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ABSTRACT

The thermodynamics of pure PO and the systeoms
n‘PbO.SiOQ, n-,PbO,PEO5 and n Pb0.PbClL, have been
studied using a cell of the typcs=

Fe Pb | PO MELT | SOLID ELECIROLYTE || Pt, 0, (1 atm)

A further study was undertoken on the n PbO.PbCl,
system using & vapour cntrainment technique, since
the volatility of the lead chloride only cnablced the
composition range ¥ PbO=1l to N Pb0=0.5 to be situdied
using the E.M.P cell. It was found in this system that
the presence of chloricde ions lowered the oxygen ilon:
activity appreciably, whereas the presence of fluoride
ions only effected the oxygen ilon activity by a gmall
amount.,

A high temperature calorimeter has becn used to
determine the heat of fusion of lead oxide, which was
found to be 6.37'1 0.4 Kcals/mole. The calorineter
was also used to measure the partial heats of TbO

in the system n PbO.PQO by a drop techniguc,

5
It is suggested from the study on the PbOQSiO2

system that firstly polymerisation reactions of the

type 281044—:i 512076— + 0% begine at compositions

richer in PbO than the orthosilicate composition, and
sccondly on the basis of Masson'®s molecular size
distribution, the value of kll ig between 0.42 and 0.55
compared with kll = O.l96»previously suggested,

The thermodynamic data obtained for the lead
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iong exist at very rich PbO compositions.

The heats of formation of sodium Maddrell and
Kurrol salts were also measured with the calorinmeter,
with refercnce to cyclic sodium trimetaphosphate.
The heat of tiransformation from Kurrcl to Maddrell
salt was found to be =2.16 & 0.36Kcals/NaPO.
A treatment of the thermodynamic data available for
the sodium phosphates supports the evidence that long
chains are likely to contain a certain proportion
of rings.,

In the appendix, an unsuccessful attempt to

study the silicate structures by direct esterification,

and then liquid gas chromatography 1s described.
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Part A

General Introduction.

Chapter I.

THERMODYNAMICS AND STRUCTURAL ASPECTS OF-
SQLUTEONS CONTAINIBG METATL OXIDES.
1. Introduction: '

A knowledge of the thermodynamies and structure

of polyanioniec melts and other metal oxide containing
nelts is of special intcrest to the extraction
netallurgist in the consideration of slag metal
equilibria in industrial processes, and is also of
intercst to the ceramicist and gless technologist.

| The physical propertics of the polyanionic meclts
such as the densities, surface tensions and viscosities
have been studicd extensively by various workers.
The electrical conductivity of liquid silicates
has been studied by Bockris( 1 ), and thesc nelts
have been shown to be ionic in nature. Also from
theserstudios it can be secn that the polyanions cxist
as ions of varying size in the melt with the
cations and free oxygen ilons being responsible for
the transport of current through the melt. The
gtructural studices of the phosphates by Meadowcrofﬁ‘ 2 ),
Cripps CLarke( 3) and Sridhar( 4) and the
distribution of ethyl silicates which can also be
demonstrated (scc Appendix) tieé in with the above

picture.
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Sridhar C 4 )has studicd the thernodynanics
of various polyanionic melts containing the same
cation by an ENF technique: the PO system was
choscn because of its relatively lower nelting
points. The validity of Sridhors E M F ccll was
in doubt because of the assumption that the elcetrical
conductivity in Pb0 was complctely ionic. A
modified ccll has been used in the present study to
check this wvalidity in the Iead silicatc and
phosphate systems, Since this technique can produec
only reliable free cnergy data, a knowledge of the
heats of mixing is desirable by a calorimetric
technique.

A high temperaturc calorimeter has recenfly
becen developed by Kleppa (5 ) and modificd by
Jeffes( & ) and its wversatility has been denonstrated
in this study by the determination of the heats of
nixing in n PbO.P205, the determination of the
latent heat of fusion of PO (which was in dispute)
and its applieability to the determination of the
heats of formation of various sodium metaphosphates,

(7,

Kleppa 8) has neasurcd the heats of mixing in the

systens nPb0.5i0, and n Pb0.By0, to complete the

thermodynamic picture of the lead polyanionic melts.
The thermodynamics of the system Pb0 - Pb012

was also measured to study the effeet of the chloride

ion on the oxygen ion activity compared with the effect:



due to a fluoride ion on the oxygen ion activity,
which has special relevance to slag-metal equilibrium

considerations.

2. Simple Ionic Modelss

A molten salt is a name used to cover a hostt
of high temperature liquids ranging from alkali metal
halides, sulphates, nitrates, carbonateé to the
polyanionic melts such as the aluminates, silicates,
borates and phosphates. In this study the treatment
of these polyanionic melts is the primary interest,
but a greater understanding of these melts canm
initially be obtained by a congideration of the ionie
models which are applicable to the simpler molten
salt mixtures.

(9 )put forward the first theory

Herasymenko
which introduced ionic concemtrations into aetivity
considerations and he assumed complete dissociation.
The expression that he obtained relating the activity
of a molten salt to the number of cations and anions
present implies a random distribution of ions
regardless of charge or type, which is generally
unrealistic from energetic considerations.

A more realistic approaech was put forward by

Tenkin ( 20 ) who also considered compliete dissociatiom
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but postulated two interlocking sublatitices are
present. Om one sublattice the cations can
distribute themselves at random, ord likewise the

anions can be randomly distributed on the other.

Then the activity of components Ml,Al in MIAI? MoA,
is given by:-
. = I3 n,- oW
ATy L Ay = Ty . Ny
1 L
Yir m,
B Ay

where Nle and NAI_ are the cation and anion fractioms,
nmi%>and nhl" are the number of cations and amions
respectively, Sridhar has appliied this model to

lead silicates, borates and phosphates with success
only in the lead rieh compositions. The objectiom

to the Temkinm model is the case whem the charges in

fhe melt are not all the same; in olher words in a
melt containing a monovalent and a divalent ioms.

(11 )

Forland modified Temkints equation iIn

terms of eguivalent ionic fractions.

1 4
Then: 2 = ¥
"My Ay Myt

of_MIAI and M2A2 .

The eguivalent Ionic fractiom = N

L4
. NA in a solution consisting
1

Mi*
= an-k-

nﬂjf Oy IZ[‘}'3;12:2—&
= EMI-F .
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In o Iiquid however this effect of different
charges is small since there arc o Iarge number of
vacancies ereated on mel ting.. Temking model wos
farther treated by Flood, Forland and Grjothoim( 12 )
with o regular solution model such that the actiwity

: . T T \ ’ e 35S -
off ComponentmlA1 1an1AI} M2A2 become

3 = N « N « L
qMIAl M+ Ay~ |
' I‘T T - ® N — 'Y '7 QH
n—NMI# . NAI «cxp ( mz & Ay )

ziH Is the ewbthalpy change for the rcaction

MIAI_ + M2A2 = M1A2 + MZAL

3. Thecories cousidering ionic cquilibrium in

polyanionic melts,

The thecories so far discussed depcnd upon the
- mclt consisting of definite and known ions,  For
oxample in o lead silicatc melt, if one c¢an assume

that only the ions Ppet ) 0%~

and Si044" are present
in the melt, then a Temkin model should be applicable.
This eam only be the easc in the PO rich melts and is
certainly not the casce as the silica concentration
is increascd, as polyterisation of thce silicate
ions occurs.

Toop and Samis( 13 ) have considered the degrec
of polymerisation: off sillicate anions in Both acid

and basie silicatc mclts. They considercd the
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suggestion by Fincham and Richardson( 14 )that the
reaction by which eguilibrium polymerisation is
established in a silicate melt should be the same
for all compositions across the binary, and this
equilibriuwm should be of a general form, and should
not involve specific silicate anions, Oxygen in
silicnte melts exists in three forms; singly bonded
0, doubly bonded 09 and free oxygen ions 0%~ .

The equilibriun between these forms was

expressed as: 207 == 0° 0" . Thus the
: 0 2=
equilibrium constant K = Lg«%wﬁg%uj-
o~

where these concentrations of the oxygen ilons are
the equilibrium numbers of noles of ions per mole of
slag. They proposed thot K is constant at a given
tenperature, and is choracteristic of the cations
present in the melt.

A consideration of the charge and material

» o} : 2 .
balances enabled (0°) and (0°7) to be expressed in

terms of (07) and N On substitution into the

SiOZ‘
above equilibrium equation, the cgquilibrium values

of (0°),(07) ana (02_) versus compositions at known
K can be drawn, see Fig I . It is apparent thot
the shape of the(0™ ) curve is similar to thot of a
free energy of mixing curve, although the tangents to
NO— versus NSiO at NSiO = 0 and 1 do not tend to

2 2
infinity. If one considers the reaction

0°~ 4+ 0° —» 20~
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a reaction between metal oxide ond silica to form two
mnoles of singly bonded 0~ ions, then the standard
free encrgy change for this rcaction is given by

h6° = - RT 1n£ = RT 1n K.

Since however the integral free energy of mixing is
the frec energy of mixing of the constitucents to
form one mole of oxides, then the number of moles

of oxygen ions which have rcacted in the melt is

i%:l, Thus &GM :Q%:l RT 1n K.

Toop and Samis then drew free cnergy of mixing curves
for various values of K, as can also be seen in Fig ‘L.
together with &GM obtained in this-study. A vaiue
for K of 0.09 was obtained from the present study,
compared with K = 0.04 using the data of Richardson
and Webbl 15 ),

The apyroach of Toop and Samis does not involwve
specific ®ilicate ions. Flood and Knapp ( 16 )
however have suggested specific polymeric silicate
anions present in the melts, and have considered
specifically nPbO.S:'uO2 melts. In their trestment
they consider ideal solutions of lons, and they
chose the specifie anions which forced agrcemen’d
between the ealculated ideal activity of PO and
experiment. Flood and Knapp considered three
composition regions in nPbO.SiO2 = (2) O - 20 moles
per cent 5i0,, (b) 20 - 40 moles per cent 310, and
(c) 40 - 60 moles per cent 510,. Silica saturation

begins at approximately 60 mole per cent sililca.



] 5

In the first region (a) they considered the
only anions present were 02‘, 81044” , and they
found that agreement was obtaincd between experiment
and an ideal solution containing only thesc anions
as given hy Temkin ( 10 ). In the sccond region
(b) however they obscrved deviation from the ideal

solution considering only 5iC,4- and 02" anions and

4
the cxperiment. They suggested the anions prescnt
were O2~, $10,4~- and 513096— and again obtained
agreement betwecen experiment and theory, In the
third composition region (e¢), they discounted the
theory that the only polymeric ion formed was
813096— on the grounds that the activity of Pb0 should
approach zero at the equimolar or metasilicate
composition. Since this is not the casc they
have considered a more highly volymerised ion is
formed in this composition range. The ilon
5160156— was found to force the best £it between
experiment and theory. This thecory is not mecant to
prove that the only anions present arc 02"', 810 ,4-,
Si3096— and 8160156"' This is unlikely since the
treatment involves the assumption of a completely
ideal solution of cnions.

Meadowecroft and Richardson( 2 )havo considered
the problem of ionic equilibria in liguid phosphates,
which is analogous to the liquid silicates, in a morec

general manner than has been previous postulated.



o et

They considercd equilibria of the type:-

~1p=@ - (P -I’D-l+ (P

2(P_0 ) 3. (1)

3n+l) Tl 1 st ?)
The equilibrium constant K _1s given by the equation:-

n+I 3rie-4

—n-1 . Wy -n=3) . (2)

mIBmﬁ)

] e ﬁ

_(

Ky = lEPn._».-103n_.-2)
2
M o

BH%I) _
They then considered the Flory distribution which is

discussed later in this chapter. For the Flory( 17)
distribution, and in a melt in which the mean phosphate
chain contains ﬁrphosphoruc atoms, then the mole

-n=2 _ 1 o =1 oI zef ( 2 )
fraction NP 0 = = ( ) .o (3)

w3l o
If one combines equations (2) and (3), thex L =1. is

al L

obtained for all values of n,

This is not however the case in practice.  The
values of Kn approach unitly as one passes from K2 to
K6’ and this value of unity is more rapidly approached
with the smaller cations.

Masson (18 )has considered the problem of ionic
equilibria in ligquid silicates in a similiar manner
to Meadowcroft and Richardson. He considers a
binary melt MO - SiO2 and the general reaction by
which the monomer reacts with any constituents to
produce the next higher member of the series. Vihen
the metal oxide to silica ratio is high, the silica
is present in entirety as Si044- ions, Ag the
silica content increases polymerisation begins

according to the reactions:-
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Si044- + 51044— = Si2076— + O Kil
o . . D
03044- + 812015— = 5130108- + O k12
) 7 e
. _ . . . Ot 2
31044 + 8130108 814013“O-+ 0 k13
N oA (2nE2) . (2n+4)- 2m Koy

Assuming the activity coefficients are the same or

unity, then the ion fraction of cach lon can be
expressed in terms of its lower members and it
equilibrium constant. For example:-—

_ _ alsioga-
312076- ~E$E;Z:~‘*~ 53044-

The agsumption wag then made that

kyy =K =lkgy= ¢« « =k

and S0 Oh.

-1 - NO il — ]
such that 01207.6 - kl]l N5i044n = T oo (1)
N - |
81044— - Hy2-

It can be shown that for all reactions between
two silicate ilons in which the 02" iz eliminated,
the equilibrium ratios between a silicate ion and
its next highest member is unity. The activity of
the metal oxide is velated by the Temkin equation

2o = NM2+ . NO2~ . oince NM2+ =.1 ir a binary

system ( containing ome cation), then ay, = Ny2-~ .

T If klnjig known for a particular system then NOZ—
as a funection of composition is given by the equaﬁion(18 )
1 Moo Yy Uy = 1)
T, =3 -yt O Nom
510, I-T,2- ( 70°7 ) + Ky
T~N02- :

The sum of the silicate ions is given by:-
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ESNSilicat@?='NSiO44- * N5i2076“ N N5i30108” o
:‘NSiO44— + kNSﬁO44“ (:ENSilicateS)
TN -
therefore 2Ngi150ates = U510, 4- = 1= T2
T=W0G10, 4
No2=

assuming that the only anions present are 02' and

giliicate ions.

Then: N

H
o

510, 4= ——
1+ k(=

1\15'2-."2 i
Using equation (1) above, then the mole fractions of
all the other ionic specieg can be determined. It

ig apparent that the eguilibrium constant used by
Masson 1s the product of kl, k2, k3 etc. used by
Meadoweroft and Richardson (2 ). It was suggested
by Sriahar ¢ 4 Vipat k, and k, vary slightly with
composition, which means that kln from Masson will
vary slightly with composition. A gerious limitation
to this theory and that of Meadowcroft and Richardson,
ig that only linear and branched ghains have been
considered and no allowance has been made for

condensation between pairs of singly bonded oxygen

atoms attached to the same polyanion.
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4, Theories considering molecular size distributions

in multichain polymers.

Flory Cam) was the first to consider the most
probable distribution of molecular sizes in multdichaim
polymers formed by the condensation of monomers of
the types A - R - Bf—l and R - Af. This study is
only concerned with condensation of nolymers of the
type R = Ap. f is the functionality and A is the
functional group. Thus S510,4- is a tetrafunctional

4
monomer, and PO ,3~ is a trifunctional monomer,

4

Flory made the first assumption of equal
reactivity of all functional groups, and this
reactivity is independant of the size of the molecule
involved, The second asgumption made was that
intramolecular condensations do not occur. The
nroblem of treating intramolecular condensations 1s
very complex, but beceause the theory developed
ignoring these condensations fits well with the
experiment, the latter assumption has been made.

Flory considers the probability that a gﬁm@ﬁ
functional group has reacted i€ equal toxK which is
the fraction of functional groups that have condensed.
Similarly the probability that another functional
group has reacted 1is also equal tow from the
principle of equal reactivity. The probability
that (x-1) additional identical units are attached

according to a specific pattern to the unit containing
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this functional group is o™t (1=x) (f-2)xa 1

since there are x-1 linkages and (f=2)x + I additional

unreacted groups. The total number of specific

configurations GJX is given by Flory( 17 )
—_ > - ¥
{a} X - (..i“?ia m‘.?.(‘:- e

Thus the probability‘PX that the unrcacted A groun
gelected at random is part of an x-1cric structure
of any configuration is given by

VR X1, ey X =2x 41
PX = (’MX ke (1 "*)

But PX = Number of unreacted A's on X-mers
Total unreacted A's
The number of unrcacted A's on an x-mer = (f=2)x+2
Thercfore Po= ((f-2)x+2) N :iﬁffxbl (L) Tx—2x+l
N f Tw0) °

t 2%+ 2
Therefore NX (per mole)= élgﬁgﬁﬁ)kéigi(l—m)fx *t

L

((f=2)x+2) (fx=2x%+L) ! x!

where NX is the number of x-mcr molecules.

Flory's approach however is not strictly correct
and i1t suffers from two sources of crror. Consider
the polymer formed by the self condensation of the

monomer RAf for £f = 3

A A
. -
"R A A e R
' Ai b gop A

= ’//A,
A~ R

AN

A
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Flory hag congidercd these AA groups as if they
were only A grouns. He has considered that the
probability is unity for finding the second A of an
AA group since he has cquated this probability directly
to =, which violates the assumption of equal
reactivity. Masson( 19 ) has instead called this
probability Paa and he has related this to the
extent of the reaction «{ by the equation

Ppa = i . Sceondly Flory's approach

2(T-1I)

requires the singling out of a particular functional
group on each configuration. In other words he
chose the functional groun at random from a sct of
functional grouns consisting of onec functional group
from each molecule, rather than from all the
functional groups that are available.

If p is the probability of e favourablc outcome
of ecach trial, then the probability P that in n trials
an event will be favourable exactly (n-r) times and
unfavourable r times 1s given bye-

P= nl P T (1-p) F.
r! (n-r)!

In this situation p = Pppe The number of trials is
equal to the number of gites in an x—mer where such
a choice is made, and is equal to (fx-x). Nuinber of
favourable events is egual to (x=1) and number of

unfavourable choices is ecgual to (fx=-2x+1).

(le).(l )fX—2X+I

Thus P = (£x-x)1 .
(fx=2x+1) % (x=1)!

Pag “Pas
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This probability is directly related to the mole
fraction of x-mer by taking into account the number of

unsuccessiul sequences.

Thus J:‘IX rs “2;':
X
(fx = =)t é(x—l) (1-op )fx~2x+l
(fx - 2x + 1)ix! b Ad
ot f
But py, = T{L-1) B el
Therefore NX —_ ..{_f.%&:,?i)‘._';, ;G" T ; . (1__ ol )fX—QX-ié—l
(fx»2x+l)!xit?(f~1) 2 (£-1)

The difference between the two approaches becomes
apparent when one considers the mole fraction
according to the two theories as dba{MAX' Tor an
RAf monomer <X MAX = %_. FPlory's mole fraction
approaches infinity as ﬁ‘c<MAX’ whereas Masson's
mole Ffractions are finite up to the value for o< MAX®
The mole fraction of nonomer versus the extent of the

reaction for £ = 3 ig shown in Plg 2 and illustrates
<O

the last point,
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Chapter 2

TECHNIQUES USED FOR THE DETERIINATION

OF ACTIVIUIES IN PO IELTS .

Various nmethods zare avallable for the measurcment
of activities in melts, and 1in the »resent study two
techniques have been usced for this purposc.

The systergn PbO. SiOz, n PbO. P205 and
n PbO, PbClQ'have been gtudicd using an B M F toechnique,
and the systen n PbO. Pb012 has also becen studicd by
a vapour cntrainment method, since the volatility of
Pb012 allowed only M P ncasurcrnents to be made on
this systen in the composition range pure 2b0 to the

cqulniolar composition.

1. Synonsils of BE M I cells containing lead polvanionic
ynosx po.Ly

nelts of relcvance to this study.

(4

oridhar )has given an oxcellent review(up to

1966) of E M F cclls containing lead polyanionic nclto.
The majority of thesc cclls have beoen discounted

because of errorsg inhcerent in thelr design.

( 20 )

The worl of Matsushlita and Goto howover

is of interest in the study. They have used the cells-

Pb| PpO - 5i0,(} 2r0,. Ca0||Ni0 | Ni

The cell usced is shown in Fig 3 . The results

obtalned in the prescent study arc in the best

agreenent with this work. Chirette and Fleongas (21)
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have alsgo considcrcd a solid electrolyte clectrochenical
cell with refercnccec to oxygen at one atmosphere
DresSsuUrc. This ccll can be represcented byg-

Pt, 0, (1 atm) \§ Ca0. Zr0,|| Pb- (RO, $i0,), Ir,Pt.
They contain the mnelt in contact with liguid lead ingide
a scaled line zirconia tube and naintain a flow of
oxygen around thce outside of the tube. A diagran
of the cell is shown in Pig 3 .

Sridhar( 4 ) has used =zin alnost identical cell
to that used in thc present study. The ccll he
uscd 1s represcnted byg-

Fc Pb | PbO. nmelt| 0, Pt.
and is also shown in Fig 3 . Sridhar considcred
the criteria which rmst be satisficd for such a cell
to oncrate successfully. The criteria arci-
() The melts rmst conduct elcetricity by ionie
conduétion only.
(b) The solubility of metal in the slag and slag
constituents in thc netal nmust be small.
(¢) The free cnergy of formation of the metal oxide
st be sufficicently less than that of the aciad
oxide and that the cell reaction ig unambiguous.
(d) The vapour pressurc, liguid ranges and cormatibility
with availablce refractorics and elcectrode naterials
of the ccll conmponents rnust be satisfactory.
(¢) The electrode reactions must be reversible.,

He has showm thot criteria (b), (c¢) and (d) are
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all satisfied. The criterion (b) is also satisfied
in the »nresent study for PbClQ, gince 1t is reported
(22 )thaﬁv0.12% mole of Pb dissolves in PWCl, at
800°C. The first criterion is in doubt however
since he accepnpted the statenent of Bockris and
Mellors (1 )that PO and PO 8102 nelts are
completely ionic in nature. In order to checlt this
criterion in the present study a solid oxide
electrolyte replaced the oxygen clectrode used in
bridhar’s cell. The differcnce in E I F with the
nodified cell for wure PO comparcd with that of
Sridhar suggested up to 6% electronic conduction is
present in pure liguid PHO. This 1s discussed in
Chepter 11. For this reason it wags decided to
repeat the FPbO. 8102 binery with the modified cell,
As a further check to the validity of the

( 23)

modified cell, Jacob used the cell:-

Pt, Ti - §i0}} Ca0. 2x0, || Pb - PRO, Ir, Pt.

which is shown in Fig 3 , in order to check the
freec energy of formation of pure PHO, His results

suggest 4~5% electronic conductivity in pure PbO.

2. The entrainment method.

It was found necesgssary in the present study to
use a technigque for the measurcment of the vapour

pressure of Pb012 in the systerr n PO, ?bCl?, in order



to complete the frec encrgy of mixing curve for this
system, since by the E I F method only the composition
range pure PO to the equimolax comnosition could be
studied because of the volatility of the PbClQ.

The entrainment or transpiration method was chosen,
partly for its versetility and for the fact that vapour
presgures over the range 0.0003 to 0.1 atmospheres
can be measurcd in this way.

The entrainmnent technique is widely used by nany
workers, bcing originated by Regnault in 1845, The
uses of the method are numerous, the most important
being for the measurcment of vapour pressures, It
can also be used for the mensurement of dissociation
pressures, the purification of substances,; the growth
of crystaleg, formation of non stiochiliometric compounds
and for the determinntion of the molecular formula
of vapour snecies, amongst other applications.

An excellent review of the technigue 1s given by
Merten and Bell( 24 ).

The nmethod consists of passing a known volume
of a carrier gas over the melt in question in such a
way that the carrier gas becomes saturated with the
wapour. The amount of vapour that is transported in
this way can be determined by either analysis of the
gas mixture after saturation, or by measurencnt of
the loss in weight of the sanmple. Various gascs

have been used ns the carricr gas by different workers,



depending upon the application. Most cormmonly uscd
are inert goses, usually argon or nitrogcen, but for
vapour pressurec neasurcients of metals and alloys,
hydrogen has becn uscd because of its reducing naturc.
Reactive carrier gases such ag oxygen and the helogems
hove been used when dissociation of vapour specics is
& problem, and also when 1t has been neccssary te form
desired species. - However argon gas was used in the
present study, primarily becausc of its inertnecss, but
also there are less problems concerning thermal
segregation in a heavier carricr gas.

The volunies of the transporting gas and the vapour
speciecs carried by the gas are measured in thesec
experinents, together with the total pressure of the
systemn, and the tempcerature of the sanplc. If the
volumes are corrected to N,T.P. then Boyle's law
camw be applicd. The result expresses the partial
pressure of the vapour specics in terms of the volumes
of the specics and the ‘transporiing gas.

D, = 760 x Vg mr. Hge

VS + Vc

= 760 x Dy mri. Hge

cimna,

ns+ne

Where p = partial pressurc of the vapour epecics sbove
the nelt.
V = volune at N.T.P.
m = nunber of molecules at NoTWPe
8 = vapour species,

¢ = carrier gas.
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The flowratc is about the most inportant factor to
be considered in the design of the experiment, as
various effects arc apnarent at different flowrates.

At very low flowratcs there is danger of vapour

diffusion with the result that g becones very
ng + 0,

largec. On the other hand if the flowrate Is too fast
kinctics prevent corplete saturation of the carricr

gas, such that Ty becones small, For the prcscnt

Il':‘s + 1’10

study, it was nccessary to have the minimun possiblc
flowrate ( without any diffusion effcet ) such that thc
conposition of the relt was not changed apprceiably
durimg the experinent. The intermediatc region is

a plateaw and the flowrate must be selected to lic on

this plateau as shown below,
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A good isothernal region is required to contain
the melt, otherwise thermal segregation could cffecet
the experinment. The reaction tube is usually designed
gsuch that the saturated carricr gos passcs through o

capillary into a cooler part of the tubc. In this
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study thc design of the renection tube was bascd on thot
used by McClincy and Larson (25 ). A ceranic plug
with a capillary outlet has bcon uscd to saturate
the gas, and the weight loss of the samnple has boen
reasurcd. McClinmey and Darson hove neasured the

asb

activity of Sb?O in PoO0.3b,0, and in Pb0.5i0 203

3 273 2
nelts.

A knowledge of the vapour specics nrescent above
the melt is absolutely nccessary for the deternination
of vapour pressures hy this method. This knowlcdge
is usually obtaincd by a nass spectronetrie cxperinent
or neasurcrent of vapour density. Altcrnatively,
if the vapour pressurc of the nononeric specics is
known fron a Yoiling point ucthod, thc vapour density
can be deduced from thé trancpiration ncthod. In

( 26’)havo

the case of lecad chloride, Barton and Bloom
measured the vopour pressurc by such a boiling point
ncthod. The systoen PbCl2 - PbBr2 has Yeen studicd
using & quadrupolc mnss spectroneter by Bloom and
Hastie ( 277), and only tho spociosin?lg, PoBr, and
PoClBr were identified. It wouwld be uscful to

study the systen PbO,PbCl2 in the sane way.

In the nresent study however for the determination
of activities a ratio of vapour pressurcs is required.
Since the experimental crror is relatively large,
the assumption is made that the ratio of polymeric

species and ~ny conplcex specics to monomer is constant,
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ot constant teonperaturce over the composition rangc
studied. Thus the absolute values of partial pressure

are not esscential for this study.
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CALORIMETRY PAST AND PRESENT

The subject of calorimetry was instigated by
Berthelet and Thomas a century ago and since then»many
types of calorimeter have been invented and modified
to give the most nrecise thermodynamic measurements.
Heats of formation and other thermodynamic quantities
measured experimentally give a greater understanding
of the nature of the bomfing in metals, alloys and
comnounds, which is necessary in the concept of a
great number of metallurgical problems. There ig a
great necessity to measure these quantities at high
temperatures, in the order of 1000°C such that generd.
princinles concerning bonding, interactions and
structures in melts can be deduced and tested,
especially those melte clcsely allied to metallurgical
processes, Egquilibrium technigues which have also
been widely developed during the last century give
reliable free energy data but wnfortunately unreliable
heats and entfopies, gince these values have to be
obtained from the temperature coefficients of frece
energy, with the introduction of relatively large
errors. However combination of free energy data from
equilibrium methods with heat data from calorimetry

ive re precise ues of entropy.
ives more val T tTrop
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( 28)

Kubaschewski has carried out a review
of many types of calorimeter.

There are two distinct types of calorimeter
namely isotheweal and adiabatic calorimcters. An
isothewal calorimeter is one in which the tempcrature
of the calorimeter is equel to the temperaturc of
the surroundings at all times and is constant.
However Kubaschewski has pointed out that the majority
of calorimeters which are described to be imothomal
calorimcters are in fact imoperibol cal rimcters
(after the Greck word for surroundings) since
although the surroundings are held at a constant
temperature, the temperature of the calorimeter
changes during a reaction or an event. This change
in temperaturc during a rcaction is usually measurcd.
In an adiabatic calorimecter however the temperature of
the calorimeter is equal to the temperaturc of the
surroundings at all times but is not constant
depending on the amount of heat produced in the
calorimeter.

The majority of ifoperibol calorimeters consist
of a single rcaction vessel inside a larger but well
lagged vessecl. When heat is evolved or absorfed in
the reaction vessel, then heat 1is exchanged between
the reaction vessel and its surroundings. In order

to calculate the heat of the event in the recaction



tube then a knowledge of this heat transfer 1is
essential. This can be evaluated by mecasuring
continuously the temperature difference between the
reaction vessel and the Jjacket before, during and
after the event.

(26 )

Berthelet's Bomb calorimeter ig perhaps
the best known calorimeter and it was originally
degigned to measure heats of combustion. The bomb
is made of high texwilc steel, since the heats of
combustion are measured directly by burming the
substance under consideration in an excess of oxygen,
and the bomb must remain gas tight during the reaction.
This is the most accurate type of calorimeter for
mecasuring hecats of combustion and R I 8 errors of
A 0.2% have been quoted in the literature for the heat
of combustion of benzoie acid. This tywec of
calorimeter has been modified to measurc heats of
formation of metallic oxides, halides, carbides,
nitrides and sulphides. A more rccent modification
ig known as the fluorine bomb calorimeter developcd
at the Argonne National laboratory. (29 )
Heats of formation and reaction which are difficult
to measurc dircctly, can be measurecd indirectly by the
meagurcment of the heats of solution in a suitable
solwent, and dircct application of Hess' Taw of constant
heat summation. Often water can be uscd as thc solvent,

but more often acids have becen used, Meadoweroft and
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Richardson 30 ) for example have measured heats of
golution of crystalline and glassy phosphates of
sodium, lithium, calcium and zinc as well as their
‘component oxides in 6W HCX at 3500, with the result
that the heats of formation of these phosphates could
be calculated., Bimilarly Irving and McKerrel(31“34)
have measured the heats of solution of some sodium
phogphiates in 60% perchloric acid at 6000, and hence
caleoulated the heats of formation of these phosphates,
The selection of the solvent and experimental
conditions for a solution experiment dépends
primarily on the rate of dissolution of the solute
in the solvent which must be relatively fast for the
greatest accuracy, and secondly 1in the case of the
sodium phosphates on the rate of hydrolysis. At
_2500 hydrolysis of the sodium trivhosphates is slow,
but at 60°C in 60% perchloric acid the hydrolysis is
fast and complete. Platinic chloride hag been used
by Richards ¢ 35) to accelerate the solution of
metals and alloys in HCIL. Also many stirring devices
have been designed to speed up the solution process.
The solvent is most usually held in a Rewar flask
inside a larger flewar flask and the temperature of the
solvent is measured continuously. The water equivalent
of the calorimeter is usually calibrated against a
known amount of heat dissipated from a heating coil

in the calorimeter.
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A differential solution calorimeter has been

( 36 ) for studying the heats of

developed by Buck
formation of alloys. The method denends on fast
digsolution of the sample in the solvent. The heat
effect measured is an absolute value of the heat of
formation reqguired. The calorimeter consisted of

two reaction vessels,and in one a sample of the alloy
was dissolved in HCl,and the relevant quantities of

the constituent elements were dissolved simul taneously
in the other vessel. The temperature difference
between the two vessels was continuously recorded,

A knowledge of swecific heats is essential for
many thermodynamic calculations, and these have
previously been determined by dropping samples from
the desired temperature into an ice calorimeter:; hence
the name Y{the drop method!'. Rodigina (37) hag

sed thig method to determine the heat capacity of
yellow lead oxidc at various temperatures below and
above its melting »oint. The difference between the
heat capacity of the liquid and the solid at the melting
point yield the value of +he heat of fusion of lead
oxide. Other types of calorimeter have been used for
these measurements such that the sample does not come
into contact with the liguid in the calorimeter.
These designs include hollow metallic blocks which
are surrounded by water, and calorimeters in which

the calorimeter consists solely of a metal blocks



dua @

The error in these calorimeters ishthe lower rate of
heat dissipation, since forced convection is
eliminated. Oclsen (138) has developed another
room temperature calorimeter for the measurement of
heats of Tormation of alloys by mixing two molten
components together in the calorimeter at roonm
temperature, and subtracting the known heat contents
of the pure components. In this technique there 1is

a risk of incomplete reaction due to the rapid cooling
of the system.

All the methods mentioned so far involve working
temperatures for the calorimeter in the range ~100°¢
to +lOOOC, and hence the necessity for high tenperature
calorimeters. The major problem that has to be
overcome with & high temnerature calorimeter is the
difficulty of maintaining the calorimeter at the
required temperature. This can however bhe overcome
by designing thce calorimeter such that its water
equivalent is a minimum and its thermal insulation
is more than sufficient. Several single cell high
temnerature calorimeters have been designed by various
workerssand it was found that to reproduce results
to il%, the reaction vessel had to be contained in a
metal block, the temperature of the block being
recorded. This 1s because the temperature of the
outside of a ceramic blo~k is uncertain. Examnlos

of this type of calorimeter are those of Wittig and



( 39) ( 40 )

Huber and Orr, Goldberg and Hultgrecen

In a great number of experiments with metals ond

alloys, molten ¥in hag been usced as the solvent, as

tin melts at 23200, The main advantage of using tin

as a solvent is that the heats of solution in liguid

tin are usualily of the samec order of magnitude as the

heats of formation which are reguired. In acids

the heats of solution are usually several orders of

magnitude larger. Using these single cell calorimeters,

again a knowledge of the heat transfer 1s reguired.
Another type of isoperibol calorimeter was first

introduced by Calvet( 41 ) , with the introduction

of a thermopile in the calorimeter and®twin'® reaction

tubes. This type of calorimeter was modified Ly

Klepna (5 ), who contained the two calorimetric

units in a heavy aluminiuwm jacket and he surroundcd

each unit with a 96 couple thormopile. The two

thermeopiles were connected in series and in opposition

to each other, such that at thermal equilibrium in the

calorimeter the resultant B M I was zZero. This

calorimeter was used initially at temperatures up to

BOOOC to measure the heats of mixing of various nitrates,

Hersh and Kleppa( 42 ) later modified this calorimecter

by replacing the aluminium Jacket with a 300 pound

welght nickel hlock. This enabled measuremente to he

made up to temperaturcs of about 800°C. In the

present study this type of calorimebter has agaln beenm
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modified by Jeffes (6 ), by the replacement of the
nickel block with ar alumina block ard a modified
thermopile design. At present the upper onerating
temperature 1limit of this calorimeter is about lZOOOC,
determined by the melting point of the kanthal heating
elements (1350°C).  The advontage of this type of
calorimeter is that since both units are contained

in the same block, which is itself maintained at a
uniform temperature, then the rate of heat transfer
when no event is taking place in the cul~-rimeter fron
each unit should be the same, such that the resultant
E i P from the two thermopiles ig zero. When hcat
is absorbed or generated in one of the units causing
a thermal imbalance within the two thermopiles, thcn
a typical curve shown in Fig 4 results. The EM T
generated in the thermopile system is direcctly
proportional <+to the diffcrence in temnperature

hetween the reaction vessel and the block, and from
Newton's law dircctly proportional to the rate of

weat transfer. Thus the total area under the curve
E M F versus time shown in Fig 4. betwecen the

start and termination of the disturbance is
pronortional to the total heat effect duec to the
cvent in the calorineter. It is therefore possible
to commpare an unknown hcat effect with that from &
known sourcec . For example a olatinum drop, since

the heat content of platinum is well known, or an
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electrical methcd.

Yokokawa and Kleppo ¢ 43) initially used a
lead borate melt 3PHO, B203 as a solvent for various
oxides, but found that these melts attacked the
platinum and gold containers. hey then considered
other lcad borate melts as suitable solvents, and the
melt 9 PO : 3 CA0 : 4 3203 was finally used. This
melt is very viscous at 1ts melting point of about
BOOOC, but quite fluid above 700°C and is a good
gsolvent for a variety of solid oxides of acidic, basic
and amphoteric character. Also this melt does not
attnck platinum or gold and has becn widely uscd by
Kleppa in his work and by this author in the prescent
study.

The high temperature calorimeter can be used to
deternine various thormodynamic guantiftics namelys -
&Hg;where Tlis the temperature of the ealorimeter,
and T2 is usuwally room temperature but could be any
temnerature TOK: Entronics by varying Ti ¢ Heats of
fusion; Heats of transformation and transition; IHeats
of recction; Heats of formaotion and partial heats
of mixing. Usutlly +the determinetion of heats of
reaction, formation and tronsformation result from
neasurcments of hcats of solution in a suitable
solvent and application of Hess' law. The experiments
can be conducted by dropping samnles from o tecmperature

7.°K into the calorimeter, or by a solution or nixing

p



in the calorimeter 2t the temperaturc reguired.

Holm and Kleppa ( 8)

have measured the partial heats
of solution of lead oxide and Boron oxide at 300°¢ in

nkPol. 3203, The frec energy for the system has been

. . 4 .
studied by Sridhar (4] and the phasc diagram by
4 .
Geller and Bunting (44 ). More anplicablc to the

1

study; OstWold and Klcppa )havo measurcd the
partvial enthalpies of lead oxide and silica in nPoC.
810, melts at 900°C.,
The othcr type of calorimeter whish is widely

sed today ic the adiabatic calorimeter in which the
temnerature of the outer jacket is maintained at the
temperature of the calorimeter at all times during
the experinmcent. The heat cffecet in the calorineter
is dircetly a measure of the amount of heat required
to maintain the outer jocket ot the temperaturc of the
calorimetric vessel during the cxperimentd. An
adinbatic calorimeter is usunlly heatced at the rote
of about 1.°C per minutc. This type of calorinmcter
ig the most often used Lo measurc heat capacitice,

( 45 )

for cxamplc the work of Moscr in the tempcerature
range 50°C 4o 670°C , and various calorinmeters have
been designed to work:at higher ftenmpcraturcs. At
the National Physicol Laboratory( 46.) an adiabatic
calorimcter has been developed to opcrate up to

160090. Heats of reaction and heats of transfornation

have been measured by this technique.
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The choice of calorimeter and technigue must
primarily devend on the nature of the hecat cffcet
that is to be neasured, but also on the magnitude of
the hcat c¢ffect, its accevntable crror, and the
temperature at which the experiment must be carried
out. The calorimeter used in the present study was
found to be most satisfactory for the measurecment of
partial heats and heats of solution above 600°¢ ana
at congstant tenperature, since the mecthod reguires

the ninimun corrections,
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EXPERINENTAT, _VORK,

The cxperimental worlk consisted of threc
experimental technigues namely E M F studies, high
temperature calorimetry and vapour entrainment.

Firetly B M P work was carricd out on the

systems nPb0.51i0,, nPbO.P and nPbO.PHCL, in order

205
to determine the activitics of lead oxide in thesc
melts, and using a Gibbs Duhem inbtegration to

determine the activity of the other component, heunece the
integral {frec energy of wmixing of these systems.

Since the heats determined in this way are not very
accurate, high tenperaturc calorimebtry was used to
determine the integral heats of mixing of the systen
nPbO.P205 , and to measure the latent heat of fusion

of lead oxide. Combination of calorimetric heats

with E M F free cnergies cnobles the integral

erttropies of mixing o be caleculated. This s the
best method for determining cntropy data.

The heats of formatioﬁ of some of the sodium
netaphosphates were also determined with the high
temperaturé calorimeter., In the system nPbO.PbClg,
the lead chloride has o relatively high vapour pressure

at 800°C and so the E M F technigue could only be

used on this system between N PbO=1 to N PbO= 0.5.
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A vapour entralnment ‘technigque wag therefore used in
thig system in order to devermine the activities of
Pb012 for the lead chloride rich end of the syston.
Combinatior of the E M F work and the entrainment work
enabled the free encrgy of mixing of the system to be

determined.,



Chavnter 4,

E M F TECHNIQUE FOR THE MEASURENENT
LOF ACTIVITIES IN MELTS

o
s B A A AT

1. The E.M.F., cells

The E M F cell used can be represented by:-—

it
¥

~ve Te Pb | Melt}{SOlid Electrolyte“ Pt, 0, +ve

A diagram of the oxygen clectrode assenbly is
given in Fig 5 . The platinum contact was carric
down on twin bore alunina rod and coiled at the
bottom to make the maximun contact,. 4 platinum
thirtcen per cent rhodium wire was fuced to the
nlatinum contact just above the coil, and was carried
up the other bore of the alumina tube. The alumino
tube was weighted a2t the top end with & brass piston
which wag polighed guch that it could elide inside
the brass hcead. The platinum contact wos made to a
brasg nut sct in é sindanyc =wiug, and the platinum
thirteen per cent rhodium contact to +the brass
casing.

The solid electrolyte tubes were only fifteen
centimetres long and this had Lo be ccmentbted into the
ends of eight millimetre outside diameter alumina tubes
such that the overall lcecngth of the two tubes was
about thirty three centimetres. The alumina tubes
fitted into the brass hesnd, using two neoprene '0°
rings. The passgage of oxygen through the assembly

ig down the twin bore alumina tube to the platinum
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Fig. 5 OXYGEN' ELECTRODE ASSEMBLY
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contact and then up the inside of the electrolyte
tube and out through a hole at the base of the brass
hecad,

The alumina crucible containing the melt was
contained in a larger alumina crucible which in turn
was suspendced in a Kanthal wirce cagce in the hot zone
of the furnace. The temperature of the cell was
measured with a platinum/platinum thirteen ner cent
rhodium thermocouple attached to the wirc cage cxternal
to the crucible,and also with the platinum/platinum
thirteen ver cenkrhodiuwm thermocouple in tho oxygoen
elecctrode. Thesc thermocouples werce checked against
a third held in an ecmpty alumina crueilile in the
asgembly.

The furnace consisted of a two inch diamctor non
inductive crusilite elcment, with lagging of alunina
powder, and was controlled with a proportional band
controller opcrated by a »nlatinum/platinum thirtcen
per cent rhodium thermocouple at the bottom of the
hot zone in the furnace. In this way thc hot zonc
was controlled to & 10C, although the temperaturc
across the two inch hot zone varied by about t 2%,

The cell itsclf consisted of a three centimetre
tall by fifteen millimetre diameter alumina crucible
with one contimetre of liquid lead in the bottom and
the melt floating on top of the lcad. The iron
clectrode passed through the melt into the liquid

lead, being proteeted from the melt by an alumina tube.
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Pt & Pt-13%Rh leads

\/ |
CaO. ZrO, solid
Fe Electrode || electrolyte
AlpOg3 Shedth‘"_—““”ﬁ Inner Al,O5 crucible
g mgter A1203 crucible
Melt-
Liquid lead Inner A1203 sheath

~_

,,_ Pt coil

Fig. 6 EMF CELL
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There was no apprcciable attock observed on the
refractorics as was also observed by Sridhar, The
solid electrolyte tube was also situnted in the liquid
lead and pasged through the melt. A schematic digram

of the cell is given in Fig 6 .

2. Bxperimental Technique.

Ten groms of A. R lead metal were melted into
the crucible with the iron electrode in position
before the experiment in a nitrogen atrocphere to
prevent attack on the iron electrode by the melt.

The slag to be studied was then placed in the crucible

which was in turn placed in the larger crucible in the

™3

o

wire cage. The solid electrolyte tube assembl;
was then positioned such that the sealed t&p of the
tube was located about one centimetre from the top of
the melt. The furnace, already naintained at
about 800°C was slowly brought up around the asscnbly,
such that the refmectory oxides did not crack from
thermal shock. After thirty minutes when the nmeld
and cell assenbly were at the temperature of the
furnace, the oxygen electrode was lowered, by means
of a screw device through the melt into the ligquid
lead. In fact it was lowered to The bottom of the
crucible and then raised by a few millimetres. The

negative connection was made to the iron clectrede and
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the positive connection to the oxygen electrode. The
E M F obtaired was measured on » Vibron electrometer.
The Vibron electrometer used was checked against
another Vibron clectrometer and also a Wherntgtone
bridge.

A very steady E M F was almost instantoneously
obtained. The first reading was taken after a
further thirty minutes, of E M F versus temperature.
The temperature of the furnace was then changed by
about 50°C and after another thirty mi-ntes the noxt
rcading was taken. For each melt E M F versus
temperature was recorded in the range 7OOOC to llOOOC,
depending on the melt.

The E M F measured was corrccted for the

+ -
iron-platinurm couple measured by Sridhar and confirmed
in this study. The B M F versus temperaturs of the
couple is given in Fig T

A1l the experiments were conducted in an
atmosphere of nitrogen to eliminate any unexpected

side reactions.

3. Reversibility Tests:

The E M P resulits obtained from a cell can only
be ugcd to derive thermodynamic data directly if the
cell is completely reversible.

Firstly it was observed that a linear relation-

ship was obtained from the E M F versus temperaturc
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results from each melt, No matter in which order
the results were obtained, the linear relationship
still resulted.

Secondly when a current from an external source
was passed through the cell, on the removal of the
constraint, the B M F of the ccll inmediately
returned to its initial valuc; the temperature
of the cell being held constant during this test.

Thirdly the flowrnte of oxygen did not effect
the E M F obtained.

The observations confirm that the cell used

was completely reversible.

4. Choice of Electrolytes

The initial experinmnents were to determinc the
most suitable solid electrolyfe for +this study.
Using cunictabilized lime zirconia tubes, the
E M F versus teaperature for pure lead oxide wou
measured. No attack of these tubes was obscrved
and they could be reused after washing in nitric
acid. Also yttria zirconia tubes were used and the
same results for pure lead oxide were obtaincd. These
tubes however shattered after only one run. rtical
examination of the two tubes showed penetration of
the ybtriz wzirconia tube by the lcad but no penetration
in the case of the line zirconia tubes.

In order to deternine the suitability of lime
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zirconia as solid electrolyte for measurements in! the systems

z

nPbO.SzOO R nPbO,P205 ond nPbO.PuCl, , these melts
woere held in lime zirconis crucibles at 1000°C for
two hours and after cooling sectious icrosé the
crucibles were taken and analyzcd on the microprobe
analyzer. In the case of lead gilicate, very clight
gsurface nenetration was observed,; but in the case of
lead phosphates and n'PbO.PbCl2 melts ne penetration
was cobserved.

- It was decided to uce semi-stabiliged lime zirconia

for these experiments.

A.R. lead oxide (yellow), A.R. lend metal, A.R.
ammonium dihydrogen orthophosphate and high purity
washed guartz vowder were uscd as the starting moterials
for making the relevant melts.

All the melts were uade by melting the relevant
amounts of the components in a platinum crucible at
about 1000069 with the exception of lead phosnhate,
the prepambion of which is described by Sridhar.

Alumina crucibles guppliea by the Royal
Worcester Porcelain Company (a7 ) were used to contain
the melts.

Iron rods (99.8% Fe, 0.03%C, 0.01%5i, 0.12%ln,
0.005%P, 0.010%S, 0.005%Cr,0.005%K1i, 0.01%Cu,

0.002%8n) protected from the melt by alumine shceaths



were used as the anode material in the cell. Semi~
gtabilized lime zirconis tubes and yttria zirconia
tubes, sealed at one end, were used as the solid
electrolyte materials, The celettrical coantact was
by means of a vnure platinum coil inside the tubc.
Oxygen free nitrogen purified by passage through
a copper oxide furnace at 500°C and then towers of
silica gel,;, sofnolite, and magnesium perchlorate
was used in the oxygen electrode.
Nitrogen also purified in a similar gos troin vas

used as the flushing gas.

6. Analysis of the Melts:

(1) Tead Silicates:

About 0.75 grams of lead silicate to be analyzed
was weighed out into a 600 millilitre beaker and
60 millilitres 1 : 1 HCl and 30 millilitres 1 s 1 HHO3
were added. The solution was evaporated to dryness
and the residue baked for half an'hour. After
cooling,; the sidces of the bezker were rinscd with
1 : 1 HCl and evaporation and baking were rcpneated.
Solution of the residue was carried out by boiling
with 80 millilitres of 1 : 1 nitric acid. The
solution was then filtered through number 541 Whatman
paper. The paper was then ignitod in a silica
crucible and the contents were weighed as silica.

The anclyses were within one per cent of the
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precrlculated compositions,
(ii) Tend Phnosphates:

The analysis of the lead phosphates was carricd
out by the analytical services laboratory, and the
results agrecd to within 0.5 of the intended
composition.

(iid) nPbO.PbC12 Melts:

These were analyzcd for chlorine by = cimple
silver nitrate titration using potassium chromate
as the indicator. Solution of the me’ te was brought
about by boiling with excess anhydrous sodium
carbonate in 150 wmillilitres deionized water.
Addition of concentrated nitric acid completed the
golution wmrocess. Excess calcium carbonste wns then
added to produce & neutral solution for the tityration.
Again the results were within 0.5% of the intended

composition.
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Chapnter 5.

A R A

RESULTS FROM E M F EXPERIMENTS.

1. Treatment of results,

he cell that is to be considered is represented
bys-
o* Pt

In order to determine the activity of lecad oxide

Fe Pb | P1o Melt‘!Solid Electrolyteﬁ 0

in the PO melts, it is necessary to measurec the
gstandard free cnergy of frrmiwinvtion of nurce liquid
PO, Since the solid electrolyte that was used is
a completely ionic conductor then

Q
-nEF =[G 5&@ + RT 1In & g4

NGO = - nE°P  where NG° is the standard frec cunergy
charge of the reaction:-—
Po(1) + %0, -3 PbO (1)
ie. 1n apy = -n(B-E7) F
um;asm_ﬁm@“
where:- L ig the EMF of the cell using PO mclt

in equilibrium with liguid lcad
E® is the EMF of the cell using pure PO
in eqguilibrium with ligquid lcad.
F is Faredays constant nF = 46,126 cals/volt.
R ig thc gas constant
T is the temperature in °x.

How A& =R T 1n a PhO
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Bppo = DEppo— BSpyo

e s s

T T

Thus from a plot of N;Pbo vs 1 , the olope is cqual

Py

T
to éxﬁPbOQ Knowing the valucs of the partial free
cenergies, and combination with the partial enthalpies
then the partial entropics of lead oxide can be
determincd.

Using a Gibbs Duhom integration in order to
determihe the activity of the sccond component in the
system, then the partial frce cnergies, cnthalpiles
and entronics can likewise be determined.

The Gibbs Duvhen cquation for a two component

gsystem ig Nld 1n 8, F Nod 1n ay = 0
I e it
Bo {,» 2
Lo Wlna, =~ ﬁ& ‘ SR
i
o
I\] 2 = .1

An integral guantibty is cxpressed in terms of
nartials by the expressions:-~

N ”
DGy = A5 + N, BG,

Thus the intcgral gquantities can be determined.

2. Pure lead oxide (yellow).

The B M F of the cell with the pure lead cxide im

contoet with liquid leod wos moccurced over the tempembturc



rangc 700°C to 1100°C. I+t was possible to measure
the E M I of the ccll after the lead oxide had
solidified since the solid clectrolyte oxygcn
electrode passed through the melt into the liquid
Llead.
The results of E M F versus temperature using
the lime zirconia tubes and the yttris zirconia
tubes for both solid and liquid lcad oxide arec gilven
in Table 1 , and shown in Fig 8 asg the calculated
lines of linecar regression.

Also shown in Fig 8 are the results obtained

( 28) ( 21 )

by Sridhar and Jeffes ;, Charettc and Flengas
. 0
Jacob (23 ), and Alcock and Belforad (49 ).

The correlation coefficicnt
Y. o X - )
(“i X (Yi. )

TR 2
(Air~ X) (Yi.“ Y)

ig cdefined as R = and is s

mecasure of the fit of +the expoerimental points to the
line of regression, If R = = 1, then all the
points 1lic on the linec, and there 1s perfect
correlation.

The B M P temperature relationships for purc

Po0 obtained in the study arc given by the cquationss
Solid Pb0, Cal. Zr02 Solid electrolytc.

E® = -4,906861 x 10”4 4 1.110893

Liguid PbC, Cal 410 Solid electrolyte.

o
5% = -~ 3.555616 x 10”47 + 0.957132
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TABLE 1.

s S AR

EMF as a function of Temperature for cells

containing pure PbO.

Using Lime Zirconia

Solid Electrolyte

Using Yttria Zirconia

Solid Electrolyte.

Liquid PbO Solid Pbo Liquid PbO.
EME Temperature EME Temperature EMEF Temggrature
Volts °k Volts °x Volts *x.
0.504 1270 0.561 1112 0.0y 1253
1281 1123 1256
0.491 1307 - 0.606 1019 0.490 1307
1319 1029 1310
0.523% 1218 0.584 1068 0.477 1346
1231 - 1074 1348
0,515 1238 0.570 1109 0,524 1205
1250 1113 1206
0,534 1182 0.556 1128
1197 1135
0.543 1162 0.572 1095
1174 1094
0.510 1258 0.605 1035
1259 1031
0.528 1201 0.,6215! 1001
1202 996
0,538 1179 0.596 1051
1179 1048
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TABLE 1. continued.

Using Lime Zirconia Solid Electrolyte.

Iiguid PbO Solid PbO

EME % Temperature EMF Temperature

Volts °x Volts ‘E{

0.519 1229 04555 1137

1231 1136

0.496 1292 0.585 1071

1295 1069

0.559 1124

1122




EMF (Volts )
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Liguid PO, Y203‘ Z:_rO2 Solid clectrolyte.
E® = -2,807986 x 10797 + 0.860319.
The standard free energy for the recaction
Po(l) + % Og(g) = PBO (1) was caleculated from
Ne® = - 2 FBE® and arc shown in Fig 34, for

comparison with other data; cee chapter LI (1),

3, nPbvo. 8102 melts,.

The E M ¥ of the cell containing nPho. 8102 melts
wag measurcd over the tcmperature range 700°C o
1100°C. The results E M F versus temperaturc for
ecach compogition arc given in Tablce 2 , and the
lines of linear regression calculated for cach

composition arc plotted in Fig ¢ , and given in Table 3,

The activity of lead oxide in this system was
measured from N PbO = 0.5 to II PO = 1 since there is
silica sntwration at about W PpC = 0.4. The  Iiquidus
as uscd by Sridhar shown in Pig I€ was uscd to
determine the actual composition of the silies
saturation at various tcmperaturcs. Uging thce Gibbs
Duhcm rclationship the activity of silica vias
calculated knowing that the silica activity is unity

at the silica saturation.

:N_ \rNs'tﬁ" o ‘gb;
1og agi0_ = - § & log apyg

2 510,

N': O U §



TABIE 2,
EMP as a function of Temperature for cells

containing n Pb0O. Si0, melts.

2
N PO = 0.9 ¢ NP = 0.8 N PO = o.%m
EMF | Temperature BN ;Temperature EMF | Temperature

0.548 1 1170 0.552 1171 0.570 1152
1169 1174 1161
0.5295 1216 0.581 1108 0.5525 1210
1215 1110 1214
0.5395( 1192 0.5955 1065 0.560 1181
1193 1064 1187
0.5205 1243 0.567 1146 0.543 1234
1243 1146 1238
0.508 | 1286 0.6125 1024 0.5255 1261
1288 1021 1287
0.517 | 1257 0,550 1198 0.535 1251
1259 1199 1259
0.5365/ 1202 0,550 1179 0.5515 1206
| 1205 | 1163 1212
0.551 | 1163 0.574 | 1123 0.5675 | 1165
. 1163 1125 1167
0.559 | 1139 0.592 | 1068 0.586 1110
1142 1068 | 1112
0.548 é 1167 0.6125 1023 0.5785 1137
| 1170 1024 1142
0.525 1225 0.534 1247 0.5995 1075
1227 1252 1081
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TABLE 2, continued.
N Pb0 =0.9 NPbO - 0.8 N PbO = 0.7
EMF | Temperature EMP Temperature EMF | Temperature
0.535 1192 0.546 1190 0.561 1180
1197 1198 [ 1187
0.517: 1247 0.532 1240 0. 546 1236
1252 1550 1239
0,501 1292 0.536 | 1219 0.5515 1210
1296 1224 1215
0.514] 1260 0.519 1261 0,526 1283
1268 1277 1293
0.532] 1208 0.536 1219 0.542 1272
1212 : 1225 1237
0.553 1149 0.571 1164
1152 1159
0.567/ 1110 0.590 1106
1114 1107
0.562: 1119 0,579 1139
1123 1145
045995 1073
1078
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TABIE 2, continued,
; ;
N PO = 0.6 % N PbO = 0.55 | N PbO = 0.5
EMF éT emperature EMF Temperature | EMP | Temperature ‘
0.640! 1061 0.607 1185 0.6475{ 1128
1061 1184 1126
0.6069 1141 0.588 1231 0.6145 1203
1138 1233 1206
0.580{ 1217 0.599 1209 0.602 1248
1224 1210 1249
0.5635 1267 0.6185 1145 0.623 1180
1265 1144 1181
0,572 | 1235 0.613 1162 0,6365 1139
1234 1161 1138
0,590 { 1168 0.635 1095 0.6555 1084
1173 1097 1080
0.605 { 1125 0.6505 1061 0.644 1120
1123 1060 1118
0.585 | 1183 0.628 | 1123.
1184 1123
0.5785] 1211 0.610 1176 ’
1216 1176
0.613 | 1096 0.592 1231
1098 1234
0.641 | 1014 0.5695 1290
1014 12,1
0.6295} 1067 045555 1333
1062 1339 |
1
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TABIE 2. continued.
N PO = 0.6 N PbO = 0,55 % N PbO0 = 0.53:
EMF J’.I‘emperature EMP Temperature EME | Temperature
0.588 1 1182 0.569 1300 0.6305 | 1136
1185 1304 1137
0.596 | 1164 0.581 1263 0.640 1105
1158 1265 1105
0.5615 1259 0.617 1168
1251 1172
0.5451 1302 0.598 1224
1296 1225
0.535 ! 1322 0.6065 1193
1320 1196
0.562 1 1246 0,590 1239
1239 1242
0.5745 1293
| 1295
| 0.570 1310
1312
0.6045 E 1207
1207
0.621 1155
1155
0,61 1181
1184




TABLE 3.

The lines of linear regression of E M F versus

Temperature for the system n Pb0 ~ S102.

B = M + C volts. E is the EMF in volts.

T is the temperature in °k.

Composition] M c Gorrelation | Standard
Npvo Coeffinriant Deviatien
0.5 -3.3725x10"% | 1.0222 0.9906 % 0,0025
0.55 -3.3948x10~% | 1.01108 0.9900 % 0.0029
0.6 -3.4994x10"% | 1.0017 0.9905  0.0042
0.7 -3.5259x107% | 0,9791 0.9960 £ 0,0019
0.8 -3,6706x10~% | 0,9865 0.9946 % 0.0030
0.9 -3.5284x10~% | 0,959 0.9920 £ 0.0017




" EMF of cell (volts) (Corrected for thermal emf.)
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TABLE 4.

The activities, partial free energies, enthalpies and entropiles of PbO and SiO2 oy s 4.0, -
Tempera-; NPbO a a e e iH DH s AT
ture Composi~{ PbO Si0 PbO 3810 PbO Si0 PO} Si0

tion 2 | Keals/ 2 Kcals/ 2 2
mole Kcals/ | mole _|Kcals/
mole _ mole

1100°K 0.5 0.1656{0.661 | =3.930 1 -0.906 | -2,9978 | -0.% +0.85 | +0.55
0.55 0.2205] 0,484 | 3,304} -1.585 | -2,4875 | -0.8 +0.74 | +0.71
0.6 0.3425{ 0,266 | -2.342 | -2.894 | -2,0586 {--1.6 +0.26 | +1.18
0.7 0.5864} 0,106 | -1.166 | ~4,907 | -1.0121 | -2.8 +0.14% | +1.91
0.8 0.7024]0,0610 -0.772 ! ~6,114 | -1,355 -1.7 =0.5% | +£4.01
0.9 0.89%9{ 0,0135; -0.245 | =9,411 | -0.1072 | =9.35{ +0,126} +0.05
1200°K 0.5 0.1857{0.661 | -4.014 | -0.988 | -2.9978 | -0.3 | +0.85 | +0.55
0.55 0.2425' 0,490 | -3.378] «1,702 | ~2.4875 | ~0.8 +0.74 | +0.71
0.6 0.370410.,2,9 | -2.368 " -3.047 -2,0586 | -1.6 +0.26 | +1,18
0.7 0.6095{ 0,117 | -1,180! -5.,106 | -1.0121 | -2.8 +0.14% | +1.91
0.8 0.73971 00,0661 =0,719 | =6.478 | -1.355 ~1.7 -0.53 { +4.01
0.9 0.8975{0,019% ~0,258 | =9,415 ! -0,1072 ! =9,35 +0.1261 +0.,05

1300°% 0.5 0.2046; 0.676 | -4,099] -1,011 | -2.5978! -0.3 +0.85 | +0.
0.55 0.2627 0,513 | -3.4531 1,725 -2.%8g5 -0,8 +0.74 +o.?§
0.6 0.3958] 0,298 | -2,%94| ~3,122 | -2.0586; -1.6 +0.26 | +1.18
0.7 0.6299| 0,129 { =1.19% | =54293 | =1,0121} =2.8 +0.14 | +1.901
0.8 0.7727} 0,0668 ~0.666: -6,988 | ~1.355 ~2.7 + =053 | +4.01
0.9 0.9006{ 0,0260 -0.2701 =9,427 | -0.1072i =9.35! +0.126! +0,05
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The activity of PbO and 8102 found in this study 1is
plotted in Pig 11 . The activity of FbO found in
this study is also shovm in Pilg 36, along with the
activities of PbC in this systcom determined by

Sridhar and dcffes, ( 48) Charette and Flengas,( 21 )
Richardson and Wcbb (15 ), ceec chapler 11 (2).

A plot of BE M F versus composition at 1200°K is
shovn in Fig 3%  from this study, Charctte and Flcngas
and Sridhar and Jeffes, alco in chapter 11 (2).

The activitics, partial frec encreics, cnthalnies
cntropics of PbO and $i0, at 1100°K, 1200°K and
1300°K are given in Table 4.

The partial enthalpics arc plotted in Fig 15
and the partial cntropics in Fig 16.

The integral frec energiles, cnthalpics and cntropics
obtaincd from this study arc plotted in Fig 40 , im

chopter 11 (2)

4, ?PpOQ'PZ 5 nelts.

e o

As a choeck of the results obtainced by Sridhar of
the system nPbO. PZOS’ two compositions were studied
using this cell, The results BE M P versus tcmperature
arc given in Table 5 and the calculated lincs
of lincar regression are plotted in Fig 12 and given

in Table 6.

The activitics of PO arc shown in Fig 13



JTABIE D,

EMPF as a function of Temperature for cells

containing n PbO. P05 melts.
N PO = 0.7 N Pb0 = 0.86
EMF Temperature EMF Temperature
Volts °x Volts °
0.939 1330 0.520 13%2
1333 1530
0.9485 1289 0.533 1293
1292 1290
0,946 1312 0.546 1248
1313 1246
0. 9225 1316 0.5615 1201
1362 1199
0.863 1410 0.557 1227
1412 1224
0.926 1303 0.5405 1276
1300 1274
0.9135 1349 0.511 1376
1351 1374
0.922 1324
1326
0.893 1372
1373
0.908 1397
1397




TABLE 5.  continued
N PO = 0,7

EME Temperature
Volts °x
0.889 1421

1421
0.919 1369

1370
0.9285 1323

1321




_TABLE O,

The lines of linear regression of EMF versus

Temperature for the system nPbO - P205 .

E = MI'+ C Volts E is the BMF in Volts

T is the temperature in °x,

N Pvo T
Composition M C Correlation Standard
Coefficient Deviati;n
0.7 ~4.9648x10"% | 1:5877 #.8578 To.0121
0.86 -5;0775x10-4 0.9315 0,993%2 To0.0019




for thermal emf )

in volts (corrected

Emf of cell

1:20
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The activities, partial free energies, enthalpies and entropies of PbO in n Pbo,?:a¢

TABLE 2

Temperature

1100

1200

1300

Composition | a ldg a AG 0H NS
N PbO PbO Pb0O PbO PbO PbO
cals/°
0.7 4,376x107°] -k,359 -21.9% | -29:09 -6.50
0.86 0.5659 -0.2473 -l.244 +1.258 +2.27
0.7 1.5:263;10.'1L -3.877 ~21.29 -29,09 ~6.50
0.86 0.5409 -0, 2668 -1. 465 +1.258 +2.27
0.7 3.390x10'4 -3, 470 -20,64 -29.09 ~5.50
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along with the activitics of PbC as dcotcrmined by
Sridhar. Sridhar has cstimated the activity of PZOB
in thcse melts using a Gibbs Duhem cquation and by
cetimating the activity of P205 2t M Pl = 0.55, sincc
he obscrved that phosphorus was cvolved from thoe ccll
2t this composition. This rcsult is also given in
Mg I3 .
The activitics and partial quantitics of P10 at
1100°K, 1200°K and 1300°K arc summariscd in Tablc 7T .
The partial enthalpics arc plotted in Fig A5

and tho partial cntropics in Fig 16 .

5. nPbl, PbCl2 melts,.

The BE M P of the ccll containing nPbO.PbCIZ el te
_ A0
wae measured over the temperaturce range 670°C to
e} i )
950°C. The reesults B I F versus temperature arc

given in Table 8 and thce lince of linocar regression

aQ
]

alculated for cach comvogsition arc plottcd in Fig 14

8}

d given in Table 9.

The activity of lecad oxidc could only be mcagurcd
between ITPBRO = 1 to UPbO = 0.5 by this mcthod since
the lcad chloride has a rclatively high wvapour pressure,
and at molc fractions lcesg than NPbO = 0.5 the loss of
lead chloride from ﬁho melt becomes significant.

A plot of activity of lcad oxide vereus conposition
at 1200°K is given in Pig 46 as well ag the activity—

composition rclationship for PO in the systen nPbO.PbF2
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TABLE 8.

[

EMTF as a function of Temperature for cells

containing n Pb0. PbCl2 melts.

% N Pb0 = 0.9 N PbO = 0,8 E NP0 = 0.7
é o | Tempeza ture EMF | Temperaturez or | Temperature

Volts *x Volts °x Volts K.
0.575 | 1106 0.592 1106 0.653 | 1044
1103 E 1103 1047

0.5555 1158 0.6095 1061 [ 0.6505] 1003
1155 | 1055 : 100§

0.5655 1138 0.6015 1082 0.640 102;
1135 | 1077 1032

0.58% | 1095 0.619 1039 0.61851 1080
| 1092 1035 1083
0.593 1070 0.6355 995 0.606 1111
1066 | 992 1111

0.5935| 1067 0,6295 1015 . 0.59551 1139
1065 | 1011 - 1139

0.553 | 1168 | 0.631 1049
| 1168 , ' 1050
0,56851 1126 0.599 1127
1123 | 1128

0.586 | 1083 0,6175 1 1082
1082 1084

0.595 | 1061 | 0.636 1037

: ; S




TABLE 8., continued.
NPb0 = 0.9 N PbO
EMFP Temperature EMF
Volts °x Vélts
5o 1059 o Wb
0.650
0.6215
0.582

Temperature
°x
10%6
1001
1002
1073
1072
1176

1175




o
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) lpe

L e e e =

rABIE 8. . sontinued.
N PbO = 0.6 N PbO = 0.5
EME Tempera ture BV | Temperature
Volts °x Volts x
0.6625 1042 0.733 553
1041 955
0.6825 1000 0.742 935
1007 937
0.6735 1023 0.720 907
| 1028 | 991
0.6505 1078 0.704 1018
1075 1022
0.637 1101 0.711 ¢ 1007
1106 | 1009
0.629 1127 0.729 | 959
1131 960
0.6755 101 0.7125 1004
999 1002
0.664 1051
1047
0.6815 1003
998 N PbO = 0.6 contd.
0.6855 982 0.6465 1078
978 | 1074
0.667 1024
” 1020
!




I4BLE 9.

M R . M

The lines of linear regression of E M F versus

-85~

Temperature for the system nPb0 - PbClz.

B MD + C volts E is the EMF in volts
T is the temperature in °K,
1N Pbo A C Correlation{ Gtandard
G‘mposition Ceefficient.!. Doviation
0.5 ~4,2735%10°% | 41.1411 | 0.99s8 * 0.0013 wlts
0.6 ~4.,0822x10"% | 41,0884 | 0,9892 f 0.0030 "
0.7 -4.0328x107% | +1.0545 | 0.9991 £ 0.0008 "
0.8 ~3.9841x10"%4 | 41,0316 | 0.9965 * 0.0026
0.9 ~3.9512%10~" | +1.013471] 0.9946 ¥ 0.0017 "
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Emf of cell (volts) (Corrected for thermal

- | Nppbo Std. Devh. Corr. No.of
O-56~ cComp. (volts) - Coeff. points
' 0.9  *0-0017 0.9946 20
0-8 t0-0026 0-9965 12
0.54/— 07 $0-0008 09991 26
' 06  t0-0030 0-9892 24
05 *0-0013 0-9968 14
PbO 10 0021 0:9943 22 -

052 | | -
Temperature °K

1 | I

800 900 1000 1100 1200

Fig.14 EMF OF CELLS CONTAINING nPbO.PbCl, MELTS

0-50



TABLE

|2

The activities, partial free energies, enthalpies and entropies

of PbO in n PbO. PnCl

2
) 'I(_“Temparatur'e % C ompos itibn anO -‘ WWEEPme Qﬁ;;o I Q -S-P,;me"

Nfuo cals/°

1100°K 0.5 0.1090 -l 84l -8.485 -3.31
0.6 0.2125 ~3.3%85 -6.054 ~2.43
0.7 0.3876 -2.,071 -4.,489 -2.20
0,8 On 5619 "11260 -3. 453 -1.’97
0.9 0.7628 "'0. 592 -2.59:8 "'1.82

1200°K 0.5 0.1506 ~4,51% -8.485 -3.31
0.6 0:2677 -3.,141 -6,05 =243
0.7 0.4691 -1.851 -4.489 -2.20
0.8 0.6405 -1,062 -3.433 ~1.97
0.9 0.8423 -0, 409 -2.598 -1.82

1300°k 0.5 0.1981 -4,182 -8.1485 ~%.31
0.6 0.3255 -2.899 ~6,054 ~2.,43
0.7 0.5318 ~1,631. 4,489 ~-2.20
008 0.715 "“OO 865 _3.)"'53 -1.97
.9 : 0.915 -0.227 ~2.598 ~1,82

b e e e

=ILa—
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as dctermined by Sridhar at 1170°K.

The activitice and partial gquantitics of PO in
PO PBC1, melts at 1100°K, 1200°K and 1300°K arc
given in Tablce 10,

™

The partial cnthalpics arc plotted in Fig 16

and the partial cntropics in Fig 16.

6. Lrrors.

A complete analysis of crrors using this tcchniguc
has been given by Sridhar( & ), Since the RML of the
EMPFT of the ccll is approximately + 2mV, then this
producce an crrox in‘gngO of + 130 calorics.
0Gpyo = BT In apq , then with an crror of 1 1°C in the
tomperature readings, the crror in the activity results

is about 5% . Thce crrors in[lGSiozaro slightly largcr
duc to the additional crror involved in o Gibbs Duhem
integration and arc about + 150 calorics.

The crrors in the partial heats and cntrovics ore
nuch larger since they involve the ncasurcncent of
gloncs of A0 wversus 1 and arc cstimatcd to be about

T
+ 700 calorics and + 0.5 calorice/ dcgrcc respectively.

=t
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Chapter @,

CALORIMETRY
Lo Lalorimeters

A Calvet type of Differential calcrimeter which
has recently been developed by 0. J. Kleppa( 5 )
was used for these experiments.

A diagrammatical cross-section is shown in
Fig LT . This diagram is not to scale since there
is more lagging around the calorimeter.

The differences between the calorimater and the
'Kleppa'® calorimeter are, firstly that the block has
been made of a material with the trade name *'Deranox?
which is 93.4% alumina fired at 1650°C.  Secondly,
the thermonile units consists of Platinum - Platinum
13% Rhodium thermocouples, The two thermopiles each
containing sixty four thermocouple junctions are
connected 'back to back® so that a small difference
of temperature in cither of the tubes is directly
converted into an emf which is recorded on a Leeds
and'Northrup pen recorder. The details of the
calorimeter and thermovnile construction are to be
published by M. P. Roye and J. H. E. Jeffes.

At present the upper temperature limit is
1200°C which is the limit of the Kanthal windings.
In these experiments the miwimum temperature at

which the calorimeter was maintained was lOOOOC.
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2. (&) Materials:

Analar grade PO (ycllow)was uscd after drying in
all the PbO experiments, and for making the lead
phosphates.

Analar NH4H2PO4 was us@@ gs the source of P205
to make PhO. P205 melts and Zn0. P205 melts as
described by Sridhar (4 U,

Analar zinc oxide was used after drying. Pure
Platinum, single and poly-crystals of alumina woere
used for the calibration. Analar Cadﬂﬁm oxide end
Analar Boric acid were used for making Kleppa solvent
PpO. CdO. B203’

(b) Preparation of samples for calorimetry.

The pure Platinum for the calibration was pre-—
nelted into a spherical shape in a induction furnace,
on & Ppiece of ceramic.

The Pb0 and Zn0 powdered samples vicre pressed
at forty to fifty tone on a ten inch diameter ram
in a mowld made frcm ‘"Vinamold' to producce
spherical samples. Bach mould was madce by pouring
the molten polymer onto nine Niclkel sphcres on a
flat surface a2nd contained in a two and a half inch
diameter brass cylincer; cach Nickel sphere belng
slightly raised from the surface with a little
plasticine. No Vinamold wag found in these samples
after pressing. |

The PbO. P205 and 7Zn0. P2O5

samples however



could not be made in this way because of contaminntion
by the Vinamold, Tlach of thesc samples were pre-
melted in bulk and then poured onto an Aluminium
quenching hlock. The resulting glasses were then
broken up to produce Tour to six millimeter cubic
samples.

3. GCalorimotry Technique and Calibration.

A1l the experiments were of the drop calorimetry
type. The samples were dropped into 6 centimctres
tall Platinum crucibles contained in 1.3 centimctie
outside diametcr silica tubes which were insecrted
at least two hours hefore each experiment into the
calorimeter.

A "bed of nails' made of Platinum wires on a
Platinum sheccet base, wasg placed in cach of thc two
Platinum crucibles in the rcaction tube. Thesc are
designed to overcome the problem of cplashing when
a sample is dropped from room temperature into a melt
in the cruciblc. Splashing must be avoided at all
costs, since the melts react with the SiOgtubes and
errongous heats would theroefore be mcasured.

Before the dron the sample was held at the top
of the silica tube on a piece of Platinum sheet
and its temperature was measured with a mercury
thermometer. The dropping device and reaction tube
assembly is shown in Fig I8.

The initial experiments consisted of dropping



Mercury
thermometer

Pt wire
Pt disc

Sample

——a-—— Brass cylinder
“with mullite insert

L) il
_ |
TRt
THE
I I
£
© e Silica tube
Q
(1@
————— Mullite tube
A
Pt
T crucible
6cm
—a—i— One
thermopile
. unit
i Ul —— Pt
/ : nail bed

Fig.18 SAMPLE DROPPING DEVICE
AND REACTION TUBE ASSEMBLY
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known weights of Platinum into the calorimeter held
at different temperatures in order to study the
gensitivity.

The heat involved in the drop is directly a
measure of the ares under the curve’millivolts versus
time' recorded on the chart, scc Chapter 3,.pago 4L .
In esach experiment the area was measured to Y 0.02
centimetresg.with an Allbrit planimeter.

It was found that firstly the scnsitivity
decreases with increasing temperature, but secondly
and most important, the calibration dcpends on the
wall thicknesses of the silica tubes used and is not
necessarily the same for a drop into the left-hand
gside compartment as the right-hand side compartment.
For this rcason i1t was decided that a calibration drop
must be made immediately bvefore or after each experi-
ment. The heat content of Platinum is given by

Hattgreen, Orr, Anderson and Kelley (50

as H'= Hygg s = 5.80T + 0.64 x 1091°= 1785 £ 0.3
The calibraticon with Platinum was checked firstly
againet drops with single crystal alumina and poly-
cryctal alumina, and secondly against an electrical
method.
The electrical method consisted of dissipating a
known amount of heat by means of Kanthal heating

coils and silver leads, which were wound onto two

millimetre diameter by two hundred centimetres long
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twin bore alumina tubes, and inscrted into the
reaction tubes of the calorinmeter; one was used as
a dwmnmy. It is most important that the geometry for
each experiment is the same in both cides of the
calorimeter. The awount of heat liberated was

Vi Where, V=volts
calculated from q = - . iz=amps, t=secs

d=joules
It was found in these experiments that the use

+

of radiation shields was unnecessary, since raising
the shields in order for the cample to drop past,
produced a larger error than the small error produced
by fluctuation in the radiation heat loss from the
two reaction tubes, since the radiation heat losc
should be the same from both tubes (if the geometry
is identical) to achieve the observed balance.
The base lince during thesge experiments always
returned to within £ 0.005% millivolts, and the use
of radiation shields could not improve on thic figure.
The initial calibration experiments are
represcnted in figure 19, as calories per square
centimetre versus temperature. The electrical
calibration comvares reasonably well with the platinum
drop calibration, the diffcrence being five per cent,
being due firstly to localized heating at the Kanthal-
Silver junctions when the current is passed,; because
of the difficulty of the Kanthal-3ilver contact, and
also conduction of heat away along the lcads from the

heater, since Silver is an excellent thermal conductor,
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The alumina drop experiments are in excellent agrecment
with the platinum drop calibration at 800°¢. using the
heat content data of alumina (.51)

In these carly experinents, the DC signal from
the thermopile was amplified to five times megnification
with a Leeds and Worthrup DC amplificrs; and then
recorded on a Leecds and Northrup pen recorder using a
0 - 10 millivolt full scale range card. During later
experiments, the signal was fed straight into the pen
recorder using a 0 - 1 millivolt full ccole range card.

The largest error involved in the calorimetry is
the comparison of each unknovn heat with platinum. The
RMS error of several results for each substance is

guoted in the following chapters.
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Chapter T.

THE DETERMINATION OF THE LATEHT HEAT OF

<]

FUSION OF LuiD OXIDE.
1. Experimental.

The melting point of PO is given by Rodigina (37)
as 897°C.

'This experiment consisted of dropping accurately
weighed spherical Pb0 gamplcs from room temperature
into Platinum crucibles ( containiﬁg the.Platinum
nail beds ) inside the silica tubes in the calorinmeter,
Which was maintained at various temperatures below and
above the melting point of PBO. A few milligrams
of Pb304 was placed in the Platinum crucibles in
eéch experiment before insertion into the calorimetef
to insure a slightly oxidising atmosphere in the |
~crucibles at the temperature of operation. Under

the operating conditions Pb decomposes to PbO

3%
and oxygen above 87OOK;aS can be seen from the freec
energy versus temperature plot givén in Fig 20 .

It is essential to maintein this oxidising atmos-
phere since lead formed by any reduction Woﬂld
immediately alloy with the Platinum crucibles and
terminate the'ekperiment. Before each Pb0 drop, an
accuratelylweighed sphere of Platinum wés'dropped into
the calofimeter from room temperaturc, such that

the heat effect due to the PbO drop cam be directly

compared to that of the Platinum, which has a known
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heat content ()O), as a measure of the area under

the curve ' millivolts versus time ' reco¥éed on
the chart rccorder.

It was found that for unannealed samplce of
PO, the heat measurcd was in the order of % Kecal
lower than for sanples anncaled atl8OOOC for one
hour and then gucnched. No difference bebtween the two
Xray powder patterns could be determined by the
Debye Scherrer powder Xray technigque. Although a
very small amount of PbO ( red )} phase ccould be scen
from the Xray analysis, the amount was the same in
both cases. Other than this small amount SE£™PHO. {rcd)
present, all the lines obscerved were in accordarce
with the PO ( yellow ) structure, as given in the
Fink index, and no other phase or oxide of PbO or Pb
could be detected.

It was decided to anncal all the samples for
this experiment at 800°C for one hour and then quench,
since a degrec of sintering was achieved and the samplcg
did not break off or crumble as casily as the
unannealed samples. As long as all the samples are
pretreated in the same way, this effect will not cffect
the value of the latent heat of fusion of PbO.

This value of % Kcal is a measurc of the strain
energy in the samples iﬁtroduoed by comreucion in the

production of the spherical samples as described carlier.
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2.  Results.
Assuming linear relationships between.&H238
versus T°K over the temperature range studied, then
the lines of linecar rcgression for PbO solid anc
liguid are given by =
&H;gg PPO s0lid = + 0.01561T ~ 6.8055 Keals/mole
Correlation coefficient = 0.95294
R.M.5. = £ 0.235 Keals/mole |
aHggg Pb0 liguid = + 0.003980T + 13.150 Kealss/mole
Correlation coefficient = 0.38520
RJM.S. = 7 0.356  Keals/mole
The results and their lines of regression arc
plotted-in Fig 21, The results are given in Table 1llL.
Taking 897°C as the melting point of PbO, then

At L T ¥ T R o e
0AH QH298 liguid ;AH298 solid at the melting point

il

£
6.37 £ 0.43 Keals / mole.

{1

Also shown 1in Fig 2lare the results obtained
by Rodigina, Gomel'skii and Luginina ( 37). These
results are in excellent agreement with thc results
obtained in this study.

3. Discussion.

The results of aHzgS givon by Rodigina,
Gomel?skii and Luginina are in most excellent
agreement with the results of BH238 measured in this
study for both liguid and solid PbO. Rodigina's
method consisted of heating the PO in gold capsules

at temperature 'K and then dropping these capsules



TABLE 1T,

{\Hzgs VERSUS TEMPERATURE FOR PURE PbO (YELIOW)

PbO  Solid PO Liquid
Temperature {} Hzgs Temperature &Hzge
in %% in Keals/mole in °K. in Keals/mole
973 8.344 1172 17.778

8.569 13,380
8;460 17.567
; 8,511 17.395
| 17.706
% 1023 9.282 1221 18.050
| 9.004 17.963
9.298 18,511
8,704 18,360
8,719 18.714
18.409
17.768
1073 9.951 1267 17.921
10.085 17.754
10,390 18.301
9.997 18.288
L1cee 10.068 18,117
10.350 18.676

10,486

10.550
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into a room temperature calorimeter. The enthalwnies
were determined by the method of mixturcs. The upper
tengrature limit in Rodigina's experiment is the
melting point of the gold capsules, and so the liguldus
results obtained were over a very Limited temperature
range.

The liguidus results obtained by Rodigina ete
are vithin the experimental error of this study,
although the congistently lowervvalues ovtained by
Rodigina can be perhaps cxplained in terms of the actual
gtolchionmetry of the liguid PO. Fig 33 given in
Chapter Ilis the phase diagram for Pb-0 given by
Hansen (52). The difference in stoichlomectry of the
PbC between the two cxperiments, arices from the fact
that Rodlgina held the PO in an Argon atmogphere
to one third atmosphere nressure, and in thig study
the PbO is held in an atmosphcre containing excese
oxygen. Frcm the phasc diagramn the differcnce in
stolchiometry is not very great, but is significant,
belng of the order of one welght per cent oxyfaen.

The results for the Latent Heat of fusion of
PO (yellow) 6.37 % 0.43 Keals / mole from this
study and 6.13 L 0.1 Keals / mole from Rodigina
arc in excellent agrecement within the experimental
CTrTror, From the E.IM.F. technique described in
Chapter 4 , by extrapolation of the solidus and

liguidus free energy curves to absolute zero, the



=107~

Latent Heat of fusion of Pb0 was found to be
7 Kcals / mole, t 1 Keal / mole would be & reasonable
error limit as the result depends on the extrapolation
of resulte measured at approximately 1000°K to 0°K.
This is iu good agreement with the cnlorimetically
obtained values. Hofer (53) has recently
measured the heat of fusion of PO and found 1t to
be 3046 cals / mole. Thig value compared well

=4
with the phase diagrsm calculation of Kelley (54 )
which produced a value of 2800 cals / mole but is
of the order of & half lover thﬁn the value found in
this study and By Rodigina. Hofer's experiment
however, involves changing the calorimeter temperature
as part of the experiment through the melting point
of Pb0, which is an innaaurate proccdure, but also
the melting point of PHO is very sensitive to itg
actual stoichiometry which is an important factor in
Hofer's expcriment, but is excluded in the prescnt

study.
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Chepter 8.

CALORINETRIC STUDIESG OF n PbO.P MELTS.

205

L.  AIntroduction.

e R

In the system PbO.P.O it is not feasablo
< o

5’
to measure heats across the whole composition range,
because of the physical and chemical naturc of the
compound P2Q5 in its pure state. The phase diagram for
n PbO.P2©5 ig given in Fig 22 .

An intermediate compound of commosition
N PO = 0.5, i.e. PbO.P205 wag used as the reference
for this experiment. The object of the experiment i
to determine the heats of mixing for this system, and
this was done by measuring the partial heats of PbO
(gﬁ pro) Petween N PbO = 1 to N PbO = 0.5 .

Using = Gibbg Duhem tyne integration, it is
possible to detgrmin@'ﬁﬁ Egor ( Ehg partial heats of
P,0; ) using AH P,0 :—.N:‘-"-'{: -}i 4H pro

5 .
. izt . .
Since the rcference however ig the cquimolar

-y

compound PbO.P205 , 1in order to carry out thc above
integration, it is nccessary to know thc heat of
formation of this compound frow its constituent
oxides.,

The experiment is in two partsse—
FPirgtly the determination of the heat of formation

(0H

Form) of P0.P,0g, and secondly the determination

of the partial heats of PO (AH ) from pure PhO

Pbo
to N PbO = 0.5 &
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2. The Deternination of the Heat oif Formntion

of PbO.P O5 ( N PO = 0.5 ).

o camTron g

The heat of formation of PbO.POO5 was measured
indirectly using the exchangc reaction :-

PO (8 ) + ZnO.P205 (1) = PbO.P205 (1) + Z2n0 (=).

The heat of formation was dotermined by the meagurc—
went of the hcat of solution of each of the compounds
involved in the exchange reaction, in a sultable solvent
and straight application of Hess's law of constant

heat summation, knowing the hcats of formation of

PO, Zn0 and ZnO,PZO

5 ¢ .
The solvent uged was the melt 9PbO: 3Cd0: 48203
recommended by Kleppa(43), and henceforth referred to

as 'Kleppa'® melt., This melt has a light yellowish
appearance and is highly fluid at the temperature
of this experiment.

The experiment was divided into two parts.
Firstly, accurately weighed samples of each of the
compounds were dropped from rcom temperature into
empty platinum crucibles at §00°C in order to

w3 -

determine VCp 4T in the eczue of PO (=)
j:w? (e B
and Zn0 (s) and Cp 4T + BHf in the case of
4342
PbO.P205 (1) and ZnO.P205 (1). The phosphates were
dropped as glasses from room temperature. Secondly,
accurately weighed samples of Pb0 and Zn0 were

dropped from room temperature into the 'Kleppal

melt in platinum crucibles at 800°C such that
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2.5 x 10_3 moles of solute were disgolved in five
gramgs of solvent in every case. Accurately weighed
gamples of PbO.P205 and ZnO.P20r Were dropnped from
room temperature into the Kleppa melt containing
2.5 x 1072 moles Zn0 and PbO respectively to five
grams of melt, also with the gsame dilution. The
composition of the resulting melts after the two
phosphate drops shouwld therefore be identical.
After quenching the resulting melts on an aluminium
block after the sxperiments, complete hownugepeity
was observed.

Anelysis of the ainc and Lead phosphate meltg,

The ZnO.P205 was analysed asg Zn(ClOH602N)2. H,0,

zinc guinaldate ag described by Vogel (e¢ )

‘D

The analysic found N ZrO0 = 0.50 ag was cxncected.

The PO, P205 analysis wes carried ont by the
halytical ssrvices laborntory, The result if 0 = 0.5
wne Tound as expected,
3. Results.
The results obtained are given in Table 12 .

Let ug congsider the exchiange reaction in terms

of the model:—

298°K A +BC = B 4+ AC
i ooy 1

AFLOT3 | | 2o |
298 i i °R L

o % & ¥ ~
1073°k A+ BC = B+ AC

_LO 7 3 &\‘-\».vf\"‘:':' e f“ } 167 3 / o

aHSolutlon ~
N
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TABIE 12,

4n0

=112~

in: Kleppa solvent at 800 + 1°c,

Sanple &Hgga cals/gran (ﬂH298 +ﬁHSoIn) cals/gn.
into empty crucible. in Klepgg so}yent.km
PbO + 42,899 + 61447
+ 45,105 + 61.60
+ 41,095 Mean + 61,54 + 0,092
+ 42.104
Mean + 42.821 + 1.74
ZnQ'PZOS +167.97 - 96.40
+1538.63 - 83.97
+166,33 - 70,82
+164 .56 - 86.6T
Mean +164.39 #4.08 Mean_f 84,46 i.101§%MM
?bO.P205 +128.73 - 20,16
+122.7T - 18,59
| +126 .09 Mean ~ 19.37 + 1.10
Wean* +125.86 + 2,99 o » i
Zn0 | + 82.96 +135.97
+ 80.03 +138.84
4+ 84,22 Mean +137.4%L + 2.03
lleanmr + 82.40 + 2.15




Vhere A

B

C

The first
values ofﬁgﬂégg
exchange reaction, and the sccond part mcasurecd the
values ( DH

The difference between the two giveg the isothermal

~1L 3=

Pv0.

i

4n0,

il

1073
1073 1073
298~ + D51 5ti0m

pert of the experiment mcasured the

for cach of the conponents in the

) in *Kleppat' melt.

heats of solution at 107300. Since the cxperiment was

designe

d

solution

are identical,

1aw, the heate of reaction at 1073°K and 298°K are

known.

such that the resulting melts after the

of the phosphates ( A + BC ) and ( B + AC )

Prom the resultse -

then by direct application of Hess's

r———

Sample.

1073 nylOT3
&H298 +dHSol in
Kleppa
melt.

Keals/ mole,

1073

&HSolution in

Kleppa mclt,

+13.727 £ 0,021
-18.861 L 2.354

e ae e

:i:Lii_
~7.062 + 0.402
+11.181 L 0.165

T 1 S TS

+4,119

s

~55.571 * 2,523

SO VPPN

-51.393
~53.029 £ 1,161
+4.476 L 0,241

ooann

m:i§;223
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Thus at 1073OK

&H%073
oo ,,:,',
A +BC = B +AC
a\\\51.3,; “~ ~/ﬁ‘—4).553 or~‘¥ +43,553

‘\ /"'/’-{:r

MELT <

O
i.e. ,3H§O‘3 K _ 2,800 % 2.815 Keals.

298 -9.253 £ 2,39 Keals.

( 30 )

Similarly ot 298°K  AH

Meadoweroft und Richardson give the heat

of formation of Zn(PO3)2 glags at 35°C as ~45.400 = 2
Kcals/mole. Assuming that the heat o Tormaticn at

On . .
25°C ig the same value within experimental crror then

ot 298°K; 53H‘§° Pb0.P,0, = -45.400-9.253 £ 3.11

5 °
= ~54.65 £ 3,11 Kcals/molc.
For the sccond part of the experiment it ig

necessary to xnow :\H1273 PbO P,0,. since the heats of

P 2°5
solution werc mecsured at 1273°K. F 132
pERe TS = pEse + ACp a7
a9
ow PbO + P 05 = P00.P,0g 298°K
},n‘w‘*, i ’
‘Cp ar 18.30‘ |4b 87 % 52,91
in¥Keals + 0.9 Jk 1.0 ¥ + 2.0 o
per mole. PHO0  + 1205 = PO.F 2 5 12737K

47373

Therefore %PCp AT = =12.26 + 2.4 Keals/ mole.
‘M‘i‘ Ty

The walue of KCp ar for P205 was obtained fron

Xy ( 55 ) A 7y ~ o NP o - -1
Jd ANAT and AHaubllmatlon‘ The value given for PBO

includes ite heat of fusion.

7 R . b §
Thue (HLZT3 = -54.65 - 12.26 L 4.17
[>T 431

~66.91 ¥ 4.17 Keals/molc oxides.
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Thu.f\H,}T273 Po0.P,0. = -33.45 I 2 Keols / wolc oxides,
cince for thé ncext »-rt of the cxvneriment it is
nocessary to consider onc mole of mixture.
An alternative exchange reaction was considered:—

2N aP0 + PbF2 = ZNaPF + PbO.PZO

3 5 °

This however wag found impracticable gince

PbF2 has 2 high vapour pressure even at its melting
point (2.7 millimetres Hg at its melting point) such

that the vapour reacted with the silica tube to form

lead fluorosilicate, which tcrminaeted <the experiment

4. CQTOrlmetric determination of AR Ppo in PLO. PQO .

o o s T e

A U&Tt’%l heat is defined b*w thc eXpression ;e

A, = ("3"“3:@; )P,T,NB

This means that if one adds a suwall amount of
onc component (in this case Pb0) to a relatively large

amount of solvent of compogition EB ( Pu0O.T,0 1 to
[

5
0.5) such that the resulting composition of the solvent
is unchanged, then the heat evolved or absorbed by the
addition per mole of component added (constent
temperature and pressure) is the partial heat of that
component at the compouilion NB.

In a typical integral hest of mixing curve given

in Fig 23 , the particl heat of component A at
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N'— 6NB/2

Fig. 23

TYPICAL

AH

M

CURVE
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composition NB is given by the intercept with the A
axis of the tangent to the curve at Ny i.e. QEA

as shown (56 )o If however, the result of the
addition changes the composition of the melt By a
small amount =~ $B so that the resulting melt has
composition NB _ 4B’ then the partisl heat measured
is an average of the partial heats at these two
compositions. Thisg represents the intercept with
the A axis of the line passing through the &H, curve

at composition N, and Ny (points x and y).

~ LB
As long as 4B is small comparcd to onec, then this
value obtained is the partial heat of A of the
1t N
composition N (B - éﬁ Y.
2

5. Experimental:

Accurately weighed samples of PbO were first
dropped from room temperature into platinum crucibles,
m N B e g 0 s PN
containing the platinum nail beds at 1000°C =~ 17C in

the calorimeter. This produced the valuc of

1273
298

of Pb0, by direct comparison with platinum drops

NH PO which includes the latent heat of fusion
immediately prior to the PbO drop.

Weighed samples of PO werc then dropped fron
room temperature into known weights of melt of known
conmpositions, such that the composition of the melt

before and after the drop was known. (Approx i gram
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gamples were dropped inte 2 5 gram. melt). The
heats evolved were measured as scuare coentimetres

and compared with platinum drops immediately after or
before each PbO drop, to deternine the heat in

. .‘ . : —)
calories. The melts were maintained at 10007C

Opn . . .
- 1°C in the calorimeter for this experiment.

The results obtained are given in Table 13
and plotted in Fig 24 as OF Ph0 versus I PHO
wherce ¥ PbO is taken as the average composition of
the melt before and after the addition.

On the same plot Sridhar's values of AH PO
versus N PbO are chown, as well ag the two results
obtained carlier in Chapter 5(4) using an EMF
Ttechriigue.

Using the value of A" > PBO.P,0. = =33.45 + 2

Kcala/ mole

amd application of the Gihbs Duhem integration, then

BE? o versus N PBO can be calculated and is
2Vs
shown im Fig 24 and Table 14
Since AHy = Hpaipes + NP205§}H?205

ther 8H, can be determined and is showm in FPig <6
The mectos of formntion of crysfalline and glass
zinc, caleium, Lithium amd sodium phosphatcs at roonm
temperature are shown in Fig 2??( 30 ) with the
inclusion of the integral heat of mixing of glass

Pb0.P,O. at 1000°¢C from this study.

275
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TABIE 13,

Partial Heats of PbO in A Pb0.P,C. Melts at 1000 t1%.

Composition i Af PbO in Keals/mole.
N Pb0 '
0.515 ‘ ~35.C6
0.528 ~35.60
0.554 ~30.51
0.570 -28,°0
0.578 ~30,15
0.582 230,27
0.607 | : =29,55
0.628 -25.37
0,641 ~25,90
0.644 ~25,98
0.672 -25.47
0.676 ~22,37
0.727 | -17.99
0.728 | -16.03
0.840 - 3.13
0.843 - 3.07
0.850 C - 0.67
0.859 - 0.90
Pure Pb0 AFCL0 = 18.30 ¥ 0.9 Keals/mole.

298




TABLE L4,

Partial Heats of P

Gibbs Duhem Integration, and hence integral

T 20~

205

for n Pp0.750 Melts.

5

in n PO, P.O. Melts

275

obtained from

heat of mixing

Composition ﬂEPZOB AR PvO AHm. I 2 Keals
N Pb0 in Keals/mole| in Koals/mole in Keals/mele.
0.50 - 29.9 ~37.0 ~35.45

0.55 - 34.3 ~33.2 -33.7 2 0.2
0,60 ~ 40,2 ~29,3 -33.7 I 0.4
0.65 - 46,9 -24.8 52,5 % 0.4
0470 - 56,1 ~20,2 -31.0 I 0.5
0:75 - 69.8 -14.8 -28.6 L 0.45
0480 “ 90,0 - 9,2 -25.4 % 0.8
0.85 ~127.7 - 1.8 -20.7 T 0.35
0.90 ~139.7 - 0,2 ~l4.2 T 0.3
1.0 ~141.4 - 0 - 0
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MO Mole % P, 0g Co ' F’2 _05
o . 25 50 75 100
Cati Cation radius )\ I I T —
O " charge LD
+ |
Zn‘ 0-37 10
Pb** 0-60
Mg.H. 0-33 20+ =
ca™ | 049
it | 0-60
‘Na +* 0.95 - 30 o R -
S
X .
~ 40+ -
o
|
i
50 + -
60 -
//
. 3 o |
| | 1 '

FIG.27 HEAT OF FORMATION OF CRYSTALLINE PHOSPHATES
& GLASSES O IN Kcals /mole OXIDE ( MO+ P,Og ) AT 35°C
AND HEAT OF FORMATION OF PbO.P,Og AT 1000°C
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7. Discusgion:

The shope of the nartinl heats of PO obtaincd
colorimeticnly is in fair agreerient with the
partial hents found by Sridhar ond Jeffes (57 )
and this suthor using an B K F techniquec,

It ig obscrved thot between mole fraction Pl of
0.9 and purc PO, thce partial heat is approxinately
ZCTO .

The heat of forantion of lead metaphosnhate
nt 1000°C was found to be - 6 Keals/mole oxide

greater thon the heat of formation of lead

netaphosphate gloss at roon tbnburituru. Mcendoweroft
: (30 )
and Richardson

give the hents of formation
0 ’ .
ot 35°C of Zn(P03)2 crystal and glass.

Zn (PO Crystal OH = - 56.000 Kenls/role oxide.

)
31
Glnss OH = - 45.40 Keols/molc oxido.

at room tomperature is  ~10.6 Kenleg/molce ox

Thus the heat of fornation of Zn (PO crystnl

(V)

the hent of formation of the glogs ot the sanc
tenperaturc.

From these obscervations 1t might be cxpected
thot the heat of forwntion of lend ncectaphosphrte
glass ot 1000°C should be approxinntely cqunl o
the hoat of fornntion of lcend neitophosphate crystnl
at 35°C.

Fig 27 shows the heat of formation of

. 0
crystolline and glassy phosphates ot 35°C ond the



126

heat of formntion of FrO. P at lOOOOC. It con

205
bec seen that the heat of formation of lcad ortho-

phosphate crystal at 35°C as determined by Pitzer

kY

(58 )

ig 1in cxcellent agrocoment with the heat of
LTormation Qf lead orthophosgphate at 1000°C determined
in this stuwdy, within the approximdtion,

The crrors in the dctcrminntion of the intoegral
heat of nixing of PO - P205 are snodll conmpnred with
the crror associated with the heat of formation of
lcad metophosphate as determinced by the exchango
reaction., Thus the crror in the integral heat curve

is correct to £ 2 Keals/molec.
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CHAPTER 9.

CALORIIBETRY ON (Vs POé)PC

i o Sme R A e pm e 3 R R W Rl kw6 RN ALY

L. Matcrials

The Kurrol salt, HMaddrell salt (insolubdle sodi
triretapheorhate)  and the sodium trimetevhosphate were
supplied by Albright and Wilson.

Emission spectroscopy showed troaces of AL, Au,
Be, Bi, Cu, Te, Hg, K, Mn, Mo, P, Nb, Pt, 31, S,

Sr, To. In nddition IMg of the order > traces in
all, and especially in the Xurrol salt. Pb is of the
ordoer j} traces in the Maddrel! salt. Co traces wore
found in the Kurrol salt only.

The qumtitntive analysis for phosphorus yielded
results of percentage phosphorus:- Maddrell salt
30.60%, sodium trimetaphosphate 30.25%, Kurrol salt
30.65%. 511 T 0.05% . Theoretical percentage
phosphorus = 30.38%.

A Debye Scherrer Xray powdor pettern was taken of
cach sample. With roference +o the Fink Xroy oowder
pottorn index, the *d' spocings for sodium trimeta-
phosphate and the Kurrol salt wore in good agrecment
with the pattern given for (NaPO3)39 and that of tho
Maddrell salt with the literature values for Maddrell
salt.

It was found that for Maddrell salt 6.5 (+1)%

by weight dissolved in three hours in distilled water,
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and for Kurrol zalt l4(i 1)% diggolved in two and o
half hours in distilled water, all at room tecumperature.
The anhydrous sodium trimetaphosphate was veory soluble
in distilled water at room temperaturc.
59 e
Van Wazer rcyports that Form 11  Haddrell salt

. -2 ; :
digsolves at a rate of 1.8 x 10 “% per hour and Form

ITL more rapidly at 0.34% per hour. The velue 6.5%

in three hours approximntely 2% per hour suggests
that the Maddrell salt uscd contained up to 2% of
sodiunm trimetaphosphate. Van Vazer reports that
Kurrol salt dissolves slowly in water at roon

temperaturce which was observed in this study.

2. Mcthod of preparation of the sodium metaphosphates.
(NaP03)3 crystalline sodium trimetaphosphate is
prepared by heating Anclar grade NaH2P04. 2 HZO
ot 150°C and then at 55000 for onc week. Less thon
0.5% phosphorus is present as ortho and pyrophosvhate.
The preparction of the sodium Kurrcel and sodium
Maddrell salts is given by Van: Wazer ¢ 53) . The
Kurrol salt is usually made by tempering 2 sodium
phosphate melt becitween 550 - 600°¢ for about two hours

and then rapidly guenching. A small esmount of Maddrell
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salt caun be used to promote crystallization.

The fiaddrell salt is usunlly made by dehydrating

the meonosodium orthorhosphate Tbelow BOOOC.

NaPO, form 11T is formed by dehydrating at about

260 - 270°C  and NaPO , form Tl by dehydrating at about
400 - 425°C.

The phase diagram for nNaZO - P205 ig given in
Fig 28.

The anhydrous sodium trimetophosphate and the
Maddrell galt were prepared for the caloirimetric
experiment as syheres by the method described in
Chapter 6 (2b), The Kurrol salt however, was of an

asbestos nature and pleces of sultable size 0©.4-0.5

millimetre cube were selected for this cxperiment.

3. Exmerimental Proccdurc:
les

The san» of sodliwm phogsphate were dyropped
Trom room temperature into platinum cruclblos,
containing only the nail beds, o $00°C in the
calorimeter as described nreviously. Eech sodium
phospvhate drop was Tfollowed by o platinum drop for
calibration purposes.

Forty five minubes in every experiment was allowed
to elapse between each drovn, to ensurce complete

therm:l equilibriun in the calorincter.
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Temperature C
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4. Results: Table 1D,
The following results were obltained from drouvping

the sodium motarhosphote samples from room temperature

into liquid NaPO, at 800°C,

« 800°C
é’.,} -[ IRT

in cals/grom.

Sample + L0H Transfornntion

Anhydrous sodium 237.53

i
trimetephosphate 245.9% 243.1 t 3,2 eale/or .

246.07

Maddrell Salt 295,4%
!

295.7% 293.3
288.9.

i+

3.2 cals/gran.

Kurrol Salt 271.1)

- 1.5 cols/sram.

o

J

e

A
H

271,24
)
274.44

e ki

SR

o . 2800°%C . . . _
Agguming that LH igs the same for the throe

RT

forms of sodium netaphoashate, then it follows thots-

3)3wwww§ Meddrell Saltb.

= - 50.2 % 4.53 Cals/ arom.

1. AH Anhydrous (NaPO

= = 5,13 & 0,46 Kcals/ NoFO 5.
2. AH Anhydrous (NaP03)3-—~% Kurrol Salt.
= - 29,1 4 3,53 Cals/ gram.

= =~ 2.9 # 0.36Keals/ WaPO,.



3.

~H Kurrol

Laad

Halt

] 30w

1§

% Maddrell Salt.

- 21.1 + 3.53Cals/ gram.

~ 2,16 +0.36Keals/ NaFPC ..
7



Chanter 10,

VAPOUR ENTRATNIENT IN THE SYLTEH

n Pbo. PbClz.

F T i e s VDT RS B SR P

1. Apparantus:

The vapour cntrainment tcchniguce involves
passing o known volume of incrt carricr gns over

n combustion boat containing the wmelt under

@]

xaminntion, in such o way that the gos becones

gnturnted with the vapour nbovc the melt. The

gng lows can then be opplicd, and the vapour pressure

above the nelt can be detcrnincd.
A longitudinal gcetion of the appzratus is
given is Fig 29.

The flushing gns tube wne ground ot both cends

to o B 29 conc, nnd onc cnd of the reoction tube ving

ground to o B 19 conc, The flushing gns tubce wos

vwater coolced ot both onds in order te nvoid

©

xccgeive over-henting of the glass sockets, which

hnd to be removed aftcr cach experiment, Algo the

water cooling acted ng n condensor in the outnut
end of the tubc, ~nd the najority of the PbCl2
condenscd in this soection.

The 2nparatus is so doesigned thet the initinl

gourcc of argon is chrmnnellced along two diffcrent

routes, thr i o diffcrential nanometer, after thoe
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B29 Horizontal furnace |
Measured socket : ) -
gas Pyrrophilite plug Pt/Pt-1Z:°Io'Rh
inlet | contro Gas outlet
thermocouple Al203 tos lass traps
Flushing o | ' sheath giass p
gos ' ‘ , '
H inlet ..000 ——————=- Tt ———— 0QQ \\_,_H__‘ + w
T | —— e ——— Gy - G———————— e @t e oo @tvmm— ] )
Yo junedin iy SEETE==000 = ’ ?
ln:es;rlml B 19 7 M Pt [Pt43°Rh
. ,
| socket Al,O3 boat water thermocouple
Al,04 containing melt | cooling coils |
tubes |
e ... —_— e ———
— 20" , .

Fig. 29 APPARATUS FOR VAPOUR ENTRAINMENT
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purificstion tr-in (outlincd in tho provious
sccetion) . Onc routce thon poassce through a water
digplacement volumc flow meter, followved by two
drying towers contnining silicn gel nnd nngnesium
nerchlorate nnd then into thoe renction tube. Thc
other routs possce through » flow rotec meter ~nd
then into the tube cont~ining the rceoction tubc.
The sccond route is uscd solcly n~s » flushing gne,
such thot the vopour carricd throuzh the renction
plug pnescs to the outlet cnd of the frrnncc. The
differentinl monometer onsures thot the pressurc of
the flushing gne is less then thnt of the meosurcd
gos flow routc.

A two inch long pyropvhillite plug was designoed
tn contrin the nlumin~ boats which in tura contrin
the nelts under study. The oluminn bonts were
thirty nillimctres long ond ~bout six millinmctros
dcep and were o fairly tight £it in the plug, which
wag in turn o tight £it in the ~lunin~ renctilon tubc.
A two millimcter dinnetcr hole was drilled fron
both onds of the plug into the satur~tion compnrt-
nent, for the pnssnge of the gns through the plug.

The gne outlet consisted of o scrics of kiducy
shoped gloss warc immerscd in cold woter to onsuro
thrt no lond chloride could contominntc thoe
atmospherc.

The furnnce was controlled with o YTranstat’



controller ond o platinum/platinum - 13% rhodium

thermocouplec. The temperaturce of the plug wos also
mensured with o similor thernocounlc.

9]

2. Materinls:

Extr~ purc lend chloride ond A.R. yellow lend
oxide were uscd for mnking the nelts nPbO. Pb012
which were contrined in rocrystnllized alumina boots
during the cexperimoent.

-

A plug designed for saturating the corricr gns

2

with th

c

> vapour wng mode of pyrophillite.
The furn~cc tube, the renction tube ond the
tube for corrying the flushing gns through the furnnec
were all mede from recrystnllized alumina tubes.
The furnnce tube wns doubly wound with Knnthal
L. I. wire, nand lngged with ~luninn powdcer.
The gas inlet device wos riande from onc B 29
and two BLl9 wpyrex sockets.
Purc ~rgon wns uscd ng the corricr gns nfter
being passcd through o gns troin consisting of
towers of silicn gel, sofnolitc, nagnesium perchlorate

~nd onc copper ~nd onc Titonium furn~cc.

3. lIixperinentols

e

The melts te be used for this study were firstly
prepared by mclting together the relevont quantitics
of Pb0 and Pb012 in o platinun crucible, -md then

guenching these moelts on nn alumniniun block. The
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nelts were thon ground un and stored in ~ descicntor
ready for usc.

Beforc cench cxperiment the'mclt to he studicd
was premnelted in an nccurntcely weighced recrystallizod
~luiinn boat, and after cooling in o dessicoator was
wcighed 1o t 5.0001 grans on o scni micro balanca.,

The alunmina boat wos then placced in the plug,
which in turn wag pughed into the renction tube,
which wos held outside the furnocc. The flow
through the rcenetion tube was storted -nd thoe volune
registered on the nmeter wns notoed. ATEer possing
the nrgon through the ronction tube for thrcee
ninutes, thc tube wos then introduccd into the
furnnce nnd the flushing gns wng connccetoed. After
thirty ninutes the volume rogisterced on the ncter

-

wns noted ~s well as the tenneraturc of the flow
neter nnd the plug. Aftcr this time the whole length
of the plug was at the recorded temperature (: 1°c).
After a further time 't° minutes thoe volunie wos

ngnin recorded ~nd the renction tube wns

removed from the furnace. After a further ten
dinutes the volume wag again recorded, Also for

gach composition the above procedure wag adopted,

but after the first thirity minutes the reaction tubc
wre renoved from the furnace. The latter procedure

ig referred to as the zero-time experiment.
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After every experiment the alumina bost and
contents were accurately rewelghed. Following this
procedure the weight loss of the contents at the
measured temperature as a result of the flow of =2
known wvolume of gas can be determined.

The first part of the experiment was to
determine the most suitable flow rate for the
entraining gas, such that the gas becomes saturated
with the vapour at the temperature in question. A
flow rate of six to eight millimeters ver minute was
found to be suitable see Fig 30 and Chapter 2 (2).
The results plotted are from zero-time experiments.

Using this range of flow rate the weight losg
Tor pure lead oxide at 63OOC was found to be negligilie,
which was ag expected from vapour prescure counsidera-
tions. The weilght loss in the system nPbO.Pb012
ig then directly attributed to the losg of PbCl2
to the transporting gas. The vanour presgure
above pure Pb012 and nPbO.PbClQ melte in the
composition range N?bClZ = 0.6 to 1.0 were mecasured
at 630°C.

The nPbO.Pb012 melts were analyzed for chlorine
by the method described in Chapter 4 (6).  The
results of the analysis showed the compositions to
be within 0.5¢ of the intended compositions.

In the initial experiments a graphite plug was
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used, but this was found +to be unsatisfactory because
~of the adsorption of hydrogen in graphite at room
temperature, and at the temperature of the experiment
the hydrogen reduced some of the lead oxide in the
alumina boat to lead. Also the volume of hydrogen
present was significantly high such that the total
volume of gag passing over the alumina boat was

higher than the metered value.

4. Results:

The total dry volume of gas that has passed
over the sample during the experiment must be
calculated from the wet volume measured on the
volume flowmeter; knowing the saturated vapour
pressgure of water at the temperature of the meter.

Thig volume is then corrected to HeT.Pe

V-Dry - V‘,-’,O_t « ‘,‘IZ—'Y‘; % ( Atmosg - SoVoPQH20)
in mls. Viater Heter 760

The volume of Lead Chloride carricd away by thc
gas ig also determined and corrected to N.T.F. ,
symbol Vl. If the gas is saturated with the vapour,

then the gas lavs can be applied, PV= Constant.

. v
in atmosnhecres = L
PbClZ : Vo + V

1 Dry

Thus P

The results obtained in this study are given in
Table 16 ag the partial pressure of Pb012 expressed
in millimeires of mercury.

Wow activity is defined ac the ratio of fugacities



of the component in the melt to that of the pure
component, which is taken a¢ the ratio of partial

pressures 1n the melt to that of the pure comgonent.

bl .
_ PpbCi, in n PHO,PLCL ' 0
"Ppel, T ——- 2 LI e at T°K
fPure Pb012

pr012 in m PROJPBCL,

at 7K,
YPure PuOL, |
The activities of Pb012 are given in Table 17T,
and shown in Figure 31, which ig precentced in chapter 11.
The melting point of Pb012 ig given in 'JANAFR?
as 768°K and the heat of fusion as 5.7 Kcals/ mole.
From the phase diagram for PbO.PbCl2 given in Fig 32

the activity of PbCl, at mole fractions IPLO = 0.1

2
and NPBO = 0.2 wag calculated and is included in .
Figure 3 and Table 17.

If one extrapolates the activity-composition
plot for Pb012 shovn in Figure 31 to composition
0.5 WPWO, then a Gibbs Duhem integration can be carried
to determine the activity of PbO between purc Pb012
and the equimolar composition, using the value for the
activity of PO at NP0 = 0.5 =2nd at 629°C ( with
reference to liguid Pb0O standard state) debecrmined
from the B I P measurcments,

Similarly a Gibbs Duhem integration can be carried
out to detecrmine the activity of Pb012 between pure

PO and the equinolar composition from the activity-—



TABLE 16,

e s Pyt e LA

] £D e

Partial pressure of lead chloride above

nPbO.Pb012 melts.

Pure Pb012

P mm Hg
9.243
7;003
9.235
7.216
8.057

Mean = 8,151 mm Hg

Standard Deviation

i+

1+

1.069

13,11%

NPbO = 0.1

P mm Hg
Te35
6.56

Mean = 6.955 mm Hg

Standard Deviation

it

1+

0;56 mm Hg

84052 %

NPbO = 0.2

P mm Hg
64565
5.009
6,127

- 5.875

7.04

Mean = 6.123 mm Hg

Standard Deviation

0.765 mm Hg

+ 12.49%

NFDO = 055

P mn Hg
4,593
4.193
3,094
3,894
3,425
3,928

Mean = 3,854 mm Hg

Standard Deviation

1]

1+

1+

0,535 mn He
13.38%
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TABLE 16, continued,

NPbO = 0.4 P mn He
3,105 Mean = 2,929 mm Hg
2,616 Standard Deviation = + 0.272 mm Hg

3,066 = + 9,29%

B e T
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O Vapour entrainment results.

X Emf results with reference to
liquid PbO as standard state

® Results from Gibbs Duhem
“integrations .

A Phase diagram
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composition curve for FbO at 62900, ( with refcrence
to liguid Pv0) determined from the B M F measurcments.
The results arc algo given in Table 1T and shown in
Fig 31 . The partial freec encrgics and intecgral
frec energy of mixing for n FPb0.PbCl, at 629°C is
also given in Table 17 . The integral frec

energy curve is plotted in Fig 48 s ©cec chapler II.

5. Discuggion:
The greatest care was required when handling
the reaction asscnbly to avoid any epillage of the
melt from the alumina boat, as obviously this would
invalidate the exncriment, and is the largest cource
of error in this cxperiment. In order to minimiszc
this spillage, the nowdercd samples were preuclted
into the alumina boats gcuch that the boats were
annroxinately onc third full with the melts. Defore

to

the exneriment the bosts wore vicually examined
cnsure that there were no traces of the melts on the
outsidc or tom. The "zero-time! cxperiment i
obviously & source of crror because the corrcetion
anplied for the heating un and cooling down timoes 1s
dependant on the temperature versus tilue characteristic

in the furnace. As o cold recaction tube 1g introduced

into the hot furnacec, then the furnace cools initially



TABLL T7,
The activities, partial free energics of Pb0 and
PbCl?, and the integral free energy of mixing for
the sypsten nPbO.PbCl? at 629°C,
. N - % B
Composltion , apyg Bppc, B8pyo Apre1, Dy
I PpO.
0.9 0.5876 0.0003[{=0.953 | =L4.54 24 3LTT
(EJMLF)  (G.D)
0.8 0.4083 | 0.,0029!=1,605 | =10.47 1=3.378
(EMLF)  (GD)
0.7 0.2469 CoOL4L I =2.50T { =T.637 -4 ,046
(z.M.P)Y (G.D)
0.6 01157 0.0572{=3.865 | =5.728 -4 ,3702
(E.M.TY (G.D)
‘ (BE.1.F)Y  (B)
0.4 0,0198 0.36 ~7.,027 | -~1.83% ~3.9094
(G'QD) (V.E)
0.3 0.0116 0,47 1=T.,981L | =1.352 ~3e¢ 3414
(G D) (VE) |
0.2 0.0028 | 0.75 |-10.53 | =0.515 |=2.5180
(G.D) (V.E)
0.1 0.0013 0.85 «11.,923 =0,29L {=l.4542
(G WD) (V.1) %
, i

(EM.F) o.. E.M.F. technique results with refereonce
Ho liguid PbO.

(V.B) ... Vapour entrainment results.

(C.D) ves Results obtained from Gibbs Duhem integration.
(E) ee. DBxtrapolated result from vapour entrainment
results.
. - —
- _ Do o 4 - " ¢ !
IT PO = 0.1 Phase diagram anClZ = 0,382 i
I PO = 0.2 0.7413

Phase diagram appap . =
—2
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and has to heat up again to the controlling temperaturec.
The error in the measured total volume of gas saturated
with the vapour is small compared with that from the
previous two sources, cxcept that there is a danger
that some of the gas could cscapc undcrneath

the plug if the plug is not oressced tightly into the
reaction tube. The R. M. S. error in the vanour
pressurc measurcments was found to be about ten mer
cent, which is unfortunately large.

The value found in this study for the vapour
precsure of Pb012 at 62900, 8.15 mm Heg asgumes that
the vapour is monomeric PbClz. As was vpreviously
discusscd in Chanter 2 (2), the vapour could
contain dimer and higher polymers of lead chloride.

(26 ) have uscd a boiling

Barton and Bloom
point method for the determination of vanour pressures
of molten salts and at 629009, they obtain a value
of 6.2 mm Hg. If one assumes that the vapour
concists of monomer and dimer only then the cxperimental
valuc obtaincd in this study suggests that 30% of the
vapour is dimer. A knowledge of the moleccular
weight of the lead chloride vapour is not nccecsary
for the boiling point method.

It seems unlikely %that any complcexeg such as
szo 012 will be present in the vapour becausc of
the large differcence in vapour pressurcs between

PbO and PbCL I+ would however be intercsting to

2.
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run a Mass Spectrograph on this system to study the
vapour sbhecies above n PbO PbCl2°

(27 )

Bloom and Hastie carried out a mass spectral

study on the system PhClZ, Po Brg. The wvapour

was found to contain only the spccies PbClzg Pb Br,
and PbCiBr, In this study if onec assumes that the
proportion of any other species to monomer in the
vapour remagins congstant with changing compogition of
the melt, thHen the actuacl composition of the vapour is
irrelevant in the calculation of activities,

The error in the activity results from the
vapour entrainment experiments arc about i 14% and
from the E M F experiments are about 5%. The error
in the temperature in both exveriments is about h 1OC,
is the error in &G?bClz from the vapour entrainment
is about * 350 cals and in A8, from the E M F
experiments pa 130 cals, The agsumptions in the
Gibbs Duhem integrations arc additional errors with
the result that the total crror in QGM is

aponroximately p 400 cals.
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PLAHTD G

GENERAL DIGCUSSION

In chapter 11, the thermodynamics of pure PbO
and the Pb0 melts n Pb0.3510,, n-PbO,PZO5 and
nﬁPbO._PbCl‘2 are discussed in turn. The thermodynamies
of‘n:PbO.SiiO2 and n PbO.P205 melits are considered in
the light of various structural theories, which have
been outilined in section A. The thermodynamics of
n PbO.Pb012 melts however are treated more with an
emphasis on polarisation and compared with the data
on n PbO.PbFé melts obltained by Sridhar.

In chapter 12, the thermodynamical data
available on the sodium phosphates are discussed
in terms of ring-chain equilibria which occur in

the phosphates, the silicates and the borates.
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Chanter 11, THERMODYINAMICS OF SOME PbO MELTS

L. Thermodynomics of pure FbO.

The phase diagram for the system Pb - PO is
given in Fig 33 . It 1s observed from this
diagram that this system consists of a monotectic
with a melting point of approximately 850°¢. The
relevance of this phase diagram to the present study
liecs in the fact that the cell used contains the melt
in contact with liquid lead, with the result that the
obscrved melting point of lcad oxide in contact with
liquid lcad should be approximatcly 850°C instcad of
897°C which is the melting point of pure lecad oxide.(EW]
1% wag possible to mcasure the B M F versus temperature
relationship at temperaturcs below the frecezing point
of the melts in this cell, sincc a2 solid clectrolyte
ig involved in the cell design, and the results for
pure lead oxide arc shown in Pig 8 as the lince of
lincar rcgresgion, scc Chapter 5. Similarly

( 2m ) ( 23)

Charctte and Plengas and Jacob measurced
the E M ' versus temperaturce rclationship for nure
lead oxide above and below its melting point, using
cells containing solid electrolytes, and their resulits
are shown in Fig 8 ., Sridhar ( 4) however used
an oxygen electrode which involved bubbling oxygen
gas through the surface of the melt and as a result

could only measurc the E M P versus temperaturc

relationship at temperatures above the freezing point
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of the mclt., Sridhar's rosults for nure lead oxide
arc also chown in Fig 8 In Pig & it can be
scen that the ypesults for pure PO from this study,
from Jacob, and Charette and Flengas are in failr
agrecment with cach other and the extrapolated
values from Alcock and Belford using the value for
&Hf PoC determined in this study. Howcver these
results are about 30 millivolts larger than theooce
obtained by Sridhar( 4 ), which suggests that the
clectronic conductivity of nure PbO liguid is not
neglligible ags was asgumed in the treatment of the
results from Sridhar's ccell, butbt in the order of
4 to 6%. Sccondly, it is of intecrest to note tha
the apparent melting point of PbO in contact with
liguid lcad measurcd in this study is 865OC, and from
Jacob is 8580C9 which is in agrccement with the
approximate monotectic temperature discussed
previously. Charctte and Flengas show this valuc
to be 875°C.

The free encergy of formation of liquid PbO
obtained in the present study is given by the cquation

Dop = + 16.403T = 44,149 (£300) cals/molc PbO
and is plotted in Fig 34 as a functlon of Tcecmperaturc.
Also nlotted in Pig 34 arc the results obtained by
Sridhar( 4 ), Richardson and Wobb( 15;), Matosushita
and Gotol 20 s Eiliot and Gleiser' 60 ), Alcock
and Bclford ( 49 ),(extrapolated), Charctte and
(21 )

, Jacob( 23 )and BG® from recent

Flengas
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thermochemical data( & ).

The work of Matsushita and Goto has been corrected
for the Ni/NiO roference elcctrode using the standard
free cnergy chamge of the rcaction 2Ni  + 02 = 2Ni0

(61

ag given by Steacle The free cncrgy of

formation of liquid Pb0 from the work of Matsushita
and Goto after correction is:-

¢ ° = 418,100 - 45,736 ecals/mole PhO.
T 1

Prom Charette and Flengas' work:-—

NG 5 =+ 17.96 T - 45,560 cals/molc FPhO.

Prom Jacobs works—-

0G 8 = + 17.903 7 =~ 45,652 cals/molc.

From Sridhar’s work:—
ﬁGg = + 18,90 T - 45,830 cals/molc PhO.
The free energy of formation of liquid PbO determincd

in this present study is an exccllent agrecment with

the values compiled by Elliot and Gleiscr ( 60 )but
differ from the other works by about % keal. Sridharts

valuc differs from the other works by about 1 Kcal in
he opposite direction, which again suggcests an
clectronic transport number of 0.04 in pure liguid
Poo.

The free encrgy of formation of solid PO
determined in the present study is given by the
‘equationzu
G = +‘22.633 T - 51,241 cals/mole PbQ.

T
From the third law of thermodynamics §G = (H when 7=0°K.
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This diffcrence between the free cnergy of formation
of the liguid and the solid extrapolated to 0°x yiclds
K

. q + Yool a r ( '23 ) -3
result was 6.37 = 0.4 Kecals/mole. Jacob gives

Fusion PO = 7.19 Keals., The calorimetric
the frec encergy of formation of PO solids-
ﬂGg = 4 23,635 T - 52,127 calc/mole PO

which yields a valuc of DBH P00 = 6.47 Kecals/molc.

fusion
Alcock ahd Belf@rd( 49 ) have determined the free
enérgy of formation of P00 golid with the result:=-
NGg = + 23,6270 - 52165 cals/mole PoO.
These three cquations for the frec cnergy of formation
of solid PO arc in good agrecment with one another.
It ig difficult at the prescent time to distinguish
between the cquations for the frec cncrgy of liguid

PO without a further study by a different technique.

2. Thermodynamics of nPnO. SiO2 Mclts.,

e B

It was proposcd in the last section that the fault
with the treatment of results obtainced using Sridhar's
cell, was the assumpntion that the contribution duc
to clecctronic conductivity in the melts was zero.

However as onc increases the silica content in
lecad silicate mclts, one would cxpect this contribution
to approach zero since large silicate ilons arec formed

with the result that the cctivation cnergy for the
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transfer of clectrons from one cation sitc to another
should incrcasce as tho size of the gilicate matrix
increascs., If thie is the casc onc would oxpect

that the plot of E M F versus composition from thio
gtudy should approach the same plot obtained by

Sridhar, gince the only diffecrence between the two

cells is the introduction of a solid elcctrolyte to
cnsure that the transport number of oxygen ions is
unity. This relationship ig shown in Fig 35 together
with the results obtainced by Charette o2nd Flengee (21').
Fig 35 shows that the resulte from the present study
and those of Sridhar fit this explanation, but the
rcsults from Charctitce and Flengas differ, In Pig 36
the activity of PO in nPbO.Si02 melts as obtaincd

from this study, from Matsushite and Goto( 20 ), from

(28 )

Charctte and Flongas( 21-), from Sridhar and Joffcs
and from Richardson and Webb( 15 ) arc given.

The results from the prescent study avpecar to be
in good agrecmcnt with thosce obtaincd by Matsushita
and Goto, who also uscd am iron clecctrode in the
liguid lcad and a solid clectrolyte, across the wholce
composition rangc. In the lecad rich compositions
these regults also agree with Charette and Flengas
but arc greater than those obtained by Sridhar and
Richardson and Webb, although the results of Charctte

and Flengas show a slight positive deviation from

Raoultian ideality in this region. However as the
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silica content of the melt is incrcacced the activitics
of Charctte and FPlengas apnroach thosc of Richardson
and Webk and arc smallcr than thosc found in the
present study. It sceme likely that the differcnee
between the results obtained in this study and those
of Charcttec and Flengas rcsult from the design of the
cells that they used. It is intercsting that in this
study and that of Matoushits and Goto an iron
clectrode has been used to make the contact with the
liguid lead, whereas Charctte and Flengas have uscd
an Iridium wirc which passcs through the mcelt dfirdo
the liguid lead to make the contact. Without o
further investigation: into this system using another
technique, it docs not scem possible at the present
time to show which is thc corrcet activity plot.
The phase dlagram for PbO.SiO2 Ig given in Flig 37

Tf onc usce the valucs for the latent heat of fusion.
of PO determined in the present study and the
temperature of fusion of 897°C as reportced by
Bodigina< 3T ), them the activitics can be caleculated
from the phasec diagram. If onc can asgumec regular
solution behaviour for the liguid, then the activity
at any tempoeraturce in the liguid can be rcelated to the
activity at the liquidus using tho cquations-

Tlln YI_ = T,in Y, , wherc ¥ is the activity
cocfficicut.,

The activitics calculatced from the phasce dicgram
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at the liguidus and at 21000°C arc given in the

following tablc together with thoe experimental rcsults

at 1000°C. Table 18,
Comp081tion;§ Ap10 _ B0 210
NPbO From phasc experimental Charctte
diagram This study. and Plengas
0.95 0.914 @ 860°C 0.9% 0.955
0.90 0.842 @ 828°¢ 0.90 0.92
0.85 0.748 @ 785°¢ 0.83 0.85
0.80 0.646 @ T736°C O TT 0.77

The phaO“ diagram activitlies are siighitly lowver
than the cxperimental valucs from this study, from
Charcttc and Floengas and from Hatsushita and Goto.

Thils suggests that the silica in fact starts to

polymerise at lTower silieca contents, by such a rcactiom

= > 3 o 2— 3
as 2510 4~ = 5i,0,0 0 , than has proviously

b= +
4 27T
heon suggcstclde. The cxpeorimental activities in the

range pure PO to N Pb0 = 0.7 can be comparced with thc

activities caliculated from the Temkin modcel if onc

o
agsumes thet the only ionie sSpecics presont arc ;bL+

02” anwd SI0 4~ . Prom the Temkin modcl:-

= Ny2+. N, 2= but gsince Ny;2+ = I , then
“Poo i 0“7 9 i

- 1L 2=
a = N 2w = O

Tor example at N PO = 0.9, nPb2+ = 0.9
Byi0, = Ot
4 2= G 4i - O o T = :
But olO2 + 207 s 01044 , thercfore nSiOﬁ4~‘“ 0.0
and 1T 2—' = 009 faad 002 = 007

0
Therefore apyy = Foryo.1 = 0.875
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The result is shovn in Fig 38 together with

the cxperimental activitics from the present study, and
those of Richardson and Wobba The deviation of the
activity of PO from this study from the Tomkin model
begins at lower silica contents than was sunposcd
from the cxperimental activity of PbO determincd

v Richardson end Wcbb . Congidceration of the
adtivitics of PbO determined by Charette and Flcngass(zms
and Matsushita and Goto( 20 )also show deviations
from Tomkin at low silicate concentrations, It has
been supposed that thd deviation i duc to a

polymerisation rceaction of the types-

] % . 2...
2510 44-— wwu 832076- + 0
Ilood and Knapp (16 ), asg dogeribed in Part A divided

the lead silicate systoem into three composition ranges,
and suggested polymcric speciecs which forced agrocment
with thoe obscrved activities.

In the composition range N PO = 0.8 to ¥ PO = 0.6,

a possible polymerisation reacticn is

2510, 4= =3 Bi0n6- 4 0%~
Kt = U81,0,6~ + Moo ceee (D)
21
N
») A y/
%104,

At the stoichiometric orthosilicate composition
the observed activity of PbO is 1n the order of 0.5,
compared with 0.33 ffvom +thoe results of Richardson
and Wcbb, and thus if this was the only polymerisation

reaction at this composition, all +the silica would be
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present as Nol 0 6 and thoe cquilibrium constant
2
would tend to 1ni1nltyc Flood and Knapp proposcd

an alternative equilibriums -

30,4 === 3077 + (51095 N
- ]}‘i 2"' ™ :N L .. 6"
K = 0 (5103)3 sco s (2)
J
]\'“IO /‘._

Using Riohardson and Webb's activity data, they
cevaluated K at the arthosilicatc composition to be
0.0225 at 1000°C. Using the presont activity data
at 1000°C, the¢ value of K becomes 1.599, If & nixturc
is composcd of Noy moles PO and Ne 4 molcs S102, then

a silica balancce results in the cquation:-

Ox
H -1 3n o 6""3 e ¢ 00 (3)
and an oxygon balancc glvegs=—
s — (8)] \

Fromn cquutlons (2), (3) and (£) +the molc fractions of

N an OZ- can be determined.

510,4- ? N(Si03)
The rc sult is shown in the following tablc with ¥ =1.%99

at 1000°Cs~ Table 19.

NPbQ NSiOﬂ4— N(Si03)3 NOZ— 2110 cxperimental
!

0.8 0,208 0.037 0.75 0.755

0.66T1 0,267 0.183 0455 055

On6 0‘243 00351 Oo4—057 00385

The theorctical activitics are in good agrccment

. . . .. ) . ; (
with the cxperimental valiucs using X = 1.599 at 1000°¢
for the cquilibrium given in ecquation (3), in the same

way as this couilibrium can be madc to fit the result
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of Richardson and Wobb( 15 ) using a value of 00,0225
for K. It is unlikely however that only four ionic
gpecices are prusent in thesc melts, if the silicatces
arce considerod as being analogous to thoe phosphatcs,
then the present knowlodge of the structure of the

phosvhate gystems would indicatce a large varicty of

anions arc prescnt.

Masson‘62 ) has considercd the cguilibrium: -
2510, 4= == 8i,0,6~ + O (%)
with the cquilibrium constants—~
ki = ]X(2.1\-102— 3 6 &9 080 00 (6)
11 S B
N _
1

The result from the Temkin cquation iss-

N NM2+ . N02u = N

Subotitutine for Myamd N, in couation (6) from thc twa

02— fcr a binary system.

theorics discusced in Chaptcr I, then for the Flory
distributions: -
B _ kll( 2 —:ﬁ)z

294 =

Tor the Massonm distribation:—

24
4T . ek Rcnosl .
| “m0 - (1 3
L = ay, 2
Where o 1s the fracticm of functional groups that hawve
~ A
condenscd. Masson( 62 ) has rclated ={ to the molc
fractiom of SiO? by the cquations—
. iy 1 o\
o(:l"(l“amo)f(-ﬁ -2)
2

2
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If kyy = 0.196, thom Masson's theory

( 19) fite

the average of the results obtaincd by Richardson

axd Wehb‘ 15 )

ard Charctﬁq and PFlcngas

( 21)

throughout the whole composition range, whercas Flory's

theory( LT

) begins to deviote at mole fractions cof

PO less than C.75, and approach infinity at N PbO = 0.3,

L e
L)

The activity curves from the Mag

on distribution

whcn‘kil = (.42 and kll = 0.5% arc shown in Fig 38

together with the activity curve caleculated from tho

Flory distributiocn whon k11= 0e55 &

Thesce aetivity curves for Iy 4= O 42 ana kyq= 0.55 tend

to the cxperimental results obtainced in this study.

It scemg likely from the consideration of the

results obtained in this study and the molecular
y

gizoe distribution theorics, that thoe cquilibrium

<D

constant kll ig about twice as largo

;_1:

5]

that

postulated by Hasson on the basis of the results
(15 )

obtaincd by Richardson and Wobb

The partial heats of PbC in nPbG,.510, melis

obtaincd in this study are shown in Fig 39

togethar

with the rosults

Algo shown in Fig
Fae)

in this systoem ob
Lateushite and Go

In the silic

obtainced calorimetically by Klcepp

39 arc the partial heats of PO
tainced by Richardson and Wcbb
tO( 20 ) anad Charctte and Plengas

a rich compogition range NPLO << O,

07

(1!.5)’
( 21)

g

excellent agreement is obscrved between the presont

study and calorimetry, although the particl hcats

L
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obscrved at the lead rich compositions wvoere smaller
from the calorimetric cxueriments. The cccuracy
of partial heats from B M P measurcmants however
should not be relied upon if calorimetric heats

are available.

It is obgerved that the partial heats are small
in the region vure PO to N Pb0 = 0.8, vhich ig
fairly consistent with the view of Flood and Knapp(16 )
that the only silicate anion present is Si044—,
although it has been suggested earlier thet
polymerisation may start at larger Pb0 molce fractions.,
Kleppa(rr )hag nointed out that the sharpest dependence
on corposition is exhibited by the partial heat curwves
(:‘_\HPbO) at aporoximately N Pb0 = 0.65, which
corresponds to the composition at which the reaction.
20°7 4 810, = 810,4~ would be complete.  However,
he has found no evidence of any other simple silicate
ions such as (Si03)g- which casts doubt on attempts
to consider these melts as ideal mixtures of two
anionic specics asg congsiderced by Flood and Knapp( 16)
and discussed previously.

The intcgral heats of mixing from this study
and from the calorimetry cxperiments performed by
Klepp&( 7o) are shovn in Fig 40 . The two studies
comnare well with exnerimental error. The integral
entropice of mixing obtained from the combination

of the integpal free energics and the heats from this
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study and secondly from the combination of the
calorimetric heats with the free energy data from
this study are shovn in Fig 40. = Also shovin in PFig
are the entropies of mixing abtained from the
combination of the calorimetric heats with the
integral free energies obtained by Charette and

(21) and by Richardson and Webb( L5 )

Flengas
If one considers random mixing of PHO and
Pb,5i0, (N Pp0y0.66); then if the only silicate

pecie

6]
1]

5 were $510,4= the entropw of miving curve
should exhibit a cusp at N PO = 0.66, If however

the 81044~ undergoes a polymerisation reactiom of

the type 2840 ,4- = 0°™ 4 §1,0,6= then K £ 0 as in

the first case but has some finite wvalue, As K
increases, the magnitude of thilis cusp decrcases.
The integral entropies of mixing using this model

6 and K==10"3 as well as K = 0, as

7." )

for K =107
cstimated by Kleppa are also shown in Fig 40
The other cxtreme ig the idecal entropy of mixing
curve which congiders random mixing of SiO2 and PbO
and this is also shown in Fig 40 . The results
from the present study clearly support the former
model and are in fairly close agreement with the
cntropies obtained by Charette and Flengas( el ).
Both scte of results exhibit a small cusp at
approximately N PbO = 0.6 which would fit this modcl

when K> 0. It is difficult to interpret thesc

4

0
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entropy rosults morce guantitatively, since the magnitudes
of the non configurational contributions arc not knoym .
Also the effect of the idealisced model of random mixing
off Pb0 and 5102 on. the model which considers random
mixing of PO and Pb28104 is uncoertain,

Darken( 63 ) h

as pointed out that it is useful

to consider the cntirce composition ronge of o binary
system in threce regions, Namely two terminal regions
and the central regionw. Darken has in generel
considered simplec mctallic solutions and has observed
two usceful featurcs in thesc systcms. Firstly heo
observed in the terminal regions that the sccond
derivative of the molal oxeccese frec cnergy with rcspeet
to atom fraction was constant, and this he callcd

the exeess otability function. Secondly im the
central roegion he observed that the cxecese stability
function varics with compositiorn, exhibiting maxima

at compositions corresponding to intermetallie
compouskls . If onc comsiders an actual solution
contaiming A and B, and then divides this solution into
two poxddiens , if the solution were ideal onc would

expect the change in excess free encrgy accompanying

the transfer of a small amount of A from ome portion
to the other and a smoll amount of B in the opposite
direction, to be zecro. If however one considers a
solution containing sodium chloride then the change

in: excess frece cnergy associated with the transicr of
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sodium ions to chlorine sites and viciversa is large.
On this rcasoning Darken pointel out that the cxcess
frec energy change should be large in the vicinity

of a compound, He has deofincd the stability as the
second differential of mollal frce cnergy with respect
to composition, sincc this was found to bc proportional
to the frec cnorgy change for a process in which a
solution is broken Jdowan into two solutions such that
the difference in composition bhetween the two solutions
is very small.

Now Go= G + (1-1, ) TN , where

G

o 1s the chemical potential of oompoaonﬁ:Z, and G

ig tho molal frce cnergy.
2 .
s d &l
Nov stability ~-&J% = %_N~)'UGZ = =2 62
g - an, a(1-1,

(SN S S rsopoceps

)2

H
ot}

Similarly cxccss stability

1
l—Nz

But OG2 2,303 RT*@ loglOag

& log 2o

T

Therefore stabllity = «4.605 RT _

a (21, X

X3

Also dG2

= 2,303 RT & log ¥,

Thercfore cxcoss stability = =4.605 RT - 108 To

2
The cxcess stability calceulated from the aetivity
A
results from the present study, from Sridher and from

( 21)

Charettc anc Flengas arc shown in Fig 4L .
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A1l these curves show a maximun at about N PO = 0.66
which 1s the composition corresponding to 2Pb0.510,.
Since the excess stablility 2t this composition ig

so large, no other maxima werce obscrved at any other
compositions corresponding to the other comnounds
cuell as PbO.SiOZ.

Darker €3 ) 1

as calculateéd the stabhility
functions for the systons Oa0.8102 from the date

of Darkemﬁ 64 ) and Kay and Taflor( 65 ) and
FeO - 8102 from the data of Schuhmann and Ensio( 66 ).
Thesce arc shown in Fig 42 . The largest maxima in
all these silicates systems appears to correspond

to the compound ZMO,S:'LO2 in the solid state. In

the melts at this composition it has becn supposced
that the largest change in structurc with rospeet to
composition takes place with the formation of highow
silicate lonic spoecics,

Carbo liov Ce1) studied the tin silicate

melts and in Fig 42 the oxcess stability function

alculated from his activity results 1s presentod.
Again the maxirmm steobility is observed at the
composition 28n0.8102 although the only compound that
was obscrved by Carbo Nover in thig systen was 2
notastable compound SnO.SiOZ, It would boe intercesting
to determince whether a compound ZSnooSiO2 is presont
in the binary. Unfortunately Carbo Nover and

(68) have only studicd the crystallisation

v

villiamson:
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of glagscs in this systom in the conposition rangc
N 8n0 = 0.2778 to N Sn0 = 0,5840, and thuy give no
indication as to whother o glass con be formed when

N S5n0 = 0.66 .

3 Thermodynamics of n PbO.PZO5 melts.

Only two compnositions were studied with the
modified cell in the lead phosphate system, because
of the excellent agreement in the prescnt study with
the activity results im this system determined by
Sridhar( 4 ). A simillar approach to the lead silicate
system can also be applied to the leacd phosphate
system. Sridhar and Jeffes( 57 ) have Tirstly

2 e
2+,O“ and

considered a Temkin model based on bthe ions Pb
P043~, bud Tound that.the éxperimentdh eactivities deviated
from this model  from a composition’corresponding

to N Pb0 = 0.98 . They have then considered a Temkin
model in terms of PO.5~ ions and P067~ iong as the only
phosphate l1ons present. The PO55= forced the best
agreement with the experimental activities to &
composition correspormding to N PbO = 0.35 ., If PO 5-
exists, then it seems likely that as the phosphate
concentration is increased then & vreaction of the

D
type PO, 5~ — PO + 07" occurs. The T0,3-

4.)
then undergoes a polymerisation reaction oi the
type: -

2 (P ~n-2

i

-1 —-I1=3
?) * (Pn*lo3n+4)

cvoc(]-)

(P

T 3n+1) ﬁrl -
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suggested by Mendowecroft ond Richardsong 2@%@ nartial
heats of PO inn-PbO.P?_O5 neltz determined
calorimetrically in this study,indicate that the
largest: change in partial heat (&EPbO) with composition
oceurs at about ¥ Pb0 = C¢.35 , which is in =accordance
with this model, see Fig 24.

In the lead borate system, which has been studied
by Sridha (4 ), the borate ion BO,5- was found to
fit the activity results better than BOBBw using a
Temkin apnroach. Thusg one could expcct a similar
reaction to that sugcested for the phosphates in which
o reaction of the ftype - BO,5= —» BO 33—+ 0°
may occur, and then polymerisation of the 3033~
ions ag before. Kleppa( 8 ) hags obsgerved a chaxrp
dependence of the partizl heat of PO inn Pb0.3203
melts on composition, in the composition range
N PO = 0.84 to 0.8, which may indicate the start of
these reactions, The partial heat curve versus

composition for PbC in n PbO,PZO melts determined in

5
the present study, is similar in shape to those

deternined by Kleppa in the n PbO.SiO?( 7)

and

+ O O(S)C‘C* e wh o J"th

he n Pb .B2 3 systems, which suggest that
polymerisation of the andons is of the same form

in these three systens, It has been suggested
earlier in the discuscion on the lead silicate systen
that the polymerisatio®™ reaction of the tType shown

in equation (1) above beging at compositions which

are richer in lead than the orthosilicate composition,
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and thuo it seems likely that the polymerisation

takes the same form in the phosphatc and boratce cystems.
In Fig 43 the integral hest of mixing curve for

PbO.P205 ic esivem together with the free energy of

( 4) (69,

mixing curves from Sridhar and Cox
Fyrom the combination of the integral enthalpies with
the integral free energies from the two studies, the
entropies of mixing can be determined and are shovm
in Pig 44 . It apnears that the integral entropies
obtained using the estimated free ener y curve of bLridhar
are more incorrect than those obtained from Cox's
work, since the entropies calculated in this way tend
to be completely negotive in the firs+t case and
negative and positive in the latter case. Since
however the integral heaots and free energles are large
with correspondingly large errors, in the lead
phogphate system, and the ndn configurational
contribution to the entrony is unimown, it is not
surprieing that the entropy data czlculated in this way
are meaningless., Also the free energy of mixing
curve determined by Sridhar was based on the phosphorus
pressure being one atmosphere at I PO = 0,55, and
Cox's work was carried out in the solild state
5OOOC - 7OOOC tsing the B I F cell represcented byt~

Pb { P10 || 2705, Y50, |} PRO.PL05) PD

The present enthalpy measurcments suggest that the

integral free energy of mixing eurwe should bc just
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slightly more negetive thoan presented by Cox purely
on: the consideration of cutropies.

The excesg stability funcition for the n.PbO.P205
system, which was discusscd in the last scction, is
shown in Figd45 versus composition. A maximum
corresponding to N Pbh0= 0.0 is observed. This
conposition corresponds to the compound 4PbO.P205 .
This maxiinum indicatesz o rapid change in constitution
of the melts at this counposition which could rosult
from a reaction represented by the equeation:—

PO55— ~> PO 3~ 4+ 02“f arnd/or polymerisation
of the PG43—7 ions.,

(

Sridhar anmong other workers has considcred
the effect of diifcerent cations on the heats of
fornation of +their rcegpective phosphates, see Pig 27 .
He has shown that the breadth of the distribution of
the phosphate ilong is directly related to these heats
of formation curves. This can be better understiood
if one considers the systens -~ vhosphoric acid,

lead phosphate and calcium phosphate. I onc ca
congsider that the heats of solution of the cations
in these melts are comparable, then the first
ionisation enervgies given by Pauling( 70 ) arc

a measure of the ionisation pobentials of the cations.
Thus 1t is clear that the ionisation potential
decreases from calcium to lead to hydrogen. If onc

now considers a limear vhosvhate. chain coantalning

initially thvec phosphorus atoms, then this may
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disproportionate according to the rcactions-—
ol e e 2w 2 2 -
2 Pe(Q=~P=Q-P voey Pae(eP + P=0Q=P-0-P~-0-~P

e
ca Tt
If a cationm with a larger iomicsation is brought

up to this phosphate chain, it will induce greater
polarisation on the phosphate chain, with the result
that the repulsion hetween the opposite ends of the
chain isg greater. Thus the above reaction will
reguire a larger free energy than a siniler reaction
in which the phosrvhate ion 1s unpolarised. This in
turn vill be regpomsible for the diminished
distribution in +the presense of a highly polarising
cation. The heat of formation of lead phosphate is
smaller tharn that of calcium phosphate, as can be scen
in Pig 27 .

It is observed that the heat of mixing incrcases
from silicate to borate to phosphate with o comion
cation. In an instance, where lead iz the comion
cation and considering the couimolar composition,

the following heats of wmixing have been deteraincd:-—

Pb0.510, Results from Kleppa( 70) BHy = —1.95Keals
PbO.B203 Results from Kleppa( ) QHM = -6,7 Kcals
PbO.P?O5 Regsults from this study &HM = =33.45 Keals

It is apparent from a consideration of tho
electronegativities of silicon, boron, phosphorus and
oxygen that that the phosphorus oxygen bond is more
covalent than the boron oxygen bond which in furm is

more covalent than the silicon oxygen bond. Thus one
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would expect larger hroats of nixing and smallcer
distributions in the phosphates compared to the

silicates, since more energy is reguired to break

O,

a phosphorus oxygen bond than a cilicom oxygcen nonde

4. Thermodynanics of n.PbO.Pble2 melts.

The aetivities of PbO in n Pb0.,PRCL, mclits at

2

. O . . . . .
1200°K determined in this study arc shown in I'ig 46

together with the activities of PO in m PbO.PhI

(4 )

2
melts which were determined by Sridhar - i
one assumes that these melts are simplce ionic solutiong

- 2- 2- : - s
containing Pb F, 0 and Cl  ions, then the activities

according to the Temkin model( 10 )

and the Tlood,

1
Forland and Grjotheinrs model( 1) discussed briefly
in Part A can be detcrmincd.

According to the Temlkin model in PbO.PbClQ nelts,

£ = M. 2+ J Pam = N 2= ginnce N y ==

Eppo = MPbL‘ . moa = NOL gincoe LPb2+ 1
N 2= = IIOQ“

0 e s .
NGe= + Np~ (' ? -

i ] - _ To1”

Similarly Bppet . T NCI* = N E

2 ‘ T = + Ty o= |

{ CL 0™ i

The result from the Flood, Forland and Grjotheim

model givess -

A'h e
8ppo = Npe= = = 2mpe-

and apygy = MNp= = Og-
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The activities of PbO calculated from these two
models are shown in Fig 46 , It is anmparent that
the experimental results are in bebber agrecmont
with the Temkin model than the Flood, Forland and
Grjothein model.

It has been suggested carlier that the electronie
conductivity of pure PO is not zero as was presumed
by Sridharl 4 ) but is of the order of 4 to €. It
gseens likely in the Tight of previous discussion that
in a system such as n PbO,PbFZ, that as the concentration
of the PbF2 ig increased the melt should becone
completely ionic in nature. On this reesoning it is
probable that the activitics of PO in n PbO.PbF2
rnelts should be slightly greater than those given by
Sridhar, and are more likely to ve in closer agrcomemt
with the Tenkin model and with the present recults
for B p10 in the PbO.PbCl2 syotem at Pb0 rich
compogitions. Thus the deviation of the activity
of PO at the equimolar composition may be lerger
than suggested from Tig 46 .
The phasgc diagram was defermined by Rudolf Ruer(71 )
im 1906 and the compounds Pb0.PbCl,, 2Pb0,PbCl, and
4PbO.PbCl2 were suggested, although the PO liguidus
was not altogether clear. Using this liguidus, the
activitics of Pb0O can be calculated, using the value
of &Hf determined in the present study and the meliing
point of PO given by Rodigina( 31 ). These activities

are shown In the following tables—



180~

S

TABIE 20,

‘ : s
Ao aiti M srature : ; XD
o 1| R TS i
* - “ temperaturiﬁ
0.95 844°¢ 0.88 0.92 1 860%
0.90 730°C 0.74 0.84 1 822°C
0.866 736%C 0.64 0,181 793%
The experimental PbO Liguidus teupcrature can e
calculated from the experimental results and arce alsgo
shown in the tablc above. The experinental results

do suggest that the PO liquidus

ol
wt
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The polarising power of an anion is proportional

to ¢ , where r is the lonic radius. The polarising -
r

power of oxygen lonsg isg greater than that of {fluoride
ions, which in turn is greater than that of chloride
ions. In the first case one could consider the electron
cloud surrounding the lead ion as being completely
symmetrical, since the polarising nower and hencc the
effective 'push® of the two oxygen lons on the electron
cloud is exactly egual. However in the gecond cas
the »nolarising power of the fluoride ions is slightly
smaller than that of the oxygen iloms, in other words
the effective push by the oxygen lons on the electron
cloud surrounding the Pb2+ ion is greater than that
exerted by the fluoride ion. In the third case this
effect is even more marked, with the result that
the electron cloud surrounding the lead cation will

3

be distorted well over towards the chloride anion.

Less Screening
.. Son Tr s
0~ ., PP / c1L |
s.“ - Ac,m s

The result is that there 1s legsg screening around

the nucleus, which in turn causes electron flow from
the oxygen atom towiards the lead, and increases the
covalency of the lead oxygen bond. Thus 1t secns
reasonable that the nature of the lead oxygen bond

is wore govalent in the presence of chloride ions than
in the presence of fluoride ions, which will result

in the lowering of the oxygen ion activity in the former

o o O
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case, Since the Temldin model gives App = Ny2-
then this effect cxplaing the experinental result.

It anppears from plots of RT In YOZw versts
N2~ (Temkin), and RT ln Y 2- versus lj2- (Flood) ,
shown in Fig 47T , that these n.Pbo;PbClz melts
do not exhibit regular solution behaviour, since for
a regular solution RT In Y 2- = kiﬁ?- , where
k is temperature invariant. When NF" = 0 , then

RT 1n Y,2= = 0 , which mnust fix onc¢ point. The

C
deviation from regular solution behaviour is much

larger using the Temkin model than the Flood model,

The inference is that the eﬁtropy of mixing is not

ideal. This is not very surprising on consideration

of the interactions that have been discussed.

The activity of Pb012 determined by the vapour
entrainment technigue at 629QC is shown in I'ig 3T, Chap 1O
together with the sctivity of Pb0 with referecnce
to 1iguid Pb0 at 629°C from the EJLF. technique.

By extrapolating anClZ o N PO = 0.5, the activity
curves for the two components have been conmpleted
using & Gibbs Duhem integration. The activity

of Pb012 from the phase diagram can be calculated
using the values for the latent heat of fusion and the
tempernture of fusion of pure PbClz given Dby Blanc

and Petit( 72 ) BHf = 5,7 Kcalg/mole,

usion
melting point PbCl, = 768°K.

The results are shown in the following tables—
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RTIN Yo, Vs. N at 1100

°K & 1200°K (Temkin)

RTlnYcl)2" vs. Ng'-— " “” Y " (FlOOd) .
o4 0-5
: 2
RTInYog__ Vs. NF“
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TABLL 21,

[nshulvemrioran oS

Compow ition E'Temperaﬁure ! anCl? anCIZ

N PbC12 of ligquidus phase_diagram experimgnﬁal
0.9 470°C 0.882 0.85+0.13
0.8 438°¢ 0.74% 0.75+0.13
These phase diagram activities are in good agrecment

vith the experiment although no conelusions as to the

validity of the PbCl2 liguidus can be drawn because

of the relatively large error in the values of thc

experimental activities, After calculation of the

partial free energies, the integral frie energy of

mixing was

NGy = W BGl + NG,
The tenperaturc
was

activity measurements

determined from the equation:-

and is shown in Fig 48 .

dependence onn the activity of Pb012

not determined because the accuracy of the

did not merit such experiments.

However the heat of formation of PbO.FWCIL, ( M PoO= 0.5)

is given in the National Bureau of bLtandards 1952

ag well as the heats

all

PO+ PoCL =

298
L1

2

Therefore AH

298

Reaction ~
( Oy, at 298°K

of formation of TR0 and FbCl,,

. _ .
values given being at 295°K .

PbO.PbCl‘2

-144,7 Kcals/mole.
6,86 Kcals/mole.
= =3.,43 Kcals/ mole oxides.)

The values aﬁggg for PO and Pb0.PbCl, werc measured

in the calorimeter by the drop nmethod. The walue

902

for Pb012 was

taken from the JANAF tableo,
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AGM CURVE AT 629°C,FOR PbO.PbCly
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& LIQUID PLO. '
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P10 + POCL, = Pp0,POCL, ﬁHR= -6.,06 Kesls

302 ! . /mole
BEZOG (7.3 | 18,35 29.97
T 2 Keals ‘ Keals ! Keals
24 v ,‘;
ELLS
4o 902 i :
3ﬂ288 = {Cp a7 .

g Aog
Therefore €p dT = + 4,32 Keals/mole with reference
\

o

BA% to solid PO
= — 2,05 Keals/mole with rcforence
to liguid PbO

Therefore [H.

902°% = — 8 T S e
Reactiom 27 J02°K = — 8.91 Kcals/mole

(ref liguid liguid PbHO)

Therefore AH - 4,455 Keals/ mole oxides.

Mixing ~
The partial heats of PO were determined in the
E.JL.F. experiment, Table 10 , Chanter 5 (5).

Using the equation NIy = Nlﬂﬁl,+ NobH, , and

a Gibbs Duheg integrations:—
s

- F ™
fAH, = -~ hl anfl, ff, was calculated over
2 e r e

the comgégitign‘range in which_&ﬁébo wags measureds
vwhere subscript 2 in this casce signifies Pb012 ¢

The resulting integral heet of mixing curve 1is shown
in Pig 49, together with QHM of PbO.PHF, as determined
by Sridhar( 4 ) at 1170°K. & comparison ol this
integral heet curve with the integral frec enersy
curve shown in Pig 48 results in the integral catropy
of mixing curve which is chown in Pig 49 .
Unfortunately no firm conclusions can be drawn fron
this curve, except that it docs suggest an crror in

the AH, curve of at least 1 Kcel, since it is to be
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expected that QSM shouvld be positive, This error is
not surprising orn consideration of the method undergone
to calculateilHM‘ It wauld be an excellent idea to
measure ﬁHM more directly at the temperature 902°K

in the calorimeter in the near future.

C13) ..

Trumsden considered the heats of mixing
of two molten alkali-metal halides with a common anion
in terms of the interionic distances, the London
digpersion forces and the polarisation energy.

( 4

oridhar ) has considered this approach in his
discussion on~PbO.PbF2 melts in whieh a common catiomn
is surrounded by anions of different valencies, The
now polar London forces acting between the ions i an

. . . I .
energy which 1Is proportional to-—6 where r 1is the

T
distance betwecn the centres of the long. In fact
! .
E = -C; x i6 ; and Cy is the London constant.
2

Thie is the attractive force between nearest
neighbours and is only important at very small

values of o, Sridhar however has pointed out that
the London force contribution cannot be calculated

at present because of the lack of data on the Lomdom
constants for 02* » 02“. However his considcration
of the PbO.PbF2 melts indicates that the contribution
to the heat of mixing from London forces is snmall,

(73 )

The heat of mixing has been given by Lumsden

as:- [NH = k ff% y Wwhere x and y arc the number of
moles

of PO and Pb012 respoectively, and k = EP + kL’
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™ _ XX
“London = kL(X+y)

zy
2110 = 1 .
and  Dp g gpq sation “F(?Ty)
For the PbO.PWF, system, Sridhar has derived the

2
oxp“ession:-—r ; >
i :
K = -8Ne® gl v E
& 3
{ TPp-0 TP~ |
ey , i
( = fi@‘ , Where »{ 1 he polarisability of Pog+

s T
givernr by Frank to be 4.34 ﬁ.B end P ig the electrie

field.)

This expression was derived:. by assunming that the

r)-o L ol o —
0% Pt 0o polarisation is similar to X+ 27 Y7©
in the systems considered by Lunsden. Using
0 o) !
— -] — ¥ ks 1~ i ) .
Ty = 2,49 A and Tppp = 2.57T A , then Ky = 0259

Kcals/mole
and not 1.1 Kcals/mole as quoted by Sridhar.

0
sing oyl = 3.0L A , Then kP from this exprcssion

U
becomes 6.89 Kecals/mole., It is important to ncte

that these values of EP are very dependent on the value
of Tpy_0 which is uncertain. The differconce between
theoce two wvalueg of ]P goes a long way to explaining
the difference observed betwecen the heates of mixing

of n PbO.PbF2 melts and anboonClz melts.

Kleppa and McCarty( 74 ) have considered the
thermochemistry of some charge—unsymmetrical binary
fused halide systems basically in terms of +the
competition between Tthe two cetiong Tor thoe comion

anion. They have confirmed the statement of Davis( r5
5 Hy

that the interaction paramcter A = =i

X(1=-X)
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(where X is the mole fraction), in a family of rclated
systems to the first approximation is linearly
» . (dl.-- dz)
dependant on the parameter § = -egsseei—s
Vi d.ldm

where dland d, are the interionic distances of the
relevant salts., They have also shown that ?3tends to
zero as §,  tends to zero.

This would appear to be a uscful correlation
for the prescnt systems and the result Is shovn in
Pig 50 . The origin can be considered as the third
point. It would be an interestiing exereise to measure
the heats of mixing in this system, In n PbO.PbFZ,

PbO.PﬁBrz and PbO.PbI2 calorinetrically to determinec

whether this correlation is valid in such sgystems,
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Chapter 12,

ot s

RING-CHAIN EQUILTBRIA IN TWE SODIUN METAPHOSPHATES .

The structures of the phosphate cys*ems are all
based on the fundamental P043~ tetrahedron. The
two simple ring metaphosphates which are of interest
to this studfy are the trimetaphosphate ring and the
tetramnctaphosphate ring. In two dinensiong these

structures may be represented as followssw—

0 0 .
$=0 0
e -~ P\
0 o - 0l O o”
. \ o
0~ ”“*/P ﬁ{ 0 o= T 11
e o ", g i
0 0 0 O
Trimetaphosphate JE\
ring. 0 0

Tetrametaphosphate ring.
The alternative to the ring structure is the chain
structure which for a univaloent cation is represented
by the formula M Pmp3n¢1 where n is an integer.
It is of interest to consider the thernodynamics
asgsociated with removing an NaPO3 cgrovp from a ring
or 2 chain, In order to do this congider the

following equationss-

Tor n = 1 Na31>04 = Na,0 + Napo3 U )
T‘ * -.L = 2 '\'-’- — .:IC, + T‘. 40 # ¢ U c C ¢ © O O 2
Tor n 1\I44_P207 n31>o4 NaPo , (2)
Tor n = 3 Na/P Na PO, + ﬁaPO3caoc,(3)

503010 = B2gFo07
The entropy data which have been measured by Andon,

Coumsicll, Martin and Mash ( 76 >for the sodium nhosphates
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Compound S (2’ 98 {‘1H§;98
cals/deg/mole Keals/mole
(NaPOB) 3 68.47 -878.,6
(NaPO3)4 - ~1169,4
Nazg_PQO’L 54,60 -T763.7
:NaBPBOIO I 91025 "'1.05605
I 87«37 ~1059,1
Nazo' 17,0 =100.7
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are given in Table 22 together with the heats of
£ s e ! : (31~34)
formation recently measured by Irving « The
data for Na,0 has been taken from the tables of
o e ( 28)
Kubaschewski, Evansg and Alcock .

If one considers eguation (1), then the entropy

assoclated with the removal of an Na‘PO3 groupn from
A (77

a chain is 41.54 - 17.0 = 24.54 cals/°K )

where n = L

Dimilarly vhen n = 2 29n IaIPO3 = 23,10 ca.s/oK
n=3 8543 NaPO, = 22.77 cals/ oK

The cntropy associated with each I“EaPO3 group in the

trimetaring structure is 68.47 = 22.52 oals/C°K.

A similar calculation can be performed with the heats
of formation.

VVhen n = 1 the heat of formation per lis 103 Jroup

= = 35G,0 Keals/mole.

When 1 = 2 the heat of formation per NaPO% SYoUD
= =304.0 Keals/mole
When n = 3 +the heat of formation ner NaPOBQrouo

= - 295,4 Kecals/nole,
If one considers the ring structures, then the heat
of formation per NaPO3 unit in the trimetaring
= =292,9 Keals/mole and in the tetrametaring
= «292.3 Kecals/mole. The error in the latier
calculations being approximately 0.5 Keals/molc.

( 59)

I+t has been well established that ag the

average chain length increascs there is a tendency for
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rings to form, When n, the average chain length = 4
there arc no rings present, but as n-—-seocthe vercentage
of P,_“O5 present as rings is about 8%. This tendency
to form rings now bhecomes more avparent in the light
of the thermodynamical data, since as the chain length
increases the entrony and the heat of formation of
cach NaPO3 unit in a chain structurc tends towards
that of cach NaPO3 unit in the ring structurecs. In
order to summarise, it can be said that the heats of
formation andﬁﬁggs data per NaPO3 uni+t in a Llong
chain are similar to those with the ring structurc.

In the present study the heats of formation of
godium Kurrol salt and sodium liaddrell salt have
been measured with reference to sodium trimetaphospia.tes

The result is given by the cquations:-

(NaPO3)3 e Maddrell Salt ﬁﬁ&.: ~5.13 IQmﬂS/NaPO3
(NaPO3)3 —s Kurrol Salt &Hf = =2,96 Kcals/ﬂaro3

Kurrol salt -—»Maddrell Salt Ol = -2,16 Kcals/NaPO3
Both the Maddrell and Kurrol Ualts arc infinitely
long chains of sodium mctaphosphate. An Xray structure

(78)

study has been carried out on sodium Maddrell
salt and i1t wag found to consist of long-P-0-P-0

chains made up of interconnected PO43" groups, the
pattern of the chain repeating itsclf every three units.
Al though the structure of the sodium Kurrol salt has

not been studied extensively, an Xray study wag carried

out on the rTubidium Kurrol salt. Thig structure
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consisted of two s»niralling continuous (i=P-0-P-0C chains
interlinked with one another. The spirals of the

two chains being in opposite dircctions around the
screw axis of the crystal. A Debye Scherrer Xray
powder pattern which was taken in the present study
for the Kurrol Salt exhibited all the 'd' gpacings
expected for a cyctic trimetastructure and a few

other weaker lincs. This result suggests that in

fact the Kurrcl salt 1s formed by the stacking of

)

cyclic groups, ancd then the breaking of “he neccssary
bonds, with the formation of mnew bonds, to form the
double chain intertwined sfructure,

These gtructures are compargblce with infinite
chain silicates, which arc based on the 81044~
tetrahedron. The silicate structures however are
slightly more complex because there are four roactlve

groups per silica ator praecent in thoe cosce of the
i)

silicates, whereag there arc only thrce reactive

-

groups per phosphorus atom in the phoophatis. The
ek : : . 79
infinitely long singlc chains which arc well known( )
arc the pyroxcemes, and these include eme tatite

g 8510 Also amphiboles such as tremolite

30
Callg (SiOB)[| which are infinite double chaing,arc
KNOWIL In the case of the borates however only

the infinite single chains c.g. CaB204 arc Knowi,

which is possibly becausc boron can have three or

Tour coordination.
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It ie apnarent from the present study that the
driving force involved in converting cyclie

trimetaphosphate to Kurrol salt is small, which

explaine the difficulty reported by Albright and
(80) .. ‘ . g : . ,
Wilson in the preparation of the Kurrol salt.

This is not surprising if it is as easy to form ring
structures ac it is to form infinite chains,
The Kurrol salt is a gquenchod metastable
structure and to form Maddrell salt, which is thc stable
form at room temperaturc, it is necessarv to scparate
the two chains present in the Kurrol salt, by breaking
the relevant links and straishtoning cut the choing, The
heat of transition for this process was found to be
-2.16 Kcals/NaP0 3 .
In the calcium silicate system, two infinite
chain structures exist, namely pscudo wollastonite
which appears to be analogous in naturc to the Kurrol
salt, and wollastonite vhich is an infinitc straight
chain analogous to the Maddrell salt. Kubaschewski( 28 )
gives the heat of transition of pscudo wollastonite to
wollastonite a% 1190°C as -1.3 Kcals which is an

interesting comparison with the value found in this

study for the transition Kurrol salt to Maddrell salt.
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Chapter 13.

CONCLUSIONS o

The necessity for using a suitable solid
electrolyte has become apparent, since pure PbO (ITiquiad)
appears to exhibit about 4% electronic conductivity.
The results obtained from the cell used in this study
support the value for the latent heat of fusion
QHf PO = 6.37 % 0.4 Kcals/mole which was determined
calorimetrically, and finally disperses any shadow
of doubt on the value for the latent heat of fusion of
lead oxide.

A study of the lead silicate system by this
author and various other workers, indicates positive
deviations from the Temkin model at compositions
richer in PHb0 than the orthosilicate composition, whem
the only ions present are presumed to be 02", Pb2+
and SiOA4~. This result suggests that polymerisation
of the silicatc ions begins at richer Pb0 compositions
than has previously been postulated, If the only
ions which arc present in the composition range N PbO =0.8
to N PO = 0.6 , are SiO44- and (Si03)§— as postulated
by Flood and Knapp( 16 ), then the valwe of the
equilibrium constant X of 1.599 fits the present data
as well as the value K = 0.0225 fits the data obtiained
by Richardson and Webb( 151). It is unlikely
however that these arc the only silicate species

present in this composition range.
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Masson's molecular size digtribution theory
fits the activity data for PO in n Pb0.31i0, melts
reasonably well along the whole composition range
with é value of kll between 0.42 and 0.55, whereas
a value of kll = 0.196 fits Richardson and Webb's
activity data quite well. The activities of PHO
calculated from the Flory distribution are in fairly
good agrezment with the experimental data with the
gsame equilibrium constants in the lead rich compositions,
but as the silica concentration is increased, 2p10
calculated from the Flory distribution tends to
infinity.

The enthalpy data derived in the present study
for the lead silicate system appears to be in fairly
good agreemernt with the calorimetric heats measured
by Kleppa( 7 ). The resulting entropy data
determined by the combination of AGM and NHy, tends
to fit the model of random mixipg of PbC and Pb2S104
in which 31044- undergoes a podymerisation reaction:
of the typei-  2810,4- = 0°" & 51,0,6-, rather
than the model of random mixing of Pv0 and 5102.

Darken's excess stability function supports the
view that the largest change in structurce takes place
at approximately the orthosilicate composition
in the lead silicate system as well as the n CaO.SiO2,
n FeO.Si02 and n Sn0.3102 systens, This composition:
in the lead, calcium and iron silicate systems

corresponds to the compound 2MO.8102, and thus it is
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suggested that the compound 2SnO,SiO2 should oxist,
even if it is only mctastable.

The enthalpy data and excess stability function
determined in the lcad phosphate systen support the
suggestion made by Sridhar( 57 ) that the ion P055~
exists at very rich PO compositions. It is
suggested that the rcaction PO5- —» PO43— + 0°”

occurs as the P,0. content is increasced, followed b
2 b4

5
polymerisation of the PO43~ ions, The enthalpy data
deternined by Kleppa( 8 ) of the Iead horate syotem
tende to support the suggestion( 40) that the ion
BO45~ exists at the lcad rich compositions.

In the n PbO.PbCl2 system, 11t has bcerm shown
that the presence of chloride ions lowers the oxygen
ion activity to a much greater extent than the presence
of fluoride ions. This hag bcen explained in terms
of the relative polarising powers of the relevant
anions. Also the heats of mixing in the_nPbO.PbCl2
system are correspondingly larger than in the n PbO.PbF2
system, which has again been shown to be attributcd
to polarisation.

A study of the thermodynamical data available
for the sodium phogphates indicates that the entropy
and keat reguirements necessary to place an NaPO3
group into a ring structurc are similar to those
reguired to placce such a grouping into a long chain

structure,which supports the cvidence that long
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chains contain a certain proportion of rings.

It is suggested that the structure of sodium
Kurrol salt is based on the sodium trimetaphosphate
structure, with the necessary rcarrangement of bonds
to produce two intertwined infinite double chains, which
spiral in opposite directions along a screw axis.
The heat of conversion from this structure, which
is & high temperature metastable compound, to
Maddrell salt, which ig an infinite single chain,
was found to be =2,16 + 0.36 Kca]ﬁs/NaPO3 , which
avpears to be analogous to the transition of pseudo
wollastonite to wollastonite in the n CaO.Si02

systen..
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Appendix.

An attempt to study silicate siructurcs.

Un to the present time the structure of gilicate
melts has only been postulated from the experimental
results of various structurc sensitive propertics,
and from the present day knowledge of the structurcs
of the phosphates. Barlier in the presént study
structural aspects of the gilicates have been
deduccd from thermodynamical measurcments.

A number of attempts have heen made to separate

( Sl)and by Sridhar( 4

the silicate species by Lentz
and it appears that the main stumbling block is the
relative easc of hydrolysis of the silicates to

form condensed polysilicates (silica gel). In the
case of tho phosphates however, hydrolysis is slower
and at 3—400 is slow enough to permit a chromatographic
separation of tho spoecles using an agqueous solvent.
Lentz ( 81) has attennted to make trimethylsilyl dexr-
ivatives. of wvarious silicate mincrals followed by

a chromatographic separation, but it seems unlikely
that the structures deduced from thesce results are
representative of the structure of the original
minceral, simply from hydrolysis considcrations.
Sridhar ¢ 4 )has recognized this fault, and has
attempted to methylate sodium silicates with dimethyl
sulphate. Although he has demonstrated that the heat

of such a methylating reaction is very exothermic,
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unfortunately no methyl deriwvative wasg produced.

Vari _ o082y | . : .

arious workers have considered the

esterification of godium and potassium clays to
nroduce an csterclay. Although dircet esterification
with the sodium clay proved unsuccessiul,; however
in the esterification of potagsium clays a reaction
did occur to some extent since potassium lodide was
formed. An explanation for the lack of rcaction
with the sodium clays was attempted in termo of the
ionic sizes of sodium and potassium lons, and tho
sizes of the hexagonal voids in the lattice. Ag
the clays arc considered as being analogous Lo the
binary silicates, an atteampt was made by this author
at an esterification proccss with lead silicate
rather than sodium silicate.

The proposed reaction can be represented by:-

4(;‘2}151 + 2P0.810, = 2Pbl, + Sjﬁ(ocgffﬁ)4
wes considercd, The heat of cuch a reactlon

determined from the heats of formation of ecach of
the components 1g &Hﬁ = =59,4 Xcals and this is
thus thermodynamically possible.

The reaction was carried out in a controllcd
atmosphere of dry nitrogen by boiling under reflux
with firstly ethyl alcohol and then toluene. The
cxperiment was also attempted at room temperaturc.
In cvery instance lead iodide was formed, which
suggested a successful esterification process. However

no ethyl silicate was detected on the G.L.C.



212~

chromatogram and attempts at separating such a product,
by fractional condensation also failed.

It secems likely that a reaction represcnted
by the eguations--

Lead silicate
CH3~CH2—I e CH2=CH2 + HI
occurs at the surface of the lcad silicate. The
hydriodic acid eould then react with the Iecad silicate
to form lcad iodide, and the 02H4 would be lost in the
refluxing operation.

Armother possibiliity is the reactions-—

H5I + H5OH ww&%-CQHSOC 5

Thig 1is unlikely howcver since no C?H5002H5 was

detected in the G.L.C. chromatogram and also lcad

+ HI

iodide wag formed under rcflux in toluenc.

Another real posgibility could result from the
nresence of absorbed water which could rcact with
the ethyl iodide to form hydriodic acid and alcohol:~
I + HOH = SHeOH + HI

5 5
It is of interest to note that at lcast cight

CoH

silicatc species have been scparated from organic
gsilicates, which werc formed bg an organic preparation,
by liguid gas chromatography. 3Tl)lis knowledge is of
utmost importance, if one wishes to consider tho

structures of the silicates in an analogous manncy
O

to those of thoe phosphates.
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