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MIXING PROPERTIES OF THE BINARY
MIXTURES OF ACETONE, METHANOL,
ETHANOL, AND 2-BUTANONE AT 298.15K

MIGUEL IGLESIAS**, BEATRIZ ORGE?,
MAGDALENA DOMINGUEZ® and JOSE TOJO!

*Departamento de Ingenieria Quimica, Universidad de Vigo, Aptdo.
874, 36200 Vigo, Espana;
®Departamento de Quimica Organica-Quimica Fisica, Universidad de
Zaragoza, 50009 Zaragoza, Espana

{ Received 11 July 1997)

Speeds of sound, densities and refractive indices of the binary mixtures containing acetone,
methanol, ethanol, or 2-butanone have been measured at 298.15K 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 of 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.

Keywords: Densities; refractive indices; isentropic compressibilities

1. INTRODUCTION

Continuing our research on thermodynamic properties of alcohol
+ ketone multicomponent mixtures [1,2] 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 be 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 methods and binary contribu-
tion models. The application of two equations, which are derived from
Heller equation, to predict excess molar volumes 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 | Comparison of data with literature data for pure liquids at 298.15K

ul(m-s ') plgem ) npy
Component exptl. lit. exptl. hir* expil. lir*
Acetone 1161.0 1160.6° 0.7844 0.78547 1.35580 1.35596
Methanol 1102.1 1102¢ 0.7866 0.78664 1.32645 1.32652
Ethanol 1142.6 1142.4° 0.7850 0.78509 1.35922 1.35941
2-Butanone 1192.2 0.8001 0.7997 1.37616 1.3764
11704 1169

“TRC Thermodynamic Tables (1994). hPupquannou et al. (1991). “Arce e al.(1996). YThis work:
measured at 303.15 K. *Rajasekar and Naidu (1996).
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with a precision of +0.00005g-cm *and +0.1 m-s 'and the refractive
indices by the automatic refractometer ABBEMAT-HP Dr Kernchen
with a precision of £0.00001. Thermostation of samples were realized by
acontroller bath PolyScience model 9510, with a temperature stability of
+ 1077 K. Samples preparation was made by weight using a Mettler AE-
240 balance with a precision of £10 * g covering the whole composition
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 mixing was estimated as better than
2ms ' 5.6.10 *em*mol ' and 10 *. respectively.

3. RESULTS AND DATA CORRELATION

Speeds of sound, isentropic compressibilities (determined by means of
Laplace equation, ng=p 'u %), densities. and refractive indices are
given in Table Il. The derived magnitudes, changes of isentropic
compressibilities on mixing, excess molar volumes, and changes of
refractive indices on mixing were determined using egs. 1. 2 and 3,
respectively.

N
ORy = Rg — Z-\'/ H.Si (1)
i=1

N
V=S xiMi(p - p ) (2)

i=1

p
oy =np - E i Hp; (3)

i=1

In these equations, kg is the isentropic compressibility, p is the density
and np 1s the refractive index in the mixture, and M,; the molecular
weight of the component i. The wg;, p; and ny, magnitudes are the
properties of the pure components, N is the number of components in
the mixture and é means the variation of & magnitude. The values of the
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excess properties are gathered in Table II, 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:

8Q = xix; Y _ By (x; — x;)" (4)

p=0

where 60 is 5n‘g/(TPa"), V,f,/(cm3mol") or onp. The degree of this
equation (m parameter) was optimized by applying the F-test [§].
Figures la, 1b and lc 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 II1. In
this expression the value of the property and the number of
experimental data are represented by z 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 F
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:

OE OE N (OE
SE = [ = T+ (= > (- ;
(()T> P.nd N <0P> T. ndp * =1 <()Fl,‘ ) ’I'.I’.ndn (6)
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080 0,15 1.0

a) X1

FIGURE | Curves of constant (a), changes of isentropic compressibility (TPa '),
(b). excess molar volumes (em*mol '), and (c). changes of refractive index on mixing at
298.15K for (O)Acetone (1) + Methanol(2): () Acctone(l) + Ethanol(2); (#)Ace-
tone( 1)+ 2-Butanone(2); (AyMethanol(l) t Ethanol(2): (x)Mcthanol (1) + 2-Buta-
none(2): (x) Ehtanol(!)+ 2-Butanone(2).

where the quantity (JE/On)7.p,, 1s defined as the partial molar
quantity of the " component in the phase. the value N refers to all the
components present, showing the finite change in the property on the
addition of 1 mol of the component / in an infinite quantity of solution
al constant temperature and pressure. In what is referred to an excess
property, the partial excess molar volume of 4 component in a binary



08: 05 28 January 2011

Downl oaded At:

18 M. IGLESIAS e/ al.

0.012

61’1[)

0.010 -

0.008 -

0.006

0.004 -

0.002

0.00Q :
0.0 0.5 1.0

b) Xy

FIGURE | (Continued).

mixture can be determined from excess molar volume data by means
of the following expression:

Ti=VEr (- ("Vﬁ) (7

dx;

where the differential term is calculated taking into account we have
applied the Redlich-Kister expression to correlate the excess values, thus
the parameters enclosed in Table 111 for eq. 4 are applied. The expres-
sions for the partial excess molar volumes, once the differentiation is
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FIGURE I (Continued).

performed and some algebra carried out, should be written as:

et [i(le ST SEAEN 1)/”} 0

p=0 pl

72‘;:(1 - .\’3)3 [IZ” B/)(l *2-\'2)11 + X0 i (=2)p B/) (- 2»\A_)I)I<| 9)

p=0 Pl
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FIGURE 2 Partial excess molar volumes (cm*mol "y ofthe binary systems, (a)}’ {‘"und
(b) Va1 298.15K.
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where the symbols keep the meaning explained above. From eq. 8 and
9, the corresponding limiting partial excess molar volumes should be
determined by considering x, 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. In Table IV,
the values of limiting partial excess molar volumes at 298.15K for the
binary mixtures are enclosed. In these figures it can be observed a
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 effect with higher
chain of alcohol. In alcohol + 2-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 of the Hankinson-Brobst-Thompson (HBT). Rackett
(R), Spencer and Danner modified Rackett (SDR). Bradford-Thodos
(BT), Riedel (RI), Narsimhan (N), and Yen-Woods (YW) equations 2]
using expansioned mixing rule [9]. The refractive indices were compared

TABLE IV Partial excess molar volumes at infinite dilution of the binary mixtures at
208.15K

l'f'\ Jeent mol ) I'J;" Jlemtmol )
Acetone(1) + Methanol(2) —1.837 - 1455
Acetone(1) + Ethanol(2) -0.565 0.000
Acetone( 1) + 2-Butanone(2) —(.060 0.321
Methanoel(1) + Ethanol(2) 0.302 0.170
Methanol(1) + 2-Butanone(2) 0.292 -1.336

Ethanol(1) + 2-Butanone(2) -0.204 —-1.904
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with the predicted results by Lorentz-Lorenz (LL), Dale-Gladstone
(DG), Arago-Biot (AB), Eykman (Eyk), Newton (N). Oster (O). Wiener
(W). Heller (H) and Eyring-Jhon (EJ) mixing rules [2]. The prediction of
speed of sound was made by means of Nomoto [10], Van Dael [11],
Jacobson (Free Length Theory) [12]. and Schaffs-Nutsch-Kuhnkies
(Collision Factor Theory) [13 - 15] methods. In Tables V. VIand VII
the mean square deviations of the estimations are gathered. It 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 are those obtained by
Lorenz-Lorentz equation considering non additivity on mixing. The
application of the Collision Factor Theory (CFT) presents lower
deviation values in predicting the speed of sound in almost all systems.

4.3. Excess Properties Estimation

For many practical purposes it is necessary to show the capability to
predict the non-ideality of binary or multicomponent liquid mixtures
from other mixture properties or by means of pure components
properties. The methods applied to these mixtures evalue the excess
molar volume from refractive indices on mixing based on different
applications of the Heller equation[16] and different mixing rules for

TABLE V  Standard deviations of the experimental results [rom those estimated for
densities (Hankinson-Brobst-Thompson (HBT), Rackett (R). Spencer and Danner
Modified Rackett (SDR), Bradiord-Thodos (BT). Riedel (Ri). Narsimham (N). and
Yen-Woods(YW))

HBT R SDR BT Ri N Y
Acetone (1) + Methanol (2)
0.01597 0.0532% 0.01495 0.01256 0.01412 0.01782 0.00244
Acetone (1) + Ethanol (2)
0.01552 0.03228 0.01003 0.00912 0.03408 0.01646 0.01171
Acetone (1y+ 2-Buranone (2)
0.01504 0.02552 0.03204 0.00379 0.01548 0.029%89 0.00272
Methanol (1) + Ethanol (2)
0.02170 0.05818 0.02823 0.01996 0.04762 0.01509 0.01365
Methanol (1) 4 2-Butanone (2)
0.03351 0.05261 0.02421 0.01002 0.01364 0.02115 (L06G133

Fthanol (1) + 2-Butanone (2)
0.03002 .02492 (0.02451 0.00605 0.03715 0.01559 0.00836
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TABLE V1 Standard deviations of the experimental refractive indices from the
prediction results for the Lorentz-Lorenz (L-L), Dale-Gladstone (D-G), Arago-Biot (A-
B), Eykman (Eyk), Newton (Nw), Oster (Os), Eyring-Jhon (E-I), Wiener (Wi), and
Heller {(He) equations

L-L D-G A-B Fvk Nw Os E-J Wi He

Acetone (1) + Methanol (2)

0.00183 0.00178 0.00178 0.00180 0.00172 0.00175 0.00181 0.00146 0.00182
0.00015% 0.00024* 0.00434* 0.00019* 0.00038* 0.00027* 0.01046*

Acetone (1) + Ethanol(2)

0.00052  0.00052 0.00052 0.00052 0.0005! 0.00051 0.00052 0.0005! 0.00052
0.00023* 0.00026* 0.00067* 0.00024* 0.00028* 0.00026* 0.00179*

Acetone (1) + 2-Butanone (2)

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*

Methanol (1) + Ethanol (2)

0.00007  0.00009 0.00009 0.00007 0.00014 0.00011 0.00007 0.00063 0.00007
0.00010*% 0.00012* 0.00025* 0.00011* 0.00017* 0.00014* 0.00043*

Methanol (1) + 2-Butanone (2)

0.00131  0.00117 0.00117 0.00122 0.00101 0.00109 0.00125 0.00093 0.00134
0.00023* 0.00020* 0.00259* 0.00019* 0.00017* 0.00016* 0.00629*

Ethanol (1) + 2-Butanone (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* 0.00011* 0.00244*

*An asterisk indicates non additivity on mixing.

TABLE VII  Standard deviations of the experimental speed of sound from the
prediction results for the Nomoto, Van Dacl, Jacobson (FLT) and Schaaffs-Nutsch-
kuhnkies (CFT) methods

Nomoto Van Dael Jacobson Schaaffs- Nutsch-
(FLT) kuhnkies (CFT)
Acetone (1) + Methanol (2)
9.98 56.02 27.18 1.91
Acetone (1) -+ Ethanol (2)
2.35 9.30 66.66 0.67
Acetone (1) + 2-Butanone (2)
1.52 6.46 28.14 0.13
Methanol (1) + Ethanol(2)
0.23 18.29 143.25 0.32
Methanol (1) + 2-Butanone (2)
7.49 95.69 129.76 3.45

Ethanol (1) + 2-Butanone(2)
4.92 3343 76.58 1.99
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TABLE VII Standard deviations of the experimental excess molar volumes from
those estimated by equation 13 and equation 16 applying different mixing rules for
refractive index on mixing

eq. 13 cy. 13 eq. 13 eq. 13
(-1 1 D-G) {Evk) {Os)
Acetone (1) + Methanol (2) 0.0199 0.0369 0.0270 0.0422
Acetone (1) + Ethanol (2) 0.0376 0.0456 0.0414 0.0488
Acetone (1) + 2-Butanone(2) 0.0093 0.0122 0.0101 0.0155
Methanol(1) + Ethanol(2) 0.0121 0.0162 0.0140 0.0196
Methanol(1) + 2-Butanone(2) 0.0330 0.0324 0.0302 0.0283
Ethanol (1) + 2-Butanone(2) 0.0134 0.0183 0.0154 0.019%
eq. 16 cy. 16 ey. 16 cy. 16
(L-1.) 1D-G) (Evk) (Os)
Acetone(1) + Methanol(2) 0.0155 0.0312 0.0208 0.0401
Acctone (1) + Ethanol(?) 0.0379 0.0461 0.0418 0.0493
Acetone (1)1 2-Butanone(2) 0.0105 06.0132 0.0117 0.0144
Methanol(1) + Ethanol (2) 0.0149 0.0159 0.0154 0.0163
Methanol(1)+ 2-Butanone(2) 0.0184 0.0349 0.0260 0.0418
Ethanol(1) + 2-Butanone(2) 0.0135 0.0208 0.0169 0.0239

the refractive indices in 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[17]. They have proposed that the
mixing rules for refractive indices are functions of the volume fractions
of the mixture, since it is possible to generalize them in a function of
the density of the mixture and of the pure components:

T(np) _ i wi [ (np;) (10)
P 1 Di

In this equation, w; is the weight fraction. and f is a mathematical
function of the refractive indices of the mixture (1), and the relractive
indices of each component (np,;). by substitution in eq. 2, the excess
volume of the mixture, by some algebra and reorganizing the
expression, can be expressed as:

al . al w, /)
S, ) (3
i=1 i

V= . -
S (np)

.
X --IA/li

: (I
=1

Pi

{
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From this equation, considering the relation between the weight
fractions and molar fractions, the equation can be transformed so that:

<£ M; .\',_/‘(n,),)>
pE — Ni=l o Z x; M;

g S (np) - TP

(12)

=

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

V= XN:K/'("D,) - f("l))) | xi M } (13)

Py f(np)pi

In other way, Nakata and Sakurai[18] have proposed expressions to
relate excess volumes by means of expansions in powers to first order,
takinginto account different mixing rules. By substitution ofeqs.2and 9,

S, = i: [/L”?J (np — np, )"]

n=0 hp: (l4)
:.f.(n[)|) +.f,(nD|) (nD - nDl) +e
: e [Mey)
S (np,) " = ; [ ol (np, — np,) } (15)

=flnp) + S (np,) (np, —np) + -+

we obtain:

/i =i

where:

(17)
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where f/’ means the first derivation of the mathematical function /. In
this paper, experimental and estimated values of excess molar volumes
using eqgs. 13 and 16 are compared for the binary mixtures applying the
Lorentz-Lorenz, Dale-Gladstone, Eykman and Oster (eqs. 18, 19, 20,
and 21, respectively) refractive index mixing rules:

- (”%) - 1)
flnp) = —=—— (18)
(np +2)
0.07
6vE o]
]
0.05
o
0.03 +
a "3
s o I 0 S
8] ~
0.01 &/ . i Tas
W [e]
A% N % A
A ' i,
N 2 A
~0.01 F\e > g S
- «
%
—-0.03 -
_ I
O'O%.O 0.5 1.0
X

FIGURE 3 Deviations (cm*mol "Yo V5, 5% dashed line, 10% solid line) from
computed excess molar volumes (eq. 4) by application of ¢q. 13 (), and 16 (A)
(Lorenz-Lorentz mixing rule), and literature data (), Wey and Rowley, 1984; x, Noda
et al., 1982) for Acetone (1)+ Methanol (2) at 298.15 K. The experimental values of the
measured mixture are shown through the solid line of zero value.
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f(n[)):n])* 1 (]9)
. (1)
S(np) = (nTD—iTél) (20)

[(n}, — D(2n} + 1)]
1

S(np) = (21)

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 er al., which keep a difference better than +5%, 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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