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Abstract

The increasing demand for cleaner energy carriers has intensified interest in liquid fuel blends containing oxygenated
compounds such as alcohols and glycol ethers. These additives improve combustion efficiency and reduce environmental
impact. In this work, excess molar enthalpies were determined for a binary mixtures (ethanol + 1-propanol; diethylene
glycol monoethyl ether + 1-propanol; and ethylene glycol monophenyl ether + ethanol) as well as for four ternary mixtures:
diethylene glycol monomethyl ether (1) + 1-propanol (2) 4+ ethanol (3), diethylene glycol monoethyl ether (1) + 1-propanol
(2) + ethanol (3), ethylene glycol monomethyl ether (1) + 1-propanol (2) +ethanol (3), and ethylene glycol monophenyl
ether (1) + 1-propanol (2) + ethanol (3). Measurements were obtained with a quasi-isothermal flow calorimeter at 298.15 K
and 313.15 K under 0.1 MPa, conditions representative of typical industrial applications. The experimental data were then
correlated using the Redlich—Kister equation for the binary system and the NRTL, UNIQUAC, and modified UNIFAC
(Dortmund) models for the ternary systems, enabling evaluation of both mixture behavior and model accuracy. The findings
expand the thermodynamic database for alcohol- and glycol ether-based blends and provide benchmarks for simulation and
design in energy and petrochemical processes.

Keywords Excess molar enthalpy - Ternary mixtures - Oxygenated additives - Redlich—Kister correlation - Local
composition models

Introduction surface coatings to cleaning agents, owing to their ability to

interact with both polar and nonpolar substances.

Many glycol ethers, including diethylene glycol monoethyl
ether, diethylene glycol monomethyl ether, ethylene glycol
monomethyl ether, and ethylene glycol monophenyl ether,
are solvents of considerable industrial importance [1]. Their
molecular structure featuring both ether and hydroxyl func-
tionalities allows for notable solvation capabilities, particu-
larly in systems where hydrogen bonding and dipole—dipole
interactions play a significant role [2]. These compounds
are commonly incorporated into formulations ranging from
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1-Propanol is a short-chain aliphatic alcohol widely
used as a solvent and intermediate in chemical synthesis
[3]. Its structure, consisting of a hydroxyl group attached
to a three-carbon backbone, imparts amphiphilic character:
The hydroxyl moiety promotes strong hydrogen bonding,
while the hydrophobic tail influences dispersion forces and
molecular packing. In the pure state, 1-propanol molecules
are extensively self-associated through O-H---O interac-
tions, forming a dynamic hydrogen-bonded network. These
features make 1-propanol particularly relevant in studies of
non-ideal liquid mixtures, as its balance of polar and non-
polar interactions strongly modulates the thermodynamic
behavior when combined with other associating solvents
such as ethanol or glycol ethers [4].

In mixtures with short-chain alcohols such as ethanol
and 1-propanol, glycol ethers contribute to highly non-ideal
behavior [5]. The degree of this non-ideality is closely linked
to the nature and strength of intermolecular forces present in
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the system. One key thermodynamic property used to assess
this is the excess molar enthalpy, which reflects the enthalpic
deviation from ideal solution behavior and provides insight
into energetic interactions during mixing.

When substances capable of hydrogen bonding are com-
bined especially those with multiple donor and acceptor
sites, the resulting HEI values can exhibit complex, compo-
sition-dependent trends. In binary mixtures, Hrlfl helps reveal
whether mixing is exothermic or endothermic, often corre-
lating with the formation or disruption of hydrogen bonds.
However, in ternary systems, such as those involving a gly-
col ether, ethanol, and 1-propanol, the interaction landscape
becomes more intricate. Competitive association between
three molecular species may produce synergistic or antago-
nistic effects, which simple binary models cannot capture.

The experimental determination of excess molar enthal-
pies in such ternary systems is essential for accurately
describing their mixing behavior [6]. These data are indis-
pensable for calibrating and validating thermodynamic
models such as NRTL, UNIQUAC, and group-contribution
approaches like UNIFAC. Without accurate experimental
values, such models may fail to reflect the real behavior of
associating mixtures.

Furthermore, understanding the enthalpic effects in
systems containing glycol ethers and alcohols is increas-
ingly relevant in the context of sustainable solvent design
[7]. With growing interest in replacing traditional volatile
organic compounds with lower-toxicity alternatives, charac-
terizing these systems thermodynamically supports efforts
in formulation science, process engineering, and green
chemistry.

Beyond their role as solvents, glycol ethers and short-
chain alcohols are increasingly studied as oxygenated addi-
tives in fuel formulations. Their incorporation enhances
combustion efficiency, reduces pollutant emissions, and
improves miscibility in multicomponent blends [8]. Ther-
modynamic characterization of such mixtures thus supports
the design of cleaner, high-performance fuels.

In thermodynamic and fuel-related studies, 298.15 K
(25 °C) is commonly adopted as the standard reference tem-
perature [9]. This value reflects typical ambient conditions
and is widely used to characterize fuel properties as they
enter engines, and during handling, blending, and storage
operations. Employing data gathered at this temperature is
essential to ensure consistency across scholarly and engi-
neering sources and is extensively used for populating simu-
lation tools and thermophysical property databases. NIST,
for instance, often cites 298.15 K and 1 bar as standard con-
ditions for experimental measurements.

On the other hand, 313.15 K (40 °C) is frequently used to
represent fuel temperatures under actual operating scenarios
such as within injectors or pipeline segments during engine
operation. This temperature is also pertinent to numerous
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chemical and separation processes, including biodiesel
purification, liquid—liquid extraction, and distillation, which
commonly operate in the 30-60 °C range. Thus, experimen-
tal data at 313.15 K are invaluable for optimizing not only
fuel delivery systems, but also broader industrial processes.

Therefore, combining measurements taken at 298.15 K
and 313.15 K (with standard atmospheric pressure around
0.1 MPa) is critically important when determining and mod-
eling thermophysical properties of fuels. Datasets spanning
these two reference temperatures provide both comparability
with literature values and practical relevance to real-world
engineering applications.

This work presents a detailed investigation into the
excess molar enthalpies of binary and ternary mixtures
comprising selected glycol ethers, ethanol, and 1-propanol.
The study aims to provide high-quality experimental data
to improve the understanding of molecular interactions in
multicomponent liquid systems and to support the develop-
ment of predictive thermodynamic models. Excess molar
enthalpies, Hfl , of binary and ternary mixtures contain-
ing (i) ethanol + 1-propanol, (ii) diethylene glycol monoe-
thyl ether + 1-propanol, (iii) ethylene glycol monophenyl
ether + ethanol, (iv) diethylene glycol monomethyl ether
(1) + 1-propanol (2) + ethanol (3), (v) diethylene glycol
monoethyl ether (1) + 1-propanol (2) + ethanol (3), (vi) ethyl-
ene glycol monomethyl ether (1) 4+ 1-propanol (2) 4+ ethanol
(3), and (vii) ethylene glycol monophenyl ether (1) + 1-pro-
panol (2) +ethanol (3) are determined in this work at 298.15
and 313.15 K and at 0.1 MPa. HEI was generated using a
quasi-isothermal calorimeter for all the studied binary and
ternary mixtures. All these mixtures reveal endothermic
behavior at all temperatures. Moreover, the experimental
data for excess molar enthalpy, Hi , were correlated using
the modified Redlich—Kister equation [10], the NRTL [11],
the modified UNIFAC (Dortmund) [12], and the UNIQUAC
[13] models.

Chemicals

The components investigated in this study are diethylene
glycol monomethyl ether (DEGME) (CsH,,05); diethylene
glycol monoethyl ether (DEGEE) (22EEE) (C6H | 403); eth-
ylene glycol monomethyl ether (EGME) (C;H;O,); ethylene
glycol monophenyl ether (EGPhE) (CgH,(,0,); 1-propanol
(1-PrOH) (C5H40); and ethanol (C,H,O). These compounds
were used to prepare four ternary mixtures in which each
glycol ether (DEGME, DEGEE, EGME, or EGPhE) was
combined with 1-PrOH and ethanol. Relevant physicochemi-
cal data of the pure substances, including molecular formula,
molar mass, density, mole fraction purity, water content,
and CAS number, are listed in Table 1. All chemicals were
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supplied with a mass fraction purity higher than 99%, and
no further purification was required prior to use.

Materials and methods

A quasi-isothermal calorimeter was employed to determine
the Hf] of the investigated binary and ternary mixtures. A
schematic representation of the experimental setup is given
in Fig. 1. Experiments were carried out at 298.15 and 313.15
K. The mole fractions (x;) of the mixture components were
obtained from the measured flow rates of the liquids, together
with their molecular masses and densities. The associated

standard uncertainty was estimated as u(x) =0.0008. Table 1
reports the densities, p, of the pure compounds at the delivery
temperatures [14—18]. The dependence of HEI on composition
was studied by preparing mixtures of different mole fractions.
The excess molar enthalpy was obtained from the relation:

E _ Qmixlure
H_ = P

, 6]
mixture

where Qi .ure 1S the measured heat effect of mixing and
Mmixure 18 the total molar flow rate of the solution. Thus, HIE

for each composition was determined by dividing the ther-
mal power released in the mixing cell by the molar flow rate

Table 1 Purity aTld chemical Compound Formula Molar Density* /g cm™ State mole Water CAS number
data of used liquids mass /g fraction purity”/  content®/
mol! mol% mass%
298.15K 313.15K
DEGME*  CsH;,0; 120.15 1.0147*  1.0014* >99.0 <0.03 111-77-3
DEGEE*  C¢H,;,0; 134.18 0.9852°  0.9718° >99.0 <0.03 111-90-0
EGME* C;H;0, 76.09 0.9598°  0.9460° >99.8 <0.01 109-86-4
EGPhE* CgH,,0, 138.18 1.1030¢  1.0900¢ >99.0 <0.02 122-99-6
1-PrOH* C;H;0 60.1 0.8000%  0.7880¢ >99.9 <0.02 71-23-8
Ethanol C,H,O 46.07 0.7852°  0.7916° >99.8 <0.02 64-17-5

ALifi et al. [16]; PLifi et al. [17]; Lifi et al. [15]; “Makhlouf et al. [14]; °Lifi et al.[18]
‘Determined by gas chromatography (GC) by the supplier

£Water content is given in mass fractions and measured by Karl Fischer titration

"DEGME: diethylene glycol monomethyl ether; DEGEE: diethylene glycol monoethyl ether; EGME: ethyl-
ene glycol monomethyl ether; EGPhE: ethylene glycol monophenyl ether; and 1-PrOH: 1-propanol

Fig. 1 Quasi-isothermal flow
calorimeter. Schematic diagram
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of the mixture. In binary systems, both streams correspond
to the pure liquids, whereas in ternary mixtures, one stream
is a pure liquid and the other is a premixed binary solution.
The expanded relative uncertainty associated with the excess
molar enthalpy measurements was evaluated as (k=2) Ur
(Hf‘) =1%. An in-depth explanation and validation of the
experimental procedure can be found in our earlier work
[19]. The uncertainty budget of HE, calculated following the
EA-4/02 guidelines [20], is summarized in Table 2.

Equations and models
Modified Redlich—Kister equation

Binary mixture results were analyzed using the R-K
equation [10], expressed as:

g X1 =0 X AQ2x— !
m 1+A,2x—1)

(@)

where A; coefficients were obtained by the unweighted least-
squares method of the experimental data obtained in this
work. The optimal number of coefficients was determined
using the F test [21].

NRTL model

Excess molar enthalpies were also correlated using the non-
random two-liquid (NRTL) model [11]. The general expres-
sion is given by:

n
HE = —RT )’ xn; 3)
i=1

where x; is the fractional composition of compound i and #;
is defined as:

- (25:1 annGn/ZLl le]i)) - 1]

EEZI X7 G [a(fki 4
Z?:l x,Gy; ( )

n=

where a accounts for non-uniformity of molecular forces,
thereby enhancing the accuracy of phase equilibrium predic-
tions. In the NRTL framework, Gj; is expressed as Gj; =exp
(= ary), where 7;;=(g;; — ;;))/RT, with g;; representing the
strength of 1ntermolecu1ar forces expressed as interaction
energy between i and j. All NRTL binary interaction param-
eters were obtained by fitting the present experimental data,
making this model correlative rather than predictive in the
current study. The NRTL model is particularly well suited
for systems dominated by strong hydrogen bonding.

UNIQUAC model

The UNIQUAC model [13] was employed to describe the
correlation of the excess molar enthalpies, Hf]. Its math-
ematical form is given as:

" Zjll()Aur

Zq g
i=1 11 Zj119

and g, represents the molecular surface

®

gi;
where 9. = ==
J Zj qiX;

area, obtained by adding the contributions of the functional
groups present in the molecule. The UNIQUAC binary inter-
action parameters Au;; were determined by regression of the
experimental excess enthalpy data measured in this work.

Table 2 Uncertainty budget for

. Units Estimate Divisor Uncertainty value
excess enthalpy using EA-4/02
[201° U(Qumisture) Resolution w 4.107° 24/3 1.15.107°
U(Qrmixture) Repeatability 41076 1 4.107°
U(Qrmixture) Nonlinearity 1.2-107* 1.2:107
uw,) Accuracy cm?s7! 251073 2 1.25-107°
Resolution 1.7-107° 24/3 7.22:107°
UV, Accuracy cm?s7! 251073 1.25-107°
Resolution 1.7-107° 24/3 7.22:107°
w(T) Stability K 1.1072 1 0.01
u(HE) HE =400 J-mol ™! N/A k=1 0.9
U(HE) J-mol™! N/A k=2 1.8
U(HE) J-mol~!/J-mol~! N/A k=2 5107

#*Q e heat of mixing; V, and V,: flows of pure components 1 and 2 driven by isocratic pumps; T: tem-

perature; Hm

excess molar enthalpy; and x: mole fraction

Note that u represents the standard uncertainty, U is the expanded uncertainty with a stated coverage factor
of k=2, and U, is the relative expanded uncertainty with a coverage factor stated in column “Divisor”
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Modified UNIFAC (Dortmund) model

The DM-UNIFAC group-contribution method was used in
its predictive form to estimate activity coefficients for the
studied systems. No parameters were adjusted in the present
work. All group interaction parameters and structural con-
stants were taken from the DM-UNIFAC parameter tables
reported in the literature [12, 22].

In the UNIFAC framework, the activity coefficient of
component i is expressed as the sum of combinatorial and
residual contributions:

Iny; =1In in +1In yiR (6)

The residual contribution, which accounts for energetic
interactions between functional groups, is given by:

groups .
nyf =) o [ln Iy —In F;?] (7
K

where yiR denotes the number of functional groups of type
k in molecule i. 'y denotes the residual activity coefficient
of group k in the defined solution at the given temperature
T, while Fg? represents the residual activity coefficient of
the corresponding functional group in a reference solution
defined by the pure component at the studied temperature.

The group interaction parameter y,,, in the modified
UNIFAC (Dortmund) model is temperature dependent and
is expressed as:

o+ b T + i T? > ®

Yom = e-xp<_ T

The parameters a,,, b,,,, and c,,, were taken from the
standard Dortmund UNIFAC parameter database and were
not fitted to the present experimental data.

The I'k of group k in the mixture is calculated as:

InT = Ok ll —1n<2 ®mwmk> Z 5 “(;w;“ ] ©)

An analogous expression applies for In 'Y, which corre-
sponds to a reference solution consisting of pure component
i. The group surface area fraction ®,,, is defined as:

" Zn QHXI'I

where X, is the mole fraction of group m in the mixture and
O, is the group surface area parameter.

Based on the temperature dependence of the residual
term, the excess molar enthalpy is obtained as:

10)

olnT olnr?

2 (1) K K

= —RT z z < )p —< =
X pX

an
where v}/ ) is the number of groups of type k in molecule
I, R is the universal gas constant, and T is the absolute
temperature.

(i

Accuracy test

To evaluate the accuracy of the correlations, the following
statistical metrics were employed: absolute average devia-
tion (AAD), root-mean-square error (RMSE), and maximum
deviation (Max (1A HE)).

100 = | ey ~ Hon

AAD = 0 m,exp m,calc (]2)
N i=1 ngp
N (g e Y .

Zizl m,exp - m,calc

rms = . (13)
N — Npar
E| _ E

MaX|AH | Max |H, mexp Hm calc (14)
g’exp, E?Calc, N, and n,,, are, respectively, the experi-

mental and calculated data of Hf], the number of experimen-
tal points, and the number of adjustable parameters used in
each model (Table 3).

Results and discussion

Excess molar enthalpies, Hrlfl, were determined for the
binary systems: ethanol + 1-PrOH, DEGEE + 1-PrOH, and
EGPhE + ethanol as well as for several ternary mixtures
including glycol ethers with ethanol and 1-propanol, namely
x, DEGME + x, 1-PrOH + (1-x,-x,) ethanol, x, DEGEE +x,
1-PrOH + (1-x;-x,) ethanol, x; EGME +x, 1-PrOH + (1-x;
-X,) ethanol, and x; EGPhE +x, 1-PrOH + (1-x,-x,) etha-
nol at 298.15 K and 313.15 K. In addition, HE data of the
binary mixtures containing, respectively, DEGME + ethanol;
DEGEE + ethanol; EGME + ethanol; DEGME + 1-PrOH;
EGME + 1-PrOH; and EGPhE + 1-PrOH at (298.15 and
313.15) K have been documented in prior works [14, 15,
18, 23]. A summary of the present measurements is reported
in Table 4, Tables S1, and S2 (see Supplementary Mate-
rials), with the corresponding concentration dependences
illustrated in Figs. 2—6. Comparisons between experimen-
tal and fitted excess molar enthalpy curves obtained using

@ Springer
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Table 3 Sets of parameters needed for the graphical representation of
excess molar enthalpy, H]E, by Redlich—Kister equation, NRTL, and

UNIQUAC models, for studied binary mixture ethanol (1) +1-PrOH

(2), DEGEE (1) + 1-PrOH (2), and EGPhE (1) + ethanol (2) at
(298.15 and 313.15) K and at P = 0.1 MPa

Binary system® at 298.15 K

Redlich-Kister NRTL UNIQUAC
Ethanol (1) +1-PrOH (2)

Ay J-mol™! -02705 1, J-mol™! 0.1199  Auyp, J-mol™! 356.9
A, 90.9 Ty —-0.0771  Auy -296.6
A, - 117 ap, 0.30

A, -3.33

MAD (%) 129 MAD (%) 4.49 MAD (%) 3.29
rms AHE/J-mol™! 0.2 rms AHE/J-mol™! 0.5 rms AHE/J-mol™! 0.4
Max IAHE|/T-mol™! 0.4 Max IAHE|/J-mol™! 0.9 Max IAHE|/T-mol ™ 0.8
DEGEE (1) +1-PrOH (2)

Ao Jmol™'  0.4216 71 Jmol™'  0.1125 Auy, Jmol™' 9482
A, 2060.5 oy 1.0550 Auy, - 1342
A, 280.7 ap, 0.30

A, -377

MAD (%) 0.31 MAD (%) 0.81 MAD (%) 0.65
rms AHE/}rnol’1 0.8 rms AHEI/J-mol’1 3.04 rms AHE‘/Lmol’1 2.40
Max IAHE|/T-mol™! 1.0 Max IAHE|/J-mol™! 5.40 Max IAHE|/T-mol™! 3.99
EGPhE (1) + ethanol (2)

Ay Jmol™'  0.2077 71 Jmol™'  567.0000  Au,, Jmol™'  26815.0
A, 1354.1 T 0.7259 Auy, 323.9
A, - 88.1 ap 0.30

A, 365.4

MAD (%) 0.34 MAD (%) 5.67 MAD (%) 4.94
rms AHE/J-mol™! 0.90 rms AHE/J-mol ™! 12.92 rms AHE/I-mol™' 11.80
Max |AHE|/J-mol™! 1.07 Max |AHEI/J-mol ™! 25.62 Max |AHEI/J-mol™! 24.05
Binary system® at 313.15 K

Redlich-Kister NRTL UNIQUAC

Ethanol (1) +1-PrOH (2)

Ao Jmol™'  —1.0504 1, Jmol™!  0.2205 Auy, Jmol™!  —337.8
A 77.9 T —0.1675  Auy, 411.8
A, - 68.7 ap, 0.30

A, -13.29

MAD (%) 2.28 MAD (%) 2.70 MAD (%) 2.98
rms AHE/J-mol™! 0.3 rms AHE/J-mol™! 0.2 rms AHE/J-mol™! 0.3

Max |AHE|/J-mol ™ 0.5 Max IAHE|/J-mol™ 0.5 Max |AHE|/T-mol ™ 0.6
DEGEE (1) +1-PrOH (2)

Ao Jmol™'  0.0721 70 Jmol™'  0.1104 Auy, Jmol™' 3238
A, 2181.7 T 1.0690 Auy, 188.4
A, —508.1 ap 0.30

As 130.5274

MAD (%) 0.20 MAD (%) 0.20 MAD (%) 0.43
rms AHE/T-mol ™! 0.7 rms AHE/T-mol™! 0.7 rms AHE/J-mol™! 1.1

Max |AHE|/J-mol™! 1.0 Max |AHE|/J-mol ™! 1.2 Max |AHE|/J-mol ™! 25
EGPhE (1) + ethanol (2)

A Jmol™'  0.1338 71 Jmol™!  0.0846 Auy, Jmol™! 543

A 1805.0 T 0.8253 Auy, 369.3

@ Springer



Experimental and modeling insights into excess molar enthalpy of alcohol-additive ternary... 6017

Table 3 (continued)

Binary system® at 313.15 K

Redlich—Kister NRTL UNIQUAC

Ethanol (1) +1-PrOH (2)

A, -172.3 a, 0.30

A, 266.3

MAD (%) 0.20 MAD (%) 3.00 MAD (%) 277
rms AHE/J-mol™" 0.70 rms AHE/J-mol ™! 7.30 rms AHE/J-mol™! 6.74
Max |AHEI/J-mol ™ 1.14 Max |AHE/J-mol ™! 11.74 Max |AHE|/J-mol™! 10.61

*DEGEE: diethylene glycol monoethyl ether; EGPhE: ethylene glycol monophenyl ether; and 1-PrOH: 1-propanol

Eq. (16), Eq. (18), NRTL, and UNIQUAC models are fur-
ther presented in Figs. 7 and 8 for a fixed composition ratio
X, /x3 = 0.25.

The interaction parameters required to reproduce the H‘E
data using the modified R—K equation, NRTL, and UNI-
QUAC models are provided in Tables 3, 5, and 6. Infor-
mation regarding the structural groups of the studied com-
pounds, including their van der Waals volumes Ry and
surface area parameters Oy, as well as the specific group
interaction coefficients, is presented in Tables 7 and 9.
Finally, molecular structures and their subgroup decompo-
sitions are shown in Table 8.

e Ethanol + 1-PrOH

The HE] of the binary mixture ethanol (1) + 1-propanol
(2) exhibit endothermic behavior (Hr]fl> 0) at both stud-
ied temperatures. As shown in Fig. 2 (a), the Hr];:l curves
are skewed, with maximum values of approximately 22.7
J.mol™! at 298.15 K occurring near x, ~ 0.5498 and 19.6
J.mol~! at 313.15 K which appear near x; ~ 0.55. The posi-
tive values of Hfl arise from the partial disruption of hydro-
gen bonds present in the pure alcohols when they are mixed.
In pure ethanol and pure 1-propanol, molecules are strongly
self-associated through extensive O—H---O hydrogen-bond
networks. Upon mixing, these networks are rearranged into
new ethanol—propanol associations, which are weaker and
less energetically favorable. The energy required to break the
stronger self-associations exceeds the stabilization gained by
forming mixed hydrogen bonds, leading to a net endother-
mic effect (Table 9).

From a molecular perspective, the asymmetry of the Hf1
curves is related to differences in molecular size, shape, and
polarity between ethanol and 1-propanol. Ethanol is shorter
and more polar, whereas 1-propanol has a larger hydro-
phobic tail, which introduces steric hindrance and reduces
the strength and number of hydrogen bonds per molecule.

This mismatch in molecular packing and hydrogen-bonding
capacity explains the skewness of the enthalpy curves and
the maximum near equimolar composition, where the dis-
ruption of self-association is most pronounced.

Concerning model performance, the R—K equation repro-
duces the experimental data with the lowest AAD values
(1.29% at 298.15 K and 2.28% at 313.15 K), confirming its
empirical accuracy. The NRTL model also performs well,
since it accounts for non-random mixing and local interac-
tions, reflecting the heterogeneous molecular environments
in the mixture. UNIQUAC provides a fair description by
including both combinatorial effects (size/shape of mol-
ecules) and residual energetic contributions, but it underes-
timates enthalpic deviations at high ethanol content, where
directional hydrogen bonding is dominant.

The UNIFAC model exhibits a temperature-dependent
predictive ability. At 298.15 K, it fails to capture the mag-
nitude of Hfl, since its group-contribution scheme neglects
explicit hydrogen bonding, which dominates the thermody-
namics at lower temperature. At 313.15 K, however, hydro-
gen-bond interactions are weakened, and dispersive, steric,
and group—group interactions become more significant. As
a result, UNIFAC achieves a much better agreement with
experimental data at the higher temperature.

When comparing our results with the literature [24], a
good consistency is found at 298.15 K. However, it should
be noted that the pressure conditions reported in the refer-
ence are not explicitly specified, which may slightly affect
the comparison. Moreover, the calorimetric technique used
in that work differs from the quasi-isothermal method
employed in the present study. These differences in experi-
mental conditions and methodology must be taken into
account when evaluating the agreement between datasets.
At 313.15 K, no data are available in the literature for this
system, making our measurements an original and valu-
able contribution to the thermodynamic characterization
and molecular understanding of binary alcohol mixtures.

@ Springer



6018

K. Samadi et al.

Table 4 Excess molar enthalpy,
Hﬁ , measured data of studied
binary mixture x, ethanol +

(1 —x,) 1-PrOH, x;, DEGEE

+ (1 = x;) 1-PrOH, and x,
EGPhE + (1 — x,) ethanol at T
=298.15 and 313.15 K and at P
=0.1 MPa*

e DEGEE+ 1-PrOH

The HE] values of the binary mixture DEGEE
(1)+ 1-PrOH (2) are positive over the entire composition
range at both 298.15 and 313.15 K, confirming an endo-

xy/mol HE/Jmol™"  xi/mol  HE/Jmol™'  x/mol  HE/lmol™  xi/mol  HE/J-mol™

x, ethanol + (1 — x,) 1-PrOH"

At298.15 K
0.0506 35 03006 182 0.5498 227 0.7994 157
0.1001 6.9 03495 198 0.6001 224 0.8498 128
0.1503 105 0.4002 213 0.6491 216 0.9001 9.3
0.1993 134 0.4497 222 0.6997 202 0.9502 4.9
02505  16.0 0.4997 226 0.7502 183

At313.15K
0.0506 2.7 03006 153 0.5500  19.6 0.7994 137
0.1001 6.6 03495 170 0.6001 195 0.8498  11.1
0.1503 9.0 0.4003  18.0 0.6492 187 0.9001 8.3
0.1993  11.1 0.4499  19.0 0.6997 177 0.9502 4.6
02505  13.0 0.4998 193 0.7502  15.8

x; DEGEE + (1 — x;) 1-PrOH"

At298.15 K
0.0499 1346 0.2994  490.2 0.5489  496.0 0.7991  285.0
0.0995  245.4 0.3498 5134 0.5997  468.5 0.8498  221.1
0.1501  334.5 03994 5243 0.6500 4326 0.9007 1502
0.1993  402.0 0.4493 5248 0.6991 3909 09492 778
0.2500  454.7 0.4991 5155 0.7488  340.4

At313.15K
0.0499 1375 0.2994  519.7 0.5487  524.0 0.7991  296.6
0.0994  254.1 0.3497 5453 0.5995 4939 0.8498  230.0
0.1500  349.7 0.3993  556.6 0.6498  454.4 0.9007 1563
0.1993 4228 0.4491 5572 0.6990  409.6 0.9492  82.1
0.2499  481.0 0.4990 5455 0.7488 3565

x; EGPhE + (1 — x,) ethanol

At298.15 K
0.0502  99.0 0.2993 3314 0.5497 3272 0.8007  203.1
0.0997 1782 0.3494 3424 0.5989  311.9 0.8510  163.0
0.1494  237.7 03997 3462 0.6496 2922 0.8989  117.5
0.1993  281.7 0.4495  344.4 0.6998  267.9 0.9495 628
0.2498 3126 0.5003  338.4 0.7487  239.1

At313.15K
0.0502  118.6 02994 4243 0.5498 4382 0.8008  266.1
0.0998  212.4 0.3495 4458 0.5989  416.0 0.8510 2106
0.1495  288.8 0.3997 4559 0.6498  387.9 0.8989  150.6
0.1994  347.8 0.4497 4585 0.6998 3555 0.9495 805
0.2499  393.0 0.5003 4517 0.7488 3137

4Standard uncertainties of pressure p, temperature 7, and mole fraction x are as follows: u(p)=0.01 MPa,
u(T)=0.05 K, u(x)=0.0008. The relative expanded uncertainty (k=2) is Ur(H::])=0.01 for excess molar

enthalpy

%y, is the mole fraction of ethanol; DEGEE or EGPhE

excess molar enthalpy curves display a clear maximum near
intermediate mole fractions, with higher values observed at

thermic mixing process. As illustrated in Fig. 2 (b), the

@ Springer

313.15 K compared to 298.15 K, indicating that the enthal-
pic cost of disrupting hydrogen-bond networks increases
with temperature. The maxima reach approximately 524.8



Experimental and modeling insights into excess molar enthalpy of alcohol-additive ternary...

6019

Fig.2 Excess molar enthalpy
HE of a ethanol (1) + 1-propanol
(2), b diethylene glycol monoe-
thyl ether (1) + 1-propanol

(2), and (c) ethylene glycol
monophenyl ether (1) + ethanol
(2). At T=298.15 K: (-), experi-
mental data; (A ), Pflug et al.
[24]; (—), calculated values
with modified Redlich—Kister
equation; (—), calculated
values with NRTL model;
(—), calculated values with
UNIQUAC model; and (—),
calculated values with UNIFAC
model. At T=313.15 K: (O),
experimental data; (----),
calculated values with modified
Redlich—Kister equation; (----),
calculated values with NRTL
model; (----), calculated values
with UNIQUAC model; and
(----), calculated values with
UNIFAC model
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Fig.3 Contours for constant values of HF23 for ternary mixture dieth-
ylene glycol monomethyl ether (1)+ 1-propanol (2)+ethanol (3),
calculated from the representation of the experimental results by
Egs. (17 and 18) using the parameters given in Tables 5 and 6: a, at
298.15 K; b, at 313.15 K. This figure is plotted using MATLAB Sim-

ulink

J-mol~! at 298.15 K (x; ~ 0.45) and 557.2 J-mol~! at 313.15
K (x: = 0.45), while the R-K correlation reproduces the
experimental data with very low deviations (AAD=0.31%
at 298.15 K and 0.20% at 313.15 K). The positive excess

@ Springer

(b)

Fig.4 Contours for constant values of HFB for ternary mixture dieth-

ylene glycol monoethyl ether (1) + 1-propanol (2) +ethanol (3), calcu-
lated from the representation of the experimental results by Eqs. (17
and 18) using the parameters given in Tables 5 and 6: a, at 298.15 K;
b, 313.15 K. This figure is plotted using MATLAB Simulink

molar enthalpies originate from the partial breakdown of
strong O—H---O interactions in pure 1-PrOH and, to a lesser
extent, in pure glycol ether. When mixed, these cohesive net-
works are replaced by weaker and more spatially dispersed
cross-associations between the hydroxyl group of 1-propanol
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Fig.5 Contours for constant values of H{EB for ternary mixture ethyl-

ene glycol monomethyl ether (1) + 1-propanol (2) + ethanol (3), calcu-
lated from the representation of the experimental results by Eqgs. (17
and 18) using the parameters given in Tables 5 and 6: a, at 298.15 K;
b, 313.15 K. This figure is plotted using MATLAB Simulink

and the ether oxygen atoms of DEGEE, resulting in a net
energetic penalty.

From a molecular viewpoint, the shape and asymmetry
of the Hfl curves can be traced to differences in structure
and polarity between the two components. 1-PrOH is
strongly self-associated through directional hydrogen
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Fig. 6 Contours for constant values of HFB for ternary mixture ethyl-

ene glycol monophenyl ether (1) + 1-propanol (2) +ethanol (3), calcu-
lated from the representation of the experimental results by Eqs. (17
and 18) using the parameters given in Tables 5 and 6: a, at 298.15 K;
b, 313.15 K. This figure is plotted using MATLAB Simulink

bonds, whereas DEGEE, although bearing an OH group,
has a bulky chain with multiple ether oxygens that act
as hydrogen-bond acceptors but with reduced directional
strength. The steric bulk of the glycol ether hinders close
packing and reduces the number of strong interactions per
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Fig.7 Excess molar enthalpy HE of ternary mixtures: a, diethylene
glycol monomethyl ether (1)+ 1-propanol (2)+ethanol (3); b, dieth-
ylene glycol monoethyl ether (1)+ 1-propanol (2)+ethanol (3); c,
ethylene glycol monomethyl ether (1)+ 1-propanol (2)+ethanol (3);
and d, ethylene glycol monophenyl ether (1)+ 1-propanol (2)+ etha-

molecule. This mismatch leads to inefficient molecular
organization, especially around equimolar composition,
where the breaking of self-associations is most pronounced
and the enthalpic deviation reaches its maximum.

With respect to model performance, the R-K equation
provides the closest fit to the experimental curve, yielding
the lowest deviations and accurately reproducing both the
position and magnitude of the maximum. The NRTL model
also offers a satisfactory representation, as its non-random
mixing term effectively accounts for the heterogeneous
environments created by the simultaneous presence of
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nol (3). At 7=298.15 K and for the ratio x,/x;=0.25: (-), experi-
mental data; (—), calculated values with Eq. (16); (—), calculated
values with NRTL model; (—), calculated values with UNIQUAC
model; (—), calculated values with UNIFAC model; and (—), cal-
culated values with Eq. (18)

alcohol—alcohol, alcohol—ether, and ether—ether interactions.
UNIQUAC gives a reasonable description by balancing
size/shape contributions and energetic effects, though
it slightly underestimates the endothermic deviations at
glycol ether—rich compositions, where the steric and dipolar
contributions dominate. In contrast, the modified UNIFAC
(Dortmund) model captures the general convex shape but
underestimates the amplitude of HEI, particularly at 298.15
K, due to its limited treatment of specific hydrogen bonding.
Its predictions improve at 313.15 K, where hydrogen-bond
contributions are weakened and dispersive plus group—group
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Fig.8 Excess molar enthalpy HE] of ternary mixtures: a, diethylene
glycol monomethyl ether (1)+ 1-propanol (2)+ethanol (3); b, dieth-
ylene glycol monoethyl ether (1)+ 1-propanol (2)+ethanol (3); c,
ethylene glycol monomethyl ether (1)+ 1-propanol (2)+ ethanol (3);
and d, ethylene glycol monophenyl ether (1)+ 1-propanol (2) + etha-

interactions play a more significant role, leading to a better
match with experimental data at the higher temperature.

e EGPhE + ethanol

The HS‘I behavior of the binary mixture EGPhE + etha-
nol (as outlined in Fig. 4 (¢)) reveals clear differences that
can be attributed to molecular size, polarity, and hydrogen-
bonding capabilities. The mixture reaches a maximum of
346.2 J-mol™" atx;=0.3997 and 458.5 J-mol~" at x,=0.4497
at 298.15 and 313.15 K, respectively. These results can be
explained by the balance between ethanol’s lower polarity
and larger molecular size compared with methanol, which
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nol (3). At T=313.15 K and for the ratio x,/x;=0.25: (-), experi-
mental data; (—), calculated values with Eq. (16); (—), calculated
values with NRTL model; (—), calculated values with UNIQUAC
model; (—), calculated values with UNIFAC model; and (—), cal-
culated values with Eq. (18)

favors the formation of more effective hetero-interactions
with EGPhE, leading to greater enthalpic deviations. On a
molecular level, EGPhE possesses both an ether oxygen and
an aromatic phenyl group, enabling dual interaction path-
ways: hydrogen bonding between the hydroxyl group of
ethanol and the ether oxygen, and n—r or dipolar interactions
involving the phenyl ring. The cooperative contribution of
these interactions stabilizes mixed molecular arrangements,
enhancing positive deviations in enthalpy [25]. In particu-
lar, the disruption of self-associated hydrogen-bonding
networks of ethanol, compensated by the establishment of
stronger EGPhE + ethanol-specific interactions, underlies the
observed maxima in HE.

@ Springer
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3 = e - Among the thermodynamic models applied, the R—-K
g $ 88 equation consistently provides the best fit for the ethanol sys-
tem, with rms A HE] of 5.55 J-mol~! at 298.15 K. The UNI-
QUAC and NRTL models also show fair agreement but with
slightly higher deviations, 11.80 J-mol~! and 12.92 J-mol~!,
respectively. In contrast, the modified UNIFAC (Dortmund)
model tends to overestimate the excess molar enthalpy,
reflecting its limited ability to explicitly capture directional
and specific hydrogen-bonding interactions.
The ternary systems [DEGME (1) + 1-PrOH (2) + etha-
9 nol (3)], [DEGEE (1) + 1-BuOH (2) +ethanol (3)], [EGME
:‘; (1)4 1-PrOH (2) +ethanol (3)], and [EGPhE (1) + 1-PrOH
0 (2) +ethanol (3)] were obtained by introducing glycol ethers
E into the binary systems 1-BuOH + ethanol, and their excess
2 molar enthalpies were determined at 298.15 K and 313.15
= K. For each ternary system, four different initial binary com-
;; positions were selected, with x,/x; ratios fixed at 0.2500,
> 0.6667, 1.5000, and 4.0000, respectively.
= The experimental results of H- at 298.15 and 313.15 are
‘g :é‘ %’ reported in Tables S1 and S2, respectively. These values
% § ”EE L§E é were determined using Eq. (15):
= d| =
% 5' g <§1 E % Hyy = H s + (1 - x,) Hy, (15)
lﬁ where H'f+23 represents the experimental values of the ter-
£ nary blends, and H2E3 corresponds to the R—K equation of
Ej the binary ethanol + 1-propanol blend. The temperature and
% composition dependence of the ternary blends is shown in
= Figs. 3-6.
% The experimental data were further fitted using Eq. (16):
by >
S 888 § g3 ?g) Hyy, = Hy, + HY + Hyy + x,00,AH (16)
[9 =) o
£ with
8
= AHF23 =By + Bx; + Byx, + B3x% + B4x§ + Bsxx, + B6x? + B7xg
(17)
%’ The B, parameters were determined using the unweighted
A least-squares method. Additionally, AH'E23 can be also cal-
E culated with:
5]
E» AHp,; = Byx; + Byx; + By (18)
=
g Tables 5 and 6 provide an overview of the reduction
g and prediction results outcomes for the ternary mixtures,
g § based on the parameters derived from the corresponding
§ g binary systems.
v =}
& % ¢ DEGME + 1-PrOH + ethanol
= 58| 2 Endothermic behavior was observed, as indicated by
s |+ E=|A the positive excess molar enthalpy HE values across the
: 5 S ‘iE %E '§ entire range of composition at the studied temperatures
j: § E . 2 E ERRS (Fig. 3). The maximum experimental H for this blend is
= Rlzl s s 8 =1 R
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Table 6 (continued)

EGPhE (1) + 1-PrOH (2) + ethanol (3)

UNIQUAC
Auy,y

NRTL

7.88
1014.25

J-mol™!

0.6016
1.1842
0.0787
0.8380
0.2227
—0.1693

J-mol™!

T2

Au,y,
Auys

721

385.57

13

287.49

Ausy,

31

474.98
- 377.67

Auysy

73

Aus,

T3

0.20

0.20

0.20
28.3
138.3
242.6

V)
a3

a3

19.2

MAD (%)

MAD (%)

95.5
258.4

rms AHE/J-mol"l
Max IAHEI/J-mol ™!

rms AHE/) -mol~!
Max IAHEI/J-mol ™!

m

m

DEGME Diethylene glycol monomethyl ether, DEGEE Diethylene glycol monoethyl ether, EGME Ethylene glycol monomethyl ether, EGPhE Ethylene glycol monophenyl ether, and /-PrOH

1-propanol

Table 7 Modified UNIFAC (Dortmund) group interaction parameters
used in this work [22]

Main group Group interaction parameters

1 2 a;,/K b,/K c/K!
a, /K b, /K cy /K71

CH, OH 2777 —4.674 0.001551
1606 —4.746 0.0009181

CH, CH,O 233.1 —0.3155 N/A
—9.654 —0.03242 N/A

CH, ACOH 1381 —-0.9977 N/A
1987 —4.615 N/A

OH CH,O 816.7 —5.092 0.00606
650.9 -0.7132 0.000815

OH ACOH 83.91 - 1.262 N/A
465.4 —1.841 N/A

945.4 J-mol ™" at 298.15 K and 1169.4 J-mol ™" at 315.15 K
corresponding to x; =0.4438, x,=0.4466, and x;=0.1095.
The lowest AAD (15.68%) at T=298.15 K was achieved
with AH, ., Eq. (17), comparably to AHY ., Eq. (18), UNI-
QUAC, NRTL, and modified UNIFAC models (20.53%,
23.14%, 19.94%, and 52.81%). At T=313.15 K, the best
AAD and rms (8.39%, 44.8 J-mol~!) are achieved with
AH];:B, Eq. (17). Generally, AHFB, Eq. (18), and NRTL
demonstrated comparable accuracy, both outperforming
the UNIQUAC and UNIFAC models.

DEGME contains one hydroxyl group and one ether
oxygen, giving it both hydrogen-bond donor and acceptor
sites. This dual functionality allows DEGME molecules
to engage in self-association through O-H---O hydrogen
bonding. In the ternary mixture with ethanol and 1-PrOH,
the strong alcohol-alcohol hydrogen-bond network is par-
tially disrupted, while the new cross-interactions involv-
ing DEGME are weaker and cannot fully compensate
for the loss of self-association. This imbalance results in
positive excess molar enthalpies. Furthermore, the longer
alkyl chain of 1-PrOH enhances hydrophobic segrega-
tion effects when combined with DEGME and ethanol,
thereby increasing the enthalpic penalty upon mixing. The
UNIFAC (Dortmund) model shows poor predictive perfor-
mance for this system, reflecting its limitations in captur-
ing the competition between multiple hydrogen-bonding
sites and the steric/hydrophobic mismatch among the three
components.

e DEGEE + 1-PrOH + ethanol

A similar endothermic behavior was observed for the
mixture DEGME + 1-PrOH + ethanol, supported by positive
HE1 values at the two investigated temperatures, as shown
in Fig. 4. The maximum excess molar enthalpy Hg for this
blend is 724.2 J-mol~" at 298.15 K and 861.6 J-mol™" at
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Table 8 Molecular formulae of the species in this work, shown as structures of subgroups for group-contribution models

Component* Structure Molecular formula

DEGME CH;0-CH,—CH,0-CH,—CH,-OH
DEGEE CH;—-CH,0-CH,—CH,0-CH,-CH,~OH
EGME CH;0-CH,—CH,-OH

EGPhE C¢H;0-CH,-CH,-OH

Ethanol CH;-CH,-OH

1-Propanol CH;-CH,—CH,-OH

*DEGME Diethylene glycol monomethyl ether, DEGEE Diethylene glycol monoethyl ether, EGME Ethylene glycol monomethyl ether, EGPAE

Ethylene glycol monophenyl ether, and /-PrOH 1-propanol

313.15 K corresponding to x; =0.4332, x,=0.3347, and
x3=0.2320. At 298.15 K, AHE ., Eq. (17), gives the best
representation of the experimental data, with the lowest
deviations in terms of AAD (11.4%). However, the NRTL
model yields superior agreement when evaluated by rms
(69.8 J-mol~!) and maximum deviation (Max |A HEI: 148.2
J-mol™'), showing that it better captures the magnitude
of enthalpic fluctuations. A similar trend is observed at

313.15 K, where NRTL again provides the smallest errors

@ Springer

(AAD =5.41%, rms =42.3 J-mol~!, Max IA HEI=115.6
J-mol™"). These results confirm that the NRTL model is the
most reliable among those tested for describing the thermo-
dynamic behavior of the system at both temperatures.
Structurally, DEGME differs from DEGEE by having
a methyl rather than an ethyl substituent. This substitution
makes DEGME less hydrophobic and slightly more polar.
The higher polarity of DEGME enhances its tendency for
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Table 9 Modified UNIFAC (Dortmund) relative van der Waals volumes Ry and surface areas Qy [22]

Main group Subgroup Ry Ok
CH, CH;4 0.6325 1.0608
CH, 0.6325 0.7081
OH OH 1.2302 0.8927
CH,0 CH;0 1.1434 1.6022
CH,0 1.1434 1.2495
CHO 1.1434 0.8968
ACOH ACOH 1.080 0.9750

self-association compared to DEGEE, although still weaker
than that of DEGEE. Consequently, the magnitude of Hf] is
somewhat reduced. Nevertheless, mixing with ethanol and
1-PrOH still involves the disruption of strong alcohol-alco-
hol hydrogen-bond networks, while the newly formed cross-
associations are energetically less favorable, leading overall
to positive excess molar enthalpies. The UNIFAC (Dort-
mund) model performs poorly for this system, showing that
group-contribution methods do not capture the subtle dif-
ferences in chain length and polarity that strongly influence
association equilibria.

e EGME + 1-PrOH + ethanol

The EGME + 1-PrOH + ethanol blend also showed endo-
thermic behavior with positive HE values over the entire
composition range at both temperatures considered (Fig. 5).
The maximum excess molar enthalpy Hfl is 944.3 J-mol~!
at 298.15 K and 773.9 J-mol~!, at 313.15 K related to
x,=0.5235, x,=0.3768, and x;=0.0982. At 298.15 K, the
NRTL model provides the lowest average absolute devia-
tion (AAD =12.02%), indicating the best fit in terms of
relative error. In contrast, Eq. (17) achieves the lowest rms
(78.8 J-mol™") and the smallest maximum deviation (Max
IA Hgl: 242.0 J-mol~1), outperforming Eq. (18) and UNI-
QUAC in capturing the magnitude of enthalpic variations.
At T=313.15 K, UNIQUAC model and AHFB, Eq. (17), are
the best with AAD (6.6%, 8.8%), rms (43.2 J-mol™!, 56.6
J-mol™"), and Max IAHE| (99.6 J-mol™", 122.8 J-mol™").
These models demonstrated better accuracy than UNIQUAC
and UNIFAC models.

EGME is smaller than the diethylene glycol monoethers
(DEGME, DEGEE) and has only one ether oxygen, yet it
still forms strong hydrogen-bonded structures [26]. On mix-
ing, disruption of ethanol—ethanol and ethanol-butanol asso-
ciations leads to a positive enthalpy, but the magnitude is
lower than for DEGME because the steric hindrance is less
pronounced and cross-interactions with ethanol are more
favorable. The modified UNIFAC approach again shows sig-
nificant errors, which highlights its limitation in representing
size-dependent and polarity-driven interactions.

e EGPhE + 1-PrOH + ethanol

For the EGPhE + 1-PrOH + ethanol blend, endothermic
behavior was confirmed by positive HE1 for all mole fractions
at both investigated temperatures (Fig. 6). The maximum
excess molar enthalpy HE1 was 1076.7 J-mol~! at 298.15 K
corresponding to x; =0.5437, x,=0.3617, and x;=0.0946
and increased to 988.8 J-mol~! at 315.15 K corresponding
to x; =0.4408, x,=0.4432, and x;=0.1160. At 298.15 K,
AHIIEZS, Eq. (17), has the lowest ADD, rms, and Max |A Hﬁ'
(14.2%, 106.3 J-mol ™!, and 356.1 J-mol™!). At T=313.15K,
the minimum AAD (4.2%), rms (33.2 J-mol™'), and Max |A
HEI (116.5 J-mol™") are found for NRTL model.

The strong endothermicity of this system originates from
the molecular features of EGPhE. The aromatic ring intro-
duces m—x interactions and increases the hydrophobicity of
the molecule, making it less compatible with ethanol and
1-PrOH [27]. When the mixture forms, both the aromatic
self-association of EGPhE and the hydrogen-bonded alcohol
structures are disrupted, but the cross-interactions are not
strong enough to compensate. This results in the highest
positive Hfl values among the systems studied. The UNI-
FAC (Dortmund) model fails drastically, mainly because the
group parameters do not explicitly account for aromatic-spe-
cific interactions or the anisotropy of phenoxy substitution.

For the ternary blends of DEGME + 1-PROH + ethanol
and DEGEE + 1-PrOH + ethanol at 298.15 K, the AHEB,
Eq. (17), provides the best agreement with experimen-
tal data compared to AHFB, Eq. (18), NRTL, UNIQUAC,
and UNIFAC. At 313.15 K, AH‘IEB, Eq. (17), again gives
the lowest deviations for the system containing DEGME,
with AAD =8.39%, rms =44.8 J-mol~1, and Max IAHE1
I=143.3 J-mol~". For the mixture with DEGEE at the
same temperature, the deviations obtained with NRTL
are AAD=5.41%, rms=42.3 J-mol™', and Max 1A HE
I=115.6 J-mol~". However, for this blend at 313.15 K,
AHF%, Eq. (17), outperforms the other models, yielding
the lowest deviations (AAD =10.28%, rms=83.7 J-mol™!,
and Max |A HEI: 242.1 J-mol™"). NRTL also shows the best
performance at 298.15 K for the EGME + 1-PrOH + ethanol
system (AAD=12.02%, rms=110.7 J-mol™!, and Max 1A
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HE|=308.8 J-mol™") and for the EGPhE + 1-PrOH + ethanol
system (AAD =14.2%), although in the latter case, AHF23’
Eq. (17), gives the lowest rms and Max |A Hqu (106.3 J-mol™!
and 275.5 J-mol™"). At 313.15 K, the NRTL model performs
better for the EGME + 1-PrOH + ethanol mixture, with the
lowest AAD, rms, and Max |A Hrl;:ll (6.6% 43.2 J-mol'and
99.6 J-mol™"). For the EGPhE + 1-PrOH + ethanol blend at
this temperature, the NRTL model provides the most accu-
rate prediction, with the smallest deviations (AAD =4.2%,
rms =33.2 J'mol™!, Max |A HEI=116.5 J-mol™").

Table 8 presents the molecular formulae of the species
studied, illustrated as subgroups structures used in group-
contribution models. The studied liquids differ in molec-
ular size, shape, and interaction potential. Across all ter-
nary mixtures, positive HE values confirmed endothermic
behavior, attributed to weak intermolecular interactions.
At constant pressure, excess molar enthalpy increased as
temperature rose from 298.15 to 323.15 K in all mixtures:
DEGME + 1-PrOH + ethanol, DEGEE + 1- PrOH + ethanol,
EGME + 1- PrOH + ethanol, EGPhE + 1- PrOH + ethanol.
This increase is likely due to the relatively low polarity
and weak associative interactions among the molecules. As
temperature increases, hydrogen bonds (alcohol-alcohol and
alcohol—ether) weaken, leading to an increase in Hf]. Gly-
col ethers improve miscibility between highly polar ethanol
and less polar butanol. However, at higher temperatures, the
effect of glycol ethers is reduced, weakening dipolar interac-
tions and contributing to increased excess molar enthalpy.

Conclusions

In order to assess their relevance for fuel applications, par-
ticular attention was given to the molecular interactions and
structural features of oxygenated additives. The excess molar
enthalpies (Hf]) of the binary system composed of ethanol
and 1-PrOH were determined at 298.15 K and 313.15 K
under atmospheric pressure (0.1 MPa). Ternary mixtures
were subsequently prepared by introducing different gly-
col ethers: diethylene glycol monomethyl ether (DEGME),
diethylene glycol monoethyl ether (DEGEE), ethylene glycol
monomethyl ether (EGME), and ethylene glycol monophe-
nyl ether (EGPhE) into the binary blend, and HII;:1 values were
obtained for several compositions.

All systems displayed positive excess molar enthalpies
at both temperatures, indicating endothermic mixing. The
experimental results were examined with several thermo-
dynamic models, namely the R—K equation, NRTL, UNI-
QUAC, and modified UNIFAC (Dortmund). For the binary
mixture, the R—K approach yielded the most satisfactory
agreement with experimental data. When considering the

ternary mixtures, the AH’IEB, Eq. (17), and NRTL model

@ Springer

proved to be the most suitable for reproducing the experi-
mental measurements. Additional predictions were carried
out with NRTL, UNIQUAC, and UNIFAC. Among these,
NRTL consistently showed the closest match to experimen-
tal values, whereas UNIFAC led to the largest deviations
depending on the glycol ether involved.
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