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KINETICS OF GLASS DISSOLUTION AND ZEOLITE 
FORMATION UNDER HYDROTHERMAL CONDITIONS 

DANIEL B. HA WKINS 
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Abstract-After a temperature-dependent period when little dissolution occurs , the dissolution of rhyolitic 
glass can be described by dC/dt = k(C. - C), where Cs is the concentration of dissolved silica at saturation, 
C is the instantaneous silica concentration, and k is a rate constant equal to 1.6 x 10-5,3.0 X 10-5 , and 
4.5 x 10-5 sec- I at 115°, 130°, and 140°C respectively, in 2 M N a-K carbonate solution at I kbar pressure. 
At 130°C, a Cs value of 0.177 M Si02 is reached in 30 hr, and phillipsite, c1inoptilolite, and mordenite begin 
forming at 34, 64, and 76 hr, respectively, in 2 M C03 , \:I Na/K. During glass dissolution and zeolite 
formation, the concentration of AI as AI(OH)4 - is buffered at 3.7 x 10-4 M by an unidentified phase. The 
ratio of Si02 to AI(OH)4 - at the onset of zeolite formation is 475. In 2 M C03 solution, phillipsite crystal
lization begins at 144 hr at 115°C, at 34 hr at 130°C, and at 20 hr at 140°C, Phillipsite crystallization begins 
at 48 hr in 1.5 M C03 , at 168 hr in 1.0 M C03 , and in excess of 550 hr in 0.2 M C03 at 140°C. In addition 
to OH- catalysis, COa2- appears also to catalyze the glass-dissolution and zeolite-formation processes . 

Thermodynamically, phillipsite is unstable relative to c1inoptilolite and mordenite in silica-rich alkaline 
hydrothermal solutions . Phillipsite forms first, followed by c1inoptilolite, and then mordenite. Phillipsite 
formation is favored by runs of one-week duration, temperatures less than 150°C, and K-rich fluids. Cli
noptilolite formation is favored in runs of more than one week , temperatures less than 150°C and K-rich 
fluids. Mordenite formation is favored by runs of more than one week , temperatures greater than 1400C, 
and Na-rich fluid s. In 8-day runs at 140°C, c1inoptilolite formation was favored by liquid : solid reactant 
(volume : mass) ratios less than 1.0, mordenite by ratios from 0.85 to 1.5, and phillipsite by ratios greater 
than 1.5. The mechanism offormation of the different zeolites, particularly phillipsite, may involve silica
cyclic tetramers which are abundant in concentrated solutions under alkaline hydrothermal conditions but 
which are almost absent in dilute low-temperature solutions . Thus, the results of hydrothermal experiments 
may not be directly applicable to zeolite formation at low temperatures. 
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INTRODUCTION 

Zeolites can be readily synthesized in a few hours 
under hydrothermal conditions , and much information 
exists on synthetic zeolites and the solution chemistry 
of zeolite synthesis. A major problem, however, as 
Sand (1980) discussed, is in relating the results of zeo
lite synthesis at high temperatures and pressures to the 
formation of zeolites in nature . A promising avenue of 
attack on this problem involves kinetic studies in which 
zeolites typical of low-temperature conditions are syn
thesized from natural reactants under chemical condi
tions similar to those in which the natural minerals are 
thought to form. 

The present study is an outgrowth of c1inoptilolite
synthesis studies reported by Hawkins et al. (1978). 
Several hundred hydrothermal runs were made under 
various combinations of time, temperature, and chem
ical conditions in which the zeolites phillipsite, c1inop
tilolite , and mordenite were formed from volcanic 
glass. In many ofthese runs, the silica and alumina con
tents of the fluid phase were determined after various 
treatment times. From these data, rate constants for the 
dissolution of volcanic glass and for the formation of 
the different zeolites were obtained . A model suitable 
for computer simulation of the process of glass disso-
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lution and zeolite formation was derived. Finally, some 
speculations on the mechanism of zeolite formation and 
applications of experimental results to natural systems 
are presented. 

EXPERIMENTAL 

Synthesis 

The synthesis conditions of this study were similar 
to those reported by Hawkins et al. (1978) . The for
mation ofphillipsite , c1inoptilolite, and mordenite from 
volcanic glass was studied as a function of time, tem
perature, molarity of the carbonate solution, ratio ofNa 
to K in the solution, and solid: liquid ratio of the reac
tants . Reconnaissance studies showed that over the 
range of 0.02-2 kbar, pressure did not affect the course 
of the reactions; therefore, subsequent studies were 
carried out at 1 kbar pressure. The chemical composi
tion (wt. %) of the starting volcanic glass is (Sheppard 
and Gude, 1968) Si02, 72.78; AI20 a , 11.89; Fe203' 0.55; 
FeO, 0.99; MgO, 0.22; CaO, 0.55; Na20, 3.03 ; K20, 
5.31; H20+, 3.86; H20-, 0.21 ; Total, 99.39. 

The reactions were carried out in welded, 2.5-mm i.d. 
gold capsules that were 2 cm in length . Twenty milli
grams of ash and 25 fJ,liter of the carbonate solution 
were used . Each experiment was run in duplicate. As 
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Figure I. Relative quantities of phillipsite (p), clinoptilolite (c), and mordenite (m) formed in 2 M alkali carbonate solution, 
2:1,1 : 1, and 1:2 in Na:K at 1300, 140", and 150°C and 1 kbar. 

many as four capsules were placed in single cold-seal 
pressure vessels; the vessels were sealed; and the de
sired pressure-temperature conditions reached with a 
Tem-Pres HR-4B hydrothermal unit. After an appro
priate time dictated by the experimental design , the 
pressure vessels were quenched , and the capsules were 
weighed to test for leakage during the run. The content 
of each capsule was transferred to a 0.45-J.Lm Millipore 
filter and washed three times with di stilled water to re
move soluble carbonates. The washed product was 
then mounted on a glass microscope slide for X-ray 
powder diffraction (XRD) analysis. Relative quantities 
of the various zeolites were estimated from the XRD 
patterns. 

Solution studies 

To determine the effect of time, temperature, and 
carbonate molarity on the dissolution rate of the glass 
and on the rate of formation of the various zeolites , ad
ditional hydrothermal runs were made at 115°, 130°, and 

140°C in 2.0 M carbonate solution, 1:1 Na:K, and at 
140°C in 2.0, \.5, \.0, and 0.2 M carbonate solution, 
also 1:1 in Na and K. 

For solution analyses, the hydrothermal procedure 
described above was followed except that 40.0 mg of 
glass and 50.0 J.Lliter of carbonate solution were added 
to gold capsules, 4 cm long and 2.5 mm i.d. Runs were 
made in duplicate, with two capsules per vessel. Upon 
completion ofa run and after weighing the capsules, the 
sealed capsule was rinsed with distilled water and 
placed in a 25-ml evaporating dish to which was added 
1 ml of 2 M carbonate, I: I Na:K , solution and 2 ml of 
distilled water. Each capsule was opened while im
mersed in this solution , and the contents of the evap
orating dish were transferred to a to-ml plastic syringe. 
The mixture was filtered through a 0.45-J.Lm filter into 
a calibrated lO.O-ml polystyrene tube; the solid was 
washed twice with distilled water , and the volume of 
the solution was then brought to 10.0 ml with distilled 
water. The tubes were capped and saved for analysis 
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Figure 2. Relative quantities of phillipsite (p), clinoptilolite 
(c), and mordenite(m) formed in 2 M alkali carbonate solution , 
I: I Na: K at 140°C, I kbar at different reactant liquid: solid 
ratios . 

for aluminum and silica. The solid phase was retained 
and examined by XRD and scanning electron micros
copy (SEM). 

Analysis 

The concentration of Si and AI in the filtrate was de
termined by atomic absorption spectrometry using 
either nitrous oxide-acetylene flame excitation or 
graphite-furnace excitation (depending on the concen
trations) and a Perkin-Elmer Model SOOO atomic ab
sorption spectrometer. The solid phases were identified 
by XRD and examined by SEM using a JEOL-JSM-3S 
scanning electron microscope having a KEVEX ener
gy-dispersive X-ray spectrometer. 

RESULTS AND OBSERVATIONS 

The results of the various hydrothermal experiments 
are shown graphically in Figures 1-6. A complete list
ing of analytical results is available from the author 
upon request. The following general observations can 
be made from Figures 1 and 2: (I) Phillipsite forms first , 
followed by c1inoptilolite, then mordenite . This se-
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Figure 3. Silica concentration (mole/liter) vs. time (hr) for 
dissolution of rhyolite glass in 2 M alkali carbonate solution , 
I: I Na:K, at 115°C and I kbar. 
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Figure 4. Silica concentration (molelliter) vs. time (hr) for 
dissolution of rhyolite glass in 2 M alkali carbonate solution, 
1:1 Na:K, at 130°C and I kbar . 

quence is particularly evideAt in the 130°C runs and in 
the K-rich 140°C runs. (2) Zeolite formation increases 
with increasing temperature . (3) In ISO°C runs, phillip
site, and possibly c1inoptilolite, are unstable with re
spect to mordenite . (4) Phillipsite formation and per
sistence is favored in hydrothermal runs of about one 
week duration, temperatures less than lS0°C, and 
K-rich fluids. Clinoptilolite formation is favored in hy
drothermal runs of 1-2 weeks duration, temperatures 
less than lS0°C, and K-rich fluids. Mordenite forma
tion is favored in hydrothermal runs greater than one 
week duration, temperatures greater than 140°C (espe
cially greater than lS0°C), and Na-rich fluids. (S) For 
reactions at 140°C and 8 days duration, phillipsite 
formation is favored by liquid:solid reactant volume 
ratios greater than I.S, clinoptilolite formation by 
ratios less than 1.0, and mordenite formation by 
ratios of 0.8S to I.S. 

From Figures 3-6 the following general observations 
can be made: (I) An induction period is required for 
glass dissolution, and its duration decreases with in
creasing temperature and carbonate concentration. (2) 
The rate of glass dissolution increases with increasing 
temperature and carbonate concentration. (3) The max
imum silica concentration increases with increasing 
temperature and carbonate concentration. (4) The time 
required for the appearance of the first zeolite crystals 
(phillipsite) decreases with increasing temperature and 
carbonate concentration. For example, 74 hr is re
quired at IISoC in 2 M carbonate solution; 20 hr is need
ed for the same system at 140°C. At 140°C and 1.0 M 
C03 solution, 166 hr is needed, while in 0.2 M C03 at 
140°C, no zeolites were detected after SOO hr. (S) The 
total aluminum concentration for all conditions was 
about 3.7 x 10-4 M as AI(OH)4-, and there was no sys
tematic change in concentration. At the time of zeolite 
formation, the Si02:AI20 3 ratio in solution was about 
950 compared with 5.5 in the glass. 
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Figure 5. Silica concentration (molelli~er) vs. time (hr). for 
dissolution of rhyolite glass in 2 M alkali carbonate solutIOn, 
I: I Na: K, at 140°C and I kbar. 

DISCUSSION 

Kinetics of glass dissolution 

A "two-stage" dissolution process seems required. 
The first stage corresponds to an "induction" period 
characterized by a slow rate of dissolution, and the sec
ond stage corresponds to rapid dissolution of glass. 
Changes in silica concentration during the induction 
period could not be observed because of silica contam
ination (2 ppm) in the reagents. A two-stage process is 
required because the concentration changes occurring 
during rapid dissolution do not pass through zero time. 
Helgeson (1971) suggested that dissolution of various 
minerals follows a parabolic rate equation which de
scribes a process resulting from diffusion of Si through 
different layers of reaction products on the surface of 
the mineral. Sicks (1975) postulated that two first-order 
reactions best describe the dissolution process. From 
the present results, it is impossible to distinguish be
tween these models. However, over the steeply rising 
part of the dissolution curve, the data fit reasonably 
well Sicks' dissolution model of the form dC/dt = 
-k(Cs - C)S, where k is a first-order rate constant, Cs 
is the Si02 concentration at saturation, C is the Si02 

concentration at any time t, and S is the surface area 
of the solid per unit volume of solution. 

Using the data from Figures 3 and 4, the rate con
stants were derived from a least-squares fit of a linear 
function to a plot of 10g(Cs - C)/Cs vs. time in seconds. 
These constants are 1.6 x 10~S, 3.0 X 1O~5, and 4.5 x 
1O~ 5 sec~1 for 115°, 130°, and 140°C, respectively in 2 
M carbonate . These rate constants were then used in 
the Arrhenius equation k = Ae~EaIRT to estimate the 
activation energy Ea for the glass dissolution and to 
estimate the rate constant at 140°C. Experimentally, 
the data for llSO and 130°C were more precise than 
those for 140°C, and the experimentally derived rate 
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Figure 6. Silica concentration (mole/liter) vs. time (h~) for 
dissolution of rhyolite glass in 2 M, 1.5 M, and I M alkah car
bonate solution at 140°C and I kbar. 

constant for 140°C was inconsistent with the other two; 
this rate constant was therefore estimated from the oth
er two. Note that these values are apparent rate con
stants holding only for the conditions and material stud
ied and that the surface area term is not included 
explicitly in the rate-constant calculations. The surface 
area of the glass in this study is about 2500 cm2/g as 
estimated from the dimensions of the shards; thus the 
surface area-to-liquid volume ratio was about 2000 cm21 
cm3• 

The activation energy of 13 kcal/mole found in this 
study is lower than published values of 17-20 kcal/mole 
(Sicks, 1975) for glass of comparable composition . The 
difference is attributed to catalysis by hydroxide and 
carbonate ions in the present study. 

Glass dissolution and the zeolite-formation process 

Dissolution of glass as a function of time is repre
sented schematically in Figure 7. Here, time interval A 
represents changes in solution composition occurring 
during the induction period. Time interval B represents 
the rapid dissolution of the glass as approximated by 
the differential equation: 

dC/dt = k(Cs - C). (I) 

Saturation of the solution with silica and the onset of 
zeolite crystallization are shown at time interval C. 
Time interval D corresponds to continued dissolution 
of the glass as described by Eq. (1) and to the simul
taneous precipitation ofzeolites which remove silica at 
a slightly faster rate than that provided by dissolution 
of the glass. Empirically, the variation in silica concen
tration with time during time interval D can be approx
imated by a linear function: 

C = mt + b. (2) 
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Figure 7. Generalized diagram depicting rhyolite glass dis
solution vs. time in 2 M alkali carbonate solution. Section A 
represents the ingestion period; section B, exponential glass
dissolution; section C, solution saturation and beginning of 
zeolite formation; and section D, simultaneous glass dissolu
tion and zeolite growth. 

The quantity of glass that dissolves during time interval 
o can be obtained by substituting the expression for C 
(Eq. (2» into Eq. (I) and integrating. The resulting 
expression is of the form: 

Besides the silica contributed by the glass during this 
time interval, the solution also contributes silica. Tak
ing this quantity into account, the total "concentra-

Table I. Equations for glass dissolution and zeolite forma
tion at 130·C, 2 M C03 , 1 kb. 

Section A. Ingestion period: 
C = 0.003 molelliter Si02 

t, = 36,000 sec (10 hr) 
CS01 = Csa• (1 - e-kl ') 

Section B. Glass dissolution: 
k = 3.0 x 10- · sec-! 
t' (sec) = taclual - t'nduclIon 
C = molelliter 
CSal = 0.177 molelliter 

Section D. Concentration of silica in solution: 
C = -1.27 X 10-7 (molelliter-sec)t + 0.177 molelliter 
to = 146,000 sec (40.6 hr) 
t = tactual - to 

Concentration of silica contributed by glass dissolution dur
ing zeolite formation: 

Cllaos = 1.04 x IO-s (molelliter-sec)t + 1.88 x 10- 12 

(mole/liter-sec2)t2 

Concentration of silica contributed by glass and solution to 
form zeolites: 

C ••• Ille == 1.06 x 10-· (mole/liter-sec)t + 1.88 x 10-12 

(mole/liter-sec2W 
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Figure 8. Calculated silica concentration (molelliter) vs . time 
(hr) for dissolution of rhyolite glass in 2 M alkali carbonate 
solution at 13O"C and 1 kbar. Cs is the SiO, concentration at 
saturation. 

tion" of silica during zeolite crystallization for time in
terval 0 is of the form: 

Czcoutes = mt + nt2
• 

Ninety-eight percent of the silica contribution to zeolite 
formation comes from the glass dissolution during time 
interval D. 

Table I shows the group of equations and rate con
stants for the different sections of the dissolution curve 
shown in Figure 7. A graph of the calculated concen
tration of silica (mole/liter) vs. time (hr) for glass dis
solution at 130°C in 2 M carbonate solution is shown in 
Figure 8, on which the observed values are also plotted. 
These equations can be used to simulate the process of 
glass dissolution and zeolite formation and to provide 
a check on the internal consistency of the rates and 
compositions used . Thus, if the actual compositions of 
the coexisting zeolites were known, the dissolution rate 
and zeolite-growth rates could be adjusted by means of 
these equations to yield a consistent set of rate equa
tions. Without compositional data for the zeolites, the 
system is too indeterminant to warrant such an attempt. 

Wollast (1975) discussed the dissolution of silica cou
pled with the formation of secondary phases. Accord
ing to Wollast, maximum silica concentration depends 
upon the relative rates of glass dissolution and removal 
of silica by clay or zeolite formation. Thus, the maxi
mum concentration is not necessarily the saturation 
value of silica. The system studied here seems to be an 
example of Wollast's general model. However, the 
maximum silica concentration must be at or close to the 
saturation value for noncrystalline silica because the 
observed quantities of zeolite formed at or soon after 
this maximum were insufficient to limit the silica con
centration as required by a dynamic maximum. 

The solution need not become saturated with silica 
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before zeolite growth occurs; however, in this study the 
glass-dissolution rate was fast relative to the zeolite
nucleation rate, and saturation was reached before sig
nificant zeolite growth occurred. The solution must, 
therefore, be highly supersaturated with respect to the 
zeolites, leading to the formation of many nuclei and to 
subsequently slow growth of many small crystals as 
Fyfe et al. (1978) discussed. 

Zeolite equilibria 

Until recently, thermodynamic data for zeolites were 
lacking. Kosiur (1981), using the method of Tardy and 
Garrels (1974, 1976, 1977), estimated the standard free 
energies offormation of zeolites and interpreted marine 
zeolite assemblages in light of these data. Using Ko
siur's data and other standard compilations of ther
modynamic data (e.g., Krauskopf, 1967), the activity 
diagram shown in Figure 9 was derived for conditions 
approximating those of the present study. The zeolite 
compositions and reactions used are as follows: 

1.79 Phillipsite + 0.19 K+ + 4.84 ~Si04 
= Clinoptilolite + 0.19 Na+ + 9.04 H20 

log K"q = 23.6 

1.65 Phillipsite + 5.40 H4Si04 + 0.97 Na+ 
= Mordenite + 0.97 K+ + 9.74 H20 

log K"q = 19.8 

0.92 Clinoptilolite + 1.15 Na+ + 0.93 H4Si04 
= Mordenite + 1.15 K+ + 1.40 H20 

log K"q = -1.62 

where: 

Phillipsite = Ko.9sNao.32AI\.3Si2.70s· 3H20, Clinoptil
olite = K1.9sNao.3sAI2.33Si9.67024· 6H20, and Morden
ite = Ko.ssN aI.5AI2.1sSi9.8s024· 6H20. 

The clinoptilolite composition used is that for clinop
tilolite synthesized under similar conditions (Hawkins 
et al., 1978). Phillipsite was assumed to be K and AI 
rich, the latter reflecting the high pH conditions of the 
synthesis, a dependency shown by Mariner and Sur
dam (1970). Mordenite was assumed to be Na and AI 
rich and slightly more silicic than clinoptilolite. 

As Kosiur (1981) discussed, significant variations in 
free energy of formation result from rather small 
changes in the chemical composition of the zeolites. 
These cause major shifts in the stability fields of the 
different zeolites. Because of this mcijor effect of com
position and the fact that only assumed compositions 
were available, no attempt was made to adjust the free 
energies offormation from standard conditions to those 
of the hydrothermal runs. 

The liquid-composition trajectory shown in Figure 9 
is based on a Na/K of 1 in the liquid prior to glass dis
solution. In the glass this ratio is 0.87. Dissolution of 
the glass causes a slight K enrichment, but the Na/K 
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Figure 9. Logarithmic activity diagram depicting equilibri
um-phase relations among phillipsite, clinoptilolite, and mor
denite in 2 M alkali-carbonate solution. 

ratio is dominated by the initial liquid composItion. 
Furthermore, no zeolites formed until saturation was 
reached, thus no phases removed K or Napriorto silica 
saturation. As a result, the liquid trajectory starts at log 
Na/K = 0 and parallels the abscissa until saturation. 
Upon formation of phillipsite and clinoptilolite (both 
K-rich zeolites), the Na/K ratio increases, leading to 
the formation of mordenite. At the end of the hydro
thermal run, whether mordenite or a combination of 
mordenite and clinoptilolite dominate depends upon 
the composition of these phases; the determining fac
tors are the relative silica content and the Na/K ratio 
of the two zeolites. Phillipsite was unstable at the high
silica activities; however, only at 150°C was the insta
bility of phillipsite with respect to mordenite and cli
noptilolite(?) and clinoptilolite with respect to morden
ite evident (Figure 1). 

Effect of carbonate concentration 
on glass-dissolution rate 

The glass-dissolution rate was affected by the car
bonate concentration (Figure 6); higher carbonate con
centrations caused faster dissolution rates. This effect 
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Table 2. Observed ingestion times for glass dissolution and 
maximum silica concentrations for various temperatures, 
carbonate concentrations, and hydroxide-ion activity sets. 

Tempera· 
ture 
('C) 

115 
140 

130 
140 

(OH-) 
(mole/liter) 

0.15 
0.17 

0.20 
0.21 

(CO,'-) 
(molelliter) 

2.0 
1.0 

2.0 
1.5 

Ingestion 
time (hr) 

48 
72 

10 
30 

Maximum 
SiO, 

concentration 
(mole/liter) 

0.135 
0.030 

0.176 
0.089 

may be due in part to the catalytic effect of hydroxide 
ion (OH-) on the dissolution of silica (Fyfe et al., 1978). 
Carbonate itself, however, seems also to have cata
Iyzed the reaction. 

Table 2 shows calculated hydroxide-ion activities as 
a function of carbonate concentration and temperature 
(Helgeson, 1967). A role for carbonate is suggested by 
a comparison of hydroxide concentration in 2 M COa 
at 130°C with that in 1.5 M COa at 140°C; or in 2 M COa 
at llSOC with that in 1.0 M COa at 140°C, for which pairs 
the hydroxide activities are about the same. Because 
the rate of silica dissolution increases with increasing 
temperature, it was expected that for the same OH
value, the faster dissolution rate should be associated 
with the higher-temperature member of the pair. The 
data of Table 2 show that the ingestion time for glass 
dissolution was shorter and that the maximum silica 
concentration was larger for the higher-carbonate 
member of the pair. In making these calculations, no 
attempt was made to correct the carbonate concentra
tion or hydroxide-ion activity for the very high ionic 
strength of the system. More rigorous calculation 
would change the absolute values of the hydroxide-ion 
activities, but the relative values should be the same, 
and Table 2 should be valid for illustrative purposes. 

Effect of carbonate concentration on 
zeolite-formation rate 

Figure 6 shows that zeolite growth is a function of the 
carbonate concentration. Kerr (l966a) showed that 
zeolite-growth rate is first order with respect to the 
quantity of zeolite produced and that the rate of zeolite 
formation is dependent on the concentration of active 
soluble species (dissolved Si02 , AI(OH). -). He also 
suggested that the concentration of the active species 
should depend on the concentration of hydroxide ion. 
Hayhurst and Sand (1977) showed that phillipsite nu
cleation and growth are second-order reactions with 
respect to OH-. Although the carbonate and/or hy
droxide ions clearly affect zeolite-growth rates, the 
present data are inadequate to quantify these effects. 

Effect of solid,' liquid ratio of reactants 

Figure 2 shows that the solid: liquid ratio of the reac
tants strongly affects the relative quantity of different 
zeolites formed at a specific time during hydrothermal 
runs in 2 M COa , I: I Na:K, at 140°C and I kbar, 8 days 
duration. The relative quantity ofzeolites formed under 
high liquid: solid ratios (right side Figure 2) corre
sponds to that formed during earlier stages of zeolite 
growth under lower liquid: solid ratios (cf. Figure I for 
which liquid: solid is 1.25). The zeolite assemblages 
observed under low liquid: solid ratios may represent 
a more mature assemblage. The reason for this effect 
is not clear. 

The aluminum problem 

A surprising result of these studies was the low con
centration of Al in solution. The Al concentration was 
expected to increase linearly and proportionally to the 
linear increase in the silica concentration as the glass 
dissolved, as found by Mariner and Surdam (1970). The 
AI concentration (as AI(OH). -) observed in the present 
study was about 3.7 x 10-' mole/liter. For the hydrox
ide-ion activities expected in 2 M carbonate at temper
ature, the calculated AI(OH). - concentration in equi
librium with gibbsite is 4.2 x 10-' mole/liter. This 
perhaps fortuitous agreement suggests that the Al con
centration is buffered by gibbsite. Attempts to observe 
directly this predicted gibbsite phase by SEM and 
KEVEX analysis were unsuccessful. May et al. (1979) 
studied the solubility of hydroxy-aluminum solids in 
alkaline systems and suggested that an unidentified 
phase (boehmite?) less soluble than gibbsite controls 
the Al concentration in alkaline solutions. Holdren and 
Berner (1979) suggested that Al forms a fine-grained 
precipitate that maintains the Al concentration at very 
low levels. They were unable to locate or identify this 
phase. Detailed SEM studies and microprobe analyses 
of the solid phases are needed to resolve this question. 

SPECULA nONS ON THE MECHANISM 
OF ZEOLITE FORMA nON 

The structure of phillipsite is dominated by 4-mem
bered rings of SiO. tetrahedra (Breck, 1974). The struc
ture of clinoptilolite (Alberti, 1975) is similar to that of 
heulandite and has a characteristic configuration of 
4- and 5-membered rings of SiO. tetrahedra. The mor
denite structure (Breck, 1974) is characterized by 5-
membered rings. Baes and Mesmer (1976) showed that 
at high pH (> 10) the dominant dissolved silica species 
is the tetramer Si.Os(OH).4- with lesser quantities of 
SiO(OH)a- and Si02(OH)22-. In solutions of low ionic 
strength, the dominant dissolved silica species is 
SiO(OH)a -. The tetramer Si.Os(OH)44- is either absent 
or is present in negligibly low concentrations. The dom
inant AI species is AI(OH). - (Baes and Mesmer, 1976). 
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The dominance of tetramers both in concentrated 
solution and in phillipsite is striking. It is suggested here 
that phillipsite forms by a condensation reaction in
volving the silica tetramers. Because tetramers are the 
major silica species, the condensation reaction domi
nates, and phillipsite is the first zeolite to form. Such 
a process involving selective removal of the tetramers 
might then lead to an increase in the ratio of monomeric 
to tetrameric species and then to the easier formation 
ofzeolites such as clinoptilolite in which 4- and 5-mem
bered (tetramer + a mono mer) rings are present, and 
finally to 5-membered structures such as mordenite. 
The role of silica-cyclic tetramers was emphasized by 
Hayhurst and Sand (1977). The present study draws 
attention to the abundance of the tetrameric species in 
solution under conditions suitable for zeolite forma
tion. 

SEM observations of the products of this study and 
of natural zeolite assemblages show pitting of the glass 
surface due to dissolution (cf. Mumpton, 1973) along 
with an intimate association of zeolites and glass 
shards. The pitting suggests that glass dissolution does 
not proceed uniformly over the surface but is more rap
id at sites of excess surface energy. In the present 
study, no secondary protective surface could be seen 
on the glass. Both of these aspects were discussed by 
Holdren and Berner (1979) in their study of feldspar 
dissolution. 

The question also arises, why do zeolites form close 
to the glass and not some place in the solution relatively 
remote from the glass surface? Zeolites should nucleate 
anywhere in solution, but growth depends upon the 
supply of nutrients. It is suggested that the zeolites form 
on or very close to the dissolving phases (glass, gibb
site?, boehmite?) in response to the high flux of nu
trients from these phases and not because of some 
structural similarity of parent and daughter phases. 

APPLICATION TO NATURAL SYSTEMS 

The results of this study are most applicable to geo
thermal systems, especially those such as the Hot Dry 
Rock Project (Cremer et al., 1980) in which hot, fresh, 
commonly glassy rock is fractured and water is pumped 
through the fractures. The rate constants from the pres
ent study may be applicable to the rate of dissolution 
of such rock and to the kind and quantity of secondary 
minerals such as zeolites that form during the devel
opment of the geothermal system. 

At present, the results of this study cannot be ade
quately extrapolated to low-temperature conditions, 
inasmuch as both the glass-dissolution behavior and the 
dissolved silica species seem different in the hydro
thermal system from those at low temperatures. In the 
hydrothermal system, large silica monomers such as 
the cyclic tetramers are abundant and probably play an 
important role in zeolite formation under these condi-

tions. In the more dilute, low-temperature systems, 
large monomers are much less abundant. Rate equa
tions derived for hydrothermal conditions involving 
large monomers will be inapplicable at low tempera
tures where these monomers are essentially absent. 

Critical information needed to understand zeolite 
formation under all conditions is the amount and kind 
of silica monomers and polymers present in solution 
and their behavior during zeolite formation. These data 
coupled with reliable analyses of the aqueous fluid and 
coexisting zeolites and with more thermodynamic data 
for zeolites will ultimately permit more complete un
derstanding of zeolite formation under natural condi
tions. 
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Pe3IOMe--I1oCJle nepHoAa, 3aBHcR~ero OT TeMnepaTypbl, BO BpeMR KOToporo BblcTynaIOT MaJlble paCTBo
peHHR, pacTBopeHHe PHOJlHTOBOro CTeKJla MOlKeT fibITb onHcaHO KaK dC/dt = K(Cs - C), rAe Cs = 

KOH~eHTpa~HR paCTBopeHHoro KpeMHe3eMa npH Hacbl~eHHH, C = MrHOBeHHaR KOH~eHTpa~R KpeMHe-
3eMa, H K = nOCTORHHaR CKOPOCTH, paBHaR 1,6 x 10-5 , 3,0 x 10-", 4,5 X 10-5 ceK- J npH J15°, 130°, 
H 140°C COOTBeTCTBeHHO B 2 M Na-K Kap60HaTHblx pacTBopax npH AaBJleHHII I Kfiap. I1PII 130°C 
BeJlH'IIIHa Cs 0,177 M Si02 AOCTllraeTCR B TeqeHlle 30 qaCOB 11 HaqHHaeTCR ofipa30BaHlle IPIIJlJlHnCIITa, 
KJlIIHOnTllJlOJlIITa 11 MOPAeHHTa Ha 34, 64, H 76 'lacy COOTBeTCTBeHHO B 2 M COa I: I NalK. Bo BpeMa 
pacTBopeHIIR CTCKJla H 06pa30BaHIIR ~eOJlIITa KOH~eHTp~R Al KaK AI(OH). - aMopTII311poBaHa npll 
3,7 x 10-' M HeIlAeHTIIIPII~HpoBaHHoH lPa30H. OTHorueHHe Si02 H Al(OH).- npH nORBJleHHH ofipa-
30BaHHR ~eOJlHTa paBHo 475. B 2 M COa paCTBope KPIlCTaJlJlIl3a~R IPIIJlJlHnCIITa HaqllHaeTCR Ha 144 'lacy 
npll 115°C, Ha 34 'lacy npH 130°C, H Ha 20 'lacy npll 140°C. KPHCTaJlJlH3a~R IPIIJlJlHnCHTa Ha'lHHaCTCR Ha 
48 'lacy B 1,5 M C03 , Ha 168 'lacy B 1,0 M COa, H nOCJle ooJlce 550 '1aCOB B 0,2 M COa npH 140°C. 
LJ.onOJlHHTeJlbHO K KaTaJlll3Y OH- nORBJlReTCR TaKlKe COa"-, '1TofibI KaTaJlH3HPOBaTb npo~eccbl 
pacTBopeHHR CTeKJla H ofipa30BaHHR ~eOJlIITa. <l>IIJlJlHnCHT RBJlReTCR TepMOAHHaMH'IeCKH HeCTafiHJlbHbIM 
no oTHorueHHIO K KJlHHOnTHJlOJlHTY H MOPAeHIITY B KpeMHe3eMoooraTblx ~eJlO'lHbIX rHApoTepMaJlbHblX 
pacTBopax. CHaqaJla ofipa3yeTcR IPHJlJlHnCHT, 3a HHM CJleAyeT KJlHHOnTHJlOJlHT H nOTOM MOPAeHHT. 
06pa30BaHIlIO IPHJlJlHnCHTa cnocofiCTBOBaJlH YCJlOBIUI onblTOB npOAOJllKHTeJlbHOCTblO OAIIOH HeAeJlH 
npH TeMnepaType MeHee 150°C H AJlR K-ooraTblx lKHAKocTeH. Ofipa30BaHllIO KJlHHOnTHJlOJlHTa fiJIaro
npHRTCTBOBaJlH YCJIOBHR OnbITOB npOAOJIlKHTCJlbHOCTblO fioJIee OAHOH HeACJIH npll TeMnepaTYpe MeHee 
150°C 11 AJIR K-fioraTblx lKHAKOCTCH. Ofipa30BaHllIO MOPAeHHTa cnoc06CTBOBaJIH YCJIOBIUI onblTOB 
npOAOJIlKHTeJIbHOCTblO fioJlee OAHOH HeAeJIH npH TeMnepaType ooJIee 140°C 11 AJlR Na-6oraTblx lKHAKO
cTeH. Bo BpeMR 8-AHeBHoro nepHoAa npH 140°C ofipa30BaHHIO KJlHHOnTIIJIOJIIITa cnocofiCTBOBaJlO 
COOTHorueHHe lKHAKOCTb: TBepAblH peareHT (OfibCM: Macca) MeHee, '1eM 1,0, MOPAeHIITa--{;ooTHorueHlle OT 
0,85 AO 1,5 H IPHJlJIHnCIITa--{;ooTHorueHHe fioJIee 1,5. MexaHII3M 06pa30BaHHR pa3JIHqHblX ~eOJIHTOB, B 
ocofieHHocTH IPIIJlJIHnCIITa, MOlKeT BKJlIO'IaTb KpeMHe3eMHble ~KJlH'IeCKHe TeTpaMepbl, KOTopble MHOro
'1HCJIeHHbl B KOH~eHTpHpOBaHHbIX pacTBopax npll ~eJIOqHbIX rHAPOTepMaJlbHblX YCJIOBIUIX, HO KOTopble 
nO'lTH OTCYTCTBYIOT B pa3fiaBJIeHHbIX H113KOTCMnepaTypHbIX paCTBopax. TaKHM ofipa30M, pe3YJIbTaTbl 
fHAPOTCPMaJlbHbIX 3KcnepHMeHToB He MorYT fiblTb HenopeACTBeHHO HCnOJIb30BaHbI npll ofipa30BaHHH 
QeOJIHTa npH HH3KHX TeMnepaTypax. [E.C.] 
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Resiimee---Nach einem temperaturunabhangigen Zeitabschnitt, in dem die Auflosung gering ist, kann die 
Auflosung von Rhyolithglas durch dC/dt = k(Cs - C) beschrieben werden, wobei Cs die Konzentration an 
gelostem Si02 bei Sattigung und C die augenblickliche Si02-Konzentration ist; k, eine Geschwindigkeits
konstante betragt 1,6 x 10-5,3,0 X 10-5 , und 4,5 x 10-5 sec-1 bei 115°, 130°, und 140°C in 2 M Na-K
Karbonatlosungen und bei I kbar Druck. Bei 130°C wird ein Cs-Wert von 0,177 M Si02 in 30 Std erreicht; 
Phillipsit, Klinoptilolith und Mordenit beginnen nach 34, 64 bzw. 76 Stunden, sich in einer 2 M COs, I: I 
NalK zu bilden. Wahrend der Auflosung des Glases und der Zeolithbildung wird die AI-Konzentration als 
AI(OH)4- durch eine nicht identifizierte Phase bei 3,7 x 10-4 gepuffert. Das Si02 zu AI(OH)4- Verhaltnis 
betragt zu Beginn der Zeolithbildung 475. Die Kristallisation von Phillipsit beginnt in 2 M COs-Losung nach 
144 Stunden bei lISOC, nach 34 Stunden bei 130°C, und nach 20 Stunden bei 140°C. In 1,5 M COs beginnt 
die Phillipsitkristallisation nach 48 Stunden, in 1,0 M COs nach 168 Stunden, und nach iiber 550 Stunden 
in 0,2 M COs bei 140°C. Zusatzlich zur Katalysierung durch OH- scheint auch CO?- die Auflosung des 
Glases und die Zeolithbildung zu katalysieren. 

Thermodynamisch ist Phillipsit im Vergleich zu Klinoptilolith und Mordenit in Si02-reichen alkalischen 
hydrothermal en Losungen instabil. Phillipsit bildet sich zuerst, danach entsteht Klinoptilolith und danach 
Mordenit. Die Phillipsitbildung wird durch eine Reaktionszeit von I Woche, Temperaturen unter 150°C 
und K-reichen Losungen begiinstigt. Klinoptilolith bildet sich bevorzugt bei Reaktionszeiten iiber einer 
Woche, Temperaturen unter 150°C und K-reichen Losungen. Die Mordenitbildung wird durch Reaktions
zeiten iiber einer Woche, Temperaturen iiber 140°C, und Na-reichen Losungen begiinstigt. Bei einer Reak
tionszeit von 8 Tagen und bei 140°C wird die Bildung von Klinoptilolith durch ein LosunglFestsubstanz
Verhaltnis unter 1,0 begiinstigt, die von Mordenit durch Verhaltnisse von 0,85 bis 1,5 und die von Phillipsit 
durch Verhaltnisse iiber 1,5. Der Bildungsmechanismus der verschiedenen Zeolithe, vor allem der von 
Phillipsit, kann mit zyklischen Si02-Tetrameren zusammenhangen, die in konzentrierten Losungen unter 
alkalischen hydrothermal en Bedingungen haufig sind, aber in verdiinnten niedrig temperierten Losungen 
nahezu fehlen. Aus diesem Grund konnen die Ergebnisse der hydrothermal en Experimente nicht direkt 
auf die Zeolithbildung bei niedrigen Temperaturen angewendet werden. [U.W.] 

Resume--Apres une periode dependante de la temperature pendant laquelle se passe peu de dissolution, 
la dissolution de verre rhyolitique peut etre decrite comme dC/dt = k(Cs - C), ou Cs est la concentration 
de la silice dissoute au point de saturation, C est la concentration instantannee de silice, et k est un taux 
constant egal a 1,6 x 10-5 , 3 X 10-5 , et 4,5 x 10-5 sec-1 a 115°C, 130°C, et 140°C, respectivement, dans 
une solution carbonate 2 M Na-K a I kbar de pression. A 130°C, une valeur pour Cs de 0,177 M Si02 est 
atteinte en 30 heures, et de la phillipsite, de la c1inoptilolite, et de la mordenite commencent a se former 
en 34, 64, et 76 heures respectivement, dans 2 M COs, 1:1 NalK. Pendant la dissolution du verre et la 
formation de zeolite, la concentration d' AI en tant qu' AI(OH)4- est amoindrie a 3,7 x 10-4 par une phase 
non-identifiee. La proportion de Si02 a AI(OH)4 - au debut de la formation de la zeolite est 475. Dans une 
solution 2 M COs, la cristallisation de phillipsite commence apres 144 heures a 115°C, apres 34 heures a 
130°C, et apres 20 heures a 140°C. La cristallisation de phillipsite commence apres 48 heures dans 1,5 M 
COs, apres 168 heures dans 1,0 M COs, et apres plus de 550 heures dans 0,2 M COs a 140°C. En plus de 
la catalyse d'OH-, CO?- semble aussi catalyser les procedes de dissolution de verre et de formation de 
zeolite. 

Thermodynamiquement parlant, la phillipsite est instable en comparaison avec la c1inoptilolite et la mor
denite dans des solutions hydrothermales alkalines riches en silice. La phillipsite est formee en premier 
lieu, suivie de la clinoptilolite et puis de la mordenite. La formation de phillipsite est favorisee par des 
experiences d'une semaine, des temperatures sous 150°C, et des fluides riches en K. La formation de 
c1inoptilolite est favorisee par des experiences de plus d'une semaine, des temperatures sous 150°C et des 
fluides riches en K. La formation de mordenite est favorisee par des experiences de plus d'une semaine, 
des temperatures plus elevees que 140°C, et des fluides riches en Na. Dans des experiences de 8 jours a 
140°C, la formation de c1inoptilolite etait favorisee par des taux de reaction liquide : solide (volume: masse) 
plus bas que 1,0, celle de la mordenite par des taux de 0,85 a 1,5, et celle de la phillipsite par des taux plus 
eleves que 1,5. Le mecanisme de formation des differentes zeolites, particulierement de la phillipsite, peut 
impliquer de tetrameres silice-cycliques qui abondent dans des solutions concentrees sous des conditions 
hydrothermales alkalines, mais qui sont quasi absentes dans des solutions diluees a basses temperatures. 
Ainsi, les resultats d'experiences hydrothermales ne peuvent pas etre directement appliquables a la for
mation de zeolite a de basses temperatures. [D.J.] 
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