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Study of Natural Glasses Through Their 

Behavior as Membrane Electrodes, Part 2 

By Alfred H. Truesdell 

Abstract 

The exchange constants and regular solution constants for a 

number of exchange reactions involving analyzed natural and simulated 

natural glasses have been determined. The experimental method used 

provides quick and simple determination of these constants. The calcu-

lation of the internal energy differences of model ion exchange systems 

involving alkali and alkaline earth cations yields sequences (but not 

magnitudes) of selectivity that agree with the experimental results. 

Complex glasses such as obsidians, tektites and basaltic glasses do 

not in general show simple correlations between composition and ion 

exchange behavior. 
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Study of Natural Glasses Through Their 

Behnvior as Membrane Electrodes, Part 2 

Alfred I3. Truesdell 

introduction 

In studying the Ion exChinge reactions of rhyolltic natural 

glasses, it was discovered that they shoved moderately large selec-

tivity for alkaline earth cations (Truesdell, 1962). Uthough selec 

tivi.ty of glasses for alknli cations, hns been thoroughly explored 

experimenta3.3,y And theoretically by Eisenmnn, Rudin and Cngby (1957), 

and by Eiseman (1961), essentially nothing is known about the origin 

of aelectIvity for divrlent cat.tons. Accordtngly, the ion exch,,age 

constants of a group of natural glasses with relativtly large contents 

of illkaline earth oxides and with a wide conpositionnl range were 

determined And calculations were made for id 1t-Ted models of ion 

emihengers of the selectivities for alkali and alkaline earth cations. 

I wish to thmnk Professor' R. M. Gourels of Harvard Onlversity and 

Dr. C. L. Christ of the U. S. Geological Survey for the guidAnce„ 

encouragement and friendly criticism that they have so freely given. 

I would like to thank my colleagues at the U. S. Geological 3urvei, 

Dr. E. C. T. Chao for specimens of analyy,ed tectItes, Frank Reed for 

many skillfully prepared thin sections, and U. J. Rose, Jr., F. J. 

Flanagan, and L. Shapiro for rock analyses by X-ray fluorescence and 

vapid chemical methods. I would also like to thank Dr. II. Mardberg 

And Dr. W. R. Dunbaugh of Corning Glass Works, 'c:r the preparmtion of 

the synthetic glasses. 
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Experimental 

Ion exchange constants of ten natural and sited guttural 

glasses (analyses in Table 1) were deterened by the experimental 

method described earlier (Truesdell, 1762). The glass to be stu&od 

was ground to a thin membrane and cemented to an ordinary glass tube. 

This tube vas Ailed with 0.01 ni MC1 and, a silver wire wts inserted. 

The completed. neMbrnne electrode vas innereed, together with n refer-

ence electrode having a saturated ICC1 liquid junction inn salt sotu-

tion containing n known activIty of one or the exchangeable cations. 

Increments of second salt were added nnd the equilitrilmt potential of 

the moubrane electrode (ae measured with a high impedance vibrating 

capacitor electrometer) and the activity of each catton were recorded 

after each incrememt. In most of the experimente, glass electrodes 

specifically sensitive to W.,Be, and IC and insensitive to alkaline 

earth cations and anions were used to measure activities. In each 

case the electrode vas calibrated with a standard solution of known 

activity of a given ion (a), and the activity of the ion in the test 

solution after each increment was calculated from the equation (using 

e ion here as a specific example) 

log aK + log ne 
E re 

le 2•303(RT 71- ) 

Where E is the potential of the glass electrode relative to a calomel 

electrode in the test solution Mid Es its potential relative to a 

calomel electrode in the standard solution, as+ is the brimgen ion 

activity IL the teirt solution and rt+  is that of the standard 
on 
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solution. 

fl pit electImdevas used for the 11+-1C+ end 11+-Na+ exchanges, ae Me 

specific electrode for Ma+-1E+ exchanges and a Natia+ electrode for the 

egiCa++, M+-Ce+ end 111s+-14g++ exchanges. Except in the leue and 

le-Na+ exchanges, a trace of Ca(13)2 vas used to suppress the ar to 

ftt least five orders of magnitude below that of the other cations. A 

s-tureted KC1-selvesel electrode Nona used s a reference and. the connec-

tion to the test solution vms made through an asbestos fiber wick to 

minimize XC1 contamination. In some cases the measured potential vas 

somewhat instable; this vas corrected by cleaning the nick. 

For eadh exchange the potential of the test electrode vas plotted 

against the lac of the activity of the cation added. These points 

were fitted to an electrode curve by comparison with a fondly of calcu-

lated curves (ftgure 1). 

Each curve in figure 1 vas Obtained by assuming a DNB rque and 

for various mole fractions on the glass calculating the activity of 3+ 

in solution for an assumed initial activity of 0' from the exchnnge 

equation (assuming KNB 1) 

BAB 
412P ( alti) BAX[134] 

exp NurA+.1 
RT 

and finally calculating the electrode potential (assuming Eo e 0) by 

substituting the activities in solutica and the activity coefficients 

in the glass into the electrode eqpntion (Oarrels and others, 1962) 
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B re+144
E Ecl + 

Xa 

/ BAB \where 1J / x2 r= exp Ime 1 
" 7" 

Two electrode curves for the Kt-Agt+ ,,ndiCt-Cn++ exchanges on a 

tectite from the Philippines CMG 6) are shown in figures 2n and 2b. 

The data fo:: the second of these (figure 2b) vas given in Table 3 of 

OexTels and others (1962). 

In figure 2a, the first point recorded vas the potential of the 

electrode in 200 ml of a 0.001 m=1 solution without any Me+ added. 

About 0.01% WC12 f.s present, however, to an impurity in the rengent 

grade )CC1 used so the activity of Mgt+ in the solution is near 10-7. 

T successive 1.0 mdlliliter additions each of 0.001 m, 0.01 m and 

0.1 ciftC110 'were made and after each addition the equilibrium 

potential, of the test electrode wilts recorded. The two straight Lines 

(ft, b) on the graph represent the potential the electrode vould Resume 

if the solution contained only Mg++ (n) or only 0.001 m Kt (b). The 

intersection of these lines Is the Activity of Nit+ alone that vould 

produce the sine potential as 0.001 me. The electrode equation 

E Eo 2eX, RT 1(4(2f. N13+41 
K2X2 "141M642 

can be written Vbsa ne, 0 Rnd therefore \K lc,2 . 0 and )4100 ,., 1::a 

EI = E° 2'')4 22 log(*wsrMei 

and /than rMg++, - 0 ( 1402 0; - 1) 



 

2V470 log re". 

When activities of the cations are those that produce the same 

Potaltiftl - TA 

%il43**1) - log 110'12 

106 2 log rx41 - log rmi**1. 

In figure fh log re-1 -3.016, nt the intersection log Neel . 

Therefore log If -6.03 4. 4.21 . -1.62 and - 1.51 x le. 

BNB vmlues are obtained directly fram comparieon with figure 1. 

F°, VhiCh depends largely upon the concentration of the solution 

inside the electrode, is determined fru* the difference between the 

observed potential. E and the value of (2.30) 'f 2) log m4.1- before 

any mg++ is adiod. 

Tbo curves calculated rrum the electrode equatian rvt the experi-

mental results within the experimental error Lich indicates that the 

adsorbed lone fora a symmetrical regular scdution. 

The constants BNB -ndICNB for etch excbsonge ftre elven in Table 

The nomenclature is thmt used earlier (Truesdell, 1962). 

During the experiments unusually large drifting of the asymmetry 

potentials betveon the two surfaces of the electrode Esetabrvine vas 

noted. This has not been observed In ,t1kali al uminosilicate glasses, 

(Fisenman, Rudta, and Cnaby, 1957), Potomit= barium alumanosilicate 

glasses or natural glasses with a low iron content (Carrels, et ftl., 

1962). tt is probable that in glasses with a high Fe) content oxida-

tion of ferrous iron Ln the surface smihmsgmble phase Changes the 
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loan]. charge density and alters the Import-les of the surrounding ex-

chance sites. The external surface of the membrane booming been ex-

posed to Large changes in pH and salinity wuld be empeated to oxidi%e 

nt m Cfforent rte from the inner surfnce of the membrane Alich is in 

contact with d lute solution at n fixed pK and salt content. This 

produces drifting of the asymmetry potential. 

Theoretical 

The ion exchange constant /CAB is related to the standard free 

energy Change, Nntfi of the reaction: 

Axan Oa + Attui Bxexass + &+aq 

by the equation . ,2.30 RT log KAB. 

Tg equvls the sum of the standard free energies of formation, Ne!, of 

the wodzIcts, less that of the reactants: 

NV1,g kqpINX 1141, gtAx - 411A+ 

The 411 of the -atmal and alkaline earth cations have been determined 

experimentally and are tabulated in Rossini, Wegman, Evans, Levine and 

Jaffe (1952). The standard free energies of formation of the adsorbed 

ions cannot, however, be easily calculated. 

The internal energy, NU, Which is related at constant temperature 

gad preeetare to the free energy by . W + PAY - TAB can be cnleu-

lated for simile models of the ion exdhange process in Alai the ions 

Extensive themodvmmmic quantities nre mini throughout. 



 

•nd the negative sites beeline as rigid Orrged spheres with only 

electrostatic forces between them.iti 

Thi s f2 f.1 hass been weed by Eiseman (1961) to calculate the 

sequences of selectivity mos' the alkali cations and yielded.= ex-

cellent qtaalitative correspondence with experimentally deteredned 

sequences. 

Eiseman (1961a) calculAted both N4 and 14 for exchanges 

Involving the alkali cations and found that both quantities yielded 

1142o the extent that the internal energy Is equivalent to the free 

energy in this system we can also write Aug 4!..2.303 RT 106 KAB. 

An rat ern test of this model is the correspondence between cracu-

lated rind escperinentsil lattice energies of alkali end alkaline earth 

halides (Waddington, 1959). The differemees are within t 1% for the 

alkali halides and BaF2, ElrF2, Can. and men. end within t 4 for SrC14/. 

The agreement is lees good for the alkallne earth bromides and iodides 

*here the degree of polarization any be expected to be large. In the 

following An the effective anionic radius of the sites is 

equivalent to or smaller then that of the Cl- ion so the energies 

calculated fros an ionic model maybe expected to be within t 2% (or 

better) of the true values. 
11.111......111001.010.1.11.001., 
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sequences 4:,11 selectivity that correspond with capperinest, and that 

the difference between P44 and ',pi?. was, in general, small. Wch 

larger d!,fferences in these quantities were found between mihYdrous 

qnd hydrous systems. 

The use of 'Vc; as equivalent to Nrg is justified far ion exehnnge 

systems because: (a) all ph .sees are condensed so that PAY is email, 

(b) the absclute temperature is relatively low, and (c) the entropy 

differences between different ions in solution is small, and that 

between the ions adsorbed on the glass is very small, and time, both 

P V and irkS are small compared with the internal energy IV. 

The exchange reaction can be divided into a set of reactions 

Whose NVP can be separately calculated. These are: 

A+ + NU? ND° dissociatIon, AXglass gftg 

B+ BtCAS 044 hydration, Bt 

A+ mq fAigr AU° hydration, e 

B+ + 1.12 -M0 dissociation, SCgas gas Nimes 

+ B:41 - Num,♦ktcl Alk AU: + AO:* 

That internal energy of dissociation, 0, te equal to the eloctro -

static energy required to remove the ions to infinite separation from 

the distance of closest approach. 0 is given by the expression 

u? + 
+ rx 

whine r+ is the radius of the (mnovalest) antics in closest possible 

packing, leading to minis:cuts energy, with the (monovalent) anion of 

radius rib the radii being expressed. in AnGstroms; se is in IC.cal 



 

 
 

 

 
 

332mole-1.! Similarly 14 - r-X 

NeA + 4,14 coal be obtained from the experimentally determined 

standard enthalpies of formation (2500) of the ions *As a perfect els 

ma in ague us solution. 

PO aAlcas,B+ Al4q0:B+ ~ POrgns113+ Va4410 

."2 11,19,A+ P(Vaq1A+ Vgns,A+), 

Vips0B+ Is very nearly equal to V so+ nnd VnqA+ is nearly equal to 

t/ireuto+- so we Can set: 

lqAgydA+ %)%4B+ SJE4A+ q °Allik+ tJI ‘Icna,A4" 

The vqlues of AR° nre tabulftted in Rossini and others (1952). The 

14he electrostatic force, F, between two ions is F ' VP Where e is 
x 

the charge on the electron; z1 , tap the valence of the ions and. x is the 

se r3 between them. The work of awing ti oppositely chiu'ed 

monovalent tons to Infinite separation from the distmnce of closest ap... 

proadh (r+ + r-) is the integral over the distance, ( Pd 
J(r+ + r-) 

ryx,(1.4. el rs
4. 112 The Charge on thej(r# r).7̀  -(r4 + r-)4 

electron is 4.302/ x 104° stntcoulombe so that since ergs - dyne cm 

(atmteoulombe)a eel 

(4.8021 x 10-1°)2
AU * 2.3061 x 10-11 erg Angstroms

1 x 10 molecule-1 

To convert this to KwIl mole" Angstroms we must multiply by Avossarns 

number times Kea erg-1. 

2.3060 x 10-11 x 6.0247 x 1O x 2.390 x 10-11 A 332.04 

2/The NV difference between Et+ and ‘'ik+gls is 'bout one Ken' nolea.gots 
This has not been included in the calculyttlons. 
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enthalpies of hydration (25°C), A444 (i.e.,"'hq 0,11), used in04 

the calculations are (in Kcal mole-1 ): Mg++, -612.2; Ca++, -593.4; 

Sr++, -558.1; Be++, -524.4; Mir', -454.8; 2Na+, -406.6; 2K+ -366.2. 

Thus the internal energy change of the reaction 

kXglass + mar* - 114glass + ktq 

can be calcartted as 

- + 32 + Pt 
rX rR t-+r .41Y+4— 

This Is the basic equation for the calculations made by lleeneaa 

(1961a). 

Since the properties of water and the cation radii (r+)12/ are 

fixed, the variation in the exclave selectivity of various ion ex-

changes mus't; depend solely on the effective radius of the exchange 

sites. In other words, the differences in the electronegativity of 

the oxygen ion in various siliente, aluruino silicate and borosilleate 

glasses depend on the character al' the adjacent electropositive ions 

end the local structure and can be represented by different values of 

the effective anlonic radius. By varying r-, Eiseman calculated 11 

orders of selectivity among the five alkali cations and through 

carefUl study of glasses in the system Na20-A1,203-3102 he was able to 

demonstrate that these U, and only these 11, selectivity orders exist. 

The ionic radii used in the following calculations are: Lip', 0.68 X; 

Ns+, 0.98 k;Kt, 1.33 X;Mg++, 0.66 R;c.04, 0.99 k;Sr++, 1.16 X; and 

Be", 1.43 R. These are taken from Green (1959) and Evans (1952). 
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 4 3,2 + 334 
r+ + 2(r+ + ra) 

vas used. This assumes that the monovalent cations arTance themselves 

on exactly apposite sides of the anion, according to the arrangement 

shown in Fig. 3c. 

Paired ifonovmaint Sites with Separation, x. 

If the exchange site is considered to be composed of tvo mono-

valent anions their separation is an important variable. Figure 

shnwe the variatical with site separation of the internal energy of the 

eye 

NeaX2 + Ca++ - CaX2 + MP& 

for site radii, r', of 0.5 and 1.0 k. 

MR+ is preferred over Ca++ at all but the smallest site sews,-

tion. Thus, even on exchangers in Mich the =Change capacity is very 

high, monovalent ions are genandly preferred. 

To cavil:Late the energy of interaction of the divalent cations 

with paired monovalent anionic sites at a separation of x Angstroms, 

the sqpntion 

47ju 4'2 '13" r4+ + (24.3+r"') 

has been used. This corresponds to the physical situation of Fig. 40. 

Fur a pair of memoveleat cation the equation 

AU° .‘712..- .1 + 2.22. r- k-(y + /0) x rrf +r~) 

corresponding to Fig. 3d. 
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Figures 6m and 6b dhow the selectivity relations among the alkall 

gild alkaline earth cations an paired monovalent sites with separations 

of 12 and 4.5 R. 

Among the four all:aline earth cations there are seven orders of 

selectivity but the arrangement or the orders (and of the cations 

within the orders) depends on the site separation. This situation is 

quite different from that of the alkali mtlons *where there lc only a 

single set of 11 orders MhiCh is independent of site sepillintion 

(risenman, 1961a). 

The calculated orders of seloctivIty are for a large site 

separation ( 8 JO 

inereasing =Ionic radius 

la /10. as Ca Ca Ng 

sr eft Oa Ba ft Cs 

Sr Mg mg la Ba 

mg Sr Sr Sr Sr 

near C R the order changes to 

Da Ba Ca Ca Cn Mg 

Sr Ca Box Da Mg Ca Ca 

Ca Sr Mg Da Da Sr 

mg mg mg Sr Sr Br Ba 
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at 6 R site separation the order is 

Ba Ba Ca Ca Ca Ca Mg 

Sr Ca Ba Ba Mg Mg Ca 

Ca Sr Sr Mg Bs Or Sr 

Mg mg mg Sr sr Be Ba 

Finally belay 5 k sepsratiun the order is 

Ba Be Ca Ca Ca Ca mg 

Sr Ca Be Sr r }% Ca 

Ca Sr Sr Bet 148 Sr Sr 

i ) % Mg Ba Ba BK. 

Paired Knovalset Sites at the Minimum 

Separation about a Bivalent Cation 

The momovalent-divalimt selectivity calculated assuming divalent 

sites (fig. k) or pairs of at sites vith a fixed separation and 

variable effective anion radius (fig. 6) iiht,v a larger preference to 

monovalent ions than is observe& in natural glasses, although the valise 

are of the some order of megnitude dimperins&by 'lawman and others 

(1957) for glasses in the system likteki—\1424s-SiOa. Probably the perti-

nent difference betwen these glasses and. the natural glasses studied 

is the divalent metal oxides CaO, mgio, mad lea in the natural glasses. 

Fe's" probably does not remain divalent in the branded. surface rime 

of the glass *ere eilainft tales gat* ethos the 02 partial pressure 

should be laser Oa staositeree Ida& is sateh greater then the equi-

librium Fe° reaOs pressure. 
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In order to test this a further calculation vas gods of the 

internal energy of the reactions 

CaX2 + 2A+ := Ak!+ Ca++ 

and Cak2 + B++ 8X2 + Ca++ 

vith n variable effective onion radius and with the aite separatism 

varied so that the anions leuzld be linearly arranged at the distance 

of closest otpproadh to it Ca++ ion. The energy of interaction vith the 

two monovalent sites vas calculated from the equations 

for Ca++: 
NU -4 m-44-zir + ' 75-41---ax+. 'lw.7:7 , 

for Ng++: 
AU - 2 332 -3./2

0. + 1.96 + r- 0.64 : 0.99 + r-
for ila+ or Li+ 

0 3.32 332 
g*- + 34;+ 2r- + (r+ + rg) 

352 2 232
1.9U + + 108 + 

The resulting curves are given in P`igure 7. 

IA similar equation vas used for K with an additional factor in the 

positive tent to alloy for the le Ion betveen the sites being out of 

line since the dist/Ince between the sites is 1.96 R And the dinmeter 

of 1C+ ion is 2.66 R. 



Discussion 

The calculations of internal energy dhanges of ic* exchnnge reac-

tions show that alkali ions should be greatly preferred over alkaline 

earth ions on model ion sow era consisting of either separate mono-

vmlent sites, divalent sites or paired monovalest sites at all but the 

amallest separations. 

The magnitude of the calculated energy differences, as cc* red to 

observed venues partieularlybetmeenmonovalent and divalent cations, 

is too greet. Several factors may be involved, particularly the 

presence of linter in the glass and variations in the actual arrangement 

of the monovalent cations on the negntive sites. The pregame of aster 

in the glass sharply reduces the magnitude of ion endbange specificliw 

but doer not Change the relative sequence of preferenee. This has been 

discussed by Uses= (1961a). A second factor that mould tend tc 

reduce the large calculated. preference for monovalent cations i5 the 

influence of alterations of the geometry of the cations on the negative 

exchange sites. The calculation of the inttynnl energy of interaction 

of the moncmnlent cations with divalent negative sites (Mgure 4) or 

paired. mcoovalemt Motive sites (figures 6 and 7) includes a positive 

term due to the repulsion of the t cations could, be much 

larger if the cations time not free to assume the maxim= ceparatIon. 

The angle divalent cation is not affeeted by such constraints. This 

:Marie factor could alter the appaltude end eequonce of ion preference 

between mosovalent end divalent ion groups. The sequence and magni-

tude of preference within each group will not be affected. 
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With these rest/Nations about the calculated rasgoitudes of 

change energies, we can examine the model systems for their correspond-

ence to natural &Asses. 

Nnionic sites with two negrItive Charges at n single point (figure 

3b and a) cannot actually exist in these glasses since they nre cow. 

posed of oxygen polyionic frameworks in Which nt least half of the .2 

charge of eadh oxygen ion is satisfied by Si44 or k14°. 

Paired moemrvalsizt negrtive sites (figure 3d, e and f) are more 

realistic main general the correspondence between calculated and ob-

served energy changes is some ,t better. Model ion =tangs systems 

containing these sites at lame or moderate separation correspond. to 

alkali sluodnoeiliemte and silicate glass systems. rn these glasses 

the site separation of the pairs of sites considered in calcula-

tions corresponds to the average distance between negative sites in the 

glass which depends on the mole percent of alkali oxides. One such 

glass for Which the exChange constants have been determined has the 

composition (in mole percent) lia..?0 111 A10.02 . 16; 8102 - 71. This 

glass Wm a Noon of less then 0.1000C (Eisenman and others, 1957). The 

separation of sites in this glass is approxissettel,y 5.8 R. 

el 
-/Calculated on an Nomad glass density of 2.5 grams ccal mbidh lends 

to a mobil volume of 26.14 cc smisr4 end to a Ne density of 5.07 x 1O 

atoms ce-1. 
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The predicted It: (figure 5) for this separation is extremely small 

(Zisca(calc) 10"65). Elosever, 4o mole percent of Ma4210 in a sodium 

aluminosilicate glass vould lead to a predicted K of 0.05 (.Ur in 

figure 5 . 1.6 Komml mole-1). 

Some of the natural glasses studied hey N" values up to 0.05 

find have less than tan mole percent total alkalies. These glasses also 

contain divalent oxides and it seems probable that ems w' is taking 

place at the paired sites originally occupied by these divalent ions. 

In these and other aluminosilicate glasses containing divalent cations, 

the site separation of the paired sites is independent of the total 

nuMber of sites in the glass and depends chiefly on the radius of the 

divalent ion in the original glass composition. 

Figure 7 has been calculated for paired sites grumps about Ca.++ 

ion. The predicted sequence of selectivity for values of the anionic 

radii greater than 1.25 Re is (decreasing preference) it+ **Me >Le 

Ca++ > me+. This is the sequence found fbr all the glasses tested 

and is that observed by Jenny (l936) for same clay minerals. 

klthough the other calculated energy Ohan6e0 are reasonable, that 

of the Ca-M; exchange is much too lane somearailvith the experimmmtal 

vnlue. This suggests that mgp in the gams forms sites with 

greater preference for me+ ions. This is ahem in figure Viers 

the Kea observed is platted agninst the mole ratio of cao,mgc., 

Eisen (1961b) observed that the #a.41 selectivity ves related 

fik reasonable value mince the radius of an oxygen ion is about 1.4 t. 



to the Mt-"a+3 rfatic,, however, R plot for the natural glasses studied 

does not Chow a correlation and this should make us cnutious about 

attempting to predict the ion excbmwbelemior of complex glass 

systems from that of simpler ones. 

On the basis of the same reasoning the Na-Ca selectivity of a 

giltss should be related to its content of monovalent, divalent and 

trivnlent oxides. Figure 10 shows, however, that except for glasses 

with the larger constants tending to have a lower alumina content, no 

rely tion is evident. 

On the assumption that the effective anionic radius determines the 

selectivity between like Charged cations (Eiseman, 19610 there should 

be a definite correlation between Kmoi and Nap Kw and K. These 

quantities are plotted in figures 11, 12 and 13. The genera positive 

correlation between Noca and Kam and Yun indicates that II+ enters the 

glass as the hydrocium ion Rio+ since it behaves as a large cation. 

This is supported by the finding that hygroscopicity and pH selectivity 

are directly related (Hubbard, 1946). 

The results Shown in figures b, 12 and 13 suggest a relation be-

tween preference for e and increasing Ca0-Mg0 ratio. Figure 14 dhows 

this more clearly and suggests that calcium rich glasses should be less 

stable in meters of low pg. The equilibrium composition of water in 

contact with large quantities of glass and of glass in contact with 

large quantities of water can be calculated from the compositions of 

the glass and the water and the constants K and B as was indicated 

earlier (Truesdell, 1962). 
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Table la. Analyses of glasses studied in weight percent* 

i02 A1203 Pea% Fe0 Mg0 Ca0 Na20 K20 H20 Total 

3G8 97.58 1.54 0.0 0.23 0.0 0.38 0.54 0.0 0.10 100.17 

S01 86.4 8.2 2.10E/ n.d. 1.3 0.00 0.21 0.95 n.d. 99.16 

B20 18.37 12.21 0.05 3.53 0.67 0.78 1.84 2.43 0.0 99.68 

11G7 74.7 11.7 1.25E/ n.d. 0.1 0.62 3.6 5.10 n.d. 97.18 

NG5 75.8 12.1 1.85a/ n.d. 0.6 0.70 5.4 5.15 n.d. 99.86 

a/
NG2 75.4 13.9 1.20-' n.d. 0.4 0.00 4.1 4.77 n.d. 99.74 

B76 74.94 14.81 0.13 4.68 0.43 0.66 1.50 1.84 0.0 98.99 

ST2 76.05 13.94 0.21 2.06 1.68 0.96 1.46 2.29 0.0 98.65 

B90 71.89 17.56 0.27 5.26 0.78 0.45 1.28 1.60 0.0 99.09 

NIG6 71.8 13.5 4.75E/ n.d. 2.5 2.80 1.4 2.45 n.d. 100.14 

SG2 70.3 21.5 1.05E n.d. 0.2 0.83 3.5 3.50 n.d. 100.88 

SG3 58.0 21.3 6.10!/ n.d. 2.4 5.88 4.6 1.20 n.d. 99.48 

SO4 46.5 552 4.658 n.d. 0.9 2.50 7.4 5.02 n.d. 102.17 

In order of decreasing mole % Si02 . 

a/ (For this and other footnotes see following page). 



Table la (Continued) 

Total iron is expressed as Fe206-

n.d. not determined. 

N08 Libyan Desert glass, Africa; analysis from F. A. Clayton, and L. J. Spencer, Mineral Mas., 

25, 501, 1934. 

SG1 Synthetic Darwin glass; analysis by H. J. Rose, Jr., F. J. Flanagan, and L. Shapiro 

B20 Bediasite, (tektite), Lee Co., Texas; analysis by M. K. Carron, and F. Cuttitta. 

NG7 Obsidian, Obsidian cliffs, Yellowstone, Wyoming; analysis by H. 3. Rose, Jr., F. J. FlanaZans 
and L. Shapiro. Also contains MnO, 0.03% and TiO2 , 0.08%. 

i'G3 Walcott welded tuff, American Falls Quad, Idaho; analysis by H. J. Rose, Jr., F. J. Flanaaill, 

and. L. Shapiro. Also contains MnO, 0.05$ and TiO20 0.21%. 

NG2 Puerto de Abrigo Obsidian, Jamez Caldera, New Mexico; analysis by H. J. Rose, Jr., 

F. J. Flanagan, ad L. Shapiro. Also contains MnO, 3.0i;, and TiOo, 0.10%. 
B76 Bediasite, Lee Co4Texas; analysis by M. K. Carron, and F. Cuttitta. 

ST2 Synthetic tektite; analysis by M. K. Carron, and F. Cuttitta. 

B90 Bediasite, Lee Co., Texas; analysis by M. K. Carron, and. F. Cuttitta. 

NG6 Tektite, Marulas, P. I.; pnalysia by H. J. Rose, Jr., F. J. Flanagan, and L. Shapiro 

Also contains MnO, 0.13 and Ti020 0.81/4. 

SG2 Synthetic tektite (Peru); analysis by H. J. Rose, Jr., F. J. Flanagan, and L. Shapi ro. 

SG3 Synthetic FUlgerite (Armenia); analysis by H. J. Rose, Jr., F. J. Flanagan, and L. Shapiro. 

SG4 Synthetic obsidian (Mt. Vesuvius); analysis by H. J. Pose, Jr., F. J. FlanL6an, and 

L. Shapiro. This glass has 15% more Ale% and Tia less Si01 than was intnded. 



Table lb. Analyses of natural glasses in mole percent 
(water free) 

Si02 A1203 Fe203* Fe0* Mg0 Ca0 

4G8 98.16 0.91 0.0 0.19 

SG1 91.17 5.09 0.83 

B20 84.19 7.71 0.02 2.52 

107 85.57 7.68 0.52 

NG5 82.54 7.75 0.76 

12 82.40 8.93 0.49 

0.0 0.40 

2.06 0.0 

1.08 0.90 

o.17 0.74 

0.98 0.82 

0.66 0.0 

B76 81.84 9.51 0.05 4.26 0.70 0.77 

sT2 81.34 8.76 o.08 1.84 2.69 1.10 

B90 79.34 11.39 0.11 4.84 1.29 0.5 

m06 78.74 8.70 1.95 

SG2 77.99 14.02 0.44 

SG5 65.96 14.24 2.60 

sG4 55.8o 24.83 2.09 

* see notes for Table la. 
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4.11 5.29 

0.33 0.99 

4.09 7.17 

1.62 3.21 

Na20 K20 

0.35 0.0 

0.21 0.64 

1.91 1.67 

5.89 5.63 

3.58 3.58 

4.34 3.19 

1.59 1.28 

1.51 1.56 

1.37 1.15 

1.49 1.72 

5.76 2.48 

5.06 0.87 

8.59 3.84 



Table 2a. Exchange constants for some glasses at 25'C, 1 atm. 

KNaH KKH KNaK KNaCa KKCa KNaMg KMgCa 

NG8 15 5.7 2.2 0.010 0.0021 0.0053 1.6 

301 47 5.9 3.3 0.010 0.00081 0.0015 2.3 

B20 19 4.6 5.6 0.0081 0.00069 0.0014 2.7 

O7 60 27 2.8 0.0056 0.00076 0.0015 5.1 

NO5 3.5 1.4 2.4 0.050 0.020 n.d. 1.0 

NO2 5.2 1.3 2.5 0.042 0.014 n.d. 1.0 

B76 21 4.6 5.4 0.0078 0.0012 0.0023 2.1 

ST2 34 7.2 2.7 0.0067 0.00091 0.01 1.1 

B90 12 4.9 2.2 0.0069 0.0014 0.0059 1.1 

NG6 5.0 1.5 2.0 0.047 0.025 n.d. 1.6 

SO2 54 12 2.6 0.0040 0.00068 0.0015 2.7 

505 35 13 5.0 0.010 0.0022 0.0062 1.6 

SO4 19 7.9 2.4 0.0087 0.0019 0.0045 1.6 

n.d .j---- (For this end other footnotes SCC following page) 
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Table 2a (Continued) 

n.d., not determined. 

Constants for NG,, NG2 and NG6 which have been published previously 

are repeated here to facilitate comparisons. 

K values obtained were from the electrode equations: 

r, • 2.503RT (CA') 4. (1_31 
3X 

'4 
log K B xmc 

•2..,a3151 log ( fiet.4_V K 
2 AA x  AB 

Y9 1'1 

2 2 

• .30,per 111+ [r]or E E° 2 2 If XAX + j5 BX2 " --2 

BAB 
where X Is eAX (1 - NAX)) 
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Table 2b. BAB values in Kcal mole-1 for some glasses at 25 C and 1 atm. 

BUB BKH BNaK BNaCa BICCa BNaMg BMgCa 

NG8 0.0 +0.3 +0.5 +0.1 0.0 -0.1 +0.2 

SG1 +0.2 -1.2 +0.2 +0.5 +0.3 +0.5 -0.2 

B20 +0.5 -0.3 +0.2 +0.3 +0.5 +0.4 n.d. 

NG7 -0.5 +U.1 +0.1 +0.4 0.0 +0.2 +0.5 

NG5 -0.5 +0.4 n.d. n.d. -0.5 n.d. 0.0 

ND2 -0.2 -0.6 -0.2 -0.2 +0.2 n.d. n.d. 

B76 +0.3 -0.6 +0.1 +0.1 0.0 0.0 +0.3 

ST2 +0.3 n.d. +0.5 n.d. +0.3 n.d. n.d. 

B90 -0.4 -0.6 n.d. +0.5 -0.1 +0.5 +0.5 

DiG6 -o.4 0.0 n.d. -0.4 -0.5 n.d. 0.0 

SG2 +0.4 n.d. -0.6 f0.5 +0.5 n.d. +0.5 

SG) +0.5 -1.0 +0.4 +0.2 +0.2 +0.2 +0.4 

sG4 -0.9 -1.8 +0.3 +0.3 +0.1 0.0 n.d. 

n.d. not determined. 
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100 

Figure 1. Theoretical curves showing the change of EMF for 
additions of cation B+ to a ion solution containing cation A+ 
according to the equation 

[e]2.503RT t [e ] KAB
E = E ° g (o X XBX / 

80 

) ABv2where X = expAX ioiy- BX XBX = "P TiaT—"AX)," 

and E ° = 0, K 1 = 1 molal,-AB = , [A+1 

and BAB has the values -0.6 (curve a), -0.3 

6o - 50 

+2:1 

(curve b), 0.0 (curve c), and +0.3 (curve d). 

If the added cation is divalent, the same curves apply but with 
an EMF change one half as great. 

N.) 4-0 20 

20 ••10 

0 I 

+1 

-1og[B-41 or r334-4-1 



Figure 2a. Electrode curve (at 25°) of a tektite, NG6, for additions of Mg++ to a 
solution containing 10-3 moles of KC1 (log[e] = -5.016) The points are 
experimental values. The curve is 

. 0 ( [K+1235RTlog [MgE = 0.1110 +2 + 0.0151-40 gx2) e 2c] )2F exp(0.15NA --Xp(0.15Nf]x2 2 

b 
_7 

3 4 -log(Mg+ ] 5 7 



 

 

 

Figure 2b. Electrode curve of a tektite, NG6, for additions of Ca++ to a solution 
eontaining 10-3 mole of KC1 (2og[1(41 = -5.016) The points are experimental values. 
The curve is 

( [Ca][K12 +4 
E = 0.1110 + 2.505RT log + 0.0254

2F exp(-0.9N2 ) exp(-0.9N2 ))
CaX2 K2X2 

-00-

N 
I 

3 4 -log[Ca++] 7 



   

Figure 5. Configurations of cations and anionic sites of model ion 
exchange systems 

a. monovalent cations and single monovalent sites 

b. divalent cations and divalent sites 

c. monovalent cations and divalent sites 

d. monovalent cations and paired monovalent sues with site separa-
tion x (position of lowest energy) 

X 

e. divalent cations and paired monovalent sites 

4- X 

f. paired monovalent sites at the minimum separation about a 
divalent cation (as r- increases, x increases) 
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Fig. 4. Internal energy of the reactions CaX + 2A+ = A2X + Ca++ 

and CaX + B++ = BX + Ca++ as a function of the anionic radius, 
14-0 

++ 
r=, of divalent sites X. 
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Figure 5. Internal energy of the exchange reaction Na2X2 + Ca++ = CaX; 2NP4-+ 

for paired monovalent sites of r- . 0.5 and 1.0 A as a function of 'e separation. 
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Figure 60 Internal energy of the exchange reactions 
Na2X2 + ?A+ = A2X2 + 2Na+ and Na2X2 + B = BX2 + 2Na+ as a 
function of anionic radip r- of paired monovalent sites at 
a site separation of 12 A. 
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Figure 66. Internal energy of the exchange reactions 
CaX2 + 2A+ s A2X2 + Ca++ and CaX2 + B++ = BX2 + Ca++ as a 
function of anionic radius, r- , of paired monovalent sites at 
a separation of 4.5 A. 
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Figure 7. Internal energy of the exchange reactions 
CaX2 + 2A+ = A2X2 + Ca++ and CaX2 + B4-4" = BX2 4 Ca++ as a 
function of anionic radius, r- of paired monovalent sites at 
the distance of closest approach to a Ca"' ion. 
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Figure 9. Plot of KNaK against (Na20 + K20)-A1203 mole ratio. 

38 



A1203 
A20 

KNaca (xl°3) 

Figure 10. Plot of KNaCa (X103 ) values against content of 
monovalent, divalent (excluding FeO) and trivalent (excluding 
Fe203 ) oxides. 
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Figure 11. Plot of Kea against KNaK for some natural glasses. 
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Figure 12. Plot of KMgCa against KNaH for some natural glasses. 
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Figure 13. Plot of Kmgca against KKH for some natural glasses 
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glasses 
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