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THEORETICAYT, INTRODUCTION
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laportance for the following reasons, firstly, in order to
develop further the model of ionic solutions, secondly, in
the development of the theory of concentrated electrolytic

- . ~
£

thirdly, in the calculation of

numbers =25 an 21id In the theory of reaction of solutions,
The term "solvation number? renresents the

S
f
:

coordinate with the ion in

The number of solvent moleciulzss

Ry ..

solvation numbers but the numerical valies obtained are

orts nrinelnally to the calenlation

heats of solvation (or solvation esnergizs) hecsuse
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The term '"secondary solvation! involves all intearactions

whilch are

—

solvation

4 = S E o - B L T S ey TT
theory of ilonlic solvation from that of Fajans, He
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T = the number of water molecules in 2

monomolecular hydration sheath when

3 T AY
(B-Br} = excess of energy of adsorption in the
first layer over the latent hesat of

vaporization of water

A

Anderson (1) also modified‘the B=E~T egusation so
that the subsequent layers (up to about the tenth) have =

+1

heat of adsorption less by 2 value "d'" than that of water,

from Anderson's modified egqustion to those obtained by

Stokes and Robinson,
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Comnarison of » {the number of water
molecules in 2 moncmolecular hydration sheath) from

Valunes of v obtained from:
Electrolyte anderson's g R
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Lattice Energies, Initial Heats of
Solution, and Heats of Hydration of the Alkali Halides

in Kilocalories

Salt 18] AE Q$+Q_

T=291°K T=201'K 7=291°K
LiF ~247,0 1.1 -245,9
1ic1 -202,7 -8.6 -211.3
LiBr -191,. 4+ ~-11,1 -202,.5
Til ~-177,6 -1, 8 ~192. %
Naf -218,2 0.6 ~21.7.6
NaCl ~185.5 1.3 ~-1.8%.2
VaRr ~177.8 0.2 ~177.6
Wal -165.6 =1.b ~167,.0
3 =104, 7 -l 1 -128.8
XCI -169,6 Yok -165.2
KBr -162.8 5.1 -157.7
KT ~1.53.9 5.1 -148,8
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1ls in serious error since near the vicinity of the ion,

at least, the electric constant is considerably reduced,
due to the influence of the field of the ion.
The ilon-dinole interaction, the orientation, the

of the water molecules by the ionic fields,

b

rk of disturbing the structure of the solvent

aus he presence of the ions, were taken into account

in order to ilmprove the values of the heat of solvation,
In Table 111 the heat of hydration of some individual

ions are calculated from Born's equation and compared %o

the more recent values corrected in accordance with t he

Factors mentioned above,

Heats of Hydration in Individual Ions

in Kilocslories 2910K
+ - - -
o i W, ¥ R®Rb F ¢l PBr
Radius A 0.68 0,98 1,33 1,48 1.33 1.81 1.96
Qi(Born's eguation) 240 166 123 110 123 90 83
Ql( orrected) 131 116 92 87 o 67 63
Although much work has been done on ionic solvation
the theoretical concept has been found to be inadeguate to
a graater or lesser degree, The reason for this difficulty
lies greatly in the lack of knowledge of the type of
binding, that exists between the ions and solvent molecules
and the difficulty in getting some accurate me ement of
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solvation numbers and energies of ions frow

iments,

=3

expe
Many different physical vnroperties have been

studied in order to determine the solvation numbers, viz:

density, surface tension, specific heat, comnressibility

nsport numbers of ions and
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Fal

solubility of non-electrolytes in the presence of
electrolytes., The resulis seem to indicate that ion-solvent
interactions have an influence on the behaviour of

solutions,

4 difficulty common to most of these methods is

-

that of dividing up the solvation of the salt between its

ionsg, Some workers (38 have assumed that large organic

. -J..

ions such as PbEMB possess a zero solvation number.

Sowe have extended this tco ineclude such ions as N03" (165)

and I. (17)., The most logical method apnsars to be

-

tio of

o
IS

division in the ra the ion sizes, based upon sonme

nch as Pobassium fluoride whose ionie radii are

n
3]
1=
<t
n
[oor
Q

The reference sabstance ig actnally used to determine

if there 1s a change in concentration of inert material

ons move under an apnlied difference in votential,
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- le)’*”
PeZ, Flscher and T.B, Koval (22) have since

daghburn, 18 transported under these conditions,

Also L.G. Longsworth (32) showed that 2 no ~electrolyte

in presence of electrolyte does migrate, As a resul? the

2

Tor instonce, in the Remy (36)-Baborovsky {(4) method of
water transport the liquid is allowed to vass through =

thin membrane. between catlode znd z2node com partments and

transport because 1t may have included in it the water which
is transported by a transfer of momentum from ions to
molescules in the manner suggested by Lindemann, This, of

course, would result in hydration numbers thzt wers too

—r

high., Another objection is in the considerable volume change

D
I
ot
=
q
s
<t
N
9]
)
n
0}
joh
(@}
<
3
®
@]
<l
H
]
et
¥
192]

in the zanode and cathode com

B

at the electrodes. Also, the effect of 2lectroendosmosis

2t the membrane 1s considerasble balow 2 concentration of

1 1T, Thus the Remy-Babarovsky method must measure sone

vart of the total rather than the primary solvation,



2 conclusion which also holds true for Jander's diffusion

nod of Brintzinger {12),
Ulich employed an ionic-mobility method (45

which anpears to measure a more definlte guantity than

did the »revious method, He obtained directly the

volume of the solvated ions from an application of

Stoke's law to ionic mobilities at very low concentrations,

thus obtaining nrimary solvation numbers. This met?

zave low results for some ions in aqueous solutions (29),

The appropriate volume of the solvent molecule to use

inthe evaluation of the solvation number 1s somewhat

indefinite because the high oressure in the vieilnity of

the ilon and the inhibition of wrotational ¢ degrees of

e

freedom of %the dlholeu attached to the inn mske the

O
]
ot
93]
3

0qQ
®
»

molecular volume, calculated in the usual WaY e
Thue Ulich's solvation numbers wers +too small and probably

represent a lower 1limit, He also calenlsted an unner

1imit assuming the molecular volume was diminished, to

one half its original valne, hence his final values rere

e of the upper and lower solvation limits,
In the oninion of %the author, ionic mobility should

be uvsed with great caution in the esti mation of the water

investigators such as Riesenfeld (39) Ulich (45) 2nd
Remy (37) from ionic mobilities,

4 number of methods involve activity dsterminations



out methods, These give high results =nd therefore
seems to give a2 total interaction affect,

The cryoscopic method of 7, Rouyer, P, Bourion,
and Hun (11) anpears to be of doubtful validity because
the results depend unon the use of g non-electrolvte,
These workers usad such non-electrolytes ss acetone,

paraldehyde and resorcincl. They measured the cryosconic

or ebulliosconic constants of non-electrolytes in

electrolytic solutions or in nure water. Using the

o>

following relatio nsnhins they obtained the hydration oi

2-1
L

where X -ne ner cent of wataer of hydration of the

'l‘

elactrolyte

=

K = the cryosconic constant of the non~electrolyte

in water
K¥= the cryoscopic constant of the non~-electrolyte
in the electrolytic solution.
The results obtained for the first fwo non-
electrolytes were unreasonable but resorcinol anpeared

to function satisfactorily. The theory from which the
results are evaluated is inadequate =2nd therefore had +o

be shandoned.
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The estimation of the hydration numbers by the
; on nuitbers by the

- Kal . »
S8 OL Vapour pressure measuremsnts wes carried out by
- LR R e R S N LA ot

7 T ol - } Y ¥, T )
B.H. Van Ruyven (%7}, (+8)., He nroncsed that 2 hydrated

where Xp = the degree of ionization calculated from

<

V2DOUY Dressure

the number of noles of the Aissolvad

substance in 1000 grams of solvent,
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lvent
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5,= the vanour pressure of solubion at the
same temperatire ag &

This eguastion breaks down 2t hiesh conecentrations
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e SR} L3
because of the decreace in the amount of free water

present as a consequence of the
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The hydration numbers obtained

AV

&)

{

long by Van Ruyven are shown in the Table IV,

Ionic Hydration Numbers
Poslitive Ions Negative Tons
i 13 MO, 0
i
Na & No, 1
2

X F CNs

Rb 2 c1 3
Br 3
I 3
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of the non-electrolytic solute on the dielectric constant

of the mediuvm, Values calculated from this method 2lso

M,

)

depend upon the nature of the non-electrolyte and

However, it 1s sometimes possible to make
gualitative inferences regarding sclvati-n from salting-
out studies. For example, J.0.M. Bockri s and H.Bgan (8
found that for concentration range bebtween N/1000 %o 1 N
for'sadium chloride solutlons using bengeic acid zs

-
1%

-
D

non=~electrol salting-out decresses anomalously

Q.

ctric constant in a2lcohol-water

1_.:.
(')

th
with decregsing d

OJ

mixtures contalning an excess of water. This fact can

be explained if 1T assumed that sodium chloride is

4

3

referentially solvated with water,

The determination of solvation numbers by the
measurement of partial molal volumes of electrolytes at
infinite dilution was carried out by J.D, Bernal and R,

He FO‘N‘leK‘ (

1
SN

« They refer to thelr method and 1ts results
as belng particularly satisfactory and Darmois (19)
describes the procedure and results of this method for

a large number of simple agueous electrolytic solutions.

concerned with the volume of the lon-solvent complex

only and not with the surrounding water molecules which

are not firmly attached to the lon. But the wvalues of the

¥

solvaticn numbers obtalned were much lower than those

obtained from similar experiments. The reason for this is



not yet guite clezr,
Primary solvation was caleculated by Ulich (46)
by employing entropy determinatisons., This method is due

to the decrease in entropy occuring when gaseous ions

non-electrolytes, (28).

Some other methods such as the compressibility

of lonic solutions, the lation of the distribution
of an electrolyte between two imriscible solvents. the
use of supersonic emf's and rolarimetry, 2ll involve the
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mobility method. Thus, it seems highly probable that this

method also vields primary solvation numbers, This

owing to the field near the ilon znd therefore rezsches a
1imiting value beyond which further comrressibility is
due to that of the solvent,

e
]
Q0
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The distribution method used recently by Cordier




Dutchieviu (2) are discrevant. Su

sunnosed to

Lastly, Debyetls (20) theoretical treatment of
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produced are a function of the ratio  of both

and negative lon-sclvent complexes in the electrolyte,
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of Bjerrum, though the treatment was by a somewhab

L5~ A

different route. The aunthors discuss a2 modifiled form of

the famous Debye-Hickel eguation in which they introduce

the effect of icn-solvent int ction in te of "hydration®
which 1s considered applicable up to ilonic strength of

sbout Y, (The other equation of Stokes and Robinson which

for concentrations above

(o]

was opresented on nage 4 is use
the icnic strength of ¥+,) <They consider 1 molecule giving
rise in the solution to ¥V ions. The total interaction
between these ions and the surrounding solvent can be

2llowed for =as 2 "binding' of n molecules in their

- \

"hydration shells”, In a2 solution of molality m, there

are nm molecules of "bound" water to (55,51l-nm) molecules

then if a'=the activity of the hydrated solute, and a,*that

of the wa then the Gibbs-Duhem relstion becomes
- [ng =g
In a? = = 35.91 d 1n ay (11)
m
If no hydration occurs then this equation isg

i P

equally valid as the cordinary form veing the stoichiometric

~

molality and activity.
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1-0,018 (n-v)m| (19}

ot
]
AY)
§
}_-_l
]

where A and B = the Debye-Hlickel const2nts that vary with
D

temperature,
Z and %' = the valences of catlion 2nd anion respectively
= the lonic strength,
ac = The mean distance of closest aporocach in

Angstrom units,

Fiecher and Xoval (22) found that this equation

gave good results up to the polnt where the product of
h

nm did not ewxceed 10 or 15. Above this nm value, the
competltion for water molecules became noticeable., In
order to proceed st higher concentrations an n which

was more sultable would have to be used 1l.e. 2 decreasing
function of concentration,

Table V shows the type of agreement obtained
from the different methods, Therefore, at best it can

be said, after such a long and intensive Lliterature survey,

< - 3 v 2} Eod
that the valies zive only an apnroximate measure of
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would yield the heats of evanoration of water from

These solutions and hence might throw some light, if

only of a qualitative nature, onthe firmness with which

~5
v

the different ilons held their water of hydration,
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interaction., If these layers-do occur, then,

the amount of energy regulred to strip the outar layer
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In order to evaluate A¥, , it was decided to

apply the Clausius-Clapeyron sguation to the vapour
pressures of progressively more concenbrated solubions

N
{
Mot

wherefH= The molar heat of vavorization

T= the abscolubte temoerature

]
2.3 BT
where C 1s the congtant of integration, If login P is
plotted zgainst I for a small temperature gradient a
T
et . . ] s .
straight line with slope egual to - AY is obtained,
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The 1ithium nitrate was suopnlied by the Fisher
Scientific Company (Catalogue Number I~132). The salt
was pure enough for research nurposes but hygrosconic,
therefore, it had to be heated in a platinum crucible

over a Mekor Burner for about an hour in order to drive

t was

g

off all the water, When this process was ovar,

wm

tored in the platinum crucible, over sulfuric scid
in a dessicator,

2. Preparation of Solutions

Solutions were made up by welghing =2nd recorded

CQ

3 Lo

as welght percent. In order to transfer the salt fron

0]

the platinum crucible into th welghing bottle, the
3011d mass had to be broken into small pleces by means

of agate mortar. It was then noured into the wei ghin

W
n

bottle and fightly canned, The nure dry salt was weighed

on an analytical balance in a tall welghing bottle using
2 welghing bottle of similar size 2nd shane ags counterpoise,

The necessary amount of water was added to the salt in




measure the vapour pressure of solutions up to and
inclyding 30 percent by weight of lithium nitrate was
the differenti=l manometer of E.J. Hartung (24),
illustrated in figure (1) and in figure (2). Tigure (3)
and figure (%) illustr2te the absolute manometer which
was used for 1lithium nitrate solutions above 30 percent
by weight,

The Differential Manometer

Figure (1) and fizure (2) represent the differential

bs of aporoximately 50 ml., capacity

labelled A and 3 in figure (1) each connected to an
arm of the manometer tube F, 2% cms, long, Just below

the U ftube of the top vnart of the apparatus was g glass
tube of wide bore, G, which served the purnose of holding
the apparatus in the thermostat by means of a2 neonrene

). H. Tepresents a ball

ed to the socket I

[N
O
b
)
c+
}_h
O,
)
o
N
Q
e
3
<
®
s
]_h
3
ct
}.-'

e

~t
@]
S
2
he
]
e}

of the bottom »art of the anparatus, Thig ball and socket
Joint made 1t easy for the exparimentor to remove the
anparatus between runs, The ball and socket joint wers

lubricsted with silicone grease to prevent the leskage of

mercury and clamped together as shown in Ffigure (5).
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, Figure (2)
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through outlet M and through pressure Ltubing to 2
vacuum numn by means of which N can be evacuated., 4 turn

added by wmeans of the auxliliazary bulb

until the tube, reservolr J, and rubber tubing were filled
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until it was 3 cms., from the top of the socket I. The

~4

caplllary termination in reservolr J nrevented violent

rushings of the mercury which micht have led to an accident,

Maxt about lec, of silicone 01l was »placed on top of the
just below the socket I. The »nurnose of the

gilicone oil was to »revent the condensation of small

amounts of watsr on the mercury meniscus which wounld lezd

1

{_Jn
L
D
1]
»
}-—J-
-
i
O
D
D
Q
o

o
6}
0
=y
Q
N
9]
o
¥
o3
@
Q
3}
n
@
)
o]
=2
ri-
4]
o

<
3]
“3

3
ot
Q
<
A
J
V]
jort
=
-
3
\D
93]
5]
3
D
4
T
[
-
[




digtilled water and the lithium nitrste solution
spectlvely through the wide-diameter tubes ® and D

water and of solution were used. Then the wids tubes
B and D were sealed off by means of a torch, The

apparatus was then lowered into the thermostat and set

x._b

th the necessary clamns

o i

[-- 3

\J'L

up as shown in figure (5) wi
to keep the apraratus vertical and to hold the ball
ightly together,

t
After the ball and socket joint had been clms ed

and clipped firmly in place, the mercury was allowed
to rise up the manometer tube to a height a little
above the U of the tube. The rubber vacuvum tubing was

then jolned to capillary C and 2 stop-cock which was
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the zir numo was
closéd, Next, a freezing mixture of dry ice-acetone was

nrenared in an insulsted metal container large enough %

accomodate both bulbs at the same time. The container
was placed in such a position in the thermostat that

both bulbs were well immersed. After ten minntes time the

b

nercury was lowered below the U so that both sides of

the manometer ware open to the evacusation ovtlet, The

<
»

stop-cock between the annarstus and the a2ir »umns was
opened and evacuntion bhegun. The pumning down continuad
A

for a half hour, During this
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allowed to tha Zince the thawing was very slow the
bulbs were imwmersed in luke warm water, and tapned to

s.J..
©

Dumpineg sometimes resulted on thawing, and in order to

8 g
ted water or the solutions
from being thrown over infto the manometer tubes, Traps
in the form of wide U shaped tubes were constructed in
the szooaratus between bulbs B and A and the tubes.
Repetiticon of the above procedare was carried
~ut at least ten times or until no air bubbles were
observed to evolve from the water and
After having finally evacuated all the a2ir out
he system, the caplllary tube C was sealed of
the air vump with a torch., Then the mercury was allowed
to rise un into the manometer tubes well abeove the U

and the freszing mixture removed, Then the solution had

thawad out completely 1t was agitated in order to insure

The Barometric Manometer

n the more concentrated solutinns (i.e, over

[
n
O
H -
o
«t
el e
Q
e ]
€3]
j g
[N
ot

t
30 percent by welght for lithium nitrat
b

was imnosszible to use the differential manometer, since

the difference in vapour nressure of these




To obtain a picture of the whole

(\
w3
w3
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{3

ot
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"7 ] 2NN - in ficous ' - rioh
place the apparatus in figure (2) at rizht angles to

the one in fizure (+). The manometer consists of g
barometer tube F, which is just a continvation of &,

of 6 cms. internal diameter and 20 cms. long connected
at 1ts lower end to a mercury reservoir C. Fused to

the upper end of the barometer tube was a short niece

of coarse capilliary tubing G which connected to a vacuum
pump. Another piece of short capillary D was connected
to the same vacuum pump. Between both canillaries and

the vacuum purp were stop-cocks, joined through vacuum

tubing and 2 zlass T joint to the vacuum purmp, B was
o wide dlameter tubing leading into bulb 4 which held
the solntion.

Mercury was added Lo the system by pouring it
through a funnel into the canillary D until the reservoir
C was approximntely three quarters filled. The opening
B was sealed off with a torch. The air pumn was then

turned on in order to evacute the systen, Meanwhile
heated and agitated vigorously to expel
the alr from the body of the mercury and from the walls

of the reservolr, Whan 21l the alr was removed from th

mercury the pnressure tubing behind the ston-cock from

the main line was disconnected so that =2ir could seepn
into both sides of the T joint at the zame tive,
ry 1ittle alr was found 1n the bhody of the mercury and

only slight amounts 2long the walls of the reservoir close




- ?.;_3 -

o

1T ¥
reury surface,

nixture of acetone-dry ice For a2t least 10 minntes, Then
the stopw-cocks were veopened and evacuaticn of +the air

the solutisns became wore concentrsted

the number of times the ahove nrocedire had Lo be
repeated fewsr, that 1s, only six times of freeszing

B
The aonarat

flat met=21 hase to




SR

to cover only about 42 ems. of the barometer

tube; the rest protruded above the oil surfsce, Therefore

to the mercury

the oil, The exnerimentsl results where this

occurs have this symbol (%) to indicate that the

correction has been applisd, The correction was made by

only approximate, However, the nercent error was not
large at these high vapour pressures,
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Figufe (3)
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resistance thermometer available in one of the

JV with three

inch hlades and one Archimedean screw stirrer 7,

[N
"
<
[62]

nt of Vanour Pregsurse

on 2 table onnoaite




0il. The bulb was mounted behind the reayr window in order

that a very clear view of the mercury meniscus in the
s
vimes,

manometar tubes could he seen at all

After the t

0]
D

emperature of the bath had been set
and was under control succes-ive readings showed that it
required about an hour to an hour snd a half to obtoin

equilibrium at lower temperatures while half an hour

was sufficlent at higher temperatures., On 211 the runs
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Table VI
The Vapour Pressures of Lithium Nitrate

Solutions, Po,at Various Temperatures and the

Corresponding Vapour Pressures of Pure Water, P3e

Concentration Temperature Py P
Welght % Molality (¥e) (mms. of H_ ) (mms.
&

10,00 1»512 303,16 30.479 31
313,16 52,571

323.16 87,83 92

333.16 141,76 149

343,16 221,40 233

353.16 335.90 355

363,16 497,20 525

373.16 718.35 760

375,16 771,08 815

20,00 3,626 302,16 27.826 31

313.16 L8, 349 55

323,16 20.67 oz

323,15 130.50 149

k3,16 263,93 233

353.16 309,12 355

363,156 156,21 525

373.16 658,05 760

373,16 780, Ol 206

o
1
N

@

[0 AN

@

L

0 W

2

O

\O

&



{mms, of H )
S/

23.078

40,003

66,79
109,42
171.32

261.16



Concentration

Weight %

50,00

AN}
~3

o

Molality

’ 11'2' -] 5,03‘%“

-

Table VI (continued)

Temperature

(°K)

353,16
363.16
*377.16

236,10

400.57

(mmg, of H

»



Concentration Temperature B ?3
Weight ¥  Molality (°%) (mms, of Hy) (mms. of Hg)
64,95 26,880 313.15 11.1h1 55,3k

323,16 19,011 92,56
333.16 31,74 1%9.5
343,16 50,77 233.8
353,16 79,77 355.3
363,16 122,22 525.8
373.16 182,06 760.0
378,16 221,34 06,1




T4ABIE VI

The slopes AHp of log Pp VS log Py for
AR -

Lithium Nitrate Sdlutions and the Resulting Values

of AHp and Ay at 50°C (AH3= 10,245 Cals/mole)

Concentration Slone Ao Aty
Weight % Molality ‘AHéAAE3 (Cals/mole) (Cals/mole)
0 0 1,00 10,245 0
10,00 1.612 0,9967 10,211 3k
20,00 3.626 0.9969 10,213 32
30.00 6.21 1,0078 10,325 -80
40,00 2.657 1.0063 10,310 -65
50,00 1l 50k 1,0225 10;@75 ~230
57.28 19,447 1.0585 10, 84l ~599

64,95 26,880 1.0700 10,962 ~717
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Figure (6)
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TABIE X
E s st S+

The Oswmotic Pressure IT of Solutions

of Lithium Nitrate at 50°C and 70°C,

Concentration IT (atms)

Welght 4 Molality (50°¢) (70°C)
10.00 1.612 76,07 89,1
20,00 3.626 199,00 208,7
30.00 6,214 73,000 L4, Q
40,00 9.657 735,00  778.7
50,00 1, 50k 1205.00 1260,9
57.28 19,447 170%,00  1721.6
8+, 95 26,880 2006,00 2323.3
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