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(Received I I  July 1997) 

Speeds of sound, densities and refractive indices of the binary mixtures containing acetone. 
methanol. ethanol, o r  2-butanone have been measured at 298.15 K and atmospheric 
pressure, in the whole composition diagram, the derived excess values being determined. 
Parameters of analytical expressions which represent the composition dependences of 
excess and variation of properties are reported. Values o f  physical properties were 
compared with the results obtained by different prediction methods. The excess volumes 
were estimated using different applications of the Heller equation, which are depending 
on the refractive indices of the mixtures. A good agreement between the experimental 
and theoretical values both in magnitude and sign were obtained by these methods. 

Keyword.s: Densities; refractive indices; isentropic compressibilities 

1. INTRODUCTION 

Continuing our research on thermodynamic properties of alcohol 
+ketone multicomponent mixtures [ l ,  21 related to the azeotropic 
separation processes, we have determined experimental values of speed 
of sound, density and refractive indices for the binary mixtures present 
in the quaternary mixture acetone + methanol +ethanol + 2-butanone 
at  the temperature 298.15 K and atmospheric pressure. Derived excess 

*To whom correspondence should he addressed 
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values were computed and then correlated by means of a Redlich- 
Kister [3] type equation, the parameters of these functions being 
gathered. Values of physical properties and the derived magnitudes 
were computed by means of prediction niethods and binary contribu- 
tion models. The application of two equations, which are derived from 
Heller equation, to predict excess molar volunies from refractive 
indices showed a good agreement for Lorenz-Lorentz mixing rule over 
the whole ranges of composition in these mixtures. The values of 
partial molar excess volumes as well as the corresponding limiting 
quantities, were determined and commented upon. 

2. EXPERIMENTAL SECTION 

The substances employed were supplied by Merck (Lichrosolv 
quality). Their mole fraction purities were better than 0.995 for 2- 
butanone and better than 0.998 for the other chemicals used, by means 
of gas-liquid chromatographic test, in accordance with vendor 
specifications. Values of measured properties, when available, were 
in accordance with which published in open literature (Tab. I).  Usual 
procedure for chemicals were applied using molecular sieve (3A) in 
order to dehydrate and ultrasonic treatment for degassing solvents. 
General procedure of chemicals manipulation and technique applied 
in our laboratory are commented in a previous paper [2]. The speeds of 
sound and densities of the pure substances and binary mixtures were 
measured with a digital vibrating tube analyser Anton Paar DSA-48 

TABLE I Comparison of data with literature dala for pure liquids a1 298.15 K 

~ ' ~ J l l l / J ~ N i l ~ l l /  l'.X/)//. l i t .  l,.Y/l /I. / i / ."  l , . Y / l / l .  I;/." 

Acetone I 161.0 I 160.6h 0.7844 0.78547 1.35580 I .35596 
Methanol 1102.1 1102' 0.7866 0.78664 1.32645 1.32652 
Ethanol 1 142.6 1142.4" 0.7850 0.78509 1.35922 1.35941 
2-Butanone I 192.2 0.8001 0.7997 1.37616 1.3764 

I 170.4" I l6Y 

"TRC Thermodynamic Tables (1994). hPapaloannou C I  u / .  (1991). 'Arm cr [d ( IVY6) .  "This work. 
niwwred at 303.1.5 K .  'Ilajaaekar ;mil Naidu (1996). 
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P R O P E R T I E S  OF B I N A R Y  M I X T U R E S  I I  

with a precision of H m m 5  g,cni ' and 33.I.l n1.s land the refractive 
indices by the automatic refractonieter ABBEMAT-HP Dr Kernchen 
with a precision of+tO.O0001. Thermostation ofsamples were realized by 
acvntroller bath PBlySciencemodelC)5 10. with a tciiiperaturestabilityof 
3~ lo-'  K .  Saniples preparation was made by weight using ;I Mettler AE- 
240 balance with ;I precision o f &  10 ' g .  covering the wholecomposition 
range of the binary mixtures. Before each series of' measurements, the 
instruments were calibrated in accordance with the use instructions. no 
systematic errors being detected in the measurements. The accuracy in 
the calculation of changes of speed of sound. excess molar volumes and 
changes of refractive indices on niixing was estimated as better than 
2 m.s I, 5.6.10 'cm3.mol- I, and 10 '. respectively. 

3. RESULTS AND DATA CORRELATION 

Speeds of sound, isentropic conipressibilities (determined by means of  
Laplace equation. K , ~ =  0- ' 1 4  '), densities. and refractive indices are 
given in Table I I .  The derived magnitudes, changes o f  isentropic 
cotnpressibilities on mixing, excess molar volumes. and  changes of 
refractive indices o n  niixing were determined using eqs. 1. 2 and 3, 
respectively. 

In these equations, fiS is the isentropic compressibility, p is the density 
and is the refractive index i n  the mixture. and M i  the molecular 
weight o f  the component i. The K S i ,  p, and magnitudes are the 
properties of the pure components. N is the number ofcomponents in 
the mixture and h means thc variation o f a  magnitude. Thc values ol'the 
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excess properties are gathered in Table 11, too. A Redlich-Kister type 
equation was used to correlate the changes of isentropic compres- 
sibilities on mixing, excess molar volumes and changes of refractive 
indices on mixing of the binary mixtures, by the method of least squares 
with all points weighting equally. This equation can be expressed as: 

m 

SQ = X,X, C B,, (x, - x,)" 
p=o 

(4) 

where SQ is &,Y/(TPa-'), VE/(cm'molp') or OnI). The degree of this 
equation (m  parameter) was optimized by applying the F-test [8]. 
Figures la, Ib  and Ic show the experimental points of the derived 
excess and variation of properties plotted against molar fraction as 
well as the curves fitted. The parameters B,, in equation 4, and 
corresponding standard deviations (eq. 5 )  are gathered in Table 111. In 
this expression the value of the property and the number of 
experimental data are represented by -7 and n, respectively. 

4. DISCUSSION 

4.1. Partial Excess Molar Volumes 

Partial molar quantities are important in the study of the dependence 
of a extensive property on the phase composition at constant pressure 
and temperature, because show its trend with molar fraction variation. 
They should be applied to any extensive property of a single-phase 
system such as volume. Gibbs energy or any other. If we let E 
represent any extensive property of a single phase which is a function 
of pressure, temperature and mole numbers of the components. the 
differential of E should be expressed as: 

hE = ( E ) * > , d T +  (g) rlP + 5 (E) t h ,  (6) 
I I ,  I= I I I' I !  
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XI 

FIGURE I (Continued). 

mixture can be determined from excess molar voluine data by means 
or the following expression: 

where the differential term is calculated taking into account we have 
applied thc Rcdlich-Kister expression to correlate the excess values, thus 
the parariieters enclosed in Table 111 for eq. 4 are applied. The expres- 
sions for the partial excess molar volumes, once thc differentiation is 
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perlbrnied and some algebra carried out. should be written as:  

-I.' v ,  = ( I  - 

~ c v, = ( 1  - ...)- 
1 
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where the symbols keep the meaning explained above. From ey. 8 and 
9, the corresponding limiting partial excess molar volumes should be 
determined by considering .I-, nule in every expression, such limiting 
values being depending only on these correlation parameters. Figure 
2a, and 2b show the trends of partial excess molar volumes with the 
corresponding molar fraction for the six binary mixtures. I n  Table IV, 
the values of limiting partial excess molar volumes at 298.15 K for the 
binary mixtures are enclosed. In these figures it can be observed ;I 

similar behaviour in the ketone + alcohol mixtures (acetone + metha- 
nol or ethanol and methanol or ethanol + 2-butanone) showing a 
strong decreasing negative trend in the first case. and a similar path for 
the second one. In  both of them is shown a lower erect with higher 
chain of alcohol. In alcohol + ?-butanone mixtures a minimum is 
shown at almost the same composition due to the similar molecular 
interactions in low molar fraction of alcohol. 

4.2. Physical Properties Estimation 

The prediction of different thermodynamic properties of multi- 
component mixtures have been the subject of study in recent years. 
applying different empirical or semiempirical models. In this paper. the 
measured experimental properties were compared with those estimated 
applying several relations. The density of  the mixtures were estimated 
by application o f  the Hankinson-Brobst-Thompson (HBT). Rackett 
(R) .  Spencer and Danner modified Rnckctt (SDR). Bradford-Thodos 
(BT), Riedel (RI ) .  Narsimhnn ( N ) ,  and Yen-Woods ( Y W )  equations[2] 
using expansioned mixing rule [9]. The refractive indices were compared 

~~ 1.455 
0.000 
0.32 I 
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with the predicted results by Lot-cntz-Lorcnz (LL) ,  Dale-GI, 'I d .  stone 
(DG),  Arago-Biot (AB), Eykninn (Eyk), Newton ( N ) .  Oster (0). Wiener 
(W).  Heller ( H )  atid Eyring-Jhon (EJ )  mixing rules [2]. The prediction of 
speed of sound was made by means o f  Nomoto [ 101, V a n  Dael [ 1 I ] .  
Jacobson (Free Length Theory) [ 121, and Scliatls-Nutscli-KLihnkies 
(Collision Factor Theory) [ 13 ~ IS] methods. In  Tables V. VI and VI I  
the mean square deviations ol 'the estimations are gathered. I t  can be 
observed as in density estimation the Yen-Woods method carries to 
smaller deviations for all the mixtures although Bradford-Thodos 
equation let to obtain comparative results in the binary systems. The best 
refractive indices estimation in the binary mixtures ;ire those obtained by 
Lorenz-Lorentz equation considering non additivity o n  mixing. The 
application of  the Collision Factor Theory (CFT)  prcsents lowcr 
deviation val~ies in predicting the speed of sound in almost all systems. 

4.3. Excess Properties Estimation 

For many practical purposes i t  is necessary to show the capability to 
predict the non-ideality of binary o r  multicomponent liquid mixtures 
from other mixture properties or by means o f  pure components 
propcrtics. The methods applied to these mixtures evnlue the excess 
molar volunie I'rom refractive indices on mixing based on tiiferetit 
applicntions o f  the Heller equation [ 161 and  difet-ent mixing rules for 
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’TABLE VI Standard deviationa of the experimental refractive indices from the 
prediction results for the Lorentz-Lorenz (L-L), Dale-Gladstone (D-G). Arago-Biot (A- 
D), Eykman (Eyk), Newton (Nw), Oster (Os), Eyring-Jhon (E-J). Wiener (Wi). and 
Heller (He) equations 

L-la 1j-G A - B  E j k  Nki, 0s E-J W/ H c  

A c r / o t z c ~ ( l )  i Mc//7rmo/(2)  
0.00183 0.00178 0.00178 0.00180 0.00172 0.00175 0.00181 0.00146 0.00182 
0,0001 5* 0.00024* 0.00434* 0.0001 9* 0.0003X* 0.00027* 0.01046* 

A ~ ~ r / O / W (  1 )  + E//7t/t20/(2) 

0.00052 0.00052 0.00052 0.00052 0.0005 I 0.0005 1 0.00052 0.0005 I 0.00052 

A W / O ~ P (  I )  + 2-Bl//U/?(ItX’ ( 2 )  
o.ooox* o.ooo26* 0.00067* 0.00024* 0.0002x* o.o0026* 0.00179* 

0.00014 0.00017 0.00017 0.00016 0.00020 0.00018 0.00016 0.00039 0.00014 
0.00005* 0.00006* 0.00033* 0.00005* 0.00009* 0.00007* 0.00084* 

Me/hrmo/( I )  + E / / r m o / ( 2 )  
0.00007 0.00009 0.00009 0.00007 0.00014 0.0001 I 0.00007 0.00063 0.00007 
o.oooio* o m o 1 2 *  O . O O O ~ S *  0.0001 I *  o.o0017* o.o0014* o.noo43* 

Ml~l/fclnol( I ) + 2-Bu/tr / /o/ lc  ( 2 )  
0.00131 0.001 17 0.001 17 0.00122 0.00101 0.00109 0.00125 0.00093 0.00134 
0.00023* 0.00020* 0.00259* 0.00019* 0.0001 7* 0.00016* 0.00629* 

Elharfo/( I )  + 2-ButrrniJnr(2) 
0.00050 0.00048 0.00048 0.00049 0.00046 0.00047 0.00049 0.00038 0.00049 
0.00008* 0.00010* 0.00099* 0.00009* 0.00013* 0.0001 I *  0.00244* 

*An asterisk indicates noii additivity oil mixing. 

TABLE V I I  Standard deviations of the experiinentnl spccd of sound from thc 
prediction restilts for the Nomoto. Van Dacl, Jacobson (FLT) and Schaatfs-Nutsch- 
kuhnkies (CFT) methods 
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T A B L E  V l l l  Stiindtird deviation$ of the experimental excess moliir voluiiles froin 
those ebtiniated by equation I3 and  equation 16 applqing dilt'erent mixing rule\ for  
refructivc indcx on rnixing 

0.036') 
I ) ,0456 
0.01 22 

0.0324 
I ) . O I  83 

o . n i h 2  

"'/. 1.3 
/ b.:l,l, / 

0.0270 
0 04 14 
0.0 I0 I 
0.0 141) 
0.0302 
0.01 54 

"(1. 1.3 
/ 0 . Y  ) 

0.0422 

0.01 55 
0.0 196 
0.02x3 
0.0 I9X 

o.n.txx 

Acetonel 1 )  f Methanol(2) 0.0 I55 0 . 0 3  I2 0.02ox I) 0401 
Acetone ( I ) +  E t h a n o l ( ? )  0.0379 0.040 I  0.041 x 0.04') 3 
Acetone ( I ) t ?-Hutanone(2) o.oios o.ni32 o.01 1 7  0.01 44 

Methanol( I )  1 2-Butanonc(2) n.0 I  x4 o . 0 3 4 ~  o.o2oo o.o4i x 
Ethanol( I ) f 2-Hutanone(2) 0.0 I35 ~).O'IlX 0.0I60 0.0239 

Metli;iiiol( I )  + Eth;inol ( 7 )  O,l)l49 l I . O l 5 Y  0.0154 0.0163 

the refractive indices i n  the mixtures. In  the last few years, prediction 
of excess volumes from refractive index mixing rules and  relation of  
excess volumes with density of  pure components was suggested for 
binary mixtures by some authors[l7]. They have proposed that the 
mixing rules for refractive indices are functions of the volume fractions 
o f  the mixture. since i t  is possible to generalize them in ;I function o f  
the density o f  the mixture and of the pure components: 

In  this equation, II', is the weight fraction, and , f '  is a mathematical 
function o f  the refractive indices of the mixture ( H , ~ ) ,  and the refractive 
indices o f  each component by substitution in eq. 2, the excess 
volunie of  the mixture. by some algebra and reorganizing the 
expression, can be expressed as: 
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From this equation, considering the relation between the weight 
fractions and molar fractions, the equation can be transformed so that: 

Expressed in another way, the relation 
function of refractive indices would be: 

of the excess volumes to the 

In other way, Nakata and Sakurai [I81 have proposed expressions to 
relate excess volumes by means of expansions in powers to first order, 
taking intoaccount different mixing rules. By substitution ofeqs. 2and 9, 

we obtain: 

where: 
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wheref" means the first derivation of the mathematical function ,f: In 
this paper, experimental and estimated values of excess molar volumes 
using eqs. 13 and 16 are compared for the binary mixtures applying the 
Lorentz-Lorenz, Dale-Gladstone, Eyknian and Oster (eqs. 18, 19, 20, 
and 2 I ,  respectively) refractive index mixing rules: 

0.07 

6VE 

0.05 

0.03 

0.01 

-0.0 1 

-0.05 

0 0  

0 0  

- _ -  

A 

"'"8 .0 0.5 1 .o  
XI 

F I G U R E  3 Deviations (cm'mol ' ) ( A  V'-, 5% dashed line, 10% solid line) from 
computed excess molar volunics (eq.  4 )  by application 0 1  cq. 13 (0). and  I6 ( A )  
(LoreiwLorent j .  mixing rule), and  literature data (0. Wey and  Rowlcy, 19x4; *, Noda 
(I/ d., 1982) f o r  Acetone ( I ) +  Methanol (2 )  ii t  29X. 15 K .  The experimental viilues of the 
measured mixture are shown through the wlid line 01' zero value. 
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In Figure 3, literature data [19,20], lines corresponding to the 
experimental data correlation, and the estimated values by means of 
Lorenz-Lorentz rule in equation 13, and 16 are shown. A good 
concordance are shown between experimental data and those reported 
by Noda c't nl., which keep a difference better than f5%, approxi- 
mately. The equations 13 and 16 show a good capability in the 
estimation of excess molar volumes, although the last one computes a 
better result for the gathered system. As it could observed in this 
Figure, these equations could be used with similar accuracy in excess 
volume estimation, a good sensibility are shown to determine low 
values of these excess property in high complex or associated mixtures. 
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