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m-3)"2; §,(SFs) = 9916 (Jm=3)"2, Finally, &, is the molar
volume fraction of solvent, which for very dilute solutions ap-
proaches unity (17).

The solubilities obtained from eq 8 at 298.15 K are given in
Table IV. We give two series of evaluated values: (a) solu-
bilities evaluated with the partial molal volumes, from eq 9, and
(b) solubilities evaluated with the Prausnitz partial molal volumes.
We also give a series of experimental solubilities. We can see
that for H,, N,, and O, the solubilities are quite different, while
they are similar for the rest of gases; the same behavior is
found in the study of solubilities of nonpolar gases in chloro-
cyclohexane (7).

If we compare the results for the solubilities of gases in
bromocyclohexane (Table I) with the solubilities of the same
gases in chiorocyclohexane given in a previous work (1), we
observe that the solubilities of all the gases are greater with
chlorinated solvents than brominated solvents. The difference
fluctuates between 12% for C,H, and C,H; and >40% for the
fluorinated gases. Likewise, we can see that the solubilities of
these gases in the two liquids are considerably lower than in
cyclohexane (22).

The solubilities of nonpolar gases in these liquids are in in-
verse order to the vaporization enthalpies of liquids. This
agrees with the predictions of eq 8 and with the biggest inter-
molecular interactions in the sequence cyclohexane > chloro-
cyclohexane > bromocyclohexane.

Registry No. H, 1333-74-0; D,, 7782-39-0; N, 7727-37-9; 0O,
7782-44-7; CH,, 74-82-8; C,H,, 74-85-1; C,Hg, 74-84-0; CF,, 75-73-0; SFg,
2551-62-4; CO,, 124-38-9; bromocyclohexane, 108-85-0.
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Dynamic Viscosity of Mixtures of Benzene, Ethanol, and n-Heptane

at 298.15 K

Stefanos Kouris and Constantinos Panayiotou*

Department of Chemical Engineering, University of Thessaloniki, 54006 Thessaloniki, Greece

Experimental dynamic viscosities and densities are
reported for the binary and ternary mixtures of benzene,
ethanol, and n-heptane at 25 °C. The data are correlated
with the generalized corresponding states method of Teja
and Rice by treating the ternary system as pseudobinary
and by using only binary information. A van Laar type
mixing rule Is used for the pseudocritical temperature of
the blnary mixtures. Experimental and calculated
viscosities for the ternary system are in satisfactory
agreement.

Introduction

The viscosities of multicomponent liquid mixtures are required
in many chemical engineering calculations involving fluid flow,
heat transfer, and mass transfer. It is impractical to measure
viscosities at all external conditions of interest, and thus,
methods for the estimation of viscosities of muiticomponent
mixtures are not only of theoretical but also of great practical
interest. Such a method is the generalized corresponding states
(GCS) method of Teja and Rice, (7) which has been success-
fully applied to the viscosity of binary liquid mixtures. The
method can in principle be extended to multicomponent mix-
tures by using only binary data. Teja et al. (2) have used the
GCS method, even, for the estimation of the viscosity of un-

0021-9568/89/1734-0200%$01.50/0

Table I. Properties of Pure Liquids at 25 °C

p, g/cm? n, cP
liquid exptl lit. exptl lit.
benzene 0.87347 0.8737¢ 0.6048 0.6028,° 0.606
ethanol 0.78509 0.7852b 1.0832 1.0812°

n-heptane 0.67962 0.6810, 0.680¢ 0.3870 0.386,° 0.3967¢

2Reference 8. °Reference 9. °Reference 4. ?Reference 10.
¢Reference 11. /Reference 12. #Reference 13.

defined liquid mixtures. Testing of this method and similar
methods requires consistent experimental data for the viscos-
ities of pure components, of their binaries, and of their multi-
component mixtures. In this work we are reporting such data
for a highly nonideal system containing one associated com-
ponent, ethanol, one inert solvent, n-heptane, and one active
aromatic component, benzene. In a previous work (3) we
reported similar data for the system containing acetone, iso-
octane, and toluene. The two sets of data are used for testing
the “predictive” character of the GCS method of Teja and Rice
(7).

Experimental Section

Materials. All pure liquids used in this work were pro analysi
grades from MERCK. Their purity was determined by GL

© 1989 American Chemical Society



_Table II. Coefficients of Eq 2 and Standard Deviation of Fit
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system Ne vo vy vy vg vy vg o
n-heptane (1)-benzene (2) 13 2.4069 -0.1973 1.2030 1.1971 -1.5604 0.0102
n-heptane (1)-ethanol (2) 12 1.8611 -0.3166 0.2930 —0.3851 0.8565 0.0063
ethanol (1)-benzene (2) 13 0.1199 0.4795 0.2116 0.0772 0.0772 0.3537 0.0029

Number of data points.

Table II1. Experimental Densities, d, and Dynamic
Viscosities, 1, of Binary Mixtures at 25 °C

X d,gem® g, cP x d,gem® g, cP
n-Heptane (1)-Benzene (2)
0.0950 0.8412 0.532 0.5995 0.7321 0.403
0.1973 0.8141 0.485 0.6762 0.7201 0.397
0.2999 0.7892 0.455 0.7309 0.7199 0.395
0.3741 0.7790 0.439 0.7987 0.7032 0.391
0.3984 0.7683 0.431 0.8933 0.6917 0.389
0.4961 0.7495 0.414
Ethanol (1)-n-Heptane (2)
0.1075 0.6831 0.394 0.5079 0.7071 0.521
0.1999 0.6872 0.408 0.6092 0.7159 0.584
0.3001 0.6922 0.433 0.7009 0.7273 0.653
0.3932 0.6984 0.465 0.8165 0.7440 0.766
0.5009 0.7067 0.517 0.9000 0.7601 0.883
Benzene (1)-Ethanol (2)

0.1059 0.7990 0.959 0.5993 0.8459 0.638
0.1897 0.8086 0.880 0.6973 0.8531 0.610
0.2966 0.8198 0.794 0.7987 0.8600 0.590
0.3983 0.8295 0.731 0.8995 0.8666 0.582
0.4887 0.8372 0.681

Table IV. Experimental Densities, d, and Dynamic
Viscosities, 7, of the Ternary Mixture Ethanol (1)-Benzene
(2)-n-Heptane (3) at 25 °C '

X d,gem™ 1n,cP %y d,gem™® g, cP
xy/x3 = 0.25
0.0000 0.7030 0.391 0.4891 0.7256 0.520
0.2507 0.7125 0.423 0.5984 0.7336 0.588
0.3999 0.7201 0.477 0.7988 0.7533 0.763
xy/23 = 0.666
0.0000 0.7320 0.404 0.5072 0.7473 0.545
0.2078 0.7359 0.426 0.5964 0.7521 0.602
0.4003 0.7427 0.490 0.7979 0.7652 0.779
xq/x3 = 1.50
0.0000 0.7680 0.430 0.5953 0.7746 0.627
0.2040 0.7689 0.451 0.6966 0.7767 0.706
0.4044 0.7713 0.519 0.8476 0.7804 0.858
Zg/%3 = 3.99 )
0.0000 0.8134 0.484 0.3965 0.8048 0.559
0.2153 0.8085 0.501 0.5988 0.8000 0.668
0.3069 0.8067 0.525 0.7988 0.7939 0.832

chromatography and was better than 99.7% for benzene,
better than 99.5% for ethanol, and better than 99.0% for
n-heptane. Pure component properties are shown in Table I.
The mixtures were prepared by weight with precision £0.0001

Denslty. The densities have been measured in a vibrating-
tube densitometer, Anton Paar Model DMA 60/602. Bidistilled
water and air were used as calibrating substances. The tem-
perature in the measuring cell was regulated to 25.00 % 0.01
°C through a Haake ultrathermostat and measured by a pre-
cision digital thermometer, Anton Paar Model DT-100. The
estimated error in the density is £5 X 10-¢ g/cm?®.

Table V. Coefficients of Eq 5 and Standard Deviation of Fit

Excess volumes VE have been determined from the exper-
imental data on densities according to the equation

1 1
E = - _ —

where M,, x;, and d, are the molar mass, mole fraction, and
density of component /; d is the density of the mixture. The
data for the binary mixtures are well represented by a Red-
lich-Kister—Scatchard type equation

VE = x1x212:ou,(1 ~2xy 2)

Coefficients in eq 2 are presented in Table II along with the
standard deviation o of the fit.

Viscoslty . The kinematic viscosities v of pure liquids and
their mixtures have been measured with two Ostwaid viscom-
eters which were thoroughly cleansed, dried, and calibrated in
each case. The precision in efflux times was 0.1 s. Viscosity
measurements were conducted in a precision thermostat Model
TAMSON TMV70 microprocessor controlled with a temperature
stability better than £0.01 °C. The estimated error in the
dynamic viscosity n (n = vd) is £0.0015 cP.

Experimental dynamic viscosities for the binary mixtures are
reported in Table 111 along with their densities. In the case of
the ternary mixture, four series of experiments have been
conducted, each series being characterized by a constant ratio
of the mole fractions of benzene (2) and n-heptane (3). Pre-
cautions were taken in order to minimize evaporation losses
during storage and preparation of solutions. Experimental data
for the ternary mixture are reported in Table IV.

Logarithmic excess viscosities, (In 1)&, are defined by

(nmf =1nn—-inng 3

where In 1 for the ideal binary mixture is given by the Arrhenius
equation

Inng =x,Inn + x,Inn, (4)

Experimental (In n)E are well represented by an equation
analogous to eq 2, namely

(n 9 = X1X21§0Hj(1 - 2x,y (5)

Coefficients of eq 5 are reported in Table V along with the
standard deviation, o, of the fit.

It is worth observing that for all three binaries (In 7)f is
negative and VE is positive except for the benzene-rich region
in the system ethanol-benzene. This finding, {In n)fVE < 0, is
in conformity with the behavior of many binary systems (4, 5).

GCS Method for Viscosity

Teja and Rice (7) have proposed the following generalized
corresponding states equation for the dynamic viscosity of a

system N H, H, H, H, g X 100
n-heptane (1)-benzene (2) 13 -0.6192 -0.1684 0.0 ~0.4034 0.168
n-heptane (1)-ethanol (2) 12 —0.9036 0.0351 -0.2939 -0.2316 0.100
ethanol (1)-benzene (2) 11 -0.7160 -0.1510 0.0 -0.1731 0.087
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Table VI. Binary GCS Parameters and Average Absolute
Deviation of Fit

system Ky Ky AAD x 100

acetone (1)-isooctane (2) —0.0133 0.739
acetone (1)-toluene (2) -0.0100 0.298
isooctane (1)-toluene (2) 0.0366 0.177
benzene (1)-n-heptane (2) 0.0517 0.684
benzene (2)-ethanol (2) 0.0818 3.153

0.0544 0.2148 0.159
ethanol (1)-n-heptane (2) 0.0738 3.872

0.3413 0.0431 0.687

fluid with critical parameters T, P, and V., and molecular
weight M:

r1

In (1) = In (1" + ———[In (€Y — In (n€Y"]  (6)
wW"-w

where w is the acentric factor and
s - VCZ/STC—1/2M—1/2 (7)

Superscripts r1 and r2 refer to two (nonspherical) reference
fluids at the reduced temperature and pressure of the fluid
which are chosen so that they are similar to the pure compo-
nent of interest or, in the case of mixtures, to the key com-
ponents of interest. Extension of eq 6 to mixtures requires
adoption of appropriate mixing and combining rules for T, V.,
w, and M. Teja and Rice ( 7) proposed the following combining
rules for the above properties of the mixture (subscript m)

Vom = ;;x,x,vc,., (8)
TemVem = Z[;x,x,rc,]vc,, 9
Wy = le,w, (10)

M, = foM, (11)

X; is the mole fraction of component i in the mixture. The
following mixing rules for V ,and T, (/ > j) have been pro-
posed by Teja and Rice (7)

Vo = (Vi + V") /20 (12)
ToiVey = VTV T oV ep) (13)

where ¥ is a binary interaction coefficient that must be cal-
culated from experimental data.

The choice of references substances is arbitrary. In the
case of binary mixtures Teja and Rice chose the two pure
components as their reference substances while for the ref-
erence equation for correlating their viscosities with reduced
temperature T, they adopted the Andrade equation

In{nk) = A+ B/Tq (14)

A and B being constants easily obtained from experimental data
by least-squares methods.

Extension of the GCS method to mixtures with more than two
components requires, besides others, a judicious choice of the
reference substances. Our data for the ternary system (con-
stant ratio x ,/x ;) suggest that an obvious choice of reference
substances is pure component 1 and binary mixture of com-
ponents 2 and 3 with composition satisfying the constant ratio
X o/ x5 of the ternary. This choice does not require any addi-
tional information beyond the binary parameters of our systems.
Equations 6-14 were initially used for estimating the properties
of the binary mixture (2 and 3), and subsequently the same
equations were used in order to estimate the properties of the
pseudobinary system (1) + (2 and 3). Data for the variation of

Table VII. Prediction of Ternary Viscosities by the GCS
Method; Average Absolute Deviation of Fit for the System
Ethanol (1)-Benzene (2)-n-Heptane (3)

AAD x 100
%g/ %3 ohe param two param
0.250 3.272 1.683
0.666 3.000 2.057
1.500 3.569 1.895
3.990 4.059 2.085
065 T T T T T T
q
NeP
055
045
1 I N 1 1 N 1
0'3500 05 10

Figure 1. Dynamic viscosities of the benzene (1)-n-heptane (2)
mixture. (O) Experimental; (—) caiculated by the one-parameter GCS
method.
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Figure 2. Dynamic viscosities of the benzene (1)~ethanol (2) mixture.
(O) Experimental; (- - -) calculated by the one-parameter GCS method;
(—) calculated by the two-parameter GCS method.

viscosity of pure compounds with temperature needed in eq 14
were obtained from the compilation of Daubert and Danner (6).
Values of the binary parameters % along with the average
absolute deviation of calculated and experimental viscosities for
the binary systems are reported in Table VI. In this table we
have inciuded for comparison the corresponding parameters for
the mixtures of acetone, isooctane, and toluene for which data
have been reported previously (3). As observed, the discrep-
ancy between experimental and calculated viscosities is satis-
factory except for the mixtures of ethanol.

The binary parameters y; obtained from the above procedure
have, subsequently, been used for the calculation of the vis-
cosities of the ternary systems. Experimental and predicted
viscosities for the ternary system acetone-isooctane-toluene
are in very good agreement with an average absolute deviation
0.57%. The corresponding deviation for the ternary system
benzene-ethanol-n-heptane is, however, significantly higher as
shown in Table VII. A main cause of the observed discrep-
ancy in ternary viscosities is due to the rather large discrepancy
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Figure 3. Dynamic viscosities of the ethanol (1}-n-heptane (2) mixture.
(O) Experimental; (- --) calculated by one-parameter GCS method; (—)
calculated by the two-parameter GCS method.

between experimental and calculated viscosities of the corre-
sponding binaries.

Seeking an improvement of the performance of the GCS
method for the highly nonideal systems (such as the mixtures
of ethanol), we considered \,b,, composition dependent according
to a van Laar type mixing rule or

KKy
W R AR i
where
! XI
XS ¥ x (16)

In general K; > K;. When K, = K, ; is, as originally (7),
independent of composition. The van Laar mixing rule, eq 15,
has been chosen from among a number of other types of

mixing ruies as giving the most satisfactory results. Values of
the binary parameters for the ethanol mixtures are reported in
Table VI along with the corresponding new average absolute
deviations. As observed in Table VI and shown in Figures 1-3,
the improvement is significant for the binaries. When these
parameters are used in the ternary system benzene-ethanol-
n-heptane, there is a considerable improvement as shown in
Table VII although still the performance of the method for this
system is less satisfactory than for the system acetone-iso-
octane-toluene.

In conclusion, the GCS method of Teja and Rice is a useful
tool for estimating the viscosities of multicomponent liquid
mixtures. In mixtures containing associated components,
however, the method may significantly be improved by using
more general mixing rules for the pseudobinary critical param-
eters such as the van Laar type mixing rule of this work. The
introduction of the second binary adjustable parameter is cer-
tainly an empirical one. Association effects can be taken into
account in a more fundamental way (7). Incorporation of
thermodynamic association models in modets for the viscosity
of liquid mixtures is in progress in our laboratory.
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Vapor-Liquid Equilibrium Determination with a Flow-Type
Ebulliometer for Six Binary Systems Made of Alcohol and Amine
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Bolling points for the six binary systems made of alcohol
{methanol, ethanol, and 2-propanol) and amine
(ethylenediamine and dipropylamine) were measured with
a flow-type ebulliometer at atmospheric pressure, and
their vapor-liquid equilibrlum relations were determined by
using the Wilson equation.

Introduction

Vapor-liquid equilibria are required for engineering use such
as in the design and operation of distillation equipment. Va-

0021-9568/89/1734-0203%$01.50/0

por-liquid equilibrium relations can be determined from boiling
point curves which are easily obtained rather than the con-
ventional equilibrium measurements. Many researchers pro-
posed some ebulliometers. However, in the general batch-type
ebulliometers, it is necessary to correct the difference between
the liquid composition at steady state and the feed composition.

The authors (7, 2) previously proposed the apparatus for
measuring isobaric dew and bubble points. In the present
study, a flow-type ebulliometer was newly constructed. Boiling
points were measured with the flow-type ebulliometer for the
six binary systems made of alcohol (methanol, ethanol, and
2-propanol) and amine (ethylenediamine and dipropylamine), and
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