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The boil_ing poinis of solutions of a¡monium nitrate alrd síIver nitrate
from zsro concor¡i;ration to approxi.rnatory ninety percent concentratione

were determined at prossures of 70L"6 rnm., EgTnZ nnn"u arrd ?01,6 twn,s 6L4rZ ¡¡utue

raspeetivoly" å two stago barostat was constructed to regulate the prossureø

'& scatchard still- and a student totrelL apparatus vrere used as tho boiling
point appa.ratuses"

By an applieatíon of tho clausius-clapeyron equatione it was hoped to
deteet arry evídonce of layor hydration of ior¡s¡ as postulated by Stokss
and Robinson' Tt was found that the method of boiling points dicl not give
tho requirod aceuracy. trTithin the li-nits of exporimental eï.Fore no evidence
of hydration r,'es found,,
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THEORE TIC,A.L INTRODUC TION

l. Ionic Hydration

The concept of ionic hydration fírst began to emerge in the early

nineteen h¡rndredslT In spite of some bheoretical and much ex¡rerirnental

work, the significance of ionic hydraLion is not yet ful1y undersLood"

The diversity of phenorr:ena studied in an atternpt to clarify

ionic hydrabion gives an indication of the imporbanl influence of

ion-solvent interacbion. Among -Lhe phenornena studied are f.reezing

and boiling poinüs , refractivity, vapour pressllre, surface tension,

densíty, cornpïessibility of ionic solulions, transporb of ions,

and solubilities of non-elecbrolytes in the preselrce of eleclrolytes.

It is evident thab clarification of the problem of ionic hydration

would be one of bhe major steps in clarifying the whole theory of

solutions of strong electrolytes"

In the earliest concept of ionic hydration, ions weïe regarded

as being chemically bound Lo a specific number of water molecules

in solution. S. Aschk"n^=iL gave some experirnental results

involving conducbivity and cryoscopic constanbs which seemed to

support this concepL, but the existance of definite hydrabes in solution

was never verified. K. ï'"¡tt "Zl , from a consideration of bhe

polarizability of water molecules, postulated that bhe ion-solvent
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interacbiorrwas mostly Coulombic in naLure and noL covalen!.
-1

M. Born' showed Lhat, f-or univalenb eleclrolybes, a sirnplified form

of Fajans concept gave good agreement with experirnenbal results.

The Fajans-Born concept seems bo hold for the sirnple ions of

gïorlp 1A and 114 of the Periodic Table and also for the halogens" For

rnore complicated ions, such as Lhose in group V111 , ít would appear

that covalent linkage between the ions and the water molecules would

take place. There exists 1itt1e quantitative evidence wibh which to

subsLantiate this. The Fajans-Born model for simple ions pictures

the ions as holding, quite firmly, a definiüe nurnber of water rnolecules

which it will carry along wibh it at all times. There will also be a

further interaction with bhe waLer rnolecules outside the firmly held

sheath. Since the polar izabllity of the ions is dependent on the íonic

radius and on the ionic charge, lhe smaller the ionic radius, bhe rnore

water molecules will bhe ion bind, and the greater bhe ionic charge,

the more water witl be bound. This is consístent with experimental

re sult s.

tr." A" Lindemann3

of ions in solution and

lsuggested that there was no,'permanent hydraLion

that the transport of water observed during

electrolysis was due bo momentum Lransfer from Lhe ion to the water

molecule upon collision. This would explain the experimental

observations that srnaller ions transport more water and would also
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explain the dependence of the temperabure coefficient of conductance

uporÌ the ion size" There is, however, no independenb evidence

supporting bhis theory"

A picture for hydration of ions in highly concentrated solutions

has been posbulated by R. H. Stokes and R.A. Robinson4l" Frorn

their work on the gels formed by highly concentraled solutions of

calcium nitrate they assurne that this highly concentrated region

could be looked upon art arL adsorbent-adsorbate system. They aIso

assume that the ion-ion forces at this stage are negligable. The ion-

solvent forces are predominant" The solution would contain ions in

various stages of hydration" Sorne ions would be incornpletely

hydrated, others would have a cornplebe monomolecular hydration

she1l surrounding the ion, and stíll others would have Lwo, three or

more hydralion layers around bhe ion. In the latter case, the second

and higher layer s would be successively less strongly bound" Since this

model bore a strong resernblence to the adsorption isotherm derived

by S" Brunauer, P"H. ErnmeL, and E" Te11er10, Stok"s and Robinson

wrote their equation as

fflâw 
=55-Trffj aw}

where ary is the acbivity of the

number of rnolecules of water

c-1 âq¡
cr

waler, m is the mo1a1ity, r is lhe

in a monomolecular hydration layer

(1)
1, -t-

cT
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when ühis layer was complebe, and c is a constan| related to the

heat of adsorption of the molecule in bhe layer, Sbokes and Robinson

goL a surprising accuracy of fit for this equabion from aboul lZ-ZíM

for a number of sa1ts. Albhough Stokes and Robírlsori arrived ab

values of c and r in a purely empirical manner, the accuracy of

their results would indicate that it would be profitable to obtain rnore

experimenbal and theoretical results on the basis of bheir theory.

Recent1y, O. Ya Samoilov3T', ftoto a consideration of the defects

of Stokes Iaw applied bo ions in solution, has postulated thal there is

no such thing as definite hydration numbers: all that can be sêid

is that the birne of sbay of water molecules around an ion is either larger

or srnaller bhan the tíme of stay of water molecules around ore another.

One can only speak of indefinibe tlcoord.ination numbertt for lhe

amounts of water molecules around the ion"

Two difficultíes confronb the formulation of an acceptable bheory

of ionic hydration. One is the lack of knowledge of Lhe type of binding

baking place between t¡rle ions and the water molecules. The second

is the inabiliby of experirnental work to indicabe if bhere is any such

thing as a definite hydrabion nurnber for ûhe various ions. Untíl such

time as bhese two problems are solved, bhe entire quesLion of

concentrated solutions of sLrong electrolytèç will remain unresolved.
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Z" Experimental

The mosb cornmon rnethod of esLirnating ionic hydrabion is the

rnoving boundry mebhod. Buchbockll 
"rrd 

V/ashburnn* *.t" bhe firsb

to employ this method successfully" The Hittorf rnethod of

obbaining bransference numbers neglected the fact tlnat not only the

ions are transporbed during passage of currenb, but also any water

thab might be firmly held by the ions. Thus the Hibtorf transference

numbers obtained by referring the change of eleclrolyte concentralion

to the water would not be the 'tlrue transference numbers.tt Buchbock

and -liÉ.shburn added a second solute to the solution, which was not

an elect:cùybe. fï.y assumed thab this ïefeïence solute did not

rrìove during electrolysis. They were bhen able to refer the change in

electrolybe concentralion to lhe reference solute and obtain trtrue

transference numbers. tr' If the brue transference number is known,

ib is Lhen possible to calculate the number of rnoles of water carried

per equivalent of cation and anion, using the equation

A rr = T.N; -ú^NT, Gl

where ¡n is the change in the number of moles of water ín a given

electrode portion, f. is the bcue bransference number of the cation,

T^ is lhe true transference number of the anion, and Nf and Ni

are the number of moles of water carried per equivalent of caLion

and anion respectively" Since both N$ and NL 4¡e not lmown, it is

necessaïy to assume one of them. Assumptions bhat have been made
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are thatlarge organic ions are not hydrat"d, 35, No; I 
"rrd 

I- 15 t="

not hydrated" The most reasonable method divides amount of waber

Lransporbed in the rabio of ionic sizes, P.Z. Fischer and T. E" KoraIZZ

have shown, however, that raffinose, bhe inerb solube employed by

'Washburn, is transported during electrolysis. L.G. Longsworth3z

has shown that bhe displacemenL per faraday of- ions varies wibh the

nalure of bhe non-e1ecbro1þ used. Thus fhere is a greaL deal of

uncerbainty concerning the sígnificance of the hydraLion numbers

obbained by this method.

In an attempt to overcorne lhe necessity of adding a non-e1ectro1yte,

?z_H. Remy-= measured the volume change during electrolysis by

rneans of a calibrated capillary. The central part of the solubion

was held fixed by use of a gelabin plug. This separated the anode and

cathode compartrnents. The volurne change as measured by the

capillaries, then indicates the solvation of the anion and cation. It

was found however that the gelatin had a large effect on the resulls

1BoDEar_neo"

Baborovskyz modified Remyts method by having the anode and

cathode cornpartments separated by a thin diaphragrn of parchrnenü

papeï impregnated wíth collodion. The effect of waLer Lransporb

by the ions was debermined by weighing the anode and cabhode

comparLments before and af.ter eleclrolysis. The accuTacy of this
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mebhod is doubbful due bo electoosmosis baking

due to heating and reaction ab

errors are also present in bhe

dialysis rnebhod of Brintzinger
44H" Ulich has calculaLed ionic hydrabion from ionic rnobility

by assuming bhere is stable hydration, i.e., tightly adhering waber

envelopes are formed, and bhat Stokes law of hydrodynamic friction

holds for sma1l ions. From his rnobility measurements he calculabes

the radii of the migrating ions, and by a cornparison with the radius

of the ionic body proper, he is able to determine the degree of

hydration of Lhe individual ionic species. The molecular volume of

the ion propeï is given by (N A/Zr=l ¡ *fr"re "o, the ionic radius,

is taken frorn a table of lattice measuremenbs. (N a/Znr3 ) calculated

from Sbokes law gives the molecular volume of the migrating ion.

Sublracting bhese two quantities, Ulich obtains bhe space V" occupied

by the waber envelope. Dividing this by the molar volume of pure

water, bhe hydration number is obLained. Since bhere is probably

a high pressure in the vicinity of the ions, this hydrabion number is

too low and can be considered a lower limit. Assuming that in the

vicinity of the ions the solvent volume is reduced to half ils original

value, Ulich calculabes an upper limit of hydraLion" The final value

is taken as an average of the bwo limits. Ulichrs results for

hydraLion numbers are doubtful" There is some doubt as to whebher

the electrodes is

diffusion meLhod

p1ace. Volume change

also ignored" These

-20of Janders-- and bhe
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Stokes law applies to ions in so1ubior-37,ZB. Also bhe change in waLer

volume around an ion is unlanown. The advanbage of bhe mebhod is

lhab individual ionic hydration numbers are obtained directly.

E. Rouye=36 
"rrd 

co-workers employed a cïyoscopic method of

determining hydrabion nurnbers. By observing the cryoscopic or

ebullioscopic consta:nts of a non electrolyte in elecLrolytic solution

and in pure water , they arrive ab the forrnula

x= 100(k'-k)
k' (3)

where x is the percent of waber of hydration of the electrolyle,

k is the cryoscopic constant of lhe non electrolyte in waber, kr

is the cTyoscopic constanb of the non-eleclrolyte in electrolytic

solubion. Among bhe non electrolytes used were eLher, acebone,

paraldehyde, and resorcinol. This method is open to criticism

since the resulLs are dependent on bhe non electrolyte used. Acetone

and paraldehyde show urrreasofrable resulls while resorcinol behaves

satisfactorily" The theory by which the results are evaluaüed is

extrern e1y inadequate,

B. H. Van Ruyv 
"n46 

h^" ernployed a vapour pïessure rnebhod to

esLimate hydraLion nurnbers. He assurnes that bhere is a definite

number of waber molecules bound to each ion and that bhere exists a

degree of ionization for strong electrolytes. From Raoultrs law

and the Arrhenius equation of electroi.yLic dissociation he arrives
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aL the equation

xr = 1000(s-s2) 18 Nwsz

1B \Ã¡Sz
(41

where sf is the degree of ionization calculated from vapour pressure

measurernents, S is bhe vapour pressure of solvenl, 52 the vapour

pressure of the electrolybe, and N* is the concentration in

grammolecules of solube per 1000 grarns of solvent. Van Ruyven now

assumes that bhe discrepancies in eguation (4) with rising

concenbration are due to the facb tlnat tlne arnount of ttfreerr water present

is lowered because of bhe binding of water rnolecules bo bhe ions"

This would mean bhat N* srr-ould be larger than the calculated value"

He Lhen rewrites eguation (4) as

xP* : looo(s - sz) 18 NLs 
2

(5)
1B ì{dSZ 18xN*(S-52)

wheren* i" bhe degree of ionizatíon of elecbrolyte binding x rnolecules

of water and x is the number of water molecules bound to the ions"

By inserting the proper value of x into equaLion (5) the discrepancy

is removed and ühe hydration nurnb er as sumed correct" Although

Van Ruyven assumes a fixed hydrabion number, the high values he

reports would seern bo indicabe his rneasurements include rnore bhan

just the firrnly held water molecules. His lheorefical approach to

the problem is also open !o a greab deal of cribicism.

Another method of deberrnining bhe degree of hydration utilizes
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the rf saltingtt oc:t eff.ectZ9 . The change in solubility of a non

elecLrolyte upon the addition of an electrolyte is used to obtain a

measure of bhe hydrabion on the assumption Lhal the decrease in

solubility on bhe addition of Lhe electrolybe is due to a reducbion in

the activity coefficient of bhe waber" This meühod takes no accounb

of the effecl of the non elecbrolyte on the dielectric properties of the.

solventZ0. Values calculated from this rnethod are found Lo be

dependanb on the nature of the non elecLrolyte29 
^nd 

therefore cannot

be considered to give valid results.

N. Bjerrum5 ubilizeð. Fne activiby of water in a given solution

to calculate hydration numbers. His theoretical approach is a

great improvernent on that of Van Ruyven. Bjerrum also sbates thaL

the water removed frorn solution by the ions should be baken inlo

account" He says that the corr.^centration should be expressed as a

mole fraction, x = n , where n is the number of moles of solube,
n+ nt

nr is the number of moles of solvent, and x is the rnole fracüion.

If the ions are hydrated bhen x will be larger than without hydration.

If the activity is defined by 
". 

rn.f" rneasurernenbs, then whaL is

being obbaíned is the activiby of water free ions" If the ion holds

rnl{, O , then the actívity of bhe water free ion ,A. should be multiplied

by the activity of water raised to the mth power. Therefore we get



a . ,A.(p/po)m

Fu" (p/po)* = x55.5 f,u

, *lF'"" (p/po)"' ¡ c

- lt -

55"6+Zc - (mt+ mtt)c

(6)

(7)

(B)

(e)

55 " 5f.t a

55 " 5f.n a
55.5+Zc - (mt+m,')c

where F.a, tr-ra, Fnt" are the apparenb acLivity coefficients of the

sa1t, the anion, and the cation respectively, fr, f'a, frt", are the

corresponding true actívity e oefficienls, and mt and mtt are bhe

rnoles of water carried Þy the anion and catiorÌ respectively.

Introducing the relationships

F=a
fa

rrl

/tt rrr
=,JL at a

= ffll + rrìlt

F""t (P/Po)-" 
=

into equations (8)

form and adiling

lnF" : In f"

and (9), converting the equations to logarithrnic

we get

- Zrn - Zc (10)
55" 5

3_
This argument makes the assurnpbion that lhe relaLionship ln f" =-K./C

holds for strong electrolytes as well as weak. F" can be obtained

from standard acbivity measuïernenbs and m chosen to give equation (10)

the proper fit. E" Schreirr"r39 has used this rneühod to find the

hydration numbers of several ions"
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Stokes and. Robinson4T h^u" arrived al Lhe same resulbs as

Bjerrurn using an irnp:roved approach, They begin by assuming

that tlne Debye-Hückel equation is basically correct.

lnf= -A 
"/€ñEão .

(i1)

where f is bhe activity coefficient, -A. and B are consbanLs, and

ao the mearl distance of closest approach of the ions. Equation (11)

predicts an activity coefficient which is a decreasing funcbion of the

concentration, but at concentrations above about 0.Im the equabion

breaks down badly" It is found experirnentally that bhe acbiviby

coefficient decreases to a rninimum and then rises more or less

rapidly with increasing concentration. Stokes and Robinson

postulate that bhis behaviour is due !o bhe binding of water rnolecules

bo the ions thus reducing the amount of free water in solution. They

1et n equal the number of bound water molecules" Then in a

solution of rnolality m, ühere are nm rnolecules of bound water to

(55.5 nm) molecules of free \Mater. The Lrue molality mr Lhen is

rnr= 55.5m = tn (1Zl
55"5-r* 1-0.018ttt

If a'is the activity of the hydrated solube and a the activity of

waLer, we obbain from the Gibbs-Duhem relabionship,

dlnat= -(55"5) dlna*
rn

(t s¡
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Introducing the mean mo1al activiby coefficienbs Y and 't' , we get

d lnX' = -(55.5/t/rn') d ln "* - d ln mt (14)

where 1,/ the numbex of. ions formed, and

tn7 = -(55 "shfrnl d In a* - d ln m (15)

Substituting for mt from (12) and integrating between rnolalities

zero and m we get

lnÏ':lnú+ (o,/f )lnãw+ln(t - 0.018:nm) (16)

Stokes and Robinson are concerned, however, with the rnean rational

activity coefficient, f', of the hydrated solute. This is related bo

l' by the equation

In f' = lnY' + In (i + o" ot81/'m') (1?)

Cornbining (16) and (17) and simplifying by rneans of. (IZl we get

tnY = ln f.' - (rL/^rl ln a* - tn (I - 0" 018(n-1f)m) (18)

Replacing bhe term ln ft by the Debye-Hückel e>Çpression we arrive at

Ln'l = A\F - n lna----1n(1 -.018(rr'--v')m) (19)
Trffi-

where ú7ís the ionic strength; ao and n were chosen bo give the best

fit" Stokes and Robinson found equation (19) gave very accurate

results up to bhe point where the product of nm exceded 10 or 15.

They explained its failure above this limib by assurning t}:at at

high concentrabions there will not be a sufficienl number of water

molecules lo go around between the ions, The ions would then be

1S

d
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in competibion for the water molecules and n

decreasing function of concentration.

J. D" Bernal and R. H. Fowle14 indicated

of the partial molar volume of electrolytes ab

would give satisfactory hydration numbers.

method to a nurnber of electrolyLic solutions,

validity of bhe resulbs are open bo

DarmoislT and M. Co"die"16

would become a

that measurements

infinibe dilubion,

DarmoislB applied this

bul since this method

involves the use of Stokes equation in a similar way to U1ich44, the

the sarne objections"

have also calculated hydration

numbers by measuring the specífic rotation of a metallo-organíc

complex in pure water and then in an electrolylic soluLion" The

complex used by Cordier was a molybdenum bartrabe. The hydrolysis

of the ciqnplex in progressively diluted soluüions of pure water was

measured by reading of. bhe specific robation. This was repeated

with an elecbrollrbe in the solution. The specific rotationsfor the

soluüions containing the electrolybe were found to be hlgher. This

is attributed to the hydraûion of the ions. It:owing the density of

the solutions and cornparing bhe specific robaLions, it was possible

to calculate the hydration number" These resulbs are in doubt

since bhe influence of the complex on hydration was igfrored.

Y. Yasunaga and T. Sasaki49 have calculaled hydration nurnbers

using an ulLrasonic interfero*eter23. They assume thab bobh the
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solute ions and lhe hydrated wafer are íncornpressable and that bhe

decrease in compressibilíty of water - caused by the addition of art

elecbrolyte - is due to hydrate forrnation. Their results are

consistent with bhose obtained frorn mobility rneasurernents.

The multiplicity of rnethods used is found to give rvidely

varying resulLs" Table (1) gives some hydration nurnbers of the

sodium íon arrived at by different rnethods"

The diversity of the results makes any inLerpretation quite

difficult, J. OtM. Bockris6 sllggests that the hydratíon nurnbers

less than ten give a rneasure dbhe primary hydration while bhose

greater than ten give a rneasu.re of the total number of water

molecules affected. It is improbable tJ;lat any definite conclusion

can be reached unbil moïe work is done on this subjecb and unbil bhe

experirnental techniques are extended to the higher concentrations,



- 16 -

TABLE (1}

Values of bhe Hydration Nurnbers

by Various Experimenbal

of bhe Sodiurn Ion

Melhods"

AA'W'ashburn *"

44
Ulich

o-/lJT]-rJLz],Trger

?
Baborovsky-

U1ich45

Reisenfeld & Reinhold33'

Bernal and Fowler4

L6
U orcller

. 18ljarrno]-s

L?
5u.Era

METHOD

Moving Boundry

Ionic Mobí1ity

Dialysis

Water Transport

Entropy Calculation

Mobility

Density

Specific Robation

Stokes Law

Molar Vo1ume

HYDRATION NUMBER

Z-L0,k

4

t7

B-9

3"5

7L

I

69a-zz#

I

2"L

V/ORKER

It

Depending on

Varying with

hydration number of CI varying from 0 to 6

concentration from 0" 05M - ZM
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STATBMENT OF SPECIFIC PROBLEM

,A.lthough bhere is no coherent theory of hydration, certain

conclusions have been reached. Most workers will agree that ions

ín solution are hydrated" There also seems Lo be every indicaLion

that the number of water molecules affecbed extends beyond the

immediaLe vicinity of the ions.

The hydraûion theories of Bjertrr*5 and Stokes and Robinson4l

are, irt bhe opinion of this author, lhe soundest advanced, from a

purely theoretical point of view, and theirconclusions will be accepted.

It is then seen bhat as the concentration of an electrolytic

solution is increased, there will be fewer and fewer molecules of

waber left üo go around among the ions. At extremely high

concentrabions the ions should be in strong competition for the few

remaining water molecules. This is assuming that no other forces

come inbo play which would nullify the role played by ion.-solvent

inberacLion. On the picture given by Stokes and Robinson, it is seen

that it would become progïessirely rnore difficult to strip away the

successive layers of waLer surrounding lhe ions. 'When one arrives

ab the most strongly bound inner Layer, one would e:r¡rect lo find:'it

necessary to overcorne very strong forces before this inner hydrate

layer could be rernoved"
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Ib was thought tlna1 tlne application of Lhe Clausius-ClapeyrorÌ

equabion to the boiling points of progressiely more concentraled

electrolybic solubions at various pressures would provide a rnebhod of

estimating the dífficulty of removing water molecules from the ions"

The Clausius-Clapeyron equaLion may be written as

lnp= -AH/R T+C (1)

where C is a constant of integration, IH is ühe molar heaL of

vapourization, T the absolube temperabure and p bhe pressure.

A. plot of 1n p against Lf T f.or a srnall temperabure gradient

should give a straight line of slope equal to - AH/R" Knowing the

slope it is then possible to deLermine ÀH.

Although the approximations involved in arriving at (1)

an elernent of eïror into lhis equation, it ís fell bhat at the

1ow pressures employed, the error is negligíble.

'We can wribe the following equations for bhe reactions

p1ace.

n HrO, 'l- Ion Ion hydrate

Ion * HZO.IIon hydrate

Hzot HzQ'

introduce

relatively

taking

(z'l

(3)

(41

where the subscripts l and v refer to the liquid and vapour phase

respectively. We will call AH' A}{2, AHA, the heabs of reaction

for equations (2), (3), and (4) respectively. A HA, the heat of
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vaporization of pure water can be obLained, from a handbook, over

the entire temperature gradienb, A HZ, lhe heat of vaporization af

water from electrolytic solubion, is delerrnined experimentally by

means of equafion (1). Therefore, A Ht, the heal of ionic

hydration, is calculated from (2), (3) and ØlbV the relaLionship

ÀHr : ÀH3 - L]Hz (B)

If Lhere is no ion-solvent interacLion present, then one would

expect A Hf Lo be zero. If the ion is hydrated, how-evet, one would

expecb that A Hf would show negabive heats of. inyð,ration, corresponding

bo a lowering of the energy of the "y"b.*43" If there is more than

one layer of bound water, as posbulated by Stokes and Robinson,

bhen the pegative value of AH1 should rise progressively as the

number of waber rnolecules in solution becomes less and 1ess, up

to the point where there is just enough water to go around arnong

the ions.

Very little experimental work has been done on the boiling

poinbs of concentrated solutions of electrolytes. Van Rrryrr"rr46

has listed the change of boiling poínts with concentration of several

electrolybes but none of lhe concenbrations run above Z-3M"

A. N, Carnpbell and E. M. iKavtz*a=kl4 have found the boiling points

at 760 mæT:-" of ammoniurn niLrate and silver nitrate up to about a

strength of solution of 90%. The method employed for bhe

concentration of strengbh Z0% and higher was not adequale to give bhe

degree of accuracy desired for this work.
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The present work was carried out wilh solutions of arnmoniurn

nitrate and silver nítrate"
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EXPERIMENTAL PROCEDURE

1. Description of apparatus

(") General

The apparatus is shown in figure (1). It consists essentially

of a crude barostab, a sensibive barostab, and a boiling poinL

apparatus. By means of bhe barostats it was possible to set the

pressure of the system at any desired value and to maintain bhis

pressure wíthin very rraïrow limils" The boiling point apparatus

used for the majority of the readings was a student Cotrell apparabus

while bhe rernaining readings were taken wibh bhe Scatchard

equilibrium stíl1"

(b) Pressure control

Constant pressure was maintained by means of the apparatus

described by A"N. Campbell and IM.J. Dul*"g"I2. The pressure

conbrol consists of two sbages. In the first sbage an air pump kept

a crude barostat about Z0 rnrn" of mercury lower than the desired

pressure. Th'e second stage consists of a sensitive barostat seb

at t}:e desired pressure,

The presòure in the crude barostat was set by adding or removing

meïcury frorn the barostat. The pressure in the sensitive barostat

was set by means of a third arm which acted as a mercuTy reservoir.

By opening the stopcock connecting the reservoir to the rest of the
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barostat rnercury could be added, and by creating a vacuum in bhe

reservoir mercury could be removed"

The bungsten needle contacts in the crude barostat operated a

magnetic relay which activated the air purnp" The contacts in the

sensitive barosbat operated an electronic relay of the type described

by E"J. Serfass40. This relay activated a fixed solenoid, described

by D,J. teffoy3o, which connected bhe sensibive barostat to the crud.e

barostat. 'W'hen the circuit was closed air was sucked from bhe

sensitive üo Lhe crude baroslat and when the circuit was open, the

flow of air was stopped"

In order to obviabe flutter and fluctuations in the sensitive barostat

bwo devices were used. One

system. The leak connecting the

and so ensure a constanb pressure,

was to introduce bwo leaks into the

two barostats was a fine capillary glass bube and Lhe leak connected

to the aümosphere was a fine needle valve. The needle valve was

adjusted so as to give a balance bebween the air leaking'ioto the

sensitive barosbat frorn the aLmosþhere and bhe air leaking oub through

lhe capillary. This kept the sensibive barostat at a steady state and

kepb the electronic relay operabing at a high rate. The second device

was the use of four large carboys in the sysbem as buffers bo reduce

the sudden changes in pressure brought about by the operation of the

air pump.
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The pressure in the crude barosLat was determined by means of

a travelling cathometer" The pressure in the fine barostat was

deLermined by means of the travelling caLhometer and checked by

debermining ûhe boiling point of pure wafer in the Scatchard equilibrium

sti11" The pressure was ascerbained frorn bhe boiling point by rneans

of steam Lables.

Bobh barostats were constructed of 15 rnrn" diameter Pyrex

tubing. The bungsten needles used as conbacts were sharpened to a

fine point by stroking bhe red hot needles along a block of sodium

nitrite. The mercury in the barostats was boiled three times to

elirninate all air and rnoisture. The sensitive barostat was therrno-

sbated ab 30oC. A 40 watt bulb was used as a heaLer while a f.art

insured good air circulation. ,A" two-way stopcock was used a a

bypass around the capillary leak so thal bhe system could be taken down

to the desired pressure rapidly. ALl connecLions 'were rnade wiüh

pressure tubing and the sysbem was rnade leakproof. The barostaLs

were checked for leaks with a Tesla coil.

With bhe system at eguilibrium, the boiling point of pure water

was found Lo remain consbant to wíthin É 0" 00Zo over a period of

seyeral days" No flutter could be observed on the mercury surface

of the sensiüive barostaL.
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(c) Boiling point apparatus

The deberminabion of lhe boiling points for pure water and for bhe

solutions of under ZSTo cogcentration was made by means of lhe

Scatchard'38 equilibrium sbii1. The still consists of a double boiler,

a Colrell type pump and a hold up trap. The advan[age of bhe

scaLchard stí]l is that superheating, reflux condensabion, lack of

equilibrium, and entrainment of vapour, aTe eliminated. I'or

solutions stronger t}.ran Z5lo this sti1l was u.nsatisfactory" Pronounced

bumping started bo take place and a steady temperature reading

could nob be made. Also, at very high concenûrations bhe electrolyte

crystallízed in the cooler lower porbíon of the hold up trap thereby

plugging up bhe still. The still was-heated by means of a nichrome

wire heating coil placed beneath ühe outer boiler. The coil was

regulated by a Variac set so thaL steady boiling took place. The

thermorneber well was partially filled with,mercury to reduce loss of

heat due to radiation. Two hours of steady boíling weïe allowed

before readings were taken bo allow bhe stí1l to reach equilibriurn.

f-or the solutions stronger t]nan Z5ls, a student Cotrell boiling

point apparatus was used. Although not as accurate as the Scalchard

sbill, ib was Lhe only other boiling poinb apparatus available.

Plabinum scrap vvas ernployed to prevenb bumping. The still was

heated by means of a heating pad controlled by a Variac.
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(d) Temperature

Excepb for the highiy concenbrated amrnonium nibrate solutions,

70-90Y0 by weight, Beckman lherrriomeLers were used for all readings.

For the highly concentrated arnmoníurn nitrabe solutíons, a mercury

in glass therrnorneter was used. ,A.ll bherrnornelers were calibrated

at regular jntervals against an N. R. C. platinum resistance

bherrnometer. Each solution was boiled ab leasL two hours and

femperature readings taken at regular intervals" Due to [he

defiöiencies of lhe student Cotrell apparabus and the difficulty of

conbrolling bumping at the higher concentrations, the temperature

accuïacy is only about * 0.03o.

7," Preparation of rnaterials

(") Amrnonium Nitrate

The ammonium nítrale was obtained frorn the Consolidated Mining

and Smelting Cornpany" Although ib was a commercial producl, the

analysis supplied at time of delivery showed it bo be very pure, IL was

thought sufficíent to recrystallize it twice frorn water. The

experirnental procedure made ib unnecessary to bake accounb of bhe

moisbure in Lhe arnmonium nibrate and the silver nitrate.

(b) Silver nitrate

The silver nibrate was obtained from the Johnson, Mabthey and

Mallock Cornpany. The purity was such that further purificabion was

rrnnecessaïy. The silver nitrabe was kepü in a dark cabineb b prevenL

decomposition due to light,
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(c) Potassium chloride

Pure polassium chloride u/as required to rnake up lhe sfandard

solulions for the calibration of the conductance cells" A good reagent

grade saLl was fused in a platiilrm dish to expel all rnoisbure and stored

in a de sic ca Lor "

{d) Water

The water used in making solutions was a good quality distilled

water. Its specific conductance was in bhe order of 1. ? * tO'6 mhos.

Since all the solubions'were of high conductance, there was no need

for highly purified conductiviby water

3" Method of Analysis

The work of A.N. Campbell and E.tf" Karbz*"=kl3 on the

conductanbe of sílver nilrate and ammonium nitrabe at 25oC. and the

availabílity of a conductance bridge made it rnosb convenient to analyse

the solutions by rneans of specific conductance measurements"

,A. Leeds and Northrup Campbell-Shackleton shielded ratio box

together with bhe associabed ,A.. C. resistance boxes, variable

capacitors, and an audio-frequency oscillator were arranged in an

exact duplicate of that suggested by the Leeds and Northrup Company in

their catalogue EN-95, Since the solutior3.s were highly conducting,

a simple telephone headpiece was used as a detector. The apparatus

had been set up previously by A. P. Gr"yZ4.
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The conductance ce1l s employed were of the type recomrnended

by Jones and Bollinger2?. Albhough the behaviour of ce1ls with high

ce11 constants have not been reported in Lhe literabure, the work of

?L
A. P" Greyo= would seem to jusbify their use. The platinum

electrodes were coated with a light Layer of platinum black by the

electrolysis of a solution of platinic chloride in the celI. The cell

constanLs were determined with 0. lN and 0.'0lN potassium chloride.

Three cells were used during the inv'e stigation wibh ce11 constanbs of

zlo.57, I270" I and zBB5.l" The cel1 consbants were checked al

regular intervals and no variation was found.

Since the variaLion of conductance with Lemperature is in the

order of.2To per degree, the cells'were suspended in a carefully

controlled thermostat aL 25.00oC" The thermostat consisted of an

insulated 20 liter Pyïex container" The bath fluid was Paraffin oil

as recommended by Daviesl9. The heating element was an 100 watb

light bulb. Stirring was done with a propellor Ûype mechanical

stirrer having two propellors on the shaft. No temperabure

differences could be detected, with a Beckmann thermorneüer, between

variol]s parts of the bath.

4. Experirnental Procedure

With the barostats seb aL tirre desired presstlre, solution which
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had been made up bo the desired concentration by a rough weighing,

was inbroduced into bhe boiling point apparabus. In bhe case of bhe

Scabchard still, approxirnately 100 ml" of solution was placed in the

inner boiler, 40 mL. in the outer boíler, and bhe brap was filled to

its capacity wíth distilled water" For bhe studenb Cobrell apparatus,

I15 m1" of solulion was added"

The solutions were boiled for at least one hour before readings

weïe taken in order to allow the solutions to attain equilibrium

with their vapour. The solutions analysed ín each case were the

equílibrium solutions.

After recording the boiling point readi4p for at least two hours,

boiling was discontinued, the boiling point apparabus clamped off

from the barostabs, and the solubion was pipebted out with a 25 rnl"

pipette and transferred to a ground glass stoppered container.

For bhe case where lhe solution crystallized al roorn ternperature the

procedure was rnodified. To prevent crys;taIli u^rroo the solution was

removed by means of a heated rpipetbe and transferred Lo a weighing

botlle whose weight had been determined.

The solution was then transferred to the conductance cell and

the specific conductance determined. In the case of solutions which

had crystalirízed at room temperaLure, bhe solulions were dilubed

until the salb wâs cofflpletely dissolved.



-30

Using [he daûa of A. N. Campbell and E. M" lKartzrnarkl3, it

was then possible to find the corresponding concenbration in weighb

percent" Since the exÉenb of dilution of the highly concentrated

soluLions was known, it was possible Lo calculate bheir original

conc entration"

After each reading lhe cel1 was removed and cleaned by repeated

rinsings wilh warm water. The ce1l was then dried with alcohol and

eLher and flushed out by passing clean dry airt!irr;'r1hit for abouL 10

minutes. This procedure produced no change in the ce1l constant"
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EXPERIMENT,4'L RESULTS
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(1) Silver Nibrate

TABLE (l )

Concentrations and Boiling Points of AgNO3

at a Pressìtre of 701.6 mm. of Mercury

TEMPERATURE CONCENTRATION TEMPERA'TURE CONCENTRATION
("A)

370.93

37 I. 17

37r"26

37 L.7 4

37t"BL

372" Z6

372" 43

372. Bg

37 3" 53

374, 87

375"9L

37 B. Z0

(Iü'eight /o)

0

3" 82

6. z8

14" 75

76: zo

24" 98

35" 01

37 .3I

44.68

53" 3L

6t"67

72,3L

(".{)

379"07

383.77

385.16

385 " 76

386.36

388" LZ

390, 26

391.51

392" 26

392" 32

393" 34

(\Ãreight flo)

75"15

83.18

84.53

85.45

85.57

87 "74

88.78

89"47

s9"79

89"87

89.92



Concentralions and

at a Pressure of

-33^

TABLE (2)

Boiling Points of AgNO3

597 .2 rnrn, of Mercury

TEMPERATURE
(o'{)

366 " 55

367 " 05

367 " 58

367 .90

369 " 29

369"70

369"7r

369 " 77

370" BB

372" 34

37 ?.6r

CONCENTRATION
(weight fo)

0

9. 17

18" 9g

25.84

47"69

48"7L

52.36

50" 30

62" 5t

66. 43

69"26

TEMPERATURT,
("4)

373" 44

37 5.07

375" 86

376"67

377 " 9L

379.00

380 " 52

381.38

383" 32

384"76

CONCENTRATION
(\Meighb {o)

72" 0g

76"85

78.7 0

BO. I2

81" 51

83" 37

85" LZ

85" 95

87"56

BB" 53
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TABLE (3)

Boiling Points of AgNO3 Obtained
frorn Graph (I) at ConcentraLion Inbervals of.5%

PRESSURE 701.6 mm.
TEMPERATURE

("A)

370.94

37 r. 15

37L.44

37r"69

37r"97

372" 24

372" 48

372"75

373.02

37 3" 56

37 4. 26

375.00

375.64

376" 45

377 " 48

37 8. 97

381" ó1

385" 46

^:es" z

PRESSURE 597.Z rnrn.
TEMPERATURE

("A)

366.54

366" Br

367 .07

367 .36

367 " 64

367 " 94

368" 15

365" 54

368" 95

369.33

369 " 6L

370" 06

370"78

, 37L.51

. 372"77

374" 35

376" 62

390,41

383" g

0

5

10

15

z0

z5

30

35

40

45

50

55

60

65

70

75

BO

85

88



Values of A

C ONCENTRATION
(lMeight %)

0

5

10

15

zo

z5

30

35

40

45

50

55

60

65

70

75

BO

85

BB

36-

TABLE (4)

H2 frorn Graph (2) for AgNO3

SLOPE

-2167

-2L94

-ZLBT

-zzaB

-zz0B

-zZZg

-zzI5

-2288

-?365

-2280

-2077

-1966

-2006

-1983

-2090

-2L47

-2017

-2035

-2T87

(-ouin)
L}lz

(k, cal. f rnole|

9"9

10. 0

10.0

10" 1

10r1'1

10.2,

10.1

10" 5

10. B

10" 4

9"5

9.0

9"2

9. 1

9.6

9.8

9"3

9"3

10. 0
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TABLE (5)

Values of .AHI for AgNO3 calculaled from Equation (8)
Assuming À Hg = 9"9 k"calfrnole

C ONCENTRATION
(Weíeht t/ol

-38-

' aHz
(k. cal. f rnolel

oot. /

10" 0

10" 0

10" I

10" I

10"2

r0. I

10" 5

10" B

70"4

9.5

9"0

9"2

9"r

9"6

9.8

9"3

9.3

10.0

aHt
(k. cal" f rnolel

0

_0. 1

-0.1

-0" z

' -0"2

-0. 3

-0" z

-0. ó

_0.9

-0" 5

0.4

0"9

0.7

0.8

0.3

0. I

0.6

0.6

-0" I

0

5

10

15

2.0

z5

30

35

40

45

50

55

60

b5

70

75

BO

B5

B8
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lzl Ammoniurn Nitrate

TABLE (6)

ConcenLrafions and Boiling Poínts of NH¿NO"

at a Pressure of 70I.6 mm. of Mercury

TEMPERATURE CONCENTRATION TEMPERATURE
("A)

370"94

37L"87

37r"93

372" Z9

372" 54

37 3. 47

373" 98

375" 26

37 9. 90

(weight {o)

0

6" 1B

7.40

10" 35

L2" 04

18. B1

?,2" 85

?A QA

50" zB

CONCBNTRATION
(weight /o)

59.00

60" 28

62.58

69"99

76. 57

79" 7L

84" 97

89"6r

89"77

(oA)

383" 7L

384" 35

385" ?,8

390. 5

396" 3

400. 0

407"0

4L7. T

4L7"3
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TABLE (7)

Concentrations and Boiling Points of NH*NO3

at a Pressure of. 6L4"2 rnrn. of Mercury

TEMPERA.TURE CONCENTRATION TEMPERATURE CONCENTRATION
("A)

367 " 3r

368" 07

368"74

369 " 62

370"2,4

372" 07

373"58

374" 84

376" 33

377 " 86

(weighr fo)

0

6" B3

13.02

19.77

23" 48

32" 03

38.70

44" 05

48. 25

54" 85

("e)

380" 91

385,73

387 . 25

389 .7 9

395.5r

398.76

406 " 56

4L0.6

416"3

(ltreight {o)

6L"73

68" 23

70"65

72"24

80.98

83" 13

87 .23

88, 84

90" 51
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TABLE (B)

Boiling PoinLs of NH*NO3 Obbained
from Graph (5) at Concentration Intervals of. 5fo

PRESSURE (701" 6mrn) PRESSURE (6L4" Zrnrnl
coNcENTRATTON TEMpERATURE(oA) TEMPERÁ'TURE(oA)

0

5

10

L5

ZO

z5

30

35

40

45

50

55

60

65

70

75

80

85

90

370" 94

37L" 68

372" 27

372.94

37 3.6t

374" 40

375"27

376 " L7

377 " 26

37 B" 49

379" 85

38L " 74

384" ZL

387. 03

390" 50

394"76

400 " 34

407 " L9

4L7 " 67

367.3r

367 .67

368.37

368" 9L

369" 64

370"55

37L"50

372" 63

373. BB

375" 35

376"95

37 8" 76

381" 07

383.79

386.78

390" Z9

394" 77

40?" zB

474" 27
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Values of [H,

CONCENTRATION
(weighb flo)

0

5

10

15

20

z5

30

J5

40

45

50

55

60

b5

70

I>

80

85

9o

rABLE (9)

frorn Graph (6) for

SLOPE
(- ¡ul*, )

-2L73

-r97 3

-2028

-L97 3

-2007

_2079

-2133

zz94

-2408

-26L5

_2847

-2806

.26BB

:265r

_?,350

-r993

-229+

-1933

-2934

NH4NO3

aHz
(k. cal. f rnolel

9"9

9.0

9"3

9.0

9"2

9.5

9.8

I0" 5

11.0

LZ" 0

13. 0

LZ" B

LZ" 3

12, L

10.8

9, 1

10" 5

8.8

T3" 4



TAB LE (10)

Values of A Hf for NH4NO, Calculated frorn Equation (B)

As suming Â Ha = g. 9 k" calf rnore
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CONCENTRATTON A Hz
(\Meight '/o) k. cal. f rnole

0

5

IO

t5

z0

?,5

30

35

40

45

50

55

60

of

70

75

80

B5

90

9"9

9.0

9,3

9"0

9. ?,

9.5

9.8

10.5

11" 0

LZ" O

13. 0

LZ" I

LZ" 3

L?,. L

10. B

9.r

10" 5

8.8

L3.4

aHt
k. cal. frnole

0

0"9

0"6

0"9

0.7

0"4

o. 1

-0" 6

-1.1

-2" r

_3. I

_2.9

-2.4

-z"z

_0. g

0,8

-0" 6

1" t

-3.5
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DISCUSSION OT'RESULTS

AlLhough it was planned originally to continue the experiment aE

several obher pressures, iü was seen from lhe results to date thab

the method employed was nob of sufficient accuracy. Even with

dilute solutions of strong electrolytes ib is most difficult lo obtain

boiling points which are accurate enough to be used for activiby

coefficient rneasurement "26, ^rrð, 
since lhe boiling point accuracy

needed in bhis experirnent is comparable with that required for

activity coefficienb determinations, and since the concentrations

employed in this experiment are quite high, it is bhe opinion of bhis

author Lhat no worlhwhile data can be obbained by the boiling point rnethod.

'What is reguired is an accurate mebhod of determining vapour

pressures of very concenLrated solutions of strong electrolyües.

One method is the isopiestic mebhod as employed by Stokes and

Robinson4l" The fact that many concenlrated salt solutions form gels,

will a1low deberminabions to be made up lo very highly concentrated

solutions" ,A' second rnethod which is capable of giving the accuracy

desired up to veTy highly concentrated solutions, is a modified

isoûeniscope method. By having the elecbrolytic solution in one

lemperature variable bath, and a solvent whose vapour pressure is

accurately lcrown in anobher temperaLure variable batLl., ib should be



tr't

possibl e to obtain rhe vapoi-rv pl:essure of the electrol-)rbic oo1-rr-ti-on,

at" any tempez'atu-ve an¡1. eoncentration, b¡r rnee.ns of a d-ifferenti aI

manornete::.

It, is interesting to note that, with ân error of + ,01" in

the temperature determinations and an erï'or of + ,OJfo in the composi-

t,ion d-etermination: girring a tota.l experi.mental error of 2*¡!, Lhe

differ"ence from zero of òH1, the hea.t of hydratÍon, is no grea-ter than

the e>qgerimenta.l- error? Therefore, no h¡rdration effeet was noticed

in this experirnent,

Âlthough the devia.bion of AHI_ from zero falls inside the

I i:ni-ts of the experimenta.l eryor, an æ<amina.tion of Graph (4) ancl of

Graph (8) r,,roul-d seem to ind.icate that some regu,larity e:cists and that

the eurves night be signi-ficant" Although the experimental error on

each boi-]-ing point determiired r¡as 2ü'1, tne rnethod of plotting the da.ta

on a smoothed eurve r,roul-cl nost ceri;a.inl¡r lower the orrerall error eonsi-

dera.bly. Â qua.ntitative esti.nation of the deviation could. not be

obtained since the least so;L1aï'es rnethod fail.ed No ;rietd an a.ccura.te

a.nalytical eo¡ration Íor the boil-ing point elr.n¡esu It seems probable,

however, that the d.eviaNion is lov¡ enough to ¡nake i;he resul-ts signífica.nt 
"

In the case of silr¡ez' nitrate, Gra.ph. (4) O,eviates only very

slightl.¡i from a straight line pl-ot, showing ver:;r f-i-tt-ì-e hrrdraÐion effect"

This is in accord r,:'ith er-pe:"j:nental finclings ¡¡hieh indicate that l¡oth f,he

silver ion and the nitrate ion ar"e unh¡rdy'ated in solutionS" The rise 1n

AH1 at e concentr'¿r'bion of about Lv5fr couLd be due to the forrnat,i on of a

quasi I attice structure i:r Nhe sol-r.rtion" The fact 'Lhat silver nÍtrat,e

solut,-i,ons a'bove this concentration foi'med- gels ai room t,ernpera.ture h¡ou-ld"



$eem io support this v'ì ew. For r,he remai-nde¡: of Graph (h.) , AHI a.ppeaï.s

1; a rem.a.in consta.nt,.

Fo:: arri-moni"rul niTr"ate, Graph (s), ttre situ-a.tion is roughry

simi] a.r" Â:rmonium ni'r,r'at e shorr¡s a greater h]¡d-ra.tion eff ect r¡¡hi-ch i s in
a c co::d .,'rith oxperi-¡nen'r,af f indings /ró.

One musf. a-l,so bear Ín mjnd a. second possib]e e:rplanation foz,

the ne6ative resu-lts obtained" 11, is possib'le lhat the phenonena being

-l-ooked for cl-oes not e:iist ancl tha.t the treatment of ,stokes and Robi-n"on4l

is',^rrong" É. more accurate stu-dy of this problem r¡ould undoubted'ly elear

up this point"

3'l-t,hough the nain pu-rpose of this research r+as not real ized¡ it
i-s to ire hoped that tl're boiJ_ing point data obta.ined ¡¡ill pror¡e useful

i-n l ater ,,^Jorku
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