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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for sympos ia a n d 
collect ions of data i n spec ia l areas of top i ca l interest that c o u l d 
not be accommoda ted i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibu ted among several journals or not p u b ­
l i shed at a l l . Papers are r e v i e w e d c r i t i ca l ly acco rd ing to A C S 
ed i to r ia l standards a n d receive the careful at tent ion a n d proc­
essing character is t ic of A C S publ ica t ions . V o l u m e s i n the 
A D V A N C E S I N C H E M I S T R Y S E R I E S ma in t a in the in tegr i ty of the 

symposia o n w h i c h they are based; however , ve rba t im repro­
duct ions of p rev ious ly p u b l i s h e d papers are not accepted. 
Papers m a y inc lude reports of research as w e l l as reviews since 
symposia m a y embrace bo th types of presentat ion. 
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P R E F A C E 

his is the second vo lume i n a series dea l i ng w i t h the fundamenta l 
- 1 - phenomena ( a n d their appl ica t ions ) occu r r ing w h e n an electrolyte is 

d i sso lved i n a m i x e d solvent, that is, i n a solvent consis t ing of t w o (o r 
more ) l i q u i d components . T h e first vo lume , A D V A N C E S I N C H E M ­
I S T R Y S E R I E S 155, was p u b l i s h e d i n 1976. T w e n t y - t w o chapters i n the 
present v o l u m e represent contr ibut ions f rom nine different countr ies : 
the U n i t e d States; C a n a d a ; B r i t a i n ; Japan; A u s t r a l i a ; F r a n c e ; I nd i a ; I ta ly ; 
a n d the Nether lands . 

T h e var ious t he rmodynamic a n d phys i cochemica l effects repor ted 
are often qui te complex . T h e l i q u i d phase continues to y i e l d its mysteries 
w i t h reluctance. A system composed of an electrolyte a n d a s ingle-com­
ponent solvent is complex enough; w h e n the solvent consists of t w o or 
more components an add i t i ona l range of complex i ty unfolds. T h i s is 
la rge ly the result of the great ly increased n u m b e r of permutat ions a n d 
combinat ions possible i n the interactions that m a y occur among the 
species present, b o t h ion ic a n d molecular , a long w i t h the usua l tendency 
for these interactions to be compos i t ion dependent . A l t h o u g h m u c h of 
the research represented here is basic, the po ten t ia l for indus t r i a l a p p l i ­
ca t ion is immense; ranging , for instance, f rom appl ica t ions i n separat ing 
processes such as extractive d i s t i l l a t ion a n d l i q u i d extract ion, to electro-
c h e m i c a 1 ^ower sources such as fuel cells a n d batteries. 

Some of the content deserves par t i cu la r a t tent ion b y indus t ry at the 
present t ime. T h e first chapter b y D . F . O thmer , 1978 w i n n e r of b o t h 
the S C I P e r k i n M e d a l a n d the A C S M u r p h r e e A w a r d , stresses the energy-
sav ing potent ia l of solvent or l i q u i d - l i q u i d extract ion over more energy-
consuming alternatives. E lec t ro ly tes often are used i n such processing as 
c o m p l e x i n g agents a d d e d to enhance interphase mass transfer of a solute 
species be tween t w o i m m i s c i b l e l i q u i d phases. T h e three chapters d i -
r c t ly f o l l o w i n g the one b y D r . O t h m e r examine the effects of nonvola t i le 
electrolytes on the e q u i l i b r i u m vapor compos i t ion of mixed-solvent sys­
tems. A g a i n there is a po ten t ia l for major energy saving, this t ime i n the 
replacement of general ly h i g h concentrations of l i q u i d separat ing agent 
rec i rcu la ted w i t h i n convent iona l extractive d i s t i l l a t ion processes w i t h 
m u c h l o w e r concentrations of a d i sso lved salt or other nonvola t i le electro­
ly te as the separat ing agent. 

T h e r ema in ing eighteen chapters address a w i d e range of electrolyte 
effects o n the l iqu id-phase propert ies of mixed-solvent systems, i n c l u d i n g 
such diverse bu t in terre la ted topics as so lvat ion a n d l i q u i d structure; 

ix 
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solubi l i t ies ; ac t iv i ty coefficients; d issocia t ion constants; d i s t r ibu t ion coeffi­
cients; free energies; viscosit ies; entropy; transfer functions; s tabi l i ty 
constants; ac id i ty functions; enthalpies of solut ion; electrostatic theory; 
conductances; s tandard potentials; d ie lec t r ic constants; var ious computa ­
t iona l techniques; a n d re la ted propert ies a n d behavior . A better under­
s tanding of such phenomena i n this type of system must be ob ta ined i f 
efficient c h e m i c a l engineer ing process des ign is to be ach ieved i n systems 
where they are encountered. 

F i n a l l y I w o u l d l i ke to acknowledge the expert w o r k of Joan C o r n -
stock a n d C a n d a c e D e r e n of the A C S Books Depa r tmen t i n the p roduc ­
t ion of this book a n d its predecessor. 

Royal Military College of Canada WILLIAM F. FURTER 
Kingston, Ontario K7L 2W3 
March 22, 1979 
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1 

Extraction of Concentrated Solutions 

Refining of Sugar and Recovery of Acetic A c i d 
from Wood-Pulping Liquors 

D O N A L D F. O T H M E R 

Distinguished Professor, Polytechnic Institute of New York, 
Brooklyn, NY 11201 

Separation of materials takes much of the energy used by 
chemical industry. Extraction often requires the least. An 
entirely water-miscible solvent may be immiscible with an 
aqueous solution that has a high concentration of a solid and 
may even extract another component therefrom. Thus, 
water-soluble acetone (alone or containing water-soluble 
ethanol) extracts impurities from raw sugar syrups or mo­
lasses (above 50% solids), refines sugar at less cost—espe­
cially in terms of energy, gives higher yields of sugar, and 
recovers valuable impurities that otherwise would be wasted. 
Acetone extracts acetic acid out of concentrated waste 
liquors obtained from semichemical or kraft-pulping proc­
esses after their acidification with sulfuric acid and is several 
times as efficient as conventional solvents. Operational 
profits may range from $15 to $20/ton of pulp produced. 

T R n e r g y — a s scarce and expensive as i t is becoming—is used i n the 
largest amounts i n the process industries to separate the components 

of m a n y divers i f ied r a w materials or feedstocks of most industries. I t is 
used i n the next largest amounts to separate the intermediates resul t ing 
f rom treatments w i t h other materials for chemica l or phys i ca l change or 
convenience. F i n a l l y , i t is used i n the least amounts to pu r i fy ( i.e., sepa­
rate ) the products . T h u s , the success of the c h e m i c a l engineer i n r e d u c i n g 
these major requirements of energy—as its cost inc reases—wil l be of the 
greatest impor tance i n ma in ta in ing the present se l l ing prices of a l l 
resul t ing products—from pharmaceut icals to paper or p i g i r o n a n d f rom 
acetic a c i d to z inc . 

0-8412-0428-4/79/33-177-001$05.00/l 
© 1979 American Chemical Society 
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2 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

T h e development of separation techniques is also a fasc inat ing exer­
cise i n p r o b l e m so lv ing for the c h e m i c a l engineer, i n w h i c h his s k i l l a n d 
experience are very i m p o r t a n t o n the b o t t o m l i n e — i . e . , i n the energy cost 
as w e l l as the do l lar cost of the finished product . A l s o , the units of energy 
r e q u i r e d i n the separation processes n o w , more than ever before, translate 
into very important percentages of the do l lar sum. 

T o separate solutions of b o t h l i q u i d s a n d of solids i n a l i q u i d (par ­
t i c u l a r l y w a t e r ) , t w o methods usua l ly are cons idered first: ( 1 ) v a p o r i z a ­
t i on—i . e . , evaporat ion or d i s t i l l a t i o n — t o u t i l i z e the different re lat ive 
volat i l i t ies of the components , either n o r m a l l y or accentuated b y another 
l i q u i d i n azeotropic or extractive d i s t i l la t i on a n d (2 ) l i q u i d - l i q u i d extrac­
t i on to take advantage of the re lat ive pre ferent ia l so lub i l i ty of one 
component i n an a d d e d l i q u i d . 

A p r i o r i i t w o u l d seem that l i q u i d - l i q u i d extract ion w i t h the almost 
neg l ig ib le energy costs associated w i t h the transfer of one m a t e r i a l i n a 
l i q u i d so lut ion (pre ferent ia l ly f r o m one solvent to another) w o u l d b e 
a lways more economica l than vapor i za t i on i n terms of energy. H o w e v e r , 
since the a d d e d solvent usua l ly has to be separated subsequently f r o m 
b o t h the extract layer a n d the raffinate layer b y d i s t i l l a t i on , these t h e r m a l 
costs for the overa l l separation m a y be substantial . 

Processes us ing a great dea l m u c h less energy t h a n convent ional 
processes have been deve loped t h r o u g h p i l o t p lant stages for the separa­
t i on f r o m a n aqueous so lut ion of important i n d u s t r i a l materials , one of 
w h i c h is present as a very concentrated or saturated so lut ion of a so l id , 
w h i c h remains i n the rafBnate, w h i l e the other is extracted therefrom b y 
an a d d e d solvent. A d v a n t a g e is taken of the greatly lessened m u t u a l 
so lub i l i ty of the extract ing solvent a n d of the water i n the concentrated 
so lut ion. T h e disso lved s o l i d i n the concentrated aqueous so lut ion i n ­
creases the relat ive so lub i l i ty of the component d isso lved i n , a n d to b e 
extracted by , the solvent c o m p a r e d w i t h that i n the water a n d at the same 
t ime reduces greatly the so lub i l i ty of the solvent i n the aqueous phase. 

T w o examples i l lustrate the m a n y places i n indust ry where other, 
qu i te different methods of separation are used convent ional ly to separate 
such concentrated solutions. L a r g e amounts of energy are used n o w ; 
va luab le materials are lost or destroyed w h e n a smal ler amount of one 
mater ia l or group of materials is separated f r o m the larger amount of 
another mater ia l or group of materials . 

Sugar and Molasses 

A b o u t 100 m i l l i o n tons w o r l d w i d e of sugar per year (more t h a n ha l f 
f r o m cane, the balance m a i n l y f r om beets) must be separated f r o m five 
to t en t imes as m u c h water a n d ref ined b y more or less complete separa­
t i on f r o m a dozen impur i t i es that are present i n v a r y i n g amounts. Ju i ce 
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1. O T H M E R Extraction of Concentrated Solutions 3 

expressed f rom sugar cane i n the tropics is concentrated; sugar is c rys ta l ­
l i z e d therefrom a n d is s h i p p e d as " r a w " (about 9 7 % sucrose) to b e 
ref ined to above 9 9 % i n the country of its use. M o s t of the molasses re ­
m a i n i n g as mother l i q u o r after c r y s t a l l i z i n g out the r a w sugar also is 
s h i p p e d f r o m the po in t of o r i g i n ( I ) . 

T h e ref ining of r a w sugar b y solvent extract ion costs less i n energy 
a n d materials a n d can be done i n a p lant that is m u c h less expensive to 
operate than a convent ional p lant ( 2 ) . 

W h e n ref ining b y solvent extract ion, the cane juice can be concen­
trated to 6 0 % or h igher tota l sol ids, impur i t i es can be d isso lved out to 
g ive a pure syrup for shipment , or a pure sugar m a y be c rys ta l l i zed 
therefrom. If, a l ternat ively , r a w syrup instead of r a w sugar is s h i p p e d 
(at the l ower cost for h a n d l i n g a l i q u i d i n tankers ) , i t c a n be ref ined b y 
solvent extract ion after de l ivery . E i t h e r operat ion w i l l g ive a ref ined 
sugar or syrup at a m u c h l ower cost, par t i cu lar ly i n energy requirements . 

Conventional Cane Sugar Refining. R a w sugar as i t is u n l o a d e d 
f r o m the ships, besides conta in ing 8 5 - 9 7 % sucrose, also contains a s m a l l 
amount of water , suspended materials , invert sugars (g lucose ) , a n d other 
organic chemicals such as aconi t i c a c id , sugar cane fats a n d waxes, ch loro -
p h y l , various v i tamins , a n d other constituents of the o r i g i n a l sugar cane 
p lant that have come w i t h the juice . So lub le impur i t i es are present i n a 
t h i n aqueous film on the crysta l surfaces of saturated sugar-molasses 
mixture . 

T h e r a w sugar is mel ted—i .e . , d issolved i n w a t e r — t h e n ref ined i n a 
sequence of evaporations a n d crystal l izat ions w i t h intermediate operations 
for r e m o v i n g a n d destroy ing m i n o r impur i t ies . B y treatment w i t h mate ­
rials to adsorb the impur i t i es , the sugar is c rys ta l l i zed f r o m the pur i f i ed 
solut ion a n d removed f rom the final mother l i q u i d (molasses) , w h i c h 
contains a l l of the impur i t ies that were not adsorbed. These i m p u r i t i e s — 
i n c l u d i n g potent ia l ly va luab le wax , v i tamins , a n d aconit i c a c i d — i f not 
was ted substantial ly i n the molasses are lost o n the adsorbent so l id , w i t h 
considerable expense i n destruct ion or remova l . 

S u c h ref ining of r a w sugar cane is done on a tremendous scale; most 
of i t i n this country is done i n a dozen huge plants , one of w h i c h m a y 
spend $200,000 to refine 2,000 tons per day, of w h i c h $20,000 per day 
m a y be for fue l . T h u s , a l l s tandard re f in ing methods are expensive 
because of: 

( a ) the large heat cost i n evaporat ing the water used to dissolve or 
to mel t the r a w sugar, as w e l l as the water that is a d d e d i n subsequent 
w a s h i n g steps; 

( b ) rev iv i f i cat ion cost of the so l id adsorb ing agent, such as bone 
b lack , carbon b lack , or various ion-exchange resins, a n d the loss b y 
d i s card of these adsorbed materials a n d u l t imate ly the loss or d i s card of 
the adsorbent itself ; 
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4 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

( c ) complete loss of the va lue of a l l impur i t i es except those so ld as 
par t of the final unseparable dregs, the u l t imate molasses; 

( d ) m e c h a n i c a l a n d other losses ( invers ion) of the sugar d u r i n g the 
numerous steps; 

( e ) the large size of a n d investment i n the p lant o w i n g to the 
numerous steps a n d the considerable equ ipment r e q u i r e d ; 

( f ) the large requirements of water , p r i n c i p a l l y for coo l ing ; a n d 
( g ) the r e m o v a l of p o l l u t i o n possibi l i t ies i n var ious aqueous d is ­

charges f r o m the refinery. 
Refining of Raw Sugar by Washing with Solvent. T o ident i fy the 

impur i t i es , r a w sugar crystals of a care fu l ly selected size, hence w i t h a 
read i l y ca lculable surface area per u n i t weight , h a d the i r t h i n surface 
layer dissolved sequent ia l ly b y several washings w i t h near ly saturated 
sugar syrups of very h i g h pur i ty . A l m o s t a l l impur i t i es d isso lved i n the 
first washings , a n d these impur i t i es were almost ent ire ly i n a film o n the 
surface of the crystals. A f t e r very s l ight d isso lut ion of the crysta l surfaces 
themselves, most of the gra in was almost pure sucrose. T h u s , i t appeared 
that a nonaqueous solvent, here in ca l l ed the first solvent, w h i c h w o u l d 
dissolve off a n d separate the impur i t i es f r om the crystals, w o u l d save the 
h i g h cost of the classic m e l t i n g or complete d isso lut ion a n d the subse­
quent evaporat ion of water , crysta l l i zat ion of sugar, a n d r e m o v a l of 
impur i t i es i n a l o w va lue l i q u i d residue—molasses. 

Prev ious ly reported experiments showed that the most des irable first 
solvents have the same n u m b e r of oxygen a n d carbon atoms i n the 
molecule . S u c h compounds are complete ly water so lub le a n d also are 
good solvents for the impur i t ies . (Solvents w i t h molecules that conta in 
ch lor ine , n i t rogen , or atoms other t h a n carbon hydrogen , a n d oxygen are 
not useful . ) T h u s , methano l a n d acetic a c i d are good, a n d the l o w b o i l i n g 
po int of methano l is an advantage ( 3 ) . 

F r o m 0.1 to 8 % water i n the first solvent aids this extract ion. M o r e 
water improves the efficiency of the solvent b u t decreases its se l e c t i v i ty— 
i.e., the so lubi l i ty of m a n y impur i t ies is increased considerably , b u t so is 
the so lub i l i ty of sugar. T h u s , the water reduces the y i e l d of ref ined sugar 
b u t increases its pur i ty . 

A h igher temperature of wash ing , u p to the solvent's b o i l i n g po int , 
increases the r e m o v a l of impur i t i es i n the least t ime. T h e temperature 
must not be h i g h enough to carmel ize the sugar. G o o d w a s h i n g is secured 
i n 1 - 2 hr w i t h an equa l we ight of methano l just b e l o w its b o i l i n g po int 
of 65°C. H i g h e r temperatures require a pressure operat ion, w h i c h greatly 
reduces the t ime requ i red . 

W i t h g lac ia l acetic a c id , temperatures u p to its b o i l i n g point , 118°C, 
m a y be used. T h i s h igher w a s h i n g t empera ture—without pressure— 
removes impur i t i es i n less t ime than methano l , a n d at temperatures be ­
tween 105° a n d 110°C, the r a w sugar is ref ined i n 45-90 m i n . 
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1. O T H M E R Extraction of Concentrated Solutions 5 

A l m o s t complete recovery of the solvent is essential, a n d h igher 
b o i l i n g solvents makes this easier, b u t a l l b u t about 1 % of the m e t h a n o l 
m a y be recovered i n a suitable c losed system. M e t h a n o l is d i s t i l l ed r ead i l y 
for its recovery f r om water a n d f rom aqueous sugar solutions. D i s t i l l a t i o n 
of acetic a c id , i f used as a solvent, removes w a t e r also f r om the d isso lved 
impur i t ies a n d leaves a first molasses. ( O t h e r methods of separat ion of 
the solvent may be used. ) 

A very smal l amount of surface-active agent improves the rate of 
washing—i .e . , reduces the t ime. A sucrose ester of a fatty a c id , such as 
sebacic, i n amounts of 0 .001-0 .01% of r a w sugar, reduces the t ime 
necessary for extract ion b y 2 5 - 3 0 % . T h i s stays i n the extract layer . 

Sugar ref ined b y w a s h i n g w i t h methano l is a very l i ght s traw color. 
A c e t i c a c i d gives a ref ined sugar w i t h a m u c h l ighter color a n d l ower ash. 
T h i s indicates that the ac id i c as w e l l as the solvent nature of acetic a c i d 
is important . H e n c e , a very smal l amount of su l fur ic a c i d was a d d e d to 
methano l w h e n this was used to g ive a p H of about 1.25. T h i s step e l i m i ­
nated most of the color i n the ref ined sugar, increased its p u r i t y b y 0 . 1 -
0 . 2 5 % , a n d reduced its ash content f rom 0 .12-0 .15% to 0 . 0 5 - 0 . 1 % . T h i s 
ac idi f icat ion also r e d u c e d the total free a n d c o m b i n e d aconit i c a c i d f r o m 
0 .05-0 .15% to 0 .01 -0 .02%. A c o n i t i c a c i d was re lated d i rec t ly to r e m a i n ­
i n g color and , to a lesser degree, to the r e m a i n i n g ash. T h u s , add i t i on of 
su l fur i c a c i d to spr ing the aconit ic a c i d present at a p H of 1.25-1.3 gave 
a p u r i t y of 9 9 . 8 % sucrose, i m p r o v e d color, a n d a w a s h i n g t ime of less 
than 30 m i n at a temperature of 3 0 ° - 4 0 ° C ( 3 ) . 

T h i s w a s h i n g b y a complete ly water-so luble solvent does not remove 
a l l of the water i n the r a w sugar: the so lub i l i ty of water i n methano l a n d 
vice-versa is depressed b y this complete saturation w i t h sugar a n d the 
sa l t ing out of impur i t i es . 

T h e centr i fuged a n d w a s h e d crystals of h i g h l y ref ined sugar i m m e d i ­
ately gave above 9 9 % of the sucrose of the r a w sugar. H o w e v e r , 1 or 
2 % of this came back as recyc le f rom subsequent solvent extractions; 
these extractions w o u l d be on a very s m a l l scale because almost a l l of 
the sucrose content was p r o d u c e d as ref ined sugar i n the first step. 

Solvent Extraction of Sugar Solution Coming from the Washing of 
Raw Sugar. T h e solvent or extract layer f r o m the w a s h i n g of impur i t i es 
f r o m the r a w crystals was settled to remove d i r t a n d other smal l s o l id 
part ic les . T h e solvent was evaporated for immediate recycle , l eav ing 
b e h i n d a first molasses. 

E q u a l l y as economica l as the w a s h i n g of impuri t ies off of the r a w 
sugar crystals, i n terms of thermal energy a n d other costs, is the l i q u i d -
l i q u i d extract ion of impur i t ies f r om concentrated sugar solutions ( i n c l u d ­
i n g molasses) b y a solvent that is ent ire ly soluble i n water . A g a i n , the 
h i g h concentrat ion of the sugar salts-out the impur i t ies a n d prevents the 
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6 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

m u t u a l m i s c i b i l i t y of the water i n the sugar so lut ion w i t h the solvent, 
w h i c h , b y itself, is complete ly misc ib le i n a l l proport ions w i t h pure water . 

I n this w a y , constituents of the first molasses p r o d u c e d b y solvent 
w a s h i n g of r a w sugar crystals can be separated b y a second solvent. 
Pre ferab ly i t is one that removes the less water -so luble i m p u r i t i e s — o i l s , 
fats, waxes, aconit ic a c id , ch l o rophy l , e t c .—from the sucrose a n d invert 
sugar. H y d r o c a r b o n s a n d ch lor inated hydrocarbons , ethers, h igher a lco ­
hols, a n d ketones have disadvantages as a solvent—e.g. , they often f o r m 
re lat ive ly stable emulsions. 

Acetone was first rejected because of its complete m i s c i b i l i t y w i t h 
water but was f o u n d to be the best on a l l counts w h e n i t was used w i t h 
solutions above 5 0 % tota l solids because of the salt ing-out effect. T h u s , 
the first molasses, d i l u t e d to 7 5 % to ta l solids, c a n be extracted i n a 
counter -current extractor w i t h one-half as m u c h acetone b y vo lume . T h e 
p a r t i t i o n coefficient for aconi t i c a c i d m a y be over 4 to 1 i n favor of ace­
tone. T h e acetone extract layer contains a l i t t le water , a n d w h e n the 
acetone is d i s t i l l e d off, a semiso l id residue is left. 

Ana lys i s of this residue showed on ly about 4 % sucrose, 6 % inverts , 
a n d 17 .4% to ta l acids. M o s t of this ( 1 5 . 7 % ) was ob ta ined as aconi t i c 
a c i d b y l each ing w i t h hot water a n d subsequent c rys ta l l i zat ion . T h e 
res idue was oils , waxes, a n d c h l o r o p h y l a n d c o u l d be separated b y other 
solvent extractions; the sucrose a n d inverts were left to be processed for 
the i r sugar content b y c o m b i n i n g t h e m w i t h the rafBnate f r o m the extrac­
t i o n of the first molasses. T h e first molasses also was evaporated to str ip 
off acetone a n d to concentrate the syrup further to a g r a i n f ormat ion . T h e 
r a w sugar ob ta ined was about 9 8 % sucrose a n d was recyc l ed to j o in the 
o r i g i n a l r a w sugar feed, of w h i c h i t represented approx imate ly 1 .3%. 
T h e extract layer was a s m a l l amount of l i ght - co lored molasses, l o w i n 
sucrose a n d h i g h i n invert sugars; analysis showed i t to conta in five to ten 
t imes as m u c h of several v i tamins as convent iona l b lackstrap molasses. 

Solvent Extraction of Conventional Sugar Solutions. Sugar syrup 
m a d e b y d i rec t ly concentrat ing cane juice or the b lackstrap molasses that 
results after the crysta l l i zat ion of sugar therefrom can b e ref ined also (2 ) 
b y acetone extract ion to remove the nonsugar constituents of oi ls , fats, 
waxes, c h l o r o p h y l l , acids, etc. W h e n to ta l solids i n the syrups are about 
5 0 % , the acetone forms a second layer that contains a larger percentage 
of the impur i t i es t h a n the first layer . T h e m u t u a l so lub i l i ty of acetone 
w i t h the syrup decreases at h i g h temperatures a n d this improves the 
extract ion. Since the viscosity of the syrup is r e d u c e d greatly at h igher 
temperatures , the rate of extract ion is great ly increased. O t h e r ent ire ly 
water -so luble l i q u i d s were t r i ed—e.g . , methano l , e thanol , a n d g l a c i a l 
acet ic a c id . B y themselves they usua l ly go into so lut ion , then remove the 
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1. O T H M E R Extraction of Concentrated Solutions 7 

water to prec ip i tate crystals ( very smal l ) a n d to give a so lut ion a n d a 
so l id phase at e q u i l i b r i u m . H o w e v e r , w h e n m i x e d w i t h appropr iate 
amounts of acetone, they also g ive t w o l i q u i d phases a n d c a n be used to 
refine sugar syrups. 

T h u s , as first ind i ca ted , the salt ing-out effect on impur i t i es of concen­
trated sugar solutions w i l l a l l o w the ref ining of a sugar syrup b y s imple 
evaporat ion of a sugar juice expressed f r o m cane to a to ta l solids content 
of more than 5 0 % a n d subsequent extract ion w i t h acetone, either at the 
p o i n t of p r o d u c t i o n or at a refinery to w h i c h the r a w syrup is s h i p p e d i n 
tankers. A ref ined syrup or sugar then c a n be made mode cheap ly t h a n 
b y present methods. 

A s another example, after a react ion process, acetic a c i d r e m a i n e d i n 
a 6 0 % sucrose so lut ion. W a t e r - m i s c i b l e acetone was used to extract the 
acetic a c id , a n d the par t i t i on coefficient be tween the t w o layers ( g r a m 
acetic per g r a m a c e t o n e / g r a m acetic per g r a m sugar so lut ion) was over 5 
c o m p a r e d w i t h less t h a n 1.0 for solvents convent iona l ly used to extract 
acetic a c i d f r o m i n d u s t r i a l solutions. T h i s example shows aga in the great 
ab i l i t y of the h i g h concentrat ion of the dissolved so l id to prevent the 
n o r m a l m i s c i b i l i t y of water a n d acetone a n d to salt-out the acetic a c i d 
f r o m the aqueous so lut ion into the extract ing solvent. 

Acetic Acid 

A c e t i c a c i d is p r o d u c e d indust r ia l l y b y the ox idat ion or other degra ­
dat i on of m a n y organic materials , a n d i t is i n v o l v e d as a solvent or 
reagent i n the synthesis of m a n y important compounds . H a v i n g the 
same ratio of oxygen to carbon atoms as does the carbon monox ide mo le ­
cule, i t is often a n intermediate i n m a n y ox idat ion processes, b o t h 
c h e m i c a l a n d bacter ia l . F o r m i c a c id , w h i c h has the same ratio of oxygen 
to carbon as does carbon d iox ide , was p r o d u c e d also b u t i n lesser 
amounts because of its comparat ive instab i l i ty . N u m e r o u s c h e m i c a l 
reactions leave acetic a c i d or its salts i n the spent aqueous solutions, 
together w i t h a h i g h concentrat ion of other l i qu ids or solids. T h e d e c o m ­
pos i t ion of l ignocel lulose b y any process gives acetic a c i d a n d usua l l y 
f o rmic a c i d or the ir salts. F o r example , destruct ive d i s t i l l a t i on gives char ­
coa l as the p r i n c i p a l product , p u l p i n g gives cel lulose for paper , a lka l ine 
fus ion gives oxalates, a n d bac ter ia l ac t ion gives numerous materials . 
O f t e n large amounts of other solids are present also i n the aqueous so lu ­
t i o n of acetic a c i d or its p a r t i c u l a r salt, d e p e n d i n g o n the r a w m a t e r i a l 
used. A l l of these m a y invo lve large amounts of other sol ids, w h i c h m a y 
salt-out the acetic a c i d ( a n d f o r m i c a c i d i f i t is present) i n a n extract ion 
for the i r r emova l . 
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8 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

T h e produc t i on of w o o d p u l p f rom l ignoce l lu los i c materials b y treat­
ment w i t h var ious chemica l l iquors , p a r t i c u l a r l y the n e u t r a l sulfite s e m i -
c h e m i c a l process a n d the kra f t or sulfate process, gives r es idua l b l a c k 
l iquors . These conta in salts that carry acetic a c i d a n d f o rmic a c i d 
equivalent to 5 % or more of the d r y w e i g h t of the w o o d . 

E i t h e r the a l iphat i c acids or the ir salts is a most undes i rab le con ­
stituent of waste l iquors that are to be d i scharged into streams since 
b o t h acids a n d salts have a h i g h b i o c h e m i c a l oxygen d e m a n d ( B O D ) , 
w i t h consequent damage to aquat i c l i fe . U s u a l l y these l iquors are evapo­
ra ted to concentrate the solids present, i n c l u d i n g the salts. I f they are 
then treated w i t h su l fur i c a c id , the acetic a c i d a n d re lated acids w i l l be 
f reed or " s p r u n g , " g i v i n g the corresponding sulfates. 

T h e acetic a c i d is then present i n a n aqueous solut ion w i t h a h i g h 
concentrat ion of so l ids—i.e . , s od ium sulfate p lus l ignosulfonates a n d other 
materials d e r i v e d f rom the degradat ion of l i g n i n a n d other constituents 
of w o o d . Ace tone is a n excellent solvent here (2) even t h o u g h i t is 
complete ly so luble i n water . T h e d isso lved solids prevent the u s u a l 
complete m i s c i b i l i t y of acetone w i t h water . T h u s , the h igher the concen­
trat ion of solids, the less is the m u t u a l so lub i l i ty of acetone a n d water , 
a n d the greater is the select ivity of acetone for acetic a n d f o rmic acids. 
T h e par t i t i on coefficient is very h i g h — 4 to 6 — w h i c h is five to e ight times 
that usual ly f o u n d for solvents i n the convent ional extract ion of acetic 
a c i d solutions. 

Acetone has the a d d i t i o n a l essential property that it does not emuls i fy 
d u r i n g m i x i n g w i t h most concentrated aqueous solutions of solids i n 
i n d u s t r i a l extractors, a n d w i t h these aqueous solutions i t is better i n this 
respect than any other solvent. 

F u r t h e r m o r e , acetone, w h i c h remains d isso lved i n the raffinate so lu ­
t i o n after extract ion, may be d i s t i l l e d r ead i l y there from because of its 
h i g h vo la t i l i t y f r om aqueous solutions a n d par t i cu lar ly f r o m the so lut ion 
w i t h its h i g h concentrat ion of solute. T h i s h i g h concentrat ion great ly 
reduces the vapor pressure of water , a n d for the same reason, acetone 
can be evaporated or d i s t i l l ed read i ly f r om the extract layer . I n fact, a 
substant ia l por t i on of that used as the solvent for the acetic a c i d can be 
evaporated f r om the extract layer i n a s imple pot s t i l l w i t h o u t d i s t i l l i n g 
over an apprec iab le amount of acetic a c id . 

T h e l i qu ids i n one extract layer conta in ing the acetic a c i d extracted 
f r o m a so lut ion that contains solids h a d a compos i t ion of about 7 0 % 
acetone, 1 5 % water , a n d 1 5 % acetic a c i d ( 2 ) . T h e first d is t i l late f r om 
this layer conta ined less t h a n 0 . 1 % acetic a c i d a n d thus c o u l d be r e cyc l ed 
d i rec t ly to the extractor. T h e balance of the acetone was s t r ipped f r o m 
the extract layer i n a short c o l u m n , a n d the water was d i s t i l l ed azeo-
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1. O T H M E R Extraction of Concentrated Solutions 9 

t r o p i c a l l y (2) f r o m the approx imate ly 5 0 % a c i d to g ive a n anhydrous 
mixture of acetic a n d f ormic ac ids ; these acids then were separated b y a 
second azeotropic d i s t i l l a t i on (4). 

W i t h aqueous solutions of acetic a c i d of l ower solids content—usua l ly 
less t h a n about 5 0 % — a c e t o n e has a poor select ivity (i .e. , i t extracts more 
water w i t h the a c i d ). A s this solid's concentrat ion is reduced , the solvent 
layer disappears a n d the acetone becomes complete ly misc ib le , usua l l y 
w h e n the solids concentrat ion fal ls b e l o w 5 0 % ; sometimes i t does not 
d isappear u n t i l to ta l solids are as l o w as 4 0 % . 

Industr ia l solutions conta in ing acetate salts usual ly are evaporated to 
a h igher concentrat ion before sul fur ic a c i d is a d d e d to free the acetic 
a c id . W i t h the h igher percentage of solids i n the so lut ion, a d d i t i o n of 
acetone gives a separate layer . T h i s method , however , is not always the 
most desirable or economical . Instead, one canadd , i n amounts of 1 0 -
4 0 % of the acetone, another solvent that is m u c h less misc ib l e w i t h water 
than acetone. T h i s cosolvent improves acetone's selectivity for d isso lv ing 
acetic a c i d w i t h a m i n i m u m of water , but i n v a r i a b l y i t w i l l reduce the 
par t i t i on coefficient, a n d usual ly i t increases the tendency of emulsi f icat ion 
i n the extractor. 

I sopropy l ether is a desirable cosolvent (2) a n d has, w i t h acetone, a 
constant b o i l i n g mixture , b o i l i n g at 53.3°C, conta in ing 5 6 . 5 % acetone 
a n d 4 3 . 5 % i sopropy l ether. T h i s cosolvent helps i n d i s t i l l i n g acetone 
f rom the extract layer b y increas ing its re lat ive vo la t i l i ty w i t h respect to 
b o t h acetic a c i d a n d water. 

Liquors from Neutral Semichemical Pulping and from Kraft Pulp­
ing. I n m a k i n g neutra l sulfite semichemica l p u l p , the b lack l iquors m a y 
have about 10 parts of water to 1 part of to ta l solids, of w h i c h about one-
t h i r d is sod ium acetate a n d sod ium formate. A f t e r evaporat ion to about 
1 part solids to 1 part water , su l fur i c a c i d is a d d e d to the concentrate 
to free the acetic a n d f o rmic acids. W h e n the concentrate is extracted 
w i t h acetone, the m i x e d acids are obta ined , the acetone is separated for 
recycle , a n d the acids are concentrated a n d refined. T h e rafBnate is 
s t r ipped a n d is passed to the usua l furnace to be b u r n e d for recovery of 
the inorganic salt values. T h i s process gives a smelt of sod ium sulfate, 
w h i c h m a y be used i n the kraft process as chemica l makeup . T h e loss 
of the fue l va lue of the acetic a n d f ormic acids is prac t i ca l ly neg l ig ib le . 

L i q u o r s of the kraft process itself conta in a large amount of free 
a l k a l i , w h i c h must be neutra l i zed b y su l fur i c a c i d before the acetic a n d 
f o rmic acids are freed. T h e corresponding amount of s od ium sulfate 
p r o d u c e d f rom the free a l k a l i a n d f rom the acetate a n d formate decompo­
s i t ion m a y be more than can b e reused i n the recycle l i q u o r system. O n 
the other h a n d , since the m a k e u p of l iquors for a kraft process requires 
the a d d i t i o n of fresh sod ium sulfate as w e l l as the sulfate r a d i c a l f r o m 
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10 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

sulfur b u r n i n g , a significant par t of this s o d i u m sulfate can b e used, u p 
to a chemica l equivalence of the m a k e u p amount. 

Hence , a par t of the b l a c k l iquors ( 1 0 - 5 0 % ) of a kraft p l an t m a y 
be processed to free, a n d subsequent ly to recover, the acetic a c i d as 
desc r ibed b y the add i t ion of sulfur ic a c i d a n d the format ion of s o d i u m 
sulfate. T h i s n e w sod ium sulfate f rom the sulfur ic a c i d is present i n the 
rafBnate f rom the extractor; i t is thus the makeup for the balance of the 
l iquors ( 5 0 - 9 0 % ) that can be processed convent ional ly w i thou t recovery 
of the acetic a n d fo rmic acids . T h e l iquors f rom the rafBnate are a d d e d 
to the other l iquors before they go to the dr ier a n d the furnace. T h i s 
par t of the l iquors ( 1 0 - 5 0 % ) recovers that m u c h of the vola t i le acids 
that w o u l d otherwise be lost i n the burner as salts. 

Thus , w i t h b l ack l iquors f rom kraft p u l p i n g , the add i t i on of sul fur ic 
a c i d for recover ing acetic a c i d f rom a par t of the l iquors replaces the 
sulfur a n d s o d i u m sulfate makeup , w h i c h w o u l d otherwise be used. 
H o w e v e r , s ince the cost of sulfur ic a c i d is greater than that of the 
equivalent amount of sulfur a n d sod ium sulfate makeup no rma l ly used 
(because of the cost of m a k i n g sulfur ic a c i d f rom sulfur vs. the cost of 
m a k i n g sulfur ox ides ) , the difference is charged against the cost of 
recover ing acet ic and formic acids. 

Economics. Because of a w i d e range of condi t ions , the w e i g h t of 
acet ic a n d fo rmic a c i d recovered pe r t on of neut ra l sulfite s emichemica l 
p u l p p r o d u c e d can va ry be tween approximate ly 80 a n d 150 pounds , w i t h 
fo rmic a c i d represent ing 5 - 3 0 % of this total . T h e poss ible revenue w o u l d 
thus be $ 2 0 - $ 3 5 / t o n of p u l p p roduced , a n d after cap i t a l a n d opera t ing 
costs are subtracted, the profit w o u l d be about ha l f of the revenues. I n 
add i t ion , one w o u l d have the va lue of the s o d i u m sulfate, w h i c h w i l l have 
its n o r m a l use a n d va lue i n the kraft process. These figures do not i n c l u d e 
the va lue of this processing i n po l lu t ion abatement—the effluent l iquors 
f rom a 300 tons per day semichemica l p lan t are e q u a l i n B O D to that 
f rom the m u n i c i p a l sewage of a c i ty of 300,000 people , a n d a large part 
of this B O D comes f rom the acids that w o u l d be recovered. 

M a t e r i a l and cost balances for a kraft p lant are more in t r ica te ly t i ed 
i n w i t h its specifics bu t also offer a major oppor tun i ty for add i t i ona l 
revenue and e l imina t ion of problems i n water po l lu t ion . 
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Salt Effect in Vapor-Liquid Equilibrium at 

Fixed Liquid Composition 

JOHN A. BURNS 1 and W I L L I A M F. F U R T E R 

Department of Chemical Engineering, Royal Military College of Canada, 
Kingston, Ontario, Canada, K7L 2W3 

The effect of salt concentration on equilibrium vapor 
composition at atmospheric pressure was studied in four 
ethanol-water-salt systems at the boiling point, with mixed­
-solvent composition held constant. The salts investigated 
were potassium iodide, ammonium bromide, sodium acetate, 
and potassium acetate. As expected, the two inorganic salts 
were in good agreement with the Furter equation. In the 
case of the two salts of organic acids the agreement became 
less and less valid as salt concentration increased. The 
failure of the equation with the two acetate salts was 
attributed to the presence of significant organic ion-alcohol 
interaction, a situation which does not normally become sig­
nificant with inorganic ions in aqueous alcohol solution 
except at high alcohol concentrations. 

' - p h e o r ig ina l equa t ion for salt effect i n v a p o r - l i q u i d e q u i l i b r i u m , p ro-
posed b y F u r t e r i n 1958 (1,2), predic ts the effect of a salt d i sso lved 

i n a m i x e d solvent o n v a p o r - l i q u i d e q u i l i b r i u m w h e n the compos i t ion of 
the solvent is h e l d constant: 

In ( « . / « ) — f c * . (1) 

I n the equat ion, e q u i l i b r i u m vapor compos i t i on expressed i n the f o r m 
of an improvement factor, aja, is re la ted to salt concentra t ion % i n the 
l i q u i d phase b y the salt effect parameter , k . A c c o r d i n g to the theoret ica l 

1 Current address: P.O. Box 74, Kandahar, Saskatchewan, Canada, S0A 1T0 

0-8412-0428-4/79/33-177-011$05.00/1 
© 1979 American Chemical Society 
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12 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

b a c k g r o u n d f r o m w h i c h the equat ion was der ived , k remains constant 
w h e n the re lat ive proport ions of the two vo lat i le components f o r m i n g the 
m i x e d solvent are h e l d constant. T h e background , range of a p p l i c a b i l i t y , 
previous usage, l imitat ions , a n d significance of this equat ion have been 
discussed recently i n de ta i l ( 3 ) . 

Jaques a n d F u r t e r (3 ) tested E q u a t i o n 1 w i t h isobar ic v a p o r -
l i q u i d e q u i l i b r i u m data at atmospheric pressure, under condit ions of fixed 
l i q u i d composi t ion , for four systems of the a l c o h o l - w a t e r - i n o r g a n i c salt 
type . T h e systems tested were e t h a n o l - w a t e r w i t h each of s o d i u m b r o ­
m i d e , a m m o n i u m ch lor ide , a n d s o d i u m ch lor ide , a n d m e t h a n o l - w a t e r -
c a l c i u m ch lor ide , over a range of salt concentrations u p to saturat ion. F o r 
a l l f our systems agreement w i t h the equat ion was very good, i n a l l cases 
y i e l d i n g average absolute deviations between p r e d i c t e d a n d exper i ­
m e n t a l values of one-half percent or less. H o w e v e r , Jaques a n d F u r t e r 
noted that solubi l i t ies a n d b o i l i n g po int elevations were not large at the 
l i q u i d compos i t ion values i n the systems invest igated. T h e y suggested 
test ing the equat ion where these are k n o w n to be large as i n the e t h a n o l -
water -po tass ium acetate system. 

B u r n s a n d F u r t e r (4) tested E q u a t i o n 1 w i t h two more e t h a n o l -
w a t e r - i n o r g a n i c salt systems under condit ions of fixed-liquid compos i t ion , 
the salts i n this case b e i n g the potass ium a n d a m m o n i u m bromides . 
A g a i n , very close agreement w i t h the equat ion was observed, a l though 
some tai l ing-off seemed to occur close to saturation. ( I t is not c lear 
whether the tail ing-off was rea l or whether saturation h a d already been 
reached : the exact saturation po int w i t h certain salts c a n be dif f icult 
to observe.) T h e y then extended the ir s tudy to i n c l u d e four organic -
cat ion salts of the t e t r a a l k y l a m m o n i u m ( T A A ) b romide series, test ing 
e thano l -water at fixed-liquid composi t ion w i t h the m e t h y l , e thy l , n - p r o p y l , 
a n d η-butyl members of the T A A bromide series. T h e m e t h y l salt, w h i c h 
exhibits m a i n l y electrostrict ive behavior i n e thano l -water solutions, a n d 
the η-propyl a n d η-butyl salts, w h i c h exhib i t m a i n l y h y d r o p h o b i c be­
hav ior ( 4 ) , a l l y i e l d e d results i n close agreement w i t h E q u a t i o n 1. H o w ­
ever, t e t rae thy lammonium bromide , the member of the T A A b r o m i d e 
series i n w h i c h the crossover f r o m salt ing-out to sa l t ing- in of the a lcoho l , 
a n d hence of electrostrict ive to h y d r o p h o b i c behavior , was observed i n 
e thano l -water solut ion, d i d not y i e l d data i n good agreement w i t h the 
equat ion . T h e reason was postulated to be the locat ion of this salt, w h i c h 
was i n the T A A b r o m i d e series w i t h e thano l -water , at or close to the 
t rans i t ion po in t be tween compet ing so lute -so lvent interactions. 

T h e purpose of the present invest igat ion was to extend the study of 
E q u a t i o n 1 at fixed-liquid compos i t ion to salts i n w h i c h the anion , rather 
t h a n the cat ion, is organic . F o r this purpose , the sod ium a n d potass ium 
acetates were chosen, bo th h a v i n g very h i g h solubi l i t ies i n e thano l -water 
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2. B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibrium 13 

so lut ion at the l i q u i d composit ions used, a n d hence b e i n g capable of 
caus ing large b o i l i n g po int elevations. F o r compar ison , t w o inorganic 
salts, potass ium i od ide a n d a m m o n i u m bromide , were s tud ied also, a l l i n 
e thano l -water at atmospheric pressure. Potass ium iod ide a n d s o d i u m 
acetate were invest igated at a single mixed-solvent compos i t ion (0.309 
mole f ract ion e t h a n o l ) , a n d potass ium acetate, the most soluble salt, at 
three fixed-liquid composit ions. A m m o n i u m bromide , w h i c h h a d been 
s tudied prev ious ly at three l i q u i d values ( 4 ) , was s tudied at six more i n 
the present invest igat ion i n order to ga in ins ight into the influence of 
mixed-solvent compos i t ion over a w i d e range. W i t h the exception of 
a m m o n i u m bromide , the fixed-liquid compos i t ion values were selected 
f rom the range i n w h i c h the re lat ive vo la t i l i t y of the e thano l -water 
system is highest, a n d non- idea l behavior is at a m a x i m u m . A l l of the 
systems of the present invest igat ion have been s tudied prev ious ly , b u t 
none ( w i t h the exception of a m m o n i u m bromide as noted above) under 
the condit ions of fixed-liquid composi t ion . F o r references to previous 
studies the reader is referred to two l i terature reviews of salt effect i n 
v a p o r - l i q u i d e q u i l i b r i u m , the first cover ing the w o r k u p to 1965 ( 5 ) , 
a n d the second f rom 1965-1975 ( 6 ) . A recent rev iew of the complex 
top ic of corre lat ion a n d pred i c t i on of salt effect i n v a p o r - l i q u i d has been 
p u b l i s h e d also ( 7 ) . 

Experimental 

T h e apparatus used—the i m p r o v e d O t h m e r rec i r cu lat ion s t i l l m o d i ­
fied for salt effect s tudies—was descr ibed prev ious ly ( 1 , 7 ) , as were the 
ana ly t i ca l techniques, specifications o n the p u r i t y a n d treatment of the 
solvents, a n d details of surface tension a n d so lub i l i ty measurements ( 4 ) . 

T h e a m m o n i u m bromide , potass ium iod ide , a n d sod ium acetate were 
B r i t i s h D r u g Houses A n a l a r a n a l y t i c a l reagent grade. T h e potass ium 
acetate was B a k e r A n a l y z e d crysta l reagent grade f r o m J . T . B a k e r C h e m i ­
c a l C o . O w i n g to the extreme hygroscopic i ty of some of these salts, they 
a l l were d r i e d for at least 72 hours at 120 ° C immed ia te ly p r i o r to each 
series of experiments. T h e d r i e d salts then were stored under v a c u u m 
over phosphor i c pentoxide between each exper imental measurement. 

Results 

Isobaric v a p o r - l i q u i d e q u i l i b r i u m data at atmospheric pressure are 
reported for the four systems of the present invest igat ion i n Tables I - V I . 
Salt concentrations are reported as mole f ract ion salt i n the solut ion, 
w h i l e mixed-solvent composit ions are g iven on a salt-free basis. A s ingle 
fixed-liquid compos i t ion was used for potass ium iod ide a n d sod ium 
acetate; potass ium acetate used t h r e e — a l l chosen f r om the reg ion of 
e thano l -water compos i t ion where re lat ive vo la t i l i ty is highest. I n the 
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14 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Table I. Isobaric Vapor -Liquid Equilibrium Data for the 
Potassium Iodide—Ethanol—Water System at 

x = 0.309 (758 ± 3 torr) 

, log to — ζ y t et 

0 0.5837 82.0 0.0000 
0 0.5844 82.0 0.0005 
0.0100 0.5983 82.1 0.0263 
0.0113 0.6044 82.2 0.0373 
0.0218 0.6158 82.2 0.0581 
0.0275 0.6233 82.2 0.0719 
0.0344 0.6316 82.3 0.0873 
0.0438 0.6437 82.6 0.1100 
0.0488 0.6508 82.7 0.1235 
0.0608 0.6634 82.9 0.1479 
0.0687 0.6732 82.9 0.1670 
0.0768 0.6839 83.0 0.1885 
0.0823 0.6882 83.2 0.1971 
0.0881 0.6943 83.5 0.2094 
0.0992 0.7013 83.6 0.2238 
0.1033 0.7112 83.8 0.2446 
0.1187 0.7213 84.0 0.2662 

(saturated) 

case of a m m o n i u m bromide , six fixed-liquid compos i t ion values were used , 
w h i c h , w h e n c o m b i n e d w i t h previous data for three other values ( 4 ) , 
p r o v i d e d data for a w i d e range of mixed-solvent compos i t i on i n this 
par t i cu lar system. W i t h the exception of the potass ium a c e t a t e - e t h a n o l -
water system, the b o i l i n g po in t elevations were general ly smal l . 

Instead o f a p p l y i n g E q u a t i o n 1 d i rec t ly to the exper imenta l data , 
the expression was modi f i ed to r e a d logio(<x s / « ) = l ^ z , w h e r e 1^ = 
k / 2 . 3 0 3 

F i g u r e 1 is a g raph i ca l presentat ion of the data obta ined for potas­
s i u m i o d i d e - e t h a n o l - w a t e r at χ = 0.309 m o l f ract ion ethanol i n the m i x e d 
solvent, a n d F i g u r e 2 is a n example of the results for a m m o n i u m b r o m i d e -
e thano l -water , i n this case at χ = 0.246. I n b o t h cases the l inear i ty 
p r e d i c t e d b y E q u a t i o n 1 is noted , a l though some s l ight tai l ing-of f appears 
to o c cur close to saturation. ( A s prev ious ly ment ioned , the tai l ing-of f 
m a y or m a y not be r e a l ; i n the latter case the saturat ion w o u l d have been 
reached a lready a n d no further vapor compos i t i on change was possible . ) 

Because of the w i d e range of fixed χ values for w h i c h data h a d been 
taken , i t was possible to use interpo lated data f r o m T a b l e I I to construct 
a f a m i l y of v a p o r - l i q u i d e q u i H b r i u m curves for the a m m o n i u m b r o m i d e -
e thano l -water system at var ious constant salt concentrat ion va lues—the 
cond i t i on most c losely represent ing that exist ing f r o m tray to t ray i n a 
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2. B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibnum 15 

0.30 ρ 

Figure 2. Salt effect of ammonium bromide on 
the ethanol-water system atx = 0.246 
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16 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Table II. Isobaric Vapor—Liquid Equilibrium Data for the 
Ammonium Bromide—Ethanol—Water System 

(759 ± 8 torr) 

X ζ y t iog10 — 
a 

0.1533 0 0.5040 84.8 0.0000 
0.0248 0.5660 85.0 0.1083 
0.0482 0.5860 85.0 0.1439 
0.0705 0.6054 85.2 0.1790 
0.0925 0.6164 85.0 0.1991 
0.1139 0.6378 85.0 0.2388 
0.1344 0.6536 85.5 0.2687 
0.1534 0.6697 86.1 0.3000 
0.1755 0.6765 86.4 0.3134 

(saturated) 

0.2461 0 0.5828 83.0 0.0000 
0.0139 0.5956 83.0 0.0230 
0.0143 0.5968 83.0 0.0251 
0.0279 0.6106 83.0 0.0502 
0.0284 0.6100 83.0 0.0491 
0.0502 0.6372 83.1 0.0994 
0.0523 0.6360 83.2 0.0971 
0.0722 0.6536 83.5 0.1305 
0.0750 0.6536 83.6 0.1305 
0.0984 0.6715 84.0 0.1653 
0.1151 0.6822 84.0 0.1866 
0.1245 0.6899 84.0 0.2021 
0.1510 0.6982 84.0 0.2191 

(saturated) 

0.2778 0 0.5616 83.0 0.0000 
0.0324 0.6312 83.6 0.1258 
0.0619 0.6566 83.5 0.1739 
0.0896 0.6815 83.5 0.2229 

0.37777 0 0.6013 81.5 0.0000 
0.0367 0.6622 81.9 0.1139 
0.0693 0.6944 82.5 0.1781 
0.1009 0.7246 83.0 0.2417 

0.5198 0 0.6596 80.0 0.0000 
0.0306 0.7009 80.5 0.0826 
0.0667 0.7434 81.9 0.1748 
0.0838 0.7572 82.0 0.2068 

0.6624 0 0.7326 79.5 0.0000 
0.0336 0.7762 80.0 0.1025 
0.0612 0.7934 80.8 0.1467 
0.0828 0.7999 80.9 0.1641 

(saturated) 
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2. B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibrium 17 

Table III. Isobaric Vapor—Liquid Equilibrium Data for the Sodium 
Acetate-Ethanol-Water System at χ = 0.309 ± 0.001 

(758 ± 3 torr) 

0 
0 
0.008 
0.013 
0.043 
0.045 
0.072 
0.081 
0.108 
0.118 
0.130 
0.142 
0.144 
0.160 
0.180 
0.200 
0.204 
0.224 
0.242 

y 

0.581 
0.581 
0.600 
0.609 
0.652 
0.658 
0.688 
0.699 
0.725 
0.733 
0.742 
0.744 
0.752 
0.760 
0.773 
0.777 
0.783 
0.787 
0.782 

t 

82.0 
82.0 
82.2 
82.2 
82.3 
82.3 
82.5 
82.5 
82.7 
82.7 
82.8 
82.9 
83.2 
83.4 
83.5 
83.9 
84.0 
84.0 
83.9 

log,0 — 
a 

0.0000 
0.0000 
0.033 
0.049 
0.131 
0.142 
0.202 
0.223 
0.277 
0.296 
0.317 
0.321 
0.339 
0.358 
0.390 
0.399 
0.414 
0.424 
0.421 

f ract ional d i s t i l la t ion c o l u m n . T h e f a m i l y of constant salt concentrat ion 
curves so constructed is s h o w n i n F i g u r e 3. F o r further reference to 
d i s t i l la t i on appl icat ions , the reader is referred to a recent rev iew of the 
topic ( 8 ) . T h e k ' salt effect parameter values measured at the six fixed χ 
values of the present invest igat ion a n d the three values of the previous 
study (4 ) are s u m m a r i z e d i n T a b l e V I I a n d p lo t ted i n F i g u r e 4 as 
functions of x, w i t h the standard dev iat ion shown i n each case. ( Re lat ive 
deviations tend to be larger i n mixed-solvent compos i t ion regions where 
re lat ive vo la t i l i ty is lower , a n d v ice versa ) . 

T h e results for the two organic an ion salts of the present invest igat ion 
are demonstrated i n F igures 5 a n d 6. F i g u r e 5 presents the data for 
sod ium acetate -e thano l -water at χ = 0.309; a n d F i g u r e 6 for potass ium 
acetate -e thano l -water at χ = 0.245 a n d 0.311, two of the three values 
used . E q u a t i o n 1 is unable to correlate data i n these t w o systems; i n 
each case a l inear regression y ie lds a large dev iat ion of the exper imental 
points f rom the best straight l ine , w h i c h i n any event w o u l d f a i l to pass 
through the or ig in . 

T h e values of k ' reported i n Tables V I I a n d V I I I for the systems 
s tudied were determined b y a p p l y i n g a l inear least-squares ca l cu la t i on 
to the exper imental data. T h e average absolute dev ia t i on ( A . A . D . ) of 
l o g i o ( a s / a ) was de termined at fixed intervals of ζ f r o m the i n d i v i d u a l 
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18 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

Table IV. Isobaric Vapor—Liquid Equilibrium Data for the Potassium 
Acetate-Ethanol-Water System at χ — 0.245 (758 ± 3 torr) 

ζ y t logio — a 

0 
0.0267 
0.0522 
0.0762 
0.0990 
0.1207 
0.1413 
0.1611 
0.1799 

0.5875 
0.6331 
0.6610 
0.6879 
0.7064 
0.7281 
0.7418 
0.7531 
0.7647 

84.0 
83.0 
83.0 
82.5 
82.0 
82.0 
81.5 
81.0 
81.0 

0.0000 
0.0832 
0.1364 
0.1896 
0.2276 
0.2740 
0.3048 
0.3309 
0.3582 

X 

Figure 3. The ammonium bromide-ethanolr-water system at various 
fixed-salt concentrations and saturation 
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2. B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibrium 19 

3.0 h 

2.0 

1.0 

0.2 0.4 0.6 

Figure 4. Salt effect parameter as a function of 
the liquid composition ratio for the ammonium 

bromide-ethanol-water system 

Table V . Isobaric Vapor -Liquid Equilibrium Data for the Potassium 
Acetate-Ethanol-Water System at χ = 0.311 (758 ± 3 torr) 

0 
0.0308 
0.0543 
0.0794 
0.0892 
0.1055 
0.1302 
0.1532 
0.1746 
0.1792 
0.1959 
0.2160 
0.2354 
0.2565 
0.2702 

0.5839 
0.6413 
0.6741 
0.7061 
0.7186 
0.7371 
0.7586 
0.7780 
0.7947 
0.7982 
0.8076 
0.8194 
0.8286 
0.8377 
0.8422 

82.0 
82.0 
82.0 
82.1 
82.2 
82.4 
82.8 
83.4 
84.1 
84.3 
84.5 
85.8 
86.5 
87.4 
88.0 

logo) — 
a 

0.0000 
0.1053 
0.1686 
0.2335 
0.2601 
0.3007 
0.3503 
0.3975 
0.4407 
0.4501 
0.4759 
0.5096 
0.5373 
0.5657 
0.5801 
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20 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

0.45 Γ 

Figure 5. Salt effect of sodium acetate on the ethanol-water system at χ = 
0.309 

Figure 6. Salt effects on the potassium acetate-ethanol-water system at 
χ = 0.245, Δ; and χ = 0.311, Ο 
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2. B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibrium 21 

Table VI . Isobaric Vapor—Liquid Equilibrium Data for the Potassium 
Acetate-Ethanol-Water System at χ = 0.313 (753 ± 3 torr) 

ζ y t α 

0 0.5989 82.0 0.0000 
0.0155 0.6186 82.0 0.0360 
0.0295 0.6420 82.0 0.0796 
0.0578 0.6799 82.3 0.1530 
0.0876 0.7167 82.5 0.2290 
0.1098 0.7414 82.6 0.2834 
0.1217 0.7524 83.0 0.3087 
0.1504 0.7768 83.4 0.3676 
0.1782 0.7956 84.0 0.4161 
0.1913 0.8059 85.0 0.4440 
0.2036 0.8116 85.5 0.4603 
0.2151 0.8169 86.0 0.4753 
0.2679 0.8403 87.7 0.5470 
0.3417 0.8612 92.0 0.6185 
0.4023 0.8740 94.2 0.6670 

(saturated) 

Table VII. Values of the Salt Effect Parameter at Various Values of 
χ for the Ammonium Bromide—Ethanol—Water System 

X k' 

0.154 1.44 ± 0.05 
0.206" 1.61 ± 0.07 
0.246 1.67 ± 0.06 
0.278 1.67 ± 0.10 
0.305" 1.83 ± 0.10 
0.309" 1.94 ± 0.11 
0.378 1.99 ± 0.05 
0.520 2.45 ± 0.10 
0.662 2.75 ± 0.25 

α Data from Burns and Furter (4). 
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22 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Table VIII. Salt Effect Parameters and Reliability of Equation 1 to 
Predict Salt Effects for Some Inorganic Salts in Ethanol— 

Water Mixtures at Various Values of χ 

R.A.A.D.' 
Salt X fc' % Reference 

K B r 0.206 2.89 ± 0.04 1.3 4 
0.311 3.02 ± 0.09 2.5 4 

K I 0.309 2.33 ± 0.09 4.0 this w o r k 
N a O A c 0.309 2.05 ± 0.20 13.8 this w o r k 
K O A c 0.245 2.11 ± 0 . 1 8 8.5 th is w o r k 

0.311 2.31 ± 0.20 8.3 th is w o r k 
0.313 2.20 ± 0.15 7.7 th is w o r k 

N H 4 B r 0.206 1.61 ± 0 . 0 7 3.9 4 
0.246 1.67 ± 0 . 0 6 3.0 this w o r k 
0.305 1.83 ± 0.10 5.8 4 
0.309 1.94 ± 0.11 4.5 4 

N a C l 0.240 3.46 ± 0.11 3 
0.248 3.62 8 

N a B r 0.248 2.87 3 
NH4CI 0.143 2.50 8 

0.223 2.20 3 
0.313 2.19 8 
0.367 2.29 3 
0.451 2.35 3 
0.527 2.23 3 

a The relative average absolute deviation, % (see Results). 

deviat ions of the smoothed curve f r o m the l inear regression pass ing 
t h r o u g h the exper imental points . F r o m this A . A . D . va lue its magn i tude , 
re lat ive to the exper imenta l va lue of logio ( α 8 / α ) at the m e a n z, was 
obta ined , g i v i n g the R . ( r e l a t i v e ) A . A . D . values l i s ted i n T a b l e V I I I . A n 
assessment of the capab i l i ty of E q u a t i o n 1 to correlate the salt effects 
can be made more effectively f r o m these R . A . A . D . 

T h e significance a n d magni tude of the errors i n v o l v e d i n the exper i ­
m e n t a l procedures a n d ana ly t i ca l methods, a n d the prec i s i on of the 
so lub i l i ty a n d surface tension data l i s ted i n T a b l e I X have been discussed 
f u l l y elsewhere (4). 

Discussion 

T h e k ' s tandard dev iat ion data a n d R . A . A . D . values l i s ted i n T a b l e 
V I I I for the data of the present invest igat ion a n d certa in data f r o m 
previous studies (3,4) demonstrate c l ear ly that E q u a t i o n 1 c a n satis­
fac tor i ly correlate the salt effects of the inorganic salts tested at fixed-
l i q u i d compos i t ion i n e thano l -water , at a l l salt concentrations u p to 
saturation. T h e R . A . A . D . y ie lds a c r i t i ca l eva luat ion of the a p p l i c a b i l i t y 
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2. B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibrium 23 

of the equat ion since i t removes the c o m p l i c a t i n g factor of exper imenta l 
data scatter. T h i s treatment accentuates the v a l i d i t y of E q u a t i o n 1 i n 
corre lat ing accurately the effects of the inorgan i c salts; however , i t also 
accentuates its fa i lure for the salts conta in ing organic anions, especial ly 
i f the organic ions have a propens i ty to promote b o t h a h y d r o p h i l i c a n d 
h y d r o p h o b i c effect o n the water molecules , the net result of w h i c h is a 
balance between these two types of so lute-solvent interactions w i t h one 
or the other s l ight ly predominat ing . I n the case of the acetate ions, the 
h y d r o p h i l i c interactions are more evident. A s imi lar observation was 
made prev ious ly b y the present authors for t e t rae thy lammonium b r o m i d e 
(4). H o w e v e r , i t was f o u n d that w h e n h y d r o p h o b i c interactions p r e ­
dominated , then the salt effects aga in c o u l d be correlated u s i n g E q u a t i o n 
1, b u t a sa l t ing - in of ethanol was noted instead of the n o r m a l salting-out. 
F igures 5 a n d 6 reveal that a d i m i n i s h i n g re turn appears to occur as the 

Table IX. Physical Properties of Saturated Solutions of Some 
Inorganic Salts in Water, Ethanol, and 0.206 Mole 

Fraction Ethanol-Water at 25 °C 

Solvent 

H 2 0 

C 2 H 5 O H 

0.206 
mole f ract ion 

C 2 H 5 O H - H 2 0 

Surface 
Solubility 

Surface 
Tension m 

Salt Pa m X 10s mol Kg'1 ζ 

72.0 
K B r 73.4 5.6 ± 0.1 0.092 
K B r 5.71° 0.093 
N H 4 B r 60.7 8.0 ± 0.2 0.126 
N H 4 B r 7.92° 0.125 
K I 69.6 8.92° 0.138 
N a O A c 57.5 15.2° 0.215 
K O A c 66.8 27.4° 0.331 

22.3 
K B r 22.3 < 0 . 1 < 0.0004 
K B r 0.113° 0.0004 
N H 4 B r 22.4 0.33 ± 0.02 0.015 
N H 4 B r 0.35° 0.016 
K I 22.5 0.118° 0.005 
N a O A c 22.5 
K O A c 23.3 

30.5 
K B r 29.5 1.9 ± 0.1 0.043 
N H 4 B r 31.3 3.5 ± 0.2 0.073 
K I 31.3 4.52° 0.097 
N a O A c 28.1 
K O A c 28.6 

•Data from Seidell (13). 
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24 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

salt concentrat ion is increased; this m a y be caused b y e ither i o n reasso­
c ia t i on o c curr ing at h i g h salt concentrations, or saturat ion effects w i t h 
respect to the h y d r a t i o n spheres; that is, the a d d e d ions a n d the i r solvent 
spheres m a y find i t dif f icult to fit into spaces among other ions a n d their 
solvent spheres. I n a d d i t i o n , surface effects c o u l d , at least p a r t i a l l y 
account for the i n a b i l i t y of E q u a t i o n 1 to correlate the salt effects i n the 
case of organic ions where the h y d r a t i o n spheres at the surface are 
d i s rupted severely c ompared w i t h those w i t h i n the homogeneous solut ion. 
T h i s w o u l d result i n a large degree of heterogeneity o c c u r r i n g at the 
surface, a n d the water molecules finding i t easier to escape t h a n i f there 
were no salt present. 

A compar ison of the dependence of the improvement factor o n the 
salt concentrat ion for the a m m o n i u m b r o m i d e - e t h a n o l - w a t e r system at 
x = 0.246 ( F i g u r e 3) a n d that observed b y Jaques a n d F u r t e r (3 ) for 
a m m o n i u m c h l o r i d e - e t h a n o l - w a t e r at χ = 0.223 reveals m a n y s imilar i t ies 
be tween these two systems. T h e i r k ' values are s imi lar , they b o t h y i e l d 
good corre lat ion w i t h E q u a t i o n 1, a n d i n b o t h systems a n inf lect ion c a n 
be detected i n the exper imenta l p lo t of improvement factor vs. salt 
concentrat ion at ~ 0.05 mole f ract ion salt. T h e inf lect ion p r o b a b l y c a n 
be a t t r ibuted to a change i n the solvent structure o w i n g to the presence 
of salt. 

A l t h o u g h Johnson a n d F u r t e r ( 1 , 2 ) , among others, observed a 
surpr i s ing insensi t iv i ty of k ' to mixed-so lvent compos i t ion i n m a n y 
a l c o h o l - w a t e r - i n o r g a n i c salt systems, such does not appear to be the 
case w i t h a m m o n i u m b r o m i d e - e t h a n o l - w a t e r . A l inear dependence of 
k ' w i t h χ was observed a n d is demonstrated i n F i g u r e 4. T h e slope of 
this dependence is 2.63 a n d the intercept w i t h the y-axis occurs at 
approx imate ly a va lue of un i ty . T h i s extrapolated salt effect w h e n χ = 0, 
that is , w i t h water as the single solvent, is consistent w i t h Raoult ' s L a w 
i n that the vapor pressure of the aqueous salt so lut ion depends d i rec t ly 
o n the salt concentrat ion. H o w e v e r the same behav ior has not been 
observed for the a m m o n i u m c h l o r i d e - e t h a n o l - w a t e r system ( 3 ) ; as seen 
i n T a b l e V I I I its salt effect parameter shows essentially no dependence 
o n the l i q u i d composit ion. Therefore the two systems differ i n this respect. 

I n the case of the acetate salts, M e r a n d a a n d F u r t e r ( 9 ) f o u n d that 
k ' changed re lat ive ly l i t t l e w i t h χ f or s od ium acetate -e thano l -water , but 
i t underwent a major var ia t i on w i t h potass ium acetate i n the same b i n a r y 
solvent. T h e y also f o u n d (10) that at χ values b e l o w 0.5, the improve ­
ment factor i n the potass ium acetate -e thano l -water system f e l l off w i t h 
decreasing x, even t h o u g h the study was conducted at saturation a n d 
hence salt concentrat ion was increas ing w i t h decreasing x. T h e same 
p h e n o m e n o n is observed i n the two curves of F i g u r e 6 where , for the 
same salt concentrat ion, the larger effect occurs at the h igher va lue of χ 
( b o t h values b e i n g be l ow 0.5) . 
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2 . B U R N S A N D F U R T E R Salt Effect in Vapor-Liquid Equilibrium 2 5 

Table X . Solubility of Various Inorganic Salts in Boiling Solutions 
of Water, Ethanol, and Ethanol—Water Mixtures 

Solubility 

m 
Solvent Salt mol kg'1 ζ 

H 2 0 N a O A c 23.8 0.30 
K O A c 54.2 0.494 
K B r 8.89 0.138 
K I 12.50 0.183 
N H 4 B r 13.8 0.200 

C 2 H 5 O H N a O A c 0.22 0.01 
K O A c 2.58 0.106 
K B r 0 0 
N H 4 B r 0.48 0.022 

0.25 m.f . ' E t O H - H 2 0 N a O A c 17.1 0.30 
K O A c 28.6 0.417 
K B r 3.24 0.075 

0.31 m.f . 6 E t O H - H 2 0 N a O A c 1.61 0.28 
K O A c 23.4 0.40 
K B r 2.39 0.06 

"Data from Seidell (13). 
6 m.f. = mole fraction. 

Bedross ian a n d C h e h (11) s tud ied v a p o r - l i q u i d e q u i l i b r i u m i n the 
sod ium acetate -e thanol -water system, us ing constant l ower values of salt 
concentrat ion rather than the saturation values used b y M e r a n d a a n d 
F u r t e r ( 9 ) . Ana lys i s of the ir data u s i n g E q u a t i o n 1 indicates a larger 
var ia t i on of k ' w i t h χ t h a n that observed at saturation b y M e r a n d a a n d 
F u r t e r . Bedross ian a n d C h e h conc luded that h y d r a t i o n as w e l l as h y d r o ­
t rop ism of ions plays a major role i n this par t i cu lar system. 

T h e surface tension a n d so lub i l i ty data l i s ted i n Tab les I X a n d X 
demonstrate that the sod ium a n d potass ium acetates have m u c h more 
dramat i c effects i n aqueous so lut ion than do the inorganic salts for w h i c h 
data are g iven. 

A l l salts of the present invest igat ion salted-out ethanol f r om aqueous 
solut ion; that is , they raised its concentrat ion i n the e q u i l i b r i u m vapor . 
A l s o , a l l are more soluble i n water t h a n i n ethanol . W h i l e there are 
exceptions to this general p a r a l l e l (12), i n most systems i t is more or less 
app l i cab le (7). 
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26 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Nomenclature 

k = salt effect parameter, as defined b y E q u a t i o n 1. 

k 

k ' = salt effect parameter; k ' = 2 303 

t = b o i l i n g point , ° C 

x = mole fract ion of e thanol i n l i q u i d phase; 
ca lcu la ted o n a salt-free basis 

mole e thanol 

mole e thanol + mole water 

y = mole fract ion of e thanol i n the vapor phase 

% = mole fract ion of salt i n the l i q u i d phase 

mole salt 
mole e thanol + mole water - f mole salt 

a = relat ive vo la t i l i ty i n absence of salt 

_ y ( l - « ) 

x ( l - v ) 

a8 = re lat ive vo la t i l i ty i n presence of salt; ca lcu la ted u s ing 
l i q u i d composi t ions on a salt-free basis. 
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3 

Prediction of Salt Effect on Vapor-Liquid 

Equilibrium: A Method Based on Solvation II 

SHUZO O H E 

Ishikawajima-Harima Heavy Ind. Co. Ltd., Research Institute, 
1 Shinnakahara Isogoku, Yokohama 235, Japan 

The preferential solvation formed between salt and solvent 
molecules causes a salt effect on vapor-liquid equilibria. A 
method of prediction of salt effect based on the preferential 
solvation number was reported previously for the case in 
which salt was solved below the saturation level. The idea 
introduced in this chapter applies for salt solved in satura­
tion. The alcohol-ester-calcium chloride system for which 
the preferential solvation was thought to be formed was 
examined. Specifically, calcium chloride dissolves readily 
in alcohol but only sparingly in ester. Thus, when cal­
cium chloride is solved into alcohol-ester mixed solvent, the 
calcium chloride will form a preferential solvation with 
alcohol only. Methanol-methyl acetate, butanol-butyl ace­
tate, and methanol-ethyl acetate systems were selected for 
the mixed-solvent systems. 

When salt is a d d e d to a vo la t i l e solvent mixture , there is a salt 
effect—a change i n the v a p o r - l i q u i d e q u i l i b r i u m rela t ion. T h i s 

salt effect occurs because salt forms a preferent ia l solvate w i t h a pa r t i cu ­
la r component of the solvent mixture , caus ing a drop i n pa r t i a l pressure 
of the par t i cu la r component w h i c h forms the preferent ia l solvate. Resul ts 
of the studies conduc ted based o n this i dea are repor ted b y the author 
i n References 1 a n d 2. I n the past studies, the v a p o r - l i q u i d e q u i l b r i u m 
re la t ion of the system for w h i c h format ion of preferent ia l solvate h a d 
been expected was observed, preferent ia l solvat ion n u m b e r was ca l cu ­
l a t ed based on the ac tua l ly observed values, a n d further, salt effect was 
p red i c t ed based o n the preferent ia l solvate number . T h e author has 

0-8412-0428-4/79/33-177-027$05.00/l 
© 1979 American Chemical Society 
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28 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

deve loped this s tudy further b y e x p a n d i n g the concentrat ion of the salt 
to the saturat ion l eve l ( i n his former studies, i t was l i m i t e d to the n o n -
saturated concentrat ion ) . T h i s chapter reports on this most recent study. 

Preferential Solvate System 

T h e author selected the system conta in ing salt w h i c h is not d isso lved 
w i t h other components b u t on ly w i t h a p a r t i c u l a r component of a solvent 
mixture as a system w i t h w h i c h the phenomenon of pre ferent ia l solvate 
c a n be understood easily. C a l c i u m ch lor ide is d isso lved w i t h a l coho l b u t 
i t is not d isso lved w e l l w i t h ester. T h u s , c a l c i u m ch lor ide forms a prefer ­
ent ia l solvate w i t h a l coho l a n d does not w i t h ester. F o r the component 
system w h i c h consists of c a l c i u m ch lor ide , a l coho l , a n d ester, the author 
selected the f o l l o w i n g three systems for w h i c h v a p o r - l i q u i d e q u i b r i u m 
relations have been measured : m e t h a n o l - e t h y l a c e t a t e - c a l c i u m ch lor ide 
( I ) ; m e t h y l a c e t a t e - m e t h a n o l - c a l c i u m ch lor ide ( 3 ) ; a n d η-butyl a c e t a t e -
n - b u t a n o l - c a l c i u m ch lor ide ( 3 ) . 

Solubility of Salt into Solvent Mixture 

T h e so lub i l i t y of the salt into a solvent mix ture is d e c i d e d b y the 
concentrat ion of a p a r t i c u l a r component i n that mixture w h e n salt is 
read i l y d isso lved on ly w i t h the p a r t i c u l a r component i n the solvent m i x ­
ture . F i g u r e s 1, 2, a n d 3 show solubi l i t ies of c a l c i u m ch lor ide few: the 
above ment i oned three systems. F i g u r e 1 shows the so lub i l i t y of c a l c i u m 

Journal of Chemical 
Engineering, of Japan 

Figure I . Solubility of calcium chloride in 
boiling methanol-ethyl acetate mixture at 1 

atm (3) 
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Figure 2. Solubility of calcium chloride in boiling methyl acetate-methanol 
mixture at 1 atm 

ch lor ide into the m e t h a n o l - e t h y l acetate system. F r o m 0-0.333 mole 
f rac t ion of methano l , the so lub i l i ty is a lmost zero. These so lub i l i t y da ta 
ind i cate that i f c a l c i u m ch lor ide is d isso lved b y on ly the methano l c o n ­
ta ined i n the m e t h a n o l - e t h y l acetate so lut ion, b o t h solvents exist i n the 
f o r m of c lustered molecules c ompr i sed of one methano l molecu le a n d 
t w o e t h y l acetate molecules ( 2 ) . I n methano l concentrations greater t h a n 
0.333 mole f ract ion , free molecules f o r m i n g nonc lustered molecules are 
present i n the system, so that the salt is d isso lved i n the free molecules 
of methano l . F r o m the extrapolated so lub i l i ty ( the mole rat io of c a l c i u m 
ch lor ide to methano l is — 1 : 6 ) , c a l c i u m ch lor ide a n d methano l are be ­
l i e v e d to f o r m a solvate of C a C l 2 · 6 C H 3 O H . F i g u r e 2 shows the so lu ­
b i l i t y of c a l c i u m ch lor ide into the m e t h y l ace ta te -methano l system. F i g ­
ure 2 was d r a w n b y the author based on H a s h i t a m s report ( 3 ) . T h i s 
figure indicates that the so lub i l i t y changes l inear ly against the concen­
trat ion of methano l i n the same manner as that dep i c ted i n F i g u r e 1. 
S o l u b i l i t y is almost zero i n the range where the mole f ract ion of m e t h a n o l 
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30 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

is be tween 0 a n d 0.15. T h e molecules of methano l a n d m e t h y l acetate 
f o r m a cluster of some k i n d a n d because of this c luster, no free m e t h a n o l 
molecu le exists. F i g u r e 3 shows the so lub i l i t y of c a l c i u m ch lor ide i n the 
b u t y l a ce ta te -butano l system. T h i s figure was d r a w n also b y the author 
based on H a s h i t a m s report ( 3 ) . T h i s figure shows that the so lub i l i t y of 
c a l c i u m ch lor ide reduces l inear ly against the reduc t i on of the mole f rac ­
t i o n of b u t a n o l a n d that the existence of b u t a n o l i n the solvent mix ture 
contributes to d i sso lv ing c a l c i u m chlor ide . S i m i l a r l y , i n this system also, 
the so lub i l i t y of c a l c i u m ch lor ide is almost zero at the range where the 
mole f ract ion of b u t a n o l is between 0 a n d 0.2. T h i s occurs because four 
molecules of b u t y l acetate f o r m a cluster against one molecule of b u t a n o l 

Ο 

ο es ο 

3 

Journal of Chemical Engineering of Japan 

Figure 3. Solubility of calcium chloride in boiling butyl acetate-butanol 
mixture at 1 atm (3) 
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3. O H É Prediction of Salt Effect 31 

resu l t ing i n the i n a b i l i t y of a b u t a n o l molecule to exist. I t is obvious f r o m 
the above descr ibed three examples that c a l c i u m ch lo r ide is d i sso lved 
on ly b y a n a l coho l molecule i n a solvent mixture . T h i s indicates that 
c a l c i u m ch lor ide is re lated on ly to a l coho l molecules i n the solvent m i x ­
ture , suggest ing the existence of a pre ferent ia l solvate. 

Preferential Solvation Number 

W h e n a pre ferent ia l solvate is f o r m e d across salt a n d a p a r t i c u l a r 
component i n a solvent mixture , the pre ferent ia l ly so lvated component 
is assumed to be nonvolat i le . H e n c e , the essential concentrat ion of the 
pre ferent ia l ly so lvated component i n the solvent mix ture is r e d u c e d as 
m u c h as the so lvated component . T h e v a p o r - l i q u i d e q u i l i b r i u m re la t i on 
obta ined under the a d d i t i o n of a salt m a y w e l l be cons idered to be the 
same as the v a p o r - l i q u i d e q u i l i b r i u m w i t h o u t the salt for l i qu id -phase 
compos i t i on f r o m w h i c h the solvents f o r m i n g solvates are exc luded . 
B a s e d on this idea , the essential concentrat ion at the t ime w h e n salt forms 
a pre ferent ia l solvate w i t h the p r i m a r y component is g iven b y E q u a t i o n 1. 
T h e n w e can obta in the pre ferent ia l so lvat ion n u m b e r f r o m the observed 
values of the salt effect. A s the concentrat ion of solvent is decreased b y 
the n u m b e r of so lvated molecules , the ac tua l solvent compos i t ion p a r ­
t i c i p a t i n g i n the v a p o r - l i q u i d e q u i l i b r i u m is changed . A s s u m i n g that a 
salt forms the solvate w i t h the first component , the ac tua l compos i t i on 
*ia is g iven b y 

1 & - (xi-Sxs)+x2' U j 

Since x1 = Xi(l — x 3 ) , *2 — x 2 ' ( l — x3), a n d Xi + *2 = 1, E q u a t i o n 2 
is r ewr i t t en as f o l l ows : 

(2) * i ' ( l --Χά) • -Sx* 

( 1 - Xs) ~ •Sx3 

o b t a i n 

1—^3 Χχ'-
S m m ± ±s±i ( 3 ) 

Xs 1 — Xla 

Therefore , the so lvat ion n u m b e r c a n be ca l cu la ted b y d e t e r m i n i n g x1&' 
f r o m the measured values u s i n g the v a p o r - l i q u i d e q u i l i b r i u m re la t i on 
ob ta ined w i t h o u t a d d i n g a salt. W h e n a salt forms the so lvat ion w i t h 
the second component , the f o l l o w i n g three equations c a n be d e r i v e d i n 
a s imi lar manner . 
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#la = 

Xla 

s — 

Xi 

X\ + {X2 — Sxs) 

(l—xs)xi 
(1 — xs) — Sx3 

1 — £ 3 X\&' — X\ 

Xs Xm 

(4) 

(5) 

(6) 

F i g u r e s 4, 5, a n d 6 ind icate ca lucu la ted results of the pre ferent ia l so l ­
v a t i o n numbers for the three systems. A s shown b y each figure, pre fer ­
ent ia l so lvat ion numbers are almost constant against composit ions of the 
solvent. O n the other h a n d , the concentrat ion of salt increases l inear ly 
against a n increase i n the concentrat ion of a l coho l i n the solvent as 
i n d i c a t e d i n F i g u r e s 1, 2, a n d 3. T h i s fact denotes that for a n increase 
of solvent w h i c h forms a pre ferent ia l solvate i n a solvent mixture , the 
salt r e q u i r e d to f o r m a certa in so lvat ion n u m b e r w i t h that solvent is 
disso lved. F o r essential concentrat ion xl2i' i n E q u a t i o n s 3 a n d 4, w h i c h 
are r e q u i r e d i n c a l c u l a t i n g so lvat ion numbers , the data observed b y the 
author et a l . ( J ) were used for the m e t h a n o l - e t h y l acetate system; 

0 . 2 0.4 0 . 6 0 . 8 1.0 

χ ι 
Journal of Chemical and Engineering Data 

Figure 4. Preferential solvation number in the methanol-ethyl acetate sys­
tem at 1 atm: (O), CaCl2: 5 wt %; (Δ), CaCl2:10 tot %; (V), CaCl2: 20 wt 

%; (Π), CaCl2: 25 wt %; (Φ), CaCl2: saturated (I). 
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3. O H É Prediction of Salt Effect 33 

oo 

X 1 
Journal of Chemical Engineering of Japan 

Figure 5. Preferential solvation number in the methyl acetate-methanol-
calcium chloride system at 1 atm (0)~CaCl2: 6 wt %; (A), CaCl2: 15 wt 

%; (Φ), CaCl2: saturated (3). 

Nagata 's data (4) were used for the m e t h y l ace ta te -methano l system; 
a n d for the b u t y l a ce ta te -butano l system, da ta observed b y Brunjes et a l . 
( 5 ) were used. F i g u r e 4 shows that the pre ferent ia l so lvat ion n u m b e r is 
about 5.5 i n the m e t h a n o l - e t h y l a c e t a t e - c a l c i u m ch lor ide system, a n d i t 
is constant at the range where the mole f rac t i on of m e t h a n o l is be tween 
0.333 a n d 1.000. A t the range w h e r e the mole f rac t ion of methano l is less 
t h a n 0.333, the concentrat ion of c a l c i u m ch lor ide is zero a n d consequently 
the pre ferent ia l so lvat ion n u m b e r is also zero. F i g u r e 5 indicates that for 
the m e t h y l a c e t a t e - m e t h a n o l - c a l c i u m ch lor ide system, the pre ferent ia l 
so lvat ion n u m b e r is about 5, a n d i t is constant at the range where the 
mole f ract ion of m e t h y l acetate is be tween 0 a n d 0.85. A t the range w h e r e 
the mole f ract ion of m e t h y l acetate is 0.85 to 1.0, the concentrat ion of 
c a l c i u m ch lor ide is zero, a n d consequently , the pre ferent ia l so lvat ion 
n u m b e r is also zero. F o r the b u t y l a c e t a t e - b u t a n o l - c a l c i u m ch lor ide sys-
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GO 

3.0 

2.0 

1.0 

T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

0.2 0.4 0 . 6 0-8 1.0 

Figure 6. Preferential solvation number in the butyl acetate-butanol-cal-
cium chloride system at 1 atm 

tern, the pre ferent ia l so lvat ion n u m b e r is about 2 a n d i t is constant at the 
range where the mole f ract ion of b u t y l acetate is be tween 0 a n d 0.8 
as s h o w n i n F i g u r e 6. A t the range where the mole f ract ion of b u t y l 
acetate is 0.8 to 1.0, the concentrat ion of c a l c i u m ch lor ide is zero, a n d the 
pre ferent ia l so lvat ion n u m b e r is also zero. 

Prediction of Salt Effect 

A m e t h o d to pred i c t salt effect on v a p o r - l i q u i d e q u i l i b r i u m i n w h i c h 
salt is d isso lved i n a saturated state is in t roduced . I n this method , salt 
effect is p r e d i c t e d b y us ing pre ferent ia l so lvat ion numbers , the concen­
t rat i on of the salt, a n d the v a p o r - l i q u i d e q u i l i b r i u m data for w h i c h salt is 
not invo lved . I t is possible to pred i c t salt effect complete ly w i t h o u t u s i n g 
ac tua l ly measured data i f the pre ferent ia l so lvat ion n u m b e r c a n be pre ­
d i c ted . Present ly , however , i t is imposs ib le to complete ly pred i c t prefer ­
ent ia l so lvat ion number . H e n c e , the pre ferent ia l so lvat ion numbers are 
obta ined t h r o u g h ac tua l measurements, a n d these numbers are used for 
the pred i c t i on . I f pre ferent ia l so lvat ion n u m b e r c a n be p r e d i c t e d i n d e ­
pendent ly i n the future , this m e t h o d w i l l be a n extremely h o p e f u l one. 
T h e salt effect p r e d i c t i o n m e t h o d is ent ire ly i n reverse sequence of that 
used to ob ta in pre ferent ia l so lvat ion number . Speci f ical ly , i t is ca r r i ed 
out i n the f o l l o w i n g sequence. 

( 1 ) T h e components w h i c h f o r m pre ferent ia l solvate i n a m i x e d -
solvent system are de termined . 
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3. O H É Prediction of Salt Effect 35 

(2) T h e pre ferent ia l so lvat ion n u m b e r across salt a n d solvent is 
determined . 

(3) S o l u b i l i t y of salt into the solvent mixture is determined . 
(4) T h e essential compos i t ion (*ia') is ca l cu la ted b y a p p l y i n g E q u a ­

t i o n 2 or 5. 
(5) V a p o r compos i t ion for the x1&' is r e a d out b y u s i n g the vapor-

l i q u i d e q u i l i b r i u m data for w h i c h salt is not i n v o l v e d , a n d this vapor 
compos i t i on is used as the vapor compos i t i on for the ac tua l concentra­
t i o n (Xi). 

F i g u r e s 7, 8, a n d 9 ind icate the p r e d i c t i o n results for the f o l l o w i n g 
three systems: m e t h a n o l - e t h y l acetate, m e t h y l ace tate -methano l , a n d 
b u t y l a ce ta te -butano l w i t h saturated c a l c i u m ch lor ide , respect ively . T h e 
absolute va lue of m e a n errors \Ay\ were 0.018 a n d 0.014 for each system, 
w h i l e the m a x i m u m a n d m i n i m u m errors were 0.047 a n d 0, 0.039 a n d 
0.005, a n d 0.039 a n d 0.005, respectively . 

0 . 2 0 . 4 0 . 6 0 . 8 1.0 

Figure 7. Result of prediction for methanol-ethyl acetate-calcium chlo­
ride system at 1 atm: (O), observed; (—), calculated. 
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3. O H É Prediction of Salt Effect 37 

X ! 

Figure 9. Result of prediction for butyl acetate-butanol-calcium chlo-
ride system at 1 atm: (O), observed; (—), calculated. 
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Conclusion 

A s a cause of salt effect, the existence of a preferent ia l solvate f o r m e d 
across salt a n d par t i cu la r component i n a solvent mix tu re is cons idered . 
Preferent ia l so lva t ion n u m b e r was ca lcu la t ed for the a l coho l - e s t e r - ca l ­
c i u m ch lo r ide system i n w h i c h fo rmat ion of preferent ia l solvate was 
b e l i e v e d to exist. T h e preferent ia l so lva t ion n u m b e r was f o u n d to be 
constant regardless of composi t ions of a solvent mixture . O n the other 
hand , the so lub i l i t y of salt in to m i x e d solvent increased l inea r ly against 
an increase of compos i t ion of the component w h i c h d i sso lved salt. T h i s 
fact indicates that the entire d i sso lved salt contr ibutes to the fo rma t ion 
of so lvat ion w i t h the pa r t i cu la r component i n the m i x e d solvent. T h e 
author feels that the s tudy shou ld be con t inued i n order to make the salt 
effect clear so that i t w i l l be possible to a p p l y the above desc r ibed i d e a 
to other systems also. 

Glossary of Symbols 

S = preferent ia l so lvat ion n u m b e r ( — ) 
χ = l iqu id-phase compos i t ion ( m o l e f ract ion) 
y = vapor-phase compos i t ion ( m o l e f ract ion) 

Superscript 

' = salt free 

Subscripts 

1 = first component 
2 = second component 
3 = t h i r d component 
a = free solvent molecu le not solvated 
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4 

Error Analysis of Isobaric Liquid-Vapor 

Equilibrium Data for Mixed Solvents 

Containing Salts at Saturation 

D E R E K JAQUES 

Department of Applied Chemistry, Royal Melbourne Institute of Technology, 
Melbourne, Victoria, 3000, Australia 

In the calculation of total pressure and vapor composition 
from boiling point data using the indirect method, the 
greatest source of error lies in the liquid-phase composition. 
We have attempted to characterize the frequency distribu­
tion of the error in the calculated vapor composition by the 
standard statistical methods and this has given a satisfactory 
result for the methanol-water system saturated with sodium 
chloride when the following estimates of the standard devia­
tion were used: x, 0.003; y, 0.006; T , 0.1°C; and π, 2 mm Hg. 
This work indicates that in the design of future experiments 
more data points are required and, for each variable, a 
reliable estimate of the standard deviation is highly desirable. 

* 0 ecently there has been considerable interest i n the chemica l l i terature 
o n the subject of the rmodynamic consistency, eva lua t ion of data, a n d 

i n error analysis of salt-free data. These authors (1,2,3,4), for reasons 
of s impl ic i ty , chose isothermal data where the i so thermal - i sobar ic fo rm 
of the G i b b s - D u h e m equat ion can be used w i t h on ly a ve ry smal l error. 
W e are interested i n isobar ic da ta con ta in ing salts at saturat ion because 
most salt data are measured under these condi t ions . A l s o the m o d e l w e 
w i s h to use is based u p o n B a r k e r s me thod ( 5 ) w h i c h predicts vapor 
compos i t ion f rom b o i l i n g po in t data. T h i s approach has been discussed 
prev ious ly i n some de ta i l b y the present author (6) and for a l c o h o l / w a t e r 
systems i t was preferable to the corre la t ion of excess free energy w h i c h 
incorporates the redundant (/-values a n d thei r associated errors. Fu r the r -

0-8412-0428-4/79/33-177-039$05.00/l 
© 1979 American Chemical Society 
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40 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

more , a suggestion was m a d e (7 ) that as O t h m e r l i q u i d - v a p o r e q u i l i b ­
rium stil ls have been used extensively there is uncer ta inty i n the deter­
m i n a t i o n of temperature . H e n c e w e ask w h a t is the re lat ive importance 
of the errors i n each var iab le . I f the importance of the Γ-error was 
m u c h greater t h a n the {/-error the B a r k e r m e t h o d m i g h t not be the best 
a p p r o a c h . 

T h e r e are three sources of error i n the ca l cu lated vapor compos i t ion 
w h e n these are ca l cu lated f r o m b o i l i n g po in t d a t a : r a n d o m error i n each 
exper imenta l observation; systematic error i n one or more of the observa­
t ions; a n d the m o d e l is imper fec t ( this is p a r t i c u l a r l y true for i sobar ic 
data because use is made of the G i b b s - D u h e m equat ion w h i c h was 
d e r i v e d for constant temperature a n d pressure ) . I n the present w o r k w e 
sha l l assume that the on ly error i n the data is caused b y randomness. 

T h e purpose of this w o r k is to at tempt to analyze the r a n d o m errors 
i n each independent var iab le a n d assess w h i c h one contributes the 
greatest error i n the ca l cu la ted quantit ies w h e n use is made of the 
ind i re c t method . 

Correlation Procedure 

T h i s procedure has been g iven i n d e t a i l elsewhere (6) so i t w i l l o n l y 
be descr ibed here brief ly for the sake of completeness. T h e func t i on 
2(π — 7 T C ) 2 is m i n i m i z e d where the total pressure is g i ven b y the equat i on : 

* c — z p i ' y i * i + (1 - x) W72*2 (1) 

T h e vapor pressure of each solvent is r ep laced b y the vapor pressure of 
the solvent saturated w i t h salt at the observed temperature . T h e W i l s o n 
E q u a t i o n ( δ ) is used to relate the ac t iv i ty coefficient o n a salt-free basis : 

l n y i - - l n ( l - A 2 1 ( l -x)) + (1 

xA2i 
l - A 2 1 ( l - z ) 

- » - - h P - * * » - ' { * î ^ - . - £ 5 - . , ) } 
(3) 

w h e r e 

(1 — rc)Ai2 

A12x 
(2) 

A 2 i = l - ^ - e x p ( - Z 1 / R T ) 
V ι 

(4) 
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4. J A Q U E S Isobaric Liquid-Vapor Equilibrium 41 

a n d 

A 1 2 = l - ^ - e x p ( - Z 2 / R T ) (5) 
v 2 

O n e of two procedures can be used now. T h e e q u i l i b r i u m vapor c o m ­
pos i t i on is evaluated us ing the observed temperatures a n d E q u a t i o n 6: 

In y — Ιη^ρ /ΦιΑτο ) — l n ( l — A 2 i ( l — x)) + 

Π — r) / — ^ ) A i 2 ^A 2 i \ (6) 
1 j \ 1 - A 1 2 z 1 - A 2 1 ( l - s ) / 

or a l ternat ively the e q u i l i b r i u m temperature is ca l cu lated a n d subst i tuted 
i n E q u a t i o n 7: 

1η2/ = 1η(αρι'Φι/π) - l n ( l - A 2 i ( l - * ) ) + 

/ i J (1 — a;)Ai2 £ A 2 1 | (7) 
U X ) χ 1 - A 1 2 s i _ A 2 1 ( l - s ) J 

I n the present w o r k the second procedure has been used. 

Error Analysis 

W e beg in b y def ining the error i n to ta l pressure ( Ε π ) for each 
measurement as: 

# π = π — 7TC = τι- — χ γ ι ρ / Φ ι — (1 — ζ)γ2Ρ2 /(ϊ>2 (8) 

T h e independent variables are χ, T, a n d π. I n E q u a t i o n 8 the ac t iv i ty 
coefficients are funct ions of χ a n d T , the vapor pressures are funct ions of 
T , a n d the fugac i ty coefficients a n d molar volumes are assumed free of 
r a n d o m error. H e n c e for the var iance of the Επ error w e have : 

T h r e e di f ferential terms are r e a d i l y ca l cu lated at each d a t u m b u t the 
corresponding set of χ, Γ, a n d π s tandard deviations are str ict ly u n k n o w n . 
H o w e v e r w e can make a reasonable estimate of these values a n d also 
assume that each is independent of composi t ion . 

T h e vapor composit ions are ca lcu lated f r o m the equat i on : 

y = (10) 
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42 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

us ing the ca l cu lated temperatures. H e n c e w e have the f o l l o w i n g v a r i ­
ables : χ, Τ, π, Zi , a n d Z 2 , b u t they are not a l l independent . So w e take 
χ, π, Zi , and Z 2 as independent variables . T h e problems associated w i t h 
t r y i n g to assess the error i n Z x a n d Z 2 w i l l be discussed f u l l y later. H e r e 
i t is sufficient to note that the ac tua l values of Z x a n d Z 2 depend u p o n the 
r a n d o m errors associated w i t h χ, T, a n d π a n d hence the p r o b l e m is 
complex a n d not amenable to a f u l l statist ical treatment. T h e var iance 
of the j / -error is g iven b y : 

T o check that the m e t h o d can be used for i sobar ic data a set of 
perfect data are generated a n d r a n d o m errors a d d e d to x, y, Γ, a n d π i n 
t u r n a n d a l l together to see w h a t effect they have on our s tandard p r o ­
cedure. F o r large samples w e expect 6 8 % of the sample values to l i e 
w i t h i n one s tandard dev iat ion of the perfect va lue of the selected var iab le . 
I n the case of smal l samples, e.g., twelve data , error bounds are ca l cu lated 
us ing b i n o m i a l probabi l i t ies for each of the above variables so that, w i t h 
p r o b a b i l i t y of 0.95, w e expect 4 1 - 9 5 % of the sample observations to l i e 
w i t h i n one s tandard dev iat ion of the perfect va lue of the selected var iab le 
( the n o r m a l d i s t r ibut i on is assumed) . T w e l v e is a c o m m o n n u m b e r of 
da ta points w i t h salt -saturated solutions a n d this shows the des i rab i l i ty of 
t a k i n g more exper imental observations. 

Application of Error Analysis 

I n a previous evaluat ion of salt-saturated data , i t was f ound (7 ) that 
the m e t h a n o l - w a t e r system saturated w i t h sod ium ch lor ide showed l i t t l e 
or no average bias for the ca l cu lated vapor composi t ion for b o t h the Τ — 
χ fit a n d the G E / R T — χ fit, i t passed the area test qu i te easi ly a n d 
showed satisfactory values of a l l sample derivat ions. H e n c e this system 
was chosen for error analysis. 

Stage 1. T h e M e O H / H 2 0 / N a C l data are subjected to the corre la ­
t i o n procedure descr ibed prev ious ly w h i c h gives values of the W i l s o n 
energy constants (Z t a n d Z 2 ) a n d a n e w set of data for temperature a n d 
vapor composi t ion that are in te rna l l y consistent (see T a b l e I ) . T h e s m a l l 
values of the s tandard dev ia t i on a n d the bias ind i ca te good q u a l i t y data 
i n the salt effect field. F o r the analysis of ser ia l corre lat ion a m o n g the 
residuals w e use the D u r b i n - W a t s o n test ( 9 ) . A r u n of pos i t ive or 
negat ive signs i n the series of residuals is some i n d i c a t i o n that the m o d e l 

( I D 
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4. J A Q U E S Isobaric Liquid-Vapor Equilibrium 43 

Table I . Experimental and Calculated Data for the 
M e O H / H 2 0 / N a C l System at π = 762 mm H g Pressure 

Xobs' Yobs Ycalc T 0 & s rp a 
J- calc 

0.029 0.259 0.301 99.6 99.05 
0.050 0.418 0.415 95.0 94.55 
0.074 0.515 0.499 90.5 90.84 
0.110 0.590 0.578 86.5 86.95 
0.174 0.661 0.658 82.3 82.58 
0.250 0.721 0.714 79.0 79.29 
0.348 0.766 0.763 76.2 76.30 
0.448 0.804 0.803 74.0 73.88 
0.557 0.841 0.842 72.2 71.61 
0.653 0.875 0.875 70.2 69.77 
0.768 0.913 0.915 68.0 67.70 
0.878 0.953 0.954 66.1 65.82 

Durbin-
RMS Watson 

Deviation Bias Test (D) 

^--values 10.4 - 3 . 0 0.57 
y -va lues 0.014 0.0 1.04 
T -va lues 0.40 0.11 0.60 

° New data set. 

used is inadequate . I n the present case for isobaric data w e w o u l d not 
expect the m o d e l to be perfect because of the use of the G i b b s - D u h e m 
equat ion w h i c h is not str ict ly app l i cab le to i sobar ic data a n d so a va lue 
close to two is not to be expected. H o w e v e r , w e shal l use the test to g ive 
a re lat ive measure of the adequacy of the mode l . 

Stage 2. W e produce 99 equa l ly spaced x-values be tween 0 a n d 1 
exc lud ing the t w o extreme values. B y us ing the values of Z i a n d Z 2 

f o u n d i n Stage 1 a n d the exper imental to ta l pressure va lue for the 
M e O H / H 2 0 / N a C l system w e calculate the corresponding values of y 
a n d T . N e x t w e introduce normal ly d i s t r ibuted r a n d o m errors of zero 
m e a n for each var iab le b y spec i fy ing the standard dev ia t i on of x, y, T , 
a n d π, respectively, a n d a d d t h e m i n t u r n a n d then a l l together to the 
generated data . T h e f o l l o w i n g values o f the s tandard dev ia t i on w e r e 
selected: x, 0.003; y, 0.006; Γ, 0 .1°C; a n d ττ, 2 m m H g . T h e latter was h i g h 
because Johnson a n d F u r t e r (10) d i d not connect a monostat to the i r 
e q u i l i b r i u m st i l l . T h e average var ia t i on of atmospheric pressure quoted 
for the i r data set is ± 2 m m H g . T h e choice of the other values was 
de termined b y the requirement that 6 8 % of the differences between the 
generated data p lus r a n d o m error a n d the generated data must l i e w i t h i n 
the specif ied confidence levels based o n E q u a t i o n 11. F i g u r e 1 shows S^ 
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0 0.2 0.4 X 0 . 6 0.8 1.0 

Figure I . Effect of errors in χ, T , and π on the calculated standard devia­
tion of Ε in Equation 9: (1) 3 simultaneous errors; (2) x-error; (3) T-error; 

(4) π-error 

p lo t ted against χ ( E q u a t i o n 9) where the effect of error i n each var iab l e 
separately a n d then a l l together is shown. N o t e that the effect of χ is 
a lways apprec iable a n d is the dominant var iab le at l o w x-values. 

F i g u r e 2 shows Sy p l o t ted against χ ( E q u a t i o n 11) for a l l f our v a r i ­
ables (i .e. , χ, π, Zi , a n d Z 2 ) separately a n d then together. A g a i n χ is the 
dominant var iab le at l o w χ a n d has a n apprec iab le effect over the r e m a i n ­
i n g concentrat ion range. 

I t is perhaps w o r t h m e n t i o n i n g that i n E q u a t i o n 10 y is a func t i on 
of χ, π, Γ, Zi, a n d Z 2 b u t they are not independent var iables , because i f 
χ, 7Γ, Zi , a n d Z 2 are k n o w n Γ c a n be ca l cu lated . H e n c e the error i n the 
measured Γ is i n c l u d e d i n the errors associated w i t h the energy p a r a m ­
eters. T h e fact that they also conta in χ a n d π errors compl icates the 
statist ical treatment. T h e l eve l of error associated w i t h the W i l s o n energy 
parameters is dif f icult to quant i fy . T h e p r o b l e m arises because the values 
of the parameters are governed b y the errors i n χ, T, a n d π t h r o u g h the 
use of E q u a t i o n 8. W e examined the sum of squares ( E q u a t i o n 8) for a 
range of values of the two parameters to see i f they are robust , i.e., to see 
i f s l ight changes i n va lue caused large changes i n the sum of squares a n d 
f o u n d this not to be so. W e assumed a n error l eve l of 2% for each energy 
parameter as b e i n g reasonable. 
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4. J A Q U E S Isobanc Liquid-Vapor Equilibrium 45 

T a b l e I I gives the standard deviations of pressure, vapor compos i t ion 
a n d temperature , a n d the corresponding bias a n d D - v a l u e as each var iab le 
is changed r a n d o m l y a n d then as a l l four are changed s imultaneously . 
W e see that the r a n d o m error of χ contributes ca . 75% of the i n d u c e d 
error i n the va lue of the s tandard dev iat ion o f b o t h the pressure a n d 
temperature w h i l e the r a n d o m error of Τ a n d π on ly contr ibute about 
12% each. O n the other h a n d the r a n d o m errors of χ a n d y contr ibute 
equa l ly to the induced -vapor compos i t i on s tandard dev ia t i on w i t h the 
pressure m a k i n g a neg l ig ib le contr ibut ion . T h e bias values are neg l i g ib ly 
smal l except for the pressure s tandard deviations where they are s t i l l not 
large. T h e final c o l u m n has D-va lues at least e q u a l to t w o a n d this gives 
one confidence i n the m o d e l a n d suggests i t is adequate for good q u a l i t y 
data as i n this par t i cu lar case the on ly source of error is caused b y 
r a n d o m behavior . 

3
 2 ^ ^ r ~ • _ 

Jt^-^A 
0 0.2 0.4 0.6 

DC 
0.8 1. 

Figure 2. Effect of errors in χ, T , Zl9 and Zt on the calculated standard devi­
ation of the y-error in Equation 11: (1) 4 simultaneous errors; (2) x-error; 

(3) -π-error; (4) Zrerror; (S) Zt-error 
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46 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S H 

Table II. Effect of Random Error on 99 

Standard Deviation 

X y Τ 7Γ AU 4 
7r-Value 5.7 2.6 2.4 6.8 
y - V a l u e 0.006 0.006 0 0.008 
r - V a l u e 0.23 — 0.09 0.08 0.27 

Stage 3. T h e twe lve ca l cu lated data f r o m T a b l e I are processed b y 
a d d i n g normal ly d i s t r ibuted r a n d o m errors of zero m e a n to each var iab le 
i n t u r n a n d t h e n a l l together. T h e results are shown o n F igures 3 a n d 4 
for Δπ a n d Δν, respect ively . T h e confidence regions also are s h o w n a n d 
w e observe that 9 2 % a n d 5 8 % of the ca l cu la ted differences, respect ively , 
f a l l w i t h i n these l imi ts . F o r 12 data points there is a 9 5 % p r o b a b i l i t y 
that between 4 1 % a n d 9 5 % of the ca l cu lated values shou ld l i e w i t h i n the 
confidence l imi t s . T h i s w i d e range for a s m a l l n u m b e r of data points aga in 

l ô -

I O -

Δ1Γ 

5 -

0 -
Θ ο Θ ο 

Ο 

Θ 
Θ 

Θ 
Θ 

Θ 
- 5 -

- 1 0 - Ι 
- 1 5 - / 

c ) 0.2 0.4 χ 0.6 0.8 1. 

Figure 3. Pressure difference and the 68% confidence region for the 12 
calculated data of Table I 
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4. J A Q U E S Isobaric Liquid-Vapor Equilibrium 47 

Simulated Data for M e O H / H 2 0 / N a C l 

Bias Durbin Watson Test (D) 

X y τ 7Γ AU 4 χ y Τ π All 4 
0.3 0.16 0.06 0.11 1.4 1.6 2.1 2.0 
0 0 — 0 0 1.4 1.7 — 1.9 2.1 
0.01 — - 0 . 0 1 - 0 . 0 1 - 0 . 0 1 1.5 — 1.8 2.3 2.0 

h ighl ights the des i rab i l i ty of t a k i n g a large n u m b e r of observations. T a b l e 
I I I shows the standard dev iat ion , bias, a n d D - v a l u e for the simultaneous 
a d d i t i o n of r a n d o m errors to a l l variables . 

F i n a l l y the o r i g ina l data are shown on F i g u r e s 5 a n d 6 together w i t h 
the confidence regions. N o w w e see that 4 2 % of the pressure differences 
l i e w i t h i n the confidence levels w h i l e 6 6 % of the vapor compos i t ion 
differences are w i t h i n the levels. I n c l u d e d i n T a b l e I I I are the s tandard 
deviations, bias, a n d results of the D u r b i n - W a t s o n test. C o m p a r i s o n of 
the two sets of results indicates apprec iab ly larger values for s tandard 
dev iat ion a n d bias for the exper imental results whereas for the D-test the 

0.04 

- 0 . 0 2 

- 0 . 0 4 
1.0 

Figure 4. Vapor ^ ^ ^ ^ ^ g y ^ ^ ^ ^ ^ ^ g g t ^ c o n f i ^ e n c e region for 

Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 
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1 5 - \ 
1 0 - \ ° 
Δ1Γ \ Θ ® 

5 -

Θ 

0 -

Θ 
- 5 -

G Θ 
- 1 0 -

Θ 

- 1 5 - 1 
m 

• 
Θ 

• ι 1 1 1 1 1 
0 0.2 0.4 0.6 0.8 1.0 

Figure 5. Pressure difference and the 68% confidence region for the metha-
nolr-water-sodium chloride system 

reverse is true. P a r t of the explanat ion for this lies i n the par t i cu lar set of 
ca l cu lated data p lus r a n d o m errors used i n T a b l e I I I . O n e h u n d r e d sets 
of ca l cu la ted data conta in ing s imulated r a n d o m errors were processed 
a n d the average va lue of the pressure s tandard dev iat ion a n d its s tandard 
dev ia t i on ca l cu lated . T h i s was 5.0 ± 3.4. H e n c e the p a r t i c u l a r set used 
i n T a b l e I I I was o n the l o w side of the mean . T h e other par t of the ex­
p l a n a t i o n for the apparent d iscrepancy is g i ven i n the next section. 

Table ΠΙ. Comparison of 12 Experimental Data and 12 
Simulated Data Containing Random Error 

Standard Deviation Bias D-value 

Exptl. Calc. Exptl. Calc. Exptl. Calc. 

π-Value 10.4 3.1 - 3 . 0 - 0 . 8 0.57 1.14 
y - V a l u e 0.014 0.009 0 0 1.04 2.28 
r - V a l u e 0.40 0.11 0.11 0.3 0.60 1.20 
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Ο 0.2 0.4 χ 0.6 0.8 1.0 

Figure 6. Vapor composition difference and the 68% confidence region for 
the methanol-water-sodium chloride system 

Conclusions 

I n the analysis of the effect on the ca l cu lated quant i ty of r a n d o m errors 
i n measured quantit ies i t is unfortunate that the on ly m o d e l susceptible 
to a n exact statist ical treatment is the l inear one ( I I ) . H e r e w e have 
at tempted to characterize the f requency d i s t r ibut i on of the error i n the 
ca l cu la ted vapor composi t ion b y the s tandard methods a n d have not 
i n c l u d e d a co-variance t e rm for each p a i r of dependent variables ( 1 2 ) . 
O u r approach has g iven a satisfactory result for the m e t h a n o l - w a t e r -
sod ium ch lor ide system but i t has not been tested o n other systems a n d 
perhaps of more importance , i t has not been possible , so far , to conf irm 
the essential correctness of the method b y an independent procedure . 
W o r k is current ly be ing under taken o n this project. 

Several conclusions c a n be d r a w n f r o m this w o r k . F i r s t , i n the 
ca l cu la t i on of total pressure a n d vapor composi t ion f r o m b o i l i n g po in t 
data the greatest source of error lies i n the l iqu id -phase composi t ion , 
p a r t i c u l a r l y at l o w concentrat ion. Second, the estimates of the s tandard 
dev ia t i on for vapor compos i t ion a n d temperature of 0.006 a n d 0.1°C, 
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50 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

respect ively , are qui te l o w a n d suggest that the m a i n effort is r e q u i r e d 
i n r e d u c i n g the error i n the first conclusion. C e r t a i n l y w i t h the present 
set of data the measurement of Τ-π-χ data only w o u l d have g iven very 
satisfactory j / -values. T h i r d , unless a more sophist icated a p p r o a c h is to 
be used for co l lec t ing isobaric data , data determined at very l o w x-values 
are go ing to be subject to a very large r a n d o m error a n d hence i t w o u l d 
be more profitable to obta in extra data at h igher x-values. F i n a l l y , i n the 
des ign of future experiments w e need more data points and , for each 
var iab le , a re l iab le estimate of the s tandard dev ia t i on shou ld be 
determined . 

Nomenclature 

Subscr ipts : 

1 = a lcoho l 
2 = water 
c = ca lcu lated 

A21, A12 = constants i n W i l s o n equat ion 
Επ = pressure difference i n E q u a t i o n 8 
p / = vapor pressure of C o m p o n e n t i saturated w i t h salt 

^ar> Sy, SiTy sT = estimate of s tandard dev iat ion of the error i n the exper i ­
menta l variables xy y, π, a n d T, respect ively 

S z i , S z 2 = estimate of the s tandard dev iat ion of the error i n the 
ca lcu lated energy parameters 

S ε = ca lcu lated s tandard dev iat ion of Ε i n E q u a t i o n 9 
S„ = ca lcu lated s tandard dev ia t i on of the error i n y i n 

E q u a t i o n 11 
Τ = temperature , ° C 

V i = molar vo lume of C o m p o n e n t i 
χ = mole f ract ion of a l coho l i n l i q u i d phase, ca l cu lated o n a 

salt-free basis 
y = mole f ract ion of a l coho l i n vapor phase 

Zi, Z 2 = energy parameters i n W i l s o n equat ion c o m m o n l y expressed 
as (λ, , - λα) 

y ι = ac t iv i ty coefficient of C o m p o n e n t i 
Δ 7 Γ = 7Γ — 7T C 

&y = y — yc 

IT = tota l pressure 
Φι = correct ion t e r m for non idea l i ty of C o m p o n e n t i i n a n i n d e a l 

gaseous so lut ion a n d is the rec iproca l of the fugac i ty 
coefficient. 
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5 

The Concept of Basicity in Mixtures of 

Water with Organic Solvents 

C. F . W E L L S 

Department of Chemistry, University of Birmingham, Edgbaston, 
P.O. Box 363, Birmingham Β15 2TT, England 

The concept of acidity and basicity in mixed solvents is 
discussed and a method for analyzing differential solvation 
effects is described. This enables the free energy of transfer 
of the proton between water and the mixed solvent, 

ΔGt°(H+), to be calculated, and thereby ΔGt°(i) for i = X­
-and M+, using values for ΔGt°(HX) and ΔGt°(MX). The 
pKa values for acids are combined with ΔGt°(H+) to calculate 
proton affinities in mixed solvents, and these are used as 
measures of free energies of transfer of the charges on the 
molecular species, ΔGt°(i)e. Values of ΔGt°(i) and 

ΔGt°(i)e are compared for a range of co-solvents and the 
factors influencing the way these quantities vary with solvent 
composition are discussed. 

' " p h e ear ly observations o f G o l d s c h m i d t a n d his co-workers a n d of 
others (1-12) u s ing k ine t ic , conduct iometr ic , a n d elect rometr ic tech­

niques suggested that water , w h e n present i n sma l l concentrations i n an 
organic h y d r o x y l i c solvent, appears to be more bas ic than the organic 
solvent. H o w e v e r , Hammet t ' s A c i d i t y F u n c t i o n (13), H 0 , showed that 
the ac id i ty of a solvent to a dissolved solute v a r i e d qu i te cons iderably 
w i t h composi t ion . A l t h o u g h the latter concept has p r o v e d to b e ve ry 
useful i n in te rpre t ing the kinet ics of acid-dependent reactions of solutes, 
i t is of l i t t le va lue w h e n one of the reactants is a component of the solvent 
system (14,15). T h e s imple B r o n s t e d - L e w i s no t ion of a n ac id -base 
re la t ionship requires considerable modif ica t ion i n a m i x e d solvent w i t h 
v a r y i n g component ratios. T h e extrema f o u n d i n a m i x e d solvent i n the 
var ia t ion of H 0 w i t h compos i t ion (16,17,18,19) mus t m e a n that the 

0-8412-0428-4/79/33-177-053$05.75/l 
© 1979 American Chemical Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

05



54 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

nature a n d the structure of the so lvat ion of the pro ton varies over the 
w h o l e range a n d that its a c id i ty depends strongly o n so lvat ion. 

T h i s p a r t i t i o n of the pro ton be tween the two components of the 
solvent has been invest igated i n w a t e r - r i c h condit ions spectrophotomet-
r i c a l l y u s i n g p -n i t roani l ine Β as the solute. 

Κ 
( H 2 0 ) * H + s o i v + R O H s o l v ^± { ( H 2 0 ) ^ . 1 R 0 H } H +

8 O i v + H 2 0 8 0 i v (1) 

K i 
Bsoly + (H 2 0)a ;H +

8 o lv ^ BH + eolv + H 2 0 S o l v (2) 

K 2 

Bsoiv + { H 2 0 ) a . > i R O H } H +
B O i v ^ Β Η ^ ΐ ν + R O H s o i v (3) 

Κ is the t h e r m o d y n a m i c e q u i l i b r i u m constant for the so lvat ion sor t ing of 
the pro ton as i n E q u a t i o n 1, a n d Κχ a n d K 2 are the t h e r m o d y n a m i c 
e q u i l i b r i u m constants for E q u a t i o n s 2 a n d 3, respect ively . F o r a range of 
concentrations of m i n e r a l a c i d at a constant a d d e d concentrat ion of R O H , 
a, at constant i on i c strength a n d temperature , w i t h c 0 e q u a l to the to ta l 
a d d e d concentrat ion of p -n i t roani l ine a n d c a n d c R e q u a l to [ B s o i v ] w i t h 
a n d w i t h o u t the R O H present, respect ively , plots of c c R / ( c R — c ) 
against c R / ( c 0 — c R ) are a lways l inear (20,21,22) for a w i d e v a r i a t i o n i n 
the c h e m i c a l ident i ty of R O H . T h e m i n e r a l a c i d used is n o r m a l l y H C 1 , 
w i t h the i on i c strength m a i n t a i n e d at 1.00 m o l L " 1 . I f F i = / B / P / / B H + 

/ H 2 O a n d F 2 — fB / R O H 2 / / B H + / R O H , where / = ac t iv i ty coefficient, Ρ — 
( H 2 0 ) * H +

8 0 l v , a n d R O H 2 = { ( Η 2 0 ) * _ ^ 0 Η } Η +
8 0 ΐ ν , E q u a t i o n 4 c a n be 

d e d u c e d f r om E q u a t i o n s 1, 2, a n d 3, 

_ c c R K 2 F 2 w R Co J Î R , C Q W R M 

C R — C K i F i a Co - C R ^ K / i t t 

p r o v i d e d wFx = I ^ R F / ; wn = [ H 2 0 ] i n the presence of R O H , to — 
[ H 2 0 ] i n the absence of R O H a n d F / — F x i n the absence of R O H . T h i s 
requ irement is equiva lent to the assumption that K i F / o T 1 = K I F I ^ R " 1 : 

i t is suppor ted b y the observed l inear i ty of the plots for c C i t / ( c R — c ) 
against c R / ( c 0 — c R ) , the co inc idence of the intercepts of these plots 
w i t h C o t t f / K i F / a u s i n g K i F i ' o T 1 de termined i n the absence of R O H , a n d 
b y the invar iance of K i F i ' u ; 1 " for a w i d e range of [ R O H ] w h e n R O H is 
g lycero l for w h i c h Κ of E q u a t i o n 1 is v e r y s m a l l (20,21,22,32,33,34,35, 
36). A p p l y i n g E q u a t i o n 4 to the plots , the ir slopes are g iven b y E q u a ­
t i o n 5, 

slope _ K * F 2 . W r C ° = [ R O H ] [ P ] β / R O H 2 / H 2 Q . Co β FçÇo ( 5 ) 

P K i / ^ i ' a [ R Ô H 2 ] f p / R O H a Kca 
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5. W E L L S Basicity in Mixtures 55 

where F c — / R 0 H 2 / H 2 O / / P / R O H a n d K c — [ R O H 2 ] / [ P ] [ R O H ] . A s s u m i n g 
that the symmetr i ca l F c = 1.0, Kc = c 0 / ( s l o p e ) a . N o w , K 2 F 2 can b e 
ca l cu la ted f r o m the slope a n d the intercept of these plots , a n d this enables 
[ R O H 2 ] to be ca l cu lated at i n d i v i d u a l to ta l concentrations of m i n e r a l a c id , 
[H+]T, at constant [ R O H ] , i on i c strength ( I ) , a n d temperature ( T ) . 
T h e r e b y , K c — [ R O H 2 ] / ( a - [ R O H 2 ] ) ( [ H + ] r - [ R O H 2 ] ) . V a l u e s of 
K c ca l cu lated b y this latter m e t h o d agree w e l l w i t h those ca l cu lated f r om 
the slope alone, w h i c h adds further support for the above assumpt ion 
(20,21,22,32,33,34,35,36). A t l o w [ R O H ] , K c depends strongly o n the 
electron-releasing properties of R a n d on the c h e m i c a l structure of R (20, 
21,22). K c de termined i n this w a y is i n good agreement w i t h values 
de termined f r o m the kinet ics of ac id - ca ta lyzed reactions (24), c onduc ­
t i v i t y measurements (25-31), i on i c transport (25-31), a n d ca lor imetry 
(25-31). K c at l o w [ R O H ] varies i n the range 0.1-1.0 L m o l - 1 for a w i d e 
var ia t i on i n the c h e m i c a l ident i ty of R O H . T h i s impl ies that a n H 2 0 is 
less bas ic than R O H i n w a t e r - r i c h condit ions, as i n d e e d the e lectron-
re leas ing propert ies of R requ i re : this c a n be p i c t u r e d as a n R O H rep lac ­
i n g a n H 2 0 i n the so lvat ion sheath of Η 3 Ό so that the stabi l i ty of 
( Η 3 Ό ) 8 0 ΐ ν is increased b y extending the shar ing of the d i s t r ibut i on of 
electrons v i a h y d r o g e n b o n d i n g a m o n g the solvent molecules to i n c l u d e 
a n R O H , w i t h the b o n d i n g strengthened b y the electron-releasing 
properties of R . 

W h e n this treatment is extended to h igher concentrations of organic 
component ( i .e . 1 0 - 5 0 % w t ) , s imi lar exper imenta l results are ob ta ined 
(20, 21,22,23,32, 33,34,35,36): l inear plots for c c R / ( c R - c ) against 
CR/(CQ — c R ) a n d agreement between K c v i a the two methods. A l t h o u g h 
the solvated aqueous proton is c o m m o n l y assumed to b e ( H 2 0 ) 4 H a q

+ , i .e. 
{ H 3 O ( H 2 0 ) 3 } a q , w i t h a t r i g o n a l - p y r a m i d a l arrangement of H 2 0 mole ­
cules a r o u n d Η 3 Ό , i t is more convenient w h e n discussing the transfer of 
the proton between water a n d a mixed-aqueous solvent to consider the 
so lvated aqueous pro ton as a p p r o x i m a t i n g to a sphere w i t h a n a d d i t i o n a l 
H 2 0 molecule at the apex of the tetrahedron. T h i s structure, { Η 3 Ό -
( H 2 0 ) 4 } a q , has a tetrahedral arrangement of H 2 0 molecules i n the i m m e ­
diate coordinat ion sphere a r o u n d the centra l Η 3 Ό : this is consistent w i t h 
the tetrahedral arrangement of orbitals a r o u n d the centra l Ο a tom w i t h 
each o r b i t a l i n v o l v e d i n h y d r o g e n b o n d i n g . T h e arrangement of Ο atoms 
for these two structures is s h o w n i n F i g u r e 1 w i t h O - O i n d i c a t i n g a 
hydrogen b o n d . T h e free energy change for E q u a t i o n 1 w i l l i n c l u d e 
contr ibutions f r o m the replacement of a n H 2 0 i n the coord inat ion sphere 
of Η 3 Ό i n F i g u r e l b b y a n R O H molecu le (as discussed above) a n d 
f r o m changes i n the interactions w i t h the solvent molecules outside the 
coord inat ion sphere. T h i s free energy change, A G ° ( R O H 2 ) , is g iven b y 
E q u a t i o n 6, 
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56 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

AG° ( R O H 2 ) RT In Κ = — RT In {1^(55,345 - a)} (6) 

U p o n transferr ing { H 3 O ( H 2 0 ) 4 } f r om water into the mixture , w a t e r + 
R O H , the free energy of transfer, A G * ° ( H + ) , w i l l consist of a component 
d e r i v e d f r o m the transfer of the s p h e r i c a l { H 3 O ( H 2 0 ) 4 } be tween the t w o 
die lectr i c surroundings plus the contr ibut ion f r o m E q u a t i o n 6 o w i n g to 
the changes represented b y E q u a t i o n 1: this is s h o w n i n E q u a t i o n 7, 

Δ ( ? , ° ( Η + ) = { N e 2 ( D 8 " 1 - Ό ^ ) / ( 6 Γ Η 2 Ο ) } 

- [ R O H 2 8 0 l v ] RT In {1^(55,345 - a)} (7) 

where Ν is Avogadro ' s number , e is the electronic charge, r H 2 o is the 
radius of the water molecule , a n d D W a n d D 8 are the d ie lec tr i c constants 
for water a n d the m i x e d solvent respectively . [ R O H 2 8 0 i v ] = { ( H 2 O a . . i -
R O H } H +

8 0 i v i n the m i x e d solvent is ca l cu lated f rom E q u a t i o n 8 w h i c h is 
d e r i v e d us ing E q u a t i o n 9, 

[ R O H 2 8 0 l v ] — 0.5 {A - (A2 - 4a) (8) 

[ R 0 H 2 8 O l v ] + [ ( H 2 0 ) , H + s o i v ] - 1 (9) 

where A is as def ined i n E q u a t i o n 10, 

A = a + 1 + Κ," 1 (10) 

T h e free energy of transfer at 2 5 ° C for a species MX be tween water 
a n d the m i x e d solvent can be ca l cu lated f r o m E q u a t i o n 11, 

AGt° (MX) — 96.5 (Ew° - Ea°) k J m o l " 1 (11) 

(α) ( b ) 

Figure 1. Structures for the hydrated proton 
in water: (a) trigonal pyramidal; (b) tetrahedral 
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5. W E L L S Basicity in Mixtures 57 

where E w ° a n d E s ° are the s tandard electrode potentials i n water a n d the 
m i x e d solvents, respect ively , for a n appropr iate ce l l (32,33,34,35,36). 
AGt

0(HX) can be de termined f r om E q u a t i o n 11 w i t h M = H , a n d w h e n 
these values are c o m b i n e d w i t h the values for A G f ° ( H + ) ca l cu lated as 
descr ibed above, values for AGt°(X~) can b e obta ined ; then, f r o m 
AGt°(MX), values for AGt°(M+) can be ca lculated . A l t e rnat ive ly , for a 
spar ingly so luble salt MX, w i t h a so lub i l i ty product K p , &Gt°(MX) is 
obta ined f r o m E q u a t i o n 12, 

AGt° (MX) — RT In ( K P V K P
8 ) (12) 

where superscripts w a n d s indicate water a n d the m i x e d solvent respec­
t ive ly . F o r M = H + a n d X = O H " , E q u a t i o n 13 can be used to der ive 
values for Δ ^ ° ( Η Ο Η ) , 

AGt° ( H O H ) - RT In ( K i p V K i p
s ) + RT In { ( a H 2 o s ) 2 / m w m s } (13) 

where K i p is the i on i c product as designated b y the appropr iate super­
script , a i i 2 o s is the act iv i ty of water i n the m i x e d solvent o n the m o l a l i t y 
scale, a n d raw a n d ras are the molal i t ies of water i n pure water a n d i n the 
m i x e d solvent respectively. A G * 0 ( O H " ) then can be ca l cu lated u s i n g 
AGt° ( W ) for the appropr iate mixture . 

V a l u e s for A G , ° ( H + ) , AGt°(M+), a n d AGt°(X~) have been p u b l i s h e d 
(32,33,34,35) for the mixtures water + methano l , water + acetone, 
water + isopropanol , water -f- ethylene g lyco l , water + g lycero l , a n d 
water + fer i -butano l . A s values are n o w avai lable for water - f ethanol , 
water + d ioxan, a n d water + d i m e t h y l sulfoxide, i t is interest ing to 
compare free energies of transfer for these n e w mixtures w i t h those 
a lready avai lab le i n the above mixtures . E° values for M X w i t h these 
n e w co-solvents have been der ived f rom the p u b l i s h e d data (37-61): 
values for K c have been determined exper imental ly f r o m l inear plots of 
c c R / ( C R — C ) against c R / ( c 0 — c R ) for the appropr iate solvent mixtures 
us ing H C 1 a n d p -n i t roani l ine at a constant i on i c strength of 1.0 m o l L " 1 

m a i n t a i n e d b y the a d d i t i o n of N a C l a n d at a constant temperature of 
25 °C. I f there are no interactions of the ions w i t h the solvent, then 
AGt° ob ta ined us ing the B o r n Express i on ( as used above for the die lectr ic 
contr ibut i on to A G , ° ( H + ) ) shou ld be always posi t ive for b o t h M+ a n d X " 
for co-solvents l i k e those l i s ted above where D s < D w . F i g u r e s 2 a n d 3 
show that H + a n d K + are more stable i n the mixtures t h a n i n water , except 
for K + i n water -f- methanol . I n general , AGt° is negative for a l l cations, 
i n c l u d i n g quaternary a m m o n i u m cations a n d the f e r r o c i n i u m cat ion , for 
a l l solvent mixtures i n c l u d i n g water + methano l . T h e curves for X~ = 
C I " i n F i g u r e 4 are t y p i c a l of those for a l l s imple anions, w i t h pos i t ive 
values for A G , ° ( X " ) . H o w e v e r , the values for AGt°(X~) are m u c h greater 
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5. W E L L S Basicity in Mixtures 61 

than those expected f r om the s imple B o r n Express ion . T h e order of 
AGt°(X~) a m o n g the ha l ide ions is a lways C I " > B r " > Γ ; A G , 0 ( F " ) is 
ava i lab le i n water + methanol , a n d there the order is F " > C I " > B r " 
> I " (32, 66). W h e n data are avai lab le for C 1 0 4 " , the order i n AGt

0(X~) 
is C I " > B r " > Γ > C 1 0 4 " ( F " > C I " > B r " > Γ > C 1 0 4 " i n water + 
m e t h a n o l ) . T h u s , a l though the values of AGt°(X~) are m u c h b igger t h a n 
the values expected u s i n g the B o r n Express i on , the order of AGt°(X~) is 
s t i l l i n the order expected f r o m this expression as i n d i c a t e d b y the order 
of the ir i on ic r a d i i : however , the above order is also the reverse order of 
the s tructure -breaking effects of the anions on the solvent (62, 63, 64, 6 5 ) . 
T h e pos i t ion of O H " i n the series of AGt°(X~) depends o n the ident i ty of 
the co-solvent. F o r co-solvents where a n Η atom can ion ize to g ive a 
solvent anion , AGt° is a lways l ow , e.g. methano l a n d ethylene g lyco l , 
b e c o m i n g negative for ethylene g l y c o l ( F i g u r e 5 ) ; c learly , some s tab i l i za ­
t i on i n the m i x e d solvent arises f r om the p r o d u c t i o n of the co-solvent 
anion b y pro ton exchange. O n l y w i t h co-solvents not possessing such an 
i on izab le proton does O H " sit i n its expected pos i t ion o n the structure 
b r e a k i n g / f o r m i n g order, O H " > C I " > B r " > Γ > C 1 0 4 " ; this is exempl i ­
fied b y the curves for O H " w i t h the co-solvents d ioxan a n d d i m e t h y l 
sulfoxide i n F i g u r e 5. A l k y l a n d a r y l groups, especial ly w h e n f o r m i n g the 
major b u l k of the molecule , are k n o w n to confer a s t ructure - forming 
capac i ty on the molecule . T h u s , AGt°(M+) for M + = R 4 N + w i t h R — 
a l k y l t end to be more negative t h a n values for M + = a unipos i t ive cat ion 
l i k e N a + or K + . Therefore , i t is not surpr i s ing that B P h 4 " behaves so 
dif ferently f rom the other a n i o n s — h a v i n g large negative values for AGt° 
( F i g u r e 6 ) . 

F o r larger cations a n d anions that eject or associate w i t h , respect ively , 
a proton , this analysis can be taken a stage farther (66). It is possible to 
calculate AGt° w h i c h derives solely f r om the transfer of the charge on the 
species, e l i m i n a t i n g the contr ibut ion to AGt° w h i c h arises as a result of 
its size a n d chemica l ident i ty . F o r an ac id -base system as i n E q u a t i o n 14, 

K a 
Agolv ^ Bsoiv H~ H+solv (14) 

the change i n the proton affinity P a of Β on transferr ing the system f r o m 
water to water + co-solvent at 25°C is g iven b y E q u a t i o n 15, 

A P a — 5.70 ( p K a * - p K a
s ) + AGt°(W) k J m o l " 1 (15) 

where superscripts w a n d s refer to water a n d the mixture , respect ively . 
W h e n A a n d Β are large, the chemica l difference be tween A a n d Β is 
m i n i m a l ; so for a cat ionic a c i d A + p r o d u c i n g a neutra l conjugate base B , 
AGt°(B) equals AGt° for A ar i s ing solely f r o m its c h e m i c a l b u l k , i .e. i t 
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64 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S H 

equals the n e u t r a l component of AGt°(A+), designated as AGt°(A+)n, 
a n d therefore AP& equals AGt° of A + ar is ing solely f r o m the effect of its 
charge, des ignated as A G , 0 ( A + ) e . S i m i l a r l y , for the " b u l k " component 
for a n anionic B " p r o d u c e d f r o m a neutra l A , A G * ° ( B ~ ) n is e q u a l to 
A G , 0 ( A ) , a n d consequently A G f ° ( B " ) e is e q u a l to — AP&. Pos i t ive values 
are f o u n d a lways for AGt°(B')e, a n d are s imi lar to those f o u n d for 
AGt°(X~) for s imple anions. H o w e v e r , as F i g u r e 7 shows for B " = acetate 
i o n , AGt°(B~)e is not even near ly re lated l inear ly to the rec iproca l of the 
d ie lec tr i c constant, as the B o r n Express i on predicts for the transfer of 
the charge between t w o d ie lec tr i c m e d i a . O t h e r examples of AGt°(B')e 

are s h o w n i n F i g u r e s 9, 10, a n d 11. F i g u r e s 12 a n d 13 show that AGt°(A+)e 

is negative at l ow-mole fractions of co-solvent x2, c omparab le w i t h the 
var ia t i on of AGt°(M+) w i t h x2 for s imple cations. T h e p K a data used i n 
the der ivat ion of these free energies were taken f r om Refs . 67-89. 

L o o k i n g at F igures 8, 9, 10, a n d 11, one notices the spec ia l p lace 
w h i c h ter f -butano l appears to occupy a m o n g the co-solvents: there is 
a lways an extremum at l o w x2 i n the var ia t i on of AGt° w i t h x2 for tert-
butanol. T o a lesser extent, this also occurs w i t h ethanol . T h i s ex tremum 

Figure 7. Plots of AGt°(CHsCOO)e for water + co-solvent at 25°C 
against reciprocal of the dielectric constant with the following co-solvents: 
(Θ) methanol; (Ψ) ethanol; (>0 acetone; (Φ) dioxan; (M) tert-butanol; (A) 

dimethyl sulfoxide 
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5. W E L L S Basicity in Mixtures 65 

Figure 8. Flots of AGt° (CHsCOO)^ for water + co-solvent at 25°C 
against mole fraction of co-solvent with the following co-solvents: (Q) 
methanol; (v) ethanol; OO acetone; (Φ) dioxan; (M) tert-butanol; (A) 

dimethyl sulfoxide 

w i t h tert-butanol is emphas ized b y the var ia t i on of AGt°( a n i o n ) e w i t h 
x2 for several other anions i n F i g u r e 14. U s i n g properties of solvent 
mixtures such as changes i n the p a r t i a l mo lar vo lume of the co-solvent, 
Δνο1 2 = v o l 2 — v o l 2 ° ( 9 0 ) , changes i n the s tructura l contr ibut ion of the 
co-solvent to the var ia t ion i n m a x i m u m density, Δ Γ Ε ( 9 1 , 9 2 ) , a n d changes 
i n the ul trasonic absorpt ion (93) w i t h x2. T h i s sharp change i n AGt° 
always occurs i n the reg ion where there are considerable changes i n 
structure i n so lut ion. T h i s behav ior can be contrasted w i t h the absence 
of an extremum i n AGt° at l o w x2 for solvents l ike d i oxan a n d d i m e t h y l 
sul foxide where , i f extrema occur i n the other properties of the m i x e d 
solvent, they are f o u n d at h igher x 2 (91, 92 ,94,95,96 ,97 , 98). Therefore , 
i n a d d i t i o n to the classif ication of the types of var ia t i on i n AGt° a c cord ing 
to the s tructure -breaking or - f o rming capacities of the ions themselves, 
there is also a pronounced effect d e p e n d i n g o n the s t ructura l effect of 
the co-solvent i n the mixture . 

F o r a species i, AGt°(i) must be re lated to changes i n the excess free 
energy of m i x i n g the two solvents, A G M

E , p r o d u c e d b y i , A A G M
E . T h i s 

latter quant i ty is i n t u r n re lated to the di f ferential effects o n the excess 
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66 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

2 0 k 

15 

0 1 0 2 m o l e 0 3 f r a c t i o n o f 0 ^ c o - s o l v e n t 0 5 

F imp 9. Mots of AGt°(HCCO"L for water + co-solvent at 2S°C against 
moteyfraction of co-solvent with the foUowing co-solvents: (Q) methanol; 

(V) ethanol; (Φ) dioxan 

.15 

ο 
CL 

0.2 m o l e 0 , 3 f r a c t i o n of co-solvent 0 , 5 

Figure 10. Plots of A G t ° ( C H s C H . C O O ) e for water + co-solvent at 
25°C against mole fraction of co-solvent with the following co-solvents: 
(O) methanol; (Δ) isopropyl alcohol; (V) ethonol; (*) dioxan; (M) tert-

hutanol 
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5. W E L L S Basicity in Mixtures 67 

Figure 11. Plots of AGt°(C6H5COO')e for water + co-solvent at 25°C 
against mole fraction of co-solvent with the folhwing co-solvents: (O) 
methanol; (Wj ethanol; acetone; (Φ) dioxan; (A) dimethyl sulfoxide 

entha lpy o f m i x i n g , AHM
E, a n d the excess entropy of m i x i n g , A S M

E , of the 
solvents, Δ Δ / / Μ

Ε a n d A A S M
E , respect ively , as expressed i n E q u a t i o n 1 6 , 

AGt°(i) — Δ Δ # Μ
Ε - Γ Δ Δ θ Μ

Ε (16) 

T h e s ign of AGt°(i) w i l l d e p e n d o n the re lat ive magnitudes of Δ Δ ί / Μ
Ε 

a n d Τ Δ Δ 8 Μ
Ε , i .e. on whether the energetic or conf igurat ional effect 

dominates. These are classified i n T a b l e I accord ing to the structure-
f o r m i n g or -b reak ing effect of the i on . T h e pro ton is a lways i n Category 
1, except for g lycero l w h e r e AGt°(H+) is s m a l l a n d posit ive (33) a n d 
Category 2 appl ies (not s h o w n i n F i g u r e 2 ) . K + is i n Category 1, except 

Table I. (34) 

Structure-forming i : Structure-breaking i : 
Δ Δ Η ^ and AAsM

E AARM
E and AAsM

E 

Sign of AGt° (}) (both negative) (both positive) 

N e g a t i v e | Δ Δ # Μ
Ε | > | Τ Δ Δ δ Μ

Ε | (1) | Τ Δ Δ δ Μ
Ε | > | Δ Δ # Μ

Ε | (3) 

P o s i t i v e | Τ Δ Δ £ Μ ε | > | Δ Δ # Μ
Ε | ( 2 ) | Δ Δ # μ

ε | > | Τ Δ Δ θ ^ | ( 4 ) 
Journal of the Chemical Society, Faraday Transactions 1 
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68 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S — I I 

Figure 12. Plots of AG t ° (n-propylammonium+)e 

for water + co-solvent at 25°C against compo­
sition of the mixture with the following co-
solvents: (Q) methanol; (V) ethanol; (Φ) di­

oxan; (A) dimethyl sulfoxide 

for m e t h a n o l where Category 2 operates ( F i g u r e 3 ) . C I " is a lways i n 
Category 4, as are a l l the other ha l ide ions a n d 0 0 4 " for a l l co-solvents. 
I n contrast, where the pro ton exchange w i t h co-solvent is absent, the 
structure f romer O H " is i n Category 2 a long w i t h F " a n d the structure 
former B P h f is a lways i n Category 1 ( F i g u r e 6 ) . T h e difference be tween 
O H " a n d F " o n the one h a n d a n d B P h 4 " o n the other m a y he i n the two 
different types of s tructure - forming effect: O H * a n d F " presumably are 
i n v o l v e d i n hydrogen b o n d i n g w i t h solvent molecules , whereas B P h 4 " is 
i n v o l v e d i n h y d r o p h o b i c b o n d i n g ( 9 9 ) . T h e a n i l i n i u m i o n a n d the n -pro -
p y l a m m o n i u m ion , as structure formers, are a lways i n Category 1 at l o w 
x2, b u t they soon change to Category 2 as x2 r ises: here, too, h y d r o p h o b i c 
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5. W E L L S Basicity in Mixtures 69 

b o n d i n g w i l l also occur, b u t n o w accompanied b y the s tmcture - f o rming 
effect of the posit ive charge. T h e carboxylate anions are more dif f icult 
to classify, but assuming that the n o r m a l effect of a negat ive charge is 
structure break ing , t h e n they a lways f a l l into Category 4. F o r structure-
f o i rn ing posi t ive ions, general ly — A G t ° ( i ) increases w i t h increas ing 
s tructure - forming capacity , e.g. increase i n the posit ive charge o n i f o r 
the s imple cations or increase i n the size a n d b r a n c h i n g of R i n R | N + : 
these effects cause the difference between Τ A A S M

E a n d Δ Δ Η Μ
Ε i n C a t e ­

gory 1 to increase. 
T h e behavior of the pro ton i n the m i x e d solvent is very s imi lar to 

that of the other cat ions: i n general they are s tab i l i zed i n the m i x e d 

•5h 

Figure 13. Tlots of AGt°(anilinium+)e for water 
+ co-solvent at 25°C against composition of 
the mixture with the following co-solvents: (O) 
methanol; (Ψ) ethanol; O Q acetone; (Φ) di­

oxan; (A) dimethyl sulfoxide 
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70 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

0 , 1 mâe fraction t-Bu?$ 

Figure 14. Plots of AGt°(carboxyhte)e for water + 
tert-butanol at 25°C against mole fraction of tert-buta­
nol with the following carboxylate anions: (Q) buty-
rate; ({Π) 1-butyrate; ()»() 1-valerate; (A) pivalate; ( V ) 
caproate; (Φ) diethylacetate; (- · -) cyclohexanecar-

boxylate 

solvent. F o r the proton , the s tructura l effects are presumably a c o m b i n a ­
t i o n of the penetrat ion of the inner coord inat ion sphere a r o u n d Η 3 Ό b y 
the co-solvent through its e lectron-donat ing p o w e r b e i n g h igher t h a n that 
of H 2 0 a n d of or ientat ion effects outside this coord inat ion sphere i.e. 
general s tab i l i zat ion of the "c luster" of solvent molecules a r o u n d the i o n , 
w i t h a greater effect i n the m i x e d solvent t h a n i n p u r e water . S i m i l a r 
effects w i l l operate w i t h other cations, except that for a co-solvent mo le ­
cu le w i t h a l o w e r d ipo le moment t h a n that of w a t e r w i t h inorgan i c 
cations not possessing d orbitals , these effects i n the cluster must be 
large ly outside the inner coord inat ion she l l . F o r inorgan i c anions, AGt°(i) 
is a lways pos i t ive except for some anions i n water + g lycero l (32,33,34, 
35,36), bu t the values are m u c h greater than those r e q u i r e d b y the B o r n 
Express i on , even though the order i n anion , O H " > C I " > B r " > I " > 
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5. W E L L S Basicity in Mixtures 71 

C 1 0 4 " i n a solvent where O H " cannot produce a co-solvent an ion ( F " > 
C I " > B r " > Γ > C 1 0 4 " i n water + m e t h a n o l ) , is r o u g h l y re lated to the 
order of the rec iproca l of size, as r e q u i r e d b y the B o r n Express ion . A s 
p o i n t e d out above, this is also the reverse of the i r order of s tructure - form­
i n g capaci ty ; b u t O H ' a n d F " , as net structure formers, r equ i re a different 
ba lance be tween energetic a n d conf igurat ional effects t h a n those of the 
other anions. I n general , as the d ipo le moments of the co-solvent mo le ­
cules are less than that of H 2 0 (34), replacement of H 2 0 i n the inner 
coord inat ion sphere of a n an ion b y a co-solvent molecule is u n l i k e l y , 
except for ethylene g l y c o l a n d g lycero l w h i c h have d i p o l e moments 
greater t h a n that of H 2 0 (34). Perhaps i t is best to discuss possible 
effects i n water + d ioxan, w h e r e d ioxan has a d ipo le moment of zero 
a n d is the least l i k e l y to appear contiguous w i t h a ha l ide an ion a n d the 
s tructura l effects are most l i k e l y to be p r o d u c e d outs ide the coord inat ion 
sphere. T h e in t roduc t i on of a n an io n except O H " a n d F " induces structure 
b r e a k i n g w i t h energetic changes d o m i n a t i n g conf igurat ional effects ( C a t e ­
gory 4 ) . T h e reverse order i n AGt°(i) w i t h respect to the order of the 
increas ing s tructure -breaking effect o f the an ion m a y arise f r o m an en ­
hancement of the po lar i zat ion of the an ion e lectron density b y the pos i t ive 
e n d of the H 2 0 d ipo le caused b y q u e n c h i n g of the v i b r a t i o n a l a n d r o c k i n g 
motions of the latter (32,33,34) i n the more r i g i d condit ions p r e v a i l i n g 
i n the m i x e d solvents at l o w x2. A l t h o u g h , i n water + a l coho l mixtures , 
this increase i n r i g i d i t y over that i n water at l o w x2 p r o b a b l y large ly 
results f rom the s tab i l i zat ion of the " i ceberg - l ike " structures of water 
caused b y the a l k y l groups (63,64,65), the p h y s i c a l properties of water 
+ d ioxan suggest (36) that this effect is re la t ive ly s m a l l w i t h d ioxan , 
a l though the electron-releasing properties shou ld cause d ioxan to encour­
age hydrogen -bond format ion i n the mixture extending to h igher x 2 . I f 
the change i n — AH f r om this effect is greater t h a n the a c c o m p a n y i n g 
change i n —AS a n d i t increases i n the same order as the p o l a r i z a b i l i t y of 
the anions, C I " < B r " < Γ < C 1 0 4 " ( 3 3 ) , the resu l t ing difference be tween 
Δ Δ / / Μ

Ε a n d Τ A A S M
E c o u l d decrease i n the latter order. W i t h O H ' or F " , 

the d i oxan molecule 's c a p a b i l i t y for h y d r o g e n b o n d i n g m a y a l l o w a d i ­
oxan molecule to become contiguous w i t h the i on , a n d this structure 
f ormat ion , together w i t h that outside the coord inat ion sphere, results i n 
Category 2 a n d a change i n the ba lance of energetic a n d conf igurat ional 
effects i n favor of the latter. 

Glossary of Symbols 

H 0 = H a m m e t t s A c i d i t y F u n c t i o n 
Β = p -n i t roani l ine 

B H + = protonated p -n i t roan i l ine 
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72 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S H 

Κ, Κχ, a n d K 2 = thermodynamic e q u i U b r i u m constants for React ions 1. 
2, a n d 3 

R O H = co-solvent 
a a d d e d molar concentrat ion of R O H 

c 0 = tota l a d d e d mo lar concentrat ion of Β 
c molar concentrat ion of Β w i t h H C 1 present 

C R molar concentrat ion of Β w i t h b o t h H C 1 a n d R O H 
present 

Ρ = ( H ^ ^ H ^ o i v 
F i , F / , a n d F 2 = act iv i ty coefficient quotients 

iy = act iv i ty coefficient on mo lar scale for species y 
to = molar concentrat ion of water i n the absence of R O H 

molar concentrat ion of water i n the presence of R O H 
[ H 1 T = total a d d e d mo lar concentrat ion of m i n e r a l a c i d 

= concentrat ion quot ient [ R O H 2 ] / [ P ] [ R O H ] 
ί i on ic strength 

Γ = temperature i n K e l v i n 
R gas constant 

A G ° ( R O H 2 ) = standard free energy change for the f ormat ion of R O H 2 

f r om H a q
+ 

A G , ° ( i ) s tandard free energy change for the transfer o f i f r o m 
water into the m i x e d solvent 

Ν — Avogadro 's n u m b e r 
e = electronic charge 

D w == die lectr ic constant of water 
D s = die lectr ic constant of the m i x e d solvent 

Γ Η 2 Ο = radius of the water molecu le 
s tandard electrode potent ia l i n water 

£ 8 ° = standard electrode potent ia l i n the m i x e d solvent 
M cat ion 
X an ion 

= so lub i l i ty product i n water 
Kp S = so lub i l i ty p roduc t i n the m i x e d solvent 

= i on ic p roduc t i n water 
= ionic product i n the m i x e d solvent 

aH20 8 = act iv i ty of water i n the m i x e d solvent o n the mo la l i t y 
scale 

= mola l i ty of water i n pure water 
Wis mo la l i ty of water i n the m i x e d solvent 

AeolT = a c i d molecule 
Bsoiv = conjugate base of A s o i v 

= ac id i c dissociat ion constant i n water 
K . " a c id i c dissociat ion constant i n the m i x e d solvent 
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5. W E L L S Basicity in Mixtures 73 

P a = p ro ton affinity 
Δ Ρ α == difference i n p ro ton affinity be tween the m i x e d solvent 

and pure water 
AGt°(i)n = component of AGt°(i) a r i s ing f rom the chemica l b u l k 

o f i 
AGt° ( i ) e = component of AGt°(i) a r i s ing f rom the charge o n i 

x2 == mole fract ion of co-solvent 
v o l 2 = pa r t i a l molar vo lume of the co-solvent molecu le 

= s t ructural con t r ibu t ion to the temperature of m a x i m u m 
densi ty 

A G M e = excess free energy of m i x i n g of wate r w i t h the co-solvent 
Δ ί / Μ

Ε = excess enthalpy of m i x i n g wate r w i t h the co-solvent 
A S M

E = excess entropy of m i x i n g wate r w i t h the co-solvent 
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6 

Conductance and Ionic Association of Several 

Electrolytes in Binary Mixtures Involving 

Sulfolane (TMS) and Protic Solvents 

GIUSEPPE PETRELLA1, ANTONIO SACCO, and 
MAURIZIO CASTAGNOLO 

Institute of Physical Chemistry, University of Bari, 
Via Amendola, 173-70126 Bari, Italy 

Conductometric and spectrophotometric behavior of sev­
eral electrolytes in binary mixtures of sulfolane with water, 
methanol, ethanol, and tert-butanol was studied. In water­
-sulfolane, ionic Walden products are discussed in terms of 
solvent structural effects and ion-solvent interactions. In 
these mixtures alkali chlorides and hydrochloric acid show 
ionic association despite the high value of dielectric con­
stants. Association of LiCl, very high in sulfolane, decreases 
when methanol is added although the dielectric constant 
decreases. Picric acid in ethanol-sulfolane and tert-butanol­
-sulfolane behaves similarly. These findings were interpreted 
by assuming that ionic association is mainly affected by 
solute-solvent interactions rather than by electrostatics. 
Hydrochloric and picric acids in sulfolane form complex 
species HCl2- and Pi(HPi)2-. 

T n recent years, i n organic syntheses studies, d ipo l a r aprot ic solvents or 
mixtures of these w i t h p ro t ic solvents have been used more a n d more 

f requent ly as m e d i a i n w h i c h to car ry out the react ion, because the rate 
of reac t ion is m u c h h igher i n these solvent systems than i n pro t ic ones. 
These findings aroused the interest of research workers , so that electro-

1 To whom correspondence should be addressed. 

0-8412-0428-4/79/33-177-077$05.50/l 
© 1979 American Chemical Society 
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78 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

c h e m i c a l studies m u l t i p l i e d w i t h the a i m of o b t a i n i n g use fu l in f o rmat i on 
o n i o n - s o l v e n t a n d i o n - i o n interact ions i n aprot i c a n d m i x e d p r o t i c -
aprot i c solvents. 

I n this r e g a r d a systematic invest igat ion has been p l a n n e d i n our 
laboratory to s tudy the behav ior of several electrolytes i n sul fo lane 
( T M S ) a n d i n its mixtures w i t h different p ro t i c solvents. T M S possesses 
a h i g h va lue of the d i p o l a r moment (μ30 — 4.65 D . U . ) (I) a n d a d ie lec tr i c 
constant of intermediate va lue ( c 3 0 = 43.33) ( 2 ) . T h e s m a l l changes of 
these t w o quantit ies over a w i d e temperature range (1 ) shows that T M S 
is a scarcely s t ructured solvent, even t h o u g h i t has l o w AH a n d AS fus ion 
values (2.84 c a l / g ( 3 ) a n d 1.1 eu ( 4 ) , r espec t ive ly ) , w h i c h are connected 
to the fact that i t first solidifies into p las t i c crystals of a mesomorphi c 
phase at 28.45°C a n d then at 15.43 ° C into a nonrotat iona l c rysta l l ine 
phase w i t h t rans i t ion AS h igher t h a n that of fus ion (8 e u (4) ) . T M S has 
a l o w autoprotolysis constant ( p K = 25.45) ( 5 ) , a n d , i n spite of its h i g h 
d i p o l e moment , i t has very weak a c i d i c a n d bas ic propert ies ( p K B H + — 
—12.88 (6 ) a n d p K a > 31 ( 7 ) . T M S has been chosen for our studies 
because i t appears anomalous a m o n g nonaqueous solvents since i n this 
m e d i u m several ions have very h i g h W a l d e n products , even h igher t h a n 
i n water (8,9,10). Moreover , i on i c association constants greater t h a n 
expected o n the basis of its d ie lec tr i c constant were reported i n l i terature 
for some salts ( 2 1 ) . These findings l e d us to be l ieve that research o n 
i on i c m o b i l i t y a n d association to i o n pairs extended to T M S mixtures w i t h 
pro t i c solvents a n d m i g h t p r o v i d e us w i t h some interest ing results. 

Experimental Data 

Ion i c mobi l i t i es under cons iderat ion here are based on the results of 
conductometr i c measurements car r i ed out o n d i l u t e d solutions ( 10" 3 ^ c 
^ 7 . 1 0 ~ 3 m o l / L ) of B u 4 N C l , B u 4 N B r , B u 4 N I , BU4NCIO4, i A m 3 B u N I 
( T A B I ) , N a B P h 4 , a n d N a l i n w a t e r - T M S at 3 0 ° C (2,12). E x p e r i m e n t a l 

Table I. Limiting 

A , 

v(cP) « BuiNCl BuhNBr 

0 0.8004 76.77 105.29 107.57 
0.0208 0.9304 73.95 90.782 91.277 
0.0744 1.282 68.32 66.83 66.297 
0.1586 1.869 62.51 45.59 47.109 
0.3098 2.860 55.79 30.36 31.298 
0.6080 4.988 48.40 17.69 19.12 
1 10.29 43.33 12.27 11.722 

•For B u 4 N C l , B u 4 N B r , B u 4 N I , B u 4 N C 1 0 4 , iAmaBuNI, N a B P h 4 , and N a l in 
water-TMS mixtures at 30°C. 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 79 

data were a n a l y z e d a c c o r d i n g to F u o s s - O n s a g e r - S k i n n e r treatment (13) 
a n d the values of d e r i v e d l i m i t i n g equiva lent conductances Λ 0 are s u m ­
m a r i z e d i n T a b l e I together w i t h T M S mole f rac t ion x2, v iscos i ty η, a n d 
d ie lec tr i c constant c of solvent mixtures . L i m i t i n g i on i c equiva lent c o n ­
ductances have been obta ined o n the basis of the hypothesis suggested 
b y C o p l a n a n d Fuoss (14) V ( i A m 3 B u N + ) = V ( B P h 4 " ) = [ A 0 ( i A m 3 -
B u N B P h 4 ) ] / 2 . Moreover , since i A m 3 B u N B P h 4 ( T A B B P h 4 ) was not 
soluble i n w a t e r - s u l f o l a n e mixtures , the va lue of its l i m i t i n g equiva lent 
conductance has been ca l cu la ted b y the equat i on : 

Λ 0 ( T A B B P h 4 ) — Λ 0 ( T A B I ) + Λ 0 ( N a B P h 4 ) - Λ 0 ( N a l ) (1) 

g iven that the salts T A B I , N a B P h 4 a n d N a l are so luble i n w a t e r - T M S 
mixtures . 

In f o rmat i on o n i on i c association phenomena have been o b t a i n e d 
conductometr i ca l ly i n w a t e r - T M S at 3 5 ° C for d i l u t e d solutions of L i C l 
( 1 5 ) , N a C l ( 1 6 ) , K C 1 ( 1 7 ) , H C 1 ( 1 8 ) , a n d N a C 1 0 4 ( 1 9 ) . T h e s tudy of 
association to i o n pairs has been extended conductometr i ca l ly to d i l u t e d 
solutions of L i C l i n m e t h a n o l - T M S at 35 ° C ( 2 0 ) , a n d spectrophoto-
m e t r i c a l l y to p i c r i c a c i d ( H P i ) i n solutions of e t h a n o l - T M S , a n d tert-
b u t a n o l - T M S at 3 0 ° C (21). 

A l s o , i n this case, c onduc t i v i ty data were a n a l y z e d b y F u o s s - O n ­
s a g e r - S k i n n e r equations a n d l i m i t i n g equiva lent conductances A<> a n d 
association constants K A are co l lec ted i n T a b l e I I together w i t h p h y s i c a l 
propert ies of solvent mixtures . F u r t h e r m o r e , T a b l e I I I shows e thano l 
a n d fer f -butanol concentrat ion i n the mixture [ R O H ] , the re levant d ie lec ­
t r i c constant c, a n d the p K of p i c r i c a c i d . 

Discussion 

Ionic Walden Products. F u n d a m e n t a l w o r k b y K a y a n d E v a n s (22) 
has s h o w n that a correct interpretat ion of the conductometr i c behav io r 
of ions i n water cannot be m a d e w i t h o u t cons ider ing b o t h the complex 
three -d imens ional structure of water a n d the s tructure -breaking , s truc­
t u r e - m a k i n g propert ies of ions. O n the other h a n d , i f water is a n a t y p i c a l 

Equivalent Conductances 0 

A, -0 

ButNI BUiNClO iAmsBuNl NaBPhi Nal 

106.14 
87.46 
60.854 
43.205 
29.744 
18.703 
9.996 

95.84 
78.76 
52.635 
37.249 
26.34 
16.771 

9.481 

107.43 
86.09 
59.86 
42.29 
29.29 
18.47 
9.80* 

77.63 
67.30 
49.93 
36.46 
24.85 
14.19 

140.23 
118.33 
85.67 
61.56 
41.31 
24.25 
10.87" 

* Value obtained from the data of A . P . Zipp in Ref. 10. 
•Value obtained from the data of R . Fernandez-Prini and J . E . Prue in Ref. 11. 
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T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Table II. Limiting Equivalent Conductances and 
Association Constants 0 

Χ * η(θΡ) c Λ 0 Κ A 

Water-TMS 

LiCl 

0 0.7194 74.64 140.22* — 
0.0190 0.8225 72.43 122.83 — 
0.0633 1.093 68.05 96.19 — 
0.1522 1.620 61.82 66.61 2 
0.3115 2.574 54.87 42.45 10 
0.4445 3.398 51.08 31.51 13 
0.6259 4.543 47.33 24.33 36 
1 9.033 42.71 15.92 14595 

NaCl 

0 0.7194 74.64 153.84" — 
0.0206 0.8304 72.27 133.76 — 
0.0731 1.150 67.20 101.90 — 
0.1585 1.665 61.42 71.85 •— 
0.3119 2.602 54.69 45.93 3 
0.4323 3.338 51.34 35.53 7 
0.6248 4.537 47.34 26.10 19 
0.7443 5.466 45.60 21.89 25 
0.8298 6.117 44.54 19.67 40 

KCl 

0 0.7194 74.64 180.53" 
0.0200 0.8271 72.33 157.93 
0.1584 1.665 61.43 81.21 
0.2735 2.428 56.03 55.29 
0.4335 3.347 51.31 37.58 3 
0.6282 4.555 47.30 26.56 7 

HCl 

0 0.7194 74.64 489.92 — 
0.0206 0.8304 72.27 426.80 — 
0.0731 1.150 67.18 310.33 — 
0.1583 1.663 61.42 199.13 26 
0.3116 2.602 54.69 99.30 51 
0.6248 4.537 47.34 32.63 76 
1 0.033 42.71 — 10* 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 81 

Table I I . Continued 

X* v(cP) € Λ 0 KA 

NaClOj, 

0 0.7194 74.64 142.15 
0.0205 0.8287 72.30 120.94 
0.0731 1.145 67.24 87.22 
0.1573 1.658 61.47 61.79 
0.3050 2.545 55.09 42.99 
0.6111 4.441 47.57 25.52 
1 9.033 42.71 11.74 

Methanol-TMS 

LiCl 

0 0.4813 30.71 104.63 
0.0440 0.5178 32.37 99.16 
0.1566 0.6832 34.52 84.19 16 
0.2960 1.010 36.90 64.08 25 
0.4973 1.790 39.27 42.36 32 
0.7927 4.408 41.55 24.30 121 
1 9.033 42.71 15.92 14595 

β For L i C l , N a C l , KC1, HC1, and NaC10 4 in water-TMS mixtures and L i C l in 
methanol-TMS mixtures at 35°C. 

b Ref. 49. 
0 Ref. 60. 

solvent because of its s t ructura l characterist ics , w e can w h o l l y agree w i t h 
F . F r a n k s w h e n he says, " I f there is one w a y of p r o d u c i n g a solvent even 
more eccentric a n d anomalous t h a n pure water , then this is ach ieved b y 
the a d d i t i o n of s m a l l amounts of some organic c o m p o u n d s " ( 2 3 ) . N u m e r ­
ous conductometr i c studies on electrolytes i n mixtures of water w i t h 
organic solvents have been reported i n the l i terature ; b u t i t is on ly re ­
cent ly , thanks to K a y a n d B r o a d w a t e r , that i o n - s o l v e n t interactions i n 
these b i n a r y mixtures have been s tudied , p a r t i c u l a r l y w i t h respect to 
w h a t happens i n w a t e r - r i c h mixtures . T h e y use teri-butanol ( t e r f - B u O H ) 
(24), e thanol ( E t O H ) ( 2 5 ) , a n d dioxane ( D i o x ) (26) as co-solvents. 
A m o n g these solvents, the alcohols , w h e n a d d e d i n s m a l l amounts, are 
able to generate mixtures w h i c h are more s tructured t h a n pure water . 
T h i s effect is greater for tert-BuOH t h a n for E t O H . H o w e v e r , d ioxane 
does not enhance the long-range order i n water ( 2 6 ) . K a y a n d B r o a d ­
water observe that i n the case of a l cohol i c mixtures , i n w a t e r - r i c h regions, 
a l k a l i a n d ha l ide ions show m a x i m a i n W a l d e n products . T h i s c o u l d be 
exp la ined b y the fact that, i n these regions of the mixtures , solvent struc­
ture is h igher t h a n that of p u r e water , so that the m o b i l i t y of s tructure-
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82 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Table III. The p K Values of Picric Acid in Ethanol -TMS 
and ierf -Butanol-TMS Mixtures at 3 0 ° C 

[ROH](mol/L) € vKHPi 

E t h a n o l - T M S 
16.95 23.8 3.66 
15.36 25.2 3.62 
12.07 28.2 3.72 
8.10 31.8 3.72 
5.31 36.0 4.40 
1.93 40.5 5.54 
0 43.3 7.6 

£er£-Butanol-TMS 
10.46 11.5 4.60 

9.44 13.3 4.82 
7.39 18.3 4.56 
5.33 24.6 4.22 
3.26 31.6 4.82 
1.12 39.3 5.90 

b r e a k i n g ions is enhanced. H o w e v e r , the m o b i l i t y increase is greater for 
smal ler ions, a n d this does not agree w i t h w h a t w o u l d be expected i f the 
m a x i m a were caused solely b y s t ructure -breaking effects, g iven that these 
effects are more m a r k e d for larger ions. T h u s K a y a n d B r o a d w a t e r sug­
gest that m a x i m a i n W a l d e n products c a n be exp la ined b y suppos ing 
that the interactions between the components of the solvent mix ture a n d 
the ions are m a i n l y of the a c i d - b a s e type . Therefore , as a result of i on i c 
charge density a n d the great differences i n a c i d - b a s e propert ies be tween 
water a n d the organic co-solvent, the i o n cosphere is enr i ched w i t h water 
to a greater degree t h a n the b u l k mixture . Consequent ly , the ions have 
a h igher m o b i l i t y since the viscosity a r o u n d t h e m is less t h a n the b u l k 
viscosity , as c a n be seen f r o m the t r e n d of the viscosity of the t w o solvent 
mixtures (24,25). Sor t ing effect is obv ious ly greater for smal ler ions a n d 
this agrees w i t h exper imenta l results. 

R e g a r d i n g w a t e r - d i o x a n e mixtures , the m a x i m a observed i n W a l d e n 
products are smal ler t h a n i n w a t e r - a l c o h o l mixtures a n d i n these m i x ­
tures too the ions h a v i n g a l ower s tructure -breaking capac i ty s h o w a 
h igher increase i n W a l d e n products t h a n i n water . 

I n the case of w a t e r - T M S mixtures there is evidence i n l i terature 
that T M S breaks d o w n water structure i n w a t e r - r i c h mixtures . T h i s has 
been p r o v e d b y studies concern ing the influence of s m a l l addi t ions of 
T M S o n the temperature of the m a x i m u m density of water (27), the heat 
of m i x i n g , a n d the vapor pressure of w a t e r - T M S mixtures ( 2 8 ) . F i g u r e 1 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 83 

reports i on i c W a l d e n products n o r m a l i z e d to the ir values i n water R = 
[K>^)s]/[\0^)w] as a func t i on of mole percent T M S for N a + , C l " , B r " , T , 
C I C V , B u 4 N \ T A B \ a n d B P h 4 " . 

L e t us n o w consider inorganic i on i c behavior . N a + shows R values 
greater t h a n u n i t y throughout almost the entire range of the solvent c o m ­
pos i t i on w i t h a m a x i m u m at about 30 m o l % T M S . C I " a n d B r " , u p 
to 60 m o l % i n T M S , possess near ly constant values, a n d are r o u g h l y 
e q u a l to those i n water , w h i l e I" a n d C 1 0 4 " , w h i c h are the best structure-
b r e a k i n g ions i n water , show a m i n i m u m i n W a l d e n products at about 
10 m o l % T M S . Therefore N a + , contrary to anions, behaves i n w a t e r -
T M S as i t does i n the mixtures s tud ied b y K a y a n d Broadwater . 

MOLE X SULFOLANE 

Journal of Solution Chemistry 

Figure 1. Ionic Walden products normalized to their 
values in water as a function of mole percent TMS at 
30°C: (O), TAB* = BPhf; (β), Bufl+; (Μ), Na+; (A), 

Cl; (Π), Br'; (Α), Γ; (φ), ClOf (12). 
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84 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

A m o b i l i t y increase s h o w n b y N a + w i t h respect to that i n water 
cannot be interpreted b y suppos ing that its s t ructure -breaking a b i l i t y is 
enhanced i n w a t e r - T M S mixtures , because they are less s tructured t h a n 
p u r e water . Therefore , the behav ior of N a + i o n m a y be a t t r ibuted to the 
sort ing of water i n its cosphere. I n fact, T M S possesses very l o w a c i d -
base propert ies , a n d viscosities i n the mixtures steadi ly increase i n pass ing 
f r o m water to T M S , as s h o w n i n T a b l e I . 

O n the contrary the behav ior of C I " , B r " , Γ , a n d C 1 0 4 ~ cer ta in ly c a n 
not be exp la ined b y the sort ing effect since i n that case one w o u l d expect 
a m o b i l i t y increase a n d thus a n R m a x i m a . O n the other h a n d , the 
observed order i n R values at about 10 m o l % T M S ( C I " > B r " > Γ > 
C 1 0 4 " ) agrees w i t h the increas ing s tructure -breaking a b i l i t y of ions. 
Because the a d d i t i o n of T M S breaks d o w n water structure, the behav ior 
of these anions m a y be exp la ined b y suppos ing that the ir m o b i l i t y is 
affected m a i n l y b y s tructura l effects. 

W i t h regard to anions, i t is interest ing to compare our data w i t h 
those reported b y K a y a n d Broadwater . I n F i g u r e 2, R values i n H 2 0 -
terf-BuOH, H 2 0 - E t O H , H 2 0 - D i o x , a n d H 2 0 - T M S are p l o t t ed against 
mo le percent of nonaqueous solvent i n w a t e r - r i c h regions. A s c a n be 
seen, for each solvent mixture , m o b i l i t y increases w i t h a decrease i n i o n 
size, i n agreement w i t h the sort ing effect. A t the same t ime , however , R 
values for each i o n decrease i n pass ing f r o m one mixture to another w i t h 
a decrease i n the organic solvent's a b i l i t y to enhance long-range order i n 
w a t e r - r i c h mixtures , as expected on the basis of s t ruc tura l effects. W e 
be l ieve that these findings suggest that sort ing a n d s tructura l effects exist 
at the same t ime i n so lut ion a n d that b o t h affect the behav ior of ions i n 
so lut ion . 

I t is dif f icult to exp la in the different behav ior s h o w n i n w a t e r - T M S 
b y N a + a n d hal ides a n d C 1 0 4 ~ ions; moreover , i t was not f o u n d i n the 
mixtures s tud ied b y K a y a n d Broadwater . T h i s difference p r o b a b l y arose 
either f r om the differences be tween c a t i o n - T M S a n d a n i o n - T M S inter ­
actions or f r o m the fact that the sort ing effect prevai ls over s t ruc tura l 
effects for N a + , contrary to w h a t happens to anions. 

L e t us n o w consider the organic ions. A s far as the B u 4 N + i o n is 
concerned, F i g u r e 1 shows that R values, after some deviat ions f r o m the 
u n i t y w h i c h is p r o b a b l y caused b y exper imenta l errors, increase w i t h 
increas ing organic solvent percentage, as K a y a n d B r o a d w a t e r f o u n d for 
this i o n i n the mixtures they s tudied . T h i s t r e n d is caused b y a r educ t i on 
of h y d r o p h o b i c effects characterist ic of B u 4 N + i n pure water . I t appears 
very dif f icult to exp la in the behav ior of T A B + a n d B P h 4 " ions w h i c h show 
a m i n i m u m at about 30 m o l % T M S . O n the other h a n d , the lack of 
conductometr i c da ta for these ions i n other aqueous mixtures prec ludes 
any useful compar ison . 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 85 

MOLE % ORGANIC SOLVENT 

Figure 2. Ionic Walden products normalized to their values in water as 
a function of mole percent organic solvents: (- · · · -), tert-BuOH-H20; 
( λ EtOH-H20; ( λ Diox-H20; (~ · ~), TMS-H20; (O), CI'; (Ώ), 

Br; (A)f Γ. 

Association Phenomena A c c o r d i n g to the theoret ica l m o d e l of 
spheres i n a d ie lectr i c c o n t i n u u m the ions are represented as r i g i d , 
charged spheres that do not interact w i t h solvent, w h i c h is cons idered 
to be a m e d i u m w i t h o u t any k i n d of structure. T h e on ly interact ion is 
that w h i c h occurs between the ions, a n d the f o rmat ion of i o n pairs is 
contro l l ed only b y electrostatic forces. O n these bases, the association 
constant m a y be expressed b y the Fuoss equat ion (29) : 
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86 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

K A = 4 π Ν α 3 

3000 exp \aekT) (2) 

T h u s , a c cord ing to this equat ion , the association constant increases 
w i t h a decrease of distance of closest a p p r o a c h of ions a a n d the d ie lectr i c 
constant c. A g r a p h of l o g K A vs 1/c s h o u l d be l inear . Nevertheless , sev­
era l data i n the l i terature show that association to the i o n p a i r is not 
expressed adequate ly b y E q u a t i o n 2, a n d that so lute -so lvent interactions 
are fundamenta l l y impor tant i n d e t e r m i n i n g the existence a n d magn i tude 
of association phenomena . T h i s was observed also b y us i n the mixtures 
of T M S a n d some pro t i c solvents. Assoc ia t ion behav ior of electrolytes i n 
these mixtures c a n be understood better b y first e x a m i n i n g this p h e ­
n o m e n a i n pure T M S . 

P u r e T M S . G i v e n the intermediate va lue of the d ie lec tr i c con ­
stant of T M S , no not iceable i on i c association on the basis of the Fuoss 
equat ion s h o u l d be expected. Moreover , m u c h h igher association con ­
stants t h a n expected b y E q u a t i o n 2 have been observed for L i C l ( K A

3 5 ° C 

= 14595 L / m o l ) (15) w h i l e the theoret ica l va lue , ca l cu la ted for a = 
2.413, the s u m of c rysta l lographic r a d i i of L i + a n d C I ' ions, is 7 L / m o l ) . 
T h i s h i g h association also was observed at 30 ° C b y P r i n i a n d P r u e ( K A

3 0 ° C 

= 13860 L / m o l ) ( 9 ) w h o also r e m a r k e d on the inadequacy of the 
theory a n d exp la ined i t i n terms of d ie lectr i c saturat ion. F u r t h e r m o r e , 
Garnsey a n d P r u e gave apparent p o l y m e r i z a t i o n numbers for L i C l ( 3 ) . 
W e bel ieve that this h i g h association constant va lue also m a y be ex­
p l a i n e d b y k e e p i n g i n m i n d that T M S , l ike other d i p o l a r aprot i c solvents, 
scarcely solvates anions, p a r t i c u l a r l y the smallest ones such as C I ' ( 3 0 ) . 
T h u s ch lor ide i o n is p a r t i c u l a r l y react ive i n T M S a n d this increases the 
intensity of interact ion w i t h L i + . 

T h e fa i lure of the Fuoss equat ion to reproduce exper imenta l data 
appears p a r t i c u l a r l y ev ident b y conductometr i c measurements of h y d r o ­
ch lo r i c a c i d (18) a n d b y spectrophotometr ic measurements of p i c r i c a c i d 
(21 ) w h i c h w e have c a r r i e d out i n T M S at 35° a n d 3 0 ° C , respect ively . 

R e g a r d i n g h y d r o c h l o r i c a c i d , i n a concentrat ion range of 30.10" 4 to 
300.10 ' 4 m o l / L , equiva lent conductance assumes a n extremely l o w a n d 
constant va lue of 0.03 S c m 2 / m o l , as seen i n F i g u r e 3. T h i s behav ior 
cer ta in ly cannot be exp la ined on the basis of s imple d issoc iat ion p h e ­
nomena . T h u s w e have interpreted these results o n the basis of theoret i ­
c a l w o r k b y C a r u s o a n d co-workers (31) w h o consider the conducto ­
metr i c , potent iometr ic , a n d spectrophotometr ic behav ior of weak acids 
a n d bases i n nonaqueous solvents. I n these solvents a weak a c i d , H A , 
besides u n d e r g o i n g s imple i on i c d issoc iat ion, also m a y undergo conjuga­
t i o n p h e n o m e n a b y the H + a n d A " ions w h i c h l e a d to the f o rmat i on of 
i on i c complex species A ( H A ) / " or H ( H A ) / . C a r u s o shows that the 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 87 

Electrochimica Acta 

Figure 3. Conductance of HCl in pure TMS at 35°C (18) 

existence of these species i n so lut ion reflects on the shape of — l o g Λ vs. 
— l o g c, Ε vs. — l o g c, a n d —log[A" ] vs. — l o g c plots i n conductance , 
potent iometry , a n d spectrophotometry, respect ively . P a r t i c u l a r l y r e g a r d ­
i n g conductometr i c measurements, i f there is u n i l a t e r a l con jugat ion b y 
the H + or A " ions w i t h a neut ra l molecu le of the a c i d H A , the curve 
— l o g Λ vs. — l o g c assumes a slope e q u a l to zero, w h i c h approaches —0.5 
on ly for very l o w values of a c i d concentrat ion. T h i s behav ior is observed 
for H C l i n T M S a n d w e suppose that i t is caused b y the H C 1 2 ~ complex 
species, so that the e q u i l i b r i a establ ished i n so lut ion are : 

H C 1 ^ ± H + + C1- K ^ ^ o ç i - ( 3 ) 

GHCI 

C I " + H C l ?± H C 1 2 " K 2 = a H C l 2 " (4) 
&C1 - &HC1 

T h e hypothesis of the f o rmat i on of the H C 1 2 " i o n agrees w i t h the 
properties w h i c h T M S shows i n f a v o r i n g the f o rmat ion of large h y d r o g e n 
d i h a l i d e ions rather t h a n s m a l l h a l i d e ions, as f o u n d b y B e n o i t a n d co­
workers (32,33). Moreover , a c i d - a n i o n complexes also were observed 
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88 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

for 2 .6 -d ihydroxylbenzo ic a c i d i n T M S (34,35) a n d for p h e n o l a n d 
phenolate i o n i n 3-methyl -sul fo lane (36), w h i c h has a c i d - b a s e proper ­
ties s imi lar to those of T M S . 

T h e theoret i ca l equat ion f o u n d b y C a r u s o for the intercept of the 
l inear p o r t i o n of the p l o t — l o g Λ vs. — l o g c enables us to evaluate the 
constant Κχ: 

intercept = - ^ log 4 Λ 0 ( H + H C 1 2 " ) (5) 

I n E q u a t i o n 5, insert ing the values of 1.52 for the intercept , 350 for K 2 

(32,33), a n d 13 for A<> ( H + H C 1 2
_ ) , ca l cu la ted approx imate ly , o n the 

data f r o m the l i terature ( 8 , 3 5 ) , afirst a p p r o x i m a t i o n va lue of 1 0 ' 9 m o l / L 
was obta ined for Κχ. 

M o r e complex e q u i l i b r i a t h a n those concerned w i t h s imple associa­
t i o n to i o n p a i r have been observed spectrophotometr ica l ly i n T M S i n 
the case of p i c r i c a c i d . F i g u r e 4 shows that Σ%ο [ ^ ( H P i ) / ] vs. — l o g c 

Canadian Journal of Chemistry 

Figure 4. Spectrophotometric data of picric acid in TMS. The line is the 
theoretical curve for equilibria 6-8 (KHPi = 10'7-6, K(HIH)t = 101-9, and 

KPi(HP4)2- = 10*) (21). 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 89 

( ^ J = 0 [ P i ( H P i ( / ] is the s u m of an ionic p i crate species, a n d c is the 
a n a l y t i c a l concentrat ion of H P i ) . A s m a y be seen, there are t w o l inear 
port ions w i t h slopes of 0.46 for c < 0 . 0 8 M a n d 1.56 for c > 0 .08M. A 
very s imi lar g r a p h has been observed b y Ko l tho f f a n d co-workers for 
H P i i n acetonitr i le (37) w i t h slopes of 0.48 a n d 1.45 for concentrations 
b e l o w a n d above 0.1 A i , respectively . T h e analysis car r i ed out b y C a r u s o 
a n d co-workers (31) o n these data confirms the hypothesis made b y K o l t ­
hoff a n d co-workers that the p r e d o m i n a t i n g species i n acetonitr i le at 
h igher concentrations is the i o n P i ( H P i ) 2 " . Moreover , conductometr i c 
measurements on H P i i n T M S have been interpreted b y E l l e r a n d C a r u s o 
p r e s u m i n g that H P i po lymers are f o rm e d i n solutions ( 3 8 ) . O n these 
bases w e have hypothes ized that p i c r i c a c i d i n T M S too forms the c o m ­
plex species P i ( H P i ) 2 " a c cord ing to the f o l l o w i n g react ions: 

H P i ^ ± H * + P i - Κ Η " " [ Η [ Η Κ ] " 1 Ρ ( 6 ) 

2 H P i - ( H P i ) 2 K ( H P i ) 2 = ^ H p f f i ( 7 ) 

P i " + ( H P i ) 2 ^ ± P i ( M P i ) 2 - K p 1 ( H P i ) 2 - - ^ - ^ H P i ) ! ] ( 8 ) 

Spectrophotometr ic data have been a n a l y z e d mathemat i ca l ly as sug­
gested b y C a r u s o a n d the theoret ica l curve w h i c h fits the exper imenta l 
data very w e l l was obta ined for Κ Η ρ ι = 1 0 7 · 6 , K ( H p i ) 2 = 1 0 " 1 9 , a n d 
K p i ( H P i ) 2 - = 10 4 . C o m p a r i s o n of p K A values i n T M S for H C 1 0 4 , H S 0 3 F , 
a n d H 2 S 2 0 4 (2.7, 3.3, a n d 5, respect ively ( 3 9 ) ) w i t h the ones ob ta ined 
for H C l (9 ) a n d H P i (7.6) shows that the weakest a c i d i n this solvent is 
h y d r o c h l o r i c a c id . T h i s is further proof that i n T M S large anions are 
s tab i l i zed b y so lvat ion more t h a n l i t t le ones. 

T h e results ob ta ined for L i C l , H C l , a n d H P i i n T M S show the f u n d a ­
m e n t a l importance of the effect of i on - so lvent interactions on association 
phenomena . These effects also have been ev idenced w h e n s t u d y i n g 
T M S - p r o t i c solvent mixtures where i o n association is c ond i t i oned m a i n l y 
b y the presence of T M S . 

Water -TMS Mixtures. C o n d u c t o m e t r i c studies o n L i , N a , a n d 
Κ chlor ides a n d hydroch lo r i c a c i d i n w a t e r - T M S have s h o w n association 
constants h igher t h a n the Fuoss equat ion predicts i n these mixtures too. 
I n the case of H C l , K A values e q u a l to 26 ± 5, 51 ± 9, a n d 76 ± 4 corre­
sponded to d ie lectr i c constant values of 61.42, 54.69, a n d 47.34, respec­
t ive ly . O n the contrary , K A values for the same systems ca l cu la ted o n 
the basis of the Fuoss equat ion us ing the reasonable va lue of 4 A for the 
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distance of closest a p p r o a c h of ions a are 1.5, 1.9, a n d 2.8, respect ively . 
T h e difference between exper imenta l a n d theoret ica l trends of l o g K A vs. 
100/c is s h o w n i n F i g u r e 5. 

I n the case of L i C l , N a C l , a n d K C 1 , F i g u r e 6 enables exper imenta l 
values to be c o m p a r e d w i t h theoret ica l ones ca l cu la ted b y the Fuoss 
equat ion , subst i tut ing for the a parameter the lowest va lue w i t h a p h y s i ­
c a l m e a n i n g (a = 2.413, the s u m of L i + a n d C I " c rysta l lographic r a d i i ) , 
i n order to get larger theoret i ca l values for K A . A s seen f r o m F i g u r e s 5 
a n d 6, the observed trends i n almost the w h o l e range of solvent compos i ­
t i o n are l inear b u t w i t h different slopes f r o m the theoret ica l one i n the 

100/f 

Figure 5. Dependence of association constants on the dielectric constant 
for HCl in water-TMS at 35°C: ( ), association constants calculated 

from the Fuoss equation (a = 4 A). 
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Figure 6. Dependence of association constants on the dielectric con-
stant for LiCl, NaCl, and KCl in water-TMS mixtures at 35°C: (---), 
association constants calculated from the Fuoss equation (a = 2.413 A); 

(O), LiCl; (Π), NaCl; (Δ), KCl. 

case of a l k a l i chlor ides , a m o n g w h i c h those of N a + a n d K + are scarcely 
so luble i n T M S . I n the case of L i C l a n d H C l , as the solvent becomes 
r i cher i n T M S , l o g K A a b r u p t l y increases. 

H i g h e r association constants t h a n those expected o n the basis of 
E q u a t i o n 2 have been observed also i n several pro t i c solvents b y E v a n s 
a n d co-workers (40), w h o exp la ined i t b y assuming that association 
be tween cat ion M + a n d an io n A " i n a pro t i c solvent S H is a two-step 
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92 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

process where there is, first, f o rmat ion of a solvent-separated i o n p a i r 
a n d then, f o l l o w i n g the loss of a solvent molecule b y the an ion , f o rmat ion 
of a contact i o n pa i r . 

T h i s happens a c co rd ing to the equat ions : 

(SH) m M + + A(SH) n " 5 M (SH) A ( S H ) m + n . ! (9) 

M(SH) A ( S H ) m + n _ i 5 M A ( S H ) m + n . i + SH (10) 

Ki m a y be ca l cu la ted b y the Fuoss equat ion a n d K 2 becomes larger as 
the b o n d be tween the a n i o n a n d the solvent molecu le weakens. T h e 
association constant observed is therefore: 

^̂ •(' + ϊΕτ) <u> 
T h i s equat ion accounts for exper imenta l association constant values 

h igher t h a n theoret ica l ones because K A > Ki . Moreover , w e m a y deduce 
that w h e n cations are equa l , K A is smal ler for smal ler anions, w h i c h means 
that they have a greater charge density a n d thus are more basic , since 
K 2 is l ower for them. O n the contrary , K A values decreasing w i t h a n 
increase i n the size of the a n i o n have been observed i n aprot ic solvents 
l i k e T M S (II), acetone (41), n i trobenzene (42), n i t romethane (43), 
acetonitr i le (44), a n d 1,1,3,3-tetramethylurea (45). T h i s order c a n be 
understood i f one considers that i n this class of solvents the anions are 
scarcely so lvated so that association is affected m a i n l y b y the strength of 
c a t i o n - a n i o n interact ion , w h i c h , w i t h the cations b e i n g equa l , increases 
w i t h a n increase i n the an ion charge density. 

I n order to see whether the h i g h K A values w e f o u n d i n w a t e r -
T M S mixtures c a n be exp la ined b y the mult ip le -s tep m e c h a n i s m sug­
gested b y E v a n s a n d co-workers w e have s tud ied conductometr i c behav­
ior of N a C 1 0 4 i n these mixtures (19). T h e results of these measurements 
show that N a C 1 0 4 is not associated, whereas for N a C l association a p ­
pears to start f r o m w 2 ~ 70 w t % T M S (c~55) . So, the order ob-

K A (C1-) > K A (CKV) (12) 

served i n w a t e r - T M S is analogous to that f o u n d i n aprot i c solvents. 
I t therefore excludes the fact that anions f o r m i n g i o n pairs i n w a t e r - T M S 
mixtures are pre ferent ia l ly so lvated b y water , since i n that case s o d i u m 
perchlorate s h o u l d be more associated t h a n ch lor ide , as suggested b y the 
E v a n s mechanism. Instead i t suggests that i on ic association p h e n o m e n o n 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 93 

i n w a t e r - T M S mixtures are m a i n l y affected b y T M S . I n fact w e have 
a l ready seen that the C I " i o n is scarcely s tab i l i zed i n T M S a n d thus 
tends to f o r m very stable i o n pairs . I on i c association i n the case of a l k a l i 
chlor ides a n d h y d r o c h l o r i c a c i d i n w a t e r - T M S mixtures m a y therefore 
be exp la ined b y assuming that the s m a l l f ract ion of ch lor ide i o n w h i c h 
interacts w i t h T M S forms very stable i o n pairs , despite the h i g h va lue 
of the d ie lectr i c constant. 

Alcohol -TMS Mixtures. F u r t h e r m o r e , c o n v i n c i n g evidence c o n ­
c e r n i n g the inadequacy of the theoret ica l m o d e l i n descr ib ing i on i c 
association m a y be obta ined o n the basis of results of studies on con -
duc tometr i ca l behav ior of L i C l i n M e O H - T M S a n d spectrophotometr ica l 
behav ior of H P i i n E t O H - T M S a n d terf-BuOH-TMS mixtures . 

R e g a r d i n g L i C l , F i g u r e 7 shows that even i n a lcoho l i c mixtures 
exper imenta l K A is h igher t h a n the theoret ica l one i n near ly the w h o l e 
range of the solvent compos i t ion . F u r t h e r m o r e , the most interest ing fact 
is the noncou lombi c t r e n d of the association constant w h i c h decreases 
even t h o u g h the d ie lectr i c constant decreases on pass ing f r o m T M S ( t ^ 
43) to methano l (c ~ 31). G i v e n that L i C l is not associated i n M e O H , 
i on i c association is ascr ibable to T M S , w h i c h also occurs i n its mixtures 
w i t h water . T h e t r e n d of l o g K A vs. 100/e also c a n be exp la ined b y 
assuming that i on - so lvent interactions strongly inf luence ion ic associa­
t i on , m u c h more t h a n the d ie lec tr i c constant does. T h e K A decrease that 
occurs w h e n methano l is a d d e d to T M S is caused m a i n l y b y the greater 
capac i ty of methano l as c o m p a r e d w i t h T M S to solvate the ions. T h i s 
is p r o v e d b y the strongly negative values of transfer enthalpies f r o m 
T M S to methano l of b o t h L i + (-9.1 K c a l / m o l ) a n d C l " (-4.8 K c a l / m o l ) 
(46). 

N o n c o u l o m b i c var ia t i on of i on i c association was observed for H P i 
too, as s h o w n i n F i g u r e 8 b o t h for the E t O H - T M S a n d the tert-BuOH-
T M S mixtures. L o g K A vs. 100/c is not l inear a n d K A decreases i n these 
mixtures w i t h a decrease i n the d ie lectr i c constant, i n spite of the theory 
based on electrostatic contro l of i o n association (c E toH = 23.8, etert-Buon = 

11.5). L i k e L i C l i n M e O H - T M S , the greatest decrease of K A is observed 
w i t h s m a l l addit ions of alcohols that are better able to solvate p i c r i c a c i d 
t h a n T M S w i t h w h i c h they establ ish h y d r o g e n bonds. I n fact p i c r i c a c i d 
is stronger i n alcohols ( p K E T 0 H = 3.7 a n d p K i e r i - B u O H = 4.6) t h a n i n T M S 
( p K H p i = 7.6). T h e trends of K A values m a y be exp la ined b y pre ferent ia l 
so lvat ion of H P i b y the alcohols . O n this basis a n attempt was made to 
e x p l a i n more thorough ly the k i n d of so lute -so lvent interactions i n the 
case of p i c r i c a c id . G i v e n the not iceable difference between p K values 
i n T M S a n d those i n E t O H a n d terf-BuOH, w e hypothes ized that T M S 
behaves l ike a n inert solvent a n d p i c r i c a c i d m a i n l y reacts w i t h alcohols 
a c co rd ing to the reactions (47): 
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T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

H P i + n-FvOH ±? H P i · n R O H 

K 1 = 

[ H P i · n R O H ] 
[ H P i ] [ R O H ] » (13) 

H P i · n R O H ^ ± R O H 2
+ · R O H ( „ . i ) P i " 

[ R O H 2 * · R O H ( ( t . i ) P i - ] 
[ H P i · n R O H ] K 2 = (14) 

Zeitschrift fur Naturforschung 

Figure 7. Dependence of association constants on the dielec­
tric constant for LiCl in methanol-TMS mixtures at 35°C: 
( ), association constants calculated from the Fuoss equa­

tion (a = 2.413 A) (20). 
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6. P E T R E L L A E T A L . Conductance and Ionic Association 95 

Canadian Journal of Chemistry 

Figure 8. Association constants of picric acid in ethanol-TMS and tert-
butyl alcohol-TMS mixtures: (O), EtOH-TMS; (9), tert-BuOH-TMS (21). 

R O H 2
+ · R O H ^ . D P i - ^ R O ^ + ROHin.DPi 

[ R O H ^ t R O H ^ p P i - ] 
[ROW · R O H ^ . D P I - ] - U O J 

T h u s p i c r i c a c i d reacts w i t h η a l coho l molecules f o r m i n g a complex 
( E q u a t i o n 13) w h i c h rearranges to f o r m a n i o n p a i r ( E q u a t i o n 14) w h i c h 
t h e n dissociates ( E q u a t i o n 15 ). T h e processes i n v o l v e d i n E q u a t i o n s 13 
a n d 14 are cond i t i oned b y specific so lute -so lvent interact ions, w h i l e the 
process dep i c ted b y E q u a t i o n 15 is contro l l ed b y electrostatics. K 3 is 
e q u a l to 1 / K A , where K A is the theoret ica l association constant g iven b y 
E q u a t i o n 2. I t c a n be easily s h o w n that the exper imenta l association 
constant is g iven b y the equat i on : 

Atexp) — [ R 0 H ] » K l K 2 - (16) 
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Canadian Journal of Chemistry 

Figure 9. Test of Equation 17 (n = 4) for ionization of picric acid in 
ethanol-TMS and text-butyl alchol-TMS mixtures: (O), EtOH-TMS; 

tert-BuOH-TMS (21). 

E q u a t i o n 16 m a y be rewr i t t en as fo l lows : 

l o g K A ( e x p ) + n l o g [ R O H ] = 

l 0 g - 3 Ô Ô Ô - " l 0 g 2 + ï ô ô ^ k T ( τ " ) ( 1 7 ) 

I t m a y be assumed that p i c r i c a c i d reacts w i t h four a l coho l mole­
cules. O n e of t h e m neutral izes the a c i d f o r m i n g the i o n R O H 2

+ a n d the 
r e m a i n i n g three molecules solvate the p icra te an ion b y h y d r o g e n bonds 
w i t h the three n i t ro groups. D ' A p r a n o a n d Fuoss have observed a s imi l a r 
mechan i sm i n mixtures of acetoni t r i le a n d pro t i c solvents (48). I f this 
hypothesis is correct, w h e n subst i tu t ing the va lue of four for η i n E q u a ­
t i o n 17, a g r a p h of l o g KMeTp) + 4 l o g [ R O H ] vs. 100/c shou ld be a 
straight l ine . T h i s , i n fact, c a n be seen for b o t h solvent mixtures , as 
s h o w n i n F i g u r e 9. 
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Enthalpies of Solution of Some Electrolytes 

with a Large Cation in Mixtures of Water 

with Aprotic Solvents 

C. DE VISSER, W. J. M. HEUVELSLAND, and G. SOMSEN 

Department of Chemistry, Free University of Amsterdam, 
De Boelelaan 1083, Amsterdam, The Netherlands 

Measured enthalpies of solution of tetra-n-butylammonium 
bromide (Bu4NBr) in mixtures of water (W) with acetonitrile 
(ACN) and with ethylene carbonate (EC) are compared with 
those in mixtures of water with some other aprotic solvents 
which were reported earlier. The results can be fairly well 
described by an equation which can be derived either from a 
cooperative hydration model or from a chemical, pseudo 
equilibrium model. This equation is tested by varying sys­
tematically the nature of the solute and of the cosolvent. In 
order to describe the experimental results in W-ACN and in 
W - E C as such, it will be necessary to extend the equation 
with a term which comprises any specific (nonhydrophobic) 
interactions of the solute with the (inert) cosolvent. 

' " p h e en tha lpy of so lu t ion of a solute i n various solvents is an impor tan t 
Α d a t u m i n s tudy ing the behav ior of different solutions because i t m i g h t 

g ive d i rec t in format ion on the energetic aspects of b o t h solute-solute a n d 
solute-solvent interactions. D u r i n g the last decade i n our laboratory (see 
Réf. 1 a n d l i terature c i t ed there in) enthalpies o f so lu t ion of a lka l i - a n d 
t e t r aa lky lammonium hal ides have been measured i n water a n d i n several 
nonaqueous solvents i n c l u d i n g fo rmamide (F) , N - m e t h y l f o r m a m i d e 
( N M F ) , N,2V-dimethyl formamide ( D M F ) , IV,2V-dimethylacetamide ( D M A ) , 
a n d d imethy lsu l fox ide ( D M S O ) . T h e s tandard enthalpies of transfer 
(AHtr°) ( the difference be tween the s tandard enthalpies of so lu t ion of a 
cer ta in solute i n two solvents) for b o t h a l k a l i b romides a n d te t raa lkyl -

0-8412-0428-4/79/33-177-099$05.00/l 
© 1979 American Chemical Society 
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100 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

a m m o n i u m bromides be tween two nonaqueous solvents are almost i n d e ­
pendent of the size of the cat ion , especial ly i f on ly aprot i c solvents are 
considered. O n the other h a n d , i f water is one of the solvents, àHtr

0 of 
the t e t r a a l k y l a m m o n i u m bromides deviate as c o m p a r e d w i t h the corre­
spond ing a l k a l i bromides since i n water these salts show a considerable 
exothermic shift of the enthalpies of so lut ion. Besides that , enthalpies of 
so lut ion ( Δ Η ° ) of b o t h a l k a l i bromides a n d t e t r a a l k y l a m m o n i u m b r o ­
mides are almost propor t i ona l to the solvent compos i t ion i n b i n a r y 
mixtures of two nonaqueous solvents, w h i l e i n aqueous mixtures the 
a l k a l i bromides show a s imi lar behav ior b u t the Δ / ί ° of the t e t raa lky l ­
a m m o n i u m bromides reach large endothermic m a x i m a i n the w a t e r - r i c h 
reg ion (see Ref . 2 a n d l i terature c i t ed t h e r e i n ) . G e n e r a l l y these phe ­
nomena are a t t r ibuted to the w e l l - k n o w n h y d r o p h o b i c h y d r a t i o n behav ior 
of the t e t r a a l k y l a m m o n i u m salts i n water (3). S ince this spec ia l behav ior 
is absent i n non -hydrogen -bonded solvents, mixtures of these solvents 
w i t h water c a n serve as m o d e l systems to s tudy the h y d r o p h o b i c h y d r a ­
t i o n effect more systematical ly . I t is possible to descr ibe the results 
for b o t h the enthalpies of d i l u t i o n (4) a n d for the enthalpies of so lut ion 
(2) i n terms of a cooperative h y d r a t i o n m o d e l (2,5) a l though a c h e m i c a l 
m o d e l ( 6 ) leads to exactly the same final equat ion . B o t h models invo lve 
on ly t w o parameters : the n u m b e r of water molecules ( n ) s u r r o u n d i n g 
a h y d r o p h o b i c par t i c l e a n d the entha lp i c c ont r ibut i on to h y d r o p h o b i c 
h y d r a t i o n i n pure water , H b W . 

I n an earl ier p u b l i c a t i o n (6) w e considered the bas ic assumptions 
of the models . T h i s chapter br ie f ly reviews this subject a n d extends the 
tests b y a d d i n g n e w results of the ΔΗ° of t e t r a b u t y l a m m o n i u m b r o m i d e 
( B u 4 N B r ) i n mixtures of water w i t h acetonitr i le ( A C N ) a n d w i t h e t h y l ­
ene carbonate ( E C ) a n d p r e l i m i n a r y results of some subst i tuted a n d 
u n s y m m e t r i c a l t e t r a a l k y l a m m o n i u m salts i n mixtures of water w i t h D M F . 

Experimental and Results 

T h e enthalpies of so lut ion were measured w i t h a L K B 8700-1 p r e c i ­
s ion ca lor imetry system. T h e exper imental procedure a n d test of the 
ins trument have been g iven before (6,7). E C ( F l u k a , p u r i s s i m u m ) was 
d i s t i l l ed under r e d u c e d pressure a n d the m i d d l e f ract ion was stored over 
mo lecu lar sieves (4 Â ) for at least 48 hr . A C N ( M e r c k , pro analys is ) was 
d r i e d over mo lecu lar sieves a n d used w i t h o u t further pur i f i cat ion . T h e 
p u r i t y of b o t h solvents ( d e t e r m i n e d short ly before u s e ) , as d e d u c e d f r o m 
G L C , was a lways better t h a n 9 9 . 8 % . T h e v o l u m e f ract ion of water , 
de termined b y K . F i s c h e r t i t ra t i on (8) was a lways less t h a n 3.10" 4. T h e 
m i x e d solvents were prepared b y we ight as shortly as possible before the 
measurements. Δ Η ° of B u 4 N B r i n W - A C N mixtures have been measured 
at 2 5 ° C w h i l e those i n W - E C are at 45°C , w h i c h is above the m e l t i n g 
po int of pure E C . 
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7. D E VISSER E T A L . Enthalpies of Solution 101 

T*ble I. Standard Δ Η 0 of B u 4 N B r in Mixtures of Water and A C N 
at 2 5 ° C and in Mixtures of Water and E C at 4 5 ° C 

InW-ACN In W-EC 

Δ Η ° Δ Η ° 
kj mol'1 kj moi1 

0 16.80 0 33.08 
0.025 11.69 0.030 27.95 
0.060 10.83 0.052 25.71 
0.109 9.79 0.101 23.59 
0.175 9.96 0.151 22.26 
0.244 10.79 0.250 21.65 
0.329 12.28 0.354 21.86 
0.400 13.53 0.499 22.62 
0.496 14.87 0.625 23.05 
0.578 15.56 0.740 22.87 
0.601 15.80 0.850 22.35 
0.636 15.95 0.900 21.80 
0.720 16.64 0.950 18.48 
0.750 17.05 0.970 14.92 
0.797 17.82 1.000 5.89 
0.850 18.77 
0.901 18.24 
0.920 16.58 
0.953 10.30 
0.976 2.09 
1.000 - 8 . 4 2 

T h e concentrat ion of B u 4 N B r i n the mixtures v a r i e d be tween 0.003 
a n d 0.01 m o l k g " 1 i n w h i c h range any concentrat ion dependence appeared 
to be masked b y the exper imenta l error. Therefore , Δίί ° was taken to be 
the average of 2 - 4 independent measurements agree ing w i t h i n 150 J 
m o l " 1 . F i n a l results i n ΔΗ° as a func t i on of the mole f ract ion of w a t e r 
xw are g iven i n T a b l e I . 

Discussion 

Recent ly (6 ) w e f o u n d that the Δ ί / ° of B u 4 N B r i n W - D M F , W -
D M S O , a n d W - D M A mixtures can be descr ibed fa i r l y w e l l i n terms of 
a cooperative h y d r a t i o n m o d e l (2,5) l ead ing to the f o l l o w i n g equat ion : 

AH°(M) = (1 - X ) A f f ° ( S ) +XAH°(W) + ( X n - X ) H b W (1) 

w h e r e Δ / / ° ( Μ ) is the s tandard enthalpy of so lut ion i n a mix ture of water 
w i t h a cosolvent S a n d X is the mole f ract ion of water . A s m e n t i o n e d 
before, the same equat ion is ob ta ined cons ider ing the h y d r a t i o n of a 
t e t r a a l k y l a m m o n i u m i o n ( R 4 N + ) b y η cooperat ively in terac t ing w a t e r 
molecules as a pseudochemica l e q u i l i b r i u m , w h i c h can b e descr ibed b y : 
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102 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Κ 
R 4 N + + η H 2 0 *± R 4 N + . . . ( H 2 0 ) n (2) 

I n this equat ion R 4 N + . . . ( H 2 0 ) n denotes the resu l t ing h y d r o p h o b i c 
ent i ty a n d Κ is an e q u i l i b r i u m constant. T h e enthalp i c effect of h y d r o ­
p h o b i c h y d r a t i o n t h e n c a n be considered as the result of the f o rmat ion 
of this h y d r a t i o n complex. I n b o t h models the choice of the cosolvent 
ought to be rather un impor tant as l o n g as this solvent does not show 
specif ic interactions l i k e h y d r o g e n b o n d i n g . A s a consequence η a n d 
H b W s h o u l d not v a r y w i t h the different cosolvents. Besides that , the 
bas ic assumption i n the concepts is that i n the absence of h y d r o p h o b i c 
h y d r a t i o n Δ / / 0 w o u l d change propor t i ona l ly to the solvent composi t ion . 
I n this chapter w e w i l l investigate more systematical ly b o t h aspects. 

Influence of Different Solutes. V a r i a t i o n of the solute gives in f o r ­
m a t i o n o n the f o l l o w i n g questions: ( 1 ) w h a t happens i f h y d r o p h o b i c 
h y d r a t i o n cannot or does not occur? I n the case of the n o n h y d r o p h o b i c 

τ 1 1 1 τ Γ 

I • I I I • • • • I 1 
0 0.1 0 .3 0 . 5 0 .7 0 .9 1 

X D M F 

Figure I . Δ Η 0 of various solutes in mixtures of DMF with 
water and with DMSO as a function of the mote fraction of 

DMFXDMF at25°C 
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Journal of Physical Chemistry 

Figure 2. ΔΗ° of tetraalkylammonium bromides in mixtures of 
water with DMF as a function of the mole fraction of water 

at 25°C(6) 

urea w e have f o u n d that Δ / / ° i n W - D M F i n d e e d are almost p ropor t i ona l 
to the solvent compos i t ion ( 9 ) l ike for some a l k a l i hal ides i n W - D M S O 
g iven i n the l i terature ( 1 0 ) . 

P r e l i m i n a r y results i n our laboratory o f C s B r i n W - D M F d isp lay the 
same behavior ( F i g u r e 1 ). I n this context i t is also impor tant to measure 
Δ Η ° of a h y d r o p h o b i c part i c le i n mixtures of two non-hydrogen-bonded 
solvents. P r e l i m i n a r y results for B u 4 N B r i n mixtures of D M S O a n d D M F 
y i e l d e d a straight l ine . A l l of these results are s u m m a r i z e d i n F i g u r e 2 
w h i c h c lear ly demonstrates that on ly i n the case of h y d r o p h o b i c h y d r a t i o n 
is a large endothermic m a x i m u m i n the ΔΗ° present. ( 2 ) W h a t is the 
inf luence of the size of the h y d r o p h o b i c solute? I n F i g u r e 2 Δ Η 0 i n W -
D M F are g iven for M e 4 N B r , E t ^ N B r , P r 4 N B r , B ^ N B r , a n d P e n 4 N B r . 
Deta i l s of the measurements have been reported earl ier ( 6 ) . 

A s this figure shows, a l l five t e t r a a l k y l a m m o n i u m salts d i sp lay s i m i l a r 
profiles a l though i n the case of M e 4 N B r the h y d r o p h o b i c character almost 
has d isappeared. A care fu l analysis of these results i n terms of E q u a t i o n 1 
a n d after correct ion of the inf luence of the B r " i o n y i e l d e d a va lue of the 
parameter η of about 10, rather independent of the n u m b e r of C atoms 
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104 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

a n d a va lue of H b W of about — 4 k j m o l " 1 per C H 2 group. S i m i l a r results 
have been f o u n d b y L i n d e n b a u m et a l . ( 5 ) i n the case of t r ia lky lphos -
phates i n W - D M F . Therefore , i n these cases, E q u a t i o n 1 provides a good 
poss ib i l i ty to describe the exper imenta l results. ( 3 ) W h a t is the influence 
of different subst i tut ion groups on the h y d r o p h o b i c character of a te tra ­
a l k y l a m m o n i u m salt? I n F i g u r e 3 p r e l i m i n a r y results of three different 
solutes are c o m p a r e d w i t h those of P r 4 N B r i n W - D M F . W h e n i n P r 4 N B r 
the four t e r m i n a l C H 3 groups are subst i tuted b y four O H groups 
( ( E t O H ) 4 N B r ) the Δ Η ° aga in is almost propor t i ona l to the solvent 
compos i t ion s h o w i n g that ( E t O H ) 4 N B r is no longer a h y d r o p h o b i c 
solute i n water nor i n mixtures of water w i t h D M F . T h i s conc lus ion is 
i n agreement w i t h results f r o m other measurements for this salt i n water 
(11). O b v i o u s l y , in t roduc t i on of the h y d r o p h i l i c O H groups converts this 
salt to a rather n o r m a l n o n h y d r o p h o b i c one. W h e n i n P r 4 N B r the a l k y l 

30 h 

ο 
Ε 

< 

-10 

τ 1— 
( Et OH)4NBr 

[6.6] Β Γ 

0.2 0.4 0.6 0.8 

Figure 3. Δ Η 0 of various salts in mixtures of water with 
DMF as a function of the mole fraction of water at 25°C 
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7. D E VISSER E T A L . Enthalpies of Solution 105 

chains are two -by - two interconnected (7 -azonia [6,6] tr idecane b r o m i d e ) , 
the h y d r o p h o b i c character is m a i n t a i n e d b u t to a m u c h smal ler extent. 
I n v i e w of the h y d r a t i o n m o d e l this seems qu i te reasonable since i n this 
case especial ly i t w i l l be h a r d l y possible for the water molecules to 
cooperate i n f o r m i n g either subcages or h y d r a t i o n complexes a r o u n d the 
a l k y l chains o w i n g to the l o w flexibility of the a l k y l groups, the absence 
of t e r m i n a l m e t h y l groups, a n d the w r o n g shape of the molecule (12). 
I n v i e w of other measurements ( 12) this result is not unexpected . F i n a l l y , 
for nonsubst i tuted b u t u n s y m m e t r i c a l t e t r a a l k y l a m m o n i u m bromides 
E q u a t i o n 1 leads to the same values for H b W a n d η per C - a t o m as for 
the symmetr i ca l t e t r a a l k y l a m m o n i u m salts. F o r example , i n the case of 
M e B u 3 N B r , after correct ion for the B r " i on , the va lue of η aga in is about 
10, w h i l e H b W per C a tom equals about —4 k j m o l " 1 also. T h i s supports 
one of the assumptions u n d e r l y i n g E q u a t i o n 1 w h i c h states that the m a g ­
n i tude of the h y d r o p h o b i c effect i n d e e d is add i t i ve w i t h the n u m b e r of 
C H 2 groups. 

Influence of Different Cosolvents. A s stated prev ious ly the nature 
of the cosolvent w h i c h is a d d e d to water to prepare the mixtures ought to 
be un impor tant as l ong as the role of this solvent is restr icted to a d i l u t i o n 
of the water , i.e. as l o n g as specific interactions l ike h y d r o g e n b o n d i n g i n 
this solvent are absent. Recent ly (6) w e reported Δ Η ° of B u 4 N B r i n 
mixtures of water a n d D M F , D M S O , a n d D M A to ver i fy this idea. H o w ­
ever, a l though the values of H b W a n d η were qui te reasonable i n these 
three cases, the fit of the exper imenta l results to E q u a t i o n 1 i n W - D M S O 
a n d W - D M A was less accurate than of those i n W - D M F a n d the values 
of the ca l cu lated parameters H b W a n d η s l ight ly v a r i e d w i t h the different 
cosolvents. Therefore w e extended this test b y measur ing the Δ ί / ° of 
B u 4 N B r i n W - E C a n d W - A C N as g iven i n T a b l e I . A l l results are s u m ­
m a r i z e d i n F i g u r e 4. T h e A / / ° - compos i t i on profi le is qu i te different i n 
W - E C a n d W - A C N as compared w i t h that i n the other solvent systems. 
T h i s is especial ly demonstrated b y the endothermic shift of the enthalpies 
i n the nonaqueous reg ion w h i c h does not occur i n mixtures w i t h the 
amides or w i t h D M S O . T h e app l i ca t i on of E q u a t i o n 1 to these results 
is meaningless, thus our descr ipt ion seems to f a i l complete ly for these 
mixtures . H o w e v e r , i n this case i t is interest ing to consider the behav ior 
of a n o n h y d r o p h o b i c solute i n the same solvent mixture . T h e on ly refer­
ence w e c o u l d find i n the l i terature is g iven b y T o m k i n s et a l . (13) w h o 
measured Δ / / ° of L i C 1 0 4 i n W - A C N . A l s o i n that case a p r o n o u n c e d 
m i n i m u m i n the A C N - r i c h reg ion occurs. M o s t p r o b a b l y this m i n i m u m 
is the result of some specific interact ion of the re lat ive ly s m a l l cat ion or 
an ion w i t h the nonaqueous solvent. Therefore the m i n i m u m i n the curves 
i n F i g u r e 4 i n the W - A C N a n d W - E C mixtures m i g h t be caused b y the 
inf luence of the an ion w h i c h is also reflected b y the dev iat ion of ΔΗ° of 
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106 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S H 

I ι ι ι » ι ι I 
0 0 2 0 4 0 6 0 8 1 

x w 

Figure 4. Δ Η ° of Bu^NBr in various aqueous mixtures as a 
function of the mole fraction of water X ^ , . All results are at 

25°C except for those in W-EC which are at 45°C. 

L i C 1 0 4 i n W - A C N f r o m a straight l ine ( " idea l b e h a v i o r ' ) . Therefore , as 
a first r o u g h approx imat i on w e subtracted this dev iat ion f r o m the Δ Η ° 
values of B u 4 N B r i n the same mixture at the corresponding m o l e fractions. 
Indeed , a s imi lar prof i le as i n W - D M F , W - D M A , a n d W - D M S O then 
occurs. O f course, i t w o u l d be m u c h better to have data of a n a l k a l i 
b r o m i d e since the influence of the re lat ive ly large C 1 0 4 " an ion is u n k n o w n . 
A s imi lar reasoning m i g h t a p p l y to the results i n W - E C a l though data 
for other salts i n this mixture are not ava i lab le at present. O f course i t is 
also possible that the m i n i m u m i n the nonaqueous e n d is caused b y 
specific interactions of the nonaqueous solvent itself w i t h water . I n this 
respect i t shou ld be noted that the p a r t i a l mo lar heat capac i ty of water 
in f in i te ly d i l u t e d i n A C N is unexpectedly h i g h (14). M o r e experiments 
i n this field are i n progress. 
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The Apparent Charge of Ionic Micelles in 

Aqueous Binary Solvents 

CLAUDE TREINER, ANNE L E B E S N E R A I S , 
and CHRISTIAN MICHELETTI 

Universite Pierre et Marie Curie, Laboratoire d'Electrochimie, 
4, Place Jussieu, 75005 Paris, France 

The degree of dissociation α of ionic micelles for sodium 
decylsulfate and trimethyldecylammonium bromide have 
been determined in water + acetone and water + n-pro-
panol mixtures from conductance measurements. Using 
these data and assuming a pseudophase model for the equi­
librium between surfactant ions in the bulk and in the micel-
lar phase the variation of the apparent charge of the micelles 
Ζ with addition of organic solvents can be calculated. After 
a small initial decrease, a constant Ζ value is observed in all 
cases studied; this result is interpreted as the consequence 
of two concomitant phenomena: an increase of α caused by 
the preferential solvation of cations by the organic com­
ponent and a decrease of the aggregation number of the 
micelles as the water structure is progressively destroyed 
by that same component. 

T o n i c micel les are charged aggregates fo rmed essentially i n water f rom 
the cooperat ive i o n - i o n interactions of electrolytes const i tuted b y a 

l inear hyd roca rbon c h a i n a t tached to a n ion i c group a n d a counter ion . 
T h e add i t ion of organic substances to i o n i c micel les may alter the size 
a n d charge a n d u l t imate ly destroy these ion ic aggregates ( 1 ) ; however , 
l i t t le is k n o w n about the behav ior of the ion ic constituents of the micel les 
i n the m i x e d solvents a n d thei r influence on the mice l l e itself, a l t hough i n 
some cases changes i n the proper ty of a mice l l a r so lut ion w i t h a d d i t i o n of 
organic molecules have been a t t r ibuted to changes of the ion-so lven t 
interactions (2,3,4,5). 
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110 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Incorporat ion of that effect was difficult because re l iab le thermo­
d y n a m i c data were not ava i lab le for the s tandard properties of the i on i c 
components of the mice l l e i n the m i x e d solvents. T h u s w e have deter­
m i n e d recently ( 6 , 7 ) the s tandard G i b b s free energy of transfer, AGt°, 
of two i on i c surfactants, namely t r i m e t h y l d e c y l a m m o n i u m b r o m i d e 
( n D T M A B r ) a n d s o d i u m decylsul fate ( S D S ) f r o m water to water + 
acetone mixtures at 298.15 K , us ing a precise vapor pressure technique . 
W e sha l l show, u s i n g the pseudophase m o d e l i n order to describe the 
e q u i l i b r i u m between ions i n the b u l k a n d i n the m i c e l l a r phase, that the 
behav ior of micel les at the c r i t i c a l mice l l e concentrations ( c m c ) c a n be, 
i n these m i x e d solvents, essentially d e d u c e d f r o m the properties of the 
i on i c constituents at infinite d i l u t i o n . F u r t h e r m o r e , w e have de termined 
the degree of dissociat ion of the micel les u s i n g a conduc t iv i ty method , 
a n d f o r m a l l y treat ing the electr ic po tent ia l created b y the mice l l e b y 
n u m e r i c a l integrat ion of the P o i s s o n - B o l t z m a n n E q u a t i o n w e have deter­
m i n e d the var ia t i on of its apparent change w i t h the a d d i t i o n of acetone. 
T h e case of water + n -propano l mixtures where m i x e d micel les are 
f o r m e d also w i l l b e discussed. 

Theory and Experimental 

T h e m i c e l l a r so lut ion is descr ibed u s i n g the pseudophase m o d e l 
(1,8,9,10), w h i c h impl ies that the c m c corresponds to a m a x i m u m 
concentrat ion of monomers i n the b u l k so lut ion above w h i c h a second 
phase ( the mice l l e phase) appears. T h i s is a very crude m o d e l w h i c h 
has been discussed extensively i n the l i terature . W e use i t mere ly be ­
cause i t is the only one tractable i n the complex m e d i a w e are d e a l i n g 
w i t h ( ions + micel les + m i x e d so lvent ) . W e m a y w r i t e : 
i n water , 

fho — μ*° + 2 R 7 7 In (cmc) , . (f±)w = /xm i c° + RT In aw; (1) 

i n solvent s, 

μ* = μ8° + 2RT In ( c m c ) , {f±)8 = / w ' 0 + RT In as, 

w h e r e μ.Β' is the c h e m i c a l po tent ia l of the monomer i n the b u l k so lut ion 
a n d i n the mice l l e , /xmic° the s tandard c h e m i c a l potent ia l of the monomer 
i n the mice l le , f± the m e a n ac t iv i ty coefficient of the free ions, a n d a the 
ac t iv i ty of the monomer i n the mice l l e phase. 

I f the solvent does not par t i c ipate to the mice l l e f ormat ion , t h e n the 
mice l l e m a y be cons idered as a pure phase, then aw = a8 = 1. I n that 
p a r t i c u l a r case w e m a y also w r i t e / A m i c ° = / A m i C ' ° . T h u s w e get: 
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8. T R E I N E R E T A L . Ionic Micelhs 111 

μβ° - μκ° = Δ(?ί° = 2RT In ( . c m c ) . " .^j» (2) 

I f w e consider that the organic solvent part ic ipates to the m i c e l l e 
f ormat ion , then : 

AG,° - 2RT In ( , C m c ) " j { ± } « + RT In χ f + <?Λ»ιο (3) 
( cmc ) , ( / ± ) e 

w h e r e X is the mole f ract ion of monomer surfactant i n the m i x e d m i c e l l e 
f o rmed b y the surfactant a n d the organic molecules ( e x c l u d i n g w a t e r ) 
a n d / the ac t iv i ty coefficient of the monomers i n the mice l le . F i n a l l y , 
the mice l la r so lut ion m a y be descr ibed u s i n g the e lec trochemica l po tent ia l 
f o rmal i sm w i t h the e lectrochemical potent ia l of the free ions assumed 
to be zero ( J ) : 

AGt° = 2RT In ( ° m c ) " + RT In Xf + N e (φ . - φ „ ) + A G , ° ' m t e 

( c m c ) s (f±)8 

(4) 

w h e r e <f>s a n d <f>w are the electr ic potentials o w i n g to the mice l l e e lectr ic 
phase i n the solvent mix ture a n d i n water ; they d e p e n d on the charge, 
size, a n d shape of the mice l l e a n d the d ie lec tr i c constant of the m e d i u m . 
A g a i n , i f the solvent does not part i c ipate to the mice l l e f ormat ion , R T 
l n X / = A G ^ m i c = 0 a n d : 

AG,° = 2RT In ( c m c ) « \ f ± ) " + N e (φ . - φ . ) (5) 

AGt° is the s tandard G i b b s free energy of transfer of the i on i c surfactant 
be tween water a n d the solvent s; A G t ° m i c is the same quant i ty def ined 
be tween a mice l l e i n water a n d i n solvent s. 

T h e a i m of most authors (3 ,11,12) i n u s i n g E q u a t i o n s 2, 3, 4, or 5 
was to pred i c t f r o m a g iven m o d e l the var ia t i on of the c m c w i t h solvent 
composi t ion . T o our knowledge , however , except i n a f e w cases (3,4), 
AGt° was i g n o r e d a n d the e lectr ic potentials φ were ca l cu la ted w i t h 
drast ic s impl i f i cat ions : e.g., the var ia t i on of the apparent charge of the 
mice l l e w i t h the a d d i t i o n of the organic component was not taken into 
account. T h e r e is no easy w a y of d e t e r m i n i n g the compos i t i on X of the 
m i x e d mice l le , so w e sha l l focus our discussion on the s implest case, i .e. 
that descr ibed b y E q u a t i o n 5. 
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112 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

T h e m a i n goal w i l l be the determinat ion of the apparent charge of 
the mice l l e i n the b i n a r y aqueous solvents. C o n t r a d i c t o r y findings are 
f o u n d i n the l i terature w h e n the apparent charge is d e d u c e d f r o m emf 
determinat ions (12,13). W e sha l l discuss these results a n d compare 
t h e m w i t h those ob ta ined u s i n g a c onduc t iv i ty approach . 

Calculation of the Electric Potential of the Micelle 

T h e electr ic potent ia l ψ created b y the mi ce l l e was ca l cu la ted us ing 
a n u m e r i c a l integrat ion of the P o i s s o n - B o l t z m a n E q u a t i o n b y the R u n g e -
K u t t a m e t h o d o n a n e lectronic computer . W e s h a l l out l ine br ie f ly the 
m e t h o d used (14,15,16). T h e P o i s s o n - B o l t z m a n E q u a t i o n can be w r i t ­
ten ( for p r o g r a m m i n g commodi t ies ) i n the f o l l o w i n g f o r m : 

£ - - ¥ [ « > ( - £ ) - > ( - £ ) ] - ! £ <·> 

w h e r e i a n d j correspond to the ions of the i on i c atmosphere, M to the 
m o n o m e r surfactant. I n the present case, Z t = — Zj = Z M . χ = χΚ 
where χ is the inverse of the D e b y e - H i i c k e l distance a n d R the distance 
f r o m the mice l l e at w h i c h the potent ia l is ca lculated . T h e r e d u c e d elec­
t r i c po tent ia l is φ = ( Z M e ^ / k T ) . 

T w o i n i t i a l condit ions are necessary i n order to solve E q u a t i o n 6. 
( 1 ) A t a large distance R f r o m the mice l l e w h e r e φ(χ0) < < 1, the 

D e b y e - H i i c k e l po tent ia l ^ ( R ) is adopted i n order to start the ca l cu la t i on 

*o = | ^ A ^ 4 = ^ w i t h x 0 = x R (7) 

a n d 

A _ Z m i c e exp ( x a) 
D 1 + χ α 

w h e r e a is the m i n i m u m distance of a p p r o a c h of a counter ion f r o m the 
mice l l e center. Z m i c = a n Z M is the apparent charge of the mice l l e where 
η is the n u m b e r of monomer per mi ce l l e a n d a the degree of dissociat ion 
of the mice l l e . 

(2 ) A t the distance x0, the field is g iven b y the f o l l o w i n g expression: 

/άφ\ = _ φ 0 (1 + s 0 ) 
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8. T R E I N E R E T A L . Ionic Micelles 113 

T h e R u n g e - K u t t a m e t h o d then can be used i n order to calculate at 
the closest distance r = α, φα a n d (άφ/άχ)χ-Χα(χα = χα). H o w e v e r , 
at short distances, the D e b y e - H i i c k e l approx imat i on is no longer v a l i d 
( φ α > 1 ) ; i t then is assumed that at the mi ce l l e surface, the field must 
be cou lombian , so that : 

(d±\ Z j Z m l c e 2 φ ( R ) 

\dx)x=Xa DkTx>a
 w 

T h e ca l cu lat ion is repeated w i t h a n e w constant A u n t i l the f o l l o w i n g 
test is veri f ied. 

/άφ\ c a l c
 = / d £ V m p o 8 e d 

\dx)x = Xa ~~ \dx) x = Xa 

T h e calculations have used R = 40 Â at l o n g distance; w e have checked 
that for longer distances the results were unchanged . W e have also 
s h o w n that different A values do not change the potent ia l φ ( R ) for large 
distances. F i n a l l y , for very s m a l l concentrations w e obta in asymptot i ca l ly 
the cou lomb potent ia l for the iso lated mice l l e . W e used the same v a l u e 
of a ( the contact d istance) throughout the calculations (a = 18.7 A ) 
(17) for a l l the solvent mixtures (see the D is cuss i on sect ion) . T h e 
n u m b e r of monomers per mice l l e i n water are 36 for n D T M A B r (18) 
a n d 50 for S D S (19). K n o w i n g the degree of dissociat ion of the i on i c 
mice l l e f r o m independent measurements, E q u a t i o n 5 is so lved for the 
apparent charge of the mice l l e Z m i c w h i c h is the on ly u n k n o w n p a r a m ­
eter. H o w e v e r , α is a func t i on of η t h r o u g h E q u a t i o n 9 so a n i terat ive 
procedure is adopted between E q u a t i o n s 6 a n d 9; the convergence is 
very r a p i d . 

Determination of the Degree of Dissociation a of the Micelles 

W e have chosen E v a n s ' conduct iv i ty m e t h o d (20); i t is s h o w n that 
a m a y be obta ined f r o m the f o l l o w i n g equat i on : 

(1000 Sx - A . ) (^^j + Λ . - 1000 S 2 = 0 (9) 

w h e r e S i a n d S 2 are the slopes of the curve represent ing the var ia t i on 
of specific c onduct iv i ty w i t h concentrat ion b e l o w a n d above the cmc ; 
α = ( n — m / n ) where η is the n u m b e r of monomers per mi ce l l e a n d m 
the n u m b e r of counterions of equivalent conductance Ac adsorbed o n the 
mice l l e . Ca l cu la t i ons are made first w i t h the k n o w n η values i n water 
a n d s l ight ly changed after the first result of the apparent charge c a l c u l a ­
tions for the micel les as descr ibed i n the proceed ing section. 
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114 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Table I. Transference Number of NaBr in a 20 Weight 
Percent Water + Acetone Mixture at 298.15 Κ 

c 
(molL-1) t(Na+) 

0.0 0.425 
0.005385 0.4210 
0.021240 0.4189 
0.10665 0.4110 

T h e c r i t i ca l mice l l e contract ion values were obta ined u s i n g the 
conductance m e t h o d f r o m the usua l equivalent conductance vs. the 
square root of concentrat ion plots. T h e apparatus has been descr ibed 
before ( 21 ) . A b o u t 20 exper imental points were obta ined for each c m c 
determinat ion . N o cmc c o u l d be detected above 20 w t % of acetone a n d 
30 w t % of n -propanol . Surfactants were s tud ied i n water - f acetone 
mixtures at 298.15 K ; i n water + n -propano l mixtures at 308.15 Κ for 
compar ison purposes w i t h other systems ( 12) (see the Discuss ion section). 

I n order to ob ta in A c , the transference n u m b e r tc of the counter ion 
has to be k n o w n . I n the water - f n -propano l mixtures transference 
numbers were not ava i lab le . T h e f o l l o w i n g procedure was used : the 
transference n u m b e r is k n o w n for N a + i n water + ethanol a n d water + 
tert-BuOH mixtures (22,23) a n d its var ia t i on w i t h a lcoho l concentrat ion 
is s m a l l ; k n o w i n g the necessary conductance data, t c o u l d b e ca l cu lated 
for N a + a n d B r " . Intermediate values were chosen i n the water + n-pro ­
p a n o l mixtures a p p l y i n g a s l ight ( a n d k n o w n ) temperature dependence 
(24). T h e c m c values are l o w enough i n these m e d i a a n d the transference 
numbers do not vary s ignif icantly w i t h concentrat ion (22,23) so that the 
va lue of t0 corresponding to infinite d i l u t i o n was adopted . I n the water + 
acetone mixtures the cmc are too h i g h ( u p to 0.13 m o l / L a n d the preceed-
i n g procedure c o u l d not b e used. A n exper imenta l va lue for t(Br~) a n d 
i ( N a + ) i n a 20 w t % of acetone mixture was determined us ing a m e t h o d 
based on radiotracer elements. ( W e are most grate fu l to M r s . Per i e for 
p e r f o r m i n g these experiments for us (25 ) . ) T a b l e I presents the results 
ob ta ined a n d the transference n u m b e r values used i n the ca l cu lat ion of 
« . F o r the other water + acetone mixtures , interpo lated t values were 
used. 

Materials 

Acetone a n d n -propano l w e r e M e r c k reagent-grade chemicals . S D S 
a n d sod ium dodecylsul fate ( S D O S ) ( M e r c k 9 9 % p u r e ) were used w i t h ­
out pur i f i cat ion , the l i m i t i n g conductance at 298.15 Κ i n water b e i n g the 
p u r i t y cr i ter ion (6); n D T M A B r ( E a s t m a n K o d a k ) was recrys ta l l i zed 
three times f r o m pure acetone a n d d r i e d 24 hr at 323 Κ before use. 
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8. T R E i N E R E T A L . Ionic Micelles 115 

Results 

Tables I I a n d I I I present the values of Λ, A c , 1000 S i , 1000 S 2 , cmc , 
a n d a for n D T M A B r a n d S D S i n water + acetone a n d water - f n -pro ­
p a n o l mixtures . I n order to calculate Z m i c f r o m E q u a t i o n s 2, 3, 4, or 5 w e 
have to use our previous determinations of &Gt° (6,7) (see T a b l e V ) . 
T h i s c o u l d be done for n D T M A B r a n d S D S i n water + acetone mixtures . 
Unfor tunate ly , the determinat ion of AGt° for b o t h surfactants i n water + 
n -propano l mixtures b y the vapor pressure technique w e r e of insufficient 
accuracy because of concentrat ion l imi t s ; the cmc values b e i n g rather 
l ow , pressure measurements p r o v e d to be diff icult i n the concentrat ion 
range r e q u i r e d (suff iciently b e l o w the c m c va lue , i.e. m < 0.01 m / k g ) 
i n these par t i cu lar experiments. 

T h e c m c values of n D T M A B r a n d S O S i n water are i n good agree­
ment w i t h l i terature values (26); our a values are s l ight ly different f r o m 
E v a n s ' for S D S (0.26 a n d 0.32 respec t ive ly ) ; however , there is a 15 Κ 
temperature difference be tween the two experiments. F u r t h e r m o r e , E v a n s 
uses the transference n u m b e r of the sod ium i o n at infinite d i l u t i o n i n his 
ca lcu lat ion . W e have also de termined a for s od ium dodecylsul fate i n 
water at 298.15 K . W e f o u n d a — 0.24. L i t e r a t u r e values range f r o m 
0.18 to 0.28 accord ing to the p h y s i c o c h e m i c a l m e t h o d used (27,28). 

Table II. Calculation of the Degree of Dissociation 
« of a Micelle at 298.15 Κ 

cmc 
Wt(%) 1000 S1 1000 S2 Λ Ac (molL-1) a 

nDTMABr in Water + Acetone Mixtures [Ac = A(Br")] 

0 72.19 30.21 108.74 66.88 0.0657 0.35 
5 64.08 32.00 97.47 59.16 0.0724 0.41 

10 56.45 37.75 86.50 51.83 0.0743 0.53 
15 51.53 42.98 79.91 47.39 0.0784 0.66 
17 47.22 37.84 75.42 44.65 0.1002 0.80 
20 — — 70.46 41.71 0.136 — 

SDS in Water + Acetone Mixtures [AC = AC (Na*)] 

0 62.10 27.72 116.16 45.07 0.0317 0.26 
5 56.60 36.32 106.75 42.27 0.0286 0.35 

10 53.26 44.05 97.45 39.36 0.0310 0.49 
15 49.35 41.71 88.17 36.41 0.0366 0.51 
20 42.77 38.88 78.48 32.73 0.0537 0.56 

SDOS in Water M c = Λ°(Να>)]' 

0 66.17 29.07 50.10 0.0079 0.24 
β The aggregation number is equal to 80 {29). 
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Table III. Calculation of the Degree of Dissociation of a Micelle 
at 308.15 K : «DTMABr in water + »-Propanol Mixtures 

( A c ° = A ° ( C B r ) ) 

cmc 
Wt(%) 1000 St 1000 s t A c 0 (mol L'1) a 

0 88.37 40.73 80.74 0.0655 0.37 
5 80.61 50.72 67.11 0.0443 0.42 

10 70.77 58.74 59.41 0.0294 0.56 
15 60.76 52.83 52.16 0.0337 0.63 
20 52.37 44.85 45.84 0.0523 0.60 

Discussion of Thermodynamic Behavior of the Ionic 
Constituents of Micelles in Mixed Solvents 

I n order to discuss the behav ior of the i on i c constituents of the 
mice l les s tud ied here, w e find i t use fu l to make use of an extra-thermo-
d y n a m i c approach . A m o n g the m a n y extra - thermodynamic approaches 
w h i c h have been proposed, the te traphenylboron assumption is the most 
w i d e l y used. H o w e v e r , w e have recent ly s h o w n that i t was possible to 
ca lculate the s tandard G i b b s free energy of transfer of a large i o n l i k e 
the t e t r a b u t y l a m m o n i u m i o n ( i n order to m i n i m i z e the charge effect w h i c h 
cannot be pred i c t ed ) u s i n g the scaled-part ic le theory ( 2 9 ) ; Desrosiers 
et a l . have m a d e the same calculat ions for the heat capac i ty a n d v o l u m e 
of transfer of that i o n f r o m water to various aqueous b i n a r y mixtures 
( 3 0 ) . U s i n g our previous determinat ion of AG° for n B u 4 N B r , M e 4 N B r , 
a n d M e O S 0 3 N a i n water - f acetone mixtures ( 3 1 , 3 2 ) , the &Gt° v a l u e for 
the b r o m i d e i o n a n d hence of a l l the i on i c constituents of the micel les 
s t u d i e d c o u l d b e obta ined . W e d i d not have AGt° for N a B r at our 
disposal , b u t o n l y for K B r i n these mixtures . H o w e v e r , D e l i g n y et a l . 
have shown that AGt° was ident i ca l for K B r a n d R b B r a n d only 0.3 k c a l / 
m o l different (at most ) u p to 80 w t % f rom C s B r ( 3 3 ) . A s s u m i n g then 
that AG(° ( N a + ) ^ AGt° ( K + ) w i l l not change our conclusions. 

T h e w o r k of cavi ty format ion can be expressed b y the f o l l o w i n g 
re lat ionship (mole - f rac t ion scale) ( 3 4 , 3 5 ) : 

G c A v - G c + R r i o g (RT/V) 

G c = R r [ - l o g ( l - * ) + ^ 

w h e r e 
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8. T R E i N E R E T A L . Ionic Micelles 117 

X - ^ r ( Z 1 d 2 + Z 2 6 2 ) 

Y ^ ^ ( Z 1 d + Z2b) a n d 

V - M12/d0 

w i t h AGt° ( C A V ) — G C ( C A V ) 8 - G C ( C A V ) „ 

T h e a, 6, a n d C are respect ively the d iameter ( i n A ) of each solvent a n d 
solute molecules ; d0 is the density o f the solvent. M i 2 = ΜιΖχ + M 2 Z 2 

where Z i is the water -mole f ract ion ; M i a n d M 2 are the m o l a r masses of 
the solvent. 

j (CH3)3N-(CH2)9-CH3+ 

Figure 1. Single-ion standard Gibbs free energy of transfer 
from water to water + acetone mixtures based on S.P.T. 
calcuhtions for the tetrabutylammonium ion (mole-fraction 

scale) 
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118 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

W e have adopted our previous estimates for the h a r d sphere d i a m ­
eters of solute a n d solvent molecules , i.e. C — 7.74 A ( n B u 4 N + ) , d = 
2.76 A ( w a t e r ) , b — 4.75 A (acetone) ( 29 ) . 

F i g u r e 1 presents the results of these calculations for a l l the electro­
lytes w e have s tud ied i n water -f- acetone mixtures . N o t e that these 
results for s ingle - ion AGt° values w o u l d be shi f ted to more negative values 
b y at most 2 k c a l / m o l (33) i f w e h a d used De l igny ' s ent ire ly different 
extrathermodynamic a p p r o a c h ( 3 3 ) . AGt° ( — ) is pos i t ive for the b r o ­
m i d e as w e l l as for the methylsul fate i on , a c lassical behav ior for inorganic 
anions i n aqueous b i n a r y mixtures , w h i c h can be interpreted as a prefer­
ent ia l so lvat ion b y water molecules or b y the B o r n e lectr ic effect. F o r 
M e 4 N + , AGt° ( + ) is close to zero, a n interest ing result s ince i t corre­
sponds to A b r a h a m ' s extrathermodynamic assumpt ion ( 3 6 ) ; AGt° ( + ) 
for the s o d i u m i o n is s l ight ly posi t ive i n the rich aqueous mixtures a n d 
tends towards negative AGt° values at h igher organic composit ions. 

F o l l o w i n g previous investigations (37,38) i t m a y be h e l p f u l at this 
stage to consider AGt° as made u p of several contr ibut ions . AGt° ( E x p ) 
— AGt° ( C A V ) + AGt° ( S P E C ) + AGt° ( E L ) + AGt° ( S T R C ) w h e r e 
subscripts C A V , S P E C , E L , a n d S T R C stand respect ively for cavi ty , 
specific, e lectric , a n d s tructura l effects. 

W e k n o w f r o m S .P .T . calculations that the cav i ty t e r m w i l l b e 
negative for the transfer f r o m water to water + acetone mixtures ( T a b l e 
I V ) . A c c o r d i n g to the B o r n E q u a t i o n AGt° ( E L ) is posit ive. Insofar as 
the separate considerat ion of a specific a n d a n d an electr ic t e r m is not 
arb i t rary w e m a y note that i n order to have AGt° ( S P E C ) < 0 (pre feren-

Table IV. Extrathermodynamic Assumption Based on Scaled Particle 
Theory Calculations for a Tetrabutylammonium Particle 

in Water + Acetone Mixtures at 298.15 Ka,b 

- A G t ° - A G t ° 
(calc, nBuh N) (exp, n B w 4 Ν Br) ' 

Wt (%) (gem,-3) (cal mol'1) (cal mol'1) 

0 0.9971 0 0 
5 0.990 135 90 

10 0.983 275 195 
20 0.969 564 430 
30 0.954 945 680 
40 0.936 1485 915 
50 0.917 2102 1110 
60 0.894 2946 1230 
80 0.843 4959 835 

100 0.790 7165 — 

° Mole-fraction scale. 
»AGt° ( B r ) = A G t ° (exp,nBu 4 NBr ) - AGt° (calc, n B u 4 N ) . 
β Ref. 32. 
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8. T R E i N E R E T A L . Ionic Micelles 119 

t i a l interact ion of a n i o n w i t h acetone) w e must have : &Gt° ( E x p ) < 
AG,° ( C A V ) ) + AGt° ( E L ) w h i c h means that AGt° ( E L ) > AGt° ( E x p ) . 
T h i s is most l i k e l y the case for M e 4 N + a n d N a + for w h i c h AGt° ( E x p ) is 
near zero. W e conc lude that for these two ions, acetone plays a major 
ro le i n the ir so lvat ion shells. T h i s result w i l l b e use fu l w h e n w e discuss 
the var ia t i on of the degree of dissociat ion a of the micel les w i t h the 
a d d i t i o n of organic solvents. 

T h e behav ior of the decylsul fate i o n is p a r t i c u l a r l y interest ing ( F i g u r e 
1 ) . &Gt° ( C A V ) is negative for the h y d r o c a r b o n c h a i n ac cord ing to the 
S .P .T . ca lculat ions , b u t the M e O S 0 3 * group b e i n g pre ferent ia l ly so l ­
v a t e d b y water (AG, ° ( - ) > 0) the opposite behav ior of the t w o 
different parts of the i on towards the solvent is responsible for the 
m i n i m u m observed; no m i n i m u m c o u l d be f o u n d for the n D T M A + i o n ; 
AGt° for M e 4 N + is near zero, as consequently AGt° shou ld b e for — M e 3 N + 

accord ing to the results of F i g u r e 1, a n d AGt° ( C A V ) b e i n g again 
negative for the n o n y l h y d r o c a r b o n cha in . 

Degree of Dissociation of Ionic Micelles in Mixed Solvents 

F i g u r e 2 compares the var ia t i on of a w i t h solvent compos i t ion for 
re lated surfactants as obta ined f rom emf (12) a n d conduct iv i ty data . 
T h e emf results (at 308.15 K ) have m a d e use of the Botré E q u a t i o n 
( 3 9 ) , the v a l i d i t y of w h i c h has been quest ioned (40,41). H o w e v e r , the 
m a i n characteristics of these results are that they qua l i ta t ive ly present 
the same mice l l e behavior , i.e. an increase of a w i t h the a d d i t i o n of 
acetone or p ropano l to water . T h e increase is m u c h faster w i t h p r o p a n o l 
u s i n g the emf m e t h o d than w i t h the conduct iv i ty m e t h o d a n d as M i y a g i s h i 
apparent ly c o u l d not determine a n a va lue above mole f rac t ion 0.02 w e 
suspect some electrode problems i n this par t i cu lar case. I n the water + 
acetone mixtures the two methods y i e l d s imi lar results. Nevertheless , w e 
bel ieve that the conduct iv i ty m e t h o d is more re l iable than the emf method . 
F i n a l l y , M a t h e w s et a l . ( 13 ) f o u n d no change of a w i t h add i t i on of organic 
molecules i n apparent contradis t inct ion w i t h the present results. H o w ­
ever, these authors used scarcely soluble addit ives (e.g., C C L t ) a n d F i g u r e 
2 shows that a changes s l owly w i t h the a d d i t i o n of acetone or p ropano l . 

T h e n -propano l forms m i x e d micel les w i t h S D S or n D T M A B r b u t not 
w i t h acetone or at least not to the same extent (42). Consequent ly , i t 
m a y be f o u n d i n t r i g u i n g that a increases w i t h about the same rate for a 
cat ionic , anionic , a n d / o r a m i x e d mice l le . T h e first effect of a d d i n g the 
organic addit ives to the aqueous micel les is to solvate the cat ionic charges, 
resu l t ing i n the prevent ion of counterions f r o m approach ing as near to the 
mice l l e surface as they do w i t h o u t the organic addit ives . I n the case of 
the cat ionic mice l l e w e have s h o w n that the M e 4 N + i o n a n d thus the 
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120 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

nDOTMACI 
nDTMABr 

r^O+nPrOH at 308.15 K. 

0.01 0.02 0.03 0.04 0.05 

nDTMABr 

.SDS 

nDOTMACI 

H 2 0 * ACETONE at 298.15 K. 

0.01 0.02 0.03 0.04 0.05 

Figure 2. Variation of the degree of dissociation of ionic mi­
celles with solvent composition. (%), Data from emf measure­
ments, (O, O), conductance + mobility measurements. D = 

decyl, DO = dodecyl. 

— M e 3 N + g roup are pre ferent ia l ly so lvated b y acetone w i t h the b r o m i d e 
i o n so lvated b y water ; i n the case of the an ion ic m i c e l l e w i t h the negative 
head-groups solvated b y water , i t is the counterions (pos i t ive ) w h i c h are 
so lvated b y acetone w i t h the same o v e r a l l result as for the cat ionic m i c e l l e : 
a larger deso lvat ion energy has to be p r o v i d e d i n order for the counterions 
to approach the mice l l e surface w i t h the organic molecules so lvat ing the 
cations preferent ia l ly . T h e faster increase of a i n the case of the cat ionic 
mice l l e over that of the anionic mice l l e i n the water + acetone system is 
i n agreement w i t h the results of F i g u r e 1: — M e 3 N + is more strongly 
so lvated than N a + . T h e same interpretat ion holds for the n D T M A B r + 
n-propano l + water system. Di f ferent extrathermodynamic assumptions 
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8. T R E i N E R E T A L . Ionic Micelles 121 

used for the evaluat ion of single ions AGt° values i n water -f- ethanol , 
water + methano l ( 4 3 ) , a n d water + terf-BuoH (44) mixtures have 
i n d i c a t e d that here also inorganic anions are pre ferent ia l ly so lvated b y 
water a n d cations b y the organic solvent. T h u s w e m a y a p p l y the same 
qual i tat ive conc lus ion for the water + n -propano l mixtures w i t h the same 
consequences as far as the so lvat ion of cat ionic groups o n the mice l l e b y 
the organic molecules is concerned. 

Variation of the Critical Micelle Concentration and Apparent 
Charge of the Micelles in the Mixed Solvents 

W e sha l l first discuss semiquant i tat ive ly the behav ior of the i on i c 
micel les . F i g u r e 3 presents the var ia t i on of the cmc for n D T M A B r a n d 

ο nDTmABr in H 2 0 + A C 

t&flfi . • — 
0 5 wt(%) 15 

Figure 3. Variation of cmc with solvent composition 
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122 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

S D S i n water + acetone a n d water + n -propano l mixtures . T h e increase 
of the c m c w i t h acetone has been observed before i n s imi lar cases as w e l l 
as the m i n i m u m for water + p r o p a n o l mixtures (1,42,43). I t is instruc ­
t ive to discuss the results b y first u s i n g R e l a t i o n 3: 

AGt
G — 2RT In ( c m C V ± w + RT In Xf + AGt° (mic) 

cmc , f±a 

T h e m e a n act iv i ty coefficient of the free ions is ca l cu lated u s i n g the 
D e b y e - H i i c k e l E q u a t i o n w i t h a distance parameter α = 4.0 A . I f w e 
ignore &Gt° ( m i c ) , the above re lat ion can be rearranged as: 

2RT Δ In (cmc) = AGt° + RT In Xf 

w i t h 

Δ In cmc = In cmc g f± — In c m c w f±w (15) 

It is c lear f r o m this re la t ion that AGt° is negative (see T a b l e V ) i f 
there is no mixed -mice l l e f o rmat ion ( R T In X / = 0 ) , Δ In c m c must be 
pos i t ive : the c m c must increase w i t h the add i t i on of organic solvent (as 
i n the case of acetone) . I f there is some par t i c ipat ion of the organic 
solvent i n the mice l l e f o rmat ion (as the case of n - p r o p a n o l ) , t h e n R T 
In X / w o u l d be negative , the var ia t i on of Δ In c m c depends o n the 
re lat ive magn i tude of AGt° a n d R T In X / . F r o m F i g u r e 3 i t c a n be 
c o n c l u d e d that |RT In X / | > \AGt°\ b e l o w Z 2 = 0.03, b u t that |RT In Xf\ 
< \&Gt°\ above this p r o p a n o l composi t ion . T h e case of S D S i n water -f-

Table V . Aggregation Numbers of Ionic Micelles in Water 
+ Acetone Mixtures at 298.15 K e 

104 ψ 
Surfactant Wt (%) (cal mol'1) (uescgs) η 

n D T M A B r 0 0 1.6218 36 
5 180 1.4311 30 

10 380 1.2411 19 
15 590 1.1572 14 
17 680 1.2048 13 

S D S 0 0 1.8781 50 
5 166 1.4917 27 

10 383 1.4036 18 
15 680 1.2970 16 
20 965 1.1978 15 

β Mole fraction scale (6,7). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

08



8. T R E I N E R E T A L . Ionic Micelles 123 

acetone mixtures shows a sl ight mixed -mice l l e f ormat ion r a p i d l y c o m ­
pensated b y the s tandard free energy term. W e sha l l n o w focus our 
attention on the water + acetone system. 

»DTMABr and SDS in Water + Acetone Mixtures at 298.15 K . 
F r o m the above arguments i t c a n be assumed that the terms R T In X / a n d 
hence AGt° ( m i c ) are smal l i n these b i n a r y mixtures , so w e can consider 
that Xf = 1. W e have ca l cu la ted the apparent charge of the mice l l e as 
descr ibed above w i t h the same contact distance a for b o t h surfactants, the 
s m a l l difference w h i c h shou ld exist be ing , i n our op in ion , s h a d o w e d b y 
the intr ins i c a m b i g u i t y of that distance a n d the crudeness of the m o d e l 
used (45). 

T a b l e V a n d F igures 4, 5, a n d 6 present our essential results. F i g u r e s 
4 a n d 5 show the re lat ive magni tude of each term of E q u a t i o n 5, the 
electr ic potent ia l t erm b e i n g represented b y the difference between the 
t w o curves for AGt° a n d 2 R T In ( cmc^f ± ^ ) / ( c m c s f ± 8 ) . F i g u r e 6 shows 
that the n u m b e r of monomers per mice l l e η decreases r a p i d l y w i t h the 
a d d i t i o n of acetone for b o t h surfactants as c o u l d be expected a l though 
the rate of the change of η c o u l d not be pred i c ted ; more important is the 
very s m a l l change of the apparent charge of the mice l l e Z ( m l C ) w i t h the 

-500 

nDTMABr* ACETONE* H 2 Ο 

-150fr 

17Wt% 
0 0.05 

Figure 4. Variation of the terms of Equation 5: O , A G t ° ; ·, 2 R T In 
(cmcwi±w/cmc8{±8); the difference between the two curves represent 

Ne(t -
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124 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

SDS*ACETONE+H 2 0 

a d d i t i o n of organic solvent; the decrease of η b e i n g almost ent irely c o m ­
pensated for b y the increase of a ( F i g u r e 7 ) . W e m a y conc lude that 
a c co rd ing to our m o d e l the apparent charge of the mi ce l l e is apparent ly 
not affected b y the a d d i t i o n of acetone because of t w o compensat ing 
phenomenon : ( a ) the n u m b e r of monomers per mice l l e decreases as the 
water structure is destroyed b y the a d d i t i o n of acetone b u t at the same 
t ime , ( b ) the p o w e r of acetone to solvate the cations increases the degree 
of dissociat ion w h i c h compensates the effect of the organic solvent o n the 
structure of the m e d i u m as far as the apparent charge is concerned. T h e 
difference be tween the results for n D T M A B r a n d S D S essentially m a y be 
interpreted b y the different var ia t i on of a w i t h solvent compos i t ion o w i n g 
to the different effect of acetone on the t r i m e t h y a m m o n i u m group a n d 
o n the s o d i u m i on . I t is interest ing to compare our results w i t h those 
obta ined f r o m a more direct m e t ho d ; one of the f e w studies concerned 
w i t h the direct determinat ion of aggregation numbers i n m i x e d solvents 
is the one of Becher (46); this author has de termined η for a non ion i c 
surfactant, P O E 2 3 (po lyoxyethylene l a u r y l ether) i n water + ethanol 
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8. T R E I N E R E T A L . Ionic Micelles 125 

mixtures us ing a l ight -scatter ing technique associated w i t h m i c e l l a r we ight 
determinations. T h e c m c of P O E 2 3 increases w i t h the add i t i on of e thanol 
i n a manner comparable w i t h that of n D T M A B r i n water - f acetone 
mixtures i n d i c a t i n g a s imi lar behavior of b o t h surfactants i n these b i n a r y 
mixtures . F i g u r e 6 shows that this is i n d e e d the case even i f the shapes 
of the curves for the i on i c a n d non ion i c surfactants are somewhat different; 
furthermore , the m i n i m u m aggregation numbers detected b y each m e t h o d 
a n d for each surfactant are prac t i ca l ly equa l , as they shou ld be, a result 
w h i c h can be l ooked u p o n as a conf irmation of the v a l i d i t y of our ca l cu la ­
tions. These observations ind icate that our P o i s s o n - B o l t z m a n calculations 
correspond to a rea l p h y s i c a l phenomenon a n d gives some strong support 
to the s imple m o d e l used. 

h o 

0 5 WtC/o) 15 

Figure 6. Variation of the apparent charge of the ionic micelles 
with solvent composition: Zmic = an 
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126 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

0 5 Wt% 15 20 

Figure 7. Variations of aggregation numbers for ionic and non-ionic 
micelles in aqueous binary mixtures at 298.15 Κ 

N o t e : l o w e r aggregation numbers than those of F i g u r e 6 have been 
p u b l i s h e d as d e d u c e d f r o m c h e m i c a l shift spectroscopic determinations 
(47) for analogue systems; discrepancies of that k i n d are c o m m o n w h e n 
t h e r m o d y n a m i c a n d spectroscopic results are c o m p a r e d d irect ly . 

Ionic Micelles in Water + «-Propanol Mixtures. O u r calculat ions 
c o u l d not be extended to systems w i t h mixed -mice l l e f o rmat ion because 
too m a n y u n k n o w n parameters w o u l d have to be i n t r o d u c e d : s tandard 
free energy of transfer of the organic molecu le f r o m the b u l k to the 
mice l l a r phase, compos i t ion of the m i x e d mice l l e , a n d act iv i ty coefficient 
of the monomer i n the m i x e d mice l le . H o w e v e r , i f w e assume that η is 
the same for n D T M A B r i n water + acetone a n d water + n -propano l , 
t h e n a can be ca lcu lated for this latter system (note that a is not very 
sensitive to changes of n ) (20) a n d thus a n apparent charge c a n b e 
ca l cu la ted also; i t has the same characterist ic as the other systems s tud ied ; 
Ζ (mic) decreases s l ight ly w i t h a d d i t i o n of propano l . H o w e v e r , this result 
hides the essential features of the mixed -mice l l e f o rmat ion : for example , 
T H F w h i c h forms m i x e d micel les as w e l l as n -propano l does w i t h i on i c 
surfactants breaks u p these aggregates for very l o w organic concentrations 
(47). T h i s c l ear ly indicates that factors l ike structure a n d shape of the 
organic molecu le p l a y a major role i n this phenomenon. 
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8. T R E I N E R E T A L . Ionic Micelles 127 

Glossary of Symbols 

Q>w> Q>8 = a c t iv i ty of monomer surfactant i n a mice l l e phase 
a = c r i t i c a l distance of a p p r o a c h 
b = d iameter ( i n A ) of a cosolvent molecu le 

c m c = c r i t i c a l mice l l e concentrat ion 
C = d iameter ( i n A ) of a solute par t i c l e 
d = d iameter ( i n Â ) of a solvent molecu le 

d° = density of the solvent 
D = d ie lec tr i c constant of the solvent 
e = e lectronic charge 
/ = ac t iv i ty coefficient of monomer surfactant i n the mice l l e 

phase 
f± = m e a n ac t iv i ty coefficient of a n i on i c surfactant i n so lut ion 

AGt° = s tandard G i b b s free energy of transfer of a solute be tween 
t w o solvents 

AGt 

° (mic) - s tandard G i b b s free energy of transfer of a monomer surfac­
tant between t w o mice l l e phases 

k = B o l t z m a n constant 
M — m o l a r mass of the solvent 
m = n u m b e r of counterions adsorbed on a mice l l e 
η = n u m b e r of monomer surfactants per mice l l e 
R = gas constant (or d istance) 
51 = slope of conductance vs. square root of concentrat ion b e l o w 

the c m c 
52 = slope of conductance vs. square root of concentrat ion above 

the c m c 
Τ = absolute temperature 
X — mole f ract ion of monomer i n the mice l l e phase 

x, x0 = d istance 
Z i , Z 2 = mo le f ract ion of b i n a r y solvent 

Z m i c = apparent charge of a n ion ic mice l l e 
<x = degree of d issoc iat ion of a n i on i c mice l l e 

1/K = R a d i u s of the D e b y e - H i i c k e l atmosphere 
ψ «== e lectr ic po tent ia l 
φ = r e d u c e d electric po tent ia l 

μη = the c h e m i c a l po tent ia l of the i on i c surfactant i n water 
μ8 = the c h e m i c a l po tent ia l of the i on i c surfactant i n solvents 

μ° = the s tandard c h e m i c a l po tent ia l of the i on i c surfactant 
Λ = equiva lent conductance of i on i c surf actant 

A c = equiva lent conductance of counter ion 
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9 

The Solvation of Chromium(III) Ion in 

Mixed Solvents 

EDWARD L. KING 

Department of Chemistry, University of Colorado, Boulder, CO 80309 

The solvation of chromium(III) ion in certain mixed-solvent 
systems has been studied in experiments which are relatively 
free of ambiguity. The exchange of solvent molecules 
between the mixed solvent and the solvated species 
Cr(OH2)w (So)n3+ (So = organic solvent component) is a very 
slow process. The species with solvation shells having dif­
ferent compositions can be separated from one another by 
column ion-exchange procedures. Analytical procedures 
based upon such separations allow evaluation of equilibrium 
constants for reactions involving replacement of coordinated 
water by the polar organic component. These equilibrium 
constants are reviewed in this chapter with attention focused 
upon the dependence of the equilibrium constants upon sol­
vent composition, and the relationship of relative values of 
the equilibrium constants to the statistically expected values. 

nrhe ve ry exothermic solvat ion of gaseous meta l ions i n l i q u i d water ( 1 ) 
Α reflects bo th the format ion of strong coordinate bonds be tween the 

M « + (g) + w H 2 0 ( 1 ) - M ( O H 2 ) ^ + (aq) 

- A U ~ 200-500 k J m o l " 1 n = \ 

- A U ~ 1000-2000 k J m o l " 1 η = 2 

- A U ~ 3000-5000 k J m o l " 1 η = 3 

me ta l i o n and the oxygen of the water molecu le a n d hyd rogen b o n d i n g 
interactions of the b u l k solvent w i t h the pe r iphe ra l hyd rogen atoms of 
the hydra t ed cat ion. I n the hydra t ion of gaseous c h r o m i u m ( I I I ) i o n , 
approx imate ly 7 0 % of the energy change is caused b y the format ion of 
the coordinate bonds ( 1 , 2 ) : 

0-8412-0428-4/79/33-177-129$05.00/l 
© 1979 American Chemical Society 
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130 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

C r 3 + ( g ) + 6 H 2 0 ( g ) = C r ( O H 2 ) e
3 + ( g ) 

A U ~ - 3 . 1 X H P J m o l " 1 

C r ( O H 2 ) 6
3 + ( g ) - C r ( O H 2 ) e

3 + ( a q ) 

A U — - 1 . 1 X 10 e J m o l " 1 

T h e k ine t i c inertness of c h r o m i u m ( I I I ) has a l l o w e d establ ishment of the 
p r i m a r y h y d r a t i o n of this i o n b y six water molecules ( 3 ) , as represented 
i n these equations. T h e exchange of oxygen-18 be tween hexaaquachro-
m i u m ( I I I ) i o n a n d water i n aqueous so lut ion (3,4) a n d the subst i tut ion 
of coord inated water i n h e x a a q u a c h r o m i u m ( I I I ) i o n b y another l i g a n d 
(e.g., m e t h y l a l coho l (5 ) ) are very s l ow : 

C r ( O H 2 ) e
3 + ( a q ) + H 2 0 *± C r ( O H 2 ) 5 ( O H 2 ) 3 + + H 2 0 

t1/2~2X 10 5 sec (£ = 2 7 ° C ) 

C r ( O H 2 ) e
3 + ( a q ) + C H 3 O H *± C r ( O H 2 ) 5 ( O H C H 3 ) 3 + + H 2 0 

t1/2 = 9.0 Χ 10 4 sec (t — 30.0°C, Ζ — 0.306) 

T h i s inertness makes i t possible to establ ish u n a m b i g u o u s l y the compo­
s i t ion of the first coord inat ion she l l of c h r o m i u m ( I I I ) i n m i x e d solvents 
of water w i t h a po lar organic component . I n the studies to be r e v i e w e d 
here, c o l u m n ion-exchange procedures were used to accompl i sh this goal . 
A f t e r a l l o w i n g c h r o m i u m ( I I I ) to come to e q u i l i b r i u m i n an ac id i f ied 
m i x e d solvent at a n e levated temperature ( 6 0 ° - 7 0 ° C ) where the rate is 
convenient ly h i g h , the c h r o m i u m ( I I I ) i o n w i t h its first coord inat ion she l l 
intact is taken into a cation-exchange res in phase at a l o w temperature 
( 0 - 3 ° C ) . A l l of the free organic solvent component then is rinsed a w a y 
w i t h d i lu te aqueous ac id . M o r e concentrated aqueous a c i d then is used 
to elute the mixture of di f ferently so lvated c h r o m i u m ( I I I ) species. D i r e c t 
analysis of the eluent al lows determinat ion of the b i n d i n g of organic 
solvent b y c h r o m i u m ( I I I ) i on . A l t h o u g h acquis i t i on of data is straight 
f o r w a r d , the interpretat ion of data has several aspects w h i c h must be 
explored i n some deta i l . 

Values of η for HtO-CHsOHy H20-C2H5OH, and HtO-(CHs)*SO 
Systems as a Function of Solvent Composition 

U s e of short ion-exchange co lumns ( 3 - 6 c m ) a n d concentrated a c i d 
(about 3 M H 2 S 0 4 ) as the e l u t i n g agent a l lows recovery of essentially a l l of 
the c h r o m i u m ( I I I ) i n a s ingle e lut ion peak. F r o m analysis of this eluent 
the average amount of organic solvent coord inated b y c h r o m i u m ( I I I ) is 
obta ined . T h e results of such studies for the systems H 2 0 - C H 3 O H (6), 
H 2 0 - C 2 H 5 O H ( 7 ) , a n d H 2 0 - ( C H 3 ) 2 S O (8) are g iven i n F i g u r e 1, w h i c h 
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9. K I N G Solvation of Chromium(III) Ion 131 

moles of coordinated organic solvent 
moles of chromium ( I I I ) 

presents values of η as a f u n c t i o n of the rat io of amounts of the t w o 
solvent components, Z / ( l — Z ) , where Ζ is the mo le f ract ion of organic 
component . ( I n the ca l cu lat ion of Z , on ly the solvent components are 
taken into account. ) W e see i n this figure that c h r o m i u m ( I I I ) d i s c r i m ­
inates i n its coord inat ion she l l i n favor of d i m e t h y l sul foxide over water 
b u t i n favor of water over m e t h y l a l coho l or e t h y l a lcohol . ( A l t h o u g h 
d irect analysis f or coord inated water was not made , n o t h i n g e ither i n 
these data or i n other data (e.g., spectra of di f ferently so lvated chro ­
m i u m ( I I I ) ions ) suggests that the coord inat ion n u m b e r of c h r o m i u m ( I I I ) 
changes as coord inated water molecules are rep laced b y other po lar 
molecules . ) O n e s imple measure of this d i s c r iminat i on is the quot ient κ, 

_ n/(fi — η) 
κ ~ Z/(l - Ζ ) 

values of w h i c h are presented as a funct ion of η i n F i g u r e 2. I f the re lat ive 
so lvat ion i n the first coord inat ion shel l of these species is str ict ly r a n d o m 
a n d i f the appropr iate solvent compos i t ion parameter for use i n the 
corre lat ion of η data is Z, the va lue of this quot ient w o u l d be un i ty . I f 
the re lat ive so lvat ion is not r a n d o m a n d i f the appropr iate solvent c o m ­
pos i t ion parameter is Z , the va lue of κ w o u l d be constant. T h i s is approx i ­
mate ly the case for the H 2 0 - ( C H 3 ) 2 S O system (κ ~ 4.9; l o g κ = 0.69). 

Figure 1. The average solvation of chro-
mium(III) ion in mixed solvents. (-O) 
H20-(CHs)2SO, t = 60°C; (O) H20-CHs-
OH, t = 60°C; (O-) H20-C2H5OH, t = 
50°C. The solid line is for random solva­

tion, n/(6 -n) = Z/(l - Z). 
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132 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

I 

0 

Figure 2. The discrimination fac­
tor κ as a function of n. 

κ=η/(6-Έ) 
2/(1 - Ζ) 

(a) H20-{CHs)2SO; range of κ = 
3.5-5.9. (b) H20-CHsOH; range 
of κ = 0.16-0.04. (c) H20-C2H5- Ο Ι Ζ 3 4 5 6 

OH; range of κ — 0.05-0.02. ^ 

T h e values of κ conf irm the already stated qual i tat ive conclusions w h i c h 
w e r e d r a w n f rom F i g u r e 1. H o w e v e r , there are more in fo rmat ive data 
a n d more deta i led methods of data treatment, w h i c h n o w w i l l be 
presented. 

Concentrations of Individual Differently Solvated Species 

U s e of longer ion-exchange co lumns (100-150 c m ) a n d lower , v a r i ­
able concentrations of e lu t ing agent has a l l o w e d separation f r o m one 
another of species 

C r ( O H 2 ) 6 - n ( S o ) n
3 + 

i n the systems for w h i c h η data have a lready been presented (So = 
organic solvent c omponent ) , So = C H 3 O H ( 9 ) , C 2 H 5 O H ( 7 , 9 ) , a n d 
( C H 3 ) 2 S O ( 8 ) . T y p i c a l e lut ion profiles for each of these systems pre ­
sented i n F i g u r e 3 show the separat ion of geometr ica l isomers for the 
composit ions w i t h η = 2, 3, a n d 4 i n the system C r ( O H 2 ) 6 - n ( O S ( C H 3 ) 2 ) n 3 + 

b u t no isomer separation for the w a t e r - a l c o h o l systems. Interpretat ion 
of data for the H 2 0 - ( C H 3 ) 2 S O system w i l l invo lve ident i f i cat ion of the 
isomers. O n e possible interpretat ion for the w a t e r - a l c o h o l systems i n ­
volves ind i rec t assessment of the re lat ive stabil it ies of the isomers for η = 
2, 3, a n d 4, despite the fa i lure to separate them. 

F o r the system C r ( O H 2 ) w G , 8 + ( G = 1,3-propanediol) ( 1 0 ) , the 
e lu t i on prof i le g iven i n F i g u r e 4 shows separat ion of t w o different species 
w i t h g = 1, a compos i t i on for w h i c h there are not geometr ica l isomers; 
b u t w i t h this organic l i g a n d , there is the poss ib i l i ty of species w i t h two 
different composit ions 

C r ( O H 2 ) 5 G 3 + (w i th G as a monodentate l igand) 

C r ( O H 2 ) 4 G 3 + (w i th G as a chelated l i g a n d ) . 
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9. K I N G Solvation of Chromium(HI) Ion 133 

Figure 3a. Elution profile. H20-CH3OH system, 60°C; Ζ = 0.996. Fluting 
agent: 1.8M H^SO^ in order of elution, species contain 3, 4, 5, and 6 molecules 

of CH3OH. 

O.OI 

O.0OI + 

Journal of the American Chemical Society 

Figure 3b. Elution profile. H20-C2H5OH system, 75°C; Ζ = 0.949. Fluting 
agent: 3 .0M H2S04; in order of elution, species contain 0,1, 2, and 3 molecules 

ofC2H5OH(7). 
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134 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

0.05 

0.01 

0.01 

Û005 

QLOOZ. 

Journal of the American Chemical Society 

Figure 3c. H20-(CH.)2SO system, 60°C; Ζ = 0.095. Fluting agent 
1.5-6.0M H2SOi (gradient elution); in order of elution, species contain 
0, 1, 2(cis), 2(trans), 3(fac), 3(mer), 4(cis), 5, 4(trans) molecules of 

(CHs),SO(8). 
-r 

Journal of the American Chemical Society 

Figure 4. Elution profile for species of chromium(III) equilibrated in 
1,3 propanediol(G)-H?0 system. (Z = 0.821, t = 60°C). Eluting 
agent: 3 .0M H^SO^; in order of elution, Peaks A—I, species are: A> 
Cr(OH2)3+; B, Cr(OH2)5G3+; C, Cr(OH2)4G3+; D, Cr(OH2)>G2

3+ (mix­
ture of isomers); E> Cr(OH2)sG2

3+; F , Cr(OH2)sG2
3+; G , Cr(OH2)2G2

3+ 

(mixture of isomers); H> Cr(OH2)Gs
3+; I, CrGs

3+ (10). 
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9. K I N G Solvation of Chromium(III) Ion 135 

Interpretat ion of data for this system C r i O H ^ G / * involves ind i re c t 
eva luat ion of w, the n u m b e r of coord inated water molecules . 

W i t h the concentrations of i n d i v i d u a l species determined , i t is 
possible to evaluate the e q u i l i b r i u m constants for the format ion of each 
dif ferently so lvated species, a n d this can be done as a func t i on of the 
solvent composit ion. 

Identification of Isomers in the Cr(OH2)6.u(OS(CHs)2)n* System 

G u i d a n c e i n the assignment of structure to isomeric species 
C r ( O H 2 ) e - n ( O S ( C H 3 ) 2 ) n 3 + for η — 2, 3, a n d 4 is obta ined b y c o m p a r i n g 
the re lat ive stabil it ies of the two species h a v i n g each of these composit ions 
w i t h the statist ical ly expected values. T h e observed re lat ive concentra­
tions of the more easily e luted A isomers a n d the less easily e luted Β 
isomers leads to the conc lus ion that the more easily e luted isomer is the 
cis isomer for η = 2 a n d 4 a n d the fac isomer for η = 3. T h i s is s u m ­
m a r i z e d i n T a b l e I . A l t h o u g h i t cannot be asserted that the isomeric 
species i n this system shou ld have exactly the stat ist ical ly expected 
relat ive concentrations, the assignment proposed o n this basis is more 
ra t i ona l than the opposite one i n w h i c h the observed re lat ive concentra­
t i o n w o u l d differ f r o m the statist ical ly expected ones b y factors of 22, 2.8, 
a n d 10, respect ively , for η = 2, 3, a n d 4. These isomer identif ications for 
η = 2 a n d 3 are supported b y observations of the amounts of the isomeric 
species w i t h η = 3 f o rme d f rom each of the species w i t h η = 2 (11), 

C r ( O H 2 ) 4 (OS ( C H 3 ) 2 ) 2
3 + + ( C H 3 ) 2 S O > 

C r ( O H 2 ) 3 ( O S ( C H 3 ) 2 ) 3
3 + + H 2 0 

T h e results of these experiments w i t h short react ion periods, used to 
m i n i m i z e the occurrence of other reactions, are presented i n T a b l e I I . 

T h i s order of e lut i on for i someric species w i t h η = 2, 3, a n d 4 is 
observed also for c h r o m i u m ( I I I ) species coord inated b y water a n d 
p y r i d i n e N - o x i d e (12). 

Table I. Relative Stabilities of Isomeric Species 
C r i O H ^ e - n i O S i C H a h ) ^ 

([A]/[B]) (statistically expected) 

η ([A]/[B])exp* A = cis or fac Β = cis or fac 

2 5.5 4 0.25 
3 0.54 0.67 1.5 
4 2.5 4 0.25 

"Experimental values extrapolated to Ζ = 0; A and Β are more easily and less 
easily eluted isomers, respectively. 
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136 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Table II. Yields of Isomeric C r ( O H 2 ) 3 ( O S ( C H 3 ) 2 ) 3 3 + from 
Each Isomeric C r ( O H 2 ) 4 ( O S ( C H 3 ) 2 ) 2

3 + 

Ratio* [A-Cr(OS(CHa)9)9**]/ 
[B-Cr(OS(CHs)2)t] 

Expected on Statistical Basis0 

Reactant" Observed* / II III IV 

A - C r ( O S ( C H 3 ) 2 ) 2
3 * 0.73 1 1 0 00 

B - C r ( O S ( C H 3 ) 2 ) 2
3 * 0.026 0 00 1 1 

e A isomer is more easily eluted isomer; Β isomer is less easily eluted isomer. 
Coordinated H 2 0 not shown. 

6 Each isomeric C r ( O H 2 ) 4 ( O S ( C H 3 ) 2 ) 2
3 + was placed in a mixed solvent with Ζ = 

0.705, [H + ] = 0.04 mol L " 1 for a 13.5-hr reaction period at 27°C. During this period, 
~ 10% conversion to C r ( O H 2 ) 3 ( O S ( C H 3 ) 2 ) 3

3 + occurred. 
C (I) A - C r ( O S ( C H 3 ) 2 ) 2

3 + = cis; A - C r ( O S ( C H 3 ) 2 ) 3
3 + = cis. (II) A - C M O S -

( C H 3 ) 2 ) 2
3 + = cis; A - C r ( O S ( C H 3 ) 2 ) 3

3 + = trans. (Ill) A - C r ( O S ( C H 3 ) 2 ) 2
3 + = trans; 

A - C r ( O S ( C H 3 ) 2 ) 3
3 + = cis. (IV) A - C r ( O S ( C H 3 ) 2 ) 2

3 + = trans; A - C r ( O S ( C H 3 ) 2 ) 3
3 + 

= trans. 

Equilibrium Constants for the Formation of Individual Species 

F o r the purposes of c o m p a r i n g data for the several systems of 
monodentate l igands , the reactions i n w h i c h one water molecu le is 
rep laced , 

- C r ( O H 2 ) 6
3 + + S o ^ ± - C r ( O H 2 ) 6 . n ( S o ) n

3 + + H 2 0 
η η 

w i l l be considered. Va lues of e q u i l i b r i u m constants 

K _ / [ C r ( O H 2 ) 6 . n ( S o ) n
3 1 Î " » OH20 

\ [ C r ( O H 2 ) 6
3 + ] / X a S o 

are re lated to the complete t h e r m o d y n a m i c e q u i l i b r i u m constants, K n ° , 
for these reactions b y the equat ion , 

TC κ ° , - / r ( C r ( O H 2 ) e 3 + ) 
Κ Λ - Κ Λ x ^ 7 ( C r ( O H 2 ) 6 n ( S o ) n 3 + ) | 

i n w h i c h y ( C r ( O H 2 ) 6
3 + ) a n d 7 ( C r ( O H 2 ) 6 - n ( S o ) n 3 + ) are m e d i u m ac t iv i ty 

coefficients for the i n d i c a t e d species. ( T h a t is, the rat io of ac t iv i ty 
coefficients is def ined as u n i t y i n some par t i cu lar solvent. ) T h u s , a 
dependence of the va lue of K n u p o n solvent compos i t ion is caused b y 
nonconstancy of the ratio of ac t iv i ty coefficients of the dif ferently so lvated 
m e t a l ions as the solvent composi t ion changes. F o r the H 2 0 - C H 3 O H 
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9. K I N G Solvation of Chromium(III) Ion 137 

- 0 . 4 + 

- 0 . 6 + 

-0.6 + 

Figure 5. Tfte dependences of K„ 
(n = I , 2, and 3) for water-ethanol 
system at 75°C upon solvent com-- 1 . 0 

0 . 5 0 
Ζ position 

system, the values of K i , K 2 , a n d K 3 do not d e p e n d apprec iab ly u p o n 
solvent composi t ion . F o r the H 2 0 - C 2 H 5 O H system a n d the H 2 0 - ( C H 3 ) 2 -
S O systems, the dependences are s h o w n i n F i g u r e s 5 a n d 6. T h e values 
of K n for the respect ive systems increase w i t h increas ing ethanol content 
of the solvent a n d decrease w i t h increas ing d i m e t h y l sul foxide content 
of the solvent. 

F o r the w a t e r - p r o p a n e d i o l system, the n u m b e r of water molecules 
coord inated to c h r o m i u m ( I I I ) i n each species cannot be taken as six 
minus the n u m b e r of coord inated molecules of g lyco l . T h i s quant i ty has 
been de termined b y cons ider ing the dependence of the species concen­
trat ion u p o n the solvent composi t ion . T h e extents of f o rmat ion of the 
t w o species c onta in ing one g l y c o l molecu le c a n be expected to show 

2.4 

Figure 6. The dependences 
of Kn (η = I , 2(cis) and 
2(trans)) for H20-(CH3)2SO 
system at 60°C upon solvent 

composition Ο 0 4 1.0 
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138 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

C r ( O H 2 ) e
3 + + G ^ C r ( O H 2 ) 5 G 3 + + H 2 0 

C r ( O H 2 ) e
3 + + G ^± C r ( O H 2 ) 4 G 3 + + 2 H 2 0 

different dependences u p o n solvent composi t ion because différent n u m ­
bers of water molecules appear i n the t w o ba lanced c h e m i c a l equations. 
T a b l e I I I summarizes the calculations w h i c h l ead to the conc lus ion that 
the more easily e luted m o n o g l y c o l species is C r ( O H 2 ) 5 G 3 + . U n d e r these 
ind i re c t l y d e r i v e d assignments of compos i t ion (i .e., the values of w i n 
Ο Γ ( Ο Η 2 ) ^ 3 + ) , the values of K15 a n d K14 decrease s l i ght ly w i t h increas­
i n g Z, the ratios K ( Z = 0.821 ) / K ( Ζ — 0.356) b e i n g 0.70 a n d 0.65, 
respect ively . U n d e r the opposite assignment of composi t ion , the values 
of Q i 5 increase w i t h increas ing Z, the ratios Q ( Z — 0.821 ) /Q(Ζ — 0.356) 
b e i n g 2.4 a n d the values of Q i 4 decrease, the rat io Q ( Z — 0.821 ) /Q(Ζ — 
0.356) b e i n g 0.20. T h e smal ler m e d i u m dependence of the values of Q i 5 

a n d Q 1 4 under the first of the assignments of compos i t i on leads to the 
conc lus ion that this assignment is correct. T h i s assignment also gives an 
e lut ion-order dependence u p o n the n u m b e r of coordinated water m o l e ­
cules w h i c h is the same as that w h i c h is proposed for species i n this 
system w i t h g = 2 a n d 3 ( to be d iscussed) . ( I n this corre lat ion , the 
solvent compos i t ion parameters b e i n g used are mole fractions, not a c t i v i ­
ties. T h e ethylene g l y c o l - w a t e r system is close to i d e a l , a n d i t is assumed 
that this is true also for the 1,3-propanediol system.) 

Correlation of Stabilities of Differently Solvated Species 

T h e values of K n for the systems i n v o l v i n g monodentate l igands , 
s u m m a r i z e d i n T a b l e I V , can b e c ompared w i t h one another after a n 
appropr iate correct ion for the statist ical factor i n each react ion. T h i s 
correct ion is m a d e b y cons ider ing the symmetry numbers of reactant 
( σ κ ) a n d produc t species ( σ Ρ ) (14). T h e values of K n , corrected i n this 
manner , are g iven i n parentheses i n T a b l e I V . 

F o r the w a t e r - d i m e t h y l sulfoxide system, values of the eight corrected 
e q u i l i b r i u m constants are a l l encompassed b y a factor of 1.6. T h e one-
parameter equat ion 

generates values of K n ( η — 1, 270; η — 2 ( c i s ) , 156; η = 2 ( t r a n s ) , 78; 
η — 3 ( f a c ) , 90; η = 3 ( m e r ) , 103; η — 4 ( c i s ) , 84; η — 4 ( t r a n s ) , 59; a n d 
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9. K I N G Solvation of Chromium(III) Ion 139 

Table III. Solvent Composition Dependence of Q 1 5 and Q 1 4 Under 
Alternate Assignments of Values of w for C r ( O H 2 ) w C x 3 + e 

A = Cr(0HJsG3* A = 0τ(0Η2)β3* 

ζ Qu Qn Q,s Qn 

0.356 0.50 0.22 0.34 0.32 
0.584 0.42 0.23 0.55 0.17 
0.821 0.35 0.143 0.80 0.063 

' Q i _ [ C r ( O H 5 G 3 + ] ( l - Z ) . Q ^ [ C r ( O H 2 ) 4 G 3 i ( l - Z ) 
[ C r ( O H 2 ) 6

3 + ] Z ' r r w m i ^ J K i z [ C r ( O H 2 ) 6
3 + ] Z 

η = 5, 64 ) , w h i c h agree w i t h the exper imenta l values w i t h a n average 
difference of about 1 4 % . Since there is a m i l d t r e n d i n the stat ist ical ly 
corrected values of K n , w i t h K n ( c o r r ) increas ing as η increases, i t c a n b e 
ant i c ipated that correlations of the values of K n w i t h two-parameter 
equations w o u l d give a n i m p r o v e d fit. At tempts at such correlations 
p r o b a b l y are not w a r r a n t e d b y the q u a l i t y of the exper imenta l values . 
Uncerta int ies b o t h i n the ana ly t i ca l data a n d i n the extrapolations to a 
c o m m o n solvent compos i t ion m a k e i t l i k e l y that each va lue of K n is 
uncer ta in to ± 1 0 % . 

T h e statist ical corrections of K n values for the w a t e r - a l c o h o l systems 
C r ( O H 2 ) 6 . w ( O H R ) n

3 + have been made under the assumpt ion that i someric 
species for η = 2, 3, a n d 4 are present i n the statist ical ly expected re lat ive 

Table IV. Values of K n for Solvent Exchange Reactions 

K , -{ [ C r ( O H 2 ) 8 . n ( S o ) „ 3 - ] 
[ C r ( O H 2 ) 6

3 1 
1/n & H 2 Q 

a So 

K 2 ( c i s ) 
K 2 (trans) 
K 8 ( f a c ) 
K 3 ( m e r ) 
K i ( c i s ) 
K 4 (trans) 
K 5 

κ β 

HtO-(CHs)tSO" 

220 (37) * 
140 (40) * 

61 (35) * 
92 (46)* 

110 (48 ) " 
92 ( 4 9 ) 4 

73 ( 5 5 ) 4 

75 (52)* 

HiO-CHsOHi 

0.65 (0 .11) 4 

0.37 (0 .10) e 

0.21 (0 .079) ' 

0.13 (0 .065) ' 

0.080 (0.056) * 
0.044 (0.044) * 

HuO-CuHsOH' 

0.42 (0.070)" 

0.23 (0 .060) ' 

0.13 (0 .047) ' 

0.073 (0.037) ' 

• From Ref. 8; values have been extrapolated to Ζ = 0 (i.e., pure water) (t = 
60°C). 

*From Ref. 9 ( i = 60°C). 
" From Ref. 9 ( i = 75°C) ; values for K i and K 2 have been extrapolated to Ζ = 

1 (i.e., pure C 2 H s O H ) ; values of K 3 and K 4 are experimental values at Ζ = 0.96 — 
1.0. 

4 Statistically corrected value. 
"Statistically corrected under the assumption that isomers are present in the 

statistically expected relative amounts. 
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140 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

amounts (14). These corrected values show the t r e n d w i t h increas ing n , 
w h i c h is the opposite of the m i l d t rend d i sp layed b y the c h r o m i u m ( I I I ) 
species of the w a t e r - d i m e t h y l sulfoxide system. T w o approaches have 
been proposed for corre lat ing the trends of K „ ( c o r r ) values i n the w a t e r -
a l coho l systems ( 9 ) . I n one approach , the var ia t ion is a t t r ibuted to a 
destabi l izat ion of species w i t h a l coho l molecules i n cis positions re lat ive 
to one another. I n the other approach , i t is postulated that a l inear 
dependence of l o g K n ( c o r r ) u p o n η reflects a dependence of the chro ­
m i u m ( I I I ) - l i g a n d b o n d strength u p o n the composi t ion of the coord inat ion 
shel l . T h e re lat ive merits of these two approaches are not d i s t inguished 
b y the qua l i ty of the associated quant i tat ive correlations. T h e steric 
destabi l izat ion of species i n w h i c h a l coho l molecules are cis to one 
another is an attract ive postulate, b u t it cannot be p r o v e d b y the data for 
this system. N o such effect is observed for species i n the w a t e r - d i m e t h y l 
sul foxide system. 

F o r c h r o m i u m ( I I I ) species i n the water -1 ,3 p r o p a n e d i o l system, the 
statist ical correlat ion of stabil it ies of species w i t h different composit ions 
involves two adjustable parameters, q i , an intr ins ic e q u i l i b r i u m constant 
for replacement of one water molecule b y a g ly co l molecule (to g ive a 
monodentate species) a n d q 2 , an intr ins i c e q u i l i b r i u m constant for re ­
p lacement of two water molecules b y a g ly co l mo lecu le (to g ive a 
chelate species ). T a b l e V presents a corre lat ion of values of Qgw for g = 

[ C r ( O H 2 ) u G g
3 + ] (1 — Z)6~w 

H 9 W ~ [ C r ( O H 2 ) 6
3 + ] Z g 

1 a n d 2 w i t h the two parameters q i a n d q 2 . T h a t five exper imental 
quantit ies can be reproduced b y two parameters w i t h an average differ­
ence of about 1 8 % supports the assignments of compos i t i on (i.e., the 
va lue of w i n C ^ O H s ^ G g 3 * ) u p o n w h i c h the ca l cu la t i on was based. A s 
i n the systems i n v o l v i n g monodentate l igands , the stat ist ical factors are 
dominant i n establ ishing relat ive values of the e q u i l i b r i u m constants. 

Table V . Comparison of Experimental Values of (g = 1 and 
2) at Ζ = 0.5 with Values Calculated Using 

qi = 0.032 and q 2 = 0.011 

Ql5 Qllt Qzh Q23 Q22 

E x p . V a l u e a 0.45 0.22 0.054 0.059 0.020 
C a l c d . V a l u e ' 0.38 0.26 0.061 0.068 0.015 

a Interpolated to Ζ = 0.50. 
» Q i 5 = 12 q i ; Q i 4 = 24 q 2 ; Q 2 4 = 48 q i 2 + 12 q i

2 = 60 q i 2 ; Q 2 3 = 96 
q i q 2 + 96 q i q 2 = 192 q i q 2 ; Q 2 2 = 96 q 2

2 + 24 q 2
2 = 120 q 2

2 . (The values of 
Q24, Q23, and Q 2 2 are composite values for the two geometrical isomers with each 
composition.) 
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9. K I N G Solvation of Chromium(HI) Ion 141 

(Studies of the interact ion of c h r o m i u m ( I I I ) w i t h 1,2 diols , ethylene 
g l y c o l ( 1 5 ) , a n d 1,2 p r o p a n e d i o l (JO) revea l k ine t i c anomalies w h i c h 
remove these systems f r om the scope of the present paper. ) 

Discussion 

T h e inertness of c h r o m i u m ( I I I ) i on has a l l o w e d a complete charac ­
ter izat ion of the solvation of this i o n i n several mixed-so lvent systems. 
F o r this inert t rans i t ion meta l i o n of charge 3 + , concern w i t h the first 
she l l coord inat ion of solvent molecules can be v i e w e d as a subd iv i s i on 
of coord inat ion chemistry , a po int of v i e w less easily app l i cab le to lab i l e 
systems of meta l ions w i t h l ower charge. T h u s the approach used here 
is different f rom that used b y A . K . C o v i n g t o n a n d co-workers (16) i n 
their N M R studies of lab i le systems (e.g., s o d i u m a n d ces ium chlorides 
i n w a t e r - m e t h a n o l solutions (17)). 

W i t h concentrations of i n d i v i d u a l species de termined d i rec t ly for 
each so lut ion s tudied , an e q u i l i b r i u m constant can be ca l cu lated as a 
func t i on of solvent composit ion. T h e dependence of the e q u i l i b r i u m 
constants, as def ined here w i t h the solvent ac t iv i ty coefficients i n c l u d e d , 
reveals selective outer-sphere interact ion . ( E q u i l i b r i u m constants w h i c h 
invo lve the rat io (1 — Z ) / Z instead of a H 2 o / a s o m a y show less v a r i a t i o n 
than those b e i n g considered here a n d this approximate constancy m a y be 
fortuitous. ) C o v i n g t o n (16) has presented such single m e d i u m - i n d e ­
pendent parameters w i t h w h i c h he corre lated data for the systems b e i n g 
considered here. These values, w h i c h can be compared w i t h values of κ 

presented i n F i g u r e 2, are Κ — 0.03 ( C 2 H 5 O H ) , Κ — 0.07 ( C H 3 O H ) , 
a n d Κ = 5.0 ( ( C H 3 ) 2 S O ) . ( T h i s va lue for the d i m e t h y l sulfoxide sys­
tem was g iven (16) as 0.2, b u t this is the rec iproca l of the appropr iate 
value . ) I t is c lear f r o m F i g u r e 2 that these values are approx imate ly 
average values of #c for the range of solvent composi t ion studied , b u t i t 
also is c lear that independence of solvent compos i t ion is not achieved i n 
the a l coho l systems b y us ing e q u i l i b r i u m constants i n v o l v i n g (1 — Z / Z ) . 

T o rat ional ize the observed trends i n the values of κ, as defined here, 
i t is necessary to propose that the dominant outer-sphere interactions are : 
the C r ( O H 2 ) 6 . n ( O S ( C H 3 ) 2 ) n

3 + system, a h y d r o g e n b o n d i n g interact ion 
be tween solvent d i m e t h y l sul foxide a n d coordinated water 

Η 

C r - O H O S ( C H 3 ) 2 , 

w h i c h causes increased stabi l i ty of h e x a a q u a c h r o m i u m ( I I I ) i o n re lat ive 
to species w i t h fewer coord inated water molecules as the d i m e t h y l 
sul foxide content of the solvent increases; a n d the C r ( O H 2 ) 6 . n ( O C H 2 
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142 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

H 5 ) n
3 + system, a h y d r o g e n b o n d i n g interact ion be tween solvent water a n d 

coord inated w a t e r 

H H 
I I 

C r - O H O H 

w h i c h causes increased s tab i l i ty of h e x a a q u a c h r o m i u m ( I I I ) i o n re lat ive 
to species w i t h fewer coord inated water molecules as the water content 
of the solvent increases. ( F o r the w a t e r - g l y c o l system, the decrease i n 
Qgw w i t h increas ing Ζ is not s i m p l y ra t i ona l i zed i n terms of interact ions 
such as those just used for the other systems. T h e t r e n d is the same as 
observed for the w a t e r - d i m e t h y l sul foxide system, b u t i t seems u n l i k e l y 
that a dominant outer-sphere interact ion w o u l d invo lve coord inated 
w a t e r a n d solvent g lyco l . ) 

C o r r e l a t i o n of data such as those considered here u n d e r the assump­
t i o n of so lut ion idea l i ty (i .e. , b y r e p l a c i n g a H 2 o / a s o w i t h ( 1 — Z) /Z i n 
the equations for Κ Λ ) gives very different dependences of the e q u i l i b r i u m 
constants u p o n solvent compos i t ion than those presented i n F i g u r e s 5 
a n d 6. F o r the H 2 0 - C 2 H 5 O H system, the va lue of Ki i n v o l v i n g ( 1 — 
Z ) / Z decreases w i t h increas ing Z, Ki(Z = 0 .95 ) /Ki(Z = 0.24) ~ 0.5, 
a n d for the H 2 0 - ( C H 3 ) 2 S O system the va lue of Κχ i n v o l v i n g ( 1 - Z ) / Z 
increases w i t h increas ing Ζ , Ki(Z = 0 .14) /Κχ (Ζ = 0.04) ~ 1.5. T h e 
values of Ki ca l cu la ted i n this w a y are not independent of m e d i u m , a n d 
there seems to be l i t t le reason to prefer this corre lat ion of data . C e r t a i n l y 
the poss ib i l i ty of r a t i o n a l i z i n g the dependences of K n values u p o n Ζ i n 
terms of pre ferent ia l outer-sphere interactions is absent i f the equat ion for 
( K n / K n ° ) involves two quotients of ac t iv i ty coefficients: 

K » y (So) j y ( C r ( O H 2 ) 6
3 + ) \ *'» 

Κ Λ ° γ ( Η 2 0 ) X j 7 ( C r ( O H 2 ) 6 . n S o n
3 + ) | 

A l t h o u g h a statist ical factor contributes to the e q u i l i b r i u m constants 
for m a n y types of reactions, i t is i n reactions of the t y p e b e i n g cons idered 
here—the replacement of one neut ra l l i g a n d b y another neutra l l i g a n d — 
that this factor m a y be the p r i n c i p a l factor i n caus ing var ia t i on of K n w i t h 
n . O t h e r series of reactions of this type are the f o rmat ion of a m m o n i a 
complexes i n aqueous so lut ion. T h e var ia t i on of K n w i t h η observed for 
the c h r o m i u m ( I I I ) / w a t e r - m e t h y l a l coho l system is s l i ght ly smal ler t h a n 
observed for a m m o n i a complexes of c o b a l t ( I I ) (18) a n d n i c k e l ( I I ) (19): 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

09



9. K I N G Solvation of Chromium(IH) Ion 143 

Δ log K n ( c o r r ) / A n 

C r m / H 2 0 - C H 3 O H - 0 . 0 8 2 

C o n / H 2 0 - N H 3 - 0 . 0 9 3 

N i n / H 2 0 - N H 3 - 0 . 1 1 2 

T h o r o u g h studies o n other systems w i l l be needed before the root of 
these trends c a n be d iscerned. 

Glossary of Symbols 

So = organic solvent component 
w = n u m b e r of water molecules coord inated to m e t a l 
η = n u m b e r of organic solvent molecules coord inated 

to m e t a l 
( g ) = g a s 

η = change on i o n 
(1) = l i q u i d 

M = a meta l 
A\J = change i n in terna l energy 

= ha l f - t ime for react ion 
t = temperature ° C 

Ζ = mole f ract ion of organic solvent component i n 
m i x e d solvent 

η = average n u m b e r of molecules of organic solvent 
component coord inated to m e t a l 

κ = a d i s c r i m i n a t i o n factor ; def ined as Κ = [ η / ( 6 — 
n ) ] / [ Z / ( l - Z ) ] 

G = 1,3-propanedial 
&Η 2 Ο = act iv i ty of water 

&so — ac t iv i ty of organic solvent component 
y ( C r ( O H 2 ) 6

3 + ) = m e d i u m act iv i ty coefficient for C r ( O H 2 ) 6
3 + 

γ ( C r ( O H 2 ) β . n S o n
3 + ) — m e d i u m ac t iv i ty coefficient for C r ( O H 2 ) β . n S o 3 + 

K n = e q u i l i b r i u m constant: 

C n = {" [ C r ( O H 2 ) e
3 - ] / ~ a s o 

Kn° == e q u i l i b r i u m constant: 
v ο = ([Cr(OH2)..,(So)„3+] y ( C r ( O H 2 ) 6 . „ ( S o ) n

3 ' ) ) ν a ^ 
X [ C r ( O H 2 ) e

3 * ] 7 ( C r ( O H , ) e 3 t ) / X
 & 8 ο 

[ C r ( O H 2 ) e
3 * ] = concentrat ion of C r ( O H 2 ) e

3 t 

σρ = symmetry n u m b e r of p r o d u c t 
<TR = symmetry n u m b e r of reactant 

_ , f [ C r ( O H 2 ) e - n ( S o ) r o
3 ' ] ) 1 / - ango 
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Qwg — e q u i l b r i u m constant: 
_ [ C r ( O H 2 ) w G g

3 1 ( l - Z ) 6 - w 
V g w [ C r ( O H 2 ) 6

3 + ] Z * 
q i = an in t r ins ic e q u i l i b r i u m constant for one mole­

cu le of g l y c o l r ep lac ing one molecu le of wa te r 
q^ an in t r ins ic e q u i l i b r i u m constant for one mole­

cu le of g l y c o l r ep l ac ing t w o molecules of wa te r 
γ ( S 0 ) = ac t iv i ty coefficient of organic solvent component 

γ ( Η 2 0 ) = ac t iv i ty coefficient of water 
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Preferential Solvation of Some Electrolytes by 

Water and Diethyl Ether in Sulfolane 

E. MILANOVA, S. Y. LAM, B. DESJARDINS, and R. L. BENOIT 

Département de Chimie, Université de Montréal, Montréal, Québec, Canada 

Comparisons are made of the effects of water and diethyl 
ether—two oxygen bases (R2O)—on the thermodynamic 
properties of acids in sulfolane. The acids (HA) include 
HSbCl6, HCF3SO3, HCH3SO3, HCF3CO2, and HCH3CO2. 
Vapor pressure and conductivity measurements as well as 
calorimetric determinations were made on 0.1-0.5M acid 
solutions as a function of R2O concentration up to 1M 
(XR2O < 0.1). Equilibrium constants and enthalpy changes 
are obtained for the formation of both ionic species H+ 

(R2O)n and uncharged species R2O · · HA. The proton 
solvates H+ (R2O)n have n = 1, 2, 3, 4 . . . for H2O but only 
n = 1 for Et2O. The species H2O · · HA are more stable 
than Et2O · · HA. The formation of H3O+ is more exo­
thermic than that of Et2OH+. These results are discussed in 
relation to gas phase data. The very large solvation enthalpy 
of gaseous H3O+ is noteworthy. 

Π Ρ he study of the behavior of electrolytes i n m i x e d solvents is current ly 
arousing considerable interest because of its p rac t i ca l a n d fundamenta l 

impl ica t ions (1 ) . A m o n g the s impler b ina ry solvent mixtures, those where 
water is one component are obvious ly of p r imary importance. W e have 
recent ly compared the effects of smal l quanti t ies of water on the thermo­
d y n a m i c properties of selected 1:1 electrolytes i n sulfolane, acetonitr i le, 
p ropy lene carbonate, a n d d imethylsu l foxide ( D M S O ) . These four c o m ­
pounds be long to the d ipo la r aprot ic ( D P A ) class of solvents that has 
rece ived a great dea l of at tention (2 ) because of their w i d e use as m e d i a 
for phys i ca l separations a n d chemica l a n d e lec t rochemical reactions. W e 
interpre ted our vapor pressure, ca lor imetry , a n d N M R results i n terms of 
preferent ia l solvat ion of sma l l cations a n d anions b y water a n d ob ta ined 

0-8412-0428-4/79/33-177-145$05.50/l 
© 1979 American Chemical Society 
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146 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

free energy a n d enthalpy values for the b i n d i n g of the first water mo le ­
cule . T h e bas ic i ty of the solvent was f o u n d to be the m a i n factor i n 
de termin ing the energetics of the b o n d format ion ( 3 ) . 

T h e w o r k w i t h w h i c h w e are chiefly concerned here is a n extension 
of these investigations of the effects of water on the t h e r m o d y n a m i c 
properties of electrolytes i n D P A solvents. T h e electrolytes considered 
are acids ( H A ) , whose importance as a class of electrolytes derives f r o m 
their invo lvement i n m a n y chemica l reactions, e ither as reactants or as 
catalysts. I n conjunct ion w i t h these investigations, a para l l e l s tudy was 
carr i ed out; water was rep laced b y d i e t h y l ether ( E t 2 0 ) to determine 
the extent to w h i c h the hydrogen b o n d donor propert ies of the water 
molecu le affect the interactions between H A , H 2 0 , a n d the solvent. F o r 
comparison, some a d d i t i o n a l experiments were i n c l u d e d that used as 
electrolytes a l i t h i u m salt a n d a ch lor ide salt a n d H 2 S instead of H 2 0 . 

Sul fo lane ( tetramethylenesul fone) was selected as the most suitable 
D P A solvent for this w o r k because ( 1 ) its very l o w vo la t i l i ty makes our 
tota l vapor pressure measurements easier to interpret , a n d (2 ) its w e a k 
bas ic i ty favors b o t h a h igher act iv i ty of water a n d stronger interactions 
between water a n d acids. T h e acids s tud ied range f r o m strong to w e a k 
( i n sulfolane) a n d i n c l u d e hexachloroant imonic a c i d ( H S b C l e ) , tr i f luoro-
methanesul fonic a c i d (HCF3SO3), methanesul fonic a c i d ( H C H 3 S 0 3 ) , 
tri f luoroacetic a c i d ( H C F 3 C 0 2 ) , a n d acetic a c i d ( H C H 3 C 0 2 ) . ( F o r 
s impl i c i ty , the f o r m u l a H S b C l 6 is used to represent the hypothet i ca l a c i d 
f o rmed w h e n ant imony pentachlor ide is a d d e d to H C l solutions. T h e 
hexachloroantimonate anion , S b C l 6 ~ , is w e l l character ized , a n d salts such 
as E t 2 O H + S b C l 6 " are k n o w n (4 ) . ) T h e l i t h i u m a n d ch lor ide salts were 
l i t h i u m perchlorate ( L i C 1 0 4 ) a n d te t rae thy lammonium chlor ide ( N E t 4 C l ) . 
T h e experiments i n c l u d e measurements of total vapor pressure a n d elec­
t r i c a l c onduct iv i ty as w e l l as ca lor imetr ic determinations on 0 . 1 - 0 . 5 M 
electrolyte solutions as a funct ion of a d d e d water a n d ether concentra­
tions u p to 1 M ( X ~ 0 .1) . 

Experimental Section 

M a t e r i a l s . Sulfolane ( 9 9 % p u r i t y ) ( A l d r i c h ) was treated w i t h 
c a l c i u m h y d r i d e a n d d i s t i l l e d under r e d u c e d pressure. T h e freshly pre ­
p a r e d solvent h a d a specific conduct iv i ty of 1.0 Χ ΙΟ" 7 Ω" 1 c m " 1 a n d a 
res idua l water content of 8 X 1 0 " 3 M as determined b y K a r l F i s h e r t i t r a ­
t ion . C o n d u c t i v i t y water a n d reagent grade ether ( B a k e r ) were used . 
G l a c i a l acetic a c i d ( C I L ) , tr i f luoroacetic a c i d ( B a k e r ) , a n d tr i f luoro-
methanesul fonic a c i d ( 3 M ) were used as rece ived. A l l these acids h a d 
a m i n i m u m p u r i t y of 9 9 . 5 % as determined b y t i t rat ion w i t h s tandard 
s o d i u m hydrox ide . Methanesu l f on i c a c i d ( E a s t m a n ) , d i s t i l l ed under 
r e d u c e d pressure, h a d a p u r i t y of 9 9 . 6 % . Sul fo lane solutions of these 
acids were prepared b y weight , a n d the a c i d concentrations were checked 
b y ac id imetry after the samples were flooded w i t h water . T h e solutions 
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10. M i L A N O V A E T A L . Preferential Solvation 147 

of H S b C l 6 i n sulfolane were prepared b y a d d i n g k n o w n amounts of 
S b C l 5 ( 99 .9% ) ( B a k e r ) to H C l solutions of k n o w n concentrat ion, w h i c h , 
i n t u r n , were obta ined b y b u b b l i n g anhydrous H C l ( L i q u i d A i r ) i n the 
solvent. T e t r a e t h y l a m m o n i u m tri f luoromethanesulfonate was prepared b y 
n e u t r a l i z i n g a 2 5 % aqueous so lut ion of N E t 4 O H ( B D H ) w i t h H C F 3 S O 3 . 

N E t 4 C F 3 S 0 3 is very soluble i n water ( ~ 22 m o l / L of water at 2 5 ° C ) , 
i n d ichloromethane ( ~ 6.7 m o l / L of solvent at 2 5 ° C ) , a n d i n ch loro form 
( ~ 8.1 m o l / L of solvent at 2 5 ° C ) but almost inso luble i n C C 1 4 . C o n s e ­
quent ly , N E t 4 C F 3 S 0 3 was extracted f r o m its aqueous so lut ion b y t w o 
portions of d ichloromethane. T h e resul t ing extracts were c o m b i n e d a n d 
filtered, a n d the solvent was evaporated. T h e salt was redisso lved i n 
ch loro form a n d reprec ip i ta ted b y add i t i on of C C 1 4 . T h e d r i e d salt h a d a 
m e l t i n g po int of 164.5°C. T e t r a e t h y l a m m o n i u m chlor ide ( E a s t m a n ) a n d 
l i t h i u m perchlorate ( S m i t h ) w e r e d r i e d i n v a c u u m desiccators over 
phosphorus pentoxide. 

Calorimetry. Heats of so lut ion were measured at 3 0 ° C u s i n g a n 
L K B m o d e l 8725-2 i soper ibo l calorimeter . Deta i l s of the procedure have 
been g iven ( 5 ) . T h e heats of m i x i n g k n o w n weights of water or ether 
w i t h 25 m l of 0 . 1 - 0 . 5 M a c i d solutions i n sulfolane were determined . Some 
of the a c i d solutions conta ined some k n o w n concentrations of water as 
w e l l . I n add i t i on , the heats of so lut ion of N E t 4 C F 3 S 0 3 i n sulfolane a n d 
i n a 0 .211M H S b C l 6 so lut ion i n sulfolane were de termined at three con ­
centrations between 0.02 a n d 0 .04M. 

Vapor Pressure Measurements. T o t a l vapor pressures were m e a ­
sured at 30 ° C w i t h a Texas Instruments quar tz sp i ra l gauge. T h e p r o ­
cedure used was s imi lar to that g iven prev ious ly ( 5 ) . T h e concentrat ion 
of water after the exper iment was checked b y K a r l F i s c h e r t i t rat ion , w h i l e 
that of ether was f o u n d by w e i g h i n g the c e l l before a n d after the vapor 
pressure determinat ion ; the loss of we ight was that of ether. Since Sb( V ) 
interferes w i t h the K a r l F i s cher t i t rat ion of water , the water concentrat ion 
i n the H S b C l 0 solutions was also obta ined f r o m the loss of we ight of 
the ce l l . 

Conductivity. T h e conduc t iv i ty b r i d g e has been descr ibed ( 6 ) . 
A 0 .01000M standard K C l so lut ion was used to cal ibrate the B e c k m a n 
conduct iv i ty ce l l . A va lue of 0.488 c m " 1 was obta ined for the ce l l constant. 
Measurements were m a d e at 30°C on 50 m l of 0 . 1 - 0 . 5 M a c i d solutions 
i n sulfolane w i t h successive addit ions of water or ether f rom a 2 - m l 
Tef lon glass syringe. A l l a c i d solutions were processed i n a glove box. 

Results 

T h e results of some anc i l lary experiments to establ ish the nature of 
the solutions of H C F 3 S 0 3 a n d H S b C l 6 i n sulfolane are cons idered first. 
A va lue of the i on izat i on constant Kd° of H C F 3 S 0 3 was est imated f r o m 
the specific conductance L of 0 . 1 - 0 . 2 M H C F 3 S 0 3 solutions, extrapolated 
to zero water concentrat ion, a n d f r o m values of the equiva lent conduct ­
ance Λ of H + C F 3 S 0 3 " , obta ined , i n t u r n , f r o m the equiva lent conduct ­
ances of H + S b C l 6 ~ , a strong electrolyte i n sulfolane ( 7 ) , N E t 4

+ S b C l 6 " , 
a n d N E t 4

+ C F 3 S 0 3 " . B y extrapolat ion i t is not possible to ob ta in the 
equivalent conductance c^r j^|(g^p{ )^gp||^te d i l u t i o n because of the 

Society Library 
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strong influence of res idua l water on the dissociat ion of the ac id . U s i n g 
the r e d u c e d D e b y e - H i i c k e l E q u a t i o n for the act iv i ty coefficients of H + 

a n d CF3SO3", the act iv i ty constant K d ° for HCF3SO3 was ca l cu lated to be 
2.5 X 10" 4 , so that HCF3SO3 is near ly as strong an a c i d as HCIO4 i n 
sulfo lane (7,8). Tr i f luoromethanesul fonic a c i d is therefore pre ferred to 
perch lor i c a c i d as a reagent for ac id -base t itrations i n sulfolane ( 9 ) . 
T h e r isk of explosions w h e n h a n d l i n g so lut ion of HCIO4 i n sulfolane (7 ) 
must again be force ful ly emphas ized . T h e results of our vapor pressure 
measurements o n H C F 3 S 0 3 solutions i n sulfolane ind i cate that the pres­
sure, Ρ ( m m H g ) , is propor t i ona l to the a c i d concentrat ion, C H A (M), u p 
to 0 . 2 M . T h e pressures, P , are : 0.16 m m ( 0 . 1 0 M ) ; 0.33 m m ( 0 . 2 0 M ) ; 
0.57 m m ( 0 . 5 0 M ) ; a n d 0.71 m m ( L O O M ) . T h e vapor pressure of pure 
HCF3SO3 at 3 0 ° C was measured as 3.01 m m , so the observed negat ive 
dev ia t i on f r o m H e n r y ' s L a w at increas ing concentrations of H C F 3 S 0 3 is 
expected. ( T h i s value is i n good agreement on a l og Ρ vs. 1 / Γ p lo t w i t h 
vapor pressures obta ined at three h igher temperatures (11) a n d therefore 
inval idates the va lue of 1.0 m m H g at 4 2 ° C (11).) F o r m a t i o n of a d imer 
( H C F 3 S 0 3 ) 2 at h i g h concentrations might exp la in the deviat ion . D i m e r i -
za t i on of HCF3SO3 i n acetonitr i le solutions has been postulated b y 
Kol tho f f (JO) o n the basis of c onduc t iv i ty measurements a l though the 
influence of res idua l water was apparent ly not taken into account i n the 
interpretat ion . T h e heats of so lut ion of so l id N E t 4 C F 3 S 0 3 were + 2 . 1 7 
k c a l m o l " 1 i n p u r e sulfolane a n d +0 .36 k c a l m o l " 1 i n a 0 .212M H S b C l 6 

solut ion i n sulfolane; thus, the heat of i on izat i on AHd° of HCF3SO3 is 
+ 1 . 8 1 k c a l m o l " 1 . 

C o n c e r n i n g the nature of H S b C l 6 solutions i n sulfolane, w e have 
reported (7 ) that a d d i n g S b C l 5 (1) to w e a k l y c onduc t ing solutions of 
H C l leads to an i n i t i a l l inear increase of L w i t h C * S b c i 5 a n d a n extrapolated 
va lue of Λ° near 11.5 Ω" 1 c m 2 e q u i v ' 1 . W e took this to indicate that the 
e q u i l i b r i u m constant Kt for Reac t i on 1 is large 

H C l + S b C l 5 — H S b C l 6 (1) 

a n d that H S b C l 6 is a strong electrolyte. A d d i t i o n a l conduct iv i ty deter­
minat ions , i n w h i c h w e v a r i e d the i n i t i a l H C l concentrat ion a n d a d d e d 
h igher concentrations of S b C l 5 , l e d us to estimate for Kt a va lue of the 
order of 10 2 5 . F u r t h e r vapor pressure measurements of solutions conta in ­
i n g H C l a n d S b C l 5 , w i t h mo lar ratios C S b c i 5 / C H c i s l ight ly above 1, showed 
a res idua l H C l vapor pressure that was used to estimate the H C l concen­
trat ion f r om H e n r y ' s L a w constant for H C l ( 5 ) . T h e va lue of Kt thus 
ca lculated , 10 2 · 7 ± 0 · 2 , was reta ined . 

W e n o w examine the vapor pressure, conduct iv i ty , a n d ca lor imetry 
results obta ined w h e n water a n d ether were a d d e d to the a c i d solutions. 
T h e vapor pressure data i n F i g u r e 1 give the measured to ta l pressure, 
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10. M i L A N O V A E T A L . Preferential Solvation 149 

Figure 1. Vapor pressure of sulfolane solutions of electrolytes 
as a function of water concentration at 30°C: (O), sulfolane; (A), 
0.50M HCH3C02; (-Ο-), 0 .50M HCFSC02; (Δ), 0.53M 
HCH3S03; (®), 0.Ι0Μ HCF3SOs; (Β), 0.20M HCF3S03; (Π), 

0.50M HCF3S03; (A), 0.50M NEtfil; (O), 0.51M LiClOk 

Ρ ( m m H g ) , as a func t i on of the mo lar concentrat ion of a d d e d water , 
C H 2 o , for 0 . 1 - 0 . 5 M a c i d solutions i n sulfolane. T h e corresponding data 
obta ined for a d d e d ether are p l o t t e d i n F i g u r e 2. T h e v a p o r pressure of 
pure sulfolane at 30 ° C is 0.02 m m H g , so the to ta l pressure, P , can be 
taken as the s u m of the vapor pressures of u n b o u n d water or ether 
(PH2O or pEt 2 o) a n d a c i d ( P H A ) . A l t h o u g h the contr ibut ion of p H A to Ρ 
is s m a l l because the acids H A s tud ied have a l o w vo la t i l i ty , i t is the 
decrease of p H A that explains the i n i t i a l s m a l l variat ions of Ρ w i t h water 
concentrat ion w h e n 0 < C H 2 O /C H A < 1 for HCF3SO3 a n d H S b C l 6 . T h e 
curves g i v i n g the vapor pressures p H 2 o a n d p E t 2 o of sulfolane solutions of 
water a n d ether, i n the absence of electrolytes, are also p l o t ted i n F igures 
1 a n d 2, respect ively , against the mo lar concentrations of water a n d ether. 
It is c lear that the presence of H A lowers the vapor pressure of water a n d 
ether, the decrease be ing larger for water . F u r t h e r , for a g iven water 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

10



150 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

0 0 0 .25 0 .50 0.75 

^Et 2 0 (M) 

Figure 2 Vapor pressure of sulfokne solutions of acids as a function of 
/n> Κ ^ f v ; , sulfolane; (+), 0.50M HCFsS02; 
(O), 0.48MHCHSSOS; (Q)9 0.51M HCFsS03; (A), 0.44M HCF,SoJ(n) 

0.25M HCFsSOs; (·), 0.20U HsUi^C^C^ = 1.00)? 

concentrat ion the values of p H 2 o decrease i n the order H C H 3 C 0 2 < 
H C F 3 C 0 2 < H C H 3 S 0 3 < H C F 3 S 0 3 . 

T h e specific conductances, L (Ω" 1 c m ' 1 ) , of 0 . 1 - 0 . 5 M solutions of the 
acids H A are p l o t t ed i n F i g u r e s 3 a n d 4 against the concentrations of 
a d d e d water a n d ether, respect ively . L increases r a p i d l y at first w i t h R 2 0 
concentrat ion a n d more so w i t h water t h a n w i t h ether. H o w e v e r , the 
a d d i t i o n of E t 2 0 to H S b C l 6 causes L to decrease l inear ly , w i t h the mo lar 
rat io of C E t 2 o / C H A , u n t i l a ratio of 1.00 is reached; then L remains con ­
stant. F o r a g i v e n R 2 0 concentrat ion, the values of L for the different 
acids ( H A ) increase i n the order H C H 3 C 0 2 < H C F 3 C 0 2 < H C H 3 S 0 3 

< H C F 3 S 0 3 . 
T h e ca lor imetr i c data ob ta ined for the a d d i t i o n of water a n d ether 

to a c i d solutions are s u m m a r i z e d i n Tables I a n d I I , respect ively . T h e 
a d d i t i o n of water or ether ( R 2 0 ) to the solutions of a c i d ( H A ) i n sul fo­
lane gives rise to a series of reactions. W e have cons idered the f o l l o w i n g 
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10. M i L A N O V A E T A L . Preferential Solvation 151 

e q u i l i b r i a , w i t h the corresponding e q u i l i b r i u m constants a n d enthalpy 
changes: 

H A + R 2 0 ^± R 2 0 · · H A K, AH° (2) 

H + + R 2 0 ^± R 2 O H + Ku AHS (3) 

( R 2 0 ) n . ! H + + R 2 0 ^± ( R 2 0 ) n H + Knf AHn° (4) 

i n a d d i t i o n to 

H A — H + + Α" ΚΛ, AHa° (5) 

T h e interpretat ion of our results i n terms of the previous reactions 
is d e r i v e d m a i n l y f r o m the treatment of the vapor pressure data. T h e 
conduct iv i ty results for the E t 2 0 - H S b C l 6 system po in t conc lus ive ly to 
the f o rmat ion of a s ingle protonated species, E t 2 O H + ( F i g u r e 4 ) a n d also 
ind icate that Λ ( E t 2 O H + ) < Λ ( H + ) . O t h e r use fu l conduct iv i ty data are 
those for the H 2 0 - H C F 3 S 0 3 system, w h i c h fac i l i tate the computat i on of 
the protonat ion constants K i a n d K2 f r om the vapor pressure curves. T h e 
dif f iculty i n f u l l y exp lo i t ing the conduct iv i ty results stems f r o m the fact 
that the ca l cu lat ion of i on i c concentrations of H 3 0 + , ( H 2 0 ) 2 H + , . . . f r o m 
the specific conductance, L requires the values of the equivalent con­
ductance, Λ, of H 3 0 + A " , ( H 2 0 ) 2 H + A ~ , a n d so for th ; these values, w h i c h 
are also affected b y the decrease i n the viscosity that occurs w h e n water 
is added , c a n be k n o w n on ly approximate ly . O n c e the e q u i l i b r i u m 
constants K, Kl9 Kn have been determined , the ca lor imetr i c data are used 
to calculate the enthalpy changes AH for some of the reactions. 

W e consider first the vapor pressure data of F i g u r e 1 that w e r e 
obta ined w h e n water was a d d e d to 0 . 5 M sulfolane solutions of the weaker 
acids, H C H 3 C 0 2 , H C F 3 C 0 2 , a n d H C H 3 S 0 3 . F o r a g iven water concen­
trat ion , C H 2 o , the corresponding water vapor pressure, p H 2 o = F , was 
r e a d f rom the g raph ; the contr ibut ion of p H A to Ρ was neglected 
( H C H 3 C 0 2 (0.36 m m H g ) , H C F 3 C 0 2 (0.12 m m H g ) , H C H 3 S 0 3 

(about 0.10 m m H g ) ) . Next , the u n b o u n d water concentrat ion ( H 2 0 ) was 
r e a d f r o m the curve, g i v i n g p H 2 o for sulfolane solutions of water . T h e 
va lue of the association constant, K, for Reac t i on 2 was then ca l cu lated 
u s i n g a treatment descr ibed i n the text of Rossott i ( 1 2 ) . T h e conduct iv i ty 
data p lo t ted i n F i g u r e 3 show that the concentrat ion of i on i c species 
increases w i t h C H 2 o> as w o u l d be expected f r om Reactions 3 a n d 5. T a k i n g 
a l ower l i m i t of 12 Ω" 1 c m 2 e q u i v ' 1 for the equivalent conductance of the 
i on i c species leads to concentrations of i on i c species that are less t h a n 
4 % of the concentrat ion of a d d e d water ( C H 2 o ) , for the H C H 3 S 0 3 s o lu ­
t ion . F o r the H C F 3 C 0 2 so lut ion the concentrat ion of i on i c species is 
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154 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Table I. 

HA 
H C H 3 C 0 2 

H C F 3 C 0 2 

HCH3SO3 

HCF3SO3 

Heats of Mixing of Water with Sulfolane 
Solutions of Electrolytes at 3 0 ° C 

H S b C l e 

\ ^HCl / 

H S b C l e 

/ ^ 5 = ( ) 1 6 \ 

\ t/HCl / 

H S b C l e 

\ <̂HC1 / 

H S b C l 6 

/ C s b c i 5 = ( ) 0 5 \ 
\ ^ H C l / 

— Q (kcal) 
CHMO (W CHlo (M) per mole of 

(initial) (initial) (final) water added 

0.499 0.009 0.0401 - 1 . 2 4 
0.009 0.0805 - 1 . 2 1 
0.009 0.1214 - 1 . 2 4 

0.498 0.009 0.0802 - 1 . 2 6 

0.500 0.0105 0.0413 0.420 
0.0105 0.0783 0.382 
0.0105 0.1198 0.333 

0.501 0.016 0.0404 1.30 
0.016 0.0791 1.27 
0.016 0.1200 1.21 

0.219 0.0074 0.102 8.71 
0.0074 0.183 7.82 
0.183 0.288 3.42 

0.498 0.010 0.088 8.84 
0.201 0.281 8.61 
0.201 0.384 7.79 
0.428 0.505 5.84 

0.522 0.540 0.772 3.32 
0.519 0.772 1.00 2.29 
0.516 1.00 1.23 1.54 
0.514 1.23 1.46 1.01 

0.244 0.0072 0.081 9.90 
0.081 0.153 8.81 

0.238 0.0027 0.096 9.36 
0.0027 0.098 9.28 
0.098 0.193 8.23 

0.478 0.519 0.752 2.76 
0.476 0.752 0.988 1.78 
0.478 0.519 1.009 2.26 
0.474 1.009 1.489 0.73 
0.470 1.489 1.967 0.15 

0.160 0.008 0.90 9.94 

0.300 0.087 0.130 9.90 
0.130 0.260 9.50 

0.060 0.010 0.060 9.61 
0.060 0.120 2.36 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

10



M I L A N O V A E T A L . Preferential Solvation 1 5 5 

Table I. Continued 

— Q (kcal) 
CHA (M) CH2O (W CH2O (M) per mole of 

HA (initial) (initial) (final) water added 

S b C l 6 

^ = 0 . 2 1 ^ 

H S b C l 6 0 . 2 5 0 0 . 2 5 0 0 . 3 1 0 2 . 9 5 
0 . 3 1 0 0 . 3 7 0 2 . 6 2 

l s b c i 5 _ 0 ο Λ 0 . 3 7 0 0 . 4 3 0 2 . 3 4 
C 

N E t 4 C l 0 . 5 0 0 . 0 1 0 0 . 0 5 0 0 . 4 5 
0 . 0 1 0 0 . 0 9 1 0 . 4 2 
0 . 0 1 0 0 . 1 3 1 0 . 4 0 

L i C 1 0 4 0 . 5 0 0 . 0 1 0 0 . 0 5 0 0 . 3 8 
0 . 0 1 0 0 . 0 9 0 0 . 3 6 
0 . 0 1 0 0 . 1 3 0 0 . 3 4 

Table II. Heats of Mixing of Ether with Sulfolane 
Solutions of Acids H A at 3 0 ° C a 

— Q (kcal) 
CHA (M) ^Et20 

(M) per mole of 
HA (initial) (final) ether added 

H C F 3 C 0 2 0 . 5 0 0 0 . 0 3 8 - 0 . 2 3 
0 . 0 7 6 - 0 . 2 3 
0 . 1 1 0 - 0 . 1 5 

HCH3SO3 0 . 5 0 7 0 . 0 3 5 - 0 . 2 4 
0 . 1 0 9 - 0 . 1 3 

HCF3SO3 0 . 2 2 5 0 . 0 1 7 6 . 4 2 
0 . 0 3 6 5 . 8 1 
0 . 0 5 6 5 . 4 1 
0 . 0 7 2 5 . 4 9 
0 . 0 9 0 5 . 3 7 
0 . 1 1 0 5 . 2 9 

0 . 2 5 1 0 . 0 6 5 5 . 9 5 
0 . 1 2 9 5 . 1 7 
0 . 1 7 9 4 . 7 2 

0 . 5 1 9 0 . 0 6 1 6 . 0 2 
0 . 1 1 6 6 . 0 7 
0 . 1 6 2 6 . 1 0 

H S b C l e 0 . 2 4 8 0 . 0 3 5 6 . 4 3 
. 0 . 0 7 2 6 . 6 2 

- s b c i 5 = = 1 0 0 \ 0 . 1 1 9 6 . 5 8 
C H C I / 0 . 2 1 9 0 . 0 7 3 6 . 5 4 

0 . 1 3 1 6 . 5 1 

• Initial concentration of Et^O is n i l . 
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156 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S — Π 

Table III. Equilibrium Constants (L Μ0Γ 1 ) for Reactions 

H A + R 2 0 ^ R 2 O · · H A H A 

H C H 3 C O 2 

H C F 3 C O 2 

H C H 3 S O 3 

H C F 3 S O 3 

I ( R 2 0 ) ±
n . 1 + R 2 O ^ I ( R 2 0 ) % Γ 

Η* 
L i * 
c r 

r e d u c e d further b y a factor of 10. Therefore , w e are justi f ied i n not 
cons ider ing React ions 3 a n d 5 i n our ca l cu la t i on of the association con ­
stant Κ for H 2 0 · · H A . V a l u e s of Κ a n d AH are i n Tab les I I I a n d I V , 
respect ively . 

T h e vapor pressure data ( F i g u r e 2 ) for the a d d i t i o n of ether to 0 . 5 M 
solutions of H C F 3 C 0 2 a n d H C H 3 S 0 3 w e r e treated as above to o b t a i n the 
values of the constants, K , for E t 2 0 · · H A i n T a b l e I I I . W e note that 
the specific conductance , L, increases i n i t i a l l y less r a p i d l y w h e n ether is 
a d d e d to H A solutions t h a n w h e n water is a d d e d . W e can conc lude that 
K i is larger for water t h a n for ether. T h e conduct iv i ty da ta w e r e not used 
to calculate the f ormat ion constants, K i , of E t 2 O H * because of the c o m ­
plexit ies i n v o l v e d . I n a d d i t i o n to the prev ious ly emphas i zed di f f iculty 
i n est imat ing A , further compl icat ions w o u l d arise f r o m the n e e d to 
consider the f o l l o w i n g supplementary e q u i h b r i u m for H C H 3 S 0 3 a n d 
H C F 3 C 0 2 : 

H A + A " ^ H A 2 " K H A 2 - (6) 

Table IV. Enthalpy Changes (kcal mol" 1) for Reactions between 
Water, Diethyl Ether, and Acids ( H A ) and Ions ( Γ ) 

HiO EttO 

H A + R 2 0 ; ± R2O · · H A H A -AH0 -AH0 

H C F 3 C 0 2 3.7 
H C H g S O a 3.7 
H C F 3 S 0 3 11 6.9 

I i R a O ^ . i + R s O ^ I i R i i O ) * , , Γ -AH^ -AH;,0 -AHi0 

H + 11.1 8.0 7.6 
L i * 3.0 
C I " 2.6 
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10. M I L A N O V A E T A L . Preferential Solvation 157 

between Water, Diethyl Ether, and Acids ( H A ) and Ions (I*) 

HgO Et20 

Κ Κ 

~ 0 . 4 
2.5 ~ 0.6 
5.7 ~ 0.3 

~ 300 40 

Ki K2 K3 Ki K5 Κχ 

~ 10,000 50 7.5 5 4 120 
4.5 
8.2 

A n i o n s , A - , such as CH3SO3- a n d CF3CO2", w h i c h correspond to weak 
acids a n d are therefore strong h y d r o g e n - b o n d acceptors because of the ir 
poor so lvat ion i n d i p o l a r aprot i c solvents, t e n d to b i n d to undissoc iated 
H A to give H A 2 " . F o r example , HC12~ has been s h o w n to be stable i n 
sulfolane ( K H A 2 1 0 2 5 ( 5 ) ) , H ( C H 3 S 0 3 ) 2

- is stable i n acetonitr i le 
( K H A 2 10 3· 8 ( 1 3 ) ) , a n d H ( C F 3 C 0 2 ) 2 - is stable i n the same solvent 
( K H A 2 - = 1 0 3 - 5 ( W ) ) . 

W e n o w examine the vapor pressure results ob ta ined w h e n water 
a n d ether are a d d e d to solutions of the stronger acids, H C F 3 S O 3 a n d 
H S b C l 6 . A s the first step w e ca lcu lated , i n the manner descr ibed before, 
the concentrat ion ( R 2 0 ) of u n b o u n d H 2 0 or E t o O corresponding to each 
concentrat ion, C R 2 0 , of a d d e d water or ether. W e then c o m p u t e d values of 

— C R 2 O — (R2O) 

η — n 

^ H A 

where η is the average n u m b e r of R 2 0 b o u n d per a c i d group , irrespect ive 
of the extent of H A dissociation. T h e values of η are p lo t ted i n F i g u r e 5 
against the concentrat ion of u n b o u n d R 2 0 . T h i s g r a p h br ings into focus 
the very different behavior of water f r o m ether. W i t h E t 2 0 , η increases 
w i t h the concentrat ion of u n b o u n d E t 2 0 u p to about 1, w i t h b o t h 
H C F 3 S O 3 a n d H S b C l 6 . T h e species f o rmed are therefore m a i n l y E t 2 0 
• · · HCF3SO3 a n d E t 2 O H + . I n contrast, w i t h H 2 0 a n d HCF3SO3, η 
increases cont inuously w i t h the u n b o u n d H 2 0 concentrat ion, i n d i c a t i n g 
that i n a d d i t i o n to H 2 0 · · H C F 3 S O 3 , species H + ( H 2 0 ) n , w i t h values of η 
u p to at least 4, are formed. T o interpret the vapor pressure curves i n 
terms of React ions 2, 3, 4, a n d 5, a p r o g r a m was w r i t t e n that enables us 
to calculate the concentrat ion of a l l species present for a g iven set of 
constants Κ, Κχ . . . Kn, Kd a n d g iven to ta l concentrations of a c i d ( H A ) 
a n d water or ether. W e encountered some difficulties i n de termin ing the 
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10. M i L A N O V A E T A L . Preferential Solvation 159 

values of Κ a n d Kx for the H 2 0 - H C F 3 S 0 3 system. T h e very l o w water 
vapor pressures for 0 < C H 2 O / C H A < 1 l e a d to imprec ise values of Κ 
a n d Kx. H o w e v e r , the h i g h v a l u e quo ted for Κχ is i n l ine w i t h the 
conduct iv i ty a n d ca lor imetr i c data . T h e constants are l i s ted i n T a b l e I I I . 
T h e vapor pressure data f r o m the H S b C l G - H 2 0 system resulted i n l ower 
values of Kn, w h i c h l e d us to suspect that the values of the vapor pressure 
were too h i g h . T h i s may be caused b y difficulties i n p r e p a r i n g H S b C l G 

solutions w i t h a m o l a r ratio ( C S b c i 5 / C H c i ) e q u a l to 1.00. Excess H C l 
over the rat io 1.00 gives a r e s i d u a l H C l pressure, w h i l e excess S b C l 5 

reacts w i t h water ; further, a s l ight hydrolys is of S b C l G " g i v i n g H C l m a y 
also take p lace w h e n the water concentrat ion increases. T h e enthalpy 
changes corresponding to Reactions 2, 3, a n d 4 were obta ined f r om the 
exper imental values, Q, of the heat i n v o l v e d a n d f rom program-ca l cu lated 
changes i n the concentrations of a l l species before a n d after each c a l o r i ­
metr i c r u n . T h e values of the heat of m i x i n g of water a n d ether i n 
sul fo lane used i n the calculations were + 1 . 6 3 a n d + 0 . 6 0 k c a l m o l - 1 , 
respect ively . T h e enthalpy changes for Reactions 2, 3, a n d 4 are g i v e n i n 
T a b l e I V . T h e values of ΔΗη become inaccurate w h e n η > 2 because of 
the cumulat ive effect of errors on Κ a n d K i . 

T h e vapor pressure curves obta ined w h e n water is a d d e d to 0 . 5 0 M 
L1CIO4 a n d N E t 4 C l solutions i n sulfolane are p lo t ted i n F i g u r e 1. B o t h 
L1CIO4 a n d N E t 4 C l are strong electrolytes i n sulfolane (15,16). T h e 
vapor pressure data were used to calculate the h y d r a t i o n constants, Ki 
(4.5 ( L i + H 2 0 ) a n d 8.2 ( C 1 " H 2 0 ) , respec t ive ly ) , u n d e r the assumption 
that hydra t i on of the large ions C 1 0 4 " a n d N E t 4

+ is neg l ig ib le (3). T h e 
i on i c hydra t i on enthalpies were c o m p u t e d f rom the corresponding ca lo r i ­
metr i c data ( T a b l e I V ) a n d are - 3 . 0 k c a l m o l " 1 ( Π Ή 2 0 ) a n d - 2 . 6 
k c a l m o l " 1 ( C 1 H 2 0 ) . 

Discussion 

I n our treatment of the vapor pressure data we tac i t ly assume that 
the electrolytes that are usual ly present at l o w concentrations, except i n 
H S b C l 6 solutions, have only a neg l ig ib le salt effect on water a n d ether. 
T h i s po int has been discussed (3). A second assumption i n our interpre ­
ta t ion of the vapor pressure data for the H 2 0 - H C F 3 S 0 3 system is that the 
h y d r a t i o n of CF3SO3" is neg l ig ib le w h e n c o m p a r e d w i t h the h y d r a t i o n 
of the pro ton a n d HCF3SO3. T h i s assumption is justif ied o n the basis of 
Kol thofFs (10) hydra t i on constant of 3.6 for CH3SO3" i n acetonitr i le . 
F r o m this value , the lower basic i ty of CF3SO3", a n d our data on the 
h y d r a t i o n of anions i n d ipo lar aprot ic solvents w e estimate a va lue of less 
than 2 for the h y d r a t i o n constant of CF3SO3" i n sulfolane. A l t h o u g h our 
data do not p e r m i t us to d is t inguish between the complexes R 2 0 · · 
HCF3SO3, on the one h a n d , a n d the i o n pairs R 2 O H + C F 3 S 0 3 " , on the 
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other h a n d , w e fee l that g iven the l o w h y d r o g e n - b o n d i n g properties of 
CF3SO3" a n d exist ing data o n i on -pa i r f o rmat ion i n sulfolane (15,16), 
H 2 0 · · HCF3SO3 a n d E t 2 0 · · HCF3SO3 are the pre ferred species. 
H o w e v e r , it m a y be that w i t h other anions ( A " ) that have strong h y d r o ­
gen -bond ing properties , i o n pairs such as H 3 0 + A ~ c o u l d b e f o rmed , 
a l though this event w o u l d be c ompet ing w i t h H A 2 " f ormat ion . I n this 
respect, i t is w o r t h no t ing that i n aqueous solutions of H F i t has recent ly 
been advanced that "undissoc iated H F " is present as the i o n pa i r H 3 0 + F ~ 
a n d not as " h y d r a t e d H F " (17). 

O u r vapor a n d conduct iv i ty data show conc lus ive ly that a d d i t i o n of 
water to sulfolane solutions of HCF3SO3, HCH3SO3, a n d H C F 3 C 0 2 , 
w h i c h are strong or moderate ly strong acids i n the solvent water , causes 
on ly p a r t i a l i on izat ion of these acids. T h i s is because, as shown b y 
Reac t i on 5, h y d r a t i o n of the pro ton ( w h i c h tends to increase i on izat ion ) 
is counter -balanced b y f ormat ion of H 2 0 · · H A . T h e existence of such 
hydrogen-bonded molecular complexes H 2 0 · · H A has a lready been 
in ferred f r om phys i cochemica l measurements i n concentrated aqueous 
solutions of the strong acids, H 2 S 0 4 a n d H N O 3 (18). F u r t h e r , d i rect 
spectroscopic evidence has been g iven for the existence of the complex 
H 2 0 · · H C l i n N 2 a n d A r matrices ( 1 9 ) . T h i s latter species H 2 0 · · 
H C l was also f o rmed i n sulfolane w h e n water was a d d e d to H C l solutions, 
a n d Κ was est imated to be approx imate ly 0.5 (20); however , w e d i d not 
carry out any deta i led study of the H C 1 - H 2 0 system because of the h i g h 
vo la t i l i ty of H C l i n sulfolane solutions ( 5 ) . W e can also surmise f r o m our 
results that the projected study of the 1:1 mixture H 2 0 - H C F 3 S 0 3 , w h i c h 
has recently been proposed as a pre ferred electrolyte (21) for i m p r o v i n g 
the per formance of fue l cells, w i l l also reveal the presence of H 2 0 · · 
HCF3SO3 next to H 3 0 + , CF3SO3", a n d other i on i c species. 

T h e stabi l i ty of the H 2 0 · · H A species increases w i t h H A a c i d i n 
the order H C H 3 C 0 2 < H C F 3 C 0 2 < HCH3SO3 < HCF3SO3, b u t the 
change is not very large because interactions between H A a n d the solvent 
sul fo lane also increase w i t h H A strength—i.e . , H 2 0 a n d the solvent c o m ­
pete for H A . It is l ike ly that i n the gas phase, the s tabi l i ty of mo lecu lar 
complexes, H 2 0 · · H A , w o u l d increase m u c h more r a p i d l y w i t h H A 
strength. At tempts to evaluate enthalpy changes for the f ormat ion of 
H 2 0 · · H A i n the gas phase ( R e a c t i o n 2 ) f r om o u r data i n sul fo lane 
p r o v e d unsuccessful because of difficulties i n finding a satisfactory m o d e l 
molecule w i t h w h i c h to estimate the enthalpy of so lvat ion of gaseous 
H 2 0 · · H A . O u r results i n T a b l e I I I also show that for a g iven H A , the 
mo lecu lar complex H 2 0 · · H A is somewhat more stable than E t 2 0 · · 
H A ; however , the values of Κ less than 1 for E t 2 0 · · H C F 3 C 0 2 a n d 
E t 2 0 · · HCH3SO3 may not be m e a n i n g f u l a n d m a y just reflect the s l ight 
nonidea l i ty of the systems a n d not the f ormat ion of c h e m i c a l species. 
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10. M I L A N O V A E T A L . Preferential Solvation 161 

C o m p a r i n g water a n d ether i n the ir reactions w i t h the so lvated 
proton , our results i n Tables I I I a n d I V show w i d e differences i n the 
behavior of these re lated oxygen bases. P r o t o n hydrates ( H + ( H 2 0 ) n ) 
c onta in ing at least four H 2 0 are f o rmed , a n d the corresponding f o rmat ion 
constants (Kn) a n d enthalpy changes (AHn) decrease w i t h increas ing n . 
A s imi lar s i tuat ion prevai ls i n the gas phase where H 3 0 + is not a pre ferred 
species (22). O u r values of Kn for H + ( H 2 0 ) n i n sul fo lane can b e c o m ­
p a r e d w i t h those reported b y Kol tho f f (23) for H + ( H 2 0 ) n i n a ce ton i t r i l e— 
namely , Kx = 160, K2 = 50, K 3 = 7.5, a n d K t — 3.3. These values were 
ca l cu la ted f r om spectrophotometr ic measurements u s i n g H a m m e t t i n d i ­
cators a n d d i lu te HCIO4 solutions but m i g h t requ i re some correct ion 
because of the incomplete i on i za t i on of HCIO4 (24) a n d the possible 
f ormat ion of H 2 0 · · HCIO4. O n the basis of the h igher bas ic i ty of 
acetonitr i le c ompared w i t h that of sulfolane, the difference be tween the 
values of K i for H + ( H 2 0 ) i n b o t h solvents is of the expected order of 
magni tude . C o n s i d e r i n g next the react ion of the so lvated pro ton w i t h 
ether, H + ( E t 2 0 ) is less stable t h a n H + ( H 2 0 ) , as f o u n d b y Kol tho f f i n 
acetonitr i le (23), w h i l e H + ( E t 2 0 ) 2 is not detected. I t is signif icant that 
K e b a r l e (25) has recently s h o w n that i n the gas phase, the heat of b i n d i n g 
successive d i m e t h y l ether molecules , M e 2 0 to H + , drops dramat i ca l ly after 
the first two molecules are b o u n d . T h i s was a t t r ibuted to the b l o c k i n g 
of h y d r o g e n b o n d i n g past the structure M e 2 O H O M e 2

+ ; a s imi lar pattern 
cou ld , of course, be expected w i t h E t 2 0 . T h e fact that w e have not f o u n d 
H + ( E t 2 0 ) 2 stable i n sulfolane is a t t r ibuted to compet i t i on be tween the 
w e a k l y bas ic sulfolane molecules a n d E t 2 0 for H + ( E t 2 0 ) . 

A further comparison of the protonat ion of water a n d ether is best 
carr i ed out on the basis of enthalpy data , b o t h i n sul fo lane a n d i n the 
gas phase. C o n s i d e r the f o l l o w i n g thermodynamic cyc le : 

H + (g) + R * 0 (g) - R 2 O H + (g) Δ # ! ° (g) 

AHS° ( H + ) AHS° (RsO) Δ # 8 ° ( R 2 0 H + ) (6) 

H + (s) + R * 0 (s) — R B O H + (S) Δ # ! ° (S) 

where ( g ) a n d (s ) are used for the react ion that is t a k i n g place i n the 
gas phase a n d i n the solvent sulfolane. T h e values of ΔΗχ° ( g ) are 
- 1 7 0 . 3 k c a l m o l " 1 ( H 2 0 ) a n d - 1 9 7 . 4 k c a l m o l " 1 ( E t 2 0 ) , respect ively 
(26); they indicate that E t 2 0 i n the gas phase is m u c h more bas ic than 
H 2 0 , w h i c h is i n accordance w i t h w h a t is qua l i ta t ive ly expected f r o m the 
i n d u c t i v e effect of the e thy l substituent. H o w e v e r , i n sulfolane, the 
values of Δ / / 1 0 ( s ) , w h i c h are - 1 1 . 1 k c a l m o l " 1 ( H 2 0 ) a n d - 7 . 6 k c a l 
m o l " 1 ( E t 2 0 ) , respect ively , ind icate that H 2 0 has n o w become more 
basic than E t 2 0 . 
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162 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

T h e use of the above t h e r m o d y n a m i c cyc le makes i t possible to 
analyze the cause of this reversal of bas ic i ty order i n sulfolane. C o m b i n a ­
t i on of the heat of so lvat ion of gaseous R 2 0 , Δ ί / 8 ° ( R 2 0 ) , —8.9 k c a l m o l " 1 

( H 2 0 ) a n d - 6 . 2 k c a l m o l " 1 ( E t 2 0 ) , respect ively , w i t h the heat of 
so lvat ion of H + ( g ) , Δ / / 8 ° ( H + ) = - 2 5 2 . 6 k c a l m o l " 1 ( 2 7 ) , leads to the 
f o l l o w i n g values of Δ Η 8 ° ( R 2 O H + ) ; - 1 0 2 . 3 k c a l m o l " 1 ( H 3 0 + ) a n d 
- 6 9 . 0 k c a l m o l " 1 ( E t 2 O H + ) ( T a b l e V ) . I t is therefore m a i n l y the large 
heat of so lvat ion of H 3 0 + , some 33 k c a l m o l ' 1 m o r e exothermic t h a n that 
of E t 2 O H + , w h i c h more than compensates for the 27 k c a l m o l " 1 difference 
i n the pro ton affinity of H 2 0 a n d E t 2 0 a n d makes H 2 0 a better base i n 
sulfolane than E t 2 0 b y some 3 k c a l m o l " 1 . A l t h o u g h electrostatic factors 
p l a y some part i n de te rmin ing the 33 k c a l m o l " 1 difference i n the heat of 
so lvat ion of H 3 0 + a n d E t 2 O H + , i t is c lear ly the except ional a b i l i t y of 
H 3 0 + to hydrogen b o n d to the solvent w h i c h must be the de te rmin ing 
factor. T h e recent enthalpy data of Scorrano (28) on the protonat ion of 
E t 2 0 i n water , Δ Η ι ° ( W ) = —0.73 k c a l m o l ' 1 , show that this previous 
conc lus ion also holds w h e n water is the solvent since w e ca l cu lated 
AHW° ( H 3 0 + ) = - 1 1 0 . 2 k c a l m o l ' 1 a n d Δ ί ^ ° ( E t 2 O H + ) — - 8 1 . 2 
k c a l m o l " 1 . 

I t is signif icant that this exp lanat ion of the reason for the m u c h 
larger enthalpy of solvation of H 3 0 + c ompared w i t h that of E t 2 O H + , 
whether i n sulfolane, a D P A solvent, or water , is i n l ine w i t h our recent 
interpretat ion of our data on the bas ic i ty of a series of subst i tuted amines, 
B , i n D M S O a n d propy lene carbonate (29,30). W e f o u n d the basic i ty 
order i n D M S O to be N H 3 ~ M e N H 2 > M e 2 N H > M e 3 N , (i .e. , an order 
that is at var iance w i t h that deduced f r om the pro ton affinity i n the gas 
phase a n d predict ions made on the basis of the a l k y l substituent effect) . 
W e s h owed that just as for H 2 0 a n d E t 2 0 , i t was the large decrease i n 
the heat of so lvat ion of the gaseous o n i u m ions, Δ Η 8 ° ( B H + ) , w i t h the 
n u m b e r of substituents, i n the order N H 4

+ > M e N H 3
+ > M e 2 N H 2

+ > 
M e 3 N H + , that was the m a i n factor responsible for the bas ic i ty sequence 
observed i n D M S . T h e values of Δ Η 8 ° ( B H + ) g iven i n T a b l e V also 

Table V . Solvation Enthalpy of Gaseous Ions in 

Solvent H*° H30* EtaOH* 

Sul fo lane 252.6 102.3 69.0 

W a t e r 270.0 110.2 81.2 

P r o p y l e n e carbonate 259.5 

D M S O 276.1 119.9" 
β Ref. 27. 
6 Calculated from data in Ref. 3. 
e Ref. 80. 
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10. M I L A N O V A E T A L . Preferential Solvation 163 

indicate a nearly constant decrease of some 8 k c a l m o l " 1 per avai lab le 
h y d r o g e n b o n d on the subst i tuted a m m o n i u m ions i n D M S (vs. 7 k c a l 
m o l " 1 i n propy lene carbonate, a less basic solvent than D M S (27)). T h i s 
regular decrease i n the heat of so lvat ion of the same subst i tuted a m m o ­
n i u m ions has also been observed i n water (30), w h i c h is somewhat 
unexpected because water is a m u c h more complex solvent t h a n the 
D P A solvents w e used. D a t a i n T a b l e V also show that heats of so lvat ion 
for H 3 0 + a n d N H 4

+ are bo th more negative t h a n that for K + , an i o n of 
s imi lar size but w i t h o u t hydrogen -bond ing properties . A l l these results 
give strong support to the conc lus ion that i t is the n u m b e r of avai lab le 
hydrogen bonds f o r m e d between the oxon ium or a m m o n i u m ions a n d 
the basic D P A solvent molecules , more than electrostatic interactions 
between the ions a n d solvent (32), that is the m a i n factor responsible 
for the regular decrease i n the heat of so lvat ion of a series of subst i tuted 
o n i u m ions. Results of our current study of the protonat ion of the M e O H 
a n d E t O H alcohols i n sulfolane shou ld be a further test of these v iews. 

F i n a l l y , ment i on shou ld be m a d e of our exploratory invest igat ion of 
the protonat ion of H 2 S , a stronger base than H 2 0 i n the gas phase since 
its proton affinity is 3.6 k c a l m o l " 1 h igher than that of H 2 0 (26). V a p o r 
pressure experiments i n sulfolane a n d acetonitr i le u s i n g H C F 3 S 0 3 ( H A ) 
as ac id , ( H S b C l 6 reacts w i t h H 2 S ) d i d not show any evidence of inter ­
actions between H 2 S a n d H + or H A , b u t some decomposi t ion of H 2 S was 
observed i n acetonitri le . Some proton N M R experiments us ing add i t i ona l 
solvents showed on ly a smal l solvent effect (0.8 < δ < 1.3 p p m ) on the 
H 2 S s ignal , a n d a d d i t i o n of H C F 3 S 0 3 only caused the collapse of pro ton 
peaks, w h i l e further a d d i t i o n of water l e d to the reappearance of the 
H 2 S s ignal a n d appearance of a n e w s ignal caused b y H 3 0 + . W e conc lude 
that H 2 S as a solute is a weaker base than H 2 0 despite its h igher pro ton 
affinity, p r o b a b l y because H 3 S + is a m u c h poorer hydrogen -bond donor 
than H 3 0 \ Nevertheless , H 2 S is protonated at l o w temperature i n H F -
S b F 5 a n d H S 0 3 F - S b F 5 mixtures (33), w h i c h are obvious ly m u c h more 
ac id i c than the m e d i a we used. I n connect ion w i t h the above results, 

D P A Solvents and Water ( - Δ Η 8 ° (kcal mol" 1)) 

MeNHr Me2NH2*° MesNH*° K* 

92" 

88.7 83.1 77.9 70.5 86.0 

93.7 86.2 79.1 72.1 92" 

98.2 90.2 82.3 73.7 94" 
d Calculated from the solvation enthalpy of K + in water and enthalpies of trans­

fer (see Reî.86). 
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M u n s o n (34) recent ly sho w e d that the pro ton affinity of HCF3SO3 is 
between that of H 2 0 a n d H 2 S , as ev idenced b y the occurrence of gas-
phase Reac t i on 7: 

H 3 0 + (g) + H C F 3 S 0 3 (g) - » H 2 0 (g) + H 2 C F 3 S 0 3
+ (g) (7) 

w h i l e the s imi lar react ion w i t h H 3 S + does not occur. C o n t r a s t i n g gas-
phase Reac t i on 7 w i t h R e a c t i o n 8 i n sulfolane 

H 2 0 (s) + H C F 3 S 0 3 (s) -> H 3 0 + (s) + C F 3 S 0 3 - (s) (8) 

reveals dramat i ca l l y the solvent effect on pro ton transfer reactions i n v o l v ­
i n g H 2 0 a n d H 3 0 + w i t h an a c i d ( H A ) . 

Conclusion 

T h i s s tudy has shown that the effect of water a n d d i e t h y l ether 
( X R 2 o < 0.1) on the behavior of a series of acids ( H A ) i n sulfolane can 
be accounted for b y e q u i l i b r i u m Reactions 2-6 . T h e species i n v o l v e d i n 
these reactions are f o rmed at different concentrat ion levels ac cord ing to 
the nature of R 2 0 ( H 2 0 or E t 2 0 ) a n d H A . F i r s t , i f R 2 0 is H 2 0 , w h e n 
the a c i d ( H A ) is very weak ( H C H 3 C 0 2 , H C F 3 C 0 2 , H C H 3 S 0 3 ) , the 
m a i n species f o rmed is the weak complex H 2 0 · · H A . W h e n the a c i d 
is stronger ( H C F 3 S 0 3 ) , i n a d d i t i o n to the f ormat ion of H 2 0 · · H A , 
format ion of a series of proton solvates H + ( H 2 0 ) n becomes important . 
H 3 0 + is the most stable solvate, w h i l e the stabi l i ty of h igher solvates 
decreases w i t h n . Second, i f R 2 0 is E t 2 0 , the p i c ture is m u c h s impler 
i n that E t 2 0 · · HCF3SO3 a n d H E t 2 0 + are the on ly stable species f ormed . 
T h e reactions of H 2 0 a n d E t 2 0 w i t h the pro ton are d iss imi lar large ly 
because of the qui te different hydrogen -bond ing properties of b o t h 
protonated species, H 3 0 + a n d H E t 2 0 + . O n the one h a n d , H 3 0 + is strongly 
s tab i l i zed w i t h respect to H E t 2 0 + because of its superior ab i l i t y to h y d r o ­
gen b o n d to solvent molecules ; on the other h a n d , H 3 0 + , b u t not H E t 2 0 + , 
can b o n d to several a d d i t i o n a l R 2 0 molecules through cooperative h y d r o ­
gen b o n d i n g a n d give rise to stable solvates, Η + ( Η 2 0 ) Λ . 

O u r w o r k gives insight into the m a n y problems that w o u l d b e met 
i n t r y i n g to account for the inf luence of the concentrat ion of water a n d 
a c i d b o t h o n reactions a n d phys i cochemica l processes that take p lace i n 
a solvent such as sulfolane. O u r results also ind i cate some possible 
methods for so lv ing such problems. F o r example , our present v a p o r -
l i q u i d e q u i l i b r i u m data o n solutions of water a n d a c i d i n sul fo lane w e r e 
corre lated w i t h so lut ion compos i t ion a long lines prev ious ly used for the 
system N H 3 - C u ( I I ) salts i n aqueous so lut ion (35); i n this latter system 
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10. M i L A N O V A E T A L . Preferential Solvation 165 

stepwise format ion of C u 2 + ( N H 3 ) n is a k i n to that of H + ( H 2 0 ) n i n the 
present system. C o n c e i v a b l y , therefore, d is t i l la t ion of b o t h types of 
solutions c o u l d be treated i n a s imi lar manner . 
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11 

Viscosity of Dilute Solutions of Alkali Halides 

in Methanol-Water Mixtures 

ROBERT A. STAIRS 

Department of Chemistry, Trent University, Peterborough, 
Ontario, Canada K9J 7B8 

Viscosities of 0-0.1M solutions of lithium, potassium, and 
cesium chloride and potassium and rubidium iodide in 
water-methanol mixtures have been measured, and the 
results were fitted to the Jones-Dole Equation. The Β coeffi­
cients were interpreted as indicating slight to moderate 
preferential solvation of the ions by water vs. methanol. 
Values of the equilibrium constant representing the exchange 
at a single solvation site: H2O (bound) + MeOH (free) 
H2O (free) + MeOH (bound) were estimated as lying be­
tween 0.3 and 0.7 for all the salts, corresponding to differen­
tial solvation free energies, ΔG° (H2O-MeOH) of 0.8-1.6 
kJ/mol of bound solvent. Solvation numbers ranged from 10 
to 16. The values of the A coefficients, although scattered, 
show trends that are in approximate agreement with a pre­
diction based on Walden's rule, in the absence of the con­
ductance data required for their calculation. 

T n a previous sympos ium v o l u m e on this top ic ( I ) , w e suggested that 
the viscosi ty Β coefficient for the solut ion of a salt i n a m i x e d solvent 

c o u l d indica te preferent ia l solvat ion of the ions b y one solvent component 
over the other. T h i s suggestion was suppor ted b y some measurements 
that were in terpre ted qual i ta t ive ly as s h o w i n g preference of potass ium 
i o d i d e for water over methanol , for example. A s a start t o w a r d more 
systematic s tudy of the effect, this chapter reports the measurement of the 
viscosities of d i lu te solutions of several salts i n a single solvent pai r , 
wa te r -methano l . W e also report a sma l l step t o w a r d a quant i ta t ive 
interpretat ion. 

0-8412-0428-4/79/33-177-167$05.00/l 
© 1979 American Chemical Society 
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168 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

L e t us define a n e q u i l i b r i u m constant for the subst i tut ion of a 
molecule of solvent species 2 for species 1 at a s ingle so lvat ion site 
(assuming a l l sites are a l ike ) : 

K = ^ (1) 

w h e r e / i a n d f2 are the fractions of sites conta in ing b o u n d 1 a n d 2, 
respect ively , a n d X i a n d x2 are the m o l e fractions of the free components 
i n the solvent. ( F o r the present, 1 is water a n d 2 is methanol . ) 

A v o i d i n g the w a t e r - r i c h reg ion , w h e r e the spec ia l structure of water 
m a y cause prob lems, consider the Β coefficient at x2 = 1 /2 , 2 / 3 , a n d 1. 
F r o m previous w o r k w e have 

B E = 2.5 ( V 0 + n V i + q (V2 - VJ ) (2) 

w h e r e V0, Vlt a n d V2 are the m o l a r vo lumes of the solute a n d solvent 
species (1 a n d 2 ) , η is the n u m b e r of avai lab le solvent sites per "mole ­
c u l e " of solute, a n d q — n / 2 , the m e a n n u m b e r of moles of 2 b o u n d per 
mole of solute. T h e subscr ipt Ε i n B E indicates that this is the contr ibut ion 
to Β ca l cu lated b y E i n s t e i n ( 2 ) , caused b y the s imple b u l k of the so lvated 
ions. I f w e assume that i n this reg ion of solvent compos i t ion the n u m b e r 
of sites, n , remains constant a n d that the w h o l e change i n Β is caused b y 
the effect o n B E o f the change i n q, w e c a n w r i t e : 

β = Bl/2 ~~ B2/3 = qi/2 — <?2/3 ^ 

B2/3 — B i q2/z —qi 

where the subscripts n o w indicate the va lue of x 2 . F r o m previous w o r k , 

q — ny/(l + y) (where y = f2/h = Kx2/xx) (4) 
T h u s , 

9 i /2 - nK/(l + K),q2/Z = 2nK/(l + 2K), q± - η 

a n d 

β — Κ/(1+Κ) (note: 0 < β < 1) 

or 

Κ = β/(1-β) (5) 
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11. STAIRS Dilute Solutions of Alkali Halides 169 

N o w , w i t h the same assumptions, f r om E q u a t i o n 2 : 

Bt - B1/2 = 2.5 ( 7 2 - 7 X ) ( g i - q1/2) 

= 2.5 ( 7 S - V i M l + X ) - 1 

or 

n = 2 . 5 ( 7 , - 7 ! ) ( 6 ) 

T h u s , measurement of Β as a funct ion of x2 permits ca l cu lat ion of a n 
apparent n u m b e r of solvat ion sites f r o m E q u a t i o n 6 as w e l l as the 
e q u i l i b r i u m constant ( E q u a t i o n 5) a n d , therefore, the free energy change, 
A G ° , per mole of solvent 1 exchanged for 2 at an average site. 

T h e viscosity A coefficient can be re lated to other measurable q u a n t i ­
ties through the expression (3,4): 

o\ 2" 

where 

- ( c r ) i / » a n d λ ι ° > λ 2 ° > a n d A ° ( = = = λ ι ° + λ 2 < > ) 

are the l i m i t i n g equivalent conductance of the ions a n d the salt, respec­
t ive ly , a n d c is the die lectr ic constant of the solvent. T h e lambdas a n d the 
viscosity can be re lated t h r o u g h W a l d e n s ru le (5,6) 

λι°η = constant (8) 

b u t the constancy of this p roduc t depends o n the constancy of the effective 
radius of the i o n , t h r o u g h Stokes' l a w (7,8). 

T h i s leads to the expectat ion that the W a l d e n produc t m i g h t be 
inverse ly propor t i ona l to the effective r a d i i . W i t h one further assumption 
— i . e . , that the transport numbers , λ < 0 / Λ ° , are insensit ive to solvent c o m ­
pos i t i on—one m a y read i ly der ive an expression for the dependence of the 
A coefficient o n the mole f ract ion of solvent component 2 : 

T o obta in the radius rat io , consider the expression for the h y d r o -
d y n a m i c molar v o l u m e of the solvated salt that occurs i n E q u a t i o n 2 
above, v i z , 
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170 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

(10) 

A s reported be l ow , Κ is not very different f r o m u n i t y ; assuming that Κ 
= 1, w e ob ta in q = nx2. T h e mo lar v o l u m e of the salt is l i k e l y t o be 
smal l , a n d i n fact the effective value m a y even be negative. W e assume 
i t to be neg l ig ib le , a n d ob ta in : 

Subst i tut ing appropr iate values ( V< = M i / p * 2 5 , i = 1 or 2 ) for V i a n d V2 

for water a n d methano l ( the values for the pure b u l k solvents w e r e used) 
a n d u s i n g tabu la ted values (9 ) for the d ie lec tr i c constant, w e obta in 
numbers that c a n be approx imated ( ± 5 % ) b y the l inear expression 

L i t e r a t u r e values (10,11) t e n d to b e somewhat h igher , w h i c h is not 
surpr i s ing i n v i e w of the approximations used . 

Experimental 

T h e k inemat i c viscosity a n d density were measured b y methods 
prev ious ly descr ibed ( J ) ; the only change was a n improvement i n the 
temperature s tabi l i ty of the a ir thermostat used for the viscometer. Short 
t e r m contro l w i t h i n 0.02°C a n d reproduc t i on of sett ing to 0.05°C were 
ach ieved b y subst i tut ing a thermistor device for the prev ious ly used 
b i m e t a l l i c sp i ra l thermoregulator . T h e improvement was not enough to 
enable satisfactory A coefficients to be obta ined i n a l l cases a l though the 
scatter has been reduced . 

A s before, the J o n e s - D o l e E q u a t i o n (12) was fitted to the data b y a 
least squares procedure , i n the f o rm 

where η0, α(=Αη0) a n d & ( = B ^ 0 ) are a l l adjusted. 

Results 

T h e viscosity data are s h o w n i n T a b l e I . T a b l e I I is a summary of 
results, s h o w i n g the solvent properties (densi ty a n d v iscos i ty ) a n d the 
so lut ion parameters : the dens i ty - concentrat ion coefficients a n d the con ­
stants A a n d Β of the J o n e s - D o l e E q u a t i o n . T h e values of Β for the four 
salts, f or w h i c h n e w data are reported , are s h o w n as funct ions of x2 i n 
F i g u r e 1. (Some data f r om the l i terature are i n c l u d e d as noted. ) 

( Π ) 

A (χ) =A(0) (1 + 1.82x2) (12) 

V = V o + aC1/2 + bC (13) Pu
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11. STAIRS Dilute Solutions of Alkali Halides 171 

Figure 1. Viscosity Β coefficients for salt solutions in water-methanol 
mixtures, as functions of the mole fraction of methanol in the solvent, x2. 

(O, this work; •, Refs. 10 ,11, 14) 

T h e accuracy of the viscosity is est imated to be ± 0 . 5 % , b u t some­
w h a t better prec is ion was obta ined w i t h i n a single group of measurements 
on a par t i cu lar solvent mixture a n d four to six solutions i n that solvent. 
T h e prec is ion of the measurements of re lat ive viscosity (η/η0) is a c cord ­
i n g l y c l a i m e d to ze ± 0 . 0 3 % . T h e uncerta inty i n the A values l i s ted is 
a r o u n d ± 0 . 0 1 L 1 ^ m o l " ^ i n most cases, a l though a f ew are more uncerta in . 
T h e negative values recorded are p robab ly w i thout p h y s i c a l significance. 
T h e prec is ion of the Β values is also var iab le , but w h e n A looks reason­
able , Β is be l i eved to be w i t h i n ± 0 . 0 1 5 L m o l _ 1 . Ass ignment of "reason­
ab le " A values w o u l d have l e d to less scatter i n B, b u t this has not been 
done w i t h the results reported here. 
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172 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Table I. Viscosities of Solutions of Salts in 

xt: 0.315 0.502 0.600 0.686 

c V c V c V c V 

0 1.5578 0 1.3046 0 1.1416 0 0.9822 
4.9 1.5619 6.1 1.3076 5.0 1.1443 4.7 0.9853 

14.5 1.5664 17.6 1.3136 9.0 1.1474 19.2 0.9937 
29.9 1.5715 34.1 1.3220 19.2 1.1529 44.2 1.0067 
50.8 1.5803 51.7 1.3298 26.3 1.1567 77.4 1.2049 

75.5 1.3408 34.2 1.1600 117.7 1.0430 
45.1 1.1655 
69.9 1.1772 
99.8 1.1917 

η atxt 

c 0.0 0 . 1 0 0 01 ',29 0 4 0 1 0.510 0.641 

0 0.8711 1.2940 1.5586 1.4600 1.2953 1.0579 
2.5 0.8703 1.2933 1.5604 1.4632 1.2970 1.0603 

10.0 0.8706 1.2921 1.5612 1.4654 1.3016 1.0673 
22.5 0.8700 1.2924 1.5642 1.4698 1.3055 1.0728 
40.0 0.8701 1.2913 1.5651 1.4749 1.3137 1.0843 
62.5 0.8699 1.2914 1.5650 1.4792 1.3173 1.0918 
90.0 0.8692 1.2891 1.5660 1.4845 1.3281 1.1013 

η at xt = 

c 0.0 0.100 0.229 O4IO 0.510 

0 0.8692 1.2831 1.5634 1.4668 1.3069 
2.5 0.8702 1.2801 1.5626 1.4704 1.3091 

10.0 0.8700 1.2798 1.5618 1.4695 1.3134 
22.5 0.8697 1.2775 1.5611 1.4725 1.3149 
40.0 0.8681 1.2734 1.5563 1.4761 1.3195 
62.5 0.8676 1.2713 1.5546 1.4780 1.3283 
90.0 0.8656 1.2677 1.5491 1.4818 1.3332 
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11. STAIRS Dilute Solutions of Alkali Halides 

Water-Methanol at 2 5 ° C (η in cP, in mmol L" 1 ) 

x2: 0.815 0.901 1.000 

c V c V c V 

0 0.7813 0 0.6573 0 0.5198 
5.9 0.7843 4.9 0.6613 11.1 0.5265 

24.6 0.7947 22.4 0.6713 26.8 0.5341 
50.8 0.8083 47.6 0.6844 50.4 0.5451 
85.8 0.8247 81.5 0.7006 82.5 0.5590 

144.8 0.8450 123.0 0.7205 128.2 0.5791 

c 0.801 1.000 

0 0.8173 0.5138 
2.5 0.8189 0.5153 

10.0 0.8242 0.5197 
22.5 0.8315 0.5249 
40.0 0.8411 0.5324 
62.5 0.8521 

η at xt == 
c 0.641 0.801 0.897 1.000 

0 1.0832 0.8272 0.6710 0.5196 
2.5 1.0856 0.8300 0.6719 0.5211 

10.0 1.0906 0.8330 0.6752 0.5239 
22.5 1.0934 0.8398 0.6812 0.5290 
40.0 1.0982 0.8437 0.6907 0.5363 
62.5 1.1092 0.8549 0.6978 
90.0 0.7094 
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174 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Table II. Summary of Viscosity and Density Parameters for 
Solutions of Salts in Water-Methanol Mixtures 

Salt 

L i C l 

K C l 

C s C l 

R b l 

po dp A Β 
(g mol'1) dc Vo (CP) (L^mol'V (Lmol1) 

0.32 0.9230 0.030 1.5579 0.021 0.185 
0.50 0.8808 0.033 1.3044 0.008 0.341 
0.60 0.8605 0.035 1.1414 0.018 0.384 
0.69 0.8424 0.037 0.9819 0.024 0.464 
0.81 0.8181 0.038 0.7810 0.018 0.595 
0.90 0.8035 0.040 0.6572 0.046 0.652 
1.00 0.7860 0.043 0.5198 0.042 0.772 

0 0.9970 0.048 0.8709 0.0052 - 0 . 0 1 4 0 * 
0.100 0.9693 0.072 1.2938 - 0 . 0 0 6 - 0 . 0 1 6 
0.299 0.9403 0.088 1.5584 0.028 - 0 . 0 3 9 
0.401 0.9028 0.073 1.4600 0.034 - 0 . 0 7 3 
0.510 0.8802 0.065 1.2951 0.029 0.181 
0.641 0.8537 0.054 1.0570 0.075 0.225 
0.801 0.8363 0.042 0.8170 0.033 0.561 
1.000 0.7846 0.035 0.5137 0.040 0.712 

0 0.9970 0.127 0.8963 0.017 - 0 . 1 0 5 
0.100 0.9693 Q.130 0.2815 - 0 . 0 1 0 - 0 . 0 8 8 
0.229 0.9403 0.133 1.5632 0.004 - 0 . 1 1 0 
0.401 0.9028 0.137 1.4674 0.017 0.053 
0.510 0.8802 0.140 1.3072 0.021 0.154 
0.641 0.8537 0.143 1.0837 0.020 0.278 
0.801 0.8363 0.148 0.8275 0.030 0.394 
0.897 0.8033 0.151 0.6705 0.025 0.565 
1.000 0.7846 0.153 0.5197 0.006 0.764 

0 0.9970 0.161 0.8696 0.008 - 0 . 1 1 8 
0.10 0.9754 0.156 1.2764 - 0 . 0 0 3 - 0 . 2 0 0 
0.23 0.9403 0.150 1.5568 - 0 . 0 0 3 - 0 . 1 8 7 
0.40 0.9028 0.145 1.4699 0.002 - 0 . 0 3 4 
0.51 0.8802 0.143 1.3075 0.021 0.066 
0.51 0.8802 0.143 1.2985 0.045 0.042 
0.65 0.8517 0.158 1.0644 0.016 0.053 
0.80 0.8363 0.164 0.8238 0.013 0.431 
0.90 0.8033 0.182 0.6626 0.060 0.242 
0.90 0.8033 0.182 0.6649 0.018 0.415 
1.00 0.7846 0.190 0.5196 0.029 0.550 

Discussion 

T o consider the A coefficients brief ly , d i scount ing the negat ive a n d 
other aberrant values, the remainder show a t r e n d that is i n reasonable 
accord w i t h the p r e d i c t i o n o u t l i n e d above. (So do those reported i n 
a previous w o r k ( I ) . ) A more deta i l ed cons iderat ion requires better 
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11. S T A I R S Dilute Solutions of Alkali Halides 175 

viscosity measurements a n d measurements i n the m i x e d solvents of the 
l i m i t i n g conductances a n d the transport numbers of the electrolytes. 

T h e Β coefficients are best considered i n two regions of the solvent 
compos i t ion separately. T h e water - r i ch reg ion is interest ing because i t 
has been suggested (13) that smal l amounts of hydroxy l i c solvents a d d e d 
to water enhance the special structure of water u p to a point . T h e 
viscosity of w a t e r - m e t h a n o l mixtures has a strong m a x i m u m near x2 = 
0.27. Structure -breaking salts—i.e . , those w i t h larger i ons—have negative 
Β coefficients i n pure water. These same salts show pronounced m i n i m a 
i n their Β vs. x2 dependence near x2 = 0.1-0.15. T h e m i n i m u m is d is ­
p l a c e d to l ower values of x2 t h a n the viscosity m a x i m u m . It is b y no 
means clear that these two extremes of behav ior have a c o m m o n cause, 
b u t i f they do, the displacement of B m i n to l ower x2 m a y result f r o m the 
strong u p w a r d t r e n d i n Β discussed be low. 

L i C l , on the other h a n d , w h i c h has a posit ive Β i n water , shows no 
m i n i m u m ; i n fact, Β changes very l i t t le w i t h composi t ion i n the water - r i ch 
region. T h u s , s tructure-breaking ions find more structure to break i n 
water that contains a l i t t le methano l than i n pure water . S t ruc ture -making 
ions, however , find l i t t le scope for their talents. 

O n c e the water - r i ch region is passed, the Β values a l l rise strongly. 
T h e interpretat ion of this rise i n terms of the change i n h y d r o d y n a m i c 
vo lume of the ions seems reasonable. T h e extraction of a pre ferent ia l 
solvation constant f rom i t is perhaps a b i t shaky i n each i n d i v i d u a l case, 
but taken together they tend to conf irm the or ig ina l expectation. T h e 
values of Κ a n d corresponding values of AG° , der ived f r o m the Β coeffi­
cients, are recorded i n T a b l e I I I . T h e y are sufficiently uncer ta in that they 
a l l must be considered equa l w i t h i n exper imental error, i.e., Κ = 0.5 
± 0 . 2 , AG° = 1.6 ± 0 . 8 J m o l - 1 . T h a t is, a l l these salts appear to show a 
sl ight preference for water over methanol . 

T h e fact that AG° is so smal l is p r o b a b l y re lated to the rather large 
values of η f ound , large compared w i t h those f o u n d b y other methods, 
as noted earl ier ( 1 ). M o s t of the energy change is p r o b a b l y associated 

Table III. Salts in H 2 0 - M e O H at 2 5 ° C a 

AG0 (kJ) η 

L i C l 0.52 1.6 12.2 
K C l 0.54 1.5 10.7 
C s C l 0.54 1.5 17.4 
K I 0.32 2.8 16.0 
R b l 0.79 0.6 16.7 

β Preferential solvation from viscosity Β coefficient. 
5 Equilibrium constant for the reaction: H 2 0 (bound) + M e O H (free) ^± M e O H 

(bound) + H 2 0 (free). 
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176 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S H 

w i t h exchange of the innermost six or so solvent molecules , the remainder 
be ing hydrogen-bonded to the first f ew i n a manner not ve ry different 
f rom their cond i t i on i n the n o m i n a l l y "free" par t of the solvent. T h e 
ac tua l significance of the η values recorded is not clear, a l though the 
approximate magni tudes are not unreasonable a n d are s imi la r to those 
repor ted previous ly . O u r expectat ion that larger values w o u l d b e associ­
ated w i t h the smaller ions was not ful f i l led . 
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Ternary System Phase Diagram Determinations 

Concerning Potassium Electrolyte Influence on 

Aqueous Solutions of Dioxane or 

Tetrahydrofuran 

JOHN A. McNANEY 
Department of Chemistry, Fitchburg State College, Fitchburg, MA 01420 

HOWARD K. ZIMMERMAN and PAUL H. GROSS 

Department of Chemistry, University of the Pacific, Stockton, CA 95211 

Phase diagrams, at 25°C, were determined for potassium 
acetate-water-dioxane, potassium acetate-water-tetrahydro-
furan, and potassium chloride-water-tetrahydrofuran. Po­
tassium acetate exceeded potassium chloride in its capacity 
to stratify aqueous solutions of either dioxane or tetrahydro­
furan. Kobsev's (1) investigations revealed that the greater 
the solubility of an alkali metal salt, the greater its salting­
-out effect. The relative order of the water solubilities of the 
salts studied are potassium acetate >> potassium chloride. 
More potassium acetate is required to cause stratification in 
aqueous dioxane than is necessary to obtain the same results 
in aqueous tetrahydrofuran. It is proposed that, in com­
parison to dioxane, tetrahydrofuran forms a weaker associa­
tion with water and, hence, the cations can more easily 
break these bonds causing liquid-phase separation. 

H p h e phenomena w h i c h gave rise to this s tudy were first brought to the 
χ a t tention of Η . K . Z i m m e r m a n , D i r e c t o r of Carbohydra te Research at 

the U n i v e r s i t y of the Pacif ic , b y research workers i n pep t ide chemis t ry 
where the potass ium hydrox ide -wa te r -d ioxane system was used i n the 
saponification of esters. H e d i rec ted that this me thod be used b y his 

0-8412-0428-4/79/33-177-177$05.00/l 
© 1979 American Chemical Society 
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178 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

staff to saponify suger acetates a n d benzoates. T h e y also f o u n d that 
aminosugar derivat ives , even hydrochlor ides of aminosugar glycosides, 
c o u l d be extracted f r om concentrated aqueous potass ium ch lor ide 
solutions. 

I n us ing this saponif ication procedure a salt ing-out of dioxane often 
was observed. Since such a salt ing-out effect c a n be qui te troublesome, 
i t became necessary to ini t iate a study of the three -compound system i n 
order to learn h o w such a c ompl i ca t i on m i g h t be avo ided . 

It was also h i g h l y desirable to l earn h o w to better contro l the sa l t ing-
out effect i n water - t e t rahydro furan systems so that extractions i n this 
p a i r of m i x e d solvents c o u l d be per formed. T h i s present study of the 
phase relationships i n some of the solvent systems used i n aminosugar 
research inc ludes the determinat ion of the phase d iagrams of the systems 
potass ium acetate -water -d ioxane , potass ium ace tate -water - te t rahydro -
furan , a n d potass ium c h l o r i d e - w a t e r - t e t r a h y d r o f u r a n , a n d an attempt to 
prov ide a theoret ical explanat ion for the exper imental results. 

Experimental 

Chemicals. Potass ium acetate f r om J. T . B a k e r C h e m i c a l C o m p a n y 
( B a k e r A n a l y z e d Reagent, 9 9 . 0 % assay) was used i n C 0 2 - f r e e d i s t i l l ed 
water a n d was s tandardized w i t h standard perch lor i c a c i d i n g lac ia l acetic 
a c i d , us ing m e t h y l violet ind icator (2). Potass ium chlor ide of B a k e r 
A n a l y z e d Reagent , 9 9 . 9 % assay, was used as rece ived. 1,4-Dioxane of 
t echnica l grade f r o m J. T . B a k e r C o m p a n y was pur i f i ed b y d i s t i l la t i on 
over meta l l i c s od ium as descr ibed b y V o g e l ( 3 ) . T e t r a h y d r o f u r a n 
( T H F ) of B a k e r A n a l y z e d Reagent, density 0.881 g c m " 3 , b o i l i n g range 
65.8°-66.4°C, was used as received. K a r l F i s c her Reagent, obta ined 
f r o m A l l i e d C h e m i c a l C o m p a n y , was s tandard ized to 1 m L of reagent to 
react w i t h at least 5 m g of water . F i s h e r certi f ied s tandard water i n 
methano l (1 m L = 1 m g H 2 0 ) , used for s tandard iz ing K a r l F i s c h e r 
Reagent , was obta ined f rom F i s h e r Scientif ic C o m p a n y . 

Apparatus. A c i r cu la t ing constant-temperature water b a t h e q u i p p e d 
w i t h a micro-set thermoregulator was used to supp ly the water for the 
jacket of a Pyrex water- jacketed react ion flask that was e q u i p p e d w i t h a 
magnet ic stirrer. Burets used—automat i c a n d convent iona l—were of 
Class-Α grade a n d e q u i p p e d w i t h Tef lon stopcocks. 

General Procedure. T h e selected electrolyte so lut ion was p l a c e d i n 
the jacketed react ion flask w h i c h was h e l d at constant temperature b y the 
connected c i r cu la t ing water bath . T h e t ip of a buret conta in ing the cyc l i c 
ether was in t roduced t h r o u g h a stopper into the m o u t h of the react ion 
flask. W i t h the electrolyte so lut ion undergo ing constant s t i r r ing the cyc l i c 
ether was de l ivered s lowly f r om the buret into the react ion flask to the 
po in t of t u r b i d i t y or prec ip i ta t i on , a n d the de l ivered vo lume of cyc l i c 
ether was noted. T h e densities of the cyc l i c ethers (d ioxane a n d T H F ) 
a n d of the electrolyte solutions used h a d been determined prev ious ly ; 
the normalit ies o f the electrolyte solutions were k n o w n . W i t h these data , 
the vo lume measurement of each of the components of the mixture was 
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12. M C N A N E Y E T A L . Phase Diagram Determinations 179 

converted to we ight data. T ie - l ines were establ ished b y select ing mixtures 
whose component composit ions w o u l d l i e i n a mul t iphase region of the 
phase d iagram, a n d then a n a l y z i n g each phase of the mixture for its 
components after e q u i l i b r i u m h a d been achieved 

Specific Procedure. T a b l e I provides a characterist ic example of the 
data for the exper imental observations i n the system potass ium ace ta te -
water -d i oxane , w h i c h data were used i n p l o t t i n g so lub i l i ty curves at 25 ° C 
a n d 85°C on a three-component, equi latera l t r iangular g r a p h ( F i g u r e 1 ) . 

Table I . Solubility Curve and Tie-Line Data for the System 
Potassium Acetate—Water—Dioxane in Weight Percentage 

Solubility Curve Data 

25°C 85°C 

KCtHsOg Η,Ο CfHgOt KCtH,Ot H,0 CiHgOg 

0.33 14.15 85.52 0.36 15.74 83.90 
0.53 16.15 83.32 0.59 17.99 81.42 
5.14 34.96 59.90 5.69 38.53 55.78 
8.68 43.32 48.00 9.43 47.16 43.41 

15.50 51.70 32.80 15.95 54.50 29.55 
24.35 53.10 22.55 24.59 53.64 21.77 
29.93 55.44 14.63 
72.00 27.40 
71.00 2 0 ' > c (18) 
74 .00 3 0 < , c (18) 
72 .93 2 5 ° c (19) 

Tie-Line Data25°C 

Denser Layer Less Dense Layer 

KCsHsOt KC2H3O2 

22.70 55.15 22.15 1.33 9.35 89.32 
27.00 56.00 17.00 0.06 7.47 92.47 
36.15 53.20 10.65 0.03 4.48 95.49 
45.00 49.00 6.00 0.04 6.07 93.89 
50.95 43.25 5.80 0.00 1.96 98.04 
63.90 33.10 3.00 0.00 1.03 98.97 
67.80 29.40 2.80 0.01 0.85 99.14 

Original Mixture 

KCtHs0 CjHgOi 

9.94 29.90 60.20 
14.80 34.95 50.20 
25.00 39.90 35.10 
39.80 45.00 15.20 
39.90 35.60 24.50 
34.10 18.75 47.15 
38.50 17.60 43.90 
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180 f H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Η 0 H D I O X A N E 

Figure 1. Isotherms of potassium acetate-water-dioxane in weight per­
cent: Θ, 25°C; Δ, 85°C. 

Tie - l ines w e r e establ ished b y us ing a three-component mixture whose 
to ta l compos i t ion was a p o i n t w i t h i n the two-phase reg ion of the graph . 
T h e resu l t ing two-phase l i q u i d mixture was separated w i t h a separatory 
funne l , a n d t w o w e i g h e d samples were taken f r o m each layer . O n e 
sample of each layer was ana lyzed for the potass ium c o m p o u n d a n d the 
other sample was ana lyzed for water . I n the systems potass ium ace ta te -
w a t e r - d i o x a n e a n d potass ium a c e t a t e - w a t e r - T H F , a s tandard perch lor i c 
a c i d i n g lac ia l acetic a c i d was used i n the potass ium acetate deter­
m i n a t i o n ( 2 ) . W a t e r content was obta ined b y t i t rat ion w i t h s tandard 
K a r l F i s c h e r Reagent ( 4 ) . H a v i n g the w e i g h t percentage of t w o of the 
three components, the cyc l i c ether percentage was ca l cu lated b y differ­
ence i n each case. T h e h i g h vo la t i l i ty of T H F p r e c l u d e d its use 
above 25°C. 

F o r most of the potass ium c h l o r i d e - w a t e r - T H F work , data were 
obta ined i n the same m a n n e r as the other two systems except that potas­
s i u m ch lor ide was ana lyzed b y the M o h r method ( 5 ) . A t l o w concentra­
tions of T H F , however , a so l id prec ip i tate was observed. T o ascertain 
its composi t ion , a mixture of the three components w i t h tota l mix ture 
compos i t ion corresponding to a po int w i t h i n the s o l i d - l i q u i d , two-phase 
reg ion of the p r e l i m i n a r y g r a p h was brought to e q u i l i b r i u m a n d the 
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12. McNANEY ET AL. Phase Diagram Determinations 181 

so l id then was filtered off at exper imental temperature. O n e sample f r o m 
the l i q u i d phase was ana lyzed for potass ium chlor ide b y the M o h r 
method ( 5 ) , a n d another sample of the same l i q u i d phase was ana lyzed 
for water w i t h s tandard K a r l F i s c h e r Reagent. T h e amount of cy c l i c ether 
present then was ca l cu lated b y difference. T h i s procedure was repeated 
at various points w i t h i n the s o l i d - l i q u i d , two-phase region. T h e phase 
behavior descr ibed here has as a consequence an invar iant po int i n the 
so lub i l i ty curve . I n order to conf irm the existence of this invar iant po int , 
synthetic mixtures of the three components w e r e chosen arb i t rar i ly to 
correspond to two points w i t h i n the s o l i d - l i q u i d - l i q u i d , three-phase area. 
A f t e r e q u i l i b r i u m was reached w i t h these mixtures , the so l id was a l l o w e d 
to settle out, a n d two w e i g h e d samples of the denser l i q u i d w e r e ana lyzed , 
the one for potass ium b y use of s tandard si lver nitrate t i t ra t i on , a n d the 
other for water b y K a r l F i s c h e r Reagent t i t rat ion . T h i s procedure then 
was repeated for the less dense l i q u i d layer . H a v i n g de termined the 
we ight percentage of two of the three components, the T H F concentra­
t i on was ca lcu lated b y difference for each layer. 

T h e composi t ion of the so l id prec ip i tate w h i c h was f ound i n some of 
the mixtures of the potass ium c h l o r i d e - w a t e r - T H F system was deter­
m i n e d b y us ing Schreinemakers wet residue method (6 ) as modi f ied b y 
H i l l a n d R i c c i ( 7 ) . 

Treatment of Data 

F r o m the recorded data i t was possible to determine the so lub i l i ty 
curves for each system, the l i q u i d - l i q u i d t ie- l ines, the s o l i d - s o l i d t ie - l ines , 
a n d to confirm the invar iant po in t f o und i n one of the so lub i l i ty curves. 

Solubility Curves. T h e so lub i l i ty we ight percentages are tabu lated 
i n Tables I , I I , a n d I I I . E a c h exper imental po int on any of the so lub i l i ty 
curves was obta ined f r om the predetermined weights of the potass ium 
c o m p o u n d a n d water p lus the we ight of the cyc l i c ether t i t rated into 
this solut ion. 

A l l such points f o rmed smooth curves w h e n p lo t ted o n the three-
component t r iangular graphs used for each system invest igated except 
that of the potassium c h l o r i d e - w a t e r - T H F system. I n the latter case, 
two so lub i l i ty curves appeared w h i c h met i n an invar iant po int . T h e 
so lub i l i ty plots are shown i n F igures 1, 2, a n d 3. 

Liquid -Liquid Tie-Lines. T h e we ight percentages of the mixtures , 
arb i t rar i l y chosen as points w i t h i n the two-phase, l i q u i d - l i q u i d regions 
a n d f ound i n a l l of the systems s tudied , are tabulated i n Tables I , I I , a n d 
I I I . T a b u l a t e d i n the same tables are the we ight percentages of the three 
components f oun d i n each of the two l i q u i d layers w h i c h resulted f r o m 
each of the chosen mixtures. 

Plots of the three p o i n t s — o r i g i n a l mixture , denser layer , a n d less 
dense l a y e r — w e r e made on the g raph w h i c h a lready conta ined the ir 
so lub i l i ty curve. E a c h set of these three points determined a straight l ine 
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Table I I . Solubility Curve and Tie-Line Data for the System 
Potassium Acetate—Water—Tetrahydrofuran in 

Weight Percentage 

Solubility Curve Data 25°C 

KCtH,0, HtO CiHsO 

0.38 26.87 72.75 
0.87 37.00 62.13 
1.85 52.80 45.35 
2.90 62.60 34.50 
4.80 68.70 26.40 

10.10 72.10 17.80 
15.30 73.10 11.60 
19.95 71.25 8.80 
34.40 61.50 4.10 
44.80 63.30 1.90 

Tie-Line Data25°C 

Denser Layer Less Dense Layer 

KCtH,Ot HtO CtH80 » KCtHsOt HtO C 4 # 8 0 

24.80 68.00 7.20 0.13 6.00 93.87 
16.10 72.10 11.80 0.05 8.87 91.08 
10.00 72.97 17.03 0.10 12.70 87.20 
42.70 54.10 3.20 0.02 2.66 97.32 
61.20 36.00 2.80 0.10 1.00 98.90 

Original Mixture 

KC %H 30 2 HtO C 4 # 8 0 

19.84 59.35 20.81 
9.80 49.60 40.60 
7.85 61.70 30.45 

20.30 29.40 50.30 
14.85 9.85 75.30 

whose end points , corresponding to the denser a n d less dense layers, 
respect ively , f e l l on the so lub i l i ty curve. These t ie - l ine plots are shown 
i n F igures 1, 2, a n d 3. 

Solid-Liquid Tie-Lines. T a b u l a t e d i n T a b l e I I I are the w e i g h t per ­
centages of the or ig ina l ly p repared complexes w h i c h were chosen as 
points w i t h i n the two-phase, s o l i d - l i q u i d reg ion i n the potass ium c h l o r i d e -
w a t e r - T H F system. T h e we ight percentages of the saturated solutions 
for each of the or ig ina l complexes are presented also i n this table . 

T h e data ment ioned above were p lo t ted o n three-component t r i ­
angular graphs. A s l ight ly c u r v e d so lub i l i ty l ine resulted f rom the p lo t 
of the saturated solution. Straight lines were d r a w n connect ing each 
p r e p a r e d complex po in t w i t h its corresponding saturated so lut ion po int . 
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12. M C N A N E Y E T A L . Phase Diagram Determinations 183 

Table III. Solubility Curve and Tie-Line Data for the System 
Potassium Chloride—Water—Tetrahydrofuran (25°C) 

in Weight Percentage 

Solubility Curve Data 

Liquid-Liquid Equilibrium Solid-Liquid Equilibrium 

KCl Ht0 CiHsO KCl H>0 CiHsO 

0.63 29.85 69.52 21.45 71.50 7.05 
1.39 42.00 56.61 23.00 70.70 6.30 
3.65 62.35 33.90 24.15 72.10 3.75 
7.28 72.80 19.95 25.60 73.00 1.40 

11.05 73.80 15.15 26.80 72.90 0.00 
14.85 74.35 10.80 26.34 (20) 
18.17 72.83 8.98 

Tie-Line Data Liquid-Liquid Equilibrium 

Denser Layer Less Dense Layer 

KCl HtO CiHsO KCl HtO CiH80 

7.90 68.40 23.70 0.01 13.80 86.19 
13.20 73.60 13.20 0.00 9.95 90.05 
16.20 73.30 10.50 0.00 8.72 91.28 

Original Mixture 

KCl HtO CiHsO 

5.00 50.00 45.00 
10.05 59.95 30.00 

9.97 50.05 39.98 

Solid-Liquid Equilibrium 

Saturated Solution Original Complex 

KCl HtO CtH80 KCl Ht0 CkHs0 

23.20 71.10 5.70 34.99 60.04 4.97 
24.10 71.50 4.40 31.10 65.00 3.90 
24.95 71.70 3.35 37.00 59.98 3.02 

Solid-Liquid-Liquid Equilibrium 

Denser Layer Less Dense Layer 

KCl HtO CiHsO KCl HtO C 4 # 8 0 

6.40 0.00 
6.37 0.00 

Original Complex 

22.60 71.00 6.40 0.00 6.00 94.00 
22.70 70.93 6.37 0.00 6.10 93.90 

KCl HtO CiHsO 

35.05 49.93 15.02 
25.00 50.03 24.97 
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.KOAc 

HO H TETRAHYDROFURAN 

Figure 2. Isotherm of potassium acetate-water-THF in weight percent 

W h e n extrapolated, a l l of these straight l ines met, approx imate ly , i n a 
point , the compos i t ion of the dissolved potass ium ch lor ide i n the satu­
rated so lut ion ( 6 ) . These plots are shown i n F i g u r e 3. 

T h e modi f i cat ion of Schreinemakers w e t residue method w h i c h was 
used i n this par t of the invest igat ion is that instead of a n a l y z i n g the wet 
residue, a complex is prepared of k n o w n composi t ion a n d the solut ion 
on ly is ana lyzed . T h i s again gives two points on the d i a g r a m : the so lut ion 
po int on the curve a n d the complex po int w h i c h replaces the wet residue 
po int . H i l l a n d R i c c i (7 ) c l a i m that the complex method is as accurate 
or more accurate than the residue method i f a lgebraic extrapolat ion of 
the tie-l ines is used. 

Assume the synthetic complex to be : C o m p o u n d A — 2 0 % , C o m p o u n d 
Β ( W a t e r ) — 3 0 % , d i o x a n e — 5 0 % . T h e solut ion o n analysis g ives : 
C o m p o u n d A — 4 % , C o m p o u n d B — 1 6 % , d i o x a n e — 8 0 % . T h e 80 parts 
d ioxane conta in 4 A + 16B a n d 50 parts dioxane conta in 2.5A - f 10B. 
T h i s amount of solut ion is subtracted f rom the complex g i v i n g : 

20 - 2.5 — 17.5A 
30 - 10.0 = 20.0B ι 37.5 t o t a l 
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12. McNANEY ET AL. Phase Diagram Determinations 185 

T h u s , i f a l l the dioxane c o u l d be r emoved f r o m the complex as so lut ion, 
the residue w o u l d be : 4 6 . 7 % A a n d 5 3 . 3 % B . T h i s po int , w h e n m a r k e d 
o n the edge of the d i a g r a m , gives the correct extrapolat ion of the complex 
point . I t does not necessarily represent any exist ing so l id phases, b u t the 
l ine j o in ing this po int to the so lut ion po int must pass t h r o u g h the true 
so l id phase ( 8 ) . I n this invest igat ion, however , a l l extrapolations ended 
w i t h the so l id phase as pure potass ium ch lor ide at one corner, i.e., A = 
1 0 0 % , Β = 0 % . 

Invariant Point Confirmation. T h e w e i g h t percentages of the pre ­
p a r e d complexes, arb i t rar i ly chosen w i t h i n the three-phase, s o l i d - l i q u i d -
l i q u i d reg ion , are tabulated i n T a b l e I I I . T a b u l a t e d i n the same table 
are the w e i g h t percentages of the denser l i q u i d layers a n d those of the 
less dense layers. 

Plots of each set of d a t a — p r e p a r e d complex , denser layer , a n d less 
dense l a y e r — w e r e made on the g raph w h i c h a lready contained the 
so lub i l i ty curve a n d tie- l ines. A straight l ine was d r a w n f r o m the prepared 
complex po int to its denser layer po int a n d , s imi lar ly , f r o m the complex 

Figure 3. Isotherm of potassium chloride-water-THF in weight percent 
(invariant point: 22.6% KCl, 71.0% H20, 6.4% THF) 
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186 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

po int to the less dense layer po int . T h i s f o rmed an angle w i t h the complex 
po int as the vertex. T h e ends of the two sides, denser layer po in t a n d less 
dense layer po int , f e l l on the so lub i l i ty curve w i t h the denser po in t 
approx imate ly on the invar iant pos i t ion . A p lo t of the other set of data 
gave s imi lar results. T h i s denser layer po int also c o inc ided w i t h the 
invar iant po int , con f i rming i t , w h i l e the less dense layer po in t f e l l almost 
exactly on the prev ious ly p lo t ted less dense layer po int . These plots m a y 
be f ound i n F i g u r e 3. 

Discussion of Results 

D i o x a n e i n an aqueous solut ion is associated w i t h water (9,10,11, 
12,13). E v i d e n c e that T H F behaves i n a l ike manner has been reported 
also (14). 

A c c o r d i n g to G o d n e v a a n d K l o c h o (13), w h e n an electrolyte is a d d e d 
to w a t e r - d i o x a n e or w a t e r - T H F , t w o phases result. I n order to b r i n g 
about this separation, the w a t e r - c y c l i c ether association must be broken 
d o w n . These authors bel ieve that the h y d r a t i o n of the electrolyte cations 
is accompl i shed b y the dehydrat i on of the cyc l i c ether molecules , caus ing 
stratif ication. 

Salting-Out Effects Owing to Potassium Acetate. T h e system potas­
s i u m acetate -water -d ioxane ( F i g u r e 1, T a b l e I ) was invest igated at 
temperatures of 25 °C a n d 85°C. T h e salt ing-out isotherms are b i n o d a l 
curves a n d showed a very sl ight d isp lacement t o w a r d the aqueous corner 
w i t h an increase i n temperature. 

T h e l i q u i d layer f o rmat ion (at 2 5 ° C ) of the system potass ium 
a c e t a t e - w a t e r - T H F is also a b i n o d a l curve ( F i g u r e 2 ) . T h e r e is , h o w ­
ever, a substantial difference between the layer ing effect o n the w a t e r -
dioxane b y potass ium acetate compared w i t h its effect on the w a t e r - T H F 
mixture . I n the latter case, m u c h less potass ium acetate is r e q u i r e d to 
b r i n g about separation into two l i q u i d phases t h a n w i t h the same 
percentage composi t ion of water -d ioxane . E v e n w h e n p lo t ted o n a mole 
percentage composi t ion basis (see F i g u r e 4 ) this difference, w h i l e less 
pronounced , s t i l l exists. O n e c o u l d conc lude that the reason for this 
behavior rests i n the fact that T H F has one-half as m a n y oxygen sites 
for hydrogen b o n d i n g than does dioxane, a n d thus can h o l d less water i n 
association. Previous experimenters, however , have p r o d u c e d results 
w h i c h seem to bel ie this. It has been postulated b y different groups of 
investigators that the molecu lar rat io for w a t e r : T H F is 17:1 (15,16), as 
c ompared w i t h 2 :1 , 3 :1 , a n d 4:1 for the molecu lar rat io of water :d i oxane 
association, as p u t forth b y others (10,11). T h i s s tudy has de termined 
that about three times as m u c h potass ium acetate, i n mole percentage, 
is r e q u i r e d to cause stratif ication i n dioxane t h a n is necessary to ob ta in 
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12. McNANEY ET AL. Phase Diagram Determinations 187 

Mole % KOAc 

Dioxane Q 

Tet rahydrofuran Δ 

HOH 10 20 30 40 

Mole % Dioxane , Mole % Tetrahydrofuran » 

Figure 4. Comparison of potassium acetate-water-dioxane and 
potassium acetate-water-THF plots: Θ, dioxane; Δ , THF 

the same results i n T H F w h e n b o t h solvents are i n aqueous solutions. 
I f T H F associates w i t h more water than does dioxane, i t w o u l d seem 
that the opposite should be true. 

T h e investigators i n v o l v e d i n this study feel that i t is reasonable to 
conc lude that c ompared w i t h dioxane, T H F forms a w e a k e r association 
w i t h water a n d , hence, the cations c a n more easily break these bonds 
causing l i qu id -phase separation. T h e basis for this judgment rests w i t h 
the assumption that 17 water molecules w o u l d be h e l d less firmly b y one 
T H F molecule than four water molecules b y one dioxane molecule . 

S a l t i n g - O u t Ef fect O w i n g to P o t a s s i u m C h l o r i d e . K o b z e v ( I ) 
ma inta ined , i n a study of salts of potass ium, sod ium, U t h i u m , r u b i d i u m , 
a n d ces ium ( a l l i n aqueous so lut ions ) , that the so lub i l i ty of a salt i n water 
was re lated to its salt ing-out effect. H e f o u n d that salts w i t h the so lub i l i ty 
f r o m 6.4 to 2.8 g equ iv w t per 100 m L of water at 25 °C caused stratif ica­
t i o n i n a l l systems except w a t e r - m e t h a n o l a n d w a t e r - e t h a n o l . Salts w i t h 
solubi l i t ies be l ow 2.82 g equ iv w t d i d not cause salt ing-out. 

T h e re lat ive water solubi l i t ies of the t w o salts invest igated are 
potass ium acetate > > potass ium chlor ide . A s one m i g h t expect, then , 
potass ium acetate has the greater capac i ty to salt-out aqueous solutions 
of dioxane a n d T H F . Potass ium chlor ide cannot b r i n g about salt ing-out 
t h r o u g h the f u l l percentage compos i t ion range of the ternary mixture . 
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Potass ium chlor ide and potass ium acetate were insoluble i n bo th 
dioxane a n d T H F . T h e so lub i l i ty of these salts i n wate r was ascertained 
and c o m p a r e d very closely w i t h the l i terature values c i t ed i n Tables 
I a n d I I I . 

E . C h u l i k has assisted i n the foregoing w o r k b y deve lop ing ana ly t ica l 
means for quant i ta t ive de terminat ion of acetate salts as modificat ions of 
the me thod of D . Ceausescu ( 1 7 ) . 
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Solubility of Carbon Dioxide in Aqueous 

Mixed-Salt Solutions 

AKIRA YASUNISHI1, MASAKATSU TSUJI, and ΕΙΖΟ SADA 

Department of Chemical Engineering, Kyoto University, Kyoto 606, Japan 

The solubilities of carbon dioxide in aqueous solutions of 
mixed salts chosen from eight electrolytes (NaCl, KCl, 
Na2SO4, NH4Cl, MgSO4, (NH4)2SO4, CaCl2, KNO3) were 
measured at 25°C and 1 atm by the saturation method. 
Experimental results for the mixed-salt system were not 
described easily by the modified Setschenow Equation. 
However, they were correlated very well by an empirical 
two-parameter equation. The parameters in the equation 
for the binary and ternary salt solutions could be estimated 
easily from these equations for the components of the 
mixed salts. 

' " phe so lub i l i ty data of gases i n aqueous mixed-sal t solutions are funda-
menta l ly impor tant i n research on l i qu id -ga s mass transfer a n d i n 

des ign ing g a s - l i q u i d contac t ing operations, especia l ly gas absorpt ion 
accompan ied b y chemica l react ion. 

T h e data have, however , been obta ined for on ly a few systems b y 
O n d a et a l . ( J ) , Joosten a n d Danckwer t s ( 2 ) , a n d H i k i t a et a l . ( 3 ) . 
These authors also proposed methods for est imating the so lubi l i ty of 
gases i n aqueous mixed-sal t solutions f rom the cor responding data for 
each salt i n the systems. These studies are extensions of the e m p i r i c a l 
m e t h o d p roposed b y v a n K r e v e l e n a n d Hof t i j ze r (4) o n the basis of the 
f o l l o w i n g modi f ied Setschenow E q u a t i o n . 

1 To whom correspondence should be addressed. Current address: Department 
of Environmental Chemistry and Technology, Tottori University, Tottori 680, Japan. 

log ( L 0 / L ) —K-Ct s (D 

0-8412-0428-4/79/33-177-189$05.00/l 
© 1979 American Chemical Society 
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190 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

T h e range of a p p l i c a b i l i t y of the Setschenow E q u a t i o n o n the salt 
concentrat ion i n aqueous single-salt solutions varies w i t h the system 
(gas p lus an electrolyte) a n d is never conf irmed c learly . V a n K r e v e l e n 
a n d Ho f t i j z e r (4) showed the range to be u p to 2 m o l / L of i o n i c strength 
i n a l l the systems, w h i l e O n d a et a l . ( 5 ) sho wed that the equat ion c o u l d 
be a p p l i e d to the more concentrated solutions for some systems, such as 
u p to 15 m o l / L of i on i c strength for carbon d iox ide systems at the 
m a x i m u m . 

H o w e v e r , f r o m the measurements of so lubi l i t ies of oxygen (6,7) a n d 
carbon d iox ide (8) i n aqueous single-salt solutions over a w i d e range of 
salt concentrat ion, i t was f o u n d that data for m a n y systems c o u l d not be 
corre lated b y the e m p i r i c a l Setschenow E q u a t i o n . Therefore , the modi f i ed 
Setschenow E q u a t i o n c a n not a lways be used to estimate satisfactori ly 
the gas so lub i l i ty data over a w i d e range of salt concentrations. 

I n the present invest igat ion, the solubi l i t ies of carbon d iox ide i n 
aqueous mixed-salt solutions were measured at 25 ° C a n d 1 a r m p a r t i a l 
pressure of carbon d iox ide , a n d the poss ib i l i ty of a m e t h o d for est imating 
the so lub i l i ty was discussed. 

T h e f o l l o w i n g systems were s t u d i e d : N a C l - K C l , N a C l - N a 2 S 0 4 , 
N a C l - N H 4 C l , N a C l - M g S 0 4 , N H 4 C 1 - ( N H 4 ) 2 S 0 4 , K C l - C a C l 2 , a n d N a C l -
K N 0 3 for aqueous solutions of b i n a r y m i x e d salts, a n d N a C l - N a 2 S 0 4 -
N H 4 C 1 , N a C l - M g S 0 4 - K N 0 3 , a n d N a C l - K C l - C a C l 2 for aqueous solutions 
of ternary m i x e d salts. These systems were selected to s tudy the salt 
effect of the c o m m o n ions on so lub i l i ty . 

Experimental 

T h e apparatus a n d procedure were s imi lar to those descr ibed b y 
T o k u n a g a et a l . ( 9 , 1 0 ) . T h e p r i n c i p l e of this m e t h o d is that a k n o w n 
v o l u m e of gas is brought into contact w i t h a measured amount of gas-free 
l i q u i d . T h e system was agitated enough to reach e q u i l i b r i u m r a p i d l y , 
a n d the v o l u m e of r e m a i n i n g gas was measured. C o r r e c t i o n for the vapor 
pressure was done, a n d the difference between i n i t i a l a n d final measured 
vo lume of gas gave the so lub i l i ty . 

T h e so lub i l i ty was expressed i n terms of the O s t w a l d absorpt ion 
coefficient, L, w h i c h is def ined as the ratio of the v o l u m e of absorbed gas 
to the vo lume of absorb ing l i q u i d at the temperature a n d pressure of the 
measurement. T h i s is because the O s t w a l d coefficient is rea l ly a n e q u i ­
l i b r i u m constant, a n d the m e t h o d of correct ion to s tandard condit ions 
does not need to be specif ied i n compar ison w i t h the B u n s e n coefficient. 

Salt solutions were prepared as fo l lows. A concentrated aqueous 
so lut ion of m i x e d salts was p r e p a r e d b y w e i g h i n g the proper amount of 
each component salt for the des ired mole f ract ion i n m i x e d salts a n d 
then d isso lv ing the salt i n de ion ized water . I t was then d i l u t e d to des ired 
concentrations a n d degassed b y b o i l i n g w i t h reflux a n d u n d e r v a c u u m 
to e l iminate dissolved gases. 
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13. YASUNiSHi E T A L . Solubility of Carbon Dioxide 191 

T h e to ta l concentrat ion of salts i n a so lut ion was de termined b y 
a n a l y z i n g the concentrat ion of ch lor ide i o n b y the u s u a l s i lver n i t rate 
t i t rat ion . C h l o r i d e s were present i n a l l systems s tudied , a n d the m o l e 
f ract ion of the ch lor ide was determined at the t ime the so lut ion was 
p r e p a r e d (see above). 

C a r b o n d iox ide was extra p u r e grade (99 .96% ), a n d its p u r i t y was 
conf i rmed b y gas chromatography ( G C ) . A l l salts were reagent grade 
a n d were used w i t h o u t further pur i f i cat ion . 

T h e vapor pressure of the m i x e d salt so lut ion was est imated b y the 
method of R o b i n s o n a n d B o w e r (11) f r om the corresponding data for 
each component salt so lut ion. 

T h e r e l i ab i l i t y a n d accuracy of the exper imenta l apparatus a n d 
procedure were de termined b y the measurement of the so lub i l i ty of 
carbon d iox ide i n pure water . T h e average va lue of the O s t w a l d coeffi­
cient, L 0 , obta ined i n this w o r k was 0.8264 a n d agreed qu i t e w e l l w i t h 
values i n the l i terature (12). 

Results and Discussion 

T h e so lub i l i ty data of carbon d iox ide i n aqueous solutions of b i n a r y 
m i x e d salts obta ined i n this s tudy are s u m m a r i z e d i n T a b l e I ; those for 
ternary m i x e d salts are s u m m a r i z e d i n Tab les I I , I I I , a n d I V . F i g u r e s 1 
a n d 2 show the so lub i l i ty data for the potass ium c h l o r i d e - c a l c i u m ch lo ­
r ide a n d s o d i u m c h l o r i d e - s o d i u m s u l f a t e - a m m o n i u m ch lor ide m i x e d s o l u ­
tions, respect ively , w h i c h are representative of a l l the data. T h e salt ing-out 
effect was shown i n a l l the systems studied . 

Table I . Experimental Results of Carbon Dioxide Solubility in 
Aqueous Binary Mixed-Salt Solutions at 2 5 ° C and 1 atm 

X i = 0.0Oa xt = 0.25 x1 = 0.50 x1 = 0.75 X j = 1.00a 

C8 L C e L C e L C e L C 8 L 

K C l (1) + C a C l 2 (2) 

0.558 0.6477 0.426 0.7037 0.512 0.7012 0.429 0.7455 0.498 0.7576 
1.237 0.4701 0.865 0.6011 1.079 0.6003 0.904 0.6735 0.980 0.7041 
2.008 0.3380 1.611 0.4605 1.675 0.5062 1.845 0.5558 1.890 0.6177 
2.809 0.2544 2.361 0.3704 2.605 0.3947 2.714 0.4691 2.702 0.5554 
3.801 0.1876 3.233 0.2845 3.401 0.3253 3.501 0.4057 3.505 0.5063 

N a C l ( 1 ) + N a 2 S 0 4 (2) 
0.210 0.7165 0.233 0.7198 0.272 0.7283 0.266 0.7507 0.455 0.7343 
0.657 0.5273 0.518 0.6098 0.595 0.6281 0.534 0.6844 1.000 0.6508 
1.190 0.3627 0.854 0.5103 1.035 0.5201 1.005 0.5892 1.442 0.5842 
1.710 0.2601 1.274 0.4038 1.502 0.4215 1.545 0.4907 1.945 0.5187 
2.205 0.1828 1.744 0.3197 2.060 0.3360 2.073 0.4017 2.486 0.4653 
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Table I . Continued 

X L = 0.00° x , = 0.25 x , = 0.50 Xi = 0.75 x , = 1.00* 

C s L CS L C s L C e L C 8 L 

N a C l (1) + K C l (2) 
0.498 0.7576 0.537 0.7455 0.479 0.7502 0.545 0.7271 0.455 0.7343 
0.980 0.7041 1.039 0.6813 1.051 0.6720 1.077 0.6511 1.000 0.6508 
1.890 0.6177 1.765 0.6073 1.851 0.5742 1.830 0.5545 1.945 0.5187 
2.702 0.5554 2.114 0.5705 2.297 0.5344 2.277 0.5070 2.486 0.4653 
3.505 0.5063 3.104 0.4948 3.343 0.4439 3.434 0.4028 3.400 0.3727 
4.131 0.4703 4.125 0.4243 4.396 0.3765 4.311 0.3415 4.216 0.3144 

N a C l (1) + M g S C - 4 (2) 
0.418 0.6480 0.264 0.7194 0.387 0.7001 0.263 0.7540 0.455 0.7343 
0.724 0.5355 0.515 0.6329 0.723 0.6110 0.537 0.6917 1.000 0.6508 
1.020 0.4513 1.028 0.4837 1.111 0.5147 1.079 0.5799 1.442 0.5842 
1.643 0.3047 1.562 0.3766 1.616 0.4215 1.626 0.4811 1.945 0.5187 
2.274 0.2049 2.056 0.2872 2.185 0.3315 2.179 0.4104 2.486 0.4653 

N H 4 C 1 (1) + ( N H 4 ) 2 S 0 4 (2) 
0.253 0.7378 0.282 0.7505 0.333 0.7568 0.254 0.7905 0.375 0.7958 
0.519 0.6572 0.573 0.6785 0.658 0.6997 0.601 0.7451 0.811 0.7704 
0.845 0.5794 0.998 0.5961 1.021 0.6460 1.018 0.6978 1.147 0.7460 
1.235 0.4978 1.396 0.5322 1.330 0.5959 1.414 0.6594 1.508 0.7328 
1.836 0.3952 1.946 0.4580 2.014 0.5223 1.985 0.6133 1.973 0.7102 
2.486 0.3161 2.433 0.4015 2.673 0.4578 2.400 0.5800 2.338 0.6915 
2.873 0.2802 2.806 0.3687 2.861 0.5524 2.816 0.6721 

N a C l (1) + N H 4 C 1 (2) 
0.501 0.7880 0.426 0.7871 0.446 0.7655 0.945 0.6831 0.455 0.7343 
0.980 0.7576 0.892 0.7405 0.931 0.7147 1.783 0.5834 1.000 0.6507 
1.508 0.7328 1.709 0.6802 1.750 0.6309 2.648 0.4954 1.442 0.5824 
2.338 0.6915 2.550 0.6252 2.233 0.5896 3.572 0.4243 1.945 0.5187 
2.816 0.6721 3.398 0.5781 3.453 0.5024 4.284 0.3737 2.486 0.4653 
3.682 0.6452 4.077 0.5467 4.157 0.4614 4.620 0.3552 3.400 0.3727 
4.421 0.6258 4.459 0.5275 4.731 0.4296 5.281 0.3165 4.216 0.3144 
5.480 0.6015 5.051 0.5059 5.176 0.4097 5.096 0.2584 

N a C l (1) + K N O 3 (2) 
0.288 0.7994 0.298 0.7956 0.289 0.7857 0.264 0.7784 0.455 0.7343 
0.801 0.7592 0.614 0.7663 0.711 0.7352 0.620 0.7315 1.000 0.6508 
1.101 0.7399 1.007 0.7244 1.127 0.6854 0.913 0.6901 1.442 0.5842 
1.412 0.7164 1.290 0.6983 1.601 0.6330 1.324 0.6367 1.945 0.5187 
1.630 0.7023 1.664 0.6649 2.173 0.5820 1.723 0.5883 2.486 0.4653 

1.948 0.5666 3.400 0.3727 
• From Ref. 8. 
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13. YASUNISHI E T A L . Solubility of Carbon Dioxide 193 

Table II. Experimental Results of Carbon Dioxide Solubility in 
Aqueous Solution of Sodium Chloride (1)—Sodium Sulfate (2)— 

Ammonium Chloride (3) Mixed Salt at 2 5 ° C and 1 atm 

x1=0.50 Xl=0.50 xt = 0.50 X l = 0.50 Xl=0.50 
x2 = 0.50 x2 = 0.375 χ2 = 0.25 x2 = 0.125 x2 = 0.00 
xs = 0.00 xs = 0.125 Xs = 0.25 xs = 0.875 xs = 0.50 

0.272 0.7283 0.404 0.7067 0.332 0.7447 0.407 0.7558 0.446 0.7655 
0.595 0.6281 0.812 0.6068 0.720 0.6591 0.800 0.6900 0.931 0.7147 
1.035 0.5201 1.211 0.5271 1.113 0.5899 1.207 0.6348 1.750 0.6309 
1.502 0.4215 1.627 0.4565 1.576 0.5165 1.572 0.5867 2.233 0.5896 
2.060 0.3360 1.978 0.4011 1.981 0.4613 2.008 0.5384 3.453 0.5042 

2.484 0.4017 2.549 0.4870 

Table III. Experimental Results of Carbon Dioxide Solubility in 
Aqueous Solutions of Potassium Chloride (1)—Sodium Chloride 

(2) -Calcium Chloride (3) Mixed Salt at 2 5 ° C and 1 atm 

X i = 0.50 Xj = 0.50 Xj = 0.50 
= 0.50 x 2 = 015 x* = 0.00 
= 0.00 Xs = 0.25 X j = 0.50 

α L α L c s L 

0.479 0.7502 0.386 0.7505 0.512 0.7012 
1.051 0.6720 0.722 0.6873 1.079 0.6003 
1.851 0.5742 1.428 0.5901 1.675 0.5062 
2.297 0.5344 1.938 0.5291 2.605 0.3947 
3.343 0.4439 2.455 0.4704 3.401 0.3253 
4.396 0.3765 2.762 0.4405 

Table IV. Experimental Results of Carbon Dioxide Solubility in 
Aqueous Solutions of Sodium Chloride (1)—Magnesium Sulfate 

(2)-Potassium Nitrate (3) Mixed Salt at 2 5 ° C and 1 atm 

X i = 0.50 X j = 0.50 X i = 0.50 
X 2 

= 0.50 X2 = 0.25 X 2 = 0.00 
X j = 0.00 X j = 0.25 χ » = 0.50 

α L c 8 L L 

0.387 0.7001 0.193 0.7859 0.289 0.7857 
0.723 0.6110 0.498 0.7206 0.711 0.7352 
1.111 0.5147 0.814 0.6577 1.127 0.6854 
1.616 0.4215 1.131 0.6067 1.601 0.6330 
2.185 0.3315 1.493 0.5506 2.173 0.5820 

1.910 0.4949 
2.264 0.4497 
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YASUNISHI E T A L . Solubility of Carbon Dioxide 

Cs ( kmot · rn ) 

Figure 2. Solubility of carbon dioxide in aqueous 
sodium chloride (l)-soaium sulfate (2}-ammonium 
chloride (3) mixed solutions at 25° C and 1 atm 
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196 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

E x a m p l e s of the var ia t i on of carbon d iox ide solubi l i t ies w i t h total 
salt concentrations i n aqueous solutions are s h o w n i n F igures 3 a n d 4 i n 
the f o rm of the modi f i ed Setschenow plot for each salt composi t ion . 

F i g u r e 3 shows the p lo t for potass ium c h l o r i d e - c a l c i u m ch lor ide 
b i n a r y salt system. F i g u r e 4 shows the p lo t for s o d i u m c h l o r i d e - s o d i u m 
s u l f a t e - a m m o n i u m ch lor ide ternary salt system. A s s h o w n i n these figures, 
the plots of l o g ( L 0 / L ) vs. salt concentrat ion a l l curve u p w a r d convexly , 
a n d the effects of these m i x e d salts on the so lub i l i ty of carbon d iox ide 
i n the aqueous solutions do not show a direct corre lat ion b y the Setsche­
n o w E q u a t i o n . These features are the same i n a l l the mixed-sal t systems 
considered here. 

T h e est imat ing methods b y v a n K r e v e l e n a n d Ho f t i j z e r (4) a n d 
O n d a et a l . ( J ) are based o n the l inear re lat ionship b e t w e e n l o g ( L 0 / L ) 
a n d salt concentrat ion. W h e n these methods are used to estimate the 
so lub i l i ty of gases i n aqueous salt solutions over a w i d e range of salt 
concentrat ion, however , the estimates are sometimes i n serious error, as 
s h o w n i n F i g u r e s 3 a n d 4. 

Figure 3. Effect of salt concentration on solubility of carbon 
dioxide in aqueous potassium chloride (l)-calcium chloride (2) 

mixed solutions at 25°C and 1 atm 
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13. YAsuNisHi E T A L . Solubility of Carbon Dioxide 197 

I I 
Χι=0.500 

Χι • 0.500 0.000 

• 0.375 0.125 

• 0.250 0.250 

Δ 0.125 0.375 

Ο 0.000 0.500 

0.0 1.0 2.0 3.0 

Cs ( kmol ' m ~ 3 ) 

Figure 4. Effect of salt concentration on solubility of carbon 
dioxide in aqueous sodium chloride (l)-sodium sulfate (2)-
ammonium chloride (3) mixed solutions at 25° C and 1 atm 

F o r the so lub i l i ty data of gases i n aqueous single-salt solutions that 
c o u l d not be correlated b y the e m p i r i c a l Setschenow E q u a t i o n , M a r k h a m 
a n d K o b e (13) proposed an e m p i r i c a l two-parameter equat ion to corre­
late the data w i t h the mo la l i t y of the salt i n solut ion. 

O n e of the authors (6) proposed the f o l l o w i n g e m p i r i c a l t w o -
parameter equat ion to correlate w i t h those data , 

log ( L 0 / L ) - i i · Cs/(1+B · C.) (2) 

where A a n d Β are arb i t rary constants that c a n be determined f r o m the 
observed data for each system. T h e mo lar i ty is u s e d here as the salt 
concentrat ion var iab le because i t was used successfully as the var iab le 
i n d iscussing the salt effect based on in te rna l pressure concept (12) a n d 
per turbat i on theories (14,15). T h e so lub i l i ty data of oxygen (6,7) a n d 
carbon d iox ide (8 ) i n aqueous single-salt solutions corre lated qu i te w e l l 
w i t h the proposed E q u a t i o n 2 over a w i d e range of salt concentrat ion. 
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198 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Table V . Values of A and Β in Equation 2 for 
Binary Mixed-Salt Systems 

X l _ 0.00 x , = 0.25 X l — 0.50 x , = 0.75 χ , = 1.00 

K C l (1) + C a C l 2 (2) 
A 0.2110 0.1691 0.1365 0.1014 0.0754 
Β 0.0572 0.0566 0.0428 0.0430 0.0671 

N a C l (1) + N a 2 S 0 4 (2) 
A 0.3000 0.2599 0.2031 0.1450 0.1050 
Β 0.0081 0.0560 0.0335 —0.0168 0.0124 

N a C l (1) + K C 1 (2) 
A 0.0754 0.0824 0.0899 0.0993 0.1050 
Β 0.0671 0.0435 0.0355 0.0268 0.0124 

N a C l (1) + M g S 0 4 (2) 
A 0.2500 0.2236 0.1846 0.1487 0.1050 
Β - 0 . 0 3 6 1 0.0030 0.0083 0.0278 0.0124 

N H 4 C 1 (1) + ( N H 4 ) 2 S 0 4 (2) 
A 0.1980 0.1528 0.1150 0.0793 0.0435 
Β 0.0752 0.0791 0.0751 0.1030 0.1330 

N a C l (1) + N H 4 C 1 (2) 
A 0.0435 0.0545 0.0715 0.0884 0.1050 
Β 0.1330 0.0576 0.0430 0.0236 0.0124 

N a C l (1) + K N 0 3 (2) 
A 0.0478 0.0545 0.0746 0.0883 0.1050 
Β 0.0655 - 0 . 0 2 6 8 0.0274 0.0232 0.0124 

I n this study, E q u a t i o n 2 was also used to correlate the so lub i l i ty 
data of carbon d iox ide i n aqueous mixed-salt solutions. T h e values of 
A a n d B , obta ined b y the least squares method for a l l the systems, are 
s u m m a r i z e d i n Tables V , V I , V I I , a n d V I I I . 

T h e so l id lines i n F i g u r e s 3 a n d 4 are the predict ions of E q u a t i o n 2. 
A l l the data c o u l d be corre lated w i t h E q u a t i o n 2 w i t h i n about 0 . 5 % 
deviat ion . 

I n this study, the f o l l o w i n g equations were deve loped f r o m E q u a t i o n 
2 to estimate the so lub i l i ty of carbon d iox ide i n aqueous mixed-salt 
solutions f r o m the so lub i l i ty data i n a n aqueous so lut ion of each salt 
component 

l o g ( L 0 / L ) = AM · C 8 / ( l + £ M · C. ) (3) 

η 
A M — Σ AiXi 

i = l 

(4) 
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13. YASUNISHI E T A L . Solubility of Carbon Dioxide 199 

(5) 

w h e r e A 4 a n d B{ represent the parameters A a n d Β i n E q u a t i o n 2 for the 
f th component conta ined i n a m i x e d salt, a n d x{ is the m o l e f rac t i on of 
the i t h component . 

T h e variat ions of A a n d Β w i t h * i are s h o w n i n F i g u r e s 5, 6, a n d 7 for 
two b i n a r y mixed-sal t systems a n d i n F i g u r e 7 for a ternary mixed-sa l t 
system. I n these figures, the observed values of A a n d Β deviate f r om the 
relat ionships represented b y E q u a t i o n s 4 a n d 5. 

T o check the ? p p l i c a b i l i t y of this est imat ion method , each observed 
so lub i l i ty , L 0bsd, was compared w i t h the corresponding ca l cu lated va lue , 
Lcaicd, b y E q u a t i o n s 3, 4, a n d 5 u s i n g the parameters At a n d B 4 for the 
salt components i n the observed system. T h e dev ia t i on o f L c a i c d f r o m 
Lobsd was ca l cu lated b y E q u a t i o n 6. 

% dev ia t i on = Scaled — L> obsd I 
ôbsd 

x i o o (6) 

T h e average dev iat ion of each system is g iven i n T a b l e I X . I t c a n 
be seen that the deviations are very smal l . T h i s result shows that the 
dev iat ion of the values of A a n d Β f r o m the l inear ly interpo lated values , 
s h o w n i n F i g u r e s 5, 6, a n d 7, have l i t t le effect o n the est imated values of 

0.3 

_-0.2 
ο 
ε 

Ε 

< o.i 

0.15 

0.01 

0.0 
I 

0.5 
Χι 

1.0 
0.0 

0.0 
L _ 

0.5 
Χι 

1.0 

Figure 5. Variation of A and Β with salt composition for potassium 
chloride (l)-calcium chloride (2) system 
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Figure 7. Variation of A and B with salt composition for sodium chlo­
ride (1 )-sodium sulfate (2)-ammonium chloride (3) system 
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13. Y A s u N i s H i E T A L . Solubility of Carbon Dioxide 201 

Table VI . Values of A and B in Equation 2 for Sodium 
Chloride (1)—Sodium Sulfate (2)—Ammonium 

Chloride (3) Mixed-Salt System 

x1 = 0.50 χ , = 0.50 X j = 0.50 xt = 0.50 x1 = 0.50 
x2 = 0.50 x2 = 0.375 x2 = 0.25 x2 = 0.125 x2 =0.00 
X s = 0.00 x3 — 0.125 Xs = 0.25 x3 = 0.375 x5 = 0.50 

A 0.2031 0.1679 0.1375 0.1009 0.0715 
B 0.0335 0.0315 0.0372 0.0459 0.0430 

Table VII. Values of A and B in Equation 2 for Potassium 
Chloride ( l ) - S o d i u m Chloride (2)-CaIcium 

Chloride (3) Mixed-Salt System 

X l = 0.50 xt = 0.50 xt = 0.50 
x2 = 0.50 x2 = 0.25 x2 = 0.00 
xs = 0.00 x3 — 0.25 xs = 0.50 

A 0.0899 0.1084 0.1365 
B 0.0355 0.0361 0.0428 

Table VIII. Values of A and B in Equation 2 for Sodium 
Chloride (1)-Magnesium Sulfate (2)—Potassium 

Nitrate (3) Mixed-Salt System 

X l _ 0.50 χ , = 0.50 Xt = 0.50 
x2 = 0.50 x2 = 0.25 x2 = 0.00 
x3 = 0.00 xs = 0.25 xs = 0.50 

A 0.1846 0.1215 0.0746 
B 0.0083 0.0191 0.0274 

Table IX. Average Deviations of Estimated Values 
L c a i c from Observed Results 

Number of Average 
Détermina- Deviation 

System tions (%) 

K C l + C a C l 2 15 1.35 
N a C l + N a 2 S 0 4 15 1.21 
N a C l + K C 1 18 0.67 
N a C l + M g S 0 4 15 0.79 
N H 4 C 1 + ( N H 4 ) 2 S 0 4 20 0.62 
N a C l + N H 4 C 1 27 2.20 
N a C l + K N O 3 16 0.45 
N a C l + N a 2 S 0 4 + NH4CI 17 0.75 
K C l + N a C l + C a C l 2 6 1.68 
N a C l + M g S 0 4 + K N O 3 7 1.77 
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202 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

so lub i l i ty a n d that the presence of the c o m m o n i o n i n the m i x e d salts 
has no par t icu lar effect o n the so lub i l i ty except for the effect of each 
salt component . These results suggest that the proposed m e t h o d of 
est imat ion can be very useful i n p r ed i c t i ng the so lub i l i ty of ca rbon d ioxide 
i n aqueous mixed-sal t solutions f rom the p rac t i ca l po in t of v i e w . 

Conclusions 

T h e solubi l i t ies of carbon d iox ide i n aqueous solutions of seven b i n a r y 
a n d three ternary m i x e d salts chosen f rom eight k inds of electrolytes were 
measured at 25 ° C a n d 1 a tm par t i a l pressure o f ca rbon d iox ide b y the 
saturation method . T h e exper imenta l results were not correla ted easily 
b y the modi f ied Setschenow equat ion, bu t they were corre la ted ve ry w e l l 
b y the e m p i r i c a l two-parameter equat ion. T h e parameters i n the equa t ion 
for the b ina ry a n d ternary solutions c o u l d be est imated b y assuming an 
add i t ive rule for the parameters of the component salt systems. T h i s 
me thod , therefore, is useful for p red i c t i ng the so lub i l i ty of carbon 
d iox ide i n aqueous mixed-sal t solutions. 

Nomenclature 

A,B = parameters i n Equa t ions 2 a n d 3 ( m 3 · k m o l " 1 ) 
C e = total concentrat ion of m i x e d salt ( k m o l · m" 3 ) 
Κ = salt ing-out parameter ( m 3 · k m o l " 1 ) 
L = O s t w a l d absorpt ion coefficient 
η = n u m b e r of components i n m i x e d salt 
χ = mo le fract ion of a component i n m i x e d salt 

Subscripts 
0 = free of salt 
1 = i t h component 

M = m i x e d salt 
c a l c d = ca lcu la ted va lue 
obsd = observed va lue 
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Solubility of Sodium Chloride in an Inverse 

Micellar Solution of Pentanol 

STIG FRIBERG 

Chemistry Department, UMR, Rolla, MO 65401 

IRENA BURASZEWSKA and EVA SJÖBLOM 

The Swedish Institute for Surface Chemistry, Stockholm, Sweden 

The solubilization of an aqueous sodium chloride solution 
by potassium oleate in the pentanol isotropic solution was 
determined. The presence of sodium chloride increased the 
minimum concentration for solubilization, reduced the 
maximum solubilization at high pentanol:potassium oleate 
ratios, and altered this ratio to lower values for maximal 
solubilization of the electrolyte solution. The increased 
minimum amount of electrolyte solution for solubilization 
arose from the fact that no micelles were present at the low-
est fractions of water in the pentanol solution. The increased 
potassium oleate:pentanol ratio for maximal solubilization 
of the electrolyte was related to the destabilization of the 
lamellar liquid crystal with which the inverse micellar pen-
tanol solution of high water content was in equilibrium. 

/ ^ n e specific aspect of electrolyte so lubi l i ty i n nonaqueous med ia that 
so far has not been invest igated w i d e l y is the so lub i l i za t ion of 

electrolytes i n organic l iqu ids us ing inverse micel les . These inverse 
mice l l a r solutions are of interest i n combina t ion w i t h microemuls ions ( I , 
2,3,4); their structure has been invest igated a n d the fundamenta l basis 
for thei r s tabi l i ty has been s tud ied ( 5 ) . T h e microemuls ions conta in i n ­
verse micel les ( F i g u r e 1) composed of an aqueous core ( rad ius « 50 A ) 
l i n e d b y polar groups of an ion ic surfactant a n d a medium-cha in- leng th 
a lcoho l (pentanol ) w i t h the nonpolar parts p o i n t i n g towards the sur­
r o u n d i n g a lcohol hydroca rbon solut ion. 

0-8412-0428-4/79/33-177-205$05.00/l 
© 1979 American Chemical Society 
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206 T H E R M O D Y N A M I C BEHAVIOR O F ELECTROLYTES—Π 

Figure 1. The inverse micelle as an aqueous core 
light with polar groups from the surfactant and 
the cosurfactant—a medium-chain-length alcohol. 
The hydrocarbon chains point radially outwards 

to the surrounding organic liquid. 

These inverse micel les w i l l s o lub i l i ze electrolytes i n their aqueous 
core but the presence of the electrolytes also w i l l inf luence the s tabi l i ty 
of the inverse mice l l e . A change i n the stabi l i ty of the inverse mi ce l l e 
w i l l be reflected i n modif ications of the so lub i l i ty reg ion of the inverse 
m i c e l l a r so lut ion. T h i s chapter w i l l relate the changes i n so lub i l i ty areas 
f r o m add i t i on of electrolytes to the water to the structure of inverse 
micel les a n d other association complexes i n the pentano l so lut ion. 

Experimental 

Materials. T h e f o l l o w i n g chemicals were used w i t h o u t fur ther p u r k 
fication: cw-9-octadecanoic a c i d ( F l u k a A . G . , 9 9 % ) , 1-pentanol ( F l u k a 
A . G . , 7 9 9 % ) , potass ium ( R i e d e l a n d H a h n A . G . ) , s o d i u m chlor ide 
( M e r c k p .a . ) , a n d tw i ce -d i s t i l l ed water . T h e potass ium oleate was pre ­
p a r e d b y t i t rat ion w i t h o le ic a c i d of a n ethanol ic potass ium ethoxide 
so lut ion ( 6 ) . 

Solubilization Limits. T h e so lub i l i t y regions were de te rmined b y 
t i t rat ion w i t h the sod ium ch lor ide so lut ion u n t i l t u r b i d i t y a n d the results 
checked b y long- t ime storage of suitable composit ions. 

Association Structures. T h e onset of m i c e l l i z a t i o n was observed 
u s i n g l ight -scatter ing data a n d conf irmed b y e lectron microscopy of 
carbon repl icas f r om freeze f rac tur ing of samples f rozen to — 150°C. 
T h e l ight -scatter ing un i t was a Sophica Photo G o n i a Dif fusometer , M o d e l 
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14. F R i B E R G E T A L . Solubility of Sodium Chloride 207 

42,000, green l i g h t (5460 Â ) was used, a n d the l 9 o scattering of benzene 
was g iven the intensity of 100. T h e D a n a l i k e r cells were c leaned w i t h a 
so lut ion of n i t r i c a n d sul fur i c acids , r insed w i t h d i s t i l l ed water , a n d 
finally c leaned b y condensat ion of acetone vapor into the inver ted ce l l . 
R e m o v a l of dust part ic les was achieved b y centr i fugat ion of the p r e p a r e d 
so lut ion at 25,000 g for 2 hr . Refract ive indices were de termined o n a n 
A b b e refractometer. 

P l a t i n u m - s h a d o w e d repl icas of freeze- fractured samples were p r e ­
p a r e d i n a D e n t o n V a c u u m D F E - 3 w i t h a D e n t o n D V - 5 0 2 H i g h - V a c u u m 
Evaporator . A n electron microscope H i t a c h i H U - 1 1 A w i t h a n o p t i m u m 
resolut ion of 7 A was used to observe a n d photograph the repl icas . 

Results 

T h e change of so lub i l i ty areas w i t h electrolyte content is s h o w n i n 
F i g u r e 2. T h e so lub i l i t y area for the pentano l so lut ion of potass ium 
oleate a n d water (—. — . — , F i g u r e 2 ) shows a ' m i n i m u m " water amount 
for so lub i l i za t i on . T h e m i n i m u m amount of water is p ropor t i ona l to the 
amount of soap present; the so lub i l i t y l i m i t to the right gives a mo lecu lar 
water :po tass ium oleate rat io of three, the m i n i m u m n u m b e r of water 
molecules to b r i n g the soap in to solut ion. T h e so lub i l i ty area is a p p r o x i ­
mate ly t r iangular w i t h m a x i m u m water so lub i l i za t i on at 1 2 % ( w / w ) 
potass ium oleate, 3 3 % pentanol , a n d 5 5 % water . T h e potass ium oleate: 
pentano l ratio is .36 at that po int . 

Figure 2. With added electrolyte ( ) solution 
(0.5M NaCl) the solubility region of pure H20 

(- · -) will change. 
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208 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 
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Figure 3. At low H20 content (~ 25%) no association structures are present 
in the pentanol solution of potassium oleate and water. Pentanohpotassium 

oleate weight ratio = 2.9. 

A d d i t i o n of s o d i u m ch lor ide to the water caused p r o n o u n c e d changes 
i n the so lub i l i ty area. T h e m i n i m u m water amount to b r i n g so lub i l i ty of 
the soap was enhanced a n d the so lub i l i ty reg ion d i d not reach the pentano l 
corner. T h e so lub i l i ty l i m i t towards the water ipentanol axis ( the left part 
of the so lub i l i ty reg ion) was m o v e d to the r ight a n d the m a x i m u m water 
so lub i l i zat ion was shi fted to a h igher potass ium oleate ipentano l rat io 
e q u a l to 0.70. T h e m a x i m u m so lub i l i zat ion of the sod ium chlor ide so lu ­
t i o n was greater than that for p u r e water ; 6 4 % of the so lut ion was 
present. 
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14. F R i B E R G E T A L . Solubility of Sodium Chloride 209 

T h e hght-scatter ing results for the case i n v o l v i n g p u r e water ( F i g u r e 
3) showed no i n d i c a t i o n of association of surfactant at l o w water concen­
trations; the intensity of scattered l ight actual ly was r e d u c e d w i t h a d d e d 
water . A b o v e a certa in water concentrat ion ( 2 5 % , F i g u r e 3) the intensity 
gradua l ly increased i n d i c a t i n g stepwise association to larger aggregates. 
T h i s rise of intensity began at h igher concentrations of water for h igher 
soap :a l coho l ratios. T a k i n g into account the so lub i l i ty of water i n p e n ­
tano l the po int at w h i c h the intensity began r i s i n g approx imate ly corre­
sponded to 10 water molecules per soap molecule . 

T h e electron microscopy pictures showed no pattern at compositions 
for w h i c h the l ight -scatter ing data were at the l o w leve l ( F i g u r e 4, right); 
for composit ions w i t h h igher scattered intensity the photos ind i ca ted the 
presence of c o l l o i d a l structures ( F i g u r e 4, left). 

Figure 4. The presence of inverse micelles in­
dicated by Figure 3 was confirmed by electron 
microscopy (top). Where light scattering indi­
cated no inverse micelles, the electron microscopy 

photo was featureless (bottom,). 
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210 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Discussion 

T h e results showed dist inct a n d regular changes for the aqueous 
so lub i l i ty reg ion i n pentanol :surfactant mixtures . W i t h increased electro­
lyte content, the ' m i n i m u m " amount of water for so lub i l i ty was enhanced , 
the so lub i l i ty l i m i t towards the pentano l :water axis was shi f ted to h igher 
soap concentrations, a n d the " m a x i m u m " so lub i l i ty of the aqueous sod ium 
ch lor ide so lut ion was obta ined for h igher sur factant :a l coho l ratios ( F i g ­
ure 2 ) . 

T h e result s h o w i n g an increase of the m i n i m u m water concentrat ion 
is d i rec t ly understood f r om the association structures i n the aqueous 
so lut ion w i t h o u t electrolytes. T h e l ight -scatter ing determinations i n d i ­
cated that no surfactant association took p lace at l o w water concentrations 
for the system w i t h o u t electrolytes. A n association structure of one 
surfactant molecule , a f e w associated water molecules , a n d one or t w o 
a l coho l molecules is a reasonable conc lus ion. T h e exper imenta l results 
s h o w e d no electrolyte so lub i l i ty i n the part of the so lub i l i ty reg ion w h e r e 
these non-associated structures were f o u n d for the electrolyte-free so lu ­
t ion . A smal l structure conta in ing on ly 10 water molecules cannot be 
expected to accommodate electrolytes a n d the s tructural analysis offers 
a satisfactory explanat ion of the results. 

T h e shift of the so lub i l i t y l i m i t against the pentano l :water axis 
( F i g u r e 2, left) towards h igher concentrat ion of soap w i t h an a d d e d 
electrolyte is m a i n l y re lated to the so lub i l i ty of the water i n pentanol . T h e 
so lub i l i ty of the aqueous so lut ion i n pentano l is r educed w i t h increas ing 
sod ium ch lor ide concentrat ion; this fact accounts for the l o w e r i n g of 
so lub i l i ty at l o w sur factant :a l coho l ratios. 

T h e results showing augmentat ion of the surfactant: a l coho l rat io for 
m a x i m u m aqueous so lub i l i ty w i t h a d d e d electrolytes are not amenable to 
a s imi lar ly s imple explanat ion, a n d the inf luence of the presence of 
electrolytes must b e discussed against the re lat ive s tabi l i ty of the inverse 
micel les a n d of the lyo trop i c l i q u i d crystal l ine phase w i t h w h i c h the 
inverse mi ce l l a r so lut ion is i n e q u i h b r i u m ( 7 ) . 

T h e stabi l i ty of inverse micel les has been treated b y E i c k e (8,9) a n d 
b y M i i l l e r (10) for nonaqueous systems, w h i l e A d a m s o n ( J ) a n d later 
L e v i n e (11) ca l cu lated the electr ic field gradient i n a n inverse mi ce l l e 
for a so lut ion i n e q u i h b r i u m w i t h an aqueous so lut ion. Ruckenste in (5 ) 
later gave a more complete treatment of the s tabi l i ty of such systems 
t a k i n g b o t h enthalpic ( V a n der W a a l s ( V d W ) interpart i c le potent ia l , the 
first component of the in ter fac ia l free energy a n d the interpart i c le c on ­
t r i b u t i o n of the repuls ion energy f rom the compression of the diffuse par t 
of the electric doub le layer ) a n d entropie contr ibut ions into considerat ion. 
H i s calculations also were per fo rmed for the e q u i l i b r i u m between two 
l i q u i d solut ions—one aqueous, the other hydrocarbon . 
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14. F R I B E R G E T A L . Solubility of Sodium Chloride 211 

H o w e v e r , exper imental evidence has shown (7 ) that inverse m i c e l l a r 
systems are rare ly i n e q u i l i b r i u m w i t h aqueous m i c e l l a r solutions b u t 
rather w i t h a lamel lar l i q u i d crystal l ine phase. T h e presence of a n elec­
tro lyte w i l l inf luence the s tabi l i ty of b o t h the inverse micel les a n d the 
lamel lar l i q u i d crystal l ine phase. T h i s influence w i l l b e est imated n o w . 

T h e discussion of the relat ive stabi l i ty of solutions w i t h inverse 
micel les a n d of l i q u i d crystals conta in ing electrolytes m a y b e l i m i t e d to 
the enthalp i c contributions to the tota l free energy. T h e exper imental ly 
determined entropy differences between a n inverse mice l lar phase a n d a 
lamel lar l i q u i d crystal l ine phase are smal l ( 12 ) . T h e interpart i c le in ter ­
act ion f r om the V a n der W a a l s forces is s m a l l ( 5 ) ; i t is obvious that 
changes i n t h e m o w i n g to a d d e d electrolyte m a y b e neglected. T h e 
contr ibut ion f r om the compression of the diffuse e lectr ic doub le layer is 
also s m a l l i n a nonaqueous m e d i u m ( 11 ) a n d the ir modi f i cat ion o w i n g to 
a d d e d electrolyte m a y be considered less important . I t appears justi f ied 
to l i m i t the discussion to modif ications of the in t ramice l lar forces. 

O f these, the inter fac ia l tension m a y be descr ibed b y three terms, 
two of w h i c h have been descr ibed b y Ruckens te in (5 ) w h o evaluated the 
noncou lombi c a n d the cou lombi c part of the stretching force. T h e m e ­
chan i ca l descr ipt ion (13) is 

i n w h i c h the \y:s are coordinates of the z-axis perpend i cu lar to the inter ­
face, a n d ρ is the excess pressure tensor p a r a l l e l to the interface. 

H o w e v e r , mi c roemuls i on droplets are sufficiently s m a l l that the sec­
o n d contr ibut ion to the surface free energy, the b e n d i n g energy, is of the 
same magn i tude as the pure stretching energy (13). T h e b e n d i n g energy 
m a y be defined as 

F o r a flat interface or a droplet for w h i c h the interface t rans i t ion 
zone is s m a l l c o m p a r e d w i t h the radius the b e n d i n g energy is insigni f icant 
c o m p a r e d w i t h the p u r e l y stretching energy. A mic roemuls i on droplet i n 
this system has a radius of approx imate ly 25 A . T h e size of the t rans i t ion 
zone is certa inly not of neg l ig ib le size i n compar ison w i t h that value . 

A d d i t i o n of e lectrolyte w i l l p r e d o m i n a n t l y affect the c ou l ombi c t e rm 
of the inter fac ia l tension; some influence o n the other terms m a y be 
present, b u t the signif icance must be comparat ive ly less significant. 

A n a l y t i c a l expressions for ca l cu la t ing the f o r m of the inner double 
layer i n an inverse mice l l e have been g iven (11). T h e f o l l o w i n g analysis 

pzdz 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

14



212 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

w i l l use the D e b y e - H i i c k e l approach ( 5 ) , an approach that w i l l be just i ­
fied b y the results. 

T h e energy of the inner electric double layer is 

£idi - 7c 47TÎU2 (1) 

i n w h i c h R is the radius of the droplet a n d y c is the cou lombi c t e rm of the 
surface free energy. 

E M — - Γ° δάψ (2) 
J ο 

i n w h i c h δ is the e lectr ica l surface charge a n d ψ0 is the surface potent ia l . 
F o r the spher i ca l D e b y e - H i i c k e l approx imat ion , the P o i s s i o n - B o l t z -

m a n n E q u a t i o n reduces to 

( » 

i n w h i c h κ2 is the square of the rec iproca l D e b y e l ength a n d r is the 
v a r i e d radius for w h i c h φ is sought. 

K 2 = Sw2e2n0/ekT 

i n w h i c h e is the charge of an electron a n d c is the d ie lectr i c constant. 
F o r h y d r o c a r b o n or pentano l solutions, the potent ia l gradient out­

s ide the inverse mice l l e is extremely smal l . S o l v i n g E q u a t i o n 3 w i t h the 
b o u n d a r y condit ions (5 ) 

r = 0 ψο = finite 

r = R \pR =» \pn 

r = oo ψ = 0 

a n d the energy for the electr ic doub le layer format ion m a y be ca l cu lated 
f r o m ( 2 ) : 

EIDL = = ^ { C H 2 O ( K H 2 O Î : c tn h KH20R - 1) + couU + *o*R)} W 

E q u a t i o n 4 predicts a square dependence of the energy o n the electric 
po tent ia l o f the interface of the inverse mice l le . A d d i t i o n of electrolyte 
w i l l not change the surface potent ia l m u c h ; a s l ight ly r e d u c e d stabi l i ty 
m a y be expected. T h e h igher sur factant :a lcohol ratio that was observed 
( F i g u r e 2 ) w i l l increase the surface potent ia l . 
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14. FRiBERG E T A L . Solubility of Sodium Chloride 213 

T h e energy of the electric double layer is d i rect ly dependent o n the 
square of the surface potent ia l ( E q u a t i o n 4 ) a n d the observed increase 
of the potassium oleate :a lcohol ratio shou ld enhance the stabi l i ty of the 
inverse mice l le . T h e stabi l i ty of the inverse mice l l e is not the only deter­
m i n i n g factor. Its so lut ion w i t h a m a x i m a l amount of water is i n e q u i ­
l i b r i u m w i t h a lamel lar l i q u i d crystal l ine phase (7 ) a n d the extent of the 
so lub i l i ty reg ion of the inverse mice l la r structure depends o n the stabi l i ty 
of the l i q u i d crystal l ine phase. 

A n invest igat ion of the condit ions of the lamel lar l i q u i d crystal l ine 
phase is straight f o r w a r d . T h e geometry of p lanar layers makes the 
est imation of the influence of electrolyte s imple since the s tabi l i ty d i rec t ly 
depends o n the gradient of the electr ic field. F o r stabi l i ty at h i g h water 
content the gradient at large distances is decisive. I f the effects of d is ­
creteness of charge are neglected, the repuls ion force is 

/ — 6inkTy2e-Kd 

i n w h i c h γ ~ φ° at l o w electric potentials a n d d is the to ta l distance 
between the layers. 

Increased electrolyte concentrat ion w i l l cause a reduct ion of the slope 
at distances for w h i c h κά > 1. W i t h an electrolyte concentrat ion of 0 . 5 M 
Na<~><â = 1 corresponds to a distance of 4.6 A . A lamel lar l i q u i d crysta l 
i n »1 part of a system has an aqueous layer thickness of approx imate ly 
50 . i d the reduct ion of the repuls ion force f rom the overlap of the 
electric double layer is obvious. 

A reduct i on of the stabi l i ty of the l i q u i d crystal l ine phase means a 
r e d u c e d reg ion where i t is stable a n d a corresponding increase of the 
reg ion for the inverse mice l la r solut ion. T h e present results agree w i t h 
these predict ions , a n d i t is justifiable to relate the changes i n s tabi l i ty 
areas m a i n l y to modif ications of the potent ia l d i s t r ibut i on w i t h i n the 
electric double layers. 

Summary 

T h e changes i n stabi l i ty regions for inverse mice l la r solutions where 
a d d e d electrolytes appear were g iven a ra t i ona l explanat ion us ing the 
associated structures determined i n the inverse mice l l e solut ion w i t h no 
electrolyte. 
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Computational Techniques of Ionic Processes 

in Water-Organic Mixed Solvents 

BUDDHADEV SEN—Department of Chemistry, Louisiana State University, 
Baton Rouge, LA 70803 

RABINDRA NATH ROY and JAMES J. GIBBONS—Department of 
Chemistry, Drury College, Springfield, MO 65802 

DAVID A. JOHNSON—Department of Chemistry, Spring Arbor College, 
Spring Arbor, MI 49283 

LOUIS H. ADCOCK—Department of Chemistry, University of North 
Carolina, Wilmington, NC 28401 

A curve-fitting computational technique for the computation 
of the standard potential of Ag-AgCl electrode in mixed sol­
vents has been developed. The equations generated from 
experimental data parallel the mathematical form of Gron-
wall, LaMer, and Sandved's extended Debye-Hückel 
Equation for symmetrical electrolytes. Application of this 
technique to a large number of systems has yielded excellent 
results. The curve-fitting computational technique has been 
extended to ionic equilibrium processes. Generated equa­
tions seem to support Born's electrostatic model in a dielec­
tric medium as a first approximation. The power of the 
curve-fitting technique rests on the fact that it does not 
assume any physical model: it only assumes that the experi­
mental data are good and then proceeds to explore which 
mechanistic model best rationalizes the empirical equation. 

" jpvur ing the past two decades the thermodynamics of chemica l processes 
i n m i x e d a n d nonaqueous solvents have been s tud ied extensively 

b y a large number of workers ( I ). S u c h studies have mer i t i n the i r o w n 
right , aside f rom the fact that these studies have extremely impor tan t 
p rac t i ca l impl ica t ions . I n s tudy ing various types of chemica l e q u i l i b r i a 
a n d i n s tudy ing kinet ics , i t is sometimes necessary to use mixed-o rgan io -
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216 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S H 

aqueous solvents i n order to a v o i d c o m p l i c a t i n g processes such as h y ­
drolysis , undes i red coord inat ion , c o m p e t i n g reactions, inso lub i l i ty , etc. 
H o w e v e r , w e are not certa in i f the use of m i x e d solvents does not, i n its 
w a k e , create more problems than it solves ( 2 ) . I n fact, A m i s a n d H i n t o n 
state " A s perp l ex ing as the search for a s t ructura l def init ion of water is , 
the eccentric phys i co - chemica l properties of mixed-aqueous solutions is 
at times even more baf f l ing" ( 2 ) . W e w i l l not pursue the complex role 
of m i x e d solvents o n react ion rates, a n d therefore o n mechanisms, except 
i n stat ing that the b u l k d ie lec tr i c constant of the m i x e d solvent is one of 
the important parameters of every proposed theory ( 2 ) . 

T h i s chapter is concerned p r i m a r i l y w i t h the computat ion of poten­
tials of a ce l l us ing the h y d r o g e n electrode as a probe for s t u d y i n g i on i c 
e q u i l i b r i u m processes i n mixed-organic -aqueous solvent systems. C o m ­
putat i on of a n u m b e r of other thermodynamic functions of the i on i c 
process under invest igat ion or of the solvent used is rather s t ra ight forward 
once the s tandard potent ia l of the measur ing ce l l has been ca lcu lated . 

Therefore , f rom the exper imenta l po int of v i e w the most important 
objective is to develop a m e t h o d for c o m p u t i n g the s tandard potent ia l of 
the ce l l f r o m exper imental emf data. T h e first part of this chapter presents 
our endeavors i n that d irect ion . 

C o m p u t a t i o n of the t h e r m o d y n a m i c e q u i l i b r i u m constant ( a n d A G ° ) 
of a n i on i c process is qu i te s imple once the s tandard potent ia l of the 
relevant ce l l has been determined . Entha lp i e s a n d entropies of the process 
can be ca l cu lated w h e n such e q u i l i b r i u m constant data are avai lab le over 
a range of temperatures. H o w e v e r the importance of such t h e r m o d y n a m i c 
data, even w h e n obta ined b y rigorous exper imenta l procedures, is greatly 
r e d u c e d i f the data cannot be re ferred to an arb i t rar i l y accepted c o m m o n 
reference state. T h e second part of this chapter presents computat iona l 
methods for convert ing the thermodynamic data obta ined i n a m i x e d 
solvent to the corresponding t h e r m o d y n a m i c data i n a reference system 
w h i c h i n this case is aqueous m e d i u m conta in ing the e q u i h b r i u m i on i c 
process at infinite d i l u t i o n . A large v o l u m e of the exper imental data c i t ed 
were obta ined b y the authors. I n order to prevent the chapter f r o m be ­
c o m i n g u n w i e l d y , w e have been selective rather t h a n comprehensive i n 
r e v i e w i n g the pert inent l i terature . A l s o , the b a c k g r o u n d theoret ica l treat­
ment has been kept br ie f w i t h the assumption that the reader is more 
or less conversant w i t h such mater ia l . 

Computation of Standard Potential 

T h e w o r k i n g c e l l is 

P t , H 2 (1 atm) |HC1 ( m ) , S ( X ) , H 2 0 (Y) | A g C l - A g I 
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15. S E N E T A L . Water-Organic Mixed Solvents 217 

i n w h i c h S represents the organic component of the solvent, X a n d Y are 
w e i g h t percents or m o l e fractions of the two solvent components, a n d 
the other symbols have their usua l significance. I n the ir classic m o n o ­
g r a p h (3) H a r n e d a n d O w e n have extensively s u m m a r i z e d most of the 
earl ier w o r k o n the cells of T y p e I i n c l u d i n g the ir o w n comprehensive 
w o r k us ing the d ioxane -water system. T h e y f o u n d that as the die lectr i c 
constant of the solvent decreased, the contr ibut i on of G r o n w a l l , L a M e r , 
a n d S a n d v e d ' s ( G L S ) (4,5) extended terms for the D e b y e - H i i c k e l E q u a ­
t i o n c o u l d no longer be ignored i n extrapolat ing to obta in the l i m i t i n g 
va lue of E ° . H a r n e d a n d O w e n (for details see Ref . 5) have demonstrated 
g r a p h i c a l l y the effect of i g n o r i n g the h igher -order terms b y p l o t t i n g E0' 
a n d E ° ' — Eext against the m o l a l i t y of H C l i n C e l l I w i t h v a r y i n g per­
centages of dioxane ( F i g u r e 1 ) . E°' — E ° + f(m) a n d Eext is the 
extended terms contr ibut ion . O b v i o u s l y , extrapolat ion of the E 0 / vs m 
plot is unsatisfactory for a solvent system conta in ing even 45 w t % 
dioxane ( D = 38.48) o w i n g to the curvature of the plots i n the important 

0.0660 

0.0650 

0.0640 

0.0630 

Ε 0 1 

0.1640 

0.1630 
0.2035 

0.2025 

0 0.01 0.02 

m 

The Physical Chemistry of Electrolytic solutions 

Figure 1. Extrapolation of emf (V) in dioxane-water mixtures com-
puted by the Debye-Huckel extended equation. The percentages are 

those of weight percent of dioxane (5). 
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218 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S H 

l o w m o l a l i t y reg ion . E ° ' — E e x t plots seem to be qu i te satisfactory i n 
solvents conta in ing 45 w t % ( D = 38.48) or more of dioxane; however , 
even these plots are unsatisfactory i n a 7 0 % dioxane m e d i u m . H a r n e d 
a n d others at tempted to i m p r o v e the extrapolat ion m e t h o d b y i n t r o d u c i n g 
contr ibutions f r om mass act ion a n d dissociat ion of the a c i d i n l o w 
die lectr i c m e d i u m . 

L e t us n o w consider the expl i c i t expression for E 0 bs of C e l l I 

Eohs = E° _ 2 R T - l n y ± m ( 1 ) 

Rearrangement of E q u a t i o n 1 leads to 

£«b8 + - ^ lnm = E° - * ψ - ] η γ ± (2) 

E q u a t i o n 2 was proposed b y L e w i s a n d R a n d a l l ( 6 ) even before the 
advent of the D e b y e - H i i c k e l theory for the evaluat ion of Ε ° b y the 
extrapolat ion of L H S of E q u a t i o n 2 against f ( m ) because b y def ini t ion 
y± —» 1 as m - » 0. H o w e v e r , such extrapolations f a i l e d to y i e l d precise 
values of E ° because the plots d i d not produce the des i red straight l ines. 
T h e most c o m m o n m e t h o d of extrapolat ion is to substitute an expression 
for In y± f r om the D e b y e - H i i c k e l theory ( 7 ) , a n d the two most f requent ly 
used substitutions are 

l o g y ± — - S ( f ) ( r ) * + B ' m (3) 

a n d 

w h e r e 

1 Ρ 1 . 2 9 0 X 10° ( ) 

Γ = £ W (6) 
1 

„ 35.56 
( D T ) i (7) 

T h e term a° is f requent ly c a l l e d the ion-s ize parameter or apparent ionic 
diameter , B r is an empi r i ca l l y fitted coefficient. I n rea l i ty , however , B ' has 
important theoret ical significance i n inter ionic attract ion theory, a n d i t is a 
h igher -order func t i on of the ion-size parameter . 
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15. S E N E T A L . Water-Organic Mixed Solvents 219 

A l s o a comparison of two alternative expressions for l o g y± g iven b y 
E q u a t i o n s 3 a n d 4 is of interest. A close examinat ion of these equations 
w i l l revea l certain inherent weaknesses of the l inear extrapolat ion m e t h o d 
for the eva luat ion of E ° , even w h e n us ing the extended terms. F i r s t , the 
l inear extrapolat ion w i l l require a precise va lue of D , the d ie lectr i c 
constant of the solvent, w h i c h i n p r i n c i p l e is exper imental ly measurable . 
F r e q u e n t l y , however , i t is c o m p u t e d b y Using some e m p i r i c a l func t i on 
or b y g raph i ca l interpolat ion . Secondly , the uncerta inty of the ion-size 
parameter is signif icant a n d no re l iable m e t h o d of c omputat i on exists, 
nor is i t d i rect ly measurable experimental ly . 

T h i s d i l e m m a l e d us to investigate the feas ib i l i ty of a nonl inear 
extrapolat ion for the eva luat ion of E ° . F o r the sake of brev i ty , w e w i l l 
not reproduce here the deta i l ed mathemat i ca l derivations of G r o n w a l l , 
L a M e r , a n d S a n d v e d s extended terms of the D e b y e - H i i c k e l theory. O n e 
can find these derivations i n the ir o r ig ina l paper (4) or i n H a r n e d a n d 
O w e n s classic monograph . F o r a descr ipt ion of the bas i c assumptions 
a n d the p h y s i c a l m o d e l of the inter ionic attract ion theory one s h o u l d 
consult H a r n e d a n d O w e n s m o n o g r a p h as w e l l as the w o r k of 
G u r n e y (8,9). 

F o r the electrolytes of symmetr i ca l valence type, the extended equa ­
t i on for In y± is expressed as 

[uffe]5 · [i X s { κ α ) ~ 4 F s ( κ α )]+ h i g h e r t e r m s ( 8 ) 

i n w h i c h ζ is the valence ( w h i c h for symmetr i ca l electrolyte, |z+| = |z.|), 
cz is the ion ic charge, D is the d ie lectr ic constant of the solvent, k is 
B o l t z m a n n constant, Τ is absolute temperature, κ is a very important 
funct ion i n the inter ion ic attract ion theory a n d has the dimensions of a 
rec iproca l distance, a n d l/κ is re lated to the potent ia l of the i on i c 
atmosphere a n d it is exp l i c i t ly g iven b y 

/ _ 4 τ τ ^ Ν _ y ( ) 

^lOOODkT 7 J V ; 

U p o n subst i tut ion of the n u m e r i c a l values of the constants, E q u a t i o n 
9 for symmetr i ca l electrolytes at 25 °C becomes 

— = -j= c m (10) 
« V c 
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220 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S — Π 

i n w h i c h c is the molar concentrat ion of an i on . O b v i o u s l y , i n a n o r m a l 
so lut ion 1/K is of the order of a molecu lar diameter , a n d i t varies inversely 
w i t h the square root of c. I n E q u a t i o n 8, a is the m e a n distance of 
approach of the ions. 

It is qu i te obvious that the first t w o terms of the right-hand side of 
E q u a t i o n 8 represent D e b y e - H u c k e l ' s first approx imat ion as expressed b y 
E q u a t i o n 4. T h a t is , 

ι Μ ) 2 κ n n 

l n ^ = - 2 D k T T + ^ 
or 

i n w h i c h 

A ακ 35.56 X 10 ' 8 a . / i n . 
A ~ ( T ) * ~ (DTV , a m C m ( 1 2 ) 

35.56 X a ° 0 . ο x 

= ( Ρ Γ ) ΐ ι a i n Angstroms (7) 

T h e overa l l react ion i n C e l l I under the def ined s tandard condit ions is 

H C l (1 m) + A g ( s ) — A g C l ( s ) + 1/2 H 2 ( p — 1 atm) (13) 

T h e e lectr i ca l w o r k done b y C e l l I under s tandard a n d reversible c o n d i ­
tions is a measure of the s tandard free energy change of Reac t i on 13. T h u s 

- A G ° = 1SSFE0 (14) 

i n w h i c h E ° , the s tandard potent ia l , is expressed b y 

S ° - £obs + ~ In m + ?ψ· l n y ± (15) 

w i t h E o b 8 b e i n g the measured po tent ia l of the w o r k i n g C e l l I . I t s h o u l d 
be emphas ized here that the s tandard c e l l is a n imag inary device i n w h i c h 
m = a = y± = 1. T h e inter ion i c attract ion theory essentially accounts 
for the nonidea l i ty of the solutions of s trong electrolytes (i.e., complete ly 
dissociated) i n a d ie lectr i c m e d i u m , a n d this non idea l i ty is expressed b y 
γ ± . I n solutions of h i g h d ie lec tr i c constants ( D > 3 8 ) , D e b y e - H u c k e l ' s 
extended terms ( i n E q u a t i o n s 3 a n d 4 ) adequate ly account for this 
non idea l i ty (cf . F i g u r e 1 ) . H o w e v e r , as the d ie lectr i c constant decreases, 
the contr ibut ions o w i n g to the h igher terms of E q u a t i o n 8 can no longer 
be ignored . 
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15. S E N E T A L . Water-Organic Mixed Solvents 221 

A t this stage w e w i l l omi t a l l of the compl i ca ted a n d rather tedious 
mathemat i ca l derivations. R o y a n d Johnson (10,11,12,13) have shown 
that G L S E q u a t i o n 8 c a n be r educed to a p o l y n o m i a l i n κ; thus 

In y± — A " * + B ' V + C ' V + D ' V + . . . (16) 

i n w h i c h the constants A " , B " , etc., emerge f r o m the various series 
i n v o l v e d i n the G L S equat ion . I t has been s h o w n earl ier ( E q u a t i o n s 9 a n d 
10) that κ is p ropor t i ona l to the square root of i o n a l s trength or concen­
trat ion (mo lar or m o l a l ) . E q u a t i o n 16 can be rewr i t t en as 

In γ ± — A ' ro* + B ' r a + Cm™ + . . . (17) 

Subst i tut ing the va lue of In γ ± f r o m E q u a t i o n 17 into E q u a t i o n 2, one 
obtains 

#obs + ^ψ- In m = £ ° - ?ψ- ( A ' m * + B ' m + C m 3 / 2 + . . .) 

(18) 
or 

Sobs + ^ l ^ l n m — E° + A m i + B m + C m 3 / 2 + . . . (19) 
Γ 

T h e coefficients of E q u a t i o n 19 consist essentially of a n u m b e r of 
constants among w h i c h are d ie lectr ic constant D of the m e d i u m a n d the 
ion-size parameter . I t has been ment i oned earl ier that indeterminacy of 
the va lue of a makes p r i o r computat ion of constants imposs ib le . T h e r e 
are also doubts about the re l i ab i l i t y of the values of D i n m a n y instances. 

A n u m b e r of important conclusions m a y be d r a w n f r o m E q u a t i o n 19. 
These are as fo l lows. 

1. ( E o b 8 + R T / F In m ) is a p o l y n o m i a l func t i on i n powers of ra* 
w h i c h w i l l cause a p l o t of the le f t -hand side vs. m* to be c u r v e d inwards , 
a n d w i l l asymptot i ca l ly approach E ° as ra* - » 0. 

2. I t is on ly under spec ia l condit ions that a p lot of the l e f t -hand side 
vs. ra* produces a straight fine; a n d a l l exper imenta l evidence seems to 
indicate that such spec ia l condit ions exist for d i lute solutions of s trong 
electrolytes (par t i cu lar ly 1-1 electrolytes) i n solvents of h i g h d ie lectr i c 
constant where the sum of contr ibut ions of terms conta in ing powers of 
m* greater t h a n 1 are insignif icant. T h e D e b y e - H i i c k e l extended equat ion 
inc ludes the t e rm conta in ing the second p o w e r of m*. 

3. T h e contr ibut ions f r o m h igher order terms of m* r a p i d l y become 
signif icant as |z+| = |z.| becomes larger than 1, a n d as a becomes smal ler 
w i t h the decreasing va lue of the d ie lectr i c constant. 
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222 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Because of the foregoing conclusions, w e d e c i d e d to abandon the 
l inear extrapolat ion m e t h o d a n d investigate the prospects of a curve- f i t t ing 
technique for the eva luat ion of E° of C e l l I . I n order to use the curve -
fitting technique , i t is necessary to assume that a set of re l iab le a n d precise 
emf data for the c e l l react ion i n the low-concentrat ion reg ion say f r o m 
10" xm to 10" 4 m) is avai lab le . W i t h the fine instrumentat ion ava i lab le 
today , the forego ing expectat ion is exper imenta l ly attainable . I t also is 
assumed that the set of exper imenta l emf data c a n be best fitted to a 
p o l y n o m i a l of expl i c i t f o r m , 

Y — A 0 + AiX + A2x2 + A 3 z 3 + . . . + Anxn (20) 

w h i c h is an analog of E q u a t i o n 19. I n us ing the p o l y n o m i a l for the 
computat i on of E ° , y is r ep laced b y Eoh9 + R T / F In rru, a n d χ is r ep laced 
b y mK I n the ac tua l case, the va lue of the subscr ipt η must be arb i t rar i l y 
fixed, a n d its arb i t rary va lue need not be fixed any h igher than necessary 
i n order to save computat ion t ime . H o w e v e r , computat ion must be 
cont inued a n d i n c l u d e h igher - a n d h igher -ordered terms u n t i l a l l the 
exper imenta l data can be fitted to the appropr iate p o l y n o m i a l p r o d u c i n g 
a smooth plot . T h e first approx imat ion of E q u a t i o n 20 is y = A 0 + Αχχ, 
w h i c h is a n analog of the D H - e x t e n d e d equat ion as ment i oned earl ier . 
T h e coefficients A i , w h i c h were determined b y the m e t h o d of least squares 
a n d the s tandard error of the dependent var iab le y, was compared w i t h 
a predetermined m a x i m u m tolerance. H i g h e r - o r d e r terms must be taken 
into considerat ion, i f necessary, to have the error f a l l w i t h i n the m a x i m u m 
tolerance. A modi f i ed Gauss ian e l iminat i on technique was used to solve 
the resul t ing set of l inear equations. I n our computat ion , w e used a 
s tandard I B M program (rev ised I B M 7.0.002). 

O b v i o u s l y , the curve- f i t t ing p o l y n o m i a l for the computat i on of E° of 
C e l l I m a y be w r i t t e n expl i c i t ly as 

or? rp 
£obs + =γ- In m — A 0 + A i m * + A 2 m + A 3 m 3 / 2 + . . . (21) 

i n w h i c h A 0 — E°, the s tandard potent ia l of the ce l l . I t was never 
necessary to use more than four terms for the systems w e invest igated. 
W e w o u l d l ike to emphasize once again that i t is important that E q u a t i o n 
21, w i t h the c omputed coefficients, accommodates a l l exper imental data ; 
that is , the ca l cu la ted [ E o b 8 + 2 R T / F In m ] is w i t h i n the predetermined 
tolerance l i m i t of exper imenta l [ E o b s + 2 R T / F In m] for a l l values of m 
i n the g iven system at the g iven temperature. I n fact, i n our op in ion , the 
systems for w h i c h such a fit cannot be obta ined s h o u l d be v i e w e d w i t h 
suspic ion, a n d this cr i ter ion m a y be taken as an ind i ca t i on of presence of 
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15. S E N E T A L . Water-Organic Mixed Solvents 223 

interactions other than cou lombic interactions among ions a n d ions, a n d 
ions a n d solvent dipoles. D u r i n g our investigations w e experienced such 
deviations w h e n acetonitr i le was used as the organic component i n C e l l I . 
W e w i l l make a f ew br ie f comments about the use of acetonitr i le as the 
solvent component later i n this chapter. 

F i g u r e s 2 a n d 3 represent t y p i c a l plots of E' ( = E o b s - f 2 R T / F In m) 
vs. ra* i n m i x e d solvents w i t h a l o w (8 .68% ) a n d a h i g h (89 .00% ) p r o ­
por t i on of organic component (10,11,12,13). T h e pronounced increase 
i n the curvature of the plots w i t h increased organic component ( decreased 
b u l k d ie lectr ic constant) is qui te obvious. 

R o y a n d his co-workers (14-28) have used the curve- f i t t ing p o l y ­
n o m i a l technique for the computat i on of E° of C e l l I conta in ing a var iety 
of mixed-solvent systems. Some of the values of Em° ( m o l a l scale) of 
C e l l I (29) are c o m p i l e d i n T a b l e I . 

Extens ive exper imental data on b u l k d ie lectr ic constants of m i x e d -
aqueous -organic solvents are not avai lable . S tandard potentials of C e l l I 
w i t h h m i t e d d ie lectr i c data are c o m p i l e d i n T a b l e I I . Plots of s tandard 
potent ia l vs. ( 1 / D T ) * are shown i n F i g u r e 4. T h e data were p lo t ted o n 
two different scales for a clear demonstrat ion of the trend. T h e entire 
range of potent ia l a n d die lectr ic data, ( 1 / D T ) * , were p lo t ted as open 
circles a n d the range potent ia l data f rom 149-222 m V a n d the correspond­
i n g d ie lectr i c data were replot ted as open squares o n a more expanded 
scale ( F i g u r e 4 ) . O b v i o u s l y , for the case i n w h i c h the b u l k die lectr ic 
constant of the solvent is greater than 40, the s tandard potent ia l of C e l l I 
is a l inear funct ion of ( 1 / D T ) * , as w o u l d be expected f r om the first-order 
approx imat ion of D H - e x t e n d e d theory. O n l y three data points s igni f i ­
cant ly deviate f r om the straight- l ine plot . These points correspond to 
163 m V , 9338 ( Ι / λ / D T ) ; 149 m V , 8834 ( l / V Ô T ) ; a n d 203 m V , 7417 
1 ( / V D T ) . T h e first of these points corresponds to 45 w t % dioxane 
( D = 3 8 ) ; i t is the threshold reg ion of fa i lure of l inear i ty ; also the d a t u m 
itself seems to be suspect. T h e other two points m a y not b e cons idered 
b e y o n d the rea lm of exper imental error. 

I t w o u l d be interest ing to compare the slopes of such exper imental 
plots w i t h those ca lcu lated f rom the theory. H o w e v e r , i t is safe to con ­
c lude that i n m i x e d solvents w i t h a b u l k d ie lectr i c constant greater than 
40, first-order cou lombic interactions are the only significant interactions 
among the ions a n d ions, a n d ions a n d solvent molecules assuming that 
there are no chemica l interactions. I n solvents w i t h l ower d ie lectr ic 
constants h igher -order interactions, a n d perhaps even noncou lombi c inter ­
actions, become increasingly significant. A s experimentalists , w e do not 
w a n t to speculate any further , a n d i n m a k i n g the foregoing comments, i t 
has been tac i t ly assumed that one of the components of the b i n a r y 
system is water . 
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224 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 
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0.2100 
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Figure 2. Variation of emf [E' = E0b8 + (2RT/F) 
In m] with mohlity and temperature in 8.68% 

monoglyme 
o°c 

0.1200 h 

0.0800 
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-0.1200 

Figure 3. Variation of emf (Ε') with molality and 
temperature in 89.00% tetrahydrofuran 
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15. S E N E T A L . Water-Organic Mixed Solvents 225 

Table I. Standard Potential (Ε™° Volts) of A g - A g C l Electrode 
(Cell I) Computed by the Curve-Fitting Method 

Solvent 
Compo­

sition 
Wt% 

Organic rp (°C) 
Com- ! 

ponent 0 δ 15 25 35 45 

8.68 
17.81 
46.52 
67.03 
88.80 

Organic Component: 1,2-Dimeihoxy ethane (11,21) 
D = 6.8 

0.2272 
0.2242 
0.2053 
0.1688 
0.025O 

0.2209 
0.2158 
0.1905 
0.1449 

-0.01125 

0.2155 
0.2090 
0.1794 
0.1262 

- 0 . 0 3 9 5 

0.2089 
0.2009 
0.1684 
0.1099 

- 0 . 0 6 0 3 9 

8.98 
18.21 
47.20 
73.03 
89.00 

Organic Component: Tetrahydrofuran (12,28) 
D = 7.6 

0.23467 
0.21662 
0.20365 
0.12600 
0.03397 

0.22160 
0.21062 
0.18662 
0.11163 

- 0 . 0 0 2 7 9 

0.21368 
0.20375 
0.17060 
0.09310 

- 0 . 0 2 5 8 2 

0.20933 
0.19828 
0.16572 
0.07330 

- 0 . 0 5 6 8 9 

95 
100 

Organic Component: Isopropanol (15,20) 
D = 1941 

0.01878 - 0 . 0 0 4 3 5 - 0 . 0 2 2 6 9 
- - 0 . 1 1 2 2 - 0 . 1 2 4 9 - 0 . 1 3 3 8 

5 

100 

Organic Component: 1-Butanol (22,23) 
D -17.51 

0.2168 
(10°) 

- 0 . 0 4 0 2 7 

0.2101 0.2029 0.1958 

- 0 . 0 6 8 6 3 

0.1883 
(40° ) 

- 0 . 1 0 8 0 2 

Organic Component: 1-Butanol (1A) 

0.21028 0.20864 0.20350 0.19488 0.18272 

10 
20 
40 
70 

Organic Component: tert-Butanol (12) 
D = 16.62 (30°) 

0.2159 
0.2083 
0.1963 
0.1444 

0.2102 
0.2013 
0.1897 
0.1354 

0.2061 
0.1957 
0.1845 
0.1251 

0.2002 
0.1909 
0.1764 
0.1105 

0.1919 
0.1862 
0.1665 
0.1025 
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226 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Table I . Continued 

Solvent 
Compo­

sition 
Wt% 

Organic Τ f°C) 
Com- y , 

ponent 0 δ 15 25 35 45 

Organic Component: 1-Propanol (10,21, 24, 25) 
D = 20.33 

10 — 0.2212 0.2157 0.2093 0.2034 0.2008 
20 — 0.2099 0.2053 0.1998 0.1940 0.1862 
40 — 0.1917 0.1849 0.1729 0.1689 0.1577 
70 — 0.1568 0.1461 0.1362 0.1289 0.1116 
90 — 0.0971 0.0777 0.0583 0.0461 0.0060 
95 — 0.04542 0.03363 0.02105 - 0 . 0 0 3 1 9 - 0 . 0 2 0 4 7 

100 — - 0 . 0 8 5 4 - 0 . 1 0 4 3 - 0 . 1 2 0 0 - 0 . 1 3 3 3 - 0 . 1 5 0 0 

Organic Component: Glycerol (17,18) 
D = 4 0 . 1 

95 — 0.08569 0.07868 0.06674 0.05089 0.04149 
100 — 0.04065 0.02605 0.02077 0.00956 - 0 . 0 0 7 7 6 

Organic Component: Propylene Carbonate (19) 
D = 6 4 . 4 

5 — 0.2309 0.2260 0.2209 0.2150 0.2080 
10 — 0.2289 0.2240 0.2188 0.2125 0.2049 
20 — 0.2266 0.2190 0.2132 0.2082 0.1990 

Organic Component: Dimethyl Sulfoxide (13) 
D = 46.7 

5 — 0.2314 0.2255 0.2179 0.2102 0.2036 
10 — 0.2312 0.2210 0.2148 0.2093 0.2029 
20 — 0.2271 0.2186 0.2117 0.2076 0.1990 

Organic Component: Dimethylformamide (16) 
D—36.71 

5 — 0.23081 0.22735 0.22139 0.21507 0.20476 
10 — 0.22643 0.22307 0.21487 0.21063 0.20038 
0 (pure water 0.2341 0.2286 0.2224 0.2156 0.2083 

as solvent) (29) 

Inc identa l ly , such plots ( F i g u r e 4 ) m a y be used to compute approx i ­
mate values of the b u l k d ie lectr i c constants of w a t e r - o r g a n i c m i x e d 
solvents f r o m the emf measurements p r o v i d e d that the b u l k d ie lectr i c 
constant is h igher than 40. I n fact, for auto - i on iz ing solvents this m a y 
be a convenient method , a n d our calculations have s h o w n that such 
c o m p u t e d values are w i t h i n 5 - 7 % of the exper imental values. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

15



Fi
gu

re
 

4.
 

Va
ria

tio
n 

of
 t

he
 s

ta
nd

ar
d 

po
te

nt
ia

l 
of

 C
el

l 
I 

w
ith

 (
1/

Ό
Ύ

)$
 a

t 
25

°C
. 

R
an

ge
 

of
 D

, 
78

-3
6.

 
Sc

al
e:

 
(Ο

), 
E

, 
55

-2
20

 
m

V 9
 

(1
/D

T)
K

 
65

59
-1

39
09

; 
(Π

), 
E

, 
10

0-
22

0 
m

V
, (

1/
Ό

Ί)
\ 

65
59

-9
05

9.
 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

15



228 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

Table I I . Standard Potentials (Molal Scale) of Cell I and the 
Bulk Dielectric Constants of the Solvents" 

Wt % No. of Std. Deg. 
of Organic E , ° Obser­ Error Equa­
Component D ( V ) ( V ) vations x i o 4 tion 

5 A c t 75.9 0.2190 0.21925 15 0.94 2 
10 M e 74.1 0.21535 0.21532 18 0.47 3 
10 A c t 73.1 0.21565 0.2160 15 4.45 2 
20 M e 69.99 0.2094 0.20914 7 0.82 3 
20 A c t 67.6 0.2095 0.20818 15 1.00 3 
40 M e 60.94 0.1968 0.19682 8 1.59 3 
20 D i o x 60.79 0.20303 0.20301 10 0.70 3 
40 A c t 54.6 0.18595 0.18616 14 1.25 3 
60 M e 51.67 0.1818 0.18120 9 0.5 4 
80 M e 42.60 0.1492 0.14895 7 1.80 4 
90 M e 35.76 0.1135 0.1148 9 3.20 2 
45 D i o x 38.48 0.16358 0.16331 10 0.57 5 
70 D i o x 17.69 0.06395 0.06408 10 0.39 5 
82 D i o x 9.53 - 0 . 0 4 1 5 - 0 . 0 3 3 9 7 1.24 3 

100 W a t e r 78.48 0.2224 0.22238 8 0.52 2 
0.2221 0.19 3 

β Τ = 25°C. Act = acetone, Diox = dioxane, M e = methanol, D = dielectric 
constant, E\° and E<£ respectively are the values of standard potential by the linear 
extrapolation and by the curve-fitting method. E\°, dioxane (61, 62, 63); Ei°, ace­
tone (64);Ei°, methanol (65, 66). 

I n our computations w e f o u n d that second- or th ird-degree p o l y ­
nomials y i e l d e d values of s tandard potentials of sufficient accuracy for 
solvents of b u l k d ie lectr ic constants h igher t h a n 40. F o r solvents w i t h 
l o w e r b u l k d ie lectr ic constants, i t was f requent ly necessary to use h igher -
degree (4 th or 5 th ) po lynomials for the computat i on of s tandard po ten ­
tials . D u r i n g the course of our work , w e a c c u m u l a t e d a large n u m b e r of 
the coefficients of the po lynomia ls for a w i d e var ie ty of solvents; the 
coefficients ob ta ined for water - t e t rahydro furan a n d w a t e r - m o n o g l y m e are 
c o m p i l e d i n Tables I I I a n d I V . T h e last c o l u m n of these tables gives the 
values of the b u l k d ie lectr i c constant of the m i x e d solvent at 2 5 ° C as 
ob ta ined b y interpo lat ion of the l inear plot Em° vs. ( 1 / D T ) * ( F i g u r e 4 ) . 
I t is not possible to m a k e m a n y comments regard ing these coefficients 
at this t ime. 

F o r the l inear regions, the coefficients i n b o t h systems are of the same 
order of magni tude for near ly the same propor t i on of water i n the mix ture . 
T h i s obv ious ly impl ies that the H 2 0 molecules are the predominant 
species i n the so lvat ion sphere of the protons. B u t i n the nonl inear reg ion 
w i t h a h i g h percentage of organic component , the values of the coeffi­
cients for the t w o systems start to deviate s ignif icantly. T h i s m a y i m p l y 
different degrees a n d / o r s igni f icantly different heats of so lvat ion b y the 
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15. S E N E T A L . Water-Organic Mixed Solvents 229 

molecules of the organic component of the solvent. I n that case, p r e d i c ­
t i on regard ing the va lue of the b u l k d ie lectr i c constant m a y b e i n consider­
able error. H o w e v e r , the in terpo la ted values for the l inear r eg i on are 
perhaps v e r y close to the ac tua l values . 

O n c e the s tandard potent ia l of C e l l I has been determined precisely , 
calculat ions of the m e a n act iv i ty coefficient, y ± , of H C l a n d the p r i m a r y 
a n d secondary m e d i u m effects u s i n g w e l l - k n o w n relations are re lat ive ly 
s imple tasks. U s i n g e m p i r i c a l equations of the type Ε = a + bT -\- c T 2 

a n d E° = a 0 + b 0 T + c 0 T 2 , i t is possible to ca lculate the m o l a l enthalpies 
a n d heat capacities. These types of calculat ions are demonstrated i n m a n y 

Table III. The Coefficients of the Polynomial Eobs + 2 R R T / F In m = 
A 0 + Ai»** -\-A2m + A 3 « * 3 / 2 + . . . for Water—Tetrahydrofuran 

Mixtures ° 

Τ 
(°C) 

0 
15 
25 
35 

0 
15 
25 
35 

0 
15 
25 
35 

0 
15 
25 
35 

0 
15 
25 
35 

A0 

0.23467 
0.22160 
0.21368 
0.20933 

0.21662 
0.21062 
0.20375 
0.19828 

0.20365 
0.18662 
0.17060 
0.16572 

0.12600 
0.11163 
0.09310 
0.07330 

0.03397 
-0.00279 
-0.02582 
-0.05689 

A, 

0.055295 
0.060295 
0.062295 
0.065395 

0.056834 
0.059832 
0.062833 
0.065864 

0.082658 
0.090563 
0.095599 
0.111072 

0.353755 
0.354590 
0.407012 
0.434337 

0.916603 
1.048794 
1.265785 
1.492791 

χ = 8.98 
- 0 . 0 6 0 4 4 9 
- 0 . 0 5 6 4 4 9 
- 0 . 0 5 3 4 4 8 
- 0 . 0 5 3 4 5 0 

χ = 18£1 
- 0 . 0 5 4 4 1 1 
- 0 . 0 5 1 4 1 2 
- 0 . 0 4 7 4 1 1 
- 0 . 0 4 7 6 6 7 

χ — 47£0 
- 0 . 0 7 5 6 2 9 
- 0 . 0 9 2 1 8 7 
- 0 . 1 1 3 0 7 7 
- 0 . 1 8 2 9 7 6 

x = 73.03 
- 0 . 5 9 2 0 5 4 
- 0 . 5 1 6 5 5 3 
- 0 . 6 2 4 9 2 9 
- 0 . 6 1 5 8 2 5 

χ = 89.00 
- 3 . 3 5 5 0 3 4 
- 3 . 7 0 7 6 5 4 
- 4 . 9 6 8 0 9 6 
- 5 . 8 5 2 3 5 7 

Inter­
polated 

Standard Value 
Error of D 

0.328130 
0.591064 
0.719111 
0.880112 

O.0O0246 
0.000191 
0.000267 
0.000283 

0.000227 
0.000376 
0.000306 
0.O0O193 

0.000520 
0.000494 
0.000403 
0.000305 

0.003224 
0.001500 
0.002459 
0.000526 

0.000687 
0.001346 
0.001142 
0.001220 

72 

67 

48 

• The χ = weight percent of tetrahydrofuran. Ao = Em". 
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230 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Table IV. The Coefficients of the Polynomial £Cbs + 2 R T / F In m = 
Ao + Aim* + A2m + AzmZ/2 + . . . for Water-Monoglyme Mixture 0 

Inter­
polated 

Standard Value 
A0 At A2 As Error of D 

Τ 
(°C) 

χ = 8.68 
0 0.22721 0.062099 - 0 . 0 6 8 7 1 4 0 0.00034 

15 0.22089 0.061487 - 0 . 0 6 6 9 7 3 0 0.00015 
25 0.21550 0.062737 - 0 . 0 6 6 0 9 1 0 0.00026 
35 0.20889 0.061159 - 0 . 0 5 8 0 0 3 0 0.00031 

χ = 17.81 
0 0.22415 0.047565 - 0 . 0 3 1 6 7 0 0 0.00025 

15 0.21581 0.057221 - 0 . 0 5 0 1 8 4 0 O.0O025 
25 0.20903 0.065241 - 0 . 0 6 8 3 8 3 0 0.00020 
35 0.20092 0.078325 - 0 . 0 9 9 9 4 1 0 0.00014 

χ = 46.52 
0 0.20488 0.093269 - 0 . 0 9 4 1 7 5 0 0.00081 

15 0.19017 0.096545 - 0 . 0 8 9 6 2 2 0 0.00069 
25 0.17948 0.099162 - 0 . 0 8 5 8 9 5 0 0.00069 
35 0.16855 0.098629 - 0 . 0 7 8 5 1 7 0 0.00097 

x = 67.03 
0 0.16368 0.171834 - 0 . 1 7 4 8 5 0 0 0.00075 

15 0.14161 0.193381 - 0 . 2 0 5 2 2 5 0 0.00082 
25 0.12604 0.219664 - 0 . 2 6 1 5 8 0 0 0.00031 
35 0.10907 0.244020 - 0 . 3 0 9 8 9 1 0 0.00025 

χ - 88.80 
0 0.02502 0.814613 - 2 . 6 1 2 8 4 3 3.2842 0.00121 

15 - 0 . 0 1 1 2 5 0.826044 - 2 . 4 4 5 7 2 0 2.8735 0.00171 
25 - 0 . 0 3 0 9 5 0.849331 - 2 . 4 6 6 2 1 6 2.8993 0.00270 
35 - 0 . 0 6 0 3 9 0.979980 - 3 . 0 8 1 5 5 0 3.8657 0.00135 

a The χ = weight percent of monoglyme. A Q = Em°. 

s tandard texts, a n d w i l l not be p u r s u e d here. H o w e v e r , i t s h o u l d be 
p o i n t e d out that the constants a, b , c, ao, b 0 , a n d c 0 c a n be c o m p u t e d 
easi ly f r o m a c ompi la t i on of the p o l y n o m i a l coefficients. 

W e sha l l conc lude this sect ion after m a k i n g a f e w br ie f comments 
r e g a r d i n g water -ace ton i t r i l e mixed-so lvent systems. A f t e r s p e n d i n g a 
considerable amount of t ime a n d effort, w e came to the conc lus ion that 
i t is not possible to ob ta in re l iab le emf data at l o w h y d r o c h l o r i c a c i d 
concentrat ion i n this solvent system. Ni t r i l e s undergo two p r i n c i p a l 
react ions: 
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15. SEN ET AL. Water-Organic Mixed Solvents 231 

0 0 
H 2 0 II H 2 0 II 

C H 3 · C = Ν > C H 3 · C - N H 2 > C H 3 - C - O H + N H 3 

H o w e v e r , i n most c ircumstances, the first react ion is a n intermediate step, 
a n d hydrolys is is b o t h a c i d a n d base catalyzed. T h e re lat ive rates of the 
two steps also d e p e n d on the structure of the substrate. O b v i o u s l y , such 
hydro lys is of the solvent molecules w i l l render emf data entirely unre ­
l iab le . W e also fee l that the re l iab i l i t y of m a n y rate a n d mechanist i c 
experiments done i n water -acetoni tr i l e m i x e d solvents m a y be suspect. 

Computation of the Ionization Constant of Weak Monocrotic 
Acids in Water-Organic Mixed Solvents 

T h e w o r k a n d results reported i n P a r t I l e d us to bel ieve that the 
first-order cou lombic interactions among the ions a n d the ions a n d the 
solvent molecules are the significant interactions i n solvents of b u l k 
d ie lectr i c constant 40 or higher . T h i s i n t u r n l e d us to bel ieve that a 
s imple electrostatic m o d e l m i g h t be used for generat ing functions that 
w o u l d correlate the i on izat ion processes i n two solvents b o t h of moderate 
b u l k d ie lectr i c constants. 

F r o m a thermodynamic po int of v i e w , the i on izat ion constants of a 
weak a c i d i n two solvents are re lated to each other b y p r i m a r y m e d i u m 
effect. T h u s , 

K a _ s w y o H * - swy 0A~ . K a * _ Q y . K a * ( 2 2 ) 

SwToHA 

i n w h i c h the act iv i ty quot ient t e rm Q y represents the p r i m a r y m e d i u m 
effect exp l i c i t ly g iven b y the second m e m b e r of E q u a t i o n 22. T h e p r i m a r y 
a n d secondary m e d i u m effects a n d the re la t i on between the two have 
been def ined b y H a r n e d a n d O w e n (30) i n terms of transferr ing a n i o n 
f r o m a so lut ion of finite concentrat ion i n one solvent to a so lut ion of 
finite concentrat ion i n another solvent. T h e transfer of the i o n can be 
b r o k e n d o w n into three imag inary steps: 

( 1 ) the transfer of an i o n f r o m a finite concentrat ion i n the first 
solvent to infinite d i l u t i o n i n the same solvent; 

( 2 ) the transfer of a n i o n at a n inf inite d i l u t i o n i n the first solvent 
to a n infinite d i l u t i o n i n the second solvent; a n d 

( 3 ) the transfer of an i o n at inf inite d i l u t i o n i n the second solvent 
to a finite concentrat ion i n the second solvent. 

Step 2 is def ined as the p r i m a r y m e d i u m effect a n d is obv ious ly b y 
def in i t ion the same as the free energy of transfer, &Gt°, of the i o n f r o m the 
inf in i te ly d i lu te so lut ion i n one solvent to the inf inite ly d i lute so lut ion i n 
another solvent. 
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232 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S H 

Several theoret ical models have been proposed (31) to rat ional ize 
the i on izat ion process i n a d ie lectr i c m e d i u m a n d to interpret the exper i ­
m e n t a l data ( 3 2 ) . Desp i t e serious cr i t ic isms ( 3 2 ) , the so-cal led B o r n 
electrostatic m o d e l , i n the op in i on of these authors, is perhaps s t i l l the 
best mode l . A c c o r d i n g to this m o d e l the free energy change for the 
i on iza t i on of a weak a c i d i n a solvent of b u l k die lectr ic constant c is 
g i ven b y the equat ion 

Δ ( ? ° = — R T In K a - A G ° n o n e l + ^7 + f) (28) 

i n w h i c h K a is the i on izat ion constant of the a c id , r + a n d r . are the r a d i i 
of the pro ton a n d the an ion respectively, a n d c is the b u l k d ie lectr i c 
constant of the solvent. E q u a t i o n 23 can be ref ined further b y expressing 
the quant i ty w i t h i n the parentheses i n terms of the process i n the co-
sphere region, a n d the process i n the outer-sphere reg ion . T h e quant i ty 
N e 2 / 2 c ( l / r + + 1 / r . ) is c ommonly k n o w n as the free energy change 
o w i n g to Born's so lvat ion process. T h e free energy change of i on iza t i on 
of the a c i d i n another solvent, m i x e d aqueous or pure , is g iven b y 

A G ° « = -KT In K a » = AG°\oael + | £ ( ^ + ^ (24) 

T h e p r i m a r y m e d i u m effect m a y be expressed n o w b y subtract ing E q u a ­
t i on 23 f r om E q u a t i o n 24. T h u s , 

AG,° = AG°* - AG° = - R T In K a * + R T In K a — 

C h a n g i n g to c o m m o n l ogar i thm, the i on iza t i on constants of a w e a k a c i d 
i n water a n d i n a mixed-aqueous solvent are re lated b y the expression 

I n solvents of moderate-to- large d ie lectr i c constant, A G ^ o
n 0 n e i c a n b e 

neglected p r o v i d e d there are no q u a n t u m m e c h a n i c a l interactions a n d no 
secondary chemica l processes; thus, 
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15. S E N E T A L . Water-Organic Mixed Solvents 233 

a n d 

•>κ-· = - κ - + » ( ^ + ^ ) ( 7 - 7 ) <28) 

Born's theoret ical m o d e l has been c r i t i c i z ed severely (32) because 
the plots a n d AGt° vs. ( l / r + ) ( for a l k a l i m e t a l ions) have negative slopes 
contrary to the requirement of E q u a t i o n 27. W e are not qu i te sure i f such 
plots are legit imate , a l though i n E q u a t i o n 27 the e lectr i ca l w o r k i n v o l v e d 
i n transferr ing the ions is g iven separately a n d exp l i c i t l y : the exper imenta l 
AGt° refers to the transfer of the w h o l e mole of the electrolyte. Secondly , 
the q u a n t u m m e c h a n i c a l interactions (AG 0

n 0 nei(ion) ) m a y no longer be 
neglected w h e n i n d i v i d u a l i o n - e l e c t r i c a l w o r k is b e i n g considered. I n 
fact, F e a k i n s (32) i n v o k e d q u a n t u m m e c h a n i c a l contr ibut ions i n order to 
rat ional ize the negative slope of the &Gt° vs. l/r+ p lot . E q u a t i o n s 27 a n d 
28 also do not inc lude h igher -order (outer-sphere) electrostatic terms. F i ­
na l ly , the str ict ly theoret ica l m o d e l calls for gaseous i on i c r a d i i w h i c h are 
different f r om crysta l lographic r a d i i . O n the other h a n d , so lvated r a d i i 
seem to give a good fit to E q u a t i o n s 27 a n d 28 i n most cases. W e ought 
to remember that E q u a t i o n s 27 a n d 28 are p u r e l y theoret ica l models , 
s imple a n d p r i m i t i v e , but exceedingly use fu l as a start ing po int . 

O u r p r i m a r y objective was to develop a computat iona l technique 
w h i c h w o u l d correlate the i on izat ion constant of a weak electrolyte ( e.g., 
w e a k ac id , i on i c complexes ) i n water a n d the i on izat i on constant of the 
same electrolyte i n a mixed-aqueous solvent. Cons idera t i on of E q u a t i o n s 
8, 22, a n d 28 suggested that plots of exper imenta l p K a * vs. some l inear 
combinat ion of the reciprocals of b u l k die lectr ic constants of the t w o 
solvents m i g h t y i e l d the desirable functions. H o w e v e r , an acceptable p lo t 
shou ld have the f o l l o w i n g propert ies : i t shou ld be continuous w i t h o u t any 
m a x i m u m or m i n i m u m ; the p lo t shou ld inc lude the p K a * values of a n 
a c i d for as m a n y systems as possible ; a n d the p lo t s h o u l d be pre ferab ly 
l inear . T h e e m p i r i c a l equat ion that fits this p lot w o u l d be the f u n c t i o n 
sought. F u r t h e r m o r e , the funct ion shou ld be analogous to some theoret ical 
m o d e l so that a p h y s i c a l interpretat ion of the i on iza t i on process is s t i l l 
possible. 

T h r o u g h a series of parametr izat ion , the most suitable l inear c o m ­
b i n a t i o n was (1 /e** - 1 A " ) where £** — c* + (e - £ o r g ) , c" = 2c -
c0rg, c* = b u l k d ie lectr i c constant of the m i x e d solvent, € o r g = b u l k d ie lec ­
t r i c constant of the p u r e organic component , a n d c = b u l k d ie lectr i c 
constant of water . ( T h e d ie lectr ic constant data were obta ined f r o m 
l i terature ; these references are not b e i n g c i t ed i n order to save space. 
Some of the e* values were ob ta ined b y these authors b y interpo lat ion . 
F o r the convenience of the reader w e have c o m p i l e d the values of b u l k 
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234 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

die lectr ic constants of a n u m b e r of solvents f requent ly used i n thermo­
d y n a m i c studies (cf. T a b l e V ) . Some representative plots of p K a * vs. 
(1/e** — 1/c") are s h o w n i n F igures 5 a n d 6. M a n y of the values of the 
i on izat ion constants of the acids were obta ined f r o m l i terature (33-48), 
several of t h e m were determined , a n d a large n u m b e r of t h e m rechecked 
b y the authors (49,50) u s i n g the ce l l 

P t , H 2 (1 atm) | H A (mj, N a A ( m 2 ) , N a C l (ros), 

organic (x), water ( y ) | A g C l - A g 
I I . 

F o r a l l systems invest igated, except for the d i m e t h y l su l f ox ide -water 
system, the p K a * vs. (1/c** — 1/c") plots for the entire range of die lec -

1 2 3 4 5 

- C. PROPANOIC ACID 
-

η ^rv~&— 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 , 1 . . . 1 . , 

( €** Ε" ) X 
10° 

Figure 5. Ionization constants of acids in various solvents vs. the 
dielectric constant function at 25°C. A,B,C: ethanol-water (O), 
methanol-ivater (A), dioxane-water (Π). B,C: acetone-boater (%), 
glycerol-water (Ύ). B: 2-methoxyethanol-water (V), dimethyl-

sulfoxide-water (M). 
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15. S E N E T A L . Water-Organic Mixed Solvents 235 

4 

A 

j ι 
Β 

6 
* < 
a. 4 

C 

6 

4 

D 

2 3 4 

( « k - £ ) x K > » 

Figure 6. The linear range of the ionization con-
stants of the acids vs. the dielectric constant func­
tion at 25°C. ethanol-water (O); methanol-water 
(A); 2-methoxyethanol-water; dioxane-water (D); 
acetone-water, glycerol-water, 2-propanol-<vater 
(·). Points owing to tetrahydrofuran-water, 2-
ethoxyethanol-water, and 1,2-dimethoxyethane-
water systems are not shown on the plots; they all 

tr ie func t i on (0 to 0.005; corresponding range of b u l k d ie lectr i c constant 
of the m i x e d solvent 78.5 — 9.5) y i e l d e d smooth curves ( F i g u r e 5 ) 
w h i c h were s l ight ly concave u p w a r d s i n the l ow-d ie lec t r i c reg ion (34 or 
less ) . These plots c o u l d be fitted to the equat ion 

where p K a * = exper imental i on izat ion constant of the a c i d i n the m i x e d 
solvent, p K a = the intercept of the p lot on p K a * axis, that is the c o m p u t e d 
va lue of the i on iza t i on constant of the a c i d i n water . T h e e m p i r i c a l 
constants b , c, a n d d were obta ined b y a curve- f i t t ing p r o g r a m r e q u i r i n g 
9 0 - 9 9 % goodness of fit. T h e exper imental ly de termined values of p K a * 
i n various solvents are c o m p i l e d i n Tables V I A - V I E ; the exper imental ly 
de termined a n d the computed values of p K a , a n d the values of the 
constants b , c, a n d d are c o m p i l e d i n T a b l e V I I . T h e d i m e t h y l s u l f o x i d e -
water system is the only system among those s tud ied for w h i c h the 

lie on the linear plots. 

P K a * — P K a + b + l o [ c + d ( ^ " ^ ) ] (29) Pu
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236 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

Table V . Bulk Dielectric Constants of Some Pure Solvents at 2 5 ° C 

Dielectric 
Compound Constant 

W a t e r 78.5 
P r o p y l e n e carbonate 6*.4 
D i m e t h y l sulfoxide 46.7 
1 ,2 -Ethanedio l (ethylene g lyco l , g lycol ) 40.7 
G l y c e r o l 40.1 
D i m e t h y l f o rmamide 36.7 
A c e t o n i t r i l e 36.0 
2 - E t h o x y m e t h a n o l 33.6 
M e t h a n o l 31.5 
E t h a n o l 24.3 
1- P r o p a n o l 20.3 
2 - P r o p a n o l !9-4 
Acetone 1 9 1 
1 - B u t a n o l 17.5 
2 - M ethoxy ethanol 17.2 
ter£-Butanol (30°C) Π.6 
T e t r a h y d r o f u r a n 7.6 
1 ,2-Dimethoxyethane 6.8 
1,4-Dioxane 2.1 

Table V I A . Values of Experimental p K a * (Molal Scale) 

W t % ethanol 0 8.04 16.26 
D i e l e c t r i c constant 78.54 73.5 69.2 
p K a * of 

F o r m i c 3.75 
A c e t i c 4.76 4.81 4.90 
Propano i c 4.87 
Benzo i c 4.20 
B u t a n o i c 4.82 
3 - M e t h y l b u t a n o i c 4.78 
Chloroacet i c 2.86 
Cyanoace t i c 2.47 
G l y c o l i c 3.83 
L a c t i c 3.86 
M a l o n i c 2.75 
Succ inic 4.13 
G l u t a r i c 4.34 
S a l i c y l i c 3.00 

β Note on Tables V I A - V I E . p K a * values and dielectric data are taken from vari­
ous literature sources. Several p K a * values are from our work, and many literature 
values were rechecked. 
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15. S E N E T A L . Water-Organic Mixed Solvents 237 

i on i za t i on constant data d i d not f a l l i n l ine w i t h the other plots, a n d these 
data c o u l d not be fitted into E q u a t i o n 29. D i e l e c t r i c constant data used 
b y M o r e l (43) seemed to be par t i cu lar ly doubt fu l ; b o t h these a n d the 
ion iza t i on constant data shou ld have been checked independent ly . I t was 
deemed desirable to investigate the range of l inear i ty of the funct ion , 
p K a * = f ( / c * * — 1 /c"), a n d accord ing ly the data was replot ted to fit 
the equat ion 

p K a * _ p K a + b ' ( l / c " - 1 A " ) (30) 

w i t h goodness of fit be tween 90 a n d 99%. These plots are shown i n 
F i g u r e s 6 a n d 7, a n d corresponding n u m e r i c a l values are c o m p i l e d i n 
T a b l e V I I . It became obvious f r om the excellent l inear i ty of these plots 
a n d the goodness of fit to E q u a t i o n 30 that the m u c h s impler B o r n E q u a ­
t i o n s h o u l d accommodate the data i n the l inear reg ion . A c c o r d i n g l y 
p K a * data were replot ted against (1/c* — 1 /c), a n d excellent l inear plots 
w h i c h fitted the equat ion 

p K / - p K . + j 8 ^ - - ^ (31) 

were obta ined (cf. T a b l e V I I ) . 

of Various Acids in Ethanol-Water at 2 5 ° C 

20.30 34.90 50.10 65.10 79.90 100 
66.8 58.3 48.9 40.4 32.8 24.3 

4.02 4.24 4.60 5.01 5.64 9.15 
5.13 5.43 5.84 6.29 6.87 10.32 
5.33 5.68 6.13 6.63 7.17 
4.77 5.24 5.76 6.19 6.79 10.25 
5.31 5.70 6.15 6.65 7.22 
5.29 5.75 6.22 6.76 7.35 
3.26 3.57 3.95 4.41 4.98 
2.78 3.07 3.39 3.81 4.39 
4.21 4.51 4.86 5.27 5.77 
4.14 4.44 4.80 5.26 5.77 
3.14 3.38 3.65 3.94 4.41 
4.54 4.86 5.21 5.64 6.16 
4.64 5.00 5.42 5.96 6.53 
3.23 3.62 3.99 4.46 5.03 
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238 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

Table VIB. Values of Experimental p K a * (Molal Scale) 

W t % methano l 10.1 16.47 20.01 34.47 40.02 54.02 
D i e l e c t r i c constant 74.1 71.0 69.2 62.2 59.6 52.8 
p K a » of 

F o r m i c 3.91 4.14 4.56 
A c e t i c 4.91 5.00 5.08 5.31 5.45 5.78 
Propano i c 5.02 5.14 5.33 5.55 6.01 
Benzo i c 4.38 4.50 4.72 4.95 5.50 
B u t a n o i c 5.12 5.60 6.08 

• See footnote, Table V I A . 

Table V I C . Values of Experimental p K a * (Molal Scale) 

W t % acetone 10 20 25 
D i e l e c t r i c constant 73.02 66.98 63.70 
p K a * of 

A c e t i c 4.90 5.09 5.22 
Propano i c 4.98 5.40 
Benzo i c 4.44 4.96 

'See footnote, Table VIA . 

Table V I D . Values of Experimental p K a * (Molal Scale) 

W t % dioxane 20 30 40 
D i e l e c t r i c constant 60.79 51.90 42.98 
p K a * of 

F o r m i c 4.18 
A c e t i c 5.92 
P r o p a n o i c 5.47 
Benzo i c 4.87 5.28 5.79 

W t % 2 -propanol 5 10 20 
D i e l e c t r i c constant 74.9 71.4 64.1 
p K a * of 

Propano i c 4.98 5.09 5.33 
B u t a n o i c 4.95 5.05 5.34 

W t % D i m e t h y l 
Sul fox ide 10 20 30 

D i e l e c t r i c constant 78.2 77.9 77.2 
p K a * of 

A c e t i c 4.89 5.04 5.26 

W t % glycero l 50 
D i e l e c t r i c constant 64.0 
p K a * of 

Ace t i c 5.27 
a See footnote, Table VIA . 
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15. S E N E T A L . Water-Organic Mixed Solvents 239 

of Various Acids in Methanol-Water at 2 5 ° C e 

60.05 75.94 80.03 90.02 93.47 95.02 99.99 
50.1 41.9 40.1 35.7 34.1 33.6 31.5 

5 22 6 45 
5.90 6Λ5 6.64 7.31 7 7 7 8.00 9.52 

6.75 
6.32 7.38 9.28 
6.82 

of Various Acids in Acetone—Water at 25 ° C ° 

30 40 50 60 70 80 
61.04 54.60 48.22 41.80 35.70 29.62 

5.61 5.83 6.41 6.96 7.64 8.78 

of Various Acids in Several Organic-Water Solvents at 2 5 0 C 

45 50 70 82 
38.48 34.36 17.69 9.53 

5.29 7.02 9.14 
6.31 8.61 10.51 
6.55 8.61 10.75 

6.38 

40 
76.4 

50 
75.2 

60 
73.3 

70 
69.5 

80 
64.7 

5.48 5.84 6.31 7.03 8.06 
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240 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES Π 

Table V I E . Values of Experimental p K a * (Molal Scale) of Various 
Acids in Several Organic-Water Solvents at 25°Ca 

V o l % 
2 - M e t h o x y e t h a n o l 20 30 40 50 

D i e l e c t r i c constant 68.90 63.93 58.49 52.81 
p K a » of 

A c e t i c 5.07 5.27 5.49 5.81 
Benzo i c 4.60 4.86 5.16 5.52 

V o l % 
1 ,2 -Dimethoxy ethane 20 30 40 50 

D i e l e c t r i c constant 66.87 60.90 54.47 47.38 
p K a » of 

A c e t i c 5.13 5.37 5.65 6.05 
Benzo i c 4.71 5.04 5.41 5.88 

V o l % 
2 - E t h o x y e t h a n o l 20 30 40 50 

D i e l e c t r i c constant 68.37 62.69 56.63 49.83 
p K a * of 

A c e t i c 4.93 5.09 5.29 5.42 
Benzo i c 4.49 4.78 5.07 5.34 

V o l % 
T e t r a h y d r o f u r a n 10 20 30 40 

D i e l e c t r i c constant 73.40 65.70 58.83 50.82 
p K a * of 

Ace t i c 4.89 5.14 5.39 5.70 
Benzo i c 4.87 5.33 5.78 

β See footnote, Table V I A . 

A leg i t imate quest ion to ask is i f there is any justi f ication to curve -
fitting computat i ona l technique aside f r o m just fitting the exper imenta l 
data. W e w a n t e d to investigate the signif icance of the slope β of E q u a ­
t i on 31 (analogous to Born 's E q u a t i o n ) b y equat ing 

(where the constants are to be expressed i n e.s. uni ts ; e = 4.80 Χ 10" 1 0 

esu, R = 8.31 Χ 10 7 e rg d e g 1 m o l " 1 , Ν = 6.02 Χ 1 0 2 3 m o l " 1 , Γ — Κ ) . 
Theoret i ca l ly , r + a n d r. refer to gaseous i on i c r a d i i , a n d the r i g h t - h a n d 
m e m b e r of E q u a t i o n 32 represents the c o u l o m b i c so lvat ion w o r k w h e n 
m u l t i p l i e d b y the rec iproca l of the b u l k d ie lectr ic constant of the solvent. 
H o w e v e r , the r i g h t - h a n d m e m b e r tota l ly neglects a l l noncou lombic w o r k , 
a n d that is unreal ist ic . I f w e arb i t rar i l y assume that r + a n d r . i n E q u a t i o n 
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15. S E N E T A L . Water-Organic Mixed Solvents 241 

32 represent the solvated i on i c r a d i i , then k n o w i n g either r + or r_, the 
other m i g h t be ca lculated . 

T h e r e is considerable controversy over the va lue of the radius of the 
h y d r a t e d pro ton ( 5 1 - 5 7 ) , a n d i t has been reported f r o m 0.945-4.5 Â. 
H o w e v e r , o v e r w h e l m i n g exper imental as w e l l as theoret ica l w o r k seems 
to suggest that the h y d r a t e d pro ton species is H 9 0 4

+ w i t h a radius of 3.0 
A . H y d r a t e d anionic r a d i i ( r . ) w e r e ca l cu la ted u s i n g this va lue of the 
h y d r a t e d proton , a n d these are c o m p i l e d i n T a b l e V I I I . W h a t do these 
r a d i i mean? T h e t e rm ( l / r + + 1 / r . ) i n E q u a t i o n 32 rea l l y impl ies the 
s u m of reciprocals of the m i n i m u m distances of approach of the two ions 
or some funct ion of i t . I n the D e n n i s o n a n d Ramsey (58) treatment of 
the B o r n m o d e l this t e rm is 1 / r , w h e r e r is the m i n i m u m distance of 
approach of the two ions. I m p l i c i t i n the expression ( l / r + + 1 / r . ) is the 
assumption that b o t h ions are monatomic a n d spher i ca l ; therefore, the 
m i n i m u m distance of approach of the t w o ions m a y be appor t i oned as 
the h y d r o n i u m i o n radius a n d the anion radius . A l t h o u g h i t m i g h t be 
possible to assign a va lue to the h y d r o n i u m i o n radius , the an ion ic rad ius 

Figure 7. Ionization constants of acids in etha­
nol-water mixtures vs. the dielectric constant 
function at 25°C. A: Malonic acid (O), lactic 
add (A), succinic acid (Π). (B) Cyanoacetic 
acid salicyclic acid (±), glutaric acid (M). 
C: Chloroacetic acid (O), glycolic acid (A), iso­

valeric acia(n). 
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2 4 2 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES II 

Table VII. Acids Studied, Calculated Constants of Empirical 
Solvents 

No. of Composition 
vj£ a of Each Mixed-

Solvent System 
Expen- Studied 

Acid mental Eq.29 Eq.80 Eq.Sl Organic Component 

F o r m i c 3.75 3.75 3.70 3.78 5 ( M e O H ) 
6 ( E t O H ) 
4 (Dioxane) 

A c e t i c 4.76 4.76 4.76 4.87 13 ( M e O H ) 
8 ( E t O H ) 
4 (Dioxane) 

13 (Acetone) 
4 ( M e t h y l o x y e t h a n o l ) 

P r o p a n o i c 4.87 4.88 4.83 4.98 6 ( M e O H ) P r o p a n o i c 
5 ( E t O H ) 
4 (Dioxane) 
2 (Acetone) 
3 ( 2 - P r O H ) 

B u t a n o i c 4.82 4.85 4.82 5.00 4 ( M e O H ) 
5 ( E t O H ) 
3 ( 2 - P r O H ) 

3 - M e t h y l b u t a n o i c 4.78 4.78 4.98 5 ( E t O H ) 
(Isovaleric ) 

Cyanoace t i c 2.47 2.42 2.47 5 ( E t O H ) 
Chloroacet i c 2.86 2.86 2.98 5 ( E t O H ) 
G l y c o l i c 3.83 3.83 3.96 5 ( E t O H ) 
L a c t i c 3.86 3.80 3.86 5 ( E t O H ) 
M a l o n i c 2.75 2.75 2.90 5 ( E t O H ) 
Succ in ic 4.13 4.13 4.28 5 ( E t O H ) 
G l u t a r i c 4.34 4.26 4.40 5 ( E t O H ) 
B e n z o i c 4.20 4.27 4.38 4.45 8 ( M e O H ) 

6 ( E t O H ) 
4 (Dioxane) 
6 (Acetone) 
4 (2 -Methoxyethano l ) 

S a l i c y c l i c 3.00 2.91 3.04 5 ( E t O H ) 
β First ionization constants for dicarboxylic acids. 

c o u l d be qui te mis lead ing . I n fact, R o b i n s o n a n d Stokes (52) repor ted 
that the carboxylate i o n radius is of the order of 1.2 A . F o r m a t e , benzoate, 
a n d glycolate cannot have the same radius , nor are they spher ica l . S u c h 
a radius w o u l d inc lude a carbon cha in " t a i l " ( w h i c h is w e a k l y h y d r a t e d ) 
as w e l l as the carboxylate " h e a d " w h i c h is certainly strongly hydra ted . 
T h i s anionic radius , r_, rea l ly is the thickness of the water sheath be tween 
the negat ive e n d of the an ion a n d the outer per iphery of the h y d r a t e d 
proton . Perhaps i t is more real ist ic to report r rather than (r+ + r . ) , 
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15. S E N E T A L . Water-Organic Mixed Solvents 243 

Equations, and Dielectric Constant Range of the Mixed 
Used ( 2 5 ° C ) 

Range of Ρ go 
Dielectric q Eq.SO Eq.Sl 
Constant b c d b' β 

3 4 - 7 1 321 - 1 . 8 0 463 477 110 
24 -67 
10-61 

31.5-74 530 - 1 . 7 0 423 530 125 
24-73.5 
10-61 
3 0 - 7 3 
5 3 - 6 9 
4 2 - 7 4 508 - 2 . 0 0 484 676 128 
33 -67 
10-61 
6 4 - 7 3 
6 4 - 7 5 
4 2 - 7 1 482 - 2 . 0 8 500 482 140 
33 -67 
6 4 - 7 5 
3 3 - 6 7 640 141 

3 3 - 6 7 471 113 
3 3 - 6 7 530 116 
3 3 - 6 7 480 106 
3 3 - 6 7 480 122 
33 -67 420 88 
3 3 - 6 7 500 111 
3 3 - 6 7 552 114 
3 3 - 74 631 - 2 . 8 0 620 627 152 
2 4 - 6 7 
3 4 - 61 
53 -73 
53 -69 
33 -67 514 115 

a n d to report r. as the anionic contr ibut ion to the m i n i m u m distance of 
approach . It is interest ing to note that the values of m i n i m u m distance 
a p p r o a c h c o m p u t e d b y us for the carboxylate ions are of the same order 
of magn i tude as the m i n i m u m distance of approach obta ined b y H a r n e d 
(59) for the ha l ide ions (cf. T a b l e V I I I ) . W e bel ieve that the p r e c e d i n g 
discussion justifies the use of E q u a t i o n s 29, 30, a n d 31 for the computat ion 
of pK„ or p K a * , a n d that the exper imental slope β rather t h a n ( N e 2 / 
4 .606RT) is the measure of the solvat ion energy. T h e values of β, 
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244 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES Π 

Table VIII. Values of Slope, β (Eq. 31), the Anionic Contribution 
to Minimum Distance of Approach (r_) and the Minimum 

Distance Approach (r) for a Number of Acids ( 2 5 ° C ) e 

Acid pKa> β r.(A) r(A) 

F o r m i c 3.75 110 1.3 4.3 
A c e t i c 4.76 125 1.1 4.1 
P r o p a n o i c 4.87 128 1.1 4.1 
B u t a n o i c 4.82 140 1.0 4.0 
3 - M e t h y l b u t a n o i c 4.78 141 1.0 4.0 
Cyan oace t i c 2.47 113 1.2 4.2 
Chloroacet i c 2.86 116 1.2 4.2 
G l y c o l i c 3.83 106 1.3 4.3 
L a c t i c 3.86 122 1.1 4.1 
M a l o n i c 2.75 88 1.7 4.7 
Succ in ic 4.13 111 1.2 4.2 
G l u t a r i c 4.34 114 1.2 4.2 
Benzo i c 4.20 152 0.9 3.9 
S a l i c y l i c 3.00 115 1.2 4.2 
H y d r o c h l o r i c 4.0 
H y d r o b r o m i c 4.4 
H y d r o i o d i c 5.0 

° T h e r + = 3.0 A . 
6 First ionization constants for dicarboxylic acids. 

a l though of the same order of magni tude , w i l l be different for different 
acids as they i n c l u d e s m a l l b u t signif icant contr ibutions o w i n g to n o n -
cou lombic interactions even i n solvents of h i g h - b u l k d ie lec tr i c constants 
(cf. T a b l e V I I ) . T o o m a n y factors such as the d ipo le moments , p o l a r i z -
ab i l i ty , structure, L e w i s ac id i ty a n d bas ic i ty of the solvent molecule , a n d 
long-range q u a n t u m m e c h a n i c a l interactions are i n v o l v e d i n de te r min ing 
the values of β. Therefore , i t w i l l be fut i le to attempt a p u r e l y theoret ica l 
computat ion of β regardless of the sophist icat ion of the m o d e l . A s the 
va lue of the b u l k d ie lec tr i c constant becomes less t h a n a cer ta in c r i t i c a l 
va lue (e* < 4 0 ) , the contr ibut ion of noncou lombi c interactions increases 
r a p i d l y a n d B o r n s m o d e l becomes inadequate . 

A f ew comments on the values of r. a n d (r+ + r . ) (cf. T a b l e V I I I ) 
are necessary. Increas ing hydrocarbon content decreases the h y d r o p h i l i c 
proper ty of the an ion (cf . f o rmic , ac i t ic , propanoic , butano ic , 3 -methy l -
butanoic , a n d benzo i c ac ids ) resu l t ing i n the decrease of h y d r a t i o n ; the 
t r e n d eventual ly levels off. H y d r o p h i l i c subst i tut ion increases h y d r a t i o n 
( cf. acetic, chloroacetic , cyanoacetic , g lyco l i c ac ids ; cf. g lutar ic , succ in ic , 
a n d m a l o n i c acids ; cf. benzo i c a n d sa l i cyc l i c acids ) . A l s o note that r . is 
smallest for benzo i c a c i d a n d largest for m a l o n i c a c id . These trends c a n ­
not be fortuitous. 

F i n a l l y , i t seems pert inent to m a k e some comments on the trends 
of values of the constants b , b ' , a n d β ( cf. T a b l e V I I I ) of the e m p i r i c a l 
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15. S E N E T A L . Water-Organic Mixed Solvents 245 

E q u a t i o n s 29, 30, a n d 31. F o r acids of the same class b o t h b ' a n d β 
general ly f o l l ow the t rend of p K a ; they are inf luenced signif icantly b y the 
substituent group as m i g h t be expected. N o such t r e n d is observed for 
the values of b . I n c o m p u t i n g b , the p r o g r a m d i d not attach any spec ia l 
we ight to the points i n the l inear regions of the plots, hence b values are 
w e i g h t e d b y points i n the c u r v e d reg ion of the plots, whereas b ' a n d β 
values were c o m p u t e d b y us ing data f r om the graph i ca l ly selected l inear 
reg ion of the plots. It is interest ing to note that b y assuming r . to be 
1.2 A , theoret ica l β va lue turns out to be 141 w h i c h is def initely of the 
same order values reported for β i n T a b l e V I I . S m a l l b u t signif icant 
deviations are obv ious ly caused b y n o n c o u l o m b i c interactions. O n e 
impor tant difference between E q u a t i o n s 30 a n d 31 shou ld be noted ; 
E q u a t i o n 30 is exp l i c i t ly referenced to water , whereas i n p r inc ip l e , E q u a ­
t i o n 31 is app l i cab le for any two solvents. 

Curve - f i t t ing computat ion technique was a p p l i e d for the ca l cu lat ion 
of f o rmat ion constants of c a l c i u m lactate i n methano l -water , e t h a n o l -
water , a n d g lucose -water systems (60) w i t h excellent results. I n the 
ca l cu la t i on of the average format ion constant K a v ( = (Ki · Κ 2 ) * ) , β 
turned out to be about 190 for the m e t h a n o l - w a t e r system, 192 for the 
e thano l -water system, a n d 185 for the g lucose -water system. T h e va lue 
of b ' was 204. 

W e bel ieve that a compi la t i on of b ' a n d β values for acids w i l l enable 
one to calculate either p K a or p K a * k n o w i n g one a n d the solvent d ie lec ­
t r i c , w h i c h i n t u r n may be determined graphica l ly f rom E m ° vs. ( 1 / λ / D T ) 
plots for C e l l I . I t shou ld also be possible to classify the acids o n the 
basis of b ' or β values. These comments shou ld a p p l y also to w e a k 
i on i c complexes. 

Glossary of Symbols 

A = a characterist ic constant as def ined b y E q u a t i o n 7 
A , A ' , A " = constants of the p o l y n o m i a l 
Β, Β', B " = constants of the p o l y n o m i a l 

B ' = a constant of D H extended theory equat ion 
C , C , C " = constants of the p o l y n o m i a l 

c = mo lar i ty 
D = b u l k d ie lec tr i c constant of the solvent i n the first 

part of the chapter 
D H = D e b y e - H i i c k e l 

E° = s tandard potent ia l of the par t i cu lar c e l l 
•Eobs = emf of the p a r t i c u l a r c e l l w h e n p a r t i a l pressure of 

h y d r o g e n is one atmosphere 
e = electronic charge i n the second par t of the chapter 
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246 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES II 

F = F a r a d a y 
A G ° , A G * 0 , &Gt°* = s tandard free energy change; asterisk indicates that 

the solvent contains an organic component or i t 
m a y be nonaqueous 

G L S = G r o n w a l l , L a M e r , a n d Sandved 
k = B o l t z m a n n constant 

m = mo la l i t y 
Ν = Avogadro ' s n u m b e r 

p K a = ion iza t ion constant of an a c i d i n pure wa te r 
p K a * = ion iza t ion constant of an a c i d i n an o rgan i c -wa te r 

m i x e d solvent or i n a nonaqueous solvent 
R = gas constant 

S ( f ) = l i m i t i n g theoret ical slope of ra t iona l ac t iv i ty coeffi­
c ient i n in ter ionic a t t ract ion theory; a func t ion of 
γ , D , a n d Τ as expressed b y E q u a t i o n 5 

Τ = temperature i n K e l v i n 
X,Y = func t ion of D H extended theory equa t ion 

ζ = valence of an i o n 

Γ = i o n a l strength, s 2 C i Z i 2 

ι 
yt = mean m o l a l ac t iv i ty coefficient 
y ο = mean m o l a l ac t iv i ty coefficient at infinite d i l u t i o n i n 

the solvent i nd i ca t ed 
c = electronic charge i n the first par t of the chapter 

c, c* = b u l k d ie lec t r ic constant of the solvent i n the second 
par t of the chapter 

ν = total number of ions f rom a single electrolyte 
Vi = number of ions of a k i n d 

A l l other symbols are c lear ly defined where they appear i n the text. 
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Thermodynamic Behavior of Hydrobromic 

Acid in Mixtures of Water and 

N-Methylacetamide from 5° to 45°C 

RICHARD A. BUTLER and ROGER G. BATES 

Department of Chemistry, University of Florida, Gainesville, FL 32611 

The standard potential of the silver-silver bromide electrode 
has been determined from emf measurements of cells with 
hydrogen electrodes and silver-silver bromide electrodes 
in solutions of hydrogen bromide in mixtures of water and 
N-methylacetamide (NMA). The mole fractions of NMA 
in the mixed solvents were 0.06, 0.15, 0.25, and 0.50, and 
the dielectric constants varied from 87 to 110 at 25°C. The 
molality of HBr covered the range 0.01-0.1 mol kg-1. Data 
for the mixed solvents were obtained at nine temperatures 
from 5° to 45°C. The results were used to derive the 
standard emf of the cell as well as the mean ionic activity 
coefficients and standard thermodynamic constants for HBr. 
The information obtained sheds some light on the nature of 
ion-ion and ion-solvent interactions in this system of high 
dielectric constant. 

T V J " u c h effort has been expended i n a t tempt ing to elucidate the nature 
of the solute-solvent interactions that are responsible for the 

observed propert ies of solutions of ion ic solutes. Because of its w i d e 
use as a solvent b y bo th m a n a n d nature, wate r has been the solvent i n 
the majori ty of such studies. T h e un ique propert ies of water as a 
solvent, however , have made it difficult to extend k n o w l e d g e of solute 
behavior , observed i n aqueous solutions, to an unders tanding of the 
behavior of the same solutes i n other med ia . 

M o s t of the studies i n solvents other than water have deal t w i t h 
m e d i a of fa i r ly l o w die lec t r ic constant, m a i n l y because most o f the 

0-8412-0428-4/79/33-177-249$05.00/l 
© 1979 American Chemical Society 
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250 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES II 

c o m m o n nonaqueous solvents have d ie lectr i c constants l ower t h a n that 
of water . T h e r m o d y n a m i c studies of solvent systems of h igher d ie lectr ic 
constant are rare , p resumab ly because of difficulties i n ob ta in ing a n d 
m a i n t a i n i n g the solvents i n a state of sufficient p u r i t y a n d i n finding 
electrodes w h i c h are stable a n d reversible i n these solvents. 

A s a solvent for electrolytes, however , considerable interest has been 
s h o w n i n N-methy lace tamide ( N M A ) (1,2,3,4,5). T h i s solvent is 
re lat ive ly easy to handle , a n d several electrodes have p r o v e n stable i n 
its solutions. N M A has a d ie lectr ic constant of 165.5 at 25°C , or more 
t h a n twice that of water . A l t h o u g h N M A is a so l id be l ow 30.5°C, i t 
dissolves read i ly i n water , g i v i n g a series of solvents w i t h d ie lectr i c 
constants r a n g i n g f rom 78 to 110 at 2 5 ° C w i t h o u t exceeding an N M A 
mole f ract ion of 0.50. 

I n the p r e l i m i n a r y stages of this study, some dif f iculty was exper i ­
enced i n ob ta in ing stable potentials w i t h the s i l ver - s i l ver ch lor ide 
electrode i n H 2 0 / N M A mixtures at a mole f ract ion of N M A of 0.5. 
H o w e v e r , the emf of cells w i t h p l a t i n i z e d p l a t i n u m - h y d r o g e n electrodes 
a n d s i l ver - s i l ver b romide electrodes reached values w h i c h were constant 
over a p e r i o d of at least 4 to 5 hr , m a k i n g this c e l l appear suitable for a 
study of the thermodynamics of H B r i n H 2 0 / N M A mixtures w i t h mole 
f ract ion N M A (x2) u p to at least 0.50. 

E l e c t romot ive force measurements of H C l solutions i n pure N M A 
a n d i n N M A / d i o x a n e solvent mixtures u s i n g the s i l ver - s i l ver ch lor ide 
electrode have been reported b y D a w s o n a n d his co-workers ( 1 , 2 , 3 ) . 
T h e on ly other potent iometr ic studies i n a solvent of d ie lectr ic constant 
h igher than that of water appear to have been i n f o rmamide (6,7,8, 9, 
10) a n d i n N - m e t h y l p r o p i o n a m i d e ( N M P ) (11,12,13,14,15). 

W e n o w have measured the emf of the ce l l w i t h o u t l i q u i d junct ion 

P t ; H 2 (g, 1 atm) | H B r (m) i n H 2 0 / N M A | A g B r ; A g (A) 

at N M A mole fractions (x2) of 0.06, 0.15, 0.25, a n d 0.50. T h e s tandard 
emf of ce l l A ( w h i c h is the s tandard potent ia l of the s i l ver - s i l ver bro ­
m i d e electrode) has been determined for each of the m i x e d solvents at 
intervals of 5 ° C f rom 5°^45°C. F r o m these data , the ac t iv i ty coefficient 
of H B r a n d the standard G i b b s energy,, enthalpy , a n d entropy changes 
on transfer of H B r f rom water to each solvent mixture were ca lcu lated . 

Experimental 

N M A was obta ined f r om E a s t m a n K o d a k C o . , f ract ional ly crysta l l i zed 
once, a n d then cont inuously zone-ref ined 10-20 times. T h e zone refiner 
h a d three pur i f i cat ion zones; the product f r om the first zone was used, 
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16. B U T L E R A N D B Â T E S Hydrobromic Acid 251 

w h i l e the one f rom the last two was d iscarded . T h e mater ia l so obta ined 
h a d a specific conduct iv i ty of 1-5 Χ 10" 7 S cm" 1 . 

T h e stock solut ion of H B r was p r e p a r e d f rom H B r obta ined b y 
doub le d i s t i l la t i on of c ommerc ia l 4 8 % H B r solut ion. I n each d i s t i l la t i on 
the first a n d t h i r d fractions were d iscarded . T h e produc t was d i l u t e d 
to a mo la l i ty ( m ) of ~ 1.0 m o l k g " 1 a n d the concentrat ion de termined 
to w i t h i n ± 0 . 0 1 % b y w e i g h i n g s i lver bromide . 

Solutions for the ce l l measurements were made as fo l lows : the 
approximate amount of N M A needed was w e i g h e d into a flask a n d the 
desired amount of H B r solut ion a d d e d f r o m a w e i g h t buret . T h e a d d i ­
t i ona l amount of water needed to ob ta in the exact solvent compos i t ion 
then was ca lculated a n d a d d e d careful ly . D i s t i l l e d de - i on ized water was 
used i n p r e p a r i n g the solutions. 

T h e cells were of the type used extensively i n this laboratory for 
earl ier studies. T h e essential features of the ce l l des ign have been set 
for th elsewhere (16). T h e emf was measured w i t h a H e w l e t t - P a c k a r d 
d i g i t a l voltmeter, M o d e l 3460, checked occasional ly against laboratory 
standards consist ing of two saturated W e s t o n cells m a i n t a i n e d at a con ­
tro l led temperature. 

T h e s i l ver - s i l ver bromide electrodes were of the t h e r m a l type, made 
b y heat ing a paste composed of 90 w t % si lver oxide a n d 1 0 % si lver 
bromate , w i t h a l i t t le water , to 600°C on a he l ix of p l a t i n u m w i r e . I n 
order to avo id solvent occ lus ion, the electrodes were not pretreated 
before use i n the cells. A f t e r each r u n , the electrodes were c leaned a n d 
remade before immers ion i n a so lut ion of a different composit ion. 

T h e bases for the hydrogen electrodes were of p l a t i n u m fo i l ; they 
were p l a t i n i z e d i n a 2 % solution of ch lorop lat in i c a c id i n 1 M H C l . T h e 
p l a t i n g solut ion contained no lead . T h e finished electrodes w e r e stored 
i n water a n d r insed w i t h pure N M A just before be ing p l a c e d i n the cells. 

D i s so lved air was removed f r om a l l of the ce l l solutions b y b u b b l i n g 
pur i f i ed hydrogen gas through t h e m for 1-2 hr before the cells were 
filled. T h e emf reached e q u i l i b r i u m after 4 -12 hr , d e p e n d i n g o n the 
compos i t ion of the c e l l solution. T h e cr i ter ion adopted for e q u i l i b r i u m 
was a dr i f t i n emf of less than 0.1 m V over a per i od of 6-12 hr . A f t e r a 
change of temperature, e q u i l i b r i u m was atta ined more r a p i d l y . A t the 
end of the series of measurements, the cells were re turned to 25°C to 
check the constancy of the emf d u r i n g the measurement interva l . I r re ­
vers ib le changes amounted i n general to several tenths of a m i l l i v o l t . T h e 
temperatures of the cells were m a i n t a i n e d to ± 0.01 ° C i n a water ba th . 

It was necessary to measure the die lectr ic constant a n d density of 
each solvent mixture studied. Densit ies were determined i n a constant-
temperature bath mainta ined to w i t h i n ± 0.02°C. G a y - L u s s a c p y c -
nometers w i t h a capac i ty of 25 m L were used for density measurements. 
D i e l e c t r i c constants were determined w i t h a B a l s b a u g h M o d e l 2 T N 5 0 
conduct iv i ty c e l l h a v i n g a ce l l constant of ~ 0.001. A J a n z - M c l n t y r e 
a - c br idge (17) was used. T h e die lectr ic constants a n d densities of the 
solvents are l isted i n T a b l e I , a long w i t h the constants A a n d Β of the 
D e b y e - H i i c k e l theory. 
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252 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES II 

T a b l e I . Propert ies o f H 2 0 / N M A 

Density Dielectric 
(°C) ( g/mL) Constant A' B' 

= 0.06* 

5 1.00625 90.8 0.4560 0.3174 
10 1.00465 90.0 0.4496 0.3158 
15 1.00308 88.9 0.4457 0.3147 
20 1.00128 87.8 0.4421 0.3137 
25 0.99923 87.9 0.4300 0.3105 
30 0.99714 86.3 0.4306 0.3105 
35 0.99486 87.4 0.4117 0.3056 
40 0.99250 88.8 0.3920 0.3004 
45 0.98989 89.7 0.3765 0.2962 

— OM 

5 1.01705 101.9 0.3856 0.3012 
10 1.01282 99.0 0.3912 0.3023 
15 1.00991 96.8 0.3936 0.3025 
20 1.00594 94.2 0.3988 0.3035 
25 1.00218 92.6 0.3983 0.3030 
30 0.99846 90.6 0.4005 0.3032 
35 0.99466 89.1 0.4000 0.3027 
40 0.99088 87.7 0.3991 0.3021 
45 0.98694 86.1 0.3998 0.3019 

° Debye-Hiickel constants, molality scale. 

Results 

Isopiestic measurements showed that the water ac t iv i ty i n H 2 0 / 
N M A solvent mixture of x2 = 0.5 is the same, w i t h i n exper imenta l error, 
as that p r e d i c t e d b y Raoult ' s L a w . H e n c e , the emf was corrected to 1 
a tm p a r t i a l pressure of hydrogen on the assumption that N M A is invo lat i le 
a n d that a l l of the solutions obey Raoult ' s L a w . T h e observed emf for 
each H B r solut ion at each solvent compos i t ion a n d temperature , corrected 
as descr ibed above, is l i s ted i n T a b l e I I . 

I t is expected that the m e a n ac t iv i ty coefficient of H B r i n the m o l a l i t y 
range studied here can be represented b y 

A m 1 / 2 

- l o g y H B r = 1 + B â m l / 2 - ^ m (1) 

where A a n d Β are the D e b y e - H i i c k e l constants g iven i n T a b l e I , w h i l e 
â ( the ion-size parameter ) a n d β are adjustable parameters . I f E q u a t i o n 
1 is c o m b i n e d w i t h the N e r n s t E q u a t i o n for C e l l A , one c a n define a n 
apparent s tandard emf, E ° ' , as f o l l ows : 
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16. B U T L E R A N D B Â T E S Hydrobromic Acid 253 

M i x e d Solvents f r o m 5 ° - 4 5 ° C 

Density 
(g/mL) 

1.01553 
1.01257 
1.00958 
1.00645 
1.00338 
1.00026 
0.99698 
0.99370 
0.99018 

1.00384 
0.99984 
0.99583 
0.99189 
0.98782 
0.98387 
0.97984 
0.97583 
0.97170 

Dielectric 
Constant 

95.9 
94.1 
92.5 
90.7 
90.0 
88.3 
86.8 
85.8 
83.8 

125.5 
121.1 
117.3 
113.8 
110.4 
107.2 
104.0 
101.3 
98.3 

x 2 = 0.15 

0.4220 
0.4221 
0.4213 
0.4222 
0.4158 
0.4167 
0.4165 
0.4130 
0.4171 

x 2 = 0.50 

0.2803 
0.2873 
0.2930 
0.2982 
0.3037 
0.3089 
0.3148 
0.3190 
0.3252 

Β 

0.3103 
0.3100 
0.3095 
0.3094 
0.3075 
0.3074 
0.3070 
0.3058 
0.3065 

0.2697 
0.2716 
0.2730 
0.2742 
0.2755 
0.2767 
0.2781 
0.2789 
0.2803 

1 Mole fraction of N M A . 

E°' = E°-2kffm = g + 2 k l o g m - 2 k 1 , , ™ . , (2) 

w h e r e k is w r i t t e n for 2 . 3 0 2 6 R T / F , values w h i c h have been tabu la ted 
elsewhere (18). I f E q u a t i o n 1 represents the act iv i ty coefficient of H B r 
satisfactori ly a n d the proper va lue of â is chosen, E 0 ' w i l l be a l inear 
funct ion of m w i t h intercept at m = 0 corresponding to the s tandard emf 
E°. T h e s tandard emf of C e l l A is also the s tandard po tent ia l of the 
s i l ver - s i l ver b romide electrode. 

A va lue of 5.2Â for the ion-size parameter â y i e l d e d straight- l ine 
plots of E°' vs. m at each temperature a n d solvent composi t ion . T h e 
intercepts were obta ined b y s tandard l inear regression techniques . A 
g r a p h i c a l representation of the data for each of the H 2 0 / N M A solvent 
mixtures at 2 5 ° C is shown i n F i g u r e 1. T h e calculat ions were per f o rmed 
w i t h the a i d of a P D P - 1 1 computer w i t h a teletype output . T h e inter ­
cepts (E°) a n d the standard deviations of the intercepts are s u m m a r i z e d 
i n T a b l e I I I . 

A tendency for the c e l l emf to dr i f t s l owly at temperatures above 
35 °C , ind i ca t ive of some sort of i rrevers ib le side react ion , was noted . 
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254 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES Π 

Table II. Electromotive Force of the Cell : Pt ; H 2 (g, 1 atm)|HBr (m) 
5 0 _ 4 5 o C ) 

Molality (m) 6°C 10°C 15°C 20°C 

= 0.06 

0.009096 0.33056 0.33337 0.33594 0.33842 
0.02059 0.29272 0.29483 0.29686 0.29872 
0.02983 0.27572 0.27750 0.27925 0.28081 
0.04035 0.26194 0.26347 0.26494 0.26626 
0.04606 0.25556 0.25721 0.25853 0.25976 
0.05740 0.24578 0.24705 0.24829 0.24931 
0.07196 0.23521 0.23635 0.23740 0.23829 
0.09729 0.22172 0.22263 0.22338 0.22397 

= 0.15 

0.009546 0.35120 0.35341 — 
0.019953 0.31620 0.31783 0.31934 0.32074 
0.02868 0.30007 0.30150 0.30277 0.30378 
0.04052 0.28363 0.28456 0.28547 0.28634 
0.04072 0.28307 0.28421 0.28518 0.28606 
0.04601 0.27715 0.27818 0.27911 0.27990 
0.05920 0.26570 0.26658 0.26729 0.26786 
0.06854 0.25882 0.25959 0.26019 0.26057 
0.07745 0.25323 0.25391 0.25439 0.25475 
0.09075 0.24616 0.24648 0.24691 0.24719 

x« = 0.25 

0.019773 0.33607 0.33689 0.33762 0.33814 
0.03031 0.31521 0.31574 0.31609 0.31633 
0.03986 0.30325 0.30352 0.30368 0.30406 
0.04959 — — — — 
0.05239 0.28973 0.28974 0.28968 0.28939 
0.06020 0.28370 0.28361 0.28350 0.28356 
0.07023 0.27601 0.27586 0.27559 0.27517 
0.08000 0.26983 0.26960 0.26922 0.26871 
0.10076 0.25885 0.25843 0.25791 0.25714 

X» = 0.50 

0.010031 0.38835 0.38781 0.38729 0.38682 
0.02008 0.35489 0.35395 0.35317 0.35219 
0.03004 0.33577 0.33457 0.33334 0.33210 
0.04030 0.32169 0.32026 0.31890 0.31744 
0.05542 0.30646 0.30488 0.30320 0.30144 
0.06055 0.30233 0.30059 0.29892 0.29717 
0.06996 0.29527 0.29345 0.29161 0.28974 
0.08074 0.28808 0.28653 0.28500 0.28311 
0.09855 0.28002 0.27795 0.27580 0.27373 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

16



16. B U T L E R A N D B Â T E S Hydrobromic Acid 255 

in H 2 0 / N M A | A g B r ; A g for Four Mixed-Solvent Compositions, from 
in Volts 

25°C 80° C S5°C 40° C 45°C 

Xj! --- 0.06 

0.34111 0.34297 0.34509 0.34698 0.34898 
0.30046 0.30249 0.30405 0.30578 0.30739 
0.28223 0.28410 0.28532 0.28676 0.28813 
0.26725 0.26899 0.26998 0.27119 0.27229 
0.26081 0.26178 0.26261 0.26329 0.26401 
0.25013 0.25155 0.25224 0.25315 0.25398 
0.23900 0.24016 0.24068 0.24114 0.24208 
0.22441 0.22480 0.22500 0.22509 0.22520 

χ , = 0.15 

0.35959 
0.32231 0.32343 0.32454 0.32593 0.32686 
0.30513 0.30578 0.30659 0.30744 0.30823 
0.28716 0.28782 0.28837 0.28917 0.28961 
0.28687 0.28752 0.28806 0.28887 0.28929 
0.28059 0.28111 0.28153 0.28182 0.28218 
0.26837 0.26878 0.26904 0.26955 0.26970 
0.26104 0.26124 0.26139 0.26156 0.26168 
0.25496 0.25515 0.25520 0.25551 0.25545 
0.24735 0.24742 0.24737 0.24717 0.24704 

x2 = 0.25 

0.33891 0.33888 0.33951 0.33987 0.34017 
0.31665 0.31652 0.31677 0.31686 0.31685 
0.30372 0.30365 0.30328 0.30334 0.30325 
0.29316 — — — — 
0.28942 0.28901 0.28860 0.28824 0.28788 
0.28300 0.28254 0.28208 0.28163 0.28124 
0.27475 0.27408 0.27367 0.27312 0.27244 
0.26819 0.26743 0.26697 0.26627 0.26549 
0.25661 0.25576 0.25485 0.25403 0.25317 

Xjî - - 0.50 

0.38661 0.38627 0.38596 0.38575 0.38568 
0.35122 0.35045 0.34950 0.34857 0.34773 
0.33068 0.32961 0.32838 0.32720 0.32620 
0.31594 0.31461 0.31310 0.31165 0.31026 
0.29962 0.29818 0.29645 0.29480 0.29332 
0.29536 0.29373 0.29189 0.29014 0.28841 
0.28776 0.28614 0.28426 0.28245 0.28080 
0.28073 0.27877 0.27677 0.27478 0.27270 
0.27072 0.26853 0.26633 0.26415 0.26188 
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256 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES H 

Table III. Standard Emf of 

(t°C) x 2 = 0 Xj = 0.06 

5 0 .07961 ' 0.1011 (0 .12 ) ' 
10 0.07773 0.0998 (0.09) 
15 0.07572 0.0984 (0.08) 
20 0.07349 0.0968 (0.06) 
25 0.07106 0.0954 (0.09) 
30 0.06856 0.0937 (0.24) 
35 0.06585 0.0919 (0.27) 
40 0.06310 0.0909 (0.45) 
45 0.06012 0.0894 (0.55) 

β Data from Ref. 19. 

0.1470 h 

0.02 0.04 0.06 0.08 0.10 

Molality HBr 

Figure 1 . Flots of the quantity E 0 ' (Equation 2) as a function of the molality 
of HBr for four mixed solvents at 25°C. Numbers at the right are the mole 

fractions (x2) of NMA. 

T h e dr i f t was most pronounced at h igher N M A concentrations, yet i t 
was at the l ower N M A composit ions that the highest s tandard deviations 
were f ound . 

T h e values obta ined for the s tandard emf of C e l l A at the n ine 
temperatures (t i n ° C ) w e r e fitted to p o w e r series equations i n t — 25, 
w i t h the f o l l o w i n g results : 
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16. B U T L E R A N D B Â T E S Hydrobromic Acid 257 

C e l l A f r o m 5 ° - 4 5 ° C , i n V o l t s 

Χ , = 0.15 x 2 = 0.25 x 2 = 0.50 

0.1241 (0.26) 0.1434 (0.30) 0.1651 (0.22) 
0.1223 (0.23) 0.1407 (0.30) 0.1605 (0.17) 
0.1200 (0.27) 0.1379 (0.31) 0.1561 (0.10) 
0.1179 (0.24) 0.1351 (0.42) 0.1515 (0.08) 
0.1163 (0.25) 0.1323 (0.34) 0.1467 (0.17) 
0.1137 (0.24) 0.1288 (0.33) 0.1426 (0.14) 
0.1113 (0.24) 0.1258 (0.27) 0.1381 (0.15) 
0.1092 (0.28) 0.1228 (0.28) 0.1334 (0.17) 
0.1066 (0.28) 0.1197 (0.32) 0.1287 (0.19) 

6 Figures in parentheses are standard deviations in millivolts. 

x2 = 0.06: E° = 0.0953-2.99 Χ 10" 4 (t - 25) (3) 

x 2 = 0.15: 

E° = 0.1159-4.36 Χ ΙΟ" 4 ( i - 25) - 1.45 X 1 0 « (t - 2 5 ) 2 

x 2 = 0.25: 

E° = 0 . 1 3 2 0 - 5 . 9 7 Χ ΙΟ" 4 ( i - 25) - 1.32 χ 10" 6 (t - 2 5 ) 2 

x 2 = 0.50: 

E° = 0 . 1 4 7 0 - 9 . 0 6 Χ 10" 4 (t - 25) - 1.6 Χ 10" 7 (t - 2 5 ) 2 

(4) 

(5) 

(6) 

T h e standard deviations of the measured E ° f r o m the ca l cu lated curves 
were 0.1 m V i n each case. 

T h e s tandard G i b b s energy ( A G * 0 ) for the transfer of H B r f r o m 
water to each m i x e d solvent was ca l cu lated f r o m the re lat ionship 

AGt° = F(Ew° -Es°) (7) 

where w a n d s refer to water a n d the m i x e d solvent, respect ively . T h e 
results for each solvent compos i t ion are l i s ted i n T a b l e I V . L i k e w i s e , 
f r o m the ident i ty 

AS ( ° = - ^ (8) 

a n d the re lat ionship among AGt°, &St°, a n d AHt°, the standard entha lpy 
a n d entropy changes for the transfer process also were ca lcu lated at 25 ° C . 
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258 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES Π 

Table IV. Standard Gibbs Energy Changes, A G * 0 , for the Transfer 
Process H B r ( H 2 Q ) -> H B r ( H 2 0 / N M A ) , in Calories 

t(°C) xt ~ 0.06 x 2 = 0.15 xs = 0.25 X î = 0.50 

5 - 4 9 6 - 1 0 2 6 - 1 4 7 1 - 1 9 7 1 
10 - 5 0 9 - 1 0 2 8 - 1 4 5 2 - 1 9 0 9 
15 - 5 2 3 - 1 0 2 1 - 1 4 3 4 - 1 8 5 4 
20 - 5 3 8 - 1 0 2 4 - 1 4 2 1 - 1 7 9 9 
25 - 5 6 1 - 1 0 4 3 - 1 4 1 2 - 1 7 4 4 
30 - 5 8 0 - 1 0 4 1 - 1 3 8 9 - 1 7 0 7 
35 - 6 0 1 - 1 0 4 8 - 1 3 8 3 - 1 6 6 6 
40 - 6 4 1 - 1 0 6 3 - 1 3 7 7 - 1 6 2 1 
45 - 6 7 5 - 1 0 7 2 - 1 3 7 4 - 1 5 8 2 

Table V . Standard Enthalpy and Entropy Changes for the Transfer 
Process H B r ( H 2 0 ) - » H B r ( H 2 0 / N M A ) at 298.15 Κ 

A H t ° AS° 
x f (kcal mol'1) (cal K'1 mol'1) 

0.06 0.73 4.3 
0.15 - 0 . 6 9 1.2 
0.25 - 2 . 1 6 - 2 . 5 
0.50 - 4 . 6 2 - 9 . 7 

Table V I . Mean Ionic Activity Coefficients (Molality Scale) of 
H B r in H 2 Q / N M A Solvent Mixtures at 2 5 ° C 

m χ , = 0.06 x t = 0.15 xt = 0JZ5 X t = 0.50 
(mol kg'1) χ , = 0· β = 0.101 β = OMS β = 0.313 β = 0.287 

0.005 0.929 0.940 0.944 0.948 0.959 
0.01 0.906 0.920 0.926 0.932 0.947 
0.02 0.879 0.896 0.906 0.914 0.933 
0.03 — 0.881 0.894 0.904 0.926 
0.04 — 0.869 0.885 0.897 0.921 
0.05 0.838 0.860 0.879 0.893 0.918 
0.06 — 0.852 0.875 0.890 0.916 
0.07 0.823 0.846 0.872 0.888 0.916 
0.08 — 0.841 0.869 0.888 0.916 
0.09 — 0.836 0.868 0.888 0.916 
0.10 0.808 0.832 0.867 0.888 0.917 

• Values in water from Ref. 19. 
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16. B U T L E R A N D B Â T E S Hydrobromic Acid 259 

These are l is ted i n T a b l e V . T h e uncertainties i n the p r i m a r y data d i d 
not justi fy the ca l cu lat ion of these der ived quantit ies at temperatures 
other t h a n 25°C. 

Discussion 

It is evident that smoothed values of the m e a n ion ic act iv i ty coefficient 
of H B r (yHBr), scale of mo la l i ty , can be der ived b y E q u a t i o n 1; A a n d 
Β are g iven i n T a b l e I , a n d â is 5.2 A . Va lues of β ( the slope of the E 0 / 

vs. mo la l i ty p lot d i v i d e d b y — 2 k ) are l i s ted i n T a b l e V I , a long w i t h 
yHBr at molal i t ies f r om 0.005-0.1 for each solvent mixture at 25°C. F o r 
comparison, the corresponding values of the act iv i ty coefficient i n pure 
water are l i s ted (19). 

T h e act iv i ty coefficients i n the m i x e d solvents are a l l h igher t h a n those 
i n pure water . T h i s suggests that H B r is dissociated complete ly a n d does 
not f o rm i on pairs i n mixtures of water a n d N M A of these composit ions. 
F r o m electrostatic considerations, this is i n accord w i t h expectation 
since m i x e d solvents have h igher d ie lectr ic constants t h a n water . T h i s 
observation is consistent w i t h earl ier studies, w h i c h showed that the 
ac t iv i ty coefficient of H C l is h igher i n the p u r e solvents f o rmamide 
( 6 , 7 ) , N M A ( 1 , 2 ) , a n d N M P (15) t h a n i n water . S i m i l a r l y , our o w n 
p r e l i m i n a r y results show the same to be true of H B r i n pure N M A at 35°C. 

Nonetheless, the act iv i ty coefficient is not de termined b y the d ie lec ­
t r i c constant alone. I n this connect ion, i t is interest ing to note that acetic 
a c i d is m u c h weaker i n N M P than i n water ( 1 3 ) . W h e n N M P is a d d e d 
to the aqueous solvent, the dissociat ion of the protonated f o rm of t r i s -
( h y d r o x y m e t h y l ) a m i n o m e t h a n e is enhanced i n i t i a l l y (12). I n pure N M P , 
however , this a c i d is weaker than i n water (14), despite the greatly 
increased die lectr ic constant ( c ==176 at 2 5 ° C ) . These results po in t to 
the contro l l ing influence of so lute -so lvent interactions o n the behav ior 
of these weak electrolytes. 

I n F i g u r e 2, the values of A G , ° , A H , ° , a n d T A S , ° (where Τ is the 
thermodynamic temperature i n K e l v i n ) are p lo t ted as a funct ion of the 
mole f ract ion of N M A ( x 2 ) . S ince a l l of the A G * 0 values are negative, i t 
appears that there is a further s tab i l i zat ion of H B r i n the solvent mixtures , 
as c ompared w i t h pure water . B o t h &Ht° a n d T A S * 0 decrease i n the same 
fashion, w i t h T A S ^ 0 decreasing less r a p i d l y than &Ht°; this leads to con­
t inuous ly negative values for A G * 0 . A s these quantit ies are zero at x2 = 0, 
the results suggest a pronounced solvent effect of smal l amounts of N M A . 
Nevertheless , T a b l e I I I reveals a large uncerta inty i n the temperature 
coefficient at x 2 = 0.06. 

Negat ive values are to be expected, on electrostatic grounds, for a 
transfer f r om a m e d i u m of l ower d ie lectr ic constant to one of h igher . 
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260 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

2 -η 

.30 50 .70 

Mole Fraction NMA 

Figure 2. Plots of the transfer functions A G t ° , A H t ° , and TASt° 
at 25°C as a function of the mole fraction (x2) of NMA in the 

mixed solvent 

Thus , the B o r n E q u a t i o n predic ts a decrease i n G i b b s energy of 0.53 
k c a l m o l ' 1 for the transfer of H B r f rom water to H 2 0 / N M A , x2 = 0.5, i f 
the r a d i i of the hydra t ed hyd rogen a n d b r o m i d e ions are taken to be 2.8 
a n d 1.96 A , respect ively. T h a t the observed decrease is more than 
three times this va lue m a y have a var ie ty of explanations; a m o n g t hem 
are deficiencies i n the B o r n ca lcu la t ion , increased bas ic i ty of the m e d i u m 
th rough add i t i on of the amide component , a n d solvent-solvent inter­
actions of an unde te rmined nature. 
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Thermodynamic Behavior of 

Tetraalkylammonium Bromide and 

Hydrobromic Acid in Aqueous Media at 

298.15 Κ 

R. N. ROY, J. J. GIBBONS, J. MOELLER, and R. SNELLING 

Department of Chemistry, Drury College, Springfield, MO 65802 

Electromotive force measurements of the cell (without liquid 
junction) of the type Pt; H2(g, 1 atm)|HBr(m1), (C2H5)4-
NBr(m2)|AgBr; Ag have been made at several constant total 
molalities (m = 0.05, 0.1, 0.25, 0.5, 1.0, and 1.5 mol-kg-1, 
where m = m1 + m2), at 298.15 K. The trace activity coeffi­
cients of HBr in HBr + (C2H5)4NBr + H2O mixtures, the 
Harned interaction coefficients (α12 and α21), the Bronsted-
Guggenheim parameter (β(C2H5)4N+,Βr-), the Pitzer param­
eters ΘMN (cation-cation doublet interaction), and ΨMNX 

(cation-anion-cation triplet interaction), along with the 
excess Gibbs free energies of mixing, ΔGE, at 298.15 K, are 
reported. Interpretation of these results has been made in 
light of recent work by Pitzer. The results are discussed also 
in relation to the structural changes of water caused by the 
presence of the large-sized hydrophobic cation [(C2H5)4N+]. 

n p h e de terminat ion of the ac t iv i ty coefficient of an electrolyte i n b ina ry 
Α mixtures of another electrolyte w i t h a c o m m o n i o n has p r o m p t e d 

considerable interest, bo th i n the development of the u n d e r l y i n g theory, 
as w e l l as precise exper imenta l measurements. T h i s k i n d of s tudy is useful 
i n appl icat ions that invo lve me ta l lu rg ica l a n d b io log i ca l systems. T h e i o n 
interact ion parameters (double t and tr iplet , among others) responsible 
for a n unders tanding of the effects of ca t ion size o n the the rmodynamic 

0-8412-0428-4/79/33-177-263$05.00/l 
© 1979 American Chemical Society 
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264 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES H 

behav ior of t e t r a a l k y l a m m o n i u m sa l t -water mixtures are w e l l recognized 
(1-12). T h e r e has been some progress towards u n r a v e l l i n g the complex 
nature of these interactions, b u t the results are s t i l l far f r om quant i tat ive . 
A s a cont inuat ion of our previous investigations to s tudy the thermo­
d y n a m i c behavior of mixtures of strong aqueous electrolytes, such as H C l 
+ NH4CI + H 2 0 ( 13), H B r + N H 4 B r + H 2 0 (14), H B r + ( C 3 H 7 ) 4 N B r 
+ H 2 0 ( 2 5 ) , H B r + ( C 4 H 9 ) 4 N B r + H 2 0 (16), a n d H C l + L a C l 3 + 
H 2 0 (17), w e have made electromotive force measurements on the H B r 
+ ( C 2 H 5 ) 4 N B r + H 2 0 system at 298.15 Κ i n the to ta l mo la l i ty range 
m = 0.05-1.5 mo l -kg " 1 . T h e data for the act iv i ty a n d osmotic coefficients 
of pure ( C 2 H 5 ) 4 N B r are avai lab le i n the l i terature (9,10), based on either 
emf or grav imetr i c isopiestic vapor pressure techniques, but no thermo­
d y n a m i c data for various mixtures of the H B r + ( C 2 H 5 ) 4 N B r - f H 2 0 
system have been reported i n the l i terature. E m f measurements were 
m a d e therefore at 298.15 Κ us ing a ce l l of the type ( w i t h o u t transference) : 

P t ; H 2 ( g , 1 a t m ) l H B r ( m 1 ) , ( C 2 H 5 ) 4 N B r ( m 2 ) |AgBr , A g (1) 

Experimental Procedure 

T h e h y d r o b r o m i c a c id used was twice -d i s t i l l ed , constant -bo i l ing ac id . 
T r i p l i c a t e grav imetr i c analyses of the stock so lut ion of aqueous H B r 
(about 3 M ) agreed to w i t h i n ± 0 . 0 1 % . T h e te t raethy lammonium bro ­
m i d e ( E a s t m a n K o d a k C o . ) was recrysta l l i zed twice f r om b e n z e n e - l i g r o i n 
mixtures , as re commended b y U n n i et a l . (18). T h e mo la l i t y of the stock 
so lut ion (about 4 M ) was s tandardized b y grav imetr i c determinat ion of 
b r o m i d e a n d was accurate to w i t h i n =b 0 . 0 2 % . 

E m f measurements were made w i t h a Leeds a n d N o r t h r u p K - 5 
potent iometer e q u i p p e d w i t h a Leeds a n d N o r t h r u p D C n u l l detector 
( M o d e l 9829) . T h e temperature of the bath was regulated to w i t h i n 
0.02 K . Deta i l s of the exper imental procedure , i n c l u d i n g preparat ion of 
the electrodes (19), c e l l des ign, preparat ion of solutions, pur i f i cat ion of 
the hydrogen gas, and other exper imental aspects, have been reported 
elsewhere (13,14). 

P r e l i m i n a r y emf measurements were made on C e l l I , a n d the s tandard 
potent ia l of the A g - A g B r electrode was determined as 0.07106 V f r o m 
data taken i n 0.01000 m o l k g " 1 hy dro bro m ic ac id . T h i s value of Em° was 
ident i ca l w i t h that g iven i n the l i terature (20). T h e emf values were 
reproduc ib le u p to m = 1.0 m o l k g " 1 . T h e r e was some evidence of i r re ­
vers ible behavior for m = 1.5 m o l k g " 1 . I n order to avo id this k i n d of 
dr i f t i n the emf values at the highest constant total mo la l i ty tested, the 
ce l l w i t h the hydrogen electrode was a l l o w e d to equi l ibrate for ~ 45 m i n 
before the A g - A g B r electrode ( w h i c h was kept i n a separate s tandard-
joint test tube conta in ing a solut ion of the same compos i t ion) was trans­
ferred to the electrode compartment . T h e e q u i l i b r i u m emf va lue was 
recorded every 5 m i n u n t i l no dev iat ion was not iced . 
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17. ROY ET AL. Tetraalkylammonium Bromide 265 

Table I . Experimental Emf Data of the Cell Pt ; H 2 

(g, 1 a t m ) | H B r ( W l ) , ( Q > H 5 ) 4 N B r ( m 2 ) j A g B r ; A g at 25°C , 
in Volts, for Various Values of a12 Obtained from Equation 6 

m = 0.05 mol kg'1 m = 0.1 mol kg'1 m = 0.25 mol kg'1 m ~ 0.5 mol kg'1 

Ύ2 E,V Ύ2 E,V 

a i 2 = 0.3504 « i 2 = 0.2894 
) = 0.00045 ) — 0.0014 

σ(Ε) = 0 . 0 0 0 0 1 σ(Ε) = 0 . 0 0 0 0 8 

0 0.23424 0 0.20063 
0.24592 0.24197 0.24300 0.20873 
0.47618 0.25183 0.49490 0.22066 
0.63776 0.26162 0.65570 0.23033 
0.75506 0.27193 0.75210 0.23914 
0.86248 0.28690 0.87430 0.25689 

E,V Y2 E,V 

«la = 0.2793 οΐ2 = 0.2578 
σ ( « 1 2 ) = 0.00025 σ(αΐ2) = 0.00023 

σ(Ε) — 0.00003 σ(Ε) = 0.00007 

0 0.15512 
0.09292 0.15837 
0.28464 0.16613 
0.49512 0.17670 
0.68704 0.19063 
0.87928 0.21673 

0 0.11837 
0.23548 0.12901 
0.49526 0.14365 
0.63534 0.15397 
0.73706 0.16400 
0.86290 0.18264 

m = 1.0 mol kg'1 m = 1.0 mol kg'1 

12 E,V y* E,V 

«12 = 0.2156 «12 — 0.3044 
σ ( « ΐ 2 ) = 0.0007 

σ(<*ι2) = 0.0015 012 = •• - 0 . 1 0 2 1 
σ{βα) = 0.0008 

σ(Ε) = 0.0007 σ(Ε) = 0.00007 

0 0.07765 0 0.07765 
0.10650 0.08125 0.10650 0.08125 
0.25920 0.08602 0.25920 0.08602 
0.46970 0.09206 0.46970 0.09206 
0.67370 0.09624 0.67370 0.09624 
0.87920 0.09996 0.87920 0.09996 

m = 1.5 mol kg'1 m = 1.5 mol kg'1 

a i 2 = 0.1083 « i2 = 0.2272 
σ ( α ΐ 2 ) = 0 . 0 0 1 1 

σ ( « 1 2 ) _ 0.0021 β12 = - 0 . 0 9 5 4 
σ(βί2) = 0 . 0 0 0 9 

σ(Ε) — 0.0023 σ(Ε) — 0.0003 

0 0.05000 0 0.05000 
0.08720 0.05599 0.08720 0.05599 
0.28447 0.06858 0.28447 0.06858 
0.45000 0.07860 0.45000 0.07860 
0.63473 0.08471 0.63473 0.08471 
0.85020 0.11514 0.85020 0.11514 

Results and Calculations 

T h e exper imental emf of C e l l I , corrected to a h y d r o g e n pressure of 
1 a tm (101,325 P a ) , is s u m m a r i z e d i n T a b l e I as a func t i on of the m o l a l i t y 
f ract ion y2 of t e t rae thy lammonium bromide ( w h i c h is g iven b y y2 = 
m2/m). 

Harned 's Rule. T h e l ogar i thm of the act iv i ty coefficient of each 
electrolyte i n a mixture of constant tota l i on ic strength c a n be expressed 
mathemat i ca l ly b y the equations: 

lOg 7HBr = log 7°HBr — « 1 2 ^ 2 — β ΐ 2 ™ 2
2 (1) 

a n d 

lOg 7(Et)4NBr — lOg 7°(Et)4NBr — « 2 1 ^ 1 — β ^ ι 2 (2) 
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266 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES II 

where y°HBr is the act iv i ty coefficient of h y d r o b r o m i c a c i d i n a pure H B r 
so lut ion (i.e., t / 2 = 0) at the same total mo la l i ty , yHBr is the ac t iv i ty 
coefficient of H B r i n the mixture , a n d «ι2, βι2, etc., are the H a r n e d coeffi­
cients, w h i c h m a y be functions of the constant total i on ic strength, bu t 
are not dependent on the compos i t ion at a par t i cu lar i on i c strength. 
T h e l inear forms of E q u a t i o n s 1 a n d 2 are k n o w n as Harned ' s E q u a t i o n s . 

T h e values of the parameter αι2, a n d the standard deviations σ(«ι 2) 
a n d σ(Ε), are g iven i n T a b l e I , a n d were obta ined i n the f o l l o w i n g 
m a n n e r : first, f r o m c o m b i n a t i o n of the N e r n s t E q u a t i o n , 

Ε — E° - k log m i ( m x + m 2 ) γχ
2 (3) 

w i t h the l inear f o r m of E q u a t i o n 1, one obtains 

Ε + k log m i — E° — k log m - 2 k log γ ι ° + 2 k a12 m 2 (4) 

w h i c h one c a n then express (after proper rearrangement) i n bo th a l inear 
a n d a nonl inear f o r m : 

Ε + k log m i = a + b m 2 (5) 

a n d 

Ε + k log m i = a + b m2 -f- c m 2
2 (6) 

w h e r e 

a i 2 — 6 / 2 k , 0i2 — c / 2 k , and k = ( R T In 10) F. 

T h e standard deviations of the fit shown i n T a b l e I , as w e l l as the smooth 
p lo t of a12 as a funct ion of m i n F i g u r e 1, were used as cr i ter ia for test ing 
the v a l i d i t y of Harned ' s R u l e . Harned ' s R u l e is a good descr ipt ion of the 
data for m = 0.05, 0.1, 0.25, 0.5, a n d perhaps (as a border l ine case, based 
o n the value of «i 2 ) at m = 1.0 m o l k g " 1 . T h e nonl inear f o r m of E q u a t i o n 
6 was used at m = 1.0 a n d 1.5 m o l k g ' 1 , where the greatest deviat ions 
f r om l inear i ty were thought to occur. 

T w o interpretations can be made f rom F i g u r e 1. I n the first p lace , 
the value of « i 2 increases at molal i t ies be l ow 0.1 m o l k g " 1 , w h i c h contra ­
dicts the p r e d i c t i o n of the specific interact ion theory. N e x t , the effect 
of a d d i t i o n of ( B u ) 4 N B r , ( P r ) 4 N B r , a n d ( E t ) 4 N B r (as c o m p a r e d w i t h 
N H 4 B r ) on H B r is about two a n d a hal f to three t imes greater at a g iven 
m o l a l i t y (e.g., for m = 0.25 m o l k g " 1 , a12 for N H 4 B r = 0.0999, whereas a12 

for ( P r ) 4 N B r is equa l to 0.3079). T h i s var ia t i on of a12 w i t h m is consistent 
w i t h results obta ined i n previous studies (13,14,15,16). 
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17. R O Y E T A L . Tetraalkylammonium Bromide 267 

0 1 2 3 
m 

Figure 1. Harned interaction coefficient vs. total molality of 
Br for the HBr + (Pr)4NBr + H20, HBr + (Bu)^NBr + H20, 
HBr + (Et)4NBr + H20, and HBr + NH^Br + H20 systems 
at 25°C: •, HBr + Pr^NBr + H20; *, HBr + Bu^NBr + 
H20; • , HBr + EtflBr + H20; and O , HBr + NHfir + 

H20 

Bronsted-Guggenheim Equation. I f Bronsted's p r i n c i p l e of specific 
interact ion is app l i cab l e at m = 0.1 m o l k g " 1 , then for mixtures of H B r -
( M X ) a n d ( E t ) 4 N B r ( N X ) , the equat ion for l og y H B r (21) is 

log y H B r — - 0 . 5 1 0 8 1 % (1 + I*) + Vz BH,Br · m B r + % #Η,ΒΓ · % 

+ V2B (Et)4N,Br ' W(Et)4N (7) 

where I = m i + m2 = m, a n d B ( E t ) 4 N , B r = 20 /2 .3026, i n d i c a t i n g the 
specific interact ion coefficient ar i s ing f r o m the interact ion between the 
( E t ) 4 N + a n d B r " ions. 
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268 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

T a b l e I I . V a l u e s o f the Parameters ί ( Φ ° ) , a12y Θ, α2ι> &GE, 

m 2.308 a u - θ* 

0.05 0.6923 0.8068 0.1145 
0.10 0.6114 0.6664 0.0550 
0.25 0.4877 0.6431 0.1554 
0.50 0.3923 0.5936 0.2013 
1.00 0.3077 0.4964 0.1887 
1.50 0.2673 0.5232 0.2559 

° The weighted average of — Θ = 0.21. 
h Present study. 

T h e H a r n e d coefficient, a12, is re lated to the B r o n s t e d - G u g g e n h e i m 
parameters b y means of the f o l l o w i n g equat ion : 

«12 = % [#H,Br ~~ -B(Et)4N,Br] (8) 

where the va lue of Β Η , Β γ is 0.287 k g m o l " 1 (22) a n d that for a12 (at m = 
0.1 m o l kg " 1 ) as taken f r om T a b l e I is equa l to 0.2894. T h u s , the va lue 
of B(Et)4N,Br (at m = 0.1 m o l kg" 1 ) is — 0.292, w h i c h c a n be compared 
w i t h BKH4.Br = + 0.0122 (14), Β ( Ρ Γ ) 4 Ν , Β Γ = - 0.427 (15), a n d Β ( Β Π ) 4 Ν,ΒΓ 
— — 0.374 (16), i m p l y i n g more interact ion t h a n between N H 4

+ a n d B r " . 
T h e f o l l o w i n g s impl i f ied f o rm of E q u a t i o n 9 ( t rue only for a 1:1 

electrolyte, such as ( E t ) 4 N B r ) can be used to calculate the act iv i ty 
coefficient of ( E t ) 4 N B r at a g iven mo la l i t y ( for example , at m = 0.1 m o l 
k g " 1 ) -

log y<Et)4NBr = —0.5108 m V ( 1 + m 1 / 2) + B(Et)4N,Br · m(Et)4NBr (9) 

T h e value of y ( E t ) 4 N B r at m = 0.1 m o l k g " 1 , as ca l cu lated b y the use of 
the specific interact ion coefficient, is 0.706. T h i s can be compared q u a l i ­
tat ive ly w i t h that determined f rom isopiestic methods, y(Et)4NBr = 0.716 
( 9 ) , a n d also w i t h the va lue obta ined u s i n g Pitzer 's E q u a t i o n s (3), as 
computed by Leyendekkers a n d H u n t e r [y(Et)4NBr = 0.704, T a b l e I I (12)]. 
Quant i ta t ive significance should not be p l a c e d o n the data obta ined for a 
system at such d i lu te concentrations (e.g., m = 0.1 m o l kg " 1 ) f r o m iso­
piest ic methods. H o w e v e r , the results obta ined b y the three various 
aforementioned methods are satisfactory i n their agreement, cons ider ing 
the fact that the B r o n s t e d - G u g g e n h e i m T h e o r y deals w i t h specific inter ­
act ion between ions of u n l i k e charges only . 

Formalism According to Pitzer. T h e most c o m m o n method for the 
evaluat ion of the act iv i ty a n d osmotic coefficients of an electrolyte i n a 
b i n a r y mixture of strong electrolytes w i t h a c o m m o n i o n is b y Scatchard's 
E q u a t i o n s ( 2 3 ) , the M c K a y - P e r r i n g treatment (24), M a y e r s E q u a t i o n s 
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17. R O Y E T A L . Tetraalkylammonium Bromide 269 

a n d y t r , as D e d u c e d f r o m an A p p l i c a t i o n of P i t z e r ' s E q u a t i o n s 

(cal kg'1) 
A G E ° 

(cal kg'1) JtrHBr 

0.2157 
0.1804 
0.1266 
0.0852 
0.0518 
0.0310 

- 0 . 1 5 
- 0 . 5 8 
- 3 . 6 3 

- 1 4 . 5 2 
- 5 8 . 0 6 

- 1 3 0 . 6 

- 0 . 0 1 4 
- 0 . 0 6 
- 0 . 3 6 
- 1 . 4 
- 5 . 8 

1.160 
1.162 
1.092 
0.942 
0.699 
0.189 

0 Ref. 14 (the H B r + N H 4 B r + H 2 0 system). 

as extended b y F r i e d m a n (25,26), a n d the more recent equations of 
P i t z e r (1,2,3,4,5). I n the present invest igat ion, w e have used the more 
s impl i f i ed treatment of P i t ze r for the evaluat ion of « 2i a n d the ac t iv i ty 
coefficients of H B r ( M X ) i n mixtures of H B r + H 2 0 + ( E t ) 4 N B r ( N X ) , 
as has been successfully done b y P i t zer h imsel f (4) a n d d u r i n g pr ior w o r k 
i n this laboratory (14,15,16). T h i s is caused b y the fact that each P i t z e r 
parameter has p h y s i c a l interpretations a n d the treatment of formulas a n d 
computations are of a less complex nature as compared w i t h those of 
Scatchard . T h e equat ion for the act iv i ty coefficient of H B r i n H B r + 
( E t ) 4 N B r + H 2 0 mixtures can be expressed as 

In Ύ ι — Ρ + m[BvMX + y2 ( β φ
Ν Χ - Β\ιχ + Θ Μ Ν ) + Ι / Ι Ϊ ^ Θ ' Μ Ν ] 

+ m 2 [ C * M x + y 2 ( C * N X - C * M X + V 2 * M N X ) + % V I 1 / 2 * M N X 1 

(10) 

T h e symbols have the same p h y s i c a l significance as those i n Pitzer 's 
previous papers (1,2,3,4,5), w h i c h are based o n a different theoret ica l 
f ramework f r om that of Scatchard and use the ions of the m i x e d electro­
lytes as components. T h e Θ Μ Ν (the doublet c a t i o n - c a t i o n interact ion) 
represents the interactions between H + a n d ( E t ) 4 N + , whereas ΨΜΝΧ (the 
t r ip le t i o n interact ion) indicates the interactions between H + , B r " , a n d 
( E t ) 4 N + . T h u s , the quantit ies Θ, Θ', a n d Ψ are properties characterist ic 
of the mixture , whereas By, Βφ, Cy, a n d C * are the properties of the single 
electrolyte so lut ion, a n d are functions of the i on i c strength. E q u a t i o n 10 
c a n be further r educed after impos ing the condit ions that ΦΜΝΧ == 0, Θ'ΜΝ 
= 0, a n d y2 (at the l i m i t ) = 0: 

In ( y i / y ° i ) — my2 ( Β · Ν Χ - B%x + Θ) + 

m2V2 (C%x - C * M X ) 
a n d 

Θ — - 2 . 3 0 2 6 « ι , + ί ( Φ ° ) (12) 
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270 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

w h i c h is obta ined after c o m b i n a t i o n a n d subsequent s impl i f i cat ion of 
E q u a t i o n 1 ( the l inear f o r m ) a n d E q u a t i o n 11. T h e expressions for f ( Φ 0 ) 
a n d B M X * are : 

f (Φ°) = ( 0 ° M X - β0**) + Ο&Ή* - β1**) (13) 
[exp ( - 2 m H ) ] + m ( C * M X - C * N X ) 

a n d 

Β\χ = / Î 0 M X + β1** E X P ( -2™*) (14) 

0.04 

0.08 

Figure 2. The term Alny/m2 vs. the parameter te(mH+ + mBr-.) 
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17. R O Y E T A L . Tetraalkylammonium Bromide 271 

T h e values of the parameters (i .e. , the interact ion coefficients for H B r a n d 
( E t ) 4 N B r ) to be used i n E q u a t i o n s 13 a n d 14 have been g iven b y P i t z e r 
a n d M a y o r g a ( 3 ) , a n d b y P i t z e r ( 2 7 ) , 

β°ΜΧ = 0.1960 0 ° N X = - 0 . 0 1 7 5 5 C * M X — 0.00827 

0 i M X = 0.3564 ^ N X 0.3938 C * N X — 0.01561 

A fixed va lue of C M x * or C N X * usua l ly applies u p to qu i te h i g h molal i t ies 
of a g iven electrolyte. A f t e r computat ion , E q u a t i o n 13 becomes 

f ( φ ο ) _ 0.21355 + 0.7502 exp ( - 2m^) - 0.00734m (15) 

T h e results of « i 2 ( f r om T a b l e I , w i t h the first five values de termined 
f r om the l inear plots , a n d the r e m a i n i n g one f r o m the nonl inear p l o t ) , Θ , 
a n d ί ( Φ ° ) are presented i n T a b l e I I . T h e emf of C e l l I is a funct ion of 
0 m rather than Θ. H e n c e , the w e i g h t e d average value of Θ ( w h i c h equals 
— 0.21 ( f rom T a b l e I I ) ) must be k n o w n a n d has more significance at 
h igher molal i t ies than the u n w e i g h t e d average. I t is evident that Θ varies 
w i t h m , but at this stage, the appropr iate f o r m of the dependence of 0 M N 
on m (or I ) is not k n o w n . 

It is of interest to note f r o m T a b l e I I that the values of Θ decrease 
( w i t h the exception of m = 0.10 m o l kg " 1 ) w i t h a n increase i n m , whereas 
those values for H C l + N H 4 C 1 + H 2 0 (13) a n d H B r + N H 4 B r + H 2 0 
(14) systems i l lustrate that this t rend is reversed i n these cases. T h i s 
decrease i n the values of Θ at h igher molal i t ies m a y be at tr ibuted to the 
existence of less hard-core contact be tween the pairs of ions ( H + a n d 
( E t ) 4 N + ) . 

A l l the calculations exp la ined so far were based o n the assumptions 
that ΨΗ

+ , (Et)4N+, Br- = 0. I t seems very appropr iate to compute the values 
of Θ Η +, (Et)4N+ a n d ΨΗ

+ , (Et)4N+, Br- b y means of a s impl i f i ed equat ion , as 
descr ibed b y P i t z e r (28) : 

Ain yΉΒΓ/^(Et)4N+ = ΘΗ + , (Et)4N+ + 
(16) 

V2 (mH+ + mBr-) (Et)4N+,Br-

T h e quant i ty o n the left was p lo t ted against the coefficient of Ψ o n the 
r ight (as shown i n F i g u r e 2 ) . A l inear p lo t was obta ined , w i t h the inter ­
cept Θ = — 0.20 (as compared w i t h the w e i g h t e d average va lue of Θ = 
- 0.21, cf. T a b l e I I ) , a n d the slope was Ψ = - 0.19. I n E q u a t i o n 16, Δΐη 
yHBr is the difference between the exper imental va lue of I n yHBr a n d the 
va lue ca l cu lated w i t h the appropr iate parameters for the pure single 
electrolyte terms, but w i t h a va lue of Θ = Ψ = 0. T h e f o l l o w i n g pert inent 
equations were used to calculate I n yHBr ( theore t i ca l ) : 
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272 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES II 

1 η 7 Η Β Γ = ί γ + 7^[^Μχ + 7 / 2 ( β Φ
Ν χ - β Φ Μ χ ) ] + 

m 2 [ C \ M x + I / 2 ( C V - C V ) ] 

where 

fv _ -ΑΦ K V ( 1 + 1.2m*) + (2/1.2) In (1 + 1.2m**)] (18) 

a n d 

ΑΦ — 1/3 Λ — 0.392 for H 2 0 at 298.15 K ; 

C * M X - 3 / 2 C » m x (19) 

where C * M x is k n o w n for the pure electrolyte; the expressions for Β φ
Μ χ 

a n d Β Ν Χ
Φ are g iven i n E q u a t i o n 14; a n d 

B \ M X = 2 / T M X + (2 ] 8 W 4 m ) [1 - exp ( - 2 m * ) (1 + 2 m * - 2m) ] 

(20) 

T h e values of Δ ΐ η γ Η Β Γ are usual ly very smal l (i.e., neg l ig ib le ) i n the 
mola l i ty range of m = 0.05-0.5 m o l k g " 1 . 

I n E q u a t i o n 16, the P i t z e r parameter Θ is t r u l y independent of the 
c o m m o n ion , a n d is equa l to Vi (bA/B

0,1) i n the Scatchard treatment, or 
gM.N accord ing to F r i e d m a n . A l s o , the P i t ze r a n d Scatchard equations for 
uni -univa lent , three- ion systems are of comparable forms, w i t h bAtB0,2 = 
2 Φπ+, (Et)4N+, Br"-

It is interest ing a n d of some significance to evaluate a21 ( the H a r n e d 
interact ion coefficient i n E q u a t i o n 2) a n d y i t r , the trace ac t iv i ty coefficient, 
f r om the f o l l o w i n g pert inent expressions (15) (us ing the value of Θ = 
- 0.20 f rom F i g u r e 2 ) : 

- 2.3026 02i = ( β φ
Μ χ - £ Φ Ν Χ ) + m(C*MX - C * N X ) + Θ (21) 

a n d 

log ( y i t r / 7 i ° ) — - ma12 (22) 

Specif ic effects on &GE
y the excess G i b b s free energy, are expected i n 

tetraethyl a m m o n i u m bromide (as compared w i t h a m m o n i u m b r o m i d e ) , 
because of the presence of a l k y l chains as substituents. T h e equat ion 
needed to calculate &GE is g iven b y 

A G E — 2 yxy2 R T m 2 Θ (23) 

where y1== y2 = 0.5 a n d Θ = — 0.20. T h e values of a2U y i t r , a n d &GE 

are l i s ted i n T a b l e I I . 
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17. R O Y E T A L . Tetraalkylammonium Bromide 273 

Discussion 

I n this invest igat ion, Pitzer 's less complex , two-parameter treatment 
has been used successfully. I t is evident f r o m T a b l e I I I that the values of 
Θ are usual ly smal l for unsubst i tuted a m m o n i u m hal ides (i.e., H C l + 
NH4CI + H 2 0 a n d H B r + N H 4 B r + H 2 0 ) . T h i s observation was c o n ­
firmed b y P i t ze r for several systems (1,4). A c c o r d i n g to P i t zer , there 
should be only a single value of Θ Η +, N H 4

+ , bu t different values of 
^ H + , N H 4

+ , c i - a n d ΨΗ
+ , NH 4 +, Β γ - . T h i s smal l neg l ig ib le difference (0.003) i n 

the values of Θ Η +, N H 4
+ can be large ly a t t r ibuted to errors i n exper imental 

measurements. T h e p h y s i c a l significance of the parameter , Θ, is a measure 
of the difference between the v i r i a l coefficients of the m u t u a l interactions 
of H + a n d ( E t ) 4 N + a n d the average of the interactions of the pairs of l i k e 
ions. T h e interactions of l ike ions ( such as H + - H + , B r " - B r " , a n d ( E t ) 4 N + -
( E t ) 4 N + ) are usual ly too l o w to be significant. 

T h e value of Θ as shown i n F i g u r e 2 is — 0.20, w h i c h is i n good 
agreement w i t h the w e i g h t e d average ( Θ = — 0.21 ) , where the i n d i v i d u a l 
values of Θ at each constant tota l mo la l i ty , m , w e r e solved b y assuming 
Θ ' = 0, w i t h the values of Θ b e i n g w e i g h t e d accord ing to mola l i ty , a 
feature usual ly used w i t h the P i t z e r equations. A s evident f r om T a b l e I I , 
the va lue of ΘΗ+, (Et)4N+ decreases f r o m a h igher va lue at l o w m o l a l i t y to 
a re lat ive ly constant va lue at h i g h mola l i ty , a n d reflects the increas ing 
intensity of the interactions ( caused b y interpénétration a n d entangl ing 
b y the e t h y l chains ) between H + a n d ( E t ) 4 N \ It is interest ing to note 
that for ΘΗ+, N H 4

+ , the t rend w i t h an increase i n m is reversed (14). 
T h e t r ip le t - i on interactions ( such as Φ Η

+ , H + , Η + , ^ΒΓ-, ΒΓ-, Β Γ , a n d 
*(Et)4N+, (Et>4N\ (Et)4N+) are neg l i g ib ly smal l , b u t ΦΗ+, ΒΓ-, (Et)4N+ is of c on ­
siderable importance at h igher concentrations. F r a n k a n d E v a n s ( 2 9 ) , 

Table III. Comparison of the Values of the Pitzer Interaction 
Parameters Θ and Ψ for H C l + N H 4 C l , H B r + N H ^ B r , and 

H B r -f- Various Substituted Tetraalkylammonium 
Bromides in Water at 2 5 ° C 

System 

H C 1 + N H 4 C 1 + H 2 0 & 

H B r + N H 4 B r + H 2 O e 

H B r + ( C 2 H 5 ) 4 N B r + H 2 O d 

H B r + ( C 3 H 7 ) 4 N B r + H 2 O e 

H B r + ( C 4 H 9 ) 4 N B r + H 2 0 ' 
0 Maximum molality studied. 
6 Ref. 13. 
e Ref. 14. 
d Present investigation. 
" Ref. 16. 
1 Ref. 16. 

Θ 

3.0 - 0 . 0 1 6 5 0.0 (assumed) 
3.0 - 0 . 0 1 9 5 0.0 (assumed) 
1.5 - 0 . 2 0 - 0 . 1 9 
2.0 - 0 . 1 7 - 0 . 1 5 
1.0 - 0 . 2 2 0.0 (assumed) 
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274 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S II 

Rasa i ah ( 3 0 ) , a n d W o o d a n d A n d e r s o n (31) have s tud ied the effects of 
large-s ized te t raa lkyl h y d r o p h o b i c cations o n m i x e d strong electrolyte 
systems. T h e i r observations show that this k i n d of salt t ightens the 
structure of water a round them i n a w a y s imi la r to some a l ipha t i c hydro ­
carbons. H e n c e , the s t ructura l effect (o r entropy effect) of ( E t ) 4 N + i n 
compar i son w i t h N H 4

+ w i l l be large. T h e more negat ive values o f AGB 

w o u l d suggest the format ion of more H + ( E t ) 4 N + pairs than w o u l d be 
expected f rom statist ical encounters. S i m i l a r studies o n H B r + N - d e c y l -
t r i e t h y l a m m o n i u m b romide ( a surfactant) are at present i n progress to 
ga in more insight into the nature of complex interactions of m i x e d aqueous 
electrolyte solutions ( 3 2 ) . 
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Thermodynamic Study of Glycine in Different 

Tetrahydrofuran-Water Mixtures at Several 

Temperatures from 278.15 to 328.15 Κ 

R. N. ROY, J. J. GIBBONS, J. L. PADRON, 
K. BUECHTER, and S. FASZHOLZ 

Department of Chemistry, Drury College, Springfield, MO 65802 

The first and second dissociation constants of glycine have 
been determined by precise emf methods in 10, 30, and 50 
mass % tetrahydrofuran-water mixtures at eleven different 
temperatures (ranging from 278.15 to 328.15 Κ at intervals of 
5 K). The thermodynamic quantities (ΔG°, ΔS°, ΔΗ°, and 
ΔCp°) were derived from the variation of these pK's with 
temperature. For glycine in 10 mass % THF-H2O, pK1 = 
2715.7/Τ - 15.031 + 0.02805T, whereas that for pK2 = 
4622.3/T - 13.521 + 0.02607T. For glycine in 30 mass % 
THF-H2O, pK1 = 2084.1/T - 10.677 + 0.02126T, while 
that for pK2 = 3561.7/T - 6.9091 + 0.01577T. For glycine 
in 50 mass % THF-H2O, pK1 = 703.6/T - 1.2781 + 
0.006203T, whereas that for pK2 = 3880.8/T - 9.3273 + 
0.020258T. The results have been discussed in terms of the 
solute-solvent interactions and were compared with those in 
water, as well as in 50 mass % methanol-water and in 50 
mass % monoglyme-water. 

/ C o n s i d e r a b l e at tention has been devoted to the nature of the solvent 
^ effects ( as de te rmined i n water a n d i n various m i x e d solvents ) o n the 
ion ic dissociations ( a n d rela ted the rmodynamic quant i t ies) a n d other 
ac id-base propert ies of a l ipha t ic zwi t t e r ion ic compounds . S u c h invest i ­
gations inc lude studies of t r ic ine i n 50 mass % methano l -wa te r ( J ) , 
"Bes" i n pure water a n d i n 50 mass % methano l -wa te r ( 2 , 3 ) , g lyc ine i n 
50 mass % m o n o g l y m e - w a t e r (4), a n d g lyc ine i n pure water a n d i n 50 
mass % methano l -wa te r (5,6,7). T h e numerous factors (8,9,10) w h i c h 

0-8412-0428-4/79/33-177-277$05.25/l 
© 1979 American Chemical Society 
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278 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

descr ibe the pre ferent ia l ( or selective or specif ic) so lute-so lvent inter ­
actions, a n d are use fu l i n account ing for the e q u i h b r i u m behav ior of 
electrolytes i n so lut ion, i n c l u d e the h y d r o g e n - b o n d i n g capabi l i t ies of the 
solute a n d solvent species (11) a n d the d ie lectr i c properties of the 
m e d i u m a n d the i on i c charge ( 1 2 ) . T h e changes i n p K as funct ions of 
the properties of the solvent ( w h i c h a l l o w for a w i d e range i n the 
d ie lectr i c constant) m a y p r o v i d e use fu l in format ion i n r e g a r d to the 
ident i f i cat ion of the nature of these so lute-so lvent interact ion patterns i n 
b i n a r y solvent systems. H o w e v e r , d i rect measurements of this k i n d of 
interact ion are diff icult to per form. 

A s a part of the c o n t i n u i n g studies of the effect of d ipo lar aprot ic 
solvent p lus water mixtures o n these specific so lute-so lvent interact ions, 
w e have examined the first a n d second dissociat ion steps of g lyc ine a n d 
c o m p u t e d their associated thermodynamic quantit ies i n 10 mass % 
te t rahydro furan-water ( T H F - H 2 0 ) solvents (d ie lec t r i c constant, c = 
71.8 at 298.15 K ) , 30 mass % T H F - H 2 0 ( € — 56.6 at 298.15 K ) , a n d 50 
mass % T H F - H 2 0 (c = 40.0 at 298.15 K ) f r o m 278.15 to 328.15 K . 

These specific m i x e d solvents were chosen for this s tudy, s ince solvent 
systems of this type have been used i n s imi lar studies such as the study 
of glucose mutarotat ion kinet ics a n d e q u i l i b r i a i n 50 mass % T H F - H 2 0 
(13) , the invest igat ion of i on izat i on constants of w e a k acids ( s u c h as 
p h e n o l ) , the determinat ion of so lub i l i ty product constants, K a p , of s l ight ly 
soluble ionogens ( such as A g C l ) i n 10, 30, 50, a n d 70 mass % T H F - H 2 0 
(14) , a n d the study of the s tandard G i b b s energy of transfer of n - ( B u ) 4 -
N B r f r om water to T H F - H 2 0 mixtures ( 1 5 ) . O t h e r studies have i n c l u d e d 
the determinat ion of the dissociat ion constant of m - n i t r o a n i l i n i u m i o n i n 
various T H F - H 2 0 mixtures (16), the so lvat ion study of K C l a n d K C 1 0 4 

i n T H F - H 2 0 mixtures (17), a n d the conductance s tudy of C s B r i n 50 
mass % T H F - H 2 0 (18). 

Measurements were made of the emf of cells of the type ( w i t h o u t 
l i q u i d junct ion ) : for the first dissociat ion step, 

P t ; H 2 ( g , l a t m ) I G H B r i r o x ) , 

G ± ( m 2 ) i n χ mass % T H F - H 2 0 | A g B r , A g (I) 

a n d for the second dissociat ion stage: 

P t ; H 2 ( g , l a t m ) | G*(roi), N a G ^ ) , 

K B r ( m 3 ) i n χ mass % T H F - H 2 0 | A g B r , A g (II) 

where χ = 10, 30, a n d 50 mass % T H F - H 2 0 , a n d m represents the 
respective mo la l i ty . 
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18. R O Y E T A L . Glycine 279 

Experimental Procedure and Preparation of Solutions 

T h e precise emf m e t h o d or ig ina l ly i n t r o d u c e d b y H a r n e d a n d E h l e r s 
( 1 9 ) , a n d modi f i ed b y Bates a n d Rob inson , was used i n the present study. 
T h e values of the emf were corrected to a p a r t i a l pressure of one atmos­
phere (101.325 k p a ) of hydrogen . T h e vapor pressure data r e q u i r e d for 
emf correct ion of 10, 30, a n d 50 mass % T H F - H 2 0 at different t empera ­
tures are g iven elsewhere ( 2 0 ) . T h e corrected emf data at the respective 
solvent composit ions are g iven i n Tables I , I I , a n d I I I ( for C e l l I ) , a n d 
i n Tables I V , V , a n d V I ( for C e l l I I ) , respectively. T h e emf data were 
stable, as is evident f rom the data at 298.15 K , w h i c h were recorded at 
the beg inn ing , i n the m i d d l e , a n d at the e n d of each r u n . T h e m e a n 
difference between the first a n d the last readings was never more t h a n 
0.08 m V . T h e values of the emf were measured at five-degree intervals 
f r o m 273.15 to 298.15 K , u s i n g a prec is ion potentiometer ( L e e d s a n d 
N o r t h r u p T y p e K - 5 ) , w h i c h was s tandard ized against a n E p p l e y s tandard 
ce l l , a n d e q u i p p e d w i t h a Leeds a n d N o r t h r u p D . C . n u l l detector ( m o d e l 
9829) , us ing a sensit ivity of 25 /*V. T h e temperature of the constant 
temperature b a t h was k n o w n to w i t h i n 0.02 K . 

T h e design of the cells, the preparations of the s i lver + si lver b r o m i d e 
electrodes (of the t h e r m a l t y p e ) , a n d the h y d r o g e n electrodes, have been 
descr ibed elsewhere (21, 2 2 ) . T h e bias potent ia l of the s i l ver - s i l ver b ro ­
m i d e electrodes was always w i t h i n 0.05 m V . 

T h e c e l l solutions for the determinat ion of the p K i were prepared b y 
d i l u t i o n w i t h T H F - H 2 0 solvent of a stock so lut ion made b y d isso lv ing 
g lyc ine i n a por t i on of the h y d r o b r o m i c a c i d so lut ion a n d a d d i n g the 
proper amounts of water a n d p u r e T H F . F o r the determinat ion of the 
p K 2 , stock solutions were prepared b y m i x i n g accurate ly w e i g h e d portions 
of g lyc ine , s o d i u m hydrox ide solutions, a n d the r e q u i r e d amounts of water 
a n d T H F . These stock solutions then were brought to the proper m o l a l i ­
ties b y d i l u t i o n w i t h d i s t i l l ed water a n d T H F . Mo la l i t i e s are est imated 
to be accurate to w i t h i n 0 . 0 5 % . D i s s o l v e d air was r e m o v e d b y b u b b l i n g 
pur i f i ed hydrogen gas through the solutions before the emf cells were 
filled. V a c u u m corrections were a p p l i e d to a l l weighings . 

A commerc ia l sample of g lyc ine ( S i g m a C h e m i c a l C o . ) was re -
crys ta l l i zed twice f r o m l ow-conduc t iv i ty water ( κ = 1 Χ 10" 6 o h m ' 1 c m " 1 

at 298.15 K , as determined u s i n g a Y S I M o d e l 31 conduct iv i ty b r i d g e ) . 
It assayed at 99 .96% ( s tandard dev iat ion — 0.12) w h e n t i trated w i t h a 
s tandard so lut ion of N a O H to the pheno lphtha le in e n d point . T h e de­
t a i l e d procedure to check this p u r i t y has been g iven elsewhere ( 7 ) . 
R e c r y s t a l l i z e d K B r ( free f rom contaminat ion b y ch lor ide ) was used. 
T e t r a h y d r o f u r a n was ref luxed over anhydrous sod ium sulfate for 3 days 
a n d then v a c u u m - d i s t i l l e d (23,24). 
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280 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Table I. Electromotive Force ( £ ) of the Cell : P t / H 2 ( g ) / G H B r ( i » i ) , 
Temperatures (T) from 

mjmol m2/mol 
kg'1 kg'1 5 10 15 20 

0.097950 0.302699 0.31383 0.31509 0.31623 0.31722 
0.077198 0.324519 0.32609 0.32745 0.32881 0.33001 
0.040002 0.120139 0.33109 0.33257 0.33388 0.33522 
0.068372 0.328423 0.33121 0.33265 0.33413 0.33555 
0.030001 0.089629 0.33686 0.33734 0.33936 0.34109 
0.019992 0.060077 0.34551 0.34820 0.34983 0.35143 
0.009997 0.029635 0.36129 0.36346 0.36564 0.36767 

Electromotive Force ( £ ) of the Cell : P t / H 2 ( g ) / G H B r ( * * i ) , 
Temperatures ( T ) from 

mt/mol 
T/K - 273.15 

Table II. 

mj/mol 
kg'1 

0.100010 
0.086069 
0.040004 
0.069656 
0.030001 
0.019991 
0.010000 

kg'1 

0.301070 
0.350453 
0.121078 
0.330622 
0.091001 
0.060511 
0.029677 

5 

0.32387 
0.33403 
0.34242 
0.34190 
0.34847 
0.35670 
0.37110 

10 

0.32433 
0.33461 
0.34478 
0.34275 
0.34946 
0.35785 
0.37250 

15 

0.32464 
0.33419 
0.34405 
0.34421 
0.34976 
0.35951 
0.37378 

20 

0.32489 
0.33483 
0.34459 
0.34473 
0.35060 
0.36042 
0.37498 

Electromotive Force ( £ ) of the Cell : P t / H 2 ( g ) / G H B r ( i » i ) , 
Temperatures ( Γ ) from 

/ 7 Ύ/Κ - 273.15 

Table III. 

mt/mol 
kg'1 

0.098864 
0.080142 
0.070149 
0.060113 
0.039814 
0.029997 
0.020000 
0.009998 

mi/moi, 
kg'1 

0.148651 
0.171518 
0.182134 
0.191735 
0.119902 
0.090539 
0.060533 
0.030410 

5 

0.31565 
0.32778 
0.33574 
0.34333 
0.35053 
0.35573 
0.36359 
0.37704 

10 

0.31412 
0.32662 
0.33441 
0.34198 
0.34996 
0.35523 
0.36325 
0.37695 

15 

0.31253 
0.32499 
0.33308 
0.34101 
0.34931 
0.35458 
0.36286 
0.37684 

20 

0.30995 
0.32326 
0.33121 
0.33974 
0.34797 
0.35390 
0.36233 
0.37656 
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18. R O Y E T A L . Glycine 281 

G*(m?) in Water + 1 0 Mass Percent T e t r a h y d r o f u r a n / A g B r / A g at 
278.15 to 328.15 Κ 

T/K - 273.15 

25 80 85 40 45 50 55 

0.31837 0.31922 0.32012 0.32090 0.32190 0.32312 0.32644 
0.33130 0.33255 0.33300 0.33487 0.33604 0.33727 0.34067 
0.33630 0.33809 0.33882 0.34074 0.34214 0.34367 0.34539 
0.33697 0.33841 0.33934 0.34091 0.34222 0.35053 0.34743 
0.34268 0.34425 0.34580 0.34731 0.34888 0.36135 0.35272 
0.35306 0.35514 0.35521 0.35824 0.36042 0.36343 0.36309 
0.36978 0.37192 0.37300 0.37562 0.37756 0.37962 0.38221 

G±(m2) in Water + 30 Mass Percent T e t r a h y d r o f u r a n / A g B r / A g at 
278.15 to 328.15 Κ 

T/K - 273.15 

25 30 85 40 45 50 55 

0.32575 0.32547 0.32633 0.32650 0.32606 0.32651 0.32476 
0.33675 0.33676 0.33772 0.33916 0.33946 0.33980 0.33795 
0.34516 0.34560 0.34635 0.34690 0.34681 0.34709 0.34704 
0.34517 0.34586 0.34680 0.34711 0.34749 0.34772 0.34733 
0.35123 0.35204 0.35295 0.35362 0.35479 0.35581 0.35504 
0.36040 0.36185 0.36262 0.36327 0.36391 0.36430 0.36442 
0.37592 0.37710 0.37783 0.37886 0.37998 0.38059 0.38131 

G*(m2) in Water + 5 0 Mass Percent T e t r a h y d r o f u r a n / A g B r / A g at 
278.15 to 328.15 Κ 

T/K - 273.15 

25 80 85 40 45 50 55 

0.30747 0.30764 0.30651 0.30476 0.30203 0.29846 0.29607 
0.32194 0.32109 0.32038 0.31874 0.31627 0.31383 0.31102 
0.33096 0.32983 0.32895 0.32732 0.32529 0.32312 0.33096 
0.33917 0.33839 0.33770 0.33630 0.33466 0.33283 0.33978 
0.34713 0.34651 0.34567 0.34489 0.34379 0.34212 0.34218 
0.35296 0.35267 0.35185 0.35117 0.35040 0.34935 0.34004 
0.36169 0.36123 0.36057 0.36023 0.35945 0.35840 0.34753 
0.37617 0.37606 0.37575 0.37548 0.37505 0.37485 0.37401 
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282 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Electromotive Force (E) of the Cell : P t / H 2 ( g ) / G ± ( i » i ) , 

A g B r / A g at Temperatures 

Ύ/Κ - 278.15 

~6 To l5~ 

Table IV. 

τα,/mol 
kg'1 

0.100440 
0.081639 
0.069554 
0.060209 
0.031846 
0.019601 
0.010286 

rat/mol 
kg'1 

0.099993 
0.079977 
0.069978 
0.059933 
0.029965 
0.019925 
0.009993 

ms/mol 
kg'1 

0.100250 
0.079431 
0.068937 
0.060679 
0.030237 
0.019662 
0.011249 

0.70652 
0.71100 
0.71501 
0.71731 
0.73103 
0.74291 
0.75455 

0.70731 
0.71195 
0.71599 
0.71838 
0.73250 
0.74453 
0.75638 

0.70809 
0.71282 
0.71679 
0.71935 
0.73378 
0.74601 
0.75807 

20 

0.70872 
0.71350 
0.71749 
0.72012 
0.73482 
0.74729 
0.75955 

Table V . Electromotive Force (E) 

ταχ/mol 
kg-1 

0.099301 
0.079570 
0.070927 
0.060574 
0.040763 
0.031108 
0.022737 
0.011232 

mt/mol uis/mol 
kg'1 kg'1 

0.099977 
0.080009 
0.069994 
0.059995 
0.039976 
0.029932 
0.019997 
0.009282 

0.101190 
0.079156 
0.070684 
0.060940 
0.041685 
0.031125 
0.020702 
0.009836 

of the Cell : P t / H s C g V G ' O w i ) , 
A g B r / A g at Temperatures 

0.70447 
0.70891 
0.71037 
0.71355 
0.72099 
0.72660 
0.73420 
0.74927 

Ύ/Κ- 273.15 

10 15 20 

0.70466 0.70467 0.70460 
0.70900 0.70911 0.70906 
0.71070 0.71090 0.71099 
0.71391 0.71411 0.71420 
0.72158 0.72211 0.72240 
0.72722 0.72768 0.72792 
0.73495 0.73556 0.73598 
0.75046 0.75144 0.75224 

Electromotive Force (E) of the Cell : P t / H 2 ( g ) / G ( f » i ) , 
A g B r / A g at Temperatures 

/ _ 7 / 7 Ύ/Κ - 273.15 

Table VI . 

vcit/mol 
kg1 

0.10810 
0.07232 
0.06850 
0.04090 
0.03285 
0.02432 
0.00935 
0.00437 

m 2 / moi 
kg'1 

0.10020 
0.07978 
0.07001 
0.06000 
0.05000 
0.04000 
0.03000 
0.01000 

kg-1 

0.10200 
0.08058 
0.07464 
0.04860 
0.04112 
0.02999 
0.02190 
0.01006 

5 

O.7O082 
0.70675 
0.70496 
0.72055 
0.72370 
0.73132 
0.75340 
0.76091 

10 

0.70034 
0.70602 
0.70436 
0.72055 
0.72340 
0.73096 
0.75359 
0.76123 

15 

0.69909 
0.70518 
0.70359 
0.71983 
0.72313 
0.73083 
0.75363 
0.76181 
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18. R O Y E T A L . Glycine 283 

NaG(f» 2 ) , KBr(i» 3 ) in Water + 10 Mass Percent Tetrahydrofuran/ 
( Γ ) from 278.15 to 328.15 Κ 

T/K - 278.15 

25 30 35 40 45 50 55 

0.70927 0.70964 0.70996 0.71027 0 .71061 0.71084 
0.71422 0.71472 0.71520 0.71570 0 .71621 0.71684 0.71767 
0.71821 0.71880 0.71928 0.71968 0. ,72029 0.72106 0.72277 
0.72099 0.72167 0.72226 0.72286 0 .72345 0.72409 0.72526 
0.73600 0.73693 0.73786 0.73873 0, .73964 0.74055 0.74186 
0.74863 0.74980 0.75086 0.75192 0 .75307 0.75442 0.75689 
0.76116 0.76256 0.76396 0.76533 0 .76684 0.76875 0.77074 

N a G ( w 2 ) , KBr(*» 3 ) in Water + 30 Mass Percent Tetrahydrofuran/ 
(T) from 278.15 to 328.15 Κ 

T/K - 273.15 

25 

0.70449 
0.70878 
0.71096 
0.71411 
0.72257 
0.72827 
0.73598 
0.75246 

80 

0.70413 
0.70897 
0.71093 
0.71436 
0.72279 
0.72904 
0.73746 
0.75354 

35 

0.70370 
0.70864 
0.71068 
0.71421 
0.72273 
0.72917 
0.73705 
0.75387 

40 
0.70323 
0.70822 
0.71030 
0.71404 
0.72271 
0.72920 
0.73720 
0.75406 

4 5 

0.70242 
0.70755 
0.70990 
0.71269 
0.72228 
0.72907 
0.73712 
0.75424 

50 

0.70154 
0.70663 
0.70944 
0.71222 
0.72208 
0.72884 
0.73717 
0.75452 

55 

0.70548 
0.70789 
0.71141 
0.72130 
0.72830 
0.73703 
0.75561 

NaG ( » * 2 ) , KBr(i» 3 ) in Water + 50 Mass Percent Tetrahydrofuran/ 
( Γ ) from 278.15 to 323.15 Κ 

Ύ/Κ - 273.15 

20 

0.69769 
0.70368 
0.70199 
0.71833 
0.72161 
0.72933 
0.75253 
0.76045 

25 

0.69707 
0.70271 
0.70091 
0.71701 
0.72027 
0.72805 
0.75119 
0.75883 

.30 

0.69467 
Ο.70Ο61 
0.69888 
0.71571 
0.71911 
0.72652 
0.74999 
0.75809 

85 

0.69422 
0.70035 
0.69865 
0.71504 
0.71909 
0.72742 
0.75100 
0.75913 

40 
0.69360 
0.69959 
0.69796 
0.71499 
0.71845 
0.72656 
0.75051 
0.75857 

4 5 

0.69412 
0.69981 
0.69813 
0.71525 
0.71872 
0.72679 
0.75071 
0.75885 

50 

0.69627 
0.70159 
0.69945 
0.71605 
0.71932 
0.72693 
0.75157 
0.75884 
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284 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Methods and Results 

G l y c i n e is n o r m a l l y w r i t t e n i n the f o r m N H 3 - C H 2 - C O O ~ . I f this 
z w i t t e r i o n is represented b y G ± , then the first dissociat ion process is the 
deprotonat ion of the carboxylate group of the species H G + : 

K i 

H G + *± H + + G * (1) 

w h i l e the second dissociat ion step is the e q u i h b r i u m g iven b y 
K 2 

G ± τ± H + + G " (2) 

where Κχ a n d K 2 are the thermodynamic e q u i l i b r i u m constants, w h i c h 
were determined i n 10, 30, a n d 50 mass % T H F - H 2 0 at e leven tempera ­
tures f rom 278.15 to 328.15 K . 

T h e p K i was determined b y extrapolat ing the values of the p K / 
funct ion ( the apparent dissociat ion constant) to infinite d i l u t i o n (i.e., 
zero i on i c strength, I ). 

T h e f o l l o w i n g two equations are impor tant : 

„ Ε — E° mHG+ ^Br- THG+yBr-
p K l = = ( R T l n l O ) / F + I ° g + 1 ° g V ( 3 ) 

a n d 

π , ΎΓ o T Ε — E° m1{m1 - m H ' ) 2A7* 
ρΚχ - p K i - ^ - ( R r i n l 0 ) / F + l o g ( m 2 + m s 0 - 1 + B a J * 

(4) 

E q u a t i o n 3 was obta ined b y c o m b i n i n g the Nerns t equat ion for the emf 
of C e l l I w i t h the e q u i l i b r i u m constant of the a c i d i c dissociat ion of 
g lyc ine . I n E q u a t i o n s 2 a n d 3, E° is the s tandard emf of the c e l l i n the 
respective solvent compos i t ion a n d these values were obta ined f r o m an 
earl ier w o r k ( 2 0 ) . I n E q u a t i o n 4, β is the l inear slope parameter for the 
p lot of p K / vs. 7, a0 is the ion-size parameter , A a n d Β are the D e b y e -
H u c k e l constants o n the m o l a l scale (20) for the respective m i x e d 
solvent systems, a n d ί is the i o n i c strength g iven b y m i . 

Because of the apprec iab le dissociat ion of the species, H G + , at l o w 
p H values of the buffer solutions, m H G + = m1 — raH', a n d mG± = m2 + 
m H ' . T h i s apparent h y d r o g e n i o n mo la l i ty , m H ' , was est imated accord ing 
to the equat ion , 
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18. R O Y E T A L . Glycine 285 

β 2£° 2Α7* 
- l 0 g W h ' - ( R r i n l O ) / F + l 0 g m i " T + B ^ F ( 5 ) 

T h e least-squares estimate of the intercept for the l inear regression of p K / 
vs. I f r om E q u a t i o n 4 (us ing the proper va lue of a0) was t e rmed the 
ac tua l p K i , the values of w h i c h are presented i n Tables V I I , V I I I , a n d I X , 
for 10, 30, a n d 50 mass % T H F - H 2 0 , respect ively . I n order to obta in 
the best l inear fit of the data , several values of a0 ( f r om 0.1 to 0.8 n m ) 
were inserted into this equat ion . T h e true values of p K i w e r e those w h i c h 
gave the smallest s tandard dev iat ion of regression. 

These exper imental values of p K i were fitted into a n equat ion selected 
b y H a r n e d a n d R o b i n s o n ( 2 5 ) , b y the least-squares method , w i t h the 
f o l l o w i n g results : 

p K i ( in 10 mass % T H F - H 2 0 ) = 2715.7 /7 7 - 15.031 + 0.02805Γ (6) 

where Τ is the thermodynamic temperature i n K . 

p K i ( in 30 mass % T H F - H 2 0 ) = 2 0 8 4 . 1 / T - 10.677 + 0.02126Γ (7) 

a n d 

p K i ( in 50 mass % T H F - H 2 0 ) — 703 .6 /Γ - 1.2781 + 0.006203Γ (8) 

I n order to get a satisfactory fit of the data, i t was necessary to use doub le 
prec is ion ar i thmet i c (16 d i g i t s ) . T h e average deviations of the fit for 
E q u a t i o n s 6, 7, a n d 8 were 0.007, 0.003, a n d 0.003 p K units , respect ively . 

T h e second dissociat ion constant, p K 2 ( w h i c h involves the r e m o v a l 
of the pro ton f r o m the n i trogen a tom i n the process G * τ± H + + G " ) , 
can be obta ined b y extrapolat ion of p K 2 ' values ( the apparent second 
dissociat ion constants) to zero i on i c strength I, w h e r e I = m2 + m 3 . T h e 
pert inent equat ion is 

p K 2 = ( R T l n l O ) / F + l o g ( m 2 - m o H - ' ) + 1 ° g _ ( 9 ) 

I n E q u a t i o n 9, yG± is assumed to b e e q u a l to u n i t y ; hence, the last t e rm is 
d i rec t ly propor t i ona l to the ion ic strength I . Since the an ion G " undergoes 
hydro lys is at h i g h p H values, the h y d r o x y l i o n concentrat ion, m 0 H-' , w h i c h 
is very s m a l l i n compar ison w i t h πΐχ a n d m 2 , can be eva luated w i t h suffi­
c ient accuracy b y the equat ion 

— log ra0H-' = p K w + log m H y H (10) 
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286 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

T h e contr ibut ion of mon-' to the va lue of p K 2 ( for example , at 298.15 K ) 
lies w i t h i n 0.0005 p K uni t , w h i c h is w e l l w i t h i n the exper imenta l error. 
T h u s , the s impl i f ied vers ion of E q u a t i o n 9 ( i g n o r i n g these neg l ig ib le 
corrections) was used : 

j7- , Ε — E ° , m ^ g . . 
p K z = ( i m n i o ) / F + l o g - ^ T 

T h e values of p K 2 l i s ted i n Tables V I I , V I I I , a n d I X w e r e obta ined f r o m 
the l inear plots of p K 2 ' vs. I (where I = m2 + m 3 ) , w h e n extrapolated to 
zero. T h e var ia t ion i n the observed values of the p K 2 w i t h temperature 
can be w e l l represented b y H a r n e d a n d Robinson 's equat ion ( 2 5 ) . T h e 
final forms resul t ing f rom these equations are : 

p K 2 ( in 10 mass % T H F - H 2 0 ) = 4622 .3 /Γ - 13.521 + 0.02607T (12) 

p K 2 ( in 30 mass % T H F - H 2 0 ) = 3561 .7 /Γ - 6.9091 + 0.01577Γ (13) 

p K 2 ( in 50 mass % T H F - H 2 0 ) = 3880 .8 /Γ - 9.3273 + 0.020258Γ (14) 

T h e average deviations be tween the exper imental values a n d those 
ca l cu lated f rom Equat i ons 12, 13, a n d 14 are 0.008, 0.003, a n d 0.007, 
respectively. 

T h e thermodynamic functions for the first a n d second i on i za t i on 
processes were evaluated f rom E q u a t i o n s 6, 7, a n d 8 ( for p K i ) a n d 12, 
13, a n d 14 ( for p K 2 ) i n 10, 30, a n d 50 mass % T H F - H 2 0 , respect ively , 
us ing the customary thermodynamic formulae. T h e values of the s tandard 
G i b b s energy ( A G ° ) , enthalpy ( Δ Η ° ) , entropy ( A S 0 ) , a n d heat capac i ty 

Table VII. The p K i , ρΚ 2 , σ, and a0 of Protonated Glycine ( G H + and 
G±) in 10 Mass Percent Tetrahydrofuran-Water from 

278.15 to 328.15 Κ on the Molal Scale 

T/K — pKi pKj σ pK2 pK2 σ 
273.15 (obs) (calc) (pKt) Ά0/ΠΜ (obs) (calc) (pK2) 

5 2.527 2.535 0.002 0.25 10.338 10.348 0.003 
10 2.502 2.503 0.008 1.50 10.186 10.185 0.003 
15 2.481 2.476 0.006 1.50 10.038 10.032 0.003 
20 2.463 2.456 0.005 1.50 9.895 9.889 0.002 
25 2.447 2.441 0.005 1.50 9.762 9.755 0.002 
30 2.440 2.431 0.005 1.50 9.634 9.629 0.002 
35 2.411 2.426 0.002 0.50 9.512 9.512 0.002 
40 2.423 2.425 0.004 0.25 9.396 9.403 0.002 
45 2.424 2.429 0.006 0.50 9.288 9.302 0.002 
50 2.429 2.437 0.008 0.25 9.195 9.207 0.003 
55 2.462 2.450 0.006 1.50 9.138 9.119 0.005 
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18. B O Y E T A L . Glycine 287 

Table V I I I . The p K i , p K 2 , σ, and a0 of Protonated Glycine ( G H * and 
G*) in 30 Mass Percent Tetrahydrofuran—Water from 

278.15 to 318.15 Κ on the Molal Scale 

T/K- pKt pKt σ pK2 pK, σ 
278.15 (obs) (calc) (pKJ a0/nm (obs) (calc) (pKJ 

5 2.723 2.727 0.002 0.25 10.282 10.282 0.003 
10 2.705 2.701 0.008 0.25 10.136 10.135 0.003 
15 2.681 2.680 0.008 0.25 9.996 9.995 0.003 
20 2.663 2.663 0.007 0.25 9.860 9.863 0.003 
25 2.651 2.650 0.002 0.25 9.731 9.738 0.003 
30 2.641 2.641 0.003 0.25 9.628 9.620 0.004 
35 2.632 2.635 0.004 0.25 9.510 9.508 0.002 
40 2.629 2.634 0.006 0.25 9.402 9.402 0.004 
45 2.640 2.635 0.008 0.25 9.301 9.303 0.004 

Table I X . The pKu p K 2 , <r, and a0 of Protonated Glycine ( G H * and 
G 1 ) in 50 Mass Percent Tetrahydrofuran—Water from 

278.15 to 328.15 Κ on the Molal Scale 

T/K - pKt pKt σ pK2 pKa σ 
273.15 (obs) (calc) (pKJ &0/nm (obs) (calc) (pK,) 

5 2.972 2.977 0.004 2.00 10.246 10.260 0.002 
10 2.969 2.963 0.005 4.00 10.119 10.115 0.003 
15 2.955 2.951 0.006 4.00 10.002 9.978 0.002 
20 2.940 2.941 0.005 4.00 9.854 9.850 0.001 
25 2.929 2.931 0.004 2.00 9.716 9.729 0.001 
30 2.922 2.924 0.004 4.00 9.599 9.616 0.003 
35 2.913 2.917 0.003 4.00 9.516 9.509 0.003 
40 2.912 2.911 0.004 6.00 9.409 9.409 0.002 
45 2.909 2.907 0.005 4.00 9.320 9.316 0.003 
50 2.909 2.904 0.003 4.00 9.228 9.228 0.005 
55 2.898 2.902 0.007 6.00 — — — 

Δθρ° ) changes for b o t h the processes are s u m m a r i z e d i n Tables Χ, X I , 
a n d X I I ( o n the m o l a l s ca le ) , a n d i n Tables X I I I , X I V , a n d X V ( o n the 
mole - f ract ion bas i s ) , together w i t h the respective estimates of the errors. 
T h e s tandard deviations of these quantit ies were est imated b y the a p p l i ­
cat ion of the m e t h o d of propagat ion of errors as used b y Please ( 26 ) . 

Discussion 

T h e p K i of g lyc ine i n water is 2.350 at 298.15 Κ ( 6 ) , as compared 
w i t h 2.447 ( T a b l e V I I ) i n 10 mass % T H F - H 2 0 , 2.651 ( T a b l e V I I I ) i n 
30 mass % , a n d 2.929 ( T a b l e I X ) i n 50 mass % , respectively . T h e 
die lectr i c constants for each of the above solvent mixtures ( i n c l u d i n g p u r e 
water ) at 298.15 Κ are 78.3 ( for w a t e r ) , 71.8 ( for 10 mass % T H F - H 2 0 ) , 
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288 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Table X . Thermodynamic Functions (on the Molal Scale) for the 
at Temperatures (T) 

Τ A G ° A H ° 

Κ - 278.15 cal mol1 u(ù,G°) cal mol'1 σ(ΔΆ°) 

First Dissociation Process 
5 3226 8 2496 201 

15 3265 4 1769 130 
25 3330 4 1017 68 
35 3420 4 239 72 
45 3536 4 - 5 6 5 141 

Second Dissociation Process 
5 13170 4 11923 107 

15 13227 2 11248 69 
25 13308 2 10548 36 
35 13412 2 9825 38 
45 13541 2 9078 75 

56.6 ( for 30 mass % ) , a n d 40.0 ( for 50 mass % T H F - H 2 0 ) , respect ively 
(20). I t is evident f r om the above data that the H G + species ( that is, 
N H 3 - C H 2 - C O O " ) decreases i n ac id i c strength w h e n T H F is a d d e d to a 
solvent that is i n i t i a l l y p u r e water , w h i c h fo l lows the same general t r e n d 
as that f o u n d i n other d ipo lar aprot ic so lvent -water m e d i a , a n d also i n 
a m p h i p r o t i c so lvent -water m e d i a . F o r example , the p K i of g lyc ine i n 50 
mass % m o n o g l y m e - w a t e r at 298.15 Κ is 2.806 ( 4 ) , whereas the p K i of 
g lyc ine i n 50 mass % m e t h a n o l - w a t e r at 298.15 Κ is 2.961 ( 7 ) . T h e 
deprotonat ion of the carboxylate group i n the species H G + m imics the 

Table XI . Thermodynamic Functions (on the Molal Scale) for the 
at Temperatures (T) 

Τ A G ° A H ° 

Κ - 278.15 cal mol'1 a(±G°) cal mol1 σ(ΔΆ°) 

First Dissociation Process 
5 3471 8 2011 274 

15 3533 4 1460 153 
25 3615 5 890 78 
35 3716 4 301 164 
45 3836 8 - 3 0 8 299 

Second Dissociation Process 
5 13086 5 10715 162 

15 13178 3 10307 91 
25 13285 3 9884 46 
35 13406 3 9446 97 
45 13542 5 8994 177 
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18. B O Y E T A L . Glycine 289 

Dissociations of Glycine in 10 Mass Percent Tetrahydrofuran—Water 
from 278.15 to 318.15 Κ 

A S ° A C P ° 

cal K'1 mol'1 a(&S°) cal K'1 mol'1 σ(Αθν°) 

First Dissociation Process 
- 2 . 6 0.7 - 7 1 . 4 7.5 
- 5 . 2 0.4 - 7 4 . 0 7.8 
- 7 . 8 0.2 - 7 6 . 5 8.0 

- 1 0 . 3 0.2 - 7 9 . 1 8.3 
- 1 2 . 9 0.4 - 8 1 . 7 8.6 

Second Dissociation Process 
- 4 . 5 0.4 - 6 6 . 3 4.0 
- 6 . 9 0.2 - 6 8 . 7 4.1 
- 9 . 2 0.1 - 7 1 . 1 4.3 

- 1 1 . 6 0.1 - 7 3 . 5 4.4 
- 1 4 . 0 0.2 - 7 5 . 9 4.6 

behavior of s imi lar m o d e l n e u t r a l acids, such as acetic a c i d , since the p K a 

of acetic a c i d i n water is 4.756 at 298.15 K , as compared w i t h 5.660 i n 
50 mass % m e t h a n o l - w a t e r (27) a n d 5.645 i n 50 mass % ethylene car­
b o n a t e - w a t e r (28). 

It is ev ident f r om Tables V I I , V I I I , a n d I X that the p K 2 ( i n v o l v i n g 
the r emova l of the proton f r o m the n i t rogen atom) at 298.15 Κ is 9.716 
i n 50 mass % T H F - H 2 0 , as compared w i t h 9.780 i n water (6 ) a n d 9.453 
i n 50 mass % m o n o g l y m e - w a t e r ( 4 ) at the same temperature . T h u s , the 
ac id i c strength of the dissociat ion of G * increases w h e n p u r e water is 

Dissociations of Glycine in 30 Mass Percent Tetrahydrofuran—Water 
from 278.15 to 318.15 Κ 

A S ° A C P ° 

cal K1 mol'1 a(AS°) cal K'1 mol'1 σ(&ν°) 

First Dissociation Process 
- 5 . 2 1.0 - 5 4 . 1 12.9 
- 7 . 2 0.5 - 5 6 . 0 13.3 
- 9 . 1 0.3 - 5 8 . 0 13.8 

- 1 1 . 1 0.5 - 6 0 . 0 14.3 
- 1 3 . 0 1.0 - 6 1 . 9 14.7 

Second Dissociation Process 
- 8 . 5 0.6 - 4 0 . 1 7.6 

- 1 0 . 0 0.3 - 4 1 . 6 7.9 
- 1 1 . 4 0.2 - 4 3 . 0 8.2 
- 1 2 . 8 0.3 - 4 4 . 5 8.4 
- 1 4 . 3 0.6 - 4 5 . 9 8.7 
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Table XII. Thermodynamic Functions (on the Molal Scale) for the 
at Temperatures (T) 

Τ A G ° A H ° 

Κ - 273.15 cal mol1 a(AG°) cal mol1 σ(ΔΗ°) 

First Dissociation Process 
5 3789 7 1024 179 

15 3891 4 863 116 
25 3999 4 697 61 
35 4113 4 524 65 
45 4232 4 347 126 

Second Dissociation Process 
5 13058 3 10586 98 

15 13156 2 10061 59 
25 13272 2 9517 29 
35 13408 2 8955 44 
45 13561 2 8375 85 

subst i tuted b y 10, 30, a n d 50 mass % T H F - H 2 0 as the solvent. T h i s 
observation conforms to the same t r e n d as that of a s imi lar m o d e l n i t rogen 
ac id , such as N H 4

+ , whose p K a i n water is 9.245 at 298.15 K , as compared 
w i t h 8.687 i n 50 mass % m e t h a n o l - w a t e r ( 2 9 ) . 

W i t h regard to the first dissociat ion step, the transfer G i b b s energy 
of dissociation, A G * 0 ( d i s s ) , pertains to the process 

H G + ( s ) + G*(w) + H + ( w ) = H G + ( w ) + G*(s) + H + ( s ) (15) 

Table XIII. Thermodynamic Functions (on the Mole-Fraction 
Scale) for the Dissociations of Glycine in 10 Mass Percent 

Tetrahydrofuran-Water at Temperatures (T) from 
278.15 to 318.15 Κ 

Τ A G ° A H ° A S ° A C P ° 

Κ - 273.15 cal mol1 cal mol1 cal K'1 mol1 cal K'1 mol1 

First Dissociation Process 
5 3140 2496 - 2 . 3 - 7 1 . 4 

15 3176 1769 - 4 . 9 - 7 4 . 0 
25 3238 1017 - 7 . 4 - 7 6 . 5 
35 3325 239 - 1 0 . 0 - 7 9 . 1 
45 3437 - 5 6 5 - 1 2 . 6 - 8 1 . 7 

Second Dissociation Process 
5 13084 11923 - 4 . 2 - 6 6 . 3 

15 13138 11248 - 6 . 6 - 6 8 . 7 
25 13216 10548 - 8 . 9 - 7 1 . 1 
35 13317 9825 - 1 1 . 3 - 7 3 . 5 
45 13442 9078 - 1 3 . 7 - 7 5 . 9 
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18. R O Y E T A L . Glycine 291 

Dissociations of Glycine in 50 Mass Percent Tetrahydrofuran-Water 
from 278.15 to 318.15 Κ 

A S ° A C P ° 

cal K'1 mol'1
 σ(Δδ°) ail K'1 mol'1 σ ( Δ θ ρ ° ; 

First Dissociation Process 
- 9 . 9 0.6 - 1 5 . 8 6.7 

- 1 0 . 5 0.4 - 1 6 . 4 6.9 
- 1 1 . 1 0.2 - 1 6 . 9 7.2 
- 1 1 . 6 0.2 - 1 7 . 5 7.4 
- 1 2 . 2 0.4 - 1 8 . 1 7.6 

Second Dissociation Process 
- 8 . 8 0.3 - 5 1 . 6 4.1 

- 1 0 . 7 0.2 - 5 3 . 4 4.2 
- 1 2 . 6 0.1 - 5 5 . 3 4.4 
- 1 4 . 4 0.1 - 5 7 . 1 4.5 
- 1 6 . 3 0.3 - 5 9 . 0 4.6 

w h i l e the transfer process associated w i t h the second ion izat ion step is 

G*(s) + G" (w) + H + ( w ) = G*(w) + G"(s) + H * ( s ) (16) 

w h e r e w indicates water a n d s represents the m i x e d solvent, respect ively . 
T h e A G ( ° (d iss ) then can be mathemat i ca l ly expressed b y the equat ion 

A G , 0 (diss) = (RT In 1 0 ) [ p K 8 ( m ) - p K w ( m ) ] (17) 

Table X I V . Thermodynamic Functions (on the Mole-Fraction 
Scale) for the Dissociations of Glycine in 30 Mass Percent 

Tetrahydrofuran—Water at Temperatures (T) 
from 278.15 to 318.15 Κ 

Τ A G ° A H ° A S 0 A C „ ° 

Κ — 273.15 cal mol'1 cal mol'1 cal K'1 mol'1 cal K'1 mol 

First Dissociation Process 
5 3189 2011 - 4 . 2 - 5 4 . 1 

15 3241 1460 - 6 . 2 - 5 6 . 0 
25 3313 890 - 8 . 1 - 5 8 . 0 
35 3404 301 - 1 0 . 1 - 6 0 . 0 
45 3514 - 3 0 8 - 1 2 . 0 - 6 1 . 9 

Second Dissociation Process 
5 12804 10715 - 7 . 5 - 4 0 . 1 

15 12886 10307 - 9 . 0 - 4 1 . 6 
25 12983 9884 - 1 0 . 4 - 4 3 . 0 
35 13094 9446 - 1 1 . 8 - 4 4 . 5 
45 13220 8994 - 1 3 . 3 - 4 5 . 9 
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Table X V . Thermodynamic Functions (on the Mole-Fraction 
Scale) for the Dissociations of Glycine in 50 Mass Percent 

Tetrahydrofuran—Water at Temperatures ( Γ ) from 
278.15 to 318.15 Κ 

τ Δ Η ° Δ θ ρ ° 
- 278.15 cal mol'1 cal mol'1 cal K'1 mol'1 cal K'1 mol'1 

First Dissociation Process 
5 3269 1024 - 8 . 1 - 1 5 . 8 

15 3353 863 - 8 . 6 - 1 6 . 4 
25 3442 697 - 9 . 2 - 1 6 . 9 
35 3537 524 - 9 . 8 - 1 7 . 5 
45 3638 347 - 1 0 . 3 - 1 8 . 1 

Second Dissociation Process 
5 12538 10586 - 7 . 0 - 5 1 . 6 

15 12618 10061 - 8 . 9 - 5 3 . 4 
25 12715 9517 - 1 0 . 7 - 5 5 . 3 
35 12832 8955 - 1 2 . 6 - 5 7 . 1 
45 12967 8375 - 1 4 . 4 - 5 9 . 0 

where m indicates the va lue of p K o n the m o l a l scale. T h e values of 
A G * 0 (d iss ) on this scale, as de termined f r o m E q u a t i o n 17, can easi ly be 
ca l cu lated f r o m the data g iven i n Tables V I I , V I I I , a n d I X as w e l l as 
f r o m Reference 6, w h e r e data for p K w ( m ) are avai lable . 

Since i t is easier to make a direct compar ison of values for e q u a l 
numbers of solvent molecules , a l l the data l i s ted i n Tables V I I , V I I I , a n d 

Table X V I . Comparison of the Transfer Dissociation Energies (on 
Tetrahydrofuran, from Water to 50 Mass Percent Methanol, 

First Transfer Process 

A G , 0 (diss) 
ca l m o l " 1 

AHt° (diss) 
ca l m o l " 1 

ASt° (diss) 
ca l K " 1 m o l " 1 

ACpt(diss) 
ca l K " 1 m o l " 1 

»Ref. A. 

50 Mass % 50 Mass % 50 Mass % 
THF MeOHa Monoglymeb 

790 541 16 

696 550 - 2 5 7 2 

- 1 . 6 0.1 - 8 . 7 

17.1 - 1 9 86 
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18. R O Y E T A L . Glycine 293 

I X have been converted to the mole - f ract ion scale. T h e f o l l o w i n g s tand­
a r d equat ion has been used for this convers ion: 

ρ Κ 8 ( Λ 0 = p K s ( m ) + 2 log ( 1 0 0 0 / M . ) (18) 

where MB is the m e a n molar mass of the m i x e d solvent, a n d Ν denotes a 
va lue o n the mole - fract ion scale. T h e s tandard G i b b s energy of transfer 
AGt° is g iven b y the equat ion 

AGt°(N) = 2.3026 R T [ p K B ( t f ) - p K w ( i V ) ] (19) 

T h e values of A G * 0 ( d i s s ) a n d A S , 0 ( d i s s ) are different based o n different 
scales, whereas those of A / /\° (d iss ) a n d A C p i ° ( d i s s ) are the same on 
each scale. 

A s can be seen f r o m T a b l e X V I , the va lue of A G , 0 ( d i s s ) at 298.15 Κ 
for the first transfer process is + 790 ca l m o l " 1 . T h i s pos i t ive v a l u e i n d i ­
cates the pre ferent ia l s tab i l i zat ion of H G + b y the m i x e d solvent a n d the 
species G * a n d H + b y water . 

T h e va lue of A G , 0 ( d i s s ) for the second transfer process at 298.15 Κ 
is — 87 c a l m o l " 1 . T h i s negative va lue strongly suggests (a) the s tab i l i za ­
t i on of the zwi t t e r i on i c species, G ± , b y water through h y d r o g e n b o n d i n g 
a n d (b) the interactions of the centers of the i on i c charges G " a n d H + 

w i t h the m i x e d solvent. A s ev ident f r o m T a b l e X V I , a s imi lar t r e n d was 
observed for the transfer d issoc iat ion energies i n the behav ior of g lyc ine 
i n 50 mass % m e t h a n o l - w a t e r ( I ) a n d i n 50 mass % m o n o g l y m e - w a t e r 

the Mole-Fraction Scale) for Glycine from Water to 50 Mass Percent 
and from Water to 50 Mass Percent Monoglyme, at 2 5 ° C 

Second Transfer Process 

50 Mass % 50 Mass % 50 Mass % 
THF MeOH' Monoglyme* 

- 8 7 - 5 6 9 - 1 0 5 2 

9506 - 2 9 0 - 3 3 1 2 

- 1 . 3 1.0 - 7 . 6 

- 4 3 . 3 - 3 2 24 
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294 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

m i x e d solvent ( 4 ) . A c c o r d i n g to P a r k e r ( 3 0 ) , the an ion so lvat ion ( for 
example , so lvat ion of G " , the g lyc inate i on ) b y d ipo lar aprot ic solvents 
( s u c h as T H F ) is l i n k e d closely w i t h d e r e a l i z a t i o n of the negative charge. 

T h e values ( l i s ted i n Tab les X - X V ) of the s tandard G i b b s free 
energies of i on izat ion , A G ° , for b o t h processes increase w i t h the increas ing 
organic content of the solvent mixture . T h i s t r e n d is consistent w i t h the 
effect of the l o w e r e d d ie lectr i c constant of the m i x e d solvent a n d i t is 
caused b y the increase of the electrostatic free energies of the ions 
p r o d u c e d i n the dissociation process. 

l i " 1 

0 

kcal m o l " ' 

-1 ' , 1 1 ' 
Ο 10 30 50 

Hass Per Cent Tetrahydrofuran i n Mixed Solvent 

Figure I . Transfer free energies (on the mole-fraction scale) for hydrobromic 
acid, glycine (pK2), and tricine (pK2) as a function of the composition of tetra-

hydrofuranr-water solvent 
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18. R O Y E T A L . Glycine 295 

I t is interest ing to note that the standard entropy of dissociat ion of 
g lyc ine ( for b o t h processes ) becomes steadi ly more negative ( cf. Tab les 
X - X V ) w i t h increas ing T H F content i n the solvent mixtures , as opposed 
to pure water ( 6 ) . T h e qual i tat ive explanations (31) m a y be offered o n 
this po int . T h e T H F - H 2 0 solvent mixtures are less s tructured t h a n pure 
water ; hence, the species ( such as G*, H + , G " , etc.) w i l l orient solvent 
molecules to a greater extent i n T H F - H 2 0 m e d i a than i n water . C o n s e ­
quent ly , this greater degree of or ientat ion results i n a more negative 
s tandard entropy of dissociat ion i n the T H F - H 2 0 solvent, w h i c h is 
p r o d u c e d b y a decrease i n the disorder of the system. 

Electrostat i c interactions between ions such as G*, H + , G " , etc., a n d 
d ipo lar solvent molecules such as T H F , monog lyme, etc., w o u l d l i k e l y 
alter the values of AS° a n d A C P ° of the system i n the same d irec t ion . 
M o r e expl i c i t ly , the or ientat ion of solvent molecules b y the ions i n close 
p r o x i m i t y should decrease the values of these quantit ies . Indeed , this is 
the t rend that is observed i n this study (cf. Tables X - X V ) . 

I n F i g u r e 1, it m a y be c o n c l u d e d that the G i b b s energy a n d act iv i ty 
of h y d r o b r o m i c a c i d i n water - r i ch T H F - H 2 0 solvents are m u c h l ower 
than those of g lyc ine · H + ( p K i ) . It also indicates that the d ipo lar aprot ic 
so lvent -water mixture has a greater affinity for the protons of H B r t h a n 
those of the large-s ized protonated g lyc ine . T h e curve for the protonated 
g lyc ine ( H G + ) is thus seen to resemble that of acetic a c i d i n m e t h a n o l -
water , whereas the graph of the second ion izat ion constant of t r i c ine is 
s imi lar i n nature to that of the a m m o n i u m i o n ( N H 4

+ ) i n methano l -water . 
F i g u r e 1 also points out that the solvent effects on the changes i n p K 
(namely AGt° = R T In 10 [ p K s ( N ) - p K w ( 2 V ) ] ) , as T H F is a d d e d to 
the aqueous solvent, is strongly dependent on the charge type (32 ) . 
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Glossary of Symbols 

p K i or p K i ( m ) — first t h e r m o d y n a m i c dissoc iat ion constant o n the 
m o l a l scale [(N) denotes mole - f ract ion scale for 
any quant i ty ] 
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296 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

p K 2 or p K 2 ( m ) = s e c o n d t h e r m o d y n a m i c d issoc iat ion constant o n the 
m o l a l scale 

AG" = s tandard G i b b s free energy of d issoc iat ion o n the 
m o l a l scale ( subscr ipt t denotes transfer funct ion ) 

AH0 — standard entha lpy of d issoc iat ion o n the m o l a l scale 
AS0 — standard entropy of d issoc iat ion o n the m o l a l scale 

ACP° = s tandard heat capac i ty of d issoc iat ion on the m o l a l 
scale 

T H F = te trahydro furan 
Bes = N,2V-Bis- ( 2 -hydroxyethy l ) -2 -amino ethane sul fonic 

a c i d 
t r i c ine — N - T r i s ( h y d r o x y m e t h y l ) m e t h y l g lyc ine 

C e l l I mi — m o l a l i t y of the ampho ly te i n pro tonated f o r m 
C e l l i n g — m o l a l i t y of the ampho ly te i n zwi t t e r i on i c f o r m 

C e l l I I m ! = mo la l i t y of the ampho ly te i n z w i t t e r i o n i c f o r m 
C e l l l l i T i s — m o l a l i t y of the ampho ly te i n an ion i c f o r m 

1 a t m = 101.325 k p a 

H G * = protonated g lyc ine 
G 1 = zwi t t e r i on i c g lyc ine 
G - = anionic g lyc ine 

p K / = apparent first t h e r m o d y n a m i c d issoc iat ion constant 
p K 2 ' = apparent second t h e r m o d y n a m i c d issoc iat ion constant 

β = l inear slope parameter 
Ε = corrected emf ( exper imenta l ) 

E° = s tandard electrode po tent ia l 
R = 8.314 joule K " 1 m o l ' 1 

Τ = temperature , Κ 
F — 96,487 c o u l o m b g eq" 1 

= apparent h y d r o g e n i o n m o l a l i t y 
ί — ion ic strength 

= ion-size parameter 
A — D e b y e - H i i c k e l l i m i t i n g l a w constant 
Β — D e b y e - H i i c k e l l i m i t i n g l a w constant 

Ί* = m o l a l a c t iv i ty coefficient of species X 

mon = apparent h y d r o x y l i o n m o l a l i t y 
p K w = dissoc iat ion constant i n water o n the m o l a l scale 
p K . — dissoc iat ion constant i n the m i x e d solvent o n the 

m o l a l scale 
M w = m e a n m o l a r mass of water ( 18.016 g ) 
Μ β — m e a n mo lar mass of the m i x e d solvent 
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The Excess Gibbs Free Energy and the 

Activity Coefficients of the 

N d ( N O 3 ) 3 - H N O 3 - H 2 O System at 25°C 

WILLIAM G. O'BRIEN1 and RENATO G. BAUTISTA 

Ames Laboratory USDOE and Department of Chemical Engineering, 
Iowa State University, Ames, IA 50011 

The Gibbs-Duhem equation was used to determine the 
activity and the activity coefficient of the free neodymium 
(III) ion. The vapor pressures of binary electrolyte solutions 
consisting of neodymium nitrate and nitric acid were meas­
ured. Harned's activity coefficient equations for a binary 
electrolyte were used to model the data. The excess Gibbs 
free energy of the electrolyte mixtures also was calculated. 
The hydrogen ion activity in the neodymium nitrate-nitric 
acid binary electrolyte solutions was determined using the 
pH electrode. The nitrate ion electrode was used to measure 
the nitrate ion activity of the neodymium nitrate-nitric acid 
binary electrolyte solutions. The strong liquid junction 
potential generated at the reference electrode by the pres­
ence of the H+ ions was eliminated by careful calibration of 
the nitrate electrode with nitric acid. 

H p h e ac t iv i ty behavior of a meta l l ic i o n species i n aqueous solut ion is 
of p r i m a r y impor tance i n unders tanding any hydrometa l lu rg i ca l 

operat ion. A knowledge of the ac t iv i ty behavior o f the components i n 
the system are general ly more significant i n answer ing questions re la t ing 
to a rate of chemica l react ion or the pos i t ion of chemica l e q u i l i b r i u m . 

1 Presently Senior Research Engineer, Photo Products Department, DuPont, 
Towanda, PA 18848 

0-8412-0428-4/79/33-177-299$05.25/l 
© 1979 American Chemical Society 
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I n the past the prominent investigators (1-6) of electrolyte solutions 
were able to measure only the m e a n ac t iv i ty coefficient of the salt. T h e 
development of ion-selective electrodes has made the measurement of 
the ac t iv i ty of m a n y ions possible. T h e development , r e l i ab i l i t y , a n d 
general theory of m a n y different ion-selective electrodes is discussed 
extensively i n a N a t i o n a l B u r e a u of Standards ( N B S ) p u b l i c a t i o n ed i ted 
b y D u r s t (7). 

I n this chapter the thermodynamic analysis of the N d ( N 0 3 ) 3 - H N 0 3 -
H 2 0 system is presented. T h e determinat ion of the ac t iv i ty a n d the 
act iv i ty coefficient of the free n e o d y m i u m ( I I I ) i on a n d the deve lopment 
of an accurate m o d e l for the ac t iv i ty behavior of aqueous b i n a r y electro­
lyte solutions consist ing of the n e o d y m i u m nitrate a n d n i t r i c a c i d are 
presented. 

Theory 

T h e D e b y e - H i i c k e l theory forms the basis for the m o d e r n interpre ­
tat ion of the behavior of electrolyte solutions. G u g g e n h e i m (3 ) proposed 
the first m o d e r n theory dea l ing bo th w i t h single electrolyte a n d mixtures 
of electrolytes over a w i d e concentrat ion range. Essent ia l to his theory 
is a series of constants analogous to the second v i r i a l coefficients w h i c h 
represent the net effect of various short-range forces between the cat ion 
a n d anion a n d exclude terms re la t ing to the interact ion of ions of l ike 
s ign w h i c h leads to some difficulties at h igher concentrations. Improve ­
ments of Guggenheim's theory have been made through the years b y 
Scatchard (4) a n d his co-workers ( 5 ) . Prov i s i on was made for different 
distances of closest approach for the solute components a n d terms w e r e 
i n c l u d e d for the short range interact ion of ions of l i k e s ign. A r r a y s of 
t h i r d v i r i a l coefficients were a d d e d also. These compl i ca ted G u g g e n h e i m -
Scatchard equations a l l owed L i e t z k e a n d Stoughton (8) to represent 
accurately the osmotic coefficients of twenty pure electrolytes a n d several 
mixed-electro lyte systems. 

P i t z e r ( 9 ) recently has deve loped a system of equations for electro­
lyte thermodynamics w h i c h y ie lds comparable results to the G u g g e n h e i m -
Scatchard equations for b o t h single a n d m i x e d electrolytes. T h e m a i n 
feature of the P i t z e r equations is that they inc lude an ionic -strength 
dependence on the short-range forces i n b i n a r y interactions. 

Me issner et a l . (10,11,12) have presented a method of est imat ing 
the ac t iv i ty coefficient of a n electrolyte i n a single component or i n a 
solution. T h e technique is based on g raph i ca l analysis of the r e d u c e d 
m e a n act iv i ty coefficient for a b road class of electrolytes. T h e m e t h o d 
has good estimates of ac t iv i ty coefficients w h e n compared w i t h the 
p u b l i s h e d values for s ingle components a n d mixtures of electrolytes. 
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19. CHBRiEN AND BAUTISTA Excess Gibbs Free Energy 301 

Lanthanide Complexes in Aqueous Solution 

O w i n g to its - f 3 charge the lanthanide i o n forms stable complexes 
w i t h m a n y anions such as ch lor ide , nitrate , a n d sulfate. T h e degree of 
complexat ion is measured b y the inorganic s tabi l i ty constant of the c o m ­
plex w h i c h is analogous to an a c i d dissociat ion constant. A f requent ly 
used technique to estimate complex stabi l i ty constants involves the solvent 
extract ion of the uncomplexed species into a n organic phase. T h i s d i s t r i ­
b u t i o n coefficient method has been rev i ewed thoroughly b y Z o z u l a a n d 
Peskova (13 ) . P e p p a r d , M a s o n , a n d H u c h e r (14) used this method to 
determine stabi l i ty constants for the ch lor ide a n d nitrate s ing le - l igand 
complexes of some lanthanides a n d actinides. T h e nitrate i o n f o rmed a 
stronger complex w i t h the lanthanide i o n t h a n w i t h the ch lor ide i on . 
C h o p p i n et a l . (15,16) i m p r o v e d the estimates for some lanthanide 
ch lor ide a n d nitrate stabi l i ty constants b y us ing radioact ive tracers w i t h 
the d i s t r ibut i on method . T h e lanthanide ch lor ide a n d nitrate complexes 
were p r i m a r i l y o f the outer-sphere type. 

T h e nitrate ion-selective electrode a n d I R a n d R a m a n spectroscopy 
were used by K n o e c k ( 17) to investigate the l a n t h a n u m nitrate complexes 
i n aqueous solution. K r u m h o l t z ( 18 ) , us ing I R spectroscopy, devised a 
method for de termin ing the stabi l i ty constants of weak complexes i n the 
n e o d y m i u m nitrate system. T h e fractions of the tota l n e o d y m i u m con ­
centrat ion exist ing as the complexes N d ( N 0 3 ) + 2 a n d N d ( N 0 3 ) 2

+ 1 together 
w i t h tfie stabi l i ty constants of the first complex over a w i d e range of tota l 
i on i c strengths were reported. Goto a n d Smutz (19) de termined the 
stabi l i ty constants of some lanthanide ch lor ide complexes b y us ing a 
potent iometr ic method to measure the change i n the free ch lor ide i o n 
concentration. T h e values ob ta ined b y this method for the s tab i l i ty 
constants of the M C 1 + 2 type agree w e l l w i t h the values reported b y 
P e p p a r d et a l . (14) a n d C h o p p i n a n d U n r e i n ( 15 ) . T h e lanthanide ions 
(because of the i r h i g h charge) have a tendency to f o r m complexes w i t h 
various inorganic anions i n aqueous solut ion. G e n e r a l l y the degree to 
w h i c h these complexes f o rm is dependent o n l y o n the tota l i on ic strength 
of the solution. T h e complex ing reactions for lanthanide nitrates are : 

M + 3 + N 0 3 - - > M N 0 3
+ 2 (1) 

M N 0 3
+ 2 + N 0 3 " -> M ( N 0 3 ) 2

+ 1 (2) 

M ( N 0 3 ) 2
+ 1 + N C V - » M ( N 0 3 ) 3 (3) 
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302 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES Π 

C h o p p i n a n d Strazik (16) have shown that lanthanide nitrate c o m ­
plexes are outer-sphere i n nature , m e a n i n g that there is a monolayer of 
water molecules separat ing the nitrate a n d lanthanide . T h i s layer of 
w a t e r acts as a die lectr ic a n d reduces the strength of the ionic b o n d that 
forms the complex. F o r this reason i t is assumed that the neutra l species 
( M ( N 0 3 ) 3 ) is present on ly at lanthanide nitrate concentrations approach ­
i n g the so lub i l i ty l i m i t . Since a l l of the solutions s tud ied i n this w o r k 
w e r e be low the so lub i l i ty l i m i t , the existence of the neutra l species 
( M ( N 0 3 ) 3 ) is neglected. 

Results and Discussion 

[ M N ( V 2 ] 
Λ ι [ M + 3 ] [ N 0 3 - ] 

. [ M ( N Q 3 ) 2
2 1 ] 

2 [ M N 0 3
+ 2 ] [ N 0 3 1 

(4) 

(5) 

(6) 

T h e complex format ion stabi l i ty constants (Ki, K 2 , K 3 ) are 

w h e r e the brackets denote c h e m i c a l ac t iv i ty rather t h a n concentrat ion. 
F o r a system consist ing of the lanthanide nitrate dissolved i n water the 
G i b b s - D u h e m equat ion can be w r i t t e n : 

5 5 . 1 d ( l n [ H 2 0 ] ) + [ m N 0 3
T - m M

T ( « i + 2a 2 ) ] d l n ( [ N 0 3 " ] ) 

+ m M
T d - a i - a 2 ) d ( l n [ M + 3 ] ) + m M

T « i d ( l n K i [ M + 8 ] [ N ( V ] ) 

+ m M
T a 2 d ( l n K ! K 2 [ M + 3 ] [ N 0 3 - ] 2 ) — 0 (7) 

w h e r e «χ is the fract ion of the total meta l species exist ing as M N G 3
+ 2 , « 2 

is the f ract ion of the total meta l l i c species exist ing as M ( N 0 3 ) 2
+ 1 , 1 — 

ai — a2 is the f ract ion exist ing as M + 3 , m M
T is the to ta l meta l l i c i o n con ­

centrat ion, a n d m N 0 3
T is the nitrate i o n concentrations. B y w r i t i n g the 

l o g of a p roduc t as the sum of logs a n d us ing m N o 3
T = 3 m M

T E q u a t i o n 
7 becomes: 

0 = 5 5 . 5 1 d ( l n [ H 2 O ] ) + 3 m M
T ( i ( l n [ N 0 3 - ] ) + m M

T d ( l n [ M + 3 ] ) 
(8) 

- f m M
T ( « i + « 2 ) ci (In K t ) + m M

T a , 2 d ( l n K 2 ) 

T h e values of [ N 0 3 ~ ] are a func t i on of m M
T b y regression analysis of 

n i trate electrode data . S i m i l a r l y , regression analysis of the data of K r u m -
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19. O ' B R I E N A N D B A U T I S T A Excess Gibbs Free Energy 303 

ho l tz ( I S ) gives αχ, « 2 , a n d Κχ as functions of raM
T. Va lues of K 2 can be 

est imated f rom the re lat ion 

Κ = [ M ( N Q 3 ) 2 * i ] , 
^ 2 [ M N 0 3 * 2 ] [ N 0 3 - ] _ « i [ m N 0 3

T - m M
T ( a 1 + 2a 2 ) ] w 

Integrat ion of E q u a t i o n 8 f rom 0 to « Ι Μ τ y ie lds the f o l o w i n g : 

- l n [ M * 3 ] = 55.51 Γ " " * - i = d In [ H 2 0 ] + f*" 3 d l n [ N ( V ] 

+ / ( « i + « 2 ) d l n K x - f / « 2 d l n K 2 (10) 
*/ ο «/ 0 

T h u s the act iv i ty of the free lanthanide i o n [ M + 3 ] can be obtained. 
F o r the b inary electrolyte system M ( N 0 3 ) 3 - H N 0 3 - H 2 0 the G i b b s -

D u h e m equat ion can be w r i t t e n : 

- m M
T d ( l n [ M + 3 ] ) = 55.51 d ( l n [ H 2 0 ] ) + m H

T d (In [ H + ] ) 

+ [ m N 0 3
T - m M

T ( « i + 2a2)] d ( l n [ N 0 3 1 ) (11) 

+ rnM
T («ι + a2) d(ln Κχ) - f m M

T a 2 d{\n K 2 ) 

So lv ing this p r o b l e m at constant total ionic strength a n d v a r y i n g compo­
si t ion percentage ( y B ) of electrolyte M ( N 0 3 ) 3 e l iminates the terms 
i n v o l v i n g Κχ a n d K 2 f r om E q u a t i o n 11. T h e values of Κχ a n d K 2 were 
assumed to be constant at constant total i on i c strength. T h e integrated 
f o r m of E q u a t i o n 11 becomes 

- l n [ M ' 3 ] = 55.51 f" d ( l n [ H 2 0 ] ) + Γ " 4̂ <*(1η[Η*]) 

+J"" p - g f - (ai + 2«2)J d ( l n [ N O , - ] ) (12) 

T h e i on i c concentrations i n E q u a t i o n 12 c a n be e l iminated b y the 
f o l l o w i n g : 

m H
T = (1 - yB)I 

m N 0 3 T = TOHT + 3 m M
T = (1 - 2 / B /2 )Z 
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304 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S I I 

T h r o u g h these re lat ionships , E q u a t i o n 12 becomes: 

_ l n [ M*3] = * ψ jn £ + ^ 

+ 6 J " ~ y 3 ° / 2 ) - ( α ΐ + Ζ*»*) d ( l n [ N 0 3"]) (13) 

j? B denotes the d u m m y var iab le of integrat ion . T h e values of αϊ a n d a 2 

are assumed constant at constant total i on i c strength. S i m i l a r l y , as i n the 
so lut ion of E q u a t i o n 10 for the s ingle-component electrolyte, the data 
obta ined b y the vapor pressure measurements a n d the nitrate a n d 
hydrogen i o n electrode measurements o n the b i n a r y electrolyte mixtures 
are ana lyzed b y l inear regression. T h u s the three integrands of E q u a t i o n 
13 c a n be est imated as l inear functions b y t / B , the integrat ion per formed , 
a n d so lv ing for [ M + 3 ] . 

Regression analysis can be used to estimate the various quantit ies 
i n E q u a t i o n 10 as l inear po lynomina ls of m M

T . B y l e t t ing m M
T e q u a l χ 

the f o l l o w i n g equations can be generated f r o m the d a t a : 

l n [ H 2 0 ] — a 0 + + a 2 z 2 + a 3o^ (14) 

l n [ N 0 3 ] — b 0 + b i x + b 2 ^ + b3a* (15) 

l n [ K i ] — Co + C i X + c 2 z 2 + c 3a^ (16) 

l n [ K 2 ] — do + d i * + d 2 r * + d , * 3 (17) 

«i — e 0 + eirr + e 2 z 2 + e3a^ (18) 

«2 = fo + fix + + (19) 

where the various a's, b's, c s, d's, e s , a n d f s are the ca l cu la ted regression 
coefficients f r om the data . T h e results of the regression analysis for the 
so lut ion vapor pressure, specific nitrate electrode ac t iv i ty measurements, 
the stabi l i ty constants K t a n d K 2 , a n d the degree of f o rmat ion of the 
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19. O'BRIEN AND BAUTISTA Excess Gibbs Free Energy 305 

complexes, « i a n d « 2 , are s u m m a r i z e d i n T a b l e I . These parameter 
estimates were used to calculate the ac t iv i ty of the free n e o d y m i u m i o n 
f r om 0.05 to 2.0 M a n d are shown i n F i g u r e 1 a n d T a b l e I I . B y us ing the 
values of « T to determine the free concentrat ion of n e o d y m i u m i o n 
( m N d + 3 = ( 1 — ατ)^Ν<ι τ ) , the ac t iv i ty coefficient of the free neody ­
m i u m i o n was ca l cu lated also. T h e results are s h o w n i n T a b l e I I a n d 
F i g u r e 2. T h e fa i lure of the ac t iv i ty coefficient to go to u n i t y smoothly 
as the concentrat ion approaches zero is ascr ibed to the inaccuracy of the 
regression parameter estimates at these extremely l o w concentrations. 
T h e m a i n sources of this error are the estimates for the d coefficients for 
the second stabi l i ty constant, K 2 , especial ly at the l o w concentrations. 
T h i s c a n be seen i n F i g u r e 3. 

Ό 
Ζ 

> 
Ο < 

ο 

Ζ> 

1.00 
0.80 
0.60 

0.40 
0.30 

0.20 

0 .10 
0.08 
0.06 

0.04 
0.03 

0.02 

^ 0 .010 
g 0 .008 
^ 0 .006 

w 0 .004 
^ 0 .003 

0.002 

Ί 1 Γ 

0.001 
0.0 0.4 0.8 1.2 1.6 2.0 2.4 

TOTAL NEODYMIUM MOLARITY, m Τ 

Figure I . The activity of the free neodymium ion as 
a function of total neodymium concentration in aque­

ous nitrate solution 
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306 T H E R M O D Y N A M I C B E H A V I O R O F E L E C T R O L Y T E S Π 

Table I . Results of Regression Analysis for Various 
Parameters in Equation 10 

a 0 = 0.00078 
a i = - 0 . 0 3 1 5 5 
a 2 0.01372 
a 3 0.00871 
( R 2 ) of 0.999 

b 0 2.5402 
b i = 4.4132 
b 2 3.0549 
b 3 = 0.76930 
( R 2 ) is 0.988 

c 0 = 0.63469 d 0 = - 0 . 7 5 6 8 4 
Cl = - 3 . 6 7 7 2 d i - - 0 . 2 5 6 2 6 
c 2 = 2.8944 d 2 = 0.83916 
c 3 = - 0 . 7 2 9 1 2 d 3 = - 0 . 0 5 2 9 7 

R 2 = 0.955 R 2 - 0.790 

e 0 = 0.14608 f o ­ - 0 . 0 0 3 1 2 
e i = 1.4319 i l — 0.42777 
e 2 — - 1 . 6 3 5 5 f 2 = 0.07158 
e 3 = 0.44981 fs — - 0 . 0 3 8 9 7 

R 2 = 0.932 R 2 = 0.999 
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O'BRIEN AND BAUTISTA Excess Gibbs Free Energy 307 

Table II. Activities and Activity Coefficients of the Free 
Neodymium Ion in Neodymium Nitrate 

Aqueous Solutions 

aSa3 ατ n W 3 7m*3 

0.1 0.0066 0.370 0.0630 0.1049 
0.2 0.0105 0.510 0.0980 0.1071 
0.3 0.0116 0.595 0.1215 0.0956 
0.4 0.0124 0.670 0.1320 0.0937 
0.5 0.0134 0.725 0.1375 0.0972 
0.6 0.0149 0.762 0.1428 0.1043 
0.7 0.0173 0.784 0.1512 0.1141 
0.8 0.0207 0.796 0.1632 0.1268 
0.9 0.0256 0.805 0.1755 0.1459 
1.0 0.0325 0.815 0.1850 0.1775 
1.1 0.0419 0.820 0.1980 0.2114 
1.2 0.0545 0.825 0.2100 0.2593 
1.3 0.0709 0.830 0.2210 0.3207 
1.4 0.0914 0.839 0.2254 0.4054 
1.5 0.1156 0.845 0.2325 0.4974 
1.6 0.1421 0.850 0.2400 0.5922 
1.7 0.1679 0.855 0.2465 0.6813 
1.8 0.1889 0.863 0.2466 0.7661 
1.9 0.2009 0.870 0.2480 0.8103 
2.0 0.1990 0.875 0.2500 0.8652 

1 .40 -
CM 

0 2θ1 1 I I I I 1 1 
' 0.0 1.2 2.4 3.6 4.8 6.0 7.2 8.4 

Ionic Strength, I 

Figure 3. The stability constant of the Nd(NOs)2
+1 com­

plex as a function of the total ionic strength: O , calculated 
data; In K2 = 0.75684 - 0.04211 I + 0.02331 I2 + 0.00025 

V;B? = 0.790. 
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308 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Stability Constant Data 

T h e values of the s tabi l i ty constant for the complex N d N 0 3
+ 2 (Ki) 

a n d the re lat ive percentages of complexed species present i n so lut ion as 
determined b y K r u m h o l t z (18) are g iven i n T a b l e III. T h e values of K 2 

were est imated b y us ing this data i n E q u a t i o n 9. T h e values of Κι, α τ, 
a n d a 2 were extrapolated to regions of h igher i on ic strength. These 
extrapolated values were used to calculate values for «i a n d K 2 at h igher 
i on i c strengths. T h e values of K 2 , Ki , a n d ατ, αϊ, a n d a2 are s h o w n i n 
F i g u r e s 3, 4, a n d 5, respect ively . These figures show w h y Κι, ατ, a n d « 2 

were chosen to be extrapolated a n d K 2 a n d αϊ to be ca lcu lated . 
L i n e a r regression analysis of the s tabi l i ty constants a n d the complex 

fractions y i e l d e d the f o l l o w i n g results : 

In K i — 0.634694 - 0.612871 + 0.08040I2 - 0.0033813
 t s 

(20 
R 2 = 0.955 

In K 2 = -0.75684 - 0.042111 + 0.02331I2 - 0.00025I3 

R 2 = 0.790 

a i — 0.14608 + 0.238661 - 0.04543I2 - 0.002081s 

(22 
R 2 = 0.932 

„ 2 0.00312 + 0.071291 + 0.00199I2 - 0.000181s , 1 

(23) 
R 2 = 0.999 

Table III. Stability Constant and Complex Fraction Data 

Ionic 
Strength 

I Ki » ai at 

0.18 2.20 0.310 0.115 0.112 0.003 
0.24 1.80 0.515 0.183 0.173 0.010 
0.36 1.40 0.641 0.265 0.240 0.025 
0.60 1.10 0.536 0.370 0.325 0.045 
1.08 0.90 0.413 0.500 0.420 0.080 
2.12 0.70 0.429 0.640 0.480 0.160 
3.00 0.60 0.439 0.725 0.500 0.225 
4.12 0.50 0.762 0.780 0.473 0.308 
6.00 0.44 0.711 0.815 0.365 0.450 
9.00 0.40 1.789 0.845 0.170 0.675 

12.00 0.39 — 0.885 0.055 0.825 
β Calculated by Equation 9. 
b ατ = αχ -j" « 2 · 
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19. O B R i E N AND BAUTISTA Excess Gibbs Free Energy 309 

Ionic Strength, I 

Figure 5. The fraction of the total neodymium concentration 
existing as the nitrate complexes as a function of ionic strength: 
at = 0.14608 + 0.23866 I - 0.04543 I2 - 0.00208 I 3 , R2 = .932; 
aÈ = - 0 . 0 0 3 1 2 + 0.071291 + 0.001912 - 0.0001813, R2 = 0.999 
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310 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES H 

T h e values of the t w o stabi l i ty constants ( K i a n d K 2 ) f o r the t w o 
n e o d y m i u m - n i t r a t e complexes exist ing i n the N d ( N 0 3 ) s - H N 0 3 aqueous 
phase w e r e de termined f r om the to ta l i on ic strengths of the aqueous phase 
u s i n g E q u a t i o n s 20 a n d 21. T h e tota l i on i c strength was ob ta ined f r o m 
the re la t ionsh ip : 

w h e r e I is the total i on i c strength, TOH is the to ta l h y d r o g e n i o n concentra­
t i o n a n d m N d is the to ta l meta l concentrat ion of the aqueous phase. 

Binary Electrolyte Solutions 

T h e results of static v a p o r pressure measurements of aqueous m i x ­
tures of N d ( N 0 3 ) 3 - H N 0 3 at various constant to ta l i on i c strengths are 
s h o w n i n F i g u r e s 6 a n d 7 a n d i n T a b l e I V . T h e v a p o r pressures at yB = 
1.0 came f r o m the s ingle-component v a p o r pressure data for N d ( N 0 3 ) 3 . 
T h e vapor pressures at t / B = 0 ( p u r e H N 0 3 solutions) were taken f r o m 
R o b i n s o n a n d Stokes ( 2 ) . T h e l ogar i thm of the water a c t i v i t y referenced 
to p u r e n i t r i c a c i d solutions is i l lustrated i n F i g u r e 8. T h e c o m m o n 
intercept at zero is caused b y the re ferencing of the w a t e r ac t iv i ty to the 
p u r e n i t r i c a c i d solutions. 

7 = m H + 6 m N d (24) 

Table IV. N d ( N 0 3 ) 3 - H N 0 3 - H 2 0 Data 

I Ρ (6000/18 y B)-
ln(P/PHNOi) 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
1.50 
1.50 
1.50 
1.50 
1.50 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 

0.20 
0.20 
0.40 
0.60 
0.80 
0.80 
1.00 
0.20 
0.40 
0.60 
0.80 
1.00 
0.20 
0.20 
0.40 
0.40 
0.60 
0.80 
0.80 
1.00 

10.911 
10.907 
11.172 
11.409 
11.502 
11.544 
11.640 
11.5326 
11.6642 
11.7606 
11.8102 
11.8976 
11.8162 
11.8186 
11.8706 
11.8796 
11.9276 
11.9436 
11.9556 
11.9476 

0.02986 
0.02949 
0.05350 
0.07449 
0.08261 
0.08626 
0.09454 
0.01596 
0.02731 
0.03554 
0.03975 
0.04712 
0.00562 
0.00582 
0.01021 
0.01097 
0.01517 
0.01634 
0.01735 
0.01668 

49.86 
49.25 
44.55 
41.37 
34.44 
35.93 
31.50 
27.03 
22.76 
19.72 
16.53 
15.71 

9.360 
9.703 
8.510 
9.140 
8.330 
6.680 
7.227 
5.560 
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19. O B R i E N AND BAUTISTA Excess Gibbs Free Energy 311 

Figure 6. The vapor pressure of the Nd(NOs)3-
HNOs-H20 binary electrolyte solution 

T h e m e t h o d of H a r n e d a n d R o b i n s o n ( I ) analyzes a so lut ion of two 
electrolytes ( Β a n d C ) at constant to ta l i on i c strength ί w i t h the f o l l o w i n g 
m o d e l for m e a n ion ic ac t iv i ty behavior i n the mixture . 

In <y ± B = In γ ± Β ° + Q B 2 / C / + R B I / C 2 * 2 

(25) 
i n y ± c = In y±c° + QCVBI + R C 2 / B 2 J 2 

w h e r e γ ± Β a n d y ± c are the m e a n ion ic ac t iv i ty coefficients of the Β a n d 
C salt, respect ively , i n the so lut ion mixture , a n d γ ± Β ° a n d γ ± 0 ° are the 
m e a n ac t iv i ty coefficients o f p u r e solutions of Β a n d C , respect ively , at 
i on i c strength I . Q s a n d R s represent H a r n e d ' s first a n d second coeffi­
cients for the electrolyte a n d y represents the f ract ion of the respective 
electrolyte i n the mixture . 
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0 0.20 0.40 0.60 0.80 1.00 
IONIC STRENGTH FRACTION OF Nd (N03)3,YB 

Figure 7. Average water activity as a junction of 
ionic strength fraction of neodymium nitrate in the 

Nd(NOs)3-HN03-H20 binary electrolyte solution 

T h e constant total i on i c strength ί is m a d e u p to two l inear ly v a r y i n g 
components , IB a n d 7 C , the i n d i v i d u a l i on ic strengths of the Β a n d C 
electrolyte i n the mixture . 

Ic 
Vb = - y , Vc — γ (26) 

T h e i n d i v i d u a l i on i c strengths are re lated to the ir respective electrolyte 
molarit ies b y the equations 

IB = ^ vB ZB+ + Z B - mB = k B m B 

Ic = -κ vc Zc+ + Z c - m c = k c m c 
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1 9 . O'BRIEN AND BAUTISTA Excess Gibbs Free Energy 3 1 3 

where ν refers to the total n u m b e r of ions p r o d u c e d b y the specific 
electrolyte a n d Z + a n d Z . refer to the charge of the cat ion a n d an ion , 
respectively, p r o d u c e d by the specific electrolyte. 

A p p l i c a t i o n of the G i b b s - D u h e m equat ion to the N d ( N 0 3 ) 3 - H N 0 3 -
H 2 0 system gives 

1 0 0 0 k B k c 

W A Î / B 

1 

I n P A / P A ( C ) — ( v B k c - v c k B + r c k B Q c 7 ) 7 

- -κ ( v B y c Q c + v c k B Q c ) 7 2 7 / B ( 2 7 ) 

— ( v B k c R B — v c k B R c ) 7 3 (VB " I */B2) 

IONIC STRENGTH FRACTION OF Nd(N0 3) 3 , YB 

Figure 8. The water activity in the Nd(N03)3-HN03-
H20 binary electrolyte solution to the water activity 
referenced to pure HNOs as a function of the ionic 

strength fraction of Nd(NOs)3 
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Table V . H N 0 3 - H 2 0 D a t a ' 

m Φ p> 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.5 
3.0 

0.940 
0.935 
0.936 
0.940 
0.944 
0.950 
0.957 
0.964 
0.971 
0.979 
0.994 
1.009 
1.025 
1.042 
1.060 
1.106 
1.154 

0.791 
0.754 
0.735 
0.725 
0.720 
0.717 
0.717 
0.718 
0.721 
0.724 
0.734 
0.745 
0.758 
0.775 
0.793 
0.846 
0.909 

11.960 
11.920 
11.875 
11.838 
11.795 
11.750 
11.710 
11.670 
11.625 
11.580 
11.495 
11.405 
11.308 
11.214 
11.150 
10.860 
10.590 

• Taken from Réf. S. 
* Measured in in. of 702 pump oil. 

in which P A ( C ) is the solvent vapor pressure of a pure C electrolyte 
solution of total ionic strength I (Figure 8 and Table V). It is possible 
to obtain estimates of the Q coefficients by measuring the vapor pressures 
of electrolyte mixtures at constant ionic strengths and fitting the data to 
Equation 27 by regression analysis. The cross differentiation relation 

is a general result of the property of a chemical potential, being a partial 
differential coefficient of the total free energy with respect to the concen­
tration. Harned and Robinson (I) have used this to determine an inde­
pendent relationship between the Q and R coefficients: 

(v B k c Q B + v ck BQ c ) = constant — 2 (v B k c R B + v c k B R c ) J (29) 

Experience with other electrolyte mixtures has shown that the values of 
the R coefficients are very small and can be taken as being independent 
of the total ionic strength. By making this assumption, Equation 29 can 
be evaluated at two different values of ionic strength and the constant 
evaluated. Equation 29 can be used now with Equation 27 to determine 
the values of the R coefficients. 

(28) 
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19. O'BRIEN AND BAUTISTA Excess Gibbs Free Energy 315 

Harned ' s p lot for a b inary electrolyte so lut ion at constant to ta l i on i c 
strength is presented i n F i g u r e 9. T h e u t i l i t y of this p l o t c a n be seen 
f r o m E q u a t i o n 27. Because of the l inear i ty of the data , the slope a n d 
intercept of each l ine determines the va lue of the Q coefficients at each 
tota l i on i c strength. 

T h r o u g h l inear regression analysis of , the data the slope a n d intercept 
of the l ine at I = 3.0 were — 23.024 a n d 54.142, respect ively . T h e corre­
la t ion coefficient was 0.9949 a n d the m e a n dev ia t i on about the regression 
l ine was 0.6818. S i m i l a r l y for the l ine at I — 1.5 the slope a n d the in ter ­
cept were —17.27 a n d 30.145, respect ively , w h i l e the corre lat ion coeffi­
c ient a n d the m e a n dev iat ion about the regression l ine were 0.9968 a n d 
0.3120, respect ively . A t I = 0.6 the slope was — 4.775 w h i l e the intercept 
was 10.678. T h e correlat ion coefficient was 0.9664 a n d the m e a n dev ia t i on 

5 I I I I I J 1 

0.0 0.20 0.40 0.60 0.80 1.00 
IONIC STENGTH FRACTION OF Nd(N0 3 ) 3 ,Y B 

Figure 9. Homed s plot of binary Nd(NOs)s-HNOs-
HtO electrolyte solution vapor pressure data as a func­

tion of ionic strength fraction of Nd(NOs)s 
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316 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

1.0 2.0 3.0 
IONIC STRENGTH, I 

Figure 10. Q coefficients for Harned s binary electro­
lyte model as a function of ionic strength 

0.3537. T h e Q coefficients were ca lcu lated f r om these slopes a n d inter ­
cepts b y u s i n g E q u a t i o n 27. T h e y are i l lustrated i n F i g u r e 10 a n d T a b l e 
V I , a n d appear to be strongly dependent on to ta l i on i c strength. T h e R 
coefficients can be ca lcu lated b y us ing E q u a t i o n 29 f r o m the values of 
the Q coefficients at different total i on ic strengths. T h e f o l l o w i n g values 
w e r e o b t a i n e d : R B = —0.5900 a n d R c = —0.1967. T h e y are assumed 
to be independent of the total i on ic strength of the mixture . 

T a b l e V I . Q Coefficients 

I QB QC 

3.00 - 0 . 4 4 1 8 - 0 . 2 7 9 1 
1.50 - 1 . 8 2 1 7 - 0 . 6 7 2 0 
0.60 - 2 . 5 5 0 2 - 1 . 3 6 0 6 
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19. O'BRIEN AND BAUTISTA Excess Gibbs Free Energy 317 

T h e concept of excess G i b b s free energy is use fu l i n descr ib ing 
mixtures of electrolyte solutions. T h e excess free energy is the free energy 
of the m i x e d solut ion over a n d above that possessed b y the s ingle-
electrolyte solutions w h i c h comprise the mixture . 

T h e tota l excess free energy of the electrolyte mix ture can be 
evaluated f rom the equat ion 

AGE 

R T 

+ VBYB γ - In y Β + vcyc τ~ In yc 

K B K C 

T h e last two terms on the r i g h t - h a n d side of E q u a t i o n 30 denote the 
i d e a l excess free energy of the mixture . These terms are caused b y the 
m i x i n g alone a n d i n no w a y represent ionic interact ion . E q u a t i o n 30 
therefore can be broken u p into two port ions, one dea l ing w i t h the excess 
free energy o w i n g to ionic interact ion A G i E , the other o w i n g to m i x i n g 
A G M

E . U s i n g these definit ions: 

A G * — A G / + A G J C * ( 3 1 ) 

w h e r e 

* 31 
R T — V B Y B J ~ In Î /B ~}~ v c y c j ^ - In yc (32) 

W i t h the Q a n d R coefficients f u l l y de termined the excess G i b b s free 
energy of the mixture can be evaluated us ing E q u a t i o n 30. These results 
are shown i n F i g u r e 28 a n d i l lustrate the dev iat ion of the mix ture f r o m 
ideal i ty . T h e data for the excess G i b b s free energy are s u m m a r i z e d i n 
T a b l e V I I a n d F i g u r e 11. 

T h e l ogar i thm of the water act iv i ty , the hydrogen i o n act iv i ty , a n d 
the nitrate i o n ac t iv i ty for N d ( N 0 3 ) 3 - H N 0 3 - H 2 0 solutions vs. the 
i on i c strength f ract ion of n e o d y m i u m nitrate (yB) are shown i n F i g u r e s 
7, 12, a n d 13 respectively. I n F i g u r e 7 the l ogar i thm of the water ac t iv i ty 
approaches a finite va lue at yB = 0 a n d t / B = 1.0. T h i s corresponds to a 
pure n i t r i c a c i d so lut ion ( t / B = 0) a n d a pure N d ( N 0 3 ) 3 so lut ion (yB = 
1.0). I n F i g u r e 12 the l og of the hydrogen i o n ac t iv i ty goes to minus 
in f in i ty as yB nears 1.0. T h i s corresponds to a zero h y d r o g e n i on concen­
trat ion or a pure N d ( N 0 3 ) 3 solution as ind i ca ted b y t / B = 1.0. T h u s the 
p H electrode behaves correct ly at h i g h N d ( N 0 3 ) 3 , l o w H + concentrations 
w i t h l i t t le apprec iab le response to the po lyva lent meta l i on . 
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Table VII. Excess Gibbs Free Energy 

-AGm/RT 

1 = 3.0 1 = 1.5 1 = 0.0 

0.20 2.313 0.3279 0.1409 
0.40 3.470 0.4918 0.2114 
0.50 3.615 0.5124 0.2202 
0.60 3.410 0.4918 0.2114 
0.80 2.313 0.3279 0.1409 
0.10 1.301 0.1845 0.0792 
0.05 0.687 0.0973 — 
0.02 0.283 — — 

Figure 11. Excess Gibbs free energy of binary 
NafNOJg-HNOs-HsO electrolyte mixture as a func­

tion of the fraction of Nd(NOs)s in mixture 
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IONIC STRENGTH FRACTION OF Nd(N0 3) 3,Y B 

Figure 12. The hydrogen ion activity in the 
Nd(NOs)s-HNOs-H20 electrolyte solution as 
a function of ionic strength fraction of 

Nd(NOs)s 

Table VIII. Nitrate Electrode Measurements on Neodymium 
Nitrate—Nitiric Acid Solutions at Constant 

Total Ionic Strength (/) 

I y * * E« (mv)' Ε (mv) [NO,']' 

0.6 0.80 0.12 - 1 0 8 . 1 - 5 5 . 3 0.1281 
0.6 0.60 0.24 - 1 1 3 . 6 - 6 3 . 9 0.1444 
0.6 0.40 0.36 - 1 1 9 . 1 - 7 1 . 9 0.1596 
0.6 0.20 0.48 - 1 2 4 . 4 - 7 9 . 6 0.1746 
1.5 0.80 0.30 - 1 1 6 . 4 - 8 5 . 6 0.3012 
1.5 0.60 0.60 - 1 2 9 . 7 - 1 0 2 . 6 0.3489 
1.5 0.40 0.90 - 1 4 2 . 3 - 1 1 9 . 0 0.4031 
1.5 0.20 1.20 - 1 5 4 . 4 - 1 3 4 . 0 0.4518 
3.0 0.80 0.60 - 1 2 9 . 7 - 1 2 4 . 8 0.8278 
3.0 0.60 1.20 - 1 5 4 . 4 - 1 5 5 . 3 1.0352 
3.0 0.40 1.80 - 1 7 6 . 7 - 1 8 1 . 2 1.1910 
3.0 0.20 2.40 - 1 9 6 . 6 - 2 1 2 . 6 1.8674 

β Fraction of neodymium nitrate making up the total ionic strength. 
* Hydrogen ion concentration of the aqueous phase. 
* Calculated by Equation 33. 
d Calculated by the Nernst Equation. 
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320 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Figure 13. The nitrate ion activity 
in the Nd(NOs)s-HNOs-H20 elec­
trolyte solution as a function of 
ionic strength fraction of Nd(NOs)s 

I ι ι ι ι ι I 

0.20 0.60 1.00 
IONIC STRENGTH FRACTION 
OF Nd(N03) 3 | Y B 

T h e nitrate i o n activit ies shown i n F i g u r e 13 were measured u s i n g a 
spec ia l nitrate electrode s tandardizat ion technique for samples w i t h a 
h i g h hydrogen i o n concentrat ion or a c id i ty . P u r e samples of k n o w n 
H N 0 3 concentrat ion a n d nitrate ac t iv i ty were ana lyzed w i t h the nitrate 

Table IX. p H Electrode Measurements on Neodymium 
Nitrate—Nitric Acid Solutions at Constant 

Total Ionic Strength (I) 

I ΎΒ' E (mv) [Ηψ 

0.6 0.80 346.7 0.0745 
0.6 0.60 363.4 0.1378 
0.6 0.40 373.8 0.2066 
0.6 0.20 380.0 0.2630 
1.5 0.80 375.0 0.2116 
1.5 0.60 390.6 0.3972 
1.5 0.40 404.1 0.6718 
1.5 0.20 407.7 0.7729 
3.0 0.80 390.4 0.4107 
3.0 0.60 410.5 0.8607 
3.0 0.40 424.6 1.4918 
3.0 0.20 435.6 2.2819 

a Fraction of neodymium nitrate making up the total ionic strength. 
6 Calculated by Ε = Ea + 59.16 log [H + ] where Ea was determined by buffer 

solutions to be 414.32 mv. 
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19. CHBRiEN AND BAUTISTA Excess Gibbs Free Energy 321 

electrode. F r o m the data the reference vol tage as a func t ion of the 
hydrogen i o n concentrat ion c o u l d be ca lcula ted . T h u s for a sample w i t h 
a k n o w n concentrat ion of H + , the reference voltage c o u l d be ca lcu la ted 
a n d the nitrate i o n act iv i ty thus measured. A l l of the cal ibrat ions were 
consol idated to produce one equat ion to pred ic t the reference vol tage, 
E a , as a funct ion of sample ac id i ty . 

T h r o u g h regression analysis of the data the f o l l o w i n g equat ion was 
est imated: 

Εa = - 1 0 2 . 4 4 9 - 47.394 m H N0 3 + 3.410 m 2

H N0 3 (33) 

where m H N o 3 is the sample mola r i ty of n i t r i c ac id . T h e r ema in ing data 
for the determinat ion of [ N 0 3 " ] a n d [ H + ] is presented i n T a b l e V I I I 
a n d I X . 
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The Activity Behavior of the NdNO 3 -HNO 3 

-H 2O-HDEHP-AMSCO System 

WILLIAM G. O'BRIEN1 and RENATO G. BAUTISTA 

Ames Laboratory USDOE and Department of Chemical Engineering, 
Iowa State University, Ames, IA 50011 

The thermodynamic behavior of the two-phase NdNO3-
HNO3-H2O-HDEHP (Di-2-ethylhexyl phosphoric acid)-
AMSCO Odorless Mineral Spirits system has been studied 
to provide experimental data for use with a model to predict 
the distribution coefficients of neodymium. The presence of 
high hydrogen ion concentration was taken into account in 
determining the nitrate ion activities in the aqueous phase 
using the nitrate ion selective electrode. The nitrate ion 
concentration in the organic phase was back-extracted with 
sulfuric acid before analysis with the nitrate and sulfate 
concentrations. The activity coefficients of the HDEHP 
dimer were estimated from the data of Baes who made iso-
piestic comparisons with triphenylmethane in n-octane as the 
reference solution assuming that the activity coefficient of 
triphenylmethane is unity. 

Τ i q u i d - l i q u i d extract ion of the lanthanides f rom an aqueous salt so lu-
t ion to a chelate i n an organic phase has been somewhat difficult to 

ana lyze the rmodynamica l ly for a n u m b e r of reasons. F i r s t , ve ry ht t le 
da ta exists on the ac t iv i ty behav ior of a s ingle-component lan thanide salt 
i n the aqueous solut ion. These data, general ly more c o m m o n for 1:1 
electrolytes such as N a C l , K N 0 3 , etc., are i n the fo rm of the m e a n 
ac t iv i ty coefficient of the salts. Second, this va lue of the mean ac t iv i ty 
coefficient for a par t icu la r salt is a measure of the c o m b i n e d effect of b o t h 

1 Present address: Photo Products Department, Du Pont, Towanda, PA 18848. 

0-8412-0428-4/79/33-177-323$05.25/l 
© 1979 American Chemical Society 
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324 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

the cat ion a n d the an ion on the solvent. T h u s the m e a n act iv i ty coeffi­
c ient reveals n o t h i n g about the nature of the behav ior of the i n d i v i d u a l 
ions i n so lut ion. T h i r d , o w i n g to the nature of the extract ion mechan ism 
considerable amounts of H + ions are l iberated into the aqueous phase 
especial ly where organophosphoric acids such as d i -2 -e thy lhexy l phos­
phor i c a c id ( H D E H P ) are used as the extractant. T h u s for the extract ion 
of a lanthanide salt the final equ i l i b ra ted aqueous phase w i l l consist of 
a n electrolyte so lut ion, c onta in ing the r e m a i n i n g lanthanide ions, the 
l iberated H + ions a n d the c o m m o n anion . F o u r t h , at re lat ive ly h i g h 
concentrations the lanthanide i o n forms a series of complexes w i t h the 
anion . T h u s , the lanthanide can exist i n the f o l l o w i n g forms i n the 
aqueous phase: M + 3 , M A + 2 , M A 2

+ 1 a n d M A 3 where A represents the an ion 
species. F i f t h , u n t i l recently the extraction mechan ism at h igher concen­
trations was not w e l l defined. T h e uncerta inty was caused b y the presence 
of the various complexes of the lanthanide i n the aqueous phase a n d the i r 
re lat ive extractabi l i ty . W i t h recent advances i n the l i q u i d - l i q u i d extrac­
t ion of l a n t h a n i d e - H D E H P chemistry a n d chemistry of the l a n t h a n i d e -
anion complexes, a more exact thermodynamic analysis of the l i q u i d -
l i q u i d extraction react ion becomes possible ( 2 , 3 ) . T h e thermodynamic 
behavior of the extraction of n e o d y m i u m f rom the system N d ( N 0 3 ) 3 -
H N 0 3 - H 2 0 - H D E H P - A M S C O Odorless M i n e r a l Spir i ts is reported i n 
this chapter . 

Lanthanide Extraction by Organophosphorous Acids 

Organophosphorus compounds used i n the l i q u i d - l i q u i d extract ion 
of rare earths can be categor ized as neut ra l or ac id i c d e p e n d i n g o n the 
general chelat ion mechanism part i cu lar to either class of organic . T h e 
neut ra l compounds , the p r i m a r y example b e i n g t r i - n - b u t y l phosphate 
( T B P ) , extract the neutra l salt species w h i l e the organic species r e m a i n 
unchanged b y the complex ing . B o t h P e p p a r d (5 ) a n d E y r i n g ( 6 ) have 
presented thorough reviews of the studies of T B P a n d other n e u t r a l 
extractants. O f the ac id i c organophosphor ic extractants, H D E H P is the 
p r i m a r y example. U p o n complex ing w i t h a posit ive i on , the a c i d i c 
extractant hberates a pro ton to the aqueous phase. T h e n u m b e r of 
extractant molecules per complex is e q u a l to the charge o f the meta l l i c 
i o n or the extractable complex i n the aqueous phase. T h e strength of 
this complex is at tr ibutable to its i on i c characterist ic a n d also to h y d r o g e n 
b o n d i n g among the phosphate groups. 

T h e mechan ism of extract ion i n tracer rare earth concentrations u s i n g 
H D E H P was invest igated b y P e p p a r d et a l . ( 7 , 8 , 9 ) . F r e e z i n g - p o i n t 
depression measurements of to luene b y the a d d i t i o n of H D E H P showed 
that H D E H P is d i m e r i c i n so lut ion ( 9 ) . O n the basis of a l l their findings 
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20. O B R i E N AND BAUTISTA NdNO3-HNO3-H20-HDEHP-AMSCO 325 

at tracer concentrations P e p p a r d et a l . proposed the f o l l o w i n g i o n 
exchange mechan ism for the extraction of lanthanide ions b y H D E H P : 

M + 3 + 3 ( H G ) 2 ±± M ( H G 2 ) 3 + 3 H + (1) 

w h e r e ( H G ) 2 represents the d i m e r i c H D E H P a n d M ( H G 2 ) 3 the organo-
meta l l i c complex. T h i s sto ichiometry was v a l i d ( 7 , 5 ) at tracer concen­
trations of tr ivalent lanthanides i n aqueous chlor ide , n i trate , a n d per -
chlorate solutions at l o w acidit ies . T h i s H D E H P d i m e r was shown b y 
L e n z a n d Smutz (JO) to be the dominant species i n solutions of H D E H P . 
B a u e r ( I I ) s tud ied the extract ion of c e r i u m ( I I I ) b y H D E H P f r o m 
ac id i c aqueous ni trate solutions a n d f o u n d that the c e r i u m extract ion 
decreases as the ac id i ty increases. I t reaches a m i n i m u m va lue a r o u n d 
a c i d concentrations of 5 M a n d increases aga in at h igher acidit ies . T h i s 
w o u l d ind icate that at the l ower acidit ies the mechanism of P e p p a r d et a l . 
(7,8) was obeyed, w h i l e at h igher acidit ies c e r ium nitrate complexes 
are extracted. 

K o s i n s k i a n d Bos t ian (12) reported the extract ion of l a n t h a n u m b y 
H D E H P f rom aqueous nitrate solutions over a w i d e concentrat ion range. 
U s i n g mass balance data a n d I R analysis of the organic phase, they p r o ­
posed three extract ion reactions w h i c h occur s imultaneous ly : 

L a + 3 + 3 ( H G ) 2 · H 2 0 ^± L a ( H G 2 ) 3 + 3 H 2 0 + 3 H + (2) 

L a N 0 3
+ 2 + 2 ( H G ) 2 H 2 0 L a N 0 3 ( H G 2 ) 2 + 2 H 2 0 + 2 H + (3) 

L a ( N 0 3 ) 2
+ 1 + ( H G ) 2 · H 2 0 *± L a ( N 0 3 ) 2 · H G 2 + H 2 0 + H + (4) 

Extens ive studies i n v o l v i n g the separation of two or more rare earth 
species b y H D E H P l i q u i d - l i q u i d extraction f r o m aqueous ni trate so lut ion 
is f o u n d i n the w o r k of S m u t z et a l . (13,14,15,16,17). T h e reviews of 
P e p p a r d ( 5 ) , E r y i n g ( 6 ) , a n d more recent ly b y G o l i n s k i (18) g ive 
a d d i t i o n a l in format ion o n extraction b y organophosphor ic acids other than 
H D E H P on aqueous systems h a v i n g c o m m o n anions other than ni trate 
such as chlor ide , sulfate, a n d perchlorate . A further c o m p l i c a t i o n of the 
organic phase is the possible format ion of H D E H P tr imers i n the organic 
phase b y the f o l l o w i n g react ion : 

3 ( H G ) 2 ^ 2 ( H G ) 3 (5) 

Baes et a l . (19) have invest igated this t r imer f o rmat ion i n n-hexane 
t h r o u g h isopiestic measurements a n d have f o u n d l i t t le i n d i c a t i o n of the 
t r imer species. I n subsequent investigations Baes (20) a n d Baes a n d 
B a k e r (21) suggested H D E H P p a r t i a l t r imer i za t i on as an explanat ion for 
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326 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

H D E H P - o c t a n e n o n i d e a l so lut ion behavior . H o w e v e r , they state qu i te 
p l a i n l y that w i t h o u t more d irect evidence for E q u a t i o n 5 this interpreta ­
t i o n s h o u l d be considered no more than a good i n d i c a t i o n of the nature 
of H D E H P - n - o c t a n e non idea l solut ion behavior . P e p p a r d et a l . (9 ) 
t h r o u g h freezing-point depression a n d I R spectroscopy de termined that 
H D E H P was strongly d i m e r i z e d i n benzene a n d naphthalene w h i l e b e i n g 
m o n o m e l i c i n so lut ion w i t h h i g h molecu lar we ight alcohols a n d mono -
carboxy l i c acids. O t h e r w o r k b y Baes (20) has i n c l u d e d act iv i ty coeffi­
c ient determinat ion of the H D E H P d i m e r i n η-octane t h r o u g h isopiestic 
measurements. T h e structure of these hydrogen -bonded complexes has 
been reported b y P e p p a r d et a l . (9 ) a n d Baes ( 2 0 ) . 

Experimental Procedures 

T h e n e o d y m i u m oxide used i n this w o r k h a d a p u r i t y of greater t h a n 
9 9 . 9 % b y emission spectroscopy a n d was prepared at the A m e s L a b o r a ­
tory, U S D O E . T h e n e o d y m i u m nitrate stock solutions were prepared b y 
d isso lv ing the n e o d y m i u m oxide i n concentrated reagent grade H N 0 3 . 
T h e amount of a c i d used was 5 0 % i n excess of the r e q u i r e d sto ichio ­
metr i c amount . T h e excess H N 0 3 was removed b y b o i l i n g d o w n the 
so lut ion on a hot plate a n d subsequent d i l u t i o n w i t h d i s t i l l ed water . T o 
e l iminate hydro lys is of the h i g h l y charged n e o d y m i u m ions, the stock 
solut ion was t i trated w i t h d i lu te H N 0 3 to the equivalence po int where 
the rat io of n e o d y m i u m to nitrate is 1:3. T h i s was de termined b y the 
p o i n t of d i scont inui ty of a p l o t of p H vs. mi l l i l i t e r s of a c i d a d d e d . T h e 
equivalence po int of n e o d y m i u m nitrate solutions occurs at about p H — 
2.0. T h u s a l l stock solutions were adjusted to this final va lue of p H to 
insure neg l ig ib le hydrolys is effects. T h e concentrations of these stock 
solutions were determined accurately b y the total prec ip i ta t i on of neo­
d y m i u m b y the a d d i t i o n of oxal ic a c id . T h e prec ip i tate was converted to 
the oxide b y roast ing a n d subsequently w e i g h e d to determine the con ­
centrat ion of the n e o d y m i u m stock solutions. 

T h e H D E H P obta ined f r o m the U n i o n C a r b i d e C o r p o r a t i o n h a d a 
p u r i t y of 9 9 . 1 % . Solutions of d i m e r i z e d H D E H P were p r e p a r e d b y 
d i l u t i n g pure H D E H P w i t h A M S C O Odorless M i n e r a l Spir i ts , a h i g h 
mo lecu lar we ight hydrocarbon d i luent . T h e mo lar i ty of the H D E H P 
was 1 M on a monomer basis, thus the d i m e r i z e d H D E H P was 0 . 5 M on 
a d i m e r basis. 

T h e l i q u i d - l i q u i d extract ion feed solutions were prepared b y d i l u t i o n 
of the n e o d y m i u m nitrate stock so lut ion w i t h d i s t i l l ed water a n d n i t r i c 
a c i d . These then were contacted w i t h e q u a l vo lumes of 1 M H D E H P i n 
separatory funnels , ag i tated for .5 h r b y a m e c h a n i c a l shaker, a l l o w e d to 
separate for .5 hr , shaken another .5 hr , then a l l o w e d to settle for 12 h r 
before the phases were separated careful ly . A vo lumetr i c sample of the 
organic phase was back-extracted f our times w i t h a n e q u a l v o l u m e of 
6 M H N 0 3 . T h i s so lut ion was evaporated to dryness i n order to remove 
the excess a c i d a n d then d i l u t e d to an appropr iate concentrat ion. T h e 
p H of this so lut ion was adjusted to 3.0 to e l iminate any hydrolys is effects 
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20. O B R i E N AND BAUTISTA NdNOs-HNOs-H20-HDEHP-AMSCO 327 

a n d then t i t rated w i t h a s tandard ized E D T A solut ion u s i n g arsenazo as 
the ind i cator a n d p y r i d i n e as the buffer to determine the n e o d y m i u m 
concentrat ion i n the organic phase. E D T A t i trat ion also was used to 
calculate the n e o d y m i u m concentrat ion i n the aqueous phase. 

T h e hydrogen i o n concentrat ion of the aqueous phase cannot be 
de termined d irec t ly b y t i t rat ion w i t h N a O H because of the hydrolys is 
w i t h the n e o d y m i u m ion . T h e cat ion exchange resin, D o w e x 50 χ 8, is 
used to adsorb the n e o d y m i u m i o n ( J J , 22 ) . , A vo lumetr i c sample of the 
aqueous phase is passed through an i on exchange c o l u m n conta in ing the 
D o w e x resin. F o r every n e o d y m i u m i o n attached to the resin, three H + 

ions are l iberated to the aqueous phase. T h i s aqueous phase, after 
complete n e o d y m i u m remova l b y passage through the c o l u m n , is co l lected 
a n d ana lyzed for total ac id i ty b y t i t rat ion w i t h N a O H us ing p h e n o l -
phta le in as the indicator . T h e e q u i l i b r i u m ac id i ty is the tota l a c id i ty 
minus three times the aqueous n e o d y m i u m i o n concentrat ion. 

T h e hydrogen i o n act iv i ty of the equ i l i b ra ted aqueous phase was 
de termined w i t h a B e c k m a n 39301 glass p H electrode a n d a B e c k m a n 
saturated ca lomel electrode. T h e electrode potent ia l was measured b y a n 
O r i o n 801 Ionanalyzer . T h e reference voltage of the system was ca l cu la ted 
through electrode measurement of s tandard buffer solutions. F r o m the 
Nernst E q u a t i o n the reference voltage becomes 

Εα = Ε + ψ\η[Κ'] (6) 

or since p H = — l o g [ H + ] , E q u a t i o n 6 becomes 

Ea = E - 59.16 p H (T = 2 5 ° C ) (7) 

where Ε is measured i n mi l l i vo l t s . 
T h e po lyva lent n e o d y m i u m ions are assumed to have a s l ight effect 

o n the glass p H electrode measurements. It also shou ld be ment i oned that 
the p H electrode was ca l ibrated before a n d d u r i n g use w i t h buffer so lu ­
tions of 4.01 a n d 2.27 p H values. 

T h e f o l l o w i n g general procedures were f o l l o w e d for electrode meas­
urements to increase the exper imental accuracy. (1) B o t h electrodes were 
r insed w i t h de ion ized water a n d patted d r y w i t h absorbent tissue after 
each measurement. A n O r i o n microsample d i s h was used to h o l d a l l 
solutions. (2) T h e same electrode equ i l i b ra t i on t ime was used for b o t h the 
u n k n o w n a n d the standard. A n e q u i l i b r a t i o n t ime of 200 sec gave good 
reproduc ib le results over the concentrat ion range s tud ied i n this w o r k . 
(3) It was observed that the electrode exhibits qu i cker response times w h e n 
go ing f r om lower to h igher concentrat ion solutions t h a n v i ce versa. (4) 
W h e n w o r k i n g w i t h h i g h concentrat ion solutions, the organic i o n exchange 
l i q u i d was changed frequent ly to prevent electrode fa i lure . O n e s ign of 
electrode fa i lure for the nitrate system is the f ormat ion of a r e d crysta l i n 
the organic phase. U n d e r these condit ions the electrode response is very 
erratic u n t i l fresh organic is used. (5) Standard izat ion w i t h several s tand­
a r d solutions bracket ing the i on act iv i ty of the u n k n o w n solutions is 
benef ic ial . T h i s procedure diminishes errors i n t r o d u c e d b y n o n - N e r n s t i a n 
electrode response a n d b y the res idua l l i q u i d junct ion potent ia l . 
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T h e analysis of the organic phase for nitrate content was car r i ed out 
b y back-extract ion of the organic phase w i t h su l fur i c a c id , d i l u t i o n , a n d 
measurement of the nitrate concentrat ion w i t h the nitrate i on electrode. 
T e n standards were prepared h a v i n g v a r y i n g concentrations of n i trate 
i o n a n d a constant b a c k g r o u n d concentrat ion of su l fur i c a c i d ( 0 . 3 M ) . 
E q u a l volumes of 3 M H 9 S 0 4 were contacted three times w i t h the organic 
phase. T h e resu l t ing aqueous so lut ion was d i l u t e d a n d ana lyzed b y the 
ni trate electrode. Sui tab le standards were m a d e u p conta in ing sul fur ic 
a c i d a n d sod ium nitrate to determine exact nitrate i o n concentrations of 
the samples. 

T h e percentage of sulfate i o n interference for the ni trate electrode 
was ca l cu lated to be neg l ig ib le us ing the e m p i r i c a l equat ion 

Ε = constant + 2 < 3
>? 3J l T log [a + 2 ^ 6 ^ ] (8) 
Z A r 

where a a n d b represent the activities of the sought after i on , A , a n d the 
inter fer ing i on , B , respectively. T h e act iv i ty of each inter fer ing i o n i n 
the sample, ra ised to a p o w e r equa l to the ratio of the charge Z, is 
m u l t i p l i e d b y a w e i g h t i n g factor, the select ivity constant k i . T h u s w i t h 
a knowledge of the concentrat ion of inter fer ing i on i n the sample a n d its 
select ivity constant, the electrode response caused b y the inter fer ing i o n 
can be pred i c ted . F o r the specific nitrate i o n electrode, the manufac turers 
k i va lue is 3 χ 10" 5 for S 0 4

2 \ T h e voltage of the nitrate electrode i n these 
various standards was measured a n d is used to construct the n i t r a t e -
sulfate ca l ibrat ion curve. T h e u n k n o w n samples w e r e d i l u t e d appro ­
pr iate ly so that the b a c k g r o u n d H 9 S 0 4 concentration is 0 . 3 M . T h e nitrate 
content of the organic phase samples was obta ined us ing the electrode 
voltage, the d i l u t i o n factor, a n d the ca l ibrat ion curve. 

Results and Discussions 

T h e r m o d y n a m i c s can offer no u n i q u e guide or f o r m u l a i n separat ing 
the wel l -de f ined properties of an electrolyte into those for the i n d i v i d u a l 
ions. I n this work , the presence of H + ions i n the sample caused serious 
interference to the nitrate electrode operat ion. T h e emf readings were 
too h i g h l y negative for the approximate nitrate concentrations of the 
samples. T h e v a r y i n g b a c k g r o u n d concentrat ion of hydrogen ions was 
assumed responsible for this . A possible explanat ion for this H + electrode 
interference is the greater a b i l i t y of the smaller , more m o b i l e h y d r o g e n 
i o n to diffuse into the l i q u i d junct ion of the reference electrode t h a n the 
larger, more b u l k y N 0 3 " i on . T h i s l i q u i d junct ion potent ia l c o u l d be the 
cause of the h i g h negative readings. 

T h i s l i q u i d junct ion potent ia l or di f fusion potent ia l is caused b y s l ight 
separation of i on i c charges that results f r o m the tendencies of the various 
ions to diffuse at u n e q u a l rates across the b o u n d a r y of the solutions. 
T h e effects of the l i q u i d junct ion potent ia l can be m i n i m i z e d b y us ing a 
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so lut ion of approx imate ly the same i on i c strength i n the reference elec­
trode a n d h a v i n g s imi lar values for the i on i c mobi l i t ies as that for the 
samples to be tested. T h i s reduces the degree of i on i c di f fusion a n d hence 
the l i q u i d junct ion potent ia l . A n o t h e r m e t h o d of r e d u c i n g the l i q u i d 
junct ion potent ia l effect is b y u s i n g several reference solutions to s tand­
ardize the electrodes throughout the ant i c ipated concentrat ion range. 

O n e w a y of correct ing for this H + di f fusion effect is to evaluate the 
reference voltage for each nitrate act iv i ty a n d measured electrode poten­
t i a l a n d make the reference voltage funct iona l ly dependent o n the con ­
centrat ion of the H + ions i n the solut ion. T h u s , t h r o u g h care fu l ca l ibrat i on 
w i t h p u r e H N 0 3 solutions a n d a knowledge of the H + concentrat ion of 
the sample, the reference vol tage can be ca l cu lated a n d nitrate i o n elec­
trode can be used to determine the nitrate i on act iv i ty of the sample. T h e 
i n d i v i d u a l ca l ibrat ion corresponds to a series of exper imenta l ni trate 

ι 1 1 1 1 1 

-80.0 -

E -100.0 h 

-220.0 -
1 I I I I l _ 

0.0 0.50 1.00 1.50 2.00 2.50 3.00 
MOLAR NITRIC ACID CONCENTRATION, M 

Figure I . Average value of the reference voltage, E a as a function of 
the molar nitric acid concentration 
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330 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Table I. Nitrate Electrode Data for Equilibrated Aqueous Phase 

(HT 
Sample M E(mV) [NO,']' 

1 0.2210 - 1 1 2 . 8 - 7 4 . 8 0.2626 
2 0.3224 - 1 1 7 . 4 - 8 9 . 2 0.3340 
3 0.4550 - 1 2 3 . 3 - 1 0 3 . 6 0.4644 
4 0.5560 127.7 - 1 1 3 . 2 0.5677 
5 0.6792 - 1 3 3 . 1 - 1 2 4 . 8 0.7249 
6 0.7731 - 1 3 7 . 1 - 1 2 9 . 1 0.7338 
7 1.2720 - 1 5 7 . 2 - 1 3 8 . 9 0.4902 
8 1.7900 - 1 7 6 . 3 137.5 0.6560 
9 0.2710 - 1 1 5 . 0 - 8 5 . 5 0.3167 

10 0.3625 - 1 1 9 . 2 - 8 7 . 7 0.2937 
11 0.4325 - 1 2 2 . 3 - 9 3 . 5 0.3259 
12 0.5311 - 1 2 6 . 7 - 1 0 0 . 7 0.3641 
13 0.5049 - 1 2 5 . 5 - 1 0 7 . 6 0.4981 
14 0.8527 - 1 4 0 . 4 - 1 3 1 . 1 0.6952 
15 0.9836 - 1 4 5 . 8 - 1 3 9 . 7 0.7872 
16 1.2158 - 1 5 5 . 0 - 1 4 5 . 9 0.7021 
17 0.8121 - 1 3 8 . 7 - 1 2 7 . 4 0.6444 
18 1.3068 - 1 5 8 . 6 - 1 3 4 . 7 0.3950 
19 1.8486 - 1 7 8 . 4 - 1 8 1 . 1 1.1104 
20 2.4456 - 1 9 8 . 0 - 1 9 3 . 6 0.8421 
21 0.3779 - 1 1 9 . 9 - 8 6 . 7 0.2750 
22 0.5181 - 1 2 6 . 1 - 1 1 1 . 7 0.5712 
23 0.6796 - 1 3 3 . 1 - 1 1 3 . 4 0.4648 
24 0.8032 - 1 3 8 . 3 - 1 3 1 . 5 0.7665 
25 0.5516 - 1 2 7 . 6 - 1 0 5 . 8 0.4289 
26 0.9341 - 1 4 3 . 7 - 1 2 6 . 1 0.5032 
27 1.3427 - 1 5 9 . 9 - 1 4 4 . 4 0.5462 
28 1.7466 - 1 7 4 . 8 - 1 6 4 . 4 0.6665 
29 0.2665 - 1 1 2 . 9 - 8 6 . 4 0,3563 
30 0.3379 - 1 1 7 . 0 - 9 5 . 3 0.4302 
31 0.3843 - 1 2 0 . 2 - 1 1 1 . 2 0.7056 
32 0.4654 - 1 2 3 . 8 - 1 2 3 . 6 0.9935 
33 0.5401 - 1 2 7 . 1 - 1 2 4 . 2 0.8731 
34 0.9270 - 1 4 3 . 5 - 1 4 0 . 7 0.8962 
35 1.4360 - 1 6 3 . 5 - 1 5 4 . 5 0.7051 

β Hydrogen ion concentration of the equilibrated aqueous phase. 
b Reference voltage calculated by Equation 9. 
c Calculated by Nernst Equation. 

electrode measurements. A l l of the cal ibrations w e r e l u m p e d together to 
produce one equat ion to pred i c t the reference voltage, Ea as a f u n c t i o n of 
sample ac id i ty . F i g u r e 1 shows the averaged va lue of the reference 
voltage ca l cu lated f r om the Nernst E q u a t i o n as a funct ion of the H N 0 3 

concentrat ion. T h r o u g h regression analysis of the data the f o l l o w i n g 
equat ion was obta ined . 
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20. O B R i E N AND BAUTISTA NdNOs-HNOs-H20~HDEHP-AMSCO 331 

Εa — - 1 0 2 . 4 4 9 - 47.394 M H N o 3 + 3.410 M H N o 3
2 (9) 

where M H N O 3 is the n i t r i c a c i d molar i ty . T h e reference voltage was c a l c u ­
l a t e d u s i n g the hydrogen i o n concentrations of the e q u i l i b r a t e d aqueous 
phase a n d the nitrate i o n act iv i ty . These values are presented i n T a b l e I . 

Bates a n d A l f e n a r (23) proposed that the act iv i ty of the chlor ide i o n 
i n N a C l solutions be taken as the act iv i ty s tandard. U s i n g this ch lor ide 
convent ion together w i t h the p u b l i s h e d values of m e a n act iv i ty coefficients, 
the ac t iv i ty of any s imple i o n i c species c a n b e est imated. T h e equat ion 
used to estimate values of 7 N O 3 " a n d thus ÛNO 3 ~ for n i t r i c a c i d solutions is 

log γ Ν ο 3 - — log 7 c i - + 2 l o g ( y N 0 3 - / 7 H c i ) (10) 

w h e r e : 

ι 0.5091* m . - l o g y c r = 1 0 + 1 : 5 I è (11) 

a n d I is the i o n i c strength of the so lut ion. T h e ca l cu lated values of 
γ Ν θ 3 " a n d γ π Ν ο 3 are g iven i n T a b l e I I a n d are s h o w n as a funct ion of mo lar 
n i t r i c a c i d concentraiton i n F i g u r e 2. W i t h this in format ion nitrate elec-

Table II. Data for the Calculation of the Nitrate Ion Activity 
Coefficient in Aqueous Solutions of Nitr ic A c i d 

(HNOs) 
Μ γ Hci 7 HNOS 7ci-a 7ΝΟ3-* 

0.1 0.796 0.791 0.778 0.768 
0.2 0.767 0.754 0.731 0.706 
0.3 0.756 0.735 0.703 0.665 
0.4 0.755 0.725 0.684 0.630 
0.5 0.757 0.720 0.669 0.605 
0.6 0.763 0.717 0.657 0.580 
0.7 0.772 0.717 0.647 0.558 
0.8 0.783 0.718 0.639 0.537 
0.9 0.795 0.721 0.632 0.520 
1.0 0.809 0.724 0.626 0.501 
1.2 0.840 0.734 0.615 0.470 
1.4 0.896 0.745 0.607 0.449 
1.6 0.916 0.758 0.600 0.411 
1.8 0.960 0.775 0.593 0.387 
2.0 1.009 0.793 0.588 0.363 
2.5 1.147 0.846 0.577 0.314 
3.0 1.316 0.909 0.569 0.271 

a Calculated using Equation 11. 
* Calculated using Equation 10. 
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T 

0.0 0.40 0.80 1.20 1.60 2.00 2.40 2.80 
MOLAR NITRIC ACID CONCENTRATION, M 

3.20 

Figure 2. Activity coefficients of HNOs and N0S~ as a function of the 
molar nitric acid concentration 

trode measurements on various concentrat ion H N 0 3 solutions can be 
m a d e a n d the N e r n s t i a n per formance of the electrode evaluated. T h e data 
f r o m nitrate electrode measurements of H N 0 3 solutions deviates qu i te 
sharp ly f r om the N e r n s t i a n slope at the h igher H N 0 3 concentrations 
suppor t ing the assumption that the interference is caused b y H + d i f fusion 
into the l i q u i d junct ion of the reference electrode. 

T h e h y d r o g e n i on act iv i ty of the e q u i l i b r i u m aqueous phase was 
measured w i t h B e c k m a n p H a n d saturated ca lomel electrodes. T h e 
reference voltage Ea of the system was ca l cu la ted u s i n g the N e r n s t 
E q u a t i o n a n d the electrode measurement of s tandard buffer solutions. 
F o r a l l p H electrode measurements Ea v a r i e d on ly s l ight ly be tween 414 
a n d 417 m V . T h e data are s h o w n i n T a b l e I I I a n d the ca l cu la ted h y d r o ­
gen i o n act iv i ty [ H + ] is based on the average o f the two values of 
electrode voltage ( E l a n d E 2 ) . 

T h e e q u i h b r i u m m e t a l concentrations i n the aqueous a n d organic 
phases a n d the e q u i l i b r i u m ac id i ty of the aqueous phase are presented 
a long w i t h the ca l cu la ted values for the d i s t r ibut ion coefficient i n 
T a b l e I V . 
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20. O B R i E N AND BAUTISTA NdN03-HNOs-H20-HDEHP-AMSCO 333 

T h e tota l nitrate concentrat ion i n the organic phase o w i n g to the 
extract ion of n e o d y m i u m complexes b y H D E H P was ca l cu la ted f r o m 
nitrate electrode measurements after back-extract ion of a vo lumetr i c 
sample of the organic phase. T h e nitrate content of the organic phase 
is g iven i n T a b l e V a n d indicates substant ia l amounts of N 0 3 " i n the 
organic phase. F o r h i g h concentrations of N d ( N 0 3 ) 3 i n the aqueous 
phase the f ract ion of n e o d y m i u m complexed w i t h the ni trate i o n increases 
sharply . T h u s at h igher feed concentrations more of the nitrate species 

T a b l e I I I . T h e p H E l e c t r o d e D a t a f o r E q u i l i b r a t e d A q u e o u s Phase 

Sample E a (mVr El (mV) Έ2 (mV) 

1 416.16 356.8 363.1 0.1212 
2 416.16 368.3 373.9 0.1871 
3 416.16 377.9 384.0 0.2746 
4 416.16 385.8 392.9 0.3807 
5 416.16 394.4 400.7 0.5239 
6 416.16 402.6 410.6 0.7451 
7 416.16 412.3 419.4 1.0680 
8 416.16 424.4 425.3 1.4638 
9 416.27 372.9 370.7 0.1771 

10 416.27 378.4 376.7 0.2224 
11 416.27 383.3 380.7 0.2635 
12 416.27 387.9 385.4 0.3157 
13 416.27 384.1 385.1 0.2915 
14 416.27 400.2 403.4 0.5700 
15 416.27 405.5 409.6 0.7103 
16 416.27 421.3 418.5 1.1510 
17 416.27 405.1 404.3 0.6374 
18 416.27 416.5 416.4 1.0070 
19 416.27 426.5 424.5 1.4322 
20 416.27 435.3 431.7 1.9560 
21 414.60 382.9 380.5 0.2779 
22 414.60 398.8 396.6 0.5181 
23 414.60 405.9 403.5 0.6796 
24 414.60 408.1 405.5 0.7391 
25 414.60 395.7 392.7 0.4521 
26 414.60 412.1 408.8 0.8510 
27 414.60 424.0 420.3 1.3430 
28 414.60 432.1 428.6 1.8466 
29 416.07 369.2 367.3 0.1555 
30 416.07 376.5 375.5 0.2102 
31 416.07 383.6 382.2 0.2749 
32 416.07 396.4 393.3 0.4420 
33 416.07 405.9 403.5 0.6431 
34 416.07 412.4 414.0 0.8942 
35 416.07 424.7 422.9 1.3770 

β Calculated from p H measurements of buffer solutions by Equation 6. 
6 Calculated from the averaged value of El and E2 using Nernst Equation. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

20



334 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Table IV. N d ( N O f c ) 3 - H N 0 3 - H 2 0 ~ H D E H P - A M S C O 
Extraction Data 

(Nd)0' (H*) 
Sample M M M 

1 0.0751 0.0144 0.2210 5.215 
2 0.1031 0.1498 0.3224 0.6762 
3 0.1110 0.3781 0.4550 0.2936 
4 0.1166 0.6138 0.5560 0.1900 
5 0.1221 0.8458 0.6792 0.1444 
6 0.1313 1.1047 0.7731 0.1189 
7 0.1350 1.3296 1.2720 0.1015 
8 0.1365 1.5845 1.7900 0.0861 
9 0.0567 0.0222 0.2710 2.5560 

10 0.0422 0.0178 0.3625 2.3740 
11 0.0240 0.0142 0.4325 1.6870 
12 0.0085 0.0071 0.5311 1.1891 
13 0.0556 0.1267 0.5049 0.4385 
14 0.0268 0.1078 0.8527 0.2485 
15 0.0132 0.0801 0.9836 0.1646 
16 0.0038 0.0422 1.2158 0.0895 
17 0.0434 0.3313 0.8121 0.1309 
18 0.0150 0.2535 0.3068 0.0592 
19 0.0271 0.1957 1.8486 0.1383 
20 0.0049 0.0956 2.4456 0.0515 
21 0.0612 0.0784 0.3779 0.7803 
22 0.0097 0.0665 0.5181 0.1495 
23 0.0061 0.0517 0.6796 0.1219 
24 0.0071 0.0285 0.8032 0.2502 
25 0.0534 0.2470 0.5516 0.2163 
26 0.0238 0.1924 0.9341 0.1234 
27 0.0095 0.1354 1.3427 0.0702 
28 0.0033 0.0736 1.7466 0.0452 
29 0.0548 0.0244 0.2665 2.2520 
30 0.0695 0.0744 0.3379 0.9345 
31 0.0744 0.1524 0.3843 0.4880 
32 0.0724 0.2681 0.4654 0.2699 
33 0.0689 0.3810 0.5401 0.1807 
34 0.0771 0.6156 0.9270 0.1251 
35 0.0652 0.8471 1.4360 0.0773 

β Equilibrium organic neodymium concentration. 
* Equilibrium aqueous neodymium concentration. 
β Distribution coefficient. 

is extracted into the organic phase a l ong w i t h the m e t a l species as s h o w n 
i n F i g u r e 3. T h e ratio of nitrate to m e t a l increases qu i t e sharp ly w i t h 
increas ing feed concentrat ion as shown b y F i g u r e 4. 

T h e equ i l i b ra ted concentrat ion of H D E H P d imer , ( H G ) 2
E , can be 

est imated f r o m the i n i t i a l H D E H P d imer concentrat ion, ( H G ) 2
I , a n d the 
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20. O B R i E N AND BAUTISTA NdNOs-HNOs-H20-HDEHP-AMSCO 335 

tota l concentrat ion of n e o d y m i u m , ( N d ) 0
T , a n d nitrate ions, ( N O 3 ) 0

T , 
i n the organic phase b y the equat i on 

( H G ) 2
E = ( H G h 1 - 3 ( N d ) 0

T + ( Ν 0 3 · ) ο τ (12) 

T h e ca l cu lated free e q u i h b r i u m H D E H P d i m e r concentrat ion u s i n g E q u a ­
t i o n 12 is i l lus t rated i n T a b l e V I . T h e re lat ionship of the e q u i l i b r a t e d 
H D E H P d i m e r m o l a r concentrat ion w i t h the tota l n e o d y m i u m concen­
trat ion a n d the tota l nitrate concentrat ion i n the organic phase is s h o w n 
i n F igures 5 a n d 6, respectively. 

T h e A M S C O Odorless M i n e r a l Spir its is a mixture of h i g h - p u r i t y 
a l iphat i c hydrocarbons . F o r this reason the degree of monomer iza t i on 
caused b y po lar solvent interact ion is considered neg l ig ib l e b u t the 
est imation of accurate act iv i ty coefficients for the d i m e r is an extremely 
dif f icult task. E a r l y attempts at the measurement of H D E H P d i m e r 
ac t iv i ty coefficient i n A M S C O b y cons ider ing the solvent to be a h y p o ­
thet i ca l pure component p r o v e d fruitless. V a p o r pressure measurements 
o n A M S C O - H D E H P solutions us ing averaged properties for the A M S C O , 
such as molecu lar we ight a n d pure solvent vapor pressure, were n o n -
reproduc ib le . T h e lack of un i f o rmi ty i n sample outgassing caused different 
amounts of the most h i g h l y vo lat i le por t i on of A M S C O to be lost even 
w i t h i dent i ca l samples. 

Est imates of the act iv i ty coefficients of the H D E H P d i m e r i n n-octane 
w e r e m a d e b y Baes (20) o n the basis of isopiestic comparisons w i t h 
t r iphenylmethane i n η-octane as the reference so lut ion w i t h the assump­
t i o n that the act iv i ty coefficient of the tr iphenylmethane is un i ty . T h e 
results were f o rmula ted into the f o l l o w i n g e m p i r i c a l equat i on : 

log y ( H G ) 2 0 .5227m ( H G )2 1 / 3 + 0 . 4 2 0 m ( H G ) 2 (13) 

w h e r e m refers to d i m e r mo la l i ty . T h r o u g h density measurements of 
H D E H P - n - o c t a n e solutions Baes (20) determined the re lat ionship be ­
t w e e n d imer mo la l i t y ( m ) a n d d i m e r mo lar i ty ( M ) as 

i W ( H G ) 2 — 0.6986m ( HG)2 - 0.3207m ( HG)2 2 + 0.15m ( H G )2 3 (14) 

Baes a n d B a k e r ( 2 1 ) i n the analysis of i r o n ( I I I ) extract ion b y H D E H P 
i n η-octane showed that the d i m e r act iv i ty coefficient can be represented 
b y 

log 7 ( H G ) 2 = 0.6432m ( H G )2 1 / 3 (15) 

E q u a t i o n s 13 a n d 15 were de te rmined over a concentrat ion range of 
m ( H G ) 2 = 0.02 - 0.16. 
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336 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Table V . Nitrate Electrode Data for Organic 

(SOf) (NO,-)' 
mple M E (mV) M 

1 0.30 64.5 0.00030 
2 0.30 51.5 0.00065 
3 0.30 40.0 0.00120 
4 0.30 32.3 0.00176 
5 0.30 26.6 0.00240 
6 0.30 21.9 0.00333 
7 0.30 18.8 0.00345 
8 0.30 15.4 0.00410 
9 0.30 14.2 0.00435 

a Taken from the nitrate-sulfate vs. emf calibration curve. 
h Organic phase nitrate concentration calculated from the sample nitrate concen­

tration and the dilution factor. 
0 Approximate initial feed molarity. 

Figure 3. Nitrate concentration in the equilibrated or­
ganic phase as a function of the initial Nd(NOs)s concen­

tration 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

20



20. O B R i E N AND BAUTISTA NdN03-HN03-H20-HDEHP-AMSCO 

Phase Samples Back-Extracted with H 2 S O 4 

Dilution Factor (NOi)o* (Nd)0 (Nd)F 

(DF) M M M 

30 0.0090 0.0751 0.10 
30 0.0195 0.1013 0.25 
30 0.0360 0.1100 0.50 
30 0.0528 0.1166 0.75 
30 0.0720 0.1211 1.00 
30 0.1000 0.1311 1.25 
30 0.1135 0.1350 1.50 
30 0.1230 0.1365 1.75 
30 0.1305 0.1434 2.00 

°·9ι—ι—ι—ι—ι—ι—ι—ι—ι ι r 

0.2 0.6 1.0 1.4 1.8 2.2 
INITAL MOLAR CONCENTRATION OF Nd(N03)3 

Figure 4. Nitrate-to-neodymium concentration ratio in 
the organic phase as a function of the initial Nd(NOs)3 

concentration 
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340 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Table VI . Data for the Estimation of the Free H D E H P Dimer 
Concentration in the Equilibrated Organic Phase 

(HG),1' (Nd)oT (NOs-)oT (HG)t
B 

Sample M M M M 

1 0.50 0.0751 0.0090 0.2837 
2 0.50 0.1013 0.0195 0.2156 
3 0.50 0.1110 0.0360 0.2030 
4 0.50 0.1166 0.0528 0.2030 
5 0.50 0.1221 0.0720 0.2057 
6 0.50 0.1313 0.1000 0.1961 
7 0.50 0.1350 0.1135 0.1985 
8 0.50 0.1365 0.1230 0.2135 
9 0.50 0.0456 0.0050 0.3683 

10 0.50 0.0422 0.0080 0.3813 
11 0.50 0.0240 0.0086 0.4366 
12 0.50 0.0085 0.0057 0.4804 
13 0.50 0.0556 0.0270 0.3603 
14 0.50 0.0268 0.0236 0.4462 
15 0.50 0.0132 0.0162 0.4767 
16 0.50 0.0038 0.0090 0.4977 
17 0.50 0.0434 0.0580 0.4297 
18 0.50 0.0150 0.0380 0.4923 
19 0.50 0.0271 0.0192 0.4922 
20 0.50 0.0049 0.0096 0.4989 
21 0.50 0.0612 0.0066 0.3225 
22 0.50 0.0362 0.0096 0.4009 
23 0.50 0.0173 0.0072 0.4552 
24 0.50 0.0071 0.0086 0.4872 
25 0.50 0.0534 0.0300 0.3697 
26 0.50 0.0238 0.0128 0.4416 
27 0.50 0.0095 0.0128 0.4843 
28 0.50 0.0033 0.0096 0.4996 
29 0.50 0.0548 0.0034 0.3389 
30 0.50 0.0695 0.0110 0.3025 
31 0.50 0.0744 0.0225 0.2994 
32 0.50 0.0424 0.0370 0.4099 
33 0.50 0.0689 0.0430 0.3364 
34 0.50 0.0615 0.0520 0.3674 
35 0.50 0.0561 0.0560 0.3878 

β Initial H D E H P dimer concentration. 
b Equilibrium dimer concentration (Equation 12). 

O w i n g to the s imi lar i ty of η-octane a n d A M S C O Odorless M i n e r a l 
Spir i ts E q u a t i o n s 13 a n d 15 shou ld p r o v i d e a reasonable estimate for the 
ac t iv i ty coefficient to the H D E H P d i m e r i n A M S C O . T h e s imilarit ies 
b e t w e e n the two organic di luents are as fo l lows : η-octane is a nonpo lar 
a l iphat i c h y d r o c a r b o n a n d A M S C O is a mixture of nonpo lar a l iphat i c 
hydrocarbons ; the molecu lar we ight of η-octane is 114 w h i l e the m e a n 
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20. O B R i E N AND BAUTISTA NdNOs-HN03-H 20-HDEHP-AMSCO 341 

molecu lar w e i g h t for A M S C O determined b y freez ing-point depression 
of benzene is 148.7; a n d the density of η-octane is 0.7061 g m / c m 3 w h i l e 
that for A M S C O is 0.7428 g m / c m 3 . 

T h e act iv i ty coefficient of the H D E H P d i m e r is est imated f r o m 
E q u a t i o n s 14 a n d 16 as a func t i on of mo la l i t y us ing data f r om the iso -

Table VII. H D E H P Dimer Activity Coefficients Calculations 

(HG)2
a 

Point M 7(HG)S" Ύ(Ηβ)2° Γ 

1 0.2837 0.6225 0.3102 0.3074 
2 0.2156 0.6015 0.3489 1.2212 
3 0.2030 0.5993 0.3573 2.7236 
4 0.2030 0.5993 0.3573 4.2388 
5 0.2057 0.5997 0.3555 5.7540 
6 0.1961 0.5983 0.3622 7.4013 
7 0.1985 0.5987 0.3605 9.2496 
8 0.2135 0.6011 0.3502 11.2970 
9 0.3683 0.6660 0.2740 0.4775 

10 0.3813 0.6742 0.2693 0.4692 
11 0.4366 0.7131 0.2512 0.5179 
12 0.4804 0.7482 0.2389 0.5738 
13 0.3603 0.6612 0.2770 1.2653 
14 0.4462 0.7204 0.2484 1.4997 
15 0.4767 0.7451 0.2398 1.4639 
16 0.4977 0.7631 0.2344 1.4692 
17 0.4279 0.7065 0.2539 2.8000 
18 0.4930 0.7590 0.2356 2.8281 
19 0.4922 0.7583 0.2358 3.0230 
20 0.4989 0.7641 0.2341 3.0190 
21 0.3225 0.6403 0.2923 0.8002 
22 0.4009 0.6873 0.2626 0.9172 
23 0.4552 0.7275 0.2458 0.9647 
24 0.4872 0.7540 0.2371 0.9742 
25 0.3697 0.6669 0.2735 1.7728 
26 0.4416 0.7169 0.2498 2.0885 
27 0.4843 0.7515 0.2379 2.1550 
28 0.4996 0.7647 0.2339 2.1884 
29 0.3389 0.6490 0.2854 0.4126 
30 0.3025 0.6307 0.3012 0.7841 
31 0.2994 0.6293 0.3027 1.2987 
32 0.4099 0.6935 0.2596 2.0741 
33 0.3364 0.6476 0.2865 2.8260 
34 0.3674 0.6655 0.2744 4.6210 
35 0.3878 0.6785 0.2670 6.5184 

β Free concentration of H D E H P dimer. 
b H D E H P dimer activity coefficient from isopiestic data. 
9 H D E H P activity coefficient from iron (III) extraction data of Baes and Baker 

GM). 
d Total ionic strength of equilibrated aqueous phase. 
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ι 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
M O L A L HDEHP DIMER CONCENTRATIOΝ , m 

Figure 7. HDEHP dimer activity as a function of the molal 
HDEHP dimer concentration using the data of Baes (20) and 
Baes and Baker (21): Δ , isopiestic results (Baes); O, iron(III) 

extraction results (Baes and Baker). 

piest ic experiments of Baes (20) a n d f r o m the i r o n (III) extract ion results 
of Baes a n d B a k e r (21). These are i l lus t rated i n F i g u r e 7 a n d are 
s u m m a r i z e d i n T a b l e V I I . 

Summary 

T h e nitrate i o n activit ies i n the aqueous phase were measured w i t h a 
nitrate i o n selective electrode t a k i n g into account the presence of h i g h 
h y d r o g e n i o n concentrat ion b y ca l ibrat ion of the nitrate electrode w i t h 
n i t r i c a c id . T h e nitrate i o n concentrat ion i n the organic phase o w i n g to 
the extract ion of n e o d y m i u m complexes b y H D E H P was de termined b y 
back-extract ion of the organic phase w i t h 3 M sul fur i c a c i d , d i l u t i o n , a n d 
analysis w i t h a nitrate i o n electrode ca l ibrated for different nitrate a n d 
sulfate concentrations. T h e amount of the nitrate species extracted into 
the organic phase increases as the i n i t i a l n e o d y m i u m nitrate concentra­
t i on increases. 

T h e n e o d y m i u m i o n concentrat ion i n the organic phase was measured 
b y back-extract ion w i t h 6 M n i t r i c a c i d , r e m o v a l of the n e o d y m i u m b y 
adsorpt ion w i t h the cat ion exchange res in , D o w e x 50 χ 8, a n d t i t ra t ion 
of the neodymium-free aqueous phase w i t h N a O H u s i n g pheno lphta le in 
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20. O B R i E N AND BAUTISTA NdN03-HNOs-H20-HDEHP-AMSCO 343 

as the indicator . T h e hydrogen i o n ac t iv i ty i n the equ i l ib ra t ed aqueous 
phase was de te rmined b y direct p H measurements since the po lyva len t 
n e o d y m i u m ions h a d neg l ig ib le effect on the p H electrode. 

V a p o r pressure measurements to estimate the ac t iv i ty coefficients of 
the H D E H P d imer resul ted i n nonreproduc ib le values because of the 
nonun i fo rm outgassing of the most h i g h l y vola t i le por t ion of the H D E H P 
di luent , A M S C O . T h e isopiest ic data of Baes w i t h t r iphenylmethane i n 
η - o c t a n e as the reference solu t ion assuming an ac t iv i ty coefficient of 
un i ty for t r iphenylmethane were used i n es t imat ing the ac t iv i ty coeffi­
cients of the H D E H P dimer . 
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Thermodynamics of Transfer of Hydrogen 

Iodide in Binary Mixtures of Ethylene Glycol 

+ Diethylene Glycol from emf Measurements 

C. KALIDAS1 and P. SIVAPRASAD 

Department of Chemistry, Indian Institute of Technology, 
Madras 600 036, India 

Standard electrode potentials of the Ag-AgI electrode were 
determined in the temperature range 5°-35°C in 20-80 wt 
% ethylene glycol + diethylene glycol mixtures by emf 
measurements on the cell: Pt-H2(g, 1 atm)/HOAC (m1), 
NaOAC (m2) KX (m3)/AgX-Ag in the solvent. The standard 
molal potentials sEm°, in the various solvent mixtures have 
been expressed as a function of temperature. The various 
thermodynamic parameters for the transfer of hydrogen 
iodide from ethylene glycol to these media at 25°C are 
reported, and their variation with solvent composition is dis­
cussed. The transfer free energies of the proton and the 
iodide at 25°C, on the basis of the ferrocene reference 
method with ethylene glycol as the reference solvent, are 
also reported in the mixtures. 

s t u d i e s i n isodie lec t r ic solvent mixtures have p r o v i d e d useful in fo rma-
^ t ion recent ly (1,2,3) t o w a r d an unders tanding of the chemica l effects 
of the solvent components o n the the rmodynamic behavior of electrolytes 
i n these mixtures . T h i s is m a i n l y because the electrostatic effects a r i s ing 
out of the differences i n thei r d ie lec t r ic constants are expected to b e s m a l l 
i n such med ia . V e r y f ew emf studies have been repor ted i n such m e d i a , 
especial ly i n b ina ry mixtures of glycols . I n a cont inua t ion of our earl ier 
investigations (4,5) o n the the rmodynamic behav ior o f electrolytes a n d 
ions i n g lyco l i c solvents, the present work , therefore, deals w i t h the 

1 To whom correspondence should be addressed. 

0-8412-0428-4/79/33-177-345$05.00/l 
© 1979 American Chemical Society 
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346 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

determinat ion of the s tandard potentials of the A g - A g I electrode i n the 
near ly isodie lectr ic solvent mixtures conta in ing 20 -80 w t % ethylene 
g l y c o l ( E G ) + d iethylene g l y c o l ( D E G ) i n the temperature range 5 ° -
35°C. T h e buffered ce l l ( C e l l 1) : 

P t - H 2 ( g , l a t m ) / H O A C ( m ^ , N a O A C ( m * ) , K X (m 3 ) / A g X - A g (1) 
i n the solvent 

conta in ing acetic a c i d ( H O A C ) , s od ium acetate ( N a O A C ) , a n d the salt 
K X , where X = T , was used to determine the s tandard potentials of the 
A g - A g I electrode i n the different mixtures . T h e dissociat ion constants of 
acetic a c i d r e q u i r e d to evaluate the s tandard potentials of the A g - A g I 
electrode i n these solvents w e r e de termined as descr ibed (6) prev ious ly . 

Experimental 

E t h y l e n e g l y c o l ( B D H , L R ) a n d d iethylene g l y c o l ( B D H , L R ) 
were pur i f i ed b y the methods descr ibed (4,7) earher. T h e P t - H 2 a n d 
A g - A g I electrodes were prepared accord ing to the m e t h o d of Ives a n d 
Janz ( 8 ) . G l a c i a l acetic a c i d ( A R , B D H ) , pur i f i ed a n d d r i e d accord ing 
to the m e t h o d descr ibed prev ious ly ( 9 ) , was used to prepare acetate 
buffers. S o d i u m acetate was prepared i n s i tu b y appropr iate ly neutra l i z ­
i n g the a c i d w i t h sod ium glycolate i n the des ired solvent. O t h e r salts 
used i n these measurements, such as potass ium chlor ide a n d potass ium 
iod ide , were reagent grade a n d were su i tab ly d r i e d before use. T h e 
exper imental setup a n d the general procedure used for emf measure­
ments are i dent i ca l to those descr ibed (4) earl ier . A l l measurements 
were made w i t h a pa i r of P t - H 2 a n d four A g - A g X (where X = a ha lo ­
gen) electrodes. T h e cells were thermostated at each temperature to 
a n accuracy of ± 0.05°C. T h e A g - A g I electrodes were stable over the 
entire temperature range, a n d the constancy of c e l l emf to ± 0 . 1 m V 
over a p e r i o d of hal f an hour was considered as an adequate cr i ter ion of 
e q u i l i b r i u m i n the emf measurements. T h e d ie lectr i c constants of the 
solvent mixtures at various temperatures were de termined w i t h a D K 0 3 
dekameter (Wissenschaft l i chetechnische Werksta t ten , W e s t G e r m a n y ) as 
descr ibed (4) previously . T h e p h y s i c a l constants for the solvent mixtures 
are presented i n T a b l e I . 

Results and Discussion 

T h e determinat ion of the s tandard potent ia l of the A g - A g I electrode 
i n these mixtures is based on O w e n s m e t h o d (10), w h i c h involves the 
use of the buffered ce l l ( C e l l 1 ) to prevent the air ox idat ion of Γ to I 2 . 
U s i n g near ly i dent i ca l molal i t ies of H O A C , N a O A C , a n d K I a n d assuming 
that a l l electrolytes other than H O A C are complete ly dissociated, the 
emf of C e l l 1 was measured i n the various solvent mixtures , a n d the data 
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21. KALiDAs AND s i v A P R A S A D Hydrogen Iodide 347 

Table I. Physical Constants of Diethylene 
Glycol—Ethylene Glycol Mixtures' 1 

Dieth­
ylene 

Glycol 
(wt %) 

0 

20 

40 

60 

80 

100 

Con­
stant 

€ 

d 

€ 

d 

€ 

d 

€ 

d 

€ 

d 

€ 

d 

5°C 

45.70 
1.1240 

43.40 
1.1279 

41.20 
1.1290 

39.05 
1.1291 

37.40 
1.1313 

35.00 
1.1320 

15°C 

43.20 
1.1160 

41.30 
1.1214 

39.30 
1.1222 

37.20 
1.1225 

35.30 
1.1247 

33.10 
1.1260 

25°C 

40.80 
1.1100 

39.05 
1.1143 

37.15 
1.1154 

35.10 
1.1161 

33.55 
1.1163 

31.20 
1.1180 

S5°C 

39.30 
1.1030 

37.20 
1.1079 

35.20 
1.1088 

33.00 
1.1083 

31.80 
1.1106 

29.55 
1.1110 

62.07 

67.69 

74.43 

82.65 

92.93 

106.12 

'e = dielectric constant, M„ = mean molecular weight, and d = density. 

are g iven i n T a b l e I I . Because the vapor pressures of the solvents were 
very s m a l l i n the temperature range under study, no vapor pressure 
correct ion was a p p l i e d to the emf data. 

T h e s tandard m o l a l potentials , 8 E m ° , of the A g - A g I electrode i n 
different solvent mixtures w e r e ob ta ined f r om a p lo t of the f u n c t i o n 
E0', def ined b y 

E°' = Ε - fc P K ( H O A C ) + fc log ( m H O A C m I - / m O A C - ) 

= (sEm°) A g - A g I — fc log (y H 0 A c y i - /7OAc-) 

= (*Em°) + / ( /*) (2) 

against μ, the i on i c strength, b y extrapolat ing to μ = 0. S u c h a p lot i n 
20 w t % E G + 80 w t % D E G , w h i c h is t y p i c a l of the results i n these 
mixtures , is s h o w n i n F i g u r e 1. I n E q u a t i o n 2, k = ( R T / F ) In 10, m 
a n d y values represent the molal i t ies a n d act iv i ty coefficients of the various 
species. E0' values w e r e c o m p u t e d u s i n g the p K ( H O A C ) values a n d 
the emf data f r o m T a b l e I I . V a l u e s of p K ( H O A C ) r e q u i r e d i n E q u a t i o n 
2 were obta ined f r o m measurements o n ce l l 1 ( X = CI " ) u s i n g the „E° 
values for the A g - A g C l electrode i n these solvents ob ta ined b y a p r o ­
cedure s imi lar to that descr ibed ( θ ) prev ious ly . T h e p K data so ob ta ined 
are i n T a b l e I I I . I n ca l cu la t ing BEm° of the A g - A g I electrode i t was 
assumed that K I a n d N a O ^ | ^ g ^ ^ r ^ g ^ | ^ | i s s o c i a t e d i n a l l of the 

Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 
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348 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Table I I . Data of Cell 1 from 5 ° to 3 5 ° C (in Volts) in 
Various Ethylene Glycol—Diethylene Glycol Mixtures* 

mnoAc τα,- moAc- 5°C 15°C 25°C 85°C 

X = 20 

0.00740 0.00734 0.00730 0.3373 0.3413 0.3464 0.3518 
0.00926 0.00956 0.00938 0.3304 0.3339 0.3387 0.3439 
0.01116 0.01120 0.01119 0.3270 0.3307 0.3358 0.3413 
0.01603 0.01522 0.01567 0.3172 0.3202 0.3263 0.3308 
0.01695 0.01580 0.01636 0.3178 0.3207 0.3242 0.3285 
0.01916 0.01921 0.01911 0.3141 0.3172 0.3214 0.3250 
0.02048 0.02042 0.02038 0.3127 0.3152 0.3192 0.3234 
0.02546 0.02618 0.02579 0.3068 0.3101 0.3138 0.3182 
0.04059 0.04028 0.04039 0.2962 0.2984 0.3008 0.3038 

X = 40 

0.00686 0.00980 0.00697 0.3482 0.3513 0.3554 0.3593 
0.01082 0.01005 0.00922 0.3447 0.3484 0.3524 0.3568 
0.01252 0.01286 0.01121 0.3385 0.3418 0.3454 0.3491 
0.01473 0.01392 0.01266 0.3380 0.3406 0.3448 0.3460 
0.01654 0.02070 0.01682 0.3288 0.3306 0.3332 0.3369 
0.02008 0.02111 0.01819 0.3262 0.3288 0.3308 0.3329 
0.02261 0.02235 0.01983 0.3234 0.3253 0.3276 0.3319 
0.04637 0.04146 0.04216 0.3094 0.3120 0.3156 0.3178 

Z = 60 

0.00285 0.00266 0.00248 0.3836 0.3875 0.3917 0.3961 
0.00342 0.00329 0.00371 0.3818 0.3856 0.3914 0.3959 
0.00438 0.00422 0.00475 0.3760 0.3802 0.3852 0.3893 
0.00454 0.00391 0.00451 0.3773 0.3818 0.3855 0.3908 
0.00483 0.00502 0.00545 0.3726 0.3768 0.3815 0.3863 
0.00642 0.00635 0.00603 0.3652 0.3682 0.3716 0.3755 
0.00923 0.00960 0.01041 0.35785 0.3605 0.3637 0.3676 
0.01185 0.01232 0.01336 0.3518 0.3536 0.3567 0.3588 

X = 80 

0.00153 0.00148 0.00154 0.4134 0.4194 0.4249 0.4304 
0.00262 0.00253 0.00263 0.4027 0.4066 0.4106 0.4153 
0.00328 0.00333 0.00346 0.3965 0.3993 0.4036 0.4076 
0.00408 0.00422 0.00423 0.3895 0.3932 0.3978 0.4021 
0.00449 0.00447 0.00465 0.3889 0.3919 0.3957 0.3994 
0.00555 0.00537 0.00576 0.3828 0.3866 0.3909 0.3939 
0.01016 0.00982 0.01020 0.3704 0.3713 0.3741 0.3784 

a X = wt % diethylene glycol. 
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Figure 1. Extrapolation of E 0 ' in 80 wt % diethylene glycol at vari­
ous temperatures 

solvents a n d that the dissociat ion of H O A C is so s m a l l that i t does not 
affect the effective concentrat ion of H O A C a n d O A C " . T a b l e I V gives the 
BEm° values for the A g - A g I electrode at different temperatures a n d 8 E C ° 
a n d BEN°—i.e., theE 8 ° values on the m o l a r a n d mole f ract ion scales at 
2 5 ° C ca l cu lated f r om 

a n d 

BEC° — sEm° + 2 fc log d0 

8EN° = 6Em° - 2 fc log ( 1 0 0 0 / M ^ ) 

(3) 

(4) 

Table III. p K a Values of Acetic Acid in Ethylene G l y c o l -
Diethylene Glycol Mixtures at Various Temperatures 

Temperature 5°C 15°C 25° C S5°C 

Diethy lene g lyco l , 
w t % 

20 8.62 8.53 8.44 8.42 
40 8.64 8.55 8.48 8.45 
60 9.00 8.92 8.87 8.82 
80 9.48 9.40 9.34 9.28 
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350 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Table IV. sEm° at Different Temperatures and BEN° and sEc° 
at 2 5 ° C in Ethylene Glycol-Diethylene Glycol Mixtures 

Dicthylcttc 

Glycol, wt% 0a 20 φ 60 80 100b 

Temperature 
5 ° C - 0 . 2 7 3 2 - 0 . 2 5 6 8 - 0 . 2 3 9 0 - 0 . 2 5 2 7 - 0 . 2 6 5 7 - 0 . 3 2 2 2 

15°C - 0 . 2 8 2 0 - 0 . 2 6 9 8 - 0 . 2 5 1 7 - 0 . 2 6 6 3 - 0 . 2 8 0 1 - 0 . 3 5 0 0 
25 ° C - 0 . 2 9 3 2 - 0 . 2 7 8 8 - 0 . 2 6 4 9 - 0 . 2 8 1 0 - 0 . 2 9 5 4 - 0 . 3 7 1 1 

E N ° - 0 . 4 3 6 0 - 0 . 4 1 7 2 - 0 . 3 9 8 4 - 0 . 4 0 9 1 - 0 . 4 1 7 5 - 0 . 4 8 6 4 
E C ° - 0 . 2 8 7 9 - 0 . 2 7 3 2 - 0 . 2 5 9 3 - 0 . 2 7 5 4 - 0 . 2 8 9 8 - 0 . 3 6 5 4 
3 5 ° C - 0 . 3 0 0 6 - 0 . 2 9 3 2 - 0 . 2 8 0 0 - 0 . 2 9 6 8 - 0 . 3 1 1 1 - 0 . 3 8 0 4 

β Data from Ref. 9. 
b Data from our earlier unpublished work. 

I n E q u a t i o n s 3 a n d 4, d0 is the density of the solvent, a n d Mxy is the m e a n 
molecu lar w e i g h t of the solvent as def ined (4) earl ier. T h e standard 
error i n E M ° is ± 0.2 m V i n a l l the mixtures at different temperatures. 
E M ° can be expressed as a funct ion of temperature accord ing to 

BEM° = E M ° ( 25°C) + b(t - 25) + c(t - 2 5 ) 2 (5) 

where t is the temperature i n degrees Ce ls ius , a n d b a n d c are e m p i r i c a l 
coefficients. These data are s u m m a r i z e d i n T a b l e V . T h e s tandard d e v i a ­
tions i n B E M ° ca l cu lated f r o m E q u a t i o n 5 were w i t h i n ± 0 . 2 - ± 0.3 m V . 
T h e s tandard free energy change, AGt°, associated w i t h the transfer of 
1 m o l of H I f r o m ethylene g l y c o l to the g iven solvent at inf inite d i l u t i o n 
ac cord ing to E q u a t i o n 6 

H I (ethylene glycol ) = H I (ethylene g lyco l — 

diethylene g lyco l mixture) (6) 

was ca l cu lated on the mole fract ion scale for the various solvent mixtures 
at 2 5 ° C f rom E q u a t i o n 7: 

AGf° = F(EQEN° - B E N ° ) (7) 

H e r e E G E N ° a n d B E N ° are the s tandard potentials of the A g - A g I electrode 
i n ethylene g l y c o l a n d the solvent on the mole - f ract ion scale. T h e s tand­
a r d entropy of transfer, AS t ° , was ca l cu lated f r o m 

AS t ° - (-d/dT)FUEN° - JBN°) 

— F(bB - bEG) + 2 ( C . - C E G ) (t - 2 5 ° ) + (UC E G - KB) (8) 
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21. KALiDAs AND sivAPRASAD Hydrogen Iodide 351 

Table V . Coefficients of the Empirical Equation: 
Ε ° — eEm° ( 2 5 ° C + b(t - 25) + c(t - 25) 2 ) 

Diethylene 
c Χ 106 Glycol, wt % , E m ° (25°C) bXlO3 c Χ 106 

0 - 0 . 2 9 2 3 - 8 . 9 9 0 - 3 . 5 0 0 
20 - 0 . 2 8 0 2 - 1 . 2 1 7 - 3 . 5 0 0 
40 - 0 . 2 6 5 1 - 1 . 4 2 2 - 6 . 0 0 0 
60 - 0 . 2 8 1 0 - 1 . 5 2 6 - 5 . 6 2 5 
80 - 0 . 2 9 5 3 - 1 . 5 4 7 5 - 3 . 2 5 0 

100 - 0 . 3 7 0 3 - 1 . 4 9 4 46.200 

where bB, C s a n d bEG, CEG are the coefficients f r o m T a b l e V i n the solvent 
a n d ethylene g lyco l , respect ively , a n d K E G = 2 R / F In (1000/62.07) a n d 
KB = ( 2 R / F ) In ( 1 0 0 0 / A i ^ . J . T h e last term arises i n the conversion of 
BEm° to BEN°. T h e s tandard enthalpy of transfer, AHt°, was then c a l c u ­
la ted f r o m E q u a t i o n 9: 

A # t ° — Af? t ° + TAS t ° (9) 

A l l these t h e r m o d y n a m i c quantit ies are recorded i n T a b l e V I . T h e A G t ° 
values are accurate to ± 40 J m o l " 1 , a n d the expected errors i n AS t ° a n d 
AHt° are 0.5 J K " 1 m o l " 1 a n d 150 J m o l " 1 , respectively . F i g u r e 2 shows 
h o w these quantit ies v a r y w i t h solvent composit ion. 

T h i s figure also shows that A G t ° is negat ive a n d decreases u p to 
about 40 w t % diethylene g lyco l , passes t h r o u g h a m i n i m u m at about 
this composi t ion , a n d then increases, reach ing a large pos i t ive va lue i n 
pure d iethylene g lyco l . C o n s i d e r i n g that the transfer process ( E q u a t i o n 
6) involves the transfer of charged species—i.e. , H + a n d Τ ions f r o m 
ethylene g l y c o l to the m i x e d solvents—AG t ° can be expressed as: 

A(?t° - AG t ° ( ei ) + A G t ° ( n o n . e l ) (10) 

Table VI . Thermodynamic Quantities of Transfer of H I from 
Ethylene Glycol to Various Ethylene Glycol-Diethylene 

Glycol Mixtures at 2 5 ° C on the Mole-Fraction Scale 

Diethylene 
Glycol, wt% 0 20 Ifi 60 80 100 

AGt
oa 0 - 1 8 1 0 - 3 6 3 0 - 2 6 0 0 - 1 7 9 0 + 4 8 6 0 

TASt
oa 0 - 8 , 6 4 0 - 1 4 , 1 3 0 - 1 6 , 6 0 0 - 1 6 , 6 9 0 - 1 4 , 4 5 0 

AHt
oa 0 - 1 0 , 4 5 0 - 1 7 , 7 6 0 - 1 9 , 2 0 0 - 1 8 , 4 8 0 - 9 5 9 0 

β Values are in J mol" 1 . 
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352 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

where A G ° ( e i ) a n d AG t°(non-ei) represent the electrostatic a n d non-electro­
static transfer free energy contr ibut ions , respect ively . A l t h o u g h AG t ° ( e i ) 
arises m a i n l y f r o m the differences i n the d ie lectr i c constants of the so l ­
vents, AGt° (non-ei) reflects the contr ibutions of so lvat ion a n d other specific 
i on - so lvent interactions that d e p e n d o n the bas ic i ty of the solvent. I t is 
expected that AG t ° ( e i ) w i l l be smal l i n the present case, a n d thus the 
v a r i a t i o n of A G t ° w i t h solvent compos i t ion is large ly contro l led b y the 
changes i n the AG t°(non-ei). T a b l e V I I gives the transfer free energy of 
the proton , A G T ° ( H + ) ( m o l e f ract ion sca le ) , de te rmined on the basis of 
the ferrocene reference m e t h o d i n these mixtures at 25°C , as descr ibed 
earl ier (11). T h e transfer free energy data of the i o d i d e i on , AG t ° ( i - ) 
ob ta ined f r om E q u a t i o n 11 : 

Δ ( ? Λ Η Ι ) = Δ ( ? Λ Η + ) + A ( ? t V ) (11) 

are also recorded i n T a b l e V I I . I t is seen that a l though AG t ° ( H +) general ly 
decreases w i t h the a d d i t i o n of d ie thy lene g lyco l , A G t ° ( i - ) i n i t i a l l y de­
creases, passes through a m i n i m u m at about 40 w t % d ie thy lene g lyco l , 
a n d subsequently increases. T h e overa l l var ia t i on of A G t ° (HD w i t h solvent 
compos i t ion is large ly contro l l ed b y the changes i n AG t ° ( i - ) . 

Wt 7· DEG 

Figure 2. Variation of AGt°, T A S * 0 , and Δ Η , ° of HI 
with solvent composition at 25° C 
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21. K A L i D A s AND si ν A P R AS AD H y dro gen Iodide 353 

T a b l e V I I . T r a n s f e r Free Energies o f H + a n d Γ Ions f r o m 
E thy l ene G l y c o l to E t h y l e n e Glyco l—Die thy lene G l y c o l 

M i x t u r e s at 2 5 ° C on the M o l e F r a c t i o n Scale 

Diethylene 
Glycol, wt% 0 20 φ 60 80 100 

AGt° ( H + ) a 0 25 - 3 9 - 1 4 4 - 3 3 2 - 1 2 6 7 
A G t ° ( r ) e 0 - 1 8 3 5 - 3 5 9 1 - 2 4 5 6 - 1 4 5 8 6127 

β Values are in J · g ion" 1. 

T h e variat ions of A i f t ° a n d A S t ° are general ly s imi la r to the var ia t ion 
of A G t ° . T h e y decrease w i t h the add i t i on of die thylene g lyco l , pass 
th rough a m i n i m u m at about 60 w t % die thylene g lyco l , a n d then increase. 
A c c o r d i n g to F r a n k s and Ives (12) and Feak ins a n d V o i c e ( 1 3 ) , the 
effect of the i o n i c fields on the structure of the solvent w i l l appear as 
compensat ing contr ibut ions i n AHt° a n d Γ A S t ° , a n d the s t ructura l effects 
of the solvent on the transfer process are revea led th rough these quanti t ies. 
T h e continuous decrease of A / / t ° w i t h the add i t ion of die thylene g l y c o l 
is associated w i t h s t ructure-making ion-so lven t interactions a l though 
this effect decreases significantly b e y o n d 60 w t % diethylene g lyco l . A n 
examinat ion of A S t ° i n the presence of increas ing amounts of die thylene 
g l y c o l supports the above conclusions. T h e decrease of A S t ° u p to 60 
w t % die thylene g l y c o l is ind ica t ive of the net s t ructure-making effect of 
the ions, the effect be ing somewhat smal ler at h igher composi t ions of 
die thylene g lyco l . A compar i son of the thermodynamics of transfer of 
hydrogen iod ide i n this mixed-solvent system w i t h that of wa te r + 
die thylene g l y c o l (reference solvent i n wa te r ) (14) shows that a l though 
the variat ions of AGt° and AHt° are s imi lar i n bo th cases, A S t ° passes 
th rough a m a x i m u m at composi t ions less than 40 w t % diethylene g l y c o l 
i n the latter case, w h i c h supports the v i e w (12) that the add i t ion of sma l l 
amounts of alcohols promote the hydrogen-bonded structure of water . 
Th i s s t ructural p romot ion b y the add i t ion of organic component to water 
is c lear ly absent i n this mixed-solvent system. 
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Electromotive Forces and Thermodynamic 

Functions of the Cell Pt, H2 | HBr(m), X% 

Alcohol, Y% Water | AgBr-Ag in Pure and 

Mixed Solvents 

ALLEN F. ROBINETTE1 and EDWARD S. AMIS 

Dunhall Pharmaceuticals, Inc., Gravette, Arkansas 72736 

Electromotive force measurements of the cell Pt, H2 | 
HBr(m), X% alcohol, Y% water | AgBr-Ag were made at 
25°, 35°, and 45°C in the following solvent systems: (1) 
water, (2) water-ethanol (30%, 60%, 90%, 99% ethanol), 
(3) anhydrous ethanol, (4) water-tert-butanol (30%, 60%, 
91% and 99% tert-butanol), and (5) anhydrous tert-butanol. 
Calculations of standard cell potential were made using the 
Debye-Huckel theory as extended by Gronwall, LaMer, and 
Sandved. Gibbs free energy, enthalpy, entropy changes, 
and mean ionic activity coefficients were calculated for each 
solvent mixture and temperature. Relationships of the stand­
ard potentials and thermodynamic functons with respect to 
solvent compositions in the two mixed-solvent systems and 
the pure solvents were discussed. 

M a n y studies of e lectromotive forces of the cells 

H 2 (1 atm) I H + X - (m) | A g X - A g , where X is CI" , B r " , or I" (1) 

recent ly have been made i n pure a n d m i x e d solvents (1-10). A m i s a n d 
associates (8,9,10) have invest igated the propert ies of the above cells 
i n v o l v i n g pure a n d m i x e d h y d r o x y l i c solvents. U n u s u a l results were 

1 To whom inquiries should be addressed. 

0-8412-0428-4/79/33-177-355$05.75/l 
© 1979 American Chemical Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

22



356 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

observed i n these systems, a n d i t was deemed i m p o r t a n t to extend the 
w o r k i n other h y d r o x y l i c solvent systems to ascertain whether the effects 
n o t e d are of a general nature . I n a d d i t i o n , a care fu l s tudy was m a d e of 
exper imenta l techniques necessary for p r e p a r i n g a stable s i l v e r - s i l v e r 
b r o m i d e electrode. 

T h e ce l l where X " is B r " has been invest igated i n anhydrous ethanol 
b u t not i n m i x e d e t h a n o l - w a t e r systems. T h i s s tudy involves the c e l l 
u s i n g water , 3 0 % , 6 0 % , 9 0 % , a n d 9 9 % e thano l -water , a n d anhydrous 
e thanol at 25° , 35 ° , a n d 4 5 ° C , a n d s imi lar composit ions a n d temperatures 
for the w a t e r - t e r f - b u t a n o l system a n d anhydrous terf-butanol. T h i s c e l l 
h a d not been s tud ied prev ious ly i n this latter solvent system. 

Experimental 

Purification of Nitrogen and Hydrogen Gases. H y d r o g e n a n d 
n i t rogen were ob ta ined f r o m the A i r R e d u c t i o n C o m p a n y . B o t h gases 
were pur i f i ed b y b e i n g passed t h r o u g h a pur i f i ca t ion t r a i n of copper t u r n ­
ings heated to 600°C, through a d r y i n g tower filled w i t h concentrated 
su l fur i c a c id , then t h r o u g h a n empty d r y i n g tower to t rap droplets of 
su l fur i c a c id , a n d finally t h r o u g h tubes conta in ing D r i e r i t e , Ascar i te , a n d 
aga in D r i e r i t e . Tests for the presence of c a r b o n d i ox ide i n the p u r i f i e d 
gas were made b y b u b b l i n g a r a p i d stream of the gas t h r o u g h a saturated 
so lut ion of b a r i u m hydrox ide . I f no t u r b i d i t y o c curred after 1 hr , the 
gas was assumed to be free of carbon d iox ide . T h e pass ing of a r a p i d 
stream of the gas t h r o u g h an a lka l ine p y r o g a l l o l so lut ion for 1 hr , w i t h 
no change i n co lor of the p y r o g a l l o l , together w i t h s tab i l i ty i n the electro­
mot ive force of the ga lvanic cells b e i n g s tudied , i n d i c a t e d the absence 
of oxygen i n the gas. T h e effectiveness of D r i e r i t e a n d concentrated 
sul fur ic a c id i n r e m o v i n g moisture f r om a stream of gas is w e l l k n o w n , 
so no special test was made for moisture i n the pur i f i ed gas. 

Purification of Electrode Materials'. C h e m i c a l l y p u r e s i lver bromate 
f r o m A . D . M a c k a y , Inc . was recrys ta l l i zed eight t imes f r o m c o n d u c t i v i t y 
water i n near total darkness. T h e smal l , snowy w h i t e crystals of pur i f i ed 
mater ia l were stored i n a v a c u u m desiccator over D r i e r i t e i n the dark 
u n t i l used. T h e m e t h o d of Ives a n d Janz (11) was used i n p r e p a r i n g 
the h i g h - p u r i t y s i lver oxide used i n m a k i n g the electrodes. S i lver oxide 
was prec ip i ta ted f r o m si lver nitrate b y d i lu te s o d i u m hydrox ide . I t was 
pur i f i ed b y decant ing several t imes, then extract ing i n a Soxhlet extractor 
w i t h conduc t iv i ty water for t w o days, w i t h the conduc t iv i ty water b e i n g 
changed twice each day. T h i s procedure y i e l d e d a w a s h water w i t h a 
specific conductance of 10" 5 o h m " 1 c m " 1 . T h e pur i f i ed mater ia l was stored 
i n the dark over Ascar i te i n a v a c u u m desiccator u n t i l used . 

Electrode-Preparation and Aging. E l e c t r o d e preparat i on proce ­
dures are g iven b y Kes ton (14) a n d b y Ives a n d Janz (11). E lec t rodes 
were prepared f r o m a paste conta in ing 9 0 % si lver oxide a n d 1 0 % s i lver 
bromate p l a c e d on a p l a t i n u m sp i ra l a n d heated i n a furnace for 7 m i n 
at 650°C. Janz a n d T a n i g u c h i (12) have r e v i e w e d the preparat ion , 
r e p r o d u c i b i l i t y , a n d s tabi l i ty of this electrode. T a y l o r a n d S m i t h (13) 
f o u n d the e q u i l i b r i u m potent ia l to be stable w i t h i n 0.02 m V . E lec t rodes 
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22. R O B i N E T T E AND AMIS Electromotive Forces 357 

so p r e p a r e d are very stable a n d reproduc ib l e (14). E l e c t r o d e p r e p a r a ­
t i o n was c a r r i e d out i n near darkness since u s i n g fluorescent l i g h t i n g 
gave electrodes a gray ish co lor a n d a po tent ia l n o r m a l l y several milli-« 
volts h igher t h a n those p r e p a r e d i n near darkness. S m a l l amounts of 
l i g h t c o u l d be to lerated w i t h o u t a not iceable effect. T h e freshly p r e p a r e d 
electrodes were aged (16) b y i m m e r s i o n i n d i lu te H B r so lut ion i n the 
a g i n g ce l l . T h e electrodes were interconnected w i t h copper w i r e a n d 
the c e l l a n d its contents s l owly were heated to 75 ° C , s l owly coo led to 
r o o m temperature , a n d left to s tand i n the dark for 12 to 18 h r w i t h 
p u r i f i e d n i t rogen flowing t h r o u g h the ce l l . T h e measured bias p o t e n t i a l 
be tween pairs of electrodes was n o r m a l l y ± 0 . 0 1 m V . A n y electrodes 
h a v i n g bias potentials greater t h a n ± 0 . 0 2 m V were d i scarded . R u l e a n d 
L a M e r (17) r epor ted that s i l v e r - s i l v e r ch lor ide showed a n increase of 
b ias potentials of n o more t h a n ± 0 . 0 4 m V after s tand ing for 6 weeks. 

T h e h y d r o g e n electrodes used were of the c lass ical H i l d e b r a n d 
electrode type ( 18), as mod i f i ed b y H i l l s a n d Ives (19) a n d Popoff et a l . 
(20). Bâtes procedure (15) for c l ean ing the electrode surface p r i o r to 
p l a t i n i z i n g was chosen. T h e p l a t i n g so lut ion a n d the procedure for p l a t ­
i n g the electrodes were descr ibed b y H i l l s a n d Ives (19). T h e resu l t ing 
l i g h t l y p l a t i n i z e d electrodes used i n water a n d terf-butanol-water sys­
tems h a d a dark gray appearance w i t h the o r i g ina l meta l l i c sheen s t i l l 
c l ear ly v i s ib le . I n this w o r k greater electrode s tabi l i ty i n e t h a n o l - w a t e r 
a n d i n anhydrous ethanol solutions was obta ined b y electrodes h a v i n g 
heavier p l a t i n u m b l a c k coatings. Before use, the electrode potent ia l was 
measured against a n o lder h y d r o g e n electrode (21). A f t e r ag ing i n the 
des ired solvent for several hours at r oom temperature , the bias potentials 
measured i n this w a y were rout ine ly less t h a n ± 0 . 0 1 m V . 

Preparation of Reagents. P u r e d r y h y d r o g e n b r o m i d e was p r e p a r e d 
b y the method of B o o t h (22) f r o m tetrahydronaphthalene a n d b r o m i n e 
ac cord ing to the react ion : 

C10H12 + 4 B r 2 -> C i o H 8 B r 4 + 4 H B r (2) 

T h e H B r pur i f i ed as descr ibed (22) was b u b b l e d t h r o u g h a bott le c o n ­
t a i n i n g the solvent under invest igat ion b y p e r m i t t i n g the H B r to evapo­
rate f r o m the co l l e c t ing c o l d t rap a n d d i sso lv ing i n a bott le c onta in ing 
the selected solvent u n t i l the des ired concentrat ion of h y d r o b r o m i c a c i d 
was reached. T h e outlet of the so lut ion bott le was protected b y means 
of a c a p i l l a r y tube e n d i n g i n a g u a r d tube conta in ing D r i e r i t e a n d 
Ascar i te . 

T h e so lut ion was s tandard ized , either grav imetr i ca l l y as s i lver b ro ­
m i d e , or b y t i t ra t i on w i t h s o d i u m h y d r o x i d e to a p h e n o l p h t h a l e i n e n d 
po int . S u c h h y d r o b r o m i c a c i d has been sufficiently pure for accurate 
e lectrochemical measurements ( 9 ) . 

E t h a n o l was d r i e d b y the m e t h o d of R i d d i c k a n d B u n g e r (23). T h e 
d r y e thano l was forced b y d r y p u r e n i t rogen into a s t i l l p rev ious ly 
flushed w i t h d r y n i trogen. T h e ethanol was d i s t i l l ed under a constant 
stream of pure d r y n i trogen, a n d the m i d d l e f ract ion co l lec ted i n a d i l u ­
t i on bott le e q u i p p e d w i t h a g r o u n d glass jo int h a v i n g a Tef lon stopper 
a n d Te f l on stop cocks. A g u a r d tube h a v i n g a layer of Ascar i te s a n d ­
w i c h e d between layers of D r i e r i t e , a n d t e r m i n a t i n g i n several inches of 
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358 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

c a p i l l a r y t u b i n g , protected the so lut ion f r o m the atmosphere. T h e po ten ­
tials of cells are not inf luenced b y traces of benzene present i n absolute 
e thanol (12), hence i t was not cons idered necessary to remove the traces 
of benzene i n the ethanol used. W a t e r ( 0 . 0 5 % ) was f o u n d i n the a l coho l 
u s i n g a Prec i s i on K a r l F i s c h e r T i t r a t o r a n d a P e r k i n - E l m e r M o d e l 900 
gas chromotograph e q u i p p e d w i t h a flame i on i za t i on detector a n d a 
Porapak-qs c o l u m n . U s i n g the gas chromatograph a n d a 4 % S E - 3 0 
c o l u m n , a trace of benzene was detected i n the ethanol . T h e s m a l l 
amount of water a n d the trace of benzene were the only impur i t i es 
detected. 

f e r f -Butano l was pur i f i ed b y the same procedures used for ethanol . 
I t conta ined no measurable water b y K a r l F i s h e r t i t ra t i on a n d no i m p u r i ­
ties were detected b y gas chromatographic analysis . 

W a t e r was pur i f i ed b y pass ing d i s t i l l e d water t h r o u g h t w o Barnstead 
deminera l i zer cartridges connected i n series. T h e water was pur i f i ed 
further b y a second d i s t i l l a t i on us ing a n a l l -Pyrex s t i l l e q u i p p e d w i t h 
g r o u n d glass a n d Tef lon connections. A s m a l l amount of potass ium per ­
manganate was a d d e d to the water i n the s t i l l . A stream of d r y n i t rogen 
was passed cont inuous ly t h r o u g h the s t i l l d u r i n g the d i s t i l l a t i on process. 
T h e water passed f r om the s t i l l condenser into a so lut ion bott le ; the 
outlet was protected w i t h a g u a r d tube to prevent entry of atmospher ic 
gases into the bott le . T h e conductance of the co l lected water was 2.4 X 
10~7 o h m " 1 at r o o m temperature . 

Solution Preparation. A l l so lut ion bottles were fitted w i t h g r o u n d 
glass joints e q u i p p e d w i t h Te f lon cuffs a n d Tef lon stop cocks. W h e n not 
i n use a l l outlet tubes were p l u g g e d w i t h g r o u n d glass stoppers. I n a d d i ­
t i o n a pos i t ive pressure of pure d r y n i t rogen was m a i n t a i n e d i n the 
so lut ion bottles at a l l t imes to prevent entry of atmospheric gases of 
water vapor . E t h a n o l - w a t e r a n d f e r f - b u t a n o l - w a t e r solvents of 3 0 % , 
6 0 % , 9 0 % , a n d 9 9 % b y w e i g h t of the respective alcohols were p r e p a r e d 
u s i n g a large so lut ion balance . T h e des ired pure a l coho l a n d water so lu ­
tions were forced into the so lut ion bott le b y dry pur i f i ed n i trogen. C o n ­
tact of the solvents w i t h the a i r was prevented at a l l t imes b y k e e p i n g 
the system c losed except for A s c a r i t e - D r i e r i t e g u a r d tubes e n d i n g i n l o n g 
c a p i l l a r y tubes. 

Instruments and Methods of Measurements. A L e e d s a n d N o r t h r u p 
T y p e K - 3 un iversa l potentiometer , i n conjunct ion w i t h a G e n e r a l E l e c t r i c 
M o d e l 29 galvanometer , was used to measure e lectromotive force. T h e 
potentiometer was ca l ib ra ted b y means of a W e s t o n S t a n d a r d C e l l w h i c h 
h a d been ca l ib ra ted against a N a t i o n a l B u r e a u of Standards ( N B S ) ce r t i ­
fied s tandard ce l l . G a l v a n i c cells w h i c h were m a i n t a i n e d at constant 
temperatures of 25° , 35° , a n d 4 5 ° C =b 0.01° b y b e i n g immersed i n a 
water b a t h at the des ired temperature . T h e temperatures of the baths 
were set us ing a F i s h e r Scientif ic ca l ib ra ted s tandard thermometer , w i t h 
ca l ib ra t i on traceable to the N B S . A n adaptat ion of the c e l l sketched b y 
Ives a n d Janz (11) was used. T h e modi f i cat ion of the c e l l was that 
descr ibed b y M c l n t r y e a n d A m i s (10). 

T h e ce l l c onta in ing the s i l v e r - s i l v e r b r o m i d e a n d h y d r o g e n elec­
trodes was p l a c e d i n the b a t h at the proper temperature a n d was p u r g e d 
b y pass ing pure d r y n i t rogen t h r o u g h it for 30 m i n . T h e H B r so lut ion of 
the proper solvent compos i t i on prev ious ly p r e p a r e d a n d stored u n d e r 
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22. R O B I N E T T E A N D AMIS Electromotive Forces 

pure d r y n i trogen, was a d d e d to the ce l l . Po tent ia l measurements were 
made at intervals u n t i l three determinations made over a 30 -min p e r i o d 
agreed w i t h i n 0.05 m V . A sample of the c e l l so lut ion was forced b y d r y 
n i t rogen into a tared w e i g h i n g bott le , the bott le a n d contents were 
w e i g h e d , a n d the so lut ion was t i t rated w i t h s tandard s o d i u m h y d r o x i d e 
so lut ion to a p h e n o l p h t h a l e i n e n d point . P u r e solvent of the correct c o m ­
pos i t ion was a d d e d to the ga lvanic c e l l b y means of a s imi lar w e i g h i n g 
bott le , a n e w h y d r o g e n electrode was inserted, the c e l l was p u r g e d w i t h 
p u r e d r y nitrogen, a n d a n e w series of potent ia l measurements was made 
at a l ower H B r concentrat ion. U s i n g this procedure several po tent ia l 
measurements c o u l d be made at a g iven solvent compos i t ion a n d t e m ­
perature before the H B r became too d i lu te to t itrate accurately . 

Data and Its Treatment 

T h e measured e lectromotive forces of the c e l l 

H 2 (1 atm) I H B r ( m ) , X% a lcohol , Y% water | A g B r - A g (3) 

at 2 5 ° C , 35 °C , a n d 4 5 ° C , a n d various molal i t ies of H B r i n 0 % , 3 0 % , 
6 0 % , 9 0 % , 9 9 % , a n d 1 0 0 % ethanol a n d i n 0 % , 6 0 % , 9 1 % , 9 9 % , a n d 
1 0 0 % tert-butanol were measured a n d are recorded i n T a b l e I . 
T h e s tandard c e l l po tent ia l is ca l cu la ted b y 

Em°' = Ε + 2k log m — E° - 2k log y ± (4) 

where γ ±
2 = γ+γ. is the square of the m e a n ac t iv i ty coefficient. E q u a t i o n 

4 is used to determine the s tandard potent ia l of the s i l v e r - s i l v e r b r o m i d e 
electrode f r o m the intercept on the E° axis of E w

0 / or Ε + 2k l o g m vs. 
2k l o g γ ± . Ε i n E q u a t i o n 4 is obta ined f r o m the observed e lectromotive 
force E 0 bs us ing the equat ion 

E = EohB + — In - — — 5 (5) 
*bar * solvent 

w h e r e P b a r is the observed barometr i c pressure a n d P s oivent is the vapor 
pressure of the solvent b e i n g s tud ied at absolute temperature T . Since 
y ± is taken as 1 at ra = 1, a de terminat ion of the s tandard potent ia l E° 
m a y be made b y eva luat ing E° at infinite d i l u t i o n . 

T h e D e b y e - H i i c k e l theory (24) is used to evaluate the ac t iv i ty 
coefficients b y a d d i n g a t e rm l inear i n m ( 2 5 ) . T h e equat ion is 

l 0 g Ύ ± = ~ 1 + B â ( I m ) * ~ l 0 g ( 1 + ° ' ° 0 2 m ^ + b m ( 6 ) 
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Table I. Electromotive Force Measurements of the Galvanic Cell 
Containing Hydrobromic Acid in Ethanol—Water and tert-

Butanol—Water Solvents, and in the Separate 
Solvent Components 

25° C 85°C 45°C 

Concen­ Concen­ Concen­
tration emf tration emf tration emf 

(m) (V) (m) (V) (m) (V) 

100% Water 

0.085483 0.20840 0.089895 0.020801 0.086646 0.20671 
0.059188 0.22642 0.059766 0.22645 0.060899 0.22525 
0.034959 0.25254 0.033960 0.25510 0.035871 0.25280 
0.022188 0.27361 0.021088 0.27818 0.023375 0.27409 
0.013918 0.29669 0.012914 0.30289 0.015066 0.29690 
0.009329 0.31624 0.008424 0.32449 0.010279 0.31671 
0.007403 0.33356 0.005759 0.34433 0.007343 0.33452 

30% Ethanol 

0.009879 0.30278 0.010119 0.30387 0.010040 0.30572 
0.005096 0.33647 0.005149 0.33924 0.005345 0.34055 
0.002660 0.36889 0.002572 0.37529 0.002992 0.37229 
0.001578 0.39598 0.001340 0.40976 0.001757 0.40067 
0.001005 0.42349 0.000732 0.42256 0.001075 0.42834 
0.000437 0.45676 0.000323 0.48759 0.000585 0.46150 

60% Ethanol 
0.011112 0.27875 0.010622 0.27950 0.010932 0.27552 
0.O06784 0.30326 0.004646 0.32264 0.005779 0.30982 
0.002561 0.33956 0.002361 0.35637 0.003178 0.34171 
0.001770 0.36392 0.001335 0.38739 0.002029 0.36740 
0.001199 0.39030 0.000776 0.41255 0.001224 0.39501 
0.000679 0.42160 0.000407 0.44657 0.000639 0.43141 

90% Ethanol 

0.012672 0.20951 0.014138 0.17621 0.013153 0.19435 
0.006644 0.24148 0.009071 0.20755 0.007418 0.22310 
0.003808 0.26788 0.004221 0.25713 0.004541 0.24837 
0.002267 0.29374 0.003010 0.27538 0.003101 0.26681 
0.001412 0.31861 0.001349 0.29949 0.001859 0.29449 
0.000756 0.35128 0.000961 0.33441 0.000983 0.32902 

99% Ethanol 

0.014212 0.11326 0.007031 0.13925 0.005636 0.14310 
0.007495 0.14364 0.003390 0.16619 0.003151 0.16405 
0.003917 0.16760 0.001724 0.19929 0.002053 0.18514 
0.002166 0.19347 0.000911 0.23295 0.001399 0.20487 
0.001368 0.21812 0.000537 0.26829 0.000926 0.22414 
0.000790 0.24363 
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22. ROBINETTE AND AMIS Electromotive Forces 361 

St 

Table I . Continued 

S5°C 45°C 

Concen­ Concen­ Concen­
tration emf tration emf tration emf 

(m) (V) (m) (V) (m) (V) 

100% Ethanol 
0.017322 0.05074 0.017747 0.03449 0.007541 0.08014 
0.009832 0.07368 0.009951 0.06710 0.003697 0.10696 
0.005333 0.09821 0.005515 0.09339 0.001409 0.15469 
0.002993 0.12333 0.003293 0.11915 0.000525 0.21975 
0.001441 0.15975 0.001269 0.16238 
0.000616 0.20283 0.000492 0.22115 

30% tert-•Butanol 
0.027814 0.25044 0.027275 0.25275 0.028229 0.25036 
0.010590 0.26729 0.019989 0.26572 0.019798 0.26817 
0.012989 0.28690 0.013850 0.28485 0.014506 0.28374 
0.007930 0.31145 0.008456 0.30861 0.010419 0.30096 
0.005447 0.32873 0.005553 0.33047 0.007082 0.32587 
0.003772 0.34810 

60% tert-•Butanol 
0.018571 0.24378 0.018580 0.24124 0.018623 0.23781 
0.011179 0.26572 0.009837 0.26976 0.010505 0.26428 
0.006587 0.28890 0.005817 0.29402 0.006424 0.28733 
0.004252 0.30946 0.003742 0.34164 0.004245 0.30726 
0.002921 0.32729 0.002528 0.33352 0.002937 0.32506 

0.002126 0.34245 

91% tert-•Butanol 
0.014874 0.15629 0.013665 0.14601 0.014951 0.13716 
0.007811 0.17395 0.007881 0.16384 0.005945 0.16180 
0.004531 0.18993 0.004075 0.18052 0.003491 0.17831 
0.002971 0.20374 0.002971 0.19532 0.002122 0.19371 
0.001915 0.21714 0.001801 0.21024 0.001340 0.21025 
0.001073 0.23631 0.000963 0.23182 0.000645 0.23666 
0.000555 0.26125 0.000439 0.26223 0.000283 0.27864 

99% tert-•Butanol 
0.024563 0.05703 0.024387 0.04412 0.024582 0.02683 
0.014660 0.06532 0.014389 0.05314 0.014614 0.03442 
0.009112 0.07456 0.008112 0.16512 0.008322 0.05213 
0.005836 0.08481 0.004273 0.07961 0.004803 0.06711 
0.003898 0.09384 0.002279 0.09703 0.002600 0.08287 
0.002766 0.10511 0.001231 0.11362 0.001520 0.00931 

100% tert-Butanol 
0.005092 0.05692 0.005642 0.06496 0.005133 0.03806 
0.002882 0.06387 0.002455 0.11527 0.002291 0.06078 
0.001324 0.10454 O.0O0856 0 .094:0 0.000613 0.09603 

0.000233 0.14587 0.000163 0.14720 
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T h e t e r m l o g (1 + 0.002 m Mxy) arises f r o m the convers ion of the 
ra t i ona l ac t iv i ty coefficient, measured on the mole - f ract ion scale, to 
the m o l a l ac t iv i ty coefficient y ± a c cord ing to the re lat ionship 

l o g r ± = l o g / , - ^ [ l + ^ ] (7) 

where ν is 2 for a 1-1 electrolyte, m is the m o l a l concentrat ion, a n d Mxy 

is the average molecu lar w e i g h t of the solvent system g iven b y 

γιτ 100 / Q X 

Mxy = = = ~ (8) 
(X/Mx+Y/My) 

where X a n d Y are the respective we ight percentages of the solvent c o m ­
ponents χ a n d y of mo lecu lar weights a n d M„ , respect ively . 

I n E q u a t i o n 6, A a n d Β are constants for a g iven solvent a n d t e m ­
perature a n d are g iven b y the equations 

1 Γ E r N e " 1» m 

2k In 10 L l O O 0 ( D f c D 3 J K 

a n d 

_ Γ 8 N e 2 ~ l * / m \ 
B = LïÔ0ÔDfcrJ ( 1 0 ) 

I n E q u a t i o n s 6 -10 d0 is the density of the solvent w h i c h was measured at 
each solvent compos i t i on at each temperature , à is the ion-size parameter , 
ζ is a n e m p i r i c a l constant, Ν is Avagadro ' s n u m b e r , D is the d ie lec tr i c 
constant of the solvent, k is the B o l t z m a n constant, a n d e is the e lectronic 
charge. O t h e r terms have been def ined a lready. 

T h e values of E , l o g y ± y Mxy> A , a n d Β f r o m E q u a t i o n s 5 -10 subst i ­
t u t e d into E q u a t i o n 4, make i t possible to calculate Em

c/ at k n o w n m o l a l i ­
ties of h y d r o b r o m i c a c i d , solvent composit ions, a n d temperatures. B y 
p l o t t i n g values of Em°' at a g i v e n solvent compos i t i on a n d temperature 
vs. mo la l i ty , one can find the s tandard electrode potent ia l E° of the 
A g - A g B r electrode at that solvent compos i t ion a n d temperature f r o m the 
va lue of Em°' extrapolated to inf inite d i l u t i o n . T h i s m e t h o d has been 
used successfully i n water a n d i n organic solvent—water mixtures of h i g h e r 
d ie lectr i c constants, b u t i f the m i x e d solvents have l o w d ie lectr i c c on ­
stants, ca. 50 or be low , the curvatures of the Em°' vs. m plots are sufficient 
to prevent accurate determinat ions of Em

0/ a n d hence of E ° . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
9-

01
77

.c
h0

22



22. ROBINETTE AND AMIS Electromotive Forces 363 

T o overcome this di f f iculty the D e b y e - H i i c k e l theory was expanded 
for symmetr i ca l valence-type electrolytes, a n d the complex functions i n 
the expansion ( 1 / 2 X 3 — 2 Y 3 ) a n d ( 1 / 2 X 5 — 4 Y 5 ) ca l cu la ted a n d p u b ­
l i shed (26). T h e result of these expansions is to a d d a t e r m E e x t to the 
equat ion for the ac t iv i ty coefficient g iven i n E q u a t i o n 2. F o r symmetr i c 
valence-type electrolytes such as h y d r o b r o m i c a c i d this t e r m is 

£ - = ϊ η 1 ο { ( ^ ) 3 Ι ^ - 2 7 3 + ( ^ ) 5 μ 5 - 4 Γ 5 } . 

( H ) 

T h e terms 1 /2 X 3 - 2 Y 3 a n d 1 /2 X 5 - 4 Y 5 i n E q u a t i o n 11 are c o m ­
p l i c a t e d functions of ^ where ^ is def ined as 

j. r&re 2 Nd 0 m~p n 2 > 

^ | _ 1 0 0 0 D f c 3 J ' 

T h e s tandard potent ia l of the ga lvanic c e l l ( E q u a t i o n 3 ) w h i c h is 
also the s tandard potent ia l of the s i l v e r - s i l v e r b r o m i d e electrode is g i ven 
b y 

E° =Em° =Em°' + Eext. (13) 

W h e n the proper choice of the constants â a n d b are made , the func t i on 
(Em°' -f- E e x t ) shou ld be constant w i t h i n the l imi ts of the extended 
D e b y e - H u c k e l theory. I n ca l cu la t ing E m ° ' the va lue of the equat ion for 
l ° g Ύ± ( E q u a t i o n 6) w h i c h must be subst i tuted into E q u a t i o n 4 becomes 

A (n7 î » ) i 
l 0 g J ± = 1 + Bâ°(d m)* " l 0 g ( 1 + ° - 0 0 2 m M x y ) + b m + E e x t -

(14) 

F o r the t h e r m o d y n a m i c functions for the process o c curr ing i n the 
c e l l at s tandard state, the s tandard free energy, A G ° , s tandard enthalpy , 
AH°, a n d s tandard entropy, AS° , are g iven b y the respective equat ions : 

AG0 — -nFE° ( c a l / m o l ) ; (15) 

AH° = df(T/T)) (cal/mol>; (16) 

a n d 

A S ° ~ A H ° - * F ° (eu) . (17) 
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364 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S H 

T h e s y m b o l η is the n u m b e r of F a r a d a y s per mo le of c e l l e lectrolyte 
reac t ing : η = 1 for the c e l l i n v o l v i n g H B r . T a b l e I I contains the c a l c u ­
la ted values for E° ( V ) , AG° ( c a l / m o l ) , Δ Η ° ( c a l / m o l ) , a n d AS° ( e u ) 
for the c e l l def ined b y E q u a t i o n 3 w h e n i t contains the i n d i c a t e d solvents. 

T a b l e I I I contains the exper imenta l quantit ies (except the potent ia l , 
E ) a n d the constants used to determine the s tandard potentials of the 
c e l l ( E q u a t i o n 3 ) . T h e ion-s ize parameter â for water a n d terf-butanol-
water solvents is 5.50 Â, a n d for e thanol a n d e t h a n o l - w a t e r i t is 5.00 A . 

Discussion 

T h e va lue for E ° at 25 ° C i n water solvent for the c e l l represented 
i n E q u a t i o n 6 is 0.07104 V , w h i c h is i n good agreement w i t h the values 
recorded i n the l i terature : 0.07105 V ( J ) ; 0.07106 V ( 5 ) ; 0.07118 V ( 9 ) ; 
a n d 0.07111 V (14). A t 3 5 ° C the s tandard po tent ia l of the c e l l i n w a t e r 
was 0.06584 V c o m p a r e d w i t h the l i terature values of 0.06577 V (1) a n d 
0,06585 V ( 5 ) . A t 4 5 ° C i n water E ° was 0.06104 V w h i l e values f r o m 
the l i terature are 0.05999 ( 1 ) a n d 0.06102 ( 5 ) . 

I n 1 0 0 % ethanol at 2 5 ° C , E ° for the c e l l represented b y E q u a t i o n 
6 was - 0 . 1 9 3 0 1 V w h i l e N u n e z a n d D a y (27 ) reported the va lue of E ° 
to be - 0 . 1 8 1 6 V . T h e t w o values differ b y 11.4 m V . T h e w o r k of W o o l -
cock a n d H a r t l e y (28) agree w i t h our va lue of E°. Scatchard (29) f o u n d 
that 0 . 1 % water contaminat ion i n absolute ethanol caused a change of 
12 m V i n E ° of the ce l l def ined b y E q u a t i o n 3. 
These results were substant iated further b y G o l d e n b e r g a n d A m i s ( 3 0 ) , 
w h o reported sharp drops i n the equiva lent conductance of per ch lo r i c 
a c i d w h e n 0.3 w t % water was a d d e d to either anhydrous e thano l or 
anhydrous methano l . These authors postu lated that the conductance drop 
c o u l d be caused b y a decreased Grothous conductance a long the h y d r o ­
gen-bonded chains i n the p u r e alcohols , w h i c h resul ted f r o m the r u p t u r e 
of the chains b y pre ferent ia l so lvat ion of the a l coho l molecules b y water 
rather t h a n b y other a l coho l molecules . I t , therefore, seems reasonable 
to assume that a s m a l l amount of water contaminat ion ( ^ 1 m L of water 
per 25.5 L of e thanol ) was poss ib ly present i n the a l coho l used b y N u n e z 
a n d D a y , a n d that the correct va lue of E° for the c e l l at 4 5 ° C i n 1 0 0 % 
ethanol should be —0.19301 V (expressed on the m o l a l scale) as reported 
here. 

N o compar ison exists for the s tandard potentials i n terf-butanol-
water mixtures or i n anhydrous tert-butanol. H o w e v e r , the trends i n the 
data obta ined here i n terf-butanol are s imi lar to the trends observed i n 
this w o r k i n e t h a n o l - w a t e r a n d i n anhydrous ethanol . See F i g u r e s 1 a n d 
2 i n w h i c h the s tandard potentials E ° for the s i l v e r - s i l v e r b r o m i d e elec-
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22. ROBINETTE AND AMIS Electromotive Forces 365 

Table II Calculated Values of E ° , A G 0 , Δ Η 0 , and A S 0 for the 
Galvanic Cell Containing Hydrobromic ^Acid in Ethanol—Water, 

ferf-Butanol—Water Solvents, and in the Separate 
Solvent Components 

Τ E ° AG° Δ Η ° A S 0 

Solvent (Κ) m (cal/mol) (cal/mol) (eu) 

298 0.07104 - 1 6 3 2 
1 0 0 % H 2 0 308 0.06584 - 1 5 2 4 - 5 3 5 6 - 1 2 . 4 4 

318 0.06014 - 1 3 8 2 

298 0.06355 - 1 4 8 8 
3 0 % E t h a n o l 308 0.05714 - 1 3 4 6 - 6 1 4 6 - 1 5 . 5 8 

318 0.05083 - 1 1 7 6 

298 0.03457 - 8 7 0 
6 0 % E t h a n o l 308 0.02932 - 6 7 2 - 5 8 4 4 - 1 6 . 7 9 

318 0.02292 - 5 3 7 

298 - 0 . 0 2 6 9 0 605 
9 0 % E t h a n o l 308 - 0 . 0 4 4 8 6 1036 - 1 1 1 8 2 - 3 9 . 6 7 

318 - 0 . 0 6 1 0 7 1396 

298 - 0 - 1 3 2 9 4 3081 
9 9 % E t h a n o l 308 - 0 . 1 4 6 5 3 3334 - 9 0 2 0 - 4 0 . 1 1 

318 - 0 . 1 6 8 7 7 3893 

298 - 0 . 1 9 3 0 1 4467 
1 0 0 % E t h a n o l 308 - 0 . 2 0 1 8 2 4648 - 5 6 1 - 1 6 . 9 1 

318 - 0 . 2 1 0 8 2 4085 

298 0.05516 - 1 2 7 8 
3 0 % f e r i - B u t a n o l 308 0.04663 - 1 0 7 2 - 4 6 5 0 - 1 1 . 6 2 

318 0.04441 - 1 0 5 1 
298 0.11401 - 3 2 4 

6 0 % ( e r i - B u t a n o l 308 0.00252 - 5 5 - 8 3 6 6 - 2 6 . 9 8 
318 - 0 . 0 0 9 5 2 216 

298 - 0 . 1 4 8 6 4 3502 
9 1 % i e r i - B u t a n o l 308 - 0 . 1 7 4 0 2 4110 - 1 4 2 5 6 - 5 9 . 6 3 

318 - 0 . 2 0 0 9 0 4693 

298 - 0 . 2 7 3 7 7 6533 
9 9 % f e r i - B u t a n o l 308 - 0 . 3 1 0 8 4 7489 - 2 0 8 5 0 - 9 2 . 0 1 

318 - 0 . 3 4 3 5 8 8370 

298 
1 0 0 % f e r i - B u t a n o l 308 

318 

- 0 . 3 0 0 6 9 7164 
- 0 . 3 3 8 8 4 7992 
- 0 . 3 6 9 2 9 8675 

- 1 5 3 6 7 - 7 5 . 8 4 
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366 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Table III. Experimental Quantities Except the Potential Ε and 
the Constants Used in Calculating the Standard Potentials £ ° 

of the Cell in Equation 3. Radius is 5.00 Â for Water, 
Ethanol and Ethanol-Water and 5.50 Â for tert-6 

Butanol and ferf-Butanol—Water Solvent 

Solvent 
Τ 

(Κ) D 
d 0 

( g/mL) 
~Pvapor 
(mm) b 

1 0 0 % W a t e r 
298.16 
308.16 
318.16 

78.34 
75.00 
71.59 

0.99708 
0.99406 
0.99025 

23.76 
42.18 
71.88 

0.00 
0.00 
0.00 

3 0 % i e r i - B u t a n o l 
298.16 
308.16 
318.16 

52.71 
49.79 
46.88 

0.94600 
0.93868 
0.93088 

25.48 
45.39 
77.72 

0.90 
1.20 
1.50 

6 0 % i e r i - B u t a n o l 
298.16 
308.16 
318.16 

27.94 
25.99 
24.02 

0.87559 
0.86717 
0.85802 

28.63 
51.29 
88.42 

1.40 
1.70 
2.10 

9 1 % i e r i - B u t a n o l 
298.16 
308.16 
318.16 

12.46 
11.44 
10.46 

0.80146 
0.79200 
0.78223 

36.72 
66.43 

115.89 

- 3 . 7 0 
- 1 . 8 0 
- 0 . 7 0 

9 9 % i e r i - B u t a n o l 
298.16 
308.16 
318.16 

10.08 
9.07 
8.30 

0.78350 
0.77348 
0.76201 

41.27 
74.93 

131.33 

- 5 . 0 0 
- 3 . 5 0 
- 1 . 5 0 

1 0 0 % i e r i - B u t a n o l 
298.16 
308.16 
318.16 

9.90 
8.85 
8.30 

0.78150 
0.77090 
0.76043 

42.00 
76.30 

133.80 

1.20 
1.40 
1.60 

3 0 % E t h a n o l 
298.16 
308.16 
318.16 

60.98 
58.04 
55.16 

0.95117 
0.94427 
0.93701 

28.82 
51.01 
86.54 

3.00 
3.30 
3.70 

6 0 % E t h a n o l 
298.16 
308.16 
318.16 

43.38 
40.96 
38.66 

0.88404 
0.87874 
0.86972 

36.79 
64.92 

109.64 

6.50 
7.00 
7.90 

9 0 % E t h a n o l 
298.16 
308.16 
318.16 

28.12 
26.44 
24.86 

0.81401 
0.80507 
0.79560 

51.20 
90.09 

151.40 

9.70 
10.10 
11.00 

9 9 % E t h a n o l 
298.16 
308.16 
318.16 

24.57 
23.15 
21.79 

0.78759 
0.77852 
0.76947 

58.11 
102.20 
171.40 

0.30 
1.70 
4.60 

1 0 0 % E t h a n o l 
298.16 
308.16 
318.16 

24.20 
22.79 
21.53 

0.78506 
0.77641 
0.76761 

59.00 
103.70 
174.00 

2.70 
5.80 

14.30 
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22. ROBINETTE AND AMIS Electromotive Forces 367 

trode are p l o t t ed against weight -percent e thanol a n d weight -percent tert-
b u t a n o l , respect ively . T h e plots i n the t w o figures are qui te s imi lar . 
S i m i l a r trends were observed for the s i l v e r - s i l v e r b r o m i d e electrodes i n 
the m e t h a n o l - w a t e r system (9 ) a n d for the s i l ver - s i l ver i od ide electrode 
i n the m e t h a n o l - w a t e r system ( J O ) . M a c l n n e s (31) also points out s i m i ­
lar trends. 

A l l c e l l potentials reached e q u i l i b r i u m i n 1 or 2 h r , except w h e n the 
solvent was anhydrous terf-butanol, i n w h i c h the electrodes reached e q u i ­
l i b r i u m only i n d i lu te soltuions of H B r a n d even then only i n a s lugg ish 
manner . T h i s s luggish behav ior has been reported (27) for the s i l v e r -
s i lver b r o m i d e electrode i n anhydrous e thanol w h e n the a c i d was con ­
centrated. I n the d i lu te h y d r o b r o m i c a c i d solutions used here, this p h e ­
nomena was not observed i n anhydrous ethanol . I t is est imated that the 
s tandard electrode potent ia l of the s i l v e r - s i l v e r b r o m i d e electrode i n 
anhydrous terf-butanol is accurate to on ly ± 1 m V . H o w e v e r , these data 
are reported to the same degree of prec i s i on f o u n d i n the other terf-buta-
n o l - w a t e r solvents i n order to fac i l i tate comparisons of the e m f s i n the 
various d i lut ions of f er f -butanol used. 

Ό.00 2 0 . 0 0 4 0 . 0 0 6 0 . 0 0 8 0 . 0 0 1 0 0 . 0 0 

WEIGHT PERCENT ETHANOL 

Figure 1. Standard potentials of the cell Pt, \ H2 HBr(m), X % alcohol, 
Y % water \ AgBr-Ag in ethanol-water (radius = 5.00): (Π), 25°C; (O), 

35°C; (A), 45°C. 
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368 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

?i 1 1 1 1 1 
0 . 0 0 2 0 . 0 0 4 0 . 0 0 β 0 . 0 0 8 0 . 0 0 100 .00 

HEIGHT PERCENT T-BUTYL ALCOHOL 
Figure 2. Standard potentials of the cell Pt, H« | HBr(m), X% alcohol, 
Y % water \ AgBr-Ag in teri-butanol-water (radius = 5.50): (Π), 25°C; 

(O), 35°C; (A), 45°C. 

F i g u r e s 3 a n d 4 conta in graphs of the funct ions AG°/T VS. 1 /Γ for 
the e t h a n o l - w a t e r a n d the terf-butanol-water systems, respect ively . 
These plots were used i n c a l c u l a t i n g the s tandard enthalpies , Δ Η ° , 
( E q u a t i o n 16) for the respective solvent systems. T h e curves show slopes 
of the same general signs a n d orders as f o u n d for the s i l v e r - s i l v e r b r o ­
m i d e electrode (9 ) a n d for the s i l v e r - s i l v e r i od ide electrode (10) i n 
m e t h a n o l - w a t e r solvents. F i g u r e 5 is a p l o t of AH° vs. we ight -percent 
a l coho l for the respective e t h a n o l - w a t e r a n d terf-butanol-water solvent 
systems. T h e tert-butanol data show the same trends as the corresponding 
data for the s i l v e r - s i l v e r ch lor ide electrode i n the teri-butanol-water 
solvent system ( 3 2 ) . T h e y are also of the same type as those b y A m i s 
a n d co-workers (8,10). These data c a n be exp la ined poss ib ly as fo l lows 
(10,38). A f t e r a n i n i t i a l decrease i n the structure of h i g h l y h y d r o g e n -
b o n d e d water caused b y the a d d i t i o n of s m a l l amounts of teri-butanol, 
further a d d i t i o n of a l coho l increases the structure of the solvent system, 
p r o b a b l y b y the selective so lvat ion of the a c i d ions b y a l coho l . A l c o h o l 
molecules w i l l fit into the latt ice structure of water u n t i l the compos i t i on 
of a l coho l becomes greater t h a n that of water (34). T h i s s h o u l d occur 
at 8 0 - 9 0 w t % terf-butanol (49.3-68.6 m o l % terf-butanol). A change 
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22. ROBINETTE AND AMIS Electromotive Forces 369 

i n slope of the entha lpy curves occurs at 90 w t % terf-butanol i n d i c a t i n g 
a possible change i n i o n so lvat ion at this solvent compos i t ion . 

T h e r a p i d rise i n entha lpy between 99 a n d 100 w t % terf-butanol 
m a y arise f r o m the b r e a k i n g d o w n of l o n g c h a i n associations f o u n d i n 
pure a l coho l b y a d d i n g a very s m a l l amount of water ( 3 0 , 3 5 ) . T h e effect 
of water on the structure of alcohols must d e p e n d large ly o n compet i t ive 
h y d r o g e n b o n d i n g s imi lar to that f o u n d i n a c i d - b a s e e q u i l i b r i u m ( 3 6 ) . 
T h e order of increas ing bas ic strength of alcohols is (37 ,38) : C H 3 O H < 
ethanol < n -propano l < terf-butanol, a n d i t also is, f r o m I R studies ( 3 9 ) , 
the order of a n increas ing tendency to act as a pro ton acceptor i n h y d r o ­
gen b o n d format ion . T h u s terf-butanol shou ld have a strong structure-
m a k i n g effect w h e n a d d e d to tert-butanol-water mixtures . I t has been 
noted (40) that addi t ions of very s m a l l amounts of water to terf-butanol 
causes a decrease i n the d ie lectr i c constant. T h e present d a t a ind i cate a 
decrease i n hydrogen -bonded structure i n terf-butanol w h e n s m a l l 
amounts of water are a d d e d to the p u r e a l coho l . T h i s c o u l d be a factor 
i n the r a p i d increase i n enthalpy a n d entropy f r o m 9 9 % to 1 0 0 % tert-
butanol. I t has been stated (41) that the reg ion be tween 9 0 % a n d 
1 0 0 % a l coho l is a c r i t i c a l one s tructura l ly , a n d that for a c i d solutions i n 
this reg ion some "uncompensated" s t ructura l effects c l ear ly become i m -

o ο 

Ο 
Ο 

00_ 

ο ο 
ττ 
' 3 . 0 7 3 .14 3.21 3 .28 3 .35 3 .42 

1000. /Τ 

Figure 3. A G ° / T as a function of 1/Ί for the ethanol-water system. 
Ethanol concentrations: (Π), 100%; (O), 99%; (+), 60%; (X), 30%. (0), 

100% water. 
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370 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

'?Tc7 3.2\ 3T7e 3.3S b.H2 
1000./τ 

Figure 4. A G ° / T as a function of 1/Ύ for the tert-butanol-water system. 
Tert-Butanol concentrations: (•}, 100%; (O), 99%; (A), 91%; (+), 

60%; (X), 30%. (0) 100% water. 

portant . T h e s i tuat ion has been s u m m e d u p b y stat ing (42) that a l c o h o l -
water mixtures are subject to the m i x e d contro l of c o m p e t i n g o rder ing 
influences pecu l ia r to the pure compounds as w e l l as to others ar i s ing 
f r o m specific cooperat ing influences be tween them. T h i s consequently 
presents a w e a l t h of s t ructura l prob lems. 

Δ / / ° a n d AS° VS. solvent compos i t i on for the e t h a n o l - w a t e r solvent 
systems (see F i g u r e s 5 a n d 6) show a more complex behav ior at about 
6 0 % ethanol than the corresponding plots for the terf-butanol-water 
solvent systems (see F i g u r e s 6 a n d 8 at about 6 0 % terf-butanol. T h e 
e t h a n o l - w a t e r system shows a s l ight m i n i m u m a n d then a m a x i m u m i n 
the 0 to 6 0 % ethanol range, w h i l e terf-butanol-water system shows on ly 
a m a x i m u m i n the 0 to 6 0 % tert-butanol range. 

T a b l e I V contains the ca lcu lated values of — l o g γ ± , where γ is the 
act iv i ty coefficient of h y d r o b r o m i c a c i d for the solvent systems inves t i ­
gated here. 

T h e ac t iv i ty coefficients show the general ly expected decreasing 
trends ( — l o g y ± show the increas ing trends ) as the a c i d concentrat ion 
increases, a n d as the d ie lectr i c constant of the solvent m e d i u m decreases. 
These trends are i n close agreement w i t h those obta ined i n other a l c o h o l -
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22. ROBINETTE AND AMIS Electromotive Forces 371 

water systems a n d w i t h other ha logen acids (8-12). T h e trends m a y be 
exp la ined as the results of i o n p a i r i n g favored b y h i g h concentrations of 
electrolytes a n d l o w die lectr i c constants of the solvents. 

A s was observed b y M e l t o n a n d A m i s (9 ) i n 9 0 % methano l , w e find 
that b has a large posi t ive va lue i n ethanol . H o w e v e r , i n 9 0 % £er£-buta-
n o l , w e find b to be negative. I n 9 9 % ethanol a n d 9 9 % terf-butanol b 
approaches an apparent m i n i m u m a n d has a negative s ign at a l l three 
temperatures invest igated. These m i n i m a at 9 9 % a l coho l perhaps c a n 
arise f r o m the decrease of hydrogen -bonded structure as ment ioned i n the 
observed m i n i m u m s i n plots of enthalpy a n d entropy. I t m i g h t be no ted 
i n the case of plots of Δ Η ° , AS° , a n d b (see F i g u r e s 5, 6, a n d 7) that there 
are s imi lar i t ies i n the curves i n that they a l l show m a x i m a a n d m i n i m a 
a n d there is a m a r k e d increase i n these functions i n go ing f r o m 9 9 % 
a l coho l to pure a lcoho l . I n b o t h a l coho l systems s imi lar trends of b vs. 
a l coho l compos i t ion are shown w i t h respect to t emperature—the p lo t at 
2 5 ° C f a l l i n g b e l o w the p lo t at 3 5 ° C w h i c h is b e l o w the p lo t at 45 °C . T h e 
increase of b w i t h temperature i n a l c o h o l - w a t e r systems w o u l d support 
the observation that there is decreased hydrogen -bonded structure i n ­
v o l v e d i n the phenomena . I t is reasonable to assume that the h igher the 
temperature , the less hydrogen -bonded structure can exist. 

ο 

Ό. oo 1θ.00 40 .00 60 .00 80 .00 1 
WEIGHT PERCENT PLC0H0L 100.00 

Figure 5. Enthalpy as a function of solvent composition in alcohol-water 
mixtures: tert-butanol; (O), ethanol. 
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372 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S Π 

Ό . 0 0 2 0 . 0 0 M O . 0 0 6 0 . 0 0 8 0 . 0 0 1 0 0 . 0 0 
W E I G H T P E R C E N T A L C O H O L 

Figure 6. Entropy as a function of solvent composition in alcohol-water 
mixtures: (\3), tert-butanol; (O), ethanol. 

T a b l e I V . A c t i v i t y Coefficients o f H y d r o b r o m i c A c i d 

25°C 85°C Jfi°C 

Molality —Log y ± Molality —Log γ ± Molality —Logy 

100% Water 

0.085483 0.2282 0.089895 0.2359 0.086646 0.2374 
0.059188 0.2014 0.059766 0.2055 0.060899 0.2107 
0.034959 0.1662 0.033960 0.1672 0.035871 0.1739 
0.022188 0.1393 0.021088 0.1389 0.023375 0.1474 
0.013918 0.1152 0.012914 0.1136 0.015066 0.1235 
0.009329 0.0972 0.008424 0.0947 0.010279 0.1052 

0.005759 0.0802 0.007343 0.0910 

30% Ethanol 

0.009879 0.1412 0.010119 0.1456 0.10040 0.1482 
0.005096 0.1058 0.005149 0.1085 0.005345 0.1128 
0.002660 0.0789 0.002572 0.0793 0.002992 0.0870 
0.001578 0.0620 0.001340 0.0586 0.001757 0.0681 
0.001005 0.0501 0.000732 0.0440 0.001075 0.0541 
0.000487 0.0355 0.000323 0.0297 0.000585 0.0405 
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22. ROBINETTE AND AMIS Electromotive Forces 373 

T a b l e I V . C o n t i n u e d 

25° C 85°C 

Molality —Log y ± Molality —Log y ± . Molality -Logy-. 

60% Ethanol 

0.011112 0.2323 0.010622 0.2348 0.010932 0.2462 
0.006770 0.1887 0.004598 0.1646 0.005779 0.1882 
0.001871 0.1065 0.002361 0.1223 0.003178 0.1446 
0.002116 0.1127 0.001303 0.0930 0.002029 0.1181 
0.001199 0.0867 0.000776 0.0730 0.001224 0.0935 
0.000679 0.0664 0.000407 0.0537 0.000639 0.0689 

90% Ethanol 

0.012672 0.4340 0.021360 0.5471 0.013153 0.4726 
0.006644 0.3341 0.012015 0.4395 0.007418 0.3757 
0.003808 0.2636 0.004349 0.2981 0.004541 0.3057 
0.002267 0.2097 0.003010 0.2464 0.003101 0.2592 
0.001412 0.1693 0.001849 0.1983 0.001859 0.2064 
0.000756 0.1268 0.000918 0.1439 0.000983 0.1543 

99% Ethanol 

0.014212 0.5376 0.007031 0.4214 0.004829 0.3726 
0.007495 0.4175 0.003390 0.3095 0.003151 0.3102 
0.003917 0.3182 0.001724 0.2294 0.002053 0.2568 
0.002166 0.2455 0.000911 0.1714 0.001368 0.2139 
0.001368 0.1996 0.000537 0.1340 0.000926 0.1788 
0.000790 0.1551 

100% Ethanol 

0.047675 0.8364 0.017747 0.6172 0.007541 0.4565 
0.028807 0.7083 0.009951 0.4942 0.003697 0.3383 
0.018557 0.6056 0.005515 0.3885 0.001409 0.2206 
0.013849 0.5427 0.003190 0.3075 0.000525 0.1396 
0.009227 0.4631 0.001285 0.2050 
0.006747 0.4080 0.000388 0.1173 
0.004371 0.3402 

80% tert-•Butanol 

0.027814 0.2599 0.027275 0.2655 0.028229 0.2798 
0.019590 0.2272 0.019989 0.2358 0.019798 0.2443 
0.012989 0.1928 0.013850 0.2039 0.014506 0.2159 
0.007930 0.1570 0.008456 0.1662 0.010419 0.1885 
0.005447 0.1335 0.005553 0.1388 0.007082 0.1602 
0.003772 0.1135 
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374 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

T a b l e I V . C o n t i n u e d 

25°C S5°C 45°C 

Molality —Log y ± Molality —Log y ± Molality —Log y. 

60% tert-Butanol 
0.018571 0.5193 0.018580 0.5461 0.018623 0.5806 
0.011179 0.4279 0.009837 0.4280 0.010505 0.4669 
0.006587 0.3456 0.005817 0.3455 0.006424 0.3830 
0.004252 0.2875 0.003742 0.2866 0.004245 0.3219 
0.002921 0.2443 0.002528 0.2416 0.002937 0.2746 

0.002126 0.2382 

91% tert-Butanol 

0.014874 1.3802 0.013665 1.4309 0.014951 1.5872 
0.007811 1.0898 0.007881 1.1682 0.005945 1.1254 
0.004531 0.8781 0.004075 0.8980 0.003493 0.9054 
0.002971 0.7371 0.002971 0.7870 0.002122 0.7321 
0.001915 0.6108 0.001801 0.6349 0.001340 0.5990 
0.001073 0.4734 0.000963 0.4811 0.000645 0.4314 
0.000555 0.3510 0.000439 0.3370 0.000283 0.2971 

99% tert-Butanol 
0.024563 2.1313 0.024387 2.3250 0.024582 2.4950 
0.014660 1.8038 0.014389 1.9627 0.014614 2.1140 
0.009112 1.5249 0.008112 1.6004 0.008322 1.7334 
0.005836 1.2833 0.004273 1.2375 0.004803 1.3913 
0.003898 1.0886 0.002279 0.9467 0.002600 1.0699 
0.002766 0.9423 0.001231 0.7209 0.001520 0.8431 

100% tert-Butanol 
0.005092 1.2447 0.005642 1.4290 0.005133 1.4312 
0.002882 0.9818 0.002455 1.0067 0.002291 1.0121 
0.001324 0.6994 0.000856 0.6318 0.000613 0.5585 

0.000233 0.3519 0.000163 0.3091 
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22. ROBINETTE AND AMIS Electromotive Forces 375 

Figure 7. Salting-out coefficient Β as a function of weight-percent alco­
hol tert-Butanol temperatures: (D), 25°C; (O), 35°C; (A), 45°C. Ethanol 

temperatures: (+), 25°C; (X), 35°C;(0), 45°C. Pu
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376 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

U n t i l more da ta is co l lec ted i n the various a l c o h o l - w a t e r systems, 
a n d better models for these systems are developed, i t w i l l be imposs ib le 
to defini tely delineate the processes occu r r ing i n these solvent systems. 
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I N D E X 

A 
A coefficients 174 
Acetic acid 7-10 

in E G - D E G mixtures at various 
temperatures, p K a values of 349i 

from wood-pulping liquors, 
recovery of 1-10 

Acetone 6-10 
Acetone-water 

aggregation numbers of ionic 
micelles in 122i 

n D T M A B r and SDS in 115*, 123 
pKa* of acids in 238f-239i 
single-ion standard Gibbs free 

energy of transfer from 
water to 117/ 

tetrabutylammonium particle in 118i 
transference number of NaBr in . 114f 

Acetonitrile ( A C N ) 100 
HPi in 89 
-water 

Δ Η 0 of Bu 4 NBr in 101* 
AH0 of L iCKX in 105 
mixed-solvent systems 230 

Acid(s) 
in acetone-water at 25 °C, 

p K a * of 238f-239f 
-anion complexes 87 
-base interactions 82 
-base relationship, Bronsted-

Lewis equation of 53 
vs. dielectric constant function, 

ionization constants of . . . . 235/ 
in ethanol-water, ionization con­

stants of 241/ 
in ethanol-water at 25°C, p K a * 

(molal scale) of various 236f-237i 
heats of mixing of ether with 

sulfolane solutions of 155i 
in methanol-water at 25 °C, 

p K a * 238i-239f 
minimum distance approach of . 244i 
in nonaqueous solvents, behavior 

of weak 86 
in organic—water solvents at 

25°C, pKa* of 238f-240* 
in solvent, free energy change of 

ionization of 232 
in solvents, ionization constants 

of 234/ 
vapor pressure of sulfolane solu­

tions of 150/ 
Acidity Function, Hammett's 53 

A C N (see Acetonitrile) 
Activity behavior of 

metallic ion species in aqueous 
solution 299-321 

N d N O a - H N O s - H s O - H D E H P -
A M S C O system 323-343 

single-component lanthanide salt 
in aqueous solution 323 

Activity coefficient s ) 
of an electrolyte in binary 

mixtures 263,268 
of HBr in HBr + ( E t ) 4 N B r + 

H 2 0 269 
of the H D E H P dimer 

in A M S C O 335 
calculations 341f 
in n-octane 335 

on HNO .3 and N 0 3 " as a function 
of nitric acid concentration . 332/ 

of hydrobromic acid 372f-374i 
in mixed solvents 259 
molal 362 
of the N d ( N 0 3 ) . r - H N 0 3 - H 2 0 

system at 25°C 299-321 
of the neodymium ion in aqueous 

nitrate solution 306/, 307f 
of the neodymium ion in neo­

dymium nitrate aqueous 
solutions 307i 

rational 362 
in water 259 

Ag-AgBr electrode, standard elec­
trode potential (E°) of 362 

A g - A g C l electrode 
bulk dielectric constants of sol­

vent, standard potentials of 228i 
computation of standard poten­

tial in 216 
curve-fitting polynomial for 

computation of E° of 222 
curve-fitting technique for evalu­

ation of Ε 0 of 222 
Eobs of 218 
standard potential of 225f 

variation of 227/ 
Ag-AgI electrode in glycol -f-

diethylene glycol, standard 
potentials of 346 

Aggregation numbers of ionic 
micelles in water-acetone 
mixtures 122f 

Aggregation numbers for ionic and 
non-ionic micelles in aqueous 
binary mixtures, variations of . 126/ 

381 
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Alcohol 
increasing basic strength of . . . . 369 
salting-out coefficient as a func­

tion of 375/ 
- T M S mixtures 93 
-water 370 

enthalpy as a function of sol­
vent composition in 371/ 

entropy as a function of sol­
vent composition in . . . . 372/ 

-inorganic salt systems 12 
trends of K n (corr) values in . . 140 

Alkali bromides 100 
Alkali halides in methanol-water 

mixtures, viscosity of dilute 
solutions of 167-176 

Aminosugar research, solvent 
systems in 178-188 

Ammonium bromide-ethanol-water 
svstem 14 

at nxed-salt concentrations 18/ 
isobaric vapor-liquid equilibrium 

data for 16i 
salt effect parameter for 21t 
salt effect parameter as a function 

of the liquid composition 
ratio for 19/ 

at saturation 18/ 
Ammonium bromide on the etha­

nol-water system, salt effect of 15/ 
A M S C O , H D E H P dimer activity 

coefficient in 335 
A M S C O Odorless Mineral Spirits . 335 
Anilinium ion 68 
Anion(s) 

-acid complexes 87 
in aqueous binary mixtures, 

behavior for inorganic . . . . 118 
carboxylate 69 
- T M S interactions 84 

Anionic radii, hydrated 241 
Apparent charge 

of ionic micelles in aqueous 
binary solvents 109-128 

of micelles in mixed solvents . . . 121 
of ionic micelles with solvent 

composition, variation of . . 125/ 
Aprotic solvents 

dipolar 77 
enthalpies of solution of electro­

lytes in mixtures of water 
with 99-107 

ion-ion interactions in 78 
ion-solvent interactions in 78 

Aqueous 
binary mixtures, behavior for 

inorganic anions in 118 
binary mixtures, variations of 

aggregation numbers for 
ionic and non-ionic micelles 
in 126/ 

binary solvents, apparent charge 
of ionic mice! lies in 109-128 

Aqueous (continued) 
media, thermodynamic behavior 

of tetraalkylammonium bro­
mide and hydrobromic acid 
in 263-274 

micelles 210 
mixed-salt solutions, solubility of 

carbon dioxide in 189-205 
mixtures, ΔΗ 0 of Bu*NBr in . . . 106/ 
N d ( N 0 8 ) 3 - H N 0 8 , static vapor 

pressure measurements of . 310 
neodvmium concentration, equi­

librium 334f 
nitrate solution, activity of the 

neodymium ion in . . . . 305/, 306/ 
phase, equilibrium metal concen­

trations in 332 
phase, p H electrode data for 

equilibrated 333i 
salt solution, liquid-liquid extrac­

tion of the lanthanides 
from 323-343 

single-salt solutions, applicability 
of the Setschenow equation 
on the salt concentration in 190 

solution(s) 
activities of neodymium ion in 

neodymium nitrate 307i 
activity behavior of a metallic 

ion species in 299-321 
activity coefficients of neody­

mium ion in neodymium 
nitrate 307i 

lanthanide complexes in 301 
lanthanum nitrate complexes in . 301 
of nitric acid, nitrate ion activity 

coefficient in . . '. 33It 
Association constant(s) 80t, 85 

on the dielectric constant(s) 
for H C l in water-TMS, 

dependence of 90/ 
for L i C l in methanol-TMS, 

dependence of 94/ 
in water-TMS, dependence of 91/ 

of picric acid in ethanol-TMS . . 95/ 
of picric acid in ferf-butyl 

alcohol-TMS 95/ 
Association phenomena 85 

importance of solute-solvent 
interactions to 86 

in water-TMS, ionic 92-93 

Β 

Β coefficients 175 
in the water-rich region 175 

Bases in nonaqueous solvents, be­
havior of weak 86 

Basicity in mixtures of water with 
organic solvents 53 

Bending energy 211 
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INDEX 383 

Binary 
electrolyte model, Q coefficients 

for Harned's 316/ 
electrolyte solutions 310 

vapor pressure of Nd(N0 3 )s-
H N ( V - H 2 0 311/ 

water activity in the N d -
(Ν0 3 ) 3 -ΗΝΟ ϊ -Η 2 0 . . . . 313/ 

mixed-salt solutions, carbon 
dioxide solubility in 191-202 

mixed-salt systems 198f 
mixture(s) 

activity coefficient of an elec­
trolyte in 263 

behavior for inorganic anions 
in aqueous 118 

of electrolytes, activity coeffi­
cient of an electrolyte in . 268 

of electrolytes, osmotic coeffi­
cient of an electrolyte in 268 

of E G - D E G , transfer of hydro­
gen iodide in 345-353 

excess Gibbs free energy of . . 317 
involving sulfolane ( TMS ) and 

protic solvents, conduct­
ance and ionic association 
of electrolytes in 77-99 

ion-solvent interactions in . . . 81 
N d ( N 0 3 ) 3 - H N 0 3 - H 2 0 electro­

lyte mixture, excess Gibbs 
free energy of 318/ 

N d ( N0 3 ) 3 -HNOs -H 2 0 electro­
lyte solution vapor pressure 
data, Harned's plot of 315/ 

solvents, apparent charge of ionic 
micelles in aqueous 109-128 

Biochemical oxygen demand 
(BOD) 8 

Black liquors from kraft pulping . . 10 
B O D (biochemical oxygen 

demand ) 8 
Bom electrostatic model 232 
Born equation 57,118 
Bromine, Harned interaction coeffi­

cient vs. total molality of . . . . 267/ 
Bronsted-Guggenheim Equation . 267 
Bronsted-Guggenheim parameters, 

relationship of the Harned co­
efficient to 268 

Bronsted-Lewis equation of an 
acid-base relationship 53 

BmNBr ( tetrabutylammonium 
bromide ) 

ΔΗ° of 100 
in aqueous mixtures 106/ 

in water-ACN at 25°C, ΔΗ 0 of . ΙΟΙί 
in water-EC at 45°C, ΔΗ° of . . 101* 

Bulk component 64 
Bulk dielectric constants 

in mixed solvents 223 
of solvents at 25°C 236f 
of solvents, standard potentials 

of A g - A g C l electrode 228* 

terf-BuOH-TMS mixtures 93 
1-Butanol 225f 
terf-Butanol 64, 225f 

standard electrode potential of 
the silver-silver bromide 
electrode in anhydrous . . . . 367 

- T M S 82t 
pK values of picric acid in . . . 82f 

-water 368 
E° for hydrobromic acid in . . 365i 
electromotive force measure­

ments of the galvanic cell 
containing hydrobromic 
acid in 360f 

&G°/T as a function of 1/Γ 
for 370/ 

standard potentials of Pt, 
H 2 |HBr(m), X% alcohol, 
Y% water|AgBr-Ag in . . 368/ 

Butyl acetate-butanol 
-calcium chloride, preferential 

solvation number in 34/ 
-calcium chloride system, pre­

diction for 37/ 
solubility of calcium chloride in 30/ 

terf-Butyl alcohol-TMS, association 
constants of picric acid in . . . 95/ 

terf-Butyl alcohol-TMS, ionization 
of picric acid in 96/ 

C H 3 O H - H 2 0 system 130 
elution profile of 133/ 

( CHa ) 2 S O - H 2 0 system 130 
eluting profile of 134/ 

C 2 H 6 O H - H 2 0 system 130 
elution profile of 133/ 

Calcium chloride 
in butyl acetate-butanol, solu­

bility of 30/ 
in methanol-ethyl acetate, solu­

bility of 28/ 
in methyl acetate-methanol, 

solubility of 29/ 
Cane sugar refining 3-4 
Carbon dioxide solubility 

in aqueous mixed-salt solutions 
189-205 

in binary mixed-salt solutions 191-202 
in potassium chloride-calcium 

chloride solutions 194/, 196/ 
in potassium chloride—sodium 

chloride-calcium chloride 
solution 193f 

in sodium chloride-sodium sul­
fate-ammonium chloride 
solutions 193f, 195/, 197/ 

in sodium chloride-magnesium 
sulfate-potassium nitrate 
solution 193f 

in ternary mixed-salt solutions 193-202 
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T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 384 

Carboxylate anions 69 
A G * 0 ( carboxylate ) β against mole 

fraction of teri-butanol with 70/ 
Cation-cation interaction, doublet 269 
Cation-TMS interactions 84 
Cationic micelle 119 
Cavity formation 116 
Cell A , Nemst Equation for 252 
Cell A from 5° -45°C, standard 256f-257i 
Chelated ligand 132 
Chloride single-ligand complexes 

of lanthanides 301 
Chromium (III) 

coordination shell of 130 
discrimination of 131 
equilibrated in 1,3-propane-

diol(G)-H 2 0 system, elution 
profile for species of 134/ 

ion in mixed solvents, solvation 
of 129-144 

kinetic inertness of 130 
random solvation of 131 
solvation in mixed-solvent 

systems 141 
species in the water-1,3- pro­

panediol system 140 
cmc (see Critical micelle concen­

trations ) 
Coefficients of 8Em° = ,Em° (25°C 

+ b(t - 25) + c(t - 25) 2 ) 351f 
Coefficients, medium activity 136 
Complex formation stability 

constants 302 
Complex fraction data 308i 
Concentrated solutions, extraction 

of 1-10 
Conductance ( s ) 

of electrolytes in binary mixtures 
involving sulfolane ( T M S ) 
and protic solvents 77-99 

of H C l in pure T M S 87/ 
limiting equivalent 78ί-80ί 
of sulfolane solutions of acids as 

a function of diethyl ether 
concentration 153/ 

of sulfolane solutions of acids as 
a function of water concen­
tration t 152/ 

Conductivity equations, Evans* . . . 113 
Conductivity for the E t 2 0 - H S b C l e 

system 151 
Conductometric behavior of ions in 

water 79 
Confidence region(s) 46 

for methanol-water-sodium 
chloride 48/, 49/ 

Conjugation phenomena 86 
Contact ion pair, formation of . . . 92 
Coordinate bonds 129 
Coordination shell of chromium 

(III) 130 
Co-sol vent( s ) 

AG<°(anilinium+)e against 69/ 
A G * e ( B P h T ) against 63/ 

Co-solvent ( s ) ( continued ) 
AG, ° (CH 3 CH 2 COO-) e against 

mole fraction of 66/ 
A G ( ° ( C H 3 C O O - ) e against mole 

fraction of 65/ 
AG<°(CH 3 COO-) e against recip­

rocal of the dielectric con­
stant with 64/ 

A G ^ C e H s C O O - J e against mole 
fraction of 67/ 

AGt°(C\-) against 60/ 
AGt°(HCCO-)« against mole 

fraction of 66/ 
AG, ° (K + ) against 59/ 
AG, ° (OH-) against 62/ 
A G * 0 ( n-propylammonium+ ) e 

against 68/ 
influence of 105 
in mixture, structural effect of . . 65 

Coulomb potential for the micelle 113 
Coulombic stretching force 211 
Counterions 120 
Critical micelle concentrations 

(cmc) 110,114 
of micelles in mixed solvents . . . 121 
of ΡΟΕ Μ 125 
with solvent composition, varia­

tion of 110,121/ 
values of n D T M A B r in water . . 115 
values of SOS in water 115 

C r ( O H 2 ) 3 ( O S ( C H 3 ) 2 ) 3
3 + from 

C r ( O H 2 ) * ( O S ( C H 3 ) 2 ) 2
3 + , 

yields of 136t 
C r ( O H 2 ) e - n ( O S ( C H 3 ) 2 ) n 3 + , rela­

tive stabilities of isomeric 
species 135* 

C r ( O H 2 ) e - « ( O S ( C H 3 ) 2 ) „ 3 + system, 
identification of isomers in . . . 135 

Crystalline phase, lamellar liquid . 211 
stability of 213 

Curve-fitting polynomial for the 
computation of E° of A g - A g C l 
electrode 222 

Curve-fitting technique for evalua­
tion of Ε ° of A g - A g C l elec­
trode 222 

D 

D-values 45 
Debye-Hiickel 

Equation 122,212 
extend terms of 220 
reduced 148 

extended equation, extrapolation 
of emf in dioxane-water 
mixtures computed by . . . . 217/ 

potential 112 
theory 300,359 

for symmetrical valence-type 
electrolytes 363 

D E G (see Diethylene glycol) 
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INDEX 385 

Density-concentration coefficients . 170 
Density parameters for salt solu­

tions in methanol-water 174* 
Dielectric constant(s) 

with co-solvents, AG ( °(CH 3 -
C O O " ) e against reciprocal 
of 64/ 

function 234/ 
ionization constants of acids vs. 235/ 

for H C l in water-TMS, depend­
ence of association constants 
on 90/ 

for L i C l in methanol-TMS, de­
pendence of association con­
stants on 94/ 

in mixed solvents, bulk 223 
of nonaqueous solvents 250 
of solvents at 25°C, bulk 236* 
of solvents, standard potentials 

of A g - A g C l electrode bulk . 228* 
of T M S 86 
in water-TMS, dependence of 

association constants on . . . 91/ 
Dielectric continuum, spheres in . . 85 
Dielectric saturation 86 
Diethyl ether concentration, con­

ductance of sulfolane solutions 
of acids as a function of . . . . 153/ 

Diethylene glycol ( D E G ) 346 
at various temperatures, E 0 ' in . 349/ 
-ethylene glycol mixtures, physi­

cal constants of 347* 
Di-2-ethylhexyl phosphoric acid 

( H D E H P ) 324 
dimer activity 342/ 

coefficient in A M S C O 335 
coefficient calculations 341* 

dimer concentration in the 
equilibrated organic phase . 340* 

dimer in η-octane, activity coeffi­
cients of 335 

extraction reactions of lanthanum 
by 325 

ion exchange mechanism for the 
extraction of lanthanide ions 
by 325 

trimers, formation of 325 
2,6-Dihydroxylbenzoic acid in T M S 88 
Dilution, enthalpies of 100 
Dimer 

activity, H D E H P 342/ 
coefficients calculations 341* 

concentration in the equilibrated 
organic phase, H D E H P . . . 340* 

molarity 335 
1,2-Dimethoxyethane 225* 
N,iV-Dimethylacetamide ( D M A ) . 99 
Ν,Ν-Dimethylformamide (DMF) 99, 226* 

-water 102 
AH0 of salts in 104/ 
ΔΗ° of solutes in 102/ 
ΔΗ° of tetraalkylammonium 

bromides in 103/ 
PnNBr in 104 

Dimethylsulfoxide (DMSO) 99,145,226* 
-water 102,138,235 

Δ Η 0 of solutes in 102/ 
Dioxane 186 

-water 82 
addition of an electrolyte to . . 186 
computed by the Debye-

Hiickel extended equa­
tion, extrapolation of emf 
in 217/ 

Dipolar aprotic (DPA) solvents .77,145 
solvation enthalpy of gaseous 

ions in 162*-163* 
sulfolane as 146 
thermodynamic properties of 

electrolytes in 146 
Discrimination factor 132/ 
Dissociation 

of ionic micelles in mixed sol­
vents, degree of 119-121 

of ionic micelles with solvent 
composition, degree of . . . . 120/ 

of a micelle at 298.15 K, degree 
of 115* 

of a micelle at 308.15 K, degree 
of 116* 

of micelles, determination of the 
degree of 113 

steps of glycine 278 
Distance approach of acids, 

minimum 244* 
D M A (Ν,Ν-dimethylacetamide) . 99 
D M F (see N,N-Dimethylform-

amide ) 
D M S O (see Dimethylsulfoxide) 
Doublet cation-cation interaction . 269 
D P A (see Dipolar aprotic solvents) 
n D T M A B R (see Trimethyldecyl-

ammonium bromide ) 
Durbin-Watson test 42 

Ε 
!° ( standard electrode potential ) 

of the Ag-AgBr electrode 362 
of the A g - A g C l electrode, curve-

fitting polynomial for the 
computation of 222 

of the A g - A g C l electrode, curve-
fitting technique for the 
evaluation of 222 

for hydrobromic acid in tert-
butanol-water 365* 

for hydrobromic acid in ethanol-
water 365* 

in mixed solvents 57 
of the silver-silver bromide elec­

trode in anhydrous tert-
butanol 367 

in water 57 
:°' (standard emf) 252,347 

of Cell A from 5° -45°C . . .256*-257* 
data of Pt; H 2(g, 1 atm)/HBr(mi), 

(C 2 H 5 )4NBr(m 2 ) /AgBr; A g 265* 
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386 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

E0' (standard emf) (continued) 
in D E G at various temperatures 349/ 
as a function of the molality of 

HBr mixed solvents at 25°C 256/ 
with molality, variation of 224/ 
with temperature, variation of . . 224/ 

eEc° in E G - D E G mixtures 350* 
Em°' (standard cell potential) . . . 359 
,£m° in EG-DEG.mixtures 350* 
aEm° - sEm° (25°C + b(t - 25) 

4- c(t — 25) 2 ) , coefficients of 351* 
nEN° in E G - D E G mixtures 350* 
Eob» (observed electromotive force) 359 

of A g - A g C l electrode 218 
E C (ethylene carbonate) 100 

-water, ΔΗ° of Bu 4 NBr in 101* 
E G (see Ethylene glycol) 
Electric 

double layer formation 212 
double layer as an inverse 

micelle 212 
potential of micelle, calculation 

of 112 
Electrode 

materials, purification of 356 
potentials, standard (see E°) 
preparation and aging 356 

Electrolyte(s) 
in binary mixture ( s ) 

activity coefficient of 263, 268 
involving sulfolane (TMS) 

and protic solvents, con­
ductance and ionic asso­
ciation of 77-99 

osmotic coefficient of 268 
binary, solutions 310 
Debye-Hiickel theory for sym­

metrical valence-type 363 
in D P A solvents, thermodynamic 

properties of 146 
in a mixed-aqueous solvent, 

ionization constant of 233 
in mixed solvents, behavior of . . 145 
in mixtures of water with aprotic 

solvents, enthalpies of solu­
tion of 99-107 

preferential solvation of . . . . 145-165 
in solution, equilibrium behavior 

of 278 
in sulfolane (TMS) 78 
of symmetrical valence type . . . . 219 
vapor pressure of sulfolane solu­

tions of 149/ 
in water, ionization constant of . 233 

Electromotive force 
measurements of the galvanic 

cell containing hydrobromic 
acid in ethanol-water and 
*er*-butanol-water solvents . 360* 

of Pt H 2 |HBr(m), X% alcohol, 
Y% water|AgBr-Ag in pure 
and mixed solvents 355-376 

of Pt; H«(g, 1 atm)lHBr(m) in 
N M A / H 2 0 | A g B r ; Ag . .254*-255* 

Electromotive force (continued) 
of Pt /H , (g ) /G 4 ( m i ) , NaG(ro 2), 

KBr(m 3 ) in water + 10, 30, 
and 50 mass % T H F / A g B r / 
Ag 282*-283< 

of Pt /H,(g)GHBr(mi), G*(m) 
in water + 10, 30, and 50 
mass % T H F / A g B r / A g 280*-281* 

Electrostatic model, Born 232 
Elution profile 

of H 2 0 - C H 3 O H system 133/ 
of H 2 0 - ( C H 3 ) 2 S O system 134/ 
of H 2 0 - C 2 H 8 O H system 133/ 
for species of chromium (III) 

equilibrated in 1,3-propane-
diol( G ) - H 2 0 system 134/ 

Emf, standard (see Eof) 
Energy 

constants, Wilson 42 
effect of errors on standard 

deviation of 44/ 
parameters, Wilson 44 

Enthalpic effect of hydrophobic 
hydration 102 

Enthalpy (ies) 
of dilution 100 
as a function of solvent composi­

tion in alcohol-water 371/ 
of mixing, excess 67 
of solution (see ΔΗ°) 
of transfer (see &Ht°) 

Entropy 
as a function of solvent composi­

tion in alcohol-water 372/ 
changes (see àS° ) 
of mixing, excess 67 
of transfer (see AS<°) 

Equilibrated 
aqueous phase, p H electrode 

data for 333* 
organic phase, H D E H P dimer 

concentration in 340* 
organic phase, nitrate concentra­

tion in 336/ 
Equilibrium 

aqueous neodymium concen­
tration 334* 

behavior of electrolytes in 
solution 278 

constants 
for formation of iomeric 

species 136 
for reactions 156*-157* 
for solvent species at a single 

solvation site 168 
thermodynamic (K n ) 136 

metal concentrations in the 
aqueous phase 332 

metal concentrations in the 
organic phase 332 

organic neodymium concen­
tration 334* 

Error analysis, application of 42 
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INDEX 387 

Error analysis of isobaric l iqu id -
vapor equilibrium data for 
mixed solvents 39-51 

ΤΓ-Error 42 
E t 2 0 - H C F 3 S 0 3 160 
EtaO-HSbCle system, conductivity 

for 151 
Ethanol, solubility of inorganic 

salts in boiling solutions of . . 25* 
Ethanol -TMS 82* 

association constants of picric 
acid in 95/ 

ionization of picric acid in . . . . 96/ 
pK values of picric acid in 82* 

Ethanol-water 
E° for hydrobromic acid in . . . . 365* 
electromotive force measurements 

of the galvanic cell contain­
ing hydrobromic acid in . . 360* 

&G°/T as a function of 1/Γ for . 369/ 
ionization constants of acids in 241/ 
p K a * (molal scale) of various 

acids in 236*-237* 
salt effect 

of ammonium bromide on . . . 15/ 
parameters for inorganic salts 

in 22* 
of potassium iodide on 15/ 
of sodium acetate on 20/ 

solubility of inorganic salts in 
boiling solutions of 25* 

standard potentials of Pt,|H 2 

H B r ( m ) , X% alcohol, Y% 
water|AgBr-Ag in 367/ 

Ether, protonation of water and . . 161 
Ether, reaction of solvated proton 

with 161 
Ethylene carbonate ( E C ) 100 
Ethylene glycol ( E G ) 346 

- D E G mixtures 
data of Cell 1 from 5° to 

35°C in 348* 
»Em°, 8E*°, and *EC° in 350* 
transfer of HI in binary mix­

tures of 345-353 
at 25 °C, transfer of H I from 

E G to 351* 
at various temperatures, p K a 

values of acetic acid in . 349* 
to E G - D E G , transfer energies 

of H + and I" ions from 353* 
E t O H - T M S mixtures 93 
Evans* conductivity equation . . . . 113 
Excess 

enthalpy of mixing 67 
entropy of mixing 67 
Gibbs free energy 318* 

of the binary electrolyte 
mixture 317 

of binary Nd( N O ^ s - H N O r -
H 2 0 electrolyte mixture . 318/ 

of the N d ( N 0 3 ) 3 - H N 0 3 - H 2 0 
system at 25°C 299-321 

Extended terms contribution 217 

F 
Fixed-liquid compositions 12 

salt effect in vapor-liquid equi­
librium at 11-25 

Fixed-salt concentrations, ammo­
nium bromide-ethanol-water 
at 18/ 

Formalism according to Pitzer . . . 268 
Formamide 99 
Free energy change of ionization 

of acid in solvent 232 
Free energy of transfer between 

water and the mixed solvent . 56 
Fuoss equation 85 

G 

A G 0 363 
for glycine' in ΤHF-H 2 0 ' .* ! ! !.' ! 286 
( R O H 2 ) 55 
Γ"1 as a function of 1/Γ for 

ethanol-water 369/ 
T" 1 as a function of 1/T for 

ierf-butanol-water 370/ 
A G E in tetraethyl ammonium bro­

mide, specific effects on 272 
AGt° (Gibbs free energy of 

transfer) 110,233, 293, 350 
( anilinium +) « against co-solvents 69/ 
(anion) « 65 
( B P h r ) against co-solvents 63/ 
( carboxylate ) e against mole 

fraction of *er*-butanol with 
carboxylate anions 70/ 

( C H 3 C H 2 C O O - ) e against mole 
fraction of. co-solvent 66/ 

( CH 3 COO~ ) e against mole frac­
tion of co-solvent 65/ 

(CH 3 COO~)e against reciprocal 
of the dielectric constant 
with co-solvents 64/ 

(CeH 6 COO") e against mole frac­
tion of co-solvent 67/ 

(CI") against co-solvents 60/ 
as a function of N M A in mixed 

solvent 260/ 
( H + ) against solvents 58/ 
for H B r ( H 2 0 ) -» H B r ( H z O / 

N M A ) 258* 
( H C C O " ) e against mole fraction 

of co-solvent 66/ 
( H O H ) : 57 
( K + ) against co-solvents 59/ 
(OH") against co-solvents 62/ 
( n-Propylammonium+ ) e against 

co-solvents 68/ 
for transfer of HBr from water 

to mixed solvent 257 
from water to water-acetone mix­

tures, single-ion standard . . 117/ 
AG,°( + ) 118 
A G , ° ( - ) 118 
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T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 388 

A G i ° (diss), transfer Gibbs energy 
of dissociation 290 

A G < 0 ( D (transfer free energy data 
of the iodide ion) 352 

Galvanic cell, standard potential of 363 
Gaseous ions in D P A solvents, 

solvations enthalpy 162f-163i 
Gaseous ions in water, solvations 

enthalpy of 162f-163i 
Gases in single-salt solutions, two-

parameter equation for the 
solubility of 197 

Gaussian elimination technique, 
modified 222 

Gibbs-Duhem equation 43 
of lanthanide nitrate 302 
for M(N03 )3 -HN03-H 2 0 303 
to the NdiNOaJa-HNOa-^O 

system, application of 313 
Gibbs free energy of the binary 

electrolyte mixture, excess . . . 317 
Gibbs free energy of transfer (see 

Gt° ) 
Glycerol 226f 
Glycine (NHa-CH^COO) 284 

dissociation steps of 278 
in 10 mass % THF-water, ther­

modynamic functions for the 
dissociations of 288i-290f 

in 30 mass % THF-water, ther­
modynamic functions for the 
dissociations of . .288f-289f, 291* 

in 50 mass % THF-water, ther­
modynamic functions for the 
dissociations of 290f-292f 

in T H F - H 2 O 
AG° for 286 
ΔΗ° for 286 
heat capacity for 286 
AS 0 for 286 
at varying temperatures, ther­

modynamic study of . . . . 277 
transfer dissociation energies 

of 292f-293f 
transfer free energies for 294/ 

Guggenheim-Scatchard equations . 300 

Η 

H + diffusion effect 329 
AH° (enthalpies of solution) . . . 100, 363 

-composition profile 105 
of electrolytes in mixtures of 

water with aprotic sol­
vents 99-107 

for glycine in T H F - H 2 O 286 
of L i C l O , in W - A C N 105 
(M) (standard enthalpy of 

solution in a mixture of 
water) 101 

of salts in DMF-water 104/ 
of a solute in various solvents . . 99 

Δ Η 0 (continued) 
of solutes in DMF-water 102/ 
of solutes in DMSO-water 102/ 
of tetraalkylammonium bromides 

in DMF-water 103/ 
of tetrabutylammonium bromide 

(Bu 4 NBr) 100 
in aqueous mixtures lOlf, 106/ 

AH°t (enthalpy of transfer) 99, 258i, 351 
as a function of N M A in mixed 

solvent 260/ 
f o r H B r ( H 2 0 ) -» H B r ( H z O / 

N M A ) 258* 
for reactions 156i 

HBr 
4- (Et ) 4 NBr + H 2 0 mixtures, 

activity coefficient of HBr in 269 
( H 2 0 j HBr( H 2 O / N M A ), 

enthalpy and entropy 
changes for 258f 

(H 2 0) H B r ( H 2 0 / N M A ) , 
AG*0 for 258* 

from H 2 0 to mixed solvent, AGt° 
for transfer of 257 

from H 2 0 to mixed solvent, ASt° 
for transfer of 257 

mean activity coefficient of . . . . 252 
for mixed solvents, E°' as a func­

tion of molality of 256/ 
+ NH 4 Br, Pitzer interaction 

parameters for 273f 
in N M A / H 2 0 , ionic activity 

coefficients of 258i 
4- tetraalkylammonium bromides, 

Pitzer parameters for 273i 
H C F 3 S 0 3 

- E t 2 0 160 
- H 2 0 160 
proton affinity of 164 
in sulfolane 147 

vapor pressure of 148 
H C l 

mean activity coefficient of . . . . 229 
4- NH4C1, Pitzer interaction 

parameters for 273f 
in pure T M S , conductance of . . 87/ 
in water-TMS, dependence of 

association constants on the 
dielectric constant for . . . . 90/ 

H D E H P (see Di-2-ethylhexyl 
phosphoric acid) 

H F , hydrated 160 
H F , undissociated 160 
HI (see Hydrogen iodide) 
H N O 3 as a function of nitric acid 

concentration, activity coeffi­
cient of 332/ 

HN03-H 20 data 314f 
HPi ( see Picric acid ) 
HSbCle in sulfolane 147 

nature of 148 
H 3 0 + 55 

heat of solvation of 162 
H 2 S, protonation of 163 
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INDEX 389 

H2SO4, nitrate electrode data for 
organic phase samples back-
extracted with 336f-337i 

Hammett's Acidity Function . . . . 53 
Harned's 

binary electrolyte model, Q 
coefficients for 316/ 

coefficient to the Bronsted-Gug­
genheim parameters, rela­
tionship of 268 

interaction coefficient vs. total 
molality of Br 267/ 

plot of binary Nd( N C ^ a - H N O a -
H 2 0 electrolyte solution 
vapor pressure data 315/ 

Rule 265 
Heat capacity for glycine in T H F -

H 2 O 286 
Heats of mixing of ether with 

sulfolane solutions of acids . . 155i 
Heats of mixing of water with 

sulfolane solutions of electro­
lytes 154i 

Hexaaquachromium(III) ion, 
stability of 141 

n-Hexane, trimer formation in . . . 325 
Hydrated anionic radii 241 
Hydrated H F 160 
Hydrated proton in water, 

structures for 56/ 
Hydrates, proton 161 
Hydration constant of CFaSOa" in 

sulfolane 159 
Hydration, hydrophobic 100, 102 
Hydrobromic acid 363 

activity coefficients of 372ί-374ί 
in aqueous media, thermody­

namic behavior of tetraalkyl­
ammonium bromide and . 263-274 

in teri-butanol-water, £° for . . . 365i 
in terf-butanol-water solvents, 

electromotive force measure­
ments of the galvanic cell 
containing 360i 

in ethanol-water, E° for 365i 
in ethanol-water, electromotive 

force measurements of the 
galvanic cell containing . . . 360t 

in Ν M A-water mixtures, ther­
modynamic behavior of .249-260 

transfer free energies for 294/ 
Hydrogen 

bonding 68 
bromide, preparation of 357 
gas, purification of 356 
iodide (HI) 350 

in binary mixtures of E G -
D E G , transfer of 345-353 

from E G to E G - D E G , transfer 
of 351f 

ion activity in the N d ( N 0 3 ) a -
H N O a - H 2 0 electrolyte 
solution 319/ 

ion molality, apparent 284 

Hydrophobic 
bonding 68 
character of a tetraalkylammo­

nium salt, influence of sub­
stitution groups on 104 

hydration behavior of tetraalkyl­
ammonium salts in water . . 100 

hydration, enthalpic effect of . . 102 
solute, size of 103 

Hydroxyl ion concentration 285 

Inertness of chromium (III), kinetic 130 
Inorganic anions in aqueous binary 

mixtures, behavior for 118 
Inorganic ionic behavior 83 
Inorganic salts 

in boiling solutions of ethanol, 
water, and ethanol-water, 
solubility of 25* 

in ethanol-water mixtures, salt 
effect parameters for 22* 

physical properties of saturated 
solutions of 23i 

Invariant point confirmation 185 
Inverse micellar phase 211 
Inverse micellar solution of penta­

nol, solubility of sodium 
chloride in 205 

Inverse micelle ( s ) 206/, 209/ 
electric double layer of 212 
stability of 210 

Iodide ion (G<°<i-)), transfer free 
energy data of 352 

Ion(s) 
exchange mechanism for the 

extraction of lanthanide ions 
by H D E H P 325 

interaction parameters 263 
- ion interactions in aprotic and 

protic-aprotic solvents . . . . 78 
pair, formation of 92 
reassociation 24 
-size parameter 218 
-solvent interactions in aprotic 

and protic-aprotic solvents 78 
-solvent interactions in binary 

mixtures 81 
structure-breaking capacities of . 65 
structure-forming capacities of . 65 
transfer between solvents 231 
in water, conductometric be­

havior of 79 
Ionic 

activity coefficients of HBr in 
N M A / H 2 0 258f 

association of electrolytes in 
binary mixtures involving 
sulfolane ( TMS ) and protic 
solvents 77-99 

association phenomenon in 
water-TMS 92-93 
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390 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

Ionic (continued) 
behavior, inorganic 83 
constituents of micelles in mixed 

solvents, thermodynamic 
behavior of 116-119 

equilibrium processes in mixed-
organic—aqueous solvent 
systems 216 

micelles 
in aqueous binary mixtures, 

variations of aggregation 
numbers for 126/ 

in aqueous binary solvents, 
apparent charge of . . . 109-128 

in mixed solvents, degree of 
dissociation of 119-121 

with solvent composition, 
degree of dissociation of . 120/ 

with solvent composition, 
variation of apparent 
charge of 125/ 

in water-acetone, aggregation 
numbers of 122f 

in water-n-propanol 126 
processes in water-organic mixed 

solvents, computational 
techniques of 215-246 

Walden products 79 
normalized to mol % organic 

solvents 85/ 
normalized to mol % TMS . . 83/ 

Ionization of acid in solvent, free 
energy change of 232 

Ionization constant(s) 
of acids vs. dielectric constant 

function 235/ 
of acids in ethanol-water 

mixtures 241/ 
of acids in solvents 234/ 
of electrolyte in water 233 
of electrolyte in a mixed-aqueous 

solvent 233 
of weak monoprotic acids in 

organic—water mixed sol­
vents 231 

Ionization of picric acid in ethanol-
TMS and ferf-butyl alcohol-
TMS 96/ 

Isobaric vapor-liquid equilibrium 
data for 

ammonium bromide-ethanol-
water system 16t 

mixed solvents, error analysis of 39-51 
potassium acetate-ethanol-water 

system 18f, 19f, 2lt 
sodium acetate-ethanol-water 

system 17f 
potassium iodide-ethanol-water 

system 14f 
Isomeric species Cr( OH 2)e-n( OS-

( CHs )« )« 3 + , relative stabilities 
of 135f 

Isomeric species, equilibrium con­
stants for the formation of . . . 136 

Isomers in the Cr(OH 2)e-«(OS-
( C H 3 ) 2 ) n 3 + system, identifica­
tion of 135 

Isopropanol 225f 
Isotherms of 

potassium acetate-water-dioxane 180/ 
potassium acetate-water-THF . 184/ 
potassium chloride-water-THF . 185/ 

Jones-Dole equation 170 

Κ 

K' to mixed-solvent composition, 
insensitivity of 24 

K ' salt effect parameter values . . . . 17 
Kc 55 
K n (thermodynamic equilibrium 

constants) 136,138 
for solvent exchange reactions . . 139i 
values in water-alcohol systems, 

trends of 140 
K„/K„° 142 
Kinetic inertness of chromium (III) 130 
Kraft pulping, black liquors from . 10 
Kraft pulping, liquors from 9-10 

L 

Lamellar liquid crystalline phase . . 211 
stability of 213 

Lanthanide(s) 
from an aqueous salt solution, 

liquid-liquid extraction 
of 323-^343 

chloride complexes 301 
chloride single-ligand complexes 

of 301 
complexes in aqueous solution . . 301 
extraction by organophosphorous 

acids 324 
ions by H D E H P , ion exchange 

mechanism for the extrac­
tion of 325 

nitrate, Gibbs-Duhem equation 
of 302 

nitrate single-ligand complexes 
of 301 

salt in the aqueous solution, 
activity behavior of a single-
component 323 

Lanthanum by H D E H P , extraction 
reactions of 325 

Lanthanum nitrate complexes in 
aqueous solution 301 

L i C l in methanol-TMS, depend­
ence of association constants 
on the dielectric constant for . 94/ 

L i C K X in W - A C N , ΔΗ° of 105 
Ligand, chelated 132 
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INDEX 391 

Ligand, monodentate 132,136 
Limiting equivalent conductances 78ί-80ί 
Linear regression analysis of 

stability constants 308 
Liquid 

composition ratio for the ammo­
nium bromide-ethanol-
water system, salt effect 
parameter as a function of . 19/ 

composition, salt effect in vapor-
liquid equilibrium at 11-25 

-gas mass transfer 189 
junction potential 328 
layer formation of potassium 

acetate-water-THF 186 
- l iquid extraction 2 

of impurities from concen­
trated sugar solutions . . . 5 

of the lanthanides from an 
aqueous salt solution . . 323-343 

- l iquid tie-lines 181 
-vapor equilibrium data for 

mixed solvents, error analysis 
of isobaric 39-51 

Liquors from neutral semichemical 
pulping 9-10 

M 
M ( NOa)a-HNOs-H20, Gibbs-

Duhem equation for 303 
Mass transfer, liquid-gas 189 
M e O H / H 2 0 / N a C l data 42 
M e O H / H 2 0 / N a C l system 

calculated data for 43f 
effect of random error on simu­

lated data for 46f-47* 
experimental data for 43i 

Mean activity coefficient of 
free ions 122 
H B r 252 
H C l 229 
polynomial for monoglyme-

water mixture 230i 
polynomial for THF-water 

mixtures 229f 
Medium activity coefficients 136 
Medium effect, primary 231 
Metal concentrations in the aqueous 

phase, equilibrium 332 
Metal concentrations in the organic 

phase, equilibrium 332 
Metallic ion species in aqueous 

solution, activity behavior 
of 299-321 

Methanol-ethyl acetate 
-calcium chloride system, pre­

diction for 35/ 
preferential solvation number in 32/ 
solubility of calcium chloride in 28/ 

Methanol-TMS 81* 
dependence of association con­

stants on the dielectric con­
stant for L i C l in 94/ 

Methanol-water 
density parameters for salt solu­

tions in 174* 
p K a * of acids in 238f-239f 
salts in 175* 
solvents, silver-silver bromide 

electrode in 368 
solvents, silver-silver iodide 

electrode in 368 
viscosities of salt solutions 

in 172*-173f 
viscosity Β coefficients for salt 

solutions in , 171/ 
viscosity of dilute solutions of 

alkali halides in 167-176 
viscosity parameters for salt 

solutions in 174* 
-sodium chloride system 

confidence region for 48/, 49/ 
pressure difference for 48/ 
vapor composition difference 

for 49/ 
N-Methylacetamide ( N M A ) ..249,250 

- H 2 0 250 
I AgBr; Ag, electromotive force 

of Pt; H 2 ( g , 1 atm)|-
HBr(m) in 254f-255f 

mixed solvents from 5°-45°C, 
properties of 252f-253f 

thermodynamic behavior of 
hydrobromic acid in . .249-260 

in mixed solvent 
AGt° as a function of 260/ 
àHt° as a function of 260/ 
TAS*° as a function of 260/ 

Methyl acetate-methanol-calcium 
chloride system, prediction for 36/ 

Methyl acetate-methanol-calcium 
chloride system, preferential 
solvation number in 33/ 

Methyl acetate-methanol, solubility 
of calcium chloride in 29/ 

N-Methylformamide ( N M F ) 99 
N-Methylpropionamide ( N M P ) 250,259 
Micellar phase, inverse 211 
Micellar solution of pentanol, 

solubility of sodium chloride 
in an inverse 205 

Micelle(s) 
aqueous 210 
calculation of the electric 

potential of 112 
cationic 119 
contraction, critical 114 
coulomb potential for 113 
degree of dissociation of . . . 115f, 116i 

determination of 113 
inverse 206/, 209/ 

electric double layer of 212 
stability of 210 

ionic, in aqueous binary solvents, 
apparent charge of 109-128 

ionic, with solvent composition, 
degree of dissociation of . . 120/ 
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392 THERMODYNAMIC BEHAVIOR OF ELECTROLYTES H 

Micelle ( s ) ( continued ) 
in mixed solvents 

apparent charge of 121 
critical micelle concentration 

of 121 
degree of dissociation of 

ionic 119-121 
thermodynamic behavior of the 

ionic constituents of . .116-119 
surface 113 

Microemulsions 205 
Minimum distance approach of 

acids 244i 
Mixed-aqueous solvent, ionication 

constant of electrolyte in . . . . 233 
Mixed-aqueous solvent, transfer of 

proton between water and . . 55 
Mixed-micelle formation 122,126 
Mixed-salt solutions, carbon dioxide 

solubility in binary 191-202 
Mixed-salt solutions, solubility of 

carbon dioxide in aqueous . 189-205 
Mixed-salt systems, binary 198f 
Mixed-salt systems, Ostwald absorp­

tion coefficient values for . . . . 20If 
Mixed solvent(s) 

acetonitrile—water 230 
activity coefficients in 259 
apparent charge of micelles in . 121 
behavior of electrolytes in 145 
behavior to proton in 69 
bulk dielectric constants in . . . . 223 
chromium (III) solvation in . . . . 141 
composition, insensitivity of k' to 24 
computational techniques of ionic 

processes in water-
organic 215-246 

critical micelle concentration of 
micelles in 121 

degree of dissociation of ionic 
micelles in 119-121 

E0' as a function of the molality 
of HBr for 256/ 

electromotive forces of Pt, H 2 |-
H B r ( m ) , X % alcohol, Y% 
water I AgBr-Ag in 355-376 

error analysis of isobaric l iquid-
vapor equilibrium data for .39-51 

free energy of transfer between 
water and 56 

&Gt° as a function of N M A in . 260/ 
AG ( ° for the transfer of HBr from 

water to 257 
ΔΗ,° as a function of N M A in . 260/ 
ionization constant of weak 

monoprotic acids in organic-
water 231 

properties of N M A / H 2 0 . . .252i-253f 
AS<° for transfer of HBr from 

H 2 0 to 257 
solvation of chromium (III) 

ion in 129-144 
standard electrode potentials in . 57 
TAS t ° as a function of N M A in . 260/ 

Mixed solvent ( s ) ( continued ) 
thermodynamic behavior of the 

ionic constituents of micelles 
in 116-119 

thermodynamic functions of Pt, 
H 2 |HBr(m), X% alcohol, 
Y% water|AgBr-Ag in . .355-376 

Mixing, excess enthalpy of 67 
Mixing, excess entropy of 67 
Molal activity coefficient 362 
Molasses, sugar and 2-7 
Mole-fraction scale 293 
Monodentate ligands 132,136 
Monoglyme-water mixture, mean 

activity coefficients of the 
polynomial for 230t 

Monoprotic acids in organic—water 
mixed solvents, ionization 
constant of weak 231 

Ν 

NaBr in water-acetone, transfer­
ence number of 14i 

N d N 0 3 - H N 0 3 - H 2 0 - H D E H P -
A M S C O , activity behavior 
of 323-343 

N d ( N 0 3 ) + 2 complex, stability 
constant of 309/ 

N d ( N 0 3 ) + 2 ( K i ) , stability con­
stant data for 308 

N d ( N O a ) 2
+ 1 complex, stability 

constant of 307i 
N d i N O ^ a - H N O a , stability con­

stants for neodymium-nitrate 
complexes in 310 

N d ( N 0 3 ) 3 - H N 0 3 , static vapor 
pressure measurements of 
aqueous 310 

N d ( N 0 3 ) 3 - H N 0 3 - H 2 0 
activity coefficients of 299-321 
application of the Gibbs-Duhem 

equation to 313 
binary electrolyte solution, 

vapor pressure of 311/ 
binary electrolyte solution, 

water activity in 313/ 
data 310f 
electrolyte mixture, excess Gibbs 

free energy of binary 318/ 
electrolyte solution 

hydrogen ion activity in 319/ 
nitrate ion activity in . . 320/ 
vapor pressure data, Harned's 

plot of binary 315/ 
excess Gibbs free energy of . .299-321 
- H D E H P - A M S C O extraction 

data 334f 
Neodymium concentration 

equilibrium aqueous 334f 
equilibrium organic 334f 
fraction of the total 309/ 
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INDEX 393 

Neodymium ion 305 
in aqueous nitrate solution, 

activity coefficient of . .305/, 306/ 
in neodymium nitrate aqueous 

solutions, activity coefficients 
of 307f 

Neodymium molar concentration in 
the organic phase 338/ 

Neodymium nitrate 
aqueous solutions, activity coeffi­

cients of neodymium ion in 307f 
complexes in Nd( N 0 3 ) 3 - H N 0 3 , 

stability constants for 310 
-nitric acid solutions, nitrate 

electrode measurements on . 319ί 
-nitric acid solutions, p H elec­

trode measurements on . . . 320f 
water activity of 312/ 

Nernst Equation for Cell A 252 
Neutral semichemical pulping, 

liquors from 9-10 
Nitrate 

concentration in the equilibrated 
organic phase 336/ 

concentration in the organic 
phase 339/ 

electrode data for equilibrated 
aqueous phase 330f 

electrode data for organic phase 
samples back-extracted with 
H 2 S 0 4 336f-337f 

electrode measurements on neo­
dymium nitrate-nitric acid 
solutions 319f 

ion activity coefficient in aqueous 
solutions of nitric acid . . . . 331f 

ion activity in the N d ( N 0 3 ) s -
ΗΝΟ.τ-ΗοΟ electrolyte 
solution 320/ 

single-ligand complexes of 
lanthanides 301 

solution, activity coefficient of the 
neodymium ion in 
aqueous 305/, 306/ 

-to-neodymium concentration 
ratio in the organic phase . 337/ 

Nitric acid 
concentration, activity coefficient 

of H N 0 3 and N 0 3 " as a 
function of 332/ 

concentration, reference voltage 
as a function of 329/ 

nitrate ion activity coefficient 
in aqueous solutions of . . . . 33If 

p-Nitroaniline Β 54 
Nitrogen gas, purification of 356 
N M A (see N-Methylacetamide) 
N M F (N-methylformamide) 99 
N M P (N-methylpropionamide) 250,259 
N 0 3 " as a function of nitric acid 

concentration, activity coeffi­
cient of 332/ 

Nonaqueous solvents, behavior of 
weak acids and bases in 86 

Nonaqueous solvents, dielectric 
constants of 250 

Noncoulombic stretching force . . . 211 
Non-ionic micelles in aqueous 

binary mixtures, variations of 
aggregation numbers for . . . . 126/ 

Ο 

Observed electromotive force (E 0 b 8 ) 359 
η-Octane, activity coefficients of the 

H D E H P dimer in 335 
Organic neodymium concentration, 

equilibrium 334f 
Organic phase 

equilibrated, H D E H P dimer 
concentration in 340f 

equilibrated, nitrate concentra­
tion in 336/ 

equilibrium metal concentrations 
in 332 

neodymium molar concentration 
in 338/ 

nitrate concentration in 339/ 
nitrate-to-neodymium concentra­

tion ratio in 337/ 
samples back-extracted with 

H2SO4, nitrate electrode 
data for 336f-337f 

Organic solvent ( s ) 
basicity in mixtures of water with 53 
component 132 
ionic Walden products nor­

malized to mole percent . . . 85/ 
Organic-water mixed solvents, ioni­

zation constant of weak mono­
protic acids in 231 

Organic-water solvents, p K a * of 
acids in 238f-240f 

Organophosphorous acids, lantha­
nide extraction by 324 

Osmotic coefficient of an electrolyte 
in a binary mixture of 
electrolytes 268 

Ostwald absorption coefficient 
values for mixed-salt systems . 201f 

Ρ 

Pentanol, solubility of sodium 
chloride in inverse micellar 
solution of 205 

Pentanol solution of potassium 
oleate and water 208/ 

solubility area for 207/ 
Pentanol: surfactant mixtures, 

solubility region in 210 
p H electrode data for equilibrated 

aqueous phase 333f 
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394 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 

p H electrode measurements on neo­
dymium nitrate-nitric acid 
solutions 320* 

Phase diagram determinations 
concerning potassium electro­
lyte influence, ternary 
system 177-188 

Physical constants of D E G - E G . . . 347* 
Pi (HPi ) 2, formation of 89 
Picric acid (HPi ) 79 

in acetonitrile 89 
in *er*-butanol-TMS, pK values 

of 82* 
in *er*-butyl alcohol-TMS ioniza­

tion of 96/ 
in ethanol-TMS, ionization of . . 96/ 
in ethanol-TMS, pK values of . . 82* 
solute—solvent interactions in . . . 93 
in TMS 89 

conductometric measurements 
on 89 

spectrophotometric data of . . 88/ 
Pitzer 

Equations 269*, 300 
formalism according to 268 
interaction parameters for 

H B r + N H 4 B r 273* 
HBr - f tetraalkylammonium 

bromides 273* 
H C l + NH 4 C1 273* 

parameter 272 
p K a values of acetic acid in E G -

D E G mixtures at various 
temperatures 349* 

pK.* 234-240 
of acids in acetone-water . .238*-239* 
of acids in methanol-water .238*-239* 
of acids in organic-water 

solvents 238*-240* 
(molal scale) of various acids in 

ethanol-water 236*-237* 
pKj, actual 285 
pK 2 285 
POE23 (see Polyoxyethylene lauryl 

ether) 
Poisson-Boltzmann Equation . . . . 110, 

112,212 
Polynomial(s) 

for monoglyme-water mixture, 
mean activity coefficients of 230* 

second-degree 228 
for THF-water mixtures, mean 

activity coefficients of 229* 
third-degree 228 

Polyoxyethylene lauryl ether 
(POE23) 124 

cmc of 125 
Potassium acetate 

-ethanol-water system, isobaric 
vapor-liquid equilibrium 
data for 18t, 19t, 21* 

-ethanol-water system, salt 
effects on 20/ 

salting-out effects owing to . . . . 186 

Potassium acetate ( continued ) 
-water -THF 

isotherm of 184/ 
liquid layer formation of . . . . 186 
plot 187/ 
solubility curve for 182* 
tie-line data for 182* 

-water-dioxane 186 
isotherms of 180/ 
plot 187/ 
solubility curve for 179* 
tie-line data for 179* 

Potassium chloride 
-calcium chloride solutions, 

solubility of carbon dioxide 
in 194/, 196/ 

-calcium chloride system, varia­
tion of constants with salt 
composition for 199/ 

salting-out effect owing to 187 
-sodium chloride—calcium 

chloride solution, carbon 
dioxide solubility in 193* 

-sodium chloride—calcium chlo­
ride system, values of con­
stants for 201* 

-water -THF 180 
isotherm of 185/ 
solubility curve for 183* 
tie-line data for 183* 

Potassium electrolyte influence, 
ternary system phase diagram 
determinations concerning .177-188 

Potassium hydroxide-water-dioxane 
system 177 

Potassium iodide-ethanol-water 
system, isobaric vapor-liquid 
equilibrium data for 14* 

Potassium iodide on the ethanol-
water system, salt effect of . . 15/ 

Potassium oleate and water, 
pentanol solution of 208/ 

Potassium oleate and water, solu­
bility area for the pentanol 
solution of 207/ 

PnNBr in W - D M F 104 
Preferential solvate system 28 
Preferential solvation of electro­

lytes 145-165 
Preferential solvation number . . . . 31 

in butyl acetate—butanol-calcium 
chloride 34/ 

in methanol-ethyl acetate 32/ 
in methyl acetate-methanol-

calcium chloride 33/ 
Pressure difference 46/ 

region for methanol-water-
sodium chloride 48/ 

Primary medium effect 231 
1,3 Propanediol-water system, 

chromium (III) species in . . . 140 
1,3 Propanediol ( G ) - H 2 0 system, 

elution profile for species of 
chromium(III) equilibrated in 134/ 
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INDEX 395 

Propanediol-water system 137 
1-Propanol 226* 
n-Propanol-water mixtures 114 

n D T M A B r in 116* 
ionic micelles in 126 

n-Propylammonium ion 68 
Propylene carbonate 226* 
Protic-aprotic solvents, ion-ion 

interactions in 78 
Protic-aprotic solvents, ion-solvent 

interactions in 78 
Protic solvents, conductance of 

electrolytes in binary mixtures 
involving 77-99 

Protic solvents, ionic association of 
electrolytes in binary mixtures 
involving 77-99 

Proton 
affinity (Pa) 61 

of H C F 3 S O 3 164 
hydrates 161 
in mixed solvent, behavior of . . 69 
solvated aqueous 55 
solvated, reaction with ether . . . 161 
between water and a mixed-

aqueous solvent, transfer of 55 
in water, structures for hydrated 56/ 

Protonation 
constants 151 
of H 2 S 163 
of water and ether 161 

Pt, H 2 |HBr(m), X% alcohol, Y% 
water|AgBr-Ag in 

*er*-butanol-water, standard 
potentials of 368/ 

ethanol-water, standard poten­
tials of 367/ 

mixed solvents, electromotive 
forces and thermodynamic 
functions of 355-376 

pure solvents, electromotive 
forces and thermodynamic 
functions of 355-376 

P t / H . i g V G ^ m x ) , NaG(m 2 ) , 
KBr(ra 3 ) in water + 

10 mass % T H F AgBr /Ag , elec­
tromotive force of 282*-283* 

30 mass % T H F AgBr /Ag , elec­
tromotive force of 282*-283* 

50 mass % T H F AgBr /Ag , elec­
tromotive force of 282*-283* 

Pt/H 2 (g)GHBr(mx), G^rn*) in 
water - f 

10 mass % T H F / A g B r / A g , elec­
tromotive force of 280*-281* 

30 mass % T H F / A g B r / A g , elec­
tromotive force of 280*-281* 

50 mass % T H F / A g B r / A g , elec­
tromotive force of 280*-281* 

Pt; H 2 ( g , 1 atm)lHBr(mi), 
(C 2 H 5 )4NBr(m 2 )|AgBr, Ag . . 264 

Pt; H 2 ( g , 1 atm)|HBr(m) in 
N M A / H 2 0 | A g B r ; Ag, electro­
motive force of 254*-255* 

P t - H 2 ( g , 1 a tm) /HOAC (m), 
NaOAC (m.), K X (m 3 ) / 
A g X - A g 346 

Pulping, liquors from kraft 9-10 
Pulping, liquors from neutral semi­

chemical 9-10 
Pure phase 110 
Pure solvents, electromotive forces 

of Pt, H 2 |HBr(m), X% 
alcohol, Y% water|AgBr-Ag 
in 355-376 

Pure solvents, thermodynamic 
functions of Pt, H 2 |HBr(m), 
X% alcohol, Y% water|AgBr-
A g in 355-376 

Purification of 
electrode materials 356 
hydrogen gas 356 
nitrogen gas 356 

Q 
Q coefficients ^ 316* 

for Harned's binary electrolyte 
model 316/ 

R 

R values 84 
R.A.A.D. (relative average 

absolute deviation) 22 
Radii, hydrated anionic 241 
Random error 40 

comparison of experimental data 
and simulated data con­
taining 48* 

on simulated data of M e O H / 
H 2 0 / N a C l , effect of . . . .46*-47* 

Random solvation of 
chromium (III) 131 

Raoult's Law 24,252 
Rational activity coefficient 362 
Raw sugar 

by solvent extraction, refining of 3 
solvent extraction of sugar solu­

tion from 5-6 
by washing, refining of 4—5 

Reference voltage as a function of 
nitric acid concentration . . . . 329/ 

Refining, cane sugar 3-4 
Refining of raw sugar by washing . 4-5 
Regression analysis 

results of 306* 
for the solution vapor pressure . 304 
of stability constants, linear . . . . 308 

Regression coefficients 304 
Relative average absolute devia­

tion (R.A.A.D.) 22 
Repulsion force 213 
R O H 54 

chemical identity of 55 
Runge-Kutta Equation 113 
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396 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S H 

S 
AS° (entropy changes) 258f, 363 

for glycine in T H F - H 2 O 286 
for H B r ( H z O ) H B r ( H 2 0 / 

N M A ) 258f 
àSt° (entropy of transfer) 350 

for transfer of HBr from H 2 0 
to mixed solvent 257 

Salt(s) 
composition for potassium chlo­

ride calcium chloride sys­
tem, variation of constants 
with 199/ 

composition for sodium chloride-
potassium chloride system, 
variation of constants with . 200/ 

composition for sodium chloride-
sodium sulfate-ammonium 
chloride system, variation of 
constants with 200/ 

concentration on solubility of 
carbon dioxide in potassium 
chloride—calcium chloride 
solutions, effect of 196/ 

concentration on solubility of 
carbon dioxide in sodium 
chloride-sodium sulfate-
ammonium chloride solu­
tions, effect of 197/ 

in DMF-water, Atf ° 0f 104/ 
effect 

of ammonium bromide on the 
ethanol-water system . . . 15/ 

parameter 
for ammonium bromide-

ethanol-water 2lt 
for inorganic salts in etha­

nol-water 22f 
as a function of the liquid 

composition ratio for 
ammonium bromide-
ethanol-water 19/ 

values, k' 17 
on potassium acetate-ethanol-

water 20/ 
of potassium iodide on etha­

nol-water 15/ 
of sodium acetate on ethanol-

water 20/ 
on vapor-liquid equilibrium . . 27-38 

at fixed liquid composition .11-25 
prediction of 34 

in methanol-water 175f 
at saturation 39-51 
solubility and salting-out effect . 187 
solution in methanol-water 

density parameters for 174t 
at 25°C, viscosities of 172f-173i 
viscosity parameters for 174f 
viscosity Β coefficients for . . . 171/ 

into solvent mixture, solubility 
of 28-31 

structure-breaking 175 

Salting-out coefficient as a function 
of alcohol 375/ 

Salting-out effect 178 
owing to potassium acetate . . . . 186 
owing to potassium chloride . . . . 187 
salt solubility and 187 

Saturated solutions of inorganic 
salts, physical properties of . . 23i 

Saturation 
ammonium bromide-ethanol-

water system at 18/ 
dielectric 86 
salts at 39-51 

Scaled-particle theory 116 
Schreinemakers wet residue meth­

od, modification of 184 
SDOS (sodium dodecylsulfate) . . 114 
SDS (see Sodium decysulfate) 
Separation techniques 2 
Setschenow Equation, modified . 189-190 
Setschenow Equation on the salt 

concentration in aqueous 
single-salt solutions, applica­
bility of 190 

Silver-silver bromide electrode 
in anhydrous ferf-butanol, stand­

ard electrode potential of . 367 
in methanol-water solvents . . . . 368 
standard potential of 253,363 

Silver-silver iodide electrode in 
methanol-water solvents . . . . 368 

Single-component lanthanide salt 
in aqueous solution 323 

Single-ion standard Gibbs free 
energy of transfer from water 
to water-acetone mixtures . . . 117/ 

Single-ligand complexes of lantha-
nides, chloride 301 

Single-ligand complexes of lantha-
nides, nitrate 301 

Single-salt solutions, applicability 
of the Setschenow equation on 
the salt concentration in 
aqueous 190 

Single-salt solutions, two-parameter 
equation for the solubility of 
gases in 197 

Single solvation site, equilibrium 
constant for solvent species at 168 

Sodium acetate-ethanol-water sys­
tem, isobaric vapor-liquid 
equilibrium data for 17t 

Sodium acetate on the ethanol-
water system, salt effect of . . 20/ 

Sodium chloride 
in an inverse micellar solution 

solution of pentanol, solu­
bility of 205 

-magnesium sulfate-potassium 
nitrate solution, carbon 
dioxide solubility in 193f 

-magnesium sulfate—potassium 
nitrate system, values of 
constants for 20It 
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INDEX 397 

Sodium chloride ( continued ) 
-potassium chloride system, 

variation of constants with 
salt composition for 200/ 

-sodium sulfate—ammonium 
chloride 

carbon dioxide solubility 
in 193f, 195/ 

effect of salt concentration 
on 197/ 

values of constants for 20It 
variation of constants with salt 

composition for 200/ 
Sodium decylsulfate (SDS) 110 

in water-acetone mixtures . .115f, 123 
Sodium dodecylsulfate (SDOS) . . 114 
Solid-liquid tie-lines 182 
Solubility 

area for the pentanol solution of 
potassium oleate and water 207/ 

of calcium chloride in butyl 
acetate-butanol 30/ 

of calcium chloride in methanol-
ethyl acetate 28/ 

of calcium chloride in methyl 
acetate-methanol 29/ 

of carbon dioxide in aqueous 
mixed-salt solutions 189-205 

curve for 
potassium acetate-water-

dioxane 179f 
potassium acetate-water-THF 182f 
potassium chloride-water-

T H F 183f 
limit 210 
region in pentanol:surfactant 

mixtures 210 
of salt into solvent mixture . . . .28-31 
of sodium chloride in an inverse 

micellar solution of pentanol 205 
weight percentages 181 

Solute(s) 
in DMF-water , AH° of 102/ 
in DMSO-water, AH° of 102/ 
influence of different 102 
-solvent interaction to the asso­

ciation phenomena, impor­
tance of 86 

-solvent interactions in picric 
acid 93 

in various solvents, enthalpy of 
solution of 99 

Solution 
enthalpies of (see AH0) 
extraction of concentrated 1-10 
parameters 170 
vapor pressure, regression 

analysis for 304 
Solvate system, preferential 28 
Solvated aqueous proton 55 
Solvated proton with ether, reac­

tion of 161 
Solvated species, concentrations of 

individual differently 132 

Solvated species, correlation of 
stabilities of differently 138 

Solvation 
of chromium (III) ion in mixed 

solvents 129-144 
of electrolytes, preferential . . 145-165 
enthalpy of gaseous ions in D P A 

solvents 162f-163i 
enthalpy of gaseous ions in 

water 162f-163i 
number, preferential 31 

in butyl acetate-butanol-cal-
cium chloride 34/ 

in methanol-ethyl acetate . . . 32/ 
in methyl acetate-methanol-

calcium chloride 33/ 
Solvation II 27-38 
Solvent (s) 

apparent charge of ionic micelles 
in aqueous binary 109-128 

bulk dielectric constants of . . . . 236i 
component, organic 132 
composition 137 

degree of dissociation of ionic 
micelles with 120/ 

dependence 139i 
transport numbers and 169 
variation of apparent charge 

of ionic micelles with . . . 125/ 
variation of cmc with . . . .110,121/ 

enthalpy of solution of a solute 
in 99 

exchange reactions, K n for 139i 
extraction, refining of raw sugar 

by 3 
extraction of sugar solutions . . . 6-7 

from raw sugar 5-6 
free energy change of ionization 

of acid in 232 
AGt°(K+) against 58/ 
ion transfer between 231 
ionization constants of acids in . 234/ 
mixture, solubility of salt into . .28-31 
properties 170 
-separated ion pair, formation of 92 
species at a single solvation site, 

equilibrium constant for . . 168 
standard potentials of A g - A g C l 

electrode bulk dielectric 
constants of 228f 

systems in aminosugar 
research 178-188 

systems, ionic equilibrium proc­
esses in mixed-organic— 
aqueous 216 

transfer of proton between water 
and mixed-aqueous 55 

Sorting effect 82 
SOS in water, cmc values of 115 
Spheres in a dielectric continuum 85 
Stability constant(s) 308* 

data for N d N O / 2 ( K i ) 308 
linear regression analysis of . . . . 308 
of the N d ( N 0 3 ) 2

+ 1 complex 307/ 
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398 T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S H 

Stability constant( s) ( continued) 
of the N d ( N 0 3 ) + 2 complex . . . . 309/ 
neodymium-nitrate complexes in 

N d ( N 0 3 ) s - H N 0 8 310 
Standard 

cell potential Em°' 359 
deviation of energy, effect of 

errors on 44/ 
deviation of the t/-error, effect of 

errors on 45/ 
electrode potential (see E°) 
emf (see E°') 
enthalpy of solution in a mixture 

of water (ΔΗ° (Μ) ) 101 
enthalpies of transfer ( AHtT° ) . . 99 
free energy 220 
Gibbs free energy of transfer 

from water to water-acetone 
mixtures, single-ion 117/ 

potential(s) 366* 
of A g - A g C l electrode 225* 

bulk dielectric constants of 
solvents 228* 

computation of 216 
variation of 227/ 

of the Ag-AgI electrode in 
E G - D E G 346 

of the galvanic cell 363 
of Pt,|H 2 HBr(m), X % alcohol, 

Y% water I AgBr -Ag in 
ethanol-water 367 

of Pt, H2|HBr(m), X% alcohol, 
Y % water|AgBr-Ag in 
*er*-butanol-water 368/ 

of the silver-silver bromide 
electrode 253,363 

Static vapor pressure measurements 
of aqueous N d ( N 0 3 ) 3 - H N 0 3 . 310 

Stretching energy 211 
Stretching force, coulombic 211 
Stretching force, noncoulombic . . . 211 
Structure-breaking 

capacities of ions 65 
effects 82 
salts 175 

Structure-forming capacities of ions 65 
Structure-forming effect, types of 68 
Sugar 

and molasses 2-7 
refining costs 3 
solutions, liquid-liquid extraction 

of impurities from concen­
trated 5 

solutions, solvent extraction of . . 6-7 
from raw sugar 5-6 

from wood-pulping liquors . . . . 1-10 
Sulfolane (TMS) 78 

-alcohol 93 
-anion interactions 84 
-ter*-BuOH 93 
-*er*-butanol 82* 
-cation interactions 84 
conductance of electrolytes in 

binary mixtures involving .77-99 

Sulfolane (TMS) (continued) 
dielectric constant of 86 
2,6-dihydroxylbenzoic acid in . . 88 
as D P A solvent 146 
electrolytes in 78 
-ethanol 82* 
- E t O H 83 
H C F 3 S 0 3 in 147 
HSbCle in 147 
hydration constant of CF 8 S0 8 ~ in 159 
ionic association of electrolytes 

in binary mixtures involving 77-99 
ionic Walden products normal­

ized to mole % 83/ 
-methanol 81* 
nature of HSbCle solutions in . . 148 
picric acid in 89 

conductometric measurements 
on 89 

spectrophotometric data of . . 88/ 
pure 86-89 

conductance of H C l in 87/ 
reversal of basicity order in . . . . 162 
solutions of acids 

as a function of diethyl ether 
concentration, conduc­
tance of 153/ 

as a function of water concen­
tration, conductance of . . 155* 

vapor pressure of 150/ 
solutions of electrolytes, heats of 

mixing of water with 154* 
solutions of electrolytes, vapor 

pressure of 149/ 
vapor pressure of HCFsSOs 

solutions in 148 
-water 80*, 89-93 

dependence of association 
constants on the dielectric 
constant in 90/, 91/ 

ionic association phenomenon 
in 92-93 

Systematic error 40 

Γ-error 40,42 
TAS<° as a function of N M A in 

mixed solvent 260/ 
Tailing-off 12 
TBP (tri-n-butyl phosphate) 324 
Ternary mixed-salt solutions, 

carbon dioxide solubility in 193-202 
Ternary system phase diagram 

determinations concerning 
potassium electrolyte 
influence 177-188 

Tetraalkylammonium 
bromide series 12 
bromide and hydrobromic acid 

in aqueous media, thermo­
dynamic behavior of . . . . 263-274 

bromides in DMF-water , ΔΗ° of 103/ 
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INDEX 399 

Tetraalkylammonium (continued) 
salt, influence of substitution 

groups on the hydrophobic 
character of 104 

salts in water, hydrophobic 
hydration behavior of . . . . 100 

Tetrabutylammonium bromide 
(Bu*NBr), ΔΗ° of 100 

Tetrabutylammonium particle in 
water-acetone 118* 

Tetraethylammonium bromide . . . 12 
specific effects on A G B in 272 

Tetrahydrofuran 225* 
Tetrahydrofuran-water 

addition of an electrolyte to . . . 186 
A G 0 for glycine in 286 
ΔΗ 0 for glycine in 286 
heat capacity for glycine in . . . . 286 
mean activity coefficients of the 

polynomial for 229* 
AS° for glycine in 286 
thermodynamic functions for the 

dissociations of glycine in 
10 mass % 288*-290* 
30 mass % 288*-289i, 291* 
50 mass % 290*-292* 

at varying temperatures, thermo­
dynamic study of glycine in 277 

Thermodynamic behavior of hydro­
bromic acid in NMA-water 
mixtures 249-260 

Thermodynamic behavior of the 
ionic constituents of micelles 
in mixed solvents 116-119 

Thermodynamic equilibrium con­
stants (k„) 136 

Thermodynamic properties of elec­
trolytes in D P A solvents . . . . 146 

Tie-line data for 
potassium acetate-water-

dioxane 179* 
potassium acetate-water-THF . 182* 
potassium chloride-water-THF . 183* 

Tie-lines, liquid-liquid 181 
Tie-lines, solid-solid 182 
TMS (see Sulfolane) 
Transfer dissociation energies for 

glycine 292*-293* 
Transfer free energy(ies) 

data of the iodide ion 
(AG,°(i->) 352 

for glycine 294/ 
of H + and I" ions from E G to 

E G - D E G 353* 
for hydrobromic acid 294/ 
for tricine 294/ 

Transfer Gibbs energy of dissocia­
tion (AG,°(diss)) 290 

Transference number 114 
of NaBr in water-acetone 114* 

Transport numbers and solvent 
composition 169 

Tri-n-butyl phosphate (TBP) 324 
Tricine, transfer free energies for . 294/ 

Trimer formation in n-hexane . . . . 325 
Trimers, formation of H D E H P . . . 325 
Trimethyldecylammonium bromide 

(nDTMABr) 110 
in water-acetone mixtures . . .115,123 
in water, cmc values of 115 
in water-n-propanol mixtures . . 116* 

Triplet-ion interactions 273 
Two-parameter equation for the 

solubility of gases in single-
salt solutions 197 

U 

Undissociated H F 160 

Vapor composition difference . . . . 47/ 
for methanol-water-sodium 

chloride 49/ 
Vapor composition, sources of 

error in 40 
Vapor-liquid equilibrium 

data for the potassium iodide-
ethanol-water system, 
isobaric 14* 

data for the ammonium bromide-
ethanol-water system, 
isobaric 16* 

data for the potassium acetate-
ethanol-water system, 
isobaric 18*, 19*, 21* 

data for the sodium acetate-
ethanol-water system, 
isobaric 17* 

at fixed liquid composition, salt 
effect in 11-25 

prediction of salt effect on 34 
salt effect on 27-38 

Vapor pressures 156 
of N d ( N 0 3 ) 3 - H N O s - H 2 0 binary 

electrolyte solution 311/ 
of sulfolane solutions of acids . . 150/ 
of sulfolane solutions of electro­

lytes 149/ 
Vaporization 2 
Viscosity 

A coefficient 169 
Β coefficients for salt solutions in 

water-methanol mixtures . . 171/ 
of dilute solutions of alkali 

halides in methanol-
water 167-176 

parameters for salt solutions in 
methanol-water 174* 

of salt solutions in methanol-
water 172*-173* 
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T H E R M O D Y N A M I C BEHAVIOR O F E L E C T R O L Y T E S II 400 

w 

W - D M F (see DMF-water) 
Walden products, ionic 79 

normalized to mole % organic 
solvents 85/ 

normalized to mole % TMS . . . 83/ 
Walden's rule 169 
Water 

activity coefficients in 259 
activity in the Nd(N0 3 ) : r -

H N O 3 - H 2 O binary electro­
lyte solution 313/ 

activity of neodymium nitrate . . 312/ 
conductometric behavior of ions 

in 79 
and ether, protonation of 161 
-organic mixed solvents, compu­

tational techniques of ionic 
processes in 215-246 

with organic solvents, basicity 
in mixtures of 53 

-rich region, Β coefficients in . . . 175 
solubility of inorganic salts in 

boiling solutions of 25f 
solvation enthalpy of gaseous 

ions in 162f—163f 
standard electrode potentials in 57 
structures for the hydrated proton 

in 56/ 

Water (continued) 
to water-acetone mixtures, 

single-ion standard Gibbs 
free energy of transfer from 117/ 

Wet residue method, modification 
of Schreinemakers 184 

Wilson energy constants 42 
Wilson energy parameters 44 
Wood-pulping liquors, recovery of 

acetic acid from 1-10 
Wood-pulping liquors, refining of 

sugar from 1-10 

X 

z-error 42 

Y 

t/-error 40 
effect of errors on the standard 

deviation of 45/ 

Ζ 

Ζχ-error 42 
Z2-error 42 
Zone refiner 250 

The text of this book is set in 10 point Caledonia with two points of 
leading. The chapter numerals are set in 30 point Garamond; the chapter 

titles are set in 18 point Garamond Bold. 
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The cover is Joanna Book Binding blue linen. 

Jacket design by John Sinnett. 
Editing and production by Candace A. Deren. 
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