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ABSTRACT 

Relative viscosities for formic, acetic, propionic 

and butyric acids in aqueous s olutions were determined using 

a thermostated Ubbelohde flow viscometer in the temperature 

of 25 0 C to 65 0 C.From th e experimental results, excess 

viscosities 1E , excess volumes 6VE and flow activation 

energies E1 were calculated using Arrhenius type and Eyring 

type equations . Free energy of activation ~G~, activation 

entropy ~S.:j; and activation enthalpies .6.H~ were a lso eva luated. 

Explanations of these quantities in terms of acid-acid, ac id-

water and water-water inte ractions have been g iven with special 

e mph a s is on h y drogen bonding in solutions . 
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INTRODUCTION 

Viscosity i s a property which opposes the relative 

motion of the immediately adjacent fluid layers. This frictional 

resistance is due to the transfer of translationa l e nergy of 

momentum1 from the mor e rapidly movin g laye r to the more slowely 

movin g one when the fluid i s expose d to the shearing force. In 

a gas the momentum is transferred by the ac tu a l flight of 

molecules between the layer s an d th e int ermo l ecular collisions 

at the ends of the free paths of these f light s . In a liquid by 

contrast . the mome ntum transfer i s due to intermol ecu lar2 attractive 

forces between the mol ecules, which cause a fractional drag 

between th e moving layers. The flow of a fluid i s said to be 

laminar3 if points fixed in the fluid move smooth ly i l aye r s, one 

layer (l amina) sliding relative to another. Th e e lement a ry proc es s 

involved in laminar flow is pictured in fig. (1), which represent 

a small region of the fluid. The x-axis is chosen t o li e in the 

local direction of flow, the z-axis perpendicular to the laminae; 

V represent the velocityof fluid in the x-direction. Viscous 
x 

effect come into play if an element of the fluid is caused to 

change its shape as it moves . The coefficient of viscosity 1 

(express e d in poise) is defined as th e force per unit area needed 

to maintain the unit difference of velocity between parallel 

layers in the f luid one centimeter apart 

f x 

oV 't __ x 
o z ( 1) -

where f i s the s hearin g force per unit area exer t ed x 

in the direction of flow on the element of fluid between two 
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!_dX 
71 

f x dxdy r------. v + d v x x 

v 
x 

Figure-1. The quantities involved in equation (1) def ining 

the coefficient of viscosity. Actin g on the plane 

of area dxdy is the shearing force fxdxdy, which 

maintain the velocity gradient dV /dz . The shea-x 
ring force per unit area fx is proportional to dV /dz . 

x 

planes at the 

force acts on 

plane of larger z (an equal and opposi t shearin g 
r:N x th opposite face) and ~z is the velocity 

gradient in the z direction. The coefficient ~ depends on 

temperature, pressure, a nd co~position. A fluid is said to be 

newtonian fluid if, in laminar flow, "'1, is constant independent 

of the velociy gradient. The cgs unit for viscosity ( gr ams per 

centimeter per second) is called the poise. 

4-6 The hydrod:"ynami c theories for liquid and gas 

flow are very similar . The kinetic mol ecular mechani s ms di ffer 

as we might suspect from the different ways in which gas and 

7- 8 liquid viscosities depend on temperature and pressure . On 

the basis of the different temperature dependence of the viscQ-

cities of a liquids and gases, one must conclude that th e 

mechanism of flow is different for gases than for liquid. For 

a gas, viscosity increases with temperature and is practically 
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2 i nd e p e nde nt of p r essure . Fo r a liquid v i scosity increases with 

pressure and d e creases with incre a s ing t emper ature. Th e kin e ti c 

theory of gases ascribes v iscosity to a transf e r of mome ntum 

from one moving lay e r to another . As a result o f the th e rm a l 

motion, molecules may c ro s s from one layer to a noth e r. Th e 

fri~tion force betw ee n two layers of differen t ve lo c i t i e s r es ult s 

from the fact that molecules crossi ng from the f a st e r to th e 

s lower layer transport more momentum, on the av e rage, than the 

molecules passing in the reverse direction. Mome ntum i s f lowin g , 

th e refore, from the f ast e r to the s low e r lay e rs. This t r a nspor t 

of momentum tends to counteract the velocity gradi e nt se t u p 

by the shearing for ces ac ting in the gases. 

Th e v i s c ou s 9 b e h aviour o f gases i s fair l y we l l u nd e r-

stood according to the kine tic theory of g ases , th at of li quid 

is still only partial~ understood. For one thing the density 

of the molecules per unit vo lume in the liquid is so many t ime s 

higher than in gases that tr a nsf e r of mome ntum b y th e s imp l e 

occasional collisions of single molecule doe s not form a good 

approximation . 

Becaus e the re ar e no strong binding f o rces b e tween 

the~, as is the case with so lids , t h e layers of mol e cul e s in 

the slowly sl id e over on e another und e r the influence o f 

outside pressure. The viscosity of a liquid is a me asure o f th e 

frictional force between the parallel layers in mo tion , whi c h 
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arises from the attractive force between n eighb ourin g layers of 

groups of molecules, and therefore the measure of vi scosi t y 

7 10 of different mixtures and at various temperatures' can g ive 

information about the behaviour of these-forces. 

Th e typical dependence of liquid viscosity on temp e ra-
, 

ture was first pointed out by J. deGuzm a nn Carrancio in 1913 , 

The viscosity coefficient may be written 

"r') A [6.Ev is\ 
II = exp '\ RT / 

The quantity .6Evis is the energy barrier that must b e 

11 overcome before th e e l ementary process can occur. It is 

expressed per mole of liquid. The term (- L::.. Evi /RT) can then 

be explained as a Boltzman fa c tor giv ing the fraction of th e 

molecules having the requiste energy to surmount the barrier . 

Thus, 6 Evis is an acti va tion
12 

e nergy for viscous flow . When 

the viscosity of a liquid over a range of temperature is plotted 

-1 7 as ln~ vs T a linear grap h is usually obtained . 

P t ' t ' ,13 d t d h t resenlnves 19atlon were one 0 stu y t e na ur e 

of association of simple bifunctional organic molecule s in 

aqueous solution. We are reporting here viscosity r esults for 

b 1 · 'd14-17 (' f ' , " d b . car oxy lC aCl 1.e . ormlc, acet1c, prop1onlC an Ut yr.1C 

acid ) in aqueous solutions. The particular aspect under whica 

the association18 of these molecules is of interest is the 

hydrophobic interaction . 
19 

The contribution of hydrop hobic bond s 
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to th e stability of protein conformation in aqueous solut i on 

has been considered by several in vestigator s . Neme th y and 

20 Sch eraga developed a theoretical treatment of thes e inter-

actions which predicts amon g other thi ng, the thermodynamic 

parameters for pairwise hydrophobic bond formation b e tween non-

polar side chain. In order to verify and extent conclusions of 

this theory, experimental results are r equired on an adeq u ate 

model system. Dimer s of small hydrocarbo n mol ecules in aq u eo u s 

solution would be th e most satisfactory mod e l, but such dimers 

will not form because of the low solubility of hydrocarb o n in 

aqueous solution. Thi s necessit~tes the us e of model compounds 

containing polar group s . 

Th e carboxylic aci~represent a u seful seri es of such 

model compounds. It h as been s h ow n by several group s of inves-

. 21-25 h th b I" "d 26 - 32" " " tlg a tors t at e c ar oxy lC a Cl s dlme rlze In aq u eous 

solution. Rossotti a nd Coworker~3 have carried out the most 

ex tensive series of me a sure me nts and have shown that, whil e 

higher oligomers form in the solution of the acids aft e r acet i c , 

dimerization is the major processoccuring o~er mos t of the l ow 

concentration range for all the acids investigated . Th e wor k 

of Rossotti, el a1 24- 25 has been attacked by Daniels s on a nd 

Suominen34 , who showed that changes in the nature of the ionic 

medium in which the potentiometric titrations were c arried out 

l e d to the most of the deviation in the titration curves which-

Rossotti e1 a1 had interpre t e d as being due to polynuclear 

complex formation. 
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There has been some contraversy r egarding the reality 

f ' d ' d ' t' 34-35 o aCl -aC l aSSOCla lon . Th e argument was that medium 

effect mi ght have b een overlooked . This difficulty arose because 

it was not clear whet her the observed effect is to be count ed 

as a structural effect or as a background effect , 

For various qualitative reason s th e dime r s were expec-

ted to be of one of th e ex t e nded forms (II) or (III) not of the 

36 
cyclic form . 

O---HO . 

,f' '" R - C C - R 

". ,f' OH---:-O 

( I) 

R - C 
~O 

"OH---O 
~ 

HO/ 

( I I I) 

~O 
H. - C 

"OH 
I 

~O 
I{ - C 

OH 

(II) 

C - R 

Th e dimer izat ion constants increase as a function of the chain 

length of th e carboxylic acid. Suc h a chain l ength dependenc e 

does not appear in the dimerization con s t a nt s measu red in 

37 
nonaqueous so l vents wh ere the dimers are assumed to be primarl y 

cyc li c i. e. of t h e (I) form. 



-7-

Th e hydro gen bonds formed by water are not s ufficientl y 

s tron g to l ead to an appreciab l e co n centr ation of polymerized 

mol ecul es in th e vapour phase . Th e oxygen atoms of carboxyl 

group can, h owever form s tronger hydrogen . bonds leading to the 

formation of stable doubl e mol ecules of formi c ac id. Th e 

structure of the formic a c id dime r as d e t ermined by the e l ectron 

diffr a ction method 37 - 38 i s the following 

--2.70 AO 

O - H 
/' 

H-C 
~ 

0-- H 

o The value 2.70 A for the 0 -H --- 0 distance in this substance 

is smaller than that ~n ice, o 
2.76 A , as expect e d for thi 

stronger bond. Th e distance from each hydrogen atom to the 

nearer of th e two a dj ace nt oxygen a toms in the dimers of acetic 

39 0 acid has been report e d to be 1.075 ± .0 .1 5 A , this i s 

considerably greater than the value 1.01 AO for ice , as i s to be 

exp ected in cons equence of the increased str e ngt h of the 

hydrogen bond can b e accounted for in the fol l owing way . Th e 

resonance of the molecule to the structure 

gives a resultant positive charge to the oxy gen a tom which 

donates the proton in hydro ge n bond formation and thus increas e 
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the ionic character of t h e 0 - H bond and the posi ti ve c h arge 

of the hydrogen atom. It also give to the othe r oxygen atom, 

the proton acceptor, an increased negative charge . Both of 

these effects operate to increase the str e ng th of the O-H---O 

bond . 

Properties of pure carboxylic acid and the properties 

of their mixture have been discussed in term of formation of 

l · d' d f t tt t' . t t' 40-41 b cyc lC lmers an 0 s rong a rac lve ln erac lon etwee n 

the monomer and the cyclic acid dimers. We have also invest i-

gated the the rmodynami c and transport properties of binary 

liquid mixtures. E E The excess v iscosit y ( "I ) , excessvo 1 ume C"liV ) 

Flow energy of act i vation (E'1 ) a nd various thermodynamic para­

me t ers of activation of viscous flow h ave been determined from 

the experimental results on densities and viscosities for the 

system of carboxylic ac ids (i.e. formic, ace tic propanoic and 

butyri c acids) in aqueous solution at different temperatur es 

from 25 0 C to 65 0 C. 
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HI STORI CAL BACKGROUND 

Poiseu ille
42 

t h e great pio nee r in r esearch o n v i scos ity , 

fo und th a t some salt s i ncr eas e the v i s cosi t y o f wa t e r wh e r e a s 

ot h ers dec r eas e the v i scos i t y . 4 3 Sprung ( 1 876) appear s to hav e 

b een th e first t o meas ur e so lutions o f b ar ium c h lo ride a nd fo un d 

that ~t increas e d th e visco s ity of wa t e r. Hi s v iscos it y - conc e n-

tration curves a r e app r ox im a tely lin ear but h ave a n u pword t r e n d 

at higher conce ntrati o n whi c h indica t es a n incie a s in g dev i atio n 

from a linear limiting law. Arrhenius 44 a lso f oun d th at t h e 

line ar relation s hip h o lds approx imately ov er the l ower p a r t o f 

the concentratio n ran ge but that the viscosity i ncreases mo r e 

r ap i dly th a n th e conc e n t r a tion a t hi gh concentrat ion s . He 

prop os e d a n equat' n which is r educ i bl e to the form~ = AC
, ~ i s 

the re l a ti v e v i s co s it y compare d to that o f wa t e r a t the same 

t e mp e r a tur e a nd A is a n empiric a l co ns t a n t f or a n y s a l t a n d t emp e-

r a ture a nd thi s e qua t i o n i s o nl y a r ough approx i mation . Th i s 

45 46 
eq~ation h a s b ee n test e d b y Re yh e r , b y Wa gn e r a nd b y ot h e r s 

a nd f ound to hold within a few t e nth of 1 percen t . 

47 Suthe rl a nd s ugges t s th a t th e de p o l ym e rizatio n o f 

triple wat e r mol ecul es by th e di ssolved salt cau s e s dimi nution 

in viscosity . 

The n ext out s t and~n g inve s ti gator on thi s subj e c t was 

E. Grun e is e n4 8 , who made a c a r e ful a nd c riti c al s tudy of th e 

experime nt a l t e chnique with the Ostwa ld f o rm of v i s c ometer a nd 

the n ma de measure me n t s , whi c h a r e p r ob ably mo r e prec i se th a n 

any prev ious ly made , on aqu eou s so lutio n of s i x t e e n salt s a nd of 

s ucro se over a wide ran ge of con ce ntration s . 
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E
' ,49 lnsteln in 1906 deduced from the prin iples of 

hydrodynamics that if th e solut e could be regarded as made up 

of sph erica l incompressible un c h arged particles whi ch are l a r ge 

i n compar i so n wit h the mol ecules of the wat e r th e viscosity of 

the solution would be ~ = 1 + 2.5e, wh ere 9 is the total volume 

of the solut e particles per unit volume of so lution. 

Appleby, Schn e ider a nd Me rton 50 , fo und the Gruneisen 

effect with other salt s, but they did not give a satisfactory 

i n terp r e tatio n or derived a valid equation for the vari ation of 

the v i scosi t y with the co ncentr a tion. 

The .work of Merton 51 on cesium nitrate appears to be 

the most accurate and extensive study of salt which diminishes 

the viscosity of water. His work confirms the observation of 

app l eb ey o n lithium nit rate that at low temperature, negative 
. . 

s l opes and n egative curvatures are more p r onounced than at high 

temperature . 

Th e various h ypotheses which have been s uggested to 

account . for n egative vi scos ity a r e dis c ussed at considerable 

l e ngth by Robino v ich52 He · concluded that depolymerizatio n of 

water molecules must be responsible for negative viscos it y . 

Finkelstein53 extende d Einstein treatment t o so lution 

of binary e l ec trolytes in po l ar solven ts. He investigated mathe -

matically the effect on the viscos it y of th e relaxation time of t h e 
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s olvent dipoles a nd con c lude d that the e l e ctri c i nf lu e nce of th e 

ion s on, the polar solvent wi ll increase the Viscos ity p r oportio­

nality to th e conce ntr at i on. Neither Ein s tein nor Finkelstein 

account for the fact that some so lut e dimints h the viscosity of wa t 

Schneider
54 

has made measurements simila r to Gruneisens 

with many other salts, a lthoug h with less precision, and obt ai~ 

n~d similar results, s howi ng that Gruneis e n' s observation 

of negat ive curvature of t he viscosity - concentration curves at 

l ow concentrations is a ge neral one . He made no advance in t he 

interpre tation of the phenomena. 

Jones and Dole 55 also meas u r ed the viscos i ty of 

Barium chloride . It predict e d that at v e ry l ow conc e ntr a ti ons 

the viscosity of solutions of all strong e l ectrolytes will be 

greater than that of water , including salts which a t moderate 

concentrations show diminished viscosity . 

Cohen and Turnbel1 56 derive d from fund ament a l conside­

ration a relationship between temperature and fr ee volume which 

seems to unify the original Doolittle fre e volume equ a tio n. 

The thermody n amic dissociation constants (K a ) of ma n y 

carboxylic acidsin aqueous solution h ave been ob tain ed by conduc­

tivity measure ments. Where a c onsider able concentration ran ge 

has b een covered, Ka decreases with t h e concentration, and 
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Katchalsky Eis e nberg, and Lif son21 considered this can be 

attributed to dimerization. Their value fordimer dis s ociation 

constant Kd, wh e r e Kd = HA / H2A2 ' is 6.2 for acetic acid , which 

57 is i n good agreement wi th 5.4 derived by MacDougall and Blume r 

from vapour pressur e . However as Dav i s an d Griffiths 58 have 

poi n ted out, MacDougall a nd Blumers fingure is based upon erroneous 

data, and mor e r eas on able est imate g i ves Kd = 20 ± 3, b y thi s 

me thod. Dav i s a nd Grif f iths t h emse l ves from careful a nalysis 

of freezing point and distribution measurements, ob tain ed Kd,-J 30 . 

Thes e last two values therefore suggest that the figur e of 6.2 

from conductivity is too s mall, and a re aso n for this may be the 

neglect of the viscosities of acetic acid so lu tions, whi ch increase 

w ' t the ac id concentration. 

This point has been considered by Davies 58 with r e f e rence 

to the evaluation of the diss ociation con s tant Ka. 59 Mac Inn es and 

Shedlovsky conductivity measur ements lead to concentration dissoci-

a tion constants and when the log values of these are 

plotted against Ci ( where Ci is th e ioni c concentration), the 

p lot should b e linear, accordi n g to the Deby and Huckels theory 

Davis showed that if A 1/"10 i s us e d in s te ad, of A , wh ere '1 i s the 

viscosi ty of so lution and Y) is that of water, t he p l ot is linear o 

to much higher concentration. 

Several ' t' t 16,19,24 lnves 19a ors has shown that t h e -carb e 

xylic acids 'dimerize . i n aqueou s soluti o n . Rossotti and 

CoworkerE,O-1?:t1tve carr i ed out t h e most exten sive series of measurement~ 
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The work of Rossotti has be e n attack~d by Danielsson a nd Sumrninen 

who s howed that c h a n ge in th e n ature of the ioni c medium in which 

the potentiome tric titration were carr i e d out l ed t o most of the 

deviat i on in th e t itration c u rves which Rossotti h a d i nt erpr eted 

as being due to polynuc l ear comple x formation. 

13 H.G. Hertz and R. Tutsch a lso investigated th e 

nature of association of simple bifunctional organic mol ecules i.e. 

carboxylic acid in aqueous solution. 

P.Huyskens, N. Felex62 and F. Kapukun h ave also 

studied the influence of th e dielectric constant on the viscosities 

and on the formation of conductance io n s in binary carboxylic 

acids. 
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THEORE,T I CAL 

Flow as a Rate Process. 

63-67 Since the flow of a liquid is a rate process in 

so far as it takes place with a definite velocity under g iven 

conditions, it seems reasonable to suppose that the theory of 

the absolute reaction rates68 - 70 can be app li ed to the probl em 

of the viscosity. Consider two layers of molecules in a liquid 

at a distance \1 ap a rt, and suppose that one slides p as t th e 

other und e r the influence o f an appli e d force; i f f i s the force 

per square centimeter tendin g to displace on e layer with respect 

to the other and AU i s the difference in the vel o c it y o f th e 

two l ayers , then by definiti o n 

.... (1) 

Where~, is the coefficient of viscosity · The 

motion of one layer with respect to another is assume d to invo lv e 

the passage of a molecule from one equilibrium position to 

71 
another such position in the same lay er. In order that this 

passage shall occur, it is necessary that a suit able hol e or site 

shall be available, and the production of such a site requires 

the expenditure of energy since work must be don e in pushing back 

other molecules. Th e jump of the movin g molecul e from one 

e quilibrium position to the n e xt may thus be r egarded as equi va l ent 

. b ' 72 to th e passage of th e sys tem over a po tentl a l e nergy arrl er . 
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Let A be the distance b e tw e en two equilibr ium po s it i on s in the 

direction of motion, th e distance b e tw e en nei ghb ourin g mo l ecules 

in the same direction b e ing ~3' Th e mean distance b e t wee n 

two adjacent mol ecul es in the movin g layers at ri g ht an g l es 

to the direction of motion is ~2 as s h ow n in figure (1). 

f 

~I GA> 
y 

Figur e 1 . Di s t a n ce b e t wee n mol e cule s in a liquid; A i s 

the di s tanc e b e twe e n two equilibrium position . 

It i s reasonabl e to suppos e that the potential e nergy 

barrier is a symmetrical one, and so the distanc e betwee n th e 

initial equilibrium position and the activated state, i. e., the 

top of the barrier is i ~ , i . e . the half the di stanc e between 

th e in i tial and final positions of the mol ecules. Th e app li e d 

force acting on a s ing l e mol ecul e in the direction of motion i s 

f A 2 >. 3' sin c e ;, 2 ) 3 i s t he e f f e c t i ve are ape r mo l e cuI e .; 

h e nc e the energy that the movi ng mol ecul e acquir es wheti it h a s ' 

reached the top of t he potentia l energy barrier i s f~2~3 x i ~ , i .e . , 

i f A 2~3~' The effect o f th e force causing th e f l ow o f a liquid 
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is thus to reduce the height of t h e e nergy barrier in the 

forward direct ion by an amount ~f ),2 P 3 A, and the h e i g ht in 

the opposite direction will be raised by the same amount . 

If Eo i s the e n ergy of activation at O)Ko , i.e., the 

height of the barrier, when no force is acting oh liquid then the 

Shearing force 
-----------------+ 

, 
I 

I 

:rJ;
' 

/ 
, / ' -,"-- r- - ~-F ~ ), \ ! 

2-'- 23 : -- -i-
initial state 

., " I r- -·----- J./\------ +' 
I 

without s hear+. 
,/ ing force 

\ 

\ 

, wi th shear ing 
~ force 

-L-
\ 

!f 1.,. /\, ~ \ , " 
L.~ ~ ..... " 

final state 

k--------------- A -------------1 

Figure 2. Potential energy barrier for viscous flow, with and 

a nd without shearing force. 

numb er of times a molecule passes over the barrier, a nd h e nce 

moves in a ny direction, per second is given by 

(2 ) 

it being assumed that the transmission coefficient K is unit y 
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and the tunneling factor being neglected . In this equation 

F t - a nd F a r e the pal'ti t ion f unct i ol1 s , for uni t vo lume , of the 

molecule in the activ a t e d and initial s t a t e s r esp ecti ve l y . S in ce 

the height of the barri e r i s alt e r e d b y t f /1 2 'A 3 " wh e n t h e force 

causing the liquid to f low is appli e d, th e sp eci f ic r ate of f l ow 

in the forward dire ctio n , i. e . in th e dir e ctio n of for ce i s 

kf . . . . . ( 3) 

C /kT tf ~2 ~ 3A /kT o . e 

. . . .. (4) 

a nd th e specific r a t e in the backward direction wil l be 

(5 ) 

Ea ch time a mo l ecu le p as s es ove r th e potent ia l energy 

barrier , it moves throug h a distance).,; a nd since Kf a nd K b g i ve 

the numbers of times a mo l ecule trav e rses r e sp ec ti ve l y , i t f o llow 

that the distance moved by the molecule per s e cond, and h e nce 

also the rate of mot ion of t h e 1 ayer, is given by I<'f)' in o n e 

direction and Kb A in the o t her. Th e n e t rate o f f low i n t h e 

forward direction as a result of the application o f the fo r ce f , 

which by definition is AU, is thus equal to ( k f - Kb)~ ; 
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e . . . .. ( 6 ) 

..... (7) 

If the relationship from equation (1) for coeffici e nt 

of viscosity is introdu c ed, it fo ll ows 

. . ... (8) 

For ord inary viscous flow , f is relative l y small, of the order 

of 1 dy n e per sq, c m; and s ' nce .A
2
}), 3 and A are all of about 

mo l ecul ar d i me n s i o n s , - 8 
i.e . 1 0 c m; it fo llows t h at 2kT» f :>"2 A 3"2\ . 

It is thus possible, in e xp e ndin g th e exponential s inc lude d in 

equ at ion (8), to n eg l ect all terms beyond the fir s t; the resul t i s 

YL = 
>-1 f .2kT 

..... (9) 
2 ~Kf /1 2 /.3.>t 

If the e xpress ion f or the freque ncy K , a s g ive n b y 

(2) is now inserted in (9). 

= 
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),2 ~3 >- 2 · . . .. (10 ) 

Al though '" is not nec essarily equal to ':A l' the two quanti ties 

are of the same order of magnitude; a nd as a first approximation, 

they a re taken to be identical, equation (10) can be wr i tten as 

h Eo/la e · . . . . (11) 

The product A2 /1 3 /1 1 is approximately t h e vo lume inh ab it ed by 

a single molecul e in t h e liquid s t ate , a nd h ence it may be put 

equal to Vj N, where V is the molar volume and N is the Avogadro' S 

number; 

hN 
V 

F 
+ F+ 

tjkT e 0 

Tb~;is equation may b e wr itt e n in a noth e r form 

a nd the kinetic relationship 

+ + 
K + . = e - .6F-t- j RT 

· . . .. (12) 

· . . . . (1 3) 

..... (14) 

+ Wh e r e 6F+ i s the standard free e nergy of activation per mole.· 

It follows from equatio n (12). 
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Further, since .6F:\: may be replaced by ~Hi -T ~ S:t: 

+ -+ 
1= (hN e - ~s+ jR) e 6H+/.RT 

V 

· . . .. (15) 

· . . .. (16) 

Since the molar volume o f a liquid does not var y greatly with 

the ~emperature and L:-.S+being t aken co nstant, e quat i o n (16) 

takes the form 

.. .. . (17) 

A relationship of t hi s k i nd was suggested empirically 

by S. Arrhenius 73 and by J. de Guzman 74 and derived theoretically 

75 in a manner different from that g i ven above by E.N. da C . Andrade . 

The partition function fo r a molecule of liquid may be written 

F · . . .. (18) 

where the first t e rm o n the ri ght hand s ide i s the translational 

contribution of a single molecule mov in g in it s free vo lume Vf ; 

bl is the combined rot a tion a l and vibrational partition f unct i o n. 

The chief diff e rence between a mole c ule in the initi a l stat e a nd 

one in the activated s t ate for flow is th a t t h e latt e r has one 

degree of translationa l freedom less than th e former a n d if th e 

product of F t and F 'b is a lmost th e same in the two states, .as ro V l 

it ge nera ll y will be since the corr esponding d egrees of freedom 

a re not affected. 
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substituting this term in eq u a tion (12) g ives 

N C27Tm kT) ~ V1/3 (o/kT 
V f e 

The fre e vol ume 76 may b e r ep r esented as, 

CRTV1 /3 

N1 /3 AE vap 

· .. " (19 ) 

· . . .. (20) 

· . . .. (21) 

Where ~E is the mol a r e nergy of vaporization, c i s th e vap 

p a cking number and V and N molar volume a nd the Avogadro ' s number 

It follows that equatio n ( 20) may be writt e n. 

· . . .. ( 22) 

Upon taldng c as equal to , 2, i. e ., for cubic packing, inserting 

the known values for N a nd k a nd exp r ess ing R in calori es, so that 

~E is also in calories, equ ation (22) becomes. vap 

- 3 . 
1. = 1.09 x 10 x 

V2 I 3 6.E 
v ap 

E/RT e .. . .. (23) 

Wh e re M is the mol ecul a r weight of the substance under cons ider a -

tion and E is the activat i on energy per mole for viscous f l ow . 

75 
According to E . N. daC . Andrade th e viscosity of many l iquids can 

b e expressed b y means of an equation of the fo rm 
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THEORY OF MIXTURE VISCOSITy77 

There are two major semiempirical th eories of liquid 

viscosity . . Th e first i s the absolute rate th eo r y of Eyrin g 

a nd Coworker~8. Thi s re l a t es the viscos it y t o t h e free e n e r gy 

needed for a molecul e to overcome the a ttracti ve force field of 

its neighbours , so it can jump (flow) to a n ew equilibrium 

position . Thus the deviation of mi xtur e viscosity f rom thi s 

. 79-80 equ at lon (24) . 

In Y). (~4) 

should be related t o free energy mor e precis e l y , the excess 

f 
- . . 81-82 ree energy or mlxln g . The second semiempirica l theory is 

83 - 86 the free volume theory , whi c h relat e s th e viscosity to the 

probability of occuran ce of a n empty neighbourin g s it e into 

whi c h a mol ecul e can jump , so de~iati on ' from equation (24) can b e 

attributed to variation in the fr ee volume of th e so lu tion. 

Combining th e abso lut e rat e a nd fr ee vo lume th eori es 

f · . t bt . 78,88,87 h . . f tl l' o VlSCOS l y, we c a n 0 a ln . t e Vl SCOSlty 0 1e so utl o n . 

""L = A exp ~G=*= I RT + 1'V* IV fJ (2tJ) 

~G* is th e activation f r ee e nergy per mo l e o f so lution , R i s 

* t h e gas constant and T is the abso lut e t e mp e ratur e . V is th e 

e mpty volume which must be availabl e fo r a mol ecular s egment 

jump - in g to its n ew site , V f is th e vo lume per segme n t in th e 
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* solution, and Y is a factor of order unity. V is also identi-

fied with the h ard-core volume of a segment, and it is therefore 

implici~y assumed in equation (25) that viscous flow occurs by 

segmental motion rather than by motion of whole molecules . An 

equat ion of the same form hold for a pure components. 

Y\...i == A · exp 6G~/RT + "lV* IV f.; 
l 

... . . (2 0) 

Where the subscript lables the property of a pure comPon e nt i. 

(It should be noted that Macedo an d Litovitz87 write 

energy of activation, f or AG* in these e quatio n s ). 

Following Roseveare, et a1 81 , we now assume 

R 88 Where 6G , the residual free energy is closely related to 

h f f . . 89. t t f d t e excess ree energy 0 mlxlng d lS a cons a n 0 or er 

uni ty .. Here til. and --t both are equal to unity. 

Substitution of equation (27) in equation (~5) taking 

logari thms of the resulting equat i on and of equation (20) a nd a 

. 1 . l ' h . ld9d 
slmp e manlpu atlon t e n Yle 

6GR * I Xl 
RT + V (-V - V 

f f 
I 

(L;b) 
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Th e residual free energy of mixing can, in turn, be broken 

down into en tha lpy a nd e ntropy contributions. 

(~ 9 ) 

HM is the e nth a lpy of mi x ing per mole of solution 

R 88 S i s the r es idual entropy per mole ,that i s 

the e ntropy of mixing minu s the combinatori a l 

entropy. 

The residual entropy differs from th e conventionally d ef in ed 

excess 'entropy of mix in g in that the combinatorial entropy 

is not necessarily comput ed according to the i deal Ini xing l aw 

for molecules of the same size . 

Th e f re e volume p er segment is defined as the 

difference betwee n the total volume per segment and the hard-cor e 

volume. 

* V
f 

= V - V 

We define a reduce volume 

* 

. . . .. (30) 

V VjV (31) 

Upon s ub stitvtion of equ at ion (29--3:0 in to equation (28) we obt ai n . 

In ¥'lid + In "1 H In "l S + In "LV .. '" (32) 
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Energy of Activation for Flow a nd Energy of Vapor i zation7 

The energy of activation for viscous flow i s r e l ated 

to the work required to from hole in the liquid, the experime nt al ] 

observed activation energy E . may be expect e d to be some 
VlS 

fraction of .6.E. vap (Th e activation energy for viscos ity , i . e ., 

6E . , differs from the free energy of activation, 6Pt).Thus 
VlS 

E . 
VlS 

L\E __ vap 
n . . . . . (33) 

If the value of E . , g iven by equation ( 33 ) is now 
VlS 

inserted in ( 23) the result is 

-3 Mi T3 / 2 ~E/nRT 1.09 x 10 x e vap .... (34) 
V2 / 3 .6E 

vap 

In order to determine the factor n, which gives an indic a tion 

of the size of the hol e necessary for viscous flow, the v i scosi-

ties were computed from equ at ion (34 ) by use of integral and 

half integral value s of n from 2 to 5, and the resultin g fi gur es 

for log1 plotted against liT. For any value of n th e plot 

was either a strai ght line or, in some cases, a c urv e sl i ght l y 

convex toward the l/T axis; the value of n that gav e a plot 

parallel to the straight line of the computed data for log~ 

against l/T was taken as the correct one. From a n examination of 

the result for a numb~r of s ubst a nce s , it is clear that for mos t 
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nonassociated liquids, apart from metals , n lies between 3 and 

4. It appears that for no n polar molecules which h ave spherical 

or appro x im a t ely spher i ca l symme try n is near 3; b u t for polar 

mo l ecules .an d others, e.g., long-ch a in hy drocarbons l l 4 not 

h av ing spher i ca l symmetry , n is ab o u t 4 . I t is doubtful, 

howeve r , if a s h arp d i s t i nct i on can be draw n , since t h e value 

o f n increases with t he temper a tur e . 

E . 
V l S 

R 
dIn Y) 

d(l/T) 
. . . .. (35) 

E. c a n be deter mi n e d f r om the p l ot of log~ 
V l S 

again s t liT , i .e., in a mann e r s im ilar to that e mp l oyed for 

obtain'ng the experiment 1 energy of activatio energy for 

chemical reaction . The va l ues E . as found by this procedure 
VlS 

are almost constant for normal liquids, over a range of tempera-

ture und e r ordina r y co nditions . Th e e n e r gy of vaporizat i on vari es 

only slowly with t empe r a tur e , a nd so the r a tio 6E IE. vap V l S 

s hould b e a p p r ox imately equ al t o 3 or 4 i n the temperature range 

f or which E. is co n s t ant. 
V l S 

As sociat e d Liquid s . 

Th e beh aviou r o f associated liquids 7 , 63 as h yd r oxylic 

comp ounds, i s abnorma l i n sever a l respec t s , the viscos ities are 

ver y mu c h hi gher th an for a na l ogous no nassoc i ated s ub stances ~nd 

t he v alues de c reases rap idly wi th i n c r eas ing tempe r ature . For 
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instance H20 i s more viscou s than H2S or CH4 ; C2HSOH and 

C2H5NH2 are much more viscou s than propan e ; a n iline and 

phenol are much mor e v iscous than toluene. Thi s abnormally larg 

viscosity i s, of course due to hydroge n bond s tructur e of these 

liquids. When a molecule in such a liquid flow s it must not 

only break Wander Waals and dipole:, "bonds" but also hydroge n 

bonds. The energy of activ a tion for viscous flow is not inde -

108 pendent of temperature . As the temp e rature is rai sed, th ere 

is a decrease in th e number of hydroge n bonds that have been 

to be brocken before flow c~n occur, and hence the activation 

energy decreases; the va lue observed for wate r a t 150oC
78 

i s 

probably fr ee f rom any appreciab l e contribution due to structural 

changes . The high ac tivation energy for the flow of water and 

other associated liqu ids accounts for the high v iscosities of 

these substances. When the compound contain two or more hydr oxyl 

groups, as in the glyce rol a nd glycol, for example th e viscosity 

is very high on account of the relatively large number of 

hydrogen bonds which must b e brokwn in the format i on of a cti vated 

for flow. 

Entropy of Activation for Flow. 

In view of the high activation energy for flow of 

associated liquids it i s a striking fact that the free e nergy of 

activation shows no such abnormality. The expl a nation is that 

6Ft is equivalent to .6.H:!: - T 6St and that th e hig h value of 

the heat of activation 6H* is compensated by t h e large positive 
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value of .6s:t, so that ~F+ remain normal. If the uni t of 

f low even in associated liquids i s a sing l e molecul e and th e 

formation of activated state involves the breaki ng of a numb er 

of hydroge n bonds, it is ev ide nt that the e ntropy of th e act iva-

ted state will be appreciably great e r than th at of the initial 

s tate. In other words, the e ntropy of a ctivat i on for flow6S* 

should be relatively large and positive, in agreement with t he 

experimental fact that AFt is normal in spite of th e hi gh va lue 

of ARt for associated liquids. 

It has been seen that for molecules of spherical, or 

approximately sperical, symmetry, l1E IE. is about 3, vap VlS 

compared with a value of 4 for non spher'cal substances; th' s 

mean th a t the energies of activation for flow are r e lative l y 

larg for th e former, and hence, in accordance with the conclusions 

just reached for associated liquids , the e ntropy of activati o n 

for flow should be compar a tive ly high. Th e symmetri ca l 

molecules are well packed in the normal liquid s tat e , Amon g the 

molecules for which n is 3, mention may be- made of ni trogen, 

oxygen, carbon monox ide and argon, which prob ably h ave a clos e d-

packed spherical structure in the liquid, and of b e nzen e , naph-

thalene and cyclohexane. 
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DE NS ITY 

9 1 - 9 2 De n s it y me as ur e me nt s afford a mos t co nveni e n t mea ns 

of aiding the identification, analysis , and charac teri zation of 

organic substances in e ith e r the liquid, s olid or gaseou s s tat e . 

The density meas urement furnishes interesting a nd usef ul 

information on molecular forces and structure and its r e ciproca l 

d f · th 'f ' 1 1 93-94 e lnes e specl lC or mo ar vo ume . 

Rul e s for influe n ce o f mo l e cul a r c omposit i o n o n liqu id 

densities. 

(1) In general, density increases with increasing 

mo l ecular we i gh t. 

( 2 ) Polar molecules have greater densiti es th a n no n-pol ar 

molecules of similar molecular weight. 

(3) Position isome rs and cis-trans isome r s a r e o ft e n 

distinguished by density measurements. 

(4) The branching of a carbon chain usually produces 

relatively small change in density. 

(5) The densities of ortho-, meta-, and p a r a - s ub s titut e d 

benzenes are ne arly a lways very close t oge th e r. 
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(6) The grea t e r th e numb er of heavy (e.g. halogen) or 

strongly polar (e.g. hydroxyl, nitro) g roup s per 

carbon atom in the molecule, the greater is the 

density. 

(7) Polysubstitution o n a single carbon leads to higher 

densities than the same amount of substitution sp r ead 

along a carbon chain. 

DEFINITION AND UNITS 

Density, d, is defined by the equ ation 

d mass/volume 
(36) 

= m/v 

In accordance with the c . g.s . system of units, density measure-

ments are expressed in grams of mass per c ubic centimeter. 

t 95 0 However, this absolute density, d , measured at t e, a nd defined 

by the equation-

is seldom used. 

m/V . g . per cc . cc 

Mor e commonly, density measuremen~ are 

(37a) 

expressed in grams of weight per millilit e r, which under most 

conditions is equivalent to grams of mass per milliliter . Thus 

the relative density at tOe, is defined by the equation. 

m/Vm1 , g . per mI. 
(37b) 
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By definition , one milliliter = 0.001 per lit er = 0.001 part 

of the vo lume of on e kilogram of pure, ordinary water at it s 

tempe r atur e of max i mum density (3. 98 oC). t Therefore d4 ca lled 

"dens ity relative t o water at 4 oC" or specific gravity relative 

to wat er at 4 oC. 

Commonly it is ass umed th a t 1 ml. is equal to 1 cc 

exactly, but subseque nt measurement s s howed that 1 cc . = 0 . 999973 

ml. that is, 

v cc 1. 0000 27 ml. 

tt The difference betwe e n g per cc., d , and g. per ml., d
4 

is 

(38) 

ev ident ly negligibl e for most purposes . Moreover , t h e weight 

W, is connected with mass, m, by the e qu a tion W=mg, 

where g, the acceler atio n due to gravity i s a constant fo r 

a given geographical l ocation. He nce W1 /W2 

that both .weighings are carried out at the same p l ace . Under 

this condition , that is when both Vml . and m are determined by 

weighings in the same laboratory, n o c han ge in the numerical 

value of relative den s ity is caused by u s in g g r ams of weight 

instead of gra~s of mass . 

Instead of d t , d!, is u sed because it can be 

accurately and convenient l y measured by a direct comparison of 

o 
the we i ght of the equal vo lumes of the substances at t C and 

of water at 3. 98 o C., whil e va lu es of d t a're ultimately based on 
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t h e l ess re li abl e meas ur eme nts of the dimensio n s o f some 

substances an d on its absolute mass. 

One can also use th e specific g r avity, d~, which is 

defined as the mas s , m, of a s ubst ance at tOe . re lative to 

the mass, m , of an equal volume of wa ter at tOe., that is d
t 

o t 
, 

is a dimensionless numb er. 

(m/V)/(m IV) o 
. ... , (39) 

Interconversion of densities. 

By comb ining (37b) and (38 ) wi th (37a) , 

d t = 0.999973 d! ..... (40) 

From equat i ons (37a ) , (37b) and ( 39) 

and 
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VISCOSITY 

One of the transport properties is viscosity~97-9 8 

which is characteristic property of all fluids, liquids 

as we ll as gases . Th . .. . 99- 1 00 " e V1SCOS 1ty 1S a dy n am1c non-equ1ll-

brium propert y of fluids an d is defined as the resistanc e 

that one part of a fluid offers to the flow of a noth e r 

part of th e fluid , it is a measure of th e resistance to 

flow. A force must be app li ed to a fl ui d to cause it to 

flow-pre s sure di ffe r e nce- a nd iri the absen ce of s u ch for ce , 

flow stops. 

Le t u s con s ider a fluid flowin g in th e x-d i rection 

with a n on uniform linear ve locit y V; the vel ocity inc r ease 

in the y - direction, as is illustrated in fi gur e (3 ) . 

y 
Movin g plane 

L 111111 11111/ 1111/1 1 /II 

dy ~ _ ____ __ 

) 

l/ I I III ll/l1/117lll1ml! 

Stationary plane 

x 

Figure 3. 
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As a result, the flui d as a whole is broken up into thin layer s . 

Each layer mo ves with a d ifferent ve l ocity. Cons ider now 

two layers separated by a distance d~ , as in f i gure ( 3 ). 

According t o our velocity cond ition, the up per layer (th e one 

close to the movin g plan e moves faster than th e lowe r o n e ; 

Consequently, th e upper l ayer i s s l owed down by the adjacent 

lower layer, and th e low e r layer i s speeded up by th e fast er 

movin g upper layer. In o rder that the two l ayer s k eep their 

velocities unchanged, a force must be appli e d. Th e force 

necessary p er unit area, oalled the shear str e~s, S , must b e 

proportional to velocity gradient. Thus, 

S = f 
A 

YL Lim 
D.y -- 0 

'1 du 
dy 

Where ~~ is · the velo c ity g radient and '1 is t h e v i scosit y 

ff " lOlA b' S h d ' . f Tl coe lClent. s 0 VlOUS, has t e lmenSlon 0 pressure . 1e 

difference b e tween pressure a nd st r ess is that the form e r i s 

the for ce per unit area acting perp e ndicular to t h e area, 

where . ~ stress acts parall e l to the area . Th e viscos ity coeffi-

cient may be tho u ght of as the stress - fo r ce per un it a re a -

required to move a l ayer of f luid with a velocit y diff e r e n ce 

-1 . 
of 1 cm s past another p a ral l el layer 1 cm away . The dimen-

sion$ ; 'Gf i n the cgs system a r e g ram per centimeter per seco nd 

( g c m- 1s-1 ). Su ch a unit i s call ed poise. Since th~ s unit i s 
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rather large, viscosities are usually give n in contipoise 

(10 - 2 po i se ). There are cer t ai n ot h er terms which are used 

particularly with r e f e r e n ce to th e v i s c os ity o f so lutio n s ; t hey 

are as follows: 

1. Absolute Viscosity. 

For laminar flow the absolute viscosity c a n b e def in ed 

as the force per unit area required to maintain unit differ e n ce 

in velocity between two parallel layers of the fluid which a r e 

unit distance apart. It may be written 

7Ju/oY 

2. Kinematic Viscosity (V) 

Kinematic viscosity is defined as th e r a tio of th e 

absolute viscosity to d e nsity 

'\I = 1-/p 

Where Y is the kinematic viscosity. The dimensions in cgs 

. 2-1 units 1S cm s 2 -1 The . unit 1 cm s is called the stoke s but 

0 . 01 stokes or the c e ntistokes is th e common pr ac tical unit. 
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102 
3. Relative Viscosity (~rel) 

The relati ve viscosity i s the ratio of th e v i scos it y 

of a solution to that of th e pure solvent under the same 

conditions. 

=1/Y'l° 'Y\. reI L 

4. Specific Viscosit y (~ ) 
- LSp 

The specific viscosity is the ratio of the differenc e 

between the solution a nd solvent vi scosit i es to the so l vent 

viscosity. 

'1. sp = 
1 - Y'\..0 

1. 0 

- 1 

5. Fluidity (p). 

The fluidity, JP is defined as the r ec iprocal of the 

absolute viscosity. 

6. Intrensic Viscosity . 

The interinsic viscosity of a solution o f concentr ati o n 

c, is given by 

C --r 0 

or 

Lim l/e In ( '1/1(1 0 ) 

C ~ 0 
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VISCOSITY OF LI QUIDS 

The gas viscosity is said to be due to th e momentum 

transfer by indiv idual collisions b etwee n mol ecules movi n g 

randomly between layers with different velociti es . A s imilar 

momeRtum transfe r may exist in liquids although t he molecu l es 

in a liquid are much mor e closely p ack led than that of t he gases . 

However, they have an ave r age separation between the molecul es 

which allow the colli s ions a nd hence mome ntum tr a nsfe r. Th e 

qualitative concept of liquid viscosity is often expre ssed by 

'l = Y\ +~ 
m i 

wh e r e ~ represents the viscosity contributi o n as descr ib ed 
m 

by a "kinetic theory" picture of mome ntum trans f e r an d \.. i s 
1 

the contribution of intermolecular forces to th e viscosity of 

liquids. 

A . 103 f h h . fl" d' . reVlew 0 t e t eorles 0 lqul V1SCOSlty 

reveals that these th eor ies can be cl a ssified somewh at arb itra ril y 

into those b ase d on gas like liquid a nd those b ased o n solid 

like liquid. In the f ormer, t he liquid i s con sider e d t o be 

ordered in a short-range sense but disordered in a l o ng-range 

view . Distribution func tions a r e cal c ulated from s u c h mode l s and 

express ions for viscosity obtai ned. 
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In the latter type of theory , the liquid is assumed 

to exist as a regular lattice , momentum transfer resu l t in g from 

molecules which are assumed t o b e vibrating within the l a tti ce 

structure, or mov ing into nearby holes , or combination of these 

two events. 

The Variati o n of Viscosit y with Te mp eratur e . 

It has b een s h own th a t the t e mp e ratur e depende n ce 65 , 10 4 ,lC 

of viscosity is quite different for liquids a n d gases. Th e viscosii 

of liquids decre ases wit h increas in g t emperatur e according to 

75 t he s impl e expression derived by Andr a de ,(19 34) . 

~ E j RT 
l= .Ae 

where E is constant, R is gas constant, and A is constant . Th e 

t f t ' d ' d bE ' 63 , , same ype 0 equa lon e rlve y y rlng ,us ln g a re act l o n r ate 

theory in which E h as been ass ume d to b e a n activation e nergy 

for shear flow. The rate of flow dep e nds on the net r ate at 

which the molecules pass over a n energy barrier, c h aracterized 

b h t ' t' 106 Y t e ac lva lon energy 

The kin e ti c t heo ry of gases asc r ibes v i scosity to a 

transfer of momentum from o n e movin g layer to another, As a 

r esult of the thermal motion, molecul es may cross from one layei 

to a noth e r. Th e friction force betwe e n tw 6 l ayers of different 
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velocities result from the fact that molecules crossing from 

the faster to the slowe r layer tra nsp ort more mome ntum, o n the 

average, than the mol ecul es passing in the r e verse direction. 

Momentum is flowing, therefore from the faster t o the slowe r 

layer. This transport of momentum t e nds to counteract the 

veloc~ty gradient set up by the shear forces acting in the gas . 

Th e quantity E~/R is usually obtained as the slope of a graph 

for In,,\ against liT, becaus e e quation (3), gives In''\,= lnA + E"\/ RT. 

104 It has long been obs e rved that temp eratur e d e p e nde nce 

of associated liquid97 did not follow th e simple expr ess i o n derived 

by Andrade 75 . Tammann and Hess 107 h ave proposed a n empri'cal 

expre ssion which fits the observed viscosity data in associated 

liquids. Thei~ equation is 

"1 A exp B/(T - ~ 

where Band T are constants dependent ori the liquid involved . 

An explanation of the unus ual temperature dependenc e of associa-

ted ll' qUl' ds 108 . tl t th t' t' h ' th lS 1a e ac lva lon e nergy c an ges Wl 

temperature. Thi s activation e n ergy changes with t e mp e ratur e . 

This activation energy is assumed to be a function of the average 

hydrogen bonding in th e liquids which will decrea~ with in c r easing 

temperature due to the therma l motion of the molecules if one 

ass umes that 
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wh ere "a " is th e activation e nergy constant depend e nt on the 

l iquid and T i s the ab solute t e mp e r atur e. Th e n t h e viscosity 

e xpression b e come s. 

There are large number of other such equations, whi c h 

has been proposed so far . Those most often quoted are of two 

types: First type of those in which volume dependence is intro-

duc e d a nd represent e d in th e forms such as 

"\. v x 
Y 

A B/v.T . e 

wh e r e v is molar volume and t h e val u e s of both x an d y range 

f rom z e ro to unl'ty 109 d t d t th h' h s eco n ·yp e co rre spon s 0 ose W l C 

are rather modificatio ns of Andrae 75 e quation, a nd introduced 

76 110 111 a nother known c onstan t ' ". A typical example i s th e 

Gififalco form
l 12 

log~ = c/T
2 + B I T + A 

where c is about zero except for polar or associated liquids , 

A more important equation containing exponential temperatur e 

dependence has been proposed by Eyring et a1
78 

from r a t e proce~ses 

theory and is useful in hi g h c oncentration range Ey rin g equ ation 

is. 

1. A. e .6.H/RT 
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where 6.H is the e nthalp y of activation. 

These equ ations were derived for pur e non associate 

liquids. I 0 d l ' °d 97 h 1 1 1 n assoclate lqUl s s u c as water or a C010 

or carboxylic acid, v i scou s flow involves distortion of st ructure 

in addition to normal mol ecular friction. Extr a e ner gy i s 

therefore needed to promote flow in structured li quids and it 

is termed 'structural activation energy '. 

The amoun t of structure l13 in an electrolyte so lution 

where the solvent is an associated liquid will in genera l 

depend on both temperatur e and concentration. Te mper at ure will 

affect the structure through t he amount of th ermal movement. 

Co ncentrat i on alters stru ctur al characteristics b y r eason of 

ion-solvent interaction, the ext e nt of a lteration will depend 

on the types of ions present a nd their average sep aration. 

Effect of Hi g h Pressure on Low Te mper ature 
Liquid Visco s ity. 

Th e viscosi ty of liquids below normal b oil in g point is 

nat affected by moder a te pressures, however, under very hi g h 

pressures, large increases have been observed. Th is reve a ls 

that for more complex molecular structures, th e effect of pressure 

114-116 is larger , for example, Bridgeman carried out such experi-

ments upto pressures of about 12 , 000 atm; the fri ctional in c r ease 

in the viscosity of liquid mercury was observed to be 0 . 32; for 
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isobutyl a lcohol 790 and for complicat e d e ng e nol 10
7 

Bridge -

ma n' s results indicat e t h at a v iscosity - pressu re plot i s 

linear to a f ew thousand atmospheres but a t high e r pres s ur e 

the plo t would be lin e ar if lnyt b e ploted agains t pressur e . 

Thi s semi logrithmic corre l a tion i s said to be predicted by t he 

hol e ~heory of liquids . 

There seems to b e no .reliabl e way to es tima t e low 

temperature, hi g h-pressure liquids viscosities. Andrade s ugges ­

ted a relationship l17 involvi ng th e ratio s ~f th e s pecif i c 

volumes and adiabatic-compressibility factors for the compr essed 

and u n compressed liquids but the relationsh i p i s only app r oxi-

ma te in th e linear port i on of the ~ - p curve and does ot even 

approximate the tru e situ a ti o n at hig h pressures. 

Viscositie s and Molecular Stru cture 

Much e mphas is is placed upon r e lating viscosit i es t o 

115 118 - 119 the molecular structure' a nd ma ny rules have b ee n 

formulated to relate s tructural characteristi cs to v i scosi t y but 

up to now no reliabl e q u a ntitative r elation s hip has come for th . 

Th eore tically increasing the mo lecular wei ght, the degre e of 

branching , or the ability of the mol ecul e to assoc iate wit h it s 

neighbours will increase both the viscosity and se nsitivit y of 

the viscosity to the temp e r atur e chan ges . Introduction of doubl e 

bonds u s ually result into the reducti o n of viscos ity , si n ce eve n 
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though th e r esulting mo l ecul e is l ess f l ex ib le, there is also 

less hindrance from th e mi ss ing hydrogen atoms . 

Andrade ' s equation, which is the b e st low t e mp e r ature 

two const~nt liquid viscosity relationship, could not help th e 

evaluation of A or ~120. For exampl e , Kierstead and Tub e rvit c h l1 8 

studies this problem for pure hydrocarbons but could not dev e lop 

any useful quantitative basi s for predicting either A o r S 

s tructures alone. Anyhow, they came to the followin g conclus i o n s . 

In homologous seri e s, l/A appears to b e a linear 

function of the numb e r o f carbon atoms , but B in c r e a ses s lowl y 

a s t h e n umber of carbons in t h e ske l eton increases . A, decreases 

but ~ incre a s es with bra n ch ing, but t h e effe ct of b r anchi ng 

varies ; i.e., each br a nc h ap pears t o h ave mo r e effect t h an the 

preceeding one. Unsaturation increases A, and dec r e a se ~ for 

similar compounds; cyclic compounds have larger values of ~ a nd 

A than the corresponding aliphatic compounds . 

Two attempts to pre dict the viscosities ar e p r es ent e d 

here as the best estimations available . 

a) 
121 

Sounder's Method . 

This met hod is based on empirica l relation 

log (log '1 ) m.p. - 2 . 9 
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where m i s constant e qual to (11M); I b ein g c o nstant ca l cul at e d 

from atomic and s tructural cons tant l 21 , an d M is th e molec u l a r 

weight. This method is not very accurate .' 

b) 
122 Thomas Method . 

Thi s method suggests th at the liqu~d viscosities at 

temperature below norma l boiling point may be ca l c ul ated b y 

the use of express ion. 

log [8.569 (1i f'!~ ebt- - ~ 
r 

Wh (').. . . t t t 12 3 d T . t h ddt t ere u 1S V1SCOS1 Y cons a n an r 1S e r e u ce -empe r a ur e 

(T/T c )' The errors in scosity values calculat e d by this 

method are quite variable b ut ge n erall y indi cate that aromati cs 

( except benzene), mono-halogenat e d compounds, unsaturat e d a nd 

hi gh molecular weight n-parafins can be treat e d with errors 

usually less than 15 percent. This method s h ou l d not be used 

for alcohols, acids, napht hen es , het e rocyclic s , amines , al d e hyde s 

or multihalogenated compound s . 

c) Other Methods . 

Many other e mpiric a l es tima tion t e chniqu es h ave be e n 

suggested at various times. 
1 24 

Gambill has s ugges t e d a n ew method 

based on the molal latent heat of vaporization at norma l boiling 

point. Friend and Hargreaves have tr i e d to relate an additive 
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h h h ·, t T125 
parameter called t e rheoc or to t e VlSCOS l y at b Many 

othe r worke r s have prop osed r e l a tion s in volv in g V'\. , T a nd o n e 

or more of the followin g , Tb , M, vapour density, surface 

tension, sonic velocity, vander waals vo lumes , vapour pr esssure, 

t 
119 - 119,126-129 e c . 

An interesting relationship was proposed by Bondi1 30 

to correlate a dimens ionless viscosity with a re duced t e mp e -

rature. The values of A and B of his equation were found t o be 

constant for several homologous series and, in f act, we r e almost 

the same for most familie s . The paramete rs used to no ndime n s i o n a -

lize and T were found to b e additi ve function s o f th e various 

c h aracteriz in g gro ups comprising th e molecule. 



CHAPTER ~ ] 



EXPERIMENTAL 

Methods of Meas ur ements: 

Th e r e are many methods for measuring viscosit i es : 

A. Capillary F l ow. 

B. Rotational Vi scometer 

C. Oscillation Vi scomet er 

D. Fa lling Body Types 

E. Miscellaneous Methods 

- Of the numerous methods of measurin g viscosity the 

requirement common to al l s uccessful methods is that the measure­

ments be made in a system ~nder the following conditions : 

1. The fl ow is every where parallel t o t h e exis of 

the tube. 

2. The fl ow is s t eady, ini t ial di sturbances due to 

accelerat i on from r est havin g been damped . 

3. Ther e is n o s lip a t th e walls of the tub e . 

4. Th e fluid is incompressible. 

5. Th e fluid will flow when subject to t h e small est 

shearing for ce, the viscous resi stan ce being 

proportional to the velocity gradient. 



-4 7 -

These conditions of flow are promoted by high viscosity 

and low velocity gradients. In .most system when the fluid 

velocities become s ufficie ntly hi g h the streamlines lose there 

ordered p attern a nd the flow becomes turbulent. 

For many instruments, th e transition from streamlined 

to turbulent flow may b e p redicted t hrou gh the use of a dime n-

sionless quantity known as the Reynolds number 

wh ere e is the f luidit y de nsi t y, a nd v and a are velocity and 

length char cteristic of the system. In a capillary tube the 

diameter D and the mean velocity v a re taken as c haracteristic, 

and the expression becomes R = ~ DP/1' Thus in capi ll ary flow 

it h as been found th a t turbulance i s not to b e expec ted at 
131 

Reyno lds number les s than 2000 . 

Here one of the capillary me thod is u sed to determine 

the viscosity of acidic aqueous solution (i.e. formic , acetic, 

prop anoic a nd but yri c ac id) . 

Capillary Flow: 

Sinc e th e poiseuille-Hagenback-cutte equation fo r 

l am inar fl ow of a f luid through a capillary may b e written as 
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m.ov 
8 7i (1 +nr) t 

r= radius of capill a ry. 

P = Mean e ff e ctive pressure drop throug h th e 

capill a ry. 

v = vo lume o f the flow in time t. 

1 l e ng th of the capi ll a ry. 

( 1) 

m, n = coefficients associated with flow at the ends 

of th e capillary. 

~ ,P = abso lut e viscosity d e nsity of the fluid. 

The first term in equation ( 1 ) is seen to incorporate 

the laws det ermi ned experimentally by poisenill, wh ile the second 

or "kinetic e n ergy term", arises from the work do n e in accelera-

t ing and decelerating the fluid at the e nds of the capil lary . 

Althoug h it i s known that m and n are n ot constant over the 

complete range of Reynolds numbers representin g th e r eg ion o f 

. 132-33 lamlnar flow , they remain sufficiently constant in some 

useful ranges to b e tr eated as such. 

Capil lary v i scometers can be broadly group ed as under 

(A) Vi scome t e r for absolute v iscosity measurements. 

(8) Viscometer for relative viscosity measurements. 

i) Applied pressure viscometers. 

ii) Kinmatic v i scomete r s . 
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The instrument in s e ction "A" are n o r mall y onl y used 

for the establishment of primary standards ar e r e quir e d ver y 

accurate control of applied pressur e as we ll as the prec i s e 

knowledge of the capillary dime nsions. 

Type "B" viscometers are those in which measurements 

are made relative to primary standard liquid (obtained with 

type (A), or to derived secondary standards. Va riable pressure 

ins truments under section "B" (i) typified by the Bin g ham 

viscometer use an extern a lly applied pressure to force standard 

and test liquids through their capillaries. 

Ki nematic Vi scome t ers : 

Some c,ommo nly used kinematic viscome t e r are : 

a. cann o n - Fenske. 

b. Briti s h Stand ard U-tube. 

c. Cannon - Fenske for Opaque liqui ds . 

d. Ubbelohde Viscometer. 

Perhaps th e most wide ly used type of capil l ary is one 

in which the pressure caus in g flow arises from the hydrostatic 

head of liquid in the viscometer. In this type of instrume nt the 

kinematic viscosit y is obtained directly (hence the name kinemati c 

viscometer), and a knowledge of the density of the material und e r 

test is required to obtain the absolute viscosity. 



( 0) (~) 

z ] 

( e) (d) 

Pig.. Some commonly used killcmatic viscornctcrs: (a) Callnon-Fcnske; (I)) BriLi sh 
st.andard U- Luhc; . (c) C:1.nnon-Fcll skc for op:tque liquids ; ((l ) Ub bclohd e. 
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Measurement s are made by drawing the liquid up through 

the capillary into the fidu cial bulb, a nd th e time is then 

measured for it to flow back throug h the capillary into th e 

lower res e rvoir. Fo r thi s case the pressure caus ing flow i s 

h p g , where h i s a mean effec tive value of the h ead a nd g i s 

the acce l eration of gravity. Substituting h g fo r P i n eq u ation 

(1). We get 

4 
if r h g t 
SV(l+nr) 

mV 
. . . .. (2) S If(l+nr)t 

At - Bit .. ... (3) 

A 
4 

7fr h g 
SV(l+nr) B == 

mV 
S7i(l+nr) 

Th e constant A and B are common l y evaluated from the 

measured times . of flow for two or more liquids of known v i scosity . 

In many cases it is possible to operate t hese in s trume n ts in a 

ran ge of Reynelds numbers where the secon d t erm in th e r i ght in 

equation (3) is negli g ibly, s mall and t h e calcul~tio n i s·S implifi et 

accordingly. 

An interesti ng modification of ostwalds , v i scomet er 

was developed b y Ubb e lohde
134

, which h ave been us e d for measurin g 

the viscosities of ac id aqueous solution (i.e. fo rmic, acetic, 

propanoic and butyric ac id in aqu eous so lution) , a nd that vi sdo-

meter is called Ubbelohde viscometer. In thi s instrument tub e 

third is kept c l ose d as th e liquid i s d r awn u p in to t he fiducial 



-51-

bulb. Before the fl ow is time d, tub e third i s ope n e d a nd t h e 

liquid drop away from t h e e nd of the capil l ary, so t h at durin g 

t h e t e st the di sc harge fro m the capillary drain s down the 

hemispherical surface at the ex it end of the capi llary . At 

leas t two advantages are claimed for thi s desi gnin g viscometer. 

Fir~t, the head is independent of the volume of the charge, 

because, the liquid has no contact with the l ower r eservoir a nd 

second, the surface forces in the region of the ex ito f the 

capillary tend to counterbalance the effect of s urf ace tension 

in the falling meni scus in the fiducial bUlb . 

Experimental Errors: 

Viscosity is very se nsitive property a nd it s d e t e r-

mination require skill e d a nd controlled experime ntati o n. Th e i'. 

errors are mainly associated with, loading ~gnme nt, t empe r ature 

control and surface tension . 

loading. 

Th e cannon-Fenske viscometer n eeds to have very pre c i s e 

Any difference in the volume of the "liquid di scharg in g 

throug h the instrume nt will be refl ected in th e mean drivin g 

fluid head. In the Ubbelohde viscometer, how eve r the loadin g 

error is practically eliminated, since the me a n head is not 

dependent on the liquid in the lower reservoir but terminat es at 

the junction of the capi llary with bulk (middl e bulb). 
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The s econd e nd correction, known as th e cuet t e cor r ectio 

arises when th e fluid stream e me r ges from the c apillary , ther e 

is a tendency to retain the shape of the capill a ry upto a finite 

distance into t he fluid medium. This would cause an apparent 

increase in capillary l ength. 

If the viscometer was not a ligned exact ly vertical 

in the bath it may change the hydrostat ic h ead of th e flu id. 

Cannon and Fenske 135 have shown that a change fr o m a n g le G t o 

&+ d8 in the a lignment of the vertical capillary axis produces 

a change in the fluid h ead of 

1 = cos ce + d~ ) 
cose 

for this to b e minimum, a ngle e should be zero . An a c curacy of 

0.1% in the measurement viscosity is c onsist e nt with 8= 2 . 5 0
. 

Temperatur e of the bath s hould be controlled upto a 

hundreth of a degre e in such preci se work; b ecause a change of 

O.Olo C cause approximat e ly a 0.02% change in the v iscosity of 

water. 

In relative measurements a n error du e to cap ill a r y 

becomes si gnificant if there is a considerable difference 

between the surface tension of the caliberating f luids a nd th e 

fluid subsequently t es t e d. The capi llarity a l ter the hydro-

static pressure head of the fluid thus caus in g a c h a nge in fl ow 
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time. This effect is negligible if the relative measurement s 

corresponds to aqueous solutions, because the surface tension 

o f aqu eou s solutions of e l ectrolytes change very little with 

concentrat i o n. How e ver, if nori aqueous solutions are bein g 

caliber a t e d against water the surface t e nsion variation s ho ul d 

be taken into accou nt . Th e Ubbelohde viscometer is r ep ut ed to 

e liminate the s urf ace tension e ff ect by the provision of th e 

suspended level at the top of c which i s so designed as to 

compepsate for the forces operating in bulb A. 

Thermostating: 

The temperature coefficient of the v os 't y of wat r 

is 2% per degree and if an accuracy of a few hundreth of 1% 

is desired in the measurement of the relative viscosity of 

aqueous solution. The measurement must be made in a bath whose 

temperature can b e kept constant to within a hundreth of a de g r ee . 

We h ave used TOWNSON MERCER t hermostat wh i c h was 

provided with a n electrically driven s tirrer , a h eat ing coil, a 

contact thermometer (i. e . thermore gul a t or ) and a Beckmann 

the rmomet e r and a support for the v i scome ter. It held the 

viscometer firmly and steadly in a perfect l y perpendicular 

position and its construction insured the same posit i on for the 

viscometer each time when it was placed in th e support. 
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Th e thermomet ers were completely immersed so as to 

avo i d a n y s t e m exp osure corr ec ti o n . Th e Beckmann t h ermometer 

was e mploy e d mer e ly as a the rmo s cop e o n a c cou nt of the ease 

with which it could b e read the actua l . t e mp e r atur e of t h e b ath . 

Using such de vice we were able to control the temper a tur e t o on e 

hundreth of a degree. 

Preparation of Conductivity Water: 

The water was r e -distilled in a n all g l ass qui ck f it 

apparatus, from the fr eshl y distill e d wat e r, with a few crysta l 

o f po t assium permaganat e and a l i ttle amoun t of sodium hydro x ide. 

It was then collected in a little quartz flask . 

Chemical Used. 

Form~c aeid E. Me rk Art 26 3 , purity = 9 9%. 

Ace tic a ci d E. Me rk Art 62 , purity 96% . 

Propionic a cid E. Merk, Schuch a radt Ar t 80, p urit y=99% . 

Butyric acid E. Merk, purity = 98%. 

Preparation of Solutio n s . 

The solutions were prepared in 100 ml f lasks b y adding 

known volume of acids and carefully making up th e v olum e o f ad d i ng 

conductivity water in fl a sks. These were formic , a c e ti c propion ic 

a nd butyric acids E. Merk. Th e solutions o f each of these acids 

we re pre pare d in conductiv i ty wat e r at dif f e r e n t mo l a r conce n tration 

from O.lM to 26.95M, O .. lM · : t ~ 1 6 .9 5 M, O.lM to 1 3 . 23 and O.lM to 10 . 68 

M respective l y. 
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Density Measurements : 

The most commo n me thods of density det e rmination 

consists in findin g the we i ght of a liquid occuping a known 

volume defined by th e s hape of a g i ve n vo lume. 

Densities of liquids are most frequently exp ress ed 

in grams per milliliter. Since the milliliter is de fin e d as o n e 

one thousand of the volume of 1 kg of pure ordinary water at 

o its temperature of maximum de nsity (3 . 9 8 C) . 

The densiti~s of liquid were . d~ter~in ed p y m easur~m~ nt s 

of the weig t of a liq id occupying a known volume by pycnometer 

(Te chnico) me thod. 

Pycnometer: 

Pycnome t er ar e vesse ls with capillary necks in whi ch 

a definite volume of liquid is weighed. The pycnomet e r which h av 

been used are sprenge l ostwald pycnometer (Technico ). Th e 

pycnometer was cleaned with chromic acid and dried with hot a ir : 

The volume of the pycnometer was determined by weighing th e vess e l 

(pycnometer) filled with water at a defitiite temperature. The 

volume of the pycnometer was ca lculat ed from thi s weight at 

definite temperature of the bath. from given data of th e d e nsity 

of the water at that temperature by u s in g th e formul a V = Mid. 
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After determining th e volume of the pycnometer, the 

densities of the solutions were mea'sure,d. , Th e pycnometer was 

filled with the fluid so that the liquid mini scus is at the 

marks an d it was placed in the thermostat bath for h alf an 

hour. The level of the two limbs of the pycn omete r was 

adjusted by drawing out the liquid through ab sorp tion in th e 

tissue paper. The pycnometer was removed from the thermostat 

and wiped and dry with a lintless cloth and th e caps placed 

on the capillary arms. It was allowed to stand on the electri-

cal balance for a few minutes before being weighed. Th e wei ght 

of the liquid was calculated in this way. Th e de nsitie s of the 

solu tions were calculated, (whi c h h ave prepar e d at different 

concentrations )at di ff erent temperature from 2 50C to 650 C by 

placing the pycnomet e r in the thermos tat bath. 

The Measurements of Time . 

Th e Jun ghans stop-watch readin g 1/10 second was employ e d 

in measuring the time of flow of th e liquid in th e viscometer . Th e 

watch was a lways wound up tightly and then allow ed to run for 30 

second before being used and was always handled in a systemati c 

manner . 

Before taking any reading the liquid was allowed t o f l ow 

through the capillary twice in order to we t the sides. Five to 

ten timings were carried out at anyone con centration a nd th e 

extreme variation from the mean was usually about + 0.1 second. 
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Viscosity Measurements. 

A very fin e capillary size v is cometer (Ubbe l ohd e) was 

used for the measur ements of viscosities. It was was h ed with 

chromic acid and then with distilled water and dri e d in a vacuume 

desicator. It is th e n aligned vertically in th e the rmostat . 

dust free rubber tub e was at tached to the smaller tub e of th e 

viscometer. A speci fie d quantity of conductivity water was 

A 

added in to viscomet e r. In the Ubb e lohde viscometer t ub e third 

was kept closed. Me as u rement s were ma de b y dr aw ing th e liquid 

up through the capillary into fiducial bulb · with the help of 

r ubber suction. Vi scometer tube third was opened a nd s ucker wa s 

also remove d. Th e liquid was th en allowed to flow down through 

the capillary . Th e s top watch s t art e d, when th e miniscus p asses 

the upper mark and was s topped when it passes the lower mark 

and the time was noted. After the measurement s with wat e r h ave 

been complete. The flow times for a s eries of othe r liquids we r e 

determined at various temperatur e , which have b een prepared a t 

different concentrations . 
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CALCULATIONS AND RES ULTS 

Densities and viscosities were det e rmin e d fo r th e 

binary systems of formic ace tic, propionic and butyri c ac ids 

with water at various temperatures from 25 0 C to 65 0 C at int e r v al 

of 50 C through the following equation s . 

De nsity Mass = Volume 
· . . .. (1) 

'[re I 
1. 2 t 2 P2 

= 
~ 

--
tl Pl 

"'2 
t2 P2 "l1 --
tl Pl 

· . . . . (2) 

wh er e t l a nd P2 are th e f l ow time a n d de n s it y o f mi x tur e , Pl' tl 

and~l are the de nsity, flow time and viscosity of wa t e r. Th e 

experimental values for all systems at various temp e ratur e s were 

used to calculate the excess thermodynamic functions and tr a n s port 

properties of binary liquid mixtures with the foll owin g e quatio ns : 

V = · . . . . (3) 

· . . .. ( 4 ) 

· . . .. (5) 

He re P ,1 ' and V are th e density, viscosity , a nd mo l a r volume of 

the mix ture, M1 , M2 , 11 , 1 2 a r e mo l ecu lar masses, a n d v i scos i ties 
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of a pure componen ts 1 and 2 respectively and Xl' X2 r epresents 

the mole f r actio n of water a nd ac id r esp ectively. 

The quanti ty 
( 

K 
(E = fl ow act i va t io n e nergy) 

was obtained from th e s lope of the graph for lo g "1 agains t 1fT 

1= A exp 

logy) = E'1 /RT + lo gA ..... ( 6 ) 

Various th e rmo dyn amic p a r ame t e r s of activation of 

. 136 
viscous f l ow were determined uSlng Eyrings equation. Accordin g 

to Eyring 

1 = ~N exp ( ..6 H:t: /RT - 6S*/R) ..... (7) 

where 1 is the viscosity of solution, h, N, and V a r e Pl a nk ' s 

const ant, Avo g adro's number, and molar volume , r espective l y . 

When In(1V/hN) is plotted a g ains t 1fT, th e s lop e i s 

equal to 6H~/ R and the interce pt is equal to - 6 S'R. Us in g 

graphical method, the activation parame ters 6H~, ( t he e nth a l py 

change for activation p roce s s) and ~S*, (the entrop y c han ge f o r 

a ctivation proce ss) were obtaine d a nd ~G*, (st a nd a r d f r ee e nergy 

of a ctivation fo r viscou s fl ow) was obt a in e d using the equ atio n : 

.6.G:t:= 6H* - T 6. S :t: 

d a r e Pr ese nt e d in Table Value s obtaine 

..... (8) 
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TAB LE - 1. 

FLOW ACTIVATION ENERGY FOR CARBOXYLIC ACIDS. 

S. Con e . of E~for Cone. of E for " Cone. of E for Cone. of E'1.. for 
No. Formi c Fo mic Acetic A2etic Propionic Pr1Pionic Propionic Butyric 

ACid . (M.) Acid. AC id.(M) Acid. Acid.(M) Acid. Acid (M) Acid 

1. 0.1 1436 .0 4 0.1 1464.19 0.1 1531. 77 0.1 1595.61 

2. 1 1464.19 0.5 1495.87 0.5 1595.61J 0.5 1 641 .19 

3. 5 1464 .19 1 1542.41 1 1441.19 1 1675.39 

4. 8 1464.19 3 1650.62 2 1777.94 2 1740.65 

5. 10 1453.76 5 1679.55 4 1 886 .13 4 1971. 87 

6. 1 3 1436.04 8 1804.25 6 1914 . 71 6 2030.76 

7. 18 1436 . 04 10 1736 . 60 8 1994.49 8 2083.04 

8. 22 1436.08 12 1884.32 10 19 14.71 10.68 1367 . 66 

9. 24 1436.04 14 1914.71 12 1718.34 

10. 26.95 1456 . 84 15 1858.94 13 1367.66 

11. 16 1823.54 1 3. 23 1148 .83 

12 . 16 .95 14.36.04 

Flow Activation Energies (E1 ) are in J mo l -i. 



S. 
No . 

1. 

2 . 

3 . 

4. 

5. 

6. 

7. 

8. 

9. 

Mol. 
Fr a c. of 
Formic 
Acid- X:2 

0.002 

0 .009 

0.018 

0.037 

0.099 

0 . 171 

0 . 224 

0 . 314 

0.500 

10 . 0. 695 

11. 0.813 

12. 0.879 

13. 0. 9 68 
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TABLE - 2 . 

Excess Viscosity ("'1 E) and Ex cess Vo lume ( 6VE) of Binary Liquid Mixture at 25° C . 

Fo rmic Acid+ Mol. Acetic Acid+ Mol. 
Water System Fra9:of Water System Frac.of 

'1. E 6.VE ·Acetic 
3 lAcid.X 

(cp) (cm mol- ) 2 

~E E Propanoic 
J:..V 1 Acid,X2 (cp) (cm:3 mo l - ) 

0.000 - 0.028 0.002 0.006 -0.036 . 0 . 002 

0.019 - 0.053 0.009 0.044 - 0.072 0 . 009 

0 .021 - 0.089 0.019 0.062 -0.1 38 0 ~ 019 

0 . 035 -0 . 128 0.061 0.273 ·-0. 311 0 . 041 

0.054 -0 . 249 0.111 0 . 455 - 0 . 49.8 0 . 093 

0.00 7 0.336 0.208 0.745 - 0.728 0 . 164 

0 .081 0.402 0.292 0.924 - 0.84 4 0 . 263 

0.098 - 0.434 0.400 1.076 - 0.946 0 .415 

0.124 - 0.425 0 . 544 1.110 -0. 953 0 . 949 

0.144 -0.385 0.636 1.009 -0. 843 

0.109 - 0.299 0.745 0 . 699 - 0.625 

0.081 - 0.235 0.871 0.075 - 0.12 4 

0 . 021 - 0.101 

Propio nic Acid+ 
water System 

1.E E 
6V 1 

(cp) (cm 3mol - ) 

0.019 - 0.052 

0.080 - 0.107 

0.174 - 0.025 

0.461 - 0.319 

0 . 746 - 0.571 

1.119 -0.806 

1.421 - 1.026 

1. 563 - 1.220 

0.007 +0.006 

Mol. 
Frac.of 
Butyric 
Acid,X2 

0.194 

0.042 

0. 10 2 

0.194 

0.350 

0.681 

0.897 

Butyric Acid+ 
Water System 

E 1.E 
3 6.V_1 

( c p ) (cm mol ) 

0 .229 - 0.203 

0.508 - 0.328 

1. 207 - 0 . 504 

1. 718 -O.71~ 

1. 930 - 0 . 950 

1. 729 -1. 573 

0 . 06 2 +0 . 084 
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TABLE - 3 . 

Excess Viscosity C'1. E ) and Ex cess Volume C6VE) of Binary Liquid Mixture a t 32
o

C . . 

Mol. Fo rmic Acid+ Mo l. Acet i c Acid+ Mol. Prop.ion i c Acid+ Mol. Butyric Acid+ 
S. Frac, o f Water System Fra<; . of Water System Frac.of Water System Frac.of Wate r System 
No. Formic 'lE l::.VE -Ace tic 1.E E Propanoic E E Butyric "1E E 

Acid- X2 3 - 1 Ac id,X2 (cm:fm~l-l ) Acid,X2 
1. 6Y Acid,X2 3 6.V 1 

(cp) (cm mol ) (cp) (cp) (cm3mol 1) (cp) ( cm mol-) 

1. 0.002 0 . 0 0 6 - 0.009 0.002 0.002 - o.O(n 0 .002 0.013 -0.052 0.002 0.0 29 -0 . 044 

2. 0. 009 0 . 0 10 - 0.035 0 .009 0.034 - 0.079 0 .009 0 . 062 - 0.107 0.009 0.089 -0 . 117 

3. 0 .018 0.015 - 0.015 0 .019 0.067 - 0.134 0 .019 0.139 - 0.233 0.019 0.179 -0.193 

4. 0. 0 38 - 0 .1 36 0 . 061 0.224 - 0.312 0 .041 0.283 -0.314 0.042 0.399 -0 . 334 

5. 0. 099 0 . 038 -0. 257 0.111 0 . 296 - 0 . 4 74 0 . 093 0 . 587 - 0 . 561 0 .102 0 . 944 -0.499 

6. 0 .171 0.055 - 0.312 0.208 0 .589 - 0.713 0 .163 0 . 882 - 0.795 0 .193 1. 358 - 0 . 699 

7. 0 .2 24 0.076 - 0 . 375 0.292 0.732 - 0.838 0 .26 3 1.144 - 1. 019 0.314 1.546 - 0 . 939 

8. 0 .313 0.086 - 0 . 4 21 0.399 0.842 - 0.921 0 . 414 1.255 -1. 221 0.676 1 . 370 - 1. 603 

9. 0.499 0.110 - 0. 4 24 0 . 542 0 . 873 - 0.928 0 . 670 0 . 943 - 1.169 0 . 888 0.061 +0 . 100 

10. 0.69 3 0.114 - 0.376 0.633 0.799 - 0.835 0. 880 0 . 3 34 - 0 .589 

11. 0.811 0.084 - 0. 309 0 .741 0.556 - 0.638 0 . 94 1 0 . 009 +0.013 

12. 0 .876 0 .0 56 - 0.237 0 . 866 0.070 - 0.117 , 

1 3 . 0.965 0 .2 17 - 0 .111 
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S. 
No. 

1. 

2 . 

3 . 

4. 

5. 

6. 

7. 

8. 

9. 

Mo l. 
Frac.o f 
Formic 
Acid- X

2 

0.002 

0.009 

0.018 

0 .. 038 

0.100 

0.171 

0.223 

0.313 

0.497 

10 . 0 . 689 

11. 0.807 

12. 0.872 

1 3 . 0 . 959 
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TABLE - 4 . 

Excess Visco sity ( '1 E) an d Excess Volume (L::.VE) of Binary Liquid Mixture at 40
o

C . .. . 

Formic Acid+ 
Wat er System 

'1 E 6.VE 

3 - 1 ( c p) (cm mo I ) 

0.004 - 0 . 012 

0.0 12 - 0.043 

0.0 17 - 0 . 081 

0.025 - 0.119 

0. 042 - 0.2 36 

0.064 -0.299 

0.078 - 0.364 

0.089 - 0.399 

0.108 - 0.416 

0.112 - 0.385 

0.082 - 0.307 

0.059 - 0.250 

0.021 - 0 .125 

Mol. 
Fray . of 
Acet i c 
Acid . X2 

0 . 002 

0 . 009 

0 . 019 

0 .061 

0 .111 

0 .207 

0 .291 

0.398 

0 .5 39 

0 . 629 

0 . 736 

0.859 

Aceti c Acid+ 
Water System 

"'I.E E 

(cp) (Cm:?m~l -1 ) 

0.003 - 0.044 

0 . 026 - 0.078 

0.051 - 0.119 

0. 17 5 - 0.30 7 

0.282 - 0.46 7 

0 . 261 - 0 . 699 

0.569 - 0.83 2 

0.674 - 0.914 

0.681 -0. 917 

0.624 - 0.832 

0.435 -.0 . 604 

0.064 - 0.109 

Mol. 
Frac.of 
Propanoic 
Acid,X2 

.002 

0.009 

0 . 019 

0 .041 

0 . 093 

0 . 163 

0 . 261 

0 . 4 12 

0 . 666 

0 . 871 

0.931 

Prop~onic Acid+ Mol. Butyric Acid+ 
Water System Frac . of Water System 

l..E E Butyr ic 1.E E 
3 6.V Acid , X2 3 6.V -1 

(cp) (cm mol - 1 ) LCjJ~ _~m mo~ 

0.011 - 0 . 062 0 . 002 0 . 02 4 -0.059 

0 . 050 - 0.111 0 . 009 0 . 071 -0.119 

0 .109 - 0 . 236 0 . 018 0 . 138 - 0.191 

0 . 221 - 0.307 0 . 042 0 . 302 - 0.307 

0 . 452 - 0.554 0 .102 0.726 - 0.48 7 

0.678 -0.786 0 .193 1.004 - 0 .701 

0.882 - 1.015 0.347 1 . 207 - 0.951 

0 . 982 -1. 220 0 . 670 1.069 - 1.649 

0 . 751 - 1.159 0.877 0 . 060 +0 . 125 

0 . 274 -0. 6 11 

0 . 012 +0.02 3 
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TABLE - 5 . 

Exces s Viscosity ("1.E) and Exce ss Vo lume (6VE) of Binary Liqui d Mixture a t 45
0

C. 

Mo l. Formic Acid+ Mo l. Acetic Ac id+ Mol. Propion ic Acid+ Mol. Butyr ic Acid+ 
S . Frac.o f Water System Frac.of Water System Frac.of Water System Frac.of Wat er System . ... ~ . 

Butyric 
l.

E E No. Formic '1.E 
L::N

E Acet i c E E Propanoic E E 
Acid- X

2 '1. -£V 1 Acid,X2 
V1 6.V Acid,X2 36.V -1 -1 Acid,X2 3 -1 (cp) (cm3mol ) (cp) (cm mol-:- ) ~cp2 cm mol 2 , cp) {cm mol ) 

1. 0 . 002 0.003 - 0.007 0.002 0.013 - 0.041 0 .002 0 . 011 -0 .066 0.002 0.02 1 -0.026 

2. 0 .009 0.009 - 0.043 0.009 0.021 -0.092 0. 009 0 . 040 - 0.109 0.009 0.059 -0 . 123 

3. 0.018 0.014 - 0.037 0.0 19 0.045 -0. 121 0. 019 0.095 - 0.234 0.019 0.134 - 0.199 

4. 0 . 371 0.0 22 - 0.119 0.061 0.149 - 0.305 0.04 1 0 . 187 - 0.307 0.042 0 . 261 - 0.300 

5. 0 .099 0.041 - 0.230 0.111 0.243 -0. 465 0 . 093 0 . 384 - 0.542 0 .102 0 .619 -0.47~ 

6 . 0.170 0 . 058 - 0 . 291 0 . 207 0.399 -0 . 697 0 .163 0 . 693 - 0.769 0.192 0 . 899 - 0.692 

7 . 0. 223 0. 0 71 - 0.349 0.290 0.504 - 0.825 0 . 261 0 . 759 -1. 127 0.346 1.168 - 0 . :::130 

8 . 0.312 0.084 - 0.388 0.39 7 0 . 579 -0. 9 22 0 . 4 10 0.850 -1 .216 0.067 1.138 - l. 641 

9. 0.496 0.104 - 0.404 0.538 0.551 -0.936 0 .661 0.653 -1.164 0.869 0.061 +0 .140 

10. 0. 68 8 0.109 - 0.372 0 . 627 0.539 - 0.844 0 . 861 0.245 - 0.593 

11. 0 . 804 0.080 - 0 . 299 0 .733 0.382 -0. 625 0 . 924 0.013 +0.031 

12 . 0 . 869 0.058 - 0 .252 0.854 0.061 -0.10 4 

13 . 0. 956 0.021 - 0.136 
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S. 
No. 

1. 

2 . 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Mo l. 
Frac.o f 
Formic 
Acid- X

2 

0.002 

0.009 

0.018 

0 . 038 

0 . 099 

0 . 1 70 

0.223 

0. 312 

0 .495 

10. 0. 686 

11. 0.080 

12. 0.865 

13 . 0.951 
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TABLE - 6 . 

Excess Viscosity ( '1E ) a nd Ex cess Volume (6. VE) of Binary Liquid . Mixture at 50~C._. 

Fo rmic Ac id+ Mol . 
Water System Frac~of 

1E .6VE Ace tic 
3 - 1 Acid.X2 (cp) (cm mol ) 

0.006 -0.051 0.002 

0 . 0 12 ...:0.047 0 . 009 

0 . 0 14 - 0 . 078 0.019 

0 . 0 24 - 0.122 0 .064 

0.039 -0 . 216 0. 111 

0 . 0 58 - 0 .2 86 0 . 207 

0. 0 67 - 0 . 361 0 . 289 

0 .082 - 0 . 38 1 0.396 

0.098 - 0.526 0.535 

0.127 - 0.383 0 .624 

0.077 - 0.311 0 . 729 

0.04 5 - 0 .265 0.849 

0.0 20 - 0 .15 3 

Acetic Acid+ 
Water System 

E E 
1. 6.V 

(cp) (cm3mol- 1 ) 

Mol. 
Fr:ac .of 
Propanoic 
Acid.X2 

0.004 - 0.043 0 . 0 02 

0.025 - 0.084 0.009 

0.051 - 0.174 0 . 019 

0 .129 - 0.309 0 . 041 

0.213 - 0.452 0 .093 

0 .350 - 0.679 0 . 163 

0.443 - 0 . 819 0 . 261 

0 . 498 - 0.906 0 . 409 

0.514 -0 .926 0.657 

0.455 - 0.836 0 .858 

0.332 - 0.604 0 . 916 

0.059 - 0.998 

.,.. 

Propionic Acid+ Mol. Butyric Acid+ 
Water System Frac.of Water System 

1.E E Butyric vf E 
~V -1 Ac i d.X2 6.V 

(cp) (cm 3mol ) (cp) cm 3 mol - 1 ) 

0 . 011 - 0.067 0.002 0.019 - 0 . 022 

0.039 - 0.115 0 . 009 0 . 052 - 0.122 

0.082 - 0.232 0 . 019 0.099 - 0.192 

0 . 162 - 0.303 0.042 0.226 - 0.298 

0.336 - 0.543 0 . 102 0 .541 - 0.479 

0.511 -0.770 0.192 0.773 - 0.689 

0 . 66 1 - 0 . 997 0.345 0.890 - 0 . 909 

0 . 736 - 1.205 0.660 0.780 - 1.649 

0 . 569 -1. 084 0.861 0.060 +0.157 

0 . 219 - 0.577 

0.015 +0 . 039 



')( FORM I C ACID + WATER 

A ACETIC ACID + WATER 

o PROP I ONIC ACID + WATER 

o BUTYR I C ACID + WATER 

r O~ 
o 

0::: 0-6 u 

w~ 

0-4 

0-2 

0-' 0-2 0-3 0-4 0-5 0·6 0-7 0-8 O-g 
X2 

FIGURE 16_ PLOT OF EXCESS VISCOSI TY ( ~E) VS _ MOLE FRACT I ON OF AC I D AT 50°C _ 
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TAB LE - 7 . 

Excess Viscosity ("\.E) and Excess Vo lume (t::.VE) of Binary Liquid Mixture at 0 
5~ C_. 

Mo l. Formic Acid+ Mol. Acetic Acid+ Mol. Propionic Ac id+ Mo l. Butyric Acid+ 
S. Frac.of Water System Frac.of Water SJl:stem Frac. of Water SJl:stem Frac . of Water System 
No . Formic ",E AVE Acetic 1.

E E Propanoic 'lE E Butyr i c "'lE E 
Ac id-X2 3 1 Acid,X2 !jV - 1 Acid ,X2 3 ~V _ 1 Acid.X2 3~V - 1 

(cp) (cm mol-) . (c~) (cm mol ) (cp) ~cm mol 2 (CR} (cm mo l 

1. 0.002 0.002 - 0.041 0 . 002 0.002 - 0.055 0.002 0.007 - 0.062 0.002 0.014 - 0.051 

2. 0 . 009 0.007 - 0 . 039 0.009 0.018 - 0.089 0 . .009 0.030 - 0.112 0.009 0.042 - 0.115 

3. 0 . 018 0.011 -0 .080 0.019 0.032 - 0.12 4 0.019 0.067 -0 . 232 0.194 0.084 - 0.194 

4. 0 . 038 0.019 - 0.119 0.061 0 . 107 - 0.302 0.041 0.138 - 0.312 0.042 0.191 -0.319 

5. 0.099 0.033 -0.207 0.111 0 . 183 .- 0 .455 0.093 0.286 - 0.546 0.101 0.459 · - 0 . 489 

6. 0.170 0 .051 -0.273 0 .206 0 . 309 -0. 683 0.162 0.434 - 0.768 0 .191 0.685 -0. 686 

7. 0.223 0.064 - 0 .344 0.289 0 . 381 - 0.824 0.260 0.572 - 0.998 0.343 0.821 -0.924 

8. 0.311 0. 0 76 -0.378 0.394 0 . 441 - 0.891 0.407 0.633 - 1.196 0.655 0 . 669 - 1. 633 

9 . 0.494 0. 092 - 0.392 0 .533 0 . 447 - 0.92 1 0.653 0 . 499 -1. 168 0 .8 52 0.062 +0 . 172 

10. 0.683 0 . 103 - 0.393 0.621 0 . 411 - 0. 841 0 . 851 0.166 - 0.;549 

11. 0 . 798 0 .0 73 - 0 .310 0 . 725 0 .2 89 -0. 611 0 . 908 0 . 016 +0.048 

12. 0 .861 0. 0 57 - 0.287 0 . 843 0 . 055 -0 .096 

13. '0 . 947 0 . 0 21 - 0.155 :-
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FI§URE 17. PLOT OF EXCESS VISCOSITY ( ~E ) VS . MO LE FRACT ION OF ACID AT 55°C . 
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TABLE - 8. 

Excess Vi scos ity ( lE) and Excess Volu~e 6 VE of Binary Liquid Mixture at 60 oCo._. 

Mol . Fo rmic Acid+ Mol. Acetic Acid+ Mol. Propano i c Acid+ Mol. Bu tyric Acid+ 
S. Frac.of Wa teOr System Frac.of Water Syst em Frac.of water System Frac.of Water System 
No . Formi c 

1.
E E Acetic 'lE E Propanoi c 'lE E Butyric ~E E 

Ac i d-X
2 3

6V 
- 1 Acid,X2 ~V 1 Acid,X2 /).V ~ Acid , X2 6 V 

( cp) (cm mo l ) (cp) (cm mo l - ) (cp< ~cm3mol - 2 ( cp ) (cm3mol- 1 ) 

1. 0.002 0.002 - 0 .053 0.002 0.001 - 0, .05 3 0.002 0.011 - 0.041 

2 . 0.009 0.007 - 0.063 0 .009 0.012 - 0.09 3 0 . 009 0.026 - 0.113 0.009 0 . 0 35 - 0.119 

3 . 0.018 0.009 - 0.067 0 . 019 0.020 - 0.12 2 0 . 019 0.057 - 0.192 0.019 0 . 062 - 0.199 

4. 0.037 0 . 0 15 -0 . 12 5 0.061 0.095 - 0.311 0 . 041 0.117 - 0.311 0.042 0 .161 - 0.298 

5. 0. 099 0.029 --:-0 . 201. 0. 111 0 . 158 - 0.451 0 .093 0 .245 - 0.541 0 .101 0 . 389 - 0 . 483 

6. 0.170 0.045 - 0.277 0 .206 0.266 -0. 682 0 .162 0 .376 - 0.765 0.191 0.586 -0. 685 

7. 0.222 0.055 - 0.326 0.288 0.333 - 0. 822 0.259 0 . 489 - 0.999 0.342 0.662 - 0 . 906 

8. 0 .311 0.069 - 0 . 376 0.393 0.381 -0. 905 0 . 40 5 0 .549 - 1.194 0.649 0.572 - 1. 649 

9 . 0 .493 0.083 - 0 . 388 0.531 0.385 - 0. 910 0 . 649 0.441 - 1.172 0.842 0.058 +0.196 

10. 0 .681 0.093 - 0 . 389 0 . 618 0.422 -0. 840 0 . 843 0. 178 - 0 . 613 

11. 0. 794 0.062 - 0.308 0.721 0.248 - 0. 618 0.899 0.016 +0 . 058 

12. 0.858 0.045 - 0 .2 66 0.838 0.052 -0. 089 

13 . G. 942 0 . 021 -0.171 
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FIQUREl 18 _ PLOT OF EXCESS VIS COS ITY ( "1E ) VS _ MOLE FRACTION OF ACID AT 60°C_ 
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TABLE - 9. 

Ex cess Viscosity ( ~E) and Excess Volume ( ~VE)of Binary Liquid Mixture at 65 0 C .'-. 

Mo l. Formic Ac i d+ Mo l. Acetic Acid+ Mo l. Propionic Acid+ Mol. Butyric Acid+ 
S. F r ac. of Water System Frac.of Water System Frac. of water System Frac .of Water System 
No. Fo rmic "IE C::.V

E Acet ic E E Propanoic- E E Butyric E E 
Acid- X

2 3 - 1 Acid,X2 1 ~V-1 Acid, X2 "'l 3 6.V _1 Acid . X2 
'''1. 3 ~V 1 ( cp) (cm mol ) (cp) (cm mol ) (cp) (cm mol ) (cp) (cm mol - j 

1. 0 .002 0.002 - 0.039 0.002 0.002 - 0.051 0.002 - 0.004 - 0.066 0.002 0.009 -0.006 

2. 0 .009 0.008 - 0.067 0.009 0.014 - 0.093 0.009 0.023 - 0.112 0.009 0.032 - 0.120 

3. 0.018 0.009 - 0.073 0.019 0.026 -0.132 0.019 0.050 - 0 . 2 38 0.019 0.065 - 0.117 

4 . 0.037 0 . 01 5 - 0 .109 0.061 0.082 -0. 298 0.041 - 0 . 308 0.0 4 2 0.141 - 0.296 

5. 0.099 0.031 -0.20 4 0.093 0.213 - 0.536 0.101 0 . 339 - 0. 82 

6 . 0.169 0 .048 - 0 . 280 0 .206 0.227 - 0 . 671 0.162 0.328 - 0 .771 0.190 0.407 - 0.523 

7. 0.222 0 .060 - 0.331 0.288 0 .29 8 -0. 819 0.259 0.429 - 0.989 0 . 340 0.577 - 0 . 902 

8. 0.310 0.076 - 0 .373 0 . 392 0.329 - 0.906 0 . 404 0 . 481 - 1.197 0.64 4 0. 495 -1. 635 

9 . 0. 49 1 0.095 - 0.397 0 .529 0.336 - 0.931 0.644 0.38 3 - 1.172 0.833 0.057 +0 . 218 

10 . 0 . 678 0.10 2 - 0.406 0 . 6 14 0.312 - 0 . 867 0 . 825 0 . 153 - 0 . 572 

11. 0.791 0.081 - 0 .343 0 .716 0.227 -0. 613 0 . 890 0 . 018 +0. 070 

12 . 0.853 0.069 - 0.292 0.832 0.049 +0.085 

13 . 0 . 937 0.019 - 0.183 
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S. No . Temp. 

1. 25°C 

2 . 32°C 

3 . 37°C 

4. 40°C 

5. 45°C 

6. 50°C 

7 . 55°C 

8. 60°C 

9. 65°C 

- I(J ';J -

TAB LE - 10. 

1 . Conc . o f Formic Acid = 0 . 1 M. 3. 

-4. 

Conc . of Propionic Aci d 0 . 1 M. 

2 . Conc , o f Acetic Acid = 0.1 M. Conc. of Butyric Ac id = 0 . 1 lVl . 

Formic Acid+Water Sys; Acetic Acid+Water Sys . Propionic Ac i d+Water Sys. Butyric Acid+Water Sys . 

Mol. Vol. "Lv Mol. Vol. 'i\.V Mol. Vol . 'LV Mol. Vol. 
'1V of Mi x.(V) ln hN of Mix.(V) In--· of Mix. (V) ln hN of Mix.(V) ln hN hN 

18.085 24.430 .18.103 24 . 429 18.199 24.449 

18.131 24.280 18 . 138 24 .276 18.156 24 . 289 1 8.196 24 .313 

18.163 24.18 5 18.168 24 .178 18.181 24.193 18.211 24.219 

18 .181 24 .1 24 18. 192 24 .122 18.199 24 .13 3 1 8 .234 24. 157 

18. 237 24.035 18.224 24.051 18 . 232 24 .046 18.283 24 . 066 

18.218 23.954 18 . 266 23.95 3 18.272 23 . 965 18.349 23 . 984 

18.271 23. 868 18.294 23 .868 18.321 23 . 879 . 18.364 23.896 

18.306 23.792 18.343 23. 792 18.759 18. 42 1 23. 818 

18.369 23.723 18.395 23.724 18 . 414 23 . 711 18.507 23 . 746 

Calcu lated Values of ln ~~ of the Aqueo us Mixture of Carboxylic Acid at Various Mole Fraction . 



S.No. Temp. 

1. 25°C 

2 . 32
0

C 

3. 37°C 

4. 40°C 

5. 45°C 

6 . 50°C 

7. 55°C 

8 . 60 °C 

9. 65°C ' 

1. Conc . of Formic Acid 

2. Conc. of Aceti c Acid 

i M. 

1 M. 

- 70 -

TAB LE - 11 . 

3 . Conc. of Propion i c Acid 

4 . Conc . of Butyric Ac id 

~2 M. 

.2 M. 

F ormi c Acid+Water . Sy~: Acetic Acid+Wate r Sys . Propionic Acid+Water Sys. Butyric Acid+Water Sys 

Mo l. Vol. 
of Mix.(V) 

18.353 

18.402 

18 .426 

18 . 449 

1 8 .495 

1 8 .534 

1 8 .577 

1 8 . 639 

1 8 . 687 

In "tV 
hN 

24 .4 72 

24.320 

24. 2 32 

24 . 170 

24.079 

23.998 

23.915 

23 . 838 

23.768 

Mol. Vo l. 
of Mix.(V) 

18.661 

18.687 

18.749 

1 8 . 781 

18 .829 

1 8 .869 

18.885 

1 8 .9 66 

19 .009 

I n "tV 
hN 

24. 5 31 

2 4 . 397 

24. 30 2 

24.236 

24.145 

24 .061 

2 3 . 9 70 

2 3 . 877 

2 3 . 8 22 

Mol. Vol. 
of Mix.(V) 

20.053 

20.116 

20.167 

20 .199 

20 .949 

20 . 309 

20.358 

20 . 423 

20.487 

In "'tV 
hN 

24.874 

24 . 696 

24 . 589 

24.521 

24.415 

24.319 

24 . 22 4 

24.131 

24.047 

Mol. Vol. 
of Mix.(V) 

20.874 

20.930 

20.999 

2l. 039 

2l. 098 

2l.158 

21.199 

2l. 283 

21.359 

In ~ 
hN 

25 . 034 

24 .855 

24 . 740 

24. 663 

2 4 . 561 

24 .460 

2 4 . 356 

24. 258 

24 . 173 

Cal c u lat e d Values o f In ~~ of the Aqueous Mixture of Carboxylic Ac id at Various Mo le Fraction . 



S .No. Temp . 

1. 25°C 

2. 32°C 

3. 37°C 

4 . 40°C 

5 . 45°C 

6 . 50°C 

7. 55°C 

8. 60°C 

9. 65°C 

- '/ 1 -

TABLE - 12 . 

1 . Conc . of Formic Acid = 5 M. 

2. Co nc . of Ace tic Acid =5 M. 

Formic Ac id+Water Sys: 

Mol . Vol. 
of Mix . (V) 

19 . 799 

19.849 

1,9.919 

19.247 

20.003 

20.073 

20 .139 

20.205 

20.268 

. Y). V 
I n 'hN 

24.641 

24.485 

24.405 

24. 344 

24 . 259 

24.181 

24 . 094 

24 . 018 

23.9 49 

Acetic Acid+Water Sys. 

Mol. Vol. 
of Mix.(V) 

21.912 

22.011 

22.072 

22.114 

22.189 

22.260 

22.327 

22.327 

1.V 
I n hN 

25 .07 3 

24 . 9 0 1 

24. 79 2 

24 . 7 24 

24. 6 19 

24. 5 2 5 

24 . 428 

24. 3 36 

3. Conc . of Propion i c Acid 

4 . Conc . of Butyr ic Ac id 

Propionio Aci d+Water Sys. 

Mol. Vol . 
of Mix. (V ) 

26 . 548 

26.6 69 

26.758 

26 . 815 

26 . 9 16 

27.001 

27.094 

27.193 

27.282 

"\.V 
In hN 

25.629 

25. 439 

25 .322 

25 . 241 

25 .127 

25 . 021 

24.907 

24 . 804 

24.709 

6 M. 

4 M. 

Butyric Acid+Water Sy s. 

Mol. Vol. 
of Mix . (V) · 

25.139 

25.237 

25.310 

25.367 

25 . 446 

25.523 

25 .59 3 

26.682 

25.768 

In "'l V 
hN 

25 . 636 

25. 438 

25.314 

25.23 3 

~5.112 

25.006 

24.888 

24.775 

24.677 

Ca lculated Va lues of In ~~ of the Aqueo u s Mixt ure of Carboxyl i c Acid a t Vario us Mo l e Fraction . 

I 



S.No. Temp . 

1. 25°C 

2. 32°C 

3 . 37°C 

4 . 40° C 

5 . 45°C 

6 . 50° C 

7 . 55°C 

8. 60°C 

9. 65°C 

- '/",!, -

TABLE - 13 . 

1. Conc. of Formic Acid 

2 . Conc. o f Acetic Acid 

13 M. 

8 M. 

FOrmic Acid+Water Sys. Acetic Acid+Water Sys . 

Mol. Vo l. 
"\V Mol. Vol. 

~V of Mi x . (V) In hN of Mi x.(V) I n hN 

23.85 5 24 . 999 25.440 25. 44 2 

23.9 69 24.862 25.559 25. 2 6 2 

24.051 24.783 25.644 25.15 2 

24 .114 24.786 25.785 25. 081 

24.201 24. 64 1 25.785 24. 970 

24.288 24.567 25.886 24 .873 

24 . 374 24 . 484 25.969 24 . 77 8 

24.4 57 24 . 409 26.058 24 .678 

24.552 24.343 26.162 24.5 80 

3 . Con c . of Propionic Acid 8 M. 

6 M. 4. Conc. of But yr i c Acid 

Propionio Acid+Water Sys. Butyric Acid+Water Sys 

Mol. Vol. 
~V 

Mol. Vol. 
~ of Mix. (V) In hN of Mi x. (V) In hN 

31. 984 25.959 31.711 26.100 

32.133 25 .775 31.854 25.904 

32 .248 25 . 653 31. 947 25.776 

32.234 25.573 32.011 25 . 691 

32.296 25.454 3 2 . 107 25.571 

32.528 25.350 32.205 25.452 

32 . 633 25.241 32 . 305 25.352 

32 .714 25.129 32.404 25.237 

32.855 25 . 032 32 . 664 25.134 

Calcu l ated Values of In 1~ of th e Aqueo us Mixture of Carb oxyli c Ac i d at Various Mo l e Fraction . 



S.No. Temp . 

1. 25°C 

2. 32 ° C 

3. 37° C 

4 . 40°C 

5. 45°C 

6. 50° C 

7. 55° C 

8. 60 ° C 

9. 65°C 

- 73 -

TAB LE - 14 . 

l. Conc . of Formic Aci d 18 M. 3. Conc. of P ropionic Acid 10 M. 
2 . Conc . of Acetic Aci d 10 M. 4. Conc. of But yr i c Acid 8 M. 

Formic Acid+Water . Sys: Ac e tic Acid+Water Sys . Propionic Acid+Water·Sys. Butyric Ac id+Water Sys. 

Mol. Vol. 
o f Mi x. (V) 

27 . 555 

27.687 

27.798 

27 . 849 

27.953 

2 7 .925 

28 . 1 56 

2 8 . 1 56 

2 8.349 

I "tV n- --
hN 

25.263 

25.132 

25.048 

24 . 991 

24.877 

24.826 

24.745 

24.671 

24.606 

Mol. Vol. 
of Mi x. (V) 

28 .607 

28.737 

28.839 

28.889 

28.979 

29.093 

29 . 186 

29 .1 86 

29 . 390 

In "LV 
hN 

25 .681 

25.499 

25.38 5 

25 . 314 

25 . 20 

25.110 

25. 00 3 

24. 905 

24. 819 

Mol. Vol. 
of M~x .(V) 

40.39 6 

40 .569 

40.697 

40 . 805 

4 2.878 

40 .993 

41·.108 

4 1. 216 

41.311 

"\V 
In hN 

26 . 259 

26.079 

25 . 973 

25 .8 8 5 

25.776 

25.662 

25 .546 

25.439 

25.34 2 

Mol. Vol. 
of Mix. (V) 

4 3.099 

43 .273 

42 . 390 

43 . 44(:$ 

4 3 . 558 

43 .669 

4 3 .744 

43 . 849 

43 . 936 

"\V 
In h N 

26.514 

26 .326 

26.205 

26.122 

25 . 998 

25 . 879 

25 . 799 

25 . 648 

25.543 

Calcu lated Values of In ;;~ of the Aqueou s Mixture of Carboxylic Acid at Var i o us Mole Fract i on . 



S . No . Temp. 

1. 25°C 

2. 32°C 

3 . 37°C 

4 . 40° C 

5. 45°C 

6 . 50°C 

7 . 55°C 

8 . 60 ° C 

9 . 65 ° C 

1 . Cone . of Fo rm ic Acid 

2 . Con e. of Acet i c Aci d 

24 M. 

12 M. 

- 74 -

TABLE - 15 . 

3 . Cone. of Prop i o ni c Ac i d = 12 M. 

4 . Cone . of Bu tyr ic Acid = 9 M. 

Formi c Acid+Water Sys: Acetic Acid+Wat er Sys. Propionic Acid+Water Sys. Butyric Ac id+Water Sy s. 

Mol. Vol. 
of M1x .(V ) 

3 3.894 

34 .054 

34. 186 

34 . 246 

34.358 

34.451 

34. 556 

34.650 

34.779 

ln 'V\V 
hN 

25. 608 

25. 4 70 

25. 382 

2 5. 322 

25.2 38 

25 . 1 6 1 

25.072 

24 .9 93 

24 .918 

Mol. Vol. 
of Mix . (V) 

32.719 

32.89 0 

32.997 

3 3.063 

33.1 36 

3 3 . 282 

33. 4 0 0 

33 . 489 

33.594 

"\V 
I n ··hN 

25 . 91 8 

2 5 .731 

25 .62 0 

25 . 552 

25.4 36 

25.32 8 

2 5 .23 1 

25.1 26 

25 . 02 7 

Mol. Vol. 
of Mix . (V) 

55. 304 

55.387 

55 .5 82 

5 5.550 

55.598 

5 5. 6 51 

5 5. 689 

5 5.714 

"\V 
ln hN 

26.249 

26.145 

26 .078 

25.970 

25.873 

25.770 

25.672 

25.578 

Mol. Vol. 
of Mix.(V ) 

07.035 

67.116 

67.139 

6 7.14 3 

6 7.116 

57. 068 

67.02 8 

66 . 9 29 

66 . 84 ;) 

ln "\.V 
h N 

26. 954 

26.766 

2 6 . 647 

26.567 

26.039 

26.325 

26 . 206 

26.089 

2 5 .982 

Calculated Va lues o f ln ~~ of the Aqueou s Mixture of Carboxy lic Ac id at Var i ous Mole Fraction . 
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TAB LE - 16. 

l. Conc. of Formi c Ac i d 26 . 95 M. 3. Conc . of Prop i onic Acid 13 . 23 M. 

2 . Conc. of Acetic Acid 16.95 M. 4. Conc. o f Butyric Acid 10 . 68 M. 

S.No. Temp. Formi c Acid+Water Sys : Acetic Acid+Water Sys. Propionic Acid+Water Sys. Butyric Acid+Water Sys. 

Mol. Vol. 
'!"tV Mol. Vol. vt V Mol. Vol. "1 V 

Mol. Vol. "lV of Mix. (V) In hN of Mix. (V) In hN of Mix.(V) In hN of Mix. (V) In hN 

1. 25°C 37 .178 25.712 51. 876 25.9 7 8 71.903 25.937 84.687 26.477 

2. 32°C 37 .351 25.587 52.052 25 .84 6 72.023 25.836 84.090 26.350 

3. 37 0 C 37.466 25 . 494 52.176 25.76 7 72.075 25.877 84.631 26.273 

4 . 40°C 37.533 25. 4 31 52.215 25. 70 1 72 .08 2 25.727 84.090 2 6 .215 

5. 45 0 C 37 . 628 25.342 52 .31 3 25. 61 1 70 .052 25 . 659 84.408 26.135 

6. 50 0 C 37.750 . 25.263 52.369 25.533 71. 992 25.596 84 .208 26.053 

7 . 5 50 C 37.813 25.170 52.431 25. 44 6 71.920 25.525 83.984 25.966 

8. 60 °C 37.88 3 25.098 52.479 2 6 . 362 71 . 831 25.454 83 .717 25.88 6 

9 . 65° C 37.979 24 . 988 52.523 25. 288 71.709 25 . 393 83.435 25.808 

Calculated Values of In ~~ of the Aqueous Mixture o f Carboxy lic Ac id at Var ious Mole Fract i on. 
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TABLE - 1 7 . 
-

ACTI VAT I ON PARAMETER FO R VI SCOUS FLOW 

System Con c en t ratio n .6.H~ .6S* .6G:t: Sy stem Conce nt ra- .6. H ~ .6. S :j; .6G* 
eM) tion (M ) 

Formic 0 . 1 1406.98 - 1. 330 2199 .80 Prop i o nic 0.1 1452.02 -1. 397 1868 . 25 
Acid Acid & 
& Water 1 1454 . 95 - 0.882 1717 .57 Water. 2 1726.75 - 1.538 2185.10 

5 1454.95 - 1. 060 2086 .73 6 1900.34 - 2 . 087 2522 . 21 

1 3 1385.67 - 0.998 1682 .98 8 193.93 - 2.045 2549. 4 1 

24 1432.57 - 1. 247 1804 .21 10 1884.50 - 1.879 2444 . 4 3 

26. 95 1478.04 - 0.657 1673 .77 12 1745 . 94 - 1.280 2127.49 

1 3 . 23 1163.96 - 0.208 1225 . 89 

Aceti c 
0 .1 1425 . 26 - 1. 289 1809.2 8 But y r ic 0.1 1454 . 95 - 1 . 123 1789.42 

Ac id 
& Water . 

Acid 
1 1496 . 52 - 1. 347 1897.89 & Wa ter 2 1790 . 71 - 1. 454 2224.29 

5 1662.80 - 2.411 2381. 29 4 1965 . 13 - 1. 746 2485.42 

8 1721. 35 - 1. 372 2139.14 6 1995.36 - 2 . 087 2617. 2 3 

10 1760.61 - 1. 813 2300.72 8 2054.05 - 2.079 26 73 . 44 

12 1861 . 86 - 1. 954 2444.09 9 2032 . 1 ~ - 1.704 2540 . 2 1 

1 5 1810 .37 -1 . 829 2373. 83 10 . 68 1385.67 - 1. 289 1769 . 69 

16.9 5 1451.17 - 0.723 1666 . 6 5 

Units .6.H:t .6.G:f:L':,S+ (J mo l -I ) . 



CHAP1ER = 5 
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DISCUSSION 

The present investigation was undertake n to study 

the nature of association of simple bifunctional organic molec ul es 

in aqueous solution. We are reporting re s ults for formic, acetic, 

propionic and butyric ac ids in water at various concentrations. , 

The particular aspect under which the association of these 

molecules is of interest is the hydrophobic interaction. Thi s 

denotation implies that in aqueous solution of organic molecul es 

with (inert) alkyl groups b es ides other forces, there shou ld be 

an attractive force 

K 

acting between the solute molecules which tends to brin g the 

hydrophobic parts in more or less contact. F22 (r22 ) i s the 

partial free energy of a pair of solute molecules under t he 

condition that the distance between the two molecules is r 22 

(solute = species 2, the solvent water is denoted as species 1) 

The important point is the dominant contribution to the f or ce 

K is ascribed to entropy factor, that is ~s22(r22)/~r22< O. Thus 

when the two hydrophobic parts of the molecules come in contact, 

the two hydration sphere surrounding these groups (hydrophobi c 

hydration) coalesce which gives an increase of e ntropy per so lut e 

molecule. 137 
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Now if such an a ttr active force acts, the probabi l ity 

of finding a second so lut e molecul e in close vicinity of a solute 

molecule selecte d at random s hould be greate r than in the case 

when the hydrophobic force is absent and only the hydrogen bonds 

are effective to coupl e the t wo solute mo lecules to one another. 

For various qualitative r eas on s the dimers were 

expected to be of one of the extended forms II or III not of 
60,138 

the cyclic form I. 

,f/ 0 :.' ··:RO." 

R - C C. ~ R, 

"OR ... .. O..f/ 

I 

,f'0 
R-C "'. . OH· · · ·D 

~C 
HO/ 

III 

,f/0 
R-C 

OH 

-/,0 
H -- C 

II 

- R 

"-,.. uH 

Roweve r, th e decision betwee n the pair conf i gurations 

(II) or (III) i s still open. For butyric acid KD was found to 

-1 
be in the range 0.1 <KD < 0 . 5 M , depending somewhat o n th e 

method app lied, KD for formic acid is roughly one order of 
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magnitude smaller, association of the other acids ranges more 

or less between these ll'ml'ts138. Th th 1 tl h d b us e onger 1e y rocar on 

chain the stronger is t h e associatio n of th e acid of course, this 

gives s upport t o the hypothesis of hydrophobic as~ociatio n. As 

a consequence, pair configuration (II) was propos ed by Schrier 

t 113 '8 Ad' M t ' d R 1,60 h f' , e . a, . ccor lng to ar In an ossot l t e can 19ura tlon 

III should be th e correc t o n e . Th e increase of t h e st rength of 

ass ociation has t o be ascribe d to configurational effects . 

Al l the viscosities and densities were determined as 

describ ed in Chapte~4 b y using t h e formulas 1,2, by plotting 

viscosity vs concentration at various t e mp e ratures as s hown in 

F igures 1-4 . The viscosity increase with increase in concentration 

may be explaine by hydroge n bonding in acid-water system. The 

hydrogen bonds formed by water are no t s uf ficiently st ron g to l ead 

to an appreciable concentration of th e po l ymerized mo l ecule in 

the vapour phase. The oxygen atom of carboxylic group can however, 

form stronger hydrogen bonds le a ding to the form ation of stable 

~ouble molecules of formic acid. and acetic acid. The st ructure o f 
", '1 

the formic acid dime r as determined b y e l ectro n difr act i o n
O 

is 

given 

H-

~ 2.70~ 

o - H·····O 
c/ "'c 1.25 

""- / 0 0 , ... , ; H - O . 1 . 36 A 

Th e vaoues 2.70 AO for 0 - H ... 0 distance in this substance is 

smaller than th at in ice 2 .76 AO as expected for this stronger bond, 
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The dist ance from each h y droge n atom to the neare r of t h e two 

adjacent oxygen atoms in the acetic acid has been r e ported to be 

o 1.075 + 0.05 A. This is considerabily greater than the value 

1.01 A
O

, as is to be expected in consequence of the increase stre ngth 

of the hydrogen bond. 

From the enthalpy of dime rization 14.12 Kcaljmol, the 
+- 2 .70 -+ 

o -- H .... · 0 bond energy i s found to have the value 7.06 Kcaljmol e . 

The value 7.6 Kcal j mol is similar found for the hydrogen bond energy 

. 38; 139 
in acetic aCld . These values a r e 50 percent greater than thes e 

of ice. The strength of the hydrogen bond in these a cids seem to 

increase from formic to butyric aci d which increases , until it 

reaches a maximum at 26 . 95 M, 14 M, 10 M, and 8 . 5 M of formic, 

acetic, propionic a nd butyric a cids respective ly . "The presence of 

. . t . 140 ft' a V1SCOSl y maXlmum as a unc lon of concentration is in agreeme nt 

with the Frank-Ives141 conclusion. This is the hydroxyl groups of 

the carboxylic acids molecules, when added to water form hydrogen 

bonds with the surrounding water molecules while the hydroc arbon 

tail promotes increased order of the adjacent water molecules, 

similar to that around inert molecules. The addition of the carb oxy lic 

acids enhances the structure of the system and causes the viscosity 

to increase rapidly. This process, however, complete with the 

opposite ·process in which the degree of structure is reduced as a 

result of solute-solvent interactions, as the carboxylic acids 

concentration in the mixture increases. This gradual breakdown in th e 
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solution structure is accompained b y a monotoni c dec r ease in 

viscosi t y . . The appearance of viscosi t y maximum i s to be exp e ct e d 

as a result of these process . 

We note that, with all alkonoic _acids except f ormic 

acid, a maximum of viscosity is obs erve d at different molarities. 

For formic acid + wat e r, viscosity still increases toward higher 

molarities. 
40 

This fact also resembles that of F. Kohler who 

also measured the viscosities of these acids. , Thi s i s a l so 

because formic acid do es not s how association, in s olution to a 

large extent. This observation has been confirmed u s in g NMR 

'b 1 3 technlques y H.G. Hertz However, all othe r a cids exhibit 

acid-acid a s soc' a t ion. The association is most conspicuous , when 

the acid chain is l arge st. Therefore it may be s aid that in 

formic acid, we have uniform random distribution of solvent and 

solute molecules. 

The study of the pure liquid ace tic acid including the 

OR proton interaction s hows us that we have the tail on t a il 

configuration with respect to the methyl groups and head on h ead 

configuration with respe ct to the OR protons in a n a l ogy to th e 
142 

situation in propionic aci d In aqu e ous . solutio n we can only 

study the methyl proton-proton interaction (due to OH proton 

exchange with the solvent water). We may expect · that in ace tic 

ac id, when water is added, the same ~otation or folding proces s 
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occurs as described for propionic acid, this the mor e so as a 

similar process folding process was also is observed in a mixture 
142 

of acetic acid with CCl 4 and also for propionic acid mixed 

with CCI4 . However, CH 3COOH dissolved in C6H12 shows much less 

bending. Taking all these findings together folding seems not to 

be uniq~e for an aqueous solution of carboxylic acid. 

Summarizing, the process of dilution of propionic acid 

by water is to be describ ed in the following way: Starting from 

the pure acid, when water is added, th e population of the head on 

head and tail on tail configuration decreases. In other words, 

the contribution to the first coordination nu'mber due t o these 

configuration decreases. Most likely , in particular at low acid 

concentration, the two pair partners are bound to one another 

through hydrogen bond. Thus we see that during the dilution process 

really a folding or rotation of the pair partners relative to one 

another occurs. In the pure liquid it is reasonable to assume 

that we have chain like arrangements such that the methYl gr oup s of 

the two molecules bound by the hydroge n bond are far apar t. Probabl y 

configuration III as shown on page 78 occurs with high probability, 

the cyclic form I may also contribute to a ,minor degree. Of course, 

a certain degree of bending also takes ~ place. In order to h ave a 

realistic picture one should add one or even two molecules to the 

configuration I and III the axex of which are perp e ndicular to the 

plane of the drawing and which are attached to th e polar region . Th e n 
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. 142-14 a ll a lky l groups po in t away from the centre of polar co upl l ng 

As more and more water i s a dded, the " s t ar . like " arran geme nt 

decays and the hydrocarbon parts approach towards one another. 

The configuration arising at high dilution is in agr eeme n t with 

1 43 configuration III as predicted by Schrier Pottle, a nd Sche raga 

The behaviour of acetic acid is similar to that of propionic a c id. 

Th . t' fbI ' 142 ( . e aSSOCla lon 0 car oxy lC l.e. formic, a cetic, 

prmpionic and butyric acids) in water have also be e n inferred 

through 'intermolecular h ydrogen bonding on the b ases of s tudi es 

relating to their viscosity. The hydrogen bond in the as s oci a ti on 
- 2. 70 AO~ 

of carboxylic acidsis o f 0 -- H ... 0 typ e . In th e c a rboxylic 

a cids containing a methyl group, we found association connected 

with foldin g of a g i ve n p a ir o f a cid mo lecules may be described 

as having a head on head a nd t a il on tail configuration, in th e 

water rich region, the bending of H - bonded acid pair incre ases 

wh~ch leads to a side by side configuration. Now the hydrocarbon 

of the molecules have l e ss tendency to point away from one a no th e r. 

In a way this finding may be consider to be unexpected, because 

one might imagine hydrophobic association to occur in th e "ide al" 

form such that we have again tail on tail and head on head 

configuration. However, now in the reverse sense that is the 

hydrocarbon rests have dire ct contact and the carboxy li c groups 

point into the water, thus making a total pair configur a tion, whic h 

is essentially linear. 
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The system of carboxylic acid an d water can b e c l assi-

fied as polar and associated14~. In non elec troly t e systems, 

positive deviations from ideal behaviour are attrib ut ed to 

d · . f 145 d . lsperslon orces an negatlve deviations to the geometric 

. d t ' 146 conSl era lons . Attempts have been made to explain the 

behav~our of liquid mixtures on the basis of sig n a nd magnitude 

of the excess viscosity ~E and excess volume. ~VE. 

Examination of figure 13-19 show that the values 'IE 

are positive. As the carboxylic acids concentration is increas ed 

the value of 1E reaches a max imum at 0.144,0. 873, 1.144 and 1.546 of 

these carboxylic (i.e. formic, acetic, propionic and butyric acid~) 

respectively at 32oC. The maximum appear at 0 . 4 mole fra tion for 

propionic acid and 0 .5 mole fraction for formic acet ic a nd butyric 

acids respectively. By increasing the temperatur e from 25 0 C to 

The values of E '1 decrease . The 

maximum values E 1 0.144, 1.110, 1.56 and 1.9 30 of thes e carboxylic 

acids(formic, acetic, propionic and butyric aGids) at 25 0 C decreased 

to 0.1030, 336, 0 . 481 and 0 . 577 at 65 0 C of thes e ac ids respectively. 

147 E 
According to Fort and Moore the values of 1 are n egative for 

a syst em of diffe r e nt molecular size in wh ich dispersion forces 

are dominant. In our systems the '1 E values increase by addi tion 

of acid a nd this show the magnitude of interaction in crease with 

increase in concentration. In the present case al l the c he mical 

species being aliphat ic, a s mall difference in size chan ges the 
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e x c e ss vi s co s i ty to a large ex t e nt. E Th e 1 is more positive for 

butyric acid than for other acids. For mixture of carboxylic 

acidswith water for various mo le fraction, E 1 has the s e quenc e . 

Butyric acid:> propionic acid~ 

Acetic acid :> formic acid 

This tre nd in t h e values of 1E g ive evidence in favour 

of increasing extent of spec i f ic interaction of these acids with 

water having an increased number of -CR2 - s ubstitue nt s attach e d 
o -/ . 

to - C - OR. 

In fig u res 20 -26 we c omp a r e th e magnitude of 6 VE in 

the four binary mixture formi c acid +water, ace tic a cid + wa t e r , 

propionic acid + water and butyric ac id + water at various 

temperature from 25 0 C to 65 0 C at interval of 5 0 C. Several effect s 

148 E 
may contribute to the va lue of /::,.V. In the system studied 

here, we can recognize four d ifferent effects a s being important: 

(1) the breakin g of liquid order on mix in g ~ _ 

(2) unf avourable interactions between groups; 

(3) differen~es in mol ecular volume; 

(4) differences in fre e v o lum e between liquid c omponent s ;-

An effect which i s e xpected to a c t on ~VE in t hi s 

system, which gives a ne g ative contribution to ~VE i s di f f e r e nce 

in molecular size between the two mixture components. Differe nt 
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molecular sizes lead to interstitial accomodation in th e 

mixture and h e n ce to a negative contribut i o n t o ~VE The 

mol ecules of HCOOH are t h e smallest of a ll co nsidered here . 

Butyric has the largest molar volume 84.68 cm 3 mo l-1 th an other 

3 -1 3-1 acids whose mol ar volumes a r e 37.118 c m mol ,51.875 cm mo l 

and ~ 1.90 3 cm3 mol- 1 of formic, acet i c and propionic acids 

respectively. The n egat ive contribution to 6VE due t o int erst it ia 

accomodation s hould b e l arger i n t h e butyric acid + water mixture. 

The maximum values for f6rmic, ace tic, propionic a nd but yr ic acids 

are 0.114 cm 3 mol- 1 at 22 M, 0.928 cm3 mol-1 at 14 M, 1.255 cm 3mol-

3 -1 0 at 10 M and 1.603 cm mo l at 9 M r espectively at 32 C. By 

increas ing the temperature the volume contraction (n egative value 

of the excess volume) decrease. 

Another effect, a l so of structural nature , and which 

a gain should give a negative contributio n to 6V
E is th e difference 

in free, volume between component s . Th e int ermolecul ar association 

also contribute to these negat ive valu e. The ability of butyric 

acid to form stronger hydroge n bonds with water a r e greater as 

compared to other acids a nd t heir sequ e n ce are as un der 

Butyric> Propionic> Ac e tiG:> Formic 

All the systems involve d in our previous s tudi ed exhib ited 

positive 1E and negative ~VE. In the temperature ran ge 
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investigated , the values of 6H=F a nd LlG:t a r e positive and 

vary in the orde r butyric acid propionic acid acetic acid 

formic acid and the values of ~S* are negative. These value s 

are shown in a Tab 1e No . 17 The values of t::. Wt: are posit i ve 

indicating that association and dipole-dipole inter actions 

incr~ase the value of .6 H *. The values of.6. Hi and 6.G:t 149 __ ~}50 fO l 

the mixtures are positive for each binary system s tudi ed and 

increase with increase in acids concentration but for some it 

decreases. The trends of decline start from 12 M, 10 M a nd 

8 M of ac e tic , propio ni c a nd butyri c acids resp e ctively . 

VISCOSITY AS A FUNCTION OF CONCENTRATION 

Viscosity meas ur eme nts were made as a function of 

concentration at different temperatures for formic, ace tic, 

propionic and butyric aci~in aqueous solutions. The temperature s 

for these systems were varied from 25 0 C to 65 0 C and concentration 

range studied was from 0.1 M to 27 M. The figures showing the 

variation of viscosity with molarity for the above mention ed acids 

are given figures 1-4. The data reveal that the viscosity as a 

function of molarity reaches a maximum and then decrease for 

all acids except formic acid. In the case of fo rmic acid the 

increase in viscosity with mo larity continue until the mol a rity 

is 25 and then more or less l eve ls of beyound this conc e ntrati0n. 

At 65 0 C, however, the grap h s hows a small dip in viscosity as 
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the molarity rises b eyound the 25 M. In order to describ ed 

this b~haviour, more wo rk is neede d for v isco s it y d etermi n a tio n 

at higher temperature (b eyound 65 0 C). The e n suing dis c uss ion 

embraces the behaviour of acetic, propionic, and but y ri c acids 

leaving out the formic acid, because of the r eason givin g above . 

The maximum in viscosity for acetic, propionic and butyric acids 
j~ 

occur around B M for the first ~Q acid$ (i.e. acet ic, propionic 
~ 

acids), while at 14 M for the last acidS(i.e. butyric acid ). 

Furthermore , the increase in viscosity with rise in mol ar ity 

appears more conspicuous as the side chain increase in length. 

In order to quantityfy the above statement, it is 

noted tha t f o r ace ti c acid the peak for viscosity at the 

hi gh es t temperature 65 0 C i s around 0.92 C.p. , while the peak for 

th e same ac id at 25 0 C is around 2.32 c .p . giving maximum rise of 

1.40 c.p. as the temperature change for 40o C, comparin g values 

for propionic acid (1.53 c .p. 33 0 C) and butyric ac id (1.882 C. p. 

o 37.5 C). The explanation of this behaviour has a lready been 

given in terms of acid-acid, water-water, and acid-water int er-

action. It therefore appears from figure 1 for formic acid that 

such interaction are at it s minimum. 

THE VARIATION OF VISCOSITY WITH TEMPERATURE. 

Viscosity in centipoise as a function of temperature 

for all four acids are plotted in figur es 5-8. It is not e d that 

the viscosity decreases mo notonic a lly with the rise in temperatures, 
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for all acids. Ag ain as the c once ntr a ti o n i s vari e d for for mic 

acid, the c urves remain continuously mor e or le s s parall e l. Th e 

curve for one molar being at th e lowest whil e, for 26 . 95 molar 

at the hi ghest. All interme d i ate concentration lying in betwee n 

these two curve s s yst e mati cal ly. Howeve r, thi s trend i s not 

observed for acet ic, propio n ic acid a nd butyric ac ids , where 

curves displacements and crossing occur fr e quently particul a rl y 

at higher concentration. 

In order to understand fully the b e h aviour of change 

of viscosity with tempe ratur e , and to calculate the flow a ctiva -

tion energy for these syst e ms lo g 1 has b ee n plo tt e d aga in s t liT 

us in g equ at i o n, ·6 , fig ures 9 -1 2 . 

All acids obey th e straight line equ ation normaly no . 6 

again formic acid givi ng paralle l lines. - For a ll ot h er a cids 

t h e lines crossing occur indicating a change in flow activation 

e nergy for acetic, propionic, a nd butyric acid~ . The flow activa-

tion energy for these four sys t e ms are g iven in Tabl e 1. 

It appears fro~ th e values of flow activation energies, 

that for formic acid E1 values do not vary mu c h as the molarity 

rises from 0 . 1 M to 26.95 M. The computed flow activation e nergy 

-1 
value for formic acid at 0.1 M equals 1436.04 J mol ,while tb e 

- 1 
value at approximately 26.95 M is 1456. 84 J mol such a large 
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c h ange in .molarity the fl ow act i va tion e n e r gy o n l y c hange 

- 1 20 .84 J mol . Flow ac tivatio n e n e r gy f or o th e r ac i ds s how a 

variation which is mor e significa nt. For a ce ti c ac id t h e E1 

value rises as a fun c tion of conce ntratio n of 14 64 . 19 J mo l - 1 

at 0.1 M reachin g a max imum around 14 M with a v a lu e 1914 .71 J mo l 

and fallin g back a ga in to 14 36.04 J mo l-1 a t 1 6 .9 5 M co nce ntratio n 

Similar trends are shown b y pr opionic and but yri c ac i d , a l t ho u g h 

the trends are mo r e ma rke d h e r e , the o ve r all b e h av i ou r appe a r 

very much the same. S t a rtin g with th e minimum E1 v a lu e of 

-1 1531.77 J mol a t 0.1 M concentr a tion. The max imum of 199 4 .49 

- 1 
J mol is found around 8 M concentr a tion. Fina lly for but yri c 

acid, the max imum oc c u r ar ound 8 M conc entr a tio n as we ll wit h a 

value of 20 83. 0 4 J mo l - 1 . These va lues a re in line with th e 

argume nt tha t th e s i de c h a i n i n t h ese a c i d s gr adually g i ve l a r ge 

f low activatio n e nerg i es . Th is can b e e x p l aine d i n terms o f 

relaxa tion of the side ch a in for acetic, propionic a nd but y r ic 

acids as the concentration ris e s. The argument mad e ab ove appear 

to be v a lid only if th e fl ow acti vati o n e nergy ar e temp e rat ure 

independent, whi c h seems t o b e true in our case , s ince st r ai ght 

line s of plot IOg "1 v s 1 IT a r e mo r e or l e s s un iform. Furt h e rmor e 

the temperature depende nt of ac tiva tion e ner gy i s g i ve n b y 

1 5 1 . Kir c ho ff e qu at lon. 

For sma ll t e mp e r a ture c h a n ge, wh e r e T2 - T1 i s of th e o rde r of 

40oC. Th e f::::. H would var y according l y. 
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EXCESS VOLUME AND EXCESS VI SCOS ITY. 

Excess vo lume and excess viscos ity has b een calcul ated 

using the formul as n o . 4 a nd 5 of Ch apter 4 . Th e results 

have been shown in graphs 1 3-19 for excess viscosity and g r ap hs 

20- 26 for excess vo lume . E E Here excess qu a ntit y (6V & 1 ) are 

plotted against mole fraction of acids concentration. It seems 

that as excess volume decreases with the rise of mol e fraction 

of particular acid. The corresponding excess viscosity increases . 

It is also noted that the effect of temp e ratur e on excess viscosity 

is much more telling than the same effect on ~VE. Th e exp l a na-

tion of this beh a viour appears to b e in the f ac t th a t with th e 

rise in temperature , the intermolecular fo rces between acid-acid 

a nd acid-solvent and solve nt-so lvent chang e s i gnificantly to 

effect the visco s ity b e hav iour. While for excess volume, these 

interactions as a function of temperatur e s eems to go in diff e r e n t 

dire ctions. Thi s beh avio ur is well known for liquids containin g 

hydrogen bonds. It is noted that the formation of hydro ge n 

bonds hold mol e cules at a distance,(hydrogen bond distance being 

longe r than ordinary v a lence bonds) . 
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