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a b s t r a c t

In this work, new experimental data on the isobaric vapor-liquid equilibria (VLE) of binary aqueous
systems, with six different glycol ethers (glymes), some of which are currently used in the Selexol
process, were measured at three different pressures, namely 0.05, 0.07, and 0.1 MPa.

From the experimental data, the water activity coefficients were estimated using the modified Raoult's
law and used to infer about the effect of the glymes structure on their interactions with water. Moreover,
using a coarse-grain molecular model previously proposed in the framework of the soft-SAFT equation of
state (EoS) for both glycols and glymes, the experimental data were successfully correlated with a single
state-independent binary interaction parameter and average absolute deviations from the experimental
data of 1.30 K. Furthermore, the model was used in a predictive manner to obtain the water activity
coefficients in the whole composition range, providing useful insights into the systems non-ideality.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Regardless of its source, raw natural gas is significantly different
from end-use natural gas, which is almost pure methane (CH4).
Instead, natural gas is a mixture of methane with different hydro-
carbons such as ethane, propane, butane, i-butane, and a fraction of
C5þ, along with a number of impurities such as water, hydrogen
sulfide (H2S), mercaptans, carbon dioxide (CO2) and nitrogen (N2),
among others. Consequently, the natural gas stream must be pro-
cessed to remove the undesired hydrocarbons and impurities in
order to meet the necessary specifications for pipeline trans-
portation and final use. This purification process involves different
sequential stages, starting with the removal of oil and condensates,
dehydration/water removal, the separation of natural gas liquids,
and finally the sweetening of the gas through the removal of sulfur-
containing compounds, and acid gases such as H2S and CO2 whose
presence in the final product is highly undesirable, to avoid the
formation of sulfuric and carbonic acid (highly corrosive to the
equipment and pipelines) [1].

Glymes, or glycol ethers, are known by their affinity towards CO2
and H2S due to the presence of ethylene oxide groups that interact
favorably with these compounds. Consequently, several authors
reported large solubilities of these gases in glymes and their blends,
showing them to be suitable solvents for gas sweetening applica-
tions [2e10]. Hence, the state-of-the-art process for gas sweetening
at high pressures, the Selexol process by Honeywell UOP® [11], uses
a mixture of different polyethylene glycol dimethyl ethers as a
solvent that, in addition to dissolving large amounts of acid gases,
presents several other desirable properties such as a low vapor
pressure, low corrosion rates and easy regeneration [12].

Given the possible occurrence of residual water in the natural
gas stream entering the Selexol process, where the water content
can be further reduced increasing the performance of the process, a
reliable knowledge of the phase behavior and interactions exhibi-
ted by aqueous glycol ether systems is required. In addition to
helping in the CO2 removal process already mentioned, this
knowledge will also be applicable to a variety of other systems, as
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glycol ethers are often found in several personal, household, and
industrial products containing water such as water-based paints,
dyes, sunscreens, cosmetics, pharmaceuticals, etc [13].

Surprisingly, experimental data concerning the vapor-liquid
equilibrium (VLE) of glycol ethers þ water binary mixtures is
scarce in the literature with experimental data being reported
mainly for the smaller glycol ethers such as 2-methoxyethanol or 2-
ethoxyethanol but not for the heavier polyethylene glycol dimethyl
ethers such as those used in the Selexol process (e.g. triethylene
glycol and tetraethylene glycol dimethyl ethers) [14]. Therefore, in
this work, new experimental data on the isobaric VLE of binary
systems composed of water and six different glycol ethers, namely
ethylene glycol ethyl ether (EGEE), diethylene glycol methyl ether
(DEGME), diethylene glycol ethyl ether (DEGEE), diethylene glycol
dimethyl ether (DEGDME), triethylene glycol dimethyl ether
(TriEGDME), and tetraethylene glycol dimethyl ether (TeEGDME), at
three different pressures, are reported.

Moreover, recognizing the importance of accurate thermody-
namic models for the development and optimization of new and
existing industrial units, we have used a molecular model for pol-
yethers, in the framework of soft-SAFT [15], an advanced equation
of state (EoS), previously proposed and validated by some of us
[16,17]. This model has also been used to successfully describe
different types of experimental data including the CO2 solubilities
in glycol ethers [10] and the VLE of glycol þ water binary mixtures
[18]. Accordingly, in this work, the same model is used to correlate
the newly reported experimental data, extending its proven
versatility while providing further information regarding the
magnitude of the interactions present in the system.

2. Experimental section

2.1. Materials

Vapor-liquid equilibria was measured for six glymes, namely,
EGEE, DEGME, DEGEE, DEGDME, TriEGDME and TeEGDME at 0.05,
0.07, and 0.1 MPa.

Samples of each glycol ether were dried using 3 Å molecular
sieves to remove traces of water. The water content was then
determined using a Metrohm 831 Karl Fischer coulometer (using
the Hydranal-Coulomat AG from Riedel-de Ha€ens as analyte). The
water used to prepare the binary mixtures was double distilled and
deionized, passed through a reverse osmosis process and then
treated using a Milli-Q plus 185 water purification equipment. 1H
and 13C NMR were used to determine the compounds purity.

The name, chemical structure, molar mass, water content, purity
and supplier of each glycol ether are reported in Table 1.

2.2. VLE measurements

The boiling temperatures of the binary systems under investi-
gationweremeasured at (0.1, 0.07, and 0.05MPa) using an in-house
isobaric microebulliometer. The apparatus was previously opti-
mized and validated, and its fully detailed description, including
uncertainties, can be found in previous publications [19e21].

Essentially, the apparatus is composed by three sections: (1) a
glass chamber containing the sample (V ¼ 8 mL), that is placed
inside an aluminum block sited on top of a heating and stirring
plate; (2) a glass condenser at the top of the chamber where the
temperature is kept constant by means of a thermostatic bath; and
(3) a liquid injection system, temperature probes and pressure line
connections. A Büchi V-700 vacuum pump and a pressure
controller unit are used to control and monitor the systems pres-
sure that is measured by a Baratron type capacitance Manometer
(MKS model 728A, ur(p) ¼ 0.005). The temperature of the liquid
phase inside the ebulliometer, is measured by means of a fast
response glass sealed thermocouple type K (u(T) ¼ 1 K), calibrated
previously against a calibrated platinum resistance thermometer,
SPRT100 (Fluke-Hart Scientific 1529 Chub-E4), traceable to the
National Institute of Standards and Technology (NIST), with an
uncertainty lower than 2 � 10�2.

During the measurements, the equilibrium was assumed when
the temperature remained constant, i.e. with a temperature drift
lower than 0.05 K min⁻1 for at least 5 min. The liquid's phase was
then sampled, and its composition determined through refractive
index measurements using an Anton Paar Abbemat 500 refrac-
tometer (2 10�5 nD).
3. Thermodynamic model

3.1. Soft-SAFT EoS

Althoughwidely used in the natural gas industry, cubic EoSs and
several activity coefficient models exhibit limited accuracy when
used to describe complex systems containing strong associating
and/or polar fluids. Among such fluids, water is known by its
complex and highly non-ideal behavior despite its apparently
simple structure. This complex behavior is partially explained by its
associating character, i.e. the presence of strong, highly directional,
short-range attractive forces that are responsible for most of the
physicochemical anomalies found in water, such as the maximum
on density [22]. Consequently, most models proposed up to date
are unable to accurately describe a large number of different
thermodynamic properties and phase behavior of pure water and
water-containing systems, unless extensive amounts of experi-
mental data are available to fit the model to a given set of condi-
tions [22].

To improve the description of the thermodynamic behavior of
associating systems, a first-order thermodynamic perturbation
theory (TPT1) of association was proposed by Wertheim [23e26]
allowing the development of the so-called Statistical Associating
Fluid Theory (SAFT) EoS. SAFT EoSs are a class of engineering-
oriented equations of stated based on statistical mechanics con-
cepts, that using Wertheim's TPT1, include a term explicitly ac-
counting for highly directional, short range forces such as hydrogen
bonding, thus standing suitable to describe water-containing sys-
tems [27,28]. In SAFT, molecules are usuallymodeled as a number of
equal-sized spherical segments, or monomers, that are covalently
bonded forming chains that interact with each other according to a
certain intermolecular potential. If the compound is associating,
association sites (usually modeled by square-well sites embedded
into the monomer spheres) are added into some of the segments in
the chain to reproduce those interactions. Then, according to
equation (1), the residual Helmholtz energy of the system is ob-
tained as a sum of different terms, each accounting for a specific
structural or energetic contribution.

Ares ¼Atotal � Aideal ¼ Aref þ Achain þ Aassoc (1)

In equation (1), the superscripts total, res and ideal represent the
total, residual, and ideal Helmholtz energy of the system. Aref rep-
resents the energy contribution of the reference fluid due to the
interactions between the individual monomers, Achain accounts for
the formation of chains by the covalent bonding of monomers,
while Aassoc is a term that describes the presence of anisotropic,
short-range and strong attractive forces such as hydrogen bonding.
Both Achain and Aassoc are based on the TPT1 by Wertheim [23e26]
and are kept essentially unchanged across the different variants of
SAFT, whose difference relies mainly on the reference term.

Considering that the soft-SAFT variant of the equation,



Table 1
Name, chemical structure, CAS number, molecular weight (Mw), water content (H2O wt.), purity and supplier of the glycol
ethers studied in this work.

Glycol ether Chemical structure

Ethylene glycol ethyl ether (EGEE)
CAS: 110-80-5; Mw ¼ 90.12 g mol�1;
H2O wt. ¼ 0.0041a; purity ¼ 99 wt%.
Acquired from Panreac.

Diethylene glycol methyl ether (DEGME)
CAS: 111-77-3; Mw ¼ 120.15 g mol�1;
H2O wt ¼ 0.0015a; purity ¼ 99 wt%.
Acquired from Acos Organic.

Diethylene glycol ethyl ether (DEGEE)
CAS: 111-90-0; Mw ¼ 134.17 g mol�1;
H2O wt ¼ 0.0003a; purity ¼ 98 wt%.
Acquired from Acros Organic.

Diethylene glycol dimethyl ether (DEGDME)
CAS: 111-96-6; Mw ¼ 134.17 g mol�1;
H2O wt ¼ 0.0160a; purity ¼ 99.5 wt%.
Acquired from Sigma Aldrich.

Triethylene glycol dimethyl ether (TriEGDME)
CAS: 112-49-2; Mw ¼ 178.23 g mol�1;
H2O wt ¼ 0.0002a; purity ¼ 99 wt%.
Acquired from Alfa Aesar

Tetraethylene glycol dimethyl ether (TeEGDME)
CAS: 143-24-8; Mw ¼ 222.28 g mol�1;
H2O wt ¼ 0.0002a; purity ¼ 99 wt%.
Acquired from Acros Organics

a Compound dried using 3 Å molecular sieves.
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developed by Vega and co-workers [15,29], has been applied suc-
cessfully to the description of thermophysical properties and phase
behavior of systems composed by a diversity of compounds such as
nitriles [30], amines [31e33], ionic liquids [34e36], deep eutectic
solvents [37e39], refrigerants [40], CO2 [10,31], and of particular
relevance to this work, polyethers [16,17] and water [18,22,41], it is
used in this work to correlate the new experimental data measured
in this work and further used as a predictive tool for other
conditions.

In soft-SAFT, a Lennard-Jones (LJ) fluid that accounts for both
repulsive and attractive forces is chosen as reference fluid [42].
Therefore, to fully describe a non-associating component three
molecular parameters are required by the soft-SAFT EoS, namely
the LJ diameter of the spherical segments, s, the dispersive energy
ruling the monomer-monomer interactions, ε and the number of
monomers in the molecule, m, also known as the chain length. For
associating components, an association scheme specifying the
number/type of association sites to be added to the molecules and
the type of interactions allowed between different sites has to be
specified a priori. Two additional molecular parameters are
necessary to characterize the energy (εHB) and volume (kHB) of the
bonding sites for associating molecules. All the molecular param-
eters are typically regressed from pure fluids VLE data, namely the
vapor pressures and saturated liquid densities but, if such data is
not available, as it is the case of compounds with high melting
points or low vapor pressures, alternative methodologies can be
used [39].

The chain and association terms in equation (1) are readily
written for mixtures. The extension of the reference term to mix-
tures is carried out by applying the van der Waals one-fluid theory
where the unlike size (sij) and energy (εij) parameters are retrieved
from the Lorentz-Berthelotmixing rules, expressed as equations 2-3:
sij ¼hij
sii þ sjj

2
: (2)

εij ¼ xij
ffiffiffiffiffiffiffiffiffi
εiiεjj

p
: (3)

These equations contain two adjustable binary interaction pa-
rameters (BIPs), hij and xij, correcting the size and energy of the
interactions between a molecule type i and a molecule type j that
can be fitted to binary experimental data if predictions from the
pure-component parameters (hij ¼ xij ¼ 1) are not satisfactory.
Hence, these BIPs account, somehow, for the non-ideality of the
mixture.

Similarly, if the system contains more than one associating
component, cross-association energies and volumes of interaction
between a site type a in a chain of component i and a site type b in a
chain of component j are required, those being obtained from
appropriate combining rules. In soft-SAFT the following combining
rules are usually applied in the association term:

ε
ab
ij ¼

ffiffiffiffiffiffiffiffiffi
ε
a
i ε

b
j

r
: (4)

kabij ¼

0
B@

ffiffiffiffiffi
kai

3
q

þ
ffiffiffiffiffi
kbj

3
q

2

1
CA

3

: (5)

Notice that equations 4-5 are averages from the values of the
pure components, hence, no fitting to the mixtures data is per-
formed when using them.
3.2. Coarse-grain molecular models

The accuracy of SAFT-type EoSs relies on the choice of reliable
coarse-grain models that comprise both the selection of a proper



Table 2
Soft-SAFT molecular parameters for the compounds studied in this work [17,41].

m s/Å ε/kB/K ε
HB/kB/K kHB/Å3

EGEE 2.705 3.721 294.87 3450 2600
DEGME 2.995 3.889 330.50 3450 2600
DEGEE 3.165 4.009 331.00 3450 2600
DEGDME 3.300 3.955 308.15 e e

TriEGDME 4.021 4.039 318.12 e e

TeEGDME 4.696 4.107 322.68 e e

Water 1.000 3.154 365.00 2388 2932

Table 3
Binary interaction parameters glyme/water, and the deviations between the model
correlations and the experimental data.

Compounds (g) xg-water AAD(T)/K %AARD(g)

EGEE 1.105 0.814 18.7
DEGME 1.145 1.10 4.53
DEGEE 1.170 0.873 4.24
DEGDME 1.210 0.975 9.31
TriEGDME 1.220 1.27 5.04
TeEGDME 1.220 1.13 4.34

AAD (T)/K ¼ 1
N

XN
i¼1

TEoS
i � Texpi %

AARD (g) ¼ 1
N

XN
i¼1

100� ��gcalci � gexp
i

��
gexp
i
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number of associating sites, the association scheme and the defi-
nition of all pure-component parameters. These coarse-grain
models should capture most of the basic physical features of the
compounds under investigation, and follow expected trends when
comparing them with other molecular models (such as molecular
simulations [43]) and among chemical families.

A molecular model for polyethers was proposed in our previous
works [16,17], in the framework of the soft-SAFT EoS. This model
accurately reproduced the VLE, high-pressure densities (prT),
isothermal compressibility (kT) and isobaric thermal expansivities
(aP) of both glycols and glymes. Moreover, given the transferability
character of SAFT-type EoSs, and the physically meaningful
parameterization that was carried, correlations for the non-
associating parameters as a function of the chain length were
proposed so that the molecular parameters characterizing a poly-
ether, of any molecular weight, could be estimated, even in the
absence of experimental data for the pure compound.

Within this model, and as is commonly done with SAFT-type
EoSs [44], a polyether is represented as a homonuclear chainlike
molecule where only the hydrogen bonding character of the hy-
droxyl end groups is explicitly accounted for by the inclusion of
square well association sites. Hence, one association site (type A)
per hydroxyl end-group is added to the core of the molecule,
embedded off-center in one of the chains segments, with AA in-
teractions being allowed in the pure fluid. Contrarily to previous
models, as for example the more detailed model of alkan-1-ols [45]
or water [41], in the coarse-grain model used in this work the
different associative interactions within the hydroxyl group are not
discriminated. Instead, a dual nature of the association site is
considered so that it is able to interact both with positive or
negative association sites present in other molecules. Despite being
a clear simplification of the model, the introduction of dual asso-
ciation character of the sites has been demonstrated to provide an
enhanced transferability of the models while ensuring an equally
satisfying accuracy [16,17,46,47].

The six glymes studied in this work were previously used to
parameterize our coarse-grain model for polyethers, hence, the
necessary soft-SAFTmolecular parameters for the calculations to be
performed in this work were available from our previous work and
were used here without further refinement. They are summarized
in Table 2 for completeness.

Concerning the water molecules, they are modeled following the
work of Vega et al. [41] that considers a LJ sphere with a 4C associ-
ation scheme, according to the Huang and Radosz nomenclature
[48,49]. Under this association scheme, two positive association sites
type “B” are used to represent the hydrogen atoms while two
negative sites type “C” are used to mimic the lone electron pairs of
the oxygen atom. The correspondent molecular parameters (fitted at
temperatures near ambient conditions) are also reported in Table 2.

When studying the glymes þ water binary mixtures, cross-
association interactions have to be considered between water and
mono-alkyl glymes (those containing a terminal eOH group), with
the required cross-association parameters being obtained in a fully
predictive manner using equations 4-5.

4. Results and discussion

The isobaric VLE for the binary mixtures composed of water and
the selected glymes were measured at three different pressures,
namely 0.10, 0.07 and 0.05MPa and glymesmole fractions up to 0.7,
corresponding to equilibrium temperatures up to 395 K. The results
obtained are presented in Fig. 1 and reported in the tabular form in
Tables S1eS6 (in Supporting Information). For glycol ether mole
fractions higher than 0.7 the low amount of volatile compound at
the liquid phase leads to unstable experimental conditions
hampering the correct description of the complete phase diagram.
Nonetheless, the excellent extrapolative ability of soft-SAFT allows
to infer about the behavior of the system in the whole concentra-
tion range, as will be shown later in this work.

The experimental results obtained in this work show that, as
expected, the mixtures’ boiling temperature increases with the
glymes mole fraction. In the water-rich region (xw ¼ 0.8e1.0), there
is only a slight increase of the equilibrium temperature as glyme is
added to the system. On the contrary, in the glycol ether-rich phase,
a steep increase of the systems temperature towards the boiling
temperature of the pure glyme can be observed.

As mentioned in the Introduction, despite the interest of using
glycol ethers in aqueous media, there is a lack of experimental data
concerning the VLE of such systems. From the binary mixtures
studied in this work, EGEE þ water is the most widely studied.
Dominik et al. [50] and Bubnova et al. [51] reported the isobaric VLE
of EGEE þ water in the entire composition range at atmospheric
pressure while Chiavone-Filho et al. [14] measured the isothermal
VLE of binary mixtures composed of water and five different low-
molecular weight glycol ethers including EGEE, at two different
temperatures (343 and 363 K). The literature values corresponding
to any of the pressures investigated in this work are plotted in Fig. 2
(left) as unfilled symbols and, as can be observed, an excellent
agreement is found between our data and those reported in the
literature, validating the adopted experimental methodology.

For the remaining systems depicted in Fig. 2 (right), experi-
mental data could only be found in the work of Sartakova and co-
authors [52], for DEGDME at atmospheric pressure. Similar to EGEE,
a good agreement with our data and soft-SAFT calculations is
observed.

Given the complexity of most aqueous systems, thermodynamic
models are usually unable to correctly predict their thermody-
namic behavior. In this work, when the soft-SAFT EoSs was used in
its purely predictive form (not using BIPs), the model predicts
immiscibility of the two compounds in the liquid phase, a behavior
contrary to the one observed experimentally. Furthermore, the



Fig. 1. Isobaric temperature-composition phase diagrams of the binary glycol ether þwater mixtures. The symbols represent the experimental data measured in this work while the
solid lines represent the soft-SAFT results using the binary interaction parameters from Table 3.
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degree of immiscibility between the studied glymes and water
clearly increase for the di-alkyl glymes (i.e. glycol ethers without
the terminal hydroxyl group). An explanation for such behavior is
the absence of association sites in the simplified coarse-grain
model of these molecules used in this work, that implies that the
difference between the pure component properties of n-alkanes
and di-alkyl glymes, i.e. the role of the inner ethylene oxide units,
was only implicitly captured by the specific values of the molecular
parameters, albeit obtained through a careful and methodical
parameterization (see Ref. [17]). However, this approach, which has
also been used with other SAFT variants [53], seems clearly insuf-
ficient to capture the difference between these two types of mol-
ecules when present in an aqueous medium, urging the
development of more robust and accurate models of glycol ethers
and highlighting thewell-known deficiencies of mostmodels when
dealing with water-containing systems.



Fig. 2. Comparison between experimental data from this work and data retrieved from literature for EGEE and DEGDME [14,50e52]. The solid lines represent the soft-SAFT
calculations using the binary interaction parameters from Table 3.

Fig. 3. Boiling temperatures (@1atm) of the pure glycol ethers studied in this work and
the equilibrium temperature of their aqueous solutions at different glyme mole frac-
tions as calculated by the soft-SAFT EoS using the BIPs from Table 3.
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Consequently, in order to accurately describe most aqueous
systems, one or more binary parameters, correcting the cross-
interaction parameters obtained from the Lorentz-Berthelot mix-
ing rules, are required. As already mentioned, these BIPs are known
to correct the non-ideality of the mixtures on a coarse-grained
manner, as all non-ideality are comprised into these BPs. In this
work, a state-independent BIP, fitted to the intermediate isobar at
0.07 MPa, is used to correct the mixtures dispersive energy (x in
equation (3)), while no corrections are considered for the size
parameter. As depicted in Fig. 1, an excellent description is obtained
for all the studied systems with average absolute deviations
(AAD ¼ 1

N
PN

i¼1
TEoS
i � Texp

i ) in temperature lower than 1.30 K. The
AAD values for the different systems and the values of the BIPs are
reported in Table 3 and, as can be observed, all the binary param-
eters were found to be higher than unity, suggesting that the in-
teractions between the glycol ethers and water unfavorable versus
the glycol ether-glycol ether and water-water interactions, are
underestimated by the model.
The isobars calculated by soft-SAFT using the appropriate BIP for

the systems with EGEE and DEGDME are also depicted in Fig. 2,
where the good agreement with the literature data in the entire
composition range, demonstrates the excellent extrapolative ability
of the model.

In our previous work [18], a state-independent BIP, correcting
the unlike energy between LJ segments, ensured an accurate
description of the experimental data for the aqueous mixtures with
the first four members of the glycol series (mono-up to tetra-
ethylene glycol). This BIP was shown to increase with the glycols’
molecular weight until reaching a plateau for polyethylene glycol
(PEG) 400, remaining constant for higher chain length polymers.
This allowed the successful prediction of water activities in PEGs of
molecular weight up to 6000 g/mol although the molecular model
had been built using experimental data for glycols with a molecular
weight lower than 300 g/mol. Similarly, in this work, the values of
the BIP increase with the chain length of the glyme until reaching
an asymptotic value of 1.22 for TeEGDME. Although there is no
experimental data for higher members in order to evaluate the
predictive ability of the model, the common root of both models
suggest that this model can be used to successfully predict the VLE
of heavier glymes in water than those studied in this work.

In Fig. 3, the boiling temperatures of the pure glymes and that of
their aqueous mixtures at three different compositions (glyme mole
fraction of 0.25, 0.50 and 0.75) as calculated by the soft-SAFT EoS
using the BIPs from Table 3 are reported. The data plotted on this
figure suggests that the mixtures boiling temperatures increasewith
the glymes chain length, as expected due to an increase of both the
van der Waals dispersion forces and the polar interactions involving
the ethylene oxide groups, with the temperature increasing in the
following order DEGDME < TriEGDME < TeEGDME. However, the
replacement of a terminal methyl group by an ethyl group and the
removal of the terminal hydroxyl group of mono-alkyl glymes have
the opposite effect, lowering the equilibrium temperature. If the
latter effect is relatively easy to understand due to the lower number
of hydrogen bonds that can be established once a highly associative
functional group is removed, the former is more convoluted with a
possible explanation being that the existence of a bulkier terminal
group hinders the otherwise easy access of water molecules to the
inner ethylene oxide groups, diminishing the magnitude of the
cross-interactions.



Fig. 4. Water activity coefficients for the studied binary systems at 0.1, 0.07 and 0.05 MPa. Symbols represent estimates obtained from the experimental boiling temperatures using
equation (7) while the solid lines depict the soft-SAFT results using the BIPs reported in Table 3 and equation (6). The red dashed lines depict the ideal behavior (gw ¼ 1).

E.A. Crespo et al. / Fluid Phase Equilibria 513 (2020) 112547 7
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From the experimental boiling temperatures, the water activity
coefficients (gw) can be estimated using the modified Raoult's law
and used to rationalize the non-ideality of these systems. The
modified Raoult's law is expressed by:

gw¼ yw � fV
w � p

xw � f*
w � p*w

: (6)

where xw and yw are the water mole fractions in the liquid and
vapor phase, f*

w and fV
w are the water fugacity coefficients at the

saturation conditions and in the vapor phase, p is the system
pressure and p*w is the vapor pressure of pure water at the system
temperature.

At the low pressures investigated in this work, it can be assumed
that the fugacity coefficients are very close to unity. Moreover,
given the lower volatility of glycol ethers compared to water, in the
range of compositions investigated in this work, the vapor phase is
mostly composed of water (ywy1) allowing equation (6) to be
further simplified as:

gw¼ p
xwp*w

(7)

The water activity coefficients estimated from the experimental
measurements, using equation (7), are plotted in Fig. 4 along with
the values obtained from the soft-SAFT EoS, using the more
rigorous equation (6) and the BIPs from Table 3. As can be observed,
a reasonable agreement between the experimental estimates and
the modelling results is found for most systems, despite the sim-
plifications considered when treating the experimental data. The
average absolute relative deviations (%

AARD ¼ 1
N

PN
i¼1

100�jgcalc
i �gexp

i j
gexp
i

) between the two sets of data are

reported in Table 3 and highlight the high deviations observed for
the lighter glyme investigated. This is expected, considering the
high volatility of EGEE and the consequent increase of the glyme
concentration in the vapor phase that can no longer be neglected as
done when using equation (7) for the experimental data.

Contrarily to what was observed in the previous work on the
isobaric VLE of binary mixtures glycols þ water, the water activity
coefficients were found to be higher than unity in the whole con-
centration range investigated, denoting the existence of weaker
interactions in the mixture than those observed in pure water, as
also inferred from the values of the energy BIPs greater than unity.
For the mono-alkyl glymes, the water activity coefficients decrease
with the increase of the glymes chain length (e.g. gw (DEGME) < gw
(EGEE)) probably due to the increase of the number of the ethylene
oxide groups that can interact favorably with the water molecules.
Conversely, following the same reasoning as for the decrease of the
boiling temperatures, the replacement of a terminal methyl group
by an ethyl group increases the water activity coefficients.
Furthermore, the water activity coefficients in the systems with di-
alkyl glymes suggest that the removal of the terminal hydroxyl
group reduces, as expected, the interactions with water, translated
into an increase of the water activity coefficients (e.g. gw
(DEGDME) > gw (DEGEE)).

Although there is no experimental data in the glycol rich region
of the vapor-liquid phase diagram, the soft-SAFT EoS was used to
predict the water activity coefficients in the whole concentration
range (water mole fractions ranging from 0.01 to 1) and the results
are depicted in Fig. 4. As inferred from the figure, there is a
maximum on the water activity coefficients of every systemwhose
value decreases when increasing the chain length of the glymes,
adding a terminal hydroxyl group, or through the replacement of a
terminal ethyl group by a methyl counterpart. This agrees with the
effect of these structural changes on the boiling temperatures
previously discussed and shown in Fig. 3.
5. Conclusions

In this work, a combined theoretical/experimental approach has
been used to study the isobaric VLE of six binary mixtures of water
with different glycol ethers, namely EGEE, DEGME, DEGEE,
DEGDME, TriEGDME, and TeEGDME.

The boiling temperatures for the different mixtures were
measured experimentally using an isobaric microebulliometer at
three different pressures and were here reported for the first time.

Using a previously developed soft-SAFT coarse-grain model for
polyethers, the experimental data was successfully correlated (AAD
lower than 1.30 K) using a state-independent binary parameter,
correcting the mixtures dispersive energy. The values of the binary
parameters were found to be greater than unity, denoting the un-
favorable interactions between the glymes and thewater compared
to the glyme-glyme and water-water interactions. Furthermore,
and as previously observed for glycols, the binary parameter
slightly increases with the glymes molecular weight until reaching
an asymptotic value that can be used to provide reliable predictions
for the VLE of mixtures containing heavier compounds.

From the experimental data, water activity coefficients were
estimated from themodified Raoult's law assuming that the glymes
content in the vapor phase is negligible. Simultaneously, more
rigorous values of the water activity coefficients were also calcu-
lated using the soft-SAFT EoS with the corresponding binary pa-
rameters providing a reasonable agreement between the two sets
of datawith AAD lower than 1.5 K in temperature and AARD around
5% in the activity coefficients. Largest deviations were obtained for
the mixture with EGEE, the lighter glyme, as the assumption of
non-negligible content in the vapor phase is not valid in this case,
due to its higher volatility, compared to the other investigated
glymes.

The use of a reliable thermodynamic model to describe the
experimental data allowed to infer about the effect of different
structural changes on both the boiling temperatures and water
activity coefficients in the whole concentration range (water mole
fractions ranging from 0.01 to 1) despite experimental measure-
ments were limited to water mole fractions higher than 0.3 to
ensure the systems stability. Both, the replacement of a terminal
ethyl group by a shorter methyl group or the removal of a terminal
hydroxyl group of the mono-alkyl glymes results in a decrease of
the equilibrium temperature, translated into an increase of the
water activity coefficients. This is due to the decrease of the
magnitude of hydrogen bonds established between the two com-
ponents that seem to be well captured by the model.
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