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Abstract

Fuel blends incorporating oxygenated additives are increasingly explored to enhance
combustion efficiency and reduce greenhouse gas emissions. Understanding the
thermodynamic behavior of such mixtures is essential for optimizing their formula-
tion. In this study, the excess molar enthalpy (Hﬁ ) a key property reflecting molecu-
lar interactions and non-ideality was measured for four ternary blends containing
2-(2-methoxyethoxy)ethanol, 2-(2-ethoxyethoxy)ethanol, 2-methoxyethanol, and
2-phenoxyethanol, each mixed with ethanol, at 298.15 and 313.15 K under 0.1 MPa
using a quasi-isothermal flow calorimeter. The experimental results were correlated
using the Redlich—Kister, NRTL, and UNIQUAC models, while the predictive per-
formance of the Modified UNIFAC (Dortmund) model was also assessed. Positive
Hlﬁ values were obtained for all mixtures, indicating endothermic mixing and domi-
nant dispersive—dipolar interactions. Among the applied models, the Redlich—Kister
equation provided the best correlation with experimental data. The results contribute
valuable thermodynamic benchmarks for modeling the energetics of oxygenated fuel
blends and improving predictive approaches for complex liquid mixtures.
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1 Introduction

In recent years, the development of combustion engine technologies has attracted
significant research attention [1]. In this context, new concepts have emerged,
among which fuel design strategies play an important role. This approach signifies
the optimal combination of different fuels to enhance both physical and chemical
properties, with the main objective of achieving high combustion efficiency while
simultaneously reducing emissions.

Global fossil fuel reserves are continuously decreasing. Additionally, fossil-fuel-
based engines contribute substantially to environmental pollution, particularly
through the emission of nitrogen oxides and particulate matter. However, growing
demand remains high in the industrial and transport sectors, primarily due to their
high energy density and economic competitiveness compared with eco-friendly
alternatives.

Nowadays, alternative fuels such as alcohols, glycol ethers and biodiesel are
increasingly promoted, especially in the transport sector [2], because of their con-
tribution to a secure, sustainable, and affordable energy future [3]. However, the
complete substitution of fossil fuels with alternatives remains a challenge. Conse-
quently, blending conventional fuels (diesel and gasoline) with oxygenated additives
has emerged as a promising solution [1, 4]. Furthermore, In addition, synthesizing
new additives by combining different oxygenated compounds has shown excellent
results, including improved miscibility and significant reductions in emissions [5].
The oxygen content of these additives enhances combustion by promoting com-
plete oxidation, thereby improving overall efficiency [1, 6]. For example, in a ter-
nary blend of diesel, vegetable oil, and diethyl ether tested in a compression igni-
tion engine [7], performance levels comparable to pure diesel were achieved using a
mixture containing only 60% diesel. Furthermore, improved combustion efficiency
and a remarkable 77% reduction in pollutant emissions were observed [8].

Alcohols such as ethanol and 1-butanol offer several advantages, including
favorable burning properties, easy handling and storage and cost-effectiveness, [9].
Both ethanol and 1-butanol are produced through biomass fermentation and are
therefore considered renewable energy sources. As additives, n-butanol has been
shown to improve both performance and emissions, whereas ethanol has demon-
strated improvements primarily in emissions [4]. Furthermore, 1-butanol possesses
a higher energy content and better miscibility compared to ethanol. I Despite these
advantages, the direct use of ethanol or 1-butanol in pure form is limited by techni-
cal and economic constraints [7]. Pure usage would require substantial engine modi-
fications or the addition of specialized additives to optimize lubrication and ignition
properties [6]. Engine modifications are generally not considered an optimal solu-
tion, while the use of tailored additives appears more favorable. Notably, 1-butanol
can also be synthesized via propylene hydroformylation, giving it both petrochemi-
cal and industrial origins. Similarly, 2-(2-methoxyethoxy)ethanol, 2-(2-ethoxyeth-
oxy)ethanol, 2-methoxyethanol, and 2-phenoxyethanol are synthetic glycol ethers
that can serve as suitable fuel additives. Their molecular structure, which combines
ether and hydroxyl functional groups, provides excellent solvency for both polar

@ Springer



International Journal of Thermophysics (2026) 47:32 Page3of37 32

and non-polar substances. Consequently, their main role in fuel blends is to enhance
miscibility, stability, and combustion performance [10].

Excess molar enthalpy is a thermos-physical property of fuels that is strongly
affected by variations in temperature and pressure. To accurately simulate real fuel
applications, it is essential to investigate this property under operating conditions
representative of the transport and industrial sectors.

For temperature, T=298.15 K is widely recognized as the standard reference for
thermodynamic measurements. It corresponds to ambient conditions and represents
the typical temperature at which fuels enter engines, as well as the conditions rel-
evant for handling, blending, and storage [11]. Measurements at 298.15 K are also
essential for comparison with literature data, enabling consistency across studies and
providing reliable input for engineering databases and process simulation tools [12].
In addition, T=313.15 K is frequently used to approximate the fuel temperature
inside injectors and pipelines during engine operation. This temperature is also rel-
evant for a variety of chemical and separation processes such as liquid-liquid extrac-
tion, distillation, and biodiesel purification that are typically carried out between 30
and 60 °C. Thus, experimental data at 313.15 K contribute to the optimization of
both fuel systems and industrial processes [13, 14]. Along with atmospheric pres-
sure (p=0.1 MPa), these two reference temperatures 298.15 K and 313.15 K, have
crucial importance for determining and modeling the thermos-physical properties of
fuels [13, 15, 16].

In this work, four ternary mixtures were prepared: x; 2-(2-methoxyethoxy)
ethanol + x, 1-butanol+(1-x-x,) ethanol, x; 2-(2-ethoxyethoxy)ethanol + x,
1-butanol + (1-x-x,) ethanol, x; 2-methoxyethanol +x, 1-butanol + (1-x;-x,) ethanol,
x; 2-phenoxyethanol+ x, 1-butanol +(1-x-x,) ethanol. The excess molar enthalpies
of these blends were measured at 7=(298.15 and 313.15) K and p=0.1 MPa using
a quasi-isothermal flow calorimeter. The experimental data were then fitted using
the Redlich Kister equation [17], and predicted with NRTL [18], UNIQUAC [19]
and modified UNIFAC (Dortmund) [20] models.

2 Chemicals

The components investigated in this study are 2-(2-methoxyethoxy)ethanol
(22MEE) (CsH,05); 2-(2-ethoxyethoxy)ethanol (22EEE) (C¢H,,03); 2-meth-
oxyethanol (2ME) (C3HgO,); 2-phenoxyethanol (2-PhE) (CgH,,0,); 1-butanol
(1-BuOH) (C4H(,0,); and ethanol (C,HO). These compounds were used to prepare
four ternary mixtures in which each glycol ether (22MEE, 22EEE, 2ME, or 2-PhE)
was combined with 1-BuOH and ethanol. Relevant physicochemical 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 supplied
with a mass fraction purity higher than 99%, and no further purification was required
prior to use. The initial water contents of the solvents, as provided by the supplier,
were determined by Karl-Fischer coulometric titration (Mettler Toledo C20 coulo-
metric titrator, sensitivity 0.1 pg H,0) in accordance with ASTM E203 and ISO 760
standards. After sample handling, the water content of all components was reverified
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Table 1 Purity and chemical data of used liquids

Compound Formula Molar  Density State mole Water CAS
mass (g/cm3) fraction content number
(g/mol) - ; - purity2 (mass %)’
Experiment Literature

298.15K 313.15K 298.15K 313.15K

22MEE*  CsH,0; 120.15 1.0147 1.0014 1.0154*  1.0020° >99.0 <0.03 111-77-3
22EEE* C¢H 4,05 13418 0.9852 0.9718 0.9843°  0.9709¢ >99.0 <0.03 111-90-0
2ME* C;Hg0, 76.09 0.9598 0.9460  0.9601¢  0.9459° >99.8 <0.01 109-86-4
2-PhE* CgH,,O, 13818 1.1030 1.0900 1.1034"  1.0830¢ >99.0 <0.02 122-99-6
1-BuOH*  C,H,;,0 74.12  0.8055 0.7941 0.8060"  0.7943! >99.5 <0.02 71-36-3
Ethanol C,H,O 46.07  0.7852 0.7718 0.7849  0.77210 >99.8 <0.03 64-17-5

belhadj et al. [21]; ®Mozo et al. [22]; “Francesconi et al. [23]; dHolgadQ et al. [24]; “Reghem et al. [25];
fAlonso et al. [26]; #Rana et al. [27]; hYang et al. [28]; 'Valles et al. [29]; 'Pandharinath et al. [30]

"Densities have been measured using a vibrating-tube densimeter (Anton Paar DSA 5000 M). Calibration
was performed with air and doubly distilled water as reference fluids before each measurement series.
The combined expanded uncertainty of the density values is estimated to be 0.003 g-cm™

2Determined by gas chromatography (GC) by the supplier

3Water content determined by Karl-Fischer coulometric titration (Mettler Toledo C20 coulometric titra-
tor, sensitivity 0.1 pg H,O)

“22MEE: 2-(2-Methoxyethoxy)ethanol; 22EEE: 2-(2-Ethoxyethoxy)ethanol; 2ME: 2-Methoxyethanol;
2-PhE: 2-Phenoxyethanol; 1-BuOH: 1-Butanol

using the same Karl-Fischer coulometric method. For the four alkoxyethanols, no
change was detected; the samples were taken directly from their designated stor-
age bottles, ensuring the purity of the substances and preventing any possibility of
water absorption prior to use. For ethanol, the new measured value was <0.03 mass
%, while for 1-butanol no change was observed. The slight variation in ethanol is
attributed to its hygroscopic nature and to the preparation of four fractions between
these two components for each ternary mixture. Moreover, the low boiling point of
ethanol facilitates minor water absorption during handling.

3 Materials & Methods

A quasi-isothermal calorimeter was employed to determine the Hlﬁ of the investi-
gated binary and ternary mixtures. A schematic representation of the experimen-
tal 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 weights and densities. The
associated standard uncertainty was estimated as u(x) =0.0008. Table 1 reports the
densities, p, of the measured pure compounds at the delivery temperatures, which
are also compared with literature data [21-30]. Densities (p) of the pure compounds
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were measured at the delivery temperatures using a vibrating-tube densimeter
(Anton Paar DSA 5000 M). Calibration was performed with air and doubly distilled
water as reference fluids before each measurement series. The combined expanded
uncertainty of the density values is estimated to be 0.003 g-cm™. The dependence
of Hf; on composition was studied by preparing mixtures of different mole fractions.
The excess molar enthalpy was obtained from the relation:

Qmixture
HY = =
n

e 1)
mixture

where Q,,;...-. 15 the measured heat effect of mixing, and 7,,,,,,, is the total molar
flow rate of the solution. Thus, Hﬁ for each composition was determined by dividing
the thermal power released in the mixing cell by the molar flow rate 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 was a pre-mixed binary solu-
tion. The expanded relative uncertainty associated with the excess molar enthalpy
measurements was evaluated as (k=2) Ur (HnEl)z 1%. An in-depth explanation and
validation of the experimental procedure can be found in our earlier work [31]. The
uncertainty budget of Hﬁ , calculated following the EA-4/02 guidelines [32], is sum-
marized in Table 2.
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Fig. 1 Quasi-isothermal flow calorimeter. Schematic diagram
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4 Equations and Models

The R-K, NRTL, and UNIQUAC models were used in this work as correlative
models, in which the binary interaction parameters were optimized to reproduce
the experimental excess molar enthalpies. In contrast, the Modified UNIFAC (Dort-
mund) model was applied as a predictive model, where all group interaction param-
eters were taken directly from the literature without any adjustment to the experi-
mental data. This distinction highlights that the first three models rely on regression
to fit the data, whereas UNIFAC-DMD provides independent predictions based on
the group-contribution approach.

4.1 Modified Redlich—Kister Equation

Binary mixture results were analyzed using the R-K equation [17], expressed as:

n i—1
p_M0-0F A=)
m 1+A,2x— 1)

, @)

where A; coefficients were obtained by the unweighted least-squares method. The
optimal number of coefficients was determined using the F-test [33].

4.2 NRTL Model

Excess molar enthalpies were also correlated using the Non-Random Two-Liquid
(NRTL) model [18]. The general expression is given by:

n

E
HE=—RTY." xmn, 3)

Table 2 Uncertainty budget for excess enthalpy using EA-4/02 [32]."

Units Estimate Divisor uncertainty value

U(Q,ixture) Resolution w 4107 2/3 1.15-10°

(0, ivture) Repeatability 4107 1 4107

(O iviure) Non-linearity 1.2-107 1 1.2-107

Uy Accuracy cm’s7! 25107 2 1.25-107
Resolution 1.7-10°7 24/3 7.22:10°

UV Accuracy em’s7! 25107 2 1.25-107
Resolution 1.7-10° 24/3 722107

u(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~!/T-mol ™! N/A k=2 5.107°

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

perature; Hﬁ : excess enthalpy; x: mole fraction
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where x; is the fractional composition of compound i and #; is is defined as:

Zle X7 G [a(Tki - ( n=1*nTn G,/ 27:1 leli)) - 1]
n = 4)
21:1 x,Gy;

a accounts for non-uniformity of molecular forces, thereby enhancing the accu-
racy of phase equilibrium predictions. In the NRTL framework, G;; is expressed as
Gj=exp (- ary), where 7,=(g;—g;)/RT, with g; representing the strength of inter-
molecular forces expressed as interaction energy between i and j. The NRTL model
is particularly well-suited for systems dominated by strong hydrogen bonding.

4.3 Uniquac Model

The UNIQUAC model [19] was employed to describe the correlation of the excess
molar enthalpies, HE. Its mathematical form is given as:

m*
E_ n Zj 9; Aujlrjl
H = i=1qi 1 Z
(=1 ] U

m
and g, represents the molecular surface area, obtained by adding

)

qiXi
Z/ qiX;
the contributions of the functional groups present in the molecule.

where 19j =

4.4 Modified UNIFAC (Dortmund) Model

UNIFAC model [20, 34], an extension of UNIQUAC based on group contributions,
was employed to predict activity coefficients. The corresponding equation is:

olnr olnr)
— _p72 (z) K _ K
= —RT Z Z ( ) ( 7 ) (6)
px i

vg? is the number of groups of type k in molecule i. R is the universal gas constant,

and T is the absolute temperature.

4.5 Accuracy Test

To evaluate the accuracy of the correlations, the following statistical metrics were
employed: Absolute Average Deviation (AAD), Root Mean Square (RMS), maxi-
mum deviation (max (IHZI)).

HE _ gE
m,exp m,calc

HE
exp

AAD:@

N Ldi=1 O
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N 271/2
E E
Zi:l <Hm,exp - Hm,calc)
RMS = ®
N - npar
E| _ E E
max|AHm’ = max Hm,exp - Hm,calc ©

Hi , HE . N and n_,, are respectively the experimental and calculated data
exp m,calc par
of Hﬁ , the number of experimental points and the number of adjustable parameters

used in each model (Table 3).

5 Results and Discussion

H 5 Results for the binary mixture made up of: ethanol + 1-buOH, 12-PhE + ethanol,
2-PhE+1-BuOH and 22EEE+ 1-BuOH and the ternary systems that specifically
include x; 22MEE + x, 1-BuOH + (1-x-x,) ethanol, x; 2ME + x, 1-BuOH+ (1-x,
-X,) ethanol, and x; 2-PhE + x, 1-BuOH + (1-x-x,) ethanol were obtained at both
temperatures under study (298.15 and 313.15) K. In addition, H 5 data of the binary
mixtures containing, respectively, 22MEE + ethanol; 22EEE + ethanol; 2ME + etha-
nol; 22MEE + 1-BuOH; 2ME + 1-BuOH; at (298.15 and 313.15) K have been docu-
mented in prior works [35-37]. The corresponding experimental results are sum-
marized in Tables 4, 5, and 6, and their graphical representations are provided in
Figs. 2, 3,4, 5, and 6 (Table 3).

The parameters employed for the calculation of H 5 with the modified R-K equa-
tion, NRTL, and UNIQUAC models are presented in Tables 3, 7, and 8. All ther-
modynamic model calculations were conducted using Microsoft Excel (Solver add-
in). This software environment was employed for model fitting and optimization
of parameters in the R-K, NRTL, and UNIQUAC models. Additionally, the sur-
face areas Qy and the relative van der Waals volumes Ry also the group interaction
parameters used in this study are given in Tables 9, 10 and 11. Finally, Table 10 dis-
plays the molecular structures of the chemical substances used in this work, detail-
ing their constituent subgroups. Predictions with the Modified UNIFAC (Dortmund)
model were carried out using the publicly available parameter set [34].

5.1 Binary Mixtures
5.1.1 ethanol+ 1-BuOH

Excess molar enthalpy for the binary mixture ethanol (1) + 1-BuOH (2) indicate an
endothermic behavior (Hﬁ > 0). A skewed curve is observed in the Hﬁ plot, with
maximum values of 51.5 J.mol™" at 7=298.15 K and 44.9 J.mol~' at T=313.15 K,
both at x,=0.55. Among the correlative models applied, the R-K equation gives the
closest agreement with experimental observations, although it remains an empirical
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Table3 Sets of parameters needed for the graphical representation of excess molar enthalpy, Hlﬁ/,
by Redlich-Kister equation, NRTL and UNIQUAC models, for studied binary mixture ethanol (1)
+1-BuOH (2), 2-PhE (1) + ethanol (2), 2-PhE (1) + 1-BuOH (2), and 22EEE (1) + 1-BuOH (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-BuOH (2)

Ay J-mol™! 0.0062 0.3806 794.3
A 201.8 —0.2387 -5225
A, 55.6

As 73

a, 0.30

MAD (%) 0.98 0.97 3.10
rmsAHE J-mol™! 0.2 0.19 0.98
MaxAHE/J-mol™ 0.4 0.41 1.43
2-PhE + ethanol

Ay Jmol™! 0.2077 567.0000 26815.0
A 1354.1 0.7259 3239
A, -88.1

A, 365.4

a, 0.30

MAD (%) 0.34 5.67 4.94
rmsAHE]-mol™! 0.90 12.92 11.80
MaxAHE/J-mol ™! 1.07 25.62 24.05
2-PhE + 1-BuOH

Ay J-mol™! 0.2766 0.3496 140.2
A 2525.1 1.1258 4833
A, 2133

As 854.9

a, 0.30

MAD (%) 0.74 6.66 6.96
rmsAHE J-mol™ 4.5 28.57 29.71
MaxAHE/J-mol™! 9.5 4130 44.88
22EEE + 1-BuOH

Ay J-mol™! 0.4125 0.6746 429.7
A 3304.4 1.3512 283.1
A, 747.2

A, 126.6

a, 0.31

MAD (%) 0.14 0.39 1.78
rmsAHET-mol™! 0.8 25 8.9
MaxAHE/J-mol™ 12 5.7 14.7
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Table 3 (continued)

Binary Systemat 313.15 K

Redlich-Kister =~ NRTL UNIQUAC
ethanol (1) +1-BuOH (2)

Ay J-mol™! 0.0062 0.3963 771.7
A, 176.1 —0.2612 —549.2
A, 56.7

As 6.1

ap, 0.30

MAD (%) 1.27 1.27 3.19
rmsAHE J-mol™! 0.3 0.16 0.96
MaxAHE/J-mol ™! 0.3 0.36 1.38
2-PhE + ethanol

Ay Jmol™ 0.1338 0.0846 54.3
A, 1805.0 0.8253 369.3
A, -172.3

Ay 266.3

ap, 0.30

MAD (%) 0.2 3.0 2,7
rmsAHE J-mol™! 0.70 7.30 6.74
MaxAHZ/J-mol™" 1.14 11.74 10.61
2-PhE + 1-BuOH

Ay Jmol™! 0.0404 0.6010 387.5
A 32292 1.1831 377.1
A, —400.0

A, 676.4

ap 0.30

MAD (%) 0.22 2.89 3.84
rmsAHE]-mol™! 1.2 14.95 19.53
MaxAHE/J-mol™! 1.7 22.62 29.64
22EEE + 1-BuOH

Ay J-mol™! 0.0726 0.2909 1213.2
A 2661.8 1.1393 -134.6
A, —495.8

A, 159.7

ap, 0.30

MAD (%) 0.18 0.18 0.42
rmsAHE)-mol™! 0.8 0.84 1.84
MaxAHE/T-mol™! 14 1.85 3.86

“Equivalence between parameters: NRTL A=t,, and A,=t,,; UNIQUAC A,=Du,,; A;=Du,,
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fit without molecular interpretation with an AAD values of 0.75% (298.15 K) and
1.27% (313.15 K). The NRTL model reproduces the experimental trend well, owing
to its consideration of local non-random interactions that captures the different
molecular environments of ethanol and 1-BuOH. UNIQUAC also provides a rea-
sonable description by considering both size/shape and energetic interactions, but
it slightly underestimates the enthalpic deviation at high ethanol fractions due to its
simplified treatment of hydrogen bonding. The predictive UNIFAC method shows
only qualitative agreement because it neglects specific hydroxyl-hydroxyl interac-
tions. Therefore, its performance cannot be directly compared with that of the cor-
relative models.

Comparison with literature data for ethanol + 1-BuOH at 298.15 K and 0.1 MPa
shows good agreement with previously reported results [38]. The fitting of our
model to the experimental data gave an average absolute deviation (AAD) of 5.21%,
confirming its reliability in describing this binary system. At 313.15 K, no experi-
mental data were found in the literature for this mixture, which prevents direct com-
parison. Nevertheless, the predictions at this temperature provide a useful reference
for future studies and represent an original contribution to the thermodynamic char-
acterization of alcohol mixtures.

5.1.2 2-PhE +ethanol

The Hﬁ behavior of the binary mixture 2-PhE+ethanol (as outlined in Fig. 2b)
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™!
at x;=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 favors the formation of more
effective hetero-interactions with 2-PhE, leading to greater enthalpic deviations. On
a molecular level, 2-PhE possesses both an ether oxygen and an aromatic phenyl
group, enabling dual interaction pathways: 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 [39]. In particu-
lar, the disruption of self-associated hydrogen-bonding networks of ethanol, com-
pensated by the establishment of stronger 2-PhE+ethanol specific interactions,
underlies the observed maxima in HZ.

Among the thermodynamic models applied, the R-K equation consistently
provides the best fit for the ethanol system, with RMS A H,’;‘; of 5.55 J-mol™" at
298.15 K. The UNIQUAC 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.
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5.1.3 2-PhE+ 1-BuOH

The mixture 2-PhE (1)+ 1-BuOH (2) indicates an endothermic behavior (Hf; > 0).
The maximum excess molar enthalpy for this binary mixture is 641.0 J.mol~! at
T=298.15 K and 812.7 J.mol™" at T=313.15 K, both at x;=0.45. As an empirical
model, R—K equation showed the best agreement with experimental data, although
it does not account for the molecular interactions. The AAD values registered for
this blend were 0.74% at 298.15 K and 0.22% at 313.15 K. At 298.15 K, The NRTL,
UNIQUAC, and UNIFAC methods showed similar behavior, reproducing the exper-
imental trend reasonably well despite their approaches. However, at 313.15 K, UNI-
QUAC model deviated slightly from the others, underestimating the enthalpy val-
ues when x; less than 0.8. At lower temperatures, the hydrogen-bonding network
remains more organized, which explains why all models predict the experimental
data more accurately. Increasing the temperature reduces the stability of hydro-
gen bonds, which justifies both the higher excess enthalpy values observed and the
discrepancies between models. These differences arise from the way each model
accounts for local interactions and temperature effects.

5.1.4 22EEE+ 1-BuOH

For the binary mixture 22EEE (1) + 1-BuOH (2), positive excess molar enthalpies
were observed, indicating endothermic behavior. The maximum enthalpies were
834.35 J.mol ™! at 7=298.15 K, and 677.5 J.mol™! at T=313.15 K. For both tem-
peratures, the maximum enthalpies were registered at x;=0.45. From the graphi-
cal comparison, it is remarkable that UNIFAC provided the least prediction ability
compared to the R-K equation, NRTL, UNIQUAC (Fig. 2d). R-K equation predicts
well at 7=298.15 K with ADD =0.14%, followed by NRTL with ADD=0.39% and
UNIQUAC with ADD=1.78%. At T=313.15 K, R-D equation and NRTL again
exhibited the best predictive performance (AAD=0.18%), followed by UNIQUAC
(AAD=0.42%). The decrease of the maximum enthalpy with increasing tempera-
ture for this mixture can be explained by the molecular structure of 22EEE. This
compound contains several ether groups (—O-) in addition to a hydroxyl group
(-OH), which confer significant conformational flexibility and allow both intra-
and intermolecular hydrogen bonding. Due to this flexible and highly polar nature,
hydrogen bonds are more easily disrupted as the temperature rises. Consequently,
the difference between homogeneous and heterogeneous interactions becomes less
pronounced, leading to a reduction in the excess molar enthalpy values at higher
temperatures.

5.2 Ternary Mixtures

The ternary systems [22MEE (1)+1-BuOH (2)+ethanol (3)], [22EEE
(1)+ 1-BuOH (2) +ethanol (3)], [2ME (1) + 1-BuOH (2) +ethanol (3)], and [2-PhE
(1)+ 1-BuOH (2) +ethanol (3)], were obtained by introducing glycol ethers into
the binary systems 1-BuOH+ethanol, and their excess molar enthalpies were
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determined at 298.15 K and 313.15 K. For each ternary system, four different initial
binary compositions 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 reported in Table 5 and
Table 6, respectively. These values were determined using Eq. (10):

Hy); = H115+23 + (1 = x)Hg;, (10)

where Hf 3 Tepresents the experimental values of the ternary blends, and H§3 corre-
sponds to the R-K equation of the binary ethanol 4+ 1-BuOH blend. The temperature
and composition dependence of the ternary blends is shown in Figs. 3, 4, 5, and 6.

The experimental data were further fitted using Eq. (11):

E _ yE E E E
Hyyy = Hyy + His + Hyy + x,100AH ) (11)

With
AHf23 = By + Bx; + Byx, + B3x% + B4x§ + Bsx x, + B6x? + B7xg (12)

The B; parameters were determined using the unweighted least-squares method.

Additionally, AHf23 can be also calculated with:

AHfzs = Bix; + Byx, + B3x3 (13)

Tables 7 and 8 provide a overview of the reduction and prediction results out-
comes for the ternary mixtures, based on the parameters derived from the corre-
sponding binary systems.

5.2.1 For 22MEE + 1-BuOH + ethanol

Endothermic behavior was observed, as indicated by the positive excess molar
enthalpy Hli values across the entire range of composition at the studied temper-
atures (Fig. 3). The maximum experimental Hﬁ for this blend is 889.9 J-mol™' at
298.15 K and 941.7 J-mol™" at 315.15 K corresponding to x;=0.4604, x,=0.4277
andx3=0.1119. The lowest AAD (4.9%) at T=298.15 K was achieved with the
NRTL model, comparably to AHfB, Eq. (12), UNIQUAC, AHfB, Eq. (13), and
modified UNIFAC model (6.9%, 8.5%, 13.1% and 41.6%). At T=313.15 K, the best
AAD and RMS (7.2%, 57.8 J-mol-1) are achieved with AH‘IEB, Eq. (12). Generally,
AHfB, Eq. (13) and NRTL demonstrated comparable accuracy, both outperforming
the UNIQUAC and UNIFAC models.

22MEE contains both one hydroxyl group and two ether oxygens. This dual func-
tionality creates multiple possibilities for self-association through O-H---O hydro-
gen bonds. When mixed with ethanol and 1-BuOH, the strong alcohol-alcohol
network is partly disrupted, while the new cross-associations do not fully compen-
sate, leading to positive excess molar enthalpies. The longer butyl chain contrib-

utes to hydrophobic segregation, enhancing the enthalpic penalty of mixing. The
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Table4 Excess molar enthalpy, Hi, measured data of studied binary mixture x; ethanol+(1- x;)
1-butanol, x; 2-PhE+(1- x;) ethanol, x; 2-PhE+(1- x;) 1-BuOH, and x; 22EEE+(1- x;) 1-BuOH at
298.15 and 313.15 K and at 0.1 MPa?

x; HEJmol™  x, HEJmol™  x, HEJmol™  x, HE/J-mol™

x; ethanol+ (1- x;) 1-BuOH °

At298.15K

0.0505 7 0.2994 38.3 0.5504 51.1 0.7999 38
0.0993 14.1 0.3500 425 0.5995 50.9 0.8496 312
0.1503  21.6 0.4002 46.0 0.6504 49.6 0.8997  22.7
0.1994 275 0.4499 48.6 0.7002 47.1 0.9503 12.3
02505 332 0.5005 50.06 0.7501 432

Ar313.15K

0.0506 5.5 0.2996 32.6 0.5505 44.9 0.8000  34.0
0.0993 11.8 0.3501 36.5 0.5995 44.8 0.8496  27.9
0.1504 17.9 0.4003 39.7 0.6504 43.7 0.8998  20.2
0.1995 233 0.4500 42.1 0.7003 41.8 0.9503 10.8
02505 284 0.5006 43.9 0.7502 38.6

x; 2-PhE+(I- x,) ethanol ®

Ar298.15 K

0.0502  99.0 02993 3314 0.5497 3272 0.8007  203.1
0.0997 178.2 0.3494 3424 0.5989 3119 0.8510 163.0
0.1494 2377 03997  346.2 0.6496 2922 0.8989 1175
0.1993 2817 0.4495 3444 0.6998 2679 0.9495  62.8
0.2498 3126 0.5003 3384 0.7487  239.1

At313.15K

0.0502 118.6 02994 4243 0.5498 4382 0.8008  266.1
0.0998 2124 03495 4458 0.5989  416.0 0.8510  210.6
0.1495  288.8 0.3997 4559 0.6498 3879 0.8989 150.6
0.1994 3478 0.4497 4585 0.6998 3555 0.9495 80.5
02499  393.0 0.5003  451.7 0.7488  313.7

x; 2-PhE+(I- x,;) 1-BuOH ®

At298.15 K

0.0502 190.9 0.3000  605.6 0.5493 6252 0.7991 409.7
0.1000  335.1 03497 6262 0.5999 5834 0.8504  333.1
0.1504 4453 0.3998 6382 0.6503  554.2 0.8996  241.8
02002 5205 04500  641.0 0.6991 518.4 0.9501 125.2
02492 5711 0.5005  637.6 0.7491 469.4

At313.15K

0.0502 2029 03000 7463 0.5494 7882 0.7991 507.9
0.1000  369.4 0.3498 7848 0.5999  756.6 0.8504 4043
0.1504  505.7 0.3998  807.4 0.6504  711.7 0.8996 2932
02002 6106 0.4501 812.7 0.6991 659.4 0.9501 154.9
0.2493  689.0 0.5004  806.6 0.7492  588.7
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Table 4 (continued)

X, HEJmol™  x, HEJmol™  x, HEJmol™  x, HE/J-mol™

x,22EEE+(I- x;) 1-BuOH ®

At 298.15 K

0.04960  203.12 0.30048  761.23 0.55038  803.45 0.79983  487.62
0.09945  373.76 0.34958  801.92 0.60003  767.77 0.84904  386.69
0.14951  508.92 0.40000  825.43 0.64942  717.70 0.89940  271.39
0.19975  616.87 0.45025  834.35 0.69987  652.66 0.94914 14295
0.25006  700.26 0.50041  826.08 0.75007  576.29

At313.15K

0.0503 164.6 0.2997 623.2 0.5494 642.1 0.7997 371.2
0.0999 302.9 0.3500 657.3 0.5996 608.3 0.8506 290.3
0.1496 414.8 0.3996 673.5 0.6487 562.7 0.8994 201.8
0.1995 503.2 0.4500 676.5 0.6995 509.5 0.9499 104.3
0.2491 572.9 0.4995 666.7 0.7486 446.0

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

by 1 1s the mole fraction of ethanol, 2-PhE, or 22EEE

Dortmund-UNIFAC model gives poor predictions, which reflects its inability to
treat the balance between multiple association sites and hydrophobic mismatch.

5.2.2 For 22EEE + 1-BuOH + ethanol

A similar endothermic behavior was observed for the mixture
22EEE + 1-BuOH + ethanol, supported by positive Hrﬁ values at the two investigated
temperatures, as shown in Fig. 4. The maximum excess molar enthalpy Hﬁ for this
blend is 791.3 J-mol~! at 298.15 K and 830.6 J-mol~! at 313.15 K corresponding to
x;=0.4348, x,=0.4484 and x;=0.1168. At 298.15 K, the NRTL model gives the
best representation of the experimental data, with the lowest deviations in terms
of AAD (5.717%), RMS (40.3 J-mol™!), and Max |A H’ﬁl (110.0 J-mol™"). A simi-
lar trend is observed at 313.15 K, where NRTL again provides the smallest errors
(AAD=6.2%, RMS =56.4 J-mol™!, Max |IA H5I= 123.7 J-mol™!). These results con-
firm that the NRTL model is the most reliable among those tested for describing the
thermodynamic behavior of the system at both temperatures.

Structurally, 22EEE differs from 22MEE by the presence of an ethyl instead of a
methyl substituent, which increases hydrophobicity and slightly reduces the polarity
of the molecule. This weaker polarity results in less cohesive self-association com-
pared to 22MEE, which explains the somewhat lower magnitude of Hi . However,
mixing still requires breaking strong ethanol-butanol hydrogen-bonded structures,
and the newly formed hetero-associations remain energetically unfavorable overall.
The UNIFAC (Dortmund) model performs poorly for this system as well, showing
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Table 5 Experimental data of HIE+23 at 298.15 K and at 0.1 MPa for ternary mixtures: x; 22MEE + x,
1-BuOH + (1-x-x,) ethanol, x; 2ME + x, 1-BuOH + (1-x-x,) ethanol, and x, 2-PhE + x, 1-BuOH + (1-x,

-X,) ethanol and values of HIE23 obtained with Eq. (11), using the smoothed representation of H2E3 by the

modified Redlich—Kister equation with parameters given in Table 3.*°

E = —1 E -1 E -1 E -1
X H ;" /.mol H) mol™ X1 H, ,/J.mol H,,/1.mol

X 22MEE +X,1-BuOH +(1-X1-X)ethanol
X, /%3 = 0.2500.HE 1.mol ' =27.3

0.1245 390.2 414.1 0.6586 586.0 595.3
0.2426 541.3 562.0 0.7495 516.5 523.4
0.3549 621.1 638.7 0.8367 4213 4317
0.4612 646.6 661.3 0.9212 319.8 3219
0.5620 631.9 643.9

X, /%3 = 0.6667; HfJ.mol ™' =45.5

0.1161 419.7 460.0 0.6389 667.0 683.4
0.2274 587.2 622.4 0.7326 589.8 601.9
0.3352 683.1 713.4 0.8254 4833 4913
0.4393 720.9 746.5 0.9136 355.9 359.8
0.5403 713.5 7344

x, /x5 = 1.5000; HE/1.mol'=51.2

0.1254 478.8 5235 0.6603 715.7 733.0
0.2446 665.8 704.4 0.7509 625.6 638.3
0.3564 761.7 794.6 0.8377 508.0 516.4
0.4625 793.2 820.7 0.9203 367.7 3718
0.5635 774.8 797.1

x, /x5 = 4.0000; HE/1.mol ™' =38.8

0.1240 520.9 554.9 0.6567 788.8 802.1
02424 724.4 753.8 0.7482 688.2 697.9
0.3532 831.0 856.1 0.8366 555.6 562.0
0.4604 869.0 889.9 0.9201 393.1 396.2
0.5607 851.7 868.7

X\22EEE +X,1-BuOH+(1-X |-X,)ethanol
x, /x5 = 0.2500; HE/1.mol ™' =27.3

0.1136 3349 359.1 0.6341 531.6 541.6
0.2235 458.5 479.7 0.7292 486.3 493.6
0.3297 529.0 547.3 0.8213 4249 429.8
0.4337 559.3 574.7 0.9129 348.1 350.5
0.5347 558.5 571.2

x, /x5 = 0.6667; Hy/l.mol™ =45.5

0.1137 380.3 420.6 0.6337 592.2 608.8
0.2236 519.4 554.7 0.7290 536.3 548.6
0.3309 597.6 628.1 0.8207 462.5 470.6
0.4347 629.1 654.8 0.9115 369.9 373.9
0.5349 625.0 646.2

X, /x5 = 1.5000; H5/1.mol ™' =51.2

0.1120 410.5 455.9 0.6309 644.7 663.6
0.2217 563.5 603.3 0.7256 582.2 596.2
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Table 5 (continued)

X HY, " 1.mol™ HE Smol™ ¥ HY,,/1.mol™! HE J1.mol™!
0.3283 650.3 684.6 0.8200 495.2 504.4
0.4320 686.1 715.2 0.9112 388.0 3925
0.5320 681.8 705.7

2 = 4.0000:Hyy5.mol™' =38.8

0.1130 467.6 502.0 0.6340 716.3 730.5
02242 639.4 669.5 0.7293 640.6 651.1
0.3303 731.9 757.9 0.8214 538.8 545.7
0.4348 769.4 791.3 0.9112 412.7 416.2
0.5349 761.9 779.9

X 2ME +Xx,1-BuOH + (1-X1-X,)ethanol

x, /x5 = 0.2500; HE/l.mol ™' =27.3

0.0996 298.8 3233 0.5998 522.9 533.8
0.1999 412.9 434.7 0.6992 476.2 484.4
0.3004 489.0 508.1 0.8006 401.0 406.4
0.3996 530.8 547.2 0.8993 302.5 305.2
0.4999 541.6 555.2

x, /%3 = 0.6667; Hyl.mol™' =45.4

0.1005 341.2 382.1 0.6005 597.8 616.0
0.1992 4722 508.6 0.6993 541.9 555.6
0.3000 561.5 5933 0.8001 451.0 460.1
0.4000 609.4 636.7 0.8999 329.6 334.1
0.4992 621.3 644.1

X, /%3 = 1.500; HE/1.mol ™' =51.2

0.1003 382.5 428.5 0.5998 674.1 694.6
0.1995 531.6 572.6 0.7003 608.0 623.4
0.3003 632.5 668.2 0.7994 504.2 514.4
0.3998 687.3 718.0 0.9003 358.5 363.6
0.4998 701.2 726.8

2 = 4.0000:Hyy5.mol™' =388

0.0929 408.1 4433 0.5802 761.5 777.8
0.1877 573.8 605.3 0.6826 693.3 705.6
0.2827 687.9 715.7 0.7864 575.6 583.9
0.3808 757.5 781.5 0.8926 403.7 407.8
0.4790 782.1 802.3

X2-PhE +X,1-BuOH + (1-X1-X)ethanol

x, /x5 = 0.2500; Hh/1.mol™'=27.3

0.1492 349.9 373.0 0.7023 446.8 454.9
0.2831 454.9 474.5 0.7861 401.7 407.5
0.4037 494.0 510.3 0.8627 342.9 346.6
0.5130 496.5 509.8 0.9347 268.8 270.5
0.6119 478.4 489.0

x, /%3 = 0.6667;Hoyll.mol ™' =45.5

0.1002 4145 4555 0.5989 667.0 685.2
0.2005 568.2 604.6 0.6999 621.8 635.4
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Table 5 (continued)

X HY, . l.mol™! HY, ' fmol™ X4 HY,, /Jmol™ HY,/1.mol™!
0.3007 646.7 678.5 0.7992 547.9 557.1
0.3992 679.8 707.2 0.8997 438.0 442.5
0.5001 686.0 708.8

X, /%3 = 1.5000.HE/1.mol "' =51.2

0.1003 456.1 502.1 0.5995 726.8 747.3
0.1998 622.4 663.3 0.6996 677.1 693.1
0.3001 706.0 741.8 0.7990 593.2 603.5
0.3994 742.6 773.3 0.9009 464.6 469.7
0.5001 748.7 7743

X, /%3 = 4.0000.HE/1.mol "' =38.8

0.0995 4983 533.2 0.6000 787.2 802.7
0.1994 677.8 708.8 0.6994 732.3 743.9
0.3000 766.8 793.9 0.7991 640.9 648.7
0.4001 804.3 827.6 0.9001 494.6 498.5
0.5000 810.3 829.6

s

HE,,.: excess enthalpy (enthalpy of mixing) of component 1 with binary mixture composed of com-

%onczrllz) )2 and 3;H1Ez}: experimental excess enthalpy derived from experimental values oleE+23andH2E3by
q.

4Standard uncertainties of pressure p, temperature 7' and mole fraction x and x,/x; are as follows:
u(p)=0.01 MPa, u(T)=0.05 K, u(x)=0.0008, u(x,/x;)=0.001 (estimated by error propagation). The rel-
ative expanded uncertainty (k=2) is U(. HE)=0.01 for excess enthalpy

"22MEE: 2-(2-MethoxyEthoxy)Ethanol; 22EEE: 2-(2-EthoxyEthoxy)Ethanol; 2ME: 2-Methoxyethanol;
2-PhE: 2-Phenoxyethanol; 1-BuOH: 1-Butanol

that this model do not capture the subtle differences in chain length and polarity that
strongly influence association equilibria.

5.2.3 For 2ME + 1-BuOH + ethanol

The 2ME + 1-BuOH + ethanol blend also showed endothermic behavior with posi-
tive Hrﬁ values over the entire composition rangeat both temperatures considered
(Fig. 5). The maximum excess molar enthalpy H”i is 802.3 J-mol~! at 298.15 K
and 844.9 J-mol~!, at 313.15 K related to x,=0.4791, x,=0.4133 and x;=0.1077.
The minimum AAD (5.7%), RMS (37.9 J-mol™") and Max IA HEl (89.5 J-mol™")
at T=298.15 K, are registered for NRTL, compared to AH%,., Eq. (12), AHE

123 123
Eq. (13) and UNIQUAC. At T=313.15 K, AHE Eq. (12) and NRTL model are

the best with AAD (6.4%, 6.5%), RMS (45.0 11-21%01-1, 45.0 J-mol™") and Max IA
Hﬁ 1 (118.1 J-mol™", 114.0 J-mol™"). These models demonstrated better accuracy than
UNIQUAC and UNIFAC models.

2ME is smaller than the diethylene glycol monoethers (22MEE, 22EEE) and
has only one ether oxygen, yet it still forms strong hydrogen-bonded structures. On
mixing, disruption of ethanol-ethanol and ethanol-butanol associations leads to a
positive enthalpy, but the magnitude is lower than for 22MEE because the steric

hindrance is less pronounced and cross-interactions with ethanol are more favorable.
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Table 6 Experimental data of HE , at 313.15 K and at 0.1 MPa for ternary mixtures: x;22MEE + x,1-

1423

BuOH + (1-x-x,) ethanol, x;2ME + x,1-BuOH + (1-x;-x,) ethanol, and x,2-PhE + x,1-BuOH + (1-x;-
x,) ethanol and values of HJ,,obtained with Eq. (11), using the smoothed representation of Hj.by the

modified Redlich-Kister equation with parameters given in Table 3.*°

X HE Mmol™  HE /Tmol™  x HE Tmol™"  HE /I.mol™
X,22MEE + x,1-BuOH + (1-x,-x,) ethanol

x,/x; = 0.2500;HE/T.mol ™" = 23.0

0.1245 414.1 434.2 0.6586 624.5 632.3
0.2427 576.6 594.0 0.7495 5489 554.7
0.3549 661.8 676.6 0.8367 4538 4575
0.4612 689.8 702.2 0.9212 340.6 3425
0.5620 674.0 684.1

x,/x3 = 0.6667;HE/I.mol™" = 39.3

0.1161 437.6 4723 0.6389 700.8 715.0
0.2275 614.1 644.4 0.7342 618.7 629.1
0.3365 716.3 7423 0.8254 508.0 514.9
0.4408 758.8 780.7 0.9136 375.6 379.0
0.5418 749.2 7672

X, /x; = 1.5000:HE/T.mol ™" = 45.0

0.1241 501.0 5404 0.6573 759.2 774.6
0.2433 701.8 735.9 0.7494 661.6 672.9
0.3549 807.5 836.5 0.8361 536.3 543.7
0.4610 842.6 866.9 0.9203 387.4 391.0
0.5620 823.2 842.9

X, /%3 = 4.0000;HE/T.mol™" = 34.6

0.1241 548.9 579.3 0.6582 830.8 842.6
0.2423 764.4 790.6 0.7498 720.8 729.4
0.3547 882.4 904.7 0.8366 581.3 587.0
0.4604 923.0 941.7 0.9201 4123 415.0
0.5622 900.8 915.9

X,22EEE + x,1-BuOH + (1-x,-x, )ethanol

x,/x; = 0.2500;HE/T.mol ™" = 23.0

0.1136 351.1 371.4 0.6341 569.6 578.0
0.2235 483.2 501.1 0.7292 5214 527.6
0.3311 561.6 577.0 0.8213 4557 459.8
0.4352 596.3 609.3 0.9129 373.9 375.9
0.5364 596.3 607.0

x,/xy = 0.6667;HE/I.mol™" = 37.2

0.1157 4014 4342 0.6371 628.2 641.7
0.2270 551.7 580.4 0.7328 568.4 578.3
0.3347 635.0 659.7 0.8248 488.7 4952
0.4390 670.2 691.0 0.9137 393.2 396.4
0.5396 664.5 681.6
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Table 6 (Continued)

E * -1 E * -1 E -1 E -1
X HY oy /J.mol Hp), /J.mol X H1+23/J.mol HY,,/J.mol

Xy /%3 = 1.5000;HE/T.mol ™" = 45.0

0.1120 441.1 481.0 0.6308 682.7 699.3
0.2216 608.6 643.6 0.7273 613.7 626.0
0.3283 703.1 733.4 0.8200 522.5 530.6
0.4321 742.7 768.3 0.9112 411.1 415.1
0.5320 735.6 756.7

X, /x5 = 4.0000;HE/T.mol™" = 34.6

0.1141 483.8 514.5 0.6340 753.0 765.7
0.2241 664.7 691.6 0.7292 671.8 681.1
0.3315 768.6 791.8 0.8214 565.8 571.9
0.4348 811.1 830.6 0.9131 432.9 4359
0.5364 800.9 816.9

X2ME + x,1-BuOH + (=1-x,-x, )ethanol
X, /x5 = 0.2500;HE /I mol ™" =233

0.0996 3213 342.0 0.5999 557.5 566.7
0.1998 4433 461.7 0.6991 506.7 513.6
0.2990 524.2 540.3 0.7990 428.5 433.1
0.3996 568.7 582.5 0.8994 323.1 325.4
0.4999 578.5 590.0

X, /%3 = 0.6667;HE/T.mol™" = 39.3

0.1019 366.2 401.5 0.6034 628.9 644.5
0.2020 503.6 535.0 0.7037 566.4 578.0
0.3028 597.6 625.0 0.8032 471.4 479.2
0.4043 647.0 670.4 0.9014 345.9 349.8
0.5036 656.7 676.2

X, /x5 = 1.5000;HE/T.mol ™" = 45.0

0.1003 407.3 447.7 0.5999 710.7 728.7
0.1994 565.1 601.1 0.7003 638.9 652.3
0.3002 671.9 703.4 0.7994 528.5 537.5
0.3999 729.3 756.3 0.9003 377.0 381.5
0.4998 7415 764.0

Xy /x5 = 4.0000;HE/T.mol ™" = 34.6

0.0929 433.9 465.3 0.5801 801.6 816.1
0.1876 609.0 637.1 0.6825 726.2 737.2
0.2827 731.5 756.2 0.7863 601.5 608.8
0.3808 803.7 825.1 0.8926 4229 426.6
0.4791 826.9 844.9
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Table 6 (Continued)

E * -1 E * -1 E -1 E -1
b HY,,, /J.mol H{,, /J.mol X HY,,,/J.mol H{,/J.mol

X,2-PhE + x,1-BuOH + (1-x,-x, )ethanol
x,/x; = 0.2500;HE/T.mol ™" = 23.0

0.0998 601.4 622.1 0.5985  1006.4 1015.7
0.1998 7924 810.8 0.6990  968.2 9752
0.2997 913.7 929.8 0.7988  897.8 902.4
0.3996 983.1 996.9 0.9005  793.6 795.9
0.4991 10127 1024.2

x,/xy = 0.6667;HE/I.mol™" = 39.3

0.1005 669.4 704.7 0.6012 10908 1106.4
0.2006 877.9 909.3 0.7003  1040.1 1051.8
0.3009 1008.6 1036.0 0.7996  955.1 963.0
0.4011 1079.8 11033 0.8999  826.5 830.4
0.5005 1106.6 1126.2

X, /%3 = 1.5000;HE/T.mol ™" = 45.0

0.1002 506.6 547.1 0.5996  876.3 894.3
0.1999 717.9 753.9 0.6996  802.4 815.9
0.2989 842.8 874.3 0.7991  686.5 695.5
0.3994 902.6 929.6 0.8987 5215 526.0
0.4986 911.7 934.3

Xy /%3 = 4.0000;HE/T.mol ™" = 34.6

0.0995 551.3 582.5 0.5985  953.2 967.1
0.1995 783.5 811.2 0.6995  869.6 880.0
0.2989 919.1 943.4 0.7991  740.1 747.1
0.3989 982.6 1003.4 0.9002  550.6 554.1
0.4986 991.1 1008.5

*HlEﬂsz excess enthalpy (enthalpy of mixing) of component 1 with binary mixture composed of compo-

nent 2 and 3; Hf235 experimental excess enthalpy derived from experimental values of HIE+23 and Hgby
equation (10).

4Standard uncertainties of pressure p, temperature 7 and mole fraction x and x,/x5 are as follows: u(p)=
0.01 MPa, u(T) = 0.05 K, u(x) = 0.0008, u(x,/x;) = 0.001 (estimated by error propagation). The relative
expanded uncertainty (k = 2) is U,(H®) = 0.01 for excess enthalpy.

®20MEE: 2-(2-MethoxyEthoxy)Ethanol; 22EEE: 2-(2-EthoxyEthoxy)Ethanol 2ME: 2-Methoxyethanol;
2-PhE: 2-Phenoxyethanol; 1-BuOH: 1-Butanol

The modified UNIFAC approach again shows significant errors, which highlights its
limitation in representing size-dependent and polarity-driven interactions.

5.2.4 For 2-PhE + 1-BuOH + ethanol

For the 2-PhE + 1-BuOH + ethanol blend, endothermic behavior was confirmed by
positive Hﬁ values for all mole fractions at both investigated temperatures (Fig. 6).
The maximum excess molar enthalpy Hﬁ was 829.6 J-mol™!' at 298.15 K and
increased to 1126.2 J-mol™! at 315.15 K corresponding to x;=0.5005, x,=0.1961

and x;=0.3033. At 298.15 K, AH‘I:‘B, Eq. (12) has the lowest ADD and RMS (8.1%,
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60.9 J-mol~!), while the lowest Max |A Hil is registered for NRTL (165.3 J-mol ™).
At T=313.15 K, the minimum AAD (6.2%), RMS (56.4 J-mol~") and Max |A Hﬁl
(123.7 J-mol™!), are found for NRTL model.

The strong endothermicity of this system originates from the molecular features
of 2-PhE. The aromatic ring introduces n—m interactions and increases the hydropho-
bicity of the molecule, making it less compatible with ethanol and 1-BuOH. When
the mixture forms, both the aromatic self-association of 2-PhE and the hydrogen-
bonded alcohol structures are disrupted, but the cross-interactions are not strong
enough to compensate. This results in the highest positive Hi values among the sys-
tems studied. The UNIFAC (Dortmund) model fails drastically (AAD above 74.6%),
mainly because the group parameters do not explicitly account for aromatic-specific
interactions or the anisotropy of phenoxy substitution.

For the ternary blends of 22MEE+ 1-BuOH +ethanol  and
22EEE + 1-BuOH + ethanol at 298.15 K, the NRTL model provides the best
agreement with experimental data compared to UNIQUAC and UNIFAC.
At 313.15 K, NRTL again gives the lowest deviations for the system con-
taining 22MEE, with AAD=22.5%, RMS=67.6 Jmol™!, and Max IA Hﬁ
I=131.6 J-mol™!. For the mixture with 22EEE at the same temperature, the
deviations obtained with NRTL are AAD=19.57%, RMS=62.1 J-mol™!, and
Max |IA HnEllz 148.1 J-mol~!. However, for this blend at 313.15 K, UNIQUAC
outperforms the other models, yielding the lowest deviations (AAD=29.12%,
RMS=206.2 J-mol™!, Max IA Hﬁl=476.7 J-mol™!). UNIQUAC also shows
the best performance at 298.15 K for the 2ME + 1-BuOH + ethanol system
(AAD=19.3%, RMS =74.8 J-mol™!, Max |A Hﬁl: 159.3 J-mol'l) and for the
2-PhE + 1-BuOH +ethanol system (AAD=24.1%, RMS=113.2 J-mol'l),
although in the latter case NRTL gives the lowest Max |A Hﬁl (275.5 I-mol ™).
At 313.15 K, the NRTL model performs better for the 2ME + 1-BuOH + ethanol
mixture, with the lowest RMS (136.1 J-mol™") and Max IA HE| (190.5 J-mol™),
while its AAD (31.4%) is nearly identical to that of UNIQUAC. For the
2-PhE + 1-BuOH + ethanol blend at this temperature, the UNIQUAC model pro-
vides the most accurate prediction, with the smallest deviations (AAD =29.1%,
RMS =206.2 J-mol™!, Max IA HE|=476.3 J-mol™).

Table 10 presents the molecular formulae of the species studied, illustrated as
subgroups structures used in group-contribution models. The studied liquids dif-
fer in molecular size, shape, and interaction potential. Across all ternary mixtures,
positive H 5 values confirmed endothermic behavior, attributed to weak intermolecu-
lar interactions. At constant pressure, excess molar enthalpy increased as tempera-
ture rose from 298.15 K to 323.15 K in all mixture: 22MEE + 1-BuOH + ethanol,
22EEE + 1- BuOH +ethanol, 2ME + 1- BuOH + ethanol, 2-PhE + 1- BuOH + etha-
nol. This increase is likely due to the relatively low polarity and weak associative
interactions among the molecules. As temperature increases, hydrogen bonds (alco-
hol-alcohol and alcohol-ether) weaken, leading to an increase in Hﬁ . Glycol ethers
improve miscibility between highly polar ethanol and less polar butanol. However,
at higher temperatures, the effect of glycol ethers is reduced, weakening dipolar
interactions and contributing to increased excess molar enthalpy.
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(a)

Fig.3 Contours for constant values of HIE23 for ternary mixture 22MEE (1) + 1-BuOH (2) +ethanol (3),
calculated from the representation of the experimental results by Eqs. (12 and 13) using the parameters

given in Tables 7 and 8: (a), at 298.15 K; (b), at 313.15 K. This figure is plotted using MATLAB Sim-
ulink
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(a)
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(b)

Fig.4 Contours for constant values of HlE23 for ternary mixture 22EEE (1)+ 1-BuOH (2) +ethanol (3),
calculated from the representation of the experimental results by Eqs. (12 and 13) using the parameters

given in Tables 7 and 8: (a), at 298.15 K; (b), at 313.15 K. This figure is plotted using MATLAB Sim-
ulink
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Fig.5 Contours for constant values of HE I3 for ternary mixture 2ME (1) +1-BuOH (2) +ethanol (3), cal-
culated from the representation of the experimental results by Eqs. (12 and 13) using the parameters
given in Tables 7 and 8: a, at 298.15 K; b, 313.15 K. This figure is plotted using MATLAB Simulink
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Fig.6 Contours for constant values of Hf23 for ternary mixture 2PhE (1) + 1-BuOH (2) +ethanol (3), cal-
culated from the representation of the experimental results by Eqs. (12 and 13) using the parameters

given in Tables 7 and 8: a, at 298.15 K; b, 313.15 K. This figure is plotted using MATLAB Simulink
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Table7 Summary of the data reduction and prediction results obtained for the studied ternary mixtures:
22MEE (1) + 1-BuOH (2) + ethanol (3), 22EEE (1) + 1-BuOH (2) + ethanol (3), 2ME (1) + 1-BuOH
(2) + ethanol (3) and 2-PhE (1) + 1-BuOH (2) + ethanol (3) at 298.15 K and at p = 0.1 MPa.*b

Correlation AHIEB, Eq. (12) AH1E23, Eq. (13) NRTL UNIQUAC

22MEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 14620.3 14569.96 1.2016 849.61

B, 31885.5 2081.2 1.3579 91.28

B, —66261.30 1872.23 2.4201 1796.85

B; —203333.8 4.3165 —547.63

B, 115333.23 —0.0285 —386.09

Bs 40907.26 0.1098 650.93

By 240450.9

B, —62898.9

a 0.30

MAD (%) 6.9 13. 49 8.5

rmsAHE 53.2 85.6 35.8 59.5
/J-m()}ln_l

MaxAHE AHE 145.2 187.9 104.8 132.5
Mmol”

22EEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 15038.9 11763.75 0.9386 715.68

B, 47173.6 —2235.7 1.2748 117.74

B, —75670.69 6476.41 2.8725 1925.49

B; —224396.6 4.2782 —642.98

B, 148831.17 —0.1889 -355.97

Bs 5063.91 0.3116 627.22

By 247194.3

B, —91458.1

a 0.30

MAD (%) 7.92 14.39 5.71 10.12

rmsAHEAHE 58.2 92.5 40.3 68.6
J-molT1 "

MaxAHE 175.9 227.4 110.0 155.8
/J-molTl

2ME (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 25769.3 13537.10 0.7827 578.56

B, —25236.5 8537.6 0.7668 416.50

B, —88815.59 1994.95 2.3364 930.75

B, —86623.0 7.6898 —119.94

B, 127822.56 1.5008 1315.75

Bs 81660.35 —0.8119 —745.10

By 155813.1

B, —44930.5

a 0.20

MAD (%) 6.45 13.21 5.7 7.57
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Table 7 (continued)

Correlation AHE Eq.(12) AHE, Eq.(13) NRTL UNIQUAC

rmsAHEAHE 42.6 772 37.9 49.2
J-mol™!

MaxAHE 111.5 165.1 89.5 100.7
/J-mol™

2-PhE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 1791.3 17625.30 0.6708 751.89

B, 42668.6 12843.0 1.3227 372.97

B, 46367.23 —2537.55 3.0628 1652.41

B; —254221.1 8.0632 —547.96

B, —150327.07 0.3898 1336.54

Bs 40190.39 —0.1931 —698.56

By 311843.5

B, 147084.3

a 0.20

MAD (%) 8.1 14.9 8.7 11.0

rmsAHEAHE 60.9 102.5 62.8 82.2
J ~molrfl "

MaxAHE 184.1 258.7 165.3 169.7
/J-mol”!

Prediction NRTL UNIQUAC

22MEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 0.6746 429.70

B, 1.3512 283.10

B, 0.0252 691.99

B, 0.9577 —100.52

B, 0.3816 748.65

Bs —0.2394 —522.17

ap, 0.20

az 0.20

ays 0.20

MAD (%) 17.4 222

rmsAHEAHE 56.7 102.2
J-mol~!

MaxAHE 120.1 195.3
/J-mol~!

22EEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 0.6746 429.74

B, 1.3512 283.06

B, —0.0879 758.74

B; 0.7691 —-301.87

B, 0.3816 748.65

Bs —0.2394 —522.17

ap, 0.20
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Table 7 (continued)

Correlation AHE,. Eq. (12) AHE Eq.(13) NRTL UNIQUAC

as; 0.20

ay; 0.20

MAD (%) 19.57 2591

rmsAHE 62.1 101.1
/J-mol~!

MaxAHE 148.6 178.4
/J-mol™!

2ME (1) + I-BuOH (2) + ethanol (3)

B, J-mol™! 0.6303 274.51

B, 0.6541 417.49

B, 0.1009 611.49

B, 0.4614 -126.54

B, 0.3816 748.65

B; -0.2394 -522.17

ap, 0.20

as; 0.20

ay; 0.20

MAD (%) 324 19.3

rmsAHE 142.4 74.8
/T-mol™!

MaxAHE 202.2 159.3
/T-mol™!

2-PhE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol ™! 0.3646 -171.70

B, 1.1316 1062.23

B, -0.0619 134.90

B, 0.8398 386.41

B, 0.3816 748.65

Bs -0.2394 —-522.17

a, 0.20

ag; 0.20

ay; 0.20

MAD (%) 30.1 24.1

rmsAHE 135.7 113.2
/J-mol ™!

MaxAHE 249.7 275.5
/T-mol !

“Equivalence between parameters : NRTL B, = 1,5 B; = t,; B, = ;33 B; = t3;; B, = t,3; Bs = 13, UNI-
QUAC Bj = Du,,; B; = Du,;; By = Du;3; B3 = Duyy; By = Duys; Bs = Dug,
®22MEE: 2-(2-MethoxyEthoxy)Ethanol; 22EEE: 2-(2-EthoxyEthoxy)Ethanol; 2ME: 2-Methoxyethanol;

2-PhE : 2-Phenoxyethanol; 1-BuOH: 1-Butanol
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Table 8 Summary of the data reduction and prediction results obtained for the studied ternary mixtures:
22MEE. (1) + 1-BuOH (2) + ethanol (3), 22EEE (1) + 1-BuOH (2) + ethanol (3), 2ME (1) + 1-BuOH
(2) + ethanol (3) and 2-PhE (1) + 1-BuOH (2) + ethanol (3) at 313.15 K and at p = 0.1 MPa. ab

Correlation HE,,Eq.(12)  Hf,,, Eq.(13) NRIL UNIQUAC

22MEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 17953.7 16459.04 1.3468 858.37

B, 28418.0 2272.9 0.6700 128.81

B, —84061.43 1472.84 1.7509 1884.87

B, —211015.3 4.3726 —559.84

B, 146752.91 102.6979 —466.35

Bs 54589.59 0.1227 761.79

By 255520.8

B, —81278.3

a 0.30

MAD (%) 7.2 13.5 7.7 8.3

rmsAHE 57.8 93.1 60.5 61.4
/J-m()}ln_l

MaxAHE 156.9 202.9 110.2 138.2
/T-mol”!

22EEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 58532.9 30050.62 2.2340 45.59

B, —14724.6 —8462.5 3.1411 1220.42

B, —240984.09 23760.60 3.1853 8465.71

B, —139677.8 1.4699 905.05

B, 462699.05 —-0.5319 225.64

Bs 26728.67 2.0288 —45.69

By 229882.7

B, —292845.0

a 0.30

MAD (%) 10.71 17.88 6.25 8.31

rmsAH,EJ-mol‘1 87.7 149.1 56.4 90.9

MaxAHE 241.8 443.5 123.7 229.9
/J-mol™!

2ME (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 26597.7 13688.28 1.0558 712.75

B, —24050.3 7467.0 0.4911 158.95

B, —92533.12 2943.88 1.6280 1762.06

B, —92239.0 4.7501 —620.74

B, 136113.60 102.6980 -319.71

B; 77997.99 0.1419 545.79

By 161951.0

B, -51707.6

a 0.30

MAD (%) 6.4 13.1 6.5 7.9
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Table 8 (continued)

Correlation HE,, Eq.(12) HE, Eq.(13) NRTL UNIQUAC

rmsAHj 45.0 80.5 45.0 53.8
J-mol™!

MaxAHﬁ 118.1 171.7 114.0 109.8
/J-mol™!

2-PhE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol ™! 58532.9 30050.62 2.2340 45.59

B, —14724.6 —8462.5 3.1411 1220.42

B, —240984.09 23760.60 3.1853 8465.71

B; —139677.8 1.4699 905.05

B, 462699.05 —-0.5319 225.64

Bs 26728.67 2.0288 —45.69

By 311843.5 229882.7 229882.7

B, 147084.3 —292845 —292845.0

a 0.30

MAD (%) 10.7 17.8 6.2 8.3

rmsAHE 87.7 149.1 56.4 90.9
/1-mol”!

MaxAHE 241.8 4435 123.7 229.9
/Jmol”!

Prediction NRTL UNIQUAC

22MEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 0.6470 438.20

B, 1.3329 298.12

B, 0.0289 742.50

B, 0.9492 —-117.72

B, 0.3976 771.39

Bs -0.2622 —549.02

ap, 0.20

az 0.20

ays 0.20

MAD (%) 22.5% 24.0 %

rmsAHE 67.6 113.9
/J-mol™!

MaxAHE 131.6 211.1
/J-mol™!

22EEE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 0.6016 7.88

B, 1.1842 1014.25

B, 0.0787 385.57

B; 0.8380 287.49

B, 0.3976 771.39

Bs -0.2622 —549.02

ap, 0.20
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Table 8 (continued)

Correlation HY,,Eq.(12)  Hf,,, Eq.(13) NRTL UNIQUAC

az 0.20

ay; 0.20

MAD (%) 38.63 29.12

rmsAHE 274.4 206.2
/J-m()}ln_l

MaxAHE 516.1 476.3
/1-mol”!

2ME (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 0.5797 775.12

B, 0.7865 —117.78

B, 0.0907 1033.05

B, 0.4903 —450.24

B, 0.3976 771.39

Bs —-0.2622 —549.02

ap, 0.20

ags 0.20

ay; 0.20

MAD (%) 314 31.0

rmsAHE 136.1 152.6
/J-molln_l

MaxAHE 190.5 238.6
/T-mol™!

2-PhE (1) + 1-BuOH (2) + ethanol (3)

B, J-mol™! 0.6016 7.88

B, 1.1842 1014.25

B, 0.0787 385.57

Bs 0.8380 287.49

B, 0.3976 771.39

B; —-0.2622 —549.02

ap, 0.20

a; 0.20

ay; 0.20

MAD (%) 38.6 29.1

rmsAHE 274.4 206.2
/J-mol™!

MaxAHE 516.1 476.3
/J-mol~!

“Equivalence between parameters : NRTL By = t,,; B = t,;; B, = t;3; By = t3;; B, = 1,37 Bs = 13,7 UNI-
QUAC By=Du,,; Bi=Du,; B, = Du,3; By = Dus,; B, = Du,3; Bs = Du;,

"2MEE: 2-(2-MethoxyEthoxy)Ethanol; 22EEE: 2-(2-EthoxyEthoxy)Ethanol; 2ME: 2-Methoxyethanol;
2-PhE : 2-Phenoxyethanol; 1-BuOH: 1-Butanol
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Table 9 Modified UNIFAC

- - Main group Group interaction parameters
(Dortmund) group interaction
parameters used in this work 1 2 ap/K byy/K c/K!
a,,/K b, /K /K
CH, OH 2777 -4.674 0.001551
1606 —4.746 0.0009181
CH, CH,0 233.1 —-0.3155 N/A
—9.654 —0.03242 N/A
CH, ACOH 1381 —-0.9977 N/A
1987 -4.615 N/A
OH CH,0 816.7 —5.092 0.00606
650.9 -0.7132 0.000815
OH ACOH 83.91 -1.262 N/A
465.4 —1.841 N/A

Table 10 DM-UNIFAC group decompositions of the compounds investigated in this work

Component Structure

DM-UNIFAC group decomposition”

2-2(Methoxyethoxy)ethanol

2-2(Ethoxyethoxy)ethanol a! I !

¢
C
>
J

2-Methoxyethanol

2-Phenoxyethanol ¢

Ethanol

1-Butanol CH,—CH;—CH;—CH;—OH

oo

3 CH,, 1 CH,0, 1 CH,0, 1 OH

1 CH,, 3 CH,, 2 CH,0, 1 OH

2 CH,, 1 CH;0, 1 OH

1 ACOH, 2 CH,, 1 OH

1 CH,, 1 CH,, 1 OH

1 CH,, 3 CH,, 1 OH

“The decomposition was performed using the Dortmund Data Bank (DDB) and subsequently verified
manually according to the group priority rules reported in the original DM-UNIFAC publication [34]
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Table 11 Modified UNIFAC

Mai Sub, R
(Dortmund) relative Van der amn group vbgroup K Ok
(Wa(a!s volumes Ry and surface CH, CH, 0.6325 1.0608
areas O [34] 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

6 Conclusions

To assess their suitability for practical applications, this study emphasizes the role
of molecular interactions and structural characteristics in various oxygenated fuel
additives. Isothermal HE for the ethanol+ 1-BuOH binary blend were experimen-
tally determined at 298. 15 K and 313.15 K, under a pressure of 0.1 MPa. Ternary
mixtures were then formed by adding one of four glycol ethers to the binary blend:
22MEE, 22EEE, 2ME, and 2-PhE. For each ternary mixture, Hﬁ were measured at
four different compositions.

All studied mixtures exhibited endothermic behavior at both 298.15 K and
313.15 K under the specified pressure conditions. The experimental data were corre-
lated using the R-K equation, the NRTL model, the Modified UNIFAC (Dortmund)
model, and the UNIQUAC model. For the ethanol + 1-BuOH binary blend, the R-K
equation showed the closest agreement with the data, yielding AAD values of 0.75%
and 1.27% at 298.15 K and 313.15 K, respectively.

For ternary mixtures, the NRTL model was found to be the most accurate in
most cases, with AAD values ranging from 5.7% to 8.1%. Experimental data were
also predicted using the NRTL, UNIQUAC and UNIFAC models. Across all ter-
nary blends and temperatures, the AAD between experimental and predicted excess
molar enthalpy values ranged from 17.4% to 80.4%. The lowest AAD was achieved
with the NRTL model, while the highest AAD values were observed with UNIFAC,
depending on the specific blend.

These findings demonstrate that the NRTL model provides the most reliable per-
formance for both fitting and predicting the Hi of the ternary systems, with predic-
tive errors generally within the range of 17-32%.
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