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Hydrothermal reaction of a rhyolitic-compositionglass:A solid-stateNMR study
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Arsrru,cr
This paper presents a study of the structure and chemical composition of the solid
products of the hydrothermal reaction of a synthetic Fe-free rhyolitic glass (Na'O-KrOMgO-CaO-AlrOr-SiOr)a| 250'C and nominally bufferedpH of initially 1.0, 3.0, and 9.1
and of the mechanisms of this reaction using high-resolution solid-state NMR spectroscopy in combination with electron microprobe analysis,SEM, XRD, and IR spectroscopy.
During this reaction molecular water is incorporated in the rhyolitic glassand substantially
changesthe glass'sstructure, as for a highly polymerized glassof nearly albite composition
(Yang and Kirkpatrick, 1989). The structural changesdue to hydration include an increasedaverageSi-O-T (T : Si,Al) bond angleper tetrahedron and formation of hydration
shells around the Na atoms and presumably around the other large cations. The threedimensional aluminosilicate framework in the residual hydrated glassis not substantially
depolymerized,the Si/Al ratio remains the same,and the dissolution of the aluminosilicate
network occurs only at or near the glass-solutioninterface. The structural changesand the
amount of dissolution are smaller than for the glass we previously examined, probably
due to a higher Si/Al ratio and the presenc€of divalent cations as components of the
rhyolitic composition. Additionally, the secondaryminerals produced at high pH are clays
rather than zeolites.
and the averageSi-O-T (T : Si,Al) bond angle per tetrahedron in the glass increasesowing to the hydration'
These conclusions are based on high-resolution solid-state
nuclear magrreticresonance(NMR) spectroscopyin conjunction with X-ray diffraction (XRD), scanningelectron
microscopy (SEM), infrared spectroscopy(IR), and electron microprobe analysis.
In the study describedhere,we usethe sametechniques
to analyzethe solid products after a similar reaction between a synthetic, Fe-free rhyolitic glass (components
Na,O-KrO-MgO-CaO-AlrO3-SiOr) and hydrothermal
fluids at 250 "C and nominally buffered pH of about 1.0,
3.0, and 9.1. Like the NAS glass, the rhyolitic glass is
nearly fully polymerized (NBO/T : 0.07) but is closer to
actual rock compositions. To avoid paramagneticbroadening of the NMR peaks, the glasswas synthesizedwith
no Fe. Ca and Mg were used to bring the total divalent
cation content to about 6.5 molo/0.The overall composition (Table l) is similar to those of many natural rhyolites, except that it is deficient by -l-2 wto/oin total
alkalis and similarly enriched in divalent cations (Carmichael et al., 1974).
Although the rhyolitic glass has a more complicated
274'1,
composition than the NAS glass,multinuclear (2esi,
'z3Na)magic-angle-spinning (MAS) and 'zeSiand 27Al
cross-polarization magic-angle-spinning (CP-MAS) NMR
spectroscopyis still a very sensitive probe of variations
glass and the fine* Presentaddress:EM Division, Geo-environmental Services, in structure and composition of the
products. The strucreaction
grained,
amorphous,
often
Inc., 130 West Wieuca Rd., Suite 108, Atlanta, Georgia 30342,
tural and compositional changesin the rhyolitic glassdue
U.S.A.

INrnooucrroN
Interaction between rhyolitic glassand aqueous fluids
at low temperatures is a common process on and near
the Earth's surface.The chemical changesin such glasses
due to this processand the kinetics and mechanismsof
this reaction have beenpreviously studied (Jezekand Noble, 1978;Nesbitt and Young, 1984;White and Claassen,
1980 and referencestherein). There is also a large body
of literature concerningleachingof glasses,especiallypotential nuclear waste storagematerials (seeLutze, 1988,
for a review). In many cases however, the structural
changesin the glassdue to aqueousattack and the nature
and distribution of the solid reaction products are not
well known. Understanding these factors is essentialto
clarifying the kinetics and mechanismsof such reactions.
In a previous paper (Yang and Kirkpatrick, 1989) we
have shown that the dissolution of a nearly fully polymerized synthetic sodium aluminosilicate glass with a
composition close to albite (NAS glass)at 250 { in buffered aqueous solutions occurs by (l) incorporation of
molecular water into bulk glass,(2) exchangeof protons
for Na, (3) a small amount of depolymerization in the
interior of glass due to OH groups, and (4) dissolution
of the aluminosilicate framework at the glass-waterinterface. The crystalline reaction products of these experiments become more polymerized with increasing pH,
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TraLe 1. Chemical analyses of the synthetic rhyolitic-composition glass used in this study

Component
Naro

K.o
Mgo
CaO
Alr03

sio,
Total
Si/Al (atomic)
NBOiT-'

As
synthesized
composition
(wt%)

3.40
3.50
2.50
3.10
14.10
73.40
100.00
4.42

Analyzed
average
(wt"/o)-

3.43
3.55
2.68
3.37
14.63
72.44
100.10

. Average of five
electron microprobeanalyses.
" NonbridgingO per tetrahedralcation.

Analyzed
average
(mol%).

3.59
2.44
2.69
3.89
9.30
78.10
100.00
4.20
0.07

REACTION OF GLASS

2'Al peak maximum is at 53.8 ppm at a magnetic
field strength (Ho) of ll.7 T. Both are in the rangesfor
fully polymerized framework aluminosilicates (Kirkpatrick et al., 1985; Oestrikeet al., 1987).There is no 27Al
peak due to octahedrally coordinated aluminum (Alt6l)
which would occur at about 0 ppm. The'3Na peak maximum is at -18.4 ppm at Ho: ll.7 T, comparableto
the value for the NAS glass. The broad peaks and the
peak positions indicate that this glass, like glasseswith
similar compositions, has an essentiallythree-dimensional tetrahedral framework structure with a highly disordered Al-Si distribution and wide rangesof Si-O-T (T :
Si,Al) bond angles(see,e.g.,Hochella and Brown, 1984;
Oestrikeet al., 1987).Basedon its compositionand lack
of Al[6], the method of Mysen et al. (1985), yields an
average of 0.07 nonbridging O per tetrahedral cation
(NBO/T), indicative of a nearly fully polymerized structure and consistentwith the NMR data.

to hydration are similar to those of the NAS glass.The
rates of hydration and formation of secondary phases, Hydrothermal reaction at pH 1.0 and 3.0
however, are much smaller.
The reaction products ofthe rhyolitic glassare generally
similar to those for the NAS glass,but the extent of
Mnrnons
the chemical and structural changeis less.Even after 60
The base glass was prepared by fusing reagent grade d at pH 1.0 (final pH : 1.4 at room temperature),powder
SiOr, AlrO3, MgO, CaCOr, &CO., and Na2CO3mixtures XRD shows only a very broad hump with a maximum
in a Pt crucible at 1573'C three times for about 40 min at about 24 20, indicative
of an amorphous aluminosileach time. The sample was quenched by immersing the icate, and an almost unobservablepeak
at 12.3'20 corbottom of the crucible in water and ground with an agate responding to the 7.20 A basal spacingof kaolinite. For
mortar and pestlebetweenfusions. Composition and ho- the NAS glass,secondaryphaseswere
detected within 7
mogeneitywere analyzedby using the methods described
d. The presenceof secondarykaolinite in the runs with
by Yang and Kirkpatrick (1989). Analysescould be taken the rhyolite glassis
confirmed by the "Al MAS and "Si
to within about 5 pm of the edgesof glassfragments.The and 27AlCP-MAS NMR data (Figs. 18,
lE, and 2). The
nominal and analyzedcompositions agreewithin analyt- '??AlMAS NMR
spectra contain a small 4,l[6] peak at
ical uncertainty (Table l). The glasswas ground and dry about 4 ppm
correspondingto the ,4.l[6]in kaolinite (Kinsieved to 5-40 pm for the hydrothermal experiments.
sey et al., 1985), in addition to that for Al[4] in residual
The hydrothermal experimentswere carried out at 250 glass. The relative
intensity of the kaolinite 4,l[6] peak
'C under autoclave conditions
using the methods de- increasesslowly with increasing experiment time. The
scribedby Yang and Kirkpatrick (1989). Solution pH was relative intensity of this peak is much larger in
the ,?Al
nominally buffered at 1.0 by 0.2 M KCI and 0.2 M HCl,
CP-MAS NMR spectra (Figs. 24, 2C), consistent with
at 3.0 by 0.1 M potassium hydrogen phthalate and 0.1 the high
concentrationof OH- groups in the kaolinite and
M HCl, and at 9.1 by 0.1 M (trihydroxylmethyl) ami- our previous results for
the NAS glass. The CP-MAS
nomethane and 0. I M HCI and changed to about 1.4, technique preferentially
enhancesthe sigrralintensity from
5.2, and,9.4-9.8 (asmeasuredat room temperature),re- nuclei close to protons. The'zeSi MAS NMR
spectrum
spectively, during the experiments. Experiment times were of the 60-day
sample (Fig. lD) contains a small shoulder
up to 120 d. NMR, IR, XRD, and SEM dara were ob- at about -91 ppm, corresponding
to the Q.(0AD Si sites
tained using the same methods as in our previous work. in kaolinite (Magi et al., l98l; Barron et al., 1983).The
Some clay phaseswere separatedfrom the experimental relative intensity
of this signal is much larger in the,eSi
products using a sonifier and centrifuge and examined by
CP-MAS NMR spectra(-91.7 ppm peak in Figs. 2B,
powder XRD before and after expansion with ethylene
2D).
glycol in an oriented mount on a ceramic tile using a
SEM micrographs of the sampleswith pH I (e.g.,Fig.
Siemenspowder diftactometer operated at 2 20/min wirth 3A.)show angular to slightly rounded fragments -40 pm
CuKa radiation.
in size with an etched surfaceon which kaolinite (small
particles) appears to have precipitated. The size
white
Rrsur,rs AND SpECTRALTNTERpR_ETATToNS
and morphology of the larger fragmentsindicate that they
Base glass
are residual glass, and thus that the amorphous phase
The 2eSi,274,1,and ,3Na MAS NMR spectra of the detected by XRD and NMR is residual hydrated glass
baseglass(dashedlines in Fig. l) consist ofsingle broad and not a new phase formed by dissolution and precipipeaks.The,eSipeakmaximum is at - 101.6ppm and the tation.
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Fig. |. DSi (A, D), ,A1 (B, E), and ,rNa (C, D MAS NMR spectraof rhyolitic glassafter 28-d (A, B, C) and 60-d (D, E, F)
hydrothermal reaction in butreredsolution at pH 1.0 and 250 € with a solution/solid ratio of20 mllg (final pH : 1.4).The dashed
curves are the corresponding spectra of unreacted rhyolitic glass for comparison. The "Si spectra were collected at a magnetic field
strength of 8.45 T, the 27Aland '?3Naspectraat 11.7 T.

The 'zeSiresonanceof the residual glassbecomes systematically narrower with increasingreaction time, from
17.0 ppm for the baseglassto 15.3 ppm after 60 d. Simultaneously, the 2eSipeak maximum becomes more
negative(shielded),from -101.6 ppm for the baseglass
to - 104.9 ppm after 60 d (Figs. lB, lD). The position
of the "Al[4] peak maximum does not change,but the
peak becomes niurower, decreasingfrom 17.4 ppm for
the baseglassto 13.4 ppm after 60 d (Figs. lB, lE). The
narrowing occurs on both sides of the peak, suggesting
that it is causedat least in part by a decreasein the range
of chemical shifts. A decreasein the averagequadrupole
coupling constant may also contribute to this peak narrowing. The 2rNa peak maximum becomes signifrcantly
lessnegativewith reaction, from - 18.4 ppm for the base
glassto -13.8 ppm after 28 d and -15.1 ppm after 60
d. This changeis not monotonic with increasingexperiment time and is much lessthan the changefrom - 19.0
ppm to -7.7 ppm observedfor the NAS glassafter 24 d.
Unlike the reactedNAS glass,the 23Napeak breadth for
the rhyolitic glass does not become narrower with increasingreaction.
The IR spectra of the residual glass (not shown) are

similar to those of reactedNAS glassand contain a broad
X-O-H (X : H or a cation) stretchingband at about 3500
cm ' and an H-O-H bending band at about 1650 cm '
(see, e.g., Newman et al., 1986). These results indicate
that molecular HrO or hydronium ion are important proton-bearing species(e.g.,Ernsberger,1977; Bartholomew
et al., 1980).
In both the 'zeSiand 2'1J CP-MAS NMR spectra,the
intensity ofthe peaksdue to hydrated glassincreasesrelative to those due to kaolinite as the reaction proceeds
(Fig. 2). There are also significant differencesbetweenthe
27Aland 2esiMAS and CP-MAS NMR peak maxima (Fig.
2). The "Si CP-MAS resonance is less shielded than
the correspondingMAS resonance,the differenceincreasing from l.l ppm at 28 d to 1.8 ppm at 60 d. The Al[4]
'??AlCP-MAS resonancedue to hydrated glass is about
2.4 ppm less shielded than that of the corresponding MAS
resonanceafter 60 d.
The compositional changesin the glassdue to reaction
are also similar to those in the NAS glass.With increasing
reaction time at pH I the Si/Al ratio remains constant
within analytical uncertainty, but the K content increases
and Ca, Mg, and Na contentsincrease(Table 2), although
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RHYOLITIC GLASS
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Fig.2. 27Al-'H (A, C) (800 ps contacttime, ll.7 T) and "$i-t|{ (8, D) (20 ms contacttime, 8.45 T) CP-MAS NMR spectra
of the rhyolitic glassafter 28-d (A, B) and 60-d (C, D) hydrothermal reaction in buffered solution at pH 1.0 and 250 "C with a
solution/solid ratio of 20 mUg (final pH : 1.4). The dashedcurves are the correspondingMAS NMR spectraof the same reacted
samplesfor comparison.
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TABLE2. Comparisonof chemicalanalysesof synthetic rhyolitic
glass before and after hydrothermalreaction at 250 "C
and for different pH values and experiment times
Uncomponent reacted pH 1.0-1.4- pH 1.0-1.4' pH 9-1-9'860 d
60 d
glass
28d
(vt"/.)
NarO
K,O
MgO
CaO
Al,o3
sio,
TOTAL
HrO-"
Si/Al (atomic)

1.24J.65
0.13J.08
3.18J.74
3.43
2.594.14
1.94-6.24
3.39J.93
3.55
1.78-2.46
1.63-2.89
2.06-2.65
2.68
1.95J.10
1.86J.52
2.46-3.28
3.37
14.63 1 2 . 5 9 - 1 4 . 6 1 1 1 . 0 6 - 1 4 . 2 9 1 1 . 1 0 - 1 4 . 4 3
72.44 70.38-71.82 65.75-71.89 67.84-71.16
1 0 0 . 1 0 95.88-98.16 90.01-95.80 88.83-96.96
4.3-10.1
3.1-11.3
1.94.2
0.0
4.1rt-4.86
3.90-4.81
4.114.U
4.2O

- Range given is total range for all electron microprobeanalyses'
*- Difierencebetween 100.10% and analyzed total.

NAS glass,which reacted substantially at high pH after
only 7 d. For the rhyolite glass, powder XRD of nonoriented samplesshows a very broad peak with a maximum at about24'2d, correspondingto the residual glass,
and a broad peak with a m€rximum at about 650 20,
which correspondsto a typical d(001) of smectite.
Powder XRD patterns of separatedand oriented samples of this layer silicate contain low-angle peaks with
d(001) values of l5.ll A (60-day sample) and 14.42A
(120-day sample).These d(001) spacingsexpand to 17.7
A and 17.0 A, respectively,after treatment with ethylene
glycol. This clay is, thus, an expandablesmectite.
The presenceof smectite is confirmed by the NMR
data (Figs. 4 and 5) and SEM observation (Fig. 3B). It is
representedby the "Si NMR peak at -94.5 ppm (Figs.
Fig. 3. (A) SEMmicrographof rhyoliticglassafter28-dhy- 4A,4D Weiss et al., 1987)and the '??AlNMR peak for
drothermalreactionin butreredsolutionat pH 1.0and 250 .C
Al[6] at about 4 ppm (Figs. 4B, 4E). The 2'Al signal for
with a solution/solidratio of 20 mllg (finalpH : 1.4).(B) SEM
for Al[4] at about *68.2
micrographof the sameglassafter60-d hydrothermalreaction the clay, including a shoulder
preferentially
ppm
(Kinsey
is
enhancedin
1985),
et
al.,
lC
in bufferedsolutionat pH 9.1 and 250 with solution/solid
the'??AlCP-MAS NMR spectradue to its large OH conratio of 20 ml./g (finalpH : 9.8).
tent (Figs. 5A, 5C). The 'z?Alshoulder at 68.2 ppm inmore slowly than the Na content of the NAS glass de- dicates some Al for Si substitution in the tetrahedral sheet
of the smectite (Kinsey et al., 1985). The 'zeSiand 27Al
creases.The increased K content is probably due to K
uptake from the KCI-HCI buffered solution. The maxi- peak maxima for this clay are more shielded than those
mum proton content of the reactedglass,as estimated by of the smectite formed by reaction of the NAS glasswith
low totals in the microprobe analyses(Jezekand Noble, buffered solutions with pH 3.0-5.5. This difference is
1978) is about 10-11 wto/oas HrO, comparableto the probably due to a significant amount of Mg[6] in the clay
formed from the rhyolitic gilass(Weisset al., 1987).Thus,
maximum content for the reactedNAS glass.The distriglass
protons
within the
is difficult to de- this clay is probably a trioctahedral smectite,such as sapbution of the
onite, containing some ,{l[6]. Both XRD and NMR intermine becauseof the small grain size.
The reaction between rhyolitic glass and pH 3.0 buf- dicate that the fraction of the smectite increaseswith infered solution was extremely slow, and the spectralchanges creasing experiment time. There is no NMR, XRD, or
are similar to those at pH 1.0 (data not shown). This SEM evidence for the presenceof zeolites in these samples, as was observed for the NAS glass reacted at pH
result is consistentwith the results for the NAS glass.
9.1.
The NMR spectraand electron microprobe data of the
Hydrothermal reaction at pH 9.1
pH 9.1 samples (Figs. 4 and 5) also indicate structural
The reaction ofthe rhyolitic glassat pH 9.1 occurred and compositional changesin the residual glass due to
slowly also, and even after 120 d there were many resid- hydrothermal reaction. The "Si peak maximum beual glass fragments readily observed by SEM (e.g., Fig. comesslightly more negative,changingfrom 101.6ppm
ppm
glass
I
after
60
d
and - I 03.8
for
to
03.4
unreacted
with
results
of
the
the
3B). This observation contrasts

1014

YANG AND KIRKPATRICK: HYDROTHERMAL

REACTION OF GLASS

R H Y O L I T I CG L A S S
ttsi

,,Na

"Ar MASS

MASS

MASS

Ar(41
60 DAYS
pH 9.1-

1 2 0D A Y S
pH 9.1- 9.4

t'
-50

,rlrrrrl

-100
P P M( F R O MT M S )

-150

100

0

P P M ( F R O M1 M A t C t 3 l

0

-80

P P M( F R O M1 M N a C I )

Fig. 4. 4Si (A, D), 'Al (B, E), and,3Na (C, F) MAS NMR spectraof rhyolitic glassafter 60-d (A, B, C) and 120-d (D, E, D
hydrothermal reactions in a buffered solution with initial pH of 9.1 at 250 'C with a solution/solid ratio of 20 rnUg (final pH :
9.8). The dashed curves are the correspondingNMR spectraofunreacted rhyolitic glassfor comparison. Spectralcondition as in
Figure 1.

ppm after 120 d. This changeis slightly smaller than at
low pH for the same run time. The 2esi,2tAl, and 23Na
NMR peaks for the residual rhyolitic glassat pH 9.1 become systematicallynarrower with increasingexperiment
time. The maximum HrO content at pH 9.1 is about l0
wto/o(Table 2), comparable to the pH I results. The IR
spectraofthe experimental products (not shown) are similar to those of the pH I samplesand contain X-O-H (X
: H or a cation) stretching and H-O-H bending bands.
The "Al and 2esi CP-MAS NMR peak positions for
the residual glassafter 120 d,at pH 9. l, however, are only
about 0.3 ppm lessshieldedthan the correspondingMAS
peaks,a significantly smaller differencethan at pH l. The
"Si CP-MAS peak maximum for the 120-d experiment
becomesmore shielded with increasingHartmann-Hahn
contact time (Hartmann and Hahn, 1962; Fig. 6). The
Hartmann-Hahn contact time is the time during which
the spin systemsof 'H and the secondnuclide (e.g.,,?Al
or'zeSi)are simultaneously excited and can exchangenuclear spin (seeYannoni, 1982, for an introduction to the
CP-MAS method).
The 23Napeak maximum becomes significantly less
negative,from - 18.4ppm for the baseglassto -9.1 ppm

after 60 d and to -8.4 ppm after 120 d. The peak width
also decreasesfrom 18.6 ppm for unreactedglassto 14.8
ppm after 60 d and 15.2 ppm after 120 d. Thesechanges
are significantly larger than for the experiments with pH
1 . 0 -1 . 4 .
As at pH 1.0, the Si/Al ratio of the glassremains constant and the same as that of the base glass. kss Na-,
Ca-, and MgJeaching and K-uptake occur under alkaline
conditions than under acid conditions after similar experiment times (Table 2).
DrscussroN
Proton speciation
The results describedhere demonstratethat the structural and compositional changesin the rhyolitic glassdue
to proton uptake are similar to those in the NAS glass.
The NMR, XDR, and SEM data (Fie. 3) show that hydrated glassis the major reaction product at all pH values. The size, morphology, and etched or ripplelike features on the surfacesof the reacted fragments indicate
that they are residual glassrather than a secondaryamorphous phaseformed by dissolution and precipitation. Both
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Fig. 5. ,7Al-rH (A, C) (800 ps contact time, I1.7 T) and ,,Si-rH (8, D) (20 ms contacttime for B and 2 ms contacttime for
D, 8.45 T) CP-MAS NMR spectraof rhyolitic glassafter 60-d (A, B) and 120-d (C, D) hydrothermal reaction in a buffered solution
initially at pH 9.1 and at 250 "C q/ith a solution/solid ratio of20 mllg (final pH : 9.8). The dashedcurves are the corresponding
MAS NMR spectraof the same reactedsamplesfor comparison.
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CP-MAS spectra with increasing Hartmann-Hahn contact time (Fig. 6) is also consistent with the presenceof
some OH goups attachedto Si tetrahedra.Farnan et al.
(1987) have shown that for hydrous SiO, glasses,the relative intensity of the QLOH sitesdecreaseswith increasing contact time, becauselonger contact times allow Si
nuclei farther from the protons to be polarized. For our
glasses,separate'?eSipeaks cannot be resolved because
ofSi/Al and bond-angle disorder, and the effect ofsuch
a relative decreasein intensity for Si on Qr-Q11siteswould
be an increasein the averageshielding, as observed.The
number of OH groups necessaryto causethe chemical
shift differencesbetween the MAS and CP-MAS spectra
could be quite low, becauseOH- groups could be much
more efficient at cross-polaizing Si than HrO molecules,
especiallyif the HrO moleculesare in rapid motion.
Natural hydrated rhyolitic glasses(perlite, pitchstone,
etc.) typically contain 2-10 wto/ometeoritic water (Ross
and Smith, 1955;Friedman and Smith, 1958;Jezekand
Noble, 1978 and referencestherein). Obsidian can even
absorb HrO from the atmosphereto form a hydrated layer (Friedman and Long, 1976). The results of this study
suggestthat the protons in natural rhyolitic glass are
probably present mostly as molecular HrO. HrO-bearing
albitic, rhyolitic, and basaltic glass€squenched from above
the liquidus contain coexisting molecular HrO and OH
groups with the relative amount of HrO molecules increasing with increasing HrO content (Stolper, 1982).
Farnan et al. (1987) found a similar result for SiO, glasses.
It is also possible that the residual glass is heterogeneous, with volumes with lower Si/Si + Al ratios (less
shielded'?eSichemical shifts) giving rise to more intense
signalsin the CP spectra.We seeno evidenceto support
this possibility.

.P-MAS

NMR spectra(8.45 T) of hydratedrhyolitic glassafter 120-d
hydrothermalreactionin pH 9.1 solutionvs. the HartmannHahn contacttime (Hartmannand Hahn. 1962)usedin the
CP-MASexperiment.The increasedshieldingwith increasing
contacttime is consistent
with the presence
of Si-O-Hlinkages,
becausetheselinkageshave shorterSi-H distancesand more
deshielded
chemicalshiftsthan Q4Siatomsin tetrahedrawith
HrO molecules.The short contacttime thus preferentiallyenhancesthe Si siteshavingshorterSi-H distances.
27Aland
"Si in this residual glassreadily cross-polarize,
consistent with the electron microprobe results that indicate proton contents of up to about l0 wto6 as HrO.
The relatively shielded '7 AlI4l and 2eSiMAS NMR
chemical shifts of the residual glass(Figs. I and 4) indicate that it remains highly polymerized after hydration
and that not many protons are present as OH- groups.
The large H-O-H bending band at 1650 cm ' in the IR
spectra(not shown) also indicates the presenceof molecular HrO or hydronium ion. Using the microprobe analysesof Table 2 and the methods of Yang and Kirkpatrick
(1989), the maximum number of OH groups per tetrahedron required for chargebalanceis zero within analytical uncertainty at both pH I and 9. Clearly, the dominant proton-bearing speciesin the hydrated glassat these
pH values is molecular HrO, as it is for the NAS glass.
The increasingdeshielding at ,eSi and rTAl in the CPMAS NMR spectra relative to the corresponding MAS
NMR spectrawith increasingexperiment time, especially
at pH l, however, suggeststhat a small number of OH
groups on Si tetrahedra are present and that their concentration increaseswith increasingexperiment time. Si
tetrahedra with one attached OH- group (QLOH sites)
typically resonate at chemical shifts about l0 ppm less
shielded than those with no OH groups (e.g., Brinker et
al., 1988; Farnan et al., 1987).This signalfrom the QrOH sites is prefcrentially enhancedunder CP-MAS conditions, causingthe observed decreasedshielding.
The increasedshielding of the peak maxima in the ,eSi

Structural variations due to hydration
The changesin the 23Na,27,{1,and 'zeSiNMR peak
maxima and widths (Figs. I and 4) indicate considerable
structural changein the rhyolitic glassafter reaction. As
for the NAS glass,these variations appear to be related
to leaching of large cations from the glass (in this case
Na*, Mg2*, Ca'?*)and uptake of proton-containing species
and to a lesserextent K* from the buffered solution. The
Si/Al ratio remains essentiallyconstant (Table 2).
The '?eSipeak maxima of the residual glassesbecome
more shielded with increasingexperiment time. Because
the Si/Al ratio remains constant, this increasedshielding
at'zeSiis most likely due to an increasedaverageSi-O-T
(T : Si,AD bond angle per tetrahedron (Radeglia and
Engelhardt, 1985 and referencestherein). Based on the
correlation of Smith (1984), the averageSi-O-T bond angle per tetrahedron increasesfrom about 145" for the unreactedglassto about 148"for the most shieldedhydrated
sample. These bond-angle changesare probably caused
by a decreasein the cation-induced polarization of the
Si-O bonds due to a hydration shell of molecular H,O
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around the largecations and to cationJeaching(Yang and
Kirkpatrick, 1989).
Another significant changein the NMR spectrais that
the 'zeSiand 2'Al peak widths of the residual glass become narrower with increasinghydration (Figs. I and 4).
This decreasein peak width indicates that as the Si-O-T
bond angles increase owing to hydration, the range of
averageSi-O-T bond angle per tetrahedron decreases.The
decreasedshielding and possibly more isotropic environment at 'z3Nawith increasing HrO content are probably
due to the formation of a shell of HrO moleculesaround
the Na cations. The averagenumber of HrO molecules
per large cation estimated from microprobe analysesand
the method of Yang and Kirkpatrick (1989) are 0.54
(+-0.2) after 28 d and 2.53 (+-0.2) after 60 d at pH
1.0-1.4,and2.16(t -0.3) after60 d at pH 9.1-9.8.This
hydration reducesthe interaction betweenthe Na-cations
and the O of the aluminosilicate framework. However,
at pH I the 23Napeak width does not narrow monotonically with increasingHrO content or as much as for the
NAS glass.Thesedifferencesare probably due to the presence of some unhydrated Na atoms, possibly becauseof
competition for the HrO molecules by other larger cations, such as Ca2*and Mg2*, which have larger hydration
energies.This reasonand the smaller averagenumber of
HrO molecules per large cation probably account for the
smaller changes in the 'z3NaNMR parameters of the
rhyolitic glassrelative to the NAS glass.
The 23Napeaks for the hydrated rhyolite glass at pH
9.1-9.8 after 60 d are narrower and more shifted compared to those of the base glassthan those for the glass
at pH I .0- 1.4 after 60 d, despite a similar averagenumber of HrO moleculesper large cation. This differenceis
probably due to the smaller amount of cation-exchange
under alkaline conditions (Table 2). At pH 1.0-1.4 most
of the Na-atoms accessibleto molecular HrO are likely
to be leachedand, thus, a larger fraction of the Na atoms
are unhydrated or have incomplete hydration shells. At
pH 9.1, less Na is leached(Table 2), and it remains in
the glass to be hydrated. Thus, the 23NaNMR spectra
of the pH I .0 glassesare more like those of the baseglass
than those of the glassesat pH 9.1. This slower leaching
at higher pH is similar to the resultsfor many borosilicate
nuclear waste glasses(seeLutze, 1988, for a review).
Although the changesin peak position and width in the
'eSi NMR peaks of the rhyolitic glass
23Na,
"Al, and
due to hydration are similar to those for the NAS glass,
the extent of the variation for the rhyolitic glassis much
smaller. Cation exchangeand incorporation of HrO moleculesover tens of micrometers without disruption of the
aluminosilicate network of the glassmust occur by solidstate diffusion. Thus, the slower reaction rate for the
rhyolitic glass is due to lower exchangediftrsion coefficients.This slower diffi.rsionis probably causedby a higher Si/Al ratio and the presenceof divalent cations, which
have smaller diffirsion coefficientsin framework aluminosilicateglasses(Winchell, 1969).
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The mechanismof glass dissolution
The SEM evidencefor residualglassfragmentsand dissolution featureson the glasssurface,the microprobe evidence of substantial cation exchangeat apparently constant Si/Al, and the NMR evidence of internal structural
changesin the glass indicate that the dissolution of the
rhyolite glassis incongruent and involves diffusion-controlled cation exchangein the interior of the glass and
disruption of the aluminosilicate network at the glasswater interface. The rate ofcation exchangeis greater at
pH 1.0 than at pH 9.1 (Table 2). This differencemay be
related to the ratio of the activities of alkali cations to
protons in solution, with the low ratio of low pH causing
more rapid cation exchange.White and Claassen(1980)
have shown that mass-transferrate constants for Nat,
Mg2*, and Ca2*during dissolution of a rhyolitic glassdecreasewith increasingpH, consistentwith this idea.
The XRD, SEM, and NMR data indicate that the rate
of formation of secondaryphasesat pH 9. I is more rapid
than at pH 1.0. This higher rate reflects more rapid disruption of the aluminosilicate framework at pH 9.1. The
high OH- concentration in alkaline solutions accelerates
the aqueous attack on the aluminosilicate network near
or on the glasssurfaceby nucleophilic attack ofSi tetrahedra (Iler, 1976;Bunker et al., 1988).
The dissolution mechanism of the rhyolitic glassthus
consists of the following simultaneous steps: incorporation of molecular HrO into the glass,exchangeof protons
and large cations between the glass and fluid, a small
amount of depolymerization of the aluminosilicate
framework in the interior of the glass,and disruption of
the aluminosilicate framework at the glass-H'O interface'
Cation exchangeis relatively less important at high pH
values.
Secondaryphases
The secondary crystalline phases formed from the
rhyolitic glassare kaolinite at pH 1.0-1.4 and smectite,
probably saponite,at pH 9.1-9.8. As shown in the SEM
micrographs (Fig. 3), these clay phasesprecipitate on the
surfaceofthe residual glassand thus the reaction occurs
by dissolution and precipitation. The lack of secondary
zeolitesat high pH is probably due to the presenceof Mg
leached from the glass. Hawkins and Roy (1963) have
shown that smectite rather than a zeolite is the chief reaction product formed from Mg-bearing solutions. Thus,
we expect that the products of natural rhyolite-HrO reaction should depend on the MgO content of the initial
glass and the relative efrciency with which Mg is removed from the local system,as well as the local physical
and chemical conditions.

Coxcr,usroxs
The dissolution ofa synthetic rhyolitic glassat 250'C
under autoclaveconditions and initial buffered pH values
of 1.0, 3.5, and 9.1 occursincongruently,with incorpo-
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ration of molecular HrO, a small amount of depolymerization of the aluminosilicate framework probably due to
OH groups, cation exchangethroughout the glass fragments, and dissolution of the aluminosilicate framework
at the glass-HrO interface. These results are similar to
those for the sodium aluminosilicate glassexamined by
Yang and Kirkpatrick (1989). The proton-bearing species, almost entirely molecular HrO, are eventually incorporated throughout the glassand changeits structure.
The structural changescausedby this hydration include
larger average Si-O-T (T : Si,AD bond angles per Sitetrahedron and narrower ranges of ,eSi, 27A1,and 23Na
chemicalenvironments.At both pH 1.0and 9. l, the threedimensional framework of the glass is not substantially
depolymerized and its Si/Al ratio remains the same.The
less shielded 23Naenvironments in the hydrated glasses
are likely causedby the formation of a shell of HrO moleculesaround the Na atoms in the residualglass,reducing
their bonding interaction to the bridging O. The Na atoms in the residualglassat pH 9.1-9.8 are more hydrated
than those at pH I .0- 1.4 after the sameexperiment time,
probably owing to more rapid leaching of hydrated Na
under acid conditions.
The rates of structural change and dissolution of the
rhyolitic glassdue to aqueousattack are slower than for
the sodium aluminosilicate glass.This differenceis probably related to the presenceof divalent cations in the
rhyolitic glassand its higher Si/Al ratio. Divalent cations
have smaller diffusion coefficientsthan monovalent cations and also apparently cause reduction in the masstransfer rate of Na* and K* (Winchell, 1969; White and
Claassen,1980).
The secondary phasesprecipitated from solution are
kaolinite at pH I .0- I .4 and an expandable2: I layer phyllosilicate, probably saponite, at pH 9. l-9.8. Unlike the
results for the sodium aluminosilicate glass,no zeolites
form at pH 9.1-9.8, probably becauseofthe presenceof
Mg in the system.
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