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Density, Viscosity, Vapor-Liquid Equilibrium, Excess Molar Volume, Viscosity
Deviation, and Their Correlations for the Chloroform + 2-Butanone Binary
System

ReneA. Clara, Ana C. Gomez Marigliano, and Horacio N. Sdimo*

Departamento de’bica, Facultad de Ciencias Exactas y Tecn@ptiniversidad Nacional de Tucuima
Avenida Independencia 1800, 4000 San Miguel de Tuecymagentina

Density and viscosity measurements for pure trichloromethane and 2-butanone as well as for trichloromethane
(1) + 2-butanone (2) were made at (283.15, 293.15, 303.15, and 313.15) K over the whole concentration range.
The experimental results were fitted to empirical equations, which permit the calculation of these properties in
the whole concentration range and in the studied range of temperatures. The calculated values are in good agreement
with the experimental ones. Data of the binary mixture were further used to calculate the excess molar volume
and viscosity deviation. Vapetliquid equilibrium (VLE) atT = 303.15 K for this binary system was also measured

in order to calculate the activity coefficients and the excess molar Gibbs function. This binary system shows
negative deviations from ideal behavior and forms a minimum pressure azeotrepe &.199 andp = 15.3

kPa. The excess or deviation properties were fitted by the RedKddter polynomial relation to obtain their
coefficients and standard deviations.

Introduction by Ohta et aP together with heats of mixing &t = 308.15 K.
Furthermore, Camero et.ateportedP—x data for VLE atT =
303.15 K. However, as far as we know, no other property is
ravailable in the literature for this binary system.

Properties such as density and viscosity of pure chemicals
and of their binary liquid mixtures over the whole composition
range measured at several temperatures, are useful for a ful
understanding of th_eir thermc_)dynami_c anc_i transport properties Experimental Section
as well as for practical chemical engineering purposes. On the
other hand, excess thermodynamic functions and deviations of Materials. Chloroform (analytical reagent) and 2-butanone
non-thermodynamic ones of binary liquid mixtures are funda- (analytical reagent) were supplied by Sintorgan (Argentina).
mental for understanding of the interactions between moleculesThey were used as received because no impurity was detected
in these types of mixtures, particularly when polar components by gas chromatography using a HP 6890 gas chromatograph
are involved. These functions have also been used as awith a FID detector, showing that their mole fractions were
qualitative and quantitative guide to predict the extent of higher than 0.998. The pure components were stored over 0.3
complex formation in this kind of mixtures?3 nm molecular sieves to prevent water absorption, and their water

In this paper we report density and viscosityy data for content was periodically checked by Karl Fischer titration using
pure trichloromethane (also called chloroform) and 2-butanone @n automatic Mettler DL18 Karl Fischer titrator.
as well as for the binary system constituted by these two Apparatus and Procedureliquid mixtures were prepared
chemicals in the whole mole fraction range at temperatures of by mass in airtight stoppered bottles, keeping in mind the vapor

(283.15, 293.15, 303.15, and 313.15) K. Vapbquid equi- pressures of the components when establishing the filling
librium (VLE) data are also reported @t= 303.15 K. From sequence. Each mixture was immediately used after it was well-
these experimental results, excess molar volWhgviscosity mixed by shaking. All the weighings were preformed on an

deviation from the ideal behaviaky, activity coefficientsy;, electronic balance (Mettler Toledo AG-245) accurate to 0.1 mg.
and excess molar Gibbs functi@F were calculated. The uncertainty in the mole fractions is estimated to be lower

Empiric equations for the density and viscosity of pure than+ 1 x 1074
components as a function of the temperature as well as for the Density and viscosity were measured with a vibrating-tube
binary system as a function of temperature and composition densimeter KEM DA-300 (using degassed bidistilled water and
were applied. These equations are useful for interpolation within dry air as calibrating substances) and a Schott-@®ex¥ S 400
the studied temperature range. On the other hand, the excessiscometer with appropriate Ubbelohde capillary viscometers
thermodynamic properties and non-thermodynamic ones werecalibrated by the manufacturer, respectively. The uncertainties
fitted to a Redlich-Kister-type equation using least squares to were+ 0.1 kgm™2 for density andt 0.001 mPes for viscosity.
obtain their dependencies on concentration and temperature. A Schott CT 1450 thermostatically controlled water bath,

Isobaric VLE data at atmospheric pressure have been previ-uncertain by+ 0.01 K, was used for viscosity measurements.
ously measured for this binary systémhereas isothermal data An equilibrium still, which was described by Boublik and
at temperatures of (318.15 and 328.15) K have been reportedBensort was used to obtain isothermal vapdiquid equilib-

rium data. The equilibrium temperatures were measured with a

* Corresponding author. E-mail: hsolimo@herrera.unt.edu.ar. Hart Scientific 1502A platinum resistance thermometer (certified
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Table 1. Density p), Refractive Index (np), and Viscosity @) Values 1600
of Pure Components at Several Temperatures and Saturated Vapor 1500 i
Pressure £7) Values at T = 303.15 K I l
1400 | .
olkg-m~3 no n/mPas P?kPa L ‘ ‘
- - - - 1300 1
TK  exptl lit. exptl  lit.  exptl lit. exptl it I $
Chloroform e 1200 i ‘ ‘ 7
283.15 1507.3 1.45189 0.629 2 1100 | [ ]
293.15 1488.4 1489.311.44589 1.4459 0.573 = F ‘
303.15 1469.4 1470.801.43987 0.516 0.5P432.19 32.395 1000 - ] b
313.15 1450.0 1.43386 0.468 900 L ‘
2-Butanone L ‘
283.15 815.9 1.38400 0.472 800 } T
293.15 805.5 8040 1.37888 1.3788 0.423 0.399 700 , 1 . 1 . 1 1
303.15 795.1 794% 1.37383 0.382 0.366 15.74 15.324 0.0 0.2 0.4 0.6 0.8 1.0
313.15 7843 1.36856 0.347 x
1
afFrom ref 9.° From ref 7. Figure 1. Density againsk; for [chloroform (1)+ 2-butanone (2)]:®, T

= 283.15 K;®, T = 293.15 K;a, T = 303.15 K;v, T = 313.15 K.
Table 2. Experimental Density fp) and Viscosity (7) Values at

Several Temperatures for the [Chloroform (1) + 2-Butanone (2)] Table 3. Coefficients and Standard Deviations of Equations 1 and 2
Binary System

plkg-m—3 n/mPas
compound a; by okgm=3 a 100, 10°c, o/mPas

chloroform 2047.7-1.909 02  3929-17.32 2 2x 103
00000 8159 8055 7951 7843 0472 0423 0382 0347 2.pytanone 1113.7-1.052 0.2  4.749-25.02 35 1x 1073
00906 8727 8617 850.7 8393 0528 0475 0419 0385

01806 930.4 9187 907.1 8951 0588 0526 0468 0420 . . . : , :
02720 990.2 977.9 9656 9529 0627 0556 0499 0451 lited using least squares with all points equally weighted, which

0.3661 1053.3 1040.2 1027.2 1013.7 0.660 0594 0530 0.477 allows evaluation of all constants. The appropriate number of

8-;1‘513(1) ﬂ%gg ﬁgg-g ﬂgg-g ﬁ;ég g-gii g-ggg g-ggg 8';19133 significant digits was selected taking into account the experi-
06330 1238.9 12237 12085 11927 0712 0636 0571 0s15 Mmental error previously reported for density, viscosity, and

0.7035 1289.3 1273.6 1257.7 1241.3 0.717 0631 0566 0513 temperature. These values of the constants and their standard
0.7973 1357.5 1340.7 1323.9 1306.6 0.701 0.630 0.566 0.510 deviations are collected in Table 3.

g'gggg Eg;; ﬂég'i ijgé-i iigg-g g-gzg g-g%g 8-2‘1‘2 8-22; Polynomial equations were used to correlate the same
' ' ' ' R ' ' ' properties for thexX; chloroform+ (1 — x;) 2-butanone] binary
aMole fraction of chloroform. system, as follows:

plkg-m=3 n/mPas
x®  283.15 293.15 303.15 313.15 283.15 293.15 303.15 313.15

by the National Institute of Standards and Technology; NIST) p/kg-m’3(xl, T) = a(T/K) + by (T/K) x X; + ¢,(T/K) x xl2
with an imprecision oft 0.007 K. All temperatures are reported (3)
in terms of ITS-90, whereas total pressures in the still were )
measured with an Edwards pressure transducer, Datametrics 7/MPas(, T) = a,(T/K) + by(T/K) x x; + cy(T/IK) x X 4
Controller 1501B, attached through a vacuum line with a “)
precision of 13 Pa. Compositions of both conjugated phases
were determined by density measurements at 303.15 K. The
uncertainty in mole fractions is estimated to be lower thah

x 1078, with a confidence uncertainty of 99.5 %.

wherea;, b, andc; are parameterg; is the temperature; and
is the mole fraction of chloroform.

To obtain their respective dependences on composition,
density, or viscosity of the mixture, these values were plotted
Results and Discussion against_the_mole fraction of chl_oroform at each temperature, as

shown in Figure 1 for the density ok chloroform+ (1 — x1)

Experimental results for refractive index, density, and viscos- 2-butanone], which was taken as an example to indicate the
ity of pure compounds at several temperatures and saturatec:a|culation methodology. Equations 3 and 4 were fitted using
vapor pressures at = 303.15 K are summarized in Table 1. 3 nonlinear regression method based on the Levenberg
For Comparison, eXiSting values found in the literature are also Marquardt a|gor|thm0 This fit shows quadratic behavior for
included? the two studied properties with composition.

From experimental results reported in Table 1, we conclude  Then, the parameters of eq 3 obtained from this fit were
that the viscosity of the pure components does not have a Iinearp|otted against temperature, as can be seen in Figure 2. In this
behavior with temperature, while density has a linear plot.  \ay, the dependence with temperature and composition of each

Experimental results of density and viscosity corresponding property was obtained. The appropriate number of significant
to temperatures in the range (283.15 to 313.15) K for the systemjgits was selected taking into account the experimental error
[chloroform (1) + 2-butanone (2)] are listed in Table 2. previously reported for density, viscosity, and temperature. The

To obtain empirical correlations for pure compounds with - piot for viscosity is not presented here because the methodology
temperature, the following functional relationships for density is the same.
and viscosity were used: Equations 5 and 6 (included in Table 4) make it possible to
predict the density and viscosity of the binary system at any
composition and temperature in the temperature range (283.15
to 313.15) K, respectively, within its respective standard

1= a,+ b, x (TIK) + cl(T/K)? 2 deviationo. Values calculated with these equations compare
well with experimental data, and the standard deviations are
whereay, by, ap, by, andc; are constants. These equations were similar to those obtained in previous works'2

p=a,+ b, x (TIK) 1)
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Table 5. Experimental Results for the Mole Fraction of Chloroform

900 - ] in the Liquid (x1) and Vapor (y1) Equilibrium Phases, Total
800 W n n - 4 Pressure P), and Calculated Activity Coefficients (y;) for
700 1 [Chloroform (1) + 2-Butanone (2)] atT = 303.15 K
600 ) PY ° ° 1 X1 Y1 P/kPa 71 V2
- ] 0.000 0.000 15.74 0.3%7 1.000
g 500 |- : 0.074 0.063 15.59 0.409 1.003
8 1 0.142 0.119 15.47 0.402 1.009
< 400 - ] 0.252 0.281 15.35 0.532 0.938
® 200l ] 0.252 0.274 15.33 0.518 0.945
0.363 0.443 15.89 0.602 0.883
200 E 0.377 0.469 16.13 0.622 0.875
1 0.444 0.573 16.69 0.669 0.814
1001 o A A A ] 0.474 0.617 17.17 0.694 0.795
0 . ! ! L L ) 0.507 0.673 17.69 0.729 0.746
280 285 290 295 300 305 310 315 0.560 0.747 18.75 0.778 0.684
TIK 0.571 0.751 19.26 0.787 0.710
Figure 2. Constantdl, &(T/K); @, bi(T/K); and A, c¢i(T/K) in eq 3 against 82% 8;22 ;gig 82;2 8221
temperature for [chloroform (3 2-butanone (2)]. Unitsai(T/K), kg-m=3; 0:631 0:830 20:58 0:841 0:603
bi(T/K), kg-m~3-K~%; and G(T/K), kg-m~5-K~2 0.678 0.868 21.74 0.864 0.566
On the other hand, the excess molar voluwfe viscosity 8:;25 8:323 3}22 8:2% 8%2
deviation Ay, and excess molar Gibbs functiocB® were 0.823 0.958 27.26 0.985 0.411
calculated using the following equations: 0.880 0.976 29.22 1.006 0.380
0.913 0.984 30.00 1.004 0.360
£ 3 . |\/|l |\/|2 1.000 1.000 32.19 1.000 0.261
Vm*mol = = [(x;M; + (L —x)My)/p] — [X)— +x—] (7) S
L1 P2 a Extrapolated to infinite dilution.

AnlmPas= 7 = expl In 7, + (1 =) In7,] ®) simplification reasonable. Calculation without this simplification

gave similar results, within the experimental error.

The VLE data reported in Table 5 for [chloroform (%)
wherex; is the mole fraction of chloroforniyl; andM; are the 2-butanone (2)] was found to be thermodynamically consistent
molar masses of chloroform and 2-butanopeandz are the  according to the point-to-point test of Van Ness etlalas
density and viscosity of the mixture, pz, 71, andz; are the  modified by Fredenslund et.& Consistency criteriaAy <
densities and viscosities of the pure components; whereas  .01) were met using a one-parameter Legendre polynomial,

andy; are activity coefficients of chloroform and 2-butanone,  \hich reduces the expression for the excess Gibbs Function to
which, in the liquid phase, are related to vapbquid equilib-

rium by

GImol ™ =RTx, Iny, + (1 — x)) Iny,] (9)

GE=Axx, (11)

P
= y'_o (10)
X:P; In this equationA is the parameter in the Legendre polynomial,
. ) o which is equal to—1.20975 for this binary system, while the
Here,x andy; are the mole fractions in the liquid and vapor 4yerage absolute deviations in vapor-phase mole fractions and

phases of componemt while P and P; are the total pressure pressure ardy = 0.005 andAP = 0.27 kPa. However, as stated
and the pure component vapor pressure, respectively. In eq 10,O

the vapor phase is assumed to be an ideal gas, and the pressuggv Fredenslund et al4 a positive result of the consistency test
dependence of the liquid-phase fugacity is neglected. This rafirst-order Legendre polynomial may be fortuitous.
equation was selected to calculate activity coefficients because The dependence of the excess Gibbs Function with mole
the low pressures observed in the present VLE data makes thidractions given by eq 11 is satisfied when the two components

Vi

Table 4. Equations for Density, Viscosity, Excess Molar Volume, Excess Molar Gibbs Function, and Viscosity Deviation as Functions of
Temperature and Composition for [Chloroform (1) + 2-Butanone (2)]

Equations n° o
p/kg-m=>(x,,T)=1114.0-1.0544xT /K +(800.8 -0.6133x T /K)x x, +(130.8 -0.2308x T / K)x x? (5) 0.7/kgm?
n/mPa-s(x,,T)=1.642-0.00416 x T /K +(3.101-0.0083x T/ K)x X, + (- 2.422 -0.00652 x T / K)x x2 (6) 0.008/mPa-s

—1.552><‘10'5+‘I40847><10'7><T/K—7(1 - )+|W
-1.814x107° x(T/K)? ‘J Y (18) 1x108mPmol”

J(3.19><10‘5 —1A383><1O‘B><T/K+{
|+[4.6x107 =1.10x10° x T /KJ1-2x, h

VE/m® -mol™ = x,(1-x,

~7.99276+0.0523x T /K -]
|(1—2x1* (16) 0.003/mPa's

An/mPa»s=x1(1-x1)H11,0752—o,osssexT/K+9.441x1o-5x(T/K)Z{ 859710 x(TIKF |
—0. X X

GE/J-mol™" = x,(1- x,)|- 3065 + 413(1- 2x,) - 618(1- 2, } | (17) 20/J-mal”
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of the binary system form a regular solution. In this case, the 0.00
activity coefficients are given B% 005

RTIn y, = Ax? 010 1

RTIn 7, = Ax? mg_ 0.15 i - i

@g 020 - BN _
To verify if this is, or not, fortuitous, plots of the logarithm of N r ®
the activity coefficients againg were made. Since these plots, 7025y Y 1
not shown, display a nonlinear dependence, we conclude that 030l . 4 4 i
this binary system cannot be considered as a regular solution. Yy
This behavior was expected sintEF is clearly greater than -0.35 . . . :
0.0 0.2 0.4 06 08 1.0

GE (see Figure 6 and Ohta et®] and this corresponds ®F .

- . :
0 due to a volume change on mixing. Figure 3. Excess molar volume for [chloroform (1) 2-butanone (2)]:
The excess molar volume, excess molar Gibbs function, and®, T = 283.15 K;®, T = 293.15 K;a, T = 303.15 K;v, T = 313.15 K.

viscosity deviation were fitted by means of a Redftidtister- Solid lines correspond to the least-squares fit using eq 12.

type equatiofiwith the same above indicated fitting procedure: 0.18

n . 016 - 4
YE=x,1— Xl)Z» a(1— 2x)) (12) 014 F o i

£ L
012 - A .
whereYE represents eitheVE, GE, or Az. @ 0.10 |- .
Since the coefficients; are functions of the temperature, they E 0.08 |- .
were plotted against this variable in order to obtain equations & 0.06 L ]

that represent each property in the studied temperature range. T
We propose the following dependence with temperaiufer 0.04 [ .
these coefficients: 002 L ]

n 0.00 r n 1 n 1 2 1 n 1 "
0.0 0.2 0.4 0.6 0.8 1.0

a=9y axT (13) y
= 1
Figure 4. Viscosity deviation for [chloroform (1) 2-butanone (2)]:H,
. . . T =283.15 K;®, T=293.15 K;a, T=303.15 K; v, T = 313.15 K.
Using this temperature dependence, eq 12 can be rewritten assolid lines correspond to the least-squares fit using eq 12.

follows:

0
n m
YE=x(1-x T — 2x) 14
(1= 5 3T~ 20) (14) ool |
The equations arising of this fit are also summarized in Table
4 (reported as egs 15, 16, and 17, respectively), together with 5 400 7
their standard deviations, defined as :E,
‘o
YE YE 2 12 -600 |- T
0= [z ( exp cal(‘) /(N = p)] (18)
[ ] n
whereN and p are the numbers of experimental points and -800 |- -
parameters, respectively. The choice of the appropriate number e
of constants in eq 14 was based on the variation wigmdm 0.0 0.2 0.4 0.6 0.8 1.0
of the standard error of the estimated value. Their significant X,
digits were determined taking into account each experimental Figure 5. Excess molar Gibbs function for [chloroform (&) 2-butanone
error. (2)] at T = 303.15 K. Solid line corresponds to the least-squares fit using

Figures 3 and 4 show the excess molar volume and viscosityeq 12
deviation, plotted against the mole fraction of chloroform for following equations for the activity coefficients at infinite
[chloroform (1)+ 2-butanone (2)] at several temperatures, while i tion of both components:
Figure 5 shows a similar plot for the excess molar Gibbs
function atT = 303.15 K. The total pressufe, liquid-phase
X1, and vapor-phasg; mole fraction measurements at=
303.15 K are reported in Table 5 and plotted in Figure 6. 0.982x x,%) (19)

Figure 7 shows the logarithm of the activity coefficients
against the mole fraction of chloroform for [chloroform (%)
2-butanone (2)] af= 303.15 K. The lines in Figure 7 were 2
obtained with a nonlinear regression fit, which produces the 1.532x %) (20)

Y10 = lim exp(Iny;) = lim exp(-1.150+ 2.158x x; —
x—0 x—0

V2o = lim exp(Iny,) = lim exp(—0.002+ 0.209x x, —
X1—1 X1—1



Journal of Chemical and Engineering Data, Vol. 51, No. 4, 200877

34 1.0
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X1.Yq 02
Figure 6. Total pressurd® against liquid-phase mole fractions (®) or
vapor phase mole fractiorys (W) for [chloroform (1)+ 2-butanone (2)] at -
T = 303.15 K.
0.0 /I | | | | ] |
0.0 0.0 0.2 04 0.6 0.8 1.0

X1

Figure 8. Vapor phase mole fractionys against liquid-phase mole fractions
x1 for [chloroform (1)+ 2-butanone (2)] aT = 303.15 K.

-0.2
-0.4
-0.6

that increasing the temperature, t& values become more
negative.

According to Kauzman and Eyritgthe viscosity of a mixture
strongly depends on the entropy of the mixture, which is related
with the liquid’s structure and enthalpy (and consequently with
molecular interactions between the components of the mixture).
Therefore, the viscosity deviation depends on molecular interac-
tions as well as on the size and shape of the molecules. Vogel

X, and Weis¥ affirm that mixtures with strong interactions
Figure 7. Logarithm of the activity coefficientg; (W) andy, (®) against between different moleculeHf < 0 and negative deviation
xq for [chloroform (1) + 2-butanone (2)] aT = 303.15 K. from Raoult's law) present positive viscosity deviations;
whereas, for mixtures with positive deviation of Raoult’s law
and without strong specific interactions, the viscosity deviations
are negative. Then, viscosity deviations can be used to detect
molecular interactions.

As can be seen in Figure 4, the viscosity deviations are
positive for all studied temperatures over the whole composition
- ; ! range, which would correspond to binary systems that exhibit
provide a valuable way to analyze solitlvent interactions. negative deviations from Raoult's law and an exothermic
A larger value means that soluteolvent interactions are more  penaviof as this binary system. The sign Af for this system
important. Therefore, the values of the calculated infinite dilution 5 150 in agreement with the conclusion reported by Fort and
activity coefficients reported above show that the interactions pjoore 18who proposed that positive values of this property are
between 2-butanone (as solvent) and chloroform (as solute) arecharacteristic of systems where association forces are predomi-
stronger than in the opposite situation, probably due to the higherating. As can be observed in Figure 4, increasing the temper-
polarity of 2-butanone(= 2.8 D) than chloroformi(= 115 agyre, theAy values become less positive due to the increase

D).? ) o o of the thermal energy, which diminishes the chlorofofim
On the other hand, Figure 6 indicates that this binary system 5_ptanone heteroassociation in the mixture.

shows negative deviations from the ideal behavior and forms a
minimum pressure azeotropexat= 0.199 andp = 15.3 kPa,
as can also be seen from Figure 8, which is in agreement with
the results reported by Camero ef al

Figure 3 shows that the excess molar volumes are always
negative for all the studied temperatures and for any composi-
tion. This would indicate that interactions between different (3 prigogine, 1. The Molecular Theory of SolutionsNorth-Holland:
molecules are stronger than interactions between molecules in ~ Amsterdam, 1957.
the pure liquids and that associative forces dominate the behavior (4) Redlich, O.; Kister, A. T. Algebraic representation of thermodynamic
of the solution. Therefore, in this system, a compression in free %O%i”sfg 4a8”d the classification of solutidnd. Eng. Chem1948
volume Isf ConSIdered. to OC.Cur’ mak_mg th.e mixtures .more (5) Krishnamurty, V. V. G.; Venkata Rao, C. Vapdiquid equilibria:
compressible than the ideal mixture, which ultimately culminates

) : ! system chloroformrmethyl ethyl ketonel. Sci. Ind. Res1955 14B,
into negative values of E. From this plot, we can also conclude 55-62.

-0.8

Iny, Iny,

-1.0

-1.2

-1.4

1.6 1 1 1 1
0.0 0.2 0.4 0.6

whereyi,, andyz. are the activity coefficients of chloroform
and 2-butanone at infinite dilution, respectively, ands the
mole fraction of chloroform. Equations 19 and 20 lead to the
values 0.317 and 0.261 for. andy2., respectively.

Since, in the infinite dilution limit, solutesolute interactions
disappear, the values of the infinite dilution activity coefficients
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