Chapter 1II

Theoretical Part

 The term ‘chemic conventionally to
express the resist . g1as : ards attack by adueous
solutions and at
measure of chemica i " .""* ‘ ' he hemical durability of

a formed glass arti nf be improved by lowering the alkali content

of the surface of the

2.1.1 Reactions MeChanism of Glasses vith Aqueous Solution

s brought into contact
vith an aqueous soiﬂtion, of" T -cessiﬂyill occured. These are

dfbﬂblution andd./compound formation of reaction

o HREINDNINENNT
' qq Wfl a q ﬁﬁ‘ﬁiﬁmﬁ m ﬂ&ﬁﬂ alkali earth

were replaced by ion exchange between hydrogen (or hydronium) ioms
from the water. This can result in the formation of a hydrated silica
rich layer on the surface of the glass. |

=gi-0-Na*(glass) + H'(aq) --——> =Si-OH(glass) + Na*(aq) Y
Within the glass, two hydroxyl groups recombine to form a =Si-0-Si=

bridge and an intersticial water molecule. The former one leads to
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an improved resistaﬁce of the leached layer towards dissolution, the
latter one to an enhanced mobility vithin the ion exchange layer.
Usually, the total release of leached matter is presented in terms of
q in mg/cm2 and this value 1is proportional to Jt. An overall

diffusion coefficient D can be attributed to the leaching process.

1ka11-5111cate and alkali-

lime-silicate glasses "By aqueous @n be described in terms

, the hydroxyl ion in

: v ,ﬂ_ﬁl‘_‘ W\

=5i-0-8i /- 4—-'—9* {-0H + =8i-0" —-————————- (2.2)
and the non-bridging ox  -;d ‘v_ ed in reaction (2.2) interacts
with a further molecule-ﬁgf_'tg * ing a hydroXyl ion, which is

free to repeat th feaction (2.2) again (OH™ e atalyzed reaction) :

=8i-0" + H20 -—-> -m-on + OH™ (2.3)

ﬂumwamwmm

(b) Ig the ac1d range, the proton disrupts
e RWFENT I U RN ma t
=8i-0-8i= (glass) + H'(aq) -——--> =Si* + HO-Si=--(2.4)

=8i*t + Hp0 e > =8iOH + HY -——-(2.5)

As the H* appears at the end again, this reaction is H* catalyzed. The
pH value of the reaction divides which process predominates. Both the
OH~ and HY catalyzed reactions have to pass through a state of activa-

tion, i.e., an activated complex. This may be illustrated as



OH™ H*
ESi—O-;ig or Esi—é-sis
respectively. In eithér case, fhe mobility of the protomn is rate
determining. The activation energy remains within a narrow range

from 70 to 80 kd/mol. The weight loss per surface area q due to the

above mechanisms is a linear function of time. So we can formulate a

constant dissolution vglocit

(2.6)

zn2* considerably r By Jcontras high concentrations of

neutral alkali salts e

- ﬁ ugane g 1131952@ glik;
q anqmmlgghl‘g’n?mqa EI (2.8)

(e) Simultaneous action of network dissolut-
ion and leaching makes the leached layer (ion exchangé zone) assume a
steady state depth d, d = D/v.

(f) The leached or dissolved matter from
the glass eventually accumulates in the solution and changes its

activities. If a solubility limit is reached, then compound formation
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and precipitation will occur, preferentically in the vicinity of the
glass surface. That is why the amount of solution available per 1 cm?
of gléss surface is an important parameter for the reaction between
glass and aqueous solutions.

The mechanisms of leaching and network

dissolution are show in the figure below.
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A dirty window from raining was an example.
This occurs by a reaction of vater and window as discribed in the

following figure.



Hy0 / bH rise
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dissolve CO9 gas, 803 gas
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drying NaOH, CaCOj3, CaSO4

c)

new reaction

d)

Fig 2.2 . surface.

vater per glass surfacg a

2.1..2 Factors 1 stiding ¢ emical Durability

.i?“ factor is the ratio

of the surface areaﬂf the glass to volume ofmxe leaching solution in
the unit of u lution is used, the s
factor  will 90) to zero. ﬂaﬂmﬁzje ﬂeﬁaul 1982) studied
about bﬁ eraqﬂlit ﬁ é( lass varying
with thefratio of surface area io[ﬂass oﬂﬂ:t ?frthe leachlng

solution. The results show that the pH of the solution increases
when the ratio of the surface area of the glass to the volume of the
solution is increased. The increase in the pH enhances the network
dissolution velocity. By contrast, accumulated reaction products can

'slow down the dissolution velocity in a closed system to almost zero.
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2.1.2.3 Te Freqnency‘of Replenishing Solution
An experiment was carried out by Shamy,1966
to study the effect of frequency of replenishing the leaching solution
on the alkali and silica extracted from a glass under certain
conditions. The results show a marked increase in the amount of silica

extracted as the number of replenishing times is decreased. Later

exposure times, the

;ﬂ)ved silica decrease the

__J' )
nal to (1-C/Cs), where C

w*i“hbbﬂﬁﬁgiration of silica. Upon

frequent replenishmen ) : . iment, or for s-->o, the

dissolution velocity

and Cs 1is the

so-called initial di

Some workers ha ttempted to ! efiperature-dependence of

AugmBiwens
where q W/‘Ta Qﬂ?mﬂﬁ ’Tn ﬂﬂﬂfﬁg temperature,

B is a‘constant, R the gas comnstant, T he absolute temperature, and

E the activation energy; E is due to protdn transfer. (see 2.1.1)

2.1.2.4 The pH of the Solution
The chemical durability of silicate glass
critically depends on the pH and the nature of the attacking solution.

When an alkali-silicate glass is placed in pure water, the water
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instantaneously ~becomes a solution of alkali oxide and silica. The
pH of solution depends on the concentratioﬁ of alkali or the ratio
of alkali oxide to silica in the glass. .

The effect of the different pH values of the
solution on the decomposition of simple glasses, and the rate at which

the constituents of the glass go into solution, has been studied by

j

Lewins(1965). These results all silicate glasses usually

decompose above pH ~ how the rate of extraction

_d_
wof. the pH. (Boksay and

of Mclnnes-Dole glass S

Bouquet, 1980)

logv

ﬂUH?ﬂBﬂﬁWBWﬂi
o 1 Q RARGTIOAARA N Y e

the pH.

2.1.2.5 Geometry of Glass Sample

The difference in geometry'of the same giasé
~ composition will yield a different shape factor. This can influence
the dissolution of glass such as fibre and chip glass sample. Let the

reaction proceed at the constant velocity v. For fibres which have
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cylindrical shape;

< = 1= mpegt/Mg (2.10)

when ot reaction progress

initial mass = Werz

3
o
1

mregt = Mass still unreacted = ZI}».L(ro-Vt)Z

1—(r°-vt)2/ro2

S0; o« =
= 1- (1—vt/to’ / -
vt/r, = d-U-el/2/ ’//ﬁ' (2.11)
or;  1-(1- a)l/;_ 0.2929 t/tﬁ-g—’ (2.12)
A €4
When tx C plete reaction
to.5 : é‘ime where a¢v= 0.5

iss.,alv&nq and forming a reaction layer is
FYr idd

An example of a

Fig 2.4 Dissolution of fibre (cylendrical shape)

The same approach for chip or plane sheet sample leads to

@ = t/te = 0.5t/tgs  —————————— (2.13)
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' 2.1.2.6 Surface Condition

A different surface condition such as binder
coating will also effect the dissolution of glass. The reaction
of binder and glass surface is shown in the following figure. The
effect reported is often contradictory, i.e., sometimes an enhanced

corrosion rate is found, sometimes a retarded onme.
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2.1.3 The 'lm'ernodynanics of Hultic

o Bl
R iLnik i A
e T Y BT e

is stablejin the strict sense, at is none of the conceivable changes
in the system can occur spontaneously. Time is not a’parameter for
this type of stability.

(b) Kinetic stability: The system is not in a
state of equilibrium, some changes can occur spontaneously but at an
slow rate. So, the time demand for the respective change becomes the

key issue. Such systems are considered as stable if no changes occur
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within historical times. The best possible example of kinetic
stability is the existence of glass itself.

For the chemical durability of glass, there may be
some arguments that it should be a matter of thermodynamic equilibrium
as well as kinetic stability. So, in reality the durability of glass

may be expressed as a function of both thermodynamic and kinetic

stability: ' ’///
Durability = 1134 Qodynamic stability)
The re n er of these two factors
on durability will dep ne test. In a general form,

saturémon concentration of Siliﬂ in the closed system

o AN
; 3. @ﬂmﬂi /0] J/li-!l,yd,ﬂ b

function of v.t. In flow experiments, or with small s.t values, Ghyd'

> aQ
o} 72}
I [}

and Cs are constant, and C<<Cs. Ea~70-80 kJ/mol for most glasses.
Grambow (1985) has shown that the kinetic term is approximately the
same function for very different glasses : Xg5~ 8.2 cm/s. So the
difference of stability in open systems mainly depends on Ghyd-

From the above discussion it is clear that a large
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 increase of either thermodynamic or kinetic stability will make the
glass more durable. In the limiting case, it could be argued that in
the case of thermodynamic stability or equilibrium, the chemical
potentials of the species on the glass surface and those in solution
are equal and thus no net mass transfer would take place. However,

it has been shown that due to the Gibbs free energy difference

between glass and crystal, ,Sue state is never reached until all
glasses have reacted.

The ' :@au be approached by the

reaction

The Gibbs free reaction can predict a

dissolution rate when ¢ p--;>;j? . pother ‘glass. In order to
LY i

ing balance holds:

* J
AGhyd(FJ:ﬂ ﬂ?mmﬂﬂn:ﬂ; st i e
RTRNTUNNMINGAT

Where AGMX is the Gibbs free energy of mixing the

compounds to a homogeneous glass. g"ix,id jg the mere statistical

part (configurational part).

chix,id = pr¥xj lnxj.

019601
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T=298 K &Ghyq T=298 K
giagd] % Lyater i -—rmtwmees > | aqueous reaction products
3
¢ (glass) 6t (product)
T =298 K
homogeneous mixture

of glass compounds

A | ”//é._.__(_mm,
— R ——

ghix

Fig. 2.6 Thenm ycl g ' olving process.

Vi —“ T i)

It only depends ﬂ the molar fractions xjmi the components j, not
] [

~ on their napfu E}VJIYEEJ wgfolnﬁlve mixing. Now it
is true thatq]j must not be chosen as e es in the glass since

=9

o SRR RTINS

minimized and neglected if we choose the set of compounds j in such
a way that they do not react chemically among each other. Such a dist-
inguisted set of compounds is seen in the coexisting compounds given

by the phase diagrams of the respective oxide systems of the glass.

A,Ghyd(compound) = @ibbs free energy of hydration of

compound (kJ/mol)
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AGhYd(glass) = Gibbs free energy of hydration of glass
(kJ/100qg)

ghix = Gibbs free energy of mixing

ghix, id = Gibbs free energy of ideal mixing

GE : = excess Gibbs free energy

2.2 Speciation of

The occurrence : : * Q aqueous medium depends

on the pH value as wel

present in infinite j il > inte paction among different

L) (2.19)

~“ between the equilibriumconstant K and the free

energy changﬁwgﬁmﬂm E JN EJ r] ﬂ ‘i
In equwlﬁ\ﬂ] aﬂsftg ;tﬁ alug ﬂ] Ef,-]aé’grerefore

(2.20)

The relationship

In (2.20) R is the gas constant, T the absolute .temperature ; at
= 298 K therefore, G given in units of cal:

AGO

-1.987 cal.K"! x 298.15 K x 2.303 log Kp

1364.35 log Kp

or log Kp = - AGO / 1364.35 12.21}



18

2.2.2 Stability Diagrams
L e well known that pH can effect the corrosion of
glasses (see 2.1.2.4) and also the reaction of oxides and standard
Gibbs free energy (4G%) can be found when G° of each species
vere known. This leads to a plot between log activity and pH from
0 to 14 which is called ‘stability diagram'. From this diagram, it

can be predicted which species occur in the selected pH range.

The stability diagram of sil as an example.

é

2.2.2.1 ‘ \'ﬁ
\

H\ ‘of silica in water is
one of the main fa ~\ of glass. When silica
(qua'rtz) is brought in \ ordinary temperatures,
the value of the eq >lub. 1 \ 1s very low (~6 ppm for
quartz). In principle t ic stability of a glass may be
considered to be the ' ‘coexisting compound j and the

equilibrium constant and complexation.

A ; fefmodynamic data (see

table ' 2.1) it is lossmle o calculate themvarlous energy changes
being associa Ejt? e{ the stability of
thé glass umrua ou nﬁﬂs ﬂﬁmf om the equilibrium

constan Wﬁﬁ ﬂ }T ﬁ’%ﬁlon products
. stemming cfmglvese ig[z H
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Table 2.la Gibbs free energies G of aqueous species of selected

oxideé at T=298 K.

oxides species -G in oxide species -G in

Kcal/mol Kcal/mol

A1,03 Al,03 376. Cdo . -53.79
a3t ca2* 18.58
‘AL(OH) 2+ HCdO,~ 86.50
AL(OH) 5% cd(on)* 64.90
AL(OH)4 _ Cd(OH), 122.46
A1(OH) 4~ | Cd(OH);~  144.60
A105~ CA(OH) 42~  181.60

A1(SOy) - cdcl, 85.00

A1(S04) "~ cdsoy 199.50

Aly(S04)3 cdcos 160.00

3203 3203 g il ::l 09 92.26
Vi S Y

H4BO3 !ﬂ #,C0, 148.94
1
217.63 .

HqBO3™ “ HCO4™ 140.26
‘a tJ L

paaInaNINYITy o

BO34™ 181. Ca0 a 144.40

¢ o .

= QRTANNTERURING) 1. e
- 9 pa?* 130.86 Ca(oH)* 171.55
Ba(OH)* 171.48 Ca(OH) 207.49

Ba(OH)y  209.20 Cas0y 313.20

BasSOy 311.86 CaCos 262.64

BaCl, 196.70 caCl, 195.04

BaCO4 272.20 CaHCO3* 273.67



Table 2.1b Gibbs

-free energies

oxides at T=298 K.

20

G of aqueous species of selected

oxides species -G in oxide species -G in
Kcal/mol Kcal/mol
Cry03 Cry04 Lig0 133.90
cr3* Li* 69.94
Feq03 Fey03 Li (OH) 107.82
Fe3* Licl 101.57
Pe(OH)2* LiySOy4 317.78
Fe(OH) " LigCOy 266.66
Fe(OH) 4
- Fe(OH) 4 MgO 136.13
FeClj Mg2* 108.99
FeSO4* Mg (oH)* 150.10
Fe (HRO, Mg (OH) 199.27
pe2+ 4 : ) Mgco, 239.60

H90

E‘e(OH)‘m

ﬁﬂﬁ’.’l’ﬂﬂﬂﬁw B
ARTIH

FeCly
FeS04

FeCO3

H90
H+

OH™

66.91

MgHCO4* 251.10

298.63

ﬁﬂ'i?ﬁlwl?ﬂﬂlﬁﬂ ey

196.10
162.40

56.69
0.00
37.59

20.40
Mn2* 54.96
Mn (OH) * 97.20
Mi (OH) 5~ 178.40
MnSO4.  228.48

MCO; 195.40
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Gibbs free energies G of aqueous species of selected

Table 2.lc
oxides at T=298 K.
oxides species -G in oxide species . =G in
Kcal/mol Kcal/mol
K0 K,0 Nag0 62.59
5 NaOH 99.23
KC1 NaHCO; 202.89
KSO,4 NaCl 93.94
KOH NayS0, 240.91
P05 P05 $i0, 192.40
HyPO4 HySi04 3iz.12
HyPOy H38i04~ 299.39
HPO 42~ HySi042~ 283.49
P04~ 51044 250.69
‘Hp8i03 242.00
PbO PbO HSi04~ 228.36
Pb(OH)* 54.10 81042 212.00
‘a
P12 Wtjmmmnj
PHIOH) 3~ 137 , 133.80
RMRINTUNMNINGTRY 2o
HPbO,~ H?J 175.30
PbCly 75.04 : Sr(OH) 207.80
PbCO5 149.70 SrC03 271.90
Srsoy 318.90
H9804 HS04 180.48 Ti0y Tioz 212.30
5042~ 177.78 Tio%* 138.00
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Table 2.14 Gibbs free energies G of aqueous species of selected

.oxides at T=298 K.

oxides species -G in oxide species -G in

Kcal/mol Kcal/mol

TiO(OH) 5 Zno 76.08
HTiO3™ Zn(oH)* 39.65
zn2* 35.18

Zroq Zr0q Zn(OH) 9 (cr)133.31
zri* (amorp.)131.85
zro?* HZno, ~ 110.90
Zro(OH) 5 Zn(OH) 3~ 168.43
Zr(OH) 4 Zn(OH) 42~ 208.24
HZr03~ Znéo4 209.00
ZnCo4 174.85

ZnCl, © 88.30

Y]

o —

When silica (quartz) is brought into water the

e NN NYNS
YL (el L AL

= H28103] £ 18100 [Holl], - seeissisiners (2.23)
AGO of reaction (2.23) is + 4.69 kcal. Therefore log Kp = -3.44. (see
eq 2.21). In this particular case, puré quartz is reacting with pure

vater, with very little formation of HyS8i0O3, thus

[3102] [Hy0]= 1
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Therefore

1073-44 < [H,8104]

[H28i03] = Kp

log [Hy8i03] = -3.44 == (2.24)

From equation (2.24) it will appear that solubility of SiOy, in terms

of Hy8i0;3 in solution, is independent of pH. The dissociation of

silicic acid can be written a

FPor (2.25), AGO =

log [HS1i04
This shows that althoug 1lity of silica near the neutral

not cte h€ solubility increases

-
v, Y |
it 0!

point (pH~7) is

rapidly with alkal the reaction (2.26),

AGC = + 34.69 kcal. ’id log K2 = -25.43

Thus HE'L? wﬂnjuﬂﬂqﬂ‘j ----------- (2.28)
With (2. 21), (2. 2@ gn (2 2€H Hn’]&ﬂ gzlt:\]u@ EJor, loosely,

concentration in mol/l) of different species of silica in aqueous
solution has been calulated at various pH values by using computer
spread sheet Lotus 123, and these are shown in table 2.2, along with

the corresponding solution values for vitrious silica.



sio2
sio2 8io2 8io2
+H20 +H20 +H20
=H2Si03 =HSiO3 - =8i03 2-
+H+ +2H+
£ (1) 1.00 1.00 1.00
G(1) -190.00 -190.00 -190.00
£ (H+) 1.00 2.00
f (H20) - 1.00 1.00 1.00
£(2) 1.00 1.00 1.00
G(2) -242.00 -228.36 -212.00
dG 4.69 18.33 34.69

Fig 2.7 Solubility diagram of silica in water.

24
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From the above figure, we can see three

distinct pH zones based on the predominance of one particular silicate
species. For example, in the first.zone (pH<10) the minimum solubility
is presented by the undissociated but soluble portion of Hy5i03, this
species predominates up to pH=10. In the second zone (pH=10 to 12)

most of the silica which passes into the solution is due to the

ird zone (pﬁ>12) 81032' predomi-

@vident that the quantity of
silica extracted fromytz*ndw silica follows the same

pattern but the SO].M i

that from quartz. T

formation of HSiO3~ species.

nates. From the above fi

e glassy form is more than

free energy of quartz

the Gibbs free gh glass composition.

can be found E]Z and 3 component phase

:$351@menﬁﬂiﬁﬂ b pE
wmmﬂmummmaﬂ

2.3.1 6Glass Containing 2 to 3 Component

‘Usually, these coO

The compounds in glass are basically the same as in a
ceramic body. However, they are in a non-crystalline form. This leads
to a reduced Gibbs free energy of formation. Usually, 2 to 3 component
compound can be known from phase diagrams. Some phase diagrams are

presented, i.e., the system of NaZO—CaO—Sioz, K90-A1503-8i09, CaO-
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Al503-8i09. (see in the appendix)

2.3.2 Glass Containing More Than 3 Components
In case of glass types containing more than 3
components, the 3 component phase diagraﬁs are insufficient although
they still serve as a guide line. So, we do not know what kinds of
compound will occur. However ey can be described by a predic-

, the petrologists Cross,

Iddings, Pirsson, and wyashin ghb‘n (ﬁiﬁ 1990). For glasses, we

may use the same priy(

The sequence of compo

tive model called " CIPW norm \

smllar norm calculation.
owing page, along with

their molar masses energy Gy in kJ/mol.

2.3.2.

rm calculation, the weight

percentages of the oxides in a1y51s are converted to molar
; e - .
proportions by di%iding each exfent by its molecular

weight. Using the

distributed among ;‘l normative minerals acco'ming to the rules given

w ™ Hﬂ’?“dﬁ i
" AN S HEAANEAA e,

and Ca0 is reduced by 3 x P90s.

2. Crp03 is allotted to Cry0j3.

3. The amouﬁt of‘ (stoichiometric) Fey03 is
split up in the two shares of Fe2* (ferrous) and Fe3+(ferric). The
minimum of the two shares is allotted to Fe0.Fey03. Residual ferric

iron is allotted to Fep03, residual ferrous iron to Fe0.8i0j.
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Table 2.3 Molar mass My in g/mol- and Gibbs free emergy Gy in kJ/mol

- of sequence compounds k.

compound k Mx -Gk (dev) -Gk (s) -Gk (glassy)

P20s *3Ca0 s 3895. 7 3872.2
Cr203 12059.9 1039.2
Fez203 740.0 719.3
FeO+Fez 03 1014.4 988.7
Fe0+Si02 1119.0 1105.1
Mno+Si0z :1241.1 1227 .8
MgO-+SiO2 462.9 1449.3
2Zn0+351i02 9523:6 1505.1
Zr02+Si02 3T, 3825.6 3796.2
Fb0O+Si02 ) N\ 1067.1 1060.2
Ca0-TiO2 AT 76.0 155¢.4
BAS:2 - 64.3 402t .3
Bad-231i0:2 \ 2115.7 2393.4
LAS4 /538.3 S571=.8
Li20+51i02 ‘ [543.4 1166.3
KASs 0 7482 .1 7405.0
K20+281i02 3 1 £336.8 23343
NASs 7420.9: 7328.8
CAS:2 4001.8 3956.8
Alz203 *Si02 2443.6 2114.2
Naz0+2B203 3081.5 3065. 3
B2 O3 119%.8 1183.0
NC3 Se - T913.3 7842.2

Naz0+251i0C2 2341.4 230457
5102 .9 i 7.1 849.0
NAS:2 ; e - 284.11 534 ___3990.1 3932.7
Naz0+Si0z %)7 " X470. 4 1428.9
Ca0+*Si0z ™= - 11 1542.0
2Ca0+8i02 *)El 0 w‘l98.4 2184.4
i
*) These phases are to replace ASe, NSz, and NC3Se in the case

of a silica deffigdency and/or Qa'lx.la excess;

e LA e
AMIAINTANNINYAE

Gk(dev) Gibbs free energy of devitrification

Gk (s) Gibbs free energy of crystal phase

Gk(glassy) Gibbs free energy of glassy phase
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Total silica is reduced accqrdingly.

4. TiO9 is combined with Ca0 to form Ca0.TiOj
and Ca0 is reduced accordingly. . l

5. 2r0y is allotted to zircon (Zr0y.8i03),
and 8i0y is reduced by ZrOp.

6. The oxides MnO, MgO, Zn0O and PbO are
allotted to Mn0.SiOj, Mg0.SiO

. 8102 and Pb0.8i09 respectively,
and silica is reduced accordingly.

to LAS,;, and Al,03 is

reduced by Lip0, an i : 20. When Al703 < Lij0,

(KASg) and Aly0;3 K90, and 8i09 is reduced by 6xK30.

to BASz, and A1203 is
reduced by BaO, d by 2xBa0. The excess BaO is

allotted to Ba0.28iQy if

ing form step 9, let it

combine with an g:ual amour to -@rm provisional albite

(NASg), and silica i!dtt:reasedﬁi times this amount. If there is

insufficient u E_L’Jey[ﬂ w 8 "] ﬂ 43
Y 91 1 i T iy

and silica is decreased by twice this amount. If Al,04 exceeds CaoO,
it is calculated as mullite.

12. If Najy0 exceeds Aly03 in step 10, an amount
of By03 equal to the excess is allotted to Na20.2B203,. and silica
is decreased by two times this amount. The excess of By03 is allotted

to B203.
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13. If CaO from step 11 is still there, it is

ailotted to NC38¢. :

14. 1If Nay0 still remains after step 13, the

remaining Naq0 forms Na0.28i0p, and silica is reduced by the amount
of the remaining Nay0. |

15. If 8i0g is still positive, remaining S$iO9

is calculated as quartz. /

' #ﬁtive, the rock contains
insufficient silica
Some of these mineral t#thevefore be verted to ones containing
less silica, until thegs _ / deficienc s eliminated. The order in
which this is done 4@ bvssEirst ; ﬁstatite (Mg0.8i05) is
converted to olivine .
orthoclase (KASg) to leu€i > AK "; ‘wollastonite to calcium ortho-
silicate (2Ca0.8i03), _
anorthite CAsy to gehle .-; the glasses used here, the

change KAS¢g ————> ,' AS

In an improved veﬂion, the three main ﬂides of the glass are
¢ a

determined hﬂuﬁ wﬂﬁﬁﬂm“.ﬁo the above rules,

however, without a lbt ing e remin ers of the three main oxides.
; ¢ o s,

These aﬁ m awmﬂ ﬁl‘TnJ sadﬂqram.



30

Table 2.4 Balance sheet of CIPW norm calculation.

CIPY nora calculation

PP e L L L LR L L L L L L R e e e L e e e L e T

§i02 1i02 7102 21203 8203 Pe203 Fed
g/100 g glass 51.00 0.40 6.70 2.40
K(j) in gq/mol 60.08 79.90  123.22  101.96 69.62 159.69 71.85
201/100 g glass 0.84881 0.00501 0.06571 0.01503 Pe Ox
P205- 3Ca0 H i ' - 0.00902 0.01202
Cr203 ' i : '
Pe203 H i H H
Pe0- Fe203 0.00901 H ! 134 —goseioz-s!
Pe0- $i02 0.00300 8 M(<((((((((<(<(<(<<((((((((((«((((tv
¥n0- $i02 8 LRl
Hg0- 8102 0.32745 0.5 CCCCLLLLLLLLL Lt
2910+ $i02 LR LLLLLLLLeeeeete
7r02-8i02
PbO- §102 ( . LU (e
Ca0- 1i02 0.00500 3 ). I
CaF2 - H
BAS2 . : (L P S S e e A e A e S I EA T
Bao- 28102 . ‘!ﬁf 441 { CLLLLLLLLLLLLLLLLLLLLLLLLLLeetile
LAS4 3 e $11¢8  Nais ket i e e e
1,i20- 8102 5 _ f' : 44 ; L Ll
KAS6 0.01379 (s, 0.09091 -:-:-:-:- Srinfetetatstbtafermteioalogegs
£20- 28102 - « ((((((((((((((((((<((<<<((((((<<<(<(((((4
NASE 0.00806 0.38715 <« Lttt B 08384 -2 cimeimnuiarotiitotbasatenia et
CAS2 0.0438¢ 0. 29946 <L£@$£4&£ AT = BN kb el e
A1203- 8102 ‘ ( AN -
Ha20- 25203 — : e C e s R e e
3203 17%

S Mheoinﬂ 3NNT
E m@aﬂm QMJ RANYAY

From previous work on chemical durability of glasses

(Paul, 1982), the stability diagram of some oxides were presented such
as 8i09, Zr0Oy, Alp03, PbO and ZnO. In this research work, 22 types of
generally used oxides were'used to create stability diagrams. These
oxides can be classify into 5 groups. The first groups were R9Oj3

types: Al503, B903, Crp03 and Fej03. The second groups were ROg types:
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$i0y, TiO9 and Zroz; The third groups were RO types: BaO, Ca0O, CdoO,

MgO, MnO, PbO, SrO, FeO and ZnO. The fourth groups were R90 types:
K90, Lip0 and NagO. The last groups were presented to allow for ioms
present in the aqueous solution such as COj and P90y which can give
0032' and P043' ions and their protonation steps.

After stability diagrams were created, the summary of

hydration reactions of all oxil presented at varied pH values;

for a given oxide the species with maximum

activity is given.

-
.

orm calculation rule,
some parts were corre : irz";7 i ass (see 2.3.2.1), "CIPW
calculation" program vas/created :,,f Lotus 123. The present

thesis work partially con Ouset up this program. It is now

avialable at t«;'«‘rva ence. From this program,

Y

i / '
the constituting :j e of glasses can be
y

calculated.

o 18 i e

for selectedu oxide compounds at vary pH vetles, pH values are the

g Q‘W"Taﬁﬁ’im 49117 ‘V]El’]ﬂ .

(c) 8 glass compositions (see 3.1.1) were used to

ujergy G of hydration

calculate the compounds constituing the glasses.
'(d) Create a predictive model for the calculation
of the Gibbs free emergy of formation of glass in term of kJ/100g of

glass by using Lotus 123.
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Table 2.5 Balance sheet for calculate dissolution Gibbs free energy

------------------------ checksum --- “=agee --- fmee-
coapound 201/100g  99.905 component wt. $ g/100g mol/100g dG(hydr) n*dG(meta)
P205- 3Ca0 3102 51.00 ~ 51.00 0.85 -48.60

€r203 Ti02 0.40 0.40 0.01 14.49

Pe203 2102 _ 89.12

Fe0- Pe203 0.0090 21203 6.70 6.70 0.07 28.98 0.26
Pe0: §102 0.0030 5203 -58.65 -0.18
¥n0- $i02 Fe203 2.40 2.40 0.02 -14.06

Nq0- $i02 0.3275 €r203 - -69.41 -22.13
27n0- §102 13.92 .
2r02- §102 0.33 11.69

PbO- §i02 0.44 -0.61.
Ca0- 702 ~0.0050 -61.62 ~0.31
CaFf2 49.23

BAS2 56.07

Ba0- 28102 -60.60

LAS4 -93.13

Li20- §102 - 0.01 -191.22

KAS6 0.0138 0.0l 84.07 1.16
K20- 28102 -140.55
NAS6 0.0081 " 48,483 0.39
CAS2 0.0438 ) ~ 100.00. per mol 27.04 1.19
A1203- 802 e N sl 60.47

Na20- 28203 v : -149.27

B203 -43.36

(letastable compounds)

HC386 -175.26

Ha20- 25102 el L ' -89.44

8103 . 0.1054'_ e 14.58 1.54
ca0- §102 — -41.99

Ha20- $102 v, -167.74 :
2Ca0- $i02 -149.15 -28.94

0.1940 m

(stable colpounds)
out of range S3aatAAEEEEREALS

out of range ﬂ u ﬂ ’J w ﬂ ﬂj w ﬂq ﬂ ‘j EARRARARERTRDLRL
out of range EAEERRREARARLLLR

2.5 Results From Theory

2.5.1 Stability Diagram of Oxides Elements
Twenty two oxides were used to create stability
diagrams which can be separated into 5 groups (see 2.4.1). The results

of each groups are shown in the figures below:
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The first groups : R903 types.

Solubility of AIRO3

s :[i ﬁL f/
i Al10y™ =

e

5 § 4L L
Y 1;” T AL(OH) 4~

log aotivity
1
“>

=11 : : (Cryst.)

24 -
23 " E4 .
21 .. ] .
20 -

+ S s ’ff
16 - 1 /
» - ‘ marg
B S A HBO42~

14 g Ti= 1 7
13 2 22
T

2 ra
oo el
1 - *

Log asetivity

7 3

‘ ‘t e o | Y,
AN TRRPRAIRI I HEA Y
: K

Fig. 2.8 Solubility diagram of Al903, By03, and Crp03 in vareous pH.
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Solubility of FeR03

Log aotivity

Log aotivity

28
=2

Fig. 2.9 Solubility diagram of Fep03, SiOy and ZrOj in various pH.
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Solubility of TiO2

TiO(OH)

-20
-30

s - aaa
o HTiO3 o
-850

Log octhty
)
3

—0 i
Piodt

aotivity

Log

— o

o o &
Aneninging

Fi

2 [T s

ol e R ae T T Ry

+
q 2 % | 7 N |
P ag Calom® e~ CaC03 —
" 18 1%@::: %W’& =
: 8 o,
= :* . N e
bl L o,
12
10 B \L
. - Pty
; Ca(OH) 4
+ = T T T
0 2 + s 10 12 14
. pH :

Fig. 2.10 Solubility diagram of TiOy, BaO and Ca0 in various pH.
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Log aotivity

Loa aotivity

Solubility of CdO

36

Solubility of MgO0

¢ I S S
13 3 = cdz‘" "
B cd(oH) * o
- e Ccd(OH)* . 2 1 aN|
< 12
B oo 10 £ ﬂjg HQHC03"\ HqCO
b, . 3
. ca(om ;- I y P —
= o - Mg (OH) 2 “}—=
-1% g -2 4 "‘E‘l . t““
W e st S e S
-25 -
ot ~
-30 r I =
gl
-3 5 '
. H Y . 4+ L] L ) 10 12 14
» »B
4
::5;\ ["‘ :
J‘.i:_-:d
BALL
il
.H*ﬁ;'r’:'ﬁ
SIadiis
Lo %J*’ly w
Solubility N . i Setubility of PbhO
30 L BN
M\
20 4 =T
h’q% Mn2* ‘J MnCOy \.‘A‘ Pb((.)H)z (c,',\_),'
10 A %E" o \
P ot ool “- )\ Z)
. \ Aebiom*t | A
s, x g.l ! “
.‘%E'h, PBE* # Pb(OH) 3~
-10 \ A\ ' § i et
- X = HPbOo~
'E X 5
7’ Y
\ -
-30 + v)} \‘
0 6 8 10 12 14

Fig. 2.11 Solubility diagram of CdO, MgO, MnO and PbO in various pH.



Solubility of FeO

Log activity
D
A

°

- T (oH)* | _
~ ‘ Fe(OH) 5 [ Fe(OH)3
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ENA Zn(0H) 3~
A

.
e
'\

p TS

Fig. 2.12 Solubility diagram of FeO, SrO and Zn0 in various PH.



The fourth groups : R90 types.

Solubility of K20

Log aotivity
-
~

Log activity

8
al
o | [l T
/

=il
&=l

‘A Solubility ﬁ NaRO0

o .
BV T

2
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s D)
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°
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Fig. 2.13 Solubility diagram of K0,Liz0 and Nag0 in various pH.
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The fifth groups

Solubility of CO2

0 o
1' - ol
L ol
; P
2 g HypCO5 | —r"":ﬁr
4 ..
E - = .
H L]
— - v
R
_g H
-10
-12
1 12 14
A D
" =
#~ -
75 ) et ‘.FIJ
T oo J 3-
70 - PO4
2% 7
:
o
g |
" 0
. 50 =
3 : - i
] : ;
2 I ;

AMANNIUAMINYIAE

Fig. 2.15 Solubility diagram of COp and P705 in various pH.

From the stability diagram, thé summary of hydration reaction of all

oxides are presented in the following table.



Table 2.6g

for a give

7

n oxide and pH range.

Summary of hydration reactions of

40

selected oxides

8i0,

TiOZ

Zr0q

A1203

B03

Fe203

Cr203

P20s5

+ Hy0 ——————- > HySiOg

+ Hp0 ————————= > Hy8105~ + H*
B — > 8i03" + 2
+ HyO

+ 20*
+ 2Hq0
+ 6 HY
+ 3Hy0

+ Hq90

.‘:,-.1\\\\ 3.2 < pH < 10.6
v’\\ " 10.6 < pH < 14.0
£: 1; J

0.0 < pH < 9.6
9.6 < pH < 11.8

11.8 < pH < 14.0

0.0 < pH < 0.5
0.5 < pH < 14.0

0.0 < pH < 3.2

9.2 < pH-¢-12,6
12.6 < pH < 13.8

13.8 < pH < 14.0

B j‘mem s
LNl Py P (LgT:) b

+ 6H* ——————e > 2Cr2* + 3H,0
+ gy =mresemenn > 2H3POy

% Dall e—veees > 2HPO4~ + 2H*
+ 3Hg0 ——————=—= > 2HPO42™ + 4H*

+ 3Hy0 ————————- > 2P043” + 6HT

2.0 < pH < 7.2
7.2 < pH < '12.0

12.0 < pH < 14.0
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Table 2.6b Summary of hydration reactions of selected oxides

for a given oxide and pH range.

+ 20 ——————————> Mg?* + Hp0 0.0 < pH < 7.5
MgO + Hy0 —————----=> Mg(OH), 7.5 < pH < 14.0
+ HCO3~ + 2H* -—> MgHCO3" + Hy0 0.0 < pH ¢ 5.5

5.5 < pH < 14.0

(=]
.

o
A

pH < 12.9

P
%)
.

(=}
A

pH < 14.0

Ca0o

'\;:?\ 8.1 < pH < 14.0

0.0 < pH < 10.6

BaOl

-
o
(o)}
A

pH < 11.8

MnO 11.8 < pH < 14.0

*ﬁumwﬁmiwmm“

A

pH < 3.9

A

PH < 14.0

---------- < pH < 8.8
+ B —————m——> Fe(on)+ 8.8 < pH < 10.6

FeO + R0 m——s—mwn) -Fal0H) 9 10.6 < pH < 13.0

+
(3=
==

o]
o

_________ > Fe(OH)3™ + H s 13.0 < pH < 14.0

+ 2H* —mmmmmmm> Fe2* + H90 0.0 < pH < 3.8

+

HCO3~ + HY ---> FeCO3 + H0 3.8 < pH < 14.0
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Table 2.6c Summary of hydration reactions of selected oxides

for a given oxide and pH range.

0.0 < pH < 5.5
7n0 5.5 < pH < 14.0
0.0 < pH < 3.8
3.8 < pH < 14.0
0.0 < pH < 6.3
6.3 <pH ¢ . 7.6
Pbo 7.6 < pH < 14.0
0.0 < pH < 2.9
2.9 < pH < 14.0
0.0 < pH ¢ 7.4
cdo 7.4 < pH < 14.0
0.0 < pH ¢ 3.8
_ 3.8 < pH < 14.0
Li 90 J V
Naj0 “
*FT‘[J‘ET’J‘VIETVIﬂ‘fEJ’lﬂ‘i
QW’Tﬁﬁﬂ*ﬁT’J‘ﬁiﬂ MINYIEY ™« >
By | § W0 ——— S.SE[ pH < 9.8

4 Hg0 —————mm——> co32‘ + 2n* 9.8 < pH < 14.0
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2.5.2 Results for the Hydration Reaction of Individual
Oxides
Gibbs free energies of hydration change considerably
with pH (see table 2.7) they do not change gradually, but rather
abruptly when a stability limit for a certain species is exceeded. The

sudden precipitation of a solid phase or color change of an indicator

is familiar examples for suc‘\ | changes of speciation. For the
, Aaﬂge of approx. 6 to 9.5

— . #

shall be consideredy .

water, and 9.5 for

experiments in Gamble's s

for the pH of natural

m Nleached alkali. Within

this range, most glas 2xh i pecies only. This is not
the case for compo » or P90g. Since MgO and

diagrams for Ca0 and Mg r&ip—ft e pH range 0 to 14. Both
oxides display changes of the T t Ca2* and Mg2* species in
ST,

S 2ly. If COy saturation

the pH range O .3_0‘-'12.'5 and

occurs, a species will predominate in

the range of pH 6. ;8.2, 8.2-14 and 7.5-14, spectively. This makes

compound morﬂﬁbﬁ fjhv] EJ TT?W(EJ nfrrﬁoz saturation. The

formation of €dCO3 or MgCO3, however, requries enough MgZ+' ca2* and
o Q WA ST N e
q
2.5.3 Glass Constituting Compounds and dissolution Gibbs free
energy of glasses. i
After a CIPW norm was developed and a predictive model
was created, 8 glass compositions were used to calculate the influence
of compounds and the Gibbs free energy of formation of glasses as

shown in the following table.
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Table 2.7a Gibbs free energy of hydration for selected oxide compounds

at varied pH,

compound pH G in compound pH G in
- kJ/mol. kJ/mol
Pz Os - 3Ca0 1.5 -73.13 Zr02-SiO2 0.5 . 9.34
P 9.6 11.69
12.0 11.8 -12.41
12.6 14.0 -25.76
14.0 . }
- Ti0: 12.6 -61.62
CrzQs 3.0 14.0 21.33
14.0
log K 4.0 12.98
14.0
Fez2 03" 2.6 .
B | 3.2 -128.96
11.6 9.6 56.07
14.0 10.6  167.67
11.8 93.50
FeO-+:Fez2 03 2.6 14.0 66.76
4.1
8.8 O-2Si0: 9.6 -60.60
10.6 1.8 51.00
11.6 14.0 24.26
13.0
14.0% 3.2 -100.96
e 9.6 84.07
FeO-SiO: a.:ﬁﬂ 166 99,97
: 9.6 : 11.8 25.14
10.6 46.65 14.0 -54.96
11.8 4 26.81
9.6 -140.55
ﬁﬁﬂ%ﬁ?ﬂmwﬁﬁﬁ%
14.0 -55.65
Mno-SiO:2 -74.06 4
. -136.20
awﬁaﬂﬁﬁiﬂ WA TN B3 5
64.03
‘MgO-+SiO2 -69.41 : 1t 8 -20.00
9.6 18:81 14.0 -90.20
11.6 -6.09 : .
14.0 - -19.44 NAS: 3.2 -194.56
‘ 9.6 ,-9.53.
2Zn0-Si0z 5.5 7 -98.49 19.6.. 102.07
9.6 73.92 11..8 27.94
13,48 49.82 14.0 1.24
14.0 36.47
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Table 2.7b Gibbs free energy of hydration for selected oxide compounds

at varied pH.

compound pH G in compound pH G in
kJ/mol ' kJ/mol
CAS:2 3.3 Maz0+SiO2 9.6 -167.74
7.0 11.8 -111.73
9.6 14.0 -45.17
10.6 :
11.8 7.0 -82.68
14.0 9.6 —-41.99
11.8 13.81
- Al203 +SiO2 322 14.0 0.46
9.6
10.6 102 7.-0 -230.53
T8 9.6 -149.15
14.0 s s -93.25
14.0 -26.79
Naz20-+2B20s 9.2
12.6 9.6 14.58
13.8 11.8 -9.51
14.0 14.0 =22.85
B2 O3 9.2 8.2 « =159.29
9.6 rysotiler) 9.6 102.96
13.8 | 11.8 _54.76
14.05 — r,\'.."d 14.0 28.06
MColls - - 7.0 Iﬂ: amq o 8.2 -2431.85
9.6 175 26 antigorite®) 9.6 1764.21
s N Y 9 64 '11.8 S44.21
) ﬂEJ‘ nyij ‘ +.14.0 490.91
Na20-+2S102 ’3 ﬁlflﬂj 8 2 =153725
1 22.16 ¢ seplolltec) 196.43

W‘Taﬁﬂ‘smumqwmaeﬁ -t

a) Mgz Si20O; (OH) 4
b) Mg«s Siz«Oss (OH)sz2 .
c) Mg« SisO1s (OH)2 (OHz )2 (OHz )«




Table 2.8 Compounds constituing the glasses.

Compounds JM1 JM2 Bl B2 sl s2 El E2
Fe0O.Fe203 0.05 0.095 10.79 10.89 0.02 Q.02 0.02 0.02
Fe0.Si02 0.01 0..0L 2..05 2.07 i - - -.=
Mg0.8102 797 0.2 10.51 23.19 11:38 0.0 11.81 Q.15
Ca0.Ti02 0.10 0.10 4.99 4.95 1.21 121 0.07 0.07
KAS6 5.97 5.9 8.21 8.33 - - - -.-
NAS6 30.81 20.77- 24.45 24.63 = =i 3.38 3:38
Na20.2B203 6.99 6.95 " = = =l == - .=
B203 —ie = iy iy = 8.07 8.06
Na20.28i02 25.91 22.62 - -.= - -
NC3s6 21.80 32.68 =i = == =
CAS2 Tl =36 18.56 37.01 ., 36.98
C2AS == T 25.39 = -
Ca0.8102 =iy - 54.72 20.85 30.66
S$i02 10.58 10"=w = 18.79 20.68
Sum 99.99 99. ffmm 9°100.00 100.00 100.00
Table 2.9a Dissolution Gibbs ,_%,,_ e

a = N2 bubb 0.026 Y

b = N2 bubi -.-.----n--—v-m-—m-.---m—--m-~—~-—_«~-'-‘\ g (OH) 2

c =N2D -‘-: phase formation

d = N2 bubbi )2 and

C-S-H p I

e = Binder 9.5)-, by 02, and Mg(2

f = Binder (pH 9.5), 0.05 C0O2, Mg{(OH)2 and C-S-H phase

: e / ,
L e AL AAF AR}

- Types V(Nh “VI(JD)d e £x
JM1 23.0 =34.4 -23.56-26.0 -2l 22.9 -364 -27.5
JM2 «27.6
i Qa1 U HRENIRY o
B4 10.5
s1 -58.5 -11.9 -14.8 -4.8 5.7 =53.2 -4.6
S2 7.3" -56.5 -10.95 =12.9 -3.4 6.1 -61.5 -12.8
El 6:7 -=23.8 1.8 =0.3: V.56 4.5 -25.0 1.2
E2 5.5 ..%22:3 257 7.5 7.5 2.7 =34.1) -0.8




Table 2.9b Dissolution Gibbs free energy

Gamble's, 0.05 CO2

Gamble's, 0.05 CO2, RCO3 and Mg(OH)2
Gamble's, 0.05 C0O2 and C-S-H phase formation
Gamble's, 0.05 CO2, RCO3, Mg(OH)2 and

C-S-H phase formation

aaoe
wouwounn

e = Buffer (pH5)

f = Buffer (pH5) and C-S-H phase formation

g = Buffer (pH5)---> take alkali out (leaching)
Types V(Gam) ax* b c d V(pHS) ex £ g*
JM1 ) 22.3 «=33:3 .- ~3LaT 25.] : 0.5 =33.32 =25.0 2.0
JM2 13.1 ~=30:9 S8 0.5 -30.8 +-18.5 3.8
B3 4.9 -24.2 e S VY 5.9 .=24.5 <=10.5 -19.2
B4 7.3 =-21.8 S 45.8 -22.1 -0.5 =-17.1
s1 7.6 -58.2 7 ) 940.0 -58.1 -15.3 -58.1
S2 4.7 =-55.8 ) ) 0 -55.7 -12.9 =-55.7
El 4.6 -22.5 5 ‘ I8 -22.5 0.5 -19.2
E2 3.4 -20.5 : 8:6 8 - -20.5 8.7 ~=17.1
JM-104 0.9 -8.% e = -
E-104 0.2 -~18. i i
Diabase 1.1  =33.9 - gl s
TEL 3.5 -314 f E - -
Slag 0.7 -55.4 - - s
Basalt 1.1 -12. . ‘N\ ik N il
Erionite 0.0 13 \{\ - - e

R

i
HH 'ﬁwaw%’wmm

3 wwawuwnwma

pH

Fig 2.15 Solubility diagram plots of pH and log acivity.
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Most of all stability diagrams can be described in

three pH ranges. The first range is an acid unstable range. Species of
R3*, R2* and R* are predominant. The second range is a stable range
with completely hydrated species R(OH)p, HjROp or HyRO, such as
A1(OH)3, H3BO3 or HSiO3 respectively. The third range is a basic
unstable range. Deprotonated species are predominant such as Al(OH)4',
‘lopes of the unstable ranges are

V@ or deficiency; the location
.‘ fu& the specific oxide. For

ok exhibits the stable and
W 'xides show nothing else

Anothier J#Wwa f (pr tati of a speciation diagram

HBO32~, 8i0327, or Pb(OH)3~

dependent on the amounts

relative to the pH

example, within th
1)

the basic unstable ra

J 8 '{.
but the acid unstable pdngé./ /@ = =

is created by plotting \ n % of aqueous species

versus pH as showed in

UL ININT NI

50

QIFINTUURIFY Y

amount in X

q ]

10

Fig. 2.16 Speciation diagram of SiO,.
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From the above figure, in the range of pH 0 - 7.4 100%

Hy8i03 predominates. At pH 11, 10% of Si032' and H98iOj3 species and

80% of HSiO3~ species are present.

2.6.2 Gibbs Free Energy of Hydration and Preditive Criteria.
The set of compounds k which are used as a base to

calculate the CIPW norm in the table 2.3. The compounds

listed above 8§i0Oy are ﬁ;ig; for commercial glasses. The

further compounds are yo dflow-iur-u!!'remely high (Naj0 + Ca0O)

““H\‘“ulhgazfughout the report, the

= Mgo, C = Ca0, B = Bao,

per S8i0Op ratio. In
shorthand notation

= Al,03, § = 8i0y i

compounds k as i i . able ‘";;.' ifferent degrees of acidity
appear as district changzﬁziﬁf tern of compounds. In the sub-

system N-A-C-S, thhasic glasses show the inds NASg, CASy, CgAS

‘instead of Naj0.2B,03

:sed to form 'NASG This is compatible with the

general flndﬁ “ﬁ md of alumina first
(bringing abolp14{ C ange from [Al Egr [A104 ]R) ; only the
] WARN ﬂ?m UAITETRY = =

[BO3] tof[BO4IR

because Nag0 wvas

From table 2.9a and 2.9b, dissolution Gibbs free energy
/in  kJ per 100 g of glasses was calculated at 4 different pH 7.6, 8.5,
5.0 and 9.5 for the condition of Gamble's solution, Gamble's saturated
with N2, buffer solution and Gamble's solution with samples coated
with binder respectively. These calculations used 0.05 bar of CO; (for

pH 7.6 and 9.5 ) and 0.026 bar for pH 8.5 (calculated from the
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amount of carbonate in the solution). Moreover, the effects of RCOj,
Mg(OH), and C-S-H phase formation in case of binder or the fast
dissolution of CaO rich glass were evaluatedf The G values cover the
range of 9 to =57 kJ/100g for glasses pH 7.6 and 8.5. Fibre samples

(Scholze and Conradt, 1987) were also used to compare.
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