
THE AMERICAN MINERALOGIST, VOL. 51, JANUARY_FEBRUARY, 1966

ION-EXCHANGE CONSTANTS OF NATURAL GLASSES
BY THE ELECTRODE METHOD1

Arrnpr H. Tnunslnrr, U. S. Geological Suraey, Washington, D. C.

Aesrnacr

The ion exchange constants of twelve natural glasses were measured by an electrode
method. Al1 the glasses showed the selectivity sequence 2H+>2K+>2Na+)Ca++)Mg++.
The relation of the exchange behavior to composition is discussed in the light of recent
theories and the experimental results. The geochemistry of glass weathering is in large part
determined by its ion exchange behavior.

fNtnonuctroN

An earlier paper (Truesdell, 1962) described the method of making
membrane electrodes from natural glasses and the interpretation of elec-
trode potential measurements to yield ion-exchange constants. In the
earlier paper three natural glasses were studied; in the present paper
seven natural glasses and five glasses synthesized to have the same com-
position as natural glasses were used. The simulated natural glasses were
used because of lack of suitable natural samDles. The analvses of the
glasses studied are given in Table 1.

TscnuooyrqAMrc EeuATroNS

The appropriate basic electrode equations are (Garrels et al., 1962):

and

R t '  /  [ . { '  l ,  lB* l r r
E : C a * ^ - - l n [  

' - * K r s  - j 1 ,
l : l  \  \ . r , \ r  t rn,x,  /

E,: cr '*  )J,^ ( '^1,. ,1* o' , , ' l : , , : )

E : cr" *#'" (F_,.1. *^,"*:).
equations have been derived using the ion-exchange

AzX: *r.." f 2B"o+ : BrXz er'"" -f 2Auq+,

AX, *uu. * 2B"o+ : BrX, *r,"" -F Aoo++,

AXt *ru"" * B'n++ : BXz *ro"" * A"u**.

The electrode
equations:

and

I Publication authorized by the Director, U. S. Geological Survey.
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Tesln 1a, ANervsns ol Gr,lssrs Sruorpo rN WETcHT Pnn CnNrl

1 1 1

SiOr AlzOr FezO: FeO MeO CaO NarO KrO H:O Sum

NG8
SG1
B20
ST2
876
NG5
NG2
B90
SG2
NG6
SG3
SG4

9 7 . 6  1  5 4  0 . 0  0 . 2 3  0 . 0
8 6 . 8  8 . 4  0 . 4  1 . 8  1 . 3
7 8 . 4  1 2 . 2  0 . 0 5  3 . 3 3  0 . 6 7
7 6 . 1  1 3 . 9  0  2 1  2 . 0 6  1 . 6 8
7 + . 9  1 4  8  0 .  1 3  4 . 6 8  0 . 4 3
7 6 . 0  r 2 . r  o . 5 2  0 . 7 8  0 . 6
7 6 . 4  1 2  7  0 . 5 6  0 . 5 8  0 . 4
7 1  9  1 7 . 6  0 . 2 7  5 . 2 6  0 . 7 8
7 0 . 3  2 0  8  0 . 3 5  0 . 7 7  0 . 2
7 1 . 6  1 3 . 5  0 . 7 0  4 . 3  2 . 5
5 8  6  2 1  . 5  2 . 1  3 . 6  2 . 5
4 5  2  3 5 . 2  1 . 9  2 . 3  0 . 9

0  38  0-34
0 . 0 1  0  . 2 1
0 . 7 8  1 . 8 4
0.96  1  46
0  6 6  1 . 5 0
0 . 7 0  3 . 4
0 . 3 0  4 . 1
0 . 4 5  1  . 2 8
0 . 8 3  3 . 5
2 . 8 0  | . 4
5  . 8 8  4 . 6
2 . 5 0  7  . 4

0 . 0  0 1 0  1 0 0 . 2
0 . 9 5  0 . 2 0  1 0 0 . 1
2 . 4 3  0 . 0  9 9 . 7
2 . 2 9  0 0  9 8 7
1 . 8 4  0 . 0  9 8 . 9
5 . 1 5  0 . 2 7  9 9  5
4 . 5 7  0 . 6 7  1 0 0 . 3
1 . 6 0  0 . 0  9 9 r
3 . 5 0  0 . 2 4  1 0 0 . s
2 . 4 5  0 . 2 0  9 9 . s
t . 2 0  0 . 2 7  1 0 0  3
5 . 0 2  0 . 2 3  1 0 0 . 7

I Listed in order of decreasing mole per cent of silica.

NGS Libyan Desert glass, Africa; analysis from P. A. Clayton, and L. J. Spencer,
Mineral Ma.g., 23, 501, 1934.

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

820 Bediasite, (tektite), Lee County, Texas; analysis by M. K. Carron, and
F. Cuttitta, U. S. Geol. Survey

ST2 Synthetic tektite glass; analysis by M. K. Carron and F. Cuttitta.
876 Bediasite, Lee County, Texas; analysis by M. K. Carron and F. Cuttitta.
NG5 Welded Walcott Tuff, American Falls quadrangle, Idaho; analysis by H. J.

Rose, Jr., F. J. Flanagan, and L. Shapiro. Also contains MnO, 0.05 per
cent and TiOr, 0.21 per cent. Ion exchange constants for this glass and
also for NG2 and NG6 have been published in Truesdell (1962).

NG2 Obsidian from Puerto de Abrigo, Jemez caldera, New Mexico; anaiysis by
H. J. Rose, Jt., F. J. Flanagan, and L. Shapiro. Also contains MnO,
0 07 per cent and TiOr, 0.10 per cent.

890 Bediasite, Lee County, Texas; analysis by M. K. Carron and F. Cuttitta.
SG2 Synthetic tektite glass; analysis by H. J. Rose, Jr., F. J. Flanagan, and

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

L Shapiro. Also contains MnO, 0.13 per cent and TiOz, 0.81 per cent.
SG3 Synthetic fulgurite glass; analysis by H. J. Rose, Jr., F. J. Flanagan, and

L. Shaoiro.
SG4 Synthetic obsidian glass; analysis by H. J Rose, Jr., F. J. Flanagan, and

L. Shapiro.

The corresponding thermodynamic equilibrium expressions are :

lR+lrls"x"l
K r n : # - l '_  

[B+ l r lAzX:  I
fA**l lg"x"l

KAR/ : :--------j-:---:i- '

LB+ l ' lAX ' l
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Taer,n 1b. ANe,r,vsns or Gr,asses Srurrrl tN Mor-E Pnx Cnxr

Sio: AlrO, Feros Mgo NazO KzO H:OFeO CaO

NG8
SG1
820
ST2
876
NG5
NG2
890
SG2
NG6
SG3
SG4

9 7 8  0 9 1
8 9 . 6  5  1 1
8 3 8  7 6 8
8 2 . 3  8 . 8 6
8 1 8  9 5 2
8 1 6  7 6 6
8 0 8  7 9 r
7 9 3  1 1 1
7 7 3  1 3 5
7 6 . 4  8 . 4 7
6 1 . 4  1 3 . 8
5 3 . 9  2 4  8

0 . 0  0 1 9
0 . 1 6  1 . 5 6
0.02  2  98
0.08  1  86
0  0 5  1 . 2 6
o  2 t  0 . 7 0
0 2 2  0 s 1
0 . 1 1  4  8 4
0 1 5  0 7 1
0 2 8  3 8 3
0 . 8 7  3 . 3 1
0 . 8 5  2  2 9

0 0  0 4 1  0 . 3 3
2  0 0  0  0 1  0 . 2 r
1  0 7  0 . 8 9  1  . 9 r
2  7 2  1 . 1 1  1  5 3
0 . 7 0  0 . 7 7  1 . 5 9
0 . 9 6  0 . 8 1  3 . 5 4
0 . 6 3  0 . 3 4  4 . 2 0
1  2 9  0  5 3  1 . 3 7
0  3 3  0  9 8  3 . 7 3
3  9 6  3 . 1 9  |  4 4
3 9 3  6 9 2  4 9 0
1 . 6 0  3 . 2 0  8 . 5 6

0  . 0  0 . 3 3
0 63  0 .69
1  . 6 5  0 . 0
1 . 5 8  0 . 0
1 . 2 8  0  0
3 . 5 3  0 . 9 7
3  . 0 8  2  . 3 6
t . r 3  0 . 0
2  46  0 .88
1 . 6 0  0 . 7 1
0 84  0 .99
3 . 8 2  0 . 9 2

t . \++ l fBX '  rKrs..: 
io.ffrx. l

In these sets of equations brackets denote activit ies, X- represents a
monovalent negative site, A and B represent two monovalent ions, one di-

valent and one monovalent ion, and two divalent ions; and R, T, and S

are the gas constant, absolute temperature, and the Faraday constant,

respectivel]" Note that Kre ) 1 in the l irst and third equations (of each

set) means that ion B+ (or B++) is preferred on the exchanger. Because

only the activity of the monovalent ion is squared in the second equations
its preference on the exchanger decreases with increasing dilution of the

aqueous solution.
Although in the derivation of these equations no assumptions are made

concerning the activit ies of the adsorbed ions, or their activity coem-

cients, it is generally observed that in inorganic ion-exchange reactions

the adsorbed ions form s,vmmetrical regular solutions (Gartels et al.,

1962; Garrels and Christ, 1965), and the rational activity coefficients for

the adsorbed ions, e.g., Xa1, and trs;1, ore related to the mole fractions of

the adsorbed ions (Na1, and ,Ys1r) b1' the simuitaneous equations:

/ \ \ - r  n  
\^\x,  :  e \P 

\  * i  
t 'o* .2

/ \ \ ' ^  n  \
). ts\2 :  e\n ( *;  

* ' .-")

Although the electrode ion-exchange constant, Kas, alone ma1- be de-

termined, the complete descript ion (at a given temperature) of each ex-

change requires the determination of two constants: K6s, and the regular
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solut ion constant, tr ' I / le. The constants Ce, Ce', etc.,  are el iminated bv a
cal ibrat ion procedure.

ExpBnrlrnNtAl METHOD

The glass to be studied is ground to a thin membrane and cemented to
an ordinarv glass tube; the tube is f i l ied with 0.01 M HCI and a AgCl-
coated si lver wire is inserted. The completed membrane electrode is im-
mersed, together with a reference electrode having a saturated KCI l iquid
junction, in a salt  soiut ion with a known activi ty of one of the exchange-
able cations. Increments of the second salt  are added and the equil ibr ium
potential of the membrane electrode (as measured with a high impedance
vibrat ing-capacitor electrometer) and the activi tv of each cation are re-
corded after each addit ion. In most of the experiments, glass electrodes
specif ical l-v sensit ive to H+, Na+, or K+ and insensit ive to alkal ine earth
cations and anions are used to measure activi t ies of these ions.

In each case the electrode is cal ibrated with one or more standard solu-
t ions of known activi ty of a given monovalent ion. The activi t l -  of the ion
in the test solut ion is then calculated from the equation

n  _ E "
l o g a * : l o g a " f Z f u r Z S

where E* is the potential of the glass electrode relative to a calomel elec-
trode in the test solution, and Es its potential relative to a calomel elec-
trode in the standard solution, a- is the ion activit-u- in the test solution
and a. is the ion activitv in the standard solution.

A pH electrode was used for the H+-K+ and H+-Na+ exchanges, a Na+-
specific electrode for NA+-K+ exchanges and a K+-Na+ electrode for
the K+-Ca++ and Na+-Ca++ exchanges. Except in the H+-K+ and H+-Na+
exchanges, 0.01 mg of Ca(OH), was added to 200 ml solution (: t X tO-t
M Ca++) to raise the pH above 7.

For each exchange, the potential of the test electrode is plotted against
the log of the activitv of the cation added. The resulting points are fitted
bv one of a famil-v: of curves calculated for various values of the regular
solution constant, Wee shown in Fig. 1. The electrode curve for the
K+-Ca++ exchange on a tektite from the Phil ippines (NG6), shown in
Fig. 2 i l lustrates the procedure.

In l ' ig. 2 the first point recorded was the potential of the electrode in
200 ml of a 0.0001 fI KCI sooution without anv CaClz added. In this solu-
t ion [K+] :9.63X10-a,  and log [K+] :  -3.016.  The act iv i ty  of  Ca++ is
init iall l ,-about 10-7 from the Ca(OH)z added to suppress H+ ion. Two suc-
cessive 1.0 mill i l i ter additions each of 0.001 l,{,0.01 NI and three of 0.1 M
CaCl2 were made, and after each addition the equil ibrium potential of the

1 1 3
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Frc. 1. Efiect of changing the regular solution constant Wes on the electrode curve.

The electrical potential is plotted for various values of loglA++] and Wee when the product

Kon [B++] (or Kas [B+]z) : 1. If A is a monovalent ion the electrical potential change will

be tu'ice as great for each value of -1og[A+].

{g : - 1, w^B : - 0.6 (25" c.),o' hr

b  Y = : o  w . q . n : o ( 2 s " c . ) ,
RT

. .  f f :+ ,  w1s :1o3(zs 'c . ) .

test eiectrode was recorded. The two straight l ines (a, b) on the graph of

Fig. 2 represent the potential the electrode would assume if the solution

contained onlv Ca++ (a), or only 0.001 M K+ (b). The intersection of

these lines is the activity of Ca++ alone that would produce the same po-

tential as 0.001 M K+. When [K+] :0, and therefore N6r1r:0 and

trcuxr:1 the electrode equation

E : Ct ' 2.J03 RT , / lC"' ul 
- o^ . [K*]'\'" r -zit 'og 

\ l.; 
- ^'"n 

x,.{, /

reduces to

2.303 RT
Er :  ce"  + -n -  log lcatFl

When [Ca++] :0 and therefore Nco*r:0 and tr6r;1r: 1,

Ez : cc. * 
rg;jl 

log Kc.x[K+J,.
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\Vhen Er:  Eu'

log lCa++] : log Kc'"lK*]'
log [Ca*+] : tog Kcun f 2 log [K+l

In Fig. 2, log [K+] : -3.016, and at the intersection log [Ca++] : -4.40.

Therefore, log K6.6: 6.032 -4.40: 1.632, and finally Kc"x: 42.8.
The experimental results for all of the glasses studied agree, within ex-

perimental elror, with the values calculated from the appropriate elec-

3 4 5 6 7
- l o g  

l C o ' . 1  
- *

Irtc. 2 Electrode potential curve of a tektite, NG6, for additions of Ca++ to a solution
containing 10 3 N{ KCl (1og [K+]:-3.016). The points are experimental vaiues. The
curve is represented by

ri : c,, -r I3911T n* (- f 9r-l - -, *, , - lr l' -\
25  "  \ exp  r  - 0 .9N26 .y , r  exp  ( - 0 .qNr ,  

" \ , ) , /  

'

t lode equations, which in turn are based on the assumption that the
absorbed ions form a symmetrical reguiar solution. The constants Wes
and Kas for each exchange are given in Table 2. Other exchange con-
stants may be derived from these by applf ing the rule, KeeKsc:Kec.
In order to preserve this relationship in mixed valence exchanges the
monovalent-monovalent constants are given for AzXz*2B+: BzXzf 2A+
rather  than for  AX+B+:BX+A+ react ions.  To convert  to  the con-
stants for the latter exchanges, the square roots of the constants in Table
2a must be taken.

DrscussroN

The relation between composition and ion-exchange behavior of these
multicomponent natural glasses is complex. However, Eisenman (1962)
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Trrenn2a. ExcrraNor CoNsreNrs lon Sonr GLlssrs er 25'C.

KnurI Kxrr KN"x Ku"c.

NG8
SG1
820
ST2
876
NG51
NG2I
890
SG2
NH61
SG3
SG4

t70
400
360
350
400

1 2
10

120
990

9
1200
360

33
35
2 1
48
22
2 . 0
1 ,

24
140

2 . 2
140
62

5 . 0
1 t
16

I J

J . 6

6 . 3
4 . 8
6 8
4 . 0
9 . 0
5 . 8

100
100
250
150
130
20
24

150
250
1 1

100
120

1 . 6
4 0
2 . 6
n .d .
2 . 8
1 . 0
1 . 0
r . 4
3 6
l . J

2 2
1 . 9

480
1200
1400
1100
1800
120
87

710
1500

43
910
580

n.d. means not determined.
I Constants for NG2, NG5, and NG6 which have been previously published (Truesdell,

1962) are repeated here to facilitate comparisons.

has published a theory of ion-exchange selectivitv for monovalent ions

which has been extended to divalent ions by Truesdell (1963). These

theories provide a basis for the discussion of the results obtained on these

glasses.
Eisenman has shown that the selectivity older or displacement se-

quence among monovalent ions depends on a single parameter, the

"anionic field strength," or electronegativit) 'of the exchange sites, which

in turn, for simple alkali aluminosilicate glasses, depends on the alkali/

Tenrn 2b. Rncur,.ln SorutroN CoNsraNrs rN Kcer, Mor,n-l ron Souo Gr,asses er 25' C.

Wn,n Wxs Wm*x Wcoxu Wc.r< Wu*c'

NG8
SG1
B20
ST2
876
NG5
NG2
B90
SG2
NG6
SG3
SG4

0 . 0
+ 0 2
+ 0 3
+0.3
+0.3
- 0 . 5
-o.2
-0.4
+ 0 4
- 0 . 4
+ 0 . 5
- 0 . 9

+ 0 . 3
- l ' ,

- 0 3
n d .

- 0 . 6

+ 0 . 4
- 0 . 6
- 0 6

n.d
0 0

- 1 . 0
- 1 . 8

+ 0 . 3
+ 0 . 2
+ 0 . 2
+0.3
+ 0 . 1

n .d .
-0 .2

n d .
- 0 . 6

n d .

+ 0 4
+ 0 3

+ 0 . 1
+ 0 3
+ 0 3

n .d .

+ 0 . 1
n. t l .

- 0 2
+ 0 . 3
+ 0 . 3
- 0 4

+ 0 2
+ 0 . 3

0 . 0  + 0 . 2
+0 .3  n .d .
+0 .5  n .d .
+0 .3  n  d .

0  0  +0 .3
- 0 . 5  0  0
+0 2 n.d.
- 0 . 1  + 0  5
+ 0 3  + 0 3
- 0 . 5  0 . 0
+0 .2  +0 .4
+0 .1  n .d .

n.d. means not determined.
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aluminum ratio. Although no such simple relation to composition exists
for natural glasses, it follows from Eisenman's theory that the mono-
monovalent and di-divalent exchange constants should each be functions
of the anionic field strength and therefore be inter-related. That the ex-
change constants are inter-related can be seen in Figs. 3, 4 and 5.

The generally positive correlation between Kyg6, and KN,on and KK;1
suggests that H+ enters the glass as the hydronium ion, H3O+, compar-

I
Y

z
)<

K u q c o  *

Frc. 3. PIot of Kygs, against K1u6 for some natural glasses.

able in size to Na+, and K+. This is supported by the finding that
hygroscopicity and pH seiectivity are directly related (Hubbard, 1946).

The addition of verl '  small quantit ies of alkaline-earth oxides to an
alkali-aluminosil icate glass considerably increases the selectivity for di-
valent ions relative to monovalent ions. The Libyan Desert glass
(NG8) with 0.4 wt per cent CaO, has appreciable divalent ion selectivity,
KcuNu:102, whereas the equivalent sodium aluminosil icate glass has
negligible selectivitv for divalent ions, K6oy,)105. It seems probable
that the introduction of divalent ions into the glass framework produces a
spacing of the exchange sites favorable for divalent selectivity. The theo-
retical justification and ramifications of this idea are being developed and
will be published elsewhere.
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Frc 4

Kugco ....

Plot of Ky*s, against Knon for some natural glasses.

K M g c o  _ *

Frc. 5. Plot of Kueco against Krn for some natural glasses.
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K K H *

Frc. 6. Plot of KKH against CaO/MgO mole ratio for some natural glasses.

The nature as well as the amount of the alkaline earth oxide in a glass
has a considerable effect on its exchange behavior. MgO increases the
selectivity fol H+ relative to K+ (Fig. 6) and for Mg++ relative to Ca#
(Fig.  7) .

The experimentally determined ion-exchange constants of natural
glasses indicate qualitativelv what chemical changes ma;- be expected
from the interaction of an obsidian or vitric tuff with surface and sround
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Irr<;. 7 I)lot of Knoco against CaO/MgO mole ratio for some natural glasses.
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water. An exact calculation of these changes would require a knowledge

of the temperature, the microcomposition of the glass and of the water at

their interface as rvell as the constants Krs and Was, and their temper-

ature dependence. Qualitativell ' , however, the preference of the glasses

studied for H+. K+. and in dilute solutions Ca++ relative to Na+' would

result in the glass losing Na+ and gaining H*, K* and Ca++ during the

interaction r'vith averaqe natural waters. If the quantity of water is

o 1 2 3 4 5 6

weight Perceni H.O *

Ftc. 8. The relation betrveen rveight per cent HzO and

KzO/NazO r'i'eight ratio for natural glasses'

l imited relative to that of the glass, the water rvil l  become soft and

sodium-rich. Such water is found in those parts of the arid southwest in

which vitric tufi makes up a considerable part of the subsurface forma-

tions. This t1,'pe of water was considered b-v Hostetler and Garrels (1962)

to have been the main ore-formins fluid in the Colorado Plateau type

uranium deposits.
The effect on the glass of continued passage of ground water' would be

a loss of Na+ and a gain of K+ and Hz0. Part of the HzO would exist as

H+ on exchange sites ernd part as lvater of hydration. Tn Fig. 8' the

weight per cent HzO and the KzO/Na2O weight ratio of a large number of

fresh-appearing glasses are plotted. These rvere taken from analyses pub-

I ished b1 'Boy.d (1961),  Clarke (7920),  Ha1- (1959),  Morey (1938),  Wash-

I
I

o
o

s
CD
o'

h

z

:<

a
a

. .l'
a  a  a a

. 
. 

-tJa 
-.-  

i . '
t  

" 'd  o ' r

a



ION-]J,XCI{ANGL, CONSTANTS OT,' GLASSES

ington (1917) , and Swinef o rd et al,. ( 1955) . There is a strong positive corre-
lation between increasing h1'dration and increasing K2O/NazO ratios.
This is because potassium is preferred over sodium on the glass (Kyu6
is ) 1 for all glasses studied) and potassium is preferentially taken up and
sodium released at the same time that the glass is absorbing water and
hl.drogen ions.

If the glass reacts with rain water, snow-melt water, or ground water
containing l itt le dissolved material, the Na+ may be preferentiall l ' leached
to produce the same effect. This process has been described by Noble
(i965). fn either case, the preference of the glass for K+ controls the reac-
tion. The finer the state of division, the wetter the ciimate, and the older
the glass, the more l ikely it is to have a high KzO/NazO ratio and a high
per cent HzO. A plot of Na2O per cent against KrO per cent for the glasses
of Fig. 8 suggests that the average stoichiometry of the exchange is
2K+ plus 1H+ (or i Co**; for 3Na+.
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