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ABSTRACT

Molecular interaction in three polar plus non-polar binary liquid mixtures
(a) benzene + benzonitrile, (b) benzene + methyl propyl ketone (MPK) and
(c) cyclohexane + MPK have been studied at 303.15K. Derived ultrasonic
parametersisentropic compressibility (B), intermolecular freelength (L§),
free volume (V), specific acoustic impedance (Z) and their respective

excess parameters 3, ;f,;, , Vv and Z® are computed. Relative association

(RA), molar sound velocity (R) and solvation number (S,) have also been
computed. Hence the molecular interactions between the components of
the three mixtures are studied, using the above parameters, over theentire
composition range. It is found that the nature of interactions for the sys-
tems (a) and (b) are similar but different from that for system (c). The
strength of interactions for the three systems is in decreasing order. Dif-
ferent ultrasonic parameters and excess val ues have been fitted by empiri-
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cal equations with reliability better than 99%, in most of the cases.
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INTRODUCTION

Ultrasonic methods have been extensively used to
study the physico-chemical behaviour of liquid systems.
Thisisdone by studying the ultrasonic velocity (U),
density (p), viscosity (1) etc. inthe pureliquidsand
their mixtures A variationfromlinearity inthebehaviour
of ultrasonicve ocity versuscomposition of mixturein-
dicates presence of interactions between the compo-
nents of the mixture. However, the study of only the
observed parameters, such as, U, p and n etc. doesn’t
provide any information about the nature and rel ative
strengths of theseinteractions. Such information are

provided by theinvestigation of derived parameterssuch
asPB,L,V,Z,RA,R, S, etc. and the excessval ues of
some of thesederived parameters.
Theintermolecul ar interaction between polar and
nonpolar components of binary liquid mixtureswere
studied intermsof non-ideality and excessmolar vol-
umesfor the systems: (a) benzene+ benzonitrile, (b)
benzene + methyl propyl ketone (MPK) and (c) cyclo-
hexane + MPK at 303.15°K™, In the present work
we have studied, to get better insight of the molecular
interactions, for these systemsintermsof 8,L,,V,, Z,
andtheir excessvaluesaswell asintermsof S, RA
and percentage deviation of R over theentire compos-
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tionrange.

We have represented the observed and derived
parametersandtheir excessva uesby accurate (> 99%)
mathematica expressionsusng themethod of polyno-
mid fitting.

Theoretical

Thedifferent ultrasonic parametersare cd cul ated
using therel ations below!>4. Theisentropic compress-
ibility B iscalculated using the equations of Newton
and Laplacei.e,

B=1U%p @

The distance covered by a sound wave between
the surface of two molecules, caled theintermol ecular
freelength L, isgiven by
L, =K @)L/2 )

Theeffectivevolumeaccessbleto thecenter of the
moleculefor movement iscalled thefree volume per
moleculeV, givenby
Vi =V,-b (3)
whereK isatemperature dependent parameter andis
equal to 631 at 303.15°K asgiven by Jacobson>9.V_
istheavailable volumeand iscalculated from thefol -
lowing express on obta ned on combining theequations
of Jacobson and Schaffg®7.

Va=(M/p)[1-(U/Uy)] 4)
where U, =1600ms 1. The advantage of relation (4)
over Kaulgud’sthermodynamic relation® isthat it needs
experimentd ultrasonic vel ocity which can bemeasured
with extremeprecision. b, thevan der Waal’s param-
eterisgivenby

b=M|:1— R'TZ{ 1 MY H 5

pl” MU R'T

here R’ isthegas constant and T isthe absol ute tem-

perature. M isthemolecular weight and for binary mix-

turesisreplaced by M _,, where

My =X My + XM, (6)

hereMj isthemolecular weight of theith component of

themixturewith molefraction Xj. Specificacousticim-

pedanceZ isgiven by

Z=pU )
Theratio of experimenta vaueL totheided vaue

(L)), isameasureof therelative association RA and

isgiven by
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RA = LY /(LY )ideal )
Themolar sound velocity R and the solvation num-

ber S aregiven, respectively, by

R=(M/p).uY3 ©

Sp=(ny/ny)[1-(Bs—B1)] (10)
Here, n, and n, are the number of moles of compo-
nents 1 and 2 respectively. B and B, are, respectively,
theisentropic compressibilitiesof the solutionand the
solvent. Theexcessva uesof thedifferent parameters
have been obtained by using the expression.

AF = Apiy - Aideal = Aexp - Aidenl (1)
where
Aideal = X1A1 + X5A5 (12

Inequation (12) ‘A’ representsdifferent ultrasonic
parameters, such as, B, L, V,, Z, etc. X, and X, are
molefractionsof thefirst and second componentsin
mixturewith valuesA and A, respectively of the pa-
rameterA.A, standsfor theexperimentaly determined
vaueof theparameter A, for themixture, with thehelp
of experimental valuesof velocity and density. For our
present study we havetaken theexperimenta va uesof
velocity and density, for thethree systems, from litera-
turel29,

The measured parametersU and p and thederived
parametersf, L, V, and Z have been represented by
an equation of theform:

P= EOA]- X] (12)

Theexcessultrasonic parametersAE havebeenrep-
resented as a function of X using equations of the
Redlich-Kister form¥.

A" =X3(1=X;) 2B (1-2X,)" (13)
Divisonby X (1-X,) gives
AAE /X, (1-X,) = B, (1-2X,)" (14)

Theright hand side of equations (12) and (14) are
asmplepower seriesin X, and (1-2X,), respectively,
leading to easy eval uation of the coeffici entsg andB,
by the method of |east squares.

RESULTSAND DISCUSSION

Thedifferent observed and derived ultrasonic pa-
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TABLE 1: Polynomial equation (13) fitting coefficients for the measured and derived parameter sfor thethreesystems

Ultrasonic parameters ag a; a ag a r?
Benzene + Benzonitrile
Vs -84.8267 19.2657 -16.1203 35.1366 -19.9365 0.9980
z 139293.99  -26989.105 22549.759 -51052.261 27606.91 0.9981
L¢ 0.45036 0.07629 0.002433 -0.02885 0.03054 0.9999
B 51.5444 12.7559 -11.8251 36.6907 -18.9305 0.9968
P 996.2337 -106.1585 -27.4464 19.1333 -13.5852 1.0000
U 1397.8322 -108.2835 179.4989 -401.8918 211.3925 0.9945
Benzene + MPK
V¢ -74.1472 11.8457 -16.4856 22.8389 -10.1741 0.9999
Z 94317.388 20097.248 -11540.065 11962.306 -4255.2498 0.9999
Ls 0.6338 -0.4241 1.0290 -1.21798 0.51681 0.9978
B 88.3146 -19.9015 -2.81796 11.5494 -6.3482 0.9999
P 796.3321 45.2786 108.6712 -164.0283 82.2354 0.9992
U 1191.4464 93.0876 67.2858 -219.6002 146.2901 0.9962
Cyclohexane + M PK
V¢ -73.186995 -0.55075 -0.6796 -4.6621 2.3172 0.9998
Z 94477561  -8152.3774 6391.4605 936.3159 423.97036 0.9999
Ls 0.59393 0.08071 -0.1462 0.15013 -0.09238 0.9963
B 89.3112 8.7456 -3.4477 -13.13899 5.4297 0.9999
P 796.68699 -53.20798 42.6786 -43.0042 25.7722 0.9999
U 1190.964 -79.5627 215.3536 -202.5608 102.7231 0.9999
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Figurel: L, U, B and Z asafunction of molefraction of
benzenefor thebenzene + benzonitrile system.
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Figure2: L, U, and Z asafunction of molefraction of
benzenefor thebenzene+ MPK system

rametersare represented by equation (13). The coeffi-
cientsof equation (13) a ong with r?, the coefficient of
determination, aregivenin TABLE 1. Therepresen-
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Figure3: L, U, and Z asafunction of molefraction of
benzenefor thecyclohexane+ M PK system

tation aremorethan 99%reliable.

Figures 1, 2 and 3 show the variation of param-
etersU, B, L, and Z asafunction of X, for thethree
systems(a), (b) and (c), respectively. Wefindthatinal
thethreesystemsU, 3, L, and Z exhibit nonlinear be-
havior, over theentirecompositionrange, asafunction
of X;. Thisshowsthe presence of specificinteractions
indl thethreesystems.

Fromfigurel, wefind that theintermolecular free
length increases asafunction of molefraction of ben-
zenefor system (a). Thischangeinintermolecular free
length dueto mixing affectstheultrasonic velocity U,
the specific acousticimpedance Z, and theisentropic
compressibility 8 of the mixture. If L, decreases be-
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TABLE 2: Experimental U, pand calculated valuesof B¢, LT, Vi, Z% RAand percentagedeviationsin R for thebenzene+

benzonitrile system

X U p 10" x BF 10°%LF 10°%1F  10%zF Ra % deviation
! ms* Kgm? TPa m mémole? Kgm?s! inR
0.0 1398 996.21 0.0 0.0 0.0 0.0 1.0 0.0
0.1557 1384 979.19 -0.692 -0.0021 -0.1256 6.5950 0.9863 0.0119
0.3161 1367 960.32 -1.127 -0.0026 -0.1726 9.5480 0.9837 0.0299
0.4169 1368 948.13 -2.346 -0.0032 -0.9687 22.3794 0.9805 0.2819
0.5481 1343 931.84 -1.694 -0.0042 -0.3311 13.9326 0.9750 0.0567
0.6567 1327 917.51 -1.427 -0.0038 -0.1677 10.7090 0.9774 0.0075
0.7856 1311 900.09 -1.301 -0.0040 -0.1805 9.7396 0.9768 0.0004
0.9143 1290 881.24 -0.464 -0.0017 -0.0167 2.9516 0.9899 -0.0335
1.0 1278 868.23 0.0 0.0 0.0 0.0 1.0 0.0
TABLE 3: Experimental U, p and calculated valuesof %, LE, VF,ZF RAand percentagedeviationsin R for thebenzene+
MPK system
U p 10"xBE 10" ¢ 10% vE 10°xZ*® % deviation
Xl ms-l K -3 -1 3 -1 21 RA H
gm TPa m> mole Kgm™s inR
0.0 1191 796.69 0.0 0.0 0.0 0.0 1.0 0.0
0.1304 1206 802.28 0.7942 0.0087 -0.3231 -2.2790 1.0457 0.4390
0.2171 1212 810.93 -1.1710 -0.0021 -0.2481 -0.9078 0.9886 0.0379
0.3294 1222 818.56 -1.4640 -0.0028 -0.2898 -1.5319 0.9853 0.0365
0.4869 1236 829.42 -1.6380 -0.0027 -0.3329 -1.9688 0.9851 0.0575
0.6257 1247 839.34 -1.4160 -0.0022 -0.2568 -2.7774 0.9875 0.0418
0.7707 1258 849.87 -0.8992 -0.0007 -0.1402 -3.6122 0.9961 0.0401
0.9062 1268 860.07 -0.2325 0.0006 -0.0059 -3.6344 1.0039 0.0200
1.0 1278 868.33 0.0 0.0 0.0 0.0 1.0 0.0

causeof mixingthenit resultsinincreaseof U aswell as
of Z, andindecrease of theisentropic compressibility
B. Wheressif L, increasesasaresult of mixing then U
aswell as Z should decrease and 3 should increase.
Thisiswhat wefindinfigurel.

Figure 2 showsthat for thesystem benzene+ MPK,
L, and B show adecreasing tendency withincreasing
mole fraction of benzeneand U aswell asZ havea
reversetendency. For the cyclohexane+MPK system,
L, and 3 show aconcavedownward variationwithmole
fraction of cyclohexanewhereasU and Z haveacon-
caveupward nature. Thisisshowninfigure3. Herewe
find that vel ocity showsaminimaand the compressibil-
ity amaxima. Thecomplex formationinliquid mixtures
can be detected by the presence of maximum or mini-
mum or by any abrupt changefrom thenorma behaviour
inthephysica properties’3*, Therefore, inthe present
case, the behaviour of U and 3 asafunction of mole
fraction of cyclohexaneindicatetheformeation of acom-
plex. It isseen to beformed at 0.45 mole fraction of
cyclohexane. Themagnitudeof strength of the complex
isestimated to be 14.60 TPa™.

In order toinvestigatetherelativeinteractionsin

thethree systemswe haveinvestigated the excess pa-
rameters €, LS, vFand ZF, for these systems, over

the entire composition range, as a function of X..
TABLES 2, 3and 4 givethesefor thethree systems.
Wefindthat & isnegativethroughout for system (@), is
negativefor al pointsexcept onefor system (b) andis
aways positivefor system (). Increasing negative 3¢
indicatesagresater interaction between the components
of amixtureand awesk interactionissuggested by the
positivevauesof 5%, Themagnitudeof fEdetermines
thestrength of interaction. Thusitimpliesthat thestrength
of interaction between the componentsof thethreesys-
temsareinthefollowing order,
benzene + benzonitrile > benzene + MPK > cyclohexane +
MPK

Thedecreaseinisentropic compressibility asare-
sult of mixingisaconsequenceof decreaseinavallable
freevolumeand thereby decreaseinintermolecul ar free

length. Thus, we expect behavioursof vFand L§ ,to

besameasthat of 3. Thisiswhat we observefromthe
TABLES2-4 andfigure4. Thus, negativevauesof 5,

vEand Lf indicatethe presenceof stronginteraction

Hn Tndéan g%wumé
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TABLE 4: Experimental U, p and calculated valuesof B, LE, Vv, ZF, RA and per centagedeviationsin R for thecyclohexane

+MPK system
U P 10" x BF 10%% 10°xvE 10° xZE % deviation
Xy -1 3 -1 3 1 2.1 RA ;

ms Kgm TPa m m> mole Kgm™s inR

0.0 1191  796.69 0.0 0.0 0.0 0.0 1.0 0.0
0.1525 1183  789.40 2.3540 0.0109 0.7120 -14.1751  1.0562 0.0024
02942 1182  783.94 3.4390 0.0163 1.0022 -20.6238  1.0847 0.0249
0.3752 1183  780.86 3.8150 0.0193 1.0633 -23.0768  1.1010 0.0791
0.4326 1184  779.02 3.9980 0.0201 1.1172 -24.1646  1.1057 0.0822
05075 1186  776.84 4.1030 0.0205 1.1566 -24.7884  1.1078 0.0789
05951 1190 774.34 3.9660 0.0208 1.0852 -24.1836  1.1093 0.1157
0.7377 1199  770.98 3.2930 0.0186 0.8534 -20.4741  1.0980 0.1434
0.8891 1212  769.02 1.9090 0.0106 0.5127 -12.0105  1.0552 0.0801

1.0 1227  768.92 0.0 0.0 0.0 0.0 1.0 0.0

- = thoseof BE, vFand Lk . Suchkind of mixed behaviour

s | - ro . .

; 1‘1 —— / w are sometimes shownl*¢*”, From these observation we
ML f ol may asoimply that theinvestigationsof intermolecular
£ 1% " oo freelength and specific acoustic impedanceand their
= ol 1 1] . .
s AN e excessva uesarevery much useful inthestudy of inter-

o= \\ / L action between components of amixtureat par with
— other thermodynamica investigations.
[y = L i __I-.ES:I LG
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Figure4: B, LY, vF and ZF asafunction of molefraction
of cyclohexanefor thecyclohexane+ M PK system

43
dlfl I ."
B -'f‘
I|II

IZI1 IIITE IZIE- -Jid IZIS IZITE IZ'IT ETE IZI‘E‘I 1.0
—_— X]

Figure5: Solvation number S for thethreesystemsasa

function of molefraction of all thefirst component

between themolecules. Also on physica groundsthe
behaviour of ZF isexpected to be oppositeto those of
BE, vEand Lf . Thiswefind for the systems (&) and

(¢). However, for the system benzene + MPK, ZE has
smilar behaviour, though withvery smal magnitude, as

FromTABLES2-4, wed so find that the behaviour
of different excessparametersaresimilarin sysems(a)
and (b) but aredifferent fromthat in system (c). These
imply that thetypesof interactionin thesystems(a) and
(b) aresimilar but these are different fromthat in sys-
tem (c). Dipolar stabilisation of polar componentsin
benzene solution may beresponsiblefor the nature of
interaction in benzene+ benzonitrileand bezene+ MPK
solutions. Thedecreasein self association of polar mol-
ecules by addition of cyclohexane seemsto berespon-
siblefor thetype of interactionin cyclohexane+ MPK
liquidmixture.

We havea soinvestigated the solvation number S,
for thethree systemsasafunction of X, . Thisisshown
infigure5. S ispostivefor system (a) and negativefor
system (). For system (b) itismostly negative. Com-
paringwithfigures 1-3wefind that thisbehaviour of S,
issimilar,ingenerd, tothat of L, and p. TheTABLES
2-4 dso giveRA and percentagedeviationinR for the
three systemsover the entire composition range. We
findthat vauesof RA for thethreemixture systems(a),
(b) and (c) areawayslessthan 1, mostly lessthan 1
and awaysgreater than 1, repectively. Fromtheseagain
the same conclusions about interaction between the
componentsof different mixturesaredrawn (asabove).
Wed so observetheabsence of linearity in Rfor dl the

Physical CHEMISTRY oo
A udéan Journal



PCAIJ, 3(1) April 2008

K.Prasad and Umakant Prasad 13

TABLE5: Redlich-Kigter equation (15), n=2, fitting coeffi-
cients for different excessparametersfor threesystems

PalrE;(r(;\ee?Sers Bo By B, r’

Benzene + Benzonitrile

pE -7.46293 -1.02691 3.35332 0.29761

ZF 6425.0928 -266.76259 -3551.9603 0.29515

LE -0.01501 -0.005449 -0.006992 0.79172

VE -1.93665 0.34895 241212 0.32034

Benzene + MPK

pE -12.1946 -5.59698 22.70688 0.64856

ZF -566.76002 -1252.0014 -3798.8943 0.94192

LE -0.02045 -0.026105 0.087886 0.58862

vE -1.17056 1.30164 -0.31342 0.78669
Cyclohexane + M PK

pE 16.14906 0.35757 4.62803 0.96811

zF -9788.7058 -550.3149 -3130.5507 0.9821
LE 0.082859 0.015008 0.022464 0.98277
VE 445078 -0.37834 158991 0.89791
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Using egn.(15) most of theworkershavebeenrep-
resenting different excessva uesby terminating the se-
riesat n=2. Wefindthat therdiability of such represen-
tation, ingenera, ispoor. Thus, for abetter representa
tion of the excess ultrasonic parameterswe havein-
cluded higher termsin the series. TABLES 5 and 6
represent the coefficients of egn.(15) ong with r?, the
coefficient of determination, for different excessparam-
etersfor thethree systems, for n=2and 5, respectively.
Thecoeffici entsg and B, havethesameunit and prefix
astherespective parameterswhich they represent. We
find that keeping terms upto n=5 in egn. (15) vastly
improvesthereliability of representation of different
excess parameters. For most casesit isbetween 95to
99 per cent.
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