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. INTRODUCTION




1-11
“onsiderable amount of work has been carried ocut on

the excess thermcdynanic propertice of non-electrolyte binary
nixtures., The data collected on these propertiee seems to have
been explained on the basis of simple liquid sixture theories
wvhich may lead to qualitative and quantitative emplanation of
the nature and behavicur of the binary liquid miztures.

iiterature survey vreveals that it ie rather d4ifficult to
explain the theracdynamic excess properties based on the simple
theories especially miztures such as alechols, anines and acide
which exhibit hi:h self assceiation properties, In order %o
simplify the application of these existing thecries tc the lees
complicated systems it was thought worthwhile to undertake
comparatively simpler syotems like alochele amnd hydrocarbons,

It is well established fact that the aliphatie alecheols are
strongly asscoiated with hydrogem bonding and these hydrogen bonds
are brokenm om dilution with nonpclar eclvemt. It would de
interesting to choose such systems whioh have one aliphatie alechol
vis, iocmeric butamocls and other nonpoler component vis. n<heptane
in order to comeider the changes in thermodynamiec properties
such ae exceese volume ('.). excese free energy (0‘) exceee
enthalpy (8*) and excess entropy (8®) whioh ceour on diluting
butancls with n-heptane,

In the following the resulte on excess thermodynamic
properties of isomeriec butancls with n<heptane have heem reported.
Sueh results are useful in understanding the mature of interactions
betwoen differemt isomeric butancls omn breaking eof hydrogea bonds,



The dirfference botween any theymodynamie funetion X om
nixing dencoted by supereeript N for a real system and the
corresponding value for an ideal solution at the same temperature,
pressure and conposition is called the thermodynamic excess
function (denoted by supersorips B)

® . iuu m-uo-) . iuon solution) (1)
at t.’.. at ’.,.l

Therefore all excess fumctions for amn ideal sclution are
gere, In the case of o real sclution the excese functione may
be positive or mnegative., Vhem the excess theruodynamic property
x* of a sclution is greater tham sero the solution is eaid to
exhibit a poeitive deviation from ideality, vherecas if it is less
than zerc, the deviation from ideality ie said to be megative,

The excess volume V© 48 them given by the relstion
" L " - a(

(real) ideal)
The exvess free energy of mixing for a binary mizture containing

z and (lex) mole fraction of two components ie given by the relation

@ - o

(resd) ~ °'(‘uux)

= R2[ x % yV =+ (1ex) Wy, (1) |

- R? [_a in =+ (lex) 1n (1-.)]

- Ri[:i-‘\"‘ + (te=) m Y .] (2)
where ) 4 and ) , are the sctivity coefficients of the twe
componente. The molar enthalpy of mizming N B fora binary
liquid mixture is given by the relation



Br,e0m) = Ba,p,a) = (=) By 0 0) =285 0.4)

(3)
vhere l(,".‘) is the enthalpy of mixing at pressure P,
tenperature T of ome mole of the mizture contaiming meole fraction
= of ome of the compoments,
The difference between the enthalpy of miming of a real
system (CH") and the enthalpy of mimimg of an ideal mizture
of the same composition is demoted by excoss enthalpy (l')

5 . AW pear) T A'?uo-x) "
For an ideal mixture the enthalpy of mixing ie serc hemce
l’ = Al’ (s)

The relations between the thermodymamic excese functions
are exactly the same as those betweca the total functions e.g.

‘l - lx - ”. (6)
Plag = " - u’ (7)
Il = U’ * !" (e)

The partial derivatives of theee functions are analogous
%o those of the total furnotions

B3 - v (9)

T,x

= -I. (10)



(e /e) - ® (11)
[?) (1/2) J Pox

The thermodynamic excess properties of alcohols with
bensene and other aromatie M"-.‘. with normal
alkancs®”">? and with carbon tetraehioride>?~>® nave been
studied by many asuthora, There seems to be a general agreement
thet the alechols underge self assoeiation due to hydrogem bond
formatiom im their pure state as well as in their sclutions im
nonepolar sclvents and that the degree of self asscciation
deoreases with the increase im dilutiom of the alochole, However
there is mno speeific explanation about the type and the emergy
of self association of aleochols. The miming eof alecohols with
& non~-polar sclvent is scoompanied by an absorpticm of heat,
This has been attributed to the breaking e¢f alecholealoohol
hydrogen bonds of self asscciation alechel species as & result
of dilution of the alechol,

The volume change on mixzing for alkanclen-alkane have
26029036=47, parte and VenNess®' nave
reported the excese volumes for ethancl-hydrocarbon mixtures,

Brown and Smit h“

widely been studied

have measured the excess volumes of various
aleohols such as methanol, ethamol, propamol and various
butenols with benseme at 25°, 35° and 45°C, They ochserved
the positive excess volumes increasse with the increase in
temperature., Uirect measurements of excees volumes of terte
butancl with hydrocarbons have besn reported by ﬂccho‘a and

otin?? at 30-s50°c,



Varme and Kumaven®® have atudied the excese volumes of
carben tetrachloride with ethanol, mepropancl, isceprepancl,

n, isoe nail tert-butancls at 25°C¢ by dilatometer. The curves
of excess volumee yg xy, ore sigmeid for all normal aleochols,
The positive excess volumes were reported im high comcentration
region of CCl, while the megative V' inm lower comcentretion
range. It was alec cbserved when alkyl group im alechol beccmes
more branched and bulky, the negstive part of the curves
diminishee, MHareh and Burfite 0 have reported the excese
volumes of ethamol in meny nonwpolar solvemts, They found that
the excess volumes ineresse rapidly in dilute regioms, The
partial molar excess volume heve the sawme bohsviour as partisl
meolar excese enthalpies would exhidit,

Senson and !ncnmntn“ have studied the excese volumes
for nealeohols with neheptane at 25°C by sucvessive dllution
dilatometer and oomeluded that excess volumes decrease repidly
in magnitude with increasing chain longth of the nealkemol, They
have also reported the partial molar excess wvolumes.

The isobarie vapour liquid equilibrium of nebutanel with
n~heptane have beem studied by Vijasyaraghaven et o&”"ga.
ismelho and Delmes®> have obtaimed the imteresting Lscthermel
end isobarie vapour liquid equilibrium for cyolohexame-butanel
and ethanol heptane systems at various teaperatures,

Subresenium o% 015‘ reported the absencse of asestropes in the
onee of isobaric vapour liquid equilidrium of ethylene

dichloride~nebu o The vapour liquid equilidriun of various
butanole with bemsene were measured by Browa et -1“ and



aomm.” at different temperaturee. Brown et al have
sentioned that excees free energy caloulated from vapour liquid
equilibrium data decresses with imorease in temperature,.
furthermore they have interpreted the data on the bdasis of
idealised model whereas Echevarria hee correlated his date

with different equations such as Ven lLear and Margules. ham”
has discussed the excess ree energy of bensene=tert-butanol
system im terms of ideal asscciation at 50° and T0°C,

Vileu and cmtn” reported the isothermel vapour liquid
equilibrium of bensene and isobutamol system at 45° and S5°C,
It has been observed that the aseotropee are independent of
tenperature, Lover values of free emergy at 55° than at 43°C
were considered due to decrease in tempersture. Vapour pressurce
of mebutancl with n=heptane have been meacsured long dack at 50°C
by Smith et a2%®,

26

Brown snd coworkers have correlated the excess enthalpy
with the ratio of hydroxyl group to the number of carbomn atome
in the mizture, Acecording to them the process of hydrogen and
bond breaking depends upon the hydremyl group ecoatributiocn amd
the change in the emergy of interaction on the separation of
alkyl ebhains, They have compared the thermodymamic properties
of mormal alechols im bemsene end n-hexane solution with the
corresponding properties of branched alochol solutioms. An
idealised model wae proposed to explain qualitatively the changes
which took place on varying the eomposition, temperature, solvent

and aleohel structure in these soljutione.



Although & good amount of work has been carried cut on
the study of thermodymanie properties of the miztures of
aliphatic slcochols and non~polar ul.nnu"'""””'”. noet
of the resulte are used for qualitative explanation of the
particular thermnocdynamiec behaviour, OUnly & small number of
paperg are devoted %o the determination of enthalpy of hydrogen
bonding of the alechol, Bt.hn‘o has attespted %o caloulate
the exnthalpy of formatiom of hydregen bonds im elochol with
non=peolar solvents on the basis of some assumptions weing

Ydory ihoory“ and Ii data of ethanclen<heptane syetem

reported by Van less et n“.

22,27,28
Van Ness et al deterained the hydrogem bond energies

of & number of primary alechols by plotting i /xzx, ¥s =,
curve to sero concentration of aloohol, They showed that the
energy associated with the breaking of alechole aleochel bonde
deoreascs slightly with inoresse in the chain length of the
alechel,

63 measured the I! ef methanol, ethaneol, propanol

Llbe
and nebutancl in n<hezame at 30°C at very lov concentrations
t.0. 2077 4o 207 mole/ce of solutiom. Otin et a1%4 geternined
the enthalpies of hydrogen bonding of tertebutanol in a number

of selvents, celwyn Hughee and Itﬂ“‘,

mosasured the ezcess
properties such ae G’ and Bx of a nunber of ne-aleochols ¢ 301‘
eycstome which exhibited poeitiwwe deviations, lHowever some cases
LI nthuol-«-l‘ at low temperature and in certain
concentration range showed negative deviations indicating &

significant -J.cmx-cc:.‘ interaction.



Voyoicka et d“ have reportad the excese enthalpies
for four iscmerie butanols in n-heptene at 30° as well as
excese heat capacities of n- and tertebutamnocls in n<heptane
at 30° and 40°C at high dilutione, The association of butanol
isomers was found to be largely affected by eteric fmctors.
The excess heat capacities of ne and tertebutancls were found
to have sinilar nogative valuee which decreased in a sinmilar
manner with the imcrease im temperature, They heve also
calculated the assceistion constants assuming the values of
enthalpy of dimerisution and trimerisation as suggeeted by
unm“.

6

Hurakani and Beneon 7 have etudied the excess thermodynamie

properties of all isomeric butanol miztures, Veseley and rtoh‘e
messured u for nealechole with oyelchexane at 25°C amd epplied

69 have

Brown's theory to interprete their data, Smirnova et al
studied the thermocdynamics of series of binary alechol hydrocarbon
sclutione at a range of temperatures, SJavini et 01” have
measured the heate of mixing of ethanpl + mehexane, nepropanocl

+ neheptane and ne~butanol + n<heptane ete, at 30° and 45°C ueing
en isothermal dilution calorimeter, The caloulated l!'/:‘x,

data are adequate to imdicate a general trend with number of
carbon atome of the aloohel end with temperature, Huong et -17°
have measured heats of mixing of nealecholen-alimpe eystems at
15° and 55° using isothermel dilution calorimeter, It may be
mentioned here that thece suthors heve also carried out the
experiments for mnebutancl + n<heptane syetex at 58° yhieh o have

aleo carried out.



The excese thersodynamic propertiee in the eace of
eischel -~ hydrocarbon systeme heve been wall correlated in
terme of models. Lretschmer and ¥iebe!' have investigated
the probability of a simpler treetment boased on ocont inmed
asscciation to predict excees properties, Im this treatment
scme of the departures from raendom, spatial and orientat iomal
distribution caused by the intermolecular forees have bdeon
asntioned, Bedlich and ttatn-” have preceanted & model based
on fow assumptions., They have made an attempt to find out the
relationship between free energy and the stoichiometrie mole
fractions of alcohols and nomepolar eolvents,

B-.rhorn has given & gemeral method for ewmluating the
eifeot on thermodynanic properties of cooperative oriemtat ionm
in solutions., Thie theory has been spplied to the systems vis
methanolebensene, methanolecarbon tetrashloride and ehloroforme
ethanol., Theoresical cu:srves for execess {ree enorgy of mixing,
heats of mixing and entropy of mizing as functions of eomposition
wers prossnted. lLenon and !muh.'“ have proposed & model for
bigh comcentration of alochols based on the - assunptions of

n and jiedlich and !zotu"" theorice,

Kretochener and Yiiebe
The model has been ussed to deduce experimental data for mixtures
of alecheles and saturated Lhydroosrbens,

Gontes ot 81°’ and Dacre and Benson’® have tested the
generalized quasilattice theory in the ocase of sleochols « bensene
systems. The theory wvas based om the “sot that eash molecule

vas assigned & Jdefinite number of eites in the lattice snd
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three different types of comtaet pointe were assigned to the

slechol melecules, Nitte and nw”"‘

the excsme thermocdynamic properties by & continucus linear

have cerrelated

sescointion model, The model dealt with the self associated
eyetem by making distinctions between the association comstant
and assccistion energy of dimer formation and those of polymer
formation, k’tpho and ughy" put forward the theory to caloulate
iscthermal vepour liguid equilibrium composition curves and
hecte of mixing of bimery sliphatic hydrocarbone and aloohol
miztures based on & single experimental point, A great deal
of the -m”"’ has been oarried out to o:,hh the interactione
in terms of statistical thermodynamios,

Hydrogen bomding im butamole has also been studied by HER
as vell as IR spectrosecpy. ~Ching et u." have discussed the
lik: ghemical shifte for ieomeriec butamols in carbom tetra=
chloride. ‘he elfect of sclvent om the bonding of butanols
has been reported by Huyskens et alo: by Ii and MMi technicues.
Geisler ot nas have etudied the associntion behaviour of iscmerie
butencle and their mixturee in n-heptane by IR speotroseopy.
They found that the enthalpies of self asecciation of the four
{someric butancls deereace from m to tertebutancl.

Thue the above literature survey reveals that scattered

work on various excess thermodynamic properties of isomerie
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butanole with neheptane has been reported for a certain
Scncentration ramge, In the presemt study a aystematic work
on excese thermodymamic properties of fsomerie butanole
vith ne~heptane has been undertaken,
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I. EXPERIMENTAL




BARsalNLNLAL

The various apparatus used for meesuring different
thermodynamiec properties via, volume change on mixing,
free energy of mixing and enthalpy of mixing have been
deseribed along with their experimental procedures,

ealibrations and errorse involved,
(a) VOLULE CHANGE ON WIXING 3

The volume chenge om mixzing ie nmormally detormimed by tweo
wethode, The firet imvolvese the direot messurement of change
in volumes -r. mizing of tue twe liquide, Various tyres of
apparatii for suoh & method have been deseribed in the

(1-7) « Sueh eguipments are constructed in two basie

literature
vaye .-) one eomposition per loading of the apparmtus at a
pertioular temperature and b) a number of compositions per
loading 2t a eonstant temperature., The second method is related
to the deduction of volume change om mizing from demsity
mearurenents of mixtures. For thie purpose the density of the
mixture at differemnt compositions ie determined with a high
acouraey,

Due %o development of scme new technigues 4t has now been
ecacier to determine the density with & very high preeision., In
the literature ome cun find o large number of references on the
same., The magnetie float mothod has been used recently upto
5th & 6%h place of decimal in the density messurements. The

apparatus discussed by Bensamin ie sensitive down to + 0,001%,

541-185 [ 5367 (043)
ANI
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3

The sensitivity of 0.0001% for a cell with a 600 em” ocapacity

has been observed by Franks and sun’ in their recent magnetie

float technique. MHillewe'®, DersteBemeon'' et al ana viren'?

have desoribed the apparatue with a precision of § 0.0002%,

Different typee of dilatometers have been described in the

review artiele of Battine'’. Veshington and Battime'?

e diletometer with an aceursey of + 0.003 on’ mole™!

desoribed
in exceas
volume messurements, A number of pykmome ters are descoribed by

Baver amnd hvh‘ 5

. few of which gave an ascoursay of 10°% gn/=l.

in the present investigation the volume change on mixing
bae been determined by determination of demasity with a Lipkin
type pyknometer,

Pyinometer and ite ealibration 1@

A two arm pyknometer (shown in FPig, 1) was made of corming
glase, having & volume of 34,06 ml, The two arme were made of
twoe fine eapillary tubes having an imner diameter 0,5 me, The
two marks were made at the lower @ide of the two arme abowve
the bulb of pyknometer by etching the glass,

The evenneee of the bore of several capillsry tubee was
checked by measuring the length of mercury thread at several
placee by a travelling microseope before using it for the
comstruotion of the prkmometer, The pyknometer thue made wae
annealed several times at 110°C before using it for the
measurenent of demsity., The pyknometer was calibrated for ite
volume at 25°C by double dietilled watex. The temperature of

the thermostatted weter bath wee maintained comstant to
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Table 1 ¢ Calibration of pyknometer at 25°C
mo M e hehomm e o
(om) (em) (em) (gme) (gme)
1 6.099 4,585 10,684 33.9275 37.9651 34,0673
2 5.710 3.848 ?.558 33.9251 33,9627 34,0648
3 3.830 4,343 8.173 33.9330 33,9606 34,0627
4 J3.02% 3.642 6,663 33.9198 33.9574 34,0595
5 2,801 2,761 5.562 33.9179 33.955% 34,0576
é 1.351 2,661 3.992 33.9148 33,9524 34,0545
7 1.146 1.840 2,986 33.9132 33.93%08 34,0529
8 0.216 1.072 1.288 33.9099 33.9474 34.0496
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¢ 0.01°C, The prknometer was filled with dietilled water and
zounted on & brass stand as shown in Fig., 18, It wee iomersed
in the thermestat and allowed to attain the temperature of
the bath., The attainnent of thermal equilibriur wvas indicated
by a steady state of the liguid i,e, water meniscue in the
prknometer remaimed constant e ¢ 0,02 mm. The heighte of the
vater level above the glase mparke were measured by & travelling
mnicroseope. The pyincmeter was teken out from water bath snd
then dried by aboorbent tissue papere and weighed in & single
pan real microbalence, The weighte sre accurate %o ¢ 0.1 mg,
Prom the weight of water, the volume of pyknocmeter for the
eorresponding heights wae enleulated after epproprinte correctione,
The sum of the heights in two arme vee plotted againet the volume
of the water, 4 good straight line wvae obtained indionting
thet the volume inercased linearly with the height and the
deviation from linearity ie lese tham 10™% ml, Calibration
resulte and the ocurve are showvn in Table 1 and Fig, 2 respectively.
The pyknometer was again heated and coocled for seoveral timee
and the volume was agein checked, It was found that heating
and cooling d4id not change the volume of pyknometer and hence
the calibration,
Zrrvors involved in the measurement of the volume of pyknometer
and the mase of the liquid contained therein vere estimated as

10" al and 10". respestively, Baoh error produced sn uncertainty

of 4 x 10" units in the density measurement, and ‘homce the

maximum error by a combimation of these two evrore io
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-6 @/=1. The density messurements were reproducible

e x 10
to '°.5 ‘/Ilo

Deternination of volume change om miming 1

Liquid mixture of the required composition was prepared
by taking weighed quantities of the liquids in a tightly
stoppered comical flask and mixing them thorcughly. The
pyknometer was filled by capillary metion while filling the
prknometer oare was taken so that sinismum liquid ie exposed
to air, Since the systems undertaken in the precent etudy
are highly hygroscopic, both openings of eapillary were
elosed by polythene campe (Fig, 18), The tetal heighte were
mensured in the same way as in calibration and were plotted
againet the corrvesponding volumes (/4g. 2). The pyknometer
wae weighed after the determinstion of velume and the demsity
woe shleulsted in the usual way, Density for esach composition
was mesnsured three times and the maximum standard deviation
vas found to be € = 1070 g/mi.

The ezcess volume ('E) was calouletod ae

V e Vowr, - Videad

v n /
obs ‘ot.

where V pron and ‘oh were the observed molar volume snd demsity
of the mixture respectively. The mses l!‘ of 1 mole of & mizture
wag caleulated from their individual molecular weighte My and H'

and mole fractions =, and =, respectively.



Zeble 2 1 Volume change on mixing of Bemsene (1) -

neheptane (2) system at 25°C

23

sr. =, a, v 100 V*/v°
Ko, mole fractionm density of velume change
of Bensene mixture on mixing

1 0.0000 0.67950 - -

2 0.1004 0.69116 0.1852 0.1308
3 0.1662 0.69872 0.3395 0.2463
4 0.2856 0.71491 0.4493 0.3433
5. 0.3827 0.72889% 0.6197 0.4948
é 0.4008 0.73252 0.5403 0.4352
T 0.5020 0.74933 0.5999 0.5070
8 0.5673 0.76131 0,6205 0.5417
9 0.5780 0.76342 0.6426 0.5642
10 0.589%4 0.76563 0.6188 0.5464
" 0.6%82 0.78880 0.5570 0.5209
12 0.7846 0.80951 0.4600 0.4514
13 0.8909 0.83833 0.3047 0.3182
" 1.0000 0.87350 - -
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V‘ deal is the ideal wvolume of the mixture caloulated as

v e am, Faxm
tdesd e =

vhere d, and 4, are the densities of the two pure liquide,

The proper working of the appsratue was checked by etudying
volume change on mixing of bensene and neheptane system at 25°C,
The resulte obtained for the above syetem precented in Table 2
and plotted in /i..,7 agree fairly well with those reported by

16

Brown & LEwald and Jain et ‘1".

(b) SR 88 Jubs ENBAGX OF WIXING 4

The determination of excess free energy involvee the
seasurement of isothermal vapour liquid equilibrium, It ean
be studied by two methode i,e, otatic and dymamie, The statie
method ie very precise and can bde used for very low pressure also.
Hovever, we have mede uee of the dynamic reeiroulating method dus
to the existing faeilities in the laboratory.

In dymenic recirculating method doth ligquid and wepour
phaoes are ocirculated at vhatever rate they are gemerated till
& otendy etate ie roached, Liquid and vapour compositions are
then determined experimentally, Hala et u"’ have reviewed a
large number of recirculating otille, In the present work a

modified Jonee Celdburn -un"

has been used becaunee it was
poseible for us to conduet experimente with small mentities of
the nizxtures i.,e, 20 =l and aleo to obtain a thermal equilibrium

at a2 comparatively short period of time., This prevente the
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shift of the equilibrium condition due to change of barometrie
precoure as well as the possible saall change in eomposition
due S0 continuous rummning of vacuum pump,

kecliroulating still 3

The modified Jomes Colburm recirculating still hae been
showa in Fig. 4. The entire still was made up of pyrex glace,
It had & reserve vessel A containing liquid mizxture, The
reserve vetsel was electriecally heated by a heater B‘. The
resaining portion used as disengeging chamber for the liquid
and vapour phases was thermally insulated with an asbestes rope,
A thermometer to messure the egquilibrium temperature wad dipped
in silieone oil in a thermometer pocket T, whose lower end wae
alvays above tho liquid level in the reserve vessel A, The
reserve vessel was fitted teo a teflon etopeoeck ‘2 vhich aote
as an out let, The vapour formed from heated liguid mixture
in vesszel A pacsed through a tube heated with ancther heater
H, @nd then condensed to liquid in condenser Uge It wae
then collected in the reeciver B, After the level of the
condensed vapour reached the three way teflon stopeoock K,.
it slowly fell through the inclined glass tube X, immersed in
the ligquid mixture in the reserve weseel A, The receiver B
wvas attached with a condenser C, which on the other side vas
ecnnected to vacuum system wvie standard B-14 ground joint.
The desired values of pressure wers cbtained by commeecting
a mierometer needle reguleting metal valve which regulsates

the pressure,
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Determination of wvapour pressure §

A binary mizture 20 al of the desired concentration was
traneferred to the still through B=14 joint ofthe condemser C,,
20 that ite level reached upto the stopeock l, in the receiver
versel B and ite level was eli ghtly above the cpening of the
bent tube E in the reserve vessel A, All the three hesters
By, H, :aii, were put omn, As scon as the mixture started
boiling, the desired prescure wae maintained by adjusting
micrometer needle velve connected to vacuum system., The etill
was kept im the same ocondition for ome hour se that thermal
equilibrium should reach, It was indicated by a constant
temperature and system pressure, The pressure difference by
en the manometor wae read by a eathetometer, ioom temperature
and atomespherie pressure were noted, The heater switches wvere
put off. The veacuum im the =2till was released slowly, The
steopoock 1'3 was eimultenecusly rotated to ocut off the eirculation
of the liquid, The samplee of the liquid from the vessel A and
condensed vapour from vecsel B were colleoted through teflon
etopoock K, and K, respectively for analyeis, The equilibrius
pressure vas determined from the difference of the barometer
reading and the manometer reading after appropriste corrections
for expansion of mercury and for the difference in the voon
tenperature of calibration of cathetometer, A walue of g egual
to 978.59 cm/sec” valid for Pooms wes used in the calibration

of pressure,



Analyeie of ecamples 3

Liquid and vapour samples were analysed by density
measuremente., DIensity of the liguide were determined at
25°C with the help of Lipkin type pyknometer of about 3,6 ml
capacity. Such & pyknometer has deen shown in Fig, 5., Ite
cenetruction and calibration have already been given in
Section (&) "volume change on mixing” of thie chapter,

The oalibration curve i,e, height ¥y¢ volume obtained from

the resulte reported in Table 3 has been plotted in Ffig, 6,
The straight line ocurve obtained for ealibration confirme

the uniformity of the diameter of the capillary tube of the
pyknometer. The thermostat wes obtedned at 25 + 0,01°C,

The readinge of the heights h‘ and h’ were taken in the same
vay ue mentiomed in II (a) end the density of eaoh liquid

vas omaleulated at 25°C,

Exgess free emergies of miming from vapour liguid ecguilibrium 3

The excess free energies of mixing of the eysteme vere

caloulated by isothermml Pex,y data at 55°, 65° and T5°C
thrpughout the concentration range, P denctes the teotal
solution pressure while x and y the liquid and vepour
scmpositions, The liquid phase sctivity coefficients \'
and )" were caleculated as

¥y® (B4 - 'i" (2 = p,) ? iy ':
XPy RT * KT

(1)

n N‘ = 1n

-

J
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Table 3 1 Calibration of pyknometer at 25°C
Sr. hy b, hy + b, Keasured Corrected Volume
Ne. weight veight
(em) (em) {em) (gme) (gns) (m1)
1 4,06% 4,600 8,665 3.6070 3.6108 3.6218
2 3.685 4.247 T.932 3.6058 3.6096 3.6203
3 2,820 3.650 6.470 J3.6033 3.6071 3.6178
a 2,634 2,915 5.549 3.6017 3.6055 3.6162
5 1.650 2,461 4.1 3.5992 3.6030 3.6137
é 1.502 1.508 3.010 3.597% 3.6013 J.6120
7 0,905 0.9%08 1.813 3.5955 3.5993 3.6100
8 0.502 0.552 1.054 Je5942 3.9980 3.6087
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¥ (3yy = V3) (2 =) ? (4o 75
w/,= n Txgpy ¢ RT - AT
(2)

vhere Py m,, mthonpunpﬂuuuln‘:i M:. are the
mole fraoctionme in liquid phaee, 7y and ¥y, wre the mole fractions
in the wapour phase, v:' and 1: are the melar liquid volumes
of the component (1) and (2) respeatively. Byy ®nd B,, are the
second virial eccefficients of the pure ocmponents (1) and (2)
respectively and

Ca2 = 235 By = By (3)

where l“ ie the seoond virial croee coefficient of the mixzture
and given by the expression

By = (3eal= By, =7 X By,)/ 2 7,
(4)

vhere B ie the virial coefficient of the mixture., The excese
free energy of mixing ie caloulated from the equation

@ o K2 (xy m Y, ¢ =, 2m V)
(s)
If the vapour phase is an ideal ges which is mostly true at low
pressures, the lasst two terms of the equation (1) and (2) bvecome
insignificant and w¢ then have

"r
Yy = — (6)

"%y
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Yﬂ . 32’2 ‘7)
S8ince the valuee of second virial coefficiente of isomerie

tutanole oand n-heptane at 55°, 65° and 75°C were not available

{n the literature, they vere esloulated by Pitser<Curl equation ®

RE
- ]

B = =3— (0.,1445 ¢ 0,073w)= (0,0330 = 0.46w) ="'
e

e (0.1385 + 0.50w) Tr~7 « (0.0121 ¢ 0,097w) T~
-8
- 0.0073\' Ty (.)

vhere i ie the melar gas conctant, !. and l'. are eritienl
temperature and pressure, w, the sccemtric factor whioch is &
nnoroscopic measure of the extent te which the foree field
around the moleoule devistees from spherical symmetry and 4
found by equatien

- - P -1
- m ( ?’" - 00'
(9)
vhere P 48 the reduced pressure and is equal to )h. and

T, 46 the reduced temperature which is equal to r/t..

In the literature there are many expressions for cnloulating

21,22

the second wvirial coefficient ae those of Black and O'oomnell

and Puu-ni.tl”

but they could not be used for want of econetante,
The change in the values of second virial ceefficient may
not affeot auch the ealoulation of the excess free emergy. The

ealoulated valuaw of second virial coefficients for all the
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compounde at 55°, 65° and 75° are givem in Table 4.

The values of (,, used im equation (1) and (2) and
defined by (3) oan be caloulated omnly 4f the velue of B
is known., It can be ealoulated by using O'commell and

rmt'u.,

12

method but due to lack of some constants, it
could not be obtained., If the vapour phase ie considered

a8 ideal, the equation (3) becomes

1

B = 7 (By* By,) vhere ‘51:'°

end €0 the third tera in ecquation (1) and (2) becomes sere.

It ie assumed Bya to be & geonetric mean of )" and l“ e

B2 = (Byy = 'a)‘h
which has been followed by Boublikove and Lu ete?,
The molar volumes V' for all compounds at 55°, 65° and
7%° ¢C are given in Table §,
Testing of equilibrium data for thermodynamic comsistency i

411 the experimental dats were checked by Herington's
mhoaz’ of internal thermodynamiec comsistemoy tect, by

using the egquation

1 V1
/' log = éz, = 0O {10)
o Ve

BEquation (10) indicetes the algebraic area bounded by %y =0

-n‘:‘ = 1 in the plot of log Yilyl xs xy ehould be sero.

Coulson and Herington a‘. Redlich and xt-tor"'” have given



Table 4 3+ Values of seoond virisl coefficient

at different temperaturee

Second virial coeffioient (-c.’ sode™?)

Compound
L} i 65° ™°
nebutanol 1368 1208 1068
iso=butanol 1277 1013 e1s
sec-butanecl 1149 1014 899
tert-butanol 246 836 742

neheptane 1366 1222 1094




Table 5 1 Values of molar volumes at
different temperatures
-l
Compound Molar volume (md mole™')

g5 65° T5°
n-butanol 94.78 95.74 96.72
iso=butanol 95,56 96.49 97.45
seo=butanol 94,94 95.84 9‘07,
terte-butancl 98,87 100.28 98.87
neheptene 153.28 155.32 157.42

58



Pable 6 ¢+ Vapour liguid egquilibrium of Ethanol (1)

and water (2) syetem at 50°C

(Present work)

By, =, vy ? log Y‘ / )'/2
No. (mn of Hg)

1 0,0000 0.0000 92,5 -

2 0.0169 0.1616 110.3 0.6716
3 0,0239 0.2070 12,3 0,6496
4 0.0426 0.3226 129.2 0.6514
9 0.1054 0.4842 157.8 0.532%
6 0.1368 0.5292 175.8 0.4726
7 0.1609 0.5594 184.2 0.4077
& 0.2256 0.5783 185,2 0.2945
9 0.3050 0.60T1 195.9 0.168%
10 0.3748 0.6340 200,0 0.0823
11 0.4835 0.6655 205.7 -0,0%07
12 0.6277 0.7262 212.3 «0,1813
13 0.7275 0.7732 218,1 «0.2719
14 0.9385 0.9364 213,.3 =0, 3927
15 1.0000 1.0000 220.9 -

5y
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further details of this method. Imepite of seversl eriticisme: >’ 0
Harington'es method still seems to be useful for the commistency
test a® ham been elaborated by u-”.

The gensral working of Jomee Colburn etill wae checked by
studying ethanclewater aystem at 50°C, The data given in
Table 6 and Fig. T agr.» fairly well with those reported
mn“}-‘!.’:‘.)d. The experimental detn are wubjocted to the
above thermodynamio consietoney test which show & percentage
deviation of 1-2% compared to 1.4° for the data of
Iutte Choudhury 2, 4,66 for the data of Dulitskaya>> and 23%

for the data of Uamnko”

(o) HBATS OF KIXING »

as shown in Fig, 8,

In last 25 years an appreciable amocunt of work hes been
carried out on the measurement of heate of mixing and in the
development of various types of calorimeters > >7, NeGlashan*C
has disocuseed variovs calorimeters and has mentioned about
different factore and eonditione which should be taken in aceoount
vhile comstructing the apparstus and measuring the warioue
paremeters invelved, It ie vorthmentioning that sufficient
preonutions should be taken %o elininate the vapour epsce in
contanot with liquid and to provide a spance for the contraetion
or expansion of liguids on mixing., A anumber of such ulert-otor“'“'
are desoribed in the literature,

Van Hese?® hao desoribded s mew isothermel &1lution
calorimeter 4in which ome liquid is sucoessively diluted by
the addition of the other component, The advantage lies in the

facs that by taking 2 single experimental set up, one can



neasure the enthalpy of nixing at a series ¢f decreasing
concsntratione, Such & calorimeter wae meant initislly for
the endothermic heate of mixing but later om modified for

-:.thnto“""

eyotem, It givee data with an accumey

of 0,2° and can measure the heate of mixing from 0,01 to

Ce?9 mole fractions, The entire set up requiree sophisticated
instruments and an electromic shep., LHecently flow

cﬂ.ort-oton‘aé‘

have been introduced with an acouracy of
oné percent, The main problem im this method is to obtain
a eonstant rate of flow,

Zhe heats of wmixing can also be oaloulsted by tempersture
dependence of free energy dut it gives the results of uncertain
.omu-cy‘o-

In the present investigation ve have made use of a twin
type calorimeter, similar to that of Adeock and lloohohl-“
with some mimor medificstions ' >, The further medificstions
for measuring the heate of mixzing at high temperatures
incorporated in the present investigation are discuseed

later on,

Calorimetery

The ocalorimeter ascembled im this investigation i® shown
in Fig. 9(a) with the left hand compartment of the calorimeter
as sssenbled and the right hand compartment of the calerimeter
dismentled,

The calorimeter was made up of two idemtical double jacketed
corning glase mixing and reference vessels A, snd A, with B 55
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nele ground joimts, The outer jeckets were commeocted to the
side tubes with a Z 14 male ground glsse jeints et the end

for conmeoting them with vacuum syetem, Thermistore used as
heat sensing elemente were fimxed in thick polytheme tube with

e suiteble bave inside the imner vessel of ench calorimeter P,
A double omp D with two B 55 female ground glase jointe wae
used te elome both the vessels A‘ and LQ through male jodnts
fixed to the nixing and reference vecsele,

kKixing vessels i

Twe liguids were mixed imeide o steinless stesl bell B,

The bell and mixing arrangenent are shown schematically in
7ig. 9b. The bell wap made of cstainleocs eteel oylimdriocal
tubss of the sise of 2 om diometer and § om length, OUne weide
of the oylinder was c¢lored by stirrer blades 8 and a sharp
pointer G, The bell was commeoted to a stuinless steel rod H
through = perspex (Lucite) plece ¥V used for thernzal imsulation
of the steel bell B from the =teel reds, Both bells were made
ap identical as poseible in reepect of their weight and sheape,

Stainlese steel frame §

A rectangular stainlers oteel frame J of 12 em x 5,2 om
hold a stainless steel bell, The frame consiste of twe staine
less steel rods of 2 unr dismeter, One end of the reodes 18 jJoined
tc an ebonite plate V comnected to & brass fudbe K at ite ocentre.
The other ende of the rods were commected to & olamp C with a
lightening screw i, The brass tube K of 8 om 0,0, and 25 em
length was threaded st one end so as to be fitted to the threaded
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hele in the elbonite plate V,
Sampling bulbs

A small glase buldb L of 2 al capacity with a soft glaes
tube of 9 mm in diameter was used for filling one of the
components, The bulb waes made wvery ¢thin walled #o thet it
should break when struck with the pointar ¢ of the bell,
Thermal eeneing slement 3

Thernintors as heat sensing elements were obtained from
N/c Tempo Bemiconductors Bombay. The resietance of the
theruistore wae 33 k ohme, The resistance as matohed by the
menufacturer wss ¢ 15, Sinoe the equal temperature coefficient
of the resietance of the matohed thermistore ie necessary, the
pair was oalibrated at different temperatures and the pair with
+ 1% resistance was used as» hest seneing element, Both leads
of thermistors wore soldered to two thin shielded wires, The
soldered portions were coanted with a thieck layer of an epoxy
resin,

Calorimeter hoaters §

A 38 s,w.g. conntantan wire was ueed to make the onlorvimeter
heaters i ehown in Pig. 9. The endes of conetantan wiree were
finally soldered tc & two 28 ®.,v.g. enamelled copper wires
of about 1 meter length. The leade of constantan wire along with
copper wire were imeerted inm a 24 o,v,g. teflom sleeve, The heater
ag such was wound mon-inductively sround the estainlecs steel
bell B. The heater wires along with teflon sleeve were fixed



to the bell with twve teflon rings s om 4te both ends, The
resistonce woo measured by o digitel volt ohm meter

(k/e Yamune Electronice, Hyderabad), The correction for
resistance of oopper wire wae applied, The resistance of
heater was measured every time before the emperiment,
Elestriocal oircuit 3

The electrical ecireuit used in the experimental set up
ie shown in Fig. 10. The current was provided by pover eupply
B of 2 volts, ll‘ and H, wvere the heaters for the reaction and
reference vessels respectively. ﬂ’. & dummy heater was used
for passing current for an hour im order to stablise B, The
potential across a standard 10 oha resietance iy in series with
the heater was measured by means of a potentiometer (accursey
0.0 mV) to find out the walue of current paseing through the
heaters H, or l.. The time for which the curremt wae passed
through the heater was measured by an electromiec timer. On
eétopping the timer, the current through the heater was
simultanecusly out off, so as to measure the time accurately.

Wheatstone bridge eirouit

Fig. 11 shows the cireuit of wvheatotone bridge., Ite four
arme were formed by tvo matched thermietore aad two 56 £ ohm
resistance in seriee with 10 K ohm wire wound potentiometer,
Either of the two 56 K ohm arme wae commeocted to a 500 ohm wire
wound potentiometer., The output of the bridge was fed to o
potentiometer recorder (25 mv Homeywell) whose pen cam be
adjusted by menipulation of 10 £ ohme and 500 ohme course and
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fine variable resistances respectively,
Constant temperature bath 3

The comstant temperature bath wae mede up of two concentric
vater bathe., The outer bath of 250 litree capseity containe
the inner copper bath of 15 litree, Both water baths efficiently
stirred by electric motore, In the outer bath ilo.to-pontm
vae maintained by two heaters of 1500 w., The temperature was
econtrolled Ly = coiled toluene mercury theraoregulator ocoupled
vith 200 w electric bulb sand an electronic relay, In order to
check the heat losses at high temperatures the imner bath wae
covered by an insulated 1id, The celorimeter was immersed in
the conetant temperature inner water bath so that only the
tubes for taking out the leads and steel rode were out of water,
A small heater of 100 watte wvas continuously used for meintaining
a temperature of 55°C in the inner bath, The eonsistenoy of the
temperature was checked by Beckman thermometer with an acouraey
of ¢ 0.01°C, The temperature inecide the :alorimeter was comnstant
to within ¢ 0.01°C for 2 hrs ee read by Deckman thermometer,
The temperature of cuter and inner baths were meintained at
55° ¢ 0.01°cC,

Experimental set up 3

The calorimeter wae fixzed on a heavy brase stand, Equal
smount (78 ml) of meroury was filled im both vessels, The glase
bulbe were fixed into two emall fromee L which in turn were
placed ineide the steel frame B, fized to the tubes £, The bell
was fized by & ring of rubber bande in such & menner that the
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glase buldb was covered by the bdell dut the pointer ¢ remained
above the bulb, Such an arvangement ie shown in Pig, 9b. The
belle along with the bulds were immersed completely im mercury
in the two veszele, One of the liquids wns taken im the buld
and other inm the bell, both of which were immersed im mereury
filled in vessels A‘ and A,s The buld was firet eveacuted by
seane of & syringe with a U shape stainless steel needle, ime
of the liquide was tasken in an ancther air tight eyringe end all
air was carefully removed from the syringe. The syringe wae
veighed on & ®ingle pan balance and the liquid was immediately
transaferred into the bulk, The syringe wat reweighed, The
amount of the compound takem wae noted, Im the case of back
sucking of meroury by eyringe, the mercury was transferred into
a beaker which was dried and weighed and correction wae applied
for the veight of the compound, The second liguid wae also
transferred 4n a similer way in the bell., The beli and the
bulb of the reference vescel were alsg evacuted im a eimiler
vay for removing trapped air, The reference vessel wae alsec
charged with both the liquids for compensating for their hent
capacities,

Then the thermietore were inserted in their poskets, The
stainless steel rode of the bell, the lead wiree of the
thermietors and the heatere were taken out from the three cpening
of the 1id (eee /ig, 9B). The lid wae fixed to the calorimeter
vessel with the helpy of ground jointe preperly gresved by high
vacuun silicone grease. The ealorimeter wae kept in the inner



constant temperature water bath and the heater and thermistor
wires were comnected tc the eleectrie eircuit and vheatetone
bridge respectively as shown in Fig. 11,

Determinaticn of heate of mixing

The charged calorimeter was kept in the imner conestant
tenperature water bath meintained at 55°C for three %o four
houra in order te attain thermal equilibrium, The attainuent
of thermal equilibrium ves indionted by a steady undrifted
line traced by the recorder pem, Um attaining the equilidrium
the calorimeters was evacuted through vacuum system for about
an hour, After paseing the current through dummy heater whieh
vae dome imn order %o stablise the current, the buldb was broken
with the help of pointer G, The bell wae stirred gently to
ensure proper mixing., Thie temperature of the mixing vessel
decreased because of endothermic reaction between aleohol and
monpolar hydrocarbon, This decrease in temperature caused the
incrense in resistance of the cerresponding theramietor., Due
to incresee in resistance there wae o imbaleance ia voltage
dietribution through the wheatstone bridge which was treced by
pen on recorder, Eimultasneously the heater of the reaction
vessel was put on, In the mean time the current passing through
the heater was measured by potentiometer, Due to heating in
the reaction vessel the recorder pen moved to oppoeite directiomn
for compensation of heat abesorbed during the reaction., The
heater wae put off before reaching to an exact compensation %o
make the allowance for residual heat, Gently etirring wae
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continued in both the vessels $ill the traging of eteady
straight lime parallel to chart paper wae obtained, The time
(t) for whish the heater vas heated was noted by electromie
timer,

torrection for inexact compensation 1§

In gemeral it is not poseible to obtain the final line
coine! ng vith base line by heating the heater of the reaction
vessel /ig. 12, In esuch cases a eorrection facstor denoted
by (AT) for inexact compensation A‘ was ealoulated by time
calibration experiment, The heater of the renction vessel wee
again heated for about 100 eeconds, The separation between
initial baee line and final base lime ([\,, Fig, 12) was measured,
The current and the time for which it was passed were also
measured, The correctiom fmetor )T im the time of compensation
corresponding to deflection Q*‘I in an actusl experiment
eould be ealculated by an expression

2
13‘ 1 %

A
Do 4y

A2 = (13)

where '2 = ocalibration time
“2 = current passed through the heater at the tiane of
ealibretion

1,. = eurrent passed through the heater at the time of
actual experiment

The H® was them caloulated dy
2
i° | VANK |
P . (v 2 ) (14)
(-, . -,)
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vhere | im the resistance of the heater and n, and n, are
the number of mcles of the two liquids, 4 42 the current
passed through the heater during reaction,

Standarisation of ealorimeter 3

In order to establish the identical nature of two halves
of calorimeter & duanmy experiment was carried out, Two heaters
of the same resistance were wound on each bell end equal amount
of mercury wase filled in the vesmnele, Un atiaining the thermal
equilibrium in the comstant temperature water bath the same
amount of current was passed through bdoth heaters for about five
minutes, Hoth the dells wore gently and continucusly stirred,
It was found that the bace line was shifted by two small divisions,
Un heating & cslorimeter by one heater the deflection by 200
small divisions wae noted om passing the same curremt for the
same time., It showed that heat capsecity of the two calorimetere
was matched to within ome percent.

Simee it wvae expected that mome heat may be evolved during
the breaking of the bulb, & dummy experiment was conducted to
break the dulb, It was found that no deflection was recorded
vhile breaking the dulb, the prodabdble heat evolution wae
considered as negligible.

The overall working of the ealorimeter wae checked by
studying the heats of mixzing of sec<butancle-bensene systen at
45°C, The remult on l’ for thie syetenm obteined by us are
given in %able 7 along with those obtained by Brown et al>* im
Table 8, Uur data are plotted in Fig, 13 es R‘ X8 x, the mele



Table 7 1 Heats of mixzing of sec-butamol (1)

Hb

and Bensene (2) eyetem at 45°C

(Present work)

§r, =, l"
e mole fraction of secebutanol K mole™!
1 0.1301 1282
2 0.1385 1282
3 0.1358 1206
4 0.2157 1586
S 0.,2638 1730
6 0.3248 1861
7 0.3998 1893
8 0.4098 1899
9 0.4276 1920
10 0.5600 1767
11 0.6524 1629
12 0.7005 1429
13 0.T444 1298
14 0.8382 921
15 0.8%e8 919




Table 8 : Heate of mizing of secebutancl (1) and

bennene (2) eystem a¢ 45°C

(Literature wnlue Ref, No., 54)

Br, =y .k
Ne. mele fraction of see-butancl J uh“
1 0.1 1100
2 0.2 1560
3 0.3 1790
s 0.4 1880
5 0.5 1840
é 0.6 1690
7 0.7 1430
8 0.8 1060
? 0.9 580

g |

-
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fraction of butanol along with Brown et al resulte which agree
faivly well.

Piscuseion on sourese of errors)

Attention was paid om the following sources of errors
involved in the heats of mixing experiments,
a) Change in the nunber of moles during weighing

There are probabilities of evaporation of the liguid
while weighing. It wae avoided by taking air tight eyringes
with long pieton and quick tranefer of liquid inmide the bulb
and bell. The error estimated was ¢ 0,2%,

b») The change in resistance of heater during use @

It was noted that after every experiment the resistance
of the heater did mot change appreciabdbly S0 as %o cause erroy
more tham + .005F we indicated by the digitel ohmometer,
e) Heat effects due to improper stirring snd bresking of bulb 3

It wes ensured by repesated bresaking of bulb and stirring
that their econtribution wee negligible as no indication was
shown om the recorder,

d) JSrrors in the messurement of curremt i

To avoid the error due to emall fluctustion ir current, it
was peasured omce at the stert of heating and then at the end
of heating. The mear valus of the two readings was thon used
for further calculstione, The error due %6 fluctustion was
estinated to be of the order of & 0,1,
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e) The contribution due so 4imemact matehing of the two

tharnistors was estimated to be g 1§,

£f) The ervor due to inacourate reading of inexzaot

compensation was estimated to be of the order of ¢ 0.5 teo 1%,

g) Bome liquid was likely to be trapped ineide the meroury,

It wvas relecscd by halting the etirring intermittently,
Taking into consideration all the above scureee of errors

the results mey have the uncertainties of ¢ 2%,
(@) PULKIFICAZION OF CHBNICALS

Bensene

sttt

LLE apalar grade bencene was repeatedly treated with
comcentric H, 50, until free of thicpheme, It was them washed
thoroughly with distilled water, The neid free bensene was
dried over anhydrous &250’. It wvas fracticonally distilled
over 230’.

Ethanol

Analar grade ethamol obtaimed from 2DH was refluxed with
alkaline esilver nitrate and fracticonally dietilled, The middle
fraction boiling at constant temperature wae separated and
stored over 4A melecular sieves before use,

Isomerie butanocls

nedutancl (BUE pure grade), 1so-dutancl (BBH, Lk grade)
sec-butancl, (femal Budapeet) and tert-bdutancl, (Bseyer German
Produet) were umsed., The butanole were refluxed over NaON
pellets and thereafter fractionally Aistilled using 1lm long



Table 9 31 Densities of the pure materials at 25°C
Subetances Fresent work Literature Reference
value no.
benmene 0.87250 0.87363 55
n=heptanse 0.67950 0.67951 95
nebutanol 0.80570 0,80570 56
iso-butanol 0.797%0 0.79780 55
sec~butanol 0.80223 0.80260 55
tert-butanol 0.7T7987 - -
Ethemol 0.785%03 0.78508 57

* at 26°C
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column paciked with glase helioces with a reflux ratie i3 30.
The conetant boiling middle fraction was agein fractionally
distilled 4in the same mammer., All butanols were refluxed

over anhydrous Cal before ure,

n-heptane ¢

A product of lemohim stendard U,8,8,%, wae purifisd
in the eeme menner over raos ae mentioned sbove,

All the compounds were stored over moleculer sieves
type 4A hefore use, The purity of the compounde was checked
by g.l.0., end ves found te be 99,97, The purity of these
neteriale wes alsc confirwed by determining the demsities
and comparing them vith the litersture’>’>°*37 walues

supparized in Table 9,
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AaBSULIS AND DISCUSLION

The results of the various excess thormeodymamic properties
namely V’ » GB. l. and s® for Asomerie butamcls with n<heptane

have been presemted and diseussed in thie Chapter,
(8) VOLUME CHANGE UN KIZING 4

The volume change on nixing of n, iso and sec-butancls
vith neheptane were determined mt 25°C while that of terte
butanol at 26°C throughout the eoncemtration ramge., The results
obtained are given in Table 10,11,12 and 13 for all isomerie
butenels. The wvolume chenge on mixing v have been plotted
as a function of Zq0 the mole fractiom of butamocl in Fig. 14
for ready oomparisoem,

Tressoeanowies and lou'on‘ in 1977 also studied the wvolume
change on zixing in case of nebutancl with neheptane at 2500,
Their resulte are plotted in Fig, 15 elomg with our dats, It
is clearly seen thet our results agree fairly well with their
data throughout the comcentration renge,

The excemss volumes Vs are fitted by @ least square method

into & series equation of the type.

’oc-’ou‘

Vv « Az + Bx
vhere A,B5,0 and D are the constante and = is the mole fraoctionm
of butanol, The values of the comstants caloulated by computer
(Gcneywell 400) are tabulated in Table 14 alomg with standard

deviation — .



Table 10 1 Volume chenge om miming of nebutamol (1)

and neheptane (2) system at 2§°C
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Br, I' ‘M "
Boe  sole frectiem of (=1 mole™)
nebutanel
1 0.025% 0.68109 0.0933
2 0.0506 0.68294 0.1401
3 0.0785 0.68482 0.1712
4 0.1063 0.68730 0.1890
5 0.1508 0.69105 0.2086
2 0.2110 0.69637 0.2255
7 0.2751 0.70241 0.2369
o 0.3420 0.70907 0.2357
9 0.4008 0.71542 0.2143
10 0,4999 0.72692 0.1822
1" 0.5998 0.73955 0.1437
12 0.6746 0.75000 0.1061
13 0.7449 0.76045 0.0733
14 0.7999 0476920 0.0%09
135 0.8482 0.77730 0.0345
16 0.9010 0.78665 0.0188
17 0.9502 0.79581 0.0148




Table 11 1 Volume change om mizing of feoe-butamol (1)

and neheptane (2) systesm at 25°C
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Br, x, t“ "
No. mele fraetion of (m2 mole™')
iso-butancl
1 0,05190 0.66267 0.1441%
2 0.1089 2.60662 0.2313
3 0.1504 2.69004 0.2801
4 0.2516 2.69841 0. 3461
5 0.3483 2.7073% 0.3713
6 0.4%09 0.71790 0.7522
7 0.5464 0.72870 0.%103
B 0.6410 0.74057 0.254%
9 0.7458 0,75567 2. 1780
107 0.852¢ 0.77162 2.1094
" 049802 0.76863 0.0%61




Table 12 3+ Volume change on mixing of sec-butamol (1)

and neheptone (2) system at 25°C

fad

Sr. x4 t“ "
o, mole frectiom of (w2 sole™)
sec~butanol
1 0.0501 0.68270 0.,1543
2 0.1035 0.,68637 0.2845
3 C.1502 C.68986 0,377
L 0.2024 0.6%408 0.4409
5 0.3000 0.70261 045357
6 0+4025 0. 71272 Ce5704
7. 0,5037 0,72389 0.5452
& 0,5974 0.72870 C.4811
e 0.6953 0.74919 0.3728
10 0.8015 0.76556 0.2376
" C.B505 0.77390 0.1943
12 0.8976 0.TBA32 061254

0



Table 15 : Volume change om mizming of tertebutanel (1)

and neheptane (2) eyetem at 26°C

Br, =, ‘“ v
Ho, mole fraction of (m2 -olt.')
tert-butancl
1 0.0294 C.67982 0.1795
2 0.,0523 D.868085% 0.2920
3 0.1018 0.68360 0.4172
< 0.1504 0.68644 0+5400
3 0.2503 0.69294 0.7188
6 0.3467 0.69980 0.8635
T 0.4515 0.T0820 0.971%
8 0.,5508 S.71710 1.019%
9 0,6317 0.T2762 0.9961
10 0.7503 0.73946 0.8648
" 0.8246 0. 74985 0.6704
12 0.8509 0.T83713 0.5999
13 0.8972 0.76110 0.4413
14 0.9499 0.77023 0.2119
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Table 14 1+ The least square econstants of the
relation between V‘ and =, for
isomeric butancls with neheptane at 25°C
o

Syetem A B ¢ P (Etanda-d
deviation)
aebutancl 0408245  1,11984 «2,69571 1.43182 0.24 = 10~
iso-butanol  0.06011  1,19341  «3,54737 1.5603% 0.41 = 10~2
eoc-butancl  0.01350 3,08509 =5,04582 1.95438 0.50 x 10°2
tert=butanol 0,14608 2.54242 «0,47393 <2, 2264 0.8% x 107
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It i® elear from Fig. 14 that V° 4e positive throughout
the concemtration range for all the four systeme. It is well
established fact that aliphatie alechels are stromgly assceiated
with hydrogen bonding and these apecier are brokem on dilution
with nonepolar solvemt, The positive exoess volume change on
mizing i therefore attributed to the dissocciation of asscointed
species o aloochols on dilutien with n<heptane,

It ie obvious that branching of the alkyl chaim of alechols
has & ocomsiderable e feot on the volume change on mixing., The
change in magnitude and eyametry is obeerved among the curves

wvith the branching of alechols, The gemeral structure of

isomerie butancl is shown below, "y
i
| S ‘]'"ll
l
? H 4 H 8 | =&
| | |
He © @ b @ ¥ o Camuii 1 ! l
, | | | ! |
[ | | '
nebutanol B H &K iso=butanol
H B
| I
He- ¢ =H HeC=H
E & H
( | [ |
HoC @«C o= a0l He ¢ Ow OH
| i | |
HE R B H E-CH
B
sec=-butancl

tert=butanol
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The maximum shifte towarde the higher mole fractien of the
aleohol a2s the substitution of the methyl group shifte towarde
7 = oarbon atom, Thue the maximum volume ohange on mixing for
n, iso, ve¢ and tert butancle eare obtained mearly at 0,279,
0.348, 0,40 and 0,55 mole fractions of the respective aleohols,
Browa st .12 have studied the volume change om mixing of
isomeric butancls with bensemne at 25°C, They also cbtained
the maxima at nearly the same mole fractioms of aleohole,

The 73 ye =, ourves (#4g. 14) suggent the probable
stoichiometry of interaction, The maxima at 0,279 mole
fraction of nebutancl in the {iret syetem indiocates that ne
butanol probably has & tetrameric association iwm pure ligquid
etate, In the same way the maximum " at 0,55 mole fraction
of terte=butancl indicates the poseibility of predomimance of
dimerie especies in pure liquid state, It may be noted that
higher polymeric species decrease as the substitutionm of the
methyl group approaches the X wcarbon atom, Thie is in comsistent
with the obsurvatiocon that sterie hindrance increases ae we go
from iso to sae to tertebutancl, Thue the magnitude of the
volume change on mixing increascs im the following order
tert<buCH ) Nec-BuCH > ieo«BulH > nebucH
Brown et 51’ have alse noted the same trend for these alechols,

It is clear that V" in case of tertebutancl 4w 330" more
than that it not only depends on the number of hydrogen bonde
broken but also on the shape of the molecules., The nebuteamol

wmoleocules are elongated and plamner similar to thoee of



nehzptane, The molecular alignment of these moleocules on
mixing ie therefore likely to be ordered due to Vandsr ¥aal's
forees, The tertebutancl meleeules, on the ocontrary are bulky
and spherical and on mixing with n<heptane these noleoules are
likely to be more random indicating higher ". The spherical
tert-butancl meolecules may also destroy the ordered alignment
of peheptane molecules,

the walues of "I'I.’l Xg =, were plotted and the
extrapolated values of x, = 0 and =, 2 0 are listed in
Jable 15, The values of partial molar excess volume " for
nebutanocl i® 6,0 m21/mocle that for neheptane is 0.2 ml/mole.
Ihese wvalues are im good agreement with the walue obtained by

Iresascmonowios and Bon.ua‘

for the sape system at 25°C, As
seen from Table 15 the magnitude of partial molar execess
volume ?B folleove the trend ae

tort=Bulll > eee=Budi > 180=BulH > neBuoH

71

This trend is the same as obtained in the case of excess wvolumes,

The partial excese molar wvolume of neheptane ie affected
by the structure and the shape of the aleohol molecules, In
the cace of nebutancl with straight alkly chain the value of
vV of neheptave is 0.2 ml/mole vhereas inm the case of isoe
butanel and sec-butancl the corresponding walues are 0,7 and
1.0 =l/mole respectively, It may be moted that the shifting
of the methyl substitution from F; to 2. ecarbon atom of the
aloohol makes & small change in symmetry accompanied by a emall
increase in “" i.¢0 0,3 wl/mole, The large walue of v in

case of tert-butamol i.e, 4.1 ml/mole ie believed to be due to



Table 15 @

Partial meolar excess wvolume

Syetem =4 —> 0 x, — 0
(w2 more™") (md mole™')

n-butansl 6.0 0.2
iso=butanol 3.7 0.7
seo=butanol 3.4 1.0
tert«butancl 7.2 4.1
n=propsnol 8.0 1 .1!.
iso-propanel 9.1 Q.I‘.

* Ref No., 3 & 4



the presence of two methyl groups in . carbom atom of the alkyl
chain,

Van Ness et n"‘

have studied excess volumes of ne and
iso~ propencl with neheptane at the same tenperature, The
results obtained by them on partial molar ex¢ess volumes have
been tabulated im Table 15. On comparing the results cobtained
by them with our results, our amalogy of more random distribution
of n=heptane moleocules due to mining with spherical mol ecules
seems to be reasonable,

Thue 4t seemes that execens volumes mainly depend on hydrogen

bond breaking and the structure and shape of alochol molecules,
(p) BACESE Paks sHEWGY OF WILING 3

The excess free energy of mixing for all isomerie bdutamole
with neheptane were caloulsted from fecothermal wpour liguid
equilibrium dnta obtained at 55°, 65° and T75°C, The vapour
liquid equilibrium data for n, 4iso, eec and tert-butancl syetems
at 55%, 65° and 75°C have been given in Tables 16,17, 18 and 19
e a funotion of liquid mole fraction x, of neheptane and the
corresponding mole fraction im vapour phase Ty The xey diagreme
for each syetem at three temperatures are plotted in Fig., 16,
17,18 and 19, The pressure eompoeition curves (Pex,y) for all
the butancle are shown in Fig., 20,21,22,23,24 and 25 at d4irferent
teuperatures,

The xey diagreme are '8' shaped , FPex,y diagmme shov the
presence of aseotropes, The concemtratiom at which the ameotropes
were formed are listed in Table 20 for all the alechols at

various tenperstures,
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Table 16 3 Vapour liquid equilibrium data of

ne=heptene (1) and nebutanol (2)

aystem at 55°, 65° & T5°C

Er., Hole fractiom Mole fraoction b3 Y‘ }. *
Ho. of n-heptane of neheptane (in mm) J nh"
im liquid :1 in vapeour "

At 55¢6C p‘-ﬂ’nv,-u-

1 0.0055 0.1095 51.2 5.948 1l1.018 26
2 0.0503 0.5008 90.0 5.213 1.047 347
3 0.1083 . 0.6391 119.2 4,080 1.069 S77
L 0.1482 0.6950 137.1  3.728 1.082 T16
5 0.2432 0. 7500 155.1 2,769 1,129 925
6 0.3432 0.7858 167.7 2.221 1,204 1079
7 7.4926 0.8104 176.2 1.674 1.448 1205
8 0.6415 0.8311 184,0 1,376 1,906 1188
9 0.7597 O.8411 186.8 1,194 2.717 1023
10 0.8268 0.8544 189.0 1,127 3,493 861
" 0.B758 0.8653 187.0 1,067 4.461 661
12 0.%303 o.8828 184.6 1,011 6,828 392
13 0.9596 0.2100 . 1.1 0.992 8,878 220




Table 16 continued

Sr. Nole frectiom Mole frmotiom P Yo Vo ¢
Ne. of n-heptane of mneheptene -t
in liquid =, in vapour y, (in mn) J mele
At 65°C Py * 2534 mm Pp = T77.5 mm
1 0.,0245 0.2542 106.3 4,393 1,046 224
2 G.0645 0.4977 152.5% 4.676 1.031 410
3 0.07%0 0.5800 184.1 5.645 1,071 543
4 0.1504 0.69%50 233.0 4.258 1.069 TT0
5 0.2008 C.7197 245.0 3.466 1.096 908
6 0.8%42 0.7450 256.1 2.960 1,116 1003
7 03000 0.7585 262.,0 2.602 1.167 1109
8 ¢.37%0 0.7791 £70.5 2.21% 1.218 1184
9 0.4501 0.7918 €76.1 1.913  1.3531 1262
10 0.5344 0.7962 280,1 1.644 1,526 1299
1 0.6503 0.81%0 284,.6 1.404 1,917 1288
12 o.7212 0.,8206 205.,7 1.280 2,341 1167
17 0.7753 c.8241 263.0 1.193 2,841 1043
14 C.B317 G.8328 265,.1 1.124 3.608 8&7T9
15 C.9000 0.8600 2e82.3 1.063 5,034 608
16 0.9438 0.8808 279.4 1.027 7.509 390
17 0.9799 0.9541 270.0 1.039 T.859 212

continued



Table 16 continued

Br., role fractiom Mole fraction P -\ Y’ O.
¥No. of n-heptane of neheptane
in liquid =, im vapour v,

(mm) J mole

At T5%C Py - 361.3 wm Py, = 120.7 mm
1 0.0462 0.3830 198.1 4,590 0,9926 225
2 0.0668 0.4634 232,7 4.%500 1.106 37
3 0.1125 2. 5700 288.4 4,062 1,076 644
4 0.17857 0.6600 347.0 3.604 t1.098 8™
5 0.2090 0,6842 367.4 3.329 1.128 997
6 0.2723 0.7222 389.3 2,8%2 1.147 1112
7 0.3755 0.7500 404,0 2,227 1.234 1252
8 0.4819 0.7718 412,0 1.820 1,390 1329
9 0.5389 5.7800 415.0 1.658 1.5%0 1339
10 0,6230 0.78%9 416.7 1.457 1.776 1307
" 0.7201 0.7900 418,0 1,266 2,399 1200
12 0.8111 0.2105 418.5% 1.153 3.,292 938
1 0.8653 0.8208 413,6 1.081 4.290 77
14 0.9014 0.8338 409.0 1.046 5,222 589
15 0.9476 0.8674 404.8 1.003 7.843 323

16 0. 9089 0.9456 3e5.0 1.017 14,340 133




Table 17 @
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Vapour liquid equilibrium data of n-heptane (1)

end isoebutancl (2) eystem at 5859, §5° & T5°C

Sr, Mole fractiom Mole fractiom P Yo Ta *
Fos of neheptane of meheptane -t
in liquid x, in vapour y, (in om) J mole
At 55°¢C Py = 173 mn Py = 70.4 om
1 0.0298 0.2720 93.6 4.965 0.994 114
2 0.07%7 De4461 120.1 4,106 1,020 3%e
3 J.1392 0.5724 148.6 3.538 1.042 576
4 0.2671 0.8768 180.0 2,635 1.119 932
5 0.3%10 0.T7087 190.0 2.205 1.2 1100
3 0.4314 047268 196,2  1.906 1.327 1198
7 0.5008 0.7340 200.0 1.690 1.501 1269
8 0.5611 0.7506 203.1 1.570 1,624 1279
9 0.6498 0.7633 206,0 1.395 1,960 1232
10 0.T047 0.7680 206,5 1.296 2,283 1164
1" 1o 7799 0.7811 207.0 1.195 2.898 1018
12 0.875% 0.8046 200.1 1.100 4.462 T34
13 0.9089 0.0296 197.1 1.038 5.194 502
14 0.9733 0.9154 182,9 0,995 ©.174 140

cont inued



Table 17 continued
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6r. Hole fraction Mole fractiom ¥ [ A o*
No., of neheptane of n<heptane -1
in liquid x, in vepour y, (in am) J mole
At 63°C Py = 253.4 Py = 119.8 an
1 0,05 03346 175.3 4.507 1.023 275
2 0.1009 0.47T07 208e.1 3.819 1,023 438
3 0.1808 o.581 248.7 3.152  1.0%4 697
< 0.2356 0.6230 264.4 2,7% 1.080 837
5 Ce2860 0.6507 276.5 2.479 1,119 955
6 0.3239 046676 283.0 2,298 1.151 1024
7 243754 0,68355 289.1 2,018 1.201 1095
8 0.4148 0.6981 293.6 1.936 1.264 1155
9 D.4690 0.7047 298.3 1.762  1.377 1218
10 0.5515 2« T199 304.0 1.560 1,570 1259
1" 0.6006 S.7310 306.1 1.465 1.703 1242
12 0.6610 0.7425 308.5 1.362 1.936 1203
13 0.7%38 2.7565 309.1 1.7220 2,525 1061
14 048243 07703 305.8 1.123 3,308 @&s8
15 0.89298 0.8073 298.2 1.093 4.742 568
16 0.9544 0.8509 289.9 1,016 7.84% 307

continued



Table 17 contimued
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5re Nele fraction MNole freotiem P Y9 Ve
No. of n-heptane of neheptane -l
in liquid x, in wepour y, (in om) J mole
Ag T5°C Py = 361.3 na Pp = 204.8 me
1 0.0465 0.2713 265.7 4.314 0.9988 %5
2 0.,0860 Ce38T 309.3 3.865 1,007 386
3 D.1358 0.4708 348.3 3.242  1.035 559
a C.1954 D.5527 J85.4 3.013 1.037 725
5 0.2508 C.5908 402.6 2,698 1,064 833
é 743200 0.6254 418.0 2,254 1.114 265
7 0.3841 0.6480 428.7 1.994 1,185 1070
8 0.4489 0.6647 436.1 1.779 1.282 1146
9 0.5108 0.6800 442,5 1.623 1,399 119
10 0.5508 c.6852 445.2 1.525 1,507 1207
1" 0.6052 D.6982 445.0 1.426 1.658 1200
12 C.6512 0.7054 451.0 1.345 1,840 1735
12 0.7136 0.7200 454.1 1.288 2.140 "»
14 0.8307 0.7819 447.1 1.114  3.165 825
15 0.9186 0.8101 434.6 1,085 4,900 s19
16 09586 28794 412,3 1.042 S.8 326
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Table 18 ¢ Vapour liquid equilibrium dets of meheptane (_1.).

and secebutanol (2) syetem et 55°, 65° & 75°C

S8r. Nole fraction Hele fractien 7 s Yy ¢
He., of neheptane of neheptane
in liquid x; in vepour y, (in me) J mole™!
At §85°C Py = 13 mm P, = 104.6 am
1 0.0678 0.2979 139.6 3,999 1.002 240
2 Oe10%0 Do 5810 156.1 3.276 1.028 406
- 0.%623 0.4616 173.0 2.843 1.058 se9
4 D.2122 0.5261 185.9 2,663 1.064 699
5 0.2085 0.5663 196.6 2,242 1.136 e7s
é 0.3249 0.5809 200.4 2,066 1.182 251
7 D.4014 0.6052 205.9 1.79 1.29 1054
8 0.4590 D.6212 2035.7 1.663 1.357 1086
9 0.4998 0.6403 211,.5 1.379 1.445% 1109
10 D.5492 0.,6533 213.0 1.459 1.5838 1109
" 0. 58937 0.,6650 214,59 1,395 1.662 1104
12 0.6263 2.6764 215.6 1.340 1.774 1083
13 7.6989 0.6978 215.7 1.239 2.038% 995
14 JeT4EY 0.7 213.1 1.168 2,319 894
15 0.8014 0.7288 21.5 t.108 2.744 770
16 0.8386 0.7508 20%.8 1,081 3.077 675
17 0.9074 0.7881 206,8 1.035 4.495 464
18 0.9731 02,8990 88,2 1.003 6.722 148




Table 18 contimued

QT

Sr. Hole fraction Nole fraction P s L a®
No. of n<heptane of n-heptane
in liquid %, in wpour y; (in ma) J mode™!
At 65°C » = 253 .4 m Py = 174.4 mn

1 0.,0755 0.2706 229.7 54253 1.038 b1
2 0.1153 0.3592 247.1 J3.039 1.022 413
3 0.1487 0.4082 260.2 2,818 1.032 508
4 0.2008 0.4731 278.0 2 .58% 1.045 634
5 Ce2346 0.5001 288.,0 2,418 1.072 T30
[ 0.2783 0.5360 299,53 2,268 1.098 ae9
7 0.3234 0.5582 308.1 2.09 1.145 928
8 0.3945 0.9868 3%5,2 1.843 1.224 1021
3 0.4592 0.612% 320.0 1.677 1.7504 1069
10 0.5173 0.6270 J29.7 .5 1.4%4 1089
1" 2.550% 0.6279 328.9 1.447 1.519 1100
12 0.5%02 0,6403 324.8 1,368 1.654 1090
13 0.,6%503 0.6489 J25.0 1.274 1.856 1048
14 0. TA92 0.6643 323.0 1.128 2.460 882
15 o.211a 0.6931 319.1 1.070 2,959 T28
16 0.8508 07313 313.1 1.058 3209 696
17 0.2842 047533 307.5 1.030 3,730 503
18 0.942% 0.8229 2%6.8 1.020 5.208 7

continued



Table 182 osontinued

sr. Role fraction Nole fractiom P Vs Ve @
No. of n-heptane of n=heptane
in liquid =, in vepour y, (inm we) 7 wola™"
At 75°C Py = 3613 m Pg = 278.9 ma
1 0.0748 10,2338 349,.8 3,283 1,008 277
2 0.1373 0.3638 385.9 2,826 1.095 480
3 0.1882 0.4308 412,3 2,998 1.0%0 592
4 0.2433 0.4778 432,1 2,337 1,061 729
5 0. 2983 0.5173 450.4  2.151 1,103 86
6 0.2452 0.5336 456.1 1.940 1.154 938
7 73891 0.5522 464.4 1.812  1.210 1007
0.4596 0.5838 472,0 1.648 1.2082 1086
9 043022 0.593 4T2.8  1.535  1.373 1079
10 0.3303 0.6031 475.0  1.48% 1,425 1089
1" 0.3344 0.6075 475.2  1.485 1.422 1086
12 0.3739 0.6176 475.9  1.407 1,517 1082
13 0.,6193 0.6204 476.6 1.309 1.68%8 1060
1 0.6%80 0.6425 470.4  1.19% 1,979 949
15 0e7T537 D.8624 466,39 1.127 2.272 846
16 0.,7580 0.6823 458,35 1,079 2,387  T24
" 0.06847 0.7275 446.7 1.05% 3.201 542
18 0.9088 0. 7723 434,2 1,017 3.859 400
19 0.9592 0.8570 410.3  1.011 5,125 223
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Table 19 3 Vapour liquid equilibrium data of n<heptane (1)

and terte-butanocl (2) system at 55°, 65° & 735°¢

82y, MNole fraction Mole frectiom b 4 Y, Y; l'
Nes of neheptene of n<heptane
in liquid =, in vepour y, (in mm) J mole
At §5¢C P = 173 ma Py 227.3 o=

1 G.0968 02002 25e.0 2,975 1.007 n
2 0,1592 00,2685 268, 2.59 1.02% 470
3 0.2012 0.,3111 274,90 2.470 1.038 561
4 0.2422 0.33%33 272,5 2,199 1.076 671
3 0.20812 0.35536 282,2 2,034 T.113 754
6 0.3633 0.4031% 80,5 1.024 1.190 898
7 0.4213 0.4208 289.1 1.689 1.248 953
B 0.4496 2.4511 289,5 1.66e 1.266 279
9 0.%144 0.4742 286,9% 1,515 1.361 291
10 0,5666 0.4299 284,68 1.439 1.440 993
1" 0,6060 0.%169 231,7 1.37e 1.516 276
12 0.,694673 0.5444 277.1 1.260 1.766 9220
13 0.7604 0.8830 269,34 1.188% 2,060 825
14 0.7948 0.%9%81 263,9 1.139 2.270 740
15 0.,8496 0.6480 253.6 .70 2,607 616
146 0.8865 0.6736 2435.9 1.074 J. 111 524
17 0.9144 0.7080 237.¢7 1.054 3.967 430
1e

0.9626 0. 7885 219.6 1.033 5.466 2%s

continued



Table 19 continued
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Sr. Hele fraction lole fractiom 7 y; Y; ¢
No. of nehoptane of n-heptane
ie 1iquid x, in vepeur y, (im =m) 7 mode™
At 65°C p, = 253.4 =m Py ® 365.1 m

1 0.0746 041477 398.6 3.047 0.2 292
2 2.1316 0.2140 407.5 2.614 1,008 M
3 042935 0.2880 423,9 2,232 1,048 384
4 0.2529 0.3136 430,2 2,086 1,076 676
5 0.3018 0.3432 435.7 1.932 1,119 778
2 0.3421 03604 440, 1 1.847 1.153 @33
7 0.3981 0.4026 45,0 1.755 1,205 944
e 0.4389 0.4151 41,6 1.6290 1.256 960
9 045017 0.4426 437.8 1,507 1.337 980
10 0.5400 0.4595 433.6 1.440 1.391 979
1" 0.5998 0.4873 428.0 1.387 1.49% 964
12 046530 0.5071 422,.4 1.280 1.63%8 934
13 0.T144 0.5374 43,2 1.293 1.828 e72
14 0.7670 0.5616 403,9 1.156 2,078 M
15 0.8016 0.3818 396.19 1.924 2,283 723
16 048396 0.6108 285,0 1.096 2,541 637
17 0.8821 <6487 372,2 1.072 3.036 539
1e 0,929 S.T083 47.9 1.040 3.923 374
19 0. 9861 0.847T 297.6 1.003 8.959 9

econtinued



Table 19 continued
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Sr, Hole fraction Nole fractiom P A T, oF
Ne. of ne<heptane of neheptane
in liquid x, in vepour y, (in wm) 7 mole™!
At T5°C py = 361,53 mm Py = 564.1 ==
1 0.1066 0.1586 607.9 2,467 1,013 30
2 041486 042037 622,3 2,321 1,030 435
3 0.1888 0.2396 634.4 2,194 1,051 561
4 0.2296 042716 642,1 2,068 1,073 640
5 0.2674 0.2998 650.0 1,984 1,097 727
6 0.3123 0.3247 658.1  1.861 1.141 825
7 0.3510 043483 662,0 1,786 1.174  ©91
8 0.3999 0.3720 660.2  1.670 1.220 938
9 0. 47T 0.3880 655.9  1.453 1.354 978
10 0.5238 0.4111 650.9  1.390 1,421 983
1 0.5936 0.4424 641.9 1,303 1.556 975
12 0.6389 0.4627 638.9 1,280 1.668 948
13 0.6997 0.4918 620.6  1.190 1.857 @89
14 0.7482 0.35273 604.2 1,161 2,006 e32
15 0.8244 0.5728 574.4  1.091 2,476 668
16 0.8938 0.6472 530,2 1,052 3.127 481
17 0.9439 0.7222 487.9  1.025 4.294 308
18 0.9061 0.8190 42,2 1,011 10,140 126
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Table 20

-oncentrations of neheptane fowming

aseotropes st different temperatures

in ieomeric butanmols

=, (mole fraction

ef neheptane forming

Systems asestropes)
55¢ é5° h §
n=butanecl 0.86 0,83 0 «.81
isc-butanol 0.78 0475 0.72
sec=butanol 0.70 0465 0.62
tert=butancl 0.43 0.40 0,35
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The soguracy of deata wae checked by Herington imtermal
thernodynanic consistency test>, The plote of log Y'/ Ya
¥8 x; for each butanol at these temperatures are shown in
Pdge 26,27,28 snd 29, The data were found to be consistent
better than 2,2, 3,95, 1.9 and 2,1% for n, iso, sec and tert
butanol syetems respectively,

The wmlues of ezcess free energy Gn vere oaloulated by
the equation 5 given im Chapter II (B)., The @ e =, plote
for my, isc, mec and tert<butancl systems have been shown in
Fige 30,31,32 and 33 at 55°, 65° and 75°C, The behaviour of
¢" with x, for mll iecmeric fome of butenole at eseh temperature
has been presented im Fig. 34, 35, 36 at 55°, 65° and T5°C
respectively,

The applicability of Van Lear uqutuu‘ to these eyotems
may be indicated by plotting 0‘/1‘8’ ¥R x, curves which ave
nesrly straight linee, The Van Lacr cometants A and B and 0 ,
the steandord deviation between observed vapour cocmpeosition and
ealeulated by Ven Lear equation for iecmerie butanocls at $5°C
are listed in Table 21,

The G’ ean be well represented by iledlich Kiester -mtlo-"
of the type

P e at[a‘ (‘-a‘) f’:‘ A, (idx')"“}

where =, ie the mole fraction of n<heptane in liquid phase, The
values of conetants caleulated by ccmputer (Homeywell 400) are
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Table 2Y 1 Van Laar comstante and standard

deviation ¢— Tor iesomerie butamole

and neheptene eyetems at 53500

Pysten A B g
(8 td,dev.in
vapour compoe
sitien)
nebutansgl 00,7043 0.9375 2.0704
iso=-butanol 0.,6278 1.0006 0,022%
sec=butanol 0.6346 0.T324 0.00%8
tert-butanel C.5118 D.T089 0,0156
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given in Table 22,23,24 and 25 along with standard deviation.,— .

The G° 1e found to be positive throughout the semcentraticn
range for all alochols at wariocus temperatures, The high wilues
of @ may be attributed to the breaking of hydrogen bonde in
self amssovisted molecules of butanocle, For a given temperature,
the values of G decresse from m to tert butenol. Thie phencmens
can be expleined on the basie of idealised model given by
Brown et .120

Aloohols are strongly asesocisted due to hydrogen bending
and these hydrogem bonds are broken on-du.utu- with neheptane,
Ap discussed by Brown et al the number of hydrogen bomds formed
in such & sixture at 2 given mole fraoction will be 2 Tunotion
of w/iT? and thue the number of hydrogem bonde broken will also
be another function of w/KT where w ie the Gibbe emergy. The
procese of hydregen bond bresking may depend om two factores
a) the hydroxyl group eontribution hN (w/K2,.C) abbrevinted se
Nh ©b) the chenge in the enmergy of imnteraction between the alkyl
chaine which are separated on breaking of hydrogem bomds, The
values of hydromyl group contribution Nh as caleulated by the
above workers for m, iso, ®mec and tertebutancls are 30,5, 29,0,
27.9 snd 24.8 kJ mole™', If it 4s sssumcd that enthalpy (h)
associated with breaking of hydrogen bonds ie independent of
the alochel for a given value of w, it may be coméluded that
the value of w decreases from n %o tertebuteancl, The same
behavicour has also been observed by us in the case of iscomerie
butanols with neheptane binery sixtures, Hence it ies clear that
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Table 22 § Coefficients "n along with standard deviation
g for relation between 0' and x.. of n-heptane
.
and nebutanol system at different temperatures
g -1
temp. A‘ ‘2 A, A‘ As J mole
55° 4T\7 -1115 2108 -1286 -154 19
65° 5143 -1244 1659 3384 3403 23
T3¢ 5382 324 1770 =1500 - 35




Table 23

115

Cgefficients A - along with etanderd deviation

O feor relation between l' and x, of n-heptane

and isoebutancl eystem at different temperatures

teap. A, A, A A, Ag 7 moda™
559 5342  -1034 1709 -1285 148 13
65° 4936  -1272 643 1436 1447 10
75 4730 - 832 1292 - 922 - 23
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Table 24 3 Coefficiente A- along with stondard deviation

~— for relation between G. and *, of n=heptane

and sec-butancl system at different temperatures

—

)
temp. Ay A, Ay A, Ag 3 mode™!
55 5787 -TT3 1419 -1240 856 12
65° 4372 -336 - 455 1760 1782 16

78° 4336 =502 - 551% T44 756 L




Table 25

120

Coefficionts A. along with standard deviationc

for relation between G and %, of neheptane and

tert-butancl system at different temperatures

or

Temperature Ay A, Ay A, Ag 7 nele™!
58 3970 -527 1391 -1028 1478 9
65° 3928 =439 200 -1124 <1120 9
78° 3958 <280 196 -1158 <1150 e




there is & proncunced effeet om 6" of the isomere of butanols,.
Ever if we oomsider om the basis of steric effeect, we find that
depending upon the deoressing values of Nh, fewer hydrogen bonds
will be eveilable for bresking from n to terts-butameol and hemce
a decrease in 0. valuee ie empected. It waes noted that esuch
decrease waz lese vieible at 55° vhere the values of G‘ for n
end ise butanols are nearly the same, This chservation also
agrees woll with thet of Browm et -1’.

It i@ seen from figures (30,31,32,33) thot the wlnes of
0’ decrease with inerease in temperature for all the systeme
etudied except for nebutancl, The dacrease in G’ with increase
in temperature is expected due to decresse in associated cpocies
as reported by Vileun and suom'. In the case of nebutamol
the values of cg are found to imerecse with imcrecce in
temperature. Such & behaviour was confirmed by careful repetition

of the experiments ecveral times, However, BErown et 51'

have
measured G. in case of nebutancl with bemseme at 25°%, 35° and
45° apd observed negligible change of 0" with tempernture,

In the cuse of tert-butancl the effeect of temperature on
05 ie noticed prectically negligible, The effeet of temperature
on Ol for 2l) the systems at equimolsar nixture has besn presented
in Pig., 37. It ie obvicue from the figure that all butanols
except nebutanol show similar behaviour,

¥hile acecunting the temperature effeet, it ies noted that
the ohange in temperature did not exhibit any shift im the mamisum
velue of G°, The mezime in G values for all alechols vere
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obtained at nesrly 0,55 mole frection of nehepiane,

It i@ also observed that the substitution of methyl group
in the alkyl chain of butanol does not show any effeet on the
maximum values of Gx at & partioulear temperature as they are
cbtained at the same mole frection of neheptane, Hence it is
elear that there i® no shifting of maxima towards high or low
mole fraction renge by substituting ndthﬂ. groups,

fegarding the effeet of temperature om aseotropes it can
be seen from Table 20 that the concIntration at whieh the
ageotropes are formed does not change with temperature, This
obeervation is alse supported by Vileu snd Ceneiee® in case
of iscbutancl and bensene at 45° and 55°C,

(0) &AX BB ERIHALRY 0F WIXING

The heate of mixing of n, iso, sec and terte-buteancl with
neheptane vere messured at 5%5° throughout the concentration
range. The resulte om heats of mixing l‘ as & funotion of
mele fractiom x; of butanol are presented in Table 26, 27, 28
and 29 alemg with the values of K /x,%,. The H® yg x, plets
are shown in Fig. 38, Huemng Nguyen et a1? have measured the
heats of mixing of ne-butanole-n<heptane eystem at the same
temperature by isothermal dilution calorimeter, Their results
along with our data are plotted in Fig, 39, 1t ie seen that
the values obtained by ue sre higher in the region x5 0.2
than those reported by them. The heate of mixing resulte

can be well represented by the omtu-'o
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Table 26 1 Heats of mixing of nebutanol (1)

and neheptane (2) system at $5°C

Er, x, e l‘/n‘:'
Ne. Hole fractiom of ne 7 mole™ K3 mole™!
butanol
1 7.0489 395 8,492
2 0.0820 528 7.013
3 0.1094 738 7.572
4 D.1182 809 T.762
5 0.1667 949 6.830
& 102030 1040 6.426
7 0.2548 1"a2 5.912
8 C.3027 1060 S.498
9 Ce3991 1202 5.012
10 0.4019 1212 5.041
" 0.4952 1Mee 4,752
12 0.5462 M43 4.611
13 0.6150 1088 4595
14 0.6561 1028 4.555
15 0.7070 930 4,491
16 0.7871 750 4.479
" 0.8279 627 4,401
18 0.8750 482 4,406
19 0,9146 357 4,570
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Table 27 1 Heate of miximg of iso-butancls (1)

snd n-heptane (2) eysten at 95'2-

Er.No. =y : u® l'/l‘l'
Hole fraction of iso- 7 mode™! K7 mole™!
butenol
1 0.0588 456 8.239
2 0.0765 568 8,042
3 o.0881 675 8,398
é 0.1033 735 T 7353
5 0.1270 858 T.7%
6 0.1276 840 T.546
7 0.1684 1018 T.249
L 042157 "7 6.719
9 0.2415 1215 6,624
10 0.2500 1293 6.469
1" 0.3293 1302 5.9T1
12 Je 3286 1268 5.775
13 0.3256 1323 6,023
14 0.3961 1345 S.624
15 044493 1383 5.469

continued



Table 27 coatinued
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SreNo. =g el I‘Iu‘:,
Hole fraction of iso= J uh.’ KJ mole
butenel
16 0.4498 1362 5.503
17 0.4840 1344 S5.301
18 D.5422 1320 5.317
19 0.5918 1248 5.165
20 n.6168 1236 5.228
21 0.6798 1104 5.0M
22 0.7469 963 5.094
23 J.8021 801 5.049
24 0.8478 661 S5.125
25 0.9085 4.9%90

%15
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Table 28 1 Heats of mizing of seocebutancl (1)

and neheptene (2) system at 55°C

Sr, = "y l’/s‘x’
e, Hole fraction of sec= Jd uh-' £J mole™!
butanol
1 0.,0538 479 9.407
2 0.0769 615 8,662
3 0.1066 758 T.959
“ 0.1289 832 Te943
-] 0.,1818 1084 T.088
6 0.2000 1352 Te199
: 4 0.2442 1255 6.79
8 0.2963 1380 6.473
9 0.3091 1247 6.307
10 043468 1400 6.179
1" 0.4028 1434 5.960
12 0.4112 1446 .97
L] 0.4952 1442 5.768
14 0.4953 1450 S.T723

aont inued



Table 28 continued
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or, = u® l'/-‘x‘
No. Hole fractiom of wvece J uoh" Ed uh"
butanol

15 0.5462 1596 5.630

16 0.6168 1350 5.7T11

17 0.6%79 1338 5.654

18 0.,6611 1264 5.64%

12 0.T103 152 5.598

20 0.74%8 1064 5.612

21 0.8007 89% 5.608

22 0.8557 708 5.732

23 0.9 468 .77




Table 29 1 Heats of mixzing of tert-butamol (1)

and neheptane (2) oystem at 335°C

129

Sr, =y e I’/a‘:.
No. Mole fraction of tert- J mole™' KJ mole™!
butanol

1 0.0%8% 4 8,552

2 0.0807 596 8.034

3 O.'O’.G 706 7.708

4 D.1122 53 T7.587

5 0.1333 a33 T«210

é 0.1584 937 T.028

7 0.2030 1040 6,427

e 0.2488 1158 6.195

2 C.3077 1246 5.848

10 0.3489 1283 5.647

11 0.4108 1309 5.390
12 0l-44‘3 1324 5369

13 0.4976 1320 S5.279

ocontinued



Table 29 continued
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8r. xy !. l./z‘l’
Ne. Nole fractiom of tert= J mole™' X3 mode™!
butanol

14 0.5679 1308 5.317

15 0.6511 1196 5.267

16 0.7244 1064 5.329

17 0.7862 900 5,353

18 0.8478 T4 5.533

19 0.8798 626 5.918

20 0.9143 462 5.896
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2
= n
B = = (1ex) . A, (2xe1)
vhere L. to A, are the oconstants and %y is the mole fraction of
butancl, The values of constante A, ond stondard deviation o
a8 oaloulated by a computer (Homeywell 400) are listed in
Table 30.

All the four eysteme were found to exhibit the endothermie
heate of mixing. The high endothermic enthalpy of miming may
be attributed to the breaking of hydrogen bonds in self
essoointed butancl meleecules, The meximum value of g was
obeerved in the case of secebutanocl, The sequence of l‘ maxima
a8 shown in Fig, J& is the same as reported by Browm e% -1’
for isomeric butancls with nehexane, It ie worth mentioning
that socebutancl has an asymmetrie carbon atom end henoe is
optically aetive which may be responsible for ite differvent
behaviour ameng the four isomere, Thie prodability has been
mentiomed by Voyoicks et al'' while studying the emthalpy
of mixing of isomerie butanols with n<heptane in very dilute
region at 30°C,

The maxime in all syntems obtained remained in the range
of 0¢4 %0 0,45 mole fraction, This indicetes that there is
little effect on the maxima by substituting methyl groupe in
the butanols studied, The !Il fall. valuee presented in Table
26, 27, 28, 29 are plotted in Fig, 40 cgainet g0 the mole
fraction of butanol, lig Iz =y plote give the energy change
assceisted with the imteraction of the two liquids while those



Tuble 30 31 Coeffiolente A- along with standard

deviation U for the relation between

 a x, of butenol at 85°C

Syetem Ao s 4 P
nebutanol 4715 «1619 -2112 27.4
iso=butancl 5346 -1396 -19%e8 28.7
secebutanol 5719 -1170 -2002 22,7
tert-butancl 5221 - 933 -2361 21,0
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l'/:1:' Y8 =, give the partial molar heats of -iuac". The
curves of H'/n,x, ¥8 =, vhen extrapclated to x,—> 0 give the
partial molar eathalpy of miming of the firet component at
infinite dilution while the extrapolated values at x, >0 is the
partial molar enthalpy of mizing of the second component at
infinite dilutiome In the present investigstion due %o
experimental difficulties ocur measurements could not be extended
to the regiom of x, {0.05 sc it was not poseible to get the
acourate value of H'/t'z: et =, >0, Such values if obtained
are the direot meassure of hydrogen bond energies of isomerie
butanols,

At low mole fraetiome of butamols where all hydrogen bomnds

are expected to break, the enthalpy of hydrogen bond breaking
should be in the order of n ’iso >sec > tert, This may be
attributed to the steric effect of the isomeric butancls, It
appears that tert-butencl would have maximum steric effeot
because of substitution of two methyl groupe at the “( =carbom
atom followed by secomdary butanol where ome methyl group is
attached to the O -carbon atom. The iso-butancl will have
emall steric elfeot due to substitution at P carbon atonm,.
The enthalpy of self association of theee iscmers is therefore
expected to deorease as n > iso >sec > tert, This trend ie also
supported by Geisler et a1'”? on the basis of 1i speetroseopie
studies on these isomeric butancls.

However we ¢ould not confirm these trends esince our

experiments could net be carried out at x, ( 0.05.



Table 31 1 Values of T5° at 55°C for

isomeric butansls
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=g ® mole™!
Heole fraction
of Butoned nebutanol isoebutanol eseoc~butanol terte
butanol

0.1 166 168 255 2%0
0.2 114 160 382 327
0.3 54 14 354 348
0.4 6 96 340 345
05 - 24 20 324 346
0.6 - 60 80 300 332
0.7 - 94 60 266 310
0.8 -138 42 210 238
0.9 -174 20 106 200
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At high mole fractiom of butancl the reverse trend is observed
due to oroseing of the curves and the trend becomes
tert > se0 > ise O
whioh is in agreement with Brown's cheervetions.
The walues of excess entropy T l’ at 55°C have been
caloulated with the experimental G. and I’ values presented

in Table 16 and 26 respectively by the expression

G‘ - x.- !Bn

at known intervals of mole fractioms, The oalculated values
of 15® are presented in Table 31 ar a mole fraction x, of
butanol and are plotted im Pig., 41 for ready comperisen. AlL
sysieme except m-butancl are found to exhibit positive excese
entropies throughout the comcentration range, The poeitive
excees entropies in the omse of 4eo, sec and tert-butancls
may be aseribed due to bresking of hydrogen bomde, The trend
of excess entropy ie found to be

tert > eee ) iso > =n
The doorease from tert to isc-butancl may be due to deeresase
in storie hindranoce,

In nebutancl cuse a 'S’ shape curve ie obtaimed, In thie
aystem at high mole fractiom of dutanol t:, }O.‘) 2s® values
are found to be negative whiech may be due to high reetriction
on transliaticnel and orientational movemente whioh reduce the
hydrogen bond breaking process and hemce low entropy. The
positive gs® in the lower mcle fraction region may be sseribded
to the larger number of hydrogen bonds broken by means of which
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Teble 32 1 Comparisom of H® values obtainmed

calorimetrically and obtained from

tenperature dependence of G‘ for imseo

and seo-butancl aysteme at 55°C

Sre MKole frectiom H emptl. 2 ocaca. % devistion
He. of butanol 7 wole™! 7 mede™!
Iso=butanol
1 0.25 1230 1176 4
2 0.35 1338 1600 19
3 0.40 1364 1600 17
4 0.45 1362 1600 17
5 0.50 1356 1692 25
6 0.60 1250 1600 28
Secw=butanol
1 G.3 1344 1702 26
2 0.4 1440 1466 2
3 0.5 1434 1428 nil
4 .6 1355 1600 18
S 0.7 1181 1500 27
6 0.8 900 128 25




11l

there is greater freedom in orientstionsl and translatiomal
movements, Thie in turn facilitates the incresse im entropy
ef the system,

(d) CALCULAZIUN OF M" FROK TEAPKAAIVAS DBZLNDLNGE OF @° ,

The wvalues of E° have been caleulated for ise end seo=
butancle by Gibbs Helmhots oquation making use of the
experimental §° valuce at 55°, 65° and 75°C shown im Table 17
end 18, The calouleted H® valuce have been listed in Table 32
elong with H® values obtained calorimetrieally for comparisen.
The H* valuee could not be easloulated im cave of mnebutanol
system due toe impreper ehange in G‘ with tempersature, wvhereas
tert-butancl 4id not exhibit any coneideradle chenge in
6’ vith temperature,
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BUNMNMAARKTY

The present studies are convcerned mainly with the chamgee
in thermodynamie propertiece such as excess volume (" )s excess
free emnergy (d'). excese enthalpy (l‘) and excese entropy (.’)
which ocour om diluting the ieomeric butanols with ne<heptane,
Sueh properties are useful in understanding the nature of the
internctions anong butancle eand n-hepteane, Various excese
properties wvis, "'. G’ and l" have been mevsured by using
pyknometer, modified Jones colburn reeirculating etill and
twin type calorimeter respectively.

The excess volumes of all the isomeriec butancle with ne
heptane have been determimed at 25° except that of terte
butancl at 26°C, All the four eyeteme shov & positive excess
velume throughout the concentration range., The exceee
volumee have been found to wvary im the order of tert > sec)
ieo \ n-butanocl, Thechange in magnitude and symmetyry is
obeserved among the curves with branching of alechols, The
maxime are shifted towards the higher mole fractiom of the
alechol as the substitution of methyl group shiftes towards
carbon atom. The order of excese wvolume has been attributed
to the breaking of hydrogen bonde of sssceciated epecies of
alechols by dilution with neheptane and more random distridution
of n-heptane molecules,

Isothermal vapour ligquid equilibrium data for isomerie
butanoles-n~heptane were obtaimed at 55°, 65° and T75°C, The
excese free onergy caloulated from these date ie found to be
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positive throughout the comcentration range for all eystems at
all the temperatures, The G’ deoreansee with the imorease in
tesperature, At each temperature G‘ decreases from n to terte
butanol, Thie decrease in free energy has been explained in
terme of idealised model, The hydrogen bond breaking procese

is expected to depend om two facterc, the hydroxyl group
contribution and the intersction emergy of alkyl chaine, In all
the systeme aseotropes have been observed, The aseotropes and
6. naxinma are independent of temperature,

Enthalpy of mixing mensured at 55° ie found to be positive
throughout the comcentration range which may be due to breaking
of hydrogen bonds in self associated butancl moleocules, Im low
mole fraction range of butanol the order of l' /l‘z' Y8 =, curves
is expected tc be m > 460 > mee > tert while the reverse trend
ie observed at higher mole fractions, The excess entropy
caleulated from G° and H' values ie positive throughout
concentration ranges for all eystems except nebutamcl., In this
case the 'S' shape curve ie obtained which may be due to high
restriction of translational and orientationsl movements,

l’ has been caloulated from temperature dependence of
free onergy for isc and sec-butanol systems and compared with
the exporinental values,
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