% MEG-5 wt.% H2O, 521 

one should read 80 in the Y axis and 15 in the X axis, and find their viscosity at the point their 522 

imaginary lines intersect. At 288.15 K however, any composition for the ternary system respects 523 

the viscosity limit of 200 mPa∙s.  524 

In addition, similar to the observations made for the aqueous MDEA exhibiting maximum 525 

viscosity at approximately 95 wt.% MDEA, experimentally determined viscosities for the ternary 526 

system 90 wt.% MDEA - 5 wt.% MEG - 5 wt.% H2O are also higher than the pure amine at 527 

temperatures lower than 313.15 K. Therefore, the addition of water as a means of reducing the 528 

viscosity for example in order to reach the viscosity specifications, should be used cautiously and 529 

after advising Figure 9. Naturally, knowing that the NRTL-DVIS model is underestimating the 530 

viscosities of MDEA-rich solutions, some additional attention should be paid. Overall, the models 531 

have been checked at temperatures outside the temperature range they were developed at, and it is 532 

observed that they are able to capture the trends for both density and viscosity. However, since the 533 

model is not validated outside the 283.15-353.15 K range as there are no experimental data 534 

available for the systems MDEA-MEG and MDEA-MEG-H2O, any extrapolation must be 535 

performed with caution. 536 
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 537 

Figure 9. Viscosity plots for MDEA-MEG-water ternary mixtures in four different temperatures 538 

(278.15 K, 283.15 K, 288.15 K and 293.15 K). The viscosity values are color-coded by the bar on 539 

the right side. 540 

4. CONCLUSIONS 541 

New density and viscosity data were obtained for the systems MDEA-MEG and MDEA-MEG-542 

H2O at temperature T = (283.15 – 353.15) K, due to the potential application of the mixture for the 543 

combined H2S removal and hydrate control in natural gas processing. The measurements showed 544 

good repeatability and reproducibility, while the excess molar volume and viscosity deviations 545 

upon mixing were calculated. Negative excess molar volumes and positive viscosity deviations 546 

indicated strong non-ideality of the mixtures at the studied compositions and temperatures. Density 547 

has been modeled successfully using NRTL-DVOL model, exhibiting AARD = 0.23%. The Aspen 548 

liquid mixture viscosity model and the NRTL-DVIS model were employed for the estimation of 549 

the viscosity data obtained in this work. They both perform satisfactorily, with the latter yielding 550 
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slightly better results. The results for the parametrization of the NRTL-DVIS model showed 551 

AARD = 2.97%. 552 

NOMENCLATURE 553 

Symbols Unit Meaning 

𝑚𝑚𝑖𝑖𝑗𝑗, 𝑏𝑏𝑖𝑖𝑗𝑗, 𝑐𝑐𝑖𝑖𝑗𝑗, 𝑑𝑑𝑖𝑖𝑗𝑗, 

𝐺𝐺𝑖𝑖𝑗𝑗, 𝑘𝑘𝑖𝑖𝑗𝑗, 𝑙𝑙𝑖𝑖𝑗𝑗, 𝛼𝛼𝑖𝑖𝑗𝑗, 

𝜏𝜏𝑖𝑖𝑗𝑗 

 Binary parameters for the density and viscosity models 

(DVOL, DVIS, Aspen liquid mixture viscosity model) 

𝐴𝐴𝑖𝑖, 𝐵𝐵𝑖𝑖, 𝐶𝐶𝑖𝑖  Single component parameters for the individual density 

and viscosity models (Rackett, Vogel) 

𝑀𝑀𝑀𝑀𝑖𝑖 kg∙mol Molar weight of component 𝑖𝑖 

𝑁𝑁𝐶𝐶  Number of components 

𝑁𝑁𝑁𝑁  Number of points 

𝑝𝑝 Pa Pressure 

𝑝𝑝𝑁𝑁,𝑖𝑖 Pa Critical pressure of component 𝑖𝑖 

𝑝𝑝𝑟𝑟,𝑖𝑖  Reduced pressure of component 𝑖𝑖 

𝐴𝐴 m3∙Pa·K-1∙mol-1 Ideal gas constant 

𝑇𝑇 K Temperature 

𝑇𝑇𝑁𝑁,𝑖𝑖 K Critical temperature of component 𝑖𝑖 

𝑇𝑇𝑟𝑟,𝑖𝑖  Reduced temperature of component 𝑖𝑖 

𝑣𝑣𝑖𝑖 m3∙mol-1 Molar volume of component 𝑖𝑖 

𝑣𝑣𝐸𝐸 m3∙mol-1 Excess molar volume of mixture 

Z𝑅𝑅𝑅𝑅,𝑖𝑖  Compressibility factor of component 𝑖𝑖 as obtained by the 

Rackett equation 

𝑤𝑤𝑖𝑖  Mass fraction of component 𝑖𝑖 in a mixture 

𝑚𝑚𝑖𝑖  Molar fraction of component 𝑖𝑖 in a mixture 

Greek letters   

𝛥𝛥𝜂𝜂 mPa∙s Viscosity deviation 

𝜂𝜂 mPa∙s Viscosity 
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𝜂𝜂𝑖𝑖 mPa∙s Viscosity of single component 𝑖𝑖 

�̂�𝜂𝑖𝑖𝑗𝑗 mPa∙s Binary parameter for Aspen liquid mixture viscosity 

model  

𝜂𝜂𝐸𝐸 mPa∙s Excess viscosity 

𝜌𝜌 kg∙m-3 Density  

𝜌𝜌𝑖𝑖 kg∙m-3 Density of single component 𝑖𝑖 

𝜑𝜑𝐻𝐻2𝑂𝑂 P-1 Water fluidity 

Other notations   

Accent, e.g.: 𝑦𝑦�  Estimated variable, not measured 

Bold, e.g.: 𝒚𝒚  The variable is an array of variables 
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