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High-Pressure Viscosity Measurements for the Ethanol
+ Toluene Binary System
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The viscosity of the ethanol + toluene binary system has been measured
with a falling-body viscometer for seven compositions as well as for the
pure ethanol in the temperature range from 293.15 to 353.15K and up to
100 MPa with an experimental uncertainty of 2%. At 0.1 MPa the viscos-
ity has been measured with a classical capillary viscometer (Ubbelohde) with
an uncertainty of 1%. A total of 209 experimental measurements have been
obtained for this binary system, which reveals a non-monotonic behavior of
the viscosity as a function of the composition, with a minimum. The vis-
cosity behavior of this binary system is interpreted as the result of changes
in the free volume, and the breaking or weakening of hydrogen bonds. The
excess activation energy for viscous flow of the mixtures is negative with a
maximum absolute value of 335J-mol~!, indicating that this binary system is
a very weakly interacting system showing a negative deviation from ideality.
The viscosity of this binary system is represented by the Grunberg—Nissan
and the Katti-Chaudhri mixing laws with an overall uncertainty of 12% and
8%, respectively. The viscosity of methanol (23 point) has also been mea-
sured in order to verify the calibration of the falling-body viscometer within
the considered 7, P range.
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1. INTRODUCTION

Ethanol is a widely used compound in many industrial applications, such
as solvent in paints or pharmaceuticals, and in the manufacturing of ace-
tic acid, ether, or high-molecular weight chemicals. In recent years, ethanol
has become of interest as an additive to gasoline instead of the com-
monly used compound methyl fers-butyl ether (MTBE), which is found
to have some environmental side effects, e.g., penetrating through the soil
and polluting the groundwater, making it undesirable for human consump-
tion. As a consequence, ethanol is now, e.g., in the U.S.A., added to gas-
oline (gasohol) in proportions up to 10 vol.%. As discussed by French
and Malone [1], the addition of ethanol to gasoline affects the produc-
tion, storage, distribution, and use of the obtained gasoline, because the
physical properties are changed and complex thermodynamic behaviors are
encountered.

Since aromatic hydrocarbons are important constituents in petroleum
and gasoline fluids, complex fluid behaviors may be encountered when
polar compounds, such as ethanol, are added to these fluids due to weak
intermolecular interactions between the aromatic hydrocarbons and the
alcohol. This is the result of an electron donor-acceptor type of inter-
actions between the m electrons of the aromatic compounds and the
hydroxyl group of the alcohol. The evidence for the ability of aromatic
compounds to act as electron donors has been experimentally and the-
oretically studied by several researchers using different IR spectroscopic
methods or molecular orbital theory, see, e.g., Refs. 2-5. In order to study
the behavior of ethanol + petroleum fluids under various operating con-
ditions, experimental property measurements of simplified mixtures can
provide valuable information about their behavior both from a funda-
mental as well as an applied point of view. Although the viscosity is
an important fluid property required in various engineering disciplines,
only a few experimental viscosity studies under pressure have previ-
ously been performed on systems involving alcohols and hydrocarbons
[6, 71.

Recently, the density of the ethanol + toluene binary system [§]
has been measured in the temperature range from 283.15 to 353.15K
and up to 45MPa, showing that molecular interactions occur within
the mixture. In order to study the viscosity behavior of this system
as well as to provide more experimental viscosity data for asymmetri-
cal systems involving hydrocarbons and industrially important alcohols,
such as ethanol, an extensive experimental study of the viscosity for
the asymmetrical ethanol + toluene binary system has been performed
up to 100 MPa in the temperature range from 293.15 to 353.15K. The
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experimental viscosity data are further used in a study of the excess
activation energy for viscous flow, AE,, and to evaluate the performance
of the Grunberg and Nissan [9] and Katti and Chaudhri [10] mixing
laws.

2. EXPERIMENTAL TECHNIQUES

The dynamic viscosity n under pressure has been measured using a
falling-body viscometer. This viscometer is of the type designed by Daugé
et al. [11] in order to measure the liquid and dense phase viscosity of
fluids with a low viscosity that are not in the single liquid phase at atmo-
spheric pressure. The viscometer consists of two high-pressure cells, a mea-
suring cell and a piston cell, which are connected by a capillary tube
and a valve, see Fig. 1 in Ref. 11. A detailed description of the mea-
suring tube is given in Ref. 11. The piston cell is connected to a pneu-
matic oil pump, which is used to pressurize the viscometer. The pressure
of the sample within the viscometer is measured by a HBM-P3M manom-
eter connected directly to the tube between the two cells, ensuring a mea-
sure of the real pressure of the sample. The pressure is measured with an
uncertainty of 0.1 MPa. The temperature is measured inside the measuring
cell by a Pt100 probe connected to a classical AOIP thermometer with
an uncertainty of 0.5K. The temperature of the sample in the measuring
cell and the piston cell is controlled by a circulating fluid supplied by an
external thermostatic bath. The viscometer is placed in an automated air-
pulsed thermal regulator box in order to ensure a homogeneous tempera-
ture surrounding the system.

In the case of fluids, which are liquids at atmospheric pressure, the
filling operation of the viscometer is simplified compared to the proce-
dure described in Ref. 11. The viscometer is filled in the following way:
after the piston is moved to the top of the cell, the piston cell and the
measuring cell are brought under vacuum using a vacuum pump through
the double valve in order to allow the filling of the viscometer by gravity.
Then the valve connecting the capillary tubes between the measuring tube
and the piston cell is closed and a filling tube with a funnel is connected
to the double valve. After the sample is filled into the filling tube and
the funnel, free of any air bubbles, the double valve is opened allowing a
complete filling of the piston cell. Then the valve connecting the capillary
tubes between the two cells is opened, and the measuring cell is filled.

The basic principle of the falling-body viscometer is that a sinker falls
through a fluid of unknown viscosity under a given temperature and pres-
sure (7, P) condition. It has been emphasized by Daugé et al. [11] that,
for this type of viscometer and for fluids with a low viscosity, a work-



1292 Zéberg-Mikkelsen, Baylaucq, Watson, and Boned

ing equation of the functional form: n(7, P)= f[(ps — pL)At] should be
used. This working equation relates the dynamic viscosity to the difference
between the density of the sinker pg and of the fluid pp, and the falling
time between two detection sensors At, when the velocity of the sinker is
constant. For fluids with a dynamic viscosity less than 0.3 mPa-s, such as
methane, Daugé et al. [11] used a second order polynomial in (ps— p1)AT,
which implies the requirement of three reference fluids in order to perform
the calibration of the viscometer. However, in this work the lowest viscos-
ity is higher than 0.3mPa-s, and consequently, it was found appropriate
to use a linear relation for the working equation as follows:

(T, P)=Ku(T, P)+Kp(T, P)(ps—pL)AT (D

which relates the dynamic viscosity to two apparatus constants, K, and K.
A similar working equation has recently been used by Pensado et al. [12].

The sinker used in this work is a solid stainless steel cylinder with
hemispherical ends and a density of 7720kg-m™3. The sinker is designed
with a ratio between its diameter and the tube diameter greater than 0.98,
which is substantially above the recommended value of 0.93 in order to
ensure a concentric fall and to minimize eccentricity effects [13—15]. Since
the density of the sinker is about nine times higher than the density of the
fluids considered in this work, an error in the fluid density of 0.1% results
in an error of about 1/7000 in the viscosity. In this work, At corresponds
to the average value of six measurements of the falling time at thermal and
mechanical equilibrium with a reproducibility of 0.5%.

The calibration of the viscometer has been performed with toluene
and n-decane. The apparatus constants K,(7, P) and K,(7T, P) are deter-
mined at each considered (7, P) condition by plotting the reference vis-
cosities of the two calibrating fluids as a function of (ps — pr)Az7. In this
work, the required reference viscosity and density data for toluene have
been estimated by the correlations given for the viscosity and density by
Assael et al. [16]. The reported uncertainty for the calculated density and
viscosity values is 0.03% and 2%, respectively. For n-decane, the viscos-
ity data have been obtained by the correlation given by Huber et al. [17]
using density values calculated by the expression given by Cibulka and
Hnédkovsky [18]. The reported uncertainty for the calculated n-decane
density and viscosity values is 0.1% and 2%, respectively.

In this work, the densities of ethanol and the binary mixtures are
taken from Ref. 8, where they have been measured up to 45MPa and
in the temperature range from 283.15 to 353.15K for the same composi-
tions considered in this work. The uncertainty reported for these density
measurements is 0.1kg-m~3. For pressures above 45MPa, the required
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Fig. 1. Comparison of dynamic viscosities for methanol versus
the temperature shown as the deviation, (n./n. — 1), between
the calculated values, 7., by the correlation of Xiang et al. [20]
and the experimental values, 7., of this work: ((J) 0.1 MPa, ()
20 MPa, (+) 40 MPa, (O) 60 MPa, (x) 80 MPa, (A) 100 MPa.

densities have been obtained by extrapolation of the experimental densities
[8] using the Tait type relation described in Ref. 19.

Taking into account the uncertainty due to the calibration, the temper-
ature, the pressure, and the density, the overall uncertainty for the reported
dynamic viscosities is of the order of 2%, found at the highest pressure.

The calibration of the viscometer has been verified by measuring the
dynamic viscosity of methanol in the temperature range from 293.15 to
353.15K at 20K increments and for pressures up to 100 MPa in steps of
20 MPa. The measured viscosities are reported in Table I as a function of
temperature 7 and pressure P. In Fig. 1, the measured viscosities of meth-
anol are compared with the estimated values obtained by the correlation
given by Xiang et al. [20], which is reported to represent the viscosity with
an uncertainty less than 2%. Good agreement between the experimental
data and the correlation of Xiang et al. [20] is found within the uncer-
tainties reported for the experimental data and the correlated values. The
required methanol densities have been obtained by an interpolation of the
densities reported by Xiang et al. [20].

At atmospheric pressure (0.1 MPa) the dynamic viscosity has been
obtained by measuring the kinematic viscosity, v =n/p, with a classical
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Table I. Experimental Dynamic Viscosities 1 for Methanol
versus Temperature 7 and Pressure P

P (MPa) 293.15K 313.15K 333.15K 353.15K

0.1 0.583 0.445 0.343

20 0.646 0.497 0.386 0.303
40 0.706 0.546 0.424 0.337
60 0.767 0.593 0.462 0.368
80 0.830 0.640 0.501 0.400
100 0.894 0.683 0.543 0.433

capillary viscometer (Ubbelohde). For this purpose several tubes connected
to an automatic AVS350 Schott Gerdte Analyzer has been used. The tem-
perature of the fluid is controlled within 0.1 K using a thermostatic bath.
When multiplying the kinematic viscosity with the density, the dynamic
viscosity is obtained with an uncertainty less than 1%.

The compounds used in this study are commercially available chemi-
cals with the following purity levels: ethanol from Riedel-de-Haén with a
chemical purity >99.8 vol.% (Gas Chromatography), a water content <0.2
vol.%, and a molar mass My =46.07g-mol~!. Toluene was from Aldrich
with a chemical purity >99.8% (HPLC Grade) and My, =92.14g-mol~!.
n-Decane was from Merck with a chemical purity >99% (Gas Chromatog-
raphy) and My, =142.28 g- mol~!. Methanol was from Sigma-Aldrich with
a chemical purity >99.93% (HPLC Grade), a water content <0.020%,
and My, =32.04g-mol~!. The pure compounds were used as received and
stored in hermetically sealed bottles. The binary ethanol (1) + toluene (2)
mixtures were prepared immediately before use by weighing at atmospheric
pressure and ambient temperature using a high-precision Sartorius balance
with an uncertainty of 0.001 g. For each mixture, a sample weighing 250 g
was prepared, which, taking into account the uncertainty of the balance,
resulted in an uncertainty in the mole fraction of less than 2 x 107>,

3. RESULTS AND DISCUSSION

Measurements of the dynamic viscosity have been performed for
seven binary mixtures as well as for ethanol (1) and toluene (2) in the
temperature range from 293.15 to 353.15K at 20K increments and for
pressures up to 100 MPa in steps of 20 MPa. The measured viscosities are
given in Table II as a function of temperature 7, pressure P, and mole
fraction of ethanol x;. However at T =353.15K and P =0.1 MPa, no
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measurements have been performed for binary mixtures with a concentration
of ethanol higher than 25 mol%. The reason is that at these conditions eth-
anol is a gas and the binary mixtures with a ethanol concentration higher
than 25mol% are located either in the two-phase region or in the vapor
state as indicated by the dashed line in the vapor-liquid equilibrium (VLE)
phase diagram shown in Fig. 2 for ethanol + toluene along with the reported
experimental VLE data [21].

The measured ethanol viscosities have been compared with literature
values [6, 22-25], which are available up to 60 MPa in the temperature
range from 293.15 to 373.15K. The literature data have been interpolated
in order to obtain values corresponding to the pressures considered in this
experimental work. Figure 3 shows the deviations obtained for ethanol vis-
cosities measured in this work as well as the interpolated literature val-
ues [6, 22-25], when these viscosity data are compared with the average
value obtained by fitting all viscosity values at the corresponding isobar
as a function of temperature. This figure shows a very good agreement
between the ethanol viscosities of this work and those reported in the lit-
erature [6, 22-25].

For all mixtures the viscosity increases with increasing pressure and
decreasing temperature. Within the considered 7, P range, ethanol is the
more viscous fluid compared with toluene. With increasing temperature
the viscosity of ethanol decreases more rapidly than for toluene, see
Table II and Figs. 4 and 5. A quantitative explanation may be due to
the weakening or breaking of the formed intermolecular hydrogen bonds

385 4

375
~ 365
o

355

345 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Fig. 2. VLE phase diagram for ethanol (1) + toluene (2)
at 0.1 MPa. () experimental data [21] and (- — —) indicates
353.15K.



Viscosity Measurements for the Ethanol + Toluene Binary System 1297

3 yay
2+
SIS o
= E :
< 1t o
= & o
E ot +
o 0 [SP * é o
2 + X f ®
ST A o +
) - o
290 310 330 350 370
T,K

Fig. 3. Comparison of dynamic viscosities for ethanol
versus the temperature up to 60 MPa, shown as the devi-
ation, (nc/ne—1), between the average fitted values, 7,
obtained from all data (this work and literature [6, 22—
25] and the experimental values, ne,: (+) this work, ((J)
Papaioannou and Panayiotou [6], () Weber [22], (<)
Tanaka et al. [23], (A) Tanaka et al. [24], (x) Assael and
Polimatidou. [25].

(self-association). In Figs. 4 and 5 the variation of the viscosity versus
concentration is shown for various isobars at 293.15 and 333.15K, respec-
tively. A non-monotonic behavior of the viscosity is found for this binary
system involving a minimum located near a mole fraction of ethanol x| =
0.125. This minimum becomes more pronounced with increasing temper-
ature, and also with increasing pressure. It should be mentioned that the
experimental data for ethanol + toluene measured by Nikam et al. [26]
at 0.1 MPa and at 303.15-308.15K also reveal a minimum. A minimum
in the viscosity behavior versus concentration has also been found for
a few other binary systems, for instance, benzene + toluene [27] or 1-
methylnaphthalene + 2,2,4,4,6,8,8-heptamethylnonane [28] and the ternary
system n-tridecane + 1-methylnaphthalene + 2,2,4,4,6,8,8-heptamethylnon-
ane [29]. In Refs. 28 and 29 this behavior has been explained as the result
of repulsive interactions. However, a more plausible quantitative explana-
tion for the minimum in the viscosity behavior may be due to the fact that
a volume expansion occurs when the two pure compounds are mixed as
a result of disruption of the ordered molecular structure within the lig-
uid and a weakening or breaking of the formed hydrogen bonds between
ethanol molecules. In Ref. 8, based on the behavior of the experimental
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Fig. 4. Dynamic viscosity 5 for ethanol (1) + toluene
(2) versus the mole fraction x; at T =293.15K for (A)
0.1 MPa, (x) 20MPa, (@) 40MPa, (C0) 60 MPa, (O)
80MPa, and (+) 100 MPa.
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density data and the discussion with respect to the excess molar volume,
isothermal compressibility, and isobaric thermal expansivity, it has been
found that a volume expansion occurs for this binary system in the tolu-
ene-rich region. In the ethanol-rich region, the excess molar volume is neg-
ative, but becomes positive with increasing temperature [8]. The negative
excess molar volume in Ref. 8 has been interpreted as a result of associa-
tive interactions between toluene and ethanol. Despite this and despite the
fact that evidence exists for the formation of weak intermolecular associa-
tive interactions between aromatic hydrocarbons and alcohols as a result
of electron donor—acceptor type of interactions between the 7 electrons
of the aromatic compounds and the hydroxyl group of the alcohol [2-5],
no direct effects on the viscosity behavior of the ethanol + toluene binary
system are observed, which can be related to these electron donor—accep-
tor type of interactions. The viscosity behavior of this binary system as a
function of the mole fraction shows a negative deviation from ideality.

The excess activation energy of viscous flow AE, can be calculated
from the following expression:

AE
In(mix Vmix) = X110 (n1v1) +2x2 In(mov2) + R_Ta’ 2
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Fig. 5. Dynamic viscosity n for ethanol (1) + toluene (2)
versus the mole fraction x; at T =333.15K for (A) 0.1 MPa,
(x) 20 MPa, (@) 40 MPa, (0) 60 MPa, (0O) 80 MPa, and (+)
100 MPa.

where R is the universal gas constant and v is the molar volume. Subscript
mix refers to the mixture, whereas subscripts 1 and 2 refer to the pure com-
pounds. This relationship is a modified form of the Katti and Chaudhri
mixing law [10] and is theoretically justified by Eyring’s representation of
the dynamic viscosity of a pure fluid [30]. In addition, the quantity nv is
also obtained from the time correlation expression for shear viscosity [31].
The excess activation energy for viscous flow has been calculated
using the measured viscosities in Table II and the experimental density
data [8] as well as the extrapolated values obtained by the Tait rela-
tionship [19]. Within the considered 7, P range, the excess activation
energy of viscous flow is negative, which corresponds to the fact that the
viscosity of the mixtures is reduced compared to that of an ideal mixture,
when ethanol and toluene are mixed. The variation of the excess activation
energy for viscous flow at 313.15K is shown as a function of the composi-
tion for various isobars in Fig. 6. Similar behaviors are found for the other
isotherms considered in this work. Some authors [32-35] have interpreted a
negative excess activation energy of viscous flow as the result of the break-
ing-up of the ordered molecular structure present in the pure liquids and the
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fact that repulsive forces or interactions predominate, but it may also be the
result of volume expansion. For this binary system, the maximum value of
|AE,| is 3357 -mol~!, which corresponds to a weakly interacting system. In
comparison, for the binary system methylcyclohexane + 2,2,4,4,6,8,8 hep-
tamethylnonane [36] a maximum value of 700J-mol~! is found, whereas
for a very associative systems, such as water + alcohol [37] the maximum
numerical value is 5000J-mol~!. For the ethanol + toluene system |AE,|
decreases with increasing pressure, whereas the changes with temperature
are not very pronounced. An explanation may be that when a fluid is com-
pressed the molecular free volume decreases, resulting in molecular inter-
linking effects and a reduction in their mobility, which consequently leads
to a higher viscosity, which corresponds here to a reduction in the absolute
value of the excess activation energy for viscous flow as AE, is negative.
For an ideal mixture, AE, =0, and Eq. (2) becomes the mixing law of
Katti and Chaudhri [10]. By comparing the experimental viscosities with the
predicted values of Eq. (2), an absolute average deviation (AAD) of 8.0% is
obtained with an maximum deviation (MD)=14% found at 7 =313.15K,
P =0.1 MPa, and x; =0.375. The mixing law of Grunberg and Nissan [9];

-100
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-200

AEa, J-mol”

-300

1

0 0.25 0.5 0.75 1
X4

Fig. 6. Excess activation energy for viscous flow AE,
for ethanol (1) + toluene (2) versus the mole fraction
x1 at T =313.15K for (A) 0.1 MPa, (x) 20 MPa, (@)
40 MPa, () 60 MPa, (O) 80 MPa, and (+) 100 MPa.

-400
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In(nmix) =x1 In(n1) +x2In(12) 3)

represents the viscosity of the binary mixtures with an AAD of 12% and a
MD =19% found at T =313.15K, P =0.1 MPa, and x; =0.500. By includ-
ing the molar volume in the Katti and Chaudhri mixing law, it can be seen
that the viscosity representation of the binary mixtures is improved com-
pared with the deviations obtained by the Grunberg and Nissan mixing law.

4. CONCLUSION

A total of 209 experimental dynamic viscosity measurements is reported
for the ethanol + toluene binary system covering the entire composition
range for temperatures between 293.15 and 353.15K and up to 100 MPa.
At 0.1 MPa the dynamic viscosity was measured by a classical capillary
viscometer (Ubbelohde) with an experimental uncertainty of 1%, whereas
the viscosity under pressure was measured with a falling-body viscometer
with an experimental uncertainty of 2%. The calibration of the viscometer
was verified by measuring the dynamic viscosity of methanol (23 points)
within the same temperature and pressure ranges. For the binary system,
the viscosity as a function of composition shows a non-monotonic behav-
ior, with a minimum located around 12.5mol% ethanol, which can be
interpreted as the result of volume expansion. Further, the viscosity behav-
ior of this binary system shows a negative deviation from ideality, which
leads to a negative excess activation energy of viscous flow with a max-
imum absolute value of 335J-mol~!, corresponding to a weakly inter-
acting system. The excess activation energy of viscous flow is interpreted
as the result of changes in the free-volume, disruption of the ordered
molecular structure, and weakening or breaking of hydrogen bonds. The
representation of the viscosity of this binary system by the Grunberg and
Nissan [9] and the Katti and Chaudhri [10] mixing laws can be considered
satisfactory taking into account their simplicity.
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