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KINEl'IC AND ~C lMPLICATIctlS OF OCME a:MOrul USED RATE 
ua; FOR GLASS DISSOUJI'ICN 

'!he di ssolutiaVleach:i.n;J of glasses am in partio.Jlar rrucl.ear . 
waste glasses has been the subject of 1l'l.Id1 eJQ:lE!rimental ani the0-
retical ~ aver the last t'lecWle. O'le area ~ch does not seen to 
have received as IIIlch attenticn, however, is the investigaticn of 
the ilIplications of the :tate l.aloIs ¥ktich are so often used to inter­
pret leachin;J~. 'Ibis stu:ly is lc:n:J ovetdue ani the pr0-
cess is begun in this menoran:1um. 

In this dooJ!rent three :tate laws are e>eamined. ~ of the 
fontulaticns, the SIDF am IDFjIDF mxlels defined below, have been 
spo::essfully use:l to :i.nt:eJ:pret the results of static glass leachi.n:r 
eJqleriment:s~ '!he third m::del., ZO/IDF, has been use:l to de :Libe -
the dissoluticn of minerals. '!he SIDF am IDF/IDF are ~ m::d­
els for the dissoluticn proca:;s fran a cx:u::spbJal P=LSfECtive 
because they utilize an ill-1:lefined equilibrium state. '!he ZO/IDF 
IrLrlel fu-es r.:it rjQve t,.'-.d,s ~d:ilem ard srur.s pL.' Ihise as a goed, 



silrple rut reasonably a=rrate m:x:lel for glass dissolution. 

All three no:lels can fit the results of static pcl'I.der leach 
tests reasonably well. In partia.zlar all three llPdels and the clata 
in:licate that at laJ::ge times sili= activity in solution reaches a 
plateau or steady state value. The no:lels differ, ~, in the 
:iIItapretatiat of that plateau. In the sinple linear driving force 
mxlel the plateau is in:ticative of an equilibrium state of the 
experiment, i.e. the activity is at a sat1.u:atiat value. In the two 
rr....Jels \;,TJ.d1 L"lJJl.iJJl.at:e l.;..,t.~ nil:'!~lut"--icn a."l:l precipitation t.h..e 
plateau !l1.lSt be intel:pretai as that point at which the rate of dis­
solutiat of the glass is equal to the rate of precipitatiat of the 
sea::n:i, mineral~. In this case the steady-state siliexm acti­
vity in solution is det:ennined by both the thentoiynamic paraneters 
an:l the kinetic parameters of the syste:n. '!he plateau will always 
lie above the 'sat1.u:atiat' value associated with the mineral ~. 

If the plateaus in the static leach tests are kinetically 
cletem:ined steady-states am l'Xlt prrel.y equilibrium states, then 
there are several inport:ant ; SSlles which !l1.lSt be ad:iressai. 'lhese 
; SSlles are centered arron:l what ~ in a real ~ld, c::p3!l sys­
tem, an:l the significaroe of anj static leach test. Because of the -
possible sensitivity of kinetic systems to I:x:mrlaIy oan:titions it 
will also be very inport:ant to identify an:l q.lantify the m:st real­
istic m:x:lel. 

Finally, the ex:i.sten::e of a flIrDamerrt:.al relatialShip between 
t..'1e t.~~cs a.1'Xi t.'1e )r~Y)e+'...ics of glass t"l;~C!l"'tlt.ticr';leacrJ...1"J'J 
has been deucIIsLLated tor the three rate IIf'deJ.s. Even thcu;jh the 
proofs are I!LJClel depen;lent ani hen:le oot general, these results do 
reinforce ani sq:port the previrusly cleteIminErl elIperim3ntal cone­
latiat I:letw'een the free ~ of hydratiat of the glass an:l the 
integrated rate. 'Ihcse paraneters which dlaracterize ani quantify 
the thentoiynamic-kinetic link deperrl at the culp::sition of the 
glass tested. '!his means that each glass will in themy have its 
own relationship an:l there is 00 single '!laSter cmve' which is 
exact for all glasses. In other 1IIOt"ds, there will always be sate 
scatter of a ~:Utenta1 origin which can l'Xlt be eliminated 
fran the cor:tlllations. . 

2.0 X:inetics 

In this sectiat the solutions to three rate e>!pI'eSSions which 
~ l:ea'1 used to descriJ:e t..l'le dissolu+-ian of glass al'}jfor the dis­
solution of minerals are investigated. In all three cases solu­
tions have previOJSly been develc:p;d. Here the enpw;is is at the 
illplications of cq:plying the m:xlels to the glass dissolutiay 
leaching pccx::ess. '!his subject does oot aroear to have received 
nuch attentiat fran the leachin;J CClIlIIlnity to date. yet the inpli­
cations of choosing a'le m::rlel or picture of reality aver anJther 
are far reaching. 



• '. '!he bases for disclIssicn in this report are the static leach 
tests. Of particular interest are the the ~ tests of Janzten 
et al. l Typical results of these tests are shaNn in Figure 1. 'Ihe 
activity or CXJl'DE!lltraticn versus time c::uxves d:7t:ained in these 
experimants are charc!.ct:erized by initial rapid in:reases in acti­
vity followed by a gradual slowin;J down am, at l.aIge times, a 
flattenin::J to a cx:nstant or plateau value. 

2.1 Zero ~ Kinetics 

In the sinplest clescripticn, the dissolution of glass might be 
envisioned as a pLc:x:ESS Web solely follaNS zero order kinetics. 
In this case the rate of reacticn or dlenical flux is in:lepen::lent 
of reactant am pro:luct activities am pL' x:eeds at a cx:nstant rate. 
If this were the case, leachirg experimants in clCEed syst:ars 'oO.!l.d 
shew a linear irr:rease in the 'product' activities or cCIlI::e.nua­
tions in soluticn. 'Ihis tJ:"em 'oO.!l.d ccntinJe withaIt J:x:urd t:hcujl 
a gradual slCl!rodoWn is inevitable as the glass reactant is ClCl'ISIlIIled 
thereby ra:iuc:in;J the surface area where the reaction is o:x:ur:in;J. 
'Ihis behavior is clearly oot ci:served - at least ..men the glass is 
pa.dered. 

A zero order reaction in parallel with otller reactions, h0w­
ever, can result in behavior :t::senbl:in;J that c:bserJed in the leach­
:in;J ~:iment:s. For this reason the the major dlaracteristics of 
a sinple, zacrw:der dissolution reacticn are reviEWSd in this sec­
tion. ZeI:O-order kinetics in parallel with otller reactions is 
CXll'lSidered in sa:=tions below. 

where 

For zero orcler kinetics the rate law is: 

(1) 

ai - the activity in solution of glass CXilp:liIent i 

kl - the zero-order rate cx:nstant. 

'!he awcq:n:iatel:lc::mrJaJ:y a:n:liticn is ai (b=O) = 0.0. (Note: '!he 
:rate ~ sions in this dco.ment are develc:p:d in tams of activi­
ties :rather than CXikOOEnuations. 'Ihis is dc:ne with the intent of 
sinplifyin; matters ..men saturated brine is used as a leachant am 
the deviations fran ideal1y are significant. For nrst p.u:p ces, 
however, one may interdlan:Je activities am CXl[u![llLations.) 

'!he integ:ratiat of the zero order :rate law is straightfOJ:Ward 
am gives the foll~ e>qJt ssiat for the activity ai[t] at time 
t: 

(2) 
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FIGJRE 1. a:u"Elluatial versus tine as detennined in pcwlered 
glass leachinJ tests. 
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v.nere t is the elapsed time. As ooted al:xJve, the activity 
in:::reases linearly with time. 'Ihe gradual decrease of surface area 
is rot ansi.dere::l in this 1I'Cldel, J::ut the in::lusion of the effect is 
a straightfozward matter. 

2.2 SlDple DlssolutiClll via a I.illMr Orivinq Force 

A kinetic II'Cldel which is often used to describe the dissolu­
tion of the glass matrix is the linear drivin;J force model. 'Ihis 
model assumes the rate of reaction to be prcportional to a 'drivin;J 
force' in the fonn of a differeroa in the activities, ai* -ai, of 
the sili<Xlll reactien product. Here ai * is the activity in the 
leadlant at a state of system equilllirium or saturation. 'Ihe ai is 
the activity in the leadlant at the time of meaSULetenL, i.e., at 
sate point in the reaction prior to the attainnent of equilibrium 
cx:n:liticns. 'Ihe release of species other than sili<Xlll fran the 
glass is presumed to be o::alLwlled by the dissolution of the matrix 
an:i the dissolutien is said to be <:x:n;JnIeI1t. 

'Ihis model is sillple, has few parcmeters, an:i usually can be 
fit to the closed system leach tests reascnably ~ll. Mx"e to the 
point, the linear drivin;J force model leads to a synthesis of the 
kinetic an:i thenmdynamic aspects of glass dissolution in a very 
direct manner. HaNeVer, it does all of these thin::Js at a CXJSt, 
namely, a vaguely defined equilibrium state. 

'Ihe rate law for the sinple linear drivin::J force (SIDF) model 
is: 

(3) 

Mlere k, is rD1 a first order rate 00IlStant. 'Ihroo.J;l!'>nTt tit;" 
doalnen€ the subscript 'i' derotes the silia::n reactien product. 

1\gain inposin;J the bourliazy cx:n:litien, ai(t=() = 0, the solu­
tion, ai[t], for the linear drivin::J force model is d::ILained: 

(4) 

It is :inp:n:tant to mte that the activity, ai[t], has a linear 
~ en the equilibrium activity, ai*. Also the time behav­
ior of ai[t] is of interest. At very early tines in the reactien 

(5) 

an:i the activity or o::au:nuatien in:::reases linearly with time: 

(6) 

I 
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At l&ge tilres the system awroadles equilibrium ani the activity 
asymtoticallyawroadles ai*. OVerall, the tine behavior of the 
linear drivin;! force m:xlel is <pite sllni.1.ar to the behavior emi­
bited in the static leach tests. Also, this m:xlel pre:licts =­
gruent leadllng 1:hJ:tu;Jl1cut the entire time datBin. As the dissolu­
tic:n of the IlBtrix slows daoIn the release of other CXI!p01'lE!lIts in 
the glass will be sllni.1.arly re<Dl!""A>Cl. 

'11le d1anical flux or rate of reactic:n can also be ~ in 
tel:ms of ai *, K1' ani t: 

(7) 

'lbus in the linear drivirq force m:xlel the c:hanical flux also 
deperrls in a linear fashic:n CI'l the activity at saturatic:n, ai*. 

2.3 o:mcun:ent Dissolution and Pnlcipitation 

'11le zero-w:der kinetics an::l linear drivirq force m:x:lels 
described in the pre:etin;J two SECtiCl'lS CXI'ISider c:nly. the dissolu­
tien of the glass IlBtrix. '11le rrcdel s are nanageable, .art; because 
of their sillplicity 8(:plicaticns IlBY be limited to investigatin;J 
c:nly the m:lSt gehaal aspects of the glass dissolutien process. '11le 
weight of experimental eviden:le 51 gye:.ts that the clissolutic:n p=­
cess is IrOre CCIlPlex for m:lSt of the glasses of interest. l\'rx:Ml 
catplicatiCl'lS in:::lu:le the effects of the IiI of the leadlant, the 
precipitatic:n of solid IilaSes fran the leadlant, ani in particular 
the precipitatien or growth of surface layers en the :reactin::J SlIl:­

face of the glass. ~e all of these effects are inportant: for 
the quantitative descripticn of the leach behavior of a given 
glass, the present goal is un::1erstan:li. ani I.!l'1ifyin:J the kinetic 
ani the.n!o:iynamic m;:dels that are typically awJ,ied to glass disso­
lutien. Fran this perspective, the fODlBtien of c:ne or IrOre preci­
pitated IilaSes, either as a surface layer or as a separate entity, 
is the IIDl:'e ilIportant factor. Mxlel s whim inx»:porate both. glass . 
dissolutien ani solid PlaSE! precipitatien will likely play a fUrxla­
nent:al. role in future theoretical cleve.l.qnellts. '11le effects of IiI 
ani surface layers are necessary additiCl'lS to any legitiJDate 
theory, art; will be ad::h: ssed at aoother time. 

In the follGlirq paragnlt:hs two kinetic IOOdels are deI7elCflE!d: 
1) a IOOdel which aIploys zero-order kinetics for the glass dissolu­
tien reactic:n an:i a linear drivin:J force for the precipitation 
reactien ani 2) a rrcdel which E!lploys a linear drivinJ force for 
the glass dissolutic:n ani a sea:n:i linear drivin; force for the 
prec:ipitatic:n. '11le dissolutiCl'l m:x:lels, of cxm:'Se, are develc:ped 
alon;r the sane lines as the roode1s described aboVe. '11le precipita­
tien CUlpxellt was rvJt de<Jelc:ped aboVe, art; its cxrstxuc:tion 
closely follows that of the dissolutic:n linear drivin; force IOOdel. 

~ __ --_J 
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When the dissolution follows zero-order kinetics an:! the pre­
cipitaticn is described by a linear clriviIq force m:x:lel, the rate 
~icn is written: 

(8) 

kl - the zero-orc1er rate 0ClI'lStant for dissoluticn 

k2 - the first order rate CCII'IStant for precipitaticn 

a~ - the saturaticn soluticn activity of the siliCXll'l 
i2 reacticn product with respect to the precipitated 

IiJase 

H ( ••• ) - the Heavisicle or step fUrcticn. 

In writi.rq ~ticn 8 it has been assune:i that In precipita­
ticn will ocx::ur until the leachin3" soluticn is supersaturated; thus 
the ~ of the Heaviside fUrcticn in the rate ~icn. 
Also it sballd be n:>ted that the clriviIq foroe for the precipita­
ticn reacticn, ai -. ail , is a fur:ctiCl'l of the degree of supersatu­
raticn. 

'llle solutiCl'l of FquatiCl'l 8 can be fam::i by int:egrati.rq CNer 
tine in t1No parts. As lClll!J as the leadU.n;J solutiCl'l is oot satu­
rated, dissoluticn is the cnly process =iIq. 'Ihis prOOlen was 
examined in Secticn 2.1 an:! the solutiCl'l here is the sane. 'Ihat 
is, ~ticn 2: 

is the soluticn for timas less than t2, the tine at v.hl.ch the 
leachirg soluticn becutes saturated. 'Ibis tine is easily 
detel:mined via ~tiCI'l 2: ' 

ai1t2 ] = kl t2 • 

'!he rate of reacticn or chanical flux is k1 • 

(2) 

(9) 

For t:ilnes greater than t 2 , the dissolutiCl'l an:! precipitaticn 
reacticns are c:x:.I'OIrrE!Il. In this case the integratiCl'l of Fquaticn 
8 yields the follawin;J expressicns for the activity an:! chanical 
flux: ' 

(10) 
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Ji[t] = kl eKp(-k2(t-t2», 
respectively. 

(11) 

In qualitative tenrs the initial reacticn in the system is 
dissoluticn. As the dissoluticn reacticn pv .::eeds the prcx:luct(s) 
acx::unulate in the leadrln::J solution. 'Ibis ccnt:i.rrues unatated until 
the activity in the leachin:J soluticn exceeds saturaticn. 'Ihen the 
precipitation reacticn CUllleJlCeS. 'Ihe rate of the precipitaticn 
reaction depeOOs en the degree of supersaturation. In the initial 
stages of precipitatien the degree of supersaturatien is very low 
an:i the rate of precipitatien is slow; hcws!IIer, as the dissolution 
reaction continues, supersaturaticn iIx:reases, the precipitation 
drivin; force :in::reases, an:! the rate of precipitatien =e5lX1IO­
in;Jly in::reases. 'Ihus the net in::rease of the reactien prcx:lucts in 
solution begjns to slow. 

At lCll'XJ times or steady state the rates of dissoluticn an:! 
precipitatien are equal an:! the phase culp:sitions have stabilized 
with :tespect to the precipitated species. An ll\tXlrtant distirction 
shcW.d be made at this point: in general, the precipitaticn reac­
ticn will lDt involve all of the species p:t SEllt in soluticn. 'Ibis 
reflects the varioos solubilities in the 1lLIlticurp::aent system. 
Also, the stoidUanet:ty of the precipitaticn reacticn(s) rray lDt be 
the sane as the stoichi.atetry of the glass dj ssoluticn reactioo. 
As a CClI'lSE!qI.lE!, the ratios of the activities of the species in 
soluticn 1) will be different than the ooz:resp::nli.rq ratios in the 
glass an:i 2) will vary in tbre. Also, s:in::e I!DI'e than one secxni­
ary phase may precipitate art:: as the p:tc:x::e5CI evolves, the culp:si­
tioo of the precipitate rray charge in tbre. TamI tcgether, all 
of this means that the leadUn::1 is lDt CX'lXJI'I.Iel'l. (Note:· in the 
initial, dissolutien ally phase the p:tc:x::e5CI is ~.) 

If linear drivin;J force DYXlels are erployed for both the dis­
soluticn an:! the precipitatioo reactions the awrct>:tiate rate 
eKpressien is: 

(12) 

k1 - the first order rate cx:nstant for dissolutioo 

k2 - the first order rate cx:nstant for precipitatioo 

a~ - the 'saturaticn' solutioo activity of the silicc:n 
11 reactioo prcx:luct with :tespect to the glass phase 

a~ - the saturatioo solutioo activity of the silicc:n 
i2 reacticn prcx:luct with :tespect to the precipitated 

phase 



H( ••• ) - the Heaviside furctioo. 
'!his rate ecpressioo Iray also be integrated in two parts. As 

:in the pYOe "'3irg exanple, dissolutioo is assumed to be the only 
pYOClCISSS occmrirg as larg as the leachirg solution is unsaturated 
or saturated. New, hoi;eVer, the dissolution is l!X"del]ed usin;J the 
sinple linear drivirg foroe nnlel described :in Sectial 2.2. 'llle 
integratial is carried cut fran the beginrtin;J, t = 0, to the tine, 
t 2 , at \\hidl the activity of the silicx:n prt)duct first Lecx:IlOas 
equal to the saturatial value, aU*, with lespect to the pte::ipi­
tated}ilase. In this tine intetval. the activity in solutial is 
given by: 

. (13) 

am the dlemical flux is: 

(14) 

'!he time at \\hidl sat:uratial is cbtained is fam::l by set:tirg ai[t] 
equal to aU* :in Fq.latial 13 am solvirg far the time: 

(15) 

(Note that the Iratharatics of this m::del requires ail * to be 
greater than aU*' 'lhis is in agreeellL with the ItlYsical mdel 
urxlerl yin; Fq.latial 12.) 

Solvirg Fq.latial 12 far tines greater than t2' the product 
activity ani dlemical flux are: 

aiit) = Al ( 1 - exp(-(}cl+k2)(t-t2))) 

+ ~ ( 1 + (k:J!k2)exp(-(kl+k2) (t-t2») 

IOespectively, ~ Al am A2 are defined as 

Al = k1ah / ( kl + k2 ) 

~ = k~i2 / ( kl + k2 ). 

(16) 
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'IDe tine behavior of this m:del is s:ilni1ar to the behavior of 
the prE'cEdin;r !llXlel which utilizes zero-orcler kinetics for the dis­
soluticn reaction. 'IDe priIna:ry differeroe lies in the exister'oe 
of a saturation limit for the dissolution proc:a;s. Whereas the 
zeJ:O-oJ:der m:del ~ on three paraneters (kv k2' an:i aU*)' 
the linear drivi.n;r fQIOe ~ en fcur - the three nentiarsi an:i 
the glass 'saturatien' activity, ail*. In both !llXlels only disso­
luticn is ClCXl.In"i.n;r in the initial stage, the rate of reactien is 
initially high, an:i the product activity in solutien rapidly 
ir¥::reases. In the ze.ro-oroer lIDdel. this ircrease is linear in time 
(Equatien 2) refiectin;J the caJStant rate of reactien, J::ut for the 
linear drivin;r fQIOe m:xlel. the rate of reactien lltmediately begins 
to fall off as the system !1OIIeS ta.Iard the 'e;lIlil:ibrium' defined by 
ail *. 'Ihus the product activity in the lead1in:J solutien will 
follow a CJtVe lohich falls below ani away fran a straight line with 
slc:pe I<t. 

2.4 PIU:2IIDeter variation IIIId Non-uniquaness of the Jfodel s 

'IDe tine behavior of the kinetic !llXlels pr: 5 lited above has 
been di50'ssed qualitatively in the same paracJraIils. In this Sec­
tien the effect of varyin;r the lIDdel. paraneters is examined. 'The 
depemerces of the sinple linear drivirg fQIOe lIIXlel, the zero­
order/linear drivin;r fQIOe m:xlel., ani the linear drivin;r foroej 
linear drivin;r fQIOe m:xlel. en their :tespec.tive paraneter are illus­
trated in Figures 2 th:tt:u;lh 7. 

other than the time t, the sinple linear drivin;r fQIOe !llXlel 
shown in Figure 2 has bIo pararreters: the rate <X1I1Stant k~, ani the 
'saturatien' activity ai*. 'lhis is the sinplest !llXlellohich can 
reasonably :tep:tcx:luce the activity or c:x:u:eIlLtatien versus tine 
CJtVeS fcmrl in the typical static leach test. Q1ly cne prtx:eSS is 
involved - dissolutien of the glass. F'UrtheJ:nore, the plateaus en 
these CJtVeS represent 00ITi0lS ste.ady-stat.es of the system. since 
the !llXlel does rot allow for the :tatOVal of prcx1uct:(s) fran solu­
tion, cne rust either assnme that glass dissolutien is a reversible 
prtx:J:!SOl ani that such a ste.ady-5tate is in:ticative of an e;lIlili­
brium a:n:li.tien d1aracterized by the activity ai *, or that at * is 
a paraneter with no IiIYSical :int:e:tpretaticn. 'Ihis is a sigru.ficant 
drawback to this !llXlel because the dissolutien of the glass, a 
therar:xlynamically metastable substaroe, is an inel.rersible prcx:;ess, 
i.e., there is no glass/solutien equilibrium state associated with 
the prtx:eSS. 'Ihus the SIDF m:x:3el, which 'fits' the data ani is the 
easiest to use within the limited cxntext of the static leach 
tests, is en sllspect terrain at a furDan'ental lE!llel. 

'IDe prd:)lan of an ill-Qefined eq.Ulibrium state does nJt: arise 
with the ze.ro-oroer/linear drivin;r force m::x1el. In fact, of the 
three kinetic mXlels prwaJ\::cd, the ZOjIIlF seems to be best cx: .... :ep­
tually. 'lll:tee paraneters d1aract:.erize this lIDdel.: the dissolutien 
rate constant kv the preclpitaticn rate CXll1Stant k2, ani the 
saturatien activity au*. In this IIIXlel au* relates to a true 
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FIGJRE 2. Activity versus til!e f= the sinple linear drivirq foroo 
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= 1.0.] Note that at large times the activity 
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FIGURE 3. Effect of vaIYin:J kl/'k2 in the z~/linear driv.im 
foroo m:xlel. [ klfk2 = 0.1 (a), 0.5 (+), 1.0 (<> l, 2.0 
(Il. ); ai,2* = 1.0.] Note that the steady-st:ate value of 
the activity is greater than the eqlil.ibrium value. 
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0.01 (a), 2.0 (+), 5.0 (<I), 10.0 (A); kJ!k2 =5.J 

10 

• 
a 

• 

I 
• 
• 
• 
• 
2 

1 

0 
0 a • • • 10 

TUm 

FIGURE 5. Effect of varyim saturation activity of precipitate in 
the zero-order/linear drivim force nrdel. [ai2* = 
0.01 (0),1.0 (+), 5.0 (0),10.0 (A.); kJ!k2 = O.1.J 
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Effect of vazyin;J ky'k2 in the linear drivinJ foroe,t 
linear drivinJ force m::del. [ k]/k2 = 0.01 (U), 
0.1 (+), 1.0 (~), 10.0 (~); k1 == 1.0; ail == 10.0, 
ai2* = 0.1.] Note that the steady-state value of the 
activity lies bebveen the two equilibrium values. 
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Effect of vazyinJ ail*/ai2* in the linear drivinJ foroe,t 
linear drivinJ force m:x:lel. [ ail*/ai2* = 10.0 (D), 
5.0 (+), 2.0 (~), 1.1 (b.); k1 == k2 == 1.0; ail* == 
10.0.] Note that the steady-state value of the activity 
lies between the equilibrium values. 
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" equilibrium pnx:ess between the solution an:l. the precipitated 
tiJase. 'The effect of the relative rates of dissolution an:l. preci­
pitation on activity am the awroadl to a st.eady-state, reflected 
in the ratio kv'k2, is shown in Figure 3. As seen in this figure 
the qualitative nature of the rurves dJan;Jes dranatically as the 
ratio is varied. When k2 » kV the precipitation reaction dan­
inates the overall pIcx::ess an:l. the solution activity, ai, is never 
1l1JCh greater than ai2*. If, ho.Iever, the two rate CXlI'lStant:s are 
cx:rrparable or kl » k?, then the dissolutiat reactien daninates an:l 
the solutien becares l.l'X:teaSi.n;Jly supersatmated. Eventually the 
solutien activity Le::x:nes large encu;Jh so that the rate of precipi­
tatien fran solutiat cq:proad1es the rate of dissolutien - the a.u:ve 
flattens rut. 

'!he effect of varyi.rg the saturatien activity,ai*, can be seen 
for the ZOjUlF lIXldel. in Figures 4 am 5. 'Ihese figures ccnt:ain 
essentially the same infOIllBtien that is given in Figure 3. HaN­
f!Ner, the t:iJne scales are rDiI different, in a relative sense, an:l. 
mre rurves have been plotted. Figures 3 thrcugh 5 illustrate the 
variety of lOespct es that one nay erxnmter in the oourse of leadl­
i.rx] elIperllnents, even tl1cu;Jh the same m:x3el, i.e. roed1anism(s), are 
evoked. Given this situatien the extrapolatien of experiItent:al 
results to larger, q;Jell systEms is rot trivial. 

Pertlaps the m::st .inportant point Iohldl shculd be. made with 
Iespect to these plots am the OOILespctd.in:J equatiatS is that the 
flat regiat in each CUIVe can ro lcn)er be attributed solely to 
equillbri.um effects. '!hat is, the plateaus in this lIXldel. do rot 
lepl sent saturaticn activities per se, J:ut instead are irdicative 
of a steady-state detennined both by kinetics an:l. by thel:nv::ldynam 
ics. It is inpJrtarrt: to rote that dlanJes in thcse factors Iohldl 
influeooe the kinetics will result in oonespc::niin] dlarr,]es in the 
locatien of this steady-state activity. Exanples of such factors 
ioolu3es the area of the reactive surface an:l. the bam.:1al:y cxn::li.­
tions, i.e., how the system is cxult!Cl:ed with the rest of the 
I-oOrld. An aaliticnal subtlety arises in that the solutien is a 
nultiCUI{XlCJelIt suI::systan whcse CUIp::sitien is cxrJti.m.Ially evolvi.rx] 
am as a CCIl'lSE!qUelXl the the!:m:xiynamic 'set point', ai*' nay, in 
principal, dlan;Je in time. One cx:n::lu:!es that if this lIXldel. 
(ZOjUlF) is reasonably based in the 'true' dlemistry and !itYSics of 
the dissolutiat prCU!SS then results are ~ en the details 
of the experiment an:l. care nust be E!XelCised in c1etennin.in;r the 
values of the paraneters of the system. In this regard it might 
even be SU)CJE!b-t:a:l that the usual ~ of 'leach rates' are of 
l:illl.i.ted value - ultinately, the urx:lerlyi.n;J IlIEldlartisns I1llSt be cpan­
tified. 

'The behavior of the UlF/IDF m:x3el is shown in Figures 6 am 7. 
Like the sinple linear drivirg force m:x:lel, this lIXldel. etploys an 
ill~ina:i equillbri.um state. ~e the parcmete.r ai2* is associ­
ated with with a true equilibrium (solutioo,lpra:ipitate), the par­
ameter ail* again refers to a rrnexistent glass/solutien eq.rili­
brium. It follQlS that the IDF /IDF m:x3el carries the same liabili­
ties as the SI.DF lIXldel.. Like the ZO/IDF lIXldel., the IDF/IDF lIXldel. 
predicts that the steady-state plateau is detennined by both 
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kinetic an:! theDID1ynamic oonsiderations. 'lhis m:x:lel an:! the SIDF 
m:x:lel have both been atployed in the .inteIpretation of leadl tests, 
an:! are quite capable of reprOOuc:in:] the obsel:ved results in nany 
leadl tests. 

[A oot:e of eJ!planation is in order. No exper:imenta.l results 
are used in this~, ~ bio of the ncdels, SIDF an:! IDF/lDF, 
have been spmessfully fit to experimental data in a I1llIIiJer of 
cases. '!he ci:ljective is to ~ the inplications an:! l:iJnitations 
vmen these m:x:lels are used. '!he ZO/lDF m:x:lel has been considered 
here because: 1) it has a reasonable dlemical an:! tilYsical basis 
which in::o:rp:itates elements of both kinetics an:! therncdynamics ani 
2) unlike the SIDF ani IDF/lDF, it does rot req.rire the use of a 
ill-defined equilibrium state ani 3) it has been used to describe 
mineral dissolution.] 

'!he situatic:n with regard to kinetic m::dels is well sunmarized 
in Figure 8. Here all three m:x:lels have been used to generate 
essentially identical curves sinulat:in:] a static leach test. No 
attenpt has been l!Bde to cpt:iJnize the fit. It is evident that, 
within the l:iJnits of experimental error, a s:in:]le static test can 
rot discrinate bet:N<een m:x:lels ani lienee a sillq1e SIx:h test also can -
1'IDt disc:r:iminate beb.'SSD postulated ,""",bani SIIS. It folla.'S that 
the design ani ilIplenentation of glass leadl:in:] tests shalld be 
better :i.nt:egrated with the cxn::urrent deIIelcpnent of theoretical 
m:x:lels. A theory or m:x:lel is of little use withcut experilrental 
validation. By the sane token, a a:>llection of experinental. facts 
withcut the organization ani predictive capabilities of a theory 
has little utility with respect to det.el:mi.niIX] perfOI1llaIJ:le in the 
repa;itory. 'Ihcu;Jh the subject will rot be eJ(plored in this paper, 
vcu:yirg the c:x:n:litions in static tests ani perfonning tests in q;lel'l 
systems (flow tests), shalld provide adequate, quantitative charac­
terization of the glass l~ l!'edlani.sIrs. 

3.0 Free Energy Relatiansbips 

'!he ~ of saturatioo or equilibrium values for the 
activity, ai* (or aU*)' in a kiretic m:del. provides a direct link 
between the kinetics ani the t:hentDdynami.cs of the glass dissolu­
tianjleadlirg pr" 3. '!he eld.st:eroe of this link is potentially 
very lltpartant fl:an a practical perspective. '!he theDID1ynamic 
state of a systan is a fUrcti.oo of dlenical CXIIp:sitioo. F\Jrther­
l1IJre, CXilp:sitial is a c:x:nvenient ani d:lVirus cpality <xuuol par­
anetet in prcdJJcin:J the glass. It then folla.'S that if a valid 
relation between the thentr::dynamic aspects of leadlirg ani the 
kinetic aspects of lead\inJ can be establ~, then this is also a 
link between prcoess/quality <xuuol of the glass CXIIp:sition at 
the production site ani lc:.n;J-tem perfonnaooe of that glass in the 
repa;itory. In this sectic:n the nature of the relation between 
thentI::xlynamics ani the rate pre oesses of glass dissolutian,lleadtinq 
is considered in l1IJre c1et:ail. It is att=hasized that in the discus­
sion that folla.'S the relatioo is a given as a result of the m:del.s 
atplC7jed. 'lbat is, the actual. exist:en:le of a link bet:N<een theJ:nD-

J 
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FIQJRE 8. s:inulata:l leadlinq results generated usirq the sinple 
linear clrivirq force nxxlel (a) I the ze=-order/linear 
clrivirq force m::del (+) I an:i the linear drivirq force; 
linear drivirq force m::del (t.). '!he parameter values 
are: 

SIDF au* = 5.0 
kl = 2.0 

ZOjIDF' ai2* = 3.0 
kl = 6.0 
k2 = 3.0 

IDFjIDF aU* = 8.0 
ai2* = 2,0 
kl = 1.0 
k2 = 1.0 



dynamics an:! kinetics is rot proven. 

3.1 General. OOnsidaratians 

In genaral. net all of the chatl:ical Species in solution will be 
directly involved with a solid PJasejsolution equilibrium. In the 
descriptialS deveJ.cped below, species in solution bIt rot partici­
patin;J in the equilibrium will be igrDLed. It is assumed that 
their inpact will be nanifested ~y in the activity o::>effients 
of these species Wc:h do take part in the equilibrium. 

It is cxnvenient to establistl sate oanventialS for rotaticn. 
'Ihe SIIl:script 'j' refers to CXIlp:lilents in solutioo an:! the sub­
script 'k' refers to CXIlpcileuts in the solid p,ase. 'Ihe subscripts 
'1' an:! '2' 1Hel:e used al:loVe to in:licate either the dissolutim or 
precipitatim stage of the overall reactim. 'lhese slIl:scripts will 
rot be used with the activities unless req.rlred for reasoos of 
clarity. '!hey will still be used, ~, with the rete CXI'l­

stants. 

EVen t:tlcu1h the the m::JIIE!IIIE!ll toward equilibrium is in the 
direction of 'solutim to precipitate' it will be CXl!1IIeIti.ent to 
E!XpL S relationshij;s in tecIs of the reverse prc::a!SS - the hyara­
tion or dissoluti.al of the solid {Xlase. 'Ihe CNerall reactian nay 
be written: 

(18) 

- stoidlialeLtic o::>effienLs for the reactants 
(solid) an:! products (solution), respectively, 

AJc, Aj - reactant ani prcduc:t species, Lespa..-tively. 

An equilibrium CCI'IStant Keq. for the reactial can be written: 

Keg. = (19) 

b.GO = Z. G~ - 'i G: . 
J k 

(20) 

If solid p,ase activities are assumed to be equal to \mity then 

Keg. = 
V· 1\a .• J 

. J 
J 

(21) 
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'Iba eq.lilibrium <:XX\Stant is related to Mf as folla.vs: 

(22) 

T - absolute teIperature. 

Finally, it is oc:rtVeIlient to relate the activity in solution 
to the <Xllooentration, 9' ani activity coefficient, 'j 

(23) 

3.2 stoichicmat:ricaJ.ly Bala"""" systaas 

If the relative CX1Ip:lSitions of the glass, the solution, ani 
the precipitate are the sane, significant sillplifications can be 
made ani the e::p:ilibrium <XJI'lStant can be expressed in tenrs of the 
activity or <XIIu!IILtation of the species of interest: 

(24) 

wi.th 

'!he use of a nean activity coefficient, <"'ik>, reflects the inp:x;­
swility of c:let:eJ:lninir the in:tividualial activity coefficients .in 
a lIIb<ed electt:olyte solution. At the lew <XllLElrt::r:ations fOllXl in 
the laboratmy one expects <y*> to be very close to unity. In a 
high ionic stLeu3t:h solution such as brine in a salt repositmy the 
deviation fran unity can be significant. Far this reason <1*> will 
be ~ in the derivations. 
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Usin:;J Equatian 24 the equilibrimn ~tion ci * nay be 
given in tenns of the equilibrimn coefficent: 

(25) 

Usin:;J this equaticn for ci2* alc:n;, with Equaticns 10 an:l 16, an 
eJqJreSSion wen relates the integratai rate, a.k.a. In(ci), to the 
dlanJe in fl:ee enel:gy for the precipitation reaction, or nme pre­
cisely the reverse hydration maction, can be develq:lB:l for the 
ZOOjIDF nr::x:lel: 

(26) 

+ In [ 1 + (kll(k2<Y*>Ci2*)(1 - exp(-k2(t-t2» ]. 

If the sillple linear drivirg force m::del. is used, cne then 
c:btains the nme tractable expression: 

. l/V 
In (ci) = - (t::.Go/v Rr ) + In(bi / <Y*» 

(27) 
+ In ( 1 - el!p(-k1.t) ]. 

Here t::.G°refers to the c:rverall reaction am there is an c:pen ques­
tion as to exactly ~t value for A.~is appLqn:iate. '!he utility 
of this result is restricted to t:hcl;;e inst:arxEs Ioilere cne is cx:n­
cerual with examinin:;J the gross features of the linkage between the 
theIm:rlynamics an:l kinetics of the glass dissolution prooess, an:l 
is not cxn::emed with the prcDlem of definirq the t:hel:m:rlynami 
state associatai with ci *. 

A a:nvenient fOJ:1ll of Equation 26 in::o:tfX)rates the instanta­
necus rate of maction as given in Equation u: 

am similarily for Equation 27 one fims that: 

In (ci) = - (/:::'Go/1?Rr ) + In(bi 1/1.>/ <0'*» 

+ In [ 1. - Ji/(k1<1*>Ci*) ) • 

(28) 

(29) 

L ___________________ _ 
• 
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~tions 28 ani 29 revea1. an int.eI:est.irq ani in1;lortant aspect 
of the t:hento:l.ynamic-kinetic relationship. First, in a plot of 
In(ci) versus b.G(2)' the slepe is a fI.lrrti.on of the reaction 
stoichlatetLy as eXpresse:l in the parameter v. 'lhus the slepe 
depenJs directly on the culp::sition of the glass. In ad:lition, the 
intercept at b.G°equal to zero is a fI.lrrti.on of 1) the displacement 
fl:t:m steady-state at the tine of ltleaSllreJ\"el as given by the rate, 
Ji[t], 2) the eq.ll1.ibrium cuu!llUation, ci(2)*' 3) the culp::sition 
of the solution at that tima via the tima deperdent activity CXlef­
ficient, <o*[t]>, ani 4) the rate CU'lStants Mrich also eJdtibit, in 
principle, a cleperrlerxle on glass culp::sitioo. '!his clepenjeroe of 
the slepe ani intercept on the CUlp:JSition of the glass ani the 
degree of I1D\Ia1Blt tc:Mard steady-state, i.e. tima, :results in a 
'durability/CUlp:JSition' relationship ~ AG(2) ani In(ci(2) ) 

Mrich is bluned. 'Ihat is, In(ci2) versus b.G°is desc:r:ilied rot I:ly a 
sinple line but by a bard or Wrxlle of lines. 

'Ille fuzziness of the relation is depicted in Figure 9. A 
sin;Jle point is associated with each line. '!his Ull:lerscores the 
fact that arrt given line in the blrxlle is strictly valid only for a _. 
sin;Jle point couespoillirg to a unique CUlp:JSition. It is CCl'Xleiv­
able that ~ glasses with different eutp:sitions tray COll'x:idently 
have the sane Ad'but 'Nalld lie on different lines, Le. they 'Nalld 
eJdtibit a different relationship between the d'lan:Je in free erer:gy 
ani the inta;Jrated rate. In develq:>in;J a practical tool based en 
this relation, typical factors Mrich will have to be examined 
inclu::le the distriJ::AItian of lines (or mre CXlLXa-tly points) within 
the blrxlle ani the deg:tee of c:oxrelation between neighborin;J 
points. 

4.0 ClCmClusiOllS aDd PJ:o;jLam 

'!he examination of the three sinple rate ~ has lead to sane 
iIft:ortant quest.icns xegardi.rg the roles of both kinetics ani ther­
nrdynamics in the disooJ.utioo of glass. en the side of kinetics, 
it has been clearly detalSLtated in the prfQ'!lirg discnssioo that 
antliguities arise in the interpret:aticn of the static leach tests. 
'!he signific::aroe of this prci:>lan inclu::les rut g:JeS beyaxi the prac­
tical prci:>lan of wnat tests axe aaaqn:iate I.II'der a given set of 
ciro.lmst:aooes. Specifically ale nay ask .mat is really knc:JoIn abrut 
glass dissolutioo ani leachin;J that is ~ic:able to the cpmtita­
tive predictioo of glass quality ani perfOlllBlPB. 

In ad:litioo there are art:st:arnirg questials in definin;J the 
relationship between the kinetics ani t:hel:mx1ynamics of glass dis­
solution. am the relationship be geu=ralized beyaxi the JIYXlel s 
considered here? ltlat, if arrt, CCI'ISLtaints JDJSt be plaarl in the 
awlicatitrl of the relationship to pLC03SS a.IIUal ani perfoxnan::e 
assessrent; in other lNOL'ds, is the xelatianship valid in the 
regions of int:eLest to process cuIt:tol ani perfm:l1BOIJ:::e assessrent? 
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FIGURE 9 '!he relation ~ the kinetics ani the thel:no:iynarnics 
of glass dissolution. '!he relationship is ~te 
in that a dlan:Je. in culp:sitionwill in ~iple result 
in the dlan:Je in the slcpe an:l intercept. 
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In an att:enpt to CIl1SI\\et" sane of these questicns a nuni:ler of 
specific tasks will be un:lert:aken in the next several nart:hs. 
'lllese items J:cild upcn ani CCIIplement the work IE!£Xllted in this 
dcolIrent. Major tasks incl.1Xle: 

- int:.eractin;J with the experiJnentalists in an effort to 
detel1I1i.ne v.hat experiments can be used to disc:rimiIlate 
between nxxlpls, 

- extension of rate nxxlels to cpen systeIIB, 

- sinultanea.Js o:nsideration of the very near field ani near 
field nxxlels - Le., how does all this fit into Pigford's 
line of attack, 

- extension of the fIee energy relationship to ncnstoichio­
metric situaticns, 

- quantifyinJ the theClletical urx:ertaint:.ies in the fIee 
energy relationship, 

- catpletin;J a dissolution nxxlel based in linear rx:nequili­
briumthemcc1:ynamicsard 

- develq:lln1 a JIDre general. linear rx:nequilibrium thentr::dy­
namics nxxlel in wdl glass di ssolution is COlpled with 
near field mass ani energy transport pI" SSM. 

I 

I 
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