
CHAPTER 1 

INTRODUCTION 

Chemistry of E l e c t r o l y t e S o l u t i o n s : 

1.1 General 

The s c i e n c e of s o l u t i o n i s very complex. I t needs 

f o r i t s c l a r i f i c a t i o n the he lp of many b ranches of s c i ence 

namely, mathemat ical phys ic s such as thermodynamics, 

s t a t i s t i c a l mechanics, e l e c t r o s t a t i s t i c s and hydronamics. 

Numerous exper imenta l methods have been a l s o employed t o 

e x p l o r e t h e informat ion from t h e study of s o l u t i o n s . 

Although many of the impor tan t fundamental p r i n c i p l e s of 

e l e c t r o c h e m i s t r y had been d i scovered in t h e l a s t decades 

of 18th cen tu ry and the f i r s t 80 yea r s of t h e 19th cen tu ry , 

i t was not u n t i l l 188 7 t h a t an o rgan ised t h e o r e t i c a l and 

exper imenta l i n v e s t i g a t i o n of conduct ing s o l u t i o n s was 

begun. This was brought about by the monumental d i scovery 

of Vant Hof f ' s , t h a t s o l u t i o n s which r e a d i l y conduct 

e l e c t r i c c u r r e n t possess f r e e z i n g p o i n t s , b o i l i n g p o i n t s , 

osmot ic p r e s s u r e s and vapour p r e s s u r e s c h a r a c t e r i s t i c s 

of a s p e c i a l c l a s s of systems, and the s imul taneous and 
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even more important discovery of Arrhenius t h a t such 

systems contain e l e c t r i c a l l y charged p a r t i c l e s d% ions . 

I t was vant Hoff who f i r s t applied the powerful 

methods of thermodynamics to solut ions in a systematic 

manner. His treatment however lacked the genera l i ty which 

might have been achieved a t t h a t time if the system of 
3 

thermodynamics developed by Gibbs ten years e a r l i e r had 

been employed. Gibb*s g rea t t r e a t i s e provides a l l the 

e s s e n t i a l basic p r inc ip les required for the thermodynamics 

of so lu t ions . The most important contr ibut ion of thermo­

dynamics has been to reduce a l l measurements of systems in 

equi l l ibr ium to the determination of a s ingle thermodynamic 

function. 

Prom 1887 to the present, the knowledge of ionic 

so lu t ions has increased immensely, steady improvement has 

been made in the experimental methods of measuring the 

proper t ies associated with thermodynamic equi l l ibr ium, and 

those such as conductivi ty, v i scos i ty and diffusion which 

involve ions under the influence of ex te rna l ly imposed 

f i e l d s . This development has led to an immense volume of 

information concerning a la rge number of ion ic systems. 

I t was not u n t i l l 1923 t h a t an exact theory of d i l u t e 
4 

so lu t ions of e l e c t r o l y t e s was evolved. After Debye's 

formulation of the i n t e r i o n i c a t t r a c t i o n theory, a large 
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l i t e ra tu re developed,which includes theories of a l l the 

properties of e lect rolyt ic solutions. 

1.2 Viscosity of Electrolyte Solutions: 

The theory of the change in viscosity of medium 

brought about by the presence of colourab forces between 

the ions was f i r s t successfully developed by Falkenhagen 

for the case of binary electrolytes . The treatment of 

Onsagar and Fuoss i s also extended to re la te the visco­

si ty of ah electrolyte solution with the e lec t ros ta t ic 

forces between the ions of an e lect rolyte . They succeeded 

in obtaining a general solution applicable to mixture as 

well as individual e lectrolytes . 

In the f i r s t place, a simplified treatment has been 

considered which serves to show how the e lec t ros ta t ic 

forces between the ions influenced the viscosity and 

roughly estimated the order of magnitude of the effect. 

This procedure introduced the fundamentals of the theory 

of the dynamics of viscous fluids necessary for the 
7 development of the general theory • 

The coefficient of viscosity of solution h i s the 

s tress transfer per unit velocity gradient per unit area 

from each layer of solution to the layer beneath i t . 



4 

In an e l e c t r o l y t i c solut ion par t of the s t r e s s i s caused 

by the deformation of the ionic atmosphere. m the 

unperturbed solution each ion wi l l be surrounded by an 

atmosphere of ions of opposi te sign a t an average d is tance 

of r- and t h i s d i s t r i bu t i on wi l l possess a spherical 

symmetry. A veloci ty g rad ien t in the solut ion wi l l deform 

these atmospheres from a spher ical to an e l l i p s o i d a l form. 

The e l e c t r o s t a t i c forces and the thermal| motion wi l l tend 

to r e s t o r e the atmospheres to t h e i r o r i g i n a l form. As a 

r e s u l t of these two opposi te tendencies and because the 

time of re laxa t ion , f?f , i s de f in i t e , a s ta t ionary defor­

mation w i l l p e r s i s t . This deformation of the ionic atmos­

phere w i l l be of the order of magnitude 

' X (1.1) 

where \ f represen ts f r i c t i o n a l coef f ic ien t of the ions, 

k ia the rec ip roca l of thickness of ionic atmosphere, k 

i s the Boltzmann constant, T, the absolute temperature and 

<JV*. Cj\i i s a constant ve loc i ty gradient of moving 

solut ion in Y-direct ion. 

Ihe forces between two ions of charge *e* a t a 
1 2 ? 

d is tance of TT i s e k and the t o t a l t r ans fe r of force 
*^~~ 2 

between the ion and i t s atmosphere i s e k where D i s 
D 

the d i e l e c t r i c constant of the medium. Ihe magnitude of 
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the stress transfer between the ion and Its atmosphere Is 

KJKT ^y (1.2) 

upon subs t i tu t ion of the value of k given by 

: D K T ' - • ' • " " — (1-3) 

Where 'e* is the electronic charge, *zi' the valence of 

\ kind of Ion and ,njL * is the number of \ kind of ion 

per unit volume of the solution. We obtain for the ele-

ctrostatic contribution to the stress byX. 

^ x ^ — — ( 1 - 4 > 

This equation i s cor rec t except for a p ropor t iona l i ty 

f ac to r —Tgn which can only be obtained by the more 

general considerat ion of the exact deformation of the 

ionic atmosphere. Thus for the case where 

where *w • represen t s the mobility of ion. 

The s t r e s s between the solvent molecules i s given by 

% , ^ 
VTL 

the equation ^p "\ 

where Y) i s the v i scos i ty of the solvent . Hence the 

ion ic atmosphere cont r ibutes 



6 

to the viscosity of solution. This i s Falkenhagen 's 

r esu l t which ver i f ies the conclusion reached experimentally 
8 * • 

by Jones and Dole that in di lute solution Y) i s propor­

t ional to the square root of concentration. 
9 10 

Palkenhagen and Kalbeg and P i t t s have attempted 

to extend the equation (1.6) by including a parameter 'a* 

related to ion s ize . 

At the begining of the century Gruneisen measured 

the viscosity of many electrolyte solutions down to very 

low concentrations and observed aft effect which has since 

been named after hira. He found, in the di lute solutions, 

tha t the viscosi t ies are not approximately l inear with 

the concentration as in higher ranges but instead show a 

character is t ic curvature. Ihis curvature i s always 

negative and therefore the viscosity i n i t i a l l y increases 

i rrespect ive of whether, at higher concentrations, the 

solute increases or decreases the viscosity re la t ive to 

the pure solvent. In 1923 Jones and Dole gave a 

quanti tat ive formulation of the effect with their empirical 

equation 
- H — = 1 + ACV2 + BC (1. 7) 
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Where 'A' and *B' are cons tants and C l a the solute 

concentrat ion In moles per l i t r e . She second term on the 

r i g h t hand side of the equation was ascribed to the 

Gruneisen e f fec t . 

In 19 29 the i n t e r i o n i c a t t r a c t i o n theory as developed 

by Debye and Huckel was gaining acceptance and Jones and 

Dole co r rec t ly surmised tha t the dependence on the square 

r o o t of the concentrat ion arose from long range coloumb 

forces between the ions . m the same year Palkenhagen 

e t a i 5 * 1 2 ' 1 3 i n i t i a t e d the t h e o r e t i c a l ca lcu la t ion of 

the constant *A* using the equilibrium theory as a s t a r t i ng 

point by an expression 

fl =0.}53£ L 

^%£ ^ZfaX+fy 
' 2-

(1.8) 

a t 25 °C in water. 

In the f i r s t ins tance , the development was applied 

only to simple e l e c t r o l y t e s whose cons t i tuen t Ions were 

of s imi lar mobi l i t i e s but l a t e r extended to the case where 

they d i f fe red . Then in 1932 onsagar and Fuoss published 

a comprehensive paper on the theory of i r r e v e r s i b l e 

processes in e l e c t r o l y t e s in which general equations were 

developed to descr ibe v i scos i ty , conduction and diffusion 

in d i l u t e so lu t ions . Ihese general equations were then 
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special ized for each of the three processes . 

The constant *A* may be evaluated from experimental 

da ta by p lo t t i ng a su i t ab le form of equation (1 .7) . Many 

t e s t s have been made of the v a l i d i t y of the l imi t ing 

equations mainly for simple e l e c t r o l y t e s . The recent 
14 15 precise v i scos i ty measurements of Kaminsky ' have 

enabled good t e s t s to be made of 'A* for both d i f f e ren t 

s a l t s and for the same s a l t a t d i f f e ren t temperatures. 

Thus the theory of long range i n t e r i o n i c contr ibut ion 

to the v i scos i ty of e l e c t r o l y t e i s well expressed by 

Jones-Dole equation. Experimental evidence ind ica tes t ha t 

t h i s ef fec t can explain the behaviour of concentrat ion 

v i scos i ty curve upto about 0.002M. I t was pointed out 

also t ha t e laborat ion of d i l u t e solut ion theory to include 

a parameter for the f i n i t e s i ze of the ions f a i l s to 

extend the range of the equations s i g n i f i c a n t l y . At 

concentrat ions above 0.002M a marked l i n e a r var ia t ion of 

v i scos i ty with concentration i s shown by strong e l e c t r o ­

l y t e s , extending to 0,1 M and higher in aqueous solut ion 

and to some what lower concentrat ion in some non-aqueous 

systems. The coef f ic ien t 'B* of Jones-Dole equation i s 

probably r e l a t ed to the disturbance of the s t ruc tu re which 

i s present in l i q u i d s . The *B* values also vary widely 

for d i f f e r en t solvents and show progressive change in 
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mixed solvents. The view point i s generally accepted that 

' B' coefficients are manifestation of ion-solvent in ter ­

action and this i s of course supported by the l ineari ty of 

the BC term in the equation. 

Itie second important deduction concerns the evidence 

for the additivity of ionic contributions. For example, 

the *B' values for pairs of sa l t s with the same anion but 

different cations have constant differences. The division 

of 'B' coefficients into individual ionic values i s rather 

arbitary process. Generally in non-aqueous and mixed 

solvent systems no division into ionic *B' values has been 

attempted. I t i s observed that as the temperature 

increases 'B' values change. The dependence of 'B* on 

temperature i s explained on the basis that there exists 

around an ion a region of modified solvent differing from 

the bulk in structure and properties. Gurney's cosphere, 
1 7 18 

Frank and Wen's •A*, *B' and 'C' zones and Nightingale's 
hydrated radius are recent reflections of th i s idea. 

19 Stokes and Mills equated the viscosity of d i lu te 

electrolyte solutions to that of solvent plus the con­

tributions of four other sources in the following manner. 

Yj, rf+yf + Y^tYi* +r^ d-9) 

where y) . y] are viscosity of solution, viscosity of 
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solvent respec t ive ly , yi i s pos i t ive increment in 

v i s cos i t y caused by coloumbic in t e rac t ion , ft i s the 

v i scos i ty increment a r i s ing from the s i ze and shape of 

an ion, which i s closely r e l a t ed to Einstein ef fec t . I t 

w i l l always be pos i t ive and normally increases with 

increasing ionic s i ze . 71 i s the increment due to the 

alignement or o r i en ta t ion of polar molecules by the ionic 

f i e l d . This i s again pos i t ive due to s t i f fen ing of the 

so lu t ion . Yl i s the v i scos i ty change associated with d i s ­

tor t ion of the solvent s t ruc tu re leading to g rea te r f l u i d i t y . 

If equation (1.9) i s subs t i tu ted in Jones-Dole equation 

we have 

i f+ f + rjV*f= >1>^-H3C) . . . u.10) 

Eliminating the ionic i n t e r ac t i on cont r ibut ion from both 

s ides 

t 7 ; + r | ° r y\ BC ( l . i i ) 

Therefore a t a given concentrat ion the 'B* coef f ic ien t can 

be in te rpre ted in terms of a competition between these 

specia l ized v i scos i ty e f f ec t s . 
A / 

In general — <<^ 1, the second term in equation 

(1.7) may be neglected a t concentrat ions above 0.002 M 

and Jones-Dole equation may be wri t ten as 
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yT- = 1 + BC ( 1 . 1 2 ) 
to 

The equation (1.12) has been found to be va l id for the 

concentrat ion range 0.002 <{. c <~0.1M. 

For appl icat ion to higher concentrat ions, a quadratic 
2 ? f) ?fi 

terra DC has been included in Jones-Dole equation . 

In most cases i t i s su f f i c i en t to express the r e l a t i v e 

v i scos i ty of a e l e c t r o l y t e solution with the help of the 

following equation 

ZL = Y)Y^l+AC1/'2+BC+DC2 (1.13) 

The DC term of equation (1.13) i s general ly pos i t ive 

which must include a l l so lu t e - so lven t and solute—solute 

i n t e r a c t i o n s t h a t were not accounted for by AC ' and BC 

terms. The main cont r ibut ions by 'D* would therefore be 

i ) higher terms of the long range coloumbic forces, 

i i ) higher terms of the hydrodynamic ef fec t , and 

i i i ) i n t e r a c t i o n s a r i s ing from changes in so lu te -so lvent 

in t e rac t ion with concentrat ion. 

The small value of 'A* precludes long range coloumbic 

forces from having s i g n i f i c i a n t effect on the value of 

• B', but t h i s i s not necessar i ly t rue of 'D' , since in 

most of the e l e c t r o l y t e s p a r t i c u l a r l y alkali ha l ides , 

*D' i s of the same order of magnitude as *A'. 
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An est imate of the influence of long range coloumbic 

forces on 'D* can be obtained by the replacement of the 

standard ionic conduc t iv i t i es in equation (1.8) by the 

ac tua l conduc t iv i t i e s a t the known concentra t ions . The 

di f ference between t h i s 'A' and the l imi t ing value can be 
2 

expressed as a DC term. Such a ca lcu la t ion ind ica t e s 

cont r ibu t ion by long range coloumbic forces to 'D' , which 

may not be ce r ta in ly neg l ig ib le . The negligence of 'D* 

parameter in most work has often added unsuspected large 

u n c e r t a i n t i e s on 'B'. 
27 In the case of suspensions, Einstein developed an 

equation s imi lar to equation (1.12) giving the r e l a t i v e 

\jfiscosity of d i l u t e suspensions of r ig id spheres. His 

equation i s 

J^_ = 1 + 2.5 CJ) (1.14) 

Where f) and 7J are the v i scos i ty of suspension and 

suspending medium respec t ive ly and O i s the p a r t i c l e 

volume f rac t ion . Equation (1.14) i s based on hydrodynamic 

considera t ion alone and s t r i c t l y val id only when applied 

to macroscopic r i g i d spheres in the l imi t ing case of 

i n f i n i t e d i l u t i o n . Experimentally, however, i t has been 

found ef fec t ive to volume fract ion as high as m ô  0 .01. 
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Fuoss and coworkers ' , Kurucsve e t a l 3 0 and 
31 f-toulik have attempted to r e l a t e Einstein 's equation 

(1.14) to the Jone-Dole equation (1.12) by performing the 

transformation 

CD = CV (1.15) 

where 'V* i s the est imate of molar volume of the so lu te 

molecules in solut ion. The •B' coe f f i c i en t can then be 

r e l a t e d to ' V by 

B = 2.5V (1.16) 

Estimates of *V* are often based on the hydrated or 

c r y s t a l radius of the so lu te ions . In f a c t t h i s approach 

has been used in ce r t a in ins tances to est imate degrees 
32 

of hydration by Robinson and Stokes • 
28 29 Fuoss and co-workers ' working with molar volumes, 

t , obtained from densi ty measurements, were successful 

in demonstrating a l ike correspondence between add i t i v i t y 

of ion contr ibut ion to both 'B* and O . They were not 
V 

able however, to confirm equation (1.16) and found i t 

val id only for la rge ions which can be said to resemble 

macroscopic p a r t i c l e s . For smaller ions, BA \ 2.5, 

with the r a t i o growing as the ions tes ted become smaller . 
30 In pa r t i cu l a r , Klurucsve e t a l reported tha t equation 

(1.16) i s val id only for ions of rad ius > 5 A° 

While very l i t t l e work has been done in the area of 
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c o n c e n t r a t e d e l e c t r o l y t i c s o l u t i o n s , a c o n s i d e r a b l e 
33 34 

e f f o r t h a s been made by E i r i c h and Ford , b o t h 

t h e o r e t i c a l and e m p i r i c a l , w i t h r e s p e c t t o d e t e r m i n i n g 

t h e v i s c o s i t y of c o n c e n t r a t e d s u s p e n s i o n s , E q u a t i o n s 

which r e s u l t , can g e n e r a l l y be r e p r e s e n t e d by a po lynoqc t iU^ 

o f t h e form 

i , l + ^ . S ^ ^ r K ^ + K C f ( 1 .1 7 ) 

35 vand demonstrated t h a t the addit ion of second and 

higher order terms to E in s t e in ' s equation are due to 

p a r t i c l e In t e rac t ions of var ious types. The equation 

which i s often expressed to describe the v i scos i ty of 

suspensions of spher ical p a r t i c l e s in mixed solvents by 

Vand i s 

M-- *Ll± - - - ( 1 . 1 8 ) 

Where Q i s a p a r t i c l e in te rac t ion f ac to r . 

Thomas made a c r i t i c a l analysis of extensive 

experimental data and using s t a t i s t i c a l techniques, d e t e r ­

mined the coef f ic ien t s of the power s e r i e s expressed in 

equation (1.17) to the seventh degree. He fur ther 

demonstrated t h a t a simple second degree equation w i l l 

co r r e l a t e the experimental da ta to within 9 7.5% of the 

yi/yi value for(J)<C 0.25 
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7 | 

-^T = 1+2.5cb +10.05 §> (1.19) 

Since a t cb = 0.25, the average p a r t i c l e seperation i s 

only 0.35 p a r t i c l e diameter, t h i s equation seems to be 

va l id for qu i te highly concentrated suspensions. 
37 Breslau and Miller performed transformation 

presented in equation (1.15) on equation (1.18) r e su l t i ng 

in 

-L = 1+2.5 CVe + 10.05C2Ve2 (1.120) 

The subscr ip t *e' has been added to ' V to designate 

i t as an e f fec t ive r i g id molar volume. Equation (1.20) 

may be rearranged to solve for Ve 

y> __ -?-5C t vj C2.5C)"- ^Qo^)0-^ho) {U2l) 

If v i scos i ty -concent ra t ion data are avai lable for 

any given s a l t , i t ' s e f fec t ive r ig id molar volume, Ve, 

may be obtained from equation (1.21) as a function of 

concentra t ion. 
31 Moulik has also shown t h a t a t higher concentrat ions 

beyond the region where the Einstein r e l a t i o n holds, the 

r e l a t i v e v i s c o s i t i e s of many so lu te-so lvent systems 

including e lec t ro ly te -wate r systems are given by the 

r e l a t i o n 

Y]1 ' = I + KC2 (1.22) 
I Y 
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Where I and K are two constants . Expanding t h i s 

r e l a t i o n in a power s e r i e s and keeping only the f i r s t 
2 term of the expansion also leads to DC term as in 

equation (1 .13) . 
38 Desnoyers and Perron suggested t h a t s t r u c t u r a l 

so lu te - so lu te i n t e r ac t i ons play an important r o l e in the 

concentrat ion dependence of most physico-chemical proper­

t i e s . If equation (1.13) i s wri t ten in the form 

* ^ ^ - B-KDC (1.23) 
C 

i t becomes a psuedo reduced quanti ty and as such, 

resembles an apparent molal quant i ty . Then i t would be 

reasonable to r e l a t e 'B ' to so lu te-so lvent i n t e rac t ions 

and 'D' to so lu te - so lu te i n t e r a c t i o n s . if the coulombic 
1/2 forces were mostly accounted for by the AC ' , D would be 

e s sen t i a l l y a so lu te - so lu te s t r uc tu r a l i n t e rac t ion term. 

Thus 'D' parameter should depend on the nature of the ion 

in a way s imi lar to the devia t ions of the Debye-Huckel 

theory for the ac t iv i ty coe f f i c i en t s . This implies tha t 

there should be an inversion in the dependence of *D' on 

the cat ion s ize and *D • should not be addi t ive 
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1.3 The Malal Volumes of E l ec t ro ly t e s : 

The apparent and p a r t i a l molal volumes of e l e c t r o l y t e 

solut ions have proved to be a very useful too l in e l u c i ­

dat ing the s t r u c t u r a l i n t e r a c t i o n s ( i . e . ion-ion, ion-

solvent and solvent-solvent) occuring in so lu t ion . For 

example, the p a r t i a l molal volumes of e l e c t r o l y t e s a t 

i n f i n i t e d i lu t ion can be used to study ion-solvent and 

solvent-solvent i n t e r ac t ions , while the concentrat ion 

dependence of the apparent and p a r t i a l molal volumes of 

e l e c t r o l y t e s can be used to study ion-ion i n t e r a c t i o n s . 

The p a r t i a l molal volumes of e l e c t r o l y t e s can also be 

used to ca l cu l a t e the ef fec t of pressure on ionic equi-

l l l b r i a for processes of engineering and oceanographic 

importance. 

The volumes of e l e c t r o l y t e solut ions have been of 

s c i e n t i f i c i n t e r e s t for a long time. Ihe t heo re t i c a l 

development of solution volumes has pa ra l l e led the 

overa l l development made in o ther phases of solution 

chemistry. 

The h i s t o r i c a l development of the volumes of 

e l e c t r o l y t e solut ions can conveniently be divided into 

f ive major d iv i s ions , with the years 1770, 1887, 1923 
39 and 195 7 as points of change. In 1770, Watson made 



18 

t h e f i r s t a c c u r a t e measu remen t s on t h e volume c h a n g e oft 
2 

a d d i n g e l e c t r o l y t e s t o w a t e r , i n 1887, A r r h e n i u s p r e s e n t e d 

h i s t h e o r y on t h e d i s s o c i a t i o n of e l e c t r o l y t e s i n t o i o n s , 
4 

in 1923 Debye and Huckel p r e s e n t e d t h e i r t h e o r y of i n t e r -
i o n i c a t t r a c t i o n , and i n 195 7, v a r i o u s w o r k e r s , e . g . 

40 41 42 17 
Ackermann , Buckingham , Eigen , F r a n k and Wen , 

43 44 45 
Kaminsky , Samoi lov , Young, Wu and Krawetz e t c 

p r e s e n t e d a number of p a p e r s on s t r u c t u r a l h y d r a t i o n i n t e r ­

a c t i o n s i n t h e d i s s c u s s i o n s of F a r a d a y s o c i e t y . In 1840 

when D a l t o n made some volume m e a s u r e m e n t s which h e i i o u g h t 
47 s u p p o r t e d t h e p o r o s i t y t h e o r y of w a t e r . Ho lke r found 

t h a t t h e volume c h a n g e on add ing s a l t t o w a t e r c o u l d b e 

p o s i t i v e o r n e g a t i v e d e p e n d i n g on t h e s a l t , t h e t e m p e r a t u r e , 

48 and t h e c o n c e n t r a t i o n . P l a y f a i r and J o u l e r e p e a t e d 

H o l k e r ' s work and found a r e l a t i o n s h i p be tween t h e volume 

49 of s a l t i n s o l u t i o n and i n c r y s t a l . Mar ignac showed t h a t 

P l a y f a i r and J o u l e s work was i n c o r r e c t and t h a t H o l k e r ' s 

work was c o r r e c t . 

By 1850, t h e d e c r e a s e i n volume upon t h e a d d i t i o n of 

a s a l t t o w a t e r was g e n e r a l l y a c c e p t e d and i n 1854, 

Miche l and K r a f f t made t h e f i r s t q u a n t i t a t i v e measu remen t s 

on t h e d e n s i t i e s of s o l u t i o n s . Kremers sho«ftb| that t h e 

d e n s i t y was n o t a l i n e a r f u n c t i o n of c o n c e n t r a t i o n and t h a t 

t h e r e l a t i v e vo lumes of e l e c t r o l y t e s o l u t i o n s go t h r o u g h 
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52 a maximum w i t h i n c r e a s i n g t e m p e r a t u r e . S c h i f f s t u d i e d 

t h e d e n s i t y of c o n c e n t r a t e d s a l t s o l u t i o n s and by e x t r a ­

p o l a t i n g t h e s e d e n s i t i e s t o 100% c a l c u l a t e d t h e volume 

of w a t e r bound i n t h e c r y s t a l . 

The a p p a r e n t (o r e q u i v a l e n t ) m o l a l vo lume, A> , of 

an e l e c t r o l y t e i n s o l u t i o n was f i r s t i n t r o d u c e d i n 1871 
53 

by Mar ignac 

where *v • i s t h e volume of t h e s o l u t i o n , ^-.v., i s t h e 

volume of w a t e r i n s o l u t i o n , n, i s t h e mo les of w a t e r , 

v 1 i s t h e m o l a r volume of w a t e r , and n2 i s t h e number of 

moles o r e q u i v a l e n t s of e l e c t r o l y t e i n s o l u t i o n . He found 

t h a t Cp I n c r e a s e w i t h c o n c e n t r a t i o n and t e m p e r a t u r e f o r 

t h e s a l t s he s t u d i e d . 

54 
P a v r e and v a l s o n w e r e t h e f i r s t t o o b s e r v e a 

r e g u l a r i t y be tween t h e a d d i t i v i t y of t h e d e n s i t i e s o r CD 

of d i f f e r e n t s a l t s o l u t i o n s . They f u r t h e r assumed t h a t 

t h e volume c h a n g e on a d d i n g s a l t t o w a t e r was t h e r e s u l t i n g 

of two o p p o s i n g e f f e c t s i ) c o n t r a c t i o n i n volume due t o 

t h e a d s o r p t i o n of w a t e r on t h e d i s s o l v e d s a l t and i i ) 

e x p a n s i o n i n volume d u e t o t h e s a l t d i s s o c i a t i n g . 

N i c o l ' was t h e f i r s t t o a t t e m p t t o e x p l a i n why 

t h e Z> of e l e c t r o l y t e s i n c r e a s e w i t h i n c r e a s i n g 
v 



20 

c o n c e n t r a t i o n by us ing t h e so c a l l e d a t t r a c t i o n theory 

( i . e . t he a t t r a c t i o n of wa te r f o r wa te r , s a l t f o r s a l t , 

and wa te r fo r s a l t ) . A s a l t was thought to d i s s o l v e 

when the a t t r a c t i o n of wa te r fo r s a l t exceeded t h a t of 

s a l t f o r s a l t . 
2 

The theory of Arrhenius in 188 7 was of g r e a t impor­
t a n c e in the development of t h e theory of s o l u t i o n volumes. 

5 7 On t h i s theory Schmidt in 1890 showed the a d d i t i v i t y of 

t h e 4 58 

Z> f o r v a r i o u s s a l t p a i r s . in 1892, oraube b e l i e v e d t h a t t he C^ r e p r e s e n t e d the a c t u a l volume of the 
V 

s a l t in s o l u t i o n , he exp la ined n e g a t i v e on the b a s i s of 

t h e c r y s t a l water t h a t t h e s a l t c o n t a i n e d . He noted t h e 

change of the cb with va lence t y p e . 

Two very impor tan t t h e o r i e s about <X^ , Drude and 

N e r n s t ' s e l e c t r o s t r i c t i o n theory and Tammann's 

i n t e r n a l p r e s s u r e theory , developed d i r e c t l y from Arrhenius 

work and a r e s t i l l the b a s i s fo r many t h e o r i e s of i o n -

s o l v e n t i n t e r a c t i o n s today . 

lammann was the f i r s t to g ive a r e a s o n a b l e t h e o r e t i c a l 

e x p l a i n a t i o n of s o l u t i o n volumes. Ihe fundamental i d e a of 

h i s theory of i n t e r n a l p r e s s u r e (TT ) was developed by 

no t ing t h a t both an i n c r e a s e in p r e s s u r e and t h e a d d i t i o n 

of a s a l t to water lowered the t empera tu re of maximum 

d e n s i t y . Itius, a d i s s o l v e d s a l t appears to cause the wa te r 
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to behave as if it were under a high external pressure. 

He applied this theory to solution volumes by attributing 

the Cp to (i) the change in volume of the salt due to 

changing the pressure from latm. to TT , (ii) the change in 

volume of the solvent due to chaning the pressure from latm. 

to XT and (iii) the change in volume when one mixed the salt 

and the solvent at "f|~ to give a solution at 1 atm. external 

pressure andTT atm. internal pressure. 

Drude and Nernst developed their electrostriction 

theory by assuming that ions can be treated as charge 

spheres in a continuous dielectric medium. They calculated 

the electrostrict!ve decrease in volume from the equation 

V,U) =(^e"Mr)[c^t]^-^ ---d.25) 
where *z* i s the charge on the ion, *e * i s the e l e c t r o ­

s t a t i c charge, 'D* i s the d i e l e c t r i c constant of the solvent 

•r ' i s the rad ius of the ion and *P* i s the pressure (at 

2 5 °C, B = 4.175 in water) . Kbhlrausch ' developed a 

s inker method (based on a hydrosta t ic balance) to study the 

d e n s i t i e s of e l e c t r o l y t e so lu t ions * Kbhlrausch and 

Hallwachs's ' work la id to the general use of the symbol 

cjp> for the apparent or equivalent molal volume. They 

also showed experimentally tha t the <ft> i s proport ional to 
W 

(S-l) /C, where ' s ' i s the spec i f ic gravi ty , which follows 

from the de f in i t ion of the apparent molal volume 
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4v = -1000^1) + M . . . ( U 2 6 ) 
V c T do" 

where *c' i s the molar concentrat ion, ,M* i s the molecular 

weight of the solute , do i s the densi ty of the pure solvent, 

and •s* i s the specif ic gravi ty (S = d/do, where d i s the 

densi ty of the so lu t ion) . 
64,65 Baxter and coworkers applied the theory of 

Richards on the compressible ion to solution volumes, 

Baxter ' s ' theory dif fered from t h a t of Tammann and 

tha t of Drude and Nernst in tha t he thought both the s a l t 

and solvent contracted. Baxter thought t h a t the cfc> was 

due to ( i ) an expansion due to the freeing of the ions from 

the c r y s t a l l i n e r e s t r a i n t s , i i ) a smaller expansion due 

to repulsion of l ike charges and , i i i ) a contraction due 

to ion-water in t e rac t ions mostly due to the contract ion of 

water. The decrease in Cp with decreasing concentration 

was a t t r i bu t ed to ioniza t ion , and the increase in the <t> 

with temperature was a t t r i bu t ed to decrease in hydration. 
f> 7 

In 1913, Lamb and Lee developed a magnetic f l o a t 

method of measuring the d e n s i t i e s of so lu t ions . Although 

t h i s method can be considered a development or modification 

of the hydros ta t ic weighing method, the magnetic f l o a t 

method requi res no suspension thread or wire . They showed 

tha t the method was capable of measuring dens i t i e s to a 
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p r e c i s i o n of 0 .1 ppm, and they were able to de te rmine ct? 
Ty 

for Innumerable inorganic salts in very dilute aqueous 

solutions (0.0001 to 0.01 C). 

After 1925, due to the new advances made in the 

knowledge of solutions/ it became evident that there was 

a need for a revision and reinterpretation of solution 
go 

volumes. Campbell a t tempted to c a l c u l a t e the t r u e volume 
of c e r t a i n s a l t s from the r e f r a c t i v e index, Geffcken and 

69 coworkers r e l a t e d apparen t molar volume and the r e f r a c t i o n 

70- 72 of the s a l t s o l u t i o n s , and Redl ich and coworkers 

app l i ed the Debye-Huckel theory to the c o n c e n t r a t i o n 

dependence of <fc> • 

73 In 19 26, Webb developed a theory for the volume 

change produced by a l e c t r o s t r i c t i o n in the v i c i n i t y of an 

i o n . The e l e c t r o s t r i c t i o n of a s o l v e n t was g iven by the 

equa t ion as 

(1.27) VC;^ = j - £ * AiTrNr 
r0 V 

where £^ *Wy i s t he f r a c t i o n a l change of volume a t a 

d i s t a n c e from the c e n t r e of t h e ion where the p r e s s u r e i s 

\y and Yo i s fche r a d i u s of t h e ion ( i . e . t h e r eg ion 

i n t o which no s o l v e n t molecules could e n t e r ) . The 

f r a c t i o n a l change in volume can be o b t a i n e d 

d i r e c t l y a t p r e s s u r e Vy o r from the c o m p r e s s i b i l i t y 



24 

equation 

- ^ = ( V ' P - - - a . 2e, 
V O 

where |3 the compressibi l i ty i s a function of pressure. 
74 In 19 29, Masson found a valuable, often misused, 

empirical genera l iza t ion on the change of the <£p with 

the square roo t of molar or normal concentrat ion 

<db - C ^ - i - S v - l C (1.29) 

where 03 i s the apparent molar volume a t i n f i n i t e d i l u t i o n 
r—. 0 * 

(equal to the p a r t i a l molal volume, y ) and S i s the 

experimental slope tha t va r i e s with each e l e c t r o l y t e . I t 

was found t h a t t h i s equation adequately represents the 

concentrat ion dependence of the CL> of e l e c t r o l y t e s over 

a wide temperature and concentration range. 
75 Root combined equation (1.26) and (1.29) and found 

the equation 

- - (1.30) 

can be used to represent the dens i t i e s , d, of many aqueous 
A ' s *'s 

s a l t so lu t ions . Since the <-P and Sv have been shown 

to be addi t ive for many simple s a l t so lu t ions , t h i s 

equation can be very useful in estimating the d e n s i t i e s of 

unknown solut ions ( i . e . in concentrated so lu t ions ) . Masson 
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attempted to r e l a t the S cons tants to the d i s soc ia t ion 

of the e l e c t r o l y t e s , while Scott ~ discussed the 
**s 

significance of the S of electrolytes in concentrated 

solutions. 

in 1931, Redlich and Rosenfeld7 1 ' 72 applied the 

i n t e r i o n i c a t t r a c t i o n theory of Debye and Huckel to the 

concentrat ion dependence of cb . ihey a t t r i bu t ed the 

increase in As of e l e c t r o l y t e s with increas ing concen-
W 

t r a t i o n to the screening of the e l e c t r o s t r i c t i o n of the 

ions by the approach of counter ions. Ihey also predicted 

t h a t a constant l imi t ing slope should be obtained for a 

given e l e c t r o l y t e charge type a t constant temperature and 

pressure i f the Debye Huckel theory i s obeyed. Ihey 

fu r the r obtained the t heo re t i ca l l imi t ing slope, S. using 

the equation 

Sv = K W3/2 (1.31) 

The two termps for the l imi t ing slope are given by \/ -ue( S % W T > V T } 3 <»>%,- P/3 (1.32) 

where B i s the compress ibi l i ty of the solvent and the 

o the r symbols have t h e i r usual meaning, and 

VV = 0 . 5 %- Y ' ^ t1-3 3) 
* 

where y[ i s the number of ions of species \. and valency 
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~~ZL\ formed by one molecule of electrolyte. For electro­

lytes of a fixed valence type, *w • i s constant and the 

limiting law depends only on temperature and the physical 

properties of the pure solvent. For dilute solutions, 

the limiting law for the concentration dependence of the 

(TJ o r \J of electrolytes is given by the equation 
2-

, 4- W \J <& = % + $v4C~ (fj> + K W / 2 ^ C (1.34) 

_ —6 „ . 31% __ 

^ d y _ \ / % 3 SV4C - \(_+|jl<VvJ ^C (1.35) 
2- <o 

Although the equations developed by Redlich and 

Rosenfeld are similar to the Masson equation, these 

theoretical equations have an entirely different meaning. 

Ihe Masson equation can represent the apparent molal 

volume data over a considerable concentration range, however 

the Redlich equation cannot be expected to be more than a 

limiting law for low concentrations (this fact was stressed 

by Redlich and Rosenfeld.). Ihe Masson equation has always 

been used with different S for different electrolytes, 

the theoretical equation, however, postulates a single 

coefficient K, common to all electrolytes and depending 

only on the temperature and the properties of the pure 

solvent. Since the limiting law equations was derived 

from the theory of Debye-Huckel by means of thermodynamics 
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alone, any f a i l u r e of t h i s equation would ind ica t e the 

i nva l id i ty of the theory. Many workers have neglected 

t h i s f ac t . 

Although equations 1.31-1.35 are thermodynamic a l ly 

sound, t h e i r implicat ions have been (and are s t i l l being) 

completely ignored by many workers, who have expressed 

the i r r e s u l t s using ind iv idua l l imit ing slopes for e l e c ­

t r o l y t e s of the same charge type. According to Redlich 

and Rosenfeld, the individual differences in the slopes 

found in high concentrat ions ( i . e . using the Masson 

equation) are due to dev ia t ions from the l imi t ing law. 

Consequently, ex t rapola t ions to i n f i n i t e d i l u t i o n using 

the Masson equation are un re l i ab le . 
71 72 Although Redlich and Rosenfeld ' described t h i s 

s i t ua t i on nearly 40 years ago, workers s t i l l continued 

to ex t rapola te the q^ of e l e c t r o l y t e s to i n f i n i t e 

d i lu t ion using the Masson equation. Par t of the problem 

was due to an incor rec t value for the l imi t ing slope and 

i n s u f f i c i e n t cb da ta in d i l u t e so lu t ions . 
IV 

71 72 
Redlich and Rosenfeld ' suggested t h a t the concen­

t r a t i on dependence of the apparent molar volume be 
represented by the equation 

(b - Cb -+~ 5 v ^ + DVC (1.36) 
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where bv I s an empirical deviat ion cons tant . Ihey noted 

t h a t dp and bv (the deviat ion constant of var ious 

e l e c t r o l y t e s ) appear to have a p a r a l l e l behaviour. This 

para l le l i sm has been found both by examining the va r i a t ion 

with temperature of these two d i f f e r en t a l k a l i ha l ide3 . 
80 

Fajans a lso found a s imi la r r e l a t i onsh ip between the 

e l e c t r o s t a t i c par t of the v^ and the indiv idual devia t ions 

from the l imi t ing law a t moderate concent ra t ions . 
81 In 1933, Guckar reviewed the development of the 

square roo t concentrat ion dependence of the dp of 
w 

82 e l e c t r o l y t e s . A year l a t e r , Gucker defined the apparent 

molal expans ib i l i ty M , of an e l e c t r o l y t e and showed 

t h a t the &> of e l e c t r o l y t e s were a l i n e a r function of 

4 c s imi lar to the Masson and Redlich and Rosenfeld 

equations for cb . He found t h a t the slopes, S„ were 

negative for a l l the e l e c t r o l y t e s he examined, although 

the Debye Huckel theory predicted a pos i t i ve slope. This 

discrepancy i s due to the f ac t t h a t the da ta Gucker used 

was for too high a concentrat ion for the l imi t ing law to 

hold. Itie d iscrepancies between the Masson equation and 

the Redlich and Rosenfeld equation in expressing the 

concentrat ion dependency of the <y of e l e c t r o l y t e s 

stimulated a g rea t deal of controversy between 1931 to 

1964. 
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83 Stewart found t h a t the l imi t ing law was inval id 

for apparent molal volume da ta of strong e l e c t r o l y t e s in 

high concentrat ion region, presumably due to hydrolysis 
84 or incomplete d i s soc ia t ion . In 19 40, Redlich showed 

t h a t the l imi t ing law i s approached for e l e c t r o l y t e s in 

aqueous and non aqueous solut ions and t h a t the qj for 

non e l e c t r o l y t e s depend l i nea r ly on the f i r s t power of 

concentrat ions in d i l u t e so lu t ions . Redlich also showed 

t h a t by combining equation 1.26 and 1.36, the densi ty, d, 

of an e l e c t r o l y t e solut ion can be determined from the 

equation 

He pointed out t h a t t h i s equation i s preferred to Root 's 

equation 1.30, since i t i s based on the t heo re t i c a l 

concentrat ion dependence of the LD . This equation can 

be used to est imate the d e n s i t i e s of unknown solut ions by 

using the add i t i v i t y p r i n c i p l e . For d i l u t e solut ions , 

t h i s equation can predic t the d e n s i t i e s of unknown 

solut ions more precisely than the bes t experimental 

measuremen t s . 
85 in 19 42, Redlich and Bigeleisen showed tha t expe-

-rimental S da ta confirmed the Debye-Euckel l imit ing law 

for 1:1 e l e c t r o l y t e s in d i l u t e solut ion. Ihey also 
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o JS 
d i s c u s s e d the r e l a t i o n s h i p between t h e up and b *s 

Iv v 

and poin ted o u t t h a t t h e e m p i r i c a l r e l a t i o n s h i p found by 
48 Stewar t can a l s o be a t t r i b u t e d to t h i s p a r a l l e l i s m . 

A number of e a r l y workers between 1933 and 195 7 

i n v e s t i g a t e d t h e <p of e l e c t r o l y t e s i n nonaqueous 

s o l v e n t s to t e s t the Red l ich and Rosenfeld equa t ions and 

to study the e f f e c t of s o l v e n t on i o n - s o l v e n t i n t e r a c t i o n s . 

I t has been observed by a number of workers t h a t 

lower t h e d i e l e c t r i c c o n s t a n t of t h e s o l v e n t , t he l a r g e r 

i s the e f f e c t of i o n i c i n t e r a c t i o n . Unfor tuna te ly no t 

only the s lope va lue s bu t , i n g e n e r a l , a l so t h e d e v i a t i o n s 

from the l i m i t i n g lav i n c r e a s e with d e c r e a s i n g d i e l e c t r i c 

c o n s t a n t . In 1949, Owen and Brinkley developed an 
JU7S ' s 

e x t r a p o l a t i o n equat ion f o r cp and V2 of e l e c t r o l y t e s 

t h a t i s based on t h e extended form of t h e Debye-Huckel 

equa t ion f o r a c t i v i t y c o e f f i c i e n t s ( i . e . i n c l u d i n g t h e 

i o n - s i z e parameter , a ) 

cb = ^-t SVT (K*) ^jc + i ^ e C M C + l K v C (1.38) 

Vx -- V, + ^ 3 ^ + c , ^ ^ | + IV - - - (1.39) 

86 Owen and Brinkley attributed the disagreement of the 

experimental CD found using the Masson equation, 

compared to their extended equations as being due to the 
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disregard of the ion-s ize parameter. 

A3 discussed in the h i s t o r i c a l development of 

solut ion volume, between 1931 and 195 7, a g r e a t controversy 

existed between various workers concerning the differences 

between the Masson equation 1.34. In 196 4, Redlich and 
8 7 Meyer discussed the development of t h i s controversy. 

They also derived t heo re t i ca l value of *k* in water as 

a function of temperature and suggested t h a t the concen­

t r a t i o n dependence of the apparent molal volume of 1:1 

e l e c t r o l y t e in water a t 25 C be represented by the 

equation 

c\3 -- ^ t \-2<uTtKC 
, v — ^ - 4 0 > 

The study of the concentration dependence of the apparent 

( cb ) and p a r t i a l molal (V-) volumes of e l e c t r o l y t e s as 

a function of s ize , charge, temperature, and solvent can 

be very useful in examining ion-ion i n t e r a c t i o n s . The 

use of apparent molal volume, ct> , to determine the 

p a r t i a l molal volume V2 i s usual ly more convenient. 

The p a r t i a l molal volume V̂  = <Y, of e l e c t r o l y t e s 

a t i n f i n i t e d i l u t i o n (where ion-ion i n t e r a c t i o n s vanish) 

are pa r t i cu l a r ly appropriate to study ion-solvent i n t e r ­

ac t ions , since volume proper t ies are easy to v i sua l i ze 

geometrical ly and r e l a t i v e l y easy to determine experimen­

t a l l y . The study of the p a r t i a l molal volumes of 


