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The dissolution/leaching of glasses ard in particular muclear -
waste glasses has been the subject of muich experimental and theo-
retical work over the last decade. One area which dees not seem to
have received as mxh attention, however, is the investigation of
the implications of the rate laws which are so often used to inter-
pretleadu.rgexperments This shudy is long overdue and the pro-
cess is bequn in this memorandum.

In this docurent three rate laws are examined. Two of the
formulations, the SIDF and IDF/IDF models defined below, have been
successfully used to interpret the results of static glass leaching
experiments. The third mcdel, ZO/ILF, has been used to describe
the dissolution of minerals. The SIDF and IDF/IDF are weaker mod-
els for the dissolution process fram a conceptual perspective
because they utilize an ul-deflnad equulbr:u.m state. The ZO/IDF

el o e —
model Goes not have this problem and shows pramise as a good,




simple ut reasonably accurate model for glass dissolution.

All three models can fit the results of static powder leach
tests reascnably well. In particular all three models and the data
indicate that at large times silicon activity in solution reaches a
plateau or steady state value. The models differ, however, in the
interpretation of that plateau. In the simple linear driving force
model the plateau is imlicative of an equilibrium state of the
experiment, i.e. the activity is at a saturation value. In the two

models which incorporate both dissolution and precipitation the

plateau must be interpreted as that point at which the rate of dis-
solution of the glass is equal to the rate of precipitation of the
secord, mineral phase. In this case the steady-state silicon acti-
vity in solution is determined by both the thermodynamic parameters
and the kinetic parameters of the system. The plateau will always
lie above the 'saturation' value associated with the mineral phase.

If the plateaus in the static leach tests are kinetically
determined steady-states and not purely equilibrium states, then
issues are centered arourd what happens in a real world, open sys-
tem, ard the significance of any static leach test. Because of the
possible sensitivity of kinetic systems to boundary conditions it
will also be very important to identify and quantify the most real—
istic model.

Finally, the existence of a furdamental relationship between
the Fhermrhoramd re arnd tha 1ri ics of olase dissohrticn/leachire
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has been demonstrated for the three rate models. E\rentlnx;hthe
proofs are model dependent and hence not general, these results do
reinforce and support the previously determined experimental corre—
lation between the free energy of hydration of the glass and the
integrated rate. 'Ihos.epararreterswhichdaamctenzearﬂquantlfy
the thermodynamic-kinetic link depend an the camposition of the
glass tested. This means that each glass will in theory have its
own relationship ard there is no single 'master cuarve' which is
exact for all glasses. In other words, there will always be same
scatterofarumqaermermalmgmmd\canmtbeelmmted
frunthecnrmlatm

2.0 FKinetics

In this section the solutions to three rate expressions which
have heen used to describe the dissolhiution of glass and/or the dis—-

solution of minerals are imvestigated. In all “three cases solu-
tions have previously been developed. Here the emphasis is on the
implications of applying the models to the glass dissoluticny/
leadm'gprocess This subject does not appear to have received
mammfmﬂ:elea&mmtywdate Yet the impli-
cations of choosing one model or picture of reality over ancther
are far reaching.




The bases for discussion in this report are the static leach
tests. Of particular interest are the the powder tests of Janzten
et al.l Typical results of these tests are shown in Figure 1. The
activity or concentration versus time curves dbtained in these
experiments are characterized by initial rapid increases in acti-
vity followed by a gradual slowing down arxd, at large times, a
flattening to a constant or plateau value.

2.1 Zero Ordar Kinetics

In the simplest description, the dissolution of glass might be
envisioned as a process which solely follows zero order kinetics.
In this case the rate of reaction or chemical flux is independent
of reactant and product activities and proceeds at a constant rate.
If this were the case, leaching experiments in closed systems would
show a linear increase in the 'product' activities or concentra-
tions in solution. This trend would contime without bourd though
a gracual slowdown is inevitable as the glass reactant is consumed
This behaviaor is clearly not dbserved - at least when the glass is
powdered.

A zero order reaction in parallel with other reactians, how-
ever, can result in behavior resembling that cbserved in the leach-
ing experiments. For this reason the the major characteristics of
a simple, zero-order dissolution reaction are reviewed in this sec—
tion. Zero-order Kinetics in parallel with other reactions is
considered in sections below.

For zero order kinetics the rate law is:

é—‘:i = X (1)

- the activity in solution of glass camponent i
kj - the zero-order rate constant.

'meapprtprlatebanﬂarycnmmmlsal(tw)—oo (Note: The
rate expressions in this document are developed in terms of activi-
ties rather than concentrations. This is done with the imtent of
sinplifying matters when saturated brine is used as a leachant ard
the deviationg fram ideally are significant. For most purposes,
however, one may interchange activities and concentrations.)

The inteqgration of the zero order rate law is straightforward
and gives the following expression for the activity aj[t] at time
t:

aj[t] = Kt (2)
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FIGURE 1. Concentration versus time as determined in powdered
glass leaching tests.




where t is the elapsed time. As noted above, the activity
increases linearly with time. The gradual decrease of surface area
is not considered in this model, but the inclusion of the effect is
a straightforward matter.

2.2 8imple Dissolution via a Linear Driving Force

A kinetic model which is often used to describe the dissolu-
tion of the glass matrix is the linear driving force model. This
model assumes the rate of reaction to be propertional to a ‘driving
force!' in the form of a difference in the activities, al* -aj, of
the silicon reaction product. Here aj* is the activity in the
leachant at a state of system equilibrium or saturation. The a; is
the activity in the leachant at the time of measurement, i.e., at
same point in the reaction prior to the attaimment of equilibrium
coditions. The release of species other than silicon fram the
glass is presumed to be controlled by the dissolution of the matrix
ard the dissolution is said to be congruent.

This model is simple, has few parameters, and usually can be
fit to the closed system leach tests reasonably well. More to the
point, the linear driving force model leads to a symthesis of the
kinetic and thermodynamic aspects of glass dissolution in a very
direct mamner. However, it does all of these things at a cost,
namely, a vaguely defined equilibrium state.

The rate law for the simple linear driving force (SIDF) model
iss

g—ii = ky(aj - ay) (3)

wherek-. is now a first order rate constant. Throughagt this

doamentthesubscnpt it demtesthesulcmreactlmpmduct
Again imposing the baundary ocondition, al(ﬁO) = 0, the solu-
tion, aj[t], for the linear driving force model is dbtained:

aj[t] = aj* (1 - exp(-Kt)). (4)

It is important to note that the activity, a;j[t], has a linear
depaﬂetwemﬂweemlllbnumactlnty,al Also the time behav-
jor of aj[t] is of interest. At very early times in the reaction
exp(-kt) = 1 -kt (5)
ard the activity or concentration increases linearly with time:

aj[t] = Kkjaj* t. (6)




At large times the system approaches equilibrium and the activity
asymtotically approaches aj*. Overall, the time behavior of the
linear driving force model is quite similar to the behavior exhi-
bited in the static leach tests. Also, this model predicts con—
gruent leaching throuxhout the erntire time damain. As the dissolu-
tion of the matrix slows down the release of other camponents in
the glass will be similarly reduced.

The chemical flux or rate of reactian can also be expressed in
terms of aj*, X3, ard t:

3 = = ¥, a* exp(-kt) (7)

Thus in the linear driving force model the chemical flux also

deperdds in a linear fashion an the activity at saturation, aj*.

2.3 Concurrent Dissolution and Precipitation

The zero-order kinetics and linear driving force models
described in the preceding two sections consider only.the dissolu-
tin of the glass matrix. The models are manageable, .but because
of their simplicity applications may be limited to irvestigating
only the most general aspects of the glass dissolution process. The
weight of experimental evidence suygests that the dissolution pro-
cess is more cawplex for most of the glasses of inmterest. Known
camplications include the effects ofthepi-lofthelead'lant the
precipitation of solid phases fram the leachant, and in particular
thepxeclpltatlmorgrwthofsmfacelayersonthereacm:gaxrh
face of the glass. While all of these effects are important for
the quantitative description of the leach behavior of a given
glass, the present goal is understanding and unifying the kinetic
and thermodynamic models that are typically applied to glass disso-
lution. Fram this perspective, the formation of ane or more preci-
pitated phases, either as a surface layer or as a separate emtity,
is the more important factor. Meodels which incorporate both glass .
dissolution and solid phase precipitation will likely play a funda-
mental role in future theoretical developments. The effects of pH
arnd surface layers are necessary additions to any legitimate
theory, but will be addressed at another time.

In the following paragraphs two kinetic models are developed:
1) a model which employs zero-order Kinetics for the glasg dissolu~
tion reaction ard a linear driving force for the precipitation
reaction ard 2) a model which employs a linear driving force for
the glass dissolution and a secod linear driving force for the
precipitation. The dissolution mdels, of course, are developed
along the same lines as the models described above. The precipita-
tion camponent was not developed above, but its construction
closely follows that of the dissolution linear driving force medel.




When the dissolution follows zero—-order kinetics ard the pre-
cipitation is described by a linear driving force model, the rate
expression is written:

da; = Ky - ko (a4 —a* ) H( aj — a* 8
@i 1 2 (ai —ay) H( a4 iz) (8)

ky - the zero—order rate constant for dissolution
ky; - the first order rate constant for precipitation

a* - the saturation solution activity of the silicon
12 reaction product with respect to the precipitated
phase

H(...) = the Heaviside or Step function.

In writing Bquation 8 it has been assamed that no precipita-
tion will ococur until the leaching solution is supersaturated; thus
the appearance of the Heaviside furction in the rate expression.
Also it should be noted that the driving force for the precipita-
tion reaction, aj — a* , is a function of the degree of supersatu-
ration.

The solution of Equation 8 can be fournd by integrating over
time in two parts. As loyg as the leaching solution is not satu-
rated, dissolution is the only process ooanrring. This problem was
examined in Section 2.1 arnd the solution here is the same. That
is, Equation 2:

aj[t] = Kkt - (2)
is the solution for times less than t,, the time at which the
leaching soluticon becames satwrated. This time is easily
determined via Equation 2: '

affty) = ¥t . (9)
The rate of reaction or chemical flux is kj.

For times greater than t,, the dissolution and precipitation

reactions are caxurrent. In this case the integration of Equation

8 yields the following expressions for the activity and chemical
flux:

ajft] = a* + K1 (1-exp(-ky(t-ty)) ), t>ty; (10
12 k2




Ji[t] = kl exp(-kz(t-tz)): t>t (11)
respectively.

In qualitative terms the initial reaction in the system is
dissolution. As the dissolution reaction proceeds the product(s)
accumilate in the leaching solution. This continues unabated until
the activity in the leaching solution exceeds saturation. Then the
precipitation reaction commences. The rate of the p:r:eclpltatlm
reaction deperds on the degree of supersaturation. In the initial
stages of precipitation the degree of supersaturation is very low
ard the rate of precipitation is slow; however, as the dissolution
reacticn ccmtam:es supersataration increases, the precipitation
driving force increases, and the rate of precipltatlm correspond-
ingly increases. Thus the net increase of the reaction products in
solution beqgins to slow.

At lorg times ar steady state the rates of dissolution amd
precipitation are equal and the phase compositions have stabilized
with respect to the precipitated species. An important distinction
should be made at this point: in general, the precipitation reac-
tlmwﬂlmtinvolveallofthespemesp:eaentmsolutim This
reflects the various solubilities in the milticamponent system.
Also, the stmdumstzy of the precipitation reaction(s) may not be
the same as the stoichiametyy of the glass dissolution reaction.
As a consequence, the ratios of the activities of the species in
solution 1} will be different than the corresponding ratios in the
glass and 2) will vary in time. Also, since more than cne secord-
ary phase may precipitate cut as the process evolves, the composi-
tion of the precipitate may change in time. Taken together, all
of this means that the leaching is not corgruent. (Note: in the
initial, dissoluticn only phase the process is oongruent.)

If linear driving force models are employed for both the dis-

solution and the precipitation reactions the appropriate rate
expression is:

da: = k a* - a; - k s —ak Y H i - ak 1z
&El 1 ( T i) 2 ( aj aiz) ( a1 iz) (12)

where
ky - the first order rate constant for dissolution
ky =~ the first order rate canstant for precipitation

a* - the 'saturation' solution activity of the silicaon
11  reaction product with respect to the glass phase

a* - the saturation solution activity of the silicon
12  reaction product with respect to the precipitated
phase




H(...) — the Heaviside function.

This rate expression may also be integrated in two parts. as
in the preceding example, dissoclution is assumed to be the anly
process oconrring as lag as the leaching solution is unsaturated
or saturated. Now, however, thedlssolutlmlsmodelledusn-gﬂme
simple linear driving force model described in Section 2.2, The
integration is carried cut fram the beginning, t = 0, to the time,
t,, at which the activity of the silicon product flIStbGXIfES
equal to the satwration value, ajr*, Wlﬂlmtmﬂﬁpr&lpl—
tated phase. In this time imterval the activity in solution is
given by:

aj[t] = aj_:_|_* { 1 -~ ep(-kt)) - (13)
and the chemical flux is:
Jilt]l] = Kkq ajo* @(p("'klt) . (14)

'Ihetmeatnh;d‘zsaturatzmzsobtamedmfanﬂbysetﬂrgal[t]
equal to ajo* in Fquation 13 and solving for the time:

ty = - ilm( 1 - ajo* / aj1* )- (15)

(Note that the mathematics of this model requires aji* to be
greater than aj>*. This is in agreement with the physical mcdel
underlying Equation 12.)

Solving Fguation 12 for times greater than t,, the product
activity and chemical flux are:

ajft) = Ay {1 ~ exp{-{k1+kp) (t-t3)))
+ Ay ( 1+ (ky/Ky)exp(=(kp+ky) (t=t3)))

(16)

Ji{t] = ky ( ajp* - ajo* ) ep(-(k+ky) (t-t5)), (17)
respectively, where A, and A, are defined as
= kya*_- X, + k
Ay 1<1<‘=l-13L / (K +ky)

A2=k2a;.2/(k1+k2).




The time behavior of this model is similar to the behavior of
the preceding model which utilizes zerc-order kinetics for the dis-
soluticn reaction. The primary difference lies in the existence
of a saturation limit for the dissolution process. Whereas the
zero-order model depends on three parameters (Kp, kp, amd ajo*),
the linear driving force depends on four - the three mentioned and
the glass ‘saturation’ activity, aj;*. In both models only disso-
lution is cocurring in the initial stage, the rate of reaction is
initially high, and the product activity in solution rapidly
increases. In the zero-order model this increase is linear in time
(Equation 2) reflecting the constant rate of reaction, but for the
linear driving force model the rate of reaction immediately begins
to fall off as the system moves toward the 'equilibrium' defined by
ajq*. Thus the product activity in the leaching solution will
follow a axve which falls below arxd away fram a straight line with
slope kj.

2.4 Parameter Variation and Non-uniqueness of the Models

The time behavior of the kinetic models presented above has
been discussed qualitatively in the same paragraphs. In this Sec-
tion the effect of varying the model parameters is examined. The
dependences of the simple linear d&riving force model, the zero—
order/linear driving force mdel, ard the linear driving forve/
linear driving force model on their respective parameter are illus-
trated in Figures 2 throuxgh 7.

Other than the time t, the simple linear driving force model
stmmFigzezmStmpamEters:ﬂnmtemtantkl,arﬁthe
‘saturation’ activity aj*. This is the simplest model which can
reasonably reproduce the activity or concentration versus time
curves fourd in the typical static leach test. Only one process is
involved - dissolution of the glass. FRurthermore, the plateaus on
these curves represent dovious steady-states of the system. Since
the model does not allow for the removal of product(s) from solu~
tion, ane must either assume that glass dissolution is a reversible
process ard that such a steady-state is indicative of an equili-
brium candition characterized by the activity aj*, or that a;* is
a parameter with no physical interpretation. This is a significant
drawback to this model because the dissolution of the glass, a
thermodynamically metastable substance, is an irreversible process,
i.e., there is no glass/solution equilibrium state associated with
the process. Thus the SIDF model, which 'fits' the data and is the
easiest to use within the limited cartext of the static leach
tests, is on suspect terrain at a fundamental level.

The problem of an ill-defined equilibrium state does not arise
with the zero-order/linear driving force model. In fact, of the
three Xiretic models presented, the ZO/IIF seems to be best concep-
tually. Three parameters characterize this model: the dissolution
rate constant kj, the precipitation rate constant k;, ard the
saturation activity ajy*. In this model aj,* relates to a true




ACTIVITY

FIGRE 2. Activity versus time for the simple linear driving force
model. [ k) =0.05 (&), 0.5 (¢), 2 (+), 20 (0); aj*
= 1.0.] Note that at large times the activity
approaches the sabration value.

ACTIVITY

FIGURE 3. Effect of varying ki/k; in the zero-order/linear driving
foroe mdel. [ ky/ks = 0.1 (a), 0.5 (+), 1.0 (@), 2.0
(a); ajp* = 1.0.] Note that the steady-state value of
the activity is greatey than the equilibrium value.




FIGURE 4.

FIGRE 5.

ACTIVITY

Effect of varying saturation activity of precipitate in
the zerc—order/linear driving force model. [ ajo* =
0.01 (0), 2.0 (+), 5.0 (&), 10.0 (8); Ky/ky = 5.]

Effect of varying saturation activity of precipitate in
the zero-order/linear driving force model. [ ajo* =
0.01 (s}, 1.0 (+), 5.0 (¢}, 10.0 (A); Xy/Ky = 0.1.]




FIGURE 6.

FIGURE 7.
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lies between the equilibrium values.




equilibrium process between the solution and the precipitated
phase. The effect of the relative rates of dissolution amd preci-
pitation on activity and the approach to a steady-state, reflected
in the ratio ky/k;, is shown in Figure 3. As seen in this figure
the qtalltauve nature of the arxrves charges dramatically as the
ratio is varied. When k; >> k;, the precipitation reaction dom-
inates the overall process and the solution activity, aj, is never
mich greater than ajo*. If, however, the two rate constants are
camparable or k; >> kz, then the dissolution reaction daminates and
the solution becames increasingly supersaturated. Eventually the
solution activity becames large enough so that the rate of precipi-
tation from solution approaches the rate of dissolution - the anrve
flattens out.

The effect of varying the satiration actlvrty,al*, can be seen
for the ZO/IIF model in Figqures 4 and 5. These figures oontain
essentially the same information that is given in Figure 3. How—
ever, the time scales are now different, in a relative sense, and
mrecm'v&ahavebemplotted. Figures 3 through 5 illustrate the

etyofreﬂpmsesthatmemayermmbermthemseofleada—
1nge:>qaer1ments eventtn:ghthesanemdel,le.nemamsm(s),
evoked. Given this situation the extrapolation of experimental
results to larger, open systems is not trivial.

Perhaps the most important point which should be made with
respect to these plots ard the corresponding equations is that the
flat region in each curve can no langer be attributed solely to
equilibrium effects. That is, the plateaus in this model do not
of a steady-state determined both by kinetics and by thermodynam—
ics. It is important to mote that changes in those factors which
influence the kinetics will result in corresponding changes in the
location of this steady-state activity. Examples of such factors
includes the area of the reactive surface and the bourdary condi-
tions, i.e., how the system is camnected with the rest of the
world. An additional subtlety arises in that the solution is a
milticamponent subsystem whose camposition is contimaally evolving
ar:iasacmrseqtmthethemndynamc'setpomt,al,my,in
principal, change in time. One concludes that if this model
(Z0/10F) is reasonably based in the 'true' ¢hemistry and physics of
the dissolution process then results are dependent on the details
of the experiment and care must be exercised in determining the
values of the parameters of the system. In this regard it might
even be suggested that the usual reporting of 'leach rates' are of
limited value - ultimately, the wderlying mechanisms must be quan—
tified.

The behavior of the 1DF/IDF model is shown in Figures 6 amd 7.
Iikethesinplelineardrivirgfomemdel,ttﬁsmdelatplcysan
ill-defined equilibrium state. While the parameter ajo* is associ-
ated with with a true equilibrium (solution/precipitate}, the par-
ameter aj * again refers to a nonexistent glass/solution equili~
brium, It follows that the IDF/IDF model carries the same liabili-
ties as the SIIF model. Like the 20/I0F model, the IDF/IDF model
predicts that the steady-state plateau is determined by both




kinetic and thermodynamic considerations. This model and the SIDF
model have both been employed in the interpretation of leach tests,
and are quite capable of reproducing the doserved results in many
leach tests.

[A note of explanation is in order. No experimental results
are used in this docoumrent, but two of the models, SIDF and 1DF/ICF,
have been successfully fit to experimental data in a mmber of
cases. The dbijective is to examine the implications and limitations
when these models are used. The ZO/IIF model has been considered
here because: 1) it has a reasonable chemical and physical basis
which incorporates elements of both kinetics and thermodynamics and
2) unlike the SIDF ard IDF/LIDF, it does not require the use of a
ill-defined equilibrium state and 3) it has been used to describe
mineral dissolution.]

The situation with regard to kinetic models is well summarized
in Figure 8. Here all three models have been used to generate
essentially identical amrves similating a static leach test. No
attempt has been made to optimize the fit. It is evident that,
within the limits of experimental error, a single static test can
not discrimate between models and hence a single such test also can
not discriminate between postulated mechanisms. It follows that
the design and implementation of glass leaching tests should be
better integrated with the concurrent development of theoretical
models. A theory or model is of little use without experimental
validation. By the same token, a oollection of experimental facts
without the organization ard predictive capabilities of a theory
has little utility with respect to determining performance in the
repositoxy.'ﬂu@thesubjectwillmtbeexploredinﬂﬁspaper,
varying the comditions in static tests and performing tests in open
systems (flow tests), should provide adequate, quantitative charac—
terization of the glass leaching mechanisms,

3.0 Free Energyy Relationships

The appearance of saturation or equilibrium values for the
activity, aj* (orau*),makﬁstlcmode_lprwmesaduectlmk
between the kinetics amd the thennodynamics of the glass dissolu-
tianyleaching process. The existence of this link is potentially
very important from a practical perspective. The thermodynamic
state of a system is a function of chemical camposition. Further-
more, camposition is a convenient and awious quality control par-
ameter in producing the glass. It then follows that if a valid
relation between the thermodynemic aspects of leaching amd the
kinetic aspects of leaching can be established, then this is also a
link between process/quality control of the glass composition at
the production site and long-term performance of that glass in the
repository. In this section the mature of the relation between
thermodynamics and the rate processes of glass dissclutian/leaching
is considered in more detail. It is emphasized that in the discus-
sion that follows the relation is a given as a result of the models
employed. That is, the actual existence of a link between thermo-




FIGRE 8.

Simulated leaching results generated using the simple

linear driving force model (@), the zero—order/linear
driving force model (+), and the linear driving foroe/
linear driving force model (A). The parameter values
are:

SIDF ail* = 5.0
kK; = 2.0
20/IDF ©  ajo* = 3.0
kl = 6-0
kz = 3.0
1DF/1DF ail* = 8.0
ajo* = 2.0
kl = 1.0
k2 = 1.0




dynamice and kinetics is not proven.

3.1 General Considerations

In general not all of the chemical species in solution will be
directly involved with a solid phase/solution equilibrium. In the
descriptions developed below, species in solution but not partici-
pating in the equilibrium will be ignored. It is assumed that
their impact will be manifested entuelymtheactlnty coeffients
of those species which do take part in the equilibrium.

Itlscnmenlaittoestabllshsmeoomentlmsfcrmtatlm
The subscript 'j' refers to camporents in solution and the sub-
script 'k' refers to camponents in the solid phase. The subscripts
'1' amd '2' were used above to indicate either the dissolution or
precipitation stage of the overall reaction. These subscripts will
not be used with the activities unless required for reasons of
clarity. They will still be used, however, with the rate con~
stants.

Even though the the movement toward equilibrium is in the
direction of ‘solution to precipitate' it will be carvenient to
express relationships in terms of the reverse process - the hydra-
tion or dissolution of the solid phase. The overall reaction may
be written:

zvak = Z”jﬂj (18)
k 3
where
Vg, V4 - stoichiometric coeffients for the reactants
(solid) ard products (solution), respectively,
A, By - reactant and product species, respectively.
An equilibrium constant Keg, for the reaction can be written:

D3 v
Keq. = ﬂaj* 1, T‘Eak*?‘ (19)
3
ard the correspording change in stardard Gibbs free energy is:
o O .
ZGﬁ'ZGk‘ | (20)
3 k
If solid phase activities are assumed to be equal to unity then

D \
Keq, = T;‘aj*J . (21)
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The equilibrium constant is related to A as follows:
NG’ = RT In(Keqy,) (22)

R = idaal rmaa rroectkant
1gaeal gas oonerant

an

T -~ absolute temperature.

Finally, it is corvenient to relate the activity in solution
to the concentration, <y, amd activity coefficient, 73 :

Aar = Y. M. 21\
a5 =79 - (23)

3.2 Stoichiametrically Balanced Systems

If the relative campcositions of the glass, the solution, and
the precipitate are the same, significant simplifications can be
made and the ecuilibrium constant can be expressed in terms of the
activity or concentration of the species of interest:

Keq. = bj aj* (24)
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<> = (T(Tj .

The use of a mean activity coefficient, <'¥>, reflects the impos-
sibility of determining the irdividual ion activity coefficients in
a mixed electrolyte solution. At the low concerntrations found in
the laboratory cne expects <¥*> to be very close to unity. In a
hlghlmlcstm'gthsolutlmsmhasbrmemasaltr@csltnrythe
deviation from unity can be significant. For this reason <f*> will
be retained in the derivations.
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Using Equation 24 the equilibrium concentration cj* may be
given in terms of the equilibrium coefficent:

1/v
ci* = (Keq. /bi) /<P . (25)

Using this equation for cj,* along with Eguations 10 and 16, an
expression which relates the integrated rate, a.k.a. In(cy), to the
dm:gemfraeenergyfortheprec:.pltatlmmactlm, or more pre-
cisely the reverse hydration reaction, can be developed forthe
ZDO/1LIF model:

o v '
Infej) = - (AGy /vRT) + 1n(bil/ / <¥>)

(26)

+ In [ 1+ (ky/(kap<¥i>cio*) (1 - exp(-kp(t-ty)) ].

If the simple linear driving force model is used, one then
cktains the more tractable expression:

. . v
In(cjy) = - (AG/VURT) + m(bil/ / <f*>)

(27)
+ In [ 1 - exp(-igt) 3.

Here AG’refers to the overall reaction ard there is an open ques-
tion as to exactly what value for AG%is appropriate. The utility
of this result is restricted to those instances where one is con-
cerned with examining the gross features of the linkage between the
thermodynamics and kinetics of the glass dissolution process, and

is not concerned with the problem of defining the thermodynamic
state associated with cj*.

A cawvenient form of Equation 26 incorporates the instanta-
necus rate of reaction as given in Bquation 11:
o /v
In(ci) = - (AGy/VRT ) + In(by / <V*) (28)
+ 1In [ 1+ ky/(ko<¥%Cio*)—- Jyi/ (ko<T¥>Cia*) ],

ard similarily for Equation 27 one fimis that:

In(cy) = =~ ( AG"/'DRI‘ ) + ln(bil/v/ < h>) :
(29
+ In [ 1= Jy/(k<Tcy*) ] .
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Equations 28 amd 29 reveal an interesting ard important aspect
of the thermodynamic-kinetic relationship. First, in a plot of
In{c;) versus AG{,), the slope is a function of the reaction
stoichiometry as expressed in the parameter . Thus the slope
depends directly on the carposition of the glass. In addition, the
intercept at AG°equal to zero is a function of 1) the displacement
from steady-state at the time of measurement as given by the rate,
Ji(tl, 2) the equilibrium concentration, Ci(2)*, 3) the camposition
of the solution at that time via the time dependent activity coef-
ficient, <¥*[t]>, ard 4) the rate constants which also exhibit, in
principle, a dependence on glass camposition. This dependence of
the slope and intercept on the camposition of the glass ard the
degree of movement toward steady-state, i.e. time, results in a
'durability/camposition’ relationship between AGYz) and In(cj(z) )
which is bluwrred. That is, In(cjp) versus AG®is described not éy a
simple line but by a band or bundle of lines.

The fuzziness of the relation is depicted in Figqure 9. A
single point is associated with each line. This underscores the
fact that any given line in the budle is strictly valid only for a
single point corresponding to a unique camposition. It is conceiv-
able that two glasses with different campositions may coincidertly
have the same AG’but would lie on different lines, i.e. they would
exhibit a different relationship between the change in free energy
ard the integrated rate. In developing a practical tool based on
this relatian, typical factors which will have to be examined
include the distribution of lines (or more correctly points) within
the burdle and the degree of correlation between neighboring
points.

4.0 Conclusions and Program

The examination of the three simple rate laws has lead to same
guestions regarding the roles of both kinetics and ther-
modynamics in the dissclution of glass. On the side of kinetics,
it has been clearly demonstrated in the preceding discussion that
ambiguities arise in the interpretation of the static leach tests.
The significance of this problem includes but goes beyand the prac-
tical prablem of what tests are appropriate under a given set of
ciramstances. Specifically ane may ask what is really known abaut
glass dissclution and leaching that is applicable to the quantita-
tive prediction of glass quality and performance.

In addition there are outstanding questions in defining the
relationship between the kinetics and thermodynamics of glass dis-
solution. Can the relaticnship be generalized beyond the models
considered here? Wwhat, if any, constraints must be placed in the
application of the relationship to process cantrol and performance
assessment; in other words, is the relationship valid in the
regions of imterest to process camtrol and performance assessment?
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FIGURE 9 The relation between the kinetics and the thermodynamics
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of glass dissolution. The relationship is approximate

in that a change in camposition will in principle result

in the change in the slope ard intercept.
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In an attempt to answer same of these questions a mumber of
specific tasks will be urdertaken in the next several months.
These items build upon and camplement the work reported in this
doaamert. Major tasks include:

-~ interacting with the experimentalists in an effort to
determine what experiments can be used to discriminate
between models,

-~ extension of rate models to cpen systems,

- simltaneous cnsideration of the very near field and near
field models - i.e., how does all this fit imto Pigford's
line of attack,

- extension of the free energy relationship to nonstoichio-
metric situations,

- quantifying the theoretical uncertainties in the free
eneryy relationship,

- oompleting a dissolution model based in linear nonequili-
brium themmodynamics amd

- developing a more general linear nonequilibrium thermody-
namics model in which glass dissolution is coupled with
near field mass and energy transport processes.
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