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I. IllTROOUCTlOM 

The purpose of this inve.atigation 'N.f!S to study the system lClad 

ehloride-z.inc chloride from tho point of vit1r.r of the th$rmo-dynt\mics 

of' solutions. A previous i.nYes·tigat.ion of activity co-efficients 1n 

this system, made by Wachter and Hildebrt:ind (1) in 19.30, using the 

electromotive force method of' determining the activities of the lead 

chloride in the solutions, showed aetivi.ty coefficients less than 

unity, in.c1icatin.g negative deviations from Raoult's law. Since avail

able data on the freezing pow.ts of such solution.s (2) were not in 

agreement with these :results, it was i'e lt desirable to repe~t the work 

on fre ezir1g points. The results l'@fJOrted in this :paper in gernoral 

confirm the earlier data of Herrmani:1 (2) on the freezing points of 

solutions of zinc chloride in lead chloride. 

The problem of deterr.lining the activities (and activity coefficients) 

of the components of solutions reduces essentially to the determinat.ion 

of the partial molal free energies of these solution$. This may be 

done in a number of ways, the most usnal being from measurements of 

the treezfog points o.r the solutions, measurements of the fr vapor 

:pressures, or of the electromotive force of' appropriate cells. The 

theory of the determ.ir,ation of activities from .freezing point data 

is discussed and an equation for utilizing these data is developed in 

the following section. The experimental method is then discussed in 

some detail and the resultz1 obtained in this investigation are reported 

and used to calculate the aetivit,ies and activity coefficients for 



various solutions of zinc chloride in lead chloride. Fi nally, a 

possible explanation of the die epancies between the results of 

freezing point and electromotive force measurements is presented. 

II. The Determination of Activities from 

Freezing Point Data 

The activity of a component of a solution is defined as a func

tion of the free energy change resulting on transferring one mole of 

the 5ubstance from a reservoir of the pure substance to the solution. 

The otote of the pure material in the reservoir is taken as a standard 

or reforonce state ir1 which the activity of the substance is defined 

as unity. As is shown schecatic lly i n figure 1, the free energy of 

transfer of the E;olvent from the standard stat to the solution may 

be divided into four p~rts. In the first of these, the solvent is 

transferred from tho re erence temperature T to s cme other tsmperature 

Tr at which the solution is in equilibrium with the pure solid solvent. 

This temperature is defined as the freezing point of the solution. 

Second, the pure liquid solvent is allowed to solidify.'- In the third 

step, the solid solvent is transferred into the solution at the tempera

ture Tr. The fourth step is the bringing of the solution from the 

temperature Tr to the temperature Tat which it is desired to know the 

activity of the solvent . 

Since the solution is in equilibrium with pure solid "'olvent 

at the temperature Tr, the free en ·rgy chango or the third step is 

zero. Thus, the desired free energy change, ~ F, is equal to t e sum 

of the three terms AF1 , .tiF 2 , and.0 F 3• It is eas ily seen that .or2 is 

simply the free energy of solidification of the solvent at the temperature 

Tr• This term may be readily evaluated from the heat of fusion oft}, 
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TABIE 1 

THERMODYNAMIC PROPE_RT IES CF LEAD, CHLORINE, AND IEAD CHLORIDE 

a. Melting Points and Heats of Fusion 

Melting Point Heat of Fysion 

Lead 600.5°K. 1224 cal. mole-1 
Lead Chloride 771 5650 

b. Specific Hest Equations 

C : a+b T cal. mole-1 deg. -1 
p 

bx 103 Error, % 0 Rane:e, K, 

Lead(solid) 5.77 2.02 2 273-600.5 
(liquid) 6.8 5 600.5-1,27.3 

Chlorine (gas) 8.28 0.56 1.5 .27.3-2,000 
Lead Chlorine 

(solid) 15.88 8.35 2 27.3-771 
(liquid) 27.2 -- 10 771-851 

c. Entropies 

$298,2°,K, 

Lead(solid) 
Chlorine(gas) 
Lead Chloride 

15.49 t 0.05 oal.mole-1 deg.-1 
5.3 • .31 .t 0.01 

(solid) 32.6 t. o.6 

d. Heat of Formation 

,\H228 12°K. 

Lead Chloride(solid) - 85,710 cal. mole·l 

Ref, 

3 
.3 

~ 

J 
J 
3 

.3 
3 

Ref, 

1.3 
13 

13 

Ref, 



aolv~nt end the heat capacities of the liquid and solid solvent. 

·iihile bF 1 and~F 4 may oo theorectioally calculated, the numerical 

values ore not so rer:,dily eoritputed due to fl lack o{' suitable data. 

The sum or .6F1 and. AF 4 may be related to the relative 1:iartial molal 

heat eo11terit of: the solvE:>nt in th<t, solution, which is the difference 

and the. pe.rtis.1 i11olal heat content of the fJolvent hi the solution. 

In dilute solutions, this quQn.t.ity iD very atioll, making the sum of 

tho .first ,i;H:.;d fourth free enere,y e;harges approximately zero. 1n ~ore 
\~ 

for tho system lead chlor:tde-zi·no chloride may ba computed from the 

data of Wachter rmd Hildebrafld (l) but is not believed to be sufficiently 

accurti.te for the pury;oses o.r this investiaation. Nevertheless, an 

a,pproxinate calouht1on. based on their data was made whi.oh re,realed 

that the sum of AF1 and ~F 4 vtould increase the values of the activities 

reported in this paper b:y ar,rp:rox:imately 0./.$. 

If the pure liquid solven,t at the freezir1g point or the solution 

is t.okou as tho stands.rd state, the :f'ree enero of tr~.nsfe:r of one 

mola of solvent from the standard state to the solution at the aamo 

at this temport:iture. This qttanti ty may be r·~ lated t,o the hoat ot 

fusion of the solvor;t by i!l£;taflS of the GilJbs-Helmholtz equation. 

( a ( tiF /T) /-a T)P : - L1H/T2 (1) 
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where bH is the of solidification of' the so1'1!€.m.t. Since 

AF :: RT ln a 

then 

(a (AF/T) I~ T) P = R ( a ln a/aTt (2) 

whe:re R is the universal gas constant arid a is act:i.vity of the 

solvent the solutiori. Substitution of equation (2) into equation 

(l) and :replacement of the heat of solidification by the heat of 

fusion yield 

(3) 

whereAHr is the heat oi' fusion of the solvent at the temperature T .. 

It is now only necessary to :i.i1tegrate equation (3) to arrive at 

an expression fo:r tl:ie activity of the solvent in a solution at the 

freezing point of the solution, rcf\~;rred to the pure liquid solvent 

at the same temperature as the standard state. Since the heat of 

fusloxi. of a substance .1.s generally a function of tempf:rature, it is 

first necessary to introduce an expression for the va:d.ation of the 

with te11perature into equation (3.), The familiar relotion. 

(~4H/~T) : AC (4) 
p p. 

ma,r be inter.;r.· ated to ;rive the desired function,. nrovidod4C is known 
,J < - • p 

as a .function of temperature.. It is necessary to :rosort to a.n empirical 

relationship at th.is poir:,t, no general one belng available. K.K. K"3lley 

(Ja.) in reporting the heat capacities o.f many i:noriianio substances 

uses equations of the types: 

Solid: 

Liqui.d: 

C : a"' bT p 

0 :: at 
p 

where a, b, and at: are empirical constants. :F'rom these equ.ations the 

expression for the differffr?Ce bet.ween the hent capacities of the solid 

and liquid solvent is elven 1:zy- an equation of the form 



AO :: oC+AT p .r (5) 

Substitution of this rel~tionship fr.to equatio:'.: (4) and subsequent 

integration betv,reen the proper limits gives 

.t1H : AR0 • c((T - T ) + -k· A(i,r2_ T2) (6) 
! t o "'r o 

where AH0 is the hea.t of fusion at the melting point 'f • Su.b-
f 0 

stltution: of equation (6) into equation (3), followed by lntegrl:,l-

tion bet·NeEn1 the proper limits 1 yields 

R ln a : .t(a:;(1/!0 - 1/f) .. c<.(l + ln T/'f ... T,/T) 

(7) 

This aquatiori may 

' 
solvE,:n.t in a soluti.on frorn 

the solution. 

The most convenient wo.y :in wh:tc;h to use equation (7) is in 

the form of a graph, from which aotiv.ities correspondlng to any 

temperature mat be read,. The graph resulting wheni the values of 

the eox1stants for lead chloride are substituted into equation (7) 

this equation, are ~iv0r1• in table l e.n.d. the calculated points used 

in ploti;ln,1 :f1g1.1re 2 are given in table 2. It should be not~d. that 

for consistency the value 498.i'c. is used f'or the melting point 

of lead chloride, rather than the value given by Kelley. The 

davi.ations given for activities hi tabl$ 2 ore estimated from 

Kelley 1 s statements on the accuracy of his specific heat equatio11s 

and his value of the he1;;t of fusion. 
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TMJI.E 2 

ACTIVITY OF SOLID LEAD CHLORlDE 

(Referred to liquid lead chloride as standard state) 

TOK. 

771.5 
770 
750 
730 
710 
690 
670 
650 
630 
610 
590 

Activity 
1. 000 
0.993 
0.901 
o.s14 
0.733 
o.658 
0. 588 
0. 522 
0.469 
0. 409 
0 • .358 

Deviation 

0.005 
o.ooa 
0.010 
0 .012 
0.014 
0.016 
0 . 016 
0 . 016 
0 .016 

Since it is not possible to determine tbe activity or activity 

coefficient of the solute directly from the measurements of the 

freezing points of the solutions, it is necessary to develop another 

6 

approach to the determination of these quantities. The usual method 

is to use the Gibbs-Duhem equation, but this is not possible with the 

data found in this investigation since it is necessary to know the 

activities of the solvent as a function of concentration at a oonst~nt 

temperature . As was remarked earlier in this section, the freezing 

point method gives the activities of the solvent at varying temperatures, 

making it necessary to know the relative partial molal beat content of 

the solvent in the solution in order to convert these values to some 

canmon temperature. It is therefore necessary to use another approach 

to this problem. 

In 1895 M. Margules proposed an empirical equation to express the 

variation of vapor pressure of any liquid mixture with composition. 

Glasstone (4} applies this equation, in a somewhat modified form, to 

the calculation of the activity coefficients of one component of a 



7 

binary solution, provided tho activity coefficients of t he other compon-

ent are known . This equation may be expressed as 

(8) 

where a is the activity, ?J' the role fraction ,} and '(empirioal constants, 

and the subscripts refer to the compon nts . Neglecting all terras in 

the exponential but the first, nd takil1g natural loge rlthms, yields 

ln a1 = 1n N1 • 2 j31 M~ 
Diff erentiQting equation (9) with respect to In N1, 

(a ln n1/ ; ln N1)p,T: l - j31 i1tf2 

(9) 

(10) 

Equations analogous to (8), (9), and (10) may be written for the other 

component as well. Since, according tot qibbs-Duhem equation 

it follows that 

(11) 

Since 

Y: a/If 

where)' is the activity coefficient, it follows from equations (9) and 

(11) that 

(12) 

From this expression it is possible to calculate the activity co

efficients of the solute when those for the solvent sr known . ' Since 

this approach is empirical, it is ·:11 to note that tie use of it is 

restricted to systems in which the deviations from Raoult's law are 

not great . As ill be sho , this condition is i'ulf'ill ed in the system 

lead chloride- zinc chloride. It is probable that the results obtained 

by use of the mrgules equation are sufficiently accurate for this 

ork. 



It is now :nccoss l'l.r,y to 

in freozil1.g points of solutions. Essentially, 

met.hod employed in this investigation was to heat the tc,teri.a.ls in a 

furnace to a point ,11ell above the freezing t()m.perature and then to 

allow the sohition to cool slowly, 11,akin.g re~dings of the temperature 

at frequent intr&rvals, From a plot of this clfita, it v1as possible to 

determine the temneratu:re at which solve10.t f:lrJt ,. t.o crystallize 

from the solution. At this point there is a momentary 11haltt1 in the 

cooling curve, resulting from the :release of the he~1t or fusion of the 

material crystallizing. In pure substances, this halt fa quite long 

and easy to detect, but mixtures it is often little more than a 

change in slope. 'The problem which must be solved .is one of makit,g 

this halt as long or as obvious as possible. 

All writers on freezing point determinations advise that small 

samples be ur,,ed. (5) use of quant:i.·t.iQs the order 

of one milliliter. If thfo techrdcp,le ls not used, it 

stir the solution very efficiently. Both methods were used 

good results. In some of tho early work o:f' this research, large stirred 

samples were used. This 'c111as succEMsful with pure i:aetnls, sueh as tin 

end iinc, and wlth pure lcrnd chloride. lfow<=rver, all attempt,s to obtain 

unambiguous results using larire stirred samples of the solutions were 

failures. The usr~ of' small samples, the smaller the better, seems to 

be imperative in order to get satisfactory results. 

It was also found that t;he ne~~ror a solution W!:l.S in con1position 

to one of the pure components, the e.ssier it was to determine its 
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freezing point . Pure lead chloride and the solutions which were dilute 

in zinc chloride gave fairly good f r eezing points . Super-cooling was 

evident and good halts were observed . However, in solutions containing 

about fifty mole per cent zinc chloride, the only obvious break in the 

cooling curves was that corresponding to the ~ of crystallization . 

This is not the freezing point of the solution, but the eutectic tempera

ture . Pure zinc chloride , like the other pure substances used gave 

very good cooling curves . A great many attempts were made to determine 

the freezing points of solutions in the range of composition intermediate 

between 75 mole per cent lead chloride and pure zinc chloride without 

particularly successful result • It seems probable that control of 

the furnace temperature to a greater degree and perhaps more sen,sitive 

methods of meas ring temperature might have made it possible to determine 

unambigous melting points for these solutions . 

IV . Instrumentation 

A. . Furngce . Two differer,t furnaces were used in the course of 

this investigatio • The first one was used during the part of the 

work in which large samples were used . However, ~hen it became apparent 

that it would be necessary to use very small samples of the solutions 

for the determil'lation of the freezing points, a new furnace was designed 

and built for this work by the i strument shop of the Engineering 

Experiment Station of Oklaho a Agricultural and echanical College. 

Since this furnace was the one used for most of the research , it will 

be described in some detail . 

The furnace consisted of a rather massive copper block, bored in 

such a way that as all test tube, supported in a copper collar, could 

be suspended in it . The block was heated by a helical nichrome heating 



FIGURE 3 

Cross-sectional sketch of furnace 

One-half sea.le 

~ Fire clay 

~ Copper block 
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olerrmnt. An additional hole was made fri !:.hr;: side of block i'or 

tho pv;:, pose of observing tho .soluti.ons while still liquid, 'bu".:. i't was 

not possible to make use ,.:,f this feature. The entire f'urnacie was 

contained in a metF.,1 cixn, insulated with SS')estos, and closed at the 

ends with "'l'ransite11 as'b¢stos bourd. A crose-seet,ion of the fur:1~-H.:e 

is shown in figure 3. The current used to heat, the block W~!S co:ntrollet'l 

by rn.enns ot il "Variac" variable voltage transformer and measured by a 

sensitive alternating current ammeter. Ordinary 110 volt, alternatint:; 

current i.vas used. Currents were of the order of one or tvrn ampGrcs .. 

The eoppa.r block wes fairly larga in order to mi.nim:i..21e 1001)1 variaticrr1.s 

in the furnace temperature and to make possible ths very slow cooli:ng 

of th.e furnnce. 

B. ~:leasu..rement .Q!: ,:emp0ra.t,.µ:e. 'th.e t,emperatures of the solutions 

in a flask oont,r:.ining & mixture o:r ice water. In tirst 

work done, toi single ,junction ehromel-alumel thermocouple wiis emJployed, 

but in. the interest..,s of grerit<n· sensitivity, it was feU. desirable to 

use a double-junction thermel of the same materials. This couple did 

not prove overly satis'actory, however, eve.n ivhen the hot j·mwtion w·ss 

immerr:ied {lirectly in the melts, since there was some evider:.ce that the 

solutions attacked the couple and there was defini.t,e evidence that the 

couple wi1s quite slo\t in com:i:n.g to thermal equilibrium with the solutions .. 

For the?.e reasons, a platinum-platinum, 1.3% rhodium thermocouple was 

substituted. This couple, calibrated at t.he melt,fog poiut,s of' zinc 

and o:f sodium chloride by Mr. Robert s. tJiunger in cmmection work 

on a fellowship with the Ozark-lwfuhoni:ng Company, was found to read 

55 microvolts low at these temperature;:;. Consequently t,his am.ount was 
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added to each freezinL; point determinat.:Lon made with this couple. 

The electrical potantfal existin.g between the junctions of the 

thermocouple was meQsured by means of a Leeds a1:.d Northup Type K-l 

potentiometer, coupled ,vith a sensitive, wall-mounted galv~nometer of 

the D'Arsonval type. This instrument could be read to one microvolt 

(0.000001 volt). In thr:l preliminary \Vork, a Queens potentiometer of 

the student type, sensitive to 10 microvolts 1vas used, but this did 

not seem satisfactory, even f'or the relatively large potentials of 

the double junction ehromel ... alumel thermel. It would, of course, havlil 

been impossible to use this instrument with the small pote:ntials of 

the noble metal couple. Some attempts were m.ade to record the cooling 

curves directly, using a Brown Recording Potentiometer, but· the swall 

sensitivity of this instrument, at least fo the temperature range 

covered in thls i:nvestigation, made it useful only in preliminary work 

designed to determine the order of magnitude of the 11halt 11 in the 

cooling curves. Furthermore, the Brol.:'m potentiometer did not satis• 

f :actorily reproduco the values of the potenti(:11 of the couple. This 

f21ct Wt\S determined by direct comparison with the type K•l instrument. 

Some difficulty was encountered on account of fluctuations in 

the galvanometer reading dne to vibrations in the building, a temporary 

frame structure. These were caused by rn multitude of faetors, the 

chief among them being the movement of people in the building and the 

sudden slammir,g of doors. It was nlso n.oted on occasion, especially 

when usin.g the noble metal thermocouple• that strong winds oscillated 

the building sufficiently to cause the galvan.omoter to move nrther 

erratically. In one ease work had to be abandoned on this acco1.mt. 

C. Measurem<:mt of ~. Ti.me was measured in the earlier parts 
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of thir motion 

• Closer 

conspicuous m.arkings of the 1m11l clock more than compensi1tod for its 

Procfan (6), \,nt wno 1:1ot particulr:rly successful due to its tende:ncy 

tatod by a r&.pidly movh:g eolumn of a:i.r, 

piston was con:t;;;1i11ed 

This method of stirring seemed to be quit,a etficlent, but did not 

improve .results su!fieierrtly for use in this particular •1.rork. 

V. :Preparation of Materials 

was t!erck chemfotilly pure PbC12 • According ta the hih:!ll, tl11.s 1.,mterial 

contai:ned ~ maximum of 0.056% impurities. On dr;t:i.ng in s:n oven at, 

170° C. for l •• 75 hours riK{tcrfal lost 0.0068% of its weight. 

purification or other tre.'ltmer:rt., The pU!'ity of the material is shown 

by iis r'!elting point, determil\ed in this vrork to be 49S • .3t0 • .3°C., 

wh(;'!reas the value given by .Kelley {3) 1.s ??1°:K. (49$00.). 
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B. Zinc Chloride . The proble of preparing pure, anhydrous zinc 

chloride is ft1r more difficult than the preparation of lead chloride , 

due to the extreme hygroacopioity of the material. ellor (7) states 

that zinc chloride is more hygroscopic than phosphorus pentoxide . To 

examine this point, a sample of erok chemically pure ZnC12 was dryod 

for 18 hours at 240°0., losing 4. 6/$ of its weight. This dryed material 

was then allowed to stand undisturbed in a crucible in the open labora-

tory for eight days , in which time it absorbed enough water to completely 

dissolve . The sample gained over 20% of its dry weight, clearly 

showing its great affinity for water. Five methods were tried before 

a satisfactory one for the preparation of zinc chlor ide was found. 

These weret l) Simple drying of C. P. ZnC12 J 2) Synthesis from zinc and 

hydrogen chloride in ether solution; J) Distillation of u.s.P. zinc 

chloride under reduced pressure; 4) Drying of C.P. zinc chloride by 

passing dry hydrogen chloride gas through the molten salt; and 5) Dis• 

tillation of a carefully dried sample of C.P. zinc chloride under high 

vacuum. These methods will not be discussed in detail. 

1. Simple drying of C,P, ZnC~ . According to the label on a 

bottle of Mere chemically pure zinc chloride , the material contained 

not less than 95% ZnOl 2 and not more than 0 . 2.30J impur ities . The 

remaining 4. 77% was probably water . Fusion of a sample of this aterial 

in a crucible, followed by drying in an oven for 18 hours at 240°c . 

resulted in loss of 4. 64% of the weight of the sample . An attempt was 

made to dry another sample in an oven at 240oC., without prior fusion , 

but after 118 hours the material showed definite discolor ation, indi

cating partial decomposition . In this time the zinc chloride lost 

4. 88% of its original weight . Another attempt was made to dry a sample 



at a temperature slightly abovo its melting point, using a muffle 

furnace, but this f ailed because the furnace got out of hand during 

the night and the te perature rose to about 500°. The material was 

found to be evaporated from the crucibles and condensed on the walls 

of the furnace. Thls deposit had a bright yellow-green color, indi

cating extensive decomposition to the oxide or oxychloride. Due to 

this r eady reaction of zinc chloride with the water contained in the 

oomraercial materials, it was decided that this method of preparation 

was not feasible. 

2. Synthesis of zinc chloride from zinc and HCl in ether 

solution. An attempt ~as made next to prepare pure zinc chloride bu 

the method of Hamilton and Butler {8). In this experiment, 93.5 grams 

of finely divided zinc metal were placed in a 500 ml. roundbottomed 

flask, fitted with a standard taper joint, and about 300 ml. of anhy

drous diethyl ether (dryed over sodium) were distilled in. The flask 

was t hen connected to a tank of hydrogen chloride gas through a drying 

tower containing snh,ydrous magnesium perchlorate. The gas was bubbled 

through the mixture until ell of the zinc chloride had reacted. The 

reaction proceeded as described by Hamilton and Butler, the zinc 

reacting readily with the ethereal solution of' HCl, with the release 

of hydrogen. After some time the reaction mixture separated into two 

layers, the lower an extremely viscous solution, presumably of ethor in 

zinc chloride, the upper a very mobile solution of zinc chloride in 

ether. Af ter all of the zinc had dissolved, the excess ether and HCl 

were removed by distillation under reduced pressure. The product was 

brown in color and did not appear to be very satisfactory for this 

work. However, the method seems to have possibilities, partioularly it 



J.., 

paratiori 

d'.Lst.illt.'ltiQr, 

~11 angle of 

otheir end of t h.w tube • n:ethod 

fgr too large. Extensive 

lead 

Hildebre:nd (l) in p:r.t:paring the zino chloride usett in their research. 

Dry hydrogen chloride gas was bubbled slowly through fused zinc chloride 

in an all-glass apparatus. 'l\he flask, containing tho commercfal C .. P. 

zinc chloride, was heated in ti send bath, and the HOl, dried 

ncsium perchlo:rl\te, was passed throtie;h it very slowly un.til no mo:ll'e 

water passed o'l!er~ The product w;,Is gray in color, but was believed 

to be so.ti.sf eetory for this resi3arch. A satnp1e of' t,hls mat,erial was 

f.·malyzed for zinc by t1.trat'.lon w'.1.th st~ndard potaaslum f(?.rrocyar:tide 

in concentro1:,ed sulfuri.e ~eid and four drops of' a 1% solut;io:n of 

:pot8.ssium .f'e:rrocya:n1de (9). The material was also analyzed for chloride, 

using the of Faja:ns (9), titrating with st,andard s ilve:r nitrate, 

wi.th meta.nil yellow as indicator. This indicator was used imcitead of' 



the more usual dichlorofluorescein because of the low pH of the solutions 

used . The sample was found to contain 46 .35 ~ 0. 02% zinc and 50 . 47 ~ 

0. 17% chloride . This indicates that the mater i al prepared by dehydra

tion with hydrogen chloride gas contained 96 . 82% zinc chloride. 

5. Distillati2n of a garefully dried sample of C,P. zinc cl;lloride 

under high vgcuum, The material finally used in this investigation was 

prepared by distilling chemically pure zinc chloride under reduced 

pressure. The material, contained i n an all- glass apparatus was 

carefully dried by gently heating, then fusing i n a vacuum in order to 

dry the material as completely as possible without too extensive decom

position. The vapors were drawn over phosphorus pentoxide before 

leaving the apparatus . After this drying, the material was distilled 

into a sidearm under a high vacuum. The sidearm, still under vacuum, 

was drawn off , to prevent the anhydrous zinc chlori.de from contamination 

with moisture. The material resulting from this treatment was white, 

with a very pale green tinge. Its melting point was found to be 303. 7 

,: 0.5oC., as compared to 556°K. (283°C.) given by Kelley (3). This 

value is higher than any value which hes been found in the literature . 

Hachmeister (10) records melting points found by a number of observers 

over a period of almost fifty years ranging from 250° to 31+0° • Only 

two investigators report values above 28J°C. and their results are far 

from satis aotory . It is interesting to note, however, that the secmd 

edition of Lange's "Handbook" gives the value 3650 for the melting point 

of zinc chloride. In the absence of any data on the system ZnC12-zno, 

however, no definite interpretation can be placed on our high val ue . 

This zino chloride was analyzed for zinc by converting a weighed 

sample to zinc sulfate by fuming down with sulfuric acid. The anhydrous 
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zinc ulfate was weighed. Chloride was determined gravimetrically in 

the usual way as silver chloride. The sample was found to contain 

47.64'!:. 0.10% zinc and 51.70 ~ 0.01% chloride, as compared to the 

theoretical values of 47.97% Zn and 52.03% Cl. The ratio of chlorine 

to zinc in this material is, therefore, .0852, compared to 1.0846 for 

the formula ZnC12• The material is believed to be at least 99.4~ zinc 

chloride, with the principal impurity being water. 

VI. Experimental Determination of Freezing Points 

The lead and zinc chlorides described in the preceding section 

were used to ~ake up the solutions whose melting points were determined 

in this research. The chlorides were weighed into small pyrex test 

tubes which were then supported in the furnace as described in section 

IV . A. The furnace was then heated sufficiently to melt the sample and 

held above the melting point long enough to allow the materials to mix 

completely. Then the melts were cooled slowly, data being taken in 

order to plot a time versus temperature curve, until a break in the 

cooling curve was passed, or, in less successful runs, until the material 

was found to be solidified. To illustrate the type of data gathered 

in this investigation, typical results are given for one of the better 

runs encountered . Data are also given for one of the poorer runs to 

illustrate the difficulty often encountered in interpreting the results 

obtained. The •good" run is given in table Ja and the •poor• run in 

table Jb; these data are plotted in figures 4a and 4b respectively. 

The run given in table Ja was made using the second furnace and the 

platinum-platinwa, 13J rhodiua thermocouple, while that in table 3b 

used the first furnace and the chromel-alumel thermel. The data 

finally gathered in this investigation are based on cooling curves of 
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TABIE 3 

TYPICAL DATA ON TBE COOLING OF A SOLOTIO CF ZINC 
CHLORIDE IN IEAD CHLCRIDE 

a. A. "Good" Run b. A. tt Poor" Run 

PbC12 ~ PbC12 ZnC12 

Weight(gms.) 2.2914 o.1s1.2 eight(gms.) 11s • .31 10.203 
Moles 0.00823 0.00135 Moles 0.4254 0.0749 
Mole fraction0.859 0.141 Mole fraction o.850 0.150 

I!n E.M.F. Time E.M.F' 

lOal.3 a.m. 4.429 mv .. 5 min. 39.006 mv. 
14 4.400 .r .38.745 (.# 

15 4 • .371 . 7 38.495 
16 4.344 7.5 .38 • .395 
17 4 • .315 s 38.JOl 
18 4.286 8,6 J8.2J6 
19 4.261 9 38.199 
20 4.2.36 9.5 38.151 
21.15 4.208 10 .38.105 
22 4.189 10.5 JS.050 
22.5 4.176 11.15 37.986 
2.3 4.165 11.67 37.905 
23.5 4.156 12 37.86J 
24 4.14.1 12.5 .37.805 
24.5 4.134 lJ 37.7.39 
25.5 4.122 1.3.5 .37.654 
25.55 4.111 

.26.1 4.102 Freezing 12oint 
26.6 4.131 
27.1 4.117 E.m.f'.: J8.JJO mv. 
27.6 4.104 Temp. : 465.5°0. 
28.1 4.091 

Freezing point 

E.m.f.: 4.131 mv, 
Temp. : 474.9°0. 

the type in figure 4e. It is obvious that "breaks" such as that in the 

second run. are fer too difficult to detect to make one at all sure of 

their precise location. This difficulty was encountered t~oughout 

the research. Almost all of the results usin the chromel-alumel 

couple were unusable on this account. It seems probable that this 





rests in part on the observed slo,1ness of this thermal in reaching 

thermel equilibrium ,vith the malt. 

Except for two points, all data report0d this investigation ware 

gathered us the noble metal t,hermel. 'fhese two points (marked by an 

asterisk in table 4) were made usable by direct comparison of the 

chromel-alumel couple with the platinum-platinum, 13% rhodium couple. 

The disarepancy determinfJd in 'this mannor was applied to the readings 

of the bat,:J<.'l nK~tal couple as a corroction factor. The data, with their 

observed deviations computed f'rom t,he values of several runs on eiach 

sample, are given in tho firs't, two columns of table 4. These data and 

those of' Herrmann (2) are plotted in figure 5. 

VII. Nliscellaneous Observations 

Several observations were mfl.cki during the cotl.l"se of this investi• 

gatio:n. which might well be the bases of further raz;earch. Thel:le include 

observations on the colors of the melts, their reaction with moisture 

and ai.r, the viscosity of zinc chloride, and the euteet1e tempterature 

of the system lead chloride-zinc chloride. 

Several times during the course of this research, observations 

were made on the color of the melts and of the solutions after they had 

solidified. As was remarked in an earlier paragraph, z.inc chlori.de 

reacts quite readily with moist air to form ·the oxychloride. It vnrn 

noted that 'the pure zinc chloride, which was quite ,1hite before deter

mination of the malting point, became gray fo color after four :fusions. 

Iii none of these did tho t.emparature exceed about 350oC. The lead 

chloride also reacted readily with moist air, forming an oxychloride. 

It was noticed early in the course of this research that after a short 

time the lead chloride malts became colored a pale orange-yellow. 
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'l'his color intEm,si.fled aft,or tho fH1~,ple had been i\rned t'or a 001?.siderable 

time. However, the so1Jd material rema:l.r,ed f(drly 1uhit«.:l uni~il s. great 

deal of opportunity was ;riven fo,"~ re£1ction. It seems prob.8,ble that 

thi.s coloratfo.n W8s tc sme.11 amounts of o le.rid oxychloride (prob&.bly 

inserted into the molten rrm.t.~rial. A rwtli:!eabl0 hiss 

followed by a strong odor of .hydrogen chloride~ This behavior is 

cov.sistent with the observations of Eastman and Duschak (11), v1ho 

noted t,hat let1d chloride reacts readily with moist air to give hydrogen 

chloride at low teixrp3ratures and chlorine above 55000. Many of the 

small samples of l~iad chloride usod in 'the ]E,tter part o.f the i:n.vesti-

gation were yery de,rk brovm. color after one or two fusions, but 

others were only a pale orange. The solutions varied in color from 

whi tc to gray a f·ter ion, although there was no really consistent 

behavior it1 this respect. 

Another featurt1 whleh was noticed several times· was high vis-

cosity of the fused zine chlo:t'ide. The liquid resembled glycerol ;Li.'l. 

this respect. It is quite possible that this high viscosity may have 

been in pe..rt responsibility for some of the erratic results obtained. 

White (12} ment.ions this as a possible cause of oblique "flats" in 

cooling curves. 

In two runs, it was not possible to determine the freezing points 

of the solutiomi under investige,tion. lfoVJ,o,ver, excellent breeks were 

observed in the cooli.ng curves. Since t.hese were found. at esseniially 

the same temperature for two solut1.01:1s differirg markedly in corr1positior1, 

these breaks weY'e .interpreted as being the et1.tectic temperat,ure :for 

this system, i.e., ·the tempen:iture et which the two components separate 
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together. The value observed for the eutectic was 291.4 ~ 0.5°C. in a 

sample containing 47.2 mole per cent lead chloride. Slightly higher 

results were found in solutions containing more zinc chloride. This 

value is to be compared with Herrmann's value (2) of 261°c. The dis-

crepancy between these results is about the same as that found for 
~ 

the melting point of zinc chloride. This determination is not of any 

particular importance for the calculations of this research, but will 

be useful in the discussion of them. 

VIII. Discussion of Results 

The freezing points reported in this investigation are believed to 

be accurate to within 0.5°0., except in those cases where larger 

deviations are noted. It was not felt desirable to multiply the number 

of results in order to increase the precision of the date, since the 

accuracy of the thermocouple is not greater than these values. Errors 

in the time measurements are not believed to be important. Since it 

was possible to read the time to 0.05 minutes, an unimportant amount 

in the plotting of cooling curves. 

TABIE 4 

ACTIVITIES OF IEAD CHLORIDE DILO'l'ED WITH ZI O CHLOUDE 
FROM FREEZiliG POINT AStREMENTS (THIS RESEARCH) 

Mole tract. 
PbC1z 

1.000 
0.955 
o.880 
o.s59 
0.787 
o.745 
0.74.3 
0.000 

Freezing Activity 
point ( C,) PbC1z 

498.J ~ 6.J 1.000 
488.3 ~ 0.1 0.953 
489.7 ! 1.2* 0.959 
475.1 + 0.2 o.893 
410.5; 1.4• o.874 
455.5 ~ o.5 o.s10 
458.8 o.s24 
303.7 ! 0.5 

*Chromel-alumel thermocouple 

Activi.ty 
PbC1z 

1.000 
0.998 
1.090 
1.040 
1.111 
1.087 
1.109 

Coetficients 
znc1z 

0.405 
104. 

4.29 
4.21 
2.04 
2.37 
1.000 



The value of the activity coaffic ents of lead chloride are cal

culated from t he data obtained by means of equation (7). These values 

are li·ted in the fourth oolutnn of table 4. The values of the activity 

coe ficie ts of zinc chloride are given in the last column or table 4. 

The o were calculated from those for lecd chloride, sing equation (12) . 

The freezing points of tho solutior1s wh ich vHi heve examined, while 

showing sooe slight varh1tio s, ger..erally confirm the r sults obtained 

by Herrmann (2). His data are given in table 5. 

TABIE 5 

FREEZING POIHTS OF SOLUTIOES OF ZINC CRLORIDE 
IN IEAD CHLORIDE (HERRMANN) 

Mole fraction. Freezing Eutectic 
fbQ*i Point __!:.oint 

1.000 501°0. 
243°0. o.s15 472 

0 . 662 414 260 
0.533 390 260 
0.424 355 262 
0.329 .332 256 
0 • .246 .321 265 
0.114 304 268 
0 . 109 285 268 
0.052 273 'l 
0. 005 262 'l 
0.000 261.5 

In addition to confirming the values hioh he obtained for the 

freezin points of lead chloride rich solutions, the value of the 

eutectic has been established to exist at about the same temperature . 

It 1s therefore safe to assume that the data of Herrmann are substantially 

correct . The onl7 assumption which must be made in applying equation 

(7) to these data is that lead chloride separate alone from t he solutions 

when they are allowed to solidify until the eutectic composition is 

reached . That this assumption is a reasonable one for this system is 

evidenced by the existence of the eutectic break in certain cooling 
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curves obtained <luring the invei:itigation. Thero was no evidence tor 

the formation 0£ solid solutions or of other phenomena which might 

complicate the phase diagram. For this reason, it is believed that 

the application of the theory developed in a preceding section to th.e 

data obtained in this research is 'll'&lid. It may be seen. by examination 

of table 4, that the values of the activity aoofficie:nts of lead 

chloride in the solutions are slightly larger than unity in all cases 

but one. This solution yields a value so close to unity that it may 

be so considered. In any case, the deviations from Ftaoult's law are 

see.n to be quite small in magnitude and positive in sign. Thore:t"ore, 

the restriction on the applieatio:n of tha Hargules equation is seen to 

be fulfilled. Application of this equation in the form of equation 

(12) results in the values for the &etivity coef'f'ieiemts of zinc 

chloride given in table 4. The e~treroely large value obt~ined for the 

sample containing 0.880 mole fraet.ion lead chloride only emphasizes the 

opinion of' the .investigators t,hat the value of tbo freezing point of 

this particular solution is hicrhly inacc1·~ ot1.~. , 

As has been noted previously, the result,s obtained. f'or the activity 

TABm 6 

ACTIVITY OF LEAD CHLORIDE DILUTED WITH zmc CHLOlUDE 
AT ;oo0c. (tUCH'l'ER. Al\in HlLDJSBRAMD) 

ritole fraot. • ~S E ... t\f, . -r1 Activity Act.ivity 
_PbC12 Cfllr,L4:ta:. ~ ,mi, gal., Pb012 - ogeff~.cien:t. 

1.000 28.9 1.2730 ;a.,150 0 · 1.000 1.000 
o.sss 2s.4 1.2800 59,050 JOO o.s20 0.930 
o.688 27.5 1.2905 59,550 800 o.;9; o.865 
0.595 27.0 · 1.2990 59,950 1200 0.455 0.770 
o •. 490 26.6 1.3095 60,450 1700 0.330 0.,675 
0.301 23.S 1.3315 61,450 ·2?00 0.175 o.S75 

coef' ficients of lead chloride by the freezing point method are in 

violent disegr~ement with the results obtained by Wachter and Hildebrand(l) 



by elactrcmative force method. Their datfi a:rc gh·en in t~ble 6. 

It, is poss:iJ,le to arrive at :!£dependent checks o:n scmie of their ciata 

by 11sing the data of Kelley (.3, 13) for the spr~cific hl!.ilata entropies 

of lead, chlorine, chloride. Us these data, it is possible 

1;;0 ce.leulate the entropy of f'ormation of liquid lead chlo:ritle from 

liquid lead and chlorine gas at 500°C. (773 ,2°K.). '1'his ,ralue may be 

compared with that obtained by Yla.chter and Hildebrand from the tempera-

ture eoeff'icie.nt of the electromotive force of their cell con·tain.ing 

puro lee.cl chloride. The data used in this ce.lculi:1tion are r,ive.n 

't:able 1, emd the re,mlta in table 7. 

T'AllLE 7 

CALCULATF~D F'REE E!:iEROY OF' FOIUJtATIOlJ OF LEAD CHLORIDE 

~_:titrom; at 77J ,2°K. 

Lead (liquid) 21.90 cal. mole-1 deg.'"l 
Chlorii1e {gas) 61.47 
Lead chloride (liquid) 59.0 

AS -... - ... ,if 4 . ··] 1 -1 d .· -1 ,e;.4 • ca .• mo a. 1ag • 
78 ,£~77 cal. molo-l · 
60,010 cal. mole-

-- -... - ... 

Tho ,mlue obtained 

mole degree. Thi::1 may ha compared with Wachter and Hildebrand.' s 

value of -28.9 calories de.g:r~,e. The d.iff'erence ( lB;Z} 

betwc<m t,hese results is bali:mced, hoir;cwer, by a difference betweer1 

the values of thr; heat of formatio:n of lend chloride from its elerr_ients 

from the data of Bichowsky and Rossini (14) and that whieh may 

calculated from Wachter snd Hildebrand's data. That is the ease 

may \be seen computing the value of the h,:iat of formation of 

lead chloride (14 ) a:nd the entropy of formation the free energy of 

i'ormH tion. In this t'lay, th® valt1e AF = -60, 010 calories per ff,olo is 
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obtni:ned, compared to -53, 750 calor·ics per mole from Wacht.er and 

Hild.ebrand. The dif.ferr:nce between theso valu•,::s, t1hi1e snall (J.MO; 

is more t,ha:o sn1ffic5.ont ·to account. for the discrepancy hetwoo11 the 

results of Wachter and Hildebrand and those of this investigat:l .. on. 

Use of the value of the free energy of formation o.f lead chloride 

calculated in table 7 in$tead of that found by Wachter and Hildebrand 

from their electromotive force r:teasurer.1ents in the determination of 

the activities of the lead chloride in their solutions leHds to values 

for tha activlty coefficients of lend chloride which are .larger than 

unity. Thie indicates positive deviations from Raoult•s law, the same 

behavior noted in this research .. 

It is not pretended that. the apparent error which has beer:, ascribed 

to the data of Wachter and Hildebrand is actually as greet as H appears. 

An increase of only 112 calories (0.18%} in their value of -F\ would 

give -an activity coefficient of 1.000 for their solution. containing 

0.885 mole :f':r..action lead chloride. This correspo:nds to an error of' 

onl,,v 2.4 millivolts in the elec.t,romotive fore.a of one of the calls 

studied. The point of this discnssion is to emphasize the fac't, that 

the thermodynamic constants derivable trom the data t,f Wachter and 

Hildebrand are not consistent with those recorded in the literature 

(J, 13, 14) and used in this investigation. It is perhaps :significant 

in this rt~gnrd that Biohm,sky and Rossini (14), in making their author

itative compilation of thermochemical data, some six years after 

Wachter and Hildebrand completed their study, did not even take notice 

of their value for 'the free energy of formation of lead chloride. 

ln conclusion, although the results of this invenitigatlon (and of 

the freezing point method in general) are apparently in violent dis

agreement with results obtained by the electromotive force method, 
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the discrepancy may be easily explained on the basis of the inconsis

tencies in the thermodynamic data used . Since precautions were taken 

in this study to use only the best recommended data (3, 13, 14), it 

is believed that the behavior described by the freezing point method 

is the correct one. Solutions of zinc chloride in lead chloride, then, 

show positive deviations from Raoult's law, but deviations which are 

quite small, at least in the concentration range studied in this 

investigation. 

IX. Summary 

The system lead chloride-zinc chloride has been investigated in 

the region extending from 0.743 mole fraction of lead chloride to 

pure lead chloride (mole fraction 1.000). In this region, the solu

tions show small positive deviations from Raoult 1s law, as is evidenced 

by the activity coefficients of th~ lead chloride, which were found 

to be slightly greater than unity. 

A method for the preparation of pure anhydrous zinc chloride has 

been described, and the experimental determination of freezing points 

has been discussed. The theory of the determination .of activities from 

freezing point measurements has been outlined and applied to the 

experimental results determined in this investigation. 

An apparent discrepancy between these results and those from 

the electromotive force measurements of ,achter and Hildebrand (1) 

has been discussed · and explained on the basis of an inconsistency in 

the thermodynamic functions used. 
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an inst:tuet;o:r ,rnd n part-time fo.struetor l:n the Depttrtmerit of' Ch,ijmiatry 

shi:.ee that 'time., 

On .August 30, 191+7, ha 111iu·ried ?:i&rgaret Eli21abath Dohr of t&ldison, 

.In ndditlon to t.,he societ;i.e$ previously mentioned, he is a men'oor 

of the Americen Chemical Society. 



Typed by: 

Mrs. James L. Lanman =-----


