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This work proposes methodologies for estimating thermophysical and physicochemical properties of a new DES, specifically, L-arginine/glycerol (1:6). Due to the lack of experimental data available in the literature for this system, critical and scalar properties were predicted using group contribution methods and Lee–Kesler mixing rules. Temperature-dependent properties were estimated using correlations developed for DES from the literature and adjusted to models compatible with the simulator, including IK-CAPE polynomials for heat capacity and molar volume of the liquid (density), Andrade's equation for viscosity, and DIPPR correlation for surface tension. The methodology was indirectly validated by applying the same procedure to the Choline Chloride/Urea DES (1:2), obtaining acceptable deviations from experimental data. The results allow for an initial thermodynamic modeling of the solvent and enable preliminary simulations of deep eutectic solvents in CO2 capture processes, highlighting the need for future experimental measurements to refine the estimates.
Introduction
Carbon dioxide (CO2) mitigation remains a key challenge in gas treatment processes (Sanz-Pérez et al., 2016). In the search for environmentally friendly and sustainable solvents, Deep Eutectic Solvents (DES) have shown promise for different applications in chemical processes (Gioia et al., 2023). DESs, formed by Hydrogen Bond Donor (HBD) and a Hydrogen Bond Acceptor (HBA) species, are versatile solvents for chemical processes, as they allow different configurations of liquid solvents to be synthesized, depending on the application, at room temperature with low vapor pressure (Makarov and Kolker, 2025). Furthermore, within the sphere of sustainability, there are Natural Deep Eutectic Solvents (NADES), which are DES composed of substances that participate in cellular metabolic processes. DESs and NADESs have shown promise as separation agents in gas absorption processes and are being extensively investigated for CO2 capture (Cannavacciuolo et al., 2022). One problem encountered when working with DES is that, due to their high non-ideality and versatility related to composition, many mixtures are unprecedented and do not allow their properties, such as critical properties to be easily determined, because DESs degrade before reaching their boiling temperature (Abbas and Binder, 2010), thus requiring methods such as group contribution to obtain the critical properties and acentric factors of both pure components and the mixture. Since DES are not available in Aspen Plus® databases, their properties must be estimated for simulation. So, it is necessary to manually input the solvent properties required for the process - temperature-dependent and temperature-independent parameters. Therefore, this article aims to determine the parameters necessary to allow the insertion of NADES L-Arginine/Glycerol (L-Arg/Gly), a hybrid solvent whose interactions with CO2 combine physical and chemical characteristics in Aspen Plus® V14, at a molar ratio of 1 mol of L-Arginine to 6 moles of glycerol, using mathematical correlations and predictive methods. This molar ratio was chosen because it has the lowest melting point among the different molar ratios for this solvent, making it suitable for industrial-scale application, as demonstrated in the study by Ren et al. (2018). In the literature, there is not much data available for the solvent in question, apart from that already presented by Ren et al. (2018) which are used in this study to validate the estimated data. So, the importance of this methodology is that it allows the modeling and simulation of the absorption process using different DESs on a simulation platform. 
Methodology 
Due to the lack of experimental data regarding this molar ratio for the solvent, predictive methods were applied. The steps of the development are presented below. The determination of the coefficients of the equations of temperature-dependent properties (C1, C2 and C3) embedded in the simulator allows it to calculate the property continuously during simulations. This methodology as well as process to insert the data in the simulator was based on the DES implementation process described in the Romero-García et al. (2024) study. 
Structure and functional groups
One way to represent the new substance in the simulator is through functional groups. Thus, it was necessary to know the molecular structure of the substance and divide it into its respective functional groups. Aspen Plus® software has different Group Contribution (GC) methods. The best GC method is that correctly describe the molecular structure through functional groups (Alkhatib et al., 2020). Therefore, the accuracy of the predicted properties depends on the quality of this representation and the data available for each group. This step ensures property estimation when data is unavailable.
Critical and scalar parameters
To insert NADES into the software, it is necessary to define its physicochemical and thermophysical properties, which are divided into temperature-independent properties, known as critical and scalar, and temperature-dependent properties, respectively, which are represented by equations (Weikert, 2021). Critical properties, as well as their boiling temperature, due to the tendency of DES to thermally decompose at high temperatures (Abbas and Binder, 2010), become unfeasible to obtain experimentally and, therefore, must be predicted using appropriate models (Mirza et al., 2015). Therefore, to determine the critical properties of NADES L-Arg/Gly (1:6), the critical properties of the pure components presented by Boublia et al. (2023) were used in the Lee-Kesler mixing rules (Lee and Kesler, 1975) to calculate the pseudo-critical properties of the mixture. In addition to the critical properties, it was necessary to obtain the molar mass (MD) and boiling temperature (TB) of NADES, using the expressions reported by Boublia et al. (2023) and Reza Izadi et al. (2024), respectively. Subsequently, to validate the properties obtained, the methodology of Almustafa et al. (2020) was used, which involves using the density calculated from the values of the critical and scalar properties estimated to compare with the experimentally obtained density value for NADES L-Arg/Gly. However, there is no data in the literature on the density of the solvent in question, so the methodology was validated by applying the calculation steps for DES ChCl/U (one of the most studied DES), especially at a molar ratio of 1:2. The results will be described in the results and discussion section. 
Temperature-dependent parameters
The temperature-dependent properties were determined using mathematical models and correlations developed specifically for DES and validated with experimental data in the respective studies. In this step, the critical and scalar properties determined earlier were used. Subsequently, using regression analysis in Aspen Plus® V14 on the obtained data, the coefficients (C1, C2, and C3) for the following properties were determined. It is worth noting that the temperature range for which data were estimated for NADES are within the temperature range validated by the studies.
Temperature-dependent parameters: heat capacity at constant pressure (Cp)
The estimated Cp values of NADES L-Arg/Gly were obtained using the expression of Taherzadeh et al. (2020) and Bagherzadeh et al. (2022) for the Multiple Non-Linear Regression (MNLR) technique to verify the difference in results. The Taherzadeh et al. (2020) expression is limited to atmospheric pressure. To obtain the above coefficients, the methods were applied to DES ChCl/U (1:2) for subsequent comparison with experimental data, since no experimental data is available in the literature for NADES L-Arg/Gly (1:6). Thus, indirect validation of the methodology was performed to verify which tested expression has the lowest Average Absolute Relative Deviation (AARD %) value to be considered the most appropriate for predicting the Cp of NADES. Subsequently, using the Least Squares Method (LSM), the data were adjusted to a polynomial equation, thus obtaining the polynomial coefficients (IK-CAPE) – Cp equation embedded in the process simulator – on the predicted NADES data. 
Temperature-dependent parameter - viscosity
The experimental viscosity data for NADES (1:6) were taken from Ren et al. (2018). The data were then linearized to obtain the coefficients of the Andrade equation – Arrhenius equation for viscosity in logarithmic form. Thus, the linear coefficient corresponds to the term  (viscosity at infinite temperature) and the angular coefficient corresponds to the term Eη/R (ratio of activation energy and the ideal gas constant). 
Temperature-dependent parameters - molar volume of the liquid and density 
The density data is entered indirectly into Aspen Plus® V14, i.e., it is calculated from the molar volume expression, which is the ratio between the molar mass and the density of NADES, in this case, estimated. To estimate the density, the expression developed by Haghbakhsh et al. (2019) for DES was used, and the molar volume for different temperatures was found through the density. After that, the molar volume data were adjusted by the Least Squares Method (LSM) to obtain polynomial coefficients (IK-CAPE). 
Temperature-dependent parameters - surface tension
Surface tension was calculated following Shahbaz et al. (2012), using Knotts et al. (2001) data (uncertainty <1 %) and densities from Haghbakhsh et al. (2019) – the molecular structure and molar ratio of the solvent were used. The resulting dataset was regressed to the DIPPR equation to obtain coefficients for the process simulator. Fontana et al. (2021) validated this approach for DES ChCl/U (1:2), reporting good agreement between experimental and fitted curves.
Results and discussion
Structure and functional groups  
To represent the NADES molecule, the JOBACK method was chosen as it allowed the best representation of the functional groups of the solvent molecules. The functional groups of the NADES L-Arg/Gly (1:6) were determined using the JOBACK method. The following occurrences were obtained: 15 for group 101 (no ring > CH2), 7 for group 102 (no ring > CH-), 18 for group 119 (-OH), 1 for group 126 (-COOH), 2 for group 129 (-NH2), 1 for group 130 (no ring > NH), and 1 for group 137 (=N-H).
Critical and scalar parameters 
The estimated critical and scalar properties of the NADES L-Arg/Gly (1:6) were: critical temperature (Tc) of 745.27 K, critical pressure (Pc) of 35.07 bar, critical volume (Vc) of 301.32 cm³/mol, acentric factor (ω) of 1.41, critical compressibility factor (Zc) of 0.17, molar mass (MD) of 103.83 g/mol, and boiling point (TB) of 570.66 K. To validate the methodology, the calculations were applied to DES ChCl/U (1:2), using the critical and scalar properties reported by Mirza et al. (2015). At 25 °C, the experimental density is 1.1979 g/cm³ (Xie et al., 2014), while the estimated density is 1.1436 g/cm³ (Haghbakhsh et al., 2019), corresponding to an absolute average relative deviation (AARD %) of 4.5358 %. Despite the difference observed between the density values, the AARD % value is within the expected error for the expression at 7.383 %, as reported in the article by Boublia et al. (2023). However, the difference can be attributed to the structural complexity and multiple interactions of DESs that strongly affect their properties, such as density, which limits the accuracy of predictive methods such as the Lee-Kesler rule for mixing and mathematical correlations for density prediction. Thus, deviations between estimated and experimental values are justifiable, especially in HBD-rich systems, as they introduce more functional groups into the system, which leads to a greater presence of reactive atoms (Mirza et al., 2015). 
Temperature-dependent parameters: heat capacity at constante pressure (Cp)
The results obtained with the expressions of Taherzadeh et al. (2020) (Method 1) and Bagherzadeh et al. (2022) (Method 2) for NADES L-Arg/Gly (1:6) showed increasing and linear behavior (Table 1). 
Table 1: Heat capacity values for NADES L-Arg/Gly (1:6).
	Temperature (K)
	298.15
	308.15
	313.15
	323.15
	328.15
	338.15
	343.15
	353.15

	Method 1
	244.03
	248.22
	250.34
	254.63
	256.80
	261.20
	263.43
	267.95

	Method 2 
	249.10
	253.65
	255.88
	260.27
	262.43
	266.67
	268.75
	272.86



As discussed by Crosthwaite et al. (2005), CP increases by increasing molar mass of DESs and temperature. This behavior is related to the degrees of freedom of the molecule, which are independent ways in which they can store energy, namely vibration (kinetic energy and potential energy), rotation, and translation, each mode being reached as the temperature increases. The average AARD % values obtained for the correlations applied to DES ChCl/U (1:2) were 1.99 % as reported by Taherzadeh et al. (2020) and 1.02 % using the MNLR approach reported by Bagherzadeh et al. (2022). This approach assumes that the thermodynamic behavior of the DES is representative of the NADES under analysis, an assumption that limits the generalizability of the results. Future work should therefore incorporate experimental NADES data to enable more accurate coefficient estimation. Table 2 shows the coefficients obtained for the IK-CAPE polynomial equation for NADES with data from the expression by Bagherzadeh et al. (2022) due to the lower AARD % value.
Table 2: IK-CAPE polynomial coefficients for the ideal gas heat capacity property.
	Property
	Method
	Equation
	Coefficients
	Temperature (K)

	Ideal Gas Heat Capacity (kJ/kmol·K)
	IK-CAPE Polynomial
	
	C1 = 153.3049
C2 = 0.1941
C3 = 3.6957E-4
	298.15 – 353.15



The comparison of the curve generated by Aspen Plus® V14 with the experimental curve was compromised due to the absence of experimental data for NADES L-Arg/Gly (1:6). However, the work of Romero-García et al. (2024) and Amadio (2024) verified that the coefficients of the IK-CAPE polynomial for DES ChCl/U (1:2), applying LSM to the experimental data, were validated, showing excellent agreement between the curves. 
Temperature-dependent parameter - viscosity
In Figure 1, it is possible to note the agreement between the experimental data, the data generated by linear regression, and the process of simulator data. Thus, Table 3 shows the linear regression coefficients that correspond to the coefficients of Andrade's equation.
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Figure 1: Comparison of estimated data, experimental data and data generated by Aspen Plus® V14 for NADES L-Arg/Gly (1:6).
Table 3: Andrade equation coefficients for the viscosity of NADES L-Arg/Gly (1:6).
	Property
	Method
	Equation
	Coefficients
	Temperature (K)

	Viscosity (mPa·s)
	Andrade equation
	
	C1 = -10.567
C2 = 5484.797
	303.15 – 353.15


Temperature-dependent parameters - molar volume of the liquid and density 
As mentioned, density is entered into the process simulator based on molar volume. Thus, the density estimated (Table 4) by the expression of Haghbakhsh et al. (2019) was converted to molar volume using the molar mass of NADES. 
Table 4: Estimated density and molar volume data for NADES L-Arg/Gly (1:6).
	Temperature (K)
	298.15
	308.15
	313.15
	323.15
	333.15
	338.15
	343.15
	353.15

	Density (g/cm3)
	1.261
	1.256
	1.254
	1.249
	1.245
	1.242
	1.240
	1.236

	Molar volume (cm3/mol)
	82.304
	82.608
	82.760
	83.068
	83.377
	83.533
	83.689
	84.003



A decrease in density is observed by increasing temperatures. This behavior is due to the increase in the molar volume of the solution resulting from increased activity and molecular mobility (Hayyan et al., 2012). Thus, the molar volume data were adjusted by LSM to obtain polynomial coefficients (IK-CAPE) (Table 5). 
Table 5: Coefficients of the IK-CAPE equation for the molar volume of the liquid for NADES L-Arg/Gly (1:6).
	Property
	Method
	Equation
	Coefficients
	Temperature (K)

	Molar Volume of Liquid (cm³/mol)
	IK-Polynomial
CAPE
	
	C1 = 74.3008
C2 = 0.0234
C3 = 1.15E-5
	298.15 – 353.15



After entering the coefficients of the IK – CAPE equation for molar volume into Aspen Plus® V14, it was possible to generate the density curve using the simulator. The estimated density data and the data generated by Aspen Plus ® V14 overlap. Although there is such an agreement, it is still necessary to obtain experimental data for greater accuracy in comparing the data. In addition, from the trend line of the estimated NADES specific mass data, it was possible to obtain the molar volume at the boiling temperature of 91.07 cm3/mol.
Temperature-dependent parameters - surface tension
Table 6: Estimated surface tension for NADES L-Arg/Gly (1:6). 
	Temperature (K)
	298.15
	308.15
	318.15
	328.15
	333.15
	338.15
	343.15
	353.15

	Surface tension (mN/m)
	57.15
	56.31
	55.48
	54.67
	54.26
	53.86
	53.46
	52.66



According to Shahbaz et al. (2011), liquid surface tension decreases with increasing temperature because higher molecular kinetic energy weakens intermolecular attractions as shown in Table 6. For implementation in the simulator, the surface tension data were fitted to the DIPPR correlation to obtain the required parameters (Table 7).
Table 7: DIPPR equation coefficients for surface tension for NADES L-Arg/Gly (1:6).
	Property
	Method
	Equation
	Coefficients
	Temperature (K)

	Surface tension (N/m)
	Equation of DIPPR
	
	C1 = 0.0785
C2 = 0.623
	298.15 – 353.15


Conclusions
Thermophysical properties of NADES L-Arg/Gly (1:6) were successfully estimated and implemented in Aspen Plus® V14. It was made using correlations developed and validated, specifically for DES, available in literature. Due to the absence of experimental data for the L-Arg/Gly (1:6), the validation of critical and scalar properties was performed indirectly by applying the calculation steps for DES ChCl/urea (1:2), presenting justifiable deviations within the expected range in relation to the experimental data. So, results should be considered preliminary estimates for L-Arg/Gly (1:6). Furthermore, despite the limitations and assumptions made, it is noted that the behavior of temperature-dependent properties follows the profile described in the literature for DESs. In addition, the property values were adjusted to the equations embedded in the Aspen Plus ® V14 process simulator to allow the implementation of NADES in the simulation platform database. Although the process simulator extrapolates properties, the equations were estimated within a temperature range as shown in each table. Furthermore, the equations are limited to the molecular structure of each component and molar ratio of the solvent. Therefore, to use the methodology presented, it is necessary to calculate the critical and scalar properties of the solvent under study. The proposed methodologies contribute to enabling the thermodynamic modeling of the solvent for further preliminary studies of solvent simulation in applications such as CO2 capture and may be improved in the future with experimental data to validate the estimated results. 
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