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Abstract

Properties as density and dynamic viscosity were measured for four binary mixtures
composed for ethylene glycol dimethyl ether + 2-alkanol (2-propanol, 2-butanol,
2-pentanol, and 2-hexanol). The measurements were carried out in the entire mole
fraction range of the liquid phase, 0.1 MPa, and using four temperatures (293.15
K, 303.15 K, 313.15 K, and 323.15 K). The values of excess molar volume and
deviation in dynamic viscosity were successfully correlated with the Redlich—Kister
equation. Strong attractive forces are obtained for all binary mixtures. The perturbed
chain-statistical associating fluid theory equation of state (PC-SAFT EoS) correctly
modeled the density of binary mixtures. The free volume theory combined with the
equation of state was able to modeling the viscosity of all the mixtures.

Keywords Ethylene glycol dimethyl ether + 2-alkanol mixtures - Density and
dynamic viscosity for liquid mixtures - PC-SAFT EoS - Free volume theory -
Redlich Kister model

1 Introduction

Liquid density and dynamic viscosity for ethylene glycol dimethyl ether (EGDME)
has been experimentally measured by many authors [1-8]. The glycol ethers can
be used in many industrial applications, e.g. adhesives and coatings, batteries, and
pharmaceutical formulations [5]. The mixtures composed by ether and alcohols are
of great importance to reduce pollution. The values of the properties of the mixtures
depend on the interactions between EGDME and 2-alkanol. Although EGDME does
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not self-associate, it can cross-associate with the 2-alkanol by hydrogen due the
presence of the two oxygen atoms of EGDME and the OH group of the 2-alkanol.

According to a deep search in the literature, only one article [5] was found
where properties of density, speed of sound, and refractive index were experimen-
tally measured for the EGDME + 2-propanol and EGDME + 2-butanol mixtures at
0.1 MPa and in the temperature range of 293.15 K to 323.15 K. Benkelfat-Seladji et
al. [5] modeled the mixtures with the cubic plus association equation of state (CPA
EoS), where the 2-alkanol associates with another alkanol molecule, while ether was
modeled as an inert or non-self-associating fluid, and also without hydrogen bond-
ing between the alcohol and EGDME molecules. Therefore, it would be interest-
ing to study a possible cross-association between these molecules (2-alkanol and
EGDME) due to the presence of the pairs of electrons present in the two oxygen
atoms of the EGDME molecule, and study what happens with the density, dynamic
viscosity, and intermolecular forces, as the number of carbons in the 2-alkanol chain
increases.

So, due to the lack of experimental data on density and dynamic viscosity for
the EGDME + 2-alkanol mixtures, we have experimentally measured the density
and dynamic viscosity for binary mixtures. We have measured these properties at
four temperatures (293.15 K, 303.15 K, 313.15 K, and 323.15 K) and a pressure of
0.1 MPa for ten molar compositions. From these experimental data, we calculated
the derived properties (excess molar volume and deviation in dynamic viscosity),
which were correlated with the Redlich—Kister correlation (RKC). Also, we use per-
turbed chain-statistical associating fluid theory equation of state (PC-SAFT EoS) to
predict the density for the mixtures, and PC-SAFT EoS + free volume theory (FVT)
to predict and correlate the dynamic viscosity of the mixtures.

2 Experimental Section
2.1 Materials
Ethylene glycol dimethyl ether and 2-alkanols, which were employed in this work with-

out more purification, were provided by the Merck Company. The mass fraction purity
for ethylene glycol dimethyl ether and alcohols is greater than 99% (see Table 1). Pure

Table 1 Sample description of pure materials

Chemical name Source CAS number Initial mass fraction ‘Water content Purifi-
purity (as stated by the (wt.%) by K.F. cation
supplier) method method

EGDME Merck 110-71-4 > 0.99 0.016 -

2-Propanol Merck 67-63-0 0.996 0.012 -

2-Butanol Merck 78-92-2 0.997 0.011 -
2-Pentanol Merck 6032-29-7 0.995 0.012 -
2-Hexanol Sigma—Aldrich 626-93-7 0.990 0.015 -
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Table2 Density (p) and dynamic viscosity () of pure ethylene glycol dimethyl ether at pressure of
0.1 MPa“

Com- T(X) p(geem?) n (mPa -s) %AADp %AADy
pound

Expt. Lit. Expt. Lit.

EGDME 293.15 0.8667 0.86765 [1],0.8670 [2] 0.438 0.4467 [1],0.441 [2] 0.16 [1] 2.44[1]

0.8667 [3], 0.86671 [4] 0.435 [4] 0.02 [2] 0.38[2]

0.867 [5] 0.03 [3] 0.60 [4]
303.15 0.8559 0.85718[1],0.8557 [2] 0.393 0.4021 [1],0.394 [2] 0.01 [4] 2.21[6]

0.8555 [3], 0.8568 [6] 0.4031 [6],0.392 [4] 0.04 [5] 1.01[7]

0.85570 [4], 0.856 [5] 0.11[6] 4.70 [8]
313.15 0.8446 0.84629[1],0.8446 [2] 0.356 0.3642[1],0.355[2] 0.08 [7]

0.8444 [3], 0.8455 [6] 0.3628 [6], 0.3512 [7] 0.05 [8]

0.843765 [7], 0.84469 [4] 0.353 [4]

0.845 [5]
323.15 0.8335 0.83499[1],0.8331 [9] 0.321 0.3319 [1], 0.3066 [9]

0.8333 [2], 0.8331 [3] 0.322 [2], 0.3284 [6]

0.8344 [6], 0.832929 [7] 0.3189 [7]

0.833 [5]

In addition, statistical deviations between our data and those of the literature have been added”

3Standard uncertainties u are u(T) = 0.02 K, u,(P) = 0.01 MPa, u(p) = 0.0005 g-cm=. For absolute vis-

cosity the relative expanded uncertainty U,.(1) = 0.05 (0.95 level of confidence)
expl. expl.

S%AADp = 100 u %AADy = 100 u
i3 i T i=1 ’75”'
ethylene glycol dimethyl ether density and dynamic viscosity were measured experi-
mentally, whereas data for 2-alkanols were gathered from our past publications [9-15].
The alcohols were racemic mixtures of stereoisomers. In Table 2, the ethylene glycol
dimethyl ether density and dynamic viscosity are compared with those reported in the
scientific literature [1-8]. According to Table 2, all the deviations are < 0.16% and
< 4.70% for density and dynamic viscosity, respectively, therefore this shows that good
agreement was obtained between experimental data and literature data. The density and
dynamic viscosity of solutions at different temperatures are shown in Table S1. A com-
pletely automated Anton-Paar Stabinger SVM 3000 measuring system has been used to
measure viscosity and density. The viscometer operates upon the modified Couette the-
ory, with an outer tube that turns quickly and an inner activity bob that rotates slowly.
Because density and viscosity are sensitive to temperature, a constructed thermoelec-
tric heating and cooling thermometer set to + 2x1072 K was used to regulate them. The
SVM 3000 is a high-precision oscillating U-tube densimeter that measures viscosity
over a broad temperature range. By monitoring the damping of the U-tube fluctuation
produced by the viscosity of the filliped-in sample, the SVM 3000 measures viscosity
with the greatest accuracy across a wide range of temperatures and automatically cor-
rects density inaccuracies caused by viscosity. The apparatus was calibrated before each
set of measurements employing distilled degassed water and dry air at atmospheric
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pressure. For sample preparation, chemicals were degassed before use. Freshly pre-
pared mixtures were stored in dark bottles in an inert atmosphere to measure densities
and viscosities. After preparation, precautions were performed to avoid the evaporation
of samples. For each mixture, a collection of ten compositions was prepared, and the
physical parameters were determined at different compositions. The weighting proce-
dure, with a precision of 0.01 mg, was carried out on an analytical balance (Mettler AE
163, Switzerland). Three to five sets of measurements were taken for each sample. The
mole fraction has a 1x10~* uncertainty. For density measurements, the uncertainty is
5x10~* g-cm3, and for dynamic viscosity is 0.05.

2.2 Equations to Calculate Excess Molar Volume and Deviation in Dynamic
Viscosity
The excess molar volume, VE, can be obtained using Eq. 1:
X MW, +x, MW,  x MW,  x,MW,
p p1 2]

VE

ey

where 1 refers to EGDME and 2 refers to 2-alkanol, p is the mass density of the
binary mixture, p, and p, are the masses densities for the pure fluids, x; and x, are
liquid mole fraction, and MW, and MW, are molecular weights.

Deviation in dynamic viscosity, An, can be expressed from Eq. 2:

An =n—xin; — X1, 2)

where 7, and #, are the dynamic viscosities for the pure fluids.
The Redlich—Kister [16] correlation (RKC) was used to correlate VE and Ay with the
liquid mole fraction of EGDME. RKC is given by Eq. 3:

q
Z=xx, Z 8,2x, — D! 3)
i=1

where Z is VE or An, g is the number of fitted parameters, and §; are the fitted param-
eters, which are obtained by fitting experimental data of the mixture. Also, the
deviation between theoretical results (Z”°*") and experimental results (Z?) can be
obtained from Eq. 4:

p

7P _ Ztheo. 2

i=1

o(Z) =

I’lp—q

where n,, is the number of experimental points.
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3 Theoretical Models
3.1 Modeling of Density from PC-SAFT EoS

PC-SAFT EoS has been described in numerous articles. For more details on the
equations related to PC-SAFT EoS, review the pioneering papers on this equation
of state [17, 18]. PC-SAFT EoS can be expressed by Eq. 5:

A =Aid +Ahc +Adisp +Aassuc (5)

where A A, A9 and A%°¢ are Helmholtz energy for ideal gas, hard-chain,
attractive interactions of dispersion forces, and association, respectively.

The segment number (m;), the segment diameter (o;), the depth of pair poten-
tial energy (g,/kg), the association energy of interaction (e*% /k), and the effec-
tive volume of interaction between site A and site B on molecule i (k%) are the
parameters required in this EoS, which can be obtained by fitting vapour pressure
and liquid density data. In this article, for 2-alkanols, 2B scheme was used, i.e.,
one positive site being on the hydrogen and the negative site on the oxygen, while
EGDEE was considered as pure fluid with no self-association or as a molecule
that has two negative sites (for having two oxygen atoms). On the other hand, k;
named the binary interaction parameter is an important parameter to improve the
modeling of properties in binary mixtures, and can be fitted with the experimen-
tal density data obtained in this work. Furthermore, the approach proposed by
Kleiner and Sadowski [19], will be used to consider the hydrogen bonds between
EGDME and 2-alkanol mixtures.

3.2 Modeling of Dynamic Viscosity from PC-SAFT EoS Coupled to FVT

Free volume theory (FVT) [20, 21] is given by Eq. 6:
n="n + ny (6)

The equations necessary to obtain the dilute gas viscosity for pure fluid, #,, can be
reviewed in the reference [22]. On the other hand, the residual viscosity (7,) [20, 21]
is given by Eq. 7:
15
a+ @ a+ A%J
1, = 1000pl] —— |exp|B| —— (7)
V3MWRT 2RT

where the residual dynamic viscosity has units of mPa-s, p is the density in kg'm?
obtained with PC-SAFT EoS, P is the absolute pressure, i.e., P = 10° Pa, R is the
universal gas constant given by 8.314 J'mol~! -K~!, and MW is the molecular weight
in kg'mol~!. The parameters a, B, and [ are barrier energy in J-mol~!, free volume
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overlap, and characteristic molecular length in m, respectively, which are obtained
by fitting to experimental viscosity data for pure fluids.

To apply Eq. 6 to mixtures, it is necessary to know a mixing rule for dilute gas
viscosity and the residual dynamic viscosity. In this work, the dilute gas dynamic
viscosity for the mixture can be obtained from Eq. 8

n.

o = exp lZ x; 1n<no,i)] ®)

i=1

where 7, is the number of compounds in the mixture, x; is the liquid mole fraction,
and 77y ; is the dilute gas viscosity for the fluid i.

On the other hand, the residual viscosity for the binary mixture can be obtained
with Eq. 7, but using the mixing rules [23] for «, B, and [ given by Eqs. 9 to 11:

a= Z XiX; 4 /aiaj(l - lij) )
i=1 j=1

B = X;X; BiBj(l — W (10)
1

i=1 j=

n. n.

=3 Y x [l - u) (11

i=1 j=1

where /;;, w;, and u;; are fitted parameters which are obtained by regression of exper-
imental mixture viscosity data.

Furthermore, the Nguyenhuynh et al. correlation [24] has been applied to model
the dynamic viscosity of the mixtures using FVT for pure fluids. The authors pro-

posed that dynamic viscosity for the mixtures is defined from Eq. 12:

n 1 n, ’12 ’12 L5
c n — c 1 4 N
N = exp leiln(ni)] + ClOO ;xixj l§<7:+ﬂi>] (12)
i= i#f l

4 Results and Discussion

The experimental data for excess molar volume and deviation in dynamic viscosity
are available in Table S2 of the supplementary information. The fitted parameters
(6;) are published in Table S3. According to the low values of deviations (maxi-
mum deviation was 0.010), the Redlich—Kister correlation, correctly correlates both
the volume of excess and the deviation in dynamic viscosity for all mixtures at all
temperatures. It is important to mention that three fitted parameters were neces-
sary for each property at a given temperature. Figures 1 and 2 show the variation
of the excess molar volume and deviation in dynamic viscosity with the liquid mole
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Fig.1 Excess molar volume for the EGDME (1) + 2-propanol (2) at different temperatures.
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) Redlich—Kister equation. Circles: experimental data obtained in this work. Colors: (black)
293.15 K, (blue) 303.15 K, (red) 313.15 K, (orange) 323.15 K (Color figure online)
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Fig.2 Deviation in dynamic viscosity for the EGDME (1) + 2-pentanol (2) at different temperatures.
) Redlich-Kister equation. Circles: experimental data obtained in this work. Colors:
(black) 293.15 K, (blue) 303.15 K, (red) 313.15 K, (orange) 323.15 K (Color figure online)
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fraction of the EGDME for four temperatures, respectively. According to Fig. 1, the
excess molar volume is positive for the EGDME + 2-propanol mixture in the entire
range of molar composition and at all temperatures; this behavior was also obtained
for the other mixtures (see values of Table S2). Therefore, for all the mixtures, it
was obtained that the attractive forces are strong and the expansion phenomenon
is observed with respect to and ideal mixture, that is, a volume equal to the sum of
the volumes of the pure fluids. Also, as the temperature increases, and the molecu-
lar kinetic energy, the attractive forces between molecular is weaker, and the excess
molar volume decreases. On the other hand, according to Fig. 2, the absolute value
of the deviation in dynamic viscosity for the EGDME + 2-pentanol decreases with
increasing temperature. This means that the higher the temperature, the difference is
less between the real mixture viscosity and the ideal viscosity. This same observa-
tion was obtained for the other mixtures. From Figs. 3 and 4, it can be seen that the
increase in the molecular chain of the 2-alkanol (2-propanol to 2-hexanol), implies
that the molar volume for the mixture expands more (with respect to the ideal vol-
ume) and dynamic viscosity of the mixture to move further away from ideality.

The parameters, m;, ¢;, and ¢;/kp, for EGDME and m;, o;, €;/kg, €% /kp, and
k4B, for 2-alkanols were fitted using experimental liquid density obtained in this
work and vapour pressure obtained from DIPPR [25]. The objective function pro-
posed by Gross and Sadowski [17] was used in this work. The parameters obtained
are published in Table 3. The deviations between the theoretical density and experi-
mental density were calculated using Eq. 13, and according to these values (maxi-
mum deviation of 0.02 for 2-propanol), it is concluded that PC-SAFT correctly cor-
related the fluid density with temperature. In addition, the deviation between the

0.25 T T T ——— T
T T T T

0.20] —_

0.10 ]

VE / (cm®mol™)

T T T T

0.05

0-00 I ! I L | 1 1 1 | 1 1 1 1 L 1 1 1 L L L
0.0 0.2 0.4 0.6 0.8 1.0

X1

Fig.3 Excess molar volume for the EGDME (1) + 2-alkanol (2) mixtures at 323.15 K. Lines: ( )
Redlich—Kister equation. Circles: experimental data obtained in this work. Colors: (black) 2-propanol,
(red) 2-butanol, (blue) 2-pentanol, (brown) 2-hexanol (Color figure online)
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Fig.4 Deviation in dynamic viscosity for the EGDME (1) + 2-alkanol (2) mixtures at 323.15 K. Lines:
( ) Redlich—Kister equation. Circles: experimental data obtained in this work. Colors: (black)
2-propanol, (red) 2-butanol, (blue) 2-pentanol, (brown) 2-hexanol (Color figure online)

Table 3 The adjustable parameters for the fluids required in PC-SAFT EoS and the absolute average
deviation in vapour pressure and liquid density. The temperature considered were 293.15 K, 303.15 K,
313.15K, and 323.15 K

Fluid m () e/kg (K) &8 [k (K) kA8 %AADP %AADp
EGDME 3.7000 3.3063 229.3047 - - 0.14 0.01
2-Propanol 2.9800 3.2267 199.9820 2459.8982 0.0247 0.00 0.02
2-Butanol 3.0000 3.4692 238.8963 2352.3734 0.0078 0.00 0.01
2-Pentanol 3.4800 3.4959 233.4928 2406.7316 0.0086 0.00 0.01
2-Hexanol 3.6800 3.5972 228.4004 2279.9835 0.0292 0.00 0.01
Overall 0.03 0.01

pressure modeled with PC-SAFT and the vapor pressure of DIPPR was added in
Table 3. According to the overall deviation of 0.03%, PC-SAFT correctly models the
vapour pressure data published by DIPPR.

| Z7T = Zthee
%AADZ = @ L

exp.
n, i3 Z

(13)

where Z is the liquid density, vapour pressure, or dynamic viscosity.

Table 4 shows the deviations obtained for the different mixtures. According to the
values, PC-SAFT EoS has a high predictive capacity to correctly model the densi-
ties of the mixtures. In addition, in this article we have compared our experimental
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Table 4 Absolute average

Mixt %AAD,
deviation between the liquid txture ’ ’
de.nsity of the mixture predicted EGDME + 2-Propanol 0.07
with PC-SAFT EoS and the
experimental density. The EGDME + 2-Butanol 0.08
temperature considered were EGDME + 2-Pentanol 0.10
293.15 K, 303.15 K, 313.15 K, EGDME + 2-Hexanol 0.15
and 323.15 K Overall 0.10
Table 5 Adjustable parameters . .

Fluid E ! B %AAD
for pure fluids obtained with . a (Jrmol’) (4 ’ g
PC-SAFT EoS + FVT and the g opy i 33123.0 00956 07079 021
absolute average deviations
for absolute viscosity. The 2-Propanol 61913.3 0.1231 0.0396 0.12
temperature considered were 2-Butanol 51936.0 0.1989 0.0200 0.33
293.15K, 30315 K, 313.05K, 5 pentanol 558417 01841 00179  1.68
and 323.15 K

2-Hexanol 56266.7 0.2000 0.0118 1.49

Overall 0.77

0.88
0.86
0.84
T 0.82
c 0
©
2
— 0.80
Q
0.78
0.76
0.74

0.0

X1

Fig.5 Liquid densities for EGDME (1) + 2-propanol (2) at different temperatures. Lines: (

) PC-

SAFT EoS. Circles: experimental data obtained in this work. Diamond: experimental data obtained from
Benkelfat-Seladji et al. [5]. Colors: (black) 293.15 K, (blue) 303.15 K, (red) 313.15 K, (orange) 323.15

K (Color figure online)

density data with those obtained by Benkelfat-Seladji et al. [5] for EGDME + 2-pro-
panol and EGDME + 2-butanol mixtures. This comparison can be seen in Figs. 5
and 6. According to these results, the experimental data measured by [5] are close
to ours. From Figs. 5 and 6, PC-SAFT correctly predicts the experimental densities
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Fig.6 Liquid densities for EGDME (1) + 2-butanol (2) at different temperatures. Lines: (- ) PC-
SAFT EoS. Circles: experimental data obtained in this work. Diamond: experimental data obtained from
Benkelfat-Seladji et al. [5]. Colors: (black) 293.15 K, (blue) 303.15 K, (red) 313.15 K, (orange) 323.15
K (Color figure online)

Table 6 [;, w;, and u; parameters and the absolute average deviation for dynamic viscosity using PC-
SAFT EoS + FVT + Pourabadeh et al. mixing rules and PC-SAFT EoS + FVT + Nguyenhuynh et al.
mixing rule. The temperature considered were 293.15 K, 303.15 K, 313.15 K, and 323.15 K

Mixture Pourabadeh et al. mixing rules Nguyenhuynh
et al. mixing
rule

s Wia Uy, %AADn %AADn

EGDME + 2-Propanol 0.1767 —-0.5177 0.7062 3.50 1.98

EGDME + 2-Butanol 0.2762 —0.7997 0.7017 6.25 2.20

EGDME + 2-Pentanol 0.1937 —0.5690 0.7154 7.58 3.04

EGDME + 2-Hexanol 0.2889 —0.8429 0.9551 9.97 2.53

Overall 6.83 2.44

for the mixtures obtained by Benkelfat-Seladji et al. [5]; the statistical deviations
are 0.28% and 0.18% for EGDME + 2-propanol and EGDME + 2-butanol mixtures,
respectively. Also, the parameters calculated for pure fluids correctly predict the
densities of pure fluids.

On the other hand, we have modeled the dynamic viscosity using FVT and PC-
SAFT. The fitted parameters for pure fluids using FVT are published in Table 5. The
maximum deviation was 1.68% for 2-pentanol and we can conclude that FVT cou-
pled to PC-SAFT correctly correlates the dynamic viscosity of liquids. In this work,

@ Springer



109 Page 12 0of 14 International Journal of Thermophysics (2023) 44:109

n/ (mPa-s)

X1

Fig.7 Dynamic viscosities for the EGDME (1) + 2-butanol (2) at different temperatures. Lines:
( ) PC-SAFT EoS + FVT + Pourabadeh et al. mixing rules, (— — —) PC-SAFT EoS + FVT +
Nguyenhuynh et al. mixing rule. Circles: experimental data obtained in this work. Colors: (black) 293.15
K, (blue) 303.15 K, (red) 313.15 K, (orange) 323.15 K (Color figure online)

we have used the Pourabadeh et al. mixing rules [23] and Nguyenhuynh et al. mix-
ing rule [24]. The mixing rules [23] require three fitted parameters while the mixing
rule [24] requires no fitted parameters. The fitted parameters for Pourabadeh et al.
mixing rules [23] are published in Table 6. We can see that a predictive model (over-
all deviation is 2.44%) is much better than a correlation model (overall deviation is
6.83%). Figure 7 shows that the experimental dynamic viscosity for the EGDME +
2-butanol mixture is well modeled with PC-SAFT EoS + FVT + Nguyenhuynh et
al. mixing rule [24].

5 Conclusions

Liquid density and dynamic viscosity for four mixtures composed by EGDME and
2-alkanol (2-propanol to 2-hexanol) were measured at 0.1 MPa and in the tempera-
ture range of 293.15 K to 323.15 K. According to the excess molar volumes, strong
attractive forces between the EGDME and 2-alkanol molecules were observed for
all the mixtures. In addition, the increase in the amount of carbons in the alcohol
causes the mixture to stray further from ideality. PC-SAFT EoS correctly modeled
the densities for the mixtures without requiring fitted parameters (overall deviation
was 0.10%). It is important to mention that a good agreement between our experi-
mental data for EGDME + 2-propanol and EGDME + 2-butanol mixtures and
those from the literature was found. Finally, the combination PC-SAFT, FVT, and
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Nguyenhuynh et al. mixing rule, was able to correctly predict the dynamic viscosity
of the mixtures with an overall deviation of 2.44%.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10765-023-03221-2.
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