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1. INTRODUCTION 

Of the three states of matter we know the least about 

the liquid state. In view of our paucity of knowledge 

regarding pure liquids it is easier to study and 

understand liquid mixtures , because we can deal 

primarily with the differences in chemical properties of 

the mixing species and can ignore a large component of 

the liquid properties. A real system, like any physical 

chemistry system such as a liquid mixture can be studied 

according to Figure 1(1). 

When the real system is a liquid mixture , the physical 

quantities that can be studied are the thermodynamic 

properties of enthalpy (H), volume (V), Gibbs function 

( G) and He lmholtz function (A). 

Referring to Figure 1, the model is chosen to represent 

the physical reality of the mixing molecules and is a 

compromise between the imagined real mixture and the 

mathematics involved in expressing the mixing process . 

In expressing the model in terms of mathematical 

equations and bulk physical properties it is necessary 

to define certain parameters which refer to the 

interactions of the molecules. These parameters can be 

calculated by fitting the equations to the 

experimentally determined bulk properties for a few 

systems. This knowledge, together with the mathematical 

equations can be tested by predict ing bulk properties of 

other liquid mixtures. When the predicted models fail 
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to compare well with experimentally determined 

quant ities then the original mode l must be altered or 

the mathematica l t e chniques improved . 

If we mi x t wo liqu i d s A and B we can arg ue as follows: 

A (liquid ) + B (liqu i d ) + (A + B) (liqu i d mixture) 

NA moles + NB mo l e s + (NA + l'Is ) moles 

In considering a t hermodynamic property X, t he effect on 

mixing is ~X and is the diffe rence in X before and after 

mixing . 

~X = ( NA + l'IB ) (Calcu l ate d X for mixture) 

+ (NA + NB) (Ignorance of liqu id state, mi xture) 

- NA ( Ca lculated X for pure A) 

- NA ( Ignoranc e of liq uid state, A ) 

- NB (Calculated X for pure il ) 

- HB (Ignorance of liquid stat e , B ) 

In the above equation we e xpect the terms in "Ignor ance 

of liquid state" to a l most cancel out. lIe nce we expect 

our mode l to yield reasonable changes in p roperties of 

mix ing . 

Successful p red ictive theories have evolved to the stage 

when the parameters have little meaning in relation to 

the original model. Equations contain fitting 

parameters ~lhich may number mor e than one o r t wo , 

depending on the complexity of the mode l. 



3 

REAL SYSTEM OBSERVED VALUES 

OF 

Physical 
PHYSICAL QUANTITIES 

approx im at ions 

Comparison 

MODEL 
theory wi th 

_experiment 

Mathematical 

It approximations 

MATHEM ATiCAl CALCULATED VALUES 

FORM ULAE 
OF 

PHYSICAL QUANTITIES 

FIG 1 
1 

FORMULATION OF A PHYSICAL THEORY 

of 



.. 

Excess thermodynamic functions of liquid mixtures are 

useful in that they provide data to test theories of 

liquid mixtures. The main properties measured are the 

excess molar properties of volume, enthalpy and Gibbs 

free energy. 

By excess molar property we mean the property in excess 

of the ideal for the mixture, i.e. 

XE~I = [X (real mixture) - X (ideal mixture) ] /Number of 

moles 

By developing a successful theory of liquid mixtures we 

can predict an excess thermodynamic function such as for 

example I!E~l' by establishing the aforementioned 

theoretical parameters with an alternative experimental 

set of results of an excess thermodynamic function, such 

E as V M. The fundamental idea therefore is to be able to 

predict excess thermodynamic properties without having 

to do the work. 

In this work we are primarily concerned with the 

theories of solutions of non-electrolytes, and in 

particular of mixtures of normal alkanes and 

cycloalkanes with two-ring hydrocarbon molecules. 

Experimental results in this field can be considered as 

an extension of the recent studies done on cycloalkanes 
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and alkanes by Spiteri(2); Gomez-Ibanez and Liu(3); 

Heintz(4); Vesely and Pick(5); and Patterson, Lam, 

Picker and Tancrede(6). Apart from Sturtevant and 

Lyons(7); Jones, Weeks and Benson(8); and Benson, 

Murakami, Lam and Singh(9); no one has conducted a 

study of 2-ring hydrocarbons with alkanes and 

cycloalkanes. In this work bicyclohexyl, 

decahydronapthalene and tetrahydronapthalene are mixed 

with n-alkanes and cycloalkanes. 

The excess enthalpies of nlixing were measured by a flow 

calorimetric technique using an LKB 2107 flow 

microcalorimeter. 

The excess volumes of mixing were determined by an 

indirect method using a Paar mechanical oscillator 

densimeter. An attempt was made to experimentally 

determine the isothermal compressibility of tetralin and 

bicyclohexyl by a piezometric technique but was 

abandoned due to lack of time. 

The Flory theory was used to analyse the experimental 

excess volumes and excess enthalpies with moderate 

success. 
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2. EXCESS BOLAR ENTIIALPIES OF BI NARY LI QUI D lnXTURES 

2 . 1 Background 

In an i dea l solution there is no enthalpy change on 

mixing. In real solutions, however, interactions 

between liq uids often result i n a change of e nthalpy. A 

mean s o f investigat ing the se intera ctions betwee n 

component molecules in the liq uid s tate i s ach i eved by 

studying the excess mo lar enthalpies of b inary mixtures. 

The excess enthalpy can be represented by 

HE = H (real mixture) - II (ideal mixture) (2.1) 

II (idea l mixture) is considered to b e zero. The exce ss 

mo l a r ent ha l py HEN can then be represented by 

-1 J . l-1ol ( 2 • 2 ) 

NA, NB a r e the number of mo les o f A and B respectively. 

It is possib le t o calculate the excess mo lar enthalpy 

from the temperature coefficient of the excess molar 

Gibbs free ene r gy by the expression 

( 2 • 3 ) 

The Gibbs free e nergy of mixing GEr.! can be derived from 

measurements of the total vapour pressure and the 

compos itions of t he liq uid and the vapour i n 
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equilibrium . The latter ~etermination is d ifficult. 

iiilliarnson (10) has analysed the errors inherent in the 

application of equation (:>.3) . 

If eEr; is de tormine u at tV/o tempe ratures 30 i ( apart in 

the n"sion of 300 K and d en is assur,lec! independent of 

temperature the n an error of 
+ - a 

an error of + 15 . E - a 1n H 11 ' Application of equation 

(2 . 3) for the ~eterminution of lll\; is therefore 

unsatisfactory anu we must look at alternative methods . 

2 . ? Adiabatic Calor i meter 

" '1'0 obtain precise values of lIJ ",ll it is T!eCessary to 

measure HE .. directly by ca lor ir:1et r ic meC::tns . 
[ ' . 

There are 

various types of these . P.n adiabatic calorimeter is an 

apparatus which is therrcally isolated from its 

surroundings . ~nown quantities of two liqu ius \~ i cll are 

initially sel;aratec.; can be therrnall'.' equ ilib rated and 

the n ravidly n ixed . A temperature sensing ~ev ice 

measures the cha nge in temperature at TIi ixing . An 

ele ctrical heating device measures the anount of energy 

trans r.1itted to th e liquid n i x turc nccessary for 

calibrat ion pu r poses . 711is arr,ount of energy is 

conparable to the heat of rl i x ing . 

" If :!~ is positive there \lill be an endothermi c chanCje in 

the enthall-'Y of r,lixing ane a consequent drop in 

tenpe rature . ~lectr i cal h .ating is supvlied to nullify 

the c1rol' in temperature . If ~lere is an exothermic 

phys ica l chan')e (i . e . if ilL is n eCja tive) then there is a 
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rise in temperature on mixing and the amount of energy 

required to produce the same temperature rise must be 

determined. 

E A simple apparatus in which H 11 determinations can be 

made is shown in Figure 2. A measured quantity of 

liquid A is placed in the calorimeter Ivhich is 

constructed from a Dewar flask i.e. the vessel is vacuum 

jacketed and hence isolated. It is insulated from the 

environment by a cork. A measured quantity of component 

B is placed in the sample tube which has a silicon gel 

(silicon grease) plug at the bottom, to keep component Il 

from mixing with component A. After both components 

have reached thermal equilibrium in the calorimeter, 

pressure is applied to the top of the sample tube to 

remove the plug and mixing takes place. The change in 

temperature is noted after the temperature has become 

constant. The heat cap acity of the apparatus is 

determined by passing a measured current through the 

heater at a constant voltage for a measured time. The 

molar enthalpy of raixing is then g iven by the expression 

~= 
T 

(2.4) 

o 

where = temperature change on mixing 

temperature rise on calibration 

(determination of heat capacity 

of sample container) (OK) 



9 

E = potential difference across heating 

element (V) 

I = measured current (A) 

t = time (seconds) 

nl' n2 = Number of moles of components 1 and 2 

respectively. 

If the heater has a known resistance R ohms then the 

rate of heating P (J.sec- l ) can be given by the 

expression 

( 2.5 ) 

The chief fault with this simple type of calorimeter is 

the presence of a vapour space. A temperature change 

results in evaporation or condensation. As HEM is small 

compared to the molar heat of evaporation, the presence 

of even a small amount of vapour would produce 

meaningless results. E For instance, H H for equimolar 

hydrocarbon liquid mixtures usually varies from 

1 -1 approximately 10 to 1 000 J.Mo e • The enthalpy of 

vaporisation is usually 3 orders of magnitude larger. 

When the heat of mixing is small the evaporation or 

condensation of 10-3 moles of material can produce a 

heat effect as large as the enthalpy of mixing. 

Any good design of calorimeter must take this into 

account, and much effort has been expended in designing 

mixing vessels in which vapour spaces are eliminated. 
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It goes without saying that there must be no heat leaks 

in the calorimeter if a meaningful result is to be 

achieved. 

A simultaneous consideration is that the volume change 

which occurs on mixing must be allowed for as this will 

cause a pressure change and HE is related to :lV / dP. 

An adiabatic calorimeter which goes towards meeting the 

above requirements is illustrated in Figure 3 (87) 

This apparatus uses mercury, which half fills the 

U-tube, to separate the liquids, \vhich are p laced above 

the mercury levels. The caps enclose the liquids and 

ensure that the only vapour space is in their bulbs. 

After thermal equilibrium has been reached the cell is 

rotated and the liquids mix. 

A batch calorimeter which has been widely used is 

described by Larkin and McGlashan (ll ) An illustration 

of this method is shown in Figure 4. Their apparatus 

consisted of a glass vessel in which the two liquids are 

initially sep arately confined over mercury in two 

compartments in the upper half of the vessel. An 

expansion bulb connected to a capillary containing 

mercury is connected to a ground-glass joint socket 

attachment of the glass vessel. 

The vessel is originally filled complete ly with mercury. 
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Mercury is displaced from the upper compartments by 

introducing known quantities of the liquid components by 

means of a hypodermic syringe with a bent needle. (See 

Fig. 5) The capillary is half-filled with mercury and 

attached to the mixing vessel. 

After temperature equilibration the liquids are mixed in 

the absence of a vapour space by rotating the vessel a 

number of times through 1800 so that the two liquid s are 

d isplaced into the single lower chamber. The 

temperature change is measured by thermistors 

distributed over the surface of the vessel. The 

calorimeter is calibrated by a heater and a correction 

factor for the energy dissipated by stirring is 

determined. This apparatus fulfils the condition of an 

absence of vapour space by means of the mercury in the 

vessel, and the volume change on mixing is taken up by 

the movement of the mercury in the capillary. The 

p recision of this apparatus is 0,7 J.mol- l or 0,5 % of 

the maximum value of HEM Sample volumes are of the 

order of 1 ml and samples must be purified. 

Brown and Fock (12) describe a U-tube adiabatic 

calorimeter which used mercury to separate the liquids 

and two expansio n capillaries to p revent mixing of the 

vapour phases. After thermal equilibrium has been 

reached the cell is rotated and the liquids mix. 

Figure 3) 

(See 
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2.3 Isothermal Calorimeters 

Malcolm and Rowlinson describe an isothermal apparatus 

based on the Bunsen calorimeter. In the Bunsen 

calorimeter the mixing vessel is surrounded by a vessel 

completely filled with a liquid, part of which is frozen 

to give a mantle around the walls of the mixing vessel. 

HEM causes melting or freezing of the mantle and the 

volume change "hich accompanies this process can be 

measured by the movement of mercury in a capillary tube. 

The calorimeter is calibrated by means of an electrical 

heater situated in the mixing vessel. The sensitivity 

of this method is limited by the ratio of the volume 

change on melting to the latent heat of fusion of the 

calorimetric fluid. The most important advantage of the 

Bunsen calorimeter is that it is suited to the 

measurement of HE~l for slow processes, such as when one 

component is viscous and mixing is not instantaneous. 

The disadvantage of the system is that it is limited to 

the determination of HE~l at the temperature of the 

melting point of the calorimetric fluid. 

Davies and Pritchard (13) used diphenyl ether as the 

calorimetric fluid, a major advantage of this liquid 

being that its melting temperature (26,9 °C) is close to 

the standard reference temperature of 25 °c The 

calibration constant of the calorimeter was reproducible 

to within a standard deviation of 0,009 % and using the 

system ReI/water the instrument gave an accuracy of 0,1% 
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(17 kcal/mol ) A disadvantage of this method is that 

it takes 1 day to get 1 measurement. 

2.4 Isothermal Dilution Calorimeter 

An isothermal method which is an alternative to the 

Bunsen calorimeter is the isothermal dilution 

calorimeter wh ich was developed by van Ness and 

co-workers (14) and subsequently improved by Stokes, 

Marsh and Tomlins (15). This apparatus has the 

advantage that the entire mole fraction range can be 

covered in two experimental runs. For an endothermic 

system one component is injected into the second 

component with the simultaneou ~ addition of electrical 

energy in order that isothermal conditions are observed. 

The addition is stopped at any desired composition and 

the molar excess enthalpy determined from component 

masses and the electrical energy added to maintain 

isothermal conditions. For exothermic systems a 

thermoelectric cooling device is connected to the 

calorimeter by a defined heat-leak path which removes 

energy from the calorimeter at a constant rate. The 

calorimeter is maintained isothermal by the continuous 

addition of electrical energy. 

This instrument is suited to the determination of 

partial molar enthalpies of one component at high 

dilution in the other to a precision of better than 1 % 

by using small increments in the initial stages of the 

experiment. Isothermal dilution calorimeters require 

approximately 50 em3 of each component for the two runs 
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necessary to cover the entire L101e fract i on rC1n~le . 20 

to 30 points Can 1;0 measure d , the p r ecis i on of !-iF:l , bGing 

- 1 0 , 2 J . I:lo l or 0 ,1 of the l:lax imUln v a lue of nI : , 

\/hicheve r is the greate r in nagn itude . 'llhese 

calorir,leters tl1us have th e a cJ v a nta<je of hi<Jh p r ec ision 

and the fact that a lar'Je nu mbe r of rt;sults can be 

obtained fairly rapidly . 

2 . 5 F low Ca lorimeters 

In a flO1'; calor i lf.eter the h iO liqu i d s a re introduce d 

into a mixing ve ssel a t a steady , d eterminabl e rat e . 

For an e n d otlwrI:. ic systeM tr!e pOVier P in the he a ter 

need ed to exactly restor e the temperatur e of the u i xed 

licluids to tl!at of the unni xcd liquids i s IGeasured . 

The mo lur e xcess entha l py of mixing anu the r.lole 

fraction x of liq uid Bare t h0n given l.Jy the forl;\ulae 

P!(f l\ +f B ) (2 .7 ) 

Xn = f II (f', + f •. ) n ) 1"l .1) 
(2 . [; ) 

wher 

(I = current (T. ) t h rou gh heating r e sistance f'.( 

A = flovi ri:1t e of corr.pon e nt 1\ (rwles . s -l) 

= f l Ol" rate of cor.IForle n t D ( 1.101es . s - l ) 

Xg = ),101 e fract i on of COI~lponent B 

The fl o\-,; r ate s can t·e uet e rI :1 i ne(1 uy vJei tjh ing the 
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component reservoirs before and after the calorimetric 

run. converting the mass into the number of moles and 

hence finding the molar flow rate. knowing the duration 

in seconds of the calorimetric run. 

Flow calorimetry has several advantages over a batch 

calorimetric method. 

(a) Operational procedure at a calorimetric experiment 

is simplified. The flow method is automatic and doesn 't 

require any equilibration time. 

(b) Mixing of reactants is achieved without the 

presence of a gaseous phase. when small 

condensation-evaporation effects may affect the result. 

(c) Surface adsorption effects which may cause 

systematic errors can be neglected if a steady liquid 

flow is allowed to continue until possible wall 

reactions have occured. 

(d) The flow method is rapid (approximately 30 minutes 

per reading) and is thus suited for an extensive series 

of measurements . 

The major problem with flow calorimeters is in producing 

a constant flow rate. McGlashan and Stoeckli(16) used a 

vapour-pressure-driven flow system and obtained a 0.25 % 

reproducibility in the flow rates. They made a series 

of measurements on n-hexane and cyclohexane at 298 .15 K. 

fitted their results to a Redlich - Kister smoothing 
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polynonial, and o btuinc d a l)recisio n of 1 !6 in n .... ·t ! . 

;'ovev e r, 2 00 cI ,,3 of sampl e ,,:a s needed to cove r the 

COI.lpo sition r a nge . 

Sturtevant an c] Lyon s (17) used tHO 2 , 5 cn,3 syrin ']es \/hic!> 

conta ined th e two liqu i ds to be ffi ixed . 'I'h e syrinyes 

have p lungers 'vhich were driven inde1'enctentl y by f:lotors 

e <luip},eci \': i t h read ily chanseable 'lea r r ed uctions . I\, 

r eprod uc i b ili t y in flow of ~ "; was c l a i med . ;, Becl<rnan 

rjo dc l 1 7:0 n icrocalorir.le t o r \lh ich i s a conduction t~{pe 

calorir.e ter \'fas us eei . 'I'h i s had a r ather l ong r espons e 

ti llle (5 - C minutes to r e ach a steady state) but it \'let S 

poss i bl e t o de t e r!',d ne a mi x ing curve i n onc day , using 

1 0 - 2 0 ~, 3 of eacll compone nt . 

t:cGlas h an and Stoeckli (l G ) used a f l o\': l.licrocalorinete r 

t o wea s ure t h e e nt.lia l py of r:lixing of n - hexane and 

c yc l ohexane , tl pair o f li(l Ui ds reconu;lended for t e st ing 

new J:.icroca!orimeter s . 'l'he}' ~tchieved a pr ecision of 

C, G'i. . 'r hey found the tenperatur e coeffic i ent aRE M/aT 

n ear 291; K t o hav e a value of - 1 , 3JE- l mo l e - l at v a lues 

of the 110 1 e f r u ction near t o \·.;hich II r:r I had its naximum. 

'!'his 1 0', ; value e ns u r es t h a t it is su f fic i en t for 

+ 
tempe r atu r e contr o l to be - O.lK t o obta in results 

'ii t h in xperinen tal e rror s a rising fr on oth"r factors. 

r':onk ilnd l:adso (1 [! ) designeu a f l o .. ,' Gicro calorir:tcter 

Lased on a t Hi n heat conduction princil;l e . The heat 

evolvea or a b sorbed i n a f luw mixing cell i s conauc t ed 

t o o r f r m n a surrounding heat s i nk , th r o u gh a 

semiconduc t or the r mopile .. ,h ich tr a nsduc e s the heat flo\v 
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into a voltage reading. 

Picker et al(19) describe a scanning differential flow 

microcalorimeter. The instrument reaches a steady state 

within 1 minute and by continuously varying the flow 

rates of the two liquids it is possible to obtain the 

complete HEN composition curve in 20 minutes. The main 

feature of the apparatus is the differential use of 

counter flow heat exchangers. Thermal energy from the 

mixing cell is transferred to the heat exchanger liquid. 

The temperature variations of this liquid are measured 

relative to those of a twin reference system. At a 

constant flow rate of the exchanger liquid the 

temperature difference is directly proportional to the 

energy flux from the mixing cell and is independent of 

the heat capacity of the mixture for isothermal 

conditions. The proportionality constant is determined 

by electrical calibration. Zener diode junctions are 

used as heaters. The low response time of the 

temperature detection system (approx. 10 seconds) makes 

composition scanning feasible. 

By using this scanning technique with the Picker flO\~ 

microcalorimeter a precision of 1 % was obtained 

investigating the hexane/cyclohexane system(20). The 

main advantage of this apparatus is that a mixing curve 

can be obtained in about 20 minutes and with the use of 

about 6 cm3 of each of the liquids. 



3 . 

3 .1 Introc1uction 

There ilre t\·;c principal !:':et.1io<.is for u(;!teri :. inino the 

excess volul'les of Linary liquid L.ixturE:s . 

(u) i. dire:ct uet.llod hy ):;ixln,:? t1JC 1iclUicJ COj'lponents and 

ODSE:rvin<:J tIle volume cl1ange ill a cilatoneter . 

(b) An indirect nethod by IJe<:lsur i ny the density of the 

lic:uici "lixture and hence deterr.1ining tIle excess volun",e . 

?he averc·l(Je coefficient of therr1al expans i on of o r S llnic 

solvents nece ssi t<:ltes t e lilpera ture control of v;ithin 

0 , 01 °c for a thcrr oost<.!t in order to c1eterEline the 

density of the mixture to within 0 , 0000 1 gcrn- 3 (21) 

~Iis could result in a low precis i on of 10 ~ in VE . 

The najority of liqu id r.1ix tures have volume changes less 

than 0 ,1 '" of the total volume of their components. To 

attain iln a c curacy of 1 % in the excess volur.1e the 

density measurement must be accurate to within 0,0001 % 

and this requires temperature control to 0 , 001 °c . 

In conposing mixtures care l;JUst be taken that the 

eV<:lporation into vapour sp<:lces r.1ust be corrected for . 

The mo l e fractions of cor.lponen ts in cOll1pos i tions are 

determined by weighing each component. Buoyancy 

corrections must be taken into account during the 
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weighing procedure(22) 

The purity of the components is not very critical in the 

determina tion of vI':. l~cLure and Swinton (23) found no 

change in VE for mixtures with cyclohexane of 99,7 vs 

99,99 mol % purity, using the direct method. Hhen VB is 

determined indirectly by density measurement the same 

applies with the proviso that the density of the 

individual components is determined to the same 

precision as the density of the mixture. It is 

essential in both methods to assure adequate mixing of 

the components. 

Powell and Swinton (24) suggest that the system 

benzene-cyclohexane is used as a test system for 

measurements of vE. 

3.2 Direct ~Jeasurement of VE 

A mixing vessel is used in which the two components can 

initially be separately placed and subsequently 

thoroughly mixed when desired. The volume change can be 

measured by following the displacement of mercury along 

a graduated capillary by using a travelling microscope. 

It is imperative in order to obtain meaningful results 

that the liquid components are degassed. The presence 

of a small bubble, say 10-3 cm3 , may cause a 100 % error 

in the measurement of the volume of mixing. 
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A general method used to ensure the absence of air 

bubbles is to distil weighed amounts of two components 

under vacuum into the mixing apparatus. Liquids exposed 

to air always contain dissolved air and on mixing in a 

closed vessel thi s d ir is often displaced. 

There are two basic classes of apparatus for the direct 

measurement of VE• The one class al lows one measurement 

of VE at one composition per loading of the apparatus at 

a single temperature. The other class allows for the 

determination of VE for a number of compositions per 

l oading . 

The double -arm pycnometer of Keyes and Hildebrand(25) 

was the prototype for many subsequent developments. The 

apparatus is a U-tube with merclrY at the bottom to 

separate the two components and with graduated 

capillaries on the ends of the tubes to record volumes 

before and after mixing, which is accomplished by 

rocking. The precision of this apparatus depends on the 

volumes of the components used and on the size of the 

capillaries used. Swinton (24) and colleagues used a 

version of the above apparatus and claimed an accuracy 

of 0 ,5 % or 0,00 1 cm3 .100l-1 • 

Dil ution dilatometers for measuring VE have the 

advantage that the composition range can be covered in 

two runs. Geffcken, Kruis and Solana (26) designed an 

apparatus of this type, (Figure 6) , which has 

subsequently been used and modified by other 
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researchers. 

The mixing chamber C is initially filled with pure 

component A over mercury. Stopcock S allows access via 

a tube to the reservoir R where pure component B is 

present over mercury. D is a calibrated capillary where 

the height of mercury can be read. Provision is made in 

chamber C for mixing and the entire apparatus is 

thermostat ted. lfuen stopcock S is opened the weight of 

the mercury in C pushes component B through the 

connecting tube E into C. The change in the level of 

the mercury in the capillary D is noted . Successive 

increments of B are added to directly determine VE as a 

function of composition at one temperature. 

Pflug and Benson(27) have described an accurate 

dilatometer based on the above principle in which the 

volume of added component is determined from the mass of 

mercury displaced in a piston-type arrangement. 

The mixing process is carried out in cell A which can be 

connected by two three-way stopcocks Band C to a tube 

D. Cell A can also be connected by these stopcocks to a 

mercury reservoir F and a solvent reservoir E . One cell 

opening is to a calibrated capillary tube G which has an 

extension leading to the bottom of the cell . The other 

opening H is used for filling the cell and has an 

efficient seal. The cell is fitted with an externally 

driven magnetic stirrer . The contents of the cell are 

separated from the solvent to be added by a cup I which 
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contains mercury to cover the end of the inlet tube. 

Before r.l ixing , the des ired quantity of component (B) is 

dropped from tlle reservoir E into D, displacing merc ury 

which is dra\m off through J and subsequently we i ghed . 

Stopcocks C and B are then turned joining tube D and 

cell A in a loop. nercury from the cell then forces 

component ( 8 ) from tube D into the cell. The amount of 

component ( B) added is calculated f rom the weight of t he 

mercury removed via tube J. 

The volume change accor.lpanying the mixing is obtained 

from differences in cathetometer measurements of the 

level of the mercury in tube G. The procedure of 

drawing mercury from D and displacing component B into 

the cell was r epeated with increasing increments until 

the liquid volume in the cell was r,lore than doubled . 

The measure .. ents yielded the volumes of mixing for a 

series of solutions predominantly rich in ( A). To cover 

the whole mole fraction range, another run was carried 

out with the pos itions of the t\vO components 

interchanged. 

The overall error of the volume J:1easurements using this 

. f + apparatus varl.ed rom - 0 ,5 % in cases where the volume 

change per addition vIas of the order of 0 , 02 cm3 to 

where the change ~!aS only 0 , 0002 cm3 Stokes , Levien 

and 1··1arsh (28) have also used a version of the Geffcken 

et al apparatus. This contained a b urette B containing 

one component joined to a bulb A containing the other 
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CCl lpon t: n t by i..: fill (' stt~ inlc ss - s t 0e l cup ill a ry tU b ing 

s c~led into Lulb ~ . 

Cn open ing tal" Tl ( see figur e 8) mercury flO\'ls from the 

bul:"" A to the bure tte, simulta neously forcing the liquid 

in ~I e burette throu gh the stainless-steel tub ing Sand 

a coupling . The volume change is oeserved on the 

c a lib rated tUbing C . The compos ition is det e rmined 

from the change in r.1ercury height in the burette , which 

is constructed fron precision - bore tUbing . The tap '1'2 

allo\-Is mercury to be added to , or renoved frol1 , the 

system "hen the volume change on r..ixing is too large to 

be accomr.odated in the capillary C. This apparatus has 

the a dvantage that it is not ne cessary to \'leigh the one 

compon e nt liquid into A as the volume of liquid in A is 

defined by the mercury heights 1;1 and 1,13 provided the 

volume of mercury is adjusted to F2, F3 and F4 before 

loading \'lith the liquids . 

Compressibi l ity corrections due to a change in the 

pressure head on the liquids as the mercury levels 

change must be considered in all direct measurements of 
I 

E V • 
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"lith a dilution dilatometer VEr1 (x) can be determined 

over the whole range of mole fraction x of one of the 

components in two dilution runs which overlap through 

some range of values of x. Such overlapping provides a 

sensitive check on the quality of the measurements. 

Bottomley and Scott(29) asserted that small errors 

revealed by failure of the two dilution runs to overlap 

were due to the injection of grease with the diluent 

liquid through the greased tap Tl of Stokes dilatometer. 

Bottomley and Scott redesigned the dilatometer by 

excluding all taps. Dilution \vas effected by tilting 

the dilatometer. They claimed a precision of 0 , 00015 

cm3mol- l • A disadvantage of Bottomley and Scott 's 

dilatometer is that the liquid mixture and the pure 

diluent liquid are separated only through a diffusion 

boundary in a capillary, with consequent uncontrollable 

errors due to diffusion. 

Kuruman and MCGlashan(30) redesigned Bottomley and 

Scott's dilatometer so as to allow easier calibration, 

loading and operation and to remove the capillary 

defect. It has two advantages: 

(i) No liquid passes through any tap and no tap is 

opened or closed during a series of measurements. 

(ii) There is no possibility of error from diffusion of 

one liquid into the other as the liquids are always 

separated by mercury. 



E . The resulLs Cc-:i'!pUrecJ \vell v:it.h tlJose of previou s 

;:-: l.?(jP- Ur f:l:.ents anc:" ltil d i.! stunda r d cicvi 2. t. ion of 0 , 0007 

~ 1 
c:-:-:..) • ;:!0 1 -

3 . 3 Inl.:irect ;-: e(!sureJ.:ents of \l L 

(i . e . rcns ity jieasure!::-:nts on Liqu icl [~ ixtures) 

( a ) PycnoL,et e rs 

h pycncmete r ( F i gur e 9 ) is a g l ass container ~)ose 

vo l ue,e i s rrec i se ly kno-.!rl. It is ~s~O to dete r mine t he 

~ensities of l i~uid Jnixtures as well as of pure liquids. 

The pycnon c t er i s firs t weil jhed empty . It is then 

filled with d istill ed v a ter and pIa ceO in a 

therreos tatted wate r bath so that only ~le ends o f the 

cap ill a ri e s are not inJc rsed . After t hc rnal equ ilibriun 

the l e vel of the v:ate r is brou'lh t t o marks A anu B 

eXllctly by removing or add ing "la ter. 'I'he Fl'cnome ter is 

then weigheu . a nd then subsequent l y dried . The p r o c e ss 

is then r epeated using the liq uid mixture. 

In or~e r to accurately dc t e r n in e tl1€ dens ity of tlle 

uixture . buoyancy corrections a r e lnade froll; (G 2 ) 

P PH OM/~ 0 - 0,0012 (M-~ 0) /~ 0 
2 2 2 ,2 

an(] are the dens i ty and nass of the 
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FIG 9 A PYKNOMETER 
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water i n t he pycnoneter resl"J ectively , and !< i s the I;lass 

of t he liqui<.l in the sar:;e p ycnor..etcr 0 . 001 2 i s the 

dens ity of the a ir at ordinary conditions . 

Fronl neilsured den s ities uf th e fl:ixtures and the ilU r E:: 

l iquid s the hlolar voluIr.es Vr .. :. VI and \'2 are u eterr.tined . 

Th e ii101ilr excess volur.le VB i s then found frof.! 

\vl!cr e x l a nd x 2 are the wole f r act i ons of c OP,:ponent 1 

and con pon nt 2 r esp ective l y _ 

\ :OO<-1 S antl Erusie ( 3 1) descr i b e a sing l e arr.~ pycnop:ete r 

whi c1, \.'as use d for fi f th - p l ace d ensi t y j"e aSUre~lents . 

( D) 11a Qn e tic I' loa t l lethod 

'llhe n a 'Jn(:; tic flout n e thod has L ee n us e d for sixth - p l ace 

c1ensi ty r'-'.easurenents on liq uid mi x t ures . Il enjarcin (3:') 

+ 
descr i bes <lPl ;aratu5 h avincJ a sens i t i vity of - 0 ,0001% 

A ~ lass f l oat conta inin g a soft iron core is just 

Duoyar!t. i n t h e li <"lUi u studied and f lOctts ayains t a g lass 

s t o p . 'rhc flo t i s i rrl1 1e r sed a.t a l l t i mes . 

~he floa t is attract0<.1 b y the fi e l d of a so l eno i d nnu 

the current \/hich just f ails to cause t h e f l oat to move 

a\~' .::t y f r o n t !·e C] lnss stop i s dete rmi ne d b y extrapolation 

of the n~a sure d fl o at v e locity a s a funct i on o f Cll rrent 

i . It can then b e shO .... ln that 
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i Ct P 
o 

where p is the li ()uid dens ity . 

(c) Vibrating- TuLe Densil ,e ter 

':Phis Inet..hod for obtaining d~n5ities i s based on the 

Frinciple that the J ensit.y of a fluid contained i n a 

s la ll U- shap ed tube is related to t he natural 

vibratio nal frequency of the tube . The ,lensi ty P of th e 

liq ui d is linea rly related to the periou of vibration T , 

by the ~iuat ion (33) 

P a + bT 2 

',,,:here a und L a re constants . precision of 1 x l O- G 

" <;Clf.--' is poss ible . 'rllis llle thod has the advantage that 

it is rapid and is not sulJject to the possibil i ty of 

cumulative systeRat i c e rrors of Ule type Ulnt can occur 

in a d ilution d ilatore ter . 

'1'he U-shap",d sarr,ple tube is co!npletely filled v: i th the 

liq uid sa!T.pl e by u hYl-'oclen'l ic syringe . Th", sal'Ir1e tube 

is electroma~netically excited and Ule dens ity is 

indirectly dete n nined b y the measurement o f the l'e rio(l 

of osci llation of the sample tube . Accuracy is not 

affected by liquid viscosity, volatility or surface 

tension of th e sanrle liqu i d . A d i g ital I' rioel vallIe 

for external c lculation of t he Gc nsity is read . 

'r e~ 'lperature control to C, OO l K fJu st l.:c r.1u i nta inecl . rl'he 

d e nsine ter is \'/ate r-jacke t ec1 and insulated . Censtant 

ten perature is naintaincc1 b y Cil~culatin9 \/u ter frou the 



Principle of t~le J;ensi ty j·;ea surCl..ent 

r"""1i e natur()l fr equency of the l; - t ube is influenceu bj: t he 

nuss of til e san~ple , iHld therefor e also its density . 'I'he 

systen is anilloCjous to a hcllo\i l.~ody \,'ith L:c:lSS l i , \ .... hich 

i s s u s ].ienc:.:..:.J on a sl,r i ns \!ith a spriny co nstClnt c Its 

volurm V is assuned to be filled by a sanple of density 

The "atural freSuency of such a systeo i s given by 

IIenee T2 = 

\lhere I I = 

13 = 

<) 

4 

f = 1 /2I1 {C/ (M + pV)} l 
T = 1 / f 

T2 = 4I12{(M + pV)/C} 

j , P + 13 

II 2V / C 

II 21,/ C 

The follOld ng there f ore applies fo r the <.lensi ty 

d i fference of two sampl es 

p -p 
1 2 

l /A (T 2 
1 

Cons tants P. and I3 contain the sprin'l constants of tl,e 
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oscillCtto r as '.:e ll as the e ll'pty oscillato r' s !TLass and 

that VoluE',e of the sal:Lp l e \'ih ich p articipate s i n the 

osc illation . The se constant s are , therefo r e , inst r ument 

constant s for eucl1 ind i vidua l oscil liltor and can be 

det err.tined by t wo calibration r::easurements \lith samples 

of lcrlown (Iens ity . 

Goates , Ot t a n d I·;oe l lner (3 1\ ) n ea s u r e J excess vo lunes by 

means of a vib ratiIHj - tul.J e dens i J:le ter for cyclohex ' ne + 

benzene at 29[ .1 5 r .... "h is system E {V (x=0, 5) = 0,650 

+ 3 -1 
- 0,001 eM . mol } i s used for checki nc; d i lato.nete r s . 

Coates 

Ei yohara and l: enso n ( 35 ) , also us ing t h i s nethod and 

syst "m , obtaine,] a r es ult v l'. ( x= O, 5 ) = 0 , 653 cn,3 . no l -l 
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4. TEE ISOTm; r-;;IIL CO t·~rRI:SSI!3ILITY 

The isothernal compressibility , "T' is defined by 

" T 
(4. 1 ) 

"T can be related to Cp ' the heat capacity at constant 

pressure ; C V ' the heat capacity at constant volume , and 

the isobar ic expansitivity, o = (alnV/aT)p by the 

equation 

2 
= To V / (Cp-Cv) (4.2) 

. KT can also be r elated to the isentropic 

compressibility, " = (aln v/ap) s s by the equation 

=" + TC/V/Cp "T s (4.3) 

Hence, knowing " s 
0, and Cp it is possible to 

c alcula te "T 

Measurement of KS 

TdS = Q + (I i + pdV ) (4.4) 

is an equation for a change of state of a phase of fixed 

composition. 
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It £0110\15 f r0f!i. th~ a 1..>ove e q ua tion thilt a ny change of 

state that t a kes p lace auiabutica ll y (c = 0 ) and 

r e versiiJ l y ( '.i = - peW ) . is also isentropic ( 8=0) . 1.n 

e x pansion or contraction ca~ be car r ied out 

adi a batically by then:.ally insulatin~ the a p par il tus and 

then ra p i uly c htl l1s ing th pres sure a nd rc - measuring the 

volume and ~ressur e . I f t he th e rual insulation is good 

enOll <.Jh the n \ole con carr,l" out un expa nsion o r cOElpression 

botl. aC i abatica ll y and reve rsib ly by c ha n g ing the 

pres s ure s l o wly. 

['. n al t e rna tive netllod for the d etertt ination of 

depends on t1 l(~ .,easurel.lents o f the sr,eeu of sound u in 

t he phase . The is e ntrop ic compressib ility Kg o f a 

fluiJ i s relateci t o th e s p eed of s ound u by til e for n ula 

k 
s 

2 l/u p 

Lo\,' ano' ;";o e h'/yn - E u 0hes (3 6 ) deterrdned the i s entrop ic 

cOllpr e ssib il i ties o f acetone and j.lcthy 1 iod ide at 

teI ,".pc, riltures from - 2 0 0 to + 3 5 °c fro n Ineasurerwnts of 

u l tra s onic velocities in t h cn . Velo ei ti e s \l ere meusure c1 

by me a ns o f an ultrasonic interferOI!:eter i~5erse d in an 

alcoho l t h err:lost " t . lI n ele ctr i c field of 4 l:1: z 

fr equency p r o d uc e d b y a crystul oscillator excite d a 

trunsd ucer cry s tal , ... 'hieh Sienerntcd a sounu ".;a v e in a 

cell conta inintj the eX F,& r il;',ental l i q u i d. . The d i stance 

trave lled by the sound \-.'ave bet\-leen the t r ansuucer C1nd a 

r e f l ector eoulcl b e a d j usted b y Ir.eans o f a nic ror~et e r 

attach e J to the re f lector . 1\ change in the h e i.]ht of 

t he vib rating coluI~n altered the d a nping resistance o f 
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the liquid and gave rise to maxima and minima in the 

current absorbed from the oscillator and recorded on an 

ammeter. The distance travelled by the reflector 

between 2 minima was one-half of the wavelength of sound 

in the liquid. About 50 wavelengths were passed through 

and a mean value of the wavelength was obtained. The 

resultant velocities were accurate to 0,1 I , and the 

adiabatic compressibilities were calculated from 

equation (4.5) to an accuracy of 0,2 % • The isothermal 

compressibility KT was calculated using equation (4.3). 

11easuring 
K . 

T d~rectly 

The most reliable method is to observe the changes of 

volume when the pressure is increased in steps of about 

100 bar to 1 000 bar or more(37). The value of at a 

certain pressure is obtained by an extrapolation of the 

mean values over these large pressure changes. \I/i th 

such measurements there is little difficulty in 

measuring the changes of volume, nor is there much 

trouble in performing the compression isothermally. The 

temperature rise accompanying an increase in pressure is 

soon dissipated if the liquid is enclosed in a metal 

vessel in the thermostat. The final (isothermal) change 

of volume is thus soon observable. However, 

extrapolation needs considerable care if it is to give 

val ues of KT at low pressures. 

A second method is to directly measure at near 

atmospheric pressure by observing the small change of 

volume following a pressure change of about 1 bar. 
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However, it is now difficult to conduct the experiment 

isothermally, for the initial (adiabatic) rise of 

temperature is only about 10-2K and such an increase 

will not be dissipated smoothly unless the thermostat is 

maintained constant to 10-3 to 10-4K • However, the 

main probler.l is the measurement of the very small volume 

change. An average value of B is 10-4 atm and the 

compressibilities of most liquids do not exceed this. 

Assuming that the piezometer volume is 1 dm 3 we can 

approximate that the change in volume for a change in 

3 pressure of 1 bar is 0,01 cm • 

Because of the small volume change expected it is 

necessary to use a dilatometer. By making the bulb of 

the dilatometer sufficiently large and the bore of the 

measuring capillary sufficiently small the necessary 

accuracy may be achieved. 

It must be borne in mind that the volume change is a 

result of change in external pressure. Allowance must 

be made for the pressure effects on the volume of the 

dilatometer itself. The volume change corresponding to 

the observed movelnent of the meniscus in the dilatometer 

capillary when the applied p ressure is changed will 

include the volume change of the dilatometer bulb and 

the capillary. In most cases the volume increase of the 

dilatometer bulb will be a significant fraction of the 

volume decrease of the liquid when the applied 

(internal) pressure is increased. 

This effect is obviated by completely enclosing the 
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dilatolr.eter in a p ressure jacket so that the internal 

and external pressures are alHays equal in order to 

elirrtinate the g r oss volune changes accor~1panyin9 changes 

in app lied pr e ssure. 

The p paratus useu by "llyrcr (1913) is S1"10 \ /0 in Fi']ure 

1 0 . ~ \-;as meRsnre u by crl'plying a kno\;n external 

preSstlre at po ints P , alloving the system t o reach 

thermal equilibriul'l with t he thernosU.t and then 

relca s i na the 1,ressure . Tile volume cha nge 8v of the 

li(lUi(] l.fa" Me cr sured by fo llo\;ing tl.e movelnent of the 

ncercury slug vhich sealed t he liclu i d i n tile cillibrated 

capillary c . 

calculateu . 

and flV,S could be 

The disadvantages of 7yrer IS arlparatus \'jere the 

£0110'""in 9' 

( a ) 'l'he outer l.)r essure jacLet ... .ras filled \~ ith air . As 

(aT/ap) is lar g e for air lleat tJoc s in and the systel.l 

takes il lon" til;le to cquilicrate . 

(b ) 'i'he hor izontal caliLr i.lt:ed capillary C Vl uS not in 

the ther!.1ostat nor the rressure jacke t . The sample in 

tl1 c c a pi llary v:111 lJe near to room tel l-,perature a nd th e 

I,[easurins capillo.ry is unde r r r essure f r ol"n the in s i --:e 

but is unco~pensated fro~ th e outs i de . 

(c) Gl ass taps 'ere us e el vllt ich is undesirable as the y 

are subject t o l eakage unde r internal pressure and also 

because the tap 'J r ease can cause contal'!ination of the 
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liquid sample. 

Coleman i mproved on this design by including the 

measuring capillary inside the p ressure jacket and 

placing the whole piezometer unit in the thermostat. 

The piezometer was made entirely of Pyrex glass ( See 

Fig . 11) 

The specimen vessel A (volumes 150 ml) has joined to it 

a measuring capillary B (precision bore ). The actual 

bore was determined before assembly. The specimen 

vessel was filled by first evacuating it and then 

al lowing the sample liquid to enter through the 

capillary by atmospheric pressure. lihen the vessel A 

and the capillary B were full of sample liquid a small 

amount of mercury was introduced into the well C at the 

entrance to the capillary B . By slightly heating the 

whole piezometer and then cooling to just above the 

experimental temperature a slug of mercury about 2 cm 

long was drawn into the outer part of the capillary B 

After removal of the excess sample liquid and mercury 

from C, the mass of the specimen was determined by 

weighing the whole piezometer. The mass of the me rcury 

slug was calculated from its length and the known 

d iameter of the capillary bore . On completion of a 

series of experiments the specimen vessel was emptied by 

cutting off the tip D of the emptying extension . 
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After the specimen vessel has been filled and weighed 

the cap E was fitted over the cone F The pressure 

jacket G was then filled through the inlet H • 

The piezometer was then placed in the thermostat and the 

inlets II and I were connected to the pressur e system. 

l'/hen thermal equilibrium was established the pos ition of 

the inner end of the mercury slug was observed wi th a 

travelling microscope . Pressure ,~as then applied slowly 

and equally to the inlets H and I and the movement of 

the me rcury slug was observed. After thermal 

equilibrium was again established final observations of 

the position of the mercury slug in B were made and the 

pressure was then vented to atmosphere. The mercury 

slug moved rapidly outwards and soon attained a steady 

position if the value of ( ClT /ClP) 
s 

of the ballast liq uid 

in the jacket G had been chosen to be s lightly greater 

than that of the specimen liquid. This difference 

offsets the heating of the sample resulting from the 

fact that the adiabatic cooling on decompression of the 

glass is much smaller than that of the liquids in the 

piezometer . 

By using a series of increas ing applied pressures a 

series of r esults can be obtained from 'vhich KT could 

be calculated in terms of the slopes of plot s of 

displacement of the mercury slug against applied 

pressure. A series of 10 to 20 measurements a t applied 

pressures ranging from about 100 torr to 1 500 torr was 

recommended. 
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The most likely source of error in the isothermal 

measurement was loss of samp le liquid by creeping past 

the mercury slug during the application of the pressure. 

This loss could be minimised by the use of a relatively 

long mercury slug. The whole of the space C could 

alternatively have been filled with mercury, in which 

case a known mass of mercury was introduced. 

Diaz-Pena and MCGlashan(38) described an apparatus 

suitable for measurements of Kr of liquids at p ressures 

up to 30 atm. and at temperatures up to 60 °C. They 

constructed a piezometer made of Pyrex glass with a 

vertical precision bore capillary tube and a specimen 

liq uid chamber connected through a V-bend. The 

expansion of the liq uid was monitored by a mercury 

thread in the capillary. 

The piezometer was placed in a p ressure chamber, which 

was a cylinder of Perspex closed at its e nds by brass 

plates. The charged piezometer was placed in the 

pressure chambe r which was then filled with water, 

in~ersed in the constant temperature bath, and connected 

to the pressure line. Temperature regulation of the 

bath was important since for liquids a change in 

temperature of 0,1 °c causes about the same change in 

volume as change in pressure of 1 atmosphere. I-Ihen the 

piezometer had reached temperature equilibrium 

measurements were made of the height (referred to a 

reference mark R) of the mercury column at 5 atm. 

intervals between 1 atm. and 31 atm., alternate 
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meas urements being made on the way up to 31 atm. and on 

the way bac k to 1 atm . After each change of pressure a 

measurement was delayed until the heat of compression or 

expansion had been dissipated so that the measurements 

were isothermal. Pressure was applied through needle 

valves from a nitrogen cylinder. 

Ewing, I-larsh and Stokes (39) have described a dil ution 

piezometer for the measurement of the isothermal 

compressibilities of mixtures which follo\'ls the 

principle of the apparatus de scribed above . Their 

apparatus is capable of a precision of 0,2 % 
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5. THEORY OF BINARY LIQUID HIXTURES 

Many of the observable, bulk properties of 

physico-chemical systems depend on the interaction 

between molecules i.e. on molecular properties. In the 

last two decades many theories have been constructed in 

an attempt to explain the behaviour of liquid mixtures. 

The aim of these theories has been to evolve a 

mathematical mode l of the bulk state whose behaviour can 

be analyzed by mathematical approximations in order to 

relate bulk properties in terms of molecular p roperties 

and hence to predict excess properties. The test of the 

validity of the theory comes when the observed 

properties of the real system a re compared to the 

calculated p roperties generated by the theory. 

In constructing a theory for liquids we must bear in 

mind the detailed form of the potential energy of 

intermolecular interaction, which will be different for 

different kinds, shapes and sizes of molecules. A 

useful approach to the problem is to construct a theory 

which will account for the bulk properties of a liquid 

mixture in terms of the bulk properties of the 

components and reasonable assumptions about the liquid 

state and about the relations between the various 

intermolecular interactions, rather than directly in 

terms of the molecular properties of the components. 
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One approach to the theory of the liquid state attempts 

to calculate the distribution function of t he liquid in 

terms of the intermolecular forces for various 

conditions of average density and tempe rature. 

Hildebrand(40, 41) developed a theory of mixing based on 

the d istribution function approach to the structure of 

the liquid state. He made approximations about the 

relations between the distribution functions of pure 

liquids and those of mixtures, as Hell as the relation 

of the potential energy of a collection of molecules to 

measurable macroscopic properties. By so doing he was 

able to dispense with the need to knm·/ the form of the 

distribution function and I·la s able to formulate a 

relation for the changes in properties on mixing 

entirely in terms of the componen t properties. 

In Hildebrand's solubility pa rameter theory it was 

assumed that DIe changes in the energy on mixing can be 

attributed entirely to the energy of interaction of the 

molecules. The basic equation of this treatment is 

where 6~ = 
~ 

r:" u. Iv? 
v 1 ~ 

A U. being the energy of vaporisation of 
v 1 

component i 1',1 though the theory predicts relations 

for the thermodynamic properties of the right form it 

does not give the correct absolute values. The' theory 

has been more successful in accounting for the behaviour 

of solutions of solids in liquids. 
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A somewhat different approach to the calculation of the 

properties of liquid mixtures is contained in the 

lattice theories. which are based on the short-range 

interactions between molecules in the liquid state. It 

is assumed that the molecules are arranged in a 

crystalline lattice and that the on ly interactions of 

importance in determining the changes in the properties 

after mixing has occured are those between molecu l es 

which are immediate neighbours. The simple lattice 

model makes use of the following assumptions: 

(a) The molecules of both p ure components and of the 

mixture are regarded as being arranged on a regular 

lattice with a well-defined co-ordination number. 

(b) The molecules are sufficiently similar in size to 

fit on the same lattice. 

(c) The changes in thermoc, ynamic properties on mix ing 

are determined only by the potential energy of 

interaction of nearest neighbour mo lecules regarded as 

fixed on their lattice sites. 

The mode l in its simplest form is app licable only to 

mixtures of compounds with approximately the same molar 

volumes. Since the bulk properties are independent of 

time there must exist a time-independent way of relating 

the mo lecular behaviour to the bulk behaviour. This 

method is given by statistical thermodynamical 

equations. according to which the b ulk behaviour may be 
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calculated by taking a correctly weighted average of the 

p roperties over all the conceivable I.ic roscopic states 

of the system. Each microscopic state is described by a 

specification of a d istribution of the Mo lecules on the 

l att ice distinguishable from a ll other distributions. 

This r.lethod is sumnarized in the equation 

A = - kTlnl:~ exp (-E/kT) 
i i j: 

where gi is the number of distinguishable ways 

arranging the molecules on the lattice so that 

of l:g exp (-E ./kT) 
iii 

the t ota l 

potential ellergy is Ei The sumnation is taken over 

all possible values of Ei The quantity 

is called a partition function. 

The value of U ,e l att ice theory lies in the f ac t that 

because of the \,ell defined mode l upon which it is based 

it is easily extended to more complex situations where 

the distribution function of the solubility paramete r 

theory becomes too difficult to manipulate. Examples of 

this advantage are the extensions of the lattice model 

to polymer solutions, and to solutions in which the 

interactions between the molecules are dependent to a 

l a r ge degre e on orientation. 

prigogine's(42) cell theory of mixtures extended the 

lattice theory by allo~ling for effects such as molecular 

motion by regarding the individual molecules as not 

being fixed on a lattice site but rather as being 

confined to a small re g i o n of space by its neighbours. 

Hithin this volume, or "cell", the molecule moves in a 

potential field arising from its neighbours. 
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Pitzer(43) is responsible for the fo r mulation of the 

corresponding states approach in terms of mo l ecular 

interactions. The bas ic assumption of the corresponding 

states theory is that the i ntermolecul ar potenti al 

energy is due to central fo r ces only . and has the same 

form fo r al l pa ir interactions. The ~leory is 

characterized by parameters . - E • t he energ y of a 

mo l ecular pair at its equilibrium distance and a • the 

collision diameter . 

FLORY ' S I;QUl\T I Qti OF STATE 

Fl ory and co - workers have developed an appr oach which 

relates the excess propert i es of the liq uid mixture to 

measurable macroscopic p roperties of the pure liquid 

components . The pure components are characterized by 

the fo llowing equation of state parameters : 

( i) the specific volume v 

(ii ) 
-1 

the therr.1al expansion coefficient a = v (av/ ar)p 

1 
(iii) the isothe r mal compressibility K = - v (av/ap)r 

The properties of the liquid mixture a r e related to 

those of the pure components by a partit ion function 

that has general application to mixtures . including 

t hose comprising component mo l ecu l es \,hich are disparate 

in size and shape . 
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Flory , Orwoll and Vrij(44, 45) originally developed the 

theory for normal paraffin hydrocarbons. Flory and 

Abe ( 46) extended the theory to mixtures of small 

molecules . Flory(47) subsequently developed the 

equations for liquid mixtures and Abe and Flory ( 48) 

applied the excess volumes, enthalpies and entropies of 

a number of binary liquid mixtures to the theory and 

interpreted them according to the relationships vlhich 

had been developed . Orwoll and Flory(49) used the 

theory for equation of state parameters for normal 

alkanes and then interpreted the excess thermodynamic 

properties of mi xtures of normal paraffin hydrocarbons 

according to the statistical mechanical theory \vhich had 

been developed. 

Flory and co-workers (44) formulated a partition function 

for chain molecule liquids by using a model consisting 

of a linear sequence of segments with hard sphere type 

repulsive potentials and soft attractions of unspecified 

character. The intermolecular energy is assumed to 

depend only on the volume and is represented as varying 

inversely with it and a hard sphere repulsive potentia l 

is adopted for segments of the chain. The nun~er of 

external degrees of freedom per segment are expressed as 

3c (where c<l), where c is a parameter in order to take 

account of intermolecular constraints on the segments. 

THE PARTIT ION FUNCTION 

A linear chain molecule can be pictured , H-(CH2)n-H, 

consisting of a succession of n repeating units. The 



t..L'r; :inal t; rOU,rs ria)' e~:ert interL 101eculur forces 

diffcritv:,; fro!.: tl:osc of tiie F:id - chiJin re~ )eut in(j units . 

'.i'he ch~l i.n J .o lcculc is a.ssur.~c-(~ to l.Jc flexible i n o r c..ler to 

aSSl!!',le u vdriety of spatial confisurat i ons . ~ .. e Cilll 

suL - c..1iviue the chain into x seS J:,en ts , \·.'he re in lJeneral 

"x docs not erJual n il, a l tl10cgh it !lust be specified that 

x shall be lineur \,;ith n for !,o"olo~'ot:s J:leIC,Oers of t he 

series . x .. :il l ce ;;roportioncl to t:';e "hard core " 

l.:oleculur volume V ( or net vu l ume ). I, further 

iJssuuption i s tha t fo r hCf.10 1ogs of the ser ies 

V* = xv* 

\,'he r e v* i s the ne t v o l une of a setjrent . 

If s r epresents the mean number of e x terna l contact 

sites pe r segr.1ent of the mol ecule , t hen h i e can take 

( 5 . I ) 

Hhere Sl;; = n un-,oer of contac t s pe r i nte r na l segment 

se = number of con t ac t s ~)er chain end 

xs nay thus be re<]ardeu as a measure of molec ular 

9.l r f ace . 

I,ssume tha t t he norma l oscillator y n',odes of the i so l ated 

cJ12in mo l ecu l e can be sepa r ated into int ramo l ecul a r and 

i nterr,lolecular categor ies . It is fu r ther assumed t ha t 

t he i nt r amo l ecular potentia l s assoc i ated \lith t he 
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intermolecu l ar r.~odes can be d isrega r ded tind , hence , that 

they ITlay be tretited tiS translational r,\o tions. i.'hen vIe 

incl ude the three degrees of freedoITl of the r:lolecula r 

centre of g ravity vi e can eva lua t e the tot<J.l number of 

interno lecular deg rees of freedonl to be : 

( 5 . 2 ) 

pe r rao lecul e . The nur.lber of deg r ees of freedoITl is thus 

linear in x, and hence in n as 'dell. c is assume(~ to be 

independent of temperature and volume over the range of 

application of t he e rjuations to be set Oi·m . 

Consider a 1 - [- system cO!!lprising N particles each of 

length 1* distributed within <J. space of length L . It 

is assumed that overl aps of parti cles are excluLled . 

hcconling to Tonks (58) the totality of conf i gu ration 

space ava ilable to the syster.l is 

,', . N 
" { (1-1 )e} 

where 1 = LIN is ~,e space available rer particle. 

The configuration integral for suc l, " sys telii can be 

z f---f~xp {- E(x)/kT}dx 

wh",re x denotes the se t of confi'.!uration co - o r d inates 
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1.ssu~lin9 hard sphE<re rev ulsion bet\ieen segments , we take 

the "free leng t h " assoc i a ted wi ttl each intermolecular 

degree of free cl ol" to be of the forn 

1 I I 

3 3 * 3 
f (v -v ) 

"']lere v = V/xE is the volurle pe r segment , V being the 

volume of the syster:l and t; th e nlllnuer of l:lo lecules; v* 

is the net volune l,cr segrr.ent , and f is a geor"e tric 

constant . 7his expre ssion is given by trcatlr,ent of a 

hard sphere liquid in one-dimension according to the 

!:le thod of Tonks . On the basis of these concepts and 

extending the argument t o three d imensions one obtains 

This form of the result , derived f rom tile concept of a 

hard sphere liquid in one dimension with hard-sphere 

rep ulsion between segraents , is e q uivalent to ti la t g iven 

by the cell nodel of prigogine (42 , 51 , 52) 

In order to arrive at an e~uation not limited to 

spherical nolecules , and ~;hich can be adapted to th e 

treatr;,ent of mixtures of r:lo l ecule s d iffering i n size , we 

can define a sesnent as an isome tric portion of the 

no l ecule \-,hid; is chosen arbi trar i 1 y . Let there be r 

such segments in the l101ecule . Follo\·iin<J Prigogine' s 

treatment of "r-I.1er " chain fJolecules, vle l et 3c 

reF r e sent tl,e number of e xternal degr ees of freedor:! per 
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se(Jr:te nt I and \'lC assur~le t Ie pu rti tion function to ta e 

the forn 

I I 

>3 COMB . 

3 * ~ ~ rNc 
{f(v - v ) } exp (-E /kT) 

a 
(5 . 3) 

\·,here Zcorm . is a coulJinational factor \'/hich takes 

account of the number of ways of intersp ersins the r il 

elcnents a I:long one another . 

Pr i gogine and co - workers auhereu to the cell r,o u el in 

orde r to fOrI!\ula te t he mean intern:o lecular energy Eo . 

It '.'las empirically found }\c\.;eve r thut the cell r.lodel 

leads to cnergy vulue s which depend too steepl y on 

volune. ilildel;rand and Scott (53) udvocate t he approach 

which consiuers the r adi a l eli stribution function . Tl,e 

ener'3Y is liell rep resented lJY an expression of the fo r m 

sugge sted by Frank(54) 

where in may be trea ted as a constant, usually in the 

range of 1 . 0 to 1.5 for nonpolar li 'lU i ds . If we take n 

to iJe unity then t he mean intermolecular encr<Jy per 

contact pa ir can lJe expressed as 

E: = - n/v ( 5 .4) 

\·,here n character i zes the Lean i nte r action be tween a 

segnent pair i n t he li qui d . 

It follows tllat E = - xNsn/2V 
o (5.5) 
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If ",e assume that terElinal segments s110VI different 

attractive forces to neighbours than do the mid-chain 

segments "'hi ell outnumber the former, then the 

interr0101ecular energy can be written 

E 
o 

- (l/v) (N n +N n +N n ) 
m m em em e e 

( 5 . 6 ) 

where nm characterize interactions 

bet\,'een sites on b/o neighbouring mill-chain segments, 

between a mia-chain anll a terminal s egment site, and 

between t ... .'O terr.1inal sites resroecti vely. E denotes the 

number of neighbour pairs in the respective categories 

and these are assur:led to equal those for rando!:l mixing 

of sites. For si!:lplicity, we take the number of 

terminal sites having atypical interactions to be just 

se' the excess number of sites for the two end groups, 

defined by equation 5.1. 

Using this approach 

",hich by comparison with equation 5.5 defines n as 

Using the approximate geometric !:lean rule for non-polar 

molecules i. e. the Berthelot relationship ( 55) 
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\"Jhich is al'propriate for dispersion interactions 

1'1 " (s /S)21'1 {l + (s Tl ~/s 1'1 ~)x}2 
m m e m m 

substituting equation 5.5 in equation 5.3 and 

introducing reduced variables as 

gives 

is (JOMB. 

* v ; v/v 

T * T/T * 2v ckT /s 1'1 

1 

(fv*)xNC(v3 -l)'xNCexp(xNc/v~) 

THr: EQUATION OF STATr: 

The reduced equation of state obtained from the above 

reduced partition function is identical with 

Ilirschfelder and Eyring's theory(56, 57) 

1 1 

pV/T ; v3 7(v 3-1) l/vT 

The reduced pressure p is defined by 

- * * p ; p/p 2pv ~ /81'1 

- * * or p ; pv /ckT 

(5 . 7) 

(5.8a) 

(5 . 9a) 

(5.9b) 
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Tl",c reuuc ",d e ' iuation of state nay b e alternatively 

expre ssed as 

p/p2 (5.8b) 

,,'here p = Ilv is the reduced density . 

The p a ran eters v*. c and s 
Tl 

characte rise t h e chain 

molecule according to equations 7 and 8. The first of 

the parameters is taken to b e ide ntical for all homologs 

of the series and f o llows from the manner of defining a 

* segment a nd the as sumed I i near i ty of xv vii th n • 

The coefficie nt of thermal expansion a the coefficient 

of isothernal compre ssibility K . and the thermal 

pressure coefficient y may be expressed in terms of the 

reduced variables as 

a v-I (av/aT) = 
p 

(T/Tv) (9v/9T)-
p 

(5 . 10) 

K = -v -X \)v lap )"T - (p/pv) (av/ap); (5.11) 

-
y (ail/aT) a/K = (Tp/Tp) (\)p/aT)- (5.12) 

v v 

Equation 5.8 is first solved for T and then for p The 

resulting expressions are differentiated. and by 

eliminating T in each case the following equations are 

obtained. 
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I 

(aT) 
1 ~ 
,(v -1)-1 + 2pv2 /(pV2 + 1) 

I 

(Kp) { ~ _3 } --2 
3 (V -1) -1 (1 + 1/ pv ) + 2 

--2 yr/p = 1 + l/pv 

At zero pressure 

-(v 3_1)/,,3= T 
I I 

aT = 3(v 3-1)/{1-3(,,3-1)} 
I I - - * 

K = 3(,,3-1),,2/{1_3(,,3_1)}p 

-2 * = aTv /p 

*/ - 2 Y = P Tv 

I 

Solving equation 5.17 for (,,3-1) 

I 

,,3-1 = aT/3(1 + aT) 

we h a ve 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(5.18a) 

(5.18b) 

(5.19) 

(5.17b) 

which permits v--. to be computed from the coe fficient of 

expansion of the liquid at p = O. The net volume 

follows from - * v = v/v" Substitution of --V in equation 

5 .16 yields T and hence '1'*. The value of p * is then 

calculated using equation 5.18b. After having evaluated 

v*, T*, and p*, the parameters c and sn are found from 
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Thus 

p 
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* 2v ckT/s 

* * pv /ckT 

* *. 
s n 2p v 2 

n 

2 
2YTv 

* * * c = p v /kT (Yv/k)(CXf)/( 3+ 4CXf) 

(5.20) 

(5.20) 

(5.22) 

(5.23) 

The partition function and equation of state are now 

reformulated for mixtures of homologous chain mo l ecules . 

TilE THERt-l0DYNAtUC PROPLRTIES OF tlIXTURES OF HOt-lOLOGOUS 

CHAHl t·l0LECULr:S 

The theory thus far presented for pure liquids can be 

adapted to mixtures of l,omologous chain molecu l es by 

extend ing the treatment of systems of one component 

The partition function and equation of state are 

reformulated for mixtures of hOr.10 logs and the 

thermodynamic propertie s of these mixtures are 

interpreted according to the r elationships derived. 

It is assumed that the distribution of segments of the 

two kinds about one another in the liquid mixture is 

random. Referring to the expression for the 

intermolecular energy equation 5.6, it is found, in 

analogy to equation 5.5 and equation 5.22 

E o 
- * * .... - XNp v /v 

where x is the number average defined by 

(5.24) 
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all species i present i n the lEixture beins included in 

the sunr.lat i ons . 

It folloviS t hat 

5 =5 +5 Ix m e 
(5 . 2 5 ) 

(5 . 26) 

The various parameters are e x p ressed in terms of their 

analo'0s for the pur e components as 

wher e 

1/ x = l:<j> . I x. 
~ ~ 

s l:<p.s. 
~ ~ 

<P. is the seglllent fraction for species i 
~ 

<p . 
1 

.N.ILx.N . 
1 1. "1. 1. 

(5.27) 

(5.28) 

(5 . 29) 

'1'l1e parameter c applicable to the mixture is g iven by 

C l:<P . C. 
1 1 

(5 . 30) 
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TEE EXCLSS VOLUliE 

Let 
_0 
v represent the reduced volume per seglaent if no 

volune change occured on ~ixing. For a binary 11ixture 

(5.31) 

where Vl, and V2 are the reduced volunes of the pure 

coclponents at the sane temperature and pressure. 

The reduced exce ss volume per segment is 

_E _0 
v = v - v 

(5.32 ) 

where v is the reduced volume of the mixture. 

T for a binary mixture varies linearly with the segment 

fraction composition at constant temperature 

T 

The reduced volume v for the reduced temperature T may 

then be calculated from the equation of state for p = 0 

T (5.34) 

_E 
v can be calculated by evaluating the difference 

betv.'een vO and the reduced volume for the mixture v~· 

which can be determined by linear interpolation from the 

reduced volumes vI, and V2 of the components. 
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This ne thod of calculation is naue difficult by the fact 

that equation 5.34 is not explicitly solvable for i. 

This prob lerr. can be circunvented as follo"s. Given v , 
1 

and i a nd the T and T 
212 

corresponding to then 

according to equation 5.34, T can be obtained by linear 

inte rpolation. o The reduced t emperature T 

corresponding to Vo given by equation 5.31 is 

calculated. Then, with negligible error 

(5.35 ) 

The excess molar volume is related to the excess reduced 

volumes by the characteristic volumes for the pure 

components, and their mole fractions in the mixture 

according to the following formula 

_E * * ; v (XV + x V2) (5.36 ) 
1 2 

THE EXCESS ENTHALPY 

If we ignore the small difference bet\veen enthalpy and 

energy for condensed systems we may write the following 

expression for the molar excess enthalpy 

HE ; ' {E (mixture) - E (1) - E (2)}/N 
000 

~/hich, considering equation 23, can be written 

E * *- * * H ; ~v ('" p Iv + <p p Iv - p Ii) 
~ "'1 , 1 1 2 2 2 1 

(5.37) 

(5.38) 
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"here p* is the charact.eristic pressure of the mixture . 

since vE 
is very small. the r ec iprocal of v nay be 

approxirc,ateo Hith negligible e rror by 

Ilv (5.39) 

BI nARY I'HXTURES OF t lOLEC ULES DIFFI:RING IN SIZE AND S ILII.PE 

In the follO\~ing analysis the components are indexed by 

subscripts 1 and 2. This treatment is generally 

applicable to liguid solutions. irrespective of the size 

and shape of the molecular species. provided that they 

are not hydrogen bonded or highly polar . The r.lolecular 

segment is to be defined in correspondence for the two 

species such that r l and r 2 shall be in the ratio of the 

* * respective r.lolar core volumes VI and V2 Similarly. sl 

and s2 shall be in the ratio of the molecu l ar surface 

areas of contact pe r segment. 

T Ir 
. 1 2 

" * = V IV 
1 2 

2 

" *­r sir s (V Iv )3 
1122 112 1 

- * * -s Is = (r Ir )-3 = (V Iv )-3 
1 2 1 2 1 2 

(5.40) 

(5.41) 

(5.42) 

Let All ' Al2 and A22 represent the numbers of contact 

pairs be tween the respective species. Let n . . /v 
~~ 

the energies associated with each species. Then 

Since 

-E = (A · n + A n + A u )/v 
· 0 11 11 22 22 12 12 

2A + A = s r N 
1112111 

be 

(5.43) 

(5.44) 



it f o llO\<s that 

where 

-E 
o 

GG 

2A +A - srN 
22 12 2 2 2 

(s r N n + s r N n -A 6n)/2v 
1 1 1 11 2 2 2 22 12 

nil + n 22 -2n 12 

(5.45) 

(5.46a) 

(5.46b) 

Randor.'. mixing of the two species viII be assumed . lie 

make a further approximation by taking the expectation 

that a species of kind i neighbours any given site to be 

equal to its site fraction 0i • defined for a binary 
I 

mixture by 

On this basis 

where 

o 
2 

A 
12 

S = 

-
1-0 = s r N srN 

. 1 2 2 2 

s r N 0 =srN0. 
iii 2 , 2 2 2 I 

r (r N + r N ) /N 
I 1 2 2 

(s r N + S r N ) /~ N 
I I I 2 2 2 

' N N + N 
1 2 

(5. 47) 

(5.48) 

(5 . 49) 

(5.50) 

(5.51) 

By substitution of equation 46 and 47 in equation 45 we 
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ge t 

-E /~N 
o 

(s/2v)(0 n + 0 n - 0 0 6n) 
1 It 2 22 ) 2 

or -E /~N 
o 

(s/2v) (02 n + 0 2n + 20 0 n) 
2112 2 2 1212 

Defining t he s egment fraction s 4>1 and 4>2 by 

we h ave 

1/~ 

r N /~N 
2 2 

4> Ir + 4> /r 
1 1 2 2 

s <P s + 4> s 
1 1 2 2 

o (s /s)4> 
222 

(5.52a) 

(5 . 52b) 

(5 . 53) 

(5.54) 

(5 . 55) 

(5 . 56) 

The characteristic pre s sures for the pure components are 

By a nalog y , we ·define 

Then 

* * p ~ s n / 2v 2 
1 1 11 

* * p ~ s n /2v 2 
2 2 22 

* X ~ s .6n/2v 2 
12 1 

* * ... * ... p v /v ~ ckT /v 

(5.5 7) 

(5 . 58) 

(5.59) 



\Ih e re * p 

6 1:. 

c ; (c r N + erN )/~N 
111 222 

cj> c + cj> C 
1 1 2 2 

(5.60) 

(5.61a) 

(5.61b) 

From equations 5.59, 5.60 and 5.61, the characteristic 

temperature T* for the mixture is given by 

* liT 

since T 

* * * * * * 1 (cj> P IT . + cj> P IT )(cj> p . + cj>2P~ - cj> eX) 
1 1 1 2 2 2 1 I ~ 1 2 12 

* TIT we can rewrite this as 

*-T ; (cj> P T 
1 1 

k" * + cj>P T ) (cj> P 
22211 

* + cj> P 
2 2 

-cj> eX) 
1 2 12 

(5.62a) 

(5.62b) 

X12 influences the excess volume through T and through 

equa tion 34. 

Adoption of the Berthelot relationship(l, 16) 

T] 
12 

(5.63) 

for homopolar species whose interactions are dominated 

by the intermolecular dispersion energy leads to 
1 I 2 

8T] ; (T] 2 - T] ~) 
11 22 

* ! * *! 2 X P {l- (s Is) (P Ip ) } 
12 1 1 2 2 1 

* *! .*!2 P ; {(cj> e P) + (cj> e P ) } 
1)1 222 

(5.64 ) 

(5.65) 

(5.66) 
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* The inter::"to l ecular energy is given in terms of P by 

equation 58 . It nay be expressed a lternatively by 

-E /;N = (s/2v) ( 0 n ~ + 0 n !) 2 
o III 222 

(5.67) 

I gnoring the diffe r en c e be tween the energy and e nthalpy 

of a condensed system a t low p r essure , we have for tlle 

molar excess enthalpy 

HE = E (mixture) - E (1) = E !2) 
MO . 0 . 0 

- * * * -rNv {~ ~ /Y . + ~ p /v 
1 I 1 2 2 2 

p*/y} (5.68) 

Bquations g iven above allow this result to be expressed 

in the alternat ive forms 

- * * rNv {cf> P (l/V - l/Y) 
1 1 1 

+(4) e Iy)x 
1 2 12 

(5.69a) 

* * 1**-= N P v , (l/y - 1 v ) + N P v (l/v -l/Y)+ 
111 1 222 2 

* -(N v 0 Iv)'¥. 
i 1 2 : 12 

(5.69b) 

The final term in each of the above equations for the 

excess enthalpy of mixing represents the contributions 

from contact interactions attributable to a difference 

between 1,2 pairs and the mean of 1,1 and 2,2 contact 

pairs. It can generally be described as "the contact 

interaction ten;!". The first two terms in the above 
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equation. called the "equation of state" terms. 

represent the contribution of the reduced (i.e. excess) 

volume of the solution compared to those of the pure 

components. 

THE CONTACT INTERACTION PARAHETER X12 

The use of equation 64 to calculate X12 has been found 

to be unsatisfactory owing to the inadequacies of the 

Berthelot geometric mean rule on which it is based. The 

quantity X12 is therefore treated as an empirical 

parameter and its value is usually adjusted to give the 

best fit bet\,een theoretical and experimental val ues of 

the molar excess enthalpy . X12 can subsequently be used 

to predict some other thermodynamic p roperty such as the 

molar excess volume. The experimental excess volumes 

could theoretically also be used to determine X12 • 

However it is preferable to use the experimental excess 

enthalpies since the contact interaction parameter 

appears intrinsically in equations 5.69a and 5.69b to 

calculate the excess enthalpy whereas it only affects VE 

via the reduced temperature. and consequently the excess 

volume is comparatively insensitive to the contact 

interaction parameter. 
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1 . 1- pplication of the F lory f} 'heory of mixtures 

1'he r lory t;H~ory (44 , 45 , 4- 7 , .~ 8 ) has been applied to 

exce ss volume Qne] e nthalpy data by ~any 

( 4 G " ') 1 ) \o!or kers I I ..... ' .. and has be en founc1 to l,; e moderat e ly 

successfu l . ':'he [ollO\,'ing a p p r oach follol.'s t L :: t of 

( l~ ,,". "t: ) .i.' lory 't ~ I .~...) and Benson (~I ) . 

':'11e molar voluP,e If o[ . pu r e liquid can be written as : 

v = rv 

vihere vis the vol uwe o f a .,ole of se gments and r is the 

number of segn nts . Eacl 1 se~cent is considered to have 

,,; int"n.colecular contact site s . 'I'he characte ristic 

volur:te is s ive n by: 

v* = rv* 

and the r <luce C volumc defincd by : 

v = v/v* = V/V* 

and can be calculated frm, 

3 
v {(I + (4/3) aT)!(l + aT)} 
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I,here a is the coefficient of therMal expansion at 

tenperature T. 

At zero pressure , the reduced volune anu reduced 

ter.perature ( T) are related by the equation of state 

This is the central equat i on of Flory's theory. The 

characteristic temperature T* and pressure p* are 

obtair,ed from the relations 

* T 

* p 

=T/T 

( alB)Tv 
2 

The reduced temperature for a mixture of type 1 

molecules and type 2 molecu les is given by 

* *- * (¢ P T + ¢ P T)/(¢ P 
III 222 1 1 

* + ¢ P 
2 2 

- ¢ eX) 
1 2 12 

where Xl2 is the interaction parameter. The segment 

fraction ¢ is def ineu by 
1 

and the site fraction e by: 
2 

~ I(x + "x r Ir ) 
1 1 2 2 1 

I 

o ¢ I(¢ + ¢ s Is ) 
2 2 2 1 1 2 
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,,-here " 1 and S2 are the interrcolecular contact sites for 

molecules of type 1 anl~ type 2 respectively. The excess 

nolar volune and e xce ss r.1olar entha l py are give n l.Jy 

(x V* + x V*)(v - vol (6.1) 
I I 2 

\.,:here -0 -
v = <PI v + <P v 

I 2 2 

* and = (x vex Iv) 
I I 2 12 

(6.2) 

It is assuned that 

s Is 
I 2 

* * -(v - Iv) 3 
2 I 

The follol-ling calculations , based on the approach of 

Flory were carried out for each system. x (0
M

) 
12 

first deternined from v! data using equation (6.1). 

was 

Because it was found to IJe concentration dependent X (vll) 
12 M 

was determined at a ll cor.lposi tions between 0 and 1,0 

at 0 . 01 r.lo le fraction intervals and the value of X (vE
M

) 
12 

which minimised the standard deviation U(v!) I was 

chosen. 

The standard deviation of E 
u(V ) was determined from: 

98 E 
= l:{xM(expt.) 

i = 1 

M 

(x. ) 
1 

(6.3) 
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\-Ihere XM 
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r efers to excess no lar volur.,e . The values 

of 
HE E 
-rl calculated wer e then determined f rom X. (~M) 

) 2 

using equa tion (6.2) and lIenee 

fron ec,uat ion (6.3) \ .. here x! 
\',as de t ermined 

refers to excess nolar 

enthalpy 
E 

I\!. 

For the sake o f conparison th e best va lue of 

E 
from HJ.I a(R

E
) da ta, can be d e t ermined and rl 

data can the n be p redicted. 

calculated· v! 



75 

7. EXPERUIENTAL 

The ~ measurements were determined using a commercial 
E 

LKB2107 flow microcalorimeter. The VM measurements were 

measured by the vibrating tube densitometer (Paar 

DNA601) method . 

The purities of the hydrocarbons used are given in Table 

1, together with the suppliers of the hydrocarbons. The 

purities were determined by g .l.c. In most cases the 

supplied hydrocarbon had an estimated purity greater 

than 99,2 mole per cent. n-Octane, cycloheptane, 

cis-decalin and trans-decalin were distilled under low 

pressure and dried before using . The n - hexadecane was 

purified by fractional crystallisation followed by 

distillation . It \vas found that the volatile 

hydrocarbons used in this work caused bubble formation 

on mixing. As a result the n-hexane, cyclopentane and 

cyclohexane were degassed before use . 

Degassing of Liq uids 

Liquids are usually saturated with air and when two 

liquids are mixed air is displaced from the solution. 

This is most commonly achieved (59) by repeated freezing, 

evacuating and thavling of the liquids. An eightfold 

repetition of the cycle is usually found to be 

sufficient. The liquids were degassed in test tubes 

(30-60 cm3 ) fitted with rotaflo seals and subsequently 

frozen by inunersing the test tubes into liquid nitrogen. 
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Once degassing \~as complete, the pressures inside and 

outside the collection tube were equalized by allowing 

mercury to run into the test tube under vacuum. The 

rota flow seals were improved by filling the tubes 

immediately above the seals with mercury. The degassed 

liquid s in contact with mercury were stored in these 

sealed test tubes. The degassing apparatus is shown in 

Fig. 12. 

DETERIUNATION OF THE EXCESS ENTHALPY OF MIXING 

The flow calorimeter used in this study is the 

commercial LKB 2107 - 020 model. The prototype of this 

model is described by Monk and \'Iadso (18). In this 

method peristaltic pumps are used which g ive a 

reprod ucibility of flow rate better than 0 ,5 %. HEM is 

determined to a precision of 2 % or better with n-hexane 

and cyclohexane at 298K . 

The arrangement of the apparatus is shown in Fig . 13. A 

metal block heat sink B enclosed by foam A is situated 

in a thermostatted air bath. The heat sink contains a 

centrally located heat exchange unit C. On e ither side 

of this are calorimetric units D in a twin arrangement. 

The calorimetric units consist of flow r eaction cells 

surrounded by surface thermopiles which are in contact 

with p rimary heat sinks E. The calorimetric liq uids are 

pumped through the heat exchange unit to one of the 

reaction cells and from there to a receiver outside the 

calorimeter. 
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The heat flow across the thermopiles is transduced to a 

voltage signal. This is a differential signal from the 

two thermopiles in order to cancel common external 

thermal disturbances. Liquid flows through only one 

cell during the calorimetric run. 

The flow microcalorimeter operates on a heat-leakage 

principle, and can be used for exothermic or endothermic 

mixing. The heat evolved or absorbed in a mixing 

process within the flow cell is conducted to or from a 

heat sink through the pair of thermopiles which 

sandwiches the cell. 

The two liquids are brought together in the mixing zone 

of the flow cell (see Fig. 14). Mixing of reactants can 

be achieved without the presence of a gaseous phase 

(bubbles) - an important factor as 

condensation-evaporation effects can affect the result. 

A constant flow rate will give rise to a constant heat 

effect. Steady state conditions are attained after 

approximately 10 minutes when the heat generated in the 

cell per unit time is equal to the heat transmitted out 

from the cell. 

Steady state conditions must exist in the cell before 

readings can be taken. 

A major part (approximately 97 %) of the total heat 

generated in the cell (\'/) is transmitted from the cell 
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by heat conduction to the heat sink throu gh the 

surroundins thermopiles (lit ) A minor portion 

(approx i ma tely 3 'Ii ) \lill leave t he cell by radiation by 

the liqu id flow . and by conduction along the cab les and 

tubing . 

\lhen a particu lar calorime ter is used unde r specified 

experimental conditions (flow rate. phys ica l p r operties 

of the liquids that a r e to ue r,Lixed ) then the ratio Ilt /\ ,) 

v,ill be constant 

Heat flOllS through a thernopile when there is a 

temperature g r adient. 

( t:ewton 0 s La", of Cooling). 

a - heat leakage constant 

!'oT - tenpera ture d ifference 

(7.1) 

(7.2) 

The voltage L g enerated by the thermopile a rises from 

the temperature gra d ient across it and is di rectly 

p roportiona l to!'o T 

E = b.!'oT (7.3) 

b - proportionally constant 
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E - tllerr:l0pile voltage 

By equations (7 . 2 ) and (7 . 3) we can der ive t he 

expression 

(7 . 4) 

8 - constan t 

COhlbination of pC!uat i ons (7.1) and (7 . 4) lead to the 

e xpression 

(7.5) 

During an experiment a small fract i on of tie heat effec t 

generated in the cell is due to f rictional effects of 

the lizlU i c1 f l O\o/ . Th is contribution to the thermop ile 

sig nal ay be de t ermined at a blank experime nt . This 

blank read in<] is take n a s a refere nce point for the 

therr.,opile voltag e during t he actual expe rilnent . 

!lonk and liadso( l S ) investigated the ze r o effects by (a) 

varying the f l oYl r ate a nd ( ll ) varying the viscosity of 

the c a l o rinetri c liq uicl . Z\ t a flov' r ate of n , 4- ml /min . 

r - 6 - 1 t he zero heat efrect ;las flxlO J . s e c • In tI,e 

detern i nation of t h e mix ing curve for 

n - hexane/cyc l ohexane t h e l1eat effect was 21xlO- 3 J . sec - l 
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therefore constitutes a Q, .:.1 % error \vhich need not be 

taken into consiuerCltion as the overall vrec ision is 3 % 

The z e ro heat effect due to a 20 ~ sugar solution was 

4x1G- 6 J . sec - 1 anJ variations in t h e ze ro heat ef f ect 

"lith th e viscosity of the calorimetric hydrocarbon 

liq uids were safe to i g nore . 

The constant £ in e'1uation (7.5) is detennined b y 

electrical c a librat i on . lJea t evolution at a c a lib ration 

procedur e and a t a process under invest i gation Must b e 

comparable as the calibration c o nstant £ varies from 

run to run in a b inary system . 

mixture should be calibrated. 

Each separate lJinary 

The procedure for' dete n , ining entha lpies of l.1 ixing Via s 

as fo1101'/s : 

All t he r mostatting units viz . t he control unit , the 

thermostat and the pre - thernostat \Vere set at the 

required temperatures and initiated . rl'he e q uipnent 'V/as 

allowe d to e quilibrate overni Cjht befor e use . The power 

was le f t on continuously to a llow ~1e units concerned 

vlith temperature control to n~a intain t e mpera.ture 

e qu ilibrium . The te;Tlperature of the p re - therr"ostat ,·/as 

set a t 10 °c lo v/e r than t he air Lath of the caloril:te ter 

therwostat in order to a1101'/ for optimum control . A 

tewperature sensor is mounted in t he Llai n heat sink of 

the I:l icro- calorimeter bet\Veen Ule two d e tector units. 

~his provides a signal to enab l e the tempe rature of the 

heat-sink to b e clonitored on a meter on the fro nt panel 

of the Control Unit. 
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The tvlO liquids are suck~d into the sys tem by the 

l)eristn ltic p ur.1}") until they rC?ach the l~lixins cell . \;r.en 

steady state condition s a re reacllcd the def l ectioll on 

the recorder \\1 i11 b e COli.e constant . Tl1e p UMP tubes are 

nade of Viton and tIl e interconnectina tubes ar e 

Cili cone . rrhe res ~rvoirs contui ning the cor,:ponents uere 

wei <; hed to tl'1O ueci laa l p l aces . 

i \' calorinetric run \iClS initiuted b y star tin(J th e pumps 

antl a n e l e ctronic s topvia tch siMultaneously to record tll e 

till.1.e . 

If the mixing \ias Endothermic the c e ll hea ter \yas 

activa t ed ancl the h e atin\j curre nt adjusted until the 

reco r d er de fl e ction returne d to i;aseline . The r a te of 

hea tin(j s uppl i ed to tJle r:tixinS cell was de terI:,: inc <1 t:.y 

the f orrt.u l a 

\·/ l!e re R = :';O / l ~] Q ( Tab l e of Individual 

r.ppuratus Data ) 

I = curr e nt in J\ 

If the !:.i xing ' .... us exo t. ilerrn i c then the steu uy- s t a t e 

recorlier deflection was not uJ anJ a he a tina c~rrent was 

ilpplied to do uble t i le d eflectiofl . 

'l'h e nixtur es \}e re i ndiv i d ually calibrClted Ly aFro'lying 



the }.eating currents used during the experiment at the 

same flow rate used and recording the deflection Ec. 

7he calorineter was fitted ,-lith a calibrated alCJ"lleter so 

that the current through the heater could be accurately 

deterIoined. ~he temperature of the mixing cell was 

r:1onitored using a calibrated thermocouple placed aCJainst 

the cell. The calibration constant E \'y'a s deterr1i ned 

by the formula 

\/here 

and 

w 
c 

E 
c 

= 

E = W IE 
c c 

(Joules) 

recorder deflection (arbitrary units) 

The excess molar enthalpy of mixing is then given by 

E /Total number of moles 

For low flow rates «0,3 ml/min- l ) it was found that E ; 

Ec for the same heating current. In this case the 

calibration procedure was therefore unnecessary and HEr_l 

was determined by the formula 

= , ,. (Total number of moles) 

and it was unnecessary to record the recorder 

deflection. 

The number of moles of each coml~nent were calculated 

from the mass differences between the starting and 
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stopping of a run, and the respective molecular masses. 

The techniques and calibrations were periodically 

checked by determining HE~j for the well documented 

system of n-hexane and cyclohexane at various 

temperatures. The results were always within 3J.mol - 1 

of the results reported by Ewing and ~larsh (60) 

Determination of the Excess Volume of Mixing 

The vibrating tube densitometer method has been 

described by Siddigi et al(61). The temperature was 

controlled to within 2mK and the densitometer was 

calibrated using tetralin, water and cyclohexane. The 

densities of the standards were independently measured 

using precision pycnometry. The mixtures were made up 

in 5 cm 3 bottles fitted with ground-glass stoppers. The 

less volatile liquid was always added first to reduce 

vapour-space errors . 

Control and Measurement of Temperature 

The precision of the above method depended primarily on 

constant temperature conditions. The U-tube was 

immersed in water from thermostatted copper water bath 

with a glass \vindo~l on one side . The surface of the 

water was covered with floating polystyrene balls. Two 

mechanical stirrers ensured uniform temperature 

throughout the bath. The thermostat included a 

permanent rheostatted heater, an intermittent light bulb 

(25 h') connected to the temperature controller and a 

refrigerator coil . 
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The temperature was monitored by means of a Hewlett 

Packard 2801 A quartz thermometer. 
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TABLE 7.1 Hydrocarbon suppliers and estimated purities 

Liquid Purity Supplier 

ITOl per cent 

cyclopentane 99,3 Aldrich 

cyclohexane 99 , 5 Riedel de Hahn 

cycloheptane 99, 5 ~erck-Schuchardt 

cyclo-=tane 99,2 Pfaltz and Brauer 

n-hexane 99,2 British Drug House 

n-=tane 99 , 6 t-lerck- Schuchardt 

n-dodecane 99,2 British Drug House 

n- hexadecane 99 ,1 ~erck-Schuchardt 

bicyclohexyl 99 , 2 Aldrich 

tetrahydronaptha1ene 99 , 3 British Drug House 

decahydronaptha1enea 99, 85 Riedel de Hahn 

cis-decahydronapthalene 99,6 Aldrich 

trans-decahydronapthalene 99 ,8 Aldrich 

a A mixture of 53 , 3 rrole per cent cis i somer and 

46 , 7 rrole per cent trans isomer 



c . !,r:SU UfS .1\:n; ! ISCU~;SIOl: OF 'l'lu:: rms 

G.l Introduction 

The excess molar enthalpies obtained l.Jy flo\,' 

n:icroca lorimetry. and the excess mo lar vol urnes obtained 

by vil.Jrating tube densitometer . are given in the 

Appendix. The excess molar quantities were f itted to 

Redlich-Kister polynomials by a computer program. The 

Redlich-Kister polynomial has the form 

.E }. (Theory) 
n 

x (l-x ){LA (1-2x )r} 
1 1 r 1 

(8.1) 

r= 0 

where xl denotes the mole franction of the first 

cOr.lponent in the binary mixture and Ar are the smoothing 

equation coefficients. The "closeness" of the 

theoretical results to the actual results is given by 

the deviation o XE given by 

x!(exptl .) - x! (Theory) ( 8.2 ) 

Uni ts of HE~1 are J . mol -1 and the units of VE
M are 

3 -1 ern . mol • Actual results and the deviation 0 ;! from 

the theoretical equation (8.2) are given in tables in 

the appendix . 

8.2 Lxcess Ilolar Lnthalpy of rojixing 

8.2 .1 Bicyclohexyl a nd cycloalkane systems 
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Lal and Swinton(69) have previously reported the excess 

molar enthalpies of mixing for bicyclohexyl and 

cycloalkanes. Our results are within 3 J.mol- l of their 

resul ts over the \~hole composition range. The excess 

molar enthalpies of mixing for the cyclopentane system 

does not fit into the pattern established by the other 

cycloalkanes (see Table 8.1). Although the trend is for 

the excess enthalpy to increase with increasing size of 

cycloalkane, the excess enthalpy for the cyclopentane 

system is very much lower than that for the other 

cycloalkane systems. This behaviour is also seen in the 

excess volume results reported by Letcher(70) and is 

probably due to the cyclopentane molecule being flat and 

smaller than the other cycloalkanes, and allowing for 

more intimate interaction with the larger bicyclohexyl 

molecule. 

The value of at x = 0,5 increase s in 

magnitude with increasing size of the cycloalkane. See 

Table (8.2) 

8 .2.2 Tetralin and cycloalkane systems 

Grolier(72) and Lundberg(73) have reported results for 

the cyclohexane system. Our results at 298,2k compare 

well with their work. l'ihen compared with results 

interpolated from tile equations given by Grolier(72) we 

obtain a standard deviation of 6,5 J.rnol- l • 

The excess enthalpy results reported here are all 

pos itive and show a strong similarity to results for 
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benzene and a cycloalkane as reported by Benson's 

group(74) and by Diaz Pena and his group(75). It is 

suggested that the dominant effect in the mixing process 

is the endothermic disassociation of aromatic-aromatic 

interactions. The pattern for the excess molar 

enthalpies is different to that reported for 

bicyclohexyl and decalin see Table (8.1). As in the 

case of the bicyclohexyl systems and the benzene 

systems(74, 75) the values of at x = 0,5 

increases in magnitude with increasing carbon number 

(see Table 8.2) 

8.2.3 Decalin and cycloalkanes systems 

The molar excess enthalpies for cis-decalin in 

cyclohexane and trans-decalin in cyclohexane have been 

reported b y Sturtevant(76), Benson(77) and Lundberg(78). 

The standard deviation between our results and the 

smoothing curve of Benson's(77) is less than 1,5 J.mol- l 

in both cases and 'vi thin 3 J .mol -1 of the results of 

Sturtevant (76). \'ie feel that this is a result of 

impurities and a difference in measuring techniques. 

The molar excess enthalpy for decalin with cyclopentane 

is very much more negative than the molar excess 

enthalpy for decalin in cyclohexane, cycloheptane or in 

cyclooctane. The same effect was seen in bicyclohexyl 

in cycloalkanes and in tetralin in cycloalkanes, for the 

same reasons as earlier suggested. 

It is interesting to note that the values obtained for 
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for decalin in cycloalk anes are much 

less than \Jere obtLlin<?d for l:icyclohexyl in cycloalkanes 

and t<?tralin in cycloalkancs. The result for 

cycloheptan<? i s surprising i n that it does not conform 

to the general trend . 

8 . 2 . 4 nicyclohe xyl and n - alkane systems 

Tlle only sys tem for "hich I IEI,j l1a s b een published is the 

n- dodecane system by Jessup anc1 Stanley ( 79) . Some of 

our resu l t 's are a s n uch as 9 J . nol - l lower than points 

on the curve obtained b y these authors froEl four data 

p oints . As in the case of the c y cloalkanes the 

r0w( x=O , 5 ) for the n - alkane systeIns increases with 

increasing carbon nu mber . See Tabl e 8 . 1 . The magnitude 

of at x = 0 ,5 also increases "itll carbon 

nurnuer . ( Se e 'table 8 . 2 ) 

8 . 2 . 5 Tetralin and n - alkane systems 

Groli e r(7 2 ) and Lundb e rg(73) have investig ated t h e 

n - heptane and n - h e xad ecane s ysteIos . Our r e sults at 

29 0 , 2k compares well vii th their \,ork and upon conparing 

our results to thos e i nterpo l a t e d from the e <l uations 

given by Grolier (72) 1-1e obtained standard deviat ion s of 

8 , 1 J . mol - l a nd 6 , 1 J . "lol -l respectively . 

The u I:1; results r eported h e re are all ]Oo si tive and sho\-/ 

a stron<J similarity to lIE
l" results for benzene and an 

n - alkane as reported by Benson ' s g r o up(7 4 ) and Diaz Pena 

and il i s group (7 5) As in the case of the cycloalkanes 
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this suggests that the dominant effect in the mixing 

process is the endothermic disassociation of 

aromatic-aromatic interactions. 

E H M increases with increasing n-alkane carbon number as 

in the case of the bicyclohexyl system, although the 

magnitude of the liEN is very much lower for the 

bicyclohexyl systems. 

As in the case of the bicyclohexyl systems and the 

E 
(oR /aT)x=O 5 , benzene systems the values of 

increase in magnitude with increasing carbon number (See 

Table 8,2) 

8.2. 0 Decalin and n-alkane systems 

The HEM for decalin in n-heptane and in n-hexadecane has 

been reported by Lundberg(73). Lundberg used a 

different cis- and trans-decalin mixture (64 mole per 

cent cis and 36 mole per cent trans) so our results are 

not directly comparable. Our results are 12 J.mole-l 

and 8 J.mole- l lower than Lundberg's for decalin in 

hexadecane and heptane at 25 °c and at equimolar 

composition, respectively. He did not investigate the 

isomer effect on mixing with alkanes due to our shortage 

in stock of cis- and trans-decalin. 

The HC~'l results for decalin with n-alkanes show similar 

trends to that obtained for bicyclohexyl or tetralin in 

n-alkanes. In all cases HEM increases with increasing 

n-alkane carbon number. Furthermore, the value of 
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( anE/aT )X= O,5 also increases i n magnitude \>lith n - a l kane 

carbon number. 
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TABLE U. l 

ICicyclohexy1 Decalin rretrulin 

c-CS - 142 , /1 - 185, 0 246 , 4 

c-C6 113 , (i 25 , 9 482 , 9 

c- C7 140 , 6 E 0 426 , -. 
" u 

c- C8 164, 6 18 , 0 404 , 9 

n-CG 21 , G 62 , 4 ~G3/3 

n-C7 68 , 6 88, 4 

n-CG 35, 8 81 , 6 

n-C12 65, 3 125, 1 570,3 

n-Cl(, 128,0 198 , 6 657,0 

TJlBlli 2 . 2 
E 

(dHi!dT) x=o 5 , bet vl€€n 15°C and 25 °c 

llicyclohexyl eeca lin f}.1etralin 

c-CS -0 , 9 - 0 , 02 -0 , 8 

c-C6 - 1 , 0 - 0 , 09 - 1 , 6 

c-C7 - 1 , 4 +0 , 09 - 2, 4-

c-{~r3 - 1 , 5 - 0 , 10 - 3, 3 

n-CG - 0 , 9 - 0 , 4- -1 , 0 

n-C7 - 0 , 9 - 1 , 7 

n-C8 - 0 , 9 - 1 , 0 

n-C12 - 1, 9 - 2 , 3 - 2 , 8 

n-C16a -4, 1 - 3, 0 - 3, 1 

a Betvieen 25 °c and 35 °c 
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8 . 3 l;xcess Eo lar Volume of r~ixing 

e .3.1 Tetralin and n-alkanes 

Eo VEt,; measurements have ever been reported for mi xtur es 

of tetralin with n - alkanes . Letcher ( SO , 81) has 

investigated bicyclohexyl + n-alkane systems , and 

Letcher and Lucas ( 82 , 8 3) have investigated decalin + 

n- all,ane and + cycloalkane systems . 'I'he results 

presented in this wor k show strong si'01ilarit i es to the 

E' V14 results for bicyclohexyl i., n - alkanes as wel l as for 

decalin in n- alkanes . .' In both sets the V~l'i (x=O ,5) 

increases with increasing with n - a lkane chain length . 

Furthernore, the temperature coefficients 

show similar trends . 

0 . 3 .2 Tetralin and cycloalkanes 

E These results again sl~w strong similarities to the V N 

results of bicyclol1exyl in cycloalkanes , a nd decalin in 

cycloalkanes. In all cases vI\.; for the cyclopentane 

containing mixtures are very much 10Vler , probably due to 

the '<lore favour able packing configuration of the flatter 

cyclopentane molecule. The effect on vE"., of increasing 

the cycloallmne carbon number is simila r to the 

bicyclohexyl and decalin systems . The pattern is very 

different for other mixtures such as an n - a l kane in a 

cycloalkane(83, 84 ) 

This points to the importance of f.10 1ecu l a r shape in 
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dete r mining excess vo l umes of liqu i d mixtures . The 

E 
(dVM/aT) value s also s h ow a st rong si rnilari ty to the 

( b icyclohexyl + cycl oa l kane ) ( 81) and to the ( decalin + 

c ycloalkane) systems( G3) . 
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Tctril1in Cecalin Sicyclobexyl 

c-<::5 - 0 , 50S1 - 0 , 0303 - 0 , 6602 

c-CG 0,lmO - 0 , 1323 -c, f"JCS 

c-<::7 0 / ::n~2 - 0 , 0383 (} , 1(,fJ9 

c- C8 (1 , 2626 0, n175 0 , SB7 

n-CS -1, 4745 - 1 , 4310 - 1, 5915 

n-CC - O, 9B89 - 0 , 947<; - 1 , 1075 

n-<::7 -O , GS96 - n , 63G3 - (1 , 8556 

n-CS -0 , 4999 - 0 , ,,51;5 -o , G921 

n-<::l0 -0 , ·1182 

n-<::12 -0 , OG48 - O, 072G - 0 , 72';7 

n-C16 n , 1371 - 0 , 0789 

TADLL e.1! l ·.et\Jecn 15°C ilnd 25°C 

Tetrill i n !:licyclo.1exy1 f:E:calin 

c-C5 -0,0047 - 0 , Of)5;:>. - 0 , n035 

c-CC -0, 0020 -0 , (X)31 -0 , 0012 

c-<::7 -0 , 0017 - 0 , 0018 - 0 , (,004 

c-CO - 0 , 0015 - 0 , 0015 - 0 , on03 

n-CS -0 , C12S - 0 , 0097 - 0 , 0150 

n-CG - 0 , 0093 - O, ()()89 - 0 , 0117 

n-C7 - 0 , 0044 - 0 , 0050 - 0 , OOC6 

n-ce - 0 , 0049 - 0 , 00,17 - O, ooCI 

n-Cl:> -0 , 0013 -0 , 0012 - 0 , 004 7 
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8 .4 Results of the application of the Flory theory to 

the decalin + cyclo- alkane en + n-alkane systems 

The approach taken in chapter G ,·;as used to apply the 

Flory theory to dle decalin + cycloalkane and + n - alkane 

systems . 'l'he HE", results measured in this work and VEr,j 

results reported b y Letcher and Lucas(82 , 83) of those 

systems ,.,ere fitted to the Flory theory of liq u i d 

mixtures . The values of densities, p (units gcm- l ) , 

coefficients of thermal expansion , CI (units deg - l ) , and 

isothermal compressibility, S (units pa-l ) , used in the 

calculations are given in Table 8.5 . 1.'he experimental 

values of excess molar vol ume and enth alpy \',ere 

calculated from the sMoothing Redlich-Kister polynomia ls 

of Letcher and Lucas(32 , 83) and those p resented in th i s 

\'lOrk . 

E 
I I ) , (V E", ) and a* E 

'fhe values of X u (V a (H 1'1) t' . 

in columns I , 2 and 3 of Table G.G. For 

comparison the best value of " (HE) "12 f.l has 

determined from E 
H [,1 data . Hence a (HE

r•j ) 

deten!.ined, VEt.; (calcula ted ) predicted and 

been calculated . The values of X12 (HE
U)' 

* 

sake 

been 

has 

* a 

are g iven 

of 

been 

a (VE
N) are given in columns 4 , 5 and G of Table 8 . G 

It can be seen fron Tab l e 8.6 that the Flory theory fits 

the excess thern o d ynanic data r e asonably well and 

rovl' des a matl' sfactor t" at f VB f l~ d t P 0 Y es 1m e o · ~. -rom ~ 11 a a 

and vica versa 



99 

TABLE E. 5 Physical Properties of Pure liquids at 25 °c used in the 
Flory Equations 

Hydrocarbon 

cis- dacalin 

trans-ctacalin 

decalind 

cyclopentane 

cyclohexane 

cycloheptane 

cyclooctane 

hexane 

heptane 

octane 

dodecane 

hexadecane 

a Units cr.1 - 3 

b Units deg -1 

c Units Pa -1 

d a mixture of 

12 3 

lit. 10 b xCI. lit. 10 x ee lit. 

0 . 89286 (9) 0.851 ( 9 ) 691.8 (9) 

0 .86590 (9 ) 0 . 865 ( 9 ) 760.5 (9) 
'l' 1is 

0 . 00263 ,,'ork 0 . 857 724.1 

0 .74041 (52. ) 1.325 (63) 133 .1 (66 ) 

0 .77387 (58) 1.217 (9) 112 . 0 (68 ) 

0 . 80731 (58) 1.00 (67) 967.2 (67) 

0 . 83151 (58 ) 0 . 979 (66) 803 (66) 

0 .G5481 (64 ) 1. 375 (G5 ) 1669 (65) 

0 . 67951 (64) 1.245 (65) 1438 (65) 

0 . 69849 (64) 1.150 (65 ) 1282 (65) 

0 .74516 (64) 0.970 (65) 988 (G5) 

0 .76996 (64) 0. 898 (65) 857 (65) 

53 . 3 IIDle l_-er cent cis and 46 . 7 Lole per cent trans 
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T}\l;U~ ~ . G l~ slua~lary of ca l ct.:l Clti ons usi ng the I"lory theory for 

dccalin- hydrocar con n;ixtures 

v (v i ; ) O(v!) * (~) .. ( .. e ) O(~) * (HE) 0 0 -\'1/ . L ' <'12 :: ~< ! M 

~ ,- 3 a ·,3 '.01- 1 -1 " - 1- 1 3 - 1 u . Cl i. I . _ . ' J ,1. 01 J , cr.l- -' oJ . lTO Cl' . r,o l 

c-C5 - 15 .17 o. CYl? 20 . S0 - 5 . 10 15. 6 0 . 151 

c-CG - 0 . ~!fJ5 0 . 038 (A . 1} 2 . 1G 10 . 9 0 ,('59 

c-C7 3 . S3 0,('13 (;9 . 4 o. , jIll 3. 7 O. (l/l7 

c-C8 - 0 " ,69 O. OOG 27. G ('1 0734 1 r . J n . 018 

n-cr; 3 . (:0 0 . 028 2t;·. C 4 . 04 1 . 5 0 . 034 

n- C7 3 . :';1 0 . 010 3 . ~1 3 . 40 L :> 0 . 010 

n-cn 2 . 7G 0 . 005 l1. G 3.24 3 . 1 0 . 010 

n-C12 3 . M O. OOG 18 •. j 3 . :>6 f~ '" ... 0 . ('03 

n-CIG 7 . 2~ 0 . ('0[ G1. G 5. 16 G. O 0 . 040 
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CONCLUSION AND PROPOSALS FOR FURTHER STUDY 

The theory developed by P J Flory and his cO-Vlorkers has 

been shown to be successful in predicting liquid mixture 

poperties for a non-associated liquid mixture viz 

decalin + cycloalkane and + n-alkane. To further the 

investigation into the excess thermodynamic properties 

of t\vo-ri ng compounds (bicyclohexyl, tetrali nand 

decalin) it Vlould be interesting to test the Flory 

theory for the bicyclohexyl + n-alkane and + cycloalkane 

system and for the tetralin + n-alkane and + cycloalkane 

system. The VE data for the tetralin system has been M 

determined in this vlOrk, and the VE
r1 data for the 

bicyclohexyl system has been reported by 

Letcher(80, 81 , 86) 

The outstanding quantity needed for appl ication of the 

Fl ory theory to these systems is the isothermal 

compressibility for both tetralin and bicyclohexyl . 

\lork to collect this data is done by 1·1 Diaz Pena . 
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TABLE A 1 ~:Olar Excess Bnthal pies for mixing ci s or trans decalin 

with several cycloalkanes at 25 °e . The deviations calculated from 

equation (8 . 1) and coefficients of Table A 2 are also included . 

r:- o~ a r. 

o~ xa E t5~ x H~" x H'"rl Bn ., 
cis- decalin + cyclohexane 

0 . 0935 - 3 . 5 0 . 3 C. 39G3 17. 2 - 1.0 n . 6742 40 .G 2.1 
0 . 1812 - 1. 0 0 . 2 0 . 4219 19 . 3 - 1. 5 0 . 7540 37 . 9 0 . 5 
0 . 2665 4 . 5 - 0 .5 0 . 5250 31.3 0.5 0 . 8978 22 .1 - 0 .5 

trans-<.lecalin + cyclohexane 

0.1223 -6 . 2 - 0 . 1 0 . 4009 13 . 9 0 . 3 0 . 6815 23 . 3 - 0 . 8 
0 . 2364 3 . 4 - 0 . 1 0 . :;871 20 . 5 O. G 0 .7509 20 . 8 - 0 . 7 
0 . 3750 11. 4 - 0 . 1 0 .5502 23 . 5 0.5 0 . 9117 9 . 2 0 . 2 

cis-tlecalin + cycloheptane 

0 .1362 0 . 5 0 . 3 0.4557 10 . 5 - 0.6 0.7131 14.5 0.5 
0 . 2181 2.1 - 0 . 3 0 . 52G4 13 . 3 0 .2 0 . H368 10 . 0 - 0 . 3 
0 . 3G16 7 . 2 - 0 . 6 0 .5614 14 . 7 0. 9 

trans-decalin + cycloheptane 

0 . 0762 - 5 .2 - 0 . 2 0 . 3765 - 7J, 0 . 2 0 . 7045 -4 . 3 -0 . 3 
0 . 1<124 - 7 . 8 C. 2 0 . 4891 -6 . 6 -0 . 4 0 . 8550 - 2.5 0.2 
0 . 2391 - 7 . 9 0 . 6 0 . 6223 - 5 . 0 0 . 3 

cis-decalin + cyclooctane 

0 . 1079 8 . 7 0 . 1 0 . 4805 22 . 7 - 0 . 3 0 . 7356 18 . 7 0 . 3 
0.2310 15 . e - 0.1 0 . 5636 23 . 1 0 . 2 0 . 8629 11. 0 - 0 . 2 
0.3664 20 . 7 - 0 . 4 0 . 6704 21.2 0 . 4 

trans-decalin + 0Jclooctane 

0 . 0725 - 1.5 - 0 .1 0 . 4789 6 . 0 0 . 3 0. 7220 4.0 - 0 .5 
0 . 2248 0 . 9 0 . 4 0 . 5638 5 c. • J - 0 .1 0. 8151 2 . Cr - 0 . 2 
0 . 3502 3 . 8 0 . 4 0 . 6715 4 . 9 -0 . -1 0 . 9034 1.2 0 . 3 

a [:Ole fraction decalin 
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TABLE A 2 Snoothing coefficients ~T in equation (1) Dar x decalin + 

(I-x) cycloalkane at 25 °c 

mixture 

cic-decalin + cyclohexane 114.3 -180 .7 -18 . 0 

trans-decalin + cyclohexane 82.5 -112.7 -94.6 

cis-decalin + cycloheptane 49. 8 -51. 9 -20.0 

trans-decalin + cycloheptane - 24.1 -26.3 -33.5 

cis-decalin + cyclooctane -92.4 -4.2 - 0.3 

trans-decalin + cycl00ctane 23 .3 -16.1 -40.1 
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Ti\llIE 1\ 3 r·:01ar Excess Ent ha1pi es for mixi ng re<:alin \vith 

cyc1oa1kanes and \<itn n- a1kanes. The devi ations , calcul ated f r em 

equation (B.1) and t he =efficient s fran Tabl e l\. 4 ar e incl uded . 

xa ' .' ORE x" C ORE xa " ORE ,,~ H. , I!~[ , 'u n M 0, M M 

cyc1of€ntane at 15 °c 

0.1156 - 79 .7 - 2 . 1 0 . 4721 -183 . 4 0 . 5 0 . 7436 - 145 . 8 - 0 . 4 
0 . 1875 -110 . 5 3 . 7 0 . 4962 - 184 . 3 0 . 4 0 . 7950 - 126 . 7 - 1. 0 
0 . 2542 - 140 . 7 0 . 3 O.54CO - 182 . 9 0 . 8 0 . 8862 - 79 . 9 - 0 . 3 
0 . 3376 - 166 . 0 - 0 .7 0 . G952 -162 . 0 -1. 8 0 . 9400 -44 . 6 0 . 6 

cyc10pentane at 25 °c 

0 . 0836 -63 . 4 - 0 . 6 0 . 4715 - 1B6 .7 - 2 . 6 0 .7815 - 136 . 4 0 . 9 
0.2514 - 138 . 9 4 . 5 0 . 5514 - 185 . 3 - 1. 1 0 . 9022 - 76 . 3 - 0 . 3 
0 . 37C5 - 176 . 2 - 2 . 1 0 . 6911 - 163 . 8 1. 2 

c cycl ohexane at 15 °c 

0 . 0605 - 4 . 5 0 . 0 0 . 2998 5 . 7 - 1.3 0 . 6206 35 . 2 1. 6 
0 . 0:337 - 4 . 8 0 . 3 0 . 3979 15 . 9 - 1.3 0.6663 35 . 2 0 . 9 
0 . 1198 - 5.1 0 .1 0 . 4722 24 . 0 - 0 . 4 0 . 7815 30 . 4 - 0 . 1 
0 . 2056 -1. 4 - 0.2 0 . 5717 32 . B 1. 1 0 . 8523 23.4 -0 . 6 

cyc10hexane at 25 °c 

0 . 0547 - 4 .7 - 0.2 0 . 2638 ;> . 2 -O . ~ O. (,415 34 . 3 1.7 
0 . 0936 - 5 . 0 0 . 6 0 . 3704 11. 7 - 2 . 1 0 . 6830 34 .1 1.5 
0 . 1522 -4 . 1 C. C 0 .. 4326 17 . 9 - 2 . 1 n . 7913 28 . 2 / . 1 
0 . 1930 - 2 . 4 0 . 2 0 . 593(, 32 . 5 1. 1 0 . 9()05 15. 7 - 0 .7 

cyclohe;::>tanc at 15 °c 

0 . 0914 - 3 . 2 0 . 2 0 . 4005 4 . 5 - 0 . 1 0 . 7234 1O . B 0 . 3 
0 . 2047 - 3 . 0 -O . ~ 0 . 4653 7. 2 0 . 4 0.f3210 9 . 3 O.S' 
0 . 2684 - 1.1 -0 . 2 0 . 5652 9 . 7 0 . 1 0 . <::661 6.8 0 . 0 
0 . 3412 1.1 - O. b 0 . 6305 10 . 2 - 0 . 3 0 . 9312 3 . 5 -0 . 3 

cyc101:eptane at 25 °c 

0 . 0754 - 1 . 5 0 . 2 0 . 3220 2 . 8 -0 . 2 0 . 6674 10 . 5 - O. C 
O.12G4 -1. 8 - 0 .1 0 . 4531 d . 1 0 . 6 0 . 7056 9 . 4 - 0 . 3 
0 . 167G - 1 . 5 - 0 . 3 0 . :;716 10. 9 0 . 6 .0 . 8923 6 . 0 0 . 2 
0 . 2261 - 0 . 3 - 0 . 3 

a rbl e f r action ceca1in 
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Tl\I3LE h 3 (=nt. ) 

x x x 

cyclooctane at 15°C 

0 .11(;3 6 . '1 0 . 1 0 . 4753 19 . 4 0 . 7 n .7913 14 . 5 - 0.1 
0 . 2144 10 . 5 - 0 . 3 0 . 5451 19 . 5 0 . 2 0 . 8431 12 . 5 0 . 5 
O. 2~351 13 . 5 - 0 . 2 0 . 6224 10 . 5 - 0 . 5 0 . 9334 5 . 8 - 0 . 1 
0 . 4153 18 . 0 0 . 4 0 . 6697 17.7 - 0 . 6 

cyclooctane at 25°C 

0 . 0715 4 . 2 0 . 1 0 . 3723 15 . 6 - 0 . 2 0 . 7161 16 . 2 - 0 . 3 
0. 1552 [1 . 0 - 0 . 3 0 . 4437 10 . 1 0 . 7 0 . 7920 14 . 0 - 0 . 1 
0 . 2916 13. 8 0 . 2 0 . 5075 18 .1 - 0 . 2 0 . 8m9 9 . 5 - 0 . 1 

n- hexane at 15°C 

0 . 1096 26 . 2 0.3 0 . 4069 (,4 . 6 0 . 1 0 . 6928 55 . 7 - 0 . 2 
0 . 2014 42 . 4 - 0 . 4 0 . 4854 6G . l1 0 .1 0 . 7623 47. 8 0.5 
0 . 3040 56 . 2 - 0 . 3 0 . 5395 66 . 6 0 . 4 0 . 8403 34 . 3 - 0 . 3 
0 . 3562 61. 0 - 0 . 3 0 . 5776 65.1 0 . 3 

n- hexane at 25°C 

0 . 0954 21. 2 - 0.3 0 . 4405 (,1. 3 -0 . 1 0 . 6774 54 . 6 -0 . 3 
0.1736 36 . 1 0 . 3 0 . 4936 62 . 0 - 0 . 3 0 . 7505 47. 4 0 . 1 
0 . 2519 4 7 . 8 0 . 8 0 . 5720 60 . 8 - 0 . 4 0 . 9026 22 . 7 0 . 1 
0 . 3762 58 . 6 0 . 2 

n- heptane at 15 °c 
0 . 0810 22 . 8 n . 5 0 . 4406 76 . 8 0 . 1 0 . 7046 67 . 9 0 . ;'-
0 . 1554 39 . 2 - 0 . 3 0 . 5173 78 . 3 0 . 1 0 . 7848 55 . 1 - 0 . 1 
0 . 2365 53 . 5 - 1.1 0 . 5958 76 . (: 0 . 5 0 . L'912 32 . 0 -0 . 3 
0 . 3476 W . 6 - 0 . 8 0 . 6507 73 . 3 0. 7 

a tbl e f r action cecal in 
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TABIE lI. 3 (cont) 

XU t.IE ORE xa E ORE xa fIE , ORE un M HH M h M 

n-heptane at 25 °c 

0 , 0615 17.1 0 . 7 0 . 3967 65 . 1 0 .1 0 . 7174 58 . 8 0 . 0 
0 . 1115 26 . 8 - 0 .9 0 . 4705 69 . 2 1.0 0 . 8413 40 . 5 -0.2 
0.2056 44 . 0 - 0 . 9 0 . 5559 69 . 0 0 . 5 0 . 8946 29 . 4 - 0 .1 
0. 3250 59 . 2 - 0 . 4 0 . 6235 66 . 4 0 . 2 0 . 9439 17.0 0 . 0 

on- Octane at 15°C 

0 . 0963 28.7 - 0 . 6 0.3751 84 . 5 1.7 0 .7382 78 . 3 - 0 . 5 
0 . 1546 44.5 0 . 3 0 . 4607 90 .1 0 . 0 0 . C054 65.2 - 0 . 9 
0 . 2806 71.3 0 .7 0. 51[;3 91. 8 - 0 . 5 0 . 8869 45 . 2 0 . 9 
0 . 3179 76 . 0 0 . 5 0 . 6510 E7 . 3 -1. 5 

octane at 25 °c 

0 . 0936 26 . 8 0 . 4 0 , 4647 GO . 7 0 . 3 0 . 7836 62 . 0 -0 . 2 
0 .1742 44 . 3 - 0 . 2 0 . 5513 83 .1 0. 9 0.8151 56 . 6 0 . 3 
0 . 2351 54 . 8 - 0 . 9 0 . 6809 76. 8 0 . 8 0 . 9051 33.4 - 0 .3 
0 . 3865 73 . 8 - 1.3 0 .7114 73 . 0 0 . 1 

dodecane at 15 °c 

0 .1706 48 . 1 - 2 . 4 0 . 4241 139 . 7 2.2 0.7380 136 . 2 -2.4 
0 . 1762 71.0 0 . 2 0 . 4832 146 .7 0 . 1 0.8382 105 . 7 - 1.0 
0 . 22[;2 90 . 6 2. 3 0 . 5574 152.0 -1. 0 0.8913 79 . 8 0 .7 
0 . 3321 122 . 1 4 . 5 0 . 6630 145 . 9 -4 . 7 0.9466 43 .7 O.s. 

6crlecune at 25°C 

0 . 0836 29 . 4 - O. S 0 . 3£184 112.0 2 . 0 0 . 7650 103 .4 - 2 . 4 
0 . 2073 69 . 8 1. 2 0 . 4517 122 . 9 3.1 0 . 8621 77 . 8 -1. 7 
0 .2967 93.3 2. 0 0 . 5118 127 . 2 1. 0 0 . 9550 32 . 0 0 . 8 
0.3360 102.8 - 3.0 0 . 6427 126 . 0 - 2 . 2 

hexadecane at 25 °C 

0 . 1632 102 . 1 - 0 . 8 0 . 4515 193 . 0 0 . 9 0 . 7743 171.6 -1. 1 
0 . 2516 141.4 1.2 0 . 5117 199 .3 - 0 . 4 0 . 8542 130 . 6 -1. 8 
0 . 4046 183 .7 2. 6 0 . 6315 201. 7 - 0 .1 0 . 9226 82.5 0 . 9 

hexadecane at 35°C 

0 . OH65 43 .7 0.8 0 .4743 165 . 3 - 0 . 3 0.8008 125 . 0 1. 7 
0 .2153 95 . 8 - 2 . 5 0 . 5638 170 . 4 - 0 .1 0 . 8736 e7. 0 - 1.0 
0 . 3762 148 . 6 0 .1 0 .7115 154 .1 1.7 0 . 9225 57.9 -0.2 

a lble fraction decalin 
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~~LE A" Snoow~ng coefficients Fr in equation (8 .1) £Or x decalin 

+ (l- x)cycloalkane and + (l-x)n-alr-,ane at temperaures 15. 25 and 35°C 

The decalin is a mixture of 53 . 3 r.ole per cent cis- isorrer and 46.7 

mole per cent trans- isomer . 

°c ''0 
, 

A2 d~/dT hydrocarbon hI 

J nol - l K-1 

cycloDentane 15 -739.07 19.4 - 58 . 8 
-0. 02 

cyclopentane 25 -739 . 9 30.0 - 150 . 4 

cyclohexane 15 107 . 3 - 160 . 4 - 59. 0 
-0.0'? 

cyclohexane 25 103 .5 - 153.3 -68. 3 

cycloheptane 15 31.6 -61.8 - 34.0 
0 . 09 

C'jcloheptane 25 35 . 0 - 51 . 7 - 21 . ( 

cyclooctane 15 75.9 -20.5 1.3 
-0.10 

cyclooctane 25 72 .1 -18.0 7.5 

n-hexane 15 2(6.7 5. B - 9 . 9 
-0 . 43 

n-hexane 25 249.4 -4 . 1 6.2 

n-heptane 15 312.2 -21.6 7 . 7 
-0.94 

n-heptane 25 274 .5 -20 .2 35.8 

n-o:::tane 15 367.6 -67 . 2 36 .1 
-1. 03 

n-o:::tane 25 326 . 4 -50.7 37 . 9 

n-<bdecane 15 594.1 - 218.7 83.4 
-2. 34 

n-<bdecane 25 500.4 -183. 0 69.1 

n-hexadecane 25 794.2 - 215 . 9 232.3 
-3. 03 

n- hexadecane 35 (72 . 8 - 162 . 2 5. S 
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TAULE 1 .... 5 nEt! for x C10II12 (tetralin) + (1 - x) ';112y (cycloalkane) 

and + (1 - x)c Cj'2y+2 (n-alkane ) and the deviations 

calculated fran equation (8.1) and the ocefficients of tabl e (A6 ) 

T' OHE T' OHE x BE
' 1 oHE 

x I-i-'f· J x [l~,. L M M l' 1 M 

n- hexane at 288 . 2 1'( 

0 . 0661 139 . 1 2 . 6 0 .3903 455 . 4 -5.7 O. 668E 420.6 6 . 5 
0 . 1911 313 . 0 -7. 0 0.4926 476 . 6 2 . 9 0.77;"'.2 326.4 1.1 
0 .3378 437 . 4 - 2 . 8 0 . 5698 465 . 3 5 . 3 0 . 9030 166.9 - 2 .1 

n-hex.:lne at 2S·S . 2 K 

0 . 0754 146 .1 2.0 0 .4277 457 . 6 -1.3 0.6934 389.9 2 . 0 
0 . 1345 235.0 - 0.6 0 . 4936 -'.G4 . 7 1.0 0.7474 346.3 2. 0 
0 .2234 33G . 3 - 5 . 2 0 .. 5462 460 . 3 3 . G 0 . E925 174.6 -1. 8 
0 . 3551 431.9 - 3 . 8 0 . 6166 435 .1 2 .1 

n-hep tane at 288 . 2 1', 

0 . 0637 130 . 3 2 . 4 0 . 4007 484 . 4 3. 6 0 .7244 430 . 8 - 2.7 
0 .1504 260 .7 - 4 . 5 0 . 4932 504 . C C. O 0 . 8631 276 . 0 0.0 
0 .1937 314 . 2 - 5 . 9 0 . 5168 S()4.8 -1. 7 
0 . 3662 4G9.G 5.0 0 . G083 498.6 3 Q . v 

n-heptane at 298.2 Ie 

0 . 1257 220 .1 0 .1 0 . 5016 490. :; 3 .7 0 . 8055 321 . 3 6. G 
0.2351 353 .7 - 0 . 6 0 . 6094 464 . 2 -1.8 O. C836 208 . 2 - 1 . 5 
0 . 3743 456 . 1 - 0 . 3 0 . 7212 392 .... "r - 6 .1 

n-dodecane at 288.2 j( 

0 .1599 265 .1 - 3 .1 0 . 421G 555 . 8 -4.3 0 . 72913 533 .5 2.4 
0.2354 377 . 9 3 ,-. :J 0 . 5139 598.9 - 3.3 0 . [;137 428 . 3 2. 5 
0 . 3402 S02.2 8 . 3 0 . 6206 594 . 3 - 5.5 0 . 9515 138 .4 -0 . 3 

n-dodecane at 298 . 2 K 

0 . 1941 317 . 2 - 0 . 0 0 . 4758 562 .1 -1.4 0 . G846 531 .7 1. 2 
0 . 2526 3-:) J .. 3 1.9 0 . 4806 562 .7 -2. 3 0 . 7')6G 502 . 6 6.1 
0 . 3426 ,*:2 .. 5 - O. G 0 . 5424 574.7 1.1 0 . 8172 390 . 2 2.7 
() . 4360 547 .1 0 .1 0.6265 556 . 2 - 5 . 3 0 . 9306 174.2 -1. 3 

---------------------- -_ .. __ ._--



x 

0 .1094 202 .1 - 3 . 6 
0 . 2020 359 . 8 6 . 6 
0 . 3681 564.2 4 . 2 
0 . 4532 634 . 5 4 . 1 

0 . 0775 156 . 4 - 2 . 4 
0 .1936 366 .7 7 . 6 
0 . 3825 598 . 6 - 0 . 4 

0 .153(; 164 . 2 - 0 . 9 
0 . 2732 232 .4 1. 4 
0 . 3514 251 .3 - 0 .2 

0 . 0630 Bl .4 2 . 4-
0 . 1425 148 . 8 - S. O 
0 .1754 17G . 4 -1. 2 
0 . 2805 227 . 2 - 2:4 

0 . 0932 210 . 5 -0 " • J 

0 . 2176 394 . 1 7 . 6 
0 . 3f302 501.9 4 . 9 

O. (;421 95 . 3 - 1.2 
0 . 12e6 253 . 3 - 2 . 0 
0 . 1951 353 . 7 £1 .4 
0 . 3372 464 . 4 5.3 

0 .12(;8 227.9 -1.2 
0 . 2335 356.3 2 . ,~ 
0 . 3572 439 .8 4.1 

0 . 1475 246.2 - 4 .4 
0 . 2000 313 .1 2. 3 
0 . 2140 326 . 5 1. 9 
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TllliLE l \ 5 (ront. ) 

x E 
HH 

n-hexadecane at 

0.5460 671. 6 
0 . 6220 679 .1 
0 . 6792 648 . 2 
0 .7302 607 . 2 

n- hexadecane at 

0 . 4967 689 . 0 
0 . 5862 708 . 7 
0 . 6230 712 . 9 

cyclorentane at 

0 . 4448 258,(, 
0 . 5630 240 . 1 
0.6911 194.2 

cyclopentane at 

0 . 4252· 252 . 8 
0 . 4298 253 . 5 
0 . 5403 241.6 
0 . 6326 215 . 4 

cyclohexane at 

0 . 4736 503 . 0 
0 . 5019 498 . u 
0 . 7035 387 . 2 

cyclohexane at 

0 . 4326 486 . 9 
0 .5129 482. 5 
0 . 5469 470 . 4 
0 . 6710 400 . 9 

cycloheptane at 

0 . 4608 451. 9 
0 . 4827 450 . 0 
0 . 5921 417 . 3 

cycloheptane at 

0. 3447 417.3 
O. 'l020 428 . 5 
0. 4686 426.5 

298 . 2 I~ 

-1.4 
3.3 

- 5 . 7 
- 8 . 2 

30C . 2 K 

2 . 6 
- 5 . 5 

0 . 0 

288 . 2 !, 

1. 8 
0 . 3 

-2. 6 

298.2 K 

0 . 6 
1. 3 
2 . 4 
2.1 

288 .2 K 

0 . 0 
0 . 3 

-2. 9 

298 .2 K 

1.7 
1.9 

-1. 5 
-8 . 0 

288 . 2 I, 

- 2 . 4 
- 2.9 
- 2 . 7 

298.2 K 

6 . 8 
2.0 

-1. 0 

x 

0 . 8401 45D . 9 0.6 
0 . 9<197 179 . 3 1. 0 

0 .7727 601.8 - 5 . 4 
0 . 8641 444 . 7 3. 4 

0 . 7936 145.7 - 0 .7 
0 . 9056 75.7 O. G 

0 .7549 I G1.8 0 . 6 
0 . 8657 97 . 0 - 0 . 8 
0 . 9238 58 . 3 - 0 . 2 

0 . 7762 315 .7 - 5 . 0 
0 . 8821 193 . 3 2. 8 

0 . 7063 376 . 7 -5. 4 
O. i:1215 264 . 5 - 3 . 0 
(1 . 9056 160 .1 3 II 

"' 

0 . 7108 336 . 8 3.3 
0.fJ419 207.2 - 0 . 4 

0.5447 410 . 4 - 6 . 3 
0 . 7994 246. 9 - 3.9 
O. 8U52 1. 58 . 9 2.4 



x 

0. . 1353 
0. . 2324 
0 . 3345 

0 . C492 
0 . 1730 
0 . 2820 
0. . 3538 

IJE 
' n 

226 . 5 
337. 8 
404.6 

[;8 .2 
261.4 
357. . 6 
383 . 5 

1.7. 
0 . 7 

- 5 . 6 

0 . 3 
2.3 

- 1.5 
- 6 . 9 
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':'NlLL l\ 5 (exmt.) 

x E 
EN 

cyc100ctane at 

0 . 4214 436 . 7 
0. . 5050. 436 . 0 
0. . 6605 375 . 2 

cyc100ctane a t 

0 . 4275 405 . 6 
0 . 5401 387 . 3 
0 . 6793 337 . 2 
0 . 7152 310. . 1 

288 . 2 K 

- 1.4 
- 0 .7 

7.5 

298 . 2 K 

- l.G 
- 8 . 8 

9 . 1 
8 . 1 

x 

0 . 7432 
0 . 8551 

0 . 8404 
0 . 9024 

E 
H II 

300. 8 
181 .2 

191.1 
114.7 

o.~ 

- 1.9 

3 . 6 
-4 . 7 
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Tl\Ell:: A G Coefficients of e<Juation (l) f-or x C10E12 (te tralin ) + 

(1 + x ) c - CYl2y (cycloalJr.ane ) and + (1 - x) CY!2y+2 (n-al);ane ) at 

te.'TI[Er a ture T 

'T 1\1 A2 - (o~/cr) 
K 

C5!110 288 .2 1007.1 27B.2 14G.2 
0 . 8 

C5l!10 298 . 2 985 . 4 290.6 12B.7 

C6Il12 288 .2 1995 . 2 411.9 258 . 8 
1.6 

Cell12 296 .2 1931.4 305 . 6 217.5 

C7li14 268 . 2 1802 .3 399.3 - 21 . 2 
2.4 

C7H14 298 .2 1707 . 3 315 . 2 127.3 

Cgl-l16 288 .2 1750 .4 312.9 -100 .0 
3.3 

CgH16 298 .2 1619.6 308 . 3 -25.0 

C6H14 288 . 2 1892.7 152.1 246 .7 
1. 0 

C6H14 29B.2 1853 .3 130.3 142.3 

Cll16 288.2 2022 .1 -173 . 0 357.0 
1.7 

C7H16 298 .2 1953 . 4 - 53 . 9 157.6 

C12li26 288 .2 2393.6 -624 . 2 59 .9 
2.8 

C12Jl2G 29B.2 2281.2 -452.6 63 .2 

C16H34 298 .2 2627 . 8 -954. 8 307. 3 
3.1 

C1GH34 308 . 2 2752 . 4 -1030 .8 477.8 
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r. 
TlIBLE A 7 t"olar r..xcess Intha1pies !l~t.l for x bi cyclohexyl + (I- x ) 

cycloa1kane and + (I- x) n- a1);ane , "lith the deviat i ons 

calculated frem equation (0 . 1) and the coeffi c i ents of Table C A 

" iiHE rJe OilEr-1 
E E l'~ 

1 i1 M ! n H I-! 6[1 !1 
x x x 

J .nol - 1 J .1:Dl - 1 J .rol - 1 J .ro1- 1 J . l1D1-1 J .r,nl - 1 

Cdl]4at 288.2 K 

0 .1017 17 . :< - 0 . 7 0 . 4146 33 . 0 - 0 . 1 0 . 6722 21. 8 -0 . 2 
0. 1543 25 . 4 1. 3 0 . 4876 30 . 8 0 . 0 0 . 8317 12 . 2 0.1 
0 . 3477 33 . 0 -0 . :> 0 . 5478 28 .1 - 0.4 

Cdl14 at 298 . 2 K 

0 . 0735 10. . 0 0 . 3 0 . 3975 23 . ') 0 . 5 0 . 6337 17 . 5 0 .4 
0. 1953 17 . 9 -1. 5 0 . 4811 22 . 2 0 . 1 0 . £35 50 G. g 0 . 0 
0. 3007 23 . 2 0 .1 0 . 5426 20 . 3 0 . 0 0 . 87 39 G. O - 0 . 1 

CEP 18 at 283 . 2 K 

0 . 0336 16 .4 - 0 . 3 0 . 4037 46 . 2 0. 5 0 . 7764 22 . 5 -0 . 4 
0 . 2526 39 . 2 0 . 2 0 . 5514 41.8 - 0.5 0 . 8531 15 . 6 0 . 9 
0. 3405 ,,1fj . O 1. 5 0 . 6938 29 . 4 - ') ") -- .. -

CU" 18 at 290 . 2 K 

0 .1117 l S' . 6 - 0 . 6 0 . 4469 37 . 2 1.7 0 . <.\635 11 . 5 - 0 . 2 
0 . 2278 31. 8 0 . 3 0 . 4625 36 . 2 0 . 5 0 . 9226 7.2 0 . 5 
0 . 3491 38 . 5 1.5 0 . 5630 33 .1 - 0 . 1 

C12II26 at 288 . 2 

0 . 2394 52 . 8 - 1. 5 0 . 5433 C4 . 1 - O. S 0 . 9003 34 . 4 0 . 2 
0 . 3410 72 . 9 2 . 2 0,(>478 79 . 8 - 1.2 
0 . 4181 80 . 6 1. 3 0 . 7502 68 .3 0 .3 

C12ii26 at 298 . 2 K 

0. 0915 20 . B - 0 . 1 0 . 4562 65 . 7 1.1 0 . 7104 53.2 -1.3 
0 . 1614 33 . 9 - O. l', 0 . 5655 65 . 3 0 . 0 0 . 7995 41.3 - 1 . 5 
0 . 3137 56 . S 1.4 0 . 6273 0 . 0 - 0 . 6 0 . 9136 22 . 0 0 . 7 

C16f!34 at 2,:8 . 2 K 

0 . 0579 25 . 9 0 . 0 0 . 5285 128.0 -0 . 4 0 . 0369 77.7 1. 2 
0 . 1959 75.2 - 0 . 9 0 . 6077 122 . 6 - 2 . 6 0.9478 '1 "" r: ", ,0 . :J -0 . 2 
0 . 3651 119 . 5 4.1 0 . 6814 113 . 5 - 2 . 8 
0 . 4975 127. 8 - 0 . 1 0 . 7615 101. 5 1. 9 
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TI\IlLE A 7 ( cont. ) 

E llHE 'l.:E ORE I ,E OH
E H , _ uN j I' 

" M M ' J M x x x 

J . 17"01- 1 J . nol -l J . Icol -1 J . r.ol - 1 J . r:ol - 1 J . r.ol - 1 

C1d134 a t 308 . 2 K 

0 . 1016 24 . 0 0 . 4 0 . ,1474 84 . 2 - 0 . 2 C. 7532 G8 . 4 O. S 
0 .1911 4-3 . 1 - 1. 0 0 . 5206 87. 4 - 0 . 2 O. ,:265 51. 0 - 0 . 7 
0 . 3042 66 . 4 - 0 . 1 0 . 6117 86 .. 3 0 . 9 

CSlI10 at 288 . 2 K 

0 . 1115 - 60 . 3 1.1 0 . 3362 - 122 . 9 0 .11 0 . 7982 - 90 . 8 - 1.4 
0 .1821 - <39 .5 - 1. 0 0 . 4446 - 131. 6 0 . 8 0 . 8583 - 68 .7 0 . 4 
0 . 2228 - 102.7 - 2 . 0 0 . 6090 - 124 . 9 1. 5 

CSFlI0 a t 290 . 2 K 

0 . 0795 -"A. 2 2 . 7 0 . 3407 - 129 .2 2 . 7 0 . 7014 - 118 . 5 - 0 . 1 
0 . 1391 - 78 . [; - 3 . 7 0 . 3826 - 135 . 3 2 . 0 0 . C003 - 92 . 5 -1.4 
0 .1475 - 80 . 6 - 2 . 0 0 . 'lB52 - 142 . 6 0 . 0 0 .9481 - 28 . 7 0 .1 
0 . 2525 -115 . 6 - 2 . 0 0 . 5812 - 135 .. 8 1. 0 

Cdi12 a t 28£3. 2 K 

0 . 0715 41. 2 (l . G 0 . 3915 124 . 7 - 0 . 3 0 . 6133 110 . 9 0 . 8 
0 .1154 GO . 3 - 0 . <3 0 . 4462 12G. 0 0 . 0 0 . 7415 [;2 . 3 0 . 1 
0 . 2G83 108 . 2 -1. 3 0 . 5831 116.2 1.3 O. B73G 42 . 9 - 0.3 

CGH12 at 298 .2 K 

0 . 0973 4(' . 3 - 2 . 9 0 . 4108 114 . 9 0 . 5 0 . [054 60 . 5 0 . 3 
0 . 1546 67. H 0 . 0 0 . 5005 113 . 2 - 0 . 3 O. mG3 39 . 5 - 0 .1 
0 . 2734 99 .1 0 . 1 0 . 5736 107 . 0 - 0 . 2 
0 . 33Gl 10B . 2 -0 . 3 0 . 6992 8G . 2 0 . 0 

C71\4 at 280 . 2 K 

0 . 0754 58 . 3 0 . 2 0 . 3876 158 . 4 - 0 . 1 O.7Gll 91.3 - 2 . 6 
0 .1776 112.(, - 0 . 5 0 . 5009 154.7 0 . 5 0 . 8197 74 . 4 O. L 
0 . 2741 143 . 5 - 0 . 5 0 . GS40 127. 8 2 . 2 

Cll14 at 298 . 2 I~ 

o. OGfl2 /'5 . 9 0 . 4 0 . 4007 145 . 1 1. 0 O. G636 11'l . 3 1. 0 
0 . l GY7 95 . 5 - 0 . 1 0 . 4549 144 . 3 1. 0 c) . 758l 88 . 1 0 . 7 
0 . 293f, 127 . 8 - 3 . 7 0 .5331 136 . 5 - 0 . 6 O. SOO3 38 . 2 - 0 . 4 

- - --,_ .. __ . ---- . ... ---- ------ - . _.------- -
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TAI3LE A 7 (CDOt. ) 

I{ b~ '" .5 HE .E 6~ . t-: H""l' h t.! " M 
x x x 

J.no.!.-1 J.rrol-l J .IT01 -1 J.r.ol-1 -' J.llDl ~ J.rro1 -1 

C£!l16 at 288.2 K 

0 . 0799 64.2 0.4 0.4165 177. 6 -2.8 0 . 8054 96 . 4 -2. 3 
0 . 1923 126.1 -1.5 0.5364 178 . 2 2.2 0.8735 70 .2 0.5 
0 . 2941 164.0 1.1 0 . 6676 146.0 2.3 

Ce'116 at 296.2 K 

0.0436 36.4 0 .3 0.5282 162.9 0.9 0.8815 62.2 1.4 
0.1791 115.0 -1.1 0.5556 159.0 0 .5 0 . 9255 38.4 -1.3 
0 .3070 15(,. 7 -0.6 0.6285 147.5 2.0 
0 .4122 163 .3 -3.4 0.7315 119 . 2 1.1 

.~-- --. - - . - -- -'" 
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TABU: A 8 Srroothing coefficients AI fo r x bicycl ohexyl + (I- x) 

hydrocarbon 

C6H14 

C6H14 

Ccfi18 

Cel i18 

C1i i 26 

C12H2G 

C1GH34 

C1GH34 

CSi-!10 

CSB10 

C6H12 

C6E12 

C7H14 

C7H14 

CsH16 

CEfi l G 

cycloalkane a nd + ( I - x) n- alkane at temper ature T 

T 
R 

288 . 2 

290 . 2-

288 . 2 

298 . 2 

288 . 2 

298.2 

298 . 2 

308 . 2 

288.2 

298 . 2 

288 . 2 

298 . 2 

288 . 2 

298 . 2 

288.2 

298 . 2 

121. 9 

86.3 

178 .6 

143. 0 

336.9 

261 . 1 

512. 0 

348 .7 

- 531.9 

- 569 . 7 

495 . 3 

454 . 2 

617 . 2 

562. 4 

71 7 . 9 

658 . 4 

72 . 2 26 . 9 

52 . 4 14 . 4 

CS . 9 -26.3 

63 . 0 5 . 3 

-<;6 . 1 - 15 . 1 

- 10 . 4 -D . 7 

- 58 . 7 19 . 4 

-6l. b -65.9 

- 27.6 -llO. 6 

- 35 . 5 - 59.6 

136 . <; - 28 . 4 

104.7 - 17 . 0 

215 . 8 44.3 

170. 8 7 . 9 

145 . 7 37 . 7 

157 . 3 73 . 9 
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T;ll;U: !. <) tol a r Excess Vol lll'1cs of x Tetra lin + ( l - x ) n- aly,"lne ann + 

x 

0 . 0915 - O. 54ll ') 

0 . l208 - O. GS23 - 16 

0. 2393 - 1 . 0069 - 2 

0 . 3104 - 1. 2228 11 

0 . ,;G57 - 1 . 2S'64 22 

0 . '1936 - 1.2820 25 

O. C582 - 0 . 4370 I) 

0 . 2010 - 1.1562 - 12 

0 . 3005 - 1 . 4082 8 

0 . 3492 -1. 02G " J 

0 . 3920 - 1.5009 13 

O. 4G33 - 1 . .t;·ge2 3 

0 . 0807 - 0 . 2999 - 9 

0 . 1092 -fl . 3870 0 

O. 7.77G - 0 . 7390 2G 

0 . 30G7 - 0 .775G 13 

0 . 3,,20 -0.13339 ?" _c' 

0 . 5391 - n . 831it - 9 

(l- x) cycloaU',ane 

x 

n- Petltane at 10 °c 

0 . 5709 

0 . 5914 

0 . 7036 

0 . 7982 

O. ,_~283 

0 . 9115 

n- Pent ane at ~5 °c 

O. S426 

0 . 5917 

0 . 6985 

0 . 7%9 

O. f:.611 

() . ~5 1G 

n- Ilexanc at 10 °c 

n . C426 

0 . 021 

0 . G845 

0 . 7410 

fl . CG85 

0 . 9167 

,. 
V· .... 

; ') 

- 1. , 169 

- 1.1769 

- 0 . ~'n94 

- 0 , 7233 

-(l.(,..10IJ 

- 0 . 3G16 

-1. '130-'''-: 

- 1. 3576 

- 1.1370 

- 0 . £'4 71 

- 0 . 0193 

-0 . ~4CH 

- 0 . 7369 

- 0 . 7065 

-0 . Gf:',;)l 

- 0 . (032 

- 0 . 3';C1 

- 0 . nm 

- 77 

39 

- 70 

72 

~ ,-

- 11 

- 11 

- 1 

-45 

12 

28 

- 6 

- 25 

- l6 

0 

- 17 

1 

9 

- - ----- --------~--------- .---_ ._--- ---- ---. 
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T1JlLC A 9 (=nt. ) 

v.c. 10.10 J.; "r. 1040 VI: x H V 11 x ., 
" ! , ~ .. 

n-hexane a t 25 °c 

0 . 0368 - 0 . 1')60 3 0 . 4'310 - 0 . 9905 5 

0 .1132 - 0 . 5077 - 13 0 . 5883 - 0 . 93117 - 6 

0 . 2017 - 0 . 7440 - 3 0 . 6906 - 0 . U075 - 9 

0 . 277G - 0 . 8732 6 O. [;()22 -0 . 5732 4 

0 . 2951 -0 . 8954 7 0 . 911G - 0 . 2698 0 

O. 391 Sl - 0 . 9762 7 

n- heptane at 10 °c 

0 . 0735 - 0 . 1327 -12 0 . 64<:6 - 0 . 52GO 2 

0 . 1429 - 0 . 3155 40 0 . 7191 -0. 4607 3 

0 . 2168 - 0.4344 - 7 0. 7628 -0 . 4095 8 

0 . 3159 - 0 . 5398 - 27 0 . 8500 - 0 . 7.86G -4 

0 . 3540 - 0 . 5(,30 - 2 0 . 9122 - 0 .17m3 0 

(l . 5537 -0 . 5808 0 

n- heptane at 25 °c 

0 . 053G - 0 . 1603 - 1 0 . 5117 - 0 . 6572 - 3 

0 . 1870 - 0 . 4509 5 0 . G337 - 0 . 590'3 0 

0 . 2613 - 0 . 5540 12 0 . 7233 - 0 . 4995 7 

0 .3')97 - 0 . G553 - 9 0 . 8266 - 0 . 3524 6 

0,(985 - 0 . 6G13 - 14 0 . 9415 - 0 . 1347 - 2 
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TAllLE 1, 9 (cont. ) 

E 104 aVE __ I.: 104 a vE x V t-; x V ll [-\ 1-1 

n-=t ane at ?O _. J °c 

0 . 0756 - 0 . 1553 -6 0 . 6138 - 0 . 4702 12 

0 . 1223 - 0 . 2298 18 (1 .7513 - 0 . 3650 - 3 

0 . 2449 - 0 . 3830 - 19 0 . 7714 -0 . 3436 - 11 

0 . 9363 - 0 . 4817 - 6 0 . 2357 -0 . 2671 - 9 

0 . 5703 - 0 . 4869 17 O. <,860 - 0 . 1896 e 

n-=tane at 10 °c 

0 . 0724 - 0 . 1346 - 24 0 . 5113 - 0 . 4307 - 37 

0 . 12ll4 - 0 . I S63 3~ 0 . 6095 - 0.4071 - 20 

0. 1463 - 0.2204 16 0 . 7512 - 0 . 3104 - 1 

0 . 3054 - 0 . 3680 - 32 0 . 8084 - 0 . 2483 4 

0.4567 - 0 . 4211 30 0 . 9409 - 0.0:335 -6 

n--c.loJ.ecane at 10 °c 

0 . 1135 - 0.0213 3 0 . 6232 - 0 . n3G2 2 

0 . :<683 - 0 . ('.417 - 13 0 . 7105 - 0 . 0308 -1 

0 .4409 - 0 . oe,58 7 0 . 7866 - 0 . 0219 8 

0 . 4937 -0 . 0451 4 0 . 9158 - 0 . ()()86 2 

0 . 5514 - 0 . 0440 -8 
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TAllIE ll. 9 ( cont • ) 

vE 104 8 v"C E 104 8 VE
H x 1·1 C'l X V l'-1 

n- acx1ecane at 25 °c 

C. OD3,) - 0 . 0249 - 2 0 . 4915 - 0 . 0::;73 - 24 

0 .1562 - 0 . 0397 7 0 . 5548 - 0 . 0611 16 

0 . 2217 - 0 . 0508 1 0 . G835 -0.0532 3 

0 .3513 - 0 . 0627 1 0 .7702 - 0 . 0424 9 

0 . 4102 - 0 . (1(iGO - 10 0 . 2860 -0.0249 -4 

cyclOl.:entane at 10 °c 
OJJ422 - 0 . 0209 - 2 0. 4717 - 0 . 4371 -1 

0 . 1471 - 0 . 2394 40 0 . 4970 - 0 . 4356 - 7 

0 . 1546 - 0.2555 -23 0 . 5724 - C. 4135 26 

0 . 2120 - 0 . 3178 3 0.G151 - 0 . 3989 - 14 

0 . 2927 - 0 . 3073 - 28 0 . 7364 - 0 . 3158 7 

0 . 3085 - c . 3936 5 O. c.'B91 - 0 . 1521 -6 

0 . 3301 - 0 . ';097 0 0 . 9263 -O . l(;~35 2 

0 . 412L;, - 0 . 4335 -4 

cyclopentane at 25 °c 

n . OS14 - 0 . 1038 4 0 . ti191 - 0 . 4451 27 

C.IC54 - 0 . 30W - 20 0. G732 - 0 . 4062 4 

0 .2158 - 0 . 3757 - 16 0 . 6£'63 - 0.3935 19 

C.319G - 0 . 4704 20 0 . 7754 - 0.3124 ~;O 

0 . 4093 - 0 . 5062 30 0 . 8748 - 0 . 1898 0 

0 . 5499 - 0 . 4909 - 34 0 . 9307 - 0 . 1115 4 
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TABLE P. 9 ( =nt ) 

x " V" n 104 <5 V!:" 
" 

x VI';!"j 104 /) VE 
~! 

cyclohexane at 10 °c 

0 . 0293 0 . 0298 5 0 . 5432 0 . 1365 0 

0 . 1253 O. e903 - 30 0 . 6135 0 . 1164 - 34 

0 . 2232 0 . 1405 - 26 0 . 6586 0 . 1049 -4 

0 . 3651 0 . 1657 51 0.6944 0 . 0924 - 23 

0 . 4147 0 . 1592 15 0 . 7682 0 . 0713 -8 

0 . 4939 0 . 1501 38 0 . a849 /) . 0367 8 

cycl ohexanc at ? -_ :> °c 

0 . 0755 0 . 0498 1 0 . 5738 0 . (899 - 3 

0. 1019 0 . 0619 - 11 0 . 6374 fl . 0771 - 12 

0 . 1587 0 . 0866 10 0 . 7592 0 . OS~4 13 

0 . 2426 0 . 1071 13 0 . 2263 n . 0404 19 

0 . 3473 0 . 1149 12 0 . 9017 0 . 0209 - 9 

0 . 4628 0 . 1033 - 33 

C'.Icloheptane at 10°C 

0.r~973 0 .1234 - 3 0 . 6231 0 . 1880 - 31 

0 . 1920 0 . 1960 11 0 . 0318 0 . 1867 - 12 

0 . 2541 O. 220G - 8 O. (iB56 0. 1655 - 9 

0 . 31W 0 . 23G-'. 11 0 . 7050 0 . 1615 35 

0 . 5093 0 . 2254 I) 0 . 7770 0 . 1261 21 

0 . 0211 0 . 19C4 - 14 0 . 9073 0 . 0531 - 5 
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TlJ3IE l\ 9 ( o::mt) 

r 
104 oVE . 

r 
1040 

,.. 
x V~"", . x V""" V ...... ,. 

" h r.1 ," 

cyc10heptane at 75 °c 

0 .1671 0 .1(,52 0 0.6755 0 . 1<+82 -<J 

0 . 3214 0 . 2124 - 7 0 .7340 0 . 1250 7 

0 . 4273 0.2156 26 0 . 7949 0 . 0%2 1 

0.5063 0 . 2005 - 3 0 . 8503 0.0699 8 

0 . 5936 0 . 1757 -22 0 . 9173 0.0360 - 3 

cyc100ctane at 10°C 

0 . OS85 0. 1218 - 1 0.5107 0.2744 - 18 

0 . 2055 0 . 2263 - 3 0 . 5559 0. 2652 16 

() . 2~::;7 0. 2604 22 0 . 6368 0.2320 2 

0.4316 0 . 2865 - 14 0 . 8003 0 . 1403 5 

0 . 4515 0. 2856 - 7 0 . 9354 0 . 0466 - 1 

C'.Iclooctane at 15 °c 
0 . 0702 0 . 0945 - 1 0.6429 0 . 2166 11 

0 . 1574 Cl . WI4 10 0 . 6713 0 . 2072 48 

0.3902 0 . 2701 - 19 0 . 7699 0 . 1487 - 13 

0 . 4545 0 . 2(;65 - 33 0.[;561 0 . 0945 - 27 

0 . 5613 n . 2483 17 0.9354 0 . 0454 7 
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~ASLC A 10 Smoothing coefficients ~ for x tetra1i n + ( I-x ) n-alkane 
ana + (I-x) cycloa1kane 

hydrocarbor, °c , 
.1J.·1 A2 A3 "0 

n- pentane 10 - 5 . 1211 - 1. 3906 -0 .5598 0 . 2029 

n- pent ane 25 - 5 . 8980 -1. 6902 -0.8882 0 .16H. 

n-hexane 10 - 3 . 3894 -{) . 6155 -o . 17G5 

n- hexane 2:; - 3 . 955G -0 . 5220 -0 . 4632 -o . B<;12 

n- heptane 10 - 2 . 3771 -0 . 2591 -0 . 0960 [> . 0053 

n- hept.ane 25 - 2 . 63E·5 - 0 . 4021 - 0 . 2021 0 . 0021 

n-<x:tane 10 -1. 702? -0 . 0093 0 . 0507 -0 . 2477 

n-cx:t.ane ., r:; 
~~ -1. 99~)G -0 . (:379 -0 . 0217 -0 . 2712 

n-d:x'iecane 10 -0 . lSI'; - 0 . 0649 0 . 0274 

n~ecan.e 25 - 0 .2592 -0 . 0453 - 0 . 0347 

C'jclopentane 10 -1.737S -0 . 2716 -0. 0667 0 . 0625 

cyc10rentane ~ -
~ :> - 2 . 0203 -0 .5040 0 .1005 0 . 3501 

cyclohexane 10 0 . 58C12 0 . 3881 0 .1070 -0 . 0147 

cyclohexane 25 0 . 4079 0 . 2766 0 . 0950 

c ycl oheptane 10 0 . 9077 0 .4204 0 .1807 0 . 0877 

cycloheptane 25 0. 5026 0 .3998 G.1439 0 .1646 

cyclooctane 10 1.1145 0 . 4254 0 . 0548 0 . 0189 

c yclooctane 25 1. 050S 0 . 4098 0 . 0603 0 
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