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Abstract

Short-chain alcohols and glycol ethers are increasingly being considered as prom-
ising additives or components in biofuels due to their favorable physicochemical
properties and alignment with the growing demand for sustainable and low-emis-
sion energy sources in the transportation sector. This study presents experimental
data for five binary mixtures of 2-propanol with glycol ethers: 2-(2-methoxyeth-
oxy)ethanol, 2-(2-ethoxyethoxy)ethanol, 2-methoxyethanol, 2-phenoxyethanol, and
2-butoxyethanol. Measurements of excess molar enthalpy (H’ﬁ), density (p), speed
of sound (u), and refractive index (nj,) were performed over the temperature range
293.15 K-323.15 K at 0.1 MPa. Derivative thermodynamic properties, excess molar
volume (V¥), isentropic compressibility (k,), and refractive index deviation (Anp),
were calculated from the experimental data. Density data were correlated using
PC-SAFT and Peng—Robinson equations of state, while polynomial equations were
employed to fit p, u, nj, and k; as functions of composition. The Redlich—Kister
equation was used to fit V£ and Anj,. Excess molar enthalpy (Hi) was modeled
using both the Redlich—Kister correlation and thermodynamic activity coefficient
models, UNIQUAC, NRTL, and Modified UNIFAC, to interpret molecular interac-
tions. All the studied mixtures exhibit endothermic behavior. The results contribute
to a deeper understanding of the behavior of alcohol/glycol ether mixtures and their
potential application in fuel formulations.
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1 Introduction

The transition to renewable energy has become a global imperative, particularly
in the transportation sector, which remains one of the largest contributors to
greenhouse gas emissions. Reducing the environmental impact of transport fuels
is crucial to meeting climate targets and promoting sustainable development [1].
Consequently, biomass derived alternative fuels are attracting significant interest
as they offer a renewable source and a reduced ecological footprint compared to
conventional options [2].

Biomass derived oxygenated solvents offer potential for cleaner fuel formu-
lations [3]. Combining ether and hydroxyl functionalities in their structure ena-
bles potent interactions (hydrogen bonding, dipole—dipole) with alcohols such
as 2-PrOH [4]. 2-PrOH, a secondary alcohol with favorable blending character-
istics, is widely studied for its potential role in biofuel formulations due to its
solubility, volatility, and combustion performance [5]. Its oxygen content helps
promote cleaner combustion by facilitating the oxidation of hydrocarbons, lead-
ing to a reduction in carbon monoxide, unburned hydrocarbons, and particulate
emissions [6]. Additionally, 2-PrOH improves the cold-start behavior of engines
and enhances atomization due to its surface tension-lowering effect, which con-
tributes to more efficient fuel-air mixing. As a molecule derived from renewable
resources through fermentation processes, it aligns with green chemistry princi-
ples and offers a sustainable alternative to fossil-derived additives [7].

A great deal of potential has been demonstrated by binary mixtures of 2-PrOH
with various biomass-derived glycol ethers in enhancing alternative fuel formula-
tions. These include 22MEE, 22EEE, 2ME, 2PhE and 2BE. Each of these oxy-
genated compounds offers specific advantages to the blend. 22MEE has a high
boiling point and low volatility, which makes it effective at limiting evaporative
emissions and improving the fuel’s thermal stability [8]. Conversely, 22EEE has
a slightly more hydrophobic nature, favouring better integration with hydrocar-
bon based components and contributing to more uniform combustion [9, 10].
The more volatile 2ME offers a higher oxygen content, enhancing combustion
efficiency and facilitating engine start-up at lower temperatures [11, 12]. 2PhE,
which is distinguished by its aromatic ring, increases fuel density and decreases
volatility [13, 14]. This reduces evaporation losses and improves the solubi-
lisation of nonpolar fuel constituents. Lastly, 2BE strikes a favourable balance
between hydrophilic and hydrophobic interactions [15].

Industrial research increasingly targets sustainable energy solutions, emphasiz-
ing the importance of thermodynamics in selecting low-impact systems. A key
aspect of this effort involves studying thermophysical properties such as den-
sity, speed of sound, refractive index, and excess molar enthalpy. These proper-
ties provide valuable insights into molecular interactions, phase behavior, and
the structural organization of fluid mixtures, which are crucial for designing
and optimizing efficient energy systems [16]. Excess molar enthalpy reflects the
deviation from ideal mixing behavior and serves as a direct indicator of intermo-
lecular interactions within mixtures [17]. When combined with other measurable
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properties, it helps deepen the understanding of system energetics and compat-
ibility of components. Experimental determination of these properties not only
supports the characterization of new substances but also provides a solid founda-
tion for the calibration and validation of thermodynamic models. Once validated,
these models enable the prediction of system behavior under a wide range of con-
ditions, significantly reducing the need for extensive experimentation.

In the present study, we report experimental measurements for a series of binary
mixtures consisting of 22MEE (1) +2-PrOH (2); 22EEEI (1) +2-PrOH (2); 2ME
(1)+42-PrOH (2); 2PhE (1) +2-PrOH (2) and 2BE (1) +2-PrOH (2), over a tempera-
ture range from 293.15 K to 323.15 K and at a pressure of 0.1 MPa. The investigated
properties include excess molar enthalpy (Hﬁ), density (p), speed of sound (u), and
refractive index (np). From these properties, several derivative properties were cal-
culated, such as excess molar volume (V%), isothermal compressibility (k,), and
deviation in refractive index (Anp). The Hﬁ was determined using a quasi-isother-
mal flow calorimeter; The p and u were obtained using an Anton Paar DSA 5000 M
densitometer, while the n;, was measured using a digital Abbe refractometer. The
experimental H,’;‘; data were correlated using the Redlich—Kister equation [18] and
modeled with local composition models such as UNIQUAC [19], modified UNI-
FAC (Dortmund) [20] and NRTL [21] model to evaluate their predictive capabilities
and gain insight into the molecular interactions present in these non-ideal systems.
Meanwhile, the experimental data for density (p), speed of sound (u), refractive
index (np), and isothermal compressibility (k;) were correlated using a polynomial
equation. Additionally, the density data were modeled using the Peng—Robinson
equation of state (EoS) [8] and the PC-SAFT EoS [22].

2 Materials

All chemicals used in this work, including 22MEE (CsH,,0;), 22EEE (C¢H,,0;),
2ME (C;Hg0,), 2-PhE (C¢H,,0,), 2BE (C¢H,,0,), and 2-PrOH (C;H;O) were pur-
chased from Sigma-Aldrich. Each compound was supplied with a certified mass
fraction purity exceeding 0.99, as specified by the manufacturer. Before conducting
any measurements, the liquids were degassed in an ultrasonic bath (Fisher Scien-
tific) to eliminate dissolved gases and prevent bubble formation that could interfere
with densiometric accuracy. No additional purification procedures were applied. The
mixtures were prepared by mass using an OHAUS analytical balance with a preci-
sion of +0.0001 g. A summary of the main physicochemical properties of the com-
pounds is provided in Table 1.

3 Apparatus and Procedure
3.1 Excess Molar Enthalpies

Excess molar enthalpies (Hﬁ ) were measured at 0.1 MPa using a quasi-isothermal
flow calorimeter (Fig. 1), previously validated in the literature [23]. The setup
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Table 1 Purity and chemical data of studied liquids

Compound Formula Molar mass Density (g-cm™) Stated CAS number Water
(gmol™) ———  — purity' content®
298.15K 313.15K (mol %) (mass %)
22MEE* CsH,0; 120.15 1.0147*  1.0014% >99.0111-77-3 <0.03
22BEE*  CgH,,0; 134.18 0.9852°  0.9718° >99.0 111-90-0 <0.03
2ME* C;HO,  76.09 0.9598°  0.9460° >99.8 109-86-4 <0.01
2-PhE* CgH,,0, 138.18 1.1030¢  1.0900¢ >99.0 122-99-6 <0.02
2BE* C¢H, 4,0, 118.17 0.89705  0.8863 >99.4111-76-2 <0.08
2-Propanol C;HgO 60.10 0.7864°  0.7691° >99.567-63-0 <0.02

iLifi et al. [8]

°Lifi et al. [10]

‘Lifi et al. [12]

dMakhlouf et al. [14]

°F. Zhou et al. [6]

TPurities were provided by the suppliers, and no purification was conducted for the studied compounds
£Water content was determined by Karl Fischer (KF) titration by the supplier Sigma-Aldrich

*22MEE 2-(2-Methoxyethoxy)ethanol, 22EEE 2-(2-Ethoxyethoxy)ethanol, 2ME 2-Methoxyethanol,
2-PhE 2-Phenoxyethanol, 2BE 2-Buthoxyethanol
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Fig. 1 Quasi-isothermal flow calorimeter. Schematic diagram
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included two Agilent 1100 HPLC pumps delivering pure components through
corrosion-resistant stainless-steel lines into a coiled mixer located within a
temperature-controlled flow chamber. A thermostatic bath ensured temperature
stability within+0.01 K. Mixture mole fractions (x;) were determined from the
molecular weights, flow rates, and densities of the pure substances, with densities
interpolated from Table 1 data at the relevant temperatures. Various compositions
were achieved by adjusting flow rates. The relative uncertainty of Hﬁ was esti-
mated at 1% (k=2), and the standard uncertainty in x; was +0.0005. An uncer-
tainty budget for Hﬁ, following EA-4/02 guidelines [24], is presented in Table 2.

3.2 Density, (p), Speed of Sound, (u), and Refractive Index, (np)

Density (p) and speed of sound (1) measurements at atmospheric pressure were
obtained using an Anton Paar DSA 5000 M densitometer. This instrument uses
a vibrating tube to determine density and an ultrasonic method to evaluate the
speed of sound through the sample, allowing for precise and reliable data. The
combined expanded uncertainty for p and u were estimated to be 0.003 g-cm™>
and 1.2 m-s™!, respectively. The calibration of the apparatus was carried out with
air and distilled water as reference fluids. Additionally, refractive index data (n,)
for all pure substances and their mixtures were measured using a digital Abbe
refractometer (Abbemat 300, Anton Paar). This device works by analyzing the
behavior of light as it passes through the sample. The refractometer was cali-
brated with air and water, and the expanded uncertainty in n;,, was estimated to
be +0.005 with a 95 % confidence level.

Table 2 Uncertainty budget for excess molar enthalpy using EA-4/02 [24]

Units Estimate Divisor Uncertainty value

UQ,,ixiure) Resolution w 4.107° 24/3 0.8
(O iviure) Repeatability 4-107° 1
w(Q,iviure) Non-linearity 1.2-107
Uy Accuracy cm?s~! 25107 2 0.3

Resolution 2.5107° 24/3
U\v,) Accuracy cm?s7! 251075 2 0.3

Resolution 1.7-107 24/3
w(T) Stability K 1.1072 1 0.1
u(HE) HE= 400 J-mol ™! k=1 0.9
U(HE) J-mol ™! k=2 1.8
U/(HE) J-mol~!/J-mol~! k=2 51073
Q,ixure: heat of mixing; V, and V,: flows of pure components 1 and 2 driven by isocratic pumps; 7 tem-

perature; Hﬁ : excess molar enthalpy; x: mole fraction

Note that u represents the standard uncertainty, U is the expanded uncertainty with a stated coverage fac-
tor of k=2, and U, is the relative expanded uncertainty with a coverage factor stated in column “Divisor”
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4 Modeling

This study applies various thermodynamic models to describe excess molar
enthalpy and density in non-ideal mixtures. The NRTL and UNIQUAC mod-
els account for molecular interactions through local composition theory, while
the modified UNIFAC (Dortmund) model predicts activity coefficients based on
molecular group contributions, making it suitable when data are scarce. For the
prediction of density, both the Peng—Robinson equation of state and the PC-SAFT
equation were used, as they are well-suited for handling complex fluids and asso-
ciating systems.

4.1 UNIQUAC Model

The UNIQUAC model describes the non-ideality of liquid mixtures by separating
combinatorial and residual contributions, with the residual part expressed as [19]:

zlnl‘)AuT
Zjl]lJ

and g; the surface area of a molecule is calculated by summing the

n

Hy =) ax (1)

qi%i
Z,‘ q;X;
contributions from its constituent functional groups.

where 9; =

4.2 Modified UNIFAC Model

The modified UNIFAC (Dortmund) model, a group-contribution extension of UNI-
QUAC, predicts activity coefficients by summing contributions from functional

groups [20, 25].
dlnT olnI)
Hy = —RT? 0 2 vy ( ) —< pTE @
P P
(l)

v,/ is the number of groups of type k in molecule i. R and T stand for the universal
gas constant and temperature, respectively.

4.3 NRTL Model

The NRTL model [21] accounts for local composition effects and uses an expression
of the form:

HE=-RTY" xm, 3)
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Here, the mole fraction of component i is denoted by x;, and #; is computed as

follows:
4 P n
kakini [a <Tki - < anniGni/ Z leli>> - 1]
k=1 n=1 =1

ni = - @)
Z x,Gy;
=1

The non-randomness parameter o reflects variations in molecular interactions,
leading to improved accuracy in phase behavior predictions. Gji is defined as:

G = exp (—azy) )
where
7= (8 — g)/RT (6)

Here, g;; is the interaction energy between molecules i and j. The NRTL model is
especially effective in systems with strong hydrogen bonding. In this research, the
three-parameter version of the NRTL model with a variable o was employed.

4.4 PC-SAFT Model

The Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT) equation of
state, developed by Gross and Sadowski [22, 26], expresses the residual Helmholtz

res

free energy (a ) as the sum of three contributions:

res he disp assoc

a =a +a +a )

he . o di ) i
Here, “ corresponds to the hard-chain contribution, 7 “P accounts for dispersive
assoc

interactions, and a represents the association energy due to hydrogen bonding or
other specific interactions.

The PC-SAFT model includes three primary parameters for non-associating flu-
ids: the segment diameter (o), the number of segments per molecule (m), and the
segment energy parameter (e/k). For associating components, two additional param-
eters are required: the association energy (¢4/%) and the association volume (k4%).

In mixtures, the interaction parameters o; and ¢, between dissimilar segments are
evaluated using the Lorentz-Berthelot combining rules:

o;+0;
0y = (Tﬂ> (3

e = \/Eig; (1 = ky) ©)
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Here, k,:]- is the binary interaction parameter, used to correct for deviations in cross-
interactions between unlike segments. In this study, ki/‘ is assumed to be zero for all
mixtures.

The 2B association scheme, which considers two associating sites per molecule,
was selected due to its effectiveness in representing the density of the studied liquid
mixtures. The PC-SAFT model accounts explicitly for molecular size, shape, and
association interactions, which is essential for accurate modeling of thermophysical
properties in complex mixtures. Its formulation, grounded in statistical thermody-
namics [27-29], provides a robust theoretical framework for describing fluid-phase
behavior.

The PC-SAFT parameters were optimized by minimizing an objective function
defined as:

M exp calc 2
p;" = pS
Obj.F =) (p—p> (10)
i=1 i

where M denotes the number of experimental data points, and p{” and p“ are the
experimental and calculated densities, respectively.

4.5 Peng-Robinson model
To model fluid density, the Peng—Robinson equation relates pressure to temperature
and molar volume, accounting for non-ideal molecular behavior [26, 8].

RT  a()
v—>b VZ4+2vb-Db2

pP= 11
Here, R denotes the universal gas constant, while the parameters a and b are specific
to each substance, representing molecular attraction and volume exclusion effects,
respectively. Their values are determined from the fluid’s critical properties.

0.007780RT,
=— (12)
a=aT)[1+k(1 -1 (13)
0.45724R°T?
a(T,) = ————= (14)
PC
k = 0.37464 + 1.542260 — 0.269920)" (15)

where P, and T, represent the critical pressure and temperature of the fluid, respec-
tively, and the coefficient k is calculated as a function of the acentric factor w.
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c

- _loo £ _1
w = —log P o (16)
7 =0.

c

The critical properties P, T,, and the acentric factor w for the pure compounds
were obtained a data base [30].

When applying the Peng—Robinson equation of state to mixtures, the parameters
a,,, and b, are calculated using the van der Waals mixing rules [31].

iy = Zi Z_;‘ XXy (17)
bix = Zixibi (18)

a; = (aza;)’(1- K;) (19)

Here, K;; represents the binary interaction parameter between components i and j,
which is often assumed to be zero when no specific interaction data is available. The
term x; denotes the mole fraction of component i in the mixture.

5 Correlation and Adjustment
5.1 Redlich—Kister (R-K) Correlation

The R—K equation [18] was employed in this study, as presented below:

N

R =x.(1=x,). ) An(2x, = ) (20)
i=1

Here, R(x) stands for a generic Redlich—Kister representation, applied to either
Hﬁ , Anp, or VE. In this context, x denotes the molar fraction, while n corresponds
to the number of fitting parameters employed. The A; coefficients are influenced by
both the quality of the experimental data and the slope of the resulting curve [32].
To determine the optimal number of coefficients, Fisher’s F-test [33] was applied.

5.2 Polynomial Adjustment

The properties p, and nj, for each binary mixture were correlated using a general
polynomial expression of the form:

N
A@) =Y A Q1)
i=1
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In this equation, A represents the physical property of interest (p, k,, u or np); x, is
the mole fraction of component 1; and A, are the polynomial coefficients determined
via an unweighted least-squares fitting procedure.

5.3 Statistical Parameters

To evaluate the accuracy and reliability of the correlated experimental data, several
statistical indicators were computed:

e The Absolute Average Deviation (AAD) is defined as:

PE _ PE
m.,exp m,calc

PE

exp

AAD(P) = lN@ Y 22)

i=1

calc
tively. Where P could be density, p, excess mola enthalpy, Hﬁ, refractive index,

np, or speed of sound, u.
e The standard deviation (o) for each fitted property was calculated to assess the
quality of the fit, using the formula:

Al (Xex _Xcalc)2 2
o) = [2 NCE

Here, Pfxp and PE  represent the experimental and calculated values, respec-

(23)
i=1

where, N is the total number of experimental points; p: the number of parameters
used in the model; X,,,, X, are respectively the experimental and calculated
value.

6 Results and Discussion
6.1 Excess Molar Enthalpy (H)

The thermodynamic behavior of binary mixtures containing glycol ethers with
2-PrOH are significantly influenced by molecular structure, intermolecular forces
particularly hydrogen bonding and temperature effects. Experimental data for the
Hrﬁ of five mixtures measured at 7=298.15 and 313.15 K under atmospheric pres-
sure, are shown in Fig. 2 and listed in Tables 3 and 4. The adjustable parameters A;
derived from fitting Eq. 20 to the experimental Hﬁ data for each binary mixture are
presented in Table S1. The parameters used in the UNIQUAC and NRTL models
to calculate Hﬁ are listed in Table S2. As for the Modified UNIFAC (Dortmund)
model, Tables 5, 6, and 7, and Table S3 provide the group surface volume values
[34], necessary group interaction parameters, structural group assignments, and
AAD deviation, respectively. In all cases, the curves display positive values of HZ

m’

indicating that the mixing process is endothermic. This is mainly attributed to the
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Fig.2 Excess molar enthalpies,Hﬁ, of (a) 2-(2-methoxyethoxy)ethanol 4+ 2-propanol; (b) 2-(2-ethoxyeth-
oxy)ethanol +2-propanol; (c¢) 2-methoxyethanol +2-propanol; (d) 2-phenoxyethanol 4+ 2-propanol and
(e) 2-buthoxyethanol 4 2-propanol binary mixtures. At T=298.15 K: @, experimental data; (—), cal-
culated values with Redlich—Kister (Eq. 20), (—), calculated values with NRTL model (Eq. 3); (—),
calculated values with UNIQUAC model (Eq. 1), (—), calculated values with Modified UNIFAC (Dort-
mund) model (Eq. 2). At T=313.15 K: O, experimental data (—), calculated values with Redlich—Kis-
ter (Eq. 20), (—), calculated values with NRTL model (Eq. 3); (—), calculated values with UNIQUAC
model (Eq. 1), (—), calculated values with Modified UNIFAC (Dortmund) model (Eq. 2)

disruption of strong hydrogen bonds present in pure substances and the formation of
comparatively weaker interactions between the dissimilar components.

6.1.1 22MEE +2-PrOH

As presented in Fig. 2a, the H”i for the 22MEE and 2-PrOH mixture remains posi-
tive across all compositions at both temperatures studied: 298.15 K and 313.15 K.
This indicates an endothermic mixing process, where the energetic cost of disrupt-
ing strong self-associative hydrogen bonds in the pure components outweighs the
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Table 3 Experimental data of excess molar enthalpy, Hi, of studied mixtures x; 2-(2-methoxyethoxy)
ethanol (1)+(1 — x;) 2-propanol (2), x; 2-(2-ethoxyethoxy)ethanol (1)+(1 — x;) 2-propanol (2), x;
2-methoxyethanol (1)+ (1—x;) 2-propanol (2), x; 2-phenoxyethanol (1)+ (1 — x;) 2-propanol (2) and x;
2-butoxyethanol (1)+ (1 — x;) 2-propanol (2) at 7=298.15 K and p=0.1 MPa

x HE/J-mol™" x HE/J-mol™" x HE/J-mol™"  x HE/J-mol™!

X; 2-(2-methoxyethoxy)ethanol (1) + (1 — x;) 2-propanol )

0.0495 219.6 0.2996 790.6 0.5497 796.3 0.7994 456.8
0.0997 401.5 0.3495 827.4 0.5991 752.1 0.8498 355.9
0.1494 542.3 0.3991 844.3 0.6488 696.9 0.9001 245.8
0.1993 652.3 0.4495 843.0 0.6988 628.0 0.9502 125.2
0.2494 733.8 0.4993 827.6 0.7490 548.2

x; 2-(2-ethoxyethoxy)ethanol (1)+ (1 — x,) 2-propanol (2)°
0.0501 190.4 0.2990 675.1 0.5492 678.3 0.7983 390.2
0.0995 344.4 0.3494 705.9 0.5996 640.5 0.8503 300.9
0.1498 465.8 0.3990 720.3 0.6493 591.2 0.9003 207.8
0.1995 558.4 0.4486 719.7 0.6997 532.3 0.9503 105.1
0.2494 627.0 0.4998 704.9 0.7488 466.6

x, 2-methoxyethanol (1)+ (1 — x;) 2-propanol (2)"
0.0499 148.5 0.2989 586.4 0.5491 638.9 0.7989 389.1
0.0999 276.1 0.3497 623.7 0.5993 611.0 0.8500 304.7
0.1501 382.9 0.3993 646.9 0.6497 571.6 0.8999 212.7
0.1991 466.0 0.4490 657.3 0.6988 523.0 0.9499 110.1
0.2496 535.9 0.4990 655.1 0.7494  460.0

x; 2-phenoxyethanol (1)+ (1 — x;) 2-propanol )"
0.0497 229.8 0.2999 679.6 0.5496 668.8 0.7999 421.6
0.0996 400.9 0.3495 697.3 0.5999 638.9 0.8506 339.6
0.1495 518.8 0.3990 704.5 0.6493 600.4 0.8992 245.2
0.1991 596.9 0.4496 701.2 0.6992 551.3 0.9497 130.3
0.2493 648.5 0.4999 688.7 0.7494 4938

x; 2-butoxyethanol (1)+ (1 — x;) 2-propanol )"
0.0757 91.3 0.3990 300.4 0.6552 285.7 0.8614 156.6
0.1472 162.4 0.4554 310.3 0.6995 266.7 0.8984 121.5
0.2157 216.3 0.5082 312.8 0.7429 244.4 0.9326 83.0
0.2797 255.0 0.5601 309.3 0.7836 218.5 0.9670 423
0.3404 282.4 0.6081 300.1 0.8231 190.2

iStandard uncertainties of pressure p, temperature 7 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 U,(Hi
)=0.01 for excess molar enthalpy

“x ;2 mole fraction of component (1) 2-(2-Methoxyethoxy)ethanol, 2-(2-Ethoxyethoxy)ethanol, 2-Methox-
yethanol, 2-Phenoxyethanol or 2-Butoxyethanol

strength of new interactions formed in the mixture. The maximum Hﬁ occurs near an
equimolar composition at x;=0.3991 with a value of 844.3 J-mol ! at 298.15 K and
at x;=0.399 with 849.6 J-mol ! at 313.15 K. The observed temperature dependence
suggests that the non-ideality of the mixture becomes more pronounced at higher
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Table 4 Experimental data of excess molar enthalpy, Hi, of studied mixtures x; 2-(2-methoxyethoxy)
ethanol (1)+(1 — x;) 2-propanol (2), x; 2-(2-ethoxyethoxy)ethanol (1)+(1 — x;) 2-propanol (2), x;
2-methoxyethanol (1)+(1 — x;) 2-propanol (2), x; 2-phenoxyethanol (1)+(1 — x;) 2-propanol (2) x;
2-butoxyethanol (1)+ (1 — x;) 2-propanol (2) at 7=313.15 K and p=0.1 MPa

x HYTmol™  x HYTmol™  x HE x HE/J-mol™!
/J-mol ™!

X; 2-(2-methoxyethoxy)ethanol (1)+ (1 — x;) 2-propanol 2"

0.0495 211.5 0.2995 795.0 0.5497 797.6 0.7994 453.4
0.0997 394.1 0.3495 831.6 0.5990 753.6 0.8498 352.1
0.1494 536.5 0.3990 849.6 0.6486 695.9 0.9001 240.3
0.1993 649.7 0.4495 847.8 0.6988 624.4 0.9502 122.7
0.2494 734.0 0.4992 831.9 0.7490 545.4

X; 2-(2-ethoxyethoxy)ethanol (1) + (1 — x;) 2-propanol "

0.0501 185.6 0.2990 690.5 0.5492 691.1 0.7983 392.0
0.0995 342.5 0.3494 722.8 0.5996 649.4 0.8503 299.3
0.1498 468.3 0.3990 736.9 0.6493 599.1 0.9003 207.1
0.1995 565.7 0.4486 735.9 0.6997 538.2 0.9503 105.0
0.2494 639.4 0.4998 718.5 0.7488 470.3

x; 2-methoxyethanol (1)+ (1 — x;) 2-propanol 2"

0.0499 141.1 0.2988 573.2 0.5489 624.9 0.7990 379.3
0.0999 263.4 0.3497 609.6 0.5992 597.6 0.8500 297.9
0.1501 369.1 0.3992 633.6 0.6495 557.4 0.8999 207.5
0.1990  451.8 0.4491 642.9 0.6987 508.7 0.9499 109.5
0.2496 520.9 0.4989 641.7 0.7494 448.5

X; 2-phenoxyethanol (1)+ (1 — x;) 2-propanol "

0.0496 246.7 0.2998 820.1 0.5493 808.7 0.7998 482.0
0.0995 427.5 0.3493 849.2 0.5997 764.6 0.8505 380.1
0.1494 585.3 0.3988 861.4 0.6491 712.4 0.8991 269.6
0.1991 691.8 0.4495 856.5 0.6990 647.5 0.9497 140.7
0.2492 768.0 0.4998 839.1 0.7493 571.1

x; 2-butoxyethanol (1)+ (1 — x;) 2-propanol 2"

0.0757 94.2 0.3990 324.6 0.6552 308.1 0.8614 162.8
0.1472 170.4 0.4554 335.6 0.6995 284.1 0.8984 124.9
0.2157 229.6 0.5082 338.5 0.7429 258.9 0.9326 85.3
0.2797 273.3 0.5601 334.5 0.7836 230.3 0.9670 429
0.3404 304.2 0.6081 323.9 0.8231 198.7

#Standard 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 U,.(Hﬁ):0.0l for excess molar
enthalpy

*x,: mole fraction of component (1) 2-(2-Methoxyethoxy)ethanol, 2-(2-Ethoxyethoxy)ethanol, 2-Methox-

yethanol, 2-Phenoxyethanol or 2-butoxyethanol

temperatures due to increased thermal motion weakening hydrogen-bonded struc-
tures. Both 2-PrOH and 22MEE can participate in hydrogen bonding through their
hydroxyl groups. However, 22MEE also contains an ether linkage, which imparts
a dual character to the molecule hydrophilic due to the ether and hydroxyl groups,
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and moderately hydrophobic due to its extended aliphatic chain [36]. While the
ether oxygen can engage in dipolar interactions and contribute to dispersion forces,
it does not form strong hydrogen bonds compared to the hydroxyl group [37]. In
the mixture, hydrogen bonds can form between unlike molecules (hetero-associa-
tion), but these are generally weaker than the self-associative (homo-associative)
hydrogen bonds that dominate in the pure components [38]. This reduction in inter-
action strength upon mixing is further influenced by the flexibility and spatial hin-
drance introduced by the ethylene glycol backbone of 22MEE, which may limit
close molecular packing. As a result, the system exhibits a positive deviation from
ideal behavior, reflected in the excess molar enthalpy values. In terms of model per-
formance, the R—K equation provides the best correlation with experimental data,
closely reproducing the magnitude and shape of the Hﬁ curve, yielding AAD of
0.16 % at 298.15 K and 0.28 % at 313.15 K. The NRTL model also performs well,
capturing the smooth variation of Hf; with composition. The UNIQUAC model
delivers reasonable approximation but slightly underestimates the Hﬁ values near the
maximum. The Modified UNIFAC (Dortmund) model, while capable of capturing
the overall trend, tends to underpredict the excess molar enthalpy at elevated tem-
peratures. This outcome highlights the challenge of modeling systems where specific
interactions like hydrogen bonding play a significant role, especially when using pre-
dictive group-contribution approaches that may not fully reflect localized or temper-
ature-sensitive effects. The binary mixture examined in this work has not, to date,
been experimentally characterized according to available literature.

6.1.2 22EEE +2-PrOH

Figure 2b illustrates the behavior of the Hﬁ for the binary system composed of 22EEE
and 2-PrOH across the entire composition range at two temperatures: 298.15 K and
313.15 K. At both temperatures, Hﬁ values remain positive, indicating that the mix-
ing process is energetically unfavorable from an enthalpic standpoint. This suggests
that the energetic cost of disrupting the structured hydrogen-bonding networks within
the pure components, particularly those in 2-propanol, is not entirely compensated by
the formation of new interactions between the two components in the mixture. The
Hﬁ reaches its maximum near an equimolar composition 720.3 J-mol™! at x;=0.399
and 736.9 J-mol! at x;=0.3989 at lower (298.15 K) and higher (313.15 K) tem-
peratures, respectively highlighting the proportions at which intermolecular disrup-
tion is greatest. On a molecular level, this can be attributed to the interplay between
the hydroxyl group of 2-PrOH and the ether and hydroxyl groups of 22EEE. While
hydrogen bonding is possible between these molecules, the presence of the ethyl
group in 22EEE introduces steric hindrance and reduces the overall polarity com-
pared to 22MEE. This structural variation weakens the strength and efficiency of
hydrogen bond formation with 2-PrOH, resulting in a less energetically favorable
interaction landscape [39]. Additionally, the longer side chain in 22EEE introduces
more van der Waals interactions, which are generally weaker and less directional than
hydrogen bonds, further contributing to the positive Hﬁ values [40]. The increase in
Hﬁ with rising temperature implies that thermal agitation disrupts hydrogen-bonded
structures more readily, decreasing the extent of favorable interactions in the mixture
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and thereby amplifying deviations from ideal mixing behavior. This effect reflects
the dynamic nature of hydrogen bonds, which become less stable as thermal energy
increases. Regarding the modeling results, the R—K expansion best reproduces the
shape and magnitude of the experimental H”;‘; curves, confirming its suitability for
correlating symmetric systems with regular enthalpy trends, yielding AAD of 0.24 %
at 298.15 K and 0.35 % at 313.15 K. The NRTL model captures the excess molar
enthalpy variation across compositions more accurately due to its treatment of local
non-randomness, while UNIQUAC slightly underestimates the Hﬁ peak, likely from
its simplified size and surface area assumptions. The Modified UNIFAC (Dortmund)
model, although useful for predicting general trends, consistently underestimates Hﬁ ,
particularly at higher temperatures. This is likely due to its reliance on generic group
interaction parameters, which may not accurately reflect the specific, temperature-
sensitive hydrogen bonding interactions occurring in this system. No experimental
data for the studied binary mixture were found in the literature.

6.1.3 2ME+2-PrOH

Figure 2¢ illustrates the variation of HZ for mixtures of 2ME and 2-PrOH at two
temperatures: 298.15 K and 313.15 K. The results indicate that Hﬁ remains positive
across the full molar ratio range at both temperatures, signifying that the mixing pro-
cess is endothermic. This suggests that the energy required to break the strong self-
associative hydrogen bonds in the pure components, especially in 2-PrOH, is greater
than the energy released when new interactions form between the two components
upon mixing. The most pronounced enthalpic deviations occur near the equimo-
lar region, where the maximum values of H” reach 657.3 J-mol ! at x,;=0.449 and
642.9 J-mol ! at x;=0.4491 for 298.15 K and 313.15 K, respectively. These are the
highest maxima observed among all the binary systems studied, indicating signifi-
cant non-ideal behavior. This can be attributed to the molecular structure of 2ME,
which contains both ether and hydroxyl groups, making it highly interactive but
also capable of disrupting existing hydrogen-bonding networks. The small size and
strong polarity of 2ME allow it to interact closely with 2-PrOH molecules, however,
the new interactions that arise are likely weaker or less directional than those present
in the pure substances, resulting in a net enthalpic decrease [41]. The increase in Hﬁ
with rising temperature reflects the destabilization of hydrogen bonds due to thermal
motion. As temperature increases, the extent of molecular association decreases,
amplifying the deviation from ideality and leading to higher Hﬁ values.

Regarding model performance, the R—K polynomial provides an excellent repre-
sentation of the experimental data, accurately describing both the shape and magni-
tude of the Hﬁ curve, yielding AAD of 0.25 % at 298.15 K and 0.23 % at 313.15 K.
The NRTL model also shows good agreement, especially around the maximum.
Although the UNIQUAC model slightly underestimates the Hﬁ peak, it still cap-
tures the overall trend of the data. The Modified UNIFAC (Dortmund) model, while
useful for predicting general behavior, underestimates the HZ values, particularly at
higher temperatures. This underperformance reflects the limitations of group con-
tribution methods, which may not adequately describe temperature-sensitive, spe-
cific interactions such as hydrogen bonding in systems involving small, highly polar
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Table 5 Modified UNIFAC

(Dortmund) relative Van der Main group Subgroup Re Ok
Waals volumes Ry and surface CH, CH, 0.9011 0.848
areas Qg [34, 35]
CH, 0.6744 0.540
CH 0.6325 0.355
OH OH 1.0000 1.200
CH,0 CH;0 1.1450 1.088
CH,0O 0.9183 0.780
ACOH ACOH 0.8952 0.680
Table6 Modified [_JNIFAC_ Main group Group interaction parameters
(Dortmund) group interaction
parameters used in this work 1 2 a/K by,/K cpplK!
a, /K by /K cy/K7!
CH, OH 2777 - 4.674 0.001551
1606 —4.746 0.0009181
CH, CH,0 233.1 —0.3155 -
—9.654 —0.03242 -
CH, ACOH 1381 —-0.9977 -
1987 —4.615 -
OH CH,0 816.7 —5.092 0.00606
650.9 —-0.7132 0.000815
OH ACOH 83.91 - 1.262 -
465.4 - 1.841 -

molecules like 2ME. The studied binary system has not been experimentally investi-
gated in existing literature.

6.1.4 2PhE+2-PrOH

A closer look at Fig. 2d reveals that the Hlﬁ for 2PhE and 2-PrOH system remains
positive throughout the entire mole fraction range at both 298.15 K and 313.15 K.
This consistent endothermic behavior indicates that the mixing process involves a
net absorption of energy, which is typically associated with the breakdown of strong
self-associative hydrogen bonds in the pure components. The intermolecular inter-
actions formed upon mixing are not sufficiently strong to offset this energetic dis-
ruption. The maximum excess molar enthalpy appears near equimolar composi-
tions, with values of 704.5 J-mol ™" at x;=0.399 and 861.4 J-mol" at x;=0.3988 at
both temperatures, respectively. These moderate values suggest that the interaction
between 2PhE and 2-PrOH, while not negligible, is less intense than those observed
in systems with smaller, more flexible glycol ethers. From a molecular perspective,
the bulky phenyl ring in 2PhE introduces steric hindrance and reduces the mole-
cule’s ability to form efficient hydrogen bonds with 2-PrOH [42]. Although both

@ Springer



International Journal of Thermophysics _#it########H# Page 17 0f 38  _tt###

Table 7 Molecular formulae of the species in this work, shown as structures of subgroups for group-
contribution models

Component Structure Molecular formula

2-(2-methoxyethoxy)ethanol CH,;0-CH,-CH,0-CH,-CH,-OH

2-(2-ethoxyethoxy)ethanol > CH;-CH,0-CH,-CH20-CH,-CH,-OH
2-methoxyethanol CH;0-CH,-CH,~OH

2-phenoxyethanol ¢ C¢Hs0-CH,-CH,-OH

2-butoxyethanol _ > CH;~(CH,),~CH,0-CH,-CH,~OH

2-Propanol CH3-CH-OH-CH;

components possess hydroxyl groups capable of hydrogen bonding, the spatial ori-
entation and rigidity of the aromatic structure limit their effectiveness in forming
strong, directional interactions. In addition, the presence of the aromatic ring may
contribute to weak dispersion or n—r interactions, which are generally less energeti-
cally favorable compared to hydrogen bonding [43]. These interactions may slightly
stabilize the mixture but are not strong enough to compensate for the loss of self-
association in the pure liquids. The increase in Hﬁ with temperature further sup-
ports the interpretation that thermal motion disrupts existing interactions, weaken-
ing hydrogen bonds and increasing the system’s deviation from ideality.

Among the tested thermodynamic models, the R—K polynomial yields the clos-
est fit to the experimental data, accurately representing both the shape and intensity
of the HE curve, yielding AAD of 0.32 % at 298.15 K and 0.37 % at 313.15 K.
The NRTL model performs comparably well, providing a smooth and continuous
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Table 8 (continued)

X, p/Ag-em™) ul(m-s~h) Ks (102 pa~) np
0.1929 0.8227 1121.9 965.69 1.3801
0.3006 0.8534 1157.17 875.08 1.3867
0.4029 0.8798 1189.12 803.87 1.3909
0.5044 0.9036 1218.55 745.33 1.3961
0.606 0.9253 1244.71 697.59 1.4009
0.7002 0.9438 1268.02 658.96 1.4043
0.7965 0.9616 1291.61 623.38 1.4076
0.8945 0.9782 1315.17 567.50 1.4112
1.0000 0.9949 1334.64 564.30 1.4144

{22EEE (1)+2-PrOH (2)}

T=293.15K

0.0000 0.7851 1156.33 952.59 1.3771
0.1023 0.8197 1195.72 853.29 1.3851
0.2006 0.8484 1227.55 782.17 1.3922
0.2985 0.8736 1255.42 726.32 1.3992
0.4047 0.8976 1282.88 676.95 1.4043
0.5012 0.9167 1305.68 639.88 1.4090
0.5994 0.9340 1326.34 608.63 1.4133
0.6903 0.9483 1344.01 583.77 1.4169
0.7905 0.9627 1361.57 560.29 1.4204
0.9016 0.9770 1379.65 537.72 1.4239
1.0000 0.9886 1394.02 520.52 1.4273
T=303.15K

0.0000 0.7767 1121.65 1023.41 1.3728
0.1023 0.8112 1160.92 914.66 1.3811
0.2006 0.8398 1192.85 836.85 1.3880
0.2985 0.8649 1220.75 775.88 1.3949
0.4047 0.8886 1248.07 722.44 1.4006
0.5012 0.9077 1270.81 682.21 1.4050
0.5994 0.9249 1291.44 648.28 1.4092
0.6903 0.9393 1309.07 621.25 1.4128
0.7905 0.9537 1325.53 596.80 1.4163
0.9016 0.9682 1344.58 571.31 1.4199
1.0000 0.9797 1359.04 552.61 1.4229
T=313.15K

0.0000 0.7644 1086.5 1108.28 1.3683
0.1023 0.8015 1125.86 984.30 1.3774
0.2006 0.8309 1157.9 897.68 1.3840
0.2985 0.8557 1185.88 830.99 1.3910
0.4047 0.8795 1213.53 772.12 13976
0.5012 0.8987 1235.53 728.89 1.4012
0.5994 0.9162 1257.64 690.08 1.4050
0.6903 0.9304 1274.38 661.82 1.4087
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Table 8 (continued)

X, p/Ag-em™) ul(m-s~h) Ks (102 pa~) np
0.7905 0.9446 1291.84 634.34 1.4122
0.9016 0.9592 1309.75 607.71 1.4157
1.0000 0.9708 1324.1 587.53 1.4186
T=323.15K
0.0000 0.7587 1050.88 1193.47 1.3637
0.1023 0.7931 1090.55 1060.18 1.3740
0.2006 0.8219 1122.86 965.04 1.3821
0.2985 0.8466 1151.01 891.58 1.3879
0.4047 0.8704 1178.78 826.86 1.3942
0.5012 0.8896 1201.28 779.00 1.3975
0.5994 0.9070 1223.16 736.93 1.4011
0.6903 0.9215 1239.89 705.92 1.4048
0.7905 0.9359 1257.19 676.05 1.4081
0.9016 0.9503 1275.6 646.69 14116
1.0000 0.9618 1289.49 625.30 1.4143

{2ME (1)+2-PrOH (2)}

T=298.15K

0.0000 0.7851 1156.33 952.59 1.3771
0.1019 0.8038 1179.09 894.86 1.3798
0.2034 0.8222 1196.01 850.22 1.3824
0.3018 0.8401 1215.27 805.98 1.3849
0.4020 0.8582 1234.79 764.24 1.3875
0.5008 0.8759 1254.73 725.14 1.3900
0.6012 0.8940 1275.36 687.70 13925
0.7012 0.9119 1296.85 652.01 1.3950
0.8000 0.9295 1316.97 620.32 1.3975
0.8962 0.9465 1337.38 590.72 1.3999
1.0000 0.9647 1360.37 560.16 1.4024
T=303.15K

0.0000 0.7767 1121.65 1023.41 1.3728
0.1019 0.7952 1144.09 960.72 1.3755
0.2034 0.8136 1161.27 911.48 1.3782
0.3018 0.8313 1180.6 863.02 1.3807
0.4020 0.8493 1200.23 817.40 1.3833
0.5008 0.8670 1220.84 773.84 1.3859
0.6012 0.8850 1240.84 733.85 1.3884
0.7012 0.9029 1261.78 695.65 1.3909
0.8000 0.9204 1282.56 660.50 1.3933
0.8962 0.9373 1302.88 628.49 1.3958
1.0000 0.9556 1325.78 595.34 1.3983
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Table 8 (continued)

X, p/Ag-em™) ul(m-s~h) Ks (102 pa~) np

T=313.15K

0.0000 0.7644 1086.5 1108.28 1.3683
0.1019 0.7850 1108.76 1036.28 1.3712
0.2034 0.8046 1126.26 979.80 1.3739
0.3018 0.8224 1145.32 927.01 1.3766
0.4020 0.8401 1166.87 874.25 1.3794
0.5008 0.8579 1184.99 830.09 1.3821
0.6012 0.8758 1205.83 785.24 1.3846
0.7012 0.8940 1227.14 742.80 1.3870
0.8000 0.9112 1247.87 704.78 1.3894
0.8962 0.9280 1268.09 670.09 1.3917
1.0000 0.9463 1291.09 633.95 1.3942
T=323.15K

0.0000 0.7587 1050.88 1193.47 1.3637
0.1019 0.7771 1073.29 1117.06 1.3671
0.2034 0.7954 1091.02 1056.26 1.3700
0.3018 0.8130 1110.33 997.73 1.3728
0.4020 0.8308 1132.08 939.16 1.3755
0.5008 0.8485 1150.28 890.73 1.3780
0.6012 0.8665 1171.29 841.25 1.3805
0.7012 0.8842 1191.92 796.05 1.3830
0.8000 0.9017 1213.2 753.50 1.3853
0.8962 0.9186 1233.83 715.09 1.3876
1.0000 0.9367 1255.74 677.00 1.3901

{2PhE (1)+2-PrOH (2)}

T=293.15K

0.0000 0.7851 1156.33 952.59 13771
0.1035 0.8395 1227.36 790.79 1.4042
0.2014 0.8839 1284.43 685.77 14271
0.2989 0.9225 1335.5 607.77 1.4461
0.4025 0.9596 1385.46 54291 1.4645
0.5000 0.9922 1429.2 493.43 1.4800
0.5958 1.0178 1466.12 457.10 1.4936
0.6989 1.0439 1503 424.07 1.5069
0.7938 1.0658 1533.56 398.97 1.5179
0.8915 1.0856 1561.41 377.84 1.5282
1.0000 1.1072 1591.29 356.66 1.5387
T=303.15K

0.0000 0.7767 1121.65 962.95 1.3728
0.1035 0.8306 1191.56 847.94 1.4005
0.2014 0.8751 1249.7 731.73 1.4224
0.2989 0.9148 1303.48 643.38 1.4418
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Table 8 (continued)

X, p/Ag-em™) ul(m-s~h) Ks (102 pa~) np
0.4025 0.9519 1351.52 575.15 1.4604
0.5000 0.9838 1394.65 522.60 1.4810
0.5958 1.0090 1431.5 483.66 1.4900
0.6989 1.0349 1467.62 448.60 1.5024
0.7938 1.0566 1498.42 421.52 1.5136
0.8915 1.0780 1526.74 397.98 1.5238
1.0000 1.0987 1556.67 375.59 1.5363
T=313.15K
0.0000 0.7644 1086.5 1108.28 1.3683
0.1035 0.8185 1156.88 912.89 1.3960
0.2014 0.8651 1214.19 784.10 1.4239
0.2989 0.9058 1270.83 683.62 1.4391
0.4025 0.9429 1318.2 610.34 1.4564
0.5000 0.9740 1359.31 555.66 1.4758
0.5958 1.0013 1399.4 509.99 1.4851
0.6989 1.0278 1435.15 47238 1.4998
0.7938 1.0492 1465.95 443.50 1.5093
0.8915 1.0700 1494.07 418.69 1.5199
1.0000 1.0901 1522.58 395.71 1.5298
T=323.15K
0.0000 0.7587 1050.88 1193.47 1.3637
0.1035 0.8121 1121.9 978.30 1.3947
0.2014 0.8566 1180.43 837.81 1.4151
0.2989 0.8963 1233.06 733.78 1.4389
0.4025 0.9335 1283.67 650.07 1.4544
0.5000 0.9641 1325.25 590.58 1.4684
0.5958 0.9920 1363.32 542.38 1.4822
0.6989 1.0178 1399.88 501.39 1.4945
0.7938 1.0407 1432.37 468.35 1.5050
0.8915 1.0611 1460.36 441.92 1.5157
1.0000 1.0815 1488.64 417.25 1.5254

{2BE (1)+2-PrOH (2)}

T=293.15K

0.0000 0.7851 1156.33 952.59 13771
0.1033 0.8053 1186.99 881.34 1.3855
0.2004 0.8216 1211.65 829.03 1.3903
0.3010 0.8370 1232.22 786.89 1.3956
0.4050 0.8499 125035 752.63 1.4006
0.5061 0.8613 1266.33 724.06 1.4049
0.6022 0.8709 1280.28 700.51 1.4082
0.7009 0.8798 1293.23 679.61 1.4116
0.7961 0.8877 1304.79 661.67 1.4144
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Table 8 (continued)

X, p/Ag-em™) ul(m-s~h) Ks (102 pa~) np
0.8928 0.8950 1315.54 645.64 1.4171
1.0000 0.9025 1325.7 630.49 1.4197
T=303.15K
0.0000 0.7767 1121.65 1023.41 1.3728
0.1033 0.7968 1152.06 945.57 1.3819
0.2004 0.8130 1175.73 889.82 1.3863
0.3010 0.8284 1197.62 841.62 13916
0.4050 0.8420 1215.84 803.44 1.3965
0.5061 0.8537 1231.84 771.99 1.4006
0.6022 0.8633 1245.97 746.16 1.4040
0.7009 0.8721 1259.29 723.05 1.4073
0.7961 0.8800 1270.86 703.60 1.4103
0.8928 0.8876 1281.61 685.93 1.4130
1.0000 0.8950 1291.77 669.60 1.4155
T=313.15K
0.0000 0.7644 1086.5 1108.28 1.3683
0.1033 0.7850 1116.79 1021.38 13775
0.2004 0.8034 1141.04 956.02 1.3827
0.3010 0.8190 1161.64 904.87 1.3878
0.4050 0.8327 1180.88 861.19 1.3938
0.5061 0.8444 1197.61 825.71 1.3965
0.6022 0.8540 1211.53 797.77 1.4003
0.7009 0.8633 1224.94 771.99 1.4031
0.7961 0.8715 1236.57 750.41 1.4064
0.8928 0.8790 1247.49 731.04 1.4087
1.0000 0.8863 1257.69 713.31 14113
T=323.15K
0.0000 0.7587 1050.88 1193.47 1.3637
0.1033 0.7788 1081.12 1098.63 1.3749
0.2004 0.7950 1105.77 1028.70 1.3810
0.3010 0.8101 1127.04 971.87 1.3860
0.4050 0.8236 1146.21 924.23 1.3881
0.5061 0.8354 1162.98 885.01 1.3933
0.6022 0.8454 1177.67 852.90 1.3954
0.7009 0.8546 1190.58 825.48 1.3990
0.7961 0.8627 1202.64 801.41 1.4019
0.8928 0.8701 1213.59 780.34 1.4045
1.0000 0.8776 1223.92 760.64 1.4070

4Standard uncertainties of pressure p, temperature 7, are as follows: u(p)=0.004 MPa, u(T)=0.02 K.
The expanded uncertainty of mole fraction x is U(x)= 0.0008. The combined expanded uncertainties U,
in density p, speed of sound u, and refractive index nj, are as follow: U_.(p) = 0.003 g~cm‘3, U.(u) =
1.2 m:s™!, and U, (n;,) = 0.005, with a 0.95 level of confidence
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Fig. 3 Experimental values of densities, p, for the studied binary mixtures: (a) 2-(2-methoxyethoxy)etha-
nol (1)+2-propanol (2): Experimental data in this work: (@), at 293.15 K, (4p), at 303.15 K, (A), at
313.15 K, (W), at 323.15 K; (0), Belhadj et al. [45] at 293.15 K, ({)), Belhadj et al. [45] at 303.15 K, (A),
Belhadj et al. [45] at 313.15 K, (+), Abala et al. [46] at 313.15 K, (O), Belhadj et al. [45] at 323.15 K.
(b) 2-(2-ethoxyethoxy)ethanol (1)+2-propanol (2): Experimental data in this work: (@), at 293.15 K,
(@), at 303.15 K, (A), at 313.15 K, (W), at 323.15 K; o, Ouaar et al. [47] at 293.15 K, <>, QOuaar et al.
[47] at 303.15 K, A, Ouaar et al. [47] at 313.15 K, +, Abala et al. [46] at 313.15 K, O, Ouaar et al.
[47] at 323.15 K. (c) 2-methoxyethanol (1)+2-propanol (2): Experimental data in this work: (@), at
293.15 K, (@), at 303.15 K, (A), at 313.15 K, (W), at 323.15 K; o, Zarei et al. [48] at 293.15 K, ¢,
Zarei et al. [48] at 303.15 K, A, Zarei et al. [48] at 313.15 K, +, Abala et al. [46] at 313.15 K, O, Zarei
et al. [48] at 323.15 K. (d) 2-phenoxyethanol (1)+2-propanol (2): Experimental data in this work: (@),
at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Makhlouf et al. [14] at 293.15 K,
{), Makhlouf et al. [14] at 303.15 K, A, Makhlouf et al. [14] at 313.15 K, A, Makhlouf et al. [14] at
313.15 K, O, Makhlouf et al. [14] at 323.15 K. (e) 2-buthoxyethanol (1) + 2-propanol: Experimental data
in this work: (@), at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Dubey et al. [49]
at 293.15 K, (}, Dubey et al. [49] at 303.15 K, A, Dubey et al. [49] at 313.15 K, (solid line) polynomial
equation, (dotted line) PC-SAFT equation (Eq. 7), (dashed line) Peng—Robinson equation (Eq. 11)
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Table9 PC-SAFT parameters for the pure compounds considered in this work

Compound m[-] o [A] e/K [K] £48/K [K] KAB AAD %

22MEE 5.3913 3.10393 227.797 1920.95 0.0327234 1.65107*
22EEE 5.74342 3.18681 230.644 1544.38 0.0358667 2.00107*
2ME 498311 2.82126 266.361 1792.03 0.0135779 4.54107°
2-PhE 3.8767 3.52531 200.01 3000 0.0752282 7.001072
2BE 3.93576 3.55106 210.06 2927.62 0.069592 1.33107°
2-PrOH 5.43534 2.65575 205.083 1501.5 0.0627704 3.00107*

Table 10 Pure component data

for the Peng—Robinson EoS [30] Compound L [K] P [bar] ®
22MEE 630 35.45 0.635
22EEE 656 30.53 0.7
2ME 564 50.84 0.387
2-PhE 698.15 36 0.806
2BE 633.9 32.7 0.521
2-PrOH 508.31 47.64 0.669

studied binary using Eq. 21 are listed in Table S4. Table 9 provides the PC-SAFT
EoS parameters corresponding to the components investigated, while Table 10 lists
the Peng—Robinson EoS parameters used for the studied components [30].

6.2.1 Density (0)

All the binary systems investigated, density decreases systematically as temperature
increases, which aligns with the typical thermal expansion observed in liquids. The
composition-dependent density profiles for each mixture exhibit smooth and con-
tinuous changes, indicating complete miscibility and gradual structural adjustments
within the liquid phase as the proportions of components vary.

Among the binary mixtures analyzed, the polynomial model gives the most accu-
rate representation of the experimental densities due to its empirical nature. How-
ever, the PC-SAFT model also performs well demonstrating its ability to reflect the
main physical behaviors of the systems. This level of agreement suggests that PC-
SAFT appropriately accounts for molecular features such as association, shape, and
size, which play a key role in modeling complex liquid mixtures. Although some
deviations are observed especially at lower temperatures or in mixtures involving
bulky or highly polar compounds PC-SAFT remains significantly more reliable than
the Peng—Robinson equation. The latter tends to underestimate density values, par-
ticularly for systems with strong intermolecular interactions, due to its limited treat-
ment of associating effects. Overall, PC-SAFT offers a solid compromise between
predictive power and physical relevance, especially when experimental data are lim-
ited or when dealing with structurally diverse mixtures.
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6.2.2 Speed of Sound (u)

For all studied systems, the speed of sound changes non-linearly with mole frac-
tion as shown in Fig. 4, indicating that the interactions between the components are
not ideal. Typically, mixtures exhibit a maximum or minimum in sound velocity at
intermediate compositions, suggesting the presence of structural or energetic effects
such as hydrogen bonding and molecular association.

As temperature increases, the speed of sound generally decreases, reflecting the
weakening of intermolecular forces due to thermal expansion and reduced density.
This behavior is consistent across all systems and aligns with expectations for asso-
ciating liquid mixtures.

The solid lines represent values obtained using a polynomial fit. The close agree-
ment between experimental and calculated values indicates that the applied corre-
lation provides a reliable representation of the system’s acoustic behavior over the
range of compositions and temperatures studied.

6.2.3 Refractive Index (np)

Figure 5 displays how the refractive index (nj) evolves with mole fraction x; for
the five binary systems. Across all systems, the refractive index shows a non-linear
dependence on composition, which points to non-ideal mixing behavior and inter-
molecular interactions between the components. As the temperature increases, a
general decrease in refractive index is observed consistent with the expected thermal
effect on liquid density and molecular interactions. Mixtures richer in glycol ethers
generally exhibit higher refractive indices, reflecting their stronger polarizability
compared to 2-PrOH. Notably, the mixture involving 2-PhE reaches the highest val-
ues, likely due to its aromatic character, which enhances its optical response. The
polynomial equation closely follows the experimental trends. The good agreement
between calculated and measured data confirms the effectiveness of the chosen cor-
relation in capturing the composition and temperature dependence of ny,.

6.2.4 Comparison with Literature Data

6.2.4.1 For Pure Component The thermophysical properties of the pure components
investigated in this study were compared with reliable literature data [12, 14, 45-50],
showing very good consistency overall. For density data, 2-PrOH showed excellent
agreement, with the smallest AAD of 0.001 % reported at 293.15 K (with Makhlouf
et al. [14] and Zarei et al. [48]) and the highest of 0.4 % showed at 313.15 K (with
Abala et al. [46]). Similar levels of agreement were observed for the other pure com-
ponents. The lowest density AADs were 0.02 % for both 2ME (with Zarei et al. [48])
and 2PhE (with Makhlouf et al. [14]) at 293.15 K, while the highest was 0.30 % at
303.15 K for 2BE (with Dubey et al. [49]). At 293.15 K, an AAD of 0.15 % was
reported for 22MEE (with Belhadj et al. [45]), while 22EEE showed an AAD of
0.13 % (with Ouaar et al. [47]).
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Fig.4 Experimental values of speed of sound, u, as a function of mole fraction of x, for binary mix-
tures mixture (a) 2-(2-methoxyethoxy)ethanol (1)+ 2-propanol (2): Experimental data in this work: (@),
at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Belhadj et al. [45] at 293.15 K,
), Belhadj et al. [45] at 303.15 K, A, Belhadj et al. [45] at 313.15 K, O, Belhadj et al. [45] at 323.15 K;
(b) 2-(2-ethoxyethoxy)ethanol (1)+2-propanol (2): Experimental data in this work: (@), at 293.15 K,
(@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Ouaar et al. [47] at 293.15 K, (}, Quaar et al.
[47] at 303.15 K, A, Ouaar et al. [47] at 313.15 K, O, Ouaar et al. [47] at 323.15 K; (c¢) 2-methox-
yethanol (1) +2-propanol (2): Experimental data in this work: (@), at 293.15 K, (¢p), at 303.15 K, (A),
at 313.15 K, (M), at 323.15 K; (d) 2-phenoxyethanol (1)+ 2-propanol (2): Experimental data in this
work: (@), at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (W), at 323.15 K; o, Makhlouf et al. [14]
at 293.15 K, ), Makhlouf et al. [14] at 303.15 K, A, Makhlouf et al. [14] at 313.15 K, O, Makhlouf
et al. [14] at 323.15 K; (e) 2-buthoxyethanol (1)+2-propanol: Experimental data in this work: (@), at
293.15 K, (@), at 303.15 K, (A), at 313.15 K, (W), at 323.15 K; o, Dubey et al. [49] at 293.15 K, ¢,
Dubey et al. [49] at 303.15 K, A, Dubey et al. [49] at 313.15 K. (—), calculated values of refractive
index with the polynomial equation (Eq. 21)
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Fig.5 Experimental values of refractive index, np, as a function of mole fraction of x, for binary mix-
tures: (a) 2-(2-methoxyethoxy)ethanol (1)+2-propanol (2): Experimental data in this work: (@), at
293.15 K, (@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Belhadj et al. [45] at 293.15 K, (}
Belhadj et al. [45] at 303.15 K, A, Belhadj et al. [45] at 313.15 K, +, Abala et al. [46] at 313.15 K, O,
Belhadj et al. [45] at 323.15 K; (b) 2-(2-ethoxyethoxy)ethanol (1)+ 2-propanol (2): Experimental data
in this work: (@), at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Ouaar et al.
[47] at 293.15 K, <), Ouaar et al. [47] at 303.15 K, A, Ouaar et al. [47] at 313.15 K, +,Abala et al. [46]
at 313.15 K, O, Ouaar et al. [47] at 323.15 K; (c) 2-methoxyethanol (1)+2-propanol (2): Experimental
data in this work: (@), at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (W), at 323.15 K;+, Abala
et al. [46] at 313.15 K; (d) 2-phenoxyethanol (1)+ 2-propanol (2): Experimental data in this work: (@),
at 293.15 K, (@), at 303.15 K, (A), at 313.15 K, (M), at 323.15 K; o, Makhlouf et al. [14] at 293.15 K,
{), Makhlouf et al. [14] at 303.15 K, A, Makhlouf et al. [14] at 313.15 K, O, Makhlouf et al. [14] at
323.15 K; (e) 2-buthoxyethanol (1) +2-propanol: Experimental data in this work: (@), at 293.15 K, (¢p),
at 303.15 K, (A), at 313.15 K, (W), at 323.15 K. (—), calculated values of refractive index with the
polynomial equation (Eq. 21)
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For the speed of sound, 2-PrOH exhibited AADs of 0.03 % at 293.15 K (with
Ouaar et al. [47]) and 0.12 % at 293.15 K (with Belhadj et al. [45]). 22MEE
showed an AAD of 0.25 % at 323.15 K (with Belhadj et al. [45]). For 22EEE, the
AAD ranged from 0.09 % at 293.15 K to a maximum of 0.12 % at 323.15 K (with
Ouaar et al. [47]). The 2PhE also demonstrated good consistency, with an AAD
of 0.03 % at 293.15 K (with Makhlouf et al. [14]). However, no literature data
were found for 2ME and 2BE.

Moreover, the low AAD confirms the reliability of our experimental data for
refractive index. For 2-PrOH, an AAD of 0.15 % was found at 313.15 K (with
Abala et al. [46]). At 293.15 K, good agreement was also found for 22MEE with
an AAD of 0.04 % for 22MEE (with Belhadj et al. [45]), 0.006 % for 22EEE
(with Ouaar et al. [47]). For 2ME an AAD of 0.005 % was found at 293.15 K
(with Lifi et al. [12]), and 0.15 % at 303.15 K (with Jeevanandham et al. [50]).
For 2PhE an AAD of 0.02 % was showed at 293.15 K (with Makhlouf et al. [14]).
The 2BE showed an AAD of 0.10 % at 303.15 K (with Jeevanandham et al. [50]).

6.2.4.2 For Binary Mixtures Experimental data for all binary mixtures studied in
the present work were compared with data previously published by Makhlouf et al.
[14], Belhadj et al. [45], Abala et al. [46], Ouaar et al. [47], Zarei et al. [48], and
Dubey et al. [49]. The average absolute deviations (AADs) for density for the
binary mixtures studied over the temperature range 293.15 K to 323.15 K indicate
excellent agreement with literature data. For the 22MEE + 2-PrOH mixture, the
smallest AADs was 0.04 % at 313.15 K and the highest reached 0.13 % at 323.15 K
(with Belhadj et al. [45]). The 22EEE + 2-PrOH system also showed low devia-
tions, with an AAD of 0.01 % at 313.15 K and 0.07 % at 323.15 K (with Ouaar
et al. [47]). For the 2ME + 2-PrOH mixture, deviations were particularly low, rang-
ing from 0.007 % at 313.15 K to 0.51 % at 293.15 K (with Zarei et al. [48]).
The 2PhE + 2-PrOH system exhibited small AADs between 0.02 % (at 293.15 K,
303.15 K, and 313.15 K) and 0.03 % at 323.15 K, confirming strong reliability
of the experimental measurements (with Makhlouf et al. [14]). In contrast, the
2BE +2-PrOH mixture presented the highest AADs among the studied systems,
reaching up to 0.17 % at 303.15 K (with Dubey et al. [49]).

For speed of sound, the mixtures also showed very good agreement with liter-
ature values across the studied temperature range. The 22MEE + 2-PrOH mixture
showed deviations between 0.05 % at 293.15 K and 0.32 % at 323.15 K (with Bel-
hadj et al. [45]). The 22EEE 4 2-PrOH system presented similarly low AADs rang-
ing from 0.03 % at 293.15 K to 0.06 % at 323.15 K (with Ouaar et al. [47]). The
2PhE +2-PrOH system had AADs from 0.01 % at 293.15 and 323.15 K to 0.27 %
at 303.15 K, confirming good agreement (with Makhlouf et al. [14]). However, the
2BE + 2-PrOH mixture exhibited significantly good AAD, with values of 0.01 % at
313.15 K (with Dubey et al. [49]). No data was found the binary 2ME +2-PrOH in
the literature.

Refractive index measurements demonstrated high accuracy across all sys-
tems. For the 22MEE +2-PrOH mixture, AADs ranged from 0.005 % at 303.15 K
to 0.01 % at 313.15 K, confirming reliable results (with Belhadj et al. [45]). The
22EEE + 2-PrOH mixture showed also low deviations, 0.004 % at 293.15 K and
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0.04 % at 313.15 K (with Ouaar et al. [47]). For the 2ME + 2-PrOH system, the AAD
was 0.02 % at 313.15 (with Abala et al. [46]). The 2PhE + 2-PrOH mixture exhibited
excellent consistency, with AADs from 0.001 % at 303.15 K to 0.07 % at 323.15 K
(with Makhlouf et al. [14]). No data was found for the binary 2BE +2-PrOH in the
literature.

6.3 Derivative Properties

The derivative properties such as isothermal compressibility, excess molar volume
and deviation in refractive index of binary mixtures of: x 22MEE + (1 — x) 2-PrOH;
x 22EEE+(1 — x) 2-PrOH; x 2ME + (1 — x) 2-PrOH; x 2PhE+(1 — x) 2-PrOH and
x 2BE + (1 — x) 2-PrOH, were fitted along the 4 temperatures (293.15 K, 303.15 K,
313.15 K and 323.15 K) under atmospheric pressure (0.1 MPa). The A; parameters
values used to adjust k,, V£, and A n,, of each studied binary using Eq. 20 are listed
in Table S5.

6.3.1 Isothermal Compressibility (k)

Across all systems, k, exhibits a non-linear dependency on composition, as shown in
Fig. 6, which is typical of mixtures where significant molecular interactions occur.
In many cases, a minimum in compressibility appears at intermediate mole frac-
tions, implying stronger interactions such as hydrogen bonding or specific asso-
ciation between the alcohol and ether molecules. This reduction in compressibility
indicates decreased molecular free volume and enhanced structural packing.

As temperature increases, a general rise in compressibility is observed. This
behavior is expected since elevated temperatures weaken intermolecular interactions
and increase the average molecular spacing, leading to greater compressibility. The
results values are well-represented by the polynomial correlation, as seen from the
close alignment between the data points and the fitted curves. This agreement vali-
dates the use of the empirical model in describing the k, behavior over the investi-
gated range of temperatures and compositions.

6.3.2 Excess Molar Volume (V)

The excess molar volume (VF) behavior (Fig. 7) of binary mixtures containing
glycol ethers and 2-PrOH varies notably with both composition and tempera-
ture, reflecting differences in molecular interactions and structural compatibility
between the components. Among the studied systems, the mixture of 2ME with
2-PrOH displays a unique trend: at 293.15 K and 303.15 K, positive VE values are
observed, suggesting volume expansion due to the disruption of self-association
(mainly hydrogen bonding) in the pure components. At 313.15 K, however, the
system shows negative VE values, likely due to the formation of stronger hetero-
interactions, which result in closer molecular packing and contraction. When the
temperature increases further to 323.15 K, V¥ becomes positive again, indicating
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Fig.6 Calculated values of isentropic compressibility, kg, as a function of mole fraction of x, for binary
mixtures: (a) 2-(2-methoxyethoxy)ethanol +2-propanol; (b) 2-(2-ethoxyethoxy)ethanol + 2-propanol; (c)
2-methoxyethanol 4 2-propanol; (d) 2-phenoxyethanol +2-propanol and (e) 2-buthoxyethanol + 2-pro-
panol. where: @, 293.15 K; 4, 303.1 K; 4, 313.15 K; W, 323.15 K. (solid line) Calculated values of
isentropic compressibility with the polynomial equation (Eq. 21)

that the thermal weakening of intermolecular forces reduces packing efficiency
and leads to expansion upon mixing.

In contrast, the mixtures of 22MEE, 22EEE, 2PhE, and 2BE with 2-PrOH con-
sistently exhibit negative excess molar volumes across all compositions and tem-
peratures. This contraction upon mixing can be attributed to strong associative
interactions especially hydrogen bonding and dipole—dipole interactions between
dissimilar molecules, which promote a more efficient and compact molecular
arrangement.

The shape of the VZ curves is generally smooth and symmetric, with minima
occurring near the equimolar composition (x; =~ 0.5), suggesting a balanced
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Fig.7 Tendency curves of calculated values of excess molar volumes for the mixtures: (a) X 2-(2-meth-
oxyethoxy) ethanol+(1 — x) 2-propanol; (b)Xx2-(2-ethoxyethoxy) ethanol+(l — x) 2-propanol;
(c) X 2-methoxyethanol 4+ (1 — x) 2-propanol; (d) X 2-phenoxyethanol+ (1 — x) 2-propanol; (e) X 2-buth-
oxyethanol + (1 — x) 2-propanol as a function of the mole fraction, where: @, 293.15 K; 4, 303.15 K;
A, 313.15 K; W, 323.15 K. Calculated values of excess volume with the Redlich—Kister equation (Eq. 20)
are presented by solid lines (—)

contribution from both components in most cases. However, slight asymmetry is
observed in mixtures involving structurally complex molecules, where differences
in molecular size, shape, and interaction strength influence the volumetric behav-
ior. Across all systems, temperature plays a crucial role: increasing it typically
reduces the magnitude of contraction or expansion, highlighting the sensitivity of
intermolecular interactions to thermal energy. These observations underscore how
variations in molecular architecture and interaction types significantly affect the
mixing behavior and excess molar volume characteristics of glycol ether—alcohol
mixtures.
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Fig. 8 Calculated values of Any, as a function of x, for: (a) 2-(2-methoxyethoxy)ethanol (1)+2-propanol
(2); (b) 2-(2-ethoxyethoxy)ethanol (1)+ 2-propanol (2); and (c) 2-methoxyethanol (1)+ 2-propanol (2);
(d) 2-phenoxyethanol (1)+2-propanol (2); (e) 2-buthoxyethanol (1)+2-propanol. At temperatures: @,
293.15 K; 4, 303.15 K; A, 313.15 K; W, 323.15 K. Calculated values of Anj, with Eq. 20: (—), at
293.15 K, (—), at 303.15 K, (—), at 313.15 K and (—), at 323.15 K

6.3.3 Deviation in Refractive Index, (Anp)

The refractive index deviation (Anj,) for the binary mixtures of oxygen additive with
2-PrOH, was determined using the following expression:

N
Anp = np = Z Xilpi (24

i+1

where n, represents the measured refractive index of the mixture, x; is the mole frac-
tion of component i, and npy, is the refractive index of the pure component. The vari-
ations of Any, as a function of composition are illustrated in Fig. 8 at 293.15, 303.15,
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313.15 and 323.15 for all the mixtures. The calculated values across the five binary
mixtures demonstrate clear temperature-dependent behavior, with the excess prop-
erty generally increasing with temperature at most compositions. For all systems, the
maximum deviation tends to occur near equimolar compositions, reflecting strong
non-ideal interactions between 2-PrOH and each glycol ether. Among the mixtures,
those containing longer alkyl chains, such as 2BE and 22EEE, show broader and
higher peaks in the excess property, indicating stronger disruption of self-associa-
tion and more significant structural dissimilarity between the components. In con-
trast, mixtures with shorter or more polar molecules like 2-ME or 22MEE display
narrower curves, suggesting a more moderate deviation from ideality. The tempera-
ture effect is especially noticeable in mixtures with 2-PhE, where the asymmetry
and potential for both hydrophobic and polar interactions lead to greater sensitiv-
ity. Overall, the model used to generate these curves successfully captures the key
trends observed experimentally, including the influence of molecular size, polarity,
and hydrogen bonding potential, making it a reliable approach for describing such
complex mixtures.

7 Conclusions

This work investigated the thermodynamic behavior of binary mixtures composed
of 2-propanol and various glycol ethers at various temperatures. Experimental meas-
urements of density, speed of sound, refractive index, and excess molar enthalpy
enabled the determination of key excess properties, including excess molar volume
and refractive index deviation. These properties were correlated using the R-K
equation and a polynomial equation to describe their variation with composition.
Density data were treated both through empirical polynomial fitting and predictive
modeling using the PC-SAFT and Peng—Robinson equations of state. In addition
to R-K correlation, the excess molar enthalpy was analyzed using thermodynamic
models UNIQUAC, NRTL, and UNIFAC to gain insight into molecular-level inter-
actions. The integration of experimental results with both empirical and theoretical
methods provides a consistent framework for understanding non-ideal behavior in
such systems, supporting their potential application in renewable fuel and solvent
technologies.
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