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Sumnary

The cation-responsive glass electrode has been used to measure

the mean molal activity coefficient of sodium chloride in water and

in glycíne-water mixtures at 0o, 10or 25o and 50o. In the ternary

system, Ëhe concentration r¿rnge of sodium chloride was 0.01 n to about

1 ur and ËhaÈ of glycine from 0.3 m to near saturaËion. Ihe activiÈy

coefficÍent of poËassium chl-oride in waÈer and in glycíne-waËer

rnixtures was also determíned and then compared wÍth líteraËure values.

Excellent agïeement was obtained. Ilydrogen-sensitive glass electrodes

were also used to determine Ëhe mean molal activity coefficient of

hydrochloric acid in water and in potassium chloride-I^tater mixtures.

AgaÍn the results r,rere compared with literature values, where good

agreement was obtained. Ewidence is also produced in this I^Iork to

show that the cation-responsíve glass elecËrodes are sensitíve to light.

As a preLimínary of thÍs research some sílver-silver chloride

electrodes !üere prepared a¡rd t,ested. The preparaËion and behaviour of

these electrodes is discussed. Ihe thennal-electrolytic tyPe was

found to be suitable for this research'

The activiÈy coefficients of sodium chloride ín the binary sysËem

have been fitted by the method of least squares to a seni-enrpÍrical

equation of the tYPe

- Alñ
roe yl = ä * 2cm. * þ^"' * 4rt'0"'

' 1*By'nc



The values aË 0o, 10" and 5Oo have been compared with literaÈure

values, r^rhere the daËa aÈ these temPeratures ,I^lere 
meagre And

contradicËory. The activity coefficíents of sodium chloride in the

ternary system have also been fítted by the meËhod of least squares

Èo an empirical equation of the type

312v^
Iog-= \(Bro * 811t"

tl2
'* 812t" * 813*" )

i1

(Bzo + 821*" )
2 Ll2

Y
o

c

+u5

at 0o, 10", 25o and 50o. Values at rounded concentraËÍons are

presenËed.

IL was found that glycine and sodium chloride displayed mutual

salting-in phenomena at al1 four temperaËures. A correlation of the

activity coefficients of sodium chloride with dielectrÍc constants

has been made in the light of the Born Equation. The dipole momenË

of glycine has also been deternined following the method of Roberts

and Kirkrnrood who investigated the system KC1-Glyclne-I'later at 25" '

Ttre value obtained from this work was comparable to literature values.

Finally, ímporËant Ëher:urodynamic pïoPerties of sodium chloride in the

Èernary system, e.g. relative partial rnolal heat content, heat capaciüyt

and relaËive partial molal enËhalpy, free eneTgy and entroPy of transfer

have been derived and discussed. For comparison, literature values for

other ternary systems have also been included in the discusslon'
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Introduction

The influence of electrolytes on the behaviour of the amfno

acids is, perhaps, one of.the mosÈ important topics in the physical

chernistry of these substances.

Early methods of investigation of the interaction between

amino acids and salÈs have been based on solubílity rneas.ra"t"rra".1

Such measurements have the disadvantage of observing the interactions

between the lons and the dipolar molecules at only Ëhe saturated

concentrations of the amino acíds or Ëhe salts. A complete

understanding of the interacËions must depend upon a knowledge of the

activíty coefficÍents at every concenÈration of both components.

In 1934, Scat,chard and Prentiss12 *td" some accurate freezing

point measurements on systers containlng glycÍne and sodium chloride.
?

A year laËer Joseph- reported the effecË of some amino aclds

(Íncluding glyclne) on the activiÈy coefficÍent of thallous chloride

and àodiun chloride. Joseph had made use of the emf method using

cells without liquid Junetlon. He compared hÍs resul-ts neasured

at 1.4" with those of Scatchard and Prentiss for the system'

sodium chlorlde-glycine-water. The agreement varíed beÈween 0 and

0.7 nV. Forced by experimental diffÍculties, his measurements at 25o

were made at hÍgh concentraËÍons of sodium chloride between 1 m and 4 m

and at glyeine concentratíon of 0.5 n and 1 m.

By 1939 considerable interest had been bullt around Ëhe

properties of electrolytes in aqueous solutions of amino acids
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anda]-soofelectrolytesinaqueoussolutionsofProtelnsand

peptides. rn that year Kirkwood4 presented a systematic Ëheoretical

ínterpretatlon of the Properties of the dipoLar ions whích were

characteristics of their electrícal strucÈure. The dipolar ion r¡as

first treated as one of spherical shape and then as one of

el1-Ípsoídal shape. Each model was characterised by eertafn charge

distríbutions.

These theoretical interpretations were appl-ied in 1941' when

together with Robera"15 Kirkwood made measuremenÈs on Èhe ternary

system of poÈassium chloride-glycine-llater using an emf nethod on

cells wÍth transference. They obtained the activíty coefficients of

potassium chloride and glycine resPectlvel-y al 25". ovel the concentration

rangeof0.05mand0.5mofeithercomPonent.Fromthetheoretlcal

interpretations they calculaÈed the dipol-e moment of the glyclne

dipolar ion. A value of L4.4 Debyes was obtaíned and this was in

close agreement wíth values from other methods'

In 1965 Bower and Robin"orrr6 using the ísopiestic vapour pressure

measurements aË 25o, studied the salle ternary system as that of Roberts

and Kirkr¿ood. The concentration of sodlum chl0ride was exÈended to

about 1.5 ur ånd that of glycine to about 3 n. Excellent agreement

was obtained wÍËh the results of Roberts and Kirkr¿ood wlthln Èhe

concentratíon ra$ges common to both experiments'

It should be noted Èhat interest in the lnfluence of electrolytes
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on the behaviour of amino acids 1s not confl-ned only to actLvlty

coefficient measurements. Thus in 1,966 Tonomura and okamotoT

reporËed density, viscosity and conductance measurementg for

lithfum chloride and for Potassítm chloríde aÈ concentrations

fron 0.05 M to 0.25 l'tL, in aqueous urea solutions and 1n aqu€ouÉt

glycine soLut,ions at 15o , 25o and 35o. During that year the writerS

made a study of the same ProPertles of potassium chlorlde and of

poËassium iodide ín I M aqueous soluËíons of the same non-electrolytes

at 25".

Tlhe influence of elecÈrolyÈes on the behavíour of non-electrolytes

other than t-tie amino acids have also receíved consÍderable attenÈÍon'

forexarnplerseereferenceg'lOrLLrL2'Ofpartícularinterest

is the work of Lanier, who in 1965 used the sodfu:m-responsive glass

electrode to measure the aetívity coefficlents of sodium chlorlde

in a ternary system of sodium chloride-non'electrolyte-Ì'rater at 25" '

The non-electrolytes were meËhanoL, ethylene glycol, ethylene glycol

diacetaterdiethyleneglycolmonomethylether'dioxane'urea'and

dfmethylformamfde.

For this research the cation-resPonsive gLass electrode has been

selected to measure Èhe actíwÍty coefflcíents of sodir¡m chloride 1n the

ternary system of sodir¡n chlorlde-g1-ycine-water at 0o, 1Oo, 25" and

500. The resulÈs are presented fn chapter 7. However, before the

ternary system Ílas measured much had to be learned about the working

of these glass eLectrodes. Even after the publ-ication of Lanierrs
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hrork the activity coefficíents of sodium chlorlde and of potassium

chloríde 1n the binary system of electrolyte-water wele still being

investígat.d 14'15,16 by means of the cation-responsive glass

electrode. lhis ís because Èhe properËies of these cation-responsive

glass electrodes are as yet littl-e undersÈood. Thus Chapter 1 of

this thesis makes a brief survey of some of the properties, applicatlons

and limitations of these el-ectrodes.

Although the silver-silver chloride electrode has been

wldel-y used, contradictions have bullt uP concerning theír use and

performance in aqueous solutíons.17 Since these electrodes were to

be used in this research, a cateful preparation and prellminary

investigatlon of these electrodes were made. Ihe aim was not only

to understand their behaviour but al-so to find a rellable type

which could be easlly prepared for use in thís research. Thl-s work

ís descríbed Ín Chapter 2 of ËhÍs thesis. Chapters 3 and 4 show

the preliminary work r:nderËaken in order to understand Èhe working

of the catíon-responsÍve glass electrodes. In Chapter 5, evldence

is produced Ëo show that Ëhe catlon-glass electrode can be used Just

as successfully as other methods for the measurement of the aetfvlty

coefficients of poÈassium chloride in glycine-tlater rníxtures.

Chapters 6 and 7 contaln the results of sodium chloride in water

and of sodium chl-ori-de in glycfne-Ìùater mixÈures at 0o, 10o , 25o and

5Oo. Comparison with available l-iterature val-ues and linitations in the

binary system are discussed. In the ternary system correlations are
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drawn and Ëherurodynaruic properties are deríved and discussed.
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onsive

(a)

Thc Cation

InÈroduction

Glass Electrode

Early 1n the study of pH glass electrodes it was found that

errors occurred in the pH response in solutÍons of pH > 9. It

was observed that Ëhese errors increased with íncreasing concentratlon

of alkali metal cations 1n the solutíon, especÍally sodiun ions.

Much ef fort r,7as spent Èrying to ninimíse this t alkaline errort by

incorporating in the glass varyfng proportions of L120, csto'

Cao and Laror. rn 1934 Lengyel and Blurnl showed that the

falkaline errorr increased greatly by increaslng the anount of A1r0t

andlor Br0, in the glass. Three years later Nicolskil-z (tgll)

gave the first equatÍon for the glass electrode which was capable

of describing not only the Ht j-on response and the inlÈiaI portions

of the caÈion errors, but also the Nat io., response of the glass

electrode in the region when the electrodes hTere respondLng

essentÍ¿lly to N"* ions alone (see Equation 3-4, Chapter 3). Ttren

in L957 Eisenman, Rudin and Casby3, through a systematic study of

sodium aluminium sl-licate glass, empirically confimed and elaborated

Nicolskllts equation. Eisenrnan and his co-workers showed thaÈ certain

alumínosÍlicate glasses were capable of increasing the "alkaline errorrl

to such an extent that these glasses could be used as sodíum-ion

oï potassium-ion responsive gl-ass electrodes, with interference due

to Ht ion at 1-ow pII. Since then glass eleetrodes responsÍve to

caÈions other than Hi Íons have become commercíally ava1lable'



(b) osition of Cation

10.

-Responsive Glas s Electrodes

In order to undersËand why glass electrodes may be sensltive

to various cations one must briefly consÍder the structural

chemistry of glass. Earl-y theoríes of the structure of glass are

gíven by zaehari"s"o4 and Warren.5 Recentl-y, Burggra"f6 hts

discussed a structural model of the alkali-alumino glasses.

Excellent aòcounts of the compositions and strucÈures of glass
1

responsive Ëo H+ and other cations have been given by Bates'

and Eísenman.8

In many common glasses, fncl-uding the ca!íon-responsive glasst

the maln consÈituents are sil-icon and oxygen incorporated wlth

variable amounts of aluminir:m, boron, alkal-i and alkaline earth

metals, and other metals. In pure silica glass each orrygen is

shared by two silíca teËrahedra, Fígure 1-1(a). the dífference .i'n

tonic radius berween the 413+ ion (0.50-0.57 R) and the s14t lon

(0.39 ß) i" so small that the 413* io' can replace the s14f ion 1n

Èhe ËeÈrahedral Èo produce a negative charge on the A1OO tetrahedron'

The negatlve charge can be compensaÈed, e.g. by an alkali netal M*'

Ihus the basic units in alumino sÍlicate glasses are SiOO and A1OO

tetrahedra, wiÈh " - T charge on the oxygen shared between the two

caÈions, Figure 1-1(b).

It must be polnted out that there 1s short range order around

each sÍlicon atom but there is no long range order. It is this lack
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of 1-ong range order that dÍstÍnguishes a glass from a crystal wÍth

Ëhe same composiËion. The disorder is froze¡ 1n as the glass cools.

I,lhen an alkali oxÍde, ê.8. NarO ís added to the al-umína-s1lLca

glass the Si-O-Si bonds are broken with the formation of another

type of negative centïe, Figure 1-1(c). The sodiun at,oms become

associated with o)<ygen atouts whlch are only bonded Ëo one sllfcon

atom.

Eísenman eÈ al-.3 h"*r. shown that small additions of Alr0, to

sodium silicate glass increased the response of the glass to sodfum

ions. Since sodir:m sÍlicate glass has only Si-O sítes, and the
-L l4

additlon of 4110, creates A1--0-Si sÍtes, it can be eoncluded that

the sodium-lon exchange beËvreen Ëhe sol-ution and the glass takes

,. -161r, sites.g the ínftuence the posiËIve
-r l4

charges have on the A1-ô-Sí sites can decrease their negatlve force

fíelds. Ihís will 1n Ëurn affecÈ the cation-response of the 91""".8'9

As pointed out by Lyklena and Tadrosrl0 th" assumption that

the space charge density of the fixed negative grouPs is constant

rnay hold for the bulk of the glass membrane but is not correct for

the surface gel layer. Since the potential-deËerurining Process

occurs in the viciníty of the interface a theory such as that

described above would need improvement.

For practlcal purposes, the sodium-aluminosilicate glass used

by Eísenman and his co-workers was found Èo be hÍghly refractory and

extremeLy dífftcult to obtain in quantity, Ín a homogeneous and bubble

free conditíon. As a result, efforts hrere directed to develop new
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glasses of high Naf lon speciflcity but at the same time less

refractory and viscous.

Lithíum-aluminosllicate glass has the lowest meltlng point

and Ëhe lowest víscosity among the alkali-ah:minosÍllcates.6

Guha et .L.11 have investigated lithÍum-aluminoslllcate as well

as l-ithiun-sodium-alunlnosll-leate glasses. They have

clairned thàt the tAS(22-3) glass produced slope values very near

to the ideaL Nernst value and at the same time showed very little

sensitivity to K* ion when the emf ¡sas measured ín pure potassir.m

chlorlde solutlons. (The notation LLS 22-3 fol-lows EÍsenmanrs

where the first figure refers to the Lir0 content and the second Èo

that of 41203, both ln nole Z.)

Lengyel and Czakv ^rill2 have studied a glass of compositlon

21.4 mole 7" Nar}, 6.4 mole % CaO, atd 72 mol-e Z SÍ0, in which 12

mole % of the SíO, was replaced by equivalenÈ quantities of glass

forning and transition metal oxides (GeOr, P205' Tio2, V205, 8203,

PbOt ZrO* BeO, ZnO). .They concluded that the strongesÈ catlon

responsiveness resulted frorn addítions of AJ-rOr' 8203 artd ZtOr.

Others who have also studied the composition of glass for cation

specifielty include Tandeloo et al.13 trrd Mans and Katenanl4 on

potassium-sllj.cate glass conËaining BeO; CovingÈon and l,tt1ey15

on sodir¡m-al-uminosllfcate glass and its resPonse to Ag+ íons; and

Savage and rsardlí'L7 on various gl-ass conpositions ln NaCl-, KCI and

LL2SO4 solutíons. Nícol-skiÍ et "l-.18 
have given an excellent review
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on glass compositions and some of their properties '

The exacÈ conpositions of commercial electrodes are not

available. The GEA33 electrode"l9 .t. made from BH1O4 gl-ass whlch,

aecording to CovingËon and LiLley,t' ," of lithiun-al-r:minosilicate

composition. The Beckman 39278 and 39137 are made of lithiun-

aluminosillcate and sodium-aLuminosilicate glass composltions

respecËív eLy.zo,2L Vail- and Khalairnov 
^22 

,"potted the use of

Soviet-made sodíum-responsive electrodes of composítion 24 nole %

Nar0, 3 nole 1¿ AJ-2O3, 61- mole 7. SLOZ, and 12 noLe % BZ03' whlle

rse and okubo23 employed some Japanese-made sodium-responsive

electrodes.

(c) Aoo l-icaÈions and Lirnítat,ions of Cation- Resoonsive Glass Electrodes

This type of el-ectrode has found a large number of applícations,

e.g. in biol-ogi.cal and clinical studies, laboratory analytlcal work,

industrÍal plants, and cheurical research .7'8'24'25'26 A recent

survey of the lÍterature reveals further improvements and more

applications of such electrodes.

Vail and Khalaímov 
^22 

h^u" shown the feasibility of

deternining the amount of sodír¡¡r in desulphurising p1-ant wash lÍquors

whllst l1alliday and Wood27 h".r" described a rapid determinatlon of
28

salt content of cured meat products. tlebber and I'Iilson and

Hawthorn ar,d Ray29 have carried out the determination of small amounts

of sodíum ion (10-7 M) ín hígh purity water. The cation-responsive
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elecÈrode (Beckman 39047 and 39137) can al-so be used for the

determinaÈion of NH,+ íons as shown recently by Guilbault et .1.30-4

Satake et al-.31 n".r" measured the counÈer-ion activity coefficient of

sodir:sr alkyl sulphate sol,utíons with and without the presence of added

magnesíum ions. The sodium alkyl sulphate, a deÈergent, was of

chain. Length from c, to cro. FelnsteÍn and Ro""r,o32 using a cation-

responsive êIectrode determined the degree of dlssociation of potassium

and sodium carboxylate m scelLes at a constanË cation concentration'

Steníus and Ekwel-l-33 h".'" obtained the sodír:m ion activity in a

sodír:mcaprylaÈesol-utÍonusinganE'I'L'GNA33electrode'

Verylittle,however,lsknownaboutËheperfo]ftranceofsuch

electrodesinnon-aqueoussysteÛLsorínaproticorganicsolvents.

Recently, McCIure and Reddy'4 n..r. made some investigations using a

Beckman 39047 caÈion el-ectrode in aprotic organic solvents'

AmainlirritatlonofsuchelecÈrodesísthattheyare

suscepËlble to poisoning. tr{ebber and t'Iílsorr28 fo"od Èhat octadecylanine

seríously affected the response of the electrodes. Fortunately, Ëhey

r¡ere able to remedy the situatÍon by washíng the electrode wlth ethanol'

Hubbard and Lucas35 h"',ru shown thaÈ some glass-electrode surfaces favour

Èhe coagulation of fresh blood. However, Moore and !üi'1soo36 htt'"

shown Ëhat protelns as normal.l-y found in human plasma have no adverse

effects on cation-glass electrode resPonse. Friedman, llong

and t{altor,]7 *a portnoy and GurdJi"rr3S'39 ht,. made their own
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small electrodes from Corning NAS!1-18 glass in their study of

sodium content ín various biol-ogical- fluids. They have also

reported no indication of glass poisoning by any of the constltuents

in the sampl-es which they anal-ysed.

Mrtto"k25 has poÍnted out that further studles concernl-ng

the resistance of Èhese eiectrodes to polsonÍngr e.B. by adsorPtfont

would be vâl-uable. It is also clear that these electrodes are not

exclusively selective towards any particular caËion. Thus it remains

to be seen if these probl-ems could be overcome with the increased

knowledge of glass chemlstrY.

This research represents one of the applícations of these

electrodes in the fteld of chemical- research, namely, the

determinaËion of some thernodynarnic proPerties of Ëwo and three

component systems. In the ptocess particular aÈtentlon was paid Èo

the behaviour of these electrodes under various conditions so that accur-

ate measulements coul-d be obtaÍned.
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rv EMF Measurement. Preoaration of Materíals.of

Aooar Technioue and the Preliminarv Investigations ofatus

The Silver-Silver Chloríde Electrode

(a) Basic Theo ín EMF Measuremen t usine Cat.ion-Responsive Electrodes

The main purpose of this research was to uÈil1se some cornmerclal

elecËrodes in the accurate measurement of the mean molal activity

coefficient of aqueous sodium chlorlde with and without the presence of

glycíne aË various ÈemPeratures. This would then allow a the¡:mo-

dynamic study to be made on Ëhe ternary system of sodium chloride-

glycine-waËer. These cation-responsive electrodes have already been

used by oÈher workers for the measurement of activity coefficlents

especially at 25o.L'2'3 Trrresdell et ^L.4'5 appear to be the only

workers who have made use of these electrodes for accurate activlÈy

coefficíent measureuenÈs at temperatures as low as 10o and 15o. In thfs

research proJect measurements Ìtere made at 0o, 10o, 25" and 50".

Ttre basic theory for these measurements will now be discr:ssed.

The electrode poÈential sign used 1n this research is that

suggested by the International Union of Pure and Appl-1ed Chemistry

(I.U.p.A.C.) tn 1953.6'7 It has become known as Èhe Stockholm ConvenËion.

Ttre actj-vity coefflcient of aqueous sodium chloride can be

obtalned from emf measurements using the cellr .

Ag' AgcllNaCl (m.) lcfass Electrode

and j.n the presence of glycinet

(2-1)
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Ag, AgCllu"cf (ur"), GlycÍne {t5) lGlass Electrode (2-2)

(2-4>

(2-s)

The silver-silver chloríde electrode and the glass el-ectrode are

reversible to the Cl lon and the N"* io., respectfvely. The electrode

potenÈials are then g5-ven by

(2-3)

and

E =Eogg
RT-+ Trt"N"

E EO
RT-- J; rn acl

\" "rd r.l "t. the activÍties of the sodÍum and the chlorlde lon

respecËívely. toOra, is the standard Potential of the sílver-silver

chloride electrode. E: is the standard potential of the glass elec-
Þ

trode plus its asynmetry potentlal. The emf of the cel-l ís given by'

AgCl AgCl

E -Ece t_1 right leftE

=r;*St"fu" 1+
_ot!

Agc
RT--F It "Cl

Equatfon 2-5 ca¡ be rrtritËen as,

EcelL=c+St"1,¡""ct Q-6)

where c Íncludes -o -o
' E-AgC', tã, and the asynmetry potential. In this

work c has been assumed to be consÈant since most of the experiments

are of short duraËion (about 4 or 5 hours at 25"). It may be pofnted

out that ¿mong some of the elecÈrodes used, c remained constant

within 0.2 mV over a 12 hour period at 25". Equatio¡ 2-6 is the
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basic equaÈion r¡sed in Èhis work'

IfthepairofelecÈrodesmeasurestwodifferentemfs

E, arrd Er, of wo different solutions m, and mt of mea¡r molal

activlÈy coefficÍents YI and Y, respectlvely' one obtains

2RT
EI =c+ ln nry,

2RT .E2=" * f rnm2Y2

Ellninating cr

trYr

'2r 2

F
(2-7)

(2-8)

(2-e)

and

El - Ez
4.606 Rr .

= 

-ï- 
rog

i. e. Log\z=(Ez El)+ t", I

ItshouldbenotedthatErandErhavepositÍvevaluesÍfthe

setuPofthecelllsasshowninEquatíon2.l.Equation2-9Ls

the practical equation used in thls work for dete:mining the mean

no1a1 actlvfty coefflclent of sodlum chlorlde. By making Er, Y, and

ml the reference quafitities, \2 can be detel:Iflined by the accurate

measurement of Er.
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(b) P aratlon of Materlal

Sodium Chlorlde

A.R. grade sodium chloride was dissolved in boiling doubly

distilled \,rtater. The hot saturated solution was then filtered and

the filtrate cooled with constanË agltation to prevent the formation

of a crust. Doubly disttlled eÈhanol was then added and the snow-

white crysÈals of sodlum chloride r¡ere collected. The ffltrate was

concentrated and a further amount of doubly dlstill-ed ethanol was

added. A second crop of sodium chloride was Èhus collected before

the filtrate was discarded. It was then dried in vacuo at 107o.

Fused reerystallised sodium chLoride was also used in the earlier

part of this research. Some samples of sodium chloríde PrePared

in this manner showed the presence of a1ka1i.8 
"ot".r.r, 

no

dífferences \ilere obtained in the results betv¡een the t!üo preparations.

A deÈermination of the bromlde content in the sampl-e of sodLr:m

chloride was carrled out using the method suggested by Pinchlng

and Bates.9'10 The meÈhod made use of uranlne, the sodium salË of

fluorescein, to devel-op a rapid colour test for brouú-de Ín the

presence of chloride. The folLowing was the procedure: 0.2 nl

of saturated chroníc acid solution was added to an equal volune

of a saturated sodium chloride soluÈÍon. A small- pÍece of filter

paper was dipped into the uranine dye solution and placed over the

test tube mouÈh. The tube was heaÈed f.or 6 mínutês in a bofllng
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rfater bath. From an inspection of the col-our developed on the fllter

paper, and comparison wíth slmultaneously run tests in solutions

having known amounËs of, bromide, the aruount of bromide present in

the unknown could be deternined. A comparlson of the colours Ìvas

made under U.V. light. The method was capable of detectÍng the

presence of 0.0012 mole of bromide. The amount of bronide in the

recrystallised sodÍum chloride rras not detectable'

Potassium ChLoride

The potassium ehloride used ldas a once recrystall-ised sample

which had been fused. The sample had been analysed before and used

earl-ier by the author.ll

Glvcine

B.D.H. laboratory reagent glyclne lüas recrystaLllsed in doubly

dfstllled nater. Precípítatíon of the glycine was effected by coolíng

in lce-salt rnixture and the addition of doribly distilled ethanol

to the solution. lwo crops of glyctne were col-lected before díscarding

the solution. The crysta1s were then drled ín vacuo at 75".L2

the purlty of the sampl-e was determfned. The procedure of Dunn

and Loshakoffl3 involving a formol titration was adopted.

A. R. formalln solution !üas Ëreated with a minimr:n anount of

magneslum carbonate powder and then used as a medir¡m for the tltration.
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A glycine sample of known weight (about 0.6 gm.) was then dissolved

in the formalin solution and titrated wíth sodium hydroxide solutLon.

The titration \tras carried out at room temperature (about 22o) using

C}r-free 0.3202 N NaOII and a pH meter Type PHM26C (Radlometer'

Copenhagen).

The formol- titration fndicated a purity of 99.7 + 0.5"/. for

the glycine. Furthermore, 1t was found thaË the sarnple had a

nelting point of. 290" which was in accord with the literature
14nelting point.-'

SLlver Oxlde Sílver Chlorate Silver Chloride and Hvdrochlorlc Acfd

Tlhe silver oxide r^Ias prePared by adding a solution of sodium

hydroxide to a vigorously stirred solution of sllver oltrtte.15

The precipítate of silver oxide was colLected in a sintered glass

ftlter. It was washed with doubly distill-ed water until the speclffc

conducÈance of the final washing was less than 3 x 10-5 of,ill "¡ll
at room temPerature. It was Ëhen stored as an aqueous paste in a

dark bottl-e.

Sllver chlorate was prepared as prescribed.16 Equal- Portions of

concentrated sodium chl-orate (10 N) and sllver nitrate (10 N)

solutions were heated to about 85o and then mixed and slowly cooled

Èo 0o. The crysta1-s of silver chLorate were col-lected, washed,

and recrystallised once in doubly distll-led wateI. Finally, the
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crystal-s frere dried 1n a vacuum oven and then stored in a dark

bottle.

Silver chloride htas Prepared by mixing together solutions

of A.R. sil-ver nitraËe and reerystal-Lised sodium chloride. The

precipitate of sil-ver chloride was collected and washed several

tlnes wÍth doubly distllled water unÈil the specific conductance

of the fína1 washíng was 2.5 x 10-6 ot'il "t-1 tt room temPerature'

It, was then dried in vacuo at l-00" before storage'

The constant boiltng hydrochloric acid was prepared by the

distillation of dil-uted A.R. hydrochl-oric acid in Ëhe nanner described

by lves .r,d J"rrr.16

Dís tí lled l,IaÈer

Demineralised water from a bulk supply was distílled fron

glass and sÈored in polypropylene containers. The average speclfLc

conductivity was 1.1 x 10-6 ohn-l "t-1'

P aration o f the Sol-utlons

All- solutions were prepared by weíght, and vacuum correctlonslT'18

were applied in the calculatíon of theír concefitrations' "QulckfÍt'l

flasks, which had previously been steam cleaned, were used. These

¡¡ere sealed wíth Parafll-m, fol1-owlng the final weighlng.
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(c) The ApparaÈus

Theapparatusforthemeasurementofthecellpotentialtogether

with the cÍrcuiÈ are shown 1n Ïigure 2-1'

IhemÍcro-steppotenËiometerwhichwascapableofreadingto

1x 10-4 mv, was standardised using a standard ceu.19 T'he latter

wascheckedagaínstothercertifíedstandardcel]-sínthelaboratory.

one terninal of the potentiometer tlas connected to the silver-s1lver

chlorideelectrodeandtheoËherwasgrounded.Toget'her,they

formed the lor^t impedance side of the circuLt'

ThehighimpedancesideofthecÍrcuitconsistedofaCaryModel

31CV vibrating reed el-ectromeÈer'
20 The instrument was used as a hLgh

impedance voltmeËer, having an extremely high lnput reslstance' IÈ

couldmeasureaccuratelyvoltagesfromhighlnÈernalresistance

circuits and was adaþted for measurlng the voltages of easLly

polarised electrolytic cells, such as wíth glass electrodes'

Theshieldedleadoftheglasselectrodelilasconnectedtothe

electrometer input whllst the electrometer feedback was grounded'

TheshortlngswitchallowedachecktobemadeonarLyzexodriftofthe,

eLectroueËer. Thls was done by grounding the input of the electrometer

as shown by the detaíled diagram of the shortÍng switch ín Figure 2-1'

The erectrometer, the sÈandard cell (atiached to the pòtenÈiometer), and

thepoÈentiometerwereallplacedonagroundedequipotentialsurface.

FulL scale vol-tages of 1, 3' 10' 30' 100 and 300 mV and l-' 3' 10
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and 30 V were provided by a range swl-tch on the electrometer. llltth

the arrangement shown in Flgure 2-1, the potentiometer was used as an

external- bías. By biasing out the cell potential in the desired range

of sodium activity, the electromeËer was used on l-ts lowest range

(o to 1.0 mv). The residual- voltage was either read off on the

electrometer or fol-lowed on a chart recorder2l attached to the

electromeËer. The latter could, of course, be r¡sed as a null meter

by compleËely bíasing out the cell potenÈiaL. The cÍrcuit 1s shor¡n

in Figure 2-2 and wil-l- be discussed as the flrst case.

Fígure 2-2 shows two different circuiÈ arrangements for measurlng

the cell emf. Conslder the first case in whlch GEI-, REl, and

POTEN.l represenË the glass elecËrode, Èhe sil-ver-sil-ver chlorlde

reference electrode, and the potentÍometer, respectively. One tetminal

of the potenÈfometer ís directly connected to REl and the other is

gror:nded. The COMMON LINE of the electrometer is also grounded. In

this set-up El is the emf of Èhe cel[. By completely rbucklng outl

El, the electrometer can be used as a null meter. El is then read

off by POTEN.l.

Another arrangement fs to connect the coMMoN LINE directly to

ffi2, the silver-s1lver chloríde el-ectrode in thls second arrangement.

Here, GE2 ís the glass electrode. The potentiometer, POTEN.2, is.

connected ln series with the electrometer feedback. E3 is now the

emf of the cell. E3 is bal-anced against 82. lfhen the electrometer is

used as a null meter, E2 is completely bucked out by POTEN.2. E3 {s
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then read off bY POTEN.2.

UsÍng either arrangemenÈ, El- should equal E3. Any cell

elecËrical leakage will not affect the value of E3 but wj-ll affect

the value of El. AË 25", calíbration of the glass electrodes uslng

eiÈher arrangerrent produced identical results. Since no electrical celI

leakage was obtained the inconvenience of usíng an oil--bath was avoLded.

The reaction cells and the weighing vessels are shown in Ïlgure

2-3. The reaction cells (a) and (b) were constructed from 250 nl.

Pyrex beakers. They were a1l- fitted lrith 819/26 rQuickfitr glass

joínÈs except for the Èv¡o slant, necks of (b) whích were fl'Èted wlth

BLO/L4 'quickfl-tt glass Joints. ILre weighing vessel (c) was síurilar

to a weight burettezz "*""p, that iË all-owed the weighlng of solld

rnaterials. Vessel (d) allowed the glass capsule Èo be weighed with

and without any solid materials. The capsule and the contents were

Èogether dropped ínto the reaction cel1. A tiny hole blown at the

bottom of the capsule prevenËed the trappíng of alr. SoluÈlons in

the teaction cel1 rüere magnetically stirred with teflon-coated magnets.

A grounded water baÈh was used throughout this work. At 0o and 10o,

ethylene g]ycol- was added as an a¡rtl-freeze. In order to reduce

evaporation at 25" and 50o, cetyl alcohol was added. Polyethylene

foam palnted over wíth a water-insoLr¡ble resin was also r¡sed to cover

the surface of the waÈer. An opaque brass ll-d was used to cover tlte

bath, and it also acted as both a lÍght and an electrical shleld.
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The temperature of the bath was controlled to 0.005".

(d) Technique of EMF Measuremen t usins Cation-ResDonsive Glass

Electrodes

(i) Binary Svstem of Sodlun Chl-oride-lnlater

The technique involves the preparaÈion of the reference sol-ution

whose concentraÈ1on was known accuratel-y and usually at a rounded

value. About 100 rnl. of it was then transferred to either the

reactíon cell (a) or (b), shown tn Figure 2-3. ReacËion cell- (b)

was used only when Èhe pH of the solutions was also requLred,

since its side-arm htas specially made to fít a pII glass electrode.

Ttre reaction cell contaÍning the elecËrodes and the reference solutLon

was then placed in the water-bath. The solution was stlrred

rnagnetf cally.

On numerous occaslons it was observed that the lnltial emf

reading tras steady only after leavlng the cell in the bath for

several hours (at 25", about 4 or 5 hours depending uPon the partlcular

glass electrode). Ihus 1t was normal to leave Èhe cell overnight tn

the bath before the ínitiaL emf was recorded. lllth each subsequent

addition of sal-t, the ÈÍne taken to reach equillbrlum or steady emf

was much less. In general, it was abouË t hour a¡rd this, of course,

depended upon the magnitude of the change in emf which Èhe elecÈrodes

had to measure, or alternativeJ-y upon the amount of salt added and



31.

agal-n on the glass el-ectrode. Equilibriun rdas assumed when the enf

changed by less than 0.02 nV 1n 15 mlnutes. A large change Ín enf

(t SO rnV) was found Ëo give rise to errors i-n the reading (about

0.5 rnV error) among some of the gl-ass electrodes.

At equllibrium, the emf \das practfcally independent of the

sÈirring rate of the Èest solutj-on. However, fluctuations of

the emf occurred whenever the silver-s1Iver chloride electrode was

badly prepared or had corroded. Drifting of the emf appeared in mosË

cases to be due to the glass el-ecLrode. The Beckman-type electrodes

r¡rere more susceptÍbl-e to such behaviour than the E.I.L.-type.

This drift effect was remedied in most cases by soaking the offendlng

electrodås ln dilute sodium hydroxide solution (a few drops of

concentrated sodiuur hydroxlde solution Ín about 150 ml. of water).

Othe:r¿ise, these electrodes rùere normally stored in sodium chLorlde

solutíons whose concentÌations were cl-ose to those under investlgatÍon.

11) Ternary System of Sodiun Chloride-G1-ycíne-l,Iater(

The plan for the study in the ternary system at each teÍperature

is shown schematicall-y Ín Flgure 2-4. The activity coefficlent of

sodium chlorider y"r measured at mc = *"t for various values of rB

is sho¡¡n by the curve ABC. B represents the activity coefflcient of

sodi.um chloride at mc = r"t and 5 = - 
t. u1 and m. are the

concentratÍons of glycfne and sodfim chlorlde respectively. l,lhen
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measuredrttrb=lht for various vaLues of m the curve AtBrCt Ls
ct

obtained. Ihis Ëime Br represent,s the activity coefficient of sodl-r¡m

chloride at mc = r"t and 15 = rBt. Thus the value of Br provides

a check on the value of B obtained prevlously. In this way,

measurements on a seríes of constant mc at various m, valueS and

constafit mB at various m" values, can provide numeror¡s cross-checks

on any single experímenÈ. In the ternary system at 0o, 10or 25o,

and 50o, these cross-checks díd not differ by more than 0.2 mv at

each temperature. As an example, some of the data at 50o (see

Appendix B, Table B-4) are shor¿n in FÍgure 2-5.

The curve in Figure 2-5 ls the result of an experiment in which

rh, Èhe concentratÍon of glycine' \.Ias hel-d constant at \ = 0.53301

while m"r the concentration of sodium chloride, \úas varled. The dark

squares represent the values taken from oËher experiments in whl-ch m"

was kepÈ constant whil-e mB lùas varled. As shown, these cross-check

values do noË deviate from the curve by more than 0.1 rtV.

The technÍque of emf measurement for the temary system was

quiÈe similar to that in the binary system. Ilere, aqueous sodium

chloride was agaín used as Ëhe reference solution whether the experiment

involved rB ot m" beíng kept constanÈ. For example, in the case t^rhere

DB rdas kept constant, an accurately known concentration of aqueous

sodium chloride was first equllibrated ln the reaction ce1l. Then by

means of the welghing vessel (c), shown in Figure 2-3, sol-1d glycine
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rüas added. Subsequent addiËÍons would only be that of solld sodÍr:m

chloride to produce the curve ArBrCr as shown in Fígure 2-4. In the

dilute region (< 0.1 m NaCl), direct addition of solld sodium chlorlde

was not possible. fhe fol-iowing procedure was therefore adopted:

The reference emf was first measured at,, say, t" = ."t and 5 = 0.

On addition of glycíne, the resulting soLution was t" = t"' and

.rB = *Bt. A concentrated soLutlon of sodíum chloride contafning

glyclne "t rB = *Bt was Èhen made up and added to the reaction cell,

usíng the wefghÈ burette technl-que.22 Sudr a procedure woul-d

maintain *B = *Bt whilst varying. the value of m.. In the case where

mc lras kept at r" = r.t' for various val-ues of mr, addítlons Ëo'the

reacÈion cel-l was rnade by using concentrated soluÈlons- of glycine

in sodium chloride solution of molalltv m t.-c

(e) PreliuÉnarv Investisation of Silver-Silver Chloride Elect,rode

(1) Introductlon

SÍLver-sllver chloride electrodes constitute one of the most

imporËant, types of reversíbl-e el-ectrodes of the second kind. They

owe theír usefulness mainly to (f) thelr comparatively easy

preparation, (ii) their inertness and consequent non-contarnination of

the experimental medium, and (tii) their sËabilfty and high degree of

reproducibiltty.

The silver-s1lver chloride electrode consists of solld sllver
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chloride on sllver and 1n contacL with a solution of a soluble chlorlde.

Ag, Agcl (s) | cr- (m), u+ (n)

The reversible elecÈrode reaction Ínvolves the silver chloride

going into solution to forn sllver and chloride ions and the sflver

ion receirring an electron to form soll-d stlvãr:

(s)

*e

AgCl

+
Ag

+¿ Ae (s)

+AeCl-(s)+e ¿ Ae(s)+Cl

As a reference electrode 1t has achieved lmportance. Its

preparatlon, stabiliÈy, reproduclbil-ity, and lts standard potentials

j.n aqueous and non-4queous media have received extensive revlews

by Janz and Tanlguchir23 
"r,d 

J^nr.24

Recently pal and Senguptar25 ¡¡.t"rrted the intercornparison

potentials (or potential bias) of sÍlver-silver chloride electrodes

in aqueous hydrochlorlc acid. These potentials hrere measured by

placlng a seù of tlro or more e,l-ectrodes in aqueous hydrochloric acfd

and Èhen measuring the emf between any tlùo. Usually, an aged electrode

i-s reÈained for measuring the potentlal difference between ítself

and any of the el-ectrodes belng tested. The measurement of poËentLal

biases is discussed by lves and 'J^nr.24 Pal and Sengupta found that

the intercomparison Potentials among electrodes Prepared by the sane

+
Ag' + Cl

->
+-
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meËhod had low values, being 0.05 mV for the Ëhermal-electrolytlc

type and 0.2 mV for the electrolytic type. They had líttle success

wÍth the thermal tYPe.

In conJunctlon with cation-resPonsive electrodes, Laníerl made

use of thernal-type elecÈrodes. He rePorted long equilibration

times at 1o\., chloride concentraÈ1on (below 0.1 m sodium chloride

solution) and instabillty of the electrodes in organic-rich water

mixtures. stee126 fo.rrrd Ëhat the thermal-elecÈroryÈíc type rùas

sluggísh in response whilsÈ working ln conjuncËion wiËh sodir¡m-

responsíve grass electrodes. Roy and s"n?7 also workíng wiËh

thermal-electrolytic type, have stated Ëhat the R¡o essentlal

requÍrements for obtaining good silver-sílver chloride elecËrodes

r¡rere proper washing of the sllver oxide, æd the use of hydrochlorlc

acid of the highest purfÈY.

(1i) The Preo ration of Sílver-Silver Chloride Electrodesa

In this study the electrodes rùere prepared nnder normal lighting

conditions in the laboratory. Dissolved irnpurltles such as bromLde

and iotlide are knor¿n to af fect the electrode Ín the solut íon.24 Ttrus

such contaminaËíons Tìrere avoÍded through the careful purificatfon

of the reagents used.

The soluËions in which the emfs l^tere measured were not Purged

of dÍssolved air. Snf th and Taylor,28'29 rotkirrg on electrolytLc-

type, Èherural-type, and Ëhermal-electrolytic type of electrodes have
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found that these elecËrodes were unaffected by dissolved afr in

neutral solutlon. They were only affected in acidic solutions.

Guntelberr3o n"a attributed the latter dlsturbance to the reactLon,

2Ãe + ZHCL + 2A,gCL + HZO

The intercomparíson potentials were measured with a preclsion of

+ 0.01 mV by usíng a micro-steP potentiometer (see under the heading

Apparatus) and a galvanometer. All measurements were made at room

temperature with constant stírring of the solutlons.

As a prelírnlnary of this research, a number of sllversllver

chloride electrodes, namely the electrolytÍc tyPe, the sLlver-mlrror

type, the thernal type and the thermal-electrolytic type' Iüere prepared

and then tesËed in order Èo deÈermine the most suÍtable type for thls

research. The following discussion will deal with the typical

behaviour of some of Èhe electrodes prepared.

Ele ctrol-vtic-ÈvDe electrodes :

Two electrodes 1abelled Q and S were prepared and the

íntercomparison potentíal Id¿¡s measured agaínst an aged thermal-

electrolytic type R. Q is shown in Figute 2-6(a), and S in

Figure 2-6(b). The platinum was cleaned by anodislng for I hour at

1 ma. in concenÈrated nitric acíd. Each was then thoroughly washed 1n

doubLy disËÍlled water and soaked overnight. Cyanlde-free KAg(CN)2

L, o,
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solution lÀtas used to si.lver-plate each electrode at 1ma. current

f.or 6 hours. They were then rinsed with doubly dístilled water and

soaked for 6 to 8 hours Ín 502 ammonia solution. Thís was followed by

soaking them in doubly disiille¿ rrrater again for a day, and then

chloridising tn 0.1 N constant boiling hydroehloric acid. Assr:ning

that the chloridising was L00% effective, about L5 to 20:l

of the silver hras converted to silver chloride. The plum-cciloured

electrodes were then rínsed with doubly distilled ürater and stored

in 0.01 m NaCl solution.

The agíng Process of the el-ectrodes is shor^m Ín Table 2-1. Slnce

electrode s was negative in polarity it rJüâs¡ more stable than Q, and

is also Ín a state of l-ower energy than Q. From Table 2-L s was

considered as havfng reached equilibrlum, whilst Q would be discarded.

TA3LE 2-1

Aei ro s of some electrolytic-tvpe electrodes fn 0.01 n NaCl

Polarl f R is shonm

Electrodes 1 day (mV) 2 days (rnV) 3 davs (mV) 4 days (mV) 5 davs (nV)

R (-ve) + Q

R (+ve) * S

0.40

0. 16

0. 61

o.L7

0.69

o.L2

0.78

0.00

1.15

0.10

Sílver-Mírror Electrode :

rhe main features of the electrode are shown in Figure 2-6 (a).

rts preparatlon is ful1y described by rves 
^nd 

J^n".24 Two,electrodes
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labelled P and Q were prepared and tested. Sílver was deposlted on

the foil by the Rochelle salt mirrot pto"."".31 A period of 18 hours

was required to deposit about 0.003 gm. of sllver on P and Q

respectívely. The electrodes were chloridtsed ín dílute hydrochlorlc

acid. About 15 to 20% of the silver rd¿rÉ¡ converted to sílver chloride

using a current of l-.2 ma. P and Q were rLnsed several tlmes 1n doubly

dÍstÍl]-ed rdater before being stored 1n a 1 ¡n NaCl solution together

with H, an aged thermal-electrolytic type electrode. I^Ihen the

electrodes rüere 2 d,ays old the intercomparlson Potentials Írere

measured against H. Al-so their response Èime was Ëested by transferring

then between a 1 m a¡rd a 5 m NaCl soluÈion.

The results are shown Ín Table 2-2. C was anoËher aged themal-

electrolytic type electrode stored in the 5 rn NaCl solutíon. C and H

had a negligibl-e intercomparison potentíal. P a¡rd Q showed good

response time. However, such electrodes rúere found to deterlorate

rapidly especially in fresh sodium chloride solutions. Both P and Q

possessed large and positÍve potentials when compared to the aged

thermal-electrolytlc type. Grrrnwald and P,rtl."32'33 h..r" obtatned

good results using the silver-mlrror electrodes in sol-utions of

low dielectric constant.

Thermal Electrodes:

the main features are shorpn in Figure 2-6(b). The platinr:ur spÍ-ral was

covered with a paste consistlng of 902 silver oxlde and LOZ sllver chlorate
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TA3LE 2-2

DO als (mV) of the silver-mirror electrodes.Èenti

t (pin.) C (-ve)

and P

c (-ve)

and.Q

H (-ve)

and P

H (-ve)

and Q

C (-ve)

and P

0.72

0. 73

0.74

0.76

H (-ve)

and P

0.93

0.94

0.94

0.94

C (-ve)

and Q

0.56

0,57

0.59

0. 61

H (-ve)

and Q

0.76

0.75

0.75

o.75

I II IIÏ

VI

10

15

20

30

o.97

1.00

1.05

1.08

H (-ve)

and P

0. 87

0. 89

0.91

0.90

II (-ve)

and Q

0.95

0.94

0.91

0. 90

C (-ve)

and P

0.83
0. 83

0. 84

0. 84

o.77

0.73

o.72

0. 70

C (-ve)

and Q

0.69

0.69

0.69

0. 71

IV v

10

15

20

30

0. 87

0.84

0. 84

0. 86

0.66

65

65

69

0

0

0

Notes:

1. Ihe Roman numerals índicate the sequence of transfer of the electrodes.

2 Ihe iniËial inËercomparlson potential of the electrodes P and Q after
soaking for two days with H i-n the 1 m sodium chloride soluËíon were:
H (-ve) and P = 0.90 mV; H (-ve) and Q = 0.75 nV.

BrackeÈs indi-cate the polarity of the electrode.

È, tlne after Ëransfer of the electrodes and recorded |n ml-nutes.

H Ís kept in 1 m NaCl soluÈion and C in 5 ur NaCl solutl-on.

3

4

5
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made up by wetght. The paste was fired in the oven at 650o for about

ten minutes. As a result of thermal reduction, a mixÈure of silver

and sllver chloride vr¿rs¡ left. The electrodes rüere snow-whlte

ln colour

Table 2-3 shows the response time of a typical batch of electrodes

whích are about a week old. C and H were aged thermal-electrolytic Èype

of negligible poÈential bias. The others rÁrere thermal-type.

Electrodes D and E were stored with H in a 1 n NaCl solution whllsÈ

F, A and B r¿ere stored with C in a 5 ur NaCl solution. It r¡as nomal

practice ín this study to test the response tine of the freshly prepared

silver-silver chloride electrodes 1n Ëhe concentration range in whl-ch

they were to be used.

Pal and Sengupta25 h"d reported a large potential bías (- 10 mV)

betr¡een the thermal and the thermal-electrolytic type. However,

Table 2-3 shows that the potential bfas was less than 0.1 mV for thls

particular batch of thermal electrodes. Electrodes F, A and B when

transferred to the 1 ur NaCl solution acqulred a sllghtly larger

potential bias which appeared to decrease with time. This was

probably due Ëo the porosity of the electrodes. D and E also displayed

the same effects when transferred fron the 5 m to the I m solutlon.

It seemed Ëhat the electrodes responded more effectively when

Ëransferred from a lower to a hígher concentration. In practLce,

electrodes D, E, F, A and B would be accepted for use.
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TABLE 2-3

D als (nV) of some thermal electrodes.otenti

Potential Bias 0.00 0.08 0 .01

t (min. )

10

15

20

30

H (-ve)

and D

C (+ve)

and D

0.04

0.04

0.04

0.04

H (-ve)

and D

0.13

0.10

0.11

0.13

C (+ve)

and D

0.03

0.02

0.03

0.02

H (-ve)

and D

0.27

0.24

H (-ve)

and E

C (+ve)

and E

0.04

0.o2

0.05

0.06

H (-ve)

and E

0.04

0.04

0.0 3

0.08

C (+ve)

and E

0.02

0.02

0.02

0.03

H (-ve)

and E

0.16

0.15

C (+ve)

and F

H (-ve)

and F

0.18

0. 17

0.16

0.16

C (+ve)

and F

0.00

0.01

0.00

0.01

H (-ve)

and F

0.21

0.19

0. 19

0 .18

C (+ve)

and F

C (+ve)

and A

0.07

H (-ve)

and A

0.23

0. 20

0.17

0. 17

C (rr¡e)

and A

0.08

0.09

0.09

0.09

H (-ve)

and A

0.22

0.23

0.20

0.20

C (+ve)

and A

0.06

0.06
(contd. )

C (rr¡e)

and B

0.03

H (-ve)

and B

0.20

0. 19

0.18
0.19

C (rr¡e)

and B

0.05

0.05

0.05

0.05

II (-ve)

and B

0.24

0.20

0.19

0.17

C (+ve)

and B

0.06

0.04

10

15

20

30

I

II

III10

15

20

30

01

00

0

0

10

15

IV
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TABLE 2-3 (contd. )

H (-ve) H (-ve)

and D and E

C (+ve) C (+ve)

and F and A

0.23
0,22

0.15

0.14

0.01

0.00

0.06

0.04

C (+ve)

and B

0.05

0.03
20

30

Notes 3

1. The Roman numerals indÍcate the sequence of Ëra¡rsfer of the

electrodes.

2. The íntercomparison potentials were measured whíle the solutLons

rùere s tirred.

3. C kept 1n 5 m and H kept 1n l ur sodfr¡nr chlorlde soluËions.

Electrodes D, E, F, A and B were transferred beÈween the two

solutions.

4. t, Èime after transfer of the electrodes and recorded ín minutes.
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Thermal-e1ect rolvÈic el-ectrodes:

The main features are shown in Figure 2-6(b). The platinr:n spiral

was thoroughly cleaned and then covered with a thick Paste of silveì

oxide. After beíng superficially dried, the electrode was heated l-n

an oven at 450o for abouÈ half an hour. Ttre heating Process waÉ¡

repeated a few times, each time wíth the addition of slightly thlnner

paste of silver oxlde. trùhen the spiral had acquired about 0'2 gn' of

silver, the electrode was left 1n the oven at 450o for several hours'

This was Ëo ensure Ëhe complete thermal reduction of all the sílver oxide'

The electrodes were then chloridlsed in 1 rn HC1 solution uslng

a 10 ura. current. About 15 to 207" of, the silver was converted Èo silver

chloride

A typical seÈ of thermal-electrolytic typç electrodes 1s shown

Ín Tables 2-4 and 2-5. The electrodes Iüere tested Prior to being used'

Electrodes A, B, D and E were freshly prepared' A, B and D were kept

wl-th an aged thennal-elecËrolytic type electrode Il in 0'1 n NaCl solution'

E was kept with another sirrilar but aged electrode R in 0.01 n Nacl

solution. ElecËrodes H and R possessed negligible potential bfas.

Table 2-4 shows Èhat the electrodes had very rapidly achieved

equillbrium.

TabLe 2-5 shows the resulÈs of Èransferring the electrodes from one

solutÍon to anoÈher. It appeared that electrode E, although displaytng

a good potentíal bias value, lùas Poor, in response Èime. Electrodes
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TABLE 2-4

ectrol vric tvDe elec trodes. Potentl-a1

r_as value measu d a1 H t_n ur NaCl

0.Ol nr NaCl).

R

ElecÈrodes

H (+ve) + A

H (*ve) + B

H (+ve) + D

R (+ve) + E

Age of ElecÈrodes (daYs)

234 51

0.07

0.07

0.09

0.00

0.08

0.08

0.10

0.00

0.11

0.10

0.11

0 .05

0.07

o.L2

o.L2

0.08

0.11

0.11

0.L2

0.00

Note:

L The polarity of the H and R elecÈrodes are shor¿n'
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TABLE 2-5

thermal-electrolvtic electrodes. ElectrodesRes D qê l- ime of some

ürere traris ferred between cells containing electrodes H (ín 0.1 n

NaCl) and R (ín 0.01 m NaCl).

Potential Bias 0.11

H (+ve)

and A

R (+ve)

and A

r.69
0.40

0.21

0.14

0.11

0.06

H (+ve)

and A

o.49

0.0 7

0.10

o.L2

0.L2

H (+ve)

and B

0.11

R (+ve)

and B

L,72

o.49

0.28

0.16

0. 13

0.07

II (+ve)

a¡rd B

0.43

0.05

0.10

0.10

0.12

H (+ve)

and D

0. 12

R (+ve)

and D

2.42

0.53

0,26

0.17

0.13

0.06

H (rrye)

and D

0.30

0.10

0.L2

o.tz
0.13

R ({r¡e)

and E

0.00

II ({r¡e)

and E

t (mfn. )

10

20

30

40

50

r20

10

30

40

50

L20

I

II

-3.36
-2.35
-1.30
-0. 84

-0.46
0.00

10. 76

2.06

1.00

0.50

0.12

R (+ve)

and E

(contd. )
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n ({.ve)

and A

1. 70

0,42

0.26

0. 20

0.14

46.

R (+ve)

and B

L.32

0. 37

0.23

0.17

0.14

R ({r¡e)

a¡rd D

L.26

0.39

0.26

0. 20

0. 17

tt (+ve)

and E

-5. 31

-2.49

-L.32
-0.77
-0.49

III

10

20

30

40

50

Notes:

1. The Roman numerals lndicate Èhe sequence of transfer of the

electrodes.

2. H kept in 0.1 n NaCl and R in 0.01 n NaCl solutions. Electrodes

A, B, D and E were Èransferred betr^reen the two soluË1ons.

3. t, time afLer Èransfer of the electrodes Ín rnlnuteg.

4. Tlhe polarity of electrodes H and n "rå shown in brackets.



47.

A, B and D appeared to respond better in going frorn a lower to a

higher concentratlon.

In practlce, À, B a¡rd D would be accepted, whílsÈ E would be

dis carded.

In this study baËches of slx to eight electrodes \ùere prepared

at a time. Ihey were stored in sodium chlorÍde solution Ín the

coricentratíon range in which Èhey were to be used. All el-ectrodes were

tested for potential bias and response time before being accepted

for use in an experLment.

(iii) sensltiwltv to Lieht

1\¡o silver-silver chlorille electrodes B (a therrnal type), and

C (a therural-electrolytic type) \úere tested for sensitivlÈy todards

1-ighÈ. Both were aged electrodes.

B and c were placed in an "H-shaped" cell f1lIed with 1 m NaCl

solution and equllibrated at 25o ín the water-bath. Apart fron

an adjustable window, the cell was completely enclosed in the water-

bath. A nornal readíng J-amp (Mazda, Èungsten filament, 481^I, 6V bulb)

was placed at the wlndow about 15 cn. from B and C and dlrected at them.

The potential bias $r¿rs measured: B + C (+ve) = 0.07 urV. It was found

that the enf remained unchanged under the following conditions:

(a) Both B and C measuTed 1n the dark.

(b) Both B and C measured Ín the light.
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(c) B was exposed while C was completely shielded from the ligþt by

wrappíng an aluminiu¡ foil around the am of the "H-shaped" cell.

(d) Repeating (c) with Èhe positions reversed.

In each case, the obsen¡ation lasted about t hour. It appeared

that the electrodes !ùere insensitÍve to artificial light of the type

nentioned.
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Prellni Inves ti ation of Ca -Res ve Glass Electrodes

(a) In troduction

InChapÈerlthecomposiÈion,applícationsandthe].irnitations

of the sodít¡n-responsive glass eLectrode were discussed' ThÍs chapter

reports the characterisådon and Èhe conditions necessaly for then to

be useful in Èhe determlnaÈion of actlvlty coefficients.

unllke the silver-silver chl0ride electrodes which were

al-phabetically labelled, the glass elecËrodes llere numerically

labelled. OnIy glass electrodes from two manufacturers were used

throughout thls study, namely the Beckman Instruments Inc' (u's'A')'

and the Electronics InsÈruments Ltd. (u.K.). They are listed ln

Table 3-1.

The GEA33, GEA33/C and Èhe Beckma¡ 39278 electrodes are

sodium-responsive and are deslgned for use l-n routine measurements of

sodium ion concentrations. on the other hand, the Beckman 39137

caulonic ElecÈrode is meant generally for monovalent catlons'

(b) The Oriein of the Glass Electrode PoÈential

Nfcolskiil r"" the flrsÈ Èo develop the Èheory that the glass

electrode potentíal was deterrnined by the exchange of cations betr¡een

Ëhe glass and the solution. He believed that a swollen layer was

formed on the surface of certain glasses in contact wlth water or an

aqueous soluÈ1on. only thls layer !Ías considered to be involved in the
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TABLE 3-1

used in th l-s research.

Label on Elect,rode TyPe ManufacÈurer

E.I. L.

E.I.L.

ll

1

2

3

4

5

6

7

I

9

10

GEA33

GEA33

39278

39278

39L37

39278

39L37

GEA33

GEA33

GEA33/C

n

Beckman

ll

tl

il

r
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íon-exchange ptocesses. Recently, e:çeriments by Boksay et al .2

have confirmed this vi.ew.

AccordÍng to Nicolskii, an equilibrium of the ion-exchange process

existed bett¡een the surface layer of the gLass and the solution' In

+
the case when H íons of the glass were exchanged for ]f ions of the

soluËion, the process could be descrÍbed by the equatlon

H+glass + M*soln. Ì M+glass + H*soln. (3-1)

The elecÈrical-potenÈial dlfferencê, E, between the surface

layer of the glass and the solution was determined by the chenical

hrork needed for the Èransfer of H* and M* íons frorn glass to solution.

He then showed that Èhís led to the expresslons

(3-z¡

E=Eo (3-3)and 2

where n! and u! were standard potential values. fo and a"

!üere, respectively, the activities of Ht and Mf ions in the solutfon.

The aposËrophes lndicate the activities in the glass. He then assumed

that (1) the actlvities of H* 
"rrd 

M* iorrs ín the glass were equal to

their total concentrations i Q)'the Ëotal concentration of ltf and M*

ions Ín the glass was al-ways constanÈ and equal Èo the concentratfon of

the fixed cor¡nterÍons. From these assumptions lt was shown that the

,=rî + +r"+
RT. fu+ FI";i

M



s6

glass electrode potential, E, was given by the equation

E = consrarir + $ r" ("n * \M1,r) (3-4)

where \¡U = 
*, 

the equllibrium constanÈ for the cation exchange

process described by Equatlon 3-1.

+

3In 1957 Eisenman, Rudin and CasbY gave a precise descriPtion of

the glass electrode potential in nixtures of afiy two univalent catlons.

The empiricaL equaËlon was

Lln Lln 1/n, (3_s)E=ConsËant+$t"C" I iJ jK a

where K.. and n $rere enpirical constarits for a given glass composition
r'J 

r -L
and catlon pair Í- and J' of actlvÍties a. and a, respectl-vely'

I

in the solution. For sodium glasses sensitive to Na' lons, n = 1

and Equation 3-5 becomes idenÈical to Equation 3-4. However,

J. I
for H- - K- nixtures' the value of n is no:mally greater than I and

approaching values as high as 3.5 for nany glass compositions. *rJ

Ís also known as the selectivity constant of Èhe glass and is specific

for a given glass and a pair of lons presenË in the solutlon.

lhe analyses of Eisenman et a1.4'5 1""d to the conclusion that K'

can be analysed lnto contributions from the rnobilíties of the ions in

the glass and from Èhe catlon-exchange equilibrium constant, Ko, of

the membrane and solution lnterfaces. They for-rnd that

K.. = 
P,[= 

ro ,5"r-J Pi ui
(3-6)
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where p, and pj IÂIeïe the permeabilities of the catíons i and J; Ut

and uj were the mobilities of i and j in the glass and Ko was

the Èrue equilibrium constanÈ. Frorn Equation 3-1

Ko=
tn+{rr

(3-7)

where a indicates the activities of Èhe ions and the aposÈrophe denotes

those at the surface layer of the glass phase. Also in Equatíon 3-6

n = 1 for Na* - H* ioníc mlxÈures when Èhe g]-ass is sodiurn-responsive.

Thus the total gJ-ass electrode potential is essenËially made up of a

phase-boundary contribution and a diffusion potential- contrlbutlon.

one would have e>¡pected the diffusíon PotenËlal to vary with

time as the ion exchange proceeded and as the íon concenËratlon

profiles within ttre glass varied, However, it has been showrr6 at 
"a

once chemlcal- equilíbrium is established bet¡veen the solution and the

surface layer of the glass, the dÍffusíon potentlal is independent of

time. Recently, Boksay et al.2 h..r" reporÈed thaÈ although the

diffusíon of H* and Na* ions does occur, it does not glve rlse to a

diffusion poÈential.

tt.f,f

In this research Project mlxtures

were linited to N"* - tt* - Rg+ and K* -

of cations in the soluÈions

Al-1 reaction+ +Ag.H

solutions were saturated with Ag+ ions by the addition of small amounts

of solid sílver chloride.

betv¡een 6 artd 7.

Ttre plt of all the soluÈions was always
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The Cation-Responslve Glass Electrode

They are shown Ín Figure 3-1. The Beckman 39278 and 39137

electrodes hrere identical in shape and size. Ttrey differed only Ln

the compositlon of the glass bulb. Each had a sílver-silver chloride

internal el-ement dipping into a buffered 0.1 ur NaCl solution.t *",

are described in the Beckma¡r literature.S ,h. GEA33 electrodes !ìtere

constructed slightly differently from the Beckman elecÈrodes. The

silver-silver chloride internal element was hidden fron sight by a

grounded rnetallic shield.

(c) SelectivÍty Consta¡rts of the Electrodes

The selectivity consÈ¿utt, \Na, for the H* - Na* pair was

determíned for some of the elecÈrodes used 1n thfs research. The

experiments lüere carrfed out aÈ 25o. The value of \N" shows how

effeetive an electrode 'sees' ttre N"f ions relative Èo the II* fons.

For example, when \^" = 10, the Na* Íons are ten times as effective

as the Hi ions on a mole-for-mole basís fn deterninlng the electrode

potential.

Since the glass electrodes are sodir:n-responsive and only tt+ - ¡la
+

lonic mixtures are considered, Equation 3-5 is taken as

E = Constant + S t" (fu * \ü{.tr{") (3-8)

where fo "rrd "N" "r. the activitLes of the H* and N"t Lons respectlvel-y.

Now one considers a cell of the typet



ELECT R I CAL

SH IELt] GEA 33

Ag lAsC t

ELECTRODE

BUFFER ED
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Fig.3-1. Cation-sensitive gtass etectrodes '

BECKMAI{
TYPË
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AB, ABC1lucr (n") lctass Electrode

The emf of the cell in 0.1 n NaCl solution in the liurit as

Ht ions + o is gíven by

= Constant + $

Er=consÈant*Ët"t" I,o"AcCl

E ( 3-10)
1

where ETgCf 1s the srandard poËential of the sílver-silver chlorLde

electrode and ai, is Ëhe ioníc actívity of the chlorlde ions in

the sodíun chloride soluËion.

Itre emf of the cell in 0.1 n HCl solution 1s glven by'

lt \r¡¡"1'r" - Elgcr * + ln a!l.

++ha[,

(3-e)

(3-11)

(3-12)

where a[, is the ionic activíty of the chlorlde ions 1n the

hydrochloric acid soluÈLon.

SubÈracting EquaÈion 3-11 from Equation 3-10 one obtains'

\*.'trr.'"år
tn'"ärE'"1

which according to Eisenmt 19 ""r, 
be approxlmated to

(3-13)

by. taking the actlwlty coefflcienÈ ratios of the ions as unlÈy.

Equation 3-13 is then the basic equation for the determínatlon of

selectlviËy constanÈ Ín thl-s work by simply measuring the cell emfs

E, and Er.

nr=$r"

'L-"2=+lt*rsr"
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(i) Exoerímental

E1-ectrodes 1, 3, 4 a¡rd 5 were chosen for the experiment to

determine thelr selectivity constanËs. Tr¿o cellsr one containLng

exactly 0.1 n NaCl solutton (adjusted to plt = 9 using sodlum

hydroxide solution) and the other, 0.1- ur HCI solution, were seË uP

in a water bath kept at 25o. Each cell \^ras magnetlcall-y stlrred

and contained aged sÍlver-silver chloå¿. .t."trodes of the thermal-

elecÈrolytic type. The glass electrodes hrere transferred from one

cell to the ottrer and each tíme the electrodes were rinsed with

the solution in whlch 1t was to be irnmersed.

(fr) Results and Discussl-on

Ttre final emf values were recorded ín Tabl-e 3-2 together with

the \*" values. Table 3-2 also shows the steps taken ln measurÍng

the emfs. For example, 1 and 3 were flrst measured in 0.1 n HCl

solution and then transferred to the 0.1 n NaCl solution. A record

was made of the average emf arrived at 1n each solution and later

used in the calculation of K"U".

All the electrodes responded to within a few uril1lvo1ts of the

equilibrium value in less than t hour. Ilowever, each took several

hours to reach the equilibriuur value. A enf change of l-ess than

0.02 mV in 15 minutes rsas considered as hawing reached the equilibrl¡r¡n

state.
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TABTE 3-2

Selectivity constants of some glass electrodes.

emf of the cells (nV)

Electrode 0.1 m HCf 0.1 ur NaCl

pH = 9.0

Ave. enf I

Ave. emf 3

4

5

4

5

Ave. enf 4

Ave. emf 5

31.68

311. 91

35. 38

310.55

33.52

311. 2 3

235 .00

L74.97

235.95

L75.66

235.48

L75.32

2.69

139 .08

2.L6

136. 19

2.43

L37.64

83.98

101.64

108.01¡t

L02.64

I

3

1

3

\rN" \nr"
(literature)

0.s46

0.034 o. 06a

0.24L 0.65bL02.L4

Notes:

* Non-equilibrfurn value after 4 days.

a NAs 11-18 g1"r"10

b NAs 27-4 91"""10
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El-ectrode 1 (GEA 33) appeared to equilibrate much faster

than the others. Such an experíment appeared Ëo impose a considerable

strain on the glass electrodes. Electrodes 3 and 4 (both Beckma¡r

39L37>, showed the syurpton of rflaklngt, i.e. flakes of glass appeared

to peel off at the bulb towards the end of the experimenÈ. Electrode

4 became erratic and drifted with time wittrout reaching the equilibriun

state even after 4 days 1n the sodirun chloride solutíon. Presumably,

as a result of this experiment ElecÈrode 4 never completely recovered

and soon had to be discarded.

The value" of \'" r^rere compared r,¡ith EÍsenmanf s NAS 11-18

sodium-responsíve g1""".10 All the \^. values indícate that Ëhe

electrodes responded more towards HF iorrs than Na* íons. Among

the electrodes tested, Electrode I was apparently the best sodf.rn-

responsive electrode.

It is of ínterest Ëo note that Savage a¡rd Isardll'l2 h"*r.

shown that g1-ass of compositfons Nar0.0.441203.6.35102,

NarO.0. 7541203.6.5Si02, and LL20.0.541203. 7SiO2 have \*. values

slighÈly greater than 1. hU. values for commercial electrodes do

noË appear to be readily avallable for a useful comparison to be

made wLth those fron this work.

(d) Response of the Electrodes to pH VarlatÍons

This experimenË followed part (c) and Electrodes 1, 3 and 5 were

chosen for the experimenË.
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The medium was 0.5 rn NaCI soluÈion ín a reaction cell (see

Fígure 2-3(b), Chapter 2) kept at 25o in a water-bath.

Specially prepared niÈric acid, hydrochloric acid and sodlum

hydroxide solutions were made up in order that Èhe pH could be changed

wlth a rn-inimum nr¡mber of drops of the acid or base. The pH was

measured using a conventional pH meter.

Ihe results are shown in Table 3-3.

0f the three electrodes tested, 1 appeared to be the least

affected by pH variatíons, followed by 5 and then 3. Such a

behavlour was consistent Iüith the K"*" valueg where \U" = O.546

for 1, 0.24L for 5 and 0.034 for 3.

uattockl3 has shown thaÈ above O.Ol M N"* ion concentration

a¡rd for pH > 5, the effects of pH changes r¡ould become unimportant

for BH6B, 8H104, æd NAS l-1-18 glasses. His measurements were

carried out using a conventíonal pH meter a¡rd the background nedir:n

of his solutions was ethanolamlne hydroehlorlde. Since Electrode I

(cEA 33) ís known Èo be made from BII1O4 g1assr14 th" findings here

are in accord with Mattockrs.

(e) ResDonse of Electrodes to Lieht Variations

Electrodes 6, 7,8 and 10 (see Table 3-1 for the type) were

tested using a lufazda incqndescenÈ tungsten-filanent lamp (60 watt,

240 V). The electrodes rrere placed in a reactíon cell contalnlng

0.1 n NaGl solution and magneticall-y stirred in a water-bath at 25o,
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TABLE 3-3

trodes to pH chanses in 0.5 m NaCl solutíon.

(í) oH ad 1 usl-ne hvdrochloric acLd.us ted

emf of Electrodes (nV)

3

74.L8

74.09

74.03

74.06

196 .50

]-96.6L

L97.L9

2r9.7L

73.64

73.44

73.56

L73.75

173. 6I
L73.54

(i1) oH iusted usine nitric acld.ad

emf of El-ectrodes (mV)

3

72.76

72.60

72.53

72.60

189. 48

t_88.25

188. 6 3

205. 80

1

pH

9 .00

7.L2

6.27

4.22

8.72

6.22

4.52

pH

7.10

8. 15't

7.25

5.05

1 5

1

(contd. )
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TABLE 3-3 (contd. )

emf of Electrodes (nV)

5

72.23

72.27

72.32

72.70

169.30

L69.79

L70,28

170.99

1

pH

9.63

7,06

6. 30

s.40

Note:

* NaOH was used to íncrease Ëhe PII'
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The sil-ver-silver chloride electrode rüas riot shielded because 1t

had been shown earlier that they were not affected by light enitted

fron this type of larnp (see Chapter 2).

A glass window l-n. Èhe bath allowed the electrodes to be exposed

to the larnp which was held about 20 cn. al¡¡ay. A11 the electrodes

were affected by Èhe 1-ight. In Flgure 3-2(a) and (b), A represents

the time when the light was switched on, and B when the lfght was

swltched off . Ihe emf at zeÊo time r^tas Èaken as the reference value.

The eurf was showing a steady value before the llght was swÍËched on.

Tt¡e subsequent increase in enf was more pronounced for the Beckman

Èhan for the GEA elecËrodes. In fact, for Electrode 7 the emf was

stíll increasíng after Èhe light was swiÈched off. Electrode I

(GEA 33) was the least affected.

Very recently, t"tilwardl5 also observed some effects of light

on glass pH electrodes but no photo effects on the silver-sllver

chloride electrodes. He report,ed a decrease in the pH when the glass

electrodes l{ere illuminated with an Osram mercury vaPour latP,

a Desaga Heidelberg T.L. llluminator, a N[azda infrared lamp, and

sunlight. He attributed the effect to a possÍble formation of

F-centres in the glass.

As a result of this finding all emf measurements were made

wiÈh Ëhe reactíon ce1l in darkness throughout this study with

cation-responsive glass elecÈrodes.
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The Activí tv Coefficient of Hvdroeen Chl-oride in l¡traËer and ln

Potassium Chloride-l¡later Mixtures at 25o.

(a) Introduction

The purpose of this experinent, was to acquaínt the wrlter wLth

the use of glass electrodes for Èhe measurement of activlfy

coefficients and to show the feastbíl1ty of using such electrodes

in aqueous hydrochloric acid and in hydrochloric acid in potasslum

chloride-water nlxtures .

(b) Ttreory

The basic theory in emf mea€¡urements using cation-responslve

glass electrodes which was discussed ln Chapter 2, ís equally

applicable here.

TLre cel-l may be represenÈed as

eg, AgCllHcl (*f) lGlass Electròde (4-r¡

Ttrus, if the cell measures the enf of tr¡o different solutions of

hydrochlorlc acid of rnolalities m, and m, a¡rd of mean mola1 acÈlvity

coefficients yl and Y, respectively, one obtains

pryr 
e_z)Log \2 = (82 - Et) + tot . 

n2

E, and E, are the measured emfs. Usfng 81, tl and .¡, as the reference,

y2 can ttrerefore be deternined experimentally. -.o.
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For a mixËure of hydrochlorlc acid and potassir:m chlorl-de,

the cell maY be rePresented bY

Ag, Agcllncr (rnr), Kcl (tt)lGlass Electrode (4-3)

where mo is the molality of the potassium chloríde. The emf of the

I

E
(4-4)

E'ot.l is siniÍlar to C in Equatio¡ 2-6 in Chapter 2, and Y, ls the

mean molal acÈíviÈy coefflcient of hydrochloríc acid in the Hcl-KCl-H2o

mixËure.

cell is given bY

Eror"l . + ln vr2rr(mo + nr)

on changing the concentratíon of potassir.m chloride from mo to

*D ,ttd keeping m1 constantt

E2 = Ero."r * S tn vr2tr(r5 + nr) (4-5)

\2 is now the nefí mean molal acÈivíty coefficienË of hydrochloric acld'

ETotal Ís consÈant since 1t is assumed that the asymuretry potentLal

of the glass elecÈrode has not changed. SubËracting Equation 4-5 from

Equation 4-4,
2.

'' -E -RT.,-yr'(uroimr)-1 tz =Af L"- (4-6)L ! vz-(5+nr)

In this study Ëhe initial emf liTas measured in agueous hydroehlorlc

acÍd without potassfum chloride. SubsequenÈ emfs were then measured by

1
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the additíon of potassium chloride while keepíng the concentraÈion

of the acid unch¿¡nged. Hence, by Equation 4-6 one obËains

Et- Ez=+ (4-7)

y, and y, are Èhe mean molal aeÈivity coefficients of hydrochlorl-c

acid with and wlthout potassium chloríde respecÈively. E2 and E,

are the measured emfs with an¿ ,¿ttt out potassium chloríde respectively.

Tlrus, maklng Yl, El and rn, as the reference valuesr Y2 can be

determined at various values of 15. EquaÈíon 4-7 is, therefore, the

basic equation in thts study of the activity coefficient of :

hydrochloric acid in potassium chloride-water mixtures.

(c) Experimental

For the system HC1-H20, a reacÈion cell containing a known

concenÈration of hydroctrloric acid, trvo silver-silver chloride

electrodes and a Titron hydrogen-responslve glass elecÈrode 12 ,","

set up in a waÈer-bath al 25". The silver-sil-ver chloride electrodes

were of Èhe thermal-elecËrolytic type of negligible potentlal bias.

The solution was magneÈlcally stirred. The concentratlon of the

acíd in the reaction cel-I was íncreased by the additÍon of a more

concentraÈed solutlon of hydrochloric acÍd by means of a weight burette.

Ihe experimenÈal set-up for the system Hc1-Kcl-Hro was sinllar

to that in the HCI-H2O system. l\vo silver-silver chlorfde electrodes
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were used in conJunction with the glass electrode. Thè emf of the

reaction cell containlng the hydrochloric acid solutíon was flrst

recorded and then used as the reference emf. A solution of potassium

chloride was then made up using hydrochloric acid of the same molallty

as that ín the reactÍon celL. This solution was added to Èhe reactlon

ce1l by means of the weight burette. In this way, the concentratlon

of the acid was kept constant whilst Èhat of the potassium chlorlde

was increased.

In both the binary and the ternary system' the eurf measured

beÈrdeen the gLass electrode and any of the two sllver-sílver chloride

electrodes nevel differed by more than 0.05 rnV. The average value

was taken.

(d) Results and Discussion

TabLe 4-1 shows the results for the HC1-H2o sYstem and

TabLe 4'2, those of HC1-KC1-H20 system.

(1) HC1-H.0 System

Covington and Pruer3.od Anninor4 h".r. also reported the use of

glass el-ectrodes for Èhe measurement of the mean molal acttvlty

coefficient of hydrochlorlc acid. Co\ringt,on and Prue employed speclal

low resfstance glass (0.3-0.6 megohm) and measured the potentials

directly using a convenËional potentiometer without an ampllfJ-er.
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Ttreir values over the range 0.005 to 0.1 m were in good agreemenÈ

with those of Hil1s and lve"5 whose rüork r¡¡as based on Ëhe hydrogen-

calomel cell. However, it appeared that Èhe electrodes of Covington

and Prue !Íere noÈ aÈ equilibrium when Èhe emf was measured. They had

to employ an extrapolation technique in order to determine the correct

emf. In this work, no exÈraPolations ü7ere necessary since the

elecÈrodes ùere at equillbrir:n when the emfs were recorded.

Equílibrium was assumed when an emf change of less than 0.02 nV in

15 minutes was obtained.
lL

annino* used rrceneral Purpose'r glass electrodes (Becknan

No. 4L2g3> and silver-silver chloride electrodes (Beckman No. 1281)

to obtain activity coefficienÈs which did not deviaËe by more Ëhan

0.5% from those reported by Covlngton and Prue.3 H" covered Èhe

concentratÍon range of 0.01 to 0.1 n.

In thls work the concentration range studied was from 0.001 to

about 1 m. The technique dÍffered slightly from those of

Covington and Prue, and of Annino. Ttrej-r work involved the setting

up of a reference solutÍon (0.1 m HCl) ín a reaction cell whose emf

was measured each time a new solutÍon was measured. This meant that

the glass elecËrodes Írere rinsed and transferred from cell to cell.

In Ëhis work, the lnitial soluËion w¿rs¡ used as the reference and

the electrodes were left ín the reaction cell until the end of the

experíment.

As shown in Table 4-1, the values obtalned fron this work were
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TABLE 4-1

Mean mnl al activl aô efficients of aoueous d

-ion sensítive slass electrode.

hv rochloric acid at 25o

2
usln s a hvdrogen

\rcr

0 .0018764
0.0064415
0 .009 8055
0.028487
0.060339
0.089488

0.22124
o.3L778
0. 38800
o.52693
o.64753
0.74L24
0.82644
0 .9 3s03
1.0636

0. L3663
o,29548
0. s1074
0.60393
0. 87958

-E (volrs)

0. 1s982
0.22L25
o.24207
0.29425
0. 33055
o.34949

-1og y

0.0200
0.0365
0.0428
0 .0651
0,0842
0.0955

0.1170
0.L2L4
0.L226
0.1190
0.1139
0. 1092
0.1037
0 .095 7
0 .0858

0. 1065
0.1209
0.1205
0.1170
0. 1010

-1og y (Llteu)

0.0200¡t
0.0 360
0.0430
0.0665
0.0855
0.0958

0. 38845
0. 406s4
0.4].666
0.43282
0.44400
0.45150
0 ,4577 3
0.46503
o.4728L

0. 1170*
0. 1216
o,1223
0.1200
0. u55
0. 1103
0.1045
0.0965
0.0868

0.36622
0.40415
0.43234
0.44135
0.46254

0.1065*
0.12L0
0.1205
0.LL77
0. 1008

Notes:

1. * Reference polnts.

2. y = mean molal activlÈy coeffícient.

3. -1og y (Liter) are inËerpolated values from a large-sgale

plot of -1og y against the square root of molality of aqueous

hydrochlorfc acfd taken from Robinson a¡rd Stokes6 and Harned

and owen.7
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in good agreement with the values recorded by Robinson and

stokes6 and Harned and o,o"n.7

(ii) HCl-KCl-H.,O Svstem

Table 4-2 shows the mean molal activity coefficients of

0.010186 m HCl ín various concentrations of potassiurn chloride.

Tbo experimènts were performed and the results were p1oËted as 1og y

versusi m, where y r4ras the mean mola1 activity coefficÍent of the

hydrochloric acid when the molalÍty of potassium chloride was m.

The val-ues of log y from eiËher experimenË did not díffer by more

than 0.002 from the best líne drawn Èhrough the poinÈs. The plots

are shown in Figures 4-1(a) and 4-1(b).

The values from Harned and Or¿en8 for the actiwity coefficients

of 0.01- n HCl aÈ various concentrations of potassl-um chlorlde

were also included in the graphs. All their values appeared to fal1

on the drawn curves except at 0.5 m where a difference of 0.004 in

log y was obtained. Exact agreemenË in log y values was not expected

in view of the slight difference in the molality of the hydrochlorlc

acid.

From this work, it seems that the glass electrode can be used

quiÈe successfully to determine the actiwity coefficients of

hydrochlorlc acid in aqueous and Ín míxed e1-ecËrolyte solutfons so

long as other ions do not lnterfere with the hydrogen-ion response

of the glass.
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Mean mo1al acti

tassium nh'l a

Trcr

rrítv coeff

ride solu t

TABLE 4-2

lcíents of

ion aÈ 25o

electrode. 2

-E (volts)

drochloric acld in

roeen-responsive glass

-1og y

0.010186 n

usl_n ø ahv d

0 .00000
0.0020767
0.012046
0.02389 3
0.04L273
0 . 0 75603
0. 18255
o.287L3
0. 34850
0.44245
0.54955
0.6L644
0.73322

0,24472
o,24879
o.2625L
0.27222
o,28L52
0,29285
0. 31074
0.31985
0.32502
0. 33046
0. 33s46
0. 33828
o.34257

0.0440:t
0.0500
0.0635
0.0738
0.0848
0. L000
o.L245

Reoeat Run

0.00000
0 .0054395
0.026847
0.L4628
0. 37361
o.74575

Note:

1. *

0.24755
o.2s759
o.277L5
0.30898
0. 32918
0. 34563

0.1349
0.1387
0 .1433
0. 1470
0. 1478
0. 1487

0.0440*
0.0521
0.o74L
0. 1180
O,L42L
0.1s04

Reference poÍnts taken from a large-scale plot of log y
I 12 r.,rreous hvdrochloric acid.6'7versus \äf of aqueous hYdrochl<

y = mean molal acÈívity coefficLent of hydrochloric acfd.
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The Actívltv Coefficient of PoÈass ium Chloride ín l,traÈer and in

Glvcine-t{aÈer l"flxtures aÈ 25o

(a) Introduction

The purpose of this experiment was to test the accuracy of

using ttre glass electrode in the determinatíon of the actívity

coefficienÈ of potassium chlorlde in waÈer and in glycine-water

mixtures. TLre results htele comPared wiËh Èhose obtaíned by

oÈher standard methods.

(b) Experimental

Electrode 7 (Becknan 39L37), a cation-responsive glass electrode

was chosen for this work. Tt¡e apparaËus and Ëhe experlmental techni.que

were previously discussed in Chapter 2.

(c) ResulËs and Discussion

Ttre activity coefficients of potassium chloríde in water have

recenËly been deterrnined at 10o, 18"r 25o, 38o and 50o by Hostetler
'l

et al.t o.r.r the concentraËion range of 0.01 m to 1 n. They also

made use of a Beckman 39137 caÈion-responsive glass electrode. Thefr

val-ues at 25" were ín good agreement with those tabulated by

Robinson and Stokes.2 FÍgure 5-1 shows the activíty coefficlenË of

poÈassíum chlorlde (as 1og yc) being ploÈted against mc' lts molality.

In drawÍng the curve, Èhe.values of Robinson and Stokes were used.

The values of HosÈetler et a1.1, and those from this work were also

included for comparison. Those from this work were in good agreemenÈ
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with the literature values.

In Table 5-1 are the tabulated results of thís work for the

mean mola1 activlty coefficients of potassium chloride in water

and Ln glycine-water mixÈures. In the system poËassium chloridej

glyeÍne-water, the results obtaíned were compared with those of

Roberts and Kirkwood.3 Their work was based on the emf measurements

on concentration cells wíth t.ransference of the type

Ag, Agcllrcl (rn") lrcr (n"), Glyeine (.ul lAgcl, Ag (5-1)

together with Ëhe accurate transference data of Longsworth.4

They have expressed Èheír results by the equatlgn,

_Y"L.tl22t" 
t 

= ñ, (-0'20se \ * 0'2824 m"' % + 0'0247 nt'

- 0,L446 \*") (s-2)

.( and y" r^rere the mean molal activity coeffícient of potassLum'c 'c
chloride of mol-ality mc with and wlthout glycine respectively. \
and m^ were the molalities of glycíne and potassium chloride respectively.

u

Equation 5-2 was valld for m, < 0.5 and m" < 0.5.

In Table 5-1 the results of this work are shown ín column 4. Ttrey

r^rere compared with Èhose of RoberÈs and Klrkr¿ood, shown Ín coh¡uur 5.

It, can be seen that an excellent agreement was obtained. Eisenrnan5 has

reported that glasses of certain courpositlons $rere less selecË1ve

towards the dfpolar fons of the amino aclds tha¡r to K* ions. The amLno
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TABLE 5.1

Mean mo1al activi coef cients of otassium chl-oride

l-n $7ater and in slvcine-r,Iater rnixture at 25" .

0. 30000
0.51-057
o.7L778
0.9 3303
1.1438

0. 30000

5

0
0.L9L72
0.37582
0.55889

.L5942

.34439

.57369

0. 19065
0.2L469
o.23067
0.24270
0.252L2

0.19110
o.L9027
0.18945
0. 18875

0.22L6L
o.22L07
o.22047
o.2L974

0.L627rc
0.1904
0 .2033
0. 21s5
0.224s

0.L627*
0.t697
0.L766
o.L826

0.L627
0. 1890
0.2045
0.2L60
0.2245

mc
E (Volts) -1og .f -1og y (t i-ter. )c c

0
0
0
0
0

ll

il

ll

0.1627
o.L702
0.L766
0. r-826

0.50000

Notes:

t_

0
0
0
0

0. 1876*
0.L922
0.L972
0.2034

0.1876
0.L927
0 .19 80
0.2037

2

* Reference polnt.

-1og yc (l,iter.) are ll-terature values. At tB = 0, Ëhey were

obtained from the ínterpolaÈion of the values tabul-ated by

Robinson and Stokes.2 At ur, # 0, they were cal-culaÈed fro¡n

Equation 5-2.
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acids included glycine. The catíon-responslve glass electrode used

here was unaffected by glyclne. It was therefore capable of

measuring accuraÈe activLty coefflcients of poÈassíum chloride Ln

glycine-water mixtures. Thls e:,çeriment, was lndicatlve of the

possibility of measuring accurate activity coeffl-cients of sodir:m

chloride in glyclneì'¡ater mixtures. Indeed l-t was later for:nd

(see Chapter 7) that not only Electrode 7, buË also others, rtere

capable of such measurements. Resul-ts from the oÈhers were Just

as good as those obtained by uslng Electrode 7.
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Ttre Activítv CoefficíenÈs of Aqueous Sodium Chloríde at 0". 10o,25o

and 50o

(a) IntroductLon

The mean molal acÈívity coefficients of aqueous sodium chlorlde

have been deterrnined by many workers, especíall-y at 25o, using varLous

nethods. For example, Harned and Nínsl made use of sodium-auralgam

cells between 0o and 40"; Snrith2.r""d the elevation of boilÍng pol-nt

method betr¡reen 60o and 100o; Robinson3 used the isopíestic method

between 0o and 50o; Caram^r""4 used concent.ration cells between 0o

and 50o, and very recently, Truesde115, using sodJ-um-responslve

glass electrodes, also covered the temperature range betr,¡een 0o and 50o.

In this study the mean molal acËivity coefficients of sodlum

chloride were determined at 0o, 10or 25o and 50o from 0.01 m to 1 n.

At 25o the study hras extended to near saturatÍon of the sodíum chloride

solution.

The purpose of this work v/as to demonstrate the accuracy of the

experimental arrangement in the determination of the mea¡r r¡ola1 activlÈy

coefficient of sodium chloride; to test the sodium ion response

propertles of the glass electrode especially at 25" where there vr¿u¡ a

wealth of data from other standard methods, and to supplement the

data at other Ëemperatures where they were meagre,
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(b) Experimental and Treatment of Results

The experimental techniques have already been discussed in

Chapter 2. IÈ will Ëhus suffice to point ouË that the cell enployed

may be represented by

Ag, AgcllN"cf (n) lNa+ lon responsíve glass elecËrode (6-1)

The resulttng ernf of uhe cell was

E=C + s l-og r2y2 (6-2)

rÀrgere C was a consÈant, $ = or the NernsÈ slope. Detalls

of Equation 6-2 have already been discussed l-n Chapter 2. For two

measurements of sodlum chloride solutions at molalities m, and n,

of mean aetiwÍty coefficienËs yl and \, respectively, the value of \z

may be deternlned w1Ëh the elímination of C¡

1.og \2 = 1og y, * + (6-3)

m, and y, were the nolal-1ty and the mean molal acËivlty coeffielenÈ,

respectively, of the reference solutlon.

It should be noted thaÈ since only Èhe bínary system of NaCl-water

ís considered 1n this chapter, m and y will represent the molall-ty and

the mean molal activity coefficient of sodium chlorlde respectlvely.

The subscript c and superscript " will be dropped.

-tl,og 
12



The study was divided into tl^to concentration ranges, namely

betrreen 0.01 m and 0.1 m a¡rd betl¡een 0.1 n and 1m. Each range

contained iÈs orlm reference solutions. Ttris method was undertaken

to avoid errors arising from emf drifts of the glass electrodes

which could occur as a result of C in Equatlron 6-2 not remaining

constafit for long periods, or over a wide range of solution

concent,rations. C could be treaËed accurately as a constant only l-n

successive measurements of potential on solutíons of relatively sma1l

incrernental differences in concentrations. The constancy of C

depended on the glass elecÈrode itself and varied with electrodes

(see Chap tex 2). Hostetler, Truesdell and Christ6 h"rre also. recognísed

this fact when they measured the activity coeffícients of aqueous

potassium chloríde l^¡iËh a Potassíum-responsíve glass electrode'

t of Data at 0". 10" and 50o

87.

(i) NaCl-H 0 t 100 50"o

(if ) Trea

The raw data at these temPeratures are shornrn in Tables A-lt A-2

and A-4 in Appendix A.

Lietzke and StoughaorrT htrn" proPosed an equatíon to describe the

concenÈratíon dependence of the acÈiviËy coefficient of aqueous sodinm

chloride at 25" and at lOO'. Ttre equation was of the fotm

rl2
Am .ålogy=-

1*Bn
tlz *2cm+fo*2 E3 (6-4)
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Awas the Debye-Huckel lirntting slope and was taken as 0.5089 at 25o.

values of the parameteïs B, c, D and E have been obËained by then

for aqueous sodium chlorÍde at 25" by using Èhe osmotic coefficient

data tabulated by Robínson and Stokes.S The actÍvity coefflcients

calculated using Equation 6-4 and those tabulated by Robinson and

o
SEokesv are compared in Table 6-1. IË can be seen that the equation

expresses the experímental values quite adequately'

In thís work, Equation 6-4 was ernployed aË 0o, 10or 25o and 50o

as a semi-empirical equation to fít the data. Thus at 0o, 10o

and 50o Èhe activity coefficients in the concentration range of 0'1 n

to 1 m were fítted to EquaËion 6-4 by the method of least squares'

14
Values of the A coefficienÈ were given by Robinson and Stokes'-

Values of the coefficients B, C, D and E were obtained from the least

square fiË. Having obtained the parameters for EquatÍon 6-4 at thls

concenËration range, the reference acÈivity coefficients for that

between 0.01 n and 0.1 m were calculaÈed. As shown in the tables

in þpendix A, those with concenÈrations near to 0.1 m were always

chosen as reference solutions. ln thls way Equatlon 6-4 $tas never

extrapolaËed to concenÈïaÈions outsl-de those wlth which the lnitlal

fit was made.

tr"inally, all the daÈa at eactr tenperature, ê.8. al-l the data ln

Table A-1 in Appendix A, were fÍtted to Equation 6-4. The fl-t was

again made by Èhe method of least squares. The parameters obtalned

from Èhis final fiÈ are shown in Table 6-2. The sËandard dewiatLon
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TABLE 6-1

Values of -los \ at. 25o.

anl-i tv ftcient of aqueous sodium chlorlde (asvl_ coef

25o. Experimental (RS) versus CalculaÈed (LS).

RS LS m R^S LS

-loe Y) at

m

0.01

0.02

0.05

0. 10

0.20

0. 50

Notes:

0.0447

0.0602

0.0866

0.1088

0. 1339

0. 1668

o.0442

0.059 3

0.0849

0.1082

0.1338

0.L662

1.00

2.O0

3.00

4.00

5.00

6.00

0.1825

0. 1755

0.1463

0.1061

0.0585

0.0060

0.L822

0.L749

0. 1461

0.1057

0.05 78

0.0056

1

2

RS, Robinson ¿md stokes .L6'2L

LS, Lietzke and StoughtonT .r"irrg Equation 6-4 artð, the parameters

quoted by them (table 6-2, fourth colurnn).
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concentrations have been

in Table 6-3. Ttre least

is shown in Appendix C.
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used to fit Equatíon 6-4 are also shown.

acÈivity coefficients aË rounded

calculaËed. Ihe resulÈs are presented

square computer program for Equation 6-4

(ili) NaCl-H 0 25"

As shown in Appendix A, Èhe amount of data at 25o exceeded

those at oÈher temperatures. This was due to the preliminary

investigations of this research being carried out at 25o. Ttre

work at this ternperature r^ras essential-ly that of finding the

optimun condltions for measuring accurate activity coefficíents and

the calibration of new glass electrodes.

(iv) Treatment of Data at 25"

Results at this temperature are shown ín Appendix A in whlch

Tabl-e l-3(a) contains those beËween 0.01 m and 0.1 m; Table A-3(b)'

those betr¿een 0.1 m a¡1d 2 m; Table A-3(c), those between 1 m and 5 m

by the rmultl-sÈepr method; and Table A-3(d), those betç¡een 1m and

5 n by the rsingle-stePr method.

The rmulti-stepr meËhod ínvolved the charging of the concentration

in small increment,s so that a few separate experíments had to be

carried out Ín order to cover the concenÈratíon range of I m to 5 m.

However, the rsingle-stepr method would cover the same concentratlon
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range in a single experiment. This was done by measuring Èhe reference

emf aË I m and then after large addíÈions of the salt. The

tables in Appendix A wilL assist the explanation'

Unlike the results obtaíned at 0o, 10o and 50", those obtained

at 25" $¡ere not least squared because deviations from Èhe values

tabulated by Robinson and Stokes9 Ì^rele considered as departures from

ideality of the glass elecËrode measurements. Instead, Equatlon 6-4

and the paraneÈers quoted by Lietzke and Stoughton at 25o were

used to calculate the activíty coefficients at the various molaliÈles.

Differences between these calculated values and those obtained

from this work were considered as the deviations. The parameters

quoted by Lietzke and StoughÈon are shown in Table 6-2. " Also

shown are the parameters from the rsingle-stepr experiments.

(c) Discusslon

The results aË Oo, 10" a¡rd 50o will be discussed first. The mean

mo1al activity coefficients aÈ these tempeïatures will be compared with

literature values. Ttrey are shown in Tables 6-4, 6-5 and 6-6. Also

shown Ín the tables are values calculated using the Davíes equationrlo

rl2
-1ogf=A -0.2n) (6-5)

1*n

A is Èhe temperature dependent Debye-Huckel coefficl-ent. f ls the

mean ratíonal activity coeffícienÈ of sodíum chloride a¡rd was replaced

by y, the mean urolal activity coefficient, when calculating thç activity
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TABLE 6-2

ins the concentra deoendence of Èhe activity

aqueo us sodium chloride between 0.01-1 m.

100 25"4 50" 25 ob

coefflcients of

Coefficients 0o

A

B

cx103

ox103

rx103

Std.Dev. x 10

No. of points

0.4918

1. 40009

-2.OO54

L2.L489

-3.746L
3 r.4

4L

0.4989

1.44183

3.7882

6.2LL9

-0. 7558

0.9

30

0.5089 0.5373

1.45397 L.86484

9.7075 -24.6254

4.0418 s6.9774

-0.2328 -24.762

0.3 0.8

32

0. 5089

L,34767

Ls.6479

2.0LL6

0.0218

1.5

37

Notes:

1. The parameters are for the Equation 6-4. Values of A at Oo, 10"

and 50o are taken frorn Robinson and stokes.l4

2. a, these are parameters quoted by Lietzke and Stough'ton7 fo,
the concenËraÈÍon range 0.006-6.0 n.

3. b, parameters for fsíngle-stepr experiment over the concentratlon

range l- n to 5 n.
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TABLE 6-3

f acueous sodium chloride ( as -1oøv) noat

10o. 25" and 50" usíng Equation 6-4r

tl2
logy=- Am *Zcm+fom

1*Bn
t/z

00 100 25"

2*fn*3.

m 500

0.01

0.02

0.03

0.04

0.05

0.06

0.0 7

0.08

0.09

0.10

0. 20

0.30

0. 40

0.50

0.60

0. 70

0. 80

0.90

1.00

o.0432

0 .05 81

0.0687

0.0 770

0.0839

0.0899

0.0951

0.0999

0.1041

0.1080

0.1354

0,L522

0.1640

0.L728

o.L797

0 .1851

0.1894

0.L929

0. 195 7

0 .0435

0.0585

0.0689

0.077L

0.0840

0.0898

0.0950

0.0996

0.1037

0.1075

0. 1338

0.L496

0. r_606

0.1687

0.L749

o.L797

0.1834

0.1863

0.1884

0.0442

0 .059 3

0 .069 8

0 .0 781

0.0849

0.0907

0.0959

0.1004

0.1045

0.1082

0.1338

0. 1488

0. 1590

o.L662

0.L7L6

o.L756

0. 1786

0.1808

0.1822

0.0458

0.0611

0.0717

0.0801

0.0870

0.09 30

0 .09 82

0.Lo29

0. 1071

0. r_110

0.1377

0.1536

0.1641

O,T7L2

o.L762

0. 1795

0.1817

0.1832

o,L844

Note:

1. Parameters used ín the above calculatíons are found in Table 6-2.
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TA3LE 6.4

V ues of at 00.

c

ehlo

m

f the me-

ride at 0o. C = Caramazza

and Cook.

This work c

0.904

Èivi coefficíent us sodium

1
HN = Harned and Nims. IIC = Harned

11

References

HN Eqn. 6-5 HC

0.904

0.852

0. 823 0.825

4

0.01

0.03

0.05

0.0 7

0. 10

0.20

0. 50

0. 70

1.00

0.905

0. 854

0.824

0. 803

0. 780

0.732

0.672

0.653

0.637

0,822

0.772

0.723

o.664

0.631

0.773

0.724

0.664

0.63L

0.781

0. 731

0.6 71

0.638
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TABLE 6-5

Values of y at 10o.

arison of

chloride a

mo1a1 vl_ coef

HR = Harned and Robinson.

References

IIR

0. 781

o.734

0.677

0.649

tof us sodi

L2
t 100.

This work
m

0.01

0.03

0.05

0.07

0. 10

0.20

0. 50

0. 70

1.00

Eqn. 6-5

0.903

0. 850

0.905

0. 853

o.824

0. 8035

0. 781

0. 735

0.678

0.661

0 .648

it
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TABLE 6-6

ues of Y at 500.Va1

the mean

500. c

Como ar1 son of

chloride at

m

0.01

0.03

0.05

0.07

0.10

0.20

0. 50

0. 70

1.00

= Caranrazza.

3
Robinson.

Thís work

vitv coeffi

HR = Harned an

T = Truesdell. 5

References

c HR

0.896

0.820

t of aoueous sodium

12d Robinson. f,=

R

(0.8e8)

0. 816

mola1 acti
4

0. 768

0.72L

0.668

o.770

(0,725)

(0.67s)

0.772

o.729

0.678

o.666

0. 660

o.770

0.726

0.677

0.668

0.661

T

0.900

0. 848

0. 818-)
0.798

0.7745

0.728

0.674

o.66L-)
0. 6s4 0.64e (0.6s6)

5

Note:

1. Values 1n parentheses under HR wete read from plots of the enf

and boiling polnt results. That under T was Truesdellfs

reference activity coeffj-cíent.

a
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coefficients in Tables 6-4t 6-5 and 6-6. EquaËíon 6-5 is known Èo

be useful only aÈ low concentrations.

As shown in Table 6-4, the results from this r¿ork at 0" were in

good agreement hrith those of Harned and Cook.ll. The recent data

IL-1
of Caramazza,+ however, agreed wlth those of Harned and Nirnst- but

Harned and Cook have shown that. the values of Harned and Nlms were

in slight error and the recalculated values \¡Iere ín beËteT agreement

with resulÈs from other measurements. Unfortunately, Caranazza made

no mention of.Èhe results of Harned and Cook. Values calculated

from Ëhe Davies equaÈíon are shown 1n the fifth column for 0.01 n

and 0.03 m.. Literature values of the actiwity coefficients of sodfu¡m

ctrloride at Èhis tenPeraÈure aPpear to be scanty' A graphical

comparison of y values is shown in Flgure 6-1. The curve was dranrn

using the values from this work.

The results from Ëhis work aË 10o are shown in Table 6-5. They

showed good agreement with those tabulated by llarned and Robin"or,.12'13

The values calculated using Equation 6-5 were slightly smaller than

the experimental values.

At 5Oo (see Table 6-6), the results hrere compared wlth thoge

obtained by a number of Ì{orkers. MeasurenenËs by Truesdell5 were made

using a caÈion-responsive glass elecËrode (NAS l-1-18 glass composition).

IÈ was noË staËed 1f the electrode was available comnercially. He used

0.01 m NaCl as the reference soluÈion and calculated the reference
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activity coefficient using Equation 6-5 by replacing f with y,

the mean nolaL actiwity coefflcient. The À coefficient \ùas taken

as 0.524, whereas the value recorded by Robinson and Stokesl4 was

O.537 at 50o. Truesdellrs reference activity coefficient of y =

0.8983 would be altered to y = 0.8960 if the A value was 0.537. Ttrts

would produce a lowering of about 0.002 in all his y values at 50o.

The dielectric constant of r,Jater calculaÈed from his A value at Èhis

ÈemperaËure rüas 7L.L4 whilst that gÍven by Robinson and SËokes

yielded a value of 69.9L. Kay et aI.23 recently reinvestígated the

dielectríc constant of water and gave an equation expresslng the

dielectrlc consÈant as a function of temperature. From Èhe equatLon

a value of 69.91 was obtained. No reason could be found for the

discrepancy of the A values quoted by Truesd"tl.24 Caramazzats

acËÍvlty coefficients !{ere again smaller than those from this work

except aË 0.05 n. The values of Harned and Robinsonl2 
"rrd 

the

isopiestic results of Robínson3 were also recorded tn Table 6-6. rt

can be seen that seríous disagreemenË anong the dífferent sources

exist in vier¡ of the import,ance of the activity coefficients of sodÍr¡m

chloride at this temperaËur".15 The graphÍcal comparíson is shown

in Figure 6-2 where the curve was drar^rn using the values from thls work.

In a manner similar to thaÈ adopted in this study, Schindler and

wiltil7 confÍrmed the ldeality of their glass electrodes by comparing

the activity coefficlent of sodíum chloride at 25o 1n the range of 0.1 m

to about 2 m wlth that tabulated by Robinson and stokes. Table 6-7



0.80

0-80

b
I
UE
at:'
ßl

0

0

0 0 2 0.4
fn

l-00.6 0.8
rnotatity of NaCt

Fig. 6-2. A comparison of Èhe mean rnol-al activity coefficients

of aqueous NaCl aË 50o.

F Thía work

X C¡ramazzs¿

A True¡detl S

x
Â

X



99

shows Robinson and Stokest values compared with those of Cararnazza,

5 qarno¿l ,r'r,l c.rok.ll The work of these rÀtorkers haveTruesdellr' and Harned and Cook'

already been discussed at other temperatures. AÈ 25or Èhe resulÈs

of Harned and Cookll .t" in good agreement with those of Robinson

and Stokes.9 of particular interesÈ are the results of Truesdell

4

sÍnce he measured the acËíviÈy coeffícienËs using caÈion-responsive

glass electrodes. IIis results show about 0.3 mv dísagreement

aÈ0.05m,0.5m,0.7nandl.0m.TheresultsofCaxamazzaabove

0.01 ur show dewiations in excess of 0'4 nV'

Most of the electrodes used in this work were calibraÈed at 25" '

As shown in Table A-3(a) in Appendlx A, electrodes 5, 6, 7 and 9

show excellent resPonse to sodium íons in Èhe concenËration range

of 0.01 m to 0.1 m. It was normal PracÈice Ëo recalibrate the

elecËrodes after a series of invesÈigations ín the ternary system'

Thus Table A-3(b) shows that electrodes 1 and 3 have been calibrated

more Èhan once between 0.1m and 2 m. rn general , al-l the electrodes

when freshly procured exhibíted long stabllity and good resPonse

with drlfÈ rates of less than 0.1 mV/hr'

In Appendix A, Tables ¡-3(c) and A-3(d) show the resulÈs from the

f single-stepr and the 'mult1-stepr methods .respectively' Their tedr-

niques were already discussed earlier (see secËion (b) (iv) of this

chapter). At 25o, and between 1 m a¡rd 5 m NaCl, Èhe tsíngle-stepr

method resulÈed in deviations of the activíty coefficients from those
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TABLE 6-7

Values of y at 25o.

Comparison of Èhe mean molal activitv coefficienÈ of acueous sodium

9 11chloride aE 25o. RS = Robínson and SÈokes. IIC = Harned and Cook.

5 4T = Truesdell C = Caramazza.

m RS HC T c

0.01

0.02

0.05

0.10

o.20

0. 30

0.50

0. 70

1.00

Note

0.902

0. 871

0. 819

0.778

0. 735

0. 710

0. 681

0.667

0,657

0. 821

o.779

0. 733

0.681

0. 6s8

(0.902-)
I

0.872

0.822

0,778

0. 733

0.709

0.683_
5

o.6725

o.664

0.901

0.823

o.774

0.729

o.676

0.653

1 The value in parentheses under T was Truesdellfs reference

acÈivity coefficlent.
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recorded by Robinson and Stokes.16 In the rsingle-stepr rnethod

thepllofthesoluÈíonswerea]-sodeÈerminedÈoensurethatt'he

deviatíons rüere not due Ëo pll changes. During the experiment it was

observed Èhat the silver-silver chl-oríde electrodes were corroded

very rapídly, although the solution was already kept saËurated wlttt

silver chloríde by the presence of added solid silver chloride'

This was probably due to the salting-in of silver ctrloride by sodlum

chloride soluËion. Tlhe solubility of silver chl-oríde ín I N NaCl

is 0.1x1O-3Nandíncreases ro6 xto-3u in 5NNaC1.L9',20 The

plumcolouredsilver-silverchlorídeelectrodesgenerallybecame

palepinkorwhiteattheendofsuchanexperimenË'andÈheemf

showedslightsensítivityÈothestirringraËe.However,theemfs

recorded r^rere reproducible withín a few Èenths of a nillivolt' Ttre

results have been fíËted to Equatlon 6-4 by the method of least

squares.TheparametersarepresenËedinTable6-2(colr'rmr6)and

the average deviation of the fít was about 0.15 mV. Activlty

coefficients at rounded concenÈrations have been cal-culaËed and

presented Ín Table 6-8, where they lrere compared with Èhose tabulated

by Robinson and Stokes.21 A graphical comparison in Figure 6-3 shor¡s

that the devÍaËions íncreased wlth concenÈrat10n so that at 5 m, the

deviation was about 1 nV'

rt has been shown by Lani"ttS arr.a his measured activlty coefficients

at 25" díffered from those recorded by Robinson and stokes by as much

as 1 mV near 5 m. A proper study of hls work was imposstble through

the absence of numerical data 1n hls paper. Hor¿ever, judging from the



-0-

-0"

-0-0

-0

0

?.

1

t

0

>o
CN
C¡

0
U'
a,

g -0.

-0.14

-0.1

-0.18

1.0 2-0 6-0

The mean mola1 activity coefficíents of aqueous NaCl

obËained from the rsingle-sËepr experiments comPared with the

literature values. O Values calculated from Equation 6-4.

3.0 4-0 5- 0
m motatity of tlaCt

t

¡

1
lmV

t This work

o Catcd. Eqn.6-/.

Fig. 6-3.



Me mola1 activi

r02.

TABLE 6-8

Val-ues of -1og y.

tv coefficienÈs las -1os v) f

experiment (1 m lq-l-¡)-.

This work

0,L824

0.1813

0.L728

0.1595

o,L425

0.L226

0.1001

o.0752

0.0480

0.0186

rom the rone-stepl

RS

0,L822

0.L824

0.L749

0.L623

0.1461

0.1270

0.1057

0.0825

0 .05 78

0 .0 321

m

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

Note:

1. R,S = Roblnson and Stok.".2l Ttre values are calculated from

Equation 6-4 using the parameters shor¡n Ín the fourÈh column

of Table 6-2.
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graphical data provided, the deviation from Robinson and stokes'

values was símilar to that which was obtained in the rsingle-stepr

experiments.

The posslbilíty that the deviations rrrere due to the shortcomings

of the rsingle-stepr urethod resulted in the inltiation of the

rmulti-stepr method. The resulÈs of the rmulti-stepr method are shown

ln Table A-3(c) in Appendix A. Good agreement was obtalned with the

activity coeffícients of Robinson and stokes. Although Èhe deviations

were in the same direction as Ëhose in the tsingle-stepr experinents,

Ëhey were less than about 0.2 rrv. It must be pointed out ÈhaÈ the

results from Èhe 'multl-stepr method do not Prove thaË those obtained

from the fsingle-stet' rnethod were íncorrect. Ihis ís because all the

reference activiÈy coefficlents in the rmulti-stept method were taken

from the curve describing Èhe data of Robinson and Stokes' However,

iÈ does show thaÈ agreemenË with Robinson and Stokes I values can be

obtained by working in stePs ovel Èhe concentratlon range of 1 m to

5 m. Also, iÈ does presenÈ the possibility that the rslngle-stepr

method could have shortconings. Recently, Scatchard et al'22 t"potttd

emf measurements for the systems NaCl-MgSO 4-HZ0 
and Narso o-MZcLr-ErO

using some Beckma¡r 39137 cation-responsíve glass electrodes at 25o'

They ÈesÈed the accuracy of their procedure with a series of sodfum

chloride solutíons in the range 1.0-6.16 m and found that the

deviaÈions from the activity coefficíents given by Robinson and Stokes

were less than 0.4 mV. Unfortunately, no data was given for any
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useful comparfson r{tith this sÈudy.

Finally, Èhe actlvity coefficients of sodlum chloride betrreen

0o and l-00o have been plotted versus temPerature for 0.1 nr 0.2 mt

0.5 n and 1.0 rn using the daÈa of Harned and Robin"or,.21 Results

fron this work have aiso been included, and they are shown in

Figure 6-4.
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Acrivi tv Coefficients ín the Terna SvsÈem: Sodí um Chloríde-GlYclne-

I,{ater a 00 100 25o and 50o

(a) InÈroduction

Itre effects of aqueous salË solutions on the actívity coefflcients of

non-electrolytes was revíewed in L952 by Long and McDewit.l 
"t"t,

a sunmary of develoPments uP to L964, together Ì'.tiËh an extension of the

theories, r^raf¡ published by conway, Desnoyers and smith.2 these reviews

1lrere more concerned wiÈh saltirrg-orrt effects than with salting-ín

since the latter phenorneno[ w¿lsi noÈ so conmon' especlally with the

simpler 1-1 saIts.3

Theprobleus,wherethenon-electrolytehappenstobean

amino acid, a pnotein, or a peptide' are of sufficient Ímportance to

meriÈ an exËensive consideration in the book edited by cohn and

ndsall.4 The early methods of studying non-electrolytes in aqueous

salt soluÈions were based on solubi(iq methods. This was replaced by

emf methods whictr had an added advantage over the solubiliËy methods

because the concentration of more than one of the conPonenËs could be

independently varÍed. Thus Josephs, using emf cells wiÈhout liqutd

juncÈÍons, determined the activity coefficients of sodium chloride l-n

aqueousr glyci-ne solutions. G1-ycine, which is a non-electrolyte, 1s

best described as a dipolar anino acid. The resul-ts 1^Iere Èhen used

to calculate the activiÈy coeffi-cient of glycine in the salt solutions'

Joseph used a cel-l of Èhe tYPe:

Ag, AgcllN"crlNa*ttgluact, Arnino acidlAgCl, Ag.
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The use of sodium amalgam electrodes in soluLions contaíning anino

acíds creates a nurnber of experimental difficul-tíes' For example,

Joseph found that r^Ihen sodíum amalgam was brought into conÈacË with

a solution of glycine, Èhere r^ras an evolution of hydrogen' In

spiteof,theseexperi-mentaldifficultieshewasabletomeasurett¡e

activity coefficienÈs at 25" and aÈ 1.4" + Q.2". Thus at 1,4o he was

able to derive values at low concentrations of sodium chloride and

glycine(0.01mto0.1mNaC1and0.1mËo0.4mglyeíne);at25"he

was limíted to working at higher concentrations (1 rn to 4 m NaCl

and 0.5 m to I rn glYclne) .

Scatchard and Pren¡i""6 h".r" also measured Ëhe activÍty coefficlent

of sodium chloride Ín glycine-water mixtures using the depressíon of

fteezir|g point method. The chÍef disadvantage of this method for

thermodynamic calculation is that Èhe temPerature at which the chernical

potential of the solvent is measured varies with the composition'

The cation-ïesponsive glass elecÈrode has been ,sed by LanierT

to measure Ëhe activity coefficienË of sodlum chloríde ln water-

organlc solvent mixtures ax 25". Apart from being r:sed in biological-

fluíds (see Ghapter 1) Ëhere seem to be no instances of such electrodes

being used Ín a medium containing an amino acid'

In this section of the researeh, various cation-responsive glass

electrodes \^reïe used to investigate the sodium chloride-glycine-water

system aÈ oo, l0" r 25o and 50o. The actiwity coefficients of sodium



110.

chloride were calculated from these experiments and then using

Equatíon 7-4, those of glycine wele calculated.

(b) ExperimentaL

The experímenÈal techniques and procedures have already been

discussed i-n Chapter 2.

(c) Results

Al1 the resulÈs regarding the system NaCl (m.)-Glycine (tr)-Water

are tabulated ín Appendix B. The invesÈigaËions ÍIere carried out at 25o,

50o, Oo and 10" and in that order. The large anounË of data at 25o was

agaÍn due to the prellrninary investigations of this ternary system

being carrÍed out at this Èernperature and.also, most of the experiments

r¡rere repeaÈed more than once. In the earlier part of this work (1.e.

at 25"), solutíons of glycine conÈaining known concentrations of sodlum

chloríde were made up anci used as reference solutions (e.g. see

Table B-3, Appendix B for elecÈrodes 5 + G, tB = 0.098888'

m = 0.095656.). In such cases the reference acÈivity coefficient
c

relÍed upon the accuracy of an earlier experiment. Thr¡s ín the

example menÈioned, the reference actiwtÈy coefficienü T¡ras taken from

an experiment in which Èhe val-ues of m" were varied aÈ 15 = 0.1.

This Ëechnique was later discarded and pure sodium chloride soluÈion

was used as the reference (e.g. see Table B-3, Appendix B for elect,rodes

9 + C arrd 9 + G, Ih = 0.028669, mc = L.4928). Glycine h7€ls then added

afËer which only the concentrat,Íon of the sodium chloride (m") was
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varied. Such a technique was adopted at 0", 10o and 50o. The sources

from whích the reference activiËy coefficients were taken are

lndícated in the Notes aÈ the end of each table.

From the investigations al 25", it was found thaË the GEA type

electrodes showed a superior performance to the others (e.9. see

Chapter 3). Ilence, at other temperatures lt was decided to use

only the GEA type electrodes.

The sysrern KCI (m.)-Glycine (r5)-Water has been invesÈígaËed by

Roberts and Kirk¡^rood8 and by Robinson and Bower.9 Roberts and

Kirlcr¿ood have expressed the activity coefficienË of potassium chlori.de

as a pohrer seríes of th and m":

t/2 2 (7-1)+B
11

m
c

* Br2*") + Bzo\

Y c
and 1o áre t¡e activÍËy coeffícients of potassium chlorÍde in water'c

wíth and without glycine respectively.

Robinson and Bower, in ext.ending the system over larger

concenttations, have expressed the actívity coefficient of potasslum

chloride in the form,

t"* + = ,5(Bro

t"rä=Bro\+Bzo\ 2 3* Bgo\ + Btz\*"

+ Bt4\t. + BrO^uz^"z2 (7-z)

Joseph

form,

5 hr" expressed the data of Scatchard and Prentiss6 in the
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LLz,

tlz
+

slz
3t" )log

Y

(7-3)

where y and Yo were Ëhe actiwÍty coefficients of sodÍum chloride'c 'c

in rÀrater with and wíthout. glycine respectively. Equation 7-3 is an

extended form of EquatÍon 7-L.

Ihe results from Èhis work at 25o hrere fitted to a number of

empirical equations, íncluding Equatior- 7-2, by the method of least

squares. It was found ËhaÈ Equation 7-3 expressed Èhe data withl-n

the experimental errors not only at 25o but also at 0", 10o and 50o.

The parameters are tabulated ín Table 7-1 together with Èhe average

dewiations of log V"/V! in making the fit. The last row of Table 7-1

shows the ngrnber of points actually used ín Ëhe leasÈ square calculation.

They a1-so represent the total nunber of experimentally determined values

at each Ëempeïature. The computer plograms written for the least square

of Equations 7-1 and 7-3 axe presented in Appendíx C.

Ihe data at 25" in ttre concentration range of 15 < 0.5 and

m < 0.5r nere also fitted by the method of least squares to Equatlon 7-1-.
c-

The parameters are shown in the last column of Table 7-1. ActlvlÈy

coeffícients of sodium chlorLde at rounded concentrations in the

NaCl-glycine-waÈer mixÈures were then calcuLaËed. Ihey are shown in

Tables 7-2 and 7-3 for the four temperatures. Since the solubility of

glycine ís limiËed by ternperature, for *8 t 1.5 the acËivity coefflcient

o

c
u12t" * 81= \(Bro * uut"

^ Ll2t (Bzo + nrrn. ' )%+
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TABLE 7-1

ParameÈers for Eouation (7-1) and Equation (7-3).

Equation ( 7-3) (7-1)

Temperature 00 100 25" 500 25"

BrO x 10 -9s.874s

L6.4936

LL7.728

-52.4754

B

Bux1o3

Bßx1o 3

Brt x 1o
3

Ave. Dev. 5.8 x 10

No. Pts.

Notes:

l. Ave. Dev. = llean deviation.

2. No. Pts. = Nurnber of points least squared.

3. values in which *B ' 0'5 and m" < 0'5 were used in the least

square calcuLation, when deriwing the parameters of Equation 7-1.

103x

3

x 103

-r09.646

L7 .4372

138.491

-r05.773

43.6s89

-13.1407
-tL8.6 x 10

50

-95,4397

13.1255

118.034

-81.7807

30 . l-79 8

-r.0.1482

-tL9.4 x 10

44

-88.2207

11.5182

LL7.323

-74.9969

22.9092

-10 .05 74

1.06 x l-0

L67

-72.4392

6. B650

94.6560

-66.6301

23.8390

-5.2654

-1 -1-L.49x10"

70

-4

34
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TÆLE 7-2

The effect of

Tabulated

rB Temp. oC

values of -1og

0.01

0,o444

o.0392

0 .0 360

0.0302

0.0599

0.0532

0 .0489

0.0414

0.0807

0.o723

o.0667

0 .05 73

0.1089

0.0994

0.0922

0.0812

0.L204

o.Lr24
0.101-9

0.L273

0. 1194

0. 1370

0.1338

0. 1530

on activi coefficienÈ of odium ride in

ueous solu at 0o 100 2
o and o

m
c

0.5

0.7

1.0

1.5

2.0

2.5

3.0

0.0363

0 .0 321

0.0288

0.0244

0 .0489

0 .0434

0.0 391

0 .0 335

0.0656

0.0589

0 .0531

0.0461

0 .0 880

0 .0 806

0.0731

0.0651

0 .09 70

0.0886

0 .0 813

0.099 7

0.0948

0.1_063

0.10s6

0. 11_89

0 .0342

0.0 302

o.0269

0.0229

0 .0460

0.0409

0 .0 364

0.0313

0.0618

0.05s4

0.0496

0.0432

0.0827

0.0757

0.0681

0.0609

0.0910

0.0824

0.0 760

o.0926

0 .0 885

0 .09 86

0 .09 84

0.l-105

0

10

25

50

0

10

25

50

0

10

25

50

0

10

25

50

10

25

50

25

50

25

50

50

0.05

0.0381

0 .0337

0.0304

0,0257

0 .0513

0 .0456

0 .0413

0.0352

0.0690

0 .0619

o.0562

0 .0487

0.0926

0 .0848

o.0774

0 .0687

0.L022

0 .09 39

0 .0859

0. 1058

0.1_003

0.1130

0.1118

o.1264

0.0 7 0. 10 0. 20

0.0296

0.0260

o,0226

0.0195

0.0 398

0.0 352

0.030 7

0.0267

0 .05 34

o.0477

0.0417

0.0368

0.0 714

0.0651

0.05 73

0.051.8

0 .0 783

0.0693

0.0646

0,0779

0.07s1

0 .0 829

0.0833

0.09 304.0
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TA3LE 7-3

The effect of elvcine on the actlwity coefficient of sodium chlorlde 1n

us soluÈion at 0o 100 25o and 50o.

Tabulated values of -1oe

\ Temp. oC

0. 30

m
c

0.5

o.7

1.0

1.5

2.0

2.5

3.0

0

10

25

50

0

10

25

50

0

10

25

50

0

10

25

50

10

25

50

25

50

25

50

50

0.0266

0.0233

0 .019 8

0.0173

0.0358

0.0315

0.0269

o.0237

0.0481

0 .0428

0.0367

0.0327

0.0645

0.0585

0 .0505

0.0460

0.0 705

0.0614

0.0s74

0.0692

0.0668

0 .0 740

o.0742

0 .0830

0.50

0.0225

0 .0196

0,0L62

0.0144

0.0304

0.0266

0.022r
0.0r9 7

0.0410

0.0362

0.0303

0.027 3

0.0554

0.0499

0,o42r

0 .0 385

0.0606

0 .051 7

o.0482

0.059r_

0. 056 3

0.0643

o.0629

0 .0 713

0. 70

0.01_95

0.0170

0 .01 38

0.0123

0.0264

0.0231

0.0189

0.0169

0.0358

0.0316

o "0260
0.0235

0 .0489

0.0440

0.0 36 7

0. 0 334

0.0540

0.0459

0.0420

0.053s

0.0494

0.0595

0.0556

0.0643

1.00

0.01s6

0.0138

0.0111

0.0099

0.0212

0.0188

0.0154

0.0136

0.0290

0 .0260

0.0215

0.0190

0.0402

0.0 368

0.0312

0.o273

0.0461

0.0401

o.0347

0.0483

0.0414

0.0558

o.0473

0.0567

1.10

0.0143

0.0128

0.0104

0.0091

0.0195

0.0175

0.0L44

0.0t26
0,0267

0.0243

0.0203

0. 01 76

0.0373

0,0346

0.0297

0,0254

0.0436

0.0386

0 .0325

0.0470

0.0390

0.0550

0.0448

0.0s434.O
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of sodiurn chloride at Oo can no longer be represented in the Èables.

In a separate experiment at 25", the parameÈels ín Table 7-I

hrere Ëested by using them to predict some experimenLal values.

The results are shown in Table 7-4. The Ëest shows that the results

at 25" are reproducible to within 0.2 mV and that the parameters

given for Equation 7-3 are rel1able.

In Figure 7-1 the concentration range in which the actiwiËy

coefficients in this research were measured are shown for each

temperatute. Those of Joseph'5 *d Scatchard and PrenÈiss6 are also

included. Scatchard and Prentíss made measurements using compositions

of 213 sodíum chlorlde "rr¿ 
1/3 glycine, and U3 

"odí.r* 
chloride

^,.a213 
glycine, ín Èerms of their molallties. The actual

composltions used are shown by black dots in Figure 7-1. Those

from this research aÌe enclosed in the rectangles where the

15 values indicate near or at. saturation of the glycine solutions.

The shaded rectangle represents Josephfs work at 1.4o.

By applying the cross-differentiation relatio,,shípr13

âlosv
z(4 = Q_4)' ðt5 '*" *"

one can also express the activÍty coefficient. of glycine as a

po\^rer series of *B and m.. Thus Equation 7-3 is transformed into

l"s (þ = n"(2Bro * 4rurr*"t /' * 
"rr^" 

* å*rr* ""',YB

r 4mum.(B zo + ZlBzt^""', (7-5)



I'vno rl-men

ElecËrode

4+G

5+G

4+e

Note:

rq1 fê

25o us

sÈ on

íne the

0.29937
o.44862
0.62L70
o.779L9
o.92586
1. 090 3

volts

0.r42L5
0. 16159
0.L7749
0.18863
0.L9728
0. 20559

0.r4739
0. 16601
0.19438
0.2L345
0.2L962

0.14080
0.L5892
0.L7403
0. 18912
0.20304
0.2L502

0.17004
0. 1813
0. 1886
0.1925
0.1943
0.1952

c

o. l-7004
0. 1808
0.L926
0.1950
0.L947

o.t777a
0.1871
0.1936
0. 19 78
0.L994
0. 19 78

0. 1700
0.1810
0. 1883
0.L92L
0. 19 38
0.L942

0.1700
0.1805
0.L922
0.L942
0. 19 32

o.L777
0. 1_870

0.1934
0.L976
0. 19 88
0. 1968

m
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TABLE 7-4

7-3 f.orEnrrel-i on

DA

\

0.53833
il

il

ll

1l

ll

rameters shown in

E

sodium chloride-elvcine-$rater at

Table 7-1.

-1og y -1og Y (catc. )cc

o.29937
0.44LO2
0,78693
L.1470
L.2925

0.53833
tt

ll

ll

il

0.759930.29938
0.43528
0.s9284
0. B0 314
1. 0568
L.329L

It

ll
n

il
il

1 a represenÈs Èhe reference acÈiwity coefficlent and the reference

poinË. val_ues of a and -1og yc (calc. ) are calculaËed fron

Equation 7-3 usÍng the 25o parameters shown in Table 7-1.
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From the parametels tabulated in Table 7-l' values of t"* (þ-YB

at rounded concentratíons of glycine and sodium cTrlorÍde are calculated'

They are shown in Tables 7-5 and 7-6 f.or Èhe four temPeratures.

(d) Dis cuss íon

InthefollowingdiscussionrunlessothensisesÈaÈed'n5and

m will represenÈ Ètre molality of the non-electrolyte and electrolyte
c

respectively.

coefficienÈs.

Yg, Y", Yfi, ancl Vl will represent the mean molal activity

The subscripts B and c indicate the non-electrolyte and

electrolyËe respectively. The supeÏscrlpt o índicates the vaLue

in the binary system, e.g. YB and vj indlcate the mean rnolal acËivity

coefflcient of the non-electrolyte at molality m, wlth and withouË

the presence of the electrolyte respecÈively. Sirnílarly, Y" and yo

represent the mean molal activiÈy coefficlent of the elecÈrolyte at

urolality m. with and without Èhe pÏesence of the non-electrolyte

respectivelY.

(i) The Activi tv Coefficíent of Sodium Chl-oride as a Function

of TemperaÈure

The behaviour of the mean molal activity coefficient of aqueouÉt

sodium chloride with and without added glycine and also as a

function of temperature is shown in Figure 7-2. Curves P and Q show

the activity coefficients of 0.5 m and l-.0 m Nacl solutions as a

function of Ëemperatule. orr adding glycíne to these Ëwo soluÈlons



1r9

The effect

TA3LE 7-5

of sodium chloride on the actívity coefficient of glycine in

aqueous¡ solution at 0o, 10", 25" and 50o.

Tabulate values of -1o
YB

at rounded concentraËlons.o

B

r5 Temp. oC

0.5

m
c

0.7

1-.0

1.5

2.0

0

10

25

50

0

10

25

50

0

10

25

50

0

10

25

50

10

25

50

25

50

0.01

0 .0017

0.0015

0.0014

0. 0012

0.0016

0.0014

0.0013

0.0011

0 .0014

0.0013

0.0012

0.00r_1

0.0010

0 .0010

0.0010

0.0009

0.0008

0 .0007

0.0008

0.0005

0 .000 7

0.05

0 .00 76

0.0068

0 .0062

0.0054

0.0070

0 .0063

0.0058

0.0051

0.0060

0.005 7

0.0052

0.0048

0.0045

0.0045

o.0042

0.0042

0.0033

0.0032

0.0036

0.oo22

0 .0029

0.0 7

0.0103

0.009 2

0.00 84

0. 00 73

0.0094

0.0086

0 .00 79

0.0069

0.0082

0 .0076

0 .00 71

0.0064

0 .0061

0.0061

0.0057

0.0056

0.0045

0 .0043

0.0048

0.0030

0.0040

0. 10 0. 20

0.0141

0.oL27

0 .0 115

0.0100

o.0L29

0.0118

0.0108

0.0095

0 .0112

0.0r_05

0 .009 6

0.0088

0.0082

0.0083

0.00 78

0.00 76

0.0061

0.0059

0.006s

0 .0040

0.0053

0.0255

0,0229

0.0206

0 .01 79

0.0234

0.0213

0.oI92

0.0170

0.0201-

0.0189

0.0L72

0.0158

o.0L47

0.0148

0 .01_37

0 .0137

0.0108

0.0L03

0.0115

0.0069

0 .009 4

2.5

(contd. )
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TABLE 7-5 (contd.)

l5 Temp. oC m

3.0

4.0

Note

25

50

50

0.01

0.0003

0.0005

0.0003

0 .05

0.0012

0.0023

0 .00r_1

c

0.0 7

0.0016

0 .00 31

0.0015

0.10

0 .0021

0.0042

0.0019

0. 20

0. 00 35

0.0073

0.0031

( 7-s)

)1

'r., 
(þ = *.(2810 * þrr'"t 

l' * ut ^" * þrr'"
slz

a5
2Lm

yU and yfi are the activity coefficients of glycine r¿1th and

withouË sodium chlorlde respecÈlvely.

+
"""

t"(tro * þ



LzT.

TABLE 7-6

The effect of sodium chloride on the acÈivity coeffíclenÈ of glycíne in

aqueous soluËion at 0o. 10" , 25" and 50o.
YB

Y;
Tabulated values of -loe at rounded concentrations.

15 Temp. oC m
c

0. 30 0.50 0. 70 1.00 1_. 10

0.5

o.7

1.0

1.5

2.0

0

10

25

50

0

10

25

50

0

10

25

50

0

10

25

50

10

25

50

25

50

0.0357

0 .0 319

o.0284

0.0248

0.0326

o,0297

0.026s

o.0236

0.0281

0.0263

0.0237

0.0219

0.0205

o.0206

0.0190

0.0189

0.0150

0.0L42

0 .0 159

0.0095

0.0130

0 .0534

o.0476

0 .0416

0.0367

0.0489

0.0443

0.0389

0.0350

0.042L

0.0393

0. 0349

0.0323

0.0309

0.0310

0.0281

0.0280

0.0226

0.0213

0 .0236

0.0145

0.0L92

0.0687

0.o6L2

0.0529

0.0468

0.0631

0 .05 70

0.049s

0.0446

0.0s46

0.0507

0.0446

0.041_3

0.0404

0 .0403

0.0363

0.0358

0 .029 8

0 .0280

0.0303

0.019 8

0.0248

0.0881_

0.0 784

0.06 71

0.0595

0.0812

0.0 733

0.0632

0.0568

0.0708

0.06s7

0.0574

0.0528

0.0534

0.0530

0.0478

0.0461

0.0403

0.0382

0.0394

0 .0 285

0,0327

(contd. )

0.09 37

0.0835

o.o7r2

0.0632

0.0 864

0 .0 781

0.067 3

0.0604

0 .0 756

o.0702

0.0614

0.0562

0. 0s 74

0.0569

0.0515

0.0492

o.o437

0.0416

o,0422

0.0318

0.0352

2.5



TABLE 7-6 (contd.)

15 Temp. oC

3.0

4.0

Note:

1.

0. 30

0.0048

0.0100

0.0041

L22.

0.50

0.0078

0 .0148

0.0060

Llz

m
c

0. 70

0 .0115

0.0193

0.0083

1.00

0 .0189

0.0260

0.0125

1.10

0 .0 219

0,0282

0.01_41

25

50

50

t"r*= m.(2Bro *þrr'" Ll2 TLi 812*" * ËBr¡*" )
glz

+ 45m

y, and Vi are Èhe actívity coefficient's of glycine wiÈh and

r4TithouÈ sodium chloride respectively.

)
"(uzo 

* þrr'" ( 7-s)
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(u5 = 0 * r, = 1), the chemical potenÈial of sodium chlorlde decreases.

Thls is shown by the decrease in log Y" and the result fs

tepresented by curves X and Y. The decrease appears larger at 0o than

at the other temperatuïes studied. By keeptng \ constant (at 15 =

1.0) and increasing m" from 0.5 to 1.0, the activity coefflcient of

sodium chloride is again decreased. This ís shown by Ëhe difference

ín the curves X and Y. By considering the pairs of curves P and Q'

and X and Y, it can be seen that the decrease in 1og Y" values (when

m-'íncreases from 0.5 to 1.0) is larger in the absence of glycine.
c

It is of interest to note ËhaË the addition of glyclne apPears

to have shifted Èhe maxima of 1og Y" towards a higher tempeTature.

Figure 7-3 shows the activity coefficienË of sodium chloride in

1 rn glycine solutlon at 0", 10", 25o and 50" ploÈËed as a funcËion of

its concentrat.ion. For ttre PurPose of comparison, similar graphs

have been ploÈted but this tfme without glycine. They are shown ln

Figure 7-4.

The lor¿ering of the acËivlty coefficíents of sodium drl-oride by

glycine and vice veTsa wÍll be discussed in a later sectlon under

'Saltíng-in and Salting-outr.

(ii) A Comparíson r,riËh Literature Values

A cornparison of the results obÈained from this work with those of
q

Josephr- and Scatchard and Prenti"s6 is shown ln Figure 7-5. Curves
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p and Q are drawn using the results from this work for solutions of

compositions fnB = 0'4, *c = 0'1 and tB = 0'4' mc = 0'05' The subscripts

B and c represent glycíne and sodium chlorlde resPectively.

Regarding the resulËs of ScaËchard and Prentiss, the depression

of freezing poínt of water by glycine and sodium chl-oride was

estimaËed by assuming Ídeal soluÈe in water. The molal lowering of

freezhng point for water as solvent Ì^tas taken as 1.86 and the estÍmated

lowering of the fteezj:ng point was about 1o for both composítions ' As

shown in Figure 7-5, the values obtained by Joseph, and Scatchard

and Prentiss were lower than those of this work. Josephrs results

indícate dewiaËions of about 0.15 mV from the curves P and about

0.3 rnV from Q. Scatchard and Prentissr results l-ndicate deviations

of about 0.3 mv from the curves P and about 0.5 mv from Q.

At 25o comparison with Josephts work was only possíble aÈ one

compositionr namelY, at *B = 0.5 and m. = 1.0. For the value of
'{^

fog j he obtaíned 0.006 as comPared to -0.01-1 frour Èhís \^rork' a
lc

díf ference of about 1.7 mV. At this cornposition his resul-ts, therefore,

indicate sl-íght salting-out of sodium chloride by glyclne, whereas this

work indlcates salting-ín. Ilowever, considering the experimental

diffículties of his method (see Introcluction) the results from this

work should be more reliable. Josephrs other composiËíons at this

temperature contained sodiurn chloride aË 2 m, 3 m and 4 m - a1l of which

were above the concentraËion covered in this work. It ls inËeresting to
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note that his resulËs at 2 m, 3 m and 4 n NaCl indicated salting-out

of sodium chloride by glycíne and the salÈing-out increased with the

concenLration of NaCl. The results from thls work shown in Tabl-e 7-3

for 15 = 0.5 at 25" shows the decrease in salting-in of Nacl as the

value of m., the molality of NaCl increases. Such a Ërend is sirnilar

to that of Joseph's and it may weLl be that at 2 m, 3 m and 4 m Nacl,

sodium chloride is salted-ouË by glyclne'

(iii) The Ef fecÈs of Elec trolvÈes on Non-electrolvtes in Aqueous

Solutíons and Vi-ce Versa

The thennodynami-cs of the ternary system, Electtolyte (c) -

Non-electrolyte (¡) - i{ater aE 25", have been investigated for c = NaCl

with B = manniÈolrl0 "orbitolr1l "rrd,.rt""12 ^nd 
also for c = KC1 wlth

og = glycine.v The influence of the electrolyÈes on Ëhe non-elecËrolytes

and that of the non-electrolytes on

lues are presented in Table 7-7

for 15 = *. = l- and from them inÈerestíng conparisons can be obtaíned

for the different sYSÈems.

As shown, the Ínfluence of Nacl on glycíne at 25o is more than

five times that of NaCl on urea and greater Èhan ttrat of KCl on glycine.

At the sane time, the influence of glycine on NaCl- at 25" is more than

five times that of urea on NaCl and greater than that of g1-ycine on KCl'

It is also shown that for the sysËem NaCl-Glycine-Ilr0, a decrease 1n
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TAsLE 7-7

Sys tems

NaCl-Glycine-HrO 0o

100

25"

500

Sorbi Èol-NaC1-Hr0

Mannltol-NaCl-H 0
2

Urea-NaCl-Hr0

Glycine-KCl-H20

Yn. Ye

,f,) an¿ (-roe;io) at \ = m" = 1.

-Y¡-Y.-tos G -tos 4

25OLL

25 "10

25"L2

o
250'

0.0708

0.0657

0.0574

0.0528

0.0171

0.0048

0.0113

0.047r_

0.0290

0.0260

0.0215

0.0190

0.0101

0.0029

0.0043

0.0170



the temperature lncreases the rnagnitude of 1tg 3 t"¿ fog k'rB Yc

tos ,P* = *"(2810 * þrr*"t/'

(iv) The Dioole Moment of Ëhe Glvcine Molecule

Roberts and KirkwoodS *."",rtàd ah. emf of the cell,

Ag, egcllrcl (*") lGlvcine (r5), KCl (m") lagcr, 4

and calculated therefrom the effect of glycine' on the actl-vity

coe.fficíent of potassium chloride. They expressed the activlty

coefficient of poËassiurn chlorÍde as a po\À7er series of Ih and m"'

The expresslon is represented by Equation 7-1'

By appl_ying the cross-differentiation relationship (gíven by

Equatlon 7-4) on Equation 7-1, one can also express the activity

coefficient of glycine as a power series of th and m"' Thus t

Equation 7-1 is Èransformed into

t27,

which ís equivalent to

312
loe Yn = 2B1o*" * þrr*. * Bl2*"

* 812*" + 4Bror5) ( 7-s)

(7-6)2

when 15 = 0.

According Ëo Kírkwood,14 the limiÈing slope of Equation 7'6,

ZBLO, can be used to caleulate the dipole moment of the glyclne dipolar

ion. Usi-ng a spherical model of the glycine dipolar ion, he had obÈalned
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a theoretical expression for Èhe value of 2BrO. Replacing the universal

constants in the expression by thetr numerlcal values for waËer at 25",

one obtaíns8

-32 -3
28 = -J.48 x 10 u /a+ 4.66 x 10 Vr/a x a(p) (7-7)

L0

where U ís the dipole momenÈ of the dipoJ-ar ion 1n Debye units and VU

is the partial molal volume of the dipolar ion component. a = b * r,

where b is the radÍus of Èhe dipolar íon and r is the radius of the

reaL ion. a(p) ís a tabulated functionl4 th.t" I =bla. a, b and r

are 1n I units. For the glycine molecule b = 2.82 B', and Vu = 57 *1.15

The first Èerm on the right side of Equatíon 7-7 is due to the

ion-dípole interactlon and represents the tsalËing-int effect.

This term gives rise to a decrease in Ëhe chemical poËential of the

dípolar ion by the electrolyËe. The second Ëerm is due to the

repulsion between the real lon and its image distríbuËion 1n the

cavity creaËed by the dipolar ion in the solvent. This term represents

the fsalting-outr effect and it gives rÍse to the increase ín the chenr-ícal

poËential of the dípolar ion by the electrolyte.

Roberts and KírkwoodS exËrapolated their results to r5 = 0 and

using Equation 7-7 caLculated a value of L4.4 Debyes for the dipole

moment of the glycine molecule. They had used r = 1.38 8, where r

r^ras the arithmet,ic mean of Èhe radii of the poÈassium and chloride fons.

RecalculaËingwith r = 1.57 I (a value given by Gourary and Adrianl6),

u = 14.3 Debyes was obtafned.
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Subjecting the data at 25" of thís research to a similar

calculation, u = 14.5 Debyes was obtaíned. Equation 7-7 was used 1n

the calculation. The value of o(p), taken from a graphical plot of p

versus e(p), was found to be L.285. Ihe value of BrO, recorded in

column six of Table 7-1, was used.

OËher methods for calculating the dipole moment of the glycine

molecule have also been made.

t7Eyring-' on statistical grounds developed an equation for the

me¿rn square distance between the ends of a sUraight chain molecule

in whích there was free rotatlon about all the valence bonds. Using

this equation, Greenstein and Winitzl8 have calculated the dipole

moment of glycíne in watet at 25o. The value was 16 Debyes.

1q
Buckingham^' has developed equations from the theoretlcal

consideration of the dielectric properÈíes in polar solvent solutions.

Ihe equations developed allowed the calculation of dipole moments of

molecules in polar solvents. For glycine ín water he obËained a value

of l-3.3 Debyes.

The result, calculated by rnultiplying the electronic charge

(4.802 * 10-10 e.s.u.) by the charge separation (2.95 x 10-8 cm.),

was 14.2 Debyes.

From a theoretlcal consideration, in which the glycine molecul-e

r^ras treated as spherical, and from Èhe results of the solubility of

glycine in alcohol-water mixtures at 25o, Kirkwood2o "tl".rlated a value
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of 15.0 Debyes as the dipole moment of the glycine molecule.

Thus the value obtained from Èhis work for the dipole moment

of glycine ís reasonable and is in good agreemenË with literaËure

values. Table 7-B summaríses the values obt.ained from the varÍous

methods.

(v) Sa1 tins-i'n and SaltÍng-out

llhen an electrolyte or a non-electroLyte is dissolved in \^ratert

it shows íÈs solvent Properties in Ëerms of the saltíng-in or the

salting-out of the other components already Present in the soluÈion.

tr'or example, when componenÈ c ís dissolved in a soLution containing a

eomponenË B, the solution whlch is formed can íncrease the solub1líty

of B (salting-in of B) or it can decrease the sol-ubility of B

(salting-out of B).21

Apart from the measurement of solubility to ínterpret the tyPe

of behaviour, one can also measure the chemical potenËial of B with

and wíthouÈ the Presence of c. If the acÈivity coeffícient of B is

decreased by adding c, then B is salted-in, and íf it ís íncreased then

B ís salted-ouÈ. The Ëernary sysÈem of sodium chloride-glycine-waÈer

wíll now be discussed along these l-ines.

From the actlvity coefficl-enÈs recotded ín Tables 7-2 and 7-3, it can

be seen that sodium chloride is salted-in by glycine at 0o, 10or 25"

and 50o. The activity coefficient of sodium chloride is decreased

when the concentration of glyclne (t5) is increased aÈ fixed values of



The di

130a.

TABLE 7.8

D e moment of the qlvcine molecule.o1

Referenceu (oebyes)

t4.4

14. 3

L4.5

T6

1_3.3

L4.2

15.0

Roberts and Kirkwood,

Ttris work

Eyring Equation,

and !,ItnitzlS

Ttreoretical- esÈimaÈlon by Bucklngh"Jg

ElectronÍc charge X Charge separation

Kirkwoodr20 "ol.rbil1ty of gty"rrr. r.,

aleohol-water mixÈures at 25o

L7

8 t = 1.38 I
r=1.57R

r=1.57R

calculated by Greensteln
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mc and temperature. This behaviour is shown in Figure 7-6 ¡¿here the

actiwiÈy coeffieients of sodium chloríde at 25" and 50o are plotted
v^

as (fog Ë) veïsus rh, the molalÍÈy of glycine. ,fr" limiÈing slope
tc

of each curve measures Ëhe sal-Èing-in coefficienË of sodlum chloride.

Figure 7-6 shows thaÈ at a higher salt concentration sodium chloride

becomes less salted-in. A1so, the saltlng-ín of sodium chloride 1s

decreased with an increase in temperaËure. An exaulinaË1on of Tables

7-2 a¡d 7-3 índicate that the laÈter behavíour exists at every

gÍven value of m..

The activiËy coefficients of glycine recorded in Tables 7-5 and 7-6

show that glycine l-s salËed-in by sodlum chloride at 0", 10or 25o

and 50o. In Figure 7-7 the activiËy coeffici-ents of glycine (as

Y-
fog *) at 25" and 50" are ploÈted againsa r", the rnolallty of sodium

YB

chloride. At a given temperaÈure' the salting-in of gl-ycíne 1s

decreased with an increase in the value of nb, the molality of glycine.

At a lower value of *8, an increase in Ëemperature decreases the

salting-in of glycine by sodium chloride. This is shown in Figure 7-7

by the R curves. However, at a higher value of u5 an lncrease in

temperature increases the saltíng-in of glycine. This is shown by the

curves P and Q. Until more is known about salting-ín and saltíng-out

of elecÈrolytes and non-electrolytes as a functíon of ternperaÈurer æY

explanatíon given here is speculaÈive.

Recently, Erlandet4T ,r"irrg the solubility daÈa of Pfeiffer and
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I^lürglerr48 nr" proposed an explanation for the salting-ín of glyclne

by the alkali and alkaline earth halides. Glyctne in water rl7as

considered as a dipolar lon in which the negatÍvely eharged carboxylate

group and the posltívely charged ami-no group \.rere continually forrning

ion-ion bonds.

o
NH CH o"(oo

->
+-

il
0

(B)

The process \¡ras considered to be in dynamic equilibriurn. On additíon

of a sal-t, MX, one of its ions forms an ínsoluble complex with elther

the carboxylate or Ëhe ar¡lino group. This results in the arnino acid

forming a permanent electrostatic charge and hence increasing iËs

solubility ín the sol-ution. If both the anion and cation of the added

salt form ion-ion complex with the molecule (A) which 1s more insoh¡b1e

than the ion-íon complex of the amino acid, (B), then the amino acl.d

ls salted-ouÈ. Such an explanation when applied to the salting-1n of

glycine by sodíum chloride presupposes the existence of cornplexes such

¿tÉ;

z 0
GI cHz

23

(A)

o
32

C1NIl
3

(c)

c \0 o and NI{

(D)

a
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At present there appears to be no direct experimenÈal evidence for the

existence of compl-exes (C) and (D). It 1s of inÈerest to note that

Davies and l,traind49 """rrrn"d 
that sodium glycinate was fully dissociated

when they determined Èhe dissociation constants of calcium amino acid

and calcium dípeptíde complexes. Lewis and co-r¿otk.="50 have measured

the molecul-ar weight of glyci-ne in I^74ËeI with and wlthout the presence

of sodium chloride using the depression of freezing polnt method.

In the absence of sodium chloride, they ascribed the Íncrease in

the apparenÈ molecular welght of glycíne to actual polymerisation

of the zwitterions. In the presence of sodium chloride a further

increase in the apparenÈ molecular weight of glycine \¡las obtained'

They showed that the increased osmotíc abnormality could not be

ascribed Ëo further po1-ymerlsation. More imporÈant to this discussion'

Èhey showed that the extent of complex formaÈion between glycine a¡rd

chloride ion was probably Ëoo small to accounE for more than a part

of the abnormaliÈy. The type of explanation given by Erland"t47 t"y

Èherefore need more experimental evídence'

(rri) Correlation of tivítv Coef ficients wi th Dielectric Constants

LanierT has examined 1og yl at *" = 0 ín the light of the Born

equation. V! is the activity coefficíent of sodium chloride in the

limiË when m" = 0. A convenient form of the equation for sodium

chloride in waËer-organic rni-xtures was obtained by Lanier from an
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equation first derived by Scatch urd.27 The ions were corl.sidered as

charged rígid spheres, all wiÈh the same distance of closest

approach and the solvent. \âlas a continuum characËerised only by its

dielecËric constant. Accordingl-y, the equation can be represented by

)
ros yË - los " = o.uO** (T#l (7-8)

X ís the mole fractíon of \^tater; e, Èhe charge of the electron; Dt

the dielectric constant of water. Do, the díelectric constant of

the water-organie phase; p = fþ t t, Èhe absoluÈe temperature; k,

the Boltzmann constant and b, the radius of the ions in Írater, such

that for sodium chloride

(7-e)

If Èhe left side of EquaËion 7-B is plotted agaínsË (1 - p)lp, a

straight line, whose slope is proportional ao *, should be obtaíned'

The data al 25" , 50o, 10o and 0" of thís research have been

exarnlned, sÍmílar to the manner in which LanierT examined his results.

Since the densitÍes of glycine-iaËer mixtures are not avallable at

temperatures other than aË 25o, an assumPtion was made 1n which the

densitÍes of the glycine-water mixtures at 50", 10o and 0o were equivalent

to that aE 25". This meant thaÈ the molari-Èies at 50o, 10o and 0o

equalled that at 25o when used in the calculation of Do. The results

of the calculations are shown 1n Table 7-9.
1

Figure 7-8 shows a plot of a = (1og y* - log x) versus (¿-:- !-l 'p

1_1,I I
==-t- -+- 

-)b - 2'b. b
T
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Correla tion of actí

TASLE 7-9

vitv coefficíenÈs wíth dielectric constanËs for

2,5 3.0

250

_1os YË

-1og X

A

DO

1--p
p

500

_roe yä

-1og X

A

DO

1-p
p

N

0.5

0.o4L2

0.0039

-0.0373

89.69

-o.L26

o.0767

0.00 78

-0.0689

100. 4

-0.2L9

0.1064

0 .011 7

-o.0947

110. 6

-0.29r

0.1303

0.0154

-0.1149

r20.4

-0. 349

0.l-486

0.0191

-0.1295

L29.7

-0. 396

0.1610

0,0228

-0. 1382

138.7

-0.435

-Glvcine-l{ater at 25o and 50o.

\
1.0 1.5 2.O

0 .034s

0.0039

-0 .0 306

79 .49

-0. 120

0.0655

0.00 78

-0.0577

88.64

-o.2IL

0. 09 33

0.oil.7

-0.0816

97.40

-0.282

o.LL74

0.0154

-0.1020

105. I

-0. 339

0. 1382

0.019L

-0.1191

113.8

-0. 385

0.1s55

o,0228

-0.L327

L2I.5

-0.424

(contd. )



136.

ÎA3LE 7-9 (contd. )

\

100

_los YË

-1og X

A

DO

1-p
p

00

_los Yä

-1og X

A

DO

1-p

0.5

0.0444

0.0039

-0.0405

96.L5

-0.L27

1.0

0.0823

0.00 78

-0.0745

107.8

-0.22L

1.5

0. r_136

0.0117

-0.1019

119 .0

-0.294

2.0

0. r.384

0.0154

-0.1230

L29,7

-0. 352

2.5 3.0

0.0s05

0.0039

-0,0466

100. 7

-0.L27

0.0922

0.00 78

-0.0844

113.1

-0.222

0.1253

0 .0L1 7

-0.1136

L24.8

-0.295p

(contd. )
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TABLE 7-9 (contd. )

Notes:

1. In the limit when m =Qc

2

3

rog Yå = -0.08822 *B + 0.011518 n"2 at 25"

roe Yå = -Q. 07244 rh * 0.006865 '5' t. so'

1og Yä = -Q.09544 rh * o .or3L26 rnr2 at 10'

log Yä = -Q.10965 ,oB * 0 .0L7437 tu' ". 0o

y[ fs Èhe mean molal activity coefficient of NaCl in the ]-1m1Ë

when m_ = 0. The parameters of Equatlon 7-3 (shown in Table 7-1)
c

were used.
!

¡ =' 1og y[ - 1og x.

p = Do/D where D, the dlelectrlc constanÈ of water, equals 78,34

aE 25o, 69.91 at 50o, 83.98 at 10o and 87.92 at' 0o,26 Do is the

diel-ectríc constanÈ of the glycine solution. Do = 6 x MolaritY f D,

where ô is Èhe diel-ectTic lncrement of glycine in water.

6 = 22.85 at 25o, 19.58 at 50o, 24.94 aÈ l0o and 26.28 "t 0o.31

The rnolarity, c, $ras calculated by the method of successlve

approxímation of the equatlon

c=m(Do- lMl
l-000'

where M = Molecular weight of glycine (75.07), Do = DensÍËy

of glycine soluÈion at 25o given by Dunlop .t 
"1-.30

4
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StraighÈlíneswereobtainedaÈ25orlO"and0o'wheÏeasat50oËhe

line was slightly concave. LanierT h.d studied Èhe Èernary system of

NaCl-organic compound-Il2O, where the organie compounds were

metha¡rol, eÈhylene glycol, diethylene glycol monoeÈhyl eËher'

dioxane, urea' and dimethylformarnide' In a graphlcal plot slmilar

ÈothatshowninFigureT-8,heobt'ainedslightconcavityforall

hls systems. All excepÈ urea decreased the dlelectric constant of

\^Iater. Glycine, which was used in this research, increases Èhe

dielectrlc consÈant of r,rraÈer.

Ihe slope of the 25' graph was found to be 0'32 and by

EquaËion 7-8

O.32 =
e

4.606 DkTb

SubsÈítuËingnr.rnericalvaluesforËheuniversalconstantsin

Equation 7-10, b, the ionic radius of sodir:m chloríde was found to

be 4.8 8. Tfre esÈimated ionlc radius for sodium chloride in water

at 25o from transport experiments gave a value of 5'1 R'28 Considering

ËhesimplicityandlimitationsoftheBornmodelsuchanagreement

was good.

(vii) Free Energies of Transfer and the P rimarv Medium Effect

ThefreeenergiesofÈransferofsodíumchlorlde,AG.lfrom

\4ratertothemixedsolvent,gl-ycine-f¡Iater,havebeencalculatedand

the resulÈs are presented in Table 7-9. The Èransfer can be considered

2
(7-10)
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NaCl m (in HrO) -> NaCl n (in Glycine-Hr0, rh)
c c

ís calculated from Èhe equaËion'AG t

AG = 2Rr r" {. (z-u)
t

f and fo are acÈiviËy coefficienÈs of sodium chloride in the mole

fracËion scale in Ëhe glycine-water mixture and in water respectively'

The conversion from molaL to urole fraction scale involving mixed

solvents ís given by llarned .od O"t"'22

For comparison, the values calculated from oËher sysËens have also

been included in Table 7-LO. Ihose of Methanol-NaCl-Hro

Ethylene glycol-Nacl-H20 were taken from the emf measurements of

Gladden and Fanning,24. Ïhey have also measured Ëhe transfer of KC1

frorn eÈhylene glycol and from methanol to \,taterr but these values

have not 6ssn ineluded for comparíson. For the Mannitol-NaCl-HrO

sysÈem, the value was Ëaken from the isopiestic measurements of Kellyt

Robinson "r,d 
Stok.".10 For the Glycine-KCl-H20 system' both the results

of Bower and Robin"orrrg and Roberts and KirkwoodS have been included,

although in the experiments of the latter authors the concentration

of glycine did not exceed 0.5 m. RecenÈly, I,rlen and Chen46 *."",,t"d

the activÍty coeffícients of urea and tetraalkyl anunoníum brornide at' 25"

for Èhe ternary sysËems, Urea-TetrameÈhylammoníum Brornide (IleONBr)-HrO

and urea-TeÈrabuËylammonium Bromide (BuoNBr)-HrO. They ernployed the
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TABLE 7-10

-1Free energies of transfer, AG.. cal. mole ^ of electrolvte from water

to non-electrolyÈe-htater mixtures .

m Sys tem

00

10"

25"

500

00

100

25"

500

Methanol-N"c124'o

Manni to1-N.c110 'o
Glycine-Kcl9'o
Glycine-Kc1B'*

EÈhylene glycol-Na CL24'
]-2x

Urea-NaC1 '
urea-Me.NBt46'*

ur""-¡.,1N8146 ' 
*

u.."-N"ä126'o
urea-Me.NBt46'*

ur"r-n.rluB146 ' 
*

3
\
21c

0

0

0

0

1

1

L

1

0

0

0

0

0

0

0

0

1

I
1

-zLL

-1.9 3

-188
_L7L

-70.5

-6s. 3

-s6.5
-53. B

4700

13.6

-110

-L94

L380

-2.2
-tr7
-133

L1

-63

-r07

*

-319

-314

-298

-115

-105

-98

1

-2r4
-247

22

-r20
-202

-377

-390

-t43
-133

-296

-34s

-165

-287

l_

No tes :

1. trrlhere only temperatures are índicated in the second column, the results
represent Ëhose of this work for the system Glycine-NaCl-HrO.

2, * The third component is waÈer and the experimenÈs \,Iere earried out
at 25".

3. AG. = 4.606 nr rog {a .
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isopiestic vapour pTessure method for their measurements. They

have calculated the free energies of transfer of RONBr from water

to urea solution and compared the values with those of Bower and

Robinson26 f.ot the transfer of sodium chloride from water to urea-

\dater mixtures. Bower and Robinson had also employed the isopiestfc

vapour pressure method. Values from these Èwo sources have also

been included in Table 7-10.

Ihe AG- values of this work are all negative. Because of thet
limlted solubílity of glycine aÈ lower temperatures, AGa "t 15 =

2 and 3 could not, be calculaËed at f. Sirnilarly, no values are given

for rn- = 3 at 10".
Ë

AG values at m_ = 0 1s of considerable inÈerest. The quantiÈytc
is a measure of the primary medium .ff""t23 since at infinite dílution

in either medlum, inËerlonic effects are absenË. one ís therefore

measuring only the effects due Èo ion-solvent interactlons. ÀGa tn

this instance can be imagined as Èhe free energy change in the transfer

of a pair of íons from water to Ëhe non-electrolyte-water mixture. AGa

values at m^ = 0 have been calculated for other systems by Robinsonc

and Stok.s25 and by Bower and Robin"orr.26

(vr r-r-., Some Thermodynamíc Properties from Èhe Dependence of

AcÈivity Coefficients on TemÞerature

The variation of Èhe actiwiÈy coefficient with tempeïature can

yield lmportanÈ thermodynamÍc data such as partial mola1 heaÈ contenË and
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partial molal heat capacity. an equaÈion relaÈíng Èhe activiËy

coeffÍcienË to these thermodynamlc terms will now be derived and

then used in the díscussion. ì

consider the bínary system'of Nacl-H2}, By definiËion, the mean

motral acËiviÈy coefficie"t Yå of sodium chloride of molality mc

is given by

+o
u" = ul. + 2nr ln" m"v! (7-L2)

l.r" is the chemícal potential and u"+ i" Èhat at the standard state.

Rearranging Equatíon 7-11 and differentiating at constanË Pressure and

composiÈion one obËains

a

dI
= ä &rrp¡m ,* å' {rn vl)n,rn

H

= (- +) - ,* fr- {rn v!)n,m (7-13)
T"(

H is che partl-aL inolal heaË contenË of sodium chloride in the
c

solution under discussion. Since Vi + f as m. + 0' then by Equatíon

7-L3,

â ,u:.
- 

t-l

ðT \ T,P,M

fro

= (-å
TO

fr. ís the partial molal heaË content at infinite dilution.
c

Courbíning Equations 7-13 and 7-14,

(7-r4)

HO -II
a

ÐT
(ln Yå)p,'= ff*-r ) (7-ls)
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By writinglZ = (Hc - H:) one obta-ins from EquaÈion 7-15

ä ,t" tl)n,*
Lz

2RT2

=- (7-L6)

A1so,

(7-L7)

l, artð. J, denote the relative partial molal heaÈ content and the

relative partial molal heat capaciËy respectively of sodium chloride

in rhe binary sysrem of NaCl-Hro. Both i, and J, are relatlve to

infinite dilution in water at which 12 = O and J, = 0.

Robínson and Harned32 h".r" shown that Èhe activiËy coefflcLent

of sodium chLorlde in water can be expressed as a function of

temperature ln the form:

losY:=r-f-s1ogr

h,i, )n,t = j2

( 7-18)

where I, A and B are empirical coefficients ín the equation. By

substituting Equatíon 7-18 ínÈo Equation 7-16 and 7-L7 it can be shown

that

i = 2BRI - 4.606 AR ( 7-le )2

and

l = 2BR (7-20)
2

The values of y" for the binary system, NaCl-Hro, taken from

this research have been used to calculaÈe the values of. l, and 3, at 25o .
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For a given concenÈraÈíon, th" y: values at.0o, 10o, 25o and 50o were

fitÈed to Equation 7-18 by the method of least squares in order to

obtain the best values for Èhe coefficients I, A and B. A computer

progr¿rm r^rritten for the least square calculations is glven in

Appendix C. Equations 7-19 and 7-20 were then used to calculate values

of l, and J2 at 25o . The results are presenËed ln Table 7-11 in the

colurnn under TW. They are Èhen compared with llterature values. Values

under R were taken from the isopiestic results of Robinson.33 Those

under G were taken from the calorimetric results of Gulbransen and

Robirr"orr34'35 (the values at 0.3, 0.5, and 0.7 m by graphlcal

interpolaÈíon). Those under Y were Ëhe calorimeÈríc results of Young

arrd vog"l-.36 A graphical comparlson was made wlth the results of

Gulbransen and Robinson and is shown in Figure 7-9. The dísagreemenÈ

Í_s largest (about 45 cal.) aÈ 0.1 m. As shown Ín Table 7-l,I, the

disagreemenÈ in J, wlth literaÈure val-ues is also significant,

In caLcul-atíng i, and JrO" the emf method, the original data are

subjected to a very severe test since these determinations involve the

first and second differential coefficients of the original data. For

this'reason, as pointed ouÈ by Harned and Owenr3T th" calorímetrlc

deÈerminatíons should yíeld the better result except in cases where

the emfs can be measured Írtith exËreme acculacy. However, the emf

method will permit a comprehensive view of Uhe behaviour of l, and 3r.

It has been calculaËed Ëhat an error of 0.001 mV/deg. in the temperature
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TABLE 7-I1
-1

L cal. mole -1 and J cal. mole de of NaCl in bina s tem

NaCl-H O at 25o.

m TI,,I G
c

32

R

0.1

0.2

0.3

0.5

o.7

l_.0

No Èes :

1. TVÍ = This work

R = Robin"orr33

G = Gulbransen and Robin"oo34'35

Y = Young and Vog"136

3.9

7,6

r0 .9

14. I

L6.6

1_8. 9

4.5

5.7

7.4

10. 3

11_ .9

14. 1

5

7.L

L]-.2

L5.6

54

47

36

-9

-73

-L62

95

70

35

-31

-L]-7

-191

99.6

8s.0

62

-4

-87

-188

94

7B

50

-L9

-85

-1-86

YG

2
RTI^l

I



Fig. 7-9 Ttre relaÈíve partÍal molal heat content of

aqueous sodlum chloride (l,r) ana of sodfr¡m

chloride Ín glyctne-water mixtures ([3) at 25".

X represents NaCl-HrO values of*Gulbransen and

iìobinson.34'35 ¡ Nacl-Hro, values from thLs

work. (TI,I) hown fn Table 7-11.

r¡
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coefficient wilL result ln an error of 7 calories for ir. Thus

according to Harned and Cook38 rod l,Íhltert' .t error of + 30

calories was Èhe order of magnítude to be expected from emf

measurements.

T'he activity coefficienÈs of sodiun chl-oride in the ternary system

of NaCl-Glycine-HrO were also subJecÈed to a similar calculation for the

relative partial mo1al heaÈ contenÈ and heat capacity. In this system

t, and J, denote the relative part,ial molal heat content and the

relative parËia1 molal- heat capacíty respectively, of sodium chloride

in the glycine-water mixture. Like i, and J' i, and J, "re relatlve

to Ínfínite dil-ution ln htater. The activity coefficlents were

first fitted to Equation 7-18 by tÏre method of l-east squares. Then

using Equations 7-19 and 7-20, l, and Jr t"te calculated at 25". The

results are presented in Table 7-L2 together with the parameters for

Equat,ion 7-LB. It was found Èhat all the values of l, were negatlve

anci all those of -.i, were posiÈlve. In Figure 7-9 values of I, and i,

were ploÈted again"a ,o"t/'. Curve P represenÈs the values of' lr.

Curves Q, R, S and T are those of f,, and they include values åa *" =

0.01 andm =0.05.c

Conslder m = 0.1 in Èhe bínary system.
c

Lz is then the heat

change when a mole of sodir:m chloride is transferred from infiniÈe

diluËion to the concentratíon at whlch m" = 0.1. If one considers for

example, *c = 0.1 and *B = 0'5 in Ëhe ternary system, then L, is the

heat change when a moLe of sodium chloride is transferred fron
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TABLE 7-12

-1 -1
L cal . mol-e and J cal mole de ofN linte

NaCl-

rB Parameters

0.5 I

o.7

1.0

1.5

0 at 25'. I A and B are aramete for

Equation 7-LB,

mc

0.3 0.5 0.7 1.0

A

B

L3

l3

I

0.1

5 .3699

256.LL

L.8775

-L2L

7

6.2569

300.9 7

2,L790

-L74

9

7.239L

350,92

2.5L35

-235

10

8. l_435

396,97

2.8242

-289

11

11. ls 86

514.09

3. 8809

-109

15

L2.2524

567.L3

4.2539

-153

L7

L3"4666

626.50

4.668L

-206

t_9

L4,8268

692.43

5.1341

-257

20

14.L307

649.46

4,9042

-136

zo

15. 2033

70r.24

5,2698

-L77

2L

16.5522

766.04

5. 730s

-225

23

L7.8207

827.96

6.L64L

-278
25

L5,L776

700.9 I
5.2603

-r-86

2L

L6.L744

748.9L

s.6002

-222

22

L7.5020

8L2.46

6.0535

-267

24

L8.47s9

861.19

6. 3855

-320

25

L6.1222

749.4r

5. s780

-2s3

22

16. 6 315

775.05

5. 7508

-283
23

L7.2624

B0 7.02

s,9649

-322
24

13.6391

647.64

4.7208

-337

19

A

B

l3
l3

I
A

B

i3
i3

I
A

B

t,
J3
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infíniËe diluËion in water to the concentratlon at which m" = 0'1

and rg = 0.5. The difference in the values of1.', and i, rePresents

a heaË change due only to the Presence of glycine' It can be

consídered as the heat change in.the transfer oi a mole of sodium

chloríde from a solutfon in which t" = 0'1 and \ = 0 to one

1n which *" = 0.1 and m, = o'5' The partial mola1 enÈhalpy of

transfer of sodium chloride from water to the glycLne-water

mixÈure, ÃlHr, í" therefore ïeptesented by Èhe difference bet¡veen

Ëhe curve P and the othels in Figure 7-9 ' In general'

AH
(7-2t)

ïhe enthalpies of transfer in courbination wíth free energies of

t,ransfer, Á-Gr, th"t"

t=L3-L2

AGt

yíeld the partial mol-al enÈropies of transferr ASa, where

T

Y

= 4.606 Rr log j
Yc

(t-zz)

Q-23)È
AGF".

AS=t

It should be noted that ilGa calculated usíng Equation 7-22 Is

different from that uslng Eguation 7-11. For the composition

-1 - ^^ a ñ,---À.
% = 1, r" = 1, ilC, = -58.7 ca!. mole -, whereas ÀGa from EquatÍon

7-11 yields -56.5 cal. ,0o1.-1 aË 25o. Table 7-l-3 shows the calculated

values of Ea, ila, and TÃ5a. ln calcularíng Ã-na fror Equation 7-2L,



The D

\

0.5

1_.5

No Ees :

ar

Thermo-
dynarnic

orr.ânri f

tial mol-al free ener

L49,

TASLE 7-13

sv. enthal

0.3

v. and en of transfer at 25o.

0.7 1.0
m

0.1
c
0.5

{ ac

0 l2

t-g

All t
Ã-ct
T^S

l3
iln t
Ã-ct
TAS

AH tft.
TAS

l3

E
AGt
TÃS

99,6

_L2L

-22L

-73.4
-1_48

-L74

-274

-99.3
-t75

-235

-335

-135

-200

-289
'389

-r.86

-203

62

-109

-]-7L

-54.0

-LLI

-153

-2L5

-73.4
-L42

-206

-268

-100

-168

-257

-319

-138

-181

-4

-136

-L32

-44.2

-88

-L77

-L73

-60. 3

-113

-225

-22L

-82.7
-138

-278

-274

-115

-159

-87

-186

-99

-37,7

-6r

-222

-135

-s1.6
-83

-267

-180

-70.9
-109

-320

-233

-100

-133

-188

-253

-65

-30. 3

-35

-283

-95

-42,O

-53

-322

-r-34

-58.7

-75

-337

-r49

-85.1
-64

o.7

1.0 L

È

È

È

È

3

t

1. I, and l, ^xe 
relaËive partial molal enthalpies of NaCL with and

withouÈ the presence of glycine respectively' l, ut" Y?lr1:" taken

from the cal0rimeÈric data of Gulbransen and nobinson.34'35

2. Fn. = lr- lr, fü. = 4.606 RT 1og t"/ti, tß. = Ã-u. - Ãlc.'

3. Á-ua arra -AG, "t. in cal. to1.-1.
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34, 35
values of Gulbransen and Robinson were used. In

m
c

2

tr,igures 7-10 and 7-11 Á?r, Ãla and Tasa are plotted versus¡ mB

(the mol-ality of glycine) for m" = 0'5 and m" = 1'0 respectlvely'

Ma, ffia and Ã3a were all found to be negative. Because of the negatlve

values of ÃTa, sodium chloride in glycine-\^rater mixtures rnay flnd

itself in a more rstructuredr enwironmenË than in pure htater. Frank

and Evansr4o "nd 
st.rrr4l have made some atÈempts to relate fSa to

structural ctranges in the solutlons. SÍnce there ls a lack of such

data in the literature and because of the compl-ex nature of the

inÈeractions no attempts will be made here'

Stern and co-workers have invesÈigated the heat of transfer

of ethyl acetaËer40 ,rittomethaner3 *d acetíc ^"ið,42 
from pure r''ater

to various aqueousi electrolyte solutions via ca1-orimetry. Using

símilar methods they have also investigaÈed the heat of transfer of

an electrolyte from pure \^tater to non-electrolyte solutions, e'g' HC1

to acetlc acidr43 ,rct, LiBr, KCl, KBr to acetic acid, and KCl Èo

tLL -acl to urea.45 The entharpies of transfer r¡ere forCH3NOZ, " a¡rd N

the process

MX( in Hr0) + lD( (m", XU)

where IO( was the electrolyÈe at molalitY mc *d \ was the mole

fraction of the non-electrolyÈe. The value of m" was always sma1L,

i.e. beËween 0.002 and about 0.01. Stern and Ku11uk,45 h"1r. shown



151

that at u = 0.01 the enthatpy of transfer of sodium chlorlde
c

from water to urea-hTatel mixtures can be understood as applying to

j-nfinite dilution. It is of interest to comPare the enthalpy of

transfer of sodium chloride at infinite dil-utlon ín r,Tater to

infínite díl-utíon 1n 1 m urea solution with that of the Ëransfer

of sodium chloride from infinite dilutÍon in !üater to infinite

dilution in 1 m glycine solution. From the graphícal data provided

by Stern and Kul-luk it was estimated thaL Èhe enthalpy of transfer

was about -180 cal. *o1.-1 for the system 1n whích \ r^tas 
I

equivalent to 1 m urea soluÈion. For the system containíng glycine

an estimation of the enÈhalpy of transfer râras made by extrapolaÈing curve

S in Figure 7-9 to 16- = 0. The enthalpy of transfer was abouÈ -400

-1cal. mole ' for the transfer of NaCl frorn infiniÈe dilution in water

to infinlte dilutíon ln 1 m glycine soluÈion. It is worth noting

that Ëhe enthalpy of tra¡rsfer of NaCl from ínflnite dilution in water

to infinite dilutíon Ín urea-water mixtures or glycine-water nlxtures

is always negative and the magnitude j-ncreases wíth the concentration

of the organic-water mixÈure.
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APPENDIX A

DATA FOR THE B INARY SYSTEM OF SODII]M CHLORIDE-I^IATER

(TABTE A-1)

(TABLE 4.2)

(TABLE e-3(a)) for 0.01 n to 0'1 n

(TABLE A-3(b)) for 0.1 m to 2 m

(TABLE ¡,-3(c)) for 1 m Èo 5 n (rmulti-step' method)

(TABLE A-3(d)) for 1 m to 5 n (tsingle-stepr method)

(ra3rE A-4)

Nota used in endix A

1. In the first colurn of each table (under Electrode), the nr¡mber

and the letter represent the cation-Ïesponsive glass electrode

and the silver-silver chloride electrode resPectlvely. Ttre

nuurbers correspond to those given in Table 3-1 (ChaPËer 3) for

the type of glass electrode'

2. y Ís the mean molal activity coefficient of sodium chlorlde in

rüater.

m is the molality of sodlum chloride'
c

E ís che emf of Èhe cell-,

Ag, AgCllN.cr (*") lGlass Electrode'

3

4

5. Notes are provlded at the end of each table'



A-1

TASLE A-1

( -los v) of aoueous sodír¡m chloride at 0o.ASThc acri

El-ectrode

9+E

9+F

8+E

8+S

9+Q

9+E

f\t Fficoe cienËs

3
m E vol-ts -1og Y -1og Y (Calc.) À x 10

e

0.01-0000
o.027533
0.047328
0.072535
0 .09 485 7

0.01_0000
0.032547
0.062782
0.080348
0 .094661-

0.01_0000
0.038867
o.07L327
o,087862
0 .10312

0.01_0000
0.0479s5
0.075000
0.093904

0.20000
0.42049
0.65603
0 .91_087

0.40000
0.6r-063
0.82502
L.0322

-0 .09 825

-0. 05 341
-o.02962
-0.01_l-03
0.00066

-o.0974L
-0 .04509
-0.01635
-0.00569
0.00138

-0.l-0054
-0.04047
-0.oL4L2
-0.0051-4

0 .001_67

-0.10064
-0.031_4L
-o.0L207
-a.00245

0.0321_0
0.06387
0.08302
0.09732

0.061_8L
0.07995
0.a9297
o.Lo292

0.04r_8
0.0679
0.0838
0.09 76
0 .l-0644

0.041-6
0.07L4
0.091_6
0.1_005
0.1-0644

0.0392
o.0745
0.0953
0.1_028
o.1og5a

0.0393
0.08r_4
0. 09 73
0.l-061e

0.l-361b
0.L657
0.1821
0.L928

0.1648b
0.181_1
0.1_91-8
0.r_973

0.0432
0.0663
0.0822
0.0964
0.1061_

0.0432
0.0709
0. 09l_4
0.1000
0. L060

0.0432
0.0761-
0 .0958
0.1032
0.l_092

o.0432
0.0826
0.o976
0.l_05 7

0. 13s3
0. L660
0.l_829
0.L932

0 .1640
0. L803
0.1903
0.l_965

-L.4
L.6
1.6
L.2
0.3

-1.6
0.5
0.2
0.5
0.4

8
3
I
4

0
-0
-0
-0

0.8
0.8
1.5
0.8

-4.0
-1.6
-0.5
-0.4
0.3

-3.9
-L.2
-0.3
0.4

(contd. )



TABLE A-1 (contd.)

El-ectrode

8+F 0.20000
0.44860
0.72265
o.95736

8+F 0.20000
0.42236
0.6643L
0.92L46
1.l_880

0.10000
o.34965
0.57888
0.79923
L.0277

A-2

m E vol-ts -1og y -1og y (Calc.) A x L0
3

c

0.03351_
0.06805
0.08858
0. L0r_21_

0. 0356r_
o.06754
0.08701_
0. L0132
0.LL267

-0.01_289
0 .04059
o.06204
0.07603
0.08685

0.1361-b
0.L682
0. r.859
0.191-6

0. 1361-b
0.L647
0. 1832
0.L932
0. r.988

0.1073b
0. 1575
0,L787
0. 1896
0.1_991

0.l_3s4
0. 1686
0.1862
0.L946

0.1354
0.L662
0.1833
0. 19 35
0.L996

0.1080
0.l_585
0.1784
0.1_894
0.L964

0
-0
-0
-3

0
-1
-0
-0
-0

-0

7

4
3
0

7

5
1
3
I

7

0
3
2
7

l-0+F

Note:

2.

3. A = -1og y * log y (Calc.).

-1.
0.
0.
2.

1 a and b are the reference activÍty coefficients. b Ís taken from
Harned and Robínson (Reference 12 in Chapter 6). a Ís the
predicted reference point (see Treatment of Data in Chapter 6).

-1og y (Cal-c.) are val-ues calculated from fiquaËion 6-4, where 
"A = 0 .49L8, B = l-â40009, c = -2.0054 x l-0-r, D = L2.L489 x 10-'

E = -3.746L x L0-'.



A-3

TABLE 4.2

0

The ac

ElecËrode

9+E

10+Q

l-0+q

8+II

10+Q

10+c

0.023663
0.071807
0.094905
0. L1787

0.031-550
0.060484
0.070335
0. 101-61

0 .036509
0.060546
0 .0 83365
0.L2377

0. 20000
o.48582
0. 781-98
L.0470

0 .20000
0.45092
o.70293
o.924L0

0.1-0000
o.35223
0.6171l-
0.83757

-0.06307
-0.0L27L
0.00006
0.00964

-0.06622
-0.03685
-0 .03005
-0.01_359

-0.05943
-0.03659
-o.0222L
-0.00457

0.03368
0 .0 731-1
0.09462
0.1-08L0

0.01683
0 .05302
0.07301
0.08560

-0.01-48L
0 .041-33
0.06646
0.0804L

0.0636
0.0975
0.1049
o. LL37a

0 .0687
0 .0902
0.0950
0.10824

0.0735
0 .0900
0 .1_008
0.1155

a

0.1343b
0.1-688
0.t842
0.l-91-0

0.0703
0 .090L
0.0951
0.1"08L

0.0744
0.0901
0.1_010
0. LL54

coefficients as -1o

m

of ueous sodium chl-oride at 10o.

3

0.0626
0 .0958
0.1056
0.1_135

E voLts -1og Y -1og Y (Ca1-c') A x 10
c

I
I

-0
0

0
7

7

2

6
1
I
l_

9
t
2
1

-1
0

-0
0

-0
-0
-0

0

0 .1-343b
0.t652
0. L802
0.1_867

o.1073b
0. r.546
0.L743
0.1829

0.1338
0.L677
0. r_828
o.t892

0.1-338
0.1650
0.1798
0.l-868

0.1-075
0.1558
0.l-758
0.1846

0.5
1.1
L.4
1.8

0.5
0.2
o.4

-0.1

2
2
5
7

-1.
-1 .
-1.

-0

(contd. )



TABLE A-2 (contd.)

El-ectrode

0.l-0000
0.2947L
0.5L085
0.74433
0.98823
L.L747

^-4

ßc Evol-ts -1ogY -1ogY(Calc.) Ax10 3

t_0+F

Note:

L. a and b are the reference points. b is taken from llarned
and Robinson (Reference L2 in Chapter 6). a is the predicted
reference point (see Treatment of Data in Chapter 6)'

2. -1og y (Calc.) are values ca -culated from EquatÍon o-+, w!1lq
A = 0,4ggg, B = L,44L83, c = 3.7882 x 10-3, D = 6'2LL9 x 10-',
E=-0.7558x1-0-3.

3. À = -1og "¡ t Log y (Calc.).

-0.01-388
0.03419
0.05873
o.07577
0.08886
0.09 703

.l-073b

.L490

.L696

.I-81_3

.1_878

.L902

0.1075
0.1489
0.L694
0.1814
0. t_882
0 .1909

-0.2
0.1
0.2

-0.1
-0.4
-o.7

0
0
0
0
0
0



A-5

TABLE A-3(a)

The activi coefficients of ueous sodium chloride as -1o at 25o.

(a) 0.01 m to 0.1- m.

E volÈs -1og Y -1og Y (Calc.) A x 10
3

Electrode m
c

5+B

5+A

6+C

7+B

9+A

0 .01-002 7

o.036942
o.06527L
0.0799s8
0.10329

0 .010649
0.036922
0 . 0739 30
o.L0326

o.029998
0 .0469 78
o.067257
0 .08589 7

0 .10916

0.01-0902
o.04062L
o.o67LO2
0 .088838
o.TL637

0.029998
0.050688
0.073774
0.094939
0.l-1231

-o.02765
0.03565

0.06275
o.0724L

0.08451

-o.02283
0 .03745
0.07040

0.08626

0.04673
0.06820
0.08523
0.09679
0. 10807

-0 .00562
0 .05807
0.08191
0.09515
o.r0779

-0.05798
-0.03291
-0.01510
-0 .00319

0.00469

0.0445
0 .0 7s8
0.0940
0.1005
0.1094

0.0443
0.0757
0.0935
0. 1004
0.1094*

0.045s
0.0757
o.0977
0.1094*

0 .069 8
0.0830
0 .0945
0.1029
0.1-114*

0.0459
0.0785
0.0944
0. 1041-
0.1137*

0.0698
0.0853
0.0976
0.1064
0.LL24*

4

9
I
4
3

6

0
0
0
0
0

2

1
5
1

0.0448
0.0753
0.0983
0.1094

-0
-0

0
0

-0
-0
-0
-0

0

7

-2.0
-L.7
-1.1
-0.8

0

0.0689
o.0822
0.0941
0.1026
0.1114

0 .0439
0.0768
0 .0933
0. r_033
0.11_37

0 .0688
0.0847
0.0972
0.1060
0.tL24

0
6
4
4

-1
-0
-0
-0

0



The activÍ tv

A-6

TABLE A-3(b)

coefficient of acueous sodium chlorlde (as -loe y) at 25o.

m E volts -1og y -1og y (calc.) A x 10

(b) 0.1 m to 2m

Electrode
3

c

1+C

1+D

1+E

1+C

2+^

0.09 3860
0.3L277
0.53379
0.69828
0. 81585
0.952L5
l-. 10 75

0.91_555
1.1178
L.3233
L.4s62
L.5946
t,74L3

0.93s72
1. 1169
r.2952
1.4r_05
t.6932
1.8205

0.L4567
0. 33390
0.50353
0.73862
L.0273
L.2L98
L.6307

0.23057
0. 36368
0.47080
o.55237
0.6s978

-0.00690
0.0497r
0.07498
0.08800
0 .09564
0 .10311
0 . t_10 70

0.10192
0.11201_
0.L2052
0.L2546
0.13023
0.13500

0 .101_17
0.110r_2
0 .11_781
0.L2222
0.13168
0.13599

0.oL227
0 .051_08
0.07047
0 .08890
0. t-0528
0 . l_139 3
o.L29r6

0.00761
0.02870
0.04L37
0 .0489s
0.05734

0.1060
0.1_503
0 .1688
0.L7s4
0.1785
0.L824
0.1839

0.1810
o.1824
0. r_838
0. r_836
0.L827
0.1806

0.L220
o.L542
0.1687
0 .1793
o.LB42
0.1857
0. 1830

0.1391
0.1588
0.1638
0.1691
o.L754

0.1060*
0.1503
0.1682
0.1756
0 .1790
0.1816
0. 1832

0
0
0

-0
-0

0
0

0
-0
0.
0.
1.
1.

0
6
2
5
I
7

I
3
I
2
1

I
5
2
2

813
826
819
817
811
76L

0.1
0.1
0.1
0.1
0.1
0.1

0.1810*
0. 1832
0.1835
0.1828
0.1815
0. 1795

0. 1813¡t
0.1832
0.1835
0. 1831
0 .1802
0. 1783

0.r220rc
0.L527
0.1665
0.L769
0.1825
0.1836
0. 1811

0.1391*
0 . r_557
0.1643
0.1693
o.L742

0
-0.6
-1.6
-r.4
0.9
2.2

0
1.5
2.2
2.4
r.7
2.L
1.9

0
3

-0
-0

1

(contd. )



L-7

TABLE A-3(b) (contd.)

E volts -1og V -1og Y (Calc') A x 10
El-ectrode

3+D

3+D

3+D

3+A

5+E

m
c

0.098268
0. 35928
0.67002
0. 819 75
0.96t25
L.0928

0.13031
0.L9L25
o.22LO2
0.23086
o.23876
o.24522

0.23660
o.24877
0.25881-
0.26463
0.26984
0.27437

0.1076
0.1556
o.L746
0.1790
0.18r-4
0.1825

0. 1-812
0.1836
0.L827
0.1810
0 .1786
0.1758

0.1082
0.1429
0.L597
0.1700
0 .1768
0 .1811
0. 1809

0.1537
0.1731
0. t_817
0.1857
0.1864
0. 1845

0.10 76*
0.1552
0.L746
0 .1791
0.1817
0.1831

0.181-2*
0.1835
0.1830
0.1815
0 .179 3
0.1768

0.1082¡t
o.L426
0.1597
0.1699
0.L769
0.1817
0.1825

0
0
0

-0
-0
-0

4
0
1

3
6

I
3
5
7

0

0.92462
L.L782
L.4295
L.5946
t,7553
L.9049

0.0999s9
0. 25315
0 .40882
0.56437
o,739L7
0.95674
r.493L

0
0.

-0.
'0.
-0.
-1.

o.34369
0.601-46
0. 83778
1 .096s
L. 319.0
L.6024

0.22353
0.62867
o.9L236
1.3308

0.12446
0. 1681-0
0.19074
0. 20610
0. 21915
o.23L90
0.25480

0.L6243
0.18889
o.20490
o.21826
0.22767
o.23789

0.13190
0.18101
0.L9923
0.2L844

0 .1379
0.L720
0.L797
0. L813

0.1537*
o.L7L7
o.L795
0.1831
0.1835
0.1814

0.1379*
o,L729
0.1810
0.1834

0

-0.9
-1. 3

-2.L

0
0.3
0.0
0.1

-0.1
-0.6
-1.6

0
1.4
2,2
2.6
2.9
3.1



A-8

TABLE A-3(c)

Ihe act,ivi coeffÍcienËs of aqueous sodíum chloríde (as -1og y) at 25o.

(c) 1 m to 5 m (tmulti-stePr method)

ElecËrode m E volts -1og V -1og Y (Calc.) Â x 10
3

c

6+Q

6+B

6+B

6+D

6+D

0.99243
1. 33s9
1. 7030
2.0668

0.99243
r_ .309 8
L.6269
1.9509
2.2883

2.0069
2.36L3
2.7L58
3.0590
3.4430

2.9066
3.334L
3.7665
4.2266

2.9066
3.2426
3.6267
4.0L46
4.4L34
4.8230
5.L7L6

0.21185
0.22709
0.23999
0. 25080

o.2ro74
0.22488
0.23632
0.24630
o.25544

0.24739
0,25677
0.26523
0.27272
0. 28054

0.2676s
0.27660
0.28502
o.29340

0.26586
o.27294
0.28050
0.28775
o.29488
0.30187
o.30737

0 .1821
0.L824
0.1788
0.1715

0.1821
0.1831
0. r_806

0.1751
o.L67L

0.L747
0.1661
0.1553
o.L437
0.1290

0.1494
0.1333
0.1151
0. 0943

o.L494
0.1370
0.1218
0. 1046
0 .0 855
0.0650
0 .0488

0.1821-*
0. 1834
0.1801
0.1735

0 .1821*
0.1835
0.1811
o.L759
0. 1682

0.L747*c
0.L662
0. 1557
0.1440
0.L293

o.1494*
0.1336
0.1159
0.0953

0

-1.0
-1. 3

-2.0

4
5
8
1

0

-0
-0
-0
-1

0
-0
-0
-0
-0

0
-0
-0
-1

1
4
3
3

3
I
0

0. 1494*
0.L372
0.l_218
0.1050
0. 0866
0.0667
0 .0491

0
-0.2
0.0

-0.4
-1.1
-L.7
-0.3

(contd. )



TABLE e-3(c) (contd.)

El-ectrode m

6+A 2.9066
3.2664
3.6768
4.0801

5+D 2.0069
2.3476
2.7395
3.l-017
3,4502
3.8589
4.2634

5+E ' 3.9649
4.8232
s.2543

4+E 3.9649
4.2950
4.6295
5.0358
5.4460

A-9

E vol-ts -1og v -1og Y (Calc.) A x 10
3

c

o.22994
0.23908
0.24838
0.25626
o.263LL
0.27094
0.27827

0.2654L
0.27303
0.28LL4
o.28864

o.27985
0.29469
0. 301-52

0.25472
0.26068
o.26647
o.27326
o.27976

o.L494
0 . t_357
0 . t_1_85

0.I_003

0.L747
0.l_656
0.1540
0.L4r4
0.L297
0.LL22

0.Lo72
0.0669
0.0463

0.L072
0.0916
0.0752
0.0544
0.0334

o.L494*
o.L362
0. 119 7

0.l-02L

o.1747*
o.L666
0.1_550
0.L424
0.L290
0.111-9
0 .09 36

0.1-072*
o.0667
0.0449

0.Lo72x
0.0922
o.0762
0.0560
0.0349

0

-0. 5
-L.2
-1.8

0
1
1
1
0
0

-0

0
0
0
7

3
1350 .09

0
0,2
L.4

0
-0.6
-1.0
-1.6
-1.5



A-10

TA3LE A-3(d)

The acÈivi tv coefficients of aqueous sodium chloride (as -loe v) aE'25".

Concentratíon ranse:1mto5 m (rsingle-stepr nethod).

3
Electrode m E voLts -1og y -1og Y (calc.) A x 10 plI

5+G

5+D

5+E

4+E

4+A

1.0208
r.7942
2.9644
3.6729

1_.0208
L.6556
2.5298
3.4980
4.4L36

1.0193
2.0654
3.0949
4.L60s
5.2L34

l_.0208
1. 8631
2.8325
3.825L
4.9533
5.6436

1 .019 3
2.0548
3.Lo27
4.075s
5.3656

o.20896
0.23862
o.26855
o.28287
0. 30136

0.207L8
0.232L8
0.25636
o.27730
0.29420

o.20714
0.24489
o.26962
0.29029
0. 30841-

0.L9795
0.22952
0.25447
o.27489
o.29499
0.30647

0.19909
0.23639
0.26L52
o.28054
o.30268

o.L824
0.L767
0.1418
0. r_1_38

0.0642

0.1824
0.l_701
0.L367
0 .0905
0.0353

0.L824
0.L769
0 .1480
0.1059
0.0482
0.0079

0.L824
0.L7L6
0.1382
0 .0959
o.0282

0.1824*
0.L787
0.1474
0.1199
0 .0730

0.1824*
0.1807
0.1615
0.r27L
0 .0866

0.L824r.
0.1735
0.L427
0.0984
0.0470

0.L824rt
0.L775
0.1519
0. 1134
0 .0602
0.0246

0.1824*
0.L737
0.L424
0.1023
0.039L

-6.
08.

0
-3.4
-6.0
-7.9

-u.7
0

-0.6
-3.9
-7.5

-L2.0
-].6.7

0
-2.L
-4,2
-6.4

-10.9

c

4.69s3

0

-2
-5

8
7

1
2
8

6
6
6

7

7

0
6
I
8

7.2
7.7
7.7
6.8
7.4

0
0.5

-0.6
-2.4
-3.8

o.1824
0. 1_812

0.1609
o.L247
0.0828

5.6
5.4
5.3
5.3
5.2

7.0
7.3
7.2
6.5
7.0
6.0

(contd. )



TABLE A-3(d) (contd.)

ElecÈrode

L+B l_.01_9 3
2.0840
2.9450
4.L68L
5.202L

L.O2L2
L.8739
2.8362
3,8299
4.6964
5.6105

A-11

0. 10821
0.L46L9
0.L6707
0.191r-5
o.20922

0. t_0793
0. l_4008
0.L6447
0.18449
0.L9994
0,2Ls56

0.L824
0.L720
0.L457
0.0931_
0.0366

0.L824
0.L744
0.L482
0.l_094
0.0674
0.oL27

0.L824tc
0.1731
0. r_480
0.0980
0.0476

0.L824*
0.L773
0.l_5r_8
0.1131
0.0729
0.0263

0
-1.1
-2.3
-4.9

-11.0

0

-2.9
-3.6
-3.5
-5 .5

-13.6

3
m E voLts -1og y -1og y (Calc.) Â x L0 pH

1+E

Note:

1 * They Índicate the reference actiwity coefficÍents whích are
calculaËed from Equation 6-4, usÍng Parameters which are shown
in Table 6-2 l¡ Chapter 6.

2. pH is adjustett by using drops of consËant boil-lng IICL. Sodiun
chl-oride whích Ì,\tas recrystall-fsed and then fused was used ín some

of these experlments. Sodir:m chloride prepared by such a method
was aLkai.ine i.n soLution, normal-Ly about pH = 9.

3. a = -1og y # Lo9 v(calc.).

4. -1og y (Ca1-c.) are values calcul-ated from Equation 6-4. Ttre
paraneters used are shown in the fourth col-umn of Tabl-e 6-2 Ln
ChapËer 6.

7
4
0
6
9
3

6
7

I
6
7

7



^-L2

TABTE A-4

Ihe activi coef f icl-ents ( -1oe v) of aqueous sodÍun chloride at 50o.as

Electrode m BvoLts -1ogY -1ogT(Calc.) Ax10
c

3

8+Q

8+Q

8+G

9+S

9+D

9+D

9+G

0.030000
0.053371
0.068527
0.086783

0.030000
0.064530
0.092143
0. r.l_703

0.29925
0.52776
0.75429
0.98560

o.29466
o.44537
0.59994
0.766s2
0.94889

0.L7640
o.39584
0.65849

o.29466
0.51461-
0.75L07
0.979L4

0.30000
0.5722L
o.83270
L.L230

0.30000
o.55445
0.82460
L. L0L0

-0.06288
-0.03329
-0 .02051
-0.00845

-0.06294
-o.02363
-0.00546

0 .006 71

0.05257
0.08173
0. L0054
0. r_r_505

0.05029
0.07L42
0.08694
o.09994
0. L1_150

0.02457
0.06573
0.09223

0.05023
0 .07883
0.09870
0.LL296

0.05136
0.08464
0.10451
0.l_2085

0.o5L24
0.08295
o.L0392
0.LL974

0.0700
0. 0895
0.0984
0.1069a

0.0689
0.0951
0.1081_
o.l-1704

o. 1535b
0.L725
0. L8r-0
0. L840

0.1530
0.t675
o.L760
0.l_809
0.1836

b

0.07L7
0.0891
0 .09 75
0.l_058

0.07L7
0.0954
0.1080
0.1169

0.1-335b
0.1_636
o.L779

0.1530
0.L722
0. 18r-4
0. L853

b

o.l-537b
o.L747
0.L827
0.1858

o. 1537b
0.1733
0.L822
0.1845

0. 15 35
o.1728
0.1_808
0.L842

0.L529
0.L677
o.\762
0.181-l-
0.l_838

0.1328
0.1637
0. 1783

0.L529
0.L72L
0.1808
0.1841

0. L536
0.1750
0.1823
0.1856

0.1_536
o.L742
o.L822
0.18s4

-t

0.
0.

-0

0
0
0
1

0

-0
-0
-0
-0

0
-0
-0

-t.7
0.4
0.9
L.1

I
3
1
1

0.0
-0.3
0.2

-0.2

0.1
-0. 3
0.4
0.2

0.1
-0.9
0.0

-0 .9

1
2

2
2

2

7

1
4

1
1
6
2

9+G

(contd. )



A-L3

TABLE A-4 (contd;)

Note:

t_ a and b are Èhe leference poÍnts' b values are estimated

graphical.ly from the acËlvity coefficients gÍven by Roblnson

în i.r.o"e 3 in Chapter 6) ' a is the predicted reference

iornt (see Treatmeni of Data in Chapter 6) '

-1og y (Calc.) are vaLues frorn Equatíon 6-4' where

A= 0.5373; B = 1,86484; C = Zt+.øZSt+ x 10-3¡ D = 56'9774xLO
E= -24.762x l-O-3.

A = -1og y t Lo9 1 (Cal-c.).

,
32

3



APPENDIX B

DATA FOR THE TERNARY SYSTEM OF SODIT]M CHLORIDE-GLYCINE-V,]ATER

at 00

at 100

at 25"

at 50"

(rABrE B-r_)

(ra3LE B-2)

(TABLE 8.3)

(rABrE B-4)

The following notations are used in Appendix B

1. In Ëhe first coluun of each Table (under Electrode), the number and

the l-etter represenË Èhe cation-responsive glass elecÈrode and the

silver-sÍlver chloride electrode respectively. The numbers correspond

Ëo those gLven in Table 3-1- (Chapter 3) for the type of glass electrode.

2. y", y!, are the mean molal activity coefficients of sodlurn chlorLde

in water, wiËh and without glycine, respectLvely.

3. rBr tc, are the molalities of glycine and sodfi:m chlori-de respectÍvely.

4. E represenËs the emf of the cell,

Ag,AgCl l nacf (m") , Glycine {5) I Glass Elecrrode.

5. Notes are provided at the end of each table.



fv

B-1

TAsLE 8.1

f sodium chlorlde in elvcine-water míxtures.

NaCl-Glvcine-lJaËer at 0o.

The activi

Electrode

8+E

8+E

8+E

8+G

9+S

9+F

coefficients o

m
c

Yc
trb E volts -1oB yc -1og "f

o -1ogc o

c

0.0432
n

il

lt

il

00000.01
il

lt

ll

tt

0.050000

0
0.34894
0.7264L
1. 0616
L.4874

0
0 .36s47
0. 70931
L.O420
1. 3995
Satd.

0
0. 35018
0.66602
1.0036
L.47L6

0
0 .33464
0.723L9
L.O472
r.4747

0
0.20364
0.6L079
1. 1968
1. Br_36
Satd.

-0 . 1005 3
-0. 10417
-0.L0732
-0 . t_096 7

-0.LL227

-o.029L5
-0.03229
-o.03473
-0 .03680
-0. 3868
-0.04090

0 .00058
-0.00211
-0.00415
-0.00604
-o.oo827

0.03052
0.02822
0.02604
0.02447
0.02264

0.03348
0.03007

0.03166
o.03022
o.027BL
0.02520
0.02298
o.02259

o.o432a
0.0768
0.1058
0.L275
0. 1515

0.08394
0.LL29
0.L354
0. r_545
0.1718
0.L923

o.108oa
0.1328
0.1516
0. 1691
0.1896

0.13544
0.1566
0.L767
0.L9L2
0.2081

0.0839

0.1080

0. L354

0.1354
ll

0.1354

'l

0
0.0336
o.0626
0.0843
0.1083

0
0 .0290
0.0515
0. 0 706
0 .0879
0.1084

0
0.0248
0.0436
0.0611
0.0816

2L2
4L3
558

o.0727

0
0.0315

0
0.01_33
0.0355
0.0s96
0.0801
0.0837

il

ll

It

il

tl

lt

ll

il

il

ll

0000.L0
il

ll

It

il

0. 20000 0
0.0
0.0
0.0

ll

il

tt

tt

il

lt

lt

tl

0. 20000

0.20000

0
0 s0687

0.13544
0. 1669

ll

il

il

il

ll

0.13544
0. 1487
0.1709
0.1950
0.2L55
0.2t9L

ll

ll

It

lt

ll

(contd. )



TABLE B-1 (contd.)

Electrode

B-2

m" E volts -1oB yc -1og Y
o

c

9+F 0

8+F

8+E

9+B

8+F

8+F

0.60000

0.60000

m
c

0

0.60000

4000
tt

il

ll

r

0
o.23963
0.749L9
1.4335
Satd.

0
o.23026
0.61497
1.0836
L.6LL2
Satd.

0
o.37094
0. 73038
1.1825
1. s409

0
0. 25051
0.60780
L.r742
L.74L4
Satd.

0
0. 4r_588
0.8495s
L.2268
1. 6380
Satd.

0.06205
0.06073
0.0s841
0.05587
0 .0s4 36

0 .08258
0.08153
o.07994
0 .07831
0.07668
o.o7582

0.07711
o.07357
o.07392
o.07233
o.07L20

0.07905
0.07689

0.10435
0.10345
o.L0226
0 .10062
0.09927
0 .09846

0.10352
0.10219
0 .10092
0.o9982
0.09888
0.09 815

0.16404
0.L762
0.L976
o.22L0
o.2349

o.L7g7a
0.1894
o.204t
0.2L9L
o.234t
0.242L

o.L7g7a
0.1958
0.2091
o.2238
o.2342

0.1640 0
0.0t22
0 .0336
0 .05 70
0.0709

0
0 .009 7

o.0244
0 .0394
0.0544
0.0624

.0161

.0294

.044r

.0545

0
0.0199

0
0.0083
0.0193
0 .0344
0.0469
0 .0543

0
0.0123
o.0240
0. 0341
o.0428
0.0495

ll

tt

il

ll

70.1 79
,l

tt

tt

n

ll

il

il

ll

il

il

il

ll

ll

tt

0
0
0
0
0

o.L797

ll

19
tt

il

It

It

il

220.53

ll

il

n
tt

'l
ll

ll

ll

lt

0
0

o.r7g7a
0.1996

0.1797

0

0.1957

il

1.0000 57
il

tt

ll

lt

tl

o.Lg57a
0.2040
0.2150
0 .2301
0.2426
0. 2500

0.19574
0.2080
o.2L97
o.2298
0. 2385
0.2452

0000
lt

il

il

lt

ll

1

(contd. )



B-3

TABLE B-1 (contd.)

Electrode

9+E 1.0000

\ E volts -1oB yc -1og Ym
c c

il

il

It

il

0
o.28525
0.68839
L.LT74
L.5323

0.10140
0.10043
0.09917
0.09807
0.09731

0. L957
0.2047
o.2L63
0.2264
o,2334

0.10804
0. 1419
0.1785
o.L976
0.2095
0.2L61

a 0.1957 0
0.0090
0.0206
0.0307
0.0377

.0339

.0263

.0230

.0209

.0191

(6-4)

il

'l
il

ll

8+H

Note:

0.10000
0.10000
0. 30023
o.52340
o.77890
L,0532

0
0.

0 .00162
899 -0.00205

o.04573
o.06982
0.o8725
0.10075

B=1.40009; C=-
E = -3.746I x LO'

2.0054 x 10
3

0.1080
0.1080
0.L522
o.r746
0.1886
0.1970

0
0
0
0
0
0

49
ll

tt

il

il

1

2

3

a, reference solutíon and reference activiËy coefficlent.

yo ís the activlÈy coefficient of sodlum chloride in htater.tc

-1og y: val-ues are calculated frorn Equatlon 6-4:

Am
L/2

log fc = Ll¿
1*Bn c

-3

c *2cm" +]o^"2 +$u*.3

where A = 0.491
D = L2.1489 x l-

4. Satd. índicate saturaËion.

8:
o=3;



B-4

TABLE 8.2

ts of sodíum chloride in elvcine-\^tater mixtures.

NaCl-Glvcine-trlater at 10".

The activi tv coefficÍen

Electrode

10+Q 0.010000

\ E volts -1oB yc -1og ym
o

cc

10+E 0.050000

8+Q

10+c

10+c

0.l_0000

0.1_0000
0.10000
0. 38815
0 .63159
0.83443
1.0491

0. t_0000
0.10000
0. 33388
o.6L632
o.897 44
L.L266

.39158

.81111

.2529

.8594
atd.

0
o,34557
0.679L6
1. 1030
L.49s6
1.8958

0
o.32076
0.62860
1.090 7

1.6091
2.to65

il

'l
n

ll

tl

lt

lt

It

il

il

0
0
0
1
1
s

ll

n
ll

tl

tt

-0. t_1883
-0.L2282
-o.L2594
-0. r-2868
-0. 13166
-0.13375

-0.04559 ,

-o,04844
-0.05059
-0.05299
-0 .05486
-0.05651

o.00224
-0.00014
-0 .00203
-0 .00443
-0 . 0066 7

-0.00850

-0.01430
-o.02023

0 .04159
0.0642r
o.07733
0.0883r_

-0.oL432
-o.02265
0.o329L

0.06156
0.07952
0.09065

0.04354
0.0790
0. 1068
0.1319
o.r577
0. 1696

0.08404
0.1094
0.1285
0.L499
0.L665
0.1812

0. 10754
0.L287
0.1455
0.1669
0.1868
0.2031

o.1075a
0.1603
0.1991
0.2092
0.2L34
0.2L5L

0.10754
0.1816
0.2108
0.2220
o.22s4
0.225r

0 .0435 0
0.0355
0 .0633
0.o877
O,LL42
0.L26L

0.0825
0.0972

0
0.02L2
0.0380
0 .0594
0.0793
0.0956

0
0.0s28
0.0396
0.0327
0.0289
0.0258

0
0. 0741
0 .05 71
0.0463
0.0392
o.0347

00

75

0
0.
0.
0.

0

0

0.1075
0. 10 75
0.1595
0.r765
0. r_845
0 .1893

0. 1075
0.1075
0.1537
0.L757
0.L862
0.1904

84
n
il

il

tt

ll

10
il

ll

il

t!

ll

o254
0445
0659

il

ll

il

ll

il

0
0.9

0
1.5

90
It

il

lt

ll

2L
lt

It

ll

ll

29

8

(contd. )



TABLE B-2 (contd.)

Electrode m

8+C 0.20000

l5 E volts -1oB Yc -1og Y

B-5

.29798

.6642L

.2933

.8182
,2390

.32788

.72536

.1785

.7907
2,3640

.34098

.7264L

.2563
L.8787
2.5347

0
0. 36403
0,74337
L.2794
L,7796
2.3096

cc

ll

il

il

lt

il

0
0
0
1
1
2

0
0
0
1
1

0.032L7
0.03032
0 .02839
0.02563
o.02379
o.02250

o.07284
0 .0 7143
0.07011
0.06856
0.06707
o.06579

0 .08891
0.o8764
0.08655
0.08523
0 .08420
o.08327

0.1338a
0.1503
0.1674
0.L920
0. 2084
0.2L99

0. 1338 0
0.0165
0 .0 336
0.0582
0.o746
0 .0861

il

il

ll

ll

n

0.50000 0 .05 761
0.05618
0.05459
0 .05 308
0.05139
0.05012

o.L687a
0.1814
0.1956
0. 2090
0.224L
o.2354

o.L7g7a
0.L922
0.2040
o.2L78
0. 23L1
o.2424

o. 18844
0.t997
0.2094
o.22L2
0. 2303
0.2386

0.1687 0
0.or27
0.0269
0.0403
0 .0554
0.0667

.0125

.o243

.0381
0.0514
0.0627

0
0.0113
0 .0210
0.0328
0.0419
0.0502

10+Q

10+Q

10+Q

ll

ll

il

ll

ll

il

il

n
il

il

0. 70000

1.0000

0
0
0
0

0
0
0
1

0.1884
tt
tl
il
ll
il

0.L797
il

tt

tt

ll

il

ll

ll

lt

il

il

il

t!

tt

|l

ll

(contd. )



B-6

TABLE B-2 (contd.)

reference sol-uÈion and reference activíty coefficient.

is the activity coeffÍcfent of sodium chloride in water.

Note:

1. a,

Y2 o

c

3. -fog yå values were calcul-ated from Equatlon 6-4:
rl2

Atrr

log Y
o=-
c

c

1*Bn
*2cm. *ì^"' +f n'"3 (6-4>Llz

c

B = 1.44L83; C =
E = -0.7558 x 10-

.7882 x 10
3

where A = 0.4989
D=6.2LL9x10- 3

4. Satd. lndicate saturatlon.

3
3



The acËivi tv coef

ElecËrode mc

7+C 0 .010902

5+C 0.01-0902

5+C 0.030000

7+B 0.030000

B-7

TABLE B-3

fícl-ents of sodium chlo

NaCl

ríde in el -!¡ater mixtures.clnev

-G1vcíne-tr{ater at 25" .

rB E volts -1oB yc -1og Y c

0
0.45054
0.90785
r.4933
2.0213
2.6L89
Satd.

-0 .004 89

-0.00908
-o.0L244
-0.oL577
-0.01818
-0 .02038
-o.o223r

-0.02t97
-0.02506
-o.02822
-0.03103
-0.03376
-0 .0 3596
-o.03672
-0.03778
-0.03940

0.02630
0.02331
0.02064
0 .01800
0 .015 79
0. 01399
o.0L224
0. 01082

0.04594
0 .0 813
0.109 7

0.L379
0.1582
0.1768
0.1931

0.0459 0
0 .0354
0.0638
0.0920
0.1123
0.1309
0.L472

il

il

ll

il

ll

tt

tt

il

lr

il

il

il

ll

t!

0
0. 32048
o.72227
r_.1561
L.6757
2.2069
2.4253
2.76t3
Satd.

0
0. 36638
0.76426
L,2OL4
r.7449
2.226L
2.7748
Satd.

0.04594
o.0720
0. 09 87
o.1225
0. 1455
0.1641
0. 1706
0.L795
0.L932

0.06984
0.0951
0. 1176
0.1400
0.1586
0.1738
0.1886
o.2007

0.0459 0
0.0261
0 .0528
0.0766
0 .0996
0.1182
o.1247
0.1336
0.L473

0
0.0253
0 .0478
0.0702
0.0888
0. 1040
0.11-88
0.1309

il

n
ll

tt

n
il

il

il

0.0698
lt

n
il

il

il

il

ll

il

ll

ll

ll

ll

il

il

a
0
0.0250
0.0528
0.0743
0.0925
0.1161
0. 1325

0
0.36034
0,84996
L.329L
L. 8198
2.6252
Satd.

0.04480
0.04184
0.03856
0.03601
0.03386
0.03106
0.02913

0.0698
0.0948
0.1226
0.1441
o.t623
0. l-859

80.0

(contd. )

69
ll

ll

ll

il

ll

ilo.2023



TABLE B-3 (contd.)

Electrode m

9+A 0.050000

.B E volts -1oB Yc -1og Y

B-8

0
0.48602
1 .0288
L.5677
2.6298

o

cc

tt

tt

il

il

-0 .0 3360
-0.03716
-o.04024
-0.04269
-0.04631-

0.08494
0.1150
0.1410
0.1617
0.1923

0.0849 0
0 .0301
0.0561
0.0768
0.r074

0
0.0289
0 .0555
0.0762
o.0974
o.LL22
0.L275

0
0 .0218
0 .0551
0.0738
0 .0905
0.1051
0.LL72

0
0 .0371
0.0701
0.0912
0. 1026

ll

il

il

il

6+A

9+G

6+A

1+E

0.050000

0 .070000

0.070000

0. 10000

0
o.44552
0.976L9
L.4964
2.L545
2.7275
Satd.

0
0.36s38
L.0794
1.6009
2.1698
2.78L0
Satd.

o.07246
0.06904
0 .06589
0.06344
0.06093
0.05919
0.o5737

-0.01748
-0 .02007
-0.02400
-o.02622
-0.02819
-0.02992
-0.03135

0 .0849
0.1138
0.1404
0. 1611
0.1823
0. 19 71
0.2L24

0.09594
O,LI77
0. 1510
0.L697
0.1_864
0.2010
0.2131

a o.oB49
il

il

ll

il

il

il

il

lt

tt

ll

il

ll

0.0959
n

il_

ll

il

lt

ll

n

il

tl

il

il

ll

il

lt

il

It

ll

0
0
1
2

.65599

.4707

.L699

0.08704
0.08265
0.07874
o.o7624
0 .0 7489
0.07301

0 .09594
0 .1330
0. 1660
0.1871
0. 1985
0.2L44

0. 1088b
0. 1153
o.L234
0.1372
0.1s17
0.1654
0,L792
0.L947

0 .0959
lt

il

ll

il

It

880.10
il

il

It

r
il

il

It

2.6365
Satd. 11850

il

il

lt

il

'l
il

ll

0
0. 109 39
0.24420
0.49957
0. 81703
r.L457
t.s422
2.0699

0. 00087
0.00010

-0.00086
-o.00249
-0 .00421-
-0.00583
-0 . 00 746

-0.00929

0
0.0065
0.0146
0.0284
o.0429
0.0566
0.0709
0. 0859

(contd. )



TABLE B-3 (contd.)

Electrode mc

1+E 0. 10000

5+B 0.10000

5+B 0.10000

*B E vol-ts -loB Yc -1og Y

0.1088b
0. 11_75

0.L427
0.1688
0.r142

il

il

il

lt

B-9

0
o.L3744
0.61137
L,2597
1.4180

0
o.r7469
o.36719
o.60352
1.0169
L.46L2
L.8644

0
0. 13911
0.84742
L.IT79
1. 3619
1.6048

0
0.L6778
0.38519
0. 74808
1.1538
1.5785
2.0039
2.4206

0
0.13011
0.41200
0.86LL2
1.589 I
2.39L4

-0 .00017
-0.00120
-0.00418
-o.00727
-0 .00791

0.L0322
0.10189
0.10059
0.09920
0.09702
0 .09504
0.09341

0.10138
0.10039
o.0962L
0.09506
0 .09 391
0.09289

c

0.1487

0.1088 0

" 0.0087
" 0.0339'
" 0.0600
" 0.0654

0.1088 0
0 .0112
0.0222
0 .0340
0.0524
0.0691
0.0829

0
0.0084
o.0437
0.0534
0 .0631
0 .0 718

5+D

5+D

0. 30000

0.30000

0.15ls5
0.15068
0.L4966
0. 14813
o.L4667
0.14535
0.14418
o.14323

0.l-088b
0 .1200
0.1310
0.L428
0.L6L2
0.L779
0.1917

0.1088b
o.rL72
0.L525
o.L622
0.r7L9
0.1806

o. 1487b
0.1560
0.t646
o.L776
0. 1899
0.2011
0.2110
0.2190

0
0.0073
0.01_59
0.0289
0,o4L2
o.0524
0 .0623
0 .0703

ll

lt

il

il

1t

il

il

tt

tt

il

tl

8108
tt

ll

il

ll

ll

0

tt

ll

tt

il

il

il

ll

ll

il

ll

tl

il

0.l-5042
0.L4979
0.14848
0.14668
0.14431
0.14330

0.1-540
0. 1651
0.1803
0.2003

' 0.2L84

0.1487
il

ll

ll

lt

It

7b1480 0
0.0053
0.0164
0 .0316
0.0516
o.0697

(contd. )



B-10

TABLE B-3 (contd.)

Electrode

4+H 0. 30000

3+D 0.50000

c

c
cm

It

il

ll

tl

lt

il

il

tt

Y
rB E volts -1og yc -1og y: -1og

Y

o.L4974
0.14895
0.L4745
0.14633
0. 14418

0.1487
0. 1554
0.1680
o.L775
0.L957

b o.L487

o

0
0
0
0
1

16088
48285
77990
4283

0
0.26629
0.75976
1.3301
I.9042
2,7L27
Satd.

0
o.22643
o.49546
0.84277
1.1683
1.5655
2.L502
2.7 890
Satd.

0
0.L2756
0.3397L
0.61801
0.93947
L.2829
L.7780
2.36L5

0
o.2400L
o.74839
L.6822
2.634L

0
0 .006 7
0 .019 3
0.0288
0 .04 70

b

3+E

1+e

4+H

0.50000

0 .50000

0.1668b
o.L74L
0.1822
0. 1918
o.2002

0.1718
0.L779
0. 1875
0.1960
0.2053
o.2159
0.2249

0.1759
0.L822
0. 1960
o.2L47
0.2296

b

0 .1668
It

It

't
'l
ll

tt

It

tt

tl

il

ll

tt

It

tl

il

It

'l
ll

il

il

t1

0.19820
0.L9722
0.L9552
0.19371
0.L9235
0.19065
0.189 76

0.19633
o.L9547
0. 19451
0.19337
0.r924L
0.19139
0.19007
0.18887
0.18815

0.o724L
0.o7L82
0.07110
0. 06996
0.06895
0 .06 786
0.06660
0.06s55

0. 18565
0.18490
0.L8327
0.18106
0.17930

0.1668
0.1751
0.1895
0.2048
0.2L62
0.2306
0. 2381

0. 1668 0
0 .0083
0.0227
0 .0 380
0.o494
0 .0638
0.0 713

.0073

.0154

.o250

.0334

.0418

.0529

.0631

.0691

0
0.0050
0.0111
0.0207
0.0292
0.0385
0. 0491
0.0581

.0063

.0201

.0388

.0537

0.2
0.2
0,2
0.2

086
L97
299
3s9

il

tt

ll

il

ll

il

It

ll

It

il

'l
ll

ll

lt

0
0
0
0
0
0
0
0
0

0. 1668b 1668
tt

n
il

ll

ll

ll

ll

0

0. 70000 0.1759 0
0
0
0
0

il

lt

!t

il

ll

lt

ll

n

(contd. )



TABLE B-3 (conËd.)

Electrode

3+H 0. 70000

m

B-11

0
0.20631
o.48566
0.76235
1.0358
L.4236
1.8808
2.4L87
3.0346
SaÈd.

0. 095656

0. 21111-
o.2LO37
o.20945
0.20862
0.20789
o.20696
0. 20598
0.20501
0. 20405
0.20339

0.1759
0. 1821
0.1899
0.1969
0.2031
0. 2110
0.2L92
0.2274
0.2356
o.24Lr

0.1759

0. 1088
0.r372
0.1758
0.1817
0.1835

0. 1088
0. 1388
o.L525
0.1618
0.1703
0.1761
0.1832

0 .1088
0.137s
0 .1533
0.1663
0.1763
0.1814
0.1835

0
0 .0062
0.0140
0.0210
0.0272
0 .0351
0.0433
0. 0515
0.0597
0.0652

0.0057
0.0105
0.0047
0.0039
0 .0033

0.0057
0.0061
0.0062
0.0054
0.0053
0.0048
0.0039

0.0057
0.0056
0.0054
0.0051
0.0050
0.0044
0.0040

Yc
c rB E volts -1oB yc -log y: -1og

^(

b

o

c

il

tl

il

lt

tt

tt

lt

tt

n

ll

il

il

il

ll

ll

il

il

il

5+G

5+c

5+G

0 .099998
0.2L928
0.70487
o.9s942
L.2910

0.09583
0.L3227
0.18841
0.20363
0.21874

0 .095 7s
0.L3473
0.L5229
0.16509
0.r7822
0.18881
0.21106

0.1147c
0.L477
0. 1805
0.1856
0.1868

o.LL47c
0.L449
0.1587
o.L672
o.L756
0.1809
0. 1871

il

il

lt

r

0.099998
0.22887
0.332s6
0.43509
0.s72s3
0.7L259
1. r_143

0.099998
o.22066
0. 33981
0 . s0094
0.720L5
0.93938
1.2818

0.09s656
It

il

It

It

il

ll

0.0956s6
L

It

lt

n
ll

ll

0.09461
0.13191
0.L5225
0.L7069
0. 18820
0.20130
0.2L707

o.LL47c
0. 1431_

0. 1587
0.L7I4
0. 1813
0. 1Bs8
0. 18 75

( contd. )



B.L2

TABLE B-3 (contd.)

Electrode

5+G

m
Yc

c *B E volts -loB yc -1og y: -log
Y

0.L4576
o.L6362
0. 17868
0. 19180
0.20689
o.22024

0.1618
0. 1730
0.1811
0. 1869
0.1899
0. r_889

d o.L487
0.1618
0.L7r4
0.1781
0.L827
0.1833

0.0131
0.0112
0 .009 7

0.0088
o.0072
0.0056

c

1+G

1+c

5+G

4+c

5+G

0.29999
0.43587
0 . s9514
0.77850
1.0517
1.3606

0.29999
0.44673
0. 68835
1_.041_3

0.30001
0.42046

. 5 7s03

.768L8

.0709

0. 30001
o.44306
0 .7 4207
L.0746

0.30002
0.4478r
0.61608
0. 81698
1 .0849
L.3772

0. 30002
0.42452
L.2204

0. 31500 0.0483
0.06745
0 .0 8842
0.10911_

0 .04605
0.06239
0.07768
0.09196
0.10890
0.L2293

0. 14350
0.16238
0.L8777
0.20654

0.13937
0.15889
0.L7466
0.18886
0.20343
0,2L603

0.L4370
0.16055
0.2L400

0.1618
0.L739
0.1845
0.1893

0.L770
0.1855
0.L923
0.L973
0.1984
0.19s8

0.L770
0.1867
0.1960
0.1984

o.L923
0. 2013
o.2065
0.209L
o.209L
o.2062

0.L487
o.L626
0.L752
0.L826

0.L487
0. 1606
0.L704
o.r778
0.L829
0.1831_

0.L487
0.L624
0,]-770
0.1829

0.L487
0.L627
0.L724
0.1790
0.1830
0. 1833

0.L487
0.1610
0. 1843

0.0131
0.0113
0.0093
0 .006 7

0.0283
0.0249
0 .02L9
0.0195
0 .0155
0.0L27

0 .0436
0 .0386
0.0341
0.0301
o.026L
0.0229

0.0436
0 .039 7

0.0231

000 3ls
t1

It

It

il

lt

It

tl

il

o.75327

d

d

d

d

d

0
0
1
1

lt

lt

tt

It

il3994

o.75327

L.2738

0.0283
0.0243
0.0190
0 .0155

il

ll

It

il

It

L.2738
It

o.L923
o.2007
0.2074

I

(contd. )
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TABLE B-3 (contd.)

Electrode *B E vol-ts -1oB Yc -1og Ym
o

cc

9+A

9+C

9+G

Not,es:

3

0 .030000
0.051016
0.070274
0 .0 89401
0.10761

0.028669
0.028669
0 .055137
0.081143
0.098111
0 .11-901

0.028669
0.028669
0 .055138
o .0797 49
0.10155

0.s5062 -0.062L5
-0.03641
-0.02097
-0.00941
-0.00053

-0.05995
-0.06950
-o.03737
-0 .01851
-0.00929
0.00016

-0 .059 83

-0.07354
-0 .04087
-0.02263
-0.0r_069

ô
0.1068"
0. 119 7
0.1285
0.L352
0. 1407

0.06864
0.1493
0. 1618
0.1701
o.L747
0. r_786

0.06864
0. lB45
0.L924
0. 1985
o.2025

0 .0698
0.0855
0 .0960
0.1043
0.1-109

0.0686
0.0686
0.0880
0.1009
0.1076
0.1145

0.0686
0.0686
0.0880
0.1003
0.1088

0.0370
o.0342,
0.0325
0 .0309
o.0298

0
0 .0807
0.0738
o.0692
0.0671
0.0641

0
0.1159
0.1044
0.0982
0.0937

0
L.4928

tr

It

tl

il

il

ll

il

It

0
2.5482

il

il

lt

1 â, b, c and d indícate Ëhe reference activity coefficients. a values
are calculated from Equation 6-4 (Reference 7, Chapter 6). b values
are tabulated by Robinson and stokes (Reference 9, chapter 6).
c, d and e values are obtained graphically from the experiments
where the concentration of sodium chloride was held consÈant at
0.1 mr 0.3 m, and 0.03 m respecËively (see Results, Chapter 7).

Vi 1s the activÍËy coefficient of sodíum chloride ln water.

-loq yo values are either calculated from Equation 6-4 (Reference 7,

Cnaõte? 6) or taken from values tabulated by Robinson and Stokes
(Reference 9, Chapter 6).

2

4. Satd. lndÍcate saturation.
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TABLE B-4

The activi ty coefficien

Electrode m

8+Q 0.03

NaCl-Gl

ts of sod ium chloride ín slvcine-w

vcine-l{aËer at 50o.

\ E volts -1oB Yc -1og Y

ater mixtures.

Y"

q
-0.06299
-0.067s7
-0 . 0 7195
-0.07492
-0 .077 44

-0 .07954

-0.03666
-0.04071
-0.04460
-0.04769
-0 .049 78
-0.051-69

0 .00433
0.00066

-0.00220
-0.00451
-0.00621
-0 .00 826
-0 .009 86

0 .05114
0.04842
0.04588
0 .04389
o.04242
0 .04065

0.07768
0.07585
0 .0 7384
o.07229
0.07104
0.06986
0.06878
o,06777

o.07L7
0.Lo74
0. 1416
o.L647
0 .1844
o.2007

a o.o7L7

-1og

0
0 .035 7

0.0699
0.0930
O,LI27
0. 1290

0
0.s6407
1_. 3141
t.9750
2.7L80
3.sL42

0
0.64649
t.2930
L.9527
2.5s79
3.4943
4.4L35

0
o.47678
1.1050
r.7237
2.3223
3.0000
3.7583
4.6096

cc

il

il

il

il

il

il

It

ll

il

ll

8+Q

9+S

9+G 0.30002 0
0. s6591
L.2684
L.9969
2.6379
3.6796

0 .05
il

il

ll

ll

ll

il

il

il

1l

tt

4L2L
ll

tt

il

il

il

lt

083131

0
o.54248
1.2311
t.9758
2.6240
3 ¡ 353L

0.08704
0.1186
0.1_489
0. 1730
0.1893
0.2042

o.r2t4a
0.1500
o,L723
0. 1903
0.2036
o.2L96
o.232r

0.15364
0.1748
0.1948
0.2101
0.22L6
o.2354

0.0870

0.1536

0
0.0316
0.0619
0.0860
0.1023
0.LL72

,0286
.0509
.0689
.0822
.a982
.1107

0
0.02L2
0 .0410
0.0565
0.0680
0.0818

0
0.0r.43
0.0299
0.0420
0 .0518
0 .0610
0.0694
0.0773

0 0
0
0
0
0
0
0

ll

ll

lt

tt

tr

il

n

ll

il

il

il

99
il

tt

ll

ll

ll

ll

ll

0.4

ll

It

tt

ll

ll

o.L7r2a
0.1855
0. 2011
0.2L32
0.2230
0.2322
0.2406
0.2485

0.r7L2
il

ll

il

ll

ll

ll

tt

9+A 95

(contd. )



TABLE B-4 (contd.)

ElecËrode

9+G 0.73108

8+D 0.91156

8+G 1.1730

9+G 0.30000
0. 30000
0.5608s
0.82236
1.0573

8+D o.29673
o.29673
o.54372
0.76925
L.0L44
L.24L7

rB E vol-ts -1oB yc -1og ym

B-15

0
0.60679
1.2008
1.8s66
2.56L8
3.5204
4.4324

0
0.54236
L.L404
L.7444
2.3357
3.2608
4.0086

0
0.56s36
l_.1893
1. 8168
2. 3885
3.3649
4. 3151

0
0. 303113

o

cc

il

ll

ll

il

il

tt

il

tt

ll

lt

tt

il

0.09757
0. 09563
0.09410
0.09258
0.09136
0.08998
0.08894

o.Lr362
0. 11191
0.11048
0.Lo926
0.10819
0.10691
0.10595

0.L2440
0.L2292
0.12160
o.L2040
0.11958
0.11844
o.Lr734

0.05114
0.o4967
0.08234
0 . t-0290
0.LL674

0 .05164
0.04900
0.08080
0.09935
0. l_1455
o.12594

o. 18034
0. r_954
0.2074
o.2192
0,2287
0.2395
o.2476

0.18344
0.L967
0,2079
o.2t74
0.2257
0.2357
0.2432

o.L862
o.r977
0.2080
0.2L74
0.2238
0.2327
0.24L3

0.15364
0.1650
0.1820
0.1-879
0. 1891

0.15314
0,1737
0 . r_888
0. 1948
o.t964
o.L9s4

0. 1803

0.1834

0
0.01_51
0.027L
0.0389
0. 0484
0.0592
0 .06 73

0
0.0133
0.0245
0.0340
0.0423
0.0523
0 .059 I

.0115

.0218

.o3L2
0.0376
0.0465
0.0551

0
0.0114
0 .00 75
0. 0058
o.oo42

a o.LB62

tt

ll

il

ll

lt

It

il

lt

il

It

il

It

0
0
0
0

tt

n
ll

o.1536
0. 15 36
0.L745
0.1821
0. 1849

0. 1531
0.1531
o.L736
0.181_1
0.1845
0.1871

0
0.0206
0 .0152
0.0137
0 .011-9
0.0083

0
0.53301

il

ll

It

It

(contd. )



TABLE B-4 (contd.)

Electrode m
c

9+B

B-16

rB E volts -1og yc -1og y: -t", 
ä

0. 30002
0.30002
0.5r7L2
0.73L46
0.93825
L,L628

0.29925
0.29925
0.5L245
0.762L9
o.996L2
L.2702

0.30002
0. 30002
0.53903
0.78794
1.0330
L.2720

0
I .0005

0 .04844
0.04415
0 .0 7288
0.09148
0. 10536
0.11755

0.05159
0.04403
0.07296
0.09476
0. 109 70
0.12384

0.054s8
0 .04s14
o.077L2
0.09826
o.LL372
0.12581

o. 15364
0.1870
0.1994
0.2050
0.2049
0.2030

0 .1536
0.1536
0.r722
0.1803
0.1837
0.1860

0. 15 34
0 .1s34
o.L720
0.l_8r0
0. 1843
0.1876

0.1536
0.1536
o.L734
0. 1815
0.L847
0. 1876

.0334

.0272

.0247

.02L2

.0170

0
0.0590
0.0484
0 .0418
0.0376
0.0303

0
0.0736
0.0589
0.0508
0.0446
0 .0378

(6-4)

It

lt

It

il

It

tt

tt

ll

0
0
0
0
0
0

8+D

8+c

0
2

0.15344
l_0

ll

It

n
lt

99 0.2L24
0,2204
0.2228
0.2219
o.2L79

0.15364
0.2272
0.2323
0.2323
0.2293
0.2254

0
3. 059 3

Note:

1. a, reference activity coefficlent, calculated from Equatlon 6-4
using the parameters ln the fifth column of Table 6-2.

2. Vi is the actlvity coefficlenÈ of sodiurn chloride in water.

3. -1og y: values are calculated from Equation 6-4:
An

log Y
o_
c

c r 2cm" *t^"' +f n'"3
lfBn c

Llz

.86484; C= -24.6254xLO
-24.762 x 10-3.

B=1
[=

where A = 0.5373;^
D = 56.9774 x l-0-r;

-3
t
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ÀPPENDIX C

COMPUTER PROGRAI"IS

These programs were written in chíppewa !'ortran code, for use

on the- University of Adel-aide C'D'C', 6400 conputer'

Program MESSY

Least squares Program for fittí.ng the activíty coeffícients of

sodium chloride in rsater to the equation

1

2

(6-4)

(a) Program TERr\Y and (b) Program ROBKY

Least squares Programs for fitting the relatíve actívÍty coefÍícients

of sodíum chloricie in glycine--vlater mixtures to the equations

rl2 312

A,/ñ I t
logy =--.-_;f'2Cm+ìD'n'

1*Br'n
+tn*3

..* 
ä 

= mu(B(a) +B 11 
nc

2
L12

+ (B
20

+B
21 

me )

rl2
+B m

c

m +B
c 13 

mc* uLz

* ut2 r") * Bzo \

)
l0

10 1t

*B (7-3)

2 (t-t)
and

(b) t", t = \(B

3. Program SIGMA

Least squares Program for fitting the activíty coeffícients of

sodium chloride at various temperatures to the equation

loeYc=f-f-n1ogr (7-20>



1. Prosram MESSY:

c-2

The cornments refer to Equation 6-4 on page C-1.

DATA INPUT

Card l-. TITLE

t'2. NrMrG

aecording tc !'ORI'IAT (2I3, F10.0)

N = No. of Points to be least squared

¡4 = No. of coefficients to be determined' i.e 4 ín this
case

il

G = Val-ue of A

3. D(1) , D(2) , D(3), D(4)

according to FOR¡'IAT (4F10.0)

They are guessed constarits, í.e. near values of Bt

D and E respectivelY.

(4+n). x1,Yl; x2,Y2; x3,Y3; ...etc.

according ro T0RMAT (3(F10.0, F10.0))

1.e. 3 poínts to each card where X = ut, Y = log y.

c,

OUTPUT

The output incl-udes the followíng informatíon:

a. Vàlues of the coefficients B, C, D and E.

b. The sum of the squares of the deviation and the standarcl

deviatíon.

c. A comparison, at each inpuÈ concentration, of the value of log y

calculated from the equatj-on and that of the inprrt. This is shown

under the headirtg tRt 1n the print-out.



e-l

PROüRAI"I MËSSY ( TNPTJTIOUTPUTITAPE 6O = INPI.IT)
ilIþlH¡lSION D(5) çX(50) rY(50) rGAS(50)tYC('50) rll(50) rF(50)

{årS(5r50) rA(5r5) rFi(5r5) rCYl (50) rÇY2(50) rCY3(50) rCY44(5
,*rj) rTITLË(I2) rPt (5;Iu0) rP2(5rI00) rSF(20) rSFA(?0) rV3(50
ìt)rACLOÇ(50) rXX(50) rüAY(50) rCYS(50) rCY6(50) rCYT(50) rV4
.lr(50)

ó6 RËAD lr TITLH
1 FOR¡,lAT (i246)

TF (E0f'r60) 33r44
4t+ PRLirlTllr TITLË.
II tQfii'lA't ( 'rt 'r¡' / 1?/t6)

REAü 3r NriulrG
_ì FORI"|AT t,'¿I3rl- l0r0)

PR iNT I ûZ
I t¡2 FORþtAT ( I 0 X I rthlrt r I 0X r ltMìl'r I 0 x I {tGrt t 5x )

PRIi\tT63rNrt4rG
b3 Ë0RF1AT (7Xr t3r7Xr I3r7XrF10.0)

RËAD +r (Ù(J) rJ=lrwt)
4 t 0R|,1AT (51- 10,0 )

pRINtTlü3
I u3 F 0Ri"lAT ( I 0x I +lJI # I I 5X r JtDe# I I ?X r *03* I I 2X r {Êf)4rt r 5X )

PRINTÉr4 r (lJ ( J) r J=I rM)
t,4 FORMAT (51'I5'6)

HAt) 5r (Ä(I) rY (I ) r I=.[ rlrJ)
ORfqAT (3 (FI0.0 rFl0.0) )

RINT} {]4
ORr"lAT ( 12X r,rf Xrt r I4X r +Y+r r I 4X r #X$ r 14X r + f r$ I l ¿+X r'reXtt r l4X r +Y

räX)
RINT6Sr (X(I) rY(I) rI=IrN)
0Rr.4AT (3 (f" I5.5rFI5'5) )

K=I

RII'JT}05
0RF4AT ( t3XtItP0Ii!TS+ I8XI*LìAS+f r8Xr*CYIüI I0X;*CY2¡Þ¡ ] QÁ¡rr
Y3+tr Ir'¡XrttYC+r I 0Xr'ÞR+r I gXe+tf+r I0X)

$fr(KK) = 0.0
7 GAS(I) = (1.0 + D(l)+ISORT(X(I)))

cYI ( I) =-(G$SQRT (x(I) ) ) /GAs ( I)
e Y2 ( Il =2.0+¡D ( 2 ) rtX ( I )

CY3 ( I ) 31.5s0 (3) rtX ( I ) +rta
V3 ( t ¡ = (4.0/3 

' 0 ) rtl] (4 ) tlx ( T ) {}{t3
yc (I) = (cyt (I) +cyZ ( I) +cy3 ( I ) +V3 (I) )

R(I) = Y(I) YC(I)
t (T) = (l\BS(R(I) ) )r'#2-
$F(KK) = SF(KK) + F(i)
FRINT 9q TITGAS(I) rÇYl (I) rCYZ(I) rCYS(I) rYC(I) çR(I) rF(

ttJ )

99 fTORMAT ( rh p0tt{T N0. r¡rI4r4xr7t}2.6)

R

5Ë
P

104 F
++

t)
65F

K

17 Ï
FT

lû5 F
tlc



Ø4

IF ( I'f,O.N) GQ T0 Fl

[= I+I
GOTOT

fl 5F A (KK) = SART ( Sr (KK) / FL0AT (N-4) )

C. . ¡ . SEE J. TrJPP I NG B00K 0N ERR0RS r P. 106
PRINT 19r SF (KK) ISFA (KK)

I9 FORMAT ( *t SUM S0. DEV. = ürF*15.8/ +r' STANDARD DE
1tV. = rtrFI5.B)
IF (KK.EQ.I) GQ TO I3
IF (Ail5 (SFA(KK)-SFA(KK-I) ).GT.I.0E-08) G0 T0 I3

I4 PRINT I5r (D(I) rI=Ir4)
15 FoRMAT ( rt FINAL COEFFICIENTS +r 4F15.7)

G0 T0 33
t3 t)0 B8 I=IrN

s ( I I [ ) =$tt¡ ( I ) /GAS ( I ) ìr$2
S(2tI)=2'0$X(I)
S ( 3 r I ) = ( 3 ¡ 0 /2 r Q ) +[ ( I ) 'r]#e
5 (4r I ) = (4 .0/3.0 ) +tX ( I )'l$+i3
PRINT l0trIrS(]rI) rS(2rI) r5(3rI) rS(4tI)

10I FORMAT ( * DE ' N0 r rt r I3 r 4F 13.6 )

8S CONTINUE
n0 I0 I = I;4
t)0 I0 J = Ls4
A(IrJ) = 0.0
D0 I0 K=1rN

l\(IrJ) = A(IrJ) + S(IrK) {t S(JrK)
1O CONTÏNUE

D0 60 I=l14
A(Ir5) = 0.0
00 60 K=lrN
A(Ir5) = A(Ir5) + S(IrK)*R(K)

60 coNTIf{l,JE
PRINT 77 ç ( (A ( I rJ) rJ=1 r5) r [=] r4]

77 F0tiMAT ( / /* C0EFF ICIENT r"1AT. trç 5F 15.5)
ÇAtL MATRIX (I0r4rSrlrAr5rts)
PRINT 6r ( (A(IrJ) rJ=Ir5) r¡=1r4)

6 FORMAT I / / +r. CORRE. 0N SoLS. n I 5F l5,6 )

D0 3o I=Ir4
D(I) = D(I) + A(Ir5)

3O CONTINUE
PRINT 9r(D(I)çI=lr4)

q F0RMAT ( +t COEFF I C l ENTS # ç 4F 15.6 )

3?- KK = KK+l
GO TO 17
G0 't0 66

33 ST0P
ËNl)
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2. (a) Program TERNY ancl (b) Proqram ROBKY: Ihe comments refer to

Equations 7-l- and 7-3 on Page C-1.

DATA INPUT

Card l-. N

¡ = No. of points to be least squared and ls fed in

under FORMAT (I3)

" (2+n) . TL,YY1,xl ; 22 rYY2rxz, . ..etc.

aceording to FORMAT (6F10.0), i.e. 2 points to each card.
^(^

Z=LogË,tt=r", X=mB
'c

OUTPUT

The output includes the following informatíon:

a. Values of the coefficíents 810, 811, BI2, 813,820, BzL'

b. The average deviatlon (under TAUDEVT) and the square root

/,-.^a^-- Ionr¡o|\of Ehg mean square qevraLru¡.r \uuue! Úr\l'rl) /r.

c. A comparison, at each ínput concenÈration, of the value of fog f"Y;

cal-culaËed from the equatíon and that of the input. This 1s shown

under tDIFt Ín the print-out.



Ç....
?t
l0

30

777
C....

C..r.

?
C...t
Ç.r..

3
Corre

C.rrr
C..r.

C.rr.

Cr...

i

H

PROGRAI-,i fERNY ( INPUTTOUTPUT)
DIþIENSI0N A ( I0r I0) rC ( l0r I0) rF ( l0) rC0 ( I0) rS (6) rS0 (6) r

rä$N(ó) r5M(ó) rSB(6) I
+SC (6) rX (ä00) rY (200 ) rZlZ00) rYY (e00) rVK (?0) rVKPt (20)
N IS NOI OF OBSERVATÏONS
RËAD10rN
FORMAT ( I3)
IF(N.ËQ.O)GO TO ?O
IIËAD3Or (Z(I) rYY(I) rX(I) rI=IrN)
FORF4AT(6FIOI6)
DQ177 I=I rN
Y(I)=S(IRT(YY(I))
CONT I NUE
ELEAR ARRAYS A$C
DOIK=l r I0
D0lL=1r10
A(LrK)=0'0
C(Lr6¡=9.0
CLEAR ARRAYS RSCO
D02K=Irl0
g(()=0r0
C0tK)=CI.0
ARRAY CO CONTAINS COÊFFICIENTS ON RETURN FIIOM
CLEAR ARRAYS S $ SO !; 5N $ SIq $ SB $ SC

003K= I r 6
5(K)=0.0
S0 lK)=0.0
5N(K)=0.0
sM(K)=û.0
SB(K)=0.0
5C(K)=0.0
JS IS NO OF COEFFIÇIENTS
JS=ó
CAICULATE ËLEMENTS OF ARRAY A

cA[c. POIIERS 0F X

û04J=2 r 4
D04I=] rrrl
S0(J)=S0(J) +X(I)+*$J
çALC (X ( I ) #*2) +Y ( I ) r|#J
Þ05J= l r é
00SI=l rN
5N (J) =SN (J) + (X ( I ) $+sA) rt (Y ( I ) tlttJ)
çALC (X ( I) +{r3) #Y ( I ) tâ.rtJ

D06J= Ì I 4
f)06I=| rN
5M (J) =5M (J) + (X ( I ) rå{r3) tt (Y ( I) ttt+J)
cAtc (x ( I ) lt#4)*Y ( I ) #r¡J
D07J= I r ?

4

5

6

I NVERSE

C....



'l
Crr..
Ç...t

C..r.

I
C....

Cr¡rr

r5)=A(5r
r5)=Su(4
ç31=Alëç
r3)=A(3r

B

îr,

D07I=l rN
5 (J) =S (J) + (X ( l) +lt4)'rh (Y ( J ) +ltJ)
ÇALC. ELEMENTS OF AHRAY È]

ÇAIC x ( I ) + (Y (I ) {tt¡J) üz ( I )

DOBJ= I r 4
D08I=l;f.l
Stl (J) =$¡i (J) +X ( I ) tt (Y ( I ) +rt (J-1 ) )'rtz (I )

CALC (X (I ) rrifr-z+ (Y ( I) ttrf J) {tZ ( I)
D09J= I I ?
i;g9I=] rN
5C (J)=SC (J) + (X (I ) u+r?) {r (y ( I ) Jf1t (J-l) ) tt¿ ( I )

FI[L ARRAY
Agrl)=SrJ(z
A

A

/\
A

A

I
5
T

I
I
?.

3

4
I
¿.

3
4
5
6

A

)

i
)

t
I

)=S0(3)

)=SN(l)
)=¡\(?rZ)=SN(Z)

lÀ(
/\(

¡41 =A (4r I ) =A (2r3) =A (3rZ) =SN (3)
r4) =A (3ç 3) =A l4 t?l =Sl.l (4)
r4)=A(4r3)=5N(51
r4)=SN(6)
r6) =A (6r I ) =A (2r5) =A (5rZ) =SM ( i )

r6) =lt (6r2) =A (3r5) =A (5r3) =SM (Z)
r6) =A (Or3) =A (4r5) =A (5r+) =SM 

(3)
rÕ)*A(6r4)=SM(4)
ró)=A(6r5)=S(l)
rfi)=S(?)

A
A

A

A
A
A

IIÛ

rll

/i(
PR I NT OU]' ARRAY A

PRINTIIi)
F0RMAT ( LHl I2BXTTIARRAY A+ )

PRINTtIIT ( (A(LrK) rK=]r6) r¡=1r6)
F0RFIAT ( I X r Õ ( E I 4 . 7 t 4X çl-I4,.7 I 4X r Ë 14,-7 I 4 X r Ë I 4 . 7 I 4X I

38I4,7¡4XrEI4''7t//ll
FItt ARIIAY B

l.J(l)=StJ(Ì)
rl(2)=58(2)
hi(3)=SË(3)
B (4) =SE (4)
H(5)=SC(1)
Él(ñ)=SC(Z)
PRTNT OUT ARHAY B

PRIi{TIÜ2
F0RtvlAT ( IH0 r TtARRAY Hrl )

0013K=1r6
PflItrlTItr3rB(K)
F0RMATlIH0rlXrHL4.7I
CAIL Il'iVERSE (ArBrCrÇ0 r JS)
PR INT I 04

Ç....

Ç.c.,

Iú7

I3
t03
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I()4 FOR14AT(IHOTtfINVERSE OF ARRAY AtT)

PllINTI0Sr ( (C (LrK) rK=I r6r) rL=I r6)
] 05 F0RMAT ( t X I 6 ( E I4.7 I 4X I E 14. 7 I 4X r HI4.1 r 4X I 814. 7 ç 4X r

3El4 ."f s4XrEI 4.7 s / / I I
PR it\T I (ró

I 06 F 0Rl'4AT ( I rJI I rtCoEFF I Ç IENTStI )

101 PRINTI00rCtl(1) rc0(2) rcO(3) rc0(4) rc0(5) rcc)(6)
Í O ó F 0Rf'4AT ( 5X I #Fl I 0+ I E 14.-"7 ¡ / / ¡$Xr +B I I+ r E 14 .7 ç / / ¡5N,r rf H I 2lr t

t E I 4 .7 s / / r 5X r *B 1 3rf I E L4 .7 ¡ / / ç5;X I +B?0+ r H L4.7 ç / / ç511 I *82 ] *
r$rEI4.7)

irR I i{T 3iJ
3d F0Ri'4AT(sx IHZ i3X 2HYY t3X IHX i3X lþlY t3X SilZCALc 13

IIA 3HDIF)
i-)ELL= 0

D0l4I=IrN
ZCALC=ÇO ( I ) +X ( I ) +C0 ( e) +X ( I ) {åY 1 i ) +C0 ( 3 ) ÈrX ( I ) rå (Y ( I ) lfr+Z )

*+C0 (4) *X ( I )

?.'f ( Y ( I ) ++3 ) +C0 (5) +X ( I ) rlrtz+Co (6) 1t ( X ( I ) tt+¡z ) t$Y ( I )

l)EL=(ZCALC-Z(I) )

ilËt_L=DËLL+ABS (OEL)
l4 pRIN'I7rJ7!-Z(I) rYY(I) rX(T¡ ;Y(I) rZCAIÇrlJËL

7 A7 FORI'IAT (6 ( IXEI3'6) )

PR INT39
39 F0Ri"lAT(IH /LH r4XrSHAVtlIV)

AVDHV=UËL[/FLOAT ( N )
r)RIi\Tt5rAVDEV

I5 FORMAT ( IXË15.8,/}H )

i.iË,L0P=0. Ü

íi0I07I=lrN
¿CALC=ÇO (t ) ttx ( I ) +co (2) {sx ( I ) JtY ( I) +C0 (3¡it¡ (I )tt (Y ( I ) +$e)

*+C0 (4) +X ( I )

2{t (Y ( I ) rt+t3) +CO (5) ttx ( I) +{r2+C0 (ó) rt (X ( I ) t}{t?) {fY (I)
ilËL0= (ZCAtC-Z ( I ) ) +*?
Qf f QP=t.tf L0P + nE[0

I O7 CONTTNUE
PRINT T OiI

I 0s F0tìMAT ( IH0 I rtSiìM5{f }

SRMS=DEIOP/ (¡\¡-1)
PRINTI 09 I SRMS

l0ç F0RMAT (1xËI5.8)
PR II.IT23

23 FORMAT (?TH çOIV1PUTATION FINISHED/IH?)
60 To et

?{) STOP
ËNil
SUBRoUTIhJE INVERSE (ArHrCrBrN)
Í)IMENSIOht A(t0rl0) rc(I0rì.0) rH(10) rH(10)
CALLMA tR I X ( 10 r f'lr N+ I ç ? r 0 1lA tZl



e-+

CALL¡"1ATRIX ( I rNr I r 0 rÇ ( I rN+I ) I I0 rËjr I 0 )

çAILF4ATRIX ( ] rNrNr 0 r A r I 0rCr l0 )

ÇALLMATRIX (1 rNr I r0rHr l0rC ( I rN+l ) r l0)
RE TURN$END



C....
?1
l0

ü-lô

PROGRAT'4 ROAKY ( I NPUT r 0UTPUT )

í)IMENSI0h¡ A(I0rI0) tC(I0r10) rB(10) rC0(1.0) rS(5) rS0(5) rS
trl (5) rSM (5) rSts (5) rSC (5) rX (200) rY (2001 t'Z (200) rYY (200)
hI IS NO. OF OBSERVATIONS
READÌ0rN
FORMAT(I3)
IF (N.88.0) Ë0 T0 20
READ30t (Z(I) rYY (I) rX (I) rI=lçN)
FORMAT(6FIO.6)
D0777I=1rN
Y(I)=Sr.lRf(YY(I))
CONT T NIJE
CLEAR AR}tAYS A$C
ll0lK= I r l0
t)0I[=l r I0
A(LrK)=0.0
C(LrK)=0.0
CLEAR ARRAYS B$CO
tl02K= I r l0
tT(K¡=ç,9
C0(K)=0rü
ARRAY CO COI.JTAINS CüEFFICIENTS ON RETURN FROM INVERSE
CLEAR AIIRAYS S S SO $ SN S SM $ 5B $ SC
D0f,(= ] ¡ 5
g(K)=0¡0
5Q(K)=0.0
SN(K)=0.0
5M(K)=0.0
sB(K)=0r0
SC (K) =0.0
JS IS NO OF COF.FF ICIENTS
JS=4
CATCULATE ELÊMENTS tIF ARRAY A

CALC. POUIERS OF X

D04J=? r 4
D04I=lrN
5(J)=S(J)+X(I)+t*J
CALC SUM (X(I)rtüU)n(Y(I)+*J)
D05J= I r 4
ûO5I=1rN
SO (J) =S0 (J) + (X ( I) ttttz' ) {t (Y ( I) tt*J)
CALC SUt4 (X (I) ll$3) lt (Y (I)rår+J)
D06J=1 r2
D06I=]rN
5N (J) =SN (J) + (X ( I) nr+3.) tt (Y ( I)'$r¡J)
FTtt ARRAY A

A(lrI)=S(?)
A(1t2)=A(2rI)=S(3)

30

777
C....

I
Co.or

?
Ç....
C..t,

3
Ç....
C.r.t
Cr...

4
C....

5
Ç..r"

6
C....



fi*ll

2r?)=S(4)
Ir3)=/t(3rl)=S0(Ì)
I r4)=A (4r 1 ) =A (3r3) =S0 (2)

tI 58 (J) =S¡r (J)+ (X (I ) {ltrJ)råZ ( I )

l)012J=1rZ
L)0121= ] ç f{

i2 sc (J) =sc (J)+x(I) tå (Y ( I ) ttrtJlttz ( I)
C.... FILL ARÈI\Y iJ

tl(l)=SB(l)
F¡(?)=Sft(Z)
rì(3)=5Ç(l)
tl(4)=5Ç(Z)
CALL INVERSË (ArBrÇrÇ0rJS)
PRfNTIüö

I 0É: F0R{vlAT ( IHI r rtC0EFF IC I ENTSr¡ )

I0I pRiNTI00rcil (I) rc0 (z)rc0 (3) çco (4)
i 0ü f:0Ri"lAT (5X rrtBl0ìi r El4 r I ç / / ¡5X'.atï?()ìt rÉ 14 ¡7 ç / / ç5Xr rtBl I+t çH

+t14' 7 ç / 1 r 5Xrr$812* r814.7 )

ËJR Ir\IT38
38 FORÍ*IAT(5X IH¿ }3X 2HYY 13X IHX I3X IHY I3X SHZCAIC 13

+X 311D IF )

llËLL=0
D0l4I=lrN
zcALc=Ç0 (I I *x ( I ) +co (?) rlx (l ) tt+t2+c0 (3) rtx ( I ) {fY ( 1) +c0 (4) n

Lx(I)rFY(I)ri$e
r)EL=(ZCAtC-Z(I))
í)ELL=DELL + A[¡ S ( IJEL )

L4 PRINTTO-IçZ(I) IYY(I) IX(I) IY(I) IZCALCII)EI
7 tè7 F0RMAT (6 ( IxEl3.6) )

PR I NT3?
3? Ë0Rr.,lAT ( tH /lþl ç4XrSHAVllEV)

AVDEV=DËIL/F LOAT (N)
PRINTISIAVDEV

t5 toRMAT11XË15.8/lH )

t)EL0P=û r 0
D0l02I=1rN
¿CrtLC=C0 (I ) +X( I I +C0 (A) +$X ( I) +l.n?+C0 (3) tsX (I ) +Y ( I ) +C0 (4) *

tx(I)+rY(I)rslte
l)EL0= (ZCAluÇ-Z( I ) ) nìtZ
DEL0P=lJEL0P + DEt0

lOZ ÇONTINUË

A

A

A
A
¡À

A

ir(
C.r.. CA

i)0

3r4)=A(4ç3)=S0(3)
4r4¡=90(4)
2r3)=A(3re)=SN(I)
2r4) =a l4ç?l =5N (?)
LC ELË-MENTS OF ARRAY B

llJ=1ç?
III=Iri{DO



G-l¡

PRINTTO3
I 03 F0RMAT ( t l'.|0 r r¡SRMSl+ )

SRMS=DELOP/ lN-l )

PRINTI04TSRMS
104 F0RMAT ( txEt5.8)

PR I NT?3
23 FORMAT (2IH COMPUTATION FINISHED/l'H2)

GO TO 2L
20 STOP

END
SUBRQUTINE INVERSE (ArBrCtCO' JS)
DIMENSI0N A(I0rlû) rC(10r10) rB(I0) rC0(10)
CAILMATRIX ( I rJSr JSr 0 rAr l0 rçr l0 )

CALLMATRIX ( I rJSr I r0rBr l0rC ( I rJS+1) r I0)
CALLMATRIX ( I O r JSr JS+ I I 2ICI I O I Z)
CALLMATRIX t t I JSr I r 0rC ( I r J5+1 ) I 10 rC0r I0)
RETURN$END
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3. Program SIGMA: The comments refer to EquaËíon 7-20 on page C-1.

DATA INPUT

Card 1. N

N = No. of points Èo be least squa.red and is fed in

under FORTYAT (I3)

(2+n) . zl, T1; 22, T.2; ...etc.

according to FORMAT (6F10.0), i.e. 3 points io each card.

Z = Log y, T = Temperature oK.

(In this research N = 4 since only values at 4 temperatures

were used in the least square.)

il

OUTPUT

The output íncludes the following ínformation:

a. Values of the coeffici-ents.

b. Ihe average deviation (under TAIIDEVT), the relative partÍ.al nolal

heat capacity (under tZJ'), and the relative partial molal heat

conËenË (under tZL').

c. A comparison, at each input temperature, of the value of 1og y

calculated from the equation and that of the ínput. ThÍs ís

shown under tDIFt in the prínt-ouÈ.
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PROGRAI'4 SIGMA ( INPUTIOUTPUT)
DIMENSI0N A(I0r10) rll(I0) rÇ(10rI0) rT(20) rZ(20)
N IS NO. OF OBSERVATIONS
ÊEADl0rN
FORMAT(I3)
IF (N.EQ.0) 60 T0 20
ÇLEAR ARRAYS A$C
D0IK=Ir10
D0lL=1rI0
A(LrK)=0.0
Ç(LrK)=0.0
CLEAR ARRAYS B$T$Z
ü0lK;lr?0
T(K)=0.0
Z (K) =o. o
¡1¡6¡=0r0
READ30r (Z(I) rT(I) rI=IrN)
FoRMAT (6F10.6)
CALCULATE ELEMENTS I)F ARRAY A

S=0.0
D04I=IrN
S=S+1.0/T(I)
S0=0.0
D05I=1 rN
S0=S0+ALOGI0 (T ( I) )

$irl=0 ¡ 0
D0ÕI=l rN
5N=SN+Lt/(T(I)nrs2)
SMs0.0
D07I=IrN
SM=SM+ALOGI0 (T ( I) ) /T ( I )

SEgO.0
D0ÊI=lrN
5E=SE+ (ALOG10 (T ( I) ) ) rtrt2
F II-u ARRAY A

A(lrI)=N
A(1r2)=A(2r!)=$
A(1r3)=A(3rl)=Sf)
AIZcZ) =Sht
A(2r3)=A(3r?)=SM
A(3r3)=SE
CAIC. ELEMËNTS OF ARRAY B
SZ=0.0
nO9I=I rN
SZ=SZ+Z ( Ï )

SB=0 .0
D0llI=lrN
sB=sB+7.1I)/T(I)
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SC=0.0
D0leI=l rN
SC=SC+Z ( I ) r¡ALOGI0 (T ( I ) )

FILL ARRAY B
A(Ir4)=52
A(2r4)=Sts
A(3r4)=SC
CALL IVIATRIX (10r3 t4t*Arl0rY)
PRTNTIOO
F0RMAT ( 5X r *¡Att r I 7X r $F.t} t IóX r *Cr$ r i 7X r r$ZJs I }7X r{tZLì} I I 3X)
ZL=(-4.60ó),r$l|9B7II+t (A (?'4) -A (3;4) r$29I ,0/?.303)
7_J=2, 0if I . 988srtA ( 3 r 4 )

XI=A ( I r4) $X2=-¡ l?¡41 $X3=-A (3r4) $X4=-ZJ$X5=-ZL
PRTNTIO6IX} I X?r X3I X4I X5
f oRrqAT ( 2X r E 14,7 r 3x r E L4,7 r 3X r Ê. L4.7 r 3X r E I4'-7 r 3x r H I 4. 7 )
PR INT38
F0RMAT ( 8r( )+7$ r l2X r +TEMp+ I 9X I +ZCALCTt I 8X r fD I Frï I gX )

iIELLç ()

0014I=1rN
ZCALC=A ( I r4) +A ( 2 t 4l /'l ( I ) +A (3 r 4) I$ALOGl 0 ( T ( I ) )
fJEL= (ZCALC-Z ( I ) )

DELL=DËLL + ABS ( DEL )

PRINTTü7 r Z ( I ) r T ( I I ¡1.CALÇ r OEL
FORMAT (4 ( IXE13.ó) )

PR I NT39
F0RMAT ( 8X r *AVDEV*, r 8i( )

AVfiEV=DEIL/FL0AT ( N )

PRTNTISIAVDEV
F0RFIAT (8XrEI5.8rBX)
GO TO ?T
STOP

t01
1CI0

Iü6

3B

T4
7ô7

39

l5

e0
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