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Isentropic compressibilityks, excess isentropic compressibilityks
E, excess molar volumeV E, viscosity deviations

∆η, and speed of sound deviationsuD for {chlorobenzene+ 1-hexanol or 1-heptanol, or 1-octanol, or 1-nonanol,
or 1-decanol} binary mixtures at temperatures ranging from (298.15 to 313.15) K and at atmospheric pressure
were derived from experimental viscosityη, densityF, and speed of soundu data. The calculated excess and
deviation functions were further fitted to the polynomial relation to estimate the coefficients and standard errors.
While the experimental viscosity data was compared with the predicted values obtained from empirical expressions,
the speeds of sound data was analyzed in term of Schaaffs’ collision factor theory and Jacobson’s intermolecular
free length theory of solutions. The effects ofn-alkan-1-ol chain length as well as the temperature on the excess
molar volume were studied.

Introduction
The knowledge of transport and thermodynamic properties

of binary liquid mixtures containing halogenated hydrocarbons
are very important due to their practical applications in various
fields including detergents, rubber, plastics, and aerosol propel-
lants. Chlorobenzene is one of the halobenzenes that is used as
a degreaser in the metal industry and a thinning, dissolving,
and starting point for preparation of various derivatives. It is
also used together with 1-alkanols as mixed solvents in the
production of emulsifiers, absorbents, and surfactants. A perusal
of the literature on physical properties of halobenzene with
1-alkanols revealed that the databases are limited,1-7 so it seems
to be very useful in this area of research to carry out systematic
investigations involving the physical properties for the binary
mixtures containing chlorobenzene+ 1-alkanols. In this study,
we measured densities, viscosities, and speed of sound for
{chlorobenzene (1)+ 1-alkanol (2)} binary mixtures at tem-
peratures ranging from (298.15 to 313.15) K and atmospheric
pressure. The corresponding derived magnitudes of excess molar
volume VE, excess isentropic compressibilityks

E, viscosity
deviations∆η, and speed of sound deviationsuD were calcu-
lated. The excess functions were fitted to the Redlich and Kister
type polynomial equation8 to derive the binary coefficients and
estimate the standard deviations between experimental and
calculated data. The viscosity data were correlated with single-
parameter equation of Grunberg and Nissan,9 McAllister’s three-
and four-body models,10 and the Heric and Brewer equation.11

The speeds of sound in the binary mixtures were predicted using
Schaaffs’ collision factor theory (CFT)12 and Jacobson’s
intermolecular free length theory (FLT)13 and compared with
the experimental values.

Experimental Section
Chemicals. Chlorobenzene was an Aldrich product. 1-Hex-

anol, 1-heptanol, 1-octanol, and 1-decanol were purchased from

the Fluka Chemical Co. The purities of these substances range
from 0.990 to 0.997 on a mass fraction according to gas
chromatographic Varian GC (star 3400 cx) analysis using a FID
(flame ionization detector), (WCOT fused silica 10 m long, 0.53
mm. diameter) CP-Sil 5 (Catalog No. 7645) and (WCOT fused
silica 50 m long, 0.32 mm. diameter) CP-Wax 52 (Catalog
No.7753), and Chrompack capillary columns for chlorobenzene
and 1-alkanol, respectively. All reagents were used without
further purification. The purity of these solvents was ascertained
by comparing the measured densities, viscosities, and speed of
sound of the pure components at (298.15 and 303.15) K with
the available literature1,8,14-20 shown in Table 1. The reported
experimental values conform closely to their corresponding
literature values, with an average absolute value of deviation
of 3.2 × 10-3 kg·m-3, 2.8 × 10-3 mPa·s, and 0.25 m·s-1 for
density, dynamic viscosity, and speed of sound, respectively.

Measurements.All samples were stored in dark bottles over
freshly activated molecular sieve (Union Carbide type 4A 1/16
in., pellets) to minimize adsorption of moisture. As soon as the
bottles were opened, the water contents of chemicals were
checked by a Mettler Toledo DL39-KF coulometer, and the
moistures were in the range of (13× 10-4 to 22× 10-4) mg·g-1.
Each sample mixture was prepared, on mass basis, by mixing
the calculated volumes of liquid components in specially
designed glass stopper bottles. An electronic balance model
(Mettler AT460) with a precision of( 10-7 kg was used for
the mass measurement. The uncertainty in the mole fraction
composition was estimated to be( 0.6 × 10-4 units.

A set of three compositions was prepared for each system,
and the densityF and speed of soundu were measured on the
same day at temperatures of interest using a precision digital
Anton Paar densimeter/speed of sound (model DMA 5000). The
instrument is made up of two oscillating U-tubes, one designed
for measuring density based on the relation between oscillation
period and density and the second one equipped with a Piezo
transmitter for measuring the speed of sound from the time the
sound impulse takes to travel the set distance at constant sample
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temperature. The temperature control was achieved by the built-
in integrated thermostat with cascaded Peltier elements and Pt-
100 platinum thermometers. The calibration of the instrument
was done at a temperature of interest by dry air and with certified
ultrapure water supplied by the manufacturer standards. For all
mixtures and pure components, triplicate measurements were
performed. The results were average with absolute value of
deviations of 2.5× 10-3 kg·m-3 and 0.12 m·s-1 in measured
densityF and speed of soundu. The uncertainty was found not
to be more than 5× 10-3 kg·m-3 and 0.17 m·s-1, respectively.

Dynamics viscosityη measurements of all pure components
and their binary mixtures were determined by using a new
advanced digital Anton Paar Stabinger viscometer (model SVM
3000/G2). This instrument is made up of two measuring cells,
while the first one is designed for measuring density of the
samples based on the relation between oscillation period and
density, the other is used for dynamic viscosity measurements.
The definite measurement for the dynamic viscosity is calculated
by the instrument according to the following expression:

wherek, w1, andw2 are the mean adjustment coefficient and
speeds of outer tube and inner rotor of the instrument,
respectively.

The whole instrument measuring ranges were adjusted
automatically by the aid of a built-in program and four certified
standard samples supplied by the manufacturer. The calibration
of the instrument was done by a double measurement of the
three reference samples S3, S6, and N10 (Canon Instruments
Co.) of dynamic viscosity and (33× 10-1, 76 × 10-1, 150×
10-1) and (25× 10-1, 51× 10-1, 94× 10-1) mPa·s at (298.15
and 313.15) K, respectively. The average experimental errors
in dynamic viscosity measurements were found at (4× 10-4, 3
× 10-3) mPa·s at the temperatures of interest. The estimated
uncertainty in dynamic viscosity measurements for all measure-
ments was found not to be more than 34× 10-4 mPa·s. The
temperature of the cells was achieved by a solid-state thermostat
and two integrated Pt-100 measuring sensors of temperature
reproducibility of( 10-2 K.

Results and Discussion

The results for the densityF, viscositiesη, and speeds of
soundu measurements and the calculated isentropic compress-
ibility ks ()1/ u2F) are given in Table 2. To examine the
precision of measurement, the experimental data were fitted to
polynomial equation of the fourth degree.21,22 The coefficients
with standard errors are listed in Table 3.

This equation reproduces the experimental data; with an
average of absolute value of deviations of 2× 10-3 kg·m-3, 27
× 10-4 mPa·s, and 9× 10-2 m·s-1, respectively. The excess
molar volumeV E was calculated through the following equation:
23

where,V, x, M,andr are the molar volume, mole fraction, molar
mass, and density, respectively. The subscriptsi andm represent
the pure components and the mixture, respectively.

The excess isentropic compressibilitiesks
E were calculated

from relations recommended by Benson and Kiyohara24 and
Douheret as reported elsewhere:5

whereks
id is the isentropic compressibility of the ideal solution;

T is the temperature;xi is the mole fraction of the pure

Table 1. Experimental Results for Pure Component at (298.15 and 303.15) K

T ) 298.15 K T ) 303.15 K

F/kg‚m-3 η/mPa‚s nD u/m‚s-1 ks/TPa-1 R/kK-1

this work lit. this work lit. this work lit. this work lit. this work lit. this work lit.

Chlorobenzene
1100.97 1100.9014 0.757 0.75918 1.4154 1.415114 1249.41 584.94 1.0430

1101.081 1.415418

1101.03819

1-Hexanol
815.230 815.216 4.594 4.59316 1.5220 1.522314 1287.9 128720 742.36 74320 0.8861 0.88520

815.2217 4.402915 1.522118 1286.58

815.2315

1-Heptanol
818.732 818.716 5.944 5.94216 1.4224 1.422514 1313.58 131320 712.11 71120 0.8772 0.87920

818.7915 6.001615 1.422518 13118

1-Octanol
821.826 821.816 7.661 7.66316 1.4279 1.428214 1338.02 133920 689.85 0.8644 0.86520

821.8117 7.598115 1.428318 1332.18

821.8215

1-Nonanol
824.455 824.416 9.715 9.71516 1.4318 1.431914 1353.6 135420 669.68 0.8416 0.84320

824.618 9.692115 1.431818 13508

1-Decanol
826.762 826.718 11.825 11.82916 1.4356 1.435414 1364.49 136620 654.17 0.8301 0.82920

826.816 11.796815 1.435418 1363.38
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n
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ks
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component in the mixture;C°p,i, V°i, and R°i are the molar
isobaric heat capacity, molar volume, and isobaric expansion
coefficient of pure componenti, respectively.φi is the ideal
volume fraction of pure componenti in the mixture and is
defined by the relation

The values of the heat capacitiesC°p,i/J‚mol-1‚K-1 for the
pure component at the temperature range (298.15 to 313.15) K
were taken from the DIPPR database,18 shown in Table 4. The
thermal expansion coefficient defined asR ) V-1 (dV/dT)p )
-F-1 (dF/dT)p, listed in Table 5, was calculated from the
experimentalF data of each pure component usingAi, the
coefficients of5

The deviation of the measured speeds of sound from their
values in an ideal mixtureuD were calculated from the following
equations as reported in Pal and Singh:25

-ophereuid, Vm
id, ks

id, xi, andMi are the calculated speed sound,
molar volume, and isentropic compressibility of the ideal
solution, the mole fraction, and molar mass of the pure
component, respectively

The viscosity deviations∆h from a linear dependence on mole
fraction were calculated according to the literature suggestions26

through the following relation:

where x and η are the molar mass and dynamic viscosity,
respectively. The subscriptsi and m represent the pure com-
ponents and the mixture respectively.

The excess molar volumesVE, excess molar isentropic
compressibilityks

E, deviations of the speed of sounduD, and
viscosity deviation∆η for binary mixtures were fitted by the
method of least-squares to a Redlich-Kister8 polynomial type

Table 3. Coefficients and Standard Deviation of Equation 3 for DensityG, Viscositiesη, and Speed of Sound{Chlorobenzene (1)+ 1-Alkanol
(2)} Binary Mixtures at Different Temperatures

b0 b1 b2 b3 b4 σ b0 b1 b2 b3 b4 σ

Chlorobenzene (1)+ 1-Hexanol (2)
T ) 298.15 K T ) 303.15 K

F/kg‚m-3 815.250 234.540 39.826 -2.88 14.205 0.005 812.120 233.290 35.480 4.810 9.394 0.006
η/mPa‚s 4.598 -10.258 11.709 -7.752 2.456 0.004 3.890 -7.770 6.880 -2.660 0.377 0.003
u/m‚s-1 1304.90 -71.75 59.20 -153.5 128.73 0.140 1287.70 -72.31 46.82 -125.27 111.84 0.22

T ) 308.15 K T ) 313.15 K
F/kg‚m-3 808.490 231.000 37.212 1.365 10.987 0.007 804.830 229.080 39.010-1.569 12.261 0.004
η/mPa‚s 3.363 -6.558 5.997 -2.672 0.544 0.004 2.917 -5.614 5.458 -3.071 0.923 0.002
u/m‚s-1 1271.20 -69.52 20.37 -75.56 84.28 0.08 1254.50 -71.48 27.67 -87.14 89.17 0.07

Chlorobenzene (1)+ 1-Heptanol (2)
T ) 298.15 K T ) 303.15 K

F/kg‚m-3 818.760 202.710 62.640 -10.27 27.086 0.007 815.300 201.680 59.160 -4.152 23.087 0.004
η/mPa‚s 5.948 -12.858 11.600 -4.527 0.583 0.002 5.070 -10.800 10.292 -4.969 1.119 0.003
u/m‚s-1 1327.30 -81.50 2.57 -80.11 99.67 0.05 1313.60 -118.38 138.16 -251.37 167.22 0.16

T ) 308.15 K T ) 313.15 K
F/kg‚m-3 811.760 199.400 61.510 -8.973 25.300 0.005 808.190 197.660 63.490 -12.960 27.200 0.007
η/mPa‚s 4.334 -8.860 8.097 -3.590 0.703 0.004 3.727 -7.379 6.710 -3.298 0.857 0.002
u/m‚s-1 1293.90 -79.10 -11.08 -56.22 83.40 0.07 1277.20 -80.60 2.21 -81.44 95.25 0.06

Chlorobenzene (1)+ 1-Octanol (2)
T ) 298.15 K T ) 303.15 K

F/kg‚m-3 821.860 176.960 81.480 -24.79 45.380 0.005 818.250 176.050 77.876 -17.880 40.740 0.006
η/mPa‚s 7.662 -18.110 19.143 -10.45 2.514 0.003 6.404 -14.345 14.360 -7.489 1.775 0.003
u/m‚s-1 1347.80 -96.56 -2.43 -102.3 121.10 0.15 1337.90 -170.84 262.70 -420.88 240.43 0.16

T ) 308.15 K T ) 313.15 K
F/kg‚m-3 814.770 173.810 80.590 -22.98 42.830 0.006 810.130 172.310 84.090 -28.320 45.380 0.004
η/mPa‚s 5.424 -11.540 10.600 -4.730 0.923 0.003 4.628 -9.640 9.466 -5.239 1.400 0.004
u/m‚s-1 1314.30 -81.16 -9.51 -82.37 89.35 0.14 1297.60 -82.74 2.97 -84.02 78.71 0.12

Chlorobenzene (1)+ 1-Nonanol (2)
T ) 298.15 K T ) 303.15 K

F/kg‚m-3 824.520 155.570 99.980 -49.65 70.137 0.005 821.090 153.610 103.380-56.326 73.213 0.006
η/mPa‚s 9.714 -24.418 28.321 -17.92 5.070 0.003 7.929 -18.040 17.720 -8.861 1.960 0.004
u/m‚s-1 1365.49 -99.65 5.55 -133.3 129.53 0.26 1353.60 -160.82 204.55 -364.65 216.48 0.15

T ) 308.15 K T ) 313.15 K
F/kg‚m-3 817.600 151.950 103.700 -58.23 73.908 0.008 814.150 150.280 105.950-62.570 75.720 0.007
η/mPa‚s 6.665 -14.535 13.809 -6.811 1.552 0.003 5.647 -11.925 11.447 -6.298 1.741 0.004
u/m‚s-1 1331.90 -112.50 51.24 -190.3 150.64 0.25 1315.10 -106.49 22.08 -141.43 123.10 0.27

Chlorobenzene (1)+ 1-Decanol (2)
T ) 298.15 K T ) 303.15 K

F/kg‚m-3 826.790 137.350 120.520 -86.84 102.650 0.003 822.920 135.770 123.700-93.127 105.570 0.006
η/mPa‚s 11.826 -29.150 30.990 -17.07 4.158 0.004 9.755 -22.840 22.980 -12.004 2.816 0.004
u/m‚s-1 1380.10 -111.63 58.59 215.27 155.90 0.19 1365.00-135.26 81.47 -187.83 126.09 0.11

T ) 308.15 K T ) 313.15 K
F/kg‚m-3 819.500 133.880 126.370 -98.77 107.840 0.004 816.060 132.410 127.990-102.46 109.400 0.006
η/mPa‚s 8.139 -18.317 18.180 -10.0 2.660 0.003 6.843 -14.716 13.960 -7.365 1.889 0.003
u/m‚s-1 1346.20 -137.70 121.37 -294.5 194.90 0.19 1329.35 -132.56 66.79 -206.56 155.47 0.09

φi ) xiVi/(∑xiV°i) (7)

F ) ∑
i)1

m)3

Ai(T - 273.15)i-1 (8)

uD ) u - uid (9)

uid ) Vm
id{(∑xiMi)ks

id}-0.5 (10)

∆η ) ηm - ∑
i)1

n

(xiηi) (11)
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equation:

where Y is V E, ∆η, uD, or ks
E, and x1 and x2 are the mole

fractions of pure components 1 and 2, respectively.aj-1 is the
polynomial coefficient, andp is the polynomial degree. The
degree of eq 12 was optimized by applying theF-test;27 the
correlated results are shown in Table 6 in which the tabulated
standard deviationσ was defined as

wheren is the number of data points andj is the number of the
coefficients. The subscripts exp and cal denote experimental
and correlated values, respectively.

Figure 1 shows that the dependency of excess molar volumes
VE on the composition of{chlorobenzene+ 1-alkanol} binary
mixtures at 298.15 K. A sigmoidal trend could be seen on the
behavior of{chlorobenzene+ 1-hexanol or 1-heptanol}, and
the values vary from negative to positive with the increase of
chlorobenzene mole fraction. The remaining binary mixtures
exhibit positive deviation for the entire mole fraction. Such a
behavior could be a result of several opposing effects as was
suggested by Treszczanowicz and Benson.28 The negative excess
molar volumes changes in mixtures rich in alcohol could be
attributed to predominant interaction between the-OH group

Figure 1. Excess molar volumesVE for the binary mixtures: ),
chlorobenzene+ 1-hexanol;0, + 1-heptanol;∆, + 1-octanol; O, +
1-nonanol; +, + 1-decanol at 298.15 K. Solid line (Redlich-Kister
equation).8

Figure 2. Equimolar excess molar volumeVE x1 ) 0.5, as a function of
number of carbon atoms n for 1-alkanol of{chlorobenzene (1)+ 1-alkanol
(2)} binary mixtures at), 298.15 K;0, 303.15 K;∆, 308.15 K; and×,
313.15 K.

Table 4. Values of Heat Capacities (C°p,i) at T ) (298.15 to 313.15) K and Critical Temperatures (Tc) of Pure Components

C°p,i/J‚mol-1K-1

T ) 298.15 K T ) 303.15 K T ) 308.15 K T ) 313.15 K Tc

chlorobenzene 150.47 150.98 151.67 152.60 632.35
1-hexanol 241.64 246.52 251.47 256.48 610.30
1-heptanol 273.24 275.37 289.83 295.35 630.10
1-octanol 308.39 313.60 320.12 325.98 652.50
1-nonanol 336.33 342.40 348.18 354.40 670.70
1-decanol 371.10 375.40 380.40 384.50 687.30

Y ) x1x2 ∑
j)1

p

aj-1(x1 - x2)
j-1 (12)

σ ) ((∑
i)1

n
2(Yexp - Ycal))}/{(n - j)}) (13)

Figure 3. Viscosity deviation∆η for the binary mixtures:), chlorobenzene
+ 1-hexanol;0, + 1-heptanol;∆, + 1-octanol;O, + 1-nonanol;+, +
1-decanol} at 298.15 K. Solid line (Redlich-Kister equation).8

Figure 4. Deviation in isentropic compressibilityks
E as a function ofx1 for

the binary mixtures:), chlorobenzene+ 1-hexanol;0, + 1-heptanol;∆,
+ 1-octanol;O, + 1-nonanol;+, + 1-decanol} at 298.15 K. Solid line
(Redlich-Kister equation.8
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of an alcohol and electronegative Cl atom on the benzene ring
through hydrogen bonding. The positive excess molar volumes
change in chlorobenzene-rich region suggest that may be due
to the effect of rupture hydrogen bonded between unlike

molecules, and the dominant effect will be physical interaction
consisting mainly of dispersion forces. The increase in excess
molar volume with increasing chain length of 1-alkanols implies
that dipole-dipole interactions are weak in higher 1-alkanols

Table 5. Isobaric Expansion Coefficients of Pure Components atT ) (298.15 to 313.15) K

R/kK-1

T ) 298.15 K T ) 303.15 K T ) 308.15 K T ) 313.15 K

chlorobenzene 1.0410 1.0430 1.0460 1.0480
1-hexanol 0.8747 0.8861 0.9078 0.9297
1-heptanol 0.8533 0.8732 0.8908 0.9100
1-octanol 0.8362 0.8644 0.8803 0.8969
1-nonanol 0.8202 0.8416 0.8633 0.8851
1-decanol 0.8112 0.8301 0.8550 0.8758

Table 6. Redlich-Kister Coefficients ai and Standard Deviationsσ for Excess and Deviations Functions of{Chlorobenzene (1)+ 1-Alkanol (2)}
Binary Mixtures from T ) (298.15 to 313.15) K

a0 a1 a2 a3 σ a0 a1 a2 a3 σ

Chlorobenzene (1)+ 1-Hexanol (2)
T ) 298.15 K T ) 303.15 K

VE/cm3‚mol-1 0.2411 -0.659 0.0007 0.0080 0.0008 0.2640 -0.6565 0.0142 -0.0238 0.0005
∆η/mPa‚s -4.3847 -1.544 -0.5982 0.4519 0.0004 -3.5492 -1.0697 -0.0822 0.4221 0.0006
ks

E/TPa-1 -16.446 -29.364 23.706 -20.665 0.0007 -15.871 -30.523 19.414 -16.912 0.0005
uD/m‚s-1 15.321 28.086 -14.075 3.499 0.0003 14.092 28.893 -16.703 3.822 0.0002

T ) 308.15 K T ) 313.15 K
VE/cm3‚mol-1 0.2771 -0.676 0.0803 -0.0204 0.0001 0.3061 -0.6585 0.0846 -0.0605 0.0009
∆η/mPa‚s -2.9623 -0.891 -0.1690 0.4700 0.0004 -2.4696 -0.7154 -0.2189 0.3776 0.0005
ks

E/TPa-1 -12.789 -33.132 13.894 -5.392 0.0003 -11.212 -36.796 16.770 3.037 0.0003
uD/m‚s-1 11.578 29.525 -16.223 3.813 0.0003 9.284 30.988 -16.198 -1.926 0.0004

Chlorobenzene (1)+ 1-Heptanol (2)
T ) 298.15 K T ) 303.15 K

VE/cm3‚mol-1 0.3403 -0.602 0.0983 -0.1584 0.0004 0.3596 -0.6468 0.1701 -0.1166 0.0006
∆η/mPa‚s -5.8462 -1.847 -0.1140 0.6135 0.0005 -4.8049 -1.4733 -0.2592 0.3967 0.0007
ks

E/TPa-1 -4.727 -34.532 11.694 4.573 0.0022 -3.569 -34.042 13.039 1.932 0.0002
uD/m‚s-1 4.695 34.060 -13.091 -2.772 0.0004 3.265 35.300 -13.809 -4.142 0.0006

T ) 308.15 K T ) 313.15 K
VE/cm3‚mol-1 0.3834 -0.616 0.2342 -0.2376 0.0007 0.4958 -0.4463 0.1300 -0.5723 0.0009
∆η/mPa‚s -3.9545 -1.097 -0.2147 0.1065 0.0003 -3.2614 -0.7820 -0.2106 -0.0371 0.0039
ks

E/TPa-1 -2.339 -35.657 15.593 3.733 0.0002 -0.992 -36.458 17.099 2.247 0.0005
uD/m‚s-1 2.226 33.811 -15.891 -1.232 0.0009 0.599 32.793 -17.187 2.465 0.0006

Chlorobenzene (1)+ 1-Octanol (2)
T ) 298.15 K T ) 303.15 K

VE/cm3‚mol-1 0.4446 -0.604 0.2423 -0.0844 0.0005 0.4723 -0.5584 0.2894 -0.1870 0.0008
∆η/mPa‚s -7.8670 -2.769 -0.6128 0.2080 0.0004 -6.2464 -2.0623 -0.4188 0.3469 0.0003
ks

E/TPa-1 2.578 -32.161 10.994 -4.089 0.0005 4.472 -33.736 12.456 -2.497 0.0002
uD/m‚s-1 -3.819 27.394 -15.877 8.483 0.0002 -5.833 26.944 -17.698 10.528 0.0003

T ) 308.15 K T ) 313.15 K
VE/cm3‚mol-1 0.4978 -0.516 0.3680 -0.2667 0.0005 0.5207 -0.4802 0.4598 -0.3000 0.0005
∆η/mPa‚s -5.1366 -1.365 -0.2807 -0.1777 0.0008 -4.0573 -1.2847 -0.316 0.1284 0.0015
ks

E/TPa-1 6.8542 -32.497 15.537 -7.698 0.0006 9.179 -30.532 16.548 -11.576 0.0004
uD/m‚s-1 -7.502 26.848 -21.125 13.709 0.0003 -9.374 26.747 -23.737 17.516 0.0005

Chlorobenzene (1)+ 1-Nonanol (2)
T ) 298.15 K T ) 303.15 K

VE/cm3‚mol-1 0.5602 -0.566 0.5146 -0.4148 0.0001 0.5922 -0.5465 0.6180 -0.5299 0.0004
∆η/mPa‚s -10.297 -3.820 -1.291 -0.268 0.0008 -7.873 -2.549 -0.463 0.298 0.0007
ks

E/TPa-1 10.952 -31.995 14.187 -10.297 0.0007 13.739 -31.583 18.396 -12.733 0.0003
uD/m‚s-1 -12.037 33.229 -16.824 17.124 0.0004 -14.481 32.221 -19.104 19.982 0.0005

T ) 308.15 K T ) 313.15 K
VE/cm3‚mol-1 0.6453 -0.5960 0.6850 -0.432 0.0007 0.6759 -0.5559 0.7447 -0.5600 0.0007
∆η/mPa‚s -6.299 -1.880 -0.383 0.055 0.0004 -5.0589 -1.4924 -0.414 0.328 0.0009
ks

E/TPa-1 16.917 -30.832 24.281 -10.584 0.0002 20.841 -28.467 26.146 -17.647 0.0009
uD/m‚s-1 -16.745 30.506 -18.358 24.629 0.0006 -19.501 27.005 -19.510 37.933 0.0002

Chlorobenzene (1)+ 1-Decanol (2)
T ) 298.15 K T ) 303.15 K

VE/cm3‚mol-1 0.670 -0.5880 0.6432 -0.6531 0.0003 0.6913 -0.6165 0.7504 -0.6599 0.0005
∆η/mPa‚s 0.669 -0.592 0.650 -0.651 0.0005 -9.916 -3.297 -0.713 0.428 0.0008
ks

E/TPa-1 21.944 -32.025 20.510 5.639 0.0002 24.493 -25.840 24.735 -17.805 0.0004
uD/m‚s-1 -22.004 20.622 -20.758 17.664 0.0008 -24.111 21.183 -27.420 23.536 0.0003

T ) 308.15 K T ) 313.15 K
VE/cm3‚mol-1 0.7277 -0.548 0.8137 -1.0020 0.0009 0.7666 -0.4825 0.8519 -1.2842 0.0005
∆η/mPa‚s -7.867 -2.426 -0.611 0.343 0.0009 -6.227 -1.830 -0.451 0.128 0.0006
ks

E/TPa-1 27.031 -22.967 30.157 -27.637 0.0005 30.024 -21.505 33.477 -38.421 0.0003
uD/m‚s-1 -26.288 20.912 -30.530 28.417 0.0006 -29.065 17.749 -33.175 41.166 0.0005
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owing to the decrease in their polarizability as suggested by
Mecke,29 which is quite evident in the behavior of the{chlo-
robenzene (1)+ 1-decanol (2)} binary mixture.

Figure 2 presents the equimolar excess molar volume
V(x)0.5)

E of {chlorobenzene (1)+ 1-alkanol (2)} against a
number of carbon atoms of 1-alkanol. As the chain length of
1-alkanol increases, the excess molar volume values increase
with the same dependency and systematic variation and so does
it with the increase in temperature.

The comparison of equimolar excess molar volumesV(x)0.5)
E

values (0.0438, 0.0377, 0.035) cm3‚mol-1 of binary liquid
mixtures, composed of haloalkane{1-chlorobutane+ 1-hex-
anol-, or 1-heptanol, or 1-octanol},30 with V(x)0.5)

E values
(0.058, 0.0825, 0.1107) cm3‚mol-1 of halobenzene{chloroben-
zene+ 1-hexanol, or 1-heptanol, or 1-octanol} binary mixtures
of the systems under studies at temperature 298.15 K, shows
opposite behavior for dependency of excess molar volumes on
the chain length of alcohol, suggesting that the shape, type, and
molecular size of the solvent molecule will effect the behavior
of haloalkane or halobenzene+ 1-alkanol binary liquid mix-
tures. The author30 suggests that this opposite behavior may be
due to a lower steric interaction among the long alcohol carbon
chains in order to admit the molecules of CH3(CH2)3Cl into
their environment.

To estimate the viscosity of liquid mixtures in terms of pure
component values, the experimental viscosity data of the binary

mixtures were fitted to semiempirical relations proposed by
Grunberg and Nissan,9 McAllister’s three- and four-body
models,10 and the equation of Heric and Brewer.11 Our analysis
shows the suitability of all four relations for representing the
viscosities of the systems with an average of absolute values
of deviations (3× 10-2, 7 × 10-3, 4 × 10-3, 5.5 × 10-3),
respectively. The best correlation method gives relatively low
standard deviation is found to be the McAllister four-body
model.

The deviations in viscosity∆η at 298.15 K throughout over
whole the mixtures compositions are negative as shown in
Figure 3, a systematic dependence of∆η on the chain length
could be seen. The negative values of viscosity deviation
decrease in the following sequence: 1-hexanol>1-heptanol>1-
octanol>1-nonanol>1-decanol.

The speed of sound for the five binary mixtures at 298.15 K
were evaluated from both free length theory (FLT) and collision
factor theory (CFT) formulations. The pertinent relations in these
calculations and their theoretical basis were described by
Schaaffs,12 Jacobson,13 and Nutsch-Kuhnkies.31 Values of molar
volumeVm, molar volume at absolute zeroV0, free LengthLf,
surface areaY, collision factorS, and space filling factorrf of
the pure components at 298.15 K are given in Table 7.

The experimental speeds of soundu data at equimolar
compositions (x1 ) 0.5) of the binary mixtures under studies at
298.15 K are compared with calculated values using aforemen-
tioned theories (Table 8). The values of standard percentage
deviationsσ of u estimating from CFT are in the range from
0.195 to 0.231 for the five binary mixtures investigated while
the corresponding values for FLT are from 2.25 to 1.32, with
an average absolute value of deviation of 0.20 and 1.88,
respectively This indicates that Schaaffs’ collision factor theory
is suitable for predication of speed sound data.

Figure 4 shows the behavior and dependence of excess
isentropic compressibilitiesks

E on the mole fraction of chlo-
robenzene at 298.15 K. While the{chlorobenzene (1)+
1-decanol (2)}binary mixture reveals a positive deviation in its
behavior, the remaining binary mixtures exhibit a sigmoidal kind
of behavior, and the values vary from negative to positive. The
negative values ofks

E for all the aforementioned system
indicate that each mixture is less compressible than the
corresponding ideal mixture, and the positive values indicate
the mixture is more compressible and that excess isentropic
compressibilities vary as follows: 1-decanol>1-nonanol>1-
octanol>1-heptanol>1-hexanol. As temperature increases, the

Table 7. Values of Molar VolumeVm, Molar Volume at Absolute Zero V0, Free Length Lf, Surface AreaY, Collision Factor S, and Space
Filling Factor rf of the Pure Components at 298.15 K

Vm V0 Lf Y

component cm3‚mol-1 cm3‚mol-1 Å cm‚2mol-1 S rf

chlorobenzene 102.26 84.45 0.4626 87.605 3.100 2.667
1-hexanol 125.34 102.50 0.5113 77.002 3.191 2.546
1-heptanol 141.93 117.23 0.5250 95.790 3.521 2.461
1-octanol 158.46 131.94 0.5370 103.647 3.416 2.319
1-nonanol 174.97 143.53 0.5735 109.625 3.890 2.301
1-decanol 191.46 157.00 0.5921 116.373 4.021 2.010

Table 8. Comparison of Equimolar Experimental Speeds of Sound in Binary Mixtures with Those Estimated from the CFT and FLT atT )
298.15 K

uexp uCFT uFLT

m‚s-1 m‚s-1 σ % m‚s-1 σ %

chlorobenzene (1)+ 1-hexanol (2) 1272.60 1275.09 0.1950 1289.40 1.3200
chlorobenzene (1)+ 1-heptanol (2) 1283.53 1286.94 0.2650 1312.50 2.2570
chlorobenzene (1)+ 1-octanol (2) 1293.73 1296.40 0.2060 1321.60 2.1540
chlorobenzene (1)+ 1-nonanol (2) 1308.23 1306.77 0.1120 1332.60 1.8628
chlorobenzene (1)+ 1-decanol (2) 1318.56 1323.10 0.2310 1342.60 1.8200

Figure 5. Deviation of the speeds of sounduD from their ideal values for
the binary mixtures:), chlorobenzene+ 1-hexanol;0, + 1-heptanol;∆,
+ 1-octanol;O, + 1-nonanol;+, + 1-decanol} at 298.15 K. Solid line
(Redlich-Kister.8
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absolute values ofks
E decrease with the same dependencies and

systematic variation, but these results are not presented to avoid
overcrowding the curves.

The opposite behavior could be seen for the deviation of the
speed of sound from there ideal values at 298.15 K throughout
the whole mixtures compositions as shown in Figure 5. TheuD

exhibits a negative deviation for{chlorobenzene+ 1-decanol}
and a sigmoidal behavior of{chlorobenzene+ 1-hexanol, or
1-heptanol, or 1-octanol, or 1-nonanol}, with values varying
from positive to negative and decreasing as follows: 1-hexanol
> 1-heptanol> 1-octanol> 1-nonanol}. As the temperature
increases, theuD values decrease with the same dependencies
and systematic variation.

Conclusions

In this study we report experimental data of densityF,
viscosity η, and speed of soundu of {chlorobenzene+
1-alkanol) binary mixtures at (298.15 to 313.15) K and
atmospheric pressure as well as the calculated excess and
deviation functions. The excess molar volumes of{chloroben-
zene+ 1-hexanol or 1-heptanol} as well as the excess isentropic
compressibilities of{chlorobenzene+ 1-hexanol, or 1-heptanol,
or 1-octanol, or 1-nonanol} showed a sigmoidal trend behavior.
These values vary from negative to positive with the increase
of chlorobenzene mole fraction. The remaining binary mixtures
exhibit positive deviation for the entire mole fraction, respec-
tively. While the equimolar excess molar volumes increase, the
uD values decrease as the chain length of 1-alkanol increases.
The viscosity deviation decrease in the following sequence:
1-hexanol> 1-heptanol> 1-octanol> 1-nonanol> 1-decanol.
The best correlation method to represent the viscosity for the
systems of our study is found to be the McAllister four-body
model.
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D. Effect of temperature on the excess molar volumes of some alcohol
+ aromatic mixtures and modeling by cubic EOS mixing rules.Fluid
Phase Equilib.2006, 239, 69-82.

(20) Oswal, S. L.; Prajapati, K. D.; Ghael, N. Y.; Ijardar, S. P. Speeds of
sound, isentropic compressibilities, and excess molar volumes of
alkanol + cycloalkane at 303.15 K. II. Results for alkan-2-ols+
cyclohexane and alkane-1-ol,+ methylcyclohexane and theoretical
interpretation.Fluid Phase Equilib.2004, 218, 131-140.

(21) Kinart, C. M.; Kinart, W. J.; CÄ wiklińska, A. 2-Methoxyethanol+
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