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ABSTRACT

The distributions of polyanions in binary phosphate
glasses of sodium, cadmium, magnesium and lead oxides were
determined by a paper chromatographie technique. The effect of
making these glasses with rigid exclusion of moisture and the
effect of quenching rates on the constitution of these glasses
were investigated. The results indicate that the distributions
are a function of cation and the mean chain length n. The |
breadth of these distributions is directly related to thw
shape of the heat of formation curve for the glassés (from the
constituent oxide), and to the cation radius to charge ratio of
the cation to the extent this determines the heat of formation.
The glasses made under dry conditions and also by fast gquenching
had anion distriﬁutions the same as those made in the con-
ventional manner,

The thermodynamic properties of Pb0O, PbO+3SiO., PhO+
P205, PbO+B203 and PbO+PbF2 melts were obtained by measuring the
emf of the cell,

Pb / Pb0O containing melts / 0, : Pt

The measurements were usually ca¥ried out in the temperature range
850°C to 1050°C, From the emf and its dependence on temperature
the activities of PbO, and the partial free energies, heats and

2 PbO + P205’ PbO +

BZOB and FbO + PbF2 melts were derived .The corresponding

entropies of solution of PbO in PbO + SiO



thermodynamic properties of the other components in these
binary were derived using the Gibbs~Duhem relationship and these
were combined with those for Pb0O to obtain the integral thermo-
dynamic properties.

The interpretation of observed PbO activities for the
lead borate and Phosphate melts, more basic than the ortho
composition, in terms of structural models seems to indicate
the presence of three and four co-ordinated boron atoms in the
borates and the possible existence of five co-ordinated Phos-
phorus atoms in the phosphate, The structural information
gained on the phosphate glasses has been extended to the silicate
and borate systems. Various available models, which relate the
thermodynamic properties andstructure of these polyanionic melts
are assessedj;It seems that Meadowcroft and Richardson's model is
the only one capable of relating quantitatively the structure
and thermodynamic properties of such melts. The thermodynamic
data obtained for PbO + PbF2 melts shows these to be regular
solutions, with an ideal entropy of mixing as defined by Temkin,

Unsuccessful attempts to study the anionic distribution
in silicate glasses by a chromatographic separation technique

are described in the appendix.
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PART A

ZNERAL INTRODUCTION

Chagter 1

(i) Introduction:

The structural and thermodynamic aspects of slags are
of interest to glass technologists and in particular to the metal-
lurgists. Since the majority of slags encountered in extraction
metallurgy are silicates, in recent years much research has been
directed towards understanding the structure and thermodynamics of
these systems. )

First studies on the activites of oxides in complex

slags were made by Chipman and co~workers(1'2). These were then

(3,4,5,6) - (7,6) (8)

extended to binary ternary and multicomponent

oxide-silica melts to understand the thermodynamics of one or more

oxide additions to silica. On the other hand the work of Bockris

(9,10)

and co~vworkers on the electrochemistry of silicates showed these

melts to be ionic in character, Further work on the transport pro-

(11)

perties including viscosity yielded a picture of molten silicates

as ionic melts, with cations respomsible for carrying the current

and moving through a large network of silicate anions =~ which are

responsible for the high viscosity. Studies on borate(lz) and

(13)

phosphate melts and glasses have shown these solutions to be

polyanionic in nature - resembling the silicates. A systematic
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study of silicate, phosphate and borate systems was necessary to
understand more fully their thermodynsmic and structural behaviour
and more so the inter-relation of these two properties for such
polyanionic melts,

(ii) Some Theories Concerning Activities in Melts:

The following theories applicable to ionic salt
mixtures are of interest in view of the ionic nature of these oxide
solutions.

(a) Herasymenko Model

The first attempt at introducing the concentrations:
of a particular ion, rather than that of a neutral molecule, in ionic
. (14) . s
melts is due to Herasymenko . He defined the activity of a com=

ponent in an ideal ionic mixture as follows:-

n
”M1+ ﬂAl_
*wa, T .
171 Eﬁm + F zuA - T o, + an -
1 1 "1 1
VWhere T is the number of M.+ cations, n is the number of
Ml+ 1 Al-
Al— anions and In,, + and EhA— are the total number of cations and
Lll

anions respectively in the mixture.

This requires the cations and anions to be randomly
distributed. For this to happen the heat movements should be so
vigorous, that they overcome the electrostatic binding energy between

(15) have

oppositely charged particles. Tlood, Forland and Grjipthuin
pointed out that Hr sodium chloride, this energy requirement will
not be met below IGO,OOOOC. Thus Herasymenko's model is considered

unreasonable.



(b) Temkin Model

Temkin(16) fornulated the activity of the component

MIAI of an ionic mixture as:-~

3
A, L : L - NMl-!- . NAl-
In, In
ﬁ1+ Al L
Where i, + and Np _ are the cation and anion fractioms.

1 1
.~ According to this model, cations are surrounded by
anions only and vice versa, while the cations as well as the anions
are randomly distributed among themselves, This is energetically
more reasonable to expect than Berasymenko's model,

Temkin's model can be applied to a binary silicate
melt containing O to 33% (mole) SiO2 (i,e. up to orthosilicate com=~
position). If the breakdown of the silicate network follows the
pattern established in the solids (cf Chaper 2(2)), the melt in this

Wl

range would contain ¥~ , Si044— and 02- ions, except at and beyond

2~ . .
NSiO = 0,33 when the aznount of free 0~ ions should become zero.
2

The activity of metal oxide will be given by:-

g = 1o+ . N 2-
MO hN + 102
= | 2=
hDZ
since the cationic mole fraction NH2+ =1
also
’ 2= = ny2=
0
n02- + nSiO 4-



This would give a metal oxide activity in a binary silicate melt

at and above NSiO = 0,33 to be zero. However, in practice this is
"2

never the case because of the equilibria between the various silicate

and oxygen anions and these have to be precisely known before the

Temkin model can be applied to such melts.

an

(c) Flood, Forland and Grjotheim Model

These authors based their model on the similarity between
the solid and liquid states for the szlt mixtures., They formulated

the activity of a component in the salt mixture to be:-

M A = NIHI .- xslAl_
Where N1M1+ and NlAl- are equivalent ionic fractions. For example,
N1Ha+ is defired in a NaCl-CaCl2 mixture as:-
i - "ra’ } "Na
nNa+ * iy * nGa2+ nNa+ * 2nCa2+

+ . 2+
because 2K¥a ions can be replaced by one vacancy and one Ca~ 1lon.
This model over—emphasizes the similarity between the

solid and liquid and one would expect it to be less applicable far

from the melting point.cl?a)

(18)

(d) Flood, Forland and Grjotheim Regular Solution Model

In this model the mixture of jonic solutions is con-
sidered to be regular, that is to say, ideal entropy of mixing with some

heat of mixing. The activity of component MlAl in a mixture is given by:-.

8:‘ -
M A, = I . N Y
t + -
171 My A



i

_5..
Where NM1+ and NAI; are ionic fractions defined by Temkin.

From electrostatic considerations for a solution
- + -+ - . .
containing Na , C1 K , Br ions (e.g. KBr + NaCl mixture), Flood et
al derived the following expression for the activity coefficient Y

4G
yNaCl =  exp. Nle L KBr
RT

Br

Where N1K+ and NlBr_ are the equivalent ion fractions (would be the

same as Temkin mole fraction for mixtures of ions of seme valency)
and AG 1is the standard free energy of the reaction:i-
NaBr(l) + RC1(1) = HNaCl(l) + KBr(l)

@15)

Flood, Forland and Grjotheim applied this theory

to basic open-hearth slags; it was assumed that the principal ions

in solution are CaZ+, Mg2+, Fez+, Sioaa_ and 02_. In this case

vFeO is given by:-

o
RT In yFeO = Nca2+ . Ngoo 4- (-AG 1) + NMg2+ - Ng

) . 4-(-bG°
1 4 10

4
+
Where AG°1 and AG°2 are the free energy changes for the exchanfe

2)

reactions.

FeO + } Ca, 5i0, = Fe, Si0, + Ca0

and TFeO + } Mg, Si0, = } Fe

4 $i0, + MgO

2 4

When applied to experimental data this theory fits

observed values for FeO in such melts up to = 0.25 but above

Tsi0,
this the deviation is high. This is understandable since 02- and

Si044_ would cease to be the only main constituent anions in these
melts because more complex silicate anions would be present as the

mole fraction of silica 1s increased.
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(e) Richardson's Ideal Mixing Theory

(19)

Richardson has extended Temkin's type approach

to predict activities in ternary silicate melts from available binary
data. This treatment assumes that the free energy of mixing of a
binary silicate melt (such as_CaO-SiOz) with another (such as FeC-
SiOZ) of similar metal oxide to silica ratio is ideal, i.e. the heat
of mixinz is zero and that the entropy of mixing is only the configu-
rational one of mixing the cations in a constant anionic matrix. It
is then possible to calculate the free energy of mixing of these two
silicates from the pure component oxides. From these integral curves,
for example at a constant CaO/SiO2 ratio, the partial free energy

and hence the activity, can be obtained by the tangent intercept

3re0
method.
Because of the difficulty in drawing accurate tangents, an

alternative approach has been used by Pichardson in which the activity

of Si0, in the ternary is extrapolated as follows:-

: NCa.O
log (ag:4 ) = log (ag:5 )
- A -1
2 ternary hCaO + JFeO 2 Ca0 U102
.IT.'
+ TeO log (a540 )
- » - — 'q
NFeO + NC&O 2 Fel Sl\.z

From the assumption of ideal mixing,

X

2x Fe0.Si0,) = Vo Fe0.5i0,)
and also,
a* . a..
a( fe0. 610 _ Fel 5102 (ternary) et .
x FeD.8i 2) =5 . {x FeO.SlOZ)
a"pa0 * 2si0 (Binary)

2



- . X . . .
The only unknown is a in the ternary which can be readily calculated,

FeO
This model fits well with experimental data in the meta-
silicate region but not so well near the orthosilicate region. This

has been explained as due to the possible reactions of the type:-

3 CaZSJ.O4 + Fe28104 = 2 Ca381207 + 2 FeO

This again points towards the need for the better understanding of the
anion equilibria in these silicate melts.

(f) Lumsden's Theory

Lumsden(zo) has shown that the heat of mixing in a molten
mixture of alkali halides (with a common anion) can be calculated by
estimating the polar interactions, giving a polarisation energy and.an
energy term due to non-polar London forces. For a mixture of NaCl and

KCl this can be expresged as:-

143

RT 1n yMNacl =K N

Where K = KL + I, wvhich are determined from the London forces and

-

polarisation forces respectively, This theory is in good agreement, for
simple alkali halide mixtures, with available data, but is not easily
applicable for complex melts such as the silicates and phosphates for
which the London and polarisation force constants are difficult to
estimate.

21 ha

Lumsden s used a similar approach for calculating

activities in the system FeO-FeO —SiO2 by assuming the binary and

1.5

ternary solutions to be regular., Here he has calculated the interaction

paramer 'K' from available experimental data instead of estimating it
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as in the case of alkali halides. 1In calculating these parameters
. . Pqs . b+ 2
Lumsden considers the silicate anions te bc present as §i° and O
. . S . ‘1 .
lons, though the existence of 814 ions in the silicate melts is
improbable. The values cbtained for the ternary are in good agreement
with observed data, but this approach gives the melting point of silica
O . . .
to be 4,700, whereas the known value is 1980%&. To explain this
discrepancy lamisden has postulated a standard state of silica in which
s bt 2- . . . . . <
Si ions and O° 1ions are distributed at random. Besides this limi-
tation it is doubtful whether the regukr solution approach will be
applicable to systems like CaO--Si.O2 with very high interaction para-
meters, in which the ions cannot be considered as mixing randomly.
In general it can be seen that a better knowledge of

the anionic structure of these polyanionic melts is essential for ap~
poly

plying the various thermodynamic models of ionic solutions discussed

above.



Chapter 2

Structure of Crystalline Silicates, Phosphates and Borates

(22,23)
(a) Silicates

In silicates the silicon is tetrahedrally co-ordinated
with oxygen. A convenient way of classifying these silicates is accord-
ing to the arrangenment of the SiO4 tetrahedra., 35ilicates with an

unshared SiOaa- tetrahedron are called orthosilicates. These occur

\

in minerals such as divine which have the general formula M SiOA, where

2
M is a divalent metal (Mg, Fe, Mn) or a mixture of such metals. The

81044- has been diagramatically represgented in fig. 1 (a).
Vhen one of the oxygen ions is shared between two SiO4

tetrahedra, the pyrosilicate (Si 6-, fig. 1 (b) ion results which

2%
has been characterised for example in Ssgsi207. The sharing of two
oxygens of a SiO4 tetrahedron with two ther tetrahedra would result
either in closed rings or infinite chains of general formula (8103)n2n-.
Of the cyclic silicon-oxygen complexes only the Si3096- (figs 1 (c))
and 51601812— ions are known to exist as discrete ions in crystalline
silicates, On the other hdand a large variety of chain type structure
are knovn. They are the pyroxenes fig. 1 (d), amphibole double chains,
fig. 1 (e), Mica networks with [Sizog-w with hexagonal rings,
wollastonite chainsgﬁiSOg];, xonotlite ribbons E’:‘iéoul,okenite net-

works with alternating 5 and 8 membered rings and finally apophyllite

networks with alternating 4 and 7 membered rings.
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The sharing of threce O atoms of each Sioé tetrahedron
with other tetrahedra give systems of compositions (Sizas)nzn-. These
could be finite or infinite in one, two or thrce dimensions. Though no
finite icns of the type (SiZOS)n2n~ have been isolated, many crystal-
line silicates of this formula with layer structure have been identified.
Finally the sharing of all corners of each SiOA tetrahedron leads to
infinite three dimensional frameworks as in the various forms of silica.
(b) PhOSphates(IB’zz)

Phosphorus, even though has onc more electron in its
outter shell than silicon, is mainly tetrahedrally co-ordinated with
oxygen in phosphates, which makes the structural chemistry of phosphates
similar to silicates. Thus, similarly we can consider the phosphates

according to the arrangment of PQ, tetrahedra, The phosphates with

4
discrete PO43- ions (fig. 2 (a)) are termed orthophosphatcs and

nymerous crystalline orthophosphates, example, NaSPOA’ Li3P04, YPOA

have been structurally investipgated, The sharing-of one O atom between
two PO4 tetranedra leads to the formation of pyrophosphate (P2074—)

anion (fig. 2 (b)). The . xistence of various crystalline pyrophosphates
exanple ZrP207, Na4P207 have been confirmed. The sharing of two

0 atoms of a PO4 tetrahedra with two other totrahedra can either lead

to ring phosphates or infinite chains of formula (POB)nn-' In case of
rings, P3093_ (fig. 2 (c)) and P40124- are known as discrete ions in

the crystalline phosphates, whereas Si3096- and Si601812- occur in

the case of crystalline silicates. The long chain phosphates of general

formula (P03)nn- (fig. 2 (d)) have been crystallised in the form of
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Rarrol and Mandrell salts,

Though the existence of chein silicates in the com=-
position range of pyro to metasilicate have been postulated, only in
the case of the phosphates the crystalline varities have been isolated in
this composition range. The crystalline tripoly phosphate, 2.0 5=

3710

(fig. 2 (e¢) occurs in the sodium system, whereas the tetrapoly P4O

6~

13

and pentapoly P50167— have been reported in the lead and calcium .
respectively,
Finally, sharing of all three available O atoms in each
PO4 tetrahedron results in the formation of P205 which occurs as 94010
molecules or as an infinite array of PO4 tetrzhedra forming rings to
build up a three dimensional network, The availability of one oxygen
less in case of POA tetrahedra, because of one double bonded oxygen,
restricts the number of arrangements when compared to thoseof SiO4
tetrahedra. Thus in general leads to a less complex structure in the
phosphate when compared to the silicate of same basicity.
(c) Borates(zz)
The structural chemistry of borates when compared to
the silicates and phosphates is more complex due to the possibility of
both three and four co-ordination of Borom in these compounds. %o
general rule has been estéblished for the preferential stability of
three or four co-ordinated borors., To take first the btorates with boron
in three fold co-ordination with oxygen, these can again be considered

according to the arrangement of the BCS groups. The orthoborates

with B033- groups (fig. 3 (a)) have been isolated, for example ScBOB,
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YBO3; the pyroborates, with two BO; groups sharing an 0 atom (forming’

the 52054- ion, (fig. 3 (b)) have been found as the cobalt and magnesium

salts. The metaborates in which two O atoms of BO, groups are shared,

3
with a general formula (BO3)nn- exist both as long chain polymer
(fig. 3 (e)) as in CaBZOA’ and in the ring structure (fig. 3 (d))
as in Na38306. In 3203 it is generally believed that all the three O
atoms in three co-ordinated 303 groups are shared amongst themselves
leading to a three dimensional network.

Some cyclic borate ioms can be built from planar BO3
and tetrahedrally co-ordinated BO4 groups. The main examples of crystal-
line borates of this type are the various hydrated borates, but tetra-
hedral co-ordination may well also occur in anhylrois borates, for which
5

the studies are limited. The Spiro ionm, Bz0y4™ (fig. 3 (e))occurs in

KHaBSOIO' 2H20 vhich contains one BD4 group and four B03 groups. When

these join into a helix this leads to the crystalline borate KBSOS‘ Tern
BO, groups and one BO, gives the ion B308?f (fig. 3 (£)) which occurs

as CaHSB308.H20. Joining of two BO4 and two BO, groups give the iomn
34096- (fig.'3 (g)) occuring naturally as borax NaZ'HABAOQ'SHZO'

The three dimensional frame work ion occur in CéBSOS in which a unit
containing one 304 and two 303 (fig. 3 (h)) form rings which are joined
together as a helix. There are also exémples of borateﬁ which con-
tain only tetrahedrally co-ordinated boron (fig. 3 (i)), for example

in B?0,, BAsO,.

4’ 4
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Chapter 3

Structure of Molten Silicates, Phosphates and Borates

Crystalline structures and that in the liquid state
differ in the thermal energy involved in the latter. This energy
can be high enough to make and break the oxygen to Silicon, Phosphorus
or Boron bonds and rearrange the ions to give a completely different
structure from that in the crystal. This was first postulated for

(24) and has been shown to be the case in the

5=

silicates by Richardson

phosphates(zs)

. For example when crystalline Na5P3010 with PBOIO
ion is melted and quenched rapidly to a glass, and the resulting glass
analysed paper chromatographically, the anion distribution has been

found to be:-

Ortho. Pyro. Tripoly. Tetrapoly. Pentapoly. Hexapoly.

3- 4= 5= 6= 7= B
PO, P20 B30 P4013 P5016 P6019
Z 0.00 22,69 49,36 21.48 5.48 0.93
instead of being 1007 P30105- as in the room temperature crystal. Using

ion-exchange chromatography range of chain anions containing up to 15
Phosphorus atoms per chain, have been isolated in glassy phosphoric

d(26) and sodiun metaphOSphate(27).

aci
Because of this difference between the solid and liquid

state, to gain a knowledge of the structure of the liquid silicates,

borates or phosphates, it is desirable to determine the exact amounts

of various anions present in these melts. Unfortunately no direct

method exists for doing this at the present time, HKence, we have
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to resort to some indirect method to get -an idea about the structure
in the liquid state. One of the methods by which we can do this
in the case of phosphates, is to study the anion distribution in
the quenched glass using the chromatographic technique. (This method
has been employed in this study and would be described fully in Part
B). Here it is assumed that structure of the liquid is frozen in
the phosphate glass. Unfortunately however, no such method exists
for silicates and borates. In the case of the silicates, Lentz(zg)
has attempted to extract the structure from crystalline mineral
silicates but there are inherent difficulties in the method (which
are dealt with in the appendix) and it does not yield any useful
results. Hence, at the present time, there is only the possibility
of extending our observations on the phosphates to the silicate and
borate systems.

A different approach to this problem of structure
is by interpret ing the available thermodynamic data in terms of
structural models. As these models will be dealt with in detail in
Part D only they are briefly mentioned here. Richardson(zg) has sug=~
gested that in a silicate melt an equilibrium of the type:-

2(38i-0) = 3Si-0-5if + 0°"

o] P

or 20" = 0 +0

between the doubly bonded, singly bonded and non bonded oxygen can
occur, The euqilibrium constant for such a reaction will be given

bys:-
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a .o -
K = ,.—-—é,-——---°° i (A.1.)

e
TheK varies with temperature and is characteristic of the cationms
present in any binary or ternary silicate melt., The existence of
such an equilibrium would correspond to the equilibrium existing
between various anions in the melt. In terms of free energy of
mixing curves for MO and SiO2 this would mean that for a system with
a shallow AGM curve, the distribution will be wider than for a system
with a peaked act curve. This can be seem with the help of fig. 4.
in vhich curves 1 and 2 represent thé free energy of mixing for
two binary silicate melts. For the purpose of argument, let a melt

of composition Ii = 0.5 dissociate into a distribution which can

SiO2
be represented by a mixture of anions at A and B, The increment in
eﬁergy in the two cases will be G1 and GZ' That is to achieve the
same distribution in system 2 as in system 1, we need a bigger energy
change for the former. Conversely for a given energy change (supplied
by the thermal energy) a wider distribution of anions will be forred
in system 1 with a shallower free energy of mixing curve than that in
system 2, when there is a possibility of forming a distribution. This
approach gives us only a qualitative idea of the anionic distribution

(25)

but more recently eadowcroft ard Richardson have put forwared

somewhat different model which seemsSto be more valuable in understand-
ing the relation between the thermodynamics and structure of such melts,
Their treatment will be discussed in detail in Parts B and D.

(30)

Toop and Samis have used Richardson's older
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approach and have substituted values for K in equation A,1 and
derived free energy versus composition curves, which they claim
have a similar shape to the integral free energy of mixing curves
for the binary silicates, From this they have concluded that the
I in silicate melts is due to interaction between oxygen ions and
silica only. They have also tried to inter-relate the values of K
silica molefraction and the average number of Si atoms per ion in
these melts.

(31)

More recently Masson as used a model which is
similar to Richardson's newer approach, specially for considering
silicate melts in the basic region where crosslin king may be re-
garded as relatively unimportant. Some attempts have also been

(32,33)

made by Flood and co-workers to infer the type of anions

present in borate and silicate melts, using the depression in
freezing point from the phase diagrams. Also Flood and Khapp(34)
have tried to fit activity data in PbO—SiO7 melts assuming the anions
present to be 02- 5i0 b= (s10,) 6- and (Sio, [) 6-. It seems

? 4 373 2.5°6
unlikely that only these four anions will be present in lead

silicate melts. As mentioned before these models and their merits

and demerits will be discussed in detail later in part D,
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Chapter 4

Object and Scope of this Investigation

From the preceding chapters it can be seen that we
need to have a better knowledge of the structure of thes polyanionic
liquids not only to understend their structural chemistry but also-
to be able to apply the various available thermodynamic models of melts.
In this direction it was decided to attempt to
clucidate the silicate structures from the corresponding glass by a
chemical treatment followed by a chromatographic separation as has
been done previously with phosphates. In case of phosphates an ex-

(25) work was thought desirable.

tension of Meadowcroft and Richardson's
A possible criticism of their work could be the effect of small amounts
of water dissolved in these melts. This could be tested by preparing
these glasses under dry conditions and to check the diffeneﬁce, if

any in the anionic distributioms. Extending their study to other
binary phosphate systems was necesszry to have a better understanding
of the effect of various cations on the anionic distributions.

Further the influence of cooling rate on the chain distribution

need to be investigated to show up any differences in structure
corresponding to changes produced in glass temperatures by this
means.

On the other hand the lack of thermodynamic data on

molten phosphates made it difficult to understand the relationship
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between the structural data available for these systems and the
thermodynamic properties. In order to overcome this to a degree it

was decided to study activities of Pbf in PbO~F,0. melts together

“5
with anion distributions in the corresponding glasses. To do this
the applicability of the e.m.f. technique employed by Ito and

(35}

Yanagase for lead silicates using the cell

Pb | PbO-810, melts | o,:Pt

was interesting to investigate. Also it was useful to extend the work
of Ito and Yanagse on lead silicates over a wider range of compositions
and temperatures. The determination of lead oxide activities in thaese
melts from the e.m.f. of the above cell requircs a knowledge of the
thermodynamics of Pb0 in the same temperaturc range. S¢nce there

is a disagreement between the reported thermodynamic data for liquid
PbO, it was necessary to deternine these values using lead oxide as
the electrolyte in the above cell.

The possibility of the use of similar cells to investi-~
gate the thermodynamics of other polyanionic melts containing lead
oxide led to the study of Pb0~3203 and PbO-—PbF2 melts. Here again
attempts have been made to relate the thermodynamic data obtained in
terms of structural models, based on available data, and to make
comparisons between the four binary systems containing Pb0 which have

becen investigated.
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PART B

STRUCTURAL STUDIES OF PHOSPHATE GLASSES

Chapter 5

(1) Introduction

Like the silicates, phosphates can be obtained as
glasses, merely by quenching the melts sufficiently fast, and there-
after the glasses are stable at room temperature. As mentioned
briefly in Chapter 3, the study of phosphate plasses is of interest
in understanding the structure of these and other polyanionic melts
like the silicates and borates.

The phosphate glasses and the corresponding crystals
can be dissolved in water (either simply or in the presence af
agents to complex the cations), without the lengths of phosphate chain
anions being altered. The resulting solution can then be analysed
chromatographically and the proportion of different anions (here-
after referred to as the anionic distribution) thereby determined.
Determination of anionic distribution of alkali phosphate glasses
using filter paper chromatography have been recported by Westman and

Gartaganis(36). Meadowcroft and Richardson(zs)

confirmed their recsults
for the alkali phosphate glasses and extended the study to alkaline
earth glasses, Recently Cripps-Clark has studied more completely the

ZnO—PZDS svstem and made some preliminary investigations in the Pb0-P,0,
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system. These studies showed that not only the metal oxide to
phosphorus pentoxide ratio but also the identity of the cations had
a pronounced influence on the anionic distributions in these glasses.

Cne possible criticism of these studies is the chance
of dissclution of small amounts of water in the glasses, since these
were made by melting in air and subsequent quenching., Meadowcroft
and Righérdson observed that, in their experimental distributions the
number of anions was in no case greater than 8%.They pointed outthat_the
extra anions could be caused by the presence of small amounts of water
in the melt, which would mean that the distributions obtained would
correspond to a ternary glass with small amounts of HZO and not to a
binary. To clarify this uncertainty an apparatus was designed in
which the glass could be melted and quenched under coatrolled atmos-
pheres with the rigid exclusion of moisture.

In all these cases, the anionic distributions obtained
were those corresponding to the glass transition tcmperatures,
vhich are the temperatures at which the glesses are in internal
equilibrium with corresponding supercooled liquids. Cripps Clark(37)
determined these termperatures using a D.T.A. technique and found that
they varied from 27O°C3 for Na20~P205 system, to 550°C for the
CaO~P205 systen, but did not vary much with the composition within a
particular binary, Since, however, the object was to investigate the
structures in the melt, it would be desirable to know the change in

distribution for a system at a given composition at higher glass

temperatures nearer the temperature of the melt. Usually ~ for
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poly® er systerms, the glass temperatures are increased with increasing
quenching rates, and it was, therefore, decided to investigate the
change in distributions resulting from increased quenching rates.

It was also interesting to study the effect of dif-
ferent cations on the distributions as a direct extension of earlier
work. Tor this the studies were extended to the PbO~P205, CdO—P205

and ¥Mg0O-P systems. Before describing the results of the present

2%5
investigation the various theories put forward to fit the data obtained
previously for phosphate glasses are summarised and their merits and .

demerits discussed.

(ii) Theories on Anionic Distribution in Phosphate Glasses

The theoretical distributions proposed have been
mainly for linear chain anions since the investigations so far have
been carried out in the composition regicns where linear chains are
predominant with negligible amounts of ring and branched-chain anions -
because of the ease of analysing linear chain anions chromatograph-
ically and the relative instability of the branched chain anions
in aqueous solutions.

(2) Flory Distribution

Most of the theories applied to phosphate glasses

(38)

have been based on Flory's approach to organic polymers.
Flory was the first to propose a molecular size distribution of linear
polymers resulting from the condensation of bifunctional monomers.

The principle of equal reactivity of all functional groups, that is

to say that equal opportunity for reaction is available to each func-
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tional group of a particular chemical type irrespective of the

size of the molecule to which it is attached, is the basis of

Flory's derivation. We can apply this approach to the reorganisation
process taking place in the phosphate melts in terms of the poly-
merisation and depolymerisation of the POA tetrahedra (ignoring

the charges attached to the oxygens). It follows from the principle
of equal reactivity that the probability that a given functional
group has reacted will be equal to the fraction 'p' of all functional
groups of the same type which has condensed. The signifcance of

this statement lies in the fact that if a given unit is known to

be attached through one of its functional groups to a sequence of

’X'

consecutive units combined in a linear polymer chain, the
probability that the other functional group of the unit also has
reacted is still exactly equal to 'p' and is independent of the
length of tke chain indicated by 'x',

Now let us examine the probability of finding an

x-mer, composed of x-units,

I
o
[
1
(&)
1

-O esese =

|l OH'T’.:O
N Oty 20
W Or+'y 20
£ S0
w1 Orrd 20
®K O+ 20

The probability that the first unit has polymerised is 'p'. The
probability that the second unit has polymerised is also 'p' as
is independent of whether or not a linkage 1 has formed. The

probability that this sequence continues for x-1 linkages is the
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product of separate probabilities or px—l. This is the probability
that the molecule contains at least x-=1 P = 0 = P linkages or

at least x units. The Pprobability that the xth unit has unreacted
so that the chain is limited to x units is l-p. Hence the pro-

bability of finding an x-mer is

N, = p¥ L (1-p) 3-1

This probability that the unit selected at random consists of
x-units must be cugd to the molefraction of x-mers.
Now if we fix the composition of the melt by {ixing

the metal oxide to P205 ratio, we define the mean chain length ng

wvhich is given in terms of metal oxide to PZOS ratio for linear

chain phosphates by the relation.

2

M20

=t = 1

P205

This number average degree of polymerisation or the mean chain

length n is also given by the expression,

n = x I B-3
X

™M 8

Substituting for M, from equation B-l,

A x o5t (1-p)

il
= g8 M

o«

) 3 = p !
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This summation can be evaluated as follows:-

X
dp - x px 1
dp
o
dx p*
therefore pd px-l - .o = 2 [L] = .___1..?_ B~4
dp dp 1-p (1-0)”
or p = 221 B~5
n
Substituting for p and 1-p in equation B-1,
= x~-1
Nx = _._]-.'_ . n : 1
n n B-6

This expresses the Flory distribution mathematically and has found
wide applicability for organic polymers.

(b) Van Wazer's Theorics

1 ¢ i
(13, 3¢, 40) was the first to apply the

Van Wazer
Flory type model to the phosphate systems. In his first model,
he considered the random rcorganisatiom of Flexible chains in
the absence of rings and orthophosphate. The assumption of the
absence of orthophosphate anions was based on the information then
available for alkali phosphate glasses and the model was to fit

(25)

the data. FEowever, Meadowcroft and Richardson have since shown
the presence of appreciable amounts of orthophosphate aniomns in
alkaline-earth glasses.

Though he used a statistical approach like Flory,
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he used a completely different derivation for the distribution
function based on t:he probabilities of finding end and middle

groups. An end group was the pyrophosphate anion and the middle

A ] n=
was of the formula (- P ~0 ~P ~0 a

1 1

o o

Ee derived the probability of finding an x~-mer as,

L e

* n-1 n-1
Where the symbols are the same as defined in Flory's derivation.

Alternatively, the same distribution can be derived
in an analogous manncr to that detailed in the last section. If
the ortho ions are absent, the probability of finding an x-mer

as given by equation B~1 will becomne,

o= px-2 (1-p) B=-g
x

Also themean chain length in this case will be defined as,

[¢+]
n = Ex N

»
}5“2

L
[}
D

Then from equation 2~3 above,

X px-z (1-p)

=B}
1}
N~

¥
P
H

[}
J
~r
tv]



1-p [ o x—l] [ x—l]
= —= I Xp Xp
P X=1 %=1
The summation I x px-l = 1 7 . (c.£. B=&)
x=1 (1-p)
c.oone L L -
2 (i-p)
=2
1-p
Simplifying,
n-1= =l
1-p
and p= E -2
n-~1

Substituting for p and l-p in equation B 8

v o 1% n =~ 2)x-2
M -

n~1 n-1

which is the same as equation B~7 derived by Van Wazer,
This distribution was broader than the experimentally

(40) interpreted this as due

determined oncs. Parks and Van Wazer
to the polyelectrolytic nmature of these phosphate anions i.e. the
charges hzd to be taken into account. On tiae evidence of the work

. L . .
of Van Wazer, Coldstein and Faggég)they considered these anions to

be a "brush heap" of rigid rods and derived a distribution with the
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help of the'information theory!, This results in complicated

expression which gives a distribution somewhat steeper than the earlier

flexible chain model, as can be seen from fig. 5, which is a histo-

gram for n =4,

Derivation of the above model of Parks and Van Wazé%o)

and the following model by Matula, Groenweghe and Van Wazgﬁaare

based on specialised mathematical theories, which will not be given

in detail here. Matula, Groenweghe and Van Wazer have used the
"stochastic graph theory"to interpret equilibria resulting from

scrambling reactions whichlead to size distribution of molecules.

To apply this theory to vitreous phosphates they have derived an

equilibrium constant,
2

X 2¢
e X
% - ( m?) (m()
X(eme_l Xt’+1 -1

where X is the abundance of graphs, ¢ is the reorganisation heat

order and e and m the end and middle units, They determine the

values of K for various 6 values (defined as the order of the
environment). This could be solved by a Fortan programme, and on
application to phosphate data they find K is unitv for values of 8
greater than gbout three for all systems., M is approach of K to

unity is interesting to note, since this has been observed for the
Veadowcroft and Richardson's equilibrium constants(this model described

in Section (d)) when applied to available data.
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(c) Jost and Wodcke's Theory

(43)

Jost and Wodcke have introduced rultipliers to
ey | (4he)

the probability 'p' in the Flory theory. Vestman and Beatty have

termed these "probability coefficients', by analogy with activity

coefficients, since they modify an ideal situation. Jost and Wodcke

have also assumed the absence of the ortho phosphate anions and

derived equations

I

(x-1) (ap) px-B (l-p)3 for x 2 3

PR
and N, (1-p) (1-ap)

1]

where the coefficient should meet the condition 1 £ a 1/p. They

found that two coefficients were sufficient to fit the data examined.

Vestman and Beatty(aa) have shown that this can be written as
Hx = 2 3, px (1-n) x > 2

where a; and a, are the two multipliers and have derived the re-

lationship between and n as
! P

a; (a, - 1)p” + (a, +Wp - 7 =0
(25)

(d) Meadowcroft and Richardson's Model

They consider that in the melt random reorganisation
of the anions occurs znd in the ideal case this would lead to the
distribution predicted by Flory. These reorganisations can be con-
sidered in terms of equilibria of the type,

..n_z - —n—]_ -n-3 (B‘"lO)
2 P 03041 = P 19302 * Pe1%3n44
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with an equilibrium constant,

N -n~-1
(P__.0, ) N
K = n-1 7302 Cn41%n44

N2

)-n-3

—n—
G n 3n+1)
Lowever, for the Flory distribution (c.f. equation B-6)
- n-1
1 -1
= =
n n

W -n-
@ n 3n+1)

and, applying this expression to the above equation, a value of =1
is obtained for all values of n and n.

The experimental distributions did not correspond to
Flory, and they found that values of ka were dependent on the cation
present, on the value n and to an extent on m. At higher values of
n, and usuatly if n > 4, K = 1 and was constant at unity up to
n = 14, vhich is the upper limit to which data are available for the
h7O—P705 qystem(26). The tendency of ¥; to approach zero as n
becomes small was attrituted to the coulombic energy change involved
in the above reactions at lower chain lengths (i.e. small values of
n).

Yeadoweroft and Richardson consider that the anion
mixing is ideal ybut the enthalphy and free energy changes for the
disproportionation reactions {(like e@ﬁation B-10) are not necessarily
zero as is the case for Flory distribution. If the cntrop.y change
is zer@, then Alln (heat of diSproéortionation) is equal to the free
encrgy change and is related to Kn by the expression,

A%, = = RTg ln %
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where Tg is the glass temperature (the temperature at which the glass
is in internal equilibrium with the super cooled liquid). Eence

this model gives a thermodynamic reasen for the obscrved deviation
from the statistically derived Flory distribution,

(44)

(e) Yestman and Beatty's Approach

Vlestman aud Beatty have surmarised the various models
available for calculating chain length distributions in polyphosphoric
acid and polyphosphate glasses. They arrived at the conclusion that

the uvseof "probability coefficients®™ by Jost and Wodcke(AB) and

the equilibrium constant approach of Meadowcroft and Richardson(ZS)
are the best available methods for altering the ideal Flory dis-
tributicn to fit phosphde glass data,

They have combined the probability coefficients of
Jost and Wodcke and the first two equilibrium constants of Meadow-

croft and Richardson to give,

Ky = a, (I-2;p) (1-p) / a, (1-p)

Although for a system with Lk different polymer chain’ lengths,

1z-2 independent equilibriuvm constants must be defined, in a practical
application to data, they agrece with !leadowcroft and Richardson,

thet perhaps not more than 3 K's have to be defined for a system
beccause those values after K4 are experimentally found to be unity.

(26)

Also they have recalculated Jameson's data, taking into account
the anount of free water present, anc evaluated the K's for the

ué;—ons syster; they find that K, and K, vary linearly with n
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for this system. Similar trend was found for K, in I‘IaZO—PZO5

(36)

system based on Vlestman and Gartagnis's results.

(f) Discussion of the Theoriss

Flory's theory serves as a uscful basis for con=
sidering distributions of phosphate anions. The modifications of
this distribution by Van Wazer and later by ZParks and Van Wazer,
which neglect the ortho ions to obtein a steeper distribution,
seem to be incorrect because éppreciable amounts of orthophosphate
have been found by Meadoweroft and Richardson and in the present
investigation (desecribed later). Also Van Wazer does not take into
account the different distributions corresponding to different
cations,

Matula, Croenweghe and Van Wazer's model neced a
computer prograrme to arrive at the results. Also their equilibrium
constant becomes unity at higher values of 's' {crder of environ-
ment) the behaviour similar tc that observed for Meadoweroft and
Richardsons's equilibrium constant K, which reach unity at higher
values of 'n'. However, #atula et al do not give any reason for
deviation of ¥ from unity at small values of "@", It is considered
therefore, that this complex theory does not have many advantages
over the simpler approach of Meadoweroft and Richardson,

Jost and Wodcke's model takes into account tbe'
deviations from the ideal Flory distributions, by reducing the prob-

abilities of formation of smaller chains, This suffers from the same .
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drawbacks as Van Wazer's first theories by not comsidering ortho
ions. Also they do not give any physical reason for reducing the
probability of finding the small chain anions.
Only Meadowcroft and Richardson have attempted to
explain the deviations of observed distributions from ideal Flory
in terms of the endothermic heats involved in the equilibrium
(equation B~10) at low values of 'n', Also their model is a simple
one to apply to experimental data, unlike Matula et al's rodel.
Westman and Beatty find Meadowcroft and Richardson's
approach easiest to apply to data, and, though they mention that a
modified Jost-Wodcke approach, considering also the ortho ions, can
fit data, they only use the equilibrium constant approach in their
application of models to data. Because of this advantage of lieadow-
croft and Richardson's model over the others and the possibility
of relating thermodynamic properties to the observed distribution
this has been used in this investigation to interpret the experimental

results.
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Chapter 6

EXPERIMENTAL

(a) Materials

The following raw materials were used to make the
phosphate glasses:-
Ha4P207 -------- very pure anhydrous sodium pyronhosphate
supplied by Albright znd Wilson analysing not less than 99.9%

Na4P207.

Na3(903)3 ------- crystalline sodium trimeta phosphate was

4.2E20 at ISOOC and then at SSOOC

for one week, Paper chromatographic analysis showed less than C.5%

mede by heating analar grade HaHZPO

P as ortho and pyrophosphate,

&nalar NHQHZPOA -------- this looses ammonia and water on
heating and was, therefore, used as the source of PZOS since it
could be weighed and handled easily,

Analar PbC, Analar MgC and G,P,7. grade CdO were used after

drying for making their respective glasses.

(b) Preparation of Slasses

(i) Sodium Phosphate Glasses llnder Pry Condition:=—

For melting and quenching a glass in the absence of
rmoisture under controlled atmospheres the apparatus zhovn in fig. 6

was designed, It consisted of a cylindrical water cooled brass
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chamber, inside which was a specially designed crucible-shaped heater
which could accommodate a 25 ml platinum crucible, Due to the small
aea which had to be heated, difficulty was found in designingthe
heater which could operate up to 1060°C. This was overcome by

using thin Xanthal=-A wire (0.02" dia.) which was coiled in sections.
This was wound on a 2" section of alumira tubing of 11" diameter, in
such a way that the coiled portions of the wire faced each other
inside, whereas the ctraight portions were on the outside. This

was then set, using pure alumina cement, which was also used to close
the botten and to shape the inside to fit the platinum crucible
snugly, so that it would not fall out when the crucible assembly

was tilted, This asserbly was mounted on a steel ring which was
screwed onto the end of a rod, which therefore when rotated tilted
the crucible assembly, could be manipulated from outside via an
O-ring seal,

The power for the crucible assembly was conducted
through an end of.the brass furnace chamber via tungsten sealed in
glass. Thick tungsten wire was used in order to have the low re-
sistance necessary to prevent heating of the O-ring and glass to
metal seals, Similarly platinum wire sealed in glass was used to
connect the Pt/Ft-137 Rh thermocouple which was cmployed to measurec
the temperature of the cruecible, At the otherside was fitted a
glass window, and an O-ring seal through which passed a rod attached

to a quenching block which formed one part of the quenching system:



the other being the water cooled brass chamber bottom. The
quenching block was made cfaluminium and shaped to fit the curvature
of the brass chamber. Usuzally thealuminium block was kept raised
and the argangement was such, when the rod was rotated from out-
side the block slapped onto the brass bottom.

The raw materials, namsly anhydrous Na4P207 and
Na3P309, were first geparately dried inside this furnzce for 16 hrs
at 200°C under vacuum. These were then weighed and mixed in the
correct ratio and then placed inside the platinum crucible. This
was heated and maintained at 400°C for 16 hrs under vacuum (1 x 10-.3
mm. of Hg) to eliminate last traces of moisture either inside the
furnace atmosphere or in the raw materials. Then high purity Argon
dried by passing through magnesium prerchlorate and phosphorus
pentoxide was let inside the chamber and the temperature raised to
50-160°C above the nelting point of the phosphate. lelting could not
be done under vacuum because of the possibility of volatilization
of the components and the change in composition resulting from it.
The molten phosphate was pourcd onto the bottom of the brass chamber
by tilting the crucible assembly by means of the rod outside and
quenched by slapping thealuminium block on to the btottom. The glass
PO, desiccator,

275

(ii) Lead, Cadmium and Mapnesium Phosphate:

thus obtained was atonce storad in

e

As will be seen later, the sodium phosphate glasses

made under normal and dry atmosphere conditions,did not have sig-
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nificantly different cheain distributions. For this reasom, and
because the phosphates of lead, cadmium and magnesium melt at higher
temperatures which were not attainable with the small furnace, these
latter glasses were made in the conventional way by melting in
platinum crucibles in a muffle and quenching between two aluminum
blocks.,

The required amounts of pure oxide and ammonium
dihiydrogen orthophosphate (NHQH2P04) were weighed and mixed thoroughly.
The initial step of eliminating Uk, and HZQ from these mixtures
was performed by slow heating over a bunsen flame. Great caution
had been exercszd during this step to get a correct final compo-
sition, Vigorous heating initially led to spurting of the particles

due to violent escape of NH, and H,O from the mixture. After slow

2

initial heating, a thorough hcating with bunsen was necessary to
elininate all last traces of ammonia and water before the crucible
is introduced into the muffle at temperature 2 1000°c. This was
becuase any trace of ammonia could reduce any unreacted oxide to the
metal which would result in the alteration of the composition of the
mixture and also the metal could attack the platinum. This
difficulty was first observed in case of the lead phosphates, and

is vnderstandable since Fb0 is easily reducable by hydrogen which

couléd be ‘produced from traces of armonia. (Jcffes and Mekerrel(ag)

report a Py of 8 x 102 in equilibrium with HE3 at 1000°C). This
2

difficulty was avoided in other cases by taking adequate precautions,



Usually glasses ware made in all these systems in
the composition range of S/3 to 7/S netal oxide to phosphorus pent-
oxide ratiosy In most of the phosphate systems a glass could not
be obtained for compositions more basic than 5/3. lowever, recently
Cripps=Clark has obtained glasses at the pyrophosphate composition,
(HO/PZO5 = 4/2) in the zinc phosphate system. Similarly it was

found that in the lead d cadmium system, glasses could be obtained
up to this composition. The lower limit of 7/5 for MO/P205 ratio
is set by the increasing amounts of ring anions present in more acid
glasses, which connot be separated by the one dimensional chro-
matographic technique used in this investigation. In the case of
magnesium phosphates, glasses of MgO/PZO5 ratio 5/3 could not bhe
obtained free of crystals because of the high melting points in
this system since it was difficult to attain high enough temperatures
above the melting peint (v 1400065 to enable us to quench it into
2 complete glass. In all cases the glasses were checked for
crystallinity under a microscope withh the beln of polarised light.
Samples with crystals were discarded.

(e) Fast Quenching of Phosphate melts

In an attempt to freez these liquids into glass at
various temperaturas by varying the quenching rate a fast quenching
apparatus was constructed. This was basically similar to the one used

110n046) .
by Duwez and Willens $or quenching molten metals at rates up to

250000°C/sec. Even a fraction of this rate would be several orders
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of magnitude faster than quenching between two aluminium blocks,
and it was interesting to study the difference it produces on
the distriLution.,

This apparatus, shown in fig. 7, consists of a shock
tube, using helium as the é¢rivine gas, driven into Argon. The shock
tube was made of stainless steel and consisted of a high pressure
section whichk wvas one third the length of the low pressure section,
as was required for production of a shock wd%éa) The choice of the
two inert gases of different denmsities, and hence velocities of
sound, was also essential for the production of an ideal shock wave(47).
(Inert pases were chosen to avoid any reactions at high temperatures
with other —~terials.) '"Mylar" of 0.001" thickness were used as
diaphragm. To increase the bursting pressures up to threce diaphragms
were used to increase the éffective thickness to 0,003", This allowed
the hursting pressvres to be varied from 150 nsi to 500 psi, The
melt was contained in a small platinum insert fittinz into the grarhite
container which also acts as susceptor in 2 high frequerncy field.

To have aﬁ idea of temperature of the melt before the shock wave
"solats' the ligquid on to the quenching plate, it was necessary to

do a prior calibration of the welt temperature, the power satting on
the H,F. sct and the optical temperature of the praphite suscepter.
For quenching, once the temperature was attained, the pressure valve
connecting the helium cylirder and the high pressure section of

the shock tube was opened. %hen a pressure over the bursting

pressure was developed in this sedion, the diaphragm burst and the
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nelt was ejected on to the cooling plate, During the initial
experiments a small hole was made in the bottom of the platinum
cup, in addition to the one already present in the graphite
container (c.f. fig. 7)., Later, howerver, it was found that it
vag not necessary since the shock wave could burst a small hole in
the cup and to "splat" the ligquid through it.
When higher bursting pressures (400-500 psi) were

used the products produced were usually very thin fibres like fluffy
m aterial, especially with longer chain length glasses; Hence
lower bursting pressures were gencrally empolyed for most runs.
Also the glass produced by liquid splashed on to tke cooling

plate would immediately crack up and shatter around the plate due
to the quenching stresses. This made it irpossible to recover the

whole amoumt of glass produced.

(d) Chromatographic technique

Earlier workers have employed both upflow and
dovmflow chromatographic techniques and a variety of solvents have
been used for the anionic separation of the phosphates. The first
studies on phosphate glasses were made at the Jntario Research

7
. o]
Foundation by Westman and co—workers(J ’48’49). In the present

.  {50). :
study the technique reported by Smith of the Ontario Research Found-
ation was used.

The paper for chrometogranhy was the Schliecher and

Schull Mo,- 20438, corresponding to the American 589 green ribbon,
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used by Smith(sg). The filter paper wick needed for ecguilibrating
the solvent in the chromatographic tank was Whatman No. 1 paper.
The solvent used for the separation was the modified Ebel's acié
solvent, used by Smith, It consisted of 70 ml of isopropy! -
alcohol, 20 ml of 257 trichloroacetic acid and 0,3 ml of 28Y7
ammonia solution in 100 ml of the solvent. It was found that the
pH of the solution so prepared was between 1,2 and 1,8 and it must

be in this range to get a good separation. The Rf values,
defined as the ratio of the distance moved by the solvent to that
by the ion, were determined for chain anions from one to seven using
a phosphate glass,

The glass obtained from the quenching operation was
ground to a fine powder in an agate motor. About 100 m.g. of the
glass was dissolved in 5 ml of a meutral solvent, Sodium and other
alkali phosphates could be dissolved in distilled water., For lead,
c admiunm and magnesum a five percent solution of E.D.T.A. (Cthylene
diamine tetra-acetic acid - disodium salt) neutraiised with ammonia
was used,

In the case of lz2ad phosphates the resulting solution
vas treated with Nazs toc precipitate sz+ ions as PbS. This was
found necessary, because in the preliminary mns there was no move-
rent of the anions on the chromatogram and it was found that this
could be rectified by this procedure, This peculiarity in the lead
system is thought to be due to the precipitation of lead chloride on

the paper, due to theupresence of cl' ions in the chromatographic
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solvent. To check whether the precipitation of Pb2+ by Nazs and
the presence of S ions in solution would effect the chromatographically
obtained distributién, some runs were carried out with crystalline
lead phosphates. These confirmed that the treatment did not affect
the accuracy of the method,

At first, from the stability constant data, it seemed
that DCYTA (1,2, Diamino-cyclohexane tetra-acetic acid) would be a
better complexing agent than E.D,T,A. for magnesium and other alkaline

carth phosphates. This can be seen from the table below:-
Table B.1

Stability Constants of Ligands of:
.
82" gt er?t a?t ot o w?
ED.TWA. 7,76 8,49 8,35 10,58 16,46 15.46  18.30

DCYTA 7.99 10,45 9,36 12,50 12,50 19,23 20,33

where the stabilitv constant is defined as
(vr,_ )
n
() (L ™)

K =

vhere M is the metal and L is the ligand.

When solution of magnesium phosphate was attempted
in 5% solution a disodium salt of DCYTA neutralised to pF-7, the
rate of solution was no greater than in E,D.T,A. solution. These
similar rates of dissolution could be due to either of two reasons.

(1) The increase in stability constants are not large enough to
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appreciably enhance the rates of solution. (2) The stability con-
stants apply at best conditions of complexing which is near pH 7
for E.D.T.A. complexes and near and above pH 10 for DCYTA. Since
it was important that the pH should be near pH 7 to avoid any
hydrolysis, dissolutions of all phosphates were, therefore, carried
out in E.D.T.A., solutions. To overcome the slow dissolution, it
was found necessary to grind the samples (especially magnesium
phosphates) to less than 300 mesh and dissolve with the help of a
mechanical shaker if necessary. In case of mognesium smell amounts
were dissolved to reduce the dijolution time with this procedure
magnesium glasses could be dissolved in comparable times to that
(51)

required for calcium phosphate glasses studied earlier by Meadowcroft.

The solution was then painted on to the chromatogram
using a small bore capillary whose end was ground flat. Usually
for sodium phosphate glasses one or two applications of the solution
were enough to give sufficient amount of phosphorus in the bands for an
analysis. However, in the case of lead phosphates, the use of Nazs
solution to precipitate PbS diluted the solution and in the case of
magnesium the solution was also made dilute to dissolve in reason-—
able time. Furthermore, with the heavier cations about 100 mg of
the initial glass taken for dissolution gives lesser amounts of
phosphorus ir solution than would a sodium phosvhate glass. FEence
in all cases except sodium three or more applications vere needed.
When repeated applications had to be done the second and subsequents

had to be performed after the previous one had dried. This ensured
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that the band of solution applied was always within about !"
broad. If this became broader or smeared instead of :a uniforum
line, the bands obtained were not straight and the separation,
especially of the higher fractions, would become increasingly
difficult.

The chromatograms were run at 4°C for at least
16 hrs, but sonetimes longer times up to 24 brs were necessary to
allowv high polymer fractions to be separated. The chromatograms
were then dried at 110-120°C for 10 minutes and sprayed with
a fine mist of ammonium molybdate solution (1)gm (M) Mo7024.4 H,0
5 ml 377 Ecloa, i ml conc PCl in 190 ml of solution). It was
inportant that the atomizer delivers a finme rist rather than large
d rops, since the latter tended to spread over the paper carrying
nhosphate with them. The paper was then dried with the help of
infra-red lamps, to prevent any charring vwhich would occur if it
vere dried at a temperature above SOOC, because of the presence of
HclOA in the spray solution. The chromatograms vere then exposed
to ultra~voilet light until the ammonium-molybdate blue complex

wag observed.

{e) Analysis for Phosphorus

The method used for analysis of phosphorus was the
method of Lucenda-Conde and Pratt which has been modified by Smith(so)
The reagent used was made as follows: C.15 ¢m of (NH4)6 Mo7024.

QE?C)were dissolved in 50 ml of distilled water. To 30 ml of this
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solution was added 50 ml of 1211 and 55 ml of 36N.H 504. The volume

2
wvas then breought up to 136 ml by the addition of 12N.HCt. A further
25 ml of the initial molybdate solution was then shaken vigofously
for at least five minutes with 12.5 ml of 12N,EC1l and 10 ml of
distilled mercury., This solution was then filtered to give 40 ml

of a ruby red solution which was added to the previous solution to
give an emerald green reagent. The total volume was then made up

to 200 ml by the addition of watery.

Because of the high cost of mercury it was desirable
to recover the amount used in the above operation, This was carried
out by vigorous shaking of the black precipitate in the above
operation with acetone for about 20~30 minutes. fhis caused the
black mercury to coagulate and when all the mercury had a metallic
lustre as bhefore, it could be cleaned using dilute HNO3. However,
use of any acid before cleaning with acetone always resulted in the
formation of a precipitate presumably calomel (due to the presence of
abundant cl' ions), and metallic mercury was difficuit to recover
fromit,

The individual components of the chromatograms
were cut out with scissors and put in dry 50 ml Erlenmeyer flasks.
The phosphorus was then extracteé by shaking with 25 ml of 0,1N,
NHAOH for at least ten nminutes., A 20 ml aliquot of solution was
then transferred to a 50 ml volumetric flask and 3 ml of molybdate
reagent was added, The flasks were then heated in a beiling water

bath for one hour. After boiling, the solution was cooled slowly
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and made up to 50 ml with water., It was important that all the
phosphate strips from anv one chromatogram be analysed together

to minimise the errors. Aﬁfilter paper blank from a clear part of
the chromatogram was also run with each analysis.

The phosphorus content of each sample was then
determined-colo, vimetrically on a Unicam SP 600 Spectrophotometer
set at 8200 Angstroms., The optical density is a linear function
of concentration in the range studied, the ratio of a single
component to the sum of the optical densities of all components on
the chromatogram was equal to the weight fraction of phosphorus
in that component. For all the readings either a matched set of
Spectrophotomer cells were used or the cell correction was taken

into account,
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Chagter 7

Results
The paper chromatographic technique can be employed to

separate the first seven chain anions, for example anivns with

-n-2
Zn+1 *

Because of the very low mobility of higher chain length ions

values of n from one to seven in the general formula PnO

these could not be separated and were grouped together as hypoly
and analysed as the eighth fraction. Previous work by Westman and

(48) (51)

Crowther and Meadowcroft indicates that the amount of
phosphorus occuring as rings would be less than 1% of the total
and that in most cases there would be no rings in the composition

range MO or M20/P20 of 5/3 to 7/5. Since the present work was

5
carried out in this and more basic composition range, in all cases
the amount of rings present have been assumed as negligible.

From the positions of the anions on the chromatogram, the
Rf value defined as the ratio.of the distance travelled by the ion
to thaf by the solvent, can be calculated for each anion. The Rf
values are characteris%ic of the anion and the solvent used and
are plotted as a function of chain length in fig. 8.

One of the sources of error in chromatography is the
hydrolysis of pyro and longer chain phosphates to orthophosphate,

This could take place during the dissolution of the glass

painting on the chromatogram and during the chromatographic
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separation on the paper, Cripps~Clark 27 found that hydrolysis

taking place during the solution and painting steps is immeasur~
ably small, Headowcroft and Richardsg§5£ave suggested that the
hydrolysis during the chromatographic separation can be corrected
by subtracting 0.6%(wt) from the ortho value and then adjusting
the other analyses by multiplying by 100/99.4. This was based on
the fact that in chromatograms from crystalline pyro and tripho~
sphates 0.6 b 0.l4% of the total phosphorus was found as ortho-

phosphate. The hydrolysis taking place can be written as :-

3= +

)-n~1 + 2H

-n-2
(Pn 03n+1) = (Pn-1 O}n-Z

which would mean that each orthophosphate ion produced by hydro-

+ POQ

lysis, is accompanied by another phosphate ion contaiming one
phosphorus atom less than it held originally. If all the P-O-P
links are liable to hydrolysis, the proportion of phosphorus found
in each anion should be increased by the hycdrolysis of the longer
anions and decreased by its own hydrolysis. The two effects tend
to cancel, and it is therefore sufficient to correct, for the
hydrolysis, in the above manner,

Since exactly the same chromatographic technique was used
in this investigation, the hydrolysis during the chromatographic
separation could be corrected in the same way as by Meadowcroft
and Richardson. This correction was applied to all the distributions
reported here and the corrected distributions are given in tables

B-2 to B-4,



NaZO[PZO

5
6/4
6.25/4.25
7/5
6/4

7/5

Orkko

8

5.96

3.19

Table

B,2

Distribution of Spdium Phosphate Glasses

Tri

2{1 . Sl}
2,467

15.17

Distribution of Sodivm Phosphate flasses Made By

liade Under Drv Condition

Tetra

Denta

17 .04
16,560

16.84

Hexa

9.06
9.66

12.04

Hepta

S5.42
5.63

9.32

Mypoly

5.96
13.25

23.26

no. of chains
per 100 P atoms

25.50

24,32

Melting in Alr (Meadowcroft

& Richardson)

28,76

15.45

26.98

19.59

16.90

17.47

9.56

12.43

5.52

.07

6.31

22.89

25.6%

21.03
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Table B.3

Distribhution in Lead Phosphate Glasses

Ortho  Pyro Tri Tetra Penta Hexa  Hepta  Hypoly pgg’lgg ;hZiE;S n
12,04 63.25 17.45 4.58 " 1,13 .- - “1.54 51.05 1.96
3.01 32,45 25.01  13.39 6,77 5.61 3.36 4,40 35.52 - 2,81
2.83 16,31 17,26 15,71 13.22 10.686 8,38 15.61 28,02 3457
2.62 12.45 13,34 12,69 11.50 9.80 8,63 28,94 - 24,85 4.02

2.08 90.96 18.67 10,71 9.07 8.47 7.69 41,35 - 22.21 . 4,50



CdO/P20

2/1
5/3
6/4

7/5

6/4

7/5

Ortho

13.10

2.20

Pyro

56416
30.01

15,80

—
S+
.

i
w0

12,21

5.43

Table

B.4

Distribution in Cadmium Phosphate Glasses

Tri Tetra Penta texa llepta  Hypoly
17.37 5.21 1.60 - - 6,56
24,01 15.99 10.22 6.22 3.61 €.94
16.10 14.54 12,04 9.54 7.41 23.17
11.16 10.16 9.45 8.23  6.86 40,51
Distribution in Magnesium Phosphate (lasses
15.63 13,24 10,81 8.52 6.42 32.35

noe. of chains
per 100 P atows

49.41
33.83
25,93

22.31

24,92

ol |

2.02

2.96

3.30

4,48

4,01

5432

_Bg—
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In table B-2 the distributions obtained for sodium phos-
phate glasses made under dry conditions are compared with those
of Meadowcroft and Richardsog?saho made their glasses by melting
in air and subsequent quenching, In tables B-3 and B-4 the distri-
bution obtained for lead, cadmium and magnesium glasses are given.
All the distributions have been given in terms of weight per eznt
total phosphorus of each component. In these tables the numbe; of
chains per hundred phosphorus atoms is calculated by dividing the
welght per cent of the total phosphorus corresponding to each
chain length by the number of phosphorus atoms in that chain and summing
these numbers. For hyp8ly fraction the average number of phosphorus
atoms per chain has been taken as nine for these calculations.
From the total number of chains per hundred phosphorus atoms the
mean chain length '3' was derived by dividing hundred by this
number. The metal oxide to phosphorus pentoxide ratio given in these
tables refer to the composition in the.starting materiole

The distributions are represented graphically in figures 9
to 16 « Though the more correct way of representing distributions
is by histograms, they are represented in the manner shown in the
following figures because of the clarity of such a plot., In figd
to 12 the distributions for sodium, lead, cadmium and magnesium
phosphates are showne. In figure 13 to 16 the distributions of

0 or MO/P205 from 2/1

2
8)
to ’7/5 are compared with each other and that of Flory.(3

various phosphates at constant ratios of M
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The obtained distributions can be treated in terms of

(25)

equilibrium constants suggested by Meadowcroft and Richardson

which are of the type

N -n-~3 N ~n~1
K = (Pn+103n+4) (Pn~1 O}n-a)
n
n 3n+1
for the equilibria
~n—-2 ~-n-3 ~n-1
2 (Pn 03n+1) = (Pn+1 03n+4) + (Pn-103n-2)

Since the amounts of anions ortho to heptapoly have been measur~
ed it is possible to calculate the equilibrium constants K2 to
K6; These are given in tables B-5 and B-6 for the various systems
at the different compositions. In addition, the mean values for
the systems are given when the equilibrium constant does not
vary much with the composition.

In table B-~7 the distributions for fast quenched sodium
phosphates and the values of equilibrium constants calculated
therefrom are given. All the results quoted in the tables B-2 to
B-4 and’B-7 were obtained by taking the average of results obtained
from at least six chromatograms on two melts made in the same

manner, The standard deviation was calculated for each component

on the chromatograms using the formula
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where x is the mean of the result, N is the number of results

and ¥ 1is the standard deviation. The standard error of the mean

for each component was calculated using the formula

standard deviation K-
Standard error = — - — = -
no, of results ﬁ

The ranges of the standard deviation and the standard
error were found to be functions of metal oxide to phosphorus
pentoxide rajio and of the polymer ion and not of the cation.
Hence in table B-8 and B-9 the range of the errors are given
for the various phosphate composition and chain lengths. These
are given as weight per cent of total phosphorus, From these
tables 1t can be seen that each mean result can be taken as

I 0.5%(wt) of total phosphorus.

Taking the error for each mean result as z 0.5%, the error

in the values of Kn can be calculated. This gives an error in

Kn values of about & 10% when the equilibrium involves the dominant

; - +
anions, for example when n approaches n, and near - 30% when n

and 1 differ markedly.
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Cation

Na

MEO or IO

P205

6/4
6.254.25
/s
means

M & R
means

6.14'4 L},

7/

means

Table B-5

Value of equilibrium products for Sodium and lead glasses

2

nepgligible

0.07

0.10

0425

0.30

0.29

K

0.23
0.24
0‘28
0425
0.26
1,07
0,96
0.97
1,00

1.12

0,07 to 0,30 1.02

K
L

0.66

0,68
0,65
0.66
0.66

0.97
0499
1,01

1.02

0.99

&5

0.90

0.92
0.91
0.91

0.97*

14,00
1,00
0.98
Te12

1.02

1.07

0.99

1406

* Hean of % calculated by M& from Westman et al and not their results



Cation

Cd

~?1-

Values of egquilibrium products for Cadmium and Magnesium Glasses

MOéZO

2/1
5/,

3
6/4

7/5

means
6/,

'7/5

means

5

0,09
0,08
0.12
0410

0,10

035
0,40

0,38

Table B-6

&

1.08
0.88
0,99
1,04

100

1400

0.95

0,98

1.09
1.06
0,97
1.12

1.08

0.90
0.98

0.904

0.99

0.99

0,91

0.96

1.00
0.96

0.98

4

6

0,98
1,01
0499

0.99
0,98

1401

0.99
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NaZO/P

6/4
7/5

295

Orhto

le B,7

Tab

Distribution in Fast Ouenched Sodium Phosnhate Glasses

Pyro

5 ovw
6.51

2.65

Ha
2

per 100 P atoms

Tri Tetra Penta Hexa  Hepta  lypoly
R AL TR R L SRS
26,84 2%.67 15.37 &.38 4.69 5.74
16.20 2051  15.42 11.74 8.71 24,68
Values of Eqguilibrium Constants
( K ' K
0/1’205 K2 'K3 K4 e
6/4 negligible 0,25 0,62 1.00 0.9

7/5 negligible

0.24 0.64 1.04

no. of chains

28.45
20.90

3.93
4,78



Table B~8

Errors in Chromatography

Component 10 / PEOS = 2/1 MO or MEO/P205=5/5

Standard deviation 5tandard error Standard deviation Standard error

- 73 -

(wt5) (wt%) (wt% (wtss)
ortho~ 0424-0,98 0,12-0.49 0.28-0.98 0411-0.40
pyro- Oe7l=1457 0,52-0,88 0.76-1.34 0.31-0,62
tri- 0.59-0.88 0.30-0.62 0.90-1,68 0,34-0.75
tetro- 0.60~1,01 0435~0450 0,29-0,81 0415-0.47
penta- 0.41-0,79 016~0,46
hexae= 0438-0.62 0¢19-0,28
hepta~ 0.25-0.79 0411=0.30
hyp- 0,08~0,16 0,05-0,10 0. 40-0,98 04 16=0,44



=7l

Component

2rhto
Pyro
Tri
Tetra
Penta
Hexa
Hepta

Hypoly

Standard Deviation

0.16 -

Errors in Chromatography

i or MZO/P205 = 6/4

0.58

- 0.70

- 0.68

- 1.20

(wt.7)

n,a7 -

0.22

0.21

0017 e

0.13

0.11

0.20

0.20

Standard Error

0,24

- 0.43

- 0,58

0.44

- 0029

- (.28

-~ 0.36

=~ 0.49

10 or Mzﬂ/PZG

Standard Deviation

0.36

0.42 -

N.40 -

0.76

0.40

O.SG

D.74

1.10

0.61

- 0.82

1.36

5 = 7/5

(wt.7)

Standard Frror

65.21 - 0,33
0.19 ~ 0.45
0.13 - 0.59
0.32 - 0.61
0.21 - 0.40
0.13 - 02.25
0.16 -~ 0,33
n.22 - 0,61
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Chapter 8

Discussion

(a) Distribution of Glasses Made Under Dry Conditions.

In a phosphate glass containing only chain anions, for
example of mean chain length four corresponding to a metal oxide
to phosphorus pentoxide ratio: of 6/4, the number of phosphorus
atoms per 100 phosphorus atoms must be 25, if the glass is of

(25)

composition intended., Meadowcroft and Richardson observed

the number of chain anions in their experimental distributions

was always greater than expected from theoretical considerations.
Since the phenomenon could not be explained by errors‘ih the
chromatography or by hydrolysis during this process, they concluded
that it was caused by other factors. The extra anions could be
explained by the pressure of 0.29 wt% HEO in these melts or
ascribed to errors in composition arising from such factors as
error in starting materials or volatalization of phosphorus
pentoxide;

In the present work, to eliminate the possibility of water
dissolution in these glasses, the glasses were made under conditions
of rigid exclusion of water as described earlier; The distribution
obtained for sodium phosphate glasses made in this manner is

(25)

compared with that of Meadowcroft and Richardson s (who made

their glasses by melting in air and subsequent quenching)., in



table B-2,The distributions are in good agreement within the
experimental errors of the investigations, The values of the
equilibrium constant calculable from the distributions are alsu
compared in table B-5, and are also in good agreement.

Usually the partial pressure of HEO in the muffle atmos-
phere would be of the order of 10mm to 15mm of Hg. In this in-
vestigation the furnace chamber was evacuated to less than 10_3
rm of Hg, before being filled with dry argon and hence the PH o

2
should not exceed 10-3mm. Hence, changing the b by a factor

L Hao
of 10 has had no influence on the ahion distributions of the
glasses,. However, this change in PH20 should have produced a big
difference in the solubility of water, if any, in these melts and
hence in the glasses. It is concluded, therefore, that the extra

(25)

anions observed by Meadowcroft and Richardson and Cripps~
Clark(37) cannot be due to water dissolution in these melts.

The most probable reason for this observed additional anions
is that the glasses were mot of the composition intended. This
composition error could be caused by crror in the amounts of
starting materials or because of change vf composition during
melting. Since Analar grade reagents were used after careful drying
and great care was taken in weighing it is improbable the error is
in the amounts of starting materials,

The observed extra anions could be explained if the comp=-

ositions were richer in the metal oxide by Q.4 to 1.0 mole % than
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those originally intended, This would be caused by vaporisation
of PEOS as P,0,, (g) from the melt during melting, since P205 has
a high vapour pressure at these melting temperatures of 1000°C. to

1300°C. Though P,0. sublimes at about 800°C, the extent of vola=

0
5
talization will be considerably reduced by the large negative

partial heats and free energies of solution of P205 in these melts.
An idea of the magnitude of the partial heats of solution of P.O

25
(25)

can be had from Meadowecroft and Richardson's data on heats of
formation of glasses. At the metal oxide to phosphorus pentoxide
ratio of 6/4, the LsﬁP o Varies from - 35 kecals for zinc to
- 60 kscals for sodium.2 2

Hence the loss of PZOS by volatalization will depend to a
Jarge extent on the manner in which the solid materials aré pPre-
treated beforebeing melted. If the formation of the phosphates
is homogeneous in the solid state, without regions richer in
metal oxide or P205, then the vapour losses will be a minimum,.
Furthermore, the vapour loss will depend on the stability of the
phosphate, (given by the heats and free energies of fyrmations)
and the temperature of melting. If the metal oxide also has a
high vapour pressure then the two effects will counteract each
other to give compositions near to that intended. Because of the
various factors acting simultaneously it is not possible to make

an estimate of the expected composition change due to volataliz-

ation losses. However, a glass richer in metal oxide by 0.4 to
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140 % (mole) than intended is not surprising and in fact the

loss of P205 is much smaller than what one would expect (due to
the high volatility of PZOB itself)., This as explained earlier

is due to the large negative heats and free energies of formation

of the phosphates.

(b) Fast Quenching of the Melts,

4s described earlier, fast quenching was attempted to
freeze the phosphate liquids af a higher temperature, which could
give an idea of the change in anionic distribution with change
in the glass transition temperature, The distributions obtained
for fast quenched glasses and the equilibrium constants calculated
therefrom are given in table B-7, It can be seen that these are
not significantly different from the distributions for a normal
quenched glass of the same composition (cf., table B-2), The
values of K are very slightly altered but they are not much out~
side the possible error in K's of & 10% to = 30%,

The relatively unchanged distributions could be explained
in three ways: (a) the quenching rates were not fast enough.
(b) the glcoss tempsrature is not altered suffieiently or (c) the
distributions are not sensitive to changes in glass temperatures.
These will be considered in turn.

Although the splat quenching technique(46) employed here has
previously been used for quenching liquid metals and alloys at rates

greater than EOO,OOOOC/seo, the same rates may not be attained
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with phosphate melts bacause of the much poorer thermal conduct-
ivity of these melts and glasses compared to the metals. This
rate of quenching is very difficult to measure and was not
attempted. However, it is reasonable to suppose that the rates
obtained should nevertheless have been increased by several orders
of magnitude when compared to 200-BOO°C/sec., attainable by
quenching between aluminium blocks operated by hand.

The variation of glass transition temperature with quenching

(52)

rate is not well understood, Ritland has studied this phenomenon

in borosilicate glasses and derived an expression,

e 1 1 t

Tg =Tg + / 1n /g
where Tg" and Tg‘ are the observed transition temperatures at
cooling rates r' and r” respeétively, and k is a constant
which for the boresilicate glasses was 0.1192/ °K.
New if we assume that the heats of disproportionation,

Hn = - RTg 1nKn, defined by Meadoweroft and Richardson(as) do

not vary with temperature, then as in a regular solution

! 1 3] 1]
Tg 1n Kn =Tg 1n Kn o For sedium phosphates, the K3 valuei

is 0,23 and the experimental errer in determining K, will be & 10%,

3
A change in K3 by 10% would correspond to a change of 330 in the

glass temperature, Tg . We can now apply Ritlandd analysis %o tkis
cage ssswing the volue of k fouzd by him for-the borosilicate zlasses
iailc gives a value of r' /r!' = 50, which nesnc that charging the

quéenching pate from 200°/ecé to 1050000/606 vay not produce sufficient

change in
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distributions to evaluate accurately the change in K. If this
reasoning is wvalid, the quenching rate obtained may not be far
above this value of 10,000°/sec. However, it should be pointed
out that glasses are far more difficult to obtain in the phosphates
than in the corresponding borosilicates. This is because the
viscosity of borosilicate melts is about 108 poise at 700°C
compared tc 10° poise for a sodium phosphate melt (Na/P = 1/1)

at the same temperature, and hence the relaxation-times 'c' will
be much smaller for phosphates than for silicate glasses, This
means that a greater change in quenching rates will be needed for
the phosphates than for the borosilicates to alter the Tg by the
same zmount in both cases. If this were the case the quenching
rates obtained in this work should be greater than 1O,OOOOC/sec,
but still insufficient to produce a significant change in the
observed distributions,

(53) (53a)

More recently Poch and Roye have changed the

distributions in phosphate glasses by the application of pressure.
Poch(53) considers that this change in distribution produced could
be due to the change in Tg produced by pressure, The apprlication
of pressure would increase the melting point and decrease the free
volume which could result in the inerease in glass temperatures,
Hence it seems unlikely that the distributions are not sensitive

to changes in glass temperature 'Tg',

Therefore, the apparent constancy of distribution and the

Kn values with quenching rate in this study and that of Cripps~Clar

£37)
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using a different technique of quenching, seems to be due to the
smallness of the changes in glass temperatures produced in these
phosphate systems over a wide range of quenching rates. Application
of pressure seems to produce a greater effect on the distribution
presumably due to increased Tg's and are hence more interesting to
investigate in order to prove conclusively the presnce of heat
effects in these distributions,

(c) Effect of Mean Chain Length (n) on the Values of

Fguilibrium Consfants.

(25)

Meadowcroft and Richardson observed that once the mean

chain length, n, exceeds three, the Flory model could be usefully
applied to their glasses, since the eguilibrium constants with the

possible exception of K, and K, were nearly independent of n,

Furthermore, the K's above KL+ approached unity as in the Flory

model. A study of the variation of K, is possible only in the

2
systems with a broad distribution, and thus in which there are

measurable amounts of orthophosphate anions, This is the case in
PbO 2051 Cdo PZOS and MgO - P

therefore been used.

2O5 systems and these have
In figure 47 , the values of K2 are plotted as a function

of mean chain length. The value for HO - P O5 is that of Jamesoé?s)

2 2
20 - P,0; that of Cripps-Clark 37 and Ca0 - P,0; is from
Meadowcroft and RichardSOn(ZS); the values for the other systems

are from this study (c¢f. table B-5 and B-6). It can be seen that
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K2 varies with mean chain length to a different extent for the
different systems., For Cd0 -~ PEOS’ Zn0 - P205 and MgO -~ PEOS
systems the variation is not much and can be argued to be within

the experimental errors involved in the measurements (see page ©9 ).

However, for the other systems, namely H.O -~ P_.O_, PbO ~ P_O_ and

2 2°5? 25
Ca0 -~ PEOS there is a definite increase in the value of K2 with
increase in n, Hence it seems that variation of K2 with n is to

be expected in these systems, whereas, the degree of this variation
is dependent on the cation present,

The influence of the cations on the distributions and
hence the values of K2 should be related in some manner to the
cation radius to charge ratfé?)since this determines the cation<«
oxygen coulombic interactions at the end of the chains, This
would be smaller with smaller values of radius/charge ratios of

the cation.If we assume that variation of K, with n is related

2
to the cation radius to charge ratio, then €4 with a similar ratio

to 8a, (ca®* 0.48 and Ca>* 0.49) should show similar variaitoﬁé.'
From figure it can be seen that this is not the case.bHowever,

lead (Pb°7- 0460), "o ' has a - large value. of
radius/charge and hence ig expected to show greater variations

in K, with n compared to zinc (za°* - 0.37) and magnesium (Mg2+-0.33),
which 15 in agreement with observed variaitons. The discrepancy

with cadmium and calcium phosphates could be partly because of the

difference in ionisation potential of the cadmium and calcium ion.
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Calcium being readily ionized would have larger coulombic
interaction with oxygen ions than cadmium, though of very similar
size.
For all the systems studied values of Kn wvhen n » 3 are
constant with n (cf. tables B-5 and B-6). Also for systems other
than sodium, the values of K3 to K6 are nearly unity and are
constant with n. This is in agreement with Meadowcroft and Richardson's
view that K's above K4 are unity for these phosphate systems -
(26)

data for HEO - P205

system in which K's up to qu are calculable and K3 to K14 are

based on their studies and Jameson's

unity,
(26)

The ion-exchange chromatography first used by Jameson for

Hao - P205 has the advantage that polymer fractions above chain

length seven can be separated, which cannot be done paper chro-
matographically. This method has been recently extended to the

NaZO - P205 system by the research department of Albright and

(27)

Wilson » It was possible to analyse a sodium phosphate glass
of NaEO/PEO5 = 7/5 in their machine, and the results obtained are
compared with the analysis done by paper chromatography in table

B-10, The values of 'n' in the table refer to the value of 'n' in

)-n-2

341 for the chain phosphates.

the general formula (PnO
The distributions obtained by the two techniques are in fair
agreement with each other, The small differences in the individual

values and hence that in derived values of K are considered to be
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Table B-10
Distribution in Naao 7 Glass.
PO, "5
Values Type of chromatography Type of chromatography
of 'nf Ion~Exchangg Paper++ Kn Ion—Exchangg Pape?+
1 0 0 KZ negligible negligible
2 2.68 2,82 K, 0.19 0.28
> 1720 1517 K4 0.79 0.65
4 19433 20.55 Ky 0.96 0.91
5 16411 16484 K¢ 1,02 1.08
6 12,28 12,04 K, 0.94
7 9,28 9432 Kg 0494
8 7.25 Ky 1.20
9 5.21 Ko 0,87
10 . kb6
11 3.27
Hypoly 5401 23,26

+ Albright and Wilson research department

++ This study
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because, in iom~exchange chromatography, the intensities which

are automatically recorded on chart paper tend to overlap and the
peaks corresponding to particular anions are not easy to saparate.
This effect is most pronounced at high chain lengths and is con~-
sidered to bethe reason for the scattered walues of Kﬁ at_high' 'n?
values. Besides these drawbacks, the results support the view of
Meadowcroft and Richardson that K's above K6 are also unity for the
phosphate glasses and hence these distributions can be considered
in terms of the Flory model,

(a) Heats of Disproportionation.

If it is assumed that the heats of disproportionation can
be calculated from the values of the equilibrium constants Kn,
in the Meadowcroft and Riehardson manneé?sghey will be given by,

AH‘n = ~RTg ann

where Tg is the glass transition temperature. Cripps-Clark measured
the Tg's of a number of binary and ternary phosphate glasses using
the Differential Thermal Analysis technigue. He concluded that for
a binary system the value of Tg did not vary with the metal oxide
to phosphorus pentoxide ratio and in goperal was three fifths the
melting point (in degrees kelvin) of the nearest Crystalline

Component. Using this observation, the Tg's of CdO - P_O_ and

25
MgO - PZOS glasses can be estimated to be 703°K and861°K respeactively, .
For the NaZO - PZOS and FbO ~ P205 glasses Cripps~Clark determined

the transition temperatures to be 543°K and 608°K respectively,
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Sincel% is directly related to AIihby the above equation,
any variation of K; with the mean chain length would result in the
variation of AN, with n. The values of A.HZ, AHB and A HL+ are
given in table B~11 for sodium, lithium, calcium, cadmium, lead,
sinc and magnesium glasses for different mean chain lengths. The
results of lithium, calcium and zinc are taken from Cripps-Clark537)
and Meadowcrog%?ggd the remainder from the present worke The errors
in the values of A |, are caused by errors in Ky and Tg, Tg for
all cases except for Cd and Mg which were estimated as described
before, are accurate to t 5°C. For cadmium and magnesium the estimated
value should be accurate to iESOOC, which would mean an error in
AT, of = 230 cals for K. value of e 0,10 for cadmium and = 100
cals for X value of 0,40 for magnesium glasses. The errors in
Kn as mentioned before can be from - 10% to = 30%, which would
be an error of ~ 150 cals to ¥ 370 cals ianqr for a §r value of
0.30 and Tg of 700°K, In the following section the different

distributions obtained for the various cation systems will be

discussed in terms of these heats of disproportionation.
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CATION

Na
i

Ca

-Cd

g;.

kg

2/1

3,364
3,210

1,960

5/3

3,480
3,528
2,780

1,500

*

ASHZ (cals)

6/t 7/5

2,540 -
2,961 3,216
1,674 1,495
1,600 1,550

14795 1,567

2/1

Table B-11
Heats of Dispreportionation
A, (cals)- .4l (cals)

5/ &M /5 2/1  5/3  6/k

1,570 1,586 1,373 - - 490 448
930 930 - - 125 8o
670 515 - - 0 0
0 0 0 0 0 0
0 0 0 o) 0 0
100 130 W50 0 0
- 0 0 - - 0

Date from Cripps-Clark and Meadowcroft and Richardson

7/5

LGk
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(e) Bffects of different cations on the anionic

distribution in the phosphate glasses.

Westman and.Cartaganié96) and Meadowcroft and Richardson

(25)

found that the anionic distributions in the phosphate glasses are
a funetion, not only of the metal oxide to phosphorus pentoxide

(25) put

ratio but also of the cation, leadoweroft and Richardson
forward the view that there is an enthalpy change involved in
addition to an entropy change during the formation of a distri~
bution, This enthalphy change was treated by them in terms of the
heats of disproptionation, disfussed in the earlier section, The
heats of disproportionation are, as seen in the last section, a

(51)

function of the cation, which according to Meadowcroft can be
explained in terms of a) the coulombic interactions between the
cation and oxygen at the end of the chains, which would be
dependent on the cation rodius to change ratio and b) the shape of
the heats of formation curves for the binary phosphate glasses

vy,

(25), the

In the systems studied by Meadowcroft and Richardson
relative steepness of the hcats of formation curves were increasing
with the radius to charge ratio of the cation, as seen in figure

18+ In figure 18, the values of heats of formation for the glasses

(54)

and crystals plotted are those of Meadowcroft and Richardson

except the values for orthophosphates of Lead and Magnesium, which

(55)

were taken from the work of Fitzer and 3tevens and Turkdoga£56)
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respestively. To check which of the above two fastors had an over
ruling influence on the observed distributions, it was neceséary
to choose a system for which the heats of formation and the cation
adius to change does not fall in the above order. The available
thermodynamic data on the phosphate systems are meagre and the
heat of formation of the orthophosphate had to be taken as a guide
to the steepness of the heat of formation curve for tH&t system.
The lead and magnesium systeny were suitable ones to study because
the heat of formation of orthopho§phate of lead was far less
negative than that of Lithium, though the cation radius to charge
ratios for the two systems is 0,60, and the heat of formationof orthophosphat
of magnesium was more negative than that of sinc though magnesium
has a smaller vzlue for the eatien radius to charge ratio (cf
figure 18), Hence if the distribution is controlled by the cation
radius to charge ratip, then lead and lithium phosphates of the
same n should havz the same distributions and magnesium
pnosphate should have a broader distribution than that of zinc,
On the other hand if heats of formatien curves is a measure of the
breadth of the distribution, then, lead phosphate should have
much broader distribution than those of lithium,and zinc phosphate
should have 2 similar distributign to that of the magnesiun
glasses,

(25)

In table B-12, the distributiens of Lithium ' Zinc(zs)

0 or 110/P.O,_ ratioc of

Lead and Magnesium phosphate glasses of M 205

2



Table P-12 .

Anjonic Distributions in Glasses of !L,) or NO/PZO‘ Ratio cf 6:4

Cation Ortho Pyro  .Tri Tetra Tenta Texa Uenta flynoly

Li# 9,00 12,92 25.26 20,52 14,15 8.e3 5.55 11,37

; b 2.83 16.31 17.26 15.71 13.22 10,68 8.38 15.61
o

g 7nk 3,10 15.04 16.52  14.64  11.66  8.93 8.34 21,77

kg 2.87 12,21 13.63 15.24 10.21 €.52 5.42 32.%5

(25)

*Meadowcroft and Richardson
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of 6/4 are compared, It can be seen that lead glasses have a
much broader distribution than that for lithium and near o <
that of zine, and magnesium and zinc have similar distributions,.
The breadth of the distributions can be dealt in terms of the
heats of disproportination, discussed.in the last section, The
sum of AH2 + AH3 4+ coee .A.Hn will given an idea of the
breadth of the distribution. In the following table the ZA B
is given for the various systems studied by Meadowcroft and

(25) (37)

Richardson ,Cripps-Clark and the present author, together
with cation radius to charge tatios and the heat of formation

of the orthophosphate., The heat of formation of the orthophosphates
as mentioned earlier, have been taken as a guide for the steepness

of heat of formation curves,

Table B-1 3
System ' Cation Radius Heat of formation EAHn
Charge of orthophosphate
(A) (K.cals/mole of (cals)
oxidey

Na,0-P,0; 0495 -66.8 > 10,000
CaO-P205 0.49 ~i2,2 3,480
Cd0~P,0; 0,48 ? 3,216
HgO~P,Oc 0,33 -27,7 1,654
PbO-P205 0.60 ~2545 1,500
Zn0~P_0 0,37 -21.2 1,630

25
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From the above table it can be seen that the breadth of the
distributions for the systems studied are directly related to
the shape of the heat of formation curves and not to the cation
radius to charge ratio., If this is true for all cases then the
heat of formation of cadmium orthophosphate should be near that

of calcium and this would be interesting to determine.
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PART C
THEP2IDYNAMICS OF b0, PbO'SiGz, I’b()-—B?f)_3
Pb0O-P,0. and PbOnPbF2~§§LTS
Chapter 9

(i) Introduction

In extraction metallurgy many processes are based
on the removal of impurities from metals by equilibration with a
slag phase under conditions where impurities are oxidised and
their oxides dissolved in the slag. It is therefore of import-
ance to know the activities of the component oxides in metallurgical
slags, which are mainly polyanionic melts such as silicates,
phosphates and borates. To understand this complex situation it
is advantageous to start from simpler binary systems. Though
thermodynamic information as been obtained on numerous binary
silicates (summarised in Fig.19) little or no information is avail-
able for the corresponding, phosphate and borate melts. From
survey of the literature it seems so far no systems have been
investigated in which the same cation was studied in a number of
systems with various polyanions.

Often fluorides (particularly fluorspar CaFZ) are
added to metallurgical slags to increase their fluidity, by breaking
down the anionic networks. The effect of these fluoride iom
additions on the oxygen ion activity in the slags is not well
understood. This is of industrial importance since strong inter-
2=

actions between F and O ons in the melt could bring sabout an
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appreciable lowering of the oxygen ion activity, and consequently

(57)

lowering the sulphide capacities of the slag and therefore the
efficiency of refining.
Tae lead oxide systems were chosen for investigation
because of their lower melting points, which made it possible to
,
study then over a wide range of temperatures and compositions,and

the possibility of using a simple emf cell for activity measurements.,

(ii) Choice of the Hethod

(33) o

k)

Ito and Yanagase ave measured the lead oxide

activities in lead silicate melts using a formation type cell with
an oxveen electrode, and obtained values which were in reasonable
agreement with earlier cquilibration studies of Richardson and
N . .
denb( ). Such an oxygen elactrode had been employed in borate

r ne 1(58) - 4 . . . -
melts by Csaki and Dietzel as far back as 1940. They investigated

the cell,

n-8,0 Pt:0

2 R Rl ' 2

and obtained good values for the free energy of formatiom of the
. .- o - o -
rezetion 2E,+ 0, = uyo(g) at 750-915°C., The use of an oxygen

electrode for the silicates was first suggested by Didtschenko and

$) (35)

5 "
Rochow(‘ and later emploved hy Ito and Yanagase and Minenko

<5~b). (61)

and Ivanovaz Delinmarkidand Andreeva have used an oxygen

electrode in ?bO—Na?O—P 0. melts, Fence it scemed promising to

2
study the various lead binaries by means of a formation cell using
an oxygen electrode.

The criteria which have to be satisfied for the
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successful operation of a simple cell of the formation type are:-

(1) The melts studied must conduct eleectricity by ionic
conduction only,

(2) The free energy of formation of the metal oxide rust be
sufficiently smaller than that of the acid oxide, so that the cell
reaction is unambiguous,

(3) The solubility of metal in the slag and slag constituents
in the metal must be small,

(4) The vapour nressures, liquid ranges and compatability with
available refractories and electrorde materials of the cell components
should be satisfactory.

(5) The electrode reactions must be reversible,

The first criterion has to be fulfilled to obtain a
meaningful emf from the cell, If the melt is not completely ionic
and has electronic conduction, this would act as a2 short ecircuit,
and the emf obtained will not be the reversible emf- hence cannot
be related to the free energy chance for the cell reaction. Bockris
and Hellors(ez} Liave shown Ph0 and ?bO-SiOz melts to be ioniec in
neture., It is reasonable to assure the lead phosphate and borate
nelte would similarly be ionic in character. Lead fluoride has a
conductance(GB) of D5e7 ohm—lcm~1 at 977°C which is in the range
for ionic conductors.

The ionic nature of lead oxide systems could be
relatcd to the large difference in equilibrium oxygen potential of

the lower and higher oxides of lead when compared to the transition
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metal oxides. This can be seen from Fig. 20 in which the AGO
of the oxides of Pb, Fe and Cu are plotted. It will be seen that
the introduction of Pb3+ ions into a Pb0 lattice, ~ hence to pro-
cuce non~stoichiometry and electronic conduction, - would require
far more energy than the corresponding iron and copper cases.
tence it secms unlikely that a formationm type cell can be used for
measuring transition metal oxide activities in the transition metal
oxide systems. This could, of course be overcome by the use of
oxide solid electrolytes which ensures pure ionic conduction.

In order to fulfil the second criterion, the
stagdard free energy of formation of PLO should be much less
99 3203, P205 and PbFz. This condition

was satisfied for all cases except for P?OS’ for which AC® for

negative than that of Si0

PéolO(g} at these temperatures was not very nuch less then ac°
for PbG. As described later this led to some unforseen results,
The third criterion, namely the solubility of lead
in the slag or tlhie slag constituents in the metal is important as
the former would introduce electronic conductivity in the melt and
the latter would tend to reduce the lead activity. The effect of
electronic conductivity on the emf has been dealt with under
criterion one. The reduction of activity of lead by unknown
amounts would make the interpretation of the results difficult.
To deal first with the solubility of lead in slags,

(64)

Meyer and Richardson have shown that at about 1500°C the

maximum solubility of lead in lead blast furnace slags would be
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around 0.17 wt. This solubility decreases sharply with temperature
and since (25 scen later) this work was carried out at temperatures

not exceeding IQSOOC, the solubility in the silicate and the

L]

correcponding borates anc phogthates can be assumed to be negligibly
small, This supported by the fact that there is no appreciable
non-stoichicmetric range in these melts.

On the other hand halide melts generally disolve
various amounts of the metal., Though no information is available

on the solubility of lead metal in lead fluoride melts, data is

(65) (66)

available for lead solubility in lead chloride and Todide

Pbcl2 dissolves 90,1237 mole of Pb at £06°¢ and PbI2 0.417 mole of

Pb at 700°C. Assuming a similar lead solubility in PbF2 it is

unlikely to contribute significantly to the conduction in the melt.

(67)

This is SUpportéd by the fact that for alkali halides contribu-

tion to the conductivity by the metal solute decreases greatly
going from iodidz to the fluworide, i.c, with the size of“the
halide ion.

Considering next the solubility of the slag

(&)

constituents in the metal, Hansen reports the solubility in

lead of S§i-0,027 wt at 1250°C, S-neelibible at 1506°

13y o

¢, and P-
negligible.  Van Wazer 2s reported & solubility of 1.5Zwt

of P in liquié lecad. The oxygen sclubility at 1000°C is

These sclubilitics are small and they are therefore nct likely to
affect the lead activitv by an appreciable amount in these measure-

ments (AGPb should be less than 50 cals at IOOOOC).
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It will be seen in the next chapter that critericn
four and five were also satisfiec by these melts.

In order to determine the activity of lead oxide
in PhO-S5i0 ?bO-B203, PbOﬂPZOS and Pb0-?br, melts using the

2’
. . v (33)
fellowing cell (eof Ito and Yanagase's

type)

g

b ‘ Pb0O centaining melt ‘ 0,:2¢t

t is necessary to know the standard free energy 6f formation of

pde

liquid Pb0. Recent measurements of oxygen potentials of PbC have
been mainly carried out in the solil state and the measurements on

liquid PbO(GO)(Bl)(ég)

are not in very good agreement with each
other, It was decided therefore to mecasure the enf of the above
cell using pure liquid PbC as the clectrolyte. This gives a basis
for calculating Pb® activities in Pb0 containing melts without

having to use externally derived data, The activity of PbO im

these melts can then be calculated from the relationship,

-1n a . 2F(E2-E1)

b0 RT
2F(E,~LE,) (E.=8.)
1
or log Bong = 2 - l.OOExlO4 b3 1 2
= b4e575T T

where
E. = Inf of the cell usineg Ph0O as electrolyte
E., = Enf of the cell usinr PhO-containing melt as electrolyte
T - Faraday's constant
R =~ Gas Constant

T = Temperaturc in degrees Kelvin,
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Experimental

(2) EMP easurenents

The construction of the cell used is shown in Fig. 21
The cell assembly was suspended in a cage of "Kanthal ‘A" " wire
and was so arranged that it could be assenbled outside the furnace,
which could then te raised into position around the cell without
disturbing the relative positions of the cell components. The
furnace was heated by 2 silicon carbide resister and the tempera-
ture of the het zone was controlled to within * 1°C by means of a
proportional band controller operated by a Pt/Pt-137 Rh thermo~
couple located near the bottom of the crucible, The temperature
of the cell was measured by another Pt/Pt-137 Rh thermocouple
located at the side of the crucible. This thermocouple was cali-
brated ageinst a third thermocourle which was immersed in the melt.

The cell consisted of an alumina cruecible in which
liquid lead was in ccntact with a pure iron electrode protected
from the slag by an alumina shezath. The oxygen electrode consisted
of small bere alumira tube with 2 platinum wire inside it, the end
of the tube just dipping into the clectrolyte, which floated above
liquid lead due to its lover density,

The observation of Webb(7o) that alumina ware nade

by the Royal Vorcester Porcelain Company is particularly resistant
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to attack by PbO containing melts because of their low porosity
was confirmed and this grade of alumina was used throughout these
experiments. One of the advantages of the type of cell used in
these experiments is the rapidity with which it comes to equili-

brium, This adventage was fully utilized in case of PbO-PbF

7))

2

melts for which the cell life was limited by the rapid penetration
of the alumina sheath of the iron electrode by these melts which
resulted in the short circuiting of the cell. The rapid attainment
of equilibrium enabled a study of this systen to be nmade over the
whole composition range at one temperature (1170°K)since readings
could be obtained within fifteen to thirty minutes from the tine
the cell was placed in the hot zone. Kowever, =fter this time the
enf weuld suddenly drop ftrom the steady value, an effect vhich was
attributed te attack of the iron electrode by the melt which had
seeped through the alumina sheath, THere again it is worthwhile
to note that alumina crucibles made by the Royal Worcester Porcelain
Company swierc demsc enough to retain the melts for

long periods but that alumina ware bought from elsewhere was nct
dense enough. In all casges the porosity of the alumina seems te
be importarnt in the minimisation of attack. For the other melts,

nanmely ?b0~Si0,, PbC-E, C,., and Pb0~?205 this rapid atteinment of

2 2732
equilibriun in the cell rmeant that most experiments at any one
composition could be carried out over the whole range of tempera-—

tures studied in two to three hours., After such a period of time,

no appreciable attack on the refracteries by the melt could be
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detected either by inspection of sectioned samples or by analysis.

The emf of the cell was normally measured with a potentiometer
(made by Croydon Rrecision Instruments Ltd.,) reading to Y 041 mv.
and this was periodically checked by taking readings with a high
impedance electrometer, to confirm that the potentiometer circuit
did not affect the cell voltage appreciably,

(ii) Operation of the Cell.

The iron electrode was placed in position amnd about 10 g of
lead shot placed around it in the crucible. 5eb g of powdered
slag mixture ( or PbO ), were added and the furnace raised into
position, However, for slags of low melting points (e.gs in PbO-~
PbF,, and Pbo--Bao3 systems), the lead had to be pre-melted in the
crucible under a nitrogen or argon atmosphere (to prevent oxidatioén
of lead). This was necessary because the slag and metal in such
cases melted simultaneously and the slag melt had a preferential
affinity to cover the iron electrode and its alumina sheath, thereby
preventing any contact of iron with lead, although in theory the
slag should flost above molten lead. This pre~melting of lead
ensured that only molten lead surrounded the iron electrode and
the slag added subsequently melted and floated an top of it.

then the crucible contents had melted and reached a steady
temperature, the oxygen electrode was slowly lowered until it just

touched the surface of the melt. This could be observed by an emf

registered in the potentiometer from the completion of the circuit
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and also by the small back pressure developed in the flow meter
due to the initial resistance of the melt to the oxygen which is
flowing around the platinum_wire; The exact relative position
of the end of the platinum wire and the alumina tube of the
oxygen electrode was found to be important, In early experiments
the wire was allowed to protrude from the end of the tube and this
was found to produce very unsteady emf's which depended on the
flow rate of oxygen and the amount the wire was protruding into
the melt. These unsteady emf values however oscillated appreciably
in a sawtooth man.er with periods exactly that of the dis -
engagement of the oxygen bubbles from the tube, which could be
followed by the small oscillations in the di-butylphthalate level
in the flow meter measuring the oxygen flow rate. When the wire
was withdrawn so that its end was just inside the tube, a steady
emf was obtained. This behaviour of the oxygen electrode will be
discussed later (pagel5P.

The furnace atmosphere was found not to be critical for

measurements with PbO, Pb0-8i0O,, Pb0-B_ O, and PbO-P_ O_. melts.

2! 273 275

However, in the case of PbO-PbF2 melts an atmosphere of dry

nitrogen or argon was maintained inside the reaction tube., The
nitrogen or argon was dried by passing successively through silica

gel, magnesium perchlorate and P, O_. This was done to eliminate

25

the possibility of reaction of PbF2 with H20 to give PbO, For

the hydrolysis reaction :

T -
PbF2 + LZO = PbO + 2HF
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the AG° at 1200°K (927%) is 2.7 Keeals.  and hence is
likely to occur, This reaction would continuously change the
composition by introduction of FbO into the melt and would be
especially pronounced ih-- PbF2 rich melts. The observation that
the atmosphere was not critical for other melts indicates a low
rate of mass transfer of oxygen through the slag in the crucible,

which is a further point in favour of the type of cell used.

(3ii) Tests of Cell Reversibilitya

The most remarkable feature of the operation of the cell
was the speed with which it attained a constant emf. Yhen the cell
temperature was changed, for instance, it was found that a constant
emf., was obtained within seconds of a steady temperature indication
from the thermocouple, In order to determine whether the voltage
observed was the true reversible emf of the cell, the following
tests of reversibility were carried out:

1. It was established that the same emf was observed when
a particular temperature was attained from higher or lower
temperature.

2. Imf greater than or less than the equilibrium value
were impressed on the cell by an external circuit. On removal of
the constraint the cell emf became constant again within a few
seconds.

3. The partial pressure of oxygen in the gas was changed

and the change in emf of the cell was found to correspond to this
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change.

L, The rate of passage of oxygen through the oxygen
electrode was varied by a2 factor of twenty (1 to 20 ml/min) with
only very slight chahges being observed in the cell enf,

A further point which supports the reversibility of the
cell used is the good agreement between the values obtained for
the free energy of formation of PbO and PbO activities in PbO-
5102 melts in this study and those obtained by earlier workers
with other techniques.

(iv) Calibration and Correction,

The potentiometer was checked against an external Veston
standard cell, The cell emf was corrected for the thermal emf due
to the different leads. The emf of Irofi- Platinum couple was
measured over a range of temperatures and the result is plotted
in figure 22 .,

(b) Preparation of Slags.

Analar grade lead, lead oxide, ammonium dihydrogen orth-
ophophate (as a source of P205), reagent grade Boric oxide, lead
fluoride and high purity washed quartz powder were used as the
raw materials.

In all cases except PbO-PbFZ, which were prepared by mixing

the required amounts of PbO and PbF_, insitu in the cell, the slags

2

were prepared before hand, Weighed amounts of lead oxide and the

corresponding acid oxide (NHl+ H POA, which loses H, O and NH, on

2 2 3
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heating to give P205, was used as a source of P205), were mixed

in 2 platinum crucible and melted usually at 1000°C (for compositions
of phosphates near the orthophosphate higher temperature up to
1100°C was used), Homogeneous melts were obtained within thirty
minutes at these temperatures, The melts were quenched by pouring

on to a nickel plate or an aluminium block. The samples were then
finely ground and stored in a desiccator. It was difficult to

obtain homogeneous glasses in the Pb0O~Si0_ system for compositions

2
a
above i‘SJ‘.O = 0,50, due perhaps to the proximity of the silica

2
saturation limit and hence this system was studied from pure FbO
to NPb6 = 0,50.When preparing phosphate slags, special care was
needed because of attack on platinum crucibles; this has already
been mentioned in part B, Chapter 6.

Samples of slags from the emf runs were periodically
analysed to check their composition and to check whether they were
contaminated with A1203 from the cell-components. The lead silicates
and borates were analysed for PbO by reacting them with hydro-
fluoric and nitric acids and determining lead in the baked residue
gravimetrically as Pbsoq.Silica in the silicate was determined
on a separate sample by evaporating to dryness with hydrochloric

acid heating and extracting with nitric acid. The S5i0_ remaining

2

was washed and ignited., In the case of borates, the B0, was

23

determined from the difference in weight between the original

sample taken and the lead oxide analysed, In case of the phosphates
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the sample composition was checked using the paper chromatographic
technique (Part B), since the same batch of glass was also used

to determine chain length distribution. For some other compositions
for which this was not done, the analysis carried out by the
Analytical Serviees Laboratory agreed to within 0.5% of the
intended composition,when analysing the samples from runs of

pure PbO no detectable residue was found, which confirmed the
observation that the alumina of the cell was not appreciably
attacked. Furthermore, the slag compositions analysed to within

1% of the nominal composition of the starting mixture used and

so that it appears that little or no change in composifion had

taken place in all cases during the experiments.
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Chapter 11

Results

(a) Pure Liquid Lead Oxide

The emf of the cell with pure Pbl as electrolyte was
measured from 900°C to 1080°C, that is from just above the melting
point to the temperature where the vapour pressure of Pb0O becomes
sufficiently great for appreciable distillation from the hot zone
of the apparatus to take place. The experimental values are
given in Table C-1a

Table C-1

Temperature °K 1173 1190 1202 1234 1256 1282 1300 1352

Enf, (m.v.) 513 506 501 488 478 468 461 438

The emf is plotted versus temperature in figure 23.

(61

together with the experimental points of Delimarskii and Andreeva

and Minenko and Ivanosg?)who also measured the emf of the cell

Pb (1) / PvOo (1) / o, (g) Pt

2
The agreement between the values obtained by these workers
and that of this study will be discussed in the next chapter,
The best line has been drawn through the experimental
points of this study and that of lMinenko and Ivanova and the emf

can be represented by the equations:

E

1

0.9936 - 0.4098 x 10™> T Volts (C-2)

3

and E = 0,9866 ~ 00,4098 x 10°° T 'Volts (C=3)

respectively.

)
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From these emf values the standard free energy for the
reaction:
Pb (1) + 1/2 0, (g) = Poo (1)
can be calculated from the relationship
AGP =-2FE = - 46,126 E  (C=k)
combining equations C-4 and C-2
AGy = - 145,830 + 18.90 T Cals/mole PbO (C-5)
A comparison of this free energy of formation of liquid PbO
with other data is made later. (Page 156).

(b) PbO - Si0_ Melts

The emf values determined over a range of temperatures

for cells containing Pb0-Si0O. melts of various compositions

2
are given in table..C-2 and are plotted in figure 24 ., In the
figure the circles represent the experimental points, and the
four crosses the values obtained from Ito and Yanagaé25% study
by interpolation. Their values could not be compared for other
compositions and temperatures because of the limited composition
and temperature range of their investigation.

The activities of lead oxide determined directly from
these results using equation C-1 (page 10Q)areshown in figure 25
as a function of composition at 85000, 950°C and 105000. The
activities of silica at various compositions in these melts can

be calculated using the Gibbs-Duhem relation, which can be expressed

in the form: NPbO

Na.
2 S:LO2

(C=6)

= - a
log ag., = d log PbO
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The necessary integration can be carried out graphically in this
particular case from the silica saturation where aSiO2 = 1 (tri-
dymite standard state) to the composition where silica activity
is required.

To perform the integration the %PbO should be known for
all compositions up to silica saturation and the silica
saturation limit should be well defined. The phase diagram for

(89)
the PbO-5i0, system has been studied by Geller, Cremer and Bunting

2
and Krakau, Mukhin and Heinrégg?)Though Geller, Cremer and Bunting's
phase diagram (figurelg pagef?0) is very well defined for the low
temperature liquids and solids, their silica saturation compos-—
ition is not well defined because the liguidus was measured only
up to 9300C. However, Krakau etal have measured the liquidus up
to 1500°C (figure26). Richerdson and Jebb, who measured the
oxygen solubility in liquid lead equilibrated with lead silicate
melts, found that their function Négy t50 s which should
become independent of PbO concentration at the silica saturation
limits at the various temperatures, did do so at compositions
corresponding to Krakau, Mukhin and Heinrich's liquidus. The
experimental values 0f?PbO which were determined up to NPbO=0.5O
vere coxtrapolated to these silica saturation limits, which occur
around NPbO = 0.60, aﬁd the Gibbs~Duhem integration carried out.

The resulting values for 8i0, at 850°C, 950°C and 1050°C are also

2
plotted in figure 25 ,



Table C.2

EMP as a Function of Temperature for Cells Containing Pb0.Si0, Melts
- e &

NPbO = 3,00 H‘Pb0= 0.76 HPbO = 0,70 I‘.'qu = 0,60 ‘ NPbO = 0.50
Tgmp. ] gHF Tgmp° . ?HF Tgnm. _ FHF Tgmp. ) GiF Tgmp. EifF
K ifillivolts 4 Millivolts K Millivolts K Millivelts 4 Millivoltd
1140 536 1128 563 1129 580 1123 617 1123 €55
1175 522 1139 560 1170 564 1134 812 1168 638 &
1210 505 1150 554 1205 552 1176 396 1197 623 i
1243 492 1165 549 1236 538 1193 599 1231 613
1274 480 1200 534 1275 523 1223 576 1240 508
1277 478 1249 518 (1316 509 1232 572 1260 600
1300 469 1294 497 1322 505 1284 552 1295 584
1314 4563 1316 488 1323 503 1307 544 1301 535
1332 456 1322 487 1314 542 1324 576

1335 534



(2) ®PbO in PbO-SiO. melts

Pu0

0,90
0476
0.70
0,60

0.50

(b)
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Table C-3

2

=)

950°¢
0,85
053
Ce37
0420

0.095

* 1000°¢C

0.85
0454
0,38
0.21

0.11

2350 in PbO-Si0. melts

2

2

950°C
0.0032
0,0130
C.075
0424
0.56
0,96

1000°C
0,0034
0,0150
0,680
0,25

0.55

1050°¢C
0,0043
0.0170
0,084
0,25
0.54

0.91
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Activities PbO and Si0, at 850°C, 950°C, 1000°C and 1050°C

are tabulated in table C-3(a) and C-3(b).

(c) Ep9'§203 Melts

The emf values determined over a range of temperatures for
cells containing PbO--B203 melts of various compositions are given
in tables C-4 (a) and G-4 (b) and plotted in figure 27 .« The
activities of lead oxide were determined from these results
using equation C-1 (page 1) and are tabulated in table C-5 (a)

for 900°C, 950°C. 1000°C and 1050°C. The activities of B,0, in

these melts can be derived using the Gibbs-Duhem relationship,

which can be expressed as:
N
BZOB_X

log & L, = - i ..
BZOBq PbO d log 2ap

NB 0

w, 23

N =1
5203

Since in this case “PbC is known over the entire range of

composition, the integration can be carried out and the %80, so

23
obtained at 900°C, 950°C, 1000°C and 1050°C are given in table

C-5 (b)..The activities.for PbO and B203 arc plotted as a function

of composition at 900°C and 1050°C in figure 28

(d) PbO—P205 melts

In the case of phosphate melts it was found impossible to

extend measurements beyond 1JPbO = 0,60 because of the production
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NPb

ngp.

1334
1316
1275
1257
1235
1230

1198

Table C-4(a)

EMF as a Punction of Temperature for Cells Containing PbO-qu3 Melts

0~ 0.95

EMF
Millivolts

452
461
478
485
493
494
509

Nopo

TSE?.
1340
1320
1298
1278
1261
1253
1242
1223
1178

1156

= 0.90

EMP
Millivolts

479
488
496
503
509
513
517
524
543

550

Npbo

Tg;p.
1334
1301
1263
1238
1201
1195
1172
1122

= 0.80

EMF
Millivolts

534
542
554
561
571
573
580

596

Yoo

Tgmp.

1336
1319
1280
1252
1230
1209
1191
1160
1156

1120 -

= 0,725

EYF
Millivolts

555
561
572
580
585
593
597
602
608

620

)

Temp.
ok

1336
1326
1275
1240
1208
1174

1140

= 0I60

ELF
Millivolts

613
617
632
644
653
665
676
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TABLE C-4(b)

EMF as a Function of Temperature for Cells Containing PbO-BZ_g3 Melts

pr0= 0.50
. BE

K Millivolts
1340 663
1292 673
1278 678
1242 691
1210 701
1190 707
1160 716

N

Temp.
°k

1328
1319
1298
1265
1235
1205
1164
1148

1110

PbO

0.40

EMF
Millivolts

732
735
740
752
761
770
782
787

799

N.

Temp.
°k

1326
1303
1280
1271
1239
1204
1182

1157

PbO

= 0.30

EMF
Millivolts

797
805
812
816
830
841
845

509

N

Tgip.

1334
1301
1274
1248
1232
1214
1198

1170

PbO

0.10

EMF
Millivolts

888
900
012
910
915
921
928

950
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Table C~5
(a) ®PbO in PbO-B,0; melts
a

pro Q Opbo 0 Q

900°c  950°%C 1000°c  1050°C
0.95 0.88 0.88 0.88 0.68
0.90 0,55 0,55 0«55 0455
0480 0.27 0,26 0.2k 0.22
04725 0,17 0416 0.15 0.15
0,60 0,057 04052 0,052 0,053
0450 0,020 0,020 0.021 0,022
0,L0 0.,0050 0,0056  0,0062  0.0070
0,30 0.0012 0.0015  0.0019  0.0023
0,10 0.000175 0.00020 0.00033  0,000kk

(b) log a3203 in PbO-B,0; melts

N3203 o 33203

900%c  550% 1000°c  1050°%C
0,90 0.,0540 0,0521 040513  0,0511
0.70 0.2616 0.2585  0,2379  0.229%
0.60 0.5838 0.5548 0.5078 0.4878
0,50 1.0711 1,0332  0.940k  0.8765
0.40 1.620C 1.5891  d.bh2h  1,360L

0.275 2,5937 2.4869 2,3472 2.22h49
0,20 3.,3200 3.1198  2,9855  2.7745
0.10 5.3640 5,3982 5,3045 542760
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of elemental phosphorus. Thus one of the conditions for
satisfactory operation of the cell, namely that the free energy
of formation of the metal oxide must be sufficiently lower than
that of the acid oxide was not completely fulfilled, This would
mean that a reaction of the type

5Pb (1)+ P05 (in melt) = P, (g) + 5 PO (in melt)
could take place when the activity of PbO in such melts were
sufficiently low. Attempts to use z melt of the composition
NPbO = 0,50 resulted in the production of flashes in the apparatus,
which were recognised by Dr, Jeffes as characteristic of burning
phesphoruss in fact the activity of PbO in melts of this compo-
sition are very low ( 10_4 to 10_5) and such a reaction is
likely to take place,

Melts of composition NPbO =1 to NPbO = 0,60 were invedigated
over a temperature range 97500 - 112500 and the emf of cells with
various compositions are given in tables C- 6 and in figure 29 .
The activities of PbO determined from‘these emf values at 97500
1025°C, 1075°C and 1125°C are given in table C- 7 , The activities
of P205 in these melts were approximately estimated from the dove
observation of the evoluti:h of phosphorus. For this it was
assumed that this reaction commences at a composition *

: NPbO = 0,55 and that the phosphorus evolved was at 1

atmosphere pressure. From the equilibrium constant for this

reaction :t 1025°C, the activity of PO, referred to 1/2 (PO, e



FMF as a Tunction of Tcmperature for Cells Containing Pb0.P

"pbo

Temperature
K

1267
1285
1304
1325
1345

1380

= 9,95

EMr
¥1llivolts

520
5903
499
483

475

Table C.6(a)

[N

Tempgrature

LR

1198
1246
1273
1270
1320
1353

1369

1425

2gs‘Melts
= 0,90 NPbO = 0,06
EMF Temperature EMEF
Millivolts % Millivolts
52¢ 1250 545
515 1271 535
5090 1291 525
455 1303 519
475 1319 513
469 1330 506
452 1339 505
449 1355 499
428 1375 489
1394 478

-{T1-



EMF as a Function of Temperature for Cells Containing Pb0.P

Table

C.6(b)

0. Melts

NPbO = N80
Tempgrature ‘ ?:E
4 Milliveclts
1280 ' 670
1326 044
1361 625
1369 621
1379 615
1423 590

Mobo

Temperature
'OK

125¢
1320
1344
1362
1382

1410

= 0,79

EMF
HMillivolts

2
Fopo

Temperature
O

1199

1210

= 0,60

EME
Millivolts

1064

1057

-8¢1~

1036

1022

1015

994

982

968

935
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Table C- 7

Activity of PbO in PbO-P205 melts

PbO
I\‘Pbo Q o) 8]
: 975°C 1025°C 1075°¢C 1125°C
0495 0485 0,85 0485 0.85
0490 0.64 0,64 0.64 0.64
0,86 0«31 0433 043k 0.36
0.80 Ligquidus 0,026 0.033 0.041
0,70 0.00031  0.00046 0.00069  0,00097
0460 0.,000039 0,000064  0,00011  0,00019
Activity of PO in PbO-P,0; melts at 1025°¢
NP205 0,45 0,40 0.30 0,20 0.10
-logaP205 5.7932  6.2844 7.5134 13,6385 16,4015
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at 1025°C as ‘the standard stite, can be calculated, After fixing

the “P,0_ at “EbO = 0455, the Gibbs-Duhem integration can be

carried out and the resulting values for the activity of P205
are given in table C 7 and plotted together with activities of

PbO in these melts in figure 30 . The activity for P205 is

plotted in dotted lines because of the great uncertainty involved
in these approximations; the curve does, however, help to give
an idea of the magnitude of this activity in these melts.

(e) PbO-—PbF2 melts

As mentioned previously, difficulty was experienced in
the case of these melts because of the fast penetration of the
alumina sheath round the iron electrode due to their high
fluidity. Hence the temperature dependence of emf was only

studied for high PbO melts (pr 1,0te" 0. 7C. However ,owing to the

0
rapid equilibrium attained by the tyﬁe of cell used, emf data
could be obtained at 1170°K for the entire composition range and
these values are tabulated in table C- § . The emf as a functon
of temperature for compo;itionsNPga.OtOO.7O are given in table C-§
and plotted in figure 31 , The dotted line for pure PbO is
obtained from equation C-2 and would correspond to hypothetical
liquid PbO. The break in the emf temperature curve for NPbO = 0.90
near 1083°K is due to the liquidus at this composition. This

agrees fairly well with the value of 10780K from the phase diagram

of PbO-PbF2 (figure55 page185) determined by Sandonnisgg)The
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- p0-0.90

&)
Temp K

1170
1167

1159
1148

1134
1127
1121
1104
1097

1074

EME
(mv)

525
526

530
235

5ho
54l
545
553
556
563

Table C-8

EMF of cells containing PbO-PbF_ melts

\J

‘Pp0=0,80
Temp K TMF
(mv)
1170 539
1158 544
1145 549
1119 559
1100 567
1087 572
1071 578
1053 586
1027 597

Np0=0.70

o
Temp K

1170

114

1125

1105
1091
1075
1060
1040

1025

EIF
(mv)

554
564

271

579
586
290
297
605

611

Temp. 117OOK

¥ppo

.90

0.80

0.70

0.60
0,50
0440
0430
0.20

0.10

EMF
(mv)

225
239

554

570
585
600
621

648
691
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derived activities of PbO are plotted as a function of composition

at 117OOK in figure 32. The activities of PblI', obtained by

2
the Gibbs-Duhem integration are also plotted in figure 32 ,
All these activities refer to pure liquid as the standard

state.

(f) Partial Molar Quantities

Lead Silicate, Borate and Phosphate Melts

The activity of PbO in the melts is related to the partial

molar free energy of solution of PbO in the melt by the equation

AG PbO = RT 1n ano

From the measurement of activity of FbO over a range of temp-
eratures it is possible to derive values for the partial heats

and entropies of solution of PbO from the equation

G = it ~ T AS
AGpyg Ao T %50
assuming that AﬁPbO and AEPbO are constant over the range of

temperatures studied.

Hence by plotting ‘KEFbO/T

would give the value of A Hp o Knowing AGy o and AH, o the

as a function of 1/T the slope

value of A.§Pb0 can be obtained by substitution in the above

FbO/T?
in which case the slope will be lXHPbO/4.575 from which AH .

equation, Instead of plotting A log ®PbO can be plotted,

can be calculated,
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Since the activities of SiO2 and B203 as function of

temperature are also known, the corresponding partial heats and

entropies of solution of SiO2 and B203 in PbO -~ 8102 and PbO-

BZOB melts respectively can be obtained from similar plots,
These plots of either AE/T against 1/T or 1log a against 1/T
are given in figures 33 to 37 for their respective melts. The

— —— . A —-— B
values of A'HPbO’ A HSiO and Hy o obtained are plotted as

2 2°3
a function of composition in figure 38 o Similarly the variatiom
of ASpo ASSi02 and AS, , with composition in these melts
273

are given in figure 39 .

For PbO ~ PbF. melts 2PbO was measured as function of

2
temperature for melts of composition NPbO = 0470 to NPbO = 140
and these data were used to calculate AHPbO and ASPbO‘ The

values are given in the following table.

Table C_ g
Novo Afp, ABp,
cals/mole cals/dig.
0.90 30 0431
0.80 120 0.63
0,70 280 1e26

(g) Integral Molar Quantities

From the partial molar quantities derived above the integral
quantities can be obtained using the relationship

M — —
A g = N,]AG,] + N2 AG2
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AHM = N1 AH,I + N AHa
Ast o 5 3
S N1 "_\s1 + N2 As2

where subscript 1 and 2 refer to the twe compenents in questim

for example PbO and 55.02 in PbO--S:I.O2 melts,

Since the partial molar free energies, heats and entropies

for PbO, SiO2 and B203 have been derived in the last section

for PbO--S:i.O2 and PbO-B203 melts, the AGM, AHM and ast for

one mole of the melts can be readily calculated and they are given
in figures 40 and 41 . In the case of PbO--Pao5 melts only
the A GI‘JI curve is given in figure 42 , since the partial heats

and entropies could not be derived for P,O.. This was because the

275

derivation of 2P_O_ itself involved a number of assumptions and

25

the temperature dependence of these activities cannot be relied

upon. Though for PbO-PbF, melts, we can derive only the AEPbO

2

end AS Pbo OVeT 2 limited composition region, in Part D, it
will be seen that the integral heats and entropies can be obtained
for these melts as they seem to exhibit regular solution behaviour

and are given in page 2i4(a).
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(h) Estimation of errors

The renroducibility of the emf of the cells were Io MV,

The partial free energy of solution of Pb0, is given by the

relation AGy, | = -nf (Ez_h1)’ where B, is the emi of the cell

with PbO as electrolyte and ©, is the emf with FhO containing
<

hnl

~ + - . T
slags as electrolyte. The error of -~ 2 mv in L1 and ., would

2!

. + . - w
result in an error of = 2.33% mv in the value for ma—a1. Hence

the error in A'ép will be & 130 calse

0]
AanO is related to the activity of FPbO by the expression

A Cppg = BT In %FbO. Therefore, the error in temperature and

A;aﬁbo would determine the error in “PbO, The temperature was

controlled to = 1° C and this would introduce negligible errors

on the activity of PbO. flence the error of 11%0 cals in AE%%O
will mainly determine the error in anO, which corresponds to
+
an error of = 547%,5:308&=4.9% at 85000, 95000 and 1050°C respectively

in the activity of lead oxide., The activities of SiO2, B and

B
2%3
PbF2 determined by Gibbs-Duhem integration would be subject to

greater error due to the additional errors involved in the

graphical integration, ience the error in A Goy A nd

05! B0z ®

A _Fng is likely to be around : 150 cals. The integral free

ot

energies derived from these partial free energies would be also

subject to an erroxr of h 150 cels, For the PhO-F system the

o
25

errors in Z3§é 0 and hence the A G is likely to be much greater
275 ,
due to the approximation involved in fixing the %p 0_ at

25
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Nfbo = 0,55, which was necessary to derive aP205 at other
compositions from the Gibbs-Duhem integration,

The errors in partial heats and entropies would also
mainly depend on the errors in the partial free energy, since
the error in temperature 1s negligible., The errors in A H and

AS are estimated to be & 700 cals and = 0,5 cals/deg X
respectively. This means the integral heats and entropies
would be subjected to an error of = 0 cals and = 0.5 cals/

deg K respectively,
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Chapter 12

Discussion

(a) Behaviour of the Oxygen Electrode

Vhen describing the cell operation (page 104) it was
stated that unsteady values for the emf were obtained with a
protrubarent platinum wire, which was rectified by withdrawing
the platinum wire so that its end was just inside the alumina
tubes It is considered that the variability of the emf obtained
with a protruberent wire was caused by the fact that its tip was
in a zone of the melt where the oxygen activity was not unity;
this was rectified when the electrode tip was placed where it was
always in contact with oxygen gas at one atmosphere pressure. This
situation can be diagramatically represented in figure 43 (a) and
4z (b), where figure4z (a) is the condition with the platinum
wire protruding from the tube and figure43 (b) is the case when
the wire is withdrawn just inside the tube. The three phase
contact between platinum, oxygen and melt is through a film of
electrolyte which is adhering to the platinum wire, This film is
being continuously replenished when, after passage of each bubble,
the melt rises into the alumina tube and coats the platinum before
being pushed out by the next bubble., This process will be aided
by the surface tension effect, In the first case (figure43 (a) ),

the lower part of the platinum will be always in contact with the
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melt and would not come into contact with oxygen unless a very
rapid oxygen flow rate is used,

A survey of the literature on oxygen electrodes used in
oxy-anionic melts showed that various workers had used oxygen
electrodes of different designs. However, always the design was
such that the platinum was in contact with oxygen gas at all times.

Didtchenko and Rochow(59)

y who first introduced oxygen electrode
into silicate systems, used a rotating platinum wire, which was
contimously kept flushed with a stream of oxygen injected around
it. Their observation that rotation of the platinum wire in the
melt during measurements, proved advantageous because it pro-
moted the establishment of equilibrium at the platinum-melt-oxygen
interfaces supports the present observation for an oxygen
electrode of different construction. More recently Delimarskiil

and Andreva(61)

s o5 mentioned in the previous chapter, have used
the cell.

Po / PO [/ O2 : Pt
for measuring the free energy of formation of PbO., Their cell is
shown in figure 44(&). For the oxygen electrode they used a platinum
tube of 2 mm diameter which was immersed in the melt to a depth of
3 to 5 mm. They report that they were obliged to use a flow rate
of 100 ml/min of oxygen to get a steady high emf, whereas in the

present study flow rates from 1 to 20 ml/min were used with

negligible changes in emf., This suggests that the higher flow
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rate needed by these workers was to keep all parts of the

platinum tube out of direct contact with the melt and flushed

by oxygene

71

Flood, Ferland and Motzfelt used an oxXygen electrode

in carbonate-sulphate melts with 002 + O2 mixtures bubbling around
a platinum wire at 1 to 8 ml/min of gas. Their observation that
the cell emf comes to equilibrium rapidly supports the present

(72)

observation. On the other hand, Ramford and IFlengas have

recently used a Pt ~ 10% ERh : O2 ¢lectrode in a K20--Na20—SiO2

mel®, and they observed that their emf varied a great deal when
oxygen was bubbled around this electrode and they therefore
resorted to a stationary unstirred system (figure 44(b) ). This
would correspond to the system with a protruding platinum wire of
this study, and hence it is not surprising that they observed a
very unsteady emf when oxygen was bubbled past the electrode.

Uith a large surface area of the Pt-10% Rh electrode in contaet
with the melt an extremely fast rate of oxygen would be needed to
keep the whole electrode under the same oxygen potential, Hence
Ranford and Flengas's electrode seems to be an imperfect e and
their results for NiO dissolved in ternary alkali silicate melts
should be used with caution; it would be worthvhile to reﬁeat their
cell measurements with an oxygen electrode of the type used in this

study and thus conclusively prove this point. lence it seems that

the oxygen electrode, when suitable precautions are taken in its
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design and use, has a wide applicability in oxXy-anionic melts.

(b) Thermodynamics of Pure PbO

The free energy of formation of liquid PbO, obtained from
the present results can be represented by
A G; = -45,830 + 18,90 T (¥300) cals/mole PbO,
These values are plotted in figure 45 , as a fungtion  of
temperature, together with values reported by other workers.

(61)

The values of Delimarskii and Andreeva obtained from

the emf measurements of the cell

Pb (1) / Poo (D / 0, (g) : Pt
are in good agreement with the present results (also ¢f Figure23 ).
The plotted values for Minenko and IVanova(éo) are those
from the free energy equation
AG; = = 145,520 + 18,90 T

which was derived from equation C-3 (page 111) obtained from their

emf values which they measured using a similar cell to that of
(61)

Delimarskii and Andreeva and the present study. It can be seen

that their values are about 300 cals lower over the entire range
studied, but :- the slope of this free energy temperature curve

is in good agreement with that calculated from the present results,.

(69)

Matsushita and Goto measured the emf of the cell

Po/Po0// Zr0, CaO // NiO/Ni

2

Their results are given in the form of an equation

AGy = =-h5,675 + 17,82 T (X 100) cals/mole Fbo
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In order to calculate the free energy of formation of PbO from
their cell emf these authors had to use the available free energy
of formation data for NiO, since Ni/NiO was their reference
electrode., They had chosen the Ni/NiO data as assessed by Elliot
(73)

and Gleiser for this calculation, Steele(74) who has recently
measured the emf of the cell

Ni/¥iO // Solid Electrolyte // FeQ/Fe
and assessed the various available thermo chemical data for the
Ni-NiO system, has reported an equation for the standard free

energy change of the reaction

2 Ni + O2 = 2 NiOo

as N o .= =115,240 - 6.558F Log T + 63.57 T
(650-1400"K)
(X 300 cals)
This equation gives values for NiO which are 300 to 700
cals more positive than Elliot and Gleiser's value in the temp-
erature range 1200%K to 1#OO°K. Since Steele's data are consid-
ered to be the best data available at present, Matsushita and Goto's
values for PbO have been recalculated using this Ni/NiO data.
This leads to the equation
AG; = - 45,736 + 18,10 T (cals/mole Fb0)
for the free energy of formation of liquid PbO. The values of the

recalculated data of Matsushita and Goto plotted in figure ks

are about 1 K.cal more negative than the present results.
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Alcock and Belford(75) have measured the emf of the cells

Pb/PbO // 7x0, Mgd // MNi/NiO
and
Pb/Pb0  // ThO, Y0, // Ni/Nio

over the temperature range 450°C to 800°C (i.e., below the
melting point of PbO). They have also calculated the data for

PbO from then available data on A HJ 8 and CP for Pb,

A SO
2981 . 459
O2 and PbO. Their experimental data were in good agreement with

the data calculated using the Third Law of Thermodynamics. In their

calculations they used the value for A Go., of ~4k 960 cals/mole

298
(76)

for yellow PbO given by Spencer and Mote for calculating

A HZ98' The recent National Bureau of Standards publication
(270-~2) 77 gives a value of ~-51,940 cals for A H°298 (yellow
PbO) which is 150 cals less negative than the older value calcu-
lable from Spencer and Mote's data. When the new value of A,H398
for PbO is used, Alcock and Belford's calculated values for the
standard free energy change A G° for the reaction

Pb (s,1) + 1/202 (g) = Pb0 (yellow, s.l)

may be represented by the equations

32
AG(298 600 )= ~52,860 + 39.02 T + 042935 x 10 ~ 5.090T log, T
+ 44 b5 7
(c-7 )
A‘G(6oo-117o°K)— 53,110 + 24,64 T - 1,4665 x 107 °T + 0,622T log, 4T
+ 32,645 T
(c-8 )
-3 ol
CxG(117o 1200%K)= ~509270 + 52,09 T - 0,100 x 10™~1° -9.63T log, T

, ~10,000 T~

( c-9 )
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The extrapolated value of Alcock and Belford(75)
(78)

using the fusion

data of Rodigina, Gomel'skii and Luginina and those calculated

from the above equation (C-7 to C~ 9 ) are also plotted in figure
45 « It can be seen that Alcock and Belford's values are about

500 cals more negative than the present results near the melting

(o}

29
values are from 300 to 600 cals more negative than this study.
(79)

point of PbO. The data calculated from AH°298, AS g and C

P

Kvyatkovskii, Esin and Abdeev have measured the emf of

the cell
cC/ P/ PO // MgO // Na2 SiO3 / CO :C
over the temperature range 900°C to 11506C. From their emf data
the free energy of formation of PbO can be calculated using the
free energy data for the reaction
C + 1/2 O2 = CO

Coughlin's(8o)

C-CO data have been used, and the values
calculated for PbO are also plotted in figure 45 o The large

scatter in Kvyatkovskii et al's data may possibly be caused by

the thermoelectric effects arising from temperature variations
within the relatively large cell which they employed, and also

by the electronic contribution to the conductance of g0 solid
electrolyte at these temperatures. Mitoff(81) measured the electronic
transport number of MgO and found it to vary from 0,1 to 0.9 under

various conditions of temperature, oxygen pressure, and impurity

levels. Hence Kvyatkovskii, Esin and Abdeev's data are considered



- 161 =

here to be insufficiently reliable for comparison,

In figure yg the A G° values estimated by Richardson and

(3) (73)

Webb and those more recently compiled by Elliot and Gleiser
are also given, It is inberesting to note that estimated data of
Richardson and llebb are in closer agreement with recent thermo-
chemical data; Elliot and Gleiser's values are more negative

than any experimental or calculated (from third law) data by
nearly 1 k. cal and are hence considered to be inaccurate.

The fact that the values obtained using the type of cell
employed in this investigation tend to be somewhat less negative
than those obtained by other means may indicate that some eledronic
conduction had taken place in the melt. An electronic transport
number of 0,02 would make the results less negative by about
500 cals (i.e. 2% of the total). It is therefore possible that
the absolute values of the oxygen potentials of the Pb-PhO

system may be up to 500 cal too small if the ionic transport

number of liquid PbO is 0.98 - the lower limit of the quoted
(62)

range of Bockris and iiellors « On the other hand as will be
noted in the following discussion on PbO-SiO2 melts, the
excellent agreement of %Pb0 obtained by the present cell and the

results of Richardson and Webb(B)

y and the rather poor agreement
obtained with solid electrolyte cells, cast some doubts on the
precision of the latter - in which case the present results for

PbO may indicate an ionic transport number for liquid PbO

greater than 0,98,
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Also from figure ug, it can be seen that there is a
difference in slope between the line obtained from recent
thermochemical data . the data of Alcock and Belford(75)
(extrapolated using this thermochemical data),and the lines
obtained from other values, This could be due to the fact that
the former data are strickly valid only up to 1200°K, since the
dependence of Cp on temperature for liquid PbO is not available
above 1200°K and is therefore assumed to be constant. As all
available experimental data including this study for liquid be
give slopes from 18,10 cals/oK to 18.90 cals/oK, it is likely
that the correct value is in this range. It would be worthwhile
to study the high temperature heat capacity of PbO above 1200°K
to check this point, especially since accurate high temperature
datn, up to 15OOOC is necessary for calculations involving lead
blast furnace slags containing lead oxide.

(c) PO - SiO2 melts

In figure 24 , the emf obtained in this study has been
directly compared with a few points obtained by Ito and YanagaséBB)
( these are values for which comparison is possible and were

obtained using a very similar cell to the present one) 8ince Ito

(35)

and Yanagase did not measure the emf for a pure PbO cell,

they had to use external data for pure PbO to calculate their

%Eb0o in PbO-Si0, melts, Thus the data they obtained were only in
(3)

fair agreement with Richardson and Webb , who used a vapour
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phase equilibration technique to measure PbO activities in PbO-
SiO2 slags. It is possible to recalculate Ito and Yanagase's
values for ~PbO using the present results for pure PbO. The data
thus obtained is compared with the present results at 900°C in
figure L6 ; whick are in excellent agreement. As can be seen from

Ito and Yanagase's points, their work was limited to a composition

= 0,268 to NSiO = 0,555 (and between 8OOOC to

range of “SiOE 5

500°¢).

Also in figure 46 , are plotted the values of Esin, Sryralin
and Khlynov(82) obtained using' the cell:

Pb / PO // WMgO // Pbo-8102 / Pb
It can be seen that their values are not in agreement with this

(83)

and Ito and Yanagase's studies, Jeffes has reviewed the use
of emf studies for determining activity measuxemea%s-in silicate
melts and suggests that this discrepancy could be due to the non-
ionic character of MgO solid electrolyte referred to earlier,.
This is in agreement with the fact that A G° values for liquid
PbO determined by Esin and co-workers using g0 are; as mentioned
in the last section, not in agreement with any other data,

In figure 47 the values of the activities of PbO at 1000°¢
are compared with those of other workers. The present results are
in excellent agreement with those of Richardson and Webg§)The
values of Callow(sq) were based on weight loss determinations by

(85)

Preston and Turner and not adequate for this purpose. The



activity

-164-

-0 | i i i ] |
0:9 This study N
o [to and Yanagase
0-8 - ( Recalculated)
: o E£sin, Sryvalin and Khlynov
0-7 - i
0-6 |- i
0-5 - _
04 _
0-3+ i
0-2 i
0-1}- i
1 I ] ! I l
0 0-1 0-2 0-3 04 05 05 0.7
PbO Ns,'02

FIG.46 ACTIVITY OF PbO I[N PbO-SiO, MELTS AT 900°C



activity

Esin et. al.
Callow 1050°C
This study
Richardson &
Webb
Kozuka &
Sarmis
Matsushita &
Goto

Minenko &
Ivanova.

i 1

&) 8
1-0 0.9 0-8 0-7 0-6 05 0-4 03
PbO Npbo
FIG.47 ACTIVITIES OF MOLTEN PbO & TRIDYMITE IN PbO-SiOp
| AT 1000°C

0-2

MELTS



- 166 ~

(69)

values of PbC activities determined by Matsushita and Goto
using the combination of values of cell described in last
section, and the cell

Ca0 // MiO / Ni

Pb / Pb0-8i0., // 2r0

2 2
are considerably higher. Any error in the MNi/NiO data used by them
will have no effect in this case since the errors would cancel
out. Their higher values for the activity could possibly arise
from the developement of a parasitic emf due to the formation of
an 'e-Fe0 electrode at the point of emergence of the iron lead
from the solid electrolyte component (cf. figure 4L8a ).

Kozuka and Samis(86) have used cells of the type

Pb / PbO // Zr0, Ca0 // PO 810, / Pb

to measure the activity of Pb0 in PbO-SiO2 melts., Their results
are also plotted in figure 47 . From the figure it can be seen
that there is a fair agreement between the present values and
those of Kozuka and Samis up to about NPbO = 0,80. As the mole
fraction of PbO decreases, the activities they obtained become
increasingly higher than those obtained in this study. Figure 48(b),
shows their cell system. It can be seen that no precaution had
been taken to prevent any PbO distilling into the PbO-SiO2
compartment via the vapour phase, This could act as a short
circuit of the cell (via the gas phase) and hence the cell would

be likely to record a lower emf., This phenomenon, if it occurs,

would be more pronounced when the compositions of the two cell
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Compartments were very different, i,e, with a PbO reference
electrode the effect should increase as the silica rich
compositions are approached, This seems to be the trend
followed by their results. Since PbO has a vapour pressure of
about 2 mm of Hg, this effect is therefore likely to be the
cause of their higher observed activities than those of the
present study at low mole fractions of PbO.

(87)

Benz and Schmalzried studied g similar solid

electrolyte cell in the solid state and their values agree

fairly well with the extrapolated values of Richardson and

(3)

Hebb and of the present study.

Esin, Lepinskikh amthsikhin(gg) have used a cell
similar to the one employed in this investigation, Hence it would
be reasonable to expect a good agreement with this study and

(35) (60). s

those of Ito and Yanagase and Minenko and Ivanova

already mentioned, Ito and Yanage's values are in good agrcement
with the present values., However, lisin et al(88) value are not
in good agreement. This is considered to be due to the inherent
fault in their cell construction (cf figure 48(c). They used a
platinum wire dipping in lead, which would lead to errors caused
by solution of platinum in liquid lead; at 1000°C lead dissolves
63 % mole of platinum(68). Furthermore, their arrangement of te

oxygen electrode is considered to be unsatisfactory. The protru~

berant wire could produce non-equilibrium and unsteady emf values.
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(88)

Hence, the result of Esin, Lepinskikh and MusikHIn. are
considered erioneous,

The values reported by Minenko and Ivanova(6o) (cf figure 47)
are scattered and hence no attempt has been made to draw a line
through their points. Since their exact cell construction was
not described it is impossible to explain the scattered values
with certainty. They have, in fact, drawn a curved line with
humps for their activity versus composition plot and point
out that these occur near the compositions of metasilicate

(Fb0O/S1i0 = 3/2) orthosilicate

5 1/1), pyrosilicate (Pbo/Sio2

(PbO/SiO2 = 2/1) and a 4/1 compound, showing the presence of
these compounds in these melts. From the structural picture
given in this thesis, it is clear that in the melt there would
be distribution of anions and not single anions corresponding
to a particular compound in the phase diagram. However, it might
be noted that their values though scattered are in fair agreement
with the present results over the entire composition, which
might suggest that perhaps Minenko and Ivanova's values could have
been affected by such errors 2s temperature variation or not a
completely ideal oxygen electrode,

The activities obtained experimentally can be partly
checked using the phase diagram of Geller, Greamer and Bunting(89)

(figure 49 ). Near the lead oxide end of the diagram the

activities can be calculated from the depression in the freezing
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point, For this calculation the T andsSHf values for PbO of

£
Rodigina, Gomel'skii and Luginﬂ% were used, The calculated - -

activities and the observed activities ( at 1000°C ) are shown

below,
Composition 2pL0 apL0
Neno (from phase diagram) ( Experimental 1000°C)
0.95 0.93 at 860°C 0.93
0,90 0.87 at 828°C 0.85
0.85 0.76 at 785°%C 0.76
0.80 0.66 at 736°C 0.66

The remarkably good agreement between the observed and
calculated activities of PbO in spite of the different temperatures
to which they refer, supports the small effect of temperature on

2p0 in PbO~rich melts depicted in figure 25.

Another check on the aetivity values can be made from the

' 2

Fb0* %310
2

same at 59.8% mole PbO and 74.5% mole PbO, This is because the

fact that at 718°C the function RT 1n a should be the

crystalline phase 2FPb0,S5i0. is in equilibrium with these liquids

2

at this temperature and tke Gibbs free energy of formation of

A i s a2 : .
2PbO.S:LO2 is given by RT %n a ot aSiOE’ This was done by using

the activity data at 1000°C and extrapolating to 718°C using the

relation , - o —_
1n —EBO (718%C) _ AH, o x 282

2pbo (1000°C) 4,575 x 1273 x 991

The values for RT In agbo “ag:n obtained at these compositions
2
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were 10,4380 and 10,520 cal/mole of 2 Pb0.Si0O.. This good agreement

2

suggests that the activities and their dependence on temperatures
obtained in this study is of the right order.

It is also possible to compare the partial molar heats
and entropies derived from the temperature dependence of activities

(3,69,86)

with those reported by other workers o« In figure 50 the

partial heats of solution of FPbO-Si0
(3)

melts are compared with

(86) and

2

those of Richardson and Webb '’ , Kozuka and Samis

(69)

Matsushita and Goto . The partial heats are in good agreement

with those of Richardson and Webb(B)
(86)

y but in poor agreement

(69

with those of Koguka and Samis and Matsushita and Goto

(figure 51) are in

(3)

The particl entropies of solution, sz&%O,

good agreecment with those of Richardson and l/ebb and Kozuka

and Samis from Ny o = 1.0 to N o = 0.80. Below this value there

is a sharp divergence in the values of AS derived from these

three sources, but all show a minimum at about NPbO = 0,60- that
(3)

of Richardson and Yebb even showing a change of sign, It should
be noted that the paetial heats derived from the temperzcture
dependence of activity are generally not very accurate and a
better method for determining these quantities would be to
measure the heats of solution directly at this temperature, This
is possible with the development of high temperature Calvet type

(90) (91)

calorimeters in the Calvet institute and by Kleppa « These

heats in conjuction with the free energies of solution would
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accurately fix the entropies of solution, which are oftem
employed to check various structural models,

In figure 40, the integral heats of mixing are compared
with A}Piderived from calorimetric data, These A 2 values
were derived from measurements of heats of solution of PbO-—SiO2

(92)

glasses by Shartsis and Newman , assuming that ﬁACP=O for
the regction:

X. PbO(S) + Y SiO2 = X. PbO. Y 8i0
(s) (gl or 1)

and a heat of fusion of 6,110 cals/mole for PbO, The only
moderate agreement of these values of A HM is probably due to
the incorrections of the assumptions made in their derivations;
but they agree within 1 K cal over most of the ranges of compo-

sitions.
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() PbO-3203 melts

Previous studies on Pb0O-B_0O_ melts have been less extensive

23

than those reported above for the PbO--SiO2 melts, and hence an

extensive comparison of the present results with other data is

(93)

not possible., However, Lepinskikh and Esin have measured the
emf of the cell;

Pt / Pb / PbO-B_.O, melts / o2 : Pt

273
As mentioned already, in the discussion of Esin, Lepinskikh and
M“Bikhih:g:(gc) work on PbO-SiO2 melts employing a similar cell,

the use of platinum wire in contact with liquid lead is not

ideal due to the big solubility of platinum in lead (63% mole

Pt at 1000°C _(685. Also they used an unsatisfactory oxygen clect-
rode with the platinum wire protruding from the alumina tube
(refer figure 48 ), Hence their results must be considered

erroneous, and in fact their values for %PbO in Pb0O-B.0. melts

23
are again far greater than those obtained in the present study,
!
Hirayana " ") hos measured the rates of weight loss of ¥ad

silicate and lead borate melts under comparable conditions,. He
found that, at comparable temperatures, the volatility of the
binary silicate melt is higher than that of the lead borate at
corresponding FbO content, If it is assumed that (1) the weight
loss is due only to the PbO evolution, which is reasonable in view
of the relative vapour pressures of FbO, S5iO, and B0, (0.5mm for

2 273

and < 107om for 810, at 1000°C ) and the

PbO, Sx10mh for B,0, X
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activities of PbO in the melts studied and (2) the rate of
evaporation of FbO is proportional to its activity in the melj
one can compare the activities of PbO in borate and silicate
melts at HPbO= 0.50. Hirayama measured the rate of weight loss

as a function of time and found a small linear decrease in the .
rate with time for a given composition of lead silicate or borate
melt, This linear plot could be extrapolated to =zero time to
obtain the initial rate of weight loss, since this would be more
representative of the vapour pressure of Pb0O over the melt, Since
he had measured the weight loss for borate compositions N

PbO

= 0,52 and NPbo=o.l+8 and silicate compositions of N_, .=0.63

PbO
and NPbO=O.40, these rates of weight loss at 850°C have been
interpolated. The ratio of the rates of weight loss for borate

and zilicate thus obtained at NPbO=O.50 is 0.019. The ratio of
®Pb0 in borate and silicate from present results is 0,020, which
is in good agreement.Since the weight loss measurements of Preston

(85)

and Turner on lead silicate.melts gave results for the activities
of PbO in silicate melts in fair agreement with those obtained

by other means (cf figure 47 , page 165, it is considered that
Hirayama's results afford a valuable corroboration of the present
results on lead borates.

(93)

In figure 52 , Lepinskikh and Esin's results on
Pb0-3203 are compared with present results on borate and silicates.

If Lepinskikh and Esin's data are correct one would expect a higher
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vapour pressure of FbO in borate than in the silicate and hence
a higher volatility of lead borate melts, This is contradictory

(94)

to the observations of -Hirayama for these melts, is

mentioned earlier this might have been due to spurious emf in

(93)

Lepinskikh and Zsin cell; which points towards a need for
careful examination of the cell system to obtain meaningful
results from such high temperature galvanic cells,

The freezing point depression of PbO by addition of 8203
can be used to check the “PbO in the range Nopo=1 to Moy o= 0485,
This can be done employing the Tf and L;Hf for PbO of Rodigina,

(78) and the phase diagram of Geller and

Gomell'skii and Iuginina
Bunting(95)(figure 53 ). The calculated activities and chserged

activities (at 1000°C) are shown below

Composition o) 2FbO

NPbO From Phase diagram Dxperimental (1000°C)
0,95 0.88 at 842°C 0,88

0,90 0462 at 720°C 055

0,85 0,39 at 590°C 0437

These values of the lead exide activity from phase diagram were
derived assuming that & Hf is constant ever the appropriate

range of temperature, The error intpedueed by this assumption

¢an be minimised by eorregting for the variatien of stf and AASf

with temperature, Rodigina et al have measured the high temperature
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heat capacities of PbO which are represented by the equations:

Cp for liquid PO = 15,50 cals/deg.
Cp for solid PbO = 11,08 + 2.713 x 107>

For the fusion reaction

- -2
T ~ 83,250 T cals/deg

PbO (8) = PbO (1)

2,840 + 27,45 T + 1.3565 x 1512 ~10,252 T log, T

o
AGy
- 42,645 T

when this correction is applied and “Pb0 recalculated at NPbO =

0485, it results in a value of O.41 which as can be seen is not

very different from that calculated assuming constant A Hf

and A.CP = O for the fusion process. Again these phase diagram

calculations are in fair agreement with the present results

(93)

and does not support Lepinskikh and Bsin's values,

(e) PbO-PEOS melts

The only comparison which can be made with the present

’ (96)

results for this system is with the work of Cox y who studied

the emf of the cell:

Pb / PbO // Zr0 // PO - PZOS / Pb

2 2%

in the temperature range 500—70000 (in the solid state). In

figure p» , the integral free energy of nixing values of

Cox and the present study are compared, and it can be seen that
A.GM values are of the same order, Cox had to use the free

energy of formation of 3 PbO. P O_ to calculate the partial

5
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and integral free energy values from his cell emf. To estimate

the free energy of formation of Pb3 (904)2(54), as a function of

temperature he assumed the heat capacity dependence on temperature
to be the same as that for Ca3 (POA)E. From these data he estimated

the value of A GoT for the reaction.

3/, PO + 1/, P05 = 1), P, (Po,),
which he gave as:

3

AGOT = 30,87 + 3.65 x 107”7 K.cals

over the temperature range 700°K - 1000°K. Extrapolating this

to 1020°C, i,e. upto the melting point of 3 Pb0.P_O_, we obtain

205
a value of -24,78 K.cals/mole oxides. This value is in extremely
good agreement with the value of -24,80 K.cals/mole oxides (cf.
figure #2) obtained in the present study, This agreement is
better than expected since the derivation of the expression for
AN GOT for 3 2b0 P205, involves a number of assumptions and also
the A GM values derived from the present results are based on
A §é2q5 values which as discussed in the results sections
are only approximate. It might be worth noting that Cox's
experimental results near NPbO = 0,50 are likely to be unreliable
as he should have also expverienced the troubles of phosphorus
evolution at high P_O_ end, observed in the present study.

25
In the FbO-P_O. system, the phase diagram(97)

2°5

check can be

done only upto N = 0,95, This was done in a similar manner

Pu0

described for the borate and silicate systems and the value
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obtained iss:

"opo =) 4po

Phase diagram Experimental
0,95 0.87 0.85

It can be seen that “PbO obtained from phase diagram is in fair
agreement with the value of the present study.

(f) PbO—PbF2 melts

In figurezp (page135), the measured activities of PbO
in PbO—PbF2 melts are given together with activities of PbO
calculated from phase diagram. These calculations were made using

(98)

Sandonnini's phase diagram for the PbO-PbF2 system given in
figure 55 o The values of Tf and A Hf for PbO employed for
these calculations have been already given in sections (c) and
(d). The temperatures dependence of heat and entropy of fusion,
was taken into account for these calculations (cf. section (c) ).
From figure 22 , it can be seen that the experimentally derived
activities of PbO and that calculated from phase diagram are in
very good agreement, though these sre referred to different

temperatures, The small values of A'HPbO

results (cf, table C- 9 ), would mean a small effecct of temperature

derived from the present

a
on PbO in these melts. This could be the reason for the rather
good agreement of the activities obtained experimentally and from

phase diagrane.
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The activities of PbF2 were calculated from the phase

diagram using A H, of 4160 cals/mole and Tp of 1091°K for PbF 4
(99)

reported by Lumsden » In these calculations the temperature
dependence of heats and entropy of fusion was not taken into
account; This was beczuse the dependence of Cp on temperature for
PbF2 is not accurately known and can only be estimated. However,
ZPb0 derived from phase diagram neglecting the effect of temper-
ature on heat and entropy of fusion, were nearly the same as
those obtained taking this correction into account. This may well be
valid for PbF2, and if so the anF2 derived neglecting the temper-
ature dependence of heat and entropy of fusion will not be in
error.

In figure 32 , it is scen that the anF2 obtained from phase
diagram and that obtained by Gibbs~Duhem integration of experimental
anO, are in fair agreement. The small differences could be due

to reasons like, the errors involved in Gibbs-Duhem integration,

the exactness of the value of heat fusion PbF.,

2
(g) Activities in ternary melts
Delimdnskii and co-workers(61’100) have studied the emf of
the cells:
D « N s
Pb / Tbo Na213407 / 0,: Pt
and

Pb ( PbO - NaPo3 /o‘2 : Pt
From the emf of these cells the anO in the %ternaries NaZO-PbO

B20 and Na O-PbO-P20 can be derived knowing the emf for the cell

3 2 5
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containing pure Pb0O, in a manner similar to that used in the
present study. The study of Delimarskii and co-worker ron these
ternary melts has been limited to melts with constant NaZO/BZO3

and Naeo/PZO5 ratios, and to a small composition range. However,
knowing the activity of PbO in the binary borate and phosphate
melts (from the present study), and in the ternary melts from
studies of the Russian workers we can get an idea of the
variation of ®PbO in the ternary borate and phosphate melts,

In figure 56, the variation of ®PbO in the two ternaries
are shown, The lines are shown in dotted as these are bascd on
only two points. It can be seen that the type of variations are

(2)

similar to those found by Taylor and Chipman

(7)

y in FeO-CaO-SiO2
melts, by Richardson and Fillay in ternary silicates containing
PpO and by Abraham, Davies and Richardson(6) in manganese oxide
containing ternary silicate meltse.

This tendency for the PbO activity to be raised by NaZO
additions in the borates and phosphates seems to suggest that
the mixing relationships put forward by Abraham and Richardsoéqoq)
in ternary silicates may be vaiid for phosphate and borate melts,

However, a more thorough study over wider composition regions in

the ternary is essential for arrival zat any final conslusions,
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PART D

GENERAL DISCUSSION

Chapter 13

(i) Introduction

During the course of this discussion an attempt will be
macde to derive structural information from the thermodynamic
Qata obtained for melts in the silicate, Phosphate, Borate and
the GOxide-Fluoride systems (gilven in Part C), Also, the possi-
bility of extending the structural information gained on the
phosphate glasses (cf. Part B) to other systems and their relation
to activity of metal oxide in these melts will be discussed.

The polymeric systems of silicates, phosphates and
borates, containing a range of polyanions, and the simple ionic
solutions of oxide~Fluoride melts will be dealt with separately,
The polyanionic melts are considered first, and have been discussed
in terms of 1) The basic metal oxide-rich melts, above the ortho
composition, where these melts are expected to be comparatively
simple ionic solutions containing predominantly Pb2+, 02— and
the corresponding ortho ions, 2) The composition range from

ortho to the acid oxide, where these would contain a range of

polyanions,
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(ii) Polyanionic melts {(Silicate, Borate and Phosphate)

(a) Basic-oxide rich (Sub-ortho) melts

The observed activities for PbO in silicate, borate and

phosphate melts in the "Sub-ortho' range can be compared with

(16) model (cf. page 3 )

2+, 02-

B

the activities calculated from the Temkin
assuming that the only ionic species vpresent are Pb
and the corresponding ortho ion, SiOQQ—, EOBB~ and POL+
respectively., These are compared in figures 57 and 58 .
In figure 57 , for the silicate melts it will be seen
that the observed activity of IbO agrees with that calculated

from the Temkin model, which in this case leads to the equation

40 = no2-

G HSioqq'

down to values of Ngbo of about 0.,75. As the orthe silicate
r

composition (NP = 0,67) is approéchéd, the observed activity of

b0
b0 shows a positive deviation from the Tmekin model, (which would
indicate a zero FbO activity at this composition), owing to

the production of 02— ions presumably by condensation reactions

of the type:

w810, T = $i.0,0 + 0

These types of equilibria have been shown to occur in phosphate
melts and glasses, as discussed in Fart B, and it is not unjike-

1y that such equilibria would also occur in silicate melts,
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In the borate melts, a more complex deviation from
Temkin model based on the 30.-~ anion is observed (cf. line o in

3

figure 58), In the range of N between 1,0 to 0.78 regative:

Pb0
deviations occur before the positive deviation, analogous to
that in the silicate melt, takes over near the ortho borate
composition,

However, as mentioned in chapter 2, there is evidence
that in crystalline borates the boron atoms exist both in four
and three co-ordinated configurations, More recently Bray and

co-workers(102’103’104)

have investiagted the existence of three
and four co-ordinated boron atoms in alkali and lead borate
glasses, using nuclear magnetic resonance, Their results are
given in figure 59 , From the figure it can be seen that, in
lead borate glasses, there are a number of boron atoms which
are four co-ordinated in the lead oxide rich region. Krogh-

(105)

Moe employed Infra red spectroscopy for glasses and freezing
point depression determinations for melts and confirmed the
existence of three and four co-ordinated boron atoms in borate
glasses and melts. The integral heats and entropies of mixing
curves for PbO-13203 melts (figure j) obtained in this study

can also be interpreted in terms of the presence of three and
four co-ordinated boron atoms in the melt. In the lead oxide rich

region there is an inflexion in the integral heat curve; this

could result from un-mixing caused by the presence of three or
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four co-ordinated borons, This would reflect on the entropy of
mixing as an increase from ideality, which is seen from figure i1,
The higher co-ordination of boron is also indicated by the
existenece of a crystalline compound 4PbO, B203 in the PbO-
B,05 system (figure 53 ),

If it is supposed, that in dilute solution in PbO-rich
melts, all the borate ions are of type BOE_, (iees four co-
ordinated orthe ion), the Temkin activity for PbO would be

indicated by the line 'p' in figure 58 . This is in better

agreement with the observed PbO activity than the line !'at,

B
3
based on spJ hybrid orbitals, It is also worth noting that with

based on BO; ions., The tetrahedral co-ordinated boron will be
a tetrahedral co-ordination the boron would have the ectet
completed as ininert gases and this could be a reason why boron
changes the co-ordination readily from three to four,

As we proceed to the more acid regions the observed
activity shows a positive deviation from Temkin activities
calculated based on BOE— and BOBB- ions. This can be explained by
polymerisation-~depolymerisation reactions, of the type indicated
for the silicates, occuring in these melts,

In the phosphate melts, the negative deviations shown for
the FbO activity from that given by the Temkin model, based on

POQB— jon (line ¢ figures8 ) is displayed over an even wider

range of compositions, and the Temkin activity of PbO is only
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surpassed at compositions very clase to ortho-phosphate,
Although no evidence has been found in the literature to in-
dicate that phosphorus can exist as ions showing an oxygen co-

(13)

ordination number greater than four , there is ample evidence

3 bond

for the formation of Pﬂls by dsp3 and PCl6— by dzsp
hybridization with configurations corresponding to a trigonal
bipyramid aond an octahedron respectively,

If the Temkin model is calculated in terms of PO o= and

>
a PO67- ion the lines indicated by d and e in figure 58 results,
and it is interesting to note ghat the observed activities of FbO
in the melts are not inconsistent with the existence of both
these hypothetical ions, The higher co-ordination of phosphorus
is also indicated by the existence of crystalline compounds
8Pvo. on5 and 4b0. 9205 in the PbO-P205 system (figure 54 ).

(b) Helts more acidic than the ortho composition

It vas shown in part B that Tor phosphate melts, in the

re;ion where linear polymers predominate (which is usual for

coripositions more basic than metaphosphote, 1y o = 0.5), the
25
anions can be considered in terms of disproportionation equilibria,
(25)

as proposed by ileadoweroft and Iiichardson « For example, their

first three equilibrium constants K K?’ K, would correspond

1? 3
to the equilibria,
2 FO7" .0 ™ 4 o7
l+ = La ,7 + 0
4 S5m L e 3-
2 P207 z P301O + }04
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5 6~ b
= P4010 + P.O

2 PO 205

3710
respectively. As described earlier; the values of Kn above
n =2, can be determined by chremategraphy of the glasses.
However, the value of K1 cannot be determined since the mole
fraction of oxygen ions cannot be evaluated by the paper
chromatographic method, This difficulty can be overcome to a

degree if the activity of the metal oxide is known from ather

techniques, since

N N a N
2- b 2~ b
X, = 0 P50, - 0 PO,
. 3a I

If we assume T 02- to be constant, then
a N

2~ .
| ]
g o_ 0 P,0,
1 3
i
SR
POy
1 .
vhere K, = K, ¥ 2=

! . R | o .
The value of h1 can be determined if 02—, P207

N.. 3 '

PO4 are known at a particular composition. The values of K1

thus calculated for lead phosphates at various mean chain length

and

from the résults of this study are plotted in figure 60 ,

Similar calculations were made for the CaO—PZO5 system, using

the “Ca0 values of Schwerdtfeger and Engell(106) and the

distribution results of Meadowcroft and Richardson and are given

in figure 60 , For the system HZO-P205, it is possible to obtain
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the value of the equilibrium constant,

AT -7
N o
H.0 d

K = 2 4P20

7

N
HBPOL+

(107) (26)

from the measurements of H hti and Gartag is and Jameson .

This constant would correspond to the equilibrium constant K

(25)

1

defined by leadowcroft and Rickardson , and is plotted as

function of n in figure §o

In figure go , the value of K1 for Na_ 0-P_O_. system is

27275
(108)

that recently reported by Mitchell , who used infra red

spectrascopy to arrive at this result., He reports a constant
value of K1 of 1.23 x 1O~2, in the composition range n = 2 to 3.

This value is much higher than expected, since aNaao in NaEO—

PEOS melts should be much smaller than ZFbO in PbO-—PéO5 and 2Ca0

inO~P_0O_. melts at the same composition ( A 1" curve for Naao—

2°5

S i S o C - [ "‘P
P205, system i8 much steeper than for Cal P205 and PhO 2O5

systems (figure 48 ), and it is reasonable to assume a similar

it . . . .
trend for AG curve), This discrepancy could have arisen because

B

. . . i H -
infra red transmission techpique cannot measure P04 and "0
(=8

7

very accurately and Mitchell calculated his values for NOE— by
- b

subtracting the amounts of PO,+3 and P207Jr determined by infra

red spectra from the total phosphate concentration in the

original solution.
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From figure 60 , it can be se:n that K; varicswith 1,

and though K; # K1 the same trend can be expected for K1. This is

varies with composition for i O~

supported by the fact that ¥ 5

1

PO . L a0~ i a
05 system, The constancy of Y1 for Nazo P205 is not taken as

conclusive since }Mitchell's method of determining K, , as

11

described above, is by no means agcurate.
Hence it seems, in the phosphate systems, that the values

of K1 and perhaps K2 Pé05

from K, onwards the values are constant with composition and

3

in most cases unity, If this variation of K1 and K2 were under-~

stood then the structurg’ and thermodynamics could be correlated

vary with metal oxide %o ratio, whereas

using Headowcroft and Richardson's approach.

The only drawback of Meadowcroft and Richardson's(25)
approach is that it neglects the presence of ring anions and

would only be strictly valid in the composition range NMO= 1.0

to near 0,50, where chain anions predominate and the amounts of
ring anions is small, This difficulty could be overcome if the
equilibria between the chains and rings were also taken into
account. A quantitative study of chain-ring equilibria is difficult
in the case of phosphates using paper-chromatographic technique,
since in composition regions where measurable amounts of rings are
present, the number of small cheains (n<7 ) which can only be

separated by this techmique is very swmall. However, such measure-

ments could be made by using the ion-exchange chromatographic
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technique, Carmichael has recently studied the problem of ring-
chain equilibria in silicones and this could serve as a guide for
studies on phosphate glasses,

In the case of the silicate melts, in the composition
region where chain anions are predominant, Meadowcroft and
Richardson(§5gpproach can be directly extended, and equilibrium

constants for equilibria of the type
b= 6e 2-

1
U
.
o
+
O

2 SiOh
2 512076‘ = 81,0, T+ 51044‘
ete,
can be considered. Since the & GM curves for silicates are far
shallower than for the phosphate, the distributions of the chains
will be broader than for the corresponding phosphates. This would
mean that values of Kn would be unity even for small values of
n and perhaps the silicates differ one from the other only in
the value qu Hence, if one could define the value of K1 and its
variation with composition (if any) then from a measurement of
metal oxide activity at one composition, it might be possible to
calculate it over a wide range of compositions,
similarly these observations could be extended to the lead

borate melts, in which the distributions should be broader than
for phosphates, but nore pegked than the silicates, because the

A GH curve for lead borate system lies between that for the

silicate and phosphate, and could be generally true for other
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borate systemse.

(30)

4s mentioned in chapter 3, Toop and Samis y and Massgéq)

have considered jonic equilibria in silicate melts. Also, Flood

(32,33,34,)

and co-workers have proposed structures for borate and
silicate melts based on phase diagrams and thermodynamic.: data.
Since all the results of the present work have been discussed above
in terms of iHeadowcroft and Richardson's(zs) model, it was thought

to be interesting to determine how this compares with these other

models,

(30) (57)

Toop and Samis have used Fincham and Richardson's

suzgestion that a probable equilibrium
- q-

207= 077 + 0

occurs in silicate melts, where O, OO and 02_ refer to singly

bonded, doubly bondled and non-bonded oxygen ions, The equilibrium

constant for such a recaction, in terms of moles, is given by:

Noo NOZ-
N o-
=3

¥rom charge and material balance considerations, Toop and Samis

derived the relation:

by, Ho- _l[ Heon =10 7]
[; si0, - "o 2 -2 "si0, T 0

No-z

W
. W - « . > r -
relating O , ¥ and composition. For given values of K and NSiO '
2

the equation gives values of NO-.
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They derived values for NO— in this manner, for constant

values of K, as a function of H’io and claim that these curves
1 . .
5 - v

have the characteristic shape of Integral free energy of mixing

curves for binary silicates. However, this is not exactly true,

S & M- C s I { =
because tangents to the JO versus {3102 curves near NSi02 0]
and 1 do not tend to minus infinity,

T .. > 7 . ( 25 )
The two opproaches of ileadowcroft and Richardson and

(30)

Toop and Samis , can be compared by taking an ideal Flory
distribution for the phosphate anionsy and evaluating the respective
equilibrium constantss This has been done for phosphates of mean

chain lengths two and five, The number of moles of 0" and Oo

(singly zand doubly bonded oxygen) were determined from the

summations = (n + 2) moles of P O, and X (n-1) moles of
n sn+
Pn03n+1 regpectively, The calculated value of Toop and Jamis's

equilibrium constants were 040625 and 0,0207 at 0 = 2 and 5
respectively, compared to the constant value of unity for
Meadowcroft and Richardson's constants, Thus even in the ideal
case the two methods of approach differ markedly, as in one case
the equilibrium is a function of n and in the other it is not

and hence they cannot be directly compared., However, Meadowcroft
and Richardson's model is superior to that of Toop and Samis,
since with values of equilibrium constsnts, one can calculate the
exact amounts of the various anions present by the former model,

which is not possible using the latter approach.
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. 4
Masson()q)

on the other hand has conszidered equilibria
of the type

L L. - 6~ 2~

810, + 510, = 01207 + 0 (K1’1)
4* 6-— 8— 2=
.(i 3 fa 4 —_ fa T,
510, + 81,0, = 810,07 + 0 (&1'2)
wipy B s O s~ 10~ 2m .
510, 7 4 510,57 = 81,0,57 + 0 (R1,3)
etc,
The first equilibrium constant K1 1 of Masson is the same as
1

K1 defined by Headowcroft and Richardson. The second equilibrium

constant K1 > of Masgson is K1 x K, defined by Meadowcroft and
] [
Richardson. Hence K of Masson will be K_ oK oK ,esese..K of
1,0 172 3 n

ileadowcroft znd Richardson., For relating the distributions, and

the values of K1 n to the thermodynamic data Masson has assumed
b

that '

,

=I\

h'],'l = K,]'2 = I‘L,]'B = e
and that Temkin's model is valid for these melts for which
58?: = NOE—. By using these assumptions liasson has derived the

equation

aa, 7 (V¥
NSiO = 1 J 3~ K + 120 + K (2-1)
2 &0 &40 .
1 4+ i

=340

and the activity of the metal oxide in a binary

relating K, NSiOE
silicate nmelt,

YWhen values are substituted in the above equations, at all
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values of ﬂSiOa = 0.50, &4 = 0y for K >0, For K = O, g = O

= 0,67. This anomaly of this theory is due to the fact
(31)

at N“iO

2

that iMasson has assumed only the pressure of chain anions and

a HSiO = 0.50, the mean chain length of the silicate anion
2

should be infinity and the amount of 02_ ions would be negligihle.
On application to data, Masson finds that it provides a good
Tit for the systems FeO~SiOa, and Ca0—8102 but does not
fit the PbO--SiO2 datas He considers that for such systems perhaps
more than one equilibrium constant have to be defined.

Masson's equilibrium constants are equivaloent to the product
of lieadowcroft and Richardson's equilibrium constants and when
even one of lieadowcroft and Richardson's K's varies with composition
all ¥asson's K's will vary with composition. Except for these
differences Hasson's and Meadowcroft and Richardson's model are
similar and the former should have as wide an applicability as
the latter,

(32,33,34) ,

Flood and co-workers ave put forward structural

rodels to fit activity data calculated from phase diagrams and

those available from thermodynamic property measurements, Knapp

(32)

and Flood have evaluated the ionic species existing in Cal-

7¢—
B203 melts. They put forward the existence of the ions 803) and
b, . s
3205 in the region between the compositions CaB(B03)2 and Ca2

B,0gy and ions B and (B02)§— in the region between Ca_B.0

225

= (or B,0g) ions in the region

205

B
! B B
and Ca( 02)2 and (BO,)3" and 405
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betuween Ca(BOa)2 and CaB407. Hence they have accounted for the
activities assuming four ionic species present in these melts,
However, the present state of knowledge on phosphate systems show
that, even at basic compositions near the pyrophosphate composition

(m,.

o™ 0.67), there are a large variety of anions present, and

when we proceed to the more acidic glasses there are a yel greater
range of anions, and certainly more than Flood's four or five
typeseience, it seems that this type of approach is unlikely to
give us a t¥ue picture of these polyaniondc melts,

In the particular case of the PbO-—SiO2 melts, ilood

(34) (3) data for 2ppo

and Knapp have used Richardson and ‘/ebbs
and put forward a struetural model whieh would fit these activities.

(1ii) Lead oxide - Lead fluoride mixtures

It is reasonable to assume that these melts are simple

. . . 2+ 2- - . ' :
ionic solutions containing Ph™ , 0O and F ions. Information

about the structures of these melts may be derived by inter-
preting the thermodynamie data obtained in the present study
(cf, Part C), in terms of various models of melts discussed in

chapter One.

(16)

According to the Temkin's mocdel for ideal ionic

solutions, the activity of PbO in PbO-PbF, melts will be given

2
by

= —— = J -—
2p0 NPb2+ NO2 ho2

since pr2+ = 1
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nOE—
- 18 - —
Therefore e “02 = - =
0" + 7F
Similarly anF2 in PbO-—PbF2 melts according to this model will
be, >
fpor, = . " - 3
2 - o+ Pot

where NPb2+, H02~ and NF- are the ionic fractions of Pb2+,

02- and ¥ ions and nOE— and = the number of oxygen and fluorine

ions.
Flood, Forland and Grjotheim's(17) model on the other
hand gives,
1
%pho = b 02— = 2 noa—
2n 2~ n_~
0 + T

for the activity of FbO in the oxide- Iluoride mixtures where
N102- is the equivalent ionic fraction and other symbols are
as defined for Tomkin's case. For the activity of PbF2, this model
gives

;1 "5
2 B Coemgm g

In table D=1, the observed activities are compared with

those calculable from these two models and are plotted in figure
61 « It can be seen that the experimental data are in better
agreement with the Temkin's model than the Flood, Forland and

Grjotheim model. It is interesting to note that for a mixture of
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- SO TR
0 and anFg for PhO~-FbE

2

2oh0

Zperimental Temkin
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0,05
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2
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090
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2+

the type XY and XZ_, with X, Y2~ and 2 ions, the activity of

2
X22 predicted by Temkin is not very different from that according
to Flood et al, specially in the XZ2 rich melts. However, the

two activities of XY would differ markedly even in XY rich melts.
Hence the determination of ZXY in XY + XZ2 melts is useful to
understand the Temkin or Flood behaviour of such melts, but to
arrive at any definite conclusion by the study of aXZ2 in these
melts, investigation has to be carried out over a wider range of
compositions, Also the study of the partial entropies serves to
check which model fits the observed data.

In table D-2, the partial entropies of solution of PbO

in PbO + PbF2 melts, derived from the temperature dependence of

experimental %Pho are compared with those expected from Temkin(16)
and Flood,Ferland and Grjotheim(17) models.
These two models give éngbO as,
AS = ~Ri1n NOE-
- 1.
&S = ~ R1n N_2-
0
respectively.
Table D~-2
Vepo AE cals/ Kk
PbO.
Lxperimental Temkin Flood et al
(+.5)
0.90 031 0.40 0.21
0.80 0,63 0.81 0, 44

0.70 1426 1.23 0.67
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seems to agree with Temkin's

Thus for PbO—PbF2 melts, A SPbO

model more closely in the composition range studied. However, it
may be argued that this conclusion is not strictly valid on
account of the error of = 0¢5 cals/deg. in the experimental

FAN ng « This would have been more conclusive had it been possible

o}
to study the temperature dependence of £;§Pb0 over the whole

range of the binary.

Since the PbO-PbF2 melts seem to be Temkin type solutions

with ideal entropies of mixing, it is interesting to see whether
the small deviations of the observed activities from those

predicted by Temkin's model are due to heats of mixing of the

0°" and ¥~ ions, In figure 62 , the function RT 1n Y o2 is

plotted against Ng-. The 1’02- was calculated by dividing the
observed activity of oxygen ions, by Temkin's mole fraction

NOE—. It would appear that RT 1n ¥ 02— is a linear function of

Ng— if the allowance is made for the experimental scatter. From

the plot, RT In ¥ .2~ can be related to N;— by the equation:

o
- = - .
Rl In ¥ 2- = 1,460 NG

(17a)

liowever, Forland considers that in an jonic salt

mixture of the type X4, and YZ, the energy of mixing is related

2

to the equivalent fractions defined by Flood, Forland and Grjotheim(17)
and the partial energy of mixing of component YZ in the mixture can
be represented by

1
AﬁYZ = K Ny
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In Na _CO_~CaCO, mixtures, Forland(17a) concludes that AH
23 3 Na,,CO,

is a linear function of Nﬁi and not of Nﬁa though the entropy
of mixing agrees with Temkin's model. This he attributes to the
fact that the number of cations currounding a cation as next

nearest neighbours will decrease as one goes from Na,CO, to

25

CaCOB. In figure 62 RT 1n § 02- is also plotted as a function

of Nég and it can be seen that the linearity of this plot is not

improved as claimed by Forland for Na,C0,-CaCO, melts. However,

2773 >
the slope of the best line drawn through these points is not

far different from that of the line drawn through the points of
N;— plote

Hence it seems that, PbO-PbF, mixtures are regular

2
solutions and if so A Efbo for these melts will be equal to
RT 1n '502-. The values of A:ﬁPbO derived experimentally
(given in table C- A , page 137) at oo ©F 0490, 0,80 and 0.70

are in good agreement with values derived from the above equation

for RT 1n 1‘02- as showvn in the followlng table D-3,

Table D=3
X AT
NPbO IJPbO cals
Experimental RT In ¥ 02-
0.90 30 50
0,80 120° 160

0.70 280 310
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In figure 63 , the values of O GM, AH and A a1

are plotted for PhO-PbF. melts at 1170°K, The & S is that for

2

. . Mo, . .
a Temkin solution, and AHK is derived from the cxperimental

value of A G and AS" (of Temiin) by the relation,

?vi

A o At 4+ 1 oA
The assumption that the entropy of mixing is ideal’ wmade in
the above treatment may not ﬁe valid in the entire binary. lowever,
this seems to be a reasonable assumption on the basis of the data
obtained as already explained. This can be checked conclusively
if exact heats of mixing are available from calorimetric data,
because AN HM would define precisely the entropy of mixing from
the measured A.GM values,

If the entropy of mixing as defined by Temkin is valid

for these solutions, as the present study seems to indicate, then
in PbO~PbF2 melts the F and 02“ imans mix randomly even though
they are of different charges. The failure of Flood, TForland
and Grjotheim's model, which assumes that a 02- ion is equivalent
to a vacancy and a F ion may be due to the fact that in melts
there are already a large number of ;vacancies (or holcs), and

creation of a vacancy according to the following scheme,

02' + ] = 2F

does not contribute to the entropy and hence to the free energy

of mixing, This is in agreement with Forland's observation
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that the system ApCl-FbCl._, Na.CO_-CaCO, and K_CO -CaCOB, cont~

2 TT2773 3 23
aining a mixture of mono and divalent cations have entropies of

(17a)

mixing as predicted by Temkin's model, According to Forland
the systems Na2003-0a003 and K2003-0a003 are regular solutions
with Temkin entropies of mixing. From the present study it appears
that the system PbO-PbF2 exhibits a similar -behaviour.
Asmentioned, in chapter one, Lumsden(EO) has calculated
the heats of mixing of alkali halides with a common anion, by
estimating the polarization and London forces involved in such
mixtures, Similar considerations can be extended to mixtures

(99

with a common cation and different anions . However, the

situation with PbO-PbF2 mixtures is different as this involves

a common cation surrounded by anions of different .valencies,

namely ¥ and 02-. To calculate the contribution of London

forces to the heats of mixing of such solutions, in the Lumsden's

manner, it is necessary to know the London constants for like ions,
o~

0 —02-, unfortunately this is not knowmn and hence this contri-

bution by ILondon forces for the PbO~FbF. system cannot be calculated,

2
Cn the other hand to calculate the contribution of

polarization forces to the heats of mixing, we have to know the

Pb-0 and Fb~F distances and the polarizability of the sz-'r ione

Frank gives the polarizability of Pb°* ion to be L 34, AB.

The Fb°' to F~ distance in PbF, is given to be 2,57 A. The pp2t
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to 0°" distance in PbO is not easy to fix, as it is 2,30 A in

the low temperature tetragonal red lead oxide, and it is 2.271 A
and 2,49 A in the high temperature orthorhombic yellow lead oxide,
The calculation of the polarization energy involved in a PbO-

PbF2 mixture is not straight forward as that for alkali halide
mixtures. Hence to make this calculation, it is necessary to assume

that the polarization involved for the system

2= 2+ F - +
0" Pb is similar to X Z Y
P
interactions econsidered by Iumsden(ZO) for alkali halides.

However, there will be a difference on account of the divalent
nature of the cation and if this is taken into account the following

expression can be derived,

2
K o= -8fN % ; R
P hy r
Pb-0 Pb—F

where Kn is the polarization constant, N the avagadro's number,

. s 2+ . . Y
the polarizability of Fb~ ions and 1 Pb_o,amd le-F’ the

2" to 0~ and F~ distances in PbO and PbF,, respectivelys

Taking the value of 2,49 & for Pb~O distance, the above
expression gives ~1,100 cals for value Kp and for a Pb~0 distance
of 2,35 A (i.e, mean of 2.49 A and 2.21 A for yellow PbO) one gets
a value of -9,700 cals for Kp. Hence it seems that unless the

24

Pb2" to 0°7 distance is exactly fixed, one cannot evaluate

accurately the energy involved due to polarization,
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Towever, if the distance Pb-0 is near 2.49 A in the nelt,
(may not be unreasonablec as Pb2+ is 1,20 and Oz_is 1e4C), then the
energy of mixing of 1,100 c¢als is in good zgreement with the
experimental value of 1,450 cals obtained in the present study. This
would mean that the London force contribution is very small, As
mentioned before, we are not in a position to evaluate the London
force contribution, but this is likely to be small due to the

- . o= - . . . .
similar size of the O and ¥ ijons, tience it seems that Lumsden

(20)
approach is not easy to apply for systems containing ions of
different valencies,., Besides application of Lumsden's theory to
ionic solutions containing elements belonging to groups other

than one and seven is made more difficult due to lack of data on

the London constants and distance of separation between ions in

these mixtures,.
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Chapter 14

Conclusions

The present study of the anionic distributions in
sodium, cadmium, magnesium and lead phosphate glasses, confirms
the views of Westman and co-workers and Meadowcroft and Richardggg)
that anion distributign is a function of both the metal oxdide
to phosphorus pentoxdde ratio and the cation. The width or the
broadness of the distribution is directly related to the shape
of the heat of formation curve for the binaries, and to the
radius to charge ratio of the cations to the extent that these
determine the heat of formation,

The making of the glasses under dry conditions instead
of in the laboratory atmosphere has no effect on the observed
distributions, Also large increases in quenching rates had no
effect on the anionic distributionsa

When the experimental distributions are treated in terms
of equilibrium constants defined by Meadowcroft and RichardsoSES)
{cf, equation B—m), it is seen that the values of Kn forn =2 3,

'are constant for a particular system and are not a function of
mean chain length n, Also for all the systems studied, values of
K 3 for n > 4, are unity and hence the different systems vary
frcm one another in values of K vhere n £ U4, Though values of
Kn for n > 3 are constant with ﬁ, it is found that K., varies

2
with n for most of the systems. Alse the values of K% (defined in



page 198, calculated using the experimental activity and
distribution data is not constant with n, Hence it seems that
if one could relate the voriztion of K, and K, with n and fix
K3, then the activity of the metal oxide could be calalated over
the whole composition range of the binary, given the activity
at one composition,

The study of the thermodynomics of the systems PhO +

5i0 and FbO + PbF

2! 205 2
technique has confirmed the usefulness of the emf technique for

Pb0 + 3203, PO + P , employing the emf

such investigations ond the wide applicability of the oxygen
electrodes in oxy-anionic melts, The results obtained indicate
a strong interaction of Pb0O with SiOE, B.O, and P.O. in that

2°3 25

order, The results for PbO + B203 melts can be interpreted, in

terms of three and four co-ordinated boron atoms in these melts,
Similar considerations indicate that, in PbO rich PbO + PZOS
melts, the phosphorus atoms may be five co-ordinated with oxygen.

When the present results for thevactivity of Pb0 in lead borate and

phosphate melts are compared with the values of %P0 determined

e AL - e - - . .

in naao + PbO + 3203 and haao + PbO PZOS melts by Delimarskii

and co-workers(61’100), it zppears that mixing relationships,
(19)

suggested by Richardson for ternary silicate melts may

also be applicable to these ternary borate and phosphate melts.,

The data for PbO + PbF2 melts suggest that these are
(16)

regular solutions with an ideal Temkin entropy of mixing.The
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evidence available suggests that the heats of mixing in these
melts are due to the polarization energy involved in mixing 02'
and F~ ions in a Pb2' matrix. This energy is a function of the
polarizability of the cation Pb2+ and the inter-ionic separation
of each cation and the neighbouring anion, Hence in a CaO + Café
mixtures, which are of industrial importance, the polarization
energy involved is likely to be lower and the F and 02— ions
would mix nearly ideally with very small heats (if any) of
mixing,

As mentioned in chapter 2, the structures of silicates
are similar to that in the phosphates and hence the structural
information gained on the phosphate glasses can be extended to
Yhe silicates., Also, in general the binary silicates seems to
have much shallower heats and free energies of mixing curves, than
the corresponding borates and phosphates. This would mean a much
broader distribution of anions in case of the silicates compared
with those in the borates and phosphates, From the review of
various models proposed to inter-relate the structure of these
polyanionic melts with the thermodynamic properties, it seems that

(25)

Meadoweroft and Richardson's model is the only ohe capable of
relating quantitatively these two properties for such melts. |

However, if this model is modified to take into consideratiﬁn the
presence of both chain and ring polyanions, instead only of the

» .
chains, it would have an even wider applicability for melts richer
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in acid oxide and would be more useful for applicatien to the
silicate systems. In many cases metallurgists are interested in
basic silicate slags and Meadowcroft and Richardson's model can be
usefully applied to these systemsy if the anionic distribution in
silicates could be determined. As will be seen in the appendix
attempts at elucidating the structures from silicate crystals

and glasses were unsuccessful,
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~bpendix-I

Study of Silicate Structures

The present state of knowledge of the structure of
silicate melts is derived from studies of structure sensitive
properties of these melts and from the investigation of consti-
tution of phosphate glasscs; However, it is desirable to have a
knowledge of the exact distribution of silicate anions in these melts
and glassese Lentz(28) nas recently reported some work on extracting
structures from silicate minerals,

In his method Lentz extraects the structures as a trimethyl
s5ilyl derivatives, This is done by treating the finely ground
minerals with a previously homogenised mixture of concentrated °
hydrochloric acid and hexamethyl siloxane [ECHB) S§2 0 . Tt
1s presumed that }Cl liberates the silicate anion from the mineral
which reacts with mono funetional erganosilicon compound (CH3j7 3iC1
or (CH3> S1i0l to give the trimethyl silyl derivative. The reaction

3

sequence can be illustrated with the following equations:

ig, 510, + , HCl = H, Si0, + 2 kgll,
Loiel
te), 4iC oy
a0, Sioq + 4 (”i) 1C1 = (Me Bl)h ”104 + or
L (98) sion 300 2 50
)

where e is (CH,) group.
3

The tiez SiCl or He. S510H for the trimethylsilylation reaction is
derived from the interaction of HCL with (J"‘-Ie3 51) .0,

(e Si)?O + NCL % e, BiCL  + lie, SiOH
Y
- - ~

\eY}
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IMineral

olivine,(Mg,Fe)ZSiObr

Hemimorphite,Znh(SiZO7)(OH)

Sodalite, Nag(415i0,) C1,
O ( [+
T 2 T
Natrolite, uao(ﬁ12513010> 20

Lammontite, Ca3l 51,0, . HHEO

O

2.:120

Table Ap-1

Sumnary of Silicate Structures Derived from

70.0

2240

7640

10.0

51,0,

1101

77,6
8.7

131

Mineralse

% Si LRecovered as

01 0

2.4
245

6745

80 .'9

10240
09,2
90,6

3049
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It is not known which species is the trimethylsilylating reagent.
fither one is probably capable of reacting with silicic acid.

(28)

Though Lentz claims thet he is extracting the structures
intact, this is not exactly true, as can be seen from table ip-1,
where some of his results are summarized., It can be seen that the
recovery is not 100%, but it is believed that this could be improved
by adjusting the concentration, The nore severe drawback is the
possibility of not only hydrolysis but also polymerisation taking
place, This is to be eupected as silicates unlike the phosphates
rapidly polymerise and depolymerise in agueous solutions and the
nspecies in the solution is unlikely to be representative of the
sample, This is well bhorne out in the fact that olivine an ortho-
silicate (cf, table Ap-1) produces 11.1% pyro ion and Hemimorvhite,
.
a pyrosilicate gives 22% of crtho and 2.4 tripolysilicate by this
method. Therefore, it can be seen that this was not a suitable
method for studying silicate glass structures as the distribution
obtained will not be represcentative of the glass, inother crawback
of the Lentz method was that the gas-liquid chromatography which is
used to separate the organosilicen derivate into various fractions
cannot separate trimethyl silyl silicates containing more than four
silicon atoms. "his is because the present day gas-liquid chro-
matographs cannot operate much above 25000, and with increasing
number of silicon atoms, the derivatives hzve large molecular

weights and low volatilities, Some preliminary studies using
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Lentz's technique using crystalline and glassy sodium silicates
confirmed the above aobservations,

The obvious solution to this nroblem appeared to be to
ptoduce a lower nolecular weight derivative and to avoid any agueous
phase polymerisation or depolymerisation. IJince the existence of
polymethyl silicates are well established, it was logical to attempt
at making a methyl derivative. The available methylating agents were
the methyl halides, dimethyl sulphate and diazomethane in the
order of increasing reactivity. Dimethyl sulphate was chosen as a
compromise bhetween reactivity and toxicity, The thermodynamics of
the methylation process was interesting to be looked into. The
survey of literature revealed that the heat of formation of a common
methylating =gent, dimethyl sulphate, is not known. ilence it was
estiniated using the bond energy consideration as follows:

For H, 30,
L

2
2H2 4 52 + 02 = 2 H2 504
O TR -2 3, -2 N,
&g Py T2 S50, T (H-H)

+ i + B .,
q (0-0) (5=)

09

Janz zive the enerly of bonds E(,T to be

15-0)7 (u-1)? ®(0-0)
1094, 10342, and 34 X, cals respectively.
Substituting for £\Hf of HESOq (=200,0 K,cals)

E(, ~ = 2 ,'i—l - = bnd 105¢O K.C&lS-

Pl
Pl OO
< 2



-
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with a value for E(p 5)™ 2 E we can estimate the A H_ for
(]

502 f
(Ci,) 80,

For (CH,) 30,

3 > t
4G + 6H2 + L+02 + 02 = 2 (CH5)2 504
o= 12 %, - b3 -2
ALy 12 B Yle-0) T < E.302

+ 61 &

ey F AL+ AR + B,
H-KE) ‘T (0-0) (£=3)
Janz gives a value of G8,2 and 79.0 K.cals for bond energies

E(C-H)’ and E(C-O)’ respectively, Substituting these values,

Al = =165, K.cals/mole (for dimethyl sulphate)
A similar estimate for the heat of formation of ethyl sulphuric acid
resulted in a value of 184,0 K.cals. compared to -208 K,cals reported
in the literature, Though this method of estimation gives heats of
formation of the risht order, it is not very accurate.
Using the estimated value ofA.Hf for (CH3)2504’ the heat
change for the reaction

2 (CHB) 304 + NaqSiOq = (CHB) Si04 + 2 Ha 304

2 2 2
iscalculated as =570 K,cals taking the following values for the
heats of formation for the compounds Ma,3i0,  -386,85 K.cals;
(CH,) 8i0, -300.0 K.cals,and Na 30, =-588,9 K.cals.
3 I t 2k
mven if this estimate is of the risht order the methylation

reaction should take place with a large evolution of heat., However,

all attempts at methylating the silicates failed. Bven the combination
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of high pressure and temperature studied by iir. Roye did not yield
any results, Also attempts at fsing diazomethane in ether was also
unsuccessful in methylating the silicate, Therefore, it was not
possible to elucidate the structure of the silicate glasses in a
manner analogous to the phosphate, using a chemical treatment

followed by chromatographic separation of the anionic species.
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