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Abstract

Thermophysical properties as density, ( ), dynamic and kinematic viscosities, ( , ), 𝜌 𝜂 𝜐

refractive index, ( ), and excess enthalpy, (HE), are presented in this present work for binary 𝑛𝐷

mixtures containing 2-methoxyethanol, 1-butanol, 2-butanol, and 1-propanol at T = (298.15 

and 313.15) K and at p = 0.1 MPa, over the whole range of composition. Derivative 

properties such as excess volume, ( ), and deviations in refractive index, ( ), were 𝑉𝐸 ∆𝑛𝐷

calculated from the measured data of density and refractive index, respectively. The Perturbed 

Chain-Statistical Associating Fluid (PC-SAFT) Equation of State is used to correlate the 

experimental data density for the studied binary mixtures. Also, the Redlich-Kister equation is 

employed to fit the excess volumes, deviations in refractive index, and excess enthalpies. 

Besides, the NRTL and UNIQUAC models are applied to correlate the measured data of 
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excess enthalpy, (HE). Moreover, intermolecular interactions have been discussed for the 

studied binary mixtures. 
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1. Introduction

The use of fossil fuels has shown harmful environmental effects, which led to many studies to 

search for alternatives to reduce the environmental aspect of fuels. Adding different 

oxygenated additives to fuel (fuel reformulation) is one of the proposed alternatives that 

improve the combustion in engines, and therefore reduce pollutant emissions (CO, NOx, 

unburnt hydrocarbons, and smoke) and increase engine efficiency. Some authors [1] have 

demonstrated that there is a relation between the decreases in particulate emissions and the 

percentage of oxygen in the mixture. The used oxygenated additives are mostly methyl esters, 

derived from vegetable oils and ethanol. However, other oxygenated organic compounds 

(glycol ethers, ethers, hydrogenated monoterpenes, other alcohols, and esters, etc.) have been 

studied to determine their effect on fuel properties, combustion, and emissions. Some of them 

have significantly revealed considerable effects on decreasing the toxicity of emissions and on 

fuel properties and combustion. Multiple researchers [2] have worked on mixtures of glycol 

ethers with diesel fuel, which demonstrates an important decrease in emissions of CO, 

unburnt hydrocarbons, and the mass of opaque soot. Also, these results showed that mixing 

oxygen with glycol ether was more efficient than mixing oxygen with alcohol [3]. 

The glycol ethers are composed of hydrocarbon bonded with both ether and alcohol. These 

dual functional groups in the same molecule, with both non-polar and polar properties, give 

versatile solvency characteristics. Glycol ethers are used for various applications, especially 

industrial solvents. Also, they are applied as additives to diesel fuel [2]. Moreover, Alkanols 



have an extremely wide field of industrial applications, especially in the manufacturing of 

fuels, perfumes, cosmetics, paints, drugs, explosives, fats, waxes, resins, plastics, and more [4 

and 5]. 2-Methoxyethanol represents in this work the glycol ethers group, and 1-butanol, 2-

butanol and 1-propanol represent the alkanols group. This work is the continuation of our 

previous studies regarding the thermophysical properties of n-alkoxyethanol + hydrocarbon / 

+ alcohol mixtures already published [6-12].

There is a large growing era of research to find new sources of energy for industrial uses, and 

also the optimum way to their exploitation. Between the industrial applications needs and 

developing new energy sources as clean as possible, it is required to have comprehensive and 

full knowledge in the field of thermodynamics, to do a better selection of the systems that 

have the minimum environmental impact. Therefore, it is essential to study the thermo 

physical properties of these new systems, which should be determined through experimental 

research and the development of scientific models that more or less adhere to experimental 

results and predict their behaviour for other conditions. Besides, these thermophysical 

properties determined by experimental research could be a good asset for the development 

and verification of various theories and models of these systems.

The main objective of this present work is to determine experimental data of thermophysical 

properties for binary mixtures: (i): 2-methoxyethanol (1) + 1-butanol (2), (ii): 2-

methoxyethanol (1) + 2-butanol (2), and (iii): 2-methoxyethanol (1) + 1-propanol (2), at 

(298.15 and 313.15) K and at 0.1 MPa, and also at various mole fractions. The experimental 

thermophysical properties reported in this work are: density, ( ), dynamic and kinematic 𝜌

viscosities, ( , ), refractive index, ( ), excess enthalpy, (HE), and derivatives properties 𝜂 𝜐 𝑛𝐷

such as excess volume, ( ), and deviations in refractive index, ( ). Measured data of 𝑉𝐸 ∆𝑛𝐷

density for the studied binary mixtures have been modelled by using the Perturbed Chain-

Statistical Associating Fluid (PC-SAFT) equation of state [13,14]. Also, the Redlich-Kister 



equation [15] is employed to fit the excess volumes, deviations in refractive index, and excess 

enthalpies. Besides, the NRTL [16] and UNIQUAC [17] models are applied to correlate the 

measured data of excess enthalpy, (HE). Besides, intermolecular interactions have been 

discussed for the studied binary mixtures.

2. Experimental

2.1. Chemicals

The chemicals employed in these experiments are 2-methoxyethanol, 1-butanol, 2-butanol, 

and 1-propanol. The chemicals were selected with high state mole fraction purity values 

(>0.990), to obtain good and reliable experimental results. Table 1 shows the chemical 

properties of the studied compounds, and Table 2 presents a comparison of density, ( ), 𝜌

dynamic viscosity, ( ), and refractive index, ( ), with some reported data previously 𝜂 𝑛𝐷

published in the literature [18-68], which demonstrates a good agreement compared to 

literature data. Using an OHAUS analytical balance with a precision of 0.0001g, the 

preparation of binary mixtures containing 2-methoxyethanol, 1-butanol, 2-butanol, and 1-

propanol was done by mass. 0.0005 is the estimated uncertainty for the mole fraction.

2.2. Apparatus and procedure 

2.2.1. Density, dynamic and kinematic viscosities, and Refractive Index

A Stabinger SVM 3000 viscosimeter was used in the present work to measure densities ( ), 𝜌

dynamic and kinematic viscosities, ( , ), at (298.15 and 313.15) K and 0.1 MPa for pure 𝜂 𝜐

compounds (2-methoxyethanol, 1-butanol, 2-butanol, and 1-propanol) and their binary 

mixtures. This apparatus consists of two rotating concentric tubes. Its operating mode is based 

on the principle of Couette that states that the viscosity is proportional to the torque difference 

between the rotating cylinders. Apparatus performs five measurements automatically with a 

relative uncertainty of the viscosity 2% (k = 2), and the expanded uncertainties of density, 

temperature, and mole fraction are respectively, 5·10-4 g.cm-3 (k = 2, level of confidence 



95.45%), 0.04 K and 0.0005. An Abbe digital refractometer (Model Abbemat 300, Anton 

Paar) was used to measure the refractive index of the pure components and their binary 

mixtures. The expanded uncertainty of the refractive index is equal to 0.005. The Stabinger 

SVM 3000 viscosimeter is calibrated using air and decane, while, the Abbe digital 

refractometer is calibrated using air and water.

2.2.2. Excess Enthalpy HE

Excess enthalpy, HE, measurements were carried out using an isothermal flow calorimeter 

already described in the previous paper [69]. The fluids composing the mixture (2-

methoxyethanol + 1-butanol, or + 2-butanol, or + 1-propanol) are injected by two pumps 

through two stainless steel tubes with a programmable flow into the mixing chamber in the 

measuring cell. The measuring cell is immersed in a thermostatic bath and it is in charge to 

maintain the cell temperature at the desired value. The temperature stability obtained using a 

thermostatic system is higher than 0.01 K. The flow rates, the molecular weights, and the 

densities of each liquid (Tables 1 and 2) are three sufficient properties to determine different 

mole fraction (xi) of the studied binary mixtures [2-methoxyethanol (1) + 1-butanol (2), 2-

methoxyethanol (1) + 2-butanol (2) and 2-methoxyethanol (1) + 1-propanol (2)] with an 

expanded uncertainty u(x) = 0.0005. Afterward, it permits determining the excess enthalpy, 

HE, for each specific mole fraction. To do this, the excess enthalpy, HE, is acquired by the 

following equation: , where  is the heat of mixing and  is the 𝐻𝐸 =
𝑄𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑛𝑚𝑖𝑥𝑡𝑢𝑟𝑒
𝑄𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑛𝑚𝑖𝑥𝑡𝑢𝑟𝑒

number of moles per second. The relative expanded uncertainty (k = 2) Ur (HE) = 1% for 

excess enthalpy HE.

3. Correlation of Excess Enthalpy HE:

The modified Redlich-Kister equation [15] is a relevant equation to fit the values of excess 

enthalpy, HE, for each binary mixture and it is given by the following expression:
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Where; : the mole fraction, Ai: Redlich-Kister coefficients; and they are calculated using the 𝑥

unweighted least-squares method. The optimal number of Ai was obtained by employing the 

F-test [70].

4. Modeling of Excess Enthalpy, HE, with NRTL and UNIQUAC Models:

4.1. NRTL model

The first model used to correlate the excess enthalpy, HE, data of the studied binary mixtures is 

the NRTL model [16], and it is giving by the following equation:
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 ijjiG  exp

 (4)

𝜏𝑖𝑗 = (𝑔𝑖𝑗 ― 𝑔𝑖𝑖)/𝑅𝑇

        (5)

Where; : Interaction energy between each pair of i-j molecules; : Non-randomness factor in 𝑔𝑗𝑖 𝛼

the mixture; x: Mole fraction. About NRTL theory, the excess enthalpy, HE, of a multi-

component mixture relies on binary parameters. In this work, the non-randomness parameter 

α is considered as an adjustable parameter for the three-parameter.



4.2. UNIQUAC model

The second model employed for the correlation of HE data of the studied binary mixtures is 

the UNIQUAC model [17], and it is given by the following expression: 
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contributions of the functional groups composing the compound.

To obtain a reliable and effective study on the experimental excess enthalpy, HE, data, we 

compared the experimental HE data with those obtained by the Redlich-Kister equation, 

NRTL, and UNIQUAC models, different deviation parameters have been applied, such as 

root mean square deviation, rms, absolute difference maximum, max |ΔHE|, maximum relative 

deviation, max (|ΔHE|/HE), and absolute average deviation, AAD, which are calculated by the 

following equations:

                                                 (7)𝑟𝑚𝑠 = [∑𝑁
𝑖 = 1(𝐻𝐸

𝑒𝑥𝑝 ― 𝐻𝐸
𝑐𝑎𝑙𝑐)2

𝑁 ― 𝑛par ]
1/2

                                            (8)max|𝛥𝐻𝐸| = 𝑚𝑎𝑥 |𝐻𝐸
exp ― 𝐻𝐸

calc|

                                       (9)max(|𝛥𝐻𝐸|/𝐻𝐸) = 𝑚𝑎𝑥 (|𝐻𝐸
exp ― 𝐻𝐸

calc|
𝐻𝐸

exp
)

                                              (10)𝐴𝐴𝐷 =
100

𝑁 ∑𝑁
𝑖 = 1|𝐻𝐸

𝑒𝑥𝑝 ― 𝐻𝐸
𝑐𝑎𝑙𝑐

𝐻𝐸
𝑒𝑥𝑝

|
Where; HE

exp: Experimental data of HE; HE
calc: Calculated values of HE using different 

equations and models; N: Number of measured data; npar: Number of parameters for the used 

equation or model. 



5. Correlation and modeling of density, dynamic and kinematic viscosities, refractive 

index, and derivative properties

5.1 Correlation

Density, (ρ), dynamic and kinematic viscosities, ( , ), and refractive index, (nD), for binary η υ

mixtures are fitted using a mathematical polynomial equation, expressed as follows:

                                                        (11)𝑃(𝑥) =  ∑𝑁
𝑖 = 1𝐴𝑖.𝑥𝑖 ― 1

Where; P function could be density, ( ), dynamic viscosity, ( ), kinematic viscosity, ( ), or 𝜌 𝜂 𝜐

refractive index, ( ); x is the mole fraction;  coefficients are determined using the 𝑛𝐷 𝐴𝑖

unweighted least-squares method. Using the F-test [70], the optimal number of Ai was 

selected. The sets of coefficients Ai used to fit the measured data of density, ( ), dynamic 𝜌

viscosity, ( ), kinematic viscosity, ( ), and refractive index, ( ), are enumerated in Table 3.𝜂 𝜐 𝑛𝐷

Derivative properties as excess volume, (VE), or deviations in refractive index, , are (∆𝑛𝐷)

correlated using the following Redlich-Kister equation [15]: 

                       (12)𝑄(𝑥) =  𝑥.(1 ― 𝑥).∑𝑁
𝑖 = 1𝐴𝑖.(2𝑥 ― 1)𝑖 ― 1

Q function could be excess volume, (VE), or deviation in refractive index, , x is the mole (∆𝑛𝐷)

fraction and  coefficients are determined using the unweighted least-squares method. Also, 𝐴𝑖

the sets of adjustable coefficients  needed to correlate excess volume, (VE), and deviations 𝐴𝑖

in refractive index, , at each temperature are reported in Table 4, with the corresponding (∆𝑛𝐷)

root-mean-square deviations : 𝜎

                                               (13)𝜎(𝑋) = [∑𝑁
𝑖 = 1

(𝑋𝑒𝑥𝑝 ― 𝑋𝑐𝑎𝑙𝑐)2

(𝑁 ― 𝑝) ]1/2

With; N: the number of measured data; p: the number of parameters employed in the Redlich-

Kister equation.

5.2 Modelling
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The PC-SAFT (Perturbed-Chain for Statistical Associating Fluid Theory) is a molecular-

based thermodynamic model [13,14], that uses hard chains formed by spherical particles as 

reference fluid. 

The equation of state (PC-SAFT) is equivalent to the residual Helmholtz free energy , 𝑎𝑟𝑒𝑠

composed of different types of intermolecular interactions, including terms for the hard chain 

reference , the dispersion interactions   and the association interaction :𝑎ℎ𝑐 𝑎𝑑𝑖𝑠𝑝 𝑎𝑎𝑠𝑠𝑜𝑐

                                                (14)𝑎𝑟𝑒𝑠 = 𝑎ℎ𝑐 + 𝑎𝑑𝑖𝑠𝑝 + 𝑎𝑎𝑠𝑠𝑜𝑐

At first, Wertheim and Chapman [71, 72] started by defining hard chains reference term noted as 

 and constituted by segments, shown as follows:𝑎ℎ𝑐 𝑚 

                                       (15)𝑎ℎ𝑐 = 𝑚𝑎ℎ𝑐 ― ∑𝑛𝑐

𝑖 = 1𝑥𝑖(𝑚𝑖 ― 1)𝑙𝑛𝑔ℎ𝑠
𝑖𝑗

Where; : Mole fraction of the chain of compound ; : Number of segments in the chain; 𝑥𝑖 𝑖 𝑚𝑖

: Radial distribution function for the segments of the compounds  and  in a system of 𝑔ℎ𝑠
𝑖𝑗 𝑖  𝑗

hard spheres.

Also, the dispersion interaction term, , of PC-SAFT equation has been determined by 𝑎𝑑𝑖𝑠𝑝

Barker and Henderson's perturbation theory [73,74], expressed by the following equation:

                                    (16)𝑎𝑑𝑖𝑠𝑝 = ―2𝜋𝜌𝐼1𝑚2𝜀𝜎3 ―𝜋𝜌𝐶1𝐼2𝑚2𝜀2𝜎3

Where; C1: Coefficient that relies on the mean segment number and on the density number 𝑚 

of the fluids  and the perturbation integral  and . 𝜌 𝐼1 𝐼2

Moreover, Chapman and Huang [75-77] developed the association interaction expression 

defined as follows:

                                (17)𝑎𝑎𝑠𝑠𝑜𝑐 = ∑𝑛𝑐

𝑖 = 1𝑥𝑖[∑
𝐴𝑖(𝑙𝑛𝑋𝐴𝑖 ―

𝑋
𝐴𝑖

2 ) +
1
2𝑀𝑖]

Where; : Association sites number on each molecule; : Composition of molecules I not 𝑀𝑖 𝑋𝐴𝑖

linked at site A; ∑Ai: a sum of all associating sites on each molecule.



The PC-SAFT equation of state is characterized by various terms, the segment number 

formed by non-associative parameters(m), the segment energy parameter (𝜀/k), and the 

segment diameter (σ). In the case of the non-ideal solutions, the association interaction term in 

equation (4) has to be divided into two other parameters, the association volume (kAiBi) and the 

association energy (𝜀AiBi).  

The PC-SAFT parameters of the studied binary systems were characterized by employing the 

objective function noted as :  𝑂𝑏𝑗.𝐹

                                              (18)𝑂𝑏𝑗.𝐹 = ∑𝑁
𝑖 = 1(𝜌𝑒𝑥𝑝

𝑖 ― 𝜌𝑐𝑎𝑙𝑐
𝑖

𝜌𝑒𝑥𝑝
𝑖

)
Where; N: Number of measured data.

Table 5 shows the PC-SAFT equation of state parameters for each studied pure component (2-

methoxyethanol, 1-butanol, 2-butanol, and 1-propanol) and the average absolute deviations 

(AAD) between the experimental densities and modelled data from the PC-SAFT equation of 

state. The AADs obtained for 2-methoxyethanol, 1-butanol, 2-butanol and 1-propanol were 

0.014%, 0.030%, 0.040% and 0.006%, respectively.

6. Results and Discussion

Thermophysical properties such as density, ( ), dynamic and kinematic viscosities, ( , ), 𝜌 𝜂 𝜐

refractive index, ( ), and excess enthalpy, (HE), for the binary mixtures 2-methoxyethanol 𝑛𝐷

(1) + 1-butanol (2), + 2-butanol (2), and + 1-propanol (2), are reported at different 

compositions, at 0.1 MPa and at (298.15 and 313.15) K.

6.1. Excess enthalpy HE

Excess enthalpy, (HE), measured data for the studied binary mixtures: 2-methoxyethanol (1) + 

1-butanol (2), + 2-butanol (2), and + 1-propanol (2), are listed in Table 6 and presented in 

Figures 1, 2, and 3. The sets of parameters needed for the calculation of HE by the modified 

Redlich-Kister equation, NRTL, and UNIQUAC models, are presented in Tables 7 and 8. 



The first binary mixture 2-methoxyethanol (1) + 1-butanol (2) was measured at T = (298.15 

and 313.15) K. The maximum value of HE is 633.7 J.mol-1 at 298.15 K and 704.2 J.mol-1 at 

313.15 K, both of them at the same mole fraction (x1 = 0.50). At 298.15 K, the best fit of HE 

data is obtained with the modified Redlich-Kister equation, with a root mean square deviation, 

rms HE, of 1.2 J.mol-1. NRTL and UNIQUAC models present also a good fit with a root 

mean square deviation, rms HE, of 2.5 J.mol-1 and 4.9 J.mol-1, respectively. While, at 313.15 

K the best fit is obtained with the NRTL model with a root mean square deviation, rms HE, 

of 1.1 J.mol-1. Modified Redlich-Kister equation and UNIQUAC model show also a good fit 

with a root mean square deviation, rms HE, of 1.4 J.mol-1 and 3.9 J.mol-1, respectively. This 

present binary mixture shows an endothermic behavior (HE>0) throughout the whole range of 

mole fractions (Figure 1). At 298.15 K, our experimental data of excess enthalpy for the 

studied binary mixture 2-methoxyethanol (1) + 1-butanol (2) were compared with data 

reported by Cobos et al. [78] and Reddy et al. [79], this comparison (Figure 1) shows that our 

experimental data agree within 7.5% and 6.1%, respectively. While, at 313.15 K, no reference 

data were found in the literature for comparison with our reported data of excess enthalpy.

The second binary mixture 2-methoxyethanol (1) + 2-butanol (2) was also studied at 298.15 

and 313.15 K, and shows also an endothermic behavior (Figure 2) with a maximum value of 

HE of 822.7 J.mol-1 and 771.0 J.mol-1, at (298.15 and 313.15) K and the mole fractions x1 = 

0.45 and x1 = 0.50, respectively. The modified Redlich-Kister equation was also the best-

adapted correlation equation at 298.15 K for excess enthalpy data with a root mean square 

deviation, rms HE, of 1.5 J.mol-1. NRTL and UNIQUAC models present a good agreement 

with a root mean square deviation, rms HE, of 2.1 J.mol-1 and 4.5 J.mol-1, respectively. 

Besides, at 313.15 K, the UNIQUAC model presents a good agreement with a root mean 

square deviation, rms HE, of 1.7 J.mol-1. Modified Redlich-Kister equation and NRTL model 

show a good agreement with a root mean square deviation, rms HE, of 2.1 J.mol-1 and 3.8 



J.mol-1. No reference data were found in the literature for the present binary mixture 2-

methoxyethanol (1) + 2-butanol (2) at the studied temperatures.

The third binary mixture 2-methoxyethanol (1) + 1-propanol (2) presents also an endothermic 

behavior with a positive sign of HE over the whole range of mole fraction and at T = (298.15 

and 313.15 K) (Figure 3). This binary mixture shows also a high value of HE, where the 

maximum value of HE is 541.2 J.mol-1 at 298.15 K and 570.1 J.mol-1 at 313.15 K and the same 

mole fraction x1 = 0.45. Modified Redlich-Kister equation presents the best fit of HE measured 

data at both studied temperatures (298.15 and 313.15) K, with the same values of the root mean 

square deviation, rms HE, of 0.6 J.mol-1. NRTL and UNIQUAC models shows also a good 

agreement at both temperatures. Our HE experimental data for this binary mixture 2-

methoxyethanol (1) + 1-propanol (2) at 298.15 K agree within 6.3 % with data reported by 

Reddy et al. [79]. Besides, at 313.15 K, no reference data were found in the literature for 

comparison. Our experimental data for the studied binary are compared graphically with data 

measured at 321.15 K that are reported by Chandak et al. [92]. And it can be noticed in Figure 3, 

that data reported by this author follow the same trend when the temperature increases, such as 

excess enthalpy increases with increasing temperature. 

The term excess enthalpy, HE, is very useful to comprehend the nonideality of the final 

mixture solution. This concept is one of the enthalpic effects, caused by shape and size 

differences between distinct molecules and the various interactions between them, which 

could lead to either the increase or the drop of HE [80]. In this context, all the studied binary 

mixtures: 2-methoxyethanol (1) + 1-butanol (2), + 2-butanol (2), and + 1-propanol (2), reveal 

an endothermic behaviour (HE>0) at both studied temperatures (298.15 and 313.15) K and 

throughout the entire range of mole fraction. It was expected to observe this behaviour for the 

studied binary mixtures, due to the breaking of intermolecular hydrogen bonds while mixing 



of 2-methoxyethanol as a glycol ether with the different alcohols (1-butanol, 2-butanol, and 1-

propanol).

The comparison between the three studied binary mixtures 2-methoxyethanol (1) + 1-butanol 

(2), + 2-butanol (2) and + 1-propanol (2) demonstrates that for the given 2-methoxyethanol, 

the values of excess enthalpy HE at both temperatures 298.15 and 313.15 K changed in the 

following order: 1-propanol < 1-butanol < 2-butanol. The comparison between the three 

studied binary mixtures shows a minor variation in HE quantity between 298.15 and 313.15 K, 

where the first binary mixture (2-methoxyethanol (1) + 1-butanol (2)) has 70.5 J.mol-1 as a 

difference in HE quantity between 298.15 and 313.15 K, the second binary mixture (2-

methoxyethanol (1) + 2-butanol (2)) has 51.7 J.mol-1 as a difference in HE quantity between 

the studied temperatures, also the difference in HE quantity between both 298.15 and 313.15 

K for the third binary mixture (2-methoxyethanol (1) + 1-propanol (2)) is 28.9 J.mol-1, this 

small difference in HE quantity between the studied temperatures (298.15 and 313.15 K) for 

the three studied binary mixtures is due to the similarity in the type of surface for each alcohol 

(1-butanol , 2-butanol or 1-propanol), even though the maximum values of excess enthalpy 

for the three binary mixtures 2-methoxyethanol (1) + 1-butanol (2), + 2-butanol (2), and + 1-

propanol (2) were [633.7 J.mol-1 - 704.2 J.mol-1], [822.7 J.mol-1 – 771.0 J.mol-1] and [541.2 

J.mol-1 – 570.1 J.mol-1] at 298.15 and 313.15 K, respectively.

The excess enthalpy versus mole fraction curves are nearly symmetric in all the studied binary 

mixtures (2-methoxyethanol (1) + 1-butanol (2), 2-methoxyethanol (1) + 2-butanol (2) and 2-

methoxethanol (1) + 1-propanol (2)). The excess enthalpy of these binary mixtures may be 

influenced by factors such as (i) absorption of heat due to depolymerization of self-associated 

alcohols or 2-methoxyethanol, and (ii) liberation of heat as a result of possible hydrogen 

bonding interaction between the ether group of the alkoxyethanol (2-methoxyethanol) and the 

hydroxyl function of the alcohol (1-butanol, 2-butanol or 1-propanol) [79]. The actual values 



of excess enthalpy HE would depend upon the relative strength of the two opposing effects. 

The positive experimental HE values suggest that the first effect is stronger than the second in 

all the studied binary mixtures [79].

6.2. Density, , dynamic and kinematic viscosities, ( , ), refractive index, ( ), and 𝜌 𝜂 𝜐 𝑛𝐷

refractive index 𝑛𝐷

It is more significant to search for several thermophysical properties such as density, dynamic 

and kinematic viscosities, and refractive index to understand the nature of different molecular 

interactions between various binary mixtures. For this reason, density, ( ), dynamic and 𝜌

kinematic viscosities, ( , ), refractive index, ( ), were reported at (298.15 and 313.15) K 𝜂 𝜐 𝑛𝐷

and 0.1 MPa for the binary mixtures: 2-methoxyethanol (1) + 1-butanol (2), + 2-butanol (2) 

and + 1-propanol (2), and are listed in Table 9 and plotted in Figures 4, 5, 6 and 7. Figures 4 

and 7 respectively show that the values of density, ( ), and refractive index, ( ), decrease 𝜌 𝑛𝐷

when the temperature increases from 298.15 and 313.15 K and increase with the 

augmentation of the concentration x1 for all the studied binary mixtures. While, as shown in 

Figures 5 and 6, dynamic and kinematic viscosities, ( , ), values of the studied binary 𝜂 𝜐

mixtures decrease also while increasing the temperature from 298.15 to 313.15 K and a 

decline with the augmentation of concentration for all the studied binary mixtures. 

Experimental data of density for the binary mixtures 2-methoxyethanol (1) + 1-butanol (2) 

and + 1-propanol (2) studied in the present work are compared with data previously published 

by Roy et al. [81], Zarei et al. [82], Mozo et al. [83] and Pal et al. [90] for the same binary 

mixtures. The comparison shows a good agreement for the first binary mixture (2-

methoxyethanol (1) + 1-butanol (2)) with Roy et al. [81] and Mozo et al. [83] with an AAD at 

298.15 K of 0.15% and 0.05%, respectively, also the comparison demonstrates a good 

agreement for the second binary mixture (2-methoxyethanol (1) + 1-propanol (2)) with Roy et 

al. [81], Zarei et al. [82] and Pal et al. [90], with an AAD at 298.15 K of 0.20% (with Roy et 



al. [81]) and 0.03% (with Pal et al. [90]), while at 313.15 K, the AAD was 0.04% as a 

comparison between our density data and data reported by Zarei et al. [82]. Our density 

experimental data for the three studied binary mixtures are compared graphically with data 

measured at different temperatures which are different to our measuring range and reported by 

Pal et al. [93], Reddy et al. [94] and Krishnan et al. [95]. It can be noticed in Figure 4, that 

these reported data follow the same trend when the temperature increases or decreases, such that 

the density decreases with increasing temperature and increases with decreasing temperature. 

Also, dynamic viscosity experimental data reported at 298.15 K in this work for binary 

mixtures 2-methoxyethanol (1) + 1-butanol (2) and + 1-propanol (2) were compared to data 

reported by Roy et al. [81] and Pal et al. [90], for the first binary mixture, the AAD value 

between our reported data and data reported by Roy et al. [81] was 4.39 %, while for the 

second binary mixture the comparison with data reported by Roy et al. [81] and Pal et al. [90] 

shows an AAD values of 3.62% and 1.14%, respectively. For the third studied binary mixture 

2-methoxyethanol (1) + 2-butanol, no reference data were found in the literature to compare 

with them our density and dynamic viscosity data for the same binary mixture and the same 

experimental conditions (temperature and pressure). While, some dynamic viscosity reported 

data by Pal et al. [93], Reddy et al. [94] and Krishnan et al. [95] for the studied three binary 

mixtures that are measured at different temperatures which are different to our measuring 

range of temperature, they are compared graphically with our experimental data as shown in 

Figure 5, and we notice that these reported data follow the same trend when the temperature 

increases or decreases, such as dynamic viscosity decreases with increasing temperature and 

increases with decreasing temperature. Kinematic viscosity data for binary mixture 2-

methoxyethanol (1) + 1-propanol (2) measured in this work at 313.15 K are compared with 

data reported by Chandak et al. [92] at the same temperature, and a good agreement has been 

noticed (Figure 6-c) with an AAD equals to 1.1%. Besides, no references were found in 



literature database to compare with them our experimental data of kinematic viscosity for the 

other studied binary mixtures at different temperatures. Figure 4 shows also the correlated 

densities by using the PC-SAFT equation of state and the results demonstrate a good 

agreement for all the studied binary mixtures compared with experimental data. In addition, 

the AAD values for the studied binary mixtures 2-methoxyethanol (1) + 1-butanol (2), + 2-

butanol (2) and + 1-propanol (2) at 298.15 and 313.15 K are respectively within [0.28% - 

0.27%], [0.26% - 0.25%] and [0.66% - 0.62%]. The comparison between the modelled values 

of density using the PC-SAFT equation of state and the experimental data presents a good 

agreement, due to the effect that the PC-SAFT EoS has a basis in statistical mechanics that 

considers the size and shape of the molecules [84-89]. Also, the association is explicitly 

considered in the PC-SAFT EoS, which is important to model the binary mixtures presented 

in this work. 

6.3. Excess volume 𝑉𝐸

The calculation of excess volumes, ( ), for the studied binary mixtures 2-methoxyethanol (1) 𝑉𝐸

+ 1-butanol (2), + 2-butanol (2) and + 1-propanol (2), was done employing the following 

equation:
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Where; : Molar mass for component i; : Mole fraction for component i; : Density for 𝑀𝑖 𝑥𝑖 𝜌𝑖

component i; : Density of the studied binary mixture.𝜌

Figure 8 shows the excess volume, , variations at 298.15 and 313.15 K depending on the 𝑉𝐸

mole fraction xi for the studied binary mixtures: 2-methoxyethanol (1) + 1-butanol (2), + 2-

butanol (2) and + 1-propanol (2). It was further observed in Figure 8 that excess volume, VE, 

values are positive for all studied binary mixtures 2-methoxyethanol + alkanols (1-butanol, 2-

butanol, or 1-propanol) all over the entire range of mole fraction, and this figure presents a 



growing tendency of excess volume, VE, while increasing the temperature from 298.15 to 

313.15 K. Excess volume values, VE, obtained are resulting from various opposing effects. 

The differences in the self-association (inter- or intramolecular) of glycol ether (2-

methoxyethanol) and physical interactions that occur between glycol ether molecules (2-

methoxyethanol) or alcohol molecules (1-butanol, 2-butanol, or 1-propanol) engender an 

increase of VE with the variation of temperature from 298.15 to 313.15 K. For all the studied 

binary mixtures: 2-methoxyethanol + 1-butanol, + 2-butanol, or + 1-propanol, the excess 

volume, VE, shows positive values, because of the hydrogen bond breaking mechanism of 2-

methoxyethanol as an alkoxyethanol compound and 1-butanol, 2-butanol or 1-propanol as an 

alkanol compound in the pure state on mixing. The representative curves of excess volume, 

VE, for all the studied binary mixtures have a parabolic shape almost symmetrical in the mole 

fraction x = 0.50. The results of excess volume, VE, are significantly influenced by the 

temperature conditions, which proves the dependence between the two properties. Figure 8 

demonstrates that the values of VE increase with the elevation of temperature for all the 

studied binary mixtures, which can be justified by the weakening of hydrogen bonds at high 

temperatures. A good agreement is noticed in Figure (8-a) between our calculated VE values 

and calculated values by Cobos et al. [91] for the binary mixture 2-methoxyethanol + 1-

Butanol. While, for the binary mixture 2-methoxyethanol + 1-propanol, the comparison 

between our calculated VE values and calculated values by Pal et al. [90] and Chandak et al. 

[92] shows a worse agreement (Figure 8-c) at 298.15 and 313.15 K, respectively.

6.4. Deviation in refractive index ∆𝑛𝐷

The deviations in refractive index, , were determined by employing the following ∆𝑛𝐷

equation:

                                                 (20)∆𝑛𝐷 =  𝑛𝐷 ― ∑𝑁
𝑖 + 1𝑥𝑖𝑛𝐷𝑖



Where; : Refractive index of pure component i; and : Refractive index of the binary 𝑛𝑖 𝑛𝐷

mixture. The calculated values of deviation in refractive index,  for all the studied binary ∆𝑛𝐷

mixtures at 298.15 and 313.15 K are plotted in Figure 9. As shown in Figure 9, the calculated 

values of deviation in refractive index, , are all negative for the binary mixtures: 2-∆𝑛𝐷

methoxyethanol (1) + 1-butanol (2) and + 2-butanol (2), over the whole range of mole fraction 

and at both studied temperatures (298.15 and 313.15) K. Besides, for the binary mixture 2-

methoxyethanol (1) + 1-propanol (2),  values are all positive at 298.15 K, whereas, at ∆𝑛𝐷

313.15 K,  values are both positive (poor region of 2-methoxyethanol) and negative (rich ∆𝑛𝐷

region of 2-methoxyethanol), as a result of the steric hindrance effect between unlike 

molecules of 2-methoxyethanol and 1-propanol as shown in Figure 9. 

7. Conclusions

New data of density, ( ), dynamic and kinematic viscosities, ( , ), refractive index, ( ), and 𝜌 𝜂 𝜐 𝑛𝐷

excess enthalpy, (HE), are reported for binary mixtures containing 2-methoxyethanol with 1-

butanol or 2-butanol or 1-propanol at (298.15 and 313.15) K and 0.1 MPa and over a wide 

range of composition. Derivative properties as excess volume, VE, and deviations in refractive 

index, , are also calculated from the reported experimental data. PC-SAFT equation of ∆𝑛𝐷

state used to predict results of density showed good predictive capability. Intermolecular 

interaction effects are discussed for all studied binary mixtures.

Funding 

M. LIFI acknowledges financial support for this research from the Centre National pour la 

Recherche Scientifique et Technique CNRST, Morocco (Pre-Doctoral Grants 2019).

ACKNOWLEDGEMENTS

This paper is part of the Doctoral Thesis of M. LIFI. The authors acknowledge the Research 

Project of “Experimental determination and modeling of thermo-physical properties of new 



industrial fluids with oxygenated compounds” funded by the Universidad de Burgos (Spain) 

and the Université Chouaib Doukkali-El Jadida (Morocco).

LIST OF SYMBOLS

HE; Excess enthalpy, ; Density, ( ); Dynamic viscosity, ( ); Kinematic viscosity, ; 𝜌 𝜂 𝜐 𝑛𝐷

Refractive index, ; Excess volume, ; Deviation in refractive index, EoS; Equation of 𝑉𝐸 ∆𝑛𝐷

State, T; Temperature, p; Pressure, xi; Mole fraction, i; Constituent identification.

REFERENCES 

[1]  N. Miyamoto, N.M. Ogawa, K. Nurum, T. Arima, Smokeless, low NOx, high thermal 

efficiency, and low noise diesel combustion with oxygenated agents as main fuel. SAE paper 

980506, 1998.

[2] S.C. Bhupendra, K.S. Ram, H.M. Cho, H.C. Lim, Practice of diesel fuel blends using 

alternative fuels. A review, Renewable and Sustainable Energy Reviews. 2016, 59, 1358-

1368.

[3]  F. Gómez-Cuenca, M. Gómez-Marín, M.B. Folgueras-Díaz, Effects of ethylene glycol 

ethers on diesel fuel properties and emissions in a diesel engine. Energy Conversion and 

Management. 2011, 52, 3027–3033.

[4] L. Venkatramana, K. Sivakumar, R.L. Gardas, K.D. Reddy, Effect of chain length of 

alcohol on thermodynamic properties of their binary mixtures with benzylalcohol. 

Thermochim. Acta. 2014, 581, 123–132.

[5] Y. Zhang, A.L. Boehman, Oxidation of 1-butanol and a mixture of n-heptane/1-

butanol in a motored engine. Combust. Flame. 2010, 157, 1816-1824.

[6] M. Lifi, N. Muñoz-Rujas, E.A. Montero, L. Negadi, F. Aguilar, F.E. M’hamdi Alaoui, 

Excess molar enthalpy measurement and modelling of (oxygenated compounds + 

hydrocarbon) mixtures: Binary and ternary mixtures containing 2-(2 methoxyethoxy)ethanol, 



1-hexene and cyclohexane at (298.15 and 313.15) K. J. Chem. Thermodyn. 2020, 149, 

106171.

[7] M. Lifi, N. Muñoz-Rujas, E.A. Montero, Y. Chhiti, F. Aguilar, F.E. M’hamdi Alaoui, 

Measurement and Modeling of Excess Molar Enthalpies of Binary Mixtures Involving 

Hydrocarbon Components of Fuel. J. Chem. Eng. Data. 2020, 65, 2, 717-724.

[8] M. Lifi, J. Lorenzo, F. Aguilar, N. Muñoz-Rujas, E.A. Montero, Y. Chhiti, F.E. 

M’hamdi Alaoui, Excess enthalpy, density, speed of sound and refractive index of binary 

mixtures {2-(2- ethoxyethoxy)ethanol + 1-hexene, or cyclohexane, or methylcyclohexane at 

(298.15 and 313.15) K: Application of the PPR-78 cubic equation of state, NRTL and 

UNIQUAC models. J. Chem. Thermodyn. 2021, 153, 106306.

[9] M. Lifi, E.A. Montero, L. Deshayes, Muñoz-Rujas, Y. Chhiti, F.E. M’hamdi Alaoui, 

F. Aguilar, Measurement and modeling of excess enthalpies of hydrocarbon mixtures: Alkene 

+ Alkane or + Cycloalkane at 313.15 K. 2020 5th International Conference on Renewable 

Energies for Developing Countries (REDEC), 2020; pp 1-4.

[10] R. Aitbelale, I. Abala, M. Lifi, Y. Chhiti, F.E. M’hamdi Alaoui, A. Sahib Eddine, 

High-Pressure Thermodynamic Properties of Fatty Acids Methyl Esters as Renewable Fuel. 

Chem. Res. J. 2020, 5, 242–260.

[11] R. Aitbelale, F.E. M’hamdi Alaoui, M. Elkhouakhi, M. Lifi, Y. Chhiti, L. Deshayes, I. 

Abala, A. Sahib Eddine, Comparison of thermodynamic properties of renewable diesel and 

commercial diesel. 2020 5th International Conference on Renewable Energies for Developing 

Countries (REDEC), 2020; pp 1-6.



[12] I. Abala, M. Lifi, Y. Chhiti, R. Aitbelale, F.E. M’hamdi Alaoui, M. El khouakhi, L. 

Deshayes, Estimation of PC-SAFT equation of state parameters of hydrocarbons, alcohols 

and ethers. 2020 5th International Conference on Renewable Energies for Developing 

Countries (REDEC), 2020; pp 1-6.

[13] J. Gross, G. Sadowski, Application of the perturbed-chain SAFT equation of state to 

associating systems. Ind. Eng. Chem. Res. 2002, 22, 5510‑5515.

[14] J. Gross, G. Sadowski, Perturbed chain SAFT: An equation of state based on a 

perturbation theory for chain molecules. Ind. Eng. Chem. Res. 2001, 40, 1244‑1260.

[15]  O. Redlich, A.T. Kister, Algebraic Representation of Thermodynamic Properties and 

Classification of Solutions, Ind.& Eng. Chem., 1948, 40, 345-348.

[16] D.S. Abrams, J.M. Prausnitz, Statistical Thermodynamics of Liquid Mixtures: A New 

Expression for the Excess Gibbs Energy of Partly or Completely Miscible Systems, AIChE 

Journal.,1975, 21, 116-128.

[17] M.M. Abbott, H.C. Van Ness, Vapor –liquid equilibrium: Part III. Data reduction with 

precise expressions for GE, AIChE Journal., 1975, 21, 62-71.

[18] M. deRuizHolgado, C. deSchaefer, E.L. Arancibia, Viscosities, Densities, and Excess 

Volumes at Various Temperatures for 2- Methoxyethanol (1) + 2-Butanone (2). J. Chem. Eng. 

Data, 1996, 41, 1429-1430.

[19] B. Das, D.K. Hazra, Viscosities and excess molar volumes for 2-methoxy-1-ethanol + 

water at different temperatures. J. Chem. Eng. Data 1993, 38, 361-363.

[20] P. Reghem, A. Baylaucq, M.J.P. Comunas, J. Fernandez, C. Boned, Influence of the 

molecular structure on the viscosity of some alkoxyethanols. Fluid Phase Equilib., 2005, 236, 

229-236.



[21] L. Marcheselli, M. Marchette, M. Tagliazuchi, L. Tassi, G. Tosi, 

N,NDimethylformamide-2-methoxyethanol solvent system. Densities and excess molar 

volumes at various temperatures. J. Chem. Soc., Faraday Trans. 1992, 28 (21), 3159-3163.

[22] J.A. Riddick, W.B. Bunger, T.K. Sakano, Organic Solvents, 4th ed.; John Wiley and 

Sons: New York, 1986.

[23] X.-X. Li, M. Zhang, X.-X. Wu, Y.-W. Wang, G.-C. Fan, X.-X. Ma, Thermodynamic 

and spectroscopic studies for aqueous solution of ethylene glycol monomethyl ether J. Mol. 

Liq., 2011, 158, 92-96.

[24] C.M. Kinart, W.J. Kinart, D. Chęcińska-Majak, Density, Relative Permittivity, and 

Viscosity at Various Temperatures for 2-Methoxyethanol + Propylamine Mixtures. J. Chem. 

Eng. Data. 2002, 47, 1537-1539.

[25] C.M. Kinart, W.J. Kinart and A. Ćwiklińska. Densities and Relative Permittivities for 

2-Methoxyethanol + Dioxane from (291.15 to 313.15) K. J. Chem. Eng. Data. 2002, 47, 23-

25.

[26] J. George and N.V. Sastry. Densities, Excess Molar Volumes, Viscosities, Speeds of 

Sound, Excess Isentropic Compressibilities, and Relative Permittivities for 

CmH2m+1(OCH2CH2)nOH (m = 1 or 2 or 4 and n = 1) + Benzene, + Toluene, + (o-, m-, and 

p-) Xylenes, + Ethylbenzene, and + Cyclohexane. J. Chem. Eng. Data. 2003, 48, 977-989.

[27] B. Das, P.K. Muhnuri and D.K. Hazra. Viscosities of Some Symmetrical 

Tetraalkylammonium Perchlorates in 2-Methoxyethanol + Water at 298.15, 308.15, and 

318.15 K. J. Chem. Eng. Data, 1999, 44, 6-10.

[28] G.P. Dubey, K. Kumar. Volumetric and Viscometric Properties of Binary Liquid 

Mixtures of Ethylene Glycol Monomethyl Ether + 1-Hexanol, 1-Octanol, and 1-Decanol at 

Temperatures of T = (293.15, 298.15, 303.15, and 308.15) K. J. Chem. Eng. Data. 2010, 55, 

1700-1703.



[29] M. Manfredini, A. Marchetti, S. Sighinolfi, L. Tassi, A. Ulrici, M. Vignali. Densities 

and excess molar volumes of binary mixtures containing 1,2-dichloroethane + 2-

methoxyethanol or 1,2-dimethoxyethane at different temperatures. J. Mol. Liq. 2002, 100, 

163-181. 

[30] P.J. Victor, D.K. Hazra. Excess Molar Volumes, Viscosity Deviations, and Isentropic 

Compressibility Changes in Binary Mixtures of N-Methylacetamide + 2-Methoxyethanol and 

N-Methylacetamide + Water at (308.15, 313.15, and 318.15) K. J. Chem. Eng. Data. 2002, 

47, 79-82.

[31] M. Manfredini, A. Marchetti, Refractive properties of binary mixtures containing 1,2-

dichloroethane + 2-methoxyethanol or 1,2-dimethoxyethane. J. Mol. Liq. 2003, 102, 53-81.

[32] C. Kinart, W.J. Kinart, D. Checinska-Majak, D. Szychowski, Refractive Properties Of 

Binary Mixtures Containing 2-Methoxyethanol And Diethylamine, Triethylamine, And 

Propylamine. Phys. Chem. Liq., 2004, 42, 367-374.

[33] G.C. Franchini, A. Marchetti, M. Tagliazucchi, L. Tassi, G. Tosi. Ethane-1,2-diol–2-

methoxyethanol solvent system. Dependence of the relative permittivity and refractive index 

on the temperature and composition of the binary mixture. J. Chem. Soc. Faraday Trans. 

1991, 87, 2583-2588.

[34] L. Albuquerque, C. Ventura and R. Goncalves. Refractive Indices, Densities, and 

Excess Properties for Binary Mixtures Containing Methanol, Ethanol, 1,2-Ethanediol, and 2-

Methoxyethanol. J. Chem. Eng. Data. 1996, 41, 685-688.

[35] A. Awasthi, Awasthi, A. Intermolecular interaction in binary mixtures of formamide 

with 2-alkoxyethanol at different temperatures: optical and internal pressure study. Phys. 

Chem. Liq., 2013, 51, 112-123.

[36] G. Ferrari, G. Foca, M. Manfredini, D. Manizini, A. Marchetti, L. Tassi, A. Ulrici,



Density and Volume Properties of the 2-Chloroethanol + 2-Methoxyethanol + 1,2-

Dimethoxyethane Ternary Solvent System at Different Temperatures. J. Sol. Chem. 2003, 32, 

93-116.

[37] G.C. Franchini, A. Marchetti, L. Tassi, G. Vaccari, The 2-methoxyethanol + 1,2-

dimethoxyethane binary solvent system. Refractive index and related properties from 0 to 70 

○C. J. Chim, Phys. 1998, 95, 1929-1950.

[38] R. Singh, M. Yasmin, H. Agarwal, V. Kumar Shukla, M. Gupta, J.P. Shukla, Study of 

molecular interactions in binary mixtures of formamide with 2-methoxyethanol and 2-

ethoxyethanol at varying temperatures. Phys. Chem. Liq., 2013, 51, 606-620.

[39] M.N. Roy, B.K. Sarkar, R. Chanda, Viscosity, Density, and Speed of Sound for the 

Binary Mixtures of Formamide with 2-Methoxyethanol, Acetophenone, Acetonitrile, 1,2 

Dimethoxyethane, and Dimethylsulfoxide at Different Temperatures. J. Chem. Eng. Data, 

2007, 52, 1630-1637.

[40] D. Venkatesulu, P. Venkatesu, M.V.P. Rao, Viscosities and Densities of 

Trichloroethylene or Tetrachloroethylene with 2-Alkoxyethanols at 303.15 K and 313.15 K. J. 

Chem. Eng. Data. 1997, 42, 365-367.

[41] A. Awasthi, A. Awasthi, Intermolecular interactions in Formamide +2-

Alkoxyethanols: Viscometric study. Thermochim. Acta, 2012, 537, 57-64.

[42] C. Yang, H. Lai, Z. Liu, P. Ma, Density and Viscosity of Binary Mixtures of Diethyl 

Carbonate with Alcohols at (293.15 to 363.15) K and Predictive Results by UNIFAC-VISCO 

Group Contribution Method. J. Chem. Eng. Data, 2006, 51, 1345-1351.

[43] A. Rodriguez, J. Canosa, J. Tojo, Density, refractive index, and speed of sound of 

binary mixtures (diethyl carbonate + alcohols) at several temperatures. J. Chem. Eng. Data 

2001, 46, 1506-1515.



[44] T.M. Aminabhavi, B. Gopalakrishna, Densities, viscosities, and refractive indices of 

bis(2-methoxyethyl) ether + cyclohexane or + 1,2,3,4-tetrahydronaphthalene and of 2-

ethoxyethanol + propan-1-o1, + propan-2-o1, or + butan-1-ol. J. Chem. Eng. Data 1996, 40, 

462- 467.

[45] C. Valles, E. Perez, M. Cardoso, M. Dominguez, A.M. Mainar, Excess enthalpy, 

density, viscosity, and speed of sound for the mixture tetrahydropyran + 1-butanol at (283.15, 

298.15, and 313.15) K. J. Chem. Eng. Data 2004, 49, 1460-1464.

[46] A. Rodriguez, J. Canosa, A. Dominguez, J. Tojo, Dynamic viscosities of diethyl 

carbonate with linear and secondary alcohols at several temperatures. J. Chem. Eng. Data 

2004, 49, 157-162.

[47] N.M. Indraswati, F. Wicaksana, H. Hindarso, S. Ismadji, Measurements of density and 

viscosity of binary mixtures of several flavor compounds with 1-butanol and 1-pentanol at 

293.15 K, 303.15 K, 313.15 K, and 323.15 K. J. Chem. Eng. Data 2001, 46, 696-702.

[48] H. Djojoputro, S. Ismadji, Density and viscosity of binary mixtures of ethyl-2 

methylbutyrate and ethyl hexanoate with methanol, ethanol, and 1-propanol at (293.15, 

303.15, and 313.15) K. J. Chem. Eng. Data. 2005, 50, 1343-1347.

[49] B. Mokhtarani, A. Sharifi, H.R. Mortaheb, M. Mirzaei, M. Mafi, F. Sadeghian, 

Density and viscosity of 1-butyl-3-methylimidazolium nitrate with ethanol, 1-propanol, or 1-

butanol at several temperatures. J. Chem. Thermodyn., 2009, 41, 1432-1438.

[50] V.D. Spasojevic, B.D. Djordjeviae, S.P. Serbanovic, I.R. Radovic, M.L. Kijeveanin, 

Densities, Refractive Indices, Viscosities, and Spectroscopic Study of 1-Amino-2-propanol + 

1-Butanol and + 2-Butanol Solutions at (288.15 to 333.15) K.J. Chem. Eng. Data, 2014, 59, 

1817-1829.



[51] S. Loras, B.J. Monton, F. España, Vapor-Liquid Equilibria for the Binary Systems of 

Methylcyclohexane with 1-Propanol, 2-Propanol, 1-Butanol, and 2-Butanol at 101.3 kPa. J. 

Chem. Eng. Data. 1997, 42, 914−918.

[52] TRC Tables, Thermodynamic Tables, version 2.0; Thermodynamics Research Center: 

Houston, TX, 1995.

[53] M. Almasi, H. Iloukhani, Densities, Viscosities, and Refractive Indices of Binary 

Mixtures of Acetophenone and 2-Alkanols. J. Chem. Eng. Data 2010, 55, 1416−1420.

[54] S. Martínez, R. Garriga, P. Perez, M. Gracia, Densities and viscosities of binary 

mixture of butanone with butanol isomers at several temperatures. Fluid Phase Equilib. 2000, 

168, 267−279.

[55] S.B. Lomte, M.J. Bawa, M.K. Lande, B.R. Arbad, Densities and Viscosities of Binary 

Liquid Mixtures of 2-Butanone with Branched Alcohols at (293.15 to 313.15) K. J. Chem. 

Eng. Data. 2009, 54, 127−130.

[56] J. Ortega, Densities and Refractive Indices of Pure Alcohols as a Function of 

Temperature. J. Chem. Eng. Data, 1982, 27, 312-7.

[57] R.N. O'Brien, D. Quon, Refractive Index of Some Alcohols and Saturated 

Hydrocarbons at 6328 A. J. Chem. Eng. Data, 1968, 13, 517.

[58] M.L. Kijeveanin, I.R. Radovic, B.D. Djordjevic, A.Z. Tasic, S.P. Serbanovic, 

Experimental Determination and Modeling of Densities and Refractive Indices of the Binary 

Systems Alcohol + Dicyclohexylamine at T = (288.15 to 323.15) K. Thermochim. Acta, 

2011, 525, 114-28.

[59] Selected Values of Properties of Chemical Compounds, Data Project, Thermo-

dynamics Research Center, Texas A&M University, College Station, TX, 1980.

[60] E. Ayranci, G. Akgul, Apparent Molar Volumes and Viscosities of Lauric, Palmitic, 

and Stearic Acids in 2-Butanol at (20, 30, 40, and 60) C. J. Chem. Eng. Data, 2003, 48, 56-60.



[61] M.G. Bravo-Sanchez, G.A. Iglesias-Silva, A. Estrada-Baltazar, Densities and 

Viscosities of Binary Mixtures of n-Butanol with 2-Butanol, Isobutanol, and tert-Butanol 

from (303.15 to 343.15) K. J. Chem. Eng. Data, 2010, 55, 2310-2315.

[62] F.M.R. Mesquita, F.X. Feitosa, M. Aznar, H.B.D. SantAna, R.S. Santiago-Aguiar, 

Density, Viscosities, and Excess Properties for Binary Mixtures of Sulfolane + Alcohols and 

Sulfolane + Glycols at Different Temperatures. J. Chem. Eng. Data, 2014, 59, 2196-2206.

[63] N.V. Zivkovic, S.S. Serbanovic., M.L. Kijevcanin, E.M. Zivkovic, Volumetric and 

Viscometric Behavior of Binary Systems 2-Butanol + PEG 200, + PEG 400, + Tetraethylene 

Glycol Dimethyl Ether, and + N-Methyl-2-pyrrolidone. J. Chem. Eng. Data, 2013, 58, 3332-

3341.

[64] S. Martinez, R. Garriga, P. Perez, M. Gracia, Densities and viscosities of binary 

mixtures of butanenitrile with butanol isomers at several temperatures. J. Chem. Eng. Data, 

2000, 45, 1182-1188.

[65] M.C. Sekhar, T.M. Mohan, T.V. Krishna, A. Venkatesulu, K.S. Kumar, Density, 

Refractive Index, Speed of Sound and Computational Studies of Intermolecular Interactions 

in Binary Mixtures of 2-Chloroaniline with Butanols (1-Butanol, 2-Butanol) at T = (303.15-

318.15) K. J. Solution Chem., 2015, 44, 237-263.

[66] F.-M. Pang, C.-E. Seng, T.-T. Teng, M.H. Ibrahim, Densities and viscosities of 

aqueous solutions of 1-propanol and 2-propanol at temperatures from 293.15 K to 333.15 K. 

J. Mol. Liq., 2007, 136, 71-78.

[67] S.Z. Mikhail, W.R. Kimel, Densities and Viscosities of 1-Propanol-Water Mixtures. J. 

Chem. Eng. Data, 1963, 8, 323-328.

[68] D. Belhadj, I. Bahadur, A. Negadi, N. Muñoz-Rujas, E. Montero, L. Negadi, 

Thermodynamic, Ultrasonic, and Transport Study of Binary Mixtures Containing 2-(2-



Methoxyethoxy)ethanol and Alcohols at (293.15–323.15) K. Journal of Chemical & 

Engineering Data. 2020. doi:10.1021/acs.jced.0c00330.

[69]   F. Aguilar, F.E.M. Alaoui, C. Alonso-Tristán, J.J. Segovia, M.A. Villamañán, E.A. 

Montero, Excess enthalpies of binary and ternary mixtures containing dibutyl ether (DBE), 

cyclohexane and 1-butanol at 298.15 K, J. Chem. Eng. Data., 2009, 54, 6, 1672–1679.

[70] P.R. Bevington, D.K. Robinson, Data Reduction and Error Analysis for the Physical 

Sciences, WCD/McGraw-Hill, Boston, Mass, 1992.

[71] M.S. Wertheim, Fluids with highly directional attractive forces. I. Statistical 

thermodynamics. J. Stat. Phys. 1984, 35, 19‑34.

[72] M.S. Wertheim, Fluids with highly directional attractive forces. II. Thermodynamic 

perturbation theory and integral equations. J. Stat. Phys. 1984, 35, 35‑47.

[73] J.A. Barker, D. Henderson, Perturbation theory and equation of state for fluids. II. A 

successful theory of liquids. J. Chem. Phys. 1967, 47, 4714-4721.

[74] J.A. Barker, D. Henderson, Perturbation theory and equation of state for fluids: the 

square‐well potential. J. Chem. Phys. 1967, 47, 2856-2861.

[75] W.G. Chapman, G. Jackson, K.E. Gubbins, Phase equilibria of associating fluids.  

Mol. Phys. 1988, 65, 1057‑1079.

[76] W.G. Chapman, K.E. Gubbins, G. Jackson, M. Radosz, New reference equation of 

state for associating liquids. Ind. Eng. Chem. Res. 1990, 29, 1709‑1721.

[77] S.H. Huang, M. Radosz, Equation of state for small, large, polydisperse, and 

associating molecules: extension to fluid mixtures. Ind. Eng. Chem. Res. 1991, 30, 

1994‑2005.



[78] J.C. Cobos, C. Casanova, Excess Enthalpies of Some Cellosolves With 1-Butanol at 

298.15 K. Fluid Phase Equilib., 1985, 20, 155-60.

[79] K.V.R. Reddy, K. Rambabu, A. Krishnaiah, M. Ramakrishna, Excess enthalpies of 

binary mixtures containing Methyl Cellosolve and aliphatic alcohols. Fluid Phase Equilib., 

1995, 103, 251-256.

[80] J.W. Qian, R. Privat, J-N. Jaubert, P. Duchet-Suchaux, Enthalpy and Heat Capacity 

Changes on Mixing: Fundamental Aspects and Prediction by Means of the PPR78 Cubic 

Equation of State, J. Energy& Fuels., 2013, 27, 11,7150-7178.

[81] M.N. Roy, A. Banerjee, A. Choudhury, Rheological, thermodynamic and ultrasonic 

study of binary mixtures containing 2-methoxyethanol and some alkan-1-ol. Phys. Chem. Liq. 

2009, 47, 412-436.

[82] H.A. Zarei, F. Jalili, Densities and derived thermodynamic properties of (2-

methoxyethanol + 1-propanol, or 2-propanol, or 1,2-propandiol) at temperatures from T = 

(293.15 to 343.15) K. J. Chem. Thermodyn., 2007, 39, 55-66.

[83] I. Mozo, J.A. Gonzalez, I.G. de la Fuente, J.C. Cobos, N. Riesco, Thermodynamics of 

mixtures containing alkoxyethanols. Part XXV. Densities, excess molar volumes and speeds 

of sound at 293.15, 298.15 and 303.15 K, and isothermal compressibilities at 298.15 K for 2-

alkoxyethanol+1-butanol system. J. Mol. Liq., 2008, 140, 87-100.

[84] I. Abala, F.E. M’hamdi Alaoui, A. Sahib Eddine, F. Aguilar, N. Muñoz Rujas, E. 

Montero, (ρ, VE , T) Measurements of the Ternary Mixture (Dibutyl Ether + 1-Heptanol + 

Heptane) at Temperatures up to 393.15 K and Pressures up to 140 MPa and Modeling Using 

the Peng−Robinson and PC-SAFT Equations of State. J. Chem. Eng. Data. 2019, 64, 9, 3861–

3873.



[85] I. Abala, F.E. M’hamdi Alaoui, Y. Chhiti, A. Sahib Eddine, N. Muñoz Rujas, F. 

Aguilar, Density of biofuel mixtures (Dibutyl ether þ Heptane) at temperatures from 

(298.15e393.15) K and at pressures up to 140 MPa: Experimental data and PC-SAFT 

modelling. Fluid Phase Equilib. 2019, 491, 35-44.

[86] M. Lifi, J. Lorenzo-Núñez, F. Aguilar, N. Munoz-Rujas, E.A. Montero, Y. Chhiti, F.E. 

M’hamdi Alaoui. Experimental Data of Thermophysical Properties of Mixtures of 

Oxygenated Additives + Hydrocarbon in Fuels and Biofuels: Application of Perturbed Chain-

Statistical Associating Fluid and Peng–Robinson Equations of State. J. Chem. Eng. Data. 

2021, 66, 3, 1475-1500.  

[87] I. Abala, M. Lifi, F.E. M’hamdi Alaoui, N. Muñoz-Rujas, F. Aguilar, E.A. Montero. 

Density, Speed of Sound, Isentropic Compressibility, and Refractive Index of Ternary 

Mixtures of Oxygenated Additives and Hydrocarbons (Dibutyl Ether + 1-Butanol + Toluene 

or Cyclohexane) in Fuels and Biofuels: Experimental Data and PC-SAFT Equation-of-State 

Modeling. J. Chem. Eng. Data. 66, 3, 1406-1424.

[88] M. Lifi, J-P. Bazile, N. Muñoz-Rujas, G. Galliero, F. Aguilar, J-L. Daridon. Density, 

Viscosity and Derivative Properties of Diethylene Glycol Monoethyl Ether Under High 

Pressure and Temperature. J. Chem. Eng. Data. 2021, 66, 3, 1457-1465. 

[89] I. Abala, M. Lifi, F.E. M’hamdi Alaoui, N. Muñoz-Rujas, F. Aguilar, A.E. Montero. 

Experimental data and Modeling of Liquid Density, Speed of Sound, Refractive Index and 

Derivative Properties of Ternary Mixtures Dibutyl Ether + 1-Butanol + Heptane or + 

Methylcyclohexane: Application of PC-SAFT Equation of State. J. Chem. Thermodynamics 

(2021), doi: https://doi.org/10.1016/j.jct.2021.106549.

[90] A. Pal, S. Sharma, Excess Molar Volumes and Viscosities of 1-Propanol + Ethylene 

Glycol, + Ethylene Glycol Monomethyl, + Ethylene Glycol Dimethyl, + Diethylene Glycol 



Dimethyl, + Triethylene Glycol Dimethyl, + Diethylene Glycol Diethyl, and + Diethylene 

Glycol Dibutyl Ethers at 298.15 K. J. Chem. Eng. Data, 1998, 43, 532-536.

[91] J.C. Cobos, I. Garcia de la Fuente, C. Casanova, G. Roux-Desgranges, J.-P.E. Grolier. 

Excess properties of mixtures of some n-alkoxyethanols with organic solvents. III. Excess 

volume and excess heat capacity with butan-1-ol at 298.15 K. Thermochim. Acta, 1988, 131, 

73-78.

[92] B. S. Chandak, G. D. Nageshwar, P. S. Mene. Vapor-liquid equilibria, excess enthalpy 

and volume and viscosity of n- propanol + methyl cellosolve. Indian J. Technol., 1977, 15, 

146.

[93] A. Pal, A. Kumar. Excess molar volumes and viscosities of binary liquid mixtures of 

1-propanol + ethylene glycol monomethyl ether, + diethylene glycol monon1ethyl ether, and 

+ triethylene glycol monomethyl ether at (298.15, 308.15 and 318.15) K. J. Indian Chem. 

Soc., 2004, 81, 375-383.

[94] V. K. Reddy, K. Rambabu, T. Devarajulu, A. Krishnaiah. Volume of Mixing, Speed of 

Sound, and Viscosity of Methyl Cellosolve with Aliphatic Alcohols at 308.15 K. J. Chem. 

Eng. Data, 1995, 40, 124-127.

[95] K. M. Krishnan, K. Ramababu, D. Ramachandran, P. Venkateswarlu, G. K. Raman. 

Excess volumes, speeds of sound and transport properties of mixtures of 2- methoxyethanol 

with branched and alicyclic alcohols at 303.15 K. Fluid Phase Equilib., 1995, 105, 109-118.



0

100

200

300

400

500

600

700

800

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

x1

H
E /

J·
m

ol
-1

Figure 1. Excess enthalpy HE of 2-methoxyethanol (1) + 1-butanol (2). At T = 298.15 K: (●), 

experimental data; (♦), Cobos et al. [78]; (▲), Reddy et al. [79]; (–––), calculated values with 

modified Redlich-Kister equation; (–––), calculated values with NRTL model; (–––), 

calculated values with UNIQUAC model. At T = 313.15 K: (○),experimental data; (----), 

calculated values with modified Redlich-Kister equation; (----), calculated values with NRTL 

model; (----), calculated values with UNIQUAC model.
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Figure 2. Excess enthalpy HE of 2-methoxyethanol (1) + 2-butanol (2). At T = 298.15 K: (▲), 

experimental data; (–––), calculated values with modified Redlich-Kister equation; (–––), 

calculated values with NRTL model; (–––), calculated values with UNIQUAC model. At T = 

313.15 K: (△), experimental data; (----), calculated values with modified Redlich-Kister 

equation; (----), calculated values with NRTL model; (----), calculated values with UNIQUAC 

model.
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Figure 3. Excess enthalpy HE of 2-methoxyethanol (1) + 1-propanol (2). At T = 298.15 K: 

(■), experimental data; (●), Reddy et al. [79]; (–––), calculated values with modified Redlich-

Kister equation; (–––), calculated values with NRTL model; (–––), calculated values with 

UNIQUAC model. At T = 313.15 K: (□), experimental data; (----), calculated values with 

modified Redlich-Kister equation; (----), calculated values with NRTL model; (----), 

calculated values with UNIQUAC model; (○), Chandak et al. [92] at 321.15 K.
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Figure 4. Experimental values of densities, ρ, as a function of mole fraction of x1 for binary 

mixtures: (a), 2-methoxyethanol (1) + 1-butanol (2), (●), this work at 298.15 K, (♦), Roy et al. 

[81] at 298.15 K, (▲), Mozo et al. [83] at 298.15 K, Reddy et al. [94] at 308.15 K, (○), this 

work at 313.15 K, (□); (b), 2-methoxyethanol (1) + 2-butanol (2), (▲), this work at 298.15 K, 

(○), Krishnan et al. [95] at 303.15 K, (△), this work at 313.15 K; and (c), 2-methoxyethanol 

(1) + 1-propanol (2), (■), this work at 298.15 K, (♦), Roy et al. [81], (●), Pal et al. [90] at 

298.15 K, (○), Pal et al. [93] at 308.15 K, (▬), Reddy et al. [94] at 308.15 K, (□), this work at 

313.15 K, (△), Zarei et al. [82] at 313.15 K, (◊), Pal et al. [93] at 318.15 K. (–––), calculated 

values of density with the polynomial equation (Eq. 11); (----), calculated values of density 

with PC-SAFT equation of state.
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Figure 5. Experimental values of dynamic viscosity, , as a function of mole fraction of x1 for 𝜂

binary mixtures: (a), 2-methoxyethanol (1) + 1-butanol (2), (●), this work at 298.15 K, (♦), 

Roy et al. [81] at 298.15 K, (□), Reddy et al. [94] at 308.15 K, (○), this work at 313.15 K; (b), 

2-methoxyethanol (1) + 2-butanol (2), (▲), this work at 298.15 K, (○), Krishnan et al. [95] at 

303.15 K, (△), this work at 313.15 K; and (c), 2-methoxyethanol (1) + 1-propanol (2), (■), 

this work at 298.15 K, (♦), Roy et al. [81], (●), Pal et al. [90] at 298.15 K, (○), Pal et al. [93] 

at 308.15 K, (▬), Reddy et al. [94] at 308.15 K, (□), this work at 313.15 K, (◊), Pal et al. [93] 

at 318.15 K. (–––), calculated values of dynamic viscosity with the polynomial equation (Eq. 

11).
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Figure 6. Experimental values of kinematic viscosity, , as a function of mole fraction of x1 𝜐

for binary mixtures: (a), 2-methoxyethanol (1) + 1-butanol (2), (♦), this work at 298.15 K, (◊), 

This work at 313.15 K. (b), 2-methoxyethanol (1) + 2-butanol (2), (▲), 298.15 K and (△). 

313.15 K. And (c), 2-methoxyethanol (1) + 1-propanol (2), (■), this work at 298.15 K, (□), 

this work at 313.15 K, (○), Chandak et al. [92] at 313.15 K. (–––), calculated values of 

kinematic viscosity with the polynomial equation (Eq. 11).
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Figure 7. Experimental values of refractive index, , as a function of mole fraction of x1 for 𝑛𝐷

binary mixtures: (a), 2-methoxyethanol (1) + 1-butanol (2); (b), 2-methoxyethanol (1) + 2-

butanol (2); and (c), 2-methoxyethanol (1) + 1-propanol (2). At temperatures: (■), 298.15 K 

and (□), 313.15 K. (–––), calculated values of refractive index with the polynomial equation 

(Eq. 11).

(a)



0.00

0.05

0.10

0.15

0.20

0.25

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x1

VE  /
 (c

m
3 ·m

ol
-1

)

(b)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x1

VE  /
 (c

m
3 ·m

ol
-1

)

(c)



0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x1

VE  /
 (c

m
3 ·m

ol
-1

)

Figure 8. Calculated values of excess volume, VE, as a function of mole fraction of x1 for 

binary mixtures: (a), 2-methoxyethanol (1) + 1-butanol (2), (●), this work at 298.15 K, (▲), 

Cobos et al. [91] at 298.15 K, (○), this work at 313.15 K. (b), 2-methoxyethanol (1) + 2-

butanol (2), (♦), this work at 298.15 K, (◊), this work at 313.15 K. And (c), 2-methoxyethanol 

(1) + 1-propanol (2). (■), this work at 298.15 K, (▬), Pal et al. [90] at 298.15 K, (□), this 

work at 313.15 K, ( ), Chandak et al. [92] at 313.15 K. (–––), calculated values of excess ×

volume with the Redlich-Kister equation (Eq. 12) at 298.15 K.
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Figure 9. Calculated values of deviations in refractive index, , as a function of mole ∆𝑛𝐷

fraction of x1 for binary mixtures: (a), 2-methoxyethanol (1) + 1-butanol (2); (b), 2-

methoxyethanol (1) + 2-butanol (2); and (c), 2-methoxyethanol (1) + 1-propanol (2). At 

temperatures: (●), 298.15 K and (○), 313.15 K. (–––), calculated values of deviations in 

refractive index with the Redlich-Kister (Eq. 12) at 298.15 K.

Table 1. Purity and chemical data of used liquids.

Compound Formula Molar mass (g/mol) State mole fraction purity (mol%) CAS number

2-Methoxyethanol C3H8O2 76.09 >99.81 109-86-4

1-Butanol C4H10O 74.12 >99.81 71-36-3

http://www.commonchemistry.org/ChemicalDetail.aspx?ref=111-90-0


2-Butanol* C4H10O 74.12 >99.01 78-92-2

1-Propanol C3H8O 60.09 >99.71 71-23-8
1 Determined by gas chromatography (GC) by the supplier Sigma-Aldrich.

* Racemic mixture

Table 2. Comparison of measured data of density, ρ, dynamic viscosity, , and refractive 𝜂

index  of the pure components (2-methoxyethanol, 1-butanol, 2-butanol and 1-propanol) 𝑛𝐷

with the corresponding literature data at (298.15 and 313.15) K and at 0.1 MPa.a

/(g/cm3)𝜌 /(mPa.s)𝜂 𝑛𝐷
Component T/(K)

Exp Lit Exp Lit Exp Lit

2-Methoxyethanol 298.15 0.9598 0.9601[18] 1.563 1.552[18] 1.4002 1.4001[31]

0.9602[19] 1.542[19] 1.4002[32]



0.9602[21] 1.590[23] 1.4005[32]

0.9602[22] 1.544[24] 1.4007[33]

0.9602[23] 1.592[26] 1.4004[34]

0.9602[24] 1.541[27]

0.9600[18] 1.512[28]

0.9602[25] 1.543[39]

0.9602[26]

313.15 0.9460 0.9459[20] 1.188 1.162[20] 1.3941 1.3942[35]

0.9463[23] 1.180[23] 1.3941[37]

0.9463[29] 1.189[40] 1.3930[38]

0.9423[30] 1.173[41]

0.9462[35]

0.9462[36]

0.9459[38]

1-Butanol 298.15 0.8055 0.8060[42] 2.593 2.619[42] 1.3972 1.3972[50]

0.8059[43] 2.620[46] 1.3972[51]

0.8057[44] 2.509[44] 1.3972[52]

0.8057[45] 2.561[45] 1.3967[56]

0.8060[49] 2.606[49] 1.3993[56]

0.8057[50] 2.539[50] 1.3974[57]

0.8056[51] 1.3973[58]

313.15 0.7939 0.7933[42] 1.787 1.786[42] 1.3911 1.3908[56]

0.7945[43] 1.754[46] 1.3920[57]

0.7941[44] 1.706[44] 1.3935[65]

0.7943[45] 1.681[47] 1.3910[65]



0.7943[47] 1.795[61] 1.3910[68]

0.7943[49]

0.7944[61]

2-Butanol 298.15 0.8018 0.8025[50] 3.090 3.093[50] 1.3951 1.3952[50]

0.8026[51] 3.132[53] 1.3950[51]

0.8025[58] 3.068[54] 1.3950[52]

0.8025[58] 2.998[55] 1.3951[58]

0.8025[59] 2.954[63] 1.3953[58]

0.8025[63] 3.068[64] 1.3953[63]

0.8020[54] 2.998[64] 1.3951[68]

0.8020[64]

313.15 0.7891 0.7922[60] 1.816 1.801[60] 1.3884 1.3885[63]

0.7896[61] 1.840[61] 1.3883[65]

0.7895[61] 1.785[61] 1.3860[65]

0.7907[62] 1.782[62] 1.3890[68]

0.7896[63] 1.766[63] 1.3881[68]

0.7895[65]

0.7894[65]

1-Propanol 298.15 0.7991 0.7994[42] 1.961 1.981[42] 1.3830 1.3832[56]

0.7995[43] 1.970[46] 1.3837[56]

0.7996[44] 1.898[44] 1.3838[57]

0.7996[49] 1.3836[58]

0.7996[58] 1.3837[58]

0.7996[58] 1.3830[68]



0.7997[59]

313.15 0.7870 0.7866[42] 1.391 1.381[42] 1.3768 1.3774[56]

0.7873[43] 1.361[46] 1.3785[57]

0.7875[44] 1.319[44] 1.3770[68]

0.7870[48] 1.378[48] 1.3775[68]

0.7874[49] 1.379[66] 1.3770[68]

0.7885[66] 1.379[67]

0.7873[67]

a Expanded uncertainties u are u(T) = 0.04 K, u(p) = 0.001 MPa and the combined expanded 

uncertainties Uc in density, dynamic viscosity and refractive index are Uc(ρ) = 0.0005 g.cm-3, Uc( ) = 𝜂

0.02  and Uc( ) = 0.005, respectively, (0.95 level of confidence).𝜂 𝑛𝐷

Table 3. Sets of parameters Ai, with standard deviations , needed for correlation of density, 𝜎

, dynamic viscosity, , kinematic viscosity, , and refractive index, , by employing the 𝜌 𝜂 𝜐 𝑛𝐷

polynomial equation (Eq. 11) for the studied binary mixtures at (298.15 and 313.15) K and at 

0.1 MPa.a

T (K) A1 A2 A3 A4 𝜎

x1 2-methoxyethanol (1) + (1- x1) 1-butanol (2) *

298.15 0.80550 0.12620 0.02319 0.00494 1.3·10-8

𝜌
313.15 0.79388 0.12409 0.02215 0.00585 9.2·10-9

298.15 2.5261 -2.3607 1.4343 - 1.3·10-2

𝜂
313.15 1.7530 -1.4016 0.8549 - 3.6·10-3

298.15 3.1290 -3.2835 1.8343 - 2.5·10-2

𝜐
313.15 2.2036 -2.0244 1.1036 - 7.0·10-3



298.15 1.3972 -0.0005 0.0032 0.0003 1.5·10-9
𝑛𝐷

313.15 1.3911 -0.0010 0.0039 0.0001 1.7·10-9

x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) *

298.15 0.80179 0.12294 0.03275 0.00229 6.7·10-9

𝜌
313.15 0.78905 0.12186 0.03264 0.00241 2.1·10-8

298.15 2.9526 -3.6868 2.3772 - 5.9·10-2

𝜂
313.15 1.7731 -1.5836 1.0245 - 6.1·10-3

298.15 3.6723 -4.9511 3.0139 - 1.0·10-1

𝜐
313.15 2.2421 -2.2588 1.3094 - 1.2·10-2

298.15 1.3951 -0.0018 0.0091 -0.0021 1.4·10-9

𝑛𝐷
313.15 1.3883 -0.0009 0.0084 -0.0017 2.1·10-9

x1 2-methoxyethanol (1) + (1- x1) 1-propanol (2) *

298.15 0.79914 0.16702 -0.00644 0.00013 2.2·10-8

𝜌
313.15 0.78701 0.16426 -0.00492 -0.00036 5.0·10-9

298.15 1.9242 -1.2443 0.9044 - 4.4·10-3

𝜂
313.15 1.3716 -0.7302 0.5573 - 1.2·10-3

298.15 2.4013 -1.9326 1.1911 - 9.0·10-3

𝜐
313.15 1.7386 -1.2108 0.7450 - 2.7·10-3

298.15 1.3830 0.0170 0.0012 -0.0010 1.2·10-9

𝑛𝐷
313.15 1.3768 0.0171 0.0009 -0.0007 7.1·10-10

a Expanded uncertainties u are u(T) = 0.04 K, u(p) = 0.001 MPa and the combined expanded 

uncertainties Uc in mole fraction, density, dynamic viscosity, kinematic viscosity and refractive index 

are Uc(x) = 0.0005, Uc(ρ) = 0.0005 g.cm-3, Uc( ) = 0.02 , Uc( ) = 0.02  and Uc( ) = 0.005, 𝜂 𝜂 𝜐 𝜐 𝑛𝐷

respectively, (0.95 level of confidence).

* x1: mole fraction of component 1 (2-methoxyethanol).



Table 4. Sets of parameters Ai, with standard deviations , using for correlation of excess 𝜎

volume, VE, and deviations in refractive index, , by employing the Redlich-Kister ∆𝑛𝐷

equation for the studied binary mixtures at (298.15 and 313.15) K and at 0.1 MPa.a

T (K) A1 A2 A3 𝜎

x1 2-methoxyethanol (1) + (1- x1) 1-butanol (2) *

298.15 0.74610 -0.04975 -0.06025 1.3·10-4

VE

313.15 0.83979 -0.00791 0.03001 7.2·10-5

298.15 -0.00363 -0.00009 -0.00004 1.6·10-9

∆𝑛𝐷 313.15 -0.00399 0.00002 -0.00003 1.7·10-9

x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) *

298.15 1.18189 -0.26269 0.02475 5.8·10-5

VE

313.15 1.21726 -0.28396 0.14504 9.0·10-5

298.15 -0.00595 0.00109 -0.00034 6.1·10-10

∆𝑛𝐷
313.15 -0.00581 0.00089 -0.00040 9.3 ·10-10

x1 2-methoxyethanol (1) + (1- x1) 1-propanol (2) *

298.15 0.19698 -0.02517 -0.14728 1.1·10-5

VE

313.15 0.25187 -0.04615 0.02395 4.0·10-5

298.15 0.00030 0.00036 0.00031 1.9·10-10

∆𝑛𝐷
313.15 0.00019 0.00037 -0.00017 5.9·10-10

* x1: mole fraction of component 1 (2-methoxyethanol).

Table 5. Characteristic Parameters of PC-SAFT model for 2-methoxyethanol, 1-butanol, 2-
butanol and 1-propanol.



Compound m [–]  [A]𝛔 /k [K]𝛆 HB/k𝛆  [𝐊] KHB [K] AAD % 
( Liq)𝛒

2-Methoxyethanol 2.98978 3.28153 212.809 0.1518400 2245.71 0.014

1-Butanol 4.38072 3.04936 218.502 0.0402697 2246.18 0.030

2-Butanol 3.68544 3.21794 213.009 0.0312056 2085.52 0.040

1-Propanol 2.99974 3.25221 233.402 0.0152681 2276.84 0.006

Table 6. Experimental data of HE of studied mixtures x1 2-methoxyethanol (1) + (1- x1) 1-

butanol (2), x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) and x1 2-methoxyethanol (1) + (1- 

x1) 1-propanol (2) at (298.15 and 313.15) K and at 0.1 MPa.a

x HE/J·mol-1 x HE/J·mol-1 x HE/J·mol-1 x HE/J·mol-1

x1 2-methoxyethanol (1) + (1- x1) 1-butanol (2) *

298.15 K

0.0494 123.7 0.3003 538.1 0.5499 629.6 0.8004 412.0

0.0997 237.5 0.3502 580.4 0.6004 610.8 0.8499 329.9

0.1494 334.4 0.3994 609.1 0.6502 579.8 0.8999 233.2

0.1999 416.6 0.4494 627.0 0.6992 537.5 0.9503 121.5

0.2497 483.9 0.5000 633.7 0.7502 480.3

313.15 K

0.0494 143.7 0.3003 609.2 0.5498 694.1 0.8003 441.2

0.0997 271.1 0.3501 654.5 0.6003 669.7 0.8498 351.9

0.1493 381.0 0.3994 683.1 0.6500 632.0 0.8998 247.3

0.1999 474.7 0.4492 700.1 0.6991 582.5 0.9503 128.7

0.2497 550.1 0.4999 704.2 0.7501 517.1

x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) *



298.15 K

0.0496 174.1 0.2997 727.0 0.5495 809.3 0.7999 504.0

0.1001 333.2 0.3497 776.0 0.6000 777.4 0.8504 398.4

0.1500 465.1 0.4004 808.2 0.6498 731.3 0.9003 279.2

0.2006 573.8 0.4504 822.7 0.7002 669.3 0.9505 144.7

0.2505 660.6 0.4996 822.5 0.7497 592.6

313.15 K

0.0496 153.7 0.2996 674.0 0.5494 757.5 0.7998 470.8

0.1001 296.2 0.3496 722.2 0.5998 727.7 0.8504 372.7

0.1499 418.3 0.4004 753.4 0.6497 682.8 0.9002 260.2

0.2006 523.8 0.4503 768.4 0.7000 626.5 0.9505 135.7

0.2505 608.5 0.4995 771.0 0.7496 555.8

x1 2-methoxyethanol (1) + (1- x1) 1-propanol (2) *

298.15 K

0.0502 116.5 0.3000 474.2 0.5495 529.9 0.7999 331.0

0.0993 216.2 0.3491 507.0 0.5999 509.4 0.8503 260.5

0.1501 303.1 0.3998 529.8 0.6492 481.2 0.8994 184.4

0.1998 371.9 0.4494 541.2 0.7000 440.2 0.9503 95.3

0.2498 429.9 0.4993 540.8 0.7499 390.4

313.15 K

0.0502 124.0 0.2999 503.6 0.5493 557.6 0.7999 344.1

0.0993 228.0 0.3490 537.2 0.5998 535.7 0.8503 270.7

0.1501 320.0 0.3997 559.4 0.6490 502.6 0.8994 191.3

0.1997 395.6 0.4493 570.1 0.7000 458.9 0.9503 99.0

0.2497 456.5 0.4993 568.5 0.7498 406.7



a Expanded uncertainties of pressure p, temperature T and mole fraction x are as follows: 

u(p)= 0.001 MPa, u(T) = 0.05 K, u(x) = 0.0005. The relative expanded uncertainty (k = 2) is 

Ur(HE) = 0.01 for excess enthalpy.

* x1: mole fraction of component 1 (2-methoxyethanol).

Table 7. Sets of parameters needed for the graphical representation of excess enthalpies HE 

by modified Redlich-Kister equation (Eq. 1) for studied mixtures x1 2-methoxyethanol (1) + 

(1- x1) 1-butanol (2), x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) and x1 2-methoxyethanol 

(1) + (1- x1) 1-propanol (2) at (298.15 and 313.15) K.*

Binary Systems

298.15 K 2ME (1) + 1-But (2)a 2ME (1) + 2-But (2)a  2ME (1) + 1-Pro (2)a

Ao 0.3255 0.1932 0.4266
A1 2538.4 3296.1 2162.9
A2 823.7 296.5 719.8
A3 121.5 101.8 -
AAD (%) 0.3% 0.3% 0.2%
rms HE/J·mol-1 1.2 1.5 0.6
Max HE/J·mol-1 1.6 2.0 0.9
Max (HE/HE) 1.8% 2.0% 0.6%

2ME (1) + 1-Pro (2)a313.15 K 2ME (1) + 1-But (2)a 2ME (1) + 2-But (2)a 2ME (1) + 1-Pro (2)a

Ao 0.5609 0.1172 0.3230
A1 2819.4 3086.2 2277.7
A2 1429.2 94.7 477.9
AAD (%) 0.3% 0.4% 0.1%
rms HE/J·mol-1 1.4 2.1 0.6
Max HE/J·mol-1 2.0 3.0 1.0
Max (HE/HE) 1.2% 2.9% 0.4%

a 2ME: 2-Methoxyethanol; 1-But: 1-Butanol; 2-But: 2-Butanol; 1-Pro: -Propanol.
* x1: mole fraction of component 1 (2-methoxyethanol).



Table 8. Sets of parameters needed for the graphical representation of excess molar enthalpies 

HE by NRTL and UNIQUAC models, for studied binary mixtures x1 2-methoxyethanol (1) + 

(1- x1) 1-butanol (2), x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) and x1 2-methoxyethanol 

(1) + (1- x1) 1-propanol (2) at (298.15 and 313.15) K.*

Binary Systemsa

NRTL UNIQUAC
2ME (1) + 1-But (2)b

298.15 K 313.15 K 298.15 K 313.15 K
A0 0.6214 0.5804 633.3 678.4
A1 0.6452 0.7868 -36.0 -49.9
12 0.30 0.30 - -
AAD (%) 0.5% 0.2% 1.1% 0.8%
rms HE/J·mol-1 2.5 1.1 4.9 3.9
Max HE/J·mol-1 4.6 2.1 7.9 5.5
Max (HE/HE) 1.4% 0.8% 2.9% 2.2%

NRTL UNIQUAC
2ME (1) + 2-But (2)b

298.15 K 313.15 K 298.15 K 313.15 K
A0 0.7417 0.6240 457.1 634.4
A1 1.1133 0.9242 279.7 34.7
12 0.30 0.30 - -
AAD (%) 0.6% 1.0% 0.7% 0.4%
rms HE/J·mol-1 2.1 3.8 4.5 1.7
Max HE/J·mol-1 3.7 8.7 7.1 3.0

Max (HE/HE) 3.3% 5.5% 1.7% 2.8%

NRTL UNIQUAC
2ME (1) + 1-Pro (2)b

298.15 K 313.15 K 298.15 K 313.15 K
A0 0.3599 0.3377 342.6 461.4
A1 0.6992 0.7318 129.2 20.4
12 0.30 0.30 - -



AAD (%) 0.4% 0.2% 0.8% 0.6%
rms HE/J·mol-1 1.7 1.0 2.7 2.0
Max HE/J·mol-1 3.4 1.8 4.7 2.9
Max (HE/HE) 1.5% 0.9% 2.1% 1.7%
a Equivalence between parameters: NRTL A0=12 and A1=21; UNIQUAC A0=u12; A1=u21.

b 2ME: 2-Methoxyethanol; 1-But: 1-Butanol; 2-But: 2-Butanol; 1-Pro: 1-Propanol.
* x1: mole fraction of component 1 (2-methoxyethanol).

Table 9. Experimental density, ρ, dynamic viscosity, , kinematic viscosity, , and refractive index, 𝜂 𝜐

, for the binary mixtures x1 2-methoxyethanol (1) + (1- x1) 1-butanol (2), x1 2-methoxyethanol 𝑛𝐷

(1) + (1- x1) 2-butanol (2) and x1 2-methoxyethanol (1) + (1- x1) 1-propanol (2) at (298.15 and 

313.15) K and at 0.1 MPa.a

x1 ρ/(g/cm3) /( mPa.s)𝜂 /(mm2.s-1)𝜐 𝑛𝐷

x1 2-methoxyethanol (1) + (1- x1) 1-butanol (2) *

T = 298.15 K

0.1009 0.8185 2.27 2.78 1.3972

0.2003 0.8317 2.06 2.48 1.3973

0.3003 0.8457 1.91 2.26 1.3974

0.4012 0.8602 1.80 2.09 1.3976

0.5008 0.8751 1.72 1.96 1.3978

0.6012 0.8908 1.65 1.86 1.3982

0.7006 0.9070 1.61 1.78 1.3986

0.7998 0.9238 1.58 1.71 1.3990

0.9000 0.9415 1.56 1.66 1.3996

T = 313.15 K

0.1009 0.8066 1.60 1.99 1.3911

0.2003 0.8197 1.48 1.81 1.3911



0.3003 0.8333 1.39 1.67 1.3912

0.4012 0.8476 1.32 1.56 1.3914

0.5008 0.8623 1.27 1.48 1.3916

0.6012 0.8778 1.24 1.41 1.3920

0.7006 0.8937 1.21 1.35 1.3924

0.7998 0.9103 1.19 1.31 1.3929

0.9000 0.9277 1.18 1.27 1.3935

x1 2-methoxyethanol (1) + (1- x1) 2-butanol (2) *

T = 298.15 K

0.1007 0.8145 2.54 3.12 1.3950

0.2020 0.8280 2.20 2.66 1.3951

0.3022 0.8420 1.98 2.35 1.3953

0.4018 0.8566 1.83 2.14 1.3957

0.5022 0.8721 1.73 1.98 1.3962

0.6017 0.8881 1.66 1.86 1.3968

0.7010 0.9049 1.61 1.78 1.3975

0.8006 0.9224 1.58 1.71 1.3983

0.9006 0.9407 1.56 1.66 1.3993

T = 313.15 K

0.1007 0.8016 1.61 2.00 1.3883

0.2020 0.8150 1.46 1.79 1.3885

0.3022 0.8289 1.36 1.64 1.3888

0.4018 0.8435 1.29 1.53 1.3892

0.5022 0.8588 1.24 1.45 1.3898

0.6017 0.8747 1.21 1.39 1.3905



0.7010 0.8914 1.19 1.34 1.3912

0.8006 0.9087 1.18 1.30 1.3921

0.9006 0.9270 1.18 1.27 1.3931

x1 2-methoxyethanol (1) + (1- x1) 1-propanol (2) *

T = 298.15 K

0.1005 0.8159 1.79 2.20 1.3848

0.2016 0.8326 1.68 2.02 1.3865

0.3013 0.8489 1.61 1.90 1.3883

0.4012 0.8651 1.56 1.81 1.3900

0.5013 0.8812 1.53 1.74 1.3917

0.6005 0.8971 1.52 1.69 1.3935

0.7008 0.9131 1.52 1.66 1.3952

0.8003 0.9288 1.52 1.64 1.3969

0.9001 0.9444 1.54 1.63 1.3986

T = 313.15 K

0.1005 0.8035 1.30 1.61 1.3785

0.2016 0.8199 1.23 1.50 1.3803

0.3013 0.8360 1.19 1.42 1.3821

0.4012 0.8521 1.16 1.37 1.3838

0.5013 0.8681 1.15 1.32 1.3855

0.6005 0.8838 1.14 1.29 1.3873

0.7008 0.8996 1.14 1.27 1.3890

0.8003 0.9151 1.15 1.26 1.3907

0.9001 0.9306 1.16 1.25 1.3924



a Expanded uncertainties u are u(T) = 0.04 K, u(p) = 0.001 MPa and the combined expanded 

uncertainties Uc in mole fraction, density, dynamic viscosity, kinematic viscosity and refractive index 

are Uc(x) = 0.0005, Uc(ρ) = 0.0005 g.cm-3, Uc( ) = 0.02 , Uc( ) = 0.02  and Uc( ) = 0.005, 𝜂 𝜂 𝜐 𝜐 𝑛𝐷

respectively, (0.95 level of confidence).

* x1: mole fraction of component 1 (2-methoxyethanol).

 New data of HE, , , , and nD for binary mixtures are reported.

 Derived properties were calculated.

 Redlich-Kister equation, NRTL and UNIQUAC models were used.

 PC-SAFT EoS was applied in this work.

 Intermolecular effects involved in these systems have been discussed
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