STUDIES ON THE SYSTEM LEAD CHLORIDE-ZINC CHLORIDE
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I, INTRODUCTION
The purpose of this investigzation wos te study the system lasd

ehloride-zine chlorids from the polnt of view of the btherme~dynomics

of solutions. A previous investlgstion of activity co-efficienta in
this system, made by Wschter srd Hildebrend (1) in 1930, using the

electromotive foree method of deterwining the activities of the lead
chloride in the solutions, showed activity coefficients less than
unity, indieating negetive devistions from Raoult's law., Since aveil-
zble dsta on the freesing points of such solutions (2) were not in
sgreement with these results, it was felt desirable to repeat the work

sral

on freezing points. The results reported in this paper in ge
confirm the earlier dsta of Herrmann (2) on the freezing points of
solutions of sive chloride in lesd ehloride,

The problem of determining the activities (and activity coefficisnts)

of the eomponents of selutions raduces sssentially to the determination

"y

of the psriial molal free energles of these solutions. This may be
done in 2 number of ways, the most vsnal being from nessurcments of
the freezing pointa of the solutions, measurcwents of thelr vapor
pressures, or of the electromotive ferce of appropriste cells, The
theory of the determiratlen of setilvities from freezing peoint data

is discusaed and an equation for utilizing these dats is developed in
the following section, The experimental method is then discussed in

soue detail and the results obtained ir this investipgation are reported

and used to caleulate the sctivitles and activity coefficients for



various solutions of zine chloride in lead chloride., Finally, a
possible explanaticn of the discrepancies between the results of

freezing point and electromotive force measurements is presented.

II. The Determination of Activities from
Freezing Point Data

The activity cf a component of a solution is defined as a func-
tion of the free energy change resulting on transferring one mole of
the substance from a resservoir of the pure substance to the solution.
The state of the pure material in the reservoir is taken as a gtandard
or reference state in which the activity of the substance is defined
as unity. As is shown schematically in figure 1, the free energy of
transfer of the solvent from the standard state to the solution may
be divided into four parts. In the first of these, the solvent is
transferred from the reference temperature T to scme other tsmperature
I, at which the solution is in equilibrium with the pure s=0lid 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 sclution at the tempera-
ture Tp . The fourth step is the bringing of the solution from the
temperature Ty to the temperature T at which it is desired to know the
activity of the sclvent.

Since the solution is in equilibrium with pure sclid solvent
at the temperature Ty, the free energy change for the third step is
zero, Thus, the desired free energy change, AF, is equal to the sum
of the three termsAF,,AF,, andAF,. It is easily seen that OF, is
simply the free energy of solidification of the solvent at the temperature

Tf. This term may be readily evaluated from the heat of fusion of t)-~
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TABLIE 1
THERMODYNAMIC PROPERTIES OF LEAD, CHLORINE, AND LEAD CHLORIDE
a, Melting Points and Heests of Fusion

Melting Point Hest of Fusion Ref,
Lead 600,5°K, 122/ cal. mole™1 3
Iead Chloride 771 5650 3

b. Specific Heet Equations

Gp Zatb T cal, mole™t deg.-l

&  bx103 | Error, ¥ Range,’k. BRef.

I.Badilclid) 5.77 2.02 2 2?3"600.5 3

liquid) 6.8 - 5 600,5=1,273 3

Chlorine(gas) 8.28 0.56 1.5 273-2,000 3
Lead Chlorine

solid) 15.88 8,35 2 273=771 3

liquid) 27.2 .- 10 771-851 3

¢, Entropies

S$298.2%, Ref,

Lead (solid) 15,49 & 0,05 cal,mole™t dog.'l 13
Chlorine(gas) 53.31 ¢ 0,01 13
Lead Chloride

(solid) 32,6 + 0,6 13

d, Heat of Formation

8H298,2°K, Ref,
Lead Chloride(solid) - 85,710 cal. mole™t 1



L}

solvent and the heat capacitiss of the liquid and solid solvent,

while AFy and AF L, may be theorsebically calenlated, the wmumerical
values are not 30 recdily corputed due to a lack of suitabls data
The sum of AF, and AF 4, Bay be rolated to the rolative partisl meolal

heat content of the solwent ir the solution, which

bebween the molal beel eontent of the solvs
and the perbtisl melal heat content of the solvent fu the solubion.

In dilute solutions, this gquantity is very simall, sallng the sum of
the first avd fourth free enerpgy charges approximg tely zero, In nore
coneernirnbad selubicons, however, tﬁis iz nob the casc, ard the sun of
thors ferns must bo evaluated., The relative poritiel melal beat content
of the solvort In the solution ss & lunctlon of femporsturc may be

deternived frop elscelromotive foree mossureoments, The necessary data

for the system lead chloride-zince chloride wny be computed from the

data of Wachter and Hildebrand (1) but is rot believed to be sufficiently
accuraste for the purposes of this investipation, Hevertheless, an
aprroxinmato esleulation based on thelr data was made which revealasd

that the sum of A’E‘l ord 4F | would increase the valuss of the activities

4
reported in this paper by approximately O.4%.

If the rare liguid solvent at the freezinmg polint of the solution
is tokon as tho standard siate, the free energy of transfer of one
mole of solvent from the stuederd state to the solubtieorn at the sare
temperature roduecas to the f'ree energy of solidifiecatlion of the solvent
at this temporsture, This quantity mey be vrlated to the heat of

fusion of the solvond by means of the Gibbg-lelmboltz equation,

(3 (ar/r) /31), = - AR/T? (1)



where OH is the heat of solidification of the solvent. Since
AF = RT In g
then
(3 (ar/?) /aT’)P =R (a8ln a/az{)) | (2)

whers R is the universal gas constant and a 1s the agetivity of the
solvent in the solution. Substitution of eguation (2) into equation
(1) and replacement of the heat of solidification by the heat of
fusion yield
(21n a/aT)p = AHf/RT2 (3)

wherebﬂf is the hest of fusion of the solvent at the temperature T,

It is now only necessary to integrate equation (3) to arrive st
an expression for the activity of the solvent ir a solution at the
freezirg point of the solution, referred to the pure liquid solvent
at the same temperature as the standard stete, Since the heat of
fusion of a substance is generally s function of temperature, it is
first recessary to Introduce an expression for the variation of the
heat of fuglion with ilemperature into equation (3). The familiar relation

(3aB/9T) =ac (4)
p P
moey be integrazted to gilve the desired funection, prbvideddﬁp is known
as a funclion of temperature. It is necessary to resort to an empirical
relationship at this point, no general one being available, K.K. Kelley
(3a) in reporting the heat capacities of many irorganic substances
uses equations of the types:
Seolid: G

P
Ligquid: G = af
p

a+ bT

where a, b, and a' are empirieal constants, From these equations the
expression for the differsnce between the heat capscities of the selid

and liguid solvent is giver by an equation of the form



AG, = +fT {5)
Substitution of this relationship irto equatior (4) and subsequent
integration between the proper limits gives
H = o - L B{r2. 7
AR, AHf + o(T Tb) + & B(T To) (6)
where AH; is the hest of fusion at the melting point T . Sub=

e}
stitution of eguation (6) inte eguation (3), followed by integra-
tion between the proper limits, yields
R 1na=d4H?(1/T = 1/T) -K(1L+1In T /T - T /T)
4 0 o ¢
-B (To - 3P - %~T§/f) (7)
This squation may be roaGily used to evaluale the activity of the
solvent in s solution from messurepents of the freezing point of |
the sclubion,.
The most corveniert way in which to use equation (7) is in
the form of a graph, from which activities corresponding te any
tenperature may be read, The graph resulting when the values of
the constanta for lead chloride are substituted into eguation (7}
is giver ir fipure 2, The data of Kelley (3), used in evalusting
this equation, are giver in table 1 and the calculeted points used
in plotiing figure 2 are given in table 2, It should be noted that
for consistercy the value 498.3°C. is used for the melting point
of lead chloride, rather than the value given by Kelley, The
devistions given for the activities in %table 2 are estimated from
Kelley's stetements on the accuraey of his specifie heat equations

and his value of the heat of fusion,
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TABIE 2
ACTIVITY OF SOLID LEAD CELORIDE
(Referred to liquid lead chloride as standard state)

SL. Activity Deviation
771.5 }.QOOO -
770 0.993 Fa
750 0,901 0.005
730 0.814 0.008
710 0,733 0.010
690 0,658 0,012
670 0,588 0.014
650 0.522 0,016
630 0.469 0.016
610 04,409 0.016
590 0.358 0.016

Since it is not possible to determine the activity or activity
coefficlent of the solute directly from the measurements of the
freezing points of the solutions, it is necessary to develop another
approach to the determinaetion of these qusntities, The usual method
is to use the Gibbg-Duhem equation, but this 1s 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 constant
temperature. As was remarked esrlier in this section, the freezing
point method gives the sctivities of the scolvent at varying temperatures,
making it necessary to know the relative partial molal heat content of
the solvent in the solution in order to convert these values to some
common temperature., It is therefore necessary to use another approach
to this problenm.

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 oné component of a



binary solution, provided the activity coefficients of the other compon-
ent are known, This equation may be expressed as

& = Iy exp (l/aﬁ_l%r V3Y1’31‘ . (8)
where a is the activity, N the mole fraction, ﬁand'fupirianl constants,
and the subscripts refer to the components., Neglecting all terms in
the exponential but the first, and teking natural logarithms, yields

lna1=lnl!1+i-ﬁ|l§ (9)
Differentiating equation (9) with respect to In Ny,
(Oln 81/311‘1 ll’-lJp’r'- 1 -}31!1!2 (10)

Equations analogous to (8), (9), and (10) may be written for the other
compenent as well, Since, according to the Gibbs-Duhem equation

(3ln a;/3ln Ny) = (3ln a,/aln N,)
it follows that

Bi=p (11)

Since
Y: a/N
Ihoroy is the activity ccefficient, it follows from equations (9) and
(11) that
12 yy= 1R (12)

From this expression it is possible to caleulate the activity co-
efficients of the solute when those for the solvent are known, Since
this approach is empirical, it is wéll to noie that the use of it is
restricted to systems in which the deviations from Raoult's law are
not great, As will be shown, this condition is fulfilled in the system
lead chloride~zine chloride. It is probable that the results obtained
by use of the Margules equation are sufficiently accurate for this

work .



It is now nccessary to discuss the experimentsl techniques used
in doterminirs the freezing points of solutions., Essentially, the
method employed in this investlgation was to heat the rgteriaels in a

‘furnace to a point well above the freczing temperature and then to
allow the sclution to cool slowly, making readings of the temperature
at frequent intervals, Irom a plot of this data, it was possibls to
determine the temperature at which solvent firat begen to crystallize
from the solubtion, A&t this point there is a momeniary "halt" in the
cooling eurve, resulting from the release of the heat of fusion of the
material crystallizing, In pure substances, this halt is gquite leng
and easy to detect, but in mixtures it is oftern little more than a
change in slops. The problem which must be solved is one of naking
this halt as long or as obvious as possibles,

A1l writers on freezing point determirations advise that small
samples be used, White (5) supgests the use of quantiiiesléf the order
of one pilliliter., If this technique is not used, il is necessary to
stir the solution very officiently. DBoth methods were used during the
courge of this investipgation, UWith pure materiale either method gives
good results. In some of the early work of this research, large stirred
samples were used, This was succeasful with pure metals, such as tin
and zire, and with pure load chloride, However, all sttempls to obbain
unambiguous resulis using lerpe stirred samples of the solutiens were
failures. The use of small samples, the smaller the better, scems to
be imperative in order to get satisfactory resulis.

It was azlso found that the nesrer a solution wes in compesition

to one of %the pure components, the easier it was to determine its



freezing point, Pure lead chloride and the sclutions which were dilute
in ginc chloride gave fairly good freezing 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 end of erystallization,

This is not the freezing point of the solution, but the eutectic tempera-
ture, Pure zine 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 results, It seems probable that control of

the furnace temperature to a greater degree and perhaps more sensitive
methods of measuring temperature might have made it possible to determine

unambigous melting points for these solutionms,

IV. Instrumentation

A. Furnace. Two different furnaces were used in the course of
this investigation, The first one was used during the part of the
work in which large samples were used, However, when it became apparent
that it would be necessary to use very small samples of the solutions
for the determination of the freezing points, a new furnace was designed
and built for this work by the instrument shop of the Engineering
Experiment Station of Oklahoma Agricultursl and Mechanical College.
Since this furnace was the one used for most of the research, it will
be deseribed in some detail,

The furnace consisted of & rather massive copper block, bored in
such a way that a small test tube, supported in a copper collar, could
be suspended in it. The block was hested by a helical nichrome heating
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FIGURE 3
Cross-sectional sketch of furnace

One-half scale

Copper block
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element, An additionsl hole was mede in the side of the block for

the pvruose of observing the solutions while still liguid, but it was
not possible to make use of this feature. The entlre furnsce was
econtained in a metal can, insulated with asbestos, and closed at the
ends with "Transite® asbestos beard, 4 cross-section of the furnace

is shown in figure 3. The current used to heat the hlock was controlled
by means of a "Variac" variable voltage transformer and meagursd by &
gensitive alterrnating current ammeter. Ordinary 11 volt alternating
current was used. Currents were of the order of one or two amperes.
Tiwe copper block wes falrly large in order Yo mininize local variations
in the furnace temperaturs and to make possible the very slow cooling
of the furnsce,

B, ‘ﬂeasurement of Femperature. The temperaturss of the solutlons
were messuraed using a thermocouple which had ite cold junction immersed
in z dewar flashk containing o mixture of ilce and waler. In the fTivst
work done, g single jurction chromel-alumel thermocouple was employed,
but in the interestis of grester sensitivity, it was felt desirable to
use a double=-junction thermel of the same materials., This couple did
not prove overly satlis’actory, however, even when the hot Junction was
immersed directly in the melts, since there was soms evidence that the
solutions attacked the couple and there was definite evidence that the
couple was quite slow in coming to thermal equilibrium with the solutions.
For these reasons, a platinum-platipum, 13% rhodium thermocouple was
substituted, This couple, calibrated aht the melting points of zine
and of sodium chloride by lir, Robert 3. Hunger in comneebion with work
on & {ellowship with the Ozark~Wnhoning Company, was found to read

55 microvolts low at these temperatures, Consequently this amount was
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added to each froezing point determination made with this couple,

The electrical votentizl existing between the junctions of th
thermocouple was meousured by msans of a Leeds and Eorthup Type K-l
potentiometer, couplsd with & sensitive, wall-mounted galvanometer of
the D'Arsonval type. This inétrument could be read to one microvoelt
(0,000001 volt)., In the preliminary work, a Queens potentiometer of
the student type, sensitive to 10 microvolts was used, but this did
not seem satisfactory, even for the rélatively large potentisls of
the double junction chromeleslumsl thermel. It would, of course, have
been impossible to use this instrument with the small potentiale of
the noble metal couple. Some attempts were made to record the cooling
curves direetly, using a Brown Recording Potentiometer, but the small
sensitivity of this instrument; at least in the temperature range
covered In this investigation, made it useful only in preliminary work
desigred to determine the order of magnitude of the "halt" in the
cooling curves. Furthermore, the Brown potentiomster did not satis~
factorily reproduco the wvalues of the potential of the couple, This

et was determined by direct comparison with the type K~1 imstrument.

Some difficulty was encountered on sccount of fluctustions in
the galvarometer reading dve to vibrations in the milding, s temporary
frame structure, These were caused by a multitude of factors, the
chief aong then being the movemsnt of people in the tuilding and the
sudden slammiszg of deoors. It was also noted on occasion, especially
when using the noble mpetal thermecouple, that strong winds oscillated
the building sufficiently to cause the galvanometer to move rather
erratically. In one case work had to be abandoned on this account,

C. [IHeaguremepnt of Time. Time was measured in the earller paris
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of thie investigazbion using s stopwaich vhich could be read In motion

%o aboubt 0.0% ninutez, Closer readiny wes nob deemed importent.

a

Luter acguisition of & good electric wall eloek with = sweep second-
hand mode the reeding of time somewhat ensier, ass the lsrger size and
couspicuous markings of the wall cloek more bhan coupensated for its
somewhal lower sersitivity. It was also read to sbout 0,05 minutes.
e Stirrirs. As was mentloped gbove, ths large samples which
were ussd in the earlior work in this Investigstion wers stirred. A
stirrer was designed and uilh like that reported by Campbell and
Prodan (), bubt wop not particulerly sucesssful due to its fendency
%o splash mercury all over the room., & somewhat similar stirrer wes

corstructed which opersted on ths same principle, but asvoiding the use

g eolumn of air,

s
=)

of mercury., The melt was sgiteted by = rapldly movin
peeillated by means of & piston driven by an electric motor, The

piston wes conbtained in z swall brass cylinder, 4 sidearm was provided

tl

with & pireh clamp so thalt the swount of stirring could be regulabed,
This method of stirring seemed to be cquile efficient, but did not

improve results gufficiently for use in this partleular work,

Ve Préparation of ?aﬁefials

4. lead Chloride. The lead chloride used in this iﬁvastigation
was Merck chemiéally nure Pb612 . dzcording to the label, this materlal
contained 2 maximum of 0,056% impurities., On drying in an oven ab
170° C. for 4.75 howrs this material lost 0.0068% of its weight.
The material dryed irn this manncr wsa used direetly, with wo further
purification or other tregtment, The purity of the materiazl is shown
by 1ts melting point, deternined in this werk %o be 498.320.3%.,

whereas the valus given by Kélley {3} 1s 719K, (494%C.).



B, Zinc Chloride. The problem of preparing pure, arhydrous zine
chloride is far more difficult than the preparation of lead chloride,

due to the extreme hygroscopicity of the material, Mellor (7) states
that zine chloride is more hygroscopic than phosphorus pentoxide. To
examine this point, a sample of Merck chemically pure Zn012 was dryeod
for 18 hours at 240°C., losing 4.64% 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 chloride was found,

These weret 1) Simple drying of C.P. ZnCl,; 2) Synthesis from zinc and
hydrogen chloride in ether solution; 3) Distillation of U.S,P, zine
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,

b I nCl.. According to the label on a
bottle of Merck chemically pure zine chloride, the material contained
not less than 95% ZnCl, and not more than 0,230% impurities, The
remaining 4.77% was probably water, Fusion of a sample of this material
in a erucible, followed by drying in an oven for 18 hours at 240°b.
resulted in loss of 4.64% of the weight of the sample, An attempt was
made to dry another sample in an oven at 240°C., without prior fusion,
but after 118 hours the material showed definite discoloration, 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 above its melting point, using a muffle
furnace, but this failed because the furnsce got out of hand during
the night ard the temperature rose to about 500°, The material was
fourd to be evaporsted from the crucibles and condensed on the walls
of the furnace, This deposit had a bright yellow-green color, indi-
cating extensive decomposition to the oxide or oxychloride, Due to
this ready resction of zinc chloride with the water contained in the
commercial materials, it wss decided that this method of preparation
was not feasible.

2.

golution, 4n attempt was made next to prepare pure zinc chleride by
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
flesk, fitted with a standard taper joint, and about 300 ml, of anhy=-
drous diethyl ether (dryed over sodium) were distilled in, The flask
was then connected to & tank of hydrogen chloride gas through a drying
tower containing anhydrous magnesium perchlorate, The gas was bubbled
through the mixture until all of the zinc chloride had reacted, The
reaction proceeded as described by Hamilton and Butler, the zine
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 ether in
zinc chloride, the upper & very mobile solution of zine chloride in
ether, After 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 %o have possibilities, perticularly if
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small samples are d?iL? ad.

T &

3, Distillation of ¥,5,P. zine chleride urder roduced orasgurs.

The next method which was %ried fer the prepavation of gnhydrous zine

2,

chlorids wag the distillation of Tused ZnCl , U8.P. The zinc chloride
sticks wers
abeut 120°, essure until

mast of it } Tha wethod

wag not overly successfnl, wrobably due sing sapples which wera
Extensive bumping occurred, undonbtedly resulting in

distillave, A aixiure of this material with lead

’3

e

2 85 mole per cont lead chloride, had a {reezing

roint of 455,29C,, about ten dsorees too low,

bo Drying C,P, ZnCls by nessing dry HC1 cas throush the molten

(6]

alt. 4n atienpt was made to apnly the method uged by Wachter and

" Hildebrand (1) in rwpavlng the zine chloride used in their reseasrch,
Dry hydrogen chloride gas was bubbled slowly through fused zine chloride
ir an all-glsss apparatns, The flask, containing the commercial C.F.
zine chloride, was hented in & sand bath, and the HC1l, dried by mag-
nesium perchlerate, wes passed through 1t very slowly until no nore
webter passed over, The product was gray In coler, but was believed

to be satisfsetory for this research, A sgswmple of this material was
annl*zed for zine by titration with standsrd potessium ferrocyanide
solntion, using aé indicator two drops of a 1% solution of diphenylamine
in concentrabted sulfurie «c“a and four drops of a 1% solution of
potassiun ferfccyaﬂiﬁe (9). The materisl was also analyzed for chloride,
using the nethod of Fajans (9), titrating with standsrd silver nitrate,

with metanil yellow ag indicater, This indicator wes used instesd of



the more usual dichlorofluorescein because of the low pH of the solutions
used, The sample was found to contain 46.35 ¢ 0,02% zine and 50.47 ¢
0.17% chloride, This indicates that the material prepared by dehydra-
tion with hydrogen chloride gas contained 96.82% zinc chloride,

under high vacuum, The material finally used in this investigation was
prepared by distilling chemically purs zinec chloride under reduced
pressure, The material, contained in an all-glass apparatus was
carefully dried by gently heating, then fusing in 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 amhydrous zinc chloride 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
¢ 0,5%,, as compared to 556°K. (283°C.) given by Kelley (3). This
value is higher than any value which has been found in the literature.
Hachmeister (10) records melting points found by a number of cbservers
over a period of almost fifty years ranging from 250° to 340°, Only
two investigators report values above 283°C, and their results are far
from satisfactory, It is interesting to note, however, that the second
edition of Lange's "Handbook" gives the value 365° for the melting point
of zinc chloride, In the absence of any data on the system 2&012-3110,
however, no definite interpretation can be placed on our high value.
This zinc chloride was analyzed for zinc by converting a weighed
sample to zine sulfate by fuming down with sulfuric acid., The anhydrous
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zine sulfate was weighed, Chloride was determined gravimetrically in
the usual way as silver chloride. The sample was found to contain
47.64 + 0,108 zine and 51,70 # 0,01% chloride, as compared to the
theoretical values of 47.97% 2Zn and 52,03% Cl, The ratio of chlorine
to zinc in this material is, therefore, 1.0852, compared to 1,0846 for

the formula chlz. The material is believed to be at least 99.4% zine

chloride, with the principal impurity being water,

VI. Experimental Determination of Freezing Points

The lead and zinc chlorides deseribed in the preceding section
were used to make up the solutions whose melting points were determined
in this research, The chlorides were weighed into lﬁnll 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 leng 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 3a and the "poor" run in
table 3b; these data are plotted in figures 4a and 4b respectively.
The run given in table 3a was made using the second furnace and the
platinum-platinum, 13% rhodium 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



TABIE 3

TYPICAL DATA OF THE COOLING OF A SOLUTION OF ZINC
CHLORIDE IN LEAD CHLORIDE

a, A "Good"Run b. A "Poor" Run
PbCl,  ZnCl, PbCl,  ZmCly
Weight(gms,) 2.291, 0,1842  Weight(gms.) 118,31 10,203
Moles 0 000823 0 oml" 5 lBl.l 0 01025‘ 0 007159
Mole fraction0,859 0.141 Mole fraction 0,850 0,150
Time LT, Time LM,
10313 a,.m, Leh29 mv, 5 min, 39.006 mv,
14 4400 A 38,745
15 44371 7 38,495
16 he344 7.5 38,395
17 44315 8 38,301
18 44286 8.6 38,236
19 4261 9 38,199
20 4e236 9.5 38,151
21,15 44208 10 38,105
22 4,189 10.5 38,050
23 4,165 11,67 37.905
23.5 : 4el56 12 37.863
24 44141 12.5 37.805
245 L1344 13 37.739
25.5 4,122 13,5 37.654
25455 4.111
26,1 44102 JZreezing point
26,6 4,131 |
27.1 4.117 E.'.f. = 38.330 mv,
27.6 44104 Temp. = 465.5°C.
28,1 4,091
JTreezing point

E.m.f, = 4,131 mv,
Temp., = 474.9°C.

the t}po in figure fa. It is obvious that "breaks" such as that in the
second run are far too difficult to detect to make one at all sure of
their precise location, This difficulty was encountered throughout
the research. Almost all of the results using the chromel-alumel

couple were unusable on this acecount., It seems probable that this
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rests in part on the observed slowness of this thermel in reaching
thermel equilibrium with the melt.

Except for two points, sll data roported in this investigation were
gathered using the nobls metal thermel. These 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 coupls,
The discrepancy determined in this manner was applied to the readings
of the base metal couple ss a corroction factor, The data, with thelr
observed devietions computed from the values of several runs on each
sample, are given in the first two columms of table 4, These data and

those of Herrmamnn (2) are plotted in figure 5,

VII, Hiscellaneous QObservations

Several observations were madc during the course of this investie
gation which might well be the bases of further research. These include
observations on the colors of the melts, their reaction with moisture
and air, the viscosity of zinc chloride, and the eutectic tempterature
of the system lead chloride-zine chloride,

Several times during the course of this resesrch, cbservations
were made on the color of the melts and of the solutions after they had
golidified. As was remarked in an earlier parasgraph, zine chloride
reacts guite readily with meist air to form the oxychloride, It was
noted that the pure zine ceihloride, which was cuite white befors deter-
aination of the melting point, became grey in color after four fusions.
In none of these did the temperature exceed about 3509, The lead
chleoride 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 melts became colored a pale orange-yellow.
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This color intergsified after the sarple kad been fased for a corsiderable
time. However, the e0lid mzterial remaired feirly white until e great
deal of cpportunity wes given for resction. It seems probeble that
this coleration wes due tc swall amomnts of & lead oxychlorids {probably
PbO.PbClQ). In one instance, a molst thermocouple was accidentally
inserted into the meolten material, A noticeabls hissing resulted,
followed by a strong odor of hydrogen chloride, This behavior is
consistent with the observstiors of Eagtman and Duschak (11), who

noted that lead chloride reacts readily with moist air to give hydrogen
chloride at low temperatures and chlerine sbove 5509C. Many of the
small sawmples of lzad chloride used in the latter part of the investi-
gation were very derk brown in color after one or two fusions, but
others were only a pale orange, The solutions varied in color from
white to gray after fusion, although there was no really consistent
behavier in this respect.

Another featurs which was noticed several tiwes was the high vis-
cosity of the fused zinc chloride, The liquid resembled glycercl in
this respect. It is quite possible thal this high viscosity may have
been in part,respoﬁsibility for some of the erratic results obtained,
Fhite (12) mentions this as a pgssiblevcause of obligue "flats® in
cooling curves, -

In two runs, it was not possible to determine the freezirg points
of the solutions under investigation, Howsver, excellent breaks were
observed in the cooling curves, Since these were found at essentially
the same temperature for two solutions differirg markedly in composition,
these hresks were Interpreted as being the eutectic tenperature for

this system, i.e., the tempersture st which the two components separate
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together, The value observed for the eutectic was 291.4 & 0.5%. in a
sample containing 47.2 mole per cent lead chloride, 8lightly higher
results were found in solutions containing more zinc chloride, This
value is to be compared with Herrmemnn'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°C., 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 data, since the
accuracy of the thermocouple is nnt 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 LEAD CHLORIDE DILUTED WITH ZINC CHLCRIDE
FROM FREEZING POINT MEASUREMENTS (THIS RESEARCH)

Mole fract, !reo:ins Activity Activity Coefficients

_Poel, SR L e
1,000 498,3 ¢ 6.3 1,000 1,000 —
0.955 488.3 ¢ 0.1 0,953 0.998 0.405
0.880 489.7 & 1,2% 0,959 1.090 104,
0,787 470.5 & 1.4* 0,874 1,111 he2l
0,745 455.5 £ 0,5 0,810 1,087 2,04
0,743 458,8 0.824 1,109 2.37
0.000 303,7 £ 0,5 === —e 1,000

#Chromel-alumel thermocouple



The value of the activity coefficients of lead chloride are cal-
culated from the data obtained by means of equation (7). These values
are listed in the fourth column of table 4. The velues of the sctivity
coefficients of zine chloride are given in the last column of table 4,
These were calculsted from those for lezd chloride, veing egquation (12).

The freezing peints of the soluticns which we heve examined, while
showing some slight varistions, generally confirm the results obtained
by Herrmann (2). His data are given in table 5.

TABIE 5

FREEZING POINTS OF S8OLUTIONS OF ZING CHLORIDE
IN IEAD CHLORIDE (HERRMANN)

Mole fraction Freezing Eutectic
PoCl, _Point —Polnt
1,000 501°¢, .
0.815 472 243%.
0,662 414 260
0.533 390 260
04424 355 262
0.329 332 256
0.246 321 265
0.174 304 268
0,109 285 268
0.052 273 7
0.005 262 ?

0.000 26105 oo e

In addition to confirming the values which he obtained for the
freezing points of lead chloride rich solutions, the value of the
eutectic has been established to exist at about the same temperature.
It is therefore safe to assume that the data of Herrmann are substantially
ceorrect, The on)y assumption which must be made in applying equation
(7) to these data is that lead chloride separate alone from the solutions
when they are allowed to solidify until the eutectic composition is
reached, That this assumption 1s a reasonable one for this system is

evidenced by the existence of the eutectic break in certain cooling
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curves obtained during the investigation, There was no evidence for
the forrmaiion of solid solutions or of other phenomena which night
complicate the phase dlagram. ¥For this rowson, it is belicved that
the epplication of the theory developed iv a preceding section to the
date obtained iﬁ this research is wvalid. It may be sesn by examinabion
of table 4, that the values of the activity coefficlents of lead
chloride in the solutions are slightly larger than unity in all cagses
but one., Thig solution yields a value so close to unlty that it may
be so considered. In any cese, the deviations from Raocult's law are
seer to he oulte small in magritude snd positive in sign. Therelore,
the restriection on the application of the Hargules equation is seen to
be fulfilled, Appliéation of this equation in the form of esguation
(12) results in the values for the sctivity cesfficients of sirc
chloride given in table 4. The extremely large valus obtained for the
sample contazinirg 0,880 mole fractior lead chloride only ewphasizes the
opinion of the investigators that Lthe value of thoe freezing point of
this particulsr solution iz highly Inacer obo..

4s has been noted previously, the results obbained for the activity

TABLE &

AGTIVITY CF LEAD CELORIDE DILUTED ¥ITH ZINC CHLORIDE
AT 500°C,  (WACHTER ALD HILDEBRAND)

fole fract, =« A4S E = 4F, =f'y  Activity Activity

_PBCY _cal /es, volts gal,  _cal: PRCL, coeflicient
1,000 28,9  1.2730 58,750 D 1,000 1.000
0,285 28,4  1.2800 59,050 300 0.820 0,930
0,668 27.5 1.2905 59,550 800 0,595 0,865
0.595 27.0 -1.2990 59,950 1200  0.455 0.770
0490 26,6  1,3095 60,450 1700 0.330 0.675
0.301 23.8 1,3315 61,450 2700 0,175 04575

coeflicients of lead chloride by the freezing poinit method are in

violent disagreement with the results obtained by Wachter and Hildebrand(l)



by the electromotive Force method., Their date are given in table 6,

I is possible to arrive at independent checks on some of their data

by using the data of Felley (3, 13) for %the specific heats and entropies
of lesd, chlorine, and lead chloride, Using these data, it is possible
%o caleulate the entropy of formetion of liguid lead chloride from
liquid lead and chlorine gas at 5009C. (773,2°K.). This value may be
compared with that obtained by Wachter and Hildebrand from the tempers-
ture coefficient of the electromotive force of their cell containing
pure lead chloride, The dats used in this calculation are given in

teble 1, and the results in teble 7,

TABIE 7
CALCULATED FREE EFRERGY OF FORMATION F LEAD CHLORIDE

Entrony at 773,2°K,

Lead {licuid) 21,90 cal, mole™t deg,~t
Chloring (gas) 61.47

Lead chloride (liquid)59.0
Pb (1) « €1, (g) = PbCL, (1) (773.29K.)

A% = - 24.4 cal. mole™l %eg.'l
A H - - 78,87’7 cg’ilo mole- .
AT = - 60,010 cal. mole™t

L

The wvalue obtained by this process is AS = « R24.4 calories per
nole per degree, This way be compared with Vachber and Hildebrarnd's
ralue of ~28.9 calories per wole per degree, The difference {(18%)
betwsen these resulis is balanced, however, by a difference between
the values of the heal of [loreation of lead chloride from its elenents
from the data of Bichowsky and Rossini (14) snd that which may be
calculated from Wachter and Hildebrand's data, That this is the case
mey e seen by computing from the value of the hest of formation of
lead chloride (14 ) and the entropy of formation the free energy of

formation, In this way, the value AF = -00,010 c¢slories per wole is
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obtained, compared to =58,750 calorics per mole from Wachter and
Hildebrand., The differance between these values, while small (3.6%),
is more than sufficient to aceount for the discrepancy between the
results of Wachter and Hildebrand and those of this investigation,
Use of tvhe value of the free energy of formation of lead chloride
caleulated in table 7 instead of that found by Wachter and Hildebrand
from their electromotive force measurements in the determinastion of
the sctivities of the lead chloride in their solutions leads to values
for the acbivity coeffieclents of lesd chloride which gre larger than
unity. This indicates positive deviations from Rmoult's lew, the same
behavior noted in this researeh.

It is not preterded that the appsrent error which has been ascribed
to the dats of Wachlter ornd Hildebrand is actually as great as it appears.
An increase of only 112 cslories (0,18%) in their value of 4?1 would
give an activity eoeofficient of 1.000 for their solution containing
0.885 nmele fraction lead chlorids. This-corresponéa to an error of
only 2.4 »illivolts in the electromoilve forece of one of the celle
studied. The point of this discussion is to emphasize the fasct that
the thermodynsmic constanis deriveble from the data of Wachter and
Hildebrand are not consistent with those recorded in the literature
(3, 13, 14) and used in this investigation. It is perhaps significant
in this regard that Bichowsky and Rossini (14), in making their suthor-
itative compilation of thermochemlcal 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,

In conclusion, although the results of this investipation (and of
the freezing point method in general) sre appsrertly in violent dis-

agreement with results obtained by the electromotive forece 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 zinec 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's law, as is evidenced
by the activity coefficients of the 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 Yachter and Hildebrand (1)
has been discussed and explained on the basis of an inconsistency in
the thermodynamic functions used.
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