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Propriétés tle1'lhOcJyn8Jlliques de 1ft61anges de 

chlorures d'arg~t, de PQJassium st ,de lithiu. 

u " f r 

.. 

. , 

\ 

• 

Les propri6tfs thmnodynamiques IIOlaires partielles du 

chlorure ~'arge~t liquide daps des solutions fondues de chlorure de 

potassium - chlorure de lithl\Jl1 ont êté mesurées à l'aide d'une cellule 

du type 
. 

- Ag/Agel - KGI - LiCl/CI 2, C + 

Le domaine de te~rature êtldié s'étend de 370 à 530°C. lb aodc)\e qui 
• 

rend cOJ1tltc semi-quantitativetlCnt du c~r1:emcnt observé a êt! appliqœ 

au système ternai~ • 
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Thcrmcxlynamtc, Propertie~ 0' Silver Chloridc-
--"l 

Potnssill1l 'thloridc-Uthium Chloride Me1ts 
'\ 

. . ABS1'rw:r 

Partial roolnr thernndynomic propcrt le5 of liquid silver 

chloridc in molten potnsshn chloridc-lithium chloridc solutions 

\olCrc meosurcd using n ccll of the type:' 

- Ag/Agel .. KCl - LiÇl/C12, C + 

The t~mpcrature rlln~e invç5tigntcd was,.370 to 53SoC. An ionie th<'0ry 

was 8J'Vll icd .whic,h would semi .. qu3~\titativcly account for the observed 

bch,.viour. .., 
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INI1OlJCTION 

Sjnce the inception of electrolytic practices in the aiddle .. 
of the ninetccnth ceniury, tOOy bave acquired increasing ~ in # , , . 

, 
the extraction and rcfinirlg of metals. At present elect1"OChClllica1 pro-

cedures are involved in the production of at least half the COIIIIDIl ~­

ferrous industrial metals. 11lf' most notable is the electrowinning of 

a1\J1linum with a world production of approximately 10 aillim tons per 

annun. (1) 

Electrolytic processes Ey he distinguished by the nature of 
4 

the elcctrolytes crnployed; aqueous or fus~ salt. Aqueous electrolytes 

arc appropriate only fôr relativcly noble meta1s ~tere the discbargc of ~ 

hydrogen ions cannot competc for thermodynamic or 1dnetic TCaSORS vith 
'\. 

the discharge of rœtallic ions: For more reactive metals the discharge 

of hydrogen ions virtually prevents the deposition of the ~tal. For 

these tœtals fuscd halidc electrolytes are gencrally enployed. Fused 

electrolyte~ are particularly appropriate sincc they bave high elec.trical 

conductivity and pennit elcctrolysis to be conducted at high current dcn­

sity - one order of magnitude greater than that usually obtained wi. th 

aqucous clcctrolytcs. These advantagcs considcrably ou~~igh ~ expcn­

diture of energy requircd 'to maintain the elt"Ctrol)rte in thc mlten state. 

At -the. present time. the 0I11y IlJetals clectrowon on a large scale 

from fuscd elcctrolytes have melting points 1000cr' than tbat of the electro­

lyte. Thesc fnclude sodium, magnesÎlII" and aheim .... Since they are con­

scqucntly rcduccd in the liquid statc thon are no difficulties associatcd 
/' 
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\, with cathode rorphology ?>r separation of the reduced metal from the 
, 
1 

'elec trolytc . 

. r.tJch research has shown that i t is possible in principle ta 

deposit high melting point metals such as titanium and zirconium from 

fused salts .. The idea is attractive since it ~uld make these,'potentially 

abtUldant rnetals available at low cost. However, deposi ts of thcse mctals, 

almost without exception, are dendritic in nature especially when' the 

" clectrolyte does not conta in fluoride. As a result there is considerable 

practical diffiçulty in operating the cell continuously and separating 

. the deposit from the electrolyte. In addition, expenslve melting of the' 
, , 

deposit is required in order to produce it in a form suitable for sub­

sequent processing. 

In recént years there has been an effort directed to~~rds 
) 

elucidating the rnechanism of dendrite development during deposition from 

fused elcctrolytcs.(26) AlI such theories ultimately require knowledgc 

of the propertics of mol ten clectrolytes and in particular "ionie structure". 

Conscquently, ntlTlerous fundamental studies of molten salts and mixtures 

thereof have becn conducted by metallurgists in the past two or threc decadcs. 

Of basie i~rtancc is a knowledge of the thermodynarnie properties of 

salt solutions which relate ta melt structure. These are prel"equisite to 

any thcories concerncd ~th electrode kinetic phenomena of which dendritic 

gTOh*th is but one. 
-

Thennodynamic studies have generally been rcstricted to binary ;. 

systems in spite of the ~rtance of ternary s91utions in many practical 

clectrolytc systems. In Tccent yeaTs, OOlo.'CVCT, thcre has been a systematic, 
~ r 
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investigation of the comparatively easy to study silver chloride alkali 
} 

chloride tel~aryf.systems; these include the systems silver chloride -

sodium chloride - potassium chloride and silver chloride - sodium chloride -

cesium chloride(2) and most recentIy, silver chloride - sodium chloride -

rubidium chloride. (3) These systems are particularly suited to accurate 

study since they are relatively n9n-hygroscopic; have low va pour pressure 

and can be s.tudied by established electrochemjcal means. The propertics 

of a11 these systems are much the same because of the chemical similari ty 

of the aIkaIi metals frorn sodium to cesium. It is expected that there 

would bc much diffcrent bchavioUf fox a ternary system of silvcr chloride 

containlng lithitun chloridc because of thé small ionic radius of lithillll. 

Consequentl)', a study of this melt could contribute significantly to the 

general tmclerstanding of mol ten salt solutions . 

.. Thi s report i s concerned \\'1 th thc study of the thenoodynamic 

propcrtics of the molten sil ver chloride - lithium chloride - potassim 
} 

chloride syst('m. This systeM is somC\~hat more diff1cult to study than 

those citcd previously because of fllC tendency of lithium chloride to 

react with atmospheric .water vapour to form li thitun hydroxide and hydro­

chloric acid vapour. For this Tenson precautions ~~re requircd in handling 

and preparing the mel t - practices ",hich as prcvÎously indicated are not 

necessary ~hcn dealing "'i th the other alkali chloride melts.\ llo\o:ever, in , 

other respects this system i); arncnable to precise study cspe~ially because 

of the low tempcraturc eutcctic in the lithium chloride - potassium 

chloridc hinary. This permits uscful data to he gathered on the malt 

,~i thout the nccessi t}' of JllC'aSUTC'rnt'nts at tC!IIpC'rntures in excess' of 535°C. 

" . 
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EXPERIM1WfAL PROCEIlJRE 

, ' 
> 

_ Thenoodynnmiî p~perti~s of molten. sUver chlorida - lithill1\ 

chloridc - potnssilm\ cnloridc electTOlytes wcre determined by measuring 
\ . 

the Gibbs frc~ cncrg}' change for the. TCRet ion 

" . 
in elect Tol)'tes of di ffcrent sUver chloride cOJlcentrations over the 

·approxirna~.e tompcrRturc range of 370 ~o 535°C. The electrochemical cell 

-"Ag, AgCI - LiCl - KCI"' C1 2• C • 

was employcd ~xclusivcly in this work. 

The -technique wns suitable since the chlorine electro,de 15 
" 

knoWn to be revcr~ible and, as B reslÙ t. voltage Jneasuroments are stable 

and reproduciblc; JOOreovcr. slich cells have been successf'Ully uscd in 

se~eral prior investigations on similar systems. (3,4) 

Salt Purification . . \ 
Although rcngent grade salts were employed for aIl electrolytcs 

sorne purification WBS rcquircd since lit~iurn chloride reacts with water. 

\, . 
"2{)·. LiCl .. tH).· 11:1 . 

Besides directly contaminating the melt. the hydroxidc ~s un-
:) 

desirable becRuse it reacts witH'tbc .pyrex containors used tbrougbQut 

the cxpcriment. 
,1 _,' 
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1 
The? ~ll'~trolyte '\\'ll~ puri fiod by'. method d(wolopod by I.gitinM, 

J:er~u~on ;uld O~t(\lrolUlR. (S) This ptindpully invol~~ pêl!lsing MhydrouJ 

) HCl vnpour ovcr thl" lithium chloridc to ~hi Ct th~ nhow ronction to the 

lert. 

nlO puri fkAt ion of tht' SAlt toù).,. pInce in the np}lnrntus Rhown . - -
in Fi Jtlll'l' 1. 11\1 ~ ~pp:trntt1s \\t:t5 ,"ons truc tcd fm", prrex Rb!\8 nnd coil-

shtl'" of h'O m., 101' pH rt~ \\·hkh \~r(' conncftcd h)' tnc':ms o,f AJ\O-rit18 joint 
r 

All\! c1nmp. n1i~ t)l1C' of dr~i~~n fncilitRtC'd the rC'lOOvnl of the upper. tmrt 

so thnt :Kt(l~!\ to thl" I1l('lt or (\ chmlf.ll' of the \lpl'\er }Xlrt ion of the n]lpnrnt\l~' 

could he cnrrird l'lut qukk1r. 
~". . 

11\(1 10\,~r portion of the nppnr",lu~ .~on5ht('{J of Il hrl!l' outer 

tuh€' 54 t'm InnR 01\\1 50 1t1l1. in dinmcter. Ât the 011('1\ ('nd of this tube the 

o rin~ llRl.l Joint SO nll1. ln. WÂ~ nttltchrtt. nlh large tulle hnd pyrex. 

"'001 n\ thl' hot tom. 01\ top of ,,1'\h:h ~I\t ,tht' pyrcx l'nlcihle which hcld the 

~1t. 111ls pArt of. th~ nppnrn~\I!I\ wt\s hchl hy R clAmp ovar 0 centrAl tubE­

fumnc(' \,1\ich wn~ Oll R trad:. 11,t!ll ('nahl('{t the top 0(- t~c furnocc to 00 

movt'<.1 to nny po~it Ion nlonn thl" outl"r tuh(' U)) to the hall joint A~!'cmbly. 

Thl" upp('r portion of the aPl'nratu!Il l'ond~t('\' of " h('nd con­

tnillhlR th1'(,(, ol~ninR~ and Rn Inner tube ~llRht1y smnller in dilUlX'ter- tllIm 
. 

the Mntl, n,;prox tm:ltC'l)' 40 cm. 10nlt "hich ~mlcd 1" A tUl,eretl opcnin~ 12 RI1I. 

hl' dinl1lC'tc,r. 

The lRrJ:('~t of thC' three openin(!!'\ wus locntcd ln the center. of 
. 

the haRt) And cOIl~ist('d of a mnle Rro~U'\(1 glns:\ joint. The {cmnlé portion , 

of thh joint contnillt'd An O·rlna;t sCAI ",hleh in turn nccOIII1'IO\lntetl ft lance. 

An ndv:mtnAc of thi ~ type of sCAli wns thnt it ol1o\\od the ll)'fcX lance ta 
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PURIFIED 
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FIGURE 1. Salt puri~lcation ccl}. 
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., 
bave ,its Position aiter~ without any gas escaping through the sesl or t 

\ . 
conversely. prevcnting gas from lcaking into a vaCU\l'l\. The other t\iO 

,j, opcnings ~cd for gas line connection had tho hall and sockct type joints. 

- cne of thesc opcninRS gave acccss to the inner tube; the other 100 from 
, ~ 

the spacc bctwc~n too hcad and the inner ,tube. 

nlC~ salt mixture l\'DS purificd in the following m .. inncr. Glass ' 

)«)01 was JXlckcd Just nlxwc the tnpcr of t~nner t~be. The lance \~ns 

passed throur.h the pyrex woel and out through t~ taper. The salt mix-' 

ture was introduced to the chamhcr through the large central opening and 

rcstcd on the pyrex "'001. '!he grOlUld glass joint was closed and the 

8PJlropriate gas 1 ine connt'Ctiolls Wt're made to the ball joints. 

1hc asscmly wa~ then cvacuated for n pcriod of 1\-:0 haurs nt 

room tCllllCraturc; the tcq)('rature \\'8S incrc~eù, over a per:iod of five 

bours J to 300°C. ~ring this time the vacuum w'as maintained at .03 Torr. 

~t 3000C the apparntus ~~s filled with argon. driod by passing 

over rnagneshan perchlorate, and l'VIde virttmlly oxygen Tree by reaetion 

là th copper 8t 500°C. Refer to figure 2. \\'hcn tOO pressure in the 

npparatus l\'DS 'slightly greater th an ntmospheric, the argon was shut off 

and anhydrous hydrogen chloride "ëlS passed through the salt mixture bcfore ' 

being exhaustcd to the exit bubhlcT. 

11le tcq>eraturc of the fumac, \\'35 raised to SOOoC whilc the M. 
anhydrous hydrogcn chlOTide gas passed thruur.h the salt mixture. In the 

t~raturc range 352°C an4 4000 C. the salts fused and trickled through the 

pyrex l«lOl fil ter into the cruciblc. Insolub1e matter present in the 

, 
. .~ 
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tub. furnoc. (500·C) 

Anhydrous Hel or 
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't 
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A- chlorine electrode 
B- salt purification ceU 
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vent 

.. 

Argon 
Inlet 

to vacuum , 
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FIGURE 2. Sc~~tic diagram of argon purification train and auxiliary 

equipmènt. 
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saI t mixture was not Jœl ted and was retained by the pyrex l«)()l. 'When 

fus ion of the salt mixture was canp~e 1ihe lance wu l~red into the 

JOOltcn salt solution and anhydrous hydrogen chIoride gas was OObbled 

through the mel t. To JXlrge the sy'stem of hydrogen chloride gas, argoo 

was bubbied through ihe melt for tllIO bours. 

Electrochemical Cell 

The clectrochernical cell lIobich is shm.n in Figure 3 was assembled 

~ b~ removing the. salt purification ehamber f~ the large pyrex tube con­

taining the cnx;ible with the ~rificd saJ..~ solution, and iDlnediately 

replacing it with a eeU cover containing f.ive orifices. This pyrex cell 

cover \\'35' c1amped to the O-ring baIl joint; tl}e gas lines \\Cre COQIlccted 

and the argon flow was established in o~r-to purge the atmosphere over 

th~ saI ts of any, air thht had entered the apparatus' during tœ change over. 

• 

Of the five openings in the c~ll cover n,,-, were required for 

'inlet and outlet of the argon flow. A third opening ~vided entry for the 

thcnnocouple weIl. Silver and chlorine E'lectrodes ~re installed through 

the remaining tw openings. 

The opening for the ~enoocouple weIl containe<! the o-ring seal, 

which aUO\\'Cd the thennocouple to he raiScd or l~-ered in the ~lt. This 

was advantilgcous in that the posi tiœ of the couple within the melt could 

he adj~sted. A chromel-alunel thenoocouple calibrated against the aelting. 1 

points of lcàd and antimony ~'a5 eqlloyed for aIl i~rature measu~nts. 
- ) 

The silver electrode was a pure silver wire 3 mm. in diameter and 

\\'8S illlnersed approximately 2.5 cm. intO the aaelt. Tœ silver electrode 

, 
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entered the inside of the apparatus through an O-ring seal. 
~ 

Chlorine Electrode 

At the center of the cell caver was the male portion of a grOllld 

glass joint the same size as the one uscd for the salt preparation chamber. 

Through this opcning was placcd the chlorine electrode fitted to an O-ring 

seal. The chlorine electrode basically éonsisted of a graphite rod in 

contact wi th the electrolyte and ~ chlorine àtmosphere. A detailed dra"ing 

appcars in Figure 4. 

The graphite electrodes were 6 mm. in diametcr and were special 

spectroscopie grade "SPK" graphite from the National Carbon Company. The 

graphite rods ~~re pre-treated by chlorî~tion. Briefly, the mcthod con­

sists of holding the graphite rods at 900oC, under vacuum for 12 hours, 

~and th~n tmder an a tmosphere . of chlorine for a total of forty-eight bourse 

The pr~treated graphite rad was placed inside a pyrex tube Which 

was close(,l at the bottom end \dth the male portiol) of a gromd glass joint. 

The pyrex tube had a few hotes locatcd about '35 PIII. above the gromd glass 

joint. At the top end. the gr~phi te rod \o."aS connectcd to a brass plug 

Which had its inner surface coated with ~ax to prevent a reaction with 

chIorine. This sealed it at the top portion of the tube; it also provided 

a contact point for the potentiometer lcads to the graphite. Approxi­

mtely an inch from the top etld of the' pyrex tube a ba11 joint "'8S j'oined. 

This pyrex tube ~'3S placed inside a larger pyrex tube which con­

taincd at the bottom end, t~ female portion of the grolD'ld glass joint . ., , 

At the top sille of the outer pyrex tube another small baIl joint was affixcd. 

.. 
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The lImcr pyrc-x tube WU8 cal1nhlC' of movlnr. ins1d~ the outer pyrex tulle; 

Rn O·rll\~ l8C'a1 joh)cd the outer tube, tu the hmer tube ~nt the top (lIlÛ . 
And thC' ~l'OlUld r.b~~ joint èOI\ll(,l·t~d the tub('8 tOftethor at tho bottom 

end. 

M1Cn th<, rhlorJn<, <,lcctl'Odc WA~ ln pO~ittOIl. it MI~ mndl" opera­

HOM1 hy thl" ropmdnR procC',lurl". 11lC chlorille inll"t line wn~ l'Ol\lll"ctod 

hy th(' hnl1 Joint to li\(' inn('r P)'l'(,x tube. 'nll" chlodlt(' exhltust tuhC' WAM 

connl'(,'l('d to thl" hnl) Joint on tho outt'l' P)'tC'x tuh<, of the chlorlrw ('l('ctrod(', 

A~~on ",n~ thpll tntnl\IIIl'<,d into the line to nu~h the nlr from the' clC'ctroûC'. 

11\(' cl('ct ro<Ie wn'4 tlwu 10\~rC''' Illto th(' fI1('l t and the nrgoll rJow f'toppcd, 

'11,(' 1111)(')' tuhC' WA~ p\l'\hC'tl \IO\~'1\ml'\l thu!' oJ'C'tlillp. tht' ttt)l<'l'C'd JOlllt, ,11e. 

moltC'n ('lC'rtl"Olyt(' flo't/{'d illto the Inner tuho Itnd nrolltld the nruphite 

('lC'cln.xl(', '11(' O\ltC"1' tul~ of the' e'lC'ctl'o\le' wn~ Jl\l~h(1(t dm"ll to l'lo!'('! the 

'Rro\Uld 1~111!'~ joint und trnp " ~ltlnl1 R~lqnt of mol ton, ~n1t in tontnet with 

the ~rnph il C" C' 1 C'(l rOllC' , 

11lC' J"('!iht :Ull'(, th ... r.roulld glnl'~ Joint cr<,otrd in th" (.'cll ,,,hcn 

clO~Ctf,~ bt'tWt'C'n 500 nml 3000 ohm~, M mcn!.'urcd \dth n conduct ivlty bridl!t', 

'01(' ilrqxll'tllnct' of cr('nt lnR "" ht gh A ft':d ~tnntc Ag JlO~~ Ihle 18 to rrduco 

the l~hlorll1t' diffwdon (rom th(" dectrodC', If chlorino diffus('d into the 

1tl(!1t if \\'O\l1d rt'!1<..-t ,,,ith tllt' !'\t IVl'r clC'l'trodo thul incrC'n!lltng tht' concc-tl­

trRt iOIl of sll Vt'1' ('hlorldC' in the' molt whkh would dN'r('nso the olcttromotivo 

(01'(('1 hct woc-n thr sil ver nnd <.'h lori"e ('l("èt rode, 

. UTiN) t'hlorino ~n~ w:t~ introtllK'C'd to the! lllllcr tuba contnlning 

the' Rrnphi te rot! m1l1 floWt"d dm\11wnrds OVC'f the trnppcd rnolt ond pa~st'l1 

throul:h the l'mail h()l('~ ntlOvl' tilt' Jn('lt into the outl'r tuha, ft thl'n flowcd 
, , 

\{lW:tnl~ funl w,,!' ('~hnll~tC'd f"(l1JI thC' cl('l'f rod(, • 
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Typlcal r .. ~rimmt 
The elcctromotive fo~c .,nsul"CIIImts wero cohductod on pure 

-' . 
~i lver chloridl' nnd Il tcmarlt"s. The C.II. f. ~asu~ts of the temal')' 

mi xtures wcrt' mnde along 1 in'J~ of con~tant rut io of potasshll and 

li thiurn chlorhle ",hile the concmtration oC sil~r chloride was incrca!\N. 

Tht' 5 j 1 vt' r chi or ide was nddcd to the ....-1 t di roc t1 y and anhyd rou~ 

hydro&cn ("hlorhl" J!as wn~ buhblC'd throus:h the Jn('} t for IS minutes. Dricd 

arr,on r.ll~ Ml" then pnss('(l through thC' melt to pllrgc it of the cxccss hydro-
i 

Ren l'hlorhlt,. Thb procedure "'DS cnrricd out after cach addlt ion of sil ver , 
chloride to the mcH. 

WhC'1l the c.m. f . .œasurc.mcnts oC a tcmary coq>Osition wcre com­

plct('d,' two snmplC's of thC' mclt "'erc takcn Cor silver chlorÎtle and potassium 

chloridc nnnl)'~v.. 

11l<" nnalysis "'n!' cnrricd out by dis~lving the Crozcn salt mix· 

ture.' in amn..,nitnn hydroxidc mld dist'iHcd "'8tcr~ The sih-cr chloride was 

predpi tat<,d rrom the solution aCte0c'xvcU ing the anIIOIlh.lll hydroxide:(6) 

111(' prccipitate WHS c:ollccted by fi ltcring , then drying and ,,'Cighing to a 

con5tant ,,~iJ,!ht to givc the pcrcentnge by weight or silver chloride. 

The fi 1 tratc "'nS snvcd and then analyscd, Cor potassilln by using 

the perchlorate mcthoo (7), ,,'herè the pot855iun is preci~i tated in the Conn 
, ~ . 

of potnss itun perchlorate by reacting i t with pc~hlot'ic acid. The lithb.lll 

Ix'rchlorntc "hich aho foJT'S is dissolved preCerent ially. in an organic 

solvC'nt. nIe potassium JlC~chloratc is collectcd by .CUtering, dricd and 

",~ighcd, to d<.'tennin(' the pcrcental!c pOtassillll chloride. 

111(' li thhn chloride was dctc1'IIincd by the diffcrcnce oC potassillJ'l 

chloridc and si Iver chloridç (rOll the total sample ~'eiahcd . 



',' 

•• 
" 

- 15 -

lUring sanpling partial 'freezing of the electrolyte .y ocqa 

resulti~g in seme sanple bias due to segregation. This and other systœatic 

errors accma.ùate s~ that the CClq)OS~tion teportcd should he regarded 

as not more accurate rlwt one mole percento, 

The e.rn.f. readings ~re tnade in the t~ra~ range betveen 

370 and 535°C, thc upper li~it being the teqleratùre àt "ufch the pyrex 

begins to soften. The l~~r lmit is dictated by the freez.ing wint of 

the salt. The e.m. f. measur~nts were made on increasing then decreasing 

the tCJ1tlCrature to prcdetcmincd values. 

The chlorine gas took about 12 bours to saturate the .elt ft 
, 

achieve e<luilibrium. Otee saturated it responded iIrIIlediatcly to changes 

in the ch10rinc p!cssure. The chlorine pressure w.s measured wi th a 18IlO~ 

meter and typically was about 10-12 torr arove the atmospheric pressure 

becausc of the exi t bubbler head. 

Voltage "''DS stable to ~thin 0.2 JIJV for a PCTiod of one haur. 1be 

cell respondcd inmcdiate1y to changes in temperature. The cell e.lI. f. vas 

mcasured wi th l.eeds and Northrop K-4 potentiO!l'Cter and standardizcd agAinst 

an Epplcy ce 11. 

The teq>eratllre gradient wi thin the .eU was deterained to he about, 

".JJ -1 0.4 ~ cm • Since the overall depth of the El t (was approxiately 10 al., 

the total absolute cr,ror in te~rature lnCasurelllellts "is about ! 2 cf'. 

"'" 
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BXrERIMlZNTAL RIiSUL1'S AND DATA ANALYSIS 

FOr the ol~ctrochcmicnl coll: 

• Ag/AgCI/C12, C .. 
\ 

the primnry cclI proccss i5 

. \ 
~g(S) • l CI Z(g) ~ ~Cl(l) (1) -

for whkh the Nernst 0lt)"155iOlI is , 

E =r nO \- ~'t ln ~ 
\ PCI 

whcro the stnndltro ~tBtc~ ~re puro 50~ld. gas nt l atmosphcro ~ressurc, 
" 

and,puTe 1i.quid for silv('r, chlorinc RIld silvcr chlorid~ rcspcctivcly. 
\ 

ReCel' to ApJl<'IHHx A roI' nÙl1nclutUI'C. 

Tho mea~lIrcd ('.m.f. docs not give F. dircctly becRuse of the 
. 

'thenmclectric offret Associated with dissimilnr cleetrodcs. The sHver 

E(mv) • 4.36 •• 088021 + .0128BT ln T (3) 

which rclnt<,s the thcrmoélectric voltage to the temperature of the hot 

;metion, (th~ melt tCtrqJoraturc), ~m the cold junction, (the external 

t011l)1na1 tCTii'CT8tur('). is 25°C. Since this potcntial has the opposite 

polarity ta that of th(' olectrochcmical cell the correction i5 addod to 

the mcn!'ur('d ('.m.f. (~). 
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Rearranging equation (2) 

RT 
E - ir ln PCI 

__ EO "RT 1 - F n aAgCl 
(4) 

2 

• RT E = E - ~ ln PCI (5) 
2 

* E is the potential of the cel! wi th respeçt to the standard 

ch10rine e1ectrode 1 that is to say one in which the chlorine pressure 

is 1 standard atrnosphere. 

* AlI experirnental e.rn.f.ls are tabulated in Appendix C. E 

is also listed. 
) 

.:----' 

Fonnation rotentia! of Pure Silver Olloricle 

In order to detemine the thennodynamic properties associated 

wi th the mixine ('If Agel in mol ten LiCI and KCl, the standard fonnation 

potentia! of pure Agel must be known as a function of temperature. "'hen 

pure silver chloride is used the activity of silver chloride, is 1 in lGich 

* case E is EO
, 

Although severa1 investigations have reported values for BO 

(8,9,10,11,12,13,14), a redetemination wa,s wxlertaken in order to test 

the operation of the celI. These measurements are depicted in Figure 5 • 

In order ta achievç a satisfactory interpOlation of the 

mcasurcmcnts, a regression analysis was perfonncd recognizing the blown 

diffcrence in the hcat capacity between silver chloride, silver and chlorin~ 

gas. 
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This difCcrcncc causes a slicht but significont curvature ln the ~ 

versus TUne "hich is important ~n extrapolating the measurements to a 

highcr or 10wcr to""craturc. Using the tabulated values from Kubasch~ki (15) 

for si1ver and chlorinc ~d the measurcments of ~son and F1ene8s(16) 

for liqutd silvct chlorido· 

(~Cp)f· (Cp) Agel - (Cp~Ag .. 1 (q»Cl ' 
_ (1) . (s) 2(g)' 

It l'ollo,,,s thot 

'. • 4.1 9S - 2.07 x 10-1- - .02 x lOS T- 2 

cali. g. mle-1 K- t 

1 

(6) 

AHf • 6!~ + 4.19ST - l.OlS x 10-lr2 •• 02 x lOSr-l (7) 

650 
• 6S~ + 4',195 InT - 2.07 x 10-~ •• 01 x 105T-2 (8) 

where AI~ and AS~ arc 'intégration constants • 

Since AC;... FE,0 (9) 

and' ." fft°. 6If .. TA~ (10) 

i t follqws that rc 

\ 
.. -0 ..' S--l .. r~- .. 4.195T • ~.19ST InT - 0.01 X 10-T 

~1.035 x 10~ • t (11) 

_re 
(12) 

• 

. '- ' 

\ ' 
j • . -

-, 

-' 
" • '1J , 
~~ 
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• lincar regression « 1: versus T gives values of -28449 cal. 1. mole-1 
~ , 

for AIl: and -32.899 cal. g • .,le-l K- l for AS:. Thé standard deviation 

for this regression analysis ~'1", .082. . 

The varia,tion of ~o with respect to t~rature 15 displayed 

in Figure S. 
) "-

.' (8) 
The highest reportod mDasuremcnts and lowest rcported measurc-

, 

JDenf(l2) brnckct the prt'sent ,,'Ork. A fourth Une indicntillg the l'xpectoo 

variation base<! upon calculation from indepcndent thennochemical data 
, 

also is S~Tl. This calculation involves an independent l'valuation of' 

the intcgrntion cOllstnnts in equations (7,8). 

, 

! 

. • ~7 (AQI)1 dT " -28199 

• ,0 (ACpl.l dT _; _ 32.33 -l,27 ,.. 

.. 

(ACp) 2 : (q,) Agel (Cp) Ag ,'" 1 (Cp)Cl 
, (s) (s) 2 (g) 

-,-. ~·2 
'- • .370 .. 5.87. 'x 10 -T .... 02 x 10-T 

and the subscript (f)'indicntes fusion. 

/' . 
, • 1 

(13) 

(14) 
, 

(15) 

, 

\ 
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+ In conclusio,\ wl thin a Ce\\''' (- 6) the various dctenninations 

of rfJ (,OIlCur; for a11 subsequent cnleulations the following equation 

based upon the t fmction calculation on the present measureroonts ",i11 be 
• 

aploycd. .,j . 
EO 

.. 1233.6 - 1.609T •• 1821' ln T - 43.36T-1 - 4.48 x H)-ST2 (16) 

, ~ ~J3t iV(' Part ia 1 ~toJar ~ro)lcrt ics 

A total of thirtecn different compositions in the silver chloride 

lithilll1 chloride, potassilDll chloride ternary system were stwied. The 

coqxlsltlons are depicted on the Gibbs trianltle shown in Fig.Jre 6. Points , , 

an the silver chloride - potassium chloride binary are t}lOse of Pelton(17). 

Points on the silver chloride - lithhl1l chloride binary are those of 

Panish (18) . The canposi tions studied in th!s investigation l,ere Umited 
1 

to tbe central regiou of this system because of the pyrex construction of 

the apparatus ldlich limited the upper temperature of this investigation 

to slf(:. 
The e ••• f .. 15 measured ben.oeen a standard chlorine electrode 

. 
and a silver e1ectrode and these measurements are plotted versus temper-

ature. The resulting graphs are shmm in Figures 7,5. 
l , 

ne FIlCral scatter of points i5 cGq)arable with that of Pani5h 

et al. and Pelton shoWl in Figures 9 and 10 respectively. In this respect 

i t should be pointed out that the voltage and teq>erature scales arc lOTe 

expanded for the present lIII!asureœnts owing to the limited t~rature 

nnae. The lines in Figures 7,8,9 ,ancIlO represent traces of • regression 

enalysis pcr{ol'1led on all the data at cnce. 1118 cletails and iqllications 

of the fegl'Cssion analysis follow. 

, . 
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A11 temary cC'lII.,asitiQl)s aro. subsequently referred to· by the 
let ter code systea used in this presentation. 

FIWŒ 6. eon.>ositional points on ternary di.g .... used in this tIIOrk. 
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Régression Annlysis , -

The dlfforence botlcn the Olect~vo force of a 'coll ln 

Which silvcr-chlorido 15 dissolvod in lithium ch~orido and ~tRssium 
chloridc mol t. Il: and that of a cell involvlng pure silve~ chlor:ido t EO

, 

giv~~ the frc.'C rncrgy of mixinn (or too followinr. proccs!. 

l(AgCl)(l) • n{{Ag, Li, K)Cll{l) .. (n+I){{Ag, Li, I\)C1(1) 

where n » 1 

'That ls to say, the relative partial molnr free cncrgy of silver ch10ride 

is 

• 0 (t.G) AgC1 • - P (E-Il ) (17) 

The relative partial 1OO1ar froe energ)' is dere!ldcnt upon both 

the temperaturc and 8bmposition but is virtually unaffocted by pressure 
, , 

changes of arc,,, lttmosphert's. At fbeù comt~5itiont 

~AgC1 1: tlTAgCI - TiSAgCl (18) 

whcre NTAgCl and iS"AgCl moy he regarded 8S being virtually .inâèpendcnt 

of tcmperaturc over an interval ot a {ew hundrcd degrees. 

The partial malar entha1py and entropy, tJJAgCI and ~AgCll do 

howcvcr vary SiWliri~antly with respect to composition and the following 

empirical series mny he cmployed to cXllres5 this variation 

d1AgC1 • j~2 k!o ajk (hj)(fk) (19) 

AS'AgO • j!2 k:o bjk (hj)(,k) ... R ln XAgCl (20) 

whcre A • 

and , . 
-' 
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The lC*8r limits of SLIIIMtlon guarantee Raoultian behaviour 

of silver chloride in concentratc;d solutions. Accordingly: 

• 1 II' j k.. . 
E • -)! j-2 k-O (ajk - 1bjk) (A ) ('-] 

l 

- !! ln X • ~ r .:AgO (21) 

.. 
The mmown coefficients ajk and b'k in the right band side of 

, ) 

this equation ",cre detcnnined br a aultiple linear regression analysis 

based upon 198 points (103 of ",bich ""ere determined, in this investigation 

the balance being obtained from relton(17) and Panish(18).)' An arbitrary 

truncation of the series is requircd; the fol1owing twelve coefficient 

serie, wa3 fouro to he adequate. 

e* • -3895.7 A2 + S.820lT A2 • 3320.4 A2, 
-7.2S96T A

2, - 881:3 A2,2 t .20S.T A2,2 

.7114.6 A
3 - 6.7819T A3 .. 3246.2 A3, . 

t4.4283T A3, - 3883.97 A3,2 • 3.S21lT A3,2 
-.0862T ln(l-A)'. ~ 

, 

(22) 

The st4ndard deviation for the regression analysis is 2.47 DIV; 

the .ean absolute deviation was 1.84 .v. 

As mentioned previously the Unes whieb appear in Figures 7.a,' an4 10 

represent the behaviour of equation (22) at thè partlcul.ar caapositions in­

wlwd. The notable featun Is that sevenl of the lines .Ire systCllatically 

.bave or below the expcriJnen~l electramtive force deteminations cor-

rec:ted for pressure and the thellmelectric effect.. This 15 regardcxl as 

l 

, . 

<, , 
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being due ta an error associated ri th the dete1'llinatian of cœpositian. 

For ex~le, variati,on in the Agel .ole fraction of .01, say» fra. 

0.40 to 0.41, consistent with the analytical accuracy discussed pre­

viously causes a chan~e in E at SOOoC of 1.6 av. This together vith 

probable teJl1>Crature gradients in the cell are COIIbinèd to accomt 

" for the slight systcmatic dcviation most apparent in Figure 8 • 

Another approach to fitting .tŒ experimental DleaSUTetDCIlts MJUl.d 
, . 

have invol vcd the independent regression of each E versus T and the sub-

sequent sJOOOthing of the en~halpy and entropy Unes. However. in vicw 

of the short temperature range covered in the present study it t.ëlS felt 

) that a single data analysis in "hich aU e.lI.f.'s pertinent to this systcs 

}were s11l>Othcd at once 101ld providc a nore reprcsentativc eq>irical 

equation. 

Equations (19). (20) & (22) I18ke possible the evaluation of the 

change o~ tUAgel and ~AgCI ,dth respect to c<qX)sition. The behaviour 

of thcse propcrties is illustrated in Figures 11 and 12 on the Gibbs 
. 

triangl.c. Includcd in the plot of the relative partial entropy are dotted 

lines rcpresenting,the ideal entrqpy variation as calculated using the 

equation 

(~) = - R ln XA...M Agel ideal "5'"& 
(23) 

The behaviOUT of the partial excess free energy of silver chloride 

at SOOOC is depictcd in Figure 13. This' figure follows fTOll the relative 

partial cntropy and enthalpy cAlculation since: 

fl:FAgCl • tlJAgCl - T(A S'Agel • R ln XAgCl) (24) 
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Pigure 14 illustratcs the behavlour of the sllver chloride 

activity at soooe calculated f1'o11\ tjtc oxèess free energy usina 

/ ~r,n] li Ane] + X Ih ) 
aAgel • ,exp I(r Agel \TtS , 

Ali of the thennochcmical calculations follow somewbat indirectly 

from an analysis of the entira c.m.f. measurements. This Is particularly 

truc of the entropy and enthnlpy calculations which rest on an accurate 

Jcnowledgc of the diffcrence.in the temperature de~oocnce of the e.m.f. 

of the cclls containing silvcr chloride solutions and pure si1ver chloride. 

AccordJngly, these resjtts are not 50 precise as the frce ene:gy calcu­

lations bascd as th~re on simply the differences bctwcen E and EO. 
, 

DI SaJSS ION 

ln reèent years there has been considerable success in inter-

preting the thennodynamic beJulviour of mol ten salt solutions wi th Ionie 

IOdels that make reference to the existence of complex ions(19,20t2I,22.23)~ 

It is postulated that certain cations are more or less 'stronaly bouM to 

adjacent anions; these \l'lits arc treated as independen~ entities in the 

_lt. 

b.aal Bondins ~bdel(8) ., 
• 1 

"For t)ie case of sllver chloride-al1call chloride binary solutions 
1 

Pelton bru; proposed a dual bonding model. This treatment recognizes the 
\ . 

distinction bet~ free silver ions and other silver ions c:onsiderecl to ho 

-- '. 
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IOre or less strongly ~ to adjacent anions. The RXlel does not re­

quire postulates about the atoichiometry of this arrangement, I.e. it la . 
ÙlRRterial Wlcthor the ''honded'' silver exists as Agel;. ~Cl;. etc. com-

ç , . 
plex iom. or, pcrhaps ('\'Ml silvcr chloridc molcrulcs. 11115 treat-

ment bas had success in interpreting precisely measured thcrmochemical 

properties for the silvcr chloridc alkali chlor~de binary melts- from 

sodhn chloridc throu~h to ce..c;iun chloride. This is remarknblc becm.L-;c 

of the fcw adju.cttable )l3rnmetcrs involved in the theory - ono per salt. 

An extension of this trcatment to the temary melts CM he !Mdc 
) 

85 follows. Considor the isothennal fonnation of a mole of mIton ternary 

solut ion by comininR silvcr chloridè, and lithium and potas~ium chloride 

melt of fixcd coqlOsition. This may be rcprcsented as foll~'s: 

. (26) 

f-or the purpose of s\ilsèquent discussion cOJ11lO1lents will he 

idcnti ficd os follows: 

Agel - cOl'ftlOllent 1 

LiCl - c~nent 2 

JCCl - coqlO1lent 3 

The configurational entropy of the tomary solution is detcrmined 
, ~ + • 

by the nurbcl' of distinr,uishable ways Li , K • Ag , and Ag (Hbondedlt 

silver) (an he arranged over the avail~ble cationic sites. Let this multi­

pl ici ty he Cl. Regarding the numer of si tes for a mole of solution os 
• siq>ly Avogadro's nunbcr. N. "and Cl as-the fraction of the total silver' that 

• exists as Ag in the moltcn solution. the multiplicity is given by the 

following expression. 

. ', 
,~ 

", 

, ' 
" 
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(27) 

(28) 
, 

n3 is the mtnbcr of distinr.uishable ways of aTranging X3N p«?tassb.n ions 

over the l'emaining (N-X
2
N) ava,ilable positions. , 

(N-Xi'l) ! 
(29) 

and 01 i~ the ntnber oI distinguish.1ble ways of arranging the o~ N 

"bonded" sUvcr ion over the remaining (N-X
2
N-X3N) available positions. 

o • 
(N-X2N-X3N)! '} J 

1 (N-X2N-X3N-OXl!'l)! (<<XIN)! (30) 

JThere is no freooom with Tf'gard to the ciistrirution' of the free sHyer 

ions or the chioride ions. S~)lirying equations (27,28,29 and 30) yields 

. fOT 1 mole of solution. 

Cl • 
N! 

(31) 

The total c;onfigurational entropy of the tem,ary solution is 

dctermined hy applying Boltzmann's equation: 

Stemary :: k ln n 

Applying the Stirling approximation 
N N N 

ln (N:) • ln • i = l ln i· J ln i di 
1.1 i~1 1.1 

• N ln N - N 

(32) 

(33) 
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. J , 

Stt'M\Ary ta -.R(X2 1n XZ· Xl ln X3 + .. X1 1n"X1 • (1"'0) Xl ln (1-,,)X1, 
/ j (34) 

./' Tho confinurnt 10nAl cmt rollY (or n .,lt' or I~.ré AUwr chlorldo , 

h. by ~ lmll Rf rt'n!'on Iltl': 

.0 (} n ° 0) SAstC\ • ... R (0 lna-· (l-a ) ln (1-1'1 ) 
• 

• ~ro nO h ft frncthm of "llwr thRt oxbh ns Ag ln l'taro mite" AtlVt'r . 

chl(lrld(~. If tho ('otlnRUl'ntlonnl ('nt TOp)' of A molo oC the llthhln chlorld~ 

AI\cJ llotn~~ Itnn l'hlor hl{' mt'lt hl ~ l"'llly RI \'t'n h)': 

, . ( Xz X2 Xl X~) 
S(II K'CI • - R ". • ...,.' ln v-: v-. v-:v' ln r,v-

.). , ~2+"3 ~2+·'3. "2+"3 "2+"3 (36) 

whort'Jn it h "~!clJI'Il('\l thnt t hè 1 Hhhlri And pot A!'!' h. Ions Aft' rAJl(kMnly 

ml)WlI. 'thrll il h pO~!I'ihl(' tu (\\'01\1.,t" th" conflJturntlOllAl ontroP)' ('hu~ 

for the.' mlxlnJ,t pron~~~ Riven h)' CCluntlon (26). 

(37) 

TIlh will he t't'R8rtl(.'\1 "" tho totnl mtropy chlUlJtc fOf th<- procas.; that 

b. v'brnt iorml t'Iltropy chRIlRC'!'t will 00 n('p.loctoo. Accordlna1y, it h 

poulblc to Oxp~l'!' "5 ln tom.", of CI MC.t Cl o. 

Tho ~nthnlt>y chnnRt' for the r~nctlon exp~!'lcd by oquattOl\ (26) 

is n~!\,no\' to ht' lMinl)' t~ 1"C!'ult of Rn lnèl't'oso or clcerolse in tht' froction 

of sUvt'r thot is "oondcdu
• A chnllllC' ln thh fraction b expcfctod Il the 

charactC!r of tho mel! b nlt~rcd hy chAnaes i1' tho 1't'lntive populntion of 1 

. alknli cAtion!. 

Lot rI' t r C 3 reCor to the cllc-rRY pcl' "10.lIsocJatod wlth 
-

t.he proccM~ 
Ag ... • 

Aa' 

• 

• 
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in p..ara silvar chloride, pure lithium chloride and ~re potassi\ln chloride -/ 
e .. 

respoctively. Furthcr, suppose that in the tomary solution as a Eirat 

approximation, the energy {'Or thb process 19 given by: 
1 

(38) 

~f<."" ~ 

Regarding the encrgy liberatod durhlg the formation of the 

solution as bcing cntiroly due to the oncrgy a9sociated with. a change in 

a , and n«!'glccting the fonnal distinction be twe on· enthalpy &IlLl inumnl 

energy bccnusc.thc volume change on mixing is smoll, the enthalpy CNulgC 

Per mole of solution for rCDction (26) 15 givcn by: 

1 
(39) 

The value of a nt lUly composition 15 that Mlich relults in the miniJlun 

{ree cncrgy of the solution: 
". 

~G dll TdS 0 
~·Sn- ~( •• (40) 

~H 2 
~. Xl Cl + XIX2 '2 + X1X3 c3 

(41) 

'oS 1 a d'à". - RXI n ~cr-ar 
(42) 

Accordingly: 

xl
2 

Cl + XI X2 c2 + XI X3 c3 + R1~1 ln ~·àf. 0 (43) 

ReÉarranging: 

a • (44) 

8y similar rcnsoninr. 0° muy he round. 

exp [~l] 
(45) 

o 
ta .= 

(1 • Oxp[" -,ri. J) 
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Accordlnaly AG for roaction (26). al well JI, 6H and AS, il detomlned . 
entintl)' by tho vaJuos .IIslped to cl' cz' and ':r The .. pclTlInOtors 

aro. of ('OU"!'O, RdjuAtnhlt' for tl» purposos of fittina the oxper1montaUy 

obsorvt'C.I IlC'MViour of tho system. Bowovor, ta ho eon"htent wlth tho 

pr~iO\l5 ,,'Ork of l'cH on ." cl Rnd c3 must havc tho vahaol -3500 alxl .. '5500 

cal.R.moh·-~C'''Jlcct1vt'ly. Thus "2 waA trentcd RI the on1y adjUJtnblo 

n~r in fitt hlR the t'xprrimt'ntnl dutn rc.;portt"d in tho prcv!ou. ~~tion. 

Thot t'xl"'ril1lC'llt di<1 flot ylold diract IMAJurcmonts of hG, "If or AS for 

the:- rend ion in Equlation (26) j rRthor, relntiv0.J)fIrtin] mollir propC'rtlcs 

of st IVl'r ("hloriele ~C'rl' mt'1I!'urt'd. 1 fm«I'It'r , tho,se nrc rellate<! to the rro':' 

flOTt J05 of reoct lou (26). Refort"nrC' to Fip,urc IS will co-ordlnatC' tho 

follawhll! ,Il ~CU!'l" l(m of th ha rc 1 ntloJlshi}). 

ThC' pInne- tnnp,Mt to tha tomnry lntc.~Rrnl frca ~nerp' of mix1na 

surfnce nt compas it ion X intcrsC'cts the s11 ver chlorido cclac of tho Tight 

trianRul nr. prism thus defining t.?'iNtel At the ("Oq')Osition x. ft mray he 

shovl thnt n)onR the composition IlRth 'P thnt • 

.. "- A dl!(~ix .. n...i 
"\~Cl • - . al\: • "un X 

,But thl~ ~. \lQ"lvalent. to 

• • 
.. p ...... _ \d {I\CinIx - " (AG miW (AQnix ... J\AG mix) 
u\JA,.t(:J - dl.· (47) 

• . . where t{''mlx is the mol.ur intcgral froe encrR)' of mbing of the lithiua 

chloridc (lotassi\l1l chlorlde molt with tho cont'OJition falUng on line.",. 
, 

• The tcm ( llG mix - r\tG mix) My be rc("ognhod 8S the l(i roforrcd to 

l'TCvJously"in conncction w!th cqoation (26). 
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By the application of equation (47) it is possible to establish 

A~AgCI from the c:îual bonding model that has been developed to relate to 
, 

the thermodynamic properties.for reaction (26). 

and 

With a value of -500 cal/g mole for t 2, â~AgCl ~ calculatcd 

. the\ activify st SOOoC WBS determined, 

fIn-
I aAgeI· exp ~l 

by the follo~1ng equation: 
') 

(48) 

The activity isotherm appears on the transparent overlay in Figure 16. 

ln rgister on the following page appears a duplicate of Figure 14. To 

further the comparison between the theoretical and actual properties, 

~Cl surface was calculated using the model. This appears on the trans­

parent overlay in.Figure -17. In register, on the followipg page, is 

a duplicate of Figure 13 representing the experimentally observed behaviour . 
.. 

It is.possible to compare the calculated and experimental relative 

partial enthalpy and entropy. Calculated values for these properties are 

shawn in Appendix E. It should he realized that relative partial enthalpy 

and entropy ~re not determined with high precision and the comparison 

might be mislcading; in addition, the model shows sorne inadequacy evcn in 

the activity and.excess free encrgy and 50 limitations of the model are 

nuch rore apparent in the sensitive enthalpy and entropy functions. 

The major drawback of this treatment probably relates to eq~~tion 

(36) which asstMeS random mixing of lithium and potassium ions. In view 

of the relatively larr.e differencc in ionic radius this assumption may not 

he entirely correct. It is possible to Pursue this poil'lt more fully; in 
r 

spite of the fact that, entropies of mixing for the lithium and potassium 

chloride have not bcen measured. 

~ 
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FIGJRE 14. Activity 'isotbet1l for Agel at' SOfjoC deterained experiamta11y •. 
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Properties of the Lithium Otloridc .. Potassium Otloride Sinaa Me1ts 

It ls not possible to establish the thernocbemical properties 

of lithium chlo~ide - potassium chloride me~t5 using the thermochemlcal 

technique cmployed in th!s research Ôwing to the s~ila~electrochemical 

behaviour of lithium and pota'tlsium. It is, however, possible to cal'" 
... 

culatc approxirnate values for the free energy and entropy of mixing Crom the 
" 

phase diagrrun and enthalpy of mixing dcterroinations which together con-
'- ' , 

stitute the on1y reliablc data for this system. 

This calculation ls best described with reference to Figure 18. 

'In the upper portion of this figure in solld lines appenrs the accepted 
~ 

fOTm of the lithium chloride, potassium chloride phase dtagram (25). In 

the IOl«'r portion of this figure an integral free encrgy of mixing i50-

thonn appenrs. To this curve may be assigned the geners} equation 

• • • 
AGmix • AHbix - TâSrnix 

from the. calorimetrie mcasurements of Marchidan and Telea (24). . , '*'mix is gi ven by: 

, âH* K_ - 1405 , +- 1821 ,2 - 416 ,3 
'''mix 

(49) 

(50) 

, ' 
wherc , is the mole fraction of potassium chloride in this instance. . '\' 

~ix i~ hcre regardcd as being indepcndent of teq>eraturc. Let 

* • { 2 3} âSmix = âStdeal, + -c' - ~' + c' + d' (SI) 

The final grouping .in braccs rcproscnt the assttned fOTm of the 

Integral cxccss entropy. 

, , 
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'Ibo constant. C 11\1 d ... y ho dot.""~nod "1 f'ol1owl. '\'Mn lO11d 

Uthhn chlorSdo 1. Sn oquUlbrh. with • lttbl\11 chlorldo - pot .... l"" 

chlorlde Ilquid thon. 

(f,Z) (l) :: (CZ) (1&) • (~) (1) 

Subt nlcUn. Croen t:oth • id.. (~) (l) 

(t:2\t) (~1(1) • (~l.)· Cr.2)(l) 

It roI Iowa that 

, . 
lM .\abSC"ril\t «llnd"lcRt ln. fudon. 

SiJltlRrly for 1CÇ1 l'dturatNl "",Itl 

(52) 

(53) 

(S4) 

(55) 

'The 1IIOlt may œ .1"'I1tanOllU~1)' IQturntt'd wlth Ilthh.lll chlorldo And po-

ta.shn ch~ortdc at tha C'utC'cUc t~rnturo. Sinet' 

• 
• ~ dAG • 

(A"a) (1) • - 'II. ~;lx • Ar. mb (56) 

1Uk' " IJmlln'r oqunt Ion apJlllt'!l to C tr.'j) St follows th .. t at tho outoctlc 
• • 

t~)OrAtu~ and t'oqlO!litlon tlla tangont drawn to AC'mix curvo I1lI.t intor-

sect .t tht' lithhn chlorido And potn,shlll C'hlorldo lidos of the froo 

onorltY lUngn.1ft nt minus the (rt'O onoray of fusion o( tJ10 cOft1lOnentl at 

thh t~rAt\lrc. 

Tho frco t'MrlZY of (us Ion of li thhn chlorido and potn.,h.n 

chlo"i~ .... y he calcuhatt'd (rom the cnthapy of fusion Md diCforcnco in 

hoat clI'lAclty· bt't~ !IOlld and liqutd phaso.(1~). ..., 

.. j~ 
\ . 
"$ 
"", 
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l 
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T 

(AG) (f) = .. J 6S(f) dT (57) 

where 
T (f) 

, 
T 

AS(f) • ~(C) J (Cp) (1l-(Cp) (Sl dT 

(f) • 
T 

T(l) 
i t fol'lows that 

(58) 

(AG(f»2 = 1053.5 + 43.46T •. 003ZT2 - 7.00 T ln T (59) 

, _2 38500 
(AG(f»3 • 2721.0. 37.28T + .OO26r + 0-r- - 6.1J T ln {60) 

whero the results 81'0 exprosse<:! in cal gm no1e-.1 Accord ing ly • at the 

eutoctic temperature and composition 

and 

.. 
Solving these cquntions c and d were determ1ned as -2.70 and -1.17 

-1 .-) 
cal g mole 1\ 

(61) 

(62) 

The adl'qoocy of th!s procedure for estbnating the entrapy and 
-

{ne t'norgy of mixing my he judged fJ"Oll\ an examination of the upper 

part oC Figure 18 whercin Is shawn tho potassblll chloride and lithim 

chloride liquidi 8S dashed Unes consistent ,vith the calculated c and d 

\ 

) 

values in the cntropy of mixing expression. "., pJl)Cedure involved in this 

calculntion moy he undcrstood with rcference to the lower'part of Figure 18. 

The poi nU of tWlgcncy M and N in the lower figure arc the 1 iquidus points 

Mt and Nt in the upper figure • 
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The bohaviour of the enthalW of mixlng, entropy of mixing and 

frce energy of mixinp, ls displnyed in figure 19.' The notcworthy point 
c 

f , 

.1s the largo I~~itive cxcoss cn~~ exhihlted in this binary system. 

Considering the nature Gf the cnlculations lcading to the$e figures and 
,. , ~ 

the thennochcmicnl dnta invo1 vt'd, the entrO}" of mixing should he regorded 

as oppraximnte. lIowever, the conelüsion that AS'f! h significantly posi-" 
~,; 

tive nJ1pl'llrs c('r.taln. It is probable,. for thb reason, thet thh entropy 

eUect, iWlorcd in the dcveloplllcnt of the dual bonding model fOT tcmary 

solutions, is rcsponsiblc for tho discTcpnncics evidcnt in fir.\lrc~ 16 and 
1 

17. Ncvcrthcless, in spitc of thcse discrepancics, the dual bonding 

JOOdcl mll)' he n u~cf\ll WAy of understnnding the behnviour of the thennochcmical ... 

propertics in s!lv('r chloride tcmnry mel ts. It will nt leost, scmi-

quanti tuti vcly genl'rute oeti vit Y isothcms with a miniJl1llTl munber of parruncters 

(only threc) to \\hich must.be nssir.ned nrbitrnry valllt's. 

n'le t'stimnted prop('rtlcs of the lithillll chloride - potassium 

chloridc hinnry mel t mako possible the enlculation of the tenlory free M 

encrgy. oC mixing, cnthal py of mixing and entropy of fuixing since a boundary 

condition for Gibbs-l\mcm intC'gration is avoUable. 1hcsc propcrties 

and discu5~ion of thc calculntions appenr in Appendix D. 

t'PPl icntion to f}C'ctl"odcposition 

I.t is possible to s~ulatc on the significnnec of the dual bondinr. 

modcl with respect to the problcm of obtoining smooth cathodic dcposi t5 {rom 

fusC'd ehloridc mclts briofly }'cfcrred to in the introduction. In this 

cormcction i t i s worth"ili le ta rcview the factors thought to Covour n slOOOth 

1 dcposit from aqucous salut ions. 
, . 

• 
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Consider the deposit of silver from an aqueous solution. Silver 

depositcd frai nitrate solutions in silver refining cells constitutes' a 

classic example of a dendritic and non-coherent deposit. The high con­

centratioo of free sllver ions adjacent to the caUme aided by the action 

of the electric field favours g~h rather than nucleation. That is to 

say, an abundance of dischargeable ions M>u1d make it energetica1ly un"" 

favourable to overcome interfacial energy effects associated with the 

establislunent of new locations where silver may he deposited. At the 

other extrcme silver deposited from aqueous cyanide solutions is at least 

smooth in a macroscopic sense. In such solutions silver exists almost 

entirely as a complcx anion in the presence of an excess of alkali cyanide. 

Thus the action of the electric field during depasi tion is soch as to 

transport the cOlJ1llex silver ions away from the cathode. The supply of 

Ag(~)~ complex ions to the cathode is controlled entirely by diffusion 

,processes. At the current densities nonnally enployed this situation 

~ght be expected to favour nucleation rather tban growth on established 

cathodic sites. 

In the case of deposition of silver from albli chloride melts 

reasoning similar to the ab)ve l«>uld suggest that additions of a11(ali 

chloride that favours the reduction in the quantity of free ~ilver would 

tend to promote smooth deposits. Pel ton has Shawn that in the presence 

of high concentrations of cesium chIoride the a referred to in the dual 

bonding model is largest. This conclusion is based on its suceess in 

rationalizing precÎsely measurcd thermodynamic properties of AgCl alkali 

ehloride, binary mclts from sodi\Jl1'through cesiun and which bas as a resuIt 

-
-. 
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or the preHllt research been shawn to he lemi"quantltatively atJPUcable to _ 

temary _Us. 

CXKI.ust~ 

The t~rmodynamk prollOrUcs of molton silver chlol'ido. lithill1l 

chlorlde. potn~stum chlorido ~"re studied udng Cl diver chloride {OnM­

tJon ecU at'{IloylnR A chlorlne electrode ol wlU~ual design wh1ch fRCUitotod 

.casuremenu in t<,mary 
, 

Tho data 'WltN tft'Ated by anatytical mcthods rtsulting in the 

aeneratton nf 8ctivity, t~ relative partial molar exeess rr~e en~rgy, 

the relative pArtial molar enthalpy And the relative partial molar ~tropy 

for ~il~r chlbride nt SOOoC. 

11le "~Asurêd propcrtic!' Wl'l'e interprcted with thc oiJ oC a 

.olt modQl wlich p~5upposcd,tho existence oC (rec silvar ions a. wall 
l ' 

as those ''\-.on,l(\()'' to adjllccnt chlorldc ions. With threa Rdjustnb~e para­

.. tcrs it "'85 pos!'ible to accOlult, ~emi -quanti tatively. Cor 'the bohaviour' 

and activity of silver. This lnfo~tion 15 rCRorded as boing sianificnnt 

in understandinlt the phCnOmt'tlR RS50dated wi th dcndritk cloctrodepos\ts 

front chiorid<, miU. 
, \ 

'. J:: 
, , , ' . " , . 
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APPemIX A 

LIST OF snlD.S 

.. 



'{ r 
~', 
~, 
~ , 
~l 

~, 
\, 

il< 
" 
'~ .. ' 
~~ 
;; 

~ , 

. ". ~~~ 

ca 

caO 

a 

b 

c 

d 

B 

BO 

• li 

(~ . 

l 
/ 

List of Symbols 

Eraction of bonded silver ion~ in temary melt 

fraction of bondcd silver ions in • pure 511ver chlorlde melt 

activity; regression coefficient 

.regresslon coefficient 

con~tant 

con~tant 

5tanJèllX! t' 1 ('ct romoti ve rot·~C' 

t'l{'Çtl"Ol~ti\'{' force corrcctcd tu 1 .t!'\V~phcrc chlorine prc:o\~Ult' 

Faradny constant 

stalxlard IOOlar Gibbs free encrgy 

inteRral cxcess Gibbs free morgy 
1 \ 

partiq,1 mo1nr exc('ss Gibbs free energy of component i 

AG(f) Gibbs free energy of fusion 

If· standArd 1OO1ar enthalpy . 

AI\nix inteRral enthàlpy of mixing 

liR i relative partial mlar enthalpy of cOl1q')Onent i 

le eoltzmrum' s constant 

A composition variable 

N Avo~adro t s m.lllbcr 
/ 

Il pressure 

R ideal gas constant' 

~ 

• 1 • 

., . 
) 

. 
. , 

;~ ~ 

/ . .;rt 
" .. ~J~ 



SO 

6S 

AS'i 
i< tJSE ~ 
~, 

t~ T 

~ , 
~ , 

~g 
~I t, 

X ~ 
;j 

i>-

L
"~:, 

. ' 
;c 

, .• ! ··C"" .... -f:" ,,".,"; .... ~ 

standard molar entropy 

integral enttopy of mixing 

fi> 

- 5S .. 

...... "j ~ - 1 -, 

relative partial molar entropy of component i . 
integral excess entropy 

absolute temperature 

composition variable 

J1ll1tiplicity 

IIClc fraction 

,.,r' 
1 

o 

.. 

• 
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., 
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, 

Results of Electra-.otive f-01'C,e Experiment'S 

-" , 
The data used for the binary system. Agel-LiC] "-cre tnkf!1l 

. v 
f1'Olll Panish et al. (18) and the data used for the binary .system 

AgCI-KClvwre taken from Pclt~(17). lhe exper~tal results for 

the temary systan are listed 'in the following pages. 

E(mv) = Expcr~tal c.m.f. reading. 
* ~ 

E (mv) • e.m. f. reading wl)ich has beén corrccted to 1 standard atnos· 
phcre of C12• The thennocouplc correction between the silver 
and carbon electrôde bas been added. (refer to page 16) , 

* * , Eca1c(mv) = The F. calculated at various tempcratures using the sigma 
interpolation. (refer to page 21) 

' .\ 
-1 

1.. .. 

.... ,1 
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\ 
~ 
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, 
> •• Temp. (oK) PCI (Torr) . 

2 
755.0 . 765.2 

738.8 764.5 

758.3 764.0 

780.0 764.1 

788.2 763.8 

773.1 763.9 

807.6 764.0 

• 
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Pure Agel 
, 

• E(mv) E (JIIV) 

901.6 903.7 , 

906.6 908.6 

900.3 902.5 

894.0 896.4 

891.7 894.2 

896.4 898.8 

886.0 888.7 

" ( . 

Eca1c(~) 

9()3et 6 

908.3 1 

902.7 

896.4 

894.1 

tS.4 

888.6 
, 

l) 

, , 

, . . : 

"J' 
o' 

1 

r JO:," 
~a,\! - </3."",d . .l:.;r~ 
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B1 fDFœITIœ A 
1 , " 

"'l 

(l)fJ'(HNT WEIOO PERCENT M>LB FRACTI«W • "1 
" 

" AgC 53:8730 0.3085 
. ..l 

',' 

LiCl \ 21.9970 0.4259 1 
J KCl 24.1300 0.2656 

, , , , 
, i .. 
1 

Temp. (oK) E(IIV) • 
l'Cl (Torr) E (_) 

717.6 1&5.9 968.0 968.9 
766.0 785.6 954.8 956.2 
738.2 780.4 962.5 963.8 ." 
699.3 178.1 971.0 972.1 
67S.1 777.8 977.1 978.0 
"665.0 778.1 979.6 980.4 
683.7 -778.1 974.8 975.8 

,-' 

719.7 778.3 . 967.1- ,.. 968.4 

\ ..." 

mLT CDFOOJTION '8 

C(Jt1PCMM' WEIGJf PERCENT JoDLE FRACTI<W 
AgCl 44.7060 0.2360 

Q LiC1 26.3680 0.4707 " 

KC1 28.8950 0.2933 
.. 

" , • 1eq1~K) 
. 

PCI (Torr) E{IIV) E tllV) 

705.6 1s6.5 979.1 ,1 919.9 
147.0 778.1 971.9 913.4 
786.6 778.7 961.9 963.8 
701.7 768.4 980.0 981.5 
~78.5 768.1 984.5 985.8 

,662.9 768.4 988.4- 989.6 
731.5 ,779.4 -~ 97~.4 "'" 975.7 
769.1 779.4 966..5 ~ 968.2 

r:. 
e,-,. 
1": , " 
~l 

.. ~
j 

,ff 

'"~ 
r:._ ~. ._. ~ "l" ~ 



~'!."': . 

~!ô 
li _ 
"/.' 

~ 
l 

f.~~-. .; 

" ,-, 
li 
~t~ 
r 

.. 

AlCI 
LICt 

KCL 

Temp. (oK) 

743.4 
147.5 
749.0 
184.5 
131.9 

1 106.0 
, 666.5 
666.2 
101.6 
133.6 

CXM'CMJNT 

AgCl 
LiCl 
Ktl 

.. 60 • 

'ŒLT CDIPOSITION C 

WBIGn' pnRC~T 

31.2200 
32.7950 
35.9150 

PCl (TorT) 

'/90.8 

. D(mv) 

991.4 
790.8 990.6 
791'.3 991.0 
191.3 984.1 
192.3 994.1 
193.1 998.0 
790'.7 100~.2 
789.4 '1003.3 
188.6 997.7 
789.1 5193.3 

MEL! CDfPOSITION 11 

Wfllarr pnR~' 

25.0160 
35.7580 
39.2260 

KlLB FRAcrI~ 

0.1478, 
0.5248 
0.3274 

.. 
B (JIIV) 

992.4 
991.6 
992.0 
985.4 
994.9 
998.6 

1003.6 
1003.7 
998.4 

1 994.2 

MlLE fRAC.TION 

0.1130 
0.5462 , 
0.3401 
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, 

~, .• 
, . 
~ 
r ' 
-' .. 
~. . 

ti·· ;tL ....... ho _ 

.. . ... .. ;,. ~. 

, 

Teq1. (ok) 

684. S 
668.9 
712.8 
748.5 
756.9 
704.1 

m~mr 

Alle! 
L1C1 

1CC1 

TeqJ. (oK) 

773.8 
745.6 
1G6.3 
675.7 
652ft 

\ ... - ,-t ;:;._-..... ·<..7r~ .... ~·~~- .-r t:,.y ... 
, 
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MiLT CXJ4t(,'BITI~ 'B 

WBIQfr PSRœNT 

PCl (Torr) S(mv) 

~80.7 1028.9 
780.5 1030.7 
771.6 1027.4 
771.0 102&.5 
771.4 1023.2 
771.9 1028.~ 

MELT (XM1OSl'flQti F 

Muarr' PP.RŒNT 

r 9.8340 
42.9980 
41.1680 

Pel (Torr) 
2 . 

E(mv) 

164.5 1059.5 
763.6 1057.1 
762.9 1054.9 
162.5 1053.6 
762.4 1051.0 

Jr 

KU PRACI'IC* 

0.0604 
0.5731 
0.3575 

• S (mv) 

1029.8 
1031.5 
1028.9 
1027.3 
1025.1 
1029,8 

M>LB PRACrlOO 

0.0400 
0.5912 
0.3688 

• B (mv)' 

1061.8 
1059.2 
1056.7 
105S.1 
1052.3 

r . , 

, 

. ~ 1._ 01 ... ,_ 

! 

.. 

. i .. ... 

.i '" .-
, . - _ .• .1,~ . .ltr-~ 
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~T ml'OSITION G 

'/ ,~ 
, 

r' ~I 

Muon PERCOO 
. '. 01-, (XM1(N!NT t()JJ3 FRAcriON ~! 

{. 
( 

r~ 6 

~ 56."65 0.SS21 
. ~ 

.: 20.4760 0.4072 " \ 
~ 

ICCl 23.0590 0.2607 

i 

r , 

Teq>. ~K) PCI (Torr) • E(mv) B (mv) 
791.4 ~64.6 953.6 956.1 
802.0 764.6 951.1 953.7 
784.3 764.6 954.4 956.8 
763.0 764.1 958.3 960.5 

. 741. S 763.9 9(»2.0 964.0 
721.0 763.9 ·9~.9 966.8 
744.2 763.7 961. 7. 963.8 
761.5 763.7 957.2 959.5 

/788.1 762.4 953.5 956.1 

, f' 
~FJLT ~SITION H 

'"" 
, 

QMlONENT WBIGn' PEltemr K>LE FRACTION 

Agel 48',7950 0.2676 . 
LiCt 24.0850 0.4465 
Kt! 27.1200 0.2859 , 

T~.(OK) PC12 (Torr) E(mv) • B (nrv) 

791.3 713.3 961.5 963.6 " 776.7. 773.1 964.4 966.4 ~ , " 

7.57:4 , 1 772.6 968.1 . 969.9 
'r 739.6 772.6 911.4 973.1 . . , 
f.· .• 757.4 710.1 967.9 969.8 , 
1 - 783.5 770.1 962.8 964.9 ~ 
" ... ,~ 

~ ( \ 779.9 . 769.9 964.4 966.6 1-, i 
,; 

~k' 799.2 768.6 961.5 963.9 ~ 
,"~ 

(:. t 
.... ,; 

L, ., \ .~ 

~,. ~ , . \. : ~J .. _, <lJ,~ 
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MELT qJ-IPOSITION 1 • 

(X)IP(MNT 

AÎC1 
LiC1 

KC1 

Tenrp.{oK) 

806.5 
773.7 
758.4 
756.8 
740.7 
755.0 
769.3 
791':5 

l, 

WBtGlf PERCENT 

82.9500 
7.7020 
9.3480 

~ 

~ 

PCl (Torr) , B(mv) 

166.4 916.0 
766.7 924.5 
766.9 928.8 
767.8 928.4 

. 768.2, 933.1 
767.8 929.6 
761.8 926.1 
767.8 920.6 

~eL T CXJ.lPOSiTION j 

<n1PONENT , WEIGIT PERCENT 

. 75.4800 
11.0770 
13.4430 

AgCl 
LiCl -
KC1' 

Temp, (oK) 

166.7 
.786.9 
802.6 
780.9 
759.8 
~i48.7 
. 72~". 
738.9 

." 

P
C12 

(Torr) 

770.1 
770.3 
770.1 
769.9 
769.9 
770.0 
769.8 
769.8 

n(rnv) 

" 931.4 
926.3 
~23.6 
928 .. 0 
,933.1 
936.5 
941.6 
938.1' 

. 
KlLB ~ION F 

, , 

, 

0.6534 
0.2051 
0.1415 

* B (mv) 

~ 91&.6 
926.7 
930.9 
930.S 

' 935.0 
931.6 
928.2 
923.0 
r 

M)LÇ FRACTION 

0.5439 
0.2699 
0.1862 ' 

* E (IIW)' 

933.4 
928.5 
926.0 
930.2, 
935.1 
938.4 
943.2 
939.9 

1 
• ..1< 

.. -

, 
~ 

, 
\ 

.~ 

, ~ 

" t 
,'"":t 

t) 
~. ~ 

.:1 

. , ~~ 
-;!~ 

f'* .. ~ 

'J '", 

<' 
< 

' .. 
.' .... ~ .~f);11' ";,,.1. '<' -,,,. 



" 

r-··-
,~, ,-, 

'r , 

r.t' 
~< 

f'" 

f .' ',. '. , , 
': 

. 

, .. 

i • 

" , 

" • " 
l, 

,i 
~-
;, 

~ (, 

~,1,~ ,f-
j..' , 

~ 

~~ 
KCl 

Temp. (oK) 

767.9 
758.9 
735.1 
744.6 . 
766.7 
794.0 
805.7 
784.0 

Teq>. (oK) 

753.3 
.735.7 
767.7 

~ 
790.6 
802.8 
778.~ 
760.2 
741.5 

,\ 

.r: 

~T aJ.FœITICIf· Je 1 
'"~ 
ï 

WEIGrr PERCIWI' MlLB FRACrICJf '.;l ',. , 
.' 64.i600 0.4169 

15.8750 0.3450 
19.2650 0.2381 

! P C12 (Torr) .. E(lIIV) • B (_) 
769.9 950.1 952.2 
768.9 952.7 954.7 
768.6 956.9 958.7 
768.6 955.2 957.1 
768.6 - 951.3 953.4 
768.6 946.1 948.5 
767.3 943.4 946.0 

/ 767.0 947.5 949.8 

1 _ 

• PCI' (Torr) P.(IIV) E (11\') 
171.2 977.9 979.8 
771.1 981.1 982.7 
'70.4 975.5 977.5 
770.4 972.0 974.3 
770.9 970.3 972.6 
771.2 974.1 976.2 - 771.5 976~1 978.6 
773.6 979.4 981.0 

, . 

-- ~-! 

, .~ 
<, 

' ,~ 

. 'À . " 
,\tt-

J 

~. l' ' - "... ' . . .a,._1_ .. _,:\O>:- ..... ,~ 



, 1 

'. 

tfa 
Ktl 

t~.(OIC) 
7S5.6 
726.9 
748.0 
775.8 
806.2 

r ~ 0 , . 776.8 
763.6 

o 74S.5 . 
731.8 

1 ... 6S .. 

~ELT aJ.lœITJŒ ~, 

lŒlGrT PERŒNT 

16.7050 
29.6050 
53.6900 

PCl (Torr) E(IIV) 

170.9 ' 1001.S 
710:8 1042.9 
770.5 1041.9 
110.5 1040.9 
713.0 1040.,9 
773.0 1041.0 
773.0 -1041.4 
773.0 1042.0 
713.0 1042.2 

( 

\ 

to.E FRACTlctf 

0.0759 
0.4549 
0.4691 

.. 
• E C-) 

UMS.4 
1044.S 
1043.7-_ ' 
1043.0 
1043.2 
1043.0 
lOt3.3 
1043.7 
lOt3.8 
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APPENDIX D • 

CALaJLATED INTEGRAL PROPERTIES 
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Calculatcd lnce~ral Properties 

When the partial molar excess properties of Agel can be ex-
.... 

r' 'pressed' with an expression of the type given in equation (l9) and properties 

• 

. 
of the li thitun chloride and potassium chloride me1 ts are knOlVJl, the 

integral excess properties may be detennined from the fo110l\'i.ng equation :(27) , ..... 
() Err j k 

âG • j-l k-O e jk A '1' (63) 

where C,. (a'k - b'kT) 
e J 1, 
jk • (1 - j) for j ~ 2 (64) 

The coefficients ejk ,dth j = 0 must all he zero sinc;e âc! ~t he zero at 

pure silver ch10ride CA : 0). The coefficients ejk with j RImay he 

determined from the condition that the integra1 excess free energy for the 

tCfaTY sy~tem must reduce to that for the LiCI-KCl binary (refer to pag~ 44) 

when A • 1. 

-When T is 773.16oK the integral excess free energy is ;gi ven 

by the equation: 
') 

âGE. (1540.5 - 6629.89'1' + 2600.57,2 + 488.3,3)A 

+ (-604.1 + 2292.7'1' + 726.7'1'2JA2 

• (-936.3 - 59.6'1' + 581.2'1'2)A3 (65) 
1 

and in a sirnilar manner 61\nix can be determined. l-lechanically this involves 

dropping the bjkT term from equation (64). 

Accordingly: 

AH. = (-338.37 • 292.64'1' - 1002.34,2 .. 416.29,3)A 
-"mlX 

+ (+3895.69 - 3320.44' + 881.32,2)11.2 

+ (-3557. + 1623.12'1' + 1941.99,2)",3 . (66) 

.-
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Slmilarly: 

'sn 1 A. • 

.. 61 .. 

(-~.43 • 8.9~ - 4.66S,2 - 1.17,3)h 

·.(+5.81 7.2S" •• 20Slj/2)A2 

'+(-3.39 + 3.22., + 1.76'1'2)A3 

. " 

(67) 

, n . E 
P.quaUo~ls· (65 ~ 66 and (7) for AG', hH

mix 
and AS ' arc plottcd on 

'~ . 
, the Gihhs triangle' in Figures 20, 21 and 22 

. 
lt h.-'ls heC'n pointed ollt that the intcAral propctties of li tcrnar.y 

~y~t('m l'lm lx, dctcnninc,d wflcn t~e partial proJX"rty of O~lC component 15 
, 

knO\~l l1t\ull compositions in the system. 1 Jowevcr, this mcthod r('(Juires 
1 

that extremcly acéuratc values of the partial propertics he known in the, 
. 

region riè::H in that' componC'nt. ror pr~ct ical purposcs the. mcthod employed 
, 

, in the cOllstrù<:tiôn of Pigllr('s 20, 21 and 22 is the only suitablC' technique. 
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FlâmE 20. âGnmix of Agel-LiCI-Ktl nt SOOOC, 
Tho unit. ar .. cal./I. mole. ' '.' ,: 
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FlaRE 21. ".. 6ftnix of AgCI-UCI-KCl. , 
!hl unit,. are 0&1./ •• naolit. 
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FIQlU! 22. A9aix of'A;Cl-LlCl-KC1. 
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APPJ~lJlX E 

CAU1JLAl1D "n 1\\1) As or: ARCllJStNG [IJAL OONOt~ ~J)I~I. , . 
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FIGUM 23. A Il of Agel as calculatcd .usina the dual boncIlng *kIo1. 

-, . 
The ur-1t.8 are cal./a. Il101 •• , ,. 
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A~ oC "r.<:1 as calculutcd usinlt tho du"l bondina:' modch 
"'he u!\1ta 11'0 cIl.rl: c. tlO~. 
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