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Thermodynamics of Vitreous Silicates

Masami Tanaka¥*

(Received November 30, 1964)

This is the combined article of the first and second papers (M. Tanaka, J. Ceram. Assoc.
Japan, 68, 204 (1960); 72, 35 (1964)) concerning the Thermodynamic Approach to the
Structure of Silicate Glasses. A semi-empirical method is presented for estimating the
entropies per mole of SiO, group for the fundamental building units of crystalline and/or vitre-
ous silicates. These entropies may be estimated by means of dividing the “molar” entropy
of each building unit, which is expressed in the form of rational formula, by the number of
SiO, groups contained in the unit. "The method for calculations is shown to obtain free
energy changes and equilibrium constants for reactions resulting in silicate building unit from
the combination of other types of silicate building units including silica. By applying the
present method, the free energy calculations were made for fundamental reactions at temper-
atures of 298° to 1500°K. between different types of silicate building units including silica
to form metasilicate building units, and the thermodynamic expectations were given for the
micro-inhomogeneity of vitreous metasilicates.

1. Introduction

Extensive studies have been made by a number of investigators on the structure of
vitreous silicates. Theoretical evidences have been meager, however, concerning the
possibility that vitreous silicates would have the “micro-inhomogeneous structure” contain-
ing different types of building units®®., Thermodynamic studies may be valuable in
the field of this kind, for which little specific information is readily available. In these
studies, the equilibrium state cannot be correctly evaluated if one is not aware of side
reactions®. 'Thus, the equilibria of possible reactions likely to be involved by different
types of building units must be considered for making the correct prediction concerning the
possibility of the above micro-inhomogeneity of vitreous silicates in the internal equilibrium
state. .
It may be possible to estimate the reaction equilibria by the method of calculating
free energy changes per “mole” of each reacting SiO, group for the vitreous silicate forma-
tion when the reacting components are expressed by using the rational formulas, The
main purpose of this article is to present the method of calculation and to show its ap-
plication to predict the micro-inhomogeneity of vitreous metasilicates, assuming that
basically the same fundamental building units are retained in the vitreous state as in
the crystalline.

2. Computation of Standard Entropy

In silica, where the ratio Ng; of the number of silicon atoms to the number of oxygen
atoms is 0.500, each silicon stom is at the center of a tetrahedron of oxygen atoms, and

* Department of Applied Chemistry, College of Engineering.



46 M. TANAKA

each oxygen is shared by two silicons”~®. Each silicon atom in vitreous silicates (Ng; <
0.500) of alkali and/or alkali-earth metals is also surrounded by four oxygen atoms in the
same manner, but each oxygen can no longer be bounded to two silicon atoms, due to
the ionic nature of the metal atoms™®, It has been definitely accepted from informations
which have been accumulated regarding the structure of vitreous silicates that each silicon
atom in vitreous silicates is surrounded tetrahedrally by four oxygen atoms and SiO,
group is formed® =™,

Therefore, the entropies per “mole” of SiO, group for the fundamental building units
of vitreous silicates may be approximated by means of dividing the “molar” entropy of
each building unit, which is expressed in the form of rational formula, by the number of
SiO, groups contained in the unit, when the entropy of the unit is determined from the
entropy of silicate compound.

The method is illustrated by an example: suppose that the entropy of the building
unit of sodium disilicate in the standard state is desired. The experimental value of 39.4
(cal./deg./mole)has been obtained as the molar entropy of sodium disilicate compound
Na,0-28i0, (crystal) in the standard state. This datum was taken from reference 14. Ac-
cording to the theory of glass structure® * the sodium disilicate may be represented by
the rational formula (2zNa*)(Si,,0,2*"), where 7 is an integer. The entropy of 7 mole-
Na,0.28i0, is, then, equal to the “molar” entropy of (2zNa*)(8i,,0,;""). The number
of Si0, groups contained in this rational formula is 2z. Thus, the entropy per mole of
Si0, group for the building unit of sodium disilicate may be approximated as follows:

39.4n/2n = 19.7 (cal./deg./mole of SiO, group)

If a reaction between silicates including silica to form other silicate, in which the
molar entropies of the reactants and product are experimentally determined, is visualized
by using rational formulas of their fundamental building units, the standrd change in en-
tropy per mole of each reacting SiO, group for the reaction may be readily calculated as
illustrated by an example in the following section 4.

However, the experimentally determined entropy data are not abundant for silicate
compounds as shown in Table 1. The data in this table were taken from reference 14.
In estimating the entropies of solid silicates, which have not been experimentally deter-
mined, a method of considerable use was found by Kelley™; summarizing the method
in the form of a rule, Knapp and Van Vorst'® presented that “the entropy of a solid
silicate may be obtained by adding the entropies of the solid oxides from which the silicate
may be considered to be obtained”. 'This rule is restricted to the standard state at 298°K.
This method may be available for the computation of molar entropy of silicate compounds
" desired in the foregoing paragraph.

The implications of Kelley’s rule show that the standard change in entropy is rela-
tively small for reactions of forming silicates from the combination of their constituent
oxides. It was found, however, for the molar entropies of silicate compounds that the
maximum deviation of the experimental values shown in Table 1 from the values estimated
by Kelley’s rule were + 6%. In the case of free energy calculation, the effect of this
kind of deviation on the free energy change can be evaluated by including the appropriate
value of the deviation into the additively estimated values of entropy.
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Table 1. Heat of Formation and Entropy at 298°K. (25°C.)

Substance AH? 95 * S§Cpgg **
x 103
Formula Description State?  (cal./mole) (cal./deg./mole)
Si0, quartz c(a) —205.4 10.00
crystobalite c(a) —205.0 10.19
tridymite c(a) —204.8 10.36
vitreous gls —202.5 11.2
Na,O c — 99.4 17.4
Na,SiO, c —363 27.2
gls —360 —
Na,8i,05 c — 39.4
Na,Si0, c — 46.8
CaO c —151.9 9.5
CaSiO, pseudowollastonite c(a) —377.4 20.9
wollastonite () —378.6 19.6
Ca,SiO, <(8) —538.0 —
o(7) —539.0 —
CazSiO; c —688.4 —
MgO c —143.84 6.4
MgSiO; c —357.9 16.2
Mg,SiO, forsterite c —488.2 22.7

t Physical state: c=crystalline; gls = glassy

*  Standard heat of formation of the given substance from its elements
at 298°K.

**  Entropy of the given substance in its thermodynamic standard state,
at 298°K.
The data in the columns of AH,; and S°y were taken from
reference 14.

3. Computation of Standard Change in Enthalpy

The molar energy of formation E of a crystalline or vitreous oxide M,,0O,, from the
simple gaseous ions is related to the values Q of molar heats of formation according to
equation (1),

E[M,0,, crystall = Q[M,0,,, crystal]—mQ[M "+  gas]
—nQ[O*", gas]—(m+n)RT ............ ¢))
where R is the universal gas constant and T is an absolute temperature, 'The sign of E
was so chosen as to make E greater, the greater the stability of the substance.

Huggins and Sun'” presented that the additive assumptiont could be expressed for a
glass or compound of formula M, M/ /M:/...O,, as follows;

E=2tyery el @)
2

+ It was pointed out in their paper that most instances of significant departures from the
additive relationship can be attributed to differences between the numbers or arrangements o
closest neighbors.
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They also showed that the experimental values of &g; varying with the silicon-oxygen
ratio N, in the glass are fairly well represented by equation (3).

e = (3172—123 Ng) X 10° (cal)  .oeoenrnnnns 3)

The additional remark was given by them that this equation would not be expected to
hold for compounds which contain more than one kind of ion of large charge (>>2). The
data used for the computation of E was the values Q at 291°K., which were collected by .
Bichowsky and Rossini'®.

Now, consider both reactions at 291°K. among each definite amount of simple gaseous
jons of sodium, silicon and oxygen to form a solid silicate .S;, and to form a solid mixture
of silicates S;, (containing higher %, Na,O than that of S;) and S,;; (containing lower %,
Na,O than that of S;). Then, it is seen from equations (1) and (2) that the value 4E,,
of [(energy of formation for S;)— (energy of formation for the mixture of Sy, and Sy)]
is equal to the value 4Q,,, of [(heat of formation for S;) — (heat of formation for the mixture
of S, and S;;;)]. Since the standard chagnge in enthalpy (4H°,,) is equal precisely to
the negative of the above heat of formation 4Q,,,,

AHOZSI = _AEzgl ............ (4)

By the method established in thermochemistry, the standard change in enthalpy
of the system at 298°K. (4H’,,,) is expressed by equation (5), as follows:
4H°,,, = 4H",,,-+[4H of products above 291°K.] (a)
—[4H of reactants above 291°K.] ()  ............ (5)

However, term (a—p) is negligible and has been dropped:

4H%, = —dE,, e ..(6)

4, Determination of Equilibrium Constant at Room Temperature

There are two fundamental expressions for the standard change in free energy of a
reaction

AGOT = AHOT_TASOT ............ (7)
and
4G°r = —RTInK eiieinnl. ®)

where 4G° is a standard change in Gibbs free energy of the system, 4H° is a standard
change in enthalpy of the system, 4S° is a standard change in entropy of the system,
T is an absolute temperature at which the reaction takes place, R is the universal gas con-
stant and K is an equilibrium constant.

For the general reaction [L+mM-+nN 2 X 4yY-+2Z

K= [(aX)x(aY)y(az)zl(aL)l(aM)m(aN)”] ............ (9)

wher a is an activity of the individual component.
Now, equilibrium constant K for the reaction at room temperature between funda-
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mental building units of silicates including silica to form other type of fundamental build-
ing unit may be readily calculated from equations (7) and (8), when the values of 4H°,,
and 4S°,,, for the reaction are computed as describzd in sections 2 and 3.

As an illustration of the method, consider the following reaction in the standard
state at room temperature, in which the fundamental building unit of sodium metasilicate
is resulted from the combination of the building unit of sodium orthosilicate with that
of silica:

n[(4Na*)(Si0,*)]+(Si0,), = 2[(2nNa*)(Si,0.2* )] ..o'n..... (10)

”n - 3n

{0.250} {0.500} {0.333}

where the value shown within the braces { } is Ng, ratio,
Since the numbers of SiO, groups in the reactants #[(4Na*)(Si0,*")] and (SiO
and in the product 2[(2zNa*)(5i,0,2"") are n, n, and 2, respectively,

2>

[(4nNa*)(nSiO, groups in #Si0,*” building units)] (S’;)
+[#Si0, groups in (Si0,),, building unifs] (S’
Z [(4nNa*)(2nSi0, groups in 25i,0,:"" building units)] () ....(11)
For the energies of formation of the reactants and product from the simple gaseous
ions, equations (2) and (3) give,
Energy of Formation of $/; = 4ney, +3141nx10°
Energy of Formation of 8/, = 3111nx10°
Energy of Formation of S/;,; = 4ney,+-6262n x 10°
Then,
4E,;, = 10nx10%/2n
= 5% 10° (cal./mole of each reacting SiO, group)

From equations (4) and (6)

4H°,, = —5x10°* (cal./mole of each reacting SiO, group)

29

The entropies S°,; of the reactants and product of reaction (10) or (11) are as follows:

Entropy of S, =46.8z
Entropy of 87,, = 10.0n
Entropy of S/;;; = 54.4n

The entropy data for silicate compounds were taken from Table 1. 'Then, the standard
change in entropy for the reaction is:

45°

298

= —2.4n/2n
= —1.2 (cal./deg./mole of each reacting SiO, group)

Thus, from equation (7) ’

4G°,,, = —4.6 X10° (cal./mole of each reacting SiO, group)

298
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and from equation (8)

In K = (4.6 x10°) ] (1.988 X 298)
or

K =23 x10°

One may be able to determine the equilibrium composition of an elementary reaction,
when the equilibrium constant is known.

5. Determination of Equilibrium Constant at Elevated Temperatures

The enthalpy- and entropy-increases as the temperature changes from T to T, are
respectively related to the heat capacity at constant pressure p:

TZ
Hy—Hy = ST CAT i (12)
1
and
T, C,dT
Sy,—Sg, = S; G (13)

where H is an enthalpy, S is an entropy, and C,, is an heat capacity at constant pressure.

If heat capacity data are available, the changes in enthalpy and entropy for heating
at constant pressure may be calculated by equations (12) and (13), respectively. 'Then,
the value of 4G° - at an elevated temperature 7'(°K) may be obtained by the method well
established in thermochemistry, as follows:

4G°y = 4H%,,
+[(HT_H298)Product - 2 (HT_HZQS)reactants]
—T4S8 0298

-T [(S T SZQS)Product -2 (S T SZ98)reactants] """"" (1 4)

When heat capacity data are not available, the following estimate of free energy
changes of a reaction at elevated temperatures may be possible, if the change in heat
capacity is negligible for the initial and final states of the reaction:

UG° = AH°, —TAS %, eeeeinn (15)

298

The difference between values of the expression (H,—H,)— T(S;—S,,) for any
compound, and for the sum of its component oxides, is equal to the deviation which would
arise in the value of 4G° ,if it were calculated on the assumption that the heat capacities are
additive. Richardson et a/' have emphasized that these differences for silicates formed
from oxides are less than 1 kcal., and considerably less than the differences between the
corresponding enthalpy and entropy terms.

The approximation expressed by equation (15) may be also applied to the computation
of values of 4G°, for reactions at elevated temperatures between fundamental building
units of silicates including silica to form other type of silicate building unit.
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This applicability may be illustrated by the following example: calculate the equi-
librium constant for reaction (16) in the standard state at elevated temperatures between
the building units of sodium metasilicate and of silica to form the building unit of sodium
disilicate,

[(2nNa*)(Si,0,)]+(Si0,), = [(21Na*)(Si,,0,2)]  ........ (16)
{0.333} {0.500} {0.400}

where the value shown in the braces { } is N, ratio.
This reaction may be written as follows;

[(2nNa*)(#nSiO, groups in Si,0,2*~ building unit)]

+[#5i0, groups in (8i0,), building unit]
= [(2sNa*)(2nSi0O, groups in Si,,0,2*" building unit)] ........ 17

By using the procedures decribed in sections 2 and 3,
4H°,, = —2.0x10° (cal./mole of each reacting SiO, group)
and
45°,,, = 1.1 (cal./deg./mole of each reacting SiO, group)

The molar entropy data of the compounds used in the foregoing computation of 4S°,,
were taken from Table 1.

Table 2. Free energy changes and equilibrium constants for the reaction (16) at elevated
temperatures resulting in the building unit of sodium disilicate from the combination
of the building unit of sodium metas'licate with that of silica.

A B

T AGy (estd)t Kt [(Hr —H298)Product [(ST — S08)product 4 Gz (caled) *
x 10-3 “‘Z(HT _‘].-l(:-)lzeg)reactants] _Z(ST - S298) reactants] x 1073 K
% ut

cal. fmole cal./mole of cal./deg./mole cal./mole
(°K.) [?gaszi}; each reacting} of each reacting} {?;g?iﬂ; ]
Si0, group Si0, group SiO; group Si0, group,
298 —23 48 x10 0 0 —2.3 48 x10
400 —-24 2.0x10 0.01 0.04 —-2.4 2.0 x10
500 —2.6 1.3 x10 0.05 0.13 —2.6 13 x10
600 —2.7 9.6 0.11 0.24 —2.7 9.6
700 —28 7.4 0.20 0.38 —2.9 8.0
800 —2.9 6.1 0.31 0.53 —3.0 6.5
9200  —3.0 5.3 0.45 ' 0.69 —3.2 5.9
1000 —31 4.7 0.62 0.86 —3.3 5.2
1100 —3.2 4.3 0.80 1.04 —3.5 4.9

+ Estimated from equation (15).

tt Determined from AG7(estd).

* Calculated from equation (14) by using thermal data at elevated temperatures.
*%  PDetermined from AGJ (caled).
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Then, approximate values of 4G°. at elevated temperatures may be readily computed
from equation (15), and equilibrium constants at those temperatures may be determined
from equation (8) as shown in the column “A” of Table 2.

On the other hand, heat capacities at elevated temperatures have been investigated
for Si0,, Na,Si,0, and Na,Si0,**®, From these thermal data, both values of [(H

—HZQS)Product - 2 (HT - sts)reactants] and [(ST - S298)Product - Z(ST - S298)reactants] fOl‘
reaction (16) were obtained as a function of absolute temperature as follows:
(HT_HZBS Product ~ z (HT_HZSS)reactants

= [—1.57+0.0025272—(10,600/T)-+272]/2 (cal./mole of each reacting SiO,
group) (298-1147°K.)

and

(ST—SZQB)Product —Z (ST—SZ%)reactants
= [—3.546 log,,T+0.00504T—(5,300/7%)-7.331]/2 (cal./deg./mole of each

reacting SiO, group) (298-1147°K.)

Thus, the value of 4G° - for reaction (16) at any temperature between 298° and 1147°K.
calculated form equation (14), and then the equilibrium constant at the temperature is
determined from equation (8). These results were shown in the column “B” of Table 2.

As realized from the results shown in Table 2, it is a very useful approximation, when
heat capacity data at elevated temperatures are lacking, to determ’ne the equilibrium
constants at the temperatures by using equation (15) together with equation (8) for
reactions resulting in silicate building unit from the combination of other types of
building units of silicates including silica.

6. Application to Vitreous Metasilicate Formation

~ The data shown in Table 1 may not be directly available to make the free energy
claculation for the reactions resulting in mstasilicate building units of sodium, calcium
and magnesium from the combination of other types of silicate building units including
silica. Therefore, the calculations of free energy changes and equilibrium constants
for the above types of reactions were made by applying the method presented in the
previous sections.

(1) Reactions at Room Temperature

The values of S°,,, and &g, are shown in Table 3 for silicates including silica. By
using the &g, and S°,,, shown in this table, standard changes in enthalpy 4H",,, entropy
48°,,, and free energy 4G°,,, and equilibrium constant K were determined for the reactions
(Na-1-2) - (Na-1-10), (Na-1-3’) - (Na-1-6’), (Ca-1-2) - (Ca-1-10) and (Mg-1-2) - (Mg-1-10),
which were shown in Table 4. These results are shown in Tables 5 and 6, in which
the equilibrium constants are shown as log, K.

The co-ordination number of O?" ions around Na* ion may not be equal in Na,0
reactant and Na,5i0, product for reaction (Na-1-1) shown by using the empirical formulas
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Table 3.
5 . —3 %k

Stoichio- Mole% (o e o) Silicate esix10
metric Formula ) Ngi* [cal./ n‘_lole
Cosiion wo Mo MG M= wion " [
M.0 M.,O 100 17.4 (obsd) 9.5 (obsd) 6.4 (obsd) — 0 —
2M,0.8i0, M,,SiO, 66 46.8 (obsd) 29.0 1.8 22.7 (obsd) SiO}- 0.250 3141
3M,0.28i0, M,,Si,0, 60 722 44 4854 3.0 39.2 +24 Si,05-  0.286 3137
4M,0.358i0, M ,,Si;0,, 57 99.6 & 6.0 680+ 41 556+ 34 Si,0%  0.300 3135
5M,0:4Si0, M;,Si, 0y, 55 12704+ 7.7 875453 7204 44 Si,0f- 0.308 3134
7M,0-6Si0, M,,Si;04, 54 181.8 4+ 11.0126.5 &£ 7.6 1048 + 6.3 SiO¥- 0.316 3133

M,O. SiO, M,SiO, 50 27.2 (obsd) 19.6 (obsd) 16.2 (obsd) Si, 027~ 0.333 3131
M,0-28i0, M,Si,0; 33 39.4 (obsd) 295+ 18 2644 1.6 Si,, 0~ 0400 3123

M,0-38i0, M,Si,0, 25 474 £29 395424 364422 Si;,0%- 0429 3119

M,0.48i0, M,Si, 0, 20 574 £ 3.5 495430 464 1 2.8 Si, 03~ 0444 3117

M, 0-58i0, M,Si;0,, 16.7 674+ 41 5954 3.6 5644 34 Si;,0%,; 0455 3116
M, 0:68i0, M,SisO,4 14.3 774 £ 47 695442 664+ 4.0 Si,0%, 0462 3115
M,0.88i0, M,SizO,, 11 974 +59 895454 864452 Sig,0%,; 0471 3114
SiO, Si0, 0 10.0 (obsd) 10.0 (obsd) 10.0 (obsd) — 0.500 3111

t Entropy of the given substance in its thermodynamic standard state, at 298°K.: (estd)
denotes the value estimated by using Kelley’s Additive Law of Entropy; (obsd) is the
experimentally observed value of Table 1. The deviations of the observed values from
the estimated values were within 4 6 % for six kinds of alkali and alkali-earth silicates
in Table 1; so the maximum deviation (+ 6%) was included here in each of the esti-
mated values; the values observed for silicates of the compositions 2 M,0-Si0,, M,O-
Si0, and M,0-25i0, were used as references in the later equilibrium calculations.

tt In this column, n of silicate anion formulas denotes an integer.

* Silicon-oxygen ratio.

*k A measure of the decrease in energy when one gram-atom of the silicon ion (Si**) and
the equivalent number of oxide ions (O2%-) are transferred at room temperature from
the gaseous state to an oxide in the solid state: the experimental values are in fairly
good agreement with the calculated values for 2Na,0:S$i0,, Na,0-5iO,; and SiO,
(maximum deviation; about 4 6 X 10-29%)1D,

in Table 4: the co-ordination number is 4 for the crystalline Na,O with the structure of
anti-fluorite type??, and is reported to be about 6 for glasses of the system Na,0-8i0, PP,
The co-ordination number of O?~ ions around M** ion (that is, Ca*" and/or Mg®+) may not
stay the same in MO reactant®™ and MSiO, product?>? for both reactions (Ca-1-1) and
(Mg-1-1) shown in Table 4. Therefore, it is not adequate for reactions (Na-1-1), (Ca-1-1)
and (Mg-1-1), as seen from the marginal note of section 3, to estimate the value of 4G°,,
by applying the present procedures. The values of 4G°,,, for the above three reactions
were taken from the data by Richarsdon et al*.

The reactions shown in Table 4 can be divided into four groups (Na-1-1) - (Na-1-10),
(Na-1-3%) - (Na-1-6"), (Ca-1-1) - (Ca-1-10) and (Mg-1-1) - (Mg-1-10). In each group,
the silicon-oxygen ratio Ng, of reactants approaches to that of product (0.333) in the order
shown in the table, and the Ny, ratios of reactants do not change in the three reactions of
(Na-1-1), (Ca-1-1) and (Mg-1-1), in the three of (Na-1-2), (Ca-1-2) and (Mg-1-2),......
and in the three of (Na-1-10), (Ca-1-10) and (Mg-1-10). Now, the following evidences
are suggested from the comparison of log, K for reactions shown in Tables 5 and 6: the
differences of the equilibrium constants K are not small among the reactions at 298°K.
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Table 4. "Chemical reactions used for the present thermodynamic calculations.t

Chemical reaction

Na,O
{0.000}
n[(4Na*)(Si0f7)]
{0.250%}
7n[(4Na*)(Si0f-)
{0.250}
3n[(4Na+)(Si04-)]
{0.250}
2n[(4Na+*)(Si04-)]
{0.250}
n[(4Na+)(Si04-)]
{0.250}
n[(6Na*+)(Si,087)]
{0.286}
n[(8Na+)(Si;0%5)]
{0.300}
n[(10Na*)(Si,013")]
{0.308}
n[(14Na*) (8i;05-)]
{0.316}
n[(6Na*)(Si,05)]
{0.286}
n[(8Na+)(8i;0%7)]
{0.300}
n[(10Na*)(Si,013-)]
{0.308}
n[(14Na*) (Si;0{§-)]
{0.316}
MO
£0.000}
n[(2M?2+)(5i047)]
{0.250}
7nl(2M3+)(Si04-)]
{0.250}
3n[(2M2+}(Si04-)]
{0.250}
2n[(2M2+X(Si047)]
{0.250}
n[(2M2*+)(Si04-)]
{2.250}
n[(3M?2+)(Si,057)]
{0.286}
n[(4M2+)(Si;0%7 )]
{0.300}
n[(5M2+)(5i,017)]
{0.308}

n[(7M?+)(Si;015~)]
{0.316}

+

+

+

+

+

SiO,
{0.500}

(5i0,),
{0.500}

[(2nNa*)(Siag, 0%, )]
{0.471%
[(2nNa*)(8i,,05% )]
{0.444
[(2nNa*)(Si;,0%;7)]
{0.420%
[(2nNa*)(Si,, 0% )]
{0.400}
[(2nNa*)(Si,,0%, 7)1
{0.400}
[(2nNa~*)(8i,,0%;-)]
£0.400%
[(2nNa*)(Si,,02%: )]
{0.400}
[(2#Na*)(Si,,0% )]
{0.400}
(5i0y),

{0.500}

(Sloz)n
{0.500}

(5i0,),
{0.500}

(8i0,),
{0.500}
SiO,
{0,500}
(Si0,),

{0.500}
[(nM?+)(Sig,0%5)]
{0.471}
[(nM?2+)(8i,, O%-)]
{0.444}
[(nM?+)(Si5, 0% )]
{0.429}

[(nM?+)(8i,,02;7)]
10.400}

+ [(nM?+)(8i5, 027)]
{0.400}

_I_

+

[(nM?*)(8ip, 0% )]
{0.400}

[(nD2+)(Siy, 0% )]
{0.400}

[(nD?+)(8iy, 0% )}
{0.400}

Na,SiO; *
{0.333}
2[(2nNa+)(8i,0%: )]

{0.333}
15[(2%Na*)(81,02:-)}
{0.333}
7[(2nNa+)(8i,0%: )]
{0.333}
5[(2nNa*)(Si, 0% )]
{0.333}
3[(2nNa*)(Si,0%7)]
{0.333}
4[(2nNa*)(51,0%:7)]
{0.333}
5{(2nNa*)(8i,0% )]
{0.333}
6[(2nNa*)(Si, 0% )]
{0.333}
8[(2nNa+)(Si,0%:-)]
{0.333}
3[(2nNa+)(8i,0%-)]
{0.333}
4[(2nNa~*)(5i,0%; )1
{0.333}
5[(2nNa*)(Si,0%:-)]
{0.333}
7[(2nNa*)(8i,0%: )]
{0.333}
MSiO, *
{0.333}
2[(nM2+)(S1,0%2-)]
{0.333}
15[(nM?2+)(8i,0%2-)]
{0.333}
7[(nM?+)(Si,0%7)]
{0.333%
5{(nM?2+)(81,0%)]
{0.333}
3[(nM2+)(Si,0%:)]
{0.333}
4[(nM2+)(Si,0% )]
{0.333}
5[(nM2* (81,032 7)]
{0.333}
6[(nM?*)(Si,0%: )]
{0.333}

8[(nM?2*)(Si,0%,7)]
{0.333}

Reaction no.

(Na-1-1)
(Na-1-2)
(Na-1-3)
(Na-1-4)
(Na-1-5)
(Na-1-6)
(Na-1-7)
(Na-1-8)
(Na-1-9)
(Na-1-10)
(Na-1-3)
(Na-1-4)
(Na-1-5)

(Na-1-6")

T
M=Ca M=Mg
(Ca-1-1)  (Mg-1-1)

(Ca-1-2) (Mg-1-2)

(Ca-1-3)  (Mg-1-3)
(Ca-1-4)  (Mg-1-4)
(Ca-1-5)  (Mg-1-5)
(Ca-1-6) (Mg-1-6)
(Ca-1-7)  (Mg-1-7)
(Ca-1-8) (Mg-1-8)
(Ca-1-9)  (Mg-1-9)

(Ca-1-10) (Mg-1-10)

t In this table, #n in chemical equations denofes an integer, and the silicon-oxygen ratios
Ng; for the reactants and resultants are shown within the braces { } following the
chemical formulas for each reaction. \

* Thermodynamic calculations were made by Richardson et ql'®,
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Table 5. Standard changes in enthalpy, entropy and free energy, and equilibrium
constant for reactions resulting in sodium metasilicate building units at
298°K. (25°C.)

Group  Reaction AH®x10-31t AS8°q 111 AGP 5 x 1073 % log o K **

no. f
cal./mole of cal./deg. /mole of} (cal./mole of
[each reacting} each reacting each reacting

Si0, group Si0O, group Si0, group

- (Na-1-1) — — —56.010%%  41.054-7.33

(Na-1-2) ~ 5.0 12 . — 46 3.37
(Na-1-3) — 44 —1.140.4 —4140.2 3.0140.15
(Na-1-4) —37 —1.140.5 —3.440.2 2.4940.15
(Na-1-5) —3.2 —1.0+0.6 —2.940.2 21340.15

A (Na-1-6) —20 —1.5 —-1.6 1.17
(Na-1-7) -1.0 —0.7+1.1 —0.840.4 0.594-0.30
(Na-1-8) —08 —0.641.2 —0.6--0.4 0.44--0.29
(Na-1-9) - 0.7 —0.5+1.3 —0.6+0.4 0.4440.29
(Na-1-10) — 0.5 —0.54+1.4 —0.440.5 0.294-0.37

(Na-1-2) —5.0 —-1.2 — 46 3.37
(Na-1-3%) —2.7 —0.2+1.5 —2.6+0.5 1.914-0.37
B (Na-1-4) —20 , —0.241.5 —1.940.5 1.3940.37
(Na-1-5°) —1.6 —0.2+1.6 —1.5+0.5 1.104£0.37
(Na-1-6%) —11 —0.241.6 —1.04+0.5 0.734-0.37

t 'The chemical reaction corresponding to each reaction no. was shown in Table 4.
tt Standard change in enthalpy at 298°K.
T+t Standard change in entropy at 298°K.
* Standard change in Gibbs free energy at 298°K,
*¥  Logarithm of base 10 of the equilibrium constant at 298°K.
*#%  Token from the data of reference 19.

resulting in Na,Si0,, CaSiO, and MgSiO, from the combination of their component oxides;
on the other hand, the differences of K are almost within the suggested range of deviations
among the reactions at 298°K. resulting in the metasilicate building units of sodium, calcium
and magnesium from the combination of other types of building units of silicates including
silica, when the N, ratio of each of the reacting silicate building units are kept constant
in the reactions concerned.

(2) Reactions at Elevated Temperatures

The values of 4G° . at temperatures of 400° to 1500°K. for reactions in Tables 5 and

6 are estimated by using equation (15), as shown in Table 7.
The equilibrium constants K for the above reactions were determined from the values
of 4G° . shown in Table 7 by using equation (8). These results are shown in Figs. 1 to 4
together with values of log, K at 298°K. listed in Tables 5 and 6: Fig. 1 shows the equi-
librium constant as a function of temperature for reactions resulting in metasilicates of
- sodium, calcium and magnesium from the combination of their component oxides; Figs.
2, 3 and 4 show the equilibrium constant as a function of temperature for reactions among
different types of silicate building units including silica to foim the building units of
ztasilicates of sodium, calcium and magnesium, respectively. The curves in Fig. 1

»
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Table 6. Standard changes in enthalpy, entropy and free energy, and equilibrium
constant for reactions resulting in the building units of calcium- and magne-
sium-metasilicates at 298°K. (25°C.)

Reaction AHp05x 103 11 AS°5 11T AGO X103 % log, K **
no. t
[cal. /mole of ] [cal. /deg./mole ] [cal. /mole of ]
g g

each reactin, of each reactin each reacting

Si0, group Si0, group Si0, group

(Ca-1-1) — — —21.3 L 1+kk 15.61 4+ 0.74
(Mg-1-1) — — — 8.6 L 1wk 6.30 4 0.74
(Ca-1-2) — 5.0 0.1 & 0.9 — 50403 3.67 4 0.22
(Mg-1-2) — 5.0 — 0.2 — 49 3.59

(Ca-1-3) — 4.4 0.1 4+1.0 — 44 4 0.3 3.23 £ 0.22
(Mg-1-3) — 4.4 —0.2 4+ 04 — 4.3 40.2 3.15 £ 0.15
(Ca-1-4) — 3.7 0.1 409 —37+£03 2.71 +0.22
(Mg-1-4) — 3.7 —0.2 4+ 0.7 —3.64+03 2.64 + 0.22
(Ca-1-5) — 3.2 0.1 + 0.9 — 32403 2.35 4 0.22
(Mg-1-5) — 3.2 —0.2 £ 0.5 —3140.2 2.27 4 0.15
(Ca-1-6) — 2.0 0.1 £ 0.9 — 20403 1.47 £ 0.22
(Mg-1-6) — 2.0 —0.2 £+ 0.6 —194+0.2 1.39 £ 0.15
(Ca-1-7) —1.0 0.1+ 0.9 —1.040.3 0.73 £+ 0.22
(Mg-1-7) —-1.0 —0.2 4038 — 09403 0.66 4 0.22
(Ca-1-8) — 0.8 0.1 0.9 — 08403 0.59 + 0.22
(Mg-1-8) — 0.8 —0.240.8 —0.7+03 0.51 + 0.22
(Ca-1-9) - 0.7 01 +1.0 — 0.7+ 0.3 0.51 + 0.22
(Mg-1-9) — 0.7 —024+1.2 — 0.6 4+ 04 0.44 4= 0.29
(Ca-1-10) — 0.5 014+1.0 —0.540.3 0.37 £ 0.22
(Mg-1-10) — 0.5 —0.2 £ 09 — 04403 0.29 + 0.22

The notations *, 1+, #t%, *, ** and *** used in this table are the same as used in Table 5.

were plotted by using the data of Richardson et a/'. The diameter of each open circle in
Figs. 2 to 4 represents the range of suggested deviation of equilibrium constant at the
temperature corresponding to the center of the circle. The reaction corresponding to
each reaction no. in Figs. 1 to 4 was shown in Table 4.

It is realized from the equilibrium constant vs. temperature curves shown in Fig. 1
that the differences of the equilibrium constants K are not small among the reactions at
an elevated temperature resulting in Na,SiO,, CaSiO, and MgSiO, from the combination
of their component oxides.

Figs. 2 to 4 show that the differences of K are almost within the suggested range of
deviations among the reactions at an elevated temperature resulting in the building units
of metasilicates of sodium, calcium and magnesium from the combination of other types
of building units of silicates including silica, when each Ng, ratio of the reacting silicate
building units is kept constant among the reactions concerned. As realized from the
procedures of computing both values of 4H°,, and 4S°,,, the former value is not af-
fected, whereas the latter is additively affected, by replacing Na™ ion by Ca** andjor Mg**
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Table 7. Standard change in free energy for reactions resulting in the building units
of sodium-, calcium- and magnesium-metasilicates at elevated temperatures.

57

Reaction
no. 1

AGEx 10-3*

cal./mole of
each reacting
Si0, group

T = 400°K.
Na-1-1)** — 561 + 10
(Ca-1-1)%* —21.3 41

(Mg-1-1)¥* — 85 11
(Na-1-2) — 45
(Ca-1-2) —~ 5.0+ 04
(Mg-1-2) — 49
(Na-1-3) — 4,04 02
(Ca-1-3) — 44404
(Mg-1-3) — 4.3 4+02
(Na-1-4) — 33402
(Ca-1-4) — 3.7+ 04
(Mg-1-4) — 36403
(Na-1-5) — 28403
(Ca-1-5) — 32404
(Mg-1-5) — 31 +£02
(Na-1-6) —1.4
(Ca-1-6) —2.04 04
(Mg-1-6) —1.9+03
(Na-1-7) — 07205
(Ca-1-7) —1.0 + 0.4
(Mg-1-7) —-0.9 404
(Na-1-8) — 0.6 + 0.5
(Ca-1-8) — 08404
(Mg-1-8) — 0.7 +£ 04
(Na-1-9) — 05406
(Ca-1-9) — 0.7 +04
(Mg-1-9) — 0.6 405
(Na-1-10) — 0.3 £ 0.6
(Ca-1-10) —0.5+04
(Mg-1-10) — 0.4 + 0.4

T =2800°K. T =1100°K.

—56.7+10 —571 410

—21.2 41 —21.2 £1
— 8041 — 7741
— 4.0 — 3.7
—514+08 —51+1.0
— 48 — 4.8

—354+04 —32405
—454+08 —45141.1
—424+04 —42405

—284+04 —25406
—~38+£08 —384+1.0
—35+06 —35408

—24+05 —2140.7
—33+08 —3341.0

-30+04 -—-30+06

— 0.8 — 0.3
—21+£08 —21+£1.0
—-184£05 —1840.7

—04+09 —024+13
—-114+08 ~—1141.0
—08+£07 —08409

—03+£1.0 —01+14
—-09408 ~09341.0
—06+07 —0.6409

—03+11 —~01415
—08+08 —08+1.1
—05+10 —05+14

— 01412 +01+16
—064+08 —06411
—034+08 —-03+£1.0

T =1500°K.
— 58.9 £ 10
—211 4+ 1
- 73+ 1

—3.2
—52+4+1.4
— 4.7

—2.74+0.6
— 4.6 1.6
—4.1 406

—20+08
—39+14
—34 11

—-1.7+09
—34+14
—294+08

4+ 0.3
—224+1.4
—-1.7x+09

+ 01 £ 1.7
—1.2+14
—07+1.2

+ 01418
—1.0+14
—~05+1.2

+ 01 +2.0
— 0.9 +1.6
—04 418

+ 0.3 22
—07+1.6
— 02414

+ The chemical reaction corresponding to each reaction no. was shown in Table 4.
* Standard change in Gibbs free energy at T°K.

** Taken from the data of reference 19.
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Fig 1. Equilibrium constant as a function of temperature for reactions resulting in metasili-
cates of sodium, calcium and magnesium from the combination of their component oxides:
a, (Na-1-1); b, (Ca-1-1); ¢, (Mg-1-1). 'The curves in this figure were plotted by using the
data of reference 19.
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Fig. 2. Equilibrium constant as a function of temperature for reactions between
different types of sodium silicate building units including silica to form sodium
metasilicate building unit: a,(Na-1-2); b, (Na-1-3); ¢, (Na-1-4); d, (Na-1-5);
e, (Na-1-6); f, (Na-1-7); g, (Na-1-8); h, (Na-1-9); i, (Na-1-10).
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Fig. 3. Equilibrium constant as a function of temperature for reactions between
different types of calcium silicate building units including silica to form calcium
metasilicate building unit: a, (Ca-1-2); b, (Ca-1-3); ¢, (Ca-1-4); d, (Ca-1-5);
e, (Ca-1-6); £, (Ca-1-7); g, (Ca-1-8); h, (Ca-1-9); i, (Ca-1-10).
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Fig. 4. Equilibrium constant as a function of temperature for reactions between
different types of magnesium silicate building units including silica to form
magnesium metasilicate building unit: a, (Mg-1-2); b, (Mg-1-3); ¢, (Mg-1-4);
d, (Mg-1-5); e, (Mg-1-6); f, (Mg-1-7); g, (Mg-1-8); h, (Mg-1-9); i, (Mg-1-10),
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jons for the above type of reactions resulting in metasilicate building unit. Therefore,
the effect of partially or wholly replacing Na* ion by Ca®* and/or Mg?* ions on the value
of K may be almost within the range of suggested deviations for the reactions concerned.

It is also realized from Figs. 1 to 4 that the value of K for each reaction shown in the
figures is decreased with the increase of temperature and is decreased, at a constant tem-
perature, with the decrease in difference between the N, ratios of each reactant and of the
product.

It can be concluded, therefore, that the value of K for the above type of reactions
resulting in metasilicate building unit does not depend predominantly on the kind of cations
Na*, Ca?* and Mg?*+, but depends mainly on both the temperature at which the reactions
occur and the Ny ratios of the reactants.

(3) Ionic Structure in the Internal Equilibrium State

The first part of the problem is concerned on the ionic structure expected for vitreous
metasilicates in the internal equilibrium state at room temperature. In Table 5, the
value of equilibrium constant K at room temperature for reaction (Na-1-1) is quite large
(log, K = 41.05 4 7.33), and the value for reactions (Na-1-2) - (Na-1-5) are still large
(log,,K = 3.37 to 2.13 £ 0.15). The value of log, K is decreased, however, from 1.91
4+ 0.37 to 0.73 4 0.37 in the order of reactions (Na-1-3’) to (Na-1-6’), and from 1.17
to 0.29 4 0.37 in the order of reactions (Na-1-6) to (Na-1-10). It may be expected,
therefore, that the activity of reactants for these reactions in the equilibrium state becomes
increasingly appreciable in the order within the respective group of reactions (Na-1-3’) to
(Na-1-6) and reactions (Na-1-6) to (Na-1-10), in which the linear silicate anions (8i,0,°7),
(81,0,5°), (81,0,,°7) and (8i,0,,*") are included as reactants.

The ionic structure expected for sodium metasilicate glass in the internal equilibrium
state at room temperature can be concluded from the above results, as follows: the glass
has the “micro-inhomogeneous structure” containing not only SiO, groups of metasilicate
building unit but also those of other types of silicate building units, among which one or
more types of SiO, groups of linear silicate building units may be included; the smaller
the difference of the N, ratio of silicate building unit from 0.333 (N, ratio of metasilicate
building unit), the larger may be the activity of 5iO, group of the building unit. The
same conclusions as above may be reached, by refering the conclusion obtained in the
foregoing paragraph (2) of this section, for metasilicate glasses of the composition (1 —m—
7)Na,0.mCa0.nMgO.SiO,, where 0=m<1,0<n=<1, and m4+n<l,

The second part of the problem is concerned on the ionic structure expected for
metasilicate glasses in the internal equilibrium state at elevated temperatures. As
described in paragraph (2), the value of K for each of the reactions shown in Figs. 1 to 4is
decreased with the increase of temperature.

The values of log, K for reaction (Na-1-1) at elevated temperatures, for example at
1100° and 1500°K., are respectively 11.36 4 1.99 and 8.60 -+ 1.46, and for reaction (Ca-1-
1) at 1100° and 1500°K. are respectively 4.22 + 0.20 and 3.08 4- 0.15. These values
are easily determined from the values of 4G° shown in Table 7 by using equation (8).
In the above reaction equilibria, the activity of the reactants may be still negligible.

However, the values of K become smaller for reactions (Na-1-2)-(Na-1-10), (Ca-1-2)-
(Ca-1-10) and (Mg-1-2) - (Mg-1-10) at elevated temperatures.  As easily determined
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by the same way as in the case of the above reactions (Na-1-1) and (Ca-1-1), for example,
the values of log, K for reaction (Na-1-2) at 800°, 1100° and 1500°K. are respectively
1.09, 0.74 and 0.47, for reaction (Na-1-7) at 800°, 1100° and 1500°K. respectively 0.11 -
0.25, 0.04 4-0.26 and —0.01 4-0.25, and for reaction (Na-1-10) at 800°, 1100° and 1500°K.
respectively 0.03 4-0.33, 0.02 4-0.32 and —0.04 40.33. In these reaction equilibria, the
activity of reactants may become appreciable, and as shown by the above examples and
also by Figs. 2 to 4, the activity of reactants in the equilibrium state may be expected to
increase with temperature for reactions (Na-1-2) - (Na-1-10), (Ca-1-2) - (Ca-1-10) and
(Mg-1-2) - (Mg-1-10).

It was also suggested in the foregoing paragraph (2) that the value of K for the reactions
concerned depended mainly on both the temperature at which the reactions occur and the
Ny, ratios of the reactants, and the effect on the value of partially or wholly replacing Na*
ion by Ca®* and/or Mg®* ions was almost within the range of suggested deviations.

The micro-inhomogeneity expected for the ionic structure of metasilicate glasses
including one or more metals of sodium, calcium and magnesium in the internal equilibrium
state above room temperature, can be concluded from the above evidences as follows: the
structural micro-inhomogeneity of the glasses is increased with temperature; at a constant
temperature, the difference in the structural micro-inhomogeneity may be approximately
negligible among the metasilicate glasses concerned.

(4) Change in Ionic Structure with Temperature

When the temperature of metasilicate glasses having internal equilibrium ionic struc-
ture at a high temperature is lowered, the structure of the glasses may be changed toward
the internal equilibrium state corresponding to the lowered temperature. It is required
from the conclusions given in the foregoing paragraph (3) that this structural change
involves the process of decreasing the micro-inhomogeneity in ionic structure.

The rate of the structural change is decreased with lowering temperature and, at a
temperature below the transformation range, may become extremely slow or almost negli-
gible because of the approach to the near completion of the “frozen-in state of structure.

It is expected, therefore, that the ionic structure of metasilicate glasses at a temperature
below the transformation range may be more micro-inhomogeneous than in the internal
equilibrium state corresponding to the temperature, and the micro-inhomogeneity may be
increased with increasing the rate of cooling to a temperature below the transformation
range,

7. Summary

(1) A semi-empirical method is presented for estimating the entropy per mole of SiO,
group for the fundamental building units of crystalline and/or vitreous silicates.

(2) The method for calculation is shown to obtain the value of free energy changes
(cal./mole of SiO, group) and the equilibrium constants for reactions resulting in silicate
building unit from the combination of other types of building units of silicates including
silica. '

(3) By applying the present method, calculations of free energy changes and equilibri-
um constants were made for the above type of reactions resulting in the fundamental build-
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ing units of metasilicates of sodium, calcium and magnesium at temperatures of 298° to
1500°K. From the results obtained, the following conclusions are expected for the ionic
structure of the metasilicate glasses of two- to four-component systems including one or
more metals of sodium, calcium and magnesium in the internal equilibrium state: (2) the
glasses in the internal equilibrium state at and above room temperature have the “micro-
inhomogeneous structure” containing not only SiO, groups of metasilicate building unit
but also those of other types of silicate building units; (b) the structural micro-inhomo-
geneity of the glasses is increased with temperature; (c) at a constant temperature, the
difference in structural micro-inhomogeneity may be approximately negligible among
the glasses concerned ; (d) the ionic structure of the glasses cooled to a temperature below the
transformation range may be more micro-inhomogeneous than in the internal equilibri-
um state corresponding to the cooled temperature, because of the delay in structural
change on cooling and of the approach to the near completion of the “frozen-in” state
of structure, and the micro-inhomogeneity may be increased with increasing the rate of

cooling.
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