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1 Introduction

Thermophysical characterization of a new potential
bio-oxygenate fuel formed by hexane, ethanol and
diethyl carbonate

Ariel. Hernandez,?® Marcela. Cartes® and Andrés. Mejia {2 *©

The thermophysical characterization of a new potential bio-oxygenate fuel formed by ethanol, diethyl carbonate,
and hexane is carried out by the direct determinations and theoretical predictions of the selected fundamental
thermophysical properties (i.e., vapor—liquid equilibria, dynamic viscosity, and surface tension) over the entire
mole fraction range. Specifically, vapor—liquid equilibria (VLE) are reported at 94.00 kPa, over 330.0 K to 356.0
K, while liquid dynamic viscosity and surface tension are explored at 298.15 K and 101.3 kPa. The experimental
VLE are modeled using the Perturbed Chain Statistical Associating Fluid Theory Equation of State (PC-SAFT
EoS), which accounts for hydrogen bonding interactions between alcohol molecules and cross-interactions
with the negative sites on the diethyl carbonate molecule. For the other two reported properties, the PC-SAFT
EoS is coupled with free-volume theory and linear gradient theory, respectively. The advantage of this
combined approach is that all required parameters are obtained from the corresponding pure fluids and
binary mixtures that form the ternary mixture; therefore, the thermophysical properties of the ternary mixture
are completely predicted. Based on experimental determinations and theoretical modeling, the VLE of the
ternary mixture exhibits a positive deviation from Raoult's law, indicating zeotropic behavior under the
conditions explored. The dynamic viscosities and surface tension display a monotonic behavior with the mole
fraction. Finally, the combination of experimental measurements and molecular-based theoretical model
provides a reliable framework to predict with physical sound and good accuracy these thermophysical
properties over a broad range of temperature, pressure, and mole fractions that can be safely used to carry
out further evaluations related to the use of this oxygenate fuel in complementary engine tests.

propanol), bioethers (i.e., dimethyl ether, diethyl ether, methyl
tertiary-butyl ether, and tertiary-amyl methyl ether), and organic
linear carbonates-based bioesters (i.e., dimethyl carbonate or

Considering the slowdown in the implementation of electro-
mobility, the postponement of the normative that limits the
fabrication and use of combustion engines, including gasoline
and diesel engines, and the notorious increments of trans-
portation, which is forecasted to grow at a rate of 1.8% every
year by 2035, it is necessary to explore new alternatives for
renewable fuels and renewable additives for petroleum based
fuels which can be directly used in the actual engines without
significative modifications to support a cleaner gasoline and
diesel combustion. Nowadays, there are synthetic and biomass-
based routes to obtain renewable fuels,>” where the synthetic
routes, such as cyclopentyl methyl ether,® or those based on
biomass sources where 2,5-dimethylfuran,” bioalcohols with
low molecular weight alcohols (i.e., methanol, ethanol, butanol,
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DMC and diethyl carbonate or DEC) are classified as the most
important alternatives. The latter are in the forefront of alter-
native biodiesel, where the principal advantage is their high
boiling points, which produce very low or negligible emissions
of particulate matter, CO, CO,, and SO,, mitigating the GHG
emissions. For excellent accounts of the advantages, produc-
tion, and use of DMC and DEC as engine fuels, the reader is
redirected to works from Ren et al.,'® Kozak et al.,** Shukla and
Srivastava,” Pan et al,"” and Yang et al,” and references
therein. Based on these works, a potential oxygenate blend
formed by combining two of these renewable chemical families
will yield a promising biooxigenate blend for use as a direct fuel
or incorporated into fossil fuels to reduce environmental
impacts and improve engine performance.

Based on the benefits of biooxigenate blends for fuels and
considering the reported results,"**>** a potential but less-
explored renewable blends can be mixtures formed from a bi-
oalcohol and a carbonate-based bioester. According to Demi-
rbas® and Nanda et al.,® an initial analysis for testing the quality
of fuel blends is the evaluation of selected thermophysical
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properties such as phase equilibrium, density, viscosity, surface
tension, and then some general parameters such as fire and
flash points, cloud and pour points, cetane number, iodine
number, ash content, acid value should be evaluated.

Focused on the main thermophysical properties and
considering the available experimental data,* it is possible to
conclude that the vapor-liquid equilibria, the liquid density,
and liquid dynamic viscosity for binary mixtures formed by bi-
oalcohol and carbonates-based bioesters have been broadly
explored, but the surface tension is less explored, except for the
cases of 1-butanol + DMC'* and 1-butanol + DEC,"” and no
previous experimental works have been devoted for the cases
where these biooxigenate blends are mixing with a fossil fuel.

In order to contribute to filling some of the detected missing
experimental information and predictions, this work focuses on
the initial exploration of a biooxigenate blend formed by
ethanol as a bioalcohol and diethyl carbonate as a bioester as an
oxygenate additive for fossil fuels, which is represented by
hexane. Specifically, we focus on the experimental determina-
tion and molecular-based predictions of three key thermo-
physical properties: vapor-liquid equilibria (VLE) at 94 kPa,
liquid dynamic viscosity, and surface tension at 101.3 kPa and
298.15 K for the ternary mixture and the surface tension at 101.3
kPa and 298.15 K of DEC binary mixtures for which no previous
experimental determinations or modeling have been carried
out. The experimental determinations are complemented with
a predictive theoretical framework based on the perturbed
chain statistical association fluid theory (PC-SAFT),"**® coupled
with the Free Volume Theory**** and with the linear version of
the square gradient theory (LGT).>>*

2 Experimental section
2.1 Materials

Hexane and dry ethanol were acquired from Merck, while di-
ethyl carbonate (DEC) was purchased from Sigma-Aldrich.
These chemical reagents were used here without further puri-
fication. Table 1 summarizes their technical specification re-
ported by the suppliers.

2.2 Experimental devices

The purity of pure fluids used here (i.e., ethanol, diethyl carbonate,
and hexane) and the mole fractions for the liquid and vapor phases
for the mixtures are measured by using a Varian 3400 chromato-
graph (GC) with a thermal conductivity detector (TCD) which is
connected to a packed separation column of 3 m long and 0.3 cm

Table 1 Technical details of the pure fluids
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in diameter filled with silicone SE-30 (10%) as the stationary phase.
The temperatures were set at 493.15 K for the injector and the
detector, and 503.15 K for the column. For the case of pure fluids,
the GC peak area directly reports its mass fraction, whereas for the
mixture, the GC peak areas are converted to mole fractions using
a calibration curve that ensures an accuracy better than 0.001.
Complementarily, the quality of the pure fluids is evaluated by
direct measurements of six properties: water content, refractive
indexes, liquid mass densities, liquid dynamic viscosity, and
surface tension, all measured at 298.15 K and 101.3 kPa. Addi-
tionally, their normal boiling points are also measured at 101.3
kPa. In this work, water content is measured using a Metrohm Karl
Fischer coulometer (model 831), with a reported uncertainty of
0.003 in mass fraction. The refractive indexes are measured at the
Na D line using a Bellingham and Stanley multiscale automatic
refractometer (model RFM 81), with an accuracy of +10° and
a temperature accuracy of £0.01 K. The liquid mass densities are
determined with an Anton Paar oscillating U-tube density meter
(model 5000 DMA), with a resolution of £5 x 10> kg m™—>. The
liquid dynamic viscosities of pure fluids and the ternary mixture
are measured using an Anton Paar Stabinger viscometer (model
SVM 3001), which uses the Couette principle and reports dynamic
viscosities with a resolution of +3.46 x 10™° mPa s, and
a temperature accuracy of +0.01 K. Surface tension determinations
for pure fluids and mixtures are carried out using a Sensadyne
maximum differential bubble pressure tensiometer (model PC500-
LV) with a resolution of +0.05 mN m™" and +0.1 K. Finally, the
normal boiling points of the pure fluids and the vapor-liquid
equilibria for the ternary mixtures are measured using in an all-
glass Fischer Labor and Verfahrenstechnik VLE cell (model 601)
which operates according to the Guillespie principle. In this
device, the pressure and temperature are controlled to within
£0.01 kPa and +0.01 K, respectively.

Specific technical specifications of the devices, including
calibration procedures and detailed experimental procedures,
have recently been described by some of us.'®**** Finally, the
associated standard and combined expanded uncertainties of
the measurements are calculated using the NIST procedure®®*”
as described in our previous works.>***

3 Theoretical section
3.1 Consistency analysis of vapor-liquid equilibria

The reliability of the experimental determinations of vapor-
liquid equilibria (VLE) must be validated using thermodynamic
consistency tests. For ternary mixtures, one accepted standard

Chemical name Supplier CAS Mass fraction purity reported by supplier Purification method
Ethanol Merck 64-17-5 0.999 No
DEC Sigma-Aldrich 105-58-8 0.995 No
Hexane Merck 110-54-3 0.990 No
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test is the D test proposed by Wisniak and Tamir.*® In this test,
the local deviation (D) and its maximum deviation (Dy,.y) are
evaluated for two consecutive experimental points, a and b, and
they are declared consistent when D < Dy,,x. Mathematically, D
and Dy, are given by the following expressions:

D=3 (xu— xp)(In 7, — In y;,) )

i=1

1 1 1 1
Dmux = ia if —+—+—+—JA
; (x + Xb) (—xia + YVia + Xib * yib> ~

3 3
3 AP 3
+Z(x[a +be)?+2;|ln7;b —Iny,|Ax (2)

i=1

3
+ 3 G+ xn)By | (To+ C) 7+ (T + G) ] 4T
—1

1

where, X;,, x;» and Vi, Vi are the liquid and the vapor mole
fractions for component i at the a and b points, respectively. Ax,
AP, and AT represent the experimental uncertainties in the
measurements of mole fraction, pressure, and temperature,
respectively. Considering the VLE cell and GC device, these
uncertainties are Ax = £0.001, AP = 0.1 kPa, AT = £0.1 K. B,
and C; represent the Antoine vapor pressure expression for pure
fluids, which is given by the expression:

B

log (P! /kPa) = 4; — TR <G 3)

In eqn (1) and (2), v, and v;, are the activity coefficients for
component 7 at the a and b points, respectively. In this work,
these activity coefficients are calculated using the modified
Raoult's law:**

= (4)

In eqn (4) x;, and y; symbolize the mole fractions of compo-
nent 7 in the liquid and the vapor phase, respectively. P repre-
sents the total pressure, whereas and P is the pure component
vapor pressure of component i. In this expression, the virial
correction has been omitted due to the lack of information on
the second virial coefficient for the pure DEC and the corre-
sponding second virial coefficients for the involved binary
mixtures that conform the ternary mixture (i.e., ethanol + DEC,
and DEC + hexane).

3.2 Modeling the isobaric vapor-liquid phase equilibria

The isobaric vapor-liquid phase equilibria is calculated using
the traditional phase equilibria conditions (i.e., TV = T" = 1% P"
=P' =%y = utwithi=1, 2, ..., n.) which can be rewritten
using the bubble-point temperature calculations expressed in
terms of the Helmholtz energy density, f, and its derivatives:*

UAEAE
(ap,.)f a) =123 (5)
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where the superscripts V and L denote the vapor and the liquid
bulk phases, respectively, and 0 denotes the equilibrium
condition. T is the temperature, P is the pressure, x;, and y;
represent the mole fraction for the component i in the liquid
and the vapor phases, respectively, and p is the molar density.
Eqn (5) is equivalent to the chemical potential equality of
component i; eqn (6) represents the equality of pressure, and
eqn (7) is the restriction of the isobaric condition.

In this work, fis described by the Perturbed Chain Statistical
Associating Fluid Theory Equation of State (PC-SAFT)
molecular-based equation of state (EoS),'®' where f is built
from the sum of different contributions, such as the ideal gas
contribution, molar Helmholtz energy of dispersion, molar
Helmbholtz energy of hard-sphere chain, and the association
contribution for molar Helmholtz energy. The reader is redir-
ected to the original works for the corresponding expres-
sions,'*® or alternatively, to some of our previous works.'®*'3>
As an illustration, Fig. 1 sketches the pure fluid and the binary
parameters present in PC-SAFT EoS.

According to Fig. 1, a molecule i interacting with a molecule
J, where the PC-SAFT parameters for the pure fluids (i and j) are
the following: m is the number of monomers or segments of the
molecule (i.e., four segments in molecule 7, and three segments
in molecule j), ¢ is the diameter of each monomer, which is
independent of the temperature, ¢ is the London dispersion
energy parameter. On the other hand, to better understand the
association scheme in molecules, this work uses the following
nomenclature: N(a,b), where N is the total number of associa-
tion sites, a is the number of negative sites, and b is the number
of positive sites. Thus, in Fig. 1, it is observed that the

m; = 4 segments

A
v

&

gAiBi
KAiBi

&

m; = 3 segments

Fig.1 Schematic representation of the interaction between molecule
i, and molecule j, along with key PC-SAFT parameters. (blue circle)
represents each segment of molecule i, (green circle) represents each
segment of molecule j, (black circle) positive site in the molecule, (red
circle) negative site in the molecule.
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association scheme is 2(1, 1) in both molecules 7, and j, and that
hydrogen bonding interactions occur between the positive site
of one molecule and the negative site of the other. Moreover, in
each molecule, the parameters ¢*® and «*® represent the asso-
ciation energy and association volume parameters, respectively.
For mixtures, the cross-parameters of diameter and dispersion
energy are symbolized by ¢;; and ¢;; and are related to the pure
components by the following combining rules:

a5 = (0i+0)) /2 &= Jag(l —ky) (8)

where k; denotes the binary interaction parameter that corrects the
geometric mean of the dispersion energy parameters of the pure
fluids, obtained by fitting experimental phase-equilibrium data.

The effect of the association between molecules i — j
is considered from the binary parameters ¢*® and «*® which
represent the cross-parameters of association energy and asso-
ciation volume, respectively. Mathematically, ¢** and «*® are
given by the expression:

3
NP = NP2 kN = kAP (\/ (Gij)/Uij) 9)

3.3 Modeling the liquid dynamic viscosity

The liquid dynamic viscosity for the ternary mixture is predicted
by using the Free Volume Theory (FVT) proposed by Allal
et al.,>*** This theory establishes that liquid dynamic viscosity is
composed of the sum of two contributions, namely dilute gas
viscosity, n,°, whose expression was proposed by Chung et al.,*
and residual viscosity, An, which is defined as:

B(a + MWP/p) 1 (a + MyP/p

An=c¢
= exp 2RT IM.RT

) ol (10)

where P denotes pressure, M,, is the molecular weight, R is the
universal gas constant, T is the temperature, B, «, and [ are the
adjustable model parameters and represent the free volume
overlap, barrier energy, and the characteristic molecular length,
respectively. In eqn (10), p is the density which is calculated here
at T and P fixed using the PC-SAFT and eqn (7).

For mixtures, the FVT uses the following extension for 1°:

7’ = exp {nzcx,- In (n?)} (11)

Additionally, the adjustable parameters, B, «, and [ are
extended for mixtures using quadratic mixing rules:

ne

U= Z Zx,»x,—v 0:9;(1 - ;)
=1 j=1

(12)

In eqn (12), & symbolizes the parameter (i.e., B, «, or ), and
Y;; are adjustable binary parameters present in the residual
viscosity of the mixture (i.e., By, ay, or [;7). Form eqn (10)—(12), it
is possible to observe that this model requires the experimental
information on the liquid dynamic viscosity of the pure fluids
and binary mixtures, but it is predictive for ternary mixtures.

Sustainable Energy Fuels
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3.4 Modeling of surface tension

The surface tension of the mixtures can be predicted using
a linear version of the square gradient theory (LGT) proposed by
Zuo and Stenby,**** which assumes a linear profile of the
components across the interfacial region. According to LGT, the
surface tension, v, in mixtures can be obtained from the
following expression using the f given by the PC-SAFT EoS:

e [ b, S s

v
Pret p

where the pre-factor, C, is given by the expression:

L \%
(ot o) (4= 9)
Apref Apref

(14)

where ¢;, and ¢; are the influence parameters for pure fluids, which
are obtained by applying eqn (13) for the case of pure fluids at fixed
temperature, §; is a binary cross parameter obtained from the
surface tension of the binary mixture formed by i and j. The
superscript 0 denotes the equilibrium condition, p.. is the refer-
ence density, and Apee = max(p” — p;*) with i = 1, 2, ..., n.. From
a computational point of view, the surface tension is calculated at
a fixed temperature using the PC-SAFT EoS, and the equilibrium
conditions are used to determine the integral limits corresponding
to the bulk densities at phase equilibrium.

4 Results and discussion

In this section, the explored thermophysical properties (i.e.,
phase equilibria, liquid dynamic viscosities, and surface
tensions) for the pure fluids, binary mixtures, and the ternary
mixture of the systems formed by ethanol, diethylcarbonate
(DEC), and hexane are described. Specifically, the pure fluid
properties are measured as quality indicators, and their values
are also used to parameterize the theoretical models. For the
binary mixtures, the experimental phase equilibria and liquid
dynamic viscosities are taken from the available experimental
data, as well as the surface tension for ethanol + hexane binary
mixture, whereas the surface tensions for DEC-based binary
mixtures are measured because no previous experimental data
are available.>** These determinations are then used to find the
corresponding binary parameters. Finally, the phase equilibria,
liquid dynamic viscosities, and surface tensions for the ternary
mixture are measured and predicted using the proposed
combined model.

4.1 Pure fluids

This section collects the measurements of selected thermo-
physical properties as quality chemical indicators for the pure
fluids used in this work, as well as the thermophysical param-
eters required to validate and predict the phase equilibria, the
liquid dynamic viscosities, and the surface tensions for the
ternary ethanol + diethyl carbonate (DEC) + hexane mixture.
Table 2 summarizes the measured values of the refractive
indexes at the Na D line, liquid mass densities, liquid dynamic

This journal is © The Royal Society of Chemistry 2026
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Table2 Experimental values of refractive indexes at Na D line (np), liquid mass densities (p), liquid dynamic viscosities (n), surface tensions (y), and
water content (wH,O) at 298.15 K and 101.3 kPa, and the normal boiling points (Ty) at 101.3 kPa for ethanol, DEC, and hexane®

Fluid np () (kg m™®) n (mPa s) v (mNm™) Ty (K) 10* x wH,O (mass fraction)
Ethanol 1.35940 785.16 1.1261 22.10 351.37 3.93
DEC 1.3836 969.23 0.721 25.20 399.13 0.20
Hexane 1.37374 655.19 0.2960 17.90 341.94 3.99

% The standard uncertainties, u, at the 0.68 level of confidence for temperature, pressure, and refractive index are ¥(7) = 0.2 K, u(T},) = 0.2 K,
u(P) = 0.1 kPa for T, u(n,) = 5.0 x 10~ *. Instrument declared standard uncertainties are u(p) = 0.03 kg m >, u(n) = 2.0 x 10~> mPa s, u(s) =
0.3 mN m . The relative uncertainty for the water content is u(w(H,0)) = 0.003. The combined expanded uncertainties using a 0.95 level of
confidence (k = 2) are U,(T) = 0.4 K, U(T},) = 0.4 K, U(P) = 0.2 kPa, U,(n,) = 10.0 x 10~*, Ue(p) = 0.06 kg m >, U,(n) = 4.0 x 10> mPa s, and

Uc(0) = 0.6 mN m™ ™.

Table 3 Antoine constants (A, B, and C)

Fluid A B o)
Ethanol®’ 7.1533 1547.2702 —50.8767
DECY 6.5665 1629.6470 —41.8125
Hexane® 6.2528 1310.6332 33.2066

Table 4 PC-SAFT pure fluid parameters®

Fluid m elkg (K) oA  Plhg(K) P N(a,b)
Ethanol® 2.3827 198.24 3.1771 2653.4 0.032384 2(1,1)
DEC* 3.6622  255.64 3.5529 — — 3(3,0)
Hexane’ 3.0576 236.77 3.7983 — — 0(0,0)

“ The PC-SAFT parameters were taken from: (a) Gross and Sadowski;"
(b) Gross and Sadowski;** (c) obtained in this work using the available
experimental data for vapor pressure, P°, and liquid mass density, p,
in the NIST-TDE database,” using the objective function: min(m, ¢, s) =

”P 2
0,NIST 0,SAFT\ ; p0,NIST ~ NI ¢ ~NIST2
>0 (PN = PR [P 4 (0T = BT /0T

i=1

viscosities, surface tensions, and water content at 298.15 K and
101.3 kPa, and the normal boiling points at 101.3 kPa.

Comparing the experimental determinations obtained in
this work to those obtained in our previous works,'”*>*® and the
available reference data collected in the NIST-TDE database,*” it
is possible to state that all reported pure fluids properties
display an absolute deviation not greater than 1%. Therefore, it
is possible to state that the chemicals are adequate to carry out
vapor-liquid equilibrium, liquid dynamic viscosity, and surface
tension measurements.

Focused on validating experimental phase equilibrium
determinations, the thermodynamic consistency test uses the
Antoine coefficients (see Sec. 3.1). Their numerical values were
obtained and validated in our previous works,”*** and
summarized in Table 3.

As discussed in the theoretical section, vapor-liquid equi-
libria, liquid dynamic viscosities, and surface tensions are
modeled using the PC-SAFT EoS, which uses pure fluid
parameters, whose numerical values are summarized in Table 4
together with the selected associative schema.

Finally, the PC-SAFT EoS was coupled with the FVT and LGT
to predict the liquid dynamic viscosities and the surface
tensions, respectively. The FVT requires the free-volume over-
lap, B;, barrier energy, «;, and the characteristic molecular
length parameters, /;, while LGT needs the influence parameter,
¢i. The corresponding numerical values of the parameters
involved in both theories are summarized in Table 5, which
were calculated using the available experimental data in the
NIST-TDE database.?” Table 5 also includes the corresponding
absolute average deviations (AAD) for the viscosity. The influ-
ence parameters were calculated using a single surface tension
data point at 298.15 K.

From Tables 5 and it is possible to conclude that pure fluids
can be correctly correlated using the PC-SAFT EoS coupled with
FVT and LGT.

4.2 Binary mixtures

The binary mixtures that form the ternary mixture are ethanol +
DEC, ethanol + hexane, and DEC + hexane. According to
DECHEMA databases," the vapor-liquid equilibria and the
liquid dynamic viscosity of these binary mixtures have been
previously measured. For surface tension, the available

Table 5 Free volume theory (FVT) and linear gradient theory parameters for pure fluids

FVT LGT
Fluid o; (J mol™) 10° x B; 10° x ; (A) % AAD, ° 10" x ¢; (J m®> m™?)
Ethanol 80645.09 51.680 1.0617 0.05 0.53809
DEC 160 068.03 10.838 1.9727 0.10 4.23553
Hexane 196 743.26 4.3663 1.9297 0.12 3.68213

p
“ % AAD, ¢ = (100/n,) 3" |0f™® — 95| /@™ with ¢ = 7 or 7.

i
i=1

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Vapor-liquid equilibria at 101.3 kPa for ethanol (1) + DEC (2),
ethanol (1) + hexane (3), and DEC (2) + hexane (3) mixtures. Experi-
mental data: ethanol (1) + DEC (2): O: Rodriguez et al.;*® ethanol (1) +
hexane (3): O: Sinor and Weber;* DEC (2) + hexane (3): A: Rodriguez
et al.*°. Continuous lines are the PC-SAFT modeling: ethanol (1) + DEC
(2) with k;; = —0.0207; ethanol (1) + hexane (3) k; = 0.0338; DEC (2) +
hexane (3) k; = 0.0200.

experimental data are limited to the ethanol + hexane binary
mixture. Therefore, in this section, experimental measurements
of the surface tension for the ethanol + DEC and DEC + hexane
binary mixtures are also included.

From a modeling point of view, the cross-binary parameters
for PC-SAFT, FVT and LGT are obtained, and the results are
compared with available experimental data.

4.2.1 Vapor-liquid equilibrium. Fig. 2 displays the experi-
mental and modeling of the vapor-liquid equilibria (VLE) at
101.3 kPa for the three binary mixtures that form the ternary
mixture, where it is possible to observe that the DEC-based
binary mixtures display a zeotropy behavior with a positive
deviation from the Raoult law. The ethanol + hexane binary
mixture exhibits a minimum-temperature azeotrope with
negative deviation from Raoult's law.

In order to model the VLEs, the interaction parameters (k;)
have been obtained from the available experimental data using
the following objective function:

View Article Online
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Fig. 3 Liquid dynamic viscosity for ethanol (1) + DEC (2), ethanol (1) +
hexane (3) and DEC (2) + hexane (3) mixtures at 298.15 Kand 101.3 kPa.
Experimental data: ethanol (1) + DEC (2): O: Rodriguez et al.;** ethanol
(1) + hexane (3): [O: Cartes et al.;** DEC (2) + hexane (3): A: Rodriguez
et al.*®. Continues lines are the PC-SAFT + FVT modeling: ethanol (1) +
DEC (2) with k; = —0.0207 and B; = 0.32650, oy = 0.32284, [; =
—1.28983; ethanol (1) + hexane (3) k; = 0.0338, and B;; = 0.60653, a;; =
0.30154, [ = —0.64435; DEC (2) + hexane (3) k; = 0.0200, and B;; =
0.53803, o = 0.093817, [; = —1.09263.

p

minOF = Z |:((TI_CXP _ TI_PC-SAFT) /Ticxp)z + <y?_xip — yilC_-SAFT>2:|

i (15)

Table 6 collects the numerical values of the interaction
parameters and the corresponding statistical results of the
fitting.

Based on the results exhibited in Fig. 2 and Table 6 and it is
possible to conclude that PC-SAFT with k; # 0 is able to model
the VLE of these three binary mixtures with an adequate agree-
ment between experimental data and theoretical model, showing
an overall deviation of AAD, T = 0.46% and Ay; = 1.97%.
However, it is noted that the calculated liquid compositions of
DEC binary mixtures display an observable deviation from the
experimental data, which is caused by the bubble T strategy. In
this work, other VLE strategies (e.g., bubble P and dew T, and dew
P) were tested, but they exhibited similar global deviations.

Table 6 Optimal binary interactions parameters, kj, for the binary mixtures, and absolute average deviations in Temperature, % AAD T, and vapor

mole fraction, % Ay;

Binary mixture ky % AAD, T* % Ay,”
Ethanol (1) + DEC (2) ~0.0207 0.76 3.67
Ethanol (1) + hexane (3) 0.0338 0.14 0.98
DEC (2) + hexane (3) 0.0200 0.49 1.25

n

Ilp P
“% AAD T = (100/n,) 3 |T7* — TAFT| /170, 7 Ayy = (100/m,) S0
i=1 i

i=
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Table 7 Optimal binary parameters for FVT in the binary mixtures for
the binary mixtures, and their absolute average deviations in viscosity,
% AAD 7
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Table 9 Optimal §; parameters for the binary mixtures obtained with
PC-SAFT + LGT and their absolute average deviations in surface
tension, % AAD y

Binary mixture By oy L % AAD, n“
Ethanol (1) + DEC (2)  0.32650 0.32284 —1.28983 0.70
Ethanol (1) + hexane (3) 0.60653 0.30154 —0.64435 2.18
DEC (2) + hexane (3) 0.53803  0.09382 —1.09263 0.42

np )
“ % AAD 7 = (100/ny) ; {n?‘p — vt |/77fo.

4.2.2 Liquid dynamic viscosity. According to DECHEMA
databases,” the liquid dynamic viscosity of these binary
mixtures has been previously reported over the whole mole
fraction range at a broad range of temperatures and pressures.
Focused on the experimental conditions used in this work,
Fig. 3 displays the corresponding experimental values together
with the FVT calculations. The latter results were obtained using
the density results from the PC-SAFT EoS and fitting the binary
parameters involved in the FVT theory (see eqn (12)), whose
numerical values are collected in Table 7.

From the results, it is possible to conclude that FVT coupled
with PC-SAFT allows excellent modeling of the liquid dynamic
viscosity (i.e., % AAD, n =< 2) From Fig. 3, it is possible to observe
that the liquid dynamic viscosity increases as the molar fraction
increases for the ethanol + hexane and DEC + hexane binary
mixtures. For the ethanol + DEC mixture, the liquid dynamic
viscosity initially decreases with the mole fraction and then
increases, exhibiting a stationary point at x = 0.30 for ethanol.

4.2.3 Surface tension. The surface tension of the binary
mixtures has been less explored than the VLE and the liquid
dynamic viscosity. According to the DECHEMA"™ and the

Table 8 Surface tensions for ethanol (1) + DEC (2) and DEC (2) +
hexane (3) binary mixtures at 298.15 K and 101.30 kPa“

Ethanol (1) + DEC (2) DEC (2) + hexane (3)

X y (mMNm™) X v (mMNm™)
0.00 27.89 0.000 17.91
0.05 27.88 0.046 17.98
0.09 27.73 0.084 18.26
0.19 27.30 0.189 18.90
0.30 26.84 0.294 19.59
0.40 26.39 0.395 20.04
0.50 26.01 0.499 20.87
0.60 25.39 0.598 21.75
0.69 24.61 0.699 22.76
0.80 23.84 0.805 24.22
0.90 22.79 0.901 25.90
0.96 22.39 0.957 27.03
1.00 22.10 1.000 27.89

% The instrument standard uncertainty, u, is «(¢) = 0.3 mN m™". The
standard uncertainties, u, are u(P) = 1.3 kPa, «(7) = 0.1 K, and u(x,) =
0.005. The combined uncertainties (using a level of confidence of 0.95
with k = 2) are U/(P) = 2.6 kPa, U/(T) = 0.12 K, U,(x;) = 0.01, and
Udo) = 0.6 mN m .

This journal is © The Royal Society of Chemistry 2026

% AAD, y*
Binary mixture with 8; =0 By % AAD, v*
Ethanol (1) + DEC (2) 1.81 0.14369 0.40
Ethanol (1) + hexane (3) 3.04 0.21395 1.10
DEC (2) + hexane (3) 3.46 0.23938 0.72

p
“ % AAD v = (100/np) > 77 = ST/
i=

i

Landolt-Bornstein®* databases, the only available tensiometry
data cover the surface tension of the ethanol + hexane binary
mixture. In order to fill this gap and provide new experimental
data on the surface tension for DEC-based binary mixtures,
Table 8 reports the experimental data of surface tension as
a function of the mole fraction for ethanol + DEC and DEC +
hexane binary mixtures at 298.15 K and 101.30 kPa.

In order to model the surface tensions of the binary mixtures
with low deviations, it is necessary to fit the cross binary
parameter involved in the LGT, @, as it is described in eqn (13).
The f; are obtained by the minimization of the following
objective function:

LGT (1 6)

p (Y?XP _ 7iLGT)Z
OF = R e B
; vy

where the experimental values for ethanol + DEC and ethanol +
DEC binary mixtures are reported in Table 8, while the experi-
mental data on surface tension for ethanol + hexane were taken

30

v/ mN/m

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 4 Surface tension as a function of the mole fraction binary
mixtures at 298.15 K and 101.3 kPa. Experimental data: ethanol (1) +
DEC (2): O: this work; ethanol (1) + hexane (3): O: Giner et al.;** DEC
(2) + hexane (3): A: this work. Continues lines are the PC-SAFT + LGT
modeling: ethanol (1) + DEC (2) with k; = —0.0207 and 6;, = 0.14369;
ethanol (1) + hexane (3) k; = 0.0338 and 81, = 0.21395; DEC (2) +
hexane (3) k; = 0.0200, and 8;, = 0.23938.

Sustainable Energy Fuels


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6se00129g

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:49:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

Table 10 Experimental determinations of the vapor-liquid equilibria
(VLE) for ethanol (1) + DEC (2) + hexane (3) ternary mixture at 94.0 kPa“®

T (K) X1 X2 M1 Y2

338.65 0.763 0.143 0.539 0.033
341.45 0.629 0.284 0.572 0.054
347.48 0.486 0.457 0.641 0.085
350.93 0.350 0.592 0.631 0.107
355.77 0.228 0.716 0.582 0.169
355.63 0.174 0.757 0.531 0.158
344.93 0.198 0.599 0.383 0.098
333.58 0.678 0.105 0.414 0.021
332.08 0.731 0.043 0.397 0.010
343.00 0.354 0.485 0.465 0.076
336.83 0.451 0.282 0.401 0.041
347.56 0.150 0.613 0.558 0.114
335.68 0.203 0.284 0.652 0.041
333.58 0.320 0.192 0.634 0.028
331.73 0.510 0.100 0.623 0.016
333.81 0.404 0.202 0.613 0.027
337.03 0.289 0.334 0.603 0.046
333.43 0.185 0.189 0.671 0.028
330.98 0.312 0.078 0.660 0.012
331.37 0.193 0.081 0.681 0.013
333.32 0.068 0.108 0.739 0.020
332.42 0.106 0.110 0.708 0.018

“ T denotes temperature; x;, and x, are mole fractions in the liquid
phase for ethanol and DEC, respectively. y,, and y, are mole fractions
in the vapor phase for ethanol and DEC, respectively. Standard
uncertainties, u, are u(P) = 0.1 kPa, u(7) = 0.2 K, and u(x;) = u(y;) =
0.005. The combined expanded uncertainties using a 0.95 level of
confidence (k = 2) are U (P) = 0.2 kPa, U,(T) = 0.4 K, and U(x;) =
U.(y;) = 0.01.

from Giner et al.,** Table 9 summarizes the obtained results
with 8; = 0 and §; # 0 and the corresponding absolute average
deviations, % AAD v.

As shown in Table 9, the PC-SAFT with LGT with §; =
0 demonstrates a good quantitative agreement between the
theoretical and experimental data. The adjustment approach

DEC

hexane 00 01 02 03 04 05 06 07 08 09 10  ethanol

Fig.5 Measured data of the vapor-liquid phase equilibria (VLE) for the
ethanol (1) + DEC (2) + n-hexane (3) ternary mixture at 94.00 kPa. (O)
liquid phase; (O) vapor phase; (- - -) tie line.

Sustainable Energy Fuels

View Article Online

Paper

0.2

0.0

0.1 . °

max

02 .

DandD,_,

-03 |

-0.6

0 S 10 15 20
VLE experimental points

Fig. 6 Thermodynamic consistency D test. D and D,y vs. number of
experimental points for the ethanol (1) + DEC (2) + hexane (3) ternary
mixture at 94.0 kPa. @: D; O: Dmax.

significantly reduces the overall deviation from 2.77% in the
predictive approach to 0.74% in a correlative approach. This
indicates that non-zero $; values effectively fit the experimental
surface tension for all three binary mixtures.

Fig. 4 displays the experimental determinations and theo-
retical modeling of the surface tensions for the three binary
mixtures.

From Fig. 4, it is observed that the variation of surface
tension with the mole fraction is well correlated with the PC-
SAFT + LGT.

4.3 Ternary mixture

Based on the DECHEMA databases,* the vapor-liquid equi-
libria (VLE), the liquid dynamic viscosity, and the surface
tension have not been experimentally measured for this ternary
mixture. In this section, these thermophysical properties are
reported experimentally and theoretically predicted using the
PC-SAFT EoS coupled with FVT for viscosity and LGT for surface
tensions, which use only pure and binary parameters.

330 335 30 345 350 355 360 365 00 02 04 06 08 10

0K e

Fig. 7 Parity plots of the vapor-liquid equilibria for the ethanol (1) +
DEC (2) + n-hexane (3) ternary mixture at 94.00 kPa. (a) Equilibrium
temperature: @ (b) Vapor mole fractions: A: ethanol; O: DEC; (J: n-
hexane.
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Table 11 Statistical deviation in bubble point calculations for the ethanol (1) + DEC (2) + n-hexane (3) ternary mixture at 94.00 kPa

% AAD, T* % Ay,” % Ay,”
0.66 2.92 3.55

)lp np
“% AAD T = (100/np) 3 |T7™ — TSAFT| /TP, 2 9% Ay; = (100/n,) S Vb — yiarr.

i=1 j=1

Experimental measurements of the VLE have been carried
out at 94 kPa whose numerical data are summarized in Table 10
and illustrated in Fig. 5 together with the corresponding tie
lines.

From Fig. 5, it is possible to conclude that this ternary
mixture behaves as a zeotropy mixture within the measurement
range. Additionally, the computed activity coefficients from the
modified Raoult law (see eqn (4)) show a positive deviation, y; >

3
1, implying g® = Z In v; > 0 in the whole mole fraction range.
=1

Additionally, it is possible to observe that as the mixture is
diluted in DEC, the mixture tends to form an azeotrope, which
is finally formed in the ethanol + hexane binary mixture.

To validate the reliability of the reported VLE data for this
ternary system, the thermodynamic consistency of them is
evaluated by using the D test (see eqn (1) and (2)) and the results
are illustrated in Fig. 6 where it is possible to conclude that the
VLE data fulfilled the thermodynamic consistency criteria (i.e.,
D < Dax)-

In order to evaluate the capability of the PC-SAFT EoS to
predict the experimental VLE only using the pure parameters
(see Table 4) and cross binary parameter (see Table 6), Fig. 7
a and b illustrate the corresponding parity plots for temperature

Fig.8 Predicted bubble temperature diagram of the ethanol (1) + DEC
(2) + n-hexane (3) ternary mixture at 94.00 kPa. The isolines are ob-
tained from the PC-SAFT EoS with the binary parameters reported in
Table 6. (O) Binary azeotrope for ethanol (1) + n-hexane (3) mixture
(x"* = 0.345, and T = 331.63 K).

This journal is © The Royal Society of Chemistry 2026

(Fig. 7a) and vapor mole fractions (Fig. 7b) which are calculated
from eqn (5)-(7).

From Fig. 7 a and b, it is possible to observe that the
predictions can be considered acceptable when compared to
experimental data. Complementarily, Table 11 presents the
corresponding statistical deviations obtained from bubble-
point calculations, which confirm the PC-SAFT EoS's capa-
bility to predict VLE.

Finally, Fig. 8 shows the PC-SAFT EoS predictions of the VLE
in an isotherm map phase diagram (i.e., T — x; — x,) for the
ternary system at 94.00 kPa. From this representation, it is
possible to observe the azeotropy coordinates for the ethanol +
hexane binary mixture (point A), and this diagram confirms that
no ternary azeotrope is present in the ternary mixture.

Based on the VLE results from the PC-SAFT EoS, it is possible
to state its high capability to predict VLE, providing a trustworthy
model for exploring other isobaric conditions, such as those
needed for industrial plant applications (i.e., 70 kPa to 120 kPa).®

Table 12 Experimental determinations of the liquid dynamic viscosity
for ethanol (1) + DEC (2) + hexane (3) ternary mixture at 298.15 K and
101.30 kPa“®

Xy X 7 (mPa s) X, X 1 (mPa s)
0.115 0.787 0.602 0.093 0.507 0.420
0.192 0.712 0.593 0.187 0.408 0.387
0.308 0.592 0.582 0.304 0.294 0.389
0.403 0.505 0.588 0.392 0.196 0.400
0.507 0.396 0.594 0.503 0.096 0.439
0.592 0.307 0.608 0.098 0.396 0.362
0.703 0.196 0.641 0.195 0.404 0.390
0.810 0.099 0.725 0.309 0.292 0.399
0.115 0.689 0.524 0.387 0.195 0.403
0.199 0.609 0.514 0.503 0.095 0.435
0.305 0.508 0.510 0.095 0.401 0.363
0.405 0.398 0.503 0.204 0.297 0.353
0.493 0.308 0.513 0.292 0.197 0.359
0.609 0.196 0.544 0.397 0.092 0.389
0.701 0.100 0.593 0.109 0.227 0.330
0.093 0.611 0.460 0.205 0.197 0.338
0.198 0.503 0.441 0.292 0.096 0.355
0.298 0.396 0.432 0.099 0.195 0.319
0.396 0.298 0.449 0.199 0.091 0.334
0.499 0.192 0.455 0.096 0.095 0.315
0.591 0.098 0.497

% n denotes liquid dynamic viscosity; x;, and x, are mole fractions in the
liquid phase for ethanol and DEC, respectively. The instrument
standard uncertainty, u, is u(n) = 2.0 x 10~> mPa s. The standard
uncertainties, u, are u(P) = 1.3 kPa, «(7) = 0.1 K, and u(x;) = u(x,) =
0.005. The combined uncertainties (using a level of confidence of 0.95
with k = 2) are U(P) = 2.6 kPa, U(T) = 0.2 K, Uc(x;) = Uc(x,) = 0.018,
and U(n) = 4.0 x 10> mPa s.
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Fig.9 Liquid dynamic viscosity parity plot for the ethanol (1) + DEC (2)
+ hexane (3) ternary mixture at 298.15 K and 101.325 kPa. @: Free
Volume Theory (FVT). The experimental data are presented in Table 12.

Complementary to the VLE, Table 12 collects the experi-
mental measurements for the liquid dynamic viscosity for the
ternary mixture at 298.15 K and 101.30 kPa, and Fig. 9 exhibits
the corresponding parity plot, where it is possible to observe the
performance of PC-SAFT coupled to FVT to predict its behavior.

From this Figure, it is possible to conclude that FVT over-
predicts the experimental measurements with an absolute
average deviation of 12.91%. This moderate-to-high deviation
can be attributed to the high value of deviation observed for the
ethanol + hexane binary mixture. Despite the moderately high
global deviation, the model provides a route to obtain
a complete description of the liquid dynamic viscosity for this
ternary mixture, as illustrated in Fig. 10. The capability of the
viscosity model for biofuels with respect to composition and
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Fig. 10 Predicted liquid dynamic viscosity, n in mPa s, for the ethanol
(1) + DEC (2) + hexane (3) ternary mixture at 298.15 K and 101.325 kPs.
The isolines are obtained from the PC-SAFT EoS + FVT with the binary
parameters reported in Tables 6 and 7

Sustainable Energy Fuels

View Article Online

Paper

Table 13 Experimental determinations of the surface tension for
ethanol (1) + DEC (2) + hexane (3) ternary mixture at 298.15 K and
101.30 kPa“®

X X, v (mNm™) X1 X, v (mNm™)
0.102 0.813 25.68 0.331 0.256 19.84
0.227 0.688 25.05 0.375 0.197 18.49
0.358 0.555 24.49 0.432 0.134 19.09
0.489 0.416 23.98 0.438 0.127 18.65
0.624 0.276 22.90 0.010 0.542 24.07
0.749 0.141 22.01 0.477 0.075 18.03
0.177 0.650 23.58 0.048 0.491 20.89
0.093 0.730 23.97 0.083 0.442 19.12
0.252 0.568 22.94 0.130 0.391 20.28
0.352 0.464 22.79 0.229 0.259 20.15
0.463 0.346 21.68 0.192 0.286 20.02
0.566 0.236 20.79 0.336 0.120 19.17
0.672 0.112 20.36 0.061 0.371 19.85
0.027 0.711 22.83 0.337 0.082 19.19
0.095 0.641 22.03 0.158 0.233 19.24
0.181 0.539 21.64 0.047 0.342 21.09
0.300 0.403 20.92 0.265 0.124 18.52
0.422 0.262 20.27 0.268 0.100 18.91
0.556 0.109 19.72 0.173 0.192 18.87
0.070 0.560 21.37 0.074 0.246 18.77
0.070 0.556 20.31 0.168 0.129 20.09
0.157 0.465 19.88 0.152 0.117 18.68
0.156 0.465 21.17 0.096 0.122 18.61
0.035 0.582 21.23 0.060 0.120 18.87
0.245 0.365 19.27 0.109 0.058 18.16
0.245 0.364 20.97 0.014 0.140 18.51
0.158 0.448 20.82 0.130 0.020 17.94
0.267 0.328 19.27 0.093 0.050 18.25
0.333 0.256 19.10

¢ v denotes surface tension; x4, and x, are mole fractions in the liquid
phase for ethanol and DEC, respectively. The instrument standard
uncertainty, , is u(¢) = 0.3 mN m'. The standard uncertainties, u,
are u(P) = 1.3 kPa, u(T) = 0.1 K, and u(x;) = u(x,) = 0.005. The
combined uncertainties (using a level of confidence of 0.95 with k =
2) are U(P) = 2.6 kPa, U(T) = 0.12 K, U(x;) = Ue(x,) = 0.01, and U(0)
=0.6mNm "

temperature is relevant because it affects the operation of fuel
injection equipment. In fact, at low temperatures, the viscosity
increases, which affects fuel fluidity, whereas high viscosity
leads to poorer fuel spray atomization and less accurate fuel
injector operation.?

Finally, the tensiometry measurements for the ternary
mixture as a function of the liquid mole fractions at 298.15 and
101.3 kPa are summarized in Table 13.

Based on the theoretical approach, the surface tensions of
the ternary mixture are fully predicted by using the LGT coupled
with the PC-SAFT EoS. As described before, this approach uses
only the pure parameters (see Table 5) and the binary parame-
ters (see Table 9). In order to compare the performance of the
theoretical approach for the ternary mixture, Fig. 11 shows the
surface tension parity plot, where the LGT + PC-SAFT EoS
reproduces the experimental values with a very low deviation of
2.69%.

Finally, Fig. 12 displays the predicted contour plot of the
surface tension of the ternary mixture as a function of the liquid

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Surface tension parity plot for the ethanol (1) + DEC (2) +
hexane (3) ternary mixture at 298.15 K and 101.325 kPa. @: Linear
version of the square gradient theory (LGT). The experimental data are
presented in Table 13.
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Fig.12 Predicted surface tension, v in mPa's, for the ethanol (1) + DEC
(2) + hexane (3) ternary mixture at 298.15 K and 101.325 kPs. The
isolines are obtained from the PC-SAFT EoS + FVT with the binary
parameters reported in Tables 6 and 5

mole fractions at 298.15 K and 101.3 kPa, where it is possible to
observe the variation of the surface tension in the whole liquid
mole fraction range.

Similar to viscosity, the accurate prediction of the surface
tension in biofuels plays a key role in the atomization process.
In fact, the atomization quality increases with the reduction of
surface tension.*

5 Conclusion

Based on current environmental regulations, high levels of
unburned fuels, and dependence on fossil fuels, the exploration
of alternative oxygenate mixtures for fuels has been motivated
by the need for renewable, less-polluting oxygenate additives. In
this work, a new potential bio-oxygenated mixture is explored
from the thermophysical viewpoint, where the vapor-liquid

This journal is © The Royal Society of Chemistry 2026

View Article Online

Sustainable Energy & Fuels

phase equilibria, liquid dynamic viscosities, and surface
tensions for the ethanol + DEC + n-hexane ternary mixture are
experimentally measured and theoretically predicted. Specifi-
cally, the vapor-liquid phase equilibrium was explored at 94
kPa, whereas the liquid dynamic viscosity and the surface
tension were measured at 298.15 K and 101.3 kPa.

According to experimental determinations, it is possible to
conclude that the explored vapor-liquid phase equilibria of the
ternary mixture positively deviate from Raoult's law, showing
zeotropic behavior. For liquid dynamic viscosity and surface
tension, no ternary stationary points were detected under the
conditions analyzed. The experimental measurements are fully
predicted using the PC-SAFT EoS coupled with the FVT and the
LGT theories, which allowed predicting the phase equilibria
with an overall deviation of 0.66% in temperature and 2.92% in
vapor mole fraction of ethanol and 3.55% in vapor mole fraction
of DEC, whereas the liquid dynamic viscosity with 12.91%, and
surface tension with 2.69%. Considering the theoretical results,
it is possible to state that the PC-SAFT EoS, coupled with the
FVT and LGT theories, provides a reliable approach for extrap-
olating phase equilibria, liquid dynamic viscosity, and surface
tension to other thermodynamic conditions.
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